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 ABSTRACT 
 
 
Distal Renal Tubular Acidosis (dRTA) is a disease characterized by metabolic acidosis, 

an inability to acidify urine, development of kidney stones and renal failure if untreated. 

dRTA patients can carry a mutation in the SLC4A1 gene encoding the kidney anion 

exchanger 1 (kAE1), a Cl-/HCO3
- exchanger basolaterally expressed in kidney acid-

secreting alpha intercalated cells. Three reported SLC4A1 mutations that cause dRTA, 

including the kAE1 R901X mutation, affect the interaction site of kAE1 with adaptor 

protein 1 (AP-1). AP-1 is a cytosolic tetrameric protein complex, which has two forms, A 

and B. It is involved in protein trafficking in polarized cells from the trans Golgi network 

or recycling endosomes to the plasma membrane.  

              The general hypothesis of my thesis was AP-1A and/or B interaction with kAE1 

is crucial for kAE1 residency at the basolateral membrane in polarized epithelial cell. I 

proposed that lack of proper interaction between kAE1 and AP-1A and/or B affects kAE1 

trafficking and surface expression and may cause dRTA disease.  

              Data presented here confirmed the interaction between kAE1 and the AP-1A and 

B protein complexes in vitro by reciprocal coimmunoprecipitation or the protein is 

heterologously expressed in epithelial cells and in vivo by coimmunoprecipitation from 

mouse kidney extract. When endogenous µ1A and µ1B subunits from AP-1A and B, 

respectively, were knocked down using short interfering RNA, kAE1 protein was unable 

to traffic to the plasma membrane and was rapidly degraded via a lysosomal pathway. 

Expression of siRNA-resistant µ1A or µ1B rescued kAE1 trafficking to the cell surface 

and increased its stability. Furthermore, I found that newly synthesized kAE1 does not 

traffic through recycling endosomes to the plasma membrane, suggesting that AP-1B, 
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located in these endosomes, is not primarily involved in trafficking of newly synthesized 

kAE1 when AP-1A is present in the cells.  

               The physiological role of AP-1B was investigated in LLC-PK1 cells, a renal 

epithelial cell line that lacks the endogenous AP-1B. Surprisingly, µ1B expression in 

these cells reduced the amount of cell surface kAE1-WT at steady state. This decrease 

was due to µ1B expression increasing the endocytosis rate and decreasing the recycling 

rate of kAE1-WT. Although kAE1-R901X mutant, which lacks a canonical AP-1 binding 

site, was endocytosed slightly faster than kAE1-WT, its recycling rate was significantly 

decreased compared to that of kAE1-WT. Unlike kAE1-WT, kAE1-R901X recycling was 

independent from µ1B expression. Importantly, kAE1 endocytosis was dynamin and 

clathrin dependent.  

              Finally, this thesis showed that heterologous expression of µ1A or µ1B displaces 

the physical interaction of endogenous glyceraldehyde-3-phosphate dehydrogenase with 

kAE1-WT, supporting that  AP-1A or B and glyceraldehyde-3-phosphate dehydrogenase 

bind to an overlapping site on kAE1. This work also revealed that phosphorylation of 

tyrosine 904 within the canonical AP interaction motif does not alter the interaction 

between kAE1 and AP-1A/B. My results suggest that AP-1A regulates the processing of 

the newly synthesized kAE1 to the basolateral surface while AP-1B plays a role in kAE1 

trafficking in absence of AP-1A. Further, kAE1 recycling and endocytosis are dependent 

on AP-1B expression. In conclusion, both AP-1A and B adaptors are required for normal 

kAE1 trafficking, and we propose that the apically mis-targeted kAE1- R901X dRTA 

mutant may fail to recycle back to the basolateral membrane due to its inability to 

properly interact with AP-1B.  
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1.1.  Thesis overview  

This thesis investigated the role of adaptor protein 1 (AP-1) A and B complexes in 

trafficking of the kidney anion exchanger 1 (kAE1). This protein exchanges chloride for 

bicarbonate ions in kidney alpha-intercalated cells (IC), thus participating in renal acid-

base homeostasis. AP-1A and B are protein complexes involved in basolateral membrane 

protein trafficking and recycling. 

              Herein, we showed that kAE1/AP-1A interaction is crucial for kAE1 localization 

and stability at the surface of epithelial cell. We also demonstrated for the first time an 

interaction between kAE1 and AP-1B. We found that AP-1B affects the amount of cell 

surface kAE1 by playing a role in kAE1 endocytosis and recycling.  

               The first chapter of my thesis is a general introductory chapter with two major 

parts: while the first part reviews the current knowledge on bicarbonate transporter 

families and their role in acid-base homeostasis specifically in the kidney, it also 

discusses in more details the current literature on anion exchanger 1 (AE1) protein and its 

renal isoform kidney AE1 (kAE1). The second part provides an overview of adaptor 

proteins and their role in proteins’ trafficking and recycling, focusing specifically on the 

AP-1A and B complexes. Finally, the last section of the introduction will review 

published results about the interaction of kAE1 protein with AP-1A/B and other AP 

complexes. 

               This thesis follows a paper-based format, where the second, third and fourth 

chapters are the main chapters. Each has a specific introduction, materials and methods, 

results and discussion. 

             The second chapter characterizes the chimeric kAE1 protein fused to a HaloTag 
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(kAE1-HT) protein used to study kAE1 intracellular trafficking. Chapter three focuses on 

characterization of the physiological role of kAE1/AP-1A interaction in renal epithelial 

cells. The fourth chapter discusses the role of kAE1/AP-1B interaction on kAE1 

trafficking, recycling and endocytosis. This chapter also describes for the first time kAE1 

endocytosis. The fifth chapter is a general discussion chapter, focussing on the study 

limitations. The sixth chapter summarizes the main findings of this thesis and proposes 

future experimental directions.  

1.2.  Bicarbonate transporter role in acid - base homeostasis 

The human body metabolizes ingested foods to produce energy and to perform different 

biological processes such as growth and reproduction. However, by-products such as 

carbon dioxide (CO2) are generated during the energy production process from food 

metabolism (1,2). Accumulation of CO2 increases blood acidity, which impairs 

physiological functions. To maintain optimal biological functions, the blood pH depends 

on the relative amount of CO2 and HCO3
- and must be strictly buffered. Carbonic 

anhydrase II (CAII) is a cytosolic enzyme that catalyzes the reversible hydration of 

carbon dioxide (1,2) as shown in the following equation: 

                      CO2 + H2O ⇔H2CO3 ⇔HCO3
-  + H+ 

              Unlike CO2 that can diffuse through the plasma membrane, HCO3
- movement 

across the plasma membrane occurs through anion exchangers, anion channels, and metal 

transporters (3). The Solute Carriers (SLC) of anion transporters are separated 

phylogenetically into two families: SLC4A and SLC26A (4). This first section discusses 

the two families of bicarbonate transporters and their respective roles in acid-base 

regulation. 
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              The SLC4 family is divided into three groups: the electroneutral Na+- 

independent Cl- / HCO3
- exchangers SLC4A1-3 (AE1-3), the electrogenic Na+-coupled 

HCO3 cotransporters SLC4A4, 5 (NBCe1 and NBCe2), and the electroneutral Na+-

coupled HCO3
- cotransporters SLC4A7, 8, 10 (NBCn1, NDCBE, NBCn2) respectively, 

and SLC4A9. The SLC4A6 is considered a pseudogene (5,6). The SLC4A11 is not 

reported to transport HCO3
-. Rather, it is acts as borate (7) and water (8) transporter or 

Na+/H+ exchanger (8). Figure 1.1 summarizes the bicarbonate transporter families. The 

next sections will review the current general knowledge on the three groups of SLC4 

family members.  

1.2.1. Sodium-independent Cl-/ HCO3
- exchangers 

1.2.1.1. AE1 

Anion Exchanger 1 (also called Band 3) is encoded by the SLC4A1 gene and is the first 

and best characterized of the SLC4 family members (9). It is located at the plasma 

membrane of red blood cells (RBC), where it accounts for approximately 50 % of 

integral membrane proteins at the RBC plasma membrane (10). AE1 mediates the 

exchange of one Cl- for one HCO3
- ion. CO2 produced by the cellular metabolism diffuses 

into the RBC where it is converted into H2CO3 and then HCO3
- in a reaction catalyzed by 

cytosolic CAII (11). AE1 exchange activity is reversed in lungs. HCO3
- that enters the 

RBC via AE1 is converted by CAII to CO2 that in turn diffuses out of the RBC and is 

exhaled in the lungs (12). AE1 maintains pH homeostasis by transporting HCO3
-. In 

addition, AE1 is capable of transporting different anions, including Br-, F-, and I- but with 

less affinity than the HCO3
- ion (13-15). Furthermore, AE1 can mediate the transport of 

divalent anions like SO4
2- through allosteric interactions between subunits that modulate  
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Figure 1.1: Bicarbonate Transporter families  
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the anion transport activity (16). 

              AE1 consists of 911 amino acids and is composed of two major domains: an 

amino-terminal (N-terminal) cytosolic domain (residues 1-360) and a carboxyl-terminal 

(C-terminal) membrane domain including a short cytosolic region (residues 872-911) 

(17). AE1 has a single N-glycosylation site at asparagine 642 in the fourth-extracellular 

loop of the protein (17-19) (Fig 1.2). Some organic anions like 4,4'-

diisothiocyanostilbene-2, 2'-disulfonic acid (DIDS) inhibit the activity of AE1 protein by 

crosslinking lysine 539 and lysine 851 (20,21). 

              The N-terminus of AE1 controls the shape and deformability of RBC (22,23) via 

multiple interactions with deoxyhemoglobin (24), glycolytic enzymes like GAPDH  

(25,26), cytoskeletal proteins like ankyrin (27), protein 4.1 (28) and protein 4.2 (22). AE1 

also interacts physically with Rhesus-associated glycoproteins (29). In addition, AE1 

forms a complex with glycophorin A (GPA) known as Wrightb blood group antigen (30). 

Recently, AE1 binding to GPA was shown to affect AE1 activity and trafficking (31). On 

the other hand, AE1 C-terminal cytosolic domain binds to CAII enzyme, which increases 

the rate of HCO3
- transport (11). The AE1 membrane domain (residues 361-911) carries 

out the anion exchange activity. The latest AE1 topological model proposed that AE1 is 

organized in 14 transmembrane domains (TMD) based on homology with E.coli UraA 

uracil permease (32). AE1 forms oligomers in RBC membrane, as it is present as dimeric 

(60 %) and tetrameric (40 %) protein complexes (33,34). 

     Two main physiological conditions are associated with mutations in the gene encoding 

AE1 protein: South East Asian Ovalocytosis (SAO) and Hereditary Spherocytosis (HS). 

SAO affects the RBC’s oval shape and makes individuals with this condition resistant to  
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Figure 1.2: AE1 topological model. This model shows AE1 N- and C-termini with the 

14 TMD (barrels). kAE1 is 65 amino acids shorter than AE1 (start of the kidney isoform 

is represented by the blue line). Yellow diamonds represents the N-oligosaccharides 

attached to the fourth extracellular loop. The model based on Barneaud-Rocca D. 

topological model of AE1 (32). 
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malaria, as Plasmodium falciparum parasite cannot infect SAO-affected RBC (35). The 

condition results from the deletion of amino acids 400-408 in the first TMD, which 

impairs AE1 normal folding and anion transport activity (35,36).  

              HS results from dominant or recessive point mutations in the SLC4A1 gene (37). 

In HS patients, AE1 mutants are typically misfolded and prematurely degraded during 

RBC maturation (37). As a result, RBC become spheric, smaller, and more fragile than 

the regular RBC biconcave disk. HS RBC rupture easily, causing hemolytic anemia (37). 

HS is characterized by the presence of spherocytes, increased numbers of reticulocytes, 

splenomegaly, jaundice, and gallstones (38). Blood transfusion and splenectomy are the 

usual treatments to improve the life of HS patients (39). When dominant HS mutants 

were heterologously expressed in human embryonic kidney (HEK) 293 cells, they were 

misfolded and retained in the endoplasmic reticulum (ER) (37). In contrast, some 

recessive HS mutants reached the cell surface but were not functional. Mutations in other 

proteins that are connecting RBC surface to its cytoskeleton including spectrin, ankyrin 

and protein 4.2 can also cause HS disease (40,41). 

      Ae1-/- mice have fragile erythrocytes due to the absence of Ae1 protein; they 

developed severe anemia, cardiac hypertrophy, impaired cardiac function, and distal renal 

tubular acidosis (dRTA) (42,43). 

1.2.1.2. kAE1  

The kidney expresses a truncated form of AE1 that is 65 amino acids shorter at the N-

terminus. This protein, called kidney AE1 (kAE1), results from the use of an alternative 

promoter in the SLC4A1 gene (44,45) (Fig 1.2). Similarly to AE1 function, kAE1 

mediates the reabsorption of HCO3
- in exchange for Cl- (44,45). kAE1 is expressed 



 9 

basolaterally in alpha-IC of the distal connecting tubule and the cortical collecting duct 

(CCD). Low amounts of kAE1 are also expressed in podocyte cells in the kidney (46,47). 

kAE1 protein forms dimers in kidney cells (48). 

              Because kAE1 lacks the first 65 amino acids compared to full length AE1, kAE1 

functions differently than erythroid AE1. For instance, kAE1 does not bind to ankyrin 

(49). Instead, kAE1 binds kanadaptin protein and colocalizes with it at the intracellular 

vesicles (50). Kanadaptin is expressed in the kidney alpha IC, it may function as an 

adaptor protein mediating kAE1 trafficking in rabbit kidney alpha IC (50). Surprisingly, 

human kanadaptin and human kAE1 did not bind to each other in HEK 293 cells. Further 

studies showed that human kanadaptin is mainly localized in the nucleus, and is therefore 

unlikely to have a role in kAE1 biosynthesis and targeting in human (51). kAE1 also 

binds directly to adaptor protein 1A (AP-1A) µ subunit via the tyrosine motif Y904DEV 

as shown by yeast two hybrid assay (52). Knockdown of this µ subunit of AP-1A (µ1A) 

in HEK 293 cells by short interfering RNA (siRNA) impaired kAE1 localization at the 

plasma membrane. AP family and their interaction with kAE1 will be discussed in more 

detail in the last section of the introduction (Page 47).  

              kAE1 also interacts with the glycolytic enzyme GAPDH through the D902EYDE 

amino acid sequence (53). This binding is important for kAE1 trafficking to the cell 

surface as knockdown of GAPDH resulted in kAE1 intracellular retention in Madin-

Darby canine kidney (MDCK) cells (53). Unlike AE1, kAE1 / GAPDH interaction does 

not affect GAPDH glycolytic activity and is not altered by phosphorylation (53), 

suggesting a different role for kAE1 / GAPDH interaction in the kidney. GAPDH may 

participate in intracellular membrane transport, fusion, microtubule bundling, and kinase 
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activity (54). In addition, GAPDH may be involved in cargo transport (55) and in the ER 

to Golgi transport through interaction with Rab2 and microtubules (56). GAPDH may 

participate in the forward trafficking of kAE1, since the knockdown of GAPDH 

decreased the cell surface kAE1 (53). 

              Two cytosolic kAE1 tyrosine residues, tyrosine 359 and 904 in the N- and C-

termini, respectively, are phosphorylated (57) in response to hyperosmolarity, 

hypertonicity, or high extracellular bicarbonate concentration, which caused kAE1 

internalization from the basolateral membrane. These findings support that alpha-IC may 

regulate kAE1 phosphorylation to adjust the amount of basolateral kAE1 under different 

physiological conditions (57). 

              Growing evidence suggests that kAE1 could play a role in maintaining cell 

membrane integrity in podocytes and alpha-IC. In podocytes, kAE1 binds to nephrin, a 

protein involved in the maintenance of the glomerular slit diaphragm (46,47). In HEK 

293, MDCK cells and alpha-IC, kAE1 was reported to directly bind to integrin-linked 

kinase (ILK) protein, an actin binding protein. Via this interaction, ILK links kAE1 to the 

underlying actin cytoskeleton (58,59).  

1.2.1.3. AE2 and AE3 

AE2 and AE3 have a similar topological structure as AE1, with around 50 % sequence 

identity (60,61). The TMD of AE2 and AE3 consist of 14 TM segments with a difference 

in the length of the N-terminal cytoplasmic domain. AE2 has up to five N-terminal 

variants AE2 (a, b1, b2, c1, and c2) due to the presence of alternative promoters (60,62-

64). AE2 is ubiquitously expressed in cells, with high abundance reported in the choroid 

plexus, gastric parietal cells, renal collecting duct, and thick ascending limb (65-67). Ae2-
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/- mice are thin, weak and growth-retarded compared to wild type. They are also toothless; 

their stomach parietal cells are unable to produce acid thus revealing alkaline gastric 

contents. Most Ae2 deficient mice died early at the time of weaning (68).  

              AE3 is expressed as two N-terminal variants: the full-length AE3 variant is 

expressed in the brain (69), retina (70) and smooth muscles (71). The shorter cardiac AE3 

variant is expressed in the heart and retina (72). Alanine 867 to Aspartate (A867D) 

substitution in AE3 has been reported in patients with idiopathic generalized epilepsy. 

This AE3 mutant is functionally less active than AE3-WT, which likely affects the 

intracellular pH as well as the cell volume in brain cells (73,74). However, the AE3-

A867D mutant had a similar expression pattern and was similarly regulated by PKA as 

AE3-WT protein (74).   

               Ae3-/- mice showed defects in brain, vision and hearing (75). These mice also 

showed reduced seizure threshold when induced by chemicals. Finally, Ae3-/- mice also 

have cardiac defects, as their cardiomyocytes show a reduced response to stimuli-induced 

hypertrophic growth (76).  

1.2.2. Electrogenic Na+ - HCO3
- cotransporters 

The electrogenic Na+-coupled HCO3
- cotransporters NBCe1 and NBCe2 cotransport Na+ 

and HCO3
- with a stoichiometry of 1 Na+: 2 HCO3

- or 1 Na+: 3 HCO3
- (77,78). NBCe1 is 

expressed as three variants (A, B, C), which are expressed in different tissues. NBCe1-A 

is expressed at the basolateral membrane of renal proximal tubule cells (79). NBCe1-B is 

expressed in pancreas (80) and heart (81) and NBCe1-C is expressed in rat brain (82). 

NBCe1-A will be discussed in the proximal renal tubular acidosis section (section 1.5.1).  

              NBCe2 is found as seven variants (a-g) (83,84). This protein is mainly expressed 
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in liver, testis, brain, kidney, heart, liver, spleen, small intestine and placenta (85,86). 

Nbce2-/- mice are hypertensive, present vision and neurological defects and develop renal 

metabolic acidosis (87,88).   

1.2.3. Electroneutral Na+ - HCO3
- cotransporters 

The electroneutral Na+ - coupled HCO3
- cotransporter NBCn1, which functions with a 

1Na+: 1HCO3
- stoichiometry, is expressed in the heart, skeletal muscles, spleen, testis, 

brain, lungs, liver, and in kidney thick ascending loop of Henle (6,89,90).   

              NBCn2 is expressed in the brain, where it exchanges HCO3
- for Cl- ions in a 

sodium-dependent manner, in addition to co-transporting Na+ and HCO3
- in a 1Na+: 

1HCO3
- stoichiometry (91). The slc4a10 -/- mice exhibit a smaller brain ventricular 

volume and protection against epileptic seizures, supporting that NBCn2 participates in 

neural pH control and in the cerebrospinal fluid secretion (92).  

              The NDCBE electroneutral Na+ - coupled HCO3
- cotransporter, also called 

SLC4A8, has a 1 Na+: 2 HCO3
-: 1 Cl- (inward/outward/inward) stoichiometry (93). It is 

expressed in the brain, (91,94) and beta-IC in the kidney cortical collecting duct (95). 

Slc4a8-/- mice have neurological defects, likely via mis-regulating presynaptic glutamate 

release (96).  

1.2.4. SLC26 family 

The SLC26 family of bicarbonate transporters consists of 11 members SLC26A1-11. 

SLC26A10 is a pseudogene (97). In contrast with SLC4 gene family, the function of 

SLC26 family is Na+-independent with a broader range of anions transported than the 

SLC4 family. In addition to the HCO3
- and Cl- ions, SLC26 family members can transport 

I-, SO4
-, oxalate, formate, and glycolate and some SLC26 proteins behave as anion 
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channels. SLC26A3, 4, 6, 7, and 9 proteins are the only proteins from this family that 

transport HCO3
- (98-100). The SLC26 family members share the same topological 

structure: they have both cytosolic N- and C-termini and 12 TMD. The SLC26 C-termini 

contain a STAS domain (Sulfate Transport and Anti-Sigma factor antagonist) (101), 

which regulates SLC26 protein interactions with other proteins like CFTR (102) and 

CAII (103). 

              The SLC26A3 (DRA) is apically expressed in colon, sweat glands, testis, 

enterocytes and epididymis (104). Mutations in the SLC26A3 gene cause congenital 

chloride diarrhea (104). SLC26A4 (also called Pendrin) is apically expressed in thyroid, 

inner ear, prostate, airway epithelial cells, as well as kidney beta-IC (105). Mutations in 

the SLC26A4 cause Pendred syndrome, which is discussed in more details in the Pendred 

syndrome section (1.5.2). 

              Another member of the SLC26 family, SLC26A7 has been linked to the dRTA 

disease (106). It is expressed basolaterally in thyroid, stomach, retina, olfactory 

epithelium, and alpha-IC (107). The SLC26A11 protein is expressed mainly in the kidney 

and brain and it functions as a Cl- transporter.  

1.3.  Blood pH regulation 

The control of intracellular and extracellular pH is of great importance for optimal 

physiological processes. The arterial blood pH should be strictly maintained within the 

range 7.35-7.45. A slight change in the plasma pH would sharply affect normal enzyme 

function and cause protein denaturation, which may lead to death (108,109).  

              A decrease in plasma pH (pH< 7.35) is called acidemia, reflects an increase in 

arterial [H+]. Acidosis could originate from a respiratory defect where blood CO2 partial 
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pressure (pCO2) represents more than 5.7 kPa, or from a metabolic defect when arterial 

[HCO3
-] decreases to less than 22 mM (110). A blood pH increase due to pCO2 

decreasing to less than 5.7 kPa or [HCO3
-] higher than 26 mM is called alkalosis (110). 

Changes in pH are controlled by different strategies. Buffers can reversibly bind to 

hydrogen ion and therefore minimize pH changes (110). Extracellular buffers include 

bicarbonate and ammonia, whereas proteins and phosphate act as intracellular buffers 

(111). 

              If the extracellular buffers are unable to bind the excess of H+, the lungs and 

kidneys will participate in elimination of excessive acid or base. A decrease in pH is 

sensed by arterial chemoreceptors and leads to increased respiration rate, which results in 

an increase of pO2 and a decrease in pCO2. The pulmonary response occurs over minutes 

to hours. It is about 50 to 75 % effective and does not completely normalize pH 

(108,109).  

              The renal response to acid-base imbalance is quite slow compared to the action 

of buffers or respiratory organs; it takes several days to adjust the amount of reabsorbed 

HCO3
- or excreted H+ (112-114). Renal response for acid-base imbalance in addition to 

bicarbonate reabsorption along the different nephron segments is discussed in the 

following section.  

1.4.  Renal response to acid base imbalance and bicarbonate reabsorption 

Under normal circumstances, the kidneys filter approximately 4320 mEq / day of HCO3
- 

(24 mEq/L X 180 L / day, where 180 L / day is the amount of filtered blood per day) 

(115). To completely reabsorb all the filtered bicarbonate, kidneys, must secrete 4320 

mEq / day of hydrogen ions. Bicarbonate reabsorption occurs predominantly in the 
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proximal tubule (PT) (about 80 %) (114). The remaining HCO3
- is reabsorbed in the thick 

ascending limb (TAL), the distal tubule (DT), and the cortical collecting duct (CCD) 

where urine is acidified to pH of 4.5 to 6, and the remaining HCO3
- that escaped the PT is 

reabsorbed (Fig 1.3) (114,115).  

              The H+ ions are buffered in the blood and are not filtered by the kidney as free 

ions. Secreted H+ ions combine with urinary buffers to be excreted as titrable acids and 

ammonium, or combine with filtered HCO3
- leading to HCO3

- reabsorption (114). 

1.4.1.  Bicarbonate reabsorption in the PT 

In the PT, H+ ions are secreted by two mechanisms: via an apical Na+-H+ antiporter 3 

(NHE3) and via H+-ATPase (proton pump) (Fig 1.4) (114). Secreted H+ ions are excreted 

by binding to buffers, such as HPO4
2- and creatinine, or to NH3 to form NH4

+. Two-thirds 

of proximal HCO3
- reabsorption occurs via H+ secretion by NHE3, whereas the other 

third of HCO3
- reabsorption occurs via the apical H+-ATPase pump that secretes H+ to the 

lumen (113,114,116).  

              Carbonic anhydrases play an important role in H+ secretion and HCO3
- 

reabsorption in PT cells (Fig 1.4) (117). H2CO3 is converted into CO2 and H2O by the 

membrane bound luminal CAIV, which is expressed along the PT. Luminal CO2 enters 

the PT cells by diffusion (Fig 1.4) (118), and in presence of H2O is converted into H+ and 

HCO3
- by cytosolic CAII enzyme (Fig 1.4) (119). The H+ ions are secreted into the 

tubular lumen across the apical membrane via apical NHE3 or H+-ATPase, where they 

bind to free HCO3
- to form H2CO3 again (114,120,121). Intracellular HCO3

- is reabsorbed 

through basolateral electrogenic symporter NBCe1 (3HCO3
-: 1Na+) (Fig 1.4) (114). PT 

cells express high amounts of angiotensin II receptors (122). Angiotensin II is a  
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Figure 1.3: Nephron anatomy model. This model includes the fractional delivery of 

bicarbonate to the various nephron segments, which varies with an individual’s diet; the 

shown percentages are based on a normal diet of healthy individual [5]. JGA: 

Juxtaglomerular Apparatus. PCT: proximal convoluted tubule, TDL: thin descending limb, 

LH: loop of Henle, MTAL: medullary thick ascending limb, CTAL: cortical thick ascending 

limb, DCT: distal convoluted tubule, CNT: connecting tubule, CCD: cortical collecting duct, 

OMCD: outer medullary collecting duct, IMCD: inner medullary collecting duct. 

 

 

 



 17 

 

 

Figure 1.4: Bicarbonate absorption in the proximal tubule. The filtered HCO3
- is 

converted in the lumen to H2O and CO2. The CO2 diffuses through the apical membrane into 

the cell where it is converted again to HCO3
- and H+ by CAII. HCO3

- is transported by 

basolateral NBCe1 to the blood along with Na+. There the HCO3
- is converted again by CAIV 

to H2O and CO2. TJ: Tight junctions, Modified from (121). 
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potent regulator of HCO3
- reabsorption in this nephron segment (122). A low dose of 

angiotensin II has a stimulatory effect on the rate of HCO3
- reabsorption, while high dose 

decreases the rate of HCO3
- reabsorption (123). 

1.4.2. Bicarbonate reabsorption in TAL 

Around 15 % of the filtered HCO3
- is reabsorbed via the thick ascending limb  (TAL) of 

the loop of Henle (Fig 1.3) via the apical Na+-H+ exchanger NHE3 and H+-ATPase and 

the basolateral NBCn1. This process is increased under metabolic acidosis and high 

sodium intake and inhibited under metabolic alkalosis conditions. (124-126).  

1.4.3. Bicarbonate reabsorption in the DT and CCD 

The DT and the CCD are also involved in acid-base homeostasis (127,128). The CCD 

fine-tunes HCO3
- reabsorption and H+ secretion. This segment is composed of two 

different cell types: principal cells that transport water, Na+ and K+, and IC, which 

mediate acid-base transport (Fig 1.5) (129). Principal cells are involved in sodium and 

water reabsorption via the apical epithelial sodium channel ENaC and aquaporin 2, 

respectively, and the basolateral Na+/ K+ ATPase (Fig 1.5) (130). At least three types of 

IC have been identified: alpha, beta and non-alpha, non-beta-IC (131,132). 

             Intercalated cells participate in acid-base homeostasis. They express high 

amounts of cytosolic CAII and are interspersed among the principal cells of the distal 

convoluted tubule (DCT), connecting tubule (CNT), and collecting duct (131,133). They 

are distinguished from other cell types by their positive staining for the vacuolar H+-

ATPase and CAII (133,134). Alpha-IC have a columnar shape with apical micro 

projections. These cells express kAE1 at their basolateral membrane and vacuolar H+-

ATPase is expressed at the apical side (Fig 1.5) (129,134). 
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              Almost mirroring the alpha-IC, beta-IC display the opposite polarity, with the 

bicarbonate exchanger pendrin, (SLC26A4), located at the apical membrane and vacuolar 

H+-ATPase at the basolateral membrane (Fig 1.5). With their squamous shape, beta-IC 

have a smooth apical surface, an organelle-free zone below the apical membrane, and 

cytoplasmic vesicles dispersed throughout the cells (131,132,135). Non-alpha, non-beta 

IC are mainly located in the CNT. These large cells express both pendrin and vacuolar 

H+-ATPase at their apical membrane, and display a large number of mitochondria and 

intracellular vesicles (119,132). The function of non-alpha, non-beta IC is not known. 

The presence of apical vacuolar H+-ATPase and bicarbonate transporter suggests that 

these cells could be involved in either proton or bicarbonate secretion or that they are an 

intermediate cell-type undergoing interconversion (119,131,132).   

              As in the PT cells, CO2 enters the alpha-IC, where CAII catalyzes its hydration 

to produce one HCO3
- and a proton H+. The proton is pumped across the apical 

membrane via the vacuolar H+-ATPase and the HCO3
- ion is transported across the 

basolateral membrane by kAE1 protein (113,136). Therefore, the function of alpha-IC 

results in both net reabsorption of bicarbonate and concomitant proton secretion into the 

urine.   

              Also rich in CAII, beta-IC reabsorb protons via the basolateral vacuolar H+-

ATPase and excrete bicarbonate into the urine via the apical bicarbonate transporter 

pendrin (137). In addition to their role in HCO3
- secretion, beta-IC are also involved in 

Na+ reabsorption. Pendrin at the apical membrane of beta-IC cooperates with NDCBE 

(SLC4A8) for the net reabsorption of Na+ and Cl-, driven by HCO3
- secretion and 

reabsorption as shown in Figure 1.5. 



 20 

              Metabolic acidosis develops when kidneys are unable to excrete the excess of 

acid produced daily (138). This can originate from defective proteins along the different 

nephron segments. The following section will briefly introduce disorders resulting from 

mutations in different proteins including renal bicarbonate transporters and will focus 

specifically on distal renal tubular acidosis, a disease caused by mutations on the 

SLC4A1 gene encoding AE1. 

1.5.  Diseases associated with acid – base imbalance 

1.5.1. Proximal renal tubular acidosis (Type 2 RTA) 

Proximal renal tubular acidosis (pRTA) is usually associated with Fanconi’s syndrome, a 

disease of the PT, in which glucose, amino acids, uric acid, phosphate and bicarbonate 

are not reabsorbed from the urine (115,139). It is characterized with impaired HCO3
- 

reabsorption in the PT, which causes metabolic acidosis, hyperchloremia,, hypokalemia, 

and with urine pH becoming more acidic with pH < 5.5 (Table 1.1) (115,139).  

     The NBCe1 protein (SLC4A4) co-transports sodium and bicarbonate at a ratio of 

1:3 or 1:2 (77). NBCe1-A splice variant is expressed at the basolateral membrane of renal 

proximal tubule cells (Fig 1.3) (79). Mutations in SLC4A4 gene cause a defect in 

bicarbonate reabsorption in the renal PT and result in pRTA disease (140). In addition to 

impaired kidney function, the disease can be associated with growth and mental 

retardation, pancreatitis, ocular abnormalities, reduced bone density, and abnormal 

dentition (Table 1.1) (115). The WT NBCe1-A is located at the basolateral membrane of 

polarized MDCK I cells (141,142).  
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Figure 1.5: Collecting duct cell model. This model shows three CCD cell types with 

different proteins expressed in each cell type. Alpha-IC secrete protons into the lumen 

through the apical vacuolar H+-ATPase proton pump and the H+/K+-ATPase, and 

reabsorb HCO3
− in exchange for Cl− through the basolateral kAE1. They also express the 

chloride/bicarbonate exchanger SLC26A7 at the basolateral membrane and the Cl− 

channel SLC26A11 at the apical membrane. The Na+-K+-2Cl− cotransporter (NKCC1) is 

also expressed at the basolateral membrane of these cells, along with the chloride channel 

ClC-Kb. Beta-IC secrete HCO3
− into the lumen through apical pendrin. Protons are 
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(Continued from figure 1.5)  

effluxed into the blood through the basolateral vacuolar H+-ATPase. These cells also 

express the ClC-Kb and SLC26A11 Cl− channels at their basolateral membrane. At the 

apical membrane, pendrin’s function is coupled to that of SLC4A8 to promote sodium 

and chloride reabsorption. Principal cells regulate ion homeostasis by expressing the 

epithelial sodium channel (ENaC), a K+/Cl− cotransporter (KCC), the renal outer 

medullary potassium (ROMK) channel in their apical plasma membrane, and the Na+/K+-

ATPase at the basolateral membrane. 
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In contrast, the NBCe1-R881C mutant (a common mutation among the pRTA patients) is 

located at the endoplasmic reticulum (ER) (142). This correlates with data from Xenopus 

oocytes that demonstrated reduced functional activity of the R881C mutant owing to 

40 % decreased expression at the plasma membrane of the oocytes. 

1.5.2. Pendred syndrome 

              The symptoms found in pRTA patients are comparable to those observed in mice 

lacking NBCe1 (143). These nbce1–/– mice displayed severe metabolic acidosis, growth 

retardation, reduced plasma sodium, and abnormal dentition, all symptoms consistent 

with pRTA. However, no ocular or pancreatic defects were found in these mice (Table 

1.1) (143). Pendrin is an anion exchanger encoded by the SLC26A4 gene. It is 

predominantly expressed in the thyroid, inner ear (cochlea), and kidney. Mutations in the 

pendrin gene result in a disease called Pendred syndrome, an autosomal recessive 

disorder characterized by goiter, hypothyroidism, and deafness (Table 1.1) (144). In 

kidneys, pendrin is expressed at the apical membrane of beta-IC and non-alpha, non-beta 

IC in the CCD (Fig 1.5) (144) and is responsible for secreting bicarbonate to the pro-

urine in alkalotic conditions. It mediates the exchange of Cl– ions for bicarbonate, sulfate, 

iodide, and formate (145). Deletion of the Slc26a4 gene in mice affects secretion of 

bicarbonate in vivo and reduces the apical Cl–/HCO3
– exchanger activity in beta- and non 

alpha-, non  beta-IC in the CCD (Table 1.1) (137). In addition, pendrin knockout mice 

display acidic  

 

 



 24 

Table 1. 1 Diseases associated with abnormal kidney functions. 

 

 

Protein Disease Mutated 
gene 

Knockout mice 
symptoms 

References 

 
 

Kidney anion 
exchanger 1 

(kAE1) 

 
Distal renal tubular 
acidosis  (dRTA) 
Metabolic acidosis, alkaline 
urine, hypokalemia, 
hyperchloremia, 
hypercalciurea, kidney 
stones, mild electrolyte 
imbalance 

 
 
 
 

SLC4A1 

 
Severe anemia, complete 
dRTA, increased serum 
osmolarity, decreased 
urine osmolarity, 
hypercalciuria, 
dehydration 

 
 
 
(43) 

 
v-H+-

ATPase 
subunit B1 

 

 
Recessive dRTA associated 
with deafness, hypokalemia 
and dehydration 

 
ATP6V1B1 

 
Mild metabolic acidosis 

 
(146, 147) 

 
v-H+-

ATPase 
subunit a4 

 
Recessive dRTA associated 
with deafness, hypokalemia 
and dehydration 

 
 

ATP6V0A4 

Deafness, dRTA 
accompanied by  
proximal tubule 
malfunction, proteinuria 
and phosphaturia 

 
 
(148, 149) 

 
SLC26A7 

 
 

 
dRTA 

 
SLC26A7 

 
Complete dRTA, 
hypotension, failure to 
reabsorb chloride 

 
(150) 

 
 
 

Carbonic 
anhydrase II 

 
Mixture of recessive distal 
and proximal RTA, can be 
associated with autosomal 
recessive osteopetrosis 
(increased bone density), 
growth failure, mental 
retardation and hearing 
impairment 

 
 
 

CA2 

Renal tubular acidosis 
symptoms, down-
regulation of proteins 
involved in acid-base 
homeostasis in 
intercalated cells such as 
pendrin SLC26A7, 
pendrin and AE1 

 
 
  
(151) 

 
 

Pendrin 

 
Pendred syndrome 
Goiter and hearing loss 

 
SLC26A4 

 
Renal inability to excrete 
the excess bicarbonate 
into the urine, deafness 
 

 
(137, 152) 

 
 
 

NBCe1 

 
Proximal renal tubular 
acidosis 
Impaired HCO3

- reabsorption 
in the PT, metabolic acidosis, 
hyperchloremia, 
hypokalemia, acidic urine pH 

 
 
 

SLC4A4 

 
Severe metabolic 
acidosis, growth 
retardation, reduced 
plasma sodium, and 
abnormal dentition 

 
 
(115, 119, 
139) 
(143) 
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urine, elevated serum bicarbonate, and an increase in urine ammonium excretion (137). 

However, patients with Pendred syndrome do not display metabolic alkalosis and renal 

symptoms. 

1.5.3. Distal renal tubular acidosis (Type 1 RTA) 

In distal renal tubular acidosis (dRTA), kidney alpha-IC are unable to excrete the excess 

of protons generated as a waste product of metabolism. Children suffering from dRTA 

have growth failure, present with vomiting and are dehydrated. Patients with dRTA 

display an increased plasma CO2 concentration and chloride concentration 

(hyperchloremia) and a decrease in plasma potassium concentration (hypokalemia). Urine 

analysis shows an increase in urinary pH and calcium concentration (hypercalciuria) 

(Table 1.1) (153). The dRTA disease is treated by medications that correct acidemia like 

sodium bicarbonate, sodium citrate, and potassium citrate (154). If not treated early, 

dRTA leads to kidney stone formation and kidney failure (155).  

              Some individual present incomplete dRTA, characterized by an inability to 

acidify urine spontaneously or following an acute acid load, but without metabolic 

acidosis and with normal blood bicarbonate concentration on a normal diet. The dRTA 

symptoms typically appear after an acid challenge (156). 

              There are multiple origins for dRTA. It can be associated with or result from 

autoimmune diseases like Sjogren’s syndrome, systemic lupus erythematosus, and 

rheumatoid arthritis (157), but the most common cause for dRTA is an inherited defect. 

Most dRTA patients inherit dominant or recessive mutations in genes encoding proteins 

expressed in alpha-IC of the kidney including kAE1 protein, vacuolar H+-ATPase pump, 

CAII, and SLC26A7 (Table 1.1). This following section will only discuss hereditary 
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causes of dRTA.  

1.5.3.1. Mutations in the SLC4A1 gene  

The most common cause of dRTA is a dominant or recessive mutation in SLC4A1 gene 

that encodes for kAE1 protein (Table 1.1, Fig 1.5). Previous studies have characterized 

the effect of mutations in the SLC4A1 gene. MDCK and HEK 293 kidney cells have 

been used as mammalian cell models to study expression, function and trafficking of 

kAE1 mutants that cause dRTA. When kAE1-WT is heterologously expressed in MDCK 

cells, it is located at the plasma membrane of non-polarized and at the basolateral 

membrane of polarized MDCK cells, reflecting the normal localization of kAE1 in alpha-

IC (158-160). When kAE1 mutants are expressed in these cells, they are either 

mistargeted to the apical membrane or retained either in the ER or the Golgi (37,158-160).    

                As kAE1 protein forms dimers in kidney cells (48), co-expression of dominant 

kAE1 mutant with kAE1-WT in MDCK cells resulted in intracellular retention of the 

kAE1-WT protein. In contrast, when kAE1 recessive mutants were co-expressed with 

kAE1-WT, the mutants’ trafficking was rescued to the cell surface (48,156,158). This 

thesis focuses on dominant dRTA mutations within kAE1 cytosolic C-terminus. The 

various mutations within this short cytosolic domain are reviewed below. 

              KAE1-R901X (also called Band 3 Walton, R901STOP) mutation results in 

deletion of the last 11 amino acids of kAE1 (161). This mutant retains normal anion 

exchange activity in Xenopus oocytes but fails to localize at the surface of non-polarized 

MDCK cells (162) and HEK 293 cells (48). Studies in polarized MDCK and MDCK I (a 

highly polarized subtype of MDCK cells, resembling IC) cells showed that kAE1-R901X 

mutant is mistargeted to the apical membrane in polarized cells or traffics in a non-
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polarized way depending on the degree of polarization of the cells (159,160). As 

described above, when kAE1-R901X was co-expressed with kAE1-WT to mimic the 

situation found in dRTA patients, the R901X mutant retained kAE1-WT protein 

intracellularly (159,163).  

              KAE1-M909T is another dominantly inherited dRTA mutant within kAE1 

cytosolic C-terminus (164). It is located within the putative type II PDZ (PSD-95/Discs-

large/ZO-1) interaction domain of kAE1 C-terminus (A908MPV) (165,166). When kAE1-

M909T was expressed in Xenopus oocyte, it showed normal anion exchange activity, 

indicating that the mutant is functional (164). When kAE1-M909T was expressed in 

polarized MDCK cells, it was located in both apical and basolateral membranes (164), 

supporting that dRTA results from insufficient amount of kAE1 protein at the basolateral 

membrane. 

             The compound kAE1-A888L/D889X point and deletion mutations are also 

dominantly inherited in dRTA patients (167). Additionally, dominant frameshift kAE1-

D905Gfs15 and duplication kAE1-D905dup dRTA mutations have been identified in 

kAE1 C-terminus (168,169). These mutants have not been studied in immortalized 

epithelial cells yet.   

              The above-described dRTA mutations result in alteration of kAE1 C-terminus 

that contains binding sites of various proteins including GAPDH (53), CAII (11) and AP-

1A (170). These mutations also alter two important motifs, the tyrosine motif Y904DEV 

and the putative type-II PDZ interaction domain A908MPV (165,166). Tyrosine 904 can 

be phosphorylated and its phosphorylation state regulates the rate of internalization of 

kAE1 (57). These mutations likely impair protein interactions that are important for 
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kAE1 trafficking and localization at the plasma membrane, and consequently, with 

kAE1’s function in bicarbonate reabsorption (52,53,159).   

             Unfortunately, no animal model is available where kidney AE1 but not erythroid 

AE1 is knocked out. Such an animal would allow investigations of dominant and 

recessive dRTA pathophysiology in more detail. Knockout mice lacking both eAe1 and 

kAe1 (Ae1–/–) have high mortality rate shortly after birth and severe anemia that 

complicates further physiological studies. Ae1–/– mice develop spontaneous metabolic 

acidosis, alkaline urine, low blood pH, slightly increased blood chloride and phosphate 

levels, and reduced Cl-/HCO3
- exchange activity in the basolateral membrane of alpha-IC 

(Table 1.1) (43). WT and heterozygous Ae1+/– mice have no apparent defects in urine or 

blood parameters. Therefore, Ae1–/– mice represent a model for some cases of recessive 

dRTA where no kAE1 protein is present in alpha-IC (43).   

1.5.3.2. Mutations in the vacuolar H+-ATPase gene 

Hereditary dRTA can also result from recessive mutations in either a4 or B1 subunits of 

the vacuolar H+-ATPase (Fig 1.5) (171). Distal RTA originating from mutated a4 subunit 

can be associated with sensorineural deafness in addition to other dRTA symptoms 

(Table 1.1). As no such symptom is observed with mutated B1 subunit, it is proposed that 

B2 subunit compensates for the loss of B1 subunit, which results in a milder form of 

dRTA (172). B1 knockout mice do not develop spontaneous acidosis and have no hearing 

loss (146,147). In contrast, a4 knockout mice develop more severe dRTA phenotype 

associated with deafness, impaired sense of smell, hypocitraturia, and  nephrocalcinosis 

(148,149).   

1.5.3.3. Mutations in the SLC26A7 gene 
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SLC26A7 (SUT2) is another anion exchanger protein expressed basolaterally in alpha-IC 

(Fig 1.5), stomach gastric parietal cells and apically in endothelial cells (97). SLC26A7 

protein exchanges Cl- for HCO3
-
 and OH- and sulfate. SLc26a7 knockout mice display 

complete dRTA, hypotension, and gastric hypochlorohydra (lack of stomach acid) (Table 

1.1) (150). The absence of SLC26A7 protein is apparently not compensated by AE1 

protein expression and vice-versa in alpha-IC, indicating that both exchangers are 

distinctly important for bicarbonate reabsorption in alpha-IC.   

1.5.3.4. Mutations in the CAII gene 

  In addition to PT cells (Fig 1.4), cytosolic CAII is expressed in IC (Fig 1.5) and 

osteoclasts. Patients with CAII mutations develop a mixture of recessive distal and 

proximal RTA, in addition to osteopetrosis (increased bone density), growth failure, 

mental retardation, and hearing impairment (113,173,174).  Mice lacking car2, the gene 

encoding CAII, develop renal tubular acidosis and show down regulation of proteins 

involved in acid-base homeostasis in IC cells including SLC26A7, pendrin and AE1 

(Table 1.1) (151). 

              In summary, inherited dRTA results from dominant or recessive mutations in 

genes either encoding AE1, vacuolar H+-ATPase, SLC26A7 or CAII. The severity and 

pathogenicity of dRTA differ from one individual to another and depends mainly on the 

mutated protein.  

1.6.  Membrane protein trafficking and endocytosis 

Polarized epithelial cells have an uneven distribution of proteins embedded in the apical 

or basolateral membrane. The cell polarity is achieved by sorting newly synthesized 

proteins at the trans-Golgi network (TGN), and sorting endocytotic proteins in recycling 
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endosomes (175). Epithelial cells use distinct protein transport mechanisms to the apical 

and basolateral membrane. For example, in the TGN of MDCK cells, proteins are sorted 

into distinct transport vesicles for direct delivery to the apical and basolateral membranes 

(176). In contrast, in hepatocytes, apical proteins are transported to the basolateral 

membrane prior to their apical delivery (177). In Caco-2 intestinal epithelial cell line, 

proteins can be transported via both pathways (178).  

1.6.1. Membrane proteins sorting signals in epithelial cells 

Signals required for apical targeting include N- and O-glycans (179,180), 

glycosylphosphatidylinositol (GPI) lipid anchors (181), and protein domains with affinity 

to lipid rafts (182). The absence of these signals results in transport to the basolateral 

surface by default (183). Basolateral sorting signals are tyrosine YXXΦ, where X is any 

amino acid and Φ is a bulky hydrophobic amino acid, dileucine [D/E]XXXL[L/I] (175) 

and monoleucine motifs [EEDXXXXXL]  (184-186) and [EEXXXL] (186). 

1.6.2. Membrane proteins processing and trafficking in epithelial cells 

Plasma membrane proteins are synthesized on the rough ER, where most of them 

undergo glycosylation by addition of high mannose oligosaccharides, which are used by 

the quality control machinery to monitor protein-folding (187,188). Only properly folded 

proteins can traffic to cis–Golgi via COPII coated vesicles, before proceeding forward 

through medial- and TGN. At the Golgi, the high mannose oligosaccharide is modified to 

complex oligosaccharide (187,188). From the TGN, membrane proteins travel through 

clathrin coated vesicles (CCV) to early endosomes (EE) or directly to the plasma 

membrane. Adaptor proteins are involved in CCV formation as they mediate the binding 

of cargo proteins to clathrin (Fig 1.6) (189,190). Proteins at the plasma membrane may be 
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endocytosed to common recycling endosomes (CRE) again via CCV. At the CRE, the 

proteins either recycle back to the plasma membrane or are targeted to other cellular 

organelles (191,192).  

1.6.3. Membrane protein endocytosis 

Endocytosis is the process by which membrane proteins (cargo) are internalized from the 

plasma membrane. Endocytosed proteins traffic back to the CRE or the TGN where they 

are sorted again and either returned back to the plasma membrane or to other cellular 

organelles (193). Depending on the type of cargo and molecular machinery driving the 

internalization process, there are several endocytosis pathways: clathrin-mediated 

endocytosis, caveolae / lipid raft mediated endocytosis, macropinocytosis, and 

phagocytosis (193). Clathrin-mediated endocytosis is the best-described type of 

endocytosis. It begins with clathrin recruitment by AP-2, which mediates assembly of the  

clathrin coat. The role of different AP-2 subunits in cargo selection will be detailed in the 

next section. Small GTPase dynamin mediates the fission of the budding clathrin-coated 

vesicle from the membrane (Fig 1.6) (194,195). Other proteins like synaptojanin, auxilin, 

Hsc70 uncoat the vesicle. After uncoating, the vesicle fuses with the sorting endosome 

from where endocytosed proteins either recycle back to the plasma membrane, or enter 

late endosomes, either via an endosomal carrier vesicle or direct maturation of the early 

endosome into a late endosome. The late endosome in turn fuses with a lysosome where 

digestion occurs due to the low luminal pH (196). Figure 1.6 summarizes the major steps 

of CCV vesicle formation from the donor compartment to the acceptor compartment. The 

next part will discuss AP and their role in protein trafficking. 
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Figure 1.6: Major steps of CCV formation from the donor membrane to the acceptor 

membrane. (1) Adaptor proteins concentrate cargo proteins at the donor membrane and 

recruit clathrin to form CCV. (2) Once the vesicle buds, a dynamin small GTPase mediates 

the vesicle scission from the donor membrane. (3) The formed CCV travels toward the 

acceptor membrane. (4) The clathrin coat is removed from the vesicle. (5) Vesicles 

tethering and docking is a selective process with high fidelity mediated by SNARE 

proteins that ensure vesicle anchoring prior to vesicle fusion as in step (6). 
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1.7.  Adaptor proteins and their role in protein trafficking 

The AP complex family shares common conserved morphological and biochemical 

characteristics (197-199). At this date, five AP complexes have been identified in 

mammals (Fig 1.7). They play important roles in transport vesicle formation and cargo 

selection in post-Golgi trafficking pathways (Fig 1.6) (189,190). AP complexes bind to 

cargo proteins and facilitate their loading to budding vesicles from the donor membrane. 

This binding enhances the recruitment of clathrin to allow CCV formation that will 

transport cargo proteins towards the recipient membrane as described earlier (Fig 1.6) 

(200).  

              AP-1 and AP-3 exist in two forms: AP-1A and AP-3A are ubiquitously 

expressed in cells, while AP-1B and AP-3B are only expressed in epithelial cells and 

neurons, respectively (201). Each AP is composed of four adaptin subunits, two large 

adaptin subunits (β1-5 and γ,δ,α,ε, ζ), a medium (µ1-5) and one small (σ1-5) subunit 

(189,190)(Fig 1.7). Unlike other AP complexes, AP-4 and 5 are not associated with 

clathrin (202).  

             Each subunit in the AP complex performs a specific function within the complex. 

For example, one of the large subunits in each AP complex (γ,δ,α,ε,ζ) mediates binding 

to the target membrane (203). β-adaptins  recruit clathrin to form CCV that mediate 

protein transport (204). The C-terminus of µ subunits are involved in cargo selection and 

recognize the YXXΦ motif on cargo proteins, while the N-terminus of the µ subunit 

binds to AP complex adaptins. During cargo protein recruitment, a linker in the µ subunit 

is phosphorylated, which results in a conformational change that exposes the C-terminus 

of the µ subunit to the cytosol and allows for cargo and membrane lipid binding (205).  
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Figure 1.7: The AP complexes. AP complexes 1-5 share the same morphological 

characteristics; they are tetrameric proteins composed of two large subunits, (β1-5) and 

(γ, δ, α, ε, and ζ), a medium (µ1-5) and one small (σ1-5) subunit. AP-1 is expressed in 

the trans-Golgi network (TGN) and recycling endosomes (RE) and it is involved in 

polarized protein trafficking and recycling. AP-2 is expressed at the plasma membrane 

(PM) and is involved in endocytosis. AP-3 transports cargo proteins from TGN or early 

endosomes (EE) to late endosomes (LE). AP-4 may be involved in protein transport from 

the TGN. AP-5 is involved in the Endosomal (E) to lysosome (L) pathway. 
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The small σ subunit is involved in AP complex stability (201,203). The different AP 

complexes function and location will be discussed in the following sections. 

1.7.1. Adaptor protein 1A/B 

AP-1A complex is located at the TGN and in endosomes (Fig 1.8). It binds to PI4P 

(Phosphatidylinositol 4 phosphate) and Arf1 small GTPase in the TGN, where it is 

involved in cargo protein transport to recycling endosomes and to the cell membrane 

(206,207).  The membrane recruitment of AP-1A depends on PI4P that is enriched at the 

TGN (208). AP-1B is also located at the TGN and in recycling endosomes, where it binds 

to PI(3,4,5)P3 (Phosphatidylinositol 3, 4, 5 triphosphate) and Arf6 (209,210). 

Interestingly, PI(3,4,5)P3 is important for AP-1B recruitment to recycling endosomes 

(209) as the absence of PI(3,4,5)P3 from recycling endosomes leads to missorting of AP-

1B dependent cargo to the apical membrane (209). AP-1B is involved in basolateral 

protein biosynthetic and recycling routes, and in cell polarity (165).  

1.7.1.1. Adaptor protein 1A/B subunits  

In addition to the AP-1 µ adaptin that has two isoforms µ1A and µ1B, γ subunit has also 

two isoforms (γ1 and γ2), and σ1 adaptin has three isoforms (σ1A, σ1B, and σ1C) (211). 

The focus of this section will be only on the µ1A and µ1B isoforms. AP-1 complex not 

only binds to cargo proteins through its µ subunit but also via γ and σ subunits that 

recognize tyrosine (YXXΦ) and di-leucine ([D/E]XXXL[L/I])  based sorting signal 

respectively (212,213). AP-1B is distinguished from AP-1A by the 50 kDa µ subunit only.  

µ1A and µ1B share 79 % amino acid identity (166). 

1.7.1.2. Adaptor protein 1A/B function 

In spite of this close homology, AP-1A and AP-1B have distinct functions in endosomal / 
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lysosomal sorting and basolateral membrane targeting (214). AP-1A mediates direct 

basolateral sorting of cargo proteins like kAE1 from the TGN (215). In contrast, AP-1B 

mediates basolateral sorting and recycling of cargo proteins from recycling endosomes 

(216).  

              The tissue specific AP-1B is expressed in epithelial kidney, intestine, salivary 

gland and lung cells (166). Interestingly, AP-1B is absent from specific epithelial cells 

such as kidney proximal tubule cells, retinal pigment epithelial cells and liver hepatic 

cells (217,218).   

              Additionally, AP-1A and B have different cargoes and functions. A previous 

study showed that neither can AP-1A substitute for AP-1B in basolateral transport of 

LDLR (AP-1B cargo specific protein) nor will AP-1B substitute for AP-1A in Furin (AP-

1A cargo specific protein) trafficking (219). AP-1B sorts basolateral plasma membrane 

proteins like vesicular stomatitis virus G (VSVG) in both biosynthetic and recycling 

routes, and transferrin receptor (TfnR) in the biosynthetic route in non polarized cells 

(216). 

1.7.1.3. Adaptor protein 1A/B diversity  

The physiological importance of AP-1A and B has been studied in different organisms. 

Knocking out of any AP-1 adaptins in the Nematode (Caenorhabditis elegans) causes 

growth arrest at the embryonic stage, highlighting the importance of AP-1 complex in 

embryonic development (169,220,221).  

              Moreover, AP-1 acts early during cell differentiation of the external sensory 

organ of Drosophila melanogaster (222,223). AP-1A is a negative regulator of the 

Notch-mediated cell fate through regulation of basolateral sorting of Sanpodo (an 
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activator and a binding partner of Notch) in the sensory organ cells. 

               In Zebrafish (Danio rerio), three µ1 subunits (A, B, and C) are expressed. 

Unlike in mammals, Zebrafish µ1A is not ubiquitously expressed. Instead, it is only 

expressed in tissues where µ1B is absent, like the brain, skeletal muscles, eye, heart and 

testis (224,225). While Zebrafish µ1A and B have high homology to human µ1A and B, 

µ1C that is expressed only on Zebrafish showed 80 % sequence identity with human µ1A 

and B (225). The physiological importance of µ1A and B subunits in Zebrafish was 

addressed through the double Knockdown of µ1A/B. These animals showed severe 

defects in kidney function and developed cardiac edema (225).  

1.7.1.4. Adaptor protein 1A/B knockout mice models  

The role of AP-1 in mammals has been studied in knockout mice for several AP-1 

subunits. A recent study showed that σ1B knockout mice developed lipodystrophy, a 

fatty tissue disorder characterized by a selective loss of body fat (226). The knockout of γ 

subunit is lethal at the embryonic stage E3.5 of development (227).  µ1A knockout mice 

also die early at embryonic stage E13.5 (228). In µ1A knockout cells, the remaining 

subunits that normally form AP-1A complex fail to locate to the TGN (228). Further, 

cation-dependent mannose 6 phosphate receptor (CD-MPR) and cation independent MPR 

(CI-MPR), which are both cargo proteins that exit the TGN via AP-1, fail to recycle back 

from endosomes to the TGN, and instead accumulate in endosomes, indicating that in 

absence of µ1A, retrograde transport to the TGN is blocked (228).  

              The role of µ1B in maintaining cell polarity is emphasized in µ1B knockout 

mice. In contrast with µ1A, µ1B knockout mice survive after birth. These mice show 

growth retardation, polarity defect in the intestinal epithelial cells, and the majority die by 
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the age of eight weeks (229). µ1B basolateral cargo proteins like EphB2, LDLR and E-

cadherin are mis-localized in µ1B knockout mice (185,198,230). Apical proteins such as 

villin were also mis-localized in µ1B knockout mice intestine causing apical-basolateral 

conversion. This resulted in the formation of ectopic microvilli like structure at the 

basolateral sites, suggesting an involvement of µ1B in intestine apical proteins sorting 

(229). Cytokine receptor proteins like interleukin 6 signal transducer (IL-6st) and the 

poly-immunoglobulin receptor (pIgR) were also mislocalized in µ1B knockout mice 

intestine, which resulted in immunocompromised mice highly susceptible to bacterial 

infections (231).   

1.7.2. Adaptor protein 2 

AP-2 mediates the formation of CCV that transport endocytosed proteins from the plasma 

membrane to early endosomes (Fig 1.8) (232) (233). AP-2 is recruited to the plasma 

membrane via the binding of µ and α subunits to PIP2 (Phosphatidylinositol 4,5-

bisphosphate) (234). The µ2 subunit of AP-2 is responsible for cargo selection, it binds to 

the endocytosis signal YXXØ, and to α and σ2 that recognizes the dileucine 

[DE]xxxL[LI] motif (235,236). AP-2 also acts as a cargo protein receptor to selectively 

sort transmembrane proteins including TfnR and some lysosomal-associated membrane 

proteins (237) (238). µ2 knockout mice die before the E3.5 blastocyst stage (239), 

suggesting that AP-2 complex is essential for early embryonic development 

1.7.3. Adaptor protein 3 A/B 

AP-3A transports cargo proteins from TGN or early endosomes to late endosomes, 

multivesicular bodies or lysosomes (Fig 1.8) (189) (232) (240). AP-3B is expressed in 

neurons, where it is involved in the formation and release of exocytic organelles (241).  
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1.7.4. Adaptor protein 4 

The role of AP-4 is still unclear at the physiological and molecular levels. AP-4 is 

conserved in mammals and higher eukaryotes but not in lower eukaryotes like nematodes 

and fruit fly (238). It mediates the transport of certain lysosomal proteins from TGN to 

lysosomes (Fig 1.8) and might be involved in the basolateral transport of LDLR in 

polarized epithelial cells (189). The AP-4 β (AP4B1) knockout mice developed 

abnormalities in neurons. The axon terminal regions of neurons were swollen and contain 

autophagosomes that are rich with AMPA receptor and its regulatory protein (TARPs). 

The TARP protein trafficking is regulated by the AP-4 protein (242) On the other hand, 

AP-4 ε (AP4E1) knockout female mice developed significant abnormalities in their hearts 

(243).  

1.7.5. Adaptor protein 5  

The recently identified AP complex, AP-5 is involved in late endosomal to lysosomal 

transport pathway (Fig 1.8) (202). This complex does not bind to clathrin but binds to 

SPG11 and 15, two proteins mutated in patients with hereditary spastic paraplegia which 

have a structure similar to clathrin (190). 

1.8.  The role of adaptor proteins in regulating kAE1 trafficking 

The importance of AP-1A in kAE1 trafficking was first reported by Sawasdee and 

colleagues who showed by yeast two-hybrid assay that the C-terminal of kAE1 interacts 

with the µ1A subunit via Y904DEV motif (52). The interaction between kAE1 and µ1A 

subunit was confirmed by immunoprecipitation and immunofluorescence colocalization 

in HEK 293 cells (Figure 1.9) (52). The effect of the interaction between µ1A and kAE1 

trafficking and surface localization was investigated by knocking-down endogenous µ1A.  
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Figure 1.8: The role of AP in protein trafficking pathway. AP-1A is localized at the 

TGN and endosomes and regulates TGN-endosomal and TGN-basolateral membrane 

pathways. The epithelium-specific AP-1B localizes at the TGN and recycling endosomes 

and controls polarized sorting to the basolateral membrane. AP-1B may be indirectly 

involved in apical protein sorting. AP-2 is recruited to the plasma membrane to regulate 

endocytosis. AP-3 regulates the endosomal and the lysosomal trafficking pathways. AP-4 

is involved in the TGN-endosomal and the TGN-basolateral plasma membrane pathways. 

AP-5 localizes in late endosome. This cartoon is adapted from (244). 
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Figure 1.9: AP-1A interaction with kAE1. AP-1A interacts with kAE1 C–terminus via 

the Y904DEV tyrosine motif. Letters in black and red represent amino acids composing 

kAE1 C-terminus; letters in grey represent the N- and C-termini of kAE1. 
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The knockdown of µ1A in HEK 293 cells reduced kAE1 surface localization and resulted 

in its intracellular accumulation (52). The same group later showed that cell surface 

expression of kAE1 is reduced after knockdown the µ subunit of either AP-1A, 3, or 4 

complexes in polarized and non-polarized MDCK cell (245).  

1.9.       Thesis hypothesis 

AP-1A/B interaction with kAE1 is crucial for kAE1 residency at the basolateral 

membrane in polarized epithelial cell. Lack of proper interaction between AP-1A/B and 

kAE1 affects kAE1 trafficking and surface expression, and causes dRTA. 

1.10. Thesis objectives  

 To devise new experimental tools to examine the trafficking of kAE1 in living 

cells. 

   To investigate the physiological role of kAE1 and AP-1A interaction in kAE1 

protein trafficking in an epithelial environment.  

   To study the physiological role of kAE1 and AP-1B interaction in kAE1 

trafficking, endocytosis and recycling in epithelial cells. 

   To characterize kAE1 endocytosis and recycling pathways. 
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2. Chapter two: kAE1 HaloTag as a tool to study kAE1 
trafficking in MDCK cells 
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2.1.  Introduction  
 

Adding epitope tags to proteins makes the detection and the purification process easier 

and more efficient. Epitope tags like hemaglutinin (HA) or myc (derived from c-myc 

gene) are useful for immunoblotting, immunoprecipitation, protein purification and 

immunofluorescence assays (156,215). However, the use of such epitope tags can be 

difficult in live cell imaging because the plasma membrane of the cell is not permeable to 

antibodies used to detect the tagged protein. The kAE1 protein we use in the laboratory is 

either HA- or myc-tagged at residue 557 on the third extracellular loop (246,247). To 

detect kAE1 HA/myc tagged proteins, cells need to be fixed and permeablized so anti-

HA or anti-myc antibodies can enter the cell and label kAE1 protein, which restrict their 

use to fixed cells only.  

              To study kAE1 trafficking and interaction with AP-1 complexes in different 

cellular compartments in living cells, we used kAE1 fused to a 33 kDa HaloTag (HT) 

protein at its amino-terminus (Fig 2.1). HT is a modified haloallkane dehalogenase 

designed to covalently and irreversibly binds to synthetic ligands. Ligands can be 

fluorescently tagged, can be linked to agarose beads, and can be membrane permeable or 

impermeable. Examples of ligands are O4 block (non fluorescent), fluorescent 

carboxytetramethylrhodamine (TMR) (red), Fluorescein amidite (FAM) (green), and 

Coumarin (blue) (www.promega.ca/products/pm/halotag-technology/halotag-technology) 

(248,249). HT linked to agarose beads (Halolink resin) is also useful for pulling down 

chimeric proteins for purification purposes (248,249). HT ligands bind specifically and 

irreversibly to Halo-tagged proteins either in solutions, in living cells, or in chemically 

fixed cells (248). To study the physiological effect of the interaction between kAE1 and 
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AP-1 complexes, we obtained and first characterized the amino-terminally tagged kAE1 

with HT protein. This chapter describes the characterization of kAE1 protein fused to HT 

protein as a tool to study kAE1 trafficking and interaction with AP-1A in MDCK cells. 

Initial studies showed by western blotting and DIDS/SITS inhibitors binding that HT 

addition to kAE1 N-terminus does not affect kAE1 trafficking and normal cellular 

processing like glycosylation and normal folding processes. Second, immunofluorescence 

techniques revealed that HT addition does not affect kAE1 trafficking and basolateral 

expression in polarized MDCK cells. Finally, I used immunofluorescence and live cell 

imaging to demonstrate the possibility of using kAE1 HT to follow a newly synthesized 

pool of kAE1 protein to the cell surface.  

 
2.2.  Materials and methods 

 
2.2.1. kAE1 HaloTag construct  

 
The kAE1-HT in pFN21A plasmid (clone name PFN21AB8562, Flexi ORF Clone 

FXC03789) was purchased from the Kazusa DNA Research Institute (associated with 

Promega, Madison WI). This construct contains the HT protein fused to the amino 

terminus of human kAE1 cDNA that was inserted between the SgfI restriction site (5ʹ′) 

and PmeI restriction site (3ʹ′) (Fig 2.2).  

2.2.2. kAE1 deglycosylation  

MDCK cells (3 X 106) were either transfected with 5 µg of pcDNA3-kAE1 cDNA that 

was expressed in cells as kAE1 protein, or with pFN21A-kAE1 cDNA  
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Figure 2.1: kAE1-HT topological model. kAE1 is a transmembrane glycoprotein that 

contains 14 transmembrane segments. Both N- and C- termini are cytoplasmic, with an 

N-glycosylation site in the 4th extracellular loop. HaloTag (HT) protein was fused in 

frame to the kAE1 N- terminus. (32). 
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Figure 2.2: SLC4A1-pFN21A cDNA. SLC4A1 open reading frame (ORF) was 

introduced into pFN21A HaloTag flexi vector to express a kAE1-HT chimeric protein. 

SLC4A1 ORF replaced the Barnase CDS gene using Sgf I and Pme I restriction enzymes. 

The abbreviations in the pFN21A plasmid stand for: CMV promoter. T7 RNA 

polymerase promoter. HaloTag-7 CDS. TEV protease recognition sequence. Sgf I 

recognition site. Barnase CDS. Pme I recognition site. SV40 late polyadenylation signal, 

beta-lactamase (Amp) CDS, ColE1-derived plasmid replication origin (Kazusa DNA 

Research Institute).    
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that resulted in kAE1 HT protein chimera expression. Transfection was performed using 

the NEON electroporation system (1400-V pulse voltage, 20-ms pulse width, and 3 

pulses) (Invitrogen). The cells were lysed in PBS buffer (1.37 mM NaCl, 0.027 mM KCl, 

0.1 mM Na2HPO4, and 0.018 mM KH2PO4 , pH 7.2-7.4 )  containing 1 % Triton X-100 

and protease inhibitors (1 µg / ml aprotinin, 2 µg / ml leupeptin, 1 µg / ml pepstatin A, 

and 100 µg / ml PMSF) at 4 °C. 100 µl of the cell lysates were digested with 1 µl (1000 

U) of two enzymes: endoglycosidase-H (New England BioLabs), which cleaves high 

mannose oligosaccharides from kAE1 protein, and peptide N-glycanase F (New England 

BioLabs), which cleaves N-glycans from glycoproteins (156).  Proteins in the samples 

were analyzed by SDS-PAGE followed by immunoblot using mouse anti C-terminus 

AE1 primary antibody (provided by Dr. Reinhart Reithmeier, University of Toronto), 

then with rabbit anti-HT primary antibody (Promega). 

2.2.3. Immunofluorescence  

 
MDCK cells (1 X 105) were transfected with 1 µg pFN21A-kAE1 cDNA to express 

kAE1-HT protein using NEON electroporation. The following day, the cells were 

incubated with 50 nM TMR-HT ligand (red) or 50 nM FAM-HT (green) for 10 min at 37 

°C. The cells were then washed with 1 ml medium without phenol red three times for 5, 

5, and 15 min. Cells were fixed with 4 % paraformaldehyde (PFA) in PBS, permeabilized 

with 0.2 % Triton X-100 in PBS, and blocked with 1 % BSA in PBS. Mouse anti-AE1 C-

terminus antibody (IVF12) followed by Alexa 488 coupled secondary antibody (green) 

was used to detect kAE1 protein. To detect surface kAE1, fixed but non-permeabilized 

cells were incubated with Bric 6 (International Blood Group Reference Laboratory, 

Bristol, UK) antibody followed by Cy3 (red) coupled secondary antibody. For 
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experiments conducted in polarized MDCK cells, MDCK cells transiently expressing 

kAE1-HT protein were grown on coverslips for five days until they reached confluency. 

The cells were then incubated with 50 nM TMR-HT (red) for 10 min at 37 °C, then 

washed with cold media without phenol red at 4 °C for 5, 5, and 15 min before fixation 

and mounting on glass slides.  

2.2.4. Pulse chase experiment  
 

To detect newly synthesized kAE1-HT proteins, MDCK cells transiently expressing 

kAE1-HT protein were incubated with 10 µM O4 block-HT ligand (non fluorescent) for 

1 h at room temperature (RT) to covalently bind all of the pre-existing kAE1-HT protein 

(later referred as “block”). The cells were then washed four times (3 min) with PBS and 

incubated at 37 °C for different chase times (0, 30, 45, 60 min) in DMEM:F12 media 

without phenol red (Gibco, life technology). The cells were incubated with 50 nM TMR-

HT (red) for 10 min at 37 °C in order to stain the newly synthesized kAE1 protein. The 

cells were then fixed with 4 % PFA in PBS, permeabilized with 0.2 % Triton X-100 in 

PBS and blocked with 1 % BSA in PBS, prior to incubation with mouse anti-AE1 

antibody (1:500 dilution) followed by anti-rabbit Alexa 488 (green) (1:500 dilution) 

coupled secondary antibody to detect total kAE1.  

              To colocalize newly synthesized kAE1 with organelle markers, MDCK cells 

transiently expressing kAE1-HT protein were incubated with 10 µM HT-O4 block ligand 

(non-fluorescent) for 1 h. Cells were washed four times (3 min) with PBS, then incubated 

at 37 °C for 1 h to synthesize new kAE1-HT protein. The newly synthesized proteins 

were labeled with 50 nM of TMR-HT ligand (red) for 10 min at 37 °C. Then the cells 

were incubated at 37 °C for 3 h chase time in warm DMEM:F12 media without phenol 
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red. Cells were fixed with 4 % PFA in PBS, permeabilized with 0.2 % Triton X-100 in 

PBS and blocked with 1 % BSA in PBS and were incubated with rabbit anti-giantin 

antibody (1:500 dilution) followed with anti-rabbit Alexa 488 (green) coupled secondary 

antibody (1:500 dilution).  

2.2.5. SITS Affi-gel binding assay 
 

MDCK cells expressing either kAE1 or kAE1 HT were lysed in PBS containing 1 % 

Triton X-100 and protease inhibitors (1 µg / ml aprotinin, 2 µg / ml leupeptin, 1 µg / ml 

pepstatin A, and 100 µg / ml PMSF) buffer at 4 °C.  The lysates were spun down to 

precipitate the insoluble materials and 100 µl of supernatant was incubated with 50 µl 4-

acetamido-4'-isothiocyanatostilbene-2, 2'-disulfonic acid (SITS)-Affi gel in the presence 

or absence of 1 mM free H2 4,4'-diisothiocyanatostilbene, 2, 2'-disulfonic acid (H2DIDS) 

for 15 min at 4 °C in 850 µl binding buffer (0.1% C12E8, 228 mM sodium citrate, pH 

7.1).  The gel beads were washed three times with the binding buffer and bound proteins 

were eluted with Laemmli buffer. kAE1 and kAE1 HT were detected on SDS-PAGE 

using mouse anti C-terminus AE1 and rabbit anti-HT primary antibodies.  

2.2.6. kAE1-HT mutant preparation 
 

Site-directed mutagenesis was performed using Quick change II site-directed 

mutagenesis kit (Stratagene), according to the manufacturer’s instructions. The presence 

of mutations was confirmed by automated sequencing (TAGC, The Applied Genomic 

Core, University of Alberta). Primer sequences used to prepare kAE1-HT Y904A, 

Y904F, V907A, and R901X mutants are shown on Table (2.1). 

 
2.2.7. Imaging of kAE1-HT expressing cells 

 



 51 

Fixed and live cells were imaged using an inverted confocal microscope IX81 (Olympus, 

Japan), equipped with a Nipkow spinning-disk optimized by Quorum Technologies and a 

100 X objective. Scanning speed and laser intensity were adjusted to avoid 

photobleaching of the fluorophores and damage to the cells. The microscope is equipped 

with a microenvironmental chamber to maintain physiological conditions during long-

term experiments. 

 
2.3.  Results 

 
2.3.1. kAE1-HT protein is expressed as a 129 kDa protein in SDS-

PAGE and carries complex oligosaccharides 

kAE1 protein migrates on SDS-PAGE gel as two main bands: kAE1 carrying high 

mannose oligosaccharides (lower band), and kAE1 carrying complex oligosaccharides 

(upper band) (158). To verify kAE1-HT protein expression and examine its glycosylation 

pattern, MDCK cell lysates either expressing kAE1 or kAE1-HT proteins were either 

digested with endoglycosidase-H (which cleaves high mannose oligosaccharides from 

kAE1 protein) or peptide N-glycanase F (which cleaves N-glycans from glycoproteins). 

Immunoblot results (Fig 2.3) show that kAE1-HT protein is expressed at the expected 

molecular weight of 129 kDa. Additionally, digestion with peptide N-glycanase F 

enzyme causes a band shift to a lower molecular weight, indicating that kAE1 HT carries 

complex N-oligosaccharides and is processed normally in MDCK cells. 

2.3.2. kAE1-HT protein is properly folded in MDCK cells  
 

To verify that HT addition to kAE1 N-terminus does not affect kAE1 protein folding, I 

determined the ability of kAE1-HT to bind stilbene disulfonate inhibitor SITS that is 

covalently bound to Affi-gel resin in the presence or absence of an excess of free  
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Table 2.1 Primer sequences used to prepare mutations in kAE1 cDNA 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

AE1 
Mutations 

Forward primer (5ʹ′-3ʹ′) Reverse primer (5ʹ′-3ʹ′) 

 
Tyr904Ala 

 
AAGGTCGGGATGAAGCCGACGAAGTGGCCA 

 
TGGCCACTTCGTCGGCTTCATCCCGACCTT 

 
Tyr904Phe 

 
GGTCGGGATGAATTCGACGAAGTGGC 

 
GCCACTTCGTCGAATTCATCCCGACC 

 
Val907Ala 

 
GAATACGACGAAGCGGCCATGCCTGTG 

 
CACAGGCATGGCCGCTTCGTCGTATTC 

 
Arg901Stop 

 
GAGGAGGAAGGTTAAGATGAATACGAC 

 

 
GTCGTATTCATCTTAACCTTCCTCCTC 
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inhibitor (1 mM H2DIDS). SITS inhibitor was previously shown to specifically bind to 

properly folded AE1 (37,250). Results in Figure 2.4 show that kAE1-HT protein binds to 

SITS and H2DIDS inhibitors as kAE1 protein, indicating that kAE1-HT is properly 

folded in MDCK cells. 

2.3.3. HT ligands bind specifically to kAE1-HT protein 
   

Next, we verified the specificity of HT ligands to kAE1-HT proteins. 

Immunofluorescence was performed on MDCK cells expressing kAE1-HT as described 

in the Materials and Methods section. As shown on Figure 2.5, labeling with TMR HT 

ligand (red) and an antibody against the C-terminus of AE1 (green) shows colocalization 

between kAE1-HT staining and kAE1 C-terminus staining (yellow) compared to control 

(non-transfected MDCK cells), indicating that HT ligand staining is specific to kAE1-HT 

protein. 

 
2.3.4. KAE1-HT is expressed at the plasma membrane of non-polarized 

MDCK cells and at the basolateral membrane of polarized MDCK cells  

To determine whether kAE1-HT is expressed at the plasma membrane, intact MDCK 

cells expressing kAE1-HT were incubated with FAM-HT ligand, then washed and fixed 

without permeabilization. The cells were incubated with Bric 6 antibody that recognizes a 

kAE1 extracellular epitope (251), followed by anti-mouse Cy3 (red) coupled secondary 

antibody. Figure 2.6 A shows that kAE1 extracellular staining colocalizes with FAM HT 

(yellow).  

             To ensure that HT addition to kAE1 N-terminus does not affect kAE1 

localization in polarized epithelial cells, MDCK cells expressing kAE1-HT were grown  
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Figure 2.3: kAE1-HT protein is processed normally to complex oligosaccharides. 

MDCK transfected with either pCDNA3-kAE1 or pFN21A-kAE1 HT cDNAs were lysed 

and digested with endoglycosidase-H or peptide N-glycanase F enzymes. The samples 

were loaded on 8 % SDS-PAGE gel. C lane corresponds to total cell lysates, H lane 

shows lysate digested with endoglycosidase-H, F lane indicates cell lysate digested with 

Peptide N-glycanase F. The upper blot was incubated with mouse anti-AE1 antibody; the 

lower blot was incubated with rabbit anti-HT antibody. KAE1-HT protein migrates as a 

129 kDa band, whereas wild type kAE1 migrate as a 96 kDa band. Open circle 

corresponds to kAE1 carrying complex oligosaccharides, and filled circle indicates kAE1 

carrying high mannose oligosaccharides. 
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Figure 2.4: kAE1 HT protein has a folding pattern similar to kAE1 protein. Cell 

lysates from MDCK cells expressing either kAE1 or kAE1 HT were incubated with SITS 

Affi-gel in presence or absence of 1 mM H2DIDS. Total cell lysates (T), SITS bound 

fractions in the absence (B) or presence (D) of H2DIDS were loaded on 8 % SDS- PAGE 

gels. kAE1 was visualized by immunoblot, using an anti AE1 -N terminal antibody 

followed by anti-rabbit antibody coupled to horseradish peroxidase. Open circle 

corresponds to kAE1 carrying complex oligosaccharides, and filled circle indicates kAE1 

carrying high mannose oligosaccharides. 
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Figure 2.5: HaloTag ligand TMR binds specifically to kAE1–HT protein. MDCK 

cells expressing kAE1-HT protein or non-transfected were incubated with 50 nM of 

TMR-HT ligand (red) for 10 min at 37 °C before they were washed and fixed. The cells 

were then incubated with mouse anti-AE1 C-terminus antibody followed by Alexa 488 

coupled secondary antibody (green). kAE1-HT staining colocalizes with anti-AE1 C-

terminus staining (yellow). Blue staining shows nuclear staining with 4',6-diamidino-2-

phenylindole (DAPI). Bar = 10 µm. 
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on semi-permeable Transwell polycarbonate filters for five days until they became 

polarized, and the cells were incubated with TMR HT ligand.  

               Immunofluorescence results (Figure 2.6 B) show that kAE1-HT is expressed at 

the basolateral membrane of MDCK cells. However, some intracellular accumulation of 

kAE1-HT was noticed in cells, which could be due to the over-expression of kAE1-HT 

by transient transfection, where multiple copies of kAE1 HT encoding cDNA could have 

entered the transfected cells. This could overwhelm the cell machinery and slow down 

protein processing. Importantly, this intracellular accumulation disappears when 

transfected cells are grown for 48 hours after transfection and before fixation, instead of 

24 hours. 

2.3.5. A new pool of kAE1–HT protein is synthesized 60 min after 

“blocking”  

To test how long a new pool of kAE1 HT protein would take to be synthesized, MDCK 

cells expressing kAE1-HT protein were incubated with 10 µM O4 block-HT ligand (non-

fluorescent) for 1 h at RT to block all of the pre-existing kAE1-HT protein. The cells 

were then washed and incubated at 37 °C for 0, 30, 45 or 60 min chase times. Newly 

synthesized kAE1 HT was detected using TMR-HT (red) and total kAE1 in green using 

mouse anti-AE1 antibody. Results in Figure 2.7 show that a 60 min incubation post- 

blocking is enough to detect a pool of newly synthesized kAE1. Next, pulse chase and 

live cell imaging experiments were performed to follow the new pool of kAE1 to the cell 

surface. 

 



 58 

 

 

Figure 2.6: kAE1-HT is expressed at the plasma membrane of non polarized and at 

the basolateral membrane of polarized MDCK cells A. MDCK cells expressing kAE1-

HT were stained with 50 nM FAM-HT substrate (green) then washed, fixed and 

incubated with Bric 6 antibody followed by anti-mouse antibody coupled to Cy3 (red) 

before mounting the coverslip on slides. Samples were examined using an Olympus 

spinning disk confocal microscope and a 100 X objective. B. Polarized MDCK 

expressing kAE1-HT, stained in red with TMR-HT substrate, cells. Blue staining 

indicates nuclear staining with DAPI. Bar =10 µm. 
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Figure 2.7: A new pool of kAE1-HT is synthesized 60 minutes after blocking pre-

existing kAE1 HT proteins with O4 HT ligand. MDCK cells expressing kAE1-HT 

protein were incubated with 10 µM O4 HT block ligand (non fluorescent) for 1 h at RT. 

The cells were then washed and incubated at 37 °C for different chase times (0, 30, 45, 

60 min). Newly synthesized kAE1 HT proteins were stained with 50 nM TMR-HT (red) 

for 10 min at 37 °C. The cells were fixed and permeabilized before incubation with 

mouse anti-AE1 antibody followed by anti-mouse Alexa 488 (green) coupled secondary 

antibody to detect total kAE1. Bar =10 µm. 
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2.3.6. Newly synthesized kAE1–HT protein colocalizes with giantin one 

hour after synthesis and reaches plasma membrane after three hours 

 
The previous experiment indicated that a detectable new pool of kAE1 was formed after 

1 h chase time. The following “pulse-chase” and live cell imaging experiments were 

performed in MDCK cells to determine how long newly synthesized kAE1-HT needs to 

reach the plasma membrane. 

2.3.6.1. Pulse chase experiment  
 

MDCK cells expressing kAE1-HT protein were incubated with HT-O4 ligand to block all 

pre-existing kAE1 HT protein. The cells were then incubated at 37 °C for 1 hour to allow 

synthesis of new kAE1-HT protein, and were stained with TMR HT ligand to label newly 

synthesized kAE1-HT protein. The excess of unbound ligand was washed and cells were 

re-incubated at 37 °C for different chase times (Fig 2.8) until kAE1 was detected at the 

plasma membrane. Cells were finally fixed, permeabilized, and stained with an antibody 

against giantin, a marker of the Golgi (Fig 2.8A). The cells chased for 3 hours were fixed 

and incubated with mouse anti-Bric 6 antibody followed with anti-mouse Alexa 488 

(green) coupled secondary antibody (Fig 2.8 B). Results show that kAE1-HT protein 

colocalizes with giantin after a 1 h chase and reaches the plasma membrane after a 3-hour 

chase.  

2.3.6.2. Live cell imaging 
 

This experiment determined whether it is possible to use live cell imaging to follow 

kAE1 trafficking to the cell surface. MDCK cells expressing kAE1-HT were incubated 

with HT-O4 block ligand to block all pre-existing kAE1-HT protein. The cells were 

incubated at 37 °C for 1 h to allow synthesis of new kAE1-HT protein, and were stained  
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Figure 2.8: kAE1-HT colocalizes with giantin 1 h after synthesis and reaches the cell 

surface after a 3 h chase. MDCK cells expressing kAE1-HT protein were incubated 

with 10 µM HT-O4 ligand for 1 h to block all the pre-existing kAE1-HT proteins. The 

cells were incubated at 37 °C for 1 h to synthesize new kAE1-HT protein followed by 50 

nM TMR-HT ligand (red) for 10 min at 37 °C to label newly synthesized  kAE1 protein.  
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(Continued from figure 2.8) 

A. Cells were re-incubated at 37 °C for 0, 1, and 2 h chases. They were then fixed, 

permeabilized, blocked and incubated with rabbit anti-giantin antibody followed with 

anti-rabbit Alexa 488 (green) coupled secondary antibody. B. To detect surface kAE1, 

following a 3 h chase, the cells were fixed and incubated with mouse anti-Bric 6 antibody 

followed with anti-mouse Alexa 488 (green) coupled secondary antibody. Bar =10 µm. 
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with TMR HT ligand to label newly synthesized kAE1-HT protein. The excess of 

unbound ligand was washed and cells were incubated at 37 °C in warm medium to 

perform live cell imaging using confocal microscopy. The microscope was set up to take 

images at fixed time intervals (images shown for 0, 30, 60, 120, 150, 180 min). Results in 

Figure 2.9 show that kAE1-HT is detected at the plasma membrane after a 3 hour chase 

as indicated by the white arrows. 

2.3.7. kAE1 – HT mutants reach the cell surface of non-polarized MDCK 

cells 

Once we have ensured that kAE1-HT chimera behaves in a similar way to kAE1, we 

wondered whether kAE1-HT mutants would show the same localization as kAE1 mutants 

that do not contain the HT epitope. kAE1 C-terminal mutants are retained intracellularly 

in non-polarized MDCK cells and apically mistargeted when expressed in polarized 

MDCK cells (159). In order to determine the effect of the HT epitope on kAE1 

subcellular localization, four different mutants were prepared in the kAE1 HT 

background: kAE1-R901X, Y904A, Y904F and V907A (Table 2.1). Figure 2.10 shows 

that in non-permeabilized cells, all the prepared mutants were able to reach the cell 

surface (green staining) except kAE1 R901X, which was mostly retained intracellularly. 

This localization is consistent with previous results obtained using constructs that do not 

contain the HT epitope of non-polarized cells but not the polarized MDCK cells 

(159,160).   

2.4.  Discussion  
 

To study kAE1 protein trafficking and interaction with AP-1 in epithelial cells, we 

purchased a construct where the 33 kDa engineered HaloTag cDNA has been fused to the  



 64 

 

Figure 2.9: kAE1 HT reaches the cell surface after 3 h of live cell imaging. MDCK 

cells expressing kAE1-HT protein were incubated with 10 µM HT-O4 ligand for 1 h to 

block all the pre-existing kAE1-HT protein. The cells were incubated at 37 °C for 1 h to 

synthesize new kAE1-HT protein followed with 50 nM TMR-HT ligand (red) for 10 min 

at 37 °C to label newly synthesized kAE1 HT protein. Cells were incubated in warm 

medium (DMEM:F12 without phenol red) to perform live cell imaging using a confocal 

microscope. Images were taken every 10 min for 3 hours (images shown for 0, 30, 60, 

120, 150, 180 min). White arrows point to kAE1 that has reached the cell surface. Bar 

=10 µm. 
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Figure 2.10: kAE1-HT mutants reach the cell surface except kAE1-HT R901X. 

MDCK cells expressing either kAE1-HT protein WT or mutants were incubated with 50 

nM of TMR-HT substrate (red) then washed, fixed and incubated with Bric 6 antibody 

followed by anti-mouse antibody coupled to Alexa 488 (green) before mounting the 

coverslip on slides. Yellow staining indicates colocalization between total kAE1 and 

surface kAE1. Samples were examined, using an Olympus spinning disk confocal 

microscope and a 100 X objective. Blue staining indicates nuclear staining with DAPI. 

Bar = 10 µm. 
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amino-terminus of kAE1 cDNA. Halo-Tagged chimeric proteins have the advantage of 

binding covalently, rapidly, and irreversibly to different HT ligands that are not toxic to 

the cells (248). Importantly, some synthetic HT ligands are plasma membrane-permeant, 

so they can be added to live or fixed cells to allow studies of labeled proteins in living 

cells (248,249). HaloTag technology has successfully been used to study peroxisome 

formation and turn over dynamics of peroxisomes in mammalian cells (252). It was also 

used to study cell signaling and trafficking pathway of proteins, like the voltage-gated K+ 

channel (hERG/KCNH2) (248), X-linked inhibitor of apoptosis (XIAP) associated factor 

1 (253), and human B1 integrin (254). 

              The addition of epitopes to proteins may affect proteins’ function and 

trafficking. The HT protein has a molecular weight (33 kDa) close to that of the GFP 

protein (27 kDa). The addition of a GFP epitope to kAE1 N-terminus did not affect kAE1 

targeting or function (255). Therefore, we hypothesized that a protein of similar 

molecular weight fused to kAE1 N-terminus may not affect kAE1 targeting or function 

either. Importantly, proteins fused to a HT protein can be selectively and irreversibly 

detected using different cell permeant HT-ligands in living cells (248). We used these 

ligands in the following chapter to discriminate between preexisting and newly 

synthesized kAE1 proteins. 

               In this study, immunoblotting revealed that kAE1-HT is processed in a similar 

way to kAE1 in renal epithelial cells, as it acquires complex oligosaccharides when 

processed from the ER to the Golgi apparatus (Figure 2.3). kAE-HT binds to the stilbene 

disulfonate competitive inhibitors SITS/H2DIDS to the same extent as kAE1 without HT 

fusion using SITS Affi-gel resin (Figure 2.4). These findings suggest that addition of HT 
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does not affect kAE1-WT and mutant proteins’ processing and folding, suggesting that 

HT does not interfere with normal kAE1 protein function.   

              Immunofluorescence results showed that the majority of kAE1-HT is expressed 

at the cell surface of non-polarized MDCK cells (Figure 2.5 A) and at the basolateral 

membrane of polarized MDCK cells (Figure 2.5 B), indicating that addition of HT to 

kAE1 N-terminus does not affect normal kAE1 localization at the surface of renal 

epithelial cells.  However, Figures 2.5 and 2.7 show that at steady-state or even three 

hours after initiating protein synthesis, there is a substantial amount of intracellular 

retained kAE1-HT, in addition to cell surface protein. This suggests that addition of HT 

to kAE1 protein somehow slightly alters processing of the protein. It is possible that 

addition of the HT slightly destabilizes the folding of the newly synthesized kAE1-HT 

protein and delays its processing. Another possibility could be due to the over-expression 

of kAE1-HT by transient transfection, where many copies of cDNA encoding kAE1-HT 

were introduced into the transfected cells. This could overwhelm the cell machinery and 

slow down protein processing. As indicated earlier, the intracellular accumulation 

disappears when the transfected cells were grown for 48 hours post-transfection or until 

polarization as in Figure 2.6 B. 

              We took advantage of the covalent bond between kAE1-HT and plasma 

membrane permeant, fluorescent HT ligand to perform a kAE1-HT protein imaging 

experiment in living MDCK cells (248). A similar approach enabled live cell imaging to 

visualize spatial separation and real-time trafficking of proteins like B1-integrin (254) 

and p65-HT (248). Pulse chase experiments with fixed (Figure 2.8) or living (Figure 2.9) 

cells demonstrated that a new pool of kAE1-HT protein was synthesized after a 60 min 
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chase time and localized in the Golgi apparatus. Further, incubation of MDCK for 3 hour 

was enough to show a cell surface-like staining.  

              We finally verified that the fusion of HT to kAE1 N-terminus does not affect the 

previously-described trafficking patterns of kAE1-R901X, Y904A, Y904F or V907A 

carboxyl-terminal mutants. Compared to kAE1-HT WT, all the described mutants were 

able to reach the cell surface except kAE1-HT R901X, which was retained intracellularly 

in MDCK cells. These mutants have been stably expressed and studied in polarized 

MDCK I cells. kAE1 Y907A was localized at the basolateral membrane similarly to 

kAE1 WT (159). Unlike our findings for kAE1-HT Y904F and Y904A mutants in non 

polarized MDCK cells, kAE1 Y904A was mistargeted to the apical membrane (160) 

while kAE1 Y904F was retained intracellularly in polarized MDCK I cells (159). In 

agreement with previous findings, kAE1 R901X is either retained intracellularly or 

traffics in a non-polarized way to the apical membrane in polarized MDCK I cells 

(159,160). We found that kAE1-HT R901X was retained intracellularly in non-polarized 

MDCK cells. 

              In summary, this study showed that kAE1-HT protein is normally folded and 

trafficked to the basolateral membrane in polarized MDCK cells. Also, kAE1-HT is a 

suitable tool to study kAE1 protein trafficking in living cells. The next chapter describe 

how kAE1-HT proteins can be used to study the physiology of interaction between kAE1 

and AP-1A in MDCK cells. 
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3. Chapter three: Adaptor protein 1A complex regulates 
intracellular trafficking of the kidney Anion Exchanger 1 in 

Epithelial cells 
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3.1. Introduction  

Newly synthesized glycoproteins whose final destination is the plasma membrane traffic 

through the Golgi to the TGN from which they can reach the plasma membrane either 

directly by constitutive secretion or indirectly via early endosomes and even RE 

(175,256). Typical cargoes that traffic directly from the TGN to the plasma membrane 

include FcII-B2 receptor and a mutant low density lipoprotein receptor (LDLR-Y18A) 

(257). In contrast, examples of cargos trafficking through RE prior to reaching the plasma 

membrane are vesicular stomatitis virus glycoprotein (VSVG) or a truncated version of 

LDLR (LDLR-CT27) (256,257). In the TGN, cargoes are loaded into trafficking vesicles 

via the interaction of canonical motifs (di-leucine based or YXXΦ) in their cytoplasmic 

domain with adaptor proteins, which in turn bind to clathrin to form clathrin-coated 

vesicles (189). Four types of adaptor protein complexes (AP) AP-1 to AP-4, have been 

identified, each consisting of two large subunits, one medium subunit and one small 

subunit. AP-1, AP-3 and AP-4 localize to the TGN and endosomes (258). A recently 

described fifth adaptor protein complex localizes in late endosomes and does not appear 

to associate with clathrin, a feature shared with AP-4 and possibly AP-3 (202).  

               AP-1 is responsible for tethering the interaction between clathrin and cargo 

proteins that exit the TGN en route to endosomes. Two forms of AP-1 have been 

described: AP-1A is ubiquitously expressed (208) while AP-1B expression is restricted to 

polarized epithelial cells (165) and is targeted to common RE (209). The classical cargo 

protein of AP-1A is the cation-dependent mannose 6-phosphate receptor 46 (CD-MPR 

46), a type I transmembrane glycoprotein that recycles between the TGN and endosomes 

(259). Knocking-out µ1A adaptin proved to be embryonic lethal in mice but in derived 
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mouse embryonic fibroblasts, CD-MPR 46 was mislocalized to endosomes and 

lysosomal enzymes were missorted to secretions (228). 

             Recently, it was reported that in HEK 293 cells, kAE1 interacts with the µ-1A 

adaptin of AP-1A adaptor, via a Y904DEV907 canonical motif within kAE1 cytoplasmic 

carboxyl-terminal domain (52). In order to gain greater insights into this interaction, we 

have characterized the physiological role of this interaction in renal epithelial cells. 

Human kidney AE1, encoded by the SLC4A1 gene, is a membrane glycoprotein that 

exchanges bicarbonate for chloride at the basolateral membrane of renal alpha IC (136). 

Naturally occurring mutations in the SLC4A1 gene can lead to dRTA disease (36), which 

is characterized by metabolic acidosis, metabolic bone disease, failure to thrive and 

nephrolithiasis or nephrocalcinosis. SLC4A1 mutations associated with dRTA (dRTA 

mutations hereon) can be either dominantly or recessively inherited. One dominant dRTA 

mutation, R901X truncates the last 11 amino acids of kAE1. When expressed in epithelial 

MDCK cells, this mutant protein was mis-localized either to both basolateral and apical 

membrane or exclusively at the apical membrane, depending on the degree of 

polarization of the cells (159,160). Interestingly, when expressed in porcine LLC-PK1 

cells that lack endogenous AP-1B but contain endogenous AP-1A, kAE1-WT protein was 

still located at the basolateral membrane demonstrating that AP-1B is not required for 

basolateral targeting of kAE1-WT protein (160). The machinery regulating the normal 

processing of kAE1 in epithelial cells is undetermined and it remains unclear whether 

failure of this machinery to interact with kAE1 results in dRTA. We hypothesize that in 

kidney cells, interaction with AP-1A via µ1A adaptin is crucial for proper basolateral 

membrane targeting of kAE1-WT protein, and that mis-sorting of the kAE1-R901X 
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dRTA mutant could be due to the deletion of an YXXΦ motif located within the last 11 

residues of the AE1 protein.  

             In this report, we first confirmed the interaction between kAE1 and µ1A adaptor 

protein in MDCK cells using co-immunoprecipitation with endogenous or heterologously 

expressed µ1A. In addition, we present evidence that kAE1 also binds to µ1B and µ3 

proteins from adaptor complex AP-1B and AP-3, respectively. In agreement with these 

results, we found that kAE1 protein and µ1A and/or B proteins co-localize in intracellular 

vesicles in IC of mouse kidney sections and co-immunoprecipitate from a mouse kidney 

homogenate. Moreover, in MDCK cells where endogenous µ1A was the predominant 

isoform to be knocked-down, kAE1 protein was prematurely degraded via a lysosomal 

pathway and kAE1 was no longer detectable at the plasma membrane. In MDCK cells, 

reintroducing siRNA resistant µ1A allowed proper targeting of newly synthesized kAE1 

to the cell surface. Thus, these data highlight a novel role for AP-1A in normal 

processing of kAE1 in epithelial cells. Finally, our results show that newly synthesized 

kAE1 does not traffic through RE prior to reaching the cell surface in cells that contain 

endogenous AP-1A. These findings suggests that (i) AP-1A is the primary adaptor 

complex required for kAE1 processing to the plasma membrane; and (ii) AP-1B can 

partially compensate for the absence of AP-1A in kAE1 normal trafficking. Together, our 

results demonstrate that AP-1 adaptor complexes are crucial for normal targeting of 

newly synthesized kAE1 to the cell surface of renal epithelial cells. 

3.2.  Materials and Methods 

3.2.1. Recombinant plasmid constructs and antibodies 
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The pFB-Neo plasmid construct containing human kAE1 WT cDNA with a HA or myc 

epitope in position 557 (in the third extracellular loop) were previously described 

(158,246). The constructs encoding human µ1A-HA and µ1B-HA were provided by Dr. 

Heike Folsch (Northwestern University) and those encoding VSVG protein were kindly 

provided by Dr. Paul Melancon (University of Alberta). The kAE1 HT in pFN21A 

plasmid (reference # FHC11947) was purchased from the Kazusa DNA research institute 

(associated with Promega Corp., Madison WI, USA). This construct contains the HT 

protein fused to the amino terminus of human kAE1 cDNA that was inserted between the 

SgfI restriction site (5’) and PmeI restriction site (3’). This construct does not contain an 

HA epitope. 

             The rabbit polyclonal antibody that detects both dog µ1A and µ1B adaptor 

proteins was generously provided by Dr. Linton Traub (University of Pittsburgh) and is 

not suitable for immunofluorescence experiments. The rabbit polyclonal antibody that 

detects µ1A from murine kidney homogenates was provided by Dr. Peter Schu 

(University of Goettingen) and is not suitable for immunoprecipitations or 

immunofluorescence (personal communication). Mouse antibody against epsilon adaptin 

(# 612018) and goat antibody against µ 3 adaptor protein (sc-46771) were purchased 

from BD transduction laboratories and Santa Cruz Biotechnologies, respectively. The 

mouse antibody against gamma-adaptin subunit was purchased from BD Transduction 

Laboratories (San Jose, USA). The rabbit polyclonal antibody detecting murine AE1 was 

provided by Dr. Sebastian Frische (Aarhus University) and is not suitable for western-

blots (260). A mouse monoclonal antibody against AE1 developed by Dr. Jennings was 

obtained from the Developmental Studies Hybridoma Bank developed under the auspices 
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of the NICHD and maintained by the University of Iowa, Department of Biology, Iowa 

City, IA 52242. Bric 6 antibody that detects an exofacial epitope of kAE1 was purchased 

from the International Blood Group Reference Laboratory, Bristol, UK). Goat antibody 

detecting mouse AE1 (C-17) was purchased from Santa Cruz (Santa Cruz Biotech. Santa 

Cruz, USA). Mouse monoclonal anti-HA and mouse anti-myc antibodies were purchased 

from Covance (Covance Inc., Princeton); rat anti-HA antibody was purchased from 

Roche (Roche Diagnostics, Basel, Switzerland); Mouse monoclonal antibody against 

MPR was purchased from Abcam (Abcam, Cambridge, USA). 

3.2.2. Cell culture 

MDCK (CCL-34), LLC-PK1 (CL-101) and HEK 293T (CRL-11268) cells were 

purchased from the American Type Culture Collection (ATCC, Manassas, USA) and 

MDCK cells expressing kAE1-WT were prepared according to methods previously 

described (158). Briefly, HEK 293 cells were transfected with p-VPack-GP, p-VPack-

VSV-G and pFB-Neo-kAE1-HA557 WT or mutant plasmids using FuGENE 6 (Roche 

Applied Science, Indianapolis, IN, USA). Cell culture supernatants containing infectious 

viral particles were added to dividing MDCK cells complemented with 8 mg / ml of 

polybrene (Sigma-Aldrich Canada Ltd., Oakville, ON, Canada). After 24 hours 

incubation, an heterogenous population of MDCK cells expressing kAE1 was selected 

with 1 mg / ml geneticin (Sigma-Aldrich Canada Ltd., Oakville, ON, Canada). MDCK or 

LLC-PK1 cells were also transiently transfected using the Neon transfection system 

(Invitrogen, Inc. Burlington, Canada), following the manufacturer’s instructions. For 

immunofluorescence experiments, 1*106 cells were transfected with 2 to 6 mg of cDNA, 

and for immunoprecipitation experiments, 3 * 106 cells were transfected with 24 mg of 
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cDNA. Both LLC-PK1 and MDCK cells were transfected using 1400 V pulse voltage, 20 

ms pulse width and 3 pulses. 

3.2.3. Immunoprecipitation   

MDCK cells expressing kAE1-HA557 WT were lysed in PBS containing 1 % Triton X-

100 and protease inhibitors ((aprotinin 1mg/ml, leupeptin 2 mg/ml, pepstatin A 1 mg/ml, 

and PMSF 100 mg/ml). Aliquots of the cell lysates were saved as total fraction, the 

remaining cell lysates were incubated with rabbit anti-µ 1A/B or with rat anti-HA 

antibodies, followed by precipitation with Protein G-sepharose (Thermo Scientific, 

Rockford, USA). The bound proteins were eluted with Laemmli buffer before detection 

by Western blot using either a mouse anti-HA antibody followed by an anti-mouse 

antibody coupled to HRP, rabbit anti- µ1A/B anti-rabbit antibody followed by an anti-

rabbit antibody coupled to HRP, mouse anti-gamma adaptin antibody followed by an 

anti-mouse antibody coupled to HRP or mouse anti-actin antibody followed by an anti-

mouse antibody coupled to HRP. Alternatively, proteins in cell lysates were 

immunoprecipitated with a rabbit anti-myc antibody and detected using the mouse anti-

HA antibody. 

              Kidney from PBS-perfused mouse kidneys were freshly dissected and extracts 

were prepared in PBS (pH 7.5), 1 mM EDTA, 1 % Triton X-100 and protease inhibitors 

at 4 °C. The PBS perfusion allowed the removal of a majority of red blood cells that 

would contain extensive amounts of erythroid AE1. After removing insoluble materials 

with two low speed centrifugations (15000 Xg for 10 min), an aliquot of the Triton 

soluble extract (60 µg of proteins) was saved while the remaining lysate (3 mg of total 

proteins) was pre-cleared with protein G beads, prior to immunoprecipitation with 5 µl of 
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goat anti-AE1 antibody (Santa Cruz C-17). The eluted proteins were detected on 

Western-blot using a rabbit anti- µ1A antibody. All experiments were performed in 

compliance with the animal ethics board at the University of Alberta, Health Sciences 

Section (protocol 576). 

3.2.4. Immunocytochemistry 

MDCK cells expressing kAE1-HA557 WT were grown on glass coverslips, fixed with 4 

% paraformaldehyde, permeabilized with 0.3 % Triton X-100 and blocked with 1 % 

BSA. Cells were then incubated with mouse anti-HA antibody and rabbit polyclonal anti-

gamma adaptin antibody or rat anti-HA and mouse anti-CD-MPR antibodies. Secondary 

antibodies were donkey anti-mouse or donkey anti-rat antibodies coupled to Cy3 

(Jackson Immunoresearch, West Grove, PA, USA) and goat anti-mouse antibody coupled 

to Alexa 488 (Molecular Probes, Carlsbad, CA, USA). Nuclei were stained with DAPI (1 

µg / ml) in PBS or water for 5 min (Sigma Aldrich). Samples were examined using an 

Olympus IX81 microscope equipped with a Nipkow spinning-disk optimized by Quorum 

Technologies (Guelph, ON, Canada) and a 100 X lens.  

              For immunohistochemistry experiments, formalin fixed, paraffin-embedded 2 

mm thick mouse kidney sections were baked overnight at 60 °C, dewaxed in xylene and 

hydrated in decreasing concentrations of alcohol in distilled water. Sections were heated 

to retrieve antigen in TEG buffer at pH 9 (10 mM Tris, 0.5 mM EGTA, pH 9.0) for 20 

minutes before blocking then immunostained with mouse anti-gamma adaptin and rabbit 

anti-AE1 antibodies (1:500) in PBS, followed by anti-mouse antibody coupled to Cy3 

and anti-rabbit antibody coupled to Alexa 488 (1:500) in PBS. The sections were 

examined with the Olympus IX81 microscope described above and a 20 X objective.  
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3.2.5. Knockdown of Canine µ1A adaptin with siRNA duplexes 

Sub-confluent MDCK cells (2 X 105 cells per well) expressing kAE1-HA557 WT, grown 

in 6-well plates, were transiently transfected with either 200 nM of canine-specific 

siRNA duplexes targeting dog µ1A adaptin (5’- GGTCCGAGGGCATCAAGTA) or 200 

nM of control siRNA targeting luciferase (Dharmacon Inc. Lafayette, CO, USA) using 12 

µl of OLIGOFectamine (Invitrogen, Inc. Burlington, Canada) resuspended in opti-MEM 

reduced serum medium (Invitrogen, Carlsbad, CA, USA) (protocol provided by Dr. 

Ashley Toye, Bristol University). Four hours later, the cell culture medium was replaced 

by DMEM-F12 containing 10 % fetal bovine serum, 0.5 % penicillin / streptomycin and 

1 mg / ml geneticin to maintain expression of kAE1-HA557 WT protein. Transfected 

cells were grown for 48 h or 72 h at 37 °C before lysis in PBS containing 1 % Triton X-

100 and protease inhibitors. Approximately 20 % of the cells died after 72 h incubation 

with siRNA against canine µ1A, but not with siRNA against luciferase.  After lysing 

cells, 7 µg of total proteins were loaded per lane on an 8 % SDS-PAGE gel. After transfer 

to a nitrocellulose membrane, the samples were incubated with mouse anti-HA antibody, 

rabbit anti- µ1A/B antibody and mouse anti-actin antibody, followed by anti-mouse and 

anti-rabbit secondary antibodies coupled to HRP. After visualization by enhanced 

chemiluminescence, intensities of the bands of interest were compared using 

densitometric analysis with Image J software. Alternatively, after 48 h or 72 h incubation 

post-transfection in 6-well plates containing glass coverslips, cells were fixed with 4 % 

paraformaldehyde, permeabilized with 0.2 % Triton X-100 and blocked with 1 % BSA. 

Cells were then incubated with rat anti-HA antibody and mouse anti-CD-MPR antibody. 

Secondary antibodies were donkey anti-rat antibodies coupled to Cy3 and donkey anti-
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mouse antibody coupled to Cy5 (Jackson Immunoresearch). Nuclei were stained with 

DAPI. Samples were examined using an Olympus IX81 microscope equipped with a 

Nipkow spinning-disk optimized by Quorum Technologies (Guelph, ON, Canada) and a 

100 X objective. There is a 3 bases mismatch between our µ1A siRNA and canine µ1B, 

10 bases mismatch between our µ1A siRNA and canine µ3 and 10 bases mismatch 

between µ1A siRNA and canine µ4 from AP-4. 

3.2.6. Expression of siRNA resistant µ1A in µ1A/B siRNA transfected cells 

MDCK cells (1 X 106 cells) expressing kAE1-HA557 WT were transiently transfected 

with 5 µg of either pcDNA3 empty vector or µ1A HA cDNA in the pCDNA3 vector 

using the NEON system. 24 hours later, 200 nM of either canine-specific siRNA 

duplexes targeting dog µ1A protein or control siRNA targeting luciferase were 

transfected using the protocol described in the above paragraph. Forty-eight hours later, 

the cells were lysed and kAE1 and µ1A were both detected by western-blot using a 

mouse anti-HA antibody followed by anti mouse antibody coupled to HRP. µ1A HA was 

detectable by western-blot after up to 72 hours post transfection and 5 µg of µ1A HA 

cDNA was the minimum amount required for maximal expression of µ1A HA protein for 

this number of cells (data not shown). To calculate the amount of rescued kAE1, 

intensities of the respective bands were measured using the Image J software. We 

normalized the intensities of kAE1 to the internal control actin, and then compared the 

percentage of kAE1 band in µ1A/B siRNA cells to kAE1 in luciferase siRNA cells in 

each condition (pcDNA3, µ1A HA or µ1B HA transfected cells). 

3.2.7. Recycling endosomes inactivation and immunolocalization  
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To inactivate RE, we adapted the RE inactivation protocol from (261). MDCK cells 

(1X106 cells per well) were transiently transfected with 2 µg of cDNA encoding kAE1-

HT and 2 µg of cDNA encoding VSVG fused to the green fluorescent protein, using the 

NEON system. The cells were then placed in 6 well plates with glass coverslips in CO2-

independent culture medium (Invitrogen) supplemented with 10 % FBS and incubated for 

2 hours at 37 °C to allow them to re-attach to the glass coverslip, prior to their transfer to 

19 °C. The following day, the activity of pre-existing kAE1 HT proteins was blocked by 

incubating cells with 500 nM of coumarin-HT substrate (Promega) for 1 h at 19 °C in a 

starving DMEM-F12 medium (containing no serum or antibiotics) to deplete transferrin 

(Tfn). After 3 washes with PBS for 5, 5 and 10 minutes on ice, cells were incubated with 

0.01 mg / ml of transferrin-HRP (Tfn-HRP, Accurate Biochemical, US Biological) at 19 

°C in the starving medium for 2 hours. During the last 20 minutes of incubation, 50 nM 

of TMR-HT substrate was directly added to the medium to allow labeling of newly 

synthesized proteins. Cells were then washed three times with PBS, twice with an ice-

cold solution containing 150 mM NaCl and 20 mM citric acid, pH 5 to remove the 

remaining cell surface Tfn-HRP. RE were then inactivated by incubating the cells on ice 

for 1 h with 0.1 mg / ml DAB and either 0.025 % H2O2 or PBS (as a control condition) in 

the dark. After 2 washes with PBS containing 1 % BSA, the medium was replaced by 

warm DMEM-F12 medium containing 10 % FBS and 10 µg / ml of cycloheximide and 

transferred to 30 °C for 0 (no chase) or 3 hours to release proteins from the TGN and 

allow their trafficking to the cell surface. Cells were then fixed with 4 % 

paraformaldehyde, permeabilized with 0.2 % Triton X-100, blocked with 1 % BSA and 

incubated with rabbit anti-GFP antibody followed by anti-rabbit antibody coupled to 
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Alexa 488. Samples were examined using an Olympus IX81 microscope equipped with a 

Nipkow spinning-disk optimized by Quorum Technologies and a 100 X objective. For 

counting cells, random pictures were taken using a 20 X objective on the same 

microscope and two individuals independently counted the percentage of cells transfected 

with kAE1 that had kAE1 cell surface staining as well as the number of cells transfected 

with VSVG that displayed VSVG cell surface staining. 

3.2.8. Pulse chase like experiment  

MDCK cells were transfected with siRNA against either luciferase or fluorescein-labeled 

siRNA against µ1A/B as described in the paragraph entitled “Knock-down of canine µ1A 

adaptin with siRNA duplexes”. Twenty-four hours later, the cells were transfected with 

kAE1-HT and either µ1A HA, µ1B HA or pCDNA3 vector as a control using the NEON 

system. Forty-eight hours after this second transfection (72 hours after the first 

transfection), pre-existing kAE1 HT proteins were blocked with 500 nM of coumarin-HT 

substrate, and cells were incubated at 37°C for 30 minutes to allow synthesis of new 

kAE1-HT. The newly synthesized kAE1-HT were then either stained with TMR-HT (red) 

or FAM-HT (green) substrate (50 nM) and either immediately fixed (no chase) or 

incubated at 37 °C for 3 hours to allow trafficking of the protein (3 h chase). Cells were 

then fixed with 4 % paraformaldehyde, permeabilized with 0.2 % Triton X-100, blocked 

with 1 % BSA and incubated with mouse anti-HA antibody to detect µ1A HA or µ1B 

HA. Slides were examined using an Olympus IX81 microscope equipped with a Nipkow 

spinning-disk optimized by Quorum Technologies and a 100 X objective. 
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3.2.9. Statistical analysis  

Experimental results are summarized as mean ± SEM. All statistical comparisons were 

made using unpaired Student’s t test. A P value less than 0.05 was considered significant.  

3.3.  Results 

3.3.1. µ1A and B subunits bind to kAE1 in epithelial cells 

Recently, the C - terminus of the AE1 was found to interact with µ1A subunit from 

adaptor complex 1A, using a yeast two-hybrid assay (52). We aimed to determine the 

significance of this interaction in renal epithelial cells. In MDCK cells, we first 

confirmed that human kAE1 interacted with endogenous canine µ1A by 

immunoprecipitation in renal epithelial cells. We immunoprecipitated kAE1-WT (246) 

expressed in MDCK cells with rat anti-HA antibody and blotted the samples with rabbit 

anti-µ1A/B antibody, mouse anti-gamma adaptin or mouse anti-actin antibodies as a 

negative control (Fig 3.1 A). In MDCK epithelial cells, kAE1 protein migrates as two 

main bands: the upper band corresponds to proteins carrying complex oligosaccharide 

(open circle) and the lower band corresponds to kAE1 carrying high mannose 

oligosaccharide (closed circle) as shown on Figure 3.1 A and B. On Figure 3.1 A, we 

show that kAE1, endogenous µ1A/B and gamma adaptin, but not actin are present in the 

same protein complex in MDCK cell lysates.  

              To clarify whether kAE1 can specifically bind to µ1A and / or B isoform, we 

transiently co-expressed kAE1 carrying a myc epitope (kAE1 myc) (158) and either µ1A 

HA or µ1B HA in MDCK cells and examined whether they interact. As seen in Figure 1 

B, we observed that both µ1A and µ1B co-immunoprecipitated with kAE1 from MDCK 

cells transiently expressing either human µ1A or µ1B carrying a HA epitope (µ1A HA or 
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µ1B HA). This result indicates that kAE1 can be located in the same protein complex as 

either µ1A or µ1B in epithelial cells. 

              To confirm our previous findings, we transiently expressed kAE1-WT in LLC-

PK1 cells that were shown to lack the endogenous µ1B (166). In these cells, we were also 

able to detect co-immunoprecipitation between kAE1-WT and γ-adaptin (which is only 

part of the AP-1A complex, since these cells are lacking endogenous µ1B) as well as 

with µ1A adaptin, but no co-immunoprecipitation with actin (data not shown). These 

results confirm that kAE1-WT can interact with AP-1A adaptor protein complex.  

3.3.2. kAE1 protein co-immunoprecipitates with AP-3 but not with AP-4 

adaptor protein complex  

Since AP-1A recognizes the same YXXΦ motif on cargo proteins as the other clathrin 

associated adaptors (189), we asked whether other adaptors also interact with kAE1. 

Specifically, we tested the interaction of kAE1 with AP-4, which is involved in 

trafficking of basolateral membrane proteins (262). We also determined whether AP-3A, 

which localizes in the TGN and endosomes, interacts with kAE1 (189). Figure 3.1 C and 

D show that in MDCK cells, kAE1 co-immunoprecipitates with AP-3 µ but not with AP-

4 ε adaptin. Since AP-3A is involved in trafficking of cargo proteins to the lysosome, we 

hypothesize that kAE1 interacts with this adaptor complex on its way to degradation. 
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Figure 3.1: kAE1 binds to AP-1A, AP-1B and AP-3 adaptor complexes.  

A. Madin-Darby canine kidney cells (MDCK) expressing kAE1-WT were lysed and 

proteins were either directly resolved on SDS-PAGE (input) or immunoprecipitated (IP) 

with rat anti-hemagglutinin (HA) antibody before the SDS-PAGE. After proteins were 

transferred to nitrocellulose membranes, samples were blotted with mouse anti-HA 

antibody, rabbit anti-subunit µ1A/B antibody, mouse anti-gamma adaptin antibody, or 

mouse anti-actin antibody followed by anti-mouse horseradish peroxidase (HRP) or anti-

rabbit HRP antibodies. Open circle corresponds to kAE1 carrying complex 

oligosaccharides, and filled circle indicates kAE1 carrying high mannose 

oligosaccharides. B. MDCK cells expressing kAE1 WT carrying a myc epitope and either  
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(Continued from figure 3.1)  

µ1A-HA or µ1B-HA was lysed, and proteins were either directly loaded on an 8 % SDS-

PAGE (input) or immunoprecipitated with mouse anti-myc antibody. µ subunits present 

in the same protein complex were detected with a rat anti-HA antibody followed by an 

anti-rat antibody coupled to HRP. C. MDCK cells expressing kAE1-WT were lysed. 20 

µg of protein was directly loaded on an 8 % SDS-PAGE. Three aliquots containing each 

500 µg of protein present in the remaining lysate were prepared. Proteins in each aliquot 

were either immunoprecipitated with a rat anti-HA antibody (Fig. 1 D, top) or with goat 

anti-µ3 adaptor protein antibody (bottom) before SDS-PAGE. After proteins were 

transferred on nitrocellulose membranes, samples were blotted with goat anti- µ3 adaptor 

protein or mouse anti-HA antibodies. IB, immunoblot; BP, immunoprecipitating antibody 

was preincubated with the immunogenic peptide before incubation with the cell lysate. D. 

MDCK cells expressing kAE1-WT were lysed, and 500 µg of protein was 

immunoprecipitated with rat anti-HA antibody followed by SDS-PAGE. After transfer, 

the proteins were detected with a mouse anti-ε adaptor protein antibody. Blots represent 3 

independent experiments. 
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3.3.3. KAE1 protein colocalizes with AP-1A and /or B in mouse kidney 

sections and coimmunoprecipitates with µ1A from mouse kidney 

homogenates  

If the interaction between kAE1 protein and µ1A occurs in vivo, we expect that both 

proteins co-localize to some extent in the same cells. We thus tested this in IC of murine 

kidney. Since AP-1A is ubiquitous and AP-1B adaptor complex is present in cortical 

collecting ducts (217), it is likely that both kAE1 and AP-1A and B adaptor complexes 

are expressed in the same cells. In the absence of an antibody specifically detecting µ1A 

subunit that would work in immunofluorescence, we opted to detect the gamma-adaptin 

subunit present in AP-1A and AP-1B complexes. Mouse kidney sections were incubated 

with a rabbit polyclonal antibody that specifically recognizes mouse kAE1 protein 

(stained in green) and with a mouse anti-gamma-adaptin antibody (stained in red) (Fig 

3.2 A). In contrast with sections incubated with secondary antibodies only (data not 

shown), the antibody against kAE1 detected the protein in alpha-IC (the other cells in the 

tubular section being beta-IC, non-alpha, non-beta IC and principal cells that do not 

express kAE1) and showed a clear predominant basolateral staining as well as a discrete 

vesicular intracellular staining. The anti-gamma-adaptin antibody displayed a perinuclear 

staining, consistent with the previously described localization of AP-1 complexes in the 

TGN (228). In the insets (Fig 2 A, bottom panels), a higher magnification of intracellular 

red and green staining shows co-localization of both mouse endogenous kAE1 protein 

with endogenous gamma-1 subunit of the AP-1 complex in a vesicular-like pattern, 
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supporting that kAE1 and AP-1A and/or B complexes can co-localize in the same cell 

compartment in mouse kidney sections.  

              We next determined whether endogenous kAE1 could physically interact with 

endogenous µ1A in mouse kidney homogenates. As seen in Figure 3.2 B, 

immunoprecipitated kAE1 pulled down a protein with the same molecular weight as 

endogenous µ1A strongly suggesting that the two proteins interact in vivo. We were 

unable to perform the reciprocal immunoprecipitation, as the rabbit anti- µ 1A antibody 

used in this experiment is not suitable for immunoprecipitations or immunofluorescence. 

Nevertheless, this immunoprecipitation performed with kidney homogenates confirms 

that kAE1 and µ1A physically interact in vivo. 

 
3.3.4. KAE1 is degraded in µ1A/B knocked- down MDCK cells 

To determine whether µ1A protein is important for kAE1 sorting, we designed dog-

specific siRNA duplexes, transiently transfected sub-confluent MDCK cells expressing 

kAE1-WT protein with either µ1A specific siRNA or control siRNA against luciferase 

(Fig 3.3 A) and detected endogenous µ1A/B, kAE1 and actin proteins by immunoblot. 

Densitometric comparison of the immunoblot bands indicated that there was no change in 

the amount of endogenous µ1A/B proteins in cells transfected with siRNA against 

luciferase after 48 h or 72 h incubation. In contrast, we observed a 40 ± 4 % (n = 3, ± 

SEM) reduction of endogenous µ1A/B proteins after 48 h incubation post-transfection 

with siRNA against µ1A, and a 50 ± 13 % (n = 3, ± SEM) reduction after 72 h 

incubation.  
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Figure 3.2: kAE1 WT immunoprecipitates and colocalizes with the AP-1 adaptor 

complex. A. paraffin-embedded 2 µm thick mouse kidney sections were submitted to 

heat-induced antigen retrieval before blocking and incubation with rabbit anti-kAE1 

antibody and mouse anti-gamma adaptor subunit. Slides were then incubated with anti-

rabbit antibody coupled to Alexa 488 (green) and anti-mouse antibody coupled to Cy3 

(red), followed by nuclear staining with DAPI (blue). Samples were examined using an 

Olympus spinning disk confocal microscope and a 100 X objective. Bottom: 

enlargement of the region contained in the white square in the above picture. Note that 

only few cells, that correspond to alpha IC, show basolateral membrane staining of 

kAE1. Non-stained cells are likely beta, and non-alpha non-beta IC, and principal cells.  
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(Continued from figure 3.2) 

White arrows indicate the location of overlapping red and green staining. Bars =10 µm. 

B. kidney homogenate was prepared from freshly dissected mouse kidneys and either 

directly loaded on an 8 % gel or immunoprecipitated with a goat anti-AE1 antibody. 

Coimmunoprecipitated endogenous µ1A proteins were detected with a rabbit anti-

murine µ1A antibody. 
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Importantly, the rabbit anti µ1A/B antibody detects both µ1A and µ1B (263) proteins, 

therefore, the 40 % and 50 % reduction represent the reduction in both µ1A and B 

together. µ1A is 79 % identical to µ1B (166,264) thus, although the siRNA we designed 

presents 3 bases out of 19 mismatching with µ1B mRNA, we performed a quantitative 

RT-PCR to determine the respective amount of endogenous µ1A or B mRNAs remaining 

in cells knocked-down with siRNAs against µ1A, relative to cells treated with siRNAs 

against luciferase. Quantitative RT-PCR indicated that 48 hours post-transfection, there 

was 63 ± 3 % (n = 7, ± SEM) endogenous µ1B and only 38 ± 4 % (n = 7, ± SEM) 

endogenous µ1A mRNAs remaining in cells transfected with siRNAs against µ1A. 

Concomitant with this significant decrease of endogenous µ1A/B mRNA and proteins, 

our immunoblot showed an abrupt decrease (43 ± 5 % (n = 3, ± SEM)) in the amount of 

kAE1-WT protein after 48 h incubation and an 81 ± 5 % (n = 3, ± SEM) decrease of 

kAE1 protein amount after 72 h (Fig 3.3 A and B). No change of endogenous amount of 

housekeeping protein actin was observed in any of these conditions. The quick 

disappearance of kAE1 in MDCK cells where µ1A and to a lesser extent µ1B were 

knocked down suggests mis-sorting and premature degradation of kAE1 in these cells.  

              To determine the respective role of µ1A or µ1B knock down on kAE1 stability, 

we specifically knocked down endogenous µ1B using a previously published siRNA 

sequence (216) (Fig 3.3 C). Interestingly, this siRNA was reported to knock down 90 % 

of endogenous µ1B protein in MDCK cells but increased µ1A protein levels by a 1.5 to 2 

factor without altering µ1A mRNA levels. Accordingly, we were unable to detect a 

significant decrease of µ1A and B proteins using the non-discriminating rabbit antibody 

against µ1A/B. However, although RT-PCR results indicated that endogenous µ1B 
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mRNA was knocked down by 80 ± 2 % (n = 3, ± SEM), consistently with data previously 

published, there was only a 21 ± 5 % (n = 3, ± SEM) decrease of steady-state kAE1 

protein in these cells after normalizing the intensity of kAE1 bands to the internal control 

actin. These results indicate that the knock down of either µ1A or µ1B results in 

decreased expression of kAE1. 

              To confirm these findings, we investigated the sub-cellular location of kAE1 WT 

protein in cells where µ1A and to a lesser extent µ1B were knocked-down by 

immunostaining. MDCK cells expressing kAE1-WT were transiently transfected with 

siRNA against µ1A or luciferase and grown for 48 or 72 hours prior to detecting kAE1 

(red staining) and CD-MPR (green staining) (Fig 3.3 D). CD-MPR binds to newly 

synthesized hydrolases carrying mannose-6-phosphate in the TGN and target them to 

endosomes before they reach their final destination in lysosomes (259). AP-1A interacts 

with CD-MPR via the µ1A subunit. In MDCK cells transfected with siRNA against 

luciferase and incubated for either 48 or 72 h, kAE1 WT protein (red) localized 

predominantly at the plasma membrane, and CD-MPR was located in a perinuclear 

compartment, likely the TGN. In contrast, 48 h after transfection with siRNA against 

µ1A, the staining from kAE1 WT protein was dramatically decreased and plasma 

membrane staining was no longer detected (Fig 3.3 D). In the same cells, the CD-MPR 

TGN marker (green) showed a diffuse, non - perinuclear staining, in agreement with 

previous findings in µ1A-/- mouse embryonic fibroblasts (228). Seventy-two hours post-

transfection, there was almost no more red staining corresponding to kAE1 protein in the 

three cells transfected with siRNA against µ1A (as verified using fluorescein dye 

attached to the siRNA, data not shown) (white stars, Fig 3.3 D). In these three cells, CD-
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MPR also showed diffuse staining in the periplasm, but the top cell that was not 

transfected displayed normal plasma membrane red staining for kAE1 protein and normal 

perinuclear staining of CD-MPR. These data are consistent with the degradation of 

kAE1-WT protein in MDCK cells expressing reduced levels of µ1A/B.  

3.3.5. Expression of human µ1A-HA and µ1B-HA rescues kAE1 stability in 

µ1A/B siRNA transfected cells 

Since RT-PCR results indicated that the siRNAs we used were not exclusively specific to 

canine µ1A but also significantly knock down µ1B, we determined what effect siRNA 

resistant human µ1A or µ1B proteins expression would have on kAE1 stability in cells 

knocked down for endogenous canine µ1A/B. Figure 3.4 A shows that human µ1A HA 

and µ1B HA proteins are unaffected by the µ1A/B siRNAs since there is no significant 

decrease of human µ1A HA or µ1B HA in cells either transfected with siRNA against 

luciferase or against canine µ1A/B. Furthermore, in µ1A/B siRNA transfected cells, 80 ± 

6 % (n = 4, ± SEM) of kAE1 was detected after expressing human µ1A-HA while only 

67 ± 7 % (n = 4, ± SEM) kAE1 was present after pcDNA3 transfection (see materials and 

methods for detailed calculation) (Fig 3.4 B). Similarly, 86 ± 6 % (n = 4, ± SEM) of 

kAE1 was detectable after transfection with human µ1B HA in the µ1A/B siRNA 

transfected cells. These findings indicate that transfection with siRNA resistant human 

µ1A or µ1B stabilizes kAE1 in µ1A/B siRNA transfected cells. Thus, both µ1A and µ1B 

are involved in the stability of kAE1 at the steady state in epithelial cells. 
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Figure 3.3: Knocking down µ1A affects the stability of kAE1 as well as trafficking of 

cation-dependent mannose 6-phosphate receptor (CD-MPR) and kAE1 in MDCK 

cells. A. MDCK cells expressing kAE1 WT were transiently transfected with either 200 

nM of canine-specific siRNA duplexes targeting µ1A or 200 nM of control siRNA 

targeting luciferase and grown for 24, 48, or 72 h. Cell lysates (7 µg of proteins) were 

loaded on SDS-PAGE gel and proteins were examined by Western blotting using mouse 
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(Continued from figure 3.3)  

anti-HA antibody, rabbit anti- µ1A/B antibody that detects the endogenous µ1A and µ1B 

proteins, and mouse anti-actin antibody, followed by anti-mouse and anti-rabbit 

secondary antibodies coupled to HRP. Blot represents 3 independent experiments. B. 

histogram representing the percentage of kAE1 remaining in cells transfected with 

siRNA against µ1A, 48 or 72 h after transfection, after normalization to amount of actin. 

Amounts were calculated by densitometric analysis of 3 independent experiments, 

including the 1 presented on A. Intensity of the bands was measured using the Image J 

software. Error bars correspond to means ±SE. C. MDCK cells expressing kAE1-WT 

were transfected three times at 72-h intervals with 200 nM of siRNA against µ1B using 

the NEON transfection system according to a previously published protocol (19). 

Seventy-two hours after the third transfection, 15 µg of proteins in the cell lysates were 

immunoblotted with anti-µ1A/B, anti-actin or anti-HA antibodies. Table indicates the 

percentage of endogenous µ1B mRNA quantified by RT-PCR (n = 3), and the percentage 

of remaining kAE1 protein in these cells (n =3). D: 48 or 72 h posttransfection, cells 

grown on glass coverslips were fixed, permeabilized and blocked before incubation with 

rat anti-HA antibody and mouse anti-CD-MPR antibody. Secondary antibodies were 

donkey anti-rat antibodies coupled to Cy3 (red) and donkey anti-mouse antibody coupled 

to Cy5. Nuclei were stained with DAPI (blue). For the purpose of this figure, Cy5 

staining (corresponding to µ1A) is here shown in green. White stars indicate the location 

of 3 cells transfected with the siRNA against µ1A. Images represent 3 separate 

experiments. 
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3.3.6. In presence of AP-1A, newly synthesized kAE1 does not traffic 

through recycling endosomes  

AP-1B, which is predominantly located in RE, is required for basolateral trafficking of 

some newly synthesized membrane proteins such as VSVG (256). Since kAE1-WT binds 

to both AP-1A and AP-1B, we wondered whether AP-1B is necessary for newly 

synthesized kAE1 to reach the plasma membrane in renal epithelial cells. Since kAE1 

reaches the basolateral membrane in polarized LLC-PK1 cells (159 and our own 

data,160), we suspected that this hypothesis would be wrong. Nevertheless, we asked 

whether newly synthesized kAE1 traffics to the plasma membrane when RE, which 

contain AP-1B, are inactivated.  

              We obtained a construct encoding a chimeric protein where the modified 

haloallcane dehalogenase haloTag (HT) protein (Promega) is fused to the kAE1 amino 

terminus (kAE1-HT). We first confirmed that this fusion protein is properly targeted to 

the plasma membrane and to the basolateral membrane of polarized MDCK cells, despite 

some intracellular retention of the fusion protein (Fig 3.5 A). The HT system allows 

studying trafficking of a single pool of proteins, using pulse-chase-like protocols with 

multiple membrane-permeant, fluorescent HT substrates. We transiently co-transfected 

MDCK cells with VSVG, which traffics through RE on its way to the plasma membrane 

(256), and kAE1 WT HT protein in MDCK cells. After transfection, we stopped 

trafficking of newly synthesized VSVG in the Golgi by incubating the cells at 19 °C for 

18 hours. We then blocked all pre-existing kAE1-HT with a first coumarin-HT ligand, 

labeled newly synthesized kAE1-HT with a TMR (red) fluorescent HT substrate and 

allowed its trafficking to the Golgi at 19 °C. We inactivated RE using transferrin coupled  
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Figure 3.4: siRNA resistant µ1A stabilizes kAE1 in cells knocked down for µ1A 

and/or B. A. MDCK cells expressing kAE1 WT were transiently transfected with either 

5 µg of µ1A HA, µ1B HA or pCDNA3 as control. Twenty-four hours later, cells were 

transfected with 200 nM of siRNA targeting µ1A or 200 nM of control siRNA targeting 

luciferase and grown for 48 h. Cell lysates (20 µg of proteins) were loaded on SDS- 
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(Continued from figure 3.4) 

PAGE gel, and proteins were detected by immunoblotting using mouse anti-HA antibody 

and mouse anti-actin antibody. Blot represents 3 independent experiments. B. Histogram 

representing the percentage of kAE1 present in cells transfected with siRNA against µ1A 

or luciferase and either subsequently transfected with pCDNA3 vector, µ1A HA or µ1B 

HA. Amounts were calculated by densitometric analysis of 4 independent experiments; 

see EXPERIMENTALPROCEDURES for calculation details. Intensity of the bands was 

measured, using the Image J software. Error bars correspond to means ±  SE. *P < 0.05 vs. 

control. 
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to horseradish peroxidase (Tfn-HRP) (see methods for details) and then released 

trafficking of proteins from the TGN by transferring cells from 19 °C to 30 °C for 0 (no 

chase) or 3 hours (3 hours chase). This protocol was adapted from (256) and exploits the 

reaction catalyzed by HRP, which forms an insoluble precipitate with DAB and H2O2. 

We then immunolocalized VSVG (green), the kAE1-HT being already labeled with the 

red fluorescent substrate in side views (X-Z sections) of the cells (Fig 3.5 B). If newly 

synthesized kAE1 traffics through AP-1B positive RE prior to reaching the plasma 

membrane, it should be retained intracellularly in inactivating conditions, along with 

VSVG. In contrast, if kAE1 traffics independently from AP-1B positive RE, the RE 

inactivation should only retain VSVG intracellularly without affecting kAE1 cell surface 

localization. As seen in Figure 3.5 B, in contrast with control conditions, kAE1 was 

detected at the plasma membrane in cells where VSVG was retained intracellularly due to 

RE inactivation. We observed that after 3 h chase in control conditions (active recycling 

endosomes), 81 % (n = 121) of the kAE1 transfected cells displayed kAE1 at the cell 

surface and 76 % (n = 83) of VSVG transfected cells showed VSVG at the plasma 

membrane. In contrast, when RE were inactivated, 75 % (n = 86) of the kAE1-transfected 

cells displayed kAE1 at the cell surface while only 45 % (n = 86) of VSVG transfected 

cells showed VSVG at the plasma membrane. This result indicates that newly 

synthesized kAE1 does not traffic through RE prior to reaching the plasma membrane 

and suggest that kAE1 preferentially use another adaptor protein complex than AP-1B. 

3.3.7. Expression of µ1A rescues trafficking of newly synthesized kAE1 to 

the plasma membrane  
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Our previous data strongly suggest that, when AP-1A is present, AP-1B is not involved in 

trafficking of newly synthesized kAE1 to the plasma membrane. Since kAE1 does not 

interact with the TGN-located AP-4 adaptor complex that is involved in basolateral 

targeting of some proteins (262), we hypothesized that AP-1A may be involved in 

targeting of newly synthesized kAE1 to the plasma membrane.  

              To test this hypothesis, MDCK cells with knocked down µ1A/B were 

transfected with kAE1-HT and either human µ1A HA, µ1B HA or the empty vector. 

Forty eight hours later, we performed a pulse-chase like experiment as follows: pre-

exisiting kAE1-HT proteins were first blocked with coumarin-HT substrate, and newly 

synthesized proteins were stained with TMR (red) fluorescent HT substrate and either 

allowed to traffic for 0 or 3 hours (3 hours chase) at 37 °C (Fig 3.6). After fixation, cells 

were examined using a confocal microscope. Cells transfected with the fluorescein 

coupled siRNA displayed green labeling and expression of µ1A HA or µ1B HA was 

confirmed using a mouse anti-HA antibody coupled to Cy5. To better assess plasma 

membrane targeting, we took multiple sections in the z-axis through the cell and show X-

Z views of kAE1 staining. Figure 3.6 showed that kAE1 is detectable at the plasma 

membrane of cells where µ1A HA was transfected. In this experiment, 88 % of the cells 

(n = 9) that were transfected with kAE1, µ1A/B siRNA and µ1A HA displayed cell 

surface kAE1. As seen in the “µ1B HA” representative images on Figure 6, only 53 % of 

the cells rescued with µ1B HA (n = 15) displayed cell surface kAE1 while the remaining 

47 % showed intracellular retention of kAE1. This last finding suggests that µ1B can 

partially compensate for the absence of µ1A, in agreement with previously published 

works (206). Based on these results, we propose that µ1A from AP-1A adaptor  
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Figure 3.5: Newly synthesized kAE1 traffics in a µ1B independent pathway and does 

not travel through recycling endosomes. A. 24 h after transfection in MDCK cells, 

kAE1-HT was stained with 50 nM of FAM-HT substrate (green) for 10 min at 37 °C. 

After 3 washes for 5, 5, and 10 min with culture medium without FBS or antibiotics on 

ice, cells were fixed, blocked with 1 % BSA, and incubated with Bric 6 antibody  
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(Continued from figure 3.5) 

followed by anti-mouse antibody coupled to Cy3 (red) before being mounted the 

coverslip on slides. Samples were examined using an Olympus spinning disk confocal 

microscope and a 100 X objective. Note that Bric 6 antibody recognizes an extracellular 

epitope of kAE1 on these nonpermeabilized cells. Right: kAE1-HT expression, stained in 

red with TMR HT substrate, in polarized MDCK cells. Blue staining indicates nuclear 

staining with DAPI. Bar = 10 µm. B. MDCK cells were transiently transfected with 

cDNAs encoding VSVG and kAE1-HT, and newly synthesized proteins were blocked in 

the Golgi by incubating cells at 19 °C (see EXPERIMENTAL PROCEDURES for 

details). After blocking all the preexisting kAE1 with a first HT substrate, newly 

synthesized kAE1-HT was stained with TMR-HT substrate (red) and allowed to traffic to 

the Golgi by incubating cells at 19 °C. During that incubation, Tfn-HRP was added to the 

medium at 19°C to allow its accumulation in RE. RE were then either inactivated as 

described in EXPERIMENTAL PROCEDURES (“inactivated recycling endosomes”) or 

kept intact (“control conditions”). Newly synthesized proteins were then released from 

the Golgi by incubation at 30 °C for 0 or 3 h before fixation. VSVG protein was detected 

using an anti-GFP antibody (green), and total kAE1 is stained in red. Samples were 

examined using an Olympus spinning disk confocal microscope and a X 100 objective. 

Blue staining corresponds to DAPI nuclear staining. Yellow staining indicates 

colocalization between red and green colors. Bar =10 µm. 

 

 

 



 101 

complexes facilitates kAE1 targeting to the plasma membrane of non-polarized epithelial 

cells. 

3.4.  Discussion 

The physical interaction between kAE1 carboxyl-terminus, via a canonical tyrosine / 

aspartate / glutamate / valine (YDEV) sequence, and µ1A protein from the adaptor 

complex 1A was recently reported (52). In our study, we characterized the novel 

interaction between kAE1 protein and µ subunits from the AP-1 adaptor complexes in a 

physiologically relevant model cell line, the renal epithelial MDCK cells. In this cell line, 

kAE1 protein behaves similarly as when expressed in renal IC: kAE1 protein is properly 

folded (156), and traffics to the basolateral membrane (158-160). When expressed in 

porcine LLC-PK1 cell line that is devoid of endogenous µ1B, kAE1-WT was also 

predominantly located at the basolateral membrane (159,160). In both MDCK and LLC-

PK1 cells, we were able to co-immunoprecipitate heterologously expressed kAE1 WT 

with endogenous µ1A and/or B and with endogenous gamma adaptin, indicating that 

kAE1-WT physically interacts with AP-1 adaptor protein complexes. In addition, in 

MDCK cells, we show that kAE1-WT immunoprecipitates with heterologously expressed 

µ1A HA and µ1B HA subunits. Using siRNA knock down, we confirmed that AP-1 

adaptor complexes are required for normal stability of kAE1 in MDCK cells (Fig 3.3).  
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Figure 3.6: µ1A HA allows newly synthesized kAE1 to reach the plasma membrane. 

µ1A HA allows newly synthesized kAE1 to reach the plasma membrane. MDCK cells 

were transfected with siRNA against luciferase or fluorescein-labeled siRNA against 

µ1A/B. Twenty-four hours later, the cells were transfected with kAE1-HT and either µ1A 

HA, µ1B HA, or pCDNA3 vector as a control. Forty-eight hours after this second 

transfection, preexisting kAE1-HT proteins were blocked with coumarin-HT substrate, 

and cells were incubated at 37 °C for 30 min to allow synthesis of new kAE1-HT. Newly 

synthesized kAE1-HT were then stained with TMR-HT substrate and incubated at 37 °C 

for 0 (no chase) or 3 h to allow trafficking of the protein. Cells were then fixed, 

permeabilized, blocked with 1 % BSA, and incubated with mouse anti-HA antibody to  
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(Continued from figure 3.6) 

detect µ1A HA or µ1B HA. Slides were examined using an Olympus IX81 microscope 

equipped with a Nipkow spinning-disk optimized by Quorum Technologies and a X 100 

objective. Bar = 10 µm. Top: kAE1-HT localization on side (X-Z) views of the cells. 

Green staining corresponds to cells transfected with the µ1A/B siRNA, blue staining 

indicates the location of human µ1A HA or µ1B HA, and red staining corresponds to 

cells expressing kAE1-HT; Two right columns correspond to the 2 phenotypes observed 

with cells rescued with µ1B HA. 
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Furthermore, introducing siRNA resistant human µ1A or µ1B stabilized kAE1 in these 

cells (Fig 3.4). In support of these findings, we were able to co-immunoprecipitate kAE1 

with µ1A from freshly dissected mouse kidneys (Fig 3.2 B) and we observed a co-

localization of endogenous kAE1 and AP-1A and/or B in intracellular vesicles of mouse 

kidney sections (Fig 3.2 A). Thus, our results strongly support that AP-1A is required for 

processing of the polytopic basolateral protein kAE1 to the plasma membrane in renal 

epithelial cells. Although further work is needed in polarized epithelial cells, our results 

highlight the unsuspected key role of AP-1A adaptor complex for targeting of this 

basolateral membrane protein. Our results are in agreement with recent findings from 

Gravotta and colleagues who showed that AP-1A is involved in basolateral targeting of 

membrane proteins and that AP-1B can partially compensate for the absence of AP-1A 

(206). Of note, had our µ1A/B siRNA been exclusively specific to µ1A subunit, we 

would likely have been unable to see any effect on kAE1 protein stability as endogenous 

µ1B may have compensated for the loss of endogenous µ1A. 

              Interestingly, only AP-3A µ but not AP-4 ε was also found to co-

immunoprecipitate with kAE1 (Fig 3.1 C and D). AP-4 is located in subdomains of the 

TGN and is involved in basolateral targeting of LDL receptor or MPR46 but not of TfnR 

in epithelial cells (262). The lack of interaction of kAE1 with AP-4 ε suggests that the 

AP-4 adaptor is not involved in kAE1 targeting to the plasma membrane. Nevertheless, 

we cannot exclude an interaction via other AP-4 subunits such as the µ subunit that binds 

to cargo proteins (205). AP-3A is ubiquitously expressed and is found in the TGN and in 

endosomes. We hypothesize that endocytosed kAE1, targeted for lysosomal degradation, 

traffics via AP-3A positive endosomes. 
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              µ1B from AP-1B protein complex was found to physically interact with kAE1 

protein. Since both kAE1 and AP-1B are expressed in epithelial cells (166), such 

interaction between kAE1 and AP-1B was not surprising. AP-1B is involved in the 

targeting of some basolateral membrane proteins such as VSVG to the basolateral 

membrane (256): newly synthesized VSVG proteins exit the TGN and within a few 

minutes, enter transferrin-positive RE prior to reaching the cell surface. Therefore, we 

tested whether AP-1B, which colocalizes with TfnR (219), is also involved in kAE1 

targeting to the plasma membrane by inactivating TfnR-positive RE (Fig 3.5). We found 

that inactivating RE did not affect cell surface trafficking of newly synthesized kAE1 to 

the cell surface, in contrast with trafficking of VSVG. Thus, newly synthesized kAE1 

protein, a protein normally expressed in epithelial IC, traffics to the basolateral 

membrane in a fashion independent of the epithelial-specific µ1B adaptor protein. Since 

in MDCK cells, endocytosed kAE1 co-localizes with TfnR (our own unpublished data), a 

protein that co-localizes with AP-1B adaptor complex (219), we hypothesize that 

endocytosed kAE1 interacts with AP-1B in transferrin receptor-positive RE. Indeed, 

plasma membrane kAE1 may be constitutively endocytosed and targeted to recycling 

endosomes where it may interact with AP-1B protein complex prior to returning to the 

cell surface. This hypothesis is consistent with the clear stabilization of kAE1 after 

expression of siRNA resistant µ1B in cells where endogenous µ1A and B were knocked 

down (Fig 3.4), but remains contradictory with the predominant basolateral targeting of 

kAE1 at the basolateral membrane of LLC-PK1 cells. One would expect that if AP-1B is 

required for proper recycling of endocytosed kAE1 to the basolateral membrane, kAE1 
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would either be prematurely degraded or apically mistargeted in polarized LLC-PK1 

cells. 

              The physical interaction of kAE1 with µ1A from adaptor complex 1A was more 

unexpected. To date, AP-1A has been reported to be important for CD-MPR trafficking 

between the TGN and endosomes (228). In agreement with our findings, two recent 

works reported the key role of AP-1A for basolateral targeting of various membrane 

proteins (206,265), suggesting that AP-1A may play an under-estimated role for normal 

processing of a wide number of basolateral membrane proteins. In our study, we 

observed that kAE1 is destabilized and degraded via a lysosomal pathway in cells where 

µ1A and to a lesser extent µ1B were knocked down (data not shown) and that expression 

of siRNA resistant µ1A restored stability of the protein (Fig 3.4). This last finding 

confirms that AP-1A is important for kAE1 stability and trafficking. It also suggests that 

kAE1 is degraded via specific mechanisms that differ from CD-MPR, which is not 

rapidly degraded when mis-sorted in µ1A-deficient cells (228).  

Our results from Figure 6 suggest that µ1B can occasionally compensate for the absence 

of µ1A for kAE1 processing. This is in agreement with the compensatory action of AP-

1B in absence of AP-1A for sorting of mannose 6-phosphate receptors and coxsackie and 

adenovirus receptor (265,266); however, the clear rescue of kAE1 trafficking in µ1A HA 

transfected cells strongly suggest that µ1A is the major adaptor complex involved in 

kAE1 processing. Thus, the role of the interaction between kAE1 and AP-1B remains 

unclear and will require further investigations. Interestingly, kAE1 is not the only protein 

reported to traffic to the basolateral membrane in a µ1B independent way. Like kAE1, 

the Na+, K+-ATPase that resides at the basolateral membrane of epithelial cells, also 
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traffics in an AP-1B independent way to the basolateral membrane of MDCK cells. The 

identity of adaptor proteins involved in the Na+, K+-ATPase pump trafficking remains to 

be elucidated (261). 

              In addition to adaptor proteins, the carboxyl-terminus of kAE1 is the site of 

interaction with other proteins (267). Recently, GAPDH was also reported to interact 

with the D902EYDE motif in the kAE1 carboxyl terminal domain, which includes tyrosine 

904 from the Y904DEV907 motif that interacts with µ1A protein (53). The Y904DEV907 

motif contains tyrosine 904 that can be phosphorylated and its phosphorylation status 

determines whether the protein remains at the plasma membrane or undergoes 

endocytosis (57). Further studies will be needed to investigate whether binding of 

GAPDH affects the interaction of the carboxyl terminus of kAE1 with adaptor proteins 

and whether these overlapping interactions are part of a regulatory mechanism for kAE1 

targeting to the cell surface. 

              Two dRTA patients have been reported to carry mutations that cause carboxyl-

terminal truncations of kAE1 protein by 11 (R901X) or 23 (A888L/D889X) amino acids 

(167,268). The kAE1 R901X mutant either mis-trafficked to both basolateral and apical 

membranes in polarized MDCK cells or exclusively to the apical membrane in highly 

polarized MDCKI cells (159,160). We postulate that mis-trafficking of the R901X 

mutant and possibly of the A888L/D889X mutant cause dRTA due to the lack of 

interaction with µ1 subunits from adaptor protein complexes 1A or B, and perhaps with 

GAPDH. This would result in loading of newly synthesized kAE1 proteins in the wrong 

trafficking vesicles en route to the apical membrane instead of the basolateral membrane. 
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It is possible that the phosphorylation status of this tyrosine potentially regulates kAE1 

interaction with µ1A adaptin. 

              All together, our study strongly supports that AP-1A regulates normal trafficking 

of newly synthesized kAE1 to the plasma membrane. Further studies are required to fully 

understand the respective physiological role of AP-1A and B on stability and polarized 

trafficking of newly synthesized or endocytosed kAE1 to the basolateral membrane of 

type-A IC in the kidney and the consequences of its mis-sorting on the development of 

dRTA. 
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4. Chapter four: Adaptor Protein - 1B regulates recycling of 

the kidney Anion Exchanger 1 in renal epithelial cells 
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4.1.  Introduction  

Plasma bicarbonate is the predominant extracellular buffer minimizing changes in 

extracellular pH. Alpha and beta-IC in the renal collecting duct participate directly in the 

maintenance of plasma bicarbonate. In polarized alpha-IC, the concomitant activity of at 

least three protein ensure proper bicarbonate reabsorption to the blood: cytosolic 

carbonic anhydrase II, apical H+-ATPase and basolateral kAE1 that is encoded by the 

SLC4A1 gene (136). Other proteins such as SLC26A7 or SLC26A11 may also play a 

role in this process. When mutated, the gene encoding basolateral kAE1 either induces 

dominant or recessive dRTA, a disease characterized by metabolic acidosis, 

hypokalemia, nephrocalcinosis and failure to thrive in children (269). kAE1 dRTA 

mutants are usually mis-trafficked either to the endoplasmic reticulum, to the Golgi or to 

the apical membrane instead of the normal basolateral membrane (136).  

              A growing number of either point or frameshift mutations in the SLC4A1 gene 

that cause dRTA affect the cytosolic C-terminus of kAE1 (168,169,268,270). The 

integrity of the carboxyl terminus plays a crucial role for normal kAE1 targeting to the 

cell surface as truncation of the last five amino acids is enough to reduce cell surface 

abundance of kAE1 by 50 % in HEK 293 cells (246). The C-terminal domain of kAE1 

physically interacts with cytosolic CAII, thus providing a functional metabolon that 

directly provides the exchanger with one of its substrate (11,271,272). The cytosolic C-

terminus of kAE1 also interacts with the β subunit of Na+/K+ ATPase pump in alpha-IC 

(273), this interaction being important for kAE1 residency at the basolateral membrane 

(273). In addition, the C-terminal domain of kAE1 encompasses the phosphorylatable 

tyrosine 904 (57) that is part of a canonical tyrosine based YXXΦ. Phosphorylation of 
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the tyrosine 904 residue is important for kAE1 residency at the basolateral membrane in 

polarized MDCK cells (57). Moreover, tyrosine 904 also participates in kAE1 interaction 

with GAPDH in both kidneys and MDCK cells (53) as well as in the interaction with 

adaptor proteins (52). 

Adaptor protein complexes comprise five heterotetrameric members which provide an 

anchor between cargo proteins and clathrin to form CCV (274). These physical 

interactions involve various canonical motifs within cytoplasmic domains of cargo 

proteins, ranging from canonical tyrosine-based motif YXXΦ, di-leucine motifs or 

acidic motifs (211,212,275). AP-1 complexes exist as two isoforms, A and B. The 

ubiquitously expressed AP-1A is thought to mediate basolateral polarity (206) while the 

epithelial-specific AP-1B is involved in post-endocytic recycling to the basolateral 

membrane (276). AP-2 mediates the internalization of coated-pits from the plasma 

membrane and AP-3 targets cargo proteins to the lysosome. AP-4 also participates to 

basolateral targeting of some cargo proteins (262). The most recently described AP-5 is 

involved in endosomal sorting (202). AP-1 is a tetramer protein composed of four 

subunits, two large subunits (one β and one γ), a medium µ and one small σ subunit.  

              The C-terminus of kAE1 interacts with the µ1A subunit of AP-1A protein 

complex through the canonical tyrosine motif Y904DEV (52,215). Interestingly, the 

interaction site on kAE1 C-terminus is either disrupted or missing in most of the reported 

C-terminal mutants that cause dRTA. The first reported dRTA mutant affecting the C-

terminus of kAE1, kAE1-R901X, was shown to traffic either to the apical membrane or 

to both apical and basolateral membranes of MDCK cells, depending on the polarization 

degree of the cells (159,160) The engineered kAE1 Y904A/V907A double mutant 
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lacking the AP-1A binding site localizes exclusively to the apical membrane of MDCK 

cells [15]. Our work showed that AP-1A is essential for proper plasma membrane 

trafficking of newly synthesized kAE1 protein (215). This work found that kAE1 not 

only co-immunoprecipitates with the ubiquitous AP-1A but also with the epithelial 

specific AP-1B (215).  

              The epithelial specific AP-1B sorts basolateral proteins including VSVG along 

its biosynthetic route and the TfnR along both its biosynthetic and recycling routes in 

MDCK cells (216). LDLR is another known cargo protein that needs µ1B for recycling: 

when µ1B was knocked down in MDCK cells, LDLR was mistargeted to the apical 

membrane (216). When LDLR and TfnR were expressed in the porcine kidney epithelial 

cell line LLC-PK1, which lacks µ1B, they were both mistargeted to the apical membrane 

(276). Thus, AP-1B protein complex plays a specific role in sorting basolateral 

membrane proteins in their biosynthetic and recycling routes.  

              kAE1 was rapidly degraded and did not reach the cell surface in MDCK cells 

that were knockdown for the endogenous µ1A and to less extent µ1B by siRNA  (215). 

When either human µ1A or B was expressed in the knocked down cells, they stabilized 

and partially rescued kAE1 trafficking to the cell surface (215). Based on these previous 

findings, we aimed to identify the physiological role of the kAE1 and AP-1B interaction. 

We hypothesized that the interaction between kAE1 and µ1B is important for kAE1 

recycling in renal epithelial cells. According to our hypothesis, AP-1B would be 

important to maintain adequate amount of kAE1 at the basolateral membrane to 

efficiently reabsorb bicarbonate back into the blood. Herein, we examined the effect of 
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µ1B heterologous expression on kAE1-WT and R901X mutant’s cell surface expression, 

endocytosis and recycling in LLC-PK1 cells that are devoid of µ1B.  

4.2.  Materials and Methods 

4.2.1. Plasmid construct and antibodies 

The pCDNA3 plasmid constructs containing human kAE1-WT and R901X cDNA with a 

hemagglutinin (HA) or myc epitope in position 557 (in the third extracellular loop) were 

used to express kAE1 protein in the transfected cell lines. We used the Quick change II site- 

directed mutagenesis kit (Stratagene) or Q5 Site directed mutagenesis (New England 

Biolabs), according to the manufacturer’s instructions and confirmed the mutations by 

automated sequencing. The constructs encoding human µ1A-HA and µ1B-HA were 

provided by Dr. Heike Folsch (Northwestern University). The mouse monoclonal antibody 

against the HA epitope was purchased from Covance (Covance, Princeton, NJ). The mouse 

monoclonal and the rabbit polyclonal antibodies that detect myc epitope were purchased 

from Cell signaling, or from Santa Cruz Biotechnology respectively. Rabbit polyclonal 

antibody against the Na+/K+ ATPase was purchased from Cell signaling. Rat anti HA 

antibody was purchased from Roche (Roche Diagnostics). Anti-AE1 antibodies were 

provided by Drs. Reinhart Reithmeier (University of Toronto) and Joe Casey (University of 

Alberta), Bric 155 antibody was purchased from the International Blood Group Laboratory; 

the anti-phosphotyrosine 904 antibody was a kind gift from Dr. Ashley Toye (Bristol 

University). The anti-GAPDH antibody was purchased from Millipore. 

4.2.2. Cell culture 

MDCK (CCL-34), LLC-PK1 (CL-101), and HEK 293T (CRL-11268) cells were purchased 

from the American Type Culture Collection (ATCC). LLC-PK1 cells expressing kAE1-WT 



 114 

were prepared according to methods previously described (247). Briefly, HEK 293 cells 

were transfected with p-VPack-GP, p-VPack-VSV-G, and pFB-Neo-kAE1-HA557 WT, 

pFB-Neo-kAE1-myc557 WT or mutant plasmids using XtremeGENE9 (Roche Applied 

Science). Cell culture supernatants containing infectious viral particles were added to 

dividing LLC-PK1 cells complemented with 8 µg / ml of polybrene (Sigma-Aldrich). After 

24-hours incubation, a heterogenous population of LLC-PK1 cells expressing kAE1 was 

selected with 3 mg / ml geneticin (Sigma-Aldrich). The cells were further maintained in 

DMEM: F12 containing 10 % FBS, 3 mg / ml geneticin, 1 mg / ml penicillin/streptomycin. 

For immunofluorescence experiment, 50 % confluent LLC-PK1 cells were transfected with 

1 µg cDNA and 4 µl XtremeGENE 9. 

4.2.3. Immunoprecipitation and western blotting  

Confluent LLC-PK1 cells expressing µ1B-HA and pCDNA3 empty vector or µ1B HA and 

kAE1-myc WT or R901X mutant were lysed in PBS containing 1 % Triton X-100 and 

protease inhibitors (1 µg / ml aprotinin, 2 µg / ml leupeptin, 1 µg / ml pepstatin A, and 100 

µg / ml PMSF). Protein concentration was measured using BCA assay (Pierce).  A fraction 

of the cell lysate (15 µg) was saved as total lysate; the remaining cell lysates were incubated 

with 4 µl rabbit anti AE1 N-terminus antibody (provided by Dr. Reinhart Reithmeier, 

University of Toronto) at 4 °C on rocker for 2 hours. Forty microliters of protein G-

Sepharose beads (Thermo Scientific, Rockford, IL) were added to each sample for 1 hour at 

4 °C on rocker to pull down the antibody. The bound proteins were eluted from the beads 

with 40 µl Laemmli buffer and detected by immunoblotting with mouse anti-myc and 

mouse anti-HA antibodies overnight at 4 °C. The blots were further incubated with anti-

mouse secondary antibody coupled to horseradish peroxidase (HRP) for 1 hour at room 
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temperature. Enhanced chemiluminescence (ECL western blotting substrate from Thermo 

Scientific, or ECL prime western blotting detection reagent from GE Healthcare) was used 

after to detect proteins. Relative band intensities were determined using the freeware Image 

J. 

4.2.4. Proximity ligation assay  

Semi confluent LLC-PK1 cells were seeded on coverslips and transfected with empty vector 

and µ1B as a negative control, kAE1-WT myc and CAII as a positive control, and with 

kAE1 myc and µ1B HA. The following day the cells were fixed with 4 % 

paraformaldehyde (PFA), then quenched with 50 mM NH4Cl, and permeabilized with 0.2 % 

Triton X-100. The slides were then blocked in 5 % donkey serum (Jackson Immunoscience, 

Jackson Immuno Research Europe Ltd, Suffolk, UK), 2 mg / ml salmon sperm (Sigma), 5 

mg / ml bovine serum albumin (Sigma) and 2 mM cysteine (Sigma) in TBS-Tween (TBST) 

with 5 mM EDTA (Sigma) for 30 min in humidifying chamber at 37 °C. The samples were 

then incubated with the appropriate combination of primary antibodies mouse anti-HA and 

rabbit anti-myc or rabbit anti-CAII diluted 1:50 in blocking solution for 1 hour at 37 °C. 

After washing, the slides were incubated with Duolink PLA Rabbit MINUS and PLA 

Mouse PLUS proximity probes (Olink Bioscience, Uppsala, Sweden) and proximity ligation 

was performed using the Duolink detection reagent kit (Olink Bioscience) according to the 

manufacturer’s protocol. High resolution images were acquired using the 60 X oil 

immersion objective on an Angstrom Illumination system (Quorum Technologies Inc.) 

equipped with OptiGrid structured illumination (Qioptiq), excitation and emission filter 

wheels (Ludl Electronic Products) and the Flash 4.0 camera (Hamamatsu). The Angstrom 

and associated hardware are mounted to the 100 % sideport on a DMI6000 (Leica 
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Microsystems), fully motorized inverted microscope. All hardware was controlled with 

Metamorph software (Molecular Devices). 

4.2.5. Peptide spot assay 

Fifteen amino acid long kAE1 peptides, covering the entire human kAE1 sequence were 

synthesized on cellulose membranes (277). Each peptide overlapped by 12 residues with the 

adjacent peptide. A positive control peptide was included based on the published interacting 

site of µ1B with the VSVG protein (HTKKRQIYTDIEMNR) (257,278). The negative 

control consisted in a 15 amino acid poly-alanine peptide. Two membranes containing 

exactly the same peptides were first blocked with 3 % skim milk in 1X TBST buffer (50mM 

Tris HCL, 150mM NaCl, 0.1%Tween 20, pH 7.4) for 4 hours at room temperature with 

gentle shaking. LLC-PK1 cells stably expressing µ1B HA and grown to confluency in two 

15 cm dishes were lysed in PBS containing 1 % Triton X-100 and protease inhibitors (1 µg / 

ml aprotinin, 2 µg / ml leupeptin, 1 µg / ml pepstatin A, and 100 µg / ml PMSF) and 3 ml of 

either lysis buffer or cell lysate containing a total of 6.75 mg of protein were added 

overnight to membrane 1 and 2, respectively, at 4 °C. The membranes were washed 4 times 

for 15 min with TBST buffer and incubated with a rat anti-HA primary antibody overnight 

at 4 °C, washed and incubated with a secondary anti-rat HRP antibody for 1 hour at room 

temperature. The membrane blots were developed using a scanner developer (In-Vivo FPro 

Carestream Imaging system). Results were analyzed using Image J freeware analysis 

program. The intensity of each spot on membrane 1 was subtracted from the intensity of the 

corresponding spot on membrane 2, and the average intensity of negative controls spots on 

membrane 2 was subsequently subtracted from the corrected value of each spot on the same 

membrane. This double correction approach ensured that only the strongest signals were 
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taken into account. As AP-1B is a cytosolic protein complex, interaction sites within 

transmembrane segments and extracellular loops were excluded, based on the topological 

model from (32). 

4.2.6. Cell surface biotinylation  

Confluent LLC-PK1 cells expressing kAE1-WT or R901X were transfected with pCDNA3 

empty vector or µ1B HA. Twenty-four hours after transfection the cells were incubated 

twice with EZ-Link Sulfo-NHS-SS-Biotin reagent (1 mg / ml) (Pierce) at 4 °C for 15 min in 

borate buffer (10 mM Boric acid, 145 mM NaCl, 7.2 mM KCl, 1.8 mM CaCl2, pH 9). The 

excess of biotin was quenched with 100 mM glycine in PBS four times for 1 min each 

wash. The cells were lysed in 300 µl TNT lysis buffer (50 mM Tris-HCl, 150 mM NaCl, 1 

% Triton X-100, 0.2 % SDS, 1 µg / ml aprotinin, 2 µg / ml leupeptin, 1 µg / ml pepstatin A, 

and 100 µg / ml PMSF). Ten percent of the lysate was kept as total lysate and the remaining 

was incubated with 100 µl streptavidin agarose resin (Thermo Scientific) for 1 hour at 4 °C. 

Cell surface proteins were eluted with 50 µl Laemmli buffer that contained 15 % beta-

mercaptoethanol. Samples were immunoblotted with a mouse anti-HA antibody to detect 

both kAE1 WT and µ1B proteins. Relative band intensities were determined using the 

freeware Image J. To quantify the ratios of surface kAE1, we considered that amounts 

loaded in “Total kAE1” fraction only represented 1/9 of the amount incubated with avidin 

beads.  

4.2.7. Cycloheximide treatment  

Confluent LLC-PK1 cells expressing kAE1-WT HA transfected with pCDNA3 empty 

vector or µ1B HA. Twenty-four hours after transfection, the cells were treated with 10 µg / 

ml cycloheximide (Fluka) for 0, 4, 8, 24 hours, the cells were then lysed in PBS containing 
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1 % Triton X-100 and protease inhibitors. Protein concentration was measured using BCA 

assay (Pierce). Samples were loaded on SDS-PAGE and mouse anti-HA was used for 

immunoblotting to detect both kAE1 WT and µ1B HA proteins. Relative band intensities 

were determined using the freeware Image J. 

4.2.8. Phosphorylation experiment  

Two groups of MDCK cells (3 X 106 each) were either transfected with 5 µg cDNA 

encoding kAE1-myc and µ1A HA or kAE1-myc and µ1B HA using the NEON 

electroporation system (Invitrogen) (1400-V pulse voltage, 20-ms pulse width, and 3 

pulses). Twenty four hours after transfection, one group of cells were treated with 200 µM 

pervanadate in warm DMEM:F12 media for 30 min at 37 °C, the other group was kept as 

control (warm media only). The cells were lysed with 500 µl phosphatase inhibitor lysis 

buffer (0.05 % Triton X-100, 10 mM HEPES, 100 mM NaCl, 14 mM beta - 

mercaptoethanol, 0.5 mM EGTA, MgCl2, PhosSTOP Phosphatase Inhibitor Cocktail Tablets 

(Roche), 100 nM Calyculin A (Sigma), pH 7.5). Protein concentrations were measured 

using BCA assay. A 20 µg aliquot of the total cell lysate was kept as the total fraction. The 

remaining lysate (1 mg) was divided into two parts: one immunoprecipitated with 3 µl 

mouse anti myc antibody and the other with 3 µl mouse anti Bric 155 antibody for 2 hours 

at 4 °C, followed by 40 µl protein G-Sepharose. The bound proteins were eluted with 50 µl 

Laemmli buffer and phosphorylated kAE1 was immunoblotted with an antibody raised 

against phosphorylated tyrosine 904 overnight at 4 °C. Total kAE1 was detected by a rabbit 

anti-AE1 N-terminus antibody (provided by Dr. Joe Casey, University of Alberta), µ1A or 

µ1B HA proteins were detected by rat anti-HA antibody. The stock solution of pervanadate 

contained 200 mM sodium orthovanadate in PBS and 3 % (W/W) H2O2, the mixture was 
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incubated for 15 min at room temperature in the dark. This concentrated pervanadate 

solution was diluted to 200 µM in DMEM:F12 medium supplemented with 10 % FBS. This 

diluted pervanadate solution was added to cells for 30 min at 37 °C. 

4.2.9. Competition between µ1 and GAPDH binding to kAE1 protein 

Two groups of MDCK cells (3 X 106 each) were transfected with 2 µg of kAE1-myc and 5 

µg pCDNA3 empty vector cDNA or with 2 µg of kAE1-myc and 5 µg µ1A HA or µ1B HA 

cDNA using the NEON electroporation system. Twenty-four hours after transfection, the 

cells were lysed and fractions containing fifteen-µg of proteins were kept as total cell lysate. 

Proteins in the remaining lysate (approximately 300 µg) were immunoprecipitated with 3 µl 

rabbit anti kAE1-myc antibody for 2 hours at 4 °C, followed by 40 µl protein G-Sepharose 

for an hour at 4 °C. Eluted protein were analyzed by immunoblotting. µ1A HA or µ1B HA 

were detected with rat anti-HA antibody overnight at 4 °C. Mouse anti-GAPDH antibody 

was added for 15 min at room temperature to detect the endogenous GAPDH protein. 

Relative band intensities were determined using the freeware Image J. 

4.2.10.   Endocytosis experiment  

Semi confluent LL-CPK1 cells were transfected with total of 1 µg of kAE1-myc and 

pCDNA3 as control or with kAE1-myc and µ1B cDNA using 4 µl X-tremeGENE 9 

transfection reagent (Roche). Twenty-four hours later, the cells were incubated with mouse 

anti-myc antibody for 45 min on ice. The antibody was washed three times with cold PBS, 

before incubation with warm DMEM:F12 medium at 37 °C for 20 minutes to induce 

endocytosis. An acid-wash was performed with a citrate buffer (40 mM citric acid, 100 mM 

KCl, 135 mM NaCl, pH 1.5), which was added to the cells for 10 min on ice to wash out 

non-endocytosed antibodies. The cells were then fixed with 4 % PFA for 10 minutes on ice, 
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permeabilized with 0.2 %, Triton-X 100 for 15 min, blocked with 1 % bovine serum 

albumin (BSA) for 20 min before incubation with the secondary antibody anti-mouse Alexa 

488 (Invitrogen) to detect endocytosed kAE1-myc. Rat anti-HA antibody was added for 20 

minutes followed by anti rat Cy3 to detect µ1B HA. Mouse anti myc antibody was added 

again for 20 minutes followed by anti mouse Dylight 649 secondary antibody to detect total 

kAE1. 4', 6-diamidino-2-phenylindole (DAPI) was used to stain the nucleus.  

              To inhibit endocytosis with Dynasore, semi-confluent LLC-PK1 cells stably 

expressing kAE1-myc were incubated at 37 °C in DMEM: F12 medium without FBS for 1 

hour for serum starvation to promote the intake of Transferrin-Alexa 488 conjugate (Life 

technology). The cells were incubated with mouse anti-myc antibody for 45 minutes on ice, 

prior to three washes with cold PBS. The cells were incubated with Dynasore hydrate (120 

µM)  (Sigma, Cat no. D7G93) and Transferrin-Alexa 488 conjugate (10 µg / ml) in DMEM: 

F12 medium without FBS for 20 minutes at 37 °C to induce endocytosis. After three 

washes, citrate buffer was added for 10 minutes on ice to wash out the non-endocytosed 

antibodies. Then endocytosis experiment proceeded as described above. Colocalization 

between kAE1-myc and Tfn-Alexa 488 was measured using Pearson’s colocalization 

coefficient Fiji freeware. High resolution images were acquired using the 60 X oil 

immersion objective on an Angstrom Illumination system (Quorum Technologies Inc.) 

equipped with OptiGrid structured illumination (Qioptiq), excitation and emission filter 

wheels (Ludl Electronic Products) and the Flash 4.0 camera (Hamamatsu). The Angstrom 

and associated hardware are mounted to the 100 % sideport on a DMI6000 (Leica 

Microsystems), fully motorized inverted microscope. All hardware was controlled with 

Metamorph software (Molecular Devices). For quantification of endocytosed kAE1 protein, 
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fluorescence intensities were measured using Volocity Imaging analysis program (Perkin 

Elmer). The ratios shown in histograms for endocytosed kAE1 represents (endocytosed / 

total) for each cell from three independent experiments.  

4.2.11.   Caveolin colocalization with kAE1  

Semi confluent LLC-PK1 cells were transfected with kAE1 myc and pCDNA3 as control or 

with kAE1-myc and Caveolin-YFP using FuGENE 6 transfection reagent (Roche) as 

described for the 12-well plate 0.5 µg cDNA: 3µl FuGENE 6 reagent. Twenty-four hours 

after transfection the cells were incubated with mouse anti-myc antibody diluted in 

DMEM:F12 medium for 45 minutes on ice. After three washes with cold PBS, the cells 

were incubated with warm DMEM:F12 medium at 37 °C for 20 minutes to induce 

endocytosis as described above. Anti-mouse Cy3 antibody was used to detect endocytosed 

kAE1. Total kAE1 was detected by mouse anti-myc antibody followed by anti-mouse 

antibody coupled to Dylight 649 for 20 minutes. DAPI was added to detect the nuclei. 

Colocalization between kAE1-myc and Caveolin was measured using Pearson’s 

colocalization coefficient with Fiji freeware analysis program. 

4.2.12.   Recycling experiment  

Semi confluent LLC-PK1 cells were transfected with both kAE1-myc and pCDNA3 as 

control or with kAE1-myc and µ1B HA. Twenty-four hours later, the cells were incubated 

with mouse anti-myc antibody for 45 minutes on ice, followed by three washes with cold 

PBS. Warm DMEM:F12 medium was added and cells were incubated at 37 °C for 20 

minutes to induce endocytosis. After an acid-wash with citrate buffer at pH 1.5 on ice to 

remove non-endocytosed antibodies, the cells were incubated again with warm DMEM:F12 

medium for 80 min at 37 °C to induce protein recycling then fixed at 4 °C with 4 % PFA. 



 122 

The cells were blocked with 1 % BSA and incubated with goat anti mouse secondary 

antibody coupled to Alexa 488 to detect the recycled proteins. The cells were next 

permeabilized, blocked again and incubated with rat anti-HA antibody followed by anti-rat 

Cy3 antibody to detect µ1B HA. Mouse anti-myc antibody followed by anti-mouse Dylight 

649 secondary antibody detected non-recycled kAE1. DAPI was used after to stain the 

nuclei. Samples were examined using an Olympus IX81 microscope equipped with a 

Nipkow spinning-disk optimized by Quorum Technologies (Guelph, ON, Canada) and a 

100 lens. For the quantification of recycled kAE1 protein, the image colors intensities were 

measured using Volocity imaging program (Perkin Elmer). The ratios shown in histograms 

for recycled kAE1 represents (Recycled / total) for each cell from three independent 

experiments.  

4.2.13.    Statistical Analysis  

All the experiments were repeated at least three times. Results are expressed as mean values 

± standard error of the mean (SE). All statistical comparisons were made using unpaired 

student t-test. P < 0.05 was considered significant.    

4.3.  Results 

4.3.1. KAE1 interaction with AP-1B 

4.3.1.1. kAE1-WT is immunoprecipitated with µ1B in LLC-PK1 cells 

The interaction between kAE1 and AP-1A was originally identified using a yeast two-

hybrid assay and the carboxyl-terminal tail of AE1 as bait (52). In our previous work, we 

confirmed that kAE1 immunoprecipitates with µ1A as well as with µ1B in MDCK cells 

(215). As the carboxyl-terminus of kAE1 contains a potential canonical YXXΦ adaptor 

protein binding site (Y904DEV907) (52), we hypothesized that µ1B interacts with kAE1 via 
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this site. To test this hypothesis, we examined the interaction with the truncated kAE1-

R901X that is missing the last 11 amino acids [15]. To confirm that kAE1 and µ1B interact 

with each other, we transiently transfected LLC-PK1 cells (that do not express endogenous 

µ1B (276)) with µ1B and kAE1, both carrying HA epitopes. We immunoprecipitated 

kAE1-WT or R901X using anti kAE1 N-terminus antibody, and immunoblotted the 

membrane with mouse anti-HA antibody to detect both kAE1 and µ1B. As seen on Figure 

4.1 A, kAE1 protein migrates as two main bands in LLC-PK1 cells: the top band 

corresponds to proteins carrying complex oligosaccharide (open circle) and the bottom band 

corresponds to kAE1 carrying high mannose oligosaccharide (closed circle) (158). In 

agreement with our previous findings (215), these results show that µ1B co-

immunoprecipitates with kAE1 in LLC-PK1 cells (Fig 4.1 A). These results confirm our 

previous results supporting a physical interaction between AP-1B and kAE1 protein. 

4.3.1.2. kAE1 is in close proximity with µ1B protein 

To confirm that kAE1-WT and AP-1B are in close proximity to interact with µ1B in the 

cells, a proximity ligation assay was performed (279). In this assay, if the two proteins of 

interest are within 30 to 40 nm distance from each other, a specific, red signal is detected by 

fluorescence microscopy (280).  In our experiment, LLC-PK1 were transiently transfected 

with empty vector and µ1B HA as a negative control, kAE1-WT myc and CAII as a 

positive control, or with kAE1-WT or R901X myc and µ1B HA. Cells were then incubated 

with rabbit anti-myc antibody to detect kAE1 and mouse anti-HA to detect µ1B, and 

proximity ligation was performed using the Duolink detection reagent kit according to the 

manufacturer’s protocol.  
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Figure 4.1: µ1B interacts and colocalizes in the perinuclear region with both kAE1-

WT and kAE1-R901X truncated mutant in LLC-PK1 cells. A. LLC-PK1 cells 

expressing kAE1-WT HA or mutant were transfected with µ1B HA cDNA, kAE1 was 

immunopreciptated with anti kAE1 N-terminus antibody before immunoblotting with 

mouse anti-HA antibody to detect kAE1 and µ1B proteins. Open circle corresponds to  
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(Continued from figure 4.1) 

kAE1 carrying complex oligosaccharides, and filled circle indicates kAE1 carrying high 

mannose oligosaccharides. µ1B migrates as a 50 kDa band. B. For the proximity ligation 

assay, LLC-PK1 cells were transiently transfected with empty vector and µ1B as a negative 

control, kAE1-WT and CAII as a positive control, and with kAE1 WT or R901X and µ1B. 

Red dots appear when the two proteins are in close proximity to each other. Nuclei were 

stained with DAPI (blue). C. immunofluorescence experiment showing colocalization 

between kAE1 carrying a myc epitope and µ1B HA. Twenty-four hours post transient 

transfection, LLC-PK1 cells expressing kAE1 and µ1B were fixed, permeabilized and 

blocked before incubation with an anti myc antibody to detect kAE1 followed by secondary 

anti mouse antibody coupled to Alexa 488. Subsequently, cells were incubated with rat anti-

HA antibody to detect µ1B followed by secondary anti-rat antibody coupled to Cy3 (red). 

This sequential staining avoids cross reactivity of the anti-mouse secondary antibody on the 

rat primary antibody. Nuclei were stained with DAPI (blue). Bar = 10 µm. The inset shows 

a zoomed region of the cell showing yellow staining (colocalization). 
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Red fluorescent dots were detected in the positive control and in cells expressing kAE1-WT 

and mutants and µ1B but not in the negative control sample (Fig 4.1 B). These results 

indicate that kAE1-WT and R901X, are in close proximity to AP-1B mu proteins and 

support our immunoprecipitation results.  

4.3.1.3. KAE1-WT colocalizes with µ1B in the perinuclear region of 

LLC-PK1 cells 

To further determine whether kAE1 and µ1B colocalize in the same organelle in cells, we 

performed immunofluorescence. LLC-PK1 cells were transiently transfected with kAE1-

WT myc or kAE1 R901X myc and with µ1B HA cDNAs. KAE1 protein was detected using 

mouse anti-myc antibody (Fig 4.1 C, green) and rat anti-HA primary antibody (red) to 

detect µ1B HA by immunostaining. Our results show that AP-1B and kAE1-WT or mutant 

colocalize in the perinuclear region as shown by the yellow signal (Fig 4.1 C), confirming 

that kAE1-WT or mutant are in close proximity to µ1B in renal epithelial cell. 

4.3.1.4. AP-1B interacts with kAE1 via multiple biding sites 

As the expected C-terminal binding site for µ1B was either deleted or mutated in kAE1-

R901X mutant, we did not expect to see interactions or colocalization between µ1B and 

kAE1-R901X proteins. However, Figure 1 shows that µ1B interacts and colocalizes with 

kAE1 mutant. Therefore, we determined whether µ1B interacts with kAE1 via binding 

sites other than kAE1 carboxyl-terminus. To test this hypothesis, we performed a peptide 

spot assay (Fig 4.2). Fifteen amino acid long peptides were synthesized on two 

nitrocellulose membranes that were subsequently incubated either with lysis buffer as a 

control (membrane 1) or with a µ1B HA expressing LLC-PK1 cell lysate (membrane 2). 

The membranes were then incubated with anti-HA antibody and appropriate HRP-coupled  
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Figure 4.2: AP-1B complex has multiple interaction sites on kAE1 protein 

A. Nitrocellulose membranes containing overlapping peptides (15 amino acid per 

peptide) encompassing the entire kAE1 protein sequence were either incubated with lysis 

buffer only (membrane 1) or a cell lysate from LLC-PK1 cells expressing µ1B HA 

(membrane 2). The two membranes were then blocked and incubated with a rat anti-HA 

antibody followed by an anti-rat antibody coupled to HRP, to detect µ1B. Each spot 

corresponds to one of the overlapping peptides. The intensity of each spot was measured 

using Image J freeware. B. Topological model of kAE1 (modified from (32)) showing the 

sites of AP-1B interaction to kAE1 peptides with AP-1B complex. The sites of 

interaction represent the amino acid sequence that overlap within the peptide spots.  
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(Continued from figure 4.2) 

Barrels represent transmembrane domains; grey diamonds represents the N-glycosylation 

attached to the fourth extracellular loop. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 129 

secondary antibody to detect HA antibody-interacting spots by immunoblotting. The 

binding sites within the transmembrane domains and the extracellular loops were 

excluded since µ1B is an intracellular membrane protein. After corrections for negative 

controls (see materials and methods for details), we confirmed that µ1B complex interacts 

with the carboxyl-terminus of kAE1 (Table 4.1, peptides 9 and 11). Interestingly, in 

contrast with peptides 9 and 11, no binding was found for peptide 10, suggesting that 

residues downstream of C-terminal alanine 908 may stabilize the binding. We identified 

several other binding sites in addition to the carboxyl-terminal Y904DEV motif (Table 4.1 

& Fig 4.2). Specifically, the S510FLVRF sequence within the second intracellular loop 

(between transmembrane domains 4 and 5) and the sequence T796SLSGIQLFDRILLL 

within the sixth intracellular loop (between transmembrane domains 12 and 13) showed 

the strongest signals, supporting the existence of additional binding sites of µ1B to kAE1. 

Overall, these results support that AP-1B interacts with kAE1 via the Y904DEV binding 

motif and suggest additional binding sites within the second and sixth cytosolic loops.  

4.3.2. Factors that affect kAE1-WT and AP-1B interaction  

4.3.2.1. Phosphorylation of the C-terminal tyrosine 904 does not affect 

kAE1 / AP-1B interaction 

In kAE1 cytosolic carboxyl-terminal domain, tyrosine 904 is phosphorylated in MDCK 

cells (57). As our results support the interaction between AP-1B and the carboxyl-terminus 

of kAE1, we next tested the effect of kAE1 phosphorylation on kAE1-µ1B binding. MDCK 

cells stably expressing kAE1 WT myc were transiently transfected with µ1B HA and either 

kept in control conditions or treated for 30 minutes with pervanadate to promote 

accumulation of phosphorylated kAE1 within the cells, following the protocol from  
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Table 4.1: Sequence of kAE1 peptides that interact with AP-1B by peptide spot assay. ICL 

corresponds to intracellular loop. C-ter corresponds to carboxyl-terminus of kAE1.  

 

 
Peptide 
number Peptide sequence 

Band intensity after 
correction for negative 

controls and spot-specific 
background 

 
Location in kAE1 

secondary structure 

1 V501VLVVAFEGSFLVRF 434.3 ICL2 

2 V504VAFEGSFLVRFISR 1837.3 ICL2 

3 F507EGSFLVRFISRYTQ 100.7 ICL2 

4 S510FLVRFISRYTQEIF 144.3 ICL2 

5 F792LYMGVTSLSGIQLF 587.8 ICL6 

6 M795GVTSLSGIQLFDRI 1191.5 ICL6 

7 T798SLSGIQLFDRILLL 567.3 ICL6 

8 L810LLFKPPKYHPDVPY 455.2 ICL6 

9 A891KATFDEEEGRDEYD 12.9 C-ter 

10 E897EEGRDEYDEVAMPV 798.7 C-ter 
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Williamson and colleagues (57). KAE1 proteins were immunoprecipitated with either an 

anti-myc or a Bric155 antibody that recognizes the carboxyl-terminus of kAE1. Eluted 

proteins were detected either with anti-myc antibody or an antibody that specifically detects 

phosphorylated tyrosine 904 (57), and anti-HA antibody to detect co-immunoprecipitated 

µ1B HA. Figure 4.3 A shows that in conditions when tyrosine 904 was phosphorylated (Fig 

3 A, lane 6), µ1B HA still co-immunoprecipitated with kAE1, supporting that the 

phosphorylation status of this tyrosine does not dramatically impair the interaction between 

kAE1 and µ1B HA subunit. Of note, tyrosine 904 phosphorylation did not affect the 

interaction between kAE1 and µ1A either (Fig 4.3 B, lane 12). When kAE1 was 

immunoprecipitated with Bric155, which specifically detects kAE1 carboxyl-terminus, 

pervanadate treatment sharply, reduced the amount of immunoprecipitated protein (compare 

Figure 3, lanes 3 and 4 and lanes 9 and 10), supporting that tyrosine 904 phosphorylation 

impairs the interaction with Bric155 antibody. In absence of pervanadate, Bric155 

immunoprecipitated predominantly non-phosphorylated kAE1 protein as seen by the 

absence of a band in lanes 3 and 9 (top blots), suggesting that at the steady-state kAE1 

tyrosine 904 is mostly non-phosphorylated. As µ1A and µ1B binding sites on Y904DEV907 

amino acids overlap with the GAPDH interaction site (D902EYDEV) (53). We next tested 

whether µ1B and GAPDH are competing for the same or an overlapping interaction site on 

kAE1. 

4.3.2.2. AP-1B binding to kAE1 displaces GAPDH interaction with 

kAE1 

kAE1 protein physically interacts with GAPDH (53) via the carboxyl-terminal D902EYDE 

motif, which encompasses the binding site for µ1A that was reported by Saswadee and  
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Figure 4.3: Phosphorylation of tyrosine 904 does not impair µ1A HA or µ1B HA 

interaction with kAE1. MDCK cells co-expressing kAE1-WT myc and µ1A HA (A) or 

µ1B HA (B) were either kept in control conditions or treated with pervanadate for 30 

minutes prior to cell lysis and imunoprecipitation of kAE1 proteins. Eluted proteins were 

resolved by immunoblot and identified, using an anti-HA antibody to detect µ1B HA and 

µ1A HA , an anti-kAE1 antibody to detect kAE1 and anti-phospho-tyrosine 904 antibody to 

detect phosphorylated kAE1. The difference of band intensities in immunoblots with anti-

HA antibodies (A and B) results from the difference in the exposure times of the films but 

rather than a difference in protein expression level. Open circle corresponds to kAE1 

carrying complex oligosaccharides, and filled circle indicates kAE1 carrying high mannose 

oligosaccharides. This is a typical experiment out of 3 independent experiments. 
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colleagues (52). We thus asked whether binding of kAE1 to the µ1B subunit of AP-1B 

complex impedes binding to GAPDH. To answer this question, kAE1 WT-myc stably 

expressing MDCK cells were transiently transfected with vector cDNA or cDNA encoding 

for µ1B HA. In MDCK cells that express endogenous µ1A and µ1B, kAE1 interacts with 

µ1B (215). KAE1 protein was then immunoprecipitated and eluted proteins were detected 

with anti-myc antibody (to detect kAE1), anti-HA antibody (to detect µ1B) and anti-

GAPDH antibody to detect endogenous GAPDH (Fig 4.4). Heterologous expression of µ1B 

HA displaced GAPDH interaction with kAE1 as seen by the decreased band intensity of 

GAPDH in Figure 4.4 A (compare lane 3 to lane 1). Similar observations were made with 

the µ1A isoform (lane 2, Fig 4.4 A). Quantification of the relative band intensities from a 

minimum of 4 independent experiments confirmed that only 44 ± 7 % (n = 5, ± SEM) and 

28 ± 7 % (n = 4, ± SEM) of GAPDH co-immunoprecipitated with kAE1 protein after 

expression of µ1A and µ1B subunits, respectively (Fig 4.4 B). These experiments indicate 

that GAPDH and adaptor protein complexes AP-1A and B compete for the same binding 

site on kAE1 carboxyl-terminus. 

4.3.3. The effect of µ1B expression on the amount of cell surface kAE1 at 

the steady state 

4.3.3.1. In non-polarized LLC-PK1 cells, kAE1 is more abundant at 

the plasma membrane than kAE1 R901X mutant 

To better understand the physiological role of µ1B in kAE1 trafficking, we quantitatively 

characterized phenotypic differences between kAE1-WT and carboxyl-terminal mutants in 

LLC-PK1 cells that do not express endogenous µ1B (165). We first asked whether 

carboxyl-terminal kAE1 mutants have a similar abundance to kAE1-WT at the cell surface.  
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Figure 4.4: Expression of µ1B HA subunit displaces GAPDH interaction with kAE1 

carboxyl-terminus. A. MDCK cells stably expressing kAE1-WT myc were either 

transfected with vector cDNA, pcDNA3-encoding µ1A HA or µ1B HA. Twenty-four hours 

after transfection, cells were lysed and kAE1 was immunoprecipitated with a rabbit anti-

myc antibody. Proteins were immunoblotted using anti-myc antibody (to detect kAE1), 

anti-HA antibody (to detect µ1A or B HA) and anti-GAPDH antibody. The blot 

corresponds to one experiment from at least three independent experiments B. GAPDH and 

kAE1 band intensities were measured using Image J software and the ratio of GAPDH band  
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(Continue from figure 4.4) 

intensity in the absence of µ1A or µ1B HA (vector) and after the expression of either µ1A 

or µ1B HA was measured. Error bars correspond to standard errors of the mean, from a 

minimum of 3 independent experiments. 
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In MDCK cells, kAE1-WT is predominantly located at the plasma membrane in non-

polarized cells and at the basolateral membrane of polarized MDCK cells (159,160,247). In 

contrast, kAE1-R901X is predominantly found intracellularly in non-polarized MDCK cells 

but is found at the apical membrane when the cells are polarized.  

              To determine the amount of cell surface kAE1-WT and R901X mutant at the 

steady state, two experimental approaches were used: cell surface biotinylation and 

immunofluorescence. Plasma surface abundance was first determined in LLC-PK1 cells 

expressing kAE1-WT HA or R901X HA mutant, using EZ-Link Sulfo-NHS-SS-

biotinylation reagent (Fig 4.5 A). Eluted streptavidin fractions were analyzed by 

immunoblot with mouse anti-HA antibody to detect kAE1-WT and mutant.  Immunoblot 

results showed that kAE1-WT is more abundant at the cell surface than kAE1-R901X 

mutant (Fig 4.5 A). Densitometric quantification of cell surface kAE1 relative to total kAE1 

protein showed that the ratio of cell surface kAE1-WT is significantly higher than kAE1-

R901X (0.19 ± 0.01 % (n=3; ± SE) versus 0.15 ± 0.01 (n=3; ± SE), respectively) (Fig 4.5 B 

dark bars).   

              Immunofluorescence was used to confirm our biotinylation findings (Fig 4.5 C). 

Non-polarized LLC-PK1 cells were transiently transfected with µ1B HA cDNA and either 

kAE1-WT myc or kAE1-R901X myc mutant. To detect surface kAE1, fixed but non-

permeabilized cells were incubated with anti-myc primary antibody followed by Alexa 488 

(green) secondary antibody. After permeabilization, intracellular kAE1 was detected by 

incubating cells again with anti-myc antibody followed by a secondary antibody coupled to 

Dylight 649 (blue). The green fluorescence intensity measured using Volocity software 

reflected the amount of cell surface kAE1 and was normalized to the blue fluorescence 
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intensity (total kAE1). We found significantly less kAE1-R901X mutant at the cell surface 

compared with kAE1 WT as Figure 4.5 D shows that the ratio of cell surface kAE1-R901X 

mutant was 0.37 ± 0.06  (n=3; ± SE), which is 60 % less than kAE1-WT (0.94 ± 0.11 %, 

n=3; ± SE) at the steady state (Fig 4.5 D, dark bars). These results confirm that kAE1-

R901X mutant is less abundant at the plasma membrane than kAE1 WT. This decrease 

could originate from a decreased processing of newly synthesized kAE1, from increased 

internalization rate of kAE1-R901X or slow recycling of kAE1-R901X.  

4.3.3.2. In LLC-PK1 cells, the kAE1 R901X truncated mutant has a 

similar half-life as kAE1 WT 

We next determined whether the mutant is more rapidly degraded than kAE1-WT. LLC-

PK1 cells expressing kAE1-WT or mutant were incubated with the protein synthesis 

inhibitor cycloheximide for up to 24 hours and the relative amount of kAE1 remaining in 

the samples was determined by immunoblotting (Fig 4.5 E). We observed a slight reduction 

in kAE1-R901X half-life to 15.5 hours, compared with kAE1-WT (17 hours).  Similar 

results were obtained in MDCK cells (281). To investigate the effect of µ1B on kAE1 half-

life, the experiment was repeated with LLC-PK1 cells expressing kAE1-WT or mutant and 

transiently transfected with either vector or µ1B (Fig 4.5 E). Expression of human µ1B in 

these cells did not significantly affect the half-life of either kAE1-WT or R901X.  

4.3.3.3. Expression of µ1B decreases cell surface amount of kAE1 WT 

and R901X mutant  

AP-1B is located in common recycling endosomes and is necessary for recycling of 

basolateral membrane proteins (282). We therefore next determined whether expression of 

µ1B affects the amount of kAE1 proteins at the plasma membrane. To investigate the effect 
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of µ1B in these cells, we heterologously expressed human µ1B in LLC-PK1 cells (which do 

not express µ1B endogenously), a strategy known to restore a functional AP-1B complex in 

these cells (165,263,283). As AP-1A and AP-1B only differ in their µ subunit, expression of 

µ1B subunit in these cells is enough to create de novo AP-1B complexes. LLC-PK1 cells 

expressing kAE1-WT or R901X mutant and transiently transfected with µ1B cDNA or 

vector were first submitted to cell surface biotinylation. As shown on (Fig 4.5 A & B), cells 

expressing µ1B displayed a reduced ratio of cell surface kAE1-WT over total kAE1-WT 

(0.15 ± 0.01) compared to kAE1-WT expressing cells transfected with vector only (0.19 ± 

0.01). A similar result was obtained with cells expressing kAE1-R901X (0.09 ± 0.01 

compared with 0.15 ± 0.01 in absence of µ1B). Therefore, expression of µ1B significantly 

reduced the relative amount of cell surface kAE1-WT and kAE1-R901X.  

              A similar trend was obtained by immunofluorescence (Fig 4.5 C & D). Cells 

expressing kAE1-WT or R901X and transiently transfected with vector only or µ1B cDNA 

were stained for cell surface kAE1 (green), total kAE1 (blue) and µ1B expression (red). 

Consistent with cell surface biotinylation results, comparison of the ratio of surface kAE1 

over total kAE1 by immunofluorescence showed that µ1B expression significantly 

decreased the amount of surface kAE1-WT by 8 fold (0.94 ± 0.11 versus 0.12 ± 0.01), and 

R901X by two fold (0.37 ± 0.07 versus 0.17 ± 0.02).  

              This decrease could have three origins: expression of µ1B could (i) reduce the 

amount of newly synthesized kAE1-WT protein that reaches the cell surface, (ii) accelerate 

the rate of endocytosis of kAE1-WT; or (iii) reduce the amount of recycled kAE1-WT to 

the cell surface. We showed earlier (215) that expression of µ1B in MDCK cells knocked  
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Figure 4.5: In non-polarized LLC-PK1 cells, kAE1-WT is more abundant at the 

plasma membrane than the kAE1-R901X mutant, but its surface expression 

decreases upon µ1B expression. A. Cell surface biotinylation: confluent LLC-PK1 cells 

stably expressing kAE1 WT-HA were transiently transfected with empty vector or µ1B  
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(Continued from figure 4.5) 

HA cDNA. Twenty-four hours after transfection, the cells were incubated with 

membrane impermeable EZ-Link Sulfo-NHS-SS-Biotin reagent; the cells were lysed and 

incubated with streptavidin resin. Surface proteins were eluted from the beads with 

Laemmli reagent and immunoblotted with mouse anti HA antibody to detect kAE1 and 

µ1B. B. Histogram showing the ratio of surface kAE1 to total kAE1 in cells were 

transfected with kAE1-WT or R901X mutant and either µ1B or empty vector.  Band 

intensities were determined by densitometric analysis (using Image J freeware) of more 

than three independent experiments, taking into account that “Total kAE1” fractions 

correspond to 1/9 of the kAE1 amount used in “Surface kAE1” fractions. *P < 0.05 

versus kAE1-WT or R901X-expressing cells transfected with vector only, #P < 0.05 

versus the same kAE1-expressing cells transfected with µ1B. Error bars correspond to 

means ± SE. C. Immunofluorescence experiment of LLC-PK1 cells showing surface 

kAE1 in the presence and absence of µ1B: LLC-PK1 cells grown on glass coverslips and 

expressing kAE1 and µ1B were fixed and incubated with mouse anti-myc antibody to 

detect surface kAE1 followed by a secondary antibody coupled to Alexa 488 (green). The 

cells were then permeabilized and incubated with rat anti-HA antibody to detect µ1B HA 

followed by a secondary antibody coupled to Cy3 (red). Total kAE1 was detected with an 

anti-myc antibody followed by a secondary antibody coupled to Dylight 649 (blue). Bar 

= 10 µm. D. Histogram representing the ratio of green fluorescence intensity (surface 

kAE1) to blue fluorescence intensity (total kAE1) in LLC-PK1 cells that were transfected 

with kAE1-WT and mutant with either µ1B or empty vector. Fluorescence intensities for 

at least 50 cells for each condition from 3 independent experiments were measured using  
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(Continued from figure 4.5) 

Volocity Image analysis program. Error bars correspond to means ± SE. *P < 0.05 versus 

kAE1-WT or R901X expressing cells transfected with vector only, #P < 0.05 versus the 

same kAE1-expressing cells transfected with µ1B. E. The carboxyl-terminal truncated 

mutant has a similar half-life as kAE1-WT: LLC-PK1 cells stably expressing kAE1-WT 

HA or R901X mutant were transiently transfected with cDNA encoding µ1B HA or 

vector. Twenty-four hours later, cells were treated with the protein synthesis inhibitor 

cyclohexamide (CHX) for 0, 4, 8 or 24 hours. Remaining kAE1 proteins were detected 

by immunoblot with a mouse anti-HA antibody. Band intensities were analyzed by 

densitometric analysis, using the Image J software from more than 3 independent 

experiments, error bars correspond to means ± SE. The relative amount of kAE1 was 

normalized to the intensity of the band at initial time point.  
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down for endogenous µ1A and µ1B increased cell surface trafficking of newly synthesized 

kAE1-WT protein and increased the stability of total kAE1. We therefore considered the 

first hypothesis unlikely. Thus, we first tested the hypothesis that expression of µ1B 

accelerates the rate of kAE1 endocytosis. 

4.3.4. The effect of µ1B on kAE1 endocytosis 

4.3.4.1. KAE1 is endocytosed via a clathrin dependent pathway  

We first examined kAE1 endocytosis pathway as it is not characterized (193,284). We 

performed two sets of experiments for this characterization: in the first set, we asked 

whether endocytosed kAE1 colocalizes with endocytosed TfnR, which is well known to be 

endocytosed via a clathrin-dependent pathway (216). As a control, we used dynasore, an 

inhibitor of dynamin-dependent endocytosis that blocks Tfn endocytosis (285). The second 

set determined whether endocytosed kAE1 colocalizes with endocytosed caveolin protein, 

which is known to be endocytosed in a clathrin-independent pathway (286,287).  

              For the first set of experiments, serum starved LLC-PK1 cells expressing kAE1 

myc were incubated with mouse anti-myc antibody on ice to label cell surface kAE1. Cells 

were then incubated with Dynasore or vehicle and Tfn-Alexa Fluor 488 conjugate for 20 

min at 37 °C. Cells were then washed with a citrate buffer at pH 1.5 to remove antibodies 

remaining at the cell surface (Fig 4.6 A). Cells were fixed, permeabilized, and endocytosed 

kAE1 proteins were detected with anti-mouse secondary antibody coupled to Cy3 

fluorophore (red). Total kAE1 expression was detected by re-adding mouse anti-myc 

antibody followed by anti-mouse secondary antibody coupled to Dy649 (blue). 

Representative pictures on Fig 4.6 B (compare columns 1 and 2) show that Dynasore 

inhibited endocytosis of both kAE1 and Tfn, as neither red (kAE1) nor green (Tfn) was 
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observed after acid wash. In absence of Dynasore (Fig 4.6 B column 1), kAE1 and Tfn 

colocalized in a perinuclear compartment, likely in recycling endosomes (216). 

Colocalization measurements between kAE1 and Tfn using Pearson’s colocalization 

coefficient showed that kAE1 and Tfn colocalize to some extent (Fig 4.6 C).   

              In the second set of experiments, LLC-PK1 cells expressing kAE1 myc and 

Caveolin-YFP were incubated with mouse anti-myc antibody followed by anti mouse Cy3 

(red) to detect endocytosed kAE1 (Fig 4.6 B, column 3). Colocalization measurement 

showed that endocytosed kAE1 did not colocalize with caveolin protein (Fig 4.6 C). As 

these previous experiments support that kAE1 is endocytosed in a clathrin-dependent 

pathway, we next determined whether kAE1-WT is endocytosed at the same rate as the 

carboxyl-terminal truncated kAE1-R901X mutant. 

4.3.4.2. The amount of endocytosed carboxyl-terminal kAE1 mutant 

R901X is higher than kAE1-WT 

As we were unable to efficiently remove the biotinylation reagent remaining at the cell 

surface in living cells in endocytosis experiments, we used immunofluorescence to 

quantitatively compare the relative amount of kAE1 protein endocytosed, by taking 

advantage of the extracellular myc epitope that has been added to the third extracellular 

loop of kAE1 (247). 

               After incubation with anti-myc antibody on intact LLC-PK1 cells expressing 

kAE1-WT or kAE1-R901X, and incubation at 37 °C to promote endocytosis of the protein, 

we were able to efficiently remove the antibody attached to kAE1 proteins that remained at 

the cell surface by performing an acid-wash of the cells for 10 minutes at 4 °C (Fig 4.6 A). 

To perform endocytosis experiments, the cells were incubated with anti-myc antibody at 4  
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Figure 4.6: kAE1 is endocytosed via clathrin coated vesicles and colocalizes with 

endocytosed transferrin receptor. A. As a control for the efficacy of the acid wash, LLC-

PK1 cells expressing kAE1 myc and µ1B HA were incubated with mouse anti-myc 

antibody on ice. The cells were then acid washed, fixed, and incubated with a secondary 

antibody coupled to Alexa 488 (green). After permeabilization, the cells were incubated 

with rat anti-HA antibody followed by anti-rat antibody coupled to Cy3 (red) to detect µ1B. 

Mouse anti-myc antibody followed by secondary antibody coupled to Dy649 (blue) was 

finally added to detect total kAE1. Bar = 10 µm. B. Immunostaining experiment showing 

that endocytosed kAE1 colocalizes with transferrin receptor but not with caveolin. In 

columns 1 & 2, intact LLC-PK1 cells expressing kAE1-myc were transferrin-depleted 

before incubation with mouse anti myc antibody on ice, then with dynasore hydrate and  
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(Continued from figure 4.6) 

Tfn-Alexa Fluor 488 conjugate at 37°C for 20 minutes. The cells were then fixed and 

permeablized before incubation with secondary antibody coupled to Cy3 (red) to detect 

endocytosed kAE1 protein. Samples were next incubated with the same anti-myc antibody 

followed by secondary antibody coupled to Dylight 649 (blue) to detect the intracellular 

kAE1-myc. In column 3, LLC-PK1 cells were transfected with kAE1-myc and Caveolin-

YFP. Twenty-four hours after transfection, the cells were incubated with an anti-myc 

antibody followed by a secondary antibody coupled to Cy3 (Red) to detect the endocytosed 

kAE1. C. Histogram showing the average Pearson’s Coefficient values for colocalization 

between kAE1 and transferrin receptor or kAE1 and Caveolin for a minimum of 50 cells. 

Error bars correspond to means ± SE. 
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°C for 45 minutes. Then, the cells were washed from the excess of antibody and transferred 

to 37 °C for 20 minutes (visible amount of endocytosed kAE1). After removing the 

antibody remaining at the cell surface with an acid-wash, cells were fixed, permeabilized 

and endocytosed proteins were detected with a secondary antibody coupled to Alexa 488 

(green). Intracellular kAE1 protein was subsequently detected using the same primary 

antibody and a differently labeled secondary antibody (blue). Using this procedure, we first 

established that incubation of the cells for 20 minutes at 37 °C was sufficient to detect 

endocytosed kAE1-WT proteins after acid-wash (Fig 4.7 A, first row). Comparison of 

endocytosed kAE1-WT, and R901X using Volocity Image analysis software showed that 

the ratio of kAE1-R901X internalized after a 20 minute incubation at 37 °C was slightly but 

significantly higher than that of kAE1-WT (0.19 ± 0.01 versus 0.14 ± 0.01 (n=3; ± SE), 

respectively) in non polarized LLC-PK1 cells. (Fig 4.7 B black bars), The slightly higher 

amount of endocytosed kAE1 R901X than kAE1-WT could explain the lower abundance of 

kAE1-R901X at the steady state compared to WT.  

              Overall, these experiments support that kAE1 is endocytosed via a clathrin-

dependent pathway and that endocytosed kAE1 colocalizes with Tfn. As (i) AP-1B is a 

clathrin adaptor complex that tethers cargo proteins to clathrin-coated recycling vesicles 

(166), and (ii) endocytosed kAE1 will likely be recycled to the plasma membrane, we next 

asked whether AP-1B plays a role in kAE1 endocytosis and recycling machinery. 

4.3.4.3. In the presence of µ1B, kAE1 is less efficiently endocytosed   

We next tested whether there is a difference in kAE1 internalization in presence or absence 

of µ1B subunit. As seen on Figure 4.7 A, we not only observed a decrease in number but 

also in apparent size of green intracellular vesicles. To quantify this effect, we used 
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Volocity image analysis software to measure the ratio of fluorescence intensity seen in the 

green channel (endocytosed kAE1) relative to the blue fluorescence intensity (total kAE1) 

to normalize for kAE1 protein expression in approximately 50 LLC-PK1 cells from 3 

independent experiments either transfected with µ1B (red channel) or empty vector. This 

quantification revealed a dramatic decrease of green fluorescence in cells expressing kAE-

WT or R901X and µ1B, compared with cells that were transfected with the vector only. The 

fluorescence intensity ratio decreased from 0.14 ± 0.01 in absence of µ1B to 0.07 ± 0.01 in 

cells expressing µ1B and kAE1 WT. Similar results were obtained for kAE1-R901X with a 

ratio decreasing from 0.19 ± 0.01 to 0.12 ± 0.01 (Fig 4.7 B black versus light grey bars). 

Therefore, unexpectedly, µ1B expression decreased significantly the amount of 

endocytosed kAE1-WT and R901X. We next asked whether µ1B expression also affects the 

amount of recycled kAE1 in LLC-PK1 cells. 

4.3.5. The effect of µ1B expression on kAE1 recycling 

4.3.5.1. Carboxyl-terminal kAE1-R901X mutant recycles less 

efficiently to the plasma membrane than kAE1-WT 

 To determine whether kAE1-R901X is less abundant at the plasma membrane because it is 

less efficiently recycled back to the plasma membrane, we incubated intact LLC-PK1 cells 

expressing kAE1-WT or R901X with anti-myc antibody for 45 minutes at 4 °C, prior to 

washing and transferring the cells to 37 °C for 20 minutes to allow protein endocytosis. 

After an acid-wash to remove proteins remaining at the cell surface, we re-incubated the 

cells at 37 °C for an additional 80 minutes to allow endocytosed kAE1 protein to recycle 

back to the plasma membrane. After washing, cells were fixed and recycled proteins were 

detected by adding a green secondary antibody. Cells were next permeabilized and total  
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Figure 4.7: kAE1-R901X mutant is endocytosed at a higher rate than kAE1-WT, but 

µ1B expression decreases both kAE1 WT and R901X endocytosis rates. A. LLC-PK1 

cells transfected with kAE1-myc and pCDNA3 as control or with kAE1-myc and µ1B HA 

cDNA were incubated with an anti-myc antibody on ice. The cells were incubated with a 37 

°C medium to induce endocytosis, prior to fixation, permeabilization, and incubation with a 

secondary antibody coupled to Alexa 488 (green). µ1B HA was detected with a rat anti HA 

antibody and a secondary antibody coupled to Cy3 (red) and total kAE1 with an anti myc  
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(Continued from figure 4.7) 

antibody coupled to Dylight 649 (blue) B. Histogram representing the ratio of endocytosed 

kAE1 to total kAE1 in cells expressing kAE1-WT or R901X mutant and either µ1B or 

empty vector. Fluorescence intensities were measured using Volocity image analysis 

program for at least 50 cells for each condition from 3 independent experiments. Error bars 

correspond to means ± SE. *P < 0.05 versus kAE1-WT or R901X expressing cells 

transfected with vector only, #P < 0.05 versus the same kAE1-expressing cells transfected 

with µ1B. 
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kAE1 proteins were detected by re-incubating with anti-myc antibody, detected with a blue 

secondary antibody (Fig 4.8 A). By normalizing green fluorescence intensities 

corresponding to recycled kAE1-WT or R901X, to that of the blue fluorescence 

corresponding to total kAE1, we determined the ratio of recycled kAE1 proteins after 80 

minutes. As seen on Figure 4.8 B (dark bars), kAE1-R901X mutant recycled significantly 

less efficiently to the cell surface than kAE1-WT (0.66 ± 0.03 versus 0.88 ± 0.05, 

respectively). This impaired recycling may contribute to the lower cell surface abundance of 

kAE1 mutants compared to kAE1-WT in non-polarized LLCPK cells.  

4.3.5.2. Expression of µ1B in LLC-PK1 cells reduces the amount of 

recycled kAE1 WT but not that of kAE1 R90X mutant    

We next wondered whether expression of µ1B would affect the recycling rate of kAE1-WT 

or R901X mutant. To answer this question, we performed endocytosis and recycling 

experiments in LLC-PK1 cells expressing kAE1-WT or kAE1-R901X mutant and 

transfected with either µ1B or empty vector (Fig 4.8 A, lower row). Expression of µ1B did 

not significantly alter the recycling rate of kAE1-R901X mutant (Fig 4.8 B, light grey bars). 

This result indicates that µ1B is not involved in kAE1-R901X mutant recycling, and 

importantly, rules out that the µ1B effects observed on kAE1 trafficking originate from a 

non-specific overwhelming of the processing machinery upon expression of µ1B. In 

contrast, we observed a 30 % decrease in the recycling rate of kAE1-WT upon expression 

of µ1B (from 0.88 ± 0.05 to 0.58 ± 0.03). Thus, as expected, recycling of the carboxyl-

terminal kAE1 R901X mutant is independent of µ1B, while kAE1-WT recycling was 

inhibited by µ1B expression in LLC-PK1 cells. 
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Figure 4.8: The kAE1-R901X mutant recycles less efficiently to the plasma membrane 

than kAE1-WT, and its recycling is independent of µ1B. A. LLCPK1 cells transfected 

with kAE1 myc and vector as control or with kAE1 myc and µ1B HA cDNA were 

incubated with an anti-myc antibody on ice. The cells were incubated with a warm medium 

for 20 minutes to induce endocytosis, acid washed and reincubated with warm media for 80 

minutes to induce protein recycling. The cells were then fixed and incubated with secondary 

antibody coupled to Alexa 488 (green) to detect recycled protein. Cells were then  
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(Continued from figure 4.8) 

permeablized before incubation with rat anti HA antibody followed by secondary antibody 

coupled to Cy3 to detect µ1B HA (red). Mouse anti-myc antibody was added again 

followed by secondary antibody Dylight 649 to detect the total kAE1 (blue). B. Histogram 

representing the ratio of recycled kAE1 to total in cells were transfected with kAE1-WT and 

mutants and either µ1B or empty vector. Fluorescence intensities for at least 25 cells for 

each condition from 3 independent experiments were measured using Volocity image 

analysis program, see statistical analysis for more details. Error bars correspond to means ± 

SE. *P < 0.05 versus kAE1- WT or R901X expressing cells transfected with vector only, #P 

< 0.05 versus the same kAE1-expressing cells transfected with µ1B. 
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4.4.  Discussion 

AP-1A and epithelial AP-1B tetrameric complexes share the small and two large subunits. 

These two complexes only differ by their medium subunit, µ1A for AP-1A and µ1B for 

AP-1B. Both AP-1A and AP-1B regulate basolateral trafficking of cargo proteins (216). 

However, the respective functions of these two complexes are a matter of debate in the 

current literature. Original studies pointed toward a different sub-cellular localization of 

the two complexes, with AP-1A mostly localized at the trans-Golgi network and AP-1B 

predominantly located in recycling endosomes (206,219,263). However, the absence of 

one AP-1 complex could be compensated by the presence of the other (206,266). More 

recent data supported that AP-1B sorts basolateral cargo proteins that are not efficiently 

recognized by AP-1A (288). In animals, µ1B is required for protein sorting and 

polarization of mouse intestinal cells, as lack of this subunit in these cells causes cell 

proliferation, hyperplasia and mistargeting of E-cadherin / beta-catenin complex (229). 

Both AP-1A and AP-1B interact with kAE1 protein (215). In the current work, we 

confirmed that AP-1B binds to kAE1 and that  binding is important for kAE1 endocytosis 

and recycling in LLC-PK1 cells. We performed our experiments in porcine epithelial 

LLC-PK1 cells that are devoid of endogenous AP-1B complex (263,283). Understanding 

the physiological role of this adaptor complex for kAE1 trafficking would ideally require 

studies conducted in polarized epithelial cells. However, we were unable to obtain 

properly polarized LLC-PK1 cells expressing sufficient amounts of kAE1, and we 

therefore pursued our experiments with non-polarized LLC-PK1 cells. 

              First, we showed that µ1B immunoprecipitated and colocalized with kAE1-WT 

and kAE1-R901X mutant in LLC-PK1 cells (Fig 4.1). This result confirmed our previous 
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finding that both AP-1A and µ1B co-immunoprecipitate with kAE1 WT in MDCK cells 

(215). As µ1A binds to kAE1 via the C-terminal Y904DEV motif (52) and µ1B binds to 

canonical tyrosine motifs YXXΦ (289), we assumed that µ1B binds to kAE1 via the same 

Y904DEV motif. Interestingly, our results indicate that deletion of Y904DEV motif did not 

abolish the interaction between kAE1 and µ1B (Fig 4.1). However, in contrast to kAE1-

WT, recycling of kAE1-R901X mutant was clearly independent of µ1B expression in 

LLC-PK1 cells, supporting a role for kAE1 C-terminus in protein recycling. These results 

point toward additional binding sites in kAE1 to AP-1B.  

              To determine whether µ1B interacts with kAE1 via different binding sites, we 

conducted a peptide spot assay, using peptides covering the human kAE1 sequence and a 

µ1B expressing cell lysate or a lysis buffer as control (Fig 4.2 & Table 4.1). We found 

that in addition to the kAE1 C-terminal E897EEGRDEYDEV sequence that includes the 

Y904DEV motif, µ1B also interacted with kAE1 S510FLVR sequence in the second 

cytosolic loop and with S799GIQLFDRILLL sequence within the sixth cytosolic loop of 

kAE1. Importantly, this assay was not designed to identify a direct interaction between 

kAE1 and µ1B, as it was performed with whole cell lysates expressing epitope tagged 

µ1B subunit. While the S510FLVR sequences has never been reported before as interacting 

motif with adaptor complexes, the E897EEGRDEY904DEV contains a typical acidic cluster 

signal and a YXXΦ motif known to interact with the µ1 adaptin (212). D805RILLL is 

another typical (D/E)XXXL(L/I) motif known to interact with β1- and  γ-σ1 subunits 

within the AP-1 complex (211,290). Together, our results suggest that kAE1 interacts via 

a combination of interacting sites with various subunits of the AP-1B complex. These 



 155 

results reconcile our findings with previous data that showed no direct interaction between 

kAE1 and the µ1B subunit (245). 

              Phosphorylation of tyrosine 904, within the Y904DEV binding motif to µ1B, 

induces internalization of cell surface kAE1 (57), and the DEY904DEV motif within kAE1 

C-terminus also interacts with GAPDH (53). Thus, we next determined whether 

phosphorylation of tyrosine 904 could alter kAE1/AP-1B interaction. Upon pervanadate 

treatment to induce phosphorylation (57), we found that binding of kAE1 to AP-1B was 

similar to control conditions, supporting that phosphorylation of tyrosine 904 did not 

affect kAE1/AP-1B interaction in MDCK cells. Of note, this phosphorylation did not 

affect kAE1/AP-1A interaction either (Fig 4.3). Interestingly, our results demonstrate that 

phosphorylation of tyrosine 904 does not disrupt kAE1/GAPDH interaction as previously 

shown (53). They also infer that AP-1B and GAPDH are competing for the same 

interaction site on kAE1 (Fig 4.4), as expressing µ1B or µ1A decreased the binding of 

kAE1 to endogenous GAPDH (53). This finding together with our peptide spot assay 

results support that AP-1B binds to kAE1 via the C-terminal Y904DEV motif. 

Interestingly, a recent report showed that µ1B does not directly interact with kAE1 protein 

(245). This seeming contradiction may be explained by the interaction of kAE1 with AP-

1B via other subunits than µ1B, such as β1 and γ, σ1 as 

explained by the interaction of subunits within the AP-1B complex (211,290). Indeed, we 

do not have evidence supporting that the interaction between kAE1 and AP-1B occurs 

directly via the µ1 subunit.  

              To understand the physiological role of a kAE1 interaction with AP-1B, we first 

expressed kAE1-WT or R901X mutant in LLC-PK1 cells that are devoid of endogenous 
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AP-1B (283), and characterized kAE1 WT and mutant protein’s behavior. Both 

biotinylation and immunofluorescence results showed that kAE1-WT is more abundant at 

the plasma membrane of LLC-PK1 cells than mutants (Fig 4.5 A, C). Importantly, the two 

experimental approaches provided very different ratio of cell surface protein amounts. 

This discrepancy is likely due to an incomplete release of biotinylated proteins after 

elution, or in a difference in accessibility of the biotinylation reagent or antibody to the 

epitope or primary amine at the surface of the cells. Nevertheless, both approaches 

showed the same trend with a significant decrease in cell surface kAE1 after µ1B 

expression. In agreement with our results, kAE1-WT was predominantly located at the 

plasma membrane in non-polarized MDCK cells and at the basolateral membrane of 

polarized MDCK cells (159,160,247). In contrast, kAE1-R901X was found 

predominantly intracellularly in non-polarized MDCK cells but was apically located in 

polarized MDCK cells. Our results could reflect three scenarios: (i) kAE1-R901X mutant 

is less efficiently processed which would likely result in premature degradation, (ii) kAE1 

R901X mutant is endocytosed faster than kAE1-WT, or (iii) kAE1-R901X mutant is 

recycled less efficiently than kAE1-WT to the plasma membrane. As shown in Figure 4.5 

E, the half-lives of kAE1-WT and R901X were not different in LLC-PK1 cells, indicating 

that the reduced amount of kAE1-R901X at the cell surface was not due to accelerated 

turnover of the mutant.  

              To test the possibility that kAE1 mutants are endocytosed faster than kAE1-WT, 

we first briefly characterized the human kAE1-WT endocytosis pathway. We observed 

that kAE1 is constitutively endocytosed in a dynamin-dependent pathway and that 

endocytosed kAE1 colocalizes with the TfnR, a protein known to accumulate in recycling 
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endosomes after clathrin-mediated endocytosis (Fig 4.6) (291). In agreement with our 

findings, in erythroleukemia K562 cells and in HEK 293 cells, murine erythroid AE1 is 

also endocytosed in a clathrin dependent pathway and colocalizes with the TfnR after 20 

minutes (292).  

              We found that the rate of kAE1 R901X endocytosis is higher than that of kAE1-

WT (Fig 4.7).  The kAE1-R901X mutant is truncated at the last 11 amino acids, a part 

which contains three important motifs, the Y904DEV canonical interaction motif with 

adaptor proteins, the D902EYDE motif that interacts with GAPDH, and the putative PDZ1-

binding domain A908MPV, which may be responsible for kAE1 apical mistargeting in 

polarized cells (159,164,293). The instability and the rapid endocytosis of kAE1-R901X 

may be due to the absence of one or several of the above described motifs. Consistent 

with this, we observed that the absence of the last 11 amino acids of kAE1 influences the 

endocytosis rate of kAE1 protein. Finally, we found that kAE1-R901X mutant recycled 

less efficiently to the plasma membrane than kAE1-WT (Fig 4.8). Together, our data 

support that the C-terminal kAE1-R901X mutant is endocytosed at a higher rate and 

recycled less efficiently to the plasma membrane. This pattern may reflect the activity of 

the peripheral quality-control machinery, which was previously shown to prematurely 

degrade other kAE1 mutants that had escaped the endoplasmic reticulum of MDCK cells 

(294).  

              We next examined the effect of µ1B expression on kAE1-WT and the C-terminal 

kAE1-R901X mutant in LLC-PK1 cells. Using immunofluorescence and cell surface 

biotinylation, we found that upon expression of µ1B, relative kAE1 cell surface 

expression decreased significantly in LLC-PK1 cells expressing both kAE1-WT and 
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kAE1-R901X mutant (Fig 4.5 B & D). Previous work (215) has shown that AP-1A 

interacts with the kAE1 Y904DEV motif (52) and that this interaction is important for 

newly synthesized kAE1 trafficking to the cell surface (215). In light of these previous 

findings and knowing that LLC-PK1 cells express endogenous AP-1A (283), it is possible 

that kAE1-R901X mutant is less efficiently processed to the plasma membrane due to an 

inefficient interaction with µ1A. Alternatively, the R901X truncation is also predicted to 

disrupt the GAPDH binding site composed of the D902EYDE motif in kAE1 (53). This 

motif overlaps with the µ1A and B binding sites. Knock-down of GAPDH resulted in 

intracellular retention of kAE1 protein (53), consistent with GAPDH also regulating 

kAE1 intracellular trafficking.  

              Expression of µ1B in LLC-PK1 cells significantly decreased the amount of 

endocytosed kAE1-WT and kAE1-R901X (Fig 4.7). This finding was unexpected, as AP-

1B is not known to be involved in endocytosis (276), but it supports a destabilization of 

the endocytosis machinery upon expression of µ1B in LLC-PK1 cells. Interestingly, the 

amount of recycled kAE1 WT also decreased by a third upon expression of µ1B in LLC-

PK1 cells (Fig 4.8). However, µ1B expression had no effect on kAE1-R901X recycling 

rate, supporting that the truncation of the last 11 amino acids is enough to abolish the 

effect of µ1B on kAE1 recycling. This finding also supports that the effects of µ1B on 

kAE1 trafficking are not originating from overwhelming of the cellular processing 

machinery. The fact that kAE1-WT efficiently recycled back to the plasma membrane in 

LLC-PK1 cells that do not express endogenous µ1B support that these cells have an 

alternative recycling mechanism. 
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              We chose to perform these experiments in LLC-PK1 cells because they do not 

express endogenous µ1B and are thus devoid of AP-1B complex (165). Therefore, 

heterologous expression of µ1B was expected to restore functional AP-1B complexes as 

previously shown (165), and based on the role of AP-1B in protein recycling, to increase 

the recycling rate of kAE1-WT protein. Unexpectedly, µ1B expression in LLC-PK1 cells 

significantly decreased the recycling rate of kAE1-WT but did not affect that of the 

mutant (Fig 4.8). This unexpected decreased recycling rate of kAE1-WT upon expression 

of µ1B may originate from the use of non-polarized LLC-PK1 cells that could behave 

differently compared with polarized cells (206,216).  

              Despite our repeated attempts to test the effect of µ1B expression on kAE1-WT 

and mutant’s endocytosis and recycling in polarized LLC-PK, we were unable to keep the 

levels of kAE1 and µ1B expression high enough to be detected by immunofluorescence. 

Overall, our results show that expression of µ1B affects kAE1 WT endocytosis and 

recycling, but not that of the truncated kAE1-R901X dRTA mutant. This finding provides 

a possible mechanism for dRTA pathophysiology, where in polarized collecting duct 

epithelial cells, kAE1-R901X may be unable to properly interact with µ1B and therefore, 

is mistargeted to the apical membrane. 
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5.1.   Introduction 

This PhD thesis discussed the role the AP-1A and B on kAE1 protein trafficking and 

recycling in epithelial cells. This general discussion will focus on limitations and 

alternative approaches that could have been used to complement our studies.  

5.2.  Validity of the cell models 

Our study of the effect of µ1A expression on kAE1 trafficking used MDCK cells. The 

MDCK epithelial cell line was derived from canine kidney cortex in 1958 (295) MDCK 

cells are  considered a prototypical model of epithelial cells because of their ability to 

polarize and form tight junctions that separate the apical from the basolateral 

compartment (229). We chose MDCK cells for the following reasons: 1) when kAE1 is 

expressed in MDCK cells, it is located at the basolateral membrane mimicking its 

physiological location in alpha-IC (247), 2) when heterologously expressed in MDCK 

cells, kAE1 exchanges chloride for bicarbonate, as described in red blood cells (296,297) 

demonstrating that MDCK cells are a good model of renal epithelial cells, 3) MDCK 

cells do not express endogenous kAE1,  4) MDCK cells have been widely used to study 

the behavior of many membrane proteins that are implicated in human diseases. For 

example, MDCK cells have been used to investigate the polarized expression and 

trafficking of WT and ΔF508 CFTR mutant and for validation of novel therapeutic 

compounds for treatment of cystic fibrosis (298). In the case of kAE1, several studies 

have used MDCK cells to investigate kAE1-WT trafficking and phosphorylation (57), the 

behavior of different disease-causing point and truncation kAE1 mutants (159,160) or the 

role of chemical chaperones to rescue mis-trafficking and function of these mutants 

(296,297). The fact that in MDCK cells, kAE1 is properly localized at the basolateral 



 162 

membrane and is functional support that these cells have the machinery needed for kAE1 

to behave as in its physiological environment, alpha-IC. 

              The effect of µ1B expression on kAE1 endocytosis and recycling was studied in 

LLC-PK1 cells. LLC-PK1 cells are porcine kidney epithelial cells, derived from proximal 

tubules (299) and they are naturally devoid of µ1B (276). LLC-PK1 cells get polarized 

and form tight junctions as in alpha-IC, but they have a low trans-epithelial electrical 

resistance, typical of proximal tubular cells. In agreement with previously published data 

(160), when expressed in polarized LLC-PK1 cells, kAE1 is located at the basolateral 

membrane. This cell line has also been widely used to study the role of µ1B in trafficking 

of a number of membrane proteins such as LDLR and VSVG proteins (216). 

              However, neither MDCK nor LLC-PK1 cells originate from the collecting duct 

and truly mimic intercalated cells. The collecting duct contains at least four types of cells, 

including alpha, beta, non-alpha non-beta intercalated cells and principal cells (134). This 

nephron segment is the only one that contains such a heterogenous population of cells. 

Importantly, depending on the acid-base status, intercalated cells can convert from beta to 

alpha-IC (129). This unique plasticity is very likely lost in cultured renal epithelial cells, 

which further limits the validity of the cell lines. Additionally, MDCK cells have been 

cultured for more than 40 years and are very likely to have lost many epithelial 

characteristics of renal epithelial cells. The best cell model to investigate kAE1 

trafficking is alpha-IC, where kAE1, µ1A and µ1B are endogenously expressed. One cell 

line that would more closely resemble the physiological environment of kAE1 is the 

mouse inner medullary collecting duct (mIMCD) cell line (300). However, this cell line 

does not express endogenous kAE1 protein and kAE1 has to be exogenously expressed in 
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order to study its trafficking. This suggests that although originating from the collecting 

duct, this cell line has lost some characteristics of intercalated cells. Moreover, mIMCD 

cell are not as well characterized as MDCK and LLC-PK1 cells, which limits the number 

of biological tools (antibodies, etc) we can use. Consequently, MDCK and LLC-PK1 

cells were the cells of choice to perform our studies. 

5.3.  Studies in non-polarized epithelial cells 

As µ1B is involved in polarized recycling of membrane proteins (216), our experiments 

investigating the role of µ1B in kAE1 trafficking and recycling should have been 

performed in polarized cells. However, for several reasons, we were unable to perform 

these experiments in polarized cells. In the third chapter, when we knocked down the 

endogenous µ1A/B using canine µ1A/B siRNA, we noticed that 72 hours after 

knockdown, around 20 % of the cells detached, which made it difficult to do further 

studies on polarized cells.  

             In the fourth chapter, LLC-PK1 cells were used to study the role of µ1B in kAE1 

endocytosis and recycling. The cells were transiently transfected with kAE1 and µ1B 

cDNA and grown for 3-5 days to reach polarization. Unfortunately, we were unable to 

find conditions where cells reached full polarization and maintained enough kAE1 and 

µ1B protein expression to study kAE1 protein endocytosis and recycling. Alternatively, 

we tried to stably co-express kAE1 and µ1B in LLC-PK1 cells. The cells were 

transfected with infectious viral particles first to express kAE1 protein, then transiently 

transfected to express µ1B protein. Once again however, our attempts to co-express 

kAE1 and µ1B proteins were unsuccessful as we were unable to find cell co-expressing 

kAE1 and µ1B in the same cells. Importantly, kAE1 expression has already been reported 
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to affect MDCK cell polarization by affecting the integrity of their tight junctions (159). 

This finding could explain our difficulties in expressing sufficient amounts of kAE1 and 

µ1B in polarized cells. 

5.4.  Role of the canonical YXXΦ  motif for kAE1- R901X mutant’s 

trafficking 

In the fourth chapter of this thesis, we compared the trafficking and recycling of kAE1-

WT with that of the truncated kAE1-R901X mutant. As mentioned earlier in this thesis, 

this mutant lacks the last 11 amino acids of kAE1 protein, which include two important 

motifs, the Y904DEV and the putative type II PDZ domain A908MPV (165,166).  In our 

discussion, we focused on the loss of AP-1 binding sites to explain the differences in 

steady-state cell surface expression, endocytosis, and recycling between kAE1-WT and 

the kAE1-R901X. However, these differences could either originate from the absence of 

Y904DEV motif, the PDZ type II binding domain or both. The kAE1 PDZ type II binding 

domain could play a role in kAE1 membrane targeting and retention. The truncation 

mutant kAE1-V911stop in the PDZ type II binding domain caused an increase in the 

intracellular level of kAE1, but the mutant predominantly localized at the basolateral 

membrane (159). Further, the kAE1 M909T dRTA mutant affects the PDZ type II 

interaction domain (A908MPV) (164). This mutation converts the type II PDZ domain (X-

Φ- X-Φ-) into a type I PDZ domain (X- S/T-X-V/L) (164). Trafficking of this mutant 

mimics that of the kAE1-R901X mutant, as it is found at both the apical and basolateral 

membranes when expressed in polarized MDCK cells (164).  

              To discriminate between the role of the PDZ domain and adaptor protein domain 

on kAE1 trafficking, endocytosis and recycling, one should use kAE1 specifically deleted 
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or mutated on either the Y904DEV motif or the PDZ domain. Previously studied 

mutations such as Y904A, Y904F, and Y904A/V907A would be the best controls to 

compare the importance of the Y904DEV for kAE1 trafficking and recycling (159). 

5.5.  Functional consequence of kAE1 trafficking 

Although this thesis focused on a chloride/bicarbonate transporter, we do not provide 

evidence of kAE1 function in our work. In fact, the function of most mutants studied here 

has already been investigated. However, kAE1 protein can perform its physiological 

function only if it reaches the cell surface, and kAE1 mutations that affect its trafficking 

affect its function as well. For example, kAE1-R901X and M909T dRTA mutants are 

retained intracellularly or mistargeted to the apical membrane (159,160,164). When 

expressed in Xenopus oocytes, these mutants are functional and retained the same Cl- 

transport activity as kAE1-WT (162,164). However, a question that remains un-answered 

is whether intracellular retention of kAE1 mutants affects the intracellular acid-base 

status or vesicular pH. Indeed, a number of sodium-proton exchangers are 

physiologically expressed in the membrane of endosomes or lysosomes where they 

participate in vesicular acidification (301). It is thus possible that by transporting 

bicarbonate and chloride, intracellularly retained kAE1 mutants alter physiological 

lysosomal degradation or endoplasmic reticulum pH, although this has never been 

investigated. Further functional studies will thus be needed to compare the effect of 

kAE1-WT or mutants expression on vesicular pH. 

5.6.  Transient versus stable transfections 

In this work, MDCK were transiently transfected, using electroporation, and LLC-PK1 

cells, using XtremeGENE transfection reagent with cDNA coding for different kAE1-
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WT or mutant proteins. Although transient transfection is a very efficient way to 

heterologously express a protein in cells, it often results in its over-expression, which can 

be overwhelming for the cell machinery. This over-expression can result in abnormal 

intracellular accumulation of the protein and misleading colocalization results within 

intracellular compartments. For best results, our experiments should have been performed 

in MDCK and LLC-PK1 cell lines stably expressing kAE1-WT and mutants with either 

µ1A or µ1B proteins. 

5.7.  kAE1-WT and kAE1-R901X protein expression 

In the fourth chapter of this thesis, the trafficking and recycling behaviors of kAE1-WT 

and kAE1-R901X mutant were compared. kAE1-WT or mutant protein were transiently 

expressed in LLC-PK1 cells using the same amount of cDNA encoding kAE1-WT and 

kAE1-R901X mutant. However, kAE1-WT expression level was repeatedly noticed to be 

higher than kAE1-R901X mutant despite using the same amount of cDNA. This difference 

could reflect a less efficient protein synthesis for kAE1-R901X, compared to the WT. 

Importantly; this difference could have affected our conclusions on recycling and 

endocytosis of kAE1 proteins, where we assumed a similar protein expression after 

transfection. To circumvent this problem, the amount of transfected cDNA encoding 

kAE1-WT and kAE1-R901X proteins should have been adjusted to perform our 

experiments with the same initial amount of protein. 
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6. Chapter six: Summary and future directions 
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6.1. Summary  

The purpose of this study was to investigate the physiological role of kAE1 interaction 

with AP-1A and B. We assumed that (i) this interaction is crucial for kAE1 residency at 

the basolateral membrane in polarized epithelial cell, and (ii) the lack of proper interaction 

between AP-1A and/or B and kAE1 affects kAE1 trafficking and surface expression, and 

may cause dRTA disease. My thesis work confirmed most of these hypotheses and 

improved our current knowledge of kAE1 interaction with AP-1A protein complex. The 

first part of this thesis confirmed the interaction between kAE1 and AP-1A in 

immortalized cells (MDCK cells) and tissue homogenates (mouse kidney cells) by 

immunoprecipitation and immunofluorescence colocalization. The knock down of the 

endogenous µ1A/B in MDCK cells by siRNA reduced the amount of kAE1 at the cell 

surface and resulted in kAE1 degradation. Interestingly, the stability and localization of 

kAE1 at the cell surface were restored by expressing human siRNA-resistant µ1A or µ1B 

in MDCK cells knock down for endogenous µ1A/B. We showed that newly synthesized 

kAE1 proteins traffic directly to the cell surface without traveling through recycling 

endosomes and that both µ1A and µ1B are important for normal kAE1 trafficking. 

Reciprocal immunoprecipitation confirmed an interaction between kAE1 and AP-1B.  

              The second main part of this thesis focused on studying the role of kAE1 

interaction with AP-1B in kAE1 endocytosis and recycling. This interaction was confirmed 

by immunoprecipitation, immunofluorescence, and proximity ligation assay in kidney 

epithelial cells. We identified multiple interaction sites of AP-1B on kAE1 protein by 

peptide spot assay, which explained the persistent interaction between AP-1B and kAE1-

R901X mutant. kAE1 endocytosis pathway was investigated for the first time in this thesis, 
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and appeared to be dynamin- and clathrin-dependent. The kAE1-R901X mutant was 

endocytosed faster and recycled slower than kAE1-WT. Surprisingly, µ1B expression in 

LLC-PK1 cells that lack endogenous µ1B reduced the amount of cell surface kAE1-WT at 

the steady state. This decrease correlated with an increased rate of kAE1 endocytosis and 

decreased rate of recycled kAE1-WT. Unlike that of kAE1-WT, kAE1-R901X recycling 

was independent from µ1B expression. Table 6.1 compares endocytosis and recycling 

pattern of kAE1-WT and kAE1-R901X mutant in the presence and absence of µ1B. These 

data lead to the proposal that the apically mistargeted kAE1-R901X dRTA mutant fails to 

recycle back to the basolateral membrane due to its inability to properly interact with AP-

1B. 

6.2.  Future directions  

In this thesis, the physiological relevance of kAE1 and AP-1A/B interaction was 

investigated in non-polarized epithelial cells.  However, to exactly mimic the 

physiological situation in alpha intercalated cells, one should conduct these interaction 

studies in polarized kidney epithelial cells. Despite their common use as models for 

collecting duct cells, MDCK and LLC-PK1 cells are not originally collecting duct cells, 

but instead were either derived from the proximal tubule (302,303) or a mixture of kidney 

epithelial cells (295). A collecting duct cell line that endogenously expresses kAE1 and 

AP- 1A or B would be the most suitable model to mimic the situation in vivo.  

 

 

 

 



 170 

Table 6.1 Endocytosis and recycling of kAE1-WT and kAE1-R901X mutant in the 

presence and absence of µ1B. 
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              In this project we identified multiple interaction sites of AP-1B on kAE1 protein 

by peptide spot assay. This assay did not determine which adaptin(s) of the AP-1B 

complex is involved in this interaction. Further, it is possible that more than one binding 

site for the same adaptin exists within kAE1 protein, as kAE1 protein form dimers (48). 

In my work, I have used a cell lysate expressing exogenous µ1B, which is enough to 

form a functional AP-1B complex using the endogenous γ1, β1, and σ1 adaptins 

(189,201) To determine which subunit(s) of the tetrameric AP-1 complex directly 

interacts with kAE1, pure AP-1B adaptin subunits should be incubated with kAE1 

peptides spotted on cellulose membranes.  

              More investigation needs to be done on the binding motifs between kAE1 and 

AP-1B that we have identified in addition to the expected canonical tyrosine (Y904DEV) 

motif. We identified a binding to a dileucine (D806RILLL) motif, to the acidic cluster 

E897EEGRDEYD within kAE1 C-terminus and to the S510FLVRF motif in the second 

intracellular loop of kAE1 (Table 4.1). It will be interesting to mutate these motifs and 

test the effect of these mutations on kAE1 trafficking and function and interaction with 

AP-1B. 

              Both the dileucine  (D806RILLL) in the 6th kAE1 intracellular loop and the 

tyrosine (Y904DEV) motifs in kAE1 C-terminus are important for kAE1 trafficking and 

localization at the plasma membrane. Our preliminary unpublished data indicate that 

quadruple mutations in both motifs DRIL[L810L/AA] and [Y904/A]DE[V907/A] affect 

kAE1 normal processing to complex oligosaccharide as shown by immunoblotting 

(Figure 5.1 A, lane 4). The double mutations affect also kAE1 surface localization as 

immunofluorescence showed that the kAE1 quadruple mutant is retained intracellularly, 
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unlike kAE1 with mutations in either the dileucine or tyrosine motif (Figure 5.1 B). 

These data suggest that the tyrosine and dileucine motifs within kAE1 protein are 

synergically required for the normal processing and localization of kAE1 at the cell 

surface.  

              More experiments need to be performed in order to explore the importance of 

these two motifs. Cell surface biotinylation, binding to SITS/DIDS inhibitors, functional 

assay, and the mutants expression in polarized cells experiments will answer more 

questions regarding the role of tyrosine and dileucine motifs in kAE1 protein trafficking, 

folding, and function in chloride/ bicarbonate exchange activity. 
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Figure 5.1 Mutations in kAE1 tyrosine and dileucine motifs affect kAE1 processing 

and surface localization. MDCK cells were transiently transfected with kAE1-WT, and 

kAE1 mutants DRIL[L810L/AA], [Y904/A]DE[V907/A] and the quadruple mutant 

DRIL[L810L/AA], [Y904/A]DE[V907/A]. A. The cells were lysed and lysate proteins 

separated on SDS-PAGE, then transferred to nitrocellulose and incubated with anti-HA and 

anti-GAPDH antibodies to detect both kAE1 and GAPDH (loading control) respectively. 

Open circle corresponds to kAE1 carrying complex oligosaccharides, and filled circle 

indicates kAE1 carrying high mannose oligosaccharides. B. Cells were fixed and incubated 

with anti-HA antibody followed by secondary antibody coupled to Alexa 488 (green). The 

cells were then permeabilized and incubated again with anti HA primary antibody followed 

by Cy3 (red) coupled secondary antibody. Nuclei were stained with DAPI (blue). Bar = 10 

µm.  
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