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ABSTRACT 

Congenital hereditary endothelial corneal dystrophy type 2 (CHED2), Harboyan 

Syndrome (HS) and Fuchs endothelial corneal dystrophy (FECD) are caused by 

SLC4A11 mutations. The majority of SLC4A11 point mutations cause SLC4A11 

misfolding and retention in the endoplasmic reticulum (ER). This impairs the ability of 

SLC4A11 to facilitate water flux across membranes. To develop treatments for the 

patients with corneal dystrophies caused by SLC4A11 mutations, we tested the feasibility 

to rescue misfolded SLC4A11 protein to the plasma membrane as a therapeutic approach. 

Functional activity assays were carried out in transfected HEK293 cells expressing 

SLC4A11 variants in combinations representing the state found in CHED2 carriers,

CHED2 affected individuals, FECD individuals and unaffected individuals. These cells

manifest respectively about 60%, 5%, and 25% of water flux activity, relative to the 

unaffected (WT alone). ER-retained CHED2 mutant SLC4A11 protein could be rescued 

to the plasma membrane, where it conferred 25-30% of WT water flux level. Further, 

cells expressing some ER-retained CHED2 mutants cultured at 30 °C supported increased 

water flux compared to 37 °C cultures. Caspase activation and cell vitality assays 

revealed that expression of SLC4A11 mutants in HEK293 cells does not induce cell 

death. Hence it can be concluded that therapeutics able to increase cell surface 

localization of ER-retained SLC4A11 mutants hold promise to treat CHED2 and FECD 

patients. About one third of all reported SLC4A11 mutants are found in the cytoplasmic 

domain (residues 1-370), indicating an important role in function, yet the role of the 

cytoplasmic domain is unknown. Interestingly, a catalytically inactive CHED2 mutant

R125H resides in the cytoplasmic domain, indicating a role of this domain in SLC4A11 
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membrane transport activity.  While testing the presence of a possible transport pore that 

transverses through the membrane domain and extends into cytoplasmic domain of 

SLC4A11, we found that the cytoplasmic domain is essential for the stability of the 

membrane domain. Fusion of soluble proteins, including green fluorescent protein or 

mNectarine failed to rescue the SLC4A11 membrane domain to the cell surface. 

Homology modeling studies show that the SLC4A11 cytoplasmic domain has a similar 

structural fold as AE1 (SLC4A1) cytoplasmic domain. Fusion of AE1 cytoplasmic 

domain to SLC4A11 membrane domain assisted the protein in maturing to the cell 

surface, yet with no functional activity, indicating a role of the cytoplasmic domain in the 

transport function of SLC4A11. Further, we found that the SLC4A11 cytoplasmic 

domain and membrane domain specifically associate when co-expressed separately in 

HEK293 cells. The monomers of SLC4A11 cytoplasmic domain dimerize independently 

of the membrane domain. Overall, we conclude that the cytoplasmic domain is essential 

for the function, stabilization and dimerization of SLC4A11 protein.  
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“I do not know what I may appear to the world, but to myself I seem to have been 

only like a boy playing on the seashore, and diverting myself in now and then 

finding a smoother pebble or a prettier shell than ordinary, whilst the great ocean 

of truth lay all undiscovered before me”. 

- Sir Isaac Newton 
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1.1 Thesis Overview 

 The objective of this thesis is to explore the role of a membrane protein, 

SLC4A11, in corneal eye diseases. Mutations in SLC4A11 gene cause three distinct 

posterior corneal dystrophies. As a result of point mutations, SLC4A11 protein is either 

retained in the endoplasmic reticulum (ER) or catalytically inactive. We tested whether 

the ER-retained mutants can be rescued to the plasma membrane surface and if rescued, 

whether they are functional? Several approaches were also used to examine the transport 

mechanism and structure of SLC4A11 cytoplasmic domain.  

 SLC4A11 is widely expressed in human tissues, including cornea, kidney, 

salivary gland, testis, thyroid and trachea [1-3]. The focus of the thesis is on human 

cornea and the introduction begins with a brief description of the human eye, with 

emphasis on cornea in detail. To understand the physiological role of SLC4A11 in 

corneal dystrophies, a large part of the introduction discusses physiological regulation of 

corneal transparency and the symptoms and effects of some of the posterior corneal 

dystrophies on human vision. The introductory chapter then continues with details about 

SLC4A11 mutations and the SLC4 family of bicarbonate transporters. The expression, 

topological structure and oligomerization of SLC4A11 are then discussed to highlight the 

importance of SLC4A11 and its role in causing both dominant and recessive corneal 

diseases. To underscore the physiological significance of SLC4A11 in corneal 

transparency, the function of SLC4A11 is closely examined. The introductory chapter 

concludes with a discussion of knock-out mouse models of SLC4A11 that recapitulate 

the key aspects of human corneal dystrophies.  
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1.2 Human Cornea 

 The human eye is one of the most complex organs of the body; vision, a function, 

which the eye supports, is also a complicated process. The eye has three main layers; the 

outer layer consists of the transparent cornea and opaque sclera. The middle layer, called 

the uvea, is made up of the choroid, the ciliary body and the iris. The inner layer consists 

of retina, the sensory part of the eye (Inset, Fig. 1.1) [4].  Of all the ocular structures, 

cornea, being placed in front of the eye, has the greatest number of encounters with the 

environment and hence acts as the primary infectious and structural barrier of the eye. 

Cornea is the principal refractive element in the eye, contributing ∼45 diopters of the 

total ∼60 diopters of unaccommodated ocular power [5].  

 

1.3 Anatomy of Human Cornea 

  “About the size of a postage stamp and less than half the thickness of a United 

States dime, the human cornea is one of the marvels of the human body. Transparent and 

refractive, it offers us a clear view of the world around us while protecting the delicate 

contents of the human visual system” [6].  

Human cornea is transparent, avascular and mostly aspheric in shape at the 

macroscopic scale, however, different ocular dimensions exists in the normal population 

[5]. Variations in corneal shape arise from the intrinsic biomechanical structure and 

extrinsic environment of cornea. Anatomically, cornea is approximately 520 µm thick at 

the center and it can reach 650 µm at the periphery [7]. When examined closely, human 

cornea is made up of five different layers: three cellular layers (epithelium, stroma and 
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endothelium) and two interface layers (Bowman’s membrane and Descemet’s membrane) 

(Fig. 1.1) [6].  

1.3.1 Epithelium 

The first barrier between the outside environment and inner cornea is the 

epithelial cell layer. It is composed of non-keratinized, stratified squamous epithelium 

that is 4 to 6 cell layers thick (40 µm to 50 µm)	  [8] and firmly attached to the underlying 

stroma. The corneal epithelium is covered with a tear film, which supplies immunological 

and growth factors that are critical for epithelial health, proliferation, and repair [6].  The 

air–tear film interface, together with the underlying cornea, provides two thirds of the 

total refractive power of the eye [6]. The underlying basal layer of the epithelium consists 

of stem cells [9], which are important for the regenerative abilities of corneal epithelium. 

This is a very important differentiating factor when compared to corneal endothelium, 

which does not have such regenerative capabilities. Interestingly, corneal epithelial cells 

have an average lifespan of 7 to 10 days and the epithelial surface continually sheds cells 

to the environment. This strategy obstructs the progress of pathogens into underlying 

stroma, which is relatively immuno-deficient [5].   

1.3.2 Bowman’s membrane 

Bowman’s membrane (or Bowman’s layer) is located immediately posterior to the 

corneal epithelium and it is not a true membrane. It is an acellular condensate of the most 

anterior portion of the stroma [10]. Bowman’s membrane is approximately 15 µm thick 

and structurally composed of collagen fibrils, smaller in diameter and randomly oriented. 

It helps the cornea to maintain its shape and serves as a barrier that protects the corneal 
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stroma from traumatic injury. When disrupted, it will not regenerate and can form a scar 

[11].   

1.3.3 Stroma 

 The corneal stroma is an important structural and optical component of human 

cornea and comprises roughly 80% to 85% of human corneal thickness [12].  Keratocytes 

are the only cell types found in stroma and are responsible for synthesizing collagen and 

extracellular matrix of stroma. Corneal stroma is mostly made of collagen fibrils bound 

by proteoglycans and extracellular matrix arranged in a precise architecture. The major 

collagen of the stroma is collagen type I, but collagen type V is also required to initiate 

assembly of this collagen into fibrils [13]. The collagen fibrils are packed in parallel 

layers called lamellae and the human stroma contains 200 to 250 distinct lamellae. 

Anatomically, collagen fibrils are highly mono-disperse in diameter (30.8 ± 0.8 nm) and 

arranged in a pseudohexagonal lattice with ~ 60 nm uniform inter-fibrillar spacing [5]. 

This precise organization of stroma facilitates corneal transparency and gives the ability 

for the human cornea to transmit approximately 95% of incident light [5, 12, 14].  

1.3.4 Descemet’s membrane 

 Immediately beneath the stroma is Descemet’s membrane, which has an 

amorphous structure [6]. It is secreted by the underlying endothelial cell layer and can 

accumulate up to 10 µm in thickness with age [8]. The anterior 3 µm, secreted prior to 

birth, has a distinctive banded appearance when viewed by electron microscopy, but 

Descemet’s membrane produced after birth is unbanded [6]. Descemet’s membrane 

separates the stroma and endothelium and forms an adhesive layer between them. It is 

important for the health of endothelial cells as they provide a surface for the endothelial 
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cells to attach [6]. Descemet’s membrane injury and detachment is a serious complication 

that has the potential to lead to significant endothelial cell loss in some cases [6]. 

1.3.5 Endothelium 

 The corneal endothelium is a monolayer of approximately 400,000 avascular cells 

arranged in a hexagonal mosaic shape and up to 4-6 µm in thickness [15]. A human 

endothelial cell measures 5 µm in height, between 18 and 20 µm in width and has a round 

nucleus of 7 µm in diameter [9]. Endothelium maintains the nutrition of the corneal cells 

and keeps the stroma properly dehydrated [16]. At birth, the typical corneal endothelial 

cell density is 7500 cells/mm2 and it declines with age at rate of 0.6% per year, as the 

endothelial cells are arrested in G1 phase of cell cycle and do not regenerate [5, 17]. Any 

damage or other environmental stress that causes endothelial cell loss is compensated by 

polymegathism (enlargement of cells) and pleomorphism (alteration in shape or size) of 

the surrounding cells [15]. However, there is a limit to this compensatory ability of the 

endothelium. Any substantial loss of cells can lead to corneal swelling, opacity and 

blindness [16]. Hence endothelial function is critical for maintaining relatively 

dehydrated state of stroma and overall transparency of cornea [16]. SLC4A11 protein, 

which is the focus of this thesis, is localized to the basolateral side of the corneal 

endothelium [1] and critical for regulating corneal transparency. Sections 1.4-1.8 will 

describe the SLC4A11 protein and its role in corneal diseases in detail.  

 

1.4 Corneal Transparency and Physiological Regulation 

 Cornea is the major refractive element of the human eye and maintaining the 

corneal transparency by strict physiological regulation is essential for acute vision.  
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Figure 1.1 Schematic representation of the human cornea (after Pepose and Ubels, 1992).  

Upper part illustrates an eye in cross section (courtesy of NIH).  The lower panel shows a 

region of the eye that is magnified. The upper image has the outside of the eye on the 

right, while the lower diagram shows the outside on top.  Cornea has five layers. The 

outer most layer is 1) epithelium followed by 2) Bowman’s layer. 3) Stroma is composed 

largely of proteoglycans and collagen. 4) Descemet’s membrane forms an adhesive layer 

between the endothelial layer and the stroma. 5) The corneal endothelial cell monolayer 
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is avascular, but highly metabolically active and forms a barrier between stroma and 

aqueous humor. The high concentration of dissolved proteoglycans accumulates fluid 

osmotically in the stroma. This is balanced by the fluid reabsorption function of 

endothelial cell layer.   
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Corneal endothelium has a major role in maintaining the corneal transparency. While the 

corneal endothelium is covered by Descemet’s membrane and stroma on the one side, it 

is exposed to aqueous humor on the posterior side (Fig. 1.1).  The aqueous is the thin, 

watery fluid that fills the space between the cornea and the iris (anterior chamber). This 

fluid nourishes the cornea and is composed of 98% water, amino acids, electrolytes, 

glucose and immunoglobulins [18].  All the nutrients for cornea come from the aqueous 

humor and through the corneal endothelium except for oxygen [16]. Hence, the 

movement of solutes/fluids from aqueous humor to stroma and back to aqueous humor is 

handled by endothelium.  

1.4.1 Endothelial pump-leak mechanism 

The corneal endothelium serves two functions to maintain the transparency of the 

cornea: 1) It controls the hydration state of the stroma. Stroma is composed of a high 

concentration of proteoglycans and collagen, resulting in a strong osmotic driving force 

to accumulate fluid. 2) Endothelium must be permeable to nutrients and other molecules 

from the aqueous humor because these are not supplied by blood vessels like in other 

tissues [16]. To perform both the functions, the endothelium has a ‘pump-leak’ 

mechanism, a combination of leaky barrier and fluid pump, which is a poorly understood 

complex process [19].  

Endothelial cells have a leaky tight junction between adjacent cells accounting for 

the weak endothelial barrier function that allows nutrients and other molecules (water 

follows osmotically) from aqueous humor to enter stroma. At the same time, the 

endothelium acts as an active pump that moves ions and water, from the stroma into the 

aqueous humor [18]. The fluid movement into and out of the stroma is balanced perfectly 
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by the endothelial layer to regulate stromal thickness and pressure, without excessive 

fluid accumulation. As a result, stromal transparency is maintained. To perform the 

energy-consuming task of moving water efficiently, the endothelial cells have large 

number of mitochondria and are metabolically very active. Hence the role of the corneal 

endothelium is to move ions from the stroma to the aqueous humor, resulting in osmotic 

fluid movement countering the movement into the stroma through a “pump-leak” 

mechanism.  

1.4.2 Possible models for endothelial pump function 

The anion secretion model (bicarbonate and chloride), electro-osmosis model, 

facilitated lactate transport model and fluid transport agonists model are proposed to 

understand the endothelial function, however, none of them can clearly explain the 

complex physiological process behind the endothelial pump-leak mechanism and each 

model has its own drawbacks [20]. The complex process of endothelial pump-leak 

mechanism is mediated by several membrane proteins like Na+/K+-ATPase, Cl-/HCO3
- 

Anion exchanger 2 (SLC4A2 or AE2), a 1Na+: 2HCO3
- cotransporter SLC4A4 (NBCe1), 

Na+/H+ exchanger (NHE1), Na+:K+:2Cl- cotransporter (NKCC1), cystic fibrosis 

transmembrane conductance regulator (CFTR), Calcium activated chloride channels 

(ClCA1), Monocarboxylate transporters (MCT1) and Aquaporins (AQPs) [20].  

According to anion secretion model, a net anion flux generated by active transport 

mechanism of bicarbonate and chloride ions could produce local osmotic gradients that 

move water across the endothelial layer. Membrane proteins Na+/K+-ATPase, AE2, 

NBCe1, NHE1 and NKCC1 are localized to basolateral side of endothelium and cause 

influx of bicarbonate and chloride ions into the endothelium (Fig. 1.2). Carbonic 
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anhydrases (CAII and CAIV), CFTR and ClCA1 are involved in the efflux of chloride 

and bicarbonate (as carbon dioxide) ions out of the endothelium. Bonanno J proposed that 

Na+/K+-ATPase, localized at the basolateral side of corneal endothelium, creates a low 

intracellular [Na+], high intracellular [K+], and a negative membrane potential of about -

55 mV in conjunction with K+ channels. NBCe1 can directly load HCO3
- into the cell 

whereas Na+/H+ exchanger can indirectly load HCO3
- into the cell because removal of 

protons favors formation of HCO3
- from CO2, catalyzed by carbonic anhydrase II. 

Conversely, the Cl-/HCO3
- exchanger can remove HCO3

- from the cell and add Cl-. 

Moreover, a basolateral NKCC1 helps load intracellular chloride to ~40 mM, above 

electrochemical equilibrium of ~12 mM. On the apical side, CFTR and CaCC favors an 

anion permeability of Cl- vs. HCO3
- by ~4:1. There is no evidence for apical Cl-/HCO3

- 

exchange. Taken together, the model predicts that HCO3
- is taken up on the basolateral 

side and efflux of HCO3
- across the apical side is through anion channels driven by the 

negative membrane potential. Because the influx mechanisms for HCO3
- exceed direct 

efflux mechanisms and the differential must be converted to CO2 and the CO2 can diffuse 

in any direction and some will diffuse across the apical membrane where carbonic 

anhydrase IV could catalyze the conversion back to HCO3
-. These contribute to a local 

buildup of osmotic pressure at the apical membrane [20].  

However, according to this model, influx of bicarbonate and chloride ions far 

exceeds the efflux and there is no evidence of any other apical bicarbonate transporters in 

corneal endothelium except CFTR, which is a HCO3
- conductive channel [20]. There is 

no direct evidence for the generation of net anion flux that could produce local osmotic 

gradient and movement of water. In addition, none of these proteins are implicated in 
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corneal endothelial dystrophies and knock-down studies of NBCe1 further revealed that 

the anion secretion model is not an integral part of the “pump” [20]. Further, AQP1, a 

water channel protein is localized at apical side of the corneal endothelium and AQP1 

knockout mouse models show corneal thickness, but no corneal edema implicating that 

the AQP1 is present only as a passive water pathway [21, 22].  

According to electro-osmosis model, the generation of trans-epithelial potential 

through the apical anion channels could draw counter ions (Na+) through a paracellular 

pathway [20]. This produces electro-osmotic fluid coupling leading to water movement 

across the endothelial layer. The drawback of this model is that the reduction in 

endothelial density due to aging would reduce the paracellular area.  This would lead to 

reduced water movement across the endothelium, which should cause corneal edema.  

But when individuals age, they do not automatically develop corneal edema. Further 

experiments and alternative mechanisms are needed to explain this model [20].  

The facilitated lactate transport model proposes that due to high amount of lactate 

produced in stroma, there is a large gradient for lactate flux (though monocarboxylate 

transporters MCT1 and MCT4) from cornea to aqueous humor [20]. But there is no direct 

evidence supporting the facilitated lactate transport model exists in the literature. The 

fluid transport agonists model (by increased cyclic adenosine monophosphate) does not 

explain the endothelial function convincingly [20]. Hence all the four models need 

significant experimental testing to explain the endothelial pump-leak mechanism.  

Interestingly, a relatively unknown integral membrane protein, SLC4A11 

(belonging to SLC4 transporter family), was recently identified as causing some corneal 

dystrophies when mutated [23-25] and could potentially be involved in the endothelial 
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pump-leak function. Before looking into the details about SLC4A11, a brief description 

of corneal dystrophies is discussed to appreciate the importance of SLC4A11.  

 

1.5 Corneal dystrophies 

	   Corneal dystrophies are a heterogeneous group of genetically determined corneal 

diseases. Depending on the layer of the cornea involved, they can be divided into three 

groups clinically (Table 1.1) [26]. Abnormalities associated with corneal epithelium, 

Bowman’s membrane and anterior stroma are grouped under superficial corneal 

dystrophies whereas stromal corneal dystrophies are associated with stroma. Diseases 

associated with Descemet’s membrane and corneal endothelium are classified as 

posterior corneal dystrophies [27].   

1.5.1 Posterior corneal dystrophies 

Posterior corneal dystrophies are characterized by a defect in the active fluid transport by 

the corneal endothelium, causing corneal edema. This results in loss of corneal 

transparency and reduced visual acuity [26]. Posterior corneal dystrophies include Fuchs 

corneal dystrophy (FECD), posterior polymorphous corneal dystrophy (PPCD), 

congenital hereditary endothelial corneal dystrophy (CHED) and X-linked endothelial 

corneal dystrophy (XECD). This thesis focuses particularly on CHED (MIM # 217700) 

and FECD (MIM #136800) in addition to Harboyan syndrome (HS; MIM #217400), 

which is a combination of CHED and perceptive deafness [25].  

1.5.2 Congenital corneal endothelial dystrophy  

 There are two types of congenital hereditary endothelial dystrophy: CHED1, 

which is autosomal dominant, and CHED2, which is autosomal recessive. Clinically,  
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Figure 1.2 The Corneal endothelial pump. NBCe1, NHE1, NKCC1, AE2 and the 

Na+/K+-ATPase localize at the basolateral surface of corneal cells while CFTR, ClCA1 

and CAIV localize at the apical side facing the aqueous humor. CAII is localized 

intracellularly. According to anion secretion model, the movement of bicarbonate and 

chloride ions is used to explain the fluid secretion. Monocarboxylate transporters (MCT1 

and MCT4) localize to the basolateral and apical surfaces of the corneal endothelium. 

The facilitated lactate transport model proposes that movement of lactic acid contributes 

to net fluid movement. AQP1 and SLC4A11, a potential water permeation pathway, are 

localized at the apical and basolateral sides respectively could be involved in fluid 

movement across corneal endothelium. TJ represents tight junction (modified from [20] 

and [1]).   
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Table 1.1 Dystrophies associated with different corneal layers (after Klintworth GK) 

[26].  

Superficial Corneal dystrophies 
 

Name Mode of Inheritance Gene 
Meesmann dystrophy Dominant KRT3 and KRT12 

Stocker-Holt 
dystrophy Dominant KRT12 

Granular corneal 
dystrophy type III Dominant TGFBI 

Thiel-Behnke 
dystrophy Dominant TGFBI 

Gelatinous drop-like 
corneal dystrophy Recessive TACSTD2 

Subepithelial 
mucinous corneal 

dystrophy 
Dominant Unknown 

Lisch epithelial 
dystrophy X-linked Unknown 

Epithelial recurrent 
erosion dystrophy Dominant Unknown 

 
 
Corneal stromal dystrophies 
 

Name Mode of Inheritance Gene 
Macular corneal 

dystrophy Recessive CHST6 

Granular corneal 
dystrophy type I &II Dominant TGFBI 

Lattice corneal 
dystrophy type I Dominant TGFBI 

Lattice corneal 
dystrophy type II Dominant GSN 

Fleck dystrophy Dominant PIP5K3 
Schnyder corneal 

dystrophy Dominant UBIADI 

Posterior amorphous 
corneal dystrophy Dominant Unknown 

Congenital stromal 
dystrophy Dominant DCN 
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Posterior dystrophies 
 

Name Mode of 
Inheritance Gene 

Fuchs dystrophy 
(early onset) Dominant COL8A 

Fuchs dystrophy 
(late onset) Dominant 

SLC4A11, TCF8 
and various other 

chromosome 
locations (unknown 

gene) 
Posterior 

polymorphous 
dystrophy type 1 

Dominant Unknown 

Posterior 
polymorphous 

dystrophy type 2 
Dominant COL8A2 

Posterior 
polymorphous 

dystrophy type 3 
Dominant TCF8 

Congenital 
endothelial 

dystrophy type 1 
Dominant Unknown 

Congenital 
endothelial 

dystrophy type 2 
Recessive SLC4A11 

X-linked endothelial 
corneal dystrophy X-linked Unknown 
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diffuse bilateral ground-glass appearance and markedly thickened corneas characterize 

both disorders (Fig. 1.3) and the corneal thickness is up to three times greater than normal 

[26, 28]. The major differences between CHED1 and CHED2 are onset of presentation, 

mode of inheritance, genetic mutations, and associated conditions. Vision tends to be 

better in CHED1 patients than in those with CHED2 [28]. Due to its similarity to PPCD, 

CHED1 is generally not considered a separate dystrophy [29]. For the interest of the 

thesis, only CHED2 will be further discussed.  

 The manifestation of CHED2 is more common and more severe than CHED1.  

CHED2 is an early onset disease that manifests at birth or shortly thereafter, usually 

within the first decade of life. The symptoms of CHED2 include edematous cornea and  

diffuse ground glass appearance of cornea that is evident at birth or in the neonatal 

period. Nystagmus (involuntary movement of eyes) is often present due to early and 

severe loss of vision [28].  The endothelium is usually attenuated and absent. As CHED2 

remains stationary throughout life and if bilateral corneal opacification is severe, then the 

patient’s experience poor quality of life. Corneal transplantation is the only hope for 

improved vision [26].  

Until now, only mutations of the gene SLC4A11 located on the chromosome 

20p12 are found to cause CHED2 [23, 30-40].   

1.5.3 Fuchs endothelial corneal dystrophy  

 FECD is the most common endothelial dystrophy with 4% prevalence in North 

American adult population [26]. There are two types of FECD: early onset FECD and 

late onset FECD. Mutations in Col8A2 have been implicated in early onset FECD [41]. 
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However, in the interest of the thesis focus and simplicity, from here on FECD refers to 

only the late-onset FECD.   

FECD manifests in the fourth to fifth decade of life and is characterized by 

markedly opaque cornea caused by extensive edema due to a loss of endothelial cells 

(Fig. 1.3) [26, 42]. Genetic factors combined with oxidative stress and post mitotic arrest 

of corneal endothelium lead to a combination of oxidative mitochondrial damage, 

endothelial morphological changes and apoptosis in FECD. Ultimately this results in 

endothelial cell loss and reduced cell density in the endothelium [28]. Clinically, the 

disease progresses in four stages: In stage 1, collagenous warts extending from the 

Descemet’s membrane called “guttae” reduce visual acuity, but the patient is 

asymptomatic. In stage 2, the deposition of guttae progresses accompanied by loss of 

corneal endothelial cells, followed by mild corneal stromal edema and painless reduction 

in vision. In stage 3, sustained loss of endothelial cells cause reduced endothelial pump 

function. The severity of corneal stromal edema increases and is associated with 

epithelial and sub-epithelial bullae, and painful loss of vision. In stage 4, severe edema is 

associated with opacification, vascularisation and scarring of the cornea [43]. At this 

stage, corneal transplantation is the only viable treatment option. In fact, 47% of all 

corneal transplants performed in United States are in patients suffering from FECD [42]. 

Mutations in the genes LOXHD1, TCF4 and TCF8 are implicated in FECD and it is also 

associated with chromosomal loci FCD1, 2, 3 & 4 (chromosomes 13, 18, 5 & 9 

respectively) [28, 44-46].  

Apart from these, mutations in SLC4A11 are also found in a few FECD patients 

[24, 47-50].  
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1.5.4 Harboyan syndrome  

 Harboyan syndrome combines the corneal symptoms found in CHED2 with 

perceptive deafness [25]. While vision loss is common at birth or shortly after birth as in 

CHED2, hearing loss in Harboyan syndrome is not reported at birth [25]. It is 

sensorineural, slowly progressive, with typical deficits in the 20–50 db range (mild to 

moderate) at ages 10–25 years, and mainly affects the higher frequencies. In families 

with Harboyan syndrome, hearing loss has been found as early as age four years [25]. 

Mutations in gene SLC4A11 have been implicated in Harboyan syndrome as well [50]. 

 
1.6 SLC4A11 mutations 

 Mutations in SLC4A11 gene cause three different diseases: CHED2, FECD and 

HS. The first novel report implicating SLC4A11 in CHED2 patients was published in 

2006 [23], while two years later, SLC4A11 mutations were also found in FECD patients 

[24]. The first report of SLC4A11 mutations in Harboyan syndrome was published in 

2007 [50]. After these three reports, several groups reported additional mutations in the 

SLC4A11 gene, causing CHED2, FECD and HS. These were found in patients from all 

over the world, and include missense, nonsense, frame-shift, insertion and deletion 

mutations [23-25, 30-40, 47-50]. To date, more than 60 point mutations have been 

identified (Table 1.2) that cause single amino acid substitutions in the SLC4A11 protein. 

SLC4A11 gene encodes for SLC4A11 protein, which belongs to solute carrier 4 (SLC4) 

family of bicarbonate transporters.  
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Figure 1.3 Clinical presentations of FECD and CHED2 patient’s eyes. A) In FECD 

patients, the cornea is opaque caused by extensive edema due to a loss of endothelial cells 

[26]. B) Confocal microscopy examination of a patient with FECD shows corneal guttae 

(arrowheads) that are scattered in between corneal endothelial cells, disrupting a normally 

continuous layer of hexagonally shaped cells [28]. C) In CHED2 patients, a markedly 

opaque cornea due to stromal edema is found during slit lamp examination (modified and 

reproduced from [26] under Creative Commons Attribution License). 
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1.7 SLC4 family of bicarbonate transporters 

The Human Genome Organization has termed the proteins that transport 

substances across plasma membranes as SoLute Carriers (SLC) [51].  The SLC4 family 

of bicarbonate transporters contains 10 members that include sodium independent 

chloride bicarbonate exchangers (AE1, AE2, and AE3), sodium bicarbonate co-

transporters (SLC4A9, NBCn1, NBCe2, and NBCe1), sodium dependent chloride 

bicarbonate exchangers (NDCBE and NCBE) and relatively unknown SLC4A11 [52]. 

They have wide range of tissue distribution (Table 1.3) in the human body. Phylogenetic 

analysis places SLC4A11 as distantly related to all other members (Fig. 1.4).  

The SLC4 family of bicarbonate transporters plays important roles in the 

maintenance of physiological pH, cell volume regulation and acid/base secretion [52, 53]. 

Cl-/HCO3
- exchangers (both electroneutral and electrogenic) move bicarbonate either into 

or out of the cell in exchange for chloride, whereas Na+/HCO3
- co-transporters move 

bicarbonate along with sodium into or out of the cell, thereby either alkalinizing or 

acidifying the cell, respectively. As CO2/HCO3
- acts as an important buffering system in 

the body, SLC4 protein family members are implicated in various diseases. A few 

examples include cardiac hypertrophy [79-81], hereditary spherocytosis of the 

erythrocyte [82-86], proximal and distal renal tubular acidosis [84, 87-94], epilepsy [95, 

96], cataract and glaucoma [97], mental retardation [91, 98] and autism [99]. Apart from 

these, SLC4A11 is implicated in corneal dystrophies as discussed above [52, 97].  

 While SLC4A11 has received little attention, decades of research has explored 

AE1 (SLC4A1) to understand the structure and transport mechanism of the protein [52]. 

Mutations in AE1 cause distal renal tubular acidosis [52]. Using the knowledge gained  
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Table 1.2 All reported SLC4A11 point mutations. The position of amino acids is based 

on the variant 2 of SLC4A11 (891 amino acids long, NP_114423.1). 

 FECD [24, 47-50] 

N72T M91V E167D W240S R282P A327V E399K T434I 
V507I Y526C T561M S565L V575M G583D G709E G742R 
T754M G834S       

 

CHED2 [23, 30-40] 

R125C R125H E143K A160T R209W S213L S213P S232N 
R233C K260E T262I A269V T271M C386R G394R T401K 
G417R G418D G464D L473R R488K S489L T584K C611R 
H724D R755Q R755W P773L R804H V824M T833M M856V 
R869C R869H L873P      

 

HS [25, 50] 

S213P R488K V824M L843P M856V    
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Table 1.3 Tissue distribution and Transport mechanisms of SLC4 family of bicarbonate 

transporters (modified from [52]). 

 

 

  

Protein Tissue distribution Function Reference 

AE1 
(SLC4A1) 

Red blood cells, kidney, heart 
 

Electroneutral Cl-/HCO3
- 

exchanger 
 

[54] 

AE2 
(SLC4A2) 

Widespread (mostly 
basolateral) 

Electroneutral Cl-/HCO3
- 

exchanger 
 

[55] 

AE3 
(SLC4A3) 

Brain, heart, retina, smooth 
muscle, kidney, GI tract, 

adrenal and pituitary gland 
 

Electroneutral Cl-/HCO3
- 

exchanger 
 

[56] 

NBCe1 
(SLC4A4) 

Kidney, heart, prostate, colon, 
pancreas, stomach, thyroid 

and brain 

Electrogenic Na+-coupled 
HCO3

-cotransporter 
[57-60] 

NBCe2 
(SLC4A5) 

Brain, epididymis, liver, 
spleen, testis, cardiac muscle, 

smooth muscle, kidney, 
spleen, and choroid plexus 

Electrogenic Na+-coupled 
HCO3

-cotransporter 
[61-66] 

NBCn1 
(SLC4A7) 

Heart, kidney, spleen, skeletal 
muscle, smooth muscle, liver, 
lungs, submandibular gland, 

pancreas, and stomach 

Electroneutral Na+-coupled 
HCO3

-cotransporter 
[67-69] 

NDCBE 
(SLC4A8) 

Cardiac myocytes, prefrontal 
cortex, testis, oocytes and 

kidney 

Electroneutral Na+-coupled 
Cl-/HCO3

-exchanger 
[70-72] 

AE4 
(SLC4A9) 

Kidney, testis and pancreas 
Electroneutral Na+/HCO3

- 
cotransporter 

[2, 73-75] 

NCBE 
(SLC4A10) 

Choroid plexus, neurons, 
kidney, uterus, adrenal cortex, 

and cardiac myocytes 

Electroneutral Na+-
dependent Cl-/HCO3

-

exchanger or HCO3
- 

dependent Cl-/ Cl- 
exchanger 

[76-78] 

SLC4A11 
Cornea, kidney, salivary 
gland, testis, thyroid and 

trachea 

Osmotic transmembrane 
water movement facilitator 

[1, 3] 
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Figure 1.4 Phylogenetic dendrogram of SLC4 family of bicarbonate transporters. Amino 

acid sequences of the indicated SLC4 family members were aligned using Clustal W2 

software (http://www.ebi.ac.uk/Tools/msa/clustalw2/). The length of each line denotes 

the relative evolutionary distance between transporters. SLC4 family of bicarbonate 

transporters comprised of three sub-families: electroneutral Cl-/HCO3
- exchangers (blue 

oval)), Na+ coupled bicarbonate transporters (green oval) and SLC4A11, which is an 

osmotically driven water transporter or OH- permeation pathway (red oval). 

SLC4A11 

AE3 

AE2 
AE1 

SLC4A9 
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from AE1 studies, research over the past few years has led to some understanding of the 

topology and functional role of SLC4A11 [1, 100, 101].  

 

1.8 SLC4A11 

1.8.1 Expression Pattern 

 SLC4A11 is expressed in cornea, blood cells, ovary, tongue, lung, skin, colon 

kidney, salivary glands, testis, thyroid, and trachea [2, 3]. Other tissues such as the 

cerebellum, esophagus, and mammary gland also express SLC4A11 to a lesser extent [2]. 

Immunohistochemistry studies show that SLC4A11 was particularly expressed in the 

basolateral side of corneal endothelium, podocytes of renal corpuscules, basolateral 

membranes in inner medullary collecting ducts and choroid plexus epithelial cells [1, 

102]. Based on National Center for Biotechnology Information UniGene expression 

profile, SLC4A11 is also expressed in some tumours, including gastrointestinal, oral, 

ovarian, respiratory and skin tumours, as well as in leukaemia and retinoblastoma [32]. 

 Human SLC4A11 has three known NH2-terminal variants arising from 

differential splicing of the mRNA: SLC4A11-Variant 1, which is 918 amino acids long 

(NP_001167561.1); SLC4A11-Variant 2, which is 891 amino acids long (NP_114423.1); 

and SLC4A11-Variant 3, which is 875 amino acids long (NP_001167560.1). The last 861 

amino acids in all the three variants are identical. Out of these, variant 2 was cloned 

initially from human cornea [2] and subsequently used to study the function of the protein 

and corneal dystrophy causing mutations [1, 3, 23, 24, 100, 101, 103, 104]. A recent 

report shows that at the mRNA transcript level, variant 3 is expressed in human corneal 

endothelium [105]. This raises the possibility that both variant 2 and variant 3 could be 
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expressed in human cornea. However, there is no evidence in the literature about which 

variant is expressed at the protein level. All the experiments carried out in this thesis used 

the SLC4A11-variant 2, which is 891 amino acids long.  

1.8.2 Structure 

 Understanding SLC4A11 structure is pertinent in studying the disease-causing 

mutants and to develop viable treatments for SLC4A11-caused CHED2, FECD and HS. 

When SLC4A11 mutations were first implicated in corneal dystrophies [23, 24, 50], there 

was no topological or structural information available other than the fact that on 

immunoblots, it migrates at 100 kDa [2, 3, 102]. Expression studies in HEK293 cells 

showed that SLC4A11 was immuno-detected as two bands on western blot of 

approximately 90 and 110 kDa [23, 24]. The upper band corresponds to the complex 

glycosylated (post-ER associated) form of the protein, while the lower band corresponds 

to core glycosylated (endoplasmic reticulum associated) form of the protein. The 110 

kDa complex glycosylated form targets to the plasma membrane, while 90 kDa immature 

form is retained in the endoplasmic reticulum [23, 24].  

 SLC4A11 has only 19% amino acid identity with AE1 and thus any investigation 

of SLC4A11 structure based on AE1 studies has to be ascertained through biochemical 

experiments. Hydropathy analysis of SLC4A11 suggested a two domain topology: a 

cytosolic N-terminal domain spanning residues 1−374, and a membrane domain 

containing residues 375−873 organized as 14 transmembrane segments, with a short 

cytosolic C-terminal tail, encompassing residues 874−891 (Fig. 1.5). Confocal 

microscopy confirmed the cytosolic orientation of both N- and C-terminal domains 
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proposed in the SLC4A11 topology model. Limited proteolysis studies provided 

additional evidence in support of the proposed topology model [101].  

1.8.3 Oligomerization 

 Investigating the oligomeric state of SLC4A11 is important to explain the 

difference in inheritance and age of onset between CHED2/HS and FECD even though 

they both were caused by SLC4A11 mutations. The missense mutations in SLC4A11 

from all three diseases might either represent sites in the protein important for transport 

function or for proper protein folding. When these particular sites are mutated, it could 

either compromise transport function or cause misfolding and ER-retention.  When 

SLC4A11 mutant proteins are ER-retained, it leads to decreased levels of accumulation at  

the plasma membrane compared to wild-type (WT) protein. Indeed the majority of 

SLC4A11 mutant proteins characterized so far have the ER-retention phenotype [1, 23, 

24, 47, 48, 100, 101]. 

SLC4A11 exists as a dimer when expressed in HEK293 cells [100]. Multiple 

biochemical experiments including non-denaturing perfluoro-octanoic acid PAGE, 

extracellular cross-linking and co-immunoprecipitation have shown that SLC4A11 forms 

dimers when expressed in HEK293 cells [100]. Dimerization of SLC4A11 at the protein 

level explains the dominant and recessive inheritance of FECD and CHED2 diseases 

caused by SLC4A11 mutations.  

In HEK293 cells expressing WT SLC4A11, WT/WT homodimers are formed and 

process normally to the plasma membrane. In the case of cells expressing recessive 

CHED2 SLC4A11 mutants, the mutant proteins form CHED2/CHED2 homodimers and 

do not reach the cell surface due to its retention in ER, thereby causing the disease.  
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Figure 1.5 Topology model of SLC4A11. Boxes indicate the transmembrane segments. 

Inset legend indicates colors associated with disease mutations of Fuchs endothelial 

corneal dystrophy (FECD), congenital hereditary endothelial dystrophy (CHED2) and 

Harboyan syndrome [23-25, 30-40, 47-50]. Position 545 and 553 indicates putative N-

linked glycosylation sites [101].  
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HEK293 cells co-expressing WT and CHED2 mutants form WT/CHED2 

heterodimers. The presence of CHED2 SLC4A11 mutant protein in the dimer did not 

affect the ability of WT to move to the cell surface, which shows that ER-retained 

CHED2 mutant phenotype is recessive to the plasma membrane localized WT phenotype. 

As a result, individuals with heterozygous CHED2 SLC4A11 mutations act as a carrier 

for CHED2 disease and do not manifests any early onset disease symptoms unlike 

CHED2 patients. On the other hand, FECD mutant proteins behave differently from 

CHED2 mutants. Cells co-expressing WT and FECD mutants form WT/FECD 

heterodimers and the presence of FECD mutant protein reduces the cell surface 

processing of WT SLC4A11 in heterodimers. The delay in the onset of symptoms in 

FECD is explained by the sufficient WT/WT dimer that reaches cell surface, despite the 

dominant-negative effects exerted by the mutant protein on WT. Thus FECD disease 

caused by SLC4A11 mutations is inherited dominantly in patients [100]. This mechanism 

of inheritance is similar to AE1, whose mutations cause diseases with both recessive and 

dominant inheritance patterns. The formation of WT/mutant AE1 heterodimers explains 

the pattern of inheritance [52, 94, 106-108]. Taken together, SLC4A11 exists as a dimer 

and the oligomerization explains the difference in inheritance of CHED2 and FECD. 

1.8.4 Function 

 As SLC4A11 is localized to the basolateral side of corneal endothelium, facing 

the stroma, and its mutations are implicated in corneal dystrophies, deciphering the 

functional role of SLC4A11 is important to understand the endothelial pump-leak 

mechanism. The transport function of SLC4A11 has been controversial during the past 

decade. The plant orthologue of SLC4A11, BOR1, was convincingly characterized as a 
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borate transporter [109]. Later, human SLC4A11 was reported as a sodium-coupled 

borate transporter [3]. Borate stabilizes the structure of cell walls by cross-linking vicinal 

diols in bacteria, plants and fungi [110]. Mammals do not have any cell walls and borate 

transport by SLC4A11 does not provide an apparent explanation for the corneal 

diseases.  One of the drawbacks of the report on borate transport by human SLC4A11 is 

that in experiments, Na+ was substituted with N-methyl-d-glucamine (NMDG+). This 

compound is used as a borate chelator (forms a 1:1 complex with B[OH]4 −) [111]. 

Several studies confirmed that indeed human SLC4A11 is not a borate transporter [104, 

105, 111]. Even though SLC4A11 belongs to SLC4 family of bicarbonate transporters, 

no bicarbonate activity was observed in HEK293 cells expressing human SLC4A11 [104, 

105, 111]. While human SLC4A11 variant 2 has EIPA-sensitive Na+-OH− (H+) and 

NH4
+ permeability [104] and bovine SLC4A11 has Na+-coupled OH−transport [111], a 

recent report suggests that human SLC4A11 variant 3 functions as an Na+ independent 

electrogenic H+ (OH−) permeation pathway that can be stimulated by disulfonic stilbenes 

[105]. In all these studies, only HEK293 expression system was used.  

 In addition to reports of ion transport by SLC4A11, it also mediates water flux 

osmotically across plasma membrane [1]. SLC4A11 variant 2, when expressed in 

HEK293 or in Xenopus laevis oocytes, mediates water flux when cells are hypo-

osmotically challenged. This function can occur in two ways: a) SLC4A11 can form a 

pathway that facilitates water movement (as in aquaporins) or b) SLC4A11 can induce 

solute entry into the cell driving parallel osmotic water accumulation [1]. Experiments 

carried out in the absence of Na+ showed that the water flux activity of SLC4A11 is Na+ 
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independent [1]. Hence SLC4A11 can form a transport pore that facilitates water 

movement, which is examined more closely in chapter 4 of this thesis.  

Patients with SLC4A11 mutations accumulate fluid in their cornea resulting in 

loss of corneal transparency. SLC4A11 localized at the basolateral surface of corneal 

endothelium (Fig. 1.6) and mediating water flux would better explain the corneal 

symptoms [1]. SLC4A11 is the only protein localized at the basolateral surface of corneal 

endothelium that mediates water flux as no aquaporins have been reported there [22]. 

Interestingly, SLC4A11 is the only protein that mediates osmotic trans-membrane water 

flux apart from proteins of the Major Intrinsic Protein (MIP) family, which includes the 

aquaporins [1].  

1.8.5 MIP family of Water transporters 

 Prior to the discovery of SLC4A11 mediating osmotic water flux, the MIP family 

of water transporters that comprises Aquaporins (AQP0-12) and plant intrinsic proteins 

(NIP5;1, PIP2.2 and TIP2.2) were found to mediate trans-membrane water flux. In 

human cornea, AQP1 localizes apically in corneal endothelium, facing the aqueous 

humor (Fig. 1.5) [1]. Localization of AQP1 on the apical side and SLC4A11 on the 

basolateral side of endothelial cells suggests they may work cooperatively to provide a 

water conductive pathway across the endothelial layer [1]. Interestingly, SLC4A11 

carries a lower water-flux per protein molecule than AQP1 (107 vs. 109 .s-1 molecules). If 

the endothelial cell reabsorbs more water at its basolateral surface than it can efflux at its 

apical surface, it will result in cell swelling and destruction of corneal endothelium. 

Hence it is safe to function with regulated water flux at the basolateral side in endothelial 

cells and with excess water-flux capacity at their apical surface. The evidence that  
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Figure 1.6 Schematic representation of SLC4A11 and AQP1 in human cornea. SLC4A11 

is localized to basolateral side of corneal endothelium facing the stroma whereas AQP1 is 

localized to apical side facing aqueous humor. SLC4A11 and AQP1 localization in 

endothelial cells suggests they may work cooperatively to provide a water conductive 

pathway through the endothelial layer. T.J. represents the tight junction that connects 

cells of the endothelium [1]. 
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basolateral water flux is important in regulating corneal transparency comes from the fact 

that SLC4A11 mutants cause corneal dystrophies whereas there are no known reports of 

severe endothelial corneal dystrophies caused by AQP1 mutations [1].  

1.8.6 Mouse models of SLC4A11 

 Three independent mouse models of SLC4A11 have been reported [1, 112-114]. 

The first model was generated, using injection of retroviral vector into embryonic stem 

cells to perform insertional deletion of slc4a11 gene. These mice had a mild corneal 

phenotype but significant hearing abnormalities [112]. The second model was generated 

by inserting a β-galactosidase reporter gene in frame resulting in truncation of the 

slc4a11gene before the first predicted transmembrane domain. Mice generated by this 

method exhibited thickening of the corneal stroma and Descement’s membrane, impaired 

urinary concentration, increased urinary volume and stress-induced morphological 

changes of fibrocytes of the inner ear resulting in deafness [113]. The third model was 

generated using Cre-lox system in which exons 9 to 13 of slc4a11 gene were modified by 

lox P elements and Cre mediated deletion. The knock out mouse has hazy corneas 

indicating corneal oedema and a progressive increase in corneal thickness. At 32 weeks, 

membrane ruffling, indicative of cell swelling was observed. Decreased urine osmolarity 

and electrolyte concentrations were also found in the knock out mouse [1, 114]. Although 

there are phenotypic differences owing to their method of gene modification, 

slc4a11 knock out mouse models recapitulate the key aspects of human corneal 

dystrophies and hearing abnormalities caused by SLC4A11 mutations. The mouse models 

also indicate some kidney related abnormalities, although nothing similar is found in 

patients [115]. 
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1.9 Thesis objectives 

 The objectives of the thesis are to examine the feasibility of folding correction 

therapy as an approach to treat mis-sense mutations of SLC4A11 and ultimately to 

understand the structure-function relationships of SLC4A11 protein. Until the last 

decade, SLC4A11 was a relatively unknown protein and the discovery that its mutations 

cause corneal dystrophies made studying this protein more important than ever. The 

preliminary studies helped us to understand the role of SLC4A11 in the context of 

corneal dystrophies. The thesis work sheds more light on the SLC4A11 protein so that 

effective therapeutic strategies can be developed in future to treat the corneal diseases 

caused by SLC4A11 mutations.  

 Chapter 2 of the thesis lists all the experimental materials and methods used to 

carry out the research studies. Chapter 3 of the thesis focuses on the endoplasmic 

reticulum-retained SLC4A11 mutants and the feasibility of rescuing them to the plasma 

membrane surface. Chapter 4 of the thesis focuses on testing the role of SLC4A11 

membrane and cytoplasmic domains in the function of the protein with the ultimate goal 

of deciphering structure-function relationship in SLC4A11. Chapter 5 summarizes the 

key findings of the thesis and postulates future directions towards examining SLC4A11 

role in healthy corneal endothelium. 
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2.1 Materials 

Oligonucleotides were from Integrated DNA Technologies (Coralville, IA). T4 

DNA ligase, PNGase F and Endo H and restriction enzymes were from New England 

Biolabs (Ipswich, MA). QuikChange Lightning Site Directed Mutagenesis Kit was from 

Agilent Technologies (Mississauga, ON, Canada). Pfx DNA Polymerase, Dulbecco's 

modified Eagle's medium (DMEM), fetal bovine serum (FBS), calf serum (CS), 

penicillin-streptomycin-glutamine (PSG), Geneticin, LIVE/DEAD Cell Vitality Assay 

Kit (L34951) and Dynabeads Protein G resin were from Life Technologies (Carlsbad, 

CA, USA). Infusion cloning system was from Clontech Laboratories Inc. (Mountain 

View, CA, USA). PCR and restriction digests products were purified by agarose gel 

electrophoresis and extraction, using the Gel Extraction Kit (Froggabio, Ontario, 

Canada). Plasmid DNA was purified, using the HiSpeed Plus Plasmid Purification Kit 

(Qiagen, Mississauga, ON, Canada). Cell culture dishes were from Sarstedt (Montreal, 

QC, Canada). Complete Protease Inhibitor tablets were from Roche Applied Science 

(Indianapolis, IN, USA). BCA Protein Assay Kit was from Pierce (Rockford, IL, USA). 

Immobilized Streptavidin Sepharose resin, sulfo-NHS-SS-biotin and glass coverslips 

were from Thermo Fisher Scientific (Ottawa, ON, Canada). Poly‐L‐lysine and 

staurosporine were from Sigma‐Aldrich (Oakville, ON, Canada). Hydrogen peroxide was 

from Ricca Chemical company (Arlington, TX, USA). Immobilon-P PVDF was from 

Millipore (Billerica, MA). Monoclonal antibodies against HA (clone 16B12) and 

GAPDH were from Covance (Princeton, NJ, USA) and Santa Cruz Biotechnology (Santa 

Cruz, CA, USA), respectively. Mouse (clone 4A6) and rabbit anti-Myc antibodies were 

from Millipore (Billerica, MA, USA) and Abcam (Cambridge, MA, USA), respectively. 
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Rabbit anti-caspase-3 and anti-Cleaved caspase-3 were from Cell signaling Technology 

(Danvers, MA, USA). Mouse anti-AE1 monoclonal antibody (IVF12) was a generous gift 

from Dr. Michael Jennings, University of Arkansas [1]. Mouse Anti-His and Horseradish 

peroxidase-conjugated sheep anti-mouse IgG was from GE Healthcare Bio-Sciences 

Corp. (Piscattaway, NJ, USA). ECL chemiluminescent reagent was from Perkin Elmer 

Life Sciences (Waltham, MA) or Millipore (Billerica, MA, USA).  

 

2.2 DNA constructs 

Integrity of all the clones was confirmed by DNA sequencing (Institute for 

Biomolecular Design, Department of Biochemistry, University of Alberta).  

2.2.1 Mammalian Expression constructs 

Eukaryotic-expression construct for splicing variant 2 of human SLC4A11 

encoding an 891 amino acid protein (NCBI Reference Sequence: NG_017072.1), N-

terminally tagged with the Myc epitope (pGV1), was reported earlier [2]. Amino-

terminally Hemagglutinin epitope tagged (HA-tagged) PCR product was prepared using 

pGV1 as a template and the pSKL1 primers (Table 2.1), that contains a 5’ NheI and 3’ 

EcoNI restriction site in forward and reverse primers respectively.  The forward primer 

(Table 2.1) also encodes an N-terminal hemagglutinin (HA) tag (amino acid sequence 

YPYDVPDYA, underlined). The PCR product was cloned into NheI/EcoNI digested 

pGV1, resulting in pSKL1 that encodes N-terminally HA-tagged wild type SLC4A11. 

Using a PCR-based strategy with mutagenic oligonucleotides (Table 2.2), Agilent Quik 

Change Lightning site-directed mutagenesis kit and pGV1 as a template, Myc epitope 

tagged (Myc-tagged) R125H SLC4A11 [3] cDNA was constructed.  
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Table 2.1 Oligonucleotides used in cloning of WT, membrane domain and cytosolic 

domain variants of SLC4A11 and AE1. Underlined bases code for HA or Myc epitope 

tag as indicated. 

 

Construct Forward Primer Reverse Primer 
pSKL1 
(HA-WT 
SLC4A11) 

5’-
CTAGCTAGCGCCACCATGTACC
CATACGATGTTCCGGATTACGC
TAGCCAGGTCGGGGG-3’ 

5’-AGCGGCGAAGCA-3’ 

pSKL2 
(HA-353-MD- 
SLC4A11) 

5’- 
CTAGCTAGCGCCACCATGTACC
CATACGATGTTCCGGATTACGC
TAGGTTCCCCTTGTACCCCTTG -
3’ 

5’- 
CCGCTCGAGTCAAGGC
CTGTGCTCAGCGTC -3’ 
 

pSKL3 
(HA-347-MD- 
SLC4A11) 

5’- 
CTAGCTAGCGCCACCATGTACC
CATACGATGTTCCGGATTACGC
TCGGGAGGACATCGCACGCAG
G -3’ 

5’- 
CCGCTCGAGTCAAGGC
CTGTGCTCAGCGTC -3’ 

pSKL4 
(HA-329-MD- 
SLC4A11) 

5’- 
CTAGCTAGCGCCACCATGTACC
CATACGATGTTCCGGATTACGC
TAGACACCCAGAGCCCCCAAA
G -3’ 

5’- 
CCGCTCGAGTCAAGGC
CTGTGCTCAGCGTC -3’ 

pSKL5 
(HA-307-MD- 
SLC4A11) 

5’- 
CTAGCTAGCGCCACCATGTACC
CATACGATGTTCCGGATTACGC
TGTGAGCCACGGTCCAGTGGCG 
-3’ 

5’- 
CCGCTCGAGTCAAGGC
CTGTGCTCAGCGTC -3’ 

pSKL6 
(Myc-307-MD- 
SLC4A11) 

5’- 
CTAGCTAGCGCCACCATGGAAC
AAAAGCTAATTTCAGAAGAAG
ACCTAGTGAGCCACGGTCCAGT
GGCG -3’ 

5’- 
CCGCTCGAGTCAAGGC
CTGTGCTCAGCGTC -3’ 

pSKL7 
(HA-CD-
SLC4A11) 

5’-
CTAGCTAGCGCCACCATGTACC
CATACGATGTTCCGGATTACGC
TAGCCAGGTCGGGGGGCGGGG
AGAC-3’ 

5’- 
CCGCTCGAGTCATTTCC
CAATAATGCCATCAGT -
3’ 

pSKL8 
(Myc-CD-
SLC4A11) 

5’- 
CTAGCTAGCGCCACCATGGAAC
AAAAGCTAATTTCAGAAGAAG

5’- 
CCGCTCGAGTCATTTCC
CAATAATGCCATCAGT -
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ACCTAAGCCAGGTCGGGGGGC
GGGGAGAC-3’ 

3’ 

pSKL9 
(340-MD-AE1) 

5’ - 
CTAGCTAGCGCCACCAGGGAGC
TACTTCGAAGGC-3’ 

5’- 
CCGCTCGAGTCACACA
GGCATGGCCAC -3’ 

pCML1 
(Native sequence 
CD-SLC4A11-
His6) 

5’- 
AAGGAGATATACATATGAGCC
AGGTCGGG -3’ 

5’- 
GGTGGTGGTGCTCGAG
TCCTCCTCCTCCCTGGA
AGTACAGGTTCTCTCCT
CCTCCTTTCCCAATAAT
GC 
CATCAGTGAAGTCC 
-3’ 
 

pCML1 
(Codon 
optimized 
CD-SLC4A11-
His6) 

5’- 
GTCGGAGGGCGTGGAGACCGTT
GCACTCAGGAGGTCCAG -3’ 

5’- 
CTCCTGAGTGCAACGG
TCTCCACGCCCTCCGAC
CTG -3’ 

pCML2 
(GST-CD-
SLC4A11-His10) 

5’- 
GGGATCCCCGGAATTCATGAGC
CAGGTCGGAGG -3’ 

5’- 
TTTCCCAATAATGCCAT
CAGTGAAGTCC -3’ 
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Table 2.2 Mutagenic oligonucleotides to clone CHED2/FECD/HS SLC4A11 point 

mutations. Positions of the mutated codons are indicated in bold. 

  

Const
ruct 

Forward Primer Reverse Primer 

E143K 5'-
GCATCGTCCTGAACAAGACGGC
CACCTCC-3' 

5'-
GGAGGTGGCCGTCTTGTTCAGG
ACGATGC-3' 

G709E 5'-
GCCATCATCAACACAGAGCTGT
CTCTGTTTGGG-3' 

5'-
CCCAAACAGAGACAGCTCTGTG
TTGATGATGGC-3' 

S213L 5'-
GCGGTACCAGCAGTTGTGGCTC
TGCATCA-3' 

5'-
TGATGCAGAGCCACAACTGCTG
GTACCGC-3' 

T401K 5'-
GGTCTCTCAATGACGAGAACAA
AGACGGGGCCA-3' 

5'-
TGGCCCCGTCTTTGTTCTCGTCA
TTGAGAGACC-3' 

R755
W 

5'-
CGTGAAGGAGACGTGGCTGACC
TCGCT-3' 

5'-
AGCGAGGTCAGCCACGTCTCCT
TCACG-3' 

L843P 5'-
CAGCTGCTGCTGCCGTGTGCCTT
CGGC-3' 

5'-
GCCGAAGGCACACGGCAGCAG
CAGCTG-3' 

R125
H 

5'-
CAAGGAAGAGATCCATGCGCAC
CGCGACC-3' 

5'-
GGTCGCGGTGCGCATGGATCTC
TTCCTTG-3' 

A269
V 

5'-
GCGATGGAGGTGGTGCGCACGT
TTGCC-3' 

5'-
GGCAAACGTGCGCACCACCTCC
ATCGC-3' 

C386R 5'-
CCTCTACTTCGCCCGCCTCCTGC
CCAC-3' 

5'-
GTGGGCAGGAGGCGGGCGAAGTA
GAGG-3' 
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Table 2.3 Oligonucleotides used in cloning of GFP, mNectarine and AE1 cytoplasmic 

domain fusion variants of SLC4A11. Underlined bases code for HA epitope tag as 

indicated. 

 
Construct Primer 1 Primer 2 Primer 3 

pSKL10 
(GFP-368-
MD-
SLC4A11)/ 
pSKL11 
(mNect-368-
MD-
SLC4A11) 

 
5’-
CTAGCTAGCGCC
ACCATGGTGAGC
AAGGGCGAGGA
G -3’ 
 

 
5’- 
GCCCACAGCCTTGTT
TTTAGCGTAATCCGG
AACATCGTATGGGTA
CTTGTACAGCTC -3’ 

 
5’- 
CCGCTCGAGT
CAAGGCCTGT
GCTCAGCGTC 
-3’ 

 

pSKL12 
(GFP-307-
MD- 
SLC4A11)/ 
pSKL13 
(mNect-307- 
MD- 
SLC4A11) 

 
5’- 
CTAGCTAGCGCC
ACCATGGTGAGC
AAGGGCGAGGA
G -3’ 
 

 
5’- 
CACTGGACCGTGGCT
CACAGCGTAATCCGG
AACATCGTATGGGTA
CTTGTACAGCTC -3’ 
 

 
5’- 
CCGCTCGAGT
CAAGGCCTGT
GCTCAGCGTC 
-3’ 

 

pSKL14 
(CD-AE1-
MD-
SLC4A11) 

5’- 
CTAGCTAGCGCC
ACCATGTACCCA
TACGATGTTCCG
GATTACGCTGAG
GAGCTGCAGGAT 
-3’ 
 

5’- 
GCGTGCGATGTCCTC
CCGGATGCCCTTCCC
AAATGGCTTGGCAG
GGCTGGACTGATAGC
GCCTTCG-3’ 
 

5’- 
CCGCTCGAGTC
AAGGCCTGTGC
TCAGCGTC -3’ 
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Expression constructs for all other HA-tagged SLC4A11 point mutants, R125H 

(c.374G>A (p.Arg125His)), E143K (c.427G>A (p.Glu143Lys)), S213L (c.638C>T 

(p.Ser213Leu)), A269V (c.806C>T (p.Ala269Val)), C386R (c.1156T>C (p.Cys386Arg)), 

T401K (c.1202C>A (p.Thr401Lys)), G709E (c.2126G>A (p.Gly709Glu)), R755W 

(c.2263C>T (p.Arg755Trp)) and L843P (c.2528T>C (p.Leu843Pro)) [3-7] were created, 

using the PCR strategy, with pSKL1 as a template, oligonucleotides (Table 2.2) and the 

Agilent Quik Change Lightning Site-Directed Mutagenesis Kit.  

 SLC4A11 membrane domain (MD) variants HA-353-MD (pSKL2), HA-347-MD 

(pSKL3), HA-329-MD (pSKL4), HA-307-MD (pSKL5), Myc-307-MD-SLC4A11 

(pSKL6) and cytoplasmic domain (CD) variants HA-CD (pSKL7) and Myc-CD-

SLC4A11 (pSKL8) were prepared using PCR-based strategy with pSKL1 as a template 

and corresponding primers (Table 2.1) that contains a 5’ NheI restriction site, an N-

terminal HA or Myc tag (underlined) and 3’ XhoI restriction site. The PCR product was 

cloned into NheI/XhoI digested pSKL1, resulting in variants of SLC4A11, as indicated. 

To clone 340-MD-AE1 (pSKL9) construct, the same strategy was employed except that 

pPBAE1-oocyte was used as a template [8] and the corresponding primers (Table 2.1) 

The fusion proteins, GFP-368-MD, GFP-307-MD, mNect-368-MD and mNect-

307-MD-SLC4A11, were constructed with a three-step mega-primer cloning strategy, 

and the indicated oligonucleotides (Table 2.3). Using primer 1 and primer 2, peGFP-C1 

(Clontech, USA) as a template for GFP-368-MD (pSKL10) and GFP-307-MD (pSKL11), 

the Green fluorescent protein cDNA was cloned. The resulting first PCR product (~790 

bp in size) had a 5’ NheI restriction site, DNA sequence encoding for GFP and the first 

18 bp of MD-SLC4A11 DNA. This first PCR product was purified and diluted 1/50 and 
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used as a megaprimer for second PCR along with Primer 1 and primer 3 (Table 2.3) and 

pSKL1 as a template. The second PCR product contains a 5’ NheI restriction site, DNA 

sequence encoding for GFP, HA tag and Membrane domain of SLC4A11 (starting at 

either 368 or 308 amino acid of WT-SLC4A11) and 3’ XhoI restriction site. NheI/XhoI 

digested pSKL1 and second PCR product were ligated, resulting in pSKL10 and 

pSKL11. The same procedure was followed to clone mNect-368-MD (pSKL12) and 

mNect-308-MD-SLC4A11 (pSKL13) except that pDEJ6 [9] was used as a template 

which contains mNectarine sequence. To construct CD-AE1-MD-SLC4A11 (pSKL14), 

the same strategy was used again except that pPBAE1-oocyte [8] was initially used as a 

template to clone CD-AE1 along with Primers 1 and 2 (Table 2.3). Then with purified 

and diluted first PCR product as megaprimer, pSKL1 as a template and primers 1 and 3 

(Table 2.3), pSKL14 fusion construct was made.  

2.2.2 Bacterial expression constructs 

His-tagged SLC4A11 cytoplasmic domain (CD-SLC4A11-His6, pCML1) was 

constructed by sub-cloning the insert (created by PCR using primers from Table 2.1 and 

pSKL1 as template) into the NdeI and XhoI sites of pET-12b using the In-Fusion cloning 

system and following manufacturer’s protocol. Primer design facilitated the incorporation 

of a TEV protease cleavage site between the end of the protein sequence and the HIS6 tag 

present in pET-21b. To promote translational stability of the nascent peptide in E. coli, 

the first 20 codons of Human SLC4A11 were examined and were identified to contain 

several rare codons in E. coli. These codons were optimized for expression in a bacterial 

host. Using the QuikChange Lightning mutagenesis kit (Agilent) and indicated primers 

(Table 2.1), a partially codon optimized pCML1 (CD-SLC4A11-His6) was constructed. 
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To enhance the solubility of the SLC4A11 cytoplasmic domain, a GST fusion construct 

was created using pGEX-6P1 (GE Health care). The construct was modified to include C-

terminal TEV cleavage site and a His10 tag. Using the BamHI/NotI sites in this modified 

construct, primers (Table 2.1), codon optimized CD-SLC4A11-His6 as template and In-

Fusion cloning kit, the final construct pCML2 was made which had CD-SLC4A11 with 

GST tag at N-terminus and His10 tag at C-terminus (GST-CD-SLC4A11-His10). 

 

2.3 Cell culture 

cDNA encoding HA or Myc-tagged WT SLC4A11 or the indicated mutants were 

transiently transfected, using the calcium phosphate method [10]. HEK293 cells were 

grown at 37 °C or 30 °C in 5% CO2/air environment in complete DMEM (DMEM, 

supplemented with 5% (v/v) fetal bovine serum, 5% (v/v) calf serum, and 1% (v/v) 

penicillin-streptomycin-glutamine). All experiments involving transiently transfected 

cells were carried out 40 to 48 h post-transfection. HEK293 cells stably expressing 

SLC4A11 variants were monoclonally selected and cultured in complete DMEM, 

containing Geneticin (0.75 mg/ml). 

 

2.4 Assays of osmotically driven water flux 

HEK293 cells were grown on poly-L-lysine-coated 25 mm round glass coverslips 

and co-transfected with cytosolic enhanced green fluorescent protein (eGFP) (peGFP-C1 

vector, Clontech, USA) and, or pcDNA 3.1 (empty vector) or the indicated SLC4A11 

plasmid constructs in a 1:8 molar ratio [11]. Forty-eight h later, coverslips were mounted 

in a 35 mm diameter Attofluor Cell Chamber (Molecular Probes) and washed with 
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phosphate buffered saline (PBS) (140 mM NaCl, 3 mM KCl, 6.5 mM Na2HPO3, 1.5 mM 

KH2PO3, pH 7.4). During experiments, the chamber was perfused at 3.5 ml/min with 

isotonic MBSS buffer (90 mM NaCl, 5.4 mM KCl, 0.4 mM MgCl2, 0.4 mM MgSO4, 3.3 

mM NaHCO3, 2 mM CaCl2, 5.5 mM glucose, 100 mM D-mannitol and 10 mM HEPES, 

pH 7.4, 300 mOsm/kg) and then with hypotonic (200 mOsm/kg) MBSS buffer, pH 7.4 

(same composition as previous but lacking D-mannitol). The chamber was mounted on 

the stage of a Wave FX Spinning Disc Confocal Microscope (Quorum Technologies, 

Guelph, Canada), with a Yokogawa CSU10 scanning head. The microscope has a 

motorized XY stage with Piezo Focus Drive (ASI, MS-4000 XYZ Automated Stage) and 

a live cell environment chamber (Chamlide, Korea), set to 24 ºC during the duration of 

the experiment. Acquisition was performed with a Hamamatsu C9100-13 Digital Camera 

(EM-CCD) and a 20x objective during excitation with laser (Spectral Applied Research, 

Richmond Hill, ON, Canada) at 491 nm. eGFP fluorescence, collected though a dichroic 

cube (Quorum Technologies, Guelph, Canada) at wavelengths 520-540 nm, was acquired 

at 1 point s-1 for 4-6 min. Quantitative image analysis was performed by selecting a 

region of interest for each HEK293 cell with Volocity 6.0 software (PerkinElmer, ON, 

Canada). Following the switch to hypotonic medium, the rate of fluorescence change was 

determined from the initial 15 s of linear fluorescence change.  

 

2.5 Expression of SLC4A11 cytoplasmic domain 

E. coli were transformed with pCML1 or pCML2 and grown in LB medium 

containing, 0.1 mg/ml ampicillin. Cultures were grown at 37 °C until an A600 of 0.6–0.8 

was reached. Protein expression was induced by the addition of isopropyl-β-d-1-
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thiogalactopyranoside (IPTG) to a final concentration of 0.1 or 1 mM and incubation for 

2-4 h at 37 °C. Cells were harvested by centrifugation at 7500 x g for 10 min at 4 °C. 

Bacterial pellets were lysed in extraction buffer (phosphate buffered saline pH 7.4 with 1 

mM PMSF, 2 mM EDTA, 1 µg/mL DNase, 1X Roche protease inhibitor cocktail) by 

sonication using W185 probe sonifier (Heat systems-Ultrasonic Inc., Plainview, NY) 

with eight, 10 s pulses, while kept on ice. An aliquot of total lysate was removed (T) and 

the remaining lysate was centrifuged at 15000 x g to isolate the supernatant as the soluble 

fraction (S).  

 

2.6 Immunoprecipitation 

Immunoprecipitation experiments were performed as described earlier [12]. 

HEK293 cells, transiently transfected with cDNA encoding indicated SLC4A11 variants 

were grown for 48 h. Cells were lysed in immunoprecipitation buffer (IPB: 1% (v/v) 

IGEPAL CA-630, 5 mM EDTA, 150 mM NaCl, 0.5% (w/v) sodium deoxycholate, 10 

mM Tris, pH 7.5), containing Complete Protease inhibitor Cocktail and incubated at 4 °C 

for 20 min. Cell lysates were centrifuged at 13,200 x g for 20 min at 4 °C and protein 

concentration was determined by BCA Assay [13]. A 50 µg aliquot of total protein was 

taken (T) separately for storage at -20 °C and 300 µg of the remaining lysates was 

incubated at 4 °C overnight with either 1.5 µl of rabbit polyclonal anti-Myc (IP) or rabbit 

non-immune serum (NI) along with 50 µl of Dynabeads Protein G resin. 

Immunocomplexes were washed 18 h later, three times with 4 °C IPB buffer, containing 

complete protease inhibitors. Dynabeads resin was then resuspended in 40 µl of 2x SDS-
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PAGE sample buffer and heated at 65 °C for 5 min. Samples were then processed for 

immunoblotting, as described.  

 

2.7 Immunoblots 

Cell lysates were prepared in 2X SDS-PAGE sample buffer (10% (v/v) glycerol, 

2% (w/v) SDS, 0.5% (w/v) bromophenol blue, 75 mM Tris, pH 6.8), containing 

Complete Protease Inhibitor Cocktail (Roche). Lysates were made to 1% (v/v) 2-

mercaptoethanol, heated for 5 min at 65 °C and insoluble material was removed by 

centrifugation at 16000 x g for 10 min. Samples were then resolved by SDS-PAGE on 

7.5% or 10% (w/v) acrylamide gels [14]. Immunoblots were processed as described [2]. 

Mouse anti-HA or mouse anti-GAPDH or mouse anti-Myc or mouse anti-AE1 or Rabbit 

anti-caspase-3 or Rabbit anti-Cleaved caspase-3 were used at 1:2000 or 1:5000 or 1:2000 

or 1:5000 or 1:1500 or 1:1500 dilution in TBS-TM (5% skim milk powder in TBS-T: 

0.1% (v/v) Tween-20, 0.15 M NaCl, 50 mM Tris-HCl, pH 7.5), respectively. After 

incubation with sheep anti-mouse or donkey anti-rabbit HRP conjugated secondary 

antibody at 1:5000 dilution, immunoblots were developed, using Western Lightning™ 

Chemiluminescence Reagent Plus and visualized, using a Kodak Image Station 440CF 

(Kodak, NY, USA) or GE ImageQuant LAS4000. Quantitative densitometric analyses 

were performed, using Kodak Molecular Imaging Software v4.0.3 (Kodak, NY, USA) or 

ImageQuant TL 8.1 software (GE Healthcare). 

 

2.8 Enzymatic deglycosylation 
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HEK293 cell lysates, containing SLC4A11 membrane domain variants, were 

prepared in IPB buffer as described and their total protein concentration was measured by 

BCA assay [4].  Samples (25 µg of protein aliquots) were heated 5 min at 65 °C and then 

incubated with 5 µl (2500 units) of N-glycosidase F (PNGase F) or 3 µl of Endo H (1500 

units) for 2 h at 37°C. SDS–PAGE sample buffer were added to stop the reaction and the 

samples were processed for immunoblotting.  

 

2.9 Cell surface processing assays 

Cell surface processing assays were performed as described earlier [15]. 

Transfected cells were rinsed with 4 °C PBS, washed with 4 °C Borate buffer (154 mM 

NaCl, 7.2 mM KCl, 1.8 mM CaCl2, 10 mM boric acid, pH 9.0) and labelled with Sulpho-

NHS-SS-Biotin (0.5 mg/ml). After washing three times with 4 °C Quenching buffer (192 

mM glycine, 25 mM Tris, pH 8.3), cells were solubilised in 500 µl of IPB buffer, 

containing Complete Protease Inhibitor. For each sample, half of the recovered 

supernatant was retained for later SDS-PAGE analysis (T). The remaining half of the 

recovered supernatants was combined with 100 µl of 50% suspension of immobilized 

streptavidin Sepharose resin to precipitate the biotinylated proteins and the supernatant 

collected (Unbound Protein, U). The T and U fractions of each sample were processed for 

SDS-PAGE analysis and immunoblotting as described above. Densitometry used Kodak 

Molecular Imaging Software v4.0.3 or ImageQuant TL 1.8 and the formula (T-U)/T x 

100% was used to calculate the percentage of biotinylated protein. 
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2.10 cDNA synthesis and real-time quantitative reverse transcription polymerase 

chain reaction (qRT-PCR) 

HEK293 cell lysates (Vector and WT-SLC4A11 cDNA transfected) were 

collected using 600 µL buffer RLT (Qiagen). mRNA was extracted from the lysates using 

an RNeasy Mini Kit (Qiagen #74104) according to the manufacturer’s instruction and 

quantified using a Nanodrop 2000c spectrophotometer (Fisher Scientific). cDNA was 

synthesized using iScript RT Supermix Kit (Biorad #1708840) as per manufacturer’s 

instructions. Real-time PCR was performed using synthesized cDNA equivalent to 10 pg 

of mRNA as template, iQ SYBR Green Supermix (Biorad #1708880) on Rotorgene 3000 

real time thermal cycler (Corbett Reasearch) and 1 µmol/L of the following primers 

(GAPDH: 5’- tgtggtcatgagtccttcca-3’ and 5’-cagcctcaagatcatcagca-3’, SLC4A11: 5’- 

ggctggtgacctttctgctt-3’ and 5’- tcacacttgtagtagcttgaatcc-3’). The differences in mRNA 

levels were corrected by using Ct values of GAPDH made to be the same and that 

correction was applied to the Ct values of other samples (n=3). Corrected Ct values were 

graphed. 

 

2.11 Cell sorting-based vitality assays 

HEK293 cells in 100 mm dishes, stably expressing HA-tagged WT, E143K or 

G709E SLC4A11 or empty vector were either treated with 2 µM H2O2 (which induces 

cell death, [16]), or left untreated for 4 h. Cell viability was quantified, using Live/Dead 

Cell Vitality Assay kit according to manufacturer’s instructions. Briefly, one million live 

and dead cells from each condition, suspended separately in 100 µl PBS at 37 °C, were 

stained with 1 µl of 50 µM C12-resazurin and 5 µl of 1 µM SYTOX® Green solution for 
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15 min at 37 °C in 5% CO2/air environment. PBS (400 µl) was added to cell suspensions, 

which were incubated at 4 °C. C12-resazurin was reduced to red-fluorescent C12-resorufin 

in metabolically active cells, whereas the SYTOX® Green stains cells with compromised 

plasma membranes (usually late apoptotic and necrotic cells) [17]. Gating parameters to 

select for individual cells, excluding clusters, were determined in parallel unstained 

cultures, using fluorescence activated cell sorter (FACSCanto II, BD Biosciences, 

Mississauga, ON). Stained cells (100,000 cells/run) were sorted, using excitation at 488 

nm and emission at 530 nm and 575 nm. Live cells separate into groups with high level 

of red fluorescence whereas injured and dead cells separate into groups with high level of 

green fluorescence and low level of red fluorescence.  

 

2.12 Statistical Analysis 

Numerical values were represented as mean ± standard error of measurement. 

Statistical analyses were performed using Prism software (Graphpad v5). Groups were 

compared with one-way ANOVA and unpaired t-test with p < 0.05 considered 

significant. 
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Chapter 3:  Corneal Dystrophy-causing SLC4A11 
Mutants: Suitability for Folding-Correction 

Therapy 

A version of this chapter has been published as Loganathan, S. K. and Casey, J. R. (2014) 

Corneal Dystrophy-Causing SLC4A11 Mutants: Suitability for Folding-Correction 

Therapy. Human Mutation. 35, 1082-1091. (Reproduced with permission). 
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3.1 Introduction 

In human cornea, the high solute concentration in the stromal layer induces 

osmotic accumulation of water, countered by water reabsorption by the endothelial cell 

layer [1, 2]. Posterior corneal dystrophies arise from dysfunction of endothelial cells, 

which disrupt the fluid reabsorption process, resulting in the corneal stromal fluid 

accumulation and abnormal deposition of material (guttae) on the Descemet’s membrane 

that underlies the corneal endothelial layer [1]. The density of endothelial cells declines 

and eventually, posterior corneal dystrophies result in serious deterioration of vision.  

The SLC4A11 gene (MIM# 610206) encodes an 891 amino acid membrane 

protein [3], whose mutations cause three posterior corneal dystrophies: recessive 

congenital hereditary endothelial dystrophy type 2 (CHED2) (MIM# 217700) [4-8], 

recessive Harboyan syndrome (HS) (MIM# 217400) [9] (a combination of corneal 

dystrophy and perceptive deafness) and dominant late-onset Fuchs endothelial corneal 

dystrophy (FECD) (MIM# 136800) [8-10]. Hearing deficits also have been observed with 

an increased frequency in individuals with FECD [11]. At present, corneal transplantation 

is the only effective treatment for these inherited corneal dystrophies [1]. Lengthy 

waiting times for corneal transplantation, coupled with the risk of graft rejection [1], 

underscore the need for non-invasive therapeutic options for genetic corneal dystrophies.  

Therapies that target the molecular defect in mutated SLC4A11 require a deeper 

understanding of the SLC4A11 role in human cornea. Phylogenetically SLC4A11 is a 

member of SLC4 family of bicarbonate transporters [12], yet has no reported bicarbonate 

transport activity [13]. Neither does SLC4A11 have Na+ coupled borate transport [13] as 

reported earlier [14]. Bovine SLC4A11, however, displays Na+ coupled OH- transport 
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[13]. Interestingly, human SLC4A11 was recently found to facilitate trans-membrane 

water movement, which makes it the first such protein that is not a member of the major 

intrinsic protein family [15]. SLC4A11 localizes to the basolateral surface of human 

corneal endothelial cells [15]. Biochemical data and similarity to AE1 (SLC4A1) led to 

an SLC4A11 structural model, featuring an N-terminal 370 amino acid cytoplasmic 

domain, a 500 amino acid integral membrane domain with 14 transmembrane segments, 

and a very short cytoplasmic C-terminal tail [3].  

SLC4A11 exists as dimers, and heterodimerization of WT and diseased 

monomers of SLC4A11 provides a molecular explanation for the recessive and dominant 

inheritance of CHED2 and FECD respectively [16]. To date, close to 50 SLC4A11 point 

mutations have been identified [4, 6-8, 10, 17]. When expressed homozygously, most 

CHED2 and FECD mutants of SLC4A11 are retained intracellularly [8]. When co-

expressed with WT SLC4A11, CHED2/WT heterodimers target to the plasma membrane 

but FECD/WT heterodimers do not [16].  

A pharmacological strategy to ameliorate ER-retained SLC4A11 mutants would 

target compounds that enable the release of the protein from the ER. Such an approach is 

being used for ΔF508 CFTR, a recessive ER-retained mutation of cystic fibrosis 

transmembrane regulatory protein (CFTR) that causes cystic fibrosis disease [18, 19]. 

ΔF508 CFTR rescued to the cell surface retains function [20, 21]. Some small molecule 

protein folding correctors have proven successful in rescuing ΔF508 CFTR protein to the 

cell surface, and are undergoing clinical trials [21].  

For plasma membrane rescue of SLC4A11 to be a viable therapeutic strategy 

three conditions must be met: 1) ER-retained SLC4A11 must be able to move to the 
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plasma membrane, 2) Rescued SLC4A11 would need to retain sufficient functional 

activity to correct the functional defect and 3) Expression of mutant SLC4A11 in itself 

(perhaps arising from its ER retention phenotype) should not induce cell death. Here we 

tested the amount of functional activity required to either delay or avoid the onset of 

disease symptoms, explored the idea of rescuing the ER-retained SLC4A11 mutants to 

the cell surface, using a unique co-expression strategy and determined whether the 

rescued protein retains function. We also tested whether the expression of mutant 

SLC4A11 in HEK293 cells induced cell death. 

 

3.2 Results 

3.2.1 Benchmarks for SLC4A11 functional activity 

 Therapies for genetic corneal dystrophies have as their goal the restoration 

functional activity in excess of the minimum needed to avoid symptoms. Benchmark 

values for SLC4A11 activity associated with normal and diseased eyes are thus required. 

CHED2 patients manifest disease symptoms shortly after birth, whereas heterozygous 

FECD patients develop disease in the 4-5th decades of life [1, 2]. Thus, CHED2 

homozygous state, FECD heterozygous state and CHED2 heterozygous state define the 

level of SLC4A11 functional activity associated with early-onset, late-onset and no 

disease, respectively. 

 Since it is unfeasible to assess SLC4A11 functional activity in human eyes, 

HEK293 cells, transfected to mimic the genotype of humans, provide a tractable model. 

In this study cells were transfected with a single SLC4A11 variant, or co-transfected with 

two variants (i.e. mutant and WT). Formally these do not represent the homozygous and 
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heterozygous states, as the genes are not genomically-encoded, but rather are introduced 

exogenously. To simplify these data for the reader, however, this manuscript uses the 

terms “homozygous state” (expressing a single SLC4A11 variant) and “heterozygous 

state” (co-expressing two SLC4A11 variants), with the understanding that these are 

limited cell culture models, representing the complexity of the cornea. 

 In using HEK293 cells as a model to study SLC4A11, we characterized the cells 

for their expression of the protein. SLC4A11 expression was undetectable in lysates from 

vector-transfected HEK293 cells [15], whereas the protein was readily detectable in cells 

transfected with WT-SLC4A11 cDNA (Fig. 3.1). Transfected HEK293 cells also seem to 

be a reasonable model system in which to study SLC4A11, as the level of SLC4A11 

expression in corneal cells is similar to that in transfected HEK293 cells (Fig. 3.1). The 

lysate was prepared from whole cornea. In the corneal endothelial cell layer (the 

predominant site of expression in the cornea), the relative abundance of SLC4A11 would 

be higher than indicated here. In the human corneal lysate sample, the prominent 63 kDa 

band likely represents a proteolytic fragment. 

 Since immunoblots could not detect endogenous SLC4A11 in HEK293 cells, we 

further assessed expression by reverse transcription PCR (Fig. 3.2). Following 30 cycles 

of amplification, a PCR product was observed in samples from SLC4A11-transfected 

cells, but not in untransfected cells (Fig. 3.2A). Quantitative RT-PCR revealed cycle 

thresholds (Ct) for SLC4A11 message amplification was 10 cycles higher for 

untransfected cells than SLC4A11-transfected cells. This indicates that mRNA for 

SLC4A11 is 210 (1024) fold higher in SLC4A11 transfected cells than in untransfected 

cells. If we assume that SLC4A11 protein expression levels are proportional to mRNA  
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Figure 3.1 SLC4A11 expression in transfected HEK293 cells and human cornea lysate. 

HEK293 cells were transiently transfected with cDNA encoding WT SLC4A11. Cells 

were lysed and probed on immunoblots, using anti-SLC4A11 antibody to detect the 

expression of SLC4A11 variants. Human corneal tissue, unfit for transplantation, were 

snap froze in liquid nitrogen and homogenized. Tissue lysate was probed on immunoblots 

using anti-SLC4A11 antibody. 
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Figure 3.2 RT-qPCR to quantify the level of SLC4A11 mRNA in HEK293 cells. Cells 

were transfected with WT-SLC4A11 cDNA or vector alone. (A) mRNA was isolated 

from HEK293 cell lysates and cDNA was synthesized. Using the cDNA as template, 30 

cycles of PCR were performed with primers specific for GAPDH and SLC4A11. 

Amplified products were loaded onto a 1.2 % agarose gel. (B) Using the synthesized 
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cDNA as template, quantitative RT-PCR was performed for GAPDH and SLC4A11. 

SLC4A11 Ct values were corrected by GAPDH Ct values.  
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abundance, it suggests that endogenous WT-SLC4A11 in HEK293 cells is about 1000 

fold lower than the level arising from transfection. Endogenous SLC4A11 protein will 

thus little affect the analysis of SLC4A11 in transfected HEK293 cells. 

 We tested the relative functional activity of CHED2 and FECD-SLC4A11 

mutants that are ER-retained [10, 16] in both homozygous and heterozygous conditions. 

Water flux activity of SLC4A11 variants was assessed in HEK293 cells exposed to 

hypotonic medium, by monitoring the rate of dilution of cytosolic eGFP [15]. HEK293 

cells were co-transfected with cDNA encoding eGFP and WT-SLC4A11 (representing 

the unaffected state), WT/E143K-SLC4A11 (representing a CHED2 carrier), 

WT/G709E-SLC4A11 (representing a FECD patient), E143K/E143K-SLC4A11 

(representing a CHED2 patient), or G709E-SLC4A11 (representing homozygous FECD 

state, although no homozygous FECD patients have been reported). Coverslips were 

perfused alternately with isotonic and hypotonic media (Fig. 3.4A, black and white bars) 

and eGFP fluorescence was monitored, as a measure of cytosolic eGFP concentration 

(Figure 3.3). Rate of fluorescence change, which is a surrogate for cell volume change, 

was determined and corrected for the rate observed in vector-transfected cells (Fig. 3.5). 

HEK293 cells expressing WT-SLC4A11 alone provide a model for unaffected 

individuals and were defined as having 100% activity. Cells expressing E143K/WT-

SLC4A11 (modeling CHED2 carriers) had 53 ± 6% of WT rate of function (Fig. 1B). 

Heterozygously expressed G709E-SLC4A11 (mimicking FECD patients) had only 27 ± 

2% of WT rate of cell swelling. Cells homozygously expressing E143K-SLC4A11 

(modeling CHED2 patients) had less than 5% of WT water flux activity (Fig. 3.4B). 
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Figure 3.3 Representative images of HEK293 cells from water flux assay. HEK293 cells 

were co-transfected with cDNA encoding eGFP and WT SLC4A11 or pcDNA 3.1. 48 h 

later, cells were perfused with isotonic media for the first 120 s and then with hypotonic 

media for the next 240 s. Representative snapshots show the cells perfused with isotonic 

media at 60 s and hypotonic media at 240 s (Row 1: Vector and Row 2: WT SLC4A11 

co-transfected with eGFP) 
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Figure 3.4 Osmotically driven water flux in cells expressing CHED2 or FECD SLC4A11 

mutants. HEK293 cells were transiently transfected with cDNA encoding eGFP along 
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with empty vector, or HA-tagged WT SLC4A11 alone (homozygous) or HA-WT along 

with HA-tagged SLC4A11 mutants (heterozygous). The HA-tagged SLC4A11 mutants 

were also expressed alone (homozygous). (A) Cells were perfused alternately with 

isosmotic (black bar) and hypoosmotic (white bar) media. eGFP fluorescence (F) was 

normalized to F averaged for time 0-120 seconds (F0) and F/F0 plotted. (B) Rate of 

fluorescence change (a surrogate for cell volume change) was calculated, corrected for 

activity in vector-transfected cells and normalized to the rate found for homozygous WT-

SLC4A11. Data represent the mean  ± SEM of water flux in cells from 9 independent 

coverslips with 8-10 cells measured per coverslip. *: Significant difference (P<0.05) 

when compared to homozygous or heterozygous E143K and G709E SLC4A11. #: 

Significant difference (P<0.05) between heterozygous E143K and heterozygous G709E 

and ^: Significant difference (P<0.05) when compared between indicated heterozygous 

and homozygous SLC4A11 mutants. Dashed lines indicate the level of activity found in 

cells mimicking CHED2 patients (red), FECD patients (yellow) and CHED2 carriers 

(green). 
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Figure 3.5 Water flux in cells expressing CHED2 or FECD SLC4A11 mutants. HEK293 

cells were transiently transfected with cDNA encoding eGFP along with empty vector, or 

HA-tagged WT SLC4A11 alone (homozygous) or HA-WT along with HA-tagged 

SLC4A11 mutants (heterozygous). The HA-tagged SLC4A11 mutants were also 

expressed alone (homozygous). Cells were perfused alternately with isosmotic and 

hypoosmotic media. Rate of fluorescence change (a surrogate for cell volume change) 

was calculated and corrected for activity in vector-transfected cells (0.20 ± 0.03 s-1). Data 

from 9 independent coverslips with 8-10 cells measured per coverslip were represented as 

mean  ± SEM. *: Significant difference (P<0.05) when compared to homozygous or 

heterozygous E143K and G709E SLC4A11. #: Significant difference (P<0.05) between 

heterozygous E143K and heterozygous G709E and ^: Significant difference (P<0.05) 

when compared between indicated heterozygous and homozygous SLC4A11 mutants. 
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Immunoblots confirmed expression of SLC4A11 in cells used for water flux assays (Fig. 

3.6A). In particular, SLC4A11 variants expressed as a mature upper band and an 

immature lower band, previously attributed to plasma membrane and ER-retained forms 

[8]. Also evident is the reduced steady-state accumulation of the mutant proteins, which 

is partially corrected when they are co-expressed with WT-SLC4A11. 

3.2.2 Heterodimerization with R125H-SLC4A11 rescues CHED2-SLC4A11 to the cell 

surface  

We next sought to develop a model that enabled rescue of mutant SLC4A11 to the 

cell surface, followed by assays of the functional activity of the rescued protein. While 

co-expression with WT-SLC4A11 would move mutant SLC4A11 to the cell surface in 

WT/mutant heterodimers [15], the drawback would be a high background activity arising 

from the WT-SLC4A11. R125H-SLC4A11, which processes to the cell surface like WT, 

but has a defect which prevents it from supporting water flux [15], held potential to 

rescue other SLC4A11 mutants to the cell surface, in heterodimers, without conferring 

background water flux on cells. 

To the explore the utility of R125H-SLC4A11 in rescuing mutant SLC4A11 to 

the cell surface, N-terminally Myc-tagged R125H-SLC4A11 was co-expressed with HA-

tagged CHED2 mutants. SLC4A11 migrates as two bands on immunoblots: a 110 kDa 

mature band (corresponding to plasma membrane protein) and a 90 kDa immature band 

(corresponding to intracellularly retained protein) (Fig. 3.7A and B, grey and black 

arrows) [8]. The absence of mature SLC4A11 on immunoblots indicates that all five 

representative CHED2-SLC4A11 mutants were ER-retained when expressed  
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Figure 3.6 Expression of SLC4A11 variants and Immunoprecipitation of CHED2 

SLC4A11 heterodimers. (A) HEK293 cells were transiently co-transfected with cDNA 

encoding eGFP and empty vector or HA-tagged WT SLC4A11 alone (homozygous) or 

HA-WT along with HA-tagged SLC4A11 mutants (heterozygous). HA-tagged SLC4A11 

mutants were also expressed alone (homozygous). Cells were lysed and probed on 

immunoblots, using anti-HA antibody to detect the expression of SLC4A11 variants. 

Grey and black arrows mark the presence of mature and immature bands respectively. (B) 
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HEK293 cells were co-transfected with HA-tagged and Myc tagged WT SLC4A11 or 

HA-tagged E143K and Myc-tagged R125H. Cells were also transfected only with HA-

tagged WT SLC4A11. Cells were lysed and 300 µg of total protein lysate was incubated 

either with rabbit polyclonal anti-MYC antibody (IP) or rabbit non-immune serum (NI). 

50 µg of total protein from cell lysate (T) and immunoprecipitation of Myc-tagged 

proteins in the complex was detected on immunoblots using mouse monoclonal anti-Myc 

antibody. 
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Figure 3.7 Association between functionally inactive R125H-SLC4A11 and CHED2-

SLC4A11 mutants. (A & B) HEK293 cells were either transfected with HA-tagged 

SLC4A11 (WT or CHED2 mutant cDNAs) or co-transfected with Myc-tagged R125H 

SLC4A11 and HA-tagged CHED2 SLC4A11 mutants as shown. Cell lysates were probed 

on immunoblots with anti-HA and anti-GAPDH antibodies. Grey and black arrows mark 

the presence of mature and immature bands. (C) For immunoprecipitation experiments, 

cells were co-transfected with HA-tagged and Myc-tagged WT SLC4A11 or HA-tagged 

E143K and Myc-tagged R125H. As a control for the specificity, the cells were also 

transfected only with HA-tagged WT-SLC4A11. Cell lysates (300 µg of total protein) 

were incubated either with rabbit polyclonal anti-Myc antibody (IP) or rabbit non-

immune serum (NI). Immunoprecipitates and 50 µg of total protein cell lysate (T) were 

probed on immunoblots with anti-HA antibody. 
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homozygously (Fig. 3.7A and B). Co-expression with Myc-R125H-SLC4A11, however, 

led to the appearance of mature HA-tagged (CHED2 mutant) SLC4A11. In particular, 

E143K and S213L showed a strong presence of mature band when co-expressed with 

Myc-R125H (Fig. 3.7A). These data indicate the R125H-SLC4A11 expression induces 

cell surface maturation of co-expressed CHED2 mutants.  

 To test whether R125H exerts its effects on CHED2 mutants through 

heterodimerization, we performed co-immunoprecipitation studies. Myc antibody did not 

immunoprecipitate HA-tagged WT-SLC4A11, when expressed alone (Fig. 3.7C), 

indicating specificity of the immunoprecipitation. HA-probed immunoblots of cells co-

transfected with Myc-WT and HA-WT SLC4A11 had SLC4A11 bands in both total and 

IP lanes, demonstrating dimerization of Myc and HA-WT SLC4A11. Similarly, co-

expressed Myc-R125H and HA-E143K formed heterodimers, which was evident from 

the signal in the IP lane (Fig. 3.7C). SLC4A11 bands in total and IP lanes, when probed 

with anti-Myc antibody, confirmed pull down of the Myc-tagged proteins in these 

experiments (Fig. 3.6B). Taken together, these experiments reveal that ER-retained 

CHED2-SLC4A11 mutants can be rescued to the cell surface when heterodimerized with 

R125H-SLC4A11.  

3.2.3 Co-expression with R125H-SLC4A11 increases cell surface processing of ER-

retained CHED2 mutants  

Next, we quantified the level of surface expression of CHED2 mutants when 

expressed homozygously (mimicking CHED2 patients), compared to co-expression with 

Myc-R125H-SLC4A11. When expressed alone, all of the CHED2 mutants tested have 

less than 50% of the cell surface processing level of WT-SLC4A11 (Figs. 3.8 and 3.9). 
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Remarkably, CHED2 SLC4A11 mutants co-expressed with Myc-R125H SLC4A11 had 

cell surface expression that increased significantly; some even had similar cell surface 

expression to WT (Figs. 3.8 and 3.9). Plasma membrane localization of HA-tagged 

R125H-SLC4A11 was not affected by the presence or absence of Myc-tagged R125H-

SLC4A11 (Fig. 3.9). We conclude that the plasma membrane trafficking of most ER-

retained CHED2 mutants increased when co-expressed with Myc-R125H-SLC4A11.  

3.2.4 Some CHED2 mutants are functional when trafficked to the cell surface 

 We next assessed the functional activity of CHED2 mutant SLC4A11, following 

rescue to the cell surface by co-expression with R125H-SLC4A11. Cell swelling assays 

were performed for CHED2 mutants E143K, S213L, R755W and L843P and controls, 

R125H and WT-SLC4A11 (Figs. 3.10A and 3.11). Assays were also performed on cells 

co-expressing these SLC4A11 variants and R125H-SLC4A11 (Fig. 3.10B). Rates of 

swelling of cells expressing R125H-SLC4A11 was 4.2 ± 6.1% of WT level (Fig. 3.10C), 

consistent with the previous finding that this mutant is non-functional [15]. Water fluxes 

of cells homozygously expressing CHED2 mutants E143K, S213L, R755W and L843P 

were similar to background levels (Fig. 3.10C). Interestingly, three CHED2 mutants 

(E143K, S213L and L843P) co-expressed with R125H-SLC4A11 had significant 

functional activity (33-41% of WT). In contrast, functional activity of R755W did not 

increase upon co-expression with R125H-SLC4A11. Taken together, these experiments 

reveal that some CHED2 mutants confer water flux function upon cells when they are 

processed to the cell surface.  
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Figure 3.8 Cell surface processing efficiency of CHED2 mutants of SLC4A11 with or 

without R125H-SLC4A11. HEK293 cells were transfected with cDNA encoding 

indicated HA-tagged versions of SLC4A11 or co-transfected with Myc-tagged R125H 

SLC4A11 and HA-tagged versions of CHED2 mutants as shown. Cells were labeled with 

membrane-impermeant Sulfo-NHS-SS-biotin (SNSB). Cell lysates were divided into two 

equal fractions and one was incubated with streptavidin Sepharose resin to remove 

biotinylated proteins. The unbound fraction (U) and the total cell lysate (T) were 

processed for immunoblots and SLC4A11 was detected, using anti-HA or anti-Myc 

antibodies as shown. GAPDH, an internal control, was detected using anti-GAPDH 

antibody. 
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Figure 3.9 Effect of R125H-SLC4A11 on cell surface processing efficiency of CHED2-

SLC4A11. HEK293 cells were transfected with cDNA encoding indicated HA-tagged 

versions of SLC4A11 or co-transfected with Myc-tagged R125H SLC4A11 and HA-

tagged versions of CHED2 mutants as shown. Cells were labeled with membrane-

impermeant Sulfo-NHS-SS-biotin (SNSB). The fraction of SLC4A11 and GAPDH 

labeled by SNSB was calculated. Error bars represent SEM (n=3-5). Dashed line 

indicates the background for this assay, as indicated by labeling of GAPDH. *: 

Significant difference (P<0.05) between the cell surface processing in the presence and 

absence of Myc-tagged R125H. N.S.: Not statistically significant (P>0.05) when 

compared to background (GAPDH). 
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Figure 3.10 Osmotically driven water flux in cells expressing ER-retained CHED2 

mutants, with or without R125H-SLC4A11. (A) HEK293 cells, grown on coverslips, 

were transiently co-transfected with cDNA encoding eGFP along with empty vector or 

HA-WT SLC4A11 alone or the indicated HA-tagged CHED2 mutants with or without 

Myc-tagged R125H SLC4A11. Cells were perfused alternately with isosmotic (black bar) 

and hypoosmotic (white bar) media. (B) Water flux assay in HEK293 cells expressing 

HA-tagged WT SLC4A11, or HA-tagged CHED2 mutants and Myc-tagged R125H, as 

indicated. (C) Water flux values were corrected for activity of vector-transfected cells 

and normalized to the rate found for cell expressing WT-SLC4A11. Data represent the 

mean ± SEM of water flux in cells from three independent experiments with 8-10 cells 

measured per coverslip. *: Significant difference (P<0.05) when compared to vector 

transfected cells. Dashed lines indicate the level of activity found in cells mimicking 

CHED2 patients (red), FECD patients (yellow) and CHED2 carriers (green), as 

determined in Fig. 1. 
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Figure 3.11 Osmotically driven water flux in cells expressing ER-retained CHED2 

mutants, with or without R125H-SLC4A11. HEK293 cells were transiently co-

transfected with cDNA encoding eGFP along with empty vector or HA-WT SLC4A11 

alone or the indicated HA-tagged CHED2 mutants with or without Myc-tagged R125H 

SLC4A11. Cells were perfused alternately with isosmotic and hypoosmotic media. Rate 

of fluorescence change was calculated and corrected for activity arising from vector-

transfected cells (0.18 ± 0.03 s-1). Data represent the mean  ± SEM of water flux in cells 

from 3 independent experiments with 8-10 cells measured per coverslip. *: Significant 

difference (P<0.05) when compared to vector transfected cells.  
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3.2.5 Increased cell surface processing and functional activity of CHED2-SLC4A11 

grown at 30 °C 

 An established strategy to rescue the ER-retained mutant membrane proteins is 

lowering the cell culture temperature. For example, the cystic fibrosis gene product, 

ΔF508-CFTR, has increased targeting to the plasma membrane when grown at 30 °C 

[22]. Similarly, some CHED2 mutants when grown at 30 °C had increased plasma 

membrane targeting [3]. We chose two of those mutants (A269V and C386R-SLC4A11) 

and performed biotinylation assay to measure their cell surface processing ability when 

grown at 30 °C, compared to 37 °C (Fig. 3.12A and B). A269V and C386R SLC4A11 

grown at 30 °C had significantly increased cell surface expression, which was similar to 

WT levels at 37 °C (Fig. 3.12C). Cell surface expression of WT-SLC4A11 was 

indistinguishable at 37 °C or 30 °C (Fig. 3.12C). 

 We next measured SLC4A11 functional activity arising in cells grown at 30 °C. 

WT-SLC4A11 expressed in HEK293 cells had the same water flux activity, whether 

grown at 37 °C or 30 °C (Figs. 3.13 and 3.14). Remarkably, cells expressing CHED2 

SLC4A11 mutants, A269V and C386R, had significant increases in water flux grown at 

30 °C, when compared to 37 °C. These CHED2-SLC4A11 expressing cells had more 

than 25% (but less than 60%) of WT-SLC4A11 functional activity (Fig. 3.13C). Taken 

together, these data suggest, that it is possible to rescue some CHED2 SLC4A11 mutants 

to the cell surface. This rescue can induce a significant SLC4A11 mediated water flux, 

with the potential to ameliorate the disease symptoms of CHED2 patients.  
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Figure 3.12 Cell surface processing of SLC4A11 mutants grown at 30 °C. (A) HEK293 

cells were transfected with cDNA encoding HA-tagged WT, A269V or C386R-SLC4A11 

and grown at 37 °C for 48 h. Cells were then labeled with membrane-impermeant Sulfo-

NHS-SS-biotin (SNSB) and lysed. Cell lysates were divided into two equal fractions. In 

one fraction, the biotinylated proteins were removed by incubation with streptavidin 

Sepharose resin. The unbound fraction (U) and the total cell lysate (T) were processed on 

immunoblots and probed with anti-HA and anti-GAPDH antibodies. (B) The same assay 

was carried out except that the cells were grown at 30 °C for 72 h. (C) The fraction of 

SLC4A11 and GAPDH labeled by SNSB was calculated for each experiment. Dashed 

line indicates the background for this assay, representing the level of labeling for 

cytosolic GAPDH. Error bars represent SEM (n=3-5). *: Significant difference (P<0.05) 

between the cell surface processing ability of the mutant SLC4A11 grown at 37 °C 

compared to 30 °C. #: Significant difference (P<0.001) when compared to all other 

conditions. 
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Figure 3.13 Osmotically driven water flux in cells expressing CHED2 SLC4A11 mutants 

grown at 37 °C and 30 °C. (A) HEK293 cells were co-transfected with cDNA encoding 

eGFP and empty vector, HA-tagged WT, A269V or C386R. Transfected cells, grown on 

coverslips at 37 °C for 48 h,, were perfused alternately with isosmotic (black bar) and 

hypoosmotic (white bar) medium. (B) The same assay was repeated for cells grown at 30 

°C for 72 h post-transfection. (C) Rate of fluorescence change was calculated, corrected 

for vector transfected cells and normalized to the rate found for WT-SLC4A11 at 37 °C 

and 30 °C respectively. Data represent the mean ± SEM of water flux in cells from three 

independent experiments with 8-10 cells measured per coverslip Dashed lines indicate 

the level of activity found in cells mimicking CHED2 patients (red), FECD patients 

(yellow) and CHED2 carriers (green), as determined in Fig. 1. *: Significant difference 

(P<0.05) when compared to cells grown at 37 °C.  
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Figure 3.14 Water flux in cells expressing CHED2 SLC4A11 mutants grown at 37 °C 

and 30 °C. HEK293 cells were co-transfected with cDNA encoding eGFP and empty 

vector, HA-tagged WT, A269V or C386R. The transfected cells were grown on 

coverslips at 37 °C for 48 h or 30 °C for 72 h. Then the cells were perfused alternately 

with isosmotic and hypoosmotic medium. Rate of fluorescence change was calculated 

and corrected for vector transfected cells grown at 37 °C (0.16 ± 0.02) and 30 °C (0.17 ± 

0.03). Data represent the mean ± SEM of water flux in cells from three independent 

experiments with 8-10 cells measured per coverslip. *: Significant difference (P<0.05) 

when compared to cells grown at 37 °C.  
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3.2.6 Expression of SLC4A11 mutants does not induce apoptosis or cell death 

 In CHED2 and FECD patients, there is a gradual reduction in endothelial cell 

number in addition to loss of function [1, 23]. Accumulation of ER-retained proteins, in 

some cases, leads to apoptotic cell death [24]. We thus determined whether expression of 

mutant SLC4A11 is associated with apoptotic cell death. Expression of caspase-3 and 

cleaved caspase-3 (a marker of apoptotic activation) were assessed in HEK293 cells 

stably expressing HA-tagged WT, E143K or G709E SLC4A11 or empty vector (Fig. 

3.15). As a control, cells were treated with the protein kinase inhibitor, staurosporine, an 

established apoptotic activator [25]. While staurosporine treatment induced significant 

caspase-3 cleavage, expression of SLC4A11 variants did not affect the level of caspase-3 

cleavage (Fig. 3.17A). 

 We next examined whether expression of disease-causing mutants of SLC4A11 

induces cell death by any mechanism. Cell viability was measured in HEK293 cells 

stably expressing SLC4A11 variants, using a fluorescence-activated cell sorting approach 

(Fig. 3.16). The percentage of live cells was not significantly different between those 

stably expressing SLC4A11 variants and untransfected cells or empty-vector transfected 

cells. Similarly, the percentage of dead and injured HEK293 cells stably expressing the 

SLC4A11 variants was not significantly different from either untransfected cells or 

empty vector transfected cells (Fig. 3.17B). Importantly, HEK293 cells treated with 

hydrogen peroxide (which induces cell death [26]) had significant levels of dead and 

injured cells (Fig. 3.17B). Taken together, these experiments suggest that the expression 

of SLC4A11 mutants did not induce cell death, at least in this in vitro model. 
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Figure 3.15 Expression of full length Caspase-3 and cleaved Caspase-3. HEK293 cells 

were stably transfected with cDNAs encoding vector, HA-tagged WT, E143K and 

G709E SLC4A11 variants.  Cells were cultured for 10 days and one flask of vector-

transfected cells were treated with Staurosporine (3 hrs, 1 µM). Cells were lysed and 

probed on immunoblots, using appropriate antibodies.  
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Figure 3.16 Quantification of live and dead HEK293 cells, stably expressing SLC4A11 

variants, using Flow cytometry. HEK293 cells were stably transfected with cDNAs 

encoding vector, HA-tagged WT, E143K and G709E SLC4A11 variants.  Cells were 

cultured for 10 days and one flask of vector-transfected cells were treated with 2 µM 

H2O2 for 4 hrs before staining. Using C12 –resazurin and SYTOX, live and dead cells 
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were stained. Unstained HEK293 cells were used as a control to sort the individual cells 

in Flow cytometry and then the cells expressing SLC4A11 variants were sorted for the 

amount of live and dead + injured cells. The dot plot of SYTOX Green fluorescence 

versus C12 –resorufin shows the resolution of live, injured and dead cells. 
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Figure 3.17 Cleaved Caspase-3 activity and vitality of HEK293 cells stably expressing 

SLC4A11 variants. (A) HEK293 cells, stably transfected with vector or cDNA encoding 
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the indicated HA-tagged SLC4A11 variant, were treated with 1 µM staurosporine for 3 h. 

Cells were lysed and processed for immunoblots. Densitometric analysis of cleaved 

Caspase-3 and total Caspase-3 was performed. Error bars represent SEM (n=3-5). *: 

Significant difference (P<0.05) when compared with staurosporine treated vector cells. 

(B) HEK293 cells, stably transfected with vector or cDNA encoding the indicated HA-

tagged SLC4A11 variant, were treated (or not) with 2 µM H2O2 for 4 h. Live and dead 

cells were stained with C12-resazurin and SYTOX, respectively, and cells were analyzed 

by Flow cytometry. Error bars represent SEM (n=3-4). *: Significant difference (P<0.05) 

among % injured + dead cells when compared with H2O2-treated. 
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3.3 Discussion 

 The goal of this study was to determine whether rescue of diseased SLC4A11 to 

the cell surface could be a viable approach to treat CHED2 and FECD. Most SLC4A11 

mutants that have been characterized are retained in the ER [3, 16].  SLC4A11 functional 

activity, under conditions mimicking CHED2 patients, CHED2 carriers and individuals 

with FECD, suggested that restoration of about 25% of WT function will delay disease 

onset, and about 60% would prevent disease symptoms all together. This finding is 

significant because it provides benchmark values for the relative level of functional 

activity of SLC4A11 likely present in the corneal endothelial cells of CHED2 or FECD 

patients. Further it establishes a goal for any therapeutic treatments designed to move ER-

retained SLC4A11 to the cell surface. CHED2 mutant SLC4A11 was rescued to the cell 

surface by heterodimerization with R125H-SLC4A11, or by reducing cell culture 

temperature to 30 °C. Cell surface rescued mutant SLC4A11 conferred significant water 

flux activity on cells. Finally, we assessed whether expression of mutant SLC4A11 

causes cell death, since cell surface rescue might not be therapeutic, if cells die when they 

express the mutant. SLC4A11 variants do not lead to cell death, when expressed in 

HEK293 cells. Together we conclude that rescue of SLC4A11 to the cell surface is a 

feasible approach to treat CHED and FECD caused by SLC4A11 mutations.  

Cystic fibrosis, a recessive genetic disorder, affecting lungs, pancreas and liver is 

caused by mutations in the large integral membrane protein, CFTR [18, 20]. One CFTR 

disease allele, ΔF508, which occurs in more than 80% of patients, causes CFTR to be 

retained in the ER [27]. CFTR, a plasma-membrane anion channel, cannot perform its 

essential function when retained intracellularly [20]. A thorough understanding of the cell 
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biology of ΔF508-CFTR led to the conclusion that it is possible to rescue ER-retained 

ΔF508 CFTR to the cell surface. Rescue of ΔF508-CFTR to the plasma membrane 

surface has been attempted, using chemical compounds, molecular chaperones and low 

temperature incubation or combination of all these methods [28-31]. The similarity of the 

molecular defects of ΔF508-CFTR and SLC4A11 mutants (ER retention) led us consider 

whether rescue to the cell surface could be a viable therapeutic strategy for CHED2 and 

FECD SLC4A11 mutants. 

Here we established benchmark values for the level of SLC4A11 function in 

health and disease. These values were obtained in a transfected cell culture model, so 

they are limited in many ways including, expression under an exogenous (strong) 

promoter and expression in model cells instead of the corneal endothelium. Limitations to 

experimentation on humans and absence of animal models mean that although the data 

collected here have caveats; they represent the only available approach.  

The transfected cell model revealed benchmark values for SLC4A11 activity that 

can be used to guide development of therapeutics. CHED2 patients have less than 5% of 

WT levels of water flux activity. Since CHED2 carriers are asymptomatic, their activity 

level, about 50% of WT, suffices to prevent disease. FECD mutant SLC4A11, expressed 

heterozygously as occurs in patients, had about 27% of WT activity. Thus, therapeutic 

strategies aimed at treating corneal dystrophies caused by SLC4A11 function have as 

their goal achieving 50% of WT function as a complete treatment for the disease. For a 

CHED2 patient, if 27% of WT activity were achieved then symptoms could be delayed 

for decades as FECD arises in the 30-50 age range [1, 2]. 
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The observation that CHED2 carriers have about 50% of WT SLC4A11 function 

carries additional significance. This result suggests that in cornea there is two-fold excess 

functional activity over what is required to prevent disease. While it appears that this 

level of activity is enough in the cornea, it may be insufficient in other tissues, expressing 

the SLC4A11. In particular, the renal descending loop of Henle expresses the gene and 

urinary concentrating defects are found in slc4a11-null mice [32]. CHED2 carriers might 

therefore manifest similar dysfunction. 

To assess the rescued protein’s functional activity, CHED2 mutants of SLC4A11 

were rescued to the cell surface in two ways. Co-expression with functionally inactive, 

but normally trafficked, R125H-SLC4A11 approximately doubled the fraction of CHED2 

mutant SLC4A11 at the cell surface. Co-immunoprecipitation revealed that this arose 

from heterodimerization with R125H-SLC4A11. Similarly, reducing cell culture 

temperature from 37 to 30 °C was also associated with about a doubling of the fraction of 

CHED2-SLC4A11 at the cell surface. The ability to increase the cell surface processing 

of CHED2-SLC4A11 in two different ways underscores the feasibility of cell surface 

rescue as a therapeutic approach.  

The major goal of this work was to determine whether cell surface rescue of ER-

retained SLC4A11 mutants is potentially therapeutic. The answer to this question comes 

from measurements of water fluxes associated R125H-, or 30 °C-rescued SLC4A11. 

Cells expressing CHED2-SLC4A11 homozygously had water flux activity far below the 

benchmark level required to delay the onset of symptoms (i.e. below yellow line Figs 4 

and 6). Cell surface rescue of CHED2-SLC4A11, by either approach, raised the water 

flux above the late-onset symptom threshold (Figs 4 and 6). Cell surface rescue thus can 
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confer functional activity exceeding the level found in the FECD state. That said, 

R755W-SLC4A11 subjected to rescue therapy did not exceed the late-onset threshold. It 

may be that R755W represents a severe allele, with profound misfolding, resistant to 

targeting correction. Individual CHED2 alleles will need to be assessed to determine 

whether they are likely candidates for rescue. We conclude that cell surface rescue is a 

viable therapeutic approach for corneal dystrophies caused by SLC4A11 mutation.  

 Low temperature incubation is established to increase plasma membrane targeting 

of some CHED2 mutants [3]. This is exciting because, at least for some CHED2 patients 

whose SLC4A11 mutants are not grossly misfolded, reducing the temperature of their 

cornea might provide symptomatic relief. Interestingly, the temperature of human cornea 

is 34 °C [33], significantly lower than body temperature. Data here suggest that reduction 

of corneal temperature to 30 °C would be useful in treating some CHED2 patients. In 

future, low temperature treatment might be combined with small molecule therapies to 

rescue ER-retained SLC4A11 to the cell surface.  

 CHED2 and FECD patients experience gradual loss of endothelial cell count 

along with loss of function [1, 23]. If accumulation of mutant SLC4A11 in endothelium 

alone is responsible for causing cell death, then cell surface rescue might not be 

therapeutic. Caspase activation assays revealed that expression of WT or mutant 

SLC4A11 did not induce apoptosis. More broadly, cell vitality assays indicated that 

expression of SLC4A11 variants did not give rise to a loss of cell viability. These results 

suggest that expression of mutant SLC4A11 is insufficient to explain the cell loss in 

corneal dystrophy patients. Rather, it suggests that endothelial cell loss arises from loss of 

some essential SLC4A11 function. The caveat to this conclusion is that data were 
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obtained only in HEK293 cells and the possibility remains that SLC4A11 mutants might 

have different effects in the context of the corneal endothelium. 

 Three independent slc4a11-null mouse lines have been reported, all of which 

recapitulate the corneal edema found in corneal endothelial patients [32, 34, 35]. Two of 

the reports do not mention decreased corneal endothelial cell density [32, 34], suggesting 

that loss of SLC4A11 function is insufficient to explain increased cell death. Increased 

loss of endothelial cell density, however, was observed in aged slc4a11-null mice (12 

month) [35]. This is consistent with our conclusion that loss of SLC4A11 function is 

sufficient to explain the cell death found in SLC4A11-caused corneal dystrophies. 

 Our data lead to three conclusions regarding corneal dystrophies associated with 

SLC4A11 mutations. First, we defined the relative levels of SLC4A11 function required 

to prevent, or delay onset of corneal dystrophy symptoms. Second, we found that some 

ER-retained SLC4A11 mutants had significant functional activity upon rescue to the 

plasma membrane. Third, although not conclusive, our data suggest that expression of 

SLC4A11 mutants is not responsible for the cell loss observed in CHED2 and FECD 

patients. Together this sets the stage for therapeutic strategies centered on moving ER-

retained SLC4A11 mutants to the cell surface to treat corneal dystrophies.  
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Chapter 4:  Role of Cytoplasmic Domain in 
Stabilization and Dimerization of SLC4A11, a 

Protein Mutated in Corneal Dystrophies 

A version of this chapter is prepared for submission as Loganathan, S. K., Lukowski, 

C.M. and Casey, J. R. (2015). Role of Cytoplasmic Domain in Stabilization and 

Dimerization of SLC4A11, a Protein Mutated in Corneal Dystrophies. Biochemical 

Journal. 

(All experiments were carried out by Sampath Loganathan except Figure 4.8, bacterial 

expression of SLC4A11 cytoplasmic domain, which was carried out by Chris Lukowski). 
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4.1 Introduction 

SLC4A11 protein is widely expressed but most significantly in kidney and cornea 

[1, 2]. Mutations in SLC4A11 gene cause three posterior corneal dystrophies: 1) recessive 

congenital hereditary endothelial dystrophy type 2 (CHED2) (MIM# 217700) [3-7], 2) 

recessive Harboyan syndrome (HS) (MIM# 217400) [8] (a combination of corneal 

dystrophy and perceptive deafness) and 3) dominant late-onset Fuchs endothelial corneal 

dystrophy (FECD) (MIM# 136800) [7-9]. Heterodimerization between WT and diseased 

monomers of SLC4A11 provides a molecular explanation for the recessive and dominant 

inheritance of CHED2 and FECD respectively [10]. A urinary concentrating defect has 

been identified in mice lacking SLC4A11 [11] but renal deficits have not been reported in 

people with SLC4A11 mutations. 

SLC4A11 is located in the water transporting thin descending portion of the loop 

of Henle [11, 12] and in the corneal endothelial layer, where it faces the corneal stroma 

[1]. The SLC4A11 gene (MIM# 610206) encodes an 891 amino acid long membrane 

protein, featuring an N-terminal 370 amino acid cytoplasmic domain, a 500 amino acid 

integral membrane domain with 14 transmembrane segments, and a very short 

cytoplasmic C-terminal tail [13]. SLC4A11 is a member of SLC4 family of bicarbonate 

transporters [14]. Similar to Anion Exchanger 1 (AE1/SLC4A1), a well-studied protein in 

the SLC4 family, SLC4A11 exists as dimers [10]. Although it belongs to SLC4 family of 

bicarbonate transporters, it has no reported bicarbonate transport activity [15, 16]. Human 

SLC4A11 was reported to be a Na+ coupled borate transporter [17], which was not 

subsequently confirmed [15, 16]. Some reports show that SLC4A11 is a Na+ coupled OH- 

transporter [15, 16] and SLC4A11-C (a variant of SLC4A11) to be a Na+ independent 
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H+(OH-) transporter [18]. We reported that human SLC4A11 facilitates trans-membrane 

water movement when there is an established osmotic gradient [1, 19]. This is the first 

protein, shown to move water osmotically, that does not belong to major intrinsic protein 

(MIP) family [1].  

About 60 SLC4A11 point mutations have been identified so far [3-7, 9, 20-26]. 

Of those, 19 are located on the cytoplasmic domain and the rest are in membrane domain. 

The mutations are distributed throughout the protein without any distinguishable pattern 

(Fig. 4.1B). CHED2 and FECD mutations cause SLC4A11 protein to be retained 

intracellularly in the endoplasmic reticulum, while a few of them may be functionally 

inactive, including SLC4A11 R125H [19]. Endoplasmic reticulum-retained SLC4A11 

mutants can be rescued to the plasma membrane surface where they display functional 

activity [19].  

Many SLC4A11 mutants are found in the cytoplasmic domain, indicating an 

important role in function, yet the role of the cytoplasmic domain is unknown. 

Interestingly, the R125H functional mutation resides in the cytoplasmic domain, 

indicating a role of this domain in SLC4A11 membrane transport activity.  In this study, 

we set out to investigate 1) the presence of a substrate translocation pathway in the 

membrane domain that extends through the cytoplasmic domain of SLC4A11, 2) a role 

for the cytoplasmic domain in functional activity of the protein 3) the nature of 

association between cytoplasmic and membrane domains and 4) the role of membrane 

and cytoplasmic domains in SLC4A11 dimerization.  
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4.2 Results 

4.2.1 Role of SLC4A11 cytoplasmic domain 

Most disease–causing point mutations of SLC4A11 protein lead to misfolding and 

retention in the endoplasmic reticulum (ER), thereby impairing its water flux activity at 

the plasma membrane [19]. By contrast, the disease mutation R125H, which is localized 

in the SLC4A11 cytoplasmic domain (Fig. 4.1A), is catalytically inactive. The mutation 

does not cause the protein to be ER-retained, rather, the protein processes to the plasma 

membrane just like wild type SLC4A11 (WT-SLC4A11), albeit with no water flux 

activity [1]. This led us to consider how mutations in the cytoplasmic domain might 

affect the SLC4A11 transport function. Studies of the Na+/HCO3
- co-transporter, NBCe1 

(SLC4A4), suggested that this SLC4 family member has cytoplasmic domain pore 

through which substrate translocates [27]. SLC4A11, being an SLC4 family member 

might function similarly to NBCe1. A substrate translocation pathway or pore might pass 

through the cytoplasmic domain, leading substrate through the membrane domain of 

SLC4A11 (Fig. 4.1A). Mutation of R125 could impair this cytoplasmic pathway.  

To test whether the membrane domain of SLC4A11 alone has functional activity, 

the four membrane domain variants of SLC4A11 were expressed in HEK293 cells (Fig. 

4.2A). We prepared four truncation mutants of the cytoplasmic domain of SLC4A11: 

HA-353-MD, HA-347-MD, HA-329-MD and HA-307-MD-SLC4A11, where an N-

terminal Hemagglutinin (HA) epitope tag was added to membrane domain (MD) 

sequences starting at the indicated residue (Fig. 4.1B). Densitometric analysis and 

normalization to GAPDH revealed that HA-353-MD, HA-347-MD and HA-329-MD-

SLC4A11 had only 5%, 10% and 15% expression relative to WT-SLC4A11, respectively  
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Figure 4.1 Substrate translocation pore along the cytoplasmic and membrane domains of 

dimeric SLC4A11. (A) SLC4A11 has a 374 amino acid N-terminal cytoplasmic domain 
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(CD) that may form an extension of the substrate translocation pore of the membrane 

domain (MD). Catalytically inactive mutants like R125H may occlude the cytosolic 

pathway interfering with the transport function but not folding of the protein. (B) 

Topology model of SLC4A11 indicating (black arrows) positions of the various 

membrane domain (MD) constructs (HA-353-MD, HA-347-MD, HA-329-MD and HA-

307-MD). Inset legend indicates colors associated with disease mutations of Fuchs 

endothelial corneal dystrophy (FECD), congenital hereditary endothelial dystrophy 

(CHED2) and Harboyan syndrome (Harboyan) [3-7,9,20-26]. 
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Figure 4.2 Expression and plasma membrane localization of SLC4A11 membrane 

domain constructs. (A) HEK293 cells were transfected with cDNA containing HA- 

epitope tagged WT-SLC4A11 and the indicated variants of MD-SLC4A11. Cell lysates 

(50 µg protein) were loaded on the SDS-PAGE gel and processed for immunoblotting 

with anti-HA (α-HA) and anti-GAPDH (α-GAPDH) antibodies. Black arrows indicate 

the location of HA-353-MD-SLC4A11. (B) Densitometric analysis of the expression of 

SLC4A11 variants were normalized to GAPDH and plotted relative to WT-SLC4A11. 

(C) HEK293 cells were transfected with cDNA encoding indicated HA-tagged versions 

of SLC4A11 as shown. Cells were labeled with membrane-impermeant Sulfo-NHS-SS-
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biotin (SNSB). Cell lysates were divided into two equal fractions and one was incubated 

with streptavidin Sepharose resin to remove biotinylated proteins. The unbound fraction 

(U) and the total cell lysate (T) were processed for immunoblots, using anti-HA antibody 

as shown.  (D) The fraction of SLC4A11 and GAPDH labeled by SNSB was calculated. 

Error bars represent SEM (n=3). Dashed line indicates the level of biotinylated GAPDH, 

which is a background for this assay. Significant difference (P<0.05) when compared to 

*: WT-SLC4A11 and HA-307-MD and #: GAPDH background. 
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(Fig. 4.2B). Only HA-307-MD-SLC4A11 had significant expression (~95%) comparable 

to WT-SLC4A11. These data show that the membrane domain of SLC4A11 requires the 

cytoplasmic domain to enable protein accumulation. 

One technique to assess the state of protein maturation of these variants was the 

use of glycosidase enzymes. The migration position of fully deglycosylated protein was 

established upon treatment with N glycosidase F (PNG-F) (Fig. 4.3). Core glycosylated 

protein, carrying immature glycosylation associated with ER location, is sensitive to 

cleavage by Endo glycosidase H (Endo-H) whereas mature glycosylated chains are 

insensitive to this cleavage. Consistent with mature glycosylation of WT-SLC4A11, the 

protein was resistant to Endo-H, but its carbohydrate was cleaved by PNG-F. In contrast, 

the cytoplasmic domain mutants were sensitive to Endo-H to varying degrees. This 

suggests that the mutants predominantly fail to mature. HA-329-MD-SLC4A11 however, 

shows some resistance to Endo-H, consistent with partial maturation (Fig. 4.3) [9].  

To test further the localization of all the membrane domain variants, cell surface 

biotinylation assay [13] was carried out (Fig. 4.2C). The fraction of biotin labeled 

(plasma membrane localized) protein was calculated relative to WT-SLC4A11 (Fig. 

4.2D). None of the SLC4A11 membrane domain variants localized to the cell surface 

significantly. As a result, the functional activity of the membrane domain by itself cannot 

be assessed, as functional assays require cell surface localization.   

4.2.2 GFP and mNectarine fusion proteins to cover hydrophobic surface 

A possible explanation for the instability of the isolated SLC4A11 membrane 

domain is that the membrane domain must be associated with the cytoplasmic domain, 

perhaps to satisfy hydrophobic bonding requirements. To test this, we created two fusion  
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Figure 4.3 Glycosylation state of the various membrane domain constructs of SLC4A11. 

HEK293 cells were transfected with cDNA containing HA- epitope tagged WT-

SLC4A11 and the indicated variants of MD-SLC4A11. Cell lysates containing 25 µg of 

total protein were denatured at 65 °C and then treated with Endo H or PNGase F (PNG F) 

for 1 h at 37 °C. All the enzyme treated or untreated cell lysates were loaded on the SDS-

PAGE gel and processed for immunoblotting with anti-HA antibody as shown. Grey and 

black arrows indicate the Endo H resistant and sensitive form of the protein respectively. 
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proteins: 1) Green fluorescent protein (GFP) and 2) mNectarine (a variant of Red 

fluorescent protein) [28] fused to varying lengths of SLC4A11 membrane domain (Fig. 

4.4A). GFP and mNectarine differ in their oligomeric state. GFP is dimeric when fused to 

integral membrane proteins while mNectarine is monomeric [28-30]. We considered the 

possibility that the required role of the cytoplasmic domain might be to cause SLC4A11 

to dimerize, a function that would be complemented by GFP, but not mNectarine. GFP-

368-MD, mNect-368-MD, GFP-307-MD and mNect-307-MD-SLC4A11 were expressed 

in HEK293 cells and their expression assessed on immunoblots (Fig. 4.4B). Expression 

of fusion protein variants was quantified densitometrically and normalized to GAPDH 

expression and plotted relative to WT-SLC4A11 expression assessed on the same blot 

(Fig. 4.4C). GFP-368-MD and mNect-368-MD accumulated to less than 5% of the level 

of WT-SLC4A11, while GFP-307-MD and mNect-307-MD had close to 15% expression 

levels. Cell surface processing assays revealed that plasma membrane surface expression 

was insignificant for the four fusion variants (Figs. 4.4D & E). Fusion of GFP or 

mNectarine failed to rescue the processing defect of SLC4A11 membrane domain. 

Neither providing a surface covering on the SLC4A11 membrane domain nor forced 

dimerization of the cytoplasmic domain is sufficient to induce rescue of the membrane 

domain to the cell surface. 

4.2.3 AE1 cytoplasmic domain and SLC4A11 membrane domain chimera 

Since the fusion of GFP and mNectarine did not stabilize the SLC4A11 

membrane domain, we hypothesized that the membrane domain requires a protein with a 

similar structural fold as SLC4A11 cytoplasmic domain. To identify a protein with a  
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Figure 4.4 Expression and plasma membrane localization of enhanced Green fluorescent 

protein (GFP) and mNectarine protein (mNect) fused variants of MD SLC4A11. (A) 

Enhanced Green fluorescent protein and mNectarine (a modified form of Red fluorescent 

protein), which exist as dimer and monomer respectively were fused to the N-terminus of 
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MD-SLC4A11 either at 368 (GFP-368-MD and mNect-368-MD) or 307 (GFP-307-MD 

and mNect-307-MD) amino acid residue. (B) HEK293 cells were transfected with cDNA 

encoding HA-epitope tagged WT-SLC4A11 and the indicated variants of GFP or 

mNectarine fused MD-SLC4A11. Equal amount of total protein from cell lysates were 

loaded on the SDS-PAGE gel and processed for immunoblotting with anti-HA and anti-

GAPDH antibodies. (C) Densitometric analysis of the expression of SLC4A11 variants 

were normalized to GAPDH and plotted relative to WT-SLC4A11. (D) HEK293 cells 

were transfected with cDNA encoding indicated HA-tagged versions of SLC4A11 and 

subjected to cell surface biotinylation assays. The unbound fraction (U) and the total cell 

lysate (T) were immunobloted using anti-HA and anti-GAPDH antibodies, as shown.  (E) 

The fraction of SLC4A11 and GAPDH labeled by SNSB was calculated. Error bars 

represent SEM (n=3). Dashed line indicates the level of biotinylated GAPDH, which is a 

background for this assay. Significant difference (P<0.05) when compared to *: WT-

SLC4A11 and #: GAPDH background. 
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similar structural fold as SLC4A11 cytoplasmic domain, we submitted the domain’s 

sequence (amino acids 1-370) to Protein Homology/AnalogY Recognition Engine 

(PHYRE2), a protein structure prediction server [31]. The highest probability structure 

was based on AE1 (SLC4A1), a Cl-/HCO3
- exchanger also in the SLC4 family with 

SLC4A11. The predicted structure of SLC4A11 cytoplasmic domain based on AE1 

crystal structure [32] had four beta sheets and several alpha helices (Fig. 4.5A). Only the 

amino acids R125-P341 of SLC4A11 had a structural alignment with 100% confidence to 

AE1 template (Fig. 4.5B), while remainder of SLC4A11 had less than 20% confidence 

(Fig. 4.5C, highlighted in grey color). Considering the sequence identity of just 18% 

between human AE1 and SLC4A11 cytoplasmic domains, the structural alignment 

confidence of 100% from R125-P341 is remarkable. Amino acids Q301-P331 of 

SLC4A11 (Figs. 4.5B,C, red color) correspond to the dimeric interface of amino acids 

F314-R344 in AE1 cytoplasmic domain crystal structure [32]. The catalytically inactive 

mutant R125H, highlighted in yellow maps to the middle of the predicted structure and 

there is a possibility that it could line a substrate translocation pathway. Unfortunately, 

we cannot be confident of this assumption since there is low confidence in the structural 

alignment with AE1 in the SLC4A11 amino acids 1-124 and 341-371.  

On the basis of the structural alignment (Fig. 4.5 and Fig. 4.6), amino acids 1-354 

of AE1 cytoplasmic domain and amino acids 341-891 of SLC4A11 membrane domain 

were fused to create a chimeric protein (CD-AE1-MD-SLC4A11). Expression and its 

localization in HEK293 cells were assessed (Figs. 4.7A,C). CD-AE1-MD-SLC4A11 has 

a similar expression levels as WT-SLC4A11 (Fig. 4.7B) and a significant presence at the 

cell surface when compared to background levels (Fig. 4.7D). 
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Figure 4.5 Homology modeling of SLC4A11 cytoplasmic domain. (A) Homology model 

of cytoplasmic domain (CD) of SLC4A11 (amino acids M1-K371) was predicted using 

Protein Homology/AnalogY Recognition Engine 2 (Phyre2) software and Cytoplasmic 

domain of AE1 (SLC4A1) as a template. (B) Homology model (amino acids R125-P341) 

of CD-SLC4A11 based on structural alignment with 100% confidence on CD-AE1. Red 

color indicates the SLC4A11 region corresponding to the AE1 dimerization motif (amino 

acids Q301-P331). (C) Homology model of CD-SLC4A11 with R125 highlighted as 

space-filling model in yellow and dimeric interface in red. Residues with high probability 

of correct structural prediction (100%) in Phyre2 are in green and red, while low 

confidence structural fitting (~18%) in Phyre2 are colored in grey.  
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Figure 4.6 Phyre2 alignment of SLC4A11 and AE1 cytoplasmic domains. To generate a 

homology model for SLC4A11 cytoplasmic domain, the amino acid sequence of 

SLC4A11 (1-370 residues) was submitted in the Protein Homology/AnalogY 

Recognition Engine 2 (Phyre2) software. Amino acid residues of SLC4A11 that have 

similar structural fold with AE1 were aligned as shown.  The top and bottom row 

numbers indicate the amino acids of SLC4A11 and AE1. Row 1 and Row 4 indicate the 
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predicted SLC4A11 cytoplasmic domain structure and crystal structure of AE1 

cytoplasmic domain from PDB respectively.  
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Figure 4.7 Expression, plasma membrane localization and functional activity of AE1 

cytoplasmic domain (CD-AE1) fused to MD-SLC4A11. (A) HEK293 cells were 

transfected with cDNA containing HA- epitope tagged WT-SLC4A11 and CD-AE1-MD-
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SLC4A11. Cell lysates were immunoblotted with Anti-HA and Anti-GAPDH antibodies. 

(B) Expression level of CD-AE1-MD-SLC4A11 was normalized to GAPDH and plotted 

relative to WT-SLC4A11. (C) HEK293 cells transfected with cDNA encoding HA- 

epitope tagged WT-SLC4A11 and CD-AE1-MD-SLC4A11 were labeled with 

membrane-impermeant Sulfo-NHS-SS-biotin (SNSB) to perform cell surface 

biotinylation assay. Samples were processed on immunoblots with anti-HA and anti-

GAPDH antibodies. (D) The fraction of WT-SLC4A11, CD-AE1-MD-SLC4A11 and 

GAPDH labeled by SNSB was calculated. Error bars represent SEM (n=3). Dashed line 

indicates the level of biotinylated GAPDH, which is a background for this assay. (E) 

HEK293 cells, grown on coverslips, were transiently co-transfected with cDNA encoding 

eGFP along with empty vector or HA-WT-SLC4A11 or CD-AE1-MD-SLC4A11. Cells 

were perfused with isosmotic (black bar) and hypoosmotic (white bar) media. (F) Rate of 

fluorescence change was calculated, which represents the water flux. Data represent the 

mean ± SEM of water flux in cells from three independent experiments with 8-10 cells 

measured per coverslip. Significant difference (P<0.05) when compared to *: GAPDH 

background, #: CD-AE1-MD-SLC4A11 and ^: WT-SLC4A11. 
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Since CD-AE1-MD-SLC4A11 was expressed at the cell surface at ~40% of WT-

SLC4A11 levels, we were able to assess its functional activity as described earlier [1]. 

Cell swelling assays were performed in HEK293 cells co-expressing GFP and either WT-

SLC4A11 or CD-AE1-MD-SLC4A11. Cytoplasmic GFP concentration was monitored 

while switching from isotonic to hypotonic solution (Fig. 4.7E). The rate of fluorescence 

change, representing dilution of GFP in the cytoplasm, is a surrogate for water flux 

activity. CD-AE1-MD-SLC4A11 expressing cells had water flux similar to vector 

transfected cells (Fig. 4.7F), while WT-SLC4A11 conferred significant water flux as 

reported earlier [1]. Overall, CD-AE1-MD-SLC4A11 shows that a protein with similar 

structural fold is required to stabilize the SLC4A11 membrane domain allowing it to 

process to the cell surface. The absence of SLC4A11 cytoplasmic domain, however, 

impairs water flux activity.  

4.2.4 Bacterial over-expression of SLC4A11 cytoplasmic domain 

Understanding the structure of SLC4A11 cytoplasmic domain might rationalize 

the cytoplasmic domain mutants that cause corneal dystrophies. We thus expressed the 

cytoplasmic domain (amino acids 1-368) in E. coli in hopes of performing structural 

studies on recombinant protein. When expressed in E. coli, the native sequence of CD-

SLC4A11 was expressed to low levels (Fig. 4.8A). We thus optimized codon usage for E. 

coli, replacing rare E. coli codons in the SLC4A11 cDNA. E. coli extracts from codon-

optimized CD-SLC4A11 revealed a band of the expected size (~40 kDa) on immunoblots 

(Fig. 4.8A). As expression level was low, we fused glutathione-S-transferase (GST) to 

the N-terminus of SLC4A11 cytoplasmic domain (GST-CD-SLC4A11-His10) and  
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Figure 4.8 Bacterial expression of SLC4A11 cytoplasmic domain. (A) Native human or 

partial codon optimized (for E. coli) sequence of SLC4A11 cytoplasmic domain (1-368 

amino acids) cDNA, tagged with 6x Histidine, was transformed into E. coli and grown in 

LB medium (CD-SLC4A11-His6). IPTG was used to induce protein expression. After 2-4 
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h, the cells were centrifuged, sonicated and processed for immunoblotting using Anti-His 

antibody. (B & C) cDNA of SLC4A11 cytoplasmic domain with GST at N-terminus and 

His tag at C-terminus was transformed into E. coli (GST-CD-SLC4A11-His10). After 

induction with IPTG, the cells were collected and sonicated. The total cell lysate (T) was 

centrifuged and the supernatant (S) and pellet (P) fractions were collected. Samples were 

processed for SDS-PAGE and stained with Coomassie blue dye (B) or immunoblotted 

using anti-GST antibody (C).  
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expressed in E. coli. A 72-kDa band on Coomassie stained SDS-PAGE gels was evident 

in induced cell extracts (Fig. 4.8B). Supernatants and pellets of E. coli cell lysates were  

assessed on Coomassie blue stained gels and immunoblots. Majority of CD-SLC4A11 

was found in the pellet (Fig. 4.8C), whether expressed alone or fused to GST. This 

suggests that CD-SLC4A11 is insoluble, even when fused to soluble GST.  

4.2.5 Cytoplasmic domain and membrane domain of SLC4A11 strongly associate 

Experiments here show that the removal of the cytoplasmic domain destabilizes 

the membrane domain of SLC4A11. Similarly, CD-SLC4A11 does not express as a 

soluble protein without MD-SLC4A11. We hypothesized that the cytoplasmic and 

membrane domains might strongly associate in the SLC4A11 native structure, such that 

neither domain was stable unless folded against the other. We assessed a possible 

interaction between Myc-epitope tagged cytoplasmic domain of SLC4A11 (Myc-CD-

SLC4A11) and HA-epitope tagged membrane domain of SLC4A11 (HA-307-MD-

SLC4A11). When co-expressed in HEK293 cells, HA-307-MD-SLC4A11 and Myc-CD-

SLC4A11 co-immunoprecipitated (Fig. 4.9A & 4.10A), indicating that the domains 

associate. When the epitope tags were reveresed, we found that HA-CD-SLC4A11 co-

immunoprecipitated with Myc-307-MD-SLC4A11 (Fig. 4.9B & 4.10B).  

Interaction between the domains was specific, as the Myc-CD-SLC4A11 does not 

associate with the membrane domain of AE1 (340-MD-AE1) (Fig. 4.9C & 4.10C). No 

signal was found in any of the samples while using non-immune serum (N.I.) for 

immunoprecipitation, indicating the specificity of the antibody. These 

immunoprecipitation data confirm that the cytoplasmic domain and membrane domain of 

SLC4A11 strongly and specifically associate. 
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Figure 4.9 Association between SLC4A11 cytoplasmic and membrane domains. 

HEK293 cells were co-transfected with (A) Myc-tagged CD-SLC4A11 and HA-tagged 

307-MD-SLC4A11 or (B) Myc-tagged 307-MD-SLC4A11 and HA-tagged CD-

SLC4A11 or (C) Myc-tagged CD-SLC4A11 and HA-tagged 340-MD-AE1. Cell lysates 

(100 µg of total protein) were incubated either with rabbit polyclonal anti-Myc antibody 

(IP) or rabbit non-immune serum (NI). Immunoprecipitates (both IP and NI) and 50 µg of 

total protein cell lysate (T) were probed on immunoblots with anti-HA and anti-AE1 

antibody as indicated. 
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Figure 4.10 Association of SLC4A11 cytoplasmic and membrane domains. HEK293 

cells were co-transfected with (A) Myc-CD-SLC4A11 and HA-307-MD-SLC4A11 or 

(B) Myc-307-MD-SLC4A11 and HA-CD-SLC4A11 or (C) Myc-CD-SLC4A11 and HA-

340-MD-AE1 (AE1 was used as a control). Cell lysates (100 µg of total protein) were 

incubated either with rabbit polyclonal anti-Myc antibody (IP) or rabbit non-immune 

serum (NI). Immunoprecipitates (both IP and NI) were washed, recovered and along with 

50 µg of total protein cell lysate (T) were probed on immunoblots with mouse 

monoclonal anti-MYC antibody. 
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Figure 4.11 SLC4A11 cytoplasmic domains are dimeric. HEK 293 cells were 

cotransfected with cDNAs encoding N-terminally HA-tagged CD-SLC4A11 and Myc-

tagged CD-SLC4A11. Cells were solubilized 48 h post-transfection and a 50-µg total 

protein aliquot (T) was set aside.  Two aliquots (100 µg protein each) were incubated for 

16 h at 4°C with either rabbit polyclonal anti-Myc (IP) or rabbit non-immune serum (NI). 

Immunocomplexes were recovered, washed, and all the samples (T, IP and NI) were 

processed for immunoblotting. Immunoblots were successively probed with anti-HA and 

anti-Myc monoclonal antibodies to detect HA-CD-SLC4A11 (A) and Myc-CD-SLC4A11 

(B), respectively. 
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4.2.6 SLC4A11 cytoplasmic domain dimerizes independently of the membrane domain  

WT-SLC4A11 is dimeric [10], raising the important question whether the 

monomers of SLC4A11 cytoplasmic domain dimerize independently of the membrane  

domain? The cytoplasmic domain of SLC4A11 was tagged with HA-epitope and Myc-

epitope and co-transfected in HEK293 cells in equal amounts. Immunoprecipitation 

studies suggest that when the Myc-CD-SLC4A11 was pulled down (Fig. 4.11B), the HA-

CD-SLC4A11 associates with Myc-CD-SLC4A11 (Fig. 4.11A). No signal was found 

when non-immune serum (N.I.) was used to pull down the protein. Taken together, these 

experiments show that the cytoplasmic domain of SLC4A11 dimerizes independently of 

the membrane domain. 

 

4.3 Discussion  

In this study, we explored the role of SLC4A11 cytoplasmic and membrane 

domains in protein’s function. Our results indicate that the SLC4A11 cytoplasmic domain 

is essential for the stability of the membrane domain. Further, the SLC4A11 cytoplasmic 

domain is required for membrane transport function of SLC4A11. Modeling studies 

suggest similarities in the structures of AE1 and SLC4A11 cytoplasmic domains. Finally, 

the cytoplasmic and membrane domains of SLC4A11 associate strongly with each other 

and the cytoplasmic domain can dimerize on its own. These findings are significant 

because about one third of corneal dystrophy causing mutations are located in the 

SLC4A11 cytoplasmic domain and for the first time, this work provides insights into the 

role of the cytoplasmic domain in the function of SLC4A11.  
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4.3.1 Role of the cytoplasmic domain in SLC4A11 membrane domain stabilization 

 The cytoplasmic domain has a key role in stabilizing the full length protein. 

About one third of all identified SLC4A11 point mutations map to the cytoplasmic 

domain and many of these result in a molecular phenotype marked by retention of the 

protein in the ER [10, 19, 23]. This itself suggests a key role of the domain permitting 

maturation of SLC4A11 to the cell surface. Point mutations could, however, cause 

SLC4A11 cytoplasmic domain to misfold, resulting in surveillance by the ER quality 

control apparatus.  

 Experiments presented here indicate that the role of the cytoplasmic domain is 

more than permissive. Deletion of the cytoplasmic domain led to progressive 

dysfunction, such that the greater the truncation of the cytoplasmic domain, the less the 

membrane domain was able to accumulate. This is consistent with endoplasmic 

reticulum-associated degradation of proteins recognized as misfolded, leading to reduced 

levels of steady-state accumulation. All of the SLC4A11 cytoplasmic domain truncation 

mutants failed to process to the cell surface. Point mutants with a misfolded cytoplasmic 

domain inhibit SLC4A11 membrane domain maturation, as does removal of the domain. 

Thus a properly folded cytoplasmic domain is required for SLC4A11 maturation. 

 What is the role of SLC4A11 cytoplasmic domain in membrane domain 

stabilization? As discussed above, SLC4A11 membrane domain is unstable when 

expressed alone, but we also found that bacterially over-expressed cytoplasmic domain 

was insoluble. These observations could be unified if the two domains strongly associate 

in the mature full length protein. Expression of the two domains independently would 

thus expose surfaces that are normally buried, likely hydrophobic and prone to 
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aggregation. Supporting this model, co-expressed cytoplasmic and membrane domains 

co-associated in immunoprecipitates. 

 Our data support a specific role of the SLC4A11 cytoplasmic domain in 

stabilizing the membrane domain. The idea that the membrane domain has a surface that 

must be covered, suggests that the function could be complemented by any properly-

folded domain. In contrast, we found that fusion of two different, properly folded 

fluorescent proteins failed to rescue the processing defect of SLC4A11 membrane 

domain. This indicates that for SLC4A11 to mature, close association with a specific 

domain is required.  

 Structural modeling revealed for the first time evidence that SLC4A11 and AE1 

cytoplasmic domains have regions with significant structural similarity. Lending support 

to this idea, the AE1 cytoplasmic domain rescued SLC4A11 membrane domain 

trafficking to the cell surface. This suggests that AE1 has structural features sufficiently 

similar to SLC4A11’s domain that it passes surveillance by the cell’s quality control 

apparatus and permits appropriate folding of the membrane domain. 

 Another possible obligatory role of the cytoplasmic domain is to assist with 

SLC4A11 dimerization, since the full length protein is dimeric [10]. Against this idea, we 

found that fusion of GFP, a dimeric protein, to SLC4A11 failed to rescue SLC4A11 

membrane domain trafficking to the same degree as mNectarine, a monomeric 

fluorescent protein. While the AE1 cytoplasmic domain is dimeric [33-35], the failure of 

GFP to rescue the membrane domain indicates that the SLC4A11 cytoplasmic domain 

contributes more than dimerization to the protein’s stability. Further arguing against a 

requisite role of the cytoplasmic domain in protein dimerization is AE1, another member 
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of the SLC4 family. The AE1 cytoplasmic and membrane domains are both 

independently dimeric [33-35]. 

 AE1 does, however, provide interesting contrasts with the data we have revealed 

for SLC4A11. AE1 (SLC4A1) and SLC4A11 belong to the same protein family and 

likely thus share a common fold of their membrane domains. The AE1 membrane domain 

can, however, be stably expressed without the cytoplasmic domain [36] and the AE1 

cytoplasmic domain is sufficiently stable by itself that it has been over-expressed and 

crystallized [32]. The two domains can be readily proteolytically cleaved and separated 

under mild conditions, indicating weak interactions between the domains [37]. Data here 

thus indicate that while the two proteins may be similar, there are major differences 

between them.  

4.3.2. Role of SLC4A11 in membrane transport activity 

 As discussed above, the cytoplasmic domain has an important and specific role in 

membrane domain folding, stability and trafficking. There is additional evidence that the 

domain has a role in the membrane transport functions of SLC4A11. The SLC4A11 

R125H mutation causes CHED2 and resides in the cytoplasmic domain [1]. R125H-

SLC4A11 targets normally to the cell surface, but does not support the water flux activity 

observed in cells expressing WT-SLC4A11 [1]. We assume that if the mutation affected 

the folding of SLC4A11, the ER quality control apparatus would retain the protein in the 

ER. How can a cytoplasmic domain mutation affect membrane transport function? 

 One possibility is that the SLC4A11 cytoplasmic domain contains a pathway 

through which transported substrates traverse. Such pathways are well established in 

some ion channels, for example the voltage gated K+-channel [38, 39]. Similarly, the 
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CFTR Cl- channel was recently proposed to have “fenestrations” in its cytoplasmic 

domain, guiding substrate Cl- to the transmembrane pore [40]. Closer to SLC4A11, the 

electrogenic Na+/HCO3
- co-transporter, NBCe1 (SLC4A4) has been proposed to have a 

channel through its cytoplasmic domain, guiding HCO3
- to the membrane domain, on the 

basis of structural modeling studies and a cytoplasmic domain mutant (R298S), which 

affects the transport function, but not cell surface trafficking of NBCe1 [27]. 

Amino acid sequence alignment with ClustalW2 indicates that the corresponding 

residue to R298 of NBCe1 is R270 in SLC4A11 and interestingly this site is flanked by 

two CHED2 mutations, A269V and T271M. Further, Chang et al. showed that NBCe1 

R298 is located in a largely solvent inaccessible polar subsurface pocket [27]. In contrast, 

in the SLC4A11 homology model, we did not find any such pocket for R125 (Fig. 4.12). 

The predicted salt bridges using VMD software [41] were not close to R125, but this 

could be due to the low confidence in the homology structure between 1-125 amino acids 

of SLC4A11. Moreover, removal of SLC4A11 cytoplasmic domain destabilized the 

membrane domain and hence we were not able to investigate whether there is a substrate 

translocation pathway that transverse via cytoplasmic domain.  

Our data are consistent with a role of the cytoplasmic domain in membrane 

transport function. Co-immunoprecipitations revealed close association of the 

cytoplasmic and membrane domains, as one would expect if the cytoplasmic domain had 

a pathway guiding substrate to the membrane domain. More importantly, we found that it 

was possible to traffic the membrane domain to the cell surface by fusion of the AE1 

cytoplasmic domain. The AE1-SLC4A11 fusion, however, did not support water flux 

activity. This strongly suggests that the cytoplasmic domain has a role in contributing to  
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Figure 4.12 Possible salt bridges on the SLC4A11 cytoplasmic domain homology model. 

PHYRE2 SLC4A11 cytoplasmic domain homology model in PDB format was submitted 

to VMD 1.9.2. The possible salt bridges calculated by VMD software were mapped on 

the homology model. Each salt bridge is highlighted in different color as indicated in the 

table. 
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the membrane transport activity of the protein. The loss of functional activity in chimeric 

protein could be due to 1) the absence of the transport pore in AE1 cytoplasmic domain 

even though it might have similar structural fold as SLC4A11 based on PHYRE2 

prediction. A recent report shows that the substrate access tunnel in the cytoplasmic 

domain is not an important feature of AE1 [42] or 2) the absence of specific residues of 

SLC4A11 that might be involved in water translocation or 3) the cytoplasmic domain of 

SLC4A11 could have some unique interactions/features that is absent in any other SLC4 

family member. Our data alone do not allow us to conclude what the cytoplasmic domain 

contributes to membrane domain function, but providing a pathway for substrate 

funneling to the membrane domain, as proposed for NBCe1, is a possibility. 

Nevertheless, all these experiments show that the cytoplasmic domain is very important 

for the stabilization and function of SLC4A11.  

4.3.3 Dimerization of SLC4A11 cytoplasmic domain 

We found that the cytoplasmic domain of SLC4A11 can dimerize independent of 

the membrane domain. However, there is a caveat to this finding and the data has to be 

interpreted with great degree of caution. SLC4A11 cytoplasmic domain variants might 

aggregate in HEK293 cells (as bacterial expression of SLC4A11 cytoplasmic domain was 

insoluble) and when immunoprecipitated, they associate possibly due to either 

dimerization or aggregation. In AE1, both the membrane domain and cytoplasmic 

domain dimerize independent of each other [32, 43, 44]. SLC4A11 might also have both 

cytoplasmic and membrane domains dimerize independently of each other.  

Unfortunately we could not test the oligomerization of membrane domain of SLC4A11, 

as it was not stable and does not reach the cell surface. 
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Interestingly, the dimeric interface of cytoplasmic domain mapped to amino acids 

301-331 of SLC4A11, based on AE1 dimeric interface (amino acids 314-344), seems to 

be critical in stabilizing the membrane domain expression. The variants HA-353-MD, 

HA-347-MD and HA-329-MD do not contain the amino acids responsible for dimeric 

interface and their expression is very weak whereas HA-307-MD-SLC4A11 contains the 

majority of dimeric interface residues and its expression is equivalent to WT-SLC4A11 

(Fig. 4.2B). So it is evident that the amino acids 301-331 of SLC4A11 is very important 

in the stabilization or folding or dimerization of the protein and it will be interesting to 

test these particular residues in future studies. Also a point mutation, A327V (Fig. 4.1B), 

maps to this location and causes FECD.  

 

4.4 Conclusions 

Taken together, we conclude that 1) the cytoplasmic domain of SLC4A11 is 

required for the stability of the membrane domain, 2) the cytoplasmic domain is required 

for SLC4A11 functional activity (possibly forming an extension of the substrate 

translocation pathway from the membrane domain of SLC4A11), 3) the cytoplasmic 

domain and membrane domain of SLC4A11 strongly associate and 4) SLC4A11 

cytoplasmic domain is dimeric, independent of the membrane domain.  
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5.1 Summary 

 The objectives of the thesis were to 1) Test the feasibility of rescuing ER-retained 

SLC4A11 disease causing mutants to the cell surface and whether the rescued protein is 

functional at the plasma membrane. This is critical to develop therapeutic strategies to 

treat the corneal dystrophies caused by SLC4A11 mutations, thereby reducing the wait 

times for corneal transplantation. 2) Understand the role of cytoplasmic domain in the 

structure and function of SLC4A11. The cytoplasmic domain of SLC4A11 has low 

sequence identity (less than ~18%) among SLC4 family of bicarbonate transporters and 

deciphering the role it plays in transport function of the protein is important to treat 

catalytic mutants like R125H.  

5.1.1 Rescuing ER-retained SLC4A11 mutants to plasma membrane 

 SLC4A11 mutations cause some cases of CHED2, HS and FECD [1-18]. The 

majority of the disease-causing mutations induce SLC4A11 protein misfolding and 

retention in ER. We tested the feasibility of rescuing misfolded SLC4A11 protein to the 

plasma membrane as a therapeutic approach to treat the patients suffering from these 

corneal dystrophies. First, to establish benchmark level of SLC4A11 activity to avoid 

disease symptoms, we measured functional activity present under genotypes mimicking 

unaffected individuals, CHED2 carriers and affected CHED2 and FECD individuals 

using a transfected HEK293 cell model. In this model, CHED2 carriers, CHED2 patients 

and FECD patients manifest respectively about 60%, 5% and 25% of WT function. To 

rescue the ER-retained SLC4A11 mutants, we employed two strategies. 1) Co-expression 

with a catalytically inactive mutant R125H (which processes to the cell surface similarly 

to WT levels but without functional activity) and 2) Reduced temperature growth 
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conditions (30 °C), which gives more time for the protein folding machinery to process 

some of the mildly misfolded SLC4A11 mutant proteins.   The strategy of co-expression 

with catalytically inactive mutant R125H rescued ER-retained CHED2 mutant SLC4A11 

proteins to the plasma membrane where they retained 25-30% of WT water flux levels. 

Further, the second strategy of culturing HEK293 cells expressing some ER-retained 

CHED2 mutants at 30 °C helped the protein to mature and to have increased water flux 

compared to 37 °C culture. We also examined whether expression of mutant SLC4A11 is 

associated with apoptotic cell death as accumulation of ER-retained proteins, in some 

cases, leads to apoptotic cell death [19]. Caspase activation and cell vitality assays 

revealed that expression of mutant SLC4A11 by itself did not induce cell death in 

transiently or stably transfected HEK293 cell culture models. Overall, the results from 

Chapter 3 show therapeutic strategies that will be able to increase cell surface localization 

of ER-retained SLC4A11 mutants holds promise to treat patients suffering from CHED2 

and FECD corneal eye diseases. 	  

5.1.2 Role of cytoplasmic domain in SLC4A11 structure and function 

 About one third of all reported SLC4A11 disease-causing mutations are located on 

the 370 amino acid cytoplasmic domain of SLC4A11 protein [20]. However, very little is 

known about the role of SLC4A11 cytoplasmic domain in protein function. The presence 

of a catalytically inactive CHED2 mutant, R125H [21], on the cytoplasmic domain 

indicates a functional role of this domain in the SLC4A11 protein. Several membrane 

proteins, including voltage gated potassium channel, NBCe1 and CFTR, have a transport 

pore in their membrane domain that extends into the cytoplasmic domain [22-25].  We 

tested whether SLC4A11 has a similar transport pore by removing the cytoplasmic 
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domain of the protein and expressing the truncated protein in HEK293 cell culture model. 

Interestingly, we found that removal of the cytoplasmic domain destabilizes the 

membrane domain of SLC4A11 and resulted in the protein accumulating in the ER. 

Fusing the soluble proteins GFP or mNectarine to cover any exposed hydrophobic 

surface in membrane domain of SLC4A11 did not help the protein to reach the plasma 

membrane surface. Homology modeling studies suggested that SLC4A11 cytoplasmic 

domain has similar structural fold to AE1 cytoplasmic domain. A chimeric fusion of AE1 

cytoplasmic domain with SLC4A11 membrane domain helped the protein to reach the 

cell surface to a significant level, but no functional activity was observed. This suggests 

that in addition to stabilizing the protein, SLC4A11 cytoplasmic domain also has an 

important role in the transport function of the protein. Co-immunoprecipitation studies 

showed that a strong and specific association between the SLC4A11 cytoplasmic domain 

and membrane domain when co-expressed independently in HEK293 cells. Similar to 

AE1, the monomers of cytoplasmic domain of SLC4A11 dimerize independently of the 

membrane domain. Taken together, data from Chapter 4 shows for the first time that 

SLC4A11 cytoplasmic domain is essential for the transport function and stabilization of 

the protein. The SLC4A11 cytoplasmic domain can also dimerize and has a similar 

structural fold to AE1 cytoplasmic domain. 

 

5.2 Future directions 

 As discussed in Chapter 3, the feasibility of rescuing the ER-retained disease 

causing SLC4A11 mutants to the cell surface opens up the possibility of screening 

chemical compounds that could act as molecular chaperones or scaffold to enable proper 
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folding of the mutant protein. A high-throughput assay has been developed to screen a 

large library of chemical compounds to identify small molecule correctors for the 

misfolded mutant protein ΔF508 in CFTR [26]. Similar assay can be adapted to screen a 

large library of chemical compounds in order to rescue the ER-retained SLC4A11 mutant 

protein to the plasma membrane. Briefly, an epitope tag can be introduced on the 

extracellular loop of the protein that faces the outside environment. Using an antibody 

against the epitope tag combined with fluorescence molecules, the amount of SLC4A11 

on the plasma membrane can be quantified.  

After identifying the potential small molecule correctors that can rescue 

SLC4A11 mutant protein to the cell surface by high-throughput assay, the amount of 

rescued protein can be quantified using cell surface biotinylation labeling experiments 

(section 2.9). Using assays described in section 2.4, the functional activity of the rescued 

protein can be tested. Only the small molecule correctors that rescue the SLC4A11 

mutant protein to the cell surface and restores functional activity can be further 

considered for therapeutic purposes. Any small molecular corrector drugs identified 

through this screening would be significant since it can be administered easily as eye 

drops in animal and clinical studies. This would help the CHED2 patients immensely as 

the disease is caused exclusively by SLC4A11 mutations and the onset of disease 

symptoms can be prolonged to later stages of life.  

Depletion of SLC4A11 causes cell death in cultured corneal endothelial cells 

implying that SLC4A11 could be essential for endothelial cell survival [27]. Any drug 

administered as eye drops that corrects the misfolding of FECD mutant SLC4A11 protein 

and rescues it to the cell surface could potentially reduce the depletion of SLC4A11 in 
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the corneal endothelium of FECD patients.  This might increase the endothelial cell 

survival thereby slowing down the endothelial cell loss and corneal edema. In FECD 

patients, the identified drug could prolong the onset of disease symptoms from 4-5th 

decade of life to later decades of life, thereby reducing the wait times for corneal 

transplantation. This could lead to better quality of life for FECD patients who could 

avoid the invasive surgeries to restore their vision.   

Interestingly, in some cases of FECD patients, hearing abnormalities were 

associated with disease progression [28]. The involvement of SLC4A11 is possible as it 

is expressed in both cornea and inner ear [29]. More specifically, if clinical techniques 

can be developed to deliver drugs (that corrects the SLC4A11 misfolding) to the inner 

ear, the hearing loss in FECD patients could be treated.  

 As mentioned in section 1.5.3, in addition to SLC4A11 mutations, FECD is also 

caused by TCF4 mutations [30]. TCF4 is a transcription factor and hence it would be 

interesting to test whether the expression levels of SLC4A11 protein are affected in the 

FECD patients carrying TCF4 mutations. FECD corneas removed from patients who 

underwent corneal transplantation can be lysed with protease inhibitors and the amount of 

SLC4A11 protein can be quantified using both western blot techniques with a specific 

antibody against N-terminus of SLC4A11 and mass spectrometry. The peptides identified 

by mass spectrometry can be used to study the effect of TCF4 mutation on the biogenesis 

of SLC4A11 in the FECD patients carrying TCF4 mutations. This would shed light on 

developing possible therapeutic strategies for FECD patients carrying TCF4 mutations.  

 The work carried out in Chapter 4 of this thesis shows that the cytoplasmic 

domain is very important for the stabilization and function of the SLC4A11 protein. 
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Further, the cytoplasmic domain of SLC4A11 is 370 amino acids long, typical of SLC4 

family of bicarbonate transporters as AE1 also has a 400 amino acid long cytoplasmic 

domain. This raises the question whether SLC4A11 cytoplasmic domain is involved in 

some interactions with other proteins in the corneal endothelium? For example, the 

cytoplasmic domain of AE1 is essential for the interaction with cytoskeleton proteins 

ankyrin G (in kidney) and ankyrin R (red blood cells), [31, 32]. There is a possibility that 

SLC4A11 cytoplasmic domain might be involved with other cytoskeletal proteins of 

corneal endothelium. To identify any such cytoskeletal proteins interacting with 

SLC4A11, recombinant human SLC4A11 or SLC4A11 protein from bovine corneas can 

be immobilized on protein G resin using appropriate antibodies. The resin with 

immobilized SLC4A11 can be incubated with bovine corneal lysate and washed to 

remove non-specific protein interactions.  SLC4A11 and the proteins associated with it 

can be eluted from the protein G resin and using SDS-PAGE and mass spectrometry, the 

interacting proteins can be identified. The association between SLC4A11 and its 

interactors can be further confirmed by co-immunoprecipitation (section 2.6) in HEK293 

cells culture model and proximity ligation assay studies in human or bovine corneal 

sections [33]. Future studies involving the identification of these interacting proteins 

might shed more light on the trafficking and regulation of SLC4A11 to the baso-lateral 

side of the corneal endothelial cells.  

 Apart from that, solving the high-resolution structure of SLC4A11 using X-ray 

crystallography could help us to understand the transport function and other structural 

details. Recombinant expression of membrane proteins poses a great challenge and 

obstacles. For example, in Chapter 4, when we tried to express the SLC4A11 cytoplasmic 
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domain in bacteria with the aim of structural studies, the recombinant protein was present 

mainly in the insoluble fraction. In fact, SLC4A11 cytoplasmic and membrane domains 

are dependent on each other for the stability of the protein. Hence to solve the high-

resolution structure of SLC4A11, possibly the full-length protein has to be expressed 

recombinantly. The full length SLC4A11 with their putative glycosylation residues on the 

extracellular loop mutated to alanine can be cloned into yeast expression vector. Yeast 

transformed with the SLC4A11 vector can be grown under various test conditions to 

identify the appropriate growth environment where the expression of recombinant 

SLC4A11 protein is significant. Large-scale cultures can then be prepared to purify 

enough quantities of SLC4A11 protein for structural studies. Solving the structure of 

SLC4A11 would significantly advance our understanding of the protein and the disease 

causing mutants. 

 Clinically, it would be interesting to test the CHED2 and HS patients for other 

abnormalities as the knockout mouse model of SLC4A11 has diluted urine, poly uria and 

hearing abnormalities apart from corneal abnormalities [21, 29, 34]. There is only one 

study so far where a Harboyan syndrome patient with a homozygous mutation that causes 

the SLC4A11 protein to prematurely stop at Arginine 730 was examined thoroughly [35]. 

The particular patient had vision loss (corrected by corneal transplantation) and hearing 

abnormalities but no renal abnormalities. This is in contrast to the phenotype observed in 

SLC4A11 knockout mouse models. However, more studies are required to confirm the 

prognosis of other complications that might arise from the mutation of SLC4A11 in 

CHED2 patients as SLC4A11 is expressed in various tissues.  
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