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Abstract 

 

AE1 mediates electroneutral Cl-/HCO3
- exchange in red blood cells and kidney. The X-ray crystal 

structure of AE1 at 3.5 Å resolution provided the first human SLC4 protein structure at resolution 

sufficient to gain mechanistic insights, to AE1 specifically and to SLC4 family members by 

extension. Here, the structure of the AE1 membrane domain was used to guide studies of SLC4 

proteins AE1 (SLC4A1) and SLC4A11.  

SLC4A11 mutants cause the blinding corneal dystrophy Congenital Hereditary Endothelial 

Dystrophy (CHED) and some cases of Fuchs Endothelial Corneal Dystrophy (FECD). A three-

dimensional homology model of the SLC4A11 membrane domain was created, using the AE1 

structure as a template. To assess the validity of the homology model we predicted molecular 

phenotypes of de novo membrane domain mutations, on the basis of the model. The biochemical 

properties of these mutants were consistent with predictions, revealing the reliability of the 

homology model. The model was used to map forty-five identified corneal dystrophy-causing 

mutations, and for each mutation the disease-causing effect was rationalized and categorized. 

Amongst membrane domain mutants 73% were predicted to cause disease by affecting protein 

folding and 27% by directly affecting protein function. 

AE1 is the predominant integral membrane protein in red blood cells (RBCs). Senescent 

RBCs are cleared from circulation by macrophages, which recognize RBCs coated by AE1-

directed auto-antibodies. Senescence auto-antibodies react with AE1 residues 812-830, a region 

which has characteristics of both extracellular and intracellular localization. To investigate the 

discrepancy in localization of the AE1 812-830 region, we tested the accessibility of AE1 residues 
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to extracellular, membrane-impermeant probes. In live HEK293 cells, residues within the AE1 

812-830 region demonstrated extracellular accessibility inconsistent with the intracellular 

localization seen in the X-ray crystal structure. Conversely, in fixed HEK293 cells, 84% of AE1 

molecules displayed intracellular localization of the 812-830 region. Taken together, these data 

indicate that the AE1 812-830 senescent antigen undergoes transient intracellular to extracellular 

reorientation. This reorientation was not abolished by inhibiting transporter movements required 

for anion exchange or restricted by modifications used to crystallize AE1. Extracellular antibody 

directed against the AE1 812-830 region bound AE1 expressed in HEK293 cells but was unable 

to bind AE1 in RBCs, suggesting a role of the glycocalyx in limiting RBC opsonization. 

IgG eluted from RBCs could immunoprecipitate AE1 but did not bind to AE1 on 

immunoblots. This indicates that the antibody requires a conformational epitope. Thus, senescent 

cell IgG recognizes a conformational epitope of AE1, comprised of a reorienting region with 

limited surface exposure. This collectively indicates that the red blood cell senescence signalling 

is mediated by extracellular exposure of the AE1 senescent cell epitope. 

Together, these structure-led studies provide new insight into established (AE1 

senescence) and emerging (SLC4A11) fields of SLC4 protein physiology and pathophysiology. 
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Chapter 1: General Introduction 
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1.1 Thesis overview 

The objective of this thesis is to pursue structure-led studies brought to light by the molecular 

structure of membrane protein AE1 (SLC4A1). The X-ray crystal structure of AE1 membrane 

domain (1) presents a structural framework and tool to examine mechanisms of disease associated 

with SLC4 membrane proteins, including SLC4A11, and to investigate discrepancies in 

localization of AE1 senescent cell antigen. Here, a three-dimensional homology model of 

SLC4A11 was created using the AE1 structure as a template, and this model was used to rationalize 

molecular phenotypes of blinding corneal dystrophies. In addition, the structure-led inquiry into 

localization of the AE1 senescent cell antigen revealed a molecular mechanism for the red blood 

cell senescence ‘clock’. 

 This thesis centers on studies of SLC4 family transporters prompted by the X-ray crystal 

structure of the AE1 membrane domain. The introduction begins with an overview of membrane 

protein structure, covering structural biology techniques and common membrane transporter 

protein folds. The introduction then continues with a discussion of the SLC4 family of membrane 

transporters, including an overview of shared architecture and proposed transport mechanism. 

Since the studies here followed from an X-ray crystal structure of the founding SLC4 family 

member SLC4A1 (AE1), the introduction continues with a discussion of the physiological role of 

AE1 in erythrocytes and kidney, followed by a detailed examination of the AE1 three-dimensional 

structure and anion exchange mechanism. Since a unique role of AE1 in red blood cells is 

examined in this thesis, a section of the introduction describes the production, composition, and 

clearance mechanisms of red blood cells. Following this, the role of SLC4A11 in human cornea in 

both healthy and diseased states is discussed. 
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1.2 Membrane Proteins in Health and Disease 

Cells are bounded by the plasma membrane, a semi-permeant lipid bilayer that maintains cell 

integrity by separating intracellular components from the extracellular environment. Embedded in 

the lipid bilayer, integral membrane proteins mediate the flux of molecules and information 

between the cell and the extracellular environment. Between 20-30% of genes encode membrane 

proteins in most organisms, including the human genome at ~25% (2,3). 

 Half of drug targets are predicted to be membrane proteins, exceeding their relative 

genomic representation (4). The prevalence of membrane proteins in essential physiological 

processes, as well as the array of membrane proteins implicated in diseases, further emphasises 

the importance of fully understanding membrane protein function and dysfunction (5). 

1.2.1 Techniques to Obtain High Resolution Membrane Protein Structures 

Membrane protein structures are typically determined using techniques implemented to study 

soluble proteins. However, the highly hydrophobic transmembrane region of integral membrane 

proteins poses a unique challenge. The 30 year gap between the first experimentally determined 

structure of a cytosolic protein and the first experimentally determined structure of a membrane 

protein highlights the additional level of difficulty membrane proteins bring to structural biology 

(6,7). 

Protein structural studies require large amounts of purified protein. While highly-expressed 

membrane proteins may be purified directly from their physiological source (1), others require 

heterologous overexpression (8). Membrane proteins must be extracted from the lipid bilayer and 

maintained in a stable, non-aggregated state, which may be accomplished using detergents (9). 
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Membrane protein expression, purification, and stability remain significant bottlenecks to 

structural determination. 

Purified, detergent-solubilized membrane proteins can self-organize into a repeating 

crystal lattice, maintained in part by hydrophilic protein interactions. These protein crystals can be  

examined with X-ray beams. Electrons of crystallized proteins interact with incident X-ray beams, 

resulting in an X-ray diffraction pattern. Diffraction patterns are then converted into a model of 

the electron density within the crystal, using the mathematical Fourier transform. Structural 

determination by X-ray crystallography requires that proteins be chemically homogenous, 

conformationally homogenous, thermodynamically stable, and have minimal dynamic regions 

(10). Limited proteolysis, deglycosylation, thermodynamically stabilizing mutations (11), and 

addition of monoclonal antibodies (12), substrates (13), and ligands (14) have all been effective in 

producing well-diffracting protein crystals. Co-crystallization of proteins with monoclonal 

antibody fragments creates a large polar surface area amenable to crystal contact formation (15). 

Techniques developed with the goal of enhancing protein stability have successfully been 

employed in membrane protein crystallization, including nanodiscs (16), amphipols (17), styrene 

maleic acid copolymer lipid particles (SMALPs) (18), bicelles (19), and lipidic cubic phase (LPC) 

(20). 

 A recent surge in membrane protein structures determined by cryo-electron microscopy 

(cryo-EM) has been driven by advances in direct electron detectors and microscopes (21,22). 

Unlike X-ray crystallography, cryo-EM does not require protein crystals. Instead, cryo-EM 

determines protein structure by interrogating randomly-oriented molecules embedded in a thin 

layer of vitreous ice with electrons, and subsequently averaging those images to create a composite 
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three-dimensional structure (23). Since protein crystals are not required, cryo-EM remains viable 

with a higher degree of protein heterogeneity than X-ray crystallography, although heterogeneity 

will be reflected in poorly resolved structure (24). Cryo-EM is most suited to large molecules and 

complexes, due to the low contrast images obtained. G-protein coupled receptors smaller than 100 

kDa have been successfully studied with cryo-EM when complexed with soluble proteins, 

including G-proteins (25) and Fab fragments (26). 

While X-ray crystallography and cryo-EM represent two predominant techniques in 

membrane protein structural biology, membrane protein structure can also been determined by 

nuclear magnetic resonance spectroscopy (NMR) (27) and mass spectrometry (28). In all 

techniques used to determine membrane protein structure, sample preparation remains a significant 

bottleneck. In cases of especially difficult proteins, structures can be computationally modelled 

using experimentally determined structures of evolutionarily related (homologous) proteins. 

1.2.2 Membrane Transporter Protein Folds 

Membrane transport proteins facilitate the transport of solutes against their electrochemical 

gradient. While transport proteins vary greatly in primary sequence, transported substrates, and 

modes of transport, many transporters share common tertiary protein folds (29). Two structural 

motifs are common within transport proteins: 1. Transmembrane helix (TM) pseudosymmetry, and 

2. Discontinuous transmembrane helices (30,31). These motifs are evident in the two most 

abundant transporter folds, the major facilitator fold and the LeuT fold (30,31). 

 The major facilitator superfamily (MFS) is the largest superfamily of transport proteins, 

found ubiquitously across all kingdoms of life (32). MFS proteins vary widely in both transported 

substrates (including lactose (33), glycerol-3-phosphate (34), glucose (35), and drugs (36)) and 
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mode of transport (symport (33), antiport (34), uniport (35)). MFS proteins comprise 12 TMs, 

which separate into two separately folded bundles of six TMs (TMs1-6, TMs7-12) (30). The N- 

and C-terminal bundles are linked by an intracellular loop or domain, and do not interlace with 

each other. Within each six TM bundle are two bundles of three helices, related by a two-fold 

pseudosymmetry axis perpendicular to the plane of the lipid bilayer. This pseudosymmetry is 

termed a ‘3 + 3’ inverted repeat, where the first three TMs demonstrate structural similarity to the 

second three following a rotation of 180° about the x-axis. Unlike the N- and C-terminal 6-helix 

bundles, TMs within each bundle are tightly interwoven. Thus, MFS fold proteins contain four 

structural repeats of three TMs (29). Helical structure of some TMs is interrupted by a region of 

extended peptide, thus the term ‘discontinuous helix’ (33,37,38). Substrate binding sites lie 

predominantly at the interface of the two six TM bundles (39,40). 

 The LeuT fold was named based off the first reported structure with this arrangement, a 

bacterial neurotransmitter/Na+ symporter (41). LeuT fold proteins are comprised of 10 TMs 

arranged into a 5 + 5 inverted repeat, with TMs 1-5 displaying structural similarity to TMs 6-10 

following a rotation of 180° about the x-axis. In contrast to the MFS fold, TMs 1-5 and 6-10 are 

highly interwoven (29). The first TM in each structural repeat is discontinuous, consisting of two 

short α-helices connected by a highly conserved region of extended structure (42). The LeuT fold 

is shared by transporters with no similarity in sequence or function (42). LeuT-fold proteins 

accommodate transport of diverse solutes including amino acids (43), neurotransmitters (41), 

galactose (44), and divalent metal cations (45).  

 The common structural motifs found in MFS and LeuT folds (pseudosymmetry and 

discontinuous helices) extend to unrelated transporters, including Na+/H+ antiporter NhaA (46), 
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Apical Na+-dependent bile acid transporter ASBT (47), and Cl-/HCO3
- exchanger AE1 (1). 

Specific characteristics of the 7 + 7 inverted repeat fold shared by transporters AE1, NBCe1, 

AtBor1, Bor1p, UraA, UapA, SLC26Dg, and SLC29A9 will be discussed further below.  

1.2.3 Homology Modelling 

Proteins that share a common evolutionary origin are grouped into a protein family (48). This 

common evolutionary background (homology) is reflected in similarities in function, amino acid 

sequence, and three-dimensional structure. Three-dimensional protein structure is more 

evolutionarily conserved than primary sequence, and thus proteins with low sequence identity 

within the same family will often have highly similar three-dimensional structure (49). Because of 

these relationships, experimentally determined protein structures can be used as templates to 

computationally create structural models of family members (homologs), which can then be used 

to examine physiology and pathophysiology in a three-dimensional structural context. This process 

is called homology modelling, comparative modeling or template-based modeling. 

 Homology models have inherent limits over experimentally determined structures. The 

reliability of a homology model is dependent on selection of an appropriate template. Criteria for 

template selection include high resolution, high homology to the query protein, and maximum 

completeness (or coverage) of the template structure (50). Gaps in the template structure will result 

in the corresponding region of the query lacking a template for modelling. The reliability of a 

homology model is limited by the accuracy of the initial sequence alignment between the template 

and query protein, as any errors will propagate through to the final model. These caveats underline 

the importance of both in silico and in vitro assessments of homology models.  
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1.3 Solute Carrier Family 4 

1.3.1 SLC4 Membrane Transporters 

Proteins that transport solutes across plasma membranes are classified as SoLute Carriers (SLC) 

by the Human Genome Organization (51). There are ten members in the SLC4 family (SLC4A1-

5, SLC4A7-11) of bicarbonate transporters, summarized in Table 1.1 (52). These can be grouped 

by transported substrates and mechanism: electroneutral Cl-/HCO3
- (anion) exchangers (AE1, 

AE2, AE3), electrogenic Na+‐coupled HCO3
- cotransporters (NBCe1 and NBCe2), and 

electroneutral Na+‐coupled HCO3
- cotransporters (NBCn1, NDCBE, NBCn2, and SLC4A9) (Fig. 

1.1). SLC4A11 is the most phylogenetically distant SLC4 family member, and is the only family 

member that does not display HCO3
- transport activity (52). As transporters of bicarbonate, or 

H+/OH- equivalents in the case of SLC4A11 (53), SLC4 family members contribute to acid-base 

homeostasis (54). The discovery of SLC4 transporters by independent labs, over a span of time, 

has resulted in multiple names for the same protein (Table 1.1). 

 The importance of SLC4 proteins and their role in acid-base homeostasis is emphasised by 

their prevalence in diseased states. SLC4 transporters have been implicated in human diseases 

including red blood cell disorders hereditary spherocytosis and hereditary stomatocytosis (55-70), 

kidney diseases proximal and distal renal tubular acidosis (71-76), epilepsy (77,78), blindness (79), 

and corneal dystrophies congenital hereditary endothelial dystrophy (CHED) and Fuchs 

endothelial dystrophy (FECD) (80-101). 
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Table 1.1 SLC4 transporters and their properties. Leftmost column: Genes italicized at top, 

most commonly used protein name in bold, followed by alternate names. 

Gene 

Protein 

Expression 

Profile 

 

Transport 

Activity 

Physiological Roles Associated Diseases 

SLC4A1 

AE1 

eAE1 

kAE1 

Band 3 

Erythrocytes, 

kidney, heart 

Electroneutral  

Cl-/HCO3
- 

exchange 

CO2 buffering in 

cellular respiration 

(102), HCO3
- 

reabsorption in 

kidney (kAE1) (103) 

Hereditary 

spherocytosis (55-

65,104-106) 

Hereditary 

stomatocytosis (66-

69,107,108) 

Distal renal tubular 

acidosis (56,57,61,109-

122) 

SLC4A2 

AE2 

Widespread Electroneutral  

Cl-/HCO3
-

exchange 

Acid secretion by 

osteoclasts (123) and 

gastric parietal cells 

(124), regulation of 

intracellular pH and 

volume (125) 

Primary biliary 

cholangitis (126-129) 

SLC4A3 

AE3 

AE3c 

AE3fl 

Brain, heart, 

retina, 

pituitary, 

adrenal gland, 

kidney 

Electroneutral  

Cl-/HCO3
-

exchange 

pH regulation of 

excitable tissues 

(77,130) 

Idiopathic generalized 

epilepsy (78) 

Short QT syndrome 

(131) 

SLC4A4 

NBCe1 

NBC1 

Pancreas, 

kidney, heart, 

cornea, 

Electrogenic 

Na+/HCO3
- 

 co-transport 

Cardiac action 

potential (132), 

endothelial cell fluid 

Proximal renal tubular 

acidosis with ocular 
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hhNBC 

pNBC 

kNBC1 

prostate, 

colon, 

stomach, 

thyroid, brain 

movement, (133), 

renal Na+ and HCO3
- 

reabsorption (134), 

ocular abnormalities 

(73) 

abnormalities 

(72,73,135) 

Band keratopathy (136) 

SLC4A5 

NBCe2 

NBC4 

Brain, 

epididymis, 

cardiac 

muscle, 

smooth 

muscle, 

kidney, 

choroid 

plexus, liver, 

spleen 

Electrogenic 

Na+/HCO3
-  

co-transport 

Regulation of Na+ 

and HCO3
- levels in 

cerebrospinal fluid 

(137,138) 

Hypertension  

(139-143) 

SLC4A7 

NBCn1 

SLC4A6 

NBC2 

NBC3 

Heart, kidney, 

skeletal 

muscle, 

smooth 

muscle, 

submandibular 

gland, 

pancreas, 

stomach, 

spleen, liver, 

lungs 

Electroneutral 

Na+/HCO3
-  

co-transport 

Resting neuronal pH 

(144)  

Hypertension (145) 

Breast cancer 

susceptibility (146-149) 

SLC4A8 

NDCBE 

NDAE1 

Prefrontal 

cortex of 

brain, testis, 

Electroneutral Na+-

dependent  

Cl-/HCO3
- 

Neuronal pH 

regulation (150,151),  
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kNBC-3 cardiac 

myocytes, 

oocytes, 

kidney 

exchange Cl- reabsorption in 

kidney (152), 

cerebrospinal fluid 

secretion by the 

choroid plexus (153) 

SLC4A9 

AE4 

Kidney, testis, 

pancreas, 

widespread 

Electroneutral 

Na+/HCO3
-  

co-transport 

Renal Na+ and HCO3
- 

reabsorption (154) 

 

SLC4A10 

NBCn2 

NCBE 

Cardiac 

myocytes, 

neurons, 

kidney, uterus, 

adrenal cortex, 

choroid plexus 

Electroneutral 

Na+/HCO3
-  

co-transport or 

Na+-dependent  

Cl-/HCO3
- 

exchange 

Cerebrospinal fluid 

production 

(138,155),  

control of neuronal 

pH (155) 

Autism with idiopathic 

generalized epilepsy 

(156-159) 

SLC4A11 

SLC4A11 

BTR1 

NaBC1 

Cornea, 

kidney, 

salivary 

gland, testis, 

thyroid, 

trachea 

Water flux, 

Na+/OH- 

cotransport,  

Na+-independent 

H+ (OH-) transport, 

and NH3 transport 

Fluid reabsorption 

(98) 

Corneal dystrophies 

(80-101) 
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Figure 1.1 Phylogenetic dendrogram of SLC4 membrane transporters. Clustal Omega 

software was used to align amino acid sequences of human SLC4 family members and calculate 

relative phylogenetic distances (https://www.ebi.ac.uk/Tools/msa/clustalo/) (160-162). Unrooted 

dendrogram was visualized using iTOL software (https://itol.embl.de/) (163). Line lengths indicate 

evolutionary distance. Shapes highlight electroneutral (blue), electrogenic (red), sodium dependent 

(ovals), and sodium independent (rectangle) bicarbonate transport activity. 
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1.3.2 SLC4 Architecture 

Sequence similarity among the SLC4 family membrane domains (30–45% identity and 37–54% 

similarity) indicates that they share a common ancestor (Fig. 1.1) (48,164). As such, they likely 

share similar three-dimensional structures, and comparable transport mechanisms (134). Shared 

SLC4 architecture includes a large intracellular N-terminal domain, followed by an N-glycosylated 

solute transporting transmembrane domain, and a short C-terminal cytoplasmic tail (54). The 

structural and functional independence between the cytoplasmic and membrane domains varies 

between SLC4 family members (165-168). SLC4 transporters are homodimeric (169-173), while 

some are able to form higher order oligomers (174,175). 

 The N-terminal, homodimeric cytoplasmic domains of SLC4 transporters accounts for 32-

55% of the polypeptide (54,176-178). Crystallographic studies of the isolated cytoplasmic domains 

of AE1 and NBCe1 indicate that these domains are globular and form dimers (176,177). SLC4 

protein cytoplasmic domains can impart pH-sensitivity to transport (168,179,180), act as protein 

interaction hubs (181), or stimulate or inhibit transport activity (182,183). The mechanisms 

governing these regulatory roles have yet to be fully addressed. 

 The membrane domains of SLC4 transporters mediate substrate transport. Functional 

studies with NBCe1 and AE1 indicate that each protomer within the dimeric unit exhibits 

independent substrate transport (170,184,185). Protomers are comprised of 14 transmembrane 

helices, embedded within the lipid bilayer (1,8). N-glycosylation consensus sites are present in all 

SLC4 family members at extracellular loop 3, with the exception of AE1, which has a N-

glycosylation site in extracellular loop 4 instead (54). 
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The membrane domain structures of human AE1 and NBCe1 have been experimentally 

determined (1,8). Sequence identity indicates that other SLC4 family members share the same 

general membrane domain fold as AE1 and NBCe1 (186). Subtle differences in amino acid 

sequences are responsible for the different functional properties of SLC4 proteins, including ion 

transport specificity and exchange vs. symport (8). The three–dimensional fold of the NBCe1 and 

AE1 membrane domains is also shared by transporters from both eukaryotes and prokaryotes, with 

a range of substrate specificity including Cl- and HCO3
- (8,187-189), borate (190-193), uracil 

(194), fumarate (195), and xanthine (196) (Fig. 1.2). The diverse functional capabilities of this ‘7 

+ 7 inverted repeat’ fold is reflected by this array of substrates, and ubiquitous representation from 

cyanobacteria to humans. 

1.3.3 Alternating Access Transport Mechanism 

Each SLC4 protomer contains 14 TMs organized into two subdomains: a gate domain, which 

forms the dimer interface, and a core domain, coordinating substrate binding. Substrate is 

transported through the cleft formed at the interface of the two domains, through an alternating-

access model (197). In this mechanism, the substrate binding site at the domain interface is 

accessible to either the intracellular or the extracellular environment, alternating accessibility 

through global structural transitions induced by substrate binding (198). 

Three prevailing mechanisms of alternating access transport differ mechanistically in the 

relative movements of domains (Fig. 1.3) (198). In ‘rocker switch’ transport, two structurally 

similar domains move essentially equally around the substrate, centered around a relatively static 

substrate binding site. ‘Rocking bundle’ transport shares this central binding site, however 

structurally dissimilar domains result in one of the domains (usually the smaller of the two) moving 
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relative to a larger, less mobile domain (199). In the ‘elevator model’, substrate binding is confined 

largely to one domain, which moves against a structurally dissimilar, immobile domain (200). The 

main difference in the elevator model of transport is that the substrate crosses the bilayer by 

physical displacement of the substrate binding site on one mobile domain. Whether SLC4 proteins 

transport solutes through a rocking bundle (186,192), an elevator mechanism (193,201,202), or an 

unknown mechanism, is still to be conclusively determined. Furthermore, how one mechanism can 

support both anion exchange (e.g. AE1) and symport (e.g. NBCe1), or whether the mechanism 

used by anion exchangers is dissimilar to that of symporters, has yet to be elucidated. 
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Figure 1.2 Membrane domain structures of 7 + 7 inverted repeat fold proteins. Structures of 

7 + 7 inverted repeat proteins, visualized in PyMOL from the extracellular face (203). Core 

domains are red, and gate domains are blue. Protomers within the dimeric unit displayed in vibrant 

and light colors, where applicable. Unrooted phylogenetic tree made with iTOL software 

(https://itol.embl.de/) (163). Line lengths indicate evolutionary distance. Structures used: Homo 

sapiens AE1 (PDB ID 4YZF) (1); Homo sapiens NBCe1 (PDB ID 6CAA) (8); Mus musculus 

SLC26A9 (PDB ID 6RTC) (189); Saccharomyces mikatae Bor1p (PDB ID 5SV9) (192); 

Aspergillus nidulans UapA (PDB ID 5I6C) (196); Arabidopsis thaliana AtBor1 (PDB ID 5L25) 

(193); Escherichia coli UraA (PDB ID 3QE7) (194); Synechocystis sp. PCC6803 BicA (PDB ID 

6KI1) (188); Deinococcus geothermalis SLC26Dg (PDB ID 5IOF) (195).  
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Figure 1.3 Mechanisms of alternating access transport. The differences in relative domain (blue 

and red ovals) movements within the bilayer (grey lines) of three mechanisms of alternating access 

transport, shown in order of decreasing structural similarity of domains. A) In Rocker Switch 

transport, two structurally similar domains pivot around a central substrate binding site (black 

circle). Both domains undergo parallel movements in the bilayer. B) In Rocking Bundle transport, 

one domain (red) moves relative to a less mobile, structurally dissimilar domain (blue). C) In the 

Elevator transport mechanism, substrate binding is largely confined to one domain (red). Substrate 

translocation results from displacement of the substrate binding domain within the bilayer, while 

the structurally dissimilar domain (blue) remains relatively immobile.  
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1.4 SLC4A1 

The first member of the SLC4 family to be named, identified, and cloned, integral membrane 

glycoprotein SLC4A1 (AE1; Band 3) exchanges chloride for bicarbonate in a 1:1 electroneutral 

stoichiometry (187,204-206). The turnover rate of AE1 is a rapid 1 x 105 Cl- s-1, only one order of 

magnitude slower than some ion channels (19). In addition to Cl-/HCO3
- exchange, AE1 catalyzes 

rapid transport of HS-, Br- and F-, and slower transport of I-, HPO3
2-, and SO4

2- (187,207-209). 

AE1 can also transport organic phosphates and N-(4-azido-2-nitrophenyl)-2-aminoethylsulfonate 

(NAP-taurine) at very slow rates (187,208). 

AE1 is organized into two structural domains: a 55 kDa membrane domain that carries out 

anion transport, and a 43 kDa N-terminal cytoplasmic domain (166,210). AE1 is expressed as two 

isoforms that differ in their size and tissue distribution, erythrocyte AE1 (eAE1) and kidney AE1 

(kAE1) (211,212). 

1.4.1 Erythrocyte AE1 

Erythrocyte AE1 (eAE1, 911 residues) is expressed in red blood cells, where it comprises 50% of 

the red cell membrane protein at 1.2 x 106 copies per cell (204). AE1 exists as a mixture of dimers 

and tetramers in the red cell membrane and in detergent solutions (174,175). AE1 is also known 

by the name Band 3, from its migration pattern third from the top on SDS-PAGE gels of red cell 

membrane proteins (204). AE1 Cl-/HCO3
- exchange is essential for efficient respiration, and yields 

increased CO2 carrying capacity of blood (102). 

During blood circulation, metabolic waste CO2 from respiring tissues diffuses down its 

concentration gradient into red cells (Fig. 1.4). Once inside the cell, carbonic anhydrase II (CAII) 

catalyzes CO2 hydration and results in production of one H+ and one HCO3
-. The proton resulting 
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from CO2 hydration lowers intracellular pH, which promotes the release of oxygen from 

hemoglobin through the Bohr shift (213). To prevent HCO3
- accumulation, HCO3

- is exported in 

exchange for extracellular Cl- through the actions of AE1. As HCO3
- is more soluble than CO2, 

this increases the CO2 carrying capacity of blood. This process is reversed in the high O2, low CO2 

environment of the lungs. 

The efficiency of AE1 Cl-/HCO3
- exchange in red cells is maximized by the anchoring of 

CAII on the C-terminal tail of AE1 (214). This physical interaction may promote rapid transport 

by localizing HCO3
- production at HCO3

- extrusion sites in high CO2 environments, and by 

promoting immediate consumption of HCO3
- in low CO2 environments, thus maintaining a high 

transmembrane HCO3
- concentration gradient in both efflux and influx conditions (215). The 

physical interaction of AE1 and CAII creates a membrane–anchored bicarbonate metabolon, 

increasing bicarbonate flux through AE1 by 40% (214). 

 The structurally independent 43‐kDa N‐terminal cytoplasmic domain (CD) is a major 

organizing center for membrane-associated proteins (181). The AE1 CD anchors the intracellular 

spectrin-actin cytoskeleton to the plasma membrane, through interactions with ankyrin and protein 

4.2 (176,181,216-221). The deformability and flexibility of the red blood cell (RBC) cytoskeleton 

is essential to maintain cell integrity as RBCs experience extreme shear stress, transiting through 

capillaries with diameters smaller than the cells (222). Other AE1 cytoplasmic domain binding 

partners include protein 4.1 (223), glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (224), 

phosphofructokinase (225), aldolase (226), hemoglobin (227,228), denatured hemoglobin 

(hemichromes) (229), and protein kinase p72syk (230). Some of these protein-protein interactions 

are dependent on the phosphorylation state of the AE1 cytoplasmic domain (glycolytic enzymes, 
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hemoglobin, protein 4.1 and 4.2) (181,231). Due to interactions with the cytoskeleton, RBC 

structure and morphology are compromised in cells deficient in AE1 (232). Compromised or 

reduced AE1 content in RBCs results in spherocytosis and decreased RBC stability leading to 

hemolysis and anemia (233,234), while mutations in eAE1 can cause Southeast Asian ovalocytosis 

(235,236), hereditary stomatocytosis (237), and hereditary spherocytosis (55). 

In addition to maintaining RBC structure and anion transport, eAE1 has a central role in IgG‐

mediated clearance of senescent RBCs. As RBCs mature from erythrocyte precursors they expel 

their nuclei and lose their organelles (238), rendering them unable to undergo apoptosis. Senescent 

RBCs are cleared from circulation through phagocytosis by macrophages (239). Opsonization (cell 

coating by immune system components to enable recognition by macrophages) by serum 

Immunoglobulin G (IgG) is essential for recognition of senescent RBCs by macrophages (239). 

These naturally produced IgG “auto‐antibodies” are directed against AE1 (239,240). While 

uncertainty surrounds how AE1 binds auto‐antibodies at a molecular level, the central role of AE1 

in signalling red cell senescence has been replicated in several laboratories (239,241,242).  
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Figure 1.4 Function of AE1 in RBC membranes. Carbon dioxide from tissues diffuses 

through red cell membranes into cytoplasm. Intracellular carbonic anhydrase II (CAII) catalyzes 

CO2 hydration to produce bicarbonate (HCO3
-) and a proton (H+). Intracellular bicarbonate is 

exchanged for extracellular chloride through AE1 in a 1:1 stoichiometry. The resulting lowered 

intracellular pH from H+ promotes off‐loading of oxygen from hemoglobin to tissues through the 

Bohr shift. This process is reversed in the lungs. Figure modified from (243) and reproduced with 

permission. 
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1.4.2 Kidney AE1 

A truncated form of AE1 is expressed in the kidneys, resulting from transcription from a promoter 

within an intron of SLC4A1 (244). Kidney AE1 (kAE1, 846 residues) lacks the 65 N-terminal 

residues present in eAE1, and is expressed in the basolateral membrane of acid-secreting type A-

intercalated cells (α-intercalated cells) of the renal collecting duct (212). Here, kAE1 is a 

predominant mediator of acid-base homeostasis, carrying out bicarbonate reabsorption into blood 

(245). CO2 that enters renal collecting duct α-intercalating cells is hydrated by intracellular CAII, 

resulting in the production of a proton and HCO3
- (Fig. 1.5). The proton is excreted into urine by 

apical H+ and H+/K+ ATPase, while HCO3
- is reabsorbed into blood by basolateral kAE1 in 

exchange for extracellular Cl-. The combined actions of CAII, apical H+ and H+/K+ ATPase, and 

basolateral kAE1, prevent systemic acidosis and acidify urine (246). To maintain ion homeostasis 

in α-intercalated cells, Cl- is recycled into the blood through basolateral ClC chloride channels and 

Cl-/K+ co-transporters (KCC). 

 kAE1 mutations cause distal renal tubular acidosis (dRTA), characterized by difficulty to 

thrive, renal stones, hypokalaemia, hyperchloraemia, metabolic acidosis and defective urine 

acidification (247). Molecular phenotypes of dRTA kAE1 mutants include compromised transport 

function, and mistargeted or ER-retained protein (134,186). Dominantly inherited dRTA is 

typically caused by kAE1 mutations resulting in ER retention, while recessively inherited disease 

is generally caused by kAE1 mutants with poor transport function and impaired basolateral 

trafficking (76,112,248). C-terminal and cytoplasmic regions of kAE1 have been implicated as 

important for proper trafficking and sorting (111,119,248,249). 
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Mutations in the SLC4A1 gene, encoding both eAE1 and kAE1, can cause red cell and 

kidney disorders. However, patients with AE1 mutations leading to disease in one system rarely 

exhibit defects in the other (250). This is likely due to cell type specific differences (186). While 

kAE1 experiences endocytosis and turnover in α-intercalated cells, eAE1 is present for the duration 

of the RBC lifetime (251). Chaperone proteins involved in membrane glycoprotein biosynthesis 

are lost during RBC maturation, which may permit surface expression of AE1 mutants that 

experience turnover in α-intercalated cells (252). RBCs express glycophorin A, a transmembrane 

protein which interacts with and facilitates cell surface expression of eAE1, and which is not 

present in α-intercalated cells (61,253-256). In addition to cell type specific differences, the 

dominance of SLC4A1 mutations contributes to disease presentation. Coinciding kidney and red 

blood cell phenotypes may occur in patients with recessive dRTA (57,257). 
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Figure 1.5 Function of AE1 in kidney α-intercalated cells. Kidney α-intercalated cells (grey) 

regulate acid-base homeostasis in distal portions of the kidney tubule. In kidney α-intercalated 

cells, intracellular carbonic anhydrase II (CAII) catalyzes CO2 hydration to produce bicarbonate 

(HCO3
-) and a proton (H+). The proton is extruded into urine (upper) by apical H+ and H+/K+ 

ATPases (green), acidifying urine. Bicarbonate is reabsorbed into the blood in exchange for 

extracellular chloride through AE1 (slate) in a 1:1 stoichiometry. Cl- homeostasis of α-intercalated 

cells is maintained by Cl- efflux through ClC Cl- channels and KCC Cl-/K+ cotransporters (blue). 

Tight junctions shown in navy.  



25 

 

1.4.3 AE1 Membrane Domain Three-Dimensional Structure 

The crystal structure of AE1 membrane domain has been solved at 3.5 Å resolution (1), offering 

the opportunity to rationalize decades of experimental data with the three-dimensional protein 

structure. The structure covers AE1 residues 381 to 887, with some unresolved extra-

membraneous loops (residues 553 to 567, 640 to 649, and 742 to 753). The 14 AE1 TMs are 

organized into a fold termed ‘7 + 7 inverted repeat’ (Fig. 1.6). In this fold, TMs 1-7 show strong 

structural similarity to TMs 8-14, after 180° rotation about the x-axis (Fig. 1.7). The 14 helices of 

AE1 further arrange into a core domain, comprising TMs1-4 and TMs8-11, and a gate domain, 

comprising TMs5-7 and TMs12-14 (Fig. 1.8). The gate domain creates the dimerization interface, 

through a four-helix bundle formed by TM5 and TM6, with contributions from TM7. The core 

domain contains substrate-binding residues and helices. Two half helices in the core domain, TM3 

and TM10, are oriented with their N-termini helical dipoles facing each other, creating a positive 

environment halfway through the lipid bilayer (Fig. 1.6 C). This arrangement of half helices within 

the core domain is a common feature of 7 + 7 inverted repeat fold, also seen in the structures of 

UraA (194), SLC26Dg (195), UapA (196), AtBor1 (193), Bor1p (192), NBCe1 (8), SLC26A9 

(189), and BicA (188). In the AE1 crystal structure, the interface between the core and gate 

subdomains contains 4,4'-diisothiocyanatodihydrostilbene-2,2'-disulfonic acid (H2DIDS), a 

covalent SLC4 inhibitor added to restrict the conformational flexibility normally associated with 

transport function (258). H2DIDS lies in a V-shaped cleft on the extracellular side of the 

transporter, locking it in an outward-facing state (259). Although there was no density for anion 

substrate in the crystal structure, structures of 7 + 7 inverted repeat proteins with bound substrates 

suggest that the putative anion binding site sits at the vertex of this cleft (188,192,194,196).  
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Figure 1.6 Organization of AE1 membrane domain. AE1 membrane domain (PDB ID: 4YZF) 

(1) is comprised of 14 transmembrane helices, colored from N-terminus (blue) to C – terminus 

(red). A) View of AE1 membrane domain from the plane of the lipid bilayer. AE1 shown in cartoon 

representation. B) Linear topology model of A. C) Orientation of discontinuous helices TM3 and 

TM10, coloring as in A and B. D) Extracellular view, with transmembrane helices numbered. 

  



27 

 

 

Figure 1.7 The AE1 membrane domain 7 + 7 inverted repeat fold. The AE1 membrane domain 

(upper) can be divided into two halves or repeats, with structural similarity of helices 1-7 (teal) 

and helices 8-14 (pink) apparent by superposition following rotation of one of the repeats (helices 

1-7 here) by 180° about the x-axis (inversion) (lower). Superposition of transmembrane helices in 

the core (left) and gate (right) domains reveal structural similarity, but not uniformity, between the 

two repeats. AE1 structure (PDB ID: 4YZF) (1) shown from extracellular face. Helices shown in 

cartoon representation. Extra-membraneous regions were excluded to visualize superposition. 
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Figure 1.8 Core and gate organization of AE1 membrane domain. AE1 transmembrane helices 

span the plasma membrane bilayer. Approximate plasma membrane limits are represented by black 

lines (upper). Extracellular view (lower) reveals organization into two subdomains: 1) a core 

domain (red, helices 1-4 and 8-11) containing anion-coordinating residues and helices, and 2) a 

gate domain (blue, helices 5-7 and 12-14), which mediates oligomerization. Anions are transported 

through the cleft formed at the interface of the two subdomains (1).  
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1.4.4 AE1 Transport Mechanism 

AE1 transports by an alternating access mechanism (187,260,261). In this model, the anion binding 

site is alternatively exposed to either the extracellular or the intracellular environment (197). 

Anions bind at the interface of the core and gate domains. Access of the binding site to either the 

extracellular or intracellular environment is regulated by relative movements of the two domains. 

 Substrate anion binding is accomplished by the core domain. Although no substrate anion 

was bound in the crystal structure, the anion binding site is likely located at the ends of contiguous 

half-helices 3 and 10, similar to UapA, UraA and BicA (1,188,194,196,262). Helical dipoles from 

the N-termini of these helices create a positively charged environment partway across the bilayer. 

R730 on TM10 is essential to Cl-/HCO3
- exchange, and has been identified as the putative anion 

binding residue for both Cl- and HCO3
- (66,187,263,264). E681 on adjacent TM8 is also essential 

for transport, possibly acting as an ionic gate and occupying the anion binding site in the absence 

of substrate (265,266). The transport-deficient E681Q mutant is unable to carry out Cl-/HCO3
- 

exchange, despite trafficking correctly to the plasma membrane (266). E681 also appears bind the 

proton co-transported with SO4
2- during electroneutral Cl-/H+-SO4

2- exchange (267,268). The 

anion binding site is then created by contributions from residue R730 and TM3 and 10 helix 

dipoles, with negative E681 in close proximity. This weakly positive anion binding environment 

may contribute to the transporter’s low affinity for chloride, which supports a rapid transport rate 

by allowing quick release of the anion from the binding site (186,269). 

 The putative AE1 transport cycle starts at the outward-open conformation, with 

extracellular chloride binding R730 at the substrate binding site. Binding induces a conformational 

change in AE1, promoting relative movements of the core and/or gate domain to result in an 
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inward-facing conformation and cytosolic exposure of bound substrate. Bound chloride then 

moves down its concentration gradient and exits the transporter. The transporter is now able to 

bind intracellular HCO3
-, which induces conformational changes resulting in access to the 

extracellular environment. Extracellular release of HCO3
- returns AE1 to its original state. 

 Although the membrane domain alone can carry out anion exchange following proteolytic 

cleavage of the cytoplasmic domain (166,167), the existence of a transport-impaired cytoplasmic 

domain point mutant suggests a functional interaction between the membrane and cytoplasmic 

domains (270).  

1.4.5 Inhibitors of AE1 Transport 

AE1 Cl-/HCO3
- exchange is inhibited by some organic anions, including a class of inhibitors called 

stilbene disulfonates. Stilbene disulfonate binding at the anion transport site is competitive with 

substrate and can be reversible or irreversible (covalent) (271-273). AE1 residues K539 on TM5 

and K851 on TM13 can covalently react with isothiocyanate groups present on some stilbene 

disulfonates, in a pH-dependent manner (274-276). These residues are not directly involved in Cl-

/HCO3
- exchange (277-279). Stilbene disulfonates bind the extracellular face of AE1, deep within 

the membrane domain (1). Here, stilbene disulfonates block translocation by locking the protein 

in an outward conformation, preventing relative movement of the two domains (280-283). Stilbene 

disulfonate H2DIDS was used in AE1 crystallization to reduce protein dynamics and ensure 

conformationally homogenous AE1, two prerequisites to obtain well-diffracting crystals (1). 

Binding induces conformational changes in regions of AE1 not directly involved in inhibitor 

binding (284). 
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AE1 Cl-/HCO3
- exchange is also inhibited by niflumic acid (285), flufenamic acid 

(286,287), oxonol dyes (288,289), squalamines (289), phloretin (290), N-(4-azido-2-nitrophenyl)-

2-aminoethyl sulfonate (NAP-taurine) (208), and furosemide (291). Chemical modifications of 

AE1 residues, including reductive methylation (292), dinitrophenylation (293), pyridoxal 5-

phosphate binding (294), and phenylglyoxal treatment (102), can also inhibit Cl-/HCO3
- exchange. 

1.4.6 Role of AE1 in Red Blood Cell Senescence 

Red blood cells are specialized to fulfil their role in gas transport and exchange. RBC 

characteristics that enable maximal gas transport efficacy include biconcave morphology, 

deformable membrane cytoskeleton, and high hemoglobin content. Due to the unique biochemical 

composition of RBCs, their production and clearance is distinct from other cell types. In addition 

to fulfilling essential functional and structural roles during circulation, AE1 is instrumental in 

signalling senescence at the end of the RBC lifespan. 

1.4.7 Red Blood Cell Production 

Red blood cells are created in bone marrow, through a tightly regulated process of hematopoietic 

stem cell differentiation called erythropoiesis (295,296). RBCs are highly differentiated and 

specialized for optimal gas exchange. At the final stages of differentiation, pre-erythrocytes 

(reticulocytes) shed their nuclei, ribosomes, endoplasmic reticulum, Golgi apparatus, and 

mitochondria (295). Thus, mature erythrocytes are unable to proliferate or produce new proteins. 

In the terminal maturation steps from reticulocytes to erythrocytes, membrane remodelling by 

endocytosis and exocytosis results in the loss of 20-30% of the cell membrane (297,298), along 

with excess membrane proteins including AQP1 (299), CD71, Na+/K+ ATPase (300), Na+/H+ 

antiporter NHE1 (300), and glucose transporter (301). Cytoskeletal remodeling also occurs during 
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the maturation from reticulocyte to erythrocyte, resulting in a highly deformable cell (302). 

Approximately 2 x 1011 red blood cells are formed every day under steady-state conditions, with 

an equal number removed from circulation (303,304). This represents daily turnover of about 1% 

of the total circulating RBCs (295). 

1.4.8 Red Blood Cell Composition 

Mature RBCs are specialized for their role in gas transport. In contrast to other cells, RBCs must 

survive the varied physical and chemical environments they experience in circulation. The 

intracellular RBC cytoskeleton is responsible for the highly reversible deformability of RBCs and 

their characteristic biconcave shape, which maximizes cells surface area and thus gas exchange 

(Fig. 1.9) (305,306). This deformability allows RBCs (8 μm diameter) to traverse 3 μm diameter 

capillaries and 0.5 μm splenic endothelial slits (307), environments encountered often as a RBC 

circulates the vascular system 1.7 x 105 times during its lifetime (308). The cytoskeleton is 

comprised of a triangular network of tetrameric α- and β-spectrin molecules (309-312), anchored 

to the red cell membrane by AE1, protein 4.2, and ankyrin (218,223,313) (Fig. 1.9). The flexibility 

of the spectrin network allows large and rapid deformations, essential for the integrity of 

circulating RBCs (306). 

Hemoglobin is the major cytoplasmic protein component of RBCs, comprising 97% of 

RBC dry weight (314). Hemoglobin is a heterotetrameric oxygen-binding protein, composed of 

two α- and two β-hemoglobin subunits (315). Each subunit contains one oxygen-binding heme 

group, for a total of four oxygen binding sites per hemoglobin (316). Oxygen binding at one 

subunit induces structural changes that increase oxygen affinity in the other three subunits, 

resulting in cooperative binding (317). Cl-/HCO3
- exchange by AE1 maintains low intracellular 
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pH in RBCs, which promotes the offloading of oxygen (213). The molecular structure of 

hemoglobin was one of the first biological structures determined by X-ray crystallography (318). 

 Transmembrane glycophorins are a major component of the RBC membrane, second only 

to AE1 (319). There are four glycophorins in RBCs, named glycophorins A-D in order of 

decreasing apparent molecular weight by SDS-PAGE (320,321). The glycophorins are single-span 

transmembrane proteins, with sialic acid moieties at their extracellular N-termini (322). These 

sialic acids contribute to the net negative charge of RBCs, preventing agglutination and adherence 

to vascular endothelial cells (323). Glycans on RBC membrane proteins including glycophorins 

and AE1 comprise the RBC pericellular matrix, the glycocalyx. Glycophorin A interacts with AE1 

and assists in trafficking to the plasma membrane (253-255,324,325).   
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Figure 1.9 Components of red blood cells. Mature red blood cells have a biconcave shape (top). 

In the RBC lipid membrane (lower), AE1 (slate) associates as dimers and tetramers. AE1 tetramers 

form complexes with protein 4.2 (green) and ankyrin (grey) through cytosolic domain interactions. 

These complexes serve as anchoring points for the spectrin cytoskeleton (blue and magenta 

helices). The membrane domain of AE1 interacts with transmembrane protein glycophorin A 

(GPA, light blue). Extracellular regions of RBC glycoproteins including AE1, glycophorin A and 

glycophorin C (GPC, dark green), contribute to the RBC pericellular matric, the glycocalyx (grey). 

Tetrameric hemoglobin (red circles) comprises the major cytosolic protein component of RBCs.  
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1.4.9 Red Blood Cell Clearance 

As mature red blood cells lack nuclei and membrane-bound organelles, they are unable to undergo 

apoptosis. At the end of their 120 day life span (326), senescent RBCs are cleared by immune 

system macrophages, which recognize red cells opsonized by AE1-directed IgG (239,240,327). 

The following alternate mechanisms prematurely clear RBCs in biochemical distress, ensuring 

optimal efficiency of the circulatory system. 

Mechanical clearance of poorly deforming RBCs occurs at narrow inter-endothelial slits in 

the spleen (328,329). These 0.5 μm slits present a drastic challenge to RBCs with impaired 

deformability, leading to their retention in the spleen (328,330). This mechanical clearance 

contributes to anemia in diseases with impaired red cell deformity, including hereditary 

spherocytosis, thalassemia, and malaria (331-334).  

RBCs can also undergo a type of premature suicidal death, termed eryptosis (335,336). 

Eryptosis can be induced by chemical injuries including oxidative stress (337,338), osmotic shock 

(339), energy depletion (340), increased temperature (341), and heavy metal toxicity (342-344). 

Eryptosis is characterized by cell shrinkage, membrane blebbing, and loss of membrane lipid 

asymmetry (345,346). Exposed phosphatidylserine on eryptotic RBCs is recognized by splenic 

macrophages, followed by phagocytosis (347,348). 

Splenic retention and eryptosis enable controlled removal of faltering RBCs at early stages 

of distress. Severely compromised RBCs can undergo intravascular hemolysis, stress-induced 

RBC membrane rupture (349). Intravascular hemolytic diseases are often accompanied by severe 

organ damage, as the released hemoglobin overwhelms hemoglobin-scavenging haptoglobin in 

serum (349,350). Once free in plasma, iron in hemoglobin is oxidized from ferrous (Fe2+) to ferric 
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(Fe3+), followed by the release of free heme (351). The hydrophobicity of free heme allows it to 

readily partition into the cell membrane (352). Accumulated heme can promote oxidative damage 

directly, or indirectly by the release of iron and production of reactive oxygen species (353-355). 

The vascular endothelium is particularly susceptible to oxidative injury in RBC diseases with 

marked intravascular hemolysis and circulating free hemoglobin (356-358). Controlled removal 

of compromised RBCs in early stages of distress is thus preferred over, and less damaging than, 

spontaneous intravascular hemolysis. 

1.6 SLC4A11 

SLC4A11 is the most phylogenetically distinct member of the SLC4 family (Fig. 1.1). SLC4A11 

contains a 41 kDa cytoplasmic domain and a 57 kDa membrane domain. Unlike the other SLC4 

family members, SLC4A11 does not mediate HCO3
- transport (359-362). SLC4A11 has 

demonstrated transmembrane water flux (359,363), Na+/OH- cotransport (360,361), Na+-

independent H+ (OH-) transport (53,364), electroneutral NH3 transport (362), and H+/NH3 

cotransport (365,366). While plant and yeast orthologs of SLC4A11 transport borate (367,368), 

early reports of human SLC4A11 mediating Na+/B(OH)-
4 cotransport (191) were unable to be 

replicated (360,361). Recently, SLC4A11 was found to play a role in cell adhesion in the cornea 

(369). Mutations in SLC4A11 cause some incidences of blinding corneal dystrophies (80-101). 

1.6.1 Human Cornea 

The cornea is the outermost layer of the eye, and acts as a protective barrier for the inner structures 

while providing about two thirds of the eye’s refractive power (370). The cornea is a highly 

organized avascular tissue, which offers structural protection while maintaining optical 
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transparency. The human cornea is arranged into five different layers (from anterior to posterior): 

epithelium, Bowman's layer, stroma, Descemet's membrane, and endothelium (Fig. 1.10 A). 

 The epithelium is the outermost layer of the eye, and is made up of five to seven layers of 

fairly uniform cells (371). The epithelium contributes to the refractive index of the eye, and acts 

as a barrier to chemicals and microbes. Corneal epithelial cells are regenerative, with a lifetime of 

7-10 days (372). The corneal epithelium basement membrane is comprised of collagen and laminin 

(373). 

Posterior to the epithelial basement membrane is the acellular Bowman’s layer, which is 

composed of randomly arranged collagen fibrils (374). The Bowman’s layer contains collagen and 

proteoglycans, and its smooth structure helps the cornea maintain its shape. Bowman’s layer has 

no regenerative ability. 

The next posterior layer, the stroma, comprises 80-85% of the thickness of the cornea 

(375). The stroma contains glycosaminoglycans and highly organized collagen fibrils, which 

impart structural strength to the cornea while maintaining visual clarity (376-378). The regular 

packing of the collagen fibrils into layers, or lamellae, is essential for transparency. The stroma is 

mostly acellular, with the exception of sparsely distributed keratocytes (379). These keratocytes 

synthesize collagen, glycosaminoglycans, and matrix metalloproteases to maintain stromal 

homeostasis (380). While the lamellae in the anterior stroma are densely packed and interwoven, 

the posterior stroma is more hydrated (381,382). The hydrated posterior stroma is more prone to 

fluid swelling than the anterior stroma (383). 

Following the stroma is Descemet’s membrane, the basement membrane for corneal 

endothelial cells. The Descemet’s membrane is made of collagen and laminin which are 
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continuously secreted by endothelial cells (384). The final layer of the cornea is the corneal 

endothelium, formed of a single layer of hexagonal cells. (385). Corneal endothelial cells are non-

regenerative (386,387). Posterior to the cornea lies the aqueous humor, the main source of nutrients 

for the avascular cornea. The composition of the aqueous humor is similar to plasma, with the 

exception of a lower protein concentration (200-fold less) (388). 

The corneal endothelium performs two functions essential for corneal clarity: 1. As a 

passive barrier between aqueous humor and stroma, the endothelium is permeable to nutrients and 

other molecules supplied to the cornea (385). 2. The corneal endothelium regulates stromal fluid 

levels, maintaining a level of deturgescence that is critical for corneal clarity. High concentration 

of proteoglycans and collagen in the stroma creates an osmotic force for fluid accumulation, which 

is countered by the fluid reabsorption function of the corneal endothelium. To fulfil dual functional 

roles as a passive (leaky) barrier and a fluid pump, the corneal endothelium has a ‘pump-leak’ 

mechanism (389), which is complex and poorly understood (390). In brief, contributions from 

stromal glycosaminoglycans, nutrient transport across the endothelium, and high paracellular 

permeability of the endothelium promote osmotically – driven water movement from the aqueous 

humor into the stroma (leak). This water movement is countered by the endothelial ‘pump’, in 

which fluid movement out of the stroma is coupled to ion secretion from the stroma to the aqueous 

humor (133). This mechanism is essential for corneal fluid balance and clarity, and corneal 

endothelial dysfunction is one of the most common causes of corneal blindness (391). 

1.6.2 Role of SLC4A11 in the Corneal Endothelium 

SLC4A11 resides at the basolateral side of corneal endothelial cells, facing stroma (359,392) (Fig. 

1.10 B). Here, SLC4A11 promotes fluid reabsorption back to the aqueous humor, either directly 
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or by promoting the ongoing health of endothelial cells. SLC4A11 has proposed roles maintaining 

stromal deturgescence by two modes of action: 1. solute-driven water reabsorption, and 2. trans-

membrane water flux.  

In solute-driven water reabsorption, basolateral proteins NBCe1 and H+-coupled lactate 

transporter MCT1 transport Na+, HCO3
-, and lactate- from the stroma to the aqueous humor, to 

establish a localized osmotic gradient driving the return of water to the aqueous humor (Fig. 1.10) 

(133). As an acid loader, SLC4A11 could maintain intracellular pH by alkalinizing HCO3
- import 

by NBCe1 with H+ import (53). As an acid extruder, SLC4A11 could promote the continued action 

of H+-dependent MCT1 by providing surface H+ (53). Additionally, both basolateral SLC4A11 and 

apical aquaporin1 (AQP1) promote trans-membrane water flux, suggesting they may work 

cooperatively to provide a water conductive pathway across the corneal endothelium (359). 

SLC4A11 is further reported to transport NH3, either alone (362) or cotransported with H+ 

(365,393). Endothelial cell glutaminolysis (394) gives rise to NH3, which promotes production of 

detrimental reactive oxygen species. SLC4A11-facilitated NH3 efflux then promotes endothelial 

cell health by limiting production of reactive oxygen species. 

Recently, SLC4A11 ECL3 was found to play a role promoting corneal endothelial cell 

adhesion to Descemet’s membrane (369). SLC4A11 interacts with Descemet’s membrane through 

extracellular loop 3 (369). Endothelial cell anchorage to a basement membrane is essential for 

healthy cellular physiology (395). Compromised cell adhesion to the basement membrane triggers 

programmed cell death in epithelial cells (396), which is particularly poignant in the non-

regenerative corneal endothelium. 
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1.6.3 SLC4A11 Mutations Cause Some Forms of Corneal Dystrophy 

SLC4A11 mutations cause the blinding corneal dystrophy congenital hereditary endothelial 

disorder (CHED) (82-98) and some cases of Fuchs endothelial dystrophy (FECD) (86,98-101). 

SLC4A11 mutations also cause Harboyan Syndrome (81), corneal dystrophy accompanied by 

progressive sensorineural hearing loss, which has recently been interpreted as a manifestation of 

CHED (397). About 70 corneal dystrophy-causing point mutations have been identified in 

SLC4A11, located in both the membrane domain and the cytoplasmic domain (80-101). 

CHED is a rare autosomal-recessive dystrophy which presents at birth or within the first 

decade of life (391). Patients exhibit decreased endothelial cell count, corneal edema, and 

thickened Descemet’s membrane (398). The corneas of CHED patients are 2-3 times the thickness 

of normal corneas due to extensive corneal edema, and have a distinct ground-glass appearance 

(399). 

FECD is a dominantly inherited disease, with a lifetime incidence of about 4% (399). 

FECD is a progressive disorder predominantly affecting individuals above 40 years of age (400). 

FECD is characterized by decreased visual acuity, progressive decrease in endothelial cell count 

(401), thickening of the Descemet’s membrane (402) and stroma (399), and collagen deposits 

(guttae) secreted by endothelial cells onto the Descemet’s membrane (403). There is evidence that 

FECD progression is initiated by failure of the endothelial water flux pathway, followed by failure 

of the barrier function (404). Patients experience painful corneal erosions, and hazy vision which 

can progress to blindness (399). 

Both CHED and FECD patients suffer corneal edema followed by clouding of the cornea, 

which leads to eventual blindness (399). CHED and FECD patients experience blurred vision, and 
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mild discomfort to severe pain. Therapeutic approaches are mostly aimed at lessening discomfort 

and pain, and are not effective at late stages of disease (391). These include hypertonic saline eye 

drops and eye drying. The only definitive treatment for these dystrophies is corneal transplant 

(391).  

Molecular defects of SLC4A11 leading to corneal dystrophies can be classified in two 

ways: folding defects, leading to retention in the endoplasmic reticulum, and mechanistic defects, 

where SLC4A11 traffics to the cell membrane but is non-functional (Fig. 1.11). While both defects 

can cause corneal disease from a loss of SLC4A11 function at the cell membrane, treatment options 

vary depending on the molecular mechanism of disease. Protein folding correctors have the 

potential to rescue misfolded proteins and restore function at the plasma membrane, treatments 

which will be ineffective for properly folding, non-functional mutants. Thus, molecular 

characterization of SLC4A11 mutants is essential to determine potential therapeutics for patients 

(405). While categorizing SLC4A11 mutants by prevalent molecular phenotype is practical in the 

context of assessing candidates for folding correction therapy, mutants classified as non-functional 

likely exhibit some degree of misfolding, and misfolded mutants may be non-functional even if 

present at the plasma membrane. Targeted medical treatments based off individual molecular 

phenotypes is termed personalized medicine, or precision medicine. At the foreground of 

personalized medicine is Cystic Fibrosis, a disease arising from defects in the membrane protein 

CF transmembrane regulator (CFTR) (406). The efficacy of mutation-specific drugs used in Cystic 

Fibrosis treatment provides a framework for personalized therapies in diseases resulting from 

defects in membrane proteins (407). 
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Figure 1.10 SLC4A11 in healthy human cornea. A) The cornea is divided into layers (from 

anterior to posterior, thickness shown approximately to scale): epithelium, Bowman’s layer (dark 

blue), stroma, Descemet’s membrane (green), endothelial cells (light pink), aqueous humor. The 

thickest layer, the stroma, contains anterior keratocytes (dark blue) and high concentrations of 

dissolved solutes, creating an osmotic drive for water to leave the aqueous humor (blue arrow). 

Stromal accumulation of water results in edema and disturbance of ordered collagen fibrils (grey 
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line array). B) To combat fluid accumulation, SLC4A11 (green cartoon structure) on the 

basolateral side of endothelial cells (pink, lower) promotes water flux back into the aqueous humor 

directly, in conjunction with apical aquaporin 1 (AQP1, red cartoon structure), or indirectly by 

either supporting continued actions of basolateral MCT1 (blue cartoon structure) and NBCe1 

(purple cartoon structure) in solute-driven water reabsorption, or promoting continued endothelial 

cell health by NH3 export.  
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Figure 1.11 Molecular mechanisms of disease caused by SLC4A11 defects. SLC4A11 (green) 

is cotranslationally inserted into the ER (dark grey), and if properly folded progresses through the 

Golgi network (light grey) to the plasma membrane (‘Active SLC4A11’). Point mutations causing 

misfolding result in ER retention of SLC4A11 (‘Misfolded’, dark red cylinders), followed by 

degradation. Non-functional SLC4A11 disease variants mature to the plasma membrane but are 

functionally inactive (‘Non-Functional’, bright red cylinders). 
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Chapter 2: Materials and Methods 
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2.1 Materials 

Oligonucleotides were from Integrated DNA Technologies (Coralville, IA). Red blood cells were 

obtained from Canadian Blood Services after Canadian Blood Services Research Ethics Board 

approval (Project Name: Molecular mechanism for signaling red blood cell senescence, REB ID 

2019.045) (Vancouver, Canada). Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine 

serum (FBS), calf serum (CS), and penicillin-streptomycin-glutamine (PSG) were from Life 

Technologies (Carlsbad, CA, USA). Cell culture dishes (60 and 100 mm) were from Sarstedt 

(Montreal, QC, Canada). Poly-L-lysine, glutaraldehyde, sodium borohydride, and Corning 

Erlenmeyer cell culture flasks were from Sigma-Aldrich (Oakville, ON, Canada). HEK293-F cells, 

Freestyle 293 Expression Medium, Freestyle MAX Reagent, Dynabeads Protein G, 4,4ˈ-

diisthiocyanodihydrostilbene-2,2ˈ-disulfonate (H2DIDS), ProLong Gold antifade reagent with 

DAPI, Alexa Fluor 647 Chicken anti-Mouse IgG Secondary Antibody, and Alexa Fluor 594 

Chicken anti-Rabbit IgG Secondary Antibody were from Invitrogen (Carlsbad, CA, USA). BCA 

Protein Assay Kit was from Pierce (Rockford, IL, USA). Complete Protease Inhibitor cocktail 

tablets were from Roche Applied Science (Indianapolis, IN, USA). Phenyl methane sulfonyl 

fluoride (PMSF), glass coverslips and bovine serum albumin (BSA) were from Thermo Fisher 

Scientific (Ottawa, ON, Canada). Immobilon-P PVDF membranes and Immobilon Crescendo 

Western HRP Substrate were from Millipore (Millipore Corp., MA, USA). Streptavidin-

Biotinylated HRP Complex and HRP-conjugated sheep anti-mouse secondary antibody (CAS. 

NXA931) were from GE Healthcare (Piscataway, NJ, USA). Q5 Site-directed mutagenesis kit was 

from New England Biolabs (Ipswich, USA). Paraformaldehyde was from Electron Microscopy 

Sciences (Hatfield, PA, USA). Lucifer Yellow Iodoacetamide (LYIA) was from Setareh Biotech 

(Eugene, OR, USA). Purified anti-HA.11 Epitope Tag Antibody was from Biolegend (Cat. 
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901503) (San Diego, CA, USA). Monoclonal antibody against glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) (sc-47724), and monoclonal antibody against human glycophorin C 

residues 1-85, recognizing glycophorin C and D (GPC) (sc-365599) were from Santa Cruz 

Biotechnology (Santa Cruz, CA, USA). Cy3 AffiniPure Donkey Anti-Mouse IgG (Code 715-165-

150) and Alexa Fluor 488 AffiniPure Donkey Anti-Rabbit IgG (Code 711-545-152) were from 

Jackson ImmunoResearch Laboratories (West Grove, PA, USA). Custom rabbit anti-SLC4A11 

Extracellular Loop 3 antibody (αEL3) and rabbit anti-AE1 814-827 Antibody (α814-827) were 

from Primm Biotech (Cambridge, MA, USA). Nα-(3-Maleimidylpropionyl) Biocytin (biotin 

maleimide), Chicken anti-Mouse IgG Secondary Antibody, Alexa Fluor 647 (A-21463), and 

Chicken anti-Rabbit IgG Secondary Antibody, Alexa Fluor 594 (A-21442) were from Invitrogen 

(Eugene, OR, USA). Anti-AE1 COOH-terminal mouse monoclonal antibody IVF12 was a gift 

from Dr. Michael Jennings (University of Arkansas) (408).  

2.2 DNA constructs 

Integrity of all the clones was confirmed by DNA sequencing (Molecular Biology Facility, 

Department of Biological Sciences, University of Alberta).  

2.2.1 SLC4A11 Expression constructs 

The eukaryotic expression construct (pAMC1) for a shortened version of splicing variant 2 of 

human SLC4A11 (891 amino acid, NCBI reference: NG_017072.1), encoding an 856 amino acid 

protein with an N-terminal Hemagglutinin tag (HA-tag) was described previously (409). This 

shortened version of SLC4A11 splicing variant 2 results from transcription initiating at an 

alternative start site at M36 (amino acid numbering is based on reference sequence NG_017072.1), 

resulting in protein lacking the N-terminal 35 amino acids of 891 amino acid SLC4A11 variant 2. 

The shortened SLC4A11 variant 2 represents the predominant form of SLC4A11 present in human 
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cornea (410). Q5 Site-Directed Mutagenesis Kit with mutagenic oligonucleotides (Table. 2.1) was 

used to create expression constructs for point mutants c.2023G > C (p.Glu675Gln), c.2171A > G 

(p.His724Arg), c.2170_2171delinsGC (p.His724Ala), c.2158_2159delinsCT (p.Ala720Leu), and 

c.1525_1527delinsAAA (p.Gly509Lys), using pAMC1 as template for mutagenesis. Amino acid 

numbering is based on reference sequence NG_017072.1, with HGVS numbering 

recommendations. cDNA encoding enhanced green fluorescent protein (eGFP) was obtained from 

Clontech (peGFP-C1 vector; Clontech, Mountain View, CA, U.S.A.). 

2.2.2 AE1 Expression Constructs 

A mammalian expression construct encoding full-length erythrocyte AE1 (911 amino acid, NCBI 

reference: NG_007498) with the five endogenous cysteines mutated to serine (AE1C-) was 

previously constructed (411) in the expression vector pRBG4 (412). AE1 single cysteine point 

mutants p.Cys201 (C201), p.Ala456Cys (A456C), p.Ser517Cys (S517C), p.Tyr555Cys (Y555C), 

p.Lys817Cys (K817C), p.Val822Cys (V822C), p.Lys826Cys (K826C), and p.Lys892Cys 

(K892C) were previously constructed in AE1C- background (265). Q5 Site-directed mutagenesis 

kit was used to clone transport-deficient mutant p.Glu681Gln using AE1 K817C as a template 

(K817C(E681Q)), using a PCR-based strategy (Table 2.2). Membrane domain (MD) constructs of 

single cysteine point mutants Y555C, K817C, K817C(E681Q) and K892C were constructed using 

Q5 Site-directed mutagenesis kit with a PCR-based deletion strategy to remove AE1 cytoplasmic 

domain residues 2-368. The resulting MD constructs encode AE1 p.(Glu2_Pro368del) with single 

cysteine point mutations Y555CMD, K817CMD, K817C(E681Q)MD, and K892CMD. 

AE1 constructs AE1-557HA and AE1-911HA, with extracellular and intracellular HA 

tags, respectively, were a generous gift from Dr. Reinhart Reithmeier. The AE1-HA constructs 

encode human AE1 cDNA in pcDNA3, with an insertion of codons 3′-TAC CCA TAC GAT GTT 
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CCA GAT TAC GCT-5′ encoding the HA-epitope, following positions 557 or 911 (413). 

Construction of pDEJ4 expression construct encoding full-length wild-type eAE1 in pcDNA3 was 

previously described (414).  
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Table 2.1 Oligonucleotides used in cloning of SLC4A11 variants. Underlining indicates 

position of mutated codons. Amino acid numbering is based on NCBI reference sequence 

NG_017072.1, using HGVS recommended numbering. 

SLC4A11 Mutant Mutant 

Shorthand 

Forward Primer Reverse Primer 

c.1525_1527delinsAAA 

p.(Gly509Lys) 

G509K TGCCGTCAAGAAA

ACGGTTAAAATC 

TCCAGCACAAACGTG

ATG 

c.2158_2159delinsCT 

p.(Ala720Leu) 

A720L TTGGATCCATCTC

GCCTACCCCC 

GGCAGCCCAAACAGA

GAC 

c.2171A>G 

p.(His724Arg)  

H724R CGCCTACCCCCGC

TCCCCGCTGC 

GCATGGATCCAAGGC

AGCCCAAACAGAGAC 

c.2170_2171delinsGC 

p.(His724Ala)  

H724A CGCCTACCCCGCC

TCCCCGCTGC 

GCATGGATCCAAGGC

AGC 

c.2023G>C 

p.(Glu675Gln) 

E675Q CTTCTTCATCCAG

CAGAACTTGGTG 

AGCATGGACAGCAGG

AAG 
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Table 2.2 Oligonucleotides used in cloning of AE1 variants. Underlining indicates position of 

mutated codons.  

AE1 Mutant Mutant 

Shorthand 

Forward Primer Reverse Primer 

c.2041G>C 

p.(Glu681Gln) 

E681Q CATATTCCTGCAGTCT

CAGATCAC 

AGGATGAAGACCAGC

AGAG 

c.4_1104del 

p.(Glu2_Pro368del) 

AE1MD GATGACCCTCTGCAGC

AG 

CATGGCGTGGTCCTGA

GT 
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2.3 Cell Culture 

2.3.1 HEK293 Cell Culture 

HEK293 cells were grown in T-75 flasks in 10 mL DMEM with 5% (v/v) fetal bovine serum, 5% 

(v/v) calf serum, and 1% (v/v) penicillin-streptomycin-glutamine, and cultured in a humidified 

incubator at 5% CO2, 37 °C. For transfection, cells were plated on poly-L-lysine coated 60 mm 

dishes, or 100 mm dishes (containing poly-L-lysine coated coverslips for immunofluorescence 

slides). Cells were transfected 4-6 h after plating, using the calcium phosphate precipitation 

method (415). Substituted cysteine accessibility analysis and confocal immunofluorescence was 

performed 24 h post-transfection, and immunoblotting 48 h post-transfection. 

 HEK293-F cells were grown in Freestyle 293 Expression Medium, in a humidified 37 °C 

incubator at 8% CO2, in Corning Erlenmeyer cell culture flasks shaken at 100 rpm. Cells were 

transfected at a density of 1 x 106 cells/mL using Freestyle MAX Reagent and harvested 48 h post-

transfection. 

2.3.2 Poly-L-Lysine Coating 

60 mm cell culture dishes, or 25 mm circular glass coverslips in 100 mm cell culture dishes, were 

treated with 5 M NaOH for 15 min. NaOH was aspirated, and dishes were washed with autoclaved 

H2O for 5 m. Aspiration and washing was repeated with 95% ethanol, H2O, and twice with PBS 

(140 mM NaCl, 3 mM KCl, 6.5 mM Na2HPO4, 1.5 mM KH2PO4, pH 7.4), for 5 min each wash. 

Dishes were treated with poly-L-lysine solution (0.1 mg/mL poly-L-lysine in PBS, pH 7.4) for 15 

min. Excess poly-L-lysine solution was removed by aspiration, and remaining solution was left to 

dry under UV light for 18 h. Poly-L-lysine coated dishes and coverslips were rinsed with PBS 

prior to use with HEK293 cells to remove dried salts. 
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2.4 Anti-AE1 Amino Acid 814-827 Antibody 

A peptide corresponding to human AE1 residues 814-827 was used to raise a polyclonal antibody 

in rabbits (called α814-827). A custom antibody against SLC3A11 extracellular loop 3 was 

previously described (369), wherein a peptide corresponding to human SLC4A11 amino acids 

527–540 of extracellular loop 3 was used to raise a polyclonal antibody in rabbits (called αEL3). 

Both custom antibodies were from Primm Biotech (Cambridge, MA, USA). 

2.5 Water Flux Assays 

Water flux assays were performed as previously described (359). HEK293 cells, grown on poly-

L-lysine coated 25 mm circular glass cover slips, were transiently co-transfected with cDNA 

encoding enhanced green fluorescent protein (eGFP) and N-terminally HA tagged SLC4A11-WT, 

G509K, A720L, H724R, H724A, E675Q, or empty pcDNA 3.1 vector in 1:8 molar ratio. After 48 

h of incubation, coverslips were mounted in a 35 mm diameter Attofluor Cell Chamber. During 

experiments, the chamber was perfused with isotonic MOPS-buffered saline solution (MBSS: 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, 10 mM HEPES, pH 7.4, 300 mOsm/kg) followed by hypotonic 

(200 mOsm/kg) MBSS buffer, pH 7.4 (same composition as previous but lacking D-mannitol). 

Solution osmolality was measured using an Advanced Instruments model 3D3 osmometer 

(Advanced Instruments Inc., Norwood, MA). A live cell environment chamber (Chamlide, Seoul, 

Korea), set to 24 °C throughout the experiment, was mounted on the stage of a Wave FX spinning 

disc confocal microscope (Quorum Technologies, Guelph, ON, Canada), with a Yokogawa CSU10 

scanning head (Tokyo, Japan). The microscope has a motorized XY stage with Piezo Focus Drive 

(MS-4000 XYZ Automated Stage; ASI, Eugene, OR). Acquisition was performed with a 

Hamamatsu C9100–13 Digital Camera (EM-CCD; Chamlide) and a 20× objective during 
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excitation with a laser (Spectral Applied Research, Richmond Hill, ON, Canada) at 491 nm. Green 

fluorescent protein fluorescence, collected through a dichroic cube (Quorum Technologies) at 

wavelengths 520–540 nm, was acquired at 1 point s-1 for 4 min. Quantitative image analysis was 

performed by selecting a region of interest for each HEK293 cell with Volocity 6.0 software 

(PerkinElmer, Waltham, MA). Following the switch to hypotonic MBSS buffer, the rate of 

fluorescence change was determined from the initial 15 s of linear fluorescence change. 

2.6 Homology Modelling and Validation 

A three-dimensional homology model of the human SLC4A11 membrane domain was created, 

using the crystal structure of human AE1 membrane domain at 3.5 Å resolution (PDB ID 4YZF) 

(1) as template. Pairwise alignment of AE1 and SLC4A11 membrane domains was performed 

using PSI/TMCoffee (416) with manual adjustment to remove N- and C-termini protein sequence 

from homology modeling due to a lack of template. Homology modeling was performed on the 

SWISS-MODEL server (417-420) (https://swissmodel.expasy.org) with default parameters, using 

a modified AE1 PDB structure file as template. AE1 PDB file was modified by removal of AE1 

chains B-D, and 4,4-diisothiocyanatodihydrostilbene-2,2-disulfonic acid (H2DIDS) inhibitor 

molecule and Fab antibody fragments used in crystallization to leave a single AE1 monomer for 

modeling (Chain A). Crystallization of AE1 with H2DIDS resulted in solving the structure in the 

outward-open conformation, and thus the SLC4A11 homology model is found in the outward-

open conformation as well. Demonstrated sensitivity of SLC4A11 to stilbene disulfonates 

including H2DIDS (359) indicates that this is a valid SLC4A11 structural conformation. The AE1 

crystal structure was unable to resolve some extramembraneous loops; corresponding regions of 

SLC4A11 were modeled de novo by SWISS-MODEL. Verify3D and PROCHECK servers were 

used to assess model quality in silico (421-424). SLC4A11 dimer was modeled by aligning two 
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SLC4A11 monomers with the AE1 dimer, using PyMOL. Amino acid residue conservation of 

AE1 and SLC4A11 was analyzed using amino acid sequences from 30 species, including 

mammals, birds, and fish (Table 2.3). Multiple sequence alignment was performed by Clustal 

Omega (160-162). Mapping residue conservation was performed with the ConSurf server (425-

428). Structural effects of disease-causing point mutations were estimated using PyMOL and the 

MolProbity (http://molprobity. Biochem.duke.edu/) (429,430), PDB2PQR (http://nbcr-

222.ucsd.edu/pdb2pqr_2.1.1/) (431-433), and StrucTools 

(https://hpcwebapps.cit.nih.gov/structbio/) (434) servers. 
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Table 2.3 NCBI reference sequences used in mapping conservation of amino acid residues of 

AE1 and SLC4A11 membrane domains with the ConSurf server.  

Species AE1 SLC4A11 

Homo sapiens NP_000333.1 NG_017072.1 

Rattus norvegicus NP_036783.2 NP_001101245.1 

Mus musculus AAA37278.1 NP_001074631.1 

Danio rerio NP_938152.1 XP_005156613.1 

Bos taurus NP_851379.1 NP_001178243.1 

Equus caballus NP_001075257.1 XP_014590544.1 

Canis lupus familiaris NP_001041496.1 XP_005634909.1 

Chrysemys picta bellii XP_008160863.1 XP_008167829.1 

Esox lucius XP_012991339.1 XP_010877621.1 

Jaculus jaculus XP_004655358.1 XP_004661495.1 

Maylandia zebra XP_004552471.1 XP_004554836.1 

Dipodomys ordii XP_012887504.1 XP_012866580.1 

Echinops telfairi XP_004707274.1 XP_004697924.1 

Sorex araneus XP_004621081.1 XP_004611052.2 

Clupea harengus XP_012681230.1 XP_012693688.1 

Otolemur garnettii XP_003786322.1 XP_012659525.1 

Cariama cristata XP_004684149.2 XP_009708451.1 

Orcinus orca XP_004286037.1 XP_004285355.1 

Octodon degus XP_004633882.1 XP_004634378.1 
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Nomascus leucogenys XP_003270611.1 XP_003278003.1 

Pongo abelii NP_001127339.1 XP_009231688.1 

Oreochromis niloticus AAQ89898.1 XP_005453432.1 

Cricetulus griseus ERE68362.1 XP_007635183.1 

Camelus ferus EPY72637.1 XP_014416765.1 

Cyprinodon variegatus XP_015227525.1 XP_015256792.1 

Macaca mulatta XP_014975343.1 XP_001111005.2 

Poecilia latipinna XP_014873768.1 XP_014914044.1 

Sturnus vulgaris XP_014744934.1 XP_014731682.1 

Equus asinus XP_014704844.1 XP_014717350.1 

Tupaia chinensis XP_006167421.1 XP_014437791.1 
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2.7 Substituted Cysteine Accessibility Assay 

HEK293 cells on poly-L-lysine coated 60 mm dishes were transfected with cDNA encoding AE1 

single cysteine point mutants in an AE1C- background. 24 h after transfection, HEK293 cells were 

washed with 5 mL PBS (140 mM NaCl, 3 mM KCl, 6.5 mM Na2HPO4, 1.5 mM KH2PO4, pH 7.4, 

300 mOsm). For assays with H2DIDS, cells were incubated with 50 µM H2DIDS in PBS, or PBS 

alone for control samples, at 37 °C for 30 min prior to LYIA labeling. Cells were then incubated 

with PBS containing 2 mM LYIA, or PBS alone, for 20 min at 20 °C. After 20 min, biotin 

maleimide was added to a final concentration of 0.2 mM from a 20 mM stock in DMSO. Reaction 

was stopped after 10 min by addition of 5 mL of stop buffer (DMEM with 10% (v/v) FBS, 0.14% 

(v/v) 2-mercaptoethanol). Cells were washed with 5 mL of 4 °C PBS and lysed in 300 µL IPB 

buffer (1% (v/v) Igepal, 0.5% (v/v) sodium deoxycholate, 5 mM EDTA, 150 mM NaCl, 10 mM 

Tris-HCl, pH 7.5) containing 1 mM PMSF and Complete Protease Inhibitor cocktail at 1x, on ice 

for 20 min. Insoluble cell material was removed from lysates by centrifugation in a Thermo IEC 

Micromax Centrifuge at 16000 x g for 10 min at 4 °C. Protein concentration was determined using 

BCA assay, following the manufacturer’s instructions. 

2.8 Immunoprecipitation 

Dynabeads Protein G (5 µL slurry) were incubated with anti-AE1 polyclonal 1658 antibody raised 

against AE1 C-terminus (265) for 1 h on ice, preceding addition of 200 µg total protein HEK293 

cell lysate and incubation at 4 °C for 10-16 h with rotation. After incubation, resin was separated 

from liquid in a magnetic stand, and washed three times with 200 µL cold IPB containing 1 mM 

PMSF and Complete Protease Inhibitor cocktail. Washed resin was mixed with SDS-PAGE 

sample buffer (10% (v/v) glycerol, 2% (w/v) SDS, 0.5% (w/v) bromophenol blue, 75 mM Tris, pH 
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6.8) containing 2% (v/v) 2-mercaptoethanol, and heated at 65 °C for 5 min before SDS-PAGE 

analysis. 

2.9 SDS-PAGE and Immunoblotting 

Protein samples were resolved on 8% (w/v) SDS-PAGE gels and transferred onto Immobilon-P 

PVDF membranes (Millipore Corp., MA, USA). Biotinylation of immunoprecipitated proteins 

was detected using streptavidin-biotinylated HRP, diluted 1:2500 in TBST-BSA (0.1% (v/v) 

Tween-20, 137 mM NaCl, 20 mM Tris, pH 7.5, containing 0.5% (w/v) bovine serum albumin), 

and Immobilon Crescendo Western HRP Substrate reagent. Following visualization with 

streptavidin-biotinylated HRP, blots were stripped in stripping buffer (62.5 mM Tris, 2% (w/v) 

SDS, 100 mM 2-mercaptoethanol, pH 6.7) for 10 min at 55 °C, and re-probed in TBST-M (TBST 

containing 5% (w/v) nonfat dry milk powder (Carnation)) with mouse monoclonal anti-AE1 

COOH-terminal antibody IVF12 used at 1:3000, kindly provided by Dr. Michael Jennings 

(University of Arkansas) (408). After washing, blots were probed with HRP-conjugated sheep 

anti-mouse 1:4000 in TBST-M and visualized with ECL reagent. All immunoblots were visualized 

using an ImageQuant LAS4000 (GE Healthcare) photodocumentation system. Quantitative 

densitometric analyses were performed using ImageQuant TL 8.1 software. 

2.10 Antibody Binding Assays in HEK293 Suspension Cells 

HEK293-F cells were counted using a Countess II Automated Cell Counter (Invitrogen) and 

assessed for viability using Trypan Blue 48 h post-transfection with either wild-type AE1, wild-

type SLC4A11, or vector control. Cells were washed once with isosmotic PBS. Cells transfected 

with wild-type AE1 or empty vector were incubated with either rabbit pre-immune serum, a 

polyclonal antibody raised in rabbits against a peptide corresponding to AE1 residues 814-827 

(α814-827), or anti-AE1 C-terminal polyclonal 1658 antibody, each at 0.5 μg/mL. Cells 
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transfected with wild-type SLC4A11 or empty vector were incubated with an antibody raised in 

rabbits against a peptide (NH2-HTKRTSSLVSLSGL-COOH) corresponding to amino acids 527–

540 of human SLC4A11-EL3 (αEL3) by Primm Biotech as an extracellular control (369). For each 

binding condition, 1.5 x 105 cells were incubated in 500 μL PBS containing 0.1% (w/v) BSA, and 

indicated primary antibodies or pre-immune serum, with rotation at 37 °C for 30 min. Following 

binding, cells were centrifuged in a Thermo IEC Micromax Centrifuge for 5 min at 500 x g and 

washed three times with PBS+0.1% (w/v) BSA before lysing on ice for 20 min with 30 μL IPB 

containing 2 mM PMSF and Complete Protease Inhibitor cocktail. Insoluble material was removed 

by centrifugation in a Thermo IEC Micromax Centrifuge at 16000 x g for 20 min at 4 °C. 

Solubilized lysates were mixed 1:1 with non-reducing SDS-PAGE sample buffer, and heated at 65 

°C for 5 min. Protein samples were resolved by 6% (w/v) SDS-PAGE gels and transferred onto 

Immobilon-P PVDF membranes. Immunoblots were cut at the position of the 70 kDa prestained 

marker band. Above 70 kDa, immunoblots were probed with 1:4000 HRP-conjugated goat anti-

rabbit IgG in TBST-M, and visualized with ECL reagent. Below the 70 kDa pre-stained marker, 

immunoblots were incubated with 1:3000 mouse anti-GAPDH for loading control, followed by 

1:4000 HRP-conjugated sheep anti-mouse IgG and visualized with ECL reagent. Immunoblots 

were visualized using an ImageQuant LAS4000 (GE Healthcare) photodocumentation system. 

Quantitative densitometric analyses were performed using ImageQuant TL 8.1 software. 

2.11 Immunofluorescence 

2.10.1 Immunofluorescence of HEK293 Cells 

HEK293 cells were plated on poly-L-lysine coated glass coverslips in 100-mm dishes. Cells were 

fixed in 3.7% (w/v) paraformaldehyde and 0.2% glutaraldehyde in PBS for 12 min at 37 °C, 24 h 

post-transfection. Coverslips were washed four times in PBS, reduced in 0.2% (w/v) sodium 
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borohydride for 10 min at 20 °C. Coverslips were washed three times with PBS before blocking 

for 30 min in blocking buffer (3% (w/v) BSA in PBS), containing 0.2% (v/v) Triton-X 100 for 

permeabilized conditions. Cells were co-labeled with primary antibodies, each at 4 µg/mL, for 30 

min at 20 °C. Primary antibodies used were mouse anti-HA Epitope Tag Antibody from Biolegend, 

and a custom antibody that was raised in rabbits against a peptide (NH2-KPPKYHPDVPYVKR-

COOH) corresponding to amino acids 814–827 of human AE1 by Primm Biotech (α814-827). 

Coverslips were then washed five times in washing buffer (0.2% (w/v) BSA in PBS, containing 

0.1% (v/v) Triton-X 100 for permeabilized conditions), followed by incubation with secondary 

antibodies Cy3 Donkey Anti-Mouse IgG and Alexa Fluor 488 Donkey Anti-Rabbit IgG at 1:250 

in blocking buffer, for 30 min at 20 °C. All steps including and following secondary antibody 

incubation were performed in the dark. Cells were washed three times for 10 min in washing 

buffer, followed by post-fixation for 10 min at 20 °C with 4% (w/v) paraformaldehyde in PBS. 

Cells were washed three times in PBS before mounting with ProLong Gold antifade reagent with 

DAPI and slides were dried overnight at 20 °C before sealing with nail polish. Microscopy slides 

were visualized on a Wave FX spinning disc confocal microscope (Quorum Technologies, Guelph, 

ON, Canada) with a Yokogawa CSU10 scanning head (Tokyo, Japan), and fluorescence was 

quantified using Volocity 6.0 software (PerkinElmer, Waltham, MA, USA). For analysis, mean 

fluorescence intensities of a cell population were pooled, and mean fluorescence in permeabilized 

conditions was set to 100% for each of the primary antibodies used.  

2.10.2 Immunofluorescence of Red Blood Cells 

A dual immunofluorescence staining technique was used to label extracellular and intracellular 

antigens. Surface antigens on RBCS were first labeled in intact conditions, followed by labeling 

in permeabilized conditions, using the same primary antibody in both conditions. To first detect 
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surface-exposed antigens, 2 µL of red cell concentrate was incubated with rabbit α814-827 IgG at 

4 µg protein/mL, IVF12 mouse monoclonal anti-AE1 COOH-terminus 1:250, or mouse anti-

glycophorin C (GPC) 1:50 in 100 µL PBS with 1% (w/v) BSA for 30 min at 4 °C. Red cells were 

washed in PBS with 1% (w/v) BSA three times by centrifugation in a Thermo IEC Micromax 

Centrifuge at 400 x g for 1 min at 4 °C. Washes were followed by incubation with secondary 

antibody in PBS with 1% (w/v) BSA. Secondary antibodies used were: Alexa Fluor 488 Donkey 

Anti-Rabbit IgG at 1:100 for rabbit primary antibody α814-827, and Cy3 Donkey Anti-Mouse IgG 

1:200 for mouse primary antibodies IFV12 and αGPC. All secondary antibodies were incubated 

for 30 min at 4 °C in the dark, which was maintained until imaging. Following incubation, cells 

were washed with PBS with 1% (w/v) BSA by centrifugation in a Thermo IEC Micromax 

Centrifuge for 1 min at 900 x g at 4 °C three times. Cells were resuspended in 40 µL PBS with 1% 

(w/v) BSA, and 5 µL was streaked onto glass microscopy slides. Slides were dried at 20 °C for 1 

h, before fixing with 4% (w/v) paraformaldehyde in PBS for 10 min in a 20 °C fume hood. Slides 

were washed with PBS for 30 s, followed by permeabilization in 0.1% (v/v) Triton X-100 in PBS 

for 5 min, followed by a 30 s wash in PBS. Slides were blocked in PBS + 1% (w/v) BSA for 30 

min before a 30 s wash in PBS. To detect internal antigens, cells were incubated with the same 

primary antibodies that were used in non-permeabilizing conditions (rabbit α814-827 at 4 µg 

protein/mL, IVF12 mouse anti-AE1 COOH-terminus 1:250, or mouse anti-glycophorin C (GPC) 

1:50) in 1% (w/v) BSA in PBS in a humidified chamber at 4 °C for 1 h. After incubation, slides 

were washed three times in PBS for 5 min each. Slides were incubated with secondary antibodies 

Alexa Fluor 594 Chicken anti-Rabbit IgG for rabbit primary antibody, and Alexa Fluor 647 

Chicken anti-Mouse IgG for mouse primary antibodies, in PBS + 1% (w/v) BSA in a humidified 

chamber at 4 °C for 30 min. Secondary antibodies used in permeabilized condition labeling were 
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conjugated to fluorophores spectrally distinct from those used in above nonpermeabilized labeling. 

Slides were washed three times in PBS for 5 min each, followed by a 10 s wash in distilled water, 

and air dried at 20 °C for 1 h. Dried slides were mounted with Prolong reagent, and air dried for 

10-16 h before sealing with nail polish. Coverslips were visualized on a Wave FX spinning disc 

confocal microscope (Quorum Technologies, Guelph, ON, Canada) with a Yokogawa CSU10 

scanning head (Tokyo, Japan), and fluorescence was quantified using Volocity 6.0 software 

(PerkinElmer, Waltham, MA, USA). 

2.12 Hypotonic Lysis of Red Blood Cells 

Packed red blood cells from the network of Centers of Applied Development (netCAD) (Canadian 

Blood Services, Vancouver, BC) were washed twice in ten volumes of PBS by centrifugation at 

6500 x g for 5 min at 4 °C. The final supernatant was aspirated, and washed red blood cells were 

resuspended in ten volumes of 4 °C 5P8 buffer (5 mM sodium phosphate, pH 8.0, 1 mM PMSF) 

and incubated on ice for 20 min. Red blood cell membranes were centrifuged at 30, 000 x g for 20 

min at 4 °C. Supernatant was aspirated, and membranes were resuspended in 5P8 and centrifuged 

five times, until red blood cell membranes were no longer pink. Membranes were resuspended to 

0.5 mL membrane/mL total and solubilized in 10 volumes 5P8 with 1% (v/v) C12E8 for 20 min at 

4 °C with slow rotation. Insoluble material was removed by centrifugation at 50 000 x g for 30 

min at 4 °C. Protein concentration was determined using BCA assay, following the manufacturer’s 

instructions. 

2.13 Preparation of Senescent Cell IgG 

Twenty units of whole blood (450 mL of blood in each bag) were obtained from the network of 

Centers of Applied Development (netCAD) (Canadian Blood Services, Vancouver, BC). Whole 

blood was stored at 4 °C for 50-60 days to allow cells to bind maximum amount of autoantibody. 
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After aging, whole blood was centrifuged using a Roto Silenta 630RS Centrifuge (Hettich, 

Tuttlingen, Germany) to separate red blood cells from plasma, leukocytes, and platelets. The top 

layers of plasma, leukocytes and platelets were removed by aspiration. Remaining packed red 

blood cells were aliquoted into 10 mL samples in 50 mL Falcon tubes and washed eight times in 

50 mL PBS in an accuSpin 3R centrifuge (Fisher Scientific, Ottawa, ON, Canada). Washed red 

blood cells were lysed by hypotonic lysis in 5P8 buffer (5 mM sodium phosphate, pH 8.0) for 20 

min on ice. Following lysis, red blood cell ghosts were centrifuged at 15 000 x g for 20 min. 

Hypotonic lysis by 5P8 buffer and ultracentrifugation was repeated four additional times. 

Following the final spin, prepared red blood cell membranes were pooled and stored at -80 °C. 

 Red blood cell membranes were thawed and washed with 5P8 and centrifuged at 15, 000 

x g for 20 m five times. Washed red blood cell membranes were incubated with 2 volumes of 4 °C 

glycine-HCl elution buffer (0.1 M glycine, 2% (w/v) EDTA, 0.9% (w/v) NaCl, pH 1.5), mixed, 

and incubated at 20 °C for 1-3 min. After incubation, samples were neutralized by the addition of 

1 M Tris-NaCl (1 M Tris base, 1 M NaCl) to a final concentration of 32 mM Tris-NaCl. Samples 

were mixed and immediately centrifuged at 1000 x g for 60 s, 20 °C. Supernatant eluate was 

transferred into a fresh Falcon tube and pH was adjusted to 7.9-7.4 by dropwise addition of 1 M 

Tris-NaCl. Precipitates were removed following centrifugation at 1000 x g for 2 m at 20 °C. Eluate 

was concentrated using a Centriprep filtration concentration unit with 100 kDa cut-off (Millipore 

Corp., MA, USA), and the amount of IgG in the eluate was quantified using a Nanodrop 

spectrophotometer (Thermo Scientific, Ottawa, ON, Canada). 

2.14 Statistical Analysis 

Quantification was performed using Volocity 6.0 software (PerkinElmer, ON, Canada) and 

ImageQuant TL 8.1 software (GE Healthcare). Analysis was performed using GraphPad Prism 
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Software (v5; GraphPad, La Jolla, CA, USA). Values are represented as mean ± standard error. 

Data was analyzed using one-way ANOVA, with P < 0.05 considered significant.  
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Chapter 3: Homology Modelling of SLC4A11 
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3.1 Introduction 

Integral membrane proteins constitute about 26% of human genes (3). Given their critical roles in 

processes including solute transport, ion channel function and cell signaling (G-protein coupled 

receptors), membrane proteins may have a disease burden out scale to their representation in the 

genome. Indeed, 60% of drugs target membrane proteins (435). Misfolding of proteins is a 

common result of disease mutations and membrane proteins may be especially vulnerable to this 

insult (436). Many other mutations, however, impair residues central to protein function without 

affecting folding, a class termed catalytic mutants. To begin to explain the ways that point 

mutations can disrupt membrane proteins, we set about to map a large collection of disease 

mutations onto a membrane transport protein.  

Mutations of corneal endothelial membrane transport protein SLC4A11 (SLC4A11, MIM# 

610206) give rise to corneal dystrophies, including some cases of congenital hereditary endothelial 

corneal dystrophy (CHED, MIM# 217700) (80-98) and Fuchs endothelial corneal dystrophy 

(FECD, MIM# 136800) (98-101). Both CHED and FECD manifest as clouding of the cornea, 

leading to eventual blindness (399). While CHED is relatively rare (399), FECD has a lifetime 

incidence of 4% (437). Harboyan syndrome (HS, MIM# 217400), marked by early onset corneal 

dystrophy and sensorineural deafness, has recently been suggested to represent a progression of 

CHED (86,397). About 70 point mutations have been identified in SLC4A11 to cause corneal 

dystrophy (80-101). While the majority of disease-causing SLC4A11 point mutants lead to loss-

of-function by endoplasmic reticulum (ER) retention of SLC4A11, other mutants process normally 

to the cell surface, suggesting compromised SLC4A11 function (438). SLC4A11 has been reported 

by different investigators to mediate a variety of functions, including Na+ coupled OH- transport 

(360,361,366), Na+ independent H+ (OH-) transport (53,364,366), H+/NH3 co-transport (365,366), 
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NH3 transport (362), and water transport (359,363). ER-retained disease mutants are tempting 

targets for therapies that rescue SLC4A11 to the plasma membrane (409). Understanding the 

molecular defect and resulting phenotype for each disease-causing mutant is essential to design 

targeted and personalized therapies for corneal dystrophy patients.  

At the molecular scale, protein function is innately linked to three-dimensional structure. 

The structure of SLC4A11 has not yet been solved, limiting our understanding of the protein. Like 

other SLC4 proteins (186), SLC4A11 has a two domain structure, with a 41 kDa N-terminal 

cytoplasmic domain and 57 kDa integral membrane. Recently, the crystal structure of the 

membrane domain of a homologous member of the SLC4 family, AE1 (SLC4A1), was solved at 

3.5 Å resolution (1). AE1 shares an overall membrane domain organization with transport proteins 

UraA (194), UapA (196), a bacterial SLC26 family fumarate transporter (195) and plant Bor1 

(193). These proteins have 14 transmembrane segments (TMs), arranged into two inverted repeats 

of seven TMs each. The membrane domain can be divided into two structural subdomains; a core 

domain and a gate domain, with the proposed substrate translocation pathway at the interface of 

the two domains, and substrate transported by an alternating access mechanism (1). AE1 and 

SLC4A11 are predicted to share the same overall fold within the membrane domain, due to 

sequence similarity within the membrane domain of the SLC4 family (186). 

In this study, we created a three-dimensional homology model of the membrane domain of 

human SLC4A11, using AE1 as a template. We tested the validity of the homology model by in 

silico analysis and predicted the molecular phenotype of membrane domain mutations on the basis 

of the model. We subsequently tested the biochemical properties of these mutants, revealing the 

validity of the homology. This model was used to map known CHED, FECD, and HS point 

mutants, and subsequently rationalize their disease-causing effects. 
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3.2 Results 

3.2.1 SLC4A11 Homology Model 

Homology modeling was used to develop a three-dimensional model of the membrane domain of 

human SLC4A11. The membrane domain of human AE1, which starts at Gly381, was aligned 

with human SLC4A11 amino acid sequence (Fig. 3.1). The two sequences share 30.6% amino acid 

sequence identity and 40.4% similarity over their membrane domains. In addition, conservation is 

higher in TMs than in extramembraneous loops. The alignment clearly shows conservation of 

residues essential for transport in AE1 (Fig. 3.1). A three-dimensional model of SLC4A11 

membrane domain (Fig. 3.2) was created using the SWISS-MODEL server, with SLC4A11 

membrane domain amino acid sequence (amino acids 345–885) and a modified PDB file of AE1 

structure (1) as template. The SLC4A11 model is almost identical to the AE1 structure within the 

TMs. The two differ most in the extramembraneous loops. In particular, extracellular loop 3 of 

SLC4A11 is much larger than in AE1 and lies at the dimeric interface (Fig. 3.2A). The SLC4A11 

model shares the two-domain organization (Fig. 3.2B) seen in AE1 (1). Coordinates for the 

SLC4A11 membrane domain homology model are available upon request and can be viewed using 

the PyMOL program (www.pymol.org).  
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Figure 3.1 AE1 (‘A1’) and SLC4A11 (‘A11’) homology within the membrane domain. The 

AE1 crystal structure did not resolve the C-terminal cytosolic region of the protein (amino acids 

888-911). Therefore, the sequence of human AE1 membrane domain (amino acids 381-887) was 

aligned with the corresponding sequence of human SLC4A11. Helical portions of transmembrane 

regions in AE1 crystal structure and SLC4A11 homology model are boxed in black, with helix 

number indicated above. SLC4A11 corneal dystrophy-causing mutations are shown in magenta in 

the lower sequence. Mutations created to test model validity are marked by green arrows. Blue 

boxes indicate AE1 residues essential for anion transport. SLC4A11 extracellular loop 3 is in an 

orange box. Black and grey highlighting indicates identical and similar residues, respectively, with 

no highlighting on non-conserved residues. Reference sequences NG_017072.1 and NP_000333.1 

were used for SLC4A11 and AE1, respectively.  
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Figure 3.2. Homology model of the membrane domain of human SLC4A11 using the AE1 

crystal structure as a template. A) Dimeric hSLC4A11 membrane domain homology model was 

created using the AE1 crystal structure at 3.5 Å resolution as template. SLC4A11 monomers are 

shown in purple and green. Extracellular loop 3 and helix H1 are indicated. Transmembrane helices 

13 and 14 are highlighted in pink. Plane of lipid bilayer is approximated by black lines. B) View 

looking onto extracellular face of SLC4A11 transmembrane segments without connecting loops. 

Core (red) and dimer-forming gate (green) domains have transmembrane segments represented as 

cylinders and numbered 1–14, indicated in white boxes. C) Positions of mutations created to 

biochemically test the validity of the homology model. Left panel: Wild-type residues E675, A720, 

and H724 in the catalytic cleft. Right panel: Wildtype G509 at the extracellular side of the core–

gate interface (same view as B).  
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3.2.2 Testing Model Validity 

Verify3D and PROCHECK servers were used to assess the homology model’s structural validity 

in silico (421-424). Both methods of in silico analysis indicate that the areas of low structural 

quality within the model were limited to extramembraneous loops. PyMOL calculated the root 

mean square deviation of Cα in homologous TMs of human SLC4A11 and AE1 as 0.392 Å, 

indicating a close fit between the model and template in the transmembrane regions. In silico 

analysis is thus consistent with a valid SLC4A11 membrane domain homology model. 

To test the model’s validity biochemically, we designed novel point mutants that have not 

yet been identified in patients. We predicted the molecular phenotype of these mutants, on the 

basis of their location in the model. We then expressed these mutants in HEK293 cells and 

analyzed protein expression level, degree of trafficking to the cell surface, and transport activity, 

as previously described (409). We selected positions in the three-dimensional model whose 

location predicted either an effect on transport function, or tolerance of mutation such that no 

transport defect would arise. In AE1, Glu681 has long been recognized as critical to the anion 

transport mechanism (267,268). The corresponding residue in the homology model is conserved 

as Glu675 (Fig. 3.1 and Fig. 3.2C). SLC4A11 p.Glu675Gln (E675Q) converts the acidic side chain 

to the corresponding amide, thus neutralizing its acidity. We predicted this would compromise 

functional activity. Similarly, in AE1 Arg730 has been proposed to be central to the transport 

catalysis site, providing positive charge to ligand substrate anions (186). The homology model 

shows that the corresponding amino acid in SLC4A11, His724 (Fig. 3.1 and Fig. 3.2C) has a 

conserved charge but different structure of side chain. We mutated the residue to alanine 

(SLC4A11 p.His724Ala, H724A) to explore the importance of positive charge at this position. We 

also mutated to arginine (SLC4A11 p.His724Arg, H724R) to conserve positive charge, but with a 
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longer side-chain reach. On the basis of the homology model, we anticipated that neither mutant 

would have functional activity, but that the proteins would fold normally and thus process to the 

cell surface. Ala720 is in the extended structure region of TM10 (Fig. 3.2C), which is conserved 

as alanine in all SLC4 proteins. Although its functional role is unclear, it is in a structurally 

homologous position to the substrate binding site of AE1 (186). SLC4A11 p.Ala720Leu (A720L) 

increases the alkyl side-chain bulk, a subtle mutation unless the amino acid is in a constrained 

location. We anticipated that this mutation would cause protein misfolding if in a helix–helix 

interface, but in an open cleft could sterically block substrate translocation. 

The side chain of Gly509 points into an open portion of the external opening of the catalytic 

cleft (Fig. 3.2C). We thus anticipated that although the wild-type residue (glycine) has the smallest 

amino acid side chain, SLC4A11 would be tolerant of mutation here. If, on the other hand, the 

residue was involved in protein–protein interactions, it would be intolerant of mutation, likely 

leading to protein severe misfolding and ER-retention. We decided to prepare the SLC4A11 

p.Gly509Lys (G509K) mutation as the position is homologous to Lys539 of AE1, a position 

covalently labeled by some stilbene disulfonate inhibitors, such as DIDS (274,275). 

 SLC4A11 mutants were expressed in transfected HEK293 cells and protein expression was 

monitored on immunoblots (Fig. 3.3A). SLC4A11 migrated as two bands, a predominant upper 

band and a less prominent lower band. These have previously been identified as protein with 

mature glycosylation, found at the plasma membrane (upper band) and immaturely-glycosylated, 

ER-associated protein (lower band) (98). E675Q, H724A, and H724R expressed (Fig. 3.3B) and 

trafficked to the cell surface (Fig. 3.3C) indistinguishably from SLC4A11-WT. In contrast, A720L 

accumulated to a lower level and trafficked to the cell surface significantly less than SLC4A11-

WT (Fig. 3.3B, C). 
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SLC4A11 has been found to increase the rate of hypoosmotically driven cell swelling 

(359). To assay their functional activity, SLC4A11 mutants were expressed in HEK293 cells along 

with cytosolic green fluorescent protein. Cells were monitored by confocal microscopy as 

superfusion solution changed from iso- to hypoosmotic. Fluorescence in a region of interest in the 

cell was quantified as a measure of the concentration of eGFP in cytosol. As cells swelled upon 

the switch to hypoosmotic superfusion solution, cytosolic eGFP was diluted and the eGFP signal 

decreased (Fig. 3.4). Note that a slight acidification was induced in HEK293 cells exposed to 

hypoosmotic medium, but the rate of acidification was not different between cells expressing 

SLC4A11 and control cells (359). Also, note that the water flux induced by SLC4A11 expression 

appears to be mediated directly by SLC4A11 since the flux in cells expressing SLC4A11 is 

inhibited by stilbene disulfonate, whereas cells expressing the water channel protein, AQP1, were 

unaffected by the compound (359). The initial rate of change of eGFP fluorescence was used to 

assess the rate of cell volume change, relative to SLC4A11-WT. As predicted, all four central 

catalytic pathway mutants (A720L, E675Q, H724R, and H724A) had significantly decreased water 

flux in comparison to SLC4A11-WT (Fig. 3.4B). Glu675 and His724 have corresponding residues 

in AE1 that are essential for transport (Fig. 3.1) (186). Loss of functional activity of these mutants 

suggests that a role important to transport functions is conserved at these residues, supporting the 

validity of the homology model. Mutation G509K is located in the catalytic pathway but is in an 

open region of protein structure (Fig. 3.2C) and thus predicted to be insensitive to mutation. G509K 

expressed and trafficked to the cell surface at lower levels than WT (Fig. 3.3). Nonetheless, the 

functional activity of G509K was indistinguishable from SLC4A11-WT (Fig. 3.4). Taken together, 

these in silico and in vitro analyses provide support for the validity of the homology model 

presented here.  
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Figure 3.3 Expression and cell surface processing of SLC4A11 mutants. A) Immunoblots 

representing expression pattern of SLC4A11 mutants. HEK293 cells were transiently transfected 

with cDNA encoding HA tagged SLC4A11-WT, G509K, A720L, E675Q, H724R, or H724A. 

Cells were cultured for 2 days at 37°C. Total protein (50 μg) was loaded in each well. Cell lysates 

were visualized on immunoblots using anti-HA antibody. Arrows indicate immature (I) and mature 

(M) glycosylated forms of SLC4A11. B) Total expression of HA-SLC4A11 was determined by 

densitometry and expressed as percentage of SLC4A11-WT expression. Error bars represent SEM 

(n = 3). Asterisks represent significant difference (P < 0.05), whereas NS is no significant 

difference between SLC4A11-WT and indicated mutants. C) The fraction of mature SLC4A11- 

WT or indicated mutants (upper band) was determined by densitometry and expressed as 

percentage of the total protein (upper band + lower band), relative to SLC4A11-WT. Error bars 

represent SEM (n = 3). Asterisks represent significant difference (P < 0.05), whereas NS is no 

significant difference between SLC4A11-WT and indicated mutants. Experiment and analysis 

performed by Dr. Kumari Alka.  
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Figure 3.4 Water flux activity of SLC4A11 mutants. A) Osmotically driven water flux activity 

of SLC4A11 mutants. Experiments were performed as previously described (409). HEK293 cells 

were transiently co-transfected with vector or cDNA encoding nHA-tagged SLC4A11-WT, 

G509K, A720L, E675Q, H724R, or H724A, along with eGFP cDNA. The rate of cell swelling 

was measured as a function of change in the level of eGFP fluorescence in the regions of interest 

upon hypotonic challenge. Data were corrected for rates measured in vector-transfected cells. 

eGFP fluorescence (F) was normalized to F averaged for initial 60 s (F0) of measurement. B) 

Comparison of water flux activity of SLC4A11-WT with indicated mutants. Data represents mean 

± SEM of 3–5 independent experiments of 10–20 cells per coverslip. Rate of fluorescence change 

was calculated by linear regression of the initial eGFP intensity change during first 15 s of 

perfusion with hypotonic buffer. A significant difference in water flux function was observed for 

SLC4A11 mutants A720L, E675Q, H724R, and H724A when compared with SLC4A11-WT (P < 

0.05). NS, no significant difference between G509K and SLC4A11-WT. Experiment and analysis 

performed by Dr. Kumari Alka.  
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3.2.3 Categorizing SLC4A11 Disease Mutants 

We mapped 45 disease-causing point mutants of the SLC4A11 membrane domain (residues 345–

882) that have been identified to date, to gain insight into their effects on protein structure and 

function at the molecular level. Examination of the location of the mutated residues indicated that 

they could be categorized as (1) in the SLC4A11 catalytic pathway, (2) in areas of close 

transmembrane helix packing, (3) in the dimerization interface, or (4) lying in intracellular and 

extracellular loops (Table 3.1). Catalytic pathway mutations were either in the translocation pore 

or the core/gate domain interface. Criteria for mutants predicted to disrupt helix packing was 

location at a densely packed interface between helices. The third category was mutations at the 

dimerization interface. Finally, the model places seven mutations in extracellular and cytoplasmic 

loops. Of the 45 membrane domain point mutants analyzed, five lie in the catalytic pathway, 30 

are at regions of close transmembrane helix contact, three are found in the dimeric interface, and 

seven are in extracellular or cytoplasmic loops (Table 3.1). 

We further examined the consequences of SLC4A11 mutations by comparing structural 

parameters of SLC4A11 membrane domain model with WT sequence and with introduced disease-

causing mutations (Table 3.2). Most (28/45 mutants) induced steric clashes larger than the 0.4 Å 

cut-off used by the modeling program to identify a significant defect (429,430). We estimated the 

pKa for the WT residue and the mutant amino acid at each point mutation site to determine whether 

change occurred. A further eight mutations are predicted to be deleterious because of a charge 

change in the absence of a severe steric clash. Loss (p.Pro773Leu) or gain (p.Leu843Pro) of a 

proline residue would kink the structure in ways not predicted by the analysis programs and readily 

explains disease. p.Arg488Lys and p.Ser489Leu give rise to a reduced number of hydrogen bonds 

and localize at the cytoplasmic end of TM5. This would likely destabilize the TM. In the case of 
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only four mutants (p.Ala436Val, p.Val507Ile, p.Tyr526Cys, and p.Gly834Ser) did the analysis fail 

to measure deleterious structural change induced by the mutation (Table 3.2). These four mutants 

will be discussed later. The structural defects predicted to arise from mutations provide additional 

support for the validity of the homology model. 
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Table 3.1 Classification and rationalization of corneal dystrophy-causing SLC4A11 

mutations. Mutants are classified as lying in areas of close helix packing, catalytic pathway, 

dimerization interface, or extramembraneous loops. Amino acid numbering is based on NCBI 

reference sequence NG_017072.1, using HGVS recommended numbering. 

Mutation Disease Structural 
Effects 

Classification 

Predicted Effect on SLC4A11 References 

p.Cys386Arg CHED Helix Packing Faces the interior of the core 
domain, causes steric clash. 

(84,87,89) 

p.Gly394Arg CHED Helix Packing Faces TM2 and a hydrophobic 
residue. Arg would cause 
repulsion between TM1 and 2 
due to steric clashing. 

(88) 

p.Glu399Lys FECD Catalytic 
Pathway 

Lies at the core-domain 
interface, across from K512. 
Mutation to Lys could induce 
repulsion of the core and gate 
domains in the transport 
pathway. 

(99) 

p.Thr401Lys CHED Helix Packing Extracellular side of the core – 
gate domain interface, at the C 
terminal end of helix 1. Lys 
would change the positioning of 
extracellular loop 2, and thus the 
packing between helices 1 and 2. 

(85) 

p.Asp406Val CHED Loop Extracellular loop 1 (95) 
p.Gly413Arg CHED Helix Packing Located on TM2, introduces 

charge and steric bulk to 
interface with adjacent TM9 

(96) 

p.Ser415Asn CHED Helix Packing Facing adjacent TM11, mutation 
to Asn increases steric bulk at a 
region of close helix packing. 

(93) 

p.Gly417Arg, 
p.Gly418Asp 

CHED Helix Packing Both face the translocation pore, 
and induce changes in size too 
large to be accommodated, 
leading to protein misfolding. 

(85,88,90) 

p.Thr434Ile 
 

FECD 
 

Helix Packing 
 

In the N terminal extended 
structure of TM3, this mutation 
adds steric bulk in the center of 
the core domain. 

(101) 
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p.Ala436Val CHED Catalytic 
Pathway 

Initiates helical structure in 
TM3, lies in the interface of core 
and gate domains 

(95) 

p.Gly464Asp 
 

CHED 
 

Helix Packing 
 

Closely faces disease-causing 
point mutant G709 on adjacent 
TM9. Large steric change would 
cause the helices to mispack. 

(99) 

p.Leu473Arg 
 

CHED 
 

Helix Packing 
 

C terminus of TM4, L473R 
introduces a charged residue into 
the hydrophobic membrane 
environment. Leads to instability 
in this connecting region from 
the gate to the core domain. 

(85) 

p.Arg488Lys 
 

CHED/HS 
 

Helix Packing 
 

May have electrostatic 
interactions with charged 
residues on adjacent TM13, 14, 
or with adjacent core domain 
through hydrogen bonding. 

(81) 

p.Ser489Leu 
 

CHED 
 

Helix Packing 
 

Lies in a sensitive region of 
TM5, 13, 14, at core-gate 
interface. Loss of hydrogen 
bonding may induce misfolding.  

(85,99) 

p.Val507Ile 
 

FECD 
 

Dimer 
Interface 
 

Located on TM5, involved in the 
dimer interface. May also 
displace extracellular loop 3 
with unknown function. 

(101) 

p.Tyr526Cys FECD Loop Extracellular loop 3 (ECL3) (100) 
p. Ser536Cys CHED Loop ECL3 (95) 
p.Thr561Met FECD Loop ECL3 (99) 
p.Ser565Leu FECD Loop ECL3 (99) 
p.Val575Met 
 

FECD 
 

Dimer 
Interface 
 

Lies at the N terminus of TM6, 
where it makes the closest 
contact of any residue in the 
dimer interface. May also impact 
the positioning of extracellular 
loop 3. 

(100) 

p.Gly583Asp 
 

FECD 
 

Dimer 
Interface 
 

Faces the dimer interface. 
Introduction of a charge would 
cause repulsion between the two 
protomers and retention of the 
protein. 

(100) 

p.Thr584Lys 
 

CHED 
 

Helix Packing 
 

T584 is in a tight bundle of 
TM6, 7 and 11 with nonpolar 
residues. Inserting a Lys at this 

(85) 
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location would disrupt close 
helix packing. 

p.Cys611Arg 
 

CHED 
 

Helix Packing 
 

Introduces a large change in 
charge and size into the 
hydrophobic membrane that 
would disrupt the packing of 
TM7 and possibly adjacent helix 
1. 

(90) 

p.Leu668Pro CHED Helix Packing Proline introduces kinks in 
helices; lies on TM8 

(96) 

p.Glu675Ala 
 

CHED 
 

Catalytic 
Pathway 
 

Corresponds to AE1's E681, 
which is essential for anion 
transport. SLC4A11 E675 likely 
shares a vital role in gating and 
translocation, in a mobile region 
that can accommodate mutations 
but impair transport. 

(92,186) 

p.Gln676Arg CHED Helix Packing Lies on TM8, introduces a 
charge and steric bulk into the 
center of the core domain 

(97) 

p.Ile706Asn CHED Helix Packing Introduces steric bulk and a 
basic residue into the lipid 
environment surrounding TM9; 
closely adjacent to TM2 

(95) 

p.Gly709Glu 
 

FECD 
 

Helix Packing 
 

Closely faces G464 on adjacent 
TM4. The large steric change 
would cause the helices to 
mispack, and this charged 
residue may contribute to this 
effect. 

(99) 

p.His724Asp 
 

CHED 
 

Catalytic 
Pathway 
 

Directed into TM1 and the 
translocation pore in the 
catalytic core domain, a change 
in size from a ringed side chain 
to a long extended side chain 
could be accommodated in the 
open pore, but would be 
detrimental during translocation. 

(90) 

p.Gly742Arg FECD Loop Intracellular loop 5 (100) 
p.Thr754Met 
 

FECD 
 

Helix Packing 
 

On the cytoplasmic loop N 
terminal to TM11, T574M is 
adjacent to cytoplasmic H1, and 
at the intracellular base of TM1 
and 2. A change in size or 
hydrogen bonding in this region 

(99) 
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could reorient helices in the core 
domain, leading to helix 
mispacking. 

p.Arg755Gln 
 

CHED 
 

Helix Packing 
 

Extends under TM2 and above 
H1, close enough for 
electrostatic interactions with 
D360 on H1. R755Q mutation 
would abolish this interaction 
and lead to instability in H1. 

(82,84,85,99) 

p.Arg755Trp 
 

CHED 
 

Helix Packing 
 

Replacing R755 with Trp leads 
to a large change in size, from a 
charged, extended side chain to 
an uncharged ringed side chain, 
likely disturbing the packing of 
adjacent TM2 and H1 as R755Q. 

(84,85,87) 

p.Pro773Leu 
 

CHED 
 

Helix Packing 
 

Located at the hinge of bent 
helix TM11, mutation of Pro to a 
Leu would not enable the native 
kink of TM11, causing 
misfolding. 

(85,87) 

p.Arg804His CHED Loop Intracellular loop 5; short helix 
H5 

(82) 

p.Val824Met 
 

CHED/HS 
 

Helix Packing The cluster at the cytoplasmic 
side of helices 13, 14 and 5 
appears to be sensitive to 
mutations. The homologous 
region of AE1 has been 
proposed to be able to pull out of 
the membrane domain to the 
extracellular space. If SLC4A11 
shares this mobility, mutating 
Val to a Met would increase 
polarity and make this 
movement less energetically 
favorable. 

(85,86,89,186
) 

p.Thr833Met 
 

CHED 
 

Helix Packing 
 

Lies in a sensitive region of 
TM5, 13, 14, at core-gate 
interface. Loss of hydrogen 
bonding and steric clashing may 
induce misfolding.  

(82) 

p.Gly834Ser 
 

FECD 
 

Helix Packing 
 

G834S changes residue size as 
well as polarity directed 
outwards into the lipid bilayer, 
resulting in reorientation of 
TM13. 

(100) 
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p.Leu840Pro CHED Helix Packing Places kink – inducing proline in 
the center of TM13 

(95) 

p.Leu843Pro 
 

CHED/HS 
 

Helix Packing 
 

Introduces a kink near the C-
terminus of TM13, detrimental 
to helix packing. 

(81,94) 

p.Met856Val 
 

HS 
 

Catalytic 
Pathway 
 

Lying on the gate domain side of 
the core-gate interface opposite a 
number of nonpolar residues, 
M856V may disrupt core-gate 
interactions leading to disruption 
of catalysis. 

(81) 

p.Arg869Cys 
 

CHED 
 

Helix Packing 
 

On the portion of TM14 on the 
periphery of the lipid bilayer. 
Charged R869 may extend and 
interact with lipid head groups to 
stabilize helix placement, which 
is abolished with uncharged 
cysteine. 

(84,85,99) 

p.Arg869His 
 

CHED 
 

Helix Packing 
 

R869 is on the portion of TM14 
on the periphery of the lipid 
bilayer. Charged R869 may 
interact with lipid head groups to 
stabilize helix placement.  

(82,90) 

p.Leu873Pro 
 

CHED 
 

Helix Packing 
 

Introducing a helix kink with 
proline in the C terminal end of 
TM14 would lead to mispacking 
of the TM5, 13, 14 bundle, and 
subsequent misfolding. 

(87) 
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Table 3.2 Computational estimates of structural changes induced by SLC4A11 membrane 

domain mutations. The SLC4A11 membrane domain model was altered to introduce individual 

disease mutations, in Pymol. Structural differences between WT and mutated structures were 

analyzed using MolProbity (http://molprobity.biochem.duke.edu/ (steric clashes)), PDB2PQR 

(http://nbcr-222.ucsd.edu/pdb2pqr_2.1.1/ (changes of side chain charge)) and StrucTools 

(https://hpcwebapps.cit.nih.gov/structbio (changes in H-bonding)) servers. Gain and loss of 

hydrogen bonding partners and steric clashes are indicated by + and -, respectively, followed by 

the number of partners or clashes gained or lost. Number in brackets under ‘Steric Clashes’ 

indicates the measure of the most deleterious overlap, in Å. Deleterious changes were predicted as 

those with steric clash over 0.4 Å (criteria used by molprobity) or a change of side chain charge 

(with pKa estimated for the specific amino acid and position in the structure). Mutations inducing 

a predicted deleterious change on the basis of these criteria are in bold. Mutations were classified 

as predicted to disrupt helix packing (HP), lying in extramembraneous loops (L), disrupting the 

dimeric interface (DI), or lying in the catalytic pathway (CP). 

Mutation Disease Change in 
Side Chain 

Charge 
(WT to 
mutant) 

Change in 
Hydrogen 
Bonding 
Partners 

Steric 
Clashes 

(# clashes 
induced 

(degree of 
overlap (Å)) 

Structural 
Effects 

Classification 

p.Cys386Arg CHED 0 to +1 0 +29 (1.073) HP 

p.Gly394Arg CHED 0 to +1 0 +30 (1.365) HP 

p.Glu399Lys FECD -1 to +1 0 0 CP 

p.Thr401Lys CHED 0 -2 +37 (1.461) HP 

p.Asp406Val CHED -1 to 0 -1 +6 (1.318) L 

p.Gly413Arg CHED 0 to +1 +2 +11 (1.094) HP 

p.Ser415Asn CHED 0 +1 +1 (0.590) HP 

p.Gly417Arg CHED 0 +1 +20 (1.572) HP 

p.Gly418Asp CHED 0 0 +16 (1.257) HP 

p.Thr434Ile 

 

FECD 

 

0 0 +1 (0.627) HP 
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p. Ala436Val CHED 0 0 0 CP 

p.Gly464Asp CHED 0 +3 +5 (1.159) HP 

p.Leu473Arg CHED 0 to +1 0 0 HP 

p.Arg488Lys CHED/HS 0 -3 0 HP 

p.Ser489Leu CHED 0 -1 0 HP 

p.Val507Ile FECD 0 0 0 DI 

p.Tyr526Cys FECD 0 0 0 L 

p. Ser536Cys CHED 0 +1 -1 (.549) L 

p.Thr561Met FECD 0 -1 +3 (1.075) L 

p.Ser565Leu FECD 0 -2 +24 (1.293) L 

p.Val575Met FECD 0 0 -3 (0.924) DI 

p.Gly583Asp FECD 0 to -1 0 0 DI 

p.Thr584Lys CHED 0 0 +18 (1.578) HP 

p.Cys611Arg CHED 0 to +1 0 0 HP 

p.Leu668Pro CHED 0 0 -1 (0.913) HP 

p.Glu675Ala CHED -1 to 0 0 0 CP 

p.Gln676Arg CHED 0 to +1 -1 +13 (1.103) HP 

p.Ile706Asn CHED 0 0 -6 (0.670) HP 

p.Gly709Glu FECD 0 to -1 0 +8 (1.260) HP 

p.His724Asp CHED 0 to -1 -1 0 CP 

p.Gly742Arg FECD 0 to +1 +1 0 L 

p.Thr754Met FECD 0 -1 +7 (1.034) HP 

p.Arg755Gln CHED +1 to 0 +2, -2 0 HP 

p.Arg755Trp CHED +1 to 0 +1, -2 +9 (0.928) HP 

p.Pro773Leu CHED 0 0 0 HP 

p.Arg804His CHED + 1 to 0 -1 +1 (0.571) L 

p.Val824Met CHED/HS 0 0 -2 (0.805) HP 

p.Thr833Met CHED 0 -1 +4 (0.796) HP 

p.Gly834Ser FECD 0 0 0 HP 

p.Leu840Pro CHED 0 -1 0 HP 
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p.Leu843Pro CHED/HS 0 -2 0 HP 

p.Met856Val HS 0 0 +1 (0.648) CP 

p.Arg869Cys CHED +1 to 0 0 -6 (0.896) HP 

p.Arg869His CHED +1 to 0 0 -2 (1.369) HP 

p.Leu873Pro CHED 0 +1, -1 +13 (1.346) HP 
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3.2.3.1 Catalytic Pathway Mutants 
 
Following AE1 transport mechanism, core and gate domains of SLC4A11 move relative to one 

another while substrate is transported (186). Thus, mutations of the translocation pore and core–

gate domain interfaces may affect SLC4A11 transport function. Five of 45 disease mutations were 

predicted to impair SLC4A11 transport function. Mutations found within the catalytic pore include 

p.Glu399Lys, p.Ala436Val, p.Glu675Ala (Fig. 3.5A), and p.His724Asp. The protein may properly 

fold with these mutant amino acids due to their presence in an accessible, dynamic region of 

structure at the proposed translocation pore (363). Mutations within the pore would thus likely 

change the translocation pathway, leading to catalytically inactive protein, which nonetheless is 

able to fold and mature to the cell surface.  

The side chain of p.Met856Val lies on the gate domain pointed directly into the core 

domain. This mutation may interfere with or disrupt gate–core interactions necessary for relative 

movement during translocation. 
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Figure 3.5 Categorizing disease-causing point mutants of SLC4A11 by their location on the 

homology model. A) The gate domain-facing side of the core domain, composed of 

transmembrane segments (TM) 1, 3, 8, and 10. Left panel: Wild-type Glu675 (E675), modeled in 

black, points into the translocation pore of the core domain. Right panel: Point mutant p.Glu675Ala 

(E675A), colored in red, extends into the N-terminal extended structure of helices 3 and 10. B) 

Left panel: Wild-type Gly394 comes into close proximity with the N-terminal end of TM2. Right 
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panel: Helix packing CHED mutant p.Gly394Arg, modeled in red. C) Left panel: Wild-type 

Arg869 faces the inner leaflet of the lipid bilayer (position approximated by black lines), slightly 

above amphipathic helix H1 (modeled in blue; SLCA11 membrane domain shown with transparent 

representation). Right panel: CHED mutant p.Arg869His results in a shorter, likely uncharged 

side-chain substitution. D) Left panel: Val575 on each monomer of SLC4A11 at the dimerization 

interface on TM6. Residues Val575 are shown as sticks, with monomers of the dimer shown in 

green and purple. Right panel: Heterozygous FECD mutant p.Val575Met modeled in red.  
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3.2.5 Helix Packing Mutants 
 
The majority of mutations in the membrane domain are located at helix–helix interfaces. 

Disturbance of helix interfaces may disrupt helix packing, leading to protein misfolding, causing 

SLC4A11 to be ER-retained. Many of these helix packing mutations change the size and charge 

of a side chain in a tightly packed region of the protein. These mutants include p.386Arg, 

p.Gly394Arg (Fig. 3.5B), p.Thr401Lys, p.Gly413Arg, p.Ser415Asn, p.Gly417Arg, p.Gly418Asp, 

p.Gly464Asp, p.Leu473Arg, p.Thr584Lys, p.Cys611Arg, p.Gln676Arg, p.Ile706Asn, and 

p.Gly709Glu. 

Alternatively, some diseased states arise from the replacement of a charged residue. 

Charged residues may stabilize helix placement by formation of salt bridges with adjacent residues 

or lipid head groups. p.Arg755Gln and p.Arg755Trp, abolish a positive charge that may interact 

with highly charged H1. Arg869 in TM14, which sits low in the plane of the lipid bilayer, may be 

involved in stabilizing charges with anionic lipid head groups. Supporting this, Arg869 lies in a 

plane slightly above amphipathic helix H1 (Fig. 3.5C). In AE1, this helix makes contact with the 

membrane surface, and interacts with lipid head groups in molecular simulations with the lipid, 

POPC (186). CHED mutant, p.Arg869Cys, abolishes this predicted stabilizing charge, as structure-

assisted pKa calculations predict cysteine at this location at physiological pH to be uncharged (pKa 

estimated to be 10.11) (431-433). Another CHED mutant, p.Arg869His, is also predicted to be 

uncharged (pKa estimated to be 5.48), thus unable to form salt links to acidic lipid head groups. 

Other helix disrupting mutations are caused by introduction or lack of a proline, which may 

disrupt the helical nature of a TM, causing reorientation and thus a misfolded protein. p.Leu668Pro 

in TM8, p.Leu840Pro and p.Leu843Pro in TM13, and p.Leu873Pro in TM14 respectively are such 
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mutants. p.Pro773Leu substitutes a leucine for a proline, which may prohibit TM11 from making 

the kink necessary for connection from the core domain to the gate domain. 

Very subtle mutations likely cause misfolding due to location in a particularly sensitive 

region of the protein. The subtle p.Thr754Met mutation may lead to ER-retention (99) by being 

located directly adjacent to highly charged H1, or displacing core and gate domain-linking TM11. 

p.Arg488Lys and p.Ser489Leu on TM5, and p.Val824Met, p.Thr833Met, and p.Gly834Ser on 

TM13 lie at the cluster of TM5, 13, and 14, and at the core–gate interface, where they may 

destabilize and misplace helices. 

p.Thr434Ile, while located in the extended structure TM3, is likely a mis-packing mutant. 

The ability of the extended structure to accommodate side-chain changes is not known or inferable 

from the model, however our biochemical validation mutant A720L, in TM10 extended structure 

(Fig. 3.2 C), indicates that misfolding and ER retention would occur. 

3.2.6 Dimeric Interface Mutants 
 
The SLC4A11 dimeric interface is formed by interactions between TM5 and 6 on each subunit 

with additional contributions from TM7. Three FECD mutants are found at the dimeric interface. 

p.Val575Met creates the closest contact between subunits and processes to the cell surface 

similarly to WT in vitro (Fig. 3.5D) (100). p.Val575Met results in a lack of symmetry at this close 

contact point, altering the dimeric interface. Similarly, p.Val507Ile on TM5 is located at the 

dimeric interface, and may disrupt subunit interactions.  

The third dimeric interface mutation, p.Gly583Asp, introduces a charge directly into the 

interface of the two subunits, which likely inhibits the formation of dimers, and leads to the ER 

retained phenotype seen in vitro (100). 
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3.2.7 Extramembraneous Loop Mutants 
 
This model places CHED mutant p.Ser536Cys (95) and FECD mutants p.Tyr526Cys, 

p.Thr561Met, and p.Ser565Leu (99,100) in large extracellular loop 3. Additional FECD mutant 

p.Gly742Arg (100) is found in cytoplasmic loop 5. CHED mutants in extracellular loops include 

p.Asp406Val (95) in intracellular loop 1, and p.Arg804His (82) located in cytoplasmic loop 6, in 

short helix H5. The locations and properties of SLC4A11 mutants are summarized on a topology 

model (Fig. 3.6). 
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Figure 3.6 Disease mutants mapped on SLC4A11 topology model. Topology model was 

developed on the basis of the three-dimensional homology model. Intracellular helix H1 and TM1 

–14 are represented as rectangles and labeled, with initiating and terminating residue numbers 

indicated. Relative loop sizes are approximate, and the large N-terminal domain has been 

excluded. Stars indicate residues with multiple known mutations. Disease-causing mutations of 

the membrane domain are mapped and labeled by disease and proposed underlying molecular 

cause; FECD (blue), CHED (red), and HS (green), helix packing (), catalytic pathway (), 

dimer interface (), and extramembraneous loops (⎔). Mutations shown include TM1: 

p.Cys386Arg, p.Gly394Arg, p.Glu399Lys, p.Thr401Lys. ECL1: p.Asp406Val. TM2: 

p.Gly413Arg, p.Ser415Asn, p.Gly417Arg, p.Gly418Asp. TM3: p.Thr434Ile, p.Ala436Val. TM4: 

p.Gly464Asp, p.Leu473Arg. TM5: p.Arg488Lys, p.Ser489Leu, p.Val507Ile. Extracellular loop 3: 

p.Tyr526Cys, p.Ser536Cys, p.Thr561Met, p.Ser565Leu. TM6: p.Val575Met, p.Gly583Asp, 

p.Thr584Lys. TM7: p.Cys611Arg. TM8: p.Leu668Pro, p.Glu675Ala. p.Gln676Arg. TM9: 

p.Ile706Asn, p.Gly709Glu. TM10: p.His724Asp. Intracellular loop 5: p.Gly742Arg TM11: 

p.Thr754Met, p.Arg755Gln, p.Arg755Trp, p.Pro773Leu. Intracellular loop 6: p.Arg804His. 

TM13: p.Val824Met, p.Thr833Met, p.Gly834Ser, p.Leu840Pro, p.Leu843Pro. TM14: 

p.Met856Val, p.Arg869Cys, p.Arg869His, p.Leu873Pro. Amino acid numbering is based on 

reference sequence NG_017072.1, with HGVS numbering recommendations. 
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3.2.8 Amino Acid Sequence Conservation 

Although SLC4All and AE1 are both members of the SLC4 family, they differ in their transport 

substrates and in the interaction of their cytoplasmic and membrane domains (165). We thus 

analyzed amino acid sequence conservation in AE1 and SLC4A11 across the membrane domains 

of 30 species, including fish, birds, and mammals, using the program ConSurf (425,426,428) 

(Table 2.3). 

 The degree of sequence conservation of each protein was mapped on the AE1 structure and 

SLC4A11 homology model (Fig. 3.7). A cartoon representation was used for the half of the 

proteins showing the lowest difference in conservation between the two proteins, to emphasize the 

structural homology and alignment of the two structures. The boxed region with highest difference 

in conservation was rendered as a space-filling model to emphasize the amino acid conservation 

on the surface of the cytoplasmic face (Fig. 3.7). Amino acid residues for which the confidence 

interval is too large for reliable assignment of a conservation score are assigned a score of 

“Insufficient Data” (426). 

 The highest difference in sequence conservation between AE1 and SLC4A11 is revealed 

as the cytoplasmic face of the SLC4A11. In particular, TM5, 13, and 14 and their corresponding 

cytoplasmic loops are much more strongly conserved in SLC4A11 than in AE1. Such conservation 

would be consistent with a critical role, or protein-protein contact in SLC4A11 that is not found in 

AE1.  
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Figure 3.7 Conservation of cytosolic face residues of AE1 and SLC4A11 membrane domains. 

Amino acid sequence conservation across sequences of 30 species (Table 2.3) each for AE1 (left) 

and SLC4A11 (right) was analyzed, using a multiple sequence alignment performed by Clustal 

Omega. Degree of conservation was color-coded (inset scale) and mapped onto AE1 membrane 

domain structure and the SLC4A11 homology model, using ConSurf server. Models show the 

cytosolic face of the two proteins, with helices represented as cartoons with the exception of TM5, 

13, and 14, represented as space-filling models (boxed). Amino acid residues for which the 

confidence interval is too large for reliable assignment of a conservation score are assigned a score 

of “Insufficient Data.” 
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3.3 Discussion 

We developed a three-dimensional homology model for human SLC4A11 on the basis of the AE1 

crystal structure. Analysis of the expression, cell trafficking and functional activity of targeted 

SLC4A11 mutants supported the validity of the resulting homology model. The 45 identified 

corneal dystrophy-causing mutations within the membrane domain were mapped onto the 

homology model and classified depending on their location in the SLC4A11 model. These 

differing locations suggested the basis for effects on SLC4A11 solute transport function, overall 

structure, and dimerization, which in some cases are already supported by biochemical evidence. 

A final model classifying the predicted molecular defect of all reported membrane domain 

SLC4A11 disease-causing mutations is presented (Fig. 3.6). 

 Point mutants can be classified by molecular phenotype into two groups; 1. Those that 

misfold and are retained in the ER, failing to reach the plasma membrane, (98,99,439) and 2. 

Mutants that process to the plasma membrane but are catalytically inactive (438) (Fig. 1.11). 

Mutants located in the dimeric interface and regions of close transmembrane helix packing are 

expected to cause misfolding and be ER retained, while catalytic pathway mutants are predicted 

to be catalytically impaired at the plasma membrane. This model and categorization can thus be 

used to rationalize phenotypes of currently known corneal dystrophy-causing SLC4A11 mutants, 

and to predict the molecular mechanism of disease in newly discovered mutants. 

3.3.1 Model Validation 

The SLC4A11 homology model developed here was validated in silico and by biochemical 

analysis. PROCHECK and Verify3D indicated good structural quality through TMs, where the 

homology model Cα deviated from the AE1 structure by 0.392 Å. Mutations were made at two 

positions that were predicted to impair transport function of SLC4A11 (E675, H724). In each case 
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the anticipated phenotype, uncompromised folding, but catalytic defect, was observed. A third 

mutant, G509K, was predicted to have little or no effect on processing or transport activity of 

SLC4A11, due to location in an open area of the homology model. Expression level and maturation 

of the mutant, however, were reduced relative to SLC4A11-WT, but transport activity was not 

significantly different from wild-type protein. This phenotype suggests a mild misfolding of the 

protein, consistent with the prediction based on the homology model. 

 Mutant A720L, however, was also predicted to impair transport function due to location in 

the region of extended structure of TM10, in the catalytic pathway (Fig. 3.2C). This mutant 

expressed and matured to low levels compared to wild-type (Figs. 3.3, 3.4), indicating an 

unanticipated sensitivity to mutation. The failure to accurately predict the phenotype of the A720L 

mutation could be viewed as providing evidence against the validity of the homology model. On 

the other hand, we predicted that this mutation was close to the catalytic core of SLC4A11, in an 

area critical for transport function. The homology model places Ala720 directly adjacent to 

Glu675, which is homologous to functionally critical AE1 residue Glu681 (267,268). We found 

Glu675 to be sensitive to mutation to glutamine (Fig. 3.4). While we anticipated that SLC4A11 

would tolerate a larger alkyl group here, we were incorrect. This serves as a caveat for the use of 

the homology model in predicting the molecular phenotype of disease alleles. 

Together the primary sequence similarity and biochemical results indicate that SLC4A11 

and AE1 share a fold, and thus that the homology model is valid at least for residues in the plane 

of the lipid bilayer. 

3.3.2 Extracellular Loop 3 

Extracellular loop 3 (ECL3, residues 515–572) is a large, 58 residue region between TM5 and 

TM6 at the dimer interface (Fig. 3.2A). In other SLC4 proteins, the loop is much smaller (23 amino 
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acids in AE1) and has no discernable sequence conservation or sequence similarity to any other 

protein. The homology model places three FECD mutants and one CHED mutant within ECL3, 

but the absence of a structural correlate in AE1 makes it challenging to identify the role of this 

region in SLC4A11 function. FECD-causing mutants p.Val507Ile and p.Val575Met at the 

extracellular periphery of TM5 and TM6 lie at the initiating and terminating ends of ECL3. These 

mutants could displace ECL3, disrupting its normal role. Supporting this, both mutants process to 

the cell surface in vitro (100,101), suggesting that disease is caused by a loss-of-function at the 

plasma membrane. Mutant p.Tyr526Cys, in ECL3, also processes to the cell surface in cell models 

(100). Recently, SLC4A11 ECL3 has demonstrated a role promoting corneal endothelial cell 

adhesion to Descemet’s membrane (369). 

3.3.3 Catalytic Pore 

Transported substrates of AE1 (Cl- and HCO3
-) differ from those reported for SLC4A11 (unique 

substrates: Na+, H2O, NH3, and OH-/H+) (53,359-366,438). To explore whether differences in the 

catalytic site might explain these functional differences, we examined the catalytic pore residues 

for sequence conservation. The most notable difference between the two structures is the presence 

of a histidine residue in SLC4A11 at position 724. SLC4A11 is the only SLC4 family member 

without an arginine at this position, and is also the only SLC4 member with no HCO3
- transport 

activity (186). Conserved through all SLC4 family members is a glutamate within the catalytic 

pore, Glu675 in SLC4A11, which is proposed to act as a gate, occupying the anion binding site 

when no substrate is present (186,440). 

3.3.4 Cytoplasmic Domain 

AE1 and SLC4A11 have N-terminal cytoplasmic domains and C-terminal membrane domains of 

similar size. The cytosolic domain of SLC4A11 contains approximately one-third of reported 
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corneal dystrophy-causing mutations, and is essential for transport and overall stability of 

SLC4A11 (165). Recently the cytoplasmic and membrane domains of SLC4A11 were suggested 

to closely associate on the basis of: 1. An inability for either domain to accumulate when 

heterologously expressed alone in a tissue culture model, 2. An association between the two 

domains when co-expressed, and 3. The catalytic defect found in the cytoplasmic domain 

mutation, p.Arg125His, which suggested a role of the cytoplasmic domain in transport mechanism 

(165). 

 Interestingly, the AE1 cytoplasmic domain is not strongly associated with its membrane 

domain (166,441), providing a strong point of structural difference between the two SLC4 proteins 

(178). If cytoplasmic domain interactions with the cytoplasmic face of the membrane domain 

occur in SLC4A11, but not in AE1, we would expect greater evolutionary pressure to conserve the 

cytoplasmic face of SLC4A11 than AE1. The greater amino acid sequence conservation on the 

cytoplasmic face of SLC4A11 than AE1, in particular at the cytoplasmic ends of TM5, 13, and 14 

(Fig. 3.7), is consistent with a role of this region in protein–protein interaction, potentially the 

interaction of the membrane domain with the cytoplasmic domain. In addition, the model reveals 

that the TM13-14 region (Fig. 3.2A, pink) has portions well exposed to cytosol, consistent with a 

binding site for cytoplasmic partners. 

3.3.5 Conclusions 

We developed a three-dimensional homology model of the SLC4A11 membrane domain on the 

basis of the AE1 crystal structure. In silico and in vitro testing indicate that the model is valid. This 

model provides a molecular rationalization for the 45 corneal dystrophy-causing point mutants of 

the membrane domain. Mutations fall into four categories as located in: 1. the catalytic pathway, 

2. helix–helix interfaces, 3. dimerization interface, or 4. extracellular and cytoplasmic loops. 
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Unexpected amino acid sequence conservation points toward important roles of the cytosolic face 

of TM5, 13, and 14. This homology model provides a tool to study newly discovered corneal 

dystrophy mutants to predict their molecular phenotypes. Currently, consequence and 

pathogenicity of point mutations can be predicted using non-specific matrices (442,443), which 

provide analysis only of the severity of an amino acid change generically, without reference to the 

structural context. Finally, this work provides a structural explanation for the preponderance of 

misfolding mutants observed for mutant membrane proteins (436). If SLC4A11 is a guide in 

understanding mutant membrane proteins, amongst membrane domain mutants 73% (helix–helix 

packing and dimeric interface) affect protein folding, and 27% directly affect transport function 

(catalytic pathway and extramembraneous loops). 
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Chapter 4: AE1 as a Molecular Clock for Red Cell 

Senescence 
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4.1 Introduction 

Here we examined the role of the integral membrane protein, AE1, in signaling the senescence 

status of red blood cells (RBCs). RBCs are the most abundant cell type of the human body, 

numbering 20-30 x 1012 and comprising nearly 25% of human cells (444,445). The circulating 

lifetime of a RBC is 120 ± 4 days, during which they endure mechanical and chemical stresses 

(326). The central role of RBCs in gas transport and exchange makes them particularly vulnerable 

to oxidative species and free radicals. RBCs undergo deformation and mechanical membrane stress 

as they transit through capillaries with diameters well below that of RBCs (222). As mature RBCs 

lack the ability to synthesize new proteins, chemical and mechanical injuries accumulate during 

the RBC’s lifetime. Efficient removal of these damaged, senescent RBCs is critical to maintain 

circulatory system efficiency. 

RBCs acquire irreversible age-related biochemical damage during circulation. 

Characteristics of compromised RBCs include increased extracellular surface exposure of the lipid 

phosphatidylserine (446-449), reduced levels of sialic acid, cholesterol, and phospholipids 

(450,451), decreased enzyme activities (452-457), and increased protein 4.1a/4.1b ratio (458). 

Through a process called microvesiculation, circulating RBCs shed extracellular membrane 

vesicles containing cell membrane components and oxidized hemoglobin, which decreases cell 

volume and surface area (459-467). A proposed combination of decreased cell volume from 

microvesiculation, and dehydration resulting from loss of hemoglobin results in older red cells 

having an increased density over younger cells (448,468). This difference in density allows older 

RBCs to be separated from younger cells by density gradient ultracentrifugation (469-471). The 

densest fraction of cells represents the oldest cells, or ‘senescent’ cells. 
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AE1 (also called Band 3) is an integral membrane protein with essential roles in RBC 

physiology. The red cell membrane contains 1.2 × 106 AE1 molecules, comprising 50% of RBC 

membrane protein (204). In a central component of respiratory physiology, metabolic waste CO2 

from tissues diffuses through the RBC membrane and enters the RBC cytosol, where carbonic 

anhydrase II (CAII) catalyzes CO2 hydration to produce H+ and HCO3
- (Fig. 1.4). A CAII binding 

site on the AE1 membrane domain anchors CO2 hydration at the RBC membrane, forming a 

bicarbonate metabolon (214,215,472). The H+ resulting from CO2 hydration lowers intracellular 

pH, which promotes the off‐loading of hemoglobin‐bound O2 to tissues through a process known 

as the Bohr shift (213). To maintain low intracellular pH, and thus optimal O2 off-loading, the 

HCO3
- is extruded through AE1 in exchange for extracellular chloride at a rate of 1 x 105 anions 

s-1 (187). Preventing HCO3
- accumulation in RBCs ensures the continued catalytic action of CAII. 

Taken together, this increases the CO2 carrying capacity of blood, as HCO3
- is much more water 

soluble than CO2. The process is then reversed in the lungs.  

While the AE1 membrane domain is responsible for anion exchange, the structurally 

independent cytoplasmic domain (CD) (473) anchors the red cell plasma membrane to the 

cytoskeleton though interactions with ankyrin (218,313) and protein 4.2 (474,475). AE1 is 

involved in processes relevant to malaria, including parasite invasion and the adherence of 

parasitized RBCs to the vascular endothelium (476-480). In addition to its roles catalyzing Cl-

/HCO3
- exchange and anchoring the plasma membrane to the cytoskeleton, AE1 is also involved 

in signalling red cell senescence (327,481). 

 Mature human RBCs are enucleated and lack the organelles such as the endoplasmic 

reticulum, lysosomes and mitochondria necessary for autophagy or apoptosis. Instead, aged RBCs 

are cleared from circulation by macrophages, which recognize senescent cells in an IgG‐dependant 
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manner (239,482). The densest (and thus oldest) fraction of RBCs in circulation have greater than 

10‐fold enrichment of surface‐bound IgG, over younger cell fractions (242,327,482). The 

senescent cell IgG (ScIgG) auto-antibody enriched on aged RBCs is specific for AE1 and is 

omnipresent in sera (240,327,481). IgG on high‐density RBCs co‐localizes with membrane 

aggregates composed of AE1 protein, partially denatured hemoglobin (hemichromes), and 

immune system protein component complement C3 (242,483). Both immune system components, 

anti‐AE1 ScIgG and C3 complement, are required to induce phagocytosis by macrophages 

(241,484). 

While uncertainty surrounds the mechanism governing surface exposure of the AE1 

senescence antigen, the general progression followed by RBCs as they senesce and are degraded 

by macrophages has been replicated in various laboratories (239,240,242). The crystal structure of 

the AE1 integral membrane domain at 3.5 Å resolution creates the opportunity to revisit the role 

of AE1 in signaling RBC senescence at the molecular level (1). It is important to recognize that 

the AE1 crystal structure represents the protein stabilized by crosslinking with the inhibitor 

H2DIDS and a monoclonal antibody against an external epitope, and was solved in the presence of 

detergent, not in a lipid bilayer. 

The senescent cell IgG recognizes two regions of the AE1 membrane domain, distant in 

the primary sequence: residues 538–554 and 812–830 (485-487). The crystal structure is consistent 

with previous biochemical assessment that these two regions lie outside the plane of the bilayer. 

However, in contrast to the extracellular 538–553 region (Extracellular Senescence Cell Epitope; 

ExScEp), residues 812–830 are intracellularly localized in the crystal structure (Intracellular 

Senescence Cell Epitope; InScEp; AE1 812-830 region), where they would be inaccessible to 

extracellular ScIgG (Fig. 4.1). The AE1 812-830 InScEp region displays both extracellular and 
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intracellular characteristics (1,488-495). Data supporting extracellular localization of this region 

include substituted cysteine accessibility assays (488,496), labeling by membrane impermeant 

compounds in RBCs (497), the ability of peptides corresponding to the AE1 824-829 region to 

inhibit vascular adherence of malaria‐infected RBCs (489), and consistent identification of this 

region as binding senescence auto-antibodies (486,498). Data supporting intracellular localization 

of the InScEp region include accessibility to monoclonal mouse antibody BRIC 132 (492), labeling 

RBCs with membrane impermeant reagents (495), evidence of zero‐length crosslinking between 

the AE1 cytoplasmic domain and residues D821 and K826 (494), the crystal structure (1), and 

scanning N‐glycosylation mutagenesis studies (493). In the N‐glycosylation mutagenesis studies, 

replacing the 812-830 region with natively glycosylated AE1 extracellular loop 4 resulted in poor 

glycosylation when expressed in a cell‐free system, which may indicate a degree of mobility in 

this region of the protein, or an experimental artifact. 

Studies in RBCs indicate that the senescent cell antigen on AE1 is a cryptic discontinuous 

epitope, requiring a conformational change for exposure to ScIgG (240). This, together with the 

extracellular and intracellular characteristics of the AE1 812-830 region, led us to hypothesize that 

the dynamic and cryptic component of senescent cell antigen is the AE1 812-830 region (243). 

In this study, we set out to examine the localization of the AE1 812-830 region. We tested 

the extracellular accessibility of residues within this region in heterologously expressed AE1, using 

substituted cysteine accessibility, antibody binding assays, and immunofluorescence. We also 

tested whether the inhibitor labeling, and proteolysis required for AE1 crystallization could 

influence the extracellular accessibility of amino acid residues within this region. In addition to 

cell culture models, we studied the accessibility of residues 812-830 in AE1’s native RBC 

environment. Furthermore, we characterized the binding properties of senescent cell IgG isolated 
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from aged red cells. On the basis of our results, we propose a model for the molecular mechanism 

of AE1-mediated red cell senescence signalling. 

4.2 Results 

4.2.1 Accessibility of Residues to Cysteine-Reactive Compound LYIA 

To assess extracellular accessibility of AE1 residues, we analyzed a series of previously 

characterized single cysteine point mutants in a cysteine-less background, AE1C- (411,488,496). 

Single cysteine mutants K817C, V822C, and K826C interrogated the 812-830 residue region. 

These mutants previously demonstrated anion exchange activity (488,496). Y555C was chosen as 

an extracellular control, as its extracellular accessibility has been established through chymotryptic 

cleavage studies (499), the Y555H Diego blood group antigen (500), and scanning N‐glycosylation 

mutagenesis (493). Native cysteine C201 in the cytoplasmic domain was chosen as an intracellular 

control for its reactivity towards cysteine-directed compounds (501). Additional intracellular 

mutants A456C and S517C, localized in intracellular loops 1 and 2 in the crystal structure, were 

examined to determine if LYIA accessibility is shared throughout AE1 intracellular regions, or 

unique to the 812-830 region (Fig. 4.1). 

 Intracellular or extracellular localization of cysteine point mutants was assessed by their 

reactivity with charged, membrane impermeant LYIA (502). LYIA labeling was quantified upon 

cell treatment with membrane-permeant biotin maleimide. Accessibility of cysteine residues to 

LYIA was quantified using the ratio of biotinylation in the absence (-) relative to the presence (+) 

of LYIA during preincubation. In this way, intracellular residues unaffected by LYIA would be 

expected to have a value of 1.0, while extracellular residues would have a ratio >1 (502).  

The ratio of biotin maleimide labeling of intracellular control C201 (LYIA accessibility = 

1.3 ± 0.1) was consistent with intracellular localization (Fig. 4.2). The ratio of biotinylation was 
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slightly larger than 1.0, indicating a slight degree of LYIA labeling possibly arising from cell lysis. 

This represents the background LYIA labeling. Point mutants A456C and S517C had similarly 

low sensitivity to pre-blocking (LYIA accessibility A456C = 1.7 ± 0.6, S517C = 1.8 ± 0.5), again 

consistent with the intracellular localization shown in the crystal structure (Fig. 4.2). These 

intracellular loops had an accessibility ratio not statistically different than C201 (Fig. 4.2B). 

In stark contrast, mutants Y555C, K817C, V822C and K826C all demonstrated an LYIA 

accessibility ratio of much greater than 1.0 (LYIA accessibility Y555C = 5.4 ± 0.8, K817C = 6.2 

± 1.3, V822C = 8.6 ± 1.9, K826C = 4.6 ± 0.2), consistent with extracellular accessibility (Fig. 

4.2B). Notably, residues K817C, V822C, and K826C were accessible to extracellular membrane 

impermeant labeling compound LYIA to a degree statistically indistinguishable from extracellular 

control mutant Y555C (Fig. 4.2). This is consistent with previous extracellular accessibility within 

this region (488). 
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Figure 4.1 AE1 topology model, based on the membrane domain crystal structure (PBD ID: 

4YZF) (1). Regions of alpha-helical secondary structure are shown in black boxes. Epitopes 

reactive with senescent cell autoantibodies are in red boxes (ExScEp and InScEp, extracellular and 

intracellular senescent cell epitopes, respectively) (490). Locations of introduced cysteine residues 

(or endogenous in the case of C201) are green (C201), dark grey (A456C), light grey (S517C), red 

(Y555C), dark blue (K817C), purple (V822C), and orange (K826C). Locations of introduced HA-

tags shown in yellow (557, 911). Location of E681Q, a mutation impairing anion transport, is 

shown in pale blue. The cytoplasmic domain is represented by the dashed line, not shown to scale. 
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Figure 4.2 Accessibility of AE1 single cysteine point mutants to membrane-impermeant 

LYIA. HEK293 cells were transiently transfected with single point cysteine mutants in an 

otherwise cysteine-less background. Cells were incubated in PBS without (-) or with (+) 2 mM 

LYIA for 20 min, prior to incubation with 0.2 mM biotin maleimide for 10 min at 20 °C. A) 

Biotinylation of each mutant was assessed on blots probed with HRP-conjugated streptavidin 

(upper), followed by stripping and probing with αAE1 antibody (lower). Amino acid positions of 

Cys residues are indicated at top. B) Accessibility to extracellular LYIA was calculated. Data 

represent mean ± SEM of 3-8 repetitions. Asterisks indicate mean values significantly different (P 

< 0.05) than intracellular control, C201 (green), by one-way ANOVA. C) Simplified topology 

diagram of AE1, with locations of single cysteine point mutations assessed for LYIA accessibility 

shown, color coded as in B. 
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4.2.2 Time Course of Accessibility to Extracellular LYIA 

Accessibility to extracellular LYIA of residues K817C, V822C, and K826C was indistinguishable 

from extracellular control Y555C at a single time point of 20 min. We thus analyzed accessibility 

to LYIA of the mutant series over a time course, to determine if there was a difference in the rate 

of labeling of these residues. Point mutants were assessed for their extracellular accessibility to 

LYIA at 0, 5, 15, and 30 min pre-blocking time (Fig. 4.3). A one-phase association model 

determined the halftime of LYIA labeling (Fig. 4.3B, C). The curve for intracellular control mutant 

C201 could not be fitted using this model, consistent with inaccessibility of an intracellular residue 

to membrane impermeant LYIA in intact cells (Fig. 4.3B). 

 The halftime of LYIA labeling of all three mutants assessed within the 812-830 region was 

not significantly different than extracellular control, Y555C (Table 4.1) (Fig. 4.3C). This, together 

with single time point LYIA accessibility data (Fig. 4.2), led us to conclude that the residues 

analyzed within the AE1 812-830 region are accessible to extracellular LYIA to a degree 

indistinguishable from extracellular loop 3 residue Y555C at these time scales. 
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Figure 4.3 Time course of accessibility of AE1 single cysteine point mutants to membrane-

impermeant LYIA. A) Transfected HEK293 cells were treated as in Fig. 4.2, with varied times 

of pre-incubation with 2 mM LYIA, before incubation with 0.2 mM biotin maleimide. Each 

mutant’s biotinylation was assessed on blots probed with HRP-conjugated streptavidin (upper), 

followed by stripping and probing with αAE1 antibody (lower). B) Accessibility of single cysteine 

point mutants to LYIA. Data points indicate mean ± SEM for each time point, n=3. C) Halftime 

of LYIA labeling for indicated mutants. Data from B were fit using a one-phase association model, 

and means compared with one-way ANOVA, ns = not significant. 
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Table 4.1 Halftime of LYIA labeling of AE1 single cysteine mutants. Cells were incubated with 

2 mM LYIA at 20 °C. Kinetics were assessed by fitting accessibility curves using a one-phase 

association model in Prism. Intracellular control C201 could not be fitted using this model. 

Location of Introduced Cysteine  LYIA Halftime (min) 

Y555C 5.2 ± 1.7 

K817C 4.0 ± 1.7 

V822C 3.3 ± 0.5 

K826C 10.2 ± 2.6 
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4.2.3 Accessibility to LYIA in Modified AE1  

AE1 is the fastest transporter reported, with anion exchange kinetics of ~ 105 anions s-1 (187). 

Mutation of active site residue E681 to Q abolishes Cl-/HCO3
- exchange (267,503). To determine 

whether the molecular movements required for anion transport are required for extracellular 

accessibility of the 812-830 region, we created transport-compromised single cysteine mutant 

K817C(E681Q). The extracellular accessibility of K817C was unchanged when expressed in this 

transport-compromised background (LYIA accessibility K817C = 4.5 ± 1.0, K817C(E681Q) = 6.8 

± 0.4) (Fig. 4.4). This indicates that the structural rearrangements associated with anion transport 

are not required for the extracellular accessibility of residues within the 812-830 region. 

 AE1 isolated from RBCs was modified to generate human AE1 crystals suitable for 

structural determination (24): labeling with the covalent inhibitor 4,4′‐

diisothiocyanatodihydrostilbene‐2,2′‐disulfonic acid (H2DIDS), tryptic removal of the 43 kDa N-

terminal cytoplasmic domain, deglycosylation with N-glycosidase F, and incubation with antigen-

binding fragment (Fab) prepared from a monoclonal antibody raised against an AE1MD 

conformational epitope. We thus examined whether these conditions led to the intracellular 

localization of residues 812-830 seen in the crystal structure. 

The AE1 membrane domain facilitates anion exchange following tryptic removal of the 

cytoplasmic domain (166,167). To determine if the cytoplasmic domain influenced extracellular 

accessibility of the 812-830 region, we assessed LYIA labeling of cysteine mutants in a cysteine-

less, membrane domain (MD, residues 369-911) background (Fig. 4.5A, B). An additional mutant, 

K892C in the C-terminal tail, was chosen as an intracellular control to assess in both full length 

and membrane domain backgrounds, as C201 lies in the N-terminal cytoplasmic domain and is 

thus not present in the membrane domain.  
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There was no significant difference in LYIA accessibility between full length C201 and 

K892C intracellular control mutants, indicating that the K892C mutant is a viable intracellular 

control (LYIA accessibility C201 = 1.6 ± 0.2, K892C = 1.5 ± 0.2). Both intracellular control 

K892C and extracellular control Y555C displayed no significant difference in accessibility to 

LYIA whether expressed as full-length or membrane domain constructs (LYIA accessibility 

K892C = 1.5 ± 0.2, K892CMD = 2.2 ± 0.5, Y555C = 6.7 ± 1.2, Y555CMD = 6.9 ± 1.4). Similarly, 

K817C showed no significant difference in extracellular accessibility between full-length and 

membrane domain constructs (LYIA accessibility K817C = 6.8 ± 1.1, K817CMD = 8.5 ± 1.7). 

Transport-deficient mutant K817C/E681Q also maintained extracellular accessibility in both 

constructs, with no significant difference between the two (LYIA accessibility K817C(E681Q) = 

4.5 ± 0.4, K817C(E681Q)MD = 5.7 ± 1.1) (Fig. 4.5C, D). We conclude that removal of the 

cytoplasmic domain does not affect extracellular accessibility of the AE1 812-830 region. 

The AE1 membrane domain was crystallized with H2DIDS at the extracellular interface of 

the core and gate domains to block movements associated with anion transport and thus ensure 

rigid protein suitable for crystallization. To test whether H2DIDS affected localization of AE1 812-

830, HEK293 cells expressing full length cysteine point mutants were incubated with H2DIDS, or 

PBS alone, before LYIA accessibility assays. H2DIDS pre-treatment did not significantly alter 

extracellular LYIA accessibility of C201, Y555C or K817C (LYIA accessibility C201 = 1.5 ± 0.3, 

C201+H2DIDS = 1.9 ± 0.3, Y555C = 5.8 ± 1.5, Y555C+ H2DIDS = 4.8 ± 1.4, K817C = 7.4 ± 0.5, 

K817C+H2DIDS = 8.5 ± 1.7) (Fig. 4.5C). We conclude that stilbene disulfonate in the inter-

domain cleft of AE1 does not affect accessibility of the 812-830 region to the extracellular 

medium. 
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Finally, we wanted to assess whether Fab used in AE1 crystallization influenced 812-830 

localization. We contacted co-authors of the AE1 crystallization report but were unable to obtain 

a sample of the antibody preparation. 

 Neither H2DIDS nor generation of the membrane domain used in the crystallization 

conditions abolished the LYIA accessibility of mutant K817C. K817C also maintained LYIA 

accessibility in transport-deficient E681Q background. Thus, we conclude that 1. the 

crystallization conditions did not restrict AE1 812-830 region extracellular accessibility, and 2. 

conformational changes associated with anion transport are not required for extracellular 

accessibility of this region. We cannot rule out the possibility that the Fab fragment used in 

crystallization, which was raised against a conformational epitope of AE1 membrane domain, 

influenced the localization of the 812-830 region, but this is unlikely since the epitope is 

extracellular and quite distant in the structure.  
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Figure 4.4 Accessibility of transport-deficient AE1 mutant to membrane-impermeant LYIA. 

A) LYIA accessibility of mutant K817C was assessed in AE1C- background (817), and in AE1C- 

background containing anion transport-deficient mutation E681Q (817 (E681Q)). B) Accessibility 

to extracellular LYIA was calculated. Data represent mean ± SEM of 4 repetitions. Asterisks 

indicate mean values significantly different (P < 0.05) by one-way ANOVA, ns = not significant.  
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Figure 4.5 Accessibility of AE1 mutants to membrane-impermeant LYIA. A) Accessibility of 

C201, and Y555C, K892C, K817C and K817C/E681Q single cysteine point mutants in full-length 

and membrane domain (MD) AE1 constructs. Biotinylation of each mutant was assessed using 

western blotting and HRP-conjugated streptavidin (upper), followed by stripping and probing with 

αAE1 antibody (lower). B) Accessibility to extracellular LYIA was calculated for full length (FL) 

and membrane domain (MD) constructs mutants assessed in parallel. Data represent mean ± SEM 

of 3-6 repetitions. Asterisks indicate significant difference (P < 0.05) between mean values of 

single cysteine mutants in full length (FL) and membrane domain constructs (MD) by one-way 

ANOVA, ns = not significant. C) HEK293 cells expressing indicated single point cysteine 

mutations in full-length AE1C- background were assessed for accessibility to extracellular LYIA 

after pre-treatment with 50 µM H2DIDS (structure inset) (black striped bars), or parallel incubation 

in PBS alone (solid color bars). Data represent mean ± SEM of 4 repetitions. Asterisks indicate 

mean values significantly different (P < 0.05) than single cysteine mutants assessed in parallel 

without H2DIDS pre-treatment, by one-way ANOVA, ns = not significant.  
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4.2.4 Antibody Accessibility 

To determine whether residues within the 812-830 region are sufficiently exposed to the 

extracellular milieu to act as a ScIgG antigen, we designed an antibody binding assay mimicking 

the environment in which ScIgG binds eAE1. A peptide corresponding to AE1 residues 814-827 

was used to raise a polyclonal antibody in rabbits (called α814-827), which detected AE1 on 

immunoblots (Fig. 4.6A). We assessed the ability of α814-827 to bind AE1 heterologously 

expressed in HEK293-F suspension cells, simulating the conditions of circulating RBCs in sera. 

 HEK293-F suspension cells were transfected with cDNA encoding wild-type AE1, or 

vector. Cells were incubated with either rabbit pre-immune serum, α814-827, or polyclonal rabbit 

antibody recognizing the intracellular C-terminal 13 residues of native AE1 (called 1658, AE1 

amino acids 899-911 (265)) (Fig. 4.6B). Following incubation with antibodies the HEK293-F cells 

were washed, and cell lysates were processed for immunoblotting following non-reducing SDS-

PAGE. Immunoblots were cut at the 70 kDa position indicated by the prestained protein marker. 

IgG bound to the HEK293-F cells was quantified by probing immunoblots above the 70 kDa 

protein marker band with α-rabbit antibody conjugated to horse radish peroxidase (HRP) (Fig. 

4.6C, D). As a positive control for antibody binding to the extracellular region of an SLC4 protein, 

we used a previously-characterized polyclonal rabbit antibody recognizing extracellular loop 3 of 

SLC4 family member, SLC4A11 (αEL3) (369). αEL3 binding was assessed using HEK293-F cells 

transfected with SLC4A11 cDNA, or vector. Immunoblotted proteins below the 70 kDa band of 

the prestained protein marker were probed with αGAPDH antibody as a loading control (Fig. 4.6C, 

D). 

 HEK293-F cells expressing SLC4A11 bound αEL3 to a significantly higher level than did 

vector-transfected cells (Fig. 4.6C, D). SLC4A11 EL3 mediates adhesion of corneal endothelial 
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cells to Descemet’s membrane in the cornea (369), an interaction that can be disrupted by pre-

blocking with αEL3 antibody. This demonstrates that 1. antibodies are able to specifically bind 

extracellular-accessible epitopes on transfected HEK293-F cells over vector-transfected cells, and 

2. extracellular regions of SLC4 transporters can be sufficiently exposed to the extracellular milieu 

to bind antibodies. 

There was no significant difference in the amount of bound IgG between vector-transfected 

cells and those expressing AE1 when cells were exposed to pre-immune serum (Fig. 4.6D). This 

indicates that IgG components in rabbit pre-immune serum do not bind AE1-expressing cells to a 

greater degree than vector transfected cells (or vice versa), and thus any signal for bound IgG is 

due to specific binding by the antibody used in incubation. Similarly, there was no significant 

difference in the amount of bound IgG after exposure to antibody 1658 between vector-transfected 

cells and those expressing AE1. Since 1658 recognizes the cytoplasmic intracellular AE1 C-

terminus, this confirms that cells did not lyse and expose intracellular epitopes during incubation. 

Thus, any significant IgG binding arises from extracellular antigen accessibility. 

 HEK293-F cells expressing AE1 bound α814-827 to a significantly higher extent than 

vector transfected cells (Fig. 4.6C, D). As 1658 antibody was unable to bind AE1-expressing cells 

to a greater degree than vector-transfected cells, bound α814-827 is not due to IgG accessing 

intracellular epitopes of AE1. The observation that αEL3 bound SLC4A11-expressing cells to a 

significant degree more than to vector-transfected cells shows that IgG can specifically bind an 

extracellular region of an SLC4 protein. Together, this indicates that α814-827 binds an 

extracellular region of AE1. We conclude that the AE1 812-830 region is able to access the 

extracellular environment to a degree sufficient to bind extracellular IgG. 
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Figure 4.6 Extracellular accessibility of AE1 to α814-827 antibody A) Cell lysates from 

HEK293 cells transfected with empty vector, or cDNA encoding full length wild-type AE1, were 

probed on immunoblots with antibody raised against a peptide corresponding to AE1 amino acid 

residues 814-827 (α814-827). B) Simplified topology diagram of AE1. Epitopes for anti-peptide 

antibodies α814-827 (blue box) and 1658 (green box, amino acids 899-911) are indicated. C) 

HEK293-F suspension cells were transfected with empty vector, or cDNA encoding wild-type 

AE1, except in the case of αSLC4A11 EL3 antibody, where cells were transfected with cDNA 

encoding SLC4A11. Live cells were incubated with indicated antibody, or rabbit pre-immune 
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serum, followed by washing. Cell lysates were prepared and processed for immunoblotting. 

Immunoblots were cut at the position of the 70 kDa prestained protein marker band. Cell-

associated IgG was detected by probing immunoblots above the 70 kDa marker band with Goat α-

rabbit IgG conjugated to HRP (upper). Below 70 kDa, immunoblots were probed with α-GAPDH 

antibody (lower). AE1 expression was monitored by probing immunoblots with anti-AE1 C-

terminus antibody (IVF12). D) Quantification of densitometry of C. Bound IgG signal (α-rabbit 

HRP) was normalized to GAPDH and is presented normalized to the value for vector-transfected 

cells. Data represent mean ± SEM of 3 repetitions. Asterisks indicate significant difference (P < 

0.05), by one-way ANOVA. 
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4.2.5 Immunofluorescence of HEK293 Cells 

Confocal immunofluorescence assessed AE1 812-830 localization in fixed HEK293 cells. To 

determine the fraction of AE1 with extracellular localization of the 812-830 region, we used AE1 

constructs with hemagglutinin (HA) epitope tags introduced at extracellular or intracellular sites. 

In this way, we were able to set quantitative benchmarks for extracellular and intracellular epitope 

localization. HEK293 cells on glass coverslips were transfected with cDNA encoding AE1 with 

HA at 557 (in extracellular loop 3) or 911 (at the cytosolic C-terminus) (Fig. 4.1A). Localization 

of the HA epitope was assessed by confocal immunofluorescence in permeabilized cell and non-

permeabilized conditions (Fig. 4.7). Cells were processed for immunofluorescence and probed 

with mouse αHA IgG, followed by secondary antibody Donkey α-Mouse IgG coupled to Cy3 dye. 

In permeabilized cells, a pattern of pericellular HA signal confirmed trafficking of mature AE1-

557HA and AE1-911HA to the plasma membrane (Fig. 4.7B).  

To define benchmark values for the fluorescent signal associated with intracellular and 

extracellular epitopes, cells were processed for immunofluorescence with αHA under 

permeabilized and non-permeabilized conditions. Permeabilized and non-permeabilized cells were 

imaged using the same confocal microscopy exposure settings. Mean fluorescent values were first 

corrected for background fluorescence in vector-transfected cells, for permeabilized and non-

permeabilized conditions. For each AE1-HA construct, mean fluorescence in non-permeabilized 

conditions was normalized to the value in permeabilized cells. In this way, any increase in mean 

fluorescence upon permeabilization can be measured, and quantitative benchmarks can be set for 

intracellular and extracellular epitopes.  

For cells expressing AE1 with an extracellular HA epitope, AE1-557HA, αHA 

immunofluorescence in non-permeabilized cells was not significantly different than in 
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permeabilized cells (Fig.4.7B-D). Thus, an extracellular AE1 antigen will display no significant 

increase in fluorescence upon permeabilization. In contrast, intracellularly-tagged AE1-911HA 

displayed a significant increase upon permeabilization, from 19% ± 1.9 to 100% (Fig. 4.7). This 

labeling pattern of AE1-911HA indicates that an exclusively intracellular epitope demonstrates 

19% background signal in non-permeabilized cells compared to permeabilized cells (Fig. 4.7E). 

Background may arise from compromised cell membrane integrity or lysis during the 

immunofluorescence labeling procedures. Non-specific binding was previously accounted for by 

subtracting the level of fluorescence observed in vector-transfected cells. 

 Accessibility of AE1 residues 814-827 was assessed similarly to HA epitopes. The same 

cells probed with αHA were co-labeled with α814-827, followed by secondary antibody Donkey 

α-Rabbit IgG coupled to spectrally distinct Alexa Fluor 488. In all AE1-expressing cells, α814-

827 immunofluorescence increased upon permeabilization, indicating a predominant intracellular 

localization of residues 812-830 (Fig. 4.7D, E). The increase in signal upon permeabilization was 

relatively consistent in both AE1 constructs analyzed, from 38% ± 2.1 to 100%  in AE1-557HA, 

and 35% ± 2.4 to 100% in AE1-911HA. This indicates that the HA tags did not influence 

localization of the 812-830 region. 

The non-permeabilized fluorescent signal from α814-827 was statistically higher than non-

permeabilized αHA signal in AE1-911 (19%), representing background labeling of intracellular 

antigens. By subtracting background labeling of intracellular antigens from α814-827 signal in the 

same cells, the resulting fluorescence signal of 16% represents extracellular α814-827 labeling. 

Thus, we estimate that 16% of AE1 is in a conformation with extracellular-localized 812-830 

region. 
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From the fluorescence intensities observed in non-permeabilized HEK293 cells, we 

conclude that the AE1 814-827 amino acid region is accessible to antibodies in the extracellular 

environment. HEK293 cells processed for immunofluorescence are fixed using paraformaldehyde, 

resulting in immobilized proteins that cannot reorient. Thus, fixed cells will represent protein 

conformation at a single time point. From the magnitude of the increase of signal in permeabilized 

cells, we propose that the population of AE1 molecules with extracellular 812-830 at a given 

moment is approximately 16% of the total AE1. Thus, the distribution of extracellular and 

intracellular localization of AE1 812-830 region at a given time point can be assessed by 

immunofluorescence in fixed cells, and approximately 16% of the AE1 molecules are in the 

conformation with extracellular 812-830 region.  
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Figure 4.7 Localization of amino acid 814-827 region to extracellular surface by 

immunofluorescence. HEK293 cells were transfected with cDNA encoding AE1 with a C-

terminal HA epitope tag (AE1-911HA), or with an HA tag in the third extracellular loop following 

amino acid 557 (AE1-557HA). Cells were either permeabilized (+) or non-permeabilized (-). Cells 

were incubated with anti-HA antibody (HA, yellow), and α814-827 antibody (814-827, green) or 

pre-immune serum (Pre-immune, green). Cells were processed for immunofluorescence and 

images were collected by confocal microscopy. Nuclei were stained with DAPI (blue). A) 

Simplified topology diagram of AE1, based on crystal structure 4YZF. Locations of external (557) 



126 

 

and internal (911) introduced HA tags shown in yellow. Residues 814-827 in green. B) 

Immunofluorescence of permeabilized HEK293 cells expressing wild-type AE1 with an 

intracellular hemagglutinin tag (AE1-911HA, top row) or extracellular hemagglutinin tag (AE1-

557HA, middle and bottom rows). AE1 was co-labeled using αHA with anti-mouse Cy3 (yellow), 

and either α814-827 or rabbit pre-immune serum, with anti-rabbit Alexa Fluor 488 (green). 

Overlay represents merged image from all three channels. C) Cells were processed and labeled as 

in B, but in non-permeabilized conditions. pcDNA-transfected cells were permeabilized and 

probed with αHA and α814-827 for background correction. D) Quantification of confocal 

microscopy images of cells expressing AE1-557HA, extracellular HA tag. Mean fluorescence 

intensities of a cell population were pooled, and permeabilized conditions mean was set to 100% 

for both Cy3 (αHA) and Alexa Fluor 488 (α814-827). Normalized mean fluorescence intensities 

indicated in boxes. Data represent mean ± SEM of 30-50 cells for each condition, from two 

biological repetitions. E) Quantification of confocal microscopy images of cells expressing AE1-

911HA, intracellular HA tag. Data was quantified as in D. Asterisks indicate significant difference 

(P < 0.05), by one-way ANOVA. 
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4.2.6 Accessibility of 812-830 Region in Red Blood Cells 

To study the localization of the AE1 812-830 region in RBCs, we performed confocal 

immunofluorescence. As an intracellular epitope control, we used a previously-characterized 

mouse monoclonal antibody recognizing the AE1 intracellular C-terminus (IVF12) (408). As an 

extracellular control, we used a monoclonal antibody raised against amino acids 1-85 of human 

glycophorin C (αGPC), which has extracellular N-terminus (504). 

 Dual immunofluorescence staining assessed the localization of AE1 812-830 in RBCs 

(505) which were not age-fractionated. RBCs were labeled with α814-827, in combination with 

two secondary antibodies coupled to spectrally distinct fluorescent dyes: Alexa Fluor 488 Donkey 

Anti-Rabbit IgG (AF488), and Alexa Fluor 594 Chicken anti-Rabbit IgG (AF594). First, non-

permeabilized RBCs were labeled with α814-827 and AF488. RBCs were then fixed, 

permeabilized, and labeled with α814-827 and AF594. Since the RBC membrane is impermeant 

to IgG, any labeling in non-permeabilized conditions arises from extracellular-localized antigen, 

and any labeling arising after fixation and permeabilization occurs because the antigen is 

intracellular. Thus, the staining from the two fluorophores represents two possible localizations of 

AE1 812-830. 

Extracellular GPC and intracellular AE1 C-terminal control epitopes were assessed 

similarly, using spectrally distinct Cy3 Donkey Anti-Mouse IgG (Cy3) and Alexa Fluor 647 

Chicken anti-Mouse IgG (AF647). Intact cells were labeled with αGPC or IVF12, and Cy3. Cells 

were fixed, permeabilized, and labeled with αGPC or IVF12, and AF647. As neither GPC nor AE1 

C-terminus undergo posttranslational reorientation, we expect to only see immunofluorescence in 

non-permeabilized and permeabilized conditions, respectively. In order to quantify cell surface 

exposure, immunofluorescence in non-permeabilized conditions was normalized to 
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immunofluorescence in permeabilized conditions, for each fluorophore-conjugated secondary 

antibody. 

Extracellular N-terminal GPC was detected by Cy3 immunofluorescence, indicating that 

surface-exposed antigens were successfully labeled in non-permeabilized conditions (Fig. 4.8A). 

No additional fluorescence was detected after permeabilization, consistent with GPC’s exclusively 

extracellular N-terminal epitope. Thus, extracellular antigens are visualized by 

immunofluorescence in non-permeabilized conditions. Conversely, when RBCs were labeled with 

IVF12 antibody detecting AE1 C-terminus, fluorescence was only detected following 

permeabilization (Fig. 4.8B). Thus, intracellular antigens are only labeled under permeabilized 

conditions, which indicates that IgG is unable to access intracellular RBC antigens in non-

permeabilized conditions. Cells were also prepared with fluorescent secondary antibodies used in 

the reverse order to ensure there was no signal bleed-through between the two fluorescent 

channels. Bleed-through could result in emission from one fluorophore being detected in the 

channel for the second fluorophore. This could inaccurately indicate extracellular antigen 

localization. Normalized immunofluorescent signal in non-permeabilized cells was similar for 

both secondary antibodies assessed (10% ± 0.00 for Cy5, 16% ± 1.53 for Cy3) (Fig. 4.8B), 

indicating no significant bleed-through. This represents background immunofluorescence in non-

permeabilized conditions for an intracellular epitope.  

Similar to IVF12 staining, immunofluorescence of RBCs probed with α814-827 was 

detected exclusively in permeabilized conditions, with low background fluorescence in non-

permeabilized cells (16% ± 0.02 for Cy3, 13% ± 0.00 for AF488) (Fig. 4.8C). There was no 

statistically significant difference in the normalized fluorescence of non-permeabilized cells 

labeled with IVF12 cells and α814-827, indicating intracellular accessibility of both epitopes. 
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Immunofluorescent signal arising from both IVF12 and α814-827 was diffuse throughout 

permeabilized RBCs, consistent with the high abundance of AE1 target protein detected by each 

antibody. 

  There was no significant difference between α814-827 and IVF12 immunofluorescence in 

non-permeabilized cells. Since non-permeabilized IVF12 immunofluorescence represents 

background labeling of intracellular antigens, this indicates that the 812-830 region is not 

accessible to extracellular antibody in RBCs. This supports the intracellular localization of the 

812-830 region seen in the crystal structure. We conclude that the AE1 812-830 region is 

intracellularly localized in RBCs, and that the crystal structure represents a physiologically 

relevant state of AE1 in its native environment.  
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Figure 4.8 Immunofluorescence of AE1 in erythrocytes, using α814-827 antibody. Human red 

blood cells were probed with antibodies raised against: A) glycophorin C N-terminus (αGPC), B) 

AE1 C-terminus (IVF12), and C) AE1 residues 814-827 (α814-827). Localization was assessed 

by confocal immunofluorescence in non-permeabilized (-) and permeabilized (+) conditions. 

Surface-exposed antigens were visualized by probing intact RBCs (non-permeabilized, leftmost 

column) with A) αGPC and Cy3 Donkey Anti-Mouse IgG (Cy3), B) IVF12 and Cy3 Donkey Anti-

Mouse IgG (Cy3), or C) α814-827 and Alexa Fluor 488 Donkey Anti-Rabbit IgG (AF488). To 

visualize intracellular localization of these antigens in the same cells, labeled RBCs were fixed, 

permeabilized (permeabilized, middle column), and incubated with A) αGPC and Alexa Fluor 647 
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Chicken anti-Mouse IgG (AF647), B) IVF12 and Alexa Fluor 647 Chicken anti-Mouse IgG 

(AF647), or C) α814-827 and Alexa Fluor 594 Chicken anti-Rabbit IgG (AF594). RBCs probed 

with IVF12 and α814-827 were also assessed with fluorophore-conjugated secondary antibodies 

detecting surface and internal antigens reversed (B, lower; C, lower). Merged channels shown at 

right column. Mean fluorescence intensities were pooled, and permeabilized condition mean 

values were set to 100% for Cy5 and Cy3 (IVF12), and Alexa Fluor 488 and Cy3 (α814-827). 

Normalized mean fluorescence intensities indicated in boxes. Data represent mean ± SEM of 35-

75 cells for each condition, from two biological repetitions. Quantification of confocal microscopy 

images shown at right.  
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4.2.7 Senescent Cell IgG Recognizes a Conformational Epitope 

Aged red cell density increases towards the end of their lifetime, so the oldest RBCs can be isolated 

using density gradient ultracentrifugation (447,469,470). These RBCs are highly opsonized, and 

associated IgG can be eluted from RBCs (239,482,486,506). We eluted IgG from membranes of 

aged RBCs. We assessed the antibody preparation on immunoblots. The presence of IgG auto-

antibody was confirmed by probing eluates on non-reducing immunoblots with HRP-conjugated 

goat anti-human IgG (Fig. 4.9A). The antigenic band is consistent with the mass of two IgG heavy 

chains and two lights chains (507). 

IgG auto-antibody (ScIgG) at a range of concentrations was unable to detect denatured 

AE1 heterologously expressed in HEK293 cells on immunoblots (Fig. 4.9B). ScIgG was also 

unable to specifically detect AE1 on immunoblots of red cell membrane proteins (Fig. 4.9C). 

ScIgG was, however, able to immunoprecipitate AE1-911HA expressed in HEK293 cells, albeit 

at very low amounts (Fig. 4.9D). The inability of ScIgG to detect AE1 on immunoblots, combined 

with its ability to immunoprecipitate AE1, indicates that ScIgG recognizes a conformational 

antigen (240,498). The ability of ScIgG to precipitate AE1 from HEK293 cell lysates suggests that 

heterologously expressed AE1 can adopt the conformation recognized by ScIgG, the conformation 

necessary for signalling red cell senescence. We conclude that folded AE1 is required for ScIgG 

binding, and that heterologously expressed AE1 can assume the three-dimensional conformation 

recognized by ScIgG present on aged red blood cells. This supports the use of heterologous 

expression systems to probe the molecular mechanisms of RBC senescence and indicates that 

unique features of RBCs and biochemical damage arising during RBC lifespan are not required 

for ScIgG to bind AE1.  
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Figure 4.9 Characterization of auto-antibody IgG on immunoblots. A) Eluate from cell 

membranes of aged RBCs was probed on immunoblots following non-reducing SDS-PAGE, using 

HRP-conjugated Goat anti-Human IgG to detect human IgG auto-antibody. B) HEK293 cell 

lysates transfected with vector or cDNA encoding AE1 were processed for immunoblots. 

Immunoblots were probed with ScIgG at a range of dilutions, or anti-AE1 C-terminus antibody 

(IVF12). Each lane represents 40 μg cell lysate. C) Red blood cells were lysed by hypotonic lysis, 

and membranes were processed for immunoblots. Immunoblot strips were probed with either 

α814-827, ScIgG (1:100), or no primary antibody (-). Following washing, strips were probed with 

HRP-conjugated Donkey α-rabbit (α814-827 strip), or HRP-conjugated Goat α-human (ScIgG and 

- strips). Each strip contains 100 μg red cell membrane protein. D) Protein G-coupled magnetic 
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resin was incubated with senescent cell IgG eluted from red cell membranes (ScIgG) or buffer 

containing no antibody as a control (0 Ab). Cell lysates from HEK293 cells transfected with vector 

or cDNA encoding AE1-911HA were incubated with magnetic resin alone (0 Ab), or with 

magnetic resin coupled with senescent cell IgG (ScIgG). Resin was washed, and bound proteins 

were processed for immunoblotting. Immunoblots were probed with αHA antibody for detection 

of immunoprecipitated proteins. Senescent cell IgG prepared by Dr. Evgenia Bloch (University of 

Toronto). 
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4.2.8 Structural Modelling 

To visualize a potential structure representing AE1 812-830 in an outward-accessible 

conformation, the AE1 membrane domain crystal structure (PBD ID 4YZF) was manually adjusted 

using PyMOL (1,203). Manual adjustment was limited to residues C-terminal to G800, which 

initiates the extra-membraneous region following TM12. Residues were reoriented to reflect 

extracellular, intracellular, or membraneous localization determined by accessibility to LYIA and 

biotin maleimide (488,496). Lateral flexibility of TMs 13 and 14 was guided by molecular 

dynamics simulations (508) and cryo-EM density maps (509) (Fig. 4.10). To reorient AE1 812-

830 region residues, pivot points were chosen at the C-terminus of TM12 (G800), and Q840 in 

TM13. The polar sidechain of Q840 has the potential to snorkel towards cytoplasmic phospholipid 

head groups to stabilize TMs13-14 and is immediately C-terminal to a progression of residues in 

TM13 with helical free energy penalty (836-FTGI-839). G800 at the C-terminus of TM12 initiates 

a region of flexible extended structure, which lacks the structured peptide backbone hydrogen 

bonding patterns of alpha helices or beta sheets, and thus has greater conformational flexibility. 

Choosing these pivot points also kept residues G800-L811 within the acyl chain region of the lipid 

bilayer in State 2. This is consistent with inaccessibility of these residues to aqueous labeling 

compounds (496), and the low aqueous solubility of peptides corresponding to this region 

(488,496,510). In State 2, residues most accessible to extracellular labeling compounds are located 

adjacent to the Extracellular Senescent Cell Epitope residues 538-554 (ExScEp) on TM5 (Fig. 

4.10). Viewed in a space-filling representation, State 2 places the AE1 812-830 region adjacent to 

extracellular 538-554, where they could form a discontinuous binding site for senescence cell IgG. 

The AE1 membrane domain is arranged in a 7 + 7 inverted repeat fold (1). This fold is also 

seen in experimentally determined structures of transporters UraA (194), SLC26Dg (195), UapA 
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(196), AtBor1 (193), Bor1p (192), NBCe1 (8), SLC26A9 (189), and BicA (188). To determine if 

the alternative conformations of the AE1 812-830 region could be a conserved feature of the 7 + 

7 protein fold, we assessed the conservation of protein structure in this region. We aligned the AE1 

crystal structure with the membrane domain of each protein with an experimentally determined 7 

+ 7 inverted repeat structure, using PyMOL (Fig. 4.11A). The C-terminal structure of each protein 

was compared to that of AE1 by visualizing only TM12-14. The degree of sequence conservation 

between the proteins correlated with their structural similarities. That is, proteins with high 

sequence identity to AE1 shared similar three-dimensional protein structure at the region 

corresponding to the AE1 812-830 region. Proteins with sequence identity below 26% have a much 

shorter loop corresponding to AE1 812-830 than proteins with higher sequence identity (AE1: 30 

amino acid residues, BicA: 4, SLC26dg: 11, UapA: 5, UraA: 6, SLC26A9: 3). Although the size 

of this region varied drastically between proteins, the alignment of the three C-terminal TMs was 

consistent. The lack of structural conservation of the AE1 812-830 region with other 7 + 7 proteins 

indicates that conformational changes of this region are likely not a shared characteristic of this 

membrane protein fold. Indeed, the corresponding region in other proteins is much shorter in 

length (AE1 30 amino acid residues, other proteins 16 residues on average).  

We next used analysis of sequence conservation to examine whether the ability to reorient 

the region between TM12 and 13 was a conserved feature of the 7 + 7 inverted repeat fold proteins. 

Multiple sequence alignment was performed using Clustal Omega (160,511) of the three proteins 

with the highest sequence identity to AE1, which shared the most structural similarity to the AE1 

812-830 region (NBCe1, AtBor1, Bor1p) (8,192,193) (Fig. 4.11B). We further analyzed the 

sequence identity at the region corresponding to AE1 812-830 compared to sequence identity 

through the entire membrane domain, to determine if there was a local increase in conservation, 
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which could indicate a conserved function. Within the four most structurally similar proteins, the 

sequence identity at the region corresponding to AE1 812-830 (AE1-NBCe1 = 37%, AE1-AtBor1 

= 32%, AE1-Bor1p = 38%) was similar to the sequence identity across the entire membrane 

domain (AE1-NBCe1 = 45%, AE1-AtBor1 = 28%, AE1-Bor1p = 26%). Thus, the sequence 

conservation at this location is approximately consistent with conservation throughout the 

membrane domain, indicating no increased or decreased selection pressure on this region 

compared to the membrane domain in full. From the structural comparison of 7 + 7 inverted repeat 

structures, and assessment of sequence identity at the region corresponding to AE1 812-830, we 

conclude that the reorientation observed in AE1 is not a conserved feature of 7 + 7 inverted repeat 

proteins. 

  



138 

 

 

Figure 4.10 Model for AE1 alternative conformations. AE1 represented as in the crystal 

structure (State 1, left) (1), and alternate conformation with extracellular accessibility of the 812-

830 region (State 2, right). Structures shown from side view (upper) and extracellular view (lower). 

Membrane lipids shown in grey. Residues 812-830 (InScEp) shown in lime, 538-553 (ExScEp) in 

teal, Extracellular residue 554 as space-filling in red. Q840 shown in pink. Residues 800-814 and 

831-839 in dark blue.  
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Figure 4.11 Structural similarities of 7 + 7 inverted repeat COOH-terminal helices. A) AE1 
membrane domain (center) was aligned with membrane domains of other 7 + 7 inverted repeat 
proteins in PyMOL. TM12-14 of each structural alignment is shown, with AE1 transmembrane 
helices in slate. The AE1 region connecting TM12 and TM13 in raspberry, with corresponding 
region of 7 + 7 inverted repeat protein in light pink. Percent sequence identity to human AE1 
membrane domain indicated beside black connecting line. PDB IDs used, in order of decreasing 
percent sequence identity to AE1: 4YZF (AE1), 6CAA, 5L25, 5SV9, 6KI1, 5IOF, 5I6C, 3QE7, 
6RTC. B) Multiple sequence alignment of AE1 and top three most similar structures. Region 
corresponding to antigenic residues 812-830 in shaded grey box. C843 palmitoylation site 
indicated by black arrow. Amino acid numbering for each protein indicated at left. Amino acids 



140 

 

are color according to their properties: polar (green), nonpolar (red), acidic (pink), and basic 
(blue). Bottom row indicates conservation: fully conserved (*), strongly similar properties (:), 
weakly similar properties (.), or no similarity (no symbol). 
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4.3 Discussion 

Experiments described here reveal a conformational state of AE1 distinct from the published 

crystal structure (1). While the static crystal structure represents a predominant AE1 conformation, 

reorientation of AE1 senescent cell epitope residues 812-830 (InScEp) creates an alternate, 

transient conformation. This transient extracellular conformation can be trapped by molecular 

probes including IgG. Our initial goal in this study was to reconcile apparently contradictory 

reports on localization of the AE1 812-830 region, spanning biochemical, physiological and 

pathological studies of AE1 and red blood cells, and bridge the knowledge gap that exists in the 

molecular mechanism of RBC senescence. This study provides evidence for conformational 

polymorphism of AE1 as the “clock” at the centre of the mechanism that detects red blood cell 

age. 

We established that residues within the AE1 812-830 region can access the intracellular 

and extracellular environments. Extracellular reorientation of this region is not coupled to 

movements required for anion exchange and is unaffected by removal of the cytoplasmic domain 

or presence of stilbene disulfonate. Our data suggest that the predominant state has the 812-830 

region intracellular. Thus, at a fixed timepoint (as represented by data from fixed cells), 

intracellular localization of the AE1 812-830 region predominates, while extended time frames (as 

examined by LYIA labeling) allow for conformational rearrangement and apparent higher 

extracellular accessibility. Auto-antibody IgG from red blood cells recognizes a conformational 

AE1 antigen that heterologously-expressed protein can adopt. We propose that extracellular access 

of residues within the AE1 InScEp creates a transient senescence antigen, and thus act as a cryptic 

epitope to signal RBC senescence. 
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4.3.1 Residues in the AE1 812-830 Region Demonstrate Extracellular and Intracellular 

Localization 

When expressed in a heterologous system, the AE1 812-830 region can access both the 

intracellular and extracellular environments. The AE1 812-830 region demonstrates extensive 

extracellular localization in live HEK293 cells. Residues in the AE1 812-830 region and residue 

Y555C in extracellular loop 3 display indistinguishable accessibility to extracellular LYIA (Fig. 

4.2). The AE1 812-830 region is as accessible to IgG as extracellular loop 3 of SLC4A11, which 

may extend up to 32 Å from the plasma membrane (369). The unique behaviour of the 812-830 

region, forming most of intracellular loop 6 in the AE1 crystal structure, is shown by contrast to 

intracellular loop 1 and 2. Introduced Cys mutants in these loops had accessibility to LYIA 

indistinguishable to Cys201, which is definitively in the cytoplasmic domain. By contrast, the 812-

830 region had LYIA accessibility that was the same as residues definitively in the extracellular 

milieu. 

Conversely, fixed HEK293 cells manifest mixed topology of the AE1 812-830 region, with 

intracellular localization representing the majority (84% intracellular localization). Thus, while 

intracellular localization of AE1 812-830 region is predominant in a static AE1 ensemble (fixed 

cell data), over the time scale of LYIA labeling and antibody binding (minutes) the 812-830 region 

has apparent extracellular accessibility indistinguishable from extracellular surface loops. 

Residues within the N-terminal cytoplasmic domain, C-terminal tail and intracellular loops 1 and 

2 do not share this time-dependent variation in accessibility (Fig. 4.2). The AE1 812-830 region 

must therefore undergo a change in topology to bind membrane-impermeant LYIA or IgG. The 

bulk of coupled LYIA or bound IgG will prohibit reorientation of the 812-830 region back to the 

cytoplasm, accumulating AE1 trapped in this outward orientation. Ultimately, the 812-830 region 



143 

 

can be labeled by LYIA to the same extent as extracellular control Y555C. The use of 

heterologously expressed AE1 demonstrates that this transient reorientation is an intrinsic ability 

of the AE1 molecule. Further, since AE1 and introduced Cys mutants facilitate anion exchange 

(488,496) these proteins maintain a native structure. 

The kinetics of the 812-830 region reorientation remain to be quantified. As the halftime 

of LYIA binding was unable to differentiate between K817C, V822C, K826C and Y555C, we 

conclude that the kinetics of AE1 812-830 region reorientation are more rapid than the rate-

limiting kinetics of LYIA labeling. 

The persistence of 812-830 region extracellular accessibility in an anion transport-deficient 

mutant indicates that the structural rearrangements required for anion transport are not necessary 

for extracellular orientation of AE1 812-830 region. AE1 operates by an alternating access mode 

of transport, with the substrate translocation pathway at the cleft between the core and gate 

domains (Fig. 1.8) (197). Since the 812-830 region lies at the periphery of the gate domain, 

reorientation occurs distant from the substrate translocation pathway (Fig. 4.10) (1). AE1 may 

operate by an elevator-like mechanism, wherein the gate domain remains relatively stable in the 

lipid membrane while movements of the core domain relative to the bilayer plane displace the 

substrate binding site (193,198,202). Crosslinking the gate domain does not affect anion exchange, 

suggesting that transport movements of the core domain are independent from gate domain 

mobility (512). Thus, anion exchange associated movements of the core domain would not be 

expected to affect the reorientation of the 812-830 region in the stable gate domain, and vice versa. 

A hallmark of the elevator transport mechanism is a high level of structural asymmetry between 

domains, paralleled by a high level of functional specialization of each domain (198). Thus, 
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independent movements of the substrate-binding core domain and the 812-830 region in the gate 

domain are consistent with an elevator mechanism of alternating access transport (202). 

The RBC pericellular matrix, the glycocalyx, may explain accessibility differences of the 

AE1 812-830 region in RBCs and HEK293 cells. Antibody epitopes are typically five to six 

residues, at minimum (513,514). Senescent cell IgG isolated from RBCs binds both AE1 regions 

538-554 and 812-830 and recognizes a conformational epitope (240,490,498,515). This suggests 

that senescent cell IgG binds both antigenic regions as a discontinuous antigen (Fig. 4.10). As 

such, ScIgG binding would only require a fraction of residues from the 812-830 region to be 

accessible through the glycocalyx, while α814-827 binding requires five to six accessible residues. 

This may be why α814-827 did not bind intact RBCs but did bind the region when AE1 was 

expressed in HEK293 cells. 

4.3.2 Crystallization Conditions do not Abolish 812-830 Extracellular Accessibility 

AE1 residues 812–830 are intracellularly localized in the crystal structure (1). Reduction of protein 

conformational flexibility and heterogeneity is often necessary to obtain high resolution X-ray 

crystal structures of membrane transport proteins (10). We therefore considered the possibility that 

AE1 crystallization conditions altered AE1 conformation, or biased AE1 toward a conformation 

with amino acids 812-830 intracellular. We assessed the ability of the conditions used for AE1 

crystallization to abolish the extracellular accessibility of the AE1 812-830 region.  

The crystal structure of AE1 consists of the isolated membrane domain with bound stilbene 

disulfonate, H2DIDS (1). Data supporting extracellular localization of the AE1 812-830 region 

persisted in the absence of the cytoplasmic domain and following H2DIDS pre-treatment. The 

persistence of extracellular localization in the presence of H2DIDS indicates that steric bulk in the 
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cleft between AE1 core and gate domains does not impede extracellular orientation of the 812-830 

region.  

Although native AE1 was deglycosylated for crystallization, glycosylation does not affect 

stilbene disulfonate binding or anion transport of heterologously expressed and native red cell AE1 

(516-518). Therefore, any structural changes associated with removal of oligosaccharide are likely 

minor. As such, we did not investigate the effect of N-glycosylation on AE1 812-830 localization.  

AE1 was crystallized with an IgG antigen-binding (Fab) fragment recognizing a 

conformational epitope in the core domain (1). We were interested to assess the effect of the Fab 

fragment on intracellular localization of the 812-830 region in the crystal structure. In spite of 

repeated attempts to contact the authors, we were unable to obtain this antibody. We therefore 

could not assess the effect of this antibody on AE1 conformational rearrangements. Preliminary 

reports of AE1 crystals obtained without Fab fragments suggest that Fab has little influence on 

AE1 conformation (519). 

Binding of α814-827 antibody to AE1 in fixed HEK293 cells indicated predominant 

intracellular localization of 812-830, consistent with the crystal structure. This suggests that 

intracellular localization of the 812-830 region predominates in the absence of the conditions used 

to crystallize AE1. That is, it is unlikely that the conformation of active, RBC membrane-

embedded AE1 was altered by the conditions used to stabilize AE1 for crystallization. 

4.3.3 Dynamics of AE1 Membrane Domain C-terminus 

The AE1 812-830 region contains charged residues K814, K817, D821, K826, R827, and K829 

(Fig. 4.11B). Intracellular localization of this positively charged region is energetically favored, 

based on the RBC membrane potential of approximately -10 mV (520-523). Further, interactions 

of charged residues K817 and K829 with the head groups of phosphatidylserine in the inner leaflet 
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of the bilayer have been identified in molecular dynamics simulations (524). Reorientation of the 

AE1 812-830 region from intracellular to extracellular orientation would require charged residues 

to partition into the nonpolar lipid bilayer. Notably, the predominant charged amino acid species 

of the AE1 812-830 region is lysine. Molecular dynamics simulations suggest that the partitioning 

energetics of amphiphilic lysine is the most favorable (least unfavorable) among charged residues, 

due to its amphipathic nature (525,526). Moreover, the energetics of partitioning multiple charges 

through a membrane are not additive, so the energetics of partitioning multiple positively charged 

residues are likely similar to the partitioning of just one (527). The AE1 812-830 region also 

contains proline, tyrosine, valine, and histidine residues. These residues likely contribute to the 

energetics of partitioning to a lesser degree than the positively charged residues (526). 

The last two transmembrane helices in AE1, TM13 and 14, are directly C-terminal to the 

AE1 812-830 region. Reorientation of the 812-830 region could be accompanied by structural 

rearrangements of TM13-14. Consistent with this, two-dimensional crystal projection maps of 

AE1MD revealed transmembrane density with conformational flexibility relative to the main 

domains (509). TM13 and 14 are the likely candidates for this density due to their location relative 

to the dimeric interface. Lateral flexibility of TM13 and 14 would loosen spatial restraints on AE1 

812-830 region movements.  

Established palmitoylation of AE1 C843 in RBCs also indicates flexibility of the C-

terminal two helices (186,528). The state represented by the crystal structure places C843 in TM13, 

in the middle of the lipid membrane. Conformational reorientation of the 812-830 region may 

relocate C843 closer to the cytoplasmic interface, where it would be accessible to non-enzymatic 

acylation (186). This is consistent with the significant deformation of TMs 13-14 revealed by 

atomistic membrane dynamics simulations (508). Thus, substantial displacement of the C-terminal 
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region of AE1MD can occur, which would support dynamic movements of the 812-830 region 

(Fig. 4.10). 

4.3.4 Significance to the Red Cell Molecular Clock 

Since antigenic AE1 is present in all RBCs regardless of age, ScIgG antigen exposure must be 

limited in order to prevent clearance of pre-senescent RBCs. The AE1 812-830 region has 

consistently been identified as an antigen for ScIgG auto-antibody (490,498,515) and, as shown 

here, manifests both intracellular and extracellular localization (Fig. 4.2-4.8). Thus, it is an ideal 

candidate for the proposed cryptic component of the ScIgG antigen, as a region with demonstrated 

antigenicity, but limited cell surface accessibility (240). α814-827 trapping extracellular AE1 

InScEp may be analogous to opsonization of RBCs with AE1-directed ScIgG.  

 ScIgG auto-antibody recognizes a conformational AE1 antigen (240,486). Supporting this, 

ScIgG isolated from dense RBCs immunoprecipitated folded AE1, but was unable to detect 

denatured protein on immunoblots (Fig. 4.9). Modelling the extracellular orientation of the AE1 

812-830 region places it adjacent to extracellular residues 538-554, which also display ScIgG 

reactivity (Fig. 4.10) (485). With the two antigenic regions extracellular and in close proximity, 

they are positioned to create a discontinuous, conformational ScIgG binding site. The transient 

nature of the AE1 812-830 extracellular orientation, in conjunction with the RBC glycocalyx, 

ensures that the antigen has very limited accessibility to ScIgG. This restricts opsonization and 

maintains functional red cells in circulation. In this way, extracellularly localized AE1 812-830 

region (InScEp) together with AE1 538-554 (ExScEp) creates a conformational senescent cell 

epitope with limited surface accessibility. 

ScIgG immunoprecipitated heterologously expressed AE1 without the influence of age-

related biochemical damage accumulated by aging RBCs. Formation of the senescence antigen is 
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therefore an intrinsic property of the AE1 molecule, as is reorientation of the InScEp. Thus, 

damage accumulated during RBC aging is unnecessary to create antigenic ScIgG sites. While aged 

RBC accrue biochemical damage necessitating their removal, this damage does not catalyze 

exposure of the senescent cell antigen, and thus does not mediate RBC opsonization.  

If the senescence antigen transiently forms throughout the circulating lifetime of RBCs, 

then the molecular clock determining the lifespan of RBCs is the rate of amino acid 812-830 

capture by IgG. The rate of capture is limited by the low titre of circulating ScIgG (240,327), poor 

antigen accessibility due to the glycocalyx (Fig. 4.8) (529,530), and the limited lifetime of the 

outward-facing AE1 812-830 conformation (only 16% of AE1 molecules had outward 812-830 

orientation in fixed cells). Senescent RBCs are opsonized with relatively low quantities of IgG, a 

reported 20-200 IgG molecules per cell (239,481,490,506,531). Low ScIgG titre and limited 

extracellular accessibility of the InScEp is consistent with the low level of opsonization required 

for clearance of senescent RBC. 

The independence of ScIgG antigen formation from age-induced RBC damages is 

consistent with observations from in vitro senescence studies. In vitro ScIgG binding is promoted 

by RBC oxidation and non-oxidative protein clustering (241,242,483,484,506,532-534). As 

oxidized hemoglobin clusters AE1 through cytoplasmic domain cross-linking (532,535), both in 

vitro aging techniques result in clustered AE1. Clustering AE1 increases the local density of ScIgG 

antigen, which promotes bivalent IgG binding through avidity (506). In vitro aging and 

phagocytosis assays also use ScIgG at orders of magnitude higher than physiological levels (400-

1000 fold higher than physiological concentration) (240,327), further promoting opsonization. 

Antigen clustering and elevated ScIgG concentration together result in a faster rate of opsonization 

in vitro than in vivo. (150-2500 fold faster in vitro). This is consistent with RBC lifetime being 
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determined by the rate of binding of low titre ScIgG to a poorly accessible antigen, rather than by 

aging-induced antigen formation.  

Senescent cell antigen exposure is limited by the occurrence of the AE1 812-830 region 

reorientation, as well as steric hindrance imparted by the glycocalyx. Removal of the glycocalyx 

exposes age-related antigens (536) and promotes erythrocyte clearance in vivo (537). Notably, 

phagocytosis of young erythrocytes can be induced following enzymatic removal of the glycocalyx 

(529,530); the glycocalyx prevents ScIgG binding. Consistent with this, we found that α814-827 

antibody bound AE1 in HEK293 cells lacking the glycocalyx but did not bind AE1 in non-

permeabilized RBCs. Thus, the glycocalyx plays a considerable role in slowing RBC opsonization 

by ScIgG (538). This is consistent with erythrocyte lifespan determined by low antigen 

accessibility, rather than progressive development of an antigen induced by cell damage. 

We propose that transient extracellular orientation places AE1 812-830 residues near 

extracellular 538-554, where the two regions create a discontinuous, temporary epitope for serum 

autoantibodies. When this reorientation occurs in the presence of circulating ScIgG, which is 

omnipresent in sera but at low titre (240,327), IgG binding can occur (Fig. 4.12). The glycocalyx 

further limits the likelihood that ScIgG will access the transient epitope. If no antibody is present, 

the AE1 812-830 region will revert to intracellular localization, its predominant state. Through the 

actions of capping by bivalent autoantibodies (472) and intracellular hemoglobin-mediated AE1 

clustering, the characteristic clusters comprised of IgG, Band 3, and hemoglobin form on aged 

cells (242,483,484,506,532). Macrophages recognize senescent red cells to initiate phagocytosis 

when these clusters exceed a threshold level (539). 
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Figure 4.12 Proposed model for the RBC molecular clock. AE1 protein (slate) is a two‐domain 

protein with an integral membrane domain (M) connected by a flexible linker to a cytoplasmic 

domain (C). The protein associates as dimers. A) The 812–830 (lime oval) region of human AE1 

protein normally resides on the cytosolic surface of the protein, but a transient reorientation places 

this region on the extracellular surface, next to the 538-554 region (teal oval). The conformational 

change may reverse, or the extracellular conformation may be irreversibly trapped upon interaction 

with circulating senescence marking auto‐antibodies (IgG, brown Y shape). B) Denatured 

hemoglobin (hemichromes, H) associate with AE1 cytoplasmic domains and induce AE1 

clustering. Bivalent IgG can cluster together adjacent AE1 dimers. Large AE1 clusters form from 

combined IgG and hemichrome‐induced clusters, signalling RBC senescence to circulating 

macrophages.  
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4.3.5 Conclusion: A Molecular Mechanism for Sensing RBC Age 

We found that the AE1 812-830 region is accessible to membrane impermeant LYIA and IgG, to 

the same extent as exclusively extracellular regions of AE1 and SLC4A11 when expressed in 

living HEK cells. In RBCs and fixed HEK293 cells, intracellular detection of the AE1 812-830 

region predominates. Senescent cell IgG binding is conformation-dependant, and heterologously-

expressed AE1 is able to adopt this conformation. Both extracellular reorientation and ScIgG 

binding are intrinsic properties of the AE1 molecule. 

Taken together, we propose a molecular mechanism for RBC senescence signalling, 

determined by reorientation of AE1 extra-membranous region (Fig. 4.12). During the 

conformational lifetime of AE1, residues within the InScEp region following TM12 can reorient 

to access the extracellular environment, perhaps with accommodations by displacement of TM13 

and 14. Now located in close proximity to extracellular epitope residues 538–554, the two regions 

create a transient conformational antigen composed of two discontinuous antigenic sites, close in 

three-dimensional space but distant in primary sequence. This AE1 conformation can be bound 

and trapped by low-titer, high affinity senescent cell IgG omnipresent in serum (240). This 

conformational antigen does not require damage accumulated during RBC aging to form. In the 

absence of senescent cell IgG, the region returns to the preferred intracellular localization. 

 Macrophages recognize aged cells by clusters of IgG and complement (241,484). We 

propose that the molecular clock determining the RBC lifespan is the limited extracellular 

accessibility of the cryptic senescent cell epitope component, the AE1 812-830 region. Since RBCs 

lack the protein synthesis machinery necessary to produce new extracellular signals, AE1, the most 

abundant protein on red cell membranes makes an effective and efficient mechanism to signal 

clearance of aged red cells. 
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Chapter 5: Summary and Future Directions 
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5.1 Summary 

The objective of this thesis was to explore issues brought to light by the publication of the AE1 

membrane domain crystal structure (1). The SLC4A11 homology model developed here enables 

better understanding of the molecular mechanisms of disease for blinding corneal dystrophies 

caused by mutated SLC4A11. This model can be used to predict the molecular phenotypes of novel 

pathogenic mutations, an essential step towards personalized strategies of treatment for CHED and 

FECD patients. Examining localization of an AE1 antigen with controversial accessibility, 

bringing immunological studies from over four decades past together with current techniques, 

unveiled a molecular mechanism for AE1 conformational polymorphism in determining RBC 

lifespan. 

5.1.1 SLC4A11 Homology Model 

Using the AE1 crystal structure as a template, a homology model of SLC4A11 was created. The 

SLC4A11 homology model was validated by biochemical assessment of SLC4A11 mutants 

designed to probe the reliability of the three-dimensional model. The SLC4A11 homology model 

was further used to categorize 45 point mutants that cause blinding corneal dystrophies CHED and 

FECD. Of the 45 membrane domain point mutants analyzed, five lie in the catalytic pathway, 30 

are at regions of close transmembrane helix contact, three lie in the dimeric interface, and seven 

are in extracellular or cytoplasmic loops. If SLC4A11 is used as a representative disease-causing 

membrane protein, 73% of disease mutations affect protein folding, and 27% directly affect solute 

transport function. This is consistent with a genome-wide approximation of misfolding as the 

primary disease-promoting defect in membrane proteins (5). This is further supported by large-

scale mutational analyses of disease-causing membrane proteins, including potassium channels 

KCNQ1 (72%) (540) and Kv11.1 (88%) (541), and G protein-coupled receptor rhodopsin (71%) 
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(542). The majority of identified disease-causing mutations in proteins are single amino acid 

substitutions, making structural modelling of disease variants increasingly prevalent (543). 

5.1.2 AE1 in Red Blood Cell Senescence Signalling 

The crystal structure guided studies revealed an alternative AE1 conformation. Residues within 

the AE1 813-830 region undergo dynamic reorientation, which can be trapped in the surface-

accessible conformation by membrane-impermeant probes. This reorientation is an innate ability 

of the AE1 molecule, resulting in extracellular accessibility of a senescent cell antigen to IgG. The 

senescent cell auto-antibody collected from opsonized RBCs similarly recognizes an intrinsic 

conformation of AE1. A model of the molecular RBC ‘clock’ emerged, where reorientation of the 

intracellular senescent cell epitope creates a discontinuous surface epitope for serum ScIgG. 

Neither extracellular localization of InScEp, nor ScIgG binding AE1, required biochemical 

damages accumulated by aging RBCs to occur. Low ScIgG titre, and limited lifetime and restricted 

surface accessibility of the surface epitope, contribute to the slow rate of IgG trapping and thus 

opsonization.  

In summary, structure-led studies guided by the AE1 membrane domain crystal structure 

led us to 1. Prepare an SLC4A11 homology model, which can be used to rationalize molecular 

mechanisms of disease and predict phenotypes of newly discovered mutations, and 2. Elucidate an 

alternate conformation of AE1, in which cryptic epitope exposure determines opsonization of 

RBCs and marks their senescence. 

5.2 Future Directions 

5.2.1 SLC4A11 Structural Studies 

While the homology model of SLC4A11 provides a new tool to examine pathogenic mutations, it 

is an incomplete representation of the molecule. Of the approximately 70 disease-causing 



155 

 

mutations identified in SLC4A11, about one-third are located in the cytoplasmic domain (165). 

This includes catalytic mutant R125H, which suggests a role of the CD in transport function (363). 

In addition to the functional role of the CD, considerable structural interdependence of the domains 

is indicated by the inability to accumulate protein when MD or CD are expressed alone (165). This 

structural interdependence is not shared by the template protein, AE1 (166,167). While the 

membrane domain homology model is a valuable tool to assess pathogenicity of mutations, it fails 

to capture the complexity of full-length SLC4A11. An ideal model would encompass both 

domains. While a homology model for the SLC4A11 cytoplasmic domain exists (165), how the 

two domains fit together remains to be determined. Models of full-length AE1 protein 

encompassing both domains were created on the basis of distance constraints defined by 

experimental cross-linking (494), which could be applied to the homology models of SLC4A11 

MD and CD. Structures of full-length AE1 may guide construction of a complete model of 

SLC4A11 (169), although low sequence identity between the AE1 and SLC4A11 CDs, particularly 

at the divergent N-termini (165), may limit the reliability of the resulting model. Experimentally-

determined full-length structures of additional SLC4 transporters will likely reveal the intricacies 

behind variations in functional domain interdependence between SLC4 family members (166-

168,179,544). 

 While a more complete model of SLC4A11 would prove invaluable, an experimentally 

determined structure would be superior. The emerging method of cryo electron microscopy (cryo-

EM) may be amenable to such a task (545). Compared to X-ray crystallography, cryo-EM does 

not require a crystalline protein array, often requires relatively less protein, does not lack phase 

information, and can accommodate some degree of protein sample heterogeneity (545-547). 

However, cryo-EM is not a structural panacea, and a minimum standard of sample stability and 
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homogeneity is still a considerable bottleneck in structural determination. Cryo-EM was used to 

determine the structure of full-length SLC4 family member NBCe1, whose cytoplasmic domain is 

important for transport analogously to SLC4A11 (544), although densities for the NBCe1 cytosolic 

domain were poorly resolved and excluded from modelling (8). 

 One of the bottlenecks in membrane protein structure determination is the quantity of 

material needed. Indeed, prior to 2005 the only membrane proteins with experimentally 

determined structures were those abundant in their native environments (548-551). Membrane 

proteins are limited in that they can only accumulate in lipid bilayers, and only accumulate to high 

densities in membranes similar to their native environments (552). Expressing large amounts of a 

protein sensitive to mutation such as SLC4A11 requires an expression system as close to its native 

environment as possible. Successful production of heterologous, functional SLC4A11 in adherent 

HEK293 cells indicates that HEK293 suspension systems adapted for large-scale production of 

eukaryotic proteins may yield functional SLC4A11 at quantities sufficient for structural 

determination by cryo-EM (359,553). Further strategies to maximize the amount of functional 

protein must also be assessed, including the use of histone deacetylase inhibitors (554-556), 

different promoters (557), chaperone co-expression (557-559), post-transcriptional regulatory 

elements (560), and lowered incubation temperatures (561,562) during heterologous protein 

expression. SLC4A11 is one of the most abundant transporters in native cornea and could 

alternatively be purified from its native environment for structural studies (563), although 

purification from a native source would likely be complicated by small tissue mass and the 

presence of extracellular matrix proteins. 

 The SLC4A11 homology model can be used to predict the molecular phenotype of de novo 

CHED and FECD mutations by in silico assessment, which can then be used in precision (or 
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personalized) medical treatment. Classifying mutations as causing disease by affecting either 

protein folding or solute transport function (Fig. 1.11, Fig. 3.5) furthermore indicates whether they 

are potential candidates for folding correction therapy (363,405,409,438). Reports of de novo 

SLC4A11 point mutants associated with corneal dystrophies will enable further testing and 

refinement of the homology model, together with in vitro testing of the cell surface trafficking and 

solute transport of these mutants. Elucidating the physiological substrate transported by SLC4A11, 

and thus the defect relevant to disease, is an essential element in understanding these corneal 

dystrophies. A streamlined system towards personalized medicine would include identification of 

the SLC4A11 point mutation, followed by molecular phenotype prediction in silico, and 

subsequent in vitro testing of potential therapies, resulting in personalized treatment strategies for 

corneal dystrophy patients (564). 

5.2.2 AE1 in Red Blood Cell Senescence 

While studies here have determined a unified model of RBC senescence, the specifics of 

senescence signalling are still to be determined. The exact structure of the alternate conformation 

is unknown. Since a framework to crystallize AE1 is established, there is a starting point to begin 

crystallization trials to reveal the alternate conformation. The AE1 MD crystal structure contained 

an antibody fragment against a conformational epitope of the protein, a common method to reduce 

conformational heterogeneity of samples in X-ray crystallography (1,565). Established procedures 

to purify ScIgG from RBCs enable Fab fragments to be generated from ScIgG to stabilize AE1 in 

the alternate conformation seen in opsonized cells. Furthermore, the current crystal structure may 

be useful in solving the phases of future crystals. 

Alternatively, one method to deduce the alternate conformation could be dual fluorescence 

quenching. Similar to the substituted cystine accessibility used here, dual fluorescence quenching 
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determines the localization of individual residues. Lipophilic and aqueous quenchers are used in 

combination to obtain a ‘quenching ratio’ for individual tryptophan residues in a protein. The ratio 

of quenching by the lipophilic vs. aqueous quenchers has a linear dependency on residue depth in 

the lipid bilayer, and this can be used to determine the location of tryptophan residues relative to 

the bilayer. Residues that are displaced during reorientation can be deduced by assessing the 

quenching ratio of heterologous AE1 in either the predominant conformation, compared to that of 

AE1 trapped in the alternate conformation (using LYIA or similar probes). This method would 

elucidate residues that change from the aqueous intracellular environment to the lipid environment 

in the alternate conformation. This method would require a similar set up to the substituted cysteine 

accessibility analysis, including construction of a tryptophan-less AE1 mutant (eleven native W 

residues within AE1, seven in the MD) and assessing the mutant for anion exchange activity, 

before creating single W point mutants similarly to the cysteine mutants. Mutants would need to 

be purified from their expression system and reconstituted in proteoliposomes. While the method 

proposed here to deduce the residues involved in reorientation is complex, it may be a possible 

strategy if direct structural determination by X-ray crystallography or cryo-EM is not an option. 

 The dynamics of the reorientation were too rapid to assess with the methods used here. The 

intrinsic nature of the reorientation may make assessing the dynamics difficult. Dynamic 

membrane protein reorientation reported thus far have either been inducible (566-570) or slow 

enough to resolve by substituted cysteine accessibility (571). A potentially useful modified Förster 

resonance energy transfer (FRET) technique has been developed which avoids inducing protein 

perturbations from large traditional fluorophores (572). A small membrane-permeant fluorescein 

derivative with two arsen-(III) substituents (fluorescein arsenical hairpin binder; FlAsH) is used 

as an acceptor fluorophore, which only fluoresces when bound to an FlAsH-binding motif 
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(CCPGCC) introduced within the protein of interest (573). FRET signal is only present when the 

FlAsH molecule is present and bound to the CCPGCC motif. The CCPGCC motif can then be 

introduced with minimal perturbations of native protein folding, compared to larger fluorophores 

of several kilodaltons. Cyan Fluorescent Protein (CFP) is used as a donor fluorophore, and 

CCPGCC-bound FlAsH as an acceptor fluorophore. Introducing the FlAsH binding motif in the 

InScEp, and a CFP to intracellular regions or extracellular regions, could determine the dynamics 

of the rearrangement. Using intracellular and extracellular CFP (introduced at AE1 C-terminus 

and GPA N-terminus, respectively) as a donor fluorophore, the FlAsH acceptor fluorophore can 

be added in a live-cell imaging chamber, and FRET fluorescence recorded over time as FlAsH 

binds to the InScEp. Static FlAsH sites should also be used for controls in intracellular and 

extracellular control regions of AE1, such as the cytoplasmic domain and ECL3. The strength of 

the FlAsH method lies in the small introduced sequence used as a reporter, however the sensitivity 

to introductions in this loop are not fully elucidated. Possible setbacks include misfolded protein 

or changed reorientation dynamics from the introduced binding motif or CFP. 

 Data presented here indicate a role of the RBC glycocalyx in limiting accessibility of the 

senescent cell epitope. This is consistent with increased IgG-mediated phagocytosis of RBCs 

treated with neuraminidase, which removes sialic acids of the RBCs glycocalyx by proteolytic 

cleavage (529,530,537). Directly assessing α814-827 binding to neuraminidase-treated RBCs, 

compared to non-treated RBCs, may elucidate the role of the glycocalyx in limiting senescent cell 

epitope exposure.  

 The role of AE1 polymorphisms in red cell senescence may be further elucidated using in 

vivo assays. Animals commonly used for in vivo studies are often not ideal for models of human 

RBC aging. Rodent and rabbit RBCs have life spans limited to 50-70 days and exhibit high age-
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independent RBC removal (574,575). Animal studies using dogs have been proposed for the long 

cell life span and low levels of random RBC removal, comparable to humans (574,576-578). A 

potential method to assess the role of AE1 812-830 in RBC senescence in vivo would be 

intravenous administration of peptides corresponding to the AE1 812-830 region. We would 

expect circulating AE1 812-830 peptides to bind low-titre ScIgG in serum, reducing availability 

of free ScIgG available for RBC opsonization. Competitive binding of ScIgG by peptides would 

likely result in prolonged RBC circulating lifetime. This result would be dependent on significant 

residence time of peptides in circulation, as immediate clearance of peptides will impede any 

competitive binding effects. 

 The RBC senescence signalling pathway is potentially exacerbated in the rare autoimmune 

disorder warm autoimmune haemolytic anemia (wAIHA), a severe and sometimes fatal disease 

(579,580). RBCs in patients with wAIHA are aggressively opsonized with anti-AE1 auto-

antibodies, and subsequently cleared prematurely (581-585). Pathogenesis appears to be due to 

dysregulation of the immune system rather than abnormal AE1 (586). Drugs currently used to treat 

wAIHA patients target and potentially compromise the immune system, with limited long-term 

success rates (587,588). Elucidating the regions of AE1 that create the antigen recognized by 

wAIHA antibody could lead to more effective, targeted treatments for wAIHA. Administering low 

levels of intravenous AE1 fragments (i.e. peptides corresponding to part of the 812-830 region) 

could competitively block IgG, restoring the native equilibrium of auto-antibody and AE1 sites to 

normal and limiting hemolysis. No direct comparison of the anti-AE1 IgG involved in clearance 

of normal senescent RBCs and wAIHA RBCs has yet been completed, so a thorough 

characterization of the binding motifs for eluted auto-antibody in each condition would be 

required. 
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 Elucidating the molecular mechanism of RBC opsonization also has potential applications 

to improve storage of banked RBCs. Stored RBCs accumulate ‘storage lesions,’ biochemical 

alterations that likely contribute to removal of up to 25% of cells shortly after transfusion 

(589,590). Storage lesions notably include accumulated anti-AE1 antibodies (591,592), which may 

contribute to the rapid removal of transfused cells. Similar to potential treatments for wAIHA then, 

there is the potential to store blood banked RBC units with peptides corresponding to the AE1 812-

830 region to competitively bind auto-antibodies in storage conditions, limiting opsonization of 

RBCs and improving transfusion efficiency. The use of epitope-tagged AE1 fragments (eg. HA, 

His epitope tags) could enable the removal of these fragments by affinity chromatography prior to 

RBC transfusion. In conclusion, while elucidating the molecular ‘clock’ of RBC aging is notable 

in itself, the variations of this mechanism in disease states and blood bank storage hint at a wider 

field in which novel therapies can be developed based on the underlying mechanism. 
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