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ABSTRACT 

The crystal structure of the dimeric membrane domain of human Band 31, the red cell 
chloride/bicarbonate anion exchanger 1 (AE1, SLC4A1), provides a structural context for over 
four decades of studies into this historic membrane glycoprotein.  In this review we highlight the 
key structural features responsible for anion binding and translocation and have integrated the 
following topological markers within the Band 3 structure: blood group antigens, N-
glycosylation site, protease cleavage sites, inhibitor and chemical labeling sites, and the results of 
scanning cysteine and N-glycosylation mutagenesis.  Locations of mutations linked to human 
disease, including those responsible for Southeast Asian ovalocytosis, hereditary stomatocytosis, 
hereditary spherocytosis and distal renal tubular acidosis, provide molecular insights into their 
effect on Band 3 folding.  Finally, molecular dynamics simulations of phosphatidylcholine self-
assembled around Band 3 provide a view of this membrane protein within a lipid bilayer.   

Keywords:  Anion exchanger, Band 3, bicarbonate transport, chloride/bicarbonate exchange, 
distal renal tubular acidosis (dRTA), glycoprotein, hereditary spherocytosis (HS), hereditary 
stomatocytosis (HSt), membrane proteins, molecular dynamics, N-glycosylation, protein folding, 
protein quality control, solute carrier 4 (SLC4), Southeast Asian ovalocytosis (SAO), trafficking, 
transporters   

1For the purpose of this review, Band 3 refers to the native protein as found in red blood cells, 
AE1 to the protein expressed from its cDNA, SLC4A1 as the gene and SLC4A1 as the gene 
product.   
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1.0  A brief history of Band 3  

Band 3 or anion exchanger 1 (AE1), the founding member of the Solute Carrier 4 family of 
bicarbonate transporters (SLC4A1), is the predominant glycoprotein of red blood cell membrane 
where it carries out chloride/bicarbonate anion exchange across the plasma membrane – a 
process necessary for efficient respiration (Fig. 1).  In the tissues, carbon dioxide that diffuses 
into the red cell by diffusion is hydrated by intracellular carbonic anhydrase II (CAII) to produce 
bicarbonate, which is in turn transported out of the cell in electroneutral exchange for chloride 
[1, 2].  Driven by the shift to a lower pCO2 environment, in the lungs the system is reversed.  
Bicarbonate that enters the red cell via Band 3 in exchange for chloride is converted by CAII to 
carbon dioxide, which then diffuses out across the plasma membrane to be expired by the lungs.  
This central part of the respiratory system increases the blood’s capacity to transport carbon 
dioxide as soluble plasma bicarbonate.   

Over the last 45 years, major advances have been made in our understanding of the structure and 
function of Band 3, culminating with the publication of the crystal structure of the membrane 
domain responsible for its transport function in 2015 [3].  Band 3 earned its unique moniker in 
1971 as the third major band from the top of Coomassie blue-stained gels of red cell ghost 
membrane proteins resolved in early SDS polyacrylamide gel electrophoresis experiments [4].  
Next, proteolytic digestion and chemical labeling studies showed that Band 3 spanned the 
membrane [5], while crosslinking [6] and hydrodynamic studies [7] showed that Band 3 was a 
dimer.  The fourth major advance was the labeling of Band 3 with the radiolabelled stilbene 
disulfonate inhibitor, [3H]H2DIDS [8] and other reagents [9] that characterized Band 3 as a red 
cell anion exchanger [10].  In 1977 Band 3 Memphis was the first variant identified, due to the 
altered mobility of a proteolytic fragment in SDS gels [11, 12].  The next major advance was the 
cloning of the cDNA and deduction of the amino acid sequence of murine AE1 in 1985 [13], 
followed by the human sequence in 1988 [14] and in 1989 [15].  A truncated form of Band 3 
missing the N-terminal 64 residues, expressed in the kidney (kAE1), was also identified in 1989 
[16].  Many mutations in the SLC4A1 gene have been subsequently identified as responsible for 
blood group antigens classified as Diego [17] and others [18-20], and various diseases and 
conditions, including Southeast Asian ovalocytosis (SAO) [21, 22], hereditary stomatocytosis 
(Hst) [23], hereditary spherocytosis (HS) [24] and distal renal tubular acidosis (dRTA) in the 
truncated kidney form [25, 26].  Glu681 was identified as an essential active-site residue using 
elegant chemical labelling methods [27, 28].  In 2000 the crystal structure of the cytosolic 
domain of Band 3 under acidic conditions was published [29], with a higher resolution structure 
at neutral pH published in 2013 [30].  Electron crystallography of two-dimensional crystals of 
the Band 3 membrane domain provided a low resolution structure and the dimensions of the 
dimer [31].  The crystal structure of Band 3 membrane domain labelled with H2DIDS and in 
complex with a Fab antibody fragment was published in 2015 [3].  In this review, we place the 
findings of over four decades of work on Band 3 into the structural context, provided by the 
high-resolution crystal structure, with an emphasis on key functional residues and mutations 
linked to human disease. 

2.0 Band 3 structure 

Human Band 3 consists of 911 residues arranged into two major domains: an N-terminal 
cytosolic domain (cdAE1) and a C-terminal membrane domain (mdAE1) [5, 14, 15].  The two 
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domains can be separated by mild protease treatment of red cell “ghost” membranes.  Cleavage 
at Lys360 by trypsin defined an early internal topological marker [5, 7, 32].  The protease 
sensitive sites are located in a poorly-conserved linker region joining the cytosolic domain 
(residues 1-360) to the membrane domain (residues 361-911).  The conserved portion of the 
amino acid sequence of the membrane domain of SLC4A1 proteins across species begins at 
Phe379 [33].  The membrane domain, responsible for the transport function of Band 3, is fully 
functional in the absence of the cytosolic domain when produced by proteolysis [34] or by 
expression of mdAE1 in transfected cells [30].  The crystal structure of the isolated cytosolic 
domain revealed a dimeric structure consisting of an interacting domain and a dimerization 
domain [29].  The membrane domain of Band 3 has also been the subject of intense structural 
analysis, but until now only low resolution structures of two-dimensional crystals typically 
examined by electron microscopy were available [31, 35-37].  These studies confirmed the 
dimeric nature of the membrane domain and revealed some features of its dimensions, but 
provided no clear insights into its mechanism of action.  Crystals of Band 3 membrane domain 
have been produced, but they diffracted to low resolution [38].  Breakthrough to a high 
resolution structure came with the use of monoclonal antibodies [39] that allowed the formation 
of well-ordered crystals of the dimeric membrane domain of human Band 3-Fab complex, which 
diffracted to 3.5 Å [3].  This review will focus on the membrane domain of Band 3 and the 
structural insights provided by the crystal structure (PDB entry: 4YZF).  Excellent reviews on 
the cytosolic domain of Band 3 are available [40, 41].   

3.0 Band 3 topology 

Band 3 consisting of 14 transmembrane (TM) segments, with the N- and C-termini facing the 
cytosol, is portrayed spectrally blue to red in Fig. 2.  The membrane domain begins with a helical 
segment (H1) that lies parallel to the inner membrane surface and ends with a disordered C-
terminal cytosolic region not visible in the crystal structure.  The single site of N-glycosylation at 
Asn642, located in an unresolved region between TM7 and 8, marks the extracellular side of the 
membrane.  All the blood group antigens [42], located in loops connecting TM segments, also 
face the cell exterior providing strong validation of the crystal structure (Fig. 2).  As expected for 
an intrinsic membrane protein, most of the TM segments in Band 3 have a predominant a-helical 
conformation.  The crystal structure defines the beginning and end of the helical portions of the 
TM segments quite accurately, but defining the corresponding boundaries of the lipid bilayer for 
a membrane protein in a detergent micelle is less reliable.  The limits of the TM segments may 
be determined by other methods such as scanning N-glycosylation mutagenesis or by molecular 
dynamics (MD) simulations of the protein in a lipid bilayer (see below).  Of particular note in the 
structure are two half-helices that make up TM3 and TM10 (Fig. 2).  Proteolytic digestion [43, 
44] and biosynthetic studies [45-48] showed that the regions encompassing TM3 and TM10 do 
not form stable TM helical segments but rather form so-called “re-entrant loops” that are initially 
in the ER lumen but fold back into the protein during biosynthesis to form the final 
transmembrane disposition.  Thus, not all TM segments in Band 3 span the ~30 Å thickness of 
the hydrophobic phase of a lipid bilayer as classical 20-residue a-helices.  Additionally, short 
helical segments (H2-6) link many TM segments, mostly on the cytosolic side of the membrane.   

A ribbon diagram of the structure of the membrane domain of Band 3 monomer is shown in Fig. 
3A again coloured spectrally from blue (N-terminus) to red (C-terminus).  A corresponding 
model illustrates the arrangement of the 14 TM segments in Band 3 highlighting the complex 
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folding topology of this membrane protein (Fig. 3B).  The residues visible in the crystal structure 
begin at Gly381 and end at Asp887 with gaps in disordered regions of loops connecting TM 
segments, particularly the long N-glycosylated segment (green) that runs across the structure 
joining the extracellular ends of TM7 and 8.  The 14 TM segments are highly a-helical in 
conformation in agreement with early circular dichroism measurements [49].  Two of the 
segments (TM3 and 10), however, have an unusual feature also observed in the bacterial UraA 
uracil transporter that has a similar fold [50], an extended structure followed by a half-helix [51].  
In UraA, the two extended structures interact to form a short anti-parallel b-sheet not resolved in 
the Band 3 structure.  The N-termini of the two helices provide positive helical dipoles facing 
each other  ~12 Å apart that likely play a direct role in anion binding (Fig. 3B).  This distance 
provides space for chloride (1.8 Å diameter), bicarbonate (2.3 Å diameter) or even larger anions 
transported by Band 3 like pyridoxal-5-phophate (8.8 Å diameter) probably in a hydrated state.  

Each Band 3 monomer is arranged into two inverted repeats (TM1-7 and TM 8-14) that have a 
similar fold, yet the two halves share little sequence identity between them.  Furthermore, each 
monomer consists of a core domain (TM1-4 and TM 8-11) and a gate domain (TM5-7 and 
TM12-14) with the anion passage located between the domains.  The core domain contains the 
anion-binding site and the gate domain contains the lysine residues in TM5 and 13 that can be 
crosslinked by H2DIDS (Fig. 3B).  A recent crystal structure of a bacterial member of the SLC26 
family of anion transporters revealed the same 14 TM 7+7 inverted topology as Band 3 and 
UraA [3].  The relative rocking movement of the gate and core domains in these proteins 
changes the accessibility of the single substrate-binding site from one side of the membrane to 
the other to accomplish anion translocation [52]. 

4.0 Band 3 dimer 

Band 3 exists as a mixture of dimers and tetramers in the membrane and in detergent solutions 
[53, 54].  Tetramers are formed by dimerization of AE1 dimers, mediated by the cytoplasmic 
domain and stabilized by interaction with ankyrin [55].  The isolated membrane domain is 
dimeric [7] as is the cytosolic domain [29, 41].  Dissociation of Band 3 into its constituent 
subunits required the use of denaturing detergents like SDS [56, 57].  Transport studies have 
shown that blocking one subunit of Band 3 with an inhibitor does not prevent transport by the 
other subunit [58, 59].  Thus, although Band 3 exists as a dimer, the two subunits operate 
independently from one another.  Band 3 dimers form in the ER during biosynthesis and proper 
folding and oligomer formation are essential for its trafficking to the cell surface [60].  This is 
particularly important in some dominant disease states where a defective subunit is associated 
with a wild-type subunit often retaining the heterodimer in the ER.  Heterodimer formation of 
normal and mutant forms of Band 3 occurs in heterozygotes as well as between two mutant 
forms in homozygotes and in compound heterozygotes in disease states such as dRTA [61]. 

The crystal structure of the Band 3 membrane domain confirmed its dimeric nature (Fig. 4A). 
The dimer interface (1092 Å2) consists primarily of a four-helix bundle contributed by TM5 and 
6 with the predominant interactions occurring on the extracellular ends of these two helices at 
Leu572 at the N-terminal extracellular end of TM6 (Fig. 4B).  There is also some contribution 
from TM7 and on the cytosolic side of the membrane from H4 and the loop connecting it to 
TM13.  Viewed from the cytosolic surface (Fig. 4B) there is a funnel-shaped entry between the 
two subunits, with few interactions between the two subunits on the cytosolic side of the dimer 
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in the H2DIDS-labelled form.  The dimer interface, which is entirely contributed by the gate 
domain, may change during the transport cycle as the constituent subunits move from an outward 
to an inward-facing conformation.  Alternatively, the dimer interface may remain fixed and the 
core domain may move during the translocation cycle.   

Band 3 in red cells can be crosslinked quantitatively to a covalent dimer by the membrane 
impermeant reagent bis(sulfosuccinimdyl)suburate (BS3) [62].  This reagent forms an 
intramolecular crosslink between the two H2DIDS-reactive lysines residue and an intermolecular 
crosslink between Band 3 subunits.  One end of the intermolecular crosslink has been localized 
to a lysine residue close to the extracellular chymotrypsin cleavage site at Tyr553 – likely 
Lys551 or Lys562 [63].  These two residues are located in the extracellular loop connecting TM5 
and TM6 at the dimer interface.  BS3 crosslinking of Band 3 in the presence of the inhibitor 4,4’-
dinitro-2,2’-stilbene disulfonate promotes the formation of SDS-resistant tetramers made up of 
non-covalent dimers of crosslinked dimers [64].   

In Dent’s disease, mutations in the ClC-5 chloride transporter cluster at the dimer interface [65].  
Phosphorylation of a critical threonine at the dimer interface of the plant nitrate transporter 
NRT1.1 results in dissociation to a monomer [66].  Mutations located at the dimer interface of 
Band 3 may affect dimerization and the ability of the protein to exit the ER.  No such mutants 
have yet been identified in the human SLC4A1 gene.  It would be interesting to generate a stable 
monomeric version of Band 3 and assay its transport function as was done with the ClC 
transporter [67]. 

5.0 The DIDS inhibitor-binding site 

Anion transport in red blood cells can be inhibited by some organic anions [68], most notably 
4,4’-diisothiocyano-2,2’-stilbene disulfonate (DIDS) or its reduced dihydro derivative (H2DIDS).  
NMR studies of 35Cl- binding to Band 3 [69-71] revealed three classes of inhibitors: channel 
blockers like DIDS, transport site inhibitors, and translocation inhibitors.  H2DIDS, which binds 
to an outward-facing inhibitor site [63, 72-74], reacts irreversibly with Lys539 in TM5 at neutral 
pH and crosslinks to Lys851 in TM13 under alkaline conditions, thereby bridging the ~13.2 Å 
distance between the ends of the two lysine residues within each Band 3 monomer (18.6 Å from 
the Ca backbones) [63, 75, 76].  This is clearly seen in a top view of the crystal structure (Fig. 
5A) where the inhibitor is sandwiched between the core and gate domains of the protein.  
Lys539, located two helical turns in from the extracellular end of TM5, is in a hydrophobic 
environment, which lowers its pKa and makes it a reactive nucleophile.   

Energy transfer occurs between tryptophan residues in Band 3 and bound fluorescent stilbene 
disulfonates [72].  Fluorescence of the inhibitors is increased upon binding consistent with a 
hydrophobic environment [74].  Trp848 is located one turn proximal to Lys851 on the 
extracellular end of TM13 and is likely the predominant tryptophan residue responsible for 
energy transfer.  Trp831 is located near the end of TM13 on the cytosolic side of the membrane.  
Both tryptophan residues are at the interface region of the membrane, typical of tryptophan 
residues in membrane proteins [77].  Mutation of Trp492 or Trp496 within TM4 to Phe or Ala 
causes Band 3 to misfold.  These two residues face outward from the same side of TM4 and are 
in close contact with the N-terminal region of TM8.  Replacement of the bulky tryptophans could 
disrupt this interaction.  Mutation of Trp648, Trp662 or Trp723 to Ala but not Phe had the same 
effect, while mutation of Trp831 or Trp848 had no effect on the folding or functional expression 
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of AE1 in HEK-293 cells [78].  Trp648 is located in the long strand connecting TM7 and 8 just 
residues distal for the N-glycosylation site at Asn642 and is not visible in the crystal structure.  
Trp662 is located near the beginning of TM8 at the membrane interface region, facing towards 
the end of TM3.  Trp723 is located in the extended region of TM10 and is buried within the 
Band 3 structure.  Trp 831 is located at the beginning of the TM13 helix in the membrane 
interface region, while Trp848 is located one turn in from the extracellular end of this helix 
facing towards TM5.   

DIDS once bound to Band 3 is not accessible to anti-DIDS antibodies [73], consistent with its 
lack of exposure in the crystal structure (Fig. 5B).  In the crystal structure, H2DIDS is located in 
a deep cleft on the external aspect of Band 3 between the core and gate domain.  The binding of 
DIDS within a cleft is in agreement with fluorescent energy transfer experiments.  These 
experiments indicated that the inhibitor is located 34-43 Å away from probes located on the 
cytosolic domain.  Although the spatial arrangement between the membrane and cytosolic 
domain is not known, this distance is less than the thickness of the bilayer indicating the DIDS 
binding site is buried within Band 3 not on its outer surface [72, 79].  More recent FRET 
experiments by the Knauf lab showed that that stilbene disulfonate site is located over 60 Å away 
from the cysteines in the cytosolic domain [79].  This would place the inhibitor binding site near 
the middle or outer leaflet of the bilayer further towards the external surface than Glu681, as 
shown by the crystal structure (Fig. 5).  One end of H2DIDS is attached to Lys851, which is 
located at the extracellular end of TM13.  The other end of H2DIDS is attached to the very 
reactive Lys539, located two helical turns in from the extracellular end of TM5.  Both lysine 
residues are indeed closer to the external side of Band 3 than Glu681, which is located closer to 
the cytosolic end of TM8. 

H2DIDS sits between the core and gate domains in a passage that leads to the anion-binding site 
in Band 3, located some distance below.  As such it may impede the relative movement of the 
two domains, blocking translocation.  One H2DIDS sulfonate group is exposed to solvent, facing 
the outside of the inhibitor cavity, whereas the second is held in place by interactions with 
positive dipole between TM3 and TM10 in the gate domain reaching across to Arg730 within 
TM10 in the core domain (Fig. 5C).  

Mutation of Lys539 does not affect the AE1 anion transport activity [80] and this residue is 
therefore not directly involved in anion transport.  Similarly, mutation of the DIDS-reactive 
lysine residues in murine AE1 (Lys558, Lys869) [81] does not affect anion transport, but does 
affect inhibitor binding [82].  Inhibitor binding induces a conformational change in Band 3 that 
locks the protein into an outward-facing state, consistent with an alternating sites model for 
transport [83, 84].  The centers of the two DIDS molecules are 50 Å apart in the dimer, 
consistent with energy transfer and other spectroscopic experiments that suggested the sites are 
greater than 20 Å apart [59, 72, 85].  The crystal structure thus represents an outward-facing 
conformation of Band 3 with DIDS blocking external access to the central anion-binding site.  
The binding of DIDS at the interface between the gate and core domain may also inhibit the 
relative rocking movement between the two domains necessary for anion translocation.   

6.0 The substrate anion-binding site 

The Band 3 crystal structure did not directly reveal the location of the substrate anion-binding 
site, although the location of the buried sulfonate of the DIDS molecule interacts directly with 
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Arg730 that faces back towards the space between the helical ends of TM3 and 10.  In bacterial 
UraA, a protein with similar structure to Band 3, the uracil substrate bound to a central cavity 
comprised of the extended portions of TM segments 3 and 10 [50].  As suggested in 1989 [86], 
the partial positive helical dipole charge at the N-terminal end of helices, within disjointed Band 
3 TM segments can provide binding sites for anions.  Thus, the N-terminal ends of the helical 
portions of TM3 and TM10 facing in the opposite orientation may provide the binding site for 
substrate anions in Band 3.  The involvement of helix dipoles in anion binding is similar to the 
chloride-binding site in the bacterial ClC proton/chloride exchanger [87].  Band 3 was initially 
proposed to show some structural resemblance to a portion of the bacterial ClC based on low-
resolution (8.5 Å) electron microscopy analyses of Band 3 crystals [36, 37, 88].  A model of 
Band 3 based on UraA [89] rather than ClC turned out to be a better fit with the actual Band 3 
structure.   

The anion-binding site could be located at the N-terminal, positive end of helix dipoles created 
by the short apposing helices with TM3 and 10 (Fig. 6).  The side chain of Glu681 in TM8 may 
occupy this site in the absence of anions, acting as an active site blocker or gate (Fig. 7).  Glu681 
was identified as the proton-binding site in Band 3 involved in H+-sulfate co-transport [27, 28].  
Mutation of the homologous residue in murine Band 3 (E699Q) resulted in loss of chloride-
mediated anion exchange [90, 91].  The E681Q mutation in human Band 3 also severely 
impaired Cl-/HCO3

- exchange, but accelerates sulfate transport, rendering it largely pH 
independent [30].  The presence of the negative charge on Glu681 may preclude binding of 
divalent anions like sulfate due to ionic repulsion, while eliminating the charge on Glu681 would 
permit sulfate binding.  Glu681 is in the position corresponding to active site Glu241 in UraA 
(Fig. 8). Interestingly, the side chain of Glu681 is only 5.3 Å away from the side chain of the 
H2DIDS reactive Lys851 in TM13, suggesting a possible ion interaction between these two 
residues.  Perhaps Lys851 is the ionic partner for Glu681 when it is displaced from the anion-
binding site.  The relative position of these two residues may be different in Band 3 without the 
H2DIDS crosslink and their positions may change during the transport cycle.   

The side chain of Arg730 in the helical portion of TM10 faces back towards the active site in 
Band 3 located 7.5 Å from Glu681 (Fig. 7). Arg730 thus provides the positively-charged 
environment to accommodate anions.  Recall that one sulfonate of H2DIDS interacts directly 
with the guanidinium group of Arg730.  Arg730 is found at the same position as the active site 
Glu290 in UraA (Fig. 8).  The ends of the side chains of Glu241 and Glu290 involved in binding 
uracil in UraA are spaced ~8.5 Å apart.  In Band 3 Arg730 may interact directly with the 
negative charge on bicarbonate (and chloride), with the –OH group of bicarbonate forming a 
hydrogen bond either directly or via water with the side chain of Glu681. In murine Band 3, 
mutation of Arg748 (equivalent to Arg730 in human AE1) inactivates the protein while mutation 
of Arg509 (equivalent to Arg490 in human AE1) leads to a mis-folded protein [92].  Arg490 is 
located one turn from the TM4 end and points inward towards Glu472 in TM3 helix, the side-
chains being 2.3 Å apart.  Disruption of this salt bridge could be the cause of the mis-folding 
seen in the mutant.   

His834, located near the end of the TM10 helix one turn distal on the same side of the helix as 
Arg730, was identified as an essential residue in the conformational change that occurs during 
anion transport [93].  This residue is conserved in all 10 human members of the SLC4 
bicarbonate transport family.  Mutation of the equivalent His752 in murine Band 3 reduced 
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transport [91], however this effect was reversed by mutation at the DIDS-reactive Lys558 [94].  
These two residues are far apart in the crystal structure, so allosteric changes in long-range 
interactions may be involved.   

There are also a number of hydroxyl-containing residues in the extended regions of TM 3 
(Ser465) and TM10 (Ser725, Thr727, Thr528) that could participate in binding anions by 
replacing bound water molecules as proposed for the dehydration of chloride when bound within 
ClC channels [95].   

7.0 Band 3 Transport Mechanism 

Band 3 operates by an alternating access model [96] with the empty carrier tending to face the 
cell interior [97].  DIDS locks Band 3 into the outward-facing state [98] as seen in the crystal 
structure [3].  Simple, yet elegant, NMR chloride-binding studies by Falke and Chan [84, 99, 
100] showed that Band 3 contains a single buried anion binding site and that the mechanism of 
transport follows a simple ping-pong mechanism where the transition from outward to inward 
facing is the rate-limiting step.  The ion-binding site was proposed to remain stationary, with 
access through a gate that rapidly alternates between inward and outward when an ion was 
bound.  These studies further showed that the stilbene disulfonate DNDS and phenylglyoxal 
modification blocked the chloride binding site [69], while 1,2-cyclohexanedione (CHD) and 
dipyridamole (DP) block a channel leading to the site [70], and compounds like niflumic acid are 
translocation inhibitors [71].   

The Band 3 crystal structure represents an outward-facing conformation of the protein, locked in 
place by the inhibitor H2DIDS.  The 14 TM segments in Band 3 consist of two inverted 7 TM 
repeat regions (TM1-7 and TM8-16) that have a similar fold (Fig. 9).  Thus, TM1 and 8, 2 and 9, 
3 and 10, 4 and 11, etc. have a similar but inverted topology as the segments run in opposite 
directions.  This inverted topology is most important in positioning TM3 and TM10, where their 
N-termini face each other in the center of the protein to form the anion-binding site. 

The membrane domain of Band 3 is composed of two domains: a core domain and a gate 
domain.  The anion passage across the membrane is formed at the interface between these two 
domains and their relative rocking movement is responsible for anion transport.  The core 
domain consists of TM1-4 and the inverted repeat TM 8-11 bundled together, while the gate 
domain consists of TM5-7 tightly associated with the inverted repeat TM12-14.  It is possible to 
overlay the corresponding repeats of the core domain, however the gate domain repeats do not 
overlay (Fig. 10).  Conversely, it is possible to overlay the gate domain repeats but then the core 
domains repeats do not overlay.  Thus, in the DIDS-labelled outward-facing structure, the 
relative positions of the repeats in the core and gate domains are different.   

The Band 3 structure represents an outward-facing conformation, while the related UraA 
structure represents an inward-facing state.  We used UraA as a template to thread the Band 3 
sequence and produce a model of Band 3 in the inward-facing conformation using Phyre2 
Protein Fold Recognition Server (http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=help) 
developed by Lawrence Kelley [101].  Observing the superimposed structures of Band 3 aligned 
with the UraA structure on their core domains reveals a highly similar domain structure with an 
RMSD of 1.9 Å (Fig. 11).  In contrast to the core domain, the gate domain appears with high 
differences revealing conformational changes between the Band 3 outward-facing state and the 
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inward-facing state of UraA.  Note the major shift in the positions of the gate domain relative to 
the core domain, indicated by changes in the positions of the helices.  While the TM helices 6, 7 
and 13, 14 appear peripheral in both structures, TM helices 5 and 12 are centered and cover the 
substrate-binding site.  In the inward open conformation TM5 and 12 of Band 3 modelled on 
UraA are translated by ~8 Å and rotated by ~30° relative to the equivalent TM5 and 12 positions 
in the outward open Band 3.  A similar shift in position can be seen for equivalent pairs of 
helices due to the relative movement of the entire gate and core domains.  This alternating access 
is also seen by fixing the gate domains in the dimerization interface and allowing the core 
domain to move during the cycle (not shown).  In the outward open conformation TM3 would 
open to the outside of the cell membrane and allow substrate access to the binding site whereby 
TM10 would close the substrate access from the inside of the membrane.  In the inward open 
state the conformations would change by TM3 closing the substrate access from the outside and 
TM10 opening it up into the cytosol.   

As mentioned earlier, the side chain of Lys851 in TM13 is only 5.3 Å away from the side-chain 
of Glu681 in TM8 in the H2DIDS labeled Band 3 structure. In the inward facing model of Band 3 
based on UraA, Lys851 is now over 30 Å away from Glu681. Recall that TM8 is in the anion-
binding core domain while TM5 and 13 are in the gate domain (Fig. 3B).  The change in the 
distance reflects the dramatic movement of the two domains.  The distance between the side 
chain of Lys852 in TM13 and Lys539 in TM5 is ~20 Å in the inward-facing state compared to 
15 Å in the H2DIDS-crosslinked structure.  Thus, there is some relaxation of the Band 3 gate 
domain structure in the absence of the crosslink.   

Band 3 is the world’s fastest transporter with a turnover number of some 105 chloride ions per 
second per molecule [102].  The large conformational change in Band 3 that occurs during the 
transport cycle must involve an equally rapid movement of the core and gate domains.  The 
binding of an anion lowers the activation energy of the protein to allow this rapid conformational 
change.  Band 3 continually oscillates back and forth rapidly when the substrate-binding site is 
occupied.  The energy barrier for the empty carrier is high and does not permit Band 3 to 
undergo the conformational change.  In the empty state, the active site may be occupied by the 
side-chain of Glu681, locking Band 3 into an inactive conformation.  This results in tight 
coupling of anion binding and translocation resulting in 1:1 exchange, with very limited anion 
leakage or unidirectional channel activity.  One reason for the high turnover number is the high 
(~30 mM) Km values for chloride.  This low affinity for anions allows for rapid de-binding of 
anions to occur.  The key structural feature here is likely that the anion is bound, not by multiple 
basic side-chains, other than perhaps Arg730, but rather weakly between two helix dipoles, with 
a neighbouring negative charge provided by Glu681 acting as a gate to displace bound anions.  
In contrast, the bound uracil in UraA is held in place by multiple interactions that must be made 
and broken in every transport cycle, resulting in a much slower transport rate.   

Band 3 is the founding member of the solute carrier SLC4 family of bicarbonate transporters that 
includes bicarbonate/chloride exchangers and sodium-coupled bicarbonate transporters [103-
107].  Thus, these exchangers and co-transporters share a common ancestor and are related in 
sequence and structure.  They likely operate by a similar transport mechanism with a central 
substrate-binding site alternately facing the cytosolic or extra-cytosolic side of the membrane 
[96].  In the exchange mode, the conformational change between inward and outward facing only 
occurs when anions are bound; the empty carrier cannot undergo the conformational change.  In 
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the co-transporter mode both sodium and bicarbonate must be bound to the active site for the 
conformational change from outward-facing to inward facing state to occur.  In this co-transport 
mode, the empty carrier must be able to change its conformation from inward-facing to outward 
facing to complete the transport cycle.   

8.0 Band 3 N-glycosylation 

The single N-glycosylation site at Asn642 in human Band 3 defined an early extracellular 
topological marker [108].  This site is located in a largely unresolved region in the middle of a 
long polypeptide segment (Gln625 – Pro660) that stretches across the entire outer surface of 
Band 3 linking the extra-cellular ends of TM 7 and 8 in the gate and core domains, respectively 
(Fig. 3).  Asn642 is located about half-way between Gln625 and Pro660, which are about 60 Å 
apart. This positions the N-glycosylation site near the centre of the outer surface of the Band 3 
monomer, although this location would depend upon the conformation of the various regions 
between Gln625 – Pro660.  Also, the oligosaccharide may lie across Band 3 covering much of its 
external surface.  

The complex oligosaccharide on Band 3 is not essential for the functional expression of this 
membrane glycoprotein.  When expressed in transfected HEK-293 cells, Band 3 retains a high 
mannose oligosaccharide and its anion transport activity [109].  Mutation of the oligosaccharide 
acceptor site (N642D) does not impair the trafficking of Band 3 to the cell surface or its transport 
function [110].  Likewise, enzymatic removal of the oligosaccharide chain from mature Band 3, 
using N-glycanase F, does not affect its transport activity in red cells [111].  During its 
biosynthesis, Band 3 can interact transiently with the ER chaperone, calnexin, in a N-
glycosylation-dependent manner [112].  This transient interaction is neither required for the 
proper folding of Band 3 nor its trafficking to the cell surface [113].  The N-linked 
oligosaccharide does play a role in the retention of some Band 3 mutants in the ER via an 
interaction with calnexin, particularly important in the kidney but not in the developing red cell 
[113].  Indeed, calnexin is lost during erythroblast development prior to the maximal production 
of the major red cell glycoproteins, Band 3 and Glycophorin A [114].  Glycophorin A has a role 
in facilitating the cell surface expression of Band 3, particularly mutants of Band 3 (e.g. SAO 
and the dRTA mutant G701D) that would otherwise be retained intracellularly [115-119].   

9.0 Band 3 Fatty Acylation 

Cys843 has been identified as a fatty acylation site in Band 3 [120].  Chemical analysis showed 
that palmitate at a mole ratio of ~0.7, with stearate making up the remainder, was bound to Band 
3 or an 8.5 kDa C-terminal peptide fragment.  Thus, in red blood cells every Band 3 molecule is 
fatty acylated at Cys843.  This modification is not required for trafficking of AE1 to the plasma 
membrane [121] or its functional expression [122].  Unexpectedly, Cys843 is located in the 
middle of TM13 (Fig. 2).  This indicates that palmitoylation may arise from conformational 
dynamics in this region of Band 3 or protein unfolding that positions Cys843 at the interior 
membrane interface where it can be palmitoylated by a non-enzymatic acylation reaction.  
Unfolding of Band 3 may play a role in red cell senescence due to exposure of novel epitopes to 
the cell surface or increased sensitivity to proteolytic degradation [123].  As such, palmitoylated 
Band 3 may serve as a marker for red cell aging.  It would be interesting to look at changes in the 
level of palmitoylation of Band 3 as red cells age.   
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10.0 Band 3-Associated Blood Group Antigens 

Single amino acid changes in Band 3 give rise to several blood group antigens on the surface of 
red cells (Table 1).  As such, these epitopes define regions of Band 3 that face the cell exterior, 
thereby providing valuable topological information (Fig. 2).  The first antigen-associated 
mutation found in Band 3 (P854L) was known as Diego and thus, a new Diego blood group 
system was formed.  This mutation is in the last extracellular loop of Band 3 [124], and is 
genetically associated with the Memphis K56E mutation present in the cytosolic domain.  As 
expected all antigens are located on the extracellular side of the protein, where the epitope (~6 
residues) must be accessible to reactive antibodies.  Diego antigens are located on EC1, 2, 3 and 
4, as well as the last loop EC7.  The correct topological positioning of the blood group antigens 
to the external surface provides strong validation to the Band 3 crystal structure.   

11.0 Topology Studies of Band 3 

Extensive studies of Band 3 topology using sequence analysis [13, 125], proteolysis [5, 43], 
chemical labeling [126], scanning N-glycosylation [45, 46, 127, 128] and scanning cysteine 
mutagenesis [129, 130] revealed that the membrane domain consists of 12-14 transmembrane 
(TM) segments.  Some regions in Band 3 were proposed to form “re-entrant” loops that do not 
span the membrane as completely helical segments and are likely involved in the transport 
mechanism.  The crystal structure now confirms that Band 3 contains 14 TM segments with TM3 
and 10 containing half extended and half a-helical structures that span the membrane.  This fold 
is also found in the bacterial UraA uracil transporter [50] and SLC26 fumarate transporter [131].  

11.1 Proteolytic Cleavage Sites 

Early studies found that Band 3 protein was sensitive to proteolytic cleavage by chymotrypsin 
but not trypsin treatment of intact red blood cells [5].  Chymotrypsin cleaves at two closely-
spaced extracellular sites, Tyr555 and Tyr558, in an unresolved region of the protein structure, 
releasing a small peptide from Band 3 without affecting its ability to transport anions [32] or 
bind inhibitors [74].  This shows that the integrity of EC loop 3, connecting TM5 and 6, is not 
essential for anion transport as the two complementary parts of Band 3 remain tightly associated 
[7, 76]. Pronase or papain treatment of red blood cells has more drastic effects on Band 3, 
resulting in a loss of transport function [132-134].  In reconstitution experiments using cloned 
fragments of AE1, TM 6/7 was not required for functional expression of anion transport activity 
mediated by TM1-5 and TM 8-14 [135, 136].  TM6 and 7 are located on the periphery of the 
structure at the dimer interface (Fig. 4B). 

Band 3 can be cleaved at Lys360 on the intracellular side of the membrane by mild trypsin 
treatment of ghost membranes, showing that Band 3 spans the membrane [5, 32].  A second site 
sensitive to trypsin from the cytosolic side of the membrane was localized to Lys743 [137].  This 
site can however be N-glycosylated in cell-free translation systems when mutated to Asn, 
showing that this loop is exposed to the luminal side of the ER during biosynthesis in a rabbit 
reticulocyte lysate supplemented with canine pancreatic microsomes [45].  An acceptor site at 
Lys743 was however not N-glycosylated when the mutant Band 3 protein was expressed in 
HEK-293 cells [127].  In the final folded state of Band 3, Lys743 is located in a short 
intracellular loop connecting TM segments 10 and 11 (Fig. 2).  It is proposed that the helical 
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hairpin encompassing TM10 and 11 folds into the Band 3 structure as a “reentrant” loop during 
the biosynthesis of the protein (see below).   

Denaturation of Band 3 by alkali-treatment of ghost membranes exposes a number of TM 
segments that were characterized to form “re-entrant” loops (TM2/3 and TM9/10) [138].  TM3 
and TM10 are not typical TM helices and they do not interact strongly with the lipid bilayer.  
TM2 does not act as a strong stop-transfer sequence, which allows the translocation of the 
TM2/3 region across the membrane during biosynthesis [46].  TM10 is also a weak stop-transfer 
sequence, allowing the TM9/10 region to translocate across the membrane [139].  TM3 and 
TM10 turn out to be half extended, half helical TM segments, rather than fully helical TM 
segments.  This unusual TM conformation accounts for the exposure of these TM segments to 
aqueous solution under strong alkaline conditions and their subsequent sensitivity to trypsin 
digestion [44].  DIDS labeling stabilizes Band 3 [140, 141] and makes it resistant to alkaline 
denaturation.  Thus, proteolysis reveals three classes of sites: 1) loops sensitive in the native 
protein, 2) TM segments involved in protein-protein interactions that become sensitive upon 
denaturation, and 3) stable TM segments that have a strong interaction with other portions of the 
protein or the lipid bilayer [142].  

11.2 Chemical labeling sites 

Eosin maleimide, normally a sulfhydryl-directed reagent, reacts with Lys430 located in the first 
extracellular loop of Band 3 [143], but which is accessible to quenching reagents from the 
cytosolic side of the membrane [83].  It inhibits anion transport with the eosin located in the 
anion transport channel [144], but it does not block chloride binding to Band 3, suggesting an 
indirect or allosteric mechanism [145, 146].  Lys430 is located near the extracellular end of TM1 
helix and its side-chain points backwards in between the core and gate domains.  It is in a 
hydrophobic environment, which accounts for its reactivity.  The hydrophobic eosin moiety 
would be sandwiched between the two domains, thereby inhibiting the conformational changes 
necessary for transport.  

Pyridoxal phosphate, a transport substrate of Band 3 can label the protein at Lys851 (the second 
H2DIDS-reactive lysine) equivalent to Lys869 in the mouse sequence [126, 147, 148].  This 
lysine defines part of the translocation pathway between the core and gate domains.  Lys851 is 
located at the extracellular end of TM13 with its side chain facing into the DIDS binding site.   

Diethylpyrocarbonate (DEPC) reacts with histidine residues and locks Band 3 into the inward-
facing conformation [149, 150].  DEPC reacts from the cytosolic side of the membrane with 
His834 identified as the primary reaction site [93].  His834 is located one helical turn in from the 
cytosolic end of TM13.  Stilbene disulfonates, which lock Band 3 in the outward-facing 
conformation, prevent the reaction with DEPC, while DEPC modification in turn, reduces 
stilbene disulfonate binding [151].  Thus, His834 should be accessible from the cytosolic side of 
the membrane when Band 3 is in the inward-facing conformation, but should be inaccessible 
when Band 3 is locked in the outward-facing conformation.  In the H2DIDS-labelled Band 3 
structure the side chain of His834 is bound by a pocket formed by the cytosolic loop connecting 
TM12 and 13 that contains four proline residues (–P815P816KWHP820DVP823–).  TM12 is unusual 
(Fig. 3A).  It is composed of a N-terminal helical TM segment (Leu785–Ser801 running parallel 
to the membrane that is connected to a C-terminal helical segment (Leu805–Lys814) by a ~90° 
bend formed by the sequence –S801GIQ804.  The end of TM12 is then connected to the beginning 
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of TM 13 by the proline-rich loop.  The helix-loop-helix structure of this region and the mobile 
nature of the proline-rich loop were determined by early NMR studies of a synthetic peptide 
encompassing residues 796-841 [152]. 

Region 812–830 and more particularly the limit Phe813–Trp818 in the proline-rich cytosolic 
loop has been defined as a red cell senescence antigen [153].  If this region is displayed to the 
cell surface in aged red cells, Band 3 must unfold dramatically to display this normally cytosolic 
region to the extracellular surface.  The identification of this sequence is based on a competitive 
screen using short synthetic peptides.  The conformation of the peptides may not reflect the 
conformation of the same sequence in the context of the intact protein.   

Phenylglyoxal compounds react with 1-3 arginine residues in Band 3 and inhibit transport [154, 
155].  The reaction is blocked by stilbene disulfonates and reduced by chloride [154, 156].  
There are multiple sites of modification on Band 3, with 2/3 of [14C] phenylglyoxal label located 
in the N-terminal 60 kDa chymotryptic fragment [157].  The modification affects anion binding 
suggesting that an arginine is directly involved in anion binding [154].  Under selective labeling 
condition one site in the 35 kDa fragment of Band 3 can be labeled with phenylglyoxal [158]. 
Arg730 has been identified as a residue required for anion transport [159]. Interestingly, the last 
arginine residue in the protein, Arg901 [149], which is located on the cytosolic tail of the protein 
well beyond the end of the helix (Leu874) forming TM14 is modified by hydroxyphenylglyoxal 
resulting in inhibition of transport [149].   

12.0 Cysteine Scanning Mutagenesis 

Human Band 3 contains five cysteine residues, two in the cytosolic domain (Cys201and 317) 
that can be cross-linked to each other [160], and three others in the membrane domain (Cys479, 
843 and 885) [161].  Cys479 is located near the extracellular end of TM3; Cys843 in the middle 
of TM13; and Cys885 in the cytosolic tail of the protein.  None of these cysteine residues can be 
labeled from the cell exterior.  Band 3 does not contain any disulfide bonds, which would be 
located on the extracellular aspect of the protein.  As mentioned above, Cys843 has been 
identified as a site of palmitoylation [120].  

A cysteine-less Band 3 is functional [109], allowing the introduction of cysteine residues into 
defined sites in Band 3 by cysteine-scanning mutagenesis and a subsequent measurement of their 
accessibility to chemical modification [162].  There is a possibility that the Cys-less version of 
Band 3 is less stable than the wild-type protein and could sample rare conformational states.  
Introduced cysteine residues located within TM segments and exposed to the hydrophobic phase 
of the lipid bilayer, retain their proton and are unreactive.  Cysteine residues on loops exposed to 
solvent, or more interestingly to an aqueous passage through which hydrated anions flow can be 
labeled by cysteine-directed reagents.  If no labeling of sites within TM is observed, this defines 
the extent of the sequence that is in a hydrophobic and un-reactive environment.  Using this 
method the limits of TM8 were defined as extending from Met664 to Gln683 [163], with the 
active site residue Glu681 located just within the cytosolic end of TM8. Further studies of TM8 
found that small hydrophilic sulfhydryl probes inhibited transport after reaction with cysteine 
residues placed along one face of a helix in a region from Ala666-Ser690 [164], which extended 
the C-terminal end of the helix to one identical with the crystal structure.  
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Protein chemical studies provide additional insight into the structure of the long extended 
segment between TM7 and TM8.  Introduced Cys mutants in the Trp648-Leu655 region 
immediately following glycosylation site, Asn642, were poorly accessible to biotinylation, 
whereas Arg656-Met663 could be labeled, with a progressive decline in reactivity moving 
toward Met663. Towards the C-terminal end, labeling is consistent with an aqueous region 
extending below the surface of the bilayer. Since the extracellular loop region was poorly 
resolved in the crystal structure, we can only speculate that core portion of the oligosaccharide at 
Asn642 sterically blocked labeling in the Trp648-Leu655 region. 

Cysteine labeling may provide some insight into the conformational changes of Band 3.  The 
crystal structure defines the outward facing state of the transporter, while labeling studies capture 
the full conformational spectrum of the protein.  The crystal structure reveals TM13 as starting at 
Thr830, but residues as deep as Leu835 could be labeled from the cell exterior when mutated to 
cysteine [165].  This suggests that in the inward conformation, the aqueous pore may open more 
at the N-terminus of TM13.  The limits of TM13 and 14 were localized by these studies to 
Phe836-Lys851 and Ser856-Arg871, respectively, in good agreement with the crystal structure 
(Fig. 2). 

The Band 3 crystal structure was obtained for protein fixed in the outward conformation with 
H2DIDS.  What effect does this have on the protein?  One protein chemical study examined the 
structure changes occurring upon stilbene disulfonate binding by treating Band 3 with 4, 4’-
dinitro stilbene-2,2’-disulfonate (DNDS).  Changes in the ability to label introduced cysteine 
residues with biotin maleimide were assessed [166].  The Ile661-Met663 region at the 
extracellular end of TM8 became much less able to be biotinylated, either because of steric 
hindrance by DNDS, or because the end of TM8 becomes less open to solvent. 

Overall the ability to biotinylate introduced cysteine residues was accurate in identifying aqueous 
accessible regions, and thus defining topology of the Band 3 [129, 163, 165].  To differentiate 
intracellular from extracellular regions, membrane impermeant compounds were used, leading to 
one result inconsistent with the crystal structure [165].  The monoclonal antibody BRIC132 
binds to the sequence Phe813-Tyr824 from the intracellular side of the erythrocyte membrane 
[167], consistent with the disposition of the region in the Band 3 structure.  The Lys814-Val828 
region, spanning the cytosolic region between H4-H5, all of H5 and up to the end of TM13 could 
be labeled by the small, charged, hydrophilic compound, monobromotrimethylammoniobimane 
(qBBr).  Labeling cannot easily be explained by a systematic artifact of qBBr leakage into cells, 
as cytosolic Cys201 and the Leu873-Cys885 regions were not labeled by qBBr.  Given the Band 
3 crystal structure, the biochemical data can be explained by two possibilities: 1, qBBR can 
transit through Band 3 and label the cytosolic region it reaches immediately upon entering the 
cytosol, or 2, in some extreme conformation, the cytosolic region H4-H5 can pull out of the 
Band 3 structure and access the extracellular milieu.  Consistent with the latter idea, Phe813–
Tyr818 has been identified as a red cell senescence antigen [168].  Together this suggests that the 
H4-H5 region under normal circumstances transiently becomes accessible to the outside of the 
cell and that in senescence the region becomes “fixed” in this position.  Labeling with qBBr 
occurred for 10 min, which is a long time in the conformational life of Band 3, with its transport 
rate of 105 ions per second.  Thus qBBr may trap a rare conformational form of Band 3.  Note 
that in the structure TM13 and 14 are quite short and are connected to the rest of the structure by 
an exotic cytosolic loop containing two helical segments (H4 and 5).  
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Cysteine scanning mutagenesis was also used to define the regions of AE1 involved in dimer 
formation [169].  Single cysteine residues were substituted into 16 different positions in AE1 in 
putative extracellular and intracellular loops and the protein was expressed in HEK-293 cells.  
Zero-distance crosslinked disulfide dimers were generated with mutants T431C, Y486C, Y555C, 
G565C and A751C.  None of the crosslinks had any significant effect on anion transport activity.  
Based on the structure of the Band 3 dimer, Tyr555 and Gly565 in EC loop 3 between TM5 and 
TM6 are at the dimer interface (Fig. 4B).  The crosslinking results with T431C are inconsistent 
with the crystal structure.  Thr431 is at the extracellular end of TM1 and the two equivalent 
residues are over 70 Å apart in the Band 3 dimer.  Furthermore, Thr431 is centrally located at the 
interface between the core and gate domains, which suggests that crosslinks between pairs of 
dimers in a membrane is unlikely.  Similarly, Tyr486 is at the extracellular beginning of TM2 
and the equivalent residues are over 90 Å apart in the Band 3 dimer.  An inter-molecular 
crosslink between Band 3 dimers is possible in this case as TM2 is on the periphery of the dimer.  
Ala751 is located in an unresolved intracellular loop region between TM10 and 11 about 30Å 
apart in the dimer.  This loop may have a dynamic aspect facilitating crosslinking within the 
dimers or between dimers.   

Fluorescence resonance energy transfer (FRET) was used to measure distance within the Band 3 
dimer.  The distance between cysteine residues introduced in place of Gln434 in the short loop 
between TM1 and 2 was measured as 49±5 Å [170].  The crystal structure reveals the distance 
from the two Ca atoms to be 75 Å.  The difference in the distances might be due to the large size 
of the fluorescent probe, the relative orientation of the probes or the conformational dynamics of 
Band 3.  That is, the crystal structure illustrates an H2DIDS-locked outward conformation.  
Whereas, without inhibitor, the FRET data represent the inward and outward conformations with 
the inward conformation dominating as demonstrated by the use of inhibitor probes and flux 
measurements [97, 171]. 

Additional studies examined the sulfhydryl-reagent sensitivity of Cl-/HCO3
- exchange by AE1 

introduced Cys mutants.  In the Val806-Cys885 region (H4- C-terminal end of TM14) function 
was inhibitable for only 10 mutants in the region Val849 to Leu863 [130].  These all cluster 
toward the external ends of TM13-14 and the short loop extracellular connecting them.  The 
crystal structure reveals that the region lies close to the Band 3 active site.  Inhibitable mutant 
Leu863Cys extends most deeply into the plane of the bilayer, well aligned with Glu681, 
indicating that the inhibitors used (pCMBS and MTSEA) could not move past the constriction 
point at the active site.  The ability of chloride to block inhibition by the negatively charged 
mercurial, pCMBS, varied amongst the residues.  The Band 3 structure shows that residues 
deepest in the plane of the bilayer and thus closest to active site Glu681, were most sensitive to 
chloride, indicating that substrate selection was present near the active site. 

A study focused on the TM8 region [164] accurately identified a sequence of sulfhydryl-reagent-
sensitive introduced Cys mutants that the crystal structure reveals as facing toward the anion 
translocation pore.  That study also found that pCMBS would not inhibit mutants beyond 
Glu681, but that membrane-permeant MTSEA would.  Again, this reveals that the region around 
Glu681 marks a restriction point in Band 3 past which substrate movement is restricted. 

Finally, a homology model developed for AE1 on the basis of the ClC structure [87], was used to 
identify possible functionally important residues in AE1 [88].  Although UraA is a better model 
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for Band 3 than ClC, ClC also has an inverted repeat structure of two sets of seven TMs and 
features discontinuous helices in the transmembrane region.  The ClC homology model was 
combined with Ala scanning mutagenesis to identify critical residues. In this way, Gly463 and 
Ser465, were identified as functionally sensitive. Both residues are at the C-terminal end of the 
extended TM region, just before the start of TM3, where they may play a role in forming the 
substrate anion binding site. Phe792 in TM12 faces directly into the cleft between the gate and 
core domains, directly across form Glu681. As a hydrophobic residue facing into the active site, 
Phe792 may assist in positioning of the substrate anion.  More difficult to explain is the loss of 
activity associated with Phe878Ala, which the Band 3 structure reveals as in the short linker 
between TM14 and H6. This position was tolerant of mutation to Tyr, or Leu, but not Ala or Thr, 
suggesting that a bulky residue is required.  Sensitivity of this position may be explained by 
effects on positioning of neighbouring residues at the N-terminus of TM13. 

13.0 N-glycosylation scanning mutagenesis 

N-glycosylation of membrane proteins is a co-translational event that occurs on the luminal side 
of the ER membrane.  As mentioned above, Band 3 contains a single site of N-glycosylation at 
Asn642, consistent with the extracellular location of this long strand.  Removal of this site 
through mutagenesis does not impair the functional expression of Band 3.  The utilization of 
introduced acceptor site (-Asn-X-Ser/Thr-) into defined sites in Band 3 is consistent with 
exposure of this loop to the oligosaccharyl transferase enzyme on the luminal side of the 
membrane during biosynthesis.  Furthermore the acceptor site must be located 12 or more 
residues from the end of the preceding TM segment and 14 or more residues from the beginning 
the following TM segment [45].  Thus, it is possible to map the ends of TM segments in Band 3 
during the biosynthesis and folding of this membrane protein.  Using this method, the luminal 
end of TM1 during biosynthesis was localized to Phe423.  In the crystal structure, TM1 helix 
terminates at Thr431 (Fig. 2).  TM2 was not stably integrated into the membrane and forms part 
of a reentrant loop.  The luminal end of TM4 was localized to Ile487.  In good agreement, the 
TM4 helix begins at Tyr486, with this aromatic residue located at the membrane interface.  The 
luminal ends of TM5 and TM6 were localized to Phe544 and Pro568 respectively.  In the 
structure TM4 helix terminates at Asp546 while the TM 5 helix begins at Thr570, in excellent 
agreement with the scanning N-glycosylation results.  The luminal ends of TM7 and 8, which 
border the N-glycosylated loop were localized to residues Ile624 and Met663 respectively.  The 
TM7 helix begins at Phe623 and the TM8 helix at Ile661, again in excellent agreement with the 
biosynthetic studies.  TM9 and 10 form a reentrant loop, since residues located on the cytosolic 
side of the membrane in the folded protein (e.g. Lys743) could be N-glycosylated on the luminal 
side of the ER membrane in cell-free translation systems.  The luminal ends of TM9 and 12 (the 
region encompassing TM10 and part of TM11 were luminal) were defined as residues Pro722 
and Leu764 respectively with the intervening sequence exposed to the ER lumen during 
biosynthesis.  In the Band 3 structure the extracellular end of the helix forming TM9 is located at 
Phe719 followed by Gly720 as a helix terminator in good agreement with the topology assay.  
Leu764 is however located within TM11 suggesting that the region between TM9 and TM12 
undergoes dramatic conformational changes during biosynthesis and upon Band 3 attaining its 
final folded state.  This would involve insertion of the reentrant loop consisting of TM10 and 11 
into the protein with Leu764 moving from the membrane surface to the middle of TM11 and 
placing TM12 into its final position.  Clearly the C-terminal region of Band 3 (TM10-14) 
exhibits dramatic conformational flexibility during biosynthesis.  



 

 18 

14.0 A Proposed Model for the Folding of Band 3 During Its Biosynthesis 

Results of cell-free translation seen in the light of the topology of the final folded structure (Fig. 
3B) provide insight into the Band 3 folding pathway.  TM1 is known to act as a signal sequence 
to target the nascent chain to the ER via an initial interaction with the signal recognition particle 
(SRP) [48, 172].  H1 preceding TM1 may interact with the head-groups of lipids to help position 
the first TM segment.  We hypothesize that TM2 and 3 are translocated entirely across the ER 
membrane into the lumen during biosynthesis.  Indeed, in cell-free translation studies using 
reticulocyte lysates and dog pancreatic microsomes, TM2 has been shown to be an inefficient 
stop transfer sequence and that TM3 is a poor signal sequence [47, 48].  TM4 acts as an efficient 
stop transfer sequence, suggesting a folding intermediate with two TM segments (TM1 and 4) 
spanning the ER membrane (perhaps still held within the translocon), with TM2 and 3 being 
located entirely within the ER lumen perhaps bound to chaperones.  Indeed, Band 3 truncated 
after TM4 can be stably integrated into the ER membrane [173] and the proper integration of 
TM2 and 3 required TM4 [174].  We suggest that this folding intermediate then can move from 
the translocon laterally into the lipid bilayer.  We further suggest that TM5 and 6 then insert into 
the translocon and form a hairpin loop, which then moves into the bilayer.  TM7 follows and acts 
as a signal sequence to translocate EC loop 4 across the membrane [173], which is know to be 
co-translationally N-glycosylated at Asn642 allowing interaction with the ER chaperone calnexin 
[112].  TM2 and 3 are proposed to remain in the ER lumen and not insert into the protein to form 
the native transmembrane loop until TM8-11 are synthesized to form the remainder of core 
domain (Fig. 3B).  TM8 follows joined to TM7 by a long intervening N-glycosylated segment 
and acts as a stop-transfer sequence within the translocon.  TM9 then acts as an internal signal 
sequence and is know to translocate the sequence containing TM10 and 11 into the ER lumen 
followed by part of TM11 and TM12 acting as the stop-transfer sequence [45, 127].  TM10 and 
11 are proposed to then fold into the protein and assume a transmembrane disposition to form the 
core sub-domain with TM12 assuming a transmembrane disposition [139].  TM13 and 14 insert 
into the translocon as the final hairpin loop.  The stop codon is reached following residue 911, 
allowing release of TM13 and 14 from the translocon and the final part of the nascent 
polypeptide inserts into the lipid bilayer.  TM12-14 now can interact with TM5-7 to form the 
gate domain.  Thus, it is clear that Band 3 does not fold in a linear fashion with TM segments 
forming sequential hairpin loops.  Rather, pairs of non-interacting hydrophobic TM segments are 
positioned in the bilayer (e.g. 1, 4 and 5, 6) and can only collapse to form the two domains when 
distal TM segments move into the bilayer.  Once the monomer has folded in the bilayer upon 
completion of translation, we propose that Band 3 becomes ready to form a dimer, through 
interactions of extracellular portions of TM5 and 6, as revealed in the crystal structure.  

Certain complementary fragments of Band 3 can assemble to form a functional transporter, 
including TM1-8 + TM9-14 and TM1-12 +TM13-14 [135].  This indicates that these regions of 
Band 3 can insert into the ER membrane, interact directly and assemble into a functional 
transport unit [175].  The integrity of EC loop 2, which connects TM3 and 4, is required to 
reconstitute transport. EC3, which contains the chymotrypsin cleavage site and EC4, which 
contains the site of N-glycosylation, are not, however, required for transport function [176].  
Surprisingly, complementary fragments encompassing TM1-5 and TM8-14, but leaving out the 
fragment encompassing TM6 and 7 in the gate domain are able to reconstitute transport activity 
when expressed in Xenopus oocytes [136].  TM6 and 7, which are part of the gate domain, are 
located at the interface of the Band 3 dimer, suggesting that the complementary fragments could 
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form a functional unit, perhaps as a monomer.  These experiments show that complementary 
fragments of Band 3 can move into the lipid bilayer, find each other and assemble a functional 
transporter [177].   

15.  Band 3-Glycophorin A Protein Interactions 

Glycophorin A is a type I single-span membrane protein that interacts with Band 3 in the mature 
red cell membrane forming the Wright (Wr) blood group antigen [116, 178]. The Band 
3/Glycophorin A complex is not resistant to detergent extraction, as Band 3 can be readily 
purified without any contaminating Glycophorin A [179, 180].  Patients with the Wr (a+b-) 
blood group have an E658K mutation in Band 3 [178].  Glu658 of Band 3 is proposed to interact 
with Arg61 in the extracellular domain of Glycophorin A to form the Wr antigen.  Glu658 is 
exposed on the extracellular side of the membrane near the beginning of TM8, which is located 
on the opposite far end sides of the Band 3 dimer, distanced ~120 Å apart (Fig. 4A).  Glu658 is 
located at juxta-membrane position at the beginning of TM8, exposed to solvent in a position to 
form a salt-bridge with Glycophorin A.  The dimeric TM segments (residues 82-101) of 
Glycophorin A may interact with this hydrophobic surface in Band 3 encompassing parts of 
TM8.   

Glycophorin A promotes the cell surface expression of Band 3 [116-119, 181].  Glycophorin A 
interacts with Band 3 in the ER, suggesting that these two protein assemble and traffic together 
to the cell surface [115].  Perhaps Glycophorin A stabilizes an intermediate in the folding 
process.  Indeed red cells of Band 3 knock-out mice are devoid of Glycophorin A [182, 183].  In 
contrast, Band 3 can be found in human red cells devoid of Glycophorin A, but with a decrease 
in transport activity suggesting that Band 3 does not fold perfectly in the absence of Glycophorin 
A [183, 184]. The Glycophorin dimer may promote a linear polymerization of multiple Band 3 
dimers causing clustering of the proteins at ER exit sites.  It is interesting to speculate that 
perhaps the C-terminal tail of Glycophorin A interacts with Sec23/24 of the COP II complex 
facilitating vesicle formation.  Furthermore, perhaps Glycophorin A blocks the relative 
movement of the core and gate domain rendering Band 3 inactive until the two protein dissociate 
when they reach the plasma membrane.  This would prevent rapid bicarbonate movement across 
the membranes of the ER and Golgi, which might interfere with the regulation of the internal pH 
of these organelles 

Glycophorin A is essential for the movement of the G701D dRTA mutant to the plasma 
membrane [119].  Gly701 is located in the cytosolic loop connecting TM8 and 9, while Glu658 
is on the opposite side of the membrane at the beginning of TM8.  The interaction of 
Glycophorin A with Glu658 may induce a transmembrane change in the Band 3 mutant 
transmitted by TM8, facilitating its folding.  Glycophorin A contains a cluster of basic residues 
in its cytosolic juxta-membrane region, which may interact directly with Asp701 in the dRTA 
mutant, stabilizing or masking this region of Band 3 to allow the protein to fold and traffic 
beyond the Golgi to the plasma membrane.  The G701D mutation causes the dRTA disease due 
to the absence of Glycophorin A in the kidney, resulting in intracellular retention of the mutant.  

16. Band 3 Mutations in a Structural Context 

Mutations in the Band 3 gene are linked to several human diseases and conditions (Tables 1-3) 
[104, 185-188].  Many of these mutations affect the folding of Band 3 and its subsequent 
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trafficking from its site of synthesis in the ER, through the Golgi and to its final destination in 
the plasma membrane.  Some also directly affect its transport function.  In the following sections 
the mutations are positioned within the structure of Band 3 and an assessment is made of the 
impact of the mutations on the folding and stability of the protein.   

16.1 Band 3 Memphis and High Transport Mutant 

The Memphis Band 3 variant, described by Mueller and Morrison in 1977 [11], was the first 
polymorphism found in Band 3.  It arises from a K56E point mutation located at the beginning of 
the first b strand in cdAE1 [12].  Treatment of intact red blood cells with Pronase or 
chymotrypsin produces a 60 kDa N-terminal fragment and a complementary ~35 kDa C-terminal 
N-glycosylated fragment [189].  In heterozygotes with the Memphis mutation, proteolytic 
treatment of Band 3 produces a doublet of 63 kDa and 60 kDa polypeptide bands of equal 
intensity on SDS gels, with the upper band carrying the Memphis point mutation.  This gel shift 
assay provides a convenient biochemical assay for the presence of Band 3 Memphis, which is 
often linked to other mutations.  Genetic analysis in non-human primates revealed that Band 3 
Memphis is the ancestral SLC4A1 gene [190].  

A high transport (HT) variant (P868L) also carries the Memphis mutation.  Band 3 HT exhibits 
increased anion transport activity in red cells and results in an abnormal red cell shape 
(acanthocytosis) [191].  It was originally discovered by Marguerite Kay as a Band 3 protein with 
a slower than normal migration rate on SDS gels [168].  The mutation is located within TM14 of 
Band 3, suggesting an important role of this region in the transport mechanism.  The proline to 
leucine mutation is expected to remove a slight kink found in the last TM14 helical segment.  
The removal of proline would also be expected to create a stable a-helical segment due to the 
creation of a complete hydrogen-bonding network of back-bone carbonyls and amide groups.  
The straightening of TM14 may enhance anion transport by creating a conformational state that 
is an intermediate in the transport cycle, lowering the activation energy of the process.   

16.2 Southeast Asian Ovalocytosis Deletion 

The SAO deletion of nine amino acids (Ala400-Ala408) is located on the cytosolic boundary 
region of TM1 [22, 192].  The resulting mutant protein is found at near-normal levels in the red 
cell membrane of heterozygotes where it has some negative impact of the transport activity of 
the normal subunit [193].  The structure (Fig. 12) shows that this sequence creates a sharp turn at 
Pro403, linking an amphipathic helix H1 that lies parallel to the membrane to TM1.  The SAO 
deletion removes the first six helical residues of TM1, which would disrupt its interaction with 
neighbouring TM segments, such as TM3, 8, 10 and 11.  This deletion results in a severely mis-
folded protein, unable to bind inhibitors or transport anions [194, 195].  The deletion also 
removes a bend induced by Pro403 as shown by NMR studies of synthetic peptides 
corresponding to TM1 [196].  This may change the orientation of TM1 and the preceding 
amphipathic H1 helix that normally lies across the cytosolic surface of the protein.  This could 
change the disposition of the cytosolic domain relative to the membrane domain.   

The crystal structure shows that N-terminal amphipathic helix H1 has extensive interactions with 
the cytosolic ends of TM4, 9, 11 and the loop connecting TM2 and 3 (Fig. 3A & 4B).  Gly455 
terminates the TM2 helix and is in a short sequence (-GAQP-) that forms a tight turn leading to 
the beginning of TM3 at Pro458 that folds into a bend in the amphipathic H1 helix at Pro391.  
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The beginning of the amphipathic helix is close to the cytosolic end of TM4. TM9 starts with 
Asp705. The preceding cytosolic loop (Lys691-Leu704) is close to a trio of arginines, 
particularly Arg388, located the beginning of the amphipathic helix H1.  Asp396 is close enough 
to form an ionic interaction with Arg760 at the beginning of TM11.  R760Q/W are HS mutations 
and disruption of this ionic interaction may result in protein misfolding affecting not only the 
membrane domain but its interaction with the cytosolic domain (Table 1). 

Pro403 at the N-terminus of TM1 may play a role in initiating formation of this helix during 
biosynthesis.  As mentioned above, TM1 of Band 3 acts as a signal sequence directing the 
protein to the ER membrane and its insertion into the lipid bilayer, translocating the following 
TM2 and 3 into the ER lumen with TM4 acting as a stop-transfer sequence [46].  The SAO 
deletion impairs the ability of TM1 to act as a signal sequence, resulting in poor translocation of 
the TM2/3 loop into the lumen.  A fraction of SAO TM1 can assume a transmembrane topology 
with the luminal end of the helix located in a similar position to the normal TM1 [197].  Part of 
the hydrophilic sequence proximal to TM1 is likely drawn into the membrane in the SAO 
mutant.  AE1 SAO is retained in the ER in transfected cells but can traffic to the cell surface with 
the aid of Glycophorin A or by forming a hetero-dimer with WT Band 3 [114, 198].  
Glycophorin A may interact with Band 3 on the cytosolic side of the membrane, helping to 
correct the defect induced by the SAO deletion.  There is solid biochemical evidence for the 
presence of Band 3 heterodimers in ovalocytes and that the deletion mutant affects the structure 
and function of the normal subunit [193, 199]. 

16.3 Hereditary Stomatocytosis Mutants 

Mutations in Band 3 are associated with hereditary stomatocytosis (HSt) [23].  Typically in HSt 
the mutant Band 3 is expressed although it has no anion exchange activity but induces a 
conductive cation leak in affected red cells [23, 200].  The leak is blocked by classic inhibitors of 
anion transport suggesting that the mutated Band 3 provides a trans-membrane passage for 
cations.  This channel-like feature was confirmed by expression of the mutants in Xenopus 
oocytes [201]. Band 3 mutations causing HS (see below) can occur throughout the sequence and 
generally cause protein misfolding and trafficking defects, resulting in loss of expression at the 
cell surface and membrane instability.  In contrast, the HSt mutations result in a protein that is 
expressed properly, is defective in chloride/bicarbonate exchange, but forms a cation channel 
inducing a red cell Na+ and K+ leak.  There can be an ~100 fold increase in the leak of cations, 
however this leak is extremely small compared with the normal rate of anion transport in red 
blood cells.  Thus, the HSt mutations convert Band 3 from an excellent anion transporter into a 
poor cation channel.   

Many HSt mutations cluster in or around TM10 on the cytoplasmic half of the core domain in 
TM8, 9, 10, 11 and 12 and may directly affect anion binding (Fig. 13, Table 2).  In particular, 
Arg730 in the TM10 half-helix likely forms part of the bicarbonate-binding site, and a R730C 
mutation likely leads directly to loss of anion binding and transport activity.  Mutation to lysine 
preserved activity while changing the arginine to histidine, isoleucine, or glutamate resulted in 
loss of activity [202].  Two other mutations in the TM10 half-helix are S731P and H734R, both 
mutations resulting in a 100-fold increase in cation leak in patients’ red cells measured at 0°C.  
L687P is located near the C-terminus of TM8 and places a strong helix-breaking residue in a 
helical region.  The E758K mutant required GPA co-expression in order to traffic to the cell 
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surface of oocytes with near normal anion transport activity but appeared to induce a cation leak 
through an endogenous pathway not directly through the mutant Band 3 protein [203].  The 
S762R mutation is located near the N-terminus of TM11 in close contact with the essential 
His734 in TM10.  The G796R mutation [204] is located in the middle of TM12 where it 
introduces a large residue with a strong positive charge that would certainly interfere with 
packing of this helix against TM5.  Many of these naturally-occurring mutations that eliminate 
anion transport activity are located in the half-helix TM10 highlight the central importance of 
this region in anion binding and translocation.  Furthermore, the structural alterations in this 
region induced by the mutations provide a passageway for cations, allowing K+ and Na+ to move 
across the red cell membrane down their electrochemical gradients.   

16.4 Hereditary spherocytosis mutations 

Single amino acid changes in Band 3 can cause hereditary spherocytosis (HS), a hemolytic 
anemia resulting from smaller misshapen red cells.  Most of these dominant mutations cause 
Band 3 to mis-fold and be retained in the ER in transfected cells [205].  Loss of Band 3 results in 
membrane instability and blebbing of membrane vesicles producing smaller spheroidal red cells.  
Importantly, dominant HS mutants can form heterodimers with the wild-type protein and retain 
the wild-type protein in the ER, exaggerating the loss of Band 3 at the cell surface [205].   

HS mutations are found in both the membrane domain [205] and the cytosolic domain of Band 3 
[40].  Cytosolic mutations affect the interaction of Band 3 with the protein components of the 
underlying cytoskeleton, which leads to membrane instability.  Band 3 Tuscaloosa (P327R) is 
associated with a 30% deficiency of protein 4.2 in the heterozygous state [206].  This mutation is 
associated with the asymptomatic Memphis mutation (K56E).  Three HS mutations (E40K, 
G130R and P327R) in cdAE1 do not affect the stability of the domain or the expression of Band 
3, but diminish binding to protein 4.2 [207, 208].  Cytosolic domain mutations do not 
dramatically affect the domain’s structure [209].  Furthermore, the three mutations do not cluster, 
but are located on the same surface of the protein.  The three mutations all involve the 
introduction of positive charges into a largely acidic protein surface.  This suggests that the 
interaction of protein 4.2 with the cytosolic domain is electrostatic and may involve a large 
surface area [207].   

HS mutations are common in the Band 3 membrane domain.  A selection of these mutations is 
summarized in Table 3.  The crystal structure provides valuable insights into the effect of the 
mutations on the folding of Band 3 (Fig. 15, Table 3).  A common theme that emerges for the HS 
mutations is that most are located close to the ends of TM helical segments.  As such, the 
substitution could de-stabilize the helix, its position in the bilayer during biosynthesis or 
compromise helix-helix interactions required to achieve the final folded state.   

Arg760 at the N-terminal region of TM11 points towards the cytosolic end of TM2, perhaps 
stabilizing the negative helix dipole.  Arg760 may also interact with the phosphate group of 
lipids as it is on the surface of the protein positioned at the lipid interface, particularly during 
biosynthesis in the ER.  Similarly, Arg870 is located one turn from the cytosolic end of the 
TM14 helix and may also be involved in interactions with lipid head groups, helping to position 
this final helix in the membrane (see MD simulation below).  There is some overlap between HS 
and HSt.  The R760Q and D705Y mutants have features of both conditions, namely low 
expression levels and a cation leak. Details of other mutants are found in Table 3.   
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16.5 Distal Renal Tubular Acidosis Mutations 

SLC4A1 mutations also cause a kidney disease, distal renal tubular acidosis (dRTA) [26, 61, 210] 
as summarized in Table 4.  Kidney Band 3 (kAE1), a truncated form of Band 3 missing the first 
64 residues, is expressed at the basolateral membrane of acid-secreting a-intercalated cells of the 
kidney, where it mediates bicarbonate re-absorption into the blood in exchange for chloride [211, 
212].  Protons are transported into the urine by an apical V-type H+ ATPase to acidify the urine. 
Mutations that cause dRTA have been introduced into kAE1 and the effect of the mutations on 
functional expression have been studied in different cell systems, include HEK-293 cells, human 
K562 erythroleukemic cells that express endogenous Glycophorin A, non-polarized and 
polarized Madin-Darby canine kidney (MDCK) cells and in Xenopus oocytes that are amenable 
to transport measurements [26, 213, 214].  Some dRTA mutants show different trafficking 
patterns depending on the cell expression system and the degree of polarization achieved [213, 
215]. 

One of the first dRTA mutations to be identified and studied is a C-terminal truncation missing 
the last 11 amino acids in the protein (Band 3 Walton, 901STOP) [216].  This mutation causes 
impaired exit of the protein from the ER and mis-sorting to the apical membrane in highly 
polarized epithelial cells [217-219].  The portion of the Band 3 sequence distal to Asp887 was 
not visible in the crystal structure, which is located by the cytosolic loop connecting TM 12 and 
13 and begins with the L886DADD region that forms the CAII binding site on Band 3 [220, 221].  
The interaction of CAII with Band 3 promotes bicarbonate/chloride transport activity [2] by 
forming a membrane transport metabolon, a functional complex of a transporter with its cognate 
enzyme that metabolizes the imported substrate [222].  The truncation could impair the ability of 
TM14 to interact with TM13 since it would be buried within the ribosome upon termination of 
translation.  Finally, it has been demonstrated [223] that the eleven terminal residues in Band 3 
contains a phosphorylation-dependent sorting signal at Tyr904 that works in cooperation with 
Tyr359 in the cytosolic domain to target kAE1 to the basolateral membrane [224].   

The kidney disease, dRTA presents in dominant and recessive forms [210, 225].  In the dominant 
disease, kAE1 typically retains function but is retained in the ER.  In recessive dRTA, kidney 
Band 3 has impaired trafficking to the BLM in polarized MDCK epithelial cells often resulting 
in a decrease in functional expression.  Dominant mutants of kAE1 like R589Q can form 
heterodimers with wild-type AE1, and retain the wild-type protein in the ER [226].  Recessive 
mutants can also form heterodimers with wild-type kAE1, but in this case, the wild-type protein 
can promote trafficking of the heterodimer to the cell surface [226].  Glycophorin A can facilitate 
the trafficking of certain dRTA mutants, including S667P and G701D (G719 in mouse), to the 
cell surface [119, 227, 228].  

Compound heterozygous recessive mutants such as G701D and A858D can form hetero-dimers 
that are predominantly retained in the ER [229, 230], while hetero-dimers with the wild-type 
protein can traffic to the plasma membrane when expressed in transfected HEK-293 cells.  
Compound heterozygotes can also carry one dominant and one recessive mutation.  In the case of 
the A858D/V850del compound heterozygote, the recessive and inactive V850del, which, by 
itself is retained in the ER, reached the basolateral membrane when co-expressed with the 
dominant, mildly misfolded A858D [231].  There are also compound heterozygotes of dRTA 
mutations with SAO.  Recall that the SAO mutant is completely non-functional and retained in 
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the ER in the absence of Glycophorin A.  SAO Band 3 can form a heterodimer with wild-type, or 
with dRTA mutants and retain the partner subunit in the ER [198, 232].  In these examples, Band 
3 SAO exhibits a dominant-negative effect on its partner subunit, preventing its exit from the ER 
and trafficking to the cell surface.  Thus, SAO Band 3 in compound heterozygote combination 
with a dRTA mutation can cause not only SAO in red cells, but severe dRTA in the kidney.  
Note that SAO heterozygotes with wild-type kAE1 do not exhibit dRTA, showing that a 
reduction in the expression of kAE1 alone is not sufficient to cause dRTA.  

The crystal structure reveals how the dRTA mutations may affect the proper folding of kidney 
Band 3 (Table 4 and Fig. 15).  Arg589 is located near the cytosolic end of TM6, one turn in from 
the end of the helix (Fig. 15).  The side-chain points directly towards to a cluster of hydroxyl 
groups donated by Thr798, Ser799 and Ser800 one turn away from the cytosolic end of TM12 
helix.  This suggests a polar interaction between the guanidinium group and the oxygen atoms, 
particularly Thr798.  The R589H/S/C dRTA mutations would be predicted to disrupt this 
interaction and change the interaction of TM7 and 12.  The dominant R589H dRTA mutant is 
retained in the ER, but can be rescued to traffic to the cell surface by blocking its interaction with 
the ER chaperone calnexin [113].  

A homozygous G701D mutation causes dRTA [233] as well as in a compound heterozygous 
state with an A858D mutation [230].  The G701D mutant can exit the ER but is retained 
predominantly in the Golgi [225].  Gly701 is located in a hydrophilic loop connecting TM8 and 
9 on the cytosolic side of the membrane. The cytosolic end of TM9 is close to H1.  The G701D 
mutation would place the Asp residue close to a cluster of Arg residues in H1, promoting a non-
native ionic interaction.  Mutating Gly701 to Asp or even Lys, however, results in retention of 
the mutant protein in the Golgi while an Ala substitution, but not Leu, results in normal 
trafficking [225].  Thus, it is likely that the replacement of the small glycine residue with bulkier 
residues alters the native structure of the loop, affecting the packing of TM8 and 9.   

The trafficking of G701D mutant (G719D in mouse) can be rescued by the co-expression of 
Glycophorin A [228].  Since Glycophorin A interacts with Band 3 in the ER during biosynthesis 
it may correct the folding defect induced by the G701D mutation.  Glycophorin A interacts 
directly with Glu658 at the beginning of TM8 on the extracellular side of the membrane but may 
also interact with the TM portion of Band 3 and on its cytosolic side. This interaction may 
“correct” the altered positioning of TM8 induced by the G701D mutation.  Details of other 
dRTA mutations are given in Table 4.   

17. The SLC4 family of anion transporters  

Band 3 is the founding and best-characterized member of the SLC4 family of anion transport 
proteins [234].  There are 10 human SLC4 members: SLC4A1-5 and SLC4A7-11, as well as 
SLC4A6, a pseudogene [235-237].  SLC4A2 and SLC4A3 are closely related to SLC4A1 and 
are typically designated as AE2 and AE3 respectively; they all mediate anion (Cl-/HCO3

-) 
exchange [103, 238, 239].  The second group of SLC4 transporters is the electrogenic (e) sodium 
bicarbonate co-transporters, of which there are two members: NBCe1 and NBCe2 that share 
about 50% sequence identity [105, 240-242].  The third group is the electroneutral (n) sodium-
coupled bicarbonate transporters that includes NBCn1, NBCn2 and the sodium-dependent 
chloride/bicarbonate exchanger (NDCBE) that are highly related with over 70% sequence 
identity [105].  Two other members of the human SLC4 family have been identified based on 



 

 25 

sequence homology, and these have been designated AE4 and BTR1. AE4 clusters 
phylogenetically with Na+-coupled transporters, and has been suggested to facilitate either 
Na+/bicarbonate co-transport [243, 244] or Cl-/HCO3

- exchange.  BTR1 (SLC4A11) shows less 
than 20% sequence identity to other members of the SLC4 family and many transport functions 
have been proposed.  SLC4A11 plant orthologs mediate borate transport [245, 246].  The human 
protein is unlikely to share this function, and most recently is reported to mediate NH3 [247] and 
water transport [248-250].   

Like Band 3 (AE1), AE2 and AE3 have a similar two-domain structure with an N-terminal 
cytosolic domain and a C-terminal membrane domain made up of 14 TM segments [103, 107, 
238].  Fig. 16 shows homology models of the membrane domains of the exchangers, SLC4A2 
(AE2) and SLC4A3 (AE3) and the sodium-bicarbonate co-transporter, SLC4A4 (NBCe1) based 
on their sequence alignment with Band 3 (SLC4A1, AE1).  The proteins display the same 7 + 7 
topology as Band 3, not surprising given their high level of sequence identity.  The key features 
involved in the transport mechanism are conserved across the AE1-3.  Namely, Glu681 in Band 
3 is retained as Glu1011 in AE2 and Glu1003 in AE3.  Similarly, Arg730 is conserved in the 
three AE proteins, as Arg1060 in AE2 and Arg1052 in AE3.  AE1-3 differ from all other SLC4 
proteins by the presence of a three amino acid insertion (AE1 L655-R656-S657) just before the 
N-terminus of TM8.  The region is in an extended structure, far from the dimeric interface, near 
the lipid head groups.  Among the three anion exchangers the sequences are not conserved, but 
all contain a Lys or Arg.  These residues are positioned where they could potentially interact 
with negatively-charged lipids, as further suggested by data in the next section.  Some important 
role of this sequence is indicated by the reduction of transport function to 5-60% of WT level 
upon mutation to cysteine [163]. 

Na+-coupled SLC4 proteins have some key differences from AE1-AE3.  While Glu681 is 
conserved in all exchangers, it is replaced by aspartate in all sodium-bicarbonate co-transporters, 
except SLC4A11, which is likely a NH3/water transporter.  Glu681 provides the proton-binding 
site in Band 3 required for sulfate transport and likely provides the sodium-binding site in the 
NBCs.  Arg730 is also not conserved in the Na+-coupled SLC4 proteins, rather being a leucine or 
isoleucine.  Fig. 16 shows a homology model of human SLC4A4 (NBCe1), including a zoom-in 
of the active site.  We hypothesize that Asp799 in NBCe1 binds the sodium ion.  Loss of the 
positive charge at Band 3 Arg730 by conversion to Ile803 in NBCe1 may be necessary to 
accommodate and translocate the sodium ion.   

AE2 and AE3 differ from Band 3 (AE1) in having a larger extracellular loop (so-called Z-loop) 
between TM5 and TM6, 19 or 27 residues longer than AE1, respectively. This disordered loop 
contains the sites of N-glycosylation in AE2 and AE3 consistent with their exposure to the extra-
cytosolic side of the membrane.  The poorly-conserved loop region is not likely related to 
transport function as the region is remote from the transport site and AE2 and AE3 transport 
faster and slower than AE1, respectively.  That said, this loop region contains the AE3 A867D 
mutation, which predisposes carriers to idiopathic epilepsy [251].  The A867D mutation does not 
affect the protein’s ability to process to the cell surface, but reduces Cl-/HCO3

- exchange activity 
by about two-fold [252]. While this site is clearly not involved in ion transport, it may guide 
substrate to the transport site, such that anion movement is slowed past the acidic Asp.  Like 
AE1, AE2 and AE3 have a long extended strand that runs across the external face of the protein 
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connecting TM 7 and 8 that, in contrast to AE1, is devoid of N-glycosylation acceptor sites (Fig. 
16 top).   

Homology modeling suggests that AE2 contains a novel cytosolic b-hairpin loop (coloured 
magenta in Fig. 16) with a turn centered on Pro1077.  In AE3 this region contains a short helix 
(coloured green in Fig. 16).  While the secondary structure is not established, these exposed 
loops may provide sites of cytosolic protein interaction.  Band 3 is, in fact, unusual in the short 
length of loop between TM6 and TM7, as this region is also about 59 residues larger in Na+-
coupled SLC4 proteins than in AE1.  Electrogenic NBCe2 stands out from all other SLC4 
proteins in having a 16 amino acid insertion between the C-terminal end of TM12 and the H4 
sequence.  The unique role of this region will require additional attention. 

A role of TM5 in substrate selection by SLC4 proteins is suggested by the observation that 
NBCe1a D555E mutant manifests a Na+-independent Cl- conductance [253]. The position of this 
mutation is homologous to E535 in human AE1 and is thus close to the key DIDS-binding 
residue, K539.  Interestingly, this residue is conserved as glutamate in all AE proteins and in 
electroneutral Na+/HCO3

- co-transporters.  Amongst electrogenic SLC4 proteins the residue is 
aspartate.  Together this suggests an involvement of the residue in charge selection of substrates, 
the aspartate perhaps providing room for the sodium ion.   

Disease-causing mutations of NBCe1, associated with pRTA and ocular deficits [254-258] arise 
in positions suggesting that the protein shares a fold with Band 3.  Strikingly, the mutations 
G486R and A799V are homologous to positions one residue before the N-terminal end of TM3 
and TM10, respectively.  This provides additional support for the role of these short helical 
regions in function of SLC4 proteins.  Interestingly, the N-terminus of TM3 is particularly 
sensitive to functional disruption as T485S also causes disease.  Other NBCe1 mutations localize 
to positions homologous to TM1, TM4 and H4 in Band 3.  

SLC4A11 stands apart from the other SLC4 family members as not demonstrating bicarbonate 
transport and for its phylogenetic distance.  Unlike Na+-coupled SLC4 proteins, SLC4A11 
conserves the Glu681 residue found in AE1-AE3.  Unique amongst the SLC4 proteins at the 
position homologous to Arg730, SLC4A11 has a His residue. Functionally this would be 
consistent with Na+-independent transport, but also raises the possibility of pH-dependent 
transport or H+ co-transport.  

The preponderance of data indicates that SLC4 proteins share a common fold as illustrated by 
homology modeling shown in Fig. 16.  The AE1 membrane domain has 30-45% amino acid 
identity and 37-54% similarity with other members of the SLC4 family [237], and folding is 
likely to follow sequence.  The positions of disease mutations (above) lend further support to a 
common fold for SLC4 proteins.  Substituted cysteine mutagenesis studies of NBCs [259-262] 
provide protein chemical data fundamentally consistent with the Band 3 crystal structure.  In 
particular, the functional importance of TM1, which is in the core domain, but interfacial with 
the gating domain, was better appreciated in NBCe1 than in AE1 [260].  Biotinylating sulfhydryl 
reagents did not sharply define the ends of TMs, rather labeling residues residing somewhat 
beneath the surface of the bilayer, in some cases.  For example, NBCe1 TM1 was defined as 
extending nine residues C-terminally longer than shown by the Band 3 crystal structure [260].  
At the N-terminal end of TM1, the C-terminal end of H1 and start of TM1 were not accessible to 
biotinylation [263].  The protein chemical data are, however, beautifully consistent with the open 
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structure at the C-terminal end of TM1, which forms part of an aqueous-accessible cleft going 
beneath the plane of the bilayer outer leaflet phosphate head groups.  The Band 3 crystal 
structure also reveals a tight protein packing of the pre-TM1 region that could not be biotinylated 
in NBCe1 introduced Cys mutants [263].  Moreover, the functional sensitivity of NBCe1 
introduced cysteine mutants to small, hydrophilic probes along one helical face, is entirely 
consistent with the crystal structure and the proposed mechanism of Band 3 conformational 
change. 

18.  Band 3 in a Lipid Bilayer 

To investigate the position of Band 3 in a membrane, coarse-grained molecular dynamics 
simulations of the membrane domain of Band 3 in a 1-palmitoyl-2-oleoyl phosphatidylcholine 
(POPC) bilayer were performed (Kalli, Sansom and Reithmeier, in progress). This is an 
established protocol to predict the position and interaction of integral membrane protein in a 
more realistic membrane environment [264].  In the simulations, the crystal structure of Band 3 
dimer, after it was converted to a coarse-grained representation, was placed in the center of a 
simulation box.  Lipids were randomly placed in the simulation box along with water and 
counter ions (Na+ and Cl-).  Simulations of 200 ns with the protein restricted were performed, 
allowing POPC bilayer to self-assemble around Band 3.  At the end of the simulation protein 
restraints were removed and further five additional 1 μs simulations were performed with the 
protein free to diffuse in the bilayer, thus optimizing its position and interaction with the bilayer 
lipids.  Note that for these simulations the missing flexible regions of Band 3 in the crystal 
structure (residues: 554-566, 641-648, 743-752) were modeled in resulting in an intact structure 
from residue 381 to residue 887.  

At the end of the simulations the Band 3 dimer is almost completely buried in the POPC bilayer 
with the ends of most of the helical regions positioned in the lipid head-group region rather than 
extending beyond into the aqueous phase (Fig. 18A).  Besides TM3 and 10, some helices (e.g. 
TM2, 9, 11, 13 and 14) are shorter than others and do not fully span the bilayer.  At end of the 
simulations the flexible region, Y553-L567 in the extracellular part of the protein, which was 
missing from the crystal structure and modeled in our simulations, lays at the protein/water 
interface interacting mainly with the external surface of Band 3.  At the beginning of the 
simulations, this region was disordered and extended as a loop away from the rest of the protein.  
The cytosolic H1 segment (before TM1) lies parallel to the membrane surface and is located 
close to the lipid phosphate groups in these simulations.  Cytosolic helices H4 (between TM12 
and 13), H6 (after TM14) and H3 (extracellular, between TM11/12) were also located close to 
the lipid phosphate groups, similar to H1. H5 (cytosolic, following TM12 and H4), however, was 
located in the lipid head-group/water interface.  Calculation of the interactions between the lipids 
and lipid phosphate groups (Fig. 18B) suggest that the amino acids that form the highest number 
of interactions with the lipids are predominantly positively charged arginine and lysine residues, 
as well as tryptophan residues.  However, it should be noted that this is a simple bilayer 
containing only one phospholipid, POPC.  In more complex bilayers, as found in the erythrocyte, 
Band 3 interaction with the lipids, such as cholesterol [265-267], may be selective.  We found a 
similar outcome in our simulations of the UraA, a bacterial uracil transporter with a similar 14 
TM fold to Band 3, which showed specific interactions with the lipid cardiolipin [268].  
Interaction of specific positively-charged residues with lipid head groups may play a key role in 
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the insertion of Band 3 into the ER membrane, the lipids acting as chaperones to assist in the 
folding process.   

Further studies are underway to produce a full atomistic model of Band 3 in a lipid bilayer.  At 
the beginning of the simulation Band 3 is in the outward-facing conformation with bound 
H2DIDS.  Simulations are performed in the absence of H2DIDS with the goal of visualizing the 
outward open state of Band 3.  Simulations are performed in the presence of NaCl.  It may 
therefore be possible to visualize the position and dynamics of chloride ions during the 
simulations.  Of particular interest would be the detection of immobilized chloride ion located at 
the anion-binding site.  Our simulations with UraA revealed a novel closed state of the protein in 
the absence of substrate.  Removing H2DIDS creates a temporary vacuum in the protein that can 
be filled with water or by a conformational change in the protein, perhaps forming an 
intermediate closed state in the transport cycle.   

16.  Future Perspectives 

Determination of the crystal structure of the Band 3 membrane domain is another major 
milestone on the long and winding road to understanding the mechanism of action of this 
transport protein and how mutations linked to human disease affect the ability of it to fold 
properly and be functionally expressed at the cell surface.  However, we are not yet at our final 
destination.  Indeed, the Band 3 structure is but another major way station that leads to many 
different roads.  One road leads to homology modeling and structural studies of other members 
of the SLC4 bicarbonate transport family.  A second road leads to the study of site-directed 
mutants of Band 3 guided by the crystal structure, sharply focused on the mechanism of 
transport.  Band 3 operates in a membrane and is influenced by surrounding lipids like 
cholesterol [265, 269].  MD simulations of Band 3 in a lipid bilayer (Fig. 18) can be used to 
study this membrane protein in a more native environment than detergent micelles.  We still need 
a structural model of full length Band 3, to explore interactions that occur between the two 
domains, especially important in regulating the activity of other members of the SLC4 family 
like AE2 and AE3.  The available crystal structure of Band 3 is of an outward-facing 
conformation, covalently modified by H2DIDS.  An inward-facing form would reveal the second 
key state of the transport protein and would provide clues as to the nature of conformational 
transitions that must occur to move from one state to the other, driven by anion binding to lower 
the energy barrier between the two states.  Ideally, a combination of structural and computational 
biology will allow the production of a 10 µs movie to show the catalytic cycle of Band 3 in 
molecular action.   

Abbreviations:  AE1, anion exchanger 1; BLM, basolateral membrane; CAII, carbonic anhydrase 
II; cdAE1, cytosolic domain of AE1; dRTA, distal renal tubular acidosis; EC, extracellular loop; 
ER, endoplasmic reticulum; GPA, Glycophorin A; HS, hereditary spherocytosis; HSt, hereditary 
stomatocytosis; HT, high transport; kAE1, kidney anion exchanger 1; MD, molecular dynamics; 
mdAE1, membrane domain of AE1; SLC, solute carrier; SAO, Southeast Asian Ovalocytosis; 
SLC, solute carrier; TM, transmembrane.   
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Figure Legends 

Fig. 1.  Role of the Band 3 Cl-/HCO3
- anion exchanger 1 (AE1) in red blood cells.  In the tissues, 

carbon dioxide (CO2) that diffuses through the red blood cell membrane (represented as red oval) 
or enters via aquaporin channels is rapidly converted with water to bicarbonate and a proton by 
the action of carbonic anhydrase II.  The bicarbonate is transported out of the cell in exchange 
for chloride and the proton is buffered by hemoglobin, which lowers its affinity for oxygen 
delivering it to the tissues.  In the lungs, the system reverses (not shown); bicarbonate enters the 
cell in exchange for chloride via the anion exchanger, bicarbonate and a proton are converted to 
carbon dioxide and water by carbonic anhydrase II, the carbon dioxide then diffuses out of the 
red blood cell and is expired by the lungs.  

Fig. 2.  Linear topology of human Band 3 with 14 TM helices coloured from N-terminus (blue) 
to C-terminus (red).  The cytosolic surface is at the bottom.  The residues located at the 
beginning and end of each helix are given.  Note that most of the helices, except TM3 and 10, are 
longer than the 20 residues minimally required to span the 30 Å thick hydrophobic interior of a 
lipid bilayer.  Indicated are the single site of N-glycosylation at N642 and the positions of blood 
group antigens (italics) within loops on the extracellular side of the membrane.  Also indicated 
are the positions of the two H2DIDS reactive lysines in TM5 (K539) and TM13 (K851) as well 
as an intracellular trypsin-sensitive site  (K743).  The active site residue (E681) in TM8 is 
indicated.  Note again that TM3 and 10 consist of half helices preceded by extended chains.  
Helices labeled H1-H6 are within hydrophilic sequences that connecting TM segments.   

Fig. 3.  (A) Ribbon representation of the human Band 3 monomer as viewed in the plane of the 
membrane, coloured from blue at the N-terminus to red at the C-terminus.  The cytosolic surface 
is at the bottom.  The protein begins with an amphipathic helix (H1) followed by 14 
transmembrane segments (1-14).  Note that TM3 and TM10 each consist of half-helices with 
their N-termini facing each other in the center of the protein forming the anion-binding site.  (B) 
Topology diagram of human Band 3 with TM helices coloured blue from N-terminal to red to the 
C-terminal.  α helices are represented by cylinders, shown in proportion to their length.  The star 
indicates the substrate-binding site between the amino-termini of TM3 and 10.  AE1 is inhibited 
by the H2DIDS molecule that crosslinks TM helices 5 and 13.  Amphipathic helices (H1-6) on 
the protein surface are coloured in grey. The protein is arranged in two domains: a core domain 
(left) consisting of TM1, 2, 3, 4, 8, 9, 10 and 11 that contains the anion binding site and a gate 
domain (right) consisting of TM 5, 6, 7, 12, 13 and 14.  The single site of N-glycosylation is 
located at Asn642, in a long disordered region linking TM7 and 8.   

Fig. 4.  (A) Dimeric structure of the membrane domain of human Band 3.  Transmembrane 
segments are labeled 1-14 in one subunit and 1’-14’ in the second subunit and coloured from N-
terminus (dark blue) to C-terminus (red).  The cytosolic surface is at the bottom.  Helices running 
parallel to the membrane are labeled H1-H6 and H1’-H6’ respectively.  The cytosolic side of the 
membrane is on the bottom and the extracellular side on the top.  Note the positions of TM6 (6’) 
and TM7 (7’) at the dimer interface.  (B) Band 3 dimer as viewed from the intracellular side. The 
dimerization interface creates a funnel shape, narrowing to the extracellular side with closest 
contact between the ends of TM6. Also, the two sub-domains are visible in this view and consist 
of TM1-4 and 8-11 forming the core domain and TM5-7 and 12-14 forming the gate domain 
located at the dimer interface. Note also the amphipathic H1 (and H1’) on the intracellular side 
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of the protein makes contact with the membrane surface and the ends of TM2, 4, 9 and 11 of the 
core domain. 

Fig. 5.  H2DIDS inhibitor binding site in Band 3. (A) Ribbon representation of Band 3 coloured 
as above with the H2DIDS inhibitor located in the cleft between the core domain and gate 
domain. (B) H2DIDS is covalently bound to the residues K851 and K539, placing it external to 
the substrate recognition site and the residue E681 in TM8. (C) Transparent surface 
representation shows the position of H2DIDS in Band 3, with R730 stabilizing one sulfonate 
facing down into the protein, while the other sulfonate faces up into solvent.  Red shading 
indicates acidic regions and blue shading basic regions.  

Fig. 6.  Structure of the Band 3 anion binding site. (A) N-termini of the TM helices 3 (cyan) and 
10 (brown) face each other with their positive dipoles creating an anion binding site.  (B) The 
anion, indicated by the red gradient circle is located close to crossing point of the two extended 
sequences.  

Fig. 7.  The Band 3 active site.  (A) View of active site in Band 3 from outside with H2DIDS 
removed. Numbers indicate TMs.  (B) Zoom-in of Band 3 active site located between the N-
termini of TM3 and 10.  E681 from TM8 faces towards the anion-binding site as does R730 in 
TM10. H2DIDS-reactive K539 and K851 are located exterior to the anion-binding site, with the 
side chain of K851 located close to the side-chain of E681. 

Fig. 8.  Comparison of substrate binding in Band 3 and UraA. (A) Anion binding site in Band 3 
(A) (yellow) and (B) the uracil binding site (cyan) are illustrated with E681 in Band 3 positioned 
at the same location as E241 in UraA and R730 in Band 3 at the same location as E290 in UraA.  
Arg730 may play a direct role in anion binding, while Glu681 may occupy the anion-binding 
site, acting as a molecular gate.   

Fig. 9.  Ribbon diagram representation of two inverted repeat modules of Band 3. (A) TM 1-7 
and (B) TM 8-14 exhibit a similar fold with TM1 equivalent to TM8, TM2 to TM9, TM3 to 
TM10, etc. but running in opposite directions. 

Fig. 10.  Superposition of the inverted repeat occurring in each of the inverted repeats. (A) TM 
1/8, 2/9, 4/11, 3/10 superimpose in one component and (B) TM 5/12, 6/13, 7/14 in the second 
component.  Note that only one of the sub-domains can be overlaid: A, core domains overlaid; B, 
gate domains overlaid) and that the other is in a different conformational state.   

Fig. 11.  Superposition of Band 3 (outward conformation) and Band 3 modelled on UraA 
(inward conformation).  Ribbon diagram of the superimposition of the outward open 
conformation of Band 3 (yellow) and the inward open conformation of Band 3 modelled on the 
Uracil transporter (UraA) (cyan) from the cytoplasmic view.  The core domain (marked by red 
dashed line) of both structures, including the TM helices 1, 2, 3, 4, 8, 9, 10 and 11, superimpose 
whereas the gate domain (marked by blue dashed line), including the TM 5, 6, 7, 12, 13 and 14, 
adopt different conformations defining the outward (yellow) and inward (cyan) conformations of 
Band 3.  

Fig. 12.  Location of the SAO deletion in Band 3 structure.  Ribbon representation of the human 
Band 3 monomer as viewed in the plane of the membrane, coloured from blue at the N-terminus 
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to red at the C-terminus. The deletion region (coloured black) removes a turn that connects H1 to 
TM1, removing a critical bend between the two helical segments and a portion of TM1. 

Fig. 13. Location of hereditary stomatocytosis mutations in Band 3. A, view from side; B, view 
from cytosolic surface.  Note that most mutations are located near the active site of the protein, 
including within TM10.   

Fig. 14.  Location of hereditary spherocytosis mutations in Band 3.  A, view from side; B, view 
from cytosolic surface.  Note that most mutations are located near the ends of TM segments. 

Fig. 15.  Location of distal renal tubular acidosis mutations in Band 3. A, view from side; B, 
view from cytosolic surface. Note that most mutations are located near the ends of TM segments. 

Fig. 16.  Models of human SLC4A2 (AE2), SLC4A3 (AE3) and SLC4A4 (NBCe1) based on 
Phyre2 threading using the crystal structure of Band 3 as a template.  The amino acid sequences 
of the membrane domains of SLC4A2, 3, 4 are 75%, 69% and 45% identical to Band 3 
(SLC4A1) and have the same predicted 14 TM fold.  Top, zoom-in of outside surface of protein; 
middle, side-view of SLC4A2, 3 and 4; Bottom, zoom-in of cytosolic loops showing putative b-
hairpin in AE2 (magenta) and short helix in AE3 (green) connecting TM10 and 11.   

Fig. 17. The human NBCe1 active site. (A) View of active site in NBCe1 from outside. TMs are 
numbered and coloured from blue at the N-terminus to red at the C-terminus  (B) Zoom-in of 
NBCe1 active site located between the N-termini of TM3 and 10.  D799 from TM8 is located in 
the same position as E681 in Band 3 and faces towards the anion-binding site as does I847 in 
TM10, which is in the same position as R730 in Band 3.  We hypothesize that Asp799 provides 
the sodium ion-binding site as it is conserved in all NBCs.   

Fig. 18. Simulation of Band 3 in a POPC lipid bilayer, generated by molecular dynamics. (A) 
Snapshot from the end of one of the five simulations performed with Band 3 dimer in a POPC 
bilayer.  Each subunit is colored using the rainbow color scheme from blue to red and the 
positions of the lipid phosphate groups shown as grey spheres.  (B) Normalized average (over all 
repeat simulations) number of contacts between Band 3 and the lipid phosphate groups. Note that 
for this histogram the number of contacts of the two Band 3 subunits were added together. In the 
histogram, 0 means no/low number of contacts whereas 1 means maximal number of contacts 
observed.  Note that the N-terminal amphipathic helix (H1, V383-F401) has numerous contacts 
with lipids as do a number (but not all) of the loops connecting TM segments including the long 
N-glycosylated segment F623-I661) and residues within helices H2-5.  The residues forming the 
highest number of contacts with the lipid phosphate groups are arginine, lysine and tryptophan.   
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Table 1.  Band 3 Mutations and Blood Group Antigens  

Mutation Name Structural Context References 

Band 3 Memphis 

K56E Memphis N-terminal mutation.  Altered 
mobility on SDS gels. 

[11, 12] 

Diego (Di) Blood Group Antigens 

P854L Memphis II 

Di1 

EC7.  Altered DIDS reactivity [124] 

R432W ELO 

Di18 

EC1 [20] 

E480K Froese FR+ 

Di20 

EC2 [270] 

P548L Rba 

Di6 

EC3 [19] 

K551N Tra 

Di19 

EC3 [19] 

T552I Warrior 

Di7 

EC3 [18] 

Y555H VanVugt, Vga EC3 [20] 

V557M Wda 

Di5 

EC3 [19, 271] 

P561S BOW EC3 [20] 

G565A Wulfsberg 
(Wu) 

EC3 [20, 272] 

P566S In 

Di17 

EC3  

P566A Di18 EC3  
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N569K Bishop (Bpa) 

Di10 

EC3 [20] 

R646Q Swan SW+ 

Di14 

EC4 [273] 

R646W Swan SW+ 

Di14 

EC4 [273] 

R656C Hughes (Hga) 

Di12 

EC4 [20] 

R656H Moen (Moa) 

Di11 

EC4 [20] 

R656W Di21 EC4  

E658K Wright, Wra+b 

Di3- 

EC4.   

Interaction with GPA required 

[178] 

Band 3 High Transport (HT) 

P868L Band 3 HT In middle of TM14.   

Higher Vmax for transport, altered 
DIDS reactivity 

[191] 

Southeast Asian Ovalocytosis (SAO) 

Del400-408 Band 3 SAO Removes bend proximal to 
TM1,including Pro403.   
Misfolded and inactive protein, 
localized to ER in transfected 
cells, present in red cell 
membrane as heterodimer 

[22, 274-276] 
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Table 2.  Hereditary Stomatocytosis and other Mutants Inducing a Cation Leak 

 

Mutation Red Cell 

Cation Leak 

Fold Increase 

Over Normal 

Structural Context [3] References 

[23] 

L687P 
(HSt) 
 

7-8 Near C-terminus of TM8, packs against TM3 
and 10.  TM8 is at interface of care and gate 
domain. 

[200, 201] 

D705Y 
(HS) 
 

8 At N-terminus of TM9. In contact with loop 
connecting TM2 and 3.  Also causes HS. 

[200, 201] 

R730C 
(HSt) 

6 Near N-terminus of TM10. Essential residue 
for transport that may play a direct role in 
anion binding. 

[202] 

S731P 
(HSt) 
 

30-87 Near N-terminus of TM10, near anion binding 
site. Proline could destabilize helix. 

[200, 201] 

H734R 
(HSt) 
 

87-94 Near C-terminus of TM10.  Essential residue 
for transport. 

[200, 201] 

E758K 
(HS & HSt) 
 

N/D In cytosolic loop near N-terminus of TM11 
and interacts with loop connecting TM8 and 9.  
Cation flux may be through alternative 
pathway. 

[203] 

R760Q 
(HS) 
 

4-6 At N-terminus of TM11 on cytosolic side of 
membrane interacting with H1, TM2 and loop 
connecting to TM3.  HS Band 3 Prague II. 

[200] 

S762R 
(HSt) 
 

7 Near N-terminus of TM11, interacts with 
His734 in TM10. 

[277]  

G796R 
(HSt) 
 

13 Middle of TM12 close to TM5.  May affect 
helix-helix packing by introduction of charged 
residue. 

[204] 
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Table 3.  Hereditary Spherocytosis (HS) Mutants 

Mutation Name Structural Context References 

G455E Prague V Gly455 is helix-terminating 
residue located at the end of the 
TM 2 helix.  In contrast, 
glutamate is an excellent helix 
former and might extend the helix 
and introduces a charged residue 
at this position.   

[24] 

C479W Edmonton Cys479 is located one turn before 
the end of the helix in TM3, 
which terminates at Gly483.  It 
faces inward towards TM4 and 8 
and a large residue at this position 
could disrupt protein packing.  
Tryptophan residues are often 
found at the membrane interface 
and could move TM3 towards the 
membrane surface during 
biosynthesis, thereby affected 
protein folding.  

[278] 

V488M Coimbra V488 is located within the first 
turn of the helix forming TM4 
facing towards the extracellular 
loop preceding TM8.   

[279] 

R490C Bicetre R490 is located one turn from the 
beginning of the TM4 helix and 
faces towards the protein interior, 
particularly the loop region 
preceding TM10.   

[280] 

R518C Dresden R518 is located on the cytosolic 
side of membrane at the beginning 
of the TM5 helix facing the polar 
region at the end of TM12.  

[281] 

M663K Tambaú M663 is one turn into the long 
helix forming TM8 and introduces 
a positive charge that may affect 
the position of the helix during 

[282] 
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biosynthesis  

S667F Courcouronnes Ser667 is one turn further along 
the helix in TM8 than Met663.  
Both Met663 and Ser667 point 
back towards the extracellular 
ends of TM3/4. 

[227] 

L707P  Leu707 is near the cytosolic end 
of the TM9 helix and is close to 
the cytosolic end of TM4.  
Retained in the ER 

[24, 205]  

G714R Okinawa Gly714 is part of a glycine cluster 
within the short TM9 helix, 
packing against Gly494 of the 
TM4 helix.  An arginine mutation 
would be major disruption of this 
helix-helix interaction 

[283] 

R760Q/W  Arg760 is located at the N-
terminal end of TM11 and points 
towards the cytosolic end of TM2, 
perhaps stabilizing the negative 
helix dipole. Retained in the ER 

[205] 

G771D Chur Gly771 is located in a bend region 
at the end of TM11 connected to 
extracellular helix H3.  An 
aspartate at this position may 
compromise formation of the 
bend in TM11 and place a 
charged residue in a non-polar 
environment.   

[284] 

I783N Napoli II Ile783 is located just before the 
beginning of TM11 and is 
replaced by a more polar residue. 

[285] 

R808C/H Jablonec, Nara Arg808 is located in a short 
cytosolic helical segment H4 
(Gln804– Phe813) that joins 
TM11 and 12.  Arg808 may 
interact with the polar head-
groups of neighbouring lipids 
(Fig. 18).    

[24, 205, 283] 
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H834P Birmingham  His834 is located one turn into the 
helix that forms TM13 pointing 
back towards the cytosolic loop 
that connects TM12 and 13. 

[24, 205] 

T837M/A Philadelphia, 
Tokyo 

Thr837 is located on the side of 
the TM13 helix as is His834 one 
turn further along the helix.  Both 
residue faces towards a short 
cytosolic helix that follows TM 
helix 12. 

[24, 205, 286] 

A858D  Ala858 is located one turn into the 
helix that forms TM14.  Alanine 
is good helix former, while 
aspartate is a poor helix former.  
Thus, this mutation may 
destabilize the TM14 helix.   

[287, 288]  

R870W Prague III Arg870 is located one turn from 
the cytosolic end of the TM14 
helix and may be involved in 
interactions with lipid head 
groups, helping to position this 
final helix in the membrane.  
Retained in the ER 

[24, 205] 
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Table 4.  Distal Renal Tubular Acidosis (dRTA) Mutations 

Mutation Type/Name  Structural Context References 

C479W Recessive, 
Edmonton 

Near the end of TM3 (See HS 
description above).  Retained 
in ER, also causes HS.   

[278] 

V488M Recessive, Coimbra N-terminal of TM4 helix. (See 
HS description above).  Causes 
HS as well in the homozygous 
state.   

[279] 

G494S Recessive Gly494 is within TM4 and 
involved in helix packing.   

[289] 

E522K Recessive E522K mutation is a charge 
reversal.  Glu522 is located at 
the first turn of N-terminal 
region of TM5 helix and faces 
towards to the cytosolic loop 
connecting TM13 and 14.  20% 
of normal level at the plasma 
membrane. 

[290] 

R589H/S/C Dominant Arg589 is located one helical 
turn in from the cytosolic end 
of the TM6 helix.  The side-
chain points directly towards to 
a cluster of hydroxyl groups 
donated by Thr798, Ser799 and 
Ser801 one turn away from the 
cytosolic end of TM12 helix.  
Retained in ER and rescued by 
blocking interaction with the 
ER chaperone calnexin. 

[223, 225, 
226, 291] 

R602H Recessive Arg602 is located in the first 
helical turn of the N-terminal 
region of TM7 facing back 
toward the cytosolic loop 
connecting TM6 and 7.  
Basolateral localization.   

(Cordat, 
unpublished 
results) 

G609R Dominant Gly609 is located in a bend 
region in the middle of TM7 
and an arginine substitution at 
this position is predicted to be 

[213]  
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very disruptive introducing a 
positive charge within a TM 
segment.  Apical and 
basolateral targeting.   

S613F Dominant Ser613 is close to the bend 
within TM7 located at Pro611 
and is packed close to TM1.  A 
large non-polar substitution at 
this position would disrupt the 
bend and protein packing.  
Intracellular retention.   

[223, 225, 
291] 

S667F Recessive for 
incomplete dRTA 

Ser667 is located two helical 
turns in from the extracellular 
N-terminal end of TM8.  A 
hydrophobic substitution would 
affect the polarity of this 
region.  Retained in the ER in 
MDCK cells.   

[227] 

G701D Recessive Gly701 is located in a 
hydrophilic loop connecting 
TM8 and 9 on the cytosolic 
side of the membrane.  The 
trafficking of this mutant can 
be rescued by the co-
expression of Glycophorin A.  
Localized to Golgi, normal 
transport in red cells, rescued 
by GPA.   

[186, 225] 

S773P Recessive Ser773 is located at a ~90° 
bend in TM helix 11 that 
connect to helix H3.  A proline 
substitution would change the 
flexibility of this region.  
Impaired trafficking to cell 
surface.   

[292] 

DelV850 Recessive Val850 is located in the last 
turn of TM13 helix.  A deletion 
at this position would cause a 
rotation of the last two residues 
of the helical segment by 100° 
just before the turn into TM14 
and would likely affect packing 

[186] 
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of TM13 with TM14.  The next 
residue is the DIDS-reactive 
Lys851, which would now 
point away from the inhibitor 
site.  Near normal transport in 
red cells.   

A858D Mild Dominant A858D (See HS description 
above).  Causes incomplete 
dRTA.   

[186] 

A888L/D889X Dominant Truncation of C-terminal tail.   [293] 

R901STOP Dominant, Walton Truncation of C-terminal tail.  
Near normal transport in red 
cells, mis-sorted to apical 
membrane, retained in ER in 
MDCK cells.   

[223, 294, 
295] 

D905dup Dominant Insertion in C-terminal tail.   [289] 

D905Gfs15 Dominant, Qingdoa C-terminal tail.  Insertion of 
single base results in frameshift 
and novel 15 amino acid C-
terminal sequence to residue 
919.   

[296] 

M909T Dominant C-terminal tail.  Mis-localized 
to both apical and basolateral 
membranes.  Highlights 
importance of C-terminal tail in 
targeting in polarized cells. 

[215] 
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