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Abstract

The erythrocyte membrane has been extensively studied, both as a model membrane system and to
investigate its role in gas exchange and transport. Much is now known about the protein
components of the membrane, how they are organised into large multi-protein complexes and how
they interact with each other within these complexes. Many links between the membrane and the
cytoskeleton have also been delineated and have been demonstrated to be crucial for maintaining
the deformability and integrity of the erythrocyte. In this study we have refined previous, highly
speculative molecular models of these complexes by including the available data pertaining to
known protein-protein interactions. While the refined models remain highly speculative, they
provide an evolving framework for visualisation of these important cellular structures at the
atomic level.
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Introduction

The erythrocyte membrane has long been studied, both as a model membrane system and for
its unique importance as a gas exchange interface. The underlying cytoskeleton is also vital
for erythrocyte function, maintaining the high surface-area-to-volume ratio of the biconcave
disc while allowing massive, reversible deformation during passage through the vasculature.
Cytoskeletal proteins are physically linked to the membrane by vertical interactions with
integral membrane proteins, which in turn form multiprotein ‘macrocomplexes’ via
horizontal interactions in the membrane [1]. A variety of adaptor proteins are involved in
forming and maintaining these links. Disruption of the connections between cytoskeletal and
membrane protein components results in misshapen red cells (spherocytes, elliptocytes or
ovalocytes) illustrating their importance to the function of erythrocytes.

The major cytoskeleton-membrane linkages are focused at two key sites: the ankyrin
associated complex, and the junctional complex. The ankyrin associated complex brings
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together proteins of both the band 3 tetrameric complex (band 3, glycophorin A (GPA),
protein 4.2, carbonic anhydrase 11) and the Rh complex (RhAG, RhCE, RhD, CD47,
ICAM-4, glycophorin B (GPB)) using the direct association of band 3 [2], protein 4.2 [3]
and RhAG [4] with ankyrin [5]. Protein 4.2, which binds both band 3 and ankyrin has been
suggested to serve as a bridge between the two sub-complexes, by binding both band 3 and
CDA47 [6]. The whole macrocomplex is anchored to the cytoskeleton by the interaction of
ankyrin to B-spectrin [7].

The junctional complex is focused around a hub or ‘junction’ arising from lateral
connections between protein 4.1, actin and B spectrin (the first of which stabilises the actin
spectrin association via direct binding to both proteins [8]). These comprise the junction
with which a host of additional cytoskeletal adaptor proteins are associated including the
actin binding proteins dematin, a and B adducin. Actin is further enclosed by a tropomysin
dimer and capped by tropomodulin [9]. These junctional complexes are known to provide
membrane cytoskeletal linkage via interaction of the integral membrane proteins
glycophorin C and D (GPC and GPD) with p55 and protein 4.1 [10]. In recent years,
increasing evidence has emerged implicating both dimeric band 3 and glucose transporter-1
GLUT1 as additional sites of membrane linkage at the junctional complexes. The membrane
proteins DARC (Duffy), Kell, Kx and Rh were found to be reduced in a protein 4.1
knockout mouse suggesting they may also be found at the site of junctional complexes [11],
these results were confirmed in a human patient completely deficient in protein 4.1, although
no reduction in Rh was observed suggesting that this protein is part of the junctional
complex in mice but not humans (unpublished data — referred to in [12]).

The erythrocyte cytoskeleton is formed from a hexagonal lattice of spectrin tetramers, with
short actin filaments at the junctions. It has been hypothesized that each hexagon is
composed of six triangular repeat elements [12]. Every triangular repeat would contain a
junctional complex at each apex (three in total), an ankyrin associated complex on each side
(three in total) and contains four free band 3 dimers (not associated with the cytoskeleton).
The skeleton has previously been visualised by electron microscopy of spread out skeletons,
but recent work has used cryo-electron tomography to visualise the skeleton in its native
state [13]. This work confirmed the presumption that the length of a spectrin tetramer seen
in early EM images (~190nm) is much longer than it is in situ in an erythrocyte (~46nm).

A previous study [12] amalgamated available data on the copy number, stoichiometry and
molecular structures of the components of the ankyrin-associated and junctional complex.
The culmination of which was the construction of highly speculative representations of the
complexes, using molecular structures as opposed to cartoon schematics. Here we refine
these representations, using all currently available data pertaining to the structure of the
components and the nature of the intermolecular contacts.

Representing natively disordered regions

It is important to note that a key difference between the models presented in this paper and
the previous models [12] is our attempt to represent protein regions which are predicted to
be natively disordered. These regions would not be expected to adopt a single 3D structure
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and therefore any static representation is necessarily flawed. In addition, disordered regions
often undergo a disordered-ordered transition upon formation of protein-protein interactions
[14]. Despite the difficulty in generating meaningful approximations of their true structure,
we feel it is informative to include these regions in our models. Their inclusion enables
appreciation of the volume of protein that is present, but of unknown structure. In order to
generate representative structures the sequences of the disordered regions were submitted to
the RanCh routine within the EOM software [15]. The routine generates random coil
structures as alpha-carbon chains and calculates the radius of gyration (Rg) for each
structure. One hundred structures were generated for each disordered sequence. It has been
shown that the majority of disordered proteins are well-described by a power-law
relationship between polymer length and ensemble average Ry [16]. Therefore, the RanCh-
generated structure with the best fit to the theoretical average Ry was selected to represent
the region in our models. All-atom models were not generated; disordered regions are
represented as chains of spheres centred on the alpha-carbon atoms.

Ankyrin-associated complex

The ankyrin linked band 3 multiprotein complex, also referred to as the band 3
macrocomplex is comprised of two smaller subcomplexes, a band 3 complex, consisting of a
tetramer of band 3 interacting with GPA, protein 4.2 and ankyrin and the Rh complex,
including RhD, RhCE, RhAG, ICAM-4, GPB and CD47. These components and the known
interactions between them are summarised in Table 1. The refined model of the entire
ankyrin-associated complex is shown in Figure 1 and its assembly is discussed below.

Anchoring to spectrin

Erythroid ankyrin-1 mediates the association of the spectrin cytoskeleton to band 3 in the
erythrocyte plasma membrane. Ankyrin-1 is composed of three domains, an 89kDa N-
terminal membrane binding domain, a central 62kDa spectrin binding domain and a 55kDa
C-terminal regulatory domain. Ankyrin binding to spectrin involves the 141 and 15t repeat
element of (3 spectrin and a fragment of the spectrin binding domain of ankyrin comprising
residues 911-1068 (ZU5-ANK) [17]. A crystal structure has been solved for the complex of
spectrin repeats 13-15 and ZU5-ANK; the interface displays significant charge
complementarity between positive-charged residues on the ZU5 domain and negatively-
charged residues on spectrin repeat 14 [17]. Our model includes this crystal structure but we
have not extended the spectrin molecule beyond repeats 13-15. It should be noted that the
ZU5 domain is connected to the membrane binding domain of ankyrin by a 100-residue
disordered region. This would allow considerable potential flexibility in the relative
orientation of these domains and therefore the location of spectrin relative to the membrane
linkage. Spectrin is known to bind protein 4.2 [18; 19; 20] and hence we have located the
ankyrin-bound spectrin repeats proximal to protein 4.2. However, it is not known which
spectrin repeats interact with protein 4.2, precluding further refinement of the model by
consideration of tripartite ankyrin-spectrin-protein 4.2 interactions.
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Further ankyrin interactions: band 3 and protein 4.2

The N-terminal membrane binding domain of ankyrin is composed of 24 consecutive 33
amino acid tandem ‘ANK repeats’ and in addition to containing two binding sites for band
3, located in Domain 2 (D2) of this region and across the boundary of Domains 3 and 4
(D3-4) [2; 21], also contains binding sites for a number of other proteins including CD44,
Na*tK* ATPase, protein 4.2 [22] and RhAG [4]. Crystal structures are available for ANK
D3-4 [23] and the cytoplasmic domain of band 3 (cdb3) [24]. These structures have been
combined with spectroscopic data to delineate reliable models for the cdb3-ANK D3-4
complex [21]. These co-ordinates have been included in our model in combination with the
theoretically-modelled extension of the N-terminal region of ankyrin which includes all 24
ANK repeats. As discussed by the authors, the model of Kim and co-workers [21] precludes
the binding of a single tetrameric band 3 simultaneously to ANK D2 and ANK D3-4 binding
sites. Given this, we concur with the view that band 3 dimers are spatially separated and
‘tetramerisation’ is only mediated via ankyrin.

In addition to its interactions with band 3 and spectrin, there is evidence that ankyrin also
binds protein 4.2 [3], the absence of protein 4.2 causes hereditary spherocytosis (HS) [6; 25;
26] and a reduction in the association of band 3 with ankyrin [27]. Protein 4.2 binds to cdb3
and ANK D3-4 [28; 29], strengthening their interaction. A stable complex containing band
3, ankyrin and protein 4.2 can also be co-purified from erythrocytes [30] and a recombinant
fragment of protein 4.2 has been shown to associate with residues 402-827 of ankyrin [22]
confirming the capacity for ankyrin binding to protein 4.2. Studies using recombinant
fragments of protein 4.2 have suggested that residues 187-200 are involved in the interaction
with ANK D3-4 [22]. Protein 4.2 residues 187-211 have also been shown to contain a
binding site for cdb3 [22; 31]. The proximity of the ankyrin and band 3 binding sites on
protein 4.2 suggests a close association between the three proteins (Figure 2). The proposed
orientation of protein 4.2 relative to the experimentally-determined structure of the ankyrin-
cdb3 complex is highly speculative. However, assembly of this model demonstrates the
structural plausibility of binding sites suggested by the previous studies. The orientation
shown in Figure 2 is also consistent with anchoring of protein 4.2 to the membrane via
myristoylation at residue 2 [32].

Further band 3 interactions: GLUT1, GPA, Rh

The N-terminal cytoplasmic domain of band 3 (cdb3, amino acids 1-400) provides the
binding site for a host of peripheral membrane proteins and forms the site of its interaction
with ankyrin [33; 34; 35; 36; 37], protein 4.2 [38], and the junctional complex proteins,
protein 4.1R [39] and adducin [40] (see below). The cytoplasmic domain of band 3 has also
been shown to interact with the C-terminal cytoplasmic region of GLUT1 [41], two copies
of which are suggested to be present within the ankyrin-associated complex [12]. Hence
close proximity of these regions has been maintained in our model. The transmembrane
region and C-terminus of band 3 is involved in the interaction with GPA, with residues E658
and S667 of the band 3 membrane domain and GPA residues 59-70 implicated in the
interaction [42; 43; 44]. Close proximity of these residues is also included in our model. For
one copy of band 3 this involves a GPA homodimer, for the other it involves a GPA/GPB
heterodimer. The GPA homodimer is known to dimerise through its transmembrane a-helix
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[45; 46; 47].GPB is believed to have some form of association with RhAG due to the
presence of hyperglycosylated RhAG in GPB null individuals [48] and a reduction in GPB
expression in Rh null individuals [49]. Inclusion of the GPA/GPB heterodimer at an
interface between band 3 and the RhAG/Rh30 trimer is easily accommodated within our
model.

Inclusion of the Rh subcomplex

Discussion

The Rh30 proteins, RhCE and RhD, are two highly similar (92% sequence identity)
30-32kDa unglycosylated proteins. Rh30 associates with Rh-associated glycoprotein
(RhAG) [5], upon which its expression in erythrocytes is completely dependent [50; 51; 52;
53]. A crystal structure has been determined for RhCG, a kidney isoform of RhAG, and
clearly shows a trimeric architecture [54]. The high degree of sequence similarity between
RhCG and the erythroid isoforms strongly suggests that the oligomerisation state would be
conserved, as predicted by previous models of the erythroid isoforms [55]. Consideration of
the copy number of each protein suggests a predominance of RhnAG;Rh30, trimers [12],
although modelling studies suggest RhRAG,Rh304 trimers would be more stable. In addition
to RhAG/Rh30, CD47, ICAM4 and GPB form the Rh complex of proteins that are absent or
markedly reduced in Rh null individuals [56]. While no direct interaction between band 3
and Rh proteins has been proven, an association is suggested by co-immunoprecipitation
assays and the sub-complexes have been shown to be linked [5]. It has also been
demonstrated that there is a RhAG binding site in the ANK D2 region [4]. RhAG residue
D399 is believed to be involved in the interaction. The structure of the RNAG/Rh30 trimer
may be confidently modelled based on the RhCG crystal structure [54], and no regions of
disorder are predicted in the vicinity of D399. This constrains the placement of RhnAG/Rh30
with respect to both ankyrin and band 3, and suggests that the proteins are likely to be in
close proximity even in the absence of a direct interaction (Figure 3).

Protein 4.2 has been proposed as a crucial linkage between the band 3- and Rh-based
subcomplexes, due to the dependence of CD47 on protein 4.2 for expression [6; 27; 57].
Interestingly in patients with the -D- phenotype, lacking RhCe specifically, CD47
expression is severely reduced [57], no reduction is observed in erythrocytes specifically
lacking RhD indicating that RhCe is the component of the core Rh complex that is likely to
associate with CD47.. As neither protein has a large cytoplasmic region the membrane
domains must be in close proximity. Our model demonstrates that this is structurally
plausible, while maintaining an interaction between CD47 and protein 4.2. No details of the
CDA47-protein 4.2 interaction are available, so our model is limited to placing the two
proteins adjacent to one another (Figure 4). Reduction of CD47 expression in patients
lacking either RhCe or protein 4.2 raises the possibility of a CD47 binding interface formed
by both proteins; this would be consistent with our model. ICAM-4 is also placed next to the
RhAG/Rh30 trimer, in an arbitrary orientation, as no details are known beyond the inclusion
of ICAM-4 in the Rh subcomplex [58; 59].

As discussed above, assembly of our speculative model for the overall structure of the
ankyrin-associated complex (Figure 1), leads us to favour the view that band 3 “tetramers’
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are actually two spatially separated dimers, which appear tetrameric due to confinement
within the complex by association with other proteins. As previously noted [21], it is
physically impossible to bind a single band 3 tetramer to one ankyrin molecule, occupying
both the D2 and D3-4 binding sites. However, perhaps surprisingly, this was the only
insurmountable steric conflict encountered during assembly of the complex. Admittedly,
there are still many degrees of freedom, with many interactions poorly understood — notably
those within the Rh subcomplex. It will be fascinating to keep the model updated as new
data becomes available — allowing delineation of structures and associations more precisely.

Junctional complex

The junctional complex is centred on the junction of spectrin tetramers which bind to a short
actin filament. The adaptor proteins: adducin, dematin, protein 4.1 and p55 connect the
cytoskeleton to the integral membrane components: band 3, GLUT1, GPC/D, Duffy, GPA,
Kell and Kx. These components and the known interactions between them are summarised
in Table 2. The refined model of the entire junctional complex is shown in Figure 5 and its
assembly is discussed below.

Actin bundling and capping

An actin filament consisting of 15-20 monomers is bundled by tropomyosin and capped at
the barbed and pointed ends by adducin and tropomodulin, respectively. Tropomodulin
interacts with both tropomyosin and actin and is believed to stabilise the junctional complex
[60]. The N-terminal half of tropomodulin interacts with tropomyosin [61] and contains a
tropomyosin dependant actin capping site [62]. Indeed the affinity of tropomodulin for actin
doubles in the presence of tropomyosin [63]. The N-terminal half of tropomodulin contains
a short length of a-helical structure but is mainly unstructured until it is bound to
tropomyosin [64]. The C-terminal half is a leucine-rich repeat domain consisting of alternate
a-helices and B-strands arranged in a horseshoe shape [65] and contains the principle,
tropomyosin independent, pointed end actin capping site [62]. A structural model has been
proposed as to how tropomodulin and actin directly interact [65; 66]. Adducin, which will
be discussed in more detail below, has been shown to preferentially bind actin at the fast-
growing (barbed) end [67; 68] but also bind lower-affinity lateral sites along the actin
filament. Barbed end capping by adducin is believed to be crucial for regulation of the
length of the actin filament. Capping activity has been shown to be regulated by
calcium[67], and require the adducin C-terminal myristoylated alanine-rich protein kinase C
substrate-related (MARCKS) domain [68] Tropomyosin is a 40nm long coiled coil that
contains seven tandem repeating units designed to bind seven successive actin monomers
[69; 70]. The N-terminus of tropomyosin contains the site of interaction with tropomodulin
[71]. Recent EM data have enabled the construction of a model of an actin-tropomyosin
complex revealing an overall strong interaction which comprises of weak individual local
associations [70]. It may be seen from the overall model of the junctional complex (Figure
5) that the actin-tropomyosin filament dominates the complex. The availability of a well-
defined structure for the actin-tropomysin complex forms a strong base on which to
construct a model of the whole junctional complex.
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Protein 4.1R linkages

The best characterised interactions of the junctional complex are those that link the
cytoskeletal proteins B-actin and 3-spectrin to the membrane proteins, traditionally band 3,
GPC and GPD, but now also thought to be DARC, Kell and Kx by protein 4.1R [11; 72].
Protein 4.1R interactions are mediated by calmodulin, PIP, and phosphorylation [72; 73; 74;
75]. The structure of the 30kDa FERM domain of protein 4.1R (residues 210-488) has been
determined by X-ray crystallography [76], revealing a cloverleaf structure which comprises
three lobes (the three leaves) joined by a central domain containing two calmodulin binding
sites [76]. Each of the lobes is involved with inter-protein interactions: the N-terminal or N-
lobe binds to cytoplasmic domain of band 3 (cdb3), the a-lobe binds GPC/D and the C-
terminal or C-lobe binds to p55 [76]. Each lobe is structurally distinct: the N-lobe consists of
two B sheets connected by an a-helix, the a-lobe consists of four a-helices and the C-lobe
contains two P sheets and a C-terminal a-helix [76]. The 10kDa spectrin-actin binding
(SAB) domain of protein 4.1R (residues 615-713) includes two p-spectrin binding sites [77]
which flank an actin binding site [78]. The SAB domain lies within a large portion of protein
4.1R which is predicted to be natively disordered (residues 489-758).

The protein 4.1R FERM domain binds the cytoplasmic tail of GPC/D via residues 82-98
(GPC) and residues 61-77 (GPD) [10]. It has also been proposed that p55 interacts with both
proteins to form a trimeric complex [10]. NMR spectroscopy has been used to delineate the
structure of the p55 PDZ domain in complex with a peptide corresponding to residues
112-128 of GPC [79]. The p55-protein 4.1R interaction is mediated by residues 221-265,
which are immediately C-terminal of the p55 SH3 domain [80]. Based on the available data
we have constructed a model of the heterotrimeric assembly of the 4.1R FERM domain,
GPC/D cytoplasmic domain and p55 (Figure 6). The details of the complex are highly
speculative but the model does demonstrate that the proposed trimeric assembly is possible.
In order to incorporate these assemblies into our overall model of the junctional complex
(Figure 5) they are connected to the membrane by joining of the GPC cytoplasmic and
transmembrane regions and to the cytoskeleton by the large disordered C-terminal region of
protein 4.1R. We have placed the SAB region of the protein 4.1R molecules in close
proximity to the actin filament, in an arbitrary arrangement as no further information
regarding the details of this interaction are available. Two more protein 4.1R molecules are
assumed to interact with the two copies of band 3 found within the junctional complex (as
one band 3 dimer). Therefore we have placed the FERM domains of these protein 4.1R
molecules in close proximity to the two band 3 cytoplasmic domains. A further protein 4.1R
molecule has been included connecting actin to the Kell-Kx complex and Duffy, as
discussed below.

Adducin interactions

Another link between actin and band 3 is formed by adducin. The major form of adducin in
erythrocytes is comprised of an a and 3 subunit in either heterodimers or heterotetramers
[81]. Adducin interacts with actin, spectrin and band 3 forming a link between the three
proteins, it stabilises the actin-p-spectrin interaction and is critical for erythrocyte membrane
stability [40]. Actin increases the affinity of adducin for spectrin [82] promoting the
recruitment of spectrin to actin at the site of the junctional complex [81; 83]. Like protein
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4.1, adducin also binds calmodulin [83]. Adducin consists of three domains: an N-terminal
globular head domain, a neck domain and a C-terminal natively disordered tail domain [84].
The head domain of adducin has been proposed to bind to the fast growing (barbed) end of
the actin filament [67]. Accordingly, our model places the dimeric head region of a/f
adducin at the barbed end of the actin filament, although none of the molecular details of the
interaction are known. The interaction of adducin with spectrin, actin, calmodulin and band
3 all involve the tail domain of adducin [84]. The affinity of adducin for the cdb3 varies
between a and 3 adducin and a band 3 dimer only contains one adducin binding site [40]. As
a adducin was found to have a higher affinity for band 3 we have placed the a adducin tail
in close proximity with cdb3, in an arbitrary conformation. The C-terminal MARCKS
domain of B-adducin has been shown to be required for actin-capping activity, suggesting an
association with the barbed end of actin. While this has not been included in our model, it
could easily be accommodated due to the potential flexibility of the large, disordered -
adducin tail domain.

Inclusion of GLUT1 via band 3, adducin and dematin

As in the ankyrin-associated complex, a horizontal interaction has been established between
the C-terminal cytoplasmic loop of GLUT1 and cdb3 [41], although no further details have
been defined. This interaction is accounted for in the model by ensuring that these regions
are adjacent. GLUT1 is also involved in vertical links between the membrane and
cytoskeleton by binding adducin and dematin [85]. Dematin is a trimeric villin-type
headpiece protein which consists of a small, conserved actin-binding headpiece domain at
the end of a larger, disordered, more varied “core” domain, which mediates trimerisation
and is proposed to act as a scaffold around which other components of the junctional
complex are organised [86; 87]. One dematin trimer is believed to be present per junctional
complex. This trimeric assembly is represented in our model by ensuring that the three core
domains are in close proximity, but the specific arrangement is arbitrary, as no further
details are available. Dematin headpiece knockout mice have spheroidal osmotically fragile
erythrocytes indicating a role for dematin in the stability of erythrocyte membranes [88].
The dematin headpiece is expressed as two spliceforms, one with and one without a 22
amino-acid insert, resulting in trimers containing two 48kDa and one 52kDa subunits [89].
Dematin is the only one of the villin-type headpiece proteins that is phosphorylated with the
phosphorylation believed to cause a conformational change within the dematin headpiece
[90] that brings the core domain closer to the headpiece domain [41] and results in reduced
affinity for actin [87]. Structural analysis of villin-type headpiece proteins has revealed a
‘variable length’ or VV-loop that is present only in those that bind actin [91]. This loop does
not contain amino-acids that comprise the actin binding site; however, it is the site of
phosphorylation on dematin [41; 90]. The actin binding residues within the headpiece
domain of dematin consist of a hydrophobic cap (W64) surrounded by the alternative
charges of K65, K70, and the C-terminal carboxylate along with an adjacent positive patch
formed by R35 [91]. The structure of the complex formed between actin and the dematin
headpiece has been delineated by electron microscopy [92], and this structure has been
incorporated into our model. There is no data identifying which actin monomer(s) mediates
the interaction with dematin, or how many of the dematin subunits bind actin. Given that the
large disordered core domain of dematin would permit large conformational flexibility we
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assume that all three dematin headpieces are in complex with actin, and this is reflected in
the model. The dematin core domain is the point of interaction with the large cytoplasmic
loop of GLUT1 [85], but beyond this no details of the interaction are known. One of the
dematin core domains is situated in close proximity to the large cytoplasmic loop of
GLUT1, to reflect that linkage.

Protein 4.2, Kell-Kx and DARC

Discussion

A molecule of protein 4.2 has also been included, accounting for known interactions with
both cdb3 and protein 4.1 [3; 29]. Inclusion of protein 4.2 at the junctional complex is also
consistent with its known association with the carboxy-terminal EF hands of a spectrin [93].
The cytoplasmic regions of the Kell-Kx complex and DARC are known to be associated
with the junctional complex via interactions with lobe B of the protein 4.1R FERM domain
[94]. Therefore Kell-Kx and DARC have been included in the model and the molecule of
protein 4.1R not associated with GPC/p55 or band3 has been oriented such that these
interactions could be maintained.

Inspection of our speculative assembly of the junctional complex (Figure 5) reveals some
striking features. One is the visual display of the natively disordered regions, represented in
our model by Ca chains. Not only do these regions make up a significant fraction of the
mass, they also mediate many of the inter-protein interactions upon which the complex is
based. The large degree of flexibility inherent within disordered regions made the assembly
of the model technically challenging, due to handling such large areas of uncertainty, but
conceptually easy as no insurmountable structural conflicts were encountered due to the
conformational flexibility. A traditional view of protein function — adhering to the concept
of folded protein domains being the active species — would largely ignore the disordered
regions. However, they clearly demand to be, and increasingly are, the focus of research
[95]. In the context of the erythrocyte, it may be that large disordered regions mediating
protein-protein interactions represent an important attribute which contributes to the
extraordinary deformability of the membrane. Another feature of this “‘membrane protein
macrocomplex’ is the dearth of membrane proteins relative to the mass of intracellular
proteins. The junctional complex appears to be more a cytoskeletal complex which is
anchored to the membrane, rather than a membrane complex which is anchored to the
cytoskeleton.

Conclusion

With their easy availability and relative simplicity erythrocytes have traditionally been the
cell of choice for studying the plasma membrane. The development of a method for
removing the cytoplasmic content and acquiring purified erythrocyte plasma membrane [96]
lead to the purification and preliminary characterization of spectrin [97]. From these roots
the erythrocyte membrane has become the most characterized of any cell type, however, at
the atomic level there is still a great deal to learn.
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The assignment of proteins into protein complexes in the erythrocyte membrane has
expanded our knowledge of the composition, structure and functions of the erythrocyte and
is providing exciting new avenues of research. However, identification of these new
interactions must be placed in the context of existing data. As additional proteins and
interactions are identified within both the ankyrin dependent and junctional complexes,
thought must be given to where they would integrate given the steric limitations between the
protein constituents already known and within the plasma membrane itself. Complications
arise by the likelihood that multiple similar complexes may exist with similar core
components that may be decorated to different extents with low copy number proteins. In
the case of band 3, the oligomeric configuration has been thought to differ between
populations of the same protein — with tetramers incorporated into the ankyrin-associated
complex and dimers into the junctional complex. However, evidence increasingly suggests
that the tetramers exist as a spatially separated loosely interacting dimer of dimers [2; 21;
98]. An arrangement of band 3 dimers with proteins of the Rh complex enclosed between
two dimers forming a tetramer mediated by ankyrin binding has been suggested [2; 4] and is
supported by the absence of tetrameric band 3 in full length ankyrin deficient nb/nb mice
[98]. Importantly, this is the arrangement of band 3 subunits that arose, without being
imposed, while constructing our model and it is consistent with maintaining the known
interactions of band 3 (Figure 1).

Many gaps remain in the structural information available for components of the ankyrin
dependent and junctional complexes. For instance, while high-resolution, experimental
structural data is available for the protein 4.1R FERM domain [76], the N-terminal domain
is characterised only by a very speculative homology model [12]. In addition many proteins
have significant regions predicted to be natively disordered. Indeed, excluding the actin-
tropomyosin filament, over two thirds of the residues which make up the junctional complex
are predicted to be disordered. Even regions whose structures are considered to be known
may contain appreciable regions of disorder. For instance, the cytoplasmic region of band 3
consists of approximately 400 residues, of which only 293 are resolved within the crystal
structure [24]. The study of these regions is challenging by traditional structural biology
methods, e.g. X-ray crystallography, hence novel approaches must be adopted. These
regions may also undergo disordered-ordered transitions upon complex formation, and
therefore their structures may alter more significantly than would be expected for a globular
protein.

Our current knowledge of the protein-protein interactions within the ankyrin dependent and
junctional complexes is wide but not exhaustive and there are numerous interactions for
which data is scarce. For example, in the ankyrin dependent complex little is known about
the associations between protein 4.2, CD47 and RhCe/D. What are the different interactions
that bring RhD, RhCe RhAG, ICAM4, CD47 and GPB together in the Rh complex and
indeed are all involved within this complex? Within the junctional complex the interactions
between GLUT1 and band 3 and adducin and GLUT1 are uncharacterised and it is unknown
exactly how and where DARC, Kell and Kx fit into the complex. Studying multi-protein
assemblies is inherently more challenging than individual proteins, but is essential if we are
to fully understand the nature of these complexes. This may be especially true for the
natively disordered regions.
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Due to the presence of regions of undefined structure and poorly understood protein-protein
interactions our current models are necessarily speculative. However, we have come a long
way from the early diagrams of the erythrocyte membrane [99]. Looking to the future, data
from structural biology and other biophysical techniques, in combination with molecular
modelling, has an important role to play in validating our current view of these complexes
and incorporating newly discovered components and interactions. In this article we have
further refined the atomic visualisations of Burton and Bruce [11] to compose as detailed a
representation of the two most abundant membrane protein complexes found within the
erythrocyte as current data allows.
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Figure 1. Overall model of ankyrin complex
(A) view from within the plane of the membrane; (B) view from outside of the cell.

Components shown in the figure are: two band 3 homodimers (red), one Rh/RhAG
heterotrimer (RhAG light blue, RhCE mid-blue, RhD dark blue), one GPA homodimer
(mint-green), one GPA/GPB heterodimer (mint-green/lime-green), one ICAM-4 monomer
(yellow), one CD47 monomer (orange), two GLUT1 monomers (purple), one protein 4.2
monomer (pink) and one ankyrin monomer (green). All components are shown with
secondary structure elements highlighted as cartoons and residues predicted to be disordered
displayed as spheres centred on the Ca atoms. For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.
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Figure 2. Ankyrin-band 3-protein 4.2 complex
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(A) view from within the plane of the membrane, approximate location of the inner face of
the cell membrane is indicated with a black line; (B) view from the cytoplasm. Proteins are
displayed as Ca cartoon, ANK repeat region of ankyrin in green, cytoplasmic domain of

band 3 (disordered regions omitted) in red and protein 4.2 in pink. Protein 4.2 residues

187-211 (associated with ankyrin and band 3 binding) are coloured blue, and displayed as

sticks; residue 2 (myristolyation site) is coloured black and displayed as sticks. For

interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.
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MEMBRANE

Figure 3. Ankyrin-band 3-RhAG/Rh30 complex
(A) view from within the plane of the membrane; (B) view from the cytoplasm. Proteins are

displayed as Ca cartoon, ANK repeat region of ankyrin in green (D2 region in magenta),
band 3 in red, RhAG in light blue, RhCE in mid-blue and RhD in dark blue. RhAG residue
D399 (associated with ankyrin binding) is coloured magenta, and displayed as spheres. For
interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.
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Figure 4. Ankyrin-Rh/RhAG-CDA47-protein 4.2 complex
(A) view from within the plane of the membrane; (B) view from the cytoplasm. Proteins are

displayed as Ca cartoon, ANK repeat region of ankyrin in green, RhAG in light blue, RhCE
in mid-blue RhD in dark blue, CD47 in organe and protein 4.2 in pink. For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this
article.
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Figure 5. Overall model of junctional complex
(A) view from within the plane of the membrane; (B) view from outside of the cell. The

components shown in the figure are: one band 3 homodimer (red), five protein 4.1R
monomers (dark blue), one GPA homodimer (mint-green), a cluster of five GPC/D
monomers (lime-green), one DARC monomer (brown), one a/p-adducin heterodimer
(bright/pale yellow, respectively), one dematin trimer (orange), one GLUT1 monomer
(purple), one protein 4.2 monomer (pink), one Kell monomer (mid-blue), one Kx monomer
(light blue), two p55 monomers (magenta), one actin filament (light grey) and two
tropomyosin homodimers (dark grey). All components are shown with secondary structure
elements highlighted as cartoons and residues predicted to be disordered displayed as
spheres centred on the Ca atoms. For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.
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Figure 6. Protein 4.1R-GPC-p55 complex
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Trimeric complex of protein 4.1R FERM domain (blue) with GPC cytoplasmic domain

(lime-green) and p55 (magenta). Approximate location of the inner face of the cell
membrane is indicated with a black line. All components are shown with secondary

structure elements highlighted as cartoons and residues predicted to be disordered displayed

as spheres centred on the Ca atoms. Residues shown to be involved in inter-protein

interactions are coloured orange. For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.
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Ankyrin complex: components and known interactions
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Protein Oligomeric state Number present in ankyrin complex | Interacting partnersincluded in model
Band 3 Dimer 2 GLUT1
Glycophorin A
RhAG
Ankyrin
Protein 4.2
GLUT1 Monomer 2 Band 3
Glycophorin (A/B) | Homodimer (A;) 1 Band 3
Heterodimer (A/B) 1 RhAG
RhAG/Rh30 Heterotrimer (RhAG-Rh,) | 1 Glycophorin B
CD47
ICAM-4
Band 3
CD47 Monomer 1 Rh/RhAG
Protein 4.2
ICAM-4 Monomer 1 Rh/RhAG
Ankyrin Monomer 1 Band 3
RhAG
Protein 4.2
Protein 4.2 Monomer 1 Band 3
CD47
Ankyrin

Blood Cells Mol Dis. Author manuscript; available in PMC 2015 May 26.



syduosnuelA Joyiny sispun4 DA @doing ¢

syduasnuel Joyiny sispund JINd adoin3 ¢

Mankelow et al.

Table 2

Junctional complex, components and known inter actions

Protein

Oligomeric state

Number present in junctional complex

Interacting partnersincluded in model

Band 3

Dimer

1

GLUT1
GPA
Adducin
Protein 4.1R

GLUT1

Monomer

Band 3
Adducin
Dematin

GPA

Dimer

Band 3

GPC/D

Cluster (5 monomers)

Protein 4.1R
p55

Kell

Monomer

Kx
Protein 4.1R

Kx

Monomer

Kell
Protein 4.1R

DARC

Monomer

Protein 4.1R

Protein 4.1R

Monomer

Actin
Band 3
Kell/Kx
DARC
GPC/D
p55

Protein 4.2

Monomer

Band 3
Protein 4.1

p55

Monomer

Protein 4.1R
GPC/D

Adducin (a/B)

Heterodimer (a/B)

Band 3
GLUT1
Actin

Dematin

Trimer

GLUT1
Actin

Actin

Filament (15 monomers)

Tropomyosin
Dematin
Adducin
Protein 4.1R

Tropomyosin

Homodimer

Actin

Blood Cells Mol Dis. Author manuscript; available in PMC 2015 May 26.

Page 24



