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Abstract Defects in the human ALS2 gene, which encodes
the 1,657-amino-acid residue protein alsin, are linked to
several related motor neuron diseases. We created a
structural model for the N-terminal 690-residue region of
alsin through comparative modelling based on regulator of
chromosome condensation 1 (RCC1). We propose that this
alsin region contains seven RCC1-like repeats in a seven-
bladed beta-propeller structure. The propeller is formed by
a double clasp arrangement containing two segments
(residues 1–218 and residues 525–690). The 306-residue
insert region, predicted to lie within blade 5 and to be
largely disordered, is poorly conserved across species.
Surface patches of evolutionary conservation probably
indicate locations of binding sites. Both disease-causing
missense mutations—Cys157Tyr and Gly540Glu—are bur-
ied in the propeller and likely to be structurally disruptive.

This study aids design of experimental studies by high-
lighting the importance of construct length, will enhance
interpretation of protein–protein interactions, and enable
rational site-directed mutagenesis.
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Introduction

Mutations in alsin result in one of three related conditions
that cause early onset of motor neuron disease (MND):
amyotrophic lateral sclerosis 2 (ALS2), infantile onset
ascending hereditary spastic paraplegia, and juvenile onset
primary lateral sclerosis. In affected individuals, abnormal
motor development is usually noticed in infancy. These
children either never attain independent walking, or lose the
ability during childhood. There follows a slow progression
towards paraplegia. Pathologically, MND is characterized
by the degeneration and death of large motor neurons in the
cerebral cortex, brainstem and spinal cord [1].

The causes and molecular mechanisms of MND are
poorly understood and there is no effective treatment.
About 10% of MND is familial. Causative mutations are
known in only a small minority amongst these 10% of
cases. Therefore the identification and understanding of a
protein such as alsin, which causes a Mendelian autosomal
recessive form of the disease is important in the elucidation
of biochemical pathways leading to the degeneration of
motor neurons. The 1,657-residue neuronally expressed
alsin protein [2] is predicted to act as a regulator of vesicle
trafficking, particularly in early endosome pathways. Two
domains—a Dbl-homology/pleckstrin-homology domain
located centrally in the protein, and a vacuolar protein
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sorting-9 domain at the C-terminus (Fig. 1a)—are the most
widely studied. This has led to the description of alsin as a
guanine nucleotide exchange factor (GEF) or activator for
the small GTPase Rab5 [3, 4]. Alsin also acts either as a
GEF [3, 5, 6], or alternatively as an effector, of Rac1 [7].
Rab5 and Rac1 are crucial regulators in the sorting and

trafficking of endosomes, and in the maintenance of the
actin cytoskeleton.

At the N terminus of alsin is the RCC1-like domain,
which is homologous to the protein “regulator of chromo-
some condensation 1” (RCC1). RCC1 itself acts as a GEF
for the nuclear GTPase Ran, but the cytoplasmic local-

Fig. 1a,b Domain architecture and RCC1-like region alignment in
alsin. a Protein domains are colour-coded and labelled along the
protein length according to domain boundaries predicted from this
study. RCC1 Regulator of chromosome condensation 1, DH Dbl-
homology domain, PH Pleckstrin-homology domain, MORNmem-
brane occupation and recognition nexus motif, VPS9 vacuolar protein
sorting-9 domain, GEF guanine nucleotide exchange factor. b Target–
template alignment. Optimal pairwise target (alsin)–template (RCC1)
alignment corresponding to the region of the beta-propeller, i.e. the N-
terminal tail and seven RCC1-like repeats or blades (numbered and
labelled) used for modelling purposes. The blade boundaries are as per
Renault et al. [11]. Blade 5 in human alsin is composed of two
sequence segments, 198–218 and 525–558, the break in sequence
number is indicated. Asterisks Completely conserved residues, colons/
dots conservatively substituted residues. The PsiPred-predicted sec-

ondary structure (beta-strands) for human alsin are shown underlined
along its sequence, and the clear majority consensus core beta-strands
derived from Fig. S1 are coloured pink. Dictionary of protein
secondary structure (DSSP [28])-identified secondary structure for
the human RCC1 template is shown by arrows (beta-strands) above
the sequence and colour-coded according to their position within each
blade (red strand A, blue strand B, green strand C, magenta strand D).
The two short extra beta-strands (light blue) in blade 3 and single short
alpha-helix (yellow) in blade 4 are also indicated for the template.
PsiPred-predicted secondary structure for the template RCC1 se-
quence is also indicated to aid alignment. The two disease-causing
missense mutations C157Y (blade 4) and G540E (blade 5) are shown
within a brown box. The Ran-binding residues for human RCC1
according to Renault et al. [12] are marked blue
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isation of alsin and its lack of detectable Ran-GEF activity
[4] render a similar function unlikely. Instead, the RCC1-like
domain in alsin has been suggested to play a role in
subcellular localisation and endosomal association [3, 4,
7–9], and to provide surfaces for protein–protein interactions.
Indeed, this domain interacts with glutamate receptor
interacting protein 1 (GRIP1) [10] and also, in vitro, with a
C-terminal construct of alsin itself [7].

No three-dimensional (3-D) structural information exists
for any part of alsin. The crystal structure of the human RCC1
protein, however, has been solved, revealing a seven-bladed
beta-propeller [11, 12]. The beta-propeller (or ‘super barrel’)
structure is present in many proteins (reviewed in [13–15]).
It is comprised of four to eight blades (most commonly
seven [16]) corresponding to sequence repeats each com-
posed of a four-stranded antiparallel beta-sheet. The blades
are arranged in a radial fashion around a central tunnel.
While it has been postulated that, like RCC1, alsin may form
a seven-bladed beta-propeller [3, 17, 18], previous sequence-
based attempts at delineating the RCC1-like repeats and
domain boundaries in alsin have reached conflicting con-
clusions [3, 17, 19].

We describe below comparative sequence alignment and
modelling for the N-terminal domain of alsin. We conclude
that this domain forms a seven-bladed beta-propeller. The
structure closely matches that of RCC1, but accommodates
a 306-residue insert that we predict to be largely disordered.
We thus reveal an unusual relationship between sequence
and structure that highlights the necessity of using adequate
construct length in biochemical studies of this domain. We
also predict the molecular effects of known disease-causing
mutations and propose regions of likely protein–protein
interaction.

Methods

Homology searching for the N-terminal 690-amino acid
sequence of human alsin (SwissProt: ALS2_HUMAN) was
performed using a standard protein BLAST (tblastn) [20, 21]
search against the translated non-redundant database, via the
NCBI www-server (http://www.ncbi.nlm.nih.gov/BLAST/)
with default parameters. Multiple sequence alignments were
generated by ProbCons version 1.5 [22] but subjected to
manual editing based on conservation of residues and
continuity of secondary structure elements as predicted by
PsiPred version 2.5 [23, 24]. All-against-all sequence
identities were calculated using the percentage identity
matrix (PIM) option under ClustalX [25].

Fold recognition for the 384-amino acid residue se-
quence (1–218 and 525–690) corresponding to the seven
putative RCC1-like repeats in human alsin was performed
by the BioInfoBank Meta Server (http://meta.bioinfo.pl/)

[26] and 3D-PSSM [27]. Optimal alignment between the
alsin target and the RCC1 template is critical for success of
the modelling exercise, and in this case was generated
based upon conservation of both sequence and secondary
structure of target and template in consideration with the
alsin-orthologue multiple sequence alignment. Secondary
structure for the template was identified by the dictionary of
protein secondary structure (DSSP) [28]. This approach
helped us with, for example, establishing the register of the
third beta-strand in blades 1 and 7 (see Fig. 1b) despite the
fact that these repeats in alsin lack the sequence motif [F/W]
G that occurs at the ends of the third strands in the other five
blades. Secondary structure considerations also led us to
disregard an apparently conserved proline residue that occurs
at the start of the fourth beta-strand—were an alignment of
these proline residues to be forced, the secondary structural
alignment would be compromised (alternative alignment not
shown).

Fifty models were generated using Modeller 8v2 [29]
and the five models with lowest objective function scores
[29] were evaluated using PROCHECK v3.5.4 [30]. The
one with most appropriate stereochemistry was selected as
the representative model. Non-identical side-chain resi-
dues were further optimised using SCWRL v3 [31, 32].
The model was protonated under SYBYL v6.9 (Tripos
Associates, St. Louis, MO), subjected to energy minimi-
sation to reduce clashes and bad geometries, and evaluated
using PROCHECK [30]. The packing quality [33] of the
model was assessed using WHATIF [34], and model
quality additionally assessed using ProQ [35] and the
MetaMQAP server [36]. Solvent-accessibility calculations
were performed by GETAREA v1.1 [37]. Electrostatic
surface representation of the model was generated using
GRASP [38]. PyMol (DeLano Scientific LLC, Palo Alto,
CA) was used for visualisation and analysis. Side-chain
mutations were undertaken using SCWRL v3 [31, 32], and
their effects analysed using WHATIF [34] along with
visual analysis using the ‘mutagenesis wizard’ under
PyMol.

Disorder prediction was performed using seven different
prediction servers/methods: DisEMBL v1.5 [39]; DIS-
PROT-VSL2 [40, 41]; FoldIndex [42]; PreLink [43];
DRIP-PRED (http://www.sbc.su.se/∼maccallr/disorder/);
PONDR [44]; and DISOPRED2 [45]. In the case of
DisEMBL, the prediction output option from REMARK-
465 (missing coordinates in X-ray structure defined by
REMARK-465 entries in PDB) was selected. In the case of
VSL2 and PONDR, the predictor models “VSL2B” and
“VLXT”, respectively, were selected. In order to prevent
over-prediction, a disorder consensus was derived. This was
achieved by applying a simple majority rule for each
position, i.e. disorder was predicted for a sequence position
if four or more servers/methods agreed.
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Results and discussion

The N terminus of alsin encodes seven RCC1-like repeats
that are conserved across species

Ten alsin orthologues (including the human sequence) were
identified and retrieved by sequence homology to the N-
terminal 690-amino acid sequence of human alsin: GenBank
identifiers (gi): Homo sapiens gi|15823635; Pan troglodytes
gi|60686966; Macaca mulatta gi|109100596; Canis famil-
iaris gi|74005605; Bos taurus gi|76610251; Mus musculus
gi|15823639; Rattus norvegicus gi|61740638; Gallus gallus
gi|118093427; Takifugu rubripes gi|60686962; Danio rerio
gi|68361893. Other alsin-like sequences were detected but
these were incomplete and hence discarded.

The ten sequences were then split into two segments for
multiple alignment with the human RCC1 sequence (Fig. 1b).
The two segments corresponded to (i) RCC1-like sequence
regions (residues 1–218 and 525–690 in Homo sapiens)
(Fig. S1), and (ii) an inserted sequence region (residues 219–
524 in Homo sapiens) (Fig. S2). Seven RCC1-like repeats of
appropriate blade-forming length (49–57 amino acid resi-
dues) were identified in segment (i). Four beta-strands
(labelled A–D) were confidently predicted within each
repeat, with beta-strands A–C showing the greatest degree
of consensus (Fig. S1a, Fig. 1b).

The alsin RCC1-like repeats are highly conserved among
orthologues. These regions are 99% identical between human
and chimpanzee, and 54% identical between human and zebra
fish (Fig. S1b). Only two residue differences, both of which
lie in the RCC1-like regions, exist between the N-terminal
690 amino acid residues of human and chimpanzee alsin;
these are the conservative substitutions Ile94Val and
Ile615Val. Of the RCC1-like repeats, the 4th, 5th and 6th
are the most highly conserved among species; for example,
repeat 5 is identical in human, chimpanzee, macaque, dog,
cow, mouse and rat (Fig. S3). Repeat 5 also shows high
sequence conservation between the human alsin target and
the RCC1 template. Conservation within repeat 5 extends
into regions immediately adjacent to the inserted sequence
(Fig. 1b), which helps delineate the potential start and end
positions for the 306-amino acid inserted region. Overall, the
target and template share 23.2% pairwise sequence identity
and 44% sequence similarity. The target–template alignment
reveals that the 25 amino acid residues of RCC1 known to
bind Ran [12] are not conserved in alsin (Fig. 1b) consistent
with its lack of observed binding to Ran [4].

The RCC1-like repeats of alsin form a seven-bladed beta-
propeller stabilised by a double molecular clasp

As expected, fold recognition searches for the 384-amino
acid residue RCC1-like region [segment (i)] of alsin

resulted in a significant hit with the two human RCC1 X-
ray crystal structures (protein data bank, PDB [46] ID:
1A12 and PDB ID: 1I2M, [11, 12]). The 3-D model of alsin
was built based upon the higher-resolved set of PDB co-
ordinates, 1A12 (chain A), using the optimal target–
template alignment. A global target-to-template alignment
approach was applied because the sequence and secondary
structure similarity between the two was sufficient over the
length of the propeller region. Several reports of beta-
propeller modelling have been published based upon the
global target-to-template approach [47–51]. An alternative
fragment-based approach where each blade is modelled
individually and then assembled would be a less-optimal
procedure in this case since it would struggle to emulate and
maintain the inter-blade contacts (packing quality) and
continuity/connectivity of the resulting model. Stereochem-
ical analysis of our model revealed good dihedral statistics
(Ramachandran plot scores: 89.3% residues in most favoured
regions, 7.6% in additional allowed regions, 2.8% in
generously allowed regions, 0.3% in disallowed regions).
The packing quality of the model attained an overall
structural average quality control score of −1.47. To place
this in context, incorrect models give a score of less than −3.0,
and for poor models the score is less than −2.0 [33, 34]. The
packing quality is very similar to a published model of
another beta-propeller with an inserted domain [52]. Finally,
ProQ and the MetaMQAP scores confirm the validity of the
model (ProQ: LGscore 5.56, “extremely good model”;
MetaMQAP: GDT_TS 61.65, RMSD 2.94 Å).

As expected for template-based homology models, the
core regions of the model closely resemble the RCC1
structure. Thus, like human RCC1 [11, 12], alsin has a
pseudo-seven-fold symmetry with an overall appearance of
a propeller made up from seven blades each corresponding
to a RCC1-like repeat (Fig. 2). Strand A of each sheet is
located facing the central tunnel of the propeller, while
strand D lies on the outer surface. The N- and C-terminal
tails of the RCC1-like domain lie on the same face of the
propeller but project in opposite directions. Neither blade 1
nor blade 5 is composed from contiguous sequence. Within
blade 1, the C and D strands are provided by the N terminus
of the region (residues 18–39) and the A and B strands are
contributed by the C terminus (residues 664–690). Strands
A, B and C, D from within blade 5 residues 198–218 and
525–558, respectively. Hydrogen-bonding between these
regions in blade 1 (a 2N + 2C strand closure) and in blade 5
(a 2 + 2 strand closure either side of the insertion) thus acts
as a double “molecular clasp” or “Velcro” to stabilise the
circular arrangement [11, 14, 15, 51, 53–55].

An alignment of the seven repeats based on the 3-D
model structure (Fig. S4) shows, as in RCC1, the presence
of an invariant glycine residue in a tight-turn position at the
end of each strand A, plus highly and semi-conserved
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hydrophobic residues within strands A, B and C (Fig. 1b,
Figs. S1a, S4). Additionally, buried histidine residues form
the start of strand B in blades 2, 3, 4, 5 and 6 (His52,
His102, His161, His212, His570); these line the central
tunnel and participate in inter-blade H-bonds (Fig. 2). A
motif at the end of strand C usually contains an aromatic
residue (often Trp) and an adjacent glycine. This motif is
involved in forming part of the hydrophobic core between
the blades. In the model, the “WG” motif is part of a largely
conserved VYxWGT RCC1-like consensus motif [11].
Even in the absence of this motif, blades 1 and 7 contain
four-predicted strands and retain the structurally important
glycine at the top of strand A, plus other key non-polar
residues within strands A–C, ideal for blade formation

[13, 14, 56]. Superimposition of the seven blades (Fig. S4)
also demonstrates that most of the variation may be found
in the loop between strand C and strand D, and in the loop
connecting strand D of one blade with strand A of the next.
Thus, as in other beta-propellers, strand D is variable and
irregular (compared to strands A, B and C) [15] reflecting
its location on the outer surface; it does not play a major
structural role as evidenced in the beta-propeller structure
of beta-lactamase inhibitor protein-II [54]. Indeed this
variability in strand D has been suggested to play a role
in providing versatility for protein–protein interactions and
function [57].

The identification of the structural repeats and inference
of a seven-bladed propeller on the basis of our model do

Fig. 2 Three-dimensional (3-D) model of alsin RCC1 domain. The
main frame shows a cartoon representation of the seven-bladed beta-
propeller of the RCC1-like domain alsin model. The four strands (A,
B, C and D) present in each blade are labelled on the strands of blade
1, and all seven blades are coloured and labelled individually. The
locations of the two missense disease-causing mutations (side-chain
only for Cys157, and Gly540 shown in green) are indicated on blades
4 and 5 along with the SNP Glu159Lys (E159K) in red. The side-
chains of the histidine residues that line the central tunnel and connect
the blades are also shown and labelled. All loops have been rendered

smooth for clarity. The top-left frame shows the domain-stabilising
“Velcro” in blade 1 between strands B and C from the C- and N-
termini, respectively (note: for clarity a similar “Velcro”-like H-bond
network occurring within blade 5 is not shown). The main-chain
hydrogen-bonds within this blade are indicated by dashed yellow lines
(all main-chain H-bonds for the model are shown in Fig. S4). The top
right frame depicts the two segments of the alsin 3-D model (rotated
180° about the y-axis from the main frame figure), which correspond
to the two halves of the propeller labelled 1–218 (green) and 525–690
(blue-grey), with the point of insertion indicated
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not coincide with previously proposed sequence repeats in
alsin. For example, Hadano et al. [17] identified three
RCC1-like regions while Yang et al. [19] proposed six
RCC1-like repeats and SwissProt [58] lists five repeats.
Topp et al. [3] identified five RCC1-like repeats arranged in
a configuration of three then two repeats interrupted by an
∼300 residue insert and suggested that two other repeats
may exist. These discrepancies may have arisen for three
reasons: (1) the circular nature of the propeller and the
molecular clasp whereby N- and C-terminal sequences
contribute to a single blade; (2) the presence of the 306-
residue insert (residues 219–524) that partitions the fifth
repeat, obscuring the obvious “signal” of a continuous
seven-bladed RCC1-like beta-propeller; (3) repeats 1 and 7
show structural similarity to RCC1 in the absence of
obvious sequence similarity (Figs. 1b, 2).

Implications for truncated forms of alsin

In addition to the full-length form, there exists a short
transcript of the ALS2 gene, comprising exons 1–4 only
(instead of 1–34) [17]. There is no experimental evidence
that this short form is translated into the predicted 396
amino acid peptide [2, 4, 9, 59, 60], although its existence
has often been assumed. If translated, the proposed short
form would contain only the first half of the modelled beta-
propeller followed by 154 residues of the insert region and
26 novel residues. Because alsin short-form protein is not
biochemically detectable [2, 4, 9, 59, 60], it is likely that
the short-form cannot fold appropriately and is rapidly
degraded. However, beta-propellers composed of a variable
number of blades do exist, and are thought to evolve by
blade duplication and deletion [61]. There are therefore at
least three other possibilities: (1) the terminal blades of the
short form (i.e. the second half of blade 1 and first half of
blade 5) could engage with one another to form a smaller
four-bladed propeller; (2) the truncated “half-propeller”
with four blades could form a symmetrical homodimer,
creating an eight-blade propeller; or (3) an “open” ring-
propeller could be formed as precedented by the C-terminal
domain of topoisomerase IV ParC subunit [62]. In our
model, the C-terminus of the RCC1-like domain lies at
amino acid 690. This is entirely consistent with the
observation that the equivalent to the following residue is
the first residue of the ALS2 C-terminal-like protein; this
lacks the RCC1-like domain but otherwise shows a high
degree of homology to the rest of alsin [2, 63].

Several published investigations of the function or subcel-
lular localisation of the alsin N-terminal domain have used
artificial short constructs for in vitro studies. Such RCC1-like
constructs consisted of residues 1–666 [10], 1–680 [4, 7] and
1–705 [3]. Our model reveals the importance of the inclusion
of the entire domain 1–690 in such constructs, so as to allow

formation of blade 1 and the completion of the stable
propeller structure. There is evidence that excising one
blade of a seven-bladed propeller (prolyl oligopeptidase)
leads to lower stability and artefactual dimerisation [64].
Thus we conclude that arbitrary alsin construct length,
particularly in light of the obligatory molecular clasp
arrangement, would not allow for appropriate folding,
causing artefactual higher order structures, potentially skew-
ing results. We suggest that previous results based upon
RCC1-like constructs shorter than 690 amino acids require
verification and that future experimentation should utilise a
construct of at least amino acids 1–690. It is possible that the
published interaction between residues 1–666 of alsin and
GRIP1 [10] may occur within the insert region, instead of
within the beta-propeller.

The beta-propeller model reveals highly conserved
and negatively charged surface ‘patches’, and a potential
disulfide bond

In addition to those conserved buried residues required to
maintain structure and blade architecture, there are several
exposed residues that are conserved among orthologues
(highlighted on the surface of the model, Fig. 3b). Some of
these residues cluster in prominent patches that could
correspond to regions that are important for protein–protein
interactions or other functions; these could form the focus
of site-directed mutagenesis experiments. Most notable are
a ‘C’-shaped patch surrounding the central tunnel on one
face of the propeller, and an elongated region at the
extremity of the propeller on the opposite face (Fig. 3b).
It is worth noting that the central tunnel of beta-propellers
often binds prosthetic groups and harbours catalytic
residues [14, 15]. This region in alsin features a negatively
charged region (Fig. 3a) that in part overlaps with the ‘C’-
shaped patch of conserved residues. Similar negatively
charged residue-containing clusters in other proteins have
been shown to bind to metals [65, 66]. In this respect it
could be relevant that the protein superoxide dismutase 1
(SOD1), which is mutated in 10–20% of familial ALS cases
[67] binds both copper and zinc [68]; and alteration of its
zinc-binding capacity may play a role in ALS pathogenesis,
via a toxic gain-of-function [69]. Alsin has been shown to
physically interact with mutant SOD1 [70, 71]. Given the
effects of dietary metals on animal models of MND
[72–76], the prospect of a common functional metal-
binding link is tantalising.

There are two strictly conserved cysteine residues in the
model, Cys157 (blade 4) and Cys208 (blade 5), whose
alpha carbons are sufficiently close (5.8 Å) that their side-
chains could participate in a disulfide bond [77] (we did not
set side-chain disulfide bond restraints in the modelling
protocol). Such an inter-blade disulfide bond could other-
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wise play a crucial role in stabilising the circular arrange-
ment of blades. Indeed, the four-bladed haemopexin and
collagenase beta-propellers use a disulfide bond to seal and
stabilise the N- and C-termini circular array (instead of the
typical Velcro) (reviewed in [14, 78]). Although the
intracellular reducing environment in which alsin is
localised would normally preclude formation of a disulfide,
we note that the SOD1 protein exhibits a rare intracellular
disulfide bond [68, 79, 80]; hence a similar occurrence in
alsin cannot be ruled out entirely. Interestingly, Cys157 is
the location of the Cys157Tyr ALS2-linked missense
mutation (see below).

Known missense mutations in alsin would disrupt
the propeller structure

The model enables us to make predictions about the
structural effects of the two known alsin missense muta-

tions: Cys157Tyr (previously incorrectly numbered
Cys156) [81] and Gly540Glu [8], and other reported single
nucleotide polymorphisms (SNPs) such as Ile94Val,
Glu159Lys, and Met368Val [82].

Cys157 is strictly conserved among orthologues and is
located at the end of strand A in blade 4. It is deeply buried
(Fig. 2, Fig. S5a) suggesting a structural role. In silico
substitution of this cysteine residue with tyrosine resulted in
abnormally short inter-atomic distances [34] between the
tyrosine side-chain and four residues from blade 3 (Ala97,
His102, Gly104 and Met114). Thus such a mutation at the
inter-blade interface is likely to disrupt structure.

Gly540 is also strictly conserved amongst orthologues. It
occurs in the loop between strands C and D of blade 5
(Fig. 2) and is buried at its interface with blade 6. In silico
mutation to Glu results in clashes of the Glu540 side-chain
with the Trp583 side-chain (Trp583 is part of the VYxWG
motif within blade 6). Hence this substitution (Fig. S5b)

Fig. 3a,b Surface property representations of the alsin RCC1 3-D
model. a Two views rotated by 180° about the y-axis of a GRASP [38]
electrostatic surface representation of the model. The molecule
appears to expose many charged residues (labelled). Negative charge
is coloured red and positive charge blue, ranging from −10 kT to
+10 kT (k=Boltzmann’s constant; T=temperature in Kelvin). b

Sequence conservation mapped onto model surface. Surface represen-
tation of conserved patches is based upon the orthologue multiple
sequence alignment of RCC1-like regions in Fig. S1, where strictly
conserved residues are shown in green. The ‘C’-shaped patch is
observable on the right-hand side. The surface images are in
equivalent orientations to each other, and to those in Fig. 2
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probably destabilises the structure. Such an inference is
consistent with proteolytic susceptibility and hence with the
observed functional effects of the Gly540Glu mutation,
namely protein delocalisation and cytotoxicity [8].

Glu159 is a highly conserved residue that lies within the
loop between strand A and B in blade 4 with its side-chain
partially exposed. Substitution with a Lys residue would
alter surface charge and likely have a potential effect on
function rather than structure. This SNP is detected in both
ALS patients and controls, so is unlikely to contribute to
disease pathogenesis, although since it is so rare (∼1 in 200
alleles in both populations) it is difficult to draw meaning-
ful conclusions. Of other SNPs: Ile94Val (within blade 3) is
a conservative replacement of a non-buried residue (and
this position is in any case occupied by a valine in several
species; Fig. S1a) and is unlikely to have a major impact on
structure or function; Met368Val corresponds to a non-
conserved residue within the insert region (see below;
Supplementary Fig. S2) so it is difficult to speculate on any
structural or functional role. Note, however, that this
residue occurs as a Val in macaque and cow.

The beta-propeller in alsin is interrupted by a 306 amino
acid insertion that is largely disordered

The sequence encoding the RCC1-like beta-propeller in
alsin is interrupted, between strands B and C of blade 5, by
a 306-amino acid insertion (residues 219–524). Note that
this fifth RCC1-repeat exhibits a remarkable degree of
cross-species conservation, which is presumably necessary
to maintain a structural scaffold for accommodation of the
306-residue insert. The region corresponding to the insert
has lower levels of cross-species conservation than the
RCC1-like regions (for example, 47% sequence identity
between human and zebra fish) (Fig. S2) and contains few
predicted secondary structure elements (Fig. S6).

The insert sequence was submitted to seven prediction
servers to gauge its regions of order or disorder (Fig. S6).
More than 50% of residues (157 out of 306) are predicted
to be disordered; these cluster in three major regions:
residue positions 266–339 (74 residues), 354–388 (35
residues) and 433–480 (48 residues). All seven methods
agreed on disorder for 44 out of 306 residue positions
(∼14%). By contrast, the region spanning residue positions
400–428 was predicted to be “ordered” by all methods thus
implying that the insert region possesses at least some
residual structure. In support of this, PsiPred predicted two
alpha-helices within this region.

There is precedence for propeller structures having
inserted domains. For instance, the sequence of the beta-
propeller in neuraminidase [83] is interrupted by almost
200 residues, and both the leech trans-sialidase propeller
[84] and the integrin alpha M subunit [52, 85, 86] have

large propeller insertions. In our alsin-RCC1 model, the
insertion occurs entirely within a loop region (Figs. 1b, 2).
This is consistent with insertions in other proteins [87, 88]
and is likely indicative of a gene insertion event [87].
Notwithstanding the number of disordered residues, it is
possible that more than one domain resides within this 306
amino acid insert region, since 80% of inserted domains are
less than 175 amino acids in length [87]. Indeed, the Meta-
DP server [89] predicted the possibility of two domains for
this region. Domain and fold recognition searches, howev-
er, did not reveal any significant homologies.

The disordered regions of the insert will lack specific
tertiary structure and will exist in a range of conformations
[90]. Disorder is common among eukaryotic proteins (33%
contain at least some disordered regions) and, in general, the
function of disordered proteins involves binding to a ligand
[90] accompanied by a structural transition into a folded
form. Such a transition was proposed to permit a rapid
response and play a role in transmission of cellular signals in
numerous processes including endocytosis [90], which is not
inconsistent with the proposed role of alsin as an endocytotic
regulator [18]. The reduced sequence conservation of the
insert region amongst alsin orthologues might imply that
there are subtle inter-species differences in the ligand
interactions it confers, which may play a role in the
unexpectedly mild phenotype of alsin-null mice [18].
Interestingly, three out of the five experimentally determined
phosphorylation sites within alsin [5] lie within regions that
were predicted to be disordered by one or more method
(Ser277, Ser492 and Thr510). This agrees with previous
evidence that phosphorylation frequently occurs within
intrinsically disordered protein regions [91, 92].

Finally, it is often difficult to express disordered proteins in
sufficient quantities, and their purification is challenging [39].
Alternative strategies such as co-expression with a known
binding partner, or deletion of potentially disordered segments
to increase expression, stability and foldability of the protein
construct, are needed to successfully crystallise the protein.
The identification of these disordered regions embedded in the
alsin N-terminal beta-propeller offers a rational route towards
future attempts at structure determination.

Conclusions

This work sheds light on the structure and function of the
N-terminal 690 amino acids of alsin, and gives rise to
hypotheses that would benefit from experimental confirma-
tion. The convergence of multiple lines of evidence from
sequence analysis, secondary structure prediction and the
good quality of the 3-D model provides strong support that
the RCC1-like region of alsin forms a seven-bladed beta-
propeller stabilised by a double clasp. The misfolding/
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folding possibilities of the proposed short form of alsin are
presented. The propeller surface possesses regions of high
sequence conservation that represent promising sites for
mutagenesis experiments to probe residues involved in
protein–protein interactions. The presence of a prominent
negatively charged region at the entrance to the central
tunnel may indicate a metal-binding capability. A large
insertion sequence that occurs within the best conserved
repeat in the propeller is largely disordered and may play an
important role in ligand binding. Both missense mutations
previously linked to disease will disrupt the structure.
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