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The Crystal Structures of Dystrophin and Utrophin
Spectrin Repeats: Implications for Domain Boundaries
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Abstract

Dystrophin and utrophin link the F-actin cytoskeleton to the cell membrane via an associated glycoprotein complex. This
functionality results from their domain organization having an N-terminal actin-binding domain followed by multiple
spectrin-repeat domains and then C-terminal protein-binding motifs. Therapeutic strategies to replace defective dystrophin
with utrophin in patients with Duchenne muscular dystrophy require full-characterization of both these proteins to assess
their degree of structural and functional equivalence. Here the high resolution structures of the first spectrin repeats (N-
terminal repeat 1) from both dystrophin and utrophin have been determined by x-ray crystallography. The repeat structures
both display a three-helix bundle fold very similar to one another and to homologous domains from spectrin, a-actinin and
plectin. The utrophin and dystrophin repeat structures reveal the relationship between the structural domain and the
canonical spectrin repeat domain sequence motif, showing the compact structural domain of spectrin repeat one to be
extended at the C-terminus relative to its previously defined sequence repeat. These structures explain previous in vitro
biochemical studies in which extending dystrophin spectrin repeat domain length leads to increased protein stability.
Furthermore we show that the first dystrophin and utrophin spectrin repeats have no affinity for F-actin in the absence of
other domains.
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Introduction

The X-linked Duchenne and Becker muscular dystrophies
(DMD and BMD) are caused by mutations in dystrophin (Dys)
associated with muscle plasma membrane fragility, increased
intracellular Ca®" levels and proteolytic activity [1,2] leading to
muscle myofibrillar decomposition with subsequent replacement
by fibrous and fat tissue. Dystrophin is a large (427 kD)
multidomain protein expressed in skeletal and cardiac muscle
where it binds to the dystrophin-associated glycoprotein (DAG)
complex of the plasma membrane and to F-actin connecting the
cytoskeleton to the membrane. Utrophin (Utr), the 395 kD
autosomal homologue of Dys [3] is widely expressed in non
muscle tissues (reviewed [2]) but is restricted to the myotendinous
and neuromuscular junctions of differentiated muscle [4] and is
located at the sarcolemma of developing fetal muscle [5]. Dys and
Utr are members of the spectrin-like family of actin-binding
proteins, which also includes the eponymous spectrin and o-
actinin F-actin cross-linking proteins, based on their domain
organisation: 1) An N-terminal actin-binding domain (ABD)
consisting of two calponin homology domains that bind F-actin
[6] and keratin 9/18 [7] with micromolar affinities. i) An
elongated central rod region consisting of multiple (22 for Utr, 24
for Dys) ~105 amino acid spectrin repeat domains, interrupted by
two hinge regions. iii) The C-terminal region containing a WW
domain, EF hands, a cysteine-rich domain and a coiled-coiled
motif. The C-terminal domains interact with the DAG complex
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that spans the plasma membrane to the extracellular matrix and
also, via adaptor proteins dystrobrevin and syntrophin, nitric oxide
synthase (NOS), erbB-4 receptor protein kinase and voltage-gated
sodium channels [2]. Utr and Dys are important for stabilizing this
elaborate plasma membrane assembly and its interactions with the
extracellular matrix [8] forming a strong mechanical link from the
actin cytoskeleton to the plasma membrane [9]. Dys and Utr
potentially act as cellular biomechanical shock-absorbers limiting
damage to the plasma membrane with the spectrin repeat domains
acting as spring units by undergoing force-induced unfolding [10].
The importance of individual spectrin repeat domains for overall
Dys function was initially assumed to be low owing to the
observation that in-frame deletion of repeats 4-19, (nearly half of
Dys) gave rise to a mild BMD phenotype [11]. However this
assumption is now becoming increasingly challenged; e.g. an in-
frame two amino acid deletion that destabilizes repeat 23 is
associated with a severe DMD phenotype [12].

The Dys/Utr spectrin repeat domains, and their underlying
heptad repeat sequence motif, can be identified by sequence
alignment although the homology between the repeats is much
lower than between the repeats from o/ B-spectrin [13,14]. For o-
actinin and o/ B-spectrin the repeat domains are involved in anti-
parallel dimerisation (reviewed [15]) that does not occur for
dystrophin [16]. The structure and the domain boundaries of the
spectrin repeats within the Dys/Utr central rod region, with
respect to the repeating sequence motif, remained unclear in the
absence of structural data with alternative models existing
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[17,18,19,20,21]. One model proposes that each spectrin repeat is
a self-contained domain structure connected via its C-terminus to
the N-terminus of the next domain via a continuous helix. A
second model proposes that the repeats are structurally nested
such that the N-terminal helix A (or part of) from repeat n’ is
juxtaposed structurally with the previous (n—1) spectrin repeat
domain. Owing to the sequence diversity of the Dys/Utr repeats
their organisation throughout the protein may not necessarily be
uniform so a mixture of these models remains possible. Single and
double dystrophin spectrin repeats constructs can have quite
different folding properties [22] with their stability depending on
repeat flanking sequence length [21]. The structural organization
of the repeat domains has important implications for protein
function; for Dys and Utr to act in a shock absorbing role, force-
induced unfolding of the central rod region could occur via
a domain based mechanism (in concert with the hinge regions) or
via a more cooperative mechanism for a nested repeat domain
arrangement. Spectrin repeats provide sites for protein-protein
interactions; Dys repeats 11-17 bind F-actin [23] in contrast to
Utr where repeats 1-10 augment F-actin binding by the ABD
[24]. The different binding modes of Dys and Utr lead to
differences in F-actin rigidity and structural dynamics [25]. The
intermediate filament protein synemin binds the Dys central rod
region at two sites; one within repeats 1-5 and the other 11-14
[26]. Dys/Utr repeats 8 and 9 interact with Par-1 kinase required
for the stable association with B-dystroglycan [27]. Transfection of
Dys cDNA containing repeats 16 and 17 targets neuronal NOS to
the muscle plasma membrane ameliorating dystrophic symptoms
in the mdx (dystrophin null) mouse [28]. In addition to protein
partners, Dys constructs containing SR1-3 and SR4-19 have
phospholipid binding activity [29,30]. These interaction studies
highlight functions for particular Dys/Utr spectrin repeats in
addition to a more general role as biomechanical response
domains.

Spectrin repeat structures from o/ B—spectrin [31,32,33,34,35],
a-actinin [36,37] and plakins [38,39,40] have a three-helix (A-B
C) bundle fold with the multiple repeat structures showing that the
C helix of the preceding repeat is continuous with the A’ helix of
the next. The structural nature of this connecting linker between
repeats has important implications for the biophysical character-
istics of the whole rod region [41].

Considerable interest in Utr has been stimulated by the
possibility of over-expressing Utr in patients afflicted with DMD
and thereby replacing the deficient or defective Dys with a non-
immunogenic functional homologue. Studies showing that an Utr
transgene alleviates the disease symptoms in the DMD mdx
mouse model [42] have provided encouragement for approaches
using pharmacological [43] and artificial transcription factor [44]
Ulr upregulation strategies. Structural and functional clarification
of the molecular roles and properties of Dys/Utr spectrin
repeats, and specifically an improved understanding of the nature
of the linkers joining the repeats [45], is becoming increasingly
mmportant as efforts intensify to explore the use of shortened
mini/micro Dys/ Ulr transgenes (omitting specific spectrin repeats)
in a clinical context [42]. For example it remains unclear as to
why a micro-dystrophin with repeats 4-23 deleted, removing the
actin binding activity within the central rod region, can
effectively ameliorate the dystrophic phenotype in the mdx mouse
but constructs with the entire rod region deleted (Arepeats 1-24)
cannot [46].

Estimating the potential for therapeutic replacement of Dys
with Utr requires their structural and functional characterization,
which by virtue of their large sizes is well suited to a domain
dissection approach. We present the first structures of Dys and Utr
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spectrin repeat domains that reveal the phasing of the helices with
respect to the sequence motif and its underlying heptad repeat. We
also show that the Utr and Dys spectrin repeat domains are largely
equivalent although differences can exist in the arrangement of
a conserved hydrophobic stacking interaction within the helical
bundle core revealing a degree of structural plasticity. It had
previously been observed that a Dys repeat 2 construct extended
to comprise 119 residues showed greater stability than shorter
domains leading to the hypothesis that the minimum-folding
domain extended into the adjoining sequence repeat, though it
was unclear quite how long such an extension would be [18]. We
now show the Dys and Utr spectrin repeat domain structures with
respect to their sequence repeats that will aid the design of further
constructs for both functional studies and future therapeutic mini-
transgene strategies.

Results

The Crystal Structures of the N-terminal (Repeat 1)

Spectrin Repeats from Utrophin and from Dystrophin

We have determined high resolution structures of the N-
terminal spectrin repeats (repeat 1) from Utr and from Dys. The
Utr N-terminal spectrin repeat 1 (Utr-SR1) crystallised with two
molecules in the asymmetric unit of the P2,2,2, cell and has been
refined to a final model with crystallographic R and R values of
0.200 and 0.235 with diffraction data of outer limit 1.95 A
resolution (table 1). The final model (PDB: 3UUL) is of good
geometry containing residues 310-424 (monomer A), 308-424
(monomer B) and 206 water molecules. 98.7% of amino acids are
in the preferred regions of the Ramachandran plot, 1.3% (2
residues) in the allowed region and none in the disallowed region
as defined by MOLPROBITY [47]. Additionally we have
determined the structure of a six amino acid longer version of
the Utr-SR1 protein (amino acids 308-430, Utr-SR1-L) produced
as a result of presumed proteolysis during crystallization experi-
ments of an Utr N-terminal two spectrin repeat protein construct
(Utr-SR1-SR2; 308-537). SDS-PAGE analysis of dissolved Utr-
SR1-L crystals showed they contained a single 15 kD species. The
Utr-SR1-L crystals are isomorphous with Utr-SR1 with in-
sufficient space in the crystal lattice for the complete two domain
SR1-SR2 structure. The Utr-SR1-L C-terminus is defined at 430
the last residue with interpretable electron density and has been
refined to R of 0.201 and Ry 0.268 against x-ray diffraction data
with a high resolution limit of 2.0 A (PDB: 3UUM). The Dys N-
terminal (repeat 1) spectrin repeat (Dys-SR1) also crystallized with
two molecules in the asymmetric unit but there is no relationship
between the two crystal symmetries. Dys-SR1 was refined to yield
a model containing residues 338-453 (monomer A), 339-452
(monomer B) with R of 0.193 and Rge. 0.260 against x-ray
diffraction data with a high resolution limit of 2.3 A (PDB:
3UUN). The Ramachandran plot shows 98.7% of residues in
preferred regions with two residues in an allowed region.

Dys and Utr-SR1 adopt the canonical spectrin repeat fold
comprising a triple helical bundle displaying an approximately
cylindrical structure of overall dimensions ~60 A length and
~9 A radius (between backbone atoms). The three-helical bundle
has a left-handed super helical twist with the three helices (A-B—C)
arranged in an up-down-up topology (fig. 1). The heptad repeat
sequence motif characteristic of this fold is evident in the structure
with the packing of hydrophobic side chains at the ‘a’ and ‘d’
heptad repeat positions on the internal faces of the three helices
forming the hydrophobic core of the triple-helical bundle structure
(fig. 2). Helix A (Utr 310-334; Dys 340-364, residue number is
offset by +30 for Dys-SR1 relative to Utr-SR1) is shorter than B
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Table 1. Crystallographic x-ray data collection and
refinement statistics.

Protein Utr-SR1 Utr-SR1-L  Dys-SR1
Space group P2,2,2, P2,2,2, P3,21
Cell dimensions a=4300 A a=4274A a=b=76.04A
b=5866 A b=5802A c=66.49 A
c=9145A ¢=9127A a=p=90°
a=Pf=y=90° a=Pf=y=90° y=120°
Resolution range (A) 35.92-1.95 35.87-2.00 33.24-2.30
Resolution outer shell (A) 2.06-1.95 2.11-2.00 2.42-2.30
Unique reflections 17305 15608 9999
Multiplicity (outer shell) 4.0 (3.9 5.7 (5.5) 7.3 (7.4)
Completeness (outer 99.9 (100) 98.4 (97.3) 98.4 (97.4)
shell) (%)
Rmerge (outer shell) 0.085 (0.406) 0.141 (0.720) 0.113 (0.605)
Mean I/sigl (outer shell) 10.2 (3.0 7.6 (2.3) 11.7 (3.1)
Mosaicity (°) 0.91 1.55 0.64
Number of reflections 16320 14759 9035
Number of protein atoms 1857 1988 1866
R-factoryork 0.200 0.201 0.193
R-factorfee 0.235 0.268 0.260
Rmsd from ideal geometry:
Bond lengths A) 0.015 0.019 0.017
Bond angles (°) 1.24 1.59 1.61
Average B-factor (A% 37.0 37.4 434
Wilson B-factor (A2) 23.1 26.1 359
Ramachandran plot:
Most favoured region (%) 98.7 99.2 98.7
Outliers 0.0 0.0 0.0

Rmerge = Z[li—<I;i>|/Zl; where |; is the intensity of a single reflection and <I;> is
the mean intensity of that reflection.

Rworking = Z|Fo—Fc[/ZF, Reee is the R-factor calculated for the cross-validated
test set of reflections.

doi:10.1371/journal.pone.0040066.t001

(Utr 342-379; Dys 372-409) and C (Utr 384-423; Dys 414-453)
with the triple helix structure changing to coiled-coil formed
between the B and C helices after the C-terminal end of helix A,
a conserved feature for spectrin repeats domains. Helices A and C
are straight but helix B has an appreciable bend in the centre with
the loss of canonical main chain n+4 helical hydrogen bonding for
residues Utr 360-361.This bending of helix B, a conserved
spectrin  repeat domain structural motif [35], is stabilised by
conserved side chain stacking interactions between H362 and
W324 (helix A) in combination with W401 (helix C) augmenting
the hydrophobic heptad repeat central domain core. These two
conserved Trps are a defining feature of spectrin repeats
contributing to o-spectrin domain conformational stability [48].
H362 is not strictly conserved for Utr/Dys or homologous repeats
often replaced by Pro, that is also accommodated within the helix
B bend. For B-spectrin the bend in helix B is proposed to act as
a hinge (in addition to the A-B and B—-C loops) associated with
stable unfolding intermediates which were not observed when the
conserved Pro, and a Gly one helical turn away (4 amino acids C-
terminal), were mutated to Ala [49].

Based on sequence analysis Dys repeat 1 has been previously
defined as amino acids 338-446/7 [13,14]. The compact
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structural domain of the Dys-SR1 (338-453) and Utr-SR1 (308—
423) crystal structures is extended by six residues at the C-terminus
of helix C. The Dys/Utr-SR1 structures finish with a break in the
heptad repeat that coincides with a two residue gap in the Koenig
sequence alignment [13], with the heptad repeat discontinuous
from the C-terminus of helix C SR1 through the linker to helix A’
of SR2 although the helix itself is continuous into SR2 as evident
from the extended Utr-SR1-L structure. The discontinuity of the
heptad repeat at the C-terminal extension linker region is now
explained as this region does not form helix-helix interactions;
instead the extra helical turn and half at the C-terminus of helix C
packs against the interior hydrophobic face of the SR1 A-B loop
(fig. 3). The heptad repeat of Utr-SR1 helix C finishes with 1422
(Dys 1.452) in the heptad ‘a’ position while the heptad repeat of
SR2 helix A’ starts with L427 (Dys L457) in position ‘a’. From
a tertiary domain structural perspective, including the linker
region at the C-terminus of SR1 helix C rather than the N-
terminus of helix A’ of SR2 results in a compact spectrin repeat
structure for Utr/Dys-SR1. The extended C helix C-terminus is
positioned to stabilise the hydrophobic face of the interior of the
A-B loop; 1415 (Dys 1445) and L422 (Dys 1.452) in heptad ‘@’
repeat position and A418 (Dys V448) in ‘d’ position of the C helix
pack against 1338 (Dys 1368), V342 (Dys V372) and V345 (Dys
V375), from the A-B loop (fig. 3). The hydrophobic interface
presented by the extension to helix C, provides a structural
explanation of why longer spectrin repeat constructs than those
suggested by sequence alignment are required for stable Utr/Dys
spectrin repeats; shorter constructs would presumably leave the
hydrophobic surface of the A-B loop solvent exposed reducing
polypeptide stability. By homology the extended C-terminus of
SR1 suggests that the compact domain structure for Dys-SR2
extends to 454-561/562 providing a rationale for the previously
observed increased stability of the Dys-SR2 439-564 polypeptide
relative to 439-553 and 448-556 [19,21,29]. A similar argument
can be made with respect to the increased stability observed for an
extended Dys-SR7-9 construct [30]. For B-spectrin the linker
region between R8 and R9 interacts with both the A-B loop of R8
and the B-C’ loop of R9 [35], so likewise for Utr and Dys the
repeats can be considered to be overlapped by one and a half
helical turns of the linker region from a structural domain
perspective.

For the longer Utr-SR1-L structure we observe the start of the
heptad repeat phasing for the next repeat domain SR2. SR2 helix
A’ heptad starts with 1427 at the heptad ‘a’ position and 1.430 in
‘d’ position both on the opposite face of the continuous A’ helix
relative to the heptad ‘a’ and ‘d’ positions on SRI1 helix C,
inferring that the hydrophobic core of SR2, and hence the position
of the SR2 B’ and C’ helices, is orientated by ~180° rotation
about the C—A’ linker helical region from the hydrophobic core of
SR1 (fig. 3B). We constructed a hybrid model for Utr-SR1-SR2 by
superposing a model for UTR-SR2; predicted by I-TASSER [50],
onto the linker and SR2-helix A’ region of the Utr-SRI1-L
structure (fig. 4). This approach positions the B’ and C’ helices of
SR2 against the opposite face of the continuous C-A’ helix
differently to o-actinin and spectrin two repeat structures. The
very C-terminus of Utr-SR1-L, corresponding to the N-terminus
of SR2 helix A’ has rotated about the C-A’ helix axis, relative to
homologous structures, forming an anti-parallel inter-helix in-
teraction with a crystallographically-related molecule. It is likely
that this rotation is a result of crystal packing rather than
a reorientation of SR2 relative to SR1 although variation in
domain orientation is observed for this protein family [34,40];
a complete Dys/Utr-SR1-SR2 structure is required to conclusively
define the inter-domain orientation. Differences in spectrin repeat
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Cc

Figure 1. Utrophin and dystrophin spectrin repeat one crystal structures. Cartoon representations of A) Utr-SR1, B) Utr-SR1-L and C) Dys-
SR1 structures colour-coded helix A blue, helix B green, helix C red and A-B and B-C loops in orange. The C-terminal extension of Utr-SR1-L is
coloured yellow and the position of the sequence-defined repeat C-terminus is shown with a dashed white line.

doi:10.1371/journal.pone.0040066.g001

orientation between Dys/Utr compared to o-actinin or spectrin
may not be completely unexpected since Dys/Utr repeats are not
restrained by the formation of antiparallel dimers that occurs for
a-actinin and spectrin. The structures of Dys-SR1 and Utr-SR1
are both similar to individual o-actinin, spectrin and plectin
spectrin repeats (Co. rmsd 1.5-2.4 A; table 2) with differences
occurring mainly in the A-B and B-C loop regions (fig. 5).

Superimposing the two Utr-SR1 molecules (A and B) in the
asymmetric unit with each other shows they are very similar with
rmsd of 0.5 A (113 Co) and the only obvious difference a rigid
body shift (~1 A) of the A-B loop (residues 337-341) (fig. 6A).
Analysis of molecular packing in the Utr-SR1 crystal revealed an
interaction predicted to be relevant with respect to oligomerisation
burying 1260 A? surface area between monomers A and B.
However size exclusion chromatography data for Utr/Dys-SR1,
as well as previous studies [16], show that Utr (and Dys) are
monomeric suggesting that the degree of association observed in
the crystal is most likely owing to crystal packing and the non-
globular nature of the SR tertiary structure.

The two Dys-SR1 molecules in the asymmetric unit superim-
pose with rmsd 1.5 A (112 Co) (fig. 6A). Comparing the
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structure of Dys-SR1 with Utr-SR1 results in rmsds of 0.8—
1.9 A (112 Cay) depending on which of the four molecules in the
asymmetric unit of the two crystals are superimposed in a pair-
wise manner. One Dys-SR1 molecule (molecule B; Dys-SR1B) is
the most different; the conserved W354, in the centre of helix A,
has well defined electron density showing that it adopts the less
common Y%; —99° sidechain rotamer instead of the more
frequent x; 180° conformation, found in Dys-SR1 molecule A
and both Utr-SR1 molecules (fig. 6B). Instead of forming the
usually conserved interactions with H392 (heptad ‘d’ position,
helix B) and W431 (‘a’, helix C) Dys-SR1B W354 stacks against
R395, one helical turn distant from 392, and is associated with
both a twisting of the bend region in the centre of helix B and
a crystal contact (M387 distance 3.5 A) from a crystallographi-
cally-related molecule. This disruption of sidechain interactions
relaxes the Dys-SR1B main chain so that canonical helical main
chain hydrogen bonds are formed in contrast to Dys-SR1
monomer A and Utr-SR1. This rearrangement appears to be
caused by crystal packing effects but it is noteworthy that this
conserved Trp interaction within the three-helix bundle core
does display plasticity that may have implications for repeat
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Figure 2. Sequence alignment of Utr-SR1 and Dys-SR1 colour-coded by amino acid conservation. The upper secondary structure cartoon
shows the Utr-SR1 and Dys-SR1 crystal structure heptad repeat phasing and helix boundaries (A helix blue, B helix green and C helix red). The heptad
repeat and helix boundaries for the Koenig [13] and Winder [14] sequence alignments are shown in cyan and yellow cartoon representation

respectively.
doi:10.1371/journal.pone.0040066.9002

domain mechanical and unfolding properties. Dys-SRIA and
Utr-SR1 (A & B) form the more typical conserved interaction
between W354/W324 with helix B H392/H362 and helix C
W431/W401. Dys-SR1 crystallisation has been aided by
a disulphide bond between C433 from each molecule in the
asymmetric unit (fig. S1). Dimerisation in solution could be
reversed by reducing the disulphide bond with the addition of
5 mM DTT, as analysed by analytical size exclusion chroma-
tography (fig. S2), but reduced Dys-SR1 failed to crystallise.
Crystallisation via symmetrical homodimerisation through dis-

ulphide bond formation has been previously documented as an
experimental strategy [51]. Curiously the Utr-SR1 (and Utr-
SR1-L) structures are the first single spectrin repeat structures
determined by x-ray crystallography in the Protein Data Bank;
the single drosophila o-spectrin repeat 14 structure has been
determined [31] but crystallizes in a domain-swapped dimer
conformation rather than the isolated three-helix bundle fold and
Dys-SR1 is disulphide linked. However, it is not possible to
conclude whether the increased proportion of multiple repeat
structures crystallised reflects difficulties in determining single

Figure 3. Interactions formed by the C-terminus of utrophin and dystrophin spectrin repeat one domains. Structural representations of
A) Utr-SR1, B) Utr-SR1-L and C) Dys-SR1 showing the burial of hydrophobic sidechains (stick representation) on the B helix (green) and A-B loop
(orange) by the C-terminus of helix C (red). The A helix is coloured blue. The extended Utr-SR1-L C-terminus and sidechains of the SR2 heptad repeat
(L427, L430) are coloured yellow. The protein main-chain is depicted in ribbon representation with key side-chains shown as sticks.

doi:10.1371/journal.pone.0040066.g003
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E537

D310

Figure 4. A structure for Utr-SR1-SR2 modeled from the Utr-SR1 crystal structure and a homology model for Utr-SR2. Ribbon
representation of the hybrid Utr-SR1-SR2 model containing the experimentally determined Utr-SR1-L structure combined with an I-TASSER predicted
model for Utr-SR2 superposed on the overlapping region (yellow). SR1 is colour coded A helix (dark blue), B helix (green), C helix (red), extended Utr-
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SR1-L region (yellow). SR2 is colour-coded helix A (mid-blue), helix B (green), helix C (brown). The orientation of the SR1 domain is approximately
equivalent to figure 1. The close up view of the linker regions shows the heptad repeat phasing of L427 and L430 from Utr-SR1-L at the ‘a’ and ‘d’
heptad positions of helix A’ of SR2 forming coiled-coil interactions with the Utr-SR2 domain.

doi:10.1371/journal.pone.0040066.9004

repeat domain boundaries suitable for crystallisation, inherent
structural properties of single repeats, or simply a preference for
the multiple repeat constructs that have been experimentally
tested.

Utr-SR1 and Dys-SR1 have no Affinity for F-actin

Electron micrographic image reconstruction of F-actin filaments
decorated with Utr416, a construct containing the Utr ABD and
a truncated SR1 (defined by previous sequence alignment) showed
density for SR1 associated laterally with F-actin [52]. This
observation, coupled with the identification of an F-actin binding
site. within the N-terminal ten utrophin spectrin repeats [24],
suggested that SR1 might have intrinsic affinity for F-actin.
However F-actin co-sedimentation assays showed no affinity
between Utr/Dys-SR1 domains for F-actin in the absence of the
ABD at the concentrations investigated (figs. 7A & 7B). Sequence
analysis predicts the isoelectric points of Utr/Dys-SR1 domains to
be ~4, the most acidic of all the Utr/Dys spectrin repeats. Analysis
of electrostatic surface representations of the Utr/Dys-SR1
structures highlights one particular acidic surface running along
the faces of helices A and B, including the Glu-rich B-C loop
(figs. 7C & 7D). This negative electrostatic character correlates
with a lack of affinity with acidic F-actin for the isolated Dys/Utr-
SR1 in contrast to F-actin binding Dys basic spectrin repeats [53].
Mapping sequence conservation to the Utr-SR1 structure using
ConSurf [54] highlights a strongly conserved groove on the B-C
face of SR1 (fig. S3). This groove has conservation higher than can
be accounted for by the heptad repeat inherent to the spectrin
repeat structure; conserved regions such as this are often
associated with protein function [54] such as interaction binding
sites, though no binding partners specific for SR1 have been
identified to date.

Discussion

Despite the similarities of full-length Dys and Utr at the
sequence level, and in terms of their broader functional properties,
functional differences have been observed. For example Dys and
Utr bind F-actin with equivalent binding affinities yet exhibit
differences in the mechanism of actin binding. Dys has two F-actin
binding sites; the ABD and repeats 11-17 in contrast to one

continuous site for Utr (ABD-repeat 10) [55]. These differences in
spectrin repeat properties could potentially have important
consequences 1if therapeutic strategies of replacing defective or
missing Dys with UTR/DYS mini transgenes that omit certain
spectrin repeats [42,46] are to be explored in a clinical environ-
ment. It had been previously predicted from sequence analysis that
Dys/Utr spectrin repeats could fold into three helix bundle
structures [56], that we now show in atomic detail. The tertiary
structure of the Utr/Dys spectrin repeat is now characterised
defining the exact boundaries of the helices, the nature of the kink
in the centre of helix B and the C-terminal repeat linker region
with respect to previous predictions. The Dys/Utr spectrin repeat
is structurally defined here as the most globular-like domain
extending the sequence repeat by six residues for one and half
helical turns. Hence the sequence repeat can be considered
overlapped with respect to this compact domain structure. How
far this conclusion can be extended throughout the entire Dys/Utr
rod region still remains to be absolutely determined as Dys and
Utr spectrin repeats are not as regular as those from o/ f-spectrin
and o-actinin, containing additional interruptions and insertions/
deletions that disrupt the heptad phasing (e.g. repeats 4, 5, 16).
Additionally the Utr/Dys first repeat may be atypical at its N-
terminus because it has no preceding repeat. Further structural
characterization of multiple Dys and Utr repeat domain constructs
is required.

Materials and Methods

Expression and Purification of Utrophin and Dystrophin
Spectrin Repeat Proteins

Utr-SR1 ¢cDNA (rat, amino acids 308 to 425) was prepared by
PCR from UT11 [57] as template and ligated as a BamHI/Xhol
digested fragment into pProEXHtb. E. coli BL21(DE3) were
transformed with this construct and grown in LB media plus
0.1 mg/ml ampicillin at 37°C to Ago nm 0.5-0.6 when isopropyl-
B-D-thiogalactoside was added (0.1 mM final concentration) to
induce protein expression with the cells grown further at 25°C
overnight. The cells were harvested by centrifugation, washed in
PBS and frozen. Cell pellets were subsequently thawed and
resuspended in 20 mM Tris (pH 8.0), 120 mM NaCl, 1 mM pB-
mercaptoethanol, 5 mM imidazole, CompleteTM EDTA-free pro-

Table 2. Comparison of Utr-SR1 and Dys-SR1 to selected spectrin repeat domain structures.

Spectrin repeat domain PDB ID Utr-SR1 rmsd A (Ca) Utr-SR1% seq. id  Dys-SR1 rmsd A (Ca) Dys-SR1% seq. id
Chicken brain a-spectrin repeat 16 1CUN 1.7 (111) 22 1.5 (110) 17
Human skeletal muscle a-actinin-2 repeat 2 THCI 1.7 (111) 18 1.6 (112) 21
Human erythrocyte a-spectrin repeat 1 3LBX 1.8 (109) 18 1.7 (110) 18
Human erythrocyte B-spectrin repeat 14 3F57 1.8 (111) 20 1.8 (112) 18
Human erythrocyte B-spectrin repeat 8 1S35 2.1 (111) 18 1.7 (107) 18
Chicken brain a-spectrin repeat 15 1U4Q 1.8 (111) 16 1.8 (112) 16
Chicken brain B-spectrin repeat 14 3EDV 1.8 (111) 18 2.0 (112) 19
Human plectin repeat 3 3PDY 2.4 (107) 14 2.1 (106) 14

comparison is included in brackets. ‘% seq. id" is % sequence identity.
doi:10.1371/journal.pone.0040066.t002
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The root mean squared differences (rmsd) in A between repeat domain structures are reported. The number of Ca atoms used in calculating the rmsd for each pair-wise

July 2012 | Volume 7 | Issue 7 | e40066



Dystrophin And Utrophin Spectrin Repeat Structures

Figure 5. Ca backbone superpositions of Utr-SR1 and Dys-SR1 with selected homologous spectrin repeat structures. A) Utr-SR1 (blue)
and B) Dys-SR1 (red) superimposed on a-actinin-2 repeat 2 (cyan, THCl) and a-spectrin repeat 16 (magenta, 1CUN) structures.

doi:10.1371/journal.pone.0040066.g005

tease inhibitors (Roche) and lysozyme (1 mg/ml), and then
incubated on ice for 20 minutes. Cells were lysed by passage
twice through a French press (4000 psi) and the lysate centrifuged
at 17 000 g for 20 mins. The lysis supernatant was applied to Ni**-
NTA resin, pre-equilibrated in 20 mM Tris pH 8.0, 120 mM
NaCl, 1 mM B-mercaptocthanol, 5 mM imidazole, and washed
extensively with the same buffer. Utr-SR1 was eluted with wash
buffer made to 50-100 mM imidazole concentration with fraction
purity confirmed by SDS-PAGE. The His-tag was removed by
digestion with recombinant tobacco etch virus protease overnight
at 4°C with the resulting His-tag and the protease subsequently
separated by reapplication to Ni**-NTA. Utr-SR1 was dialyzed
against 20 mM Tris pH 8.0, 50 mM NaCl and injected onto
a Superdex 75 HR 30/10 size exclusion column. Utr-SR1 eluted
as a single peak with profile consistent with a monomer. Utr-SR1-
L was initially expressed and purified as Utr-SR1-SR2 (residues
308-537) by a similar protocol. The Dys-SR1 construct (human,
residues 338-456) was prepared in an equivalent manner with
similar protein expression and purification protocols except the

@ PLoS ONE | www.plosone.org

buffer was PBS and for Dys-SR1 a second size exclusion
chromatography peak of elution volume consistent with a dimeric
species was observed. This dimer species could be converted to
monomer by reduction with 5 mM DTT consistent with
a disulfide-linked dimer as observed in the Dys-SR1 crystal

structure.

Crystallisation and Structure Determination

Initial Utr-SR1 crystals were obtained at 4°C by mixing 0.5 pl
Utr-SR1 at a concentration of 8.2 mg/ml with equal volume
mother liquor in sitting drops using 96-well plates with 100 ul
reservoir well volumes of Hampton Research Crystal Screens I
and II. Optimization of the crystallisation conditions proceeded by
hanging-drop vapour diffusion at 4°C with the crystallisation
mother liquor solution containing 0.2 M MgCly, and 25% (w/v)
PEG 4000 in 0.1 M Tris (pH 8.5). Dys-SR1 at 7.6 mg/ml in PBS
buffer crystallized from 2.0 M (NH4)9SOy in 0.1 M Tris (pH 8.5)
at room temperature. Utr-SR1-L was crystallized from 0.1 M

July 2012 | Volume 7 | Issue 7 | e40066
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Figure 6. Comparison of the Utr-SR1 and Dys-SR1 structures. A) Co backbone superposition of the two Utr-SR1 and the two Dys-SR1
molecules of their respective crystallographic asymmetric units: Utr-SR1; molecule A (blue), molecule B (green). Dys-SR1; molecule A (red), molecule B
(orange). B) Superposition of Dys-SR1 molecules A (red) and B (orange) highlighting the difference in W354 and H392 sidechain rotamers involved in

the usually conserved spectrin repeat core stacking interaction.
doi:10.1371/journal.pone.0040066.g006

sodium cacodylate (pH 6.5), 20% (w/v) PEG 8000, 0.2 M
magnesium acetate at room temperature.

The Utr-SR1 crystals were orthorhombic with spacegroup
P2,2,2, containing two molecules in the asymmetric unit
corresponding to a solvent content of ~40%. X-ray diffraction
data (wavelength 1.5418 A), collected at 120°K, were processed to
an outer resolution of 1.95 A. The structure of Utr-SR1 was solved
by molecular replacement with PHASER [58] using a search
model derived from the crystal structure of the o-actinin spectrin
repeats [36]. The position of the two molecules in the asymmetric
unit was clearly distinguishable from the noise of the rotation and
translation functions confirming the choice of space group. The
structure was refined with REFMAC [59] and PHENIX [60] with
model rebuilding in COOT [61] using maps calculated from
refinement coefficients. Positive difference density was visible for
side chains that were not included in the search model. Solvent
molecules were added to the model if a positive 3 sigma peak
existed in the Fo-Fc difference map in a position in which
chemically sensible hydrogen bonds could be made. A total of 206
solvent atoms were included. The model was refined by cycles of
rebuilding followed by maximum-likelihood refinement finishing

@ PLoS ONE | www.plosone.org

with TLS refinement in the final stages [62]. The refinement
converged to yield a final model with an R-factor of 0.200 for all
data 36 A to 1.95 A and free R-factor of 0.235 (calculated from
5% reflections omitted from refinement). Further model statistics
are presented in table 1. The Dys-SR1 crystals have spacegroup
P3,21 with two molecules present in the asymmetric unit
corresponding to a solvent content of ~38%. X-ray diffraction
data were processed to an outer resolution of 2.3 A. The Dys-SR1
structure was determined by molecular replacement using Utr-
SR1 as a search model using similar protocols. This crystal
contained a minor twin domain (—h, —k, 1) of 8%. Dys-SR1 was
rebuilt and refined in a similar manner to Utr-SR1 to yield a final
model with R-factor 0.193, Rgee 0.260 (calculated from 5%
reflections omitted from refinement). The Utr-SR1-L structure
was determined using the isomorphous Utr-SR1 as an initial
model. The C-terminus was extended by manual model building
into visible electron density and refined with REFMAC to yield
a final model with R-factor 0.201, Ry 0.268 (calculated from 5%
reflections omitted from refinement). Figures were prepared with
PyMOL [63] and CCP4 mg [64]. Sequences were aligned with
ClustalX [65] and displayed with Aline [66]. Structural compar-
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Figure 7. Dys-SR1 and Utr-SR1 exhibit no F-actin binding activity. A) Utr-SR1 and B) Dys-SR1 F-actin binding co-sedimentation assay SDS-
PAGE gels. Lane 1; MW markers. Lanes 2-6; S and P are supernatant and pellet fractions; actin concentration is 8 uM. A) 1S, 1P; 20 uM Utr-SR1 & F-
actin. 2S, 2P; 40 uM Utr-SR1 & F-actin. 3S, 3P; F-actin & 20 uM Filamin B (FLNB) actin binding domain (ABD) as a positive control found in the pellet
fraction bound to F-actin. B) 1S, 1P; 20 uM Dys-SR1 & F-actin. 2S, 2P; 40 uM Dys-SR1 & F-actin. 3S, 3P; 20 uM FLNB-ABD & 8 uM F-actin. Utr-SR1 and
Dys-SR1 are found in the supernatant not associated with F-actin (which is in the pellet). Empty gel lanes are left between each sample to prevent any
adjacent band overlap. C) Utr-SR1 and D) Dys-SR1 structural electrostatic surface representations. The left hand views of each pair have an orientation
approximately equivalent to figure 1, the right hand views are rotated ~180° around the vertical axis. The surface has been colour coded by
electrostatic potential, red —0.5 V to blue 0.5 V.

doi:10.1371/journal.pone.0040066.g007

1sons were conducted with DALI [67] and surface analysis with then added to each reaction tube for a final concentration of
PISA [68]. 8.2 uM. Two concentrations (20 and 40 M) of Utr-SR1 or Dys-
SR1 were incubated with the F-actin in assay buffer (50 mM Tris-

Actin Binding Assay HCI pH 8.0, 120 mM NaCl, 5 mM DTT) for 1 hour at 25°C.
The binding of Utr/Dys-SR1 to F-actin was analyzed by The fractionation of the Utr-SR1/Dys-SR1 into the supernatant,

a cosedimentation assay, conducted under similar conditions as with none in the pellet fraction associated with F-actin, after

described [69] in a buffer of 20 mM Tris-HCI1 pH 8.0, 120 mM ultracentrifugation at 214, 000 x g for 30 minutes at 25°C revealed
NaCl, 2 mM MgCly, | mM Na,ATP, 5 mM DTT. Briefly, actin no detectable F-actin binding activity. Equal volumes of superna-
from rabbit skeletal muscle (Cat #AKL99, Cytoskeleton, Inc.) was tant and pellet fractions were visualized using 12% SDS-PAGE
polymerised into F-actin by the addition of 1 mM ATP, 2 mM and Coomassie Brilliant Blue staining. The Filamin B ABD was
MgCl, and 50 mM KCI with incubation at 25°C for 60 minutes,

@ PLoS ONE | www.plosone.org 10 July 2012 | Volume 7 | Issue 7 | e40066



used as a positive control for F-actin binding [70] and is detected
in the pellet.

Supporting Information

Figure S1 The two Dys-SR1 molecules comprising the
crystallographic asymmetric unit in ribbon representa-
tion. The inter-molecular disulfide bond between C433 from
each molecule is shown in stick representation.

(TIF)

Figure $2 Utr-SR1 and Dys-SR1 size exclusion chroma-
tography. A) Utr-SR1 (blue) and B) Dys-SR1 (red) superdex 75
size exclusion chromatographs showing the higher Mw dimer peak
present for Dys-SR1 and not Utr-SR1.

(TIF)

Figure S3 Space-filling representation of the Utr-SR1
and Dys-SR1 structures colour-coded by ConSurf [54]

References

1. Wallace GQ, McNally EM (2009) Mechanisms of muscle degeneration,
regeneration, and repair in the muscular dystrophies. Annu Rev Physiol 71:
37-57.

2. Blake DJ, Weir A, Newey SE, Davies KE (2002) Function and genetics of
dystrophin and dystrophin-related proteins in muscle. Physiol Rev 82: 291-329.

3. Love DR, Hill DF, Dickson G, Spurr NK, Byth BC, et al. (1989) An autosomal
transcript in skeletal muscle with homology to dystrophin. Nature 339: 55-58.

4. Nguyen TM, Ellis JM, Love DR, Davies KE, Gatter KC, et al. (1991)
Localization of the DMDL gene-encoded dystrophin-related protein using
a panel of nineteen monoclonal antibodies: presence at neuromuscular junctions,
in the sarcolemma of dystrophic skeletal muscle, in vascular and other smooth
muscles, and in proliferating brain cell lines. J Cell Biol 115: 1695-1700.

5. Clerk A, Morris GE, Dubowitz V, Davies KE, Sewry CA (1993) Dystrophin-
related protein, utrophin, in normal and dystrophic human fetal skeletal muscle.
Histochem J 25: 554-561.

6. Way M, Pope B, Weeds AG (1992) Evidence for functional homology in the F-
actin binding domains of gelsolin and alpha-actinin: implications for the
requirements of severing and capping. J Cell Biol 119: 835-842.

7. Stone MR, O’Neill A, Catino D, Bloch RJ (2005) Specific interaction of the
actin-binding domain of dystrophin with intermediate filaments containing
keratin 19. Mol Biol Cell 16: 4280-4293.

8. Ervasti JM, Campbell KP (1993) A role for the dystrophin-glycoprotein complex
as a transmembrane linker between laminin and actin. J Cell Biol 122: 809-823.

9. Rybakova IN, Patel JR, Ervasti JM (2000) The dystrophin complex forms
a mechanically strong link between the sarcolemma and costameric actin. J Cell
Biol 150: 1209-1214.

. Bhasin N, Law R, Liao G, Safer D, Ellmer J, et al. (2005) Molecular extensibility
of mini-dystrophins and a dystrophin rod construct. J] Mol Biol 352: 795-806.
11. England SB, Nicholson LV, Johnson MA, Forrest SM, Love DR, et al. (1990)
Very mild muscular dystrophy associated with the deletion of 46% of dystrophin.

Nature 343: 180-182.

. Legardinier S, Legrand B, Raguenes-Nicol C, Bondon A, Hardy S, et al. (2009)
A two-amino acid mutation encountered in Duchenne muscular dystrophy
decreases stability of the rod domain 23 (R23) spectrin-like repeat of dystrophin.
J Biol Chem 284: 8822-8832.

. Koenig M, Kunkel LM (1990) Detailed analysis of the repeat domain of
dystrophin reveals four potential hinge segments that may confer flexibility. J Biol
Chem 265: 4560-4566.

. Winder §J, Gibson TJ, Kendrick-Jones J (1995) Dystrophin and utrophin: the
missing links! FEBS Lett 369: 27-33.

5. Djinovic-Carugo K, Gautel M, Ylanne J, Young P (2002) The spectrin repeat:

a structural platform for cytoskeletal protein assemblies. FEBS Lett 513: 119~

123.

Rybakova IN, Ervasti JM (1997) Dystrophin-glycoprotein complex is mono-

meric and stabilizes actin filaments in vitro through a lateral association. ] Biol

Chem 272: 28771-28778.

. Kahana E, Marsh PJ, Henry AJ, Way M, Gratzer WB (1994) Conformation and
phasing of dystrophin structural repeats. ] Mol Biol 235: 1271-1277.

. Kahana E, Gratzer WB (1995) Minimum folding unit of dystrophin rod domain.
Biochemistry 34: 8110-8114.

. Calvert R, Kahana E, Gratzer WB (1996) Stability of the dystrophin rod domain
fold: evidence for nested repeating units. Biophys J 71: 1605-1610.

. Menhart N (2006) Hybrid spectrin type repeats produced by exon-skipping in
dystrophin. Biochim Biophys Acta 1764: 993-999.

Saadat L, Pittman L, Menhart N (2006) Structural cooperativity in spectrin type
repeats motifs of dystrophin. Biochim Biophys Acta 1764: 943-954.

16.

@ PLoS ONE | www.plosone.org

11

Dystrophin And Utrophin Spectrin Repeat Structures

sequence conservation (colour ramped from purple
most conserved, to blue most variable, with white
intermediate). LHS representation is orientated approximately
equivalent to figure 1 and the RHS representation is rotated from
the left view by 180° about the vertical axis.

(TTF)

Acknowledgments

We thank Prof. George Dickson for the kind gift of full-length human
dystrophin cDNA. We thank Dr Rosemary L Brown and Emma R Bullock
for experimental assistance with cDNA sub-cloning, protein expression and
crystallisation.

Author Contributions

Conceived and designed the experiments: MM KAR AJSS. Performed the
experiments: MM KAR AJSS. Analyzed the data: MM KAR AJSS. Wrote
the paper: MM A]JSS.

. Mirza A, Sagathevan M, Sahni N, Choi L, Menhart N (2010) A biophysical map
of the dystrophin rod. Biochim Biophys Acta 1804: 1796-1809.

. Amann KJ, Renley BA, Ervasti JM (1998) A cluster of basic repeats in the
dystrophin rod domain binds F-actin through an electrostatic interaction. J Biol
Chem 273: 28419-28423.

. Rybakova IN, Ervasti JM (2005) Identification of spectrin-like repeats required
for high affinity utrophin-actin interaction. J Biol Chem 280: 23018-23023.

. Prochniewicz E, Henderson D, Ervasti JM, Thomas DD (2009) Dystrophin and

utrophin have distinct effects on the structural dynamics of actin. Proc Natl Acad

Sci U S A 106: 7822-7827.

Bhosle RC, Michele DE, Campbell KP, Li Z, Robson RM (2006) Interactions of

intermediate filament protein synemin with dystrophin and utrophin. Biochem

Biophys Res Commun 346: 768-777.

Yamashita K, Suzuki A, Satoh Y, Ide M, Amano Y, et al. (2010) The 8th and

9th tandem spectrin-like repeats of utrophin cooperatively form a functional unit

to interact with polarity-regulating kinase PAR-1b. Biochem Biophys Res

Commun 391: 812-817.

Lai Y, Thomas GD, Yue Y, Yang HT, Li D, et al. (2009) Dystrophins carrying

spectrin-like repeats 16 and 17 anchor nNOS to the sarcolemma and enhance

exercise performance in a mouse model of muscular dystrophy. J Clin Invest

119: 624-635.

. Le Rumeur E, Fichou Y, Pottier S, Gaboriau F, Rondeau-Mouro C, et al. (2003)
Interaction of dystrophin rod domain with membrane phospholipids. Evidence
of a close proximity between tryptophan residues and lipids. J Biol Chem 278:
5993-6001.

. Legardinier S, Raguenes-Nicol C, Tascon C, Rocher C, Hardy S, et al. (2009)
Mapping of the lipid-binding and stability properties of the central rod domain
of human dystrophin. J Mol Biol 389: 546-558.

31. Yan Y, Winograd E, Viel A, Cronin T, Harrison SC, et al. (1993) Crystal

structure of the repetitive segments of spectrin. Science 262: 2027-2030.

Pascual J, Pfuhl M, Walther D, Saraste M, Nilges M (1997) Solution structure of

the spectrin repeat: a left-handed antiparallel triple-helical coiled-coil. ] Mol Biol

273: 740-751.

Grum VL, Li D, MacDonald RI, Mondragon A (1999) Structures of two repeats

of spectrin suggest models of flexibility. Cell 98: 523-535.

Kusunoki H, Minasov G, Macdonald RI, Mondragon A (2004) Independent

movement, dimerization and stability of tandem repeats of chicken brain alpha-

spectrin. J Mol Biol 344: 495-511.

. Kusunoki H, MacDonald RI, Mondragon A (2004) Structural insights into the

stability and flexibility of unusual erythroid spectrin repeats. Structure 12: 645

656.

Djinovic-Carugo K, Young P, Gautel M, Saraste M (1999) Structure of the

alpha-actinin rod: molecular basis for cross-linking of actin filaments. Cell 98:

537-546.

Ylanne J, Scheffzek K, Young P, Saraste M (2001) Crystal structure of the alpha-

actinin rod reveals an extensive torsional twist. Structure 9: 597-604.

Jefferson JJ, Ciatto C, Shapiro L, Liem RK (2007) Structural analysis of the

plakin domain of bullous pemphigoid antigenl (BPAG1) suggests that plakins are

members of the spectrin superfamily. J Mol Biol 366: 244-257.

26.

27.

28.

32.

33.

34.

36.

37.

38.

39. Sonnenberg A, Rojas AM, de Pereda JM (2007) The structure of a tandem pair
of spectrin repeats of plectin reveals a modular organization of the plakin
domain. J Mol Biol 368: 1379-1391.

40. Choi HJ, Weis WI (2011) Crystal structure of a rigid four-spectrin-repeat
fragment of the human desmoplakin plakin domain. J Mol Biol 409: 800-812.

41. Bloch RJ, Pumplin DW (1992) A model of spectrin as a concertina in the

erythrocyte membrane skeleton. Trends Cell Biol 2: 186-189.

July 2012 | Volume 7 | Issue 7 | e40066



42.

43.

44,

46.

47.

48.

49.

50.

51.

52.

53.

54.

Tinsley JM, Potter AC, Phelps SR, Fisher R, Trickett JI, et al. (1996)
Amelioration of the dystrophic phenotype of mdx mice using a truncated
utrophin transgene. Nature 384: 349-353.

Miura P, Chakkalakal JV, Boudreault L, Belanger G, Hebert RL, et al. (2009)
Pharmacological activation of PPARbeta/delta stimulates utrophin A expression
in skeletal muscle fibers and restores sarcolemmal integrity in mature mdx mice.
Hum Mol Genet 18: 4640-4649.

Di Certo MG, Corbi N, Strimpakos G, Onori A, Luvisetto S, et al. (2010) The
artificial gene Jazz, a transcriptional regulator of utrophin, corrects the
dystrophic pathology in mdx mice. Hum Mol Genet 19: 752-760.

. Henderson DM, Belanto JJ, Li B, Heun-Johnson H, Ervasti JM (2011) Internal

deletion compromises the stability of dystrophin. Hum Mol Genet 20: 2955—
2963.

Harper SQ, Hauser MA, DelloRusso C, Duan D, Crawford RW, et al. (2002)
Modular flexibility of dystrophin: implications for gene therapy of Duchenne
muscular dystrophy. Nat Med 8: 253-261.

Davis IW, Murray LW, Richardson ]S, Richardson DC (2004) MOLPROB-
ITY: structure validation and all-atom contact analysis for nucleic acids and
their complexes. Nucleic Acids Res 32: W615-619.

Pantazatos DP, MacDonald RI (1997) Site-directed mutagenesis of either the
highly conserved Trp-22 or the moderately conserved Trp-95 to a large,
hydrophobic residue reduces the thermodynamic stability of a spectrin repeating
unit. J Biol Chem 272: 21052-21059.

Altmann SM, Grunberg RG, Lenne PF, Ylanne J, Raae A, et al. (2002)
Pathways and intermediates in forced unfolding of spectrin repeats. Structure 10:
1085-1096.

Roy A, Kucukural A, Zhang Y (2010) I-TASSER: a unified platform for
automated protein structure and function prediction. Nat Protoc 5: 725-738.
Banatao DR, Cascio D, Crowley CS, Fleissner MR, Tienson HL, et al. (2006)
An approach to crystallizing proteins by synthetic symmetrization. Proc Natl
Acad Sci U S A 103: 16230-16235.

Sutherland-Smith AJ, Moores CA, Norwood FL, Hatch V, Craig R, et al. (2003)
An atomic model for actin binding by the CH domains and spectrin-repeat
modules of utrophin and dystrophin. J Mol Biol 329: 15-33.

Amann KJ, Guo AW, Ervasti JM (1999) Utrophin lacks the rod domain actin
binding activity of dystrophin. J Biol Chem 274: 35375-35380.

Ashkenazy H, Erez E, Martz E, Pupko T, Ben-Tal N (2010) ConSurf 2010:
calculating evolutionary conservation in sequence and structure of proteins and
nucleic acids. Nucleic Acids Res 38: W529-533.

. Rybakova IN, Humston JL, Sonnemann KJ, Ervasti JM (2006) Dystrophin and

utrophin bind actin through distinct modes of contact. J Biol Chem 281: 9996~
10001.

@ PLoS ONE | www.plosone.org

12

56.

57.

58.

59.

60.

61.

63.

64.

66.

67.

68.

70.

Dystrophin And Utrophin Spectrin Repeat Structures

Parry DA, Dixon TW, Cohen C (1992) Analysis of the three-alpha-helix motif in
the spectrin superfamily of proteins. Biophys J 61: 858-867.

Zuellig RA, Bornhauser BC, Knuesel I, Heller F, Fritschy JM, et al. (2000)
Identification and characterisation of transcript and protein of a new short N-
terminal utrophin isoform. J Cell Biochem 77: 418-431.

McCoy AJ, Grosse-Kunstleve RW, Adams PD, Winn MD, Storoni LC, et al.
(2007) Phaser crystallographic software. J Appl Crystallogr 40: 658-674.
Murshudov GN, Vagin AA, Dodson EJ (1997) Refinement of macromolecular
structures by the maximum-likelihood method. Acta Crystallogr D Biol Crystal-
logr 53: 240-255.

Adams PD, Grosse-Kunstleve RW, Hung LW, Ioerger TR, McCoy A]J, et al.
(2002) PHENIX: building new software for automated crystallographic structure
determination. Acta Crystallogr D Biol Crystallogr 58: 1948-1954.

Emsley P, Cowtan K (2004) Coot: model-building tools for molecular graphics.
Acta Crystallogr D Biol Crystallogr 60: 2126-2132.

52. Winn MD, Isupov MN, Murshudov GN (2001) Use of TLS parameters to model

anisotropic displacements in macromolecular refinement. Acta Crystallogr D Biol
Crystallogr 57: 122-133.

DeLano WL (2002) The PyMOL Molecular Graphics System. DeLano
Scientific, San Carlos, CA, USA.

Potterton L, McNicholas S, Krissinel E, Gruber J, Cowtan K, et al. (2004)
Developments in the CCP4 molecular-graphics project. Acta Crystallogr D Biol
Crystallogr 60: 2288-2294.

. Larkin MA, Blackshields G, Brown NP, Chenna R, McGettigan PA, et al. (2007)

Clustal W and Clustal X version 2.0. Bioinformatics 23: 2947-2948.

Bond CS, Schuttelkopf AW (2009) ALINE: a WYSIWYG protein-sequence
alignment editor for publication-quality alignments. Acta Crystallogr D Biol
Crystallogr 65: 510-512.

Holm L, Kaariainen S, Rosenstrom P, Schenkel A (2008) Searching protein
structure databases with DaliLite v.3. Bioinformatics 24: 2780-2781.

Kirissinel E, Henrick K (2007) Inference of macromolecular assemblies from
crystalline state. J] Mol Biol 372: 774-797.

59. Clark AR, Sawyer GM, Robertson SP, Sutherland-Smith AJ (2009) Skeletal

dysplasias due to filamin A mutations result from a gain-of-function mechanism
distinct from allelic neurological disorders. Hum Mol Genet 18: 4791-4800.
Sawyer GM, Clark AR, Robertson SP, Sutherland-Smith AJ (2009) Discase-
associated substitutions in the filamin B actin binding domain confer enhanced
actin binding affinity in the absence of major structural disturbance: Insights
from the crystal structures of filamin B actin binding domains. J] Mol Biol 390:
1030-1047.

July 2012 | Volume 7 | Issue 7 | e40066



