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Abstract

Supervillin, the largest member of the villin/gelsolin family, is a cytoskeleton-regulating,
peripheral membrane protein. Supervillin increases cell motility and promotes invasive activity in
tumors. Major cytoskeletal interactors, including filamentous actin and myosin 11, bind within the
unique supervillin amino-terminus, amino acids 1-830. The structural features of this key region
of the supervillin polypeptide are unknown. Here, we utilize Circular Dichroism (CD) and
bioinformatics sequence analysis to demonstrate that the N-terminal part of supervillin forms an
extended intrinsically disordered region (IDR). Our combined data indicate that the N-terminus of
human and bovine supervillin sequences (positions 1-830) represents an intrinsically disordered
region, which is the largest IDR known to date in the villin/gelsolin family. Moreover, this result
suggests a potentially novel mechanism of regulation of myosin 11 and F-actin via the intrinsically
disordered N-terminal region of hub protein supervillin.

Introduction

Supervillin (Pestonjamasp, Pope, Wulfkuhle & Luna 1997; Pope et al. 1998) is a large
(>1780 residues) eukaryotic protein from the villin/gelsolin superfamiliy of cytoskeleton
regulators (Silacci et al. 2004). The protein binds the principal components of the
cytoskeleton, filamentous actin and myosin Il (Chen et al. 2003) as well as interacting with
~70 other signaling and cytoskeletal proteins (Gangopadhyay et al. 2004; Takizawa et al.
2006; Gangopadhyay et al. 2009; Smith, Fang & Luna 2010) and cholesterol- and
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polyphosphoinositide-enriched membranes (Nebl et al. 2002). Supervillin regulates cell-
substrate adhesion of platelets and tumor cells (Takizawa et al. 2006; Edelstein et al. 2012),
localizes at cell-cell contacts (Pestonjamasp et al. 1997), and regulates myosin l1-associated
functions, including cell motility (Fang et al. 2010), cell spreading (Takizawa, Ikebe, Ikebe
& Luna 2007), cytokinesis (Smith et al. 2010), and invadosome function in macrophages
and tumor cells (Crowley, Smith, Fang, Takizawa & Luna 2009; Bhuwania et al. 2012). The
supervillin C-terminus shares high sequence identity (~25%) with gelsolin and villin (Figure
1), which binds and bundles filamentous actin (F-actin) (Silacci et al. 2004). Supervillin also
binds and bundles F-actin but, surprisingly, it utilizes its N-terminus instead of the villin-like
C-terminus (Wulfkuhle et al. 1999; Chen et al. 2003). This functional difference between
villin and supervillin is due to an amino acid change in the supervillin headpiece, which
renders this structure incapable of binding to F-actin (Vardar et al. 2002; Brown, Vardar-Ulu
& McKnight 2009). Another difference is that the actin-binding and filament-severing
subdomain 1 in villin and gelsolin is replaced in supervillin with a much larger N-terminus
(positions 1-830). This 830-residue polypeptide contains numerous cytoskeletal protein
interaction sites, including three for F-actin and one for the subfragment 2 (S2) neck region
of nonmuscle and smooth muscle myosin Il (Chen et al. 2003; Takizawa et al. 2007).
Myosin 11 binds within supervillin residues 1-174 (fragment M), and F-actin binds within
fragments 172-342 (A1), 343-570 (A2) and 570-830 (A3) respectively (Figure 1) (Chen et
al. 2003). The supervillin N-terminus is uniquely found in supervillins and their muscle
isoforms, called archvillin and smooth muscle archvillin (Oh et al. 2003; Gangopadhyay et
al. 2004), and thus may contain novel structural motifs and binding mechanisms. Therefore,
it is important to structurally characterize the N-terminal supervillin region and its
cytoskeleton-binding fragments. Here, we present CD spectra and bioinformatics analyses to
show that this region of supervillin is predominately disordered in the unbound state.

Materials and Methods

Bacterial expression of bovine (Bos taurus) supervillin N-terminal fragments M and Al was
performed using the expression vectors and procedures described previously (Chen et al.
2003). In brief, we produced fragments M and Al as GST-fusions from pGEX-6p-1
expression vectors, purified the proteins with a GST resin (GE Healthcare), and removed the
GST tags with PreScission Protease (GE Healthcare). Fragment Al was further purified
using a Superdex™ 75 10/300 size-exclusion GL column (GE Healthcare). The same
procedures applied to fragments A2 and A3 resulted in yields too low for CD data
collection.

CD data were recorded with an AVIV 62 DS spectrometer (Boston University School of
Medicine, Boston, MA) and a Jasco J-815 spectrophotometer (Fred Hutchinson Cancer
Research Center, Seattle, WA), each with a 1 mm path-length cuvette.

Analysis of bovine and human (Homo sapiens) supervillin sequence was performed with
IsUnstruct software (Lobanov & Galzitskaya 2011) based on the Ising model (Ising 1925).
The server is available at the site: http://bioinfo.protres.ru/IsUnstruct (Lobanov, Sokolovskiy
& Galzitskaya 2012, in press). PONDR-FIT and IUPred predictions for intrinsically
disordered sequences were performed utilizing the corresponding public web-servers (http://

J Biomol Struct Dyn. Author manuscript; available in PMC 2015 June 03.


http://bioinfo.protres.ru/IsUnstruct
http://www.disprot.org/pondr-fit.php

1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fedechkin et al.

Results

Page 3

www.disprot.org/pondr-fit.php; http://iupred.enzim.hu) using default settings (Dosztanyi,
Csizmok, Tompa & Simon 2005; Xue, Dunbrack, Williams, Dunker & Uversky 2010). We
also searched for short molecular recognition features using the MoRFpred server at http://
biomine-ws.ece.ualberta.ca/MoRFpred/index.html (Disfani et al. 2012). Potential ligand-
binding sites were predicted with the ANCHOR program (http://anchor.enzim.hu)
(Dosztanyi, Meszaros & Simon 2009). The compilation of phosphorylation sites in human
supervillin was obtained from PhosphoSitePlus (http://www.phosphosite.org) (Hornbeck et
al. 2012). The theoretical pl values were calculated with PROTPARAM server (Gasteiger E.
2005). Multiple sequences were aligned with the ClustalW server (Larkin et al. 2007;
Goujon et al. 2010).

Analysis of the relative intensities of SDS-PAGE bands were performed with ImageJ
software (Schneider, Rasband & Eliceiri 2012). CD spectral deconvolution was performed
with the K2d server (http://www.embl.de/~andrade/k2d).

Amino Acid Sequence

The N-terminal 830 residues of supervillin possess a low fraction of aromatic and non-polar
residues and a high percentage of charged amino acids. In particular, this sequence has a low
percentage of aromatic residues, Trp, Tyr, and Phe (<4.3%), which is less than half the
percentage of aromatics in the supervillin C-terminus (positions 831 to the end of the
sequence) and in villin and gelsolin (=8.7%) (Table 1). Furthermore, the incidence of
charged side chains within residues 1-830 is also somewhat higher in the N-terminus of
supervillin than in its C-terminus or in villin and gelsolin. These hydrophobicity-charge
features of the supervillin N-terminus are typical for intrinsically disordered proteins (IDP),
which lack the capacity to fold in an aqueous solvent (Uversky 2002; Uversky 2011). The
Fisher T-test analysis (http://www.graphpad.com/quickcalcs/contingencyl.cfm) of the
charged vs. aromatics content (Table 1) of the supervillin N- and C- termini gives the two-
tail P-value of <0.0001 indicating a statistically significant correlation. Performing the same
analysis with aromatics content vs. size of the termini (Table 1) results in the two-tail P-
value of 0.0016, which also is highly statistically significant.

Circular Dichroism (CD) spectra and NMR data

Unstructured polypeptides are difficult to produce in large quantities via bacterial expression
as they are subject to active proteolysis, which compounds the challenges of their
investigation. In our studies, we observed low yields and high susceptibility to proteolytic
and spontaneous degradation of supervillin N-terminal fragments M, A1, A2 and A3 (Figure
1) (Chen et al. 2003), as is typical for an IDR. Bovine supervillin fragments M and Al were
produced in sufficient quantities for CD recording. The yield and purity of A2 and A3
fragments were insufficient for CD data collection.

The far-UV CD spectra for fragment M (Figure 2A) shows a single minimum at or below
200 nm and a small positive maximum above 240 nm. In addition, this spectrum lacks
pronounced local minima specific to a-helix (~222 and ~208 nm) or pleated p-sheet (~218
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nm) indicating the low percentages of these secondary structural elements. These features of
the CD spectrum of fragment M suggest that the polypeptide adopts a predominantly
random coil conformation in solution. A minor presence of helical elements within fragment
M is suggested by a subtle, plateau-like feature of its CD spectrum at ~222 nm (Figure 2A)
and can be attributed to < 20 residues within sequence M identified by the IsUnstruct/
PONDR-FIT analysis as ordered (disorder score < 0.5, Figure 3).

The CD spectrum of bovine supervillin fragment A1 with two contaminants of higher
molecular weight is shown on Figure 2B. Deconvolution of this spectrum with K2d CD
spectrum simulation software (http://www.embl.de/~andrade/k2d) indicated the presence of
~60-65% of random coil and ~35% of a—/B— secondary structure elements. The Al band
(red arrow, Figure 2B) has a relative intensity approximately equal to that of the two high
molecular weight impurity bands combined (black arrows, Figure 2B) as estimated with
ImageJ software (Schneider et al. 2012). It was difficult to purify Al from these two
proteins. However, the impurities (Figure 2C, black arrows) were purified from mostly
degraded Al. The CD spectrum of the two contaminating proteins combined (Figure 2C) is
characteristic of a mixture of a-helix and $-sheet elements without a significant amount of
random coil structure. This suggests that most of the a—/p— elements observed in the CD
spectrum of Al plus impurities (Figure 2B) are contributed by the two impurity bands, with
Al responsible for most of the random-coil signal.

The solution IH NMR spectrum of fragment M, although of low signal-to-noise level, is
consistent with an unfolded polypeptide with no detectable resonances upfield of 0.8 ppm
and downfield of 8.7 ppm (Supplementary Figure 1).

Order/disorder analysis

For reliable prediction of IDR sequences, computational methods employing different
principles need to be combined (Ferron, Longhi, Canard & Karlin 2006). We analyzed
human and bovine supervillin sequences using the stand-alone software IsUnstruct
(Lobanov & Galzitskaya 2011) based on the Ising model of statistical physics (Ising 1925),
as well as meta servers PONDR-FIT (Xue et al. 2010) and 1UPred (Dosztanyi et al. 2005),
which combine the results of multiple disorder predictors. Notably, all three prediction
programs report very similar order/disorder trends over the entire sequence. The human and
bovine graphs produced by these algorithms are very similar as these proteins share 78% of
sequence identity within their N-terminal residues (position 1-830) and 95% within their C-
termini (831-1792). All algorithms indicate that the N-terminal half of supervillin, which
includes fragments M, A1, A2, and A3, is intrinsically disordered (Figure 3). Supervillin C-
terminal sequences are highly homologous to regions responsible for generation of folding
elements in the actin-binding proteins gelsolin and villin (Burtnick et al. 1997; Markus,
Matsudaira & Wagner 1997; Vardar, Buckley, Frank & McKnight 1999; Smirnov, Isern,
Jiang, Hoyt & McKnight 2007). However, gelsolin/villin residues involved in binding to
actin are replaced in supervillin by highly conserved alterations in surface loops and by the
replacement of the actin filament-severing domain 1 in gelsolin and villin with the unique
supervillin N-terminus (Smith et al. 2010). The C-terminal headpiece domain of supervillin
was shown to have a folded solution structure (Brown et al. 2009), and the supervillin C-
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termini are classified by IsUnstruct and PONDR-FIT as decidedly ordered (Figures 3A and
3B) for both human and bovine polypeptides. The two programs indicate that the biggest
difference between human and bovine supervillins lies at positions 550-600; these residues
are unfolded for human and somewhat folded for bovine sequences (Figures 3A and 3B).
Positions ~430-470, which are in the center of the region required for targeting to focal
adhesions (Takizawa et al. 2006), show a local disagreement in the order/disorder prediction
by the two algorithms; IsUnstruct reports the locus as disordered, whereas PONDR-FIT
indicates a certain order. Another example of a minor discrepancy between IsUnstruct and
PONDR-FIT analysis is seen for residues 950-1000. However, this region likely forms an
interface between the disordered N-terminus and ordered C-terminus and thus can be
analyzed separately.

The distribution of phosphorylation sites along the length of supervillin is consistent with
intrinsic disorder in the N-terminal ~1000 amino acids. As shown in Figure 4, pooled mass
spectroscopic analyses of proteins in human cells have identified 70 sites of amino acid
modification, with all but a few localized within the first 1000 amino acids (http://
www.phosphosite.org). Most of these phosphorylation sites also have been documented in
mouse and rat supervillin (not shown). The correlation of phosphorylation with localized
protein disorder has been attributed both to an increased accessibility of substrate sites and
to phosphorylation-induced folding associated with ligand selectivity (Radhakrishnan et al.
1997; Gsponer, Futschik, Teichmann & Babu 2008; Fong, Shoemaker & Panchenko 2012).

Binding Site Predictions

ANCHOR predictions of the locations of regulated ligand-binding sites (Figure 3C) are
associated with sequences within bovine supervillin that bind myosin 11, F-actin or focal
adhesions (Figure 5). The myosin I1- and F-actin-binding site predictions were originally
made by identifying ~170-amino acid recombinant fragments of the bovine supervillin N-
terminus that bound directly to smooth muscle myosin 11 and actin filaments (Chen et al.
2003; Takizawa et al. 2006; Takizawa et al. 2007). Finer-scale predictions were made by
partially proteolyzing these fragments and identifying highly conserved sequences within
the largest proteolytic fragment that co-sedimented with actin filaments. The minimal
myosin l1-binding sequence was estimated by yeast two-hybrid analyses (Chen et al. 2003).
More precise mapping will require results from ongoing point mutagenesis experiments.
Nevertheless, the current level of resolution is consistent with a model in which myosin Il
and actin may induce localized folding as they interact with the supervillin N-terminus at or
near the ligand-binding sites predicted by ANCHOR. As noted above, the focal adhesion-
targeting sequence of supervillin (Takizawa et al. 2006) is also associated with a region
containing predicted disordered ligand-binding sites.

Discussion

Proteins that are entirely unstructured or that contain substantial IDRs constitute an
impressively large fraction of the eukaryotic proteome (Gsponer et al. 2008). An estimated
~12% of eukaryotic proteins are entirely unfolded and ~43% of eukaryotic proteins contain
IDRs of 41 residues or longer (Bogatyreva, Finkelstein & Galzitskaya 2006). Such
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disordered fragments often play key roles in the cell (lakoucheva, Brown, Lawson,
Obradovic & Dunker 2002; Ward, Sodhi, McGuffin, Buxton & Jones 2004; Liu et al. 2006).
The molecular mechanisms by which IDRs interact with their binding partners are not well
characterized at present. To help decipher these mechanisms, structural characterization of
IDRs in isolation and in complexes with their binding partners are essential (Lobanov et al.
2010). It is of note here that dedicated Molecular Recognition Features (MORFs) often
contain IDRs (Mohan et al. 2006), which may or may not undergo transition to higher
structure upon binding to their globular protein targets (Tompa & Fuxreiter 2008).

Our combined CD experimental data and computational analysis of supervillin sequences
predict that the N-terminus (positions 1-830) of human/bovine supervillin polypeptide is an
IDR. This fragment is much larger than a 40-residue IDR reported within villin (Smirnov et
al. 2007) and a 315-residue IDR in dematin (Chen, Jiang, Khan, Chishti & McKnight 2009),
which makes the supervillin N-terminus the largest IDR documented for gelsolin/villin
family of proteins. Moreover, the Disprot database of disordered proteins (release 5.9), has
only 8 entries (out of 653 total) that contain more than 800 residues in their respective IDRs
(Sickmeier et al. 2007). This observation further underscores the large size of the N-
terminal, 830-residue IDR in human/bovine supervillin. This N-terminal disordered region
of bovine supervillin interacts with at least 17 proteins (Chen et al. 2003; Takizawa et al.
2006; Takizawa et al. 2007; Crowley et al. 2009). Many other proteins interact with C-
terminal sequences or at currently undefined sites (Nebl et al. 2002; Smith et al. 2010). The
fact that about half of supervillin is disordered is consistent with the observation that hub
proteins, those interacting with =10 partners, are often rich in IDR (Haynes et al. 2006).

Based on the disordered nature of the N-terminus, we can propose certain features of the
mechanisms of binding of F-actin and myosin Il by supervillin. Its sequence M binds the S2
fragment of nonmuscle and smooth muscle myosin Il, whereas fragments Al, A2 and A3
bind F-actin (Figure 1) (Chen et al. 2003). Each larger sequence contains at least two very
highly conserved smaller sequences that have been suggested as likely functional interaction
sites (Chen et al. 2003). Actin and the S2 fragment of human nonmuscle (and smooth
muscle) myosin Il are very acidic, with theoretical pl values of 5.5 and 4.3 (4.5)
respectively. Moreover, the surface potential of F-actin demonstrates a preponderance of
negatively charged patches (Figure 6). The surface potential of the S2 fragment of human
nonmuscle myosin 11 is likely to share this feature by analogy with muscle myosin Il
fragment S2 (PDB 2FXM, pl 4.8).

Bovine supervillin N-terminus (positions 1-830) is overall basic, with a theoretical pl of 8.6.
This observation allows us to propose that electrostatic interactions may be important for
supervillin binding to myosin 1l and F-actin. Other non-covalent forces (London dispersion,
H-bonding etc) may also be important components of these interactions, e.g. (Bentivegna &
Bresnick 1994). The theoretical pl values for the larger bovine supervillin fragments A1, A2
and A3 are 7.1, 5.7 and 9.5 respectively, with similar figures for the human sequences.
These values indicate that only fragment A3 carries an overall positive charge at neutral pH.
However, as shown in Figure 5, most of the shorter, highly conserved sequences within the
larger fragments are more basic. The identities of these subfragments were suggested by the
observation that only some truncated fragments of A1, A2 and A3 co-sediment with F-actin
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(Chen et al. 2003). Based on the approximate lengths of the actin-binding fragments, Chen
et al. proposed that bovine supervillin N-terminal sequences ~280-342, ~344-422 and
~700-830 within fragments A1, A2 and A3 respectively, contain the F-actin binding sites.
Here we will name these proposed actin-binding subfragments as AB1, AB2 and AB3
respectively (Figure 7). The theoretical pl values for these subfragments are as follows: AB1
(9.8), AB2 (8.4), AB3 (10.2) (Figure 7). Therefore, at neutral pH, the basic supervillin N-
terminal sequences AB1, AB2 and AB3 are likely to have strong electrostatic attractions for
the acidic actin filaments. The isoelectric point values of the respective N-terminal human
supervillin subfragments AB1, AB2 and AB3 are similar: 9.4, 8.1 and 10.4 respectively.
Therefore, we propose electrostatics as a primary basis for the interactions between F-actin
and supervillin. This proposal differs most significantly from that made previously (Chen et
al. 2003) by predicting that residues in ABL1 that flank the highly conserved core of amino
acids 291-319 within residues 291-342 will be required for binding to F-actin. It is
remarkable that the F-actin binding sequences AB1 and AB2 are adjacent, with no sizable,
acidic linker in between. This observation suggests that, in the cell, AB1 and AB2 in certain
circumstances may act together and form a single F-actin-binding site AB1-AB2 of ~140
residues (pl 9.6).

We also propose that electrostatic forces are important for the binding of supervillin
fragment M to the myosin Il S2 domain. This proposal is consistent with the decrease in
affinity of bovine supervillin fragment M to myosin 1l heavy chain and its fragment S2 with
increasing levels of salt (Chen et al. 2003). Based on the homology of all currently available
complete supervillin sequences (human, cow, mouse, frog and zebrafish), we suggest that
two N-terminal subfragments within fragment M (positions 1-14 and 99-119) constitute the
core of the myosin Il -binding elements. We refer to these potential myosin 11-binding
supervillin subfragments as MB1 (1-14) and MB2 (99-119). Their sequences are 100%
conserved in human, cow and mouse (>95% conservation in all the five species) and have pl
values of 11.6 and 11.0 respectively (Figure 5), which would be very conductive for
electrostatic interactions with the acidic coiled-coil of the myosin Il S2 fragment. This is in
reasonable agreement with the predicted functionality of bovine supervillin sequences 1 — 60
and 93 — 136, based on yeast two-hybrid and sedimentation binding analyses (Chen et al.
2003).

The human/bovine sequence identity within fragments MB1, MB2, AB1, AB2 and AB3 is
100%, 100%, 84%, 91% and 84% respectively, which is noticeably higher than 74%, the
maximal value for the N-terminal regions that separate most of the basic regions. The
exception is the sequence between MB1 and MB2 (90% sequence identity), which may be
involved in binding another ligand, such as the N-terminus of myosin light chain kinase
(Takizawa et al. 2007). The higher sequence conservation of the presumptive functional
sites supports the hypothesis that the basic regions are the cores of the myosin Il and F-
actin-binding sites within the N-terminus of supervillin. Similar “pl vs. sequence identity”
trends are observed within all examined vertebrate sequences, including human, bovine,
mouse, zebrafish and xenopus supervillins.

To decipher the interface between F-actin and supervillin binding fragments AB1, AB2 and
AB3, crystallization of the respective complexes may be attempted. However, given the
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disordered nature of the supervillin fragments, crystals may not develop readily. Solution
NMR investigation may also be difficult due to size limitations imposed by the bulky actin
filaments. These experimental difficulties are quite likely for many complexes involving
IDRs. Since sizable disordered fragments occur in a great fraction of eukaryotic proteins
(Bogatyreva et al. 2006; Gsponer et al. 2008), a general approach allowing determination of
interfaces with their respective binding partners is needed. We envision that computational
modeling of complexes containing extended IDRs may offer groundbreaking advantages,
especially after the emergence of dedicated, IDR-focused, induced-fit docking algorithms.
The disordered subfragments of supervillin complexed with their target F-actin or myosin Il
elements may represent very suitable systems to advance such structural modeling of
complexes with IDRs.

Our CD data indicate that the first 342 residues of supervillin form an intrinsically
disordered region. The complementary bioinformatics analysis suggests that the entire N-
terminus of supervillin likely represents a large IDR. Sequence analysis of this IDR in the
context of the previously reported binding studies indicates that electrostatic forces most
likely are important for the interactions of supervillin with F-actin and myosin Il. We
propose that the N-terminus of human/bovine supervillin contains two binding elements for
myosin Il (basic, conserved stretches of residues 1-14 and 99-119). We also show that the
three larger F-actin binding sites proposed previously [AB1 (280-342), AB2 (343-422) and
AB3 (700-830)] are basic, in line with the suggestion that electrostatic forces are significant
for interactions of supervillin with acidic F-actin surfaces. Our data and hypothesis may help
to guide future investigations of supervillin-binding interfaces and mechanisms of action in
many of supervillin’s roles including promoting the invadopodial activity of tumor cells.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Sequence alignment of supervillin, villin and gelsolin. N-terminal supervillin fragments are

labeled according to their established functions: M (myosin 11 binding); Al, A2 and A3 (F-
actin binding). Their respective sequence positions are indicated above the graphics (Chen et
al. 2003). Approximate F-actin binding loci in all the proteins are marked with asterisks (*).
The gray elements represent the high sequence homology areas within gelsolin/villin and C-
terminus of supervillin. The black element on the supervillin diagram identifies the region
lacking homology to gelsolin repeat 1. This fragment (positions 830-1009) includes a strong
nuclear localization signal (Wulfkuhle et al. 1999).

J Biomol Struct Dyn. Author manuscript; available in PMC 2015 June 03.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Fedechkin et al.

Page 13

o

ey i

0.5E3+
¢
7

-1.0E3-

I
eand”
1.5E3-

Bioy,,
0:

-0.5E3~
-1.0E3-

-1.6E3-

Cloy,

245
RS T LA S

%, NM
-0.5E3~

-1.0E3+

-1.5E3-

[ e e

Al

Figure2.

Representative CD spectra ([©],, degecmZedmol=1 vs. A, nm) of bovine supervillin N-
terminal fragments M and Al: A) Spectrum of fragment M recorded at 25 °C in 20 mM
PIPES buffer with 50 mM NaCl, pH 7.5. Red arrow marks the SDS-PAGE band for purified
fragment M. B) Spectrum of fragment Al recorded at 23 °C in 10 mM sodium phosphate
buffer, pH 7.5. Red arrow marks the major SDS-PAGE band corresponding to fragment Al
and black arrows identify the two proteins (Al-specific impurities) consistently showing up
on the gels with Al. C) Spectrum of the Al-specific impurities identified with black arrows
on SDS-PAGE inserts. The red arrow marks the degraded Al polypeptide (<10% of total
sample, ImageJ (Schneider et al. 2012)). Spectra B) and C) Al are recorded at 23 °C in 10
mM sodium phosphate buffer at pH 7.0. Concentration of M and Al samples were ~3-5
UM. The [©], values for panels B) and C) were calculated using the length of fragment Al
(171 residue) which precludes the quantitative comparison of the intensity of the CD signal

for these samples.
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Figure 3.
IsUnstruct (A) and PONDR-FIT (B) analysis of human (red lines) and bovine (blue lines)

supervillin sequences. Both IsUnstruct and PONDR-FIT scores run from 0 to 1 with values
below 0.5 generally indicating ordered/folded regions and above 0.5 intrinsically unfolded/
disordered regions. The dashed horizontal lines in the middle of the graphs separate the
predicted ordered and disordered areas. (C) ANCHOR analysis of human supervillin ligand
binding sites (blue loci) with IUPred helping to filter out unlikely or folded binding
elements. ANCHOR predicts the presence of consistent numerous disordered ligand binding
sites throughout the supervillin N-terminus (positions 1-830) with very few sites at the C-
terminus (positions 831 onward). The gray double-end arrows on panels A), B) and C)
identify the part of supervillin sequences (positions 1-830) investigated in this paper and
comprising the polypeptides M, Al, A2 and A3 as shown on Figure 1.
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Figure4.

Phosphorylated amino acids in human supervillin, isoform 2. Phosphorylated residues
cluster in the N-terminal ~1000 residues (www.phosphosite.org).
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Figurebs.
Predicted myosin Il- and F-actin binding sites in bovine supervillin (Chen et al. 2003;

Takizawa et al. 2006; Takizawa et al. 2007) include sequences predicted to be ligand-
binding sites by the ANCHOR program (Figure 3C). The binding subfragments (MB1,
MB2, AB1, AB2 and AB3) were proposed based on their high pl and high sequence
conservation as described in Figure 7. Highly conserved regions within the supervillin N-
terminal binding sites for myosin Il (M1, M2) or F-actin (A1, A2, A3) were aligned using
CLUSTALW. Residue numbers are shown for supervillin sequences from Bos taurus
(Bovine, NP_776615), Homo sapiens (Human, NP_003165), Mus musculus (Mouse,
ADP02396.1), Gallus gallus (Chick, XP_418577.3), and Xenopus (Slurana) tropicalis
(Xenopus, NP_001090765.1). The location of the focal adhesion-targeting site that binds to
TRIP6 and DYNLT1 (Takizawa et al. 2006) also is shown.
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Figure6.
Electric surface potential of F-actin (PDB 2Y83). The two views were generated by 90°

rotation of the structure around its major (vertical) axis. Most of the non-neutral surfaces on
F-actin are negative (red) with only minor presence of the positive patches (blue). The
images were generated with Swiss-PdbViewer software (Guex & Peitsch 1997).
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Figure7.

Bovine supervillin N-terminus and its proposed myosin 11- and F-actin- binding
subfragments. F-actin binding loci in all the proteins are marked with asterisks (*). Basic F-
actin-binding sequences AB1, AB2 and AB3 with their respective pl values are indicated
(cyan). Similarly color-coded are the basic N-terminal subfragments MB1 and MB2 within
fragment M. The amino acid (a.a.) sequence positions and the pl values for the
subfragments are indicated below and above the graphics respectively.
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