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Abstract
Villin-type headpiece domains are compact motifs that have been used extensively as model systems
for protein folding. Although the majority of headpiece domains bind actin, there are some that lack
this activity. Here, we present the first NMR solution structure and 15N-relaxation analysis of a villin-
type headpiece domain natively devoid of F-actin binding activity, that of supervillin headpiece
(SVHP). The structure was found to be similar to other headpiece domains that bind F-actin. Our
NMR analysis demonstrates that supervillin headpiece lacks a conformationally flexible region (V-
loop), present in all other villin-type headpiece domains, and which is essential to the phosphoryl
regulation of dematin headpiece. In comparing the electrostatic surface potential map of SVHP, to
that of other villin-type headpiece domains with significant affinity for F-actin, we identified a
positive surface potential conserved among headpiece domains that bind F-actin, but absent from
SVHP. A single point mutation (L38K) in SVHP, which creates a similar positive surface potential,
endowed SVHP with specific affinity for F-actin that is within an order of magnitude of the tightest
binding headpiece domains. We propose that this effect is likely conferred by a specific buried salt-
bridge between headpiece and actin. As no high-resolution structural information exists for the villin-
type headpiece: F-actin complex, our results demonstrate that through positive mutagenesis, it is
possible to design binding activity into homologous proteins without structural information of the
counterpart's binding surface.

Keywords
Supervillin; Electrostatic Surface Potential; Villin-Type Headpiece Domain; Protein Design; NMR
Structure and Relaxation

INTRODUCTION
Supervillin (and/or its splice variant, Archvillin) is a ~205 kDa, peripheral membrane-
associated protein ubiquitously expressed throughout the human body. Cellular levels of
supervillin mRNA are well correlated with the level of mechanical stress experienced by the
tissue: highest in skeletal muscle, bladder, heart, aorta, and uterus, and lowest in brain tissue.
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1 Supervillin binds extremely tightly to the plasma membrane and copurifies with detergent
resistant membrane fragments that are biochemically consistent with lipid raft domains.2,3 As
supervillin has also been shown to bind F-actin, it is hypothesized that supervillin may act as
a direct, physical link between the membrane and the F-actin cytoskeleton.3 This hypothesis
is supported by the intracellular localization of supervillin within a number of cell types.2,4-6

Cloning and subsequent sequencing of supervillin has revealed two distinct domains.1,5,7 The
N-terminal two-thirds is not homologous to any other known protein, while the C-terminal
third is composed of five gelsolin-like repeats and a villin-type headpiece domain. Villin-type
headpiece domains are a family of small, modular, autonomously-folding domains exclusively
found at the extreme C-terminus of several cytoskeletal proteins. Most, but not all, headpiece
domains are thought to be F-actin binding motifs.8 The small size and high thermostability of
both the full-length and the smaller C-terminal subdomain, HP36, have made these two
constructs the focus of a great number of computational and experimental studies aimed at
understanding the basic tenets of protein folding.

Surprisingly, domain analysis has localized the F-actin binding activity to supervillin's unique
N-terminal half and demonstrated that the C-terminus, homologous to the actin binding protein,
villin, is devoid of any such affinity for F-actin.4,9 To insure that remainder of supervillin did
not obscure a potential F-actin binding site, the isolated headpiece domain was also tested and
shown to lack F-actin affinity.8

Here, we use this well-defined system to determine why, despite 50% sequence identity to
villin headpiece, supervillin is unable to bind F-actin. Through comparing the electrostatic
surface potential map computed from the NMR structure of supervillin headpiece, reported
here, to that of other villin-type headpiece domains with significant affinity for F-actin, we
designed a single point mutation that endowed supervillin headpiece with specific affinity for
F-actin.

RESULTS
Solution Structure of Human Supervillin Headpiece

One explanation for the inability of supervillin headpiece (SVHP) to bind F-actin would be a
departure from the canonical villin-type headpiece fold. To this end, we determined the NMR
solution structure of supervillin headpiece (Fig. 1 A, B) and refined it to a backbone R.M.S.
deviation of 0.475 Å (Table 1). Structural comparisons of SVHP to that of villin headpiece
(VHP) and dematin headpiece (DHP), two proteins with high affinities for F-actin, demonstrate
that SVHP possesses all of the distinguishing characteristics of the villin-type headpiece fold
(Fig. 1). Briefly, the headpiece fold is formed through the association of two approximately
equally sized N- and C-terminal subdomains, which are connected through a solvent-
inaccessible salt-bridge and a contiguous hydrophobic core. The N-terminal subdomain is
primarily composed of loops and turns while the C-terminal subdomain is a compact, three-
helix bundle, enveloping a core of conserved hydrophobic residues. The C-terminal
subdomains of nearly all villin-type headpiece domains contain three phenylalanine residues
located at positions 47, 51, and 58 (Fig. 1) that have previously been shown to be essential to
the stability of this construct.8,10 Interestingly, in supervillin headpiece, two of these three
positions are occupied by other hydrophobic residues (Leu51, Tyr58; Fig. 1).

15N-Relaxation Analysis of Human Supervillin Headpiece
Villin-type headpiece domains possess a region, within their N-terminal subdomain, that varies
in length among different headpieces and undergoes significantly more motion than the
remainder of the sequence. This region, termed the variable-length loop (V-loop; 5, 8, and 10
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residues long for supervillin, villin, and dematin, respectively) was originally identified by
manual sequence alignment because computational sequence alignment algorithms fail to
recognize this loop due to extensive gap penalties.11 No residues essential to F-actin binding
have been identified in this region; however, in dematin headpiece, the V-loop changes
conformation upon phosphorylation by forming a salt-bridge with the phosphorylated serine
residue near the C-terminus.12 In order to determine whether the V-loop in SVHP, which is
the shortest of any villin-type headpiece is also dynamic, we employed 15N-relaxation analysis
to quantitate the pico- to nanosecond conformational motions of this region.

R1, R2, heteronuclear nOe ratios, and the computed S2 order parameters (without residues
10-16 as they failed to converge) for supervillin headpiece indicate no evidence of increased
flexibility or mobility in any region of supervillin headpiece (Fig. 2). In contrast, these
experiments demonstrated a significant, local increase in mobility in the V-loop regions of both
villin and dematin headpiece.12-14 These data combined with sequence and structural
alignment of SVHP with villin and dematin headpiece suggest that the latter two possess
increased motion within their V-loop regions due the presence of “extra” residues beyond the
5 residues that comprise this sequence in SVHP. Further, the absence of local movement in
supervillin headpiece suggests that it represents the shortest sequence compatible with the fold
of the villin-type headpiece N-terminal subdomain (Fig. 1). The fact that no residues essential
to F-actin binding have been identified in the V-loop and the structural similarity of SVHP to
other villin-type headpiece domains, suggests that the lack of F-actin affinity should be
attributed to the sequence of SVHP, not its structure.

Computing and Modeling of Electrostatic Surface Potentials
Although the binding site of villin on F-actin was reported near the completion of this work,
15 this EM reconstruction is of insufficient resolution (38 Å) to provide a detailed understanding
of the specific interactions which contribute to the binding affinities of these two proteins for
one another. However, extensive mutagenesis performed on villin headpiece has suggested the
residues required for it to bind F-actin (Fig. 3A).16-18 With the exception of two residues that
form a solvent-inaccessible intramolecular salt bridge (E39, K70), all essential F-actin binding
residues map to a single face of the molecule, which presumably represents the surface that
contacts F-actin. Based on the electrostatic characteristics of these residues, they have
previously been grouped into a tripartite schema of a hydrophobic cap (W64), a “crown” of
alternating charges (K65, K70 and the C-terminal carboxylate), and a positive patch composed
of R35 in dematin headpiece but K38 in villin headpiece (Fig. 3B).11 The residues contributing
to each of these electrostatic surface features may be identified by comparing Figure 3A to 3B.

Comparison of the computed electrostatic surface potential map of SVHP to that of VHP
suggests that supervillin headpiece lacks only the positive patch, which is contributed by K38
in VHP (Fig. 3A,B) and that is replaced by L38 in SVHP (Fig. 3C). Although dematin headpiece
also possesses a leucine at position 38, its structure revealed that it compensated for this
alteration with a positive patch formed primarily by R35 and potentially also by K24.13 In
silico modeling of the L38K point mutation onto the NMR solution structure of SVHP
suggested that this mutation would add an appropriately positioned positive surface potential
without disrupting the wild-type structure (Fig. 3D).

Engineering F-actin Binding into Supervillin Headpiece
We cloned and expressed the L38K point mutant of SVHP and subsequently tested its affinity
for F-actin using an F-actin sedimentation assay. In sharp contrast to wild-type supervillin
headpiece, these assays demonstrated that the L38K point mutant possesses significant, specific
affinity for F-actin and that its dissociation constant is decreased to just over an order of
magnitude less than that determined for villin headpiece (Fig. 4A). Refined dissociation
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constants were 6 μM, 88 μM, and > 20,000 μM for VHP, SVHP L38K, and SVHP, respectively.
Like other headpiece domains, SVHP L38K also shows a significant contribution from non-
specific binding of 2.4 % which results in the upward slope of the curves past the saturation
point. This non-specific binding is similar to that of villin headpiece (3.6 %) and SVHP (2.8
%).

From the decrease in dissociation constant (~20,000 μM for SVHP to 88 μM for SVHP L38K),
we can estimate that the L38K point mutant stabilizes the interaction between SVHP and F-
actin by ~3 kcal/mol. This value is consistent with the free energy contribution of a buried
intermolecular salt-bridges between two proteins in a complex (3-5 kcal/mol),19 and suggests
that Lys38 likely forms a specific interaction with an acidic residue on the surface of actin.

The L38K Point Mutant Binds to the Same Site on F-actin as Villin Headpiece
Instead of quantitating these sedimentation assays with the traditional SDS-PAGE based
methodology, we employed UV quantitation of reverse-phase HPLC separated proteins, which
in addition to increasing accuracy, allowed us, for the first time, to perform F-actin competition
assays on similarly sized proteins. These F-actin competition assays were performed by
incubating F-actin with multiple villin-type headpiece domains. After centrifugal
sedimentation of F-actin, the amount of each bound protein was individually quantitated. By
monitoring the amount of SVHP L38K bound to F-actin at increasing concentrations of villin
headpiece, we were able to demonstrate that it competes with villin headpiece for the same
binding site on F-actin (Fig. 4B).

Preservation of the Wild-type Structure in L38K Point Mutant
CD spectra of both wild-type and the L38K point mutant of SVHP demonstrate that these two
proteins have nearly identical helical content, while thermal denaturation experiments indicate
a 16 °C decrease in thermostability to 49 °C for L38K (Fig. 5A). Despite minor chemical shift
differences in the immediate vicinity of the mutation, the highly similar position and pattern
of nOe cross peaks in the 1H-1H NOESY NMR spectra convey that the L38K point mutation
is of little or no structural consequence (Fig. 5B).

Leucine 38 is Conserved Among Supervillin Sequences
In an attempt to understand the significance of Leu38 in supervillin headpiece, we performed
a multiple sequence alignment of all known supervillin headpiece domains. Interestingly, these
results indicate that Leucine 38 is 100% conserved from C. elegans through H. sapiens and
may represent a mechanism by which supervillin headpiece abolished affinity for F-actin, while
maintaining its yet unknown functionality (Fig. 6).

DISCUSSION
Here, we present the high-resolution NMR solution structure of supervillin headpiece, which
represents the first structure of a naturally-occurring, villin-type headpiece domain natively
devoid of affinity for F-actin. As might be expected from the high sequence homology to other
villin-type headpiece domains, including those with high affinity for F-actin, the structure was
found to be similar to those previously reported for both villin and dematin headpiece.
However, as predicted by manual sequence alignment, and confirmed by both our NMR
structure as well as 15N-relaxation analysis, supervillin headpiece lacks a flexible, V-loop
region in its N-terminal subdomain, that in both villin and dematin is significantly more
dynamic than the rest of the protein. The lack of this motile V-loop in supervillin headpiece,
suggests that supervillin headpiece represents the shortest sequence compatible with the N-
terminal subdomain of villin-type headpieces.
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Comparison of electrostatic surface potential maps computed from our NMR structure of
SVHP to that of VHP revealed the absence of a positive surface potential, contributed by K38
in VHP, a residue which has previously been shown to be important to the F-actin binding
activity.18 In silico modeling of the L38K point mutation onto our NMR structure of supervillin
headpiece provided evidence for the creation of an appropriately positioned positive surface
potential. Comparison of the NMR spectra of SVHP and SVHP L38K indicate they adopt the
same three-dimensional fold, albeit that SVHP L38K has reduced stability. The 16 °C decrease
in thermostability is likely the result of mutating a gamma-branched hydrophobic leucine
residue to a straight chain lysine. The introduction of the positive charge on the surface together
with the changes in packing of the lysine side chain in the hydrophobic core, are the likely
cause of the observed decrease in thermostability. The L38K point mutant retains a high
thermostability (49 °C), which is not far below that observed of other wild-type headpiece
domains (58 to 78 °C).8 Importantly, the L38K point mutant is folded at physiological
temperatures and at 4 °C where we conducted our F-actin binding assays. F-actin sedimentation
assays confirmed that this point mutation endowed supervillin headpiece with significant and
specific affinity for F-actin. Furthermore, in F-actin competition assays, SVHP L38K acted as
a competitive antagonist to VHP for F-actin indicating that these two headpiece domains share
the same F-actin binding site.

The results presented here provide strong evidence that the F-actin affinity exhibited by villin-
type headpiece domains is conferred by the precise placement of both hydrophobic and
electrostatic potential elements about the surface of these proteins.8 In addition to confirming
our hypotheses of the elements required for villin-type headpiece domains to bind F-actin, this
study presents an effective strategy for designing novel proteins. In this work, we show that
through positive mutagenesis, it is possible to design a novel peptide that binds specifically to
a single predetermined site on a receptor, even if the binding surface of the counterpart is not
known. To the best of our knowledge, this is the first reported use of identifying important
protein-protein interactions by comparing electrostatic surface potentials and subsequently
copying that motif onto a non-functional homolog to create a novel functional protein.

The methodology proposed here offers three advantages for designing a novel functional
peptide. First, this strategy eliminates the requirement of creating a stable scaffold upon which
functionality is to be engineered. Second, it utilizes a preexisting binding site on the target
protein and therefore avoids developing a novel strategy of binding to a receptor in order to
elicit the desired response. Third, as a detailed structure of the villin-type headpiece: F-actin
complex remains to be determined, our methodology does not rely on structural knowledge of
the receptor. Thus, this approach maybe useful in designing protein ligands for structurally
challenging protein-protein complexes, including those involving integral membrane proteins,
for which a structure may not be feasible.

Materials and Methods
Sample Preparation

The L38K point mutant was produced from wild-type supervillin headpiece (pSVHP) with
QuikChange® site-directed mutagenesis (Stratagene). Prior to expression, each plasmid was
sequenced at the Boston University Genetics Core Facility. Although the cloned cDNA was
of bovine origin, the translated protein is 100% identical to residues 2149-2214 of human
Supervillin/Archvillin. Both wild-type and the L38K point mutant of SVHP as well as villin
headpiece (HP67) were expressed in and purified from E. coli BL21(DE3) cells (Novagen) as
previously described.16 Briefly, after expression, cell pellets were lysed via sonication and the
centrifugally cleared soluble supernatants were applied to a size exclusion chromatography
column (Sephadex G-50). The fractions containing the desired protein were further purified
with C18 reversed-phase high performance liquid chromatography, which resulted in each
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protein purified to homogeneity. Mass spectroscopy confirmed the identity of each.
When 13C- and 15N-isotopically enriched samples were required, proteins were expressed in
M9 minimal media containing 13C-labeled glucose and/or 15N-labeled ammonium chloride.
20 Purified villin-type headpiece proteins were stored as a lyophilized powder. Actin was
obtained from chicken pectoral muscle and purified from acetone powder with standard
protocols.21

Multidimensional NMR Spectroscopy
All NMR spectroscopy was preformed on a Bruker DMX500 spectrometer at 20 °C. NMR
spectra were taken at pH 7.0 in 5% D2O, 100 mM NaCl and 4 mM deuterated DTT with 500
μM 3-trimethylsilyl-tetradeutero sodium propionate as an internal chemical shift reference.

The following NMR spectra were acquired for 1H, 13C, and 15N chemical shift assignment and
structural calculations: COSY, TOCSY, HNCA, HN(CO)CA, HNCO, HN(CA)CO, HCCH-
COSY, HCCH-TOCSY, 13C-HSQC, 15N-HSQC, HMQC-J, HNHA, HNHB, NOESY, 13C-
edited NOESY, and 15N-edited NOESY.22 Stereospecific assignments of leucine and valine
terminal methyl groups were obtained from a 10% 13C-labeled sample using 13C-HSQC.23

When possible, stereospecific assignments for β-protons were obtained from HNHB, TOCSY,
and qualitatively verified by NOESY spectra.24,25 All NMR data was processed and interpreted
using NMRPipe, NMRDraw and NMRView software.26,27

Structure Calculations
1502 non-redundant NOE constraints were obtained from 2D, 1H-1H-NOESY as well as
3D, 15N- and 13C-edited NOESY spectra. Non-overlapping peaks were categorized as weak
(1.8-5.2 Å), medium (1.8-3.3 Å), and strong (1.8-2.7 Å), based on the slope of their intensities
calculated from a NOESY buildup series (mixing times of 50, 75, 100, 125, and 150 μs).
Overlapping peaks and those only observed in 3D spectra were binned as weak. An extra 0.5
Å was added to each ambiguous restraint, which include non-stereospecifically assigned
methylene, aromatic, and methyl hydrogens.

Experimentally determined ϕ angles for 23 residues were constrained according to 3J(HN,Hα)
coupling constants obtained from the HNHA spectra28,29 and validated with data obtained
from HMQC-J spectra.30 An additional 30 ϕ and 53 ψ angles were restrained with values
calculated with TALOS using the 1Hα, 13Cα, 15N, 13CO, and 13Cβ chemical shifts.31 Finally,
10 experimentally determined χ1 angles, determined from HNHB and NOESY spectra,32 and
18 χ1 angles calculated with the PREDITOR web server33 were restrained. All angles were
permitted ± 30° rotation from either their experimentally determined or computed value.

Inclusion of 18 hydrogen bond constraints, predicated on strong amide protection factors,
determined from serial 15N-HSCQ spectra collected immediately following the addition of
lyophilized SVHP into 100% D2O at pH 7.0 and calculated with SPHERE,34 yielded an
additional 36 distance constraints. The O to N distances were restrained to values less than 3.5
Å and HN to O less than 2.5 Å.

Distance and angle constraints were inputs into the distance geometry, simulated annealing
algorithm of CNS.35 After 100 computational cycles, 22 accepted structures with no NOE
violations greater than 0.3 Å and no dihedral angle violations greater than 3° were obtained.
These 22 structures were then used to compute the minimized average structure. The ensemble
of 22 calculated structures as well as the minimized averaged structure were separately
submitted to the protein data bank (PDB Identifiers 2K6M and 2K6N, respectively).
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The 1H, 13C, and 15N resonance assignment as well as a complete list of constraints used have
been submitted to the BioMagnResBank (Accession ID: 15874).

15N Relaxation Measurements
The 15N-R1, R2, and heteronuclear NOE experiments were preformed as previously described.
12 A single 1.9 mM sample of uniformly 15N-labeled SVHP in 10 mM phosphate and 1 mM
DTT at pH 7.0 was used in all relaxation experiments. The relaxation delays in order of their
acquisition were 100, 5, 1000, 500, 250, 50, 25, 100, 75, 125 ms for R1 experiments and 15.8,
31.7, 110.9, 63.4, 205.9, 79.2, 301.0, 158.4, 47.5, and 364.3 ms for R2 experiments. The
heteronuclear nOe ratio was obtained from the average of four distinct pairs of NOE and
noNOE spectra, which were interleaved and acquired within a single experiment. A relaxation
delay of 5 s was executed between consecutive heteronuclear NOE experiments. The R1 and
R2 rates, as well as the heteronuclear NOE ratio and their associated errors were calculated
with NMRView (28). The Lipari-Szabo S2 order parameter36 was calculated for each residue
using FastModelFree.37 Inclusion of a small Rex term (1.8 - 4.3 s−1) was required for residues
19, 24, 36, 39, 48, 49, 52, 58, 60, 61, 65, and 74 to convergence.

CD Spectroscopy
All CD spectra were acquired from a solution of 20 μM protein in 1 mM dithiotreitol and 10
mM phosphate at pH 7.0 on an Aviv 62DS spectrometer. Far-ultraviolet wavelength scans at
20°C were obtained from 250 to 190 nm at 1 nm increments. A 1 nm bandwidth and 15 s
averaging time were used for wavelength scans in a 1 mm cell. Thermal denaturation
experiments recorded the CD signal at 222 nm as the temperature was increased from 20 to 98
°C in 2 °C increments. A 1 min equilibration time, bandwidth of 3 nm, and 20 s averaging time
of the sample in a 1 cm cell were employed for these scans.

F-actin Sedimentation Assays
F-actin (11.9 μM) was incubated with 0, 5, 10, 25, 50, 100, or 200 μM headpiece at 4 °C in F-
Buffer (10 mM Tris-HCl at pH 8.0, 100 mM NaCl, 1 mM MgCl2, 0.1 mM CaCl2, 0.2 mM
dithiotreitol, 0.1 mM adenosine triphosphate). After 1 hr, each solution was spun at 150,000g
for 45 minutes and the supernatants were removed. The pellets were washed once with F-buffer
and solubilized in a solution of 7% glacial acetic acid overnight at 4 °C.

Bound proteins were separated from F-actin with reverse phase high performance liquid
chromatography using a linear gradient of 20% to 80% acetronitrile in 1 hr at a flow-rate of 1
ml/min through a Beckman Ultrasphere Analytical Column. Trifluoroacetate (0.1%) was used
as the ion-pairing agent. The quantity of each eluting protein was determined from the UV
absorption signal at 222 nm. Standard solutions of each headpiece construct were run separately
to obtain a calibration curve, which related the area under the eluting peak to the concentration
of protein. The equilibrium dissociation constant (Kd) and non-specific binding (NS) were
obtained from fitting the average of three independent experiments to the quadratic equation
(eq. 1)38 with a Bmax set to the concentration of actin, 11.9 μM, because villin-type headpiece
domains are known to bind F-actin with a 1:1 stoichiometry.8,11,16,18,39

(1)

F-actin competition assays were preformed in an identical fashion to F-actin sedimentation
assay, except, that F-actin (11.9 μM) was incubated with 0, 5, 10, 25, 50, 100, or 200 μM villin
headpiece AND either 5, 25, or 100 μM supervillin L38K. Theoretical curves for competitive
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antagonists were calculated from equation 2,40 using the previously determined (see preceeding
paragraph) F-actin dissociation constants.

(2)

Molecular Modeling and Electostatic Potential Calulations
We employed the program MODELLER 9v141 to model the L38K point mutation onto the
coordinates of the minimized average structure of supervillin headpiece. Surface potentials
were computed42 using a solvent dielectric of 80, molecular dielectric of 2, and a salt
concentration 150 mM with charges specified by the “simplecharge” model using the program
MOLMOL.43 Other figures were drawn with VMD,44 and all were rendered with POV-RAY
version 3.6.

Data Bank Accession Codes
Protein Data Bank: Coordinates for supervillin headpiece have been deposited under accession
codes 2K6M (ensemble of 22 calculated structures) and 2K6N (minimized average structure).
BioMagnResBank: Assignments deposited under Accession ID 15874.
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Figure 1.
The NMR solution structure of supervillin headpiece. (a) Superposition of the 22 accepted
structures comprising the supervillin headpiece ensemble. (b) Ribbon diagram of the
minimized average structure of supervillin headpiece aligned to (a). (c) Structural comparison
of the minimized average structure of supervillin headpiece with (d) villin (1YU5) and (e)
dematin headpiece (1QZP) rotated approximately 90° to (a) and (b). The characteristic,
conserved residues of the headpiece fold are drawn on each ribbon model. These include
His41/Tyr41 (orange), the Glu39-Lys70 salt bridge (yellow), and three conserved hydrophobic
residues in the C-terminal subdomain (green). The variable length loop (V-loop) of each
structure is circled.
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Figure 2.
15N-relaxation analysis of supervillin headpiece. The (a) R1 relaxation rates, (b) R2 relaxation
rates, (c) 15N-1H heteronuclear NOE values, and (d) S2 order parameters are plotted as a
function of residue sequence number. Modelfree S2 order parameters are not displayed for
residue numbers less than 16 because they failed to converge.
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Figure 3.
Electrostatic surface potential maps for SVHP, SVHP L38K, and VHP. (a) Ribbon diagram of
villin headpiece (1YU5) with key F-actin-binding residues depicted and labeled, drawn in the
same orientation as b-d. Solvent accessible surface maps of (b) villin headpiece (1YU5), (c)
the minimized average structure of supervillin headpiece, and (d) model of the L38K mutant
of supervillin headpiece produced with Modeller 9v1 (Sali and Blundell, 1993) and colored by
electrostatic potential from red (−0.3) though white (0.0) to blue (0.3).
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Figure 4.
Supervillin L38K has significant and specific affinity for F-actin. (a) F-actin binding curves
for villin headpiece (VHP, Kd = 6 μM), supervillin L38K (L38K, Kd = 88 μM), and wild-type
supervillin headpiece (SVHP, Kd > 20,000 μM). (b) Results from F-actin competition assay
performed between supervillin L38K and VHP. F-actin was incubated with a constant
concentration of supervillin L38K (5 μM, diamonds; 25 μM, boxes; 100 μM, triangles) while
the concentration of villin headpiece was increased from 0 to 200 μM. The amount of SVHP
L38K bound to F-actin decreases with increasing concentrations of villin headpiece. The
theoretical curves for pure competitive antagonism, calculated from equation 2 (See Materials
and Methods) using the refined values calculated in (a), are drawn as solid lines. Inset:
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Representative data from F-actin competition assays performed between 100 μM SVHP L38K
and increasing concentrations of VHP (5, 10, 25, 50, and 100 μM).
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Figure 5.
The L38K point mutation retains the WT SVHP structure. (a) Thermal denaturation, monitored
by CD signal at 222 nm, indicates that a lysine at position 38 decreases the thermal stability
of the supervillin headpiece fold (Tm of 64.9 °C, SVHP, circles; 48.6 °C, L38K, diamonds).
Inset: Plot of far-UV CD signal [Θ]m (deg cm2 dmol−1) versus wavelength for the wild-type
and L38K point mutant of supervillin headpiece (circles and diamonds, respectively)
demonstrate identical secondary structure. (b) The highly similar pattern and position of nOe
crosspeaks in the 1H-1H NOESY spectra of wild-type supervillin headpiece and the L38K point
mutant indicate that equivalent atoms experience the same chemical environment and are
positioned next to the same atoms in both the wild-type and L38K point mutant of supervillin
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headpiece. CD and NMR spectroscopy were performed at pH 7.0 and 20 °C and NOESY
spectra were acquired with a 200 ms mixing time.
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Figure 6.
Sequence alignments of villin-type headpiece domains. (a) The sequence of human supervillin
headpiece is aligned to that of human dematin headpiece and chicken villin headpiece. Both
the numbering and position of the helices are referenced to the ensemble structure of supervillin
(2K6M). Boxed letters indentify those residues believed to be involved in F-actin binding,
bolded letters correspond to those residues that are positioned similarly to Lys38 (the positive
patch) in villin headpiece. (b) ClustalW sequence alignment of supervillin headpiece domains
from several species demonstrate 100% conservation of Leu38 (bolded, boxed). We have
previously correlated the presence or absence of a positive patch with F-actin binding activity
in a number of different villin-type headpiece domains.8,11
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Supervillin Headpiece

NMR Distance & Dihedral Constraints

Total Distance Constraints 1538

    Total NOE 1502

    Intra-residue 681

    Inter-residue 821

        Sequential (|i-j|=1) 315

        Medium-Range (|i-j|<4) 271

        Long-Range (|i-j|≥5) 235

    Hydrogen Bonds 36

Total Dihedral Angle Constraints 124

    Phi 53

    Psi 53

    Chi1 28

Structure Statistics

Violations (r.m.s.d and s.d.)

    Distance Constraints (Å) 0.0244±0.0011

    Dihedral Angle Constraints (°) 0.2906±0.0483

    Max. Distance Constraint Violation (Å) 0.3

    Max. Dihedral Angle Violation (°) 3

Deviations from Idealized Geometry

    Bond Lengths (Å) 0.0029±0.00011

    Bond Angles (°) 0.5052±0.0105

    Impropers (°) 0.3973±0.0227

Ramachandran Plot Percentages*

    Most Favored Regions 1038 (81.3%)

    Additionally Allowed Regions 215 (16.8%)

    Generously Allowed Regions 23 (1.8%)

    Disallowed Regions 0 (0%)

Average Pairwise R.M.S.D. (Å)**

    Heavy 0.831

    Backbone 0.475

*
Calculated from the 22 accepted structures with procheck-nmr

**
Average pairwise R.M.S.D. of 22 accepted structures (residues 18-75)
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