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ABSTRACT: Villin is an F-actin regulating, modular protein with a gelsolin-like core and a distinct C-terminal
“headpiece” domain. Localized in the microvilli of the absorptive epithelium, villin can bundle F-actin
and, at higher calcium concentrations, is capable of a gelsolin-like F-actin severing. The headpiece domain
can, in isolation, bind F-actin and is crucial for F-actin bundling by villin. While the three-dimensional
structure of the isolated headpiece is known, its conformation in the context of attachment to the villin
core remains unexplored. Furthermore, the dynamics of the linkage of the headpiece to the core has not
been determined. To address these issues, we employ a 208-residue modular fragment of villin, D6-HP,
which consists of the sixth gelsolin-like domain of villin (D6) and the headpiece (HP). We demonstrate
that this protein fragment requires calcium for structural stability and, surprisingly, is capable of Ca2+-
dependent F-actin bundling, suggesting that D6 contains a cryptic F-actin binding site. NMR resonance
assignments and15N relaxation measurements of D6-HP in 5 mM Ca2+ demonstrate that D6-HP consists
of two independent structural domains (D6 and HP) connected by an unfolded 40-residue linker sequence.
The headpiece domain in D6-HP retains its structure and interacts with D6 only through the linker sequence
without engaging in other interactions. Chemical shift values indicate essentially the same secondary
structure elements for D6 in D6-HP as in the highly homologous gelsolin domain 6. Thus, the headpiece
domain of villin is structurally and functionally independent of the core domain.

Villin is a major cytoskeletal protein involved in the
upkeep of actin bundles supporting microvilli in the brush-
border membrane of the absorptive epithelium cells of the
intestine and kidney (1). The capacity of villin to organize
filamentous actin (F-actin)1 into tight bundles in vitro and
to bind efficiently to F-actin explains its ability to induce
microvilli formation in cultured cells (2). However, an
additional and, perhaps, crucial role of villin may be the
catabolism of microvilli after injury (3).

A high degree of sequence homology and similar
proteolytic cleavage patterns relate villin to gelsolin, an
F-actin-severing and -capping predecessor of a number of
cytoskeleton-regulating proteins (1). The amino acid se-
quence of villin consists of two distinct parts, the larger
N-terminal gelsolin-like “core” and the C-terminal “head-
piece” domain (Figure 1). Proteolysis, in vitro, demonstrates that F-actin bundling by villin requires both the core and

headpiece domain (4).
The sequence of the villin core is∼50% identical with

that of gelsolin and displays the typical gelsolin-like six-
fold internal homologous repeat pattern (5-7). The distinct
sequence of the villin headpiece domain is 50% identical to
those of other headpiece domains, including those of quail
(8), supervillin (9), and dematin (10). The headpiece is
unrelated to any other protein sequence in GenBank. Like
most other headpiece domains, the 76-residue villin head-
piece folds independently into a compact structure and retains
its full F-actin binding activity in isolation (4, 11, 12). In
spite of the high level of sequence identity between gelsolin
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FIGURE 1: Cartoon representation of villin and the 23 kDa D6-HP
construct. The villin sequence consists of six gelsolin-like repeats
(D1-D6) that compose the gelsolin-like core and the C-terminal
headpiece domain (HP). The D6-HP modular villin fragment
includes the last gelsolin-like repeat (D6), the linking sequence,
and the headpiece (HP). The numbers on top of the D6-HP drawing
correspond to the positions in the chicken villin sequence (1).
Numbers on the bottom specify the same positions in the D6-HP
construct and are used by default throughout this work. For the
amino acid sequence of D6-HP, see Figure 5.
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and the villin core, their domains are not interchangeable.
For example, a chimera protein consisting of the three
N-terminal villin core domains, three C-terminal gelsolin
domains, and the villin headpiece does not induce villin-
like F-actin assemblies in vivo (13).

Direct structural information about villin is limited to the
three-dimensional solution structure of domain 1 (14, 15)
and the headpiece domain (16) determined by NMR spec-
troscopy. The structure of domain 1 (14T) is similar to those
of other gelsolin-like domains with a five-strandedâ-sheet
sandwiched between helices (15). On the basis of the three-
dimensional structure of a villin headpiece construct missing
the first nine residues (HP67), we proposed a model for the
F-actin binding surface on HP67 (16). This model was further
refined and corroborated by functional and structural studies
(17, 18).

Like many actin remodeling proteins of the gelsolin
superfamily, villin is regulated by environmental signals,
including calcium. Villin links actin filaments into bundles
at physiological levels of Ca2+, whereas it caps and severs
F-actin at higher Ca2+ concentrations (1). Calcium binding
sites were proposed to be located in villin core domains 1
(14), 4, and 6 (19). Interestingly, the C-terminal half of villin,
a fragment termed 51T (20), binds G-actin in a calcium-
dependent fashion. The F-actin binding activity (11) and
three-dimensional structure of the isolated headpiece are not
calcium-dependent.

The crystal structure of villin has not been reported, and
no structural data about modular fragments of villin are
available. Additionally, no structural data for modular protein
fragments containing headpiece domains exist. In contrast
to villin, there is a wealth of structural information about
gelsolin modular fragments, including the crystal structures
of the calcium-free complete protein (21) and calcium-bound
C-terminal half of gelsolin (22). The latter structure clearly
shows that gelsolin domains 5 and 6 (G5 and G6, respec-
tively) each have a single calcium ion bound to their surfaces.

Although the isolated villin headpiece domain has been
under intense scrutiny, its properties in the context of the
core domains still remain untested. Here we present a
structural and functional study of D6-HP (Figure 1), the first
modular villin fragment containing the headpiece (HP)
attached to the sixth core domain (D6). We use heteronuclear
NMR spectroscopy to characterize the structure of D6-HP
and electron microscopy to assay its F-actin bundling. We
utilize this villin fragment to determine whether the headpiece
remains an independently folded domain retaining its struc-
ture and F-actin binding property or is altered through
interactions with the core. The flexibility and length of the
core-to-headpiece linker sequence are also a major focus of
our study. Because D6 of villin is proposed to contain a Ca2+-
binding site, our study also targets the role of calcium in
regulation of the D6-HP fragment.

We find that for the stability of the folded, monomeric
form of D6-HP, calcium is required in millimolar concentra-
tions. We demonstrate that the D6-HP fragment consists of
two structured domains, D6 and HP, separated by an
unfolded linker sequence. The D6-HP calcium binding site
is clearly associated with D6, the sequence of which is∼50%
identical with that of domain 6 of gelsolin (G6) that also
binds calcium. In the context of D6, the headpiece retains
its three-dimensional structure. The 40-residue linker se-

quence is likely the longest interdomain connector in villin
or gelsolin, suggesting the role of the villin headpiece as an
independently acting domain. Our data indicate that the
secondary structure of D6-HP corresponds to that of gelsolin
domain G6 and the isolated headpiece. Surprisingly, we find
that D6-HP bundles F-actin in the presence of high levels
of calcium, suggesting an F-actin binding site on D6.

MATERIALS AND METHODS

Construction of the pD6-HP Expression Vector. The D6-
HP fragment was designed to include the 208 C-terminal
residues of chicken villin, including core domain 6, the linker
sequence, and the headpiece domain (Figure 1). The construct
was cloned from full-length chicken villin cDNA (a gift of
P. Matsudaira, Whitehead Institute/Massachusetts Institute
of Technology, Cambridge, MA) into the pET-24a vector
(Novagen) using standard protocols (23). To produce the
pD6-HP plasmid, PCR was used to amplify the designed
sequence with primers containing an NdeI site at the 5′ end
and a HindIII site at the 3′ end of the TAG stop codon.

Protein Sample Preparation.D6-HP was overexpressed
from the pD6-HP plasmid inEscherichia coliline BL21-
(DE3) (Novagen). After growth at 37°C in Luria broth to
an OD600 of ∼0.6, the cells were harvested by centrifugation
at 5000g for 30 min, washed in 1 L of the M9Tmedium,
reharvested, and transferred to13C- and 15N-labeled M9T
medium for expression (24). The cells were equilibrated in
the labeled M9T medium for 1 h, induced with 0.8 mM
isopropylâ-D-1-thiogalactopyranoside (IPTG), and harvested
after 4 h bycentrifugation at 5000g for 30 min. The following
lysis and gel filtration steps were performed in A buffer [50
mM NaCl, 5 mM dithiothreitol (DTT), 0.01% NaN3, 20 mM
sodium phosphate buffer (pH 7.0)]. The cells were lysed in
A buffer by sonication in the presence of DNAse I (1µg/
mL), DTT (50 mM), and lysozyme (50µg/mL). Cell debris
was removed by centrifugation at 200,000g for 40 min. The
supernatant was applied to a Sephadex G50 column (2 cm
× 100 cm) run in A buffer at a rate of 0.5 mL/min. The
D6-HP-containing fractions were combined and loaded onto
HiTrap SP HP and HiTrap Q HP (GE Healthcare) columns
(1 mL) connected to each other and equilibrated in 50 mM
piperazine-1,4-bis(2-ethanesulfonic acid) (PIPES) (pH 7.0),
50 mM NaCl, and 5 mM CaCl2. The flow-through that
contained D6-HP protein free of DNA was collected at a
flow rate of 1 mL/min and analyzed using SDS-PAGE
which revealed a protein purity of>95%. Finally, the sample
was concentrated and PIPES buffer replaced withd18-PIPES
with a 10 kDa molecular mass cutoff Amicon Ultra-4
concentrator (Millipore). Protein concentrations were deter-
mined by UV absorbance at 280 nm (25). The polypeptide
identity was confirmed by mass spectrometry (Molecular
Biology Core Facility, Dana Farber Cancer Institute, Boston,
MA).

F-Actin Bundling by D6-HP. Actin was purified from
chicken pectoral muscle using standard procedures (26) and
was first incubated in F buffer [10 mM Tris (pH 8.0), 1 mM
MgCl2, 100 mM NaCl, 0.1 mM ATP, 0.2 mM DTT, 3 mM
NaN3, and 0.1 mM CaCl2] overnight to allow polymerization.
Purified D6-HP, 1.1 mM in 5 mM Ca2+, was used as the
source of D6-HP for the bundling assay. This D6-HP stock
solution was diluted∼220-fold to yield a final concentration
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of 5 µM and was incubated with F-actin at 2:1, 1:1, and 1:2
molar ratios in F buffer, either with or without the addition
of 5 mM CaCl2, for 45 min at 4°C. Control F-actin and the
F-actin/D6-HP mixtures were loaded on a carbon-coated and
glow-discharged copper grid (SPI Supplies) for 1 min,
washed with 10 drops of buffer containing 5 mM Tris and
50 mM sodium chloride (pH 7.5), and then stained with 1%
uranyl acetate (27). All samples were imaged on a Philips
CM12 transmission electron microscope operating at 120 kV
with a LaB6 filament and recorded on SO-163 EM (Kodak)
film at a magnification of 45000× under minimal electron
dose conditions. The film was processed with undiluted
Kodak D-19 developer for 12 min and Kodak rapid fixer
for 5 min. Electron micrographs were digitized on a Creo
IQ Smart2 Scanner (Global Imaging) at 1270 dpi.

NMR Data Collection and Processing.The NMR samples
consisted of 1.1 mM D6-HP, 10%2H2O, 5 mM CaCl2, 10
mM d10-DTT, 0.01% NaN3, and 20 mMd18-PIPES (pH 7.0).
The pH was adjusted with no correction for the effect of
2H2O. Two-dimensional (2D) and three-dimensional (3D)
NMR data collection was performed at 25°C on a Bruker
AVANCE II 800 MHz spectrometer equipped with a
Cryoprobe located at the Brandeis University NMR facility,
and two spectrometers at Pacific Northwest National Labo-
ratory’s High Field Magnetic Resonance Facility, a Varian
INOVA 750 MHz spectrometer with a room-temperature
probe and a Varian Inova 600 MHz spectrometer outfitted
with a cryoprobe. Processing of the NMR data was per-
formed utilizing nmrPipe (28).

The15N HSQC spectrum of the isolated headpiece domain
(HP67) was recorded at 25°C on a Bruker DMX 500 MHz
spectrometer at the Boston University Core Facility for
Structural NMR. The assignment of the backbone1H and
15N resonances of HP67 at 25°C was performed by matching
the cross-peaks to those published for an HP67 sample at
20 °C (BMRB entry 4428).

NMR Assignment.The backbone resonance (1H, 15N, and
13C) assignment of the D6-HP sample was performed through
a combined investigation of 2D15N HSQC (29, 30) and the
following 3D NMR data sets: HNCA (31), HN(CO)CA (31),
HNCACB (32, 33), CBCA(CO)NH (34), HNCO (31), HN-
(CA)CO (35), HNHA (36), HNHB (37), and HBHA(CO)-
NH (38). The side chain resonance (aliphatic1H and 13C)
assignments were obtained from HCCH-COSY (39), CC-
(CO)NH (40), and HC(CO)NH (40) NMR data. Aromatic
side chain1H assignments were derived from dedicated
heteronuclear 2D experiments (41). The visualization and
analysis of the NMR spectra and the cross-peak picking were
performed with NMRDRAW (28) and NMRVIEW (42).
Chemical shifts for all nuclei are relative to the internal
standard 3-(trimethylsilyl)tetradeuterosodium propionate (43).

NMR Relaxation Measurements and Order Parameter
Computations.15N relaxation measurements were performed
on a 750 MHz spectrometer using 2D proton-detected
heteronuclear NMR experiments based on those of Farrow
et al. (51). The R1 relaxation rates were extracted from a
series of spectra with relaxation delays of 100, 200, 300,
400, 600, 800, 1000, 1500, and 2000 ms. TheR2 rates were
derived from experiments with relaxation delays of 10, 20,
30, 50, 70, 100, 130, 170, 210, and 250 ms. The hetero-
nuclear{1H-15N} NOE experiments were conducted with
a proton saturation time of 2.5 s (NOEpresat) and without

the presaturation (NOEnopresat). The{1H-15N} NOE values
were calculated as the NOEpresat/NOEnopresatratio.

The R1, R2, and{1H-15N} NOE values were determined
by fitting the data intensities to exponentials using the
routines in NMRVIEW (42). The Lipari-Szabo model-free
order parameterS2 (44) was calculated with FAST-Modelfree
(45), a user-friendly interface to Modelfree (46, 47). Of the
total of 176 assigned15N HSQC backbone cross-peaks, 144
were included in the relaxation and{1H-15N} NOE analysis.
The 32 remaining resonances were excluded due to their low
intensities or significant overlap with other cross-peaks.

Secondary Structure Element Detection.The secondary
structure content of the D6-HP fragment was predicted by
TALOS (48) on the basis of the backbone1HR, 15N, 13CR,
and 13CO and side chain13Câ chemical shift values. The
standard TALOS reference protein set of 3D structures and
resonances was used. This set did not include the isolated
headpiece domain HP67 (16) or gelsolin-like domains.

RESULTS

Calcium Is Required for the Stability and Folding of the
Monomeric Form of D6-HP. As described in Materials and
Methods, the D6-HP polypeptide was labeled with15N and
13C isotopes by expression in bacteria. The purification of
the protein sample included gel filtration and ion exchange
chromatography steps. Preliminary NMR data and gel
filtration chromatography showed that D6-HP aggregates
within hours (Figure 2A). The protein elutes in two major
peaks (I and III) and one minor peak (II). The elution volume
of peak I was consistent with a monomeric species, whereas
peaks II and III indicated D6-HP oligomers. In NMR15N
HSQC spectra (not shown), there were fewer resonances than
we expected and many broad peaks at random coil chemical
shifts, a pattern indicating a significant fraction of unfolded
structure and/or protein aggregation. Notably, the set of cross-

FIGURE 2: Ca2+ dependence of the aggregation state of D6-HP.
(A) D6-HP in gel filtration buffer and (B) D6-HP in gel filtration
buffer and 5 mM Ca2+. I is the elution peak of monomeric D6-HP.
II and III are elution peaks of D6-HP aggregates. Arrows indicate
the positions of 44 and 17 kDa molecular mass standards, run
separately (Bio-Rad). One hundred microliters of 1.5 mM D6-HP
was run in a Superdex GL-200 column (Amersham) in gel filtration
buffer [10 mM Tris, 150 mM NaCl, and 5 mM DTT (pH 7.5)]
with a flow rate of 0.5 mL/min at 4°C.
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peaks characteristic of the isolated headpiece domain (HP67)
was clearly present. Alterations of temperature, pH, and NaCl
level did not prevent the aggregation. However, the long-
term stability of the monomeric form of D6-HP was achieved
by inclusion of calcium at concentrations greater than 1 mM
(Figure 2B). Therefore, we collected all the NMR data for
D6-HP protein in the presence of 5 mM Ca2+.

The 15N HSQC spectrum of 1.1 mM D6-HP recorded at
25 °C and pH 7.0 in 5 mM Ca2+ (Figure 3A) indicates a
folded, monomeric protein sample. The cross-peaks are
sharp, and their number corresponds to that expected from
the amino acid composition of the D6-HP sequence. The
effect of calcium concentration on the spectra was sampled
from 5 to 50 mM. There were no changes in the observed
15N HSQC spectra. This suggests saturation of all available
Ca2+ binding sites in D6-HP by 5 mM calcium.

The Headpiece Domain Retains Its Three-Dimensional
Structure in D6-HP. We utilized the heteronuclear 3D NMR
data recorded with a13C- and15N-labeled D6-HP sample to
assign the backbone resonances (1HN, 15N, 13CR, and13CO)
for 176 residues of the 208 in D6-HP using established
procedures (49). Utilizing side chain-sensitive 3D NMR
experiments, the side chain resonances were identified for
191 residues (92% of the sequence), including some of those
without backbone assignments. Of the 17 residues for which
no assignments are available, six are positioned on the
extreme N- or C-terminus of the sequence. All other 11
unassigned residues are located between positions 60 and
85 (Figure 5). Of these 11 residues, three are prolines. The
five-residue sequence (68-72) constitutes the longest con-
tinuous stretch of unassigned residues, suggesting a loop
undergoing intermediate exchange. All the stretches of
unassigned amino acids are flanked by residues whose15N
HSQC signals are weak or missing, suggesting those regions
are in intermediate structural exchange on the NMR time
scale.

The 15N HSQC pattern of the isolated headpiece domain
(16) corresponds well with the15N HSQC spectrum of D6-
HP (Figure 3A). Each HP67 cross-peak directly overlaps
with, or is positioned very closely to, the corresponding D6-
HP resonance. Most of the1HN and 15NH chemical shift
differences (Figure 3B) are negligible (<0.04 ppm for1HN
and<0.2 ppm for15NH), indicating very similar structural
environments for the headpiece domain in D6-HP and HP67.
The six N-terminal residues of HP67 display noticeable
differences in chemical shift which can be attributed to the
effect of the linker sequence of D6-HP influencing the

FIGURE 3: NMR characterization of D6-HP and comparison with the isolated headpiece (HP67). (A)15N HSQC spectra of D6-HP in 5 mM
Ca2+ acquired at 800 MHz (black) and isolated headpiece, HP67, acquired at 500 MHz (red), both at 25°C and pH 7.0. (B) Profile of the
backbone1HN and15N chemical shift differences in the headpiece sequence between D6-HP and HP67 samples at 25°C and pH 7.0.

FIGURE 4: Relaxation rates,{1H-15N} NOE ratios, order param-
eters, and backbone1HN chemical shift values for D6-HP: (A)
R1, (B) R2, (C) {1H-15N} NOE ratio, (D) Lipari-Szabo model-
free order parameter,S2, computed with FAST-Modelfree (45), and
(E) backbone1HN chemical shift values. The domain structure of
D6-HP derived from the presented data is displayed at the top.
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N-terminal residues of the HP domain. One residue in the
middle of the headpiece sequence, D166, displays a signifi-
cantly higher than average1HN chemical shift difference
(0.15 ppm) between D6-HP and HP67 samples (Figure 3B).

D6-HP Consists of Two Structured Domains, D6 and HP,
Separated by an Unfolded Linker Sequence. The 15N
backbone relaxation ratesR1 and R2 as well as the{1H-
15N} NOE (Figure 4A-C) indicate three distinct structural
entities within D6-HP, namely, two structured regions,
positions 1-105 and 145-206, and a disordered sequence
between them. The order parameters (S2) from the Lipari-
Szabo model-free analysis (44) (Figure 4D) follow the same
trend.

In agreement with the NMR relaxation data, the backbone
1HN chemical shift profile (Figure 4E) indicates two regions,
residues 1-105 and 145-206, with well-dispersed values
indicative of a folded polypeptide. The linker sequence,
positions 105-145, is characterized by the1HN chemical
shift values narrowly clustered between 8.0 and 8.5 ppm
consistent with a random coil, unfolded polypeptide. The
1HR chemical shift profile has a similar pattern (not shown).

The 15N HSQC spectrum (Figure 3A) clearly shows an
uneven distribution of the intensities of the D6-HP cross-
peaks. The strongest cross-peaks belong to residues in the
D6-to-HP linker (residues 104-144); the weakest are from
D6, and those from the HP domain are of intermediate
intensity. This observation is consistent with the relative R2
relaxation rates (Figure 4B). The linker residues are nearly
unrestrained, resulting in slower R2 relaxation rates and
hence their higher15N HSQC intensity. On the other hand,
the residues of the largest domain, D6, relax the fastest, and
thus, their HSQC cross-peaks are the weakest. The reso-
nances of the HP domain, which is structured but signifi-
cantly smaller than D6, display intermediate HSQC peak
intensities.

The large error bars in the{1H-15N} NOE plot in the
area of the linker are due to the generally low intensities of
the NOE cross-peaks for these residues, which may be
attributable to exchange of the backbone amides with water.
Residue Phe84, in D6, stands out due to its lowR2 and low

{1H-15N} NOE ratio value (Figure 4B,C). Additionally, the
Lipari-Szabo model-free analysis marked Phe84 as “unas-
signed”. It should be noted here that the NMR resonances
of the residue following Phe84 remain unassigned, possibly
due to the intermediate exchange of this region of the
sequence.

The D6-HP Secondary Structure Corresponds to That of
Gelsolin Domain 6 and the Isolated Headpiece. Protein
chemical shift values, especially1HR, 15NH, 13CR, 13CO, and
13Câ, are good indicators of the secondary structure patterns.
We employed TALOS (48) to predict the secondary structure
elements in D6-HP using our chemical shift assignments.
The secondary structure of D6-HP corresponds closely to
that of domain 6 (G6) in the crystal structures of calcium-
bound (22) or calcium-free gelsolin (21) and the isolated
villin headpiece, HP67 (17) (Figure 5). The only major
exception is the C-terminal helix of calcium-free gelsolin,
which does not have a homologous counterpart in Ca2+-
bound D6-HP. The C-terminal helix of gelsolin is not visible
in the calcium-bound crystal structure (22).

Calcium Binds to D6. The 15N HSQC spectrum of D6-
HP in the absence of calcium was compared to that in the
presence of 5 mM calcium. Ninety-six D6-HP backbone
amide resonances in a calcium-free HSQC spectrum were
reliably assigned by comparison with the HSQC spectrum
recorded in 5 mM calcium. They include 331HN resonances
in the D6 sequence, 27 in the linker, and 36 in the HP
domain. Without calcium, one-quarter of all the D6 backbone
amide resonances either disappear or undergo significant
changes in their chemical shift values. The presence of
calcium affects the first 80 residues of D6, suggesting that
calcium binding is important for the folding of this entire
region. The remaining C-terminal part of D6 (positions 81-
105), linker region, and HP domain are insensitive to
calcium.

These data indicate that in the absence of calcium the
headpiece domain remains structurally independent of D6 .
All the most prominent changes in the D6-HP three-
dimensional structure caused by the lack of calcium are
associated with D6, not the headpiece or the linker region.

FIGURE 5: Comparison of the secondary structure of gelsolin, HP67, and D6-HP. The D6-HP sequence is underlined as follows: 50%
identical to the gelsolin G6 domain (dashed underline), linker sequence (no underline), and villin headpiece (dotted underline). Secondary
structure elements (cylinders represent helices and arrowsâ-sheets) of D6-HP, as predicted by TALOS (48), are mapped onto the D6-HP
sequence. Secondary structure elements found in the crystal structures of the calcium-free gelsolin G6 domain and the isolated villin headpiece,
HP67, are labeled Gelsolin and HP67, respectively. Residues in D6-HP for which no resonance assignments are available are denoted in
lowercase.
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D6-HP Bundles F-Actin in a Calcium-SensitiVe Fashion.
Villin is an F-actin bundling protein. Previous work (2)
indicated that the N-terminal half of villin (core domains
1-3) and the headpiece represent the two F-actin binding
sites required for F-actin bundling by villin. We confirmed
that the D6-HP construct was still active with respect to actin
binding using F-actin sedimentation assays (not shown). We
also examined F-actin filaments decorated with D6-HP by
negative stain electron microscopy. Surprisingly, we found
that D6-HP organizes F-actin into bundles (Figure 6). We
tested F-actin bundling by the D6-HP villin fragment at two
levels of calcium (5 and 0.1 mM) and at D6-HP:G-actin
molar ratios of 1:2, 1:1, and 2:1. In all the experiments, the
incubation time was 45 min, significantly shorter than the
time required for D6-HP aggregation at submillimolar
calcium concentrations. This way, we ensured that any
absence of F-actin bundling by D6-HP is not due to the
aggregation of D6-HP. At 5 mM calcium, D6-HP bundles
F-actin at any D6-HP:G-actin molar ratio (Figure 6D).
Without D6-HP, no F-actin bundling was observed at either
level of calcium (Figure 6A,B). D6-HP cannot bundle F-actin
at a low calcium concentration (0.1 mM) (Figure 6C). This
suggests that the Ca2+-induced conformational change is
essential for the cryptic F-actin binding site in D6-HP and
further suggests that this actin binding site is in the D6
portion of the construct.

DISCUSSION

Villin Headpiece in the Context of the Core Domains.Our
study of D6-HP is the first structural and dynamic charac-
terization of a modular fragment of villin containing both a
region of the core and the C-terminal headpiece domain. We
envisioned two possible regimes for the villin headpiece: one

in which it is tethered to the core by a flexible linker
sequence and functions in a manner independent of the
adjacent core domain and the other in which the headpiece
and domain 6 of the core engage in strong steric interactions.

The results of our study clearly demonstrate that the
headpiece retains its structure and is connected to the adjacent
core D6 domain by a long, unstructured linker sequence.
Therefore, the wealth of previous data (11, 16) describing
the properties and mode of interaction of the headpiece with
F-actin applies to the headpiece in the context of attachment
to the core domain. In addition to this fundamental result,
our study highlights several surprising findings and poses
new questions discussed below.

D6-HP Bundles F-Actin by Utilizing a Cryptic F-Actin
Binding Site on D6.Villin is a modular protein which consists
of the N-terminal gelsolin-like six-domain core and the
C-terminal headpiece domain. Villin is a multifunctional actin
accessory protein, the activity of which is regulated by
several environmental messengers, including calcium. At
physiological levels of calcium, villin bundles actin, whereas
at higher calcium levels, villin can, like gelsolin, sever and
cap actin filaments. Villin bundles F-actin by utilizing two
F-actin binding sites, one in the C-terminal headpiece domain
and the other at the N-terminus of the gelsolin-like core of
villin ( 2, 11). The isolated headpiece is capable of calcium-
independent F-acting binding (11) and does not bundle
filaments with or without calcium (See Supporting Informa-
tion).

Surprisingly, we find that the D6-HP fragment is capable
of bundling F-actin in the presence of 5 mM calcium (Figure
6). Domains 2 and 3 have been shown to be the F-actin
binding site in the core domain of villin (11). Because in
D6-HP the headpiece retains its “isolated” fold, is structurally
independent of D6, and has only one F-actin binding site,
we propose that villin core domain D6 has a cryptic, calcium-
dependent F-actin binding site that is revealed when the
domain is excised from the rest of the gelsolin-like core.

The Fold and Calcium Binding of D6 Resemble Those of
Gelsolin Domain G6. The high degree of sequence identity
between villin and gelsolin and the secondary structure
similarity between D6 and gelsolin core domain 6 (G6)
(Figure 5) suggest that the fold of D6 will likely be very
similar to that of G6. Thus, we propose that villin D6 folds
as a five-strandedâ-sheet sandwiched between the long
R-helix and a shorter helical region in the C-terminal
sequence of the domain. This fold is typical for the gelsolin-
like core domains whose structures are known (15, 22, 50).

Our data indicate that, in the absence of calcium, the first
∼80 residues of D6-HP change their fold or are destabilized
as compared to the D6-HP structure at a high calcium
concentration. Without sufficient calcium in solution, D6-
HP cannot bundle F-actin (Figure 6) and aggregates over
the course of several hours. This suggests that calcium
binding may play a vital role in regulating villin through a
binding site located within the first 80 residues of D6. The
location of this calcium binding site on D6 is different from
the two sites on the surface of domain 1 of villin (14T),
which were predicted to reside around residues 92 and 121,
respectively (14).

On the basis of the sequence and secondary structure
similarity to gelsolin domain G6, we propose villin residues
Asn647, Asp648, and Glu670 (D6-HP residues Asn29,

FIGURE 6: Negative stain electron micrographs of calcium-sensitive
F-actin bundling by D6-HP. (A) F-Actin filaments (1µM) in the
presence of 0.1 mM calcium. (B) F-Actin filaments (1µM) in the
presence of 5 mM calcium. (C) F-Actin filaments with D6-HP in
0.1 mM calcium. (D) F-Actin bundles with D6-HP in 5 mM
calcium. D6-HP and F-actin were both at 5µM in experiments C
and D. Samples were incubated at 4°C for 45 min and negatively
stained with 1% uranyl acetate. Images were recorded by transmis-
sion electron microscopy at a magnification of 45000×. The
magnification bar (in panel D) is 100 nm for all the images.
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Asp30, and Glu52, respectively) as the likely calcium binding
site on the surface of D6 of villin. Two of these residues,
Asp648 and Glu670, bind calcium via their side chains in
the calcium-bound gelsolin structure (22) and are absolutely
conserved in villin and gelsolin sequences. The third residue,
Asn647, lends its backbone carbonyl oxygen to bind calcium,
and this position varies between villin and gelsolin and
among different species.

Unstructured Regions of D6. The chemical shift,R1, R2,
and{1H-15N} NOE data (Figure 4) indicate two structured
domains in the D6-HP sequence, D6 and HP. Nevertheless,
the NMR relaxation and assignment data suggest that some
D6 residues are unstructured.

Seventeen residues in the D6-HP sequence remain unas-
signed (Figure 5). Four of them are positioned at the
N-terminus and two at the C-terminus. All internal unas-
signed residues are located within the residues 60-85 of D6.
The longest unassigned stretch in D6 includes five residues
from Pro68 to Asp72. Because this region corresponds to
the solvent-exposed loop in the crystal structure of the G6
domain of gelsolin (22), we propose that these residues are
involved in intermediate structural exchange which weakens
their NMR resonances. The second longest stretch of
unassigned residues, Ala60-Gln61-Glu62, corresponds to an
internal region of the longest helix of G6 in the gelsolin
crystal structures. Why these D6-HP residues could not be
assigned remains unclear.

Residue Phe84 in D6 appears to be unstructured as
manifested by its lowR2 value (Figure 4C) and the{1H-
15N} NOE ratio of well below 0.6 (Figure 4C). In fact, the
next residue, Glu85, is unassigned because the residue
appears to be involved in structural exchange. In the gelsolin
crystal structure, Phe84 and Glu85 correspond to a short
unstructured loop on the solvent-exposed surface. Notably,
the Phe84 residue is positioned close to the border between
the Ca2+-sensitive and Ca2+-insensitive parts of D6.

The Core-to-Headpiece Linker Sequence Is the Longest
Interdomain Region in Villin. Our data indicate that the
unstructured linker sequence connecting structured D6 and
HP consist of approximately 40 residues (positions 105-
145) which are exposed to solvent (Figure 4). This core-to-
headpiece linker sequence is likely the longest villin inter-
domain connector because it is significantly longer than any
interdomain region in the gelsolin core (all fewer than 20
residues). Sequence alignments (not shown) indicate that the
length of the villin core-to-HP linker sequence varies by only
a few residues among species. The level of sequence identity
in the villin core-to-headpiece linker region is∼15%,
significantly lower than in the D6 and HP domains where
the level of sequence identity is∼50%. Therefore, we
conclude that the sequence connecting the gelsolin-like core
of villin and the headpiece domain acts purely as an
unstructured tether and is unlikely to be a recognition target
for specific protein-protein interactions. These properties
of the core-to-headpiece linker region of villin correlate well
with the proposed role of the villin headpiece as a domain
structurally independent from the gelsolin-like core and
crucial for the functionality of villin.

The Headpiece Retains Its Structure.Our assignments of
the NMR chemical shift values in the headpiece region of
D6-HP are very close to those reported for the isolated
headpiece, HP67. With the exception of several N-terminal

residues of the HP67 sequence close to the linker sequence,
most of the headpiece1H resonances in D6-HP differ from
those in HP67 by less than 0.02 ppm. One D6-HP headpiece
residue, D166, displays a significant difference (0.15 ppm)
from the corresponding1H value for the isolated headpiece.
This difference cannot be attributed to calcium, because the
D166 backbone amide resonates at the same chemical shift
in the presence and absence of calcium ions (not shown).
Therefore, we expect to observe a slight structural alteration
in the area of this residue in D6-HP as compared to the
solution structure of the isolated headpiece.

CONCLUSIONS

Our study poses a number of new questions. The most
important of them is why the core-to-headpiece linker in
villin is so long. Stretched out completely, the 40-residue
linker spans∼120 Å, greater than the long axis of the folded
calcium-free gelsolin (∼100 Å). Is the linker designed to
allow the headpiece to interact with other core domains of
villin? Does the long linker allow for more efficient F-actin
bundling by villin? Is the interaction of the villin headpiece
domain with the core calcium-sensitive? Future NMR studies
and structural simulations of the complete villin under
varying conditions will help to clarify this issue.

Our investigation highlights the role of calcium in
structural and functional regulation of villin core domain 6
linked to the headpiece. The work presented here prepares
the ground for the determination of the solution structure of
D6-HP protein and for study of site-specific effects of
calcium on the structure of this modular fragment of villin.
Such an investigation will provide valuable insights into the
functional and structural regulation of villin, a modular,
calcium-sensitive, multipurpose F-actin regulating protein.
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