Solution structures of the C-terminal headpiece
subdomains of human villin and advillin, evaluation of
headpiece F-actin-binding requirements
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Abstract

Headpiece (HP) is a 76-residue F-actin-binding module at the C terminus of many cytoskeletal proteins. Its
35-residue C-terminal subdomain is one of the smallest known motifs capable of autonomously adopting a
stable, folded structure in the absence of any disulfide bridges, metal ligands, or unnatural amino acids. We
report the three-dimensional solution structures of the C-terminal headpiece subdomains of human villin
(HVcHP) and human advillin (HAcHP), determined by two-dimensional '"H-NMR. They represent the
second and third structures of such C-terminal headpiece subdomains to be elucidated so far. A comparison
with the structure of the chicken villin C-terminal subdomain reveals a high structural conservation. Both
C-terminal subdomains bind specifically to F-actin. Mutagenesis is used to demonstrate the involvement of
Trp 64 in the F-actin-binding surface. The latter residue is part of a conserved structural feature, in which
the surface-exposed indole ring is stacked on the proline and lysine side chain embedded in a PXWK
sequence motif. On the basis of the structural and mutational data concerning Trp 64 reported here, the
results of a cysteine-scanning mutagenesis study of full headpiece, and a phage display mutational study of
the 69-74 fragment, we propose a modification of the model, elaborated by Vardar and coworkers, for the
binding of headpiece to F-actin.
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Headpiece (HP) is an ~76-residue F-actin-binding domain
present at the C terminus of many otherwise unrelated pro-
teins (Vardar et al. 1999). It was first discovered in the
epithelial brush border protein villin, a member of the gel-

solin family, which consists of six gelsolin repeats, followed
by the C-terminal headpiece domain (Glenney et al. 1981;
Arpin et al. 1988; Bazari et al. 1988). In vitro, villin has
been demonstrated to bundle and sever F-actin (Bretscher
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and Weber 1980; Craig and Powell 1980; Mooseker et al.
1980; Glenney and Weber 1981). The bundling activity is
critically dependent on the F-actin-binding capacity present
in the headpiece domain (Zhai et al. 2001). Advillin (or
pervin) is the closest relative of villin and has a similar
domain structure. It plays an important role in regulating
process outgrowth in peripheral neurons, and this requires
the presence of the putative actin-binding headpiece domain
(Ravenall et al. 2002).

The structure of chicken villin HP67 (containing the last
67 residues of headpiece; Vardar et al. 1999) revealed that
the headpiece domain is composed of an N-terminal and a
C-terminal subdomain (cHP). Prior to this, it was shown
(McKnight et al. 1996, 1997) that the C-terminal subdomain
of chicken villin autonomously folds into a stable structure
in solution, bearing a unique fold topology that consists of
three helices packed around a hydrophobic core. The struc-
ture of this isolated cHP is highly similar to its structure in
the full headpiece, with differences mainly confined to the
N- and C-terminal residues and the residues implicated in
the interaction with the N-terminal subdomain (Vardar et al.
1999). Thus, the forces that induce the structuring of the
chicken villin cHP appear largely present within the subdo-
main itself, giving the cHP the status of a mini-protein.

By mapping the results of a cysteine-scanning mutagen-
esis study (Doering and Matsudaira 1996) on the chicken
villin HP67 structure, a model for F-actin binding was pro-
posed. Most of the residues involved in this interaction are
located in the third helix of the C-terminal subdomain. On
this basis, and given the structure of the chicken villin head-
piece, it was proposed that F-actin-binding headpieces con-
tain three essential structural features formed by generally
conserved residues (Vardar et al. 1999) as follows: a sur-
face-exposed hydrophobic patch dominated by Trp 64, a
band of alternating charges, termed crown, surrounding this
patch, and a positive patch below the charged crown. More
recently, however, Rossenu et al. (2003) showed that part of
the charged crown residues are dispensable for actin bind-
ing. Surprisingly, the functional importance of Trp 64 for
F-actin binding was never experimentally investigated.

Until now, the structure of only one C-terminal headpiece
subdomain is known (chicken villin) and structural conser-
vation of the subdomain in related headpieces is assumed on
the basis of sequence conservation. This requires that the cHP-
fold should be tolerant to changes in sequence composition.

We determined the structures of a second and third cHP,
namely of human villin and advillin, as representatives with
74% and 60% sequence identity to the chicken villin cHP.
We show that these two C-terminal headpieces indeed form
stable subdomains having very similar packing, despite con-
servative mutations in the hydrophobic core. In addition, we
show that the C-terminal headpiece subdomain of advillin
binds filamentous actin and that Trp 64 contributes to actin
interaction. In view of the results presented here, and guided

by data from a recent mutational analysis of part of the last
helix in headpiece by a phage display method (Rossenu et
al. 2003), the Vardar model for the F-actin-binding site
(Vardar et al. 1999) is evaluated and modifications are pro-
posed.

Results and Discussion

The C-terminal subdomain of advillin binds to F-actin,
Trp 64 is involved in actin binding

We synthesized two peptides representing the C-terminal
subdomains of human villin (HVcHP) and advillin
(HACcHP). These start, respectively, at residue 42 and 41
compared with the full-length HP. To assess the F-actin-
binding activity of these peptides, we used chemical cross-
linking, followed by sedimentation. Assuming similar
cross-linking efficiencies, this semiquantitative approach al-
lows the evaluation of relative binding affinities of the head-
pieces from the amount of headpiece coupled to actin mol-
ecules in the filament and, hence, retrieved in the pellet
fraction after sedimentation. The cross-linking step is re-
quired, as binding of the C-terminal headpiece subdomains
is relatively weak (Vardar et al. 2002). Figure 1 shows an
SDS-PAGE analysis of the pellet fraction of samples in
which increasing concentrations of HVcHP (top) or HAcHP
(middle) were added to F-actin. The cross-linked complex,
migrating with slightly lower mobility, appears in both
cases already at 12 pM (i.e., when added in a 1 : 1 molar
ratio to actin protomers) and is very prominent at 60 pM.
This indicates that the C-terminal subdomains of human
villin and advillin interact with similar affinities with actin
filaments.

0 12 24 60 120 pM
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HAcHP —— L 2l

0 12 24 60 120 180 pM
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Figure 1. SDS-PAGE of sedimented F-actin with EDC-cross-linked head-
piece subdomains (for experimental details, see Materials and Methods).
The concentrations of HVcHP, HAcHP, and HVcHP W64A used are in-
dicated above each lane. The bands corresponding to actin only (arrow-
head) and actin bound to peptide (arrow) are indicated. Binding efficiency
is reflected by the concentration of peptide necessary for the appearance of
the slower migrating F-actin-peptide band.
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Given our identification of a conserved local structural
motif around Trp 64 (see below) and the important role
hypothesized for this residue in actin binding in a currently
proposed headpiece F-actin-binding model (Vardar et al.
2002), we also tested a variant of HVcHP in which Trp 64
is substituted by Ala (Fig. 1, bottom). F-actin binding by
this mutant is strongly reduced compared with wild-type
HVCcHP, as cross-linking is only apparent upon addition of
60 uM of the peptide. Given that this mutant adopts an
otherwise wild-type-like folded structure (see below), this
presents the first actual evidence for a pivotal role for Trp
64 in F-actin interaction.

Human villin, advillin, and villin mutant Trp64Ala
C-terminal subdomains have similar secondary
structures and stable folds

NMR structural analysis was done at pH 4.2, as the subdo-
mains were insoluble at physiological conditions (pH 7.0,
10 mM phosphate buffer) at the concentrations used (2
mM). However, CD-spectra at lower concentrations (40
M) taken at pH 4.3, 6.0, and 7.5 were similar (data not
shown), suggesting that the structure of both cHPs is not
grossly influenced by pH.

Initial inspection of the NMR spectra of the cHPs showed
a good chemical-shift dispersion in the amide region, and a
large number of cross-peaks in the NOESY spectra, dem-
onstrating that each peptide adopts a folded structure under
the conditions used.

Nearly complete sequence-specific resonance assign-
ments were obtained for all three peptides (HVcHP,
HACcHP, and HVcHP Trp 64Ala) at a single temperature
(294 K). All residues were sequentially assigned via a con-
tinuous stretch of dyy, d,n, and/or dgyy NOE contacts. All
peptide bonds involving an Xxx-Pro segment were in the
trans conformation, as evidenced by the presence of strong
sequential d,s NOE contacts. Most of the exchangeable
protons in Lys/Arg side chains could not be identified, due
to fast exchange with the solvent.

As is shown by the NMR data (Fig. 2), the three subdo-
mains studied adopt a similar fold, composed of three a-he-
lices. Analysis of the NOESY spectra resulted in the col-
lection of 629 distance restraints for the human villin cHP
and 784 for the human advillin cHP, of which 23%, respec-
tively, 21% were long range (Table 1). The average number
of 18 and 22 restraints per residue, respectively, indicates
that these peptides adopt a compact structure, amenable to
high-resolution structure determination by 'H-NMR.

Three-dimensional structure calculations
and quality of the structures

The solution structures of human villin cHP and human
advillin cHP are represented by an ensemble of 25 refined
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conformers each, and are shown in Figure 3. Structures
were calculated with DYANA (Giintert et al. 1997), using
the REDAC strategy, and refined using a simulated anneal-
ing protocol in the AMBER force field (Weiner et al. 1984).
The average target function values of 0.58 A% and 0.48 A2
for the human villin cHP and human advillin cHP ensemble,
respectively, indicate that they are in excellent agreement
with the experimental data. The ensemble calculation sta-
tistics before and after refinement are presented in Table 1.
As can be expected, the main improvement upon refinement
concerns the van der Waals interactions. The refined struc-
tures have very few NOE violations larger than 0.2 A and
few dihedral angle violations larger than 5°. Nearly all resi-
dues have backbone ¢ and i angles in the most favored
regions of the Ramachandran plot according to PRO-
CHECK-NMR (Laskowski et al. 1996).

Disregarding the acetylated N-terminal residues and the
C-terminal phenylalanine in both structure ensembles, the
collection of conformers converge to the same overall fold
(Fig. 3). The r.m.s.d. values for the backbone atoms are (.72
A (£0.29) and 0.52 A (% 0.25) for the HVcHP and HACHP
peptide, respectively. For all heavy atoms, the r.m.s.d. val-
ues are 1.27 A (+ 0.25) and 1.04 A (= 0.22). The structures
of both subdomains are well defined at the secondary struc-
ture level including both loops (52-54 and 61-62). The N
and C termini are ill defined, owing to the lack of long-
range NOE contacts involving these parts of the sequence.
The circular variance of the x' torsion angles of the residues
in the hydrophobic core (see below) in the human villin cHP
ensemble is not larger than 0.025 (except for M53, which
adopts two conformers in the ensemble), and not larger than
0.006 in the human advillin cHP. The circular variance of
the x? torsion angles of these residues is not larger than
0.160 and 0.216 in the respective ensembles. These rather
low values, in particular for xl variance, show that the side
chains in the hydrophobic core are determined with good
precision, allowing a comparison of their orientation be-
tween cHP structures. Similarly, the overall low circular
variance of the x' and x? angles of Thr 54, Trp 64, Lys 65,
and Gln 66 allowed the assessment of their functional or
structural role in the headpiece subdomain (see below).

Description of the three-dimensional structures of the
villin and advillin C-terminal headpiece subdomains

and comparison with chicken villin cHP and chicken
villin HP67

The C-terminal headpiece subdomains of human villin and
advillin adopt a compact, well-defined globular fold with
three a-helices (Fig. 3). The first a-helix starts at residue 44
(Ile/Glu) in both structures and ends with residue 51 (Phe).
A short loop of three residues (Gly 52—Thr 54) coiling back
over this helix connects it to the second and shortest helix of
cHP and places both helices perpendicular to each other.
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Figure 2. Secondary structures of (A) HVcHP, (B) HAcHP, and (C) HVcHP W64A derived from NMR data, represented according
to [TUPAC recommendations (Markley et al. 1998). Above the amino acid sequence (Ac indicates the acetyl group), black squares
identify residues with low-backbone amide hydrogen exchange rates, k... Weak to strong sequential NOE intensities are represented
by thin to thick bars below the sequence. Dots indicate NOE contacts with uncertain cross-peak intensity due to cross-peak overlap.
Unambiguously assigned medium range NOE contacts are represented by lines. "H* shifts relative to random coil values and the
Chemical Shift Index (CSI; Wishart et al. 1992) are indicated. Sequence locations of the helices are shown at the bottom; broken lines
indicate that the location of the C terminus of helix 3 from these data is uncertain.
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Table 1. Structure calculation statistics

HVcHP HACcHP
DYANA refinement DYANA refinement

Restraints (number)
Distance total (upper) 629 784

intraresidue 146 191

sequential 134 188

medium range 204 239

long range 145 166

H-bond (upper/lower)* 22/22 0/0 28/28 0/0
Dihedral angles (number)®

b 52 32 51 34

P 47 32 41 35

X' 41 23 40 27
Stereospecific assignments (number)

8 methylene group 12 16

other methylene groups 4 3

vy methyl groups for valine 0 2

8 methyl groups for leucine 2 1

amide side chains GIn/Asn 4 3
Target function (A%, DYANA)® 0.58 = 0.05 0.48 +0.04
Energy (kcal - mole™")¢

total ¢ -150.4+5.4 ¢ -142.8 £5.1

bond lengths N 5.1+0.3 ¢ 6.3+0.2

angles ¢ 36.5+1.2 ¢ 374+13

impropers N 519+22 © 447+ 8.5

van der Waals 446.2 = 506.1 -127.9+3.1 2656.2 + 4630.0 -126.1 +3.6

electrostatics -79.1+7.7 -100.8 +3.5 -85.7+6.8 -942+47

hydrogen bonds -16.4+0.8 -14.1+0.7
No. of dist. restr. viol. >0.2 (A) 0.6 +0.5 02+04 02+04 >0.1 £0.2
No. of angle restr. viol. >5.0 (°) 0.0+0.0 3.0+09 0.0+0.0 7.1x1.6
Ramachandran plot
(%) of residues

in most favored regions 96.8 91.6

in additionally allowed regions 32 8.0

in generously allowed regions 0.0 0.4

in disallowed regions 0.0 0.0

Results of 25 conformers with lowest Target Function value (DY ANA, Giintert et al. 1997)

# Hydrogen bond restraints were omitted during refinement.

° Multiple restraints for a single torsion angle were reduced to a single restraint during refinement.

°1A = 0.1 nm.
91 cal = 4.184 7.

¢ Not included, as the original conformers have the ECEPP/2 standard geometry.

This second helix, which starts at residue 55 (Pro/Arg) and
ends with alanine 60, contains two helical turns, of which
the second adopts a 3, type conformation. A second short
non-B-turn loop (residues Leu 61 and Pro 62), connects the
second helix to the last. This third and longest a-helix com-
prises residues 63—72 in HVcHP and 63-74 in the HAcHP.

With 74% and 60% sequence identity, the global fold of
HVcHP and HACHP is very similar to the fold of the
chicken villin cHP (CVcHP; PDB accession code 1VII;
McKnight et al. 1997) and the C-terminal subdomain in the
chicken villin full domain (CVHP67; PDB accession code
1QQV; Vardar et al. 1999), as shown in Figure 5A, below.
For structural comparison, all backbone atoms (with the
exception of the first and last residue) of the average struc-
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tures from each ensemble were aligned. The r.m.s.d. values
show that all structures are similar (1.80 A for HVcHP-
HACHP, 2.42 A for HVcHP-CVCcHP, 2.68 A for HVcHP-
CVHP67, 233 A for HACHP-CVcHP, and 2.32 A for
HAcHP-CVHP67). Limiting the extent of alignment to
fragment 4470 yields a much better fit (1.19 A for HVcHP-
HACHP, 2.02 A for HVcHP-CVCcHP, 2.17 A for HVcHP-
CVHP67, 1.64 A for HAcHP-CVcHP, and 1.64 A for
HACcHP-CVHP67). Thus, in addition to some small struc-
tural differences, the structure of the central core fragment
is very similar at the backbone level in all isolated and
incorporated (CVHP67) C-terminal subdomains.

Larger structural differences exist between the cHPs at
the N and C termini. These are likely to be due to a lower
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N

Figure 3. Stereoview of ensembles representing the three-dimensional
structures of HVcHP and HAcHP. (A) Backbone superposition of 25 re-
fined HVcHP structures. The backbone is shown in light gray. W64 and the
conserved side chains important for fold stability are labeled and colored
black; other side chains are shown in gray. (B) Backbone superposition of
25 refined HACHP structures represented as in A. (C) Ribbon representa-
tion of the secondary structure elements of the HVcHP first structure in the
ensemble.

accuracy of the structure determinations in these fragments,
which could result from inherent flexibility of the termini in
the isolated cHP.

Residues that contribute to fold stability

The structure of CVcHP remains largely the same when the
N-terminal subdomain is present (Vardar et al. 1999), and
the two structures determined here show that the fold is well
conserved and unaffected by the sequence variability. Thus,
the C-terminal headpiece subdomain can truly be viewed as
a mini-protein, its sequence containing the necessary ele-
ments to fold autonomously into a stable structure.

A total of 10 residues contribute to the formation of the
hydrophobic core as follows: Leu 42, Phe 47, Val/Ala/Val

50 (CVcHP, HVcHP, and HAcHP), Phe 51, Met/Met/lle 53,
Phe 58, Leu 61, Lys 65, Leu/Leu/Met 69, and Lys 70.
Mutations occurring at these positions are conservative and
yield similar side-chain orientations, thus minimizing per-
turbations to the hydrophobic core. The fact that natural
mutations infrequently occur at positions 47, 51, 58, and 61
(Fig. 4), suggests that these residues are important determi-
nants of the cHP-fold. The higher mutational tolerance at
positions 50, 53, and 69 indicates that these residues provide
only additional contributions to fold stability. Although in-
volved in the hydrophobic core, strict conservation of Leu
42 and Lys 70 appears not to be essential for cHP fold
stability. Their mutational invariance rather serves the sta-
bility of full headpiece as was suggested before (Vardar et
al. 1999). Lys 65 is strictly conserved for F-actin binding
(vide infra).

Additionally, conserved hydrophilic residues may also
increase fold stability. First, in both structure ensembles o'
of Thr 54 is involved in hydrogen bonding to the backbone
NH of Ala/Gln 57 (Fig. S, supplementary material). This is
confirmed by the high protection of the backbone NH of
residue 57 from hydrogen/deuterium exchange. Therefore,
it is most likely that Thr/Ser 54 serves as an N-capping
residue for the second helix. We note that at position 54,
threonine or serine is found in the majority of the known
headpiece sequences (Fig. 4). Second, residue Gln 66 is
wedged between helix 2 and helix 3, and one side-chain
amide proton (H**?) forms a hydrogen bond with the back-
bone CO of Leu 61 (Fig. S, supplementary material). A long
side chain with a H-donor at the end (Gln/Arg/Lys; see Fig.
4) is needed to accomplish such a hydrogen bond. This
residue presumably contributes to fold stability by interact-
ing favorably with the 8,8, loop and the dipole of helix 2.
Because the second helix is the shortest and, therefore, on
its own, the least stable of the three helices, it is likely that
its formation, and concomitantly, the proper adoption of the
subdomain structure, is enhanced by the presence of these
N-capping (Thr 54) and helix dipole stabilizing (Gln 66)
residues.

Structure vs. biological activity

Above, we demonstrated that Trp 64 contributes to actin
binding. The present NMR data provide strong support for
the involvement of Trp 64 in a direct contact with F-actin.
First, the secondary structure of the Trp64Ala mutant cor-
responds to that of HVcHP (Fig. 2), and the same long-
range NOE contacts are found between residues in the hy-
drophobic core (data not shown), indicating that the struc-
ture of the mutant is highly similar to wild type. Because
chemical shifts provide a sensitive probe for subtle struc-
tural changes, we also compared the proton chemical shifts
of HVcHP with those of the Trp64Ala mutant. Differences
larger than 0.1 ppm were almost exclusively found for pro-
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Gg VcHP HESDEDFKAVFGMTRSAFANLPLWKQQNEKKEKGLF
HVcHP HLSIEDFTQAFGMIPAAFSALPRWKQONLKKEKGLE
HAcCHP YESEQDFVSVFGETRGQFAALPGWKQLQM%KEKGLF
R
Dr villin YLSDDDFALAMGISRMNEYAMPSWKQLNLKKEKGLE
Gg supervillin YESDEDFEVALEMTREEYNALPSWKQVNEEKAKGLF
Hs supervillin YETDEDFEFALDMTRDEYNALPAWKQVNEKKAKGLF
Dr ssupervillin YESDEDFEKALEMTRSEYEALPGWKQVNYEKAKGLF
Dm HP-protein YLNAEDFQAALGCSRAEFEQLPIWKQTKLKKERGLFE

Ag HP-protein YLHELDYQEALGLSKQEYDQLPAWKQTKLKKERGLF
X1 villin YLSDAEFAAILGMPKSQFSQLPKWKQONLKKQHGLE
X1 svillin YLSDADFAATLGMPKAQFYELPKWKQONLKKQYGLE
Gg villin hom YLSDADFHEIFGKSKHEFYQMPKWKQONEKKQCGLF
At villin YLTSVEFKEKFEMTKNEEYKLPKWKQNKLKMSVNLE
At villinl YLTEKEFEERFGMAKSEFYALPKWKQNKLKISLHLE
At villin2 YLSEEEFQSVFGIEKEAFNNLPRWKQDLLKKKFDLE
At villin3 YLSEVEFKTVFGMEKESEFYKLPGWKQDLLKKKENLE
At villind YLSSEEFKEKFGMTXKEAFYKLPKWKQNKFKMAVQLF
L1 P-115-ABP YLSSVEFQEKFAMSKDAFYKLPKWKQNKLKTALHLF
O0s HP-protein YLSSVEFAEKFGMTRASFRNLPKWKQNRLKSDLQLF
Dm Unc-1151 HLSDIEFEHILQCARSEFYRLPQWRRNELKRRVKLF
Ag Dunc hom HLSDVEFEATLQCTRPEFYRMPCWKRNDMKRRARLF
L1 ABP135 YLSDEEFHTILGMTKEEFYRQPKWKRDMQKKKVDLF
Eh ABP-hom YLSDEEFQEVFGVSREEFYKMKPWCRDKLKHSVYLY
Ce supervillin YLTDDDFMKVEFKIERSEFYAQKTWKQNDARKRVGLE
Dd talin hom YLSDEEFKAVFNCERSELAAMPTWKRNNIKTKLGLE
Dd villidin YLNDEDFEKVEFKMTRTEWLKI PAWKREGIKKELFLE
Dd protovillin YLSDEEFLSTFKMTKEI FQKTPAWKTKQLRVDNGLF
Hs ABP LIM2 HLSPEEFQEVFGMSTEEFDRLALWKRNDLKKKALLF
Hs limatin HLAPEVFREIFGMSIQEFDRLPLWRRNDMKKKAKLE
Hs KIAR0B843 HLSQEEFYQVFGMTISEFDRLALWKRNELKKQARLF
Hs dematin HLSAEDFSRVFAMSPEEFGKLALWKRNELKKKASLE
Dm quail HLTHDDFVSVFNMSFYEFDELPKWKKME LKKQFKLF
Ag quail HLTHDDFVTVESMTYHEFEELPKWKQVELKKQKKLE
Ce UNCL15 HLPRDQFEEIFKMSLIEEYKLPEWKRINLKRKHKLF

Figure 4. Sequence alignment of HVcHP, HAcHP, and 31 additional C-terminal headpiece subdomains with respect to chicken villin
headpiece (numbering is according to McKnight et al. 1996). Residue positions that are strongly conserved for cHP fold stability (see
text) are indicated by arrows below the HAcHP sequence. Residues conserved for fold stability via contributions of hydrophobic and
hydrophilic side-chain moieties (see text) are shown underlined and in bold, respectively. Residues conserved for F-actin binding are
indicated by stars below the HAcHP sequence. The PXWK motif (see text) is indicated by a black bar. The additional C-terminal
headpiece subdomain sequences were retrieved from the nonredundant protein database at http://www.ncbi.nlm.nih.gov/entrez or
translated from cDNA or EST-sequence entries. Database annotations were used to name the proteins; in the case of Anopheles
gambiae, this is based on similarities with Drosophila melanogaster proteins. If the function of the protein is unknown, it is referred
to as headpiece-containing protein (name, accession no.): chicken villin headpiece (Gg VHP, A31822), human villin (HVcHP,
CAA00664), human advillin (HAcHP, NP 006567), Danio rerio villin (Dr villin, AAH47186), chicken supervillin homolog (Gg
supervillin, BU261201), human supervillin (Hs supervillin, AAC64695), D. rerio similar to supervillin (Dr ssupervillin, AI958855),
D. melanogaster headpiece-containing protein (Dm HP-protein, NP 647726), A. gambiae headpiece-containing protein (Ag HP-protein,
XP 308589), Xenopus laevis similar to villin (X1 villin, AAH44966), X. laevis similar to villin (X1 svillin, AAH45214), chicken villin
homolog (Gg villin hom, BX277781), Arabidopsis thaliana villin (At villin, NP 200542), A. thaliana villin 1 (At villinl, AAC31605),
A. thaliana villin 2 (At villin2, AAC31606), A. thaliana villin 3 (At villin3, AAC31607), A. thaliana villin 4 (At villin4, 065570),
Lilium longiflorum actin-binding protein P-115-ABP (L1 P-115-ABP, BAC77209), Oryza sativa headpiece-containing protein (Os
HP-protein, CB097108), D. melanogaster Unc-1151 (Dm Unc-1151, AAL30427), A. gambiae homolog of D. melanogaster Unc-115]
(Ag Dunc hom, XP 315432), L. longiflorum actin-bundling protein ABP135 (L1 ABP135, AAD54660), Entamoeba histolica actin-
binding protein homolog (Eh ABP-hom, AAD30430), Caenorhabditis elegans supervillin (Ce supervillin, NP 491442), Dictyostelium
discoideum talin homolog (Dd talin hom, BAA75511), D. discoideum villidin (Dd villidin, CAD20809), D. discoideum protovillin (Dd
protovilin, P36418), human actin-binding LIM2 protein (Hs ABP LIM2, NP 115808), human limatin (Hs limatin, NP 00671), human
KIAA0843 (KIAA0843, NP 055760), human dematin (Hs dematin, AAC64695), D. melanogaster Quail (Dm Quail, Q23989), A.
gambiae Quail hom (Ag Quail, XP 320012), C. elegans UNC115 (Ce UNC115, NP 509702).

Protein Science, vol. 13



Headpiece subdomain structures

Figure 5. Superposition of headpiece C-terminal subdomains and model
of the F-actin-binding site. (A,B) Superposition of HVcHP, HAcHP, and
CVcHP (PDB code 1VII) on CVHP67 (PDB code 1QQV) shown in blue,
red, gray, and green, respectively, highlighting structural similarity. The
first structure of each conformer ensemble is used. (A) Ribbon drawing
representing the backbone of the four C-terminal headpiece subdomains.
The location of the PXWK motif (see text) is indicated by an arrow. The
backbone atoms of residues 44—70 are superimposed. (B) Superposition of
fragment 61-66 of the four structures, displaying the side chains of Pro 62,
Trp 64, and Lys 65 as sticks. Stereoviews are perpendicular (top) and
parallel (bottom) to the indole ring. (C,D) Model of the F-actin-binding site
on headpiece displayed on the HP67 structure (PDB code 1QQV). Nega-
tively charged residues are indicated in red; positively charged residues, in
blue. Hydrophobic residues critical for F-actin binding are shown in pink.
Residues involved in F-actin binding as well as residues 67 and 68 (see
text) are labeled and displayed as sticks. (C) Ribbon representation with
labeled N and C termini. (D) Surface potential representation.

tons close to the indole ring (residues 61-67), indicating that
only local structural perturbations are caused. The reduced
binding we observed is thus not due to gross structural
changes and is consistent with the idea that this residue is at
the F-actin-binding patch of headpiece. Second, comparison
of the three cHP structures and the CVHP67 structure re-
veals a pronounced and conserved local structural feature
consisting of the highly similar side-chain orientation and
packing of Pro 62, Trp 64, and Lys 65, further referred to as
the PXWK motif (Fig. 5B). One face of the indole ring is
stacked against the aliphatic side chains of Pro and Lys, thus
exposing the other face toward the solvent. To validate the
accuracy of the structure determination in the PXWK motif,
we calculated the chemical shifts from the ensemble coor-
dinates, using the program SHIFTS 4.1 (http://www.scripps.
edu/case/; Osapay and Case 1991; Case et al. 1995) and
compared them with the observed chemical shifts. The

structures of the cHPs reproduce a large part of the >0.3
ppm chemical-shift deviations (CSDs) from random coil
values. For example, the observed CSD values of the Lys 65
NH, B,, v,, and y; protons of —2.24, —1.83, —-0.66, and
—0.49 ppm for the advillin peptide compares well with the
calculated values (-2.22 + 0.07, —1.90 = 0.10, —0.65 + 0.06,
and —0.45 £ 0.04), respectively. With the exception of the
[3, proton, similar results are found for the human villin cHP
peptide. Other large CSDs are not as well reproduced, but
follow the same trend. Thus, keeping in mind the aniso-
tropic nature of the ring current-induced shift, and the pos-
sibility of residual flexibility around the various torsion
angles of the residues involved, the PXWK motif is an
accurately determined feature of HP structures. Its evolu-
tionary conservation is consistent with the important role of
Trp 64 in F-actin binding.

Other residues in the PXWK motif were suggested to be
involved in F-actin binding (Vardar et al. 2002). At position
65, a Lys residue is found in nearly all known headpiece
sequences (Fig. 4). Furthermore, a Lys65Cys mutant dis-
played weakened interaction with F-actin (Doering and
Matsudaira 1996). It remains to be evaluated whether this is
caused by loss of a direct interaction or by a changed local
stacking of Trp 64. It was argued (Vardar et al. 2002) that
the presence of a relatively long aliphatic side chain at po-
sition 63 (X in PXWK motif) may be necessary for tight
binding, as it is found in headpieces displaying high-affinity
interaction with F-actin (human and chicken villin and de-
matin headpiece), whereas it is absent in low-affinity head-
pieces (supervillin, villidin, and protovillin headpiece).
However, we find that F-actin binding by HAcHP, contain-
ing glycine at this position, is not markedly different from
HVcHP. Therefore, the contribution of this residue to F-
actin binding is questionable.

A model was suggested detailing the binding of head-
piece on F-actin (Vardar et al. 1999). It combined structural
results using the CVHP67 structure, affinity measurements
of selected headpieces (Vardar et al. 2002), and results from
a limited cysteine-scanning mutagenesis study (Doering and
Matsudaira 1996). They proposed three critical features for
high-affinity F-actin-binding headpieces; first, Leu 63 and
Trp 64 contribute to the formation of a hydrophobic patch
termed the “cap”; second, Arg 37, Lys 65, Lys 71, Glu 72,
and the carboxylate group of Phe 76 form a band of alter-
nating charges surrounding the cap, referred to as the
“crown”; thirdly, a positive patch containing residues Lys
38 and Lys 73 is located below the crown. In this model,
headpiece binds by docking the hydrophobic cap onto actin,
a proposal that is supported by the present data on Trp 64,
and is locked in place by electrostatic interactions with the
crown. Recent mutational analysis of the 69-74 region by
phage display (Rossenu et al. 2003) has, however, shown
that some of the charges in this model are not essential for
binding to F-actin. Removal of the negative charge at po-
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sition 72 has no pronounced effect on affinity. Also, muta-
tion of Lys 73 does not deteriorate the binding with F-actin,
and charge reversal (Lys73Glu) even increases binding
strength. Furthermore, according to this analysis, the role of
the C-terminal carboxylate is questionable, as the headpiece
still binds to F-actin when presented as a C-terminal fusion
protein. Thus, these phage-display results only indicate the
requirement of Lys 71 for high-affinity binding to F-actin,
the charged residues following Lys 71 appearing to be less
important.

The absence of the three last amino acid residues in hu-
man villin significantly reduced its in vivo activities in
transfected cells (Friederich et al. 1992). Leu 75 and Phe 76
are strictly conserved throughout all headpiece sequences.
Both the Leu75Cys and Phe76Cys mutants display a sig-
nificantly reduced actin-binding activity compared with
wild type (Doering and Matsudaira 1996). Leu 75 is a core
residue in CVHP67, and the observed decreased binding of
the cysteine mutant may thus have a structural reason rather
than abolishing a direct contact. In contrast, the side chain
of Phe 76 is solvent exposed in CVHP67. This strongly
suggests that this residue contributes to actin binding, but
via hydrophobic interaction of its side chain rather than via
the electrostatic interaction of its C-terminal carboxylate
group, as was suggested (Vardar et al. 1999).

Also, on the basis of cysteine scanning, residues from the
N-terminal domain have been proposed to partake of actin
binding (Doering and Matsudaira 1996). In the structure of
chicken villin HP67, the aliphatic part of the side chain of
Lys 38 is part of the hydrophobic core, bridging both sub-
domains and making contact with conserved hydrophobic
residues at position 21, 29, and 33 in the N-terminal sub-
domain and with Leu 75 in the C-terminal subdomain. Be-
cause only lysine or leucine is found at this position in other
headpiece sequences (Fig. 4), this suggests that the presence
of an aliphatic side chain at this position is a conserved
element needed for structural stability. In this view, Lys 38
serves a somewhat similar function as the intersubdomain
salt bridge formed by Glu 39 and Lys 70. Thus, we suggest
that the lower affinity of the Lys38Cys mutant is due to
structural instability, rather than the absence of a positive
charge interacting favorably with F-actin. Our interpretation
is supported by the observation that the absence of this
charge in dematin (Vardar et al. 2002) and limatin (Roof et
al. 1997) does not deteriorate high-affinity binding.

A second residue in the N-terminal domain, Arg 37, is
part of the charged crown in the model of Vardar et al.
(1999). However, mutation to Cys results in only a minor
reduction of binding affinity (Doering and Matsudaira
1996). Therefore, although this residue can still be part of
the binding site, the positive charge at position 37 does not
seem to be critical for F-actin binding.

In light of this, we propose to modify the model proposed
by Vardar for F-actin binding, to the following essential
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features (Fig. 5C,D): a hydrophobic patch, formed by Trp
64, two positive charges below the cap, originating from
Lys 65 and Lys 71, and a second hydrophobic patch origi-
nating from the side chain of Phe 76. Because these four
residues form two distinct patches on headpiece, it is tempt-
ing to speculate that the residues in between these patches,
namely at position 67 and 68, also participate in the inter-
action with F-actin.

In conclusion, we have analyzed the structure and F-
actin-binding capacity of the C-terminal headpiece subdo-
mains of human villin and human advillin. By determining
the structures of cHP subdomains from a second and a third
villin family member, we verified the assumption that the
structure of the subdomain is a stable folded protein module.
The fold is tolerant to changes in sequence composition at
selected positions, even in the core of the protein. Compar-
ing the structures of HVcHP and HAcHP with the structure
of the chicken villin subdomain (McKnight et al. 1997), and
using sequence conservation arguments, enabled us to iden-
tify the residues that contribute to fold stability. In essence,
residues at position 42, 47, 50, 51, 53, 58, 61, 65, 69, and 70
make up the hydrophobic core of cHP and residues at po-
sition 54 and 66, respectively, stabilize the second helix and
the loop connecting the second and the third helix. On the
basis of the present structural and functional data, combined
with the data from a recent mutational analysis of the 69-74
fragment (Rossenu et al. 2003) and the cysteine scanning
mutagenesis study (Doering and Matsudaira 1996), we sug-
gest a model for F-actin binding of headpiece different from
the one previously proposed (Vardar et al. 1999, 2002). In
our model, Trp 64, Lys 65, Lys 71, and Phe 76 participate
in F-actin binding, with Trp 64 and Phe 76 binding to
complementary hydrophobic patches on actin, and Lys 65
and Lys 71 interacting favorably with negative charges on
actin. This model only contains residues from the C-termi-
nal subdomain, and we suggest that the N-terminal subdo-
main does not directly interact with actin. Instead, it serves
to present the Phe 76 residue of the C-terminal subdomain
to actin in a favorable conformation by fixing the C termi-
nus via interaction with Leu 75, explaining the differences
in binding affinity between isolated C-terminal headpiece
subdomain and full headpiece.

Materials and methods

Peptide synthesis and purification

Following the chicken villin cHP (HP35, according to the nomen-
clature by McKnight et al. 1996) as a lead, N-acetylated fragments
consisting of residues 792—-826 of human villin and residues 784—
819 of human advillin—that is, the C-terminal 35 or 36 residues of
the headpiece—were synthesized on a model 431A peptide syn-
thesizer (Applied Biosystems Inc.) using standard Fmoc-chemis-
try, following the instructions of the manufacturer. The peptides
were purified using reversed-phase HPLC, and their correct iden-
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tity was confirmed by mass spectrometry. The peptides were ly-
ophilized and stored at —18°C until used. For binding assays, the
peptides were dissolved in H,O, neutralized, and their concentra-
tion was determined (Vancompernolle et al. 1992).

F-actin sedimentation assays

Monomeric Ca-ATP-G-actin was prepared from rabbit skeletal
muscle (Spudich and Watt 1971) and further purified via Sephac-
ryl S-300 (Pharmacia) in G-buffer (5 mM TrisHCI at pH 7.7, 0.1
mM CaCl,, 0.2 mM ATP, 0.2 mM DTT, 0.01% NaN,). For use in
cross-linking, actin was dialyzed to the same buffer, except that
TrisHCI was exchanged for phosphate. The G-actin (final concen-
tration of 12 wM) was allowed to polymerize for 30 min at room
temperature by adding KCl and MgCl, to final concentrations of
100 and 1 mM, respectively. Incubation of F-actin with HVcHP,
HACcHP, or HVcHP Trp64Ala during 30 min at room temperature
and 2 h at 4°C was followed by addition of the zero-length cross-
linkers  1-ethyl-3(3-dimethylaminopropyl)carbodiimide (EDC,
Sigma) and Sulfo-N-hydroxysuccinimide (Sulfo-NHS, Pierce) as
described (Van Troys et al. 1996). After a 45-min reaction, the
samples were spun at 100.000g (Beckman airfuge) for 10 min at
room temperature to sediment actin filaments and associated head-
piece subdomains. Supernatants and pellets were analyzed on
12.5% SDS-mini-slab gels (BioRad), followed by Coomassie
staining. The concentration of the headpiece peptides used in these
assays is shown in Figure 1.

NMR sample preparation, experiments, and
resonance assignments

NMR samples were prepared by dissolving ~5.5 mg of lyophilized
peptides in 90/10 H,O/D,0 to a final concentration of ~2 mM. The
pH was adjusted to 4.20 = 0.05 (no correction was applied for the
isotope effect) with minute amounts of NaOH and HCI. NaN; was
used as an antibacterial agent, and dioxane for internal referencing
(Wishart et al. 1995). When using DSS-d6 as reference compound,
significant line broadening of its methyl resonances was observed,
indicating intermolecular interaction with the peptides under the
conditions used. Therefore, dioxane was used instead, as suggested
before in such cases (Shimizu et al. 1994). The line width and
chemical shift of the dioxane reference remained unaffected by the
presence of cHPs.

All spectra were recorded at 500.13 MHz on a Bruker Avance-
500 spectrometer operating at 294 K and equipped with a 5-mm
SEI Z-gradient probe. Two-dimensional DQF-COSY (Rance et al.
1984; Neuhaus et al. 1985), NOESY (Kumar et al. 1980), and
clean-TOCSY (Griesinger et al. 1988) experiments were per-
formed with either States-TPPI (Marion et al. 1991; NOESY,
DQF-COSY) or TPPI (Marion and Wiithrich 1983; clean-TOCSY)
for phase-sensitive detection in f,. Mixing times of 40, 80, 100,
150, and 200 msec were used for the NOESY spectra. For the
TOCSY experiment, a 7.14-kHz spin-lock field was applied for 70
to 85 msec. Water suppression was achieved with WATERGATE
(Piotto et al. 1992). E.COSY (Griesinger et al. 1985; Kessler and
Oschkinat 1985; Eberstadt et al. 1995) spectra were recorded on
D,0 samples of fully deuterium-exchanged HVcHP and HAcHP
with TPPI phase-sensitive detection in f;. The resulting
1024 x 512 time domain data matrices had a spectral width of
6010 or 7003 Hz in both dimensions. Spectral processing was done
with XWINNMR 2.6. An initial baseline correction was done by
convolution of the FID to suppress the residual water signal
(Marion et al. 1989), followed by multiplication with a shifted (/4

in f; and /3 in f,) squared sinebell function and zero filling. After
Fourier transformation, a 5™ order polynomial baseline correction
was performed in both dimensions.

Sequence-specific assignments were achieved using the
TOCSY, DQF-COSY, and NOESY spectra, following the sequen-
tial assignment procedure as described by Wiithrich (1986). J ;.
nH-coupling constants were determined from the splitting of the
cross-peaks in the DQF-COSY spectra according to the method of
Kim and Prestegard (1989), whereas 3JDLH,BH—coupling constants
from the relative translation of subcross peaks in the E.COSY
spectra. H/D exchange data were recorded at 294 K on samples
prepared by adding D,O to the lyophilized, hydrogenated peptide.
One-dimensional spectra were recorded (36 experiments) at in-
creasing time intervals for a total duration of 13 h (complete ex-
change) starting at 4-6 min after addition of D,0.

Cross-peak assignment and general bookkeeping was done with
Pronto (vs. 19990506; Kjer et al. 1994).

Secondary structure determination, Structure
calculation, and comparison

Secondary structures were determined by use of indicative NMR
parameters. Sequential NOE contacts were classified as strong,
medium, or weak on the basis of the number of contours in the 150
msec NOESY spectra. Random coil chemical shifts were obtained
from Wishart and Nip (1998; D.S. Wishart, pers. comm.).

For structure calculation, cross-peak volumes were integrated
with Pronto (Kjer et al. 1994). For the calculation of both struc-
tures, two NOESY spectra were used with 40- and 150-msec mix-
ing times. Intraresidue NOE contacts, all sequential backbone con-
tacts, and all sequential contacts involving methyl groups were
integrated in the 40-msec NOESY spectrum, whereas all other
contacts such as medium and long-range contacts were integrated
in the 150-msec NOESY spectrum. Cross-peak volume conversion
and subsequent structure calculation was performed within
DYANA (version 1.5; Giintert et al. 1997). Cross peak volumes
obtained from the 150 msec NOESY were converted to distance
restraints using the macro CALIBA, which performs a standard
calibration (Giintert et al. 1997). The 40-msec NOE cross-peaks
were divided into three classes with calibration constants deter-
mined by using fixed distances as follows: N“—IO-IB of alanine in an
a-helix (3.40 A), H*-H™,, , in an a-helix (3.5 A) and yCH, (1.74
A), respectively. Pseudoatom corrections were applied to distance
restraints involving nonstereospecifically assigned methylene,
methyl, and aromatic protons (Wiithrich et al. 1983). Finally, all
distance restraints were converted to upper limits by multiplication
with 1.1. ¢, ¢, and x' angle restraints were generated using HA-
BAS on local backbone NOE restraints supplemented with *J HoHB
coupling constants (10 for the HVcHP peptide and four for the
HACHP peptide) with values that agree with rigid x' conforma-
tions (Nagayama and Wiithrich 1981). Stereospecific assignments
of methylene protons and prochiral methyl groups (valine, leucine)
were obtained either from HABAS grid-search analysis, from a
statistical analysis of calculated structures, and/or from the appli-
cation of GLOMSA in the final stages of structure calculation.
Statistical analysis (Widmer et al. 1989) was done by comparing
the allowed conformations generated by HABAS with the redun-
dant angle restraints generated by REDAC (standard three-cycle
schedule with 500, 1000, and 2000 steps). GLOMSA was per-
formed with a cutoff and threshold of 0.4 A, and stereospecific
assignments were accepted if they were consistent in at least 80%
of the structures. During the assignment process, typically 50 or
100 structures were calculated using the standard implementation
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of torsion-angle dynamics. The 25 structures with lowest target
function value were displayed for further assignment using the
program InsightIl (version 98.0, Accelrys, Inc.). At this stage, the
structure calculations did not include the N-terminal acetyl group.
Hydrogen-bond restraints (standard upper- and lower-distance re-
straints) were added in the later stages of structure calculation, and
were based upon qualitative treatment of the hydrogen exchange
data and inspection of the calculated structures. Final structure
calculation was done with REDAC using 500 starting structures
with randomized torsion angles. Within the first 100 conformers
with lowest target function, no clear jump could be detected in the
final target-function value. Because no different conformational
subfamilies were present within the first 50 calculated conformers,
the 25 conformers with lowest target function were arbitrarily
selected for further restrained energy refinement. The N-terminal
acetyl group was attached. Because the distance restraints to this
group were not restraining (sequential type only), these were not
included during the refinement process.

Structures were refined with a simulated annealing protocol in
the AMBER force field (Weiner et al. 1984) as implemented in
DISCOVER (version 2.98, Accelrys, Inc.). Distance and angle
restraints were used (force constant: 32 kcal/mole.A?) as well as
peptide-bond planarity restraints (100 kcal/mole.rad?). Hydrogen-
bond restraints were omitted. Prior to refinement, angles defined
by multiple angle restraints in DYANA were converted to single-
angle restraints. Chirality restraints were added (100 kcal/mole.
rad?). After initial rEM with 100 steps of steepest descents and
500 steps of conjugate gradients minimization, rtMD was applied
during 5 psec at 1000 K, followed by cooling to 300 K in steps of
100 K, with 1-psec simulation time at every temperature. At 300
K, an additional 5 psec of rtMD was performed. Finally, a rEM was
applied with 100 steps of steepest descents and 1000 steps of
conjugate gradient, until the maximum gradient of the AMBER
energy was smaller than 0.001 kcal/mole.A2. A Lennard-Jones
potential was used throughout with a 100 A cutoff. A distance-
dependent dielectric constant (e, = 4) was used.

The refined structures were validated using the software pack-
ages PROCHECK-NMR, AQUA (Laskowski et al. 1996) and
Whatlf (Vriend et al. 1990). Secondary structure classification was
done by the method of Kabsch and Sander (1983) as implemented
in PROCHECK-NMR. Calculated structures were displayed and
analyzed using the molecular graphics programs InsightIll, MOL-
MOL (Koradi et al. 1996), and PyMOL (http://www.pymol.org).

Data bank accession numbers

The coordinates of both refined ensembles have been deposited in
the EBI Protein DataBase under accession ID code 1UNC and
1UND for HVcHP and HACHP, respectively. Chemical shifts have
been deposited in the BioMagRes Bank under accession codes
5964, 5965, and 5966 for HVcHP, HVcHP W64A, and HACHP,
respectively.
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