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ABSTRACT Site-specific proteases and antisera to the
amino terminus of villin have been used to show that villin is
organized into seven protease-resistant domains. Six are con-
tained in the amino-terminal M, 87,000 villin core, a Ca®*-
regulated actin-severing fragment, whereas the carboxyl-
terminal domain includes the villin ‘‘headpiece,’’ a fragment
involved in bundling of actin filaments. Ca?>* inhibits proteo-
lytic cleavage between domains in the amino-terminal half of
villin. The protein sequence of villin deduced from a single
¢DNA clone contains a conserved sequence that is repeated six
times and is found in each domain of the villin core. The
conserved repeats are found in other actin-severing proteins
but not in the villin headpiece. Our results suggest that
actin-severing proteins are organized around a common M,
14,000-17,000 domain.

Villin (M, 95,000) is a major cytoskeletal protein in microvilli
from brush-border cells of intestine and kidney (1). Binding
studies have shown that villin crosslinks actin filaments into
bundles at low Ca%* concentrations, but at high (greater than
micromolar) Ca?* concentrations, villin caps and severs
actin filaments to short lengths (1, 2). Limited proteolysis of
native villin generates large amino-terminal fragments, the
villin core (M, 87,000) (3, 4) and 44T (M, 44,000) (5), that
retain Ca?*-regulated actin-severing properties and a car-
boxyl-terminal M, 8700 fragment (villin ‘‘headpiece’’) that is
required for the actin-crosslinking activity (3, 4). Further
proteolysis of 44T produces a M, 14,000 amino-terminal
fragment (44T-14T), which suggests the presence of smaller
domains (6). Similarities in sequences, actin-binding activi-
ties, and patterns of proteolytic cleavage suggest that villin is
related to gelsolin, a M, 85,000 actin-severing protein found
in vertebrate cells and sera (reviewed in refs. 7 and 8).
Gelsolin is also cleaved in half by proteases, but unlike villin
the amino-terminal half of gelsolin displays Ca?*-insensitive
actin-severing activity (9-12). Further proteolysis generates
fragments whose sizes suggest that both halves of gelsolin
contains small (M, 14,000) and large (M, 30,000) domains.

Villin and gelsolin are structurally and functionally similar
to fragmin (13, 14) and severin (15, 16), M, 44,000 proteins
isolated from Physarum plasmodia and Dictyostelium
amoeba. Comparisons of the gelsolin sequence (17) with the
fragmin (18) and severin (19) sequences showed a 350-residue
region of homology. Further analysis of the sequences of all
three proteins indicated that there is a smaller (100-residue)
repeated sequence within the 350-residue sequence, but there
is no correlation of the reported number and size of the
smaller repeats with structural or functional regions of the
proteins.

We have been studying the relationship between villin
structure and function to explain the role of Ca%* in regu-
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lating actin-severing and -bundling properties. In the work
reported here, we used amino-terminal-specific antisera and
site-specific proteolysis to show that villin is organized into
seven structural domains and that Ca?* alters the confor-
mation of the amino-terminal half of villin. Analysis of the
villin protein sequence deduced from cDNA$ showed the
presence of a 37- to Sl-residue conserved sequence that is
repeated six times in the villin core and gelsolin and three
times in fragmin and severin. The repeats map within the six
domains of the villin core, suggesting that the domains of
actin-severing proteins are homologous.

MATERIALS AND METHODS

Proteins. Villin and its proteolytic fragments 44T and 51T
were purified as described (5). Trypsin, Staphylococcus
aureus V8 protease, and chymotrypsin were obtained from
Boehringer Mannheim. Restriction enzymes and polymer-
ases were obtained from Pharmacia.

Construction of Chicken Intestine cDNA Library. RNA was
isolated from chicken intestines by the guanidinium isothio-
cyanate method (20), and poly(A)* RNA was isolated by
oligo(dT)-cellulose column chromatography. cDNA was syn-
thesized (21) from 20 ug of poly(A) * RNA, attached to EcoRI
linkers, and size-fractionated by electrophoresis in agarose
gels. cDNAs longer than 1.0 kilobase were ligated into the
EcoRlI site of the bacteriophage expression vector Agtll and
packaged in vitro (22) (Gigapack, Stratagene, San Diego,
CA). The resulting library, containing 2 x 10° independent
recombinants, was amplified and stored at 4°C.

Cloning and Sequencing of Villin cDNA. Transformants (a
total of 10* clones) were screened with rabbit polyclonal
antisera (R211.3 and R200.2) that are crossreactive with the
amino- and carboxyl-terminal residues of villin (6). A full-
length clone (3.0 kilobases) that was crossreactive with both
antibodies was identified and its insert was subcloned into
phage M13mp8. Both strands of the clone were sequenced by
the dideoxy chain-termination method using DNA polymer-
ase I Klenow fragment (23) or phage T7 polymerase (24)
(Sequenase, United States Biochemical, Cleveland) and
dITP in place of dGTP. The entire nucleotide sequence was
determined on both strands from a single clone. A single base
deletion at nucleotide 1332 was discovered in the cDNA
sequence as a frameshift in the protein sequence when
compared to villin and gelsolin protein sequences. To identify
the missing base, two independent clones were sequenced by
using a 21-base oligonucleotide primer that was complemen-
tary to a region adjacent to the deletion. Protein sequence
data bases were compared with the entire villin protein
sequence and conserved regions of sequences by using
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FASTHP and BESTFIT (University of Wisconsin Genetics
Computer Group programs) (25).

Proteolysis of Villin, 44T, and 51T. Villin was digested for
various times with trypsin (1:1000, wt/wt), chymotrypsin (1:
100), or S. aureus V8 protease (1:2000) under conditions
described previously (5). The proteolytic fragments were
separated by microslab NaDodSO,/PAGE (26) and stained
with Coomassie blue or electrophoretically transferred onto
nitrocellulose membranes and processed for immunoblot-
ting. Amino-terminal fragments were detected with antise-
rum R211.3. Fragments 44T and 51T were purified from a
tryptic digest of villin as described (5) except that the DEAE-
Sephacel column was replaced with a Pharmacia Mono Q
ion-exchange column.

Amino-Terminal Sequence Analysis. Digests of 44T and 51T
(50 pmol) were subjected to NaDodSO,/PAGE in a 10-20%
gradient of polyacrylamide and electroblotted onto polyvi-
nylidene difluoride membranes (Immobilon transfer mem-
brane, Millipore) (27). The Coomassie blue-stained bands
were cut from the membrane and directly sequenced in an
Applied Biosystems (Foster City, CA) model 470 gas-phase
machine equipped for on-line analysis of phenylthiohydan-
toin derivatives of amino acids.

RESULTS

Villin cDNA and Protein Sequence. Two peptide antisera
(9), crossreactive with the amino and carboxyl termini of
villin, identified a clone that expressed full-length villin
c¢DNA in a Agtl1 library prepared from poly(A) * RNA isolated
from chicken intestine epithelial cells. The nucleotide sequence
and deduced amino acid sequence are shown in Fig. 1. The
cDNA encoded an 825 amino acid protein with a molecular
mass of 92,248 daltons and a net negative charge. These values
compare favorably with the molecular weight (M, 95,000)
estimated by NaDodSO,/PAGE and with the acidic isoelectric
point of the protein. The villin core consisted of residues 1-749,
and the villin headpiece corresponded to residues 750-825. The
amino acid sequence agreed exactly with the reported sequence
of chicken intestine villin headpiece (4) and shared 54% identical
residues with the protein sequence of human intestine villin
headpiece deduced from a cDNA clone (28).

Analysis of the protein sequence showed that villin con-
tained two 280-residue sequences that are 22% identical.
These repeats (residues 21-314 and 402-678) mapped within
the amino- and carboxyl-terminal halves of the villin core.
Comparison between the villin core and human gelsolin
showed a 48% identity in their protein sequences. The areas
of similarity were distributed evenly throughout the sequence
and confirmed proposals that the two proteins are homolo-
gous. A similar tandem duplication of sequences has been
found in the gelsolin sequence (17). A search of the protein
and nucleic acid data basesY! did not reveal any other
statistically significant matches. Reported similarities be-
tween gelsolin and the sequences of actin (17) and the
tyrosine kinase cytoplasmic substrate p36 (29) were not found
in analogous regions of the villin sequence. Although villin
binds three Ca?* ions (30), comparisons of the villin se-
quence with other Ca®*-binding proteins did not identify
regions that contain Ca?*-binding sites.

In addition to the tandemly duplicated sequence, there was
a sixfold repeated sequence (Fig. 2). The conserved sequence
consisted of 37-51 residues that were located in six regions of

YProtein Identification Resource (1987) Protein Sequence Database
(Natl. Biomed. Res. Found., Washington, DC), Release 12.
'EMBL/GenBank Genetic Sequence Database (1987) GenBank
(IntelliGenetics, Mountain View, CA), Tape Release 53.
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the villin core. Comparisons between villin and other actin-
severing proteins showed that similar sequences were pres-
ent in six regions of gelsolin and in three regions of fragmin
and severin.

Map of the Protease Cleavage Sites. The location of the
repeated sequences was then compared with the organization
of villin structural domains. Connecting segments between
structural domains of large proteins are often preferentially
cleaved by mild proteolysis (31). At low concentrations,
trypsin, chymotrypsin, and V8 protease cleave villin into a
similar pattern of M, 44,000, 30,000, and 14,000 subfragments
(Fig. 3). Although the proteases produced similar banding
patterns on gels, we could not conclude that the three pro-
teases cleaved the same regions in the protein. Therefore, we
used antibodies specific for the villin amino terminus to map
the locations of the protease cleavage sites (6). On immuno-
blots of the villin proteolytic fragments (Fig. 3b), the amino-
terminus-specific antibody showed that at least two of the
proteases cleaved villin at six sites located approximately
87,000, 75,000, 64,000, 44,000, 32,000, and 14,000 daltons from
the amino terminus. A map of the cleavage sites identified the
boundaries of seven protease-resistant domains of villin. If
these domains are numbered in order from the amino termi-
nus, then the villin core contains domains 1-6, the villin
headpiece includes domain 7, fragment 44T contains domains
1-3, and 51T contains domains 4-7.

We purified 44T and 51T and cleaved them separately to
identify the sites of cleavage more accurately. Partial cleav-
age of 44T with trypsin and chymotrypsin (Fig. 4a) and V8
protease (data not shown) required approximately 20-fold
more protease and produced subfragments of M, =~ 28,000
and 14,000 in the presence of EGTA and Ca%*. The cleavage
sites were identified directly by sequencing the amino termini
of subfragments that were electroblotted onto Immobilon mem-
branes. The amino-terminal sequences (Fig. 4b) showed that in
the presence of EGTA, the proteases cleaved 44T at two sites
and produced two subfragments with identical amino-terminal
sequences. In the presence of Ca2™*, 44T was cleaved between
domains 1 and 2 to yield two complementary subfragments.
Tryptic and chymotryptic digests of 51T produced a similar
pattern of subfragments of M, 44,000, 28,000, 14,000, and 8500.
The amino-terminal sequences showed that trypsin cleaved S1T
into two complementary subfragments, whereas chymotrypsin
produced three complementary subfragments.

DISCUSSION

Our results (summarized in Fig. 4c) show that villin is
organized into seven structural domains and that the six
domains of villin core are homologous. Domain 7 contains the
villin headpiece and shows no similarity in sequence with
other regions of villin, although actin- and Ca2*-binding sites
are located in both the villin headpiece and a M, 44,000
domain of the villin core (30, 32). The short homologous
repeats define a segment of each domain that is structurally
similar in all actin-severing proteins, but whether these
regions represent actin- or Ca®*-binding sites is not known.
Preliminary studies showed that the cysteine (6) and methio-
nine residues in the homologous repeats cannot be chemically
modified unless villin is unfolded by denaturants (M.W. and
P.M., unpublished data). These observations suggest that the
regions of homology in each domain are inaccessible to
solvent and thus might not provide residues that lie in a
binding site for actin or Ca%*. Conserved sequences in other
regions of the domain might indicate regions important for the
function of the domains. Domains 1 and 4 contain sequences
not shared by the other domains. For example, there are
conserved tryptophan residues at positions 21 and 402 of
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5'----- CGGGAAGGTCCCCTGCCTGCAGCCAACACCATG -1

GTG GAG CTC AGC AAA AAG GTC ACC GGG AAG CTG GAC AAG ACC ACG CCG GGC ATC CAG ATA TGG AGA ATC GAG AAC ATG GAG ATG GTG CCG 90
VAL GLU LEU SER LYS LYS VAL THR GLY LYS LEU ASP LYS THR THR PRO GLY ILE GLN ILE TRP ARG ILE GLU ASN MET GLU MET VAL PRO 30

GTG CCC ACT AAA AGC TAT GGC AAC TTC TAC GAG GGG GAC TGC TAC GTG CTG CTG TCG ACA CGT AAG ACT GGG AGC GGC TTG AGC TAC AAC 180
VAL PRO THR LYS SER TYR GLY ASN PHE TYR GLU GLY ASP Cys TYR VAL LEU LEU SER THR ARG LYS THR GLY SER GLY Phe SER TYR ASN 60

ATC CAC TAC TGG CTG GGT AAG AAC TCG AGC CAG GAC GAG CAG GGG GCG GCC GCG ATC TAC ACC ACG CAG ATG GAT GAG TAT CTG GGC TCT 270
ILE HIS TYR TRP LEU GLY LYS ASN Ser Ser Gln Asp Glu Gln Gly Ala Ala Ala Ile Tyr Thr Thr Gln MET ASP GLU TYR LEU GLY SER 90

GTG GCC GTG CAG CAC CGT GAG GTC CAG GGC CAT GAG AGC GAG ACG TTC CGT GCA TAC TTC AAG CAG GGA CTC ATC TAT AAG CAG GGT GGG 360
VAL ALA VAL GLN HIS ARG GLU VAL GLN GLY HIS GLU SER GLU THR PHE ARG ALA TYR PHE LYS GLN GLY LEU ILE TYR LYS GLN GLY GLY 120

GTG GCC TCA GGC ATG AAG CAC GTG GAG ACC AAC ACC TAC AAC GTC CAG CGC CTG CTG CAT GTG AAG GGC AAG AAG AAC GTG GTG GCT GCA 450
VAL ALA SER GLY Met LYS His VAL GLU THR ASN THR TYR ASN VAL GLN ARG LEU LEU HIS VAL LYS GLY LYS LYS ASN VAL VAL ALA ALA 150

GAG GTG GAG ATG AGC TGG AAA AGC TTT AAC CTG GGC GAT GTC TTC CTG CTG GAC CTC GGC CAG CTC ATC ATC CAG TGG AAC GGC CCC GAG 540
GLU VAL GLU MET Ser Trp Lys Ser Phe ASN LEU GLY Asp Val Phe Leu Leu Asp Leu Gly Gln Leu Ile Ile Gln Trp Asn Gly Pro Glu 180

AGC AAT CGT GCC GAA AGG CTG AGG GCA ATG ACC CTG GLL AAG GAC ATT CGG GAC CGA GAG CGT GCG GGA CGT GCG AAG GTT GGC GTG GT¢ 630
Ser Asn Arg Ala Glu Arg Leu Arg Ala Met Thr Leu Ala Lys Asp Ile Arg Asp Arg Glu Arg Ala Gly Arg Ala Lys Val Gly Val Val 210

GAG GGG GAG AAT GAG GCG GCC TCA CCT GAG CTG ATG CAG GCC TTG ACA CAT GTG CTG GGG GAG AAG AAG AAC ATC AAG GCA GCC ACA CCC 720
Glu Gly Glu Asn Glu Ala Ala Ser Pro Glu Leu Met Gln Ala Leu Thr His Val Leu Gly Glu Lys Lys Asn Ile Lys Ala Ala Thr Pro 240

GAT GAA CAA GTT CAC CAG GCG CTC AAC AGT GCC CTC AAG CTC TAC CAT GIC TCT GAT GCC AGT GGG AAC CTG GTC ATA CAA GAG GTA GCA 810
Asp Glu Gln Val His Gln Ala Leu Asn Ser Ala Leu Lys Leu Tyr His Val Ser Asp Ala Ser Gly Asn Leu Val Ile Gln Glu Val Ala 270

ATT CGC CCC TTG ACT CAA GAT ATG CTC CAG CAT GAG GAC TGC TAC ATC CTT GAT CAA GCA GGT CTC AAG ATC TTT GTG TGG AAG GGC AAG 900
Ile Arg Pro Leu Thr Gln Asp Met Leu Gln His Glu Asp Cys Tyr Ile Leu Asp Gln Ala Gly Leu Lys Ile Phe Val Trp Lys Gly Lys 300

AAT GCC AAC AAG GAG GAG AAG CAG CAG GCA ATG AGC AGG GCC CTG GGC TTC ATC AAA GCC AAG AAC TAC CTG GCC AGC ACC AGC GTG GAG 990
Asn Ala Asn Lys Glu Glu Lys Gln Gln Ala Met Ser Arg Ala Leu Gly Phe Ile Lys Ala Lys Asn Tyr Leu Ala Ser Thr Ser Val Glu 330

ACA GAG AAC GAT GGG TCT GAG TCC GCT GTC TTC AGG CAG CTC TTC CAA AAA TGG ACT GTT CCC AAC CAA ACC AGT GGG CTG GGC AAG ACC 1080
Thr Glu Asn Asp Gly Ser Glu Ser Ala Val Phe Arg Gl= Leu Phe Gln Lys Trp Thr Val Pro Asn Gln Thr Ser Gly Leu Gly Lys 360

Thr
CAT ACT GTG GGC AAA GTG GCT AAG GTG GAA CAG CTG AAG TTT GAC GCC ACC ACA ATG CAT GTC AAG CCT GAA GTG GCC GCC CAG CAG AAG 1170
His Thr Val Gly Lys VAL ALA LYS VAL GLU GLN VAL LYS PHE ASP ALA THR THR MET His VAL LYS PRO GLU VAL ALA ALA GLN GLN LYS 390

ATG GTG GAT GAT GGA TCT GGG GAG GCA GAG GTC 7GG CGG GTG GAG AAC CAG GAG CTG GTG CCC GTG GAG AAG CGG TGG TTG GGC CAT TTC 1260
MET VAL ASP ASP GLY SER GLY GLU ALA GLU VAL Trp Arg Val Glu Asn Gln Glu Leu Val Pro Val Glu Lys Arg Trp Leu Gly His Phe 420

TAC GGC GGG GAC TGC TAC CTG GTG CTC TAC ACC TAC TAC GTG GGG CCC AAG GTG AAC CGC ATC ATC TAC ATC TGG CAG GGC CGC CAT GCC 1350
Tyr Gly Gly Asp Cys Tyr Leu Val Leu Tyr Thr Tyr Tyr Val Gly Pro Lys Val Asn Arg Ile Ile Tyr Ile Trp Gln Gly Arg His Ala 450

AGC ACG GAT GAG CTG GCC GCC TCG GCC TAC CAA GCC GTC TTC CTG GAC CAG AAG TAC AAC AAC GAG CCT GTG CAG GTG CGC GTC ACC ATG 1440
Ser Thr Asp Glu Leu Ala Ala Ser Ala Tyr Gln Ala Val Phe Leu Asp Gln Lys Tyr Asn Asn Glu Pro Val Gln Val Arg Val Thr Met 480

GGC AAG GAG CCG GCC CAC CTG ATG GCG ATC TTC AAG GGC AAG ATG GTG GTG TAC GAG AAC GGC TCC TCG CGG GCG GGC GGC ACG GAG CCG 1530
Gly Lys Glu Pro Ala His Leu Met Ala Ile Phe Lys Gly Lys Met Val Val Tyr Glu Asn Gly Ser Ser Arg Ala Gly Gly Thr Glu Pro 510

GCG TCC TCC ACT CGG CTC TTC CAT GTG CAC GGC ACC AAC GAG TAC AAC ACC AAG GCC TTC GAG GTG CCC GTC CGA GCC GCT TCT CTC AAC 1620
Ala Ser Ser Thr Arg Leu Phe His Val His Gly Thr Asn Glu Tyr Asn Thr Lys Ala Phe Glu Val Pro Val Arg Ala Ala Ser Leu Asn 540

TCC AAC GAT GTC TTT GTG CTC AAG ACG CCC AGC TCC TGC TAC CTC TGG TAT GGG AAG GGC TGC AGC GGG GAT GAG CGT GAG ATG GGC AAG 1710
Ser Asn Asp Val Phe Val Leu Lys Thr Pro Ser Ser Cys Tyr Leu Trp Tyr Gly Lys Gly Cys Ser Gly Asp Glu Arg Glu Met Gly Lys 570

ATG GTG GCC GAC ATC ATC TCC AAG ACG GAG AAG CCG GTG GTC GCT GAA G3G CAG GAG CCG CCC GAG TTC TGG GTA GCT CTG GGC GGC AAG 1800
Met Val Ala Asp Ile Ile Ser Lys Thr Glu Lys Pro Val Val Ala Glu Cly Gln Glu Pro Pro Glu Phe Trp Val Ala Leu Gly Gly Lys 600

ACC AGC TAC GCC AAC AGC AAG AGG CTA CAG GAA GAG AAT CCC TCT GTG CCC CCC CGG CTC TTT GAA TGC TCT AAC AAG ACA GGC AGG TTC 1890
Thr Ser Tyr Ala Asn Ser Lys Arg LEU GLN GLU GLU ASN PRO SER VAL PRO PRO ARG LEU PHE GLU Cys SER ASN Lys THR GLY ARG PHE 630

TTG GCC ACT GAG ATC GTC GAC TTC ACC CAG GAT GAC CTG GAC GAG AAC GAC GTT TAC CTG CTG GAC ACT TGG GAC CAG ATT TTC TTC TGG 1980
LEU ALA Thr Glu Ile Val Asp Phe Tu.: Gln Asp Aso Leu Asp Glu Asn Asp Val Tyr Leu Leu Asp Thr Trp Asp Gln Ile Phe Phe Trp 660

ATC GGG AAA GGT GCC AAT GAG TCA GAG AAG GAG GCG GCA GCA GAG ACA GCA CAG GAG TAC CTG CGG AGT CAC CCC GGC AGC CGT GAC CTC 2070
Ile Gly Lys Gly Ala Asn Glu Ser Glu Lys Glu Ala Ala Ala Glu Thr Ala Gln Glu Tyr Leu Arg Ser His Pro Gly Ser Arg Asp Leu 690

GAC ACC CCC ATC ATC GTG GTG AAG CAG GGC TTT GAA CCC CCC ACC TTC ACT GGC TGG TTC ATG GCC TGG GAT CCC CTC TGC TGG AGC GAC 2160
Asp Thr Pro Ile Ile Val Val Lys Gln Gly Phe Glu Pro Pro Thr Phe Thr Gly Trp Phe Met Ala Trp Asp Pro Leu Cys Trp Ser Asp 720

AGG AAA TCC TAC GAT GAG CTG AAA GCT GAG CTG GGG GAC AAT GCC AGC ATT GGG CAA CTT GTG TCA GGG CTC ACC TCC AAG AAT GAG GTC 2250
Arg Lys Ser Tyr Asp Glu Leu Lys Ala Glu Leu Gly Asp Asn Ala Ser Ile Gly Gln Leu Val Ser Gly Leu Thr Ser Lys Asn Glu VAL 750

TTC ACG GCC ACC ACC ACA CTT GTC CCC ACC AAG CTG GAG ACC TTC CCA CTG GAC GTG CTG GTG AAC ACT GCA GCT GAG GAC CTG CCC CGG 2340
PHE THR ALA THR THR THR LEU VAL PRO THR LYS LEU GLU THR PHE PRO LEU ASP VAL LEU VAL ASN THR ALA ALA GLU ASP LEU PRO ARG 780

GGT GTG GAT CCC AGC AGG AAG GAG AAC CAC CTC TCT GAC GAG GAC TTC AAG GCT GTT TTT GGC ATG ACC CGC TCT GCC TTT GCC AAC TTG 2430
GLY VAL ASP PRO SER ARG LYS GLU ASN HIS LEU SER ASP GLU ASP PHE LYS ALA VAL PHE GLY MET THR ARG SER ALA PHE ALA ASN LEU 810

CCC TTG TGG AAA CAG CAG AAC CTC AAG AAG GAG AAA GGA CTC TTC TAGGAGGGGAGGCTCCAGTACGGCCCAAGCCCAAATAAACACATTATTTTTACTAAATA 2489
PRO LEU TRP LYS GLN GLN ASN LEU LYS LYS GLU LYS GLY LEU PHE 825

AAATGGATTTGGAATGGAAAAAAAAAAAAAAAAAAAAAAA - - - - - 3¢ 2529
Fi1G. 1. Nucleotide sequence of a single cDNA clone isolated from a library constructed from chicken intestine epithelial cells. The deduced

amino acid sequence is shown below the nucleotide sequence. Amino acids indicated in uppercase letters were identified by automated Edman
degradation of villin proteolytic fragments.

villin and in analogous regions of gelsolin, fragmin, and V8 protease, trypsin, and chymotrypsin, which cleave
severin. The_ structural or functional significance of these specifically on the carboxyl side of acidic, basic, or large
sequences will become apparent when the three-dimensional hydrophobic residues, respectively, were restricted from

structures of the proteins are determined. cleavage between domains 2 and 3 in the presence of Ca®*
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ONE 29 [VB]| VPTKSYGNFYEG[DCYVL|LSTRKTGS  GFSYNIHY [W] L[G]kNSSQD [E]oca[2] 77  VILLIN
52 |vP| VPTNLYGDFFTG|DAYVI|LKTVQLRNG NLQYDLHY [#| L{G|NECSOD|E[SGA|A| 101  GELSOLIN
vP| VPKKHHSSFYTG|DSYIV|LTTYHPKTNPDKLAYDVHF [W| L|G|AFTTQD |E|AGT| A FRAGMIN
56 |ve|VPESSYGKFYDG|DSYII|LHTFKEGN  SLKHDIHF |F| L|G|TFTTOD|E|AGT|A| 104  SEVERIN
TWO 152 |VE|MSWKSFNLG DVFLL|DLGQLIIQ N|G|PESNRA|E|RLR|A| 189
176 |VP|VSWESENNG DCFIL|DLGNNIHQ c|c|snsnry |E|RLK|A| 213
VP| KTYKSLNSG DVEVL |DAGKTVIQ N|G|akaGLL |E|kVK|A
177 |vP|LATSSLNSG DCFLL | DAGLTIYQ N|G|skssPQ|E|KNK|A| 214
THREE 272 |EI|RPLTQDMLQHE |DCYIL|DQAGLKIFV K|G|KNANKE |E|KQo|A[ 310
292 |NP|FAQGA LKSE |DCFIL|DHGKDGKIEFV K|G|KQANTE |E|RKA[A| 331
RE| LKVKRNLLDSN |DVFVL|YTGAEVFA v|G|kHASVG|E |KKK| A
288 |GK| INKSS LKSE |DVFII|DLGNEIYT 1|G|sksSPN|E|KKT|A| 325
FOUR 410 |vP|VEKRWLGHFYGG|DCYLV|LYTYYVGPKVNRIIYI o|c|ruasTD|E|LAAlS| 458  VILLIN
431 |VP|VDPATYGQFYGG|DSYII|LYNYRHGGRQGQIIYN olclagsTop|E|VARAlS| 479 GELSOLIN
FIVE 532 |VP|VRAASLNSN DVEVL|KTPSSCYL JY G|kGcsep|E|REM|G] 569
554 |VL|PKAGALNSN DAFVL|KTPSAAYL v|c|rcasea|E|kTclal 591
SIX 636 |EI|VDFTQDDLDEN |DVYLL|DTWDQIFF 1|G|kGaNES |E|kEA|A| 673
657 |VB|GELMQEDLATD |DVMLL|DTWDQVFV V[G|KDSQEE [E[KTE|A| 696

Fic. 2. Homologous sequences in villin, gelsolin, fragmin, and severin. Amino acids are represented by standard one-letter symbols.
Sequences from analogous regions of each protein are compared; gaps have been introduced to improve the alignment. Boxes surround residues
that are conserved in all four proteins. Numbers indicate the positions of residues in the villin, gelsolin, and severin sequences. The residue
positions for fragmin are not depicted, since the complete sequence is not known.

but not in the presence of EGTA. In contrast with the 44T
digests, proteolysis of S1T produced identical subfragments
in Ca?* and EGTA. We conclude from these results that the
Ca?*-dependent differences in proteolysis of 44T probably
resulted from a change in 44T conformation and not from a
change in protease activity or specificity. The Ca?* depen-
dence provides evidence in addition to the Ca>* dependence
of the 44T actin-severing activity that 44T contains the
exchangeable-Ca?* -binding site found in villin core (30, 32).
Preliminary binding studies revealed that the amino-terminal
domain alone displays a Ca?*-dependent actin-monomer-
binding activity (P. Janmey and P.M., unpublished data),
which indicates that the Ca2*-binding site is located in domain
1.

Sequence comparisons clearly show that villin and gelsolin
are homologous with severin and fragmin. The 2-fold differ-
ences in molecular weights of villin and gelsolin compared to
fragmin and severin are easily explained by a gene duplica-
tion sometime during the evolution of vertebrate species (17).
This scheme does not explain, however, the presence of the
headpiece domain, whose sequence is not in the other domains

a b
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of villin. The finding that synapsin I (33), an actin-bundling
protein purified from synaptic vesicles, has sequences in
common with the villin headpiece (34) suggests that the villin
headpiece domain might have evolved by some recombination
event between the gelsolin gene and a gene encoding a
different actin-binding protein. The addition of the headpiece
domain then confers at least one of the actin-filament-binding
sites necessary for crosslinking actin filaments into bundles.
The location of the other bundling site is not known.

Our analysis of the villin sequence also identifies more
completely a conserved sequence that divides each half of
villin and gelsolin into three homologous regions. Our results
establish a one-to-one correlation between the homologous
sequences and structural domains and provides strong evi-
dence that actin-severing proteins have similar structures.
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FIG. 4. Map of the protease-resistant domains of villin. (a) 44T and 51T (2 ug, 50 pmol) were digested with trypsin or chymotrypsin for

20 min. Digestion was terminated by addition of phenylmethylsulfonyl fluoride. Digests of 44T (lanes 1-4) and 51T (lanes 5-8) generated in 1
mM EGTA (lanes 1, 3, 5, and 7) and 1 mM Ca?* (lanes 2, 4, 6, and 8) by trypsin (lanes 1, 2, 5, and 6) and chymotrypsin (lanes 3, 4, 7, and 8)
were electrophoresed in NaDodS0,/10-20% polyacrylamide gradient gels and electroblotted to Immobilon membranes, and the amino-terminal
sequences of the fragments were determined by automated Edman methods. The sequences are displayed in one-letter code. Unidentified
residues are denoted by X. Asterisk indicates a sequence obtained from a separate blot, derived from a gel on which 100 pmol of material was
loaded. (b) Diagram shows the location of each fragment based on its amino-terminal sequence and size. (c) Villin consists of seven structural
domains. The conserved sequences (stippled boxes) lie within the amino-terminal half of the six domains of the villin core.
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