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Abstract. Recent biochemical studies of p190, a cal-
modulin (CM)-binding protein purified from vertebrate
brain, have demonstrated that this protein, purified as
a complex with bound CM, shares a number of prop-
erties with myosins (Espindola, F. S., E. M. Esprea-
fico, M. V. Coelho, A. R. Martins, F. R. C. Costa,
M. S. Mooseker, and R. E. Larson. 1992. J. Cell
Biol. 118:359-368). To determine whether or not pl90
was a member of the myosin family of proteins, a set
of overlapping cDNAs encoding the full-length protein
sequence of chicken brain pl90 was isolated and se-
quenced. Verification that the deduced primary struc-
ture was that of pl90 was demonstrated through mi-
crosequence analysis of a cyanogen bromide peptide
generated from chick brain p190. The deduced pri-
mary structure of chicken brain p190 revealed that this
1,830-amino acid (aa) 212,509-D) protein is a mem-
ber of a novel structural class of unconventional myo-
sins that includes the gene products encoded by the
dilute locus of mouse and the MYO2 gene of Saccharo-
myces cerevisiae. We have named the pl190-CM com-
plex “myosin-V” based on the results of a detailed se-
quence comparison of the head domains of 29 myosin
heavy chains (hc), which has revealed that this myo-
sin, based on head structure, is the fifth of six distinct
structural classes of myosin to be described thus far.
Like the presumed products of the mouse dilute and
yeast MYO2 genes, the head domain of chicken myo-
sin-V hc (aa 1-764) is linked to a “neck” domain (aa
765-909) consisting of six tandem repeats of an ~v23-aa

“IQ-motif” All known myosins contain at least one
such motif at their head-tail junctions; these IQ-motifs
may function as calmodulin or light chain binding
sites. The tail domain of chicken myosin-V consists of
an initial 511 aa predicted to form several segments of
coiled-coil « helix followed by a terminal 410-aa glob-
ular domain (aa, 1,421-1,830). Interestingly, a portion
of the tail domain (aa, 1,094-1,830) shares 58% amino
acid sequence identity with a 723-aa protein from
mouse brain reported to be a glutamic acid decarbox-
ylase. The neck region of chicken myosin-V, which
contains the IQ-motifs, was demonstrated to contain
the binding sites for CM by analyzing CM binding to
bacterially expressed fusion proteins containing the
head, neck, and tail domains. Immunolocalization of
myosin-V in brain and in cultured cells revealed an un-
usual distribution for this myosin in both neurons and
nonneuronal cells. Myosin-V staining was particularly
intense in the cell bodies and dendrites of Purkinje
cells. Double labeling with wheat germ agglutinin re-
vealed colocalization of myosinV with cytoplasmic,
presumably Golgi-derived, membranes. In primary
cultures of neurons and glia, myosinV immunoreactiv-
ity had a punctate distribution more abundant in the
region of the Golgi complex and at the tips of long
processes such as growth cones. These results, together
with the phenotypes of mutations described for the di-
lute and myo2 genes, suggest that the myosin-V family
of unconventional myosins may be in part associated
with cytoplasmic organelles.

superfamily of myosin heavy chain (hc)! genes en-

EVIDENCE continues to emerge for the existence of a
coding, in a given organism, a structurally diverse set

1. Abbreviations used in this paper: aa, amino acid; BB, brush border; CM,
calmodulin; CNBr, cyanogen bromide; GAD, glutamic acid decarboxylase;
hc, heavy chain; MBP, maltose binding protein; nt, nucleotide; pBS, blue-
script plasmid; WGA, wheat germ agglutinin.
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of actin-based mechanoenzymes (for reviews see Pollard et
al., 1991; Hammer, 1991; Cheney and Mooseker, 1992).
The information base for such a superfamily has been best
defined for the ameboid organisms, Acanthamoeba castel-
lani and Dictyostelium discoideum, in which extensive pro-
tein characterizations as well as primary structure analyses
have been performed. In addition to a single conventional
myosin (myosin-II) gene, both these organisms possess mul-
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tiple unconventional myosins, most of which have been struc-
turally defined as myosins-I (Hammer, 1991). For example,
five myosin-I genes have been cloned from Dictyostelium
thus far (Hammer, 1991). Myosins-I have been, to date,
operationally defined as having a single-head domain similar
in primary structure to that of conventional myosins, but lack
the coiled-coil a-helical tail responsible for dimerization and
filament formation in the conventional myosins. The tail do-
mains of the ameboid myosins-I are segmented into discrete
functional domains that can include sites for membrane bind-
ing and ATP-insensitive actin binding.

The existence of unconventional myosins in vertebrate
species was established with the characterization of a
chicken myosin-I purified from the brush border (BB) of in-
testinal epithelial cells (for reviews see Pollard et al., 1991,
Mooseker et al., 1991); this same myosin-I may be expressed
in rat renal BBs as well (Coluccio, 1991). A second myosin-
I, with biochemical properties similar to chicken BB
myosin-I, has been purified from bovine adrenal medulla
(Barylko et al., 1992). Interestingly, this myosin-I, like
chicken BB myosin-I, contains multiple calmodulin (CM)
light chains. Most recently, Espindola et al. (1992) have
characterized a CM-binding protein whose biochemical
properties suggest it may be an unconventional myosin. This
protein, termed pl90 based on its apparent molecular mass
by SDS-PAGE, was originally characterized as a CM-
binding protein present as a minor component of prepara-
tions of actomyosin prepared from vertebrate brain (Larson
et al., 1988, 1990).

Like the vertebrate myosins-I described above, p190 is
purified as a stable complex with CM in buffers containing
EGTA. Although immunologically distinct from conven-
tional brain myosin (Larson et al., 1990; Espindola et al.,
1992), the p190-CM complex exhibits a number of proper-
ties that suggest that it is a myosin (Espindola et al., 1992).
mADbs raised against chicken BB myosin-I, which are reac-
tive with epitopes in the head domain of this myosin (Car-
boni et al., 1988), bind to p190. The p190-CM complex ex-
hibits ATP-sensitive binding to F-actin. Like myosin,
pl190-CM exhibits actin-activated MgATPase activity; in-
terestingly, however, maximal actin activation of its MgAT-
Pase requires the presence of Ca?** and is further augmented
by addition of exogenous CM. Unlike most myosins, the
p190-CM complex does not exhibit significant ATPase ac-
tivity in the presence of K-EDTA.

In the present study, we sought to verify the identification
of p190 as a member of the myosin family of actin-based mo-
tors by analysis of its primary structure. This was accom-
plished by isolation and sequence analysis of a set of overlap-
ping cDNAs encoding the full-length protein sequence of
chicken brain p190. This analysis revealed that pl90 is a
member of a novel structural class of unconventional myo-
sins that includes the gene products encoded by the MYO2
gene of Saccharomyces cerevisiae (Johnston et al., 1991) and
the dilute (Mercer et al., 1991) gene of mouse (we term this
group of myosins class V since it is the fifth of six such struc-
tural classes to be identified; see Discussion). Unlike
myosins-I, the tail domains of class V myosins contain seg-
ments predicted to form coiled-coil & helices and thus are
likely to form dimers. In the present study, an extensive anal-
ysis of the domain structure of chicken myosin-V hc was per-
formed, which includes the determination of the region of
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the chicken myosin-V hc molecule responsible for CM bind-
ing. The localization of myosin-V in neuronal and nonneu-
ronal cells and tissues suggest that this myosin is associated,
in part, with cytoplasmic organelles. The significance of
these findings is discussed with respect to the phenotypes of
the mutations described for the MYO2 and dilute genes.

Materials and Methods
Isolation of p190 (Chicken Myosin-V hc) cDNAs

Unless specified, molecular cloning methods used were essentially as de-
scribed by Sambrook et al. (1989). The initial set of pl90 cDNA clones was
isolated from an adult chicken brain expression library (lambda ZAP vec-
tor, oligo dT primed) graciously provided by Douglas Fambrough (Depart-
ment of Biology, Johns Hopkins University, Baltimore, MD). This library
was screened using an IgG fraction from a rabbit polyclonal antisera raised
against rat brain p190 (Larson et al., 1990; Espindola et al., 1992). Alkaline
phosphatase—conjugated secondary antibody was used for visualization of
immunoreactive plaques following the instructions of the supplier (Promega
Biotec, Madison, WT). In this initial expression screen, 47 immunoreactive
clones were isolated after plaque purification. None of the initial clones ex-
tended to the 5’ end of the coding region. Two subsequent hybridization
screens were performed to obtain 5’ sequence using polymerase chain reac-
tion products encompassing nucleotides (nt) 2,375-2,846 and 95-512 as
probes. Hybridizations were performed in 50% formamide at 42°C using
~0.5-2.5 ng/ml probe DNA and nonfat dry milk as the blocking reagent.
Filters were washed at 65°C at a maximal stringency of 0.1X SSC, 0.1%
SDS.

DNA Sequencing

Based on size and restriction mapping profiles, several of the largest and
apparently overlapping clones were selected for sequence analysis. The
cDNA clones were rescued to yield pBluescript SK(—) plasmids following
the lambda ZAP in vivo excision protocol (Stratagene Cloning Systems, La
Jolla, CA). Both strands of the indicated clones in Fig. 1 were sequenced
using either a primer walk strategy or sets of unidirectional ExolllI deletions
(Erase-a-Base System; Promega Corp., Madison, WI). Double- or single-
stranded sequencing was performed using the dideoxy chain termination
method (Sanger et al., 1977), usually using 7-deaza dGTP and T7 DNA
polymerase (Sequenase; United States Biochemical Corp., Cleveland,
OH).

Sequence Analysis

Sequence entry and analysis was performed using the PC/GENE v6.01 (In-
telligenetics, Mountain View, CA) and Genetics Computer Group (GCG;
Devereux et al., 1984) suites of computer programs. Multiple sequence
alignments were performed using the GCG PileUp program and the default
weightings. Values for percentage identity and similarity between sequences
were obtained using the GCG BestFit program, and GenBank database
searches were performed using the FASTA program of Pearson and Lipman
(1988). Prediction of coiled-coil domains was performed using the coiled-
coil program of Lupas et al. (1991) with a sliding window of 28 amino acids.
A predicted probability of forming a coiled-coil of 290% was used as an
arbitrary cut-off value for defining segments of coiled-coil structure. PEST
sequences were identified by use of the PC/GENE PESTFIND program.
The phylogenetic tree of myosin head sequences and the alignment and dis-
tance matrix used to generate it were produced using the Clustal V program
(Higgins et al., 1992), which uses the neighbor-joining method of Saitou
and Nei (1987). For the purposes of this tree, the last amino acid of the myo-
sin head domain was defined as ending at the 18th residue following the “T”
in the moderately conserved “TKIFF” sequence that is found near the end
of the head in most myosins. This alignment of head sequences thus did not
include the myosin neck domain and ended at residue 764 in the p190 se-
quence or its equivalent in other myosins. The sequences used to generate
the tree are available from either the Swissprot or GenBank databases.

Peptide Microsequence Analysis

Myosin-V used for microsequence analysis was purified from chick brain
by methods described in Espindola et al. (1992). Final purification before
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sequence analysis was performed by electroelution from preparative SDS
gels by methods essentially as described in Hunkapillar et al. (1983). Cy-
anogen bromide (CNBr) cleavage of p190 and electroblotting of the peptides
onto polyvinylidene difluoride (Immobilon; Millipore Corp., Bedford,
MA) were performed as described by Matsudaira (1987, 1990). The amino-
terminal sequence of one of the CNBr-generated peptides was determined
at the Protein and Nucleic Acid Chemistry Facility, Yale University.

Generation of Myosin-V hc Head, Neck, and Tail
Domain Fusion Proteins

The head, neck, and tail domains of chicken myosinV hc were subcloned
in fusion with maltose binding protein (MBP; 42 kD) in the vector pIH902
(New England Biolabs, Beverly, MA). The subcloning procedures were as
follows: For the head domain construct (aa 5-752), the EcoRI and Ncil frag-
ment from clone H54 (nt 94-2,337) was blunt-ended with Klenow and
ligated into the Stul site of the polylinker region of pI[H302. The calculated
molecular mass of the head fragment is 86 kD; the fusion protein with MBP
was estimated to have a molecular mass of 130 kD. The neck domain con-
struct was derived from the H11 clone, which was in the reverse orientation
in the bluescript plasmid (pBS). The HindllI fragment of this clone (nt
2,360-2,847) was inserted into the HindIIl site of pfH902. This neck con-
struct encodes the 20 kD constituting the six putative CM binding sites (aa
760-922), and as a fusion protein had an apparent molecular mass of ~62
kD. The carboxy terminal of this construct ended in frame with the o frag-
ment of 3-galactosidase. The tail domain construct was produced by cutting
the 8¢ clone with EcoRI and ligating this fragment (nt 2,778-6,599) into
the EcoRl site of pIH902. This tail fragment encodes 109 kD of chicken
myosin-V he (aa 899-1,830), and the fusion protein with MBP was estimated
to have a molecular mass of ~151 kD.

The CM binding properties of tissue-purified chicken myosinV hc and
the fusion proteins containing head, neck, and tail domains were assessed
by a gel overlay technique (Carlin et al., 1981). Bovine brain CM (Calbio-
chem-Behring Corp., San Diego, CA) was iodinated in an iodination hood
by the lactoperoxidase-enzymobead method according to the manufac-
turer’s instructions using 50 pl of enzymobeads (Bio-Rad Laboratories,
Richmond, CA), 1 mg of CM in 200 nl of buffer (100 mM HEPES, 0.5 mM
CaCly, pH 7.2), and 2 mCi of carrier-free Na'>’1. After 0.5 h at room tem-
perature the reaction was quenched by the addition of 50 ul of 10% 2-mer-
captoethanol, and the free iodine was removed by the sequential use of two
2.0-ml G-25 fine spin columns (Tuszynski et al., 1980) preequilibrated with
the reaction buffer plus 1% 2-mercaptoethanol.

Chicken Myosin-V hc Antibody Production

For production of antibodies reactive with chicken brain myosinV, a

NB E/B N D Nci A HHBs

pBluescript (SK—) fusion protein containing most of the tail domain of
chicken myosin-V was generated using one of the cDNAs isolated in the ini-
tial expression screen {clone 32a in Fig. 1; this clone was not in frame with
the 8-galactosidase and probably initiated internally at methionine 1057 or
1100); expression was performed in the BB4 strain of Escherichia coli. The
90-kD protein encoded by this clone was purified through the following
steps, carried out at 4°C: the bacterial pellet was washed in Buffer I (50
mM Tris, pH 7.2, 150 mM NaCl, 10 mM EDTA, 0.2 mM 2-mercapto-
ethanol, 0.3 mM PMSF); the cells were lysed by sonication in the same
buffer containing 1% Triton X-100 and centrifuged at 12,000 g for 15 min;
the pellet was resuspended by sonication in the same buffer cohtaining 1%
Triton X-100 plus 1 M NaCl and 2 M urea, and centrifuged at 12,000 g
for 30 min. The resulting pellet, which was enriched in the tail domain pro-
tein, was resuspended in buffer I and purified by electroelution from pre-
parative SDS gels. Residual SDS was removed by acetone precipitation.
The purified protein was used for production of antisera by a commercial
service (Pocono Rabbit Farm, Canadensis, PA).

Immunochemical and Cytochemical Techniques

The specificity of the antibodies raised to bacterially expressed protein con-
taining the tail domain of chicken myosin-V hc was assessed by immunoblot
analysis (Towbin et al., 1979) against whole rat and chick brain homog-
enates as well as against myosin-V purified from chick brain by the methods
described in Espindola et al. (1992). Immunodetection was carried out
using the anti-myosin-V hc serum at a dilution of 1:2,000. Chicken myo-
sin-V he antibodies were affinity purified by passage of serum over a column
made by coupling the bacterially expressed tail domain protein from the 32a
clone to CNBr-activated Sepharose.

Localization of myosin-V he in brain was performed using specimens ob-
tained from rat. Sprague Dawley rats, 175-250 g, were anesthetized and
transcardially perfused with ice-cold 4% formaldehyde (freshly prepared
from paraformaldehyde) in 0.1 M phosphate buffer, pH 7.2. Preparation and
immunostaining of frozen sections were performed by the methods of De
Camilli et al. (1983). Anti-chicken myosin-V serum was used at a dilution
of 1:200; in some experiments, affinity-purified antibodies (at 1-10 pg/mi)
were used. At the end of the immunostaining, sections were briefly in-
cubated with FITC-conjugated wheat germ agglutinin (WGA; Vector Lab-
oratories, Burlingame, CA) at a dilution of 1:1,000. Localization of myosin-V
he in primary neuronal cultures was performed using preparations from the
hippocampi of 18-d-old fetal rats as described by Banker and Cowan (1977)
and Bartlett and Banker (1984). Briefly, hippocampi were dissociated by
treatment with trypsin (0.1%, for 15 min at 37°C), followed by vigorous
pipetting with a fire-polished Pasteur pipette. Dissociated cells were plated
on poly-L-lysine-treated glass coverslips in MEM supplemented with 10%
horse serum at densities ranging from 16000 to 20000 cells/cm®. After a
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Figure 1. Restriction map and alignment of cDNAs used for sequence determination of chicken brain myosin-V heavy chain. The striped
region on the restriction map (nucleotides 83-5,572) represents the open reading frame. The regions of the individual cDNA clones indi-
cated by the solid black shading represent the sequenced portions of the clones. Clone 32a was used to produce, through bacterial expres-
sion, tail-domain protein for production of antibodies. Restriction sites: Ncol (V), BamHI (B), EcoRV (E), Dralll (D}, Ncil (Nci), AfII

{A), HindlII (H), BspEI (Bs), Saul (5), and Hpal (Hp).
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TGGCGGGCTGCGGGGCCCCOCTCTGTGCATTGTCCORLCGCOGLCGLLCGLCLGCCCOLCOCAGGLGGOCGLGLCCCGCGCCATGGCCGCCTCCGAGCTGTACACCAAGTATGCCAGGGT
M A A S EL Y T K Y ARV

TTGGATCCCTGACCCAGAGGAGGTCTGGAAGTCAGCAGAACT TCTTAAAGATTATAAACCTGGAGATAAAGTTTTGCAGCTTCGACTTGAAGAGGGCAAGGACCTAGAATATTGCCTCGA
W ! PDPEEVWIKSAETLLIE KDYI K?PGDI KV VL@LZRTLETESGE KT DT LETYTCTL?®

CCCCAAGACTAAGGAACTCCCCCCCTTGCGARACCCTGACATCCT TG TTGGTGAARATGACCTCACTGCGCTCAGT TATCTCCATGAACCT GCTGTGCTACACAACCTCARAGTTCGATT
P K TKELPPLRNPUDTIILVGENDILTALSYULHETZPAVILHNLIEKVR RTFEF

TATAGACTCTAAACTCATTTATACCTATTGTGGTATCGTCTTAGTGGCARTAAACCCTTATGAACAGCTGCCTATCTATGGCGRAGATAT CATCAATGCGTACAGTGGCCARAATATGGG
I DS KLIYTYCGIVLVAINEPYEQ QLPTIYGETDTITINAYSGOQNMG

GGATATGGATCCACATATCTTTGCAGTGGCAGAAGAGGCATACAAGCAGATGGCCAGAGATGAGCGAAATCAGTCARTCATTGTAAGTGGAGAATCTGGGGCAGGAAAGACGGTTTCTGC
D MDPUHTIVFAVAEEA AYI KQMARDER RN QSTITIUVSGEKRSGAGKTV S A

CAAGTATGCCATGAGGTACTTTGCCACGGTCAGTGGATCTGCCAGTGAAGCCAATG TTGAGGAGAAAGTCTTGGCTTCAAACOCCATAATGGAGTCCATTGGAAATGCCARAACAACGAG
K Y AMRYV FATV S G SASEA ANVYVETETZ KV VL LASUHNZPTIMESTIGNABATEKTTR

GAATGACAACAGCAGTCGCTTTGGGAAATACATTGAAAT TGGTTTTGACAAGAGGTATCGAATCATTGGTGCTAACATGAGAACTTATCTCTTGGAGAAATCAAGAGTGGTATTTCAGGT
N D NS SRVPF GKYTIUETIOGTFUDI K RYRTITIGANMRTYTULTULEIZ KT SRVVFEQHRA

AGAAGAGGAGAGAAATTACCACATCTTTTACCAACTCTGTGCCTCTGCAGCATTACCTGAAT TTAAAACTCTACGAT TAGGGAATGCAAATTACTTTCATTATACARAGCAAGGTGGAAG
EEERNYUHTITFYQLUCASARALZPETFI KTIULRILGNABAMNYTFHYTZ KZ QGG S

CCCTGTGATTGATGGCATTGATGATGCTAAGGAAATGGTAAACACCAGACARGCCTGCACTTTGCTAGGGATTAGTGATTCCTACCAGATGGGAATTTTCOGARTCCTTGC TGGCATCCT
PV IDGIODUDA AMEKEMVYNTROQACTLILGTISDSYQMGTITFRTITLAGTITIL

TCACTTGGGCAACGTGGAGTT TGCATCTCGGGATTCTGACAGCTGCGCCATTCCTCCCAAACATGATCCCCTCACCATCTTCTGTGACCTCATGGGCGTGGACTATGAAGAGATGGCTCA
HLGNUVETFASRDSDSCATIZPEPI KU HTDEPULTTIVFOCDTILMGVYVDYETEWMAH-H

CTGGCTTTGCCATAGGAAGCTCGCARCTGCCACTGARACCTACATCAAGCCAATTTCTAAACTTCATGCCATCAATGCCAGAGATGCACTTGCCAAACATATCTATGCTARTCTCTTTAA
W LCHRIEKULATATETYTII K?PTISE KTLUHATINARIDALARRIKIETIZYRSMNTILTFN

CTGGATTGTAGATCATGTGAACAAAGCCCTTCATTCTACTGTAAAGCAACATTCTTTCATTGGAGTACTGGACATTTATGGATT TGAGACAT TTGAAATCAACAGCTTCGAACAGTTCTG
W I VD HUVNI KA ALUBHESTVIE KO QHST FIIGVLDIYGFETTFETINSTFET QTFTC

TATCAACTATGCCARTGAGAAACTGCAGCAGCAGTTCAATATGCATGTGTTTAAGCTGGAACAAGAAGAATACATGAAAGAACAAATACCATGGACCTTGATTGATT TCTATGACAATCA
I NYANEJZ KLOQQQPFNMUBHdVYVF FKLEG QETETYMEKEA QIPWTTLTIDTFYZDNOQOQ

GCCTTGCATCAACCTCATAGAAGCCAAAATGGGAGT TCTGGATCTGT TAGATGAGGAATGCAAGATGCCAAAAGGCTOGGATGACACT TGGGCCCAAAAACTGTACAATACTCATTTGAA
P C I NLTIEADIKMGV VILDIULTLDETETCI KMPZIKGSDUDTWAZQIKTLYNTHTLN

TAAATGTGCCCTCTTTGAAAAACCACGTTTATCCAATAAGGCT T TTATCATCAAACACT TTGCTGACAAGGTGGAATATCAGTGTGAAGGCT TTCTGGAAAAGAATARGGATACAGTTTA
XK CALVF E KPR RULGSWNIEKATFITIIKUHTEFADI KV VEYJQQCETGTFTULETZ KNI KTDTUV Y

TGAAGAGCAAATTAAGGTCCTAAAATCAAGTAAGARGTTTAAGCTGC TACCAGAATTATTCCAGGA TGAGGAGAAGGCCATCAGTCCCACGT CAGCCACCCCTTCAGGCCGTGTGCCGTT
£ E QI KV L KSSKI KTFI KTLILZPETLTFOQDETEIZ KA ATISZPTSATT?PSGRV P L

GTCTCGAACTCCTGTAAAACCAGCCAAGGCCAGGCCAGGTCAAACTAGCAAGGAGCATAAGARAACTGTGGGGCATCAGTTTCGAAACTCTCTTCATCTGCTGATGGAAACCCTGAACGC
S RTPV KPAIKARPOGOQTS S KEUHI KU KTV VGHQTFRNSTLHTLTLMMETTLNA

CACAACTCCACACTATGTGCGCTGTATTAAGCCTAACGACT TCAAGTTTCCATTCACAT TTGACGAAAAGCGAGCAGTGCAGCAGC TGAGAGC T TGTGGTGTCCTGGAGACCATCCGART
T TP HYVRCIIKPNDTFI KT FPTFTFPFUDEIEKTRAVQQLRACGVYVLETTIRII

CAGTGCAGCTGGTTTCCCCTCCAGGTGGACATACCAAGAGTT CTTCAGCCGT TACCGTGT TCTCATGAAGCAGAAAGATGTCCTTAGTGACCGAAAACAGACATGTAAAAATGTCCTGGA
S AAGFP SRWTYOQETFVFSRYRVILMIEKG QZXKDVLSUDRI KU OQTTZ CIEKNVLE

GAAGCTGATTCTGGACAAGGATAAGTACCAGTTTGGTARGACAAAAATATTT TTCCGGGCTGGTCARGTAGCCTATCTTGAAAARATAAGGGCAGATAAGTTGAGAGCTGCCTGTATCCG
K L I LDKDIKYOQFGI KT KTIVFFRAMGS VA AYULEZ KTIHRAMDIEKTILRAPMRCTITR

CATCCAAAAGACAATCCGAGGCTGGCTGATGAGAAAGARGTACATGCGTATGAGGAGGGCTGCCATCACCATTCAGAGATATGTCAGAGGGCACCAAGCACGATGCTATGCCACATTCCT
1 Q KT I R G W L M R KK Y M RMPRRAATI TTI QR YV R G H QA RTCY A TF L

GCGGAGAACACGGGCTGCCATCATTAT TCAGAAGT TCCAGCGTATGTATGTGGTCCGCAAAAGATACCAGTGCATGCGRAGATGC TACTATTGCTCTTCAAGCTCTCTTARGAGGTTACCT
R RTRAATITI I QKTFOQOQRMYVVREKRYOQCMRDATTIATLGOQALTLRGTYTL

GGTCAGGAACAAGTACCAAATGATGCTTCGRGAGCACAAGTCTATTATTATTCAGAAACATGTAAGAGGCTGGCTGGCTCGAGTGCACTATCATAGGACCTTGAAGGCAATTGTTTACTT
VRN X Y QMMTLREHIK S I I I Q K HVRGWLAURUYVHY H RTTULKATIUV YL

GCAATGCTGTTACCGGCGCATGAT GGCCAAGAGGGAGCTGARGARGC TGAAGA TAGRGGC TCGGTC TGTGGAACGCTACAAGAAGC TTCACATTGGCT TGGAGAACAAGATCATGCAGCT
g c c Y R R M M A K REL KX XKTULKTIZEM ARSVER.YXKKTLHTI G L ENKXTIMQTL

GCAGOGGAAAATTGATGAACAGAACAAAGAGTACAAATCTCTGCTGGAGAAGATGAATAACCTGGAGATCACATACAGTACAGAGACAGAGAAGCTTCGGAGTGATGTGGAGAGGCTTCG
g R K I DE Q NXE Y K S L L E K MNNTILETITYSTETEKTLRSDVERLR

GATGAGTGAGGAGGAGGCTAAGAATGCARCCAACCGTGTTCTCAGCCTTCAGGAAGAGATTGCCAAGCTCCGGAAGGAGCTGCACCAGACTCAGACTGAGAAGAAGACAATTGAGGARTG
M S E E E A KNATNRUVL S L QEEI A KL RKELMHQTQTE X KT I EEW

GGCAGACAAATACAAACATGAAACTGAGCAGCTGGTGTOGGAACTGAARGAGCAGAACACATTACTGARAACAGAAAAGGAGGAGCTGARCCGCCGTATCCATGACCAAGCAARGGAGAT
A DK Y KHETEOGQLUVSELIZKEAQNTTULTULIE KTEZ KTEETLNRTRTIUHDAOQOATKE I

AACAGAGACAATGGAGAAGAAGCTAGTGGAGGAAACAAAGCAGTTGGAGCTAGACCTGAACGATGAGAGGTTACGGTATCAGAACCTGCTGAATGAGT TCAGCCGCTTGGAGGAGCGGTA
T.E.T M E XK K L VEE T XK Q L E L D L NDZER L R Y Q N L L NEF S R L E E R Y

TGATGATCTCAAGGATGAAATGAACTTAATGGTGAGCATCCCCAAGCCTGGACACAAAAGAACGGATTCAACTCACAGTAGCAATGAATCTGAATATACT TTTAGCTCTGAGATCACAGA
D DL KDEMNTULMGYSTIPI KZ®PGHIKRTDSTHSSNETSETYTTFSSETITE
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AGCAGAAGACTTACCACTGAGGATGGAGCAGGAGCCAAGTGAGAARAAGGCACCATTGGACATG
A E DL PLRMEG QEUPSEI KI KA APTLTZDM
CCTGCAGGATGAACTGGACAGRAAGGAAGAACAGGCTCT TCGTGCCAAAGCTAAGGAGGAGGAAAGGCCTCCAATAAGAGG TCCAGAGTTGGAGTATGAGTCGCTCAAGCGTCARGAGCT
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CAGACAAGTCCTGAGTGACTTGGCTAT TCAGATCTACCAGCAACT GG TCOGCGTGT TGGAGAACATTCTGCAACCCATGATTGT T TCTGGARTGCTGGAGCACGAGACTATCCAGGGTGT
R QVL SDULAIQQIY OQILVYRVYVLENIULOQPMIUVSGMLETUHETTIZ QSGV
CTCAGGGETGAAACCARCAGGGCTGCGGAAGAGAACATCCAGCATTGCTGATGAAGGAACCT ACACT TTGGACTCCATTAT TCGACAGCTGAACTCTTTCCAT TCOGTGATGTGTCAGCA
S ¢ VKPTOGLRIEKRTSSIADPDEGTYTLDSTITIROQELNSTFHSVMCQH

TGGRATGGATCCAGAGCTGATCAAACAGGT TGTCAAGCAGA TG T TC TACATCAT TGGGGC TG TAACACT TAATAATCTTCTCCT GCGCAAGGACATG TG TTCATGGCGCARAGGRATECA
G M D P ELIXKQVVEKQHMTFYIIGAVV T LNDINILILLRIEKTDMTCSWRIEKTGHM?ZQ

GATAAGGTACAATGTGAGTCRACTTGAAGAATGGCTACGTGATAAARMA TCTAATGAACAGTGGGGOCAAAGAAACACTGGAGOCCCTCATACAGGC TGCACAGTT G TGCARGTGAAAAA
I RY NV S QLEEWLR RDIEXKNILMNSGAMAMEKETULETPTILTIGQARAQLTILOV KK

GAAAACAGATGAAGATGCAGAAGCCAT TTGTTCAATGTGCAATGCACTGACTACTGCCCAGA TTGTGAAAGTACTGRATTTGTATACTCCAGT TAATGAATT T GAAGAGAGAGTCTTGGT
K TDEDA AEW BATICSMCRALTTAQIVIXKVILNLYT?PV NETFEET RVYVTLUVY

ATCETTTATACGTACRATACACCTGUG TCTGCRAGACAGGAAGGACTC TCC TCARC TG TCATGGATGC TARACACATC T I TCC TG T TACT TT TCCAT T TAA TCCATCCTCCCTGGIATT
$ FIRTIOQLRLRDRIEKDSPOQLLMDPATEKEHTITFZPVTFPTFNZPSSTLAL

AGAAACCATCCAGATCCCAGCOAG T T IGGGGCTGGGTTT CATATCACG TG TCTGATCCTARGGC TG T TC TG TCAGTGCTAGA TG GAGAAT TG T T TGCCTGATATCATTACCCATTAAAAC
ETIQIPASULGILGTFTI SRV 183

ATAGTGAGCCACTGAAAACACAT T TTTGAACAAACAGTCTCTGTATGCTCAGATTTGTTGTAAAAGTAGCTGGGAAACTACACAACAGCACCACAGAT TGAAGGCTGATAGAAAGATGTG
CATTTGTGTTCAGTCATTGCACT TATGAGGACA TTACTGAT TCATACG T TCCAGAGATGGAAA T TGGGTTTGGACAAAAA T TG TG TCTTCAGC TG TTTAGAGACGTTTTTAGATCTTTA
GTAACATATTTARATAGTGTAAA T L AAACTCCATGTATAACCTICTCATGGGCAGEGACCAR T GGGGACAGTCCCAGTCCCCACATGGARGACGTAARRGTAAGGCATT TTGTAGTAGAA
TATGCAGTTACT TGGGAGCCTGT TACT TT TTGTAAAAACTGGAATGGAGRAGCAAARACTTGCAATATATAACATGAT TTCT TAAACCACTTCCTTACT TA TG TCGETT TGACATABATT
CTAGTGATAAGTCTTATAGCTTACTGTATGC TATAACATAGG TG T TCAT T TGTTAGTAA TG TGG T T TACCAAGCATATTAAA TT GCTGCTGCATATTGTGTTCT T TAAATGTATGACAG
TATCATGCTAGGCACTAAAAATAAGATGCT TCAT TT T IGG T TG TCAACCT TAT T TACAGT CCAGTGCAGTC TG TTATTCTAACTGGAT TT TTGCAGATG TTATCCAATATCACCTGTAAR
GGRAAATGGTAACTAAGCACAAGTAGCACACTGGARATTATG TG I TTAGGGTTATT T TGT T T TG T I T TGCCTI TTTTTT TTTAAGTAGTTATCTAAARATACAGAATCTCGAAGCAGATG
ATCAGAAATGAGTCACAATTTTTGTATTTATTTAGATT TTGTAGCATGTCCGATGTTT TTCT T TG T T TGTAGACCCCAGGGATGACAGTGTGTATT TTCAGTATAACAGATTTTGTTGC
6599

Figure 2. The nucleotide and deduced amino acid sequence of chicken brain myosin-V heavy chain. The initiation codon ATG and potential
polyadenylation sites are underlined. The amino acid sequence segment underlined with a solid line denotes the “neck” domain containing
the six IQ-motifs; the broken line denotes residues predicted to have a >90% probability of forming a coiled-coil a belix. The shaded
sequence matches that determined by microsequence analysis of a CNBr peptide of chick brain myosin-V hc. These sequence data are
available from EMBL/GenBank/DDJB under accession number Z11718.

few hours, coverslips were transferred (upside down) to dishes containing
a monolayer of cortical glial cells, so that they were suspended over the glial
cells but not in contact with them (Bartiett and Banker, 1984). Celis were
maintained in MEM without sera, supplemented with 1% HL1 (Ventrex,
Portland, ME), 2 mM glutamine, and 1 mg/ml BSA. Neurons were fixed
with 4% formaldehyde (freshly prepared from paraformaldehyde) in 0.1 M
phosphate buffer containing 0.12 M sucrose. For immunostaining, cover-
slips were processed through the following steps: permeabilization and
quenching of nonspecific protein binding sites with GSDB (0.3% Triton
X-100, 16% goat serum in Buffer A: 500 mM NaCl, 20 mM phosphate
buffer, pH 7.4); incubation with anti-myosinV antibodies (anti-rat or
anti-chicken) at a dilution of 1:200 in GSDB; wash in buffer A; incubation
with rhodamine-conjugated goat anti-rabbit antibodies (Boehringer Mann-
heim Biochemicals, Indianapolis, IN) at a dilution of 1:100 in GSDB; wash

Espreafico et al. Brain Myosin-V

with buffer A followed by PBS (150 mM NaCl, 10 mM sodium phosphate,
pH 7.4) incubation with FITC-conjugated phalloidin (Molecular Probes,
Inc., Junction City, OR) at a dilution of 1:100 in GSDB; wash with PBS;
and final rinse in 5 mM phosphate buffer (De Camilli et al., 1983; Matteoli
et al., 1991).

Neuronal cultures and brain sections were mounted in 70% glycerol in
PBS containing 1 mg/ml phenylenediamine. Preparations were examined
with a Zeiss Axiophot microscope equipped with epifluorescence micros-
copy and photographed with -MAX 100 film (Eastman Kodak Co., Roch-
ester, NY).

Other Methods
Glutamic acid decarboxylase (GAD) activity was assessed by trapping in
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filter paper the CO, released from [1-*C]L-glutamate and counting the
14CO; in a liquid scintillation counter as described by Backkeskov et al.
(1990).

Results

Deduced Primary Structure of Chicken Brain pl190
(Myosin-V hc)

A set of partial length, overlapping cDNAs (clones 31a, 19b,
and 8c in Fig. 1) encoding the COOH-terminal two thirds (aa
740-1,830) of chicken brain pl90 (myosin-V hc) and a por-
tion of the flanking 3’ noncoding sequence (1,027 bp) was
selected by expression screening of a chicken brain cDNA
library using an antibody (Espindola et al., 1992) raised
against rat brain p190. Additional cDNA clones (H11, H54,
and N21; Fig. 1) covering the full-length coding region as
well as a portion of flanking 5' noncoding sequence (82 bp)
were selected from the same library by two rounds of hybrid-
ization screening as detailed in Materials and Methods. The
deduced amino acid sequence of chicken pl90 (myosin-V
hc), based on a single open reading frame of 5,572 nucleo-
tides, encodes a 1,830-amino acid protein with a calculated
unmodified molecular mass of 212,509 D (Fig. 2). This se-
quence was verified as encoding chicken brain pl190 by
amino acid sequence analysis of a CNBr fragment of the
purified protein; the fragment’s sequence of XLFLKL Q
K X V exactly matched the deduced sequence between me-
thionine 1154 and threonine 1165 (Fig. 2).

The deduced primary structure of pl190 verified the sug-
gestion from biochemical studies (Espindola et al., 1992)
that this protein is a myosin. That is, like all other “myosin-
like” proteins characterized thus far, chicken p190 contains
an NH,-terminal head domain similar in primary structure
to that of other myosins (Figs. 3 and 4). Based on its overall
primary and predicted secondary structure, pl90 is most
similar to the gene products encoded by the dilute gene of
mouse (Mercer et al., 1991) and the MYO2 gene of Sac-
charomyces cerevisiae (Johnston et al., 1991; see Fig. 3 for
a schematic comparison of these myosins). As detailed in the
Discussion, we propose to classify the chicken pl90-CM
complex as a “myosin-V” based on the results of an extensive
sequence comparison of the head domain of chicken brain
p190 with that of other known myosins. Since the sequence
of chicken brain myosinV hc is 91% identical to the dilute
gene product (Fig. 3) it is likely that chicken myosin-V hc
is an avian homolog of the protein encoded by the dilute
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globular tail
domain

and dilute align well along their
entire lengths except for a 25-aa

100 aa insert in the tail domain of dilute.

gene. As diagrammed in Fig. 3 and shown in detail in Figs.
4-7, chicken myosin-V hc and the other two members of this
family of unconventional myosins are segmented into a num-
ber of discrete structural domains described in detail below.

Mpyosin Head Domain of Chicken MyosinV hc. An
alignment of the NH,-terminal 764 aa of chicken myosin-V
hc with the NH.-terminal portion of other myosins revealed
that this protein possesses a head domain (residues 1-764)
that shares ~40% sequence identity with the head domains
of most other myosins. This includes an ATP binding site
identical in sequence to that of most myosins (Fig. 4). The
head domain of chicken myosin-V hc is virtually identical in
amino acid sequence to the head domain of mouse dilute
(94 % identity), and among other myosins it is most similar
to the MYO2 gene product of yeast (52% identity). Like
myosins-II, the head domain of chicken myosin-V hc is longer
than that of known myosins-I because of the presence of an
~60-amino acid “extension” at its NH, terminus (Fig. 4).
The trimethyl lysine residue found in many myosins-II (resi-
due 125 in chicken nonmuscle myosin-II; Fig. 4) is occupied
by a glutamic acid residue in the comparable position in
chicken myosin-V hc. There is a single cysteine residue (po-
sition 685) within the region comparable to that containing
the two cysteines found in the “active thiol” region of many
myosins-II (Fig. 4; for review see Warrick and Spudich,
1987).

“Neck” Domain of Chicken Myosin-V hc. Between
residues 765 and 909 (Fig. 4), there is a series of six imper-
fect ~v23-amino acid tandem repeats, defined by a consen-
sus sequence termed the “IQ-motif” (Fig. 5; Cheney and
Mooseker, 1992) that is rich in basic residues. Five of these
repeats were recognized by Mercer et al. (1991) in dilute; the
neck domains of the unconventional myosins encoded by the
MYO2 (Johnston et al., 1991) and MYO4 genes (GenBank
accession No. M90057) also consist of six IQ-motifs. These
repeats are similar in position and primary structure to the
four to six such repeats found at the head-tail junction of BB
myosin-I (Fig. 5). Several lines of evidence indicate that this
is the region of BB myosin-I that is responsible for CM bind-
ing (for review see Mooseker et al., 1991; see below). The
properties of the presumed CM-binding neck domain of
chicken myosin-V hc and its relationship to light chain bind-
ing domains of conventional myosins are outlined in more
detail in the Discussion.

Tail Domain of Chicken Myosin-V hc a-Helical Seg-
ments. The beginning of the chicken myosin-V hc (and
mouse dilute) tail domain is defined by a segment predicted
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Figure 4. Comparison of the primary structure of the head and neck domains of chicken myosin-V hc (Myosin V') with that of conventional
and unconventional myosins. Alignment of chicken myosin-V sequence with that of the mouse dilute gene (Musdil), yeast MYO2
(YscMYO2), a chicken nonmuscle myosin-II (ChkMITI), and bovine brush border myosin-I (BovBBMI) is shown. Residues shared among
chicken myosin-V he, dilute, and MYO2 but not with other myosins are block-shaded. Residues in capital letters denote amino acid identity
or conservative substitutions when present in at least three of the five sequences aligned. The ATP binding site, the putative actin binding
site, and the calmodulin binding domains (IQ-motifs) are indicated on the chicken myosin-V sequence. The sulfhydryl-1 and sulfhydryl-2
residues found in most myosins-II are indicated by the small boxes in the chicken nonmuscle myosin-II sequence.
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# first aa sequence last aa #

27 PEDKAHKAATKEGASFRGHITREKLKGEKKGDAP 60

765
909

764
908

783
926

654
724
LMGLQKNLPPMAVLDR
REQLTPQQORAML 802

780

to form a coiled-coil « helix (residues 912-1,106; Fig. 6).
The tail region contains two additional segments predicted
to form coiled-coil o helices (residues 1,152-1,236 and
1,322-1,420), but unlike the tail domain of conventional
myosins, the remainder of the tail region (residues 1,421~
1,830) is not predicted to form a coiled-coil structure (see
Fig. 7 for a schematic comparison of the predicted coiled-
coil structure of chicken myosin-V hc with other myosins).
The three a-helical segments contain a total of 365 residues
that are predicted to have a 90% or higher probability of
forming coiled-coils using the program of Lupas et al. (1991).
If the segments containing these 365 residues were to actu-
ally dimerize, a coiled-coil rod ~54 nm in length could be
formed. Each of the three coiled-coil segments is interrupted
by a single break or “hinge” of from one to nine amino acids
predicted to have <90% probability of forming a coiled-coil
structure. Interestingly, the 45-residue region between the
first two coiled-coil domains contains a “PEST” sequence
(residues 1,119-1,139; Fig. 6). PEST sequences are frequently
associated with cleavage by the calcium-dependent protease
calpain (Rechsteiner, 1990) and native myosin-V purified
from rat brain is in fact selectively cleaved by calpain relative
to conventional brain myosin (Espindola et al., 1992). The
a-helical tail domain of chicken myosin-V is quite similar
(87 % identity) to that of mouse dilute, except that dilute con-
tains an additional 25 amino acids inserted after residue
1386. The overall secondary structure of chicken myosin-V
hc is also similar to that of MYO2, but the length of the MYO2
tail is shorter, containing only 142 residues of predicted
coiled-coil (Figs. 3 and 6).

Globular, COOH-Terminal Domain of Chicken Myosin-V
hc Tail. As noted above, the final 410 residues of chicken
myosin-V hc are not predicted to have a highly «-helical or
coiled-coil structure (Figs. 3, 6, and 7), and thus may have
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neuromodulin, bovine

myosin-V 1, chicken Figure 5. Alignment of the IQ-
myosin-V 2 motifs from the neck domains
$¥g:;g:z 2 of several myosins. These
myosin-v 5 nv23-amino acid imperfect tan-
myosin-vV 6 dem repeats form putative cal-
. modulin/light chain binding
g? lute 1, mouse sites and are very similar to the
ilute 2 s . 3 X
dilute 3 calmodulin binding domain of
dilute 4 the brain protein neuromod-
dilute 5 ulin. Residues conforming to
dilute 6 the consensus IQXXXRG-
MYO2 1, yeast XXXRK are shaded, allowing
MYO2 2 conservative I-L and R-K sub-
MYO2 3 stitutions. The peptide corre-
MYO2 4 sponding to the underlined al-
3583 2 ternative splice sequence in
BBMI has been shown to bind
BBMI 1, chicken to calmodulin (Halsall and

BBMI 2 Hammer, 1990) and deletion of
BBMI 3 . the underlined portion of first
gggi g? (splice) repeat in the rat cardiac myo-
BEMI 67 sin-II sequence has been shown

to eliminate binding to the

M-IT 1, rat a-cardiac essential light chain (ELC)
M-IT 2 (ELC-binding) McNally et al., 1991).

a globular structure. This 47-kD region of chicken myosin-V
hc is remarkably conserved compared with the mouse dilute
protein (98% amino acid sequence identity). The overall
similarity of chicken myosin-V hc/dilute to the correspond-
ing globular region of the MYO?2 tail domain is much lower
(28%), but there are regions within this domain, such as
residues, 1,721-1,838, that exhibit higher local similarity.
Surprisingly, a database search revealed that the globular tail
domain of chicken myosin-V hc, together with a portion of
its a-helical region, shares 58% sequence identity (Fig. 6)
with the entire 723-amino acid—-deduced sequence of a
mouse protein reported to be a glutamic acid decarboxylase
(Huang et al., 1990). The significance of this finding is dis-
cussed below.

Mapping the CM-binding Domain of
Chicken Myosin-V hc

To directly verify that the neck domain of chicken myosin-V
hc was the region of this protein involved in CM binding, se-
quence segments encoding the head, neck, and tail domains
were expressed as bacterial fusion proteins to determine
which of these domains exhibits CM binding activity. As
detailed in Materials and Methods, all three domains were
subcloned, in frame, into the pfH902 MBP fusion protein
vector. The head construct contained chicken brain myosin-V
hc residues 5-752. The neck construct contained aa 760-922,
which spans the entire neck region defined above. The tail
construct contained residues 899 to 1,830 and thus included,
at its NH,-terminal end, 11 aa of the sixth IQ-motif. The
resulting fusion proteins exhibited electrophoretic mobilities
on SDS-PAGE consistent with their predicted size (Fig. 8 a).
CM binding to fusion proteins containing the head, neck,
and tail domains was assessed by an 'I-CM gel overlay
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Figure 6. Comparison of the primary structure of the tail domain of chicken myosinV hc (Myosin-V) with the tail domains of dilute and
MYO2 and the deduced sequence of a mouse brain protein reported to be a glutamic acid decarboxylase (MusGAD). Open letters denote
residues that correspond to “PEST” sequences, which are frequently associated with cleavage by the calcium-dependent protease calpain.
A threonine (residue 735 in chicken myosin-V) within a consensus phosphorylation site for cAMP and cGMP kinases is indicated. Residues
predicted to have >90% probability of forming a coiled-coil o helix are underlined. Capital letters indicate conservative replacements
or identical residues shared among at least three of the four sequences aligned. The shaded blocks indicate residues shared by MYO2 and
at least one of the other sequences.

technique (Carlin et al., 1981). Purified chick brain myosin-V 8, b and ¢). No detectable binding was observed for the head
together with bacterial lysates containing the induced head, domain fusion protein (lanes 3, Fig. 8, b and ¢). The tail fu-
neck, and tail fusion proteins were separated by SDS-PAGE, sion protein also failed to exhibit prominent calmodulin
(Fig. 8 a) and the gels were incubated with *I-CM in the  binding (lane 5 in Fig. 8 b), although upon much longer au-
presence (Fig. 8 b) or absence (Fig. 8 ¢) of Ca?*. The fu- toradiographic exposures a weak signal was detected. Al-
sion protein containing the neck domain of chicken myosin-V though this weak signal could be due to nonspecific binding,
hc exhibited prominent CM binding activity (lanes 4, Fig. it is interesting to note that the tail construct did contain the
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Figure 7. Schematic representation of the predicted coiled-coil secon-
dary structure for chicken brain myosin-V hc and several other myo-
sins. The predicted structure for the mouse protein reported to be
a GAD is also shown for comparison. The height of the trace is pro-
portional to the probability of forming a coiled-coil « helix using
the coiled-coil prediction program of Lupas et al. (1991). The maxi-
mum heights shown represent 100% predicted probability.

last 11 amino acids of the final IQ-motif of the neck domain.
The Ca?* dependence of CM binding to the neck domain
fusion protein is comparable to that of authentic chicken
myosin-V (lanes 2, Fig. 8, b and c) and chicken BB myosin-I
(Lanes I, Fig. 8) when assayed by such overlay techniques
(e.g., see Howe et al., 1982) in that optimal binding was ob-
served in the presence of Ca**. Nevertheless, substantial
CM binding to the neck domain (as well as to the hc of
tissue-derived myosinV and BB myosin-I) was observed in
the absence of Ca?* (Fig. 8 ¢). This is in contrast to the
stringently Ca?*-dependent CM binding observed with the
o subunit of avian BB spectrin (lanes I, Fig. 8, b and ¢).

Localization of Myosin-V

Antibodies were raised against bacterially expressed protein
containing most of the tail domain of chicken myosin-V hc
(clone 32a in Fig. 1). Affinity-purified antibodies reacted
specifically with a protein of an apparent molecular mass of
190 kD (Fig. 9) in whole homogenates of chick or rat brain
and with the heavy chain of purified chick brain myosin-V.
The very faint bands visible in the Coomassie blue-stained
lanes of purified myosin-V, migrating about halfway down
the gel, are due to contaminants (keratins?) present in the
electrophoresis system since they were present at the same
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abundance in both the 1X and 0.2% dilutions of myosin-V.
Like the original anti-rat brain p190 antibody (Larson et al.,
1990; Espindola et al., 1992) this antibody did not cross-
react with the myosin-II heavy chain(s) present in these brain
homogenates or in preparations of isolated chicken intestinal
brush borders (results not shown).

Using these antibodies, the localization of myosin-V in fro-
zen sections of rat brain cerebellum and brain stem was de-
termined (Fig. 10). Myosin-V immunoreactivity was present
in all regions of the neuropil and was present at particularly
high concentrations in cell bodies and dendrites of Purkinje
cells (Fig. 10 @). Double staining of neurons with anti-
myosin-V and the lectin, WGA, was performed on sections
of rat brain stem (Fig. 10, b and ¢). Colocalization of myo-
sinV with WGA was observed with perinuclear cytoplasm
of neuronal cell bodies, suggesting an association of myo-
sin-V with Golgi-derived cytoplasmic membranes. In addi-
tion, immunoreactivity outlined the profile of the neuronal
surface.

The distribution of myosin-V in neurons present in pri-
mary cultures derived from rat hippocampus was also exam-
ined. For these studies the anti-chicken myosin-V antibodies
as well as the original anti-rat myosin-V antibodies were
used; both antibodies yielded similar results (not shown). In
neurons, myosinV staining was most intense within the
perinuclear region of the cell body, where it displayed a
highly punctate distribution. In most cases, the cell body
staining was so intense that photographic documentation of
its punctate nature was difficult, although it was quite obvi-
ous by eye when focusing through the cell body. Punctate
myosin-V staining was also observed along the length of den-
dritic and axonal processes (Fig. 11, a and b). Colocalization
studies using phalloidin revealed that myosin-V colocalized
with F-actin at the tips of these processes (Fig. 11 ). How-
ever, F-actin did not colocalize with myosinV in the
perinuclear region. An analogous pattern of myosin-V distri-
bution was observed in the nonneuronal cells of these cul-
tures (Fig. 12). In these cells, which are much flatter than
the neurons, the intense punctate staining of the perinuclear
region was particularly striking. There was also staining of
the distal portions of cell processes (Fig. 12). In both neu-
ronal and nonneuronal cells, by focusing through the cell
body it was clear that the nucleus itself was not stained and
that much of the perinuclear staining was intracellular.

Discussion

The preliminary biochemical analyses of p190 suggested that
this unusual CM binding protein from brain may be a
myosin—albeit with some unusual properties such as the
lack of the K-EDTA ATPase activity (Larson et al., 1990;
Espindola et al., 1992) that is a hallmark of most myosins.
The determination of the primary structure of chicken p190
has confirmed both suggestions; this protein is indeed a
myosin—and an odd one at that for which we propose the
name myosin-V (see below for our rationale). An unexpected
windfall from the task of determining the sequence of
chicken myosin-V hc is that this protein is a homolog of the
product encoded by the mouse dilute gene (Mercer et al.,
1991) and is structurally similar to the yeast MYO2 gene
product. We use the term “a” rather than “the” homolog of
the mouse dilute gene product because the chicken myosin-V
he sequence aligns almost exactly with that of dilute except
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Figure 8. 1dentification of the
neck domain as the cal-
modulin binding domain of
chicken myosinV hc. Coo-
massie-stained SDS gel (a)
and autoradiographs (b and ¢)
of gels incubated with '%I-
calmodulin either in the pres-
ence (b) or absence (¢) of
Ca?*. Protein samples include
isolated chicken intestinal
BBs (lanes 1), purified chick
brain myosin-V (lanes 2), and
bacterial lysates from cells ex-
pressing fusion protein con-
structs containing the head
(lanes 3), neck (lanes 4),
or tail (lanes 5) domains of
chicken myosin-V hc. The let-
ters at left correspond to the
migration position of major
proteins of the BB cytoskele-
ton including the a-subunit of
BB spectrin (§; 240 kD), myo-
sin-Il he (M; 200 kD), BB
myosin-I hc (MI; 110 kD),
fimbrin (F; 68 kD), and actin
(4; 43 kD). The asterisks
denote the Coomassie-stained
bands corresponding to the
head, neck, and tail fusion
proteins. (d) Schematic of the
fusion protein constructs con-
taining the head, neck, or tail
domains of myosin-V hc. Pro-
tein encoded by vector se-
quence is denoted by the thin
lines.

Figure 9. Immunoblot charac-
terization of antibodies raised
against bacterially expressed
protein tail domain of chicken
myosin-V hc. Coomassie blue-
stained gel lanes (@) and im-
munoblots from an identically
loaded gel (b) containing two
different dilutions each of pu-
rified chick brain myosinV
(lanes 7 and 2), and SDS ex-
tracts from chick (lanes 3 and
4) and rat (lanes 5 and 6)
brain. The arrowheads indi-
cate the position of the myo-
sin-V hc and CM light chain
bands. Lane / was loaded
with ~1 ug of purified myo-
sin-V, whereas lanes 3 and 5
were each loaded with ~0.1
mg of total protein; approxi-
mately one-fifth as much pro-
tein was loaded in lanes 2, 4,
and 6. The additional bands
below 190 kD stained by anti-
myosin-V in lane / appear to
be breakdown products pres-
ent in the purified myosin-V
sample since their staining in-
tensity increases with storage
time.



Figure 10, Immunolocalization of myosin-V heavy chain (M-V) in
tissue sections of rat cerebellum (A) and brain stem (B) using anti-
chicken brain myosin-V antibodies. Prominent staining of Purkinje
cell bodies and dendrites is observed (4). MyosinV immunostain-
ing of cytoplasmic organelles within neuronal cell bodies in brain
stem (B) colocalizes with intracellular membranes stained by the
lectin WGA (C). Bar, 20 um.

for a 25-aa segment found in the tail domain of dilute but not
in chicken myosin-V hc. A likely explanation for this seg-
ment is that it is the result of alternative RNA splicing; thus
it is possible that additional isoforms of myosin-V may be ex-
pressed. Previous Northern analysis has indicated that the
pattern of dilute transcription is complex, with transcripts of
7, 8, and 12 kb present in most tissues (Mercer et al., 1991);
we have detected hybridization to a 10-kb transcript in
chicken. In addition to confirming that p190 is a myosin, the
analysis of its primary structure has provided a number of
important insights, discussed in detail below, with respect to
its domain organization and relationship to other myosins.
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p190-CM Complex, dilute, and MYO2 Gene
Products Are Members of a Structurally and
Evolutionarily Distinct Class of Unconventional
Mpyosins—The Myosins-V

p190, dilute, and MYO2 clearly form a novel class of myosins
that are distinguished by four features: (1) myosin-like head
domains that are more similar to one another than to those
of other myosins, (2) a neck domain that contains six tandem
repeats of the calmodulin/light chain binding IQ-motif, (3)
a proximal tail domain consisting of segments predicted to
form coiled-coil « helices, and (4) a probably globular distal
tail domain of ~45 kD of unknown function. It is obvious,
based on this predicted domain structure that these myosins
cannot be readily assigned to either the myosin-I or the
myosin-II class. Although these myosins are likely to be two
headed (based on the segments of predicted coiled-coil), they
clearly have other features, such as the presence of an ~47
kD presumably globular tail domain, that make them dis-
tinct from the conventional myosins-II.

To assess whether or not we could establish the evolution-
ary/structural relationship of p190 (chicken myosin-V) to
other known myosins, we have conducted an extensive amino
acid sequence comparison among the head domains of myo-
sins using a distance matrix and the neighbor-joining method
of Saitou and Nei (1987). In the rootless phylogenetic tree
generated by this procedure, the distance along the branches
connecting two sequences is a measure of the percent differ-
ence in their amino acid sequence. A rootless tree generated
from the amino acid sequences of 29 myosin head domains
shows that p190, along with MYO2 and dilute, do indeed fall
into a discrete class of myosins distinct from the myosins-I
or the myosins-II (Fig. 13). Based on its head sequence, the
newly identified unconventional myosin from yeast, MYO4
(Genbank accession No. M90057), also appears to be a
member of this class. It is interesting to note that this tree
of head domain sequences also indicates that Drosophila
ninaC (Montell and Rubin, 1988; class III), the Acan-
thamoeba high molecular weight “myosin-I” (we would sug-
gest terming this a class IV myosin), and the Drosophila 95F
unconventional myosin (Kellerman and Miller, 1992; class
VI), each constitute a separate class of myosin. The term
myosin-V posed for the p190-CM complex is simply based
on the chronologic order in which this class of unconven-
tional myosins was described. It is important to note that the
precise order of origin and divergence among the major myo-
sin lineages is uncertain, as indicated both by the very short
branch lengths that join the major myosin lineages at the cen-
ter of the tree and by lower bootstrapping values for these
nodes. Nevertheless, the division of the known myosins into
six major families appears to be a robust result (a more
detailed discussion of this phylogenetic tree analysis will be
published elsewhere).

Neck Domain of Chicken Myosin-V hc Is
Comprised of Six Tandem IQ-Motifs; These Motifs
Provide Binding Sites for Calmodulin/

Light Chains

One of the striking findings arising from the sequencing of
chicken myosin-V hc is the recognition that its neck domain
consists of six imperfect tandem repeats of motif whose most
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Figure 11. (4) Immunolocalization of myosinV (M-V) in a neuron in primary culture (3-day) with an axonal process using anti-chicken
brain myosin-V antibodies. Note prominent cell body and growth cone staining. (B and C) Colocalization of myosin-V (B) and F-actin
(C) in a cultured neuron. Note coincidence of staining at tips of neurite processes. Bar, 12 um.

conserved core residues can usually be represented as
IQXXXRGXXXR. Each repeat is ~23 aa long, and as can
be seen in Fig. 5, positions in addition to those shown above
exhibit some conservation. Acidic residues and proline are
rare in the central portion of the repeat, and most of the re-
maining residues are either basic or hydrophobic. The first
five repeats in chicken brain myosin-V share an average of
38% amino acid sequence identity with one another. Al-
though the sixth repeat shares less sequence identity, it does
retain the core residues of the IQ-motif. The first IQ-motif
in chicken myosin-V shares 42% sequence identity with the
intensively studied (Chapman et al., 1991) CM binding do-
main of the neuronal protein neuromodulin, which suggested
that the IQ-motifs might function as CM binding sites. Dilute
(Mercer et al., 1991), MYO2 (Johnston et al., 1991), and
MYO4 also contain six such motifs, although unlike brain
myosin-V, which is known to have CM light chains (Espin-
dola et al., 1992), these genes have not been studied as pro-
teins and thus their light chain composition is currently un-
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known. Purified brain myosinV is similar to chicken BB
myosin-I in that both myosins contain multiple CM light
chains, although the exact number of CMs associated with
the heavy chain of brain myosin-V is not yet known and there
is disagreement about whether chicken BB myosin-I is iso-
lated with three or four CM light chains (Collins et al., 1990;
Hayden et al., 1990; Swanljung-Collins and Collins, 1991;
for review and discussion see Mooseker et al., 1991). In-
spection of the chicken BB myosin-I sequence has revealed
that the neck region of this myosin, which has been previ-
ously implicated as the site of CM binding (Coluccio and
Bretscher, 1988; Carboni et al., 1988; Garcia et al., 1989;
Halsall and Hammer, 1990; Hayden et al., 1990), contains
at least three and possibly two other poorly conserved 1Q-
motifs (Mercer et al., 1991; Cheney and Mooseker, 1992;
Swanljung-Collins and Collins, 1992). The alternative splice
insert identified by Halsall and Hammer (1990) would lead
to the insertion of an additional IQ-motif in BB myosin-I,
and a peptide corresponding to this 29-amino acid insert was
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Figure 12. Immunolocaliza-
tion of myosin-V (using anti-
rat pl90 antibodies) in as-
trocytes present in primary
cultures of rat hippocampal
tissue. Bar, 20 pum.

Figure 13. An unrooted phylo-
genetic tree of the myosin head
domains. The distance along a
given branch or branches con-
necting two sequences is pro-
portional to the percent amino
acid sequence difference be-
tween the two sequences. Se-
quences and sets of sequences
that were joined together in
at least 980 out of 1,000 data
resampling  (bootstrapping)
trials are indicated by the
nodes marked with small filled
circles. Note that the known
myosins clearly fall into six
distinct families (indicated by
roman numerals) based on
their head sequences but that
the branching order at the
“center” of the tree is uncer-
tain. Note also that chicken
myosin-V, dilute, MYO2, and
the newly identified MYO4
constitute a group distinct from
the myosins-I or the myosins-
1. The alignment and conver-
sion of these sequences into a
tree was performed using the
Clustal V program.



shown to bind to CM. Although previous studies of proteo-
lytically cleaved chicken BB myosin-I indicate that its CM
binding sites are near the head-tail junction (Coluccio and
Bretscher, 1988; Carboni et al., 1988), the precise bound-
aries of this region are not known. By producing three con-
structs that encoded either the head, the neck, or the tail do-
main of chicken myosin-V hc, we were able to demonstrate
that the neck domain contains the CM binding sites detect-
able by '»I-CM overlay. Because this is the region that con-
sists of the six IQ repeats, this work demonstrates that the
CM binding sites of chicken myosin-V hc map precisely to
the region of the IQ-motifs. Whether all six of these motifs
are actually functional under native conditions, and what
their affinities for CM are, remains unknown. In addition,
we note that chicken myosin-V hc, chicken BB myosin-I he,
and neuromodulin all have the unusual property of binding
to CM in the absence of calcium. This suggests that CM
binding sites formed by the IQ-motifs may differ from the
more conventional calcium-dependent CM binding sites.

It is important to note that all myosins of known primary
structure contain one or more sequences analogous to the
IQ-motif in their neck domains (Mercer et al., 1991; Cheney
and Mooseker, 1992). The myosins-II contain two such
repeats, although the second repeat is poorly conserved in
its latter half and it ends just ahead of the proline that defines
the beginning of the myosin-II tail domain. Numerous
studies (Mitchell et al., 1989; Nyitray et al., 1991) have im-
plicated the ~100 amino acids in the myosin-II “neck” do-
main as providing the primary binding sites for the essential
and regulatory myosin light chains. Moreover, a recent study
has demonstrated that deletion of 16 amino acids from what
we would define as the first IQ repeat in rat cardiac myosin
eliminates binding to the essential myosin light chain
(McNally et al., 1991). Since both of the myosin light chains
are members of the calmodulin/EF-hand superfamily of pro-
teins (Kretsinger, 1980), we hypothesize that IQ-motifs pro-
vide binding sites for calmodulin or for related proteins of
the EF-hand superfamily. This raises the possibility that all
myosins share a similar structural basis for regulation by
their light chains.

Is the Tail of Myosin-V a Glutamic Acid
Decarboxylase (GAD)?

As noted in Fig. 6, the tail domain of chicken myosin-V (and
dilute) is highly similar to the entire deduced structure of an
~80-kD mouse protein reported to be a GAD (Huang et al.,
1990). This type of enzyme is responsible for the decarboxy-
lation of glutamic acid to yield the neurotransmitter GABA.
Beginning at residue 1,093 in the tail domain of chicken
myosin-V he, the putative mouse GAD shares 58 % sequence
identity with the remaining 737 amino acids of the tail do-
main. The GAD sequence includes 185 residues predicted
to form a coiled-coil as well as a PEST sequence. It is impor-
tant to note that the mouse GAD and the tail domain of
mouse dilute are not identical in sequence (57% sequence
identity). Thus, the dilute gene product and the GAD de-
scribed by Huang et al. (1987) are not products of the same
gene through alternative splicing. The implications of the
great similarity between the tail domain of myosin-V and a
neurotransmitter synthesizing enzyme are potentially quite
striking. However, several lines of evidence makes us view
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this finding with skepticism. First, the GAD sequence de-
scribed by Huang et al. (1990) lacks a consensus binding site
for the GAD cofactor pyridoxal phosphate and shows no se-
quence similarity to other well-characterized GAD enzymes
(Kobayashi et al., 1987; Erlander et al., 1991; Karlsen et al.,
1991). Second, in preliminary studies we have been unable
to detect GAD activity associated with a highly purified
preparation of native myosin-V from chicken brain (our un-
published observation); however, such a negative result
could obviously be due to an inactivation of the GAD activity
during purification. Third, in the report by Huang et al.
(1990}, in which bacterially expressed GAD was reported to
have enzymatic activity, GAD activity was measured only in
a crude bacterial lysate and thus it is not clear what the
specific activity of the cloned protein actually is. Given these
uncertainties it is reasonable to consider other alternative ex-
planations. First, given the lack of similarity in primary
structure to several other GADs, it is possible that the cDNA
sequence described by Huang et al. (1990) encodes a protein
that is neither a GAD nor a myosin. This possibility would
suggest that a protein very similar in structure to the tail do-
main of myosin-V exists as a separate functional unit; we
note that proteolytic cleavage of myosin-V hc near its PEST
sequence would produce a very similar unit. Another possi-
bility is that Huang et al. (1990) actually cloned a partial
c¢DNA (with an artifactual initiation codon at the 5 end) en-
coding the tail domain of another member of the class V fam-
ily of myosins. Given the existence of both MYO2 and
MYO4 in yeast, and the existence of additional mouse genes
with mutant phenotypes similar to those of dilute (Silvers,
1979; Moore et al., 1990), it would not be surprising if ver-
tebrate brain contains additional members of the myosin-V
family of unconventional myosins. This possibility that the
putative GAD represents part of an ~200-kD unconven-
tional myosin instead of an ~80-kD GAD cannot be ruled
out on the basis of transcript size since Huang et al. (1990)
did not report any Northern blotting results. It will be pru-
dent, with respect to dissecting the function of the class V
family of myosins, to determine which, if any, of the above
possibilities is correct.

Is the Myosin-V Family of Myosins Involved in
Organelle Transport?

The immunolocalization studies presented here, in combina-
tion with the characterization of mutants for the dilute and
MYO2 genes, provide a firm basis for posing focused ques-
tions regarding the functions for this structural class of myo-
sins. Although immunochemical studies (Espindola et al.,
1992) indicate that myosin-V is expressed in a wide range of
tissues, it exhibits highest levels of expression, based on im-
munoblot analysis, in brain tissue. The immunolocalization
studies reported here show that myosinV is expressed in
both neurons and nonneuronal cells of the brain. In neurons,
myosin-V exhibits an interesting pattern of localization that
is seen in neurons both in situ (Fig. 10) and in primary cul-
ture (Fig. 11). High levels of a punctate and perinuclear im-
munostaining are observed in both neurons and glial cells.
We demonstrate that this is likely to be in part due to staining
of the Golgi region, since the p190 colocalizes with peri-
nuclear cytoplasmic organelles reactive with the lectin WGA
(Fig. 10, b and ¢). A punctate staining pattern is also ob-

1555



served for myosin-V along the lengths of cell processes; this
staining is particularly bright at the distal ends of cell
processes. The surface staining that was also observed on
neurons argues that some myosin-V is associated with either
the membrane-associated cytoskeleton or with the plasma
membrane. An obvious speculation from the localization
data presented here is that myosin-V associates with Golgi-
derived cytoplasmic vesicles that are eventually transported
out to the cell periphery. Myosin-V could play an active role
in this transport process. Alternatively, it could merely be a
passenger on vesicles that are transported along microtu-
bules until they reach the cell periphery. Once delivered
there, myosin-V might function by interacting with the actin-
based cytoskeleton either before or after a vesicle’s fusion
with the plasma membrane. A possible morphological corre-
late of such roles for myosin-V has been reported by Kuznet-
sov et al. (1992), who observed that vesicles from extruded
squid axoplasm initially moving along microtubules some-
times switch over to move along actin filaments.

The phenotypes described for mutant alleles of the dilute
gene are compatible with either of the two general roles out-
lined above. For example, the original dilute mutation is ap-
parently restricted in its effects to melanocytes, where no
product is expressed (Silvers, 1979). In these mice, the mel-
anocytes fail to form dendritic processes and melanosomes
are not effectively transferred to hair shaft keratinocytes,
resulting in a “dilution” of coat color (Silvers, 1979). As dis-
cussed by Mercer et al. (1991), the dilute gene product may
be involved in melanosome transport, or alternatively, it may
be required for some polarization process involved in den-
drite formation. In addition to such tissue-specific dilute mu-
tations, there are dilute lethal alleles, including deletion mu-
tants, that cause severe neurological defects such as seizures.
Interestingly, although such mutations are lethal, the animals
generally live for a few weeks after birth and at the gross ana-
tomical level exhibit no major defects in their nervous system
(Silvers, 1979). Thus, the dilute gene product is clearly not
required for developmental phenomena such as extension of
axons and dendrites. Given these findings, it seems unlikely
that class V myosins are involved in transport of a population
of vesicles that are essential for growth and extension of
axons and dendrites. Rather, it seems more likely that this
class of myosins is involved in differentiation-specific func-
tions such as neuronal transmission. Because our studies
have shown that myosin-V immunogens are not restricted in
expression to neuronal cell types, it may be quite informative
to examine what effect, if any, such mutations have on the
function and cytological organization in nonneuronal cells in
which this myosin is expressed.

Substantive insights regarding the functional properties of
the class V family of unconventional myosins are also
provided by studies on the MYO2 gene by Johnston et al.
(1991). At the nonpermissive temperature, the temperature-
sensitive myo2-66 mutants form large cells which fail to de-
velop buds. The actin cytoskeleton is disrupted in these cells
and the cytoplasm contains abnormally large numbers of cy-
toplasmic vesicles. Obviously, such a build-up in cytoplas-
mic vesicles could result from defective transport to the
plasma membrane or, alternatively, a failure of those vesicles
to appropriately dock and fuse with the plasma membrane
at the bud. On the other hand, the disruption of the actin
cytoskeleton also observed in these mutant cells could be the
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primary defect that leads to a secondary disruption of vesicle
transport or targeting. It is interesting to note, however, that
preliminary evidence indicates that the myo2 mutation ex-
hibits the genetic interaction known as synthetic lethality
with the late acting (post-Golgi) sec mutants but not with the
sec mutants acting earlier in the secretory pathway (Govin-
dan, B., R. Bowser, and P. Novick, unpublished results).
Consideration of MYO2'’s function has become an even more
fascinating exercise in light of recent studies by Lillie and
Brown (1992) in which a multicopy suppressor for the myo2
mutation was identified (termed SMY1) that encodes a novel
protein with a “head” domain similar in primary structure to
that of the microtubule-based mechanoenzyme, kinesin.
These results raise the general question of the relative roles
of microtubule- and actin-based motor proteins in cell
function.

It is apparent that the availability of the above mutations
should continue to provide powerful experimental ap-
proaches to dissecting the functions of this class V family of
unconventional myosins. However, it is also clear that further
studies of the biochemical and cell biological properties of
the proteins encoded by these genes are essential to sort out
which if any of the alternative mechanisms discussed above
are operative. Some critical open questions that should be
addressed include the following: Is chicken myosin-V an ac-
tive mechanoenzyme and, if so, in what direction along an
actin filament does it move? Are there multiple isoforms of
myosin-V expressed in a given organism—in a given cell?
How many CM light chains are actually associated with the
heavy chain of myosin-V, and what is the oligomeric state of
myosinV under native conditions? What is the role of the
multiple CM light chains in regulating its mechanochemical
properties and presumed association with membranes? What
is the role of myosin-V hc phosphorylation by CM-dependent
kinase I (Larson et al., 1990)? With what class of cytoplas-
mic organelles is myosin-V associated and do those organelles
also contain microtubule-based motors? Fortunately, with
the availability of excellent antibody reagents for myosin-V,
together with the recent development of new methods for
purification of preparative amounts of this myosin from ver-
tebrate brain (Cheney, R. E., M. K. O’Shea, M. V. Coelho,
E. M. Espreafico, J. W. Wolenski, J. Heuser, P. Forscher,
R. E. Larson, and M. S. Mooseker, manuscript in prepara-
tion) many of the above questions will soon be answered.
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Note Added in Proof. The p190 protein recently identified by Settleman,
1., V. Narasimhan, L. C. Foster, and R. A. Weinberg (Cell. 1992. 69:
539-549) shares no sequence similarity with the protein reported here.
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