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Myosin-Vlla is an unconventional myosin with rela-
tively restricted expression. Cloned first from an intes-
tinal epithelium cell line, it occurs most notably in the
testis, in the receptor cells of the inner ear, and in the
pigment epithelium of the retina. Defects in myosin-
Vlla cause the shaker-1 phenotype in mice and Usher
syndrome 1B in human, which are characterized by
deafness, lack of vestibular function, and (in human)
progressive retinal degeneration. Because the de-
scribed cDNAs encode less than half of the protein pre-
dicted from immunoblots, we have cloned cDNAs en-
coding the rest of human myosin-Vlla. Two transcripts
were found, one encoding the predicted 250-kDa pro-
tein and another encoding a shorter form. Both tran-
scripts were found in highest abundance in testis, al-
though the shorter transcript was much less abundant.
Both could be detected in lymphocytes by RT-PCR.
The myosin tail encoded by the long transcript in-
cludes a long repeat of ~460 amino acids. Each repeat
contains a novel “MyTH4” domain similar to domains
in three other myosins, and a domain similar to the
membrane-associated portion of talin and other mem-
bers of the band-4.1 family. © 1996 Academic Press, Inc.

INTRODUCTION

Myosin-VII is a member of the myosin superfamily,
which now includes 11 or more different branches
(Cheney and Mooseker, 1992; Hasson and Mooseker,
1995). It is considered an “unconventional” myosin,
distinct from the conventional myosin-11 family origi-
nally characterized in muscle. Two forms of this myo-
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sin, Vlla and VIIb, were first identified in a human
intestinal epithelium cell line, on the basis of partial
amino acid sequence of the conserved head domain
(Bement et al., 1994). A portion of the myosin-Vlla
head domain was also cloned from the sensory epithe-
lium of the bullfrog inner ear (Solc et al., 1994).
Larger portions of the mouse and human myosin-
Vlla sequences were described when it was found
that defects in myosin-Vlla cause the mouse shaker-
1 phenotype and the human Usher Syndrome 1B,
which are characterized by deafness, lack of vestibu-
lar function, and (in human) progressive retinal de-
generation (Gibson et al., 1995; Weil et al., 1995). A
still larger portion of the human sequence was de-
scribed by Hasson et al. (1995), who also used a spe-
cific antibody to the tail domain to characterize the
protein. Immunoblots indicated that myosin-Vlla is
a protein of molecular weight 230—-250 kDa which is
expressed most highly in testis but also in the retina
and the cochlea. Immunocytochemical labeling
showed that myosin-Vlla is expressed in the receptor
cells of the inner ear and the pigment epithelium
cells of the retina, consistent with the sensory deficits
of Usher syndrome 1B (Hasson et al., 1995).

The published sequence still accounts for less than
half of the predicted coding sequence of myosin-Vlla.
Whereas the “motor” head domain is like other mem-
bers of the superfamily, containing the conserved actin-
and ATP-binding regions, the uncharacterized portion
includes most of the unique tail domain that gives the
molecule its specificity. To understand the interaction
of myosin-Vlla with other proteins, specific probes
must be generated from unique segments of the tail.
In addition, gene defects in the head domain have been
found in fewer than half of the families with Usher 1B.
Additional defects in the tail may be expected in the
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remaining families and must be identified for accurate
diagnosis.

We have used probes based on the myosin-Vlla
head domain (Hasson et al., 1995) and on the genomic
structure of the Usher 1B locus (Kelley et al., in prep-
aration) to clone the rest of the cDNA encoding myo-
sin-Vlla from a human testis cDNA library. Myosin-
Vllais expressed in at least two alternatively spliced
transcripts, with the longer form predicting a protein
of 250 kDa. The tail domain includes a repeated ele-
ment of ~460 amino acids. Each element contains
two domains: one (~100 aa) that is similar to do-
mains occurring in the tails of three other myosin
families and a second (~300 aa) similar to the mem-
brane-associated portion of talin and other members
of the band-4.1 family.

METHODS

Library screening. Two different probes were used to screen a
random- and oligo(dT)-primed human testis cDNA library, con-
structed in the Lambda ZAP Express vector (Stratagene, La Jolla,
CA) and plated at 2 x 10° plaques. Hybond-N+ (Amersham) was
used for the phage lifts. Hybridization and isolation of phagemid
clones were essentially as described (Chen et al., 1992a,b).

The first probe came from an 85-kb P1 clone (P-8079) obtained by
screening the Dupont P1 library (Genome Systems, St. Louis MO)
with a probe derived from a cosmid subcloned from the YAC 965F10,
which mapped to this region (Kelley et al., in preparation). A 10-kb
EcoRI fragment of the P1 clone that mapped just past the 3’ end of
U34227 was then identified and isolated by gel purification. The
EcoRI fragment was preassociated with human Cot-1 DNA (GIBCO-
BRL) before hybridization to eliminate background from repetitive
DNA, and two overlapping clones (Nos. 4.4 and 1.13) were derived
from the EcoRI fragment screen. These encompass nt 3985-7368 of
myosin-Vlla transcript 1 (GenBank Accession No. U55208). RT-PCR
was used to obtain an additional clone that linked clone 4.4 and
U34227 (see below).

The second probe was a PCR product of 382 bp synthesized from
bases 3010-3391 of our previous myosin-Vlla sequence (Accession
No. U34227; Hasson et al., 1995). Two overlapping clones were de-
rived from this screen, encompassing nt 488—4060 of myosin-Vlla
transcript 2 (GenBank Accession No. U55209).

The database of expressed sequence tags was screened with the
sequence derived from these clones, using the BLAST network ser-
vice at the NCBI, and 11 positives were identified. One of these
(Accession No. R27660, clone 134502) was requested from the
IMAGE consortium and sequenced. Clone 134502 overlapped with
nt 6954-7368 of myosin-Vlla transcript 1.

Sequencing and sequence alignment. The DNA from selected
clones was sequenced using an automated sequencer (ABI) and as-
sembled in Sequencher 3.0 (Gene Codes, Ann Arbor, MlI), which per-
mitted simultaneous visualization of the chromatograms. All com-
piled sequence represents the agreement of at least two forward
sequences and one reverse sequence.

Alignment of similar regions in myosin-Vlla and other proteins
was performed with CLUSTAL W version 1.5, running at the Human
Genome Center, Baylor College of Medicine.

Polymerase chain reaction. Amplification consisted of 30 cycles
using 200 mM nucleotides, 1 mM primers, 1X standard buffer sup-
plied by the manufacturer, and Tag DNA polymerase (Boehringer
Mannheim, Indianapolis IN) in a total of 50 ul. Each cycle consisted
of a 15-s denaturation at 94°C; a 30-s annealing at 67°C; and a 30-
s elongation at 72°C followed by a final elongation at 72°C for 10
min. For any products larger than 2 kb, a combination of Tag and
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extender was used as recommended (Stratagene) and elongation time
was increased by 1 min/kb. Products were analyzed by electrophore-
sis on a 1-3% agarose gel and subsequently purified using the Gene-
clean 11 kit (Biol01, Vista CA). PCR primers used had the following
sequences (5’ to 3'):

ACCAGCTGGCAGCCCTGGCGGTCT
CCAAGTACCACACAGCCATGAGTGAT

3368~
3431—

Forward
Forward

my7ct34 Common
pHM7A3431F Common

4.4jr3R Transcript 1 Reverse GGTGGCCTGCAGCTCCAGCCAGCT <4023
my7c¢5600R  Transcript 1 Reverse GATCTGCACATATGCCTCGTCCTT <5604
my7¢3.1t73  Common Reverse TTGTGCCTCACACTGCTCTTCTTCT <3596
my7¢c31t71 Transcript 2 Reverse CACCACTCAGCCACCAAAAGACTTT <3815

RT-PCR and cloning of PCR products. PCR primers directed
against the 3’ end of U34227 and the 5 end of clone 4.4
(HM7A3431F/4.4jr3R) were used in an RT-PCR to isolate the in-
tervening cDNA fragment. Human testis poly(A) RNA was from
Clontech. Total RNA was isolated from human lymphocytes by the
guanidine thiocyanate method (Chirgwin, 1979). Five micrograms of
lymphocyte RNA and 1 pg of testis RNA were reverse transcribed
with 200 U of M-MLYV reverse transcriptase (Promega, Madison WI)
using an oligo(dT) primer. The cDNA was amplified in a polymerase
chain reaction as described above, and the resulting PCR products
were cloned into the PCR 11 vector using the TA cloning kit (Clontech,
Palo Alto CA).

To distinguish expression of two myosin-Vlla transcripts, they
were amplified from lymphocyte cDNA (two different samples), using
human testis cDNA as a positive control. For transcript 1, a primer
set specific for the tail of transcript 1 (HM7A3431F/my7c5600R) was
used for the first round of RT-PCR, followed by a second round of
seminested PCR using primers HM7A3431F/4.4jr3R. For transcript
2, the first round of PCR was carried out with primers HM7A3431F/
my7c3.1t71, followed by a second round of PCR using primers
HM7A3431F/my7c3.1t73. Amplified products could be detected only
after the second round of seminested PCR.

RESULTS

Identification of Two Transcripts

The apparent molecular weight of human myosin-
Vlla is ~240 kDa, based on immunoblots, but we had
previously cloned only the N-terminal half (Hasson et
al., 1995). To recover cDNAs representing the rest of
the myosin-VIla message, we used a cosmid subcloned
from a YAC containing the myosin-Vlla gene to isolate
a P1 genomic clone and identified a 10-kb fragment
that mapped just past the 3’ end of the existing cDNA.
This was used to screen a human testis cDNA library,
and two overlapping clones (Nos. 4.4 and 1.13 of 1.7
and 2.3 kb, respectively) were recovered. Neither clone
overlapped with U34227, however, so an RT-PCR was
performed with human testis cDNA and a pair of prim-
ers derived from the 3’ end of U34227 and the 5’ end
of the new clone 4.4. A product of 593 bp was amplified
and subsequently subcloned. These four overlapping
clones (Fig. 1A) represent 7368 bases of a transcript
(transcript 1), extending to the poly(A) tail. It includes
a potential polyadenylation site (CATAAA) located 20
bp upstream of the poly(A) tail. CATAAA is an uncom-
mon form of polyadenylation signal that has been ob-
served in less than 1% of all polyadenylation signals
observed (Wickens and Stephenson, 1984).

In parallel experiments, the testis cDNA library was
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FIG. 1. Sequence assembly and splice boundaries of two transcripts. (A) cDNA clones. For transcript 1, the positions of two cDNA clones
(4.4 and 1.13) and a subcloned PCR product (C-3) are shown. (B) For transcript 2, the positions of two positive cDNA clones (clones 3.1
and 5.2) are shown relative to our previous sequence (Accession No. U34227). (C) Genomic organization in the splice region. Splicing for
transcript 2 (top) includes upstream exons encoding the head domain, and exons a, b, and cd. Transcript 1 (bottom) includes exons a, b,
the “c” part of exon cd, exon e, and others downstream. (D) The division between the two parts of exon cd is marked by a vertebrate splice
site consensus. GenBank Accession Nos. are U55208 (transcript 1) and U55209 (transcript 2).

also screened with a PCR product of 382 bp (3010-
3391) constructed from the 3’ end of U34227. Two posi-
tive clones had 5’ ends that matched the existing myo-
sin-Vlla sequence at different points, and both
matched each other at their 3’ ends, which included a
poly(A) tail and two potential polyadenylation signals
(AATAAA) located 14 and 26 bases upstream of the
poly(A) tail. However, these clones did not match tran-
script 1 at their 3’ ends; instead, they represented a
second transcript that was much shorter, extending
4060 bp from the start of U34277 (Fig. 1B; transcript
2). Exhaustive screening of this library with a probe
derived from U34227 never produced a clone corre-
sponding to the longer transcript 1, perhaps due to
insufficient internal priming in library construction.
Transcript 1 has an open reading frame of 6525 bp
(bases 268—-6792, counting from the 5’ end of U34227)
which encodes a protein of 2175 amino acids with a
predicted molecular weight of 250 kDa. The predicted
amino acid sequence is shown in Fig. 2A and is most
likely the protein studied in Hasson et al. (1995). Tran-
script 2 is smaller; it has an open reading frame of 3609
bp (bases 268—3876) encoding a protein of 138 kDa.
The predicted amino acid sequence of transcript 2 is

identical to that of transcript 1 over most of its length.
At amino acid 1171, however, transcript 2 diverges en-
tirely (indicated by an asterisk in Fig. 2) and ends 32
aa later in a stop (Fig. 2B). One clone representing
transcript 2 also had a 9-bp insert, encoding 3 addi-
tional amino acids at position 1095, so that this clone
read GEGEVLQAQL, where transcript 1 had GEG-
EAQL (insert underlined). Other clones from this li-
brary representing transcript 2 do not have the VLQ
insert. Thus, there appear to be at least 3 alternative
splice forms of myosin-Vlla.

Boundaries for Alternative Splice Forms

To understand the splice events leading to the ex-
pression of these two major transcripts, PCR was used
to amplify genomic DNA between U34277 and the di-
vergent part of transcript 2, using primers my7ct34
and my7c31t71. A single PCR product of 2.5 kb was
amplified and cloned into the PCR |1 vector for sequenc-
ing. Figure 1B illustrates the arrangement of exons in
the region of the alternative splicing, deduced from the
genomic PCR product. Exons a,b, cd, and e follow im-
mediately in the genome from exons in the U34227
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MVILQQGDHVWMDLRSGQEFDVPIGAVVKLCDSGQVQVVDDEDNEHWI S PQNATHI KPMHPTSVHGVEDMIRLGDLNEAG 80
ILRNLLIRYRDHLIYTYTGSILVAVNPYQLLSIYSPEHIRQYTNKKIGEMPPHIFATADNCYFNMKRNSRDQCCIISGES 160
Q%%%?ESTKLILQFLAAISGQHSWIEQQVLEATPILEAFGNAKTIRNDNSSRFGKYIDIHFNKRGAIEGAKIEQYLLEKS 240
RVCRQALDERNYHVFYCMLEGMSEDQKKKLGLGQASDYNYLAMGNCITCEGRVDSQEYANTHSAMKVIMFTDTENWEISK 320
LLAAILHLGNLQYEARTFENLDACEVLFSPSLATAASLLEVNPPDLMSCLTSRTLITRGETVSTPLSREQALDVRDAFVK 400
GIYGRLFVWIVDKINAAIYKPPSQDVKNSRRSIGLLDIFGFENFAVNSFEQLCINFANEHLOQQFFVRHVLKLEQEEYDLE 480
SIDWLHIEFTDNQDALDMIANKPMNIISLIDEESKFPKGTDTTMLHKLNSQHKLNANYIPPKNNHETQFGINHFAGIVYY 560
ETQGFLEKNRDTLHGDIIQLVHSSRNKFIKQIFQADVAMGAETRKRSPTLSSQFKRSLELLMRTLGACQPFFVRCIKPNE 640

actin

FKKPMLFDRHLCVRQLRYSGMMETIRIRRAGYPIRYSFVEFVERYRVLLPGVKPAYKQGDLRGTCQRMAEAVLGTHDDWQ 720

IGKTKIFLKDHHDMLLEVERDKAITDRVILLOKVIRGFKDRSNFLKLKNAATLIQRHWRGHNCRKNYGIMRLGSLRLQAL 800

Q1 + Q2 + 1Q3
HRSRKLHQQYRLARQRIIQFQARCRAYLVRKAFRHRLWAVLTVQAYARGMIARRLHQRLRAEYLWRLEAEKMQLAEEEKL 880
1Q4 + 1Q5 q
RKEMSAKKAKEEAERKHQERLAQLAREDAERELKEKEAARRKKELLEQMERARHEPVNHSDMVDKMFGFLGTSGGLPGQE 960
oiled coil
GQAPSGFEDLERGRREMVEEDLDAALPLPDEDEEDLSEYKFAKFAATYFQGTTTHSYTRRPLKQPLLYHDDEGDQLAALA 1040
---------------- MyTH4-———— -

VWITILRFMGDLPEPKYHTAMSDGSEKIPVMTKIYETLGKKTYKRELQALQGEGEAQLPEGQKKSSVRHKLVHLTLKKKS 1120

KLTEEVTKRLHDGESTVQGNSMLEDRPTSNLEKLHFIIGNGILRPALRDEIYCQISKQLTHNPSKSSYARGWILVSLCVG 1200
/. *,

Y

CFAPSEKFVKYLRNFIHGGPPGYAPYCEERLRRTFVSGTRTQPPSWLELQATKSKKPIMLPVTFMDGTTKTLLTDSATTA 1280

KELCNALADKISLKDRFGFSLYIALFDKVSSLGSGSDHVMDAISQCEQYAKEQGAQERNAPWRLFFRKEVFTPWHSPSED 1360
NVATNLIYQQVVRGVKFGEYRCEKEDDLAELVSQQYFVDYGSEMILERLLNLVPTYIPDREITPLKTLEKWAQLATAAHK 1440
....................................................................... £QliN-liKE ---+-rerrrrerrerrerr e e

KGIYAQRRTDAQKVKEDVVSYARFKWPLLFSRFYEAYKFSGPSLPKNDVIVAVNWIGVYFVDEQEQVLLELSFPEIMAVS 1520

SSRGAKTKAPSFTLATIKGDEYTFTSSNAEDIRDLVVTFLEGLRKRSKYVVALQDNPNPAGEESGFLSFAKGDLIILDHD 1600

TGEQVMNSGWANGINERTKQRGDFPTDSVYVMPTVTMPPREIVALVTMTPDQRQDVVRLLQLRTAEPEVRAKPYTLEEFS 1680

YDYFRPPPKHTLSRVMVSKARGKDRLWSHTREPLKQALLKKLLGSEELSQEACLAFIAVLKYMGDYPSKRTRSVNELTDQ 1760
MyTH4
My 1 R4
IFEGPLKAEPLKDEAYVQILKQLTDNHIRYSEERGWELLWLCTGLFPPSNILLPHVORFLOSRKHCPLAIDCLQRLQKAL 1840

RNGSRKYPPHLVEVEAIQHKTTQIFHKVYFPDDTDEAFEVESSTKAKDFCONIATRLLLKSSEGFSLFVKIADKVLSVPE 1920
NDFFFDFVRHLTDWIKKARPIKDGIVPSLTYQVFFMKKLWTTTVPGKDPMADSIFHYYQELPKYLRGYHKCTREEVLQLG 2000
tAlIN-lIK@ ~-orerrererrerre e

ALIYRVKFEEDKSYFPSIPKLLRELVPQDLIRQVSPDDWKRSIVAYFNKHAGKSKEEAKLAFLKLIFKWPTFGSAFFEQT 2080

2160
MLTAMSKQRGSRSGKe 2175
GQAPSGFEDLERGRREMVEEDLDAALPLPDEDEEDLSEYKFAKFAATYFQGTTTHSYTRRPLKQPLLYHDDEGDQLAALA 1040

VWITILRFMGDLPEPKYHTAMSDGSEKIPVMTKI YETLGKKTYKRELQALQGEGEVLQAQL, PEGQKKSSVRHKLVHLTLK 1120
____________________ -/

KKSKLTEEVTKRLHDGESTVQGNSMLEDRPTSNLEKLHFIIGNGILRPALRSVPESLLVAEWCLCQPSKRLSQAWPGFGF 1200
/. /

/ -/

AASe 1203

FIG. 2. (A) Amino acid sequence predicted from transcript 1. The head domain (aa 1-742) includes the ATP- and actin-binding
sites (underlined), followed by five light-chain-binding 1Q motifs (IQ 1-5), and a predicted coiled-coil region (aa 859-940). Two MyTH4
domains (aa 1016-1054//1145-1217 and 1710-1821) are indicated by dashes, and two talin-like domains (aa 1267-1568 and 1872—
2167) are indicated by dots. The point of divergence of transcript 2 at aa 1171 is indicated by an asterisk. (B) the C-terminal 243
amino acids of transcript 2. The divergent portion is indicated in boldface; the alternatively spliced amino acids (VLQ) are underlined.
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FIG. 3. RT-PCR of myosin-Vlla transcripts 1 and 2. (A) Tran-
script 1. PCR primers unique to transcript 1 (HM7A3431F/
my7c5600R + 4.4jr3R) were used to amplify a fragment of ~600 bp
from testis cDNA and two samples of lymphocyte cDNA. (B) Tran-
script 2. With primers unique to transcript 2 (HM7A3431F/
my7c31t71 + my7c¢31t73), a fragment of ~170 bp was amplified from
two testis samples and two lymphocyte samples. Arrows in Fig. 1
indicate the position of PCR primers used for RT-PCR. M indicates
1-kb ladder.

cDNA. In addition to upstream exons, transcript 2 in-
cludes exons a, b, and cd; transcript 1 includes exons
a, b, part c, exon e, and others downstream. The last
exon of transcript 2 (exon cd) represents bases 3652—
4060. However, the point of divergence is at base posi-
tion 3780; thus the splice occurs in the middle of an
exon, and the divergent part of transcript 2 (d) is in
the same exon as a common part (c). The apparent
splice point is next to a potential 5’ splice donor site
(GT), and the sequence around the splice junction also
fits the vertebrate 5’ splice site consensus (Fig. 1C).
Moreover, this type of splice event has been docu-
mented for the immunoglobulin yx constant region,
where it results in either the secreted or membrane-
bound form of the protein (Roger et al., 1980). A de-
tailed analysis of intron/exon boundaries of the entire
myosin Vlla gene will be presented separately (Kelley
et al., submitted for publication).

Expression of Myosin-Vlla

RT-PCR was also used to study the expression of the
myosin-Vlla in testis and lymphocytes. With a forward
primer derived from U34227 and nested reverse prim-
ers unique to transcript 1 or transcript 2, PCR products
of the correct size (~600 and ~170 bp) were amplified
in both lymphocytes and testis (Figs. 3A and 3B). With
a different forward primer from U34227 and a single
reverse primer from transcript 2 (my7ct34/my7c31t71),
a product of the correct size (~440 bp) was amplified
from human testis cDNA and the control transcript 2
clones, confirming that this transcript is expressed in
testis (data not shown).

Domain Structure of the 250-kDa Form

Figure 2 shows the predicted amino acid sequence of
the larger and most abundant form of myosin-Vlla, and

CHEN ET AL.

Fig. 4 illustrates the notable domains of both tran-
scripts schematically. The predicted molecular weight
of the larger form is 250 kDa and the pl is 8.5. The
myosin head domain, 1Q motifs, and coiled-coil domain
have been reported previously (Gibson et al., 1995; Weil
et al., 1995; Hasson et al., 1995)

An internal repeat. Myosin-Vlla has a long re-
peated element of about 460 amino acids (aa 1016—
1568 and 1708—-2167). The first element is interrupted
by an insertion of about 90 amino acids (aa 1055-
1145), but the elements are otherwise 28% identical at
the amino acid level. Each element has two domains
that are similar to domains in other proteins: the
MyTH4 domain and the talin homology domain.

The MyTH4 domain. The first ~110 amino acids
of each repeat element constitute a highly conserved
domain found in four different branches of the myosin
superfamily (Fig. 5). We have named this motif the
MyTH4 domain, for myosin tail homology, and num-
bered it to distinguish it from homologies TH1-3 found
in the tails of myosins-1 (Hammer, 1994). An Acantha-
moeba myosin heavy chain that has been assigned to
class IV contains one domain toward the C-terminal of
the tail (Horowitz and Hammer, 1990). Myosin-Vlla
has two copies of the domain, as does a novel Caeno-
rhabditis elegans myosin, encoded by a gene on cosmid
F46C3 and likely to be named myosin-XI1 (Accession
No. Z66563). Within the domain, each myosin is about
35% identical to a consensus sequence.

The talin homology domain. The last ~300 amino
acids of each myosin-Vlla element are similar to a con-
served domain in the band-4.1 superfamily of proteins
(Algrain et al., 1993b). These regions (amino acids
1267-1568 and 1872-2167) are most similar to talin
and filopodin, being about 20% identical at the amino
acid level (Fig. 6). They are slightly less similar (18%
identical) to the same domain in the ERM branch of the
band-4.1 family, which includes ezrin, radixin, moesin,
and merlin, and they have limited similarity to band-
4.1 itself (11%). Although the identity is not strong,
the similarity is significant and extends over a long
distance. These two domains in myosin-Vlla appear to
be equally distant from the talins and from the ERMs:
the amino acids conserved between myosin-Vlla and
the talins are not consistently conserved between myo-
sin-Vlla and the ERMs, but other amino acids are con-
served between myosin-Vlla and the ERMs. Identities
between each group are illustrated in Fig. 6.

DISCUSSION

Expression of Two Myosin-Vlla Transcripts

Analysis of cDNA sequences for myosin-Vlla has
identified two different transcripts, encoding differ-
ent tails associated with the same motor domain. The
major cDNA for myosin-Vlla encodes a 250-kDa poly-
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FIG. 4. Domain structure of the predicted amino acid sequences for both transcripts. The antigen used for the myosin-Vlla-tail-specific
antibody (Hasson et al., 1995) is common to both transcripts, so the antibody should also recognize a protein of the transcript 2 molecular

weight in tissues where that transcript is expressed.

peptide, in keeping with the identification of a 240-
kDa protein by immunoblot using antibodies directed
against the proximal portion of the myosin-Vlla tail
(Hasson et al., 1995). Our RT-PCR data indicate that
transcript 2, encoding the shorter 138-kDa form of
myosin-Vlla, is expressed in testis. Using a probe
specific to the unique 3’ end of transcript 2, however,

we were unable to detect expression of this transcript
in Northern blots of testis, suggesting a low level of
expression. In frogs and rodents, we have not de-
tected the expression of the 138-kDa form in either
retina or cochlea as judged by immunoblot (T. Has-
son, unpublished data) although the 250-kDa form
can be clearly detected. Production of 138-kDa-form-
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QTGHDLRPLRDELYCQLIKQTNKVPHPG SVGNLCSWQILTCLSCTFLP SRGILKYLKFHL
QQGI SNPCQRDEILVQTINQ INKN--QDKTASDNGWKLVHMAISVFPP TENI IPMLIGFF
LICHRQPTLRDEVYCQLIKQTTSNISQKPNSALRAWRLLT IITAYFPS SLTLKPYVLQYL
KKTLKRVELRDELFAQ ISKQTRHN--PDRQYLIKAWELMY LCAS SMPP SKDIGGYLSEYI

Myo
Myo
Myo
Myo
Myo
Myo
Ath

Myo
Myo
Myo
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Myo
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VIIa
v

XII
XII
kin

VIIa
VIIa
Iv

XII
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kin

(A) Positions of MyTH4 domains (checkered) in myosins Vlla, 1V, X, and XlI, and a kinesin-like protein in plants. “Motor

domain” indicates myosin heads or a kinesin motor domain; the ovals indicate calmodulin or other light-chain-binding domains. (B) Sequence
comparisons. Amino acids identical to the consensus are shaded (human myosin-Vlla, Accession No. U55208; Acanthamoeba myosin-1V,
Accession No. M60954; C. elegans myosin-XII, Accession No. Z66563; Arabidopsis thaliana kinesin-like protein, Accession No. L40358).
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myaosin Vila talin homology
) ) I I I 1 s00a.a.
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filopodin [T I ]
merlin 1 | ]
ezrin [ [ ]
1266 LT SA'IﬁAKELCNALA SLKDRPGERT]Y 1Af]FDRVSSTHsfs - - - ---- - oo oo oo BrvMpa 1socEQYA QERNAPW MyoVIIa
1872 igele) LKSSEGF FVKIADKVLSVPENDFFFqFVR ————————————————— HLTDf|1KKARPIK-DGIffPSL--TY MyoVIIa
94 MT] hKKUh}Bl‘HLLR_K TLLRDEKKMEKLKQKLHTPO HGRTLR-EQGHY- - talin
2 TASRMSF QPKTFTVRIVTMDA NCEMKWEGK - -~ ———-- DL|FDLVCRTLGLRETWFFGLQYT IKHTV. KKVL-D merlin
1343 RiJFR TevHs g efida T - GVKh_LYK(.}:.Kh.U——DIEELVSEQY YGSEMILERLLNLVPTYI - DRETTPLRTLERWAQIATAY MyoVIIa
1952 QVEFMRKLWT-TTPGKDEMADS IF pr YHKCTREEVL.QLGAL T YRVKF[EED- -KSYFPSIP) ——QDLI SPDDWK E AY MyoVIIa
101 rflu Y SDO) SHPVSFDRACEFHGF oclirardrH-NHOK KDFL. - - ———— talin
94  FHF PENAEEELVQEITQ F-F DEKIYCPPEA SYA vigbv-DP QEBLLEKRVINL merlin
1439 EHKGIVAQRRTDBORVKEDVVSYARFKWPLLE SRFYEAYKF SGPSLPKNDVI VAVNWIGHYF EofiL E BreEfavesBReaKiTAPSFTLATT  MyoVIIa
2047 FNKHAGKH-K A----FLRIJ1FKWD EoTTER- - NFPETLf]IANKYGMSL IR TLTTHPF[RKIs IS seNT YRET - - - TIRNLY  MyoVITa
283 [nceoMg-E1 - f VKERMKG PRLIGITREC TOEWSLINIK R SFTL---FFEDYQ  talin
192 YAEHRGRA- £ - - -MEk[ThlonifE TRNKKGTELLLGVDALGLHTY - - DPENRL{JPKISF PN~ BIRNISY] TIKPLG-KKID merlin
1538 KpElfrrTssn TFL-E —R@ MyoVIIa
2136 SKLLC SLAYKMD T -TA MyoVIIa
R i
375 m i talin
282 VFKF KLR FMR! merlin
FIG. 6. (A) Location of talin-homology domains in myosin Vlla, talin, filopodin, merlin, and ezrin. (B) Sequence comparisons for selected

examples (mouse talin, Accession No. P26039; human merlin, Accession No. P35240). Amino acids that are identical to talin are boxed;
those identical to merlin are shaded. Note that few amino acids are shared by all four sequences. The tyrosine phosphorylated in ERM
family members is indicated by an asterisk. Neither myosin-Vlla nor talin has a tyrosine at this position.

specific antibodies is in progress to address the func-
tion of this novel isoform.

RT-PCR experiments indicate that myosin-Vlla is
expressed at least at low levels in lymphoblasts. This
is in agreement with the work of Bement et al. (1994),
who identified myosin-Vlla expression by RT-PCR
from peripheral blood lymphocytes. Although the pro-
tein could not be detected by immunoblot, the message
could be amplified. This should simplify mutation
screening in those at risk for Usher 1B since the large
myosin-Vlila gene would not need to be screened exon
by exon, although genomic amplification will still be
needed in cases where mutations involve splice sites.

Similarity to Other Myosins

As previously reported (Gibson et al., 1995; Weil et
al., 1995; Hasson et al., 1995), the head domain of myo-

sin-Vlla is similar to that of other members of the myo-
sin superfamily and includes the ATP-binding site and
the actin-binding site (indicated on Fig. 2). This is fol-
lowed by 5 1Q motifs, which are probable binding sites
for regulatory light chains such as calmodulin (Cheney
and Mooseker, 1992; Hasson and Mooseker, 1995). The
IQ domains are followed immediately by a predicted
coiled-coil domain of 80 amino acids. Although this is
short in comparison to some myosins, it is probably
sufficient to mediate dimerization, so that the native
protein (with light chains) would occur as a complex of
up to 670 kDa.

Except for coiled-coil domains, the tails of different
myosin classes are thought to be quite different (Moose-
ker and Cheney, 1995). Thus it is especially interesting
to find a large domain in the myosin-Vlla tail (MyTH4)
that is shared by other myosin classes. The only other
motif shared by multiple myosin classes is the SH3



MOLECULAR CLONING OF HUMAN MYOSIN-Vlla

domain found in myosins | and IV (Mooseker and
Cheney, 1995). In contrast, the other conserved domain
in the tail (talin homology) has been found primarily
in the band-4.1 superfamily.

Phylogenetic analysis of myosin motor domains has
shown that myosin-Vlla is most similar to the myosin-
X class (D. P. Corey and R. E. Cheney, unpublished
results; Mooseker and Cheney, 1995). Myosin-X has
been cloned in part from bullfrog inner ear (Solc et al.,
1994) and in full from bovine aorta (D. P. Corey and
R. E. Cheney, unpublished results). Bovine myosin-X
has a single MyTH4 domain, followed by a talin homol-
ogy at its C-terminal. These similarities suggest a con-
servation of tail function between these two classes, in
addition to the motor function common to all myosin
heads. Recently, a protein from Arabidopsis with a
kinesin motor domain has been identified (Reddy et al.,
1996). It has also a MyTH4 domain followed by a talin
homology domain (Fig. 5), suggesting that the pairing
of these domains in association with a motor is func-
tionally significant.

The MyTH4 Domain

The best characterized of the four myosins carrying
a MyTH4 domain is Acanthamoeba myosin-I1V. Pre-
liminary work has found that myosin-1V is a monomer
with a globular myosin motor head and a 50-nm tail
(Repezza et al., 1994). This suggests that the MyTH4
domain does not facilitate dimerization. Although myo-
sin-Vlla and myosin-X both harbor the talin homology,
myosin-1V and myosin-XII do not, suggesting that the
MyTH4 and talin domains in the repeat element can
also serve distinct functions.

The Talin Homology Domain

The two 300-amino-acid domains found in myosin-
Vl1la are homologous to a portion of talin that has been
well characterized biochemically. Talin was first identi-
fied as a component of adhesion plaques (Burridge and
Connell, 1983) and was found to be capable of inter-
acting with membranes, actin, and the adhesion-plaque
component, vinculin (Nuckolls et al., 1990; Niggli et al.,
1994). The membrane binding portion of talin has been
mapped to the N-terminal 47 kDa (434 aa), of which aa
94-406 constitute the talin homology region in myosin-
Vlla. The actin and vinculin binding sites have been
mapped to the C-terminal 220-kDa fragment and are
distinct from the N-terminal domain (Nuckolls et al.,
1990; Niggli et al., 1994). The membrane-binding char-
acteristics of the 47-kDa N-terminal talin peptide have
been studied extensively in vitro and have been found
by a number of methods to bind acidic phospholipids
specifically (for review see Nuckolls et al., 1990).

The N-terminus of talin is also homologous to the N-
termini of band-4.1 and members of the ERM family
of actin-binding proteins (ezrin, radixin, moesin, and
merlin). Band-4.1 has also been found to bind preferen-
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tially to acidic phospholipids via its N-terminal domain
(Cohen et al., 1988). Biochemical analysis of the N-ter-
minal domain of ERM family members has not been
performed, but all ERM proteins are associated with
plasma membrane compartments (Algrainet al., 1993a;
Sato et al., 1992; Berryman et al., 1993). These shared
functional roles suggest that the two talin homology do-
mains found in the tail of myosin-Vlla target this molec-
ular motor to plasma membrane compartments and, in
particular, to acidic phospholipid bilayers.

In addition to membrane binding activities, the talin
homology domains may also serve a role as protein-
binding sites. The N-terminus of band-4.1, for example,
has been shown also to serve as the binding site for
both glycophorin C and p55 (Marfatia et al., 1994) as
well as calmodulin (Kelly et al., 1991). The N-terminus
of ezrin serves a self-association role, as it can bind to
the C-terminus of another ezrin molecule (Gary and
Bretscher, 1995; Bretscher et al., 1995). Therefore, we
cannot rule out that the talin homology domains in
the myosin-Vlla tail serve a role in protein—protein
interaction or dimerization.

The N-terminal domain of ERM family members has
also been shown to serve a regulatory function. Upon
treatment with growth factors, human epidermoid car-
cinoma A431 cells are stimulated to form microvilli and
exhibit membrane ruffling. This activity is correlated
with the phosphorylation of ezrin by a tyrosine kinase
(Brescher, 1989). One of the sites, Tyr145, lies in the
N-terminal domain homologous to the talin homology
of myosin-Vlla (Krieg and Hunter, 1992). This amino
acid is conserved in other family members, including
radixin and merlin (Fig. 6), but is not conserved in
talin, band-4.1, or myosin-Vlla. Therefore, it is likely
that myosin-Vlla is not regulated at the level of tyro-
sine phosphorylation of the talin homology domains.

Preliminary biochemical analysis of the 250-kDa my-
osin-Vlla polypeptide shows it to be tightly associated
with membrane in both testis and kidney (T. Hasson
and M. Mooseker, unpublished observations). In both
tissues, it is also found in close association with polar-
ized, bundled actin filaments. This type of location is
also seen in retina and cochlea where myosin-Vlla is
associated with the apical actin-rich villi of the retinal
pigmented epithelium and the stereocilia of the co-
chlear hair cells (Hassonet al., 1995). Given the domain
structure of myosin-Vlla, it is possible that the tail of
myosin-Vlla serves to target the motor to membranes
or membrane proteins while the motor domain targets
the protein to polarized actin filaments. Myosin-Vlla
may therefore serve a structural role tethering the bun-
dled, polarized actin filaments of both villi and ste-
reocilia to the plasma membrane.

Since this paper was submitted, Weil et al. (1996)
have also described the cloning of the full-length myo-
sin-Vlla from retinal pigment epithelial cells. In addi-
tion to two small inserts, which may represent splice
differences between retina and testis, their sequence
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has 10 single-base differences resulting in 7 amino acid
differences, which might be polymorphisms.
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