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Abstract

Myosin is believed to act as the molecular motor for many actin-based motility processes in eukaryotes.
It is becoming apparent that a single species may possess multiple myosin isoforms, and at least seven
distinct classes of myosin have been identified from studies of animals, fungi, and protozoans. The
complexity of the myosin heavy-chain gene family in higher plants was investigated by isolating and
characterizing myosin genomic and cDNA clones from Arabidopsis thaliana. Six myosin-like genes were
identified from three polymerase chain reaction (PCR) products (PCR1, PCR11, PCR43) and three
c¢DNA clones (ATM2, MYA2, MYA3). Sequence comparisons of the deduced head domains suggest
that these myosins are members of two major classes. Analysis of the overall structure of the ATM2
and MYA2 myosins shows that they are similar to the previously-identified ATM1 and MYA1 myosins,
respectively. The MYA3 appears to possess a novel tail domain, with five IQ repeats, a six-member
imperfect repeat, and a segment of unique sequence. Northern blot analyses indicate that some of the
Arabidopsis myosin genes are preferentially expressed in different plant organs. Combined with previous
studies, these results show that the Arabidopsis genome contains at least eight myosin-like genes repre-
senting two distinct classes.

Introduction

Plant cells exhibit a diverse array of actin-based
motility processes [50]. These include cytoplas-
mic streaming (intracellular movement of endo-
plasmic reticulum along actin filaments) [10, 20,
29, 49], directed secretory vesicle transport 38,
48, 51], organelle movements [31, 34], and cell
contraction [30]. Myosin is believed to act as the

molecular motor responsible for the actin-based
motility observed in eukaryotic cells [13, 22, 43,
56]. Biochemical and immunological studies have
shown that plants possess myosin-like proteins
that range in size from 100 to 205 kDa [ 14, 33, 41,
44, 53, 55, 57]. Evidence for a myosin-like activity
in pollen tubes has been obtained through the use
of actin-based motility assays [25-27, 57].

The primary structures of several forms of

The nucleotide sequence data reported will appear in the EMBL, GenBank and DDBJ Nucleotide Sequence Databases under
the accession numbers Z34295 (PCR1), Z34296 (PCR11), Z34297 (PCR43), Z34292 (ATM2), 234293 (MYA2), and 734294
(MYA3).
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myosin heavy chains have been determined from
animals, fungi, and protozoans [28, 40, 43, 56].
Allmyosins identified to date possess a conserved
NH,-terminal ‘head’ (or motor) domain of ap-
proximately 80 kDa with ATP- and actin-binding
properties. The COOH-terminal ‘tail’ domain, on
the other hand, is variable in length and structure
in different myosins. Based on the primary se-
quence of the head domain, Cheney et al. [4]
have divided all known myosins into at least
seven different classes. The conventional double-
headed myosins initially discovered in muscle
cells [56] make up the myosin-II class. The tails
of these proteins are approximately 140 kDa and
display a strong a-helical coiled-coil structure
which leads to their dimerization and association
into filaments. The other classes of myosins (gen-
erally referred to as unconventional myosins)
possess structurally diverse tail domains, which
may serve to define the cellular component with
which each myosin interacts [43]. Within a single
species, the number of myosin isoforms can be
very large, due to multiple myosin-encoding genes
and alternative RNA processing [40, 43, 56].

Relatively little is known about the types or
structures of myosins in plants, compared to our
understanding of myosins in other eukaryotes.
The sequences of two cDNAs encoding myosin-
like polypeptides from Arabidopsis thaliana have
recently been reported, and these have been des-
ignated ATM1 [24] and MYA1 [23]. Sequence
comparisons suggest that the products of these
genes represent members of two distinct classes
of myosin. The ATM1 myosin has a predicted
size of 131kDa, possesses an unusual NH,-
terminal extension and a tail segment with a
unique structure, and is proposed to be a class
VIII myosin [24]. The MYA1 myosin has a pre-
dicted size of 173 kDa with an overall structure
similar to the class V myosins [23], which in-
cludes the yeast MYO?2 [18], mouse dilute [35],
and chicken p190 [7].

Because many myosin isoforms exist in other
organisms, it is likely that higher-plant species
possess families of myosin genes that may exhibit
developmental or functional specificities. To ex-
amine the myosin gene family in Arabidopsis, we

have identified polymerase chain reaction (PCR)
and cDNA clones that represent sequences from
six new myosin-like genes. Transcripts from some
of these genes preferentially accumulate in spe-
cific organs of the plant. The products of these six
genes appear to be new members of two major
classes of plant myosins.

Materials and methods
Plant materials and growth conditions

Arabidopsis thaliana (ecotype Columbia) plants
were used for all DNA and RNA extractions.
DNA was isolated from the leaves of 4-week-old
plants grown at 22 °C under 16 h light/8 h dark
conditions. RNA was extracted from the follow-
ing tissues: leaves from 3-week-old plants (prior
to the bolting stage) grown at 22 °C under 16 h
light/8 h dark, stems (excluding axillary leaves)
from 4-6-week—old plants grown at 22 °C under
16 h light/8 h dark, flowers at all stages of devel-
opment (shoot apex, flower buds, and mature
flowers) from 4-6-week-old plants grown at
22 °C under 16 h light/8 h dark, and roots (ca.
2 cm long) from 5-day-old seedlings grown on
agarose-solidified media under axenic conditions
at 22 °C under continuous light, as previously
described [47].

Cloning and sequencing of the myosin PCR clones

Degenerate oligonucleotide primers, including
restriction enzyme sites, were synthesized to
the amino acid sequences ERNFHIFY (5'-
acactgcaGARMGNAAYTWYCAYATHT-
TYTA-3') and LDIYGFE (5 -caagaaTTC-
RAANCCRWADATRTCNA-3") and used in a
polymerase chain reaction (PCR). Arabidopsis
genomic DNA (0.6 ug) was mixed with 1 ug of
each oligonucleotide primer and amplified with
Tag DNA Polymerase (Perkin Elmer-Cetus)
during 30 cycles with: 94 °C, 90 s for denaturing;
50 °C, 120 s for annealing; and 72 °C, 120 s for
synthesis. The PCR products were excised from



a 1.0%, agarose gel, purified by electroelution,
digested with Pst1 and Eco RI (Boehringer
Mannheim Biochemicals), and cloned into a
pBluescript SK+ vector (Stratagene) digested
with the same restriction enzymes. The plasmid
DNA inserts were subjected to dideoxy sequenc-
ing [46] using T7 and T3 promoter primers and
synthetic oligonucleotides.

The ¢cDNA library (a kind gift from J. Ecker,
University of Pennsylvania) was constructed in
the AZapll vector (Stratagene) from poly(A)™*
RNA of etiolated, 3-day-old Arabidopsis seedlings
(ecotype Columbia) size selected for 3-6 kb
RNAs. Most of the cDNAs in this library lacked
poly(A) tails. A total of 400000 plaques were
screened by the method of Benton and Davis [1]
using the PCR-generated clones as probes. The
recombinant pBluescript plasmids were excised
from the lambda clones and both DNA strands
were sequenced by the dideoxy method [46].
Oligonucleotide primers were synthesized (U.M.
Molecular Genetics Facility) at each step for the
ordered sequencing of the clones.

Sequence analyses were performed using the
software package by the University of Wisconsin
Genetics Computer Group [6] and the MultAlin
program (Cherwell Scientific, Oxford) [5]. The
program of Lupas et al. [32] was used to define
protein domains of coiled-coil structure. Searches
of the GenBank database were performed with
the FASTA program [42].

Southern and northern blot analyses

After restriction enzyme digests, the DNA was
separated in 0.7%, agarose gels and transferred to
nylon membranes, essentially as described [45].
Prehybridization and hybridization for Southern
analyses at the standard (high) stringency were
carried out in 7% SDS, 0.25M sodium phos-
phate, ] mM EDTA, and 19, casein at 68 °C,
with the final wash in 0.1 x SSC (1x SSC is
150 mM NaCl, 15mM sodium citrate pH 7.0)
and 0.1% SDS at 60 °C for 30 min. For reduced
stringency Southern analysis, prehybridization
and hybridization was in 6 x SSPE, 0.5% SDS,
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6 x Denhardt’s solution (1 x Denhardt’s solu-
tion is 0.02% PVP, 0.02%, bovine serum albumin,
0.02% Ficoll), 100 pg/ml denatured DNA, and
1mM EDTA at 55 °C, with the final wash in
0.1 x SSC and 0.1%, SDS at 50 °C for 20 min.

RNA was isolated by a guanidium thiocyanate
procedure and used in northern blotting essen-
tially as described [45]. Prehybridization, hybrid-
ization, and washing of membranes were carried
out under the standard (high stringency) condi-
tions described above for Southern analysis. A
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Fig. 1. Southern (DNA) blot analysis of drabidopsis genomic
DNA. Five ug of DNA was digested with the indicated re-
striction enzymes, separated in a 0.7%, agarose gel, and blot-
ted onto nylon membrane. The filter was hybridized under
conditions of reduced stringency (see Materials and methods)
with a random-primed **P-labeled 616 bp Eco RV fragment
from the MYA1 cDNA clone. The fragment extends from
nucleotide position 828 to 1443 [23] (corresponding to amino
acids 227 to 431). Positions of the DNA molecular weight
markers are indicated in kilobases.
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ATM1 FIRCIKPNNIQSPGVYEQGLVLQQLRCCGVLEVVRISRSGFPTRMSHQKFSRRYGFLLVENIADRDPLSVSVAILHQFNILPEMYQVGYTKLF
ATM2 FIRCIKPNSKQLPRVYEEDLVLQQLRCCGVLEVVRISRSGYPTRLTHQEFAGRYGFLLSDKKVAQDPLSVSIAVLKQYDVHPEMYQVGY TKLY
MYAl YIRCIKPNNVILKPGIFENFNVIHQLRCGGVLEATIRISCAGYPTRLAFYDFLDRFGLLAPEVLEGNYDDKVACQMILDKKSLTD-YQIGKTKIF
MYA2 YIRCIKPNNLLKPGIFENENILQQLRCGGVMEAIRISCAGYPTRKHFDEFLARFGILAPEVLVKNSDDPAACKKLLDKVGLEG~-YQIGKTKVF
MYA3 YIRCVKPNNLLQPTVFDNANVLHQLRSGGVLEATRVKCAGYPTNRTFIEFLNRFLILAPEILKGEYEAEVACKWILEKKGLTG-YQIGKSKVF

Consen .IRCIKPNN#*,.P.*.E...VL.QLRC.GVLE**RIS..GYPTR....-F*.,R.G.L*,E.*....... Vieeoakouos L...YQ*G.TK*F

ATM1 FRTGQIGVLEDTRNR
ATM2 LRTGQIGIFEDRRKK
MYAl LRAGQMAELDARRAE
MYA2 LRAGQMADLDTRRTE
MYA3 LRAGQMAELDAHRTR

Consen LR.GQ...L-.+R..

Fig. 2. Comparison of the deduced amino acid sequences from the head (motor) domain of myosin gene fragments isolated from
Arabidopsis thaliana. The sequences were aligned with the MultAlin program [5], with gaps represented by dashes lines. The
consensus sequence indicates amino acids present in at least 75% of the sequences. In the consensus, x represents A, I, L, or
V; — represents D or E; + represents H, K, or R; and a e represents a position with no clear consensus residue. The putative
ATP-binding sequence and the actin-binding sequence are underlined in that order [43]. The positions of the four introns in the
PCR1, PCR11, and PCR43 genomic sequences are indicated by triangles. Sequences: ATM1 (from [24]); ATM2, MYA2, MYA3,
PCR1, PCR11, and PCR43 (this study); MYA1 (from [23]); ARAB3 (from [36]). The sequence of ARAB3, a PCR-amplified partial
Arabidopsis myosin-like gene [36], is nearly identical to ATM1 (97.5% amino acid identity and 98.5%, nucleotide identity) and may
represent a different allele of ATM1; thus, it is not included in the other comparisons.

soybean 18S rRNA gene fragment (a kind gift
from R. Meagher, University of Georgia) was
used as a loading control probe.

Labeling of DNA fragments for use as
probes in hybridization analyses was performed
using a random-primed labeling kit (Boehringer
Mannheim Biochemicals).

Results

Reduced-stringency hybridization with a myosin
gene probe

In an effort to detect myosin-like sequences in the
Arabidopsis genome, a Southern blot was probed

Table 1. Percent amino acid sequence identity between the head domains of myosin-like polypeptides from Arabidopsis. Percent
similarity is in parenthesis. Data were obtained using the BESTFIT program [6]. Sequences are as in Fig. 2.

MYOSIN ATMI ATM2 MYAL MYA2 MYA3 PCR1 PCR11
ATM2 67.0
(78.2)
MYAI 45.0 447
(64.8) (64.2)
MYA2 45.6 436 73.4
(66.7) (64.3) (83.7)
MYA3 41.1 40.9 72.7 72.0
(63.2) (61.8) (86.0) (82.4)
PCR1 434 38.7 65.6 66.1 74.1
(59.9) (55.2) (81.2) (80.6) (84.2)
PCRI11 41.0 372 66.8 68.4 63.0 63.2
(60.1) (56.3) (81.3) (81.3) (79.0) (80.5)
PCR43 424 39.9 70.7 71.8 74.7 86.0 66.3
(62.0) (57.4) (83.0) (84.6) (83.5) (94.1) (84.0)
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Fig. 3. Southern (DNA) blot analysis of 4rabidopsis genomic DNA using myosin genomic (PCR) and ¢DNA clones. Five ug of
genomic DNA was digested with the indicated restriction enzymes, separated in a 0.7%, agarose gel, and blotted to nylon mem-
brane. A. The filter was hybridized with a random-primed **P-labeled fragment from the entire PCR1 genomic clone. B. The fil-
ter was hybridized with a random-primed 32P-labeled fragment from the entire PCR11 genomic clone. C. The filter was hybrid-
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Fig. 4. Schematic comparison of the predicted domains of five myosins from Arabidopsis thaliana. The domains include the head
(motor) domain, IQ repeats (putative calmodulin-binding sequences), coiled-coil domain, and distal tail domain. Sequences: ATM1
(131 kDa, from [24]); ATM2 (estimated 133 kDa, this study); MYA1 (173 kDa; from [23]); MYA2 (172 kDa, this study); and
MYA3 (estimated 145 kDa, this study). Numbers refer to deduced amino acid sequence position. The ATM1 and ATM2 myo-
sins possess an NH,-terminal extension. The ATM2 and MYA3 ¢cDNAs are truncated at the 5' end; the numbering is based on

the size of the related myosins.

at a reduced stringency (see Materials and meth-
ods) with a labeled DNA fragment corresponding
to a conserved region of the myosin head. This
fragment was isolated from the previously char-
acterized Arabidopsis MYA1 cDNA clone [23].
Under these conditions, many hybridizing frag-
ments were detected from each restriction enzyme
digest of genomic DNA (Fig. 1). These results
suggest that the Arabidopsis genome may contain
seven or more myosin-like genes. To analyze the
diversity of this large myosin gene family in greater
detail, we cloned and sequenced myosin genomic
and cDNA fragments.

Isolation and characterization of myosin PCR clones

A PCR was performed with Arabidopsis genomic
DNA using degenerate oligonucleotides synthe-

sized to two conserved amino acid motifs in the
myosin head (see Materials and methods; [23]).
Sequence analysis of the six major PCR products
(ranging in size from 600 to 1100 bp) showed that
each encode a polypeptide with some sequence
similarity to known myosins. However, three of
the PCR clones possess less sequence similarity
and they failed to hybridize to Arabidopsis ge-
nomic DNA in a Southern blot analysis (data not
shown); thus, these three clones were not ana-
lyzed further. The other three PCR products, des-
ignated PCR1 (888 bp), PCR11 (1067 bp), and
PCR43 (888 bp), are similar to one another and
to the MYA1 myosin in their deduced amino acid
sequence (Fig. 2; Table 1). In addition, each of
these three PCR products possesses four putative
introns which vary in length but are located in
identical positions (Fig.2). On Southern blot

ized with a random-primed *?P-labeled fragment from the entire PCR43 genomic clone. D. The filter was hybridized with a random-primed
*2P.labeled 567 bp Pst1/Xhd I fragment from the 3' end of the ATM2 cDNA clone (corresponding to a region from amino acid 1022 to
the end of the cDNA, including 126 bp of 3'-untranslated sequence). E. The filter was hybridized with a random-primed *?P-labeled 789 bp
Sfu 1 fragment from the MYA2 cDNA clone (corresponding to a region from amino acid 875 to 1138). F. The filter was hybridized with
a random-primed >*P-labeled 1148 bp Eco RV/Bgl II fragment from the MYA3 ¢cDNA clone (corresponding to a region from amino acid
812 to 1193). Positions of the DNA molecular weight markers are indicated in kilobases.
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analyses, the PCR1, PCR11, and PCR43 clones
each hybridized strongly with a single genomic
fragment (with weak hybridization to one or two
other fragments in some cases; Fig. 3A-C).
Based on the sequence and Southern blot analy-
ses, we conclude that PCR1, PCR11, and PCR43
represent sequences from three different Arabi-
dopsis myosin genes.

Isolation and characterization of myosin cDNA
clones

Using the PCR products as probes on a cDNA
library from three-day-old Arabidopsis seedling
RNA, approximately 20 cDNA clones were iden-
tified and purified. Restriction enzyme analyses
indicated that these cDNA clones represent four
distinct genes. The sequence of one of these
cDNAs (MYA1) was recently described [23].
The longest cDNA clones representing each of
the three other myosin-like genes were subse-
quently sequenced. Analysis of the deduced
amino acid sequence of these clones suggests that
one of the cDNAs (3432 bp in length) encodes a
product similar to ATM1 (thus designated
ATM?2), while the other two cDNAs (5297 and
3218 bp) encode myosins similar to MYA1 (des-
ignated MYA2 and MYA3, respectively). The
predicted sizes of the polypeptides encoded by
the ATM2, MYA2, and MYA3 genes are 133,
172, and 145kDa, respectively. Because the
ATM?2 and MYA3 c¢cDNAs appear to be trun-
cated at their 5’ ends (see below), the predicted
sizes represent estimates based on the known se-
quences of the related ATM1 and MYAI
polypeptides.

The deduced amino acid sequence of ATM2,
MYA2, and MYA3 shows that the overall struc-
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ture of each of these consists of the highly con-
served myosin head domain attached to a tail
domain of varying size (Fig. 4). The head do-
mains are similar to those of other known myo-
sins, and they include the putative ATP and
acting-binding regions present in all myosins
(Fig. 2). Sequence comparisons indicate that the
head domain of ATM2 is most similar to ATM1
(Table 1). Both ATM1 and ATM2 possess an
unusual NH,-terminal extension preceding the
highly-conserved head domain (Figs 2 and 4), al-
though the ATM2 cDNA appears to be truncated
at the codon corresponding to amino acid 72 in
ATM1. The MYA2 and MYA3 head domains
are similar to the MYA1 head (Table 1). The
MYA2 cDNA is full-length (or nearly full-length)
with a 173 bp 5’ untranslated leader, while the
MYA3 ¢cDNA appears to be truncated at the
codon corresponding to amino acid 279in MYA1
(Fig. 2).

Following the highly conserved head domain,
ATM2, MYA2, and MYA3 possess a series of
amino acid repeats of length 22 to 26 residues
known as I1Q motifs (Figs 4 and 5). In previous
studies, this motif has been shown to bind calm-
odulin [2, 3, 12, 35], and it is present in one to
six copies in all known myosins [4]. The ATM2,
MYA2, and MYA3 myosins possess three, six,
and five copies of this repeat, respectively. The I1Q
motifs of MYA3 are unusual because a consen-
sus ATP/GTP-binding site motif exists within the
third and fourth IQ motifs (Fig. 5C). The pres-
ence of the IQ motifs suggests that the activity of
these myosins may be regulated via Ca®*/
calmodulin.

The rest of the myosin tail which follows the
putative calmodulin-binding repeats consists of
regions that have a high probability of forming an
«-helical coiled-coil [32] and distal tail domains

Fig. 5. Analysis of the deduced amino acid sequences from the COOH-terminal tail domains of Arabidopsis myosins ATM2, MYA2,
and MYA3. The location of the IQ repeats in each sequence is indicated by a single underline. The sequences with a high prob-
ability of forming a coiled-coil are indicated by a double underline. In the comparisons, identical amino acids are indicated by an
asterisk. A. Comparison of ATM1 [24] with ATM2. B. Comparison of MYA1 [23] with MYA2. C. Deduced amino acid sequence
of the MYAD3 tail. The region within the IQ repeats that matches the consensus ATP/GTP-binding site motif (A/GXXXXGKS/T)
is indicated by stars. The six unusual repeats in MYA3 are indicated by a single overline. In each figure, numbers at the right indicate

the deduced amino acid positions.
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that appear to lack any major secondary structure
or similarity to other (non-myosin) proteins
(Fig. 4). The presence of a tail segment predicted
to form a coiled-coil indicates that each of these
myosins may form dimers. This portion of the
ATM? tail is most similar to that of ATM1 (459,
amino acid identity); they each possess regions of
similar size that are predicted to form a coiled-
coil, and the distal tail domains have segments
with high sequence identity (Fig. 5A). This por-
tion of the MY A2 tail is most similar to the MYA1
tail (49.59%, amino acid identity), with predicted
coiled-coils of similar size and distal tail domains
which share a high degree of sequence identity
(Fig. 5B). The tail of MYA3 appears to be dis-
tinct from the tails of other known myosins. The
predicted coiled-coil regions are relatively small
(29 and 36 amino acids) and are separated by 179
amino acids (Fig. 5C). Furthermore, there is a
series of six imperfect repeats of a 33 amino acid
sequence in the center of the tail, consisting of the
consensus sequence QSDD-FE-H-RK-K-I-
EDG-S-V-HS- (Figs 5C and 6). This appears
to be a unique repeated sequence, and it is not
found in other myosins or other polypeptides in
the sequence databases.

Genomic Southern and northern analysis

To analyze the expression of the myosin genes in
Arabidopsis, a fragment from each clone was used
as a probe in northern (RNA) blotting experi-
ments. For the ATM2, MYA2, and MYA3
clones, the fragments were selected by their ability

QADRKEETEKERKVELSNRAEEAVDMSFVLHSE 944
QSDD-AESGHGRRAKRLSIESEDGLDKSSVLHSE 276
QSDD-EELGHERKTKLSIESEDG~—=———= H8D 1001
QS8DD-EEIEHERKTKHCIQAEDGIEKSYVMHSD 1033
QSDD~EEIGHKRKTKHSIQAEDGTEKSFVVHSD 1065
QSDDDEETIGHERKTKHAIQVEDGIQKSFVACSE 1098

CONSENSUS QSDD.EE..H.RK.K..I..EDG...S.V.HS.

Fig. 6. Comparison of the amino acid sequence of the six
imperfect repeats in the MYA3 tail. Gaps introduced into the
repeats are indicated by a dashed line. The consensus se-
quence indicates amino acids present in at least five of the six
repeats, with a period used to represent a residue with no clear
consensus.

to detect single (gene-specific} DNA fragments in
Southern blot hybridization analyses (Fig. 3D-
F). In some restriction digests, two DNA frag-
ments were detected because of a restriction site
within the probe fragment, which provided fur-
ther evidence that the probe is gene-specific.

The myosin gene-specific fragments were used
as probes on northern blots with RNA from flow-
ers, leaves, roots, and stems of Arabidopsis
(Fig. 7). The ATM2 gene fragment hybridized to
an RNA species (ca. 4 to 5 kb) from flower, leaf
and root samples (Fig. 7A), the MY A2 gene probe
recognized an RNA species (ca. 5 to 6 kb) in all
four tissues (Fig. 7B), and the MYA3 gene frag-
ment hybridized to an RNA (ca. 5 to 6 kb) from
the flower and leaf samples (Fig. 7C). These re-
sults indicate that each of the three genes is ex-
pressed and transcripts from two of them pref-
erentially accumulate in an organ-dependent
manner in the Arabidopsis plant.

Gene-specific probes could not be obtained
from the three myosin PCR clones, because these
encompass a portion of the conserved head do-
main. Southern blotting analyses showed that
each of the PCR clones hybridized preferentially
to a single DNA fragment from the Arabidopsis
genome (Fig. 3A—-C). Under similar hybridization
conditions, northern blotting experiments with
PCRI11 as a probe led to the identification of a
single RNA species (ca. 6 kb) that preferentially
accumulates in stem tissue (Fig. 7D). No RNA
species could be detected when the PCRI1 or
PCRA43 clones were used as probes on northern
blots (data not shown).

Discussion

In this paper, we have reported evidence for six
new myosin-like genes in the higher plant Arabi-
dopsis thaliana. The predicted amino acid se-
quence of each of these shows similarity to the
highly-conserved head domain present in all myo-
sins. When combined with results from previous
studies [23, 24, 36], these data show that the
Arabidopsis genome contains at least eight myo-
sin-like gene sequences. It is likely that more myo-
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Fig. 7. Northern (RNA) blot analysis of Arabidopsis myosin gene fragments. Ca. 20ug of total cellular RNA was separated in a
1.0%, agarose-formaldehyde gel and blotted onto nitrocellulose membrane. RNA sources: F, flowers from 4-6-week-old plants;
L, leaves from 3-week-old plants; R, roots from 4-day-old seedlings; S, stems from 4-6-week-old plants. Filters were hybridized
with a random-primed *?P-labeled fragment from: (A) ATM2; (B) MYA2; (C) MYA3; and (D) PCRI11. The probe fragments are
the same as those described in legend to Fig. 2. Positions of the RNA molecular weight markers are indicated in kilobases. In some
lanes, two hybridizing RNAs were detected; the smaller RNA in each lane corresponds to the position of the 28S rRNA. The bottom
panels show the results of reprobing the filters with a soybean 18S rRNA gene fragment.

sin genes have yet to be identified in Arabidopsis,
since the genes identified in these experiments
were limited to those expressed in etiolated seed-
lings (the source of RNA for the cDNA library)
or those that are able to be amplified under the
conditions used in the PCR.

A classification system has recently been de-
vised which separates all known myosins into
classes based on the primary sequence of the head
domain [4]. Using this system, the previously
characterized Arabidopsis myosins, ATM1 and
MYALI, are distinct from one another and do not
clearly fall into any one of the previously identi-
fied classes [24] (Fig. 8). Among the six new
myosins from this study, ATM?2 appears to be a
member of the same class as ATM1, while MYA?2,
MYA3, PCR1, PCR11, and PCRA43 all appear to
be in the MYAL class (Table 1). A phylogenetic
analysis of the Arabidopsis myosins with myosins
from other eukaryotes shows that the ATMI/
ATM2 and the MYA1/MYA2/MYA3/PCR1/
PCR11/PCR43 groups appear to be distinct from
the other classes of eukaryotic myosins (Fig. 8).

The only other myosin sequences reported from

members of the plant kingdom are two partial
sequences that were PCR-amplified from the fern
Anemia phylliidis [36]. From the available se-
quence, one of these fern myosins appears to be
related to the ATM class of myosin and the other
one is most similar to the MYA class (Fig. 8).
This indicates that, based on the primary
sequence of the head domain, all of the myosins
identified in the plant kingdom to date can be
placed into two major groups.

Myosins may also be classified by comparing
the sequences of the tail domains. In general, the
classification of myosins based on the primary
structure of the tail domain is in agreement with
that based on the head domain sequence [4]. For
example, all myosins-IT (conventional myosins)
closely resemble one another in the head domain,
and they all have a rod-like a-helical coiled-coil
tail of ca. 140 kDa[4, 56]. Likewise, in the present
study, we find that the ATM1 and ATM2 myo-
sins of Arabidopsis are more similar to one an-
other than to any other myosins in both their head
and tail domains (Table 1 and Figs 5SA and §).
However, we have identified two inconsistencies
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Fig. 8. Phylogenetic analysis of myosins using amino acid sequences of head domains. The analysis was performed with Clustal V
[15], correcting for multiple substitutions. All of the plant myosins sequenced to date were included in this comparison as well
as representative myosins from other species. The horizontal branch lengths are proportional to the differences in head-domain
amino acid sequence. The roman numerals in parenthesis indicate the myosin class each member resides in, as defined by Cheney
et al. [4]. The numbers at the branch points represent the approximate amino acid sequence identity between different members.
In these analyses, myosin sequences consistently clustered together into the major groups shown here (e.g. class I, I1, V, VIII, and
the MYAL group); however, within a major group (e.g. the MYA1 group) the branching pattern often varied between trials. Se-
quences: Chic musc M2, avian muscle myosin [37]; Dros musc M2, Drosophila muscle myosin [9]; Yeast MYO1, Saccharomy-
ces MYO1 myosin [52]; Fern Anem22, Anemia PCR myosin clone [36]; Arab ATM1, Arabidopsis ATM1 myosin [24]; Arab ATM?2,
Arabidopsis ATM2 myosin (this study); Chic 190, chicken p190 myosin [7]; Yeast MYO2, Saccharomyces MYO2 myosin [18];
Yeast MYO4, Saccharomyces MYO4 myosin [11]; Arab MYA1, Arabidopsis MYA1 myosin [23]; Arab MYA3, Arabidopsis MY A3
myosin (this study); Arab PCR1, Arabidopsis PCR1 myosin (this study); Arab PCR43, Arabidopsis PCR43 myosin (this study);
Arab MYAZ2, Arabidopsis MYA2 myosin (this study); Arab PCRI11, Arabidopsis PCR11 myosin (this study); Fern Anem15, Ane-
mia PCR myosin clone [36]; Dros 95f, Drosophila 95f myosin [21]; Dict M1A, Dictyostelium myosin-IA [54]; Dict M1B, Dicty-
ostelium myosin-IB [19]; Chic BBMI, avian brush border myosin I [8]; Acan HMW, Acanthamoeba high-molecular-weight
myosin I [16]; Dros NinaC, Drosophila ninaC protein [39].

in the head vs. tail classification of some of the
Arabidopsis myosins. Based on their tail se-
quences, the MYA1 and MAY2 myosins clearly
appear to be members of the myosin-V class, since
they (like all myosins-V) possess six 1Q motifs,
followed by a coiled-coil region, and a distal tail
domain which is most similar to a protein re-
ported to be a glutamate decarboxylase [17, 23]
(Fig. 5B). However, their head domains are not

clearly similar to the class V heads, nor to any of
the other non-plant myosins (Fig. 8). A second
inconsistency in the classification systems in-
volves the MYA3 sequence. Although the head
domain of MY A3 is similar to MYA1 and MYA2
(Table 1 and Fig. 8), the structure of the MYA3
tail is significantly different from the tails of the
MYA1 and MYA2 myosins (Fig. 4). The MYA3
tail is smaller, has only five IQ motifs (including



a putative second ATP-binding site), contains an
unusual imperfect repeat sequence, and displays
no apparent sequence similarity to any other
myosins (Fig. 5C). The inconsistencies in the
classification of these myosins using head vs. tail
sequences may be the result of evolutionary con-
straints on the myosin molecule in plants.

The specific function of each of the members of
the Arabidopsis myosin family is not clear. In prin-
ciple, a given family member may: (1) have a
unique cellular function, (2) have a redundant
function, or (3) represent a pseudogene. It is likely
that many functionally distinct Arabidopsis myo-

sins exist, since many different types of actin-

based intracellular motility are known to occur in
plant cells. The myosin genes identified here do
not display strong sequence identity, and some of
them appear to be preferentially expressed in dif-
ferent organs (Fig. 7), so they may encode func-
tionally distinct products. On the other hand, it is
possible that some of these myosins are function-
ally equivalent. For example, the MYAl and
MYA?2 are similar in overall structure (Fig. 4),
and they may possess overlapping (or equivalent)
functions. A possible function for these myosins
is vesicle/organelle transport, since the structur-
ally similar myosins-V have been implicated in
these processes [18, 35]. Finally, it is possible
that two of the myosin gene sequences identified
here (PCR1 and PCR43) are not expressed, since
transcripts were not detected from these in north-
ern analysis. However, the absence of in-frame
stop codons in these sequences argues against the
notion that these represent pseudogenes.

An important future goal will be to assign spe-
cific functions to the myosin genes identified in
this study. Arabidopsis should prove to be a use-
ful organism for sorting out these structure/
function relationships because of the ease with
which molecular genetic studies can be carried
out in this plant.
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