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Summary

A myosin heavy chain polypeptide has been ident-
ified and localized in Nicotiana pollen tubes using
monoclonal anti-myosin antibodies. The epitopes
of these antibodies were found to reside on the
myosin heavy chain head and rod portion and were,
therefore, designated anti-S-1 (myosin S-l) and anti-
LMM (light meromyosin). On Western blots of the
total soluble pollen tube proteins, both anti-S-1 and
anti-LMM label a polypeptide of approximately
175 000 Mr. Immunofluorescence microscopy shows
that both antibodies yield numerous fluorescent
spots throughout the whole length of the tube, often
with an enrichment in the tube tip. These fluor-

escent spots are thought to represent vesicles and/or
organelles in the pollen tubes. In addition to this
common pattern, anti-S-1 stains both the generative
cell and the vegetative nuclear envelope. The differ-
ent staining patterns of the nucleus between anti-S-1
and anti-LMM may be caused by some organization
and/or anchorage state of the myosin molecules on
the nuclear surface that differs from those on the
vesicles and/or organelles.

Key words: myosin, Western blotting, immunofluorescence,
cytoplasmic streaming, nuclear migration.

Introduction

Cytoplasmic streaming in plant cells is thought to be
caused by an actin—myosin system (see review by Staiger
& Schliwa, 1987). A good example of such a system in
higher plants is the pollen tube, which exhibits vigorous
cytoplasmic streaming. Actin in pollen tubes has been
well-documented, especially in those of Nicotiana alata
(see review by Staiger & Schliwa, 1987; Lancelle &
Hepler, 1989; Tang et al. 1989). In contrast, our
knowlege of pollen tube myosin is rather poor. The direct
evidence for the existence of myosin is limited. Further,
how myosin may mediate cytoplasmic streaming and/or
nuclear migration remains obscure.

The model of the interaction between actin and myosin
in non-muscle cells might well differ from that in muscle
cells. In the latter, myosin molecules assemble into thick
filaments that co-operatively interact with actin thin
filaments to produce the contractile force; while in the
former, myosin monomers or oligomers may interact
with actin filaments, as myosin exists in much lower
abundance than in muscle cells and no thick filaments
have been found in vivo. Recently, in vitro experiments
showed that both skeletal muscle myosin-coated beads
(Sheetz & Spudich, 1983) and isolated organelles from
LJlium pollen tubes (Kohno & Shimmen, 1988) can move
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actively along natural Chara actin bundles under proper
conditions. It has been suggested that the membrane-
bound vesicles and organelles, including nuclei, which
move along the actin cables in streaming cells, might be
coated with myosin molecules. Here we report the
identification of myosin in pollen tubes of Nicotiana
alata and show an immunological staining pattern con-
sistent with the idea that the organelles (and/or vesicles)
and the nuclei are indeed coated with myosin molecules.

Materials and methods

SDS-polyacrylamide gel elechvphoresis (SDS-PAGE)
and Western blotting

Pollen tubes were prepared as described previously (Tang et al.
1989). The pollen tube proteins soluble in high ionic strength
were extracted for 30min in a buffer containing O S M - K C I ,
15mM-Tris-HCl, pH7-5, 1 mM-EDTA, 5 mM-dithiothreitol
(DTT), including 0 1 mM-phenylmethylsulphonyl fluoride
(PMSF), 1/iM-antipain, 1/iM-pepstatin A, lj/gml leupeptin,
lOj/gml" L-l-tosylamide-2-phenyl-ethylchloromethyl ketone
(TPCK), and 10 jig ml"1 ;V-benzoyl-L-arginine ethyl ester hy-
drochloride (BAEE) as proteolytic enzyme inhibitors. The
proteins were then precipitated with acetone and run on 7-5%
SDS-PAGE slab gels (Laemmli, 1970). Following electrophor-
esis, the proteins were transfered electrophoretically onto
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nitrocellulose (Towbin et al. 1979). The nitrocellulose sheets
were then blocked with a solution of Tris-buffered saline (TBS)
containing 2% bovine serum albumin (BSA) and 0-1 % Triton
X-100, overnight at room temperature, and incubated in anti-
fast skeletal muscle myosin (anti-S-1) or anti-pan cytoplasmic
myosin (anti-LMM) (RPN.1167 and RPN.1169, respectively;
Amersham Corp.) appropriately diluted in the above blocking
solution. These designations are explained in Results. Follow-
ing washes in TBS containing 0'05 % Tween 20, the primary
antibodies were detected using the peroxidase-tagged biotin-
-streptavidin system (Amersham Corp.) for anti-S-1 and
peroxidase-tagged anti-mouse IgM (Sigma Chemical Co.} for
anti-LMM. Colour development was done in lmgrnl" di-
aminobenzidine, 0-0075% H2O2 in TBS. In controls we
omitted the primary antibodies.

Either rabbit and/or bovine skeletal muscle myosins (Sigma
Chemical Co.) were run on the gels as standard myosins. To
map grossly the epitopes to which the antibodies bind, rabbit
skeletal muscle myosin subfragment-1 (S-l) and light mero-
myosin (LMM) (Sigma Chemical Co.) were also run and
processed as described above.

Immunofluorescence microscopy

Pollen tubes were germinated as described previously and fixed
in cold acetone ( — 20°C) for 25min. Following cell wall
digestion (Tang et al. 1989), the pollen tubes were pre-
incubated in TBS with 1 % BSA and 10 % normal goat serum to
block non-specific binding sites. The pollen tubes were then
incubated in either anti-S-1 or anti-LMM, appropriately
diluted in TBS, with 1% BSA and 5% normal goat serum.
After three washes, FITC-tagged biotin-streptavidin (Amer-
sham Corp.) or FITC-tagged anti-mouse IgM (Sigma Chemi-
cal Co.) was applied. For colocahzing nuclei and myosin,
rhodamine-tagged anti-mouse IgM (Sigma Chemical Co) was
used as the myosin-detection system, and 4,6-diamidino-2-
phenylendiamine (DAPI) (Sigma Chemical Co.) was used to
stain DNA (Parke et al. 1986). Controls were prepared by
omitting the primary antibodies or by applying primary anti-
bodies absorbed with rabbit skeletal muscle myosin (Sigma
Chemical Co.). Fluorescence was visualized and photographed
using a Reichert microscope.

Results

Western blotting

Western blots of total high ionic strength extractable

Fig. 1. SDS-polyacrylamide gel electrophoresis
and Western blot analysis. Lanes 1, 2 and 3: 7-5%
SDS-polyacrylamide gels of bovine skeletal muscle
myosin (lane 1), rabbit skeletal muscle myosin
(lane 2) and overloaded pollen tube soluble protein
extract (lane 3) stained with Coomassie Blue.
Lanes 4-9: nitrocellulose blots of 7 5 % SDS-
polyacrylamide gels containing bovine skeletal
muscle myosin (lane 4), rabbit muscle myosin
(lanes 5 and 7) and pollen tube soluble protein
extract (lanes 6, 8 and 9) loaded as in lane 3. Lanes
4-6 were stained with anti-LMM antibody, and
lanes 7 and 8 were stained with anti-S-1 antibody.
Note that a polypeptide of about 175 000 Mr in the
pollen tube soluble protein extract is labelled by
both anti-LMM and anti-S-1, and this band is also
visible on the heavily loaded Coomassie Blue-
stained gel (arrowhead in lane 3). As a control
strip, lane 9 was incubated only with the
peroxidase-tagged secondary antibody. Molecular
weight markers are indicated on the right (X 10~ ).

pollen tube proteins show that a polypeptide of about
175 000Mr is labelled by both anti-myosin antibodies,
anti-S-1 and anti-LMM. Coomassie Blue-stained bovine
(lane 1) and rabbit (lane 2) skeletal muscle myosin heavy
chain standards (210 000Mr) are shown on the S D S -
polyacrylamide gels in Fig. 1, as well as a gel of a heavily
loaded pollen tube extract (lane 3). Western blots of these
proteins are shown probed with the anti-LMM antibody
(Fig. 1, lanes 4-6, respectively). These results demon-
strate that a single band in the pollen tube extract binds
the anti-LMM antibody (Fig. 1, lane 6) and that this
corresponds to a band of about 175 000MT in the Coomas-
sie Blue-stained gel (lane 3, arrowhead). This same
pollen tube band is bound by the anti-S-1 antibody
(Fig. 1, lane 8). Standard rabbit skeletal muscle myosin
stained with anti-S-1 is also shown (Fig. 1, lane 7). As a
control for non-specific staining, a Western blot of the
pollen tube extract was probed under the same conditions
as all the other blots, but without any primary antibody.
No immunological staining was observed (Fig. 1, lane 9).

The monoclonal antibodies used in this study were
uncharacterized as to their binding domains in the
myosin heavy chain. To map grossly the binding epitopes
of the anti-fast skeletal muscle myosin and anti-pan-
cytoplasmic myosin, Western blots of myosin heavy chain
and its proteolytic fragments were probed with both
antibodies. The SDS-polyacrylamide gel staining pat-
terns of rabbit skeletal muscle myosin heavy chain (lane
1), subfragment-1 (S-l, lane 2) and light meromyosin
(LMM, lane 3) are shown in Fig. 2. Western blots of the
intact heavy chain (Fig. 2, lane 4) and LMM (lane 5) are
shown probed with the monoclonal anti-pan cytoplasmic
myosin antibody. Note that this antibody recognizes a
domain in the LMM or tail region of the myosin
molecule. This antibody did not bind to S-l (data not
shown). Hence, we have designated this antibody anti-
LMM to correspond to its binding epitope. The anti-fast
skeletal muscle myosin monoclonal antibody bound to
the intact heavy chain (Fig. 2, lane 6) and to the S-l
fragment of myosin (lane 7). This antibody did not bind
to LMM (data not shown). Therefore, we designated this
antibody anti-S-1 to indicate its binding domain in the
head portion of the intact myosin molecule. While both of

570 A' Tang et al.



A *

X10"3

180

116

84

58

485

1 7 8

Fig. 2. SDS-polyacrylamide gel electrophoresis and Western
blot analysis of intact rabbit skeletal muscle myosin,
subfragment-1 (S-l) and light meromyosin (LMM) for
grossly mapping the epitopes of the anti-LMM and anti-S-1
antibodies. Lanes 1-3: 7-5% SDS-polyacrylamide gel of the
intact myosin (lane 1), S-l (lane 2) and LMM (lane 3)
stained with Coomassie Blue. Lanes 4-7: nitrocellulose blots
of 7-5 % SDS-polyacrylamide gels with the whole myosin
molecule (lanes 4 and 6). LMM (lane 5) and S-l (lane 7)
stained with anti-LMM (lanes 4 and 5), and anti-S-1 (lanes 6
and 7). The molecular weight of S-l is about 95 000 and the
lower band is the fragment of S-l. Molecular weight markers
are indicated on the right (XlO~3).

these antibodies will bind to the intact myosin heavy
chain, they can be used to indicate grossly two different
domains of the myosin heavy chain, namely the head
(anti-S-1) and the tail (anti-LMM).

Immunofluorescence microscopy of pollen tubes
Both anti-LMM (Fig. 3A-C) and anti-S-1 (E-G) show
significant punctate fluorescence throughout the whole
length of the pollen tube. Different images can be
obtained by changing the plane of focus. The fluorescent
spots are somewhat variable in size; and some are
obviously bigger and brighter than others (B, arrow).
There seem to be more spots in the tip region than in the
other portions, especially with anti-LMM (A-C). The
diffuse fluorescent background partially comes from out-
of-focus spots.

Although the staining patterns from anti-S-1 and anti-
LMM are very similar with respect to the punctate
fluorescence in the cytoplasm, they differ with respect to
the nuclear surface. Anti-S-1, in contrast to anti-LMM,
stains the vegetative nuclear envelope (arrowhead, in
Fig. 3G) and the generative cell (arrow, in Fig. 3G).
Double labelling with DAPI (H) has been used to stain
the nuclei and, thereby, establishes that both are positive
for myosin (Fig. 3G and H). With regard to the generat-
ive cell, however, we are not able to determine whether
the staining emanates from the nuclear envelope or the
plasma membrane.

Control cells in which primary antibodies were omitted
show neither punctate fluorescence nor nuclear staining

(Fig. 3D). As a futher control on the specificity of
staining, the antibodies were mixed with rabbit skeletal
muscle myosin at various concentrations and applied to
pollen tubes. Microscopic examination showed little or
no vesicular or nuclear staining (data not shown).

Discussion

Our results show that myosin exists in Nicotiana pollen
tubes and that myosin antibodies produce a markedly
punctate fluorescence pattern. Further, the anti-S-1
antibody stains both the generative cell surface and the
vegetative nuclear envelope. Our results provide the first
direct evidence for the existence of myosin in pollen
tubes, although plant myosin has been reported in a few
species including the alga Nitella flexilis (Kato & Tono-
mura, 1977), and in the higher plants Cucurbita mos-
chata (Yen & Shih, 1965), Egeria densa (Ohsuka &
Inoue, 1979), Lycopersicon esculentum (Vahey & Scordi-
lis, 1980; Vahey et al. 1982), Allium cepa (Parke et al.
1986; Tang & Yen, 1988), Luffa cylindrica (Yen et al.
1986) and Heracleum sosnowskye (Turkina et al. 1987).
However, given the ubiquity of cytoplasmic streaming
and the likelihood that it is caused by an actin-myosin
system, it is anticipated that myosin occurs throughout
all plants.

On Western blots of total soluble pollen tube proteins,
both anti-S-1 and anti-LMM recognize a polypeptide of
about 175 000Afr. This polypeptide is believed to be the
heavy chain of Nicotiana pollen myosin, as it is known
that both of the antibodies bind to the heavy chains of
skeletal muscle myosins. Different molecular weights
of myosin heavy chain have been reported in a variety of
plant species. In the alga Nitella flexilis (Kato & Tono-
mura, 1977) and in the higher plant Allium cepa (Parke et
al. 1986), a 200000Mr myosin heavy chain has been
reported, whereas 180 000Mr and 100 000Mr myosin
heavy chains have been reported in Egeria densa
(Ohsuka & Inoue, 1979) and Lycopersicon esculentum
(Vahey & Scordilis, 1980; Vahey et al. 1982), respect-
ively. Mini-myosin heavy chains of about 130000A/r have
also been found mAcanthamoeba castellanii (Albanesi et
al. 1983) and recently in mammalian cells (Hoshimaru &
Nakanishi, 1987). It appears that myosins in different
species differ in their molecular weights. We believe that
the 175 0O0Afr polypeptide is the naturally occurring
heavy chain of Nicotiana pollen myosin, as six proteolytic
enzyme inhibitors were used in the cell disruption and
extraction medium, and no bands above or below
175 000Afr were detected on the Western blots. We
cannot, however, rule out the possibility of other myosin
isoforms being in the pollen tubes.

Immunofluorescence microscopy reveals punctate flu-
orescence staining throughout the pollen tube, in which
the bright fluorescent spots often seem concentrated in
the tip region. Although the fluorescent spots cannot be
correlated precisely with any structural elements at
present, on the basis of their distribution, we think that
they represent the organelles and membrane-bound ves-
icles. Electron microscopy has shown that the organelles

Myosin in Nicotiana pollen tubes 571



Fig. 3. Immunofluorescence micrographs of the pollen tubes stained with anti-LMM (A-C) and anti-S-1 (E-G). Both anti-
LMM and anti-S-1 stain the presumed organelles and/or vesicles as fluorescent spots. These fluorescent spots are distributed
throughout the whole length of pollen tube and they are often concentrated in the tip region, especially with anti-LMM. The
fluorescent spots are variable in size and intensity; some (B, arrow) are obviously bigger and brighter than others. Anti-S-1 also
stains the generative cell (G, arrow) and vegetative nuclear envelope (G, arrowhead). H. The same pollen tube as in G stained
with DAPI. D. The control pollen tube that has been prepared omitting the primary antibodies. Bar, 5//m.

and vesicles are distributed throughout the pollen tube
and that vesicles are concentrated in the tip region
(Lancelle et al. 1987). Recently, Kohno & Shimmen
(1988) reported that isolated organelles from Lilium
pollen tubes can move actively along Chara actin cables
in the presence of ATP and low Ca concentration, and
suggested that myosin molecules are associated with these
organelles. Our results support this hypothesis, although
further immuno-gold localization at the electron micro-
scopic level is needed to resolve the question more
completely.

An interesting difference between anti-S-1 and anti-
LMM is that the former stains the generative cell surface
and the vegetative nuclear envelope, as well as the
presumed organelles and/or vesicles. Since both anti-S-1
and anti-LMM recognize the same myosin heavy chain of
the pollen tubes, the different staining patterns may be
caused by the different micro-environments of the nu-
clear and organellar myosins. A simple explanation may
be derived from the observation that different portions of
the myosin heavy chain are being recognized. Our results
show that one of the antibodies (anti-LMM) binds to the
rod and the other (anti-S-1) binds to the head of the
myosin molecule. For myosin anchorage, the rod portion
of myosin may be deeply embedded in the generative cell

membrane or the vegetative nuclear envelope and, thus,
inaccessible to anti-LMM. The head, that is, the enzymic
portion, however, must be exposed for interaction with
the actin filaments, and therefore it can be stained by
anti-S-1. The myosin on vesicles and organelles may be
associated with the membranes in a different way, which
results in the exposure of epitopes for both anti-S-1 and
anti-LMM. Since the sequence of the pollen tube myosin
heavy chain is not known and since it may have diverged
considerably from that of the rabbit skeletal muscle, we
suggest that it may contain a hydrophobic domain(s) that
could help secure it into a membrane. In this regard it
may be pertinent to note that the envelopes of the
vegetative and generative nuclei are double membranes,
as is the plasma membrane surrounding the generative
cell (Cresti et al. 1987). Myosin binding to these complex
double-membrane systems may require a more extensive
interaction than is found on single membranes of vesicles
and also that this binding effectively obscures the LMM
portion of the myosin molecules rendering it inaccessible
to the anti-LMM antibody.

The mechanism of nuclear migration in the tip-
growing cells is poorly understood, although micro-
tubules have been implicated in germinating fern spores
of Onoclea sensibilis (Vogelmann et al. 1981), the moss
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Physcomitrella patens (Doonan et al. 1986), legume root
hair cells (Lloyd et al. 1987) and Funatia hygmmetrica
protonemata (Wacker et al. 1988). In contrast, F-actin
has been shown to be involved in basipetal migration of
the nucleus in legume root-hair cells (Lloyd et al. 1987).
The pollen tube is a type of fast tip-growing cell, in which
the nuclei migrate along the tube during elongation. The
myosin on the generative cell and vegetative nuclear
surfaces might participate in nuclear migration. In this
regard it is important to note that nuclear migration is
unidirectional and very slow (about l/zmmin~ ), while
cytoplasmic streaming is bidirectional and fast (about
1/ims"'). If both types of motion are caused by the
actin-myosin system then there must be some type of
compartmentation or differentiation that allows the ves-
icles and organelles to move rapidly and bidirectionally
past the slow and tipward-moving vegetative nuclear,
generative cell complex. Our observations, showing that
the generative cell and vegetative nucleus are stained by
anti-S-1 and not anti-LMM, suggest that the myosin is
organized differently on the nuclei than it is on the
organelles and vesicles, and that as a result it could impart
a different form of motility. There may, of course, be
some difference in the regulation of the myosin that could
account for the various motility patterns; for example,
different light chains, or the presence of myosin isoforms.

Another possible function of the nuclear myosin may
be in mediating nucleocytoplasmic transport. The stain-
ing of the nuclear surface by myosin antibodies has also
been reported in some non-tip-growing cells like yeast
(Scordilis et al. unpublished), rat liver (Schindler &
Jiang, 1986), Drosophila embryo and onion root (Berrios
& Fisher, 1986). Moreover, it has been shown that
myosin antibody or actin antagonists (e.g. actin antibody,
cytochalasin D and phalloidin) can specifically inhibit the
nucleocytoplasmic transport of fluorescently labelled
dextran in rat liver cells (Schindler & Jiang, 1986).

In conclusion, a myosin heavy chain polypeptide has
been identified immunochemically in an extract of Nico-
tiana pollen tubes. Immunofluorescence localization of
this protein shows an extensive punctate fluorescence
pattern as well as staining of the generative cell and
vegetative nuclear envelope. Immuno-gold electron mi-
croscopy will be useful in future work for revealing the
organelles that the fluorescent spots represent.
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