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Summary. Pollen and skeletal muscle actins were purified and la-
beled with fluorescent dyes that have different emission wavelengths.
Observation by electron microscopy shows that the fluorescent actins
are capable to polymerize into filamentous actin in vitro, bind to
myosin S-1 fragments, and have a critical concentration similar to
unlabeled actin, indicating that they are functionally active. The glob-
ular actins from two sources were mixed and polymerized by the addi-
tion of ATP and salts. The copolymerization experiment shows that
when excited by light of the appropriate wavelength, both red actin
filaments (pollen actin) and green actin filaments (muscle actin) can
be visualized under the microscope, but no filaments exhibiting both
green and red colors are detected. Furthermore, coprecipitations of
labeled pollen actin with unlabeled pollen and skeletal muscle actin
were performed. Measurements of fluorescent intensity show that the
amount of labeled pollen actin precipitating with pollen actin was
much higher than that with skeletal muscle actin, indicating that
pollen and muscle actin tend not to form heteropolymers. Injection of
labeled pollen actin into living stamen hair cells results in the forma-
tion of normal actin filaments in transvacuolar strands and the cortical
cytoplasm. In contrast, labeled skeletal muscle actin has detrimental
effects on the cellular architecture. The results from coinjection of the
actin-disrupting reagent cytochalasin D with pollen actin show that
overexpression of pollen actin prolongs the displacement of the
nucleus and facilitates the recovery of the nuclear position, actin fila-
ment architecture, and transvacuolar strands. However, muscle actin
perturbs actin filaments when injected into stamen hair cells. More-
over, nuclear displacement occurs more rapidly when cytochalasin D
and muscle actin are coinjected into the cell. It is concluded that
actins from plant and animal sources behave differently in vitro and in
vivo and that they are functionally not interchangeable.
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Introduction

Actin is one of the most ubiquitous, abundant proteins in eu-
karyotic cells and participates in many important subcellular
processes. Actin genes have been highly conserved during
evolution and the protein sequences among different eukary-
otic actins share 83-88% amino acid identity (McDowell
et al. 1996). Despite the high sequence identity and similari-
ties in charge, molecular weight, and some biophysical and
biochemical properties (Kim etal. 1996, Yen etal. 1995,
Ren etal. 1997), actins from different sources have also
shown some functional differences (Kim etal. 1996). Yeast
(Saccharomyces cerevisiae) actin characteristics differ from
those of skeletal muscle actin (Buzan et al. 1996, Kim et al.
1996), e.g., yeast actin polymerizes at a faster rate than mus-
cle actin and produces less force when interacting with
heavy meromyosin. Plant pollen actin was found to have a
shorter lag period for assembly and faster rate of polymer-
ization than rabbit skeletal muscle actin, and the value of the
critical concentration of plant pollen actin polymerization is
higher than that of rabbit skeletal muscle actin (Ren et al.
1997). As it is well known, most plant and animal genes are
members of gene families that are differentially expressed
and may encode diverse protein isovariants. Actin genes
show distinct but overlapping expression patterns. Hence,
cells may contain different actin isoforms. A number of ob-
servations suggest that distinct actin isoforms are function-
ally specialized (Ohmori etal. 1992, Hill and Gunning
1993, Fyrberg etal. 1998). From various experimental re-
sults, it is considered that highly variable plant actin isovari-
ants may vary in their physical chemical parameters and
may interact differentially with some actin-binding proteins
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(reviewed in Meagher et al. 1999). It would be of interest to
know whether those actin isoforms polymerize into ho-
mopolymers separately or copolymerize into heteropoly-
mers, and whether they function differently in cells.

Mammalian tubulins have been successfully employed
to study the microtubule behavior in plant cells. They
incorporate with plant microtubule arrays and function
normally after labeling with fluorescent dyes and injection
into plant cells (Zhang etal. 1990, Hepler etal. 1993,
Yuan et al. 1994). Surprisingly, the introduction of animal
actins into plant cells has so far not succeeded. The
introduction of purified rabbit skeletal muscle actin into
plant cells had different effects on cellular architecture
and actin organization (Ren et al. 1997).

In the present study, fluorescent actin analogues and
microinjection of actins from plant and animal sources
were used to test further the polymerization behavior of
different actins in vitro and in living plant cells. Our goal
is to investigate whether these actins could form het-
eropolymers and whether animal actins could incorporate
with the plant actin cytoskeleton and function in vivo.

Material and methods

Reagents

Oregon Green 488 carboxylic acid succinimidyl ester, 5-(and-6)-car-
boxytetramethylrhodamine succinimidyl ester, and Alexa 488-phalloidin
were purchased from Molecular Probes (Eugene, Oreg., U.S.A.).
Cytochalasin D (CD) and dithiothreitol were from Sigma (St. Louis, Mo.,
U.S.A.). ATP was from Boehringer Mannheim (Roche Diagnostics, Indi-
anapolis, Ind., U.S.A.). SM-2 adsorbent was from Bio-Rad (Hercules,
Calif., U.S.A.). Injection buffer: 2 mM Tris-acetate, 0.1 mM dithiothreitol,
02mM ATP, 5mM MgCl,, pH 7.5. Buffer M: 5mM Tris-acetate,
0.2 mM dithiothreitol, pH 7.5. G-buffer: 5 mM Tris-HCI, pH 8.0, 0.2 mM
CaCl,, 0.2 mM ATP, 0.5 mM dithiothreitol, 0.01% NaNj.

Purification and derivatization of pollen and muscle actin

Pollen actin was prepared from maize (Zea mays) pollen by the
method of Ren et al. (1997). Skeletal muscle actin was purified from
New Zealand white rabbits by the method of Pardee and Spudich (1982).
Purified actin from both sources was stored in G-buffer at —80 °C.

Purified pollen actin was derivatized with carboxytetramethylrho-
damine succinimidyl ester or Oregon Green 488 carboxylic acid succin-
imidyl ester and muscle actin was derivatized with Oregon Green 488
carboxylic acid succinimidyl ester by the method of Ren (1999). After
removing the free dye with SM-2 beads, labeled actin was subjected to
one polymerization-depolymerization cycle and dialyzed against actin
injection buffer, then divided into 5wl aliquots and stored at —80 °C for
microinjection experiments, or dialyzed against G-buffer, divided into
5wl aliquots, and stored at —80 °C.

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
and determination of protein concentration

Fluorescent actin analogues were electrophoresed on a 15% sodium
dodecyl sulfate-polyacrylamide gel and stained with Coomassie blue.
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A Bio-Rad Protein Assay Kit II was used for protein concentration deter-
mination using bovine serum albumin as standard.

Decoration of derivatized actin filaments with myosin S-1 fragment
and negative staining

Myosin S-1 fragment was prepared from the skeletal muscle myosin that
was purified from the back muscle of a New Zealand white rabbit by the
method of Weeds etal. (1975). For actin filament decoration, 10wl of
10 M derivatized actin was polymerized by the addition of MgCl, and
KClI to final concentrations of SmM and 100 mM, respectively, and
incubated for 2 h. To the solution of polymerized actin filaments 5 .l of
a solution of S-1 fragment at a concentration of 0.8 mg/ml was then
added and stirred carefully for mixing. The mixture was kept on ice for
1 h before observation. For the visualization of the actin structure, sam-
ples were applied to Formvar-plus-carbon-coated grids and negatively
stained with 2% uranyl acetate. The specimen was visualized in a trans-
mission electron microscope (Hitachi-H 600; Hitachi, Tokyo, Japan).
Negative staining of derivatized actin filaments without S-1 fragment
was also performed as a control.

Determination of critical concentration for derivatized-actin
polymerization

For the determination of critical concentrations, 500 wl samples contain-
ing 0.25, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0 uM of derivatized globular actin (G-
actin) from pollen in G-buffer were prepared. At time zero, ATP, MgCl,,
and KCI were added to final concentrations of 2mM, 5mM, and
100 mM, respectively, and incubated for 16 h. Steady-state polymer lev-
els were measured by 90 °C light scattering with a fluorescence spec-
trophotometer (FluoroMax-II; Instrument SA, Edison, N.J., U.S.A.) set
for excitation and emission wavelengths of 450 nm. Readings from same
concentration of derivatized G-actin were used as controls.

Copolymerization of pollen and muscle actin in vitro

20 wl of 4 uM derivatized pollen actin (labeled with carboxytetramethyl-
rhodamine) and rabbit skeletal muscle actin (labeled with Oregon Green
488) were mixed in an Eppendorf tube. Polymerized actin was achieved
by addition of ATP, MgCl,, and KCI to final concentrations of 2 mM,
5mM, and 100 mM, respectively, and incubated for 10 h. The actin fila-
ments were observed on a confocal laser scanning microscope (MRC
1024; Bio-Rad) using illumination with the 567 nm line of the Kr-Ar
laser for red-fluorescent filaments (pollen actin) or the 488 nm line for
green-fluorescent filaments (muscle actin). The same experiment was
repeated with pollen actins labeled with carboxytetramethylrhodamine
and with Oregon Green 488.

For coprecipitation measurements, fluorescent pollen G-actin was
added into 500 pl of 3 wM pollen actin or rabbit skeletal muscle actin to
a final concentration of 0.3 wuM (which is below the critical concentra-
tion) or 0.6 uM (above the critical concentration), respectively. Then the
samples were added to 2 mM ATP, 5 mM MgCl,, and 100 mM KCI and
incubated for 16 h. Polymerized actins were precipitated by centrifuga-
tion at 100,000 g for 1h. The pellet was resuspended with 500 wl of
methanol, and then the emission fluorescence value was measured with a
fluorescence spectrophotometer using an illumination of 496 nm wave-
length. The polymerization buffer with only 0.3 uM fluorescent pollen
actin (which is below the critical concentration) served as control.

Microinjection of stamen hair cells

Stamen hairs were collected from open flowers of Tradescantia virginiana
and immobilized for microinjection (Staiger et al. 1994, Ren etal. 1997).
Only cells with a nucleus positioned in the middle of the cell and supported
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by transvacuolar strands were injected. Needles were tip-filled to a mea-
sured distance from needle tip that was equivalent to a volume of 5pl or
10 pl (for comicroinjection) estimated by the injection of the same volume
of oil. Assuming that the vacuole occupies between 80 and 90% of the total
cell volume, the injectate was approximately 10% or 20% of the cytoplas-
mic volume. The needle concentration of CD was 20 wM and that of actin
was 34 wM. The in vivo effects of CD and G-actin of different sources were
compared by monitoring their disruptive and reconstructive effect on the
actin-dependent position of the nucleus (Gibbon etal. 1997, Ren etal.
1997). Time zero was marked when the entire contents of the injection
entered the cytoplasm, and each cell was monitored for a maximum of
60 min. Displacement and resumption of the position of the nucleus was
monitored by measuring the time for the nucleus to move completely out-
side the perimeter and move back, defined by its edge at time zero.

The concentration of purified actin or fluorescently labeled actin for
microinjection was 34 wM. In some cases, filamentous actin (F-actin)
in living stamen hair cells was stained by double-injection of Alexa
488-phalloidin. Images were acquired with a confocal laser scanning
microscope (MRC 1024; Bio-Rad). Alexa 488-phalloidin was dissolved
in methanol to a concentration of 6.6 uM and stored frozen in small
aliquots. For injection, a fresh aliquot was air dried and resuspended in
microinjection buffer (buffer M) to a final concentration of 8 WM.

The needle, which remained in the cell for 5-8 min, was removed
from the cell after microinjection. A coverslip was applied prior to ob-
servations. Cells were imaged through a X40 plan apo objective (numer-
ical aperture, 1.0) at the illumination of the 488 nm line of the Kr-Ar
laser. Optical sections in 0.8—1 wm steps were collected and projected
with an imaging software package. Images were further processed with
Adobe Photoshop 6.0.

Results

In vitro polymerization of fluorescent actin
analogues

Maize pollen actin was labeled with carboxytetramethylrho-
damine or Oregon Green 488, and muscle actin was deriva-
tized with Oregon Green 488. A yield of 3 mg of fluorescent
actin analogue was obtained from 10 mg of maize pollen
actin with a dye-to-protein ratio of 72% and 4 mg of fluores-
cent actin analogue was obtained from 10 mg of rabbit
skeletal muscle actin with a dye-to-protein ratio of 70%.
Densitometric analysis of the gel from sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis of fluorescent actin
analogues indicates that the purity of actin analogues was as
high as 98% (Fig.1). The fluorescent actin analogues poly-
merized in vitro into filaments by the addition of Mg?* and
K*. Further, assembly and disassembly of the fluorescent
actin analogues showed that their polymerization activity
was repeatable. The quality of derivatized actin and the abil-
ity of its binding to the myosin S-1 fragment were further
analyzed by negative staining of in vitro polymerized F-
actin. Figure 2 shows an example of derivatized pollen actin
filaments and decoration with myosin S-1 fragments.
Figure 2 A shows that the derivatized actin could form long
straight or curved polymers with an average diameter of
around 6 nm; the filaments decorated with myosin S-1 are
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Fig. 1. Derivatized plant actin analogue in sodium dodecyl sulfate-poly-
acrylamide gel stimulated by ultraviolet radiation (/) and stained with
Coomassie blue (2); derivatized rabbit skeletal muscle actin analogue in
sodium dodecyl sulfate-polyacrylamide gel stimulated by ultraviolet ra-
diation (3) and stained with Coomassie blue (4)

Fig. 2A, B. Actin filaments polymerized from derivatized actin ana-
logues and decoration by myosin S-1 fragment. A Long straight or
curved actin filaments polymerized from derivatized pollen actin ana-
logues visualized by negative staining and electron microscopy. B De-
rivatized pollen actin filaments decorated with myosin S-1 fragment by
negative staining and electron microscopy. Bar: 100 nm

about 25 nm in diameter. At higher magnification, some re-
gions of the decorated filaments appear as characteristic ar-
rowhead structures (Fig. 2B). Light-scattering measurement
shows that the average value of the critical concentration
for derivatized pollen actin from three experiments was
045 = 0.07pM (Fig.3), which was similar to that of
unlabeled pollen actin (Ren et al. 1997).

Pollen actin and rabbit skeletal muscle actin tend
not to form heteropolymers

We successfully labeled animal and plant actins with
Oregon Green 488 and carboxytetramethylrhodamine
fluorescent probes, respectively. Animal and plant actins
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Fig. 3. Determination of critical concentration for derivatized pollen
actin polymerization. Samples containing 0.25, 0.5, 1, 1.5, 2, 2.5, and
3 M derivatized pollen G-actin in G-buffer were polymerized for 16 h
by the addition of ATP, MgCl,, and KCl as given in the Material and
methods section. The amount of polymer at each actin concentration was
measured by light scattering at steady state, normalized against identical
samples without salt, and plotted versus the total actin concentration. The
intercept with the x-axis of a line of best fit through these data defines the
critical concentration. The mean critical concentration (with standard
deviation) of derivatized pollen actin was 0.45 = 0.07 uM (n = 3)

share many similarities in physical and chemical proper-
ties. However, there exist some differences between plant
and animal actins in their biochemical properties and
some distinct functions in vitro and in vivo (Ren et al.
1997, Kovar et al. 2001). We used two fluorescent actin
analogues to investigate whether they could copolymerize
to form heteropolymers in vitro.

In specimens in which just one kind of fluores-
cent actin analogue was used to polymerize, fluorescent
filaments could be clearly imaged only when the speci-
mens were illuminated with the appropriate excitation
wavelength. Pollen actin filaments exhibited red-fluores-
cent images when excited by light with a wavelength of
567 nm (Fig.4A), whereas no filaments could be de-
tected at an excitation wavelength of 488 nm. However,
actin filaments polymerized from fluorescent skeletal
muscle actin exhibited green-fluorescent images when
excited by light with a wavelength of 488 nm (Fig.4B),
and there was no obvious image at an excitation wave-
length 567 nm. When mixtures of pollen and skeletal mus-
cle actin analogues were excited by light with a wavelength
of 567 nm and/or 488 nm, there were red actin filaments ap-
pearing in some areas (Fig.4C), but no green actin
filaments were detected in the same areas (Fig. 4D). On the
other hand, there were green actin filaments appearing in
some other areas (Fig.4E), whereas no red actin filaments
appeared in these regions (Fig. 4F). No filaments exhibiting
both green and red color were detected. Nevertheless, in
some areas, both red filaments (Fig.4G) and green fila-
ments (Fig.4H) could be found, but they did not overlap
(Fig. 41). Interestingly, muscle skeletal actin could not form
straight filaments but formed curved actin bundles in the
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mixtures (Fig.4E, H). However, when two pollen actins
with different fluorescence were copolymerized, both
red-fluorescent filaments (excited by light with a wave-
length of 567 nm) and green-fluorescent filaments (excited
by light with a wavelength of 488 nm) could be visualized
in all areas (Fig.4J, K). Furthermore, those red filaments
and green filaments were overlapping (Fig.4L).

Considering the sensitivity limit of the microscopy for
the detection of trace heteropolymers, the more sensitive
fluorescence intensity measurement was used for further
examination in coprecipitation experiments. Fluorescent
pollen G-actin with a final concentration of 0.3 uM or
0.6 pM was added to 3 uM pollen actin or rabbit skeletal
muscle actin. The polymerized actin was precipitated
and measured with a fluorescence spectrophotometer. The
results showed that for concentrations below as well as
above the critical concentration (0.45 wM), the amount of
labeled pollen actin precipitating with pollen actin was
much higher than that precipitating with skeletal muscle
actin, about 5 times higher at the subcritical concentration
and 7 times higher at the supercritical concentration
(Fig.5). This result indicates that fluorescent pollen actin
copolymerizes with pollen actin much easier than with
rabbit skeletal muscle actin.

All in all, it can be concluded that actin monomers
from animal and plant cell tend to form homopolymers
but not heteropolymers in vitro.

Pollen and rabbit skeletal muscle actins
do not behave similarly in living plant cells

To examine the effects of the introduction of pollen
actin and skeletal muscle actin into living plant cells,
we injected Oregon Green 488-labeled pollen actin and
skeletal muscle actin into 7. virginiana stamen hair
cells. Using the microinjection method, about 10 pl of
fluorescent actin analogues with a concentration of
34 uM was introduced into the cytosol of stamen hair
cells. The injection of fluorescently labeled skeletal
muscle actin had remarkable effects on the cellular
architecture, disrupted the cytoplasmic streaming, and
accumulated in cellular organelles. At the same time, a
massive array of green-fluorescent filaments appeared at
the site of injection (Fig.6A). In contrast, the injection
of fluorescently labeled pollen actin led to the formation
of normal actin filaments in transvacuolar strands and
the cortical cytoplasm (Fig. 6B).

To test further the functional differences between
pollen actin and skeletal muscle actin, we conducted
three kinds of microinjection into 7. virginiana stamen
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Fig. 4 A-L. Copolymerization of actins from pollen and skeletal muscle actin analogues. A Filaments composed from pollen actin fluorescent ana-
logue appear as red fluorescent filaments when excited by light with a wavelength of 567 nm. B Filaments composed from skeletal muscle actin fluo-
rescent analogue appear as green fluorescent filaments when excited by light with a wavelength of 488 nm. C and D When pollen and skeletal muscle
actin analogues are copolymerized, red-fluorescent filaments can be visualized in some areas when excited by light with a wavelength of 567 nm (C),
whereas no green-fluorescent filaments are present at an excitation wavelength of 488 nm (D). E and F In some other areas, green-fluorescent filaments
are present when excited by light with a wavelength of 488 nm (E), but no red actin filaments appeared at an excitation wavelength of 567 nm (F). G-I
There are however some areas where both red-fluorescent filaments (G) and green-fluorescent filaments (H) can be found, but they are not overlapping
(I). J-L When two fluorescent pollen actin analogues copolymerized, red-fluorescent filaments can be visualized when excited by light with a wave-
length of 567 nm (J) and green-fluorescent filaments are also present when excited by light with a wavelength of 488 nm in all areas (K), and the fila-
ments are overlapping (L). Bar: 10 pm

hair cells: CD alone, coinjection of CD with pollen
actin, coinjection of CD with muscle actin (actins used
here were unlabeled). All microinjections caused trans-
vacuolar strands to become thinner and snap, cytoplas-
mic streaming ceased, and the nucleus was displaced
from the center position of the cell. However, the
length of time for the nucleus to move one nuclear di-

ameter from its original position after the microinjec-
tion and subsequently to move back, taken as an indica-
tion of the recovery, was quite different among the
three kinds of microinjections. As shown in Table 1, the
average time for nuclear displacement after microinjec-
tion of CD and pollen actin (13.4 min) was a little
longer than that of CD alone (11.2 min). On the other
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Fig. 5. Coprecipitation of actins from pollen and skeletal muscle actin.
Samples containing 3 WM rabbit skeletal muscle actin (RSMA) or 3 uM
maize pollen actin (PA) were copolymerized with 0.3 uM (subcritical
concentration) or 0.6 wM fluorescent pollen G-actin (F-PA) (supercritical
concentration). To assay the amount of fluorescent pollen actin’s self-
polymerization above the critical concentration, a sample containing
0.6 nM fluorescent pollen actin in G-buffer was also included. The poly-
merized actins were precipitated and the emission fluorescence values
were measured. The values were plotted as the means (with standard de-
viations) of three experiments after normalization of the interference of
fluorescence in the polymerization buffer containing 0.3 wM fluorescent
pollen actin. From the comparison of the portions of fluorescent pollen
actin incorporated into maize pollen actin and rabbit skeletal muscle
actin, it was calculated that about 5 times and 7 times more fluorescent
pollen actin incorporated with maize pollen actin than with rabbit skeletal
muscle actin below and above the critical concentration, respectively

Fig. 6. A Tradescantia virginiana stamen hair cell injected with fluores-
cent skeletal muscle actin shows aberrant microfilament arrays. B
Tradescantia virginiana stamen hair cell injected with fluorescent pollen
actin shows normal actin filaments. Bar: 20 pm

hand, the average time for nuclear displacement after
microinjection of CD and muscle actin (5.4 min) was
much shorter than that of CD alone. The average time
for nuclear displacement with CD and pollen actin
coinjection was significantly different from that of the
injection of CD (P = 0.005) or CD plus muscle actin
(P = 0.001). Moreover, nuclear repositioning and cyto-
plasmic streaming in cells coinjected with CD and
pollen actin could recover within 50 min, whereas those
injected with CD alone or CD with muscle actin could
not recover during the time periods of our observation
(about 60 min). Injection of buffer alone or pollen actin
alone had little effect on nuclear displacement. These
results demonstrate that pollen actin may facilitate the
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Table 1. Duration of displacement of nucleus?®

Injectate Mean time of nuclear ~ Mean time of recovery
displacement (min) of central position (min)

CD 112+ 15 no recovery®

CD + pollen actin 134 5.1 50.1 = 5.7

CD + muscle actin 54*23 no recovery®

Injection buffer >20.0 nd*¢

Pollen actin >20.0 nd

* The average time required for nuclei to move one nuclear diameter
from the original position and their return to the original position was
measured after 7. virginiana stamen hair cells were injected with 20 uM
CD or 20 uM CD plus 34 uM actin. Injected cells were monitored for a
maximum period of 60 min. Values are means with standard deviations
forn = 13 each

® No recovery was detected within the maximum observation period

¢ Not done

recovery of the actin filament architecture in living
plant cells, whereas muscle actin perturbs actin fila-
ments in living plant cells.

Furthermore, a series of double microinjections was
performed to determine the organization of the actin cyto-
skeleton in living stamen hair cells. Alexa 488-phalloidin
was microinjected into the cells 20 or 60 min after the in-
troduction of CD alone, CD plus pollen actin, or CD plus
muscle actin. The injection of CD alone, CD plus pollen
actin, or CD plus muscle actin all caused the endogenous
F-actin network to be destroyed, transvacuolar strands and
cortical actin filaments disappeared. Only some random
short fragments could be seen (Fig. 7A—C). In most cells
injected with CD alone, there were no obvious changes
of this situation within 60 min after the injection. In a
few cells, though, fine cortical actin filaments appeared
(Fig.7D), but transvacuolar strands (Fig.7G) and recov-
ery of the central nuclear position (not shown) did not oc-
cur. In cells that were coinjected with CD and skeletal
muscle actin, the actin filaments in cortical or transvacuo-
lar strands never reappeared during our observations
(Fig.7F, I). In cells that were coinjected with CD and
pollen actin, cortical actin filaments and transvacuolar
strands could be seen again after the nuclei recovered
their position and cytoplasmic streaming recommenced
(Fig. 7E, H).

Discussion
Pollen and muscle skeletal actin isoforms tend
not to form heteropolymers in vitro and in vivo

Fluorescent-analogue cytochemistry has been used exten-
sively to study the dynamic nature of the cytoskeletal orga-
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Fig. 7A-I. Reorganization of the actin cytoskeleton in 7. virginiana stamen hair cells after microinjection. A—C 20 min after injection, cells injected
with CD alone (A), CD plus pollen actin (B), and CD plus muscle actin (C) all exhibited a pattern of randomly arranged short actin fragments,
stained by injection of Alexa 488-phalloidin. D-I 60 min after injection, fine cortical actin cytoskeleton reappears in cells injected with CD alone (D)
and CD plus pollen actin (E), while no actin filaments can be detected in the cell injected with CD plus skeletal muscle actin (F). In addition, a few
transvacuolar actin strands could be seen in the cell injected with CD plus pollen actin (H), although no transvacuolar actin filaments could be seen in
cells injected with CD alone (G) or CD plus skeletal muscle actin (I). Bar: 20 wm

nization in living cells (Wang et al. 1980, Giuliano et al.
1985). But the application of this method on studies of
actin cytoskeleton in plant cells is still exceptional (Ren
et al. 2000; Kovar et al. 2001a, b). We reported previously
two methods for labeling plant actin with fluorescent dye
at free amino groups and thiol groups (Ren etal. 1999,
2000). Our results showed that both the yield of fluores-

cent analogue and its dye-to-protein ratio were as high as
that with the method reported for animal cell studies
(Wang etal. 1980). In the present study, the method for
labeling actin at free amino groups was used to label the
actin from maize pollen and rabbit skeletal muscle actin
with different fluorescent dyes. With electron microscopy
and confocal laser scanning microscopy, it was shown that
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they both could not only polymerize in vitro but also be
decorated by myosin S-1 fragments to form arrowhead
structures and have a similar critical concentration with
unlabeled actin. The results demonstrated that the fluores-
cent actin analogues obtained by our methods are as active
as their original actins in their polymerization property.

Our preliminary results showed that the introduction of
purified pollen actin or rabbit skeletal muscle actin into
plant cells had different effects on the cellular architecture
and actin organization (Ren etal. 1997). However, there
are still no direct experimental evidences to show whether
different actin isoforms can form a heteropolymer or not.
In this study, fluorescent actin analogues combined with
different examination methods have been used to detect
the behavior of actins from plant and animal sources
incubated in vitro in the same solution. Although the
heteropolymer cannot be visualized by fluorescent mi-
croscopy, it is shown by fluorescence spectrophotometry
that there are indeed only very small amounts of labeled
pollen actin precipitating with rabbit skeletal muscle actin
even when the labeled pollen actin is below the critical
concentration. However, the amount of labeled pollen
actin precipitating with pollen actin is much higher. From
the above results, it is indicated at least that actin from an-
imal and pollen sources does not tend to form heteropoly-
mers. Although the actins used in the present experiments
are a mixture of different isoforms from pollen sources,
there is one major isoform in maize pollen (Ren et al.
1997).

In our in vivo experiments, pollen actin or skeletal mus-
cle actin was introduced into 7. virginiana stamen hair
cells. The injection of fluorescently labeled pollen actin
resulted in the formation of normal actin filaments in
transvacuolar strands and the cortical cytoplasm. In con-
trast, the injection of fluorescent skeletal muscle actin had
significant effects on the cellular architecture and a mas-
sive array of actin filaments was formed at the injection
site. This behavior is similar to that observed previously
with unlabled actin (Ren et al. 1997). The actin-disrupting
reagent CD was injected with pollen actin or muscle actin,
and nuclear displacement as well as subsequent recovery
of transvacuolar strands and reorganization of the actin
cytoskeleton were observed. The results showed that
pollen actin facilitates the recovery of the nuclear position
and the actin filament architecture, suggesting that pollen
actin enters the actin cytoskeleton by actin turnover and
functions in living plant cells. However, muscle actin
formed a massive array at the injection site and perturbed
actin filaments in living plant cells. Moreover, the nuclear
displacement occurred more rapidly when CD and muscle
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actin were coinjected into the cell and no recovery was
seen within 60 min after the injection. When CD and
pollen actin were coinjected, the nuclear displacement
was prolonged. The actin cytoskeleton and transvacuolar
strands were recovered, and the nucleus moved back to its
central position in the cell after about 50 min. From the
above results it is concluded that actin from plant and
animal sources are not tending to form heteropolymers
and they are not functionally interchangeable.

Actin isoforms may form different actin filaments
to play different roles in cells

Actin proteins are encoded by multiple gene families that
are expressed in the organism temporally and spatially in
distinct patterns. Higher-plant actin genes encode proteins
that are relatively divergent in their primary structures
compared with actin proteins from other kingdoms
(Meagher et al. 1999). This protein diversity may be due
to functional differences. A number of observations in an-
imal cells strongly support that different actin isoforms
have unique properties and are not functionally equivalent
(Rubenstein 1990, Herman 1993, Fyrberg etal. 1998).
The functional significance of the actin isovariants in
plants, however, has not yet been studied in detail.
Meagher et al. (1999) presented a hypothesis for isovari-
ant dynamics, suggesting that the simultaneous expression
and interaction of multiple isovariants of actin may expand
cytoskeletal responses to signal transduction and functions
in developmental processes. Potentially, different actin iso-
forms may polymerize into homopolymers or heteropoly-
mers. Meagher etal. (1999) suggested that the degree of
heteropolymer formation depends on monomer concentra-
tions and the specific K, values for association between
actin isoforms. Our experiments show that actin from ani-
mal and pollen sources do not tend to form heteropolymers
but tend to form homopolymers even at the same monomer
concentrations. When injected into living plant cells, pollen
actins can incorporate with the actin cytoskeleton in the
cell, while it seems that most muscle skeletal actins are or-
ganized separately from the actin cytoskeleton of the cell.
Our observations suggest that actin isoforms may form
different actin filaments which may serve for various func-
tions in the cell. Similar experiments will need to be per-
formed with fluorescently tagged plant actin isovariants.
Using site-directed mutagenesis, Fyrberg etal. (1998)
tested the amino acid replacements of six genes of Dro-
sophila melanogaster that encode conventional actins and
found that these actin isoforms are not interchangeable and
that actin isoform sequences are not equivalent. For maize
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pollen treated with low concentrations of the actin inhibitor
Latrunculin B, Gibbon etal. (1999) revealed that pollen
tube growth is much more sensitive to F-actin disruption
than pollen germination. They proposed that there exists a
small population of Latrunculin B-sensitive actin filaments
which is critical for the maintenance of tip growth but not
for pollen germination. Although the mechanism which
makes the difference of F-actin populations is still not clear,
one possibility to be considered is that those different actin
filaments are made up of different actin isoforms or differ-
ent ratios of actin isoforms. Our experimental results
strongly support that different populations of actin fila-
ments tend to be made up of different actin isoforms.
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