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ABSTRACT

Pollen is an excellent source of actin for biochemical and phys-
iological studies of the actomyosin system in higher plants. We
have developed an efficient method to prepare relatively high
levels of actin from the pollen of maize (Zea mays L.). The proce-
dures of purification include acetone powder preparation, satu-
rated ammonium sulfate fractionation, diethylaminoethyl-cellulose
chromatography, a cycle of polymerization-depolymerization, and
Sephacryl S-200 gel filtration. The average yield of actin is 19
milligrams per 100 grams of pollen grains extracted. This is com-
parable with those of Acanthamoeba castellanii and human plate-
lets. The purified pollen actin is electrophoretically homogeneous
and its molecular mass is 42 kilodaltons. The amino acid compo-
sition and circular dichroism spectrum of pollen actin are identical
to those of muscle actin. The actin purified from pollen is able to
polymerize to F-actin. The pollen F-actin activated the activity of
the muscle myosin ATPase sevenfold.

amino acid composition, circular dichroism spectrum, and
activation of myosin ATPase activities.

MATERIALS AND METHODS

Chemicals

DEAE-cellulose and Sephacryl S-200 were obtained from
Pharmacia. ATP-Na2 salt, imidazole, SDS, acrylamide, bis-
methylene-acrylamide, Tris, and monoclonal antibodies
against smooth-muscle a-actin were from Sigma. All other
reagents used were of analytical grade.

Maize Pollen

Maize (Zea mays L.) plants were grown in the Experimental
Station of Beijing Agricultural University in Beijing.The cul-
tivar was Nongda No. 14. Pollen were collected in the middle
of July when the plants were in pollination stage. About 1 kg
fresh weight of maize pollen was collected and stored in a
desiccator placed in a freezer (-700C) for use.

It has been well established that the actomyosin system is
universally distributed in higher plants (9). The actomyosin
system is an important component of cytoskeleton, which
plays a pivotal role in the maintenance of cell shape, cell
motility, mitosis, and cytokinesis. The presence of actin and
myosin in higher plants has been identified in Amaryllis,
Haemanthus, tomato, conifer root, pollen of Luffa, pea ten-
drils, and pollen tube of lily (3, 5, 13, 17, 20, 21, 23) by
biochemical and immunological methods. But the concentra-
tions of actin in plant are lower than they are in animal
cytoplasmic tissues (14). So the biochemical and physiological
studies of plant actomyosin are limited, unlike the cases in
other nonmuscle cells such as slime molds and Acanthamoeba
castellanii. However, we found that pollen is a rich source of
actin for purification. We have developed an efficient method
to prepare sufficient quantities of pure actin for biochemical
and physiological studies such as the conformational changes
during the polymerization of actin and the reassembly of
microfilaments in vitro. Here we describe this method, which
includes acetone powder preparation, ammonium sulfate
fractionation, DEAE-cellulose chromatography, and Sepha-
cryl S-200 gel filtration. Furthermore, the pollen actin was
characterized by mol wt determination, immunoblotting,
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Acetone Powder of Pollens

Five grams of maize pollen were put into a mortar, 14 mL
of buffer A (0.2 mm CaCl2, 2 mm Tris, 0.75 mm mercaptoeth-
anol, 0.2 mi ATP, 0.005% NaN3, pH 8.0) was added, and
the mixture was ground with a pestle to a slurry. Then 6 mL
of buffer A was added and the mixture was ground again.
The pollen extract was made to acetone powder. The pollen
extract was mixed with an approximately 20-fold volume of
cold acetone (-200C) in a beaker, and stirred in an ice bath
for 1 min. After standing for a moment, the acetone was
decanted. Another 20-fold volume of cold acetone was
added, the mixture was stirred, and the acetone was decanted.
The extract was placed into a cooled mortar and ground again
with a pestle. A 10-fold volume of cold acetone was added,
stirred, and centrifuged at 10,000g for 4 min. The precipitate
was ground once more and extracted with a 10-fold volume
of cold acetone and centrifuged. About 2 g of precipitate
were obtained and were dried at 0°C and stored as acetone
powder for further use.

Ammonium Sulfate Fractionation

Two grams of acetone powder were placed in a homoge-
nizer with a small volume of bufferA and were homogenized.
Additional buffer A was added to a total volume of 300 mL.
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After stirring for 1 min, the mixture was centrifuged at
20,000g for 15 min at 40C. The supernatant was made 50%
saturated with solid ammonium sulfate. The pH was adjusted
to 5.4 by the addition of 0.5 N acetic acid with a Beckman
pH meter. The solution was centrifuged at 10,OOOg for 10
min at 40C to collect the pellet. The pellet was dissolved in
20 mL of buffer B (0.1 mm CaCl2, 0.75 mm mercaptoethanol,
10 mM imidazole, 0.5 mm ATP, 0.05% NaN3, pH 7.5)
and the solution was dialyzed against 1,000 mL of buffer
B for 3 h.

DEAE-Cellulose and Sephacryl S-200 Chromatography

The dialysate was passed through a DEAE-cellulose 52
column (1.6 X 30 cm). The chromatography was carried out
in a cold laboratory at 40C. The column was eluted with 0 to
0.5 M KCl gradient solution. The total volume of eluate was
350 mL. The fractions of eluates were determined by SDS-
PAGE to be actin, and these fractions were collected as crude
actin. The actin fraction was polymerized by the addition of
MgCl2 to a concentration of 2 mm for 10 h at 40C. The
polymerized actin was spun at 100,OOOg for 3 h at 40C. The
pellet was dissolved in 4.5 mL of buffer C (buffer A adjusted
to pH 7.5) and dialyzed against buffer C for 72 h with two
changes of dialysis solution of 1,000 mL. The depolymerized
actin was centrifuged at 100,OOOg for 3 h at 40C. The solution
of actin was then passed through a column of Sephacryl S-
200 (1.6 X 90 cm) and monitored with an LKB UV monitor
with a filter of 280 nm. The second peak of gel filtration was
collected as pure G-actin of maize pollen.
SDS-PAGE was performed according to the method of

Laemmli (10) in the presence of 1.0% SDS.

Determination of Protein Concentration

The concentration of protein was determined according to
the method of Lowry et al. (12). The actin content was
determined with a Shimadzu dual-wavelength TLC scanner.

Immunoblotting

Proteins separated on a 10% SDS polyacrylamide gel were
electroblotted to a nitrocellulose sheet with a Bio-Rad trans-
blot apparatus at 47 V for 2 h at 40C. The nitrocellulose sheet
was incubated with monoclonal antibody raised against
smooth-muscle a-actin (Sigma, A9172) for 6 h at room tem-
perature. Excess antibody was removed by four 5-min washes
in PBS, and the sheet was incubated for an additional 2 h at
370C in blocking buffer with 1:1000 diluted anti-mouse
immunoglobulin G alkaline phosphatase conjugate (Bio-Rad).
Finally, the sheet was visualized by the addition of nitroblue
tetrazolium and 5-bromo-4-chloro-3-indolyl phosphate ac-
cording to Blake et al. (2).

Determination of Amino Acid Composition

The amino acid composition of the pollen actin was deter-
mined by a Hitachi model 835-50 amino acid automatic
analyzer. The result was compared with the actins from rabbit
muscle (1) and A. castellani (7).

Determination of Circular Dichroism Spectrum

The circular dichroism spectrum of pollen actin was deter-
mined by a J-500C spectropolarimeter. The scanning wave-
lengths were 200 to 240 nm.The result was compared with
that of muscle actin (15).

Determination of the Activity of Myosin ATPase

The activities of myosin ATPase were determined accord-
ing to the method of Le Bel et al. (11).

RESULTS

Purification and Yield of Pollen Actin

The G-actin of maize pollen was purified by the procedures
described in 'Materials and Methods.' The extract of pollen
was made to acetone powder with the same method used for
extraction of actin from skeletal muscle (19). Most of the
actin could be recovered from the acetone powder of maize
pollen, which was a rich source of plant actin so far isolated
from plants. After ammonium sulfate fractionation of the
extract, it was purified by DEAE-cellulose chromatography,
a cycle of polymerization-depolymerization, and Sephacryl
S-200 gel filtration. The actin obtained was electrophoreti-
cally homogeneous: only one band appeared on the slab gel
(Fig. 1) with a mol wt of 42,000. The yield of pollen actin
purified by the above method is higher than any of the
present methods of purification of actin from higher plants.
We have obtained 19 mg of purified actin from 100 g of
maize pollen, an amount comparable with the yield of actin
from human platelets (18). Table I shows the yield of actin
during the purification procedures.

Immunoblotting of Pollen Actin

The actins from maize pollen and rabbit muscle were
electrophoresed on an SDS polyacrylamide gel simultane-

Figure 1. SDS-PAGE of actin from pollen at different stages of the
purification procedures. Lane 1, Acetone powder; lane 2, 50%
ammonium sulfate; lane 3, DEAE-cellulose; lane 4, polymerization-
depolymerization; lane 5, Sephacryl S-200; lane 6, standard
proteins.
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Table I. Purification of Actin from Maize Pollen
Step Volume Protein Actin

mL mg mg %

Crude extract (acetone powder) 858 1097.0 211.8 19.3
50% Ammonium sulfate 63 172.3 51.4 29.6
DEAE-cellulose 46 96.4 24.5 53.1
Polymerization-depolymerization 4.5 11.9 9.0 75.0
Sephacryl S-200 10 7.1 6.5 91.5

a Thirty grams of maize pollen were extracted.

ously and were transferred to a nitrocellulose sheet. The
proteins separated were visualized either by Coomassie blue
staining or by immunostaining (see 'Materials and Methods').
The results showed that the pollen actin is immunochemically
identical to the smooth-muscle a-actin (Fig. 2).

Amino Acid Composition

The amino acid composition of pollen actin was determined
by a Hitachi automatic amino acid analyzer. The result is
shown in Table II, which includes the amino acid composition
of actins from rabbit skeletal muscle (1) and A. castellanii (6).
Comparing the amino acid composition of pollen actin with
those of muscle and A. castellanii, they are similar to each
other except for a little difference that may be due to exper-
imental errors. It has been reported that there are some
variations in amino acid composition and sequence of actin
among the three kinds of organisms, i.e. plants, animals, and
protists (14).

A B
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Circular Dichroism Spectrum of Pollen Actin

The circular dichroism of muscle actin had been deter-
mined by Murphy (15). Pardee and Ramburg (16) reported
that the circular dichroism spectrum of chick brain actin was
very similar to that of muscle actin. So far no information on
the circular dichroism spectrum of plant actin has been
reported. Here we described the circular dichroism spectrum
of pollen actin, which was determined by a Hitachi J-500C
spectropolarimeter. The result shows that the circular dichro-
ism spectrum of pollen is very similar to those of muscle and
brain actins. The comparison of circular dichroism spectra of
pollen actin with that of muscle actin is shown in Figure 3.

Activation of Myosin ATPase by Pollen F-Actin

Another characteristic of the actin is that its fibrous state
can activate the activity of myosin ATPase. We determined
the myosin ATPase activities at different concentrations of F-
actin from maize pollen. The result shows that the activities
of the muscle myosin ATPase in the presence of F-actin from
maize pollen is sevenfold higher than the activity of muscle
myosin ATPase in the absence of F-actin. The result is shown
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Figure 2. SDS-PAGE and immunoblot of pollen actin in comparison
with muscle actin. The proteins were visualized either by Coo-
massie blue staining (A) or by immunostaining after transfer onto a

nitrocellulose sheet (B). A, Lane 1, Molecular weight marker (values
in kilodaltons on left); lane 2, partially purified actin from maize
pollen after DEAE-cellulose chromatography; lane 3, purified actin
from rabbit muscle. B, Lane 1, Partially purified actin from maize
pollen; lane 2, purified actin from rabbit muscle.

Table II. Comparison of the Amino Acid Compositions of Actins
from Maize Pollen, A. castellanii, and Rabbit Muscle

Amino Acid Maize Pollen A. castellaniia Rabbit Muscleb

Lys 22 21 21
His 9 10 11
Arg 22 22 21
Asp 32 32 34
Thr 27 28 27
Ser 25 25 25
Glu 40 43 44
Pro 21 15 18
Gly 30 31 30
Ala 30 31 30
Cys 5 4 5
Val 19 22 18
Met 18 13 12
lle 21 22 23
Leu 26 32 26
Tyr 14 18 18
Phe 13 15 13
Trp N.D. N.D. N.D.aTf

b
Taken from Gorden et al. (6).

b Taken from Adelstein et al. ( 1).
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Figure 3. Circular dichroism of pollen actin in comparison with that
of muscle actin. Solid line, pollen actin; broken line, muscle actin.

Figure 4. Activation of myosin ATPase from muscle by F-actin from
maize pollen in various concentrations. The specific activity of
myosin ATPase from rabbit muscle in the absence of pollen F-actin
was 0.15 ,ug of Pi min-' mg-' protein.

in Figure 4. It implies that the F-actin polymerized from the
purified pollen actin is able to interact with myosin to do
biological processes.

DISCUSSION

Purity and Yield of Plant Actin

Since the discovery of actin in Physarum polycephalum by
Hatano and Oosawa (7), many authors have identified actin
in various plants (9). Meagher and McLean (14) recently
pointed out that the typical methods for purifying actin from
animals and protists, such as the cycle of polymerization and
depolymerization and DNase affinity chromatography, had
not yet proven quantitative in plant systems. However, it is
quantitative for the purification of actin from pollen when
the acetone powder method was applied.
The acetone powder of maize pollen contains most of the

actin in the pollen cells. After chromatography on DEAE-
cellulose and Sephacryl S-200 columns, very pure actin can

be obtained. The purity of actin isolated by the combination
of acetone powder preparation and Sephacryl S-200 gel
filtration is better than that purified by Sepharose 4B. On the
SDS polyacrylamide gel only one sharp band of actin appears
whose mol wt is 42,000. Moreover, the yield by our method
is higher than those of other methods (22). It is comparable
with the yield of actin isolated from A. castellanii (6) and
human platelets (18). Cresti et al.(4) and Heslop-Harrison et
al.(8) had described that in the ungerminated pollen grains
of many species of angiosperm there were crystalline-fibrillar
structures that might be a storage form of F-actin. They
indicated that actin is an abundant and universal constituent

of pollen. Our result is consistent with their finding that actin
is indeed an abundant component in pollen grains.

Characterization of Actin from Pollen

The biochemical characteristics of pollen are identical or

similar to those of actins from muscle and A. castellanii.
Comparing the amino acid composition of actin from maize
pollen with those of muscle and nonmuscle cells, it appears
that their amino acid compositions are identical. Comparison
of the circular dichroism spectrum of pollen actin with that
of muscle actin (15) also shows that the structure of pollen
actin is similar to that of muscle actin.

Biological Activity of Pollen Actin

After acetone treatment of pollen extract, the pollen actin
isolated is biologically active. The most significant character-
istic is that the G-actin purified from pollen has the activity
to polymerize to actin filament. In the presence of 0.1 M KCl
and 2 mM MgCl2 the pollen G-actin was polymerized to F-
actin, which was accompanied by an increase in viscosity.
Moreover, the F-actin polymerized from pollen G-actin has
the ability to activate myosin ATPase more than sevenfold.
This is a common characteristic of actin in nonmuscle cells.
The above discussion of pollen actin shows that pollen is

an excellent source of actin for the study of microfilament
cytoskeleton in higher plants.
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