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Profilin is an actin monomer binding protein that, depending on the conditions, causes either polymerization or depoly-
merization of actin filaments. In plants, profilins are encoded by multigene families. In this study, an analysis of native
and recombinant proteins from maize demonstrates the existence of two classes of functionally distinct profilin iso-
forms. Class II profilins, including native endosperm profilin and a new recombinant protein, ZmPRO5, have biochemi-

 

cal properties that differ from those of class I profilins. Class II profilins had higher affinity for poly-

 

L

 

-proline and
sequestered more monomeric actin than did class I profilins. Conversely, a class I profilin inhibited hydrolysis of mem-
brane phosphatidylinositol-4,5-bisphosphate by phospholipase C more strongly than did a class II profilin. These bio-
chemical properties correlated with the ability of class II profilins to disrupt actin cytoplasmic architecture in live cells
more rapidly than did class I profilins. The actin-sequestering activity of both maize profilin classes was found to be de-
pendent on the concentration of free calcium. We propose a model in which profilin alters cellular concentrations of ac-
tin polymers in response to fluctuations in cytosolic calcium concentration. These results provide strong evidence that
the maize profilin gene family consists of at least two classes, with distinct biochemical and live-cell properties, imply-
ing that the maize profilin isoforms perform distinct functions in the plant.

INTRODUCTION

 

Plant cells often respond to intracellular and extracellular
cues by reorganizing their microtubule and actin microfila-
ment cytoskeletons. Actin reorganization in particular is nec-
essary for or coincident with a variety of environmentally
influenced processes, including cell division, cell elongation,
responses to wounding or pathogen attack, plastid position-
ing, and pollen germination and extension of the pollen tube
(reviewed in Taylor and Hepler, 1997; Nick, 1999; Staiger,
2000). In all eukaryotic cells, actin reorganization is thought
to be controlled by actin binding proteins that regulate the
spatial and temporal polymerization and depolymerization of
actin monomers (globular or G-actin) into filamentous actin
(F-actin) and that also organize the cytoskeleton into macro-
molecular structures. Actin binding proteins can be placed
into several broad groups, based on their functional charac-
teristics in vitro. Many are sensitive to changes in calcium
and pH, and some are thought to be regulated through sig-
nal transduction pathways by interacting with polyphospho-
inositides or to act as downstream effectors of small G
proteins (Schmidt and Hall, 1998).

Profilins are low molecular mass (12 to 15 kD), abundant,

cytosolic actin monomer binding proteins that form a 1:1
complex with G-actin. In addition to actin, profilins also in-

 

teract with poly-

 

L

 

-proline (PLP) and proline-rich proteins,
membrane polyphosphoinositides, phosphatidylinositol-3-
kinase, annexin, and several multiprotein complexes that are
implicated in the regulation of actin nucleation and endocy-
tosis (Machesky et al., 1994; Witke et al., 1998).

Profilin can have two opposite influences on the assembly
of actin in vitro. By binding and sequestering G-actin, profi-
lin causes the depolymerization of actin filaments. Under
other conditions, however, profilin promotes actin polymer-
ization. When a large pool of actin monomers is available,
the profilin–actin complex can add to uncapped filament
ends and stimulate polymerization (Pantaloni and Carlier,
1993; Kang et al., 1999). It also has been argued that profilin
facilitates polymerization indirectly by stimulating the ex-
change of ADP for ATP on G-actin, because ATP-loaded
G-actin adds onto filaments more readily (Goldschmidt-
Clermont et al., 1992). However, as shown recently, even
though Arabidopsis profilins are unable to enhance nucle-
otide exchange on vertebrate actin, they still promote poly-
merization in vitro (Perelroizen et al., 1996). The functional
importance of stimulating actin nucleotide exchange is still a
matter of debate (Korenbaum et al., 1998; Vinson et al.,
1998) because a heterologous source of actin was used to
test the effects of Arabidopsis profilin.

It is likely that the local cellular environment, especially the
presence of other actin binding proteins and the stoichiometry
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of profilin to total actin, will determine the specific effect
profilin has on actin polymerization. The ability of profilin to
promote both polymerization and depolymerization has
been confirmed genetically. In yeast and Dictyostelium, mu-
tational analyses suggest that profilin has a sequestering
function (Magdolen et al., 1993; Haugwitz et al., 1994),
whereas Drosophila and 

 

Schizosaccharomyces pombe

 

 loss-
of-function mutants indicate that profilin is necessary for ac-
tin polymerization (Cooley et al., 1992; Balasubramanian et
al., 1994). Equivalent genetic studies to analyze plant profilin
function have not been performed.

At least two profilin isoforms are expressed in several or-
ganisms. The amino acid sequence identity between the two
isoforms from any given organism is between 54 and 83%, a
diversity sometimes reflected in differences in their bio-
chemical properties in vitro (Schlüter et al., 1997). Even
small changes in amino acid sequence can alter the bio-
chemical properties of profilin substantially. Several exam-
ples of single amino acid substitutions that change the
association of profilin with one ligand without affecting bind-
ing to other ligands have been reported (Haarer et al., 1993;
Sohn et al., 1995; Björkegren-Sjögren et al., 1997; Hájková
et al., 1997; Gibbon et al., 1998; Korenbaum et al., 1998;
Schlüter et al., 1998; Ostrander et al., 1999). Therefore,
characterizing the biochemical properties of each profilin
isoform is important for gaining insight about its potential
cellular function.

Plant profilins, which originally were identified as a birch
pollen allergen and plant panallergens (Valenta et al., 1991),
exist in large gene families (Staiger et al., 1997; de Ruijter
and Emons, 1999). As many as six isoforms are predicted to
be expressed in both Arabidopsis and maize (Staiger et al.,
1993; Christensen et al., 1996; Huang et al., 1996; Gibbon et
al., 1998). An unresolved question is: why do multiple profilin
isoforms exist in plants? Based on the differences among
profilin isoforms from other kingdoms, plant profilin isoforms
are also predicted to have biochemical and functional differ-
ences. Previous characterization of four recombinant maize
profilin isoforms provided initial evidence that the isoforms
indeed are not functionally equivalent (Gibbon et al., 1997,
1998, 1999a).

Here, we report the characterization of native maize profi-
lins and compare them with recombinant maize profilin iso-
forms. The results demonstrate that the maize profilin
multigene family comprises two functionally distinct classes.
We also have identified a fifth maize profilin isoform,
ZmPRO5, that is expressed predominantly in vegetative tis-
sues but is also weakly detectable in pollen. Biochemical
characterization shows that recombinant ZmPRO5 is similar
to native profilin purified from a vegetative tissue (endo-
sperm), whereas recombinant ZmPRO1 is similar to native
profilin purified from a reproductive tissue (pollen). ZmPRO5
has much higher affinity for PLP and sequesters more G-actin
than does ZmPRO1. Conversely, ZmPRO1 prevents phos-
pholipase C from hydrolyzing phosphatidylinositol-4,5-bis-
phosphate (PtdIns[4,5]P

 

2

 

) more effectively than does ZmPRO5.

These biochemical differences correlate with an increased
ability of ZmPRO5 to disrupt actin arrays in live 

 

Tradescantia
virginiana

 

 stamen hair cells. We also show that ZmPRO1
and ZmPRO5 slightly inhibit pollen actin nucleotide ex-
change, thereby implying

 

 

 

that stimulation of nucleotide ex-
change is not important for plant profilin function. The native
profilins isolated from endosperm and pollen are also func-
tionally distinct. In agreement with the characteristics of the
recombinant proteins, endosperm profilin is a better G-actin–
sequestering and PLP binding protein and displaces the sta-
men hair cell nucleus markedly

 

 

 

faster than does pollen profi-
lin. These results demonstrate differences in expression
pattern and functional properties between members of a
monocot profilin gene family, differences that appear to de-
lineate two distinct classes of isoforms.

 

RESULTS

 

ZmPRO5

 

 Is a Plant Profilin

 

An expressed sequence tag from an illuminated maize leaf
and sheath mRNA library was identified as a profilin by
BLAST (Altschul et al., 1990) sequence comparison. The
703-nucleotide cDNA encoded an open reading frame of
396 nucleotides that contained consensus translation start
and stop codons. The clone also contained 78 nucleotides
of 5

 

9

 

 untranslated region and 229 nucleotides of 3

 

9

 

 untrans-
lated region, the latter including a poly(A) tail of 17 nucle-
otides. Conceptual translation of the open reading frame
produced a 131 amino acid protein, as shown in Figure 1,
with a predicted mass of 14.1 kD and a pI of 4.39. The
amino acid sequence of ZmPRO5 was very similar to that of
ZmPRO4 (Gibbon et al., 1998), sharing 95% identity, but
was less similar to the pollen profilins ZmPRO1, ZmPRO2,
and ZmPRO3 (Staiger et al., 1993), with which it shared 80,
79, and 79% identity, respectively. The residues that are
most highly conserved in profilins from different species are
those implicated in PLP binding (Figure 1); they are present
in the ZmPRO5 sequence. Residues thought to be involved
in actin binding (Figure 1) are less well conserved among
profilins from different species (Thorn et al., 1997).

 

ZmPRO5

 

 Is Expressed Primarily in Vegetative Tissues

 

To examine maize tissues in which 

 

ZmPRO5

 

 is expressed,
we generated first-strand cDNA from ungerminated pollen,
shoot, root, and coleoptile mRNA. The first-strand cDNA
was used as template for polymerase chain reaction (PCR)
amplification with gene-specific primers for 

 

ZmPRO1

 

,

 

ZmPRO4,

 

 and 

 

ZmPRO5

 

, as shown in Figure 2. Qualitatively,
the amplification product for 

 

ZmPRO5

 

 was most abundant
in vegetative tissues as determined by amplification from
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these tissues at 1:1000 dilution (in Figure 2, see Shoot; not
shown for Coleoptile and Root). Only a minor product was
produced from pollen first-strand cDNA at 1:10 dilution. In
comparison, 

 

ZmPRO1

 

 was abundant in pollen but was not
detected in any vegetative tissue. This confirms our previous
RNA gel blot analysis demonstrating that 

 

ZmPRO1

 

 is ex-
pressed abundantly in pollen (Staiger et al., 1993). As also
shown previously, with RNA gel blots and reverse transcrip-
tion (RT)–PCR, 

 

ZmPRO4 

 

transcripts are abundant in en-
dosperm (Gibbon et al., 1998). 

 

ZmPRO5

 

 and 

 

ZmPRO4

 

appear to be members of a predominantly vegetative profilin
class, whereas 

 

ZmPRO1

 

 is a member of a pollen-abundant
class.

 

Purification of Native Profilins from Maize Endosperm 
and Pollen

 

Profilin was purified from maize endosperm and pollen to in-
vestigate whether different plant tissues contained function-
ally distinct profilins. Purified, native endosperm profilin
migrated more slowly on polyacrylamide gels than did native
pollen profilin, as shown in Figure 3A. A similar difference
was observed when recombinants ZmPRO4 and ZmPRO5
were compared with ZmPRO1, ZmPRO2, and ZmPRO3
(Figure 3A). To further test whether ZmPRO4 and ZmPRO5
were more similar to endosperm profilin than to pollen profi-
lin, we raised an antiserum against recombinant ZmPRO5
(anti-ZmPRO5). Anti-ZmPRO5 recognized all five recombi-
nant maize profilin isoforms and both native profilins, by
protein gel blot analysis, as shown in Figure 3A (gel at cen-
ter). Therefore, anti-ZmPRO5 is not isoform specific. How-
ever, anti-ZmPRO5 recognized recombinants ZmPRO4 and
ZmPRO5 and native endosperm profilin more strongly than
it did the other proteins tested. Conversely, an antibody
raised against ZmPRO3 (anti-ZmPRO3; Figure 3A, bottom)
recognized recombinants ZmPRO1, ZmPRO2, and ZmPRO3
and native pollen profilin most strongly. These results sug-
gested that the major profilin isoforms present in pollen are
ZmPRO1, ZmPRO2, or ZmPRO3, whereas native endo-
sperm profilin is predominantly ZmPRO4 or ZmPRO5. To
see whether differences in profilin isoforms extended to
other plant tissues, we used the two antisera to probe blots

Figure 1. Deduced Amino Acid Sequence of ZmPRO5 Shown in
Alignment with Other Plant Profilins.

Secondary structures, predicted according to crystallographic data
from birch pollen profilin (Fedorov et al., 1997), are positioned above
the primary amino acid sequence. Cylinders represent a helices, and
arrows indicate b sheets. Conserved residues, which have been im-
plicated in PLP binding (asterisks) and actin binding (pound signs),
are indicated. The sequences used for the alignment, their sources,
and GenBank accession numbers or original citations are as follows:
AtPFN1, Arabidopsis thaliana profilin 1, U43325 (see also Huang et
al., 1996); AtPFN2, Arabidopsis profilin 2, U43326 (see also Huang
et al., 1996); AtPRF3, Arabidopsis profilin 3 (Huang et al., 1996);
RcPRO1, Ricinus communis profilin 1, AF092547; ZmPRO4, Zea
mays profilin 4, AF032370; ZmPRO5, maize profilin 5, AF201459
(this study); ZmPRO1, maize profilin 1, X73279; ZmPRO2, maize
profilin 2, X73280; ZmPRO3, maize profilin 3, X73281; BvPRO1, Bet-
ula verrucosa profilin, M65179; AtPFN3, Arabidopsis profilin 3,
U43323 (see also Huang et al., 1996); and AtPFN4, Arabidopsis pro-
filin 4, U43324. The entire ZmPRO5 sequence is shown along with
the differing residues from the other sequences. The sequence
alignments were created by using the PileUp program from the Ge-
netics Computer Group (Madison, WI; Devereux et al., 1984).
Dashes indicate where gaps have been introduced to optimize the
alignment.

Figure 2. RT-PCR Analysis of ZmPRO1 and ZmPRO5 in Four Maize
Tissues.

The presence of profilin transcripts in different maize tissues was ex-
amined by RT-PCR detection of first-strand cDNA templates from
pollen, shoot, root, and coleoptile tissue. Gene-specific primer pairs
for ZmPRO1, ZmPRO4, and ZmPRO5 amplified products that were
of identical size when plasmid DNA (not shown for ZmPRO4; see
Gibbon et al., 1998) or maize tissue cDNAs were used as template.
Serial dilutions of the cDNA templates demonstrated that ZmPRO5
transcript was considerably more abundant in vegetative tissues,
whereas only a weak amplification product was apparent at the
highest concentration of pollen template (1021). Conversely,
ZmPRO1 was detected at high concentrations in pollen, but no
product was obtained from any vegetative tissue. The identity of the
amplified products was confirmed by restriction digestion with
MboII and SacI. For comparison with amplified product sizes, mo-
lecular standards (Mr) were loaded at left and right. Sizes (in base
pairs) are shown at left.
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of total protein extracts from pollen, root, coleoptile, and
shoot tissues, as shown in Figure 3B. Anti-ZmPRO5 (second
panel) recognized specifically a 14-kD band that was
present in various amounts in all tissues examined, whereas
anti-ZmPRO3 (fourth panel) recognized only a 14-kD band
from pollen.

 

Microinjection of ZmPRO5 Results in Rapid 
Rearrangement of Cytoplasmic Architecture

 

To study the effects of increasing the cellular concentration
of profilin, we developed a technique of microinjecting puri-
fied profilins into Tradescantia

 

 

 

stamen hair cells (Staiger et
al., 1994; Ren et al., 1997; Gibbon et al., 1997, 1998). Micro-
injection of profilin disrupts F-actin arrays and causes the
nucleus to be displaced from a position at the center of the
vacuole. By measuring the time it takes for the nucleus to
move one nuclear diameter, we have been able to detect
differences between recombinant maize profilin isoforms
(Gibbon et al., 1998). In the studies reported here, 5 to 6 pL
(

 

z

 

10% of the cytoplasmic volume), at a needle concentra-
tion of 100 

 

m

 

M, was injected. This is estimated to increase
the cytoplasmic profilin concentration from 6 to 16 

 

m

 

M
(Staiger et al., 1994).

Previously, this laboratory had shown that recombinant
ZmPRO4 displaces the nucleus of Tradescantia stamen hair

cells more quickly than does recombinant ZmPRO1 (Gibbon
et al., 1998). Because the amino acid sequence of ZmPRO5
is most similar to ZmPRO4, we expected that recombinant
ZmPRO5 also would act more quickly than ZmPRO1. As
shown in Table 1, this was indeed the case. The average
time for nuclear displacement with ZmPRO5 (4.9 min) was
almost identical to the average time for ZmPRO4 (4.7 min).
Both ZmPRO5 and ZmPRO4 were significantly

 

 

 

(P 

 

<

 

 0.022)
faster than ZmPRO1, which had an average displacement
time of 7.0 min. Additionally, if endosperm and pollen profi-
lins are composed of ZmPRO4- or ZmPRO5-like and
ZmPRO1-like profilins, respectively, endosperm profilin
should displace the stamen hair nucleus faster than pollen
profilin does. Consistent with this prediction, endosperm
profilin displaced the cell nucleus in an average time of 3.1
min, whereas pollen profilin averaged 6.2 min. For a nega-
tive control, we microinjected 1.4 mg/mL BSA; it caused no
substantial movement of the nucleus during the 20-min assay.

For comparison with other known inhibitors of the actin
cytoskeleton, we also microinjected cytochalasin D and la-
trunculin. Cytochalasin D, which binds to the barbed ends of
actin filaments (Cooper, 1987), showed only a modest ef-
fect. It displaced the nucleus significantly (P 

 

<

 

 0.0001)

 

 

 

more
slowly than did the profilins, with an average time of 13.5
min. Latrunculin B, which binds to plant G-actin with a high
affinity (

 

K

 

d

 

 of 74 nM; Gibbon et al., 1999b), displaced the
nucleus significantly (P 

 

<

 

 0.03) more quickly than did the

Figure 3. Anti-ZmPRO5 and Anti-ZmPRO3 Recognize Complementary Sets of Profilin Isoforms.

(A) Purified profilins were separated by SDS-PAGE and stained with Coomassie blue (top) or were transferred to nitrocellulose and probed with
antiserum raised against ZmPRO5 (anti-ZmPRO5; center) or ZmPRO3 (anti-ZmPRO3; bottom). Anti-ZmPRO5 recognized recombinant isoforms
ZmPRO4 and ZmPRO5 (lanes 4 and 5) and native endosperm profilin (lane 7) most strongly. Anti-ZmPRO3 serum showed greatest reaction with
recombinant isoforms ZmPRO1, ZmPRO2, and ZmPRO3 (lanes 1 to 3) and with native pollen profilin (lane 6). The positions of relevant molecular
mass standards are shown at left in kilodaltons.
(B) Twenty micrograms of total protein extract from pollen (lane 2), roots (lane 3), coleoptiles (lane 4), and shoots (lane 5) along with 0.5 mg of re-
combinant ZmPRO5 (lane 1) was separated by SDS-PAGE. The resulting gels were stained with Coomassie blue (first gel) or transferred to nitro-
cellulose and probed with anti-ZmPRO5 (second gel), ZmPRO5 preimmune serum (third gel), anti-ZmPRO3 (fourth gel), or ZmPRO3 preimmune
serum (fifth gel). Anti-ZmPRO5 recognized profilin from each maize tissue, whereas anti-ZmPRO3 detected profilin (more strongly than did anti-
ZmPRO5) from pollen only. The positions of relevant molecular mass standards are shown at left in kilodaltons. CB, Coomassie blue; PIS, pre-
immune serum.
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profilins, with an average time of 2.1 min. These results
demonstrated that molecules that bind to actin with different
affinities, or have different modes of action, elicit distinct ef-
fects on the rate of nuclear movement in Tradescantia sta-
men hair cells.

 

Profilin Isoforms Differ in Affinity for PLP

 

To understand the biochemical basis underlying the isoform
differences observed in the assay with live cells, we charac-
terized the functional properties of recombinant and native
profilins in vitro. The affinity of profilin for soluble PLP was
measured by quantifying the increase in intrinsic tryptophan
fluorescence when titrating a profilin solution with PLP. The
average 

 

K

 

d

 

 value for ZmPRO5 was 164 

 

m

 

M proline residues,
as shown in Table 2. These results were almost identical
for ZmPRO4, which had a 

 

K

 

d

 

 of 167 

 

m

 

M. Both ZmPRO5
and ZmPRO4 were significantly (P 

 

,

 

 0.0001) different from
ZmPRO1, which had a 

 

K

 

d

 

 value of 289 

 

m

 

M. Endosperm pro-
filin also had a significantly

 

 

 

(P 

 

,

 

 0.0001)

 

 

 

lower average 

 

K

 

d

 

value for PLP of 126 

 

m

 

M proline residues than for pollen pro-
filin (

 

K

 

d

 

 of 250 

 

m

 

M; Table 2). The 

 

K

 

d

 

 value of 320 

 

m

 

M that we
obtained for recombinant human profilin I was similar to the
previously reported value of 359 

 

m

 

M (Petrella et al., 1996).

 

ZmPRO5 and Endosperm Profilin Inhibit Actin 
Polymerization Better than ZmPRO1 and Pollen Profilin

 

The G-actin–sequestering activity of the maize profilins was
tested under steady state polymerizing conditions. An ap-
parent 

 

K

 

d

 

 value was calculated by measuring the shift in the
steady state critical concentration (

 

C

 

c

 

) for pollen actin as-
sembly in the presence of profilin. The 

 

C

 

c

 

 is the minimum
G-actin concentration at which polymerization will occur
(Sheterline et al., 1998). The representative experiment
shown in Figure 4 demonstrated a substantial difference in

 

C

 

c

 

 values in the presence of ZmPRO5 when compared with
ZmPRO1. The average apparent 

 

K

 

d

 

 values from several ex-
periments were 1.2 

 

m

 

M for ZmPRO1, 0.3 

 

m

 

M for ZmPRO5,
and 0.3 

 

m

 

M for ZmPRO4, as shown in Table 3. The values for
ZmPRO5 and ZmPRO4 were significantly (P 

 

,

 

 0.001) lower
than those for ZmPRO1.

Similarly, endosperm profilin sequestered significantly (P 

 

5

 

0.01) more pollen actin, with an average apparent 

 

K

 

d

 

 value
of 0.3 

 

m

 

M, than did pollen profilin, with an average apparent

 

K

 

d

 

 value of 0.7 

 

m

 

M (Table 3). Recombinant human profilin I
also was found to have a high G-actin–sequestering activity
under these conditions, with an apparent 

 

K

 

d

 

 value of 0.2

 

m

 

M. Three additional types of qualitative assays were used
to confirm that ZmPRO4 and ZmPRO5 have a greater asso-
ciation with G-actin than does ZmPRO1 (data not shown).

To test whether the observed differences between profilin
isoforms were specific for maize pollen actin, we determined
the apparent 

 

K

 

d

 

 values for binding to a heterologous source
of actin. The affinity of ZmPRO5 and ZmPRO1 for rabbit
skeletal muscle actin under polymerizing conditions gave
average apparent 

 

K

 

d

 

 values of 0.3 

 

6

 

 0.02 (

 

n

 

 

 

5

 

 4) and 0.8 

 

6

 

0.08 

 

m

 

M (

 

n

 

 

 

5

 

 3), respectively—a significant difference (P 

 

,

 

0.0001). These results indicated that differences between
profilin isoforms are not specific for maize pollen actin.

 

Table 1.

 

Average Nuclear Displacement Times

Injectate
Nuclear Displacement (min)

 

a

 

Mean 

 

6

 

SE (n)

BSAb 19.5 6 0.3 (22)
Cytochalasin D 13.5 6 1.1 (31)c

Latrunculin B 2.1 6 0.2 (31)
Recombinant

ZmPRO1 7.0 6 0.7 (45)d

ZmPRO4 4.7 6 0.5 (31)
ZmPRO5 4.9 6 0.6 (53)

Native
Pollen profilin 6.2 6 0.7 (30)
Endosperm profilin 3.1 6 0.4 (32)e

a The average time required for nuclei to move outside the circumfer-
ence of their original position was measured after Transcantia sta-
men hairs were injected with a 100 mM needle concentration of
protein or inhibitor. Injected cells were monitored for a maximum pe-
riod of 20 min.
b To assess the effects of introducing foreign protein into the cyto-
plasm, we injected 1.4 mg/mL BSA as a negative control.
c Cytochalasin D and latrunculin B were significantly different from each
other (P < 0.001) and from all of the profilins (P < 0.0001 and P <
0.03, respectively) by the two-tailed t test.
d ZmPRO1 was significantly different from ZmPRO4 and ZmPRO5
(P < 0.022).
e Native endosperm profilin was significantly different from native
pollen profilin (P 5 0.0002).

Table 2. Affinity of Maize Profilins for PLP

Profilin
Kd (mM Proline Residues)a

Mean 6SD (n)

Recombinant
Human profilin I 320 6 15 (8)
ZmPRO1 289 6 32 (10)b

ZmPRO4 167 6 25 (7)
ZmPRO5 164 6 17 (13)

Native
Pollen profilin 250 6 25 (6)c

Endosperm profilin 126 6 16 (5)

a The Kd values for recombinant and native profilins binding to PLP
were determined by measuring an enhancement in intrinsic tryp-
tophan fluorescence.
b ZmPRO1 was significantly different from ZmPRO4 and ZmPRO5
by the two-tailed t test (P , 0.0001).
c Native pollen profilin was significantly different from native en-
dosperm profilin (P , 0.0001).
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Free [Ca21] Affects Ability of Maize Profilins to 
Sequester G-Actin

Free calcium concentration ([Ca21]) has been shown to af-
fect qualitatively the interaction between birch pollen profilin
and muscle actin (Giehl et al., 1994) as well as the ability of
profilin to promote polymerization (Perelroizen et al., 1996).
Therefore, the G-actin–sequestering activity of ZmPRO1
and ZmPRO5 was tested over a range of [Ca21], as shown in
Figure 5A. As [Ca21] increased, the amount of F-actin
present at steady state was found to decrease. In the pres-
ence of either ZmPRO1 or ZmPRO5, the ability of profilin to
sequester actin, and thereby further reduce F-actin levels at
steady state, increased with the corresponding increase in
[Ca21]. By subtracting the extent of polymerization in the
presence of either ZmPRO1 or ZmPRO5 from the extent of
polymerized actin in the absence of profilin and plotting the
difference versus [Ca21], the effect of increasing [Ca21] on
actin alone was removed (Figure 5B). This shows that
ZmPRO5 sequestered more G-actin than did ZmPRO1 at all
[Ca21] values tested. Maximum sequestering occurred at 5
mM Ca21 for both profilin isoforms.

One possibility is that the affinity of the maize profilins for
G-actin increases with increasing [Ca21]. Alternatively, given
that profilin adds Mg-ATP-actin but not Ca-ATP-actin sub-
units onto barbed ends (Perelroizen et al., 1996), the change
in the amount of sequestered actin over a range of calcium
concentrations could reflect a reduction in the ability of both

ZmPRO1 and ZmPRO5 to induce polymerization as the ac-
tin subunits become Ca21 loaded. In either case, at a given
calcium concentration, a measured dissociation constant
would reflect the amount of actin that is sequestered by pro-
filin. Thus, apparent Kd values for native and recombinant
profilins binding to G-actin were determined at the physio-
logically relevant Ca21 concentrations of 25 nM and 1 mM.
As shown in Table 4, the average Kd values were 2.6 and 1.8
mM for ZmPRO1, 1.7 and 0.6 mM for ZmPRO5, 2.9 and 0.8
mM for pollen profilin, and 2.5 and 0.4 mM for endosperm
profilin, at 25 nM and 1 mM Ca21, respectively. As was the
case at 55 mM Ca21, ZmPRO1 and pollen profilin acted sig-
nificantly (P < 0.02) different from ZmPRO5 and endosperm
profilin at 1 mM Ca21. However, there was no significant dif-
ference between isoforms at 25 nM Ca21. There was almost
a threefold increase in ZmPRO5 sequestering activity at 1.0
mM Ca21 compared with 25 nM Ca21. ZmPRO1, on the
other hand, had less than a 1.5-fold increase over the same
Ca21 range, indicating that ZmPRO5 was more sensitive to
changes in [Ca21] than was ZmPRO1.

Maize Profilins Do Not Enhance the Rate of Actin 
Nucleotide Exchange

Profilins from diverse eukaryotic organisms have been
shown to increase the rate of G-actin nucleotide exchange
on muscle actin (Schlüter et al., 1997). However, Arabidop-
sis profilins did not enhance nucleotide exchange on verte-
brate actin (Perelroizen et al., 1996). We examined the
possibility that plant profilins would increase the rate of
nucleotide exchange with a relevant source of actin by
measuring the increase in fluorescence emission when pol-
len G-actin incorporates the ATP analog e-ATP. These reac-

Figure 4. ZmPRO5 Inhibits Actin Polymerization Better than
ZmPRO1.

A representative experiment shows that ZmPRO5 and ZmPRO4
shift the steady state Cc values for actin assembly substantially more
than does ZmPRO1. Increasing concentrations of pollen G-actin
were polymerized in the absence (squares) or presence of 1.0 mM
ZmPRO1 (diamonds), ZmPRO4 (circles), or ZmPRO5 (triangles). The
Cc values (x axis intercept of each regression line) were 0.5 mM for
actin alone and 0.8, 1.1, or 1.1 mM in the presence of ZmPRO1,
ZmPRO4, or ZmPRO5, respectively. The resulting apparent Kd val-
ues were 1.2 mM for ZmPRO1, 0.3 mM for ZmPRO4, and 0.3 mM for
ZmPRO5.

Table 3. Apparent Kd Values for Pollen G-Actin

Profilin Kd
a

Recombinant
Human profilin I 0.2 6 0.03 (5)
ZmPRO1 1.2 6 0.6 (11)b

ZmPRO4 0.3 6 0.3 (7)
ZmPRO5 0.3 6 0.2 (11)

Native
Pollen profilin 0.7 6 0.2 (5)c

Endosperm profilin 0.3 6 0.04 (3)

a The apparent Kd values for recombinant and native maize profilins
binding to pollen actin under polymerizing conditions, in the pres-
ence of 55 mM Ca21, were determined by measuring the shift in
Cc values at steady state. All values, in mM, are reported as mean
6SD (n).
b ZmPRO1 was significantly different from ZmPRO4 and ZmPRO5
by the two-tailed t test (P , 0.001).
c Pollen profilin was significantly different from native endosperm
profilin (P 5 0.01).
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tions were performed in the presence of 50 mM KCl, 0.5 mM
MgCl2, and 2 mM Ca21 to simulate the polymerizing condi-
tions shown to facilitate formation of profilin–actin com-
plexes.

As shown in Figure 6A, human profilin I enhances,
whereas the maize profilins slightly inhibit, nucleotide ex-
change. The average turnover rate (k) for 0.5 mM pollen actin
alone was 0.059 arbitrary fluorescence units (AU)/sec (Fig-
ure 6B). A substoichiometric amount (0.1 mM) of human pro-
filin I, which stimulates vertebrate actin nucleotide exchange
(Korenbaum et al., 1998), increased the rate of pollen actin
nucleotide exchange to 0.18 AU/sec. In contrast, equal stoi-
chiometric amounts of either ZmPRO1 or ZmPRO5 reduced
the rate of pollen actin nucleotide exchange to 0.043 and
0.036 AU/sec, respectively—rates significantly (P , 0.001)
slower than that of pollen actin alone. A known inhibitor of
actin nucleotide exchange, DNase I, reduced the rate of pol-
len actin nucleotide exchange to 0.025 AU/sec. Similar re-
sults were obtained by using saturating amounts of the

maize profilins under physiologic and low ionic strength
conditions and by measuring the dissociation of e-ATP (data
not shown). These results demonstrate that the maize profi-
lins do not stimulate actin nucleotide exchange and actually
may inhibit the process.

Maize Profilins Differ in Ability to Inhibit Hydrolysis of 
PtdIns(4,5)P2 by Phospholipase C

To measure the interaction of the maize profilins with mem-
brane phospholipids, we assayed ZmPRO1 and ZmPRO5
for the ability to inhibit the hydrolysis of PtdIns(4,5)P2 by
phosphoinositide-specific phospholipase C from bean
membrane. As shown in Figure 7, ZmPRO1 was found to in-
hibit phosphoinositidase activity more effectively than did
ZmPRO5. Moreover, the positive control, recombinant hu-
man profilin I, inhibited phosphoinositidase activity more ef-
fectively than did either maize profilin. These results imply
that ZmPRO1 binds to PtdIns(4,5)P2 with a greater affinity
than does ZmPRO5. However, the possibility that ZmPRO1
and ZmPRO5 bind to PtdIns(4,5)P2 with similar affinities but
in different manners cannot be ruled out.

DISCUSSION

We have demonstrated that the maize profilin multigene
family contains two distinct classes that differ in their ex-
pression patterns, biochemical properties, and live-cell ef-
fects. Furthermore, we show that native profilins isolated from
pollen and endosperm mimic the differences seen between

Table 4. Apparent Kd Values for Pollen G-Actin at Different
Calcium Concentrationsa

Profilin 25 nM Ca21 1.0 mM Ca21 55 mM Ca21

Recombinant
ZmPRO1b 2.6 6 0.9 (3) 1.8 6 0.8 (7) 1.2 6 0.6 (11)c

ZmPRO5 1.7 6 0.4 (4) 0.6 6 0.3 (4) 0.3 6 0.2 (11)
Native

Pollen profilin 2.9 6 1.0 (4) 0.8 6 0.1 (6) 0.7 6 0.2 (5)
Endosperm profilin 2.5 6 0.9 (3) 0.4 6 0.1 (4) 0.3 6 0.1 (3)

a The apparent Kd (mM, mean 6SD [n]) values for binding to pollen
G-actin under physiological concentrations of Ca21 were determined
by measuring the shift in Cc at steady state.
b ZmPRO1 and pollen profilin were significantly different from
ZmPRO5 and endosperm profilin, respectively, at both 1.0 and 55
mM Ca21 (P < 0.02) but not at 25 nM Ca21. ZmPRO5 and en-
dosperm profilin were significantly different at 25 nM from 1.0 mM
and 1.0 mM from 55 mM Ca21 (P < 0.02), whereas ZmPRO1 and
pollen profilin were not significantly different at 1.0 mM from 55 mM
Ca21 (P . 0.09).
c Data for 55 mM Ca21 also were reported in Table 3.

Figure 5. Maize Profilins Sequester Pollen G-Actin in a Calcium-
Dependent Manner.

(A) Pollen G-actin (2 mM) was polymerized in the absence (squares)
or presence of 1.0 mM ZmPRO1 (diamonds) or ZmPRO5 (circles)
with increasing concentrations of calcium. After reaching steady
state, the amount of F-actin was measured by 908 light scattering.
Plots of calcium concentration versus F-actin concentration re-
vealed that both ZmPRO1 and ZmPRO5 sequestered more pollen
G-actin at higher concentrations of calcium. The concentration of
F-actin at steady state, in the absence of profilin, also decreases
with increasing calcium.
(B) The plot of the F-actin concentration from the actin-only sample
minus the F-actin concentration from either the actin 1 ZmPRO1
sample (diamonds) or the actin 1 ZmPRO5 sample (circles) versus
calcium concentration clearly shows the sequestering effect of both
profilins in the presence of increasing calcium. Maximum sequester-
ing occurred at 5 mM Ca21 for both isoforms, but ZmPRO5 seques-
tered more pollen G-actin than did ZmPRO1 at all calcium
concentrations.
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recombinant ZmPRO1 and ZmPRO5, respectively. An over-
view of the properties of class I (ZmPRO1, ZmPRO2,
ZmPRO3, and pollen) and class II (ZmPRO4, ZmPRO5, and
endosperm) maize profilins is shown in Table 5. These
classes also are compared with other plant profilins and hu-
man profilin I. When microinjected into Tradescantia stamen
hair cells, class II profilins disrupt cytoplasmic architecture
significantly more rapidly than do class I profilins. The bio-
chemical basis for enhanced potency in the live cell may be
threefold, because complementary associations with three
known profilin ligands have been demonstrated. Class II
profilins have a higher affinity for PLP and sequester more
G-actin than do class I profilins. Conversely, ZmPRO1 (class
I) inhibits hydrolysis of PtdIns(4,5)P2 by phosphoinositidase

more strongly than does ZmPRO5 (class II), providing indi-
rect evidence that ZmPRO1 binds to membrane phospho-
inositides with greater affinity than does ZmPRO5. This
combination of complementary association with three profi-
lin ligands has not been demonstrated for profilin isoforms
from any other organism. The results indicate that the maize
profilin family contains at least two classes with specific pat-
terns of expression and biochemical activity; the results also
support the possibility that individual isoforms perform dis-
tinct functions in the plant.

With the discovery that many cytoskeletal proteins are en-
coded by multigene families, researchers have asked the in-
triguing question of whether the resulting isoforms have
unique functional properties or simply ensure redundancy
(for plants, see Meagher, 1991; Meagher et al., 1999). The
distinct temporal and spatial expression patterns of cyto-
skeletal gene family members indicate that a complex regu-
lation of expression has evolved, but the necessity for these
differences remains to be answered. Perhaps protein iso-
forms with unique functions are required at different times or

Figure 6. Maize Profilins Inhibit Nucleotide Exchange on Pollen Actin.

(A) The incorporation of e-ATP by 0.5 mM pollen actin in the absence
(curve at center) or presence of 0.1 mM human profilin I (curve at top)
or 0.5 mM ZmPRO5 (curve at bottom) was monitored over time. Hu-
man profilin I dramatically enhances the initial nucleotide exchange
rate, whereas ZmPRO5 inhibits the rate slightly.
(B) The rate of incorporation of e-ATP (k 5 AU/sec) was determined
by fitting the data with a single exponential function as shown in (A).
For several experiments, the average rate for actin alone was 0.059 6
0.0045 (n 5 5; column 1). The average rates in the presence of 0.1
mM human profilin I, 0.5 mM DNase I, 0.5 mM ZmPRO1, 0.5 mM
ZmPRO5, or 0.5 mM native pollen profilin were 0.18 6 0.035 (n 5 6),
0.025 6 0.0048 (n 5 5), 0.043 6 0.0032 (n 5 7), 0.036 6 0.0052 (n 5
6), and 0.043 6 0.0058 (n 5 6), respectively. The rate of e-ATP incor-
poration by pollen actin alone was significantly different by the two-
tailed t test from incorporation of e-ATP by pollen actin in the pres-
ence of the profilins or DNase I (P 5 0.0009). Error bars represent SD.

Figure 7. Inhibition of Plant Polyphosphoinositide-Specific Phos-
pholipase C.

The hydrolysis of PtdIns(4,5)P2 by phospholipase C (PIC) was mea-
sured in the presence of increasing concentrations of ZmPRO1
(squares), ZmPRO5 (circles), or human profilin I (triangles). Each
data point represents the average (6SD) of four independent deter-
minations made with three individual batches of profilin. The varia-
tion between experiments and profilin batches in all cases was
,10%. Phospholipase C activity in the absence of profilin was set to
100%. The phospholipase C kcat was 14.3 nmol mg21 min21, based
on 10-min incubations. ZmPRO1 and ZmPRO5 are significantly dif-
ferent at 14.1 mM (P 5 0.009).
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locations. Because the expression patterns of individual
gene family members overlap, functionally distinct isoforms
also could be required at the same time in the same tissue
or cell. Evidence that cytoskeletal protein family members
have unique functions is accumulating. Transient expression
of cytoplasmic actin isoforms, but not muscle actin iso-
forms, in cultured cells causes dramatic morphological
changes, which suggests that cytoplasmic and muscle ac-
tins have different biochemical characteristics (von Arx et
al., 1995; Mounier et al., 1997). In Drosophila, only one actin
isoform is expressed in the indirect flight muscle. Flies lack-
ing indirect flight muscle actin have severe defects when
complemented by a nonmuscle actin isoform, indicating
that the fly actin isoforms are not functionally equivalent
(Fyrberg et al., 1998).

Increasing evidence suggests that profilin isoforms have
different affinities for their known ligands and distinct sub-
cellular localizations (reviewed in Schlüter et al., 1997).
Acanthamoeba profilin isoforms I and II have similar affini-
ties for both G-actin and PLP, but isoform II has at least a
10-fold greater affinity for PtdIns(4,5)P2 (Kaiser et al., 1986;
Machesky et al., 1990; Petrella et al., 1996). As a result, iso-
form II localizes preferentially to the plasma membrane
(Bubb et al., 1998). Complementary affinities for two ligands

have been detected between the bovine profilin isoforms
(Lambrechts et al., 1995, 1997). In the presence of capped
barbed ends, there are no differences in actin binding. Bo-
vine profilin II has a greater affinity for PLP, whereas bovine
profilin I has a greater affinity for PtdIns(4,5)P2. The func-
tional importance of PLP binding is indicated by additional
experiments. Bovine profilin II, but not profilin I, in the pres-
ence of a proline-rich peptide that mimics the intracellular
profilin ligand vasodilator-stimulated phosphoprotein (VASP),
is able to promote actin filament nucleation (Jonckheere et
al., 1999). However, vertebrate profilin I binds more strongly
to the proline-rich protein N-WASP than does vertebrate
profilin II, demonstrating the importance of characterizing
the affinity of profilins for their actual protein binding part-
ners (Suetsugu et al., 1998).

At present, cDNAs for five maize profilin genes are known
and, on the basis of amino acid sequence identity, can be
placed into two groups (Staiger et al., 1993; Gibbon et al.,
1998; this study). Expression of ZmPRO1, ZmPRO2, and
ZmPRO3 has been detected only in pollen by using RNA gel
blot analysis or RT-PCR. ZmPRO4 and ZmPRO5 appear to
be expressed predominantly in vegetative tissues, but they
are also present at lower amounts in pollen. ZmPRO4 is also
quite abundant in endosperm tissue (Gibbon et al., 1998).

Table 5. Overview of the Properties of Plant Profilin

Kd Valuesa

Profilin Source Actin PLP PtdIns(4,5)P2 Live Cellb References

Human profilin I 0.1–0.5c

0.2d

359

305–320

0.2

111e 3.0–5.0

Gieselmann et al., 1995; Sohn et al., 1995; Petrella et al., 1996;
Hájková et al., 1997

Gibbon et al., 1997, 1998; this study
Zea mays Gibbon et al., 1997, 1998, 1999a; this study

Class I
PRO1 1.1–1.2d 275–289 1e 6.0–8.5
PRO2 NDf 262 6.0–8.5
PRO3 ND 251 6.0–8.5
Native pollen 0.7 249–250 6.0–8.5

Class II
PRO4 0.3–0.4 167–173 3.0–5.0
PRO5 0.3 164 2e 3.0–5.0
Native endosperm 0.3 126 3.0–5.0

B. verrucosa 1.8–6.5c 150 24 ND Drøbak et al., 1994; Giehl et al., 1994; Domke et al., 1997;
Ballweber et al., 1998 

Arabidopsis 1.8–2.3c ND ND ND Perelroizen et al., 1996
P. rhoeas ND 130 ND 5.7 Clarke et al., 1998
R. communis 0.07d 121 ND 3.0–5.0 Schobert et al., 2000

a Kd values are reported in mM.
b Time (min) for Tradescantia stamen hair nuclear displacement upon injection of 100 mM profilin. Range of times accounts for variations in injec-
tion conditions that cannot be held constant between studies.
c Kd values for binding to rabbit skeletal muscle actin at steady state.
d Apparent Kd values for binding to maize pollen actin at steady state.
e Relative ability to inhibit plant phospholipase C.
f ND, not determined.
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Although antisera raised against either purified ZmPRO3 or
ZmPRO5 recognize each recombinant and native maize
profilin, anti-ZmPRO5 reacts more strongly with ZmPRO4,
ZmPRO5, and endosperm profilin, whereas anti-ZMPRO3
reacts more strongly with ZmPRO1, ZMPRO2, ZmPRO3,
and pollen profilin.

To examine whether functionally distinct profilin isoforms
are expressed in plants, we assayed native maize profilins in
the live cell for the ability to alter actin cytoarchitecture. Mi-
croinjection into Tradescantia stamen hair cells showed that
endosperm profilin caused nuclear displacement in half the
time required for pollen profilin. If excess profilin acts as a
sequestering protein in these interphase cells (Staiger et al.,
1997), the simple explanation for our observations would be
that endosperm profilin is a better G-actin–sequestering
protein than pollen profilin. In support of this hypothesis, un-
der steady state polymerizing conditions in vitro, endosperm
profilin sequestered more G-actin than did pollen profilin.
The recombinant profilin isoforms mimic the live-cell and
biochemical differences discovered during investigation
of the native profilins. ZmPRO4 and ZmPRO5 sequester
more G-actin than does ZmPRO1, which correlates with
their increased ability to disrupt actin cytoarchitecture in the
live-cell assay.

The ability of the maize profilins to prevent actin polymer-
ization in vitro depends on [Ca21]. As [Ca21] increases, both
class I and II profilins sequester more actin monomers,
which results in less polymerized actin at steady state. Even
though profilin is distributed uniformly in the cytoplasm of
pollen tubes (Grote et al., 1995; Vidali and Hepler, 1997), its
activity could be modified by local changes in [Ca21]. This is
relevant because pollen tubes have a fluctuating, tip-high,
Ca21 gradient (Rathore et al., 1991; Miller et al., 1992;
Holdaway-Clarke et al., 1997; Messerli and Robinson, 1997).
The shank of the pollen tube has [Ca21] of 100 to 500 nM,
whereas the extreme apex may see pulses of [Ca21] that
reach 1 to 10 mM (Holdaway-Clarke et al., 1997; Messerli
and Robinson, 1997). In addition, during stimulus-mediated
cessation of pollen tube growth, a Ca21 wave .1.5 mM
floods the shank of the tube, and the tip-high gradient dissi-
pates (Franklin-Tong et al., 1993, 1997).

Because sequestering of G-actin by native pollen profilin
is dependent on [Ca21], we propose a model whereby profi-
lin acts as an efficient sensor that alters actin organization in
response to Ca21 fluxes. The apparent Kd value of native
pollen profilin for pollen G-actin is 2.9 mM at 25 nM Ca21

and 0.8 mM at 1.0 mM Ca21. These values allow us to calcu-
late whether changes in profilin sequestering activity can ac-
count for fluxes in actin polymerization. The concentrations
of profilin and total actin are equal in maize pollen (125 mM;
Gibbon et al., 1999b). At 25 nM Ca21, from the equation and
assumptions of Gibbon et al. (1999b), the calculated profi-
lin–actin complex, G-actin (Cc), and F-actin concentrations
would be 107, 0.4, and 17.6 mM, respectively. At 1 mM Ca21,
the calculated profilin–actin complex, G-actin, and F-actin
concentrations would be 115, 0.4, and 9.6 mM, respectively.

This 45% reduction in the concentration of F-actin is likely
to be significant, especially given recent demonstrations
that even small reductions in F-actin levels caused by latrun-
culin B can inhibit pollen tube growth (Gibbon et al., 1999b).

Moreover, our data predict that increased profilin seques-
tering activity will contribute importantly to local changes in
polymer levels in response to fluctuations in calcium con-
centration, such as the decreased amounts of F-actin at the
extreme apex of actively growing pollen tubes (Miller et al.,
1996; Kost et al., 1998). We also predict that the flood of
Ca21 during stimulus-mediated cessation of pollen tube
growth may induce profilin sequestering activity and thus
result in a reduction of F-actin (B. Snowman, V.E. Franklin-
Tong, and C.J. Staiger, unpublished data). When [Ca21] in
lily pollen tubes is forced to concentrations .10 mM experi-
mentally, actin filaments are fragmented and cytoplasmic
streaming stops (Kohno and Shimmen, 1987, 1988). It
would be interesting to determine whether the altered ap-
pearance of actin also correlates with a measurable reduc-
tion in F-actin.

Actin depolymerizing-factor (ADF)/cofilin proteins are
able to rapidly depolymerize F-actin by increasing the loss
of ADP-loaded actin subunits from filament ends (Carlier et
al., 1997). Because vertebrate and Acanthamoeba profilins
enhance nucleotide exchange (Blanchoin and Pollard,
1998), it has been suggested that profilin uses this pool of
ADP-loaded G-actin to stimulate polymerization of ATP-
loaded G-actin. However, Arabidopsis profilins have no ef-
fect on the rate of nucleotide exchange yet still can induce
polymerization of rabbit muscle actin (Perelroizen et al.,
1996), and birch pollen profilin has little effect on the nucle-
otide exchange rate of yeast actin (Eads et al., 1998). There-
fore, either the ability to enhance G-actin nucleotide
exchange may not be important for all profilins or profilins
may need to be tested with physiologically relevant sources
of actin to demonstrate this property (Korenbaum et al.,
1998; Vinson et al., 1998). We observed that two classes of
maize profilins slightly inhibited nucleotide exchange on
maize pollen actin. Thus, plant profilins appear not to en-
hance nucleotide exchange. Our data, therefore, are in
agreement with a modified model in which profilin syner-
gizes with ADF/cofilin to increase filament turnover without
profilin-induced nucleotide exchange (Didry et al., 1998).

In addition to G-actin, profilins also interact with PLP, with
proteins that contain proline-rich regions, and with Ptd-
Ins(4,5)P2. The maize profilins were found to have comple-
mentary differences in their interaction with both PtdIns(4,5)P2

and PLP. Class II profilins are better PLP binding proteins
than are class I profilins, whereas compared with ZmPRO5,
ZmPRO1 has an enhanced association with PtdIns(4,5)P2

(Table 5). These combinations of biochemical properties are
unique among eukaryotic profilin isoforms. For instance, hu-
man profilin I is a good PtdIns(4,5)P2 and actin binding pro-
tein but has a low affinity for PLP. This suggests that the
plant profilins bind to unique endogenous ligands or that ac-
tin arrays specific to plant cells may require actin binding
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proteins with properties that are different from their nonplant
counterparts.

Two families of proline-rich proteins, VASP and VASP-like
proteins (Reinhard et al., 1995) and the formin-homology
proteins (reviewed in Frazier and Field, 1997), have been
identified as partners of profilin from nonplant systems.
Originally, profilin–proline-rich protein interactions were
thought to target profilin to subcellular domains in which ac-
tin polymerization is regulated. A recent study, however,
demonstrated that interaction with a proline-rich peptide
from VASP alters the effect of profilin on actin dynamics
(Jonckheere et al., 1999). The importance of PLP binding for
maize profilin function has been tested by a single amino
acid substitution mutant (Y6F), which selectively increases
the affinity for PLP without affecting actin binding (Gibbon et
al., 1998, 1999a). ZmPRO1-Y6F has an affinity for PLP simi-
lar to that of ZmPRO4 and ZmPRO5 and displaces the sta-
men hair cell nucleus just as quickly. To further substantiate
these results, investigators should test profilin mutants having
less affinity for PLP but unaltered in actin binding properties.

Cell signaling through membrane phospholipids also affects
profilin regulation, because profilin bound to PtdIns(4,5)P2 is
unable to interact with G-actin (reviewed in Schlüter et al.,
1997). Phosphorylated but not unphosphorylated phospho-
lipase C can hydrolyze profilin-bound PtdIns(4,5)P2, releas-
ing profilin as well as the second messengers diacyglycerol
and inositol 1,4,5-trisphosphate. Released profilin then
would be available to regulate actin polymerization. When
injected into Tradescantia stamen hair cells, a profilin with a
high affinity for PtdIns(4,5)P2 might be sequestered at the
plasma membrane and thus be unable to affect actin dy-
namics. This presumably would lead to a lessened ability to
disrupt actin cytoarchitecture and a slower nuclear displace-
ment time, compared with a profilin with a lower affinity for
PtdIns(4,5)P2.

It has been suggested that the angiosperm profilin iso-
forms represent two ancient classes, nonreproductive (veg-
etative) and reproductive, based on amino acid sequence
and expression patterns (Huang et al., 1996; Meagher et al.,
1999). Such a divergence of the two classes, it is thought,
would predate the split between monocots and dicots. Ac-
cordingly, a vegetative maize profilin would be predicted to
be more similar to a vegetative Arabidopsis profilin than to a
reproductive maize profilin. With the increase in plant profilin
sequences in current databases, a reexamination of this hy-
pothesis would be timely, but it is too early to state with
confidence that the biochemical differences observed be-
tween the maize profilin classes can be extended to all plant
profilins. 

The actin binding properties of vegetative (AtPFN1) and
reproductive (AtPFN3) Arabidopsis profilins have been re-
ported (Perelroizen et al., 1996). Under conditions of low
ionic strength, AtPFN1 and AtPFN3 bind vertebrate actin al-
most equally, in the 2.0-mM range. Under steady state poly-
merizing conditions with capped barbed ends, AtPFN1 has
a slightly greater affinity (Kd of 1.8 mM) for vertebrate G-actin

than does AtPFN3 (Kd of 2.6 mM). Before declaring that
functionally distinct classes I and II are a general feature of
plant profilin families and that these differences predate the
ancient split between monocots and dicots, a thorough
analysis of the biochemical and live-cell properties of multi-
ple profilin isoforms from a dicotyledonous plant must be
performed. The presence of tissue-specific classes of profi-
lins indicates that actin organization within different maize
tissues might require actin binding proteins with unique
functional properties.

The evidence reported here suggests that the maize profi-
lin gene family contains isoforms that have unique patterns
of expression and biochemical properties. Because mem-
bers of both classes are present in mature maize pollen, we
propose that individual isoforms play distinct roles, or have
unique subcellular distributions, or both. The generation of
isoform-specific antibodies and GFP–profilin fusion proteins
and the identification of class-specific mutants should help
address these possibilities. Further studies also will focus on
the effect of maize profilins on actin polymerization, the phys-
iologic relevance of interactions with PLP and PtdIns(4,5)P2,
and the influence of other actin binding proteins on profilin
function.

METHODS

Nucleotide Sequence Analysis

The cDNA for an expressed sequence tag (GenBank accession num-
ber AA054790), identified as a profilin by a basic local alignment
search tool (BLAST; Altschul et al., 1990) search, was kindly provided
by T.A. Musket (University of Missouri–Columbia Probe Center). The
original library was prepared from mRNA isolated from illuminated
leaves and sheaths of 5-week-old maize plants (C. Baysdorfer, Cali-
fornia State University, Hayward). Both strands of the 703-bp EcoRI-
XhoI insert in the pBluescript II SK2 vector (Stratagene, La Jolla, CA)
were sequenced by automated fluorescence sequencing (ALF Ex-
press; Pharmacia Biotech, Piscataway, NJ). This clone is referred to
as ZmPRO5, and the full nucleotide sequence information has Gen-
Bank accession number AF201459.

Polymerase Chain Reaction Amplification

Total RNA was isolated from ungerminated pollen, roots, shoots, or
coleoptiles of the maize inbred line A188 with TRIzol reagent (Gibco
BRL), according to the manufacturer’s instructions. Poly(A)1 mRNA
was isolated with a Quick-Prep Micro mRNA purification kit (Pharma-
cia Biotech) and reverse transcribed with a first-strand cDNA synthe-
sis kit (Pharmacia Biotech). The polymerase chain reaction (PCR)
was performed with gene-specific primers (59-TAAGTTTGTCAT-
AATGC-39 and 59-CGAGATATGAGGAGATGG-39) that were de-
signed to amplify a 190-bp fragment (nucleotides 472 to 662) in the
39 untranslated region of the ZmPRO5 transcript. Primers designed
to amplify a portion of the 39 untranslated region from ZmPRO1 and
ZmPRO4 have been described previously (Staiger et al., 1993;
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Gibbon et al., 1998). PCR was performed with annealing tempera-
tures of 50, 57, and 408C for ZmPRO1, ZmPRO4, and ZmPRO5, re-
spectively. Purified plasmid DNA for ZmPRO1 and ZmPRO5 served
as controls. The identity of the gene-specific amplification products
was confirmed by digestion of gel-purified PCR products with spe-
cific restriction enzymes (MboII and SacI; Promega). The 190-base-
long ZmPRO5 gene-specific product was cut by MboII (108 and 82
bp) but not by SacI, whereas the 285-base-long ZmPRO4 gene-spe-
cific product was cut by SacI (209 and 77 bp) but not by MboII. As
expected, the ZmPRO1 gene-specific product also was cut by MboII
but not by SacI. However, the gene-specific primers for ZmPRO5
and ZmPRO1 did not amplify cDNA from ZmPRO1 and ZmPRO5
plasmid DNA, respectively (data not shown).

Protein Purification

The ZmPRO5 coding region was amplified with VentR DNA poly-
merase (New England Biolabs, Beverly, MA). The 59 primer (59-
CCCATATGTCGTGGCAGGCGTACG-39) mimics the first six codons
and introduces an NdeI restriction site (underlined). The 39 primer (59-
GGGGATCCTTAGAAGCCCTGTGCGATCAG-39) mimics the last six
codons, including the stop translation codon, and introduces a
BamHI restriction site (underlined). After PCR amplification, the 400-
bp product was ligated into pGEM-T (Promega). Plasmid DNA from
transformants was digested with NdeI and BamHI, and the insert
DNA was subcloned into pET-23a (Novagen, Madison WI) digested
with the same enzymes. The fidelity of the cloned product was veri-
fied by sequencing. The resulting pET-23a–ZmPRO5 construct was
transformed into strain BL21(DE3) of Escherichia coli, and protein ex-
pression was induced by the addition of 0.4 mM isopropyl b-D-
thiogalactopyranoside. Recombinant ZmPRO5 protein was purified
on poly-L-proline (PLP)–Sepharose, according to methods described
previously (Karakesisoglou et al., 1996), with the addition of a 3 M
urea wash step before the elution with 7 M urea. Yields of purified
ZmPRO5 were z7.5 mg/L bacteria.

Native pollen profilin was purified on PLP–Sepharose as de-
scribed previously (Gibbon et al., 1997), also with the addition of a 3
M urea wash before the 7 M urea elution. Native profilin was purified
from endosperm 16 days after pollination by grinding in liquid nitro-
gen and resuspending in buffer I (20 mM Tris-HCl, 150 mM KCl, and
0.2 mM DTT, pH 7.5) supplemented with 0.1% Triton X-100, 1:200
protease inhibitor cocktail (Ren et al., 1997), and 0.5 mM phenylmeth-
ylsulfonyl fluoride (PMSF). The extract then was sonicated in five
30-sec bursts. The sonicate was clarified with two consecutive cen-
trifugations of 30,000 and 46,000g and was passed through a
Sepharose CL-4B column (Sigma) to remove lipids. The flow-
through liquid was loaded onto a PLP–Sepharose column, which
then was washed with three volumes each of buffer I, buffer I 1 2 M
urea, and buffer I 1 3 M urea. Profilin was eluted with 7 M urea, and
the protein-containing fractions were pooled and concentrated in a
10,000 D cutoff Centricon (Millipore, Bedford, MA). The average
yield (6SD) from five purifications was 540 6 105 mg of profilin from
100 g of endosperm.

Maize pollen actin was purified as described previously (Ren et al.,
1997), with a few modifications. A 5- to 10-g sample of frozen pollen
was ground with a mortar and pestle for 25 min in 50 mL of buffer A
(10 mM Tris-HCl, pH 8.5, 0.5 mM CaCl2, 0.01% NaN3, 50 mM NaF,
30 mM NaPPi, 0.4 mM ATP, 0.5 mM DTT, 0.5 mM PMSF, and 1:200
protease inhibitor cocktail). During the grinding, a total of 25 mg of
recombinant human profilin I was added in three steps. After sonica-

tion (five 30-sec bursts) and two clarification steps (Ren et al., 1997),
the extract was supplemented with 0.4 mM ATP, but not the 1:200
protease inhibitor cocktail or 0.5 mM PMSF. The actin that was
eluted with 1 M KCl was used, after a cycle of assembly–disassem-
bly, for experiments in this study.

Rabbit skeletal muscle actin (99% pure) was purchased from Cy-
toskeleton Inc. (Denver, CO) and prepared with one cycle of poly-
merization and depolymerization. Polymerization was induced by
supplementing the manufacturer’s buffer with 100 mM KCl and 5 mM
MgCl2. Filamentous (F)-actin was collected by centrifugation and di-
alyzed against buffer G (containing 5 mM Tris-HCl, pH 8.0, 0.2 mM
CaCl2, 0.01% NaN3, 0.5 mM DTT, and 0.2 mM ATP), as described for
maize pollen actin (Ren et al., 1997).

Profilin concentrations were determined with the Bradford assay
(Bio-Rad, Hercules, CA), with BSA as a standard. An extinction co-
efficient (e280 516,000 M21 cm21) for the maize profilins was deter-
mined (Gill and von Hippel, 1989) and gave calculated protein
concentrations within 5% of the Bradford assay results. The con-
centration of pollen and rabbit skeletal muscle actin was determined
from an A290 of 0.63 for a 1 mg/mL solution (Houk and Ue, 1974).
Pollen actin and rabbit skeletal muscle actin at equivalent concen-
trations, as determined by A290, were indistinguishable when sepa-
rated by SDS-PAGE and stained with Coomassie Brilliant Blue R
(data not shown).

Protein Gel Blots

Antisera against recombinant ZmPRO5 (anti-ZmPRO5) were raised in
a New Zealand white rabbit, as described previously (Karakesisoglou
et al., 1996), by staff of the Purdue University Cancer Center Anti-
body Production Facility. High-titer antisera (1:1000) were found for
each weekly bleed, beginning after the fourth injection. Bleed 3, at
1:1000 dilution, was used for this study.

Pollen was collected from field-grown plants. Roots were collected
from 1-week-old etiolated seedlings grown at room temperature be-
tween moist paper towels. Shoot and coleoptile tissues were col-
lected from 3-day-old etiolated seedlings grown at 308C. Total
protein extracts were prepared by freezing the tissues in liquid nitro-
gen and then grinding with a mortar and pestle. Tissue powders were
resuspended in buffer I, supplemented with a 1:200 dilution of pro-
tease inhibitors from a stock solution, and sonicated. Frozen pollen
was resuspended in buffer I directly. The extracts were clarified by
centrifugation at 48C and 2000g for 5 min, and protein concentration
was determined by the Bradford assay. Extracts were boiled in
protein sample buffer, separated by PAGE along with purified re-
combinant and native pollen maize profilins as standards, and blot-
ted onto nitrocellulose (Schleicher and Schuell). Filters were probed
with anti-ZmPRO5 or anti-ZmPRO3 antisera (Karakesisoglou et al.,
1996), incubated with a horseradish peroxidase–conjugated second-
ary antibody (Sigma), and developed as described previously
(Karakesisoglou et al., 1996).

Nuclear Displacement Assay

Tradescantia virginiana stamen hair cells, collected from freshly
opened flowers, were microinjected with recombinant and native
profilins, cytochalasin D (Sigma), or latrunculin B (Calbiochem, San
Diego, CA), at 100-mM needle concentration as described previously
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(Staiger et al., 1994; Karakesisoglou et al., 1996; Gibbon et al., 1997,
1998). For each protein or inhibitor, at least 30 injections were per-
formed, using three independent batches of each profilin isoform.
BSA (Bio-Rad), at an equivalent protein concentration of 1.4 mg/mL,
was injected as a control.

PLP and Monomeric-Actin Binding

The Kd value for profilin binding to PLP was determined by measur-
ing the increase of intrinsic tryptophan fluorescence on complex for-
mation (Perelroizen et al., 1994; Petrella et al., 1996), as described in
detail previously (Gibbon et al., 1997, 1998). At least three indepen-
dent batches of each profilin isoform were used to determine Kd val-
ues for PLP binding.

The ability of profilin to sequester maize pollen globular (G)-actin
under polymerizing conditions was determined by monitoring a shift
in the critical concentration (Cc) at steady state, as described previ-
ously (Gibbon et al., 1998), with important modifications. Errors were
found in the previously reported methods used to measure the actin-
sequestering ability of profilin (Gibbon et al., 1998). A correction ap-
peared in Plant Cell (Gibbon et al., 1999a), and new methods and cri-
teria for data analysis (see below) have been established. Actin
polymerization was measured by the amount of 908 scatter of 450-
nm light (Cooper and Pollard, 1982). Briefly, in a 1.8-mL reaction vol-
ume, 1 mM profilin (instead of 2 mM; Gibbon et al., 1998) was incu-
bated with five different concentrations of actin (from 0.75 to 2.25
mM) in LSF buffer (5 mM Hepes, 0.5 mM DTT, 0.2 mM ATP, 50 mM
CaCl2, and 0.1% [w/v] NaN3, pH 7.0). To keep the Ca21 concentra-
tion (55 mM) equal, we added actin from a 50-mM stock solution in
buffer G and diluted it to a constant volume of 108 mL with buffer G.
Background light scattering was recorded, and polymerization was
induced by the addition of 5 mM MgCl2 and 100 mM KCl. After 16 hr,
the final extent of polymerization was measured by light scattering,
and the Cc value for actin was determined by plotting the difference
between the final and initial light scattering values for each sample
versus actin concentration. Only curves that contained at least four
data points in the linear range and had slopes that differed by ,20%
from the slope of the actin-only curve were used to determine appar-
ent Kd values. In this report, eight of 86 profilin curves (9%) did not
meet the defined criteria and were discarded. Assuming that the pro-
filin–actin complex forms in a 1:1 molar ratio and that profilin does
not facilitate subunit addition at the barbed end, the apparent Kd

value is equal to the concentration of unbound profilin, multiplied by
the Cc for actin polymerization in the absence of profilin, and divided
by the concentration of profilin–actin complex. At least four indepen-
dent batches of each recombinant profilin and three independent
batches of each native profilin were assayed.

Apparent Kd values also were determined at 25 nM Ca21 and 1 mM
Ca21 by supplementing 2 3 LSF buffer with 2 mM and 168.4 mM
EGTA, respectively. All Ca21 concentrations in this report were com-
puted with the CalCalc software program (Jan Schmid, Massey Uni-
versity, New Zealand, and Wilhelmus Schreurs, Colorado State
University, personal communication). Experiments at 25 nM Ca21

were performed in the presence of 2 mM profilin to increase the shift
in Cc. The average Cc for pollen actin alone was 0.33 mM 6 0.05 (n 5
10), 0.34 6 0.1 (n 5 6), and 0.40 6 0.12 (n 5 26) in the presence of 25
nM, 1.0 mM, and 55 mM Ca21, respectively.

The effect of a range of Ca21 concentrations on the ability of
ZmPRO1 and ZmPRO5 to sequester actin monomers at a single
stoichiometry (2 mM actin to 1 mM profilin) was tested by adding in-

creasing amounts of EGTA from a 50-mM stock in LSF buffer. The
difference between the final and initial light scattering values for
each sample was plotted versus Ca21 concentration. Because Ca21

decreases the extent of actin polymerization at steady state, the ef-
fect of varying [Ca21] on profilin sequestering activity was expressed
after the values for ZmPRO1 and ZmPRO5 were subtracted from
those of actin alone. These data were plotted versus Ca21 concen-
tration.

Nucleotide Exchange Analysis

The rate of nucleotide exchange on pollen G-actin, in the absence or
presence of 0.1 mM human profilin I, or 0.5 mM ZmPRO1, ZmPRO5,
native pollen profilin, or DNase I (Sigma), was determined by measur-
ing the increase in fluorescence on incorporation of 1,N6-ethenoaden-
osine 59-triphosphate (e-ATP; Sigma; Goldschmidt-Clermont et al.,
1992). The e-ATP (50 mM) and profilin or DNase I (in a constant vol-
ume of 115 mL) were mixed with 2 3 buffer (4 mM Tris-HCl, pH 7.5,
1.0 mM DTT, 100 mM KCl, and 1.0 mM MgCl2) and brought to a final
reaction volume of 1.485 mL with water. The initial fluorescence was
determined in a spectrofluorimeter with excitation at 360 nm and
emission at 410 nm. The reaction was initiated by adding 0.5 mM pol-
len G-actin, from 50 mM stock reagent in buffer G, and monitored for
300 sec. The final concentration of free Ca21

 under these conditions
was 2.0 mM. The rate of incorporation (Dfluorescence [arbitrary
units]/sec) was determined by fitting the data for the first 180 sec
with a single exponential function. At least two batches of each pro-
filin and two batches of actin were used for these analyses.

Inhibition of Phospholipase C Activity

The inhibition of bean (Vicia faba) plasma membrane phosphoinositide
phospholipase C activity by the maize profilins was measured as de-
scribed previously (Drøbak et al., 1994). Briefly, phosphoinositidase
activity was assayed by incubating bean plasma membranes at 258C
in 50 mL of buffer E (50 mM Tris/malate, pH 6.0, and 10 mM CaCl2)
with 50 mM phosphatidylinositol-4,5-bisphosphate (PtdIns[4,5]P2)
and 0.86 kBq 3H-PtdIns(4,5)P2, in the presence of 0.0, 1.4, 2.8, 5.7,
or 14.2 mM recombinant ZmPRO1, ZmPRO5, or human profilin I. Re-
actions were stopped by the addition of 1 mL of chloroform/metha-
nol (2:1 [v/v]). After a 5-min incubation on ice and the addition of 250
mL of 0.6 M HCl, the samples were vortex-mixed and centrifuged at
14,000g for 2 min. Four hundred microliters of the top phase was re-
moved, and its radioactivity was determined by liquid scintillation
spectrometry (model 1410; LKB-Wellac, Turku, Finland) after addition
of scintillation fluid (Hionic-Fluor; Hewlett-Packard, UK).
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