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The actin cytoskeleton coordinates numerous cellular processes required for plant development. The functions of this network
are intricately linked to its dynamic arrangement, and thus progress in understanding how actin orchestrates cellular processes
relies on critical evaluation of actin organization and turnover. To investigate the dynamic nature of the actin cytoskeleton, we
used a fusion protein between green fluorescent protein (GFP) and the second actin-binding domain (fABD2) of Arabidopsis
(Arabidopsis thaliana) fimbrin, AtFIM1. The GFP-fABD2 fusion protein labeled highly dynamic and dense actin networks in
diverse species and cell types, revealing structural detail not seen with alternative labeling methods, such as the commonly
used mouse talin GFP fusion (GFP-mTalin). Further, we show that expression of the GFP-fABD2 fusion protein in Arabidopsis,
unlike GFP-mTalin, has no detectable adverse effects on plant morphology or development. Time-lapse confocal microscopy
and fluorescence recovery after photobleaching analyses of the actin cytoskeleton labeled with GFP-fABD2 revealed that
lateral-filament migration and sliding of individual actin filaments or bundles are processes that contribute to the dynamic and
continually reorganizing nature of the actin scaffold. These new observations of the dynamic actin cytoskeleton in plant cells
using GFP-fABD2 reveal the value of this probe for future investigations of how actin filaments coordinate cellular processes

required for plant development.

The actin cytoskeleton coordinates numerous cellu-
lar processes required for plant development, includ-
ing targeted-vesicle transport, to establish hormone
gradients (Muday, 2000), polarity determination to
direct localized-wall biosynthesis (Baluska et al.,
2003), and organelle positioning in response to envi-
ronmental cues (Takagi, 2003) or to achieve unbiased
organelle inheritance (Sheahan et al., 2004). Actin has
no known enzymatic activity, and thus its participa-
tion in such diverse cellular processes resides in its
ability to provide a dynamic filamentous scaffold
upon which many regulatory and motor proteins
interact (Staiger et al., 2000, and refs. therein). Actin
cytoskeleton function, therefore, is intricately linked to
its dynamic structure, and thus progress in under-
standing how actin orchestrates cellular processes will
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depend in part on critical evaluation of actin organi-
zation and turnover in plant cells.

The recent discovery of the Arp2/3 complex as
a regulator of plant cell morphogenesis (Le et al., 2003;
Lietal., 2003; Mathur et al., 2003a, 2003b; El-Assal et al.,
2004) provides a pertinent example of structure func-
tion relationships relevant to the plant actin cytoskele-
ton. The Arp2/3 complex in nonplant systems
nucleates the formation of dendritic actin networks by
promoting nucleation and growth of new actin fila-
ments (AFs) to the sides of existing AFs (Svitkina and
Borisy, 1999; Blanchoin et al., 2000). Filament nucleation
by this mechanism facilitates plasma membrane pro-
trusion at the leading edge of migrating cells and other
motility related phenomena (for review, see Welch and
Mullins, 2002). The ability to image detailed AF orga-
nization in these systems has contributed substantially
to understanding how the Arp2/3 complex functions
(e.g. Svitkina and Borisy, 1999). In contrast, while
genetic evidence clearly establishes a role for the plant
Arp2/3 complex in cellular morphogenesis, some dis-
agreement exists as to the precise effects different
mutations in Arp2/3 components have on actin orga-
nization (Le et al., 2003; Li et al., 2003) and thus how
Arp2/3 may regulate such processes.

Unlike microtubules, the plant actin cytoskeleton
can be difficult to preserve by conventional fixation
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and embedding techniques (Kost et al., 1999; Vitha
et al.,, 2000). Microinjection of fluorescent-phalloidin
conjugates has provided novel insights into the dy-
namic nature of AFs (Schmit and Lambert, 1990) but is
not applicable to most cell types and may stabilize
actin dynamics. These difficulties have led to the use
of various green fluorescent protein (GFP) fusions to
image the actin cytoskeleton in live plant cells (Kost
et al., 1999; Klahre et al., 2000; Timmers et al., 2002).
The most commonly used is GFP tagged to the
carboxy-terminal actin-binding domain (ABD) of
mouse talin (GFP-mTalin; Kost et al., 1998), or recently
human talin (GFP-hTalin; Takemoto et al., 2003; Kwok
and Hanson, 2004). The GFP-mTalin fusion, however,
does not label all identifiable actin arrays in plant cells
(Le et al., 2003; El-Assal et al., 2004), and some images
of actin networks labeled with this probe suggest that
the GFP-mTalin fusion may cause artificial aggrega-
tion of actin networks (e.g. see Jedd and Chua, 2002;
Oikawa et al., 2003). These observations suggest GFP
talin fusions may not accurately depict actin organi-
zation and turnover in plant cells.

To explore alternatives for GFP tagging of the plant
actin cytoskeleton, we have used a fusion between
GFP and ABD2 of the Arabidopsis (Arabidopsis thali-
ana) fimbrin AtFIM1 (fABD2). AtFIM1 binds plant AFs
both in vitro (Kovar et al., 2000) and in vivo (Kovar
et al, 2001), and both protein sequence analysis
(McCurdy and Kim, 1998) and in vitro binding data
(Kovar et al., 2000) suggest that AtFIM1 contains two
independent ABDs. Recently, we used this GFP-
fABD?2 fusion to demonstrate detailed features of the
actin cytoskeleton in protoplasts derived from meso-
phyll tissue of stably transformed Nicotiana tabacum
(Sheahan et al., 2004). This fusion protein labeled
a highly dynamic and dense actin cytoskeleton in
protoplasts, suggesting that it reveals more structural
detail than alternative GFP-fusion constructs. GFP-
fABD2 has also been used to analyze actin cytoskeletal
organization in Arabidopsis lines with modified levels
of actin-interacting protein 1 (Ketelaar et al., 2004), and
recently a series of GFP fusion constructs exploiting
the ABDs of AtFIM1 has been used to image the actin
cytoskeleton in Arabidopsis roots (Wang et al., 2004).

We report here quantitative, dynamic analysis of the
plant actin cytoskeleton by stable expression of GFP-
fABD?2 in different species and cell types. In compar-
ison to GFP-mTalin (Kost et al.,, 1998), GFP-fABD2
consistently labels finer and denser networks of corti-
cal and subcortical actin, and does so without adverse
effects on plant morphology or development. Fluores-
cence recovery after photobleaching (FRAP) in cells
from GFP-fABD2-expressing lines revealed that AF
bundles are highly dynamic structures, composed of
AFs capable of sliding in opposite directions. Our
study provides new insights into the complexity of the
actin cytoskeleton and its dynamic properties in plant
cells, and we conclude that GFP-fABD2 currently
provides the best available GFP-fusion protein for
investigating dynamic actin networks in live cells.
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RESULTS

Expression of GFP-fABD2 Highlights Elaborate Actin
Networks without Adverse Effect on Plant Morphology

Expression of GFP-fABD2 in stably transformed
Arabidopsis plants revealed dense networks of free
and bundled AFs in the cell types examined (Fig. 1).
Such arrays were present as dense filamentous net-
works in the cortex (Fig. 1, B-D) and perinuclear
region (Fig. 1, B and D) of hypocotyl, pavement
epidermal, and trichome cells, or as masses of bundled
filaments in transvacuolar strands of pavement epi-
dermal cells (Fig. 1C) and cortex of mature root
epidermal cells (Fig. 1A). Guard cells had notably
higher fluorescence intensities compared with sur-
rounding epidermal cells, and AFs were more difficult
to visualize. However, intricate cortical and perinu-
clear meshworks (Fig. 1E) or radially aligned AF
bundles (Fig. 1E, inset) were commonly observed.
AF bundles were frequently arrayed longitudinally
along the axis of expansion in elongating cells while in
diffuse-growing pavement epidermal cells, bundles
were arrayed more randomly. In contrast to previous
findings (Li et al., 2003), diffuse fluorescence, inter-
preted to represent fine AF arrays, in lobed regions of
expanding pavement epidermal cells from both Ara-
bidopsis (Fig. 1C, inset) and N. tabacum (data not
shown) was rare and appeared to be present equally in
regions of lobe expansion as it was in constrictions.
Similar diffuse labeling was frequently observed at the
ends of growing root hairs (Fig. 1A, inset) and tri-
chome tips (Fig. 1D, inset). We interpret this diffuse
fluorescence to represent fine AF arrays; however, our
attempts to further resolve this fluorescence by con-
ventional confocal microscopy were unsuccessful.

In addition to GFP-fABD?2, we tested GFP fusions to
the amino terminus of full-length AtFIM1 (GFP-
AtFIM1) and to either the carboxy or amino terminus
of the first ABD (fABD1) of AtFIM1 (fABD1-GFP, GFP-
fABD1; Fig. 2A). Transient expression of GFP-AtFIM1
in N. tabacum leaf epidermal cells showed predomi-
nantly filamentous labeling, but labeling became cyto-
plasmic in regions where expression levels were locally
higher (Fig. 2B). Expression of either fABD1-GFP or
GFP-fABD1 consistently resulted in cytoplasmic label-
ing (Fig. 2, C and D), in contrast to GFP-fABD2, which
labeled distinctly filamentous structures in all but the
most highly expressing cells (Fig. 2E). Similar results
were obtained for GFP-AtFIM1 and GFP-fABD2 with
stably expressing N. tabacum mesophyll protoplasts,
confirming these findings (data not shown). We there-
fore conclude that, of the constructs tested, GFP-fABD2
provides the best GFP fusion protein for consistent
labeling of the actin cytoskeleton.

Our analysis of Arabidopsis plants stably trans-
formed with the GFP-mTalin fusion protein (Kost et al.,
1998) revealed broadly similar structures to those
in GFP-fABD2 plants (Fig. 1, F-J); however, close
examination revealed that AFs in GFP-mTalin plants
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Figure 1. Expression of GFP-fABD2 and GFP-mTalin in Arabidopsis. Confocal projections showing GFP-fABD2 (A-E) or GFP-
mTalin (F-J) expression in roots (A and F), hypocotyls (B and G), leaf epidermis (C and H), trichomes (D and 1), and stomata (E and
J). A, Longitudinal cables in mature root epidermal cells and hairs; inset shows diffuse, irresolvable fluorescence in growing root
hair tip. B, Longitudinal cables and transverse perinuclear arrays in hypocotyls that have ceased growth; inset shows similar
arrangement of AFs in immature hypocotyls. C, Pavement epidermal cells show randomly arrayed transvacuolar bundles; inset
shows expanding epidermal cells. D, Longitudinal bundles in young trichomes; inset shows diffuse tip fluorescence. E, Intricate
cortical and simple perinuclear arrays in guard cells; inset shows transversely oriented AF bundles. F and I, Helical arrays of
filaments in root hairs and trichomes; nucleoplasmic labeling is evident (arrows). G, H, and J, Randomized networks of short,
curved filaments in hypocotyl, leaf epidermis, and stomata. G, Mature hypocotyl tissue; inset shows immature hypocotyl. All
images are confocal projections composed of 85 (A and F), 63 (B and G), 54 (D and 1), 35 (B inset and G inset), 15 (E, J, and E
inset), or 10 (C, H, C inset, and D inset) optical sections. Scale bar = 10 um (A-J) or 20 um (B and G, inset).

displayed increased bundling and were more ran-
domly arranged (compare Fig. 1, B, G, and insets). AF
networks in these plants generally displayed increased
branching, being composed of shorter, more convo-
luted filaments, while in root hairs and trichomes,
longitudinal AF bundles tended to form into helical
arrays (Fig. 1, F and I). Plants expressing GFP-mTalin
also showed fluorescence localized to the nucleoplasm
(arrows in Fig. 1, F and I), whereas cells expressing
GFP-fABD2 exhibited neither organellar nor nucleo-
plasmic staining. Notably, due to small cell size, tissue
organization, and low levels of expression, we were
unable to satisfactorily visualize AFs in the root
meristem of plants stably transformed with either
GFP-fABD2 or GFP-mTalin (data not shown). This
observation is consistent with the generally poor
visualization of actin networks seen in meristematic
cells by Wang et al. (2004) using fimbrin-based fusion
proteins.

We compared plant development in transgenic Ara-
bidopsis seedlings expressing either GFP-mTalin or
GFP-fABD2. Although reported to have no effects on
plant morphology or development (Kost et al., 1998),
plants expressing GFP-mTalin in our experiments
showed retarded growth compared to wild-type or
GFP-fABD2 plants. In 4-d-old etiolated seedlings,
plants expressing GFP-mTalin showed retarded hypo-
cotyl elongation but only slightly reduced root growth
(Fig. 3A). However, 3 d after transfer to light, differ-
ences in the growth of GFP-fABD2- and GFP-mTalin-
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expressing plants were clear, with reduced growth in
all organs in GFP-mTalin plants (Fig. 3B). Mature GFP-
mTalin-expressing plants were stunted and had short
inflorescences and stout siliques (Fig. 3C) that carried
only 45% * 7% (mean = sg, n = 4) of the seed of GFP-
fABD2-expressing siliques. Further analysis of epider-
mal cells from hypocotyls, inflorescences, siliques, and
leaves indicated that cells from plants expressing GFP-
mTalin had smaller plan areas compared with GFP-
fABD2 plants (TableI). Cell perimeter was also reduced
in GFP-mTalin plants at 69% = 4% (mean = sg; n = 385),
the length of cell peripheries in GFP-fABD2-expressing
plants (Table I). Most distinct, however, was the differ-
ence in the length of cells, with GFP-mTalin-expressing
plants having cells on average 66% * 4% (mean * Sg;
n = 385) the length of GFP-fABD2 cells (Table I). Aver-
age cell width in the two lines, however, was similar.
Stunted growth in GFP-mTalin plants is therefore
primarily due to reduced cell elongation.

GFP-mTalin expression affected diffuse-growth pro-
cesses in leaves, hypocotyls, inflorescences, and sili-
ques. However, no significant differences were found
between GFP-mTalin- and GFP-fABD2-expressing root
hairs, suggesting that tip-growth processes remain un-
affected, consistent with the finding that GFP-mTalin
expression does not perturb pollen tube growth in N.
tabacum (Kost et al., 1998). In contrast to our general
finding that GFP-mTalin expression causes reduced cell
elongation, expression of GFP-fABD2 in Arabidopsis
had no measurable effect on plant growth, suggesting

Plant Physiol. Vol. 136, 2004
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Figure 2. GFP fusions to full-length AtFIM1, fABD1, or fABD2 and
transient expression in N. tabacum leaf epidermal cells. A, Schematic
diagram of AtFIM1 with two ABDs (fABD1 and fABD 2) and amino- or
carboxy- terminal fusions o f GFP with full-length AtFIM1, fABDT, or
fABD2. B, Low-level GFP-AtFIM1 expression showing filamentous
labeling with overexpression and cytoplasmic fluorescence in local-
ized regions (arrow). C and D, Cytoplasmic localization of GFP-fABD1
and fABD1-GFP, respectively. E, Visualization of filamentous struc-
tures with GFP-fABD2. Image in B is single-optical section with depth of
2.5 um. Images in C to E are confocal projections composed of 45 (C
and D) or 30 (E) optical sections. Scale bar = 20 um.

that the GFP-fABD2 fusion protein interferes mini-
mally with native AF function.

Estimation of GFP levels in GFP-fABD2- and GFP-
mTalin-expressing plants, based on quantification of
total GFP fluorescence in individual cells (Table II),
indicated that GFP-mTalin expression levels were
roughly twice that of GFP-fABD2 in the plants used
in this study (Table II). In agreement with this analysis,
semiquantitative immunoblotting using an anti-GFP
antibody and whole 7-d-old seedlings revealed that
the abundance, relative to a-tubulin, of GFP-mTalin
was 1.6- £ 0.9-fold (mean * sg; n = 3) greater than
GFP-fABD2 in the respective transgenic lines (see
Supplemental Fig. 1, available at www.plantphysiol.
org). We were unable to generate stable lines of
Arabidopsis expressing GFP-fABD2 to levels compa-
rable to that seen in GFP-mTalin plants. However,
when GFP-fABD2 was transiently expressed in N.
tabacum pavement epidermal cells to levels compara-
ble to GFP-mTalin plants, as determined by measure-
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ment of total cellular GFP fluorescence, GFP-fABD2
accumulated in the cytoplasm (data not shown). These
observations suggest fundamental differences in the
mechanisms of GFP-mTalin and GFP-fABD2 binding
in plant cells, and the consequent effects this may have
on plant development. Our conclusion that expression
of GFP-fABD2 does not perturb actin functionality is
supported by the observation that chloroplast reposi-
tioning during N. fabacum protoplast culture proceeds
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Figure 3. Expression of GFP-mTalin affects plant growth and morphol-
ogy. A, Root and hypocotyl elongation of 4-d-old, dark-grown seed-
lings; elongation is retarded in GFP-mTalin, but not GFP-fABD2 plants.
B, Retarded growth in 7-d-old GFP-mTalin but not GFP-fABD2 plants.
C, Altered silique morphology in GFP-mTalin plants. Error bars shown
in A, sE (n = 20); scale bar = 5 mm (B and C).
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Table 1. Epidermal cell characteristics in GFP-fABD2- and
GFP-mTalin-expressing Arabidopsis plants

Epidermal cells from hypocotyls, inflorescences, siliques, and leaves
of cleared GFP-fABD2 and GFP-mTalin-expressing plants were imaged,
and measurements of individual cells obtained. Values are means = s,
n = 385.

Measurement GFP-fABD2 GFP-mTalin
Plan Area (,umz) 2,639 = 95 2,127 = 98
Cell Perimeter (um) 363 +9 249 + 8
Cell Length (um) 139 = 3 92 +3
Cell Width (um) 26 £ 1 28 £ 1
Circularity 0.285 = 0.006 0.454 = 0.008

at similar rates in both wild-type and GFP-fABD2-
expressing cells (Sheahan et al., 2004).

GFP-fABD2 Labels Actin Networks in Diverse
Cell Types from Different Species

We investigated the usefulness of the GFP-fABD2
fusion protein to label actin networks in diverse cell
types from different species. In both stably trans-
formed N. tabacum BY-2 and Medicago truncatula
suspension-cultured cells, we observed intricate net-
works of nucleus-associated AF arrays and dense, at
times transversely oriented, cortical networks (Fig. 4,
A and C). In BY-2 cells, transverse bundles of cortical
actin were more prominent in smaller, expanding cells
compared with older, expanded cells (Fig. 4A). In cells
predicted to be entering division, actin was arranged
prominently as complex transvacuolar strands linking
the subcortical-perinuclear region with the cortex (Fig.
4, A and B). This observation indicates that reorgani-
zation of the actin cytoskeleton occurs during the
transition from cell expansion to division. In meso-
phyll tissue from N. tabacum and Lycopersicon esculen-
tum, dense cortical arrays and chloroplast actin baskets
were evident (Fig. 4D and insets). These results dem-
onstrate that expression of the GFP-fABD2 fusion
protein provides detailed visualization of the actin
network in live cells, across different species and cell

types.

GFP-fABD2 Highlights Dynamic Networks of AFs

We analyzed the dynamic nature of the actin net-
work with time-lapse imaging (see supplemental
videos), Latrunculin B (LatB) washout experiments,
and FRAP. Time-lapse imaging of epidermal cells in
leaves, hypocotyls, and roots of 7-d-old plants re-
vealed that the AF network labeled with GFP-fABD2
underwent continual reorganization. Closer analysis
established that the highly dynamic nature of this
network arose predominantly from the small move-
ments of a large number of filaments or bundles.
Transvacuolar bundles abutting the cell periphery
underwent lateral migrations, while regions where
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bundles of AFs intersected, termed focal junctions,
moved rapidly around the cell (Supplemental Video
1). Measurement of focal junction movement in pave-
ment epidermal cells using centroid tracking revealed
irregular, yet directional movement, with speeds rang-
ing from 80 to 800 nm s~ ! (mean, 248 * 38; n = 20) and
velocities from 25 to 600 nm s~ ! (mean, 140 = 32; n =
20). Both lateral AF movement and dynamic move-
ments of focal junctions were difficult to observe in
plants expressing GFP-mTalin (Supplemental Video
2), suggesting that this fusion protein stabilizes an
otherwise highly dynamic network.

To estimate the contribution of filament turnover to
dynamic processes, we used LatB washout experi-
ments. Treatment of GFP-fABD2-expressing N. taba-
cum protoplasts for 24 h with 1 um LatB caused
complete depolymerization of AFs in most cells, with
GFP-fABD?2 visualized as localized accumulations of
fluorescence in the cell cortex (Fig. 5A and insets).
Monitoring recovery of the actin network following
LatB washout indicated that most cells had at least
a partially repolymerized network within 1 h of
washing (Fig. 5A). Treatment of GFP-fABD2-express-
ing Arabidopsis seedlings with 2 uM LatB for 8 h also
caused an almost complete depolymerization of the
actin network in near-fully expanded pavement epi-
dermal cells (Fig. 5B, section a). Recovery following
thorough washing was swift, and within 1.5 h, most
cells had actin networks (Fig. 5B, section c) similar to
dimethyl sulfoxide (DMSO)-treated controls (Fig. 5B,
section b). These networks were dynamic, as indicated
by time-lapse imaging (Supplemental Video 3); how-
ever, bundles of AFs appeared somewhat thicker and
shorter than those in DMSO controls. Parallel analysis
of GFP-mTalin plants similarly indicated an almost
complete depolymerization of the actin network in the
presence of LatB. In contrast, however, reassembly of
the actin network following LatB washout was sub-
stantially retarded, with few cells exhibiting polymer-
ized filaments but many exhibiting short, rod-like
structures (Fig. 5B, section d). Time-lapse analysis
indicated that these rods moved slightly, but overall,
dynamic movement was substantially reduced com-
pared to GFP-fABD2 plants (Supplemental Video 3).
These results suggest that filament assembly/disas-
sembly processes contribute significantly to observed

Table Il. GFP fluorescence levels in GFP-fABD2- and
GFP-mTalin-expressing Arabidopsis plants

GFP Level
Actin Label
Root hairs Hypocotyl Epidermis Leaf Epidermis
Fluorescence Intensity pm™?
GFP-fABD2 9.7 + 0.4 5.7 0.1 10.1 = 0.5
GFP-mTalin 22.7 = 0.6 115+ 0.7 16.6 = 0.5

Quantification of GFP fluorescence in individual root hairs and
epidermal cells from hypocotyls and leaves of GFP-fABD2- and GFP-
mTalin-expressing plants. Values are means = s, n = 20.

Plant Physiol. Vol. 136, 2004



Figure 4. GFP-fABD2 labels rich AF networks in different cell types
from diverse species. A and B, Dense cortical and perinuclear AF arrays
in cultured N. tabacum BY-2 cells. C, Cortical AFarrays in M. truncatula
suspension cultures. D, Cortical AF arrays in N. tabacum (L. esculen-
tum; top inset) leaf epidermis, and chloroplast baskets in underlying
mesophyll (bottom inset). Cells predicted to be entering division are
indicated (*). All images are confocal projections composed of 75 (A),
71 (B), 15 (C and D top inset), or 4 (D and D bottom inset) optical
sections. Scale bar = 20 um (A and B) or 10 um (C and D).

actin network reorganization and, further, that GFP-
mTalin expression impedes the repolymerization
of AFs.

We used FRAP in 7-d-old Arabidopsis seedlings to
further investigate the contribution of filament move-
ment to actin network dynamics. Assuming that
photobleaching of GFP does not alter the affinity of
GFP-fABD2 for AFs, fluorescence recovery of actin
bundles in these experiments is predicted to come
from two sources; firstly, the exchange of bleached
GFP-fABD2 subunits bound to bundled AFs, and
secondly, the lateral movement of AFs carrying un-
bleached GFP-fABD2 into the bleach window. In all
cells examined, fluorescence (corrected for bleaching
caused by laser scanning during image collection)
recovered within 50 s to between 80% to 90% of the
prebleach value in a pattern resembling the prebleach
image (Fig. 5C), demonstrating that bleaching did not
alter actin structure.

To understand the mechanisms of fluorescence re-
covery, we first analyzed FRAP in expanding epider-
mal cells of 7-d-old plants expressing cytoplasmic
yellow fluorescent protein (YFP) or in cells stained
with fluorescein diacetate (FDA). We compared the
first-order rate constant (k) and recovery half-times
(t1/,) for YFP and GFP-fABD2 fluorescence recovery
by fitting exponential curves to the recovery data.
Generally, fluorescence recovery rate in YFP-express-
ing cells was at least twice that of cells expressing GFP-
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fABD2 (Table III), indicating that recovery of GFP-
fABD?2 is limited by the exchange of bleached units on
AFs with those in the cytoplasm. Fluorescence recov-
eries were similar in different cell types of GFP-
fABD2-expressing plants (Table III), suggesting that
the dynamic nature of actin networks are comparable
in different cell types.

In FRAP experiments using GFP-fABD2, we did not
observe translocation of the bleach window, however
the size of the bleached region progressively decreased
(Fig. 5C). Similar observations of YFP-expressing and
FDA-stained cells indicated that the bleach window
sometimes translocated in the direction of net cyto-
plasmic streaming, but that fluorescence recovery was
reasonably uniform across the bleach window (data
not shown). To understand the contribution of diffu-
sion to the observed recovery patterns, we analyzed
how fluorescence recovered along bleached AF bun-
dles in hypocotyl epidermal cells. By comparing the
ratio of fluorescence recovery at the ends of the
bleached bundle (left and right boxes in Fig. 5C)
with the central region of the bundle (center box in
Fig. 5C), we found that fluorescence recovered along
the whole bundle, but recovery initially occurred
faster and to a greater extent at either end of the
bundle (Fig. 5D). We also compared the mean fluores-
cence intensity plotted along the horizontal axis of the
bleach window over time for both GFP-fABD2-
expressing cells and FDA-stained cells (Fig. 5, E and F).
This analysis confirmed that fluorescence recovery in
bleached AF bundles was greater and faster at each
edge of the bleached AF bundle (Fig. 5E). In addition,
recovery appeared to be directional in several cases, in
that recovery was slightly faster at one end of the
bleached bundle compared to the other (Fig. 5E). In
contrast, recovery of mean fluorescence intensity was
comparatively uniform across the bleach window in
FDA-stained cells (Fig. 5F). By comparing recovery in
GFP-fABD2 bleached AF bundles and FDA-stained
cytoplasmic strands, we found that the ratio of change
in fluorescence intensity between the edge and center
of the bleach window over time was on average 5.9-
fold greater in GFP-fABD2-expressing cells. Thus,
diffusion alone cannot account for the more rapid
recovery of fluorescence at the edges of bleached AF
bundles, suggesting that rapid-edge recovery may be
the result of lateral sliding in opposite directions of
GFP-fABD2-labeled filaments or bundles into the
bleach window. Consistent with potential filament
sliding, bleached GFP-fABD2-labeled AFs moving
out of the bleach window caused fluorescence inten-
sities immediately outside the bleach window to de-
crease an additional 0.7 * 0.1-fold (mean * sg, n = 7)
more than could be accounted for by bleaching caused
by laser scanning during image collection.

Comparison of fluorescence recovery in bleached
GFP-fABD2- and GFP-mTalin-labeled AF bundles in-
dicated that the ratio of change in fluorescence in-
tensity between the edge and the center of the bleach
window over time was, on average, 1.3-fold greater in
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Figure 5. Expression of GFP-fABD2 reveals a dynamic framework of AFs. A, Recovery from LatB treatment in washed N.
tabacum protoplast populations; rapid recovery of filamentous actin within 1.5 h of washing. Insets show half-cell
(approximately 15 um), confocal projections of protoplasts treated with 1 um LatB or 0.1% DMSO for 24 h. B, Recovery
from LatB treatment in washed Arabidopsis leaf epidermis; 8 h of LatB treatment (a) caused near complete depolymerization of
the network, contrasting normal arrays in 0.1% DMSO-treated controls (b). Substantial recovery of the actin network 1.5 h after
LatB washout in GFP-fABD2-expressing plants (c) but not in plants expressing GFP-mTalin (d). C, Fluorescence recovery along
bleached AF bundles occurs rapidly and in a pattern resembling the prebleach image; images show typical fluorescence recovery
in bleached bundle over 45 s, with left, center, and right boxes used in recovery analysis shown. Fluorescence recovers to 84% of
prebleach intensity by 45 s in this example. D, Detailed analysis of fluorescence recovery following bleaching of bundled AFs;
graph shows recovery ratio for one end compared with the center; arrows on graph correspond to time point for images displayed
on right (n = 7). E, Plotted mean fluorescence intensity over time along bleach window in a GFP-fABD2-tagged transvacuolar
actin bundle. F, Plotted mean fluorescence intensity over time along bleach window in an FDA-stained transvacuolar strand;
fluorescence recovery is uniform over the bleach window with FDA, but is irregular and occurs fastest at the edges of the bleach
window in GFP-fABD2-expressing cells. Insets in A are confocal projections (half-cell) and images in B are single-plane images
with a z-depth of 2.5 um. Scale bar = 10 um (A-C).
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Table Ill. Rate constants and half-times for FRAP

Arabidopsis cells expressing GFP-fABD2, GFP-mTalin, or YFP, or
nonexpressing cells labeled with FDA were photobleached, the re-
covery plotted, and an exponential function fitted. The k and t,,, were
derived from the exponential function. Values are means = sg, n = 12.

Label Cell Type k ty

st s
YFP Hypocotyl 0.16 = 0.03 6.3+ 0.8
FDA Hypocotyl 0.15 = 0.021 59 * 1.1
GFP-mTalin ~ Hypocotyl 0.05 £ 0.005 13.4 = 1.2
GFP-fABD2  Hypocotyl 0.05 £ 0.006 13.4=1.0
Root hair 0.05 £ 0.007 16.1 = 3.0
Guard cell 0.05 £ 0.003 14.7 =09

Leaf epidermal  0.06 = 0.008 13.2 = 1.3

GFP-fABD2-expressing cells, suggesting that filament
sliding occurs to a greater extent in these cells. Similar
fluorescence-t, , in GFP-fABD2- and GFP-mTalin-
expressing cells (Table III) therefore indicate that
GFP-mTalin is likely to have a faster rate of exchange
from AFs than does GFP-fABD2.

DISCUSSION

Progress in understanding functions of the actin
cytoskeleton will be aided by improved techniques for
dynamic visualization of actin organizationin live plant
cells. Advances in this area have emerged from the
increasing use of GFP fusions to various actin-binding
proteins, including GFP fusions to plastin (mammalian
fimbrin; Timmers et al., 2002) and ABDs from mouse
(Kost et al., 1998) and human talin (Takemoto et al.,
2003). We evaluated the potential of different AtFIM1-
based GFP fusions to label dynamic actin networks in
different higher plant species.

Of the three fusion proteins tested, only GFP-fABD2
consistently labeled dynamic AFs over a range of
expression conditions. Amino- or carboxy-terminal
GFP fusions to ABD1 of AtFIM1 accumulated within
the cytoplasm, without evidence of filamentous label-
ing, while GFP fused to full-length AtFIM1 (GFP-
AtFIM1) only labeled AFs clearly when expressed at
low levels. Several undetermined factors presumably
might contribute to the different outcomes observed
for these fusion constructs. In vitro binding assays
predict two different actin-binding activities for At-
FIM1 (Kovar et al, 2001), and recent biochemical
analysis of L-plastin, a human fimbrin homolog,
shows that ABD2 binds with lower affinity to actin
than does ABDI1 (Lebart et al., 2004; but see Nakano
et al., 2001). Thus, the potential lower affinity ABD2 of
AtFIM1 may provide superior characteristics for non-
invasive labeling of AFs. Furthermore, recent analysis
of the crystal structure of AtFIM1 suggests that the
carboxy-terminal extension of AtFIM1, which is re-
tained in the GFP-fABD2 and GFP-AtFIM1 fusion
proteins (see Fig. 2), may be important for stabilizing
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AF interactions (Klein et al., 2004). Our observations
agree with recent work by Wang et al. (2004), who
show that different GFP fusions, including ABD2 of
AtFIM1, produce filamentous labeling when ex-
pressed in N. tabacum or Arabidopsis, whereas fusion
to ABD1 of AtFIM1 yields cytoplasmic labeling.

Expression of GFP-fABD2 in Arabidopsis revealed
elaborate and intricate actin networks in the cell types
examined. Cortical AFs were organized into linear
arrays of predominantly longitudinally aligned AFs in
elongating tissues such as hypocotyl and root epider-
mis. In pavement epidermal cells, cortical actin tended
to have a more random alignment. Subcortical actin
bundles radiated from the perinuclear AF basket
through the vacuole were common to all cell types
examined. Similar structures were observed in N.
tabacum and L. esculentum cells, and in BY-2 and M.
truncatula suspension cultures expressing GFP-fABD?2.

Expression of GFP-fABD2 in Arabidopsis did not
disrupt plant growth or morphology when compared
with nontransgenic controls. In contrast, however,
plants expressing GFP-mTalin showed reduced cell
elongation, resulting in plants with stunted growth
and reduced seed set. Actin networks visualized by
the GFP-mTalin construct differed to those visualized
by GFP-fABD2, being composed of comparatively
shorter, more branched and convoluted filament net-
works with increased bundling and greatly reduced
dynamism.

Our observations indicate that the altered morpho-
logical and growth phenotypes of GFP-mTalin-
expressing plants are likely to be caused by changes
in actin network structure, suggesting that overexpres-
sion of certain ABDs can alter function of the actin
network. Similarly, Wang et al. (2004) found that
overexpression of the BD1/2-GFP construct altered
actin structure and plant growth. The suppressed
recovery of AFs following LatB washout and reduced
dynamic behavior of actin networks in GFP-mTalin-
expressing plants indicate that GFP-mTalin may affect
plant growth by interfering with AF polymerization.
Evidence from profilin mutants suggests that hypo-
cotyl elongation requires a dynamic actin network,
since underexpression of profilin decreases hypocotyl
cell elongation (Ramachandran et al., 2000). In plants,
anisotropic growth but not polarity determination
requires dynamic AFs (Smith, 2003) and, typically,
fine AF arrays are associated with rapid, polar cell
growth (Waller et al., 2002). Disruption of the actin
network with LatB (Baluska et al., 2001) or by over-
expression of a reproductive actin (ACT1; Kandasamy
et al., 2002) creates plants with a dwarf phenotype but
no significant changes in morphology. AFs probably
direct vesicular transport, but may also influence cell
shape by determining microtubule alignment (Kost
et al., 1999).

In contrast to GFP-mTalin, which is expressed at high
relative levels but continues to label highly bundled
actin structures, cells showing similar levels of GFP
fluorescence in GFP-fABD2-expressing cells caused
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cytoplasmic accumulation. This finding may reflect
differences in the affinity of the carboxy-terminal ABD
of talin and ABD2 of AtFIM1 for plant AFs, or reflect
a reduced number of available binding sites for GFP-
fABD2 given the presence of endogenous fimbrins. The
tendency of GFP-mTalin to cause increased bundling
may be due to a high density of binding along an AF
causing a localized high concentration of GFP. GFP
has a weak tendency to dimerize (K = 100 uM; Phillips,
1997) and thus under such conditions may cause cross-
linking of AFs in vivo similar to the way McCann and
Craig (1997) observed in vitro cross-linking of AFs
when the single carboxy-terminal ABD of mTalin was
fused to glutathione S-transferase. Interestingly, Wang
et al. (2004) observed that plants expressing their in-
dependently created GFP-mTalin construct also dis-
played increased bundling and reduced dynamic
behavior of AFs compared to AtFIMIl-based GFP
fusions.

Potential filament stabilization by GFP-mTalin ex-
pression in Arabidopsis plants may also occur, and
indeed a carboxy-terminal 63-kD fragment of talin A
has been used as a stabilizer of actin networks in
Dictyostelium cells (Weber et al., 2002). The apparent
inability of plants to regulate the binding of the talin
ABD to AFs may also result in the failure of endoge-
nous actin-binding proteins to interact correctly with
AFs. Our findings highlight the delicate nature of the
actin network in plant cells and emphasize the poten-
tial for GFP-fusion approaches to compromise the
dynamic nature of actin networks. Based on the data
presented, we conclude that the GFP-fABD2 fusion
represents the best available probe for visualization of
dynamic AFs in live plant cells, and emphasize that
low levels of expression are vital for accurate imaging
of the actin network in plants. Ultimately, GFP-actin
fusions may provide the best approach to investigat-
ing dynamic turnover of the plant actin cytoskeleton.
However, given the sensitive nature of plant actin
networks demonstrated in this study and the large
pool of unpolymerized actin in plant cells implicated
in studies of pollen tubes (Gibbon et al., 1999) and
soybean suspension cultures (Lee et al., 2003), it is
likely that GFP-actin fusions may also encounter
difficulties.

Several Processes Contribute to Actin Dynamics
Observed in Plant Cells

Time-lapse imaging of GFP-fABD2-expressing cells
revealed that several, simultaneous dynamic pro-
cesses contribute to continual reorganization of the
actin cytoskeleton. Large-scale, lateral movements of
AF bundles occurred where transvacuolar AF bundles
abutted cortical bundles and at the intersections of
transvacuolar AF bundles (focal junctions) in the
population of subcortical actin. Dynamic turnover of
the actin network is also likely to contribute apprecia-
bly to overall cytoskeletal reorganization as implicated
by LatB washout experiments. Detailed FRAP-based
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analysis suggested that AF bundles represent an
actively moving collection of AFs, where either in-
dividual AFs or small bundles of AFs slide past one
another, probably in opposite directions. Taken to-
gether, these results portray the plant actin network as
a highly fluidic system of interacting filament-based
structures. The ability of the actin cytoskeleton to
change its form at several different levels of organiza-
tion would presumably allow the cell to simulta-
neously perform the multitude of AF-dependent
functions known in plants. Clearly, further analysis
into the role of individual actin isovariants and the
influence of specific actin-binding proteins on this
dynamic behavior is required to understand these
processes and their regulation at the molecular level.

MATERIALS AND METHODS

GFP-fABD2 Fusion Construct and
Agrobacterium Transformation

Fusions between modified GFP and full-length AtFIM1 (McCurdy and
Kim, 1998; GFP-AtFIM1), fABD1 (amino acids 101-370 of AtFIM1; fABD1-GFP
and GFP-fABD1), and fABD2 of AtFIM1 (amino acids 325-687 of AtFIM1;
GFP-fABD2) were tested (see Fig. 2A). The GFP-AtFIM1 and GFP-fABD2
constructs were supplied by Boris Voigt and Diedrik Menzel (Universitat
Bonn) in pCAT (see Ketelaar et al., 2004) and the fABD1-GFP and GFP-fABD1
constructs by Steven Pirlo (The University of Newcastle) in pART7 expression
vector (Gleave, 1992). In the GFP-AtFIM1 and GFP-fABD2 constructs, the
appropriate AtFIMI-derived DNA sequence was fused directly with GFP-
encoding sequences without an intervening-linker sequence, while the fABD1-
GFP and GFP-fABDI constructs were created with a 5X Gly linker. The
355:GFP-fABD2:35SpA or 355:GFP-AtFIM1:355pA region of pCAT was moved
into pGEM-T by restriction digestion with Sdal and then into pART27 (Gleave,
1992) using NotI digestion. The 355:GFP-fABD1:0cs3’ or 355:fABD1-GFP:ocs3’
of pART7 was moved into pART27 using NotI digestion. Each recombinant
PART27 vector was transferred into Agrobacterium tumefaciens strain LBA4404
by electroporation and bacteria selected on Luria-Bertani agar with 50 ug
mL™! kanamycin (Sigma, St. Louis).

Plant Transformation

The GFP-fABD2 fusion construct in pART27 was transformed into Arabi-
dopsis (Arabidopsis thaliana; Col) by floral dipping (Clough and Bent, 1998) and
transformants selected on 50 g mL ™' kanamycin. Nicotiana tabacum was
stably transformed using the leaf disc procedure of Horsch et al. (1985) as
described by Sheahan et al. (2004). N. tabacum BY-2 cells were stably trans-
formed by the method of Sullivan and Green (1996) with selection on 100 ug
mL™" kanamycin and 500 ug mL™' carbenicillin (Sigma). The highly re-
generable Medicago truncatula line 2HA (Rose et al., 1999) was stably trans-
formed as described by Thomas et al. (1992). N. tabacum and Lycopersicon
esculentum leaves were transiently transformed using the agroinfiltration
method (Yang et al., 2000). Arabidopsis seed derived from the GFP-mTalin-
expressing line reported by Kost et al. (1998) was used in this study. Madeline
Rashbrooke (Australian National University) supplied transgenic Arabidop-
sis seed expressing cytoplasmic YFP.

Plant Growth

Arabidopsis plants were grown on vertical or horizontal plates containing
0.5 X Murashige and Skoog salts, 0.8% (w/v) agar, and 1% (w/v) Suc.
Surface-sterilized seeds were positioned on plates and vernalized for 2 d at 4°C
before being moved to a growth room (25°C, 16/8 h photoperiod at 50 umol
photons m~? s™'). Mesophyll protoplasts were isolated and cultured from
axenic shoot cultures of transgenic GFP-fABD2 N. tabacum as described by
Sheahan et al. (2004). N. tabacum and L. esculentum plants used for agro-
infiltration were grown under glasshouse conditions as described for
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N. tabacum in Sheahan et al. (2004). Stably transformed BY-2 cultures were
subcultured weekly and maintained in liquid Murashige and Skoog medium
(plus 3% [w/v] Suc, 0.2 mg mL ™" 2,4-dichlorophenoxyacetic acid, 255 mg L ™"
KH,PO,, 100 ug mL ™" kanamycin, and 250 ug mL ™" Timentin [Glaxo Smith-
Kline, Melbourne, Australia], pH 5.7) on a rotary shaker (130 rpm) at 27°C in
darkness. M. truncatula suspension cultures were freshly established for each
experiment using callus grown on plates containing P4 medium (Thomas
et al., 1992). Callus was used to inoculate liquid Murashige and Skoog
medium (plus 3% [w/v] Suc, 0.2 mg mL ™" 2,4-dichlorophenoxyacetic acid, 100
pg mL ™! kanamycin, and 250 ug mL ™' Timentin, pH 5.7) and cultures grown
as described for BY-2 cells.

Drug Treatments

Protoplasts were treated in culture for 24 h with 1 um LatB (Merck,
Rahway, NJ) or 0.1% (v/v) DMSO before washing three times in modified
Nagata and Takebe medium (Thomas and Rose, 1983). Whole 14-d-old
Arabidopsis plants were incubated in petri dishes with wetted filter paper
containing 2 uM LatB. After 8 h, plants were washed thoroughly with distilled
water and transferred to petri dishes containing filter paper wetted with
distilled water. Arabidopsis seedlings were stained for 30 min with 0.5% (w/
v) FDA (Calbiochem-Novabiochem, San Diego) in petri dishes containing
filter paper wetted by distilled water.

Microscopy and Cell Measurements

The morphology of epidermal cells from wild type, GFP-fABD2- and GFP-
mTalin-expressing inflorescences, siliques, and rosette leaves was analyzed
using cleared intact tissues as described previously (Fu et al., 2002). Cleared
tissues and hypocotyls of 7-d-old plants were stained with toluidine blue,
washed, and observed with a light microscope (Axiophot, Zeiss, Sydney)
equipped with a CCD camera (Axiocam MR, Zeiss). Images were captured
using Axiovision 4.0 (Zeiss) and cell plan-area, length, width, perimeter, and
circularity measurements performed in the public domain NIH Image] 1.31v
program (developed at the United States National Institutes of Health and
available on the Internet at http:/ /rsb.info.nih.gov/ij).

Confocal Imaging and Analysis

Arabidopsis seedlings, N. tabacum, and L. esculentum leaf sections were
mounted in water under a coverslip while N. tabacum protoplasts, BY-2, and M.
truncatula cells were embedded in agar by mixing 50 uL of cells with 100 uL
of 0.5% (w/v) low-melt agarose (type VII; Sigma-Aldrich) in welled slides
before mounting under a coverslip. Images of GFP-fABD2- and GFP-mTalin-
expressing cells or FDA-stained cells were acquired as z-series with a 1-um
interval or time series with an interval of 1.6 to 6 s using a confocal laser-
scanning microscope (LSM 510; Zeiss) equipped with a 40X C-Apochromat
water-immersion objective (NA 1.2; Zeiss) and 488-nm argon laser (25 mW,
5%-10% power) and BP500-530IR filter. YFP was visualized using a 514-nm
argon laser with BP560-615 filter.

To estimate GFP levels, a single-cell representative of each cell type
measured from a GFP-mTalin plant was used to derive detector gain and
offset settings such that there were no over- or under-exposed pixels when
a whole-cell z-stack was collected. These settings were used to collect whole-
cell z-stacks (2.5-um optical slice) of individual cells in GFP-fABD2 and GFP-
mTalin plants. GFP fluorescence intensity from individual cells was measured
in Image] and data analyzed in Microsoft Excel.

Analysis of focal junction movement used centroid tracking in Image]. For
FRAP experiments, the confocal pinhole was set to produce optical sections
approximately 2.5-um thick. Prebleach and recovery images were acquired at
a rate of one image every 1.6 s for GFP-fABD2 and every 0.8 s for FDA and
YFP. For photobleaching, all argon laser lines (476, 488, and 497 nm) were used
simultaneously at 100% transmittance for 100 iterations to bleach an area
approximately 100 um? (65 W m ™2 for 5 s). Confocal images were stored using
LSM software (version 3.2; Zeiss) and processed in Photoshop 7.0 (Adobe
Systems, Mountain View, CA). Image analysis was performed in Image] and
results tabulated, calculated, and plotted in Microsoft Excel. Determination of
t,, and k followed the methods of Hush et al. (1994). Loss in fluorescence
intensity caused by laser scanning during image collection was corrected for
by adding the difference in fluorescence intensity calculated over the entire
scan window between the first and selected postbleach image to the
fluorescence intensity value obtained within the bleach window for the
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selected postbleach image. Fluorescence recovery across the bleach window
was analyzed by dividing the bleach window into equal thirds (left, center,
right) and comparing the ratio of fluorescence recovery for left/center or
right/center, whichever was greater. The plot profile function of Image] was
used to assess the change in fluorescence intensity pattern across the bleach
window during recovery. Fluorescence intensities were plotted in Excel and
amoving-average trend line (period = 8) fitted to the data to reduce plot noise
and improve clarity of interpretation. The ratio of change in fluorescence
intensity between the edge and center of the bleach window was calculated by
dividing the gradient between the edge and center of the bleach window in the
first postbleach trace by the gradient between the same positions in the final
postbleach trace and averaging for at least six cells.

Immunoblotting

Protein was extracted from whole seedlings into 2 X SDS sample buffer
and equal total protein loaded and run on a 10% SDS-polyacrylamide gel
before transfer to nitrocellulose overnight. Membranes were blocked for 1 hin
5% (w/v) skim milk powder in phosphate-buffered saline before incubation
with a 1:500 dilution of anti-GFP (raised against native GFP; Peter Lewis,
personal communication) or 1:500 anti-a-tubulin (Sigma; clone B-5-1-2).
Washed membranes were then incubated with secondary antibody conju-
gated to alkaline phosphatase. Bands developed with Western Blue substrate
(Promega, Madison, WI; no. S384B) were scanned and the integrated in-
tensities from all bands quantified in Image].

Upon request, all novel materials described in this publication will be
made available in a timely manner for noncommercial research purposes,
subject to the requisite permission from any third-party owners of all or parts
of the material. Obtaining any permission will be the responsibility of the
requestor.
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