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Background: Higher order actin filament structures are involved in many cellular processes.
Results: Arabidopsis CROLIN1 contains a predicted actin-cross-linking domain and shows F-actin binding, cross-linking, and
stabilizing activities in vitro.
Conclusion: CROLIN1 functions as an actin-binding and cross-linking protein.
Significance: CROLIN1 is a previously undiscovered plant actin-cross-linking protein.

Higher order actin filament structures are necessary for cyto-
plasmic streaming, organelle movement, and other physiologi-
cal processes. However, the mechanism by which the higher
order cytoskeleton is formed in plants remains unknown. In this
study, we identified a novel actin-cross-linking protein family
(named CROLIN) that is well conserved only in the plant king-
dom. There are six isovariants of CROLIN in the Arabidopsis
genome,withCROLIN1 specifically expressed in pollen. In vitro
biochemical analyses showed that CROLIN1 is a novel actin-
cross-linking protein with binding and stabilizing activities.
Remarkably, CROLIN1 can cross-link actin bundles into actin
networks.CROLIN1 loss of function induces pollen germination
and pollen tube growth hypersensitive to latrunculin B. All of
these results demonstrate thatCROLIN1may play an important
role in stabilizing and remodeling actin filaments by binding to
and cross-linking actin filaments.

The actin cytoskeleton in eukaryotic cells is a highly orga-
nized and dynamic structure that plays a central role in the cell
and is involved in numerous cellular processes, including cyto-
plasmic streaming, intracellular transport, cell growth, and
organelle positioning (1). A regulatory system that contains
actin filaments (F-actin) and actin-binding proteins (ABPs)3 is
required for these processes, and the diverse actin cytoskeleton
is directly controlled by different ABPs.
Actin bundles are central components of a variety of special-

ized cellular structures, including stress fibers, microvilli, and
growth cones, in animal cells (2), and the main features of the

plant cytoskeleton are conserved between plants and animals.
For example, the amino acid sequence of actin shows 80–90%
similarity between Arabidopsis and humans (3). Therefore,
cytoskeleton-regulating factors, ABPs, in plants may be rela-
tively well conserved and function in a fashion similar to those
in animal cells. ABPs with bundling and cross-linking activities
are responsible for generating and maintaining higher order
actin structures. Recently, four conserved classes of actin-bun-
dling factors have been identified in Arabidopsis; their bio-
chemical functions are well documented and demonstrated
that both bundling and cross-linking contribute to the forma-
tion of actin cables and/or bundles. For example, Arabidopsis
VILLIN1, VILLIN4, and VILLIN5 all have been demonstrated
to bundle F-actin in vitro (4–7). Tobacco NtWLIM1 and
NtWLIM2 (8, 9), all Arabidopsis AtLIMs (10), and Lilium
LlLIM1 (11) are recognized as actin-bundling proteins. In addi-
tion, fimbrins (both Fimbrin1 and Fimbrin5) bundle or cross-
link F-actin in vitro (12, 13), and certain formins, such as rice
OsFH5 (14, 15) and Arabidopsis AtFH1, AtFH4, AtFH8, and
AtFH14 (16–19), also bundle actin in vitro.
Although several ABPs regulating the formation of actin

bundles in plants have been identified (20), most conserved
actin-bundling and actin-cross-linking proteins in animals,
including facsin, �-actinin, and espin, are absent in the Arabi-
dopsis genome (21). Recent research has reported several novel
actin-binding proteins that show bundling activity in plants.
The protein SCAB1 contains a unique and previously unre-
ported actin-binding domain that participates in the regula-
tion of F-actin reorganization during stomatal closure (22).
THRUMIN1, which contains a conserved C-terminal glutare-
doxin-like domain and a putative cysteine-rich zinc-binding
domain, bundles F-actin in vitro (23). V-ATPase B subunits in
Arabidopsis show actin binding, bundling, and stabilizing activ-
ities in vitro (24), despite an absence of reports on actin-bun-
dling functions formembers of this protein family in animals or
yeast. Interestingly, Arabidopsis actin depolymerization factor
9 (ADF9) facilitates F-actin bundling in vitro (25), and SB401, a
pollen-specific protein from Solanum berthaultii, also exhibits
bundling activity (26). These results imply that plants may have
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mechanisms for the formation and regulation of higher order
actin structures that are distinct from the mechanisms in
animals.
Pollen tube growth relies on a dynamic and precisely orga-

nized actin cytoskeleton (27). During this process, F-actin is
maintained as distinct structures and performs specific physiolog-
ical functions (20, 28, 29). Additionally, many actin-bundling/
cross-linking factors thatmaintainnormalpollengerminationand
pollen tubegrowthhavebeen identified inArabidopsispollen. For
example, aVLN5 loss-of-functionmutant displays delayed pol-
len tube growth and results in F-actin in both pollen grains and
pollen tubes that are sensitive to latrunculin B (Lat B) (7). A
loss-of-function mutant of Arabidopsis FIMBRIN5 also results
in delayed pollen germination and inhibited tube growth, with
both pollen germination and tube growth being hypersensitive
to Lat B (13).
In the present study, we identified a functionally unknown

gene family (named CROLIN) in the Arabidopsis genome that
contains 1–2 predicted actin-cross-linking domains that are
highly conserved. Remarkably, CROLINs are only found in the
plant kingdom.Here, wemainly focus onCROLIN1, which is spe-
cifically expressed in pollen. Our results reveal that CROLIN1
exhibits actin binding, cross-linking, and actin depolymerization-
inhibiting activities in vitro. CROLIN1 loss of function induces
pollen germination and pollen tube growth hypersensitive to
Lat B. Therefore, we demonstrate that CROLIN1, a previously
undiscovered plant actin-cross-linking protein, is involved in
the formation and maintenance of highly ordered actin struc-
tures in Arabidopsis.

EXPERIMENTAL PROCEDURES

Full-length cDNA Cloning and Plasmid Construction—The
cDNA coding sequences of Arabidopsis CROLIN1, CROLIN1-
N(33–165), and CROLIN1-�N165 were amplified from Arabi-
dopsis flowers. For Escherichia coli expression, CROLIN1,
CROLIN1-N(33–165), and CROLIN1-�N165 were cloned into
the pET30a vector or pGEX-4T vector, accordingly.
For the complementation ofCROLIN1 inArabidopsis pollen,

CROLIN1 was introduced into a modified binary vector
pCAMBIA1300 that contains the pollen-specific promoter
Lat52. To analyze promoter activity, the promoter ofCROLIN1
(603 bp upstream from the ATG codon) was amplified with
specific primers and then inserted into pBI121, which contains
the GUS (�-glucuronidase) gene, to generate the pBI121-Pro-
CROLIN1-GUS plasmid (see Table 1 for the primers used).
Protein Purification—The CROLIN1 recombinant protein

without theN-terminal 32 aminoacidswas expressed in theE. coli
BL21 (DE3) strain by induction with 1 mM isopropylthio-�-D-ga-
lactopyranoside overnight at 28 °C. Recombinant CROLIN1
fused to a glutathione S-transferase (GST) tag was affinity-
purified using glutathione-Sepharose 4B resin (GEHealthcare)
according to themanufacturer’s instructions.His-CROLIN1,His-
CROLIN1-N(33–165), and His-CROLIN1-�N165 were affinity-
purified using nickel-Sepharose (GE Healthcare) according to
the manufacturer’s instructions. The purified protein was dia-
lyzed with buffer A3 (10 mM Tris-HCl, 200 �M CaCl2, 0.5 mM

DTT, and 0.2 mM ATP, pH 7.0).

Actin was isolated from rabbit skeletal muscle according to a
previous method (30). Pyrene-actin was prepared by labeling
actin with pyrene iodoacetamide at Cys-374, as described pre-
viously for kinetic analyses (31).
High and Low Speed Co-sedimentation Assays—Ahigh speed

co-sedimentation assay was used to determine the F-actin
binding activity of GST-CROLIN1 following a published
method (32).
To determine the apparent equilibrium dissociation con-

stant (Kd) values, various amounts of GST-CROLIN1 and His-
CROLIN1-N(33–165) (0.5–3.5 �M) present in the pellet and
supernatant were analyzed using ImageJ software (version
1.38). TheKd value forCROLIN1/CROLIN1-N(33–165) bound
to F-actin was calculated by plotting the amount of bound
CROLIN1 versus free CROLIN1/CROLIN1-N(33–165) and then
fitting the data with a hyperbolic function using GraphPad Prism
version 5.01 software (Synergy Software).
A high speed co-sedimentation assay was also employed to

assess the F-actin-stabilizing activity of CROLIN1 with 2 �M

ADF1 treatment. Preformed F-actin (3 �M) was incubated with
0, 0.5, 1, or 3 �M CROLIN1 at 20 °C for 1 h prior to treatment
with 2 �M ADF1 for 1 h. The samples were then centrifuged at
100,000 � g for 1 h, and the resulting pellets and supernatants
were analyzed by SDS-PAGE.
Low-speed co-sedimentation was then used to determine

the actin bundling activity. Except for the rotational speed
(13,500 � g), all of the steps were the same as in the high speed
co-sedimentation assay.
Buffer A3 was used for the high and low speed co-sedimen-

tation assays, whereas 1� F buffer (buffer A3 with the addition
of 50 mM KCl, 2.5 mM MgCl2, and 0.25 mM ATP) was used for
actin polymerization. All of the samples were separated on 12%
SDS-polyacrylamide gels and stained with Coomassie Brilliant
Blue R250 (Sigma-Aldrich). ImageJ was used to analyze the per-
centages of actin or CROLIN1 in the pellets and supernatants.
FluorescenceMicroscopy and ElectronMicroscopy Visualiza-

tion of F-actin—Tovisualize F-actin using fluorescencemicros-
copy, the samples were labeled with Alexa 488-phalloidin
(Molecular Probes), as described in a previously published
method (32). F-actinwas observed using a LeicaDFC420C fluo-
rescence microscope equipped with a 5-megapixel CCD and
Leica Application Suite software. For electron microscopy,
F-actin was observed by negative staining. Prepolymerized
F-actin at a concentration of 3 �M was incubated with 0, 0.75,
and 2.25�MHis-CROLIN1 in a 200-�l reaction at 20 °C for 1 h.
Negative staining was performed using saturated uranyl ace-
tate, and the samples were observed using an FEI Tecnai G20
electron microscope.
Actin Depolymerization Assays—To test the effects of

CROLIN1 on actin depolymerization, a depolymerization assay
was performed, as described by a published method (32). The
decrease in pyrene fluorescence intensity accompanying actin
depolymerizationwasmonitored for 500 s at room temperature
using a FluoroMax�-4 spectrofluorometer (HORIBA Jobin
Yvon).
Tag Removal—To remove the His tag, the purified His-

CROLIN1 protein was incubated with thrombin (1:300) at 4 °C
overnight. The samplewas first purified using nickel-Sepharose
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(GE Healthcare), and then thrombin was removed using
Streptavidin-agarose (Sigma-Aldrich).
CROLIN1 Dimer Assays—To assess the extent of CROLIN1

dimerization, cross-linking experiments were performed using
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) (Sigma).
EDCwas added to the buffer containing 15�MCROLIN1 to give
a final concentration of 4 mM. The sample was incubated at
room temperature for 1 h, and the reaction was stopped by the
addition of SDS-PAGE loading buffer and boiling for 10 min;
the sample was analyzed by SDS-PAGE.
Higher order structures were also analyzed by an acrylamide

gel analysis, as described by Huang et al. (26). Native CROLIN1
protein and proteins of known molecular mass (ovalbumin, 44
kDa; albumin, 66 kDa; phosphatase b, 97 kDa; �-galactose, 116
kDa) were electrophoresed on a 10% native acrylamide gel.
RT-PCR Analysis—Total RNA was isolated from various tis-

sues of WT plants using an RNA-extracting kit (Invitrogen).
Total RNA (3 �g) from different tissues was used for reverse
transcription with Moloney murine leukemia virus reverse
transcriptase (Takara). To confirm the expression levels of
CROLIN1 in different tissues, 1�l of reaction product was used
as a template for amplifying the cDNA fragments of CROLIN1;
EF4A was used as an internal control. The PCR products were
examined by 1% agarose gel electrophoresis.
Quantitative Real-time PCR Analysis—For real-time PCR, the

flowers of WT plants, a T-DNA insertion mutant (SAIL_108507,
obtained from the Arabidopsis Biological Resource Center), and
a complemented line were used to obtain total RNA. We
employed SsoFastTM EvaGreen� Supermix (Bio-Rad) and the
iCycler iQ5TMmulticolor real-time PCRdetection system (Bio-
Rad). EF1A was used as an internal control. The amplification
was performed as follows: 95 °C for 35 s, 40 cycles at 95 °C for
10 s and 56 °C for 15 s, 72 °C for 20 s, and 78 cycles of 10 s at
56 °C (for determination of themelting curve). The analysis was
performed in triplicate. The “comparative count” method was
used to analyze the changes in the transcript levels, as described
by Fan et al. (33). The primers used are shown in Table 1.
GUS Staining—At least 10 independent transgenic T3 lines

were subjected to GUS staining. Staining for GUS activity was
performed overnight, as described by Marrocco et al. (34), and
images were obtained using a Leica DM4000 microscope
equipped with Leica Application Suite software.
Pollen Germination and Pollen Tube Growth Measurement—

According to a previously published method (7, 35), pollen was

harvested from newly opened flowers and placed on a pollen ger-
minationmedium.Various concentrations of Lat Bwere added to
the germinationmedium to determine the effects of Lat B on pol-
len germination. Tomeasure the pollen tube growth rate, the pol-
len grains were germinated for 2 h on a normal germination
medium, and various concentrations of Lat B were added to the
surfaceof the solidmediumforanadditional 3h.Thepollengrains
and pollen tubes were observed using a Leica DFC420C micro-
scope equipped with a �10 objective.
Actin Staining of Pollen Grains and Tubes and Treatment

with Lat B—To visualize the actin cytoskeleton in pollen tubes,
the pollen tubes were germinated for 4 h and then treated with
0 and 50 nM Lat B for 30 min. The pollen tubes were then fixed
with 1% polyoxymethylene and 0.025% glutaraldehyde (solubi-
lized in 50mMPIPES, pH 6.8) for 20min, 2% polyoxymethylene
and 0.05% glutaraldehyde for 20 min, and 4% polyoxymethy-
lene and 0.1% glutaraldehyde for 20min. The fixed pollen tubes
were gently washed twice with 50 mM PIPES (pH 6.8) and then
subjected to actin staining with 0.18 �M Alexa 488-phalloidin
(Molecular Probes, Invitrogen). F-actin was subsequently visu-
alized using a confocal laser-scanning microscope (Olympus
DP72) equipped with a�100 objective and a CCD camera. The
fluorescentphalloidinwas excited at awavelengthof 488nmusing
an argon laser. The amount of F-actin was analyzed bymeasuring
the pixel intensity (Int/mm2) of individual pollen tubes, and the
images were subsequently processed and analyzed with ImageJ
software by subtracting 50% of the background.
Statistical Analysis—Experiments that required an analysis

of variance were analyzed using SPSS 17.0, followed by Dun-
nett’s post hocmultiple comparisons. Other statistical analyses
were performed using Student’s t test. At least three indepen-
dent experiments were performed.
Accession Numbers—The sequence data from this article

can be found in the Arabidopsis Genome Initiative or the
GenBankTM/EMBL databases under the following accession
numbers: CROLIN1 (At3g28630, Q8GXC9); hisactophilin
(ABR23227.1), and fascin (EAW87344.1). The accession num-
bers for the proteins used in this study are shown in supplemen-
tal Table 1.

RESULTS

Identification of the CROLIN Family of Novel Plant Actin-
cross-linking Proteins inArabidopsis—Utilizing a bioinformatic
approach toward analyzing the Arabidopsis genome, we per-
formed a BLAST search of the genes that contained the key-
word “actin” in the TAIR database. The results included all of
the genes that encode actin, most of the reported ABPs, and
other putative actin-remodeling proteins. Among these pro-
teins, we identified a functionally unknown gene family that
contains a predicted actin-cross-linking domain (InterPro:
IPR008999). According to an analysis by the Phyre Server, this
domain typically forms a �-trefoil structure consisting of a tri-
plet of �-hairpins packed against a six-stranded antiparallel
�-barrel (36). Proteins with a structure similar to that of the
CROLIN family include fascin (37), an animal protein that con-
tains a tandem repeat with four copies of this domain, and
hisactophilin (38, 39), a protein in Dictyostelium discoideum
that contains only one domain. Both of these proteins are typ-

TABLE 1
Primers used in this study
The restriction enzyme sites are underlined. F, forward primer; R, reverse primer.

Primer name Sequence (5�–3�)

CROLIN1 F GGATCC/TCTAGACTCCAAGGATTGGATTGAAGATCAT
CROLIN1 R GAGCTC/CCATGGGGTACC TCAAGAAGTGCTTGCAGCATC
N(33–165) F GAGCTCCTCCAAGGATTGGATTGAAGATCAT
N(33–165) R GTCGACTCATGACCTATGAGGTATATCAT
�N165 F GGATCCATGACCACACAGGATTGGGTTTTA
�N165 R GAGCTCTCAAGAAGTGCTTGCAGCATC
CROLIN1p F AAGCTTCTACATGTTTACTAAATTAGGGT
CROLIN1p R TCTAGATCATGTGAAACAATTTCAGGTAC
EF1A F ACCACGAGTCTCTTCTTGAGGCAC
EF1A R TGGCAGGGTCATCCTTGGAG
CROLIN1real-time F TGGATGAAACAGCAAAGGAAGA
CROLIN1real-time R TGGGAGGAAGATGTAACCGAAG
EF4A F TTGGCGGCACCCTTAGCTGGATCA
EF4A R ATGCCCCAGGACATCGTGATTTCAT
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FIGURE 1. Multiple alignment and analysis of the amino acid sequences of the CROLIN family in Arabidopsis. A, predicted actin-cross-linking domain of
CROLIN1 compared with four similar structures in fascin (EAW87344.1). The highest similarity is 16%. B, predicted actin-cross-linking domain of CROLIN1
compared with the functional domain of hisactophilin (ABR23227.1). The similarity is 16%. C, phylogenetic tree of Arabidopsis CROLINs. D, structures
of CROLINs. The black curve represents a trans-membrane domain. The light and dark gray oblong regions represent the actin-cross-linking domains and other
cDNA coding sequences, respectively. E, alignment of the amino acid sequences of Arabidopsis CROLINs. The predicted actin-cross-linking domain is indicated
by a black line. The second cross-linking domains of CROLIN5 and CROLIN6 are at amino acids 230 –360 and 244 –378, respectively.

CROLIN1, a Novel Actin-cross-linking Protein

32280 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 288 • NUMBER 45 • NOVEMBER 8, 2013



ical actin-bundling proteins, but their homologs have not been
found in plants. Moreover, the actin-cross-linking domain of
CROLIN1 has only 16% amino acid similarity with that of fascin
(Fig. 1A) and hisactophilin (Fig. 1B). There are six members
belonging to this family, which we named CROLIN1–CROLIN6
based on the actin-cross-linking domain (Fig. 1C). As shown in
Fig. 1, D and E, these proteins contain 1–2 cross-linking
domains and share 37–71% amino acid similarity with each
other, and their actin-cross-linking domains are highly con-
served (indicated by the black line). Remarkably, CROLIN1 has
at least 87 homologs in the plant kingdom, as revealed by a
BLAST search of the NCBI database (supplemental Table 1).
CROLIN1 homologs have been identified in eudicots, mono-
cots, ferns, andmosses but not in other non-plant species, such
as animals and yeast. A phylogenetic tree of CROLINs in other
species (supplemental Fig. 1) reveals that these proteins have
high similarity. These data indicate thatCROLINsmay be novel
plant actin-cross-linking proteins.
CROLIN1 Is Expressed Specifically in Pollen—According to

microarray data, among theArabidopsisCROLIN familymem-
bers, CROLIN1 is predicted to be expressed only in pollen.
Thus, tissue RT-PCR was performed for confirmation. As
shown in Fig. 2A, the CROLIN1 transcript was preferentially
detected in the flower and flower bud (lanes 4 and 5) but not in
the root, stem, or leaf. This observationwas further explored by
measuring CROLIN1 promoter activity using a GUS (�-glucu-
ronidase) reporter. Therewere strongGUS signals in the pollen
tubes and pollen grains during all stages of flower development
(Fig. 2, B–D), butCROLIN1 promoter activity was not detected
in the vegetative organs or seedlings (Fig. 2, E–H). These results
are consistent with the above RT-PCR assay, indicating that
CROLIN1 may participate in pollen germination and pollen
tube growth. To confirm this hypothesis, the biochemical prop-
erties and physiological functions of CROLIN1 were tested in
vitro and in vivo, as described below.
CROLIN1 Binds to F-actin in Vitro—Because CROLIN1 con-

tains a putative actin-cross-linking domain at the N terminus,
indicating that it may interact with F-actin, the biochemical
activities of CROLIN1 were investigated in vitro. However, due
to the similar molecular masses of recombinant His-CROLIN1
and actin, the proteins could not be easily distinguished from
each other on an SDS-polyacrylamide gel. Therefore, we used
GST-CROLIN1 in high and low speed co-sedimentation assays.
The ability of recombinant CROLIN1 to bind to F-actin was
directly determined using a high speed co-sedimentation assay.
GST-CROLIN1 was predominantly in the supernatant in the
absence of the F-actin (Fig. 3A, lanes 17 and 18). However, a sig-
nificant amount of GST-CROLIN1 sedimented with F-actin in a
dose-dependentmanner (Fig. 3A, lanes 3–16), demonstrating that
CROLIN1 can bind to F-actin in vitro. The equilibrium dissocia-
tion constant (Kd) for this interaction was determined to be
0.324 � 0.032 �M (Fig. 3B). GST alone was used as a negative
control and demonstrated no actin binding activity (Fig. 3C).
CROLIN1Bundles andCross-links F-actin inVitro—Fluores-

cence microscopy was used to directly visualize the formation
of the higher order actin structures induced by CROLIN1. Pre-
polymerized F-actin was decorated with Alexa 488-phalloidin,
and only individual F-actin was visualized in the absence of

His-CROLIN1 (Fig. 4A). In contrast, long and thick actin bun-
dles were observed when the F-actin was incubated with 0.75
�M His-CROLIN1 (Fig. 4B). When the concentration of
CROLIN1 increased to 2.25 �M, a large amount of the cross-
linking F-actin was observed (Fig. 4C). Subsequently, electron
microscopy was employed to provide more detailed images. As
shown in Fig. 4, D–F, F-actin was scattered throughout the
visual field as single filaments in the absence of His-CROLIN1.
However, when His-CROLIN1 was added to the reaction, the
F-actin bundled together (indicated by red arrows) and also
cross-linked and assembled into a large meshwork (indicated
by black arrows). Based on the images of actin bundles shown in
Fig. 4G, we measured the average distance between the F-actin
of the actin bundles to be �4 nm.

FIGURE 2. CROLIN1 is expressed specifically in pollen. A, the expression
pattern of CROLIN1 was determined using RT-PCR. EF4A was used as a control.
The samples are displayed as follows. Lanes 1–5, root, stem, leaf, flower, and
flower bud, respectively. B–H, CROLIN1 promoter activity was detected using
GUS as a reporter. B, inflorescence; C, stigma and anther; D, pollen grain and
tube; E, root; F, silique; G, mature leaf; H, 10-day-old seedling. Bars in B–H, 1
mm, 200 �m, 50 �m, 2 mm, 2 mm, 5 mm, and 2 mm, respectively.

CROLIN1, a Novel Actin-cross-linking Protein

NOVEMBER 8, 2013 • VOLUME 288 • NUMBER 45 JOURNAL OF BIOLOGICAL CHEMISTRY 32281



We next measured the diameters of the actin bundles in the
electron microscopy images. The diameter of a single F-actin
was 5–8 nm, which is similar to that found in previous studies
(40, 41). However, the diameter of most of the F-actin was
22–28 nm in the presence of 0.75�MHis-CROLIN1 and 33–62
nm in the presence of 2.25 �M His-CROLIN1 (Fig. 4H). These
results demonstrate that CROLIN1 has actin-bundling and
cross-linking activities.
Based on these data, a low speed co-sedimentation assay was

then performed to demonstrate that CROLIN1 could bundle
F-actin. As shown in Fig. 4I, very little F-actin was sedimented
at 13,500 � g in the absence of GST-CROLIN1 (lane 2). How-
ever, the F-actin sedimented in a concentration-dependent
manner in the presence of GST-CROLIN1 (Fig. 4, I and J), indi-
cating that CROLIN1 bundles F-actin in vitro. As a negative
control,GSTdemonstratednoF-actinbundlingactivity in vitro, as
shown in Fig. 5A. We wanted to verify that the actin bundling
activitywasdue toCROLIN1 itself andnot causedby aGSTorHis
tag, which is known to form dimers and contain the high positive
charge, respectively. Both of themmay have the potential to affect
the bundling activity of CROLIN1. Therefore, we utilized throm-
bin to remove the His tag. As shown in Fig. 5, B–D, CROLIN1
without the tag also displayed the same bundling activity as GST-
CROLIN1. These data suggest that the GST and His tag do not
affect the bundling activity of CROLIN1.
CROLIN1 Stabilizes F-actin in Vitro—Todeterminewhether

CROLIN1 is able to stabilize F-actin in vitro, a dilution-medi-
ated actin depolymerization assay was performed. As shown in
Fig. 6A, CROLIN1 reduced the rate of depolymerization in a
concentration-dependent manner. ABP29 was used as a posi-
tive control, as described previously (32).

Arabidopsis actin depolymerization factor 1 (ADF1), a well
documented actin-depolymerizing and -severing protein (5,
42), was further employed to demonstrate that CROLIN1 could
stabilize F-actin in vitro. Without GST-CROLIN1 and ADF1,
the percentage of actin in the pellet was �92%, whereas the
percentages of actin in the pellet varied to statistically signifi-
cant degrees (*, p � 0.05) when ADF1 and different concentra-
tions of CROLIN1 were added to the assay (Fig. 6, B and C).
Taken together, these results indicate that CROLIN1 stabilizes
F-actin in vitro.
The Predicted Actin-cross-linking Domain Is Sufficient for the

Bundling Activity of CROLIN1—We suspected that the ability
of CROLIN1 to bind and bundle F-actin depended on its actin-
cross-linking domain. To confirm this hypothesis, we deleted
the predicted cross-linking domain and found that CROLIN1
lost both its binding and cross-linking activities (Fig. 7, A and
B). Thenwepurified aHis-taggedN-terminal regionofCROLIN1
(amino acids 33–165) containing only the actin-cross-linking
domain and performed high/low speed co-sedimentation assays.
As shown in Fig. 7, C and D, this domain exhibited a concentra-
tion-dependent actin binding ability, with a calculated Kd value
that did not differ from full-lengthCROLIN1 at 0.388� 0.048�M

(Fig. 7,E and F). Additionally, this domain showed concentration-
dependent actin bundling activity in vitro (Fig. 7,G andH), which
directly demonstrates that the actin binding and bundling activity
of CROLIN1 depends on this domain.
CROLIN1FormsOligomers—To investigateweatherCROLIN1

formed oligomers, we conducted cross-linking experiments
using EDC. After CROLIN1 was incubated with EDC, the mix-
ture was separated on an SDS-polyacrylamide gel. Three bands
were detected after incubation with EDC (Fig. 8A, lane 1),

FIGURE 3. Recombinant A. thaliana CROLIN1 binds to F-actin in vitro. A, GST-CROLIN1 binds to F-actin in vitro. F-actin (3 �M) was incubated with various
concentrations of CROLIN1. The samples in lanes 1–16 contain actin plus 0 (lanes 1 and 2), 0.5 (lanes 3 and 4), 1 (lanes 5 and 6), 1.5 (lanes 7 and 8), 2 (lanes 9 and
10), 2.5 (lanes 11 and 12), 3 (lanes 13 and 14), and 3.5 �M (lanes 15 and 16) CROLIN1; lanes 17 and 18 contain 2 �M CROLIN1 only. B, the equilibrium dissociation
constant for CROLIN1 binding to F-actin was calculated. The x axis indicates the free concentration of CROLIN1, and the y axis indicates the concentration of
CROLIN1 bound to F-actin. The Kd for this interaction was 0.324 � 0.032 �M. C, GST does not affect the activity of CROLIN1 in F-actin binding. A mixture of 3 �M

F-actin with 1.5 �M CROLIN1 or 1.5 �M GST was centrifuged at 100,000 � g for 1 h. The samples in lanes 1, 3, 5, 7, and 9 represent the supernatants of actin alone,
CROLIN1 alone, actin plus CROLIN1, GST alone, and actin plus GST, respectively; the samples in lanes 2, 4, 6, 8, and 10 represent the respective pellets.
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whereas only one band was present without EDC treatment
(Fig. 8A, lane 2). To further confirm this observation, we next
performed acrylamide gel analysis using native CROLIN1 and
observed threeproteinbandsonnative gel at about 40, 80, and120
kDa (Fig. 8B). These results demonstrate that CROLIN1 can form
dimers and even trimers.
CROLIN1 Loss of Function Results in Pollen Hypersensitivity

to Lat B, whereas Complementation of CROLIN1 Can Partially
Recover Such Effects—To investigate the physiological function

of CROLIN1 in vivo, a T-DNA insertion line (SALK_108507)
named crolin1 and a complemented linewere characterized. As
shown in Fig. 9A, the expression of CROLIN1 was down-regu-
lated in crolin1, and the complemented line displayed a tran-
script level similar to that of the WT plant.
We next assessed the pollen germination rates and pollen

tube growth rates in the crolin1 and complemented line and
found no differences between the transgenic lines and WT
plants under normal conditions (Fig. 9, B and C). However,

FIGURE 4. A. thaliana CROLIN1 bundles and cross-links F-actin in vitro. A–C, micrographs of F-actin stained with Alexa 488-phalloidin. F-actin (3 �M) was
incubated with various concentrations of CROLIN1. Bars in A–C, 1 �m. A, individual F-actin in the absence of His-CROLIN1. B, F-actin bundles formed in the
presence of 0.75 �M His-CROLIN1. C, larger F-actin bundles formed in the presence of 2.25 �M His-CROLIN1. D–F, electron micrographs of F-actin by negative
staining. F-actin (3 �M) was incubated with various concentrations of CROLIN1. Bars in D–F, 100 nm. The red arrows indicate actin bundles, and the black arrows
indicate the sites of cross-linking. D, individual F-actin in the absence of His-CROLIN1. E, F-actin bundles formed in the presence of 0.75 �M His-CROLIN1. F,
thicker meshworks of F-actin bundles formed when 2.25 �M His-CROLIN1 was added. G, a representative image of actin bundles used to measure the average
distance between the F-actin of the actin bundles. The average distance between the F-actin in the bundles was �4 nm. Bars, 50 nm. H, diameter distribution
of actin bundles after incubation with various concentrations of CROLIN1. Error bars, S.E. (n � 60). I, GST-CROLIN1 bundles F-actin in vitro. Lanes 1, 3, 5, and 7,
supernatant of actin alone, actin plus 0.75 �M CROLIN1, actin plus 1.5 �M CROLIN1, and actin plus 2.25 �M CROLIN1, respectively. The samples in lanes 2, 4, 6,
and 8 represent the respective pellets. J, quantification of the results from I. Error bars, S.E. (n � 3); *, p � 0.05; **, p � 0.01 (Student’s t test).
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when various concentrations of Lat B were applied, both the
germination and tube growth rates were decreased to a greater
extent in the crolin1mutant compared with theWT plant (Fig.
9, B and C). These results indicate that CROLIN1 may be
involved in stabilizing actin structures during pollen germina-
tion and pollen tube growth. In addition, we observed that the
frequency of pollen tube deformities in crolin1 was clearly ele-

vated (Fig. 9D). These deformitiesmainly appeared at the top of
the pollen tube as enlargements and turns (Fig. 9D, insets a–c).
The germination rate and growth rates were recovered in the
corlin1 complemented lines (Fig. 9, B–D). These results illus-
trate that Lat52-CROLIN1 can complement the phenotype
caused by CROLIN1 loss of function.
The Actin Cytoskeleton in Pollen Tubes Is Sensitive to Lat B in

the crolin1 Mutants but Is Recovered in Complemented Plants—
The above investigation indicated that CROLIN1 may be

FIGURE 5. GST/His does not affect the bundling activity of CROLIN1. A, GST
does not affect the F-actin bundling activity of CROLIN1. A mixture of 3 �M

F-actin with 0.75 and 2.25 �M CROLIN1 or 0.75 and 2.25 �M GST was centri-
fuged at 13,500 � g for 1 h. The samples in lanes 1, 3, 5, 7, and 9 represent the
supernatants of actin alone, actin plus 0.75 �M CROLIN1, actin plus 2.25 �M

CROLIN1, actin plus 0.75 �M GST, and actin plus 2.25 �M GST, respectively. The
samples in lanes 2, 4, 6, 8, and 10 represent the respective pellets. B, thrombin
removed the His tag of the fusion protein. Lanes 1–3, His-CROLIN1, thrombin
incubated with His-CROLIN1 at 4 °C overnight, and CROLIN1 without any tag,
respectively. C, CROLIN1 without His tag bundles F-actin in vitro. F-actin (3 �M)
was incubated with various concentrations of CROLIN1 and sedimented at
13,500 � g for 1 h. The supernatant and pellet samples were separated by
SDS-PAGE. Lanes 1, 3, 5, 7, and 9, supernatants of actin alone, actin plus 0.75
�M CROLIN1, actin plus 1.5 �M CROLIN1, actin plus 2.25 �M CROLIN1, and 1.5
�M CROLIN1 alone, respectively. The samples in lanes 2, 4, 6, 8, and 10 repre-
sent the respective pellets. D, quantification of the results from C. Error bars,
S.E. (n � 3); *, p � 0.05; **, p � 0.01 (Student’s t test).

FIGURE 6. A. thaliana CROLIN1 stabilizes F-actin in vitro. A, CROLIN1 pro-
tects F-actin from dilution-mediated depolymerization. B, CROLIN1 relieves
the effect caused by ADF1 in vitro. F-actin (3 �M) was incubated with different
concentrations of CROLIN1 and ADF1. Lanes 1, 3, 5, 7, 9, 11, and 13, superna-
tants of actin alone, actin plus 2 �M ADF1, actin plus 2 �M ADF1 plus 0.5 �M

CROLIN1, actin plus 2 �M ADF1 plus 1 �M CROLIN1, actin plus 2 �M ADF1 plus
3 �M CROLIN1, 2 �M ADF1 alone, and 1 �M CROLIN1 alone, respectively. Lanes
2, 4, 6, 8, 10, 12, and 14 represent the respective pellets. C, quantification of the
experiment in B. Error bars, S.E. (n � 3); *, p � 0.05 (Student’s t test). a.u.,
absorbance units.
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involved in stabilizing F-actin in pollen tubes. To investigate the
effect of Lat B on F-actin in vivo, pollen tubes fromWT, crolin1,
and the complemented line were treated with 50 nM Lat B after
germination in a standardmedium for 4 h, and F-actinwas then
stained with Alexa 488-phalloidin. Without Lat B, the actin
cytoskeleton was highly ordered in all of the pollen tubes, with
no detectable differences among the plants (Fig. 10A, top). After
treatment with Lat B, F-actin became notably shorter and less
abundant in theWTpollen tubes (Fig. 10A, bottom). This effect
is similar to that previously observed in maize (28), Papaver
rhoeas (43), and Arabidopsis thaliana (7) pollen tubes. In con-
trast, F-actin almost completely disappeared in the pollen tubes
of crolin1, whereas F-actin recovered to a level similar to that of
theWT line in the pollen tubes of the complemented transgenic

line. The relative intensity of F-actin was analyzed using ImageJ
software (Fig. 10B). These results indicate that CROLIN1 sta-
bilizes F-actin in vivo.

DISCUSSION

Higher order actin structures play a crucial role in many
physiological processes. For example, actin bundles in animals
are important components of certain cellular structures, such
asmicrovilli, stress fibers, filopodia, and growth cones (2). Over
23 classes of ABPs that are responsible for regulating the for-
mation of actin structures have been discovered (2). In contrast
to the situation in animals, actin bundles are distributed in vir-
tually all plant tissues and cells, but many ABPs that exist in
animal cells, such as fascin, �-actinin, and espin, are absent in

FIGURE 7. The cross-linking domain of CROLIN1 is necessary for its activity. A, without the cross-linking domain, CROLIN1 lost its actin binding and
bundling/cross-linking activity. Left, a mixture of 3 �M F-actin with or without 1.5 �M His-CROLIN1-�N165 was centrifuged at 100,000 � g for 1 h. The samples
in lanes 1, 3, and 5 represent the supernatants of actin alone, �N165 alone, and actin � �N165, respectively. Lanes 2, 4, and 6 represent the respective pellets.
Right, a mixture of 3 �M F-actin with or without 1.5 �M CROLIN1-�N165 was centrifuged at 13,500 � g for 1 h. The samples in lanes a, c, and e represent the
supernatants of actin alone, �N165 alone, and actin plus �N165, respectively. Lanes b, d, and f represent the pellets. B, quantification of the results from A.
Calculations of the percentages of His-CROLIN1-�N165 in the supernatants and actin in the pellets are shown on the left and right, respectively. Error bars, S.E.
(n � 3). C, the cross-linking domain of CROLIN1 exhibited actin binding activity. The samples loaded in lanes 1, 3, 5, 7, and 9 represent the supernatants of actin
alone, actin plus 0.5 �M His-CROLIN1-N(33–165), actin plus 1 �M His-CROLIN1-N(33–165), actin plus 2 �M His-CROLIN1-N(33–165), and 1 �M His-CROLIN1-N(33–
165) alone, respectively. Lanes 2, 4, 6, 8, and 10 represent the respective pellets. D, quantification of the results from C. Error bars, S.E. (n � 3); *, p � 0.05; **, p �
0.01 (Student’s t test). E, CROLIN1-N(33–165) binds to F-actin in vitro. F-actin (3 �M) was incubated with various concentrations of CROLIN1-N(33–165). The
samples in lanes 1–18 contain actin plus 0 (lanes 1 and 2), 0.5 (lanes 3 and 4), 1 (lanes 5 and 6), 1.5 (lanes 7 and 8), 2 (lanes 9 and 10), 2.5 (lanes 11 and 12), 3 (lanes
13 and 14), and 3.5 �M (lanes 15 and 16) N(33–165); lanes 17 and 18 contain 2 �M N(33–165) only. F, the equilibrium dissociation constant for N(33–165) binding
to F-actin. The x axis indicates the free concentration of CROLIN1-N(33–165), and the y axis indicates the concentration of CROLIN1-N(33–165) bound to F-actin.
The Kd for this interaction was 0.388 � 0.048 �M. G, the cross-linking domain of CROLIN1 can bundle F-actin. The samples in lanes 1, 3, 5, 7, and 9 represent the
supernatants of actin alone; actin plus 0.75, 1.5, and 2.25 �M His-CROLIN1-N(33–165); and 1.5 �M His-CROLIN1-N(33–165) alone, respectively. Lanes 2, 4, 6, 8, and
10 represent the respective pellets. H, quantification of the results from G. Error bars, S.E. (n � 3); *, p � 0.05; **, p � 0.01 (Student’s t test).
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plant genomes (21). Indeed, only a small number of actin-bun-
dling proteins have been identified in plants to date. These pro-
teins include the conserved ABP family proteins, such as villin,
fimbrin, LIM, and formin (4–5, 8–13, 16, 18), plant-specific
ABPs, such as SCAB1 (22), and plant ABPs with bundling activ-
ities, such as the V-ATPase B subunit and ADF9 (24, 25). How-
ever, the mechanism of higher order actin bundle formation
remains unknown. In this study, we searched the Arabidopsis
genome and identified a novel actin-binding protein family (the
CROLIN family), which contains a predicted actin-cross-link-
ing domain. Although similar structure exists in fascin and
hisactophilin, the amino acid similarity between these proteins
is very low. Interestingly, CROLIN homologs were identified in
several plant proteins from monocots, eudicots, ferns, and
mosses. Indeed, there are many CROLIN family members; for
example, CROLIN has 26 isoforms in rice (Oryza sativa), 10
isoforms in maize (Zea mays), 18 isoforms in sorghum (Sor-
ghum bicolor), 1 isoform in soybean (Glycine max), 8 isoforms

FIGURE 8. CROLIN1 forms oligomers in vitro. CROLIN1 was analyzed after EDC
treatment and by native acrylamide gel electrophoresis. A, CROLIN1 (15 �M) was
incubated with 4 mM EDC for 1 h at room temperature and then separated on a
12% SDS-polyacrylamide gel and stained with Coomassie Brilliant Blue. Three
major bands can be observed on the gel (lane 1), whereas only one band was
present without EDC (lane 2). The estimated molecular masses of the dimers and
trimers were �80 and 120 kDa, respectively. B, native CROLIN1 protein was ana-
lyzed by 10% native acrylamide gel electrophoresis and stained with Coomassie
Brilliant Blue. Three major bands were detected; the estimated molecular masses
of the dimers and trimers were �80 and 120 kDa, respectively.

FIGURE 9. The CROLIN1 loss-of-function mutation results in pollen germination and pollen tube growth hypersensitive to Lat B. A, genetic map of the
Arabidopsis CROLIN1 gene. CROLIN1 contains five exons and four introns, which are indicated by filled boxes and lines, respectively. The position of the T-DNA
insertion in mutant crolin1 (SAIK_108507) is indicated by triangles above the diagram. The insertion site is between bp 138 and 139, upstream from the ATG
codon. The transcript levels in WT, crolin1, and the complemented line were determined by real-time PCR using EF1A as the internal control. Shown is the
mean � S.E. (error bars) of three biological replicates. **, p � 0.01 (Student’s t test). B, germination of pollen grains from WT, crolin1, and the complemented line.
The concentrations of Lat B used in this analysis were 0, 1, 1.5, and 2 nM. Error bars, S.E. (n � 300). C, relative growth rate of the pollen tubes from WT, crolin1, and
the complemented line. The concentrations of Lat B used in this analysis were 0, 2, 4, and 6 nM. Error bars, S.E. (n � 150). D, pollen tube deformity rates of WT,
crolin1, and the complemented line in the presence of 0, 2, 4, and 6 nM Lat B. Error bars, S.E. (n � 150). The inset shows the deformity types. The main pollen tube
deformities in the crolin1 mutant in the presence of Lat B are shown. a, normal pollen tube; b, enlargement; c, turns. Bars, 10 �m.
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in grape (Vitis vinifera), 9 isoforms in poplar (Populus tricho-
carpa), and 3 isoforms in castor (Ricinus communis) (supple-
mental Table 1). Our results demonstrate that the CROLIN
family may be a novel group of ABPs that are expressed only in
plants. In addition, a varying number of actin-cross-linking
domains are present in the members of this family. There is
only one such domain in Arabidopsis CROLIN1–CROLIN4,
whereas there are two in CROLIN5 and -6. CROLIN2 also con-
tains a predicted trans-membrane domain (Fig. 1D), suggesting
that these proteins may have different regulatory mechanisms.
Indeed, according to microarray data, Arabidopsis CROLINs
may be specifically expressed in different tissues and during
different developmental periods. This finding indicates that
this gene family may have various distinct roles during plant
development. Nonetheless, the physiological and biochemical
functions of these genes require further investigation.
The members of the CROLIN family contain a predicted

actin-cross-linking domain, suggesting that they may interact
with actin. First, a high speed co-sedimentation assay was per-
formed, and the results showed that CROLIN1 could bind to

F-actin with high affinity (Fig. 3A). The Kd value was 0.324 �M

(Fig. 3B), which is similar to that of FIM1 (0.71 �M) (12) and
FIM5 (0.51 �M) (13). The results from low speed co-sedimen-
tation, fluorescence microscopy, and electron microscopy
assays further demonstrated that CROLIN1 was able to bundle
F-actin into thick bundles, eventually cross-linking the bundles
into networks. Because CROLIN1 contains only one actin-
binding domain, we used cross-linking to examine the mecha-
nism of CROLIN1-mediated F-actin bundling/cross-linking.
Our experiments using cross-linked proteins and native gels
demonstrated that CROLIN1 forms oligomers to bundle and
cross-link F-actin. Moreover, the actin structure induced by
CROLIN1 in vitrowas similar to that of FIM1 and FIM5, which
form higher order actin structures (12, 13). These results reveal
that the mechanism of actin bundling by CROLIN1 is different
from the mechanism of other ABPs, such as formin (16) and
villin (7), which mainly form actin cables and bundles. CRO-
LIN1 also protected F-actin from the effects of ADF1 (Fig. 6),
suggesting that CROLIN1 stabilizes F-actin in vitro. Because
the cross-linking domain alone is sufficient for actin binding
and bundling/cross-linking in vitro (Fig. 7), the predicted cross-
linking domain appears to be required for CROLIN1 activity.
We conclude that CROLIN1 is a previously undiscovered plant
actin-binding protein that functions in actin binding, bundling,
and cross-linking.
Pollen tubes require a precisely regulated actin cytoskeleton

to develop andmaintain polarized growth (1).CROLIN1 is spe-
cifically expressed in pollen and stabilizes actin in vitro (Figs. 2
and 6); therefore, it may participate in the regulation of pollen
tube growth by stabilizing F-actin in vivo. To confirm this
hypothesis, we used a T-DNA insertion line and a comple-
mented line to demonstrate the physiological function of
CROLIN1. We also used Lat B to assess the germination,
growth rate, and actin bundle stability. The results demonstrate
that CROLIN1 loss of function resulted in pollen germination,
pollen tube growth, and F-actin hypersensitive to Lat B treat-
ment (Figs. 9 and 10). These results suggest thatCROLIN1may
regulate pollen tube growth and pollen germination by stabiliz-
ing higher order actin structures.
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