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The actin cytoskeleton is a major regulator of cell morphogenesis and responses to biotic and abiotic stimuli. The organization
and activities of the cytoskeleton are choreographed by hundreds of accessory proteins. Many actin-binding proteins are thought
to be stimulus-response regulators that bind to signaling phospholipids and change their activity upon lipid binding. Whether
these proteins associate with and/or are regulated by signaling lipids in plant cells remains poorly understood. Heterodimeric
capping protein (CP) is a conserved and ubiquitous regulator of actin dynamics. It binds to the barbed end of filaments with high
affinity and modulates filament assembly and disassembly reactions in vitro. Direct interaction of CP with phospholipids,
including phosphatidic acid, results in uncapping of filament ends in vitro. Live-cell imaging and reverse-genetic analyses of
cp mutants in Arabidopsis (Arabidopsis thaliana) recently provided compelling support for a model in which CP activity is
negatively regulated by phosphatidic acid in vivo. Here, we used complementary biochemical, subcellular fractionation, and
immunofluorescence microscopy approaches to elucidate CP-membrane association. We found that CP is moderately abundant
in Arabidopsis tissues and present in a microsomal membrane fraction. Sucrose density gradient separation and immunoblotting
with known compartment markers were used to demonstrate that CP is enriched on membrane-bound organelles such as the
endoplasmic reticulum and Golgi. This association could facilitate cross talk between the actin cytoskeleton and a wide spectrum
of essential cellular functions such as organelle motility and signal transduction.

The cellular levels of membrane-associated lipids un-
dergo dynamic changes in response to developmental
and environmental stimuli. Different species of phos-
pholipids target specific proteins and this often affects
the activity and/or subcellular localization of these lipid-
binding proteins. One such membrane lipid, phos-
phatidic acid (PA), serves as a second messenger
and regulates multiple developmental processes in
plants, including seedling development, root hair
growth and pattern formation, pollen tube growth, leaf
senescence, and fruit ripening. PA levels also change
during various stress responses, including high salinity

and dehydration, pathogen attack, and cold tolerance
(Testerink and Munnik, 2005, 2011; Wang, 2005; Li
et al., 2009). In mammalian cells, PA is critical for
vesicle trafficking events, such as vesicle budding from
the Golgi apparatus, vesicle transport, exocytosis, en-
docytosis, and vesicle fusion (Liscovitch et al., 2000;
Freyberg et al., 2003; Jenkins and Frohman, 2005).

The actin cytoskeleton and a plethora of actin-binding
proteins (ABPs) are well-known targets and transducers
of lipid signaling (Drøbak et al., 2004; Saarikangas et al.,
2010; Pleskot et al., 2013). For example, several ABPs
have the ability to bind phosphoinositide lipids, such
as phosphatidylinositol 4,5-bisphosphate [PtdIns(4,5)P2].
The severing or actin filament depolymerizing proteins
such as villin, cofilin, and profilin are inhibited when
bound to PtdIns(4,5)P2. One ABP appears to be strongly
regulated by another phospholipid; human gelsolin binds
to lysophosphatidic acid and its filament severing and
barbed-end capping activities are inhibited by this bio-
logically active lipid (Meerschaert et al., 1998). Gelsolin is
not, however, regulated by PA (Meerschaert et al., 1998),
nor are profilin (Lassing and Lindberg, 1985), a-actinin
(Fraley et al., 2003), or chicken CapZ (Schafer et al., 1996).

The heterodimeric capping protein (CP) from
Arabidopsis (Arabidopsis thaliana) also binds to and its
activity is inhibited by phospholipids, including both
PtdIns(4,5)P2 and PA (Huang et al., 2003, 2006). PA and
phospholipase D activity have been implicated in the
actin-dependent tip growth of root hairs and pollen tubes
(Ohashi et al., 2003; Potocký et al., 2003; Samaj et al., 2004;
Monteiro et al., 2005a; Pleskot et al., 2010). Exogenous
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application of PA causes an elevation of actin filament
levels in suspension cells, pollen, and Arabidopsis epi-
dermal cells (Lee et al., 2003; Potocký et al., 2003; Huang
et al., 2006; Li et al., 2012; Pleskot et al., 2013). Capping
protein (CP) binds to the barbed end of actin filaments
with high (nanomolar) affinity, dissociates quite slowly,
and prevents the addition of actin subunits at this end
(Huang et al., 2003, 2006; Kim et al., 2007). In the pres-
ence of phospholipids, AtCP is not able to bind to the
barbed end of actin filaments (Huang et al., 2003, 2006).
Furthermore, capped filament ends are uncapped by the
addition of PA, allowing actin assembly from a pool of
profilin-actin (Huang et al., 2006). Collectively, these data
lead to a simple model whereby CP, working in concert
with profilin-actin, serves to maintain tight regulation of
actin assembly at filament barbed ends (Huang et al.,
2006; Blanchoin et al., 2010; Henty-Ridilla et al., 2013;
Pleskot et al., 2013). Furthermore, the availability of CP
for filament ends can be modulated by fluxes in signal-
ing lipids. Genetic evidence for this model was recently
obtained by analyzing the dynamic behavior of actin
filament ends in living Arabidopsis epidermal cells after
treatment with exogenous PA (Li et al., 2012). Specifi-
cally, changes in the architecture of cortical actin arrays
and dynamics of individual actin filaments that are in-
duced by PA treatment were found to be attenuated in cp
mutant cells (Li et al., 2012; Pleskot et al., 2013).
Structural characterization of chicken CapZ demon-

strates that the a- and b-subunits of the heterodimer form
a compact structure resembling amushroomwith pseudo-
two-fold rotational symmetry (Yamashita et al., 2003).
Actin- and phospholipid-binding sites are conserved on
the C-terminal regions, sometimes referred to as tentacles,
which comprise amphipathic a-helices (Cooper and Sept,
2008; Pleskot et al., 2012). Coarse-grained molecular
dynamics (CG-MD) simulations recently revealed the
mechanism of chicken and AtCP association with mem-
branes (Pleskot et al., 2012). AtCP interacts specifically
with lipid bilayers through interactions between PA and
the amphipathic helix of the a-subunit tentacle. Extensive
polar contacts between lipid headgroups and basic resi-
dues on CP (including K278, which is unique to plant
CP), as well as partial embedding of nonpolar groups
into the lipid bilayer, are observed (Pleskot et al., 2012).
Moreover, a glutathione S-transferase fusion protein con-
taining the C-terminal 38 amino acids from capping pro-
tein a subunit (CPA) is sufficient to bind PA-containing
liposomes in vitro (Pleskot et al., 2012). Collectively, these
findings lead us to predict that AtCP will behave like a
membrane-associated protein in plant cells.
Additional evidence from animal and microbial cells

supports the association of CP with biological membranes.
In Acanthamoeba castellanii, CP is localized primarily to the
hyaline ectoplasm in a region of the cytoplasm just under
the plasma membrane that contains a high concentration
of actin filaments (Cooper et al., 1984). Localization of CP
with regions rich in actin filaments and with membranes
was supported by subcellular fractionation experiments, in
which CP was associated with a crude membrane fraction
that included plasma membrane (Cooper et al., 1984).

Further evidence demonstrates that CP localizes to cortical
actin patches at sites of new cell wall growth in budding
yeast (Saccharomyces cerevisiae), including the site of bud
emergence. By contrast, CP did not colocalize with actin
cables in S. cerevisiae (Amatruda and Cooper, 1992). CP
may localize to these sites by direct interactions with
membrane lipids, through binding the ends of actin fil-
aments, or by association with another protein different
from actin. In support of this hypothesis, GFP-CP fusion
proteins demonstrate that sites of actin assembling
in living cells contain both CP and the actin-related
protein2/3 (Arp2/3) complex, and CP is located in two
types of structures: (1) motile regions of the cell periph-
ery, which reflect movement of the edge of the lamella
during extension and ruffling; and (2) dynamic spots
within the lamella (Schafer et al., 1998). CP has been
colocalized to the F-actin patches in fission yeast (Schizo-
saccharomyces pombe; Kovar et al., 2005), which promotes
Arp2/3-dependent nucleation and branching and limits
the extent of filament elongation (Akin and Mullins,
2008). These findings lend additional support for a
model whereby CP cooperates with the Arp2/3 complex
to regulate actin dynamics (Nakano and Mabuchi, 2006).
Activities and localization of other plant ABPs are linked
to membranes. Membrane association has been linked to
the assembly status of the ARP2/3 complex, an actin
filament nucleator, in Arabidopsis (Kotchoni et al., 2009).
SPIKE1 (SPK1), a Rho of plants (Rop)-guanine nucleotide
exchange factor (GEF) and peripheral membrane protein,
maintains the homeostasis of the early secretory path-
way and signal integration during morphogenesis
through specialized domains in the endoplasmic re-
ticulum (ER; Zhang et al., 2010). Furthermore, Nck-
associated protein1 (NAP1), a component of the
suppressor of cAMP receptor/WASP-family verprolin
homology protein (SCAR/WAVE) complex, strongly
associates with membranes and is particularly enriched
in ER membranes (Zhang et al., 2013a). Finally, a
superfamily of plant ABPs, called NETWORKED
proteins, was recently discovered; these link the actin
cytoskeleton to various cellular membranes (Deeks et al.,
2012; Hawkins et al., 2014; Wang et al., 2014).

In this work, we demonstrate that CP is a membrane-
associated protein in Arabidopsis. To our knowledge, this
is the first direct evidence for CP-membrane association
in plants. This interaction likely targets CP to cellular
compartments such as the ER and Golgi. This unique
location may allow CP to remodel the actin cytoskeleton
in the vicinity of endomembrane compartments and/or
to respond rapidly to fluxes in signaling lipids.

RESULTS

Heterodimeric CP Is a Moderately Abundant Cellular
Protein in Arabidopsis

CP is an a/b heterodimer encoded by two single
genes in Arabidopsis (Huang et al., 2003). The a-subunit
gene, CPA (NM_111425 and At3g05520), encodes a poly-
peptide that is 308 amino acids long and 35,038 D. The
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b-subunit gene, CPB (NM_105837 and At1g71790), en-
codes a polypeptide of 256 amino acids and 28,876 D. CP
is an obligate heterodimer; for example, genetic ablation
of either subunit in budding yeast (S. cerevisiae) leads
to loss of the other subunit (Amatruda et al., 1992;
Sizonenko et al., 1996; Kim et al., 2004). Similarly,
knockdownmutants for either CP subunit in Arabidopsis
result in a reduction in transcript levels for the other
subunit (Li et al., 2012). We tested whether this was also
the case for CP protein levels in Arabidopsis and sought
to determine the abundance of CP in wild-type cells.

To assess the abundance of endogenous CP in Ara-
bidopsis cellular extracts, we performed quantitative
immunoblotting as previously established for actin,
adenylate cyclase-associated protein1 (CAP1), profilin,
and actin depolymerizing factor (ADF; Chaudhry
et al., 2007). Here, recombinant AtCP was purified to
generate standard curves for loading and detection
limit determination, and we established the specificity
of two affinity-purified antisera raised against CPA
and CPB (Huang et al., 2003). As shown in Figure 1A,
purified recombinant CPA and CPB subunits, as well
as native polypeptides from cellular extracts with
similar Mrs, were recognized by the respective affinity-
purified polyclonal antibodies. Additional evidence for
antibody specificity was obtained by probing cellular
extracts from cpa and cpb homozygous knockdown
plants (Li et al., 2012). Three independent transfer
DNA (T-DNA) insertion lines were found to have
markedly reduced CPA and CPB polypeptide levels
(Fig. 1A). A second, lower Mr polypeptide is present
and equally abundant in extracts of the wild type and
all three cp mutants probed with anti-CPB; this likely
represents a nonspecific cross reaction with another
Arabidopsis protein. Interestingly, the insertion in
CPA (cpa-1) led to reductions in both proteins of the
heterodimer, and the cpb-1 and cpb-3 knockdown
mutants had reduced levels of CPA and CPB (Fig. 1A).
This is similar to the behavior of CPA and CPB tran-
scripts in the respective mutant lines reported previ-
ously (Li et al., 2012). Thus, these two affinity-purified
antibodies were appropriate for quantitative immu-
noblotting and subcellular localization studies.

The relative abundance of CP, with respect to actin
and two other ABPs, in total cellular extracts from
Arabidopsis seedlings was estimated by quantitative
immunoblotting. At least four biological replicates of
cell extracts were loaded on the same gel as a standard
curve comprising known amounts of the recombi-
nant protein. After transfer to nitrocellulose, probing
with specific antisera, and detection with enhanced-
chemiluminescence reagents, the intensity of the re-
active bands was determined by densitometry and
plotted as a function of protein amount. Representa-
tive examples for CPA and CPB, shown in Figure 1,
B and C, respectively, demonstrate that the standard
curves were linear over at least an order of magnitude
in protein concentration and that each serum can
detect nanogram quantities of recombinant capping
protein (rCP). As a benchmark for the method, and to

establish the relationship with CP, total cellular actin
levels were also quantified (Fig. 1D). The CP determi-
nations were repeated twice and the mean values (6 SD)
from eight biological replicates are reported in Table I.
Actin was the most abundant protein of those exam-
ined, comprising 0.37% of total cellular protein from
seedling extracts. This corresponds well with the con-
centration in rosette leaves (0.36%) determined previ-
ously (Chaudhry et al., 2007). The monomer-binding
proteins, CAP1 and ADF, were also quite abundant
with levels of approximately 0.05% of total cellular
protein. Both subunits of CP were markedly less abun-
dant than actin or the monomer-binding proteins, with
estimated cellular levels of 0.0015% and 0.0013% of total
protein for CPA and CPB, respectively.

Additional information can be derived by trans-
forming these data into a molar ratio of ABP abundance
with respect to actin levels, as previously reported
(Chaudhry et al., 2007). For the monomer-binding
proteins CAP1 and ADF, this corresponds to a 1:9 and
1:3 relationship, respectively, between ABP and total
cellular actin (Table I). This is in agreement with previous
data from rosette leaves, in which CAP1 is present at 1:7
and ADF is present at 1:3 ABP:actin (Chaudhry et al.,
2007). By contrast, the CPA subunit was present at 1:207
stoichiometry with total actin, and CPB was present at
1:196 (Table I). Analysis of CPA and CPB protein levels
in cp knockdown mutants (Table II) showed a decreased
stoichiometry of the CPA subunit, with total actin of
1:1922, 1:1889, and 1:2187 for cpa-1, cpb-1, and cpb-3,
respectively. For the CPB subunit, stoichiometries with
actin of 1:1029, 1:764, and 1:996 were determined for the
cp mutant lines.

We conclude that CP is a moderately abundant ABP
in cellular extracts from Arabidopsis seedlings. How-
ever, this analysis does not tell us anything about CP
concentration in different tissues or cell types or about
its subcellular distribution.

CP Localizes to Punctate Structures That Overlap Partially
with the Actin Cytoskeleton in Cells

To further understand the relationship between CP
and the actin cytoskeleton, we determined its subcellular
distribution by immunolocalization. Our expectation was
that CP would at least partially colocalize with actin fil-
aments or bundles. The two affinity-purified antibodies,
raised against recombinant CPA and CPB, respectively,
were used in combination with a mouse monoclonal
anti-actin IgM on fixed and freeze-fractured rosette
leaves of Arabidopsis. In epidermal pavement cells, actin
filaments were arrayed into a randomly oriented set of
individual filaments, mostly located in the cortical cyto-
plasm (Fig. 2, middle image). A second population of
actin filaments comprised large bundles that were pre-
sent in the cortical cytoplasm, but also ramified through
the central vacuole. Both CPA (Fig. 2B) and CPB (Fig. 2C)
antisera recognized numerous puncta of heterogenous
sizes that were distributed randomly throughout the
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cytoplasm. In epidermal pavement cells, the largest CPA-
and CPB-labeled particles had a mean diameter (6 SD) of
1.01 6 0.13 and 0.98 6 0.12 mm (n = hundreds of puncta
from more than 30 cells). Some of these puncta appeared
to colocalize with or align along actin filament cables on
color overlays of the two fluorescence channels (Fig. 2,
B and C, right image). To assess the extent of overlap, we
quantified colocalization of signals. Individual regions of
interest (ROIs) were selected from maximum intensity
z-series projection images of cells that were double labeled
with anti-CPA or anti-CPB and anti-actin. After thresh-
olding to remove background, the percentage of pixels
positive for both CPA or CPB and actin was mea-
sured. Figure 2E shows the results from this quanti-
tative colocalization analysis. CPA and CPB puncta
had 25.0% 6 1.3% (mean 6 SEM; n = 64 ROIs from 16
cells) and 32.8% 6 1.8% (n = 63 ROIs from 15 cells)
overlap with actin filaments in epidermal pavement
cells. These values seem somewhat low; nevertheless,
they were significantly different from controls in which
CPA or CPB primary antibody was excluded (4.9% 6
0.5% colocalization, n = 33 optical sections from 10 cells;
P , 0.0001 with a paired Student’s t test). We also per-
formed a cross correlation analysis on the colocalization
data according to the methods of Costes et al. (2004). The
Pearson correlation coefficient (PCC) value was deter-
mined for numerous ROIs on individual optical sections
and mean values for all pairwise combinations (6 SEM)
were calculated. The PCC for CPA and CPB localization
with actin was 0.51 6 0.12 and 0.55 6 0.16, respectively,

Figure 1. CP is a moderately abundant protein in total cellular ex-
tracts. A, On protein immunoblots, CPA and CPB antisera recognized
polypeptides from purified rCP (10-ng load), as well as polypeptides of
appropriate size from total cellular extracts of wild-type Arabidopsis

Col-0 seedlings (50-mg load). Total cellular extracts (50 mg each)
prepared from three homozygous T-DNA insertion mutant lines (cpa-1,
cpb-1, and cpb-3; Li et al., 2012) had reduced levels of CPA and CPB
polypeptides. Probing of identical membranes with anti-actin anti-
bodies revealed that total actin levels were not reduced in the cp
homozygous mutant lines compared with the wild type. The same blot
was reprobed with anti-phosphoenolpyruvate carboxylase antibody,
which recognized a band of 110 kD, and verifies the equal loading of
samples. B and C, CPA and CPB protein levels were estimated by
semiquantitative immunoblotting using total protein extracts from
wild-type Arabidopsis seedlings and a standard curve comprising
varying amounts of rCP. The Coomassie-stained gel images at the top
show results from the blotting of a standard curve and four biological
replicates of seedling extracts (75 mg each) with anti-CPA (B) and anti-
CPB (C). The intensity of each band from the standard curve as a
function of protein amount is plotted. The data were fit with a linear
function and the correlation coefficients for these representative ex-
amples were 0.99 and 0.98 for CPA and CPB, respectively. In this
example, CPA represents 0.0015% 6 0.0001% of total cellular pro-
tein, whereas CPB represents 0.0013% 6 0.0002%. D, Total actin
levels were estimated by immunoblotting of seedling extracts prepared
from the wild type and a standard curve comprising different amounts
of purified rabbit skeletal muscle actin. The gel image shows the result
from blotting of a standard curve and four biological replicates of
seedling extracts (25 mg each). The intensity of each band from the
standard curve as a function of protein amount is plotted. The data
were fit with a linear function and the correlation coefficient for this
representative example was 0.99. In this experiment, actin represents
0.37% 6 0.02% of total cellular protein. a.u., Arbitrary units; RSMA,
rabbit skeletal muscle actin; WT, wild type.
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whereas the control without primary CP antibody had a
PCC value of 0.25 6 0.13. The PCC values for CP
colocalization with actin were significantly different from
the controls (Student’s t test, P , 0.0001). These data
indicate moderate colocalization between the two signals
(Costes et al., 2004) and are similar to values obtained for
the ARP2/3 complex associated with actin filaments
(PCC = 0.61; Zhang et al., 2013b). Thus, a modest amount
of CP is present in large particles that associate with actin
filaments or cables in epidermal pavement cells.

To better understand whether this colocalization
analysis could reveal the association of a membrane-
bound compartment with the actin cytoskeleton,
we performed immunolocalization of the filament
network on an Arabidopsis line expressing a Golgi
marker, the transmembrane domain from soybean
(Glycine max) a-1,2-mannosidase fused to yellow fluo-
rescent protein (YFP; Nelson et al., 2007). The plant
cell Golgi apparatus has long been recognized to as-
sociate with and locomote along actin filament cables
(Satiat-Jeunemaitre et al., 1996; Boevink et al., 1998;
Nebenführ et al., 1999) and depends upon Myosin XI
motors for its movement (Avisar et al., 2008; Peremyslov
et al., 2008; Prokhnevsky et al., 2008). Mannosidase-YFP
decorated numerous, large puncta that were present
throughout the cytoplasm of epidermal pavement cells
(Fig. 2D, left image). The average size of these com-
partments was 1.83 6 0.09 mm (n = hundreds of Golgi
from seven cells). Many of these compartments were
arrayed along actin cables in two-color overlays (Fig. 2D,
right image). Quantitative assessment of colocaliza-
tion revealed that 26.6% 6 1.7% of the Golgi signal
overlapped with actin filaments or cables and this
was significantly different from controls (P , 0.0001;
Fig. 2E). Similarly, the PCC value for mannosidase-
actin colocalization was 0.45 6 0.09 (n = 52 ROIs); this
was significantly different (P, 0.0001) from the value
of 0.26 6 0.15 (n = 25 ROIs) for controls without actin
primary antibody. These results indicate that it is
possible to use quantitative colocalization to describe
the association of a membrane-bound organelle with
the actin cytoskeleton. We hypothesize that the ma-
jority of CP is present on a cytoplasmic compartment
or organelle, a fraction of which associates with actin
filaments.

Subcellular Fractionation Reveals That CP Associates with
Membrane Fractions

Given the heterogenous size, random distribution,
and density of the CP-labeled puncta, we speculated
that a substantial amount of CP is present on a membrane-
bound compartment. To assess the membrane associa-
tion of CP and to identify which compartment(s) might
contain this protein, we separated cellular organelles
from Arabidopsis seedlings by differential centrifuga-
tion and Suc density gradient sedimentation. In differ-
ential centrifugation experiments, filtered homogenates
of 20 d after germination (DAG) seedlings were sub-
jected to consecutive sedimentation at 1,000g, 10,000g,
and 200,000g. The resulting pellet (P) and superna-
tant (S) fractions were analyzed by protein gel immu-
noblotting with CPA and CPB antibodies (Fig. 3A).
As controls, we probed blots with antibodies against the
vacuolar proton pump ATPase (V-ATPase), and the
chloroplast outer envelope translocon component trans-
locase of chloroplast (Toc159) (Fig. 3B). We also analyzed
the distribution of actin and several cytoskeletal proteins,
including CAP1, SPK1, fimbrin, ADF, and profilin
(Fig. 3C).

With the exception of the low-speed pellet (P1), which
contains mainly cellular debris and cell wall material,
CPA and CPB were found primarily in the insoluble,
membrane-containing fractions (P10 and P200; Fig. 3A). A
substantial amount of CP was detected in the P10 frac-
tion, which is enriched for organelles such as chloro-
plasts, mitochondria, and nuclei. By comparison, only
small amounts of CPs were present in the microsomal
fraction (P200), which contains vesicles and membranes
of the endomembrane system. Notably, little or no CP
was detected in the S200 cytosolic fraction. A similar
distribution was observed for the chloroplast envelope
protein, Toc159, which was most abundant in all pellet
fractions and preferentially in P10 (Fig. 3B). The
V-ATPase antibody also detected a polypeptide that
was abundant in pellet fractions, but nearly equally
abundant in P10 and P200. Of the cytoskeletal proteins,
both CAP1 and SPK1 showed a similar distribution
to CP; however, each of these was more prevalent in
P200 and had some cytosolic signal (S200; Fig. 3C). By
contrast, considerably more fimbrin antigen, an F-actin
bundling protein, was detected in the soluble (S10 and
S200) fractions and the monomer-binding proteins ADF
and profilin were almost completely soluble (Fig. 3C).

Because individual actin filaments and higher order
structures like bundles or cables can also sediment
under these conditions, it was important to assess the
distribution of actin during differential centrifugation.
Actin appeared to be equally abundant in all soluble and
pellet fractions (Fig. 3C), in contrast with the membrane
markers (V-ATPase and Toc159) and CP. These results
suggest that CP may associate with a membrane-bound
compartment, independent of its binding to actin fila-
ments. Similar results were reported for the plant Arp2/3
complex, which is a peripheral membrane protein
present in microsomal fractions (Dyachok et al., 2008;

Table I. CP is a moderately abundant cellular protein

Values represent the mean percentage (6 SD) of a particular ABP with
respect to total protein. Number of samples is given in parentheses.
Molar ratios of each ABP to total actin were determined by multiplying
the percentage of protein by the ratio of molecular weights and nor-
malizing to actin concentration.

Protein Total Protein ABP:ActinMolar Ratio

Actin 0.37 6 0.02 (4) —
CPA 0.0015 6 0.0001 (8) 1:207
CPB 0.0013 6 0.0002 (8) 1:196
CAP1 0.0522 6 0.0002 (3) 1:9
ADF 0.056 6 0.002 (4) 1:3
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Kotchoni et al., 2009). Furthermore, SPK1 is a peripheral
membrane-associated protein that accumulates at the
ER (Zhang et al., 2010). Little colocalization of NAP1, a
component of the SCAR/WAVE complex, was found
with actin, whereas a big pool of NAP1 was associated
with the surface of ER (Zhang et al., 2013a).

To get a better sense about the association of CP and
actin with the microsomal (P200) fraction, we extended
our quantitative immunoblotting analyses to these
samples and determined the relative abundance of
each protein (Table III). As observed for total cellular
extracts, actin is relatively abundant in the P200 fraction,
representing 0.25% of total microsomal protein. The
monomer-binding protein CAP1 was less abundant at
0.01% of total protein. In addition, CP subunits were
present at 0.0007% and 0.0008% of total protein for
CPA and CPB, respectively. Expressed as molar ratios
with total actin, CAP1 was present at 1:28, whereas
CPA and CPB were 1:290 and 1:201, respectively.
These amounts are slightly less than those found in
total cell extracts but still quite prevalent. The presence
of both a monomer-binding protein (CAP1) and a
filament end-binding protein (CP) in the microsomal
fraction could indicate the presence of both G- and
F-actin on these membranes or contamination of this
fraction with cytoskeletal elements. Alternatively, CP
and CAP1 could associate directly with membranes
or membrane proteins independent of their association
with actin.

CP Behaves Like an Integral Membrane-Associated Protein

To determine the nature of CP association with the
microsomal fraction, we analyzed the P200 fraction from
Arabidopsis seedlings by extraction with high salt,
chaotrope, alkaline pH, and nonionic detergent. The P200
fraction was divided into equal amounts and resus-
pended in buffer containing the different agents to dis-
criminate between peripheral and integral membrane
proteins. If CP is a peripheral membrane protein that
associates with other membrane proteins or phos-
pholipid head groups, it should be eluted partially or
fully by treatments with increased ionic strength (5 M

NaCl), by mild chaotropic salt conditions (5 M urea)
or with alkaline conditions (1 M Na2CO3, pH 10.9).
If CP behaves like an integral membrane protein,
which is embedded in the phospholipid bilayer, it
should be removed from the microsomal pellet by
treatment with a nonionic detergent (1% (v/v) Triton X-
100). All reactions were incubated for 30 min at 4°C and
centrifuged at 200,000g to give supernatant (S2200) and
pellet (P2200) fractions. The resulting pellets (and su-
pernatants; data not shown) were blotted for the pres-
ence of CP and actin (Fig. 4). Antibodies against well-
characterized proteins guanine-nucleotide exchange
factor (Sec12; Bar-Peled and Raikhel, 1997) and vesicle-
inducing protein in plastids-1 (VIPP-1) were used as
controls for integral and peripheral membrane pro-
teins, respectively.T
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A major proportion of CP antigen dissociated from
the membranes and very little was present in the P200
fraction after treatment with 1% Triton X-100 (Fig. 4).
No significant amount of CP was released from the
membrane fraction after treatments with the chaotrope
(5 M urea), whereas a small proportion of CPB was

released in the presence of 5 M NaCl (Fig. 4). Alkaline
conditions transform the structure of membrane com-
partments, turning closed compartments into sheets
(Zheng et al., 2003). This has the effect of releasing
soluble proteins that are trapped inside membranous
vesicles. Only a minor amount of CP was released

Figure 2. CP is present on cytoplasmic puncta
that display only modest colocalization with
actin filaments or cables in epidermal pavement
cells. Seedlings of wild-type Arabidopsis plants
(20 DAG) were fixed and prepared by the freeze-
shattering method prior to incubation with
affinity-purified CPA or CPB polyclonal antisera,
as well as with a mouse monoclonal IgM against
actin. Epidermal pavement cells were examined
by confocal laser scanning microscopy and im-
ages shown are z-series projections. A, The left
image shows a control with secondary antibody
only (i.e. no CP primary antibody). The middle
image shows actin labeling and the right image
is a color overlay of the control (green) and ac-
tin (red) images. B, A representative epidermal
pavement cell that is double labeled for CPA
(left) and actin (middle). The right image is a
color overlay of CPA (green) and actin (red). CPA
is present on cytoplasmic puncta or foci of
varying size and intensity. A small subset of these
colocalize (right, yellow) with actin filaments or
cables. C, A representative epidermal cell that is
double labeled for CPB (left) and actin (middle).
The right image is a color overlay of CPB (green)
and actin (red). Similar to CPA, CPB is present on
puncta that sometimes colocalize (yellow) with
actin cables. D, Colocalization of Golgi and
actin filaments. Arabidopsis seedlings expressing
the Golgi marker mannosidase-YFP were pre-
pared and immunolabeled as above with the ac-
tin monoclonal antibody. The left image shows
mannosidase-YFP fluorescence and the middle
image is actin. The right image is a color overlay
of mannosidase-YFP (green) and actin (red),
showing a substantial overlap (yellow) of Golgi on
the actin cables (yellow). E, Quantitative analysis
of CPA, CPB, and mannosidase-YFP association
with actin filaments and cables. See “Materials
and Methods” for details. The mean values (6 SEM)
from analysis of more than 25 ROIs per treatment
are plotted. Compared with controls, in which the
CP primary antibody was excluded, the extent of
colocalization between CPA, CPB, or mannosidase-
YFP with actin was significant (*P , 0.01). CTRL,
Control; Mann, mannosidase.
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from membranes in the presence of 1 M Na2CO3,
pH 10.9 (Fig. 4). These data indicate that CP behaves
somewhat like an integral membrane protein.
For controls (Fig. 4), we observed that the integral

protein Sec12 was also solubilized from the membrane
with Triton X-100 (Bar-Peled and Raikhel, 1997). By
contrast, the peripheral membrane protein VIPP-1 was
not released from membranes with salt treatment (5 M

NaCl), or with alkaline conditions. However, urea and
detergent did elute VIPP-1 from the membrane, showing
the peripheral but tight association with microsomal

membranes. Actin was released from the membrane
mainly with Triton X-100, although a small propor-
tion was released from the membrane under high-salt
treatment.

Collectively, these findings provide evidence that CP
behaves like a protein integrated in the phospholipid
bilayer, rather than an extrinsic protein associated pe-
ripherally with membranes. Because of the partial re-
lease with high salt treatment, we cannot completely
rule out that CP behaves like a peripheral protein that is
tightly associated with membranes. This is consistent
with CG-MD simulations showing that the C terminus
of the a-subunit of AtCP associates with PA-containing
membranes via extensive polar and nonpolar contacts,
and that part of this amphipathic helix partially inserts
into the lipid bilayer (Pleskot et al., 2012).

CP Is Located on the Cytoplasmic Side of Microsomes

To confirm that CP is not simply trapped inside of
membranes from the microsomal fraction and to further
reveal its association with membranes, we treated mi-
crosomes with proteinase K (PK). Results from this ex-
perimental approach indicated that CP was present on
the outside of the microsomes, because no CPA or CPB
was detected when P200 microsomes were treated with
PK (Fig. 5). Experimental controls showed that samples
not digested with PK, but treated equivalently in all
other respects, suffered little appreciable proteolysis.
Controls for other peripheral proteins, actin and VIPP-1,
showed the same behavior as CP (Fig. 5). These data
support the conclusion that CP associates with the cy-
toplasmic face of microsomal membranes.

CP Cofractionates with ER and Golgi

The above analyses establish CP as a membrane-
associated protein. To further investigate which cellular
membranes or organelle/compartments contain CP, we
employed two distinct approaches: Suc density gradient
fractionation of the microsomal fraction and confocal
microscopy of epidermal cells with organelle markers.

To further separate endomembranes and organelles
from the microsomal pellet, the P200 fraction was subjected
to isopycnic ultracentrifugation on 20% to 50% (w/v)
linear Suc gradients and the results analyzed by immu-
noblotting (Fig. 6). A selection of previously characterized

Table III. CP is present in the microsomal membrane fraction

Values represent mean percentage (6SD) of a particular ABP with
respect to total protein. Number of samples is given in parentheses.
Molar ratios of each ABP to total actin were determined by multiplying
the percentage of protein by the ratio of molecular weights and nor-
malizing to actin concentration.

Protein Total Protein ABP:ActinMolar Ratio

Actin 0.245 6 0.014 (3) —
CPA 0.00071 6 0.00006 (3) 1:291
CPB 0.00084 6 0.00006 (3) 1:201
CAP1 0.0105 6 0.0003 (3) 1:28

Figure 3. CP is present in membrane fractions after differential centrif-
ugation of cellular extracts. Analysis of CPand several other ABPs during
differential centrifugation of extracts prepared from 20 DAG Arabidopsis
Col-0 seedlings. The individual lanes represent the pellet (P) and su-
pernatant (S) fractions obtained after total cellular extracts (T) were
subjected to differential centrifugation at 1,000g, 10,000g, and
200,000g, respectively. Lanes were loaded with equal amounts of pro-
tein (75 mg), separated by SDS-PAGE, and immunoblotted with anti-
bodies against CP, V-ATPase, AtToc159, and various ABPs. The molecular
weight in kilodaltons for each polypeptide is given at right. A, CPA and
CPB were most abundant in the pellet fractions and were virtually
undetectable in the soluble fractions. rCP loaded in the first lane
verifies the size of the native protein in extracts. B, Antibodies against
the tonoplast marker V-ATPase and the chloroplast outer envelope pro-
tein Toc159, were used as positive controls for differential centrifugation
of membrane-associated proteins. C, Actin and several cytoskeletal-
associated proteins also partitioned with membranes or organellar
fractions. Antibodies were used to detect the following: actin; CAP1; the
ROP-GEF, SPK1; an actin filament cross linking protein, FIMBRIN; and,
two actin monomer-binding proteins, ADF and PROFILIN. Actin parti-
tioned almost equally between soluble and pellet fractions, whereas
CAP1 and SPK1 were mainly in pellet fractions. By contrast, FIMBRIN,
ADF, and PROFILIN were predominantly soluble proteins.
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organelle/compartment markers was used as controls
(full details and sources of antibodies are provided in
Supplemental Table S1). This included antibodies against
the following: CPA and CPB; the mitochondrial voltage-
dependent anion channel, VDAC1; the peroxisomal
marker, catalase; the ER marker, Sec12; the Golgi en-
zymes, a-1,2-mannosidase and reversibly-glycosylated
protein1 (RGP1); a SNARE protein associated with the
trans-Golgi network, Syntaxin of Plants41 (SYP41); the
secretory vesicle-associated GTPase, Ras-related GTP-
binding protein A4b (RabA4b); the plasma membrane
proton-translocating adenosine triphosphate synthase
(H+-ATPase); and the vacuolar H+-ATPase, V-ATPase.
A representative experiment is shown in Figure 6 and
this assay was repeated three times on independent
Suc density gradients with similar results. The behavior
of compartment markers is consistent with the results of
Oliviusson et al. (2006), whose methods were used herein
for Suc gradient separations.

CP was present in two discrete regions of the Suc
density gradient: a major peak at low density, around
fractions 2 to 5; and a somewhat less abundant peak at
high density, between fractions 20 and 25 (Fig. 6). By
contrast, CP was not detected in the middle of the gra-
dient (fractions 6–18). The low-density fraction of CP
overlapped best with the Golgi compartment as revealed
by the a-1,2-mannosidase and RGP1 protein in fractions
3 to 7 and 17 to 24. The high-density CP fraction corre-
sponded with the migration of several endomembrane
markers, including the ER, plasma membrane, and tono-
plast (Fig. 6), making it difficult to rule out these com-
partments. On the other hand, the CP peaks were clearly

separated from those of VDAC1 and catalase, showing
that CP-enriched fractions did not cosediment with the
mitochondria- or peroxisome-enriched fractions.

We also tested the behavior of actin in the Suc density
gradient fractions (Fig. 6). Actin was ubiquitous throughout
virtually the entire gradient, from fractions 4 to 26,
indicating that it is present on numerous membrane
compartments. As with the microsomal fractionation
described above, this analysis does not reveal whether
the actin is present as monomers or filaments. An al-
ternative interpretation of these results is that individ-
ual and/or bundles of actin filaments, with varying
sizes, migrate at different densities throughout the
gradient. Collectively, our subcellular fractionation
results demonstrate that CP in plant cells is present
on several subcellular compartments, probably the
Golgi and the ER.

To further evaluate the CP-Golgi association, we ana-
lyzed an Arabidopsis line expressing the mannosidase-
YFP marker by immunolocalization (Fig. 7) and Suc
density gradient separations (Supplemental Fig. S1). The
quantitative imaging experiments showed 44.3% 6 2.2%
and 48.4% 6 2.6% colocalization with cis-Golgi for CPA
and CPB, respectively, whereas the control without pri-
mary CP antibody had 5.4% 6 0.5% colocalization
(Fig. 7C). The mean PCC values (6 SEM) calculated from
the same ROI on individual images were 0.786 0.13 (n =
59), 0.80 6 0.10 (n = 40), and 0.26 6 0.15 (n = 25). The
PCC values for CP-mannosidase colocalization were signif-
icantly different from controls (Student’s t test, P , 0.0001),
indicating a very strong association of CP with the cis-
Golgi marker (Costes et al., 2004). The fractionation
experiments demonstrated comigration in the low-
density fractions of CP and a-mannosidase when
proteins were detected with anti-CPB and anti-GFP,
respectively (Supplemental Fig. S1A). Use of a trans-
Golgi marker (Dhugga et al., 1997) also revealed partial
overlap between fractions containing CP and RGP1
protein (Supplemental Fig. S1A). Specificity of the anti-
GFP antibody was demonstrated by probing membrane
fractions from ecotype Columbia-0 of Arabidopsis (Col-0)
not expressing a fluorescent fusion protein (Supplemental
Fig. S1B). Collectively, these results confirm that some
proportion of cellular CP associates with Golgi.

DISCUSSION

Phospholipids are important regulatory molecules in
eukaryotic cells and have diverse roles in various cel-
lular events, including intracellular signaling responses,
membrane trafficking, and modulating cytoskeletal or-
ganization (Saarikangas et al., 2010). Although numer-
ous ABPs are regulated by phospholipids in vitro
(Saarikangas et al., 2010), evidence for the existence
and mechanism of regulation in vivo is limited. CP is
one such ABP that, along with phospholipase D, may
serve as a hub for positive feedback between lipid
signaling events and cortical cytoskeletal organization
(Pleskot et al., 2013).

Figure 4. CP behaves like an integral membrane-associated protein. The
supernatant S1 fraction was centrifuged at 200,000g to give a P200 mi-
crosomal membrane fraction, which was resuspended and divided into
five equal fractions in buffer containing either 5 M NaCl, 5 M urea, 1 M

Na2CO3, pH 10.9, or 1% (v/v) Triton X-100 and incubated on a shaker
for 30 min at 4˚C. The resulting suspension was recentrifuged for 60 min
at 200,000g, providing pellet and soluble fractions. Shown here are the
pellet fractions that were blotted and probed with CPA and CPB anti-
bodies, as well as with actin, VIPP-1, and Sec12 antibodies as controls
for peripheral and integral membrane-associated proteins, respectively.
Similar experiments were performed four independent times.
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Our quantification of the total amount of CP showed
that more than enough CP was present to bind all
available actin filament barbed ends in the cell. The
observed stoichiometry with total actin is in the same
range as reported for CP in mammalian neutrophils
and platelets, as well as in Acanthamoeba orDictyostelium
spp. cells, which have CP concentrations of 1 to 5 mM

and stoichiometries with total actin of 1:90 to 1:400
(Cooper et al., 1984; DiNubile et al., 1995; Barkalow
et al., 1996; Eddy et al., 1997; Pollard et al., 2000). In
S. cerevisiae, CP is also present at micromolar levels but
total actin is much less abundant, making the ratio of
CP to total actin of approximately 1:4 (Kim et al., 2004).
Both F-actin levels and the number of filament barbed
ends are estimated to be rather low in plant cells
(reviewed by Staiger and Blanchoin, 2006).
To examine the role of CP in vivo, we localized this

protein in cells and examined its subcellular fraction-
ation properties. CP was localized primarily in the

cytoplasm as numerous puncta that were distributed
randomly. Immunolocalization demonstrated that
about 30% of AtCP colocalizes with actin bundles.
Why there is more CP available to bind with the cy-
toskeleton than barbed ends is not clear, but some of
the CP molecules in cells not bound to actin filaments
may associate with other cellular fractions, including
membrane-bound compartments. Our immunolocali-
zation results clearly show that CP colocalized with
the Golgi apparatus in Arabidopsis epidermal pave-
ment cells. These results indicate that fluorescent spots
are sites colocalized with actin filaments and with
membrane subcellular components. Furthermore, colocal-
ization experiments using Arabidopsis plants expressing
mannosidase-YFP revealed 50% colocalization with Golgi
by antibody staining with CP sera, a result that was
supported by AtCP comigration with a cis-Golgi marker
and partial comigration with a trans-Golgi marker on Suc
density gradients.

Cytoplasmic CP puncta have been observed but
not well characterized in S. cerevisiae (Amatruda and
Cooper, 1992), cultured myocytes and fibroblasts (Schafer
et al., 1994), cardiac muscle (Hart and Cooper, 1999),
and Drosophila spp. bristles (Frank et al., 2006). In stably
transformed Potorous tridactylus K1 cell line fibroblasts,
GFP-CPb2 marks large, motile puncta in the peripheral
cytoplasm that depend on actin for movement (Schafer
et al., 1998). Similarly, enhanced GFP-CPb1 is present
on cytoplasmic punctate structures in lamellipodia in
Xenopus laevis cell line XTC fibroblasts after 2 h of
transient expression (Miyoshi et al., 2006). In addition,
previous research has shown that CP localizes in the
hyaline ectoplasm, a region of the cytoplasm just under
the plasma membrane that contains a high concentra-
tion of actin filaments. These experiments show that CP
is associated with a region of cells rich in actin filaments
and with a membrane fraction that itself contains actin
filaments (Cooper et al., 1984).

Figure 6. CP is coenriched with several membrane-
bound compartments in the microsomal fraction.
Microsomal (P200) membrane fractions were sepa-
rated on an isopycnic 20% to 50% (w/v) linear Suc
gradient. Equal volumes of protein fractions col-
lected from the gradient were separated on SDS-
PAGE gels, blotted, and probed with antibodies
against the following: CPA and CPB; actin; cis-
Golgi, a-1,2-mannosidase; trans-Golgi, RGP1;
plasma membrane, H+-ATPase; ER, Sec12; tono-
plast, V-ATPase; mitochondrial outer membrane porin 1,
VDAC1; trans-Golgi network, AtSYP41 and RabA4;
and peroxisome, catalase. Protein names and sizes
are indicated on the left and right, respectively. The
entire gradient, fractions 1 to 26, required several gels
and membranes for probing with each antibody.
Separation between the individual blots or mem-
branes comprising the full gradient is not shown on
the figure, for clarity of presentation. Mann, Man-
nosidase; MITO, mitochondria; Perox, peroxisome;
PM, plasma membrane; TGN, trans-Golgi network.

Figure 5. CP localizes on the cytoplasmic side of the membrane. The
P200 fraction containing CP was incubated with and without PK. Im-
munoblots of the resulting samples were performed with antibodies
against CPA and CPB, anti-actin, and anti-VIPP1, The P200 fraction
prior to addition of protease was used as a loading control. rCP was
loaded in the first lane as a molecular weight marker for CP.
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In addition to immunolocalization in cells, we pro-
vide further evidence that plant CP is associated with
cellular endomembranes. Specifically, differential cen-
trifugation of cellular fractions showed that AtCP was
present in the microsomal membrane fraction. Further
fractionation and immunoblotting of microsomes sepa-
rated on Suc density gradients show that CP may be as-
sociated with Golgi and/or ER. To our knowledge, we
provide the first direct experimental evidence that con-
firms AtCP binds directly to cellular organelles in plants.
Thus, AtCP may assume a role in sensing and trans-
ducing membrane signaling lipids into changes in actin
cytoskeleton dynamics.

Additional support for the CP-membrane localization
was provided by the investigations of Pleskot et al. (2012),
using molecular docking and CG-MD simulations.
They uncovered a specific mode of high-affinity inter-
action between membranes containing PA/phosphati-
dylcholine and plant CP. In this mechanism, the
C-terminal amphipathic helix of plant CPa-subunit
partially intercalates into the lipid bilayer through
specific polar and nonpolar interactions. The mecha-
nism and specific residues on the CPa C terminus were
found to be unique to the plant kingdom.

CP from Arabidopsis is regulated by interaction with
both PA and PtdIns(4,5)P2 (Huang et al., 2003, 2006; Li
et al., 2012). PA is markedly more abundant in plant
membranes than is PtdIns(4,5)P2 Thus, PA binding may
be physiologically relevant for CP activity. Moreover,
PA levels change rapidly in response to water deficit,
wounding, and microbial attack (Li et al., 2009; Testerink
and Munnik, 2011). Interestingly, PA also mediates
functions such as recruitment of effector (peripheral)
proteins to membranes mediated by a growing number
of modular membrane-targeting domains that spe-
cifically recognize their cognate lipid ligands, to form

protein-protein and lipid-protein interactions during cell
signaling and membrane trafficking (Cho and Stahelin,
2005).

The subcellular distribution of PA pools in plants
is poorly characterized, although a new fluorescent
reporter that shows great promise for future work
indicates abundant PA at the plasma membrane of
pollen tubes (Potocký et al., 2014). Furthermore,
native PA binding proteins accumulate at the plasma
membrane (Zhang et al., 2004), whereas in mam-
malian cells, PA is abundant in not only the plasma
membrane, but also the ER, Golgi, and endosomal
membranes (Rizzo et al., 2000; Baillie et al., 2002;
Loewen et al., 2004). Because the filament end-capping
activity of AtCP is negatively regulated by membrane
phospholipids in vivo (Li et al., 2012), we speculate
that the membrane-bound CP may represent an inac-
tive pool of ABP. Alternatively, membrane-bound CP
may position this key regulator of actin dynamics near
sites of filament assembly and turnover.

There are two possibilities for how ABPs may be
regulated by phospholipids: (1) direct interaction with
phosphoinositides regulates the activity and/or sub-
cellular localization of ABPs; or (2) phosphoinositides
control the localization of scaffolding proteins that
relay between the actin cytoskeleton and plasma
membrane or intracellular membrane organelles. In
this regard, various ABPs have been demonstrated to
be membrane-associated proteins (Saarikangas et al.,
2010). In this study, in addition to CP-membrane as-
sociation, we show that CAP1 from Arabidopsis
(Chaudhry et al., 2007) is highly enriched on micro-
somal membranes.

Several other plant ABPs or regulators of actin
organization are found on membranes or cellular organ-
elles. The xyloglucan galactosyltransferase KATAMARI1

Figure 7. CP colocalizes with a cis-Golgi marker. A and B, Colocalization of CP with Golgi. Arabidopsis seedlings expressing
the Golgi marker, mannosidase-YFP, were prepared and immunolabeled with CP polyclonal antibodies. The left image shows a
representative image from an epidermal pavement cell labeled with CPA (A) and CPB (B), respectively. Middle images cor-
respond to mannosidase-YFP fluorescence from the same cells. The right images show merged images depicting colocalization.
C, Quantitative analysis of colocalization between CPA and CPB with mannosidase-YFP. See “Materials and Methods” for
details. The mean values (6 SEM) from analysis of .41 ROIs within at least seven epidermal pavement cells per treatment are
plotted. As a control, the primary anti-CPB antibody was left out and samples were processed in identical fashion. The extent of
colocalization between both CP subunits and mannosidase-YFP was significantly different from the negative control (*P , 0.01).
CTRL, Control. Bar = 10 mm.

1322 Plant Physiol. Vol. 166, 2014

Jimenez-Lopez et al.



(KAM1/MUR3) is a membrane-associated ABP that
mediates actin organization and function in proper
endomembrane organization as well as cell elongation;
KAM1/MUR3 is located specifically on Golgi mem-
branes, where it associates with membranes as an in-
tegral membrane protein (Tamura et al., 2005). Another
membrane-associated ABP family is the formins, which
nucleate unbranched filaments and processively elongate
filaments at the barbed end. The majority of plant
group I formins contain a transmembrane domain at
the N terminus in their primary amino acid sequence
(Cvrcková, 2000; Deeks et al., 2002), which indicates
that these formins are likely to be membrane-bound
proteins in Arabidopsis. This prediction was verified
for Arabidopsis Formin1 (AtFH1), AtFH6, and AtFH5
(Banno and Chua, 2000; Cheung and Wu, 2004; Favery
et al., 2004; Ingouff et al., 2005). The subcellular locali-
zation of AtFH1 was shown by fluorescent protein
fusion to be targeted to the plasma membrane and
colocalized with a known plasma membrane protein,
aquaporin, plasma membrane intrinsic protein PIP2;1
(Martinière et al., 2011). AtFH6 has been shown to be
uniformly distributed throughout the plasma membrane
and to generate actin cables that serve as tracks for
vesicle trafficking for extensive plasma membrane
and cell wall biogenesis (Favery et al., 2004). Arab-
idopsis group Ie formins AtFH4 and AtFH8 not only
associate with the cell membrane, but also accu-
mulate to specific subcellular domains along the cell
perimeter (i.e. AtFH4 localized to cell-to-cell contact
points in mesophyll cells of leaf and cotyledon; Deeks
et al., 2005).
Because of their often large size, plant cells require a

transport network that orchestrates the movement of
endomembranes and other macromolecular complexes
through the cytoplasm and delivers them to their
subcellular destinations. Plant Myosin XI is a molecular
motor that is implicated in organelle transport along the
actin cytoskeleton. Myosin XI-K has a critical role in this
process through its association with endomembrane
vesicles (Peremyslov et al., 2012). Furthermore, subcel-
lular localization and fractionation experiments showed
that the nature of myosin-associated vesicles is organ
specific and cell type specific: (1) in leaves, a large
proportion of these vesicles aligned and cofractionated
with a motile ER subdomain; and (2) in roots, non-ER
vesicles were the dominant myosin cargo. Furthermore,
Myosin XI-K had a polar localization at the tips of
growing, but not mature, root hairs, suggesting that
myosins contribute to vesicle transport during tip
growth (Peremyslov et al., 2012). The physical association
of Myosin XI-K with endomembranes was explored by
fractionation experiments using leaf extracts from Arabi-
dopsis plants and an XI-K-specific antibody (Peremyslov
et al., 2012). On isopycnic Suc gradients, Myosin XI-K
migrated with peaks of the ER marker and Golgi
markers Sec21 and NAG. The distribution of the
trans-Golgi/secretory vesicle marker RabA4b also
corresponded broadly to that of the myosin. These
results suggest that most of the Myosin XI-K in leaf cells

is associated with the ER-, organelle-, and secretory
vesicle-derived membranes. A distinct plant-specific
transport vesicle compartment in Arabidopsis was
recently identified and is associated with Myosin XI
and a novel cargo adaptor MyoB1 (Peremyslov et al.,
2013).

In many eukaryotic cells, actin polymerization is
involved in generating forces for organelle movement
and remodels or transports membranes during traf-
ficking events (i.e. endocytosis, vesicle formation
where actin polymerization might assist invagination
formation, pinching off vesicles, and/or driving vesi-
cles away from membrane; Kaksonen et al., 2005).
Most of these examples require the ARP2/3 complex,
which nucleates new actin filaments and generates
branched actin networks. This complex is also mem-
brane associated in nonplant systems (Beltzner and
Pollard, 2008) as well as in plants, because a large
fraction of the ARP2/3 pool was found to be strongly
associated with cell membranes in Arabidopsis (Zhang
et al., 2013b). ARP2/3-membrane association corre-
lates with the assembly status and subunit composi-
tion of the complex (Kotchoni et al., 2009), and may
be regulated by its lipid-binding specificity (Fiserová
et al., 2006; Maisch et al., 2009). Association of ARP2/3
complex with membranes is expected because ARP2/3
has a wide variety of organelle-based functions in
eukaryotic cells as an actomyosin-based transporter
of ARP2/3-containing organelles (Fehrenbacher et al.,
2005; Kaksonen et al., 2005), and because of observa-
tions of punctate ARP2/3 localization in mammalian
cells linked to endomembrane dynamics (Welch et al.,
1997; Strasser et al., 2004; Shao et al., 2006). However,
demonstrating similar functions for plant ARP2/3 com-
plex requires further experimentation.

The ARP2/3 complex interacts with nucleation
promoting factor proteins, such as WAVE/SCAR, in
order to be activated and converted into an efficient
actin filament nucleator (for review, see Higgs and
Pollard, 2001; Welch and Mullins, 2002). Moreover,
WAVE/SCAR and ARP2/3 complexes are part of a
conserved Rho-of-Plants (ROP) small GTPase signal
transduction cascade that integrates actin and micro-
tubule organization with trafficking through the se-
cretory pathway (Bloch et al., 2005; Fu et al., 2005;
Lavy et al., 2007; Yalovsky et al., 2008; Szymanski,
2009), and controls actin-dependent morphogenesis in
many tissues and developmental contexts (Smith and
Oppenheimer, 2005; Szymanski, 2005; Yalovsky et al.,
2008).

Several core subunits of the WAVE/SCAR regula-
tory complex (W/SRC), NAP1 and SCAR2, were
found to be peripheral membrane-associated proteins
on the ER (Zhang et al., 2010, 2013a). The association of
NAP1 with membranes was relatively strong, because
no NAP1 solubilization was observed after treatment
with high concentrations of salt or the nonionic de-
tergent Triton X100. Furthermore, NAP1 cofractionates
with ER membranes (Zhang et al., 2013a). Based on
live-cell imaging with fluorescent fusion proteins, the
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W/SRC subunits SCAR1 and BRICK1 have been
reported to localize at the plasma membrane (Dyachok
et al., 2008, 2011). SCAR2, like the abundant NAP1,
overlapped with an ER marker (Sec12) in Suc gradi-
ents, and SEC12, SCAR2, and NAP1 were shifted to
less dense Suc fractions when ER-associated ribosomes
were destabilized by chelating free Mg2+ (Zhang et al.,
2013a). Furthermore, a positive regulator of W/SRC,
the DOCK family guanine nucleotide-exchange factor
SPK1, is an Arabidopsis protein that strongly associ-
ates with cell membranes. SPK1 localizes to the surface
of the ER, as suggested by localization and cell frac-
tionation data, and most prominent at ER exit site
subdomains (Zhang et al., 2010).

Knowledge from this study demonstrating CP-
membrane association in plants, along with an ever-
expanding list of membrane-cytoskeletal linkages
supported by plant ABPs (Deeks et al., 2012; Wang
et al., 2014), suggest that F-actin polymerization driving
endomembrane compartment movement as well as
vesicle formation and trafficking events between the ER
and the Golgi apparatus in plants might be orchestrated
and tightly regulated by a cytoskeletal protein network.

MATERIALS AND METHODS

Plant Growth Conditions

The T-DNA insertion lines for AtCPA (cpa-1; SALK_080009) and AtCPB
(cpb-1; SALK_014783 and cpb-3; SALK_101017) were obtained from the Ara-
bidopsis Biological Resources Center (Ohio State University), genotyped to
identify homozygous mutant plants, and backcrossed to the wild type at least
twice prior to use in experiments. Description of the plant growth and cyto-
skeletal phenotypes associated with these cp knockdown lines are described
elsewhere (Li et al., 2012, 2014; Pleskot et al., 2013). For all experiments herein,
Arabidopsis (Arabidopsis thaliana) Col-0 was used as wild-type plant material.
Wild-type and cp homozygous mutant seedlings were grown aseptically on
one-half-strength Murashige and Skoog medium (Sigma-Aldrich) containing
1% (w/v) agar and 1% (w/v) Suc. The growth condition was 16-h light at
100 mmol m22 s21 and 8-h dark at 25°C, and seedlings were harvested at 20 DAG
for preparation of total cell extracts and subcellular fractionation experiments.

Recombinant Protein Purification

A construct for bacterial expression of CPA and CPB from the same plasmid
and identical promoters was described previously (Huang et al., 2003). rCP
was isolated from soluble bacterial (Escherichia coli BL21[DE3]) extracts and
purified to .90% homogeneity by chromatography on DEAE-Sephacel, hy-
droxylapatite, and Q-Sepharose (Huang et al., 2003). CP concentration was
determined with the Bradford assay (Bio-Rad) using bovine serum albumin as
a standard. For loading controls and generation of standard curves in quan-
titative immunoblotting experiments, recombinant AtCAP1 (Chaudhry et al.,
2007) and AtADF1 (Carlier et al., 1997) were purified according to published
methods. Protein concentrations were determined by spectrometry at 280 nm
with an extinction coefficient of 33,671 M

21 cm21 for CAP1 (Chaudhry et al.,
2007) and at 277 nm assuming an A277 of 0.89 for a 1-mg/mL solution of
AtADF1 (Didry et al., 1998). Rabbit skeletal muscle actin was purified
according to Spudich and Watt (1971) and was gel filtered on Sephacryl S-300
by the methods of Pollard (1984). Actin concentration was determined by
spectrometry assuming an A290 of 0.63 for a 1-mg/mL solution.

Quantitative Immunoblotting

The cellular abundance of CPA, CPB, actin, CAP1, and ADF fromwild-type
Arabidopsis seedling extracts, as well as from cpa-1, cpb-1, and cpb-3 T-DNA
insertion mutant lines (Li et al., 2012), was estimated by quantitative

immunoblotting, roughly as described by Wu and Pollard (2005) and
Chaudhry et al., (2007). A linear standard curve was generated by loading
various amounts of each recombinant purified protein on the same gel as the
seedling samples. Total protein extracts from 20 DAG seedlings were prepared
by grinding the plant material with liquid nitrogen in a mortar and pestle,
obtaining a thin powder, which was loaded into homogenization buffer
containing 20 mM HEPES/KOH, pH 7.2, 50 mM KOAc, 2 mM Mg(OAc)2,
250 mM sorbitol, 1 mM EDTA, 1 mM EGTA, 1 mM dithiothreitol, 1 mM phe-
nylmethylsulfonyl fluoride (PMSF), and 1% (v/v) protease inhibitor cocktail (2 mM

O-phenanthroline, 0.5 mg/mL leupeptin, 2 mg/mL aprotinin, and 1 mg/mL
pepstatin). The extracts were clarified by centrifugation at 15,000g for 2 min,
and total protein concentration was determined by the Bradford assay. To estimate
the amount of CP in microsomal membrane fractions, we obtained the P200 fraction
by differential centrifugation, as described in the section below. For determination
of actin, CAP, and ADF concentrations, 25 mg of total protein was loaded, whereas
75 mg of total protein was loaded for CP determinations on the same SDS-PAGE
as the standard curve samples. Proteins separated by SDS-PAGE were
transferred to nitrocellulose membranes and probed with appropriate
antibodies. The primary polyclonal antibodies used were anti-AtCPA and
anti-AtCPB (Huang et al., 2003), anti-AtCAP1 (Chaudhry et al., 2007), anti-
maize (Zea mays) pollen actin (Gibbon et al., 1999), and anti-AtADF2 (Chaudhry
et al., 2007) at dilutions given in Supplemental Table S1. For loading control, we
used anti-phosphoenolpyruvate carboxylase (Rockland Immunochemicals).
Horseradish peroxidase-coupled secondary antibody (Sigma-Aldrich) was diluted
1:50,000 and detection was with SuperSignal West Pico Chemoluminescent sub-
strate (Thermo Scientific). Images of developed blots were captured on autora-
diographic film and scanned, prior to analysis of band intensity with ImageJ. At
least three biological replicates of total cellular extract were prepared and tested
with each antisera and recombinant protein. With these conditions, the linear range
for detection was as follows: 0.25 to 5 ng for CPA, 0.5 to 12.5 ng for CPB, 2 to 20 ng
for CAP1, 5 to 25 ng for ADF, and 15 to 120 ng for actin (Fig. 1). Actin and ABP
cellular abundance were expressed as a percentage of total cellular protein, and the
ratio of actin to ABP was estimated using these percentages after normalizing for
Mr of each protein (Tables I–III).

Subcellular Fractionation

Two grams (fresh weight) of wild-type Arabidopsis seedlings were ho-
mogenized for 5 min with a hand-held mixer (Polytron; Brinkmann Instru-
ments) on ice in 10 mL of precooled homogenization buffer. The homogenate
was filtered through two layers of Miracloth and subjected to differential
centrifugation. The first spin, performed for 25 min at 1,000g, removed cell
debris and cell walls and resulted in pellet (P1) and supernatant (S1) fractions.
The supernatant S1 was removed to a fresh tube and centrifuged for 25 min at
10,000g, yielding the P10 and S10 fractions. The pellet (P10) was retained and S10
was transferred to a fresh tube, centrifuged for 25 min at 200,000g to yield P200,
which is a membrane-enriched microsomal fraction, and S200, the soluble cy-
tosolic protein fraction (Kotchoni et al., 2009).

The microsomal fraction was further separated on isopycnic Suc density
gradients. For most experiments, however, the 10,000g step of differential
centrifugation was eliminated. Organelles and membrane-bound compart-
ments in the P200 were resuspended in suspension buffer containing the fol-
lowing: 10 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 10% (v/v)
glycerol, 1 mM PMSF, and 1% protease inhibitor cocktail. The resuspended
microsomal fraction was subjected to centrifugation for 16 h at 200,000g on a
linear 20% to 50% (w/w) Suc density gradient prepared in centrifugation
buffer (10 mM Tris-HCl, pH 7.6, 2 mM EDTA, 1 mM dithiothreitol, 1 mM PMSF,
and 1% protease inhibitor cocktail). The resulting Suc gradient was divided
into fractions of 0.2 mL, Laemmli sample buffer (Laemmli, 1970) was added,
and samples were boiled for 5 min. Equal volumes of each fraction were
separated by SDS-PAGE, transferred to nitrocellulose, and probed with CP,
actin, ABP, and various organelle marker antibodies (Supplemental Table S1).

Assays for Integral or Peripheral Membrane Proteins

To determine how CP is associated with the membrane fraction, experi-
ments were performed to evaluate whether CP behaves like an integral or
peripheral membrane protein. The P200 fraction was resuspended in buffer
containing 10 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 10% (v/v)
glycerol, 1 mM PMSF, and 1% (v/v) protease inhibitor cocktail. This sample
was treated separately with either 5 M NaCl, 1 M Na2CO3, 5 M urea, or 1% (v/v)
Triton X-100, respectively, and incubated on a rotator for 60 min at 4°C. The
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resulting suspension was centrifuged for 60 min at 200,000g, providing pellet
and solubilized fractions. Proteins contained in each fraction were precipitated
overnight by the addition of TCA to a final concentration of 20% (v/v). Each
protein sample was centrifuged at 15,000g, washed twice with cold acetone,
and resuspended in an equal volume of buffer. Solubilized and pellet-
associated proteins were separated on 12.5% (w/v) SDS-PAGE gels, trans-
ferred to nitrocellulose, and probed with anti-CP, anti-actin, anti-Sec12, and
anti-VIPP-1 antibodies (Supplemental Table S1).

Protease Digestion Assay

To determine whether CP is present on the external or internal face of
membrane fractions, protease K treatments were performed. The P200 fraction
was dissolved in homogenization buffer without EGTA, PMSF, or protease
inhibitor cocktail. This fraction was incubated with PK (Promega), at a final
concentration of 70 mg/mL for 1.5 h at 4°C, under rotation. Protease digestion
was terminated by adding PMSF to a final concentration of 5 mM and further
incubation for 10 min at room temperature. Membranes were collected by
centrifugation after protease treatment and resuspended in sample buffer.
Control samples for protease digestion (without addition of PK) were treated
in the same way as samples containing PK. Samples were separated on 12.5%
(w/v) SDS-PAGE gels, transferred to nitrocellulose, and probed with anti-CP,
anti-actin, and anti-VIPP1 (Supplemental Table S1).

Immunofluorescence and Confocal Microscopy

The subcellular localization of CP was analyzed by immunofluorescence
microscopy with the freeze-fracture technique (Wasteneys et al., 1997;
Szymanski et al., 1999; Qiu et al., 2002) using rosette leaves from Arabidopsis.
Quantitative colocalization of CP and actin, or CP and specific compartment
markers, was performed on material that was double-labeled with two antisera
or by CP immunolabeling of Arabidopsis lines expressing a fluorescent fusion
protein for cis-Golgi (Nelson et al., 2007). Three-week-old seedlings were fixed in
2% (v/v) formaldehyde and 0.5% (v/v) glutaraldehyde in PEM buffer (100 mM

PIPES, 10 mM EGTA, and 4 mM MgCl2) for 1 h. Samples were washed with
PEMT (100 mM PIPES, 10 mM EGTA, 5 mM MgCl2, and 0.1% (v/v) Triton X-100)
three times for 10 min each. The excess buffer was absorbed from samples with
filter paper placed on glass microscope slides, and covered with a second slide.
The sandwich of two slides and sample was submerged into liquid nitrogen,
allowed to freeze, and placed between two aluminum blocks previously cooled
to 280°C. Gentle pressure was applied over the sample with the aluminum
blocks. After separating the two glass slides, the freeze-fractured samples were
incubated in permeabilization buffer (phosphate-buffered saline and 1% Triton
X-100) for 2 h and then washed three times with PBST-G buffer (phosphate-
buffered saline, 50 mM Gly, and 0.1% [v/v] Triton X-100). The samples were
incubated overnight at 4°C with affinity-purified anti-AtCP (1:5 dilution) and
anti-actin monoclonal antibody (JLA-20; 1:400 dilution). After washing, samples
were incubated for 3 h at 37°C in fluorescein isothiocyanate-conjugated anti-rabbit
sera (1:400; Sigma-Aldrich) and rhodamine-conjugated anti-mouse serum (1:400;
Sigma-Aldrich) in PBST. Controls included the elimination of one primary anti-
sera, or use of CPA or CPB preimmune serum from the same animals used to
generate the affinity-purified antibody (Huang et al., 2003). Samples were
mounted and imaged with a laser scanning confocal microscope (Bio-Rad 2100),
using the excitation light from an argon ion (488 nm) and an He-Ne (543 nm)
laser. Images of the cortical cytoplasm from the outer periclinal face of epidermal
pavement cells were obtained by collecting 17 to 25 optical sections at 0.3-mm
steps and generating a maximum intensity projection of the z-series stack.

Immunofluorescence Image Analysis

MetaMorph software (version 6) was used for image analysis and to
quantify the extent of AtCP and actin colocalization. ROIs were selected from
each image in order to maximize the area of cells analyzed. Individual images
were thresholded, based on the antibody control images, and typical threshold
values were 30 to 80. The extent of colocalization was determined between the
two channels as previously described (Zhang et al., 2010).

The Pearson correlation coefficient (PCC) is a quantitative measurement
that estimates the degree of overlap between fluorescence signals obtained in
two channels (Barlow et al., 2010; Zinchuk et al., 2013). PCC values range from
1.0 (which indicates complete colocalization of two structures) to 0 (which
indicates no significant correlation) to 21 (which indicates complete separa-
tion of two signals). Comparison with an experimental control condition

provides a baseline for the experiment. Here, a PCC value was calculated for
each antibody pairing from individual ROIs on z-series maximum intensity
projections using ImageJ software (version 1.47) for the analysis (French et al.,
2008). Background correction values were identical for all images (Costes et al.,
2004). The PCCs were averaged, and the SEM was calculated. Statistical analyses
were performed using SPSS software (version 14.0; SPSS). A paired Student’s
t test was used to compare mean PCC scores (McDonald and Dunn 2013).

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers AT3G05520 (AAF64531) and AT1G71790
(EFH63646).

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. CP comigrates with a cis-Golgi fraction on su-
crose density gradients.

Supplemental Table S1. Cytoskeletal and compartment markers anti-
bodies used in differential centrifugation, Suc gradients, and immuno-
fluorescence experiments.
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