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The cytoskeleton is well recognized as an ever-
present component of all eukaryotic cells; more re-
cently, it has been identified in prokaryotic cells as well
(van den Ent et al., 2001;Wickstead andGull, 2011). The
cytoskeleton gives order to a cell, and in large cells,
where diffusion may become limiting, it provides a
means to move components around, thus facilitating
reactions (Verchot-Lubicz and Goldstein, 2010). In-
creasingly, we also see that the cytoskeleton in eukar-
yotic cells participates in the uptake of material from
outside of the cell (e.g. endocytosis and phagocytosis;
Yutin et al., 2009). And inside the cell, where organelles,
membrane systems, and macromolecular complexes
are exquisitely and dynamically organized in minute
detail, it is largely the cytoskeleton that is responsible
for this organization. Because the cytoskeleton partici-
pates in so many processes, it becomes a matter of
consequence to understand how it is controlled. Indeed,
this is a topic of major interest at present and one whose
solution will contribute fundamentally to our under-
standing of many aspects of cell growth and develop-
ment.

Among several possible control elements, it has been
widely known for many years that ions, in particular
calcium, can exert a profound effect on the structure
and activity of both the actomyosin and tubulin cyto-
skeletons (Hepler, 2005; Hepler and Winship, 2015).
One of the best examples is the stimulation of the con-
traction of striated muscle by calcium, where, through
its binding to troponin C, tropomyosin is displaced
along the actin filament, exposing myosin-binding sites
and permitting contraction to occur (Alberts et al.,
2008). There are numerous other examples found in
both plant and animal cells involving calcium regula-
tion of the actin cytoskeleton. In addition, it is also well
established that calcium can have profound effects on
microtubules (MTs). Indeed, the demonstration in 1972
by RichardWeisenberg that elevated calcium causedMT
depolymerization was transformative (Weisenberg,
1972). Whereas biochemists until that time had been
unsuccessful in obtaining in vitro polymerization of
MTs, this now became possible. But for me, it raised
intriguing possibilities concerning a role for calcium in
the control of cellular processes such as mitosis and

cytokinesis (Hepler and Wayne, 1985; Hepler, 2005). It
also got me to think more widely about the role of
calcium as a general signaling agent. In the 30 years
since Randy Wayne and I reviewed this topic (Hepler
and Wayne, 1985), it is now apparent that calcium
reaches into countless events and processes and can be
viewed as a universal signaling agent in plant cell
growth and development (Edel and Kudla, 2015).

In advance, I must tell you that I will not review the
broad scope of calcium research today, which is vast;
there aremany reviews towhich the interested reader is
directed (Hetherington and Brownlee, 2004; Kudla
et al., 2010; Verret et al., 2010; Hashimoto and Kudla,
2011; Hamel et al., 2014; Edel and Kudla, 2015). I will
also not discuss the role of small GTPase proteins, even
though they can have profound effects on calcium and
the cytoskeleton in plant cells. Again, the interested
reader is directed to pertinent reviews on this topic (Gu
et al., 2005; Nibau et al., 2006; Craddock et al., 2012; Oda
and Fukuda, 2013; Li et al., 2015). Rather, in this article,
I will focus on the role of ions in the control of the cy-
toskeleton in plant cells, giving attention to those actin-
and tubulin-binding proteins that are modulated by
calcium and/or protons. Before discussing ion regula-
tion, I briefly consider, first, how calcium and protons
emerged as signaling agents and, second, aspects of
cytoskeleton evolution in the progression from pro-
karyotic to eukaryotic cells.

CALCIUM AND PROTONS AS SIGNALING AGENTS

Calcium

Calcium is an abundant element in the earth’s crust;
however, high concentrations are harmful and indeed fatal
(Case et al., 2007; Kazmierczak et al., 2013; Blackstone,
2015). Most important is the reaction of calcium with
phosphate, forming a highly insoluble precipitate, thus
incapacitating phosphate-based energy metabolism.
The importance of this reaction is made apparent by
the realization that all forms of life use phosphate en-
ergy metabolism in one form or another (Harold,
2014). But beyond this, high calcium condenses chro-
matin, aggregates proteins, and in general impairs a
host of intracellular activities such as mitochondrial
function and chromosome motion (Case et al., 2007;
Blackstone, 2015). Indeed, calcium is so abundant and
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cellular chemistry so sensitive that one wonders how
the first protocell arose. For a cell living in today’s
ocean, the calcium concentration within the cell is 5
orders of magnitude lower than that in the ocean (e.g.
from 0.1 to 10,000 mM; Blackstone, 2015). Energetically,
it would seem to be a tall order to imagine that the first
protocell would have been able to reduce the concen-
tration of free calcium by 5 orders of magnitude. A
possible way around this apparent impasse emerges
from the evidence indicating that the early oceans or
bodies of water in which life arose were more alkaline
than the oceans of today (Kazmierczak et al., 2013).
Alkalinity would favor the formation of calcium car-
bonate precipitates and thus reduce the free concen-
tration of the ion, possibly by a few orders of magnitude.
Over geological time, as the oceans became less alkaline,
cells could progressively improve their ability to ex-
clude calcium. Through the evolution of pumps and
carriers that remove calcium from the cell, and of an
impermeable plasma membrane that minimizes leak-
age, cells became able to establish and maintain a
100,000-fold gradient in the concentration of calcium
between the low level in the cytosol and the high level
in the extracellular milieu.

Although not as well studied as in eukaryotic cells, it
appears that prokaryotic cells, including both bacteria
and archea, possess calcium pumps and exchangers
that extrude calcium from the cytoplasm either to
the outside or to internal storage bodies (e.g. acid-
ocalcisomes; Dominguez, 2004; Docampo and Moreno
2011; Dominguez et al., 2015). As a result, these pro-
karyotic cells, similar to eukaryotic cells, possess a low
internal concentration of calcium, in the vicinity of 0.1
to 0.3 mM (Tisa and Adler, 1995; Watkins et al., 1995;
Dominguez, 2004; Dominguez et al., 2015). Some of the
calcium pumps in prokaryotes are similar to the phos-
phorylation or P-type ATPases of eukaryotic cells.
These include the plasma membrane proton pump, the
calcium pump, and the sodium/potassium pump. Other
pumpsmaybemore closely related to the F-typeATPases,
such as those found in mitochondria (Dominguez,
2004; Dominguez et al., 2015). Additionally, prokaryotic
cells have several proteins that possess binding pockets
with a high affinity for calcium. The best known are
those proteins with the canonical calcium-binding EF-
hands. Here, a loop of a dozen amino acids, which is set
off by two a-helices, provides an environment with
neutral oxygen, carbonyl, and carboxyl residues that
permit the loop to bind calcium with enormous selec-
tivity over magnesium (Kawasaki et al., 1998; Nelson
and Chazin, 1998; Zhou et al., 2006; Dominguez et al.,
2015). Thus, despite the presence of 1 mM (1,000 mM)
magnesium, the flexible coordination in the loop al-
lows it to preferentially respond to a change in cal-
cium in the physiological range (0.1–1 mM). The best
known EF-hand protein is calmodulin, which occurs
ubiquitously in plants and animals. Typically, as in
calmodulin, in which there are four EF-hands orga-
nized in two pairs, the binding of calcium induces a
conformational change exposing a hydrophobic core

that then permits its interaction with another protein,
the presumed response element (Nelson and Chazin,
1998). This subsequent reaction can be either positive
or negative. For muscle contraction, the binding of
calcium to troponin C stimulates contraction and is
thus positive (Alberts et al., 2008). However, for
the KINESIN-LIKE CALCIUM-BINDING PROTEIN
(KCBP), which participates in several different pro-
cesses in plants, the binding of calcium to calmodulin
renders the motor inactive; here, calcium is a negative
regulator (Deavours et al., 1998; Narasimhulu and
Reddy, 1998). To summarize, it seems evident that
several important aspects of calcium regulation, which
originated in prokaryotes, have been maintained in
eukaryotic cells, using protein complexes that arose
early and that have been retained through evolution
from prokaryotes to eukaryotes.

Given the enormous concentration gradient (100,000-
fold) across the cell membrane, the situationwas poised
for exploitation. Thus, the evolution of a calcium-
specific channel, which would allow a relatively small
number of atoms to enter the cell, could elevate the
internal ion concentration in ways that would have
little or no effect on phosphate-based energy metabo-
lism but would still be sufficient to activate an EF-hand
protein such as calmodulin (Hepler and Wayne, 1985;
Hepler, 2005). To give an idea about what is involved,
imagine a cubic micrometer of cytoplasm (e.g. an
Escherichia coli cell) in which the free calcium is 0.1 mM;
this would amount to only 60 free atoms of calcium. If
the concentration then increases 10-fold (to 1 mM), that
would still only be 600 calcium atoms. Small changes
such as these could occur and be sufficient to trigger a
developmental event despite the constant surveillance
by phosphate.

In addition to its selectivity overmagnesium, calcium
possesses remarkably faster on/off rates than magne-
sium (Hepler and Wayne, 1985). This property arises
because magnesium has a much smaller atomic radius
than calcium (65 versus 99 pm) and because the elec-
trostatic field is inversely proportional to its atomic
radius. Magnesium, therefore, will bind water much
more strongly than will calcium, but it will shed water
muchmore slowly than calcium. These propertiesmean
that, in any given association, calcium will react much
more rapidly than magnesium, explaining its partici-
pation in muscle contraction and many other events
where speed is important. Speed of reaction and signal
propagation may also be important in plants. A recent
example comes from the study of Choi et al. (2014), who
report that salt stress in Arabidopsis (Arabidopsis thali-
ana) roots induced calcium waves that traveled rela-
tively long distances and at rapid rates (approximately
400 mm s21). In this example, the calcium wave moved
through the cortex and endodermal layers of the root,
where its propagation was dependent on the activity of
a vacuole-localized two-pore channel. When consid-
ered as a whole, we see that calcium signaling takes
different forms. However, all of these different forms
derive from the element’s unique chemical properties.
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Protons

A great deal of attention is given to the changes in
calcium concentration, or the presence of localized
gradients in calcium, and the role that these concen-
tration differences play in controlling a host of activi-
ties; this is referred to as amplitude modulation. It is
also important to recognize the existence of changes in
proton concentration and localized proton gradients
and their contribution to cell growth and development
(Felle, 2001). Becausewater, which is the solvent for life,
weakly ionizes, it yields a solution containing 0.1 mM

protons and hydroxyl ions. At pH 7, the proton con-
centration approximately equals the basal level of cal-
cium and, thus, might seem poised to serve as a second
messenger. However, we should be cautious about
extrapolating from these data (Felle, 2001). For exam-
ple, although the extracellular environment of the cell
wall is usually acidic (pH 5), giving a proton concen-
tration around 10 mM, the resulting gradient with the
inside is 100-fold, whereas for calcium it is 100,000-fold.
For calcium, when a selective channel in the plasma
membrane opens, a huge influx ensues, whereas for
protons, the driving force is much reduced. With
regard to protons, while selective channels are found
widely in animals (Decoursey, 2003; Beg et al., 2008)
and in some marine and freshwater algae (Taylor et al.,
2012), an inward-directed proton channel has not been
found in flowering plants (Decoursey, 2003; Taylor
et al., 2012). Nevertheless, protons can permeate cell
membranes.
Another major difference between these ions is the

substantially greater mobility for protons than for cal-
cium (Feijó et al., 1999; Decoursey, 2003). The early,
classic work of Hodgkin and Keynes (1957) showed
that calcium is largely bound within the cytoplasm,
exhibiting limited and slow mobility. By contrast, pro-
tons move quite freely, indeed much faster than ex-
pected for a monovalent cation in solution (Decoursey,
2003). One explanation may be prototropic transfer or
proton hopping, where a proton within an electric field
binds to one side of the water molecule, while another
proton on the other side leaves the water molecule (for
review, see Decoursey, 2003). This process can occur
along a file of water molecules, thus allowing for the
rapid displacement of the proton independent of dif-
fusion. As a consequence, a localized proton gradient
will dissipate faster than a similarly localized calcium
gradient.
Finally, the way in which calcium and protons affect

a response element in any signal transduction scheme is
likely to be different. For calcium, as noted earlier, there
are specific binding proteins, notably those with EF-
hands, such as calmodulin, which can transmit the
calcium signal to the response element. Such a mecha-
nism is thus far unknown for protons. Rather, it appears
that changes in proton concentration modify the pro-
tonation state of amino acids and, thereby, affect the
overall charge of a protein and its interaction with other
proteins and substrates. Dumetz et al. (2008) report

that, in general, protein interactions increase with in-
creasing acidity (i.e. decreasing pH).

Despite these issues, proton gradients do exist and
emerge as potential signaling factors (Feijó et al., 1999).
Through the activity of the plasma membrane proton
ATPase, plant cells establish proton gradients, where
the gradient emerges as the single most important fac-
tor in creating the membrane potential and in driving
ion and nutrient transport (Sze et al., 1999; Palmgren,
2001). Proton-pumping enzymes are already well
established in prokaryotes, including both bacteria and
archea, with the most prevalent enzyme being the F1F0
ATPase of bacteria or the A1A0 ATPase of archea
(Harold, 2014). The former is particularlywell known in
oxidative phosphorylation in mitochondria and pho-
tophosphorylation in plastids. This enzyme either uses
ATP to pump out protons, thus creating a proton mo-
tive force that can be used to drive other transport re-
actions, or can use the gradient to synthesize ATP.
Curiously, and in contrast to that of mitochondria and
plastids, the plasmamembrane proton ATPase on plant
cells is not closely related to the F1F0 of bacteria (Harold,
2014); rather, it belongs to the P-type ATPase, being
more closely related to the sarcoplasmic/endoplasmic
reticulum (ER) calcium pump and the sodium/
potassium ATPase (Dominguez et al., 2015). Impor-
tantly, the P-type ATPase also occurs in prokaryotes,
where it participates in pumping calcium and other
metals (Dominguez et al., 2015); these enzymes would
appear to be the evolutionary ancestor of the eukaryotic
proton pump.

EVOLUTION OF THE CYTOSKELETON

Actin and Tubulin Ancestors

For some time, it seemed plausible that a cytoskele-
ton, such as we know it in eukaryotic cells, did not exist
in prokaryotic cells. The argument supporting this
conclusion asserted that the prokaryotic cells were very
small, and therefore that activities requiring the
movement of components within the cell could be sat-
isfied simply by diffusion. However, this notion has
been changed by the relatively recent discovery that
bacteria and archea possess a cytoskeleton (van den Ent
et al., 2001; Doolittle and York, 2002; Carballido-Lopez,
2006; Erickson, 2007; Derman et al., 2009; Erickson
et al., 2010; Bernander et al., 2011; Ettema et al., 2011;
Wickstead and Gull, 2011; Ingerson-Mahar and Gitai,
2012). Briefly, proteins have been found, notably FtsZ
and MreB (also ParM and FtsA), that are members of
the tubulin and actin families, respectively, common to
virtually all eukaryotic cells. Although far diverged in
overall sequence, these ancestral cytoskeletal proteins
share similarities with their descendants in eukaryotic
cells, not only in their three-dimensional shape but in
the amino acid sequences necessary for binding nucle-
otides and for protein-protein interactions (Carballido-
Lopez, 2006; Erickson, 2007). FtsZ and MreB, while not
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forming structures resemblingMTs andmicrofilaments
(MFs), nevertheless do form extended filaments and
appear to undergird a system of transport and polarity
analogous to that of the eukaryotic cytoskeleton.

The prokaryotic cytoskeleton thus participates in
processes similar to those with which the eukaryotic
cytoskeleton is involved. For example, FtsZ contributes
to cell division by forming the Z ring that physically
separates the cell into two daughter cells (Erickson
et al., 2010). The Z ring consists of curved filaments
lying in the plane of the plasmamembrane but oriented
perpendicular to the long axis of the cell. The constric-
tion of these filaments appears to be driven by the hy-
drolysis of GTP, which causes a bending in the FtsZ
subunit (Li et al., 2013). These events, occurring at a
midpoint normal to the longitudinal axis of the fila-
ment, generate a curvature that powers the constriction
force. It is important to note that FtsZ-generated con-
strictions and divisions occur commonly in eukaryotic
cells, specifically in mitochondria and plastids, organ-
elles that are derived from endosymbiosis (Osteryoung
and Pyke, 2014).

The early actin-related proteins also take part in ac-
tivities in prokaryotic cells that are manifestly cytoskel-
etal. For example, MreB contributes to cell shape
formation, where it assists in the formation of the pep-
tidoglycan cell wall (Carballido-Lopez, 2006). Another
actin-related protein, ParM, spans the length of an E. coli
cell and appears to participate in the separation of ge-
netic elements (plasmids; Garner et al., 2004; Bharat et al.,
2015). These polarized ParMfilaments growbut then can
undergo rapid shortening (dynamic instability; Garner
et al., 2004). During a growth phase, the plasmids, which
are attached at their ends by FtsA, aremaximally pushed
apart. Thus, when the FtsZ ring completes cytokinesis,
these plasmids, which are maximally separated by
ParM, will be segregated to the daughter cells.

Despite the clear similarity between prokaryotic and
eukaryotic cytoskeletons, and despite the fact that they
are involved in operations that are similar, the specific
mechanisms by which these activities are achieved are
different. For example, thus far, none of the canonical
actin- or tubulin-binding proteins has been identified in
the prokaryotic cytoskeleton, including notably the
motor proteins (i.e. myosin, kinesin, and dynein). Thus,
motility or cell shape changes induced in prokaryotes
by their cytoskeleton are caused by polymerization/
depolymerization, lateral association of the elements
themselves, or nucleotide-dependent changes. While,
presumably, there are ancillary proteins involved, to
the best of current knowledge, they do not fall into the
families of actin- and tubulin-binding proteins well
known in studies of the eukaryotic cytoskeleton
(Wickstead and Gull, 2011).

Calcium Regulation of the Prokaryotic Cytoskeleton

With regard to regulating the cytoskeleton, calcium
seems far less involved in prokaryotes compared with

eukaryotes. Nevertheless, calcium has been implicated
as a potential general regulator in chemotaxis and
motility in E. coli and Bacillus subtilis cells (Tisa and
Adler, 1995; Tisa et al., 2000). Thus, agents that repel
bacteria cause a spike in calcium, which then causes the
cell to tumble and change direction. However, cells
challenged with an attractant maintain their basal level
of calcium, with a concomitant suppression of tum-
bling. Calcium also affects the polymerization of FtsZ
(Chatterjee and Chakrabarti, 2014). In E. coli, the effect
requires millimolar levels of calcium and thus is not
likely physiological. However, in Vibrio cholerae, an
enhancement of FtsZ polymerization starts at 0.4 mM

and may emerge as an in vivo regulatory mechanism
(Chatterjee and Chakrabarti, 2014). Comparing with
studies on eukaryotic tubulin, I note that the ability of
calcium to stimulate the polymerization of FtsZ is
nearly the opposite of its effect on eukaryotic tubulin,
where 0.6 mM calcium initiates depolymerization
(Weisenberg, 1972). Therefore, it appears that some
aspects of prokaryotic motility are regulated by cal-
cium; future studies may uncover more examples.

Cytoskeletal Changes in the Evolution of the
Eukaryotic Cell

The evolution of the eukaryotic cell, with its marked
increase in size over the prokaryotic cell, with its elab-
oration on internal membranes and organelles, and
with its ability to phagocytose and endocytose,
demanded substantial modifications in its cytoskeleton,
the cellular component best suited to support such a
significant change in cell development and organiza-
tion (Yutin et al., 2009). Among transitional organisms,
the recent report by Spang et al. (2015) provides evi-
dence for an archean organism (Lokiarchaeum) that
possesses several eukaryotic signature proteins, in-
cluding notable actin, which bears considerable simi-
larity to that of eukaryotic cells. In addition, they note
the presence of proteins with gelsolin-like domains,
with the implication that the villin/gelsolin family of
proteins might be present (Spang et al., 2015). This is
interesting because, as I will note in detail below, some
members of the villin/gelsolin family are calcium reg-
ulated and play a pivotal role in controlling actin dy-
namics in plant cells. However, caution is warranted
until more work is done. Even in primitive eukaryotic
genera such as Giardia, none of the canonical actin-
binding proteins has been identified, despite that fact
that the organism has actin and produces obvious fil-
aments that bear a structural relationship to the typical
actin filaments of multicellular organisms (Paredez
et al., 2011).

The evolution of the eukaryotic cell brought with it a
marked change in the extent of the cytoskeleton. With
large size, diffusion becomes limiting, and thus ways to
transport macromolecules and organelles become nec-
essary. A good example of an enlarged eukaryotic cell is
found inNitella, in which the internode cells are several
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centimeters long and within which the cytoplasm ex-
hibits extremely fast cytoplasmic streaming (approxi-
mately 70 mm s21; Hepler and Palevitz, 1974; Shimmen
and Yokota, 1994; Verchot-Lubicz and Goldstein, 2010).
Very long bundles of actin, bound to the immobile
chloroplasts in the stationary ectoplasm, extend the
length of the cell (Kersey and Wessells, 1976). Myosin
XI, the fastest myosin examined thus far, drives the
circulatory streaming pattern (Kashiyama et al., 2000;
Tominaga et al., 2003).
The radiation of cytoskeletal structures accompany-

ing the evolution of the eukaryotic cell occurred with a
remarkable conservation of the cytoskeleton itself. In
prokaryotes, there are several actin analogs that differ
not only from eukaryotic actin but substantially from
one another. By contrast, eukaryotic actins are highly
conserved (Meagher et al., 1999; McCurdy et al., 2001;
Galkin et al., 2002; Yutin et al., 2009); between birds and
mammals, the actin sequence conservation is nearly
100%, and between some widely spaced organisms
such as yeast and mammals, the sequence conservation
is approximately 90%. The strength of this conservation
was brought home to us in a study spearheaded by
Barry Palevitz, who was then a postdoctoral fellow in
my laboratory. We were attempting to determine the
identity of filaments in the algaNitella using the binding
of heavymeromyosin from rabbit skeletal muscle as the
assay. Strikingly, the results showed that muscle myo-
sin bound to the filaments of Nitella, producing the
well-known arrowhead pattern (Palevitz et al., 1974).
The binding pattern plus the further observation that
the heavy meromyosin arrowheads were removed
with the addition of ATP provided convincing evidence
that the filaments were actin (for a historical account,
see Dietrich, 2015). From an evolutionary point of view,
these studies indicated that there must be a consider-
able degree of conservation in plant actin relative to its
mammalian counterpart.
Similarly, eukaryotic tubulin is also highly conserved

between different taxa. Although demonstrating cross-
phylum conservation of tubulin was not an objective of
mine, research in my laboratory nevertheless benefited
from this fact. Before the advent of expressed protein
markers, we microinjected Tradescantia stamen hair
cells with fluorescently labeled pig brain tubulin and
were able to see that it incorporated into the plant MT
arrays, including the preprophase band, the spindle
apparatus, and the phragmoplast (Zhang et al., 1990a).
These observations underscore the depth of tubulin
conservation.
The extraordinary conservation of actin and tubulin

likely reflects the need to interact with multiple binding
proteins, which themselves are also quite well con-
served (Meagher et al., 1999; McCurdy et al., 2001;
Yutin et al., 2009). Any modification in the actin or tu-
bulin sequence itself that compromises its association
with these several binding proteins may be harmful in
ways that ensure its negative selection. By comparison,
the apparent lack of conservation in prokaryotic actin
and tubulin, perhaps somewhat indirectly, suggests

that these organisms do not possess a cohort of specific
binding proteins that regulate their function. Although
future work could turn up contrary evidence, at the
moment, there appears to be a substantial difference
in how prokaryotic and eukaryotic cytoskeletons are
regulated.

CALCIUM AND PROTON REGULATION
OF ACTOMYOSIN

Calcium Regulation of Myosin

Earlier, I made reference to the well-known role of
calcium in the control of muscle contraction. In plants,
calcium also plays a central role in the regulation of
intracellular motility; cytoplasmic streaming, which
occurs in nearly all plant cells, is permitted by basal
levels (approximately 0.1 mM) and inhibited by elevated
levels (approximately 1 mM) of calcium. In rapidly
streaming characean internode cells, elicitation of an
action potential causes streaming to abruptly stop, in a
process that is reversible (Tazawa and Kishimoto,
1968). Studies in the 1960s using ion replacement
methods both on Nitella internode cells and those of
angiosperms directed attention to calcium, rather than
potassium or magnesium, as a potential streaming
regulator (for review, see Hepler, 2005). The landmark
study by Williamson and Ashley (1982), using inter-
node cells that had been microinjected with the
calcium-sensitive photoprotein aequorin, was pivotal
and conclusive; it showed a sharp and significant rise in
the intracellular calcium concentration virtually simul-
taneously with the elicitation of the action potential.
This study, quickly confirmed by Kikuyama and
Tazawa (1983), provided compelling evidence that the
rise in calcium concentration from submicromolar to
several micromolar inhibited cytoplasmic streaming.

More recent studies have provided insight about how
this inhibition is achieved. First, I note that, in plants,
the molecule involved in cytoplasmic streaming is
myosin XI and that it bears similarity to myosin V of
mammals and yeast, which is also calcium regulated.
Also, myosin XI, at least from tobacco (Nicotiana taba-
cum), is a processive motor that walks along the actin
filament in 35-nm steps (Tominaga et al., 2003). Yokota
et al. (1999) isolated a myosin from lily (Lilium long-
iflorum) pollen tubes that showed motility as well as
F-actin-stimulated ATPase activity in basal levels of
calcium but was inhibited by calcium concentrations
above 1 mM. That study also identified a myosin-
associated peptide, shown to be calmodulin, that dis-
sociated in the presence of elevated calcium. In further
studies, Tominaga et al. (2012), using an in vitro mo-
tility assay in which fluorescently labeled actin fila-
ments were allowed to move over attached myosin,
revealed that, in the presence of elevated calcium, the
step size became reduced, resulting from the calcium-
dependent detachments of the calmodulin light chains.
In this example, there are six calmodulin light chains

Plant Physiol. Vol. 170, 2016 7

Cytoskeleton Regulation by Calcium and Protons



per myosin and they bind to the so-called IQ domain on
the neck region, where IQ refers to the first two amino
acids (commonly Ile and Gln). When it binds calcium,
the ensuing shape change causes calmodulin to detach
from the neck region of the myosin. These detachments
appear to progressively disable the motor function of
myosin, first leading to a shortened power stroke but
eventually causing an inhibition of streaming (Tomi-
naga et al., 2012; Tominaga and Ito, 2015). These
changes are reversible, so that when the excess calcium
is sequestered, calmodulin dissociates from calcium
and rebinds the IQ domains on the neck region, re-
storing the motile activity of the myosin.

While the main focus on myosin XI has been on its
role in generating cytoplasmic streaming, it is also im-
portant to note that thismotor is essential for tip growth
in protonemal cells of Physcomitrella patens by a mech-
anism that is independent of streaming. Normally
growing protonemal cells do not exhibit streaming,
showing only slow saltatory motion of organelles.
However, when the two myosin XI genes are silenced,
tip growth is inhibited (Vidali et al., 2010). Localization
studies indicate that bothmyosin and actin aggregate in
the cell apex (Vidali et al., 2010) and further that myosin
fluctuates in amount, quite possibly controlling the
organization of actin (Furt et al., 2013). These are rela-
tively recent results and require more studies to resolve
the regulatory mechanisms. Nevertheless, given the
presence of the well-established calmodulin-binding
sites (the IQ domains) on the neck region of myosin
XI, it seems likely that calcium will be involved, possi-
bly in controlling the interaction between myosin and
actin and/or in regulating how this complex controls
protonemal growth.

To the extent that myosin XI of plants resembles
myosin V of yeast and animals, there might be addi-
tional ways in which calcium can modulate motor ac-
tivity. Studies of myosin Va draw attention to the
globular tail domain, showing that its position within
the three-dimensional scheme of the protein can be-
come a powerful regulator of myosin ATPase activity
(Krementsov et al., 2004; Li et al., 2008; Donovan and
Bretscher, 2015). At very low calcium concentrations,
the activity of myosin Va is blocked, apparently be-
cause, at these low levels of calcium, the molecule folds
such that the myosin head binds to the tail, causing a
loss in ATPase activity (Krementsov et al., 2004;
Donovan and Bretscher, 2015). Therefore, somewhat
paradoxically, calcium at the physiological level
(0.1 mM) is needed to unfold and activate myosin Va
ATPase, whereas when the concentration is increased
above 1 mM, it inhibits myosin. While it is puzzling how
the cell could generate subphysiological concentrations
of calcium, wemust be careful not to extrapolate too far
from in vitro data about what is occurring in vivo. For
example, there may be cofactors present in the cell that
change the sensitivity to calcium in ways that also
modulate the head-to-tail binding activity. The impor-
tant point, however, is that, similar to myosin Va, my-
osin XI from both Arabidopsis and tobacco appears to

possess the head-to-tail binding that inhibits its ATPase
activity (Li and Nebenführ, 2007; Avisar et al., 2012).

While the focus above has been on myosin XI, plants
possess a second myosin, designated myosin VIII. Al-
though less well studied than myosin XI, important
roles for myosin VIII are suggested from studies
showing its association with the expanding cell plate
and with the region in the cell cortex to which the cell
plate will fuse (Wu and Bezanilla, 2014). A myosin
(Radford and White, 1998), likely myosin VIII (Reichelt
et al., 1999), also localizes to plasmodesmata, suggest-
ing that it may function in intercellular transport. Given
that myosin VIII is also similar to myosin V and that it
contains four calmodulin-binding IQ regions (Knight
and Kendrick-Jones, 1993), it is reasonable to suggest
that it too is regulated by calcium.

Calcium Regulation of Profilin

Profilin is a small (12–15 kD) but abundant protein
that binds G-actin or unpolymerized actin and plays an
important role in controlling the polymerization of
F-actin (Vidali and Hepler, 2001). In particular, the
profilin/G-actin complex, when additionally bound
with ATP, provides subunits to the barbed or growing
end of an actin filament and thus contributes to the
elongation of that filament. Given that a significant
percentage of actin in plants is present in the depoly-
merized state (Li et al., 2015), it becomes important to
understand how this condition is regulated. It is rea-
sonable to ask, therefore, why doesn’t all the G-actin
form into F-actin, given the plentiful supply of ATP?
At least one part of the explanation involves calcium.
Kovar et al. (2000) show that calcium concentrations of
1 mM or higher, with a saturation at 5 mM, effectively
sequester the profilin/G-actin complex and prevent it
from undergoing polymerization. The basis for this
phenomenon might have more to do with the binding
of calcium to actin than to profilin. Actin, at least from
animal sources, is known to have a high-affinity site
that is occupied by either calcium or magnesium as
well as some low-affinity sites (Carlier et al., 1986).
When bound with calcium, polymerization is blocked,
whereas when bound with magnesium, especially at
the low-affinity sites, polymerization is promoted
(Carlier et al., 1986). Calcium, under these conditions,
might also affect the profilin/actin conformation in a
way that renders the complex unfavorable for polym-
erization (Porta and Borgstahl, 2012). It follows, there-
fore, in regions of elevated calcium (e.g. the apex of the
pollen tube or root hair), that the local ionic conditions
will prevent polymerization.

Supporting evidence comes from Snowman et al.
(2002), who show that calcium, working through the
profilin/actin complex, contributes to the depolymer-
ization of actin during a self-incompatibility reaction in
poppy (Papaver rhoeas) pollen. However, the authors are
quick to note that the profilin/actin/calcium complex
can only account for part of the depolymerization of
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F-actin; other factors are likely involved (Snowman et al.,
2002). Nevertheless, these data help us understand why
there is a lack of F-actin in regions of high calcium such
as the tip of pollen tubes and root hairs (to be discussed
later).

Calcium Regulation of Villin/Gelsolin

Several years ago, Kohno and Shimmen (1987) pro-
vided evidence for calcium fragmentation of actin MFs
in lily pollen tubes, leading to speculation that a
calcium-sensitive actin-binding protein might be in-
volved. Subsequently, two actin-binding proteins were
identified, one at 135 kD and the second at 115 kD,
which were shown to be homologs of villin (Vidali
et al., 1999; Yokota et al., 2003). Although these proteins
were initially isolated from pollen, villin has been
shown to be present in many plant species and cell
types (Klahre et al., 2000; Bao et al., 2012). These ob-
servations raised an awareness concerning its ionic
regulation, because villin from animal sources (e.g.
mammalian intestinal epithelium) typically contains six
gelsolin repeats that are well known for their sensitivity
to calcium.
Initially, it had been shown that the lily 135-kD villin

bound to actin and appeared to participate in the po-
lymerization and bundling of actin MFs. Upon further
analysis, it became apparent that the presence of cal-
cium and calmodulin, in the range of 1 mM, reduced this
binding and promoted depolymerization (Yokota et al.,
2000). More recently, it has become apparent that plant
villins, like their animal counterparts, are extremely
sensitive to calcium without added calmodulin. Thus,
they bind and bundle MFs at 0.1 mM calcium but frag-
ment them at 1mM calcium (Qu et al., 2014; Huang et al.,
2015). At the elevated level of calcium, they may also
cap the barbed end, preventing plus end assembly.
Structure analysis indicates that, in low calcium
(0.1 mM), the six segments of gelsolin form a compact con-
figuration that sterically prevents certain interactions
with actin (Burtnick et al., 1997). However, in elevated
calcium (1 mM), the N and C termini of the gelsolin
complex consisting of the six gelsolin segments, which
heretofore were joined, are now released, opening up
the gelsolin complex and allowing interactions with
actin (Burtnick et al., 1997). In total, there are eight
calcium-binding sites on gelsolin, which are divided
into two categories (Choe et al., 2002). The first cate-
gory, called type 1, of which there are two such sites,
participate in a shared coordination of calcium between
gelsolin and actin. The second category, called type 2, of
which there are six (i.e. one on each gelsolin segment), is
fully contained within gelsolin. When the calcium
concentration increases, the type 2 sites, perhaps espe-
cially that on the sixth gelsolin segment (Choe et al.,
2002), cause structural rearrangements that promote
the binding between gelsolin and actin and further lead
to the fragmentation of actin (Burtnick et al., 1997; Choe
et al., 2002).

A more systematic analysis of five members of the
Arabidopsis villin family shows that villin-5, which is
preferentially expressed in pollen, bundles and protects
actin filaments from depolymerization in low concen-
trations of calcium (10 nM), possibly by promoting lat-
eral binding between adjacent filaments (Zhang et al.,
2010). However, at 10mM calcium, it stimulates severing
of F-actin and facilitates barbed end capping to prevent
newpolymerization. Similar results have been obtained
with villin-3 (Khurana et al., 2010), villin-2 (Bao et al.,
2012), and villin-4 (Zhang et al., 2011). Of the four
calcium-sensitive villins in Arabidopsis, villin-2 ap-
pears to be the most sensitive, with statistically signif-
icant severing at only 0.1 mM calcium (Bao et al., 2012).

However, not all villins display calcium-sensitive
severing; parallel studies on villin-1 reveal that, while
it stabilizes actin filaments, it does not nucleate, sever,
or cap F-actin, being quite insensitive to the calcium
concentration (Khurana et al., 2010). Additionally, these
authors show that villin-1, while promoting F-actin
bundling, fails to protect the bundles against the sev-
ering action of villin-3 in the presence of elevated cal-
cium (1–10 mM; Khurana et al., 2010).

In addition to villin, smaller members of that family
of proteins, including notably gelsolin, have been
identified in plants. Xiang et al. (2007) isolated a par-
ticularly small (29-kD) actin-binding protein in lily that
contains only two of the gelsolin repeats (G-1 and G-2).
But like its larger family members, it proves to be a
calcium-sensitive protein that fragments F-actin and
caps the plus ends (Xiang et al., 2007). Yet another
member of this family of proteins is designated PrABP-
80, which was isolated from field poppy pollen (Huang
et al., 2004). The protein contains peptides homologous
to villin, but the lack of a head piece, together with its
inability to bundle F-actin, identifies PrABP-80 as a
plant gelsolin. It too exhibits calcium-dependent sev-
ering of F-actin as well as plus end capping.

Calcium Regulation of MT-Associated Proteins That Also
Bind Actin

At least two proteins, which were originally identi-
fied as plant-specific microtubule-associated proteins
(MAPs; Hamada, 2014), have been found to bind
MFs and to exhibit calcium-sensitive fragmentation of
F-actin. The first is MAP18, which in pollen tubes is an
F-actin-binding and -severing protein that is activated
by an increase in intracellular calcium (Zhu et al.,
2013). The second is MICROTUBULE-DESTABILIZING
PROTEIN25 (MDP25), which again influences MT be-
havior (see below) but is also recognized as a powerful
modulator of actin MFs (Qin et al., 2014). Like MAP18,
MDP25 fragments F-actin in a calcium-sensitive man-
ner. Somewhat curiously, mutants in pollen lacking the
wild-type gene grow significantly faster than the wild
type; however, they are less successful in causing fer-
tilization (Qin et al., 2014). Also, the mutants, when
compared with the wild type, show more prominent
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arrays of actin in the subapical region of the pollen tube.
Structural studies further reveal that MDP25, and pos-
sibly MAP18, are plasma membrane-localized proteins
that detach andmove into the cytosol in the presence of
elevated calcium (Li et al., 2011).

Calcium and Proton Regulation of Actin-Depolymerizing
Factor and LIM Domain Proteins

ACTIN-DEPOLYMERIZING FACTOR (ADF) is a
small (15-kD) actin-binding protein that plays a prime
role in the control of actin dynamics and is essential for
cell growth and development (Dong et al., 2001; All-
wood et al., 2002; Chen et al., 2002; Augustine et al.,
2008; Bou Daher et al., 2011). Studies on pollen tubes
identified ADF as an abundant actin-binding protein in
tobacco (Chen et al., 2002), lily (Allwood et al., 2002),
and Arabidopsis (Bou Daher et al., 2011). In tobacco,
overexpression analysis indicates that pollen tube
growth is inhibited by elevated levels of ADF (Chen
et al., 2002). Localization data indicate that, when
expressed at only a moderate level, ADF appears to
preferentially stain a meshwork of actin close to the tip
of the pollen tube. Because ADF is recognized as being
regulated by the concentration of protons, Chen et al.
(2002) point out that its localization is remarkably close
to the position of the alkaline band in the pollen tube.
The study in lily, while emphasizing the importance of
ADF for actin remodeling, also provides evidence that a
relatedprotein, calledACTIN-INTERACTINGPROTEIN
(AIP), plays a crucial role when working together
with ADF. Also in lily, more recent data indicate that
both ADF and AIP localize to a subapical region oc-
cupied by both the alkaline band and the cortical actin
fringe (Lovy-Wheeler et al., 2006). These two proteins
also participate in tip growth in protonemata of the
moss P. patens (Augustine et al., 2011). ADF/AIP thus
stimulates actin severing and the production of new
plus ends, which then become focal points for new actin
filament formation and growth.

That ADF is regulated by the proton concentration
appears well established in both plants and animals
(Yonezawa et al., 1985; Carlier et al., 1997; Bernstein
et al., 2000; Bernstein and Bamburg, 2004). In plant cells
as the pH increases above pH 7, ADF becomes in-
creasingly more effective in severing and promoting
actin depolymerization at the minus or pointed end of
the actin filament while supporting growth at the plus
end (Carlier et al., 1997; Gungabissoon et al., 1998;
Allwood et al., 2002; Chen et al., 2002).

In addition to protons, calcium might serve as a
regulator of ADF activity, where it participates in the
control of phosphorylation, with the Ser residue located
at position 6 being the target. In ADFs derived from
both tobacco (NtADF1; Chen et al., 2002) and maize
(Zea mays; ZmADF3; Smertenko et al., 1998), the phos-
phorylated state has been found to be inactive, whereas
the dephosphorylated state promotes F-actin turnover.
From studies of calcium-enhanced phosphorylation of

ZmADF3, Smertenko et al. (1998) suggest that this re-
action is regulated by a calcium-dependent protein ki-
nase. Consistently, a partially purified fraction from
bean (Phaseolus vulgaris) suspension culture cells with
phosphorylation activity is enriched in calcium-
dependent protein kinases, and this phosphorylation
activity is blocked by antibodies to calcium-dependent
protein kinase (Allwood et al., 2001). However, such
regulation is not ubiquitous; for example, ADF from lily
pollen (LlADF1), which retains the conserved Ser at
position 6, is not phosphorylated (Allwood et al., 2002).
Further complication comes from studies of P. patens,
which show that neither a phosphomimetic nor an
unphosphorylatable form of ADF supports normal
growth; these data suggest that a balance between
phosphorylation and dephosphorylation is required to
achieve normal growth (Augustine et al., 2008).

A final class of actin-associated proteins to be con-
sidered here are the LIM domain proteins, which
are suggested to play a role in bundling or stabiliz-
ing F-actin (Thomas et al., 2009). Studies on a LIM do-
main protein from lily pollen tubes (LlLIM1) indicate that
low calcium (170 nM) and slightly acidic pH (optimum
at 6.25) support the stabilizing and bundling properties
of this actin-binding protein (Wang et al., 2008). When
conditions deviate from these levels (i.e. the calcium
concentration increases and the proton concentration
decreases), the stability of F-actin is reduced. Compar-
ing protons and calcium as regulators, Wang et al.
(2008) argue that protons are more important.

CALCIUM REGULATION OF MTs

The study by Weisenberg (1972), showing that
MTs depolymerized when the calcium concentration
exceeds 0.6 mM, sparked an intense interest in the
mechanism of action of calcium. In a subsequent
breakthrough, Marcum et al. (1978) identified a
calcium-dependent regulatory protein, later known as
calmodulin. Building support for the idea that cal-
modulin is the intermediary factor that binds calcium
and then stimulates the depolymerization of MTs, they
showed that calmodulin plus 10 mM calcium inhibited
MT assembly in vitro, whereas without calmodulin the
same level of calcium had little effect (Marcum et al.,
1978). These authors also showed that low calcium (less
than 1 mM) in the presence of calmodulin failed to in-
hibit MT polymerization. Thus, to depolymerize MTs,
both calmodulin and elevated calcium (e.g. 1 mM) are
necessary. While these results seem inconsistent with
the earlier report showing that only calcium was
needed to depolymerize MTs (Weisenberg, 1972), it
must be appreciated, especially given the ubiquity of
calmodulin, that some of this protein was likely already
present in these early in vitro preparations, thereby
rendering MTs sensitive to the experimental changes in
calcium.

Because tubulin, like actin, is highly conserved, it will
come as no surprise that plant MTs are also sensitive to
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calcium and calmodulin. In relatively early work, Cyr
and coworkers showed that MTs in lysed carrot (Daucus
carota) cell protoplasts were markedly destabilized by
calcium plus calmodulin but not in either calcium or
calmodulin alone (Cyr, 1991; Fisher and Cyr, 1993;
Durso and Cyr, 1994).
Given the ever-present cortical MTs and their role in

controlling cell shape and growth, and given the ability
of various growth-modulating stimuli to generate cal-
cium transients, it is reasonable to expect multiple
arrays of calcium response elements and signaling
pathways that connect these events. I draw attention to
one example, namely the ability of roots to respond to
mechanical stimuli (i.e. touch) and change their direc-
tion of growth. In earlier work, Lee et al. (2005) had
shown that mechanical perturbation, through an in-
duced calcium spike (Knight et al., 1991), up-regulated
several genes, including notably those for calmodulin
and calmodulin-like proteins. More recently, Wang
et al. (2011) established a connection between a
calmodulin-like protein (CML24) and the organization
and orientation of cortical MTs. Plants harboring mu-
tations in CML24 (cml24-2 and cml24-4) showed re-
duced root length and altered orientation of MTs in
epidermal cells. Nevertheless, observations like these
are not straightforward to interpret, because calmodu-
lin and its relatives also regulate other activities. For
example, CML24 itself binds to the IQ region of myosin
VIII (Abu-Abied et al., 2006). These early reports may
be only the tip of the iceberg; future work will likely
uncover many examples in which calcium, working
through appropriate calcium-binding proteins, will af-
fectMTs andMFs inways that impact plant growth and
development.
In addition to calmodulin and related proteins, there

are others involved in linking calcium to the control of
MT organization and stability; one is MAP18 (Wang
et al., 2007). I made reference above to this protein in its
role as an actin-binding protein. Although not initially
identified as a calcium-binding protein, it is recognized
as being the same as PCaP2 and similar to PCaP1,
which are calcium-binding proteins shown to be asso-
ciated with the plasma membrane in Arabidopsis (Kato
et al., 2010, 2013; Hamada, 2014). PCaP1, which has
been renamed MDP25, is a negative regulator, facili-
tating the destabilization of cortical MTs in the presence
of elevated calcium (0.5 mM; Li et al., 2011; Qin et al.,
2012). Because cortical MTs participate in the process
of cellulose orientation and deposition, it seems likely
thatMDP25 plays a role in that process. Specifically, Li
et al. (2011) draw attention to in vivo studies showing
that blue light causes a rapid reduction in cell elon-
gation in cucumber (Cucumis sativus) hypocotyls
while simultaneously inducing an increase in the in-
tracellular calcium (Shinkle and Jones, 1988; Baum
et al., 1999). While it can be appreciated that these
factors are likely important players, more work is
needed to establish the functional relationship be-
tween calcium, cortical MT stability/organization,
and cell elongation.

Having noted that MAP18 and MDP25 bind to both
MTs and MFs, it is important to recognize that the
colocalization and coordination of these two cytoskel-
etal elements may be crucial to several aspects of plant
growth and development (Collings, 2008). Indeed, even
before these biochemical and physiological studies had
emerged, observations from electron micrographs of
different plant cells had shown that cortical MTs often
possess coaligned MFs (Hardham et al., 1980; Lancelle
et al., 1987; Ding et al., 1991a). Although these initial
observations were confined to the cortical cytoskeleton,
close associations between actin and tubulin have been
observed in the preprophase band (Ding et al., 1991b)
and the phragmoplast (Kakimoto and Shibaoka, 1988).
That the MFs adjacent to MTs are actin has been con-
firmed, at least in pollen tubes, by immunogold labeling
with anti-actin antibody (Lancelle and Hepler, 1991).

In addition to regulating the assembly and structure
of MTs in plant cells, calcium contributes to the activity
of at least some of the kinesins. The best studied ex-
ample thus far is KCBP (Reddy andDay, 2011; Ganguly
and Dixit, 2013). Reddy and coworkers isolated KCBP
from Arabidopsis, showing that it is a minus end-
directed motor protein and a member of the class 14
kinesins, a group that is particularly large in plants
(Reddy et al., 1996a, 1996b; Narasimhulu et al., 1997;
Song et al., 1997). A similar kinesin motor protein
emerged from the studies of Oppenheimer et al. (1997)
on the zwichel mutant in Arabidopsis, which has im-
paired trichome development. Reddy and coworkers
have further shown that KCBP possesses a calmodulin-
binding domain, which together with calcium is in-
volved in the regulation of the motor. Thus, in the
absence of calcium, KCBP binds and moves along MTs,
whereas in the presence of calcium, the MT-binding
affinity as well as ATPase activity decline. More recent
work indicates that a calmodulin-binding helix at the C
terminus of KCBP is responsible for the negative regu-
latory activity. When bound with calcium/calmodulin,
the helix comes to reside between themotor and theMT,
thus blocking motor activity (Vinogradova et al., 2008).
Interestingly, KCBP has yet another protein, which has
beennamedKCBP-INTERACTINGCALCIUMBINDING
PROTEIN (KIC), that contributes to the calcium signal
(Reddy et al., 2004). When KIC binds calcium, it too is
able to deliver the signal to KCBP and negatively reg-
ulate this motor protein. In this instance, KIC is thought
to work as an allosteric trap (Vinogradova et al., 2009);
when bound to calcium, it sterically prevents the motor
from binding to an MT.

KCBP associates with different MT arrays, and under
different circumstances. For example, the protein is up-
regulated during division and seen to be associated
with the preprophase band, the mitotic apparatus, and
the phragmoplast (Bowser and Reddy, 1997; Smirnova
et al., 1998; Dymek et al., 2006; Buschmann et al., 2015).
In addition, KCBP localizes with cortical MTs in cotton
(Gossypium hirsutum) fibers (Preuss et al., 2003) and
cytoplasmic MTs in elongating spruce (Picea abies)
pollen tubes (Lazzaro et al., 2013). Recent studies have
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identified a KCBP family member in P. patens, where it
appears to dimerize and become a processive minus
end MT motor (Jonsson et al., 2015). The authors sug-
gest that this activity may compensate for the lack of
cytoplasmic dynein in P. patens and higher plants
(Jonsson et al., 2015).

I also draw attention to recently published work
showing that KCBP interacts with actin MFs as well as
MTs (Tian et al., 2015). It has been known for some
years that both MTs and MFs, as well as KCBP
(Oppenheimer et al., 1997), participate in the control of
trichome development. It also has been known that
KCBP possesses a MYOSIN TAIL HOMOLOGY
DOMAIN4 (MyTH4;Abdel-Ghany et al., 2005), andwhile
it has been thought that this might participate in binding
to actin, clear evidence for this activity had not been
forthcoming. Tian et al. (2015) now provide evidence
that KCBPmay be the link betweenMTs andMFs. First,
it is important to note that the N terminus of KCBP
includes both MyTH4 and a domain known primarily
in the animal literature for its ability to bind to a com-
plex of actin-associated proteins, which includes band
4.1, ezrin, radixin, and moesin, called FERM (Kerber
and Cheney, 2011). Using truncated versions of full-
length KCBP, Tian et al. (2015) report that the
MyTH4 domain binds MTs while the FERM domain
binds F-actin. Of course, further work is needed to re-
solve the functional significance of these interactions.
Nevertheless, these results add to our widening ap-
preciation of the likely importance of the interaction
between MTs and MFs in the control of various devel-
opmental processes (Collings, 2008).

Ideas about the specific function of KCBP have been
gleaned from studies involving the microinjection of an
affinity-purified antibody that constitutively activates
the protein (Narasimhulu et al., 1997; Narasimhulu and
Reddy, 1998). This particular antibody, which was
raised against a 23-amino acid peptide that contains the
calcium/calmodulin-binding domain, interferes with
calcium/calmodulin regulation but does not affect MT
binding; its presence thus activates KCBP motor activ-
ity. Injection of this antibody into dividing stamen hair
cells of Tradescantia yields a series of results that depend
on the mitotic stage at the time of injection (Vos et al.,
2000). When injected during late prophase, the consti-
tutive activation of KCBP induces the breakdown of the
nuclear envelope in 2 to 10 min but then arrests cells in
metaphase. However, injection of cells in late meta-
phase did not cause arrest, and moreover, these cells
progressed normally into anaphase. Nevertheless,
these injected late metaphase cells often failed to form a
phragmoplast or complete cytokinesis. At the moment,
we do not have a good explanation for these diverse
activities, except to say that KCBP, through continuous
fine-tuning of its activity, possibly by local calcium
gradients, plays a pivotal role in the formation and
function of both the mitotic and cytokinetic appara-
tuses. More recently, Lazzaro et al. (2013) have micro-
injected the antibody into growing pollen tubes of
spruce, observing that MTs become bundled and that

the vacuole was repositioned. Cytoplasmic streaming
first slows before stopping completely, together with
the inhibition of cell elongation. These phenomena
might also be influenced by the local ion conditions,
where spatially defined gradients of calcium, together
with activated calmodulin, are simply overridden by
microinjection of the activating antibody.

While KCBP emerges as the best studied calcium-
sensitive MT motor protein in plants, there are likely to
be others. For example, the calmodulin-binding protein
IQD1, recently identified in Arabidopsis, has been
found to interact with a KINESIN LIGHT CHAIN-
RELATED PROTEIN1 (KLCR1; Bürstenbinder et al.,
2013). Further structural studies revealed that GFP-
tagged IQD1 localizes to MTs, suggesting that IQD1
recruits KLCR1 and calmodulin toMTs. Furtherwork is
warranted, but it seems increasingly clear that calcium
and calmodulin will be involved with the activity of
plant kinesins other than just KCBP.

Finally, it seems likely that additional examples of
calcium/calmodulin regulation will emerge for other
plant kinesins. Among the class 14 kinesins, there are
several that possess calponin homology domains (for
review, see Richardson et al., 2006; Collings, 2008;
Reddy and Day, 2011; Schneider and Persson, 2015).
These kinesins are interesting for two reasons: first, they
are often noted for binding actin and thus could link
MTs andMFs (Wills et al., 1994; Schneider and Persson,
2015); and second, the calponin homology domain can
be involved in binding to calmodulin (Wills et al., 1994).
Should the latter be shown to be present, then there is a
strong likelihood that calcium modulation will be
found.

INTEGRATED ION/CYTOSKELETAL ACTIVITIES

In the previous sections, I note several different ex-
amples in which either actin MFs and/or MTs are
controlled in their polymerization or structural orga-
nization by changes in calcium, protons, or both. In this
section, I attempt to integrate the ion and cytoskeletal
activities and to show how these components work
together and contribute to our understanding of plant
cell growth and development. I will discuss two ex-
amples: the first focuses on tip growth, especially in
pollen tubes, and the second on cell division.

Tip Growth in Pollen Tubes

One of the best examples showing an interaction
between ion fluxes and gradients and the structure and
activity of the cytoskeleton occurs in the apex of tip-
growing cells, especially the pollen tube (Cole and
Fowler, 2006; Hepler et al., 2006; Campanoni and Blatt,
2007; Krichevsky et al., 2007; Cheung and Wu, 2008;
Qin and Yang, 2011; Rounds and Bezanilla, 2013; Cai
et al., 2015; Hepler and Winship, 2015). It has been
known for over 50 years that calcium is essential for
pollen tube growth (Brewbaker and Kwack, 1963;

12 Plant Physiol. Vol. 170, 2016

Hepler



Steinhorst and Kudla, 2013). It is also known that pollen
tubes grow best in an acidic environment (Holdaway-
Clarke et al., 2003). It is widely appreciated that pollen
tubes possess a striking gradient of free calcium focused
at the extreme apex of the tube (Fig. 1A; Rathore et al.,
1991; Miller et al., 1992; Hepler et al., 2006). They also
possess a proton gradient, in which the extreme tip
exhibits a slightly acidic domain, with an alkaline band
being situated a fewmicrometers back from the tip (Fig.
1B; Feijó et al., 1999). Not only do these standing gra-
dients persist during growth, but in many instances
they oscillate in magnitude, with the same period as the
growth rate but with differing phase relationships.
Thus, the increase in calcium slightly follows the in-
crease in growth rate (Messerli et al., 2000; Cárdenas
et al., 2008), as does maximal acidity at the tip (Lovy-
Wheeler et al., 2006), whereas the increase in the
alkaline band precedes the increase in growth rate
(Lovy-Wheeler et al., 2006).
The position and localization of the cytoskeleton

strongly reflect the corresponding position of the spe-
cific ion gradients and the pertinent binding proteins.
Thus, actin MFs are generally not observed in the ex-
treme apex of the tube, especially at the polar axis (Fig.
1C; Kroeger et al., 2009). A likely reason is that the
calcium concentration at the extreme tip, which can be
as high as 10 mM (Messerli et al., 2000), will activate
villin/gelsolin and fragment MFs as well as cap newly
exposed plus ends, thus preventing further polymeri-
zation of actin in this region (Huang et al., 2015). The
high calcium will also affect the profilin/G-actin com-
plex and further prevent polymerization (Kovar et al.,
2000). Affirmation of that statement derives from the
inspection of pollen tubes injected with fluorescent
DNase, a probe that binds G-actin; direct imaging re-
veals a high concentration of G-actin in the apex of the
pollen tube (Cárdenas et al., 2008).
The high calcium will also activate calmodulin and

inhibit several different proteins or processes, such as
MT polymerization and myosin-dependent cytoplas-
mic streaming. These conclusions find support from the
use of TA-calmodulin, a fluorescent derivative that in-
creases its signal in the presence of activated calmod-
ulin. Whereas total calmodulin is evenly spread
throughout the pollen tube, those molecules bound
with calcium occur predominantly at the tube apex
(Rato et al., 2004).
Finally, the high calcium will activate MAP18 and

MDP25; as noted earlier, these proteins destabilize MTs
and fragment MFs (Li et al., 2011; Zhu et al., 2013; Qin
et al., 2014). There are thus several combinations of
proteins that, in the presence of calcium, ensure that the
extreme apex of the pollen tube will be mostly free of
cytoskeletal polymer.
A particularly intriguing cytoskeletal feature of the

pollen tube apex is the cortical actin fringe, which is
found a few micrometers back from the extreme apex
(Fig. 1C; Lovy-Wheeler et al., 2005; Vidali et al., 2009;
Dong et al., 2012; Rounds et al., 2014). Although most
clearly depicted in lily pollen tubes, the cortical actin

Figure 1. Lily pollen tubes, which have been treated with different re-
porters or stains, show the distribution of free calcium (A), pH (B),
F-actin (C), and the actin-binding protein ADF (D). A, Microinjection of
the calcium-sensitive dye Fura-2-dextran allows one to image the dis-
tribution of free calcium in a living lily pollen tube. Ratiometric analysis
reveals that the calcium is maximal at the extreme apex, where the
concentrations are 1 to 10 mM. Back from the tip, the calcium con-
centration drops sharply, reaching the basal level of 0.15 mM within 15
to 20mm. FromRounds et al. (2011). B, In this instance, the living pollen
tube has been microinjected with BCECF-dextran, a pH-sensitive dye.
The ratiometric image reveals a slightly acidic region at the extreme
apex followed by a prominent alkaline band (orange/red; pH 7.5),
starting a fewmicrometers behind the tip and extending rearward for an
additional 10 to 20 mm. Thereafter, the pH approaches neutrality. From
Rounds et al. (2011). C, In this image, the lily pollen tube has been
preserved through rapid freeze fixation, followed by rehydration and
staining with an anti-actin antibody. The resulting confocal fluores-
cence image reveals the striking cortical actin fringe that begins a few
micrometers back from the tip and extends rearward for 5 to 10mm. The
MFs in the fringe are organized as a palisade in which the individual
elements are aligned parallel to the long axis of the pollen tube. Behind
the fringe, the MFs are also longitudinally oriented, but they appear to
be much less dense than in the fringe. From Lovy-Wheeler et al. (2005).
D, In this example, a lily pollen tube, which has been preserved through
rapid freeze fixation and rehydration, has been stainedwith an antibody
to lily ADF1. The stained region starts a few micrometers back from the
apex and extends rearward 3 to 5 mm. By comparison with C, it is ob-
vious that ADF colocalizes with the actin fringe, perhaps especially the
forward edge of the fringe. Also note that ADF (D) and the actin fringe
(C) colocalize with the alkaline band (B). From Lovy-Wheeler et al.
(2006). Bar, 10 mm.
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fringe has also been observed in tobacco pollen tubes,
both in fixed (Lovy-Wheeler et al., 2005) and living
(Vidali et al., 2009) preparations. The fringe consists of a
palisade of longitudinally oriented MFs positioned
close to the plasma membrane (Fig. 1C; Lovy-Wheeler
et al., 2006). Because this region, although close to the
apex, is nevertheless separated from it, its calcium level
is lower than that at the extreme apex. At these lower
calcium concentrations, villin might serve as a cross-
linking and stabilizing factor to support the formation
of MFs. Importantly, this region contains the alkaline
band (Fig. 1B; Feijó et al., 1999), which is produced by
the closely positioned plasma membrane proton
ATPase (Lefebvre et al., 2005; Certal et al., 2008). No-
tably, this is also where some isoforms of ADF (Fig. 1D)
and AIP (Chen et al., 2002; Lovy-Wheeler et al., 2006;
Bou Daher et al., 2011) are localized, which because of
the alkalinity will enhance the turnover of actin. How-
ever, in marked contrast to villin/gelsolin, which caps
plus ends, ADF/AIP will promote the growth of new
MFs from the newly exposed plus ends. Indeed, the
combined colocalization ADF/AIP and the alkaline
band seems likely to ensure that the cortical actin fringe
remains in a state of constant renewal and growth.
Deviations from these conditions, however, will lead to
growth inhibition. In a recent study, Wilkins et al.
(2015) show that poppy pollen tubes undergoing a self-
incompatible induction of programmed cell death
exhibit a rapid acidification in the apical cytoplasm,
together with an abrupt inhibition of growth. The au-
thors argue that the increased acidity down-regulates
ADF and thus prevents actin turnover, which is nec-
essary for normal growth (Wilkins et al., 2015).

Several studies support the importance of the cortical
actin fringe for rapid and oscillatory growth of the
pollen tube. For example, treatment of the pollen tubes
with low concentrations of latrunculin B (2 nM), or in-
jection with low concentrations of profilin or DNase, do
not block cytoplasmic streaming but do inhibit growth
(Vidali et al., 2001). This low level of latrunculin B
destroys the cortical actin fringe but has little effect on
the longitudinal cables of actin in the shank of the tube
(Vidali et al., 2001, 2009; Rounds et al., 2014). Also, the
streaming, which under normal conditions occurs in
the reverse fountain pattern, in the presence of 2 nM

latrunculin B shifts to a circulatory pattern, with large
plastids that heretofore had been prevented from en-
tering the clear zone now freely flowing through the
extreme apex of the tube (Vidali et al., 2001). More re-
cently, Dong et al. (2012) have shown a strong corre-
lation between the emergence of rapid growth and the
appearance of the fringe. They further note that shorter
fringes are associated with more rapid growth. More-
over, when pollen tubes undergo changes in growth
direction, the actin fringe is most intense on the faster
growing side (Dong et al., 2012). Most recently, Rounds
et al. (2014) find, in studies in which growth has been
reversibly inhibited, that the fringe reemerges together
with the reinitiation of growth. From these results, we
see that the apical actin fringe plays a pivotal role in

the elongation of the pollen tube, in the maintenance of
the apical clear zone, and likely in the generation of the
reverse fountain streaming pattern.

Direct inspection of the tube apex using image cor-
relation spectroscopy and fluorescence recovery after
photobleaching provides evidence that the vesicles
move forward along the cortex, presumably along the
MFs of the apical fringe (Bove et al., 2008; Chebli et al.,
2013). While these studies and those of Zonia and
Munnik (2008) suggest that vesicles are delivered to an
annular region at the tube tip and not the polar axis, on
balance, the evidence favors the idea that material is
actually secreted maximally at or near the polar axis
(Lee et al., 2008; McKenna et al., 2009; Rojas et al., 2011;
Rounds et al., 2014). These ideas fit with the notion that
the apical calcium gradient (Fig. 1A), while effectively
destroying the cytoskeleton at the tube tip, stimulates
the secretion of vesicles along the polar axis, thereby
accounting for the observed elongation of the tube.
Therefore, while the apical fringe of actin probably
transports vesicles close to the tip, it actually drops them
off in an annular zone a micrometer or two back from
the apex. For this reason, I suggest that processes of
diffusion take over, with the calcium gradient creating a
favored spot for vesicle fusion and secretion (Fig. 1A).
Thus, as vesicles immediately adjacent to the high point
of the calcium gradient fuse and release their contents at
the tip plasma membrane, neighboring vesicles will
move into the vacated space, creating a diffusive flow
from the annular region toward the tube apex.

By marked contrast to the apex, in the shank of the
pollen tube only 10 to 20 mm behind the apex in lily, the
calcium (Pierson et al., 1996) and proton (Feijó et al.,
1999) concentrations are at basal levels (approximately
0.1 mM for both; Fig. 1, A and B); therefore, both MFs
andMTswill form structured arrays with less turnover.
Although often ignored, it is important to emphasize
that electron and fluorescence microscopy studies in-
dicate that well-organized arrays of longitudinally
oriented cortical MTs occur in the shank of the pollen
tube (Lancelle et al., 1987; Lancelle and Hepler, 1992;
Cheung et al., 2008). In addition, we commonly see
cortical MTs coaligned with MFs in the pollen tube
cortex (Lancelle et al., 1987; Pierson et al., 1989).

The pollen tube thus provides a compelling example
in which the ion gradients and the cytoskeleton fit
closely together and where the known properties of the
actin- and tubulin-binding proteins under specific ion
conditions largely account for the observed cytoskeletal
organization (Cheung and Wu, 2007; Hepler and
Winship, 2015). These observations also underscore
the concept of local ionic domains as key regulatory
components in large cell systems (Berridge 2006).

Cell Division (Mitosis and Cytokinesis)

For several reasons, it has seemed plausible that
calcium contributes to the regulation of both mitosis
and cytokinesis. To begin, MTs are a central component
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of the mitotic and cytokinetic apparatuses. Thus, for
chromosomes to move toward the spindle poles during
anaphase, the kinetochore MTs must break down, in a
process that might contribute to the forces that move
the chromosomes (McIntosh et al., 2010). Given the
remarkable sensitivity of MTs to calcium at the physi-
ological level (Weisenberg, 1972), it becomes attractive
to suggest that small increases in the calcium concen-
tration contribute to their depolymerization. It is addi-
tionally pertinent that, even though the nuclear
envelope has broken down, the mitotic/meiotic appa-
ratus in different plant and animal cells remains sur-
rounded by the ER (Fig. 2A; Hepler, 1980; Hepler
and Wolniak, 1984; Bobinnec et al., 2003; Parry et al.,
2005; Whitaker, 2006, 2008), with some elements

interpenetrating the mitotic apparatus specifically
along the kinetochore MTs (Fig. 2, B and C; Hepler,
1980). During anaphase, this closely positioned ER
might elevate the calcium concentration locally around
the kinetochore fibers, thereby driving MT depoly-
merization and contributing to the movement of the
chromosomes to the spindle poles (Hepler and
Wolniak, 1984; Whitaker, 2006).

Supporting evidence comes from studies in which
dividing stamen hair cells of Tradescantia have been
microinjected with controlled amounts of calcium. By
increasing the calcium concentration in an early ana-
phase cell from a basal level to 1 mM, it is possible
to transiently increase chromosome motion 2-fold
(Fig. 3A), whereas an increase to approximately 2 mM

Figure 2. A, This image shows an electronmicrograph of a dividing barley leaf mesophyll cell in metaphase that has been fixed in
glutaraldehyde and postfixed in osmium tetroxide plus potassium ferricyanide. The osmium/ferricyanide treatment markedly
contrasts the ER and reveals that, while the nuclear envelope has broken down, themitotic spindle remains surrounded by ER. The
image further shows that ER accumulates at the spindle poles and that some elements extend into the spindle interior, usually
along kinetochore MTs. Bar = 1 mm. From Hepler (1980). B and C, At higher magnification than in A, these images show that
tubular elements of ER extend along the full length of kinetochore MTs. In B, the ER has been contrasted by postfixation with
osmium/ferricyanide, whereas in C, only standard glutaraldehyde/osmium fixation has been used. Both images show the close
apposition of interpenetrating ER with kinetochore MTs. C also shows some dictyosome vesicles (D). Bars = 0.5 mm. FromHepler
(1980).
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transiently slows motion (Fig. 3B; Zhang et al., 1990b).
Consistently, injection of the elevated level at one end of
an anaphase cell slows chromosomemotion toward the
proximal pole while speeding it toward the distal pole
(Fig. 3C; Zhang et al., 1990b). In this experiment, the
injection of calcium has likely established a diffusion
gradient across the cell, with the concentration being
approximately 2mM at the proximal pole and 1mM at the
distal pole. Taken together, these results support the
idea that added calcium facilitates kinetochore MT de-
polymerization, but this process can only be manipu-
lated over a very limited range. That is, 1 mM enhances
depolymerization and accelerates chromosomemotion,
whereas 2 mM is too drastic and causes excessive decay
of the kinetochore fibers so that directed pole-ward
motion is slowed or stopped. In support of the above
interpretation, we showed subsequently, in cells pre-
injected with fluorescent brain tubulin to label the MTs,
that injection of calcium caused a transient decline in
fluorescence (Zhang et al., 1992). Injection of 2 mM cal-
cium causes a distinct decay in the fluorescence of the
spindle fibers, whereas injection of 1 mM calcium gen-
erates a lesser decline in fluorescence. From these re-
sults, it seems reasonable to suggest that chromosome
motion is controlled by the local calcium concentration
(Zhang et al., 1992).

There is also reason to suspect that calcium plays a
major role in cytokinesis. The phragmoplast, which is a
complex of cytoskeletal (MTs and MFs) and membrane
(ER and vesicles) elements (Staehelin and Hepler, 1996;
McMichael and Bednarek, 2013), gives rise to the new
cell plate that eventually separates the recently formed
daughter nuclei. Both MTs and MFs are oriented per-
pendicular to the plane of the plate, with their respec-
tive plus ends being proximal to the plate (Kakimoto
and Shibaoka, 1988; Ho et al., 2011). For MTs, at least in
some examples, the plus ends overlap (Hepler and
Jackson, 1968). Through processes not fully under-
stood, during late anaphase the cell plate starts to form
in the central part of the cell, like an island emerging in a
sea of cytoplasm. It seems likely that the cytoskeletal
elements, particularly MTs and their associated kinesin
motors (Lee et al., 2001; Lee and Liu, 2013; McMichael
and Bednarek, 2013), drive Golgi vesicles to the plane of
the plate, where the vesicles fuse to form the new cell
wall. During successive stages, the plate grows cen-
trifugally, with new vesicles being added to the
expanding edge. At the same time, or more likely in
anticipation, the cytoskeletal elements form anew at the
edge while decaying in the more central, mature parts
of the cell plate.

The placement and fusion of the expanding plate
along the side wall involves complex positioning
events. The place of fusion is usually forecast by the
preprophase band of MTs (Pickett-Heaps and North-
cote, 1966). But we also know that MFs associate with
the preprophase band (Palevitz, 1987; Cleary et al.,
1992) and, indeed, come to mark its edges on the cor-
tical side wall (Sano et al., 2005). As the cell plate
approaches the side wall, actin MFs make connections

Figure 3. Iontophoretic injection of controlled amounts of calcium
during early anaphase produces a clear effect on chromosome motion.
In A and B, the injection needle was inserted into the mid plane of the
cell, whereas in C, it was inserted into the spindle pole. The microin-
jection needle contained 20mM CaCl2 and 100mM KCl. Themagnitude
of the current was then varied in order to produce the desired level of
calcium. A, Application of positive current of 1 nA for 10 s, which
produces an increase in calcium to approximately 1 mM, causes the
chromosomes to increase their rate ofmotion from1.1 to 2.1mmmin21 for
approximately 20 s. B, However, application of 2 nA for 10 s causes a
brief slowing of chromosomemotion. C, Injection of calcium at 2 nA for
10 s to one of the spindle poles causes a brief slowing of chromosomes
to the proximal pole while simultaneously accelerating motion to the
distal pole. From Zhang et al. (1990b).
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between elements of the expanding phragmoplast and
the actin on the edges of the preprophase band site and
possibly play a key role in guiding the plate (Valster
and Hepler, 1997; Wu and Bezanilla, 2014). The recent
work by Wu and Bezanilla (2014) provides important
new information showing a coordination of MTs and
MFs in the guidance process. Specifically, they provide
evidence that myosin VIII binds to the plus ends of
MTs. In addition, myosin VIII binds to the preprophase
band site on the cell cortex. Yet further pertinent ob-
servations show that MFs are polymerized at the
phragmoplast mid zone, with some MFs growing nor-
mal to the plane of the cell plate while others grow to-
ward the cell periphery. When taken together, Wu and
Bezanilla (2014) suggest that the myosin VIII/MT
complex links to the preprophase band site via MFs,
where the motor activity of myosin VIII, by moving
along MFs, effectively reels in the expanding phrag-
moplast.
The reason for providing the above description is to

emphasize the number of potential targets for calcium
action and to suggest the likelihood that it plays a role.
The assembly and disassembly of both MTs and MFs,
the activity of motor proteins (kinesins and myosin
VIII), as well as the secretory processes of cell plate
fusion are all candidates for regulation by calcium.
Supporting evidence involves studies in which BAPTA
[1,2-bis(o-aminophenoxy)ethane-N,N,N9,N9-tetraacetic
acid] buffers of differing affinities for calcium were
microinjected into stamen hair cells undergoing late
anaphase and cytokinesis (Jürgens et al., 1994). The
results show that all the buffers, but especially dibromo
BAPTA (1.5 mM), markedly slow the process of centrif-
ugal cell plate expansion or cause distortion and even
complete dissolution of the young cell plate. These re-
sults are consistent with local calcium gradients being
associated with cell plate formation. Presumably, these
local gradients are controlled by the extensive elements
of the ER that reside around and among the cytoskeletal
elements of the phragmoplast (Hepler, 1982).
Studies on dividing cells in general underscore the

concept of domains for the local control of calcium
(Whitaker, 2006, 2008). For example, in Drosophila em-
bryos, convincing images show prominent elements of
ER surrounding the spindle apparatus (Bobinnec et al.,
2003; Parry et al., 2005, 2006); it seems plausible that
these membranes locally control the uptake and release
of calcium. While some imaging studies show changes
in calcium, particularly associated with nuclear enve-
lope breakdown (Parry et al., 2005) and again at the
onset of anaphase (Groigno and Whitaker, 1998),
overall there are relatively few data, and moreover, the
calcium changes observed are small and spatially lo-
calized (Parry et al., 2005). This is particularly true in
plants, where robust images of calcium transients as-
sociated with the stages of cell division are rare, even
though these same methods reveal striking ion gradi-
ents when applied to pollen tubes. In stamen hair cells,
my laboratory reported calcium elevations associated
with anaphase in dividing cells injected with the

absorbance indicator arsenazo III (Hepler and Callaham,
1987). However, these results could not be confirmed in
subsequent studies using the more sensitive indicator
Fura-2-dextran (P.K. Hepler, unpublished data). But
that does not rule out the possible occurrence of local
calcium transients. Given that calmodulin is dispersed
uniformly throughout the dividing plant cell (Vos and
Hepler, 1998), it would take only small, and highly lo-
calized, pulses of calcium to initiate important events
such as MT depolymerization. I predict, therefore, that
with newer and more sensitive probes, together with
those that are targeted to certain domains, such as the
ER surfaces along the kinetochore MTs or close to the
spindle pole, reproducible calcium transients will at
least be detected.

CONCLUSION

Ions, especially calcium, play a major role in the
control of the structure and activity of the cytoskeleton
and, thus, contribute to many aspects of plant growth
and development that are dependent on the cytoskel-
eton. Prokaryotes evolved mechanisms that markedly
lowered the calcium concentration within the cell, with
the result that phosphate precipitation and the inhibi-
tion of energymetabolismwereminimized. In so doing,
prokaryotes made possible the subsequent emergence
of calcium as a signaling factor. Despite this tight con-
trol of calcium in prokaryotic cells and the presence of
different signaling pathways, calcium has apparently
not been recruited extensively into the regulation of the
prokaryotic cytoskeleton. With the emergence of the
eukaryotic cell, the calcium paradigm has been taken to
a new level, where calcium is now recognized as a
universal signaling agent. The factors driving that
transformation, which would already have been oc-
curring in prokaryotes, were the evolution of proteins,
or specific motifs (EF-hands), that are able to select
calcium by several orders of magnitude over closely
related magnesium. Also, the much higher speed of
reaction inherent with calcium in binding to proteins,
compared with magnesium, would have been a major
selective advantage favoring the calcium pathways.
Given these circumstances, it should come as no sur-
prise that calcium signaling emerged as a common and
robust process for many events.

The evolution of the cytoskeleton charts a more
checkered course. Although prokaryotic tubulins and
actins appeared early, they have undergone significant
changes during the progression from prokaryotes to
eukaryotes. Amajor event appears to be the radiation of
binding proteins that play pivotal roles in the control of
ever so many processes. Perhaps most noticeable are
the motor proteins, kinesins, dyneins, andmyosins. But
also of crucial importance are those proteins controlling
nucleation, polymerization, depolymerization, bun-
dling, membrane binding, and association with specific
organelles or sites. It is in the activation and deactiva-
tion of these proteins and the events they promote
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where we see calcium and, to a lesser extent, protons
performing key functions. If we take villin/gelsolin as a
good example, we see that when the calcium concen-
tration is at a basal level (0.1 mM), villin will bundle,
stabilize, and even promote the formation of actin MFs.
However, when the concentration increases to 1 mM, it
fragmentsMFs and caps their plus ends, preventingMF
formation. Thus, a relatively modest increase in the
actual number of calcium atoms leads to a profound
change in actin structure and activity.

Major factors in the broad scheme of calcium-
cytoskeleton interaction are the membrane compart-
ments that sequester calcium and the channels and
pumps that control ionmovement. Here, it appears that
evolutionary processes within eukaryotic cells have
produced exquisitely defined systems so that remark-
ably different events can occur with a single cell, being
separated by only a few micrometers. This is the con-
cept of local domains and needs to be part of our
thinking as we attempt to unravel the ways in which
calcium and protons affect plant growth and develop-
ment (Berridge, 2006). Despite the fact that we have
some impressive probes for examining small structural
regions of the cell, we nevertheless run into barriers that
prevent us from making the necessary observations.
One barrier is the inherent resolution limit of 0.2 mm
for the normal light microscope. This barrier, fortu-
nately, is being surmounted (Chen et al., 2014). To-
gether with selective targeting of probes through
molecular methods, we can hope for an improved level
of spatial detection that could not be dreamed about
just a few years ago. It is an exciting time in which the
stage is being set for new discoveries. Even with the
probes and microscopes we currently have, significant
progress has been made in sorting out the ionic and
cytoskeletal events that control the growth of the pollen
tube. But looking ahead, I would love the opportunity
to revisit the dividing cell and see if I could make sense
out of the calcium signals as they pertain to the events
of mitosis and cytokinesis.
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