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Abstract
Polarized trafficking of protein and membrane components is critical during cell
expansion and cell division in plants. The Arabidopsis dynamin related protein 1 (DRP1)
family is required for both cytokinesis and cell expansion in embryos as well as plasma
membrane maintenance in the specialized cell types. The similar morphological defects
of the plasma membrane in drp1A mutant stigmatic papillae and drp1C mutant pollen
suggest that DRP1A and DRP1C function similarly in the cell cortex. However, the
details of the DRP1’s mechanism, or the processes in which they function, have not been
elucidated.

I used live cell imaging techniques, including laser scanning confocal

microscopy, variable angle epifluorescence microscopy, and fluorescence recovery after
photobleaching with fluorescent-tagged proteins to determine the organization and
dynamics of two DRP1 isoforms, DRP1A and DRP1C, at the plasma membrane and cell
cortex. First, DRP1C was recruited from the cytoplasm to the plasma membrane at the
tip flanks of growing root hairs, which are putative regions of endocytosis. Second,
DRP1C organized into dynamic, discrete foci in the cell cortex, which co-localized with
foci formed by clathrin light chain (CLC). Third, DRP1C and CLC had coordinated
dynamics at the cell cortex, suggesting that the two proteins resided on the same structure
where they may be components of the same machinery.

Likewise, DRP1A was

associated with both DRP1C and CLC structures at the cell cortex, albeit with lower
frequency and fewer instances of coordinated dynamics compared to DRP1C with CLC.
Finally, using genetic complementation, it was evident that DRP1C could compensate for
the absence of DRP1A in seedlings, but could not complement drp1A in expanding
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stigmatic papillar cells. Our current model suggests that DRP1s are part of the clathrin
endocytic machinery in plants where they have both overlapping and distinct functions.
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Chapter 1

Membrane trafficking pathways and dynamin and dynamin
related proteins in plants, mammals and yeast

Portions of the chapter are adapted from:
Steven K. Backues, Catherine A. Konopka, Collen M. McMichael and Sebastian Y.
Bednarek (2007). Bridging the divide between cytokinesis and cell expanion. Curr Opin
in Plant Biol, in press.
Catherine A. Konopka, Justin B Schleede, Ahna R Skop and Sebastian Y. Bednarek
(2005). Dynamin and cytokinesis. Traffic 7(3):239-247.
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In plants, both biosynthetic and endocytic traffic are required for cell expansion
and cell division (Jürgens, 2004). The mechanistic details of biosynthetic traffic in plant
cells are actively being elucidated. Much less is known about the molecular machinery of
the endocytic pathway in plants. Endocytosis is the initial process by which
macromolecular material, including membrane, integral-membrane proteins, extracellular
matter, and even some pathogens, are taken up into the cell (Conner and Schmid, 2003).
The dynamin related protein 1 (DRP1) family in Arabidopsis has been shown to play a
role in both cytokinesis and cell expansion (Kang et al., 2003a), but the molecular details
in which the DRP1s are involved have yet to be determined. Investigating the roles of
DRP1s in cytokinesis and cell expansion may further the understanding of regulated
membrane trafficking in plants.

Membrane trafficking in plant cytokinesis and cell expansion
In plant cells, the de novo creation of plasma membrane and cell wall at the end of
mitosis requires a dynamic cytoskeletal array called the phragmoplast that directs vast
movement of material, including lipids, proteins and cell wall components, to and from
the division plane to assemble the cytokinetic organelle known as the cell plate. The
stages of somatic cell plate development include (1) creation of the phragmoplast from
mitotic spindle remnants; (2) trafficking of vesicles to the division plane and their fusion
to generate a tubular-vesicular network; (3) continued fusion of membrane tubules and
their transformation into membrane sheets upon the deposition of callose, followed by
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deposition and organization of cellulose and other cell wall components; (4) recycling of
excess membrane and other material from the cell plate; and (5) fusion with the parental
cell wall. These events are accompanied by the reorganization of other endomembrane
systems including the endoplasmic reticulum. Although morphologically very different,
there are many parallels between cell plate development and the process of cell
expansion, which involves the addition of membrane to an existing plasma membrane
and reorganization of the cell wall. It has become clear that these two processes have
many similarities at a mechanistic level, with many of the same pathways and often even
the same proteins being involved in both (Bednarek and Falbel, 2002; Backues et al.,
2007). Proposed membrane trafficking pathways during interphase and cytokinesis are
illustrated in Figure 1.
In current models of secretory activity in cell plate construction (Otegui et al.,
2001; Segui-Simarro et al., 2004; Segui-Simarro and Staehelin, 2006), the primary route
to the cell plate for new membrane is via the Golgi biosynthetic pathway (Figure 1,
pathway 1). However, recent evidence suggesting that endocytic trafficking may also be
a component of cell plate development has sparked a debate regarding the source of cell
plate membrane. The lipophilic endocytic tracer, FM4-64 (Geldner et al., 2003; Dettmer
et al., 2006; Dhonukshe et al., 2006), and endocytic cargo, such as cell wall pectins
(Baluka et al., 2005) and integral plasma membrane proteins (Dhonukshe et al., 2006),
become incorporated into developing cell plates (Figure 1, pathway 3). It is hypothesized
that either endosomes (Figure 1, pathways 4 and 5) or the trans-Golgi network (TGN;
Figure 1, pathway 2), which may act as an early endosome (Dettmer et al., 2006), are the
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source of the cell plate membrane. However, a cloud of vesicles the typical diameter of
post-Golgi anterograde traffic, and not endosomes, were detected in electron tomographs
of the early stages of cell plate formation (Samuels et al., 1995; Otegui et al., 2001;
Otegui and Staehelin, 2004; Segui-Simarro et al., 2004; Segui-Simarro and Staehelin,
2006).

In one study it was estimated that endocytic traffic doubles in dividing cells

(Dhonukshe et al., 2006), while in another, the number of Golgi stacks doubles prior to
mitosis (Segui-Simarro and Staehelin, 2006).

Multivesicular bodies (MVBs), a late

compartment in the endocytic pathway, was also detected around the cell plate, but not
until the maturation phase when there is substantial membrane recycling (Samuels et al.,
1995; Segui-Simarro and Staehelin, 2006).

Finally, endosomal markers (GFP-ARA7

and GNOM-myc) and the endosomal lipid PtdIns(3)P, but not Golgi markers (ST-YFP
and TLG2a) are significantly found at the division zone (Dhonukshe et al., 2006). A note
of caution should be added as most of the GFP tagged markers were constitutively or
heterologously expressed and their localization may not truly represent native localization
(Lisenbee et al., 2003). The large amounts of membrane trafficking to the cell plate may
cause many over expressed proteins to become mislocalized to the cell plate.
Nonetheless, these recent studies support the notion that endocytic traffic is an important
component of cell plate development.
Like cell plate formation, endocytosis is thought to be required to balance
exocytic traffic during cell expansion in both diffuse growing cells (Emons and Traas,
1986; Phillips et al., 1988; Fowke et al., 1989), such as root and leaf epidermal cells, and
in tip growing cells (Picton and Steer, 1983; Emons and Traas, 1986; Derksen et al.,
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1995), such as root hairs and pollen tubes. During tip growth, exocytic vesicles are
delivered only to the tip of the cell, where they fuse with the existing plasma membrane
(reviewed in (amaj et al., 2006; Campanoni and Blatt, 2007). Both biosynthetic and
recycling vesicular traffic are coordinated by the small signaling GTPases, Rab and Arf ,
while GTPases of the Rho family regulate actin dynamics in the tip, which in turn are
responsible for delineation of the exocytic zone and vesicle delivery to the growing tip
(amaj et al., 2006). Endocytosis occurs in parallel with exocytosis in the tip region;
however, the exact location of endocytosis is still under debate. Depending on species
and cell type, endocytic vesicles form in the subapical zone 6-15 μm behind the tip (tip
flank) or at the tip apex (Emons and Traas, 1986; Derksen et al., 1995; Galway et al.,
1997).
Finally, it is becoming evident that endocytic pathways, along with spatially
regulated exocytic traffic, also play a role in controlling plant development. First, the
PIN auxin efflux carriers are continually endocytosed from the plasma membrane into
GNOM-containing-endosomes and subsequently recycled to distinct plasma membrane
domains (Figure 1, pathway 5; (Geldner et al., 2001; Geldner et al., 2003; Dhonukshe et
al., 2007). The hormone, auxin, is a central regulator of plant development, and its polar
localization is determined via the asymmetric distribution of PIN efflux carriers around
the cell (Wisniewska et al., 2006). Second, the amount of boron transporters, BOR1, at
the cell surface is regulated by the presence of boron in the extracellular environment via
endocytosis and subsequent degradation in the vacuole (Figure 1, pathway 6; (Takano et
al., 2005).

Finally, the signaling receptors, BRI1 (Geldner et al., 2007) and FLS2
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(Robatzek et al., 2006), are endocytosed and trafficked to endosomes/TGN (Figure 1,
pathway 2) or to the vacuole most likely via MVBs (Figure 1, pathway 6), respectively.
BRI1 has enhanced signaling when localized to endosomes (Geldner et al., 2007), for
which endocytosis may be required. Current research is focusing on whether FLS2
internalization is also required for its signaling.

Endocytosis machinery in mammals, yeast and plants
Despite the evidence that endocytic cargo become integrated into cell plates and
endocytosis of membrane signaling proteins is required for proper development,
characterization of the endocytic machinery in plants is lacking.

Much of what is

postulated about endocytosis in plants comes from studies in yeast and mammals. In
mammals, various endocytic pathways composed of different sets of proteins and lipids
are utilized and named for the core components (Conner and Schmid, 2003). These
include phagocytosis (engulfment of large particles) and at least four pinocytosis
pathways: clathrin-mediated endocytosis (CME), caveolin-mediated endocytosis, clathrin
and caveolin-independent endocytosis, and macro-pinocytosis. Together, these endocytic
mechanisms function to take up nutrients, regulate hormone-signaling receptors,
restructure the extracellular environment, and control cellular homeostasis.
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Clathrin mediated endocytosis in mammals and yeast
The most well studied pathway is CME, named for the major cytosolic coat
protein that surrounds the endocytic bud.

The general steps in CME include 1)

designation of an endocytic site, 2) bud formation, 3) further invagination of the bud into
a vesicular form, 4) scission of the vesicle from the plasma membrane, and 5) uncoating
of the vesicle to become competent for fusion with endosomes (Figure 2). Each step
requires a distinct subset of proteins interacting in both positive and negative roles to
proceed efficiently to the next step (Figure 2). Much of the clathrin machinery is
conserved from mammals to yeast and, where appropriate, yeast homologs of mammalian
proteins are indicated in parentheses. The spatial and temporal regulation of CME is
controlled by the production of phosphatidylinositol 4,5 bisphosphate (PtdIns(4,5)P2) in
the plasma membrane by phosphatidylinositol-4-phosphate 5-kinase activity as well as by
the phosphorylation of clathrin machinery components by various protein kinases and
phosphateses (Slepnev et al., 1998).
Clathrin is composed of a heavy chain (CHC) that trimerizes to form a threelegged triskelion with a tightly associated light chain (CLC) (Brodsky et al., 2001;
Conner and Schmid, 2003). Clathrin triskelia are recruited to the plasma membrane via
interaction with the adaptor proteins (AP). The major AP is the heterotetrameric AP-2
complex, which is composed of two large subunits, -adaptin and 2-adaptin, and two
small subunits, μ2-adaptin and 2-adaptin (Matsui and Kirchhausen, 1990). The μ2adaptin subunit recognizes and binds to YXX motifs in the cytoplasmic tails of
membrane receptors (Nesterov et al., 1999), while the hinge/ear region of -adaptin
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recruits clathrin (Gallusser and Kirchhausen, 1993) and the ear region of -adaptin
recruits other scaffolding and regulatory proteins (Benmerah et al., 1996; Haffner et al.,
2000; Conner and Schmid, 2002). As clathrin triskelia are recruited, they form a lattice
outside of the adaptor core (Figure 2), which is thought to provide force for membrane
curvature and invagination (Brodsky et al., 2001). Another adapter, the monomeric
AP180/CALM (YAP180) protein, does not bind cargo, but has the highest activity for
clathrin assembly and is required for efficient CME.
The coat proteins necessary for CME, AP-2, AP180 and clathrin, are necessary
but not sufficient for clathrin coated vesicle (CCV) formation (Smythe et al., 1992). A
host of accessory proteins are required for efficient, regulated CME (Figure 2).
Scaffolding proteins include amphiphysin (Rvs161/167), which affects membrane shape
through its BAR domain (Peter et al., 2004); Eps15 (Pan1) which binds adapters
(Benmerah et al., 1996); its binding partner, epsin (Ent1-4), which also interacts with AP2 and affects membrane shape (Chen et al., 1998; Ford et al., 2002); and intersectin
(End3/Sla1), which has been shown to interact with clathrin, AP-2, Eps15, epsin, and
components of the actin cytoskeleton (Yamabhai et al., 1998; Hussain et al., 2001).
Scaffolding proteins modulate membrane shape by interaction with plasma membrane
lipids, primarily PtdIns(4,5)P2. In addition, two other proteins, dynamin 1 (Zhang and
Hinshaw, 2001) and endophilin (Farsad et al., 2001), modulate membrane shape during
CME. Dynamin 1 is a large GTPase that can homo-oligomerize around and tubulate
membranes upon recruitment to the clathrin-coated bud neck (see Dynamin and dynamin
related proteins below). Interestingly, yeast CME does not require the membrane
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tubulating activity of a dynamin protein for scission of the vesicle (Kaksonen et al.,
2005). Instead, the membrane remodeling functions of Rvs161p and Rvs167p appear to
be adequate for CME (Kaksonen et al., 2005). Both intersectin and dynamin can bind to
components of the actin cytoskeleton (Hussain et al., 2001; Cao et al., 2003).
Actin dynamics are required for CME in both mammals (Lamaze et al., 1997) and
yeast (Toshima et al., 2006). In fact, the first endocytic mutants identified resulted from
lesions in genes encoding actin-binding proteins (reviewed in (Engqvist-Goldstein and
Drubin, 2003).

Actin polymerization is thought to organize endocytic sites and to

provide force for invagination and scission of the CCV from the plasma membrane
(Kaksonen et al., 2005; Merrifield et al., 2005). The actin nucleating Arp2/3 complex, its
activators, N-WASP (Las17; (Kessels and Qualmann, 2002), cortactin (Cao et al., 2003)
and syndapin (Da Costa et al., 2003), its negative regulator, Hip1 (Sla2; (Le Clainche et
al., 2007), and the motor protein, myosin (Myo5; (Krendel et al., 2007) have all been
shown to be required for normal progression of CME. Using live cell imaging in various
yeast endocytic mutants, a mechanism for regulated actin polymerization as a generator
of force has been proposed (Kaksonen et al., 2003; Kaksonen et al., 2005). Arp2/3
nucleators become associated with the plasma membrane at endocytic sites. In turn, they
recruit and activate the Arp2/3 complex and other actin regulating proteins, facilitating
actin filament nucleation at the plasma membrane. Growing actin filaments become
quickly capped, preventing further growth, and cross-linked creating an actin meshwork
that is anchored to the clathrin coat. As more actin is nucleated, an inward force is
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generated which causes the clathrin-coated bud to invaginate. The combined stresses of
inward force by actin polymerization and membrane remodeling allow for efficient CME.

Endocytosis in plants
The mechanistic details of endocytic pathways are not well understood in plants.
Initially, the thermodynamic feasibility of endocytosis was in question due to the high
turgor pressure in plant cells (Low and Chandra, 1994). However, several lines of
evidence have indicated that endocytosis does occur in plant cells (reviewed in (Low and
Chandra, 1994). In fact, researchers have estimated that expanding plant cells internalize
their entire plasma membrane every 10 min to 3 hours, depending on growth rate (Steer,
1985; Emons and Traas, 1986; Phillips et al., 1988). In addition, it is estimated that
approximately 75% of the membrane delivered to the tips of Tradescantia growing pollen
tubes or a developing cell plate is recycled (Picton and Steer, 1983; Otegui et al., 2001).
It appears that CME may be one of few membrane trafficking-dependent routes
into the plant cell.

Except for instances of endosymbiosis, phagocytosis does not

generally occur in plants and evidence for macropinocytosis is limited (Chang et al.,
2007).

In addition, genes encoding caveolin, the major coat protein in caveolin-

dependent endocytosis, are absent in the Arabidopsis genome. Despite the seemingly
central importance of CME in plant endocytosis, details of the molecular machinery are
unknown. Observations that actively growing cells contain more putative clathrin-coated
pits and endocytic vesicles than quiescent cells (Emons and Traas, 1986; Samuels and
Bisalputra, 1990; Fowke et al., 1991; Galway et al., 1993; Robinson, 1996) and that
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within single cells, coated structures are more abundant in actively growing regions
(Emons and Traas, 1986; Derksen et al., 1995) point to a role for endocytosis in
membrane recycling. In addition, small coated buds (membrane diameter = 30 nm)
(Dhonukshe et al., 2007) and vesicles in close association with electron dense endocytic
cargo are evidence of endocytosis in several plant species (Hübner et al., 1985; Fowke et
al., 1991). CHC has been localized by immunofluorescence microscopy to the tips of
growing pollen tubes (Blackbourn and Jackson, 1996) and recently the existence of CME
was verified using an inhibitor of the interaction of μ2-adaptin with cargo, tyrphostin
A23 (Dhonukshe et al., 2007).
The Arabidopsis genome encodes homologs of all of the core clathrin machinery:
two -adaptin genes, three 1/2-adaptin genes, four μ2-adaptin genes, one 1-gene, one
AP180 gene, two CHC genes and three CLC genes (Boehm and Bonifacino, 2001;
Holstein, 2002). Arabidopsis -adaptin and AP180 have been shown to be capable of
binding clathrin and activating its polymerization in vitro (Barth and Holstein, 2004). In
contrast to the conservation of the core components, only a fraction of the accessory
proteins required for CME in mammals and yeast have direct homologs in Arabidopsis
(Figure 2, bold protein names). These include epsin, Eps15, synaptojanin, and an Hsc70
chaperone and its Dna-J cofactors (Holstein, 2002; Holstein and Oliviusson, 2005; Song
et al., 2006; Lee et al., 2007), which uncoat the vesicle subsequent to vesicle scission
(reviewed in (Eisenberg and Greene, 2007). The Arabidopsis genome also contains
seven genes encoding dynamin related proteins, which will be discussed in detail in the
following section.

Absent in Arabidopsis are direct homologs for the scaffolding
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proteins, intersectin and syndapin, and the membrane modulating proteins, amphiphysin
and endophilin (Figure 2, italicized protein names). However, proteins containing the
membrane remodeling BAR domain have been identified in plants (Koizumi et al.,
2005); my unpublished data). Also not present are genes encoding actin-binding proteins
that are required in mammalian and yeast endocytosis such as cortactin and Abp1. Plants
do contain an Arp2/3 complex and its nucleators; however, they are unlikely to be
essential for endocytosis since mutants in either ARP2/3 or its nucleators have
morphological defects in only a few cell types (reviewed in (Deeks and Hussey, 2003;
Mathur, 2006). Several groups have suggested that actin dynamics are required for
endocytic trafficking in Arabidopsis roots (Grebe et al., 2003) and root hairs (Oveka et
al., 2005), and maize seedling roots (Baluka et al., 2002). However, these assays
measured marker accumulation in internal structures and not uptake into the cell. Thus, it
is clear that actin is required for trafficking within the endocytic pathway, but a direct
role for actin dynamics in internalization has not been shown in plants.

Dynamin and dynamin related proteins
Dynamin 1 is critical for membrane remodelling in the final stages of vesicle
fission during CME in mammalian cells (Figure 2). The dynamin superfamily, which is
composed of dynamin and dynamin-related proteins (DRPs), is conserved throughout
eukaryotes. The founding member, dynamin 1, was originally identified as a
microtubule-binding protein (Shpetner and Vallee, 1989). Since then, dynamin and
DRPs have been implicated in various processes such as endocytosis and post-Golgi
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trafficking (Damke et al., 1994; Henley et al., 1998; Jones et al., 1998; Nicoziani et al.,
2000; Yang et al., 2001), mitochondrial fusion (Wong et al., 2000; Cipolat et al., 2004)
and fission (Mozdy et al., 2000), peroxisome inheritance (Koch et al., 2003), chloroplast
division (Gao et al., 2003), actin dynamics (McNiven et al., 2000; Schafer et al., 2002)
and cytokinesis (Clark et al., 1997; Pelissier et al., 2003). Despite their participation in
such broad activities, most dynamin and DRPs are thought to oligomerize into spiral
structures around lipid bilayers and modulate membrane morphology in a GTPasedependent manner (reviewed in (Praefcke and McMahon, 2004)). The domain structure
of all dynamins and DRPs consists of a N-terminal GTPase domain, a conserved middle
domain and a C-terminal GTPase effector domain (GED; Figure 3). The interaction of
the three conserved domains allows for oligomerization (Muhlberg et al., 1997).
Subsequent GTP hydrolysis causes conformational changes of the rings and spirals
(Zhang and Hinshaw, 2001; Roux et al., 2006). Most dynamins and DRPs contain
additional domains, which may account for their great diversity of cellular activities
(Hinshaw, 2000). For instance, mammalian dynamin 1, 2 and 3 contain a pleckstrin
homology (PH) domain, which allows for phospholipid binding and a proline-rich
domain (PR) that interacts with the SRC-Homology-3 (SH3) domains of various proteins
(Figure 3; (Hinshaw, 2000).
Dynamin 1’s best-defined role is its involvement in clathrin-mediated endocytosis
in mammalian cells (Herskovits et al., 1993; van der Bliek et al., 1993; Damke et al.,
1994). Dynamin was first identified as having a role in endocytosis when it was shown
to be the mammalian homolog of the shibire protein in Drosophila (van der Bliek and
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Meyerowitz, 1991). A temperature shift in shibire-ts animals gave rise to a rapid and
reversible paralysis and accumulation of clathrin-coated pits at the plasma membrane
(Grigliatti et al., 1973; Kosaka and Ikeda, 1983; van der Bliek and Meyerowitz, 1991).
The necks of the coated pits were decorated with electron-dense collars composed
primarily of dynamin. Subsequently, purified dynamin was shown to self-assemble into
rings and spirals in low ionic strength buffers (Hinshaw and Schmid, 1995). The current
model for dynamin function in CME is that concomitant with, or subsequent to,
invagination of the coated pit, dynamin 1 is recruited to the neck of the vesicle (Figure 2)
through its interaction with SH3-containing proteins (Wigge et al., 1997; Lundmark and
Carlsson, 2004; Soulet et al., 2005). Dynamin promotes membrane remodeling through a
direct interaction of its PH domain with PtdIns(4,5)P2. In conjunction with self-assembly
of dynamin around the neck of the coated pit, lipid interaction stimulates dynamin 1’s
GTPase activity thereby promoting its function as a mechanoenzyme during the late
stages of scission (Tuma et al., 1993; Zheng et al., 1996; McNiven, 1998; Sweitzer and
Hinshaw, 1998; Marks et al., 2001). In addition, dynamin 1 recruits components of the
actin cytoskeleton to further regulate or modulate vesicle fission (McNiven et al., 2000;
Cao et al., 2003; Anggono et al., 2006).
Plants have homologs to most dynamin and dynamin-related proteins found in
animals, and are subdivided into six sub-families based on domain structure (Hong et al.,
2001; Gao et al., 2006). Arabidopsis dynamin-related proteins, DRP2A and DRP2B are
most similar in domain structure to mammalian dynamin 1 (Figure 3).

DRP2A is

involved in vesicular trafficking from the Golgi to the vacuole (Jin et al., 2001; Lam et

15
al., 2002), but has also been localized to the cell plate and plasma membrane (Hong et
al., 2003b) where its function is unclear.

Plants also have a unique, plant-specific

dynamin sub-family (DRP1). Arabidopsis has five DRP1 isoforms A-E, three of which
appear to have roles in cytokinesis and polar cell growth (Kang et al., 2001; Kang et al.,
2003a; Kang et al., 2003b). DRP1s have the three conserved dynamin domains, GTPase,
middle and GED, but lack any other recognizable domain that would indicate possible
lipid or protein interactions in vivo (Figure 3).
The DRP1 family was initially implicated in cytokinesis. The soybean DRP1
homolog, phragmoplastin, localizes to the cell plate in dividing roots and cultured cells
(Gu and Verma, 1996, 1997). Subsequent work in Arabidopsis revealed DRP1s are very
early markers of the cell plate, appearing at the division plane prior to the establishment
of the tubular-vesicular network (Hong et al., 2003b; Kang et al., 2003a). DRP1A
localizes to the cell plate before nuclear reassembly (Kang et al., 2003a) where it is a
component of 50 nm diameter rings that are present at sites of membrane tubule
constriction (Otegui et al., 2001). In tobacco suspension-cultured cells, GFP-tagged
DRP1A and C also localize to the spindle and phragmoplast (Hong et al., 2003b);
however, localization to these structures has not been observed in other cell types by
immunofluorescence microscopy or in cells expressing DRP1A-GFP at native levels
(Kang et al., 2001; Kang et al., 2003a). As the cell plate grows toward the parental
plasma membrane, soybean DRP1 and GFP-tagged DRP1A, C and E are most strongly
associated with the leading edge of the structure but the proteins also remain associated,
albeit at lower levels, with the mature regions of the cell plate (Gu and Verma, 1997;
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Hong et al., 2003b; Kang et al., 2003a). These localization studies suggest that DRP1s
function at several stages of cytokinesis, including the early phases of cell plate
formation.
Genetic studies have provided the most definitive evidence for DRP1’s role in
plant cytokinesis. drp1A and drp1E null mutants do not have any apparent cytokinetic
defects; however, drp1a/drp1e double mutant embryos display defects in cell expansion
and cytokinesis, and fail to complete embryogenesis (Kang et al., 2003a), suggesting
DRP1A and DRP1E are acting redundantly in cytokinesis during embryogenesis. The
drp1a/drp1e embryos undergo several rounds of cell division before cytokinetic defects
manifest, which may be due to the presence of another functionally redundant DRP1 or
maternal/paternal pools of DRP1 proteins. In the cytokinesis defective cells, cells walls
are only partially formed, resulting in cell wall stubs (Kang et al., 2003a).
DRP1s have also been implicated in polar cell expansion. drp1A plants arrest
during seedling development unless grown on media supplemented with sucrose, and
have polar expansion defects in select cell types (Kang et al., 2003a). The stigmatic
papillae of drp1A plants do not expand polarly like wild type papillae. In wild type
plants immature papillae are small and round. Just prior to pollination these cells expand
to form flask-shaped cells, a requirement for fertilization (Kandasamy et al., 1990). The
papillae of drp1A flowers expand isotropically creating balloon-shaped cells, which
correlates with fertility defects (Kang et al., 2001). The plasma membrane in drp1A
papillae is highly irregular and characterized by large invaginations of excess membrane,
indicating a role for DRP1A in plasma membrane maintenance during cell expansion. As
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both plant cytokinesis and anisotropic cell expansion require highly polarized membrane
trafficking (Bednarek and Falbel, 2002), DRP1A may have a general role in polar
membrane trafficking as well as a specialized role in the cell plate formation and
maturation. Finally, drp1A-2 mutants also display defects in trichome branching (Kang
et al., 2001) and venation of cotyledons (Sawa et al., 2005).
In most tissues, DRP1C is the second most highly expressed DRP1 after DRP1A
(Zimmermann et al., 2004). The one exception is pollen, where DRP1A is not expressed
(CAK, unpublished data) and DRP1C is required for normal development (Kang et al.,
2003b). drp1C insertional mutants are male gametophytic lethal and mutant pollen are
small, shriveled and do not germinate, although there are no defects in pollen cytokinesis
(Kang et al., 2003b).

Like drp1A papillae, drp1C pollen have defects in plasma

membrane morphology, characterized by large undulations of membrane that reach into
the cytoplasm. The similarity of the drp1A papillae and drp1C pollen phenotypes suggest
that the two DRP1s function in similar membrane trafficking pathways.
Due to the gametophyte lethality of drp1C insertional mutants, it is not clear what
roles DRP1C is playing in somatic cells where it is highly expressed based on genomewide expression analyses (Zimmermann et al., 2004); see also Chapter 2, figure 1;
Chapter 3, figure 4 of this thesis). In non-dividing cells, DRP1C localizes to the plasma
membrane and to the tips of growing root hairs, suggesting a role at the plasma
membrane in these cell types as well as in pollen (Kang et al., 2003b). In addition, the
role of DRP1C during cell plate formation is unknown. Only DRP1A has been verified
as a component of the rings and spirals around cell plate tubules (Otegui et al., 2001), and
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it is not known whether the DRP1s form homo-oligomeric or hetero-oligomeric rings and
spirals in vivo. Finally, it is unknown if the DRP1s are functionally redundant or whether
there is specificity in their function or regulation. Although the DRP1s are 66- 85%
identical at the amino acid level (Kang et al., 2001), each DRP1 has a highly variable
region between the middle and GED domains, the site of the lipid-interacting PH domain
in dynamin 1 (Figure 3). The functional significance of this variable domain is unknown.

Thesis objective and approach
DRP1s are required for plasma membrane maintenance in certain cell types and
localized to the plasma membrane in all plant cell types examined. Thus, we hypothesize
that the DRP1s function at the plasma membrane.

The objective of the research

described in this thesis was to define a role for DRP1A and DRP1C at the plasma
membrane and to determine the functional redundancy of DRP1C and DRP1A.

In

Chapters 2 and 3, I describe the analysis of the dynamics of fluorescently labeled DRP1A
and DRP1C in live cells together with CLC. Also in chapter 3, I determine whether
DRP1C can functionally compensate for DRP1A in seedling growth and cell expansion.
Finally, in appendix 1, I describe variable angle epifluorescence microscopy, an imaging
technique I developed to analyze protein dynamics in the plant cell cortex
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Main Findings
In the cell cortex, DRP1C and clathrin light chain (CLC) co-localize and reside on
the same structures, suggesting that DRP1C is part of the endocytic machinery in plants.
DRP1A partially co-localizes with DRP1C and CLC in the cell cortex, but has different
dynamics. DRP1C can functionally complement DRP1A during seedling development,
but not during papillae expansion, suggesting that the DRP1s are only partially
functionally redundant.
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Figures
Figure 1. Membrane trafficking pathways in plant cell expansion and cell plate
development.
The biosynthetic secretion pathway of trans-Golgi Network (TGN) to plasma membrane
(1) contributes to anisotropic cell expansion and has been thought to be the main pathway
of membrane delivery to the cell plate based on EM studies. Besides endosomes, recent
studies suggest that the TGN may also function as an endocytic organelle (2) in
interphase and during root hair growth, and for certain cargo like the brassinosteroid
receptor, BRI1. Endocytosis via the endosomes (3) or the TGN (2) has recently been
introduced as another source for cell plate membrane based on plasma membrane protein
localization and cell wall component recycling.

Because endocytosed cell wall

components and the plasma membrane auxin carrier PIN1 have been visualized at the cell
plate, it is possible that recycling functions proposed for ARA6 positive (4) and GNOM
positive (5) endosomes during cell expansion may also function during cell plate
development. During interphase, much of the endocytic cargo, such as the flagellin
receptor, FLS2, is eventually targeted to the multivesicular body (6) for subsequent
delivery to, and destruction in, the vacuole. In light of the recent evidence for an
endocytic role in cell plate development, the regulation of this pathway may prove vital
for proper cell division. See text for further details and references.
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Figure 2. Clathrin mediated endocytic machinery in mammals and yeast.
Steps of clathrin-mediated endocytosis are indicated at the top and illustrated at the
bottom. Proteins involved at each step in mammalian clathrin mediated endocytosis are
indicated with an approximate time line of residency or activity at the endocytic site.
Yeast homologs or similarly functioning proteins are indicated in parentheses, if
appropriate. Proteins that have homologs in Arabidopsis are in bold. Proteins that do not
have homologs in Arabidopsis are in italics. PIPK-g. phosphatidyl-4-phosphate 5-Kinase
gamma.
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Figure 3. Domain structure of dynamin and dynamin related proteins involved in
membrane trafficking and cytokinesis.
Listed are dynamins and DRPs that have putative roles during cytokinesis along with
their domain structure and other cellular functions. All dynamins and DRPs contain an
N-terminal GTPase domain followed by a conserved middle region and a C-terminal
GTPase effector domain (GED). The region between the middle and GED domains has
low homology within the superfamily, ranging from a large defined pleckstrin homology
(PH) domain in classical dynamins to an undefined 25-50 amino acid stretch in DRP1
and Vps1 (yellow star). Domains are represented by different shapes and colors. A
sequence alignment of the variable domain for DRP1A and DRP1C is shown. Alignment
was generated using the ClustalW multiple sequence alignment (Ramu et al., 2003).
PH=pleckstrin homology domain; PR=proline rich domain; GED=GTPase effector
domain. Symbols in alignment: “*”, identical amino acid; “:”, conserved substitution; “.”
Semi-conserved substitution.
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Chapter2

Dynamics of plasma membrane-associated dynamin-related
protein 1C and clathrin light chain
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Summary
Plant morphogenesis is highly dependent upon polarized exocytic and endocytic
membrane trafficking. Members of the Arabidopsis dynamin-related protein 1 (DRP1)
subfamily have been shown to be involved in polarized cell expansion and cytokinesis.
Using a combination of confocal microscopy and variable angle epifluorescence
microscopy, we show that a functional DRP1C fluorescent fusion protein (DRP1C-GFP)
is localized at the division plane in dividing cells and to the plasma membrane in
expanding interphase cells. In tip growing cells such as root hairs and pollen tubes, as
well as in diffuse-polar expanding epidermal cells, DRP1C-GFP was organized into
dynamic foci at the cell cortex. DRP1C-GFP foci co-localized with a clathrin light chain
fluorescent fusion protein (CLC-FFP) at the cell cortex, suggesting DRP1C may
participate in clathrin-mediated membrane dynamics.

Pharmacological studies

demonstrated that the dynamics of cortical-associated DRP1C-GFP and CLC-GFP foci
are dependent on cytoskeleton organization, cytoplasmic streaming and membrane sterol
composition, and are affected by inhibitors of the clathrin-mediated endocytic machinery.
Our studies provide the first insight into clathrin dynamics in the plant cell cortex, and
indicate that the clathrin endocytic machinery in plants has both similarities and striking
differences to that in mammalian cells and yeast.
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Introduction
Dynamin and dynamin-related proteins (DRPs) constitute a structurally related, yet
functionally diverse, superfamily of large GTPases (for review, see (Praefcke and
McMahon, 2004; Konopka et al., 2006).

Dynamins and DRPs are involved in various

aspects of enodomembrane and intracellular organelle dynamics including endocytosis
and post TGN trafficking (Damke et al., 1994; Henley et al., 1998; Jones et al., 1998;
Nicoziani et al., 2000; Yang et al., 2001), mitochondrial fusion and fission (Mozdy et al.,
2000; Wong et al., 2000; Cipolat et al., 2004), peroxisome inheritance (Koch et al.,
2003), chloroplast division (Gao et al., 2003) and actin dynamics (McNiven et al., 2000;
Schafer et al., 2002). Mammalian Dynamin 1, plays critical roles in several types of
endocytosis, including clathrin-mediated endocytosis (CME).
In mammalian cells CME is mediated by a coordinated interplay of accessory and
regulatory proteins (Chapter 1, Figure 2). Briefly, AP-2 adapter proteins recognize and
bind to the cytosolic domain of cargo proteins and recruit triskelion subunits comprised
of clathrin heavy and light chain subunits (CHC and CLC, respectively) that oligomerize
into a lattice and facilitate vesicle budding. Additional accessory proteins that bind
phospholipids and/or modulate actin dynamics are also recruited by adapter proteins to
the clathrin coated structure. Through the polymerization of clathrin, the membrane
remodeling activities of accessory proteins, and the force generated by actin
polymerization, invagination of the clathrin-coated bud is thought to occur. Dynamin
subunits are recruited to and form rings and spirals around the necks of the invaginating
clathrin-coated buds (Damke et al., 1994). Upon GTP hydrolysis, it has been proposed
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that there is a conformational change of the dynamin oligomer (Roux et al., 2006) that
along with actin polymerization (Merrifield et al., 2005) and the activity of additional
membrane modifying proteins including amphiphysin and endophilin (for review see
(Dawson et al., 2006)) promotes the release of the clathrin-coated vesicle from the
plasma membrane. Similar to mammalian cells, endocytosis in the yeast S. cerevisiae is
dependent upon a highly ordered assembly of membrane and cytoskeletal-associated
proteins, including clathrin, to initiate the recruitment of cargo proteins, budding and
release of endocytic vesicles (Kaksonen et al., 2003; Kaksonen et al., 2005; Sun et al.,
2006). However, a few striking differences exist, among which is the lack of need for a
dynamin-related protein (Yu and Cai, 2004; Kaksonen et al., 2005) in endocytosis.
Clathrin-coated structures at the plasma membrane are evident in electron
micrographs of several plant species (van der Valk and Fowke, 1981; Emons and Traas,
1986; Fowke et al., 1989; Derksen et al., 1995; Robinson, 1996; Fowke et al., 1999;
Dhonukshe et al., 2007). Functional homologs for CHC, CLC and AP-2 subunits are
present in the Arabidopsis genome (Holstein, 2002) as well as homologs for accessory
proteins that are required for mammalian endocytosis (Holstein and Oliviusson, 2005).
Expression of a dominant negative region of CHC resulted in inhibition of uptake of the
lipophilic tracer dye FM4-64 and several plasma membrane proteins (Dhonukshe et al.,
2007; Tahara et al., 2007). Use of Tyrphostin A23, an inhibitor of the AP-2 adaptor
protein, also caused a reduction in endocytosis of plasma membrane proteins. Although
the existence of CME is now widely accepted, the molecular machinery responsible for
the regulated uptake of membrane and endocytic cargo, such as receptors for hormones

30
(Russinova et al., 2004), defense elicitors (Robatzek et al., 2006), and heavy metals
(Takano et al., 2005) is wholly unknown.
The Arabidopsis genome contains sixteen genes that are predicted to encode
dynamin related proteins (DRPs), which have been assigned to six protein families based
upon primary sequence analysis, predicted domain structure, and functional analysis
(Hong et al., 2003a; Gao et al., 2006). Members of the DRP2 family share the greatest
similarity in domain structure to mammalian dynamin 1, including the PH and PR
domains, and are required for Golgi to vacuolar protein trafficking (Jin et al., 2001).
DRP2A interacts with the AP-1 subunit, -adaptin (Jin et al., 2001), which in turn has
been shown to interact with clathrin and the Arabidopsis homolog of epsin (Song et al.,
2006), an adaptor protein required for clathrin dependent trafficking at the plasma
membrane (Chen et al., 1998; Wendland et al., 1999) and TGN (Duncan et al., 2003;
Kalthoff, 2003) in both mammals and yeast. However, a possible role in endocytosis for
DRP2s has not been characterized.
In contrast to DRP2, members of the plant-specific DRP1 protein subfamily
DRP1A-E, lack the PH and PR domains and are required for plant cell expansion and
cytokinesis (Kang et al., 2001; Kang et al., 2003a). DRP1C is localized to cell plate and
the plasma membrane of polarized growing root hairs and loss-of-function drp1C
mutants are male gametophytic lethal with pollen characterized by large invaginations of
the plasma membrane (Kang et al., 2003b). Using a combination of laser scanning
confocal microscopy (LSCM) and variable angle epifluorescence microscopy (VAEM)
we show that in rapidly growing root hairs DRP1C-GFP was recruited from the
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cytoplasm to the plasma membrane flanking the root hair tip. In epidermal cells DRP1CGFP was organized into discrete, dynamic foci that co-localized with and displayed
similar dynamics as a plasma membrane-associated, fluorescent protein tagged clathrin
light chain (CLC-FFP). These analyses indicate that DRP1C is a component of the
clathrin-associated machinery in plants.

Results
DRP1C-mGFP5 is localized to the division plane, plasma membrane and cytoplasm
To determine the cellular distribution of DRP1C, a DRP1C-mGFP5 translational
fusion (now referred to as DRP1C-GFP) was constructed and introduced into
DRP1C/drp1C-1 plants (Kang et al., 2003b).

To ensure normal expression and

localization of GFP-tagged DRP1C, a genomic fragment of DRP1C including 2.9 kB
native promoter, which is known to complement the drp1C pollen defect (Kang et al.,
2003b) was positioned at the N-terminus of GFP (Figure 1A). DRP1C-GFP rescued the
development of drp1C-1 pollen and drp1C-1/drp1C-1::DRP1C-GFP plants had no visual
defects (data not shown). Immunoblot analysis of total protein extracts from plants
expressing DRP1C-GFP confirmed that the fusion protein was intact and was expressed
at levels similar to native DRP1C in drp1C-1/drp1C-1 and wild type plants (Figure 1B).
Together, these data indicated that the DRP1C-GFP fusion protein was functional in vivo.
DRP1C-GFP was expressed throughout pollen germination. GFP fluorescence
was first observed in hydrated pollen and was localized to the plasma membrane (data not
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shown), but was not detected in germinating untransformed wild-type pollen (Figure 1C).
During pollen grain germination, plasma membrane-localized DRP1C-GFP converged to
the region near the aperture through which the pollen tube would emerge (Figure 1D).
As the pollen tube continued to grow, DRP1C-GFP remained in the distal end of the
pollen tube in the cytoplasm as well as along the PM (Figure 1F; Supplemental movie 1).
As previously observed in roots using immunofluorescence (IF; (Kang et al.,
2003b), DPR1C-GFP was localized at the division plane in the transition zone of roots
(Figure 1F) and to the distal region of elongating root hairs (Figure 1G). In addition live
cell imaging of DRP1C-GFP showed that the protein was associated with the plasma
membrane in these cell types, as well as in leaf pavement (Figure 1H) and hypocotyl
epidermal cells (data not shown).

DRP1C-GFP expression was also detected in

developing trichomes (Figure 1H).
DRP1C-GFP was not observed to be associated with any cytoskeletal structures in
either dividing or non-dividing cells as was previously reported (Hong et al., 2003b). In
addition, DRP1C-GFP was not detected in association with mitochondria as previously
reported (Jin et al., 2003).

DRP1C-GFP did not co-localize with the mitochondrial

tracer dye, MitoTracker Orange CM-H2XRos (Molecular Probes) in all of the cell types
analyzed including root cortical (Supplemental Figure 1A-B) and epidermal cells (data
not shown). DRP1C-GFP did not co-localize with MitoTracker labeled mitochondria
even when the mitochondria were elongated, a characteristic of mitochondrial division
(Logan, 2006).

To further confirm the lack of mitochondrial localization, roots

expressing a GFP-tagged mitochondria signal sequence fusion protein (ssatpase-GFP;
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(Logan and Leaver, 2000) were fixed and probed with an antibody specific for DRP1C
(Kang et al., 2003b).

Again, -DRP1C did not associate with the ssatpase-GFP

mitochondrial marker (Supplemental Figure 1C).

DRP1C-GFP is enriched at the lateral tip plasma membrane of growing root hairs
Previous studies have shown that membrane of the DRP1 protein family are
involved in polarized cell expansion (Kang et al., 2003a; Kang et al., 2003b). Root hairs
are a model cell for the study of polar cell growth as they expand through membrane
addition just at the tip of the structure. Through mutant analysis and live cell imaging,
the signaling and membrane trafficking pathways that are required to establish and
maintain this polar cell growth have been characterized (reviewed in (Carol and Dolan,
2002; amaj et al., 2006). Thus, we focused on analyzing the in vivo dynamics of
DRP1C-GFP in these tip-growing cells.

DRP1C-GFP fluorescence was not evenly

distributed throughout the root hair, but was primarily localized at the distal (towards the
root hair tip) end of the root hairs during all stages of root hair development, beginning
with the appearance of the first bulge, through the transition to tip growth and until root
hair growth terminated (Figure 2A). Vacuole morphology in the root hair tip, which
varies with growth status (Miller et al., 1999), was used as an estimate to determine if
DRP1C-GFP localization was effected by growth status of the cell. Indeed, DRP1C-GFP
fluorescence was more intense at the root hair tips (within ~ 15 μm of the tip apex; Figure
2B, top row) compared to the rest of the root hair in 90% of root hairs whose tips were
filled with cytoplasm, a hallmark of growing root hairs (Miller et al., 1999); Figure 2B,
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left column). DRP1C-GFP fluorescence levels at the tip decreased (Figure 2B, middle
row) as root hairs stopped growing and the vacuole invaded the tip. Redistribution of
DRP1C-GFP away from the tip in root hairs occurred once the vacuole fully occupied the
apical space in the root hair tip.
To investigate the dynamics of DRP1C-GFP during root hair growth with greater
time resolution, seedlings were grown at 30-degrees from horizontal through  MS +
0.5% agar medium on a glass coverslip (Konopka and Bednarek, 2007) to allow root
hairs to elongate in one confocal plane without disturbance. Root hairs that grew along
the surface of the glass coverslip were imaged using LSCM. The root hairs appeared
morphologically normal throughout the three hours of imaging. The growth rate of the
roots hairs oscillated over time, with rates varying between 0.4 and 1.7μm/min, which
was consistent with growth rates observed in other studies of root hair growth (Wymer et
al., 1997). DRP1C-GFP localized to the plasma membrane primarily at the tip apex and
the lateral plasma membrane within ~ 15 μm of the apex (now referred to as tip flanks) as
well as throughout the circulating cytoplasm (Figure 2C, Supplemental Movie 2). As the
root hair elongated, the plasma membrane-associated DRP1C-GFP fluorescence intensity
fluctuated both at the tip flanks and at the tip apex, which was found to cycle in
fluorescence intensity throughout the two hours of imaging (Figure 2D). Highest levels
of DRP1C-GFP fluorescence were observed at the apical tip when the growth rate of the
root hair was lowest (Figure 2D). At the highest growth rates of ~1.7μm/min, only 6% of
total membrane-associated DRP1C-GFP fluorescence was located at the apical tip. In
contrast, at the slowest rate (~ 0.4 μm/min), 60% of the total DRP1C fluorescence was
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present at the root hair apical tip. This analysis suggested that there was an inverse
relationship between the localization of DRP1C at the root hair tip where exocytosis
occurs and the rate of root hair growth during expansion (Figure 2D).

DRP1C-GFP is recruited from a cytoplasmic pool to the plasma membrane
To determine how DRP1C is recruited to the plasma membrane at the root hair
tips, we utilized fluorescence recovery after photobleaching (FRAP). LSCM time-lapse
images showed that in addition to the plasma membrane-associated pool, DRP1C-GFP
was present in a circulating cytoplasmic pool (Figure 2C, Supplemental Movie 2).
Therefore, DRP1C could be recruited directly from the cytoplasm and/or delivered to the
tip apex via an exocytic pathway and then diffuse into the root hair tip flanks during
periods of rapid growth. To test these models, the diffusion of plasma membraneassociated DRP1C-GFP at lateral flanks in expanding root hairs was analyzed.

If

DRP1C-GFP were recruited directly from the cytoplasm, one would expect fluorescence
in the entire photobleached area to recover at a uniform rate. Alternatively, if DRP1CGFP localization were dependent upon initial delivery to the root hair apex and
subsequent diffusion, it is expected that the initial fluorescence recovery would occur at
the edge of the photobleached area. As a control, the fluorescence recovery rate of the
cytoplasmic pool was determined, which recovered to its original intensity (corrected for
photobleaching, see material and methods) in 17.1 +/- 5.1 sec (n = 9) (Figure 3A, C).
The plasma membrane-associated fluorescence recovered in 47.6 +/- 15.8 sec (n = 18)
(Figure 3B, C) indicating that DRP1C-GFP did not freely diffuse within the plasma

36
membrane. The photobleached area of the root hair tip flank was divided into two
regions, one comprising the peripheral two-thirds of the photobleached area (Figure 3C,
white boxes) and the other comprising the inner one-third of the bleached area (Figure
3C, black boxes). The rate of fluorescence recovery of each region was determined. In
83% of the root hairs (n = 18), the peripheral and inner regions recovered with equal
kinetics suggesting that DRP1C-GFP was recruited from the cytoplasm (Figure 3B, C).
However, three photobleaching experiments resulted in a faster recovery of the peripheral
region relative to the inner region, suggesting that upon leaving the plasma membrane,
DRP1C-GFP may have been preferentially recruited back to a nearby site at the plasma
membrane (data not shown; see “DPR1C-GFP forms discrete foci at the plasma
membrane” section below).

Tip-localized dynamics of DRP1C-GFP is associated with growth rate in inhibitortreated root hairs.
Root hair growth has been shown to require calcium gradients and reactive
oxygen species as signaling modules (Bibikova et al., 1997; Foreman et al., 2003),
phosphatidylinositol metabolism (Böhme et al., 2004; Vincent et al., 2005; Preuss et al.,
2006), actin dynamics (Ringli et al., 2002; Ketelaar et al., 2003), and a functional
secretory pathway (Molendijk et al., 2001; Grebe et al., 2002). To determine if these
processes are also required for DRP1C-GFP polarity, DRP1C-GFP dynamics in root hairs
were analyzed before, during and after the addition of 10 mM LaCl3 (calcium channel
blocker; (Demidchik et al., 2002), 50 μM diphenylene iodonium (NADPH oxidase
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inhibitor; (Foreman et al., 2003), 30 μM cytochalasin D (F-actin inhibitor; (Ketelaar et
al., 2003), 30 μM wortmannin (PI kinase and trafficking inhibitor; (Kim et al., 2001), 20
μM brefeldin A (secretory trafficking inhibitor; (Geldner et al., 2003) or 30 μM
tyrphostin A23 (clathrin-dependent endocytosis inhibitor; (Banbury et al., 2003). Time
lapse images were captured as above except that each inhibitor was added after growth of
the root hair was established. Unlike the control, which did not affect growth (Figure
4A), each inhibitor caused a cessation of root hair growth 10 – 30 minutes after inhibitor
addition (Figure 4B-D, data not shown). With the exception of tyrphostin A23 (tyrA23),
polarized localization of DRP1C-GFP at the apical and lateral PM was abolished within
fifteen minutes of growth cessation, resulting in a non-polar distribution of DRP1C-GFP
throughout the root hair (Figure 4B-C, data not shown). These results suggested that the
known requirements for active root hair tip growth are most likely not directly required
for DRP1C-GFP recruitment or dynamics at the plasma membrane, but that DRP1C-GFP
localization at the tip of root hairs is intimately tied with active growth.
TyrA23 inhibits AP-2 binding of endocytic cargo, and has been shown to block
clathrin-dependent endocytosis in mammalian cells (Banbury et al., 2003) and endocytic
traffic in plants (Ortiz-Zapater et al., 2006; Dhonukshe et al., 2007). Although clathrindependent endocytosis has not yet been shown to be required for tip growth in
Arabidopsis, clathrin-coated structures have been observed at the flanks of root hair tips
(Emons and Traas, 1986). We sought to determine if disrupting clathrin-dependent
endocytosis would alter the dynamics of DRP1C-GFP in root hairs. Within ~15 minutes
of tyrA23 addition, root hair growth slowed and then stopped, and the root hair tip
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expanded isotropically (Figure 4D). In contrast to the other inhibitor treatments, DRP1CGFP fluorescence at the apical or lateral plasma membrane decreased, but never
completely disappeared upon growth cessation. Instead, DRP1C-GFP remained polarly
localized at the tip up to 30 minutes after growth of the root hair ceased. Further analysis
of the effects of tyrA23 on DRP1C-GFP dynamics is presented below.
We also examined DRP1C-GFP localization in various root hair mutants
including the tip growth initiation mutant, rhd1, the tip growth expansion mutants, rhd2,
rhd4, rhd6, cow1, tip1, cob-1, and a constitutive-active ROP2 (Jones et al., 2002) to
determine whether DRP1C-GFP was mis-localized or its dynamics altered. In all root
hair mutants analyzed, DRP1C-GFP was polarly localized to the plasma membrane at
tips of growing root hairs (data not shown). It seems likely that DRP1C recruitment is
independent of factors affecting root hair growth. It is possible that DRP1C is involved
in a more fundamental process of polar growth, which when inhibited would cause more
severe phenotypes than altered root hair growth.

DPR1C-GFP forms discrete foci at the plasma membrane
To examine DRP1C-GFP dynamics at the plasma membrane, variable angle
epifluorescence microscopy (VAEM) was utilized, which allows for imaging of the plant
cell cortex with a high signal to noise ratio (Konopka and Bednarek, 2007).

The

distribution of DRP1C-GFP was visualized using VAEM in root hair tips and flanks
(Figure 5A, B), expanding epidermal cells of the differentiation and elongation zone
(Figure 5E-F, Supplemental Figure 3) as well as mature atrichoblasts in the root, leaf
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pavement cells, hypocotyl epidermal cells and guard cells (data not shown). In all cell
types, DRP1C-GFP was most prominently organized into discrete cortical-associated foci
(Figure 5A, B). Time lapse imaging revealed that the foci had limited lifetimes in the cell
cortex (Figure 5B-C; Supplemental Movie 4). To eliminate any differences that may
occur in different cell types, DRP1C-GFP foci in expanding root epidermal cells that had
lifetimes (defined as the length of time that the focus was visible in the imaging plane) of
at least 2 seconds were initially analyzed. Each of the DRP1C-GFP foci that appeared
also disappeared during the 5 minutes of imaging. The average lifetime of the DRP1CGFP foci was 17.7 secs +/- 8.8 secs (n=175). When first appearing, the foci had low but
detectable fluorescence (Figure 5B-D) that increased steadily.

Upon reaching peak

fluorescence intensity, the fluorescence rapidly decreased to background levels and the
foci disappeared from the cell cortex (Figure 5B-D).

The normalized fluorescence

intensity of foci from individual cells that was averaged and centered at peak intensity
(Figure 5D) indicates that this behavior was characteristic of DRP1C-GFP foci. In
addition, the foci were largely immobile (Figure 5B). 55% of the foci exhibited no lateral
movement in the imaging plane. The remaining foci were immobile for over 90% of
their lifetime at the cell cortex, but were mobile within the image plane while exhibiting
additional behaviors, including splitting (Figure 5E), fusion, and dimming without
disappearing (Figure 5F). In addition, short-lived (< 5 seconds) foci that did not flucuate
in fluorescence intensity and long-lived (> 45 seconds) foci that underwent several
rounds of fluorescence intensity fluctuations were also present (Figure 5E-F). Besides
having limited mobility in the image plane, the foci exhibited movement just out of the
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plane of focus as they disappeared from the cell cortex. 70% (n = 220) of foci were
observed moving out of focus, presumably deeper into the cytoplasm, within 1 second of
completely disappearing most likely due to cytoplasmic streaming.
Endocytic membrane trafficking is more active in expanding than in nonexpanding cells (Emons and Traas, 1986). To determine if the distribution or dynamics
of DRP1C-GFP foci were also different, the density and behavior of foci in root
epidermal cells in the expansion zone were compared to that in fully expanded root
epidermal cells. Although, the focus lifetimes were quite variable within a single cell,
ranging from 2 to 60 seconds in both expanding and non-expanding epidermal root cells,
the average lifetime of the DRP1C-GFP foci did not vary widely between cell types. The
average lifetime was 17.7 +/- 8.8 secs in expanding root epidermal cells and 24.2 +/- 12.4
seconds in non-expanding root epidermal cells. In contrast, the density of DRP1C-GFP
foci varied between cell types with the highest density measured in actively expanding
cells (Figure 5G). In addition, more foci exhibited the additional behaviors of splitting
and fusion in expanding (45%, n=182) versus non-expanding cells (28% n=182), which
may be due to higher focus density in these cells and more opportunity to affect the
dynamics of other neighboring foci.

Inhibiting clathrin-dependent endocytosis disrupts DRP1C-GFP focus dynamics
TyrA23 is an inhibitor of clathrin dependent endocytic pathways. The tyrosine
mimic has been shown to inhibit the interaction between the AP-2 clathrin adaptor
complex and receptor cargo in vitro (Crump et al., 1998), inhibits transferrin uptake in
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mammalian cultured cells (Banbury et al., 2003) and the endocytosis of the membrane
cargo PIN1 in Arabidopsis (Dhonukshe et al., 2007). To test the hypothesis that DRP1C
may play a role in endocytosis, drp1C-1/drp1C-1::DRP1C-GFP seedlings were treated
with 50 μM tyrA23. After three minutes treatment with tyrA23, approximately 15% of
the cortical-associated foci imaged with VAEM began to increase in size and
fluorescence intensity (Figure 5H) and the cytoplasmic pools of DRP1C-GFP began to
amass into immobile structures with high GFP fluorescence as viewed by time lapse
LCSM (Figure 5I, Supplemental Movie 4). 20 minutes after the addition of tyrA23, the
cortical and cytoplasm-associated DRP1C-GFP fluorescent signal was observed in
immobile cortical-associated foci and cytoplamic structures, respectively (Figure 5H-I).
Fewer than 1% (n= 600) of the cortical foci entered or disappeared from the cell cortex
during 2 minutes of imaging. In contrast, the phosphotyrosine analog tyrphostin A51
(Crump et al., 1998), which does not inhibit clathrin/AP2-cargo interaction (Banbury et
al., 2003), had no effect on localization or behavior of plasma membrane or cytoplasmassociated DRP1C-GFP (data not shown). The effect of tyrA23 was rapidly reversible
with a complete disappearance of immobile cytoplasmic DRP1C-GFP structures within 5
minutes after washout (data not shown). TyrA23 is most likely not directly inhibiting the
activity DRP1C, as tyrA23 had no affect on the GTPase activity of a purified affinity
tagged recombinant DRP1C (Backues and Bednarek, unpublished data).
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Dynamics of cortical-associated clathrin light chain
Cortical-associated DRP1C-GFP displayed characteristics that were reminiscent
of dynamin 1’s dynamics during clathrin dependent endocytosis (Merrifield et al., 2002).
Based on this and the result that tryA23 inhibits the dynamics of DRP1C-GFP, clathrin
light chain (CLC) fluorescent fusion proteins were created and expressed in planta for
real time imaging of clathrin dynamics at the plasma membrane. Three C-terminal
fusions to mGFP5 (Konopka and Bednarek, 2007), mOrange or ECFP were utilized. All
three CLC fusion proteins exhibited similar localizations (Figure 6A-F): intracellular
organelles that co-localized with the trans-Golgi-network marker, N-sialyl transferaseYFP (Batoko et al., 2000) (Figure 6D-F), within the cytoplasm, and at the plasma
membrane of root epidermal cells (Figure 6A-C). In addition, the CLC-FFPs were also
expressed in growing root hairs where they similarly localized to the cytoplasm,
intracellular compartments and the plasma membrane (Figure 6G, data not shown).
Plasma membrane associated CLC-GFP was distributed like DRP1C-GFP in growing
root hairs. In time lapse images (Supplemental Movie 8) CLC-GFP was localized to the
hair tip flanks in growing root hairs and redistributed to the apical tip plasma membrane
as growth ceased.
CLC-GFP localization at the plasma membrane was examined using VAEM.
Similar to DRP1C-GFP, plasma membrane associated CLC-GFP (Konopka and
Bednarek, 2007); Figure 6H; Supplemental Movie 5) and CLC-mOrange (Figure 8A)
were organized into dynamic, discrete foci (Figure 6H-J). CLC-GFP foci had a similar
lifetime distribution (Figure 6J) as DRP1C-GFP in expanding root epidermal cells, with
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the average lifetime of 19.7 +/- 6.8 seconds. The density of CLC-GFP foci was also
similar in expanding root epidermal cells (3.48 +/- 0.55 foci/μm2) to that of DRP1C-GFP
(3.54 +/- 0.62 foci/μm2).

DRP1C- and CLC-FFP localization in expanding root epidermal cells were
perturbed upon cytoskeleton and sterol disruption
Actin dynamics (Lamaze et al., 1997; Engqvist-Goldstein and Drubin, 2003;
Toshima et al., 2006) and plasma membrane sterols (Munn et al., 1999; Rodal et al.,
1999) are required for efficient clathrin mediated endocytosis in mammals and yeast. To
determine cellular components that are required for DRP1C-GFP and CLC-FFP
dynamics, seedlings were treated with molecular inhibitors of cytoskeletal dynamics and
membrane and protein trafficking, and then imaged with VAEM. Specifically, 1 μM and
30 μM latrunculin B (latB; F-actin inhibitor), 10 μM oryzalin (microtubule inhibitor), 50
mM 2,3-butanedione monoxime (BDM; myosin inhibitor), 50 μM wortmannin, 50 μM
brefeldin A, and 10 μg/mL fenpropimorph were assessed.

All inhibitors, except

wortmannin and brefeldin A, had significant effects on focus dynamics.
Seedling roots were treated with low (1 μM) and high (> 30 μM) concentrations
of latB to inhibit both cytoplasmic streaming-independent and -dependent processes,
respectively. At 1μM latB, there was no effect on DRP1C-GFP focus dynamics (data not
shown) and a small, but significant increase in CLC-GFP average focus lifetime (31.1 +/23.8 sec; Figure 7A, striped). However, at latB concentrations that inhibited cytoplasmic
streaming (> 30 μM) as viewed in brightfield, DRP1C-GFP and CLC-GFP did not cycle
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in and out of the cell cortex (data not shown). After 20 minutes incubation with 50 μM
latB, over 95% of cortex-associated foci that were present at the beginning of imaging
were present after 5 minutes. Besides this immobile population, approximately 30% of
CLC-GFP foci were in constant motion in and out of the plane of focus, which was not
observed for DRP1C-GFP.

To determine if the effects of actin inhibition on focus

dynamics were due to cytoplasmic streaming, seedlings were incubated with BDM, a
myosin inhibitor, for 30 minutes.

Both DRP1C-GFP and CLC-GFP foci became

immobile. Foci that were present at the beginning of imaging rarely (< 1%) disappeared
from the cell cortex. CLC-GFP also formed constantly mobile foci, similar to what was
observed with 50 μM latB. In addition, DRP1C-GFP fluorescence in the cell cortex
accumulated into foci with higher fluorescence intensity than with  X MS, similar to
what was observed after tyrA23 treatment (Figure 7C).
Microtubules are the major cytoskeletal component of the cortical environment of
plant cells (Ehrhardt and Shaw, 2006). Thus, microtubule organization may be important
for regulating or organizing mechanisms at the plasma membrane. To examine the role
of the microtubule cytoskeleton in cortical DRP1 and CLC dynamics, seedlings
expressing DRP1C-GFP or CLC-GFP were imaged after 20 minutes incubation with 10
μM oryzalin, which caused complete depolymerization of microtubules, as assessed by
using a microtubule-binding domain (MBD) – GFP reporter (Granger and Cyr, 2001).
Both DRP1C-GFP and CLC-GFP foci had a wider lifetime distribution and more foci
with lifetimes longer than 60 seconds than with 0.1% DMSO treatment (Figure 7A-B,
white bars; Supplemental Movie 7). The average focus lifetime of DRP1C-GFP and
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CLC-GFP with oryzalin treatment was 2.6 and 1.6 times, respectively, than that of mock
treated. In addition, DRP1C-GFP and CLC-GFP had a greater mobility within the plane
of the cell cortex than without drug. Twice as many cortical-associated DRP1C-GFP foci
were observed to split and/or merge and more than twice as many CLC-GFP foci moved
laterally in the cell cortex compared to mock treated roots (data not shown).
Interestingly, focus dynamics were greatly inhibited in the absence of both the actin and
microtubule cytoskeleton inhibition (Figure 7A-B, gray bars). In seedlings incubated
with 10μM oryzalin plus 1μM latB for 20 minutes, DRP1C and CLC foci displayed an
average focus lifetime of 135.22 +/- 71.3 and 46.2 +/- 35.5 seconds (n=106), respectively.
In addition, the mobile DRP1C-GFP and CLC-GFP foci that were present in mock
treated seedlings or with either drug alone, were not apparent in seedlings treated with
oryzalin and latB. Fewer than 2% of DRP1C and CLC foci were mobile within the cell
cortex.
Plant cell expansion and division are greatly affected by sterols present in the
plasma membrane, campesterol, sitosterol and stigmasterol (He et al., 2003; Schrick et
al., 2004). Clathrin dependent endocytosis in mammalian cells also requires the presence
of sterols in the plasma membrane (Rodal et al., 1999). Fenpropimorph has been used as
a sterol synthesis inhibitor to probe the effects of altered membrane sterol profiles on
plant morphology (He et al., 2003; Schrick et al., 2004). Seedlings germinated and
grown on  X MS + 10 μg/mL fenpropimorph had altered DRP1C-GFP and CLC-GFP
foci dynamics (Figure 7D-E). The average DRP1C-GFP focus lifetime (Figure 7E, white
bars) from seedlings grown on fenpropimorph was 1.9 times that of seedlings grown on
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 MS media (Figure 7E, black bars). Likewise, the average lifetime of CLC-GFP foci
when seedlings were grown on fenpropimorph (Figure 7D, white bars) was 1.7 times that
grown on  MS (Figure 7D, black bars). Together, these inhibitor studies indicated that
the cortical environment was critical for efficient DRP1C-GFP and CLC-GFP focus
dynamics.

DRP1C-GFP and CLC-GFP foci co-localize at the plasma membrane
As described above, cortical-associated DRP1C-GFP and CLC-GFP foci
displayed very similar dynamics. To test whether these foci co-localize in the cell cortex,
plants expressing both DRP1C-GFP and the FFP variant, CLC-mOrange, were imaged
using dual fluorescence color VAEM imaging (Figure 8A, Supplemental Movie 9). As
demonstrated by single fluorophore imaging, both DRP1C and CLC fusion proteins
formed discrete foci in the cell cortex (Figure 8A, yellow arrowhead). CLC-mOrange
was also found in larger structures that represent trans-Golgi networks (Figure 8A, blue
arrowhead; Figure 7D-F).

48.8% of pixels that had green fluorescence above an

intensity threshold that included all fluorescence within the cell boundaries also
contained mOrange fluorescence above the intensity threshold. Conversely, only 15.3%
of pixels that contained orange fluorescence above threshold intensity also contained a
green fluorescence above the threshold intensity (n = 3 cells). This was most likely due
to the TGN-associated CLC-FFP fluorescence signal. On the other hand, when only foci
were analyzed for the presence of green or orange fluorescence, 95.1% of all CLCmOrange foci analyzed (n = 1044) overlapped with DRP1C-GFP foci while 94.6% of all
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DRP1C-GFP foci analyzed (n=1049) overlapped with CLC-mOrange foci. The total
percentage of overlapping foci was 90.4% (n=1100). To eliminate the possibility that the
high percentage of co-localization was due to the high density of foci in the cell cortex of
elongating epidermal cells, the average distance between the peak intensities of DRP1CGFP and CLC-mOrange foci was determined for eight images and the same images in
which the orange fluorescence was rotated 180 degrees with respect to the green
fluorescence. The average peak distance for the original image (3.29 pixels; n = 256)
was significantly different from that of the rotated images (6.43 pixels; n = 253; p <
0.000001), indicating that the co-localization was statistically significant.
The dynamics of DRP1C-GFP and CLC-mOrange were analyzed for 88 foci from
expanding epidermal root cells in 10 individual roots that displayed overlapping DRP1CGFP and CLC-mOrange localization. In 85% of these foci, the DRP1C-GFP and CLCmOrange fluorescence decreased within 2 frames (1 second) of each other (Figure 8B-C),
suggesting that DRP1C-GFP and CLC-mOrange resided on the same structure in the cell
cortex. Of those that displayed simultaneous disappearance, 65.3% of foci (49 out of 68)
had simultaneous rise in fluorescence (Figure 8B), indicating that the fluorophores were
recruited concurrently, while 27.5% of foci were characterized by a peak in CLCmOrange fluorescence before DRP1C-GFP (Figure 8C), suggestive of a step-wise
recruitment. Finally, 9.1% of all foci had concurrent recruitment of the DRP1C-GFP and
CLC-mOrange, but did not have simultaneous disappearance of DRP1C-GFP and CLCmOrange fluorescence (Figure 8D). The time difference between the disappearances of
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the two foci ranged from 2.5 – 7 seconds.

Finally, 5.7% of foci did not display

coordinated dynamics of DRP1C-GFP and CLC-mOrange (Figure 8E).

Discussion
Members of the DRP1 family are required for cell plate and plasma membrane
dynamics during cytokinesis and cell expansion, respectively (Otegui et al., 2001; Kang
et al., 2003a; Kang et al., 2003b). However, the specific processes in which DRP1
isoforms function, and their interaction with the molecular machinery required for
membrane trafficking pathways during plant cell expansion and cytokinesis, are largely
uncharacterized (Backues et al., 2007). In this study we have used live-cell imaging of a
functional DRP1C-GFP to examine its localization and dynamics at the plasma
membrane of various plant cell types. DRP1C-GFP was found to be associated with
dynamic foci containing CLC. The coordinated dynamics of DRP1C and CLC in the cell
cortex suggest that they may function together in clathrin-mediated endocytosis in plant
cells.

DRP1C and CLC co-localize into foci at regions of active membrane trafficking
This is the first study to analyze the dynamics of clathrin at the plasma membrane
in plant cells. Morphological characterization demonstrated the presence of clathrincoated intracellular structures in plant cells over 20 years ago (van der Valk and Fowke,
1981).

These clathrin-coated structures have been observed in association with the

plasma membrane in regions of rapid growth (Emons and Traas, 1986; Fowke et al.,
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1999) and at the cell plate (Otegui et al., 2001; Segui-Simarro et al., 2004; Segui-Simarro
and Staehelin, 2006). Accordingly, CLC-GFP was found to be associated with the distal
plasma membrane in expanding root hairs (Figure 6G), and at the cell plate in dividing
root cells (Figure 6A-C).
Recent studies have begun to elucidate the endocytic molecular machinery in
plants. The auxin efflux carrier, PIN1, was shown to be constitutively endocytosed in a
clathrin-dependent manner (Dhonukshe et al., 2007).

The hormone receptor, BRI1

(Russinova et al., 2004), and plant defense receptor, FLS2 (Robatzek et al., 2006), have
also been identified as endocytic cargo, although the mechanism of their uptake has not
been elucidated. The central importance of clathrin-dependent trafficking in plant cells
was demonstrated by the expression of a dominant negative clathrin heavy chain, which
disrupted the endocytosis of several plasma membrane cargos (Dhonukshe et al., 2007).
Despite the evidence that CME exists in plants, the in vivo dynamics of clathrin and its
regulatory machinery at the plasma membrane have not been previously examined.
Components of the endocytic machinery in yeast and mammals co-localize with
each other as punctate structures at the plasma membrane (Merrifield et al., 2002;
Kaksonen et al., 2003; Elde et al., 2005; Kaksonen et al., 2005; Merrifield et al., 2005;
Le Clainche et al., 2007) by TIRF. Using VAEM, which gives a comparable signal to
noise ratio in plant cells as total internal reflection fluorescence microscopy (TIRFM)
(Konopka and Bednarek, 2007), we similarly observed that DRP1C-GFP, CLC-FFPs
organized into discrete dynamic foci at the cell cortex. DRP1C-GFP and CLC-FFP focus
dynamics were altered by compounds that affect cytoskeletal dynamics, lipid metabolism

50
(Figure 7A-D) and tyrA23, further supporting the model that DRP1C and CLC were part
of the same machinery. DRP1C-GFP also formed foci at the root hair tip flanks where
clathrin-coated structures are abundant (Emons and Traas, 1986). Although the density
of the DRP1C-GFP foci at the root hair tip prevented colocalization and kinetic imaging
of individual foci, FRAP studies suggested that DRP1C-GFP was recruited to the flanks
of expanding root hairs as in expanding root epidermal cells.

Arabidopsis DRP1C and CLC display distinct dynamics from dynamin 1 and
clathrin in mammals
DRP1C-GFP and CLC-GFP dynamics were suggestive of gradual accumulation
of DRP1C and clathrin network formation at plasma membrane sites (Figure 5B-D, 6I-J).
Unlike the recruitment of dynamin 1, which is thought to require an established clathrin
network (Merrifield et al., 2002; Conner and Schmid, 2003; Merrifield et al., 2005),
DRP1C-GFP and CLC-mOrange were recruited concurrently in over half of the foci
where the FFPs co-localize (Figure 8B). Only 30% of foci exhibited the step-wise
recruitment (Figure 8C) previously described for dynamin 1 (Merrifield et al., 2002).
The rapid disappearance of CLC-GFP foci most likely corresponds to clathrincoated vesicle release from the plasma membrane (Merrifield et al., 2002; Kaksonen et
al., 2005; Merrifield et al., 2005). In mammalian cells, dynamin 1 foci disappear rapidly
concomitant with vesicle fission (Merrifield et al., 2002) and the disappearance was a
result of dynamin 1 release from the membrane. DRP1C-GFP disappearance could
likewise be due to its release from the vesicle. Alternatively DP1C-GFP disappearance
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may represent movement of the oligomer away from the plasma membrane, possibly on
the clathrin-coated structure. In support of the latter model, both CLC-GFP and DRP1CGFP foci moved laterally out of the plane of focus upon disappearance from the cell
cortex.

Cytoplasmic streaming in the cell cortex did not permit long-term imaging of

these internalized structures and so their subsequent fate is unknown. DRP1C-GFP also
displayed additional behaviors, including focus splitting and fusion, not reported for
dynamin 1 (Merrifield et al., 2002), but which have been reported for plasma membrane
localized CLC foci in mammalian cultured cells (Yarar et al., 2005).
Besides differences in the dynamics of CLC in plants and animals, the regulation
of CME in plants may also differ. ARP2/3-dependent actin polymerization is thought to
provide the force needed to drive the clathrin-coated vesicle away from the plasma
membrane in both yeast (Kaksonen et al., 2005; Sun et al., 2006) and mammalian cells
(Merrifield et al., 2005; Yarar et al., 2005). The role of actin polymerization in vesicle
fission in plants is unclear. First, Arabidopsis mutants of ARP2/3 or its nucleators do not
display dramatic morphological defects (Deeks and Hussey, 2003), which would be
expected if ARP2/3 dependent actin polymerization were required for endocytosis.
Second, high concentrations of latB (>30μM) were needed to completely disrupt DRP1CGFP dynamics in epidermal cells. It is possible that endocytic vesicles fission and
movement away from the plasma membrane utilizes the force generated by cytoplasmic
streaming.
Unlike in mammals and yeast cells, in which there is little evidence of
microtubule involvement in CME, microtubules were required for efficient DRP1C and
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CLC dynamics. This was surprising because neither DRP1C-GFP nor CLC-GFP foci
organized in filamentous-like arrays or moved in a linear fashion similar to other
microtubule associated proteins (Paredez et al., 2006; Konopka and Bednarek, 2007).
However, clathrin-coated structures clustered around cortical microtubules have been
observed in EM micrographs (Fowke et al., 1999).

It is plausible that cortical

microtubules act as a trellis for stabilization of the endocytic protein network, or as a
diffusion barrier similar to the cortical actin network in mammalian cells (Giner et al.,
2007).

Conclusions and Future Directions
The morphological characterization of clathrin-coated structures suggests a
structural role for the novel plant DRP1 subfamily and clathrin in plant endocytosis (van
der Valk and Fowke, 1981; Emons and Traas, 1986; Fowke et al., 1989; Derksen et al.,
1995; Robinson, 1996; Fowke et al., 1999; Dhonukshe et al., 2007). However, if DRP1C
functions like dynamin 1 in CME in mammals, questions about the nature of the
regulatory network arise. Direct homologs of many of the dynamin 1-associated proteins
(cortactin, amphiphysin and endophilin) have not been identified in the Arabidopsis
genome, although proteins with similar domains, such as ANTH, ENTH, BAR and SH3,
have been identified (Holstein and Oliviusson, 2005; Koizumi et al., 2005; Jaillais et al.,
2006).

If and how these proteins interact with DRP1C or clathrin is unknown.

Identification and characterization of the putative CME core machinery and endocytic

53
membrane cargo, together with CLC and DRP1C dynamics, will help further advance the
understanding of CME and its regulation in plants.

Materials and Methods
Construction and transformation of fluorescent-tagged DRP1C and CLC
The DPR1C-GFP plant expression vector was constructed as follows: A SalI/HpaI
DRP1C genomic construct from pBK03K (Kang et al., 2003b) which included 1.8 kB of
5’ untranslated (UTR) and promoter elements, and 3’UTR of DRP1C were subcloned
into pPZP211 (Hajdukiewicz et al., 1994) containing mGFP5 and the nopaline synthase
(NOS) terminator (Kang et al., 2003a) using SmaI and SalI sites (pSB29). The native
3’UTR was removed by restriction digest of pSB29 using an inernal KpnI and SacI site
and replaced with the corresponding sequence of DRP1C amplified with primers 5’AGAGAGTCGATATGATTGCTGCACGTAGA and 5’- CTAGAGCTCCTTCCAAGC
CACTGCATCGATGTC using SacI and KpnI (pSB31).
The CLC-mOrange plant expression vector was constructed as follows: The
coding sequence for mOrange (Shaner et al., 2004) was PCR amplified from pRSET-B
mOrange (a gift from R. Tsien) using primers 5’- TTGAGCTCATGGTGAGCAAGGGC
GAGGAGAATAACATGG and 5’-TTGAGCTCTTACTTGTACAGCTCGTCCATGCC
GCCGGTG, subcloned as a SalI fragment into a pPZP221-B (Kang et al., 2001),
resulting in pPZP221B-mO-NOS. A genomic fragment of At2g40060 (CLC) was PCR
amplified from BAC T28M21 (Arabidopsis Biological Resource Center) with primer 5’CTGCAG

GAGTCGGAGATGATGATTATGATG-3’

(CLC

for)

and

5’-
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GAGCTCAGCAGCAGT AACTGCCTCAGTGGGC-3’ (CLC rev), subcloned with PstI
and SacI into pPZP221B-mO-NOS.
CLC-ECFP was constructed as follows: The coding sequence for ECFP was PCR
amplified from pECFP-C1 (Clontech, Mountain View, CA) using primers 5’-GAGCTCA
TGGTGAGCAAGGGCGAGGAG-3’ and 5’-GAGCTCTTAGTACAGCTCGTCCATGC
CGAGAGTGA, subcloned as a SacI fragment into a modified pPZP221-B vector (Kang
et al., 2001) resulting in pPZP221B-ECFP-NOS. A genomic fragment of At2g40060
(CLC) was PCR amplified from BAC T28M21 (Arabidopsis Biological Resource Center)
with primers CLC for and CLC rev, sub-cloned as a PstI - SacI fragment into pZP221BECFP-NOS, resulting in pPZP211B-CLC-ECFP.

The DNA sequence of all constructs

was verified.
Arabidopsis thaliana ecotype Wassilewskija (Ws) wild-type or DRP1C/drp1C-1
(Kang et al., 2003b) plants were transformed with the constructs for CLC-FFP or
DRP1C-GFP, respectively, using the Agrobacterium tumefaciens-mediated floral dip
method (Clough and Bent, 1998).

Transgenic plants were selected either on solid

medium (0.6% phytagar,  X MS (Murishige and Skoog, 1962)Caisson Labs, North
Logan, UT)) containing 40 μg/mL kanamycin (DRP1C-GFP) or on soil, sprayed once
with 20 μg/mL ammonium glusofinate (CLC-ECFP) (Liberty, Wilmington, DE, USA).

Immunoblot Analysis
To determine expression level of the transgenic DRP1C-GFP construct, total protein
extracts were prepared from wild type, DRP1C/DRP1C:DRP1C-GFP, DRP1C/drp1C-1,
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DRP1C/drp1C-1:DRP1C-GFP, and drp1C-1/drp1C-1:DRP1C-GFP seedlings grown
vertically on  X MS + 1% phytagar for 7 days. 7 day old seedlings were homogenized
in SDS-PAGE sample buffer (Laemmli, 1970) (~15 μL per seedling) and incubated at
65oC for 15 minutes. Insoluble debris was cleared by centrifugation at 16,000g for 10
minutes at room temperature. 15 μL of supernatant was separated on a 12.5% (w/v)
SDS-polyacrylamide gel and analyzed by immunoblotting as described (Kang et al.,
2001) using anti-DRP1C (Kang et al., 2003b) and biotin conjugated anti-GFP (Rockland
Immunochemicals, Inc., Gilbertsville, PA, USA) antibodies. HRP-conjugated anti-rabbit
secondary antibodies (GE Healthcare, Piscataway, NJ, USA) and HRP-conjugated
streptavidin (Rockland Immunochemicals, Inc.) were used to detect the primary
antibodies, anti-DRP1C and anti-GFP, respectively.

Immunofluorescence and Live Cell Confocal Microscopy
For indirect immunolocalization of DPR1C in plants expressing GFP tagged -ATPase (-ATPase-ss-GFP) (Logan and Leaver, 2000), 5-day-old seedlings that were
grown vertically on  X MS + 0.6% phytagar were fixed in 4% (w/v) formaldehyde (Ted
Pella) in PME (55 mM PIPES-KOH, 2.5 mM MgSO4, 1 mM EGTA pH 6.9) for 1 hour
under vacuum. All subsequent incubations were conducted at room temperature in a
humid chamber unless otherwise noted. Fixed seedlings were washed 3 times in PME,
placed on Probe-On-Plus slides (Fisher Scientific), dried 20 minutes on a slide warmer at
55oC, incubated in permeabilization buffer (0.1% NP-40 in PME) for 10 minutes and
treated with 0.1% (w/v) pectolyase and 0.5% (w/v) macroenzyme in PME for 20 minutes.
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The roots were then washed in 0.1% TX-100 in PME and then in PME.

For

immunolabeling the roots were blocked with 3% BSA (w/v) in PME for 1 hour and
probed with anti-DRP1C (Kang et al., 2003b) in PME + 3% BSA overnight at 4oC.
Roots were then washed in PME + 3% BSA and incubated with Cy3-conjugated antirabbit antibodies (Jackson ImmunoResearch, West Grove, PA) in PME + 3% BSA for 1
hour. Afterward, roots were washed with PME + 3% BSA, covered with Vectashield
(Vector Laboratories, Inc., Burlingame, CA), topped with a coverslip and sealed with
fingernail polish.
To examine the association of DRP1C with mitochondria, 5-day-old drp1C1/drp1C-1:DRP1C-GFP seedlings were incubated with 5 μM MitoTracker Orange CMH2TMRos (Molecular Probes Eugene, OR) in  XMS for 30 minutes at room
temperature and rinsed for 2 minutes in  X MS before imaging.
All confocal images were captured using a Nikon TE2000-U inverted laser
scanning confocal microscope fitted with a 60x (numerical aperture 1.4) PlanApo VC
objective lens. For co-localization studies in epidermal and cortical cells, DRP1C-GFP
and -atpase-ss-GFP were excited at 488nm (Melles Griot) while MitoTracker Orange
and Cy3 (anti-DRP1C) were excited at 543nm (Melles Griot). CLC-FPs were detected
using 488nm light (GFP), 543 light (mOrange) or 408nm light (ECFP) (Melles Griot).
All dual color imaging was performed using sequential scans to prevent bleed-through
fluorescence.
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For imaging of trichomes expressing DRP1C-GFP, seedlings with 1-2 pairs of
true leaves were selected and the roots removed. Seedlings were inverted onto a coverlip
with a chamber of water created by vacuum grease and covered with a glass slide.
Pollen were isolated from the first and second open drp1C-1/drp1C-1::DRP1CGFP flowers, dried 1-2 hours at room temperature, and spotted onto solid or liquid pollen
germination media (18% (w/v) sucrose, 0.01% (w/v) boric acid, 1 mM MgSO4, 2.5 mM
CaCl2, 2.5 mM Ca(NO2)2, pH 7.0) on a glass slide. Pollen were allowed to germinate 012 hours at 22oC in a humid chamber, covered with a coverslip and imaged as above,
except a 100x (numerical aperture 1.4) PlanApo lens was used.
For imaging of growing root hairs, seedlings were grown on  X MS + 0.5%
phytagar coated coverslips as described (Konopka and Bednarek, 2007) and imaged as
described above by LSCM with either the 60x or 100x objective lens. 150 μL of  X
MS + 1% (w/v) sucrose was pipetted on top of the agar, and covered with parafilm to
prevent desiccation during imaging.

Variable Angle Epifluorescence Microscopy
Cortical-associated DRP1C-GFP and CLC-FFP dynamics were imaged using variable
angle fluorescence microscopy as described (Konopka and Bednarek, 2007). Briefly,
seedlings were transferred from vertically growing plates to  X MS for ~10 seconds and
then to a glass slide with 150μL  MS and covered with a coverslip. Plants were imaged
with a Nikon Eclipse TE2000-U fitted with the Nikon T-FL-TIRF attachment, a Nikon
100X/N.A. 1.45 CFI Plan Apo TIRF objective and a 1.5X intermediate magnification.
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For single fluorophore imaging, GFP was excited with 488 nm argon laser and filtered
through a 535/30 filter (Chroma Technology, Rockingham, VT, USA).

For double

fluorophore imaging, GFP and mOrange were excited with 488 and 543 nm laser,
respectively and the fluorescence emission spectra was separated with a 540LP dichroic
mirror and filtered through a 515/30 (GFP) or 585/65 (mOrange) in a Dual View filter
system (Photometrics, Tuscon, AZ). The incident angle used was varied to give the
highest signal to noise by varying the mirrors’ positions in the T-FL-TIRF attachment.
Fluorescence emission light was captured using a CoolSnapES cooled CCD camera
(Roper Scientific, Tuscon, AZ) using Metamorph Imaging System Ver 6.2r6 (Molecular
Devices, Sunnyvale, CA) with 500 msec exposure times.

Image and statistical analysis
For trichomes and root hairs, z-series were recombined using the average
projection

command

Image

J

1.36b

(National

Institues

of

Health;

http://rsb.info.nih.gov/ij/). Root hair length was calculated from XYZ coordinates of the
tip and base of the root hair. For growing root hairs, time series images were captured
every 8-10 seconds and compiled using Image J. Growth rate was determined using
MetaMorph’s (Molecular Devices) track points application. An intensity threshold value
was assigned to each root hair so that the maximum number of pixels in the plasma
membrane was included, and the number of pixels in the cytoplasm was limited.
Threshold area was calculated using the region measurements application in Metamorph
(Molecular Devices). Analysis of FRAP, DRP1C-GFP, CLC-GFP and CLC-mOrange
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foci dynamics was performed using Image J. A focus was identified by a local increase
in intensity above a designated threshold assigned to each time lapse image for over 2
seconds. The intensity profiles in Figures 5, 6 and 8 were generated using Image J’s ROI
Multi Measure Plugin.

Circular ROIs included all pixels of the focus and a mean

intensity for the ROI was recorded. To determine significance of co-localization, the
green channel of dual-color images was rotated 180° relative to the red image using
Adobe Photoshop CS2 (Adobe Systems, San Jose, CA). The distance from each focus in
the green channel to the nearest foci in the red channel was measured using MetaMorph.
All images for figures were processed in Adobe Photoshop CS2. All statistical figures
are listed as averages +/- standard deviation.

Inhibitor Studies
Tyrphostin A23, tyrphostin A51, cytochalisin D, wortmannin, brefeldin A and
latrunculin B were purchased from EMD Biosciences (San Diego, CA), oryzalin was
purchased from Restek (Bellefonte, PA), lanthanum chloride and 2,3-butanedione
monoxime were purchased from Sigma-Aldrich (St. Louis, MO). Stock solutions of
lanthanum chloride and 2,3-butanedione monoxime were prepared in dH20 water. All
other inhibitors were dissolved initially in 100% dimethyl sulfoxide (DMSO) for a stock
solution. Inhibitors were diluted in  X MS (for VAEM imaging of root epidermal cells
and confocal imaging of the root tip) or  X MS + 1% sucrose (for confocal imaging of
root hairs). The final DMSO concentration was 0.1% v/v or less in all working solutions.

60
For treatment of growing root hairs, inhibitors were pipetted on top of agar, and
allowed to diffuse into the agar to reach the root hairs. Time series imaging was initiated
prior to the addition of the inhibitor to confirm the growth status of the root hair. For
treatment of root tips with all inhibitors, except fenpropimoph, and imaging with VAEM
and confocal, 5-7-day-old vertically grown seedlings, were transferred from 1% agar
plates to 3 mL of final working concentration in  X MS in a 12-well culture plate. After
the indicated time, seedlings were transferred to a glass slide with 150 μL of inhibitor
solution, covered with a glass coverslip, the excess liquid wicked away and imaged as
above. For tyrA23 washout experiments, seedlings were incubated with 50 μM tyrA23 in
 X MS for 20 minutes, transferred to media without the drug for 5 minutes and
subsequently imaged in  X MS. For sterol synthesis inhibition, seeds were plated on 
X MS with 10 μg/mL fenpropimorph and allowed to germinate and grow until roots were
long enough for imaging, approximately 14 days.
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Figures
Figure 1. Localization of the functional DRP1C-GFP fusion protein.
(A) Schematic of DRP1C-GFP construct. T= Nos terminator. (B) Immunoblot analysis
of total protein extracts from seedlings of Wassilewskija (Ws) wild-type (lanes 1 and 5),
wild-type expressing DRP1C-GFP (lanes 2 and 6), DRP1C/drp1C-1 (lanes 3 and 7),
drp1C-1/drp1C-1:DRP1C-GFP (lanes 4 and 8) probed with either anti-DRP1C specific
antibody (lanes 1-4), anti-GFP antibody (lanes 5-8) or anti-PUX1 (lanes 1-8, loading
control). Relative mobilities of DRP1C, DRP1C-GFP and PUX1 are indicated. * =
breakdown product of DRP1C-GFP.

** = cross reactant with either the anti-GFP

antibody or an endogenous biotin conjugated protein recognized by streptavidin-HRP
lanes 1-4). (C-E) Pollen from a WS wild-type plant (C) or drp1C-1/drp1C-1:DRP1CGFP plant (D and E) imaged with LCSM. DRP1C-GFP (green) and autofluorescence of
pollen coat (red) are evident. (D) DRP1C-GFP is concentrated around the periphery of
the vegetative cell and at the germination exit site (yellow arrow). (E) Four frames from
a LCSM time series of a growing pollen tube taken from a drp1C-1/drp1C-1:DRP1CGFP plant. Times indicate time from start of series. (F-H) Confocal slice of drp1C1/drp1C-1:DRP1C-GFP root cortex and epidermal cells (F), growing root hair (G), and a
Z-stack reconstruction of stage 4 bi-branched trichome (H). DRP1C-GFP labeled cell
plates marked with yellow arrowhead (F and H)
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Figure 2. DRP1C-GFP localization to the tips of root hairs is dependent on growth.
(A) Z-stack reconstructions of drp1C-1/drp1C-1:DRP1C-GFP root hairs in one cell file.
Numbers indicate the length of the root hair from cell base. (B) Comparison of the root
hair growth status (based on vacuole morphology) with DRP1C-GFP localization zone.
Vacuole (highlighted yellow) morphology based upon Miller et al. (1999). DRP1C-GFP
plasma membrane localization zones include apical and flanks of tip (top), apical alone
(middle) and non-polar distribution (bottom). (C) Heat map of DRP1C-GFP fluorescence
in growing root hair with white and red indicating highest intensities and black and
purple indicating lowest intensities. (D) Graph plotting threshold area (i.e. the number of
pixels at or above a set intensity level) (green line) at the apical tip of the root hair and
growth rate of the root hair (blue line) over time. Bar in C = 5 μm.
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Figure 3. DRP1C-GFP is recruited from the cytoplasm to sites on the plasma
membrane.
Time course of photobleaching and recovery of DRP1C-GFP pools in cytoplasm (A) and
lateral tip plasma membrane (B) in growing root hairs. Numbers represent time in
seconds from the bleach. White shapes indicate bleached areas. (C) GFP fluorescence
intensity was measured for different regions within bleached areas in A and B and plotted
versus time. The images and graphs shown are representative of 24 separate FRAP
experiments.

66

67
Figure 4. DRP1C-GFP apical localization and growth was uncoupled using the
clathrin-inhibitor tyrphostin A23.
Root hairs expressing DRP1C-GFP were treated with  MS + 1% sucrose with 0.1%
DMSO (A), 20μM Brefeldin A (B), 30μM Cytochalasin D (C), or 30μM Tyrphostin A23
(D). Red arrow indicates time of drug addition. DRP1C-GFP fluorescence threshold
area at the apical tip was plotted with the growth distance of the root hair. Bar = 10μm.
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Figure 5. DRP1C-GFP forms discrete, dynamic foci at the plasma membrane.
DRP1C-GFP root hairs (A and B) and expanding root epidermal cells (E and F) imaged
with VAEM. (B) Time series of boxed area in (A). Numbers indicate elapsed time from
start of imaging in seconds. (C) Fluorescence intensity profile of two foci indicated in
(B) with arrow (red) and arrowhead (green). (D) Average normalized fluorescence
(black line) and standard deviation (grey lines) of 22 foci from one cell over time. The
peak fluorescence was centered at time 0. (E and F) Images from a time lapse every 5
seconds. Blue arrow is indicting the same foci in both E and F. A focus that split off is
indicated by the yellow caret. (G) The foci density for 4 expanding (grey boxes) and 4
non-expanding (white bars) cells averaged from 5 different time points in two locations
for each cell. Expanding cells were root epidermal cells just distal to the first root hair
bulge. Non-expanding cells were atrichoblasts (non-hair cells) in regions of the root with
mature root hairs. (H and I) Roots expressing DRP1C-GFP were submerged in 50 μM
tyrphostin A23 for 10 seconds (images at 1 and 3 minutes) or 30 minutes, then transferred
to a slide and imaged in the presence of the inhibitor(s). The same root was imaged for
the 1 and 3 minute time points.

Numbers indicate time elapsed from addition of

inhibitor. Bar = 1 μm (A, B, E, F, H); 10 μm (I).
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Figure 6. Clathrin light chain localization and focus dynamics at the plasma
membrane.
(A-G) Confocal sections of seedling roots (A-F) or root hair (G) expressing CLC-GFP (A
and G), CLC-mOrange (B), CLC-ECFP (C), CLC-ECFP and sialyltransferase-YFP (D-F)
with single color channels (A-E) and merge image of D and E (F). Cell plates are
indicated with yellow arrowhead (A and B). (H) Three expanding root epidermal cells
expressing CLC-GFP, imaged with VAEM. Cortical Golgi were evident (yellow arrows)
along with individual foci. (I) Time series of boxed area in H. Numbers indicate elapsed
time from start of imaging in seconds. (J) Fluorescence intensity profile of two foci
indicated in I with arrow (blue) and arrowhead (red). . Bars = 10 μm (A-G); 1 μm (H-I).
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Figure 7. DRP1C-GFP and CLC-GFP focus dynamics are inhibited by cytoskeletal
depolymerization and sterol disruption.
Roots expressing CLC-GFP (A and D) or DRP1C-GFP (B, C, E) were incubated with
various inhibitors imaged for 20 minutes (A, B, D and E) or time indicated, transferred to
a slide and imaged in the presence of the inhibitor with VAEM. The foci dynamics were
analyzed for 20-30 foci in each of 6-10 cells from 4 different roots and the lifetime
distribution plotted (A, B, D and E). For inhibitor treatments except fenpropimorph (AB), roots were submerged in 0.1% DMSO (A and B, black), 10 μM oryzalin (A and B,
white), 1 μM latrunculin B (A, striped) 10 μM oryzalin + 1 μM latrunculin B (A and B,
grey), or 50 μM 2,3-butanedione monoxime (C) prior to imaging. For no drug and
fenpropimorph treatment, seedlings were grown vertically on hard agar plus or minus 10
μg/mL fenpropimorph (D and E). Bar = 1 μm.
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Figure 8.

DRP1C-GFP and CLC-mOrange focus co-localize at the plasma

membrane.
(A) Expanding root epidermal cells expressing CLC-mOrange and DRP1C-GFP imaged
with VAEM. Three foci (areas of increased fluorescence above background) that had
both mOrange and GFP fluorescence are indicated (yellow arrowheads).

A larger

internal structure that only had mOrange fluorescence is indicated (blue arrowhead). (BF) Intensity profiles of GFP (green) and mOrange (red) fluorescence in overlapping foci.
Corresponding mOrange (top), GFP (middle) and merged (bottom) images are below
each time (in seconds) indicated in the graph. Yellow circles in the first frames indicate
measured regions for fluorescence intensity. Bar = 1 μm.
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Supplemental Figures
Figure 1. DRP1C does not associate with mitochondria.
Medial (A) and cortical (B) confocal section of an epidermal root cell expressing
DRP1C-GFP (green) and incubated with 1 μM MitoTracker Orange (red). (C) Medial
confocal section of cortex cells of ss--ATPase-GFP (red) expressing roots, fixed and
probed with anti-DRP1C (green). Bars = 10μm.
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Movie 1. Time lapse images of growing pollen tube expressing DRP1C-GFP. Speed is
200 X real time.

Movie 2. Time lapse images of growing root hair through semi-solid medium shown in
pseudo-color. White and red represent highest fluorescence intensity. Blue, purple and
black represent the lowest fluorescence intensity. Speed is 120 X real time.

Movie 3. Time lapse images of expanding root epidermal cell expressing DRP1C-GFP
imaged with VAEM. Speed is 5 X real time.

Movie 4. Time lapse images of seedling root tip expressing DRP1C-GFP treated with 50
μM tyrA23 1 minute prior to imaging. Imaging was in the presence of 50 μM tyrA23.
Speed is 8 X real time.

Movie 5. Time lapse images of expanding root epidermal cell expressing CLC-GFP
imaged with VAEM. Speed is 5 X real time

Movie 6. Growing root hair from root expressing CLC-GFP. Speed is120 X real time.

Movie 7. Time lapse images of expanding root epidermal cell expressing DRP1C-GFP
(middle panel) and CLC-mOrange (left channel) imaged with simultaneous dual-color
VAEM. Corresponding merged images are in the right panel. Speed is 5 X real time.
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Chapter 3

Comparison of DRP1A and DRP1C dynamics and functional
redundancy during plant development
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Summary
Members of the Arabidopsis dynamin related protein 1 (DRP1) family are required for
cytokinesis and cell expansion. Two isoforms, DRP1A and DRP1C, are required for
plasma membrane maintenance during stigmatic papillae expansion and pollen
development, respectively. It is unknown whether the DRP1s function interchangeably
or if they have distinct roles during cell division and expansion. DRP1C was previously
shown to form dynamic foci in the cell cortex, which co-localize with part of the clathrin
endocytic machinery in plants (Chapter 2). DRP1A localizes to the plasma membrane,
but its cortical organization and dynamics have not been determined. Using dual color
labeling with live cell imaging techniques, we show that DRP1A also forms dynamic,
discrete foci in the epidermal cell cortex. Although the foci overlap with those formed by
DRP1C and clathrin light chain, there are clear differences in behavior and response to
pharmacological inhibitors between DRP1A and DRP1C foci. Possible functional or
regulatory distinctions between DRP1A and DRP1C were supported by the failure of
DRP1C to functionally compensate for the absence of DRP1A. Our studies indicate that
the DRP1 isoforms function or are regulated differently during cell expansion.

Introduction
Dynamin and Dynamin-Related Proteins (DRPs) constitute a structurally similar,
yet functionally distinct protein superfamily of GTPases found in all eukaryotes. A
common feature of dynamins and DRPs is their ability to homo-oligomerize around lipid
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bilayers and modulate membrane structure (Praefcke and McMahon, 2004). Common to
many plant species, including the model systems Arabidopsis thaliana, rice, and soybean,
is a plant specific dynamin family (DRP1) with unknown molecular functions. The
Arabidopsis DRP1s function during cytokinesis at the cell plate and during rapid cell
expansion at the plasma membrane (Kang et al., 2001; Hong et al., 2003b; Kang et al.,
2003a; Kang et al., 2003b) Konopka and Bednarek, submitted). The Arabidopsis genome
encodes 5 DRP1 isoforms, DRP1A-E, that have unique, yet overlapping, expression
patterns based on analyses of promoter-reporter fusion constructs (Kang et al., 2003a;
Kang et al., 2003b), native promoter driven GFP fusion proteins (Kang et al., 2003a)
Konopka and Bednarek, submitted), nucleic acid gel blots (Kang et al., 2003b) and
Arabidopsis gene expression databases (Zimmermann et al., 2004). DRP1A is expressed
throughout most tissues, but its expression was not detected during pollen germination
(unpublished data). Likewise, DRP1C is expressed in most tissues, including female
reproductive organs and trichomes (Konopka and Bednarek, submitted; Chapter 2), but
unlike DRP1A is expressed during pollen development. DRP1E is expressed in cells
throughout the plant, but its expression was approximately 20 fold lower than DRP1C
expression in pollen (Zimmermann et al., 2004). DRP1B and DRP1D have the lowest
expression of the DRP1s throughout the plant but are expressed in pollen (Zimmermann
et al., 2004).
The DRP1s share 65% - 84% amino acid sequence identity, which is most
dissimilar throughout a 15-24 amino acid stretch between the middle domain and GTPase
effector domain (see Chapter 1, Figure 3). Interestingly, the lipid interacting, pleckstrin
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homology domain of dynamin 1 is also positioned between the middle domain and GED.
By homology to known structures of dynamin (Zhang and Hinshaw, 2001) and animal
DRPs (Prakash et al., 2000) the variable region in DRP1 is most likely surface-exposed
during oligomerization. The relevance of this variable domain is unknown.
Mutants of DRP1A, DRP1C and DRP1E have been isolated and characterized
(Kang et al., 2001; Kang et al., 2003a; Kang et al., 2003b). The protein null drp1A-2
allele has defects in seedling development, fertility (Kang et al., 2001) and venation
(Sawa et al., 2005). After germination, drp1A-2 seedlings arrest unless grown on media
supplemented with sucrose or another metabolizable sugar. The direct cause of rescue is
not well understood, but sucrose is both a major transport metabolite in the plant and a
signaling molecule. In contrast to the seedling lethality phenotype, the fertility defect of
drp1A-2 is well characterized (Kang et al., 2003a). In wild type flowers, stigmatic
papillar cells undergo rapid polar expansion prior to pollen release (dehiscence) forming
flask-shaped cells, which are then receptive for pollination (Kandasamy et al., 1990).
Stigmatic papillae from drp1A-2 flowers fail to undergo polar expansion and instead,
give rise to spherical, bloated cells, which correlates with low fertility (Kang et al.,
2003a).

In addition, the isotropically expanded papillae have an excess of plasma

membrane characterized by large ingrowths and folds into the cytoplasm, indicating a
requirement for DRP1A in plasma membrane maintenance during rapid polar growth.
drp1E-1 mutants exhibit no obvious morphological phenotypes; however, drp1A2/drp1E-1 double mutants are embryonic lethal and exhibit defects in cytokinesis, cell
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expansion and morphology of the plasma membrane. This suggests that DRP1A and
DRP1E function redundantly during embryogenesis.
In contrast, drp1C-1 mutants exhibit male gametophytic lethality. drp1C-1 pollen
are small, shriveled and do not germinate (Kang et al., 2003b). The mutant pollen also
display defects in plasma membrane maintenance. Similar to drp1A-2 papillae, drp1C-1
pollen display excess plasma membrane, which forms large furrows and undulations that
reach into the cytoplasm.

Despite major morphological disruptions of the plasma

membrane in drp1 mutants, there does not appear to be any defects in intracellular
organelles, suggesting that the DRP1 family functions primarily at the plasma membrane
in non-dividing cells.
The Arabidopsis genome has undergone duplication events throughout its
evolution leading to gene families (ArabidopsisGenomeInitiative, 2000) whose members
sometimes, but not always, act redundantly. It is unclear whether the morphological
defects in drp1A-2 and drp1C-1 mutants are due to differences in gene expression or
whether DRP1A and DRP1C function in different pathways. To address this question,
live cell imaging and genetic complementation have been used to determine the
functional redundancy of DRP1A and DRP1C in expanding root cells, whole seedlings,
and expanding papillar cells. Exogenous expression of DRP1C could not rescue drp1A-2
expanding papillae, but could compensate for the lack of DRP1A in seedlings.

In

addition, a DRP1A-GFP fusion protein displayed distinctive dynamics relative to DRP1C
in the cell cortex of root cells suggesting that the DRP1 isoforms act redundantly in some
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pathways, but also have distinct functions or regulatory mechanisms at the cell cortex
during cell expansion.

Results
DRP1A-GFP forms discrete foci at the plasma membrane
The dynamics of DRP1C at the plasma membrane, and its organization into
discrete mobile foci has previously been described (Konopka and Bednarek, submitted;
Chapter 2). To determine the cortical localization and dynamics of DRP1A, seedling
roots expressing a functional DRP1A-GFP fusion protein under the control of the DRP1A
promoter (Kang et al., 2003a) were imaged using variable angle epifluorescence
microscopy (VAEM; (Konopka and Bednarek, 2007). In expanding root epidermal cells
DRP1A-GFP was not distributed uniformly throughout the cell cortex, but instead was
organized into dynamic, discrete foci (Figure 1A, Supplemental Movie 1). DRP1A-GFP
formed an average of 3.17 (+/- 0.79) foci per micron at the cell cortex (Figure 1A) with a
finite lifetime at the cell cortex (Figure 1B-D). The average lifetime of DRP1A-GFP foci
was 37.2 +/- 20.0 seconds.
The DRP1A-GFP foci displayed various mobile behaviors both in the focal plane
of the cell cortex and within the cytoplasm. Approximately 50% of DRP1A foci (n =
175) were observed moving in the cytoplasm (not in the plane of the cell cortex) for 1 to
2 frames prior to becoming immobile at the cell cortex. Approximately 23% of the foci
moved within the imaging plane during their lifetime establishing a new immobile
position before disappearing from the cortex (Figure 1B-C, yellow and blue open
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arrowheads). The average lifetime of mobile foci within the cell cortex was greater than
those that were not mobile in the cell cortex; however this difference was not significant
(p > 0.01). DRP1A-GFP foci movements in the imaging plane made it difficult to track
some foci, so it is possible that the average foci lifetime was underestimated.
One striking difference between DRP1C-GFP and DRP1A-GFP (as well as
between DRP1A-mOrange and DRP1C, see below) was the rate of photobleaching. An
estimated t0.5 of photobleaching was 20 minutes for DRP1C-GFP. In contrast, during the
first 1.5 minutes of imaging DRP1A-GFP, the photobleaching t0.5 was approximately 2
minutes using identical optical parameters. After 1.5 minutes, the photobleaching rate
decreased to that observed for DRP1C. The DRP1A-GFP foci that appeared in the cell
cortex after 1.5 minutes of imaging exhibited a photobleaching t0.5 similar to DRP1C foci.

DRP1A-GFP dynamics are perturbed upon cytoskeleton, sterol and CME
disruption
DRP1C-GFP foci dynamics are disrupted with pharmacological inhibitors of
membrane sterol composition (10 μg/mL fenpropimorph), AP-2 dependent clathrin
mediated endocytosis (50 μM typhostin A23), microtubule dynamics (10 μM oryzalin),
and microtubule dynamics in conjunction with inhibition of actin dynamics (1 μM
latrunculin B; Chapter 2).

In order to determine if DRP1A foci have a similar

susceptibility to cytoskeletal, sterol or endocytic traffic disruption, we analyzed DRP1AGFP foci dynamics in seedlings treated with the pharmacological agents listed above.

86
DRP1A-GFP dynamics were not disrupted when seedlings were treated with
oryzalin or latrunculin B under conditions that caused complete depolymerization of the
microtubule or actin cytoskeleton, respectively (Figure 1E; Chapter 2). The average
lifetime of DRP1A-GFP foci when treated with 0.1% DMSO (control) was 25.0 +/- 10.4
seconds and increased to 28.3 +/- 17.9 seconds upon microtubule depolymerization. In
addition the cortical lateral movements of DRP1A foci described above were unaffected
after oryzalin treatment. Likewise, neither focus lifetime (31.0 +/- 15.9 sec) nor lateral
movements

within

the

cell

cortex

were

significantly

altered

upon

F-actin

depolymerization (p > 0.001). When both cytoskeletal arrays were depolymerized, the
average focus lifetime was nearly 1.5 times that of the control (37.0 +/- 19.3 sec), which
was statistically significant (p < 0.001), but the percentage of laterally mobile foci was
unchanged, indicating that the foci were not propelled by cytoskeletal associated forces.
The AP-2 inhibitor, tyrphostin A23 (tyrA23) causes rapid immobilization of
DRP1C-GFP foci and concentration of DRP1C-GFP fluorescence in large unknown
structures at the cell cortex and in the cytoplasm as previously shown (Konopka and
Bednarek, submitted; Chapter 2). When seedlings expressing DRP1A-GFP were treated
with tyrA23, the cytoplasmic pool of DRP1A-GFP fluorescence was unchanged and
DRP1A-GFP foci did not increase in size or fluorescence intensity, like DRP1C foci.
However, DRP1A-GFP foci became less dynamic at the cell cortex. After 30 minutes,
97% of foci did not cycle in or out of the cell cortex and an average lifetime could not be
determined. Like upon cytoskeletal inhibition with latB or oryzalin, the cortical lateral
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movements of DRP1A-GFP foci within the cell cortex were unaffected by tyrA23 when
compared to DMSO treated seedlings.
In order to assess the requirement for specific sterols in DRP1A-GFP dynamics,
seedlings were grown on 10 μg/μL fenpropimorph, an inhibitor of the sterol biosynthetic
pathway in plants. DRP1A-GFP foci in root epidermal cells from plants grown on
fenpropimorph had a higher residence time than foci in seedlings grown on  MS (Figure
1D; Supplemental Movie 2). An average lifetime could not be determined, but 56% of
foci analyzed remained at the cell cortex longer than 2 minutes. In addition, the foci did
not display the characteristic movements in the cell cortex that occurred in approximately
20% of foci in untreated roots. Finally, the photobleaching that affected the DRP1A-GFP
fluorophore when seedlings were grown on  MS was absent when seedlings were
grown in the presence of fenpropimorph. Collectively, the response of DRP1A-GFP foci
to various inhibitors differed from the response of DRP1C-GFP foci, suggesting that
DRP1A was regulated differently than DRP1C at the cell cortex.

DRP1A and DRP1C foci co-localize in the cell cortex
Previous studies have shown that DRP1C co-localizes with and resides on the
same structures as clathrin light chain (CLC) in the cell cortex (Konopka and Bednarek,
submitted; Chapter 2). DRP1A-GFP and DRP1C-GFP both organize into foci with
different behaviors and responses to various inhibitors. To determine whether DRP1A
and DRP1C also co-localize in the cell cortex, an mOrange (Shaner et al., 2004) tagged
DRP1A fusion construct using the DRP1A promoter and cDNA was introduced into
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drp1A-2 heterozygous plants. drp1A-2/drp1A-2::DRP1A-mOrange plants did not exhibit
the seedling lethality or fertility phenotypes associated with drp1A-2 (Kang et al., 2001;
Kang et al., 2003a), indicating that the DRP1A-mOrange fusion protein was functional in
vivo. DRP1A-mOrange was organized into foci in the cell cortex when imaged with
VAEM (Figure 2A), with similar dynamics as the DRP1A-GFP fusion protein (data not
shown).
In order to determine whether DRP1A-mOrange foci co-localized with clathrin
and DRP1C at the cell cortex (Chapter 2), drp1A-2/drp1A-2::DRP1A-mOrange and
drp1C-1/drp1C-1::DRP1C-GFP or WS::CLC-GFP plants were crossed, and the F2
progeny used for analysis. Root epidermal cells from nine independent seedlings were
imaged with dual color VAEM imaging (Figure 2, Supplemental Movie 3).
Approximately 87% of DRP1A-mOrange foci overlapped with fluorescence from
DRP1C-GFP foci. Conversely, 80% of DRP1C-GFP foci overlapped with fluorescence
from DRP1A-mOrange foci (Figure 2A). Overall, fluorescence from DRP1C-GFP and
DRP1A-mOrange overlapped in 72% of foci imaged. It is possible that the overlap in
fluorescence was due to the high density of both foci. To rule out that the fluorescence
overlap was random, the red channel images from 6 different cells were rotated 180
degrees with respect to the green channel, an analysis technique that has been used
previously to show non-random co-localization (Delcroix et al., 2003; Dedek et al.,
2006). The distance between each GFP focus intensity peak and the nearest mOrange
focus intensity peak was calculated for the original images, and each respective mOrange
rotated image. The average intensity peak distance was 4.12 pixels for the original
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images and 6.52 pixels for the rotated images, which was statistically different for each
cell using the student’s T test (p < 0.00001), indicating that the high coincidence of
DRP1A-mOrange and DRP1C-GFP foci co-localization was not random.
To examine cortical DRP1A and DRP1C dynamics, the fluorescence intensity
profiles for DRP1C-GFP and DRP1A-mOrange were determined for foci in which
DRP1A and DRP1C were present. Examples of the intensity profiles are shown in
Figure 2. 47% of foci examined showed simultaneous disappearance of DRP1C-GFP
and DRP1A-mOrange from the image plane (Figure 2B), suggesting they were present on
the same structure. Of these, the majority had a concurrent increase in fluorescence of
both fluorophores (33% of all foci). Other foci had an initial mOrange fluorescence (3%)
or GFP fluorescence (5%) increase.

Another population of foci (6%) maintained a

constant fluorescence of one DRP1-FFP throughout their lifetime, while fluorescence of
the other DRP1-FFP fluctuated (Figure 2C). In contrast, a majority of all foci examined
did not exhibit simultaneous disappearance of both fluorophores.

These either had

coordinated appearance of both fluorophores (28%; Figure 2D) or no coordination of
their entrance or departure (26%; Figure 2E). Like DRP1A-GFP, a small fraction of
DRP1A-mOrange foci were also mobile in the cell cortex between periods of immobility.
This population of DRP1A-mOrange foci associated with DRP1C-GFP foci when
immobile, but rarely while in transit. From these co-localization and dynamics analyses
it appears that DRP1A and DRP1C can exist on the same structures, but also may
function independently at the cell cortex.
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DRP1A and CLC foci co-localize in the cell cortex
DRP1C and CLC co-localize in the cell cortex where they have coordinated dynamics
(Konopka and Bednarek, submitted, Chapter 2). Based on the co-localization of DRP1A
and DRP1C foci, it is expected that the foci formed by DRP1A and CLC would colocalize. Indeed, this was the case (Figure 3A; Supplemental Figure 4). 80.3% of
DRP1A-mOrange foci had overlapping CLC-GFP fluorescence during their lifetime (n =
600). Conversely, 72.8% of CLC-GFP foci had overlapping fluorescence from DRP1AmOrange foci during their lifetime. In total, 60.8% of foci imaged in root epidermal cells
expressing DRP1A-mOrange and CLC-GFP contained both fluorescent fusion proteins.
Intensity profiles for 36 foci that contained both DRP1A-mOrange and CLC-GFP
fluorescence were analyzed. Like with co-localizing DRP1A and DRP1C foci, fewer
than half (39%) of the foci had simultaneous disappearance of both DRP1A-mOrange
and CLC-GFP (Figure 3B). Only 14% had simultaneous recruitment and disappearance
of the DRP1-FFPs (Figure 3C). 44% of foci displayed uncoordinated dynamics of the
fluorescence intensity (Figure 3D). In summary, a majority of DRP1A foci co-localized
with DRP1C and CLC structures, but had distinct dynamics from DRP1C and CLC. This
suggested that DRP1A could associate with the clathrin machinery, but may also act
independently from clathrin-coated structures at the cell cortex.

DRP1C can functionally compensate for DRP1A during seedling development
DRP1A and DRP1C have different dynamics at the cell cortex in expanding root
epidermal cells, suggesting that the two DRP1 isoforms may have distinct roles. To
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determine if DRP1C and DRP1A are functionally redundant, we examined if expression
of DRP1C under the control of the DRP1A promoter or constitutive expression using the
viral promoter, CaMV 35S (35S), could complement the various phenotypes observed in
drp1A-2 mutants. drp1A-2 mutants are characterized by seedling lethality on soft agar
(0.6% phytagar) plates, which can be rescued by supplementation with 1% sucrose (Kang
et al., 2001), infertility due to the inability of their stigmatic papillae to undergo rapid
polar expansion prior to fertilization (Kang et al., 2003a), and defects in venation
continuity in cotyledons (Sawa et al., 2005).

The seedling lethality and infertility

phenotypes were assayed in the complementation analysis.
Heterozygous DRP1A/drp1A-2 transgenic plants expressing the following
constructs were generated: DRP1A promoter : DRP1A cDNA C-terminal myc fusion
protein (ApA-myc), DRP1A promoter : DRP1C cDNA C-terminal myc fusion protein
(ApC-myc), 35S promoter : DRP1A cDNA C-terminal GFP fusion (35pA-GFP), or 35S
promoter : DRP1C cDNA C-terminal GFP fusion (35pC-GFP) (Figure 4A).

T1

transgenic plants were selected on  MS, 1% sucrose, 15 μg/mL glufosinate ammonium,
PCR genotyped for the presence of the drp1A-2 allele and allowed to self-fertilize. T2
and T3 transgenic wild type (WT) and homozygous drp1A-2 plants containing ApA-myc,
ApC-myc, 35pA-GFP or 35pC-GFP were verified by PCR genotyping and immunoblot
analysis using DRP1A specific antibodies (Kang et al., 2001) and either anti-myc (Evan
et al., 1985) or anti-GFP antibodies (Figure 4B). Expression of ApA-myc, ApC-myc,
35pA-GFP or 35pC-GFP in whole seedlings were comparable across all lines (Figure
4B).
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Growth of T3 plants from nine (ApA-myc and ApC-myc), seven (35pA-GFP), and
four (35pC-GFP) independent lines were evaluated on  MS + 0.6% phytagar without
sucrose. WT::ApA-myc, WT::ApC-myc, WT::35pA-GFP or WT::35pC-GFP plants did
not display any morphological or developmental defects. The survival rate of seedlings
in the absence of sucrose is shown in Figure 4C for three representative lines for ApAmyc and ApC-myc and two representative 35pA-GFP and 35pC-GFP. 88.7 +/- 6.8% and
59 +/- 18.1% of drp1A-2 seedlings expressing ApA-myc or ApC-myc developed normally
without sucrose where 93.3 % and 4% of WT seedlings and drp1A-2 seedlings,
respectively. Although the lower survival rate of drp1A-2::ApC-myc was statistically
significant versus the control drp1A-2::ApA-myc, the drp1A-2::35pC-GFP lines did not
have significantly lower survival rates than the control drp1A-2::35pA-GFP lines (80.3
+/- 27.2% for 35S:1C-GFP versus 83.5 +/- 7.9% for 35pA-GFP). These data indicate
that DRP1C can functionally compensate for the lack of DRP1A during seedling
development, suggesting at least a partial functional redundancy of DRP1C with DRP1A.

DRP1C cannot functionally compensate for DRP1A during stigmatic papillae
expansion
The same transgenic lines expressing ApA-myc, ApC-myc, 35S:A-GFP or 35S:CGFP described above were evaluated for fertility and stigmatic papillae expansion.
drp1A-2 homozygous plants have reduced fertility, most likely due to the failure of the
stigmatic papillae to expand just prior to pollination (Kang et al., 2003a). Proper papillae
morphology is correlated with the capability of pollen to adhere, hydrate and produce
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pollen tubes that are able to penetrate the papillae cell walls and travel down the stigma to
the ovules and deliver the sperm nuclei for fertilization (Kandasamy et al., 1990).
Siliques were collected from 4-6 plants from each of the transgenic lines (9 each of
drp1A-2::ApA-myc and drp1A-2::ApC-myc, 7 of drp1A-2::35pA-GFP and 4 of drp1A2::35pC-GFP), WT and drp1A-2, to determine if seeds were present.

In drp1A-2

homozygous plants, fewer than 12% of siliques contained at least one seed, whereas over
93% of siliques from wild type plants contained seeds (Figure 5A). In addition, the
length of drp1A-2 siliques was 58.4% shorter than wild type siliques, which was a result
of fewer seeds (data not shown). Expression of the transgenes in wild type plants did not
affect fertility. Unlike the seedling lethality phenotype, ApC-myc and 35S:1C-GFP failed
to rescue the fertility defect of drp1A-2. drp1A-2 plants expressing ApC-myc or 35pCGFP averaged between 18% and 36% of siliques containing at least one seed, while
drp1A-2 plants expressing ApA-myc or 35pA-GFP averaged 85% to 98% of seedcontaining siliques (figure 5A).
To confirm that the reduced fertility of drp1A-2::ApC-myc and drp1A-2::35pCGFP plants was due to abnormal papillae expansion as in the drp1A-2 mutant, flowers
from untransformed wild-type, homozygous drp1A-2, drp1A-2::ApA-myc, drp1A2::ApC-myc, drp1A-2::35pA-GFP and drp1A-2::35pC-GFP plants were imaged by
environmental scanning electron microscopy (Figure 5B). The first fully opened flower
from each inflorescence was chosen to insure that dehiscence of the pollen and papillae
expansion had occurred.

Papillae from wild type were elongated and flask-shaped,

whereas papillae from drp1A-2 flowers were small and balloon-shaped, as previously
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described (Kang et al., 2003a). 25 out of 26 stigmas from drp1A-2 plants expressing
either ApA-myc or 35pA-GFP had elongated papillae (Figure 5B). In contrast, 1 out of 31
stigmas from drp1A-2::ApC-myc and drp1A-2::35pC-GFP plants had elongated stigmatic
papillae, indicating that exogenous expression of DRP1C could not rescue the papillae
expansion defect.
Although the tagged DRP1A and DRP1C transgenes were under the control of
identical promoters, it is possible that ApC-myc or 35pC-GFP did not rescue the fertility
defect of drp1A-2 due to a lack of expression in the stigmatic papillae. To eliminate this
possibility, WT and drp1A-2 flowers expressing either 35pA-GFP or 35pC-GFP were
analyzed with confocal microscopy to confirm expression in papillar cells. In both the
wild type (Figure 5C-D) and drp1A-2 (Figure 5E) background, expression of DRP1CGFP (Figure 5D-E) and DRP1A-GFP (Figure 5C) was detected in the stigma and
papillae.

Discussion
The plant-specific DRP1 sub-family is essential for cytokinesis, venation, trichome
development and cell expansion (Kang et al., 2001; Kang et al., 2003a; Kang et al.,
2003b; Sawa et al., 2005). Specifically, two isoforms, DRP1A and DRP1C, have been
shown to be required for proper plasma membrane maintenance in expanding stigmatic
papillae and pollen development, respectively (Kang et al., 2003a; Kang et al., 2003b).
In addition, both proteins localize to the cell plate during cell division, but only DRP1A
has been shown to be required for cytokinesis (Kang et al., 2003a). Here we have
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compared DRP1A and DRP1C, which exhibit 66% amino acid sequence identity, using
genetic complementation analysis and live cell imaging at the cell surface. These studies
suggest that DRP1A and DRP1C have different dynamics at the cell cortex and distinct
roles during cell expansion.

DRP1A-GFP and DRP1C-GFP dynamics differ at the cell cortex
A common feature of dynamin and DRPs is their ability to oligomerize around
lipid bilayers and deform membranes (Praefcke and McMahon, 2004). DRP1C and
mammalian dynamin 1 form foci at the plasma membrane where they co-localize with
clathrin light chain and exhibit similar dynamics (Merrifield et al., 2002); Konopka and
Bednarek, submitted; Chapter 2). Dynamin 1 polymerizes around the necks of clathrincoated structures (Damke et al., 1994), and although it may act accordingly, the
biochemical role of DRP1C at clathrin-coated structures has not been determined.
Likewise, DRP1A-FFP forms foci at the plasma membrane of root epidermal cells;
however, DRP1A dynamics differ from those of DRP1C. First, DRP1A foci had a
greater average lifetime and a wider lifetime distribution than DRP1C (Figure 1D).
Second, DRP1A displayed different mobilities within the cell cortex than DRP1C (Figure
2B; Konopka and Bednarek, submitted; Chapter 2). Third, the response of DRP1A-GFP
foci to cytoskeletal inhibitors differed from that of DRP1C-GFP foci (Figure 1E;
Konopka and Bednarek, submitted; Chapter 2). Fourth, DRP1A-GFP had a greater
dependence on plasma membrane sterol composition for its dynamics. Finally, the rate
of photobleaching of GFP and mOrange fused to DRP1A and DRP1C differed,
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suggesting the immediate environment of the DRP1A and DRP1C tagged fluorophores
was not equal (Murphy, 2001).
Despite these differences, DRP1C-GFP and DRP1A-GFP foci had a high
coincidence of overlap, indicating that at least one DRP1A population functioned in the
same pathway as DRP1C. The percentage of co-localization and coincidental dynamics
of DRP1A with either DRP1C or CLC was lower than that of DRP1C with CLC (Figures
2 and 3; Konopka and Bednarek, submitted; Chapter 2). This suggests that DRP1A,
DRP1C and CLC are part of the same clathrin machinery in the approximately 25% of
foci that exhibited coordinated dynamics of the three proteins, whereas in the other 75%
of foci, DRP1A was acting independently of DRP1C and CLC. Whether this machinery
is facilitating endocytosis at the plasma membrane still needs to be clarified.

Distinct populations of DRP1A
Distinct populations of cortical-associated DRP1A were observed. As described
above, one population of DRP1A foci exhibited similar dynamics as DRP1C. However,
35% of DRP1A-GFP foci have longer lifetimes than 48 seconds, which is the longest
recorded lifetime of DRP1C foci in untreated cells (Figure 1; Konopka and Bednarek,
submitted; Chapter 2). In addition, 25% of DRP1A-GFP foci move laterally within the
cell cortex at least once before disappearing entirely, which was not observed with
DRP1C. It is not clear whether or not these two populations (longer lifetime and mobile)
represent the same population, because the difference in residence time between mobile
and non-mobile populations was not significant.
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A majority of DRP1A-FFP foci that were present at the start of imaging were
photobleached within the first 2 minutes. Subsequently, new foci appeared in the cell
cortex after 2 minutes that did not photobleach. Fluorophores are photobleached when
they interact with molecules while in an excited triplet state (Murphy, 2001), indicating
that the local chemical environment is a major determinant of photobleaching. It is
possible that the DRP1A population that was not vulnerable to photobleaching was
localized in a chemically distinct environment. Interestingly, this rapid photobleaching
was not apparent when plants were grown in the presence of the sterol synthesis inhibitor,
fenpropimorph. Plants grown on fenpropimorph have a modified sterol profile (Schrick
et al., 2004).

The major plant sterols, stigmasterol, sitosterol and campesterol, are

virtually absent and are replaced with biosynthetic pathway intermediates (Schrick et al.,
2004). One possibility is that the photobleaching-sensitive population was either absent
when grown in the presence of fenpropimorph or the entire population of DRP1A-GFP
was protected from photobleaching by a different sterol environment.

Sterols are required for DRP1A dynamics
Disrupting sterol synthesis in plants causes defects in cytokinesis, cell expansion,
cell polarity and cell wall formation (He et al., 2003; Schrick et al., 2004), all processes
that require membrane trafficking for proper maintenance. Plant sterols are required for
polar localization of auxin efflux carriers, a major determinant of plant polarity
(Willemsen et al., 2003), and are a component of endocytic vesicles that accumulate in
ARA6-positive endosomes (Grebe et al., 2003).

In addition to the change in
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photobleaching rate of DRP1A-GFP upon sterol disruption, fenpropimorph also caused a
5-fold increase in foci residence time and reduced mobility in the cell cortex. Neither
DRP1C nor DRP1A have a canonical lipid-binding domain, thus it is not clear how sterol
composition affected DRP1A dynamics.

By homology to dynamin 1, the variable

domain (15-24 least identical in amino acid sequence among DRP1s) may interact with
membrane components when DRP1A and DRP1C oligomerize. It is plausible that these
amino acids are important for conferring the different susceptibility of DRP1A and
DRP1C to changes in sterol composition in membrane compartments upon treatment
with fenpropimorph. Live cell imaging of GFP-tagged DRP1 mutants altered in these
residues may be key to understanding DRP1A’s dependence on sterols.

DRP1A and DRP1C functional redundancy
The gametophytic lethality of the drp1C-1 mutant has prohibited the formation of
double or triple DRP1 mutants as a means to determine functional redundancy with
DRP1C. To bypass this, we expressed DRP1A and DRP1C under the control of the
native DRP1A promoter or constitutive 35S promoter and assayed their ability to
complement drp1A-2 phenotypes. The drp1A-2 mutant has a well-characterized defect in
papillae expansion (Kang et al., 2003a) as well as defects in seedling development in the
absence of sucrose (Kang et al., 2001). The plasma membrane of the defective papillae is
highly elaborated and undulated, which is similar to the plasma membrane observed in
drp1C-1 mutant pollen that fail to germinate (Kang et al., 2003b). The resemblance of
the plasma membrane defects suggests that DRP1A and DRP1C have a common function
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in the different cell types. However, DRP1C failed to complement the papillae expansion
defect (Figure 5A-B) when expressed in these cells (Figure 5D-E), indicating that
DRP1C functions differently in stigmatic papillae.

The inability of DRP1C to

complement drp1A-2 could be due to a lack of DRP1C recruitment to the proper plasma
membrane domain or a lack of activation or inactivation of DRP1C by DRP1A-specific
regulators. In contrast to the papillae defect, exogenously expressed DRP1C was able to
bypass the need for sucrose in drp1A-2 seedlings (Figure 4B). Overall, complementation
revealed that DRP1C can compensate for the absence of DRP1A during seedling growth,
but that an element of specificity exists in the expanding papillae cells.

Conclusion
Live cell imaging and genetic complementation have demonstrated that although
exogenously expressed DRP1C can compensate for the absence of DRP1A during
seedling development, the DRP1 isoforms are not completely functionally redundant and
display distinct dynamics. Whether these dissimilarities in dynamics account for the
inability of DRP1C to complement the stigmatic papillae expansion defect of drp1A-2
mutants still needs to be elucidated. Further research will help determine the molecular
and biochemical bases of the differences in DRP1A and DRP1C dynamics.
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Materials and Methods
Plant transformation vector construction
For live cell imaging of DRP1A dynamics: The coding sequence for mOrange
(Shaner et al., 2004) was PCR amplified from pRSET-B mOrange (a gift from R. Tsien,
University of San Diego, San Diego, CA) using primers 5’- GGATCCGATGGTGAGCA
AGGGCGAG -3’ and 5’- GGTACCTTACTTGTACAGCTCGTCCATG ‘3’, subcloned
into pPZP221 (Hajdukiewicz et al., 1994) containing the nopaline sunthase (NOS)
terminator from pBL121 (Clontech, Palo Alto, CA) using BamHI and KpnI sites,
resulting in pPZP221-mO-NOS. A DRP1A promoter and cDNA fusion construct (Kang
et al., 2003a) was subcloned into pPZP221-mO-NOS as a HindIII/XhoI fragment to
generate the DRP1A-mOrange translational fusion expression vector.
For drp1A-2 complementation analysis: 2.0 kB upstream sequence of DRP1A
promoter (Kang et al., 2003a) was sub cloned into pPZP211B containing the NOS
terminator (Kang et al., 2001) to generate pPZP211B-Ap. Coding sequence for the cmyc tag (five tandem myc epitopes) was amplified from pJR1265 (Ziman et al., 1996)
using primers 5’- GAGCTCATGGAGCAAAAGCTCATTTC -3’ and 5’- GAGCTCTCA
CAAGTCCTCTTCAGAAATGAGC -3’ and subcloned into pPZP211B-Ap using Sac1
sites. Full length DRP1A and DRP1C cDNAs were amplified from total RNA isolated
from 7 day old Arabidopsis seedlings as described (Kang et al., 2001) using primers 5’CCGGGATATCGGAAAATCTGATCTCTCTG -3’ and 5’- GATATCAACTTGGACC
AAGCAACAGCATCG -3’ (DRP1A) or 5’- TAGTCCCGGGTAAAAGTTTGATAGGT
CTG -3’ and 5’- GAGCTCCTTCCAGCCACTGAATCGATG -3’ (DRP1C) and
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subcloned into pPZP221B-Ap-myc as an EcoRV/SacI fragment (DRP1A) or an
XmaI/SacI fragment (DRP1C) to generate the constructs ApA-myc and ApC-myc,
respectively.

DRP1A and DRP1C cDNAs were also amplified using primers 5’ –

CTCGAGATGGAAAATCTGATCTCTCTGGTTAC -3’ and 5’- AAGCTTCTTGGACC
AAGCAACAGCATCG -3’ (DRP1A) or 5’- CTCGAGGATGAAAGTTGATAGGTCTG
ATAAAC

-3’

and

5’-

GAATTCGCTTCCAAGCCACTGCATCGATGTCG

-3’

(DRP1C) and subcloned into pEZT-NL (D. Ehrhardt, Carnegie Institution of
Washington, Stanford, CA) downstream of the Cauliflower Mosiac Virus 35S promoter
(35S) as an XhoI/HindIII fragment (DRP1A) or an XhoI/EcoRI fragment (DRP1C) to
generate 35pA-GFP and 35pC-GFP, respectively.
DRP1A/drp1A-2 plants (ecotype Wassilewskija) were transformed with the
constructs encoding DRP1A-mOrange, ApA-myc, ApC-myc, 35pA-GFP or 35pC-GFP
using the Agrobacterium tumefaciens-mediated floral dip method (Clough and Bent,
1998). Transgenic plants were selected either on solid medium (0.6% phytagar,  MS
(Murishige and Skoog, 1962)) medium (Caisson Labs, North Logan, UT) containing 75
μg/mL gentamycin sulfate (Amresco Inc., Solon, OH; DRP1A-mOrange) or on soil,
sprayed once with 20 μg/mL ammonium glusofinate (Liberty, Wilmington, DE, USA;
ApA-myc, ApC-myc, 35pA-GFP and 35pC-GFP).

Plant growth conditions
For visualization of epidermal cells, conditions were as reported (Konopka and
Bednarek, 2007).

For analysis of drp1A-2 complementation seedlings were grown
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horizontally on  MS, 0.6% phytagar, +/- 1% sucrose. Seedlings that did not grow in the
absence of sucrose within 10 days, were sterilely transferred to sucrose containing media
and allowed to grow for another 10 days before transfer to soil.

Variable angle epifluorescence microscopy
DRP1A-FFP and DRP1C-GFP foci dynamics were captured using VAEM as
described (Konopka and Bednarek, 2007).

Briefly, seedlings were transferred from

vertically growing plates to a glass slide with 150 μL  MS and covered with a coverslip.
Plants were imaged with a Nikon Eclipse TE2000-U fitted with the Nikon T-FL-TIRF
attachment, Nikon 100X/N.A. 1.45 CFI Plan Apo TIRF objective and 1.5X intermediate
magnification. For single fluorophore imaging, GFP was excited with 488 nm argon
laser and filtered through a 535/30 filter (Chroma Technology, Rockingham, VT, USA).
For double fluorophore imaging, GFP and mOrange were excited with 488 and 543 nm
laser, respectively and the emission spectra was separated with a 540LP dichroic mirror
and filtered through a 515/30 (GFP) or 585/65 (mOrange) in a Dual View filter system
(Photometrics, Tuscon, AZ). The incident angle was varied to give the highest signal to
noise ratio. Fluorescence emission light was captured using a CoolSnapES cooled CCD
camera (Roper Scientific, Tuscon, AZ) using Metamorph Imaging System Ver 6.2r6
(Molecular Devices, Sunnyvale, CA) with 500 msec exposure times.
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Inhibitor Studies
Tyrphostin A23 and latrunculin B were purchased from EMD Biosciences (San
Diego, CA), oryzalin was purchased from Restek (Bellefonte, PA), and fenpropimorph
was purchased from Sigma-Aldrich (St. Louis, MO). Fenpropimorph was dissolved in
water and all other inhibitors were dissolved in 100% DMSO for stock solutions.
Inhibitors were diluted in  MS for VAEM imaging of root epidermal cells.
[DMSO] was 0.1% or less in all working solutions.

The

5-7-day-old vertically grown

seedlings were transferred from 1% agar plates to 4 mL of final working concentration in
 MS in a 12-well culture plate. After the indicated time, seedlings were transferred to a
glass slide with 150 μL of inhibitor solution, covered with a glass coverslip, the excess
liquid wicked away and imaged as above. For fenpropimorph studies, seedlings were
grown vertically on  MS, 1% agar plates with or without 10 μg/mL fenpropimorph for
10-12 days prior to imaging in  MS media.

Immunoblot Analysis
To determine expression level of DRP1A-myc, DRP1C-myc, DRP1A-GFP and DRP1CGFP, total protein extracts were prepared from drp1A-2:ApA-myc, drp1A-2:ApC-myc,
drp1A-2:35pA-GFP, drp1A-2:35pC-GFP, WT:35pA-GFP and WT:35pC-GFP seedlings
grown horizontally on  MS + 0.6% phytagar without sucrose for 10 days. Seedlings
with at least two pairs of leaves were ground in 15 μL SDS-PAGE sample buffer
(Laemmli, 1970) per seedling and incubated at 65oC for 15 minutes. Insoluble debris was
cleared by centrifugation at 16,000g for 10 minutes at room temperature. 15 μL of
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supernatant was separated on a 12.5% (w/v) SDS-polyacrylamide gel and analyzed by
immunoblotting as described (Kang et al., 2001) using anti-DRP1A (Kang et al., 2001),
anti-myc (Evan et al., 1985), biotin conjugated anti-GFP (Rockland Immunochemicals,
Inc., Gilbertsville, PA, USA) and anti-Pux1 (Rancour et al., 2004) antibodies. HRPconjugated anti-rabbit secondary antibodies (GE Healthcare, Piscataway, NJ, USA) and
HRP-conjugated streptavidin (Rockland Immunochemicals, Inc.) were used to detect the
primary antibodies, anti-DRP1A, anti-myc, or anti-Pux1 and anti-GFP, respectively.

Environmental Scanning Electron Microscopy
Stage 13 flowers from WT plants and drp1A-2 plants expressing no transgene,
ApA-myc, ApC-myc, 35SpA-GFP or 35SpC-GFP were excised and imaged using a
Quanta 200 Environmental Scanning Electron Microscope (FEI, Hillsboro, OR) at 3.78
Torr and 4oC using a 20.0kV electron beam. Electron emission was detected with the
gaseous secondary electron detector.

Confocal Microscopy
To image DRP1A-GFP and DRP1C-GFP in papillar cells, stage 13 flowers from
plants expressing 35SpA-GFP and 35SpC-GFP in wild type or drp1A-2 background were
excised, flattened, placed on a glass slide with  MS media and covered with a coverslip.
Papillae were imaged using a Nikon TE2000-U inverted laser scanning confocal
microscope (Nikon Instruments Inc., Melville, NY) fitted with a 60x (numerical aperture
1.4) PlanApo VC objective lens and excited with 488 nm light (Melles Griot). Z-stacks
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were captured using the EZ-C1 software (Nikon Corporation) and images were
recombined using the maximum projection command in Image J (National Institutes of
Health, Bethesda, MD, USA).

Image Analysis
A focus was identified by a local increase in intensity above a designated threshold
assigned to each time lapse image and which was present for at least 2 seconds. The
intensity profiles in Figures 2 and 3 were generated using Image J’s ROI Multi Measure
Plugin. Circular ROIs with a 6-pixel diameter that included all pixels of the focus was
created and a mean intensity for the ROI was recorded. All images for figures were
processed in Adobe Photoshop CS2 (Adobe Systems, San Jose, CA). All statistical
figures are listed as averages +/- standard deviation.
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Figures
Figure 1. Analysis of DRP1A-GFP focus dynamics at the cell cortex.
A) Epidermal root cell in the elongation zone expressing DRP1A-GFP imaged with
VAEM. B) Image montage taken from time lapse sequence of the epidermal root cell
shown in (A). Numbers in upper right corner indicate time elapsed from first image in
seconds. The focus indicated by the open arrowhead changed position during its lifetime
in the cell cortex (first position, yellow arrowhead; second position, blue arrowhead).
The focus indicated by filled red arrowhead did not change position. C) Intensity profiles
of the foci indicated in (B). The mobile focus (open arrowhead) is indicated by both
yellow (first position) and blue (second position) lines. D) Lifetime distribution of
DRP1A-GFP foci in cells from plants grown on  MS with no drug (black lines) and
from plants grown in the presence of 10 μg/mL fenpropimorph (grey lines). E) Lifetime
analysis of DRP1A-GFP from plants treated for 20 minutes with 10 μM oryzalin (white
lines), 1 μM latrunculin B (striped lines), concurrently with 10 μM oryzalin + 1 μM
latrunculin B (grey lines) or mock treated with 0.1% DMSO (black lines). Scale bars = 1
μm.
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Figure 2. DRP1A-mOrange foci co-localize with DRP1C-GFP foci in the cell cortex.
A) Epidermal root cell in the expansion zone expressing DRP1A-mOrange and DRP1CGFP imaged with VAEM with filter set for simultaneous GFP and mOrange fluorescence
capture (see Materials and Methods).

DRP1A-mOrange and DRP1C-GFP foci are

present without the other DRP1 (DRP1A, pink arrow; DRP1C, green arrow) and also colocalize (yellow arrows). B-D) Intensity profiles of GFP (green) and mOrange (red)
fluorescence from foci that had overlapping fluorescence of DRP1C-GFP and DRP1AmOrange. Corresponding mOrange fluorescence (top), GFP fluorescence (middle), and
merged (bottom) images are below each time (in seconds) indicated in the graph.
Montage images are 1.2 μm x 1.2 μm.

Yellow circles in the first frames indicate

measured regions for fluorescence intensity. Bar = 1 μm.
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Figure 3. DRP1A-mOrange foci co-localize with CLC-GFP foci in the cell cortex.
A) Epidermal root cell in the expansion zone expressing DRP1A-mOrange and CLCGFP imaged with VAEM with filter set for simultaneous GFP and mOrange fluorescence
capture (see Materials and Methods). DRP1A-mOrange and CLC-GFP foci are present
independently (DRP1A, pink arrow; CLC, green arrow) and also co-localize (yellow
arrows). B-D) Intensity profiles of GFP (green) and mOrange (red) fluorescence from
foci that had overlapping fluorescence of CLC-GFP and DRP1A-mOrange.
Corresponding mOrange fluorescence (top), GFP fluorescence (middle), and merged
(bottom) images are below each time (in seconds) indicated in the graph. Montage
images are 1.2 μm x 1.2 μm. White circles in the first frames indicate measured regions
for fluorescence intensity. Bar = 1 μm.
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Figure 4. Exogenous expression of DRP1C rescues drp1A-2 seedling lethality.
A) Schematic of the four constructs used for complementation analysis. B) Immunoblot
of total protein extracts from drp1A-2 (lanes 1-24) or wild type (lanes 25-26) seedlings
expressing ApA-myc (lanes 1-9), ApC-myc (lanes 10-16), 35pA-GFP (lanes 17-23, 26) or
35pC-GFP (lane 24). The top blot was blotted with anti-DRP1A specific antibodies, the
middle blot with anti-myc (left) or anti-GFP (right) antibodies and the bottom blot with
anti-PUX1 antibodies (loading control). All lines express the transgene approximately
equally well. The bands in the anti-DRP1A blot were DRP1A-GFP (top), DRP1A-myc
(middle) and native, untagged DRP1A (bottom). A cross-reactive band is indicated by
“<”.

C) Histogram indicating the percent of seedlings of individual lines with the

genotype indicated, that survived and developed 2nd set of true leaves on  MS, 0.6%
agar without sucrose.
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Figure 5. Expression of DRP1C cannot rescue the expansion defect of drp1A-2
stigmatic papillae.
A) Histogram indicating the percent of siliques in individual lines with the genotype
indicated that had at least one seed. Siliques from 4 to 6 plants from each line were
evaluated for seed content. B) ESEM images of stigmatic papillae from the first open
flower from plants with the genotypes indicated. C-E) Maximal Z-projections (C, E) or a
single confocal section (D) of stigmatic papillae from first open flower from plants with
genotypes indicated. Bars = 50 μm.
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Supplemental Figure Legends
Supplemental Movie 1. Expanding root epidermal cell expressing DRP1A-GFP imaged
with VAEM. Speed is 5X real time.
Supplemental Movie 2. Root epidermal cell expressing DRP1A-GFP grown on 10
μg/mL fenpropimorph, a sterol synthesis inhibitor. Roots were immersed in  MS for
imaging with VAEM. Speed is 5X real time.
Supplemental Movie 3. Expanding root epidermal cell expressing DRP1A-mOrange
and DRP1C-GFP imaged with VAEM. Speed is 5X real time.
Supplemental Movie 4. Expanding root epidermal cell expressing DRP1A-mOrange
and CLC-GFP imaged with VAEM. Speed is 5X real time.
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Chapter 4

Future Directions:
Identification and live cell imaging of cargo and endocytic
machinery components in plants
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Introduction
Endocytosis is a fundamental process in eukaryotes.

Conservation of the

endocytic machinery in yeast, plants and animals suggest that a mechanism for taking up
material from the environment evolved early in eukaryotic evolution. Endocytosis has
many functions, among which are recycling and down-regulation of membrane receptors,
which occurs in part via clathrin-mediated endocytosis (CME) in animals and yeast
((Conner and Schmid, 2003). CME has been extensively studied in mammalian cells and
yeast (see Chapter 1). During CME, the heterotetrameric AP-2 adapter complex binds
cargo in the plasma membrane (Nesterov et al., 1999) and subsequently recruits clathrin
coat components (Gallusser and Kirchhausen, 1993) and other accessory proteins
(Benmerah et al., 1996; Haffner et al., 2000; Conner and Schmid, 2002) creating a
clathrin-coated bud. Through lipid binding properties of the accessory proteins (Farsad et
al., 2001; Ford et al., 2002; Peter et al., 2004) and an inward force provided by actin
polymerization (Kaksonen et al., 2005, 2006), the bud invaginates with subsequent
vesicle scission from the plasma membrane. Chaperones and co-chaperones help uncoat
the vesicle (Eisenberg and Greene, 2007), so that it can fuse with endosomes.
Unlike in yeast and mammals, CME is not well defined in plants and the
molecular mechanisms are uncharacterized. We recently analyzed fluorescent fusions of
three putative components of the endocytic machinery, clathrin light chain (CLC) and
two members of the dynamin related protein 1 family, DRP1A and DRP1C (Chapters 2
and 3), by dual color imaging, and have developed a model based on their dynamics at
the cell cortex (Figure 1). CLC and DRP1 dynamics are reminiscent of the dynamics
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documented for mammalian dynamin 1 and CLC during CME in mammalian cultured
cells (Merrifield et al., 2002) and proteins are hypothesized to function similar to their
mammalian counterparts in endocytosis. DRP1A, DRP1C and CLC occasionally exist
independently at the cell cortex (Figure 1A-C), which may represent spurious
polymerization of the DRP1s in the case of DRP1A and DRP1C independent foci, or
DRP-independent CME in the case of independent CLC foci. However, the majority of
cortex-associated DRP1A, DRP1C and CLC organize into overlapping, dynamic foci
(Figure 1D, E, G). Approximately 80% of the cortical DRP1C and CLC populations are
present together at structures in the cell cortex (Figure 1E). DRP1A overlapped with
CLC and DRP1C in ~ 75% of foci, but the dynamics of DRP1A suggested that is present
on only approximately 25% of the CLC-DRP1C structures (Figure 1G). It is unknown
whether DRP1A and DRP1C can co-polymerize with each other or with other dynamins,
such as DRP2 (Figure 1G), which contain a pleckstrin homology and proline rich
domains like mammalian dynamin 1. DRP2B also formed foci in the cell cortex, but
whether these foci co-localize with CLC has not been determined (Figure 1F; SKB,
unpublished data). In addition, whether the CLC and DRP1 foci represent foci represent
sites of endocytosis is not clear. It is possible that the different combinations of DRPs
could be recruited to distinct clathrin-coated structures that contain different
combinations of membrane cargo (Figure 1D-G). Although this has not been shown for
dynamin1 and 2 in mammals, it is well established that specific adaptor proteins for
different cargos and different cargo motifs exist (Khanna et al., 2006; Wang et al., 2006a;
Miller et al., 2007).
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If DRP1 and CLC foci represent sites of endocytosis they should co-localize with
endocytic cargo and other components of the endocytic machinery. The internalization
of seven different integral membrane proteins has recently been reported. PIN1 (Geldner
et al., 2001; Dhonukshe et al., 2007), BRI1 and SERK1 (Russinova et al., 2004) are
constantly endocytosed and recycled; the K+ channel, KAT1, is endocytosed and
recycled upon stimulation with abscisic acid; and the flagellin receptor, FLS2 (Robatzek
et al., 2006), and the boron transporters BOR1 and BOR4 (Takano et al., 2005; Miwa et
al., 2007), are endocytosed and targeted to the vacuole for degradation upon addition of a
flagellin peptide (flg22) ligand or boron, respectively. The localization of the endocytic
cargoes to the plasma membrane and endosomes have been demonstrated with confocal
microscopy, but their organization and dynamics at the plasma membrane prior to and
during endocytosis has not been examined. As a first step, we have imaged the dynamics
of FLS2-GFP (Robatzek et al., 2006) at the cell cortex in expanding root cells and
compared them to DRP1C and CLC.
Other than CLC and clathrin heavy chain (CHC), no other elements of the
endocytic machinery in plants have been characterized. We propose to identify, by
interaction screens and homology searches, and to characterize, using live cell imaging
techniques, components of the endocytic machinery in plants. Using a yeast two-hybrid
screen that is compatible with membrane associated proteins and DRP1C as bait, putative
interactors of DRP1C have been identified, which may prove to be part of the endocytic
machinery in plants.

In addition, Arabidopsis homologs of the mammalian CME

machinery have been found using domain homology database searches (Holstein, 2002).

121
Among these, the coat components, AP180, -adaptin, C-adaptin and EPSIN1-3 may
be good candidates for live cell imaging based on their proposed interaction with clathrin
(Barth and Holstein, 2004; Song et al., 2006; Lee et al., 2007).

Results and Discussion
Dynamics of endocytic cargo in the cell cortex
To determine the dynamics of endocytic cargo, seedlings expressing FLS2-GFP
(Robatzek et al., 2006) were imaged with variable angle epifluorescence microscopy
(VAEM; (Konopka and Bednarek, 2007); Appendix 1) in root epidermal cells (Figure
2A) and in leaf pavement cells (Figure 2B). In root epidermal cells, FLS2-GFP had both
a diffuse and punctate organization (Figure 2A; (Konopka and Bednarek, 2007);
Appendix 1). The diffuse fluorescence was similar to that of the LTI6 plasma membrane
marker (Cutler et al., 2000; Konopka and Bednarek, 2007); Appendix 1), whereas the
punctate fluorescence was comparable to the foci formed by DRP1C, DRP1A and CLC
(Chapters 2 and 3). The FLS2-GFP foci density in expanding root cells was 1.2 +/- 0.3
foci/μm2, which was lower than the density of DRP1C or CLC foci in the same cell type.
The density of FLS2-GFP foci was three times higher in cotyledon epidermal pavement
cells (3.6 +/- 0.65 foci/μm2; Figure 2B) than in root epidermal cells, which correlates with
the higher expression of FLS2 in cotyledons compared to roots (Zimmermann et al.,
2004). Time-lapse images of FLS2-GFP in the cell cortex of root epidermal cells were
captured in order to analyze the dynamics of the endocytic cargo (Supplemental Movie
1). The average FLS2-GFP foci lifetime in root epidermal cells was 32.1 +/- 18.1
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seconds which was higher than that of CLC. The distribution of FLS2-GFP foci lifetimes
was also wider than the lifetime distribution of CLC foci (Figure 2C). This is similar to
endocytic cargo in mammals and yeast, which form foci with longer lifetimes than foci
formed by coat components (Licht et al., 2003; Toshima et al., 2006).

Dual color imaging of endocytic cargo and DRP1C or CLC
Endocytic cargo and clathrin have been shown to co-localize at the plasma
membrane in yeast prior to endocytosis (Newpher et al., 2005; Toshima et al., 2006).
The similar dynamics of FLS2-GFP to that of DRP1C and CLC suggests that FLS2 may
be a CME cargo. To determine if FLS2 is a cargo for clathrin and DRP1-mediated
endocytosis, simultaneous dual color imaging of FLS2-GFP with DRP1C-mOrange,
CLC-mOrange (Chapter 2), or DPR1A-mOrange (Chapter 3) will be performed. The
percent of co-localization between FLS2-GFP foci and the CLC or DRP1 foci will be
assayed as well as the intensity profiles of FLS2-GFP. CLC and DRP1 in overlapping
foci.

If FLS2-GFP foci disappear from the cell cortex concomitantly with the

disappearance of CLC or DRP1C, it is likely that FLS2-GFP is internalized in a CLC and
DRP1 mediated mechanism. In addition to the FLS2, the BRI1 receptor (Russinova et
al., 2004), PIN1 auxin efflux carrier (Geldner et al., 2001; Dhonukshe et al., 2007), the
BOR1 and BOR4 transporters (Takano et al., 2005; Miwa et al., 2007), and the KAT1
K+ channel (Sutter et al., 2007) will also be probed for their co-localization with CLC
and DRP1 foci.

Finally, regulation of receptor endocytosis will be probed using

pharmacological inhibitors of the cytoskeleton and endocytosis (Chapters 2 and 3).
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An outstanding question in endocytic trafficking in both mammals and plants is
whether the endocytic machinery or cargo can confer specificity to later endosomal
trafficking.

In mammals, different cargos are directed to different endosomal

compartments and in some cases this specificity is mirrored in the distribution of cargo
into different clathrin coated structures at the plasma membrane (Lakadamyali et al.,
2006). Likewise, different plant cargos are trafficked to distinct endosomes (Geldner et
al., 2003; Grebe et al., 2003; Russinova et al., 2004; Takano et al., 2005). To determine
whether endocytic cargos in plants also have different distributions within clathrin-coated
structures at the plasma membrane, we will perform multi-color imaging with fluorescent
fusions of the plant cargos, PIN1, BRI1, SERK, KAT1, BOR1, BOR4 and FLS2, in dual
and quadruple combinations with each other and either CLC, DRP1A, DRP1C or DRP2.
If possible, fluorescent fusions will be expressed under their native promoter in whole
seedlings. However, to bypass tissue specificity, imaging may need to be performed in
cultured plant cells with constitutive expression.
Finally, to determine if the uptake of specific endocytic cargos requires DRP1A,
DRP1C, a related protein, DRP1E, CLC or other not yet identified endocytic machinery
components, we will use live cell imaging in a variety of genetic backgrounds.
Specifically, the dynamics of fluorescent-labeled PIN1, BRI1, SERK, KAT1, BOR1,
BOR4 and FLS2 will be analyzed in drp1A-2 and drp1e-1 null mutants, drp1C
conditional mutants (see Appendix 2), clc mutants (data not shown) and characterized
mutants of to-be-identified endocytic machinery (see below) using VAEM.
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Identification of DRP1C interacting proteins
To determine possible structural or regulatory components of CME, we sought to
identify physical interactors of DRP1C using a split-ubiquitin yeast two-hybrid system,
which is compatible for use with membrane associated proteins (Stagljar et al., 1998).
To this end the coding sequence of DRP1C was cloned 3’ to the C-terminal half of
ubiquitin (Cub) and the LexA-VP16 yeast artificial transcription factor. A plant cDNA
library (Dualsystems Biotech, Zurich, Switzerland) prepared from 6-day-old seedlings
was cloned 3’ of the N-terminal half of ubiquitin (Nub). When a protein tagged with Nub
interacts with Cub-DRP1C, full-length ubiquitin is reconstituted and recognized by
ubiquitin ligases, which cleave off the transcription factor, thereby activating
transcription of the reporter genes. A library screen using Cub-DRP1C as bait was
performed with a transformation efficiency of 1.5 x 107 transformants, indicating that
near complete coverage of the library (1.7 x 107 independent clones) was obtained. Four
putative DRP1C interactors were identified. Three of the four were isolated in at least
two individual clones.

DRP1C was not isolated as prey in this screen, which was

performed in the presence of 1 mM 3-AT, a histidine synthesis inhibitor. However, NubDRP1C did interact with Cub-DRP1C without 3-AT, albeit weakly, as well as with CubDRP1A (Figure 1A), which supports previous results using a yeast two hybrid assay
(Hong et al., 2003b). The low strength interaction in the yeast two-hybrid was most
likely due to low expression levels of Cub-DRP1C and Nub-DRP1C in the yeast (data not
shown).
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The four putative interactors included SORTING NEXIN 1 (SNX1), which
localizes to endosomes and is required for endocytic recycling (Jaillais et al., 2006);
HSP81-3/HSP90-3, a member of the HSP90 family of molecular chaperones (Krishna
and Gloor, 2001); At1g44920, which encodes an unknown protein with four
transmembrane domains; and CXE12, which functions as an esterase to cleave
xenobiotics (Figure 3A-B; (Gershater et al., 2007). Although HSP90-3 in combination
with the negative control (pCCW-Alg5) displayed as much growth as in combination
with DRP1C in drop tests (Figure 3A), two previous experiments indicated that HSP90-3
clone did not self-activate during the yeast two-hybrid assay.

Therefore, it was

considered a putative interactor. Only one homolog of the known clathrin machinery in
mammals, SNX1, was isolated in the yeast two hybrid assay. However, this was not
surprising as many of the dynamin 1 interactors in CME, including the membrane
curvature sensing proteins, amphiphysin and endophilin, the scaffolding proteins,
intersectin and syndapin, and the actin binding proteins, Abp1 and cortactin (Schmid and
McMahon, 2007), do not have direct homologs in Arabidopsis (Holstein, 2002).
Sorting nexins are characterized by a phox homology domain, which binds
phospholipids, and a BAR domain (Figure 3B, Vps5-like dimerization), which can
modulate membrane morphology.

Most mammalian sorting nexins are involved in

trafficking at endosomes. However, mammalian sorting nexin 9 (SNX9) is required for
recruitment of dynamin 1 to the plasma membrane during CME (Lundmark and Carlsson,
2004; Soulet et al., 2005). Like human SNX1, Arabidopsis SNX1 has been shown to
localize to specific endosomal compartments and to participate in protein sorting and
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recycling of a subset of endocytic cargo (Jaillais et al., 2006). Arabidopsis SNX1 did not
appear to localize to the plasma membrane (Jaillais et al., 2006) and, unlike mammalian
SNX9 (Yarar et al., 2007), SNX1 did not appear to organize into small punctate
structures in the cell cortex when imaged with VAEM (data not shown). At this point, it
is not clear if, where, and how SNX1 and DRP1C interact in vivo.
HSP81-3/HSP90-3 is one of four cytosolic HSP90 proteins in Arabidopsis
(Krishna and Gloor, 2001) that are 87 – 99% identical in amino acid sequence, and is
constitutively expressed (Yabe et al., 1994). HSP90 proteins, in cooperation with cochaperones, have roles in folding and activation of proteins involved in signal
transduction as well as in multi--protein complexes (Pearl and Prodromou, 2006). The Cterminal half of HSP90-3, which is the proposed client-binding site, was isolated in the
split ubiquitin yeast two-hybrid screen (Figure 3B). A potential role of HSP90-3 in the
cell may be to help depolymerize DRP1C oligomers, or to maintain DRP1C in an
unpolymerized state. DRP1A and DRP1C have a higher propensity to oligomerize than
dynamin 1, which exists in a soluble fraction at 150 mM salt, but oligomerizes and pellets
in lower ionic strength buffers (Warnock et al., 1996). In contrast, DRP1C from seedling
tissue (Figure 3C) or recombinant purified DRP1C (data not shown) pelleted at 150 mM
NaCl. DRP1C did not become soluble when the salt concentration was raised to 500 mM
(Figure 3C) and only approximately 10% was solubilized when the salt concentration was
raised to 1 M (data not shown). Large DRP1C-GFP labeled structures were not evident
in the cytoplasm of untreated root cells (Chapter 3, Figure 1) suggesting that DRP1C was
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not perpetually oligomerized in the cell. One possible role for the putative HSP90-3 –
DRP1C interaction is to maintain an unpolymerized pool of DRP1C.

Confirmation and characterization of putative DRP1C interactors
To determine if the interaction of DRP1C with the yeast-two-hybrid interactors
occurs in vivo, we will use bimolecular fluorescence complementation (BiFC).

A

DRP1C translational fusion with the N-terminal half of yellow fluorescence protein (YN)
will be generated and transformed into wild type Arabidopsis plants. In addition, each of
the full-length putative interactors will be tagged with the C-terminal half of YFP (YC)
and introduced into plants expressing DRP1C-YN. As a negative control, untagged YC
and YN will also be co-expressed with DRP1C-YN and the YC-tagged putative
interactors, respectively. An in vivo interaction will be indicated by YFP fluorescence
when excited with 514 nm light.
In conjunction with BiFC, co-immunoprecipitations from seedlings using antiDRP1C (Kang et al., 2003b) and subsequent immunoblot analysis will be performed to
detect interactions in vivo. If antibodies to the putative interactors are not available, we
will use plants expressing the YC fusions (see above) and detect the putative interactors
after immunoprecipitation using anti-GFP antibodies, which cross react with the Cterminal half of YFP.
After verification of the interaction, the DRP1C-interation domain of each protein
will be mapped using the split ubiquitin yeast two-hybrid system.

Three of the

interacting clones, SNX1, At1g44920 and CXE12, encoded full-length proteins (Figure
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2B). The clone for HSP90-3 initiated at amino acid 358 (out of 699). To further identify
the DRP1C interaction site, full-length and truncation constructs of each of the putative
interactors will be tagged with the N-terminal half of ubiquitin (Nub) and probed for the
ability to interact with full length DRP1C tagged with the C-terminal half of ubiquitin
(Cub). For the integral membrane protein encoded by At1g44920, truncations will be
made C-terminal of each cytosolic domain. Truncations of SNX1 will be made to isolate
the SH3-like domain (N-terminal third), phox homology domain (middle third) and the
Vps5-like dimerization domain (BAR; C-terminal third). For CXE12 the esterase domain
alone (N-terminal half) and C-terminal half, which has no recognized domain, will be
assayed for interaction. The domains that interact with DRP1C in the yeast two hybrid
assay will be confirmed using co-precipitation assays with purified maltose-binding
protein tagged DRP1C (data not shown).

Identification and characterization of the additional endocytic machinery components
Components of the clathrin machinery at the Golgi or trans Golgi network (TGN)
in Arabidopsis, including the AP-3 complex, epsin1 and epsinR2, have been described
(Song et al., 2006; Lee et al., 2007) and are necessary for proper protein trafficking to the
vacuole (Song et al., 2006). However, the localization and function of the AP-2 complex
or other potential CME adaptors and accessory proteins have not been studied. AP-2
subunit homologs in Arabidopsis consist of two genes encoding -adaptin, three genes
encoding 1/2-adaptin, four genes encoding μ2-adaptin and one gene encoding 2adaptin. The three -adaptin proteins are also thought to be part of AP-1 complexes at
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the Golgi apparatus, so these subunits would not be suitable markers for the AP-2
complex alone.

The -adaptins are proposed to be exclusive components of AP-2

complex (Boehm and Bonifacino, 2001) and have been used to highlight clathrin-coated
structures in other systems (Rappoport et al., 2005). The -adaptins are 97.6% identical
in amino acid sequence, have similar expression profiles (Zimmermann et al., 2004) and
are juxtaposed on chromosome 5, suggesting that the two -adaptin genes are a result of
recent duplication event and are likely functionally redundant.

Due to their close

genomic proximity, creating a double insertional mutant of the -adaptins is unlikely.
However, their coding sequences are 97.1% identical, and therefore an artificial
microRNA (amiRNA) should target both -adaptins and reduce their expression. To
probe -adaptin function in planta, an amiRNA construct will be placed under the
control of the constitutive 35S CaMV promoter or an inducible promoter. Plants that
have reduced -adaptin RNA and protein will be analyzed for morphological defects in
seedlings growing on solid agar and in adult plants growing on soil. To analyze AP-2
dynamics in vivo, a GFP or mOrange fusion protein will be constructed and introduced
into wild type plants or plants that have reduced protein levels of native -adaptin by
amiRNAs. If a functional fluorescent fusion construct is found, the dynamics of AP-2
will be compared to those of CLC, DRP1C, DRP1A and FLS2 by simultaneous, multicolor imaging with VAEM.
The above approach consisting of mutant analysis in conjunction with live cell
imaging will be used to investigate the function and dynamics of other endocytic
machinery components. These include, but are not limited to bona fide DRP1A or
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DRP1C interacting proteins identified by yeast-two hybrid or co-precipitations screens;
VAN3 (At5g13300), ARFGAP1 (At5g61980), ARFGAP4 (At1g10870), At1g60860 and
three sorting nexins, which are the only BAR domain-containing proteins identified thus
far in the Arabidopsis genome; and proteins containing DPW or DPF (-adaptin
binding), DLL or FS (clathrin binding), and ENTH or ANTH (phospholipid binding)
motifs and domains which are found in mammalian CME adapters and accessory
proteins. Identification of proteins with AP-2 and clathrin binding motifs has been
described (Holstein and Oliviusson, 2005).

Conclusions
Endocytosis is vital for membrane trafficking (Dhonukshe et al., 2007; Tahara et
al., 2007), cytokinesis (Baluka et al., 2005; Dhonukshe et al., 2006) and cell signaling
(Geldner et al., 2007). However, the endocytic pathways in plants, including CME, are
virtually uncharacterized in plants. Genes for the putative core CME machinery have
been identified, but their in vivo function has not been shown. In addition, the regulatory
machinery has not been elucidated. The proposed studies outlined here should advance
our understanding of the mechanisms of CME and its importance in plant growth and
development.
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Materials and Methods
Variable Angle Epifluorescence Microscopy
FLS2-GFP was kindly made available by S. Robatzek (Max Plank Institute, Cologne,
Germany). FLS2-GFP foci dynamics in root epidermal cells were captured as described
(Konopka and Bednarek, submitted; Chapter 2). For imaging cotyledon pavement cells
on the adaxial surface, seedlings were transferred from vertically growing plates and
submerged in  X MS for ~10 seconds and then to a glass slide with 150 μL  X MS
and covered with a coverslip with the adaxial side closest to the coverslip. Cells were
imaged with a Nikon Eclipse TE2000-U fitted with the Nikon T-FL-TIRF attachment, a
Nikon 100X/N.A. 1.45 CFI Plan Apo TIRF objective and 1.5X intermediate
magnification. GFP was excited with 488 nm argon laser and filtered through a 535/30
filter (Chroma Technology, Rockingham, VT, USA). Fluorescence emission spectra was
captured using a CoolSnapES cooled CCD camera (Roper Scientific, Tuscon, AZ) using
Metamorph Imaging System Ver 6.2r6 (Molecular Devices, Sunnyvale, CA) with 500
msec exposure times. All statistical figures are listed as averages +/- standard deviation.

Split ubiquitin yeast two-hybrid screen
DRP1C coding sequence was amplified using primers 5’– AAGGCCATTACGGCCATG
AAAAGTTTGATAGGTCTGATA -3’ and 5’- TTGGCCGAGGCGGCCTTCTTCCAA
GCCACTGCATCGATG -3’ and subcloned into pBT3-STE (Dualsystems Biotech,
Zurich, Switzwerland) resulting in pBT-DRP1C. pBT-STE was transformed into the
yeast reporter strain NMY51 (Dualsystems Biotech), along with a cDNA library made
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from light and dark grown 6 day old seedlings cloned into pDSL-Nx (Dualsystems
Biotech).

Yeast were screened on synthetic complete media minus Leu, Trp, His,

Adenine, with 1 mM 3-aminotriazole. Colonies present after 4 days were selected and
their DNA isolated. Recapitulation of the interaction and the absence self-activation was
confirmed. The interaction clones were sequenced and identified using Basic Local
Alignment Search Tool (BLAST) analysis against the Arabidopsis genome.

Fractionation and immunoblot analysis
Total protein extract from Arabidopis T87 suspension-cultured cell was prepared in MIB
(20 mM HEPES/KOH, pH 7.0, 50mM KOAc, 1mM Mg(OAc)2, 250 mM sorbitol) with
1mM dithiothreitol (DTT) and protease inhibitor mixture (1mM phenylmethylsulfonyl
fluoride, 5 μg.ml pepstatin A, 1 μg/ml chymostatin, 1 mM p-aminobenzamidine, 1 mM eaminocaproic acid, 5 μg.ml aprotinin, 1 μg/ml leupeptin, 10 μg/ml E64) and centrifuged
at 150,000 rcf for 30 minutes at 4oC. The pelleted fraction (P150) was extracted using
MIB with 1% TX-100, 1% TX-100 + 0.5 M NaCl, 1% TX-100 + 0.4 M KI, 1M NaCO3,
0.5M NaCO3 + 0.4 M KI, or 0.4 M KI and centrifuged at 150,000 rcf for 30 minutes at
4oC. SDS-PAGE sample buffer (Laemmli, 1970) was added to the supernatant (S) and
pellet (P) and incubated at 65oC for 15 minutes. Equal cell equivalents of P and S were
separated on a 12.5% (w/v) SDS-polyacrylamide gel and analyzed by immunoblotting as
described (Kang et al., 2001) using anti-DRP1C (Kang et al., 2003b); anti-DRP1A (Kang
et al., 2001) and anti-SEC12 (Bar-Peled and Raikhel, 1997) antibodies. HRP-conjugated
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anti-rabbit secondary antibodies (GE Healthcare, Piscataway, NJ, USA) were used to
detect the primary antibodies.
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Figures
Figure 1. Model for CLC and DRP organization at the plant cell cortex.
By imaging different combinations of fluorescent fusions of CLC and DRPs using dualcolor live cell imaging, the following structures are hypothesized to exist at the plasma
membrane in root epidermal cells. (A-C) Independent CLC, DRP1C and DRP1A foci
were present, albeit at very low frequencies, 3%, 3% and 8%, respectively. (D-G) The
majority of CLC and DRP1 foci overlapped with other the fluorescent fusion proteins.
Dynamics of DRP1C and CLC (E) suggested that they resided on the same structure in
85% of the co-localization events. CLC and DRP1A (D) also had coordinated dynamics,
although at lower frequencies than CLC and DRP1C. DRP2B also forms foci at the cell
cortex, but its presence in clathrin-coated structures (F) is still to be determined.
Although DRP1C and DRP1A were present on the same structure at the cell cortex in
approximately 25% of foci (G), its not understood whether they co-polymerize with each
other or with DRP2s. In addition, although, DRP1A and DRP1C have distinct behaviors
at the cell cortex, it’s not known whether the different DRP1s and DRP2s are recruited
preferentially to endocytic sties with different assortments of cargos. Like dynamin 1 in
mammalian cells, DRPs are hypothesized to hydrolyze GTP, which helps sever the
vesicle from the plasma membrane. The dynamics of DRP1A and DRP1C, suggest that
they stay associated with the vesicle after release.
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Figure 2. FLS2-GFP foci dynamics in the cell cortex.
(A) Expanding root epidermal cell expressing FLS2-GFP. (B) Cotyledon pavement cell
expressing FLS2-GFP. (C) Lifetime distribution of FLS2-GFP foci in expanding root
epidermal cells. CLC-GFP foci lifetime distribution replotted from Chapter 2, figure 7D
for comparison. Bars = 1 μm.
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Figure 3. Putative DRP1C interactors in yeast two-hybrid screen.
(A) Serial dilutions (from right to left) of yeast strain NMY51 containing bait and prey
constructs as listed. pCCW-Alg5 (right panel) and pDL2-Alg5 (bottom panel) were the
negative control prey and bait self-activation, respectively.

pAI-Alg5 (panel second

from bottom) was the positive control for bait expression. Bait –prey combinations were
screened on SD-Leu/Trp/His/Ade. (B) Schematic of domain structure and proposed
function of putative DRP1C interactors isolated in the split-ubiquitin yeast two-hybrid
screen. Lighter areas in domain structures indicate parts of the genes which were not
included in the interaction clone. (C) Immunoblot analysis of supernatant (S) and pellet
(P) fractions extracted from a P150 fraction from Arabidopsis T87 suspension cultured
cell protein extract (see Materials and Methods). 1% TX-100 (lane 1-2), 1% TX-100 +
0.5 M NaCl (lane 3-4), 1% TX-100 + 0.4 M KI (lanes 5-6), 1M NaCO3 (lanes 7-8), 0.5M
NaCO3 + 0.4 M KI (lanes 9-10), and 0.4 M KI (lanes 11-12) were used to extract protein
from the insoluble P150 fraction. Extraction of DRP1C, DRP1A and SEC12 (membranebound protein) was analyzed by centrifugation at 150,000 rcf.
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Supplemental File Legend
Supplemental Movie 1: Elongating root epidermal cell expressing FLS2-GFP imaged
with VAEM. Speed is 5 X real time.
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Appendix 1
Variable Angle Epifluorescence Microscopy: A New Way to
Look at Protein Dynamics in the Plant Cell Cortex

This appendix was adapted from: Konopka CA and Bednarek SY (2007). Variable Angle
Epifluorescence Microscopy: A New Way to Look at Protein Dynamics in the Plant Cell
Cortex. Plant Journal, in press.
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Summary
Live-cell microscopy imaging of fluorescent-tagged fusion proteins is an essential tool
for cell biologists. Total internal reflection fluorescence microscopy (TIRFM) has joined
confocal microscopy as a complementary system for imaging of cell surface protein
dynamics in mammalian and yeast systems because of its high temporal and spatial
resolution.

Here we present an alternative to TIRFM, termed variable angle

epifluorescence microscopy (VAEM) for the visualization of protein dynamics at or near
the plasma membrane of plant epidermal cells and root hairs in whole, intact seedlings
that provides high signal, low background and near real time imaging. VAEM uses
highly oblique sub-critical incident angles in order to decrease background fluorophore
excitation. We discuss the utilities and advantages of VAEM for imaging of fluorescent
fusion-tagged marker proteins in studying cortical cytoskeletal and membrane proteins.
We believe that the application of VAEM will be an invaluable imaging tool to the plant
cell biologist.

Introduction
Fixed and live cell fluorescence microscopy are invaluable for imaging protein
localization and dynamics. With the development of new technologies for fluorescent
labeling of proteins in vivo and the introduction of new imaging advancements comes a
new or refined understanding of biological systems. The application of laser scanning
confocal microscopy (LSCM) and spinning disk confocal microscopy technologies have
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provided enormous detail and insight into cellular dynamics; nevertheless confocal
microscopy has some limitations, including a z-resolution limit, large areas of
illumination which could damage live cells over long imaging intervals, and in the case
of LSCM, relatively long capture times, which is problematic for capturing highly
dynamic events such as vesicle trafficking and fusion.
Total Internal Reflection Fluorescence Microscopy (TIRFM), also called
Evanescent Wave Fluorescence (EF) microscopy, is complementary to confocal
microscopy for imaging events with fast dynamics at or near the cell surface. TIRFM has
been utilized for over twenty years (Axelrod, 2001); however, it has only recently
become more widely applied to studies of biological systems as commercially produced
modular imaging systems have become available along with the development of
fluorescent protein tags such as green fluorescent protein (GFP) and its spectral
derivatives.
In contrast to standard epifluorescence microscopy, TIRFM relies on the total
internal reflection of the illuminating laser light. During TIRFM the incident angle of the
excitation laser is adjusted, such that a critical angle of illumination is achieved at the
interface between two media in which the index of refraction of the second medium is
lower than that of the first medium (most often glass to water or cytoplasm) (Figure 1).
This results in the production of an electromagnetic field (i.e. evanescent wave of
illumination) of the same frequency as the incident light within the sample (see, for
review, (Axelrod, 2001; Schneckenburger, 2005).

The evanescent wave decays

exponentially exciting only fluorophores within approximately 400 nm of the glass
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coverslip. This creates a field of focus with a high signal-to-noise ratio (SNR) for
imaging objects near the coverslip, thereby making TIRFM an ideal tool for visualizing
cellular events near the cell surface.

Photobleaching and cellular damage is less

problematic in TIRFM than in LSCM and spinning disk confocal as only a sub-set of
fluorophores are illuminated during imaging. TIRFM has been used to visualize events
such as clathrin-dependent endocytosis (Merrifield et al., 2002), caveolae trafficking
(Tagawa et al., 2005), actin dynamics (Popp et al., 2006), insulin granule release (Tsuboi
et al., 2005), calcium ion channel activity (Demuro and Parker, 2004) and substratereceptor binding (Hellen and Axelrod, 1991). In addition, TIRFM has been combined
with other microscopy techniques such as fluorescence recovery after photobleaching
(FRAP) (Sund and Axelrod, 2000), fluorescence resonance energy transfer (FRET)
(Pollard and Borisy, 2003) and epifluorescence (Kaksonen et al., 2005) to further study
protein dynamics at the cell surface.
Due to the exponential decay of the evanescent wave produced during TIRFM,
imaging of fluorescent molecules in deeper areas of mammalian cells is limited. In
addition, the application of TIRFM to study plant and fungal cells, which have cell walls
and do not readily adhere well to glass surfaces is not straightforward. TIRFM has been
applied to study endocytosis in Saccharomyces cerevisae in which the cells have been
immobilized on the coverslip using concanavalin A (Kaksonen et al., 2005) or lysine
(Newpher et al., 2005). However, it is not clear if the thickness or other properties of the
yeast cell wall alter the quality of the TIRF imaging.

The thickness of the

Saccharomyces cell wall has been estimated to range from 0.11 microns (Holzel and
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Lamprecht, 1992) up to 0.26 microns (Gaskova et al., 1998), approaching the limitation
of TIRFM, if TIR is occurring at the coverslip interface. The thickness of plant cell walls
varies even more widely and differs between plant species, cell types, plant age, growth
status, and hydration level. Indeed, the width of the outer walls of plant epidermal cells
is variable often measuring over a half-micron thick (M. Otegui, personal
communication), well beyond the theoretical penetration depth of an evanescent wave
initiating from the glass coverslip. In addition, plant cell walls, depending upon their
environment and developmental fate, are likely to have variable indices of refraction,
making the path of incident light difficult to predict. It is not surprising, then, that the
only reported studies utilizing TIRFM in plant research to date have been applied to
investigate the in vitro dynamics of the plant actin cytoskeleton (Michelot et al., 2005;
Michelot et al., 2006) and the in vivo analysis of pollen tube growth near the growing tip
where the cell wall is still immature (Wang et al., 2006b). To our knowledge, TIRFM
has not been used to study cortical protein dynamics in any intact multi-cellular
organism. Here we describe an alternative use of TIRFM imaging systems to perform
what we term variable angle epifluorescence microscopy (VAEM). This application
relies on the use of oblique (i.e. non-perpendicular), sub-critical incident angles of the
laser to image the dynamics of fluorescent–tagged cortical-associated proteins in plant
cells (Figure 1). VAEM combines the high SNR and near real-time imaging of TIRFM
with the illumination depth of epifluorescence to view protein and organelle dynamics at
and near the plasma membrane in epidermal cells of intact plants.
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Results and Discussion
Utilization and analysis of VAEM for imaging of plant protein and organelle
dynamics
In this manuscript we have characterized the use of VAEM imaging of plant
epidermal cells expressing various fluorescent-tagged fusion proteins using an inverted
Nikon Eclipse TE2000-U microscope equipped with the Nikon T-FL-TIRF attachment.
The Nikon T-FL-TIRF attachment, which lies upstream of the objective, consists of a set
of adjustable reflective mirrors controlling the path of the laser into the 100X TIRF
objective and the distance of the laser from the optical axis (for details see Figure 1a and
Materials and Methods). No adjustments were made to the microscope to switch between
TIRFM and VAEM modes. Only the orientation of the reflective mirrors in the T-FLTIRF attachment was varied in order to produce different incidence angles of the laser.
Importantly, we have confirmed that VAEM can be performed using other TIRFM
imaging platforms that employ an adjustable laser path and a TIRF objective (data not
shown).
Just as in TIRFM, the incident angle of the illuminating laser in VAEM was
greater than zero degrees (perpendicular to the slide) (Figure 1A), but unlike TIRFM
(Figure 1C), sub-critical angles were utilized (Figure 1B). At the highest oblique, yet
sub-critical incident laser angle the light was refracted so that the field of illumination
was narrow (Figure 1B), yielding a high SNR for visualizing events at or near the plasma
membrane of intact cells.

Figure 1D illustrates the changes in imaging of cortical

microtubules (MTs) labeled with the GFP-tagged MT binding domain (GFP-MBD) from
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MAP4 (Granger and Cyr 2001) and the inclusion of out-of-focus fluorescence as the
incident angle of the laser was decreased. The refracted light path created a slanted side
band of illumination above the coverslip resulting in a variable illumination field depth
across the imaged area (Figure 1B). In principle the illumination penetration depth is
infinite, but as only a limited area was imaged, the field depth is a function of distance
from the optical axis (Figure 1A). The difference in field depth across an image was only
significant at very high refraction angles (Figure 1D, positions 10.5 through 13). The
non-fluorescent areas of the images at high refraction angles were a result of less incident
light penetration to those areas, which were farther away from the coverslip.

The

numbered positions refer to millimeters representing the mirror alignment in the Nikon TFL-TIRF attachment. Changes in mirror position do not correspond linearly to changes
in either incident or refraction angle. To determine the illumination depth of field, we
imaged cortical MTs labeled with GFP-MBD (Figure 1D, E) and the plasma membrane
associated clathrin light chain (CLC)–GFP (Figure 1E) at various incidence angles and
determined the illumination field depth. GFP-tagged CLC has been used to follow
clathrin-dependent endocytosis in yeast and animal systems (Merrifield et al., 2002;
Kaksonen et al., 2005) and has a discrete organization within the plasma membrane of
these organisms. At the highest incident angle in which cortical MTs and CLC could be
imaged (Figure 1d, position 13.5) the illumination depth ranged from 0.3 to 0.7 microns.
Figure 1E summarizes the illumination field depth of 14 individual roots expressing GFPMBD or CLC-GFP at 10 decreasing incident angles of illumination. A representative
root expressing GFP-MBD imaged at 10 mirror positions (8.5 through 13) is shown
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(Figure 1D). As the incident angle was decreased the illumination field depth increased
as well as the average fluorescence intensity of the images.

Conversely, a greater

incident angle gave less illumination depth and a concomitant decrease in background
fluorescence. It should be noted that scattered light may have also contributed to the
penetration depth of the incident light. Using the conditions reported here, the images
obtained using VAEM of cortical cytoskeletal and membrane proteins dynamics with the
highest SNR and fewest intensity irregularities were obtained from cells closest to the
coverslip with few projecting objects nearby (i.e. shed root caps, trichomes, root hairs
etc) to disturb the cell or root planarity. For the remainder of this study we will use the
term ‘oblique’ to describe the sub-critical incident angles that resulted in the highest SNR
for each individual fluorescent-tagged protein.

Comparison of VAEM and Standard Epifluorescence for Imaging of Root
Epidermal Cells
To compare VAEM versus standard epifluorescence, cytoskeletal arrays (Figure
2A-2B) plasma membrane-localized proteins (Figure 2C-2F) and organelles (Figure 3A3E) were imaged in expanding root epidermal cells with the incident angle of the laser at
zero degrees (i.e. standard epifluorescence) and at near critical, oblique angles, which are
discussed below. For all plant lines examined, the average intensity over the full image
was greater when taken with a 0º degree incidence angle than with oblique angles, due to
increased noise of background fluorescence from the transgenic and endogenous
fluorophores in the plants and their environment.
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Dynamic cytoskeletal arrays are apparent using VAEM
The greatest advantage of VAEM is the imaging of fluorescently labeled
structures closest to the coverslip, as those will be the brightest and clearest. To follow
the dynamics of MTs in root epidermal cells, plants expressing GFP-MBD were imaged.
GFP-MBD labeled MTs were visible at oblique angles (Figure 2A). In time-lapse images
of GFP-MBD expressing cells (Supplemental Movie 1), microtubule growth and
catastrophe events were apparent.

The disordered microtubule array organization

observed in the bottom cell (Figure 2A and Supplemental Movie 1) was due to the root
hair bulge formation in the trichoblast just outside the field of view, whereas the top cell
was an atrichoblast and did not undergo microtubule reorganization as observed
previously (Van Bruaene et al., 2004).

Similar cortical MT dynamics have been

previously imaged in epidermal cells with high SNR using LSCM (Shaw et al., 2003).
The authors were able to visualize MT dynamics recording images every 3.85 seconds.
The time required for LSCM was sufficient to image MT growth and catastrophe;
however, the increased time resolution afforded by VAEM may aid in revealing more
dynamic behaviors of cortical MTs or interactions with other proteins or organelles.
Imaging with an oblique angle also allowed the resolution of cortical actin cables
decorated with the GFP tagged Actin Binding Domain 2 (GFP-ABD2) (Sheahan et al.,
2004), that were not detected with zero degree illumination (Figure 2B, Supplemental
Movie 2). We were able to distinguish an average of 47.4 (+/- 4.2) individual actin
cables or filaments over 30 secs using oblique angle illumination. In contrast, we could
only discern an average of 18.4 (+/- 4.0) cables or filaments in the same epidermal root

150
cell imaged using zero degree, despite a larger surface area of the cell illuminated.
Sheahan and colleagues (2004) imaged GFP-ABD2-labeled actin dynamics in leaf
pavement cells via LSCM every 1.6 to 6 seconds. With this time resolution, the authors
noted that the F-actin network dynamics consists of many filaments undergoing small
movements. Actin filaments in root epidermal cells imaged with VAEM had similar
contributions to network dynamics (Supplemental Movie 2). The ability to resolve fine,
dynamic actin structures is especially important for studying the control mechanisms in
tip growth in root hairs and pollen tubes. We have illustrated the power of VAEM for
visualizing actin and MT dynamics in growing root hairs (see below).

Utilization of VAEM for visualization of plasma membrane protein dynamics and
organization
In addition to imaging of cortical cytoskeletal arrays, VAEM is also well suited
for the visualization of plasma membrane protein dynamics. As shown in figure 2C and
supplemental movie 3, this is illustrated by examining the localization and dynamics of
CLC-GFP. CLC has a punctate distribution within the plasma membrane of yeast and
mammalian cells (Merrifield et al., 2002; Kaksonen et al., 2005). Likewise, CLC-GFP
also formed discrete foci at the plasma membrane in root epidermal cells (Figure 2C,
arrow; Supplemental Movie 3). CLC-GFP also labeled internal organelles (Figure 2C,
arrowhead), which co-localized with a Golgi marker (data not shown). Despite these
brighter, out of focus structures, the CLC-GFP foci at the plasma membrane could be
distinguished. When the incident angle of the 488 nm laser was decreased from near sub-
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critical angles toward zero degrees, the foci were completely lost in the background
signal arising from organelle-localized CLC-GFP, cytoplasmic CLC-GFP and
populations from surrounding cells.
To establish further the ability of VAEM to display plasma membrane protein
dynamics, we imaged a functional GFP-tagged Dynamin Related Protein 1A (DRP1AGFP), which localizes to the plasma membrane in root epidermal cells (Kang et al.,
2003a). As mammalian dynamin 1 forms foci at the plasma membrane during clathrindependent endocytosis in mammalian cultured-cells (Merrifield et al., 2002), we imaged
root epidermal cells expressing DRP1A-GFP with VAEM to determine if it was
organized in a similar manner.

Indeed, DRP1A-GFP was present at the plasma

membrane in discrete and dynamic foci (Figure 2D, arrow; Supplemental Movie 4). The
DRP1A-GFP foci were brighter than those formed by CLC-GFP most likely because the
GFP-tagged DRP1A was the only source of DRP1A in the cell, whereas endogenous, unlabeled clathrin light chain incorporated into the GFP decorated clathrin lattice in the
CLC-GFP plants. Despite this brighter fluorescence, the DRP1A-GFP foci were still
almost completely lost at zero degree illumination due to background fluorescence
originating from the cytoplasm and neighboring cells. The plasma membrane-associated
DRP1A-GFP foci were previously not detected using LSCM (Kang et al., 2003), rather
by LSCM DRP1A appeared to have a diffuse distribution. Likewise, we were not able to
readily observe CLC-GFP foci dynamics with LSCM (data not shown).
Similar to CLC-GFP and DRP1A-GFP, the bona fide endocytic cargo transmembrane protein FLS2-GFP (Robatzek et al., 2006), was also distributed in a punctate

152
manner as observed by VAEM (Figure 2E, arrow; Supplemental Movie 5). This was
interesting as mammalian and fungal plasma membrane receptors cluster prior to
endocytosis and the FLS2-GFP foci may represent sites of endocytosis. Unlike CLCGFP and DRP1A-GFP, however, FLS2-GFP also exhibited a diffuse distribution, much
like that of the LTI6b plasma membrane marker (Figure 2F; Supplemental Movie 6).

Sub-organelle dynamics as visualized by VAEM
In addition to imaging protein dynamics at the plasma membrane and cell cortex,
VAEM was also used to image both organelle movements and sub-organelle
microdomain dynamics deeper within the cell with high SNR and near real time imaging.
Cortical ER was visualized by VAEM with the ER membrane marker Q4 (Cutler et al.,
2000).

One of the more striking features was both the presence of GFP-positive

structures (Figure 3A, arrow) and depleted areas of ER fluorescence (Figure 3A,
arrowhead; Supplemental Movie 7). The ER-GFP label-depleted areas could also be seen
in a zero degree illumination, but the brighter structures were lost. These ‘holes’ could
be analogous to the ‘bubbles’ described by Cutler et al. (2000) that were observed by
LSCM using an unidentified GFP labeled protein that is thought to be associated with the
ER.
Golgi movements were visualized with N-acetyl glucosaminyl (NAG)
transferase–GFP (Grebe et al., 2003)Figure 3B; Supplemental Movie 8). As has been
reported previously, some Golgi stacks remained relatively motionless while others were
actively transported most likely via an actin dependent mechanism as previously shown
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(Boevink et al., 1998; daSilva et al., 2004). Imaging with oblique angles gave only a
slightly higher SNR than imaging with a zero degree angle most likely because the GFPNAG label was concentrated in the Golgi, which gave the organelle a high fluorescence
intensity. Background fluorescence emanating from Golgi in the same and neighboring
cells (out of focus Golgi) was lower with oblique angles which will be beneficial if colabeling studies are required, as any increase in background could mask a potential colocalization making VAEM more discriminatory than standard epifluorescence.
VAEM was also applied to the imaging of other organelles with similar image
quality and SNR as observed for the Golgi. The GFP labeled organelles in both the
mitochondrial marker line (ssATPase-GFP) (Logan and Leaver, 2000) and the
peroxisomal marker line (A5) (Cutler et al., 2000) had high fluorescence intensity
compared to the plasma membrane and tonoplast (see below) because the fluorescent
protein was concentrated within the organelle and not distributed over a large surface
(Figure 3C, 3D; Supplemental Movies 9 and 10). Interestingly, when using an oblique
angle, the peroxisome label appeared to be on the periphery of the peroxisome (described
as a torus in (Cutler et al., 2000), but this was masked when using standard
epifluorescence (Figure 3D). Changes in mitochondrial morphology at the cell cortex
were also visible at both imaging angles (Figure 3C, Supplemental Movie 9).
Morphological changes were recorded at each frame (every 0.5 seconds), which would
not have been resolved using the slower frame rates of LSCM.
Although, VAEM was most useful for imaging highly dynamic events near the
cortex of the cell, it was also used to observe tonoplast dynamics using the Q3 (DIP
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aquaporin) marker (Cutler et al., 2000).

In contrast to LSCM medial sections and

descriptions of the Q3 labeled membrane, the fluorescence was not evenly distributed
throughout the vacuolar membrane when observed with VAEM. By VAEM the Q3
marker (Figure 3E) appeared to be organized into domains within the tonoplast. These
‘domains’ may be regions of vacuole membrane invagination.

Time series

(Supplemental Movie 11) were reminiscent of glancing LSCM sections (Cutler et al.,
2000). The domains were not readily detected by standard epifluorescence and instead
the fluorescence appeared evenly distributed across the tonoplast (Figures 3E, 0 degree
illumination).

VAEM could prove useful studying tonoplast dynamics and its

interactions with other organelles such as the prevacuolar compartment.

Comparison of the time resolution between VAEM and confocal microscopy
imaging
As noted above VAEM is especially useful for imaging highly dynamic structures
near or at the plasma membrane, making VAEM complementary to LSCM and scanning
disk microscopy, which allow imaging deeper within specimens. LSCM is the most
widely available confocal technique and gives excellent SNR due to its ability to discard
out of focus fluorescence. However, scanning individual pixels requires relatively long
frame rates. VAEM imaging produced similar SNR as LSCM, but enabled additional
time resolution. In the images and time series described above, all acquisition rates were
2 frames per second (fps). This is comparable to the fastest rates of LSCM for a standard
512 x 512 pixel resolution (maximum scan rates vary for different systems, but are on the
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range of 2-5 fps). The capture rate of 2 fps was used as a standard in this study in order
to image both intense and dimmer fluorophores; nevertheless, VAEM microscopy can
employ much higher acquisition rates than LSCM and is theoretically limited by the
readout of the camera (10.4 fps for this study) and practically limited by the brightness of
the fluorophore.

Some of the brightest organelle markers, such as GFP-NAG and

ssATPase-GFP, could be imaged with less than 20 msec exposure times, corresponding
to a theoretical acquisition rate of 50 fps (data not show). This is within the range of
spinning-disk confocal frame rates. Even faster rates could be obtained with VAEM by
using more sensitive cameras or by lowering the resolution (data not shown), which
would not be a concern when imaging large structures such as Golgi stacks, peroxisomes
and mitochondria, but which may not be practical for following the dynamics of
individual actin filaments.

VAEM can be used to visualize protein, organelle and cytoskeletal dynamics in
various epidermal cell types
In addition to imaging of root epidermal cells VAEM can be used to visualize
protein localization and dynamics in other epidermal tissue cell types. We used the GFPMBD line to follow MT dynamics in hypocotyl epidermal cells, leaf pavement cells,
stomata and leaf trichomes. Like root cells, hypocotyl epidermal cells were readily
imaged because of their large size and planar morphology, and cortical MTs were
apparent using VAEM as with traditional microscopy techniques (Figure 4A).

The

variable and non-planar shape of leaf pavement cells and guard cells made it unfeasible to
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image an entire microtubule array in these cells (Figure 4B-C), as the part of the array
was not in the imaging plane. However, the low background fluorescence allowed for
following microtubule dynamics without difficulty (Supplemental Movie 12). VAEM
was also applied to the imaging of leaf trichomes, which is one of the more difficult cell
types to image due their cylindrical, three-dimensional structure.

As in the other

epidermal cell types, cortical microtubule arrays were clearly visible using the oblique
imaging angles in VAEM (Figure 4D).

Using VAEM to image cytoskeletal dynamics in growing root hairs
Because of their highly polar nature of growth, root hairs and pollen tubes have
been a popular model to study the mechanisms of polar cell expansion. A focal point of
that research has been the study of microtubule and actin dynamics during tip growth, to
which VAEM can be applied to further enhance our understanding. Root hairs are
extremely sensitive to environmental changes and thus we have imaged root hairs without
disturbing them by growing and imaging them through semi-solid agar on coverslips
(adapted from (Ketelaar et al., 2004), allowing the roots and root hairs to grow towards
the coverslip by growing the seedlings at a 30o angle from horizontal. This technique
was highly useful, as expanding root hairs could be imaged for at least two hours by
LSCM (Konopka and Bednarek, manuscript in prep.). VAEM had advantages over
TIRFM as it permitted imaging of root hairs that elongated toward, but were not in
contact with, the coverslip. The index of refraction of the semi-solid agar (measured at
1.33) was near that of water and as a result the evanescent wave was not able to penetrate
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to the growing root hair. In addition, this growth method was unsuitable for standard
epifluorescence as the surrounding agar reflected and scattered light, resulting in a much
lower SNR (see Supplemental Movie 14B). VAEM, however, was quite valuable in
visualizing cytoskeletal dynamics in the apical tip and flanks of growing root hairs
(Figure 4E-F and Supplemental Movies 13A, 13B, 14A).
To date it has not been clear if MTs can penetrate into the vesicle-rich apical tip
of root hairs. MTs were not detected in the tips of fixed cells by immunocytochemistry
(Weerasinghe et al., 2003) or live growing hairs using the GFP-MBD reporter in M.
truncatula (Sieberer et al., 2002) or Arabidopsis (Van Bruaene et al., 2004). However,
MTs were seen in the apical root hair tip in transmission electron micrographs in
Arabidopsis (Galway et al., 1997) and in live imaging of M. truncatula root hairs with
EB1-GFP labeled MTs (Timmers et al., 2007). MTs in the root hair are highly dynamic
and it is possible that 4D LSCM did not have the time resolution to capture their presence
(Van Bruaene et al., 2004) or fully image their dynamics (Timmers et al., 2007). Taking
advantage of the faster imaging rates, and depth of view of VAEM we imaged MTs
labeled with GFP-MBD in the apical tip of root hair. Figure 4e and supplemental movies
13a and 13b suggested that, although transient, MTs can extend into the apical tips of
root hairs. The MTs present in the apical tip were more dynamic than the cortical MTs in
the epidermal cells, some changing position every frame (0.5 seconds). Both lateral
displacement as well as MT growth contributed to the dynamic behavior. These subtle
changes would be difficult to image using the slow frame rates of LSCM. Some MTs
seemed to be stabilized at the apical tip PM and subsequently glided along the PM as
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previously described (Timmers et al., 2007). The role of the apically localized MTs is
still unknown and may be required for targeting of polarity markers as suggested by
Sieberer et al. (2005).
Actin dynamics are also critical during diffuse and tip growth, as the inhibition of
actin dynamics by either depolymerization or stabilization can cause the cessation of tip
growth altogether (Baluka et al., 2000; Ketelaar et al., 2003). High resolution, live-cell
imaging of actin dynamics at the apical tip of root hairs is difficult to resolve using
LSCM due to slower image capture times. Using VAEM we were able to visualize the
tip actin dynamics in detail (Figure 4F and Supplemental Movie 14A). The short actin
filaments visualized with GFP-ABD2 had very limited lifetimes in the focal plane and
were reminiscent of actin comets, dynamic actin structures that can propel objects (e.g.
vesicles and endocytic pathogens) within the mammalian cytoplasm. As the root hairs
had not been disturbed before or during imaging and the laser was illuminating the roots
for less than 30 secs before capturing, the short GFP-ABD2 labeled actin filaments likely
represented actual filament dynamics during tip growth, rather than imaging artifacts.
The apical actin in tip growing pollen tubes has often been described as a fine F-actin
meshwork (Baluka et al., 2000; Molendijk et al., 2001; amaj et al., 2002) and indeed,
the apical actin appeared as a hazy signal using zero degree illumination (Supplemental
Movie 14b). It is possible that the F-actin mesh visualized with confocal microscopy
(Baluka et al., 2000) is actually composed of the highly dynamic actin filaments, and
when captured at a slower rate, results in a visual meshwork of F-actin. Our studies
suggest the presence of previously uncharacterized actin dynamics within the apical tip of

159
a growing root hair and provide evidence of the usefulness of VAEM in imaging highly
dynamic structures in tip-growing cells. Further use of VAEM with alternative actin
probes may help to fully resolve this issue.

Concluding Remarks
In this study we have applied VAEM with a high SNR and frame rates to follow protein
and organelle dynamics at and near the plasma membrane in whole, intact seedlings.
TIRF imaging of protoplasts, which lack cell walls, is likely feasible; however,
protoplasting may significantly alter the protein dynamics in the plasma membrane and
the organization of the cell cortex. In addition, processes such as tip growth and polar
growth in response to hormones and other stimuli cannot be studied using a nonpolarized cultured cell. TIRFM may also be applied to plant cultured cells that adhere to
coverslips, but the properties of the plant cell wall may unpredictably affect the imaging.
Thick epidermal outer cell walls have hindered the ability to visualize events at the
plasma membrane via TIRFM, while in standard epifluorescence, fluorophore emissions
from surrounding cells can mask details of protein and organelle dynamics.

Using

VAEM, an adaptation of TIRFM optics and instrumentation, with sub-critical, oblique
angles, we have been able to observe phenomena both at the plasma membrane and in
internal structures with a high SNR. We have combined the advantages of TIRFM (high
SNR) and epifluorescence (imaging depth) with the frame rates of spinning disk
confocal; and in doing so have illuminated new characteristics of commonly used
fluorescent protein markers and cytoskeletal and plasma membrane protein dynamics.
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Materials and Methods
Construction of fluorescent protein-tagged CLC binary expression vector
The CLC-GFP was constructed as follows: A genomic fragment of At2g40060
was PCR amplified from BAC T28M21 (Arabidopsis Biological Resource Center) with
primers 5’-CTGCAGGAGTCGGAGATGATGATTATGATG-3’ (CLC for) and 5’-GAG
CTCTTAGCAGCAGTAACTGCCTCAGTGGGC-3’, sub-cloned into pGEM T-easy
(Promega, Madison, WI), digested with PstI and SacI and subcloned into pPZP211
containing mGFP5 and nopaline synthase (NOS) terminator (Kang et al., 2003a).
Arabidopsis thaliana ecotype Wassilewskija wild type plants were transformed
with the fluorescent-tagged CLC constructs using the Agrobacterium tumefaciensmediated floral dip method (Clough and Bent, 1998). Kanamycin resistant transgenic
plants were grown on solid medium (0.6% phytagar), 1/2MS (Murishige and Skoog,
1962) medium (Caisson Labs, North Logan, UT) containing 40 μg/mL kanamycin (CLCGFP) or on soil, sprayed once with 20 μg/mL ammonium glusofinate (CLC-mOrange)
(Liberty, Wilmington, DE, USA).

Organelle, cytoskeletal and protein markers
GFP-Actin binding domain 2 (GFP-ABD2) (Sheahan et al., 2004) and the
microtubule-binding domain-GFP (MBD-GFP) (Granger and Cyr, 2001) lines were used
to visualize cytoskeleton dynamics. DRP1A-GFP was generated as previously described
(Kang et al., 2003a). A5, Q3, Q4, LTI6b lines (Cutler et al., 2000) were obtained from
ABRC.

NAG-GFP (Grebe et al., 2003) was kindly made available by B. Scheres,
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ssATPase-GFP (Logan and Leaver, 2000) was a gift from D. Logan and FLS2-GFP
(Robatzek et al., 2006) was kindly given by S. Robatzek.

Actin Filament Quantification
An actin filament or cable was defined as a continuous line of fluorescence (GFPABD2) that could intersect other filaments or contact the membrane. Filaments were
visually counted in five different frames of a 60 frame (30 sec) image series taken of an
expanding root epidermal atrichoblast expressing GFP-ABD2. The number of filaments
in the five frames was averaged and standard deviation taken.

Plant growth conditions
For visualization of epidermal cells, seeds were sterilized with 70% EtOH, 0.1%
TritonX-100/95% EtOH and plated on  MS + 1% phytoagar, stratified for 2-5 days, and
grown vertically under continuous light. For visualization of root hairs, seeds were
sterilized as above and plated on coverslips coated with  MS + 0.5% agar (adapted from
(Ketelaar et al., 2004)). Three coverslips were placed into a 15 mm x 100 mm Petri dish,
which was then sealed with two layers of parafilm (to prevent dehydration). The
seedlings were allowed to germinate horizontally and then grown at 30o to horizontal
under continuous light.
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Variable Angle Epifluorescence Imaging
Seedlings were transferred from vertically growing plates to a well containing 
MS for ~10 seconds and subsequently transferred to a glass slide with 150μL  MS. A
coverslip was placed over the root or entire seedling to ensure the fewest trapped air
bubbles and excess liquid drained from slide. The slide was placed on an inverted Nikon
Eclipse TE2000-U microscope (with epifluorescence attachment) fitted with a Nikon
100X objective (N.A. 1.45 CFI Plan Apo TIRF) imaged with or without 1.5X
intermediate magnification.

GFP excited with 488 nm argon laser (Melles Griot,

Carlsbad, CA), with maximum power output 30mW and beam width of 690 μm. Laser
intensity was modulated using 2x or 8x neutral density filters when needed. The incident
angle used was either zero degrees (perpendicular to the slide) or varied to give the
highest signal to noise ratio for each individual fluorescent line using a mirror based
Nikon T-FL-TIRF illuminator (Nikon Instruments Inc., Melville, NY, USA), which
allows the user to alter the laser beam path through the TIRF objective. Fluorescent
emission was filtered through a 535/30nm filter and captured using a CoolSnapES cooled
CCD camera (Roper Scientific, Tuscon, AZ) using Metamorph Imaging System Ver
6.2r6 (Molecular Devices, Sunnyvale, CA).

Exposure times were 500 msec unless

otherwise noted and images were captured continuously for 30 sec or 60 sec. Image size
was 696 x 520 pixels corresponding to 23.5 x 17.5 μm or 35.2 x 26.3 μm actual
dimensions with or without the 1.5X intermediate magnification, respectively. Gray scale
was set on a scale from 90-350 and average intensities ranged from 101 to 184.
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For imaging root hairs the coverslips with seedlings grown in agar, as described
above, were transferred directly to the inverted microscope. 150 μL of 1/2 MS + 1%
sucrose was added on top of the agar and the coverslip was covered with parafilm to
prevent dehydration.

Illumination Field Depth Analysis
10 GFP-MBD and 4 CLC-GFP expressing seedlings were grown and imaged as
above with 1.5X intermediate magnification and image size 1392 x 1040 pixels
corresponding to 46.9 x 35.0 μm actual dimensions. The incident angle at which no
fluorescence was visible was noted and then subsequently decreased with regular changes
in mirror position in the T-FL-TIRF attachment. At various laser positions, the maximal
Z-position in which fluorescence emission could be detected was recorded as
illumination field depth. Field depth was measured at 9 of the 10 incident angles in 5
GFP-MBD seedlings and all 10 incident angles in 5 GFP-MBD and the 4 CLC-GFP
seedlings.
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Figures
Figure 1: Variable Angle Epifluorescence Allows high signal to noise imaging close
to the cell surface.
(A-C) Schematic of the laser path (blue line) in standard laser epifluorescence (a),
variable angle epifluorescence (VAEM) (B) and total internal reflection fluorescence
(TIRF) (C). VAEM uses a range of sub-critical incident angles resulting in slanted side
band illumination and variable depth of illumination. TIRF uses a small range of critical
and super-critical incident angles resulting 400 nm or less of illumination depth. Green
dots represent excited fluorophores and grey dots represent un-excited fluorophores. The
laser path through the objective was controlled by altering the position of reflective
mirrors in the Nikon TIRF attachment. (D) A representative MBD-GFP expressing root
imaged at each laser positions graphed in (E). The number position in each frame
corresponds to the laser position in the graph. (E) 14 roots expressing either GFP-MBD
(blue diamonds) or CLC-GFP (red circles) were imaged at 10 different laser positions
producing 10 different decreasing incident angles. Position 14 corresponds to a refracted
angle in which no MBD-GFP or CLC-GFP fluorescence could be visualized. Position
numbers are in millimeters representing mirror position in the Nikon T-FL-TIRF
attachment. Changes in mirror position do not correspond linearly to the changes in
either incidence or refraction angle. The depth of illumination was determined at each
laser position relative to the fluorescent cortical microtubules. Notice that at the smaller
incident angles (positions 10 through 8.5), cells farther away from the coverslip become
illuminated, illustrating the increase in illumination field depth.

Bars = 5μm.
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Figure 2: Cytoskeletal and plasma membrane proteins imaged with VAEM at 0 and
oblique angle illumination.
Root epidermal cells expressing GFP-MBD (A); GFP-ABD2 (B); CLC-GFP (C);
DRP1A-GFP (D); FLS2-GFP (E); LTI6b, a plasma membrane marker (F); imaged with
brightfield, VAEM at 0o incident angle, and VAEM at oblique incident angles. Bars =
5μm.
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Figure 3: Organelle markers imaged with VAEM at 0 and oblique angle
illumination.
Elongating root epidermal cells expressing Q4, an ER marker (A), NAG-GFP, a Golgi
marker (B) ssATPase-GFP (C), A5, a peroxisomal marker (D); or Q3, a tonoplast
marker (E) imaged with brightfield, VAEM at 0o incident angle, and VAEM at oblique
incident angles. Bars = 5μm.
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Figure 4: VAEM can be used to visualize fluorescent proteins in many epidermal
cell types.
Epidermal cells expressing GFP-MBD (A-E) or GFP-ABD2 (F) were imaged with
brightfield and VAEM at oblique incident angles: hypocotyls (A); cotyledon pavement
cell (B); cotyledon guard cells forming an open stomata (C); trichome branch on first leaf
(D); root hair growing in semi-solid medium (E-F).

White outline denotes plasma

membrane border of root hairs as determined by brightfield microscopy. Bars = 5μm.
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Supplemental Movie Legends
Supplemental Movie 1: Root epidermal cell expressing MBD-GFP imaged with VAEM
at oblique angles. Microtubules undergoing growth (red arrow) and catastrophe (yellow
arrow) are indicated. Movie is 10 X real time.
Supplemental Movie 2: Elongating root epidermal cell expressing the actin marker,
GFP-ABD, imaged with VAEM at oblique angles. Movie is 10 X real time.
Supplemental Movie 3: Elongating root epidermal cell expressing CLC-GFP imaged
with VAEM at oblique angles. Movie is 10 X real time.
Supplemental Movie 4:

Elongating root epidermal cell expressing DRP1A-GFP,

imaged with VAEM at oblique angles. Movie is 10 times real time.
Supplemental Movie 5: Elongating root epidermal cell expressing FLS2-GFP imaged
with VAEM at oblique angles. Movie is 10 times real time.
Supplemental Movie 6:

Elongating root epidermal cell expressing the plasma

membrane maker, LTI6b, imaged with VAEM at oblique angles. Movie is 10 X real time.
Supplemental Movie 7: Elongating root epidermal cell expressing the ER marker, Q4,
imaged with VAEM at oblique angles. Movie is 10 X real time.
Supplemental Movie 8: Elongating root epidermal cell expressing the Golgi marker,
GFP-NAG, imaged with VAEM at oblique angles. Movie is 10 X real time.
Supplemental Movie 9: Elongating root epidermal cell expressing the mitochondrial
marker, ssATPase-GFP, imaged with VAEM at oblique angles. Movie is 10 X real time.
Supplemental Movie 10: Elongating root epidermal cell expressing the peroxisome
marker, A5, imaged with VAEM at oblique angles. Movie is 10 X real time.
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Supplemental Movie 11:

Elongating root epidermal cell expressing the tonoplast

marker, Q3, imaged with VAEM at oblique angles. Movie is 10 X real time.
Supplemental Movie 12: Pavement cell on a cotyledon expressing MBD-GFP imaged
with VAEM at oblique angles. Notice microtubules undergoing growth and catastrophe.
Movie is 10 X real time.
Supplemental Movie 13a: Tip of root hair growing in semi-solid medium expressing
MBD-GFP imaged with VAEM at oblique angles. The root hair is growing towards the
coverslip and only the apical-most microtubules in focus. The white line represents the
cell boundary. Movie is 10 X real time.
Supplemental Movie 13b: Tip of root hair growing in semi-solid medium expressing
MBD-GFP imaged with VAEM at oblique angles. The root hair is growing parallel to
the coverslip with the cortical microtubules in the flanks of the root hair tip in focus. The
white line represents the cell boundary. Movie is 10 X real time.
Supplemental Movie 14a: Tip of root hair growing in semi-solid medium expressing
GFP-ABD2 imaged with VAEM at oblique angles. The root hair is growing parallel to
the coverslip with the cortical actin filaments in the flanks and tip of the root hair tip in
focus. The white line represents the cell boundary. Movie is 10 X real time.
Supplemental Movie 14b: Same root hair as in supplemental movie 5A imaged with
VAEM at a zero degree incident angle. Using zero degree incident angles, the very
dynamic actin in the apical tip of the root hair is not apparent. The white line represents
the cell boundary. Movie is 10 X real time.
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Appendix 2

Efforts to create DRP1C conditional mutants
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Introduction
Members of the Dynamin Related Protein 1 (DRP1) family are known to play
vital roles during plant development. One isoform, DRP1C, is required for normal pollen
development (Kang et al., 2003b). Mutant pollen of drp1C-1 are small, shriveled and do
not germinate.

Morphologically, the pollen display defects in plasma membrane

maintenance, characterized by large invaginations (Kang et al., 2003b). Because of the
gametophytic lethality of the drp1C-1 mutant, homozygotes drp1C-1 plants have never
been isolated.
A functional GFP tagged DRP1C is present at the cell cortex in discrete, dynamic
foci in several epidermal cell types, including root hairs, expanding and non-expanding
root cells and leaf pavement cells (Konopka and Bednarek, submitted; Chapter 2). Colocalization analysis with a clathrin light chain fluorescent fusion protein suggests that
DRP1C may be a part of the clathrin-mediated endocytic machinery.

In addition, the

dynamics of DRP1C foci differs from that of DRP1A foci (Chapter 3), suggesting that
DRP1A and DRP1C may have non-redundant functions in epidermal cells. However, it
is not clear whether these differences are functionally relevant and whether DRP1C is
required for proper epidermal cell growth or plant development.
To test the hypothesis that DRP1C is required for plant growth and development,
conditional mutants of DRP1C were engineered in order to bypass the gametophytic
lethality of drp1C-1 mutants. Three approaches were taken: 1) a heat-induced clonal
recombination resulting in DRP1C gene deletion in individual cells; 2) an ethanolinduced dominant negative (DN)-DPR1C-GFP, which would disrupt native DRP1C
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function; and 3) an ethanol-induced artificial micro-RNA (amiRNA) to interfere with
DRP1C expression. Below is a more detailed description of each approach, difficulties
encountered with each, and conclusions that should aid in designing future DRP1C
conditional mutants.

Results and Discussion
To determine the requirement for DRP1C dynamics in cell expansion or division,
we sought to knock down or knock out the expression of DRP1C or disrupt the function
of DRP1C during the seedling stage of growth, a phase at which growth rate and
development are easily visualized.

Clonal Deletion of DRP1C
The first approach was to eliminate DRP1C from individual cells and analyze
morphological defects in cells derived from the initial deletion event (clonal cells). A
genomic fragment including the upstream promoter region and 3’ UTR of DRP1C was
cloned into the binary vector, pCB, between two direct repeat LoxP recombination sites
(Figure 1A). pCB also contained the CaMV35S constitutive promoter (35S) upstream of
the LoxP sites, and a gene encoding an ER-localized GFP (GFPER) downstream of the
LoxP sites (Figure 1A). Also included between the LoxP sites was a CRT resistance
gene in order to prevent expression of DRP1C or GFPER from the 35S promoter in
untreated cells. pCB and pCB-DRP1C were integrated into plants containing a CRE
Recombinase gene (CRE) under the control of the HSP81.2 promoter (HS) (Heidstra et
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al., 2004) (Figure 1A).

When plants containing HS-CRE are placed at 37oC, CRE

expression is induced. CRE recognizes the directional LoxP sites and excises the DNA
in between the sites, bringing the 35S promoter into close proximity of GFPER. Thus,
cells derived from those in which the recombination occurred will fluoresce under 488
nm light. Plants harboring HS-CRE and either pCB or pCB-DRP1C were crossed with
DRP1C/drp1C-1 plants (Kang et al., 2003b). drp1C-1::pCB-DRP1C::HS-CRE plants
were isolated indicating that pCB-DRP1C was able to rescue the drp1C-1 pollen defect.
On the other hand, drp1C-1/drp1C-1 plants harboring the empty vector, pCB, could not
be isolated and thus DRP1C::pCB::HS-CRE plants were used as negative controls. Also,
DRP1C::pCB-DRP1C::HS-CRE plants that were isolated as siblings of drp1C-1::pCBDRP1C::HS-CRE were used as a wild type control.
When either drp1C-1::pCB-DRP1C::HS-CRE or DRP1C::pCB::HS-CRE plants
were shocked at 37oC for 30 minutes, GFP fluorescence was evident after 24 hours near
the root tip and in fully expanded cells. The number of cells with GFP fluorescence
increased after 2 days of growth, indicating that cells could undergo division after
recombination occurred. When seedlings were shocked for 2 hours, GFP fluorescence
was present in more cells. Seedlings that were not exposed to heat never exhibited GFP
fluorescence in root cells. Approximately one fourth of plants of both wild type and
drp1C-1 lines did not express GFP upon heat shock because the HS-CRE construct was
hemizygous in the F2 population (Figure 1B). These plants were used as an internal
negative control (Figure 1C, black lines).
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drp1C-1::pCB-DRP1C::HS-CRE,

DRP1C::pCB-DRP1C::HS-CRE

and

DRP1C::pCB::HS-CRE seedlings shocked for less than 1 hour, displayed no gross
phenotypic defects in root structure or in aerial tissues and their growth was unaffected
(data not shown). DRP1C is an abundant protein (~ 0.1% total protein) and has a halflife of approximately 6 hours (S. Backues, unpublished data). Thus, it was likely that a
one-hour CRE induction was not sufficient to delete DRP1C in enough cells. When
drp1C-1::pCB-DRP1C::HS-CRE plants were shocked for 90-120 minutes, root growth
began to slow after 1 day, eventually ceasing growth after 3 days (Figure 1C, green
lines). In addition, cells near the tip of root became bloated and as a result the root tip
became misshapen and was often curved (Figure 1D). Five days after heat shock, the
cotyledons (immature leaves) and leaves became chlorotic (Figure 1E, green stars).
Plants that did not fluoresce (i.e. no recombination) did not cease root growth (Figure
1C), have misshapen roots or bloated cells (Figure 1D) and did not become chlorotic
(Figure 1E, black stars).
Surprisingly, seedlings of the wild type control, DRP1C::pCB-DRP1C::HS-CRE,
also displayed defects similar to drp1C-1::pCB-DRP1C::HS-CRE seedlings when
shocked for 90 minutes, suggesting that the defects were not due to the loss of DRP1C.
In order to determine the cause of the growth defects upon heat induction, DRP1C::pCBDRP1C::HS-CRE,

drp1C-1::pCB-DRP1C::HS-CRE

and

DRP1C::pCB::HS-CRE

seedlings, as well as DRP1C::pCB-DRP1C, drp1C-1::pCB-DRP1C (no HS-CRE),
DRP1C::HS-CRE, 35S-GFPER (Cutler et al., 2000), and wild type (no vector) seedlings
were mock treated or exposed to heat for 2 hours, allowed to grow for two more days,
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and assessed for their fluorescence and presence of bloated, misshapen roots. 35S-GFPER
plants that were not heat shocked did not have morphological root defects (Table 1). In
addition, 35S-GFPER plants did not have the root phenotype when exposed to heat,
indicating that ER-GFP alone did not cause the defects. Conversely, plants that were
shocked, but did not fluoresce (wild type, plants not containing HS-CRE or plants not
containing pCB-DRP1C) did not have root morphology defects, indicating that heat alone
was not the cause of the root phenotype. However, when plants that contained both the
pCB/pCB-DRP1C and HS-CRE transgenes exhibited GFP fluorescence after heat shock,
especially in the meristematic cells of the root tip, the roots were short and deformed.
This included seedlings in both wild type and drp1C-1 backgrounds. The result that both
35S-GFPER plants and pCB/pCB-DRP1C::HS-CRE plants have different phenotypes after
heat induction may have been due to the different ER-localized GFP tagged proteins.
The combination of CRE recombinase expression, the influx of GFP into the ER and long
heat exposure that was most likely responsible for the root morphology defects and thus
this approach was not pursued further.

Disruption of DRP1C function through expression of a dominant negative mutant
Dynamin and DRP functions have been previously studied using DN constructs
(van der Bliek et al., 1993) in different model organisms (Vater et al., 1992; Herskovits
et al., 1993; Gaechter et al., 2007). A lysine to alanine mutation 0at residue 45 (K45A)
in DRP1C, which is equivalent to the dominant negative K44E mutant in dynamin 1 with
reduced affinity for GTP, was constructed and placed under the control of the ethanol
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inducible promoter (Roslan et al., 2001). Wild type (WT) DRP1C was used as a control.
Both WT and DN proteins were C-terminally tagged with GFP (Figure 2A) so that
localization and dynamics of WT- and DN-DRP1C could be evaluated.
Individual T1 plants were selected for the presence of the transgene by resistance
to kanamycin, treated with 2% ethanol at 0, 2, 4, 6, 8, 10 and 20 hours to induce
expression of WT- or DN-DRP1C and assayed for the presence of GFP at 4, 7, 10 and 22
hours. Protein induction was assayed from total protein extract with immunoblot analysis
using anti-GFP antibodies. WT-DRP1C-GFP and DN-DRP1C-GFP were detected at 22
hours. (Figure 2B, asterisks), but expression was much lower than DRP1C-GFP
expressed under the control of its native promoter (Figure 2B; Konopka and Bednarek,
submitted; Chapter 2). No phenotypic defects were observed in either the WT-DRP1CGFP or DN-DRP1C-GFP lines up to 4 days after treatment. The localization of DNDRP1C-GFP (Figure 2C) and WT-DRP1C-GFP (Figure 2D) in two independent lines for
each was analyzed with confocal microscopy and was different from what had been
observed for DRP1C-GFP previously (Figure 2E, Konopka and Bednarek, submitted,
Chapter 2). In each case, no plasma membrane fluorescence was evident, nor were any
cell plates observed, as is characteristic of DRP1C-GFP. Instead, GFP fluorescence
accumulated in internal structures (Figure 2C-D, arrow), the nature of which was not
investigated. The cDNA sequence that was used for both constructs was also used to
create a 35S driven DRP1C-GFP (Chapter 3). The 35S driven GFP fusion protein did not
accumulate in intracellular compartments, but was localized to the plasma membrane and
cell plate (Chapter 2, data not shown). It is not clear what differences exist between the
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constructs. Further investigation is needed, including re-sequencing of the transgene
isolated from the transgenic plants, screening more lines to find correct localization of
WT-DRP1C-GFP and determining whether the WT-DRP1C-GFP is a functional fusion
by evaluating its ability to complement the drp1C-1 pollen maturation defect.

Reduction of DRP1C expression using inducible artificial microRNA
Various RNA mediated gene expression interference methods have been used to
downregulate genes in various organisms. MicroRNAs have been recently identified and
characterized in Arabidopsis (Schwab et al., 2006). It is possible to mutate endogenous
microRNAs to specifically inhibit a gene of interest creating artificial microRNAs
(amiRNA; (Schwab et al., 2006). We took advantage of this technology to design an
amiRNA to recognize and hybridize with DRP1C RNA and target it for degradation
(Figure 3A). A 21-mer targeted against nucleotides 663-683 of DRP1C cDNA was
created by mutating mi319a (Schwab et al., 2006), placed under the control of the ethanol
inducible promoter (Roslan et al., 2001) and transformed into wild type Arabidopsis
plants.

Progeny from individual T1 lines were treated once with 2% ethanol and

analyzed for a reduction of DRP1C protein levels by immunoblot using anti-DRP1C
antibodies (Kang et al., 2003b). Three independent lines showed a small reduction (~2030%) in protein level with ethanol treatment compared to treatment with water (data not
shown). Those lines were used for further analysis.
No morphological defects were observed in plants that had an approximately 30%
reduction in DPR1C protein level (data not shown). Thus, more aggressive induction
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protocols were evaluated for reduction in DRP1C expression. Use of continual ethanol
treatment by ethanol evaporation in a sealed chamber resulted in an over 50% reduction
of DRP1C protein level in amiRNA lines (A6, C22 and D23) after 4 days, which was
unchanged in untransformed plants (Figure 3B), indicating the amiRNA was expressed
and functional for inhibiting DRP1C expression. However, in both untransformed and
amiRNA plants, root growth ceased and root epidermal cells became bloated within 4
days (data not shown), which was most likely caused by the high levels of ethanol in the
chamber and not the reduced expression of DRP1C. Native DRP1C protein levels were
similar to transgenic DRP1C protein levels expressed from the 35S promoter, a strong,
constitutive promoter used to over-express genes in planta (see Chapter 3).

The

expression level of amiRNA needed to reduce DRP1C mRNA levels to zero would need
to be just as high as DRP1C expression because amiRNAs are not thought to trigger
secondary RNA interference (Lu et al., 2005). This is supported by the observation that
DRP1C protein levels were lower when higher concentrations of ethanol were used. It is
possible that the reduced levels of DRP1C protein could have also been caused by
ethanol or hypoxic conditions in the chamber, but as the level of three other gene
products are unchanged (Figure 3B; data not shown), this is unlikely. Thus, the use of
amiRNA was promising, but a different inducible system should be used that does not
harm wild type plants.
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Other possible approaches
The harsh induction conditions required by the clonal deletion and the amiRNA
approaches are most likely needed because of the strong DRP1C expression and long
DRP1C half-life. These unforeseen difficulties could be circumvented by using nonconditional expression. One possibility is to use the 35S promoter, which is not very
active in pollen, thus bypassing the pollen lethality of the drp1C-1 insertion mutant.
Another approach would be to use an organ, tissue or cell specific promoter. Previously
we had attempted to express the coding sequence of wild-type DRP1C under the Lat52
pollen specific promoter, but the construct did not rescue the pollen defect (data not
shown).

It is likely that the amiRNA directed against DRP1C was downregulating

DRP1C and thus using amiRNAs should still be viable approach for probing the function
and requirement for DRP1C in seedlings, once an appropriate promoter is determined.

Materials and Methods
Construction of heat-shock clonal recombinant DRP1C plants
A SalI/HpaI fragment, which included 1.8 kB of upstream promoter region, genomic
sequence and 3’UTR of DRP1C, was digested from pBK03K (Kang et al., 2003b),
cloned in to pPZP211 (Hajdukiewicz et al., 1994) and subsequently removed as a
Sal1/Sac1 fragment. The 5’ and 3’ overhangs were removed with T4 DNA polymerase
(New England Biolabs, Ipswitch, MA, USA), and subcloned into pCB (Heidstra et al.,
2004) which was digested with Not I resulting in pCB-DRP1C. This construct, along
with the empty pCB vector, were transformed into plants containing pG7HSCRE
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(Heidstra et al., 2004) using the Agrobacterium tumefaciens-mediated floral dip method
(Clough and Bent, 1998). Primary transformants were selected on soil, sprayed with 20
μg/mL ammonium glusofinate (Liberty, Wilmington, DE, USA). T1 transformants were
self-fertilized and the T2 plants were crossed with DRP1C/drp1C-1 plants.
DRP1C/drp1C-1::pCB-DRP1C::pG7HSCRE F1 plants were identified by PCR
genotyping

and

allowed

to

self-fertilize.

F2

drp1C-1/drp1C-1::pCB-

DRP1C::pG7HSCRE were isolated using PCR genotyping and allowed to self fertilize.
Primers used were as follows. 5’-AAGCTTTTCTCTTCATTTCTCTTTCTTTCTTTC -3’
and 5’- CTAATCGCCATCTTCCAGCAGGC -3’ to detect pG7HSCRE; 5’- AGAACTT
TTCACTGGAGTTG -3’ and 5’- CATCATGTTTGTATAGTTCATCCA -3’ to detect
pCB and pCB-DRP1C; 5’- CCTGGTGGAGACCGAATTTATGGAG -3’, 5’- CCCCAA
CTCGCTGCAATTAATGG -3’ and 5’- GATAGAGCGCCACAATAACAAA CAA -3’
to genotype for the drp1C-1 allele. F3 plants were used in heat shock experiments.

Construction of dominant negative DRP1C plants
Total RNA was prepared from whole 7 day old seedlings with Tri Reagent (Sigma, St.
Louis, MO, USA) according to the manufacturer’s instructions. cDNA was reverse
transcribed using the M-MLV Reverse Transcriptase (Promega)

as per the

manufacturer’s protocol. DRP1C cDNA was amplified from total cDNA using primers
5’-GGTACTGCAGTGAAAAGTTTGATAGGTCTG -3’ and 5’- GTTTGAGCTCGACT
TGGAAGCCACTGCATC -3’ and subcloned into pGEM-T easy. This was the template
for PCR generated site-directed mutagenesis using primers 5’- GGTGGGGCAGATTCC
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GGAGCATCTTCAGTTCTAGAAAGT -3’ and 5’- ACTTTCTAGAACTGAAGATGC
TCGGGAACTCTGGCCACC -3’. Both wild type and K45A constructs in pGEM-T
easy were digested with Pst1 and Sac1 and ligated into pPZP211 modified with a
Bsp1201 site in place of the HindIII site (Scott Michaels, Indiana University) and
containing mGFP5 and nopaline synthase (NOS) terminator (Kang et al., 2003a). The
ethanol-binding transcription factor and inducible promoter from the alc cassettes of
pSRN1 and pACN1 (pSRNACN_bin) (Caddick et al., 1998) were amplified with 5’GCGGCCGCCCATGGAGTCAAAGATTCAAATAG -3’ and 5’- GCGGCCGCGTCGT
CCTCTCCAAATGAAA -3’. The amplified fragment was subcloned into the Bsp1201
site of the modified pPZP211 5’to the DPR1C wild type or K45A cDNA using NotI.
Arabidopsis thaliana ecotype Wassilewskija (Ws) wild-type plants were transformed with
either construct using the Agrobacterium tumefaciens-mediated floral dip method.
Primary transformants were selected on solid medium (0.6% phytagar,  MS (Murishige
and Skoog, 1962) medium (Caisson Labs, North Logan, UT) containing 40 μg/mL
kanamycin then treated with 2% ethanol to induce expression of WT- or DN-DRP1C and
assayed for the presence of GFP. T1 plants with detectable GFP fluorescence were
transferred to soil and allowed to self-fertilize. Transgene induction was performed in the
T2 generation.
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Construction of DRP1C amiRNA plants
An artificial microRNA TTGGACAATACTTTCCGGTCG, designed specifically against
DRP1C nucleotides 663-683 using conventions as described (Schwab et al., 2006), was
amplified from pRS300 (Schwab et al., 2006) with primers 5’- GATTGGACAATACTT
TCCGGTCGTTTCTCTTTTGTATTCC -3’ (I); 5’- GACGACCGGAAAGTATTGTCC
AATCAAAGAGAATCAATGA -3’ (II); 5’- GACGCCCGGAAAGTAATGTCCATTC
ACAGGTCGTGATATG -3’ (III); 5’- GAATGGACATTACTTTCCGGGCGTCTACAT
ATATATTCCT -3’ (IV); 5’- CTGCAAGGCGATTAAGTTGGGTAAC -3’ (A); and 5’GCGGATAACAATTTCACACAGGAAACAG -3’ (B) in a step-wise fashion (Schwab
et al., 2006). The final PCR product was subcloned into the Pst1 and BamH1 sites of
pPZP211 containing the NOS termination sequence. The ethanol-binding transcription
factor and inducible promoter from the alc cassettes of pSRN1 and pACN1 were inserted
as described above. Arabidopsis thaliana ecotype Wassilewskija (Ws) wild-type plants
were transformed using the Agrobacterium tumefaciens-mediated floral dip method.
Primary transformants were selected on solid medium [0.6% phytagar,  MS medium
containing 40 μg/mL kanamycin. Individual T1 plants were allowed to self-fertilize and
seeds harvested. amiRNA induction was performed in the T2 generation.

Ethanol treatment of amiRNA, wild-type or dominant negative DRP1C seedlings
Seeds were sown onto hard agar (1% phytagar,  MS) plates containing 40 μg/mL
kanamycin and grown vertically for 3-7 days. 1 mL of 2% ethanol was added to the
seedlings and allowed to absorb into the media, which was repeated as indicated.
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Alternatively, a 1” x 4” piece of Whatman paper was soaked with 100% ethanol in
volumes indicated and sealed with parafilm for indicated times.

Heat treatment of clonal recombinant plants
Seeds were sown onto hard agar (1% phytagar,  MS) plates containing 15 μg/mL
glusofinate and grown vertically for 3-7 days. Plates were placed in the dark at either
ambient temperature or 37oC for indicated times, then allowed to recover in the light at
ambient temperature.

Immunoblot Analysis
To determine expression level of the transgenic DRP1C-GFP in the dominant negative
approach or the down-regulation of native DRP1C in the amiRNA approach, total protein
extracts were prepared from treated and control seedlings. The seedlings were ground in
15 μL SDS-PAGE sample buffer [Laemmli, 1970 #273] per seedling and incubated at
65oC for 15 minutes. Insoluble debris was cleared by centrifugation at 16,000g for 10
minutes at room temperature. 15 μL of supernatant was separated on a 12.5% (w/v)
SDS-polyacrylamide gel and analyzed by immunoblotting as described (Kang et al.,
2001) using anti-DRP1C (Kang et al., 2003b), biotin conjugated anti-GFP (Rockland
Immunochemicals, Inc., Gilbertsville, PA, USA), or anti-CDC48 antibodies (Rancour et
al., 2002).

HRP-conjugated anti-rabbit secondary antibodies (GE Healthcare,

Piscataway, NJ, USA) and HRP-conjugated streptavidin (Rockland Immunochemicals,
Inc.) were used to detect the primary antibodies, anti-DRP1C and anti-GFP, respectively.
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Microscopy
Screening for GFP fluorescence and brightfield imaging was performed in a Leica MZ6
(Leica Microsystems, Bannockburn, IL) stereomicroscope equipped with Leica HBO100
mercury lamp and GFP470 filter for GFP imaging and a Leica FireCam digital imaging
system (Leica Microsystems). Confocal imaging was performed using a Nikon TE2000U inverted laser scanning confocal microscope fitted with a 60x (numerical aperture 1.4)
PlanApo VC objective lens. All images for figures were processed in Adobe Photoshop
CS2 (Adobe Systems, San Jose, CA).
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Tables
Table 1.

Root growth and morphology defects upon GFPER expression, CRE

expression and heat shock.
Plants with the genotypes listed were heat shocked as indicated and GFP fluorescence
and root growth and morphology was analyzed. ‘yes’ (fluorescence) indicates that roots
were fluorescent at the root tip when visualized on a Leica stereomicroscope using a GFP
filter. ‘yes’ (defects) indicates that root growth ceased and root tips were curved in
appearance.
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Figures
Figure 1. Heat Shock Clonal Deletion of DRP1C.
A) Schematic of constructs introduced into the wild type and drp1C-1 background. B)
Ethidium-bromide-stained agarose gel of PCR-amplified products from the native
DRP1C gene (top), pCB and pCB-DRP1C (middle) and HS-CRE (bottom) from two
independent lines of drp1C-1::pCB-DRP1C (lanes 1-2), two independent lines of
DRP1C::HS-CRE (lanes 3-4), and one line from DRP1C::pCB-DRP1C::HS-CRE (lane
5). Although not apparent, the HS-CRE PCR product was present (asterisk). C) Root
growth analysis of a mixture of drp1C-1::pCB-DRP1C::HS-CRE (green lines) and
drp1C-1::pCB-DRP1C (black lines) plants.

D) Root phenotypes of drp1C-1::pCB-

DRP1C::HS-CRE and drp1C-1::pCB-DRP1C five days after a two hour heat shock.
Brightfield images of seedling roots (top images).

Composite of GFP fluorescence

confocal image overlaid on brightfield images of seedling roots (bottom images). Note
the fluorescent expanded root hairs (yellow arrows). E) Aerial phenotypes of drp1C1::pCB-DRP1C::HS-CRE (green star) and drp1C-1::pCB-DRP1C (black star) five days
after a two hour heat shock.
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Figure 2. Use of dominant negative DRP1C to elucidate DRP1C function.
A) Schematic of GFP tagged wild type (WT1C) and dominant negative (DN1C)
constructs introduced in wild type plants. B) Immunoblot analysis of DN1C and WT1C
protein induction. Protein extracts were prepared from seedlings at indicated time after
ethanol treatment. Protein extracts prepared from DRP1Cp-DRP1C-GFP seedlings were
used as a positive control for GFP expression. The transgenes were barely detectable
after 22 hours (asterisks). C-D) Confocal images of DN1C (C) or WT1C (D) seedlings 2
days after treating with ethanol.
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Figure 3. Artificial microRNA expression for down regulation of DRP1C.
A) Schematic of DRP1C genomic organization with exons (black boxes) demarked. The
sequence of the reverse complement of the artificial microRNA and the nucleotides of
DRP1C against which it is targeted is listed. B) Immunoblot analysis of wild type and
amiRNA plants from three independent lines. Protein extracts were prepared from plants
treated continually with ethanol vapor (+) or water vapor (-) for four days. CDC48 was
used as a loading control.
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Appendix 3

Reevaluation of the drp1A-2 allele
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The drp1A-2 allele was originally identified from the University of Wisconsin
Biotechnology Center Arabidopsis Knockout facility (Krysan et al., 1999) as a T-DNA
insertion line. Previous analysis indicated that the 6 kB T-DNA had inserted into the first
exon of DRP1A (Figure 1A), resulting in a protein null mutant (Kang et al., 2001).
However, discrepancies in PCR genotyping of the drp1A-2 allele prompted us to
reevaluate the nature of the drp1A-2 allele. PCR based genotyping using homozygous or
heterozygous drp1A-2 DNA and a T-DNA left border specific primer (l) resulted in an
amplified product with a primer 140 base pairs (bp) upstream of the proposed insertion
site (Figure 1B, primers c+l), but not with primers 710 bp or 1550 bp upstream of the
proposed insertion site (Figure 1B, primers b+l and a+l). If the T-DNA was present at
the proposed site, PCR using primers spanning the supposed T-DNA should give one
product with DNA from WT and heterozygous plants and no product with DNA from
homozygous plants. However, PCR amplification using primers spanning the proposed
T-DNA gave two products in heterozygous plants (WT-sized and 400 bp smaller) and
only the smaller product in homozygous plants (Figure 1B, primers b+d and a+d). This
suggested that the T-DNA was not inserted where originally thought, and that instead a
genomic deletion had occurred. DNA rearrangements upon T-DNA insertion have been
documented (Nacry et al., 1998; Laufs et al., 1999). To determine if a rearrangement had
occurred, a PCR amplified product using primers b and d was generated and sequenced.
It was determined that a 396 bp fragment, which includes 100 bp upstream promoter, the
5’ untranslated region (UTR) and most of the first exon, was deleted (Figure 1C,
chromosome 5).
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The position of the T-DNA and excised portion of DRP1A was determined by
Thermal Asymmetric Interlaced PCR (TAIL-PCR) (Liu and Whittier, 1995) using
primers targeted against T-DNA sequences and 5 different mixtures of degenerate
primers. A major product was produced with one primer mixture, which was sequenced
and determined to include T-DNA sequence, followed by 358 bp of the excised fragment
of DRP1A, and 339 bp of chromosome 2 (Figure 1C, chromosome 2). Thus, it is likely
that when the T-DNA excised from DRP1A, flanking sequences were also excised and
transposed to another chromosome. The insertion site on chromosome 2 occurred in an
intergenic region, 1434 bp upstream of 5’UTR of AT2g23340, which is a member of
large 122 member ERF family of transcription factors (Nakano et al., 2006). Because the
T-DNA was in an intergenic region and because the drp1A-3 allele (Kang et al., 2001)
shows similar phenotypes as drp1A-2, which has been confirmed to be a null mutant (see
Figure 4B), we believe the new insertion site does not contribute to the drp1A-2
phenotype. In addition, drp1A-2 has been complemented with both DRP1A genomic and
cDNA constructs (Kang et al., 2001; Kang et al., 2003a). Thus the drp1A-2 allele was
used in experiments to probe the redundancy of DRP1C with DRP1A.
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Figure
Figure 1. Reanalysis of the drp1A-2 allele.
A) Schematic of DRP1A genomic structure with transcriptional start site (large back
arrow), exons (black boxes), introns (line), and the putative T-DNA (open box) insertion
site. Primer designations are indicated above or below small arrow. Numbers indicate
number of nucleotides from translational start site. B) Total DNA was prepared from 5
plants with genotypes indicated, based on PCR analysis using primers c+l+d. Ethidium
bromide stained agarose gel with products from PCR amplification using primers
indicated. C) Schematic of genomic structure of the drp1A-2 deletion allele and the
location of the T-DNA, and segments of the DRP1A promoter, 5’UTR and 1st exon on
chromosome 2 after rearrangement.
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