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STOMATAL CYTOKINESIS DEFECTIVE1 (SCD1) encodes a putative Rab guanine nucleotide exchange factor that functions in
membrane trafficking and is required for cytokinesis and cell expansion in Arabidopsis thaliana. Here, we show that the loss of
SCD2 function disrupts cytokinesis and cell expansion and impairs fertility, phenotypes similar to those observed for scd1
mutants. Genetic and biochemical analyses showed that SCD1 function is dependent upon SCD2 and that together these
proteins are required for plasmamembrane internalization. Further specifying the role of these proteins in membrane trafficking,
SCD1 and SCD2 proteins were found to be associated with isolated clathrin-coated vesicles and to colocalize with clathrin light
chain at putative sites of endocytosis at the plasma membrane. Together, these data suggest that SCD1 and SCD2 function in
clathrin-mediated membrane transport, including plasma membrane endocytosis, required for cytokinesis and cell expansion.

INTRODUCTION

In plants, cytokinesis is mediated by the de novo assembly of
the cell plate (CP) that forms a new cell wall (CW) and plasma
membrane (PM). Beginning in late anaphase, secretory vesicles
deliver lipids, proteins, and CW materials to the division plane
and then fuse to initiate CP construction. Continued vesicle
delivery and fusion drive centrifugal expansion and maturation of
the CP (McMichael and Bednarek, 2013). Following cytokinesis,
plant cells expand through, for example, diffuse or tip-directed
growth. Plant cell expansion, which determines cell shape and
ultimately plant morphology, is accomplished by the polarized
targeting and localized release of secretory pathway-derived
membrane and CW materials at specific sites on the PM
(Smith, 2003).

Polarized delivery of endomembrane-derived vesicles during
CP formation and cell expansion is balanced by retrieval of
membrane and proteins via clathrin-mediated endocytosis (CME)
(McMichael and Bednarek, 2013). Thus, while cytokinesis and cell
expansion are temporally distinct processes, they appear to rely
on similar molecular machinery. Indeed, both processes are highly

dependent upon endomembrane trafficking to add new mem-
brane and CW materials to an expanding CP or the existing PM.
Numerous membrane transport and fusion proteins function in
both cytokinesis and cell expansion. For example, the Arabi-
dopsis thaliana small GTPase RabA2a is necessary for delivery
of trans-Golgi network (TGN)–derived vesicles to the PM during tip-
directed expansion of pollen tubes and to the leading edge of the
CP during cytokinesis (de Graaf et al., 2005; Chow et al., 2008).
To date, various plant cytokinesis-defective mutants have

been identified that manifest multinucleate cells harboring in-
complete transverse CW inclusions. These mutants fall into several
distinct classes depending on the processes disrupted and include
plants dysfunctional in cytoskeletal dynamics (e.g., loss-of-function
or dominant-negative formin homologymutants; Deeks et al., 2005;
Ingouff et al., 2005; Ye et al., 2009; Cheung et al., 2010; Li et al.,
2010), membrane transport and fusion (e.g., dynamin related
protein1 [drp1] and tplate; Kang et al., 2003a, 2003b; Van Damme
et al., 2006, 2011; Collings et al., 2008), or CW biogenesis (massue
[mas]/glucan synthase like8 [gsl8]/chorus [chor]; Chen et al., 2009;
Thiele et al., 2009; Guseman et al., 2010). In addition to cytoki-
nesis defects, many of these mutants display atypical cell expan-
sion that results in smaller, abnormally shaped, or even swollen cells
and/or disorganized cell patterning that results in irregular tissue and
organ structures (reviewed in Backues et al., 2007; McMichael and
Bednarek, 2013).
Stomata, specialized plant epidermal gas-exchanging struc-

tures, consist of a pore surrounded by a pair of guard cells (GCs),
the daughter cells resulting from the symmetric division of a guard
mother cell (GMC). In Arabidopsis, this terminal symmetric division
is preceded by a series of asymmetric divisions in which a mer-
istemoid mother cell divides unequally to produce a small mer-
istemoid that may continue to divide asymmetrically or directly
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form an oval-shaped GMC (Nadeau, 2009). The stereotyped shape
and division of the GMC facilitates the microscopy-based identi-
fication of nonlethal Arabidopsis mutants that disrupt cytokinesis,
including cytokinesis defective1 (cyd1; Yang et al., 1999), stomatal
cytokinesis defective1 (scd1; Falbel et al., 2003), and scd2 (see
below). In the temperature-sensitive scd1-1 mutant, cytokinesis
of the GMC is disrupted when plants are grown above the
permissive temperature range of 15 to 18°C, resulting in a missing
or partial GC wall. While the cytokinesis-defective phenotype of
scd1-1 predominantly manifests in GCs, cytokinesis of epidermal
pavement cells is affected as well (Falbel et al., 2003). scd1-1 and
loss-of-function scd1-2 plants also display defects in overall
growth and development; they are stunted in both aerial struc-
tures and roots, are infertile (Falbel et al., 2003), and have in-
creased bacterial pathogen resistance (Korasick et al., 2010)
compared with the wild type.

The predicted 131.5-kD SCD1 protein includes an N-terminal,
tripartite differentially expressed in normal and neoplastic cells
domain (DENN; Levivier et al., 2001) and eight C-terminal WD-40
repeats (WD-40 repeats span 40 to 60 residues that typically
terminate with a Trp-Asp [WD] motif) (Falbel et al., 2003). Animal
DENN proteins have been shown to function as Rab guanine
nucleotide exchange factors (GEFs), which activate Rabs by
stimulating release of GDP and binding of GTP (Grosshans et al.,
2006; Yoshimura et al., 2010). In particular, connecdenn 1, 2, and
3/DENND1A, B, and C are clathrin-coated vesicle (CCV)–associated
GEFs for Rab35 (Allaire et al., 2010; Marat and McPherson,
2010), which functions in CCV trafficking, endosomal recycling,
actin regulation, and cytokinesis in animals (Kouranti et al., 2006;
Patino-Lopez et al., 2008; Sato et al., 2008; Zhang et al., 2009).

In plants, CME is recognized as the major endocytic mecha-
nism and is necessary for proper plant growth, development, and
signaling (Dhonukshe et al., 2007; Robert et al., 2010; Kitakura
et al., 2011; Adam et al., 2012; Wang et al., 2013). Clathrin
oligomers and CCV cargoes are assembled on source membranes
through their association with heterotetrameric adaptin protein
(AP) scaffolding complexes. In plant and animal systems, AP2 and
AP1 are the major PM-associated CME and TGN-associated
clathrin-mediatedmembrane recycling vesicle adaptors, respectively
(Kirchhausen, 2000; Bashline et al., 2013; Di Rubbo et al., 2013;
Fan et al., 2013; Kim et al., 2013; Teh et al., 2013; Park et al.,
2013; Wang et al., 2013; Yamaoka et al., 2013). Plant genomes
also encode many clathrin-associated sorting proteins (CLASPs)
that aid adaptin-mediated formation of CCVs, including AP180/
epsin N-terminal homology (A/ENTH) domain proteins and
dynamin-related proteins (DRPs) that facilitate membrane cur-
vature and vesicle scission, respectively (Chen et al., 2011). Clathrin,
A/ENTH domain proteins, DRPs, and the adaptin-related TPLATE
have also been detected at the CP (Konopka and Bednarek, 2008a;
Konopka et al., 2008; Fujimoto et al., 2010; Van Damme et al.,
2011; Ito et al., 2012; Song et al., 2012), suggesting that
a mechanism similar to CME and clathrin-mediated membrane
retrieval at the TGN facilitates membrane recycling from the CP
during plant cytokinesis.

Here, we describe the identification of the Arabidopsis scd2
mutant and the characterization of its cytokinesis and cell ex-
pansion defects, which are similar to those of scd1, namely,
dwarfed and infertile plants with observable epidermal cytokinesis

failures. Phenotypic and protein expression analyses of scd1
and scd2 single and double mutants suggest that SCD1 functions
upstream of SCD2. Furthermore, SCD1 and SCD2 proteins were
found to be associated with isolated CCVs and with clathrin-
coated pits (CCPs) at the PM. Consistent with their role in CME,
scd1 and scd2mutants displayed impaired FM4-64 internalization.
Together, these data suggest that SCD1 and SCD2 function in
clathrin-mediated membrane trafficking essential to both cyto-
kinesis and cell expansion.

RESULTS

Isolation and Phenotypic Analysis of scd2 Mutants

Heterozygous scd2-1/+ plants segregated for defects in plant
growth and development as expected for a single recessive
mutation (139 mutant:373 wild type, x2 = 1.26, P = 0.262). Anal-
ysis of fully expanded mature rosette leaves revealed cytokinesis
defects in ;58% of scd2-1 stomata, representing the various
types of defects (oblate/type 2, stub/type 3, and hanging pore/
type 4) observed in the stomatal cytokinesis-defective mutants
scd1-1 (Falbel et al., 2003) and cyd1 (Yang et al., 1999) (Figures
1A to 1D, 1F to 1I, 1J to 1M, and 1O to 1R). Oblate/type 2
stomata, in which no ventral wall or pore was evident (Figures
1B, 1G, 1K, and 1P), predominated at 50%, and stomata con-
taining one or more incomplete ventral wall(s) (stub/type 3;
Figures 1C, 1H, 1L, and 1Q), including those that contained
a pore (hanging pore/type 4; Figures 1D, 1I, 1M, and 1R), oc-
curred at;8% frequency. Similar to scd1-1mutants (Falbel et al.,
2003), CW stubs were also observed in scd2-1 leaf epidermal
pavement cells stained with toluidine blue-O (TBO) (Figure 1E) or
propidium iodide (PI) (Figure 1S) or expressing the cell surface
marker green fluorescent protein–LOW TEMPERATURE-INDUCED
6b (GFP-LTI6b; Cutler et al., 2000) (Figure 1N), albeit less frequently
than in stomata. The GC-specific reporter fusion POTASSIUM
CHANNEL INARABIDOPSIS THALIANA1pro–bacterial b-glucuronidase
(KAT1pro-GUS; Nakamura et al., 1995) was used to confirm the
GC identity of oblate stomata in scd2-1 leaves, distinguishing
them from cell cycle–arrested GMCs (Figures 1F to 1I). Addi-
tionally, defective scd2-1 stomata expressing the N7 nuclear GFP
(Cutler et al., 2000) were observed by confocal laser scanning
microscopy (CLSM) to be binucleate (Figures 1O to 1R), an in-
dicator of normal karyokinesis despite subsequent defective
cytokinesis. The stomatal density in scd2-1 leaves was elevated
(173 6 15.3 GC/mm2; n = 11) relative to that in wild-type leaves
(143 6 8.42 GC/mm2; n = 4 6 SE).
Additional phenotypes, such as incongruous spaces or gaps

between epidermal cells and clusters of small cells, were ob-
served in the epidermis of scd2-1 leaves and cotyledons when
analyzed by CLSM (see Supplemental Figure 1A online). The
spaces/gaps were readily visualized by CLSM in cotyledons
from plants expressing GFP-LTI6b 6 d after germination (DAG)
as small regions between adjacent cells that densely stained
with PI and appeared not to be bound by a distinct PM (see
Supplemental Figures 1C to 1E online). Clusters of small cells
arranged more or less symmetrically were also observed in the
cotyledon epidermis of PI-stained and GFP-LTI6b–expressing
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scd2-1 plants 6 DAG (see Supplemental Figures 2A to 2D on-
line). The spaces/gaps and small cell clusters were previously
not reported for scd1 mutants; however, given the similarity in
leaf cell division and expansion defects between scd2 and scd1
mutants, we reexamined the cellular arrangements observed in
scd1-2 loss-of-function mutants. Similar to scd2-1, CLSM imaging
of PI-stained scd1-2 cotyledons 6 DAG revealed the presence of
both PI-positive spaces and small, nearly symmetrically organized,
cell clusters (see Supplemental Figures 1A, 1B, and 2E to 2H
online).

In addition to cytokinesis defects, scd2-1 plants, like scd1 mu-
tants, displayed aberrant growth and development (Figure 2; Falbel
et al., 2003). Aerial organs of scd2-1 mutant plants were dwarfed
relative to the wild type (Figures 2A to 2C), with bolts that grew to
a maximum height of 3 cm (Figure 2C) and produced flowers that
failed to fully mature and were infertile (Figures 2C and 2D). scd2-1
roots were also stunted due at least in part to reduced cell
numbers within the root division and transition zones (as defined
in Verbelen et al., 2006) (Figures 2A and 2E). The number of cor-
tical cells comprising these zones in three representative confocal
images of PI-stained vertically grown seedlings seven DAG was
4.2 6 0.48 cells in the division zone of scd2-1 versus 18 6 0.45
cells for the wild type, and in the transition zone, 5.56 0.34 cells
for scd2-1 compared with 10 6 0.86 cells for the wild type (n = 3
for each genotype6 SE). Cell expansion defects were also observed

in both scd1 (Falbel et al., 2003) and scd2 mutants. The average
surface area of cotyledon pavement cells from seedlings seven
DAG was 46.36 3.9 mm2 in wild-type plants but only 30.46 1.5
for scd2-1 mutants (n = 4 [$ 7 cells per individual] for each
genotype6 SE). Unlike scd1mutants (Falbel et al., 2003), root hair
morphology was unaffected in scd2 seedlings (see Supplemental
Figures 3B to 3D online). Like scd1 mutants, scd2 mutant seed-
lings were hypersensitive to Suc, resulting in a markedly smaller
and darker appearance than wild-type seedlings grown on the
same media (Falbel et al., 2003; see Supplemental Figure 3A
online). Taken together, these defective phenotypes of scd2 mu-
tants indicate a role for SCD2 in cytokinesis and cell expansion.

Mapping, Cloning, and Expression Analysis of SCD2

Standard map-based cloning coupled with DNA sequencing
revealed the scd2-1 lesion to be a deletion of a guanine nucle-
otide at position 1372 of the At3g48860 open reading frame
(ORF) (see Supplemental Figure 4 and Supplemental Methods 1
and 2 online). The identity of SCD2 was supported through the
ability of a genomic clone including the entire 4.6-kb region of
At3g48860 plus 1.3 kb of upstream sequence and 0.5 kb of
downstream sequence (SCD2pro-SCD2) to rescue scd2-1 mutant
phenotypes. Transgenic SCD2/scd2 lines displayed normal growth
and development, including leaf and root expansion (Figure 3A) and

Figure 1. Cytokinesis Defects in scd2 Cotyledon and Leaf Epidermis.

(A) to (E) TBO-stained scd2-1 leaf epidermal peels.
(F) to (I) GUS-stained leaf epidermis of scd2-1 plants expressing the GC identity marker KAT1pro-GUS.
(J) to (N) Confocal laser scanning micrographs of scd2-1 expressing the fluorescently tagged cell surface fusion protein GFP-LTI6b.
(O) to (S) Confocal laser scanning micrographs of scd2-1 expressing the N7 nuclear GFP marker and stained with PI to visualize CWs.
Stomatal morphology defects in scd2 mutants include type 2/oblate ([B], [G], [K], and [P]), type 3/ hanging pore ([C], [H], [L], and [Q]), and type 4/stub
([D], [I], [M], and [R]) types. Normal stomata also develop ([A], [F], [J], and [O]). CW stubs are also observed in epidermal pavement cells ([E], [N], and
[S], arrowheads). Bars = 10 µm.
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GC formation (Figures 3B to 3D), at all stages of development. In
addition, a second mutant allele, scd2-2, which is the result of
a T-DNA insertion within the third intron of SCD2 (see Supplemental
Figure 4B online), was identified that cosegregates with scd2 mu-
tant phenotypes.

According to data compiled by the Bio-Array Resource for Plant
Functional Genomics (http://bar.utoronto.ca; Winter et al., 2007),
SCD2 is expressed in Arabidopsis roots, hypocotyls, cotyledons,
rosette leaves, whole flowers, carpels, stamens, pollen, and seed.
SCD2 is also highly expressed in GCs (http://www.biology.ucsd.
edu/labs/schroeder/guardcellchips.html; Leonhardt et al., 2004).
To further assess the cell- and tissue-specific expression patterns
of SCD2, we generated transgenic wild-type lines transformed
with a bacterial GUS-encoding reporter ORF under control of the
1.3-kb SCD2 promoter region (SCD2pro-GUS). Expression of
SCD2pro-GUS was observed in GCs in the epidermis of cotyle-
dons and rosette leaves in seedlings and adult plants (Figures
4A and 4B) and often in the socket cells surrounding the base of
trichomes (Figure 4B, inset). Strong GUS staining was also ob-
served in hydathodes of fully expanded rosette leaves (Figure
4B, arrows). In roots, GUS staining was observed at the mature
region of the primary root (Figure 4A) and the tips of short, young
lateral roots branching from the primary root (Figures 4C and
4D), but not the primary root tip (Figure 4A).

The SCD2 Protein

SCD2 was predicted by the Pfam database (http://pfam.sanger.
ac.uk/; Punta et al., 2012) to encode a 1734-bp mRNA and a

577–amino acid protein with a molecular mass of 63.74 kD
containing a pair of central coiled-coil domains that mapped to
Ser205-Lys268 and Gln279-Val347 (see Supplemental Figure
4C and Supplemental Methods 3 online) according to the
Paircoil2 algorithm (McDonnell et al., 2006). The single base pair
deletion in scd2-1 resulted in a frame shift in the predicted ORF
that would encode a truncated protein due to a premature stop
codon (see Supplemental Figure 4C online) preceded by 36 out-
of-frame amino acids following Leu457 of SCD2. SCD2 is similar
at the amino acid level to four other Arabidopsis putative pro-
teins encoded by At5g13260, At4g25070, At5g23700, and
At4g08630 (see Supplemental Tables 1 and 2 and Supplemental
Figure 5 online). These homologs were also predicted to encode
coiled-coil domains as well as a ProDom-defined, plant-specific
domain of unknown function, PD147848 (http://prodom.prabi.fr/
prodom/current/html/home.php; Servant et al., 2002), at their
carboxy-termini that they share with SCD2, which we refer to as
the SCD2 domain (see Supplemental Table 1 and Supplemental
Figure 5 online). The percentage identity and similarity of the pre-
dicted full-length proteins and SCD2 domains of these four ho-
mologs compared pairwise to SCD2 are reported in Supplemental
Table 2 online. A BLAST search of the National Center for Bio-
technology Information database (http://blast.ncbi.nlm.nih.gov/Blast.
cgi) revealed the presence of putative SCD2 homologs in other di-
vergent plant genomes, such as those of the genera Ricinus (castor),
Vitis (grape), Cucumis (cucumber), Solanum (tomato), Zea (maize),
Glycine (soybean), Oryza (rice), Sorghum, Panicum (switchgrass),
Picea (spruce), and Populus (poplar), but not in the genomes of
animals, fungi, or protists, suggesting that the SCD2 protein serves

Figure 2. Growth and Cell Expansion Defects of scd2 Mutants.

(A) Similar to scd1 mutants, scd2 seedlings showed reduced root and shoot elongation compared with Col-0 and Col-5 wild type [WT] when grown
vertically on solid media supplemented with Suc. Bar = 10 mm.
(B) Comparison of the rosette sizes of soil-grown scd2 and Col-5 (WT) plants 4 weeks after germination. Bar = 10 mm.
(C) Short, bushy, flowering, soil-grown scd2 plants 14 weeks after germination. Bar = 10 mm.
(D) Close-up view of underdeveloped, infertile flowers of mature scd2 plants (as in [C]). Bar = 1 mm.
(E) Comparison of confocal laser scanning micrograph composites of PI-stained roots from scd2 and Col-5 (WT) seedlings grown vertically on solid
media 7 DAG. Bar = 100 µm.
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a plant-specific function. Of the four Arabidopsis SCD2 homologs,
expressed sequence tags have been identified for At5g13260,
At4g25070, and At5g23700 (www.Arabidopsis.org), and all four
have been detected in cDNA libraries used in microarray analyses
(www.Arabidopsis.org; http://bar.utoronto.ca; Winter et al., 2007).

SCD1 and SCD2 Function in a Common Pathway

scd2 mutants share many of the pleiotropic phenotypes of scd1
mutants, such as incomplete cytokinesis in leaf epidermal cells,
cell expansion defects, and Suc hypersensitivity (Figures 1, 2
and 4; Falbel et al., 2003). Double mutant analysis was con-
ducted to investigate whether scd1 and scd2 mutants affect the
same or related cellular mechanisms or pathways. The root
expansion defects of scd1 and scd2 mutant seedlings grown
vertically on 1% (w/v) Suc media were visibly polymorphic and
easily scored (Figure 2A); thus, root growth was monitored in
a segregating scd1-2 scd2-1 double mutant population (Figure 5).
The root lengths of homozygous scd1-2 scd2-1 double mutant
and scd1-2 and scd2-1 single mutant seedlings 48 DAG were
19.65 6 0.92, 16.09 6 1.03, and 40.84 6 0.75 mm, respectively,
while the root length of wild-type seedlings, which outgrew the
plate at 16 DAG, was last recorded at 75.886 0.55 mm (n = 3 for
each genotype; 6SE) (Figure 5). scd1-2 scd2-1 and scd1-2 root
length measurements were determined not to be significantly
different (Student’s t test with a = 0.05), and the growth rate of
scd1-2 scd2-1 double mutant seedlings was nearly identical to
that of scd1-2 mutants, while scd2-1 and wild-type seedlings
grew faster (Figure 5), indicating that scd1-2 scd2-1 double mutants
mimic the root growth phenotype of the scd1-2 single mutants, but
not that of the scd2-1 single mutants. The scd1-2 scd2-1 double
mutant root growth phenotype also was not intermediate be-
tween (i.e., synergistic) or different from (i.e., neomorphic) that of
the scd2-1 and scd1-2 single mutants. Together, these data
indicate that SCD1 is epistatic to SCD2.
Affinity-purified antibodies generated against the amino-terminus

of SCD2 (anti-SCD2N-term) reproducibly detected two polypeptides
in whole seedling extracts that migrated at or near the predicted
;64-kD molecular mass of the SCD2 protein (Figure 6). Both
polypeptides were absent in scd2-1 and scd2-2 protein extracts
(Figure 6, lanes 5 and 6), while SCD2 was detected in extracts
from scd1-1 and scd1-2 mutants at levels similar to those of the

Figure 4. Histochemical Localization of SCD2pro-GUS Reporter Expression.

(A) SCD2pro-GUS/Col-2 seedlings 3 DAG. Inset: Detail of boxed area in (A). Bars = 200 µm in (A) and 50 µm in inset.
(B) Fully expanded SCD2pro-GUS/Col-2 rosette leaf. Arrows indicate strongly staining hydathodes. Inset, detail of trichome socket cells. Bars = 1 mm
in (B) and 200 µm in inset.
(C) and (D) SCD2pro-GUS/Col-2 roots (C). Phase contrast image of lateral root tip (D). Bars = 200 µm in (C) and 50 µm in (D).

Figure 3. Genetic Rescue of scd2-1.

Homozygous scd2-1 plants expressing the SCD2pro-SCD2 transgene
resemble wild-type plants.
(A) Seedlings grown vertically on solid media supplemented with Suc.
scd2-1 seedlings (scd2, left) are dwarfed, while scd2-1 rescued with the
SCD2pro-SCD2 transgene (SCD2/scd2, center) appear indistinguishable
from Col-0 (wild type [WT], right). Bar = 10 mm.
(B) to (D) Stomatal cytokinesis defects (arrowheads) are observed in
TBO-stained epidermal peels of scd2-1 cotyledons (B). The scd2-1
cotyledon stomatal cytokinesis defects rescued with the SCD2pro-SCD2
transgene (C) appear identical to Col-0 ([D], WT). Bar = 50 µm.
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wild type (Columbia-5 [Col-5] and Columbia-0 [Col-0]) and scd1
and scd2 mutants expressing functional SCD1 and SCD2 under
the control of their native promoters (SCD1/scd1 and SCD2/
scd2), respectively (Figure 6). To confirm equal loading of total
protein, the samples were probed with antibodies against sol-
uble and membrane protein markers cytosolic FRUCTOSE-1,6-
BISPHOSPHATASE (cFBP) and KNOLLE (KN)/Sec12p-like protein
(SEC12), respectively. As shown in Figure 6 (bottom panel), the
levels of cFBP (Strand et al., 2000) were similar in all protein
extracts analyzed. However, the levels of KN, a protein required
for CP membrane fusion (Lauber et al., 1997), and SEC12, an
integral endoplasmic reticulum membrane protein (Bar-Peled
and Raikhel, 1997), varied significantly between wild-type, res-
cued lines, and scdmutant total protein extracts. These variations
may reflect changes in membrane composition and/or protein
abundance in the mutant plants. Indeed, a survey of Arabidopsis
expression data available through Genevestigator (Hruz et al.,
2008) for conditions that result in similar trends in KN and SEC12
expression levels indicated that the levels of these membrane-
associated proteins are altered in plants challenged with a variety
of biotic and abiotic stressors (e.g., pathogen elicitation, heat, and
drought) and thus may be an indirect effect of the compromised
development of these mutants.

As previously demonstrated (Korasick et al., 2010), affinity-
purified SCD1 antibodies (anti-SCD1DENN) detected the ;140-kD
SCD1 protein in total protein extracts from the wild type, SCD1/
scd1, SCD2/scd2, and, to a lesser extent, scd1-1 plants, but not
in scd1-2 plant extracts (Figure 6). Interestingly, SCD1 levels
were markedly reduced in total protein extracts from scd2-1 and
scd2-2 plants compared with those of the wild type (Figure 6).
By contrast, the levels of the SCD1 and SCD2 proteins were
similar in plant extracts from the wild type and the stomatal
cytokinesis-defective cyd1 mutant (Yang et al., 1999), indicating
that the observed reduction of SCD1 in scd2 mutants is not
due to a general defect in GC cytokinesis and cell expansion
(Figure 6).

SCD1 and SCD2 Associate with CCVs

The mammalian connecdenn 1 protein has been identified as
a component of CCVs (Allaire et al., 2006, 2010). To investigate
if SCD1 and/or SCD2 are associated with plant CCVs, we em-
ployed a tandem fractionation scheme to prepare an enriched
sample of CCVs from rapidly dividing and expanding suspension-
cultured Arabidopsis T87W cells (Figure 7). By negative-stain
electron microscopy (EM) analysis, the final CCV-enriched
fraction was found to contain 76%6 10% (n = 11) clathrin-coated
versus noncoated vesicles (Figure 7B; see Supplemental Figure
6D online). Immunoblot analysis of the T87W cell lysate (H) and
subsequent successive fractions generated in the preparation of
CCVs demonstrated that the final CCV fraction was significantly
enriched for clathrin and CLASPs, including CLATHRIN HEAVY
CHAINs (CHCs), CLATHRIN LIGHT CHAIN2 (CLC2), adaptor
protein complex (AP1 and AP2) components, and the CLASP
EPIDERMAL GROWTH FACTOR RECEPTOR PATHWAY SUB-
STRATE INTERACTING PROTEIN (EPSIN1; i.e. EPN1; Lee et al.,
2007) (Figure 7A). The presence of both AP1 and AP2 demon-
strated that the final enriched CCV fraction includes TGN-derived
and endocytic CCVs (Chen et al., 2011). The final enriched CCV
fractions were also enriched in the CP and endosomal trans-
soluble N-ethylmaleimide-sensitive factor attachment receptors
(t-SNARES), KN, and SYNTAXIN OF PLANTS21 (SYP21), respec-
tively, highlighting the enrichment of late secretory pathway mem-
brane targeting and fusion proteins in clathrin-enriched fractions. By
contrast, marker proteins for the endoplasmic reticulum (SEC12;
Bar-Peled and Raikhel, 1997), cis-Golgi (MANNOSIDASE 1A/B
[MAN1A/B]; Preuss et al., 2004), vacuole (VACUOLAR ATP
SYNTHASE E1 [VHA-E1]; Strompen et al., 2005), chloroplast
(TRANSLOCON AT THE OUTER ENVELOPE MEMBRANE OF
CHLOROPLASTS33 [TOC33]; Ivanova et al., 2004), peroxisome

Figure 5. The Root Expansion Defects of scd1 scd2 Double Mutants
Resemble Those of scd1.

Measurement of the primary root growth rates of the Col-0 wild type (Col)
and scd1-2, scd2-1, and scd1-2 scd2-1 mutants grown vertically on
solid media supplemented with Suc indicated that scd1-2 and scd1-2
scd2-1 have nearly identical growth rates. Seedlings were transferred to
new media at 25 DAG. The final root length measurements taken at 48
DAG for scd1-2 and scd1-2 scd2-1 were not statistically different
(asterisk) as determined by Student’s t test (a = 0.05). n = 3 for each
ecotype/genotype; 6SE

Figure 6. SCD1 Protein Levels Are Reduced in scd1 and scd2 Mutants.

Immunoblot analysis of SCD1 and SCD2 protein levels in total protein
extracts (30 µg per lane) from the wild type (lanes 4 and 8), scd1 (lanes 1
and 2), scd2 (lanes 5 and 6), and cyd1 (lane 9) mutants and rescued scd
mutant lines (lanes 3 and 7) 10 DAG. Faint bands observed to comigrate
with the SCD2 doublet in null scd2 mutants (lanes 5 and 6) are likely the
result of nonspecific interactions with anti-SCD2N-term. Blots were pro-
bed for membrane-associated SEC12 and KN proteins and soluble cFBP
protein as loading controls. See text for a discussion of the unequal
SEC12 and KN protein levels observed between samples.
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(PEROXIN14 [PEX14]; Hayashi et al., 2000), and mitochondria
(CYTOCHROME OXIDASE2 [COX2]; Klodmann et al., 2011) were
significantly depleted in the final CCV preparations (Figure 7A).
Importantly, immunoblot analysis using affinity-purified anti-

SCD1DENN and -SCD2N-term antibodies demonstrated that these
two proteins cofractionated with CCVs (Figure 7A). Consistent
with our immunoblot analysis of SCD2 protein in seedling total
protein extracts (Figure 6), we detected twomajor;64- and;72-kD
polypeptides in the Arabidopsis suspension-cultured cell homoge-
nate (Figure 7A, arrowheads), as well as an additional polypeptide
with higher apparent molecular mass of;80 kD (Figure 7A, asterisk;
see Supplemental Figure 7 online) that was below detection in
whole-seedling extracts. Notably, the ;72- and ;80-kD poly-
peptides detected with the affinity-purified anti-SCD2N-term an-
tibody were enriched (Figure 7A, asterisk and top arrowhead),
whereas the ;64-kD polypeptide was depleted, in CCV-enriched
fractions (Figure 7A, bottom arrowhead). Unlike KN, an integral
membrane protein, SCD1 and the ;64-, ;72-, and ;80-kD SCD2
polypeptides were released from microsomal membranes after
treatment with 6 M urea (see Supplemental Figure 7 and Sup-
plemental Methods 4 online). Low but detectable levels of soluble
SCD1 and the ;64- and ;72-kD SCD2 polypeptides were also
present in membrane-free cytosol (S150) (see Supplemental
Figure 7 online), indicating that SCD1 and SCD2 are peripheral
membrane proteins.
To corroborate the presence of SCD1 and SCD2 on CCVs, we

further characterized the CCV-enriched fraction via immunoelectron
microscopy (see Supplemental Methods 5 online). The embedded
CCV suspension was thin-sectioned (60 to 100 nm) to achieve
a broad distribution of exposed epitopes (e.g., clathrin coat and
membrane surface). Probing sections with the anti-CLC2 and
-SCD1DENN antibodies clearly demonstrated the presence of CLC2
and SCD1 on a subpopulation of vesicles (see Supplemental Figure 6
online). However, attempts to use the affinity-purified anti-SCD2N-term

antibody to localize the SCD2 protein were unsuccessful, suggesting
that the antibody is not suitable for immunoelectron microscopy
analysis under the conditions used (see Supplemental Figure 6
online). Large-field views of sections probed with anti-CLC2,
-SCD1DENN, -SCD2N-term, and the anti-rabbit:10-nm gold conjugate
secondary antibodies (control) revealed a strong specificity and an
apparently higher proportion of vesicles labeled with anti-CLC2
versus those with anti-SCD1DENN (see Supplemental Figure 6
online). However, it is possible that this result reflects differences
in epitope availability rather than reduced levels of SCD1 on a
given vesicle relative to another.

Impaired Endocytosis in scd1 and scd2 Mutants

Based upon the cytokinesis and cell expansion defects of scd1
and scd2 mutants and their cofractionation with AP1 and AP2
CCVs, we hypothesized that SCD1 and SCD2 proteins are re-
quired for post-Golgi and/or endocytic trafficking. To determine
whether PM endocytosis is impaired in the scd mutants, we
used CLSM to monitor the cellular internalization of the lipophilic
dye FM4-64 (http://www.lifetechnologies.com/order/catalog/product/
T3166) in the roots of wild-type and scd seedlings (Figure 8). Rep-
resentative images showed a decrease in the number of FM4-64–
labeled fluorescent puncta within root cells of scd1-1, scd1-2, and

Figure 7. SCD1 and SCD2 Cofractionate with CCVs.

(A) Enriched CCVswere prepared fromArabidopsis T87W suspension-cultured
cells, and equal amounts of protein from successive subcellular fractions
generated during the CCV purification procedure were analyzed by im-
munoblotting with antibodies against SCD1, SCD2, structural components
of the plant clathrin coat (CHC, CLC2, AP1, AP2, and EPN1), and various
subcellular organelle marker proteins, including KN (CP), SYP21 (post-
Golgi), SEC12 (endoplasmic reticulum), MAN1A/B (Golgi), VHA-E1 (tono-
plast), TOC33 (chloroplast), PEX14 (peroxisome), and COX2 (mitochondria).
Arrowheads and asterisk in the SCD2 panel indicate the SCD2 doublet (as
in Figure 6) and a band of higher apparent molecular mass, respectively.
The latter appears enriched in the final two fractions but is absent in
immunoblots of whole-seedling extracts. H, homogenate; S30, 30,000g
supernatant; SGL, Suc step gradient load; DFGL, linear deuterium oxide/
Ficoll gradient load; LSGL, linear Suc gradient load; CCV, CCV fraction.
(B) Negative-stain TEM analysis of CCV-enriched fraction showing clathrin
and noncoated membranes (arrows). Bar = 100 nm.
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scd2-1 mutants after 10 min compared with wild-type cells
(Figures 8A to 8D). Quantification of FM4-64 internalization,
expressed as the average ratio of intracellular fluorescent signal
per unit area versus that of PM, normalized to the wild type, re-
vealed endocytosis was significantly reduced in scd2-1, scd1-1,
and scd1-2 compared with the wild type, respectively (Figure 8E).

Colocalization of SCD1 and SCD2 with Clathrin at the PM

Given that SCD1 and SCD2 cofractionate with CCVs, and that
scd1 and scd2 mutants display impaired FM4-64 internalization,
we examined whether N-terminally GFP-tagged SCD1 and/or
SCD2 colocalize with CCPs at the cell cortex by variable-angle
epifluorescence microscopy (VAEM; Konopka and Bednarek,
2008b). Expression of GFP-SCD1 and GFP-SCD2 under the
control of their native promoters in homozygous scd1-1 and scd2-1,
respectively, rescued the phenotypic growth and developmental
defects of scd1-1 and scd2-1 mutants (see Supplemental Figure 8
and Supplemental Methods 6 online), demonstrating that the

GFP-tagged SCD1 and SCD2 fusion constructs are functional.
Similar to CLC-mOrange, which localizes to CCPs (Konopka
et al., 2008), VAEM imaging of epidermal root cells of seedlings
expressing GFP-SCD1 or GFP-SCD2 revealed that these two
proteins likewise localize at or near the PM in discrete dynamic
foci (see Supplemental Figure 9 online). Intriguingly, in GFP-
SCD1/scd1-1 and GFP-SCD2/scd2-1 lines coexpressing CLC2-
mOrange, we observed a subpopulation of foci at or near the
PM that contained both GFP-SCD1 and CLC2-mOrange or
GFP-SCD2 and CLC2-mOrange (Figures 9C, 9F, 9I, and 9L).
Colocalization of GFP-SCD1 and CLC2-mOrange or GFP-SCD2
and CLC2-mOrange was quantitatively verified using the Costes
randomization test (Costes et al., 2004). Image pairs (Figures 9A
and 9B, and 9G and 9H) were analyzed with 200 Costes iterations
using a 0.432-µm (4-pixel) point spread function. The Pearson
coefficients of both pairs were higher than that of all 200 iterations
of each respective analysis, resulting in a Costes P value of 1.000
for both pairs. A P value greater than 0.95 is taken to demarcate
colocalization, demonstrating that a subpopulation of SCD1 and
SCD2 foci at or near the PM contain CLC2.

DISCUSSION

scd Mutant Phenotypes

To further define and understand the molecular machinery of CP
assembly and cell expansion, we identified and characterized
scd2mutants that display phenotypic similarity to scd1mutants,
including cytokinesis defects in stomata and epidermal pave-
ment cells (Figures 1 to 3; Falbel et al., 2003). scd2 and scd1
mutants also show cell expansion defects; both mutants are
dwarfs with short roots, are infertile, and display growth-related
Suc hypersensitivity (Figures 2 and 5; see Supplemental Figure 3
online). The compressed root division and transition zone phe-
notype of scd2 mutants suggests a possible defect in mainte-
nance of auxin and/or cytokinin gradients in the roots of these
mutants. This may result from, for example, perturbed polari-
zation of PM auxin and/or cytokinin transporters perhaps due to
misregulated endocytosis and/or recycling (Jung and McCouch,
2013). Experiments to determine the distribution of these hormones
and transporters in scdmutants will be necessary to test this model.
A feature that we first detected in the epidermis of scd2 mutant

leaves is the presence of gaps and nearly symmetric arrange-
ments of small cells. Subsequently, reanalysis of scd1-2 leaves
showed this to be a common feature of both scd1 and scd2 null
mutants (see Supplemental Figures 1 and 2 online). Cell clusters
of this type were observed in several stomatal patterning mutants,
including the speechless (spch) cell fate transcription factor
mutant (MacAlister et al., 2007; Pillitteri et al., 2007), the mas/
gsl8/chor callose synthase mutant (Töller et al., 2008; Chen
et al., 2009; Thiele et al., 2009; Guseman et al., 2010), and the
breaking of asymmetry in the stomatal lineage (basl) stomatal
asymmetric cell division control mutant (Dong et al., 2009), and
are thus likely indicative of defects in signaling-dependent asym-
metric epidermal leaf cell division in scd1-2 and scd2-1 mutants.
The clusters of small cells and space/gaps observed in the
leaf epidermis of scd2-1 or both scd2-1 and scd1-2 mutants,

Figure 8. scd1-1 and scd2-1 Mutants Are Impaired in Endocytosis.

(A) to (D) Internalization of FM4-64 after 10 min in roots of the wild type
([A]; Col-5), scd2-1 (B), scd1-1 (C), and scd1-2 (D). Arrowheads indicate
FM4-64–labeled vesicles. Bar = 10 µm.
(E) Mean relative intensity of internalized FM4-64. n = 18 to 21 fields per
genotype 6 SE.
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respectively, suggest that SCD proteins play an important role in
proper patterning of the leaf epidermis.

The spaces observed between scd2 epidermal leaf cells ap-
pear to lack a PM (as shown by a lack of GFP-LTI6b signal) and
stain strongly with PI (see Supplemental Figure 1 online), which
binds to the pectin methylesterase–acidified pectins found in
mature plant primary CWs (Rounds et al., 2011). These PI-staining
spaces are also seen in exocyst complex component84b (exo84b)
exocyst mutants, which, like scd mutants, manifest cytokinesis
defects in stomata and display overall organ elongation defects
(Fendrych et al., 2010). The exocyst is a heterooctomeric com-
plex that functions to tether vesicles to their target membranes
at the PM and developing CP to drive membrane fusion events
(Thellmann et al., 2010; Fendrych et al., 2013) and has been
shown in fission yeast to tether trafficking vesicles to actin filaments
(Bendezú et al., 2012). In addition to the presence of spaces/gaps
in the leaf epidermis, plant exocyst subunit mutants display
a variety of cell expansion defects, including retarded hypocotyl
elongation and tip-directed polar growth of pollen tubes, root
hairs, and stigmatic papillae (Cole et al., 2005; Synek et al.,
2006; Hála et al., 2008). The similarity of the cell expansion and
cytokinesis defects of scd1, scd2, and exocyst mutants supports
a role for the SCD proteins in endomembrane trafficking.

The clusters of small cells observed in the epidermis of scd2-1
(see Supplemental Figure 2 online) are reminiscent of the over-
proliferation of small, stomatal lineage cells found in the leaf epi-
dermis of SPCH overexpressors (MacAlister et al., 2007; Pillitteri
et al., 2007) and loss-of-function gsl8/chor callose synthase mu-
tants (Chen et al., 2009; Guseman et al., 2010). gsl8/chor plants

also show stomatal cytokinesis defects, perhaps due to the
reduction of callose in developing CPs of this mutant (Chen
et al., 2009; Guseman et al., 2010). Loss of CHOR results in
intercellular diffusion of the stomatal cell lineage initiation- and
division-promoting transcription factor SPCH, presumably due
to the loss of plasmodesmatal callose in chor (Guseman et al.,
2010). Clusters of small cells are also characteristic of mutants
lacking BASL, a protein of unknown function that dictates
asymmetric cell division within the stomatal lineage (Dong et al.,
2009). Analysis of the expression and localization of BASL,
SPCH, and other GC fate markers as well as the generation of
double scd stomatal lineage defective mutants will be necessary
to confirm the identity of the small cells clustered in the scd2-1
epidermis and the role of SCD1and SCD2 in stomatal patterning
and asymmetric division.
Notably, scd2 and scd1 mutants display some phenotypic

differences. scd1 mutants lack mature trichomes since they ex-
pand abnormally and ultimately burst, while trichome development
in scd2 is unaffected. Similarly, scd1 root hairs are shorter and are
often branched and/or less regular along their length, indicating
a defect in maintenance of focused polar cell expansion during
root hair development, whereas scd2 mutant root hairs appear
normal (Falbel et al., 2003; see Supplemental Figure 3 online).
Aside from these differences, the mutants displayed highly
similar phenotypes, prompting investigation into the possible
interaction of SCD2 and SCD1 through epistasis analysis and
assessment of SCD1 protein abundance in scd1 and scd2mutants.
scd1-2 scd2-1 double mutants are phenotypically indistinguishable
from single scd1-2 mutant lines (Figure 5). Furthermore, scd2

Figure 9. GFP-SCD1 and GFP-SCD2 Colocalize with CLC2-mOrange in Foci at or Near the PM.

Images of root epidermal cells expressing GFP-SCD1 and CLC2-mOrange ([A] to [F]) or GFP-SCD2 and CLC2-mOrange ([G] to [L]) as visualized by
dual-channel VAEM of GFP (green; top panels), mOrange (magenta; center panels), and merged (bottom panels). (D) to (F) and (J) to (L) are higher
magnification views of insets in (A) to (C) and (G) to (I), respectively. Arrowheads denote representative foci at or near the PM that display colocalization
of CLC2-mOrange and either GFP-SCD1 or GFP-SCD2. Bars = 5 µm in (A) to (C) and (G) to (I) and 1 µm in (D) to (F) and (J) to (L).
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mutants show significant reduction in SCD1 protein levels,
whereas SCD2 levels are unaffected in scd1 mutants (Figure 6).
Together, these data indicate that SCD1 and SCD2 operate in
a common pathway and, moreover, that SCD1 function requires
SCD2. Although scd1 and scd2 mutants share many similar
defects, their phenotypic differences suggest that SCD1 and SCD2
may also have independent functions. Alternatively, the phenotypic
differences may be due to the residual low levels of SCD1 in scd2
mutants and/or partial redundancy of the other members of the
SCD2 protein family with SCD2.

SCD Proteins Are Potential Membrane
Trafficking Regulators

SCD2 is a member of a small plant-specific gene family whose
members are predicted to encode proteins that share a common
domain of unknown function (the SCD2 domain) and at least
one central coiled-coil domain (see Supplemental Table 1 and
Supplemental Figure 4 online). Coiled-coil domains are one of
the most highly abundant interacting motifs represented in eu-
karyotic proteomes and mediate diverse cellular functions such
as transcription, signaling, and protein folding (Wang et al., 2012);
thus, their presence does not suggest any specific function. The
SCD1 protein contains a DENN domain (Falbel et al., 2003), which
has been shown biochemically to have specific Rab GEF activity
in all 17 members of the human DENN domain protein family
(Yoshimura et al., 2010; Marat et al., 2011), defining the DENN
domain as a characteristic of vesicle trafficking regulators. The
DENN domain–containing Rab GEFs connecdenn 1, 2, and 3
have also been shown to bind clathrin and the clathrin adaptor
AP2 (Marat and McPherson, 2010), and connecdenn 3 has re-
cently been shown to bind actin (Marat et al., 2012), linking
activation of Rab35 with clathrin and cytoskeletal dynamics.
Rab35 mediates late secretory pathway vesicle trafficking (i.e.,
PM to endosome and vice versa) (Patino-Lopez et al., 2008;
Sato et al., 2008) and is necessary for the late stages of animal
cytokinesis, which involves both anterograde and retrograde
vesicle trafficking (Kouranti et al., 2006) reminiscent of the vesicular
trafficking required for CP assembly in plant cells. No Rab35
homologs have been discovered in plants, yet plants have
a widely expanded Rab11 family (Rutherford and Moore, 2002),
one or more of whose members likely serve the function of Rab35
in plants. The cell expansion and cytokinesis defects of scd1 and
scd2mutants implicate SCD1 and SCD2 in Golgi to PM and/or CP
vesicle trafficking through regulation of a late secretory pathway,
with SCD1 in particular likely functioning as a Rab GEF. Consis-
tent with this, cytokinesis-defective scd1-2 leaf cells accumulate
unfused secretory vesicles (Falbel et al., 2003), a hallmark of de-
fects in Rab and/or Rab GEF function (Novick et al., 1980, 1981).

SCD Proteins Participate in Clathrin-Mediated Trafficking

Using subcellular fractionation and live-cell imaging, we demon-
strated that SCD1 and SCD2 are associated with isolated CCVs
and colocalized with CLC2 in dynamic CCPs at or near the PM
(Figure 9; see Supplemental Figure 9 online). Additionally, scd1 and
scd2 mutants displayed defects in the internalization of FM4-64
from the PM (Figure 8), which has previously been demonstrated
to be in part dependent upon CME (Dhonukshe et al., 2007;

Wang et al., 2013). Together, these data strongly support our
hypothesis that SCD1 and SCD2 participate in clathrin-mediated
trafficking events at the PM. However, it cannot be ruled out that
the SCD proteins participate in other endomembrane pathways
nor that the inhibition of SCD1 and SCD2 function at other stages
of the late secretory pathway may indirectly affect the uptake of
FM4-64. Further experiments are necessary to determine the
subcellular localization and role of SCD1 and SCD2 in trafficking
of bona fide cargo proteins to and from the TGN and PM.
CCV trafficking of proteins, including vacuolar proteins from

the TGN and endocytic compartments, as well as internalized
PM proteins via CME are essential for plant growth, development,
and signaling (Song et al., 2006; Dhonukshe et al., 2007; Robert
et al., 2010; Kitakura et al., 2011; Adam et al., 2012; Wang et al.,
2013). In mammalian cells, CME and the formation of CCVs at the
TGN involve the coordinated interplay of accessory and regulatory
proteins that is initiated by binding of the cargo AP complexes and
their recruitment of clathrin triskelia. To date, at least four AP
complexes (AP1 to AP4) have been identified to be encoded by
the genomes of animals and plants, and in mammalian cells,
localization and functional studies have demonstrated that AP2
and AP1 mediate the formation of CCVs at the PM and TGN,
respectively. In addition to their role in binding cargo and cla-
thrin, AP complexes also interact with accessory proteins (i.e.,
CLASPs) required for the formation and subsequent trafficking
of CCVs.
Like the animal CLASP connecdenn 1, which is postulated to

be recruited to budding CCVs via its C-terminal interactions with
AP2 (Allaire et al., 2006, 2010), SCD1 was found to coimmu-
noprecipitate with the µ-subunit of AP2 (Yamaoka et al., 2013).
However, unlike connecdenn 1, which harbors the well-defined
Phe-X-Asp-X-Phe (FxDxF), where x is any amino acid, and Trp-
X-X-Phe-acidic (WxxF-acidic) AP2 a-subunit binding motifs
(Allaire et al., 2006), SCD1 and SCD2 lack these interaction motifs.
However, SCD1 and SCD2 do contain Tyr- or dileucine-based
motifs (i.e., Tyr-X-X-hydrophobic and bulky [YxxF] and Glu/Asp-
X-X-X-Leu-Leu/Ile [(E/D)xxxL(L/I)]) (see Supplemental Figure 5
online) that in animals and yeast mediate the interaction of
connecdenn 1 to 3 and other proteins with the µ-subunits of AP1,
AP2, and AP3 (Bonifacino and Traub, 2003). SCD proteins may
also bind clathrin directly as both SCD1 and SCD2 contain
several potential type I clathrin box motifs (Leu-bulky and
hydrophobic-polar-bulky and hyrophobic-Asp/Glu [LFpF(D/E)];
Dell’Angelica, 2001) (see Supplemental Figure 5 online). Interestingly,
AP2-interacting Tyr-based, dileucine-based, and a-subunit binding
Asp-X-Phe (DxF) motifs as well as the Asn-X-X-Tyr (NxxY) motif,
which is required for Rab21-mediated CME of integrins and
cytokinesis (Pellinen et al., 2008), are present in the primary se-
quence of the putative Arabidopsis SCD2-related proteins (see
Supplemental Figure 5 online), suggesting that other members of
the SCD2 protein family may similarly function in CCV trafficking.

SCD2 Function and Regulation

Immunoblot analysis of whole-seedling total protein extracts
(Figure 6) and enriched CCV fractions (Figure 7) using affinity-purified
anti-SCD2N-term antibodies revealed the presence of several
discrete polypeptides of increasing molecular mass that were
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absent in scd2 loss-of-function mutants. Notably, we reproducibly
observed a significant reduction in the level of the 64-kD SCD2
polypeptide, which is the predicted molecular mass of the full-
length SCD2 protein, with a concomitant increase in the amounts
of the;72- and;80-kD SCD2 isoforms in enriched CCVs relative
to the total soluble and membrane cell lysate (Figure 7, CCV
versus H samples). Our current working hypothesis is that the
CCV-associated SCD2 ;72- and ;80-kD isoforms are the re-
sult of monoubiquitination (8 kD) and diubiquitination (16 kD) of
64-kD SCD2. Indeed, polyubiquitination is critical for the clathrin-
mediated recycling of PM proteins in yeast, mammals, and plants,
including the Arabidopsis PIN-FORMED2 auxin efflux carrier
(Szymkiewicz et al., 2004; Leitner et al., 2012). Intriguingly, two
DDB1-binding WD-40 (DWD) motifs were identified within the
WD-40 repeats of SCD1, suggesting it could function as a sub-
strate receptor for a CULLIN4-based oligomeric E3 ubiquitin
ligase (Lee et al., 2008), possibly targeting SCD1 and SCD2 for
subsequent recruitment by the clathrin vesicle coat machinery
during endocytosis (Szymkiewicz et al., 2004).

The cytokinesis and cell expansion defects displayed by scd1
and scd2 mutants, together with the SCD1 DENN domain struc-
ture that suggests a membrane transport or cytoskeletal assembly
regulatory function, the intimate interplay between SCD1 and
SCD2 expression, and, perhaps most telling, the cofractionation
and colocalization of SCD1 and SCD2 proteins with the clathrin
machinery strongly suggest a role for the SCD proteins together
in membrane trafficking events critical to cytokinesis and cell
expansion. Future investigation is necessary to define which
particular membrane trafficking pathway(s) involves one or both
SCD proteins. It is interesting to note that the cytokinesis de-
fects observed in the scd mutants occur primarily in GMCs and
are not observed in, for example, root cells (Falbel et al., 2003;
Figure 2). GMC formation is dependent upon a sequence of nu-
merous asymmetric divisions, with the final symmetric division of
the GMC yielding the two GCs that surround the pore of the
stomatal complex. Little is known about the role of membrane
trafficking during cytokinesis of asymmetrically dividing cells.
Perhaps cytokinesis at the division symmetry transition of sto-
matal lineage cells is particularly susceptible to the loss of SCD-
dependent membrane trafficking in the scd mutants. It will be
interesting to investigate how the SCD proteins link regulation of
membrane trafficking to cytoskeletal regulation, and further, to
intra- and intercellular signaling events that regulate cell division
symmetry, and, hence, stomatal patterning.

METHODS

Plant Materials and Growth Conditions

Arabidopsis thaliana seed sources are as follows: fast-neutron mutants
(M1G-01A-02; Lehle Seeds); Col-5 wild-type (CS28175), 29-1 (CS84726;
Cutler et al., 2000), and N7 (CS84731; Cutler et al., 2000; ABRC); T-DNA
insertion mutant scd2-2 (GK_129C05; GABI-Kat) (Li et al., 2007); CLC2-
mOrange transgenic lines as previously described (Konopka et al., 2008);
and scd1 and KAT1pro-GUS (Nakamura et al., 1995) as previously de-
scribed (Falbel et al., 2003). Heterozygous scd2-1 lines were backcrossed
three times to Col-5 (i.e., Col-0 gl-1) prior to characterization. Seeds were
sterilized for 5 and 1 min in 70% (v/v) ethanol, 0.1% (v/v) Triton X-10, and
95% (v/v) ethanol, plated on solid germination medium (half-strength MS

[Murashige and Skoog, 1962] and 0.6 or 1% [w/v] agar) containing in-
dicated antibiotics or sugars, stratified for 3 d at 4°C, and then grown
under continuous light at 22°C. Soil-grown plants were germinated on or
transferred to Metro-Mix360 (SunGro Horticulture) and grown under long
days (16 h light/8 h dark) at 17 or 22°C. Whole seedlings and plants were
imaged using a Nikon CoolPix digital camera (Nikon Instruments). Ara-
bidopsis T87W cells (Axelos et al., 1992) were grown on a gyrorotatory
shaker (140 rpm) in MS, 0.2 mg/L 2,4-D, and 1.32 mM KH2PO4 under
continuous light at 22°C and subcultured into fresh media (1:10 dilution)
weekly.

Plasmid Construction and Generation of Transgenic Plants

All PCR-generated cloning fragments used in these studies (see Supplemental
Table 3online)wereproducedusingPhusionDNApolymerase (F-530; Thermo
Fisher Scientific), and all oligonucleotide primers (see Supplemental Table 4
online) were synthesized by Integrated DNA Technologies. Transgenic plants
were generated via Agrobacterium tumefaciens–mediated floral dip (Clough
and Bent, 1998).

For scd2-1 rescue, heterozygous scd2-1plants transformedwithSCD2pro-
SCD2 (see Supplemental Table 3 online) were selected on one-half-strength
MS and 50 mg/L kanamycin (Kan), and T2 and T3 plants confirmed to be
homozygous for scd2-1 (SCD2/scd2-1) were used for analysis. Kan-re-
sistant T2 and T3 plants from a transformation of Col-2 with SCD2pro-GUS
(see Supplemental Table 3 online) were used for SCD2 spatial expression
analysis. SCD1pro-GFP-SCD1 was transformed into homozygous scd1-1
plants grown at the permissive temperature, and transgenic GFP-SCD1/
scd1-1 plants were selected on one-half-strength MS and 50 mg/L of Kan.
GFP-SCD2/scd2-1was transformed into heterozygous scd2-1 plants, and
transgenic GFP-SCD2/scd2-1 plants were selected as for GFP-SCD1/
scd1-1 above.

Double Mutant Analysis

Heterozygous scd1-2 scd2-1 F2 plants were grown vertically on one-half-
strengthMSand 1% (w/v) Suc and scannedon a flatbed scanner (CanoScan
N24OU; Canon) at 3- to 7-d intervals. Seedlings were transferred to fresh
media 25 DAG. Roots were measured using ImageJ software (Schneider
et al., 2012). Seedlings were collected for PCR genotyping analysis at 48
DAG or when their roots reached the bottom of the culture plate.

Histochemistry and Light Microscopy

TBO-stained epidermal peelswere prepared as previously described (Falbel
et al., 2003) and imaged using a Zeiss Axioskop (Carl Zeiss Microscopy)
with a Leica DFS480 digital camera using Leica FireCam software (Leica
Microsystems). F2 plants from scd2-1 crosses to 29-1 (i.e., GFP-LTI6b) and
N7 (Cutler et al., 2000) lines were germinated on half-strength MS and
15mg/L of glyphosate and imaged via CLSM (NikonC1; Nikon Instruments)
using 360 or 3100 oil immersion objectives (numerical aperture = 1.4 for
both). To visualize CWs, plants were stainedwith PI as previously described
(Falbel et al., 2003) and imaged via CLSM as above. CLSM images were
false colored, merged, and/or adjusted for brightness and contrast using
Adobe Photoshop CS5 (Adobe Systems). Cotyledon pavement cell area
was calculated using ImageJ software (Schneider et al., 2012).

F2 plants of scd2-13 KAT1pro-GUS crosses (Nakamura et al., 1995) or
Col2:SCD2pro-GUS T2 plants were germinated on half-strength MS and
50 mg/L of Kan and processed as follows: Tissue was fixed in ice-cold
90% (v/v) acetone (10 to 15 min on ice), rinsed two times (50 mM NaPO4,
pH 7.0), vacuum infiltrated four to six times with GUS staining solution
(0.5 mM 5-bromo-4-chloro-3-indoyl-b-D-glucuronide, 0.5 mM K3[Fe(CN)6],
0.5mMK4[Fe(CN)6], 0.5% [v/v] Triton X-100, and 50mMNaPO4, pH 7.0), and
incubated at 37°C overnight, and phytopigments were removed via several
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changes of 70% (v/v) ethanol at 37°C. Images were obtained using Leica
MZ6, Leica M165FC, or Zeiss Axioskop microscopes as above. Whole
seedlings weremounted on 1% (w/v) agar to which white paint was added
until the desired opacity was achieved and imaged using a Nikon CoolPix
digital camera (Nikon Instruments). Analysis of internalization of the li-
pophilic dye FM4-64 (2 µM) was performed as previously described
(Wang et al., 2013). Data were collected from three independent
experiments measuring 30 individual roots, 10 to 15 cells per root. A
Student’s t test (paired with two-tailed distribution) was used for
statistical analysis.

For VAEM, GFP-SCD1/scd1-1 and GFP-SCD2/scd2-1 T2 plants were
crossed to CLC2-mOrange (Konopka et al., 2008), and F3 plants of GFP-
SCD1/scd1-1 or GFP-SCD2/scd2-1 3 CLC2-mOrange were germinated
on half-strength MS, 50 mg/L of Kan, and 15 mg/L of glyphosate. Nine
DAG, segregating seedlings were transferred to media without selection
and allowed to recover for 6 d prior to imaging. The epidermal cells of
representative seedling roots of each genotype (n > 5) were then observed
by VAEM on a Nikon EclipseTE2000-U inverted microscope equipped
with a 3100, 1.45–numerical aperture Plan Apo total internal reflection
fluorescence microscopy objective using 488-nm argon and 543-nm
HeNe lasers (Melles Griot). Images of GFP and mOrange channels were
acquired sequentially as averages of four 500-ms exposures with an
Evolve 512 EMCCD camera (Photometrics). Images were processed
using the ImageJ (Schneider et al., 2012) rolling ball background sub-
traction tool (0.540-µm ball radius) and subsequently analyzed using the
Colocalization Threshold and Coloc2 plug-ins, which employ the Costes
image randomization test as described (Costes et al., 2004).

Immunoblot Analysis

Liquid N2-ground seedlings or N2 decompression-lysed cultured cells
(using a 45-mL Parr cell disruption vessel; Parr Instrument Company) were
solubilized in Laemmli sample buffer (Laemmli, 1970), and protein con-
centrations were determined using 660-nm protein assay reagent con-
taining ionic detergent compatibility reagent (22660 and 22663; Thermo
Fisher Scientific) according to the manufacturer’s instructions using BSA
as a standard. Equal total protein was resolved using SDS-PAGE and
transferred to nitrocellulose by electroblotting (2 h at 300 mA). After
blocking in PBS-T (2.7 mM KCl, 137 mM NaCl, 1.9 mM KH2PO4, 10 mM
Na2HPO4, and 0.1% [v/v] Tween 20, pH 7) and 5% (w/v) milk (30 to 60 min
at 22°C or overnight at 4°C), blots were incubated with primary antibody in
the above PBS-T milk blocking buffer (several hours to overnight at 4°C
with gentle shaking). Affinity-purified antibodies were generated as pre-
viously described: anti-SCD1DENN (Korasick et al., 2010), anti-CLC2
(Wang et al., 2013), anti-KN (Rancour et al., 2002), anti-MAN1A/B (Preuss
et al., 2004), anti-RGP1 (Delgado et al., 1998), anti-SEC12 (Bar-Peled and
Raikhel, 1997), anti-SYP21 (da Silva Conceição et al., 1997), and anti-
TOC33 (Ivanova et al., 2004). Anti-CHC (sc-57684) was purchased from
Santa Cruz Biotechnology. Anti-COX2 (AS04 053A), anti-VHA-E1 (AS07
213), anti-PEX14 (AS08 372), and anti-cFBP (AS04 043) were purchased
from Agrisera. Anti-EPN1 (Lee et al., 2007), anti-AP2a, and anti-AP1g
were a gift from I. Hwang (Postech University, Pohang, Korea). After four
washes in PBS-T, the blot was incubated with horseradish peroxidase–
conjugated secondary antibodies (donkey anti-rabbit IgG or sheep anti-
mouse IgG [NA934V or NA931V; Amersham Life Sciences]) in blocking
buffer (1 h at 22°C). Blots were washed as above and then incubated in
Lumi-Light or Lumi-LightPLUS chemiluminescent substrate (12015200001 or
12015196001; Roche Applied Science) for 5 min at 22°C and ex-
posed to film (BX810; MIDSCI) or imaged using an ImageQuant
LAS4010 digital imaging system (GE Healthcare Life Sciences). Film
exposures were digitized using a CanoScan N24OU scanner. Im-
ages were adjusted for contrast and brightness using Adobe
Photoshop CS5.

Generation and Purification of Anti-SCD2N-term Antibodies

His8-Maltose Binding Protein (MBP)-Tobacco Etch Virus protease re-
cognition site (TEV)-SCD2N-term (see Supplemental Table 3 online) was
expressed in Escherichia coli B834 pRARE2 (Blommel and Fox, 2007)
from pVP16-TEV-SCD2N-term (see Supplemental Table 3 online) as fol-
lows: 1 liter of Luria-Bertani (Bertani, 1951), 50 mg/L of carbenicillin, and
34 mg/L of chloramphenicol were inoculated with a 50-mL saturated
overnight culture, grown to OD600�0.6 (at 20°C), and induced with 0.5mM
isopropyl b-D-1-thiogalactopyranoside (2 h at 20°C). His8-MBP-TEV-
SCD2N-term was purified sequentially by affinity chromatography using amy-
lose resin (E8021; New England Biolabs) followed by nickel-nitrilotriacetic acid
(30210; Qiagen) according to themanufacturer’s instructions, dialyzed against
PBS, and its concentration determined by Bradford assay (500-0006; Bio-
Rad) and SDS-PAGE followed by Coomassie Brilliant Blue staining and
scanning densitometry using BSA as a standard. Rabbit antibodies were
raised against His8-MBP-TEV-SCD2N-term (Covance Research Products)
and depleted of anti-His8-MBP antibodies using immobilized His8-MBP
resin (Affi-Gel 10; Bio-Rad) prior to affinity purification of anti-SCD2N-term

antibodies using immobilized His8-MBP-TEV-SCD2N-term as described
previously (Kang et al., 2001).

CCV Enrichment

Three to four days after subculturing, 60 to 90mL of packed cell volume of
T87W cells (Axelos et al., 1992) was harvested by centrifugation (4 min at
100g) and washed and resuspended in clathrin isolation buffer (13 CIB:
100mMMES, 3mMEDTA, 1mMEGTA, and 0.5mMMgCl2) with protease
inhibitors (13 protease inhibitor cocktail-DMSO-soluble and 13 protease
inhibitor cocktail-water-soluble [Aris and Blobel, 1991], 1 mM DTT, and
10mg/mLof E64).Cellswere lysedbyN2decompression (20min at 1500p.s.i.
N2) and centrifuged (4 min at 100g). CCVs were purified by differential and
density gradient centrifugation essentially as described (Depta and Robinson,
1986; Harley and Beevers, 1989). Briefly, the cell homogenate (H) underwent
sequential differential centrifugation (4 min at 100g, 10 min at 1000g, and
25 min at 30,000g). Microsomal membranes (Suc step gradient load) from
the 30,000g supernatant (S30) were collected by centrifugation (60 min
at 120,000g), resuspended in 13 CIB, layered onto a 10/40/50% (w/v)
Suc step gradient, centrifuged (50 min at 116,000g), and fractions cor-
responding to the 10% and 10/40% Suc steps were harvested and
centrifuged (50 min at 180,000g). The pellet was resuspended in 13 CIB
(deuterium oxide/Ficoll gradient load), layered over a linear 90/2% to
90/30% (w/v) deuterium oxide/Ficoll gradient and centrifuged (12 to 14 h
at 80,000g). Fractions containing enriched CCVs (equivalent to ;14 to
16% [w/w] Suc) were harvested and centrifuged (50 min at 264,000g), re-
suspended, applied to a 10 to 25% (w/v) linear Suc gradient, and centrifuged
(1.5 h at 103,000g). Linear Suc gradient fractions (13 to 17% [w/w] Suc)
were pooled and centrifuged (50 min at 264,000g) to yield the final en-
riched CCV fraction (typical yield: 100 to 300 µg). Note that all steps were
performed at 0 to 4°C.

Negative-Stain EM

A thin layer of CCVs in 2% (w/v) OsO4 was dried onto the surface of
a Pioloform-coated 200 mesh Ni grid. Nano-W methylamine tungstate
(Nanoprobes) was deposited over the sample and the excess removed
with filter paper. Imaging was performed on a Philips CM120 transmission
electron microscope (FEI/Philips Electron Optics) and a MegaViewIII side-
mounted digital camera (Olympus) at the University of Wisconsin-Madison
Medical School EM Facility. Quantitative analysis of CCVs versus uncoated
vesicles was performed on randomly selected EM images of negative-
stained samples using the ImageJ Cell Counter plug-in (http://rsb.info.nih.
gov/ij/). Coated vesicles represented, on average, 76% 6 10% (n = 11) of
the total vesicles counted.
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Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers AY082605 (SCD1 [At1g49040]), KC533769
(SCD2 [At3g48860]), AY113850 (At5g13260), AY735650 (At4g25070),
AED93200 (At5g23700), and AEE82665 (At4g08630).
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