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Protein transport between organelles is an essential process in all eukaryotic cells and is mediated by the regulation of processes
such as vesicle formation, transport, docking, and fusion. In animals, SCY1-LIKE2 (SCYL2) binds to clathrin and has been shown
to play roles in trans-Golgi network-mediated clathrin-coated vesicle trafficking. Here, we demonstrate that SCYL2A and
SCYL2B, which are Arabidopsis (Arabidopsis thaliana) homologs of animal SCYL2, are vital for plant cell growth and root hair
development. Studies of the SCYL2 isoforms using multiple single or double loss-of-function alleles show that SCYL2B is
involved in root hair development and that SCYL2A and SCYL2B are essential for plant growth and development and act
redundantly in those processes. Quantitative reverse transcription-polymerase chain reaction and a B-glucuronidase-aided
promoter assay show that SCYL2A and SCYL2B are differentially expressed in various tissues. We also show that SCYL2
proteins localize to the Golgi, trans-Golgi network, and prevacuolar compartment and colocalize with Clathrin Heavy
Chainl (CHC1). Furthermore, bimolecular fluorescence complementation and coimmunoprecipitation data show that
SCYL2B interacts with CHC1 and two Soluble NSF Attachment Protein Receptors (SNAREs): Vesicle Transport through
t-SNARE Interactionll (VTI11) and VTI12. Finally, we present evidence that the root hair tip localization of Cellulose
Synthase-Like D3 is dependent on SCYL2B. These findings suggest the role of SCYL2 genes in plant cell developmental
processes via clathrin-mediated vesicle membrane trafficking.

Vesicle-mediated protein transport between organ-
elles is a fundamental process in all eukaryotic cells. In
many cases, newly synthesized proteins in the endoplas-
mic reticulum (ER) are targeted to specific membranes,
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where they function with optimal activity (Jurgens, 2004;
Hwang and Robinson, 2009; Robinson and Neuhaus,
2016). Protein targeting involves processes including
the formation, transport, docking, and fusion of vesicles.
A number of proteins, such as coat proteins, ADP-
ribosylation factor, and Soluble NSF Attachment Protein
Receptors (SNARES), also are required for the regulation
of vesicle trafficking (Jurgens, 2004; Bassham and Blatt,
2008; Nielsen et al., 2008; Chen et al., 2011; Fan et al., 2015;
Paez Valencia et al., 2016).

Depending on the species of coat proteins, vesicles
can be classified into three major types: Coat Proteinl
(COPI), COPII, and clathrin-coated vesicles (CCVs).
Among them, CCVs are formed by clathrin triskelia
consisting of three clathrin heavy chains (CHCs) and
three clathrin light chains (CLCs). The Arabidopsis
(Arabidopsis thaliana) genome contains two CHC genes
(CHC1 and CHC?2) and three CLC genes (CLC1, CLC2,
and CLCS3; Kitakura et al., 2011; Wang et al., 2013; Paez
Valencia et al., 2016). In plants, CCV mediates protein
trafficking from the trans-Golgi network (TGN) to the
multivesicular prevacuolar compartment (PVC), which
fuses with the vacuole for the degradation of proteins
(Song et al., 2006; Hwang and Robinson, 2009; Park
et al., 2013; Paez Valencia et al., 2016; Robinson and
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Neuhaus, 2016). CCVs also are known to be involved in
the endocytosis of proteins such as PIN-FORMED
auxin efflux carriers and Brassinosteroid Insensitivel
receptor kinase at the plasma membrane (PM; Kitakura
et al.,, 2011; Di Rubbo et al., 2013; Wang et al., 2013).
Recently, a plant-specific TPLATE adaptor protein complex
was shown to be essential for clathrin-mediated endocyto-
sis (Gadeyne et al., 2014; Wang et al.,, 2016). However, the
CCV machinery in plants is still poorly known when
compared with the CCV components identified in animals
(Chen et al., 2011; Paez Valencia et al., 2016).

In animals, SCY1-LIKE2 (SCYL2), which belongs to
the SCY1-like gene family, was identified as a compo-
nent of the CCVs (Conner and Schmid, 2005). It was
shown that animal SCYL2 binds directly to both
clathrin and Adaptor Protein-2 (AP2), which is an
adaptor protein (Conner and Schmid, 2005; Diiwel and
Ungewickell, 2006). SCYL2 has been suggested to
function as a kinase (Conner and Schmid, 2005) and is
found at the Golgi, TGN, and endosomes in animal
systems (Diiwel and Ungewickell, 2006; Borner et al.,
2007). Moreover, SCYL2 selectively induces the lyso-
somal degradation of Frizzled5, which is a PM receptor
involved in the Wnt signaling pathway (Terabayashi
et al., 2009). It also has been reported that lysosomal
hydrolase cathepsin D is missorted in SCYL2-depleted
cells (Diiwel and Ungewickell, 2006) and that knock-
down of SCYL2 in Xenopus tropicalis causes severe de-
velopmental defects (Borner et al., 2007). Recently, it
was shown that SCYL2 is a key regulator of neuronal
function and survival in mouse brain (Gingras et al.,
2015; Pelletier, 2016). These data indicate that, in ani-
mals, SCYL2 functions in clathrin-mediated vesicle
trafficking between the TGN and the endosomal system
with an important role in cell developmental processes.

In this study, two Arabidopsis homologs, SCYL2A
and SCYL2B, are shown to play important roles in plant
cell growth. SCYL2B is involved in root hair develop-
mental processes, and both SCYL2A and SCYL2B are
essential for plant growth and act redundantly in certain
developmental processes. A GUS-aided promoter assay
indicated that SCYL2A and SCYL2B are differentially
expressed in various tissues. Moreover, we found that
SCYL2B localizes at the Golgi, TGN, and PVC and inter-
acts with CHC1 and two SNAREs: Vesicle Transport
through t-SNARE Interaction11 (VTI11) and VTI12. Fi-
nally, we show that SCYL2B colocalizes with SCYL2A
and CHC1 and is required for the tip localization of Cel-
lulose Synthase-Like D3 (CSLD3) in root hairs. These data
suggest that the plant SCYL2 genes, new components of
CCV trafficking in plants, play vital roles in plant cell
developmental processes.

RESULTS
SCYL2 Is Conserved in Many Eukaryotes

In Arabidopsis, there are two SCYL2 genes, SCYL2A
and SCYL2B, which encode 913 and 909 amino acids,
respectively. These two genes likely arose from a
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genome duplication, as the two genes fall into two
syntenic chromosomal regions (Supplemental Fig. S1;
Plant Genome Duplication Database [http://chibba.
agtec.uga.edu/duplication/index/home]; Tang et al.,
2008). Sequence alignment and phylogenetic analysis
show that SCYL2 genes are conserved in the genomes
of many eukaryotes (Fig. 1). Comparison of amino acid
sequences of full-length Arabidopsis SCYL2 proteins
revealed 57% to 83% amino acid identity to proteins in
other plant species, such as papaya (Carica papaya),
poplar (Populus trichocarpa), soybean (Glycine max), corn
(Zea mays), and rice (Oryza sativa), and 21% to 27%
amino acid identity to the SCYL proteins in animal
species, such as human, chimpanzee, dog, cow, mouse,
rat, chicken, fruit fly, and mosquito (Fig. 1A).

SCYL2B Functions in Root Hair Development

To characterize the functions of SCYL2 genes in
Arabidopsis, we identified several T-DNA insertional
mutant lines of SCYL2A and SCYL2B from Salk and Sail
lines. Three scyl2a alleles and four scyl2b alleles were
obtained (Fig. 2). Reverse transcription (RT)-PCR
analysis confirmed the absence of full-length transcripts
of SCYL2A or SCYL2B in scyl2a or scyl2b alleles except
for scyl2b-2, which has a decreased amount of full-
length transcripts due to the T-DNA insertion of the
second intron in SCYL2B (Fig. 2, B and C). Four scyl2a
scyl2b double mutants were obtained from the crosses
between scyl2a and scyl2b alleles (Fig. 2B), and RT-PCR
analysis showed that full-length transcripts of both
SCYL2A and SCYL2B were absent in all scyl2a scyl2b
double mutants (Fig. 2C).

To investigate the possible role of SCYL2A and
SCYL2B in plants, we analyzed the phenotypes of
scyl2a, scyl2b, and scyl2a scyl2b double mutant alleles.
Three days after germination, the root hairs of scyl2b
alleles and scyl2a scyl2b double mutants were shorter
than those of the wild type (P < 0.05; Fig. 3, A and B,
left) and were as short as those of rhd2-4, which has
been shown to be a root hair-defective mutant (P < 0.05;
Fig. 3, A and B, right). The scyl2b alleles also had ab-
normal root hair phenotypes such as v shape, y shape,
wavy shape, and bulged shape (Fig. 3C). The percent-
age of aberrant root hairs per root was much higher in
scyl2b mutants than in the wild type (P < 0.05; Fig. 3C).
There were no defects of root hairs in scyl2a alleles (Fig.
3, A and B). These data indicate that SCYL2B plays an
important role in polarized root hair growth.

SCYL2A and SCYL2B Are Essential for Plant Growth

We further analyzed the phenotypes of roots and
shoots in scyl2a, scyl2b, and scyl2a scyl2b alleles. Ten
days after germination, scyl2a scyl2b double mutants
had significantly shorter primary roots and smaller
shoots (P < 0.05; Fig. 4, A-C) while scyl2a or scyl2b single
mutants had no difference in roots and shoots compared
with the wild type (Fig. 4, A—C). One-month-old scyl2a
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Species Protein 1 2 3 4 5 6 T 8 9 10 11 12 13 14 15
1 A thaliana SCYL2A (AT1G22870)
2 A thaliana SCYL2B (AT1G71410) 83.5
3 C.papaya evm.TU.supercontig_21.85 71.5 71.7
4 P trichocarpa POPTR_0013s10610 70 689 764
5 G.max Glyma12g37070 67.1 66.3 70.8 72.8
6 Z mays GRMZM2G061681 61.3 61.5 61.4 624 61.7
7 0. sativa (japonica) Os01g0616100 57 56.7 559 59.3 59.5 84.1
8 H.sapiens SCYL2 23.2 231 23.7 245 251 24 227
9 P troglodytes SCYL2 23.2 231 237 245 252 24 227 99.38
10 C.lupus SCYL2 23.4 231 24 246 253 24.4 228 971 97.2
11 B. taurus SCYL2 23.6 22.8 239 24.5 252 243 23 97 971 97.7
12 M. musculus Scylz 23.9 23.5 241 246 252 24.2 23 931 93.2 926 93.6
13 R. norvegicus Scylz 234 231 24 246 252 23.8 225 941 94.2 93.8 948 97.7
14 G. gallus SCYL2 214 208 21.5 223 23.4 219 233 83.7 837 83.3 83.3 81.3 821
15 D. melanogaster CG1951 23,2 235 248 242 24 24 204 412 #1.2 16 M7 M1 41 377
16 A. gambiae AgaP_AGAP002142 26.7 27.5 27.8 27 269 26.1 25.1 40.6 40.6 404 40.7 404 406 37.9 456
B 100 [ H. sapiens
98 | | P. troglodytes
C. lupus
96
B. taurus
100 M. musculus
100 - R. norvegicus
G. gallus
| D. melanogaster
56 A. gambiae
100:Z.mays
O. sativa japonica
G. max
100 )
A. thaliana SCYL2A AT1G22870

01

amino acid substitutions site-!

69

A. thaliana SCYL2B AT1G71410
C. papaya
P. trichocarpa

Figure 1. SCYL2 is conserved in eukaryotes. A, A similarity matrix is shown to represent the percentage of amino acid identity
between species across the SCYL2 proteins. B, Neighbor-joining phylogenetic tree showing the relationship between SCYL2
proteins from eukaryote species. The numbers above the nodes are percentages of bootstrap confidence levels from 10,000
replicates. Branch length represents the number of amino acid changes per site in accordance with the scale bar. Species of SCYL2
proteins are Arabidopsis thaliana, Carica papaya, Populus trichocarpa, Glycine max, Zea mays, Oryza sativa japonica, Homo
sapiens, Pan troglodytes, Canis lupus familiaris, Bos taurus, Mus musculus, Rattus norvegicus, Gallus gallus, Drosophila mela-

nogaster, and Anopheles gambiae.

scyl2b double mutants grown in soil showed a striking
tiny shoot phenotype (Fig. 4D). These data indicate that
both SCYL2A and SCYL2B are involved in plant growth
and development and redundant in certain aspects of
their function.

SCYL2A and SCYL2B Expression Levels in Various Tissues

To determine in which developmental stages or tis-
sues in Arabidopsis SCYL2A and SCYL2B are highly
expressed, we analyzed gene expression levels in vari-
ous tissues of 7-d-old seedlings and 1-month-old plants.
Quantitative RT-PCR analysis showed that both
SCYL2A and SCYL2B are coexpressed in all tissues

196

tested, such as roots, rosette leaves, cauline leaves,
stems, unopened flowers, opened flowers, and siliques
(Fig. 5A), and that the expression of SCYL2B was about
2- to 3-fold higher compared with that of SCYL2A (Fig.
5A). The expression level of both SCYL2A and SCYL2B
was very low in siliques (Fig. 5A).

To analyze the tissue-specific expression patterns of
SCYL2A and SCYL2B in Arabidopsis, we monitored
GUS expression driven by the promoters of SCYL2A
and SCYL2B in transgenic plants. In plants carrying
SCYL2Apromoter:GUS, GUS staining was detected
mainly in leaf mesophyll cells, while very weak GUS
staining was seen in root vascular tissues (Fig. 5B). In
plants carrying SCYL2Bpromoter:GUS, strong GUS
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T-DNA

scyl2a-3 Mutant MutantID location

scyl2a-1 Salk_127687 Exon 2
scyl2a-2 Salk_052628 Exon 11
-— scyl2a-3 Salk_084231Exon 14
scyl2b-1 Sail_358F04 Exon 1
scyl2b-2 Salk_012333 Intron 2
scyl2b-3 Sail_305D05 Exon 8
scyl2b-4 Salk_108798 Exon 14

scyl2b-4

Double mutant

scyl2a-1 scyl2b-1
scyl2a-2 scyl2b-3
scyl2a-2 scyl2b-4
scyl2a-3 scyl2b-3

(AT1GT1410) ATfease

] -
(AT1GT1410)

Col-0 scyl2b-2 scyl2b-3 scyl2b-4 scyl2b-1
TUB

Col-0 scyl2a-1 scyl2a-3 scyl2a-2 scyl2a-2
scyl2b-1 scyl2b-3 scyl2b-4 scyl2b-3

Figure 2. Gene structure of SCYL2A and SCYL2B and locations of T-DNA insertions. A, A schematic diagram shows the positions
of T-DNA insertions in scyl2a and scyl2b alleles. Black boxes represent exons. Lines between black boxes represent introns.
White boxes represent untranslated regions (UTR). White triangles indicate T-DNA insertion sites. The positions of primers that
are used in C to check the presence of full-length transcripts of SCYL2A or SCYL2B are indicated by arrows. B, Salk and Sail lines
used to isolate scyl2a and scyl2b alleles, with their T-DNA locations indicated. Four different double mutants were obtained
between scyl2a and scyl2b mutants. C, RT-PCR analysis of SCYL2A and SCYL2B transcripts in wild-type Columbia-0 (Col-0),
single mutants, and double mutants. The positions of the primers used are shown in A. A B-tubulin gene (TUB2) was used as a
positive control for the RT-PCR. All scy/2a and scyl2b alleles are knockout mutants, except for scyl2b-2, which has a decreased
level of full-length transcripts. Single PCRs were performed with cDNA from individual plants of each genotype.

staining was detected in both shoot and root vascular
tissues, in root cap regions including columella cells
and lateral root caps, and also in some tissues of spe-
cialized cell types such as trichomes, guard cells, and
root hairs (Fig. 5B).

SCYL2B Is Localized at the Golgi, TGN, and PVC

To define the subcellular localization of SCYL2B in
Arabidopsis, transgenic plants carrying 355:YFP:SCYL2B
were analyzed. YFP:SCYL2B was localized to the tips of
growing root hair cells (Fig. 6A; Supplemental Fig. S2).
However, in mature root hairs where tip growth was
finished, the tip-localization pattern of YFP:SCYL2B dis-
appeared (Fig. 6B; Supplemental Fig. S2). In addition,
YFP:SCYL2B appeared to be localized at some aggregated
endosomal structures (Fig. 6B). In animals, a clathrin-
coated vesicle-associated kinase of 104 kD (CVAK104),
an Arabidopsis SCYL2A/B ortholog, plays an important
role in vesicle trafficking and is localized at the Golgi,
TGN, and endosomes (Diiwel and Ungewickell, 2006;
Borner et al., 2007). To determine the subcellular lo-
calization of SCYL2B, colocalization studies were per-
formed using several fluorescent protein markers for
subcellular organelles such as the Golgi, TGN, PVC,

Plant Physiol. Vol. 175, 2017

PM, mitochondria, plastids, and peroxisomes. In Ara-
bidopsis leaf protoplasts and leaf epidermal cells, YFP:
SCYL2B was colocalized with markers for the Golgi,
TGN, and PVC but not with markers for mitochondria,
plastids, peroxisomes, and PM (Fig. 6; Supplemental
Figs. S3 and S4). The percentages of YFP:SCYL2B-
positive spots overlapping with the Golgi, TGN, and
PVC organelle marker proteins were about 38%, 37%,
and 26%, respectively (Supplemental Table S1). The
localization data of SCYL2B suggest that SCYL2B is
membrane localized and may be involved in vesicle
membrane trafficking in plant cells.

SCYL2B Interacts with CHC1, VTI11, and VTI12

In animals, SCYL2 acts as a component of CCVs and
can interact with clathrin (Conner and Schmid, 2005;
Diiwel and Ungewickell, 2006). To determine whether
Arabidopsis SCYL2 proteins also can bind to compo-
nents of CCVs, we conducted a split YFP-based
bimolecular fluorescence complementation (BiFC) as-
say. To make constructs for BiFC, the N-terminal frag-
ment of YFP (nYFP) was fused to the N terminus of
SCYL2B and the C-terminal fragment of YFP (cYFP) was
fused to the N terminus of putative SCYL2B-binding
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Figure 3. SCYL2B functions in root hair development. A, Light microscopy images showing root hair length of wild-type Col-0, scy/2a,
scyl2b, and scyl2a scyl2b double mutant alleles. Three-day-old roots were used for the measurement of root hair length in A and B.
Bar = 0.5 mm. B, Root hair length of seedlings of wild-type Col-0, scyl2a, scyl2b, and scyl2a scyl2b double mutant alleles. Root hair
length was measured in two separate regions of root: the 2-mm region below hypocotyls (left graph and middle image) and the 2-mm
region starting 0.5 mm above the root hair differentiation zone (right graph and middle image). Fifteen root hairs per each seedling were
measured, and 10 seedlings per genotype were used for root hair length measurements (n = 10 seedlings; means = se). C, Abnormal
root hairs in scyl2b-3. Root hairs in scyl2b-3 were classified into five classes based on their phenotype (normal, v shape, y shape, wavy,
and bulged). Representative images of each class are shown (left). Percentages of each root hair class were determined in wild-type
Col-0 plants and scy/2b-3 (right). About 70 to 100 root hairs per each seedling were counted in 5-mm regions starting 0.5 mm above
the root hair differentiation zone (n = 10 seedlings; means = sg). At least two independent experiments were performed.
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Figure 4. SCYL2A and SCYL2B are important in plant growth and development. A, Images of 10-d-old wild-type Col-0, scyl2a-1,
scyl2b-1, and scyl2a-1 scyl2b-1 double mutants. Bar = 0.5 cm. B, Primary root length of the wild type and scy/2 knockouts. Values
are means * st from 50 roots. C, Shoot fresh weights of the wild type and scyl2 knockouts. Values are means * st from
10 seedlings per replicate (n = 6 replicates). D, Image of 1-month-old wild-type Col-0, scyl2a-1 scyl2b-1, and scyl2a-3 scyl2b-3.

Bar=1cm.

candidates such as CHC1, VTI11, and VTI12. The nYFP:
SCYL2B construct was transiently coexpressed with the
cYFP fusion constructs mentioned above in tobacco (Ni-
cotiana benthamiana) leaf epidermal cells via Agrobacterium
tumefaciens infiltration. Clear YFP fluorescence signal
showing a punctate staining pattern was detected when
nYFP:SCYL2B was transiently cotransformed with cYFP:
CHC1, cYFP:VTI11, or cYFP:VTI12 (Fig. 7A). There was no
YFP fluorescence signal when nYFP:SCYL2B was tran-
siently cotransformed with ¢YFP (Fig. 7A). Western-blot
analysis using polyclonal anti-GFP antibody showed
that cYFP:CHC1, cYFP:VTI11, and cYFP:VTI12 were
coexpressed well with nYFP:SCYL2B in the tobacco leaf
cells (Supplemental Fig. S5). As well as BiFC experi-
ments, we also conducted coimmunoprecipitation ex-
periments to confirm the protein interaction of BiFC
results. HA:CHC1, HA:VTI11, and HA:VTI12 were
transiently coexpressed with YFP and YFP:SCYL2B in
tobacco leaf cells, and then the HA-tagged proteins
were pulled down by anti-HA beads and probed by
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anti-GFP antibody. YFP:SCYL2B was detected in the
bound fraction of HA:CHC1, HA:VTI11, and HA:
VTI12, whereas YFP alone was not (Fig. 7B), indicating
that SCYL2B interacts with CHC1, VTI11, and VTI12.
We also tested the protein interaction by pulling down
YFP-tagged proteins first, followed by the detection of
HA-tagged proteins, since commercial anti-GFP beads
called GFP-trap also were available. When YFP and
YFP:SCYL2B were immunoprecipitated by GFP-trap
beads and then probed by anti-HA antibody, HA:
CHC1, HA:VTI11, and HA:VTI12 were detected in the
bound fraction of YFP:SCYL2B (Supplemental Figs. S6
and S7), confirming the protein interaction. However, a
weak signal of HA:VTI11 and HA:VTI12 also was
detected in the bound fraction of YFP alone, despite
thorough washing of beads, indicating that VTI11 and
VTI12 tend to bind GFP-trap beads nonspecifically
(Supplemental Figs. S6 and S7). Taken together, these
data indicate that Arabidopsis SCYL2B interacts with a
clathrin and two v-SNAREs, VTI11 and VTI12, in vivo.
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Figure 5. SCYL2A and SCYL2B expression levels in various tissues. A, Quantitative real-time PCR analysis of SCYL2A and SCYL2B expression in
various tissues. Tissues from 7-d-old plants and 1-month-old plants were used in this analysis. The levels of SCYL2A and SCYL2B transcripts were
normalized to ACTIN7. Three biological replicates were used, and error bars represent se. B, Spatial localization of SCYL2A and SCYL2B. Histo-
chemical localization is shown for GUS activity in plants carrying SCYL2A,, o GUS (left) and SCYL2B,, e GUS (right). About 2-week-old plants
grown on plates were used for the visualization of GUS activity. Arrows indicate GUS staining.
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SCYL2B Colocalizes with SCYL2A and CHC1 and Is
Required for Tip Localization of CSLD3 in Root Hairs

We determined the localization of SCYL2 proteins by
tagging at the N or C terminus with the fluorescent
proteins GFP and RFP. When N-terminal GFP-tagged
SCYL2B and C-terminal RFP-tagged SCYL2B were
transiently coexpressed in tobacco leaf epidermal cells,
there was no difference in the localization of these
proteins (Fig. 8A), suggesting that tagging fluorescent
proteins to SCYL2 proteins may not alter their subcel-
lular localization. We also compared the localization of
GFP:SCYL2B with SCYL2A:RFP by coexpressing them
in tobacco cells, and the results showed that there was
no difference in their subcellular localization (Fig. 8B).
The colocalization of SCYL2A with SCYL2B suggests
that SCYL2A may act in a similar fashion to SCYL2B,
probably locating at the Golgi, TGN, and PVC.

Since BiFC and coimmunoprecipitation data showed
the interaction between SCYL2B and CHC1, we also
examined if they colocalize. We found that both
SCYL2A and SCYL2B colocalized well with CHC1 (Fig.
8, C and D) when they were coexpressed transiently in
tobacco leaf epidermal cells, supporting the notion that
SCYL2 proteins are involved in clathrin-mediated ves-
icle trafficking.
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SCYL2 Genes Play a Role in Plant Cell Growth

Figure 6. SCYL2B is localized at the Golgi, TGN, and
PVC. A, YFP:SCYL2B is tip localized in growing root
hairs. B, The tip-localization pattern disappears in
mature root hairs. Root hairs of transgenic Arabi-
dopsis plants expressing YFP:SCYL2B were observed
by wide-field fluorescence microscopy. Bars in A and
B =10 um. Cto E, Localization of SCYL2B in various
subcellular organelles. Arabidopsis leaf protoplasts
were cotransformed with YFP:SCYL2B and the indi-
cated constructs, which encode protein markers for
the Golgi (C), TGN (D), and PVC (E). The localization
of SCYL2B was examined by the detection of YFP,
CFP, and RFP signal by confocal microscopy. White
color indicates strong colocalization. Arrows indicate
spots showing colocalization. Bars = 20 um.

It was reported that the function of root hair tip-
localized proteins, such as RHO-RELATED PROTEIN
FROM PLANTS2 (ROP2), ROOT HAIR DEFECTIVE2
(RHD2), RAB GTPASE HOMOLOG A4B (RABA4B),
SYNTAXIN OF PLANTS123 (SYP123), PRO-RICH
PROTEIN3 (PRP3), and CSLD3, is important for proper
root hair tip growth (Jones et al., 2002; Foreman et al., 2003;
Preuss et al., 2004; Park et al., 2011; Ichikawa et al., 2014;
Rodriguez-Furlan et al., 2016). To understand the root hair
tip growth pathways in which SCYL2B functions, Col-0
and scyl2b mutants were transformed with GFP fusion
constructs, including ROP2, RHD2, RABA4B, SYP123,
PRP3, and CSLD3 genes, whose expression is driven by
the EXPANSIN A7 (EXPA?7) promoter, a root hair-specific
promoter (Kim et al., 2006). Interestingly, the analysis of
transgenic lines showed that only CSLD3 is mislocalized
in the root hairs of scyl2b mutants (Fig. 9; Supplemental
Fig. S8), indicating that SCYL2B is important for mediating
the tip localization of CSLD3 proteins in root hairs.

DISCUSSION

SCYL2 is a member of the SCY1-LIKE protein family.
SCY1 is a kinase-like protein identified in Saccharomyces
cerevisiae. In animals, there are three SCY1-LIKE genes:
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Figure 7. SCYL2B interacts with CHC1, VTI11, and A
VTI12. A, BiFC assay showing in vivo interactions of
SCYL2B with CHCT1, VTI11, and VTI12. The nYFP:
SCYL2B construct was transiently coexpressed with
cYFP fusion constructs such as CHC1, VTI11, and
VTI12 in tobacco leaf epidermal cells via A. tumefa-
ciens infiltration. Bright-field images and YFP fluo- .
rescence images are shown. Bars = 10 um. B, cYFP
Coimmunoprecipitation of SCYL2B with CHC1,
VTI11, and VTI12. YFP and YFP-SCYL2B constructs
were transiently coexpressed with HA:CHC1, HA:
VTI11, and HA:VTI12 in tobacco leaf epidermal cells.
HA-tagged fusion proteins were coimmunoprecipi-
tated by anti-HA antibody-conjugated magnetic
beads and probed with anti-GFP antibody. IP, Immu-
noprecipitation; Input, total protein extracts before IP;
Bound, bound fraction after IP.

NYFP:SCYL2B

NYFP:SCYL2B

+
SYFP:CHC1

NYFP:SCYL2B
+
SYFP:VTI11

NYFP:SCYL2B
+
CYFP:VTI12

SCYL1, SCYL2, and SCYL3. SCYLL1 is the gene re-
sponsible for the neurodegenerative mouse model mdf
and plays important roles in COPI-mediated retrograde
trafficking from the Golgi to the ER and the regulation
of Golgi morphology (Burman et al., 2010). SCYL2 is
involved in TGN-mediated CCV membrane trafficking.
SCYL3 binds ezrin, which is a protein that mediates the
interaction between transmembrane proteins and actin
and is implicated in regulating cell adhesion/migration
complexes in migrating cells (Sullivan et al., 2003). In
plants, there are orthologs only for the animal SCYL1
and SCYL2. In Arabidopsis, the gene that encodes
AT2G40730 corresponds to the ortholog of animal
SCYL1, and two loci (AT1G22870 and AT1G71410)
described in this study correspond to the orthologs of
animal SCYL2.

We showed that Arabidopsis SCYL2B localizes at the
Golgi, TGN, and PVC and colocalizes with SCYL2A
and CHC1 (Figs. 6 and 8). Moreover, BiFC and coim-
munoprecipitation assays showed that SCYL2B binds
to CHC1 and two v-SNAREs, VTI11 and VTI12 (Fig. 7).
Interestingly, the analysis of SCYL2 protein sequence
alignment revealed a conserved clathrin-binding motif
(SLLDLL) at the very end of the C terminus on both
SCYL2A and SCYL2B (Lafer, 2002). However, based on
BiFC analysis, it turned out that this binding motif is
not essential for the interaction between SCYL2B and
CHC1 (Supplemental Fig. S9). For the coimmunopre-
cipitation experiments, we used YFP alone as a negative
control, and YFP alone did not bind CHC, VTI11, and
VTI12. Moreover, there was no precipitation of SCYL2B
in the control samples, where HA-tagged proteins are
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absent (Supplemental Fig. S7). We also had BiFC data
showing that certain membrane proteins such as
adaptor proteins, which are involved in vesicle mem-
brane trafficking, did not interact with SCYL2B
(Supplemental Fig. S10). These findings suggest that the
interaction between SCYL2B and the proteins tested in
this study is specific.

Our data showing SCYL2 localization and interaction
indicate that Arabidopsis SCYL2 proteins play a role in
CCV-mediated membrane trafficking and also suggest
that plant SCYL2 may act in a similar manner to animal
SCYL2. Animal SCYL2 is well known to interact with
clathrin. However, there is no report showing an inter-
action of animal SCYL2 with SNAREs. Thus, our data
showing the interaction of Arabidopsis SCYL2B with
two v-SNARESs are a novel finding. In animals, SCYL2
also has been suggested to function as a SNARE adaptor
(Hirst et al., 2015) due to the fact that there is a long
adaptor-like structure with a predicted coiled-coil domain
at the C terminus of SCYL2 (Pelletier, 2016) and that
knockdowns of animal SCYL2/CVAK104 result in re-
duced levels of syntaxin8 and vtilb associated with CCVs
(Borner et al., 2007). These findings, along with our new
data showing the interaction of AtSCYL2B with two
v-SNAREs, suggest that plant SCYL2 may act as a
SNARE adaptor in clathrin-mediated vesicle trafficking.

In BiFC assays, a punctate staining pattern of YFP
fluorescence was seen when SCYL2B was transiently
coexpressed with CHC1, VTI11, and VTI12 (Fig. 7A).
Moreover, a similar fluorescence pattern was observed
in the colocalization studies with SCYL2 proteins and
CHC1 (Fig. 8). Previously, it was shown that clathrin
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A
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C GFP:SCYL2B

D
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Bright field

Figure 8. SCYL2B colocalizes with SCYL2A and CHC1. Tobacco leaf epidermal cells were coinfiltrated with A. tumefaciens
strains carrying the following constructs: GFP:SCYL2Band SCYL2B:RFP(A), GFP-SCYL2B and SCYL2A:RFP(B), GFP:SCYL2B and
RFP:CHCT (C), and GFP:SCYL2A and RFP:CHC1 (D). The localization of fluorescent proteins was examined by the detection of
GFP and RFP signal by confocal microscopy. Representative images of each sample are shown. White color indicates strong
colocalization. Arrows indicate spots showing colocalization. Bars = 10 um.

localizes at the TGN and PM (Blackbourn and Jackson,
1996; Dhonukshe et al., 2007; Fujimoto et al., 2010; Van
Damme et al., 2011) and that VTI11 localizes primarily
to the TGN, with a minor portion localized at the PVC
(Zheng et al., 1999; Bassham et al., 2000; Surpin et al.,
2003). VTI12 also is used as a TGN marker (Geldner
et al.,, 2009). Likewise, the treatment of brefeldin A
(BFA) and wortmannin, endomembrane trafficking in-
hibitors (Hicks and Raikhel, 2010; Mishev et al., 2013),
induced the formation of BFA compartments and ring-
like structures of SCYL2B proteins (Supplemental Fig.
S11). Based on the colocalization data and chemical
inhibitor assay, it is likely that SCYL2 proteins function

Plant Physiol. Vol. 175, 2017

with clathrin, VTI11, and VTI12 mainly at the TGN
and/or PVC.

Since the localization of SCYL2 proteins was
obtained by transient overexpression in Arabidopsis
and tobacco leaf epidermal cells, we cannot completely
rule out the possibility that the localization of endoge-
nous SCYL2 could be different from that of overexpressed
proteins. However, we believe that the localization of
SCYL2 based on transient overexpression represents the
actual localization of SCYL2 in the cell for the following
reasons. First, when SCYL2 was expressed in tobacco cells
using the native SCYL2B promoter or EXPA7 promoter,
the localization pattern of SCYL2 was similar to that of
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Figure 9. CSLD3 is mislocalized in root hairs of
scyl2b mutants. Localization of proteins that are

known to function at the root hair tip was observed in GFP:ROP2
the background of Col-0 and scyl2b-3 mutants. The

expression of N-terminal GFP fusion proteins of

ROP2, RHD2, RABA4B, SYP123, PRP3, and CSLD3 ~ GFP<RHD2
was driven by the EXPAZ promoter, a root hair-specific

promoter. For each gene construct, at least five in- GFP:RABA4B
dependent T2 transgenic plants were used in two

independent experiments that yielded similar results.

GFP:SYP123

Root hairs of transgenic plants were observed by
confocal microscopy. White arrows indicate the dif-
ference of GFP:CSLD3 localization. Bars = 10 um.

GFP:CSLD3

overexpressed SCYL2 (Supplemental Fig. S12). Second,
the fact that animal SCYL2 localizes to the Golgi, TGN,
and endosomes also is consistent with our findings about
SCYL2 localization. Lastly, the protein interaction and
colocalization data showing the functional relationship of
SCYL2 proteins with CHC1, VTI11, and VTI12, which
mainly localize to the TGN and/or the PVC, also support
our localization data.

We showed that the loss of function of SCYL2B leads
to the formation of both short root hairs and morpho-
logically abnormal root hairs such as wavy hairs and
branched hairs (Fig. 3), indicating that SCYL2 is in-
volved in both root hair elongation and the polar tip
growth of root hairs. SCYL2B was located to the tips of
growing root hair cells, and the tip-localization pattern
of SCYL2B disappeared in mature root hairs (Fig. 6, A
and B; Supplemental Fig. S2), providing further evi-
dence for the role of SCYL2B in the polar tip growth
of root hairs. Active membrane trafficking processes
govern the polar tip growth of root hairs by the regu-
lation of endocytosis and exocytosis (Ishida et al., 2008;
Lee and Yang, 2008). Based on the observation that
SCYL2B localizes at the Golgi, TGN, and PVC (Fig. 6)
and the fact that SCYL2B binds to and colocalizes with
clathrin and SNARESs (Figs. 7 and 8), it is possible that
SCYL2B is involved in CCV-mediated membrane traf-
ficking in the polar tip growth of root hairs. In plants,
the Golgi and TGN/ early endosomes (EE) play a criti-
cal role in the trafficking of secretory, endocytic, and
vacuolar vesicles and also are important for root hair
development (Hwang and Robinson, 2009). For exam-
ple, RHD2, an NADPH oxidase that produces reactive
oxygen species, is known to play an important role in
root hair elongation. It was shown that vesicle traf-
ficking mediated by the Golgi and TGN/EE is essential
for both PM targeting and the function of RHD2, indi-
cating that the proper function of the Golgi and TGN/
EE is important for root hair elongation (Takeda et al.,
2008; Lam et al., 2009). The function of PVC also is
known to be important for root hair tip growth. It was
shown that LY294002, a phosphatidylinositol 3-kinase-
specific inhibitor, inhibits the fusion of PVC/late

204

scyl2b-3

endosomes with vacuoles, leading to the significant
reduction of root hair length (Lee et al., 2008), sup-
porting the role of PVC in root hair elongation. Thus,
the localization of SCYL2B on the Golgi, TGN, and PVC
and its root hair phenotype also support the roles of
these endomembrane systems in the development of
root hairs.

The localization of proteins essential for root hair tip
growth indicated that SCYL2B is not involved in the
vesicle trafficking pathways for RHD2 and SYP123,
which are membrane proteins localized at the root hair
tip. However, the mislocalization of CSLD3, a mem-
brane protein, in root hairs of scyl2b mutants showed
that SCYL2B plays a role in the vesicle trafficking
pathway that mediates the PM localization of CSLD3 at
the root hair tip. Previously, it was reported that CSLD3
is localized at the Golgi, ER, and PM (Favery et al., 2001;
Bernal et al., 2008; Zeng and Keegstra, 2008; Park et al.,
2011), and it was suggested that cellulose synthases,
CSLD3 homologs, may be trafficked to the plasma
membrane via the Golgi and TGN (Schneider et al.,
2016). Taken together, these findings suggest that
SCYL2B may be involved in the Golgi/TGN-mediated
exocytosis/secretion of vesicles containing CSLD3. To
determine whether SCYL2B proteins are involved in
endocytosis processes, we also performed an uptake
assay using the endocytic tracer N-(3-triethylammo-
niumpropyl)-4-(6-(4-(diethylamino)phenyl)hexatrienyl)-
pyridinium dibromide (FM4-64) in root hair cells of the
wild type and scyl2a scyl2b double mutants and found
no difference in FM4-64 uptake (Supplemental Fig.
S13). It was reported that FM4-64 uptake decreased
only in chc2 mutants but not in chcl mutants (Kitakura
et al.,, 2011). Thus, it is unlikely that SCYL2 proteins,
whose function may be associated with CHC1 based on
protein interaction studies, are involved in endocytosis.
Overall, based on both the subcellular localization and
the binding characteristics of SCYL2B proteins, we
suggest that SCYL2B may act as a component of
clathrin-mediated vesicle membrane trafficking that
regulates exocytosis/secretion mediated by TGN/EE
and PVC in the process of root hair tip growth.
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We also showed that plant shoot and root growth is
reduced severely in scyl2a scyl2b double mutants, while
the only observable phenotype in the single mutants
was a root hair defect in scyl2b (Figs. 3 and 4). This in-
dicates that SCYL2A and SCYL2B act redundantly in
most tissues and play a critical role in processes other
than root hair development, such as plant cell growth.
However, although the phenotypic data using mutants
indicate that there is some functional redundancy be-
tween SCYL2A and SCYL2B, the GUS expression pat-
tern suggests that the function of SCYL2A and SCYL2B
is somewhat specified to certain tissues. For example,
based on GUS staining data, it seems that SCYL2A has a
dominant role in leaf mesophyll cells whereas SCYL2B
has a dominant role in vascular tissues and in certain
specialized cell types, such as trichomes, guard cells,
and root hairs, where lipid membrane change occurs
actively. Since the GUS expression data showed that
SCYL2 proteins are expressed in root columella cells,
trichomes, and guard cells, we examined scyl2 mutants
more carefully for the phenotype of these tissues and
found an abnormal morphology of root columella cells
only in scyl2a scyl2b double mutants, suggesting a role
of SCYL2 proteins in the development of root columella
cells (Supplemental Fig. S14). No phenotypic difference
is found in the cell types of guard cells and trichomes
(data not shown). We also examined the shoot and root
phenotypes of several SCYL2B, HA-SCYL2B, and YFP-
SCYL2B overexpression lines, and there were no phe-
notypic differences in these lines when compared with
the wild type (data not shown).

In animals, SCYL2 also is known as CVAK104 and
has a putative Ser/Thr protein kinase domain at its N
terminus (Conner and Schmid, 2005). However, animal
and plant SCYL2 genes lack a number of highly con-
served catalytic residues within the putative kinase
domain, such as Asp, which is essential in other kinases
(Manning et al., 2002). It is still controversial whether
SCYL2 has kinase activity. It was reported that, in the
presence of poly-L-Lys, SCYL2 was able to autophos-
phorylate and to phosphorylate the 82-adaptin subunit
of AP2 (Conner and Schmid, 2005), indicating that
SCYL2 has an ability to phosphorylate some proteins
under certain circumstances. However, in another report,
kinase activity was not detected in immunoprecipitated
or bacterially expressed SCYL2/CVAK104 (Diiwel and
Ungewickell, 2006). We tried to express the several re-
combinant forms of Arabidopsis SCYL2B with 6xHis or
GST tags in Escherichia coli to find out whether it had ki-
nase activity but failed to express the protein, possibly
due to the instability of the protein. In a systematic com-
parison study using 1,019 Arabidopsis protein kinases,
Arabidopsis SCYL2 genes were classified as unclustered
kinases (Wang et al., 2003). It may be possible that Ara-
bidopsis SCYL2 proteins may be kinases that regulate
membrane trafficking by phosphorylating CCV compo-
nents. More detailed studies, such as phospho-proteomic
approaches using mutant alleles and mutagenesis
approaches of the putative kinase domain, will be re-
quired to demonstrate that SCYL2 is a protein kinase.
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In conclusion, the data presented here provide evi-
dence that SCYL2 genes play an important role in plant
cell growth and may be involved in clathrin-mediated
vesicle trafficking. Additional studies will be required
to pinpoint the precise function of the SCYL2 genes. The
identification of other binding partners of the SCYL2
proteins and investigation about the possibility that
SCYL2 proteins act as kinases will be a next step toward
revealing the detailed roles of the SCYL2 genes in plant
membrane trafficking and developmental processes.

MATERIALS AND METHODS
Plant Materials and Growth Conditions

Arabidopsis (Arabidopsis thaliana) plants used in this study were in the Co-
lumbia background. Seeds were sterilized in 70% (v /v) ethanol and 0.05% (v/v)
Triton X-100 and then planted on 10-cm-diameter sterile plates containing
ammonium-free complete nutrient agar medium (Jung et al., 2009). After
stratification of the seeds at 4°C for 2 to 3 d, the plates were transferred to the
growth chamber at 22°C with a 16-h daylength at 200 umol m™~ s™". Seedlings
were grown vertically. Three- to 10-d-old seedlings grown on plates were used
throughout the study. In addition, plants also were grown on soil under the
same conditions. Unless stated otherwise, all experiments in this study were
repeated at least twice with similar results.

Characterization of T-DNA Insertion Mutants and RT-PCR

T-DNA insertional Salk and Sail lines were obtained from the Arabidopsis
Biological Resource Center stock center. Homozygous Salk and Sail lines for
scyl2a and scyl2b alleles were isolated by PCR-based genotyping using the
following primers: 5'-CAAACCACATGAAGCTCAGTATTC-3" and 5'-GAT-
TATCTAAAGCTGCTGAAGATGC-3' for scyl2a-1, 5'-CTCGATGGTCAGG-
TAATGCTTGATAC-3" and 5'-GTTGGTACTGATGTCCGGTTCGATGACT-3'
for scyl2a-2, 5'-CAGGAAAATAGAGGAAAAAAGAGGAGIT-3' and 5'-TCA-
CAATAGATCTAACAAAGATGGCTGT-3' for scyl2a-3, 5'-GCATGTTATCCAAA-
TICCCAGCCTG-3" and 5-AACAAGTITGCAGAAAGAGAGAGAGGIG-3' for
scyl2b-1, 5'-GCGCTTGGTAATGTTGAGAATGTGG-3" and 5'-AGTGGAACGAT-
TGCATGTTATCCA-3' for scyl2b-2,5'-TCCGAAGTGACGCTAGGTTACGTGCT-3'
and 5-AACGATCTACGGCAGTACACCGTTG-3' for scyl2b-3, and 5'-GAATT-
CACAGCAGAACATGTGCT-3' and 5'-TCATAATAGATCCAATAGAGATGG-
TTGTGAACCA-3' for scyl2b-4. To check whether the transcripts of SCYL2A and
SCYL2B are produced in scyl2a, scyl2b, and double mutant alleles, RNA was
extracted from the mutant alleles with a previously described method (Onate-
Sanchez and Vicente-Carbajosa, 2008) and was reverse transcribed to cDNA.
Then, RT-PCR was conducted with the cDNA and the following primers:
5'-TCCTGGTCTCGCTTGGAAGCTTTA-3" and 5'-TGCTGCTTTGAACCATTTG-
GCTTAG-3" for SCYL2A and 5'-CACCATGTCGATAAACATGAAAACATTTA-
CTCAAGCTC-3" and 5'-TCATAATAGATCCAATAGAGATGGTTGTGAACCA-
3' for SCYL2B. As a control gene, B-tubulin (AT5G62690) was amplified with the
primers 5'-GCCAATCCGGTGCTGGTAACA-3' and 5'-CATACCAGATCCAG-
TTCCTCCTCCC-3'. PCR amplification was performed with 37 cycles and visualized
using ethidium bromide after separation on agarose gels.

Phylogenetic Analysis and Similarity Matrix

Alignment of protein sequences was performed with ClustalW in MEGA4. A
phylogenetic tree was constructed using neighbor joining, Poisson correction,
pairwise deletion, and bootstrap values with 10,000 replicates in MEGA4. The
similarity matrix was generated using pairwise sequence comparison of 16 se-
quences to determine the p-distance, the number of amino acid substitutions per
site. Protein sequence identity is shown as (1 — p-distance) X 100.

Root Hair Length Measurement and Root Hair
Phenotype Analysis

Photographs of 3-d-old roots grown on complete nutrient plates were taken
using a Nikon SMZ1500 microscope and a Q-Imaging Retiga cooled 12-bit
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camera. Root hair length was measured by using NIH Image]J software program
in two separate regions of roots: the 2-mm region below hypocotyls and the
2-mm region starting 0.5 mm above the root hair differentiation zone. Fifteen root
hairs per each root were measured, avoiding root hairs that were growing into
the medium, and 10 roots per genotype were used for root hair length mea-
surements. Two independent experiments were performed, and similar results
were obtained. The number of abnormal root hairs was counted based on five
different categories: normal shape, v shape, y shape, wavy shape, and bulged
shape. About 70 to 100 root hairs per each seedling were counted in the 5-mm
region starting 0.5 mm above the root hair differentiation zone, and 10 seedlings
were used in the analysis. Data were displayed as percentages of each root hair
class in the wild type and scyl2b-3.

Phenotype Assay

Photographs of 10-d-old plants grown on complete nutrient plates were taken
for primary root length measurement and subjected to shoot fresh weight
measurement. For each mutant, 10 seedlings per plate were grown, and six
replicate plates were used. For the measurement of primary root length, 50 roots per
eachmutant were used. Shoot fresh weight was measured by bulking 10 plants from
each of six plates. Statistical significance was evaluated with Student’s ¢ test. Two
independent experiments were performed, and similar results were obtained.

Quantitative Real-Time PCR Analysis

Various tissues from 7-d-old seedlings or 1-month-old plants were harvested,
and total RNA was isolated as described previously (Onate-Sanchez and
Vicente-Carbajosa, 2008). RNA was quantified and treated with RQ RNase-free
DNase I (Promega). DNase-treated RNA was tested for genomic DNA contami-
nation, and the quality of total RNA was determined by agarose gel electropho-
resis. Two and one-half micrograms of DNA-free RNA was then reverse
transcribed using the First-Stand Synthesis System (Invitrogen). Quantitative real-
time RT-PCR analysis was performed using the StepOnePlus Real-Time PCR
System (Applied Biosystems) and Platinum SYBR Green qPCR SuperMix-UDG
(Invitrogen). To analyze the expression of SCYL2A and SCYL2B by real-time
quantitative PCR, primers 5-TCAAACCACAGTCCAGGAGGTTACAG-3' and
5'-TCAAGCGCCTGAACAACATGAACC-3" were used for the SCYL2A gene
and primers 5'-AGTACAGGAAGTTACGGGACCAAAG-3' and 5'-AGCGG-
CTCCGTAACTAAAGCCATAGC-3" were used for the SCYL2B gene. For the
normalization of SCYL2A and SCYL2B transcripts, the ACTIN7 gene (AT5G09810)
was amplified with the primers 5'-ACCACTACCGCAGAAC-3" and 5'-GCTCA-
TACGGTCAGCA-3" and was used as an internal control. Statistical differences in
SCYL2A and SCYL2B transcript levels between samples were evaluated by Stu-
dent’s t test using AACt values (Yuan et al., 2006). Three biological replicates were
used to generate means and statistical significance.

Plasmid Construction and Plant Transformation

To generate the vector constructs used in this study, the open reading frames
of full-length genes were amplified by PCR using NEB Phusion polymerase and
the following primers: sense 5'-CACCATGTCGATTAATATGAGAACGCTAA-
3’ and antisense 5'-TCACAATAGATCTAACAAAGATGGC-3' for SCYL2A
(AT1G22870), sense 5'-CACCATGTCGATTAATATGAGAACGCTAA-3' and
antisense 5'-CAATAGATCTAACAAAGATGGC-3" for SCYL2A without a stop
codon, sense 5'-CACCATGTCGATAAACATGAAAACATITACTCAAGCTC-
3" and antisense 5'-TCATAATAGATCCAATAGAGATGGTTGTGAACCA-3'
for SCYL2B (AT1G71410), sense 5'-CACCATGTCGATAAACATGAAAA-
CATTTACTCAAGCTC-3" and antisense 5-TAATAGATCCAATAGAGATG-
GTTGTGAACCA-3' for SCYL2B without a stop codon, sense 5'-CACCA-
TGGCGGCTGCTAACGCGCCCATCATTATG-3" and antisense 5'-TTAG-
TAGCCGCCCATCGGTGGCATTCCA-3" for CHC1 (AT3G11130), sense 5'-
CACCATGAGTGACGTGTTITGATGGATAT-3' and antisense 5'-TTACTTGGT-
GAGTTTGAAGTACAAGATGAT-3' for VTI11 (AT5G39510), sense 5'-CAC-
CATGAGCGACGTATTTGAAGGGTACGAGCGT-3' and antisense 5'-TTAA-
TGAGAAAGCTTGTATGAGATGATCAA-3" for VTI12 (AT1G26670), sense 5'-
CACCATGAATCCCTTTTCTTCT-3' and antisense 5'-TCACAACCCGCGAGG-
GAA-3' for AP-1 (AT1G23900), sense 5'-CACCATGACCGGAATGAGAGGT-
CTCTCCGTA-3' and antisense 5-TTAAAGTAAGCCAGCGAGCATAGC-
TCC-3' for AP-2 (AT5G22770), and sense 5-CACCATGTCGTCGTCTTC-
CACTTCTATAATG-3' and antisense 5'-TCACAAGAGAAAATCTGGAAT-
TATAAC-3' for AP-3 (AT1G48760). The PCR products were inserted into
pENTR/D-TOPO following the manufacturer’s instructions (Invitrogen). The
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inserts were sequenced to make sure that no changes were introduced by
PCR. The SCYL2B gene in pENTR/D-TOPO was introduced into the destina-
tion plasmid pEARLYGATE104:N-YFP or pEARLYGATE101:N-HA to yield
PEARLYGATE:YFP(or HA):SCYL2B, which allows the expression of fusion pro-
teins with YFP or HA tag at the N-terminal position under the control of the
cauliflower mosaic virus 35S promoter. For the colocalization study between
SCYL2 proteins and CHC1 in tobacco (Nicotiana benthamiana) leaf epidermal cells,
genes of SCYL2A, SCYL2B, and CHC1 in pENTR/D-TOPO were cloned into either
pMDC43:N-GFP vector or pB7WGR2:N-RFP to generate overexpression vectors
with N-terminal fluorescent protein fusion genes. The SCYL2A/2B without stop
codons were cloned into pMDC83:C-GFP vector and pB7RWG2:C-RFP to yield
C-terminal GFP (and RFP)-fused SCYL2A/2B overexpression vectors.

To generate the pGreenll:SCYL2A/2B,,,,,,»GUS plasmids, pGreenl:GUS plas-
mid (Hellens et al., 2000) was first digested by Ncol and HindIII restriction en-
zymes. Then, DNA fragments containing SCYL2A and SCYL2B promoter regions
(about 1.5 kb) were amplified by PCR using NEB Phusion polymerase and the
following primers: sense 5'-ATTATAAGAACACTACCTTGATCCTTTGCAA-
GTATTGGA-3' and antisense 5'-TACAGGACGTAACACCATTTTTTTTTG-
TCAGAATTTAACTGTTTCTCCA-3' for the SCYL2A promoter and sense 5'-
ATTATAAGAACACTAATTCATCTCTTTGGTCAGTTACGT-3" and anti-
sense 5'-TACAGGACGTAACACCATTTCTGCTGGATCCAATTACTCC-3'
for the SCYL2B promoter. The digested plasmid and PCR-amplified DNA
fragments were recombined using a commercially available In-Fusion multiple
DNA assembly cloning method (Clontech Laboratories) to yield pGreenll:
SCYL2A/2B,,, e GUS  plasmids. Transgenic Arabidopsis plants carrying
pEARLYGATE:YFP:SCYL2B and pGreenll:GUS plasmids containing SCYL2A
and SCYL2B promoters were generated by Agrobacterium tumefaciens-mediated
transformation, and T2 or T3 transgenic lines were used in this study.

To generate the pMDC43:EXPA7,,,,,.1,:N-GFP plasmids carrying various
N-terminal GFP-fused genes that encode proteins with root hair tip localization,
the 35S promoter of pMDC43 vector was replaced with the 1.5-kb promoter of
EXPA7 by the recombination of pMDC43 DNA fragments digested with HindIII
and Kpnl and PCR-amplified DNA fragments using primers 5'-CGACGGC-
CAGTGCCAAAGCTTAATTAGGGTCCAAGGTTTGTTC-3" and 5'-CATTT-
TTTCTACCGGTACCTCTAGCCTCTTTTTCTTTATTCTTA-3'. Then, the open
reading frames of full-length genes of ROP2, RABA4B, RHD2, CSLD3, SYP123,
and PRP3 were PCR amplified using the following primers: sense 5'-CCGG-
TACCGAATTCGATGGCGTCAAGGTTTATAAAGTGT-3' and antisense 5'-
ATATCTCGAGTGCGGTCACAAGAACGCGCAACGGTTCTT-3' for ROP2
(AT1G20090), sense 5'-CCGGTACCGAATTCGATGGCCGGAGGAGGCGG-
ATAC-3'" and antisense 5'-ATATCTCGAGTGCGGTCAAGAAGAAGTACAA-
CAAGTGCT-3' for RABA4B (AT4G39990), sense 5'-CCGGTACCGAATTCGA-
TGTCTAGAGTGAGTTITGAAGTG-3' and antisense 5-ATATCTCGAGTGC-
GGTTAGAAATTCTCTTIGTGGAAGGA-3' for RHD2 (AT5G51060), sense 5'-CC-
GGTACCGAATTCGATGGCGTCTAATAATCATTTCATG-3' and antisense 5'-
ATATCTCGAGTGCGGTCATGGGAAAGTGAAAGATCCTCC-3’ for CSLD3
(AT3G03050), sense 5-CCGGTACCGAATTCGATGAACGATCTTATCTCA-
AGCTCA-3' and antisense 5'-ATATCTCGAGTGCGGTCAAGGTCGAAGTA-
GAGTGTTAAA-3' for SYP123 (AT4G03330), and sense 5'-CCGGTACCGAA-
TTCGATGGCGATCACACGCTCCTCCT-3' and antisense 5'-ATATCTC-
GAGTGCGGTCAGTATTTGGGAGTGGCGGG-3' for PRP3 (AT3G62680),
and recombined with pENTR2B (Invitrogen) DNA fragments amplified by
PCR using primers 5'-CCGCACTCGAGATATCTAGAC-3' and 5'-CGAA-
TTCGGTACCGGATC-3'". The resulting pENTR2B vectors with genes were
recombined with the destination plasmid pMDC43:EXPA7,,,,,,,., to yield the
GFP fusion genes in pMDC43:EXPA7,,.,,o1r Plasmids, and T2 transgenic plants in
the background of Col-0 and scy/2b mutants were generated and used for the root
hair tip localization study.

GUS Histochemical Assay

Staining for GUS activity was carried out as described previously (Harrison
et al., 2006). Briefly, about 2-week-old plants grown on plates were dipped in
GUS solution and vacuum infiltrated for 20 min. Samples were then incubated
for 2 d at 37°C, cleared in 70% (v/v) ethanol, and mounted in water prior to
examination. GUS-stained tissues and plants shown in this article represent the
typical results of at least two independent lines for each construct.

Protein Interaction Assay

For BiFC assay, genes in pENTR/D-TOPO were introduced into the desti-
nation plasmid pSITE-BiFC-Clnec or pSITE-BiFC-Clcec to yield nYFP or cYFP
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fusion constructs (Martin et al., 2009). Then, tobacco leaves were infiltrated with
A. tumefaciens carrying the BiFC constructs as described previously (Sparkes
etal., 2006). Three days after A. tumefaciens infiltration, YFP fluorescence images
were obtained from tobacco leaf epidermal cells. The expression level of nYFP
or cYFP fusion proteins in tobacco leaf epidermal cells was detected by western
blotting using rabbit polyclonal anti-GFP antibody (ab290; Abcam). For coim-
munoprecipitation assay, 4-week-old tobacco leaves were coinfiltrated with
A. tumefaciens carrying the HA and YFP fusion genes. Three days after infil-
tration, leaves were frozen, ground, and protein extracted in the extraction
buffer (250 mm Suc, 20 mm HEPES, pH 7.4, 10 mm KCl, 1.5 mm MgCl,, 1 mm
EDTA, 1 mm EGTA, 1% [v/v] Nonidet P-40, 0.1% [w/v] sodium deoxycholate,
1 mm phenylmethylsulfonyl fluoride, EDTA-free protease inhibitor cocktail
complete [Roche], and 10 mm NaF). The total protein extracts were centrifuged
at 10,000g for 10 min to remove cell debris, and the supernatant was incubated
with anti-HA magnetic beads (Pierce) or GFP-Trap beads (ChromoTek) for 2 h
at 4°C. Beads were washed four times in the extraction buffer containing 0.1%
Nonidet P-40 and then washed once with the same extraction buffer without
detergent. The protein beads were boiled in loading buffer, and the beads were
removed. One-quarter of the eluates and 10 ug of protein from total lysates
(input fraction) were loaded and run on a 4-12% ExpressPlus PAGE Gel
(Genscript) and then transferred with 100 V for 1 h by a wet transfer method to
an Amersham Hybond-P polyvinylidene difluoride membrane (GE Health-
care). Membranes was washed briefly in PBST buffer (10 mm phosphate
buffer, pH7.2,150 mm NaCl, and 0.2% Tween 20) and blocked in PBST buffer
with 1% BSA (Sigma) for 1 h. The membrane was incubated overnight at 4°C
with either rabbit polyclonal anti-GFP antibody (1:7,500 dilution; ab290;
Abcam) or rat monoclonal anti-HA high-affinity antibody (1:7,500 dilution;
Roche) in the PBST buffer with 1% BSA, washed three times, and incubated
with either goat anti-rabbit IgG-HRP or goat anti-rat IgG-HRP (Santa Cruz
Biotechnology; 1:7,500 dilution) in the PBST buffer with 1% BSA at room
temperature. After washing the membrane, signal was detected using the
Western Bright Sirius HRP Substrate (Advansta) and a GE Healthcare
ImageQuant RT ECL Imager.

Fluorescent Organelle Markers and Microscopy

Monomeric RFP (mRFP):SCAMP1 (TGN marker) and mRFP:AtVSR2 (PVC
marker) were kindly provided by Liwen Jiang (Chinese University of Hong
Kong). mRFP:SCAMP1 was used as a marker for both TGN and PM, since it
localizes to these two compartments (Lam et al., 2007). The other organelle
markers used in this study were obtained from the Arabidopsis stock centers
(http:/ /www.arabidopsis.org) and are described on the Web site (http://
www.bio.utk.edu/cellbiol/markers) and in an article published previously
(Nelson et al., 2007). For the colocalization studies, Arabidopsis leaf protoplasts
were generated using 3-week-old plants and transformed with plasmids by
polyethylene glycol solution based on a previously described method (Yoo
et al., 2007). Fluorescence signals were observed 24 to 48 h after the polyeth-
ylene glycol transformation. Images were taken using a Zeiss LSM 510 Meta
confocal laser-scanning microscope equipped with a C-Apochromat 40X /1.2
numerical aperture water-immersion lens (Zeiss). For the colocalization studies
using YFP and CFP signals, a 514-nm excitation wavelength with 535- to
590-nm emission filter and a 458-nm excitation wavelength with 480- to 520-nm
emission filter were used, respectively. For the colocalization studies using YFP
and RFP signals, a 488-nm excitation wavelength with 500- to 550-nm emission
filter and a 543-nm excitation wavelength with 565- to 615-nm emission filter
were used, respectively. Images obtained by confocal microscopy were pro-
cessed using NIH Image] software to remove low-level background fluores-
cence and to enhance contrast for the increase of signal intensity. For the
colocalization images shown in Figure 6, YFP images were rendered in green
color and CFP or RFP images were rendered in magenta color. Root hairs of
transgenic Arabidopsis plants expressing YFP:SCYL2B were observed with a
Nikon Eclipse E800 wide-field microscope and a 40X /1.3 numerical aperture
oil-immersion lens with appropriate YFP filters, and images were processed
using Image]J software.

Chemical Inhibitor and FM4-64 Uptake Assay

For the chemical inhibitor assay, 4-week-old tobacco leaves were infiltrated
with A. tumefaciens carrying the 355:GFP:SCYL2B fusion gene. Three days after
infiltration, tobacco leaf discs of 1 cm diameter were incubated in water con-
taining either 50 um BFA or 30 um wortmannin. Two hours after the incuba-
tion, GFP fluorescence images were taken using a Zeiss LSM 700 confocal
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laser-scanning microscope. Two independent experiments were performed,
and about five leaf discs were used for each sample. For the FM4-64 uptake
assay, about 7-d-old seedlings of Col-0 and scyl2a-3 scyl2b-3 double mutants
grown on ammonium-free complete nutrient agar medium (Jung et al., 2009)
were incubated with the same agar-free nutrient solution containing 2 um
FM 4-64 dye for 5, 30, and 60 min. Then, fluorescence images were taken
under a Zeiss LSM 700 confocal laser-scanning microscope using a 488-nm
excitation wavelength with 585- to 610-nm emission filter. Two independent
experiments were performed, and about five to 10 seedlings were observed
for each sample.

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome
Initiative or GenBank/EMBL databases under the following accession num-
bers: SCYL2A (AT1G22870), SCYL2B (AT1G71410), CHC1 (AT3G11130),
VTI11 (AT5G39510), VTI12 (AT1G26670), ROP2 (AT1G20090), RABA4B
(AT4G39990), RHD2 (AT5G51060), CSLD3 (AT3G03050), SYP123 (AT4G03330),
PRP3 (AT3G62680), AP-1 (AT1G23900), AP-2 (AT5G22770), and AP-3
(AT1G48760).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Segmental duplication of SCYL2 genes in
Arabidopsis.
Supplemental Figure S2. Tip localization of SCYL2B in growing root hairs.

Supplemental Figure S3. SCYL2B is not localized at peroxisomes, mito-
chondria, plastids, and PM.

Supplemental Figure S4. SCYL2B is localized at the Golgi, TGN, and PVC
in Arabidopsis leaf epidermal cells.

Supplemental Figure S5. Western-blot analysis to show the expression
levels of nYFP:SCYL2B with cYFP, cYFP:CHC1, cYFP:VTI11, and
cYFP:VTII2 in tobacco leaf epidermal cells.

Supplemental Figure S6. Coimmunoprecipitation of SCYL2B with CHC1,
VTI11, and VTI12 using GFP-trap beads.

Supplemental Figure S7. Full scans of immunoblots.

Supplemental Figure S8. CSLD3 is mislocalized in root hairs of scyl2b
mutants.

Supplemental Figure S9. A clathrin-binding motif (SLLDLL) on SCYL2B
does not affect the interaction between SCYL2B and CHC1.

Supplemental Figure S10. SCYL2B does not interact with adaptor
proteins.

Supplemental Figure S11. Effects of BFA and wortmannin, endomem-
brane trafficking inhibitors, on the localization of SCYL2B in tobacco
leaf epidermal cells.

Supplemental Figure S12. Comparison of the localization patterns of
SCYL2B expressed by various promoters in tobacco leaf epidermal cells.

Supplemental Figure S13. FM4-64 uptake assay in Col-0 and scyl2a-3
scyl2b-3 double mutants.

Supplemental Figure S14. SCYL2 proteins function in the development of
root columella cells in Arabidopsis.

Supplemental Table S1. Percentages of YFP:SCYL2B-positive spots over-
lapped with organelle marker proteins.
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