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Endocytosis performs a wide range of functions in animals and
plants. Clathrin-coated vesicle (CCV) formation is an initial step of
endocytosis, and in animal cells is largely achieved by dynamins.
However, little is known of its molecular mechanisms in plant cells.
To identify dynamin-related proteins (DRPs) involved in endocytic
CCV formation in plant cells, we compared the behaviors of two
structurally different Arabidopsis DRPs, DRP2B and DRP1A, with
those of the clathrin light chain (CLC), a marker of CCVs, at the
plasma membrane by variable incidence angle fluorescent micro-
scopy (VIAFM). DRP2B shares domain organization with animal
dynamins whereas DRP1A is plant-specific. We show that green
fluorescent protein (GFP)-tagged DRP2B and DRP1A colocalized
with CLC tagged with monomeric Kusabira Orange (mKO) in
Arabidopsis cultured cells. Time-lapse VIAFM observations sug-
gested that both GFP-DRP2B and GFP-DRP1A appeared and accu-
mulated on the existing mKO-CLC foci and disappeared at the same
time as or immediately after the disappearance of mKO-CLC. More-
over, DRP2B and DRP1A colocalized and assembled/disassembled
together at the plasma membrane in Arabidopsis cells. A yeast two-
hybrid assay showed that DRP2B and DRP1A interacted with each
other. An inhibitor of clathrin-mediated endocytosis, tyrphostin
A23, disturbed the localization of DRP1A, but had little effect on
the localization of DRP2B, indicating that DRP1A and DRP2B have
different molecular properties. These results suggest that DRP2B
and DRP1A participate together in endocytic CCV formation in Ara-
bidopsis cells despite the difference of their molecular properties.

Endocytosis is a fundamental process in eukaryotic cells for
engulfing external materials and for regulating the abun-
dance and distribution of plasma membrane proteins and lipids
(1). Endocytosis requires the participation of diverse molecular
machineries. Compared with molecular mechanisms of endocy-
tosis in animal and yeast cells, those in plant cells are poorly
understood (2). Although plant genomes have many genes that
are similar to endocytosis-related genes in animals and yeasts,
few of the plant genes have been examined.

Clathrin is a major coat protein involved in endocytic vesicle
formation. The clathrin coat is made up of a three-legged
structure, called the triskelion, in which each leg consists of a
clathrin heavy chain (CHC) and a clathrin light chain (CLC) (3).
Triskelia are assembled at the vesicle formation sites on the
plasma membrane and form a lattice surrounding the invagi-
nating membrane. In animal and yeast cells during the formation
of a vesicle from the plasma membrane, the behavior of clathrin
is thought to correspond to that of CLC, as shown by total
internal reflection fluorescence microscopy (TIRFM) of fluo-
rescently labeled clathrin light chain (CLC) (4, 5). TIRFM is an
optical technique for observing the fluorescence in a thin (~400
nm) layer near the cover glass.
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The Arabidopsis genome has a gene encoding CHC and three
genes encoding CLC. Clathrin-dependent endocytosis was
recently shown to be a predominant internalization pathway in
plant cells (6). The localization and behavior of Arabidopsis CLC
at the plasma membrane have been observed by a TIRFM-like
technique, called variable angle epifluorescence microscopy (7—
9) or variable incidence angle fluorescence microscopy (VIAFM)
(10). This TIRFM-like technique, by using oblique incident light
at the appropriate angle, makes it possible to observe fluo-
rescence just beneath the plasma membrane in plant cells sur-
rounded by the cell wall. The illumination depths in Arabidopsis
root epidermal cells and in tobacco cultured cells were estimated
to be 700 nm (8) and 550 nm (10), respectively.

Dynamin and dynamin-related proteins (DRPs) are large
GTPases that tubulate or pinch off membranes (11). Numerous
studies have revealed that these proteins are involved in diverse
cellular membrane-remodeling events including vesicular trans-
port, fissions of organelles, and cytokinesis (12). Dynamin is
required for clathrin-mediated trafficking, including endocytosis
in animals (13). During clathrin-coated vesicle (CCV) formation
in endocytosis, dynamin assembles into helical structures at the
neck of clathrin-coated buds (14) and constricts and pinches off
the bud neck membrane (15). The dynamin helix undergoes a
conformational change upon its hydrolysis of GTP (15). In
TIRFM, the fluorescent fusions of dynamin accumulate at the
clathrin assembly sites (4, 16). The Arabidopsis genome has 16
DRPs grouped into 6 subfamilies (DRP1-DRP6) on the basis of
their amino acid sequence and predicted domains (17). The
DRP1 and DRP2 subfamilies are predicted to have roles in CCV
formation during endocytosis (18).

Dynamin family proteins contain three distinctive domains: an
N-terminal GTPase domain that binds and hydrolyses GTP, a
middle domain that is involved in oligomerization, and a
GTPase-effector domain that regulates GTPase activity (11, 12).
Dynamin contains two additional domains, a pleckstrin homol-
ogy domain (PH) and a proline-rich domain (PRD), which are
important for lipid binding (19) and movement to vesicle for-
mation sites (20) (Fig. 1). Among Arabidopsis DRPs, only the
DRP2 subfamily members contain both PH and PRD and have
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Fig. 1. Domain structures of Arabidopsis DRPs analyzed in our study and
animal dynamin. Each domain of DRP1A, DRP2B, DRP3A, and animal dyna-
min is identified and depicted by using the pfam program (http:/pfam.
sanger.ac.uk/).

structural features similar to those of dynamin (17) (Fig. 1). The
DRP1 subfamily members lack PH and PRD (17) (Fig. 1).

The DRP1 subfamily consists of five members (DRP1A-
DRPIE) (17) and have roles in cell expansion and cytokinesis
(21, 22). DRP1A, DRP1C, and DRPIE accumulate in the cell
plate during cytokinesis and localize to the cytoplasmic surface of
the plasma membrane (21, 23). A null mutation of DRP1A
reduced the internalization of FM4-64 (a styryl dye for endo-
membrane) from the plasma membrane, which indicates that
DRP1A is related to endocytosis (24). GFP-tagged DRP1A and
DRPI1C form dot-like foci that overlap the foci of orange fluo-
rescently labeled CLC at the plasma membrane in Arabidopsis
root epidermal cells (7, 9).

The DRP2 subfamily has two members, DRP2A and DRP2B
(17). DRP2A, which is involved in frans-Golgi network traffick-
ing (25), was fractionated with CCV and interacted with the
clathrin adaptor y-adaptin (26). Proteomic analysis of the plasma
membrane suggested that DRP2B is associated with the plasma
membrane (27). GFP-tagged DRP2B was observed as 200- to
500-nm diameter dot-like foci in the plasma membrane, similar
to DRP1A foci in tobacco cultured cells (10). Moreover, during
cytokinesis, DRP2B is colocalized with DRP1A on the leading
edge of the forming cell plate.

However, it is not known whether DRP2 subfamily proteins are
related to CCV formation in endocytosis. If they are, do DRP2
subfamily proteins function in CCV formation together with
DRP1 subfamily proteins? To understand the molecular mecha-
nism of endocytic CCV formation in plant cells, we compared the
localizations and temporal behaviors of DRP2B and DRP1A with
those of CLC at the plasma membrane by VIAFM. We also
compared the localizations and temporal behaviors of DRP2B
with those of DRP1A at the plasma membrane and investigated
whether DRP2B interacts with DRP1A.

Results

DRP2B Accumulates to Clathrin Assembly Sites at the Plasma
Membrane. To examine whether DRP2B colocalizes with cla-
thrin at the plasma membrane, we compared the fluorescent
signals of DRP2B and CLC by variable incidence angle fluo-
rescent microscopy (VIAFM). In VIAFM images of Arabidopsis
cultured cells expressing GFP-DRP2B and mKO-CLC under the
control of Cauliflower mosaic virus 35S promoter (CaMV35S),
the fluorescent signals of these proteins were observed as dis-
crete foci with diameters of 200-500 nm (Fig. 24, Left and
Center). Although foci of almost pure GFP and almost pure
mKO were sometimes observed (Fig. 24, Right, blue arrow and
white arrowhead), most of the GFP-DRP2B fluorescent foci
were colocalized with mKO-CLC foci (Fig. 24, Right). In ten
100-pm?* VIAFM images containing a total of 1385 fluorescent
foci (GFP and mKO overlapping foci, GFP-only foci, and mKO-
only foci), 84.1 + 4.6% (mean + SD) of the foci were GFP-
DRP2B and mKO-CLC overlapping foci (Fig. 2D). Like the
DRP2B foci, most of the GFP-DRP1A foci also colocalized with
mKO-CLC foci (Fig. 2B, Right). As for DRP1A, in ten 100-pm?
VIAFM images containing a total of 1261 fluorescent foci, 77.3 +
5.7% (mean = SD) of the foci were GFP-DRP1A and mKO-
CLC overlapping foci (Fig. 2E). These results suggest that
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Fig. 2. Localizations of DRP2B, DRP1A, and DRP3A with CLC at the plasma
membrane. (A-C) VIAFM images of Arabidopsis cultured cells expressing
GFP-tagged DRP2B (A), DRP1A (B), DRP3A (C), and mKO-tagged CLC. Left,
Center, and Right in A-C represent GFP, mKO, and merged images, respec-
tively. Blue arrows and white arrowheads in the merged images of A and B
indicate GFP- and mKO-only foci, respectively. (Scale bars: 5 pm.) (D and E)
Bar graphs representing the percentage of GFP and mKO overlapped foci
(yellow bar), pure GFP foci (green bar), and pure mKO foci (red bar) in
VIAFM images of Arabidopsis cultured cells expressing GFP-DRP2B and mKO-
CLC (D) and GFP-DRP1A and mKO-CLC (E).

DRP2B, like DRP1A, is almost entirely colocalized with clathrin
at the plasma membrane.

To check whether Arabidopsis DRPs generally colocalize with
clathrin at the plasma membrane, we compared the fluorescent
signals of CLC and DRP3A, which is involved in the fission of
mitochondria and peroxisomes (28, 29) and which differs from
DRP2B and DRPIA in its domain structure (Fig. 1). In VIAFM
images of Arabidopsis cultured cells, GFP-tagged DRP3A also
formed discrete foci like those of GFP-DRP2B and GFP-
DRPI1A (Fig. 2C, Left). However, GFP-DRP3A foci were much
fewer in number than those of mKO-CLC and were not colo-
calized with mKO-CLC foci (Fig. 2C, Right). These results
strengthen the possibility that the colocalization with clathrin is
not a common feature of Arabidopsis DRPs, but a specific fea-
ture of the DRP1 and DRP2 subfamilies.

Temporal Behavior of DRP2B Is Similar to That of DRP1A on Clathrin
Assembly Sites. We compared the temporal behaviors of GFP-
DRP2B and GFP-DRP1A foci to the temporal behavior of
mKO-CLC foci. Fig. 3 4 and B shows the VIAFM images of
Arabidopsis cultured cells expressing GFP-DRP2B or GFP-
DRP1A and mKO-CLC at the beginning (f = 0 s) of each time-
lapse observation covering 120 s with 3-s intervals, respectively.
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Fig. 3. Behaviors of DRP2B and DRP1A at CLC assembly sites at the plasma membrane. (A and B) VIAFM images of Arabidopsis cultured cells expressing mKO-
CLC (in red) and GFP-DRP2B (A) or GFP-DRP1A (B) (in green) at the beginning of time-lapse observation covering 120 s. Blue arrows and white arrowheads in A
and B indicate GFP- and mKO-only foci, respectively. (Scale bars: 5 pm.) (C and D) Ten frames of the region surrounded by white lines in A and B are from
Movies S1 and S2. Top, Middle, and Bottom in each column represent mKO, GFP, and merged images, respectively. (E and F) Kymographs representing the
fluorescence on the blue dotted lines of C and D. Top, Middle, and Bottom represent mKO, GFP, and merged images, respectively. Arrowheads and arrows in
white and blue indicate the appearance and disappearance timing of mKO and GFP signals, respectively. (G and H) Time-intensity profiles of mKO-CLC
fluorescence (red lines) and GFP-DRP2B (G) or GFP-DRP1A (H) fluorescence (green lines) within the areas surrounded by white lines in A and B. (/ and J) Pie
charts showing the percentage of the foci in which GFP-DRP2B (/) and GFP-DRP1A (J) appeared at the same time as (yellow) or after (red) mKO-CLC for 120 s.
(K and L) Pie charts showing the percentage of the foci in which the fluorescence of GFP-DRP2B (K) and GFP-DRP1A (L) disappeared before (red), at the same
time as (yellow), or after (green) mKO-CLC for 120 s.

Additional examples of appearing and disappearing behavior are To determine what percentage of DRP2B and DRP1A foci
shown in Movies S1 and S2. Fig. 3 C and D, respectively, show  appear or disappear later than CLC foci at the same position, we
time-lapse images of the areas outlined by white lines in Fig. 34 analyzed the appearing and disappearing behaviors of DRP2B
and B. In these images, interestingly, foci with only mKO-CLC  foci (Movie S1) and DRP1A foci (Movie S2) on each CLC focus.
fluorescence appeared in the center of the areas (Fig. 3 Cand D:  In most of the appearing foci, GFP-DRP2B and GFP-DRP1A
¢ = 18 and 6 s, respectively). Subsequently, GFP-DRP2B and  fiyorescence appeared several frames later than mKO-CLC flu-
GEP‘DRPlA fluorescence also appeared on the mKO-CLC foci  grescence (Fig. 3 I and J). On the other hand, in most of the
(Fig. 3 C and D: ¢ = 24 and 18 s, respectively). At = 114 and disappearing foci, GFP-DRP2B and GFP-DRP1A fluorescence
102 s, respectively, in Fig. 3 C and D, mKO-CLC fluorescence disappeared at the same frame as or a few frames later than the
disappeared and almost pure GFP-DRP2B and GFP-DRPIA 1,k (5 CLC fluorescence (Fig. 3 K and L). These results suggest

foci remained. As time passed, the GFP-DRP2B and GFP- .y 11 DRPOB and DRPIA begin to accumulate at the vesicle
DRPI1A fluorescence also disappeared in these areas (Fig. 3 C . . .
formation sites of the plasma membrane after the clathrin

and D: ¢t = 120 and 108 s, respectively). . .
Fig. 3 E and F show kymogrlziphs re;)resenting the time-course  assembly and detach from there at the same time as or imme-
diately after the clathrin disassembly.

transition of mKO and GFP fluorescence intensities on the blue
dotted line of the images at 0 s in Fig. 3 C and D. In these
kymographs, GFP-DRP2B and GFP-DRP1A fluorescence (Fig.
3 E and F: blue arrowheads and arrows, respectively) appeared S
and disappeared later than mKO-CLC fluorescence (Fig. 3 E at the plasma membrane, we cgmpareq the !ocahzatlons of GFP-
and F: white arrowheads and arrows). DRP2B and mKO-DRP1A in Arabidopsis cultured cells. In
A comparison of the profiles of mKO-CLC with those of GFP- ~ YIAFM images, almost all of the GFP and mKO signals also
DRP2B and GFP-DRPIA (Fig. 3 G and H: red and green lines, fqrmed discrete fqm (Fig. ftA, Left. and Center) and colocalized
respectively) shows that the mKO-CLC fluorescence appearedand ~ With each other (Fig. 44, Righr). This result suggests that DRP2B
disappeared earlier than the GFP-DRP2B and GFP-DRPI1A flu- ~ colocalizes with DRP1A at the plasma membrane.
orescence (Fig. 3 G and H: white arrowheads and blue arrows, The VIA_FM. images showed only small numbers of GFP-
respectively). These results suggest that some almost pure mKO or ~ DRP3A foci (Fig. 2C). To check whether DRP2B and DRP1A
almost pure GFP foci observed in single-time point VIAFM images ~ also colocalize with DRP3A, we compared the localization of
(Fig. 2 A and B and Fig. 3 4 and B: white arrowheads and blue ~ GFP-DRP2B or GFP-DRP1A with that of mKO-DRP3A. In the
arrows, respectively) were generated during the time between the ~ VIAFM images, the signals of GFP and mKO did not overlap
appearance and disappearance of the overlapping CLC/DRP foci. ~ with each other (Fig. S1).

DRP2B and DRP1A Colocalize at the Plasma Membrane. To inves-
tigate whether DRP2B colocalizes with DRP1A in the same foci
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To confirm that DRP2B and DRP1A colocalize in Arabidopsis
plants, we compared the localizations of GFP fused to the C
terminus of DRP2B (DRP2B-GFP) and of tagRFP fused to the
C terminus of DRP1A (DRP1A-tagRFP) in Arabidopsis root
epidermal cells. These two fluorescent fusions were expressed
under the control of ~1.5-kb genomic sequences immediately
upstream of DRP2B and DRPIA, respectively. In the VIAFM
images of Arabidopsis root epidermal cells, the fluorescent sig-
nals of DRP2B-GFP and DRP1A-tagRFP were also observed as
foci, and almost all of these foci overlapped with each other (Fig.
S2). In five 100-um* VIAFM images containing a total of 694
fluorescent foci (GFP and tagRFP overlapping foci, GFP-only
foci, and tagRFP-only foci), 95.3 + 0.9% (mean + SD) of the foci
were DRP2B-GFP and DRP1A-tagRFP overlapping foci (Fig.
4B). These results indicate that DRP2B and DRP1A are
expressed together and colocalize with each other at the plasma
membrane in the cells (at least in the root epidermal cells) of
Arabidopsis plants.

DRP2B and DRP1A Assemble and Disassemble Together at the Plasma
Membrane. To investigate whether DRP2B assembles and dis-
assembles together with DRP1A, we compared the appearing
and disappearing behaviors of DRP2B-GFP with those of
DRP1A-tagRFP at the plasma membrane. Fig. 54 shows the
VIAFM image of Arabidopsis root epidermal cells expressing
DRP2B-GFP and DRP1A-tagRFP at the beginning (¢t = 0 s) of
each time-lapse observation covering 5 s with 200-ms intervals,
respectively. Additional examples of appearing and disappearing
behavior are shown in Movie S3. Fig. 5 B and C show time-lapse
images of the areas surrounded by the white and blue lines in
Fig. 54. In Fig. 5B, DRP2B-GFP and DRP1A-tagRFP foci
(shown in green and red, respectively) seemed to appear at the
same time (Fig. 5B, t = 3.8 s). As time passed, these GFP and
tagRFP signals increased gradually. On the other hand, in Fig.
5C, GFP and tagRFP signals within the area surrounded by the
blue lines gradually decreased, and these fluorescent foci seemed
to disappear at the same time (Fig. 5C, t = 1.8 s).

Fig. 5 D and E show the profiles of DRP2B-GFP (green lines)
and DRP1A-tagRFP (red lines) fluorescence within the encir-
cled areas in Fig. 5 B and C. The fluorescence intensities at each
time point were calculated by subtracting the background fluo-
rescence (the fluorescence within the area surrounded by the
white dotted line in Fig. 54) from that within the areas sur-
rounded by the white and blue lines in each frame of Movie S3.
In Fig. 5 D and E, the DRP2B-GFP and DRP1A-tagRFP profiles
roughly coincided during the increasing and decreasing of
DRP2B-GFP and DRP1A-tagRFP fluorescence. These results
suggest that DRP2B and DRP1A assemble and disassemble
together at the plasma membrane.

DRP2B and DRP1A Interact. To examine whether DRP2B interacts
with DRP1A, we conducted yeast two-hybrid assays. In this
experiment, we examined the interactions among DRPIA,
DRP2B, and DRP3A. Our previous report using yeast two-
hybrid assays showed that (1) DRP1A interacts with itself, (2)
DRP3A interacts with itself, and (3) DRP1A and DRP3A do not
interact (30). Fig. 6 4 and B show the growth of the yeast strain
AH109 on a plate with synthetic defined medium lacking leucine
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Fig. 4. Colocalization of DRP2B and DRP1A at the plasma
membrane. (A) VIAFM images of Arabidopsis cultured cells
expressing GFP-DRP2B (in green) and mKO-DRP1A (in red).
(Scale bar: 5 pm.) (B) Bar graphs representing the per-
centage of GFP and tagRFP overlapped foci (yellow bar),
pure GFP foci (green bar), and pure tagRFP foci (red bar) in
VIAFM images of Arabidopsis root epidermal cells ex-
pressing DRP2B-GFP and DRP1A-tagRFP under the control
of their own promoters.

.
GFP  tagRFP
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and tryptophan (SD/-Leu/~Trp) for checking the trans-
formation of both bait and prey constructs and on a plate with
synthetic defined medium lacking leucine, tryptophan, and his-
tidine (SD/—Leu/—Trp/—His) for analyzing the interactions
between each combination of bait and prey. As shown in Fig. 6B,
DRP1A-DRPI1A interactions and DRP3A-DRP3A interactions
were detected, whereas interactions between DRP1A and
DRP3A were not detected, in agreement with our previous
report. Interestingly, DRP2B did not interact with itself, but it
interacted with DRP1A in both reciprocal combinations with
bait and prey. These results indicate that DRP2B and DRP1A
interact with each other.

Tyrphostin A23 Has a Stronger Effect on DRP1A than on DRP2B.
Tyrphostin A23 (tyrA23), an inhibitor of clathrin-mediated
endocytosis in plant cells (6, 31), was found to disturb the
dynamics and to increase the size of fluorescently tagged DRP1C
foci at the plasma membrane in Arabidopsis root epidermal cells
(9). To investigate whether tyrA23 has similar effects on DRP1A
and DRP2B, we examined its effects on the localization of
DRP1A-tagRFP and DRP2B-GFP in the same cell type. Thirty
minutes of exposure to 50 pM tyrA23 caused DRP1A-tagRFP
foci to increase in size and fluorescence intensity but decrease in
number (Fig. 7B), whereas it had no such effects on the majority
of DRP2B-GFP foci. However, we observed some overlapping
immobile DRP1A-tagRFP and DRP2B-GFP foci of about 1 pm
in diameter (Fig. 7B, Right, arrowhead). These effects were not
observed in nontreated cells (0.1% DMSO, Fig. 74) or in cells
treated with a noneffective analog of tyrA23, tyrphostin A51
(tyrA51) (Fig. 7C). These results suggest that tyrA23 treatment
strongly disturbs the localization of DRP1A at the plasma
membrane but has little effect on DRP2B, which implies that the
molecular properties of DRP1A and DRP2B are different.

Discussion

Two Structurally Distinct Arabidopsis DRPs Accumulate on Clathrin
Assembly Sites. In our VIAFM images, fluorescent fusions of
both DRP2B and DRP1A accumulated at the assembly sites of
CLC with quite similar behaviors. This indicates that these two
DRPs are related to endocytic CCV formation in Arabidopsis.
Moreover, despite their differences in molecular structure and
response to tyrA23, DRP2B and DRP1A colocalized at the
plasma membrane and interacted with each other in the yeast
two-hybrid assay, suggesting that they form a molecular complex
on the CCV formation site. These results suggest that a DRP2
(DRP2B) and a DRP1 (DRP1A) work together to form endo-
cytic CCVs but with distinct molecular properties in Arabidopsis
cells. To our knowledge, this is previously undescribed evidence
that two structurally distinct DRPs participate together in the
same vesicle formation in any eukaryotic organism.

The different responses of DRP1A and DRP2B to tyrA23
provide evidence that these two DRPs have different molecular
properties, possibly as a result of their different domain struc-
tures. The domain structures of animal dynamin are similar to
those of DRP2s and distinct from those of DRP1s (17). This
suggests that DRP2s, like animal dynamins, function alone at the
plasma membrane. However, the GTPase domain of animal
dynamin is much more similar to the GTPase domains of DRP1s
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Fig. 5. Behaviors of DRP2B-GFP and DRP1A-tagRFP foci at the plasma mem-
brane in an Arabidopsis root epidermal cell. (A) VIAFM image of a root epi-
dermal cell expressing DRP2B-GFP (in green) and DRP1A-tagRFP (in red). (Scale
bar: 5 um.) (B and C) Six frames representing the area surrounded by the white
(B) and blue (C) lines in A from Movie S3. (D and E) Time-intensity profiles of
DRP2B-GFP fluorescence (green lines) and DRP1A-tagRFP fluorescence (red
lines) within the areas surrounded by the white and blue lines in A.

(e.g., 66% identity to DRP1A) than to those of DRP2s (e.g.,
27% identity to DRP2B). This raises the possibility that DRP2s
and DRP1s each fulfill part of the function of animal dynamin.
Moreover, a small number of the DRP1A and DRP2B foci were
not colocalized (Fig S2, arrowhead and arrow), which raises an
additional possibility that DRP1s and DRP2s also have functions
on which they work alone.

In CCV formation, plant cells are thought to differ from
animal cells not only in the numbers and types of dynamin family
proteins that participate, but also in the binding partners of these

6098 | www.pnas.org/cgi/doi/10.1073/pnas.0913562107
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Fig. 6. Interactions among DRP1A, DRP2B, and DRP3A. (A and B) Yeast two-
hybrid experiments. Yeast strain AH109 was transformed with the paired
constructs for a fusion protein with the GAL4 activation domain (Left Col-
umn) and a fusion protein with the GAL4 DNA-binding domain (Top Row).
(A) Transformants were streaked onto a SD/-Leu/-Trp plate (checking the
introduction of two plasmids into the cells). (B) SD/-Leu/-Trp/—His plate
(checking the interaction between two fusion proteins).

proteins. One of the binding partners of animal dynamin is
amphiphysin, which contains two distinctive domains, a Bin-
Amphiphysin-Rvs (BAR) domain, which has membrane curva-
ture-sensing properties, and a Src-homology 3 (SH3) domain,
which binds the proline-rich domain (PRD) of dynamin (32).
However, no apparent amphiphysin ortholog with both BAR and
SH3 domains has been found in the Arabidopsis genome (33).

Temporal Behaviors of DRP2B and DRP1A During CCV Formation.
According to a recent review in yeast and animal cells (34), CCV
formation can be divided into three distinct stages: (1) the
assembly stage, in which a clathrin lattice assembles on the
membrane; (2) the maturation stage, in which the clathrin coat
and underlying membrane acquire curvature; and (3) the
departure stage, in which the neck membrane of the clathrin-
coated pit (CCP) is pinched off and the clathrin coat detaches
from the membrane. In a TIRFM study using animal cells (35),
the signal intensity of fluorescent fusions of CLC rose quickly in
the first assembly stage, increased moderately or reached a pla-
teau in the maturation stage, and fell suddenly in the departure
stage. Assuming that these three stages also occur in Arabidopsis
cells, in which stages do DRP2B and DRP1A assemble and
disassemble? In frames from our VIAFM movies (Fig. 3 G and
H), GFP-DRP2B and GFP-DRPIA fluorescence quickly in-
creased at the beginning of the plateau phase of mKO-CLC flu-
orescence. On the other hand, GFP-DRP2B and GFP-DRP1A
fluorescence quickly decreased at the same time as or immedi-
ately after the mKO-CLC fluorescence quickly decreased. These
results suggest that DRP2B and DRP1A assemble together at the

Merge

A DRP2B-GFP DRP1A-tagRFP

o -

+tyrA51

B

Fig. 7. Effects of tyrA23 on the localization of DRP2B-GFP and DRP1A-
tagRFP foci at the plasma membrane. (A-C) VIAFM images of Arabidopsis
root epidermal cells expressing DRP2B-GFP (in green) and DRP1A-tagRFP (in
red) after a 30-min treatment with 0.1% DMSO (A), tyrA23 (B), and tyrA51
(C). Left, Center, and Right in A-C represent GFP, tagRFP, and merged
images. An arrowhead in the merged image of B indicates an enlarged
focus. (Scale bars: 3 pm.)
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Fig. 8. Schematic of the proposed roles of DRP2B, DRP1A, and clathrin in
endocytic vesicle formation in Arabidopsis. These schematics represent the
putative process of endocytic vesicle formation in Arabidopsis. The light-blue
background represents the cytosol. Black and red lines represent the plasma
membrane and the clathrin coat, respectively. Orange and dark-blue dots
represent DRP1 and DRP2 proteins, respectively. The behaviors of DRP2,
DRP1, and clathrin are depicted on the basis of the results from our time-
lapse VIAFM analysis.

beginning of the maturation stage of the CCP (Fig. 8, Center and
Center Right) and disassemble together at the departure stage of
the CCP (Fig. 8, Right). These temporal behaviors of DRP2B and
DRPI1A raise the possibility that a complex of DRP2B and
DRP1A regulates not only the fission of the neck of the CCP but
also the maturation of the CCP in endocytosis.

Materials and Methods

VIAFM Observations. Transformed Arabidopsis cultured cells and plants (A.
thaliana ecotype Columbia-0) were observed with a fluorescence microscope
(Nikon Eclipse TE2000-E and a CFl Apo TIRF 100 x H/1.49 numerical aperture
objective) with a Nikon TIRF2 system (Nikon). The methods for growing and
transforming Arabidopsis cultured cells and plants, for constructing Ti plas-
mids used in the transformation, and for drug treatment of Arabidopsis
plants are described in S/ Materials and Methods. Oligonucleotide primers
used for Ti plasmid construction are shown in Table S1. Fifty microliters of
culture medium and 7-day-old Arabidopsis seedlings were placed on a slide
glass (76 x 26 mm; Matsunami) and covered with a 0.12-0.17-mm-thick cover
glass (24 x 60 mm; Matsunami). GFP and mKO were excited, with 488 and
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561 nm lasers, respectively, both simultaneously (Figs. 2, 4, 5, and 7, Figs. S1
and S2, and Movie S3) and sequentially (Fig. 3 and Movies S1 and S2). The
fluorescence emission spectra were separated with a 565LP dichroic mirror
and filtered through either a 515/30 (GFP) or 580LP (mKO and tagRFP) filter
in a Dual View filter system (Photometrics). Images in Figs. 2, 4, and 5 and
Figs. S1 and S2 were acquired with a Cool SNAP HQ2 CCD camera (Roper
Scientific). The images in Fig. 7 were acquired with an iXonEM EMCCD
camera (Andor Technology). These CCD cameras were controlled by NIS-
Elements (Nikon). Each frame was exposed for 200 ms. In Movies S1 and S2,
the frames were taken at 3-s intervals. In Movie S3, the frames were taken at
200-ms intervals. The acquired images were prepared and analyzed with
Photoshop 7.0 (Adobe Systems), Image pro plus 4.0 (Media Cybernetics), and
Image J (National Institutes of Health).

Yeast Two-Hybrid Assay. Paired plasmids of pAD-GAL4-GWRFC and pBD-GAL4
GWRFC harboring DRP1A, DRP2B, and DRP3A were transformed into Sac-
charomyces cerevisiae strain AH109. The methods for constructing these
plasmids are described in S/ Materials and Methods. Oligonucleotide primers
used for plasmid construction are shown in Table S1. AH109 was deficient in
producing Leu, Trp, His, and uracil. The AH109 transformants were selected
on SD/-Leu/-Thr plates (synthetic defined plates deficient in both Leu and
Trp). The interactions were examined independently after 2 days of growth
on SD/-Leu/-Trp/—His.
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