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The Arabidopsis Dynamin-Like Proteins ADL1C and ADL1E Play
a Critical Role in Mitochondrial Morphogenesis
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Dynamin-related proteins are high molecular weight GTP binding proteins and have been implicated in various biological
processes. Here, we report the functional characterization of two dynamin homologs in Arabidopsis, Arabidopsis dynamin-
like 1C (ADL1C) and Arabidopsis dynamin-like 1E (ADL1E). ADL1C and ADL1E show a high degree of amino acid sequence
similarity with members of the dynamin family. However, both proteins lack the C-terminal Pro-rich domain and the pleck-
strin homology domain. Expression of the dominant-negative mutant ADL1C[K48E] in protoplasts obtained from leaf cells
caused abnormal mitochondrial elongation. Also, a T-DNA insertion mutation at the ADL71E gene caused abnormal mito-
chondrial elongation that was rescued by the transient expression of ADL1C and ADL1E in protoplasts. In immunohis-
tochemistry and in vivo targeting experiments in Arabidopsis protoplasts, ADL1C and ADL1E appeared as numerous speck-
les and the two proteins colocalized. These speckles were partially colocalized with F1-ATPase-+v:RFP, a mitochondrial
marker, and ADL2b localized at the tip of mitochondria. These results suggest that ADL1C and ADL1E may play a critical

role in mitochondrial fission in plant cells.

INTRODUCTION

Dynamin is a high molecular weight GTP binding protein that is
known to be involved in endocytosis in rat brain (Obar et al.,
1990). Since the discovery of dynamin (now called dynamin I) in
rat brain cells, numerous isoforms and homologs have been
isolated in a variety of eukaryotic organisms from yeast to hu-
man (Obar et al., 1990; Rothman et al., 1990; Cook et al., 1994;
Dombrowski and Raikhel, 1995; Gammie et al., 1995; Gu and
Verma, 1996; Kang et al., 1998; Yoon et al., 1998). A character-
istic feature of the dynamin family is the conserved N-terminal
GTPase domain. However, the rest of the polypeptide se-
quence is less well conserved. Although dynamin and its re-
lated proteins belong to a family of high molecular weight GTP-
ases, these proteins are known to be involved in very diverse
biological processes (Rothman et al., 1990; Jones and Fangman,
1992; Guan et al., 1993; Herskovits et al., 1993; Wilsbach
and Payne, 1993; Damke et al., 1994; Gammie et al., 1995;
Vallee and Okamoto, 1995; Gu and Verma, 1996; Park et al.,
1997).

One group of proteins, which includes dynamin |, ADL6, and
Vpsip, has been shown to act at various steps of intracellular
trafficking, such as endocytosis (Vallee and Okamoto, 1995)
and vacuolar trafficking (Rothman et al., 1990; Jin et al., 2001).
Another group of proteins, which includes DLP1/Drp1, Dnm1p,
Mgm1p, and ADL2b, has been shown to be involved in the reg-
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ulation of mitochondrial morphology (Guan et al., 1993; Otsuga
et al., 1998; Pitts et al., 1999; Shepard and Yaffe, 1999;
Smirnova et al., 2001, Arimura and Tsutsumi, 2002). Mutation
of these proteins or expression of dominant-negative mutants
results in the elongation or fusion of mitochondria, indicating
that these proteins are involved in mitochondrial fission. In ad-
dition, ADL2 has been shown to be targeted to the chloroplast
and is thought to be involved in biological processes specific to
the plastid (Kang et al., 1998; Kim et al., 2001b). Finally, pro-
teins such as phragmoplastin and ADL1A are thought to play
important roles in the formation of the cell division plate in plant
cells (Gu and Verma, 1996; Kang et al., 2001, 2003).

Of the dynamin-like proteins, most studies have been done
with dynamin | (Gout et al., 1993; Herskovits et al., 1993;
Damke et al., 1994; Salim et al., 1994; Hinshaw and Schmid,
1995; Shupliakov et al., 1997; Sever et al., 2000), and the de-
tailed mechanism of action for dynamin | is now well under-
stood at the molecular level. Recently, other members of the
dynamin family also have been studied at the molecular level
(Vater et al., 1992; Fukushima et al., 2001; Kim et al., 2001b;
Yoon et al., 2001). These studies indicate that dynamin | and
related proteins are composed of multiple functional domains.
Numerous studies have addressed the biological function of
these domains. The Pro-rich domain has been shown to inter-
act with the SH3 domain of many proteins and is thought to
play a critical role in transmitting the regulatory signals medi-
ated by the SH3 domain-containing proteins (Gout et al., 1993;
Okamoto et al., 1997; Shupliakov et al., 1997). The pleckstrin
homology (PH) domain has been shown to bind to phospholip-
ids and is thought to be responsible for the membrane associa-
tion of the molecule (Ferguson et al., 1994; Salim et al., 1994;
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Timm et al., 1994; Shaw, 1996). The assembly domain is lo-
cated between the PH domain and the Pro-rich domain and is
involved in intramolecular and intermolecular interactions be-
tween dynamin molecules, which result in self-assembly of
these proteins into a high molecular weight homopolymeric
form (Muhlberg et al., 1997; Okamoto et al., 1999; Smirnova et
al., 1999; Sever et al., 2000). In addition, the assembly domain
is proposed to regulate the N-terminal GTPase activity and
thereby to function as a GTPase effector domain. Although the
PH domain and the Pro-rich domain appear to be absent from
ADL1 and ADL2 of plant cells (Dombrowski and Raikhel, 1995;
Kang et al., 1998), DLP1/Drp1 of animal cells (Yoon et al.,
1998), and yeast Dnm1p (Gammie et al., 1995), these proteins
still bind to membranes (Park et al., 1997; Yoon et al., 1998;
Kim et al., 2001b). For example, ADL2 has been shown to bind
to phosphatidylinositol 4-phosphate (Kim et al., 2001b). Thus,
some of these proteins may have a domain for membrane as-
sociation other than the PH domain.

Here, we describe two new isoforms of Arabidopsis dy-
namin-like proteins, ADL1C and ADL1E. We present evidence
that ADL1C and ADL1E partially localize to mitochondria and
are involved in morphogenesis of the mitochondria.

RESULTS

ADL1C and ADL1E Are Present as Punctate Stains

The Arabidopsis genome encodes a large number of dynamin-
like proteins (Kang et al., 1998, 2001). Among them, we se-
lected two closely related isoforms, ADL1C and ADL1E, and
investigated their localization by immunohistochemistry. Be-
cause many isoforms of ADL are present in the Arabidopsis
genome, we generated transgenic Arabidopsis plants express-
ing T7-tagged ADL1E, which can be detected specifically using
a monoclonal anti-T7 antibody. The T7:ADL1E construct was
introduced into a binary vector and transferred subsequently
into plant cells by Agrobacterium tumefaciens—mediated trans-
formation (Clough and Bent, 1998). Transgenic plants were se-
lected on kanamycin plates. To confirm the expression of
T7:ADL1E, protein extracts were prepared from the transgenic
plants and analyzed by protein gel blot analysis using a mono-
clonal anti-T7 antibody. As shown Figure 1A, the transgenic
plant expressed an immunoreactive protein species that mi-
grated to a position corresponding to a molecular mass of 70
kD. By contrast, in the control extract, this immunoreactive
band was not observed, indicating that the antibody specifi-
cally detects T7:ADL1E. Immunohistochemistry with root cells
of transgenic plants was performed using the monoclonal anti-
T7 antibody. As shown in Figure 1B, the anti-T7 antibody signal
appeared as speckles throughout the cells. By contrast, no im-
munoreactivity was observed in control cells, supporting the
earlier observation that the monoclonal anti-T7 antibody specif-
ically detects T7:ADL1E.

To further define the localization of ADL1E, we performed in
vivo targeting experiments in protoplasts. ADL1C and ADL1E
were tagged with green fluorescent protein (GFP) or red fluo-
rescent protein (RFP) at either the N or C terminus (Davis and
Vierstra, 1998; Heikal et al., 2000). The fusion constructs then
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Figure 1. Immunohistochemical Localization of ADL1E.

(A) Expression of T7:ADL1E in transgenic plants. Total protein (10 pg)
obtained from leaf tissues of nontransgenic wild-type (WT) or transgenic
plants was separated on an SDS-polyacrylamide gel and transferred
onto nylon polyvinylidene difluoride membranes. The blots were probed
with a monoclonal anti-T7 antibody.

(B) Localization of T7:ADL1E. Root protoplasts of nontransgenic wild-
type (a) or transgenic (b) Arabidopsis grown in liquid medium for 1 week
were prepared for immunohistochemistry. Root tip cells were labeled
with the monoclonal anti-T7 antibody, and lissamine rhodamine-labeled
anti-mouse IgG was used as the secondary antibody. Bar = 10 um.

were introduced into Arabidopsis protoplasts using the poly-
ethylene glycol-mediated transformation method (Jin et al.,
2001), and localization of these fusion proteins was examined
by fluorescence microscopy. As shown in Figure 2A, all green
fluorescent signals of GFP-fused ADL1C and ADL1E appeared
as numerous speckles, as was observed with T7:ADL1E. In ad-
dition, ADL1E tagged with GFP at the N terminus also colocal-
ized with RFP-tagged ADL1E at the N terminus (Figures 2Ba to
2Bc). Furthermore, when the GFP:ADL1E and RFP:ADL1C fu-
sion proteins were expressed in Arabidopsis protoplasts, the
punctate green fluorescent signals of GFP:ADL1E exactly over-
lapped the red fluorescent signals of RFP:ADL1C (Figures 2Bd
to 2Bf), indicating that ADL1E and ADL1C are colocalized.
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(A) Patterns of GFP-fused ADL1C and ADL1E. Protoplasts were transformed with the constructs indicated, and the localization of these proteins was
examined 24 to 48 h after transformation. Bars = 20 pm.

(B) Colocalization of ADL1C and ADL1E. Protoplasts were transformed with the constructs indicated, and the localization of these fusion proteins was
examined. Yellow signal indicates overlap between the green and red fluorescent signals. Bars = 20 pm.

(C) Colocalization of T7-tagged ADL1E with GFP-tagged ADL1C or ADL1E. Protoplasts obtained from transgenic plants harboring T7:ADL1E were
transformed with the constructs indicated, and the localization of these proteins was examined by immunohistochemistry. T7:ADL1E was detected
from the fixed protoplasts using anti-T7 antibody, whereas GFP-fused proteins were observed directly by green fluorescence. Bars = 20 pm.

Figure 2. In Vivo Localization of ADL1C and ADL1E.
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Next, we examined the colocalization of ADL1C and ADL1E
tagged with GFP at the C or N terminus with T7-tagged ADL1E.
Protoplasts obtained from transgenic plants harboring T7:ADL1E
were transformed with GFP:ADL1C, ADL1C:GFP, ADL1E:GFP,
or GFP:ADL1E and fixed at 24 h after transformation. As shown
in Figure 2C, green fluorescent signals of all GFP fusion forms
of ADL1C or ADL1E closely overlapped the red signals of
T7:ADL1E at points of punctate staining. These results strongly
suggest that different tags fused to ADL1C or ADL1E at N or C
termini do not affect the localization of these proteins and that
both ADL1C and ADL1E are targeted to the same organelles,
yielding a punctate staining pattern.

Expression of ADL1C[K48E] Causes the Elongation of
Mitochondria in Protoplasts

Dynamin-like proteins play important roles in various biological
processes. One is in intracellular trafficking, as exemplified by
dynamin | in animal cells (Herskovits et al., 1993; Sever et al.,
2000) and ADLS6 in plant cells (Jin et al., 2001). Another well-
characterized role is in the division of mitochondria, as in the
case of DLP1/Drp1 in animals (Pitts et al., 1999; Smirnova et
al., 2001; Yoon et al., 2001) and Dnm1p in yeast (Otsuga et al.,
1998). To investigate the biological role of ADL1C and ADL1E,
we used a dominant-negative mutant (GDP-bound form) of
ADL1C. Mutation of the first GTP binding motif in many GTP
binding proteins, including ADL6 and dynamin |, has been
shown to produce a dominant-negative mutant effect through
competition with the endogenous proteins (Herskovits et al.,
1993; Jin et al., 2001). First, we addressed the possible role in
mitochondria. We generated a dominant-negative mutant,
ADL1C[K48E], and tagged it with the T7 epitope at the N termi-
nus. In this study, we used F1-ATPase-vy tagged with RFP to vi-
sualize mitochondria.

Previously F1-ATPase-vy:GFP was shown to be targeted to
mitochondria (Niwa et al., 1999). We replaced the GFP coding
region from F1-ATPase-y:GFP with the RFP coding region to
generate F1-ATPase-y:RFP and found that the RFP form
closely overlapped the GFP form in protoplasts, confirming that
the RFP form of F1-ATPase-v:RFP is targeted to mitochondria
(data not shown). T7:ADL1C[K48E] was introduced into proto-
plasts together with the reporter protein F1-ATPase-vy:RFP.
As shown in Figure 3Aa, when F1-ATPase-v:RFP alone was ex-
pressed in protoplasts, the red fluorescent signals were present
as punctate stains, as expected. Expression of the wild-type
T7:ADL1C did not change the pattern of red fluorescent signals
(Figure 3Ab). However, when T7:ADL1C[K48E] was introduced
into protoplasts together with F1-ATPase-vy.RFP, the majority
of protoplasts showed elongated mitochondria, as shown in
Figure 3Ac. To quantify the effect of ADL1C[K48E] on mito-
chondrial morphology, we counted the number of protoplasts
based on the mitochondrial morphology. As shown in Figure
3B, in control protoplasts, 90% of protoplasts showed the pat-
tern shown in Figure 3Aa. Also, >94% of protoplasts showed
the punctate staining pattern of mitochondria in the presence
of T7:ADL1C (Figure 3Ab). However, in the presence of the
dominant-negative mutant, T7:ADL1C[K48E], ~73% of proto-
plasts showed elongated mitochondria, as shown in Figure

3Ac. Only a minor portion (~27%) of protoplasts showed the
normal punctate staining pattern of mitochondria (Figure 3Ab).

Next, we examined whether an increase in the amount of
wild-type ADL1C could suppress the effect of the dominant-
negative mutant, ADL1C[K48E], on mitochondrial morphology.
Protoplasts were cotransformed with three constructs, HA:
ADL1C, T7:ADL1C[K48E], and F1-ATPase-y.RFP, and mito-
chondrial morphology was examined at 48 h after transforma-
tion. At that time, wild-type ADL1C expression was detected by
protein gel blot analysis, because it was tagged with the differ-
ent hemagglutinin (HA) epitope. As shown in Figure 3B, we still
observed abnormal elongation of mitochondria in protoplasts
transformed with both HA:ADL1C and T7:ADL1C[K48E]. How-
ever, the proportion of cells with elongated mitochondria was
reduced to 45% in the presence of both HA:ADL1C and
T7:ADL1C[K48E] compared with 73% in the presence of
ADL1C[K48E] alone, suggesting that coexpression of wild-type
ADL1C partially suppresses the effect of ADL1C[K48E] on mi-
tochondrial morphology. These results strongly suggest that
ADL1C and ADL1E may be involved in the fission of mitochon-
dria, as are other dynamin-like proteins localized at the mito-
chondria (Otsuga et al., 1998; Pitts et al., 1999; Smirnova et al.,
2001; Yoon et al., 2001). To confirm that the wild-type and mu-
tant forms of ADL1C as well as F1-ATPase-y:RFP were ex-
pressed in the protoplasts, protein extracts were prepared and
used for protein gel blot analysis using anti-T7, anti-HA, or anti-
RFP antibodies. As shown in Figure 3C, the wild-type and mu-
tant forms of ADL1C were expressed at nearly the same level.
Also, F1-ATPase-vy:RFP was at a nearly equal level.

Mitochondria Are Elongated in Mutant Plants with a T-DNA
Insertion at the ADL1E Locus

To obtain independent evidence for the role of ADL1C and
ADL1E in mitochondrial morphology, we searched the collec-
tion of SALK T-DNA insertion lines for a T-DNA insertion muta-
tion at ADL1C or ADLT1E and found a mutant line (SALK-
060080) that has a T-DNA insertion at the ADL7E gene. In the
mutant plant, a T-DNA is reported to be inserted at the 14th
exon of ADL1E. Total genomic DNA was obtained from ho-
mozygous plants and used to verify the presence of the T-DNA
at ADLTE. To confirm the presence of T-DNA, PCR was per-
formed using genomic DNA prepared from homozygotes as a
template, with a set of ADL1E-specific and left-border primers
or a set of ADL1E-specific primers. As expected, a T-DNA-spe-
cific band but not an ADL1E band was obtained from the PCR
(data not shown), confirming that a T-DNA was inserted into
ADL1E. adl1e mutant plants did not have any noticeable mor-
phological alterations or growth defects (data not shown). To
examine the morphology of mitochondria at the electron micro-
scopic level, ultrathin sections were prepared from leaf tissues
of adl1e and wild-type plants. Transmission electron micros-
copy revealed that a large proportion of mitochondria (36%)
were abnormally elongated in adl7e mutant plants compared
with wild-type plants (Figure 4, Table 1), confirming the mor-
phological change observed in protoplasts expressing the mu-
tant form of ADL1C. However, other organelles, such as chloro-
plasts, were normal in adl/7e mutants.
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Figure 3. Elongation of Mitochondria in the Presence of Overexpressed ADL1C[K48E].

(A) Protoplasts were transformed with F71-ATPase-y:RFP plus pCaMV (a), F1-ATPase-y:RFP plus T7:ADL1C (b), or F1-ATPase-y:RFP plus
T7:ADL1C[K48E] (c), and the fluorescence emitted by RFP was detected 24 to 48 h after transformation. Bars = 20 um.

(B) Quantification of protoplasts based on mitochondrial morphology. Protoplasts were transformed with F1-ATPase-y:RFP plus pCaMV (bars 1), F1-
ATPase-y:RFP plus T7:ADL1C (bars 2), F1-ATPase-y:RFP plus T7:ADL1C[K48E] (bars 3), or F1-ATPase-y:RFP plus HA:ADL1C plus T7:ADL1[K48E]
(bars 4). The number of protoplasts was counted based on the mitochondrial morphology at 48 h after transformation. The punctate staining pattern
(shown in [Aa] and [Ab]) was considered normal, whereas the elongated pattern (shown in [Ac]) was considered abnormal. More than 30 randomly se-
lected protoplasts were counted at each time for each condition. The transformation experiment was performed three times with identical conditions.
(C) Protein gel blot analysis. Protein extracts were obtained from protoplasts transformed with F71-ATPase-y:RFP plus pCaMV (lane 1), F1-ATPase-
v:RFP plus T7:ADL1C (lane 2), F1-ATPase-y.RFP plus T7:ADL1C[K48E] (lane 3), or F1-ATPase-y:RFP plus HA:ADL1C plus T7:ADL1[K48E] (lane 4)
and examined by protein gel blot analysis using the monoclonal anti-T7 (T7 mAb), anti-HA (HA mAb), and anti-RFP (RFP mAb) antibodies for T7-
tagged ADL1C, HA-tagged ADL1C, and F1-ATPase-y:RFP, respectively. pCaMV was included in the transformation as a control DNA.
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Figure 4. Mitochondria Are Elongated in ad/7e Mutants.

Ultrathin sections prepared from leaf tissues of wild-type ([A] and [C]) and adl/7e mutant ([B] and [D] to [F]) plants were examined by transmission
electron microscopy. CH, chloroplast; CW, cell wall; IS, intercellular space; M, mitochondria. Bars = 2 um for (A) and (B) and 200 nm for (C) to (F).

Next, we examined whether the abnormal mitochondrial
morphology of the adl7e mutant could be rescued by tran-
siently expressing ADL1E in protoplasts. To address this ques-
tion, we first examined the morphology of mitochondria in pro-
toplasts prepared from the leaf tissues of mutant plants using
fluorescence microscopy. Protoplasts were transformed with
F1-ATPase-y:RFP, and mitochondria were visualized. When
the morphology of mitochondria was examined by fluores-
cence microscopy, the majority of protoplasts obtained from
adlle mutants had elongated mitochondria (Figure 5Ab). In
wild-type plants, the punctate staining pattern of mitochondria
was observed (Figure 5Aa). When this effect was quantified,
39% of ad77e mutant cells had a punctate staining pattern and
61% had elongated mitochondria, whereas in wild-type plants,

>97% of cells had the punctate staining pattern. This result
further confirmed the transmission electron microscopy obser-
vations. Next, we examined whether the elongated mitochon-
dria could be rescued by the transient expression of T7:ADL1E.
Protoplasts prepared from mutant plants were transformed
with T7:ADL1E together with F1-ATPase-+y:RFP, and mitochon-
drial morphology was observed after transformation. As shown
in Figure 5Ac, at 48 h after transformation, the majority of trans-
formed cells exhibited the punctate staining pattern (Figure
5Ac). When quantified, cells with the punctate staining pattern
were increased to 70%; concomitantly, cells with elongated mi-
tochondria were decreased to 30% (Figure 5B).

To investigate whether ADL1C could rescue the abnormal
morphology of mitochondria in protoplasts obtained from ad/7e
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mutants, protoplasts obtained from adl/7e mutants were trans-
formed with T7:ADL1C. As shown in Figure 5B, 72% of cells
showed the punctate staining pattern in the presence of
T7:ADL1C, indicating that overexpressed ADL1C can comple-
ment the loss of ADL1E in the mutant as efficiently as ADL1E it-
self. This result further confirms that ADL1C is functionally
equivalent to ADL1E with respect to their ability to maintain mi-
tochondrial morphology. As a control, we examined the effect
of the dominant-negative mutant of ADL1C, ADL1C[K48E], on
mitochondrial morphology by introducing it into protoplasts ob-
tained from adl/7e mutants. As shown in Figure 5B, 59% of cells
showed the elongated mitochondrial pattern, indicating that the
dominant-negative mutant could neither rescue the abnormal
mitochondrial morphology nor provoke any additional detri-
mental effects on mitochondrial morphology when examined
by fluorescence microscopy. This result further supports the
notion that ADL1C and ADL1E are involved in the mainte-
nance of normal mitochondrial morphology. The expression of
T7:ADL1C, T7:ADL1E, T7:ADL1C[K48E], and F1-ATPase-v:RFP
in protoplasts was confirmed by protein gel blot analysis with
anti-T7 and anti-GFP antibodies (Figure 5C).

ADL1C Partially Colocalizes with F1-ATPase-v:RFP
and ADL2b

The results described above strongly suggest that ADL1C and
ADL1E may localize to mitochondria, as in the case of DLP1/
Drp1 in animals (Pitts et al., 1999; Smirnova et al., 2001; Yoon
et al., 2001), Dnm1p in yeast (Otsuga et al., 1998), and ADL2b
in plants (Arimura and Tsutsumi, 2002). To examine this possi-
bility, protoplasts were transformed with F7-ATPase-y:RFP and
GFP:ADL1C and the localization of these proteins was exam-
ined. As shown in Figures 6Aa to 6Ad), both GFP:ADL1C and
F1-ATPase-vy:RFP were present as punctate staining patterns.
Interestingly, ~20% (£7%, n = 900) of the green fluorescent
GFP:ADL1C signal colocalized with the red punctate stains of
F1-ATPase-y:RFP, indicating that a fraction of ADL1C-positive
speckles may represent mitochondria.

Previously, ADL2b was shown to localize to mitochondria
(Arimura and Tsutsumi, 2002). We compared the localization of
ADL1C with that of ADL2b. First, we confirmed the localization

Table 1. Morphology of Mitochondria in Wild-Type and adl7e
Mutant Plants

Plant Material

Mitochondrial Group Wwild Type adl1e Mutant
Elongated (%) 0 36
Normal (%) 100 64

Mitochondria were divided into two groups, normal and elongated
forms, based on the length of the mitochondria. Normal morphology in-
dicates mitochondria with an oval shape, as shown in Figure 4c. In the
elongated form, the length of the mitochondria is longer than threefold
that of normal oval-shaped mitochondria. Data were obtained from 87
samples chosen randomly from serial sections at magnifications of
% 30,000 to x50,000.
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of ADL2b at the tip of mitochondria. ADL2b was tagged with
HA at the C terminus and introduced into protoplasts. The lo-
calization of these proteins then was examined by immunohis-
tochemistry using a monoclonal anti-HA antibody. ADL2b pro-
duced a punctate staining pattern (Figure 6B), as shown
previously (Arimura and Tsutsumi, 2002). We examined the
colocalization of ADL2b with F1-ATPase-v:RFP, the mitochon-
drial marker, in protoplasts. The majority of ADL2b closely
overlapped the red fluorescent signals of F1-ATPase-v:RFP or
was present side by side with F1-ATPase-vy:RFP (Figures 6Bd
to 6Bf). Thus, these results confirm the localization of ADL2b to
the mitochondria.

Next, we compared the localization of GFP:ADL1C and
ADL2b:HA. Both proteins were expressed transiently in proto-
plasts, and their localization was determined by immunohis-
tochemistry. As shown in Figures 6Bg to 6Bi, both ADL2b:HA
and GFP:ADL1C gave punctate staining patterns. The punctate
stains of ADL2b:HA and GFP:ADL1C appeared to consist of
two different groups: one group showing overlap between
ADL2b:HA and GFP:ADL1C (Figures 6Bg to 6Bi, arrows) and
the other group showing no overlap (Figures 6Bg to 6Bi, arrow-
heads). When quantified, ~20% (=10%, n = 1200) of green
punctate GFP:ADL1C closely overlapped the red punctate
stains of ADL2b. The partial colocalization of ADL1C with
ADL2b was expected, because ~20% of GFP:ADL1C-positive
speckles overlapped the mitochondrial marker, F1-ATPase-
v:RFP. To confirm the expression of these proteins, protein ex-
tracts were prepared from transformed protoplasts and used to
detect their expression. As shown in Figure 6C, protein gel blot
analysis with the anti-HA antibody clearly demonstrated that all
of these proteins were expressed and that the antibody is spe-
cific to these proteins.

DISCUSSION

Many isoforms of dynamin-like proteins are present in the Ara-
bidopsis genome. Already, several of them have been studied
and shown to be involved in seemingly different biological pro-
cesses (Kang et al., 1998, 2003; Jin et al., 2001). In this study,
we investigated two Arabidopsis dynamin-like proteins, ADL1C
and ADL1E.

Mitochondria are present in different forms depending on the
organism. Usually, plant cell mitochondria have a small, oval
shape. Overexpression of ADL1C[K48E] in Arabidopsis leaf
protoplasts caused a dramatic elongation of the mitochondria,
similar to that seen in the presence of dominant-negative mu-
tants of DLP1/Drp1 and ADL2b (Pitts et al., 1999; Smirnova et
al., 2001; Arimura and Tsutsumi, 2002). In addition, adl1e
plants also had abnormally elongated mitochondria that were
rescued by the transient expression of ADL1C and ADL1E in
protoplasts. It is known that mitochondrial morphology is main-
tained by two opposing processes, fission and fusion of indi-
vidual mitochondria (Sesaki and Jensen, 1999). Thus, the elon-
gation of mitochondria in the presence of ADL1C[K48E] in
protoplasts, and the absence of ADL1E in the mutant plants,
suggest that ADL1C and ADL1E may play a role in the fission
process, as is the case with other mitochondrial dynamin-like
proteins. Mutations in DLP1/Drp1 in animal cells, ADL2b in
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plant cells (Arimura and Tsutsumi, 2002), and Dnm1p in yeast
cells (Otsuga et al., 1998; Pitts et al., 1999; Smirnova et al.,
2001; Arimura and Tsutsumi, 2002) cause the elongation of mi-
tochondria as a result of defects in fission.

Immunohistochemistry experiments demonstrated that ADL1C
and ADL1E gave punctate staining patterns and colocalized
at the speckles. Interestingly ~20% of the speckles localized
to mitochondria. Thus, the localization of ADL1C and ADL1E
at mitochondria further supports the notion that these proteins
may play a role in the maintenance of mitochondrial morphol-
ogy. However, interestingly, only a portion of the ADL1C-posi-
tive speckles localized to mitochondria, indicating that ADL1C
and ADL1E may localize to at least two different organelles.
The localization of a dynamin-like protein to two different or-
ganelles is not unique. In fact, ADL1A and phragmoplastin also
have been shown to localize to two different sites depending
on the different cell types or different stages of a cell (Gu and
Verma, 1997; Kang et al., 2003). In animal cells, DLP1, a dy-
namin-like protein, also has been shown to exhibit punctate
staining, the majority of which is associated with the endoplas-
mic reticulum; the rest is localized to mitochondria (Yoon et al.,
1998; Pitts et al., 1999). Also, in the primitive red algae Cyan-
idioschyzon merolae, CnDnm2, which is a dynamin-like pro-
tein involved in chloroplast division, appears in cytoplasmic
patches just before chloroplast division and is recruited to the
cytosolic side of the chloroplast division site to form a ring in
the late stage of division (Miyagishima et al., 2003). Thus, it is
possible that cytosolic ADL1C and ADL1E may be stored at dif-
ferent organelles and then recruited to the mitochondria when
they are necessary for processes such as mitochondrial divi-
sion. However, we cannot exclude the possibility that nonmito-
chondrial ADL1C or ADL1E also may play a role in different bio-
logical processes. In the case of the dynamin-like protein
DLP1, it plays an important role in the fission of mitochondria in
animal cells (Yoon et al., 1998). In addition, it is essential for the
normal distribution and morphology of the endoplasmic reticu-
lum (Pitts et al., 1999).

The dynamin-like proteins of mitochondria that have been
identified in diverse species from yeast to human (Otsuga et al.,
1998; Yoon et al., 1998; Pelloquin et al., 1999; Smirnova et al.,
2001; Arimura and Tsutsumi, 2002) can be divided into two
groups based on their localization. One group of proteins,
which includes Dnm1p and DLP1/Drp1, is associated with the
outer membrane. These proteins are thought to be involved in
mediating the fission of the outer envelope membrane during
division. By contrast, Msp1p in fission yeast and OPA in animal
cells are localized within the mitochondrion proper (Pelloquin et
al., 1999; Olichon et al., 2002). Together, these results strongly
suggest that all eukaryotic organisms may have two different
groups of dynamin-like proteins involved in mitochondrial divi-
sion. Furthermore, they raise the possibility that dynamin-like
proteins localized to the outer envelope membrane may be in-
volved in the fission of that envelope membrane, whereas
those localized at the inner envelope membrane may be play a
role in its fission.

In support of this notion, both OPA and Msp1p localized
within mitochondria also have been shown to play an important
role in the maintenance of mitochondria (Delettre et al., 2000).

Also, in budding yeast, another dynamin-like protein, Mgm1p,
that has been shown to function in mitochondrial morphogene-
sis also localizes to an intermembrane space (Guan et al., 1993;
Wong et al., 2000). Thus, it is intriguing that two different iso-
forms of dynamin-like proteins localize to mitochondria in
plants, although their localization patterns clearly are different;
the majority of ADL2b localizes to the tip of mitochondria,
whereas ~20% of ADL1C localizes to mitochondria. At
present, the exact localization of these plant mitochondrial dy-
namin-like proteins in mitochondria is not understood. One
possibility is that one of them may localize to the inner mem-
brane and the other localizes to the outer envelope membrane.
However, this hypothesis needs to be confirmed.

Recently, it was shown that ADL1A and ADL1E are essential
for polar cell expansion and cell plate biogenesis (Kang et al.,
2003). However, here, we clearly demonstrated that ADL1E is
involved in the maintenance of mitochondrial morphology. One
possible explanation for these results is that ADL1E may be in-
volved in more than one process in the cell. In fact, this notion
is in agreement with the expression pattern of ADL1E, which is
expressed in various tissues, including mature leaf cells. In the
leaf cell, ADL1E must be involved in a process that is different
from that in cell plate biogenesis. In fact, there are other exam-
ples of a single dynamin-like protein being involved in multiple
processes. DLP1 in animal cells and Vpsip in yeast cells,
which are involved in mitochondrial division and vacuolar traf-
ficking at the trans-Golgi network, respectively, also are in-
volved in peroxisome biogenesis (Hoepfner et al., 2001; Koch
et al., 2003). Also, DLP1 is essential for the normal distribution
and morphology of the endoplasmic reticulum (Pitts et al.,
1999). In animal cells, dynamin 2, which is involved in the gen-
eration of a vesicle at the trans-Golgi network or at the plasma
membrane (Takei et al., 1996; McNiven, et al., 2000), has been
shown to play an important role in actin dynamics (Schafer et
al., 2002) and actin comet formation (Orth et al., 2002).

Interestingly, ADL1E and ADL1C colocalized when they were
expressed transiently in Arabidopsis leaf protoplasts. In addi-
tion, ADL1C complemented the loss of ADL1E with respect to
the maintenance of mitochondrial morphology in leaf cells. To-
gether, these results strongly suggest that these two proteins
may be involved in the same or very similar biological pro-
cesses. However, this result raises an intriguing question: why
do adl1e mutant plants show elongated mitochondria in leaf
cells despite the presence of wild-type ADL1C? Our results
showing abnormal mitochondrial morphology in leaf cells of
adlle mutants are in contrast to the results of Kang et al.
(2003), who reported that mitochondria in the heart- and tor-
pedo-shaped embryos of the double mutant ADL1A;E are nor-
mal. One explanation for this discrepancy could be that these
genes are expressed in a tissue-specific manner. For example,
in heart- and torpedo-shaped embryos, the expression level of
ADL1C may be high enough to compensate for the loss of
ADL1E. By contrast, in leaf cells, ADL1C expression may be
low and ADL1E expression may be high. Thus, the loss of
ADL1E may have a more profound effect on mitochondrial mor-
phology in leaf cells. In fact, it has been shown that ADL1A and
ADL1E are expressed differentially. Similarly, in animal cells,
three closely related dynamin isoforms are expressed in a tis-
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Figure 5. Abnormal Morphology of Mitochondria in adl7e Mutants Can Be Rescued by Transient Expression of ADL1C and ADL1E in Protoplasts.

(A) Complementation of adl7e by transiently expressed ADL1E. Protoplasts were prepared from adl/7e mutant plants and transformed with F-ATPase-
v:RFP alone or together with T7:ADL1E. As a control, protoplasts obtained from wild-type (WT) plants were transformed with F7-ATPase-y:RFP. The
fluorescence emitted by RFP was examined at various time points after transformation. Bars = 20 pm.

(B) Quantification of morphological change. Protoplasts obtained from wild-type and adl/7e mutant plants were transformed with F1-ATPase-y.:RFP
(bars WT and 1), F1-ATPase-vy:RFP plus T7:ADL1E (bars 2), F1-ATPase-vy:RFP plus T7:ADL1C (bars 3), and F1-ATPase-y:RFP plus T7:ADL1C[K48E]
(bars 4). The number of protoplasts was counted based on the mitochondrial morphology indicated by RFP fluorescence. The mitochondria shown in
(Aa) and (Ac) were considered to be in a punctate staining pattern, whereas the mitochondria shown in (Ab) were considered to be in an elongated
pattern. More than 50 transformed cells were counted at each time point in triplicate experiments. The numbers and error bars indicate means and
standard deviations, respectively.

(C) Expression of T7:ADL1C and T7:ADL1E in protoplasts. Protein extracts were prepared from protoplasts transformed with F-ATPase-y:RFP alone
(lanes WT and 1) or together with T7:ADL1E (lane 2), ADL1C (lane 3), or ADL1C[K48E] (lane 4) and analyzed by protein gel blot analysis with anti-RFP
(RFP mADb) and anti-T7 (T7 mAb) antibodies.
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Figure 6. GFP:ADL1C Partially Colocalizes with F1-ATPase-y:RFP and ADL2b.

(A) Localization of ADL1C at mitochondria. Protoplasts were transformed with the indicated constructs, and the localization of these proteins was ex-
amined 24 to 48 h after transformation. Arrows indicate overlap of green and red fluorescent signals. Bars = 20 pm.

(B) Partial colocalization of ADL1C with ADL2b in the mitochondria. Protoplasts were transformed with the indicated constructs, and the localization
of the encoded proteins was examined by immunohistochemistry. HA-tagged proteins were detected with a monoclonal anti-HA antibody. GFP-
tagged proteins were observed directly by green fluorescence. Arrows indicate the overlap between ADL2b:HA and GFP:ADL1C. Arrowheads indi-
cate GFP:ADL1C-positive speckles that did not colocalize with ADL2b:HA. Bars = 20 pm.

(C) Protein gel blot analysis of transiently expressed ADL isoforms. Protein extracts were prepared from protoplasts transformed with the indicated
constructs and used for protein gel blot analysis using anti-HA antibody. WT, untransformed.
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sue-specific manner (Schmid et al., 1998). However, at present,
the expression pattern of ADL1C remains unknown. Further
studies are necessary to prove this hypothesis.

METHODS

Growth of Plants

Arabidopsis thaliana (ecotype Columbia) was grown either on Murashige
and Skoog (1962) plates at 20°C in a culture room or in a greenhouse un-
der conditions of 70% RH and a 16-h-light/8-h-dark cycle.

Screening of cDNAs Encoding Dynamin-Like Proteins

Probes for screening of cDNAs encoding dynamin-like proteins in Arabi-
dopsis were amplified by PCR using primers designed from the nucleotide
sequence information deposited in the EST database. The primers were 5'-
GGAGTCTGTTATCAGGA-3' (ADL1E-5), 5'-AGCTGGACCTCTTAAAG-3'
(ADL1E-3), 5'-CCCATTGCAGTAGATTCA-3' (ADL1C-5), and 5'-GGCACG-
AGTGCAGAACT-3" (ADL1C-3). To obtain full-length cDNA clones, a \
cDNA library was screened using the PCR products as hybridization
probes after labeling with 32P. The inserts of positive clones were excised
as pBluescript+ clones, and nucleotide sequences were determined by
PCR sequencing using the dideoxy dye terminator method (Applied Bio-
systems, Foster City, CA) according to the manufacturer’s protocol.

Construction of Plasmids

The chimeric fusion constructs ADL1E:GFP, GFP:ADL1E, ADL1C:GFP,
and GFP:ADL1C were generated for targeting experiments using stan-
dard recombinant technology. The full-length ADL7E and ADL1C cDNAs
without the termination codons were prepared by PCR. The primers
for the PCR amplification were the T3 primer and gene-specific prim-
ers (ADL1E-end, 5'-CTCGAGTCTTACCCAAGCAACAG-3'; ADL1C-end,
5'-CCTCGAGCTTCCAAGCCACTGCAT-3") and were ligated to the
N terminus of the GFP coding region. To generate the chimeric genes
GFP:ADL1E and GFP:ADL1C, the ADL cDNAs were amplified by
PCR with the T7 primer and gene-specific primers (ADL1E-ATG, 5'-
CCCGGGTGAGAGTTTGATTGG-3'; ADL1C-ATG, 5'-CCCGGGCAT-
GGCGACGATGAAAAG-3') and ligated in frame to the N terminus of GFP.
ADL1C[K48E] was generated by PCR using the primers 5-CTC-
AAGAACCGAAGACTCTCCAGA-3' and 5'-GGTCAGAGTTCTGGAGAG-
TCTTCG-3'. To add the T7 epitope at the N terminus of ADL1E, ADL1C,
and ADL1C[K48E], the coding regions were inserted in frame at
the BamHI site of pET21a (Novagen, Madison, WI). Hemagglutinin
(HA:ADL1C was generated by PCR using primers 5-ATGGCC-
TACCCATACGATGTTCCAGATTACGCTTCCATGGCGACGATGAAAAGT-3'
and ADL1C-end. ADL2b:HA was generated by PCR using primers 5'-
ATGTCCGTCGACGATCTCCCT-3' and 5'-TCAGGAAGCGTAATCTGG-
AACATCGTATGGGTAGGCCATATGAAGCCGTCCGTTCCC-3'. The T7-
or HA-tagged coding regions were transferred subsequently down-
stream of the 35S promoter of Cauliflower mosaic virus.

Generation of Transgenic Plants

Transgenic Arabidopsis plants expressing T7-tagged ADL1E were gen-
erated with the binary vector pBIT7:ADL1E using the floral dip method
(Clough and Bent, 1998). Kanamycin-resistant plants were selected from
the T1 generation and used for immunohistochemistry or protein gel blot
analysis.

Role of ADL1C and ADL1E in Mitochondria 2367

Screening of Homozygote Plants with T-DNA Insertion at ADL1E

Seeds (mutant line SALK-060080) obtained from ABRC (Ohio State Uni-
versity, Columbus) were planted on kanamycin plates, and kanamycin-
resistant plants were transferred to soil to set seeds. Seeds were har-
vested separately from individual plants. Subsequently, the seeds were
planted again on kanamycin plates, and genomic DNA was prepared
from two true leaves of individual plants. PCR was performed with geno-
mic DNA using two ADL1E-specific primers or one ADL1E-specific
primer and one left-border—specific primer.

Immunohistochemistry

For immunohistochemistry with root tissues, monoclonal antibodies
were incubated with the fixed Arabidopsis cells at 4°C overnight as de-
scribed previously (Paris et al., 1996; Jiang and Rogers, 1998). Anti-T7
monoclonal antibody was purchased from Novagen and used at a con-
centration of 10 wg/mL. The primary antibodies were detected with Cy5-
or rhodamine-conjugated anti-mouse secondary antibody from Jackson
ImmunoResearch Laboratories (West Grove, PA). For immunohisto-
chemistry with protoplasts, transformed protoplasts were placed onto
poly-L-Lys—coated glass slides and fixed with 3% paraformaldehyde in a
fixing buffer (10 mM Hepes, pH 7.2, 154 mM NaCl, 125 mM CaCl,, 2.5
mM maltose, and 5 mM KCI) for 1 h at room temperature. The fixed cells
were incubated with rat monoclonal anti-HA or rabbit anti-VSR antibod-
ies at 4°C overnight and washed three times with TSW buffer (10 mM
Tris-HCI, pH 7.4, 0.9% NaCl, 0.25% gelatin, 0.02% SDS, and 0.1% Tri-
ton X-100).

Subsequently, the cells were incubated with Cy3-conjugated goat anti-
rabbit 19gG or tetramethyl rhodamine isothiocyanate-conjugated anti-rat
IgG (Zymed, San Francisco, CA) secondary antibodies. Data then were
processed using Adobe Photoshop (Mountain View, CA). Images were
collected by fluorescence microscopy, as described above, or by confo-
cal microscopy. All confocal fluorescence images were collected using a
Bio-Rad MRC 1024 system (Hercules, CA) with the following parameters:
X60 objective, X1 zoom, 1250 gain, 2.2 iris, 0 background, and 0.348
pixel size. A Cy5/rhodamine software program was used to collect im-
ages under conditions in which no crossover between rhodamine and
Cy5 emissions occurs, and the two images were collected sequentially
from the same optical section. The Cy5 images were pseudocolored
green, and the rhodamine images were pseudocolored red.

Ultrastructural Analysis and Immunogold Labeling

To visualize the detailed structure of mitochondrial morphology, leaf tis-
sues were fixed for 4 h with 2% paraformaldehyde and 2% glutaralde-
hyde in cacodylate buffer, pH 7.2, rinsed with the same buffer, and post-
fixed with 1% osmium tetroxide in cacodylate buffer for 1 h. After
dehydration, specimens were embedded in London Resin White (Lon-
don Resin Co., London, UK). Ultrathin sections (40 to 60 nm thick) col-
lected on uncoated nickel grids (300 mesh) were stained with 4% uranyl
acetate and examined using a transmission electron microscope (JEOL
1200) at 60 to 80 kV.

Protein Preparation and Protein Gel Blot Analysis

To prepare cell extracts, transformed protoplasts were subjected to re-
peated freeze-thaw cycles in ice-cold homogenization buffer (25 mM
Hepes, pH 7.7, 1 mM MgCl,, 250 mM sucrose, and 1 mM DTT) supple-
mented with protease inhibitors (1 wg/mL pepstatin A, 1 pg/mL aproti-
nin, 0.5 pg/mL leupeptin, and 100 uM phenylmethylsulfonyl fluoride),
followed by brief sonication for 3 s at 50% output (repeated three times).
Whole-cell extracts were subjected to low-speed centrifugation (8000g)
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at 4°C for 5 min to remove cellular debris. Whole-cell extracts were as-
sayed by protein gel blot analysis using monoclonal anti-GFP antibody
(Clontech, Palo Alto, CA), monoclonal anti-T7 antibody (Novagen), or
monoclonal anti-HA antibody.

In Vivo Expression of Green and Red Fluorescent Protein
Fusion Constructs

Plasmids were purified using Qiagen (Valencia, CA) columns according
to the manufacturer’s protocol. The fusion constructs were introduced
into Arabidopsis protoplasts prepared from whole seedlings by polyeth-
ylene glycol-mediated transformation as described previously (Jin et al.,
2001; Kim et al., 2001a). Protein expression was monitored at various
times after transformation, and images were captured with a cooled
charge-coupled device camera using a Zeiss Axioplan fluorescence
microscope (Jena, Germany). The filter sets used were XF116 (ex-
citer, 474AF20; dichroic, 500DRLP; emitter, 510AF23), XF33/E (exciter,
535DF35; dichroic, 570DRLP; emitter, 605DF50), and XF137 (exciter,
540AF30; dichroic, 570DRLP; emitter, 585ALP) (Omega, Inc., Brattle-
boro, VT) for GFP, RFP, and autofluorescence of chlorophyll, respec-
tively. Data then were processed using Adobe Photoshop, and the im-
ages were rendered in pseudocolor.

Upon request, materials integral to the findings presented in this pub-
lication will be made available in a timely manner to all investigators on
similar terms for noncommercial research purposes. To obtain materials,
please contact Inhwan Hwang, ihhwang@postech.ac.kr.
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