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A salt-induced gene mcSKD1 (suppressor of K1 transport growth defect) able to facilitate K1 uptake has previously been
identified from the halophyte ice plant (Mesembryanthemum crystallinum). The sequence of mcSKD1 is homologous to vacuolar
protein sorting 4, an ATPase associated with a variety of cellular activities-type ATPase that participates in the sorting of
vacuolar proteins into multivesicular bodies in yeast (Saccharomyces cerevisiae). Recombinant mcSKD1 exhibited ATP hydrolytic
activities in vitro with a half-maximal rate at an ATP concentration of 1.25 mM. Point mutations on active site residues
abolished its ATPase activity. ADP is both a product and a strong inhibitor of the reaction. ADP-binding form of mcSDK1
greatly reduced its catalytic activity. The mcSKD1 protein accumulated ubiquitously in both vegetative and reproductive parts
of plants. Highest accumulation was observed in cells actively engaging in the secretory processes, such as bladder cells of leaf
epidermis. Membrane fractionation and double-labeling immunofluorescence showed the predominant localization of
mcSKD1 in the endoplasmic reticulum-Golgi network. Immunoelectron microscopy identified the formation of mcSKD1
proteins into small aggregates in the cytosol and associated with membrane continuum within the endomembrane
compartments. These results indicated that this ATPase participates in the endoplasmic reticulum-Golgi mediated protein
sorting machinery for both housekeeping function and compartmentalization of excess Na1 under high salinity.

Ice plant (Mesembryanthemum crystallinum) is an in-
ducible halophyte and Crassulacean acid metabolism
(CAM) plant. The induction of CAM at a late juvenile
stage is an adaptation to drought and salinity (for
review, see Cushman, 2001). The day/night fluctuation
of malate content is the main characteristic of the CAM
cycle. Malate is synthesized by nocturnal CO2 fixation
and is transported into the vacuole via malate trans-
porters (Hafke et al., 2003). In addition to CAM induc-
tion, ice plants are able to sequester excess Na1 into the
vacuole. Epidermal bladder cells (BCs) are the major
sites to compartmentalize salt within their huge central
vacuoles. This process is initiated by high salinity con-
ditionsandenabledbya salt-inducedNa1/H1 antiporter
located in the tonoplast (Barkla et al., 2002). The energy
required for this active transport is mainly provided by
vacuolar (V)-type ATPase and the expression of certain

salt-induced V-ATPase subunits has been reported
(Golldack and Dietz, 2001; Kluge et al., 2003). Under
salt stress, an increase in the diameter of tonoplast-
derived vesicles resulted largely from an increase in
V-typeATPase (Rockel et al., 1994). Recently, Epimashko
et al. (2004) discovered two types of functionally dis-
tinct vacuoles in salt-treated ice plant mesophyll cells:
salt storing and malate cycling. The development of
functionally distinct vacuoles is achieved presumably
by precise and efficient protein sorting machinery, i.e.
targeting Na1/H1 antiporter to the Na1 storage vac-
uole and malate transporter to the malate storage
vacuole. Themechanismof vacuolar protein trafficking
in ice plants remains largely unknown.

SNAREs, a complex vesicle-mediated transport sys-
tem, are responsible for the delivery of proteins and
lipids to different subcellular organelles. Fusion be-
tween vesicles and target membranes is driven by
protein-protein interactions between vesicle (v)-SNARE
and target (t)-SNARE (for review, see Pratelli et al.,
2004). A study by Leyman et al. (2000) showed that the
expression of a plasma membrane-localized t-SNARE
protein Nt-Syr1 can be induced by 300 mM NaCl in
tobacco (Nicotiana tabacum) leaves.Mutational defect to
theOSM/SPY61 gene, a t-SNARE thatmediates vesicle
transport from the trans-Golgi to prevacuolar compart-
ments (PVC) in Arabidopsis (Arabidopsis thaliana) pro-
duces a salt-sensitive phenotype (Zhu et al., 2002).Much
less is known about the expression of v-SNARE and
SNARE-associated elements under salt stress.
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SKD (suppressor of K1 transport growth defect)
were first identified by screening mouse cDNA library
for the heterologous suppression of the K1-uptake-
defect yeast (Saccharomyces cerevisiae) phenotype (Périer
et al., 1994). Two homologous cDNAs were isolated
during the screen and named SKD1 and SKD2. The
mammalian SKD1 was involved in intracellular cho-
lesterol and protein trafficking (Scheuring et al., 1999;
Bishop and Woodman, 2000; Lin et al., 2005). The
SKD2 was mammalian NSF (N-ethylmaleimide sensi-
tive factor), a gene encoding an ATPase that drives the
dissociation and reactivation of SNARE complexes.
Both SKD1 and SKD2 contain a highly conserved
ATPase domain and belong to a protein superfamily
called ATPase associated with a variety of cellular
activities (AAA) proteins. Cluster and phylogenetic
analysis of 1,241 sequences of AAA proteins suggest
the existence of six major clades of AAA domains, and
SKD1 proteins belong to the meiotic clade (Frickey and
Lupas, 2004). AAA proteins function as molecular
motors involved in diverse cellular functions includ-
ing vesicle trafficking, proteosome-mediated protein
degradation, and chaperone-like activity (for review,
see Hanson and Whiteheart, 2005).

A salt-induced cDNA mcSKD1 was isolated from
salt-treated ice plants by suppression subtractive hy-
bridization (Yen et al., 2000) and found capable of
complementing the K1-uptake-defect phenotype and
increasing the salt tolerance of yeast mutants (Jou et al.,
2004). A database search revealed that both Arabidop-
sis and rice (Oryza sativa) contain one copy of the SKD1
gene in their genome, yet no study has been done
in these two model plants. Vacuolar protein sorting 4
(VPS4), the SKD1 homolog in yeast, plays an essential
role in the final step of protein sorting from late
endosome to multivesicular bodies (Babst et al.,
2002). Recently, Hislop et al. (2004) found mammalian
SKD1 to be essential for the down-regulation of mam-
malian epidermal growth factor receptors by internal-
ization of receptors via endocytosis followed by
sorting to lysosomes. SKD1 proteins seem to exist
ubiquitously among eukaryotes and are involved in
several processes of intracellular vesicle trafficking.

In this report, we first characterized the enzymatic
properties of mcSKD1 and then analyzed the accumu-
lation of mcSKD1 at cellular and subcellular levels.
This report demonstrated ATPase activity and possible
regulation in this group of AAA proteins in plants.
Evidence for tissue-specific accumulation and subcel-
lular location of SKD1 is also provided in this study.

RESULTS

Catalytic Properties of mcSKD1

To identify the possible ATPase activity of mcSKD1,
the open reading frame of mcSKD1 fused with six His
at the C terminus, was cloned into a pET vector, was
overexpressed in Escherichia coli, and a 51-kD protein
was purified by affinity chromatography (Fig. 1A). The

N-terminal sequence of the first 10 amino acids exactly
matched theN-terminal sequence ofmcSKD1. The pro-
cedures for mcSKD1 purification were described in
‘‘Materials and Methods’’ and the result was shown in
Supplemental Figure 1.

The activity of ATPase was measured by incubation
of [a-32P]ATP with crude protein extract isolated from
isopropyl-b-D-thiogalactopyranoside (IPTG)-induced
E. coli cells or affinity-purified mcSKD1 and then
separation by thin-layer chromatography (TLC; Fig.
1B). A small amount of ATP was autolyzed into ADP,
AMP, and free phosphate during 20 min of incubation
at 30�C (lane 1). When crude extract was added to the
reaction mixture, a large portion of ATP was converted
into ADP and AMP (lane 2). When purified mcSKD1
was used, ATP was essentially converted into ADP
and did not further convert to AMP (lane 3). Addition
of 5 mM N-ethylmaleimide (NEM), a known NSF
inhibitor, did not significantly inhibit the enzymatic
activity of purified mcSKD1 (lane 4).

The failure to observe inhibition by NEM may be
due to the presence of trace amounts of impurity with
high ATPase activity in the assay. Therefore, two
recombinant proteins with single change in active
site residue Lys 177 to Ala (Walker A motif) and Glu
231 to Gln (Walker B motif) were used as negative
controls. Residue 177 is critical for ATP binding, while
residue 231 is essential for ATP hydrolysis. After going
through the same purification steps (Fig. 1A, lanes 4
and 5), the ATPase activities were measured in these
two mutants along with the wild-type protein. As
shown in Figure 1C, the ATPase activity was reduced
70% in K177A mutant, and the mutation on E231
almost abolished mcSKD1’s ATPase activity. The re-
sult showed that the activity of ATP hydrolysis de-
tected in our assay system was mostly contributed by
mcSKD1.

The enzyme kinetics of affinity-purified mcSKD1
was measured in the range of 0 to 4 mM ATP as
substrate. ADP spots of each treatment that appeared
on the phosphorimage plate were directly quantified,
and the rate of ATP hydrolysis was calculated (Fig.
1D). ATPase activity increased as the substrate con-
centration increased and reached maximum activity at
3.0 mM ATP. At the half-maximal rate, the ATP con-
centration was about 1.25 mM. Furthermore, when the
ATP concentration exceeded 3.0 mM, ATPase activity
rapidly dropped. The inhibition of ATPase activity
may be due to the presence of a high level of substrate
or the gradual accumulation of product in the reaction
mixture.

To further characterize the enzymatic properties of
mcSKD1, a competition assay was performed using
different nucleotides or deoxynucleotides as compet-
itors (Fig. 2A). In addition to 0.02 mM [a-32P]ATP, an
equal amount of nonradioactive nucleotides or deoxy-
nucleotides were added to the reaction mixture. The
results showed the presence of ADP caused approxi-
mately 50% inhibition of ATPase activity. The inhibi-
tory effect by nonradioactive ATP was much less

Jou et al.

136 Plant Physiol. Vol. 141, 2006



significant. The addition of AMP stimulated about
10% of ATPase activity, while deoxynucleotides had
essentially no effect. These results suggested that ADP
has a higher affinity for mcSKD1 than substrate ATP
and that the ADP-binding form of mcSKD1 loses its
catalytic activity.
We further investigated the hypothesis that ADP

binding causes inhibition of ATPase activity (Fig. 2B).
The enzyme assay was performed at either noninhibi-
tory (1.8 mM ATP) or inhibitory (4.0 mM ATP) condi-
tions. After 20 min incubation, the reaction was
stopped and the reaction mixture was divided into

two parts. One part was loaded directly on the TLC
plate (control), while the other half was filtrated
through a Sephadex G50 column before loading onto
the TLC plate (centrifugal gel filtration [CGF]). The
purpose of CGF was to remove unbounded free nu-
cleotides from the proteins. Results showed that the
Sephadex G50 column effectively removed free nucle-
otides but showed no change to the ATP/ADP ratio in
treatments with different ATP concentrations (com-
pare lane 5 versus lane 7) as well as under noninhibi-
tory condition (compare lane 2 versus lane 6). Under
inhibitory condition, 20% more ADP was detected

Figure 1. mcSKD1 contains ATPase activity. A, Purification of mcSKD1. The open reading frame of mcSKD1 fused with six His at
the C terminus was overexpressed in E. coli and purified by Co21 affinity column. Lane1, Total soluble protein before IPTG
induction; lane 2, total soluble protein after 2 h IPTG induction; lane 3, purified mcSKD1; lane 4, purified mutant mcSKD1 with
Lys 177 changing to Ala; lane 5, purified mutant mcSKD1 with Glu 231 changing to Gln. Proteins were separated by SDS-PAGE
and stained with Coomassie Blue. The arrow indicates the position of 51 kD overexpressed protein. M, Protein marker. B, ATPase
assay. ATPase activity was measured by incubation proteins with [a-32P]ATP, separated by TLC, and detected by PhosphorImag-
ing. Lane 1, No protein control; lane 2, total soluble protein after 2 h IPTG induction; lane 3, purified mcSKD1; lane 4, purified
mcSKD1 plus 5 mM NEM. The ATP concentration was 1.5 mM. Arrows indicate the corresponding positions of adenosine 5#-
phosphates and free phosphate (Pi). C, Relative ATPase activity of wild type andmutant mcSKD1. The ATPase activities of purified
wild-type mcSKD1 protein and two mutants K177A and E231Qwere measured. The condition for ATPase assay was the same as
B. The ATPase activity of wild-type mcSKD1 was set as 100%. Data represent means 6 SD from three separate experiments. D,
Enzyme kinetics. The ATPase activity was measured at 0 to 4 mM ATP and the phosphor image of ADP was quantified using
ImagQuant software. The specific activity of ATPase is expressed as mmol ADP produced min21 mg protein21. Data represent
means of two independent experiments.
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Figure 2. Inhibition of ATPase activity by ADP binding. A, Competition assay. ATPase assay was carried out in the presence of
0.02 mM [a-32P]ATP alone (control) or in the presence of equal molar nonradioactive ADP, AMP, GTP, CTP, UTP, dATP, dGTP,
dCTP, or dTTP. The relative ATPase activity was calculated by setting control experiment as 100%. Data represent means 6 SD

from three separate experiments. B, Nucleotide binding assay. ThemcSKD1ATPase activity was performed under a noninhibitory
ATP concentration (1.8 mM) or an inhibitory ATP concentration (4.0 mM). After reaction, a half volume of solution was run
through CGF and another half was taken as the control (Control). Lanes 1, 3, 5, and 7: no protein was added in the reaction
mixture; lanes 2, 4, 6, 8: addition of 15 mg affinity-purified mcSKD1. The total phosphorimage of each lane is set as 100%, and
the relative intensity of ADP and ATP in each lane is indicated by numbers (%).
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following CGF (compare lane 4 versus lane 8). This is
because ADP was bound to mcSKD1 and cofraction-
ated through the Sephadex G50 column under inhib-
itory conditions. The result clearly indicated that this
ATPase is subjected to product inhibition. The signif-
icance of this finding will be discussed.

Localization of mcSKD1

To assess mcSKD1’s function, antiserum raised
against purified mcSKD1 was used to identify the
localization of this protein in ice plants. Immunoblot
analysis showed this antiserum reacted specifically
with a 60-kD protein in both vegetative and reproduc-
tive organs of ice plants (Fig. 3B). The results showed
mcSDK1 ubiquitously accumulated in this halophyte.
Salt stress treatment slightly increased its accumula-
tion in the leaves (Fig. 3B). As shown in Figure 1A, the

open reading frame of mcSKD1 encodes a protein with
molecular mass of 51 kD. This result suggests that
plant SKD1 protein may have some posttranslational
modification.

Tissue-specific and salt-induced accumulation of
mcSKD1 was examined using immunostaining. Paraf-
fin sections were first reacted with anti-mcSKD1 anti-
bodies and then detected by fluorescein-isothiocyanate
(FITC)-conjugated secondary antibodies under fluo-
rescence microscope (Fig. 4). A yellowish fluorescence
was detected in all the tissues examined when preim-
mune antiserumwere used as primary antibodies (Fig.
4, A, C, E, and G). This nonspecific autofluorescence
was probably caused by phenolic compounds present
in the cell wall ofmesophyll cells. In salt-treated leaves,
mcSKD1 highly accumulated in the epidermal BCs as
shown by the emission of green fluorescence (Fig. 4B).
Some green fluorescence also emitted from the meso-
phyll cells but was overlapped with the yellow fluo-
rescence. BCs are major storage sites for excess Na1 in
this halophyte, and large numbers of cisternae of en-
doplasmic reticulum (ER) were presented in these cells
(Kramer, 1979). The accumulation of mcSKD1 was also
found in the phloem and cortex of salt-treated roots
(Fig. 4D), outer layer of pollen sacs (Fig. 4F), and seed
coats (Fig. 4H). All these cells are actively engaged in
the secretory processes, either exclusion out of cells, or
compartmentalization into the vacuole.

Although the hydropathy plot showed mcSKD1 to
have no apparent transmembrane domains (Jou et al.,
2004), the mcSKD1 yeast homolog VPS4 associated
with the endosomal membrane through protein-
protein interactions. Cell fractionation experiment
showed mcSKD1 was mainly associated with micro-
somes but not with soluble fractions (Fig. 5A). Micro-
somes were further fractionated by Suc gradient.
Preliminary fractionation experiment using a 20%
to 45% continuous Suc gradient showed mcSKD1
appeared in the very top of the gradient (data not
shown). Therefore, a broad range of 8% to 45% gradi-
ent was used to separate the relatively light vesicles.
Western-blot analysis showed mcSKD1 distributed in
the fraction 1 through 7 (8%–34% Suc), mainly in the
top four fractions (less than 20% Suc). The pattern of
mcSKD1 distribution matched with microsomal epox-
ide hydrolase (mEH), an ER marker, and AtTLG2a, a
trans-Golgi network (TGN) marker (Fig. 5B). A less
amount of mcSKD1 was detected in microsomes de-
rived from the tonoplast and PVC distributed in
denser fractions (34%–45% Suc) as indicated by the
tonoplast marker V-type ATPase and PVC markers
vacuolar sorting receptor (VSR) and BP-80. The results
showed that mcSKD1 is mainly present in microsomes
derived from the ER-Golgi network.

The density of tonoplast fraction shown in these
cultured cells (34%) was heavier than the density
observed in the mesophyll cells (22%; Barkla et al.,
1995). This difference was mainly due to the changes
of tonoplast density during vacuole development.
According to Herman et al. (1994), the density of

Figure 3. Accumulation of mcSKD1 in plant organs. Total cellular
protein extracted from pot-grown 7-week-old leaves (400 mM NaCl
treated 0, 3, and 7 d), 10-week-old flowers, and 10-week-old devel-
oping seeds were separated by SDS-PAGE (A) and immunoblotting
against anti-mcSKD1 antiserum (B). Leaf and seed proteins (50 mg) and
flower proteins (5 mg) were loaded per lane. The arrow indicates the
position of a 60-kD immunoreactive protein. F, Flower; S, seed.

Characterization of SKD1 in Ice Plant

Plant Physiol. Vol. 141, 2006 139



tonoplast in mature root cells was enriched in 20%
to 22% Suc, while the density of tonoplast was dis-
tributed in the heavier fractions in undifferentiated
root tip cells, which lack large central vacuoles.

The localization of mcSKD1 relative to mEH,
AtTLG2a, BP-80, VSR, and V-type ATPase in isolated
cultured ice plant cells was further examined by
double-labeling immunofluorescence (Fig. 6). The ma-
genta fluorescence indicated the distribution of mcSKD1
scattering over the cytoplasm with some concentrated
spots (section I). High degrees of colocalization of
mcSKD1 with the ER marker mEH and the TGN
marker AtTLG2a were observed with 81% and 74%,
respectively (section II; green fluorescence). Although
the degrees of colocalization were high, there were
some distinct spots that appeared only for mcSKD1, as
indicated by the magenta arrowheads (section III;
merged image). About 40% of colocalization was

observed when double labeling with tonoplast marker
V-type ATPase. The merged image shows punctuate
concentrated magenta spots located next to the tono-
plast marker. An even lesser degree of colocalization
was observed when double labeling with PVC mark-
ers BP-80 or VSR. However, we constantly observed
some overlapping area as indicated by the white
arrowheads (section III). The result obtained by double
labeling was consistent with the membrane fraction-
ation study, whereby the majorities of mcSKD1 shared
the same location with mEH and AtTLG2a and
suggest that mcSKD1 is predominantly gathered in

Figure 4. Tissue-specificaccumulationofmcSKD1.Paraffin sectionswere
prepared from pot-grown 7-week-old salt-treated leaves (A and B) and
roots (C and D), 10-week-old anthers (E and F), and developing seeds (G
and H). The accumulation of mcSKD1 protein was detected by immuno-
staining using preimmune serum (left) or anti-mcSKD1 antiserum (right),
followed by FITC-conjugated secondary antibodies. Green fluorescence
highlighted thepositionswheremcSKD1accumulated (white arrows). The
yellowish color indicates autofluorescence emitted by phenolic com-
pounds. BC, Bladder cell; C, cortex; MS, mesophyll cell; Ph, phloem; Xy,
xylem; P, pollen; PS, pollen sac; S, seed; SC, seed coat. Bar5 100 mm.

Figure 5. Distribution of mcSKD1 in microsomal fractions. A, Total
cellular protein extracted from 10-d-old cultured ice plant cells were
separated into soluble (S) and microsomal (M) fractions. Proteins were
separated by SDS-PAGE (left) and immunoblotting against anti-mcSKD1
antiserum (right). Fiftymicrograms of proteinswere loaded per lane. The
arrow indicates thepositionof a 60-kD immunoreactive protein.C, Total
cellular protein; S, soluble protein; M, membrane protein. B, Micro-
somes isolated from cultured ice plant cells were fractioned using a
continuous 8% to 45% Suc gradient, and nine fractions (numbers on the
top) were collected from top to bottom. The average Suc concentration
in each fraction is 11%, 14%, 18%, 20%, 23%, 28%, 34%, 39%, and
42% (w/v), respectively. Membrane proteins in each fraction were
separated by SDS-PAGE and immunoblotting against anti-mcSKD1,
mEH, anti-AtTLG2a, VSR, anti-BP80, and anti-V-ATPase antibody.
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specific sites of the ER-Golgi network but also occa-
sionally associates with the tonoplast.
To determine the punctuate pattern of mcSKD1, the

subcellular localization of mcSKD1 was performed
using immunogold labeling (Fig. 7). Ultrathin sections
prepared from salt-treated leaves (Fig. 7, A and B),
roots (C and D), and cultured cells (E and F) were
reacted with preimmune serum or anti-SKD1 antise-
rum and detected by gold-conjugated anti-rabbit an-
tibodies. In all the tissues examined, mcSKD1 was
located in the cytosol in both free form and formation
of small aggregates. Under higher magnification, the
aggregation of mcSKD1 was found to associate with
the cisternal-like membranous structure resembling
the ER-Golgi network (Fig. 7B, inset).

DISCUSSION

Efficient Protein Trafficking Is a
Salt-Tolerant Determinant

The possible involvement of intracellular vesicle traf-
ficking inmaintaining ion homeostasis includes: (1) the
delivery of tonoplastic- or plasma membrane-bound
transporters, channels, and ATP-driving pumps that
directly participate in the ion transport process (Zhu,
2001); (2) the transport of cargo proteins to specific
organelles (Slesak et al., 2002) or proteosomes that

facilitate adaptation to high salinity; and (3) the cycling
of stress signaling receptors (Katzmann et al., 2002) or
membrane compounds (Levine, 2002) that mediate the
osmotic stress responses. Therefore, increasing the effi-
ciency of protein trafficking machinery, such as dock-
ing, fusion, and recycling, should have positive effects
on plant adaptation to a high salinity environment.

There is an increasing amount of evidence for the
importance of the machinery of intracellular vesicle
trafficking in adaptation to salt stress. For vesicle
targeting and docking, small GTPases of the Rab
family have been known to be important (for review,
see Zerial and McBride, 2001). Overexpression of the
Rab GTPase (AtRabG3e) gene in Arabidopsis showed
an increase in tolerance to salt and osmotic stresses
and reduced accumulation of reactive oxygen species
(Mazel et al., 2004). In halophyte ice plants, the ex-
pression of a N-myristoylated Rab GTPase was in-
duced by salt stress (Bolte et al., 2000), and this Rab
was involved in vesicle transport to the prevacuolar
compartment of the lytic vacuole but not to the neutral
vacuole (Bolte et al., 2004).

The vesicle fusion process requires the specific
pairing of SNAREs (for review, see Pratelli et al.,
2004). Leyman et al. (1999) showed that a salt-induced
tobacco t-SNARE protein, NtSyr1, was implicated in
abscisic acid-mediated stomatal closure, while Geelen
et al. (2002) provided evidence for the participation of

Figure 6. Double-labeling immunofluorescence. Ice
plant cells were dual labeled by anti-mcSKD1 and
anti-mEH, AtTLG2a, BP-80, VSR, or V-type ATPase.
Confocal images represent single images of FITC/
rhodamine dual labeling of a representative cell. At
least 15 cells were examined in each treatment. The
image of mcSKD1 is shown by magenta fluorescence
(section I), whereas other markers are indicated by
green fluorescence (section II). A merged image of
dual labeling is shown in section III, and white color
indicates the colocalization area of the two proteins.
Section IV is the cell image under Nomarski optics
(differential interference contrast). Numbers on the
right indicate the percentage of overlapping (white/
magenta 3 100%). Magenta arrowheads indicate
the nonoverlapping area and white arrowheads indi-
cate the overlapping area.
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NtSyr1 in SNARE-mediated vesicle trafficking to the
plasma membrane. Screening of the Arabidopsis
T-DNA insertion library for salt-sensitivemutants iden-
tified a salt stress-related t-SNARE protein, OSM1 (Zhu
et al., 2002). OSM1 was shown to be involved with
transport vesicles from the trans-Golgi to PVC. In this
report, we also demonstrated the accumulation of
mcSKD1, an NSF-like ATPase functioning in the ER-
Golgi network, in cells specialized forwater storage and
ion compartmentalization. The results suggest that co-
ordination of key players in vesicle fusion and recycling
process contributes to the specificity and kinetics of
intracellular vesicle trafficking in salt stress tolerance.

Based on the yeast complementation result, the role
of mcSKD1 was proposed as a facilitator of K1 uptake
and promoter of Na1 sequestering to maintain a high
cytoplasmic K1/Na1 ratio (Jou et al., 2004). In line
with the predicted function of mcSKD1, we found

mcSKD1 protein concentrated on the epidermal BCs
(Fig. 4), the major Na1 storage site in this halophyte.
These specialized cells have the highest V-type ATPase
activity and Na1/H1 exchange rate among tissues in
salt-treated ice plants (Barkla et al., 2002). Therefore, in
addition to mediating vesicle trafficking in secretory
cells of pollen sac and seed coat, mcSKD1 may be
involved in a specific transport pathway in the com-
partmentalization of excess Na1.

SKD1 Participates in Multiple Routes of

Protein Trafficking

A critical point of mcSKD1’s function is to under-
stand its role in the trafficking route. Membrane frac-
tionation experiments showedmcSKD1 occurredmainly
in the light-density fractions that cofractionated with
smooth ER (SER) and TGN markers (Fig. 5). The
distribution of mcSKD1 was confirmed by double-
labeling immunofluorescence (Fig. 6). Another line of
evidence came from Figure 4 where mcSKD1 was
highly accumulated in BCs. These specialized cells
have been known to contain very high amounts of ER
in the cytoplasm (Kramer, 1979). Several mammalian
AAA-type ATPases have also been implicated in reg-
ulating Golgi assembly (Meyer, 2005) and ER-associated
protein degradation (Römisch, 2005).Most of themem-
brane proteins and secreted proteins are synthesized
in the ER, sorted in the Golgi apparatus, and subse-
quently form transport vesicles that bud from a donor
membrane and fuse with a target membrane. The
TGN is a major sorting station where trafficking routes
diverge to the plasma membrane or the vacuole. The
distinct location of mcSKD1 suggests this AAA-type
ATPase participates in the TGN sorting event. After
formation of transport vesicles, mcSKD1 is recruited to
the TGN where this ATPase catalyzes the dissociation
and recycling of the sorting complex. The result sug-
gests the importance of increased efficiency at early
stage of protein trafficking in salt stress tolerance.

The colocalization with the SER marker shed light
on the possible involvement of mcSKD1 in the first
sorting event occurring in the ER. Most vesicles that
leave the ER are trafficked to the Golgi complex, yet
there are additional transport pathways. Some vesi-
cles, such as precursor-accumulating vesicles, bud
from the SER bypassing the Golgi on their way to
vacuoles (Hara-Nishimura et al., 1998). Based on the
ultrastructural observations, Kramer (1979) also sug-
gested that the PVC derived directly from the ER in
developing BCs of ice plant. The involvement of
mcSKD1 in specific route of ER protein sorting will
be the focus in the future.

In yeast, the SKD1 homolog VPS4 mediates protein
sorting from endosome to the multivesicular body
(MVB; Babst et al., 2002). The role of plant endosomes
is still ill defined, as is the role of plant MVB. Recently,
Tse et al. (2004) reported the identification of MVB as
PVC in plants; therefore, the possible involvement of
mcSKD1 in the route of PVC to vacuole was examined

Figure 7. Subcellular localization of mcSKD1. Ultrathin sections
obtained from 7-week-old salt-treated leaves (A and B), roots (C and
D), and 2-week-old callus (E and F) were labeled with preimmune
serum (left) or with anti-mcSKD1 antibody (right) and detected by gold-
conjugated anti-rabbit antibodies. Arrows indicate the position of
mcSKD1. Bars represent 0.5 mm in A, B, C, and D and 0.2 mm in
inset, E, and F. W, Cell wall; V, vacuole; Cy, cytosol; M, mitochondria.
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in this study. The results showed the localization of
mcSKD1 did not overlap significantly with two PVC
markers. Unlike its yeast homolog, the major site of
action for mcSKD1 is not in the route of PVC to
vacuole. The overall sequence similarity between
plant SKD1 and yeast VPS4 is 70% (Yen et al., 2000).
The highest degree of conservation (91%) lies in the
central region that contains an ATPase domain, while
the similarity of N-terminal region is only 54%. The
crystal structure of VPS4 central ATPase cassette and
C-terminal helix has been reported, yet the poorly
ordered N-terminal structures have not been resolved
(Scott et al., 2005). The N-terminal coil-coiled domain
of VPS4 binds directly to other coil-coiled proteins in
the MVB sorting pathway (Babst et al., 2002; Yeo et al.,
2003). The sequence analysis suggests the N-terminal
coil-coiled domain of plant SKD1 interacts with a set of
protein complexes distinct from its yeast homolog. The
inconsistency between plant and yeast demonstrates
that members of SKD1-like proteins are similar in
function but different in specificity.
Evidence provided by this study suggests that

mcSKD1 is localized in the cytoplasmic endomem-
brane system, primarily in the ER-Golgi network.
Although the majority of mcSKD1 did not overlap
with V-ATPase in the membrane cofractionation
experiments (Fig. 5), it showed 40% overlapping
localization with V-ATPase by confocal fluorescent
microscopy (Fig. 6). V-ATPase is a marker for the
tonoplast, but it is also associated with the ER and
PVC. The association of V-ATPase with the endomem-
brane system is most prominent in the undifferenti-
ated cells (Herman et al., 1994). Golldack and Dietz
(2001) reported an increased accumulation of V-ATPase
subunit E not only at the tonoplast but also in the cy-
toplasm in salt-treated ice plants. Similar patterns of
distribution were found in V-ATPase subunits c
and a (Seidel et al., 2004). The localization of V-ATPase
subunits in the cytoplasmic endomembrane system
indicates they are transported by the intracellular
vesicular trafficking system (Ratajczak, 2000) and that
a transient association with mcSKD1 may increase the
flux of delivering V-ATPase-containing vesicles to the
tonoplast in response to salt stress.

Plant SKD1 Is Regulated by Its Nucleotide-Binding State

The molecular mechanism of plant SKD1 in intra-
cellular vesicular trafficking remains unsolved. In
yeast, the involvement of VPS4 in sorting endosomal
proteins has been studied in depth (Babst et al., 2002).
VPS4 assembles into a homo-oligomer, and ATP
hydrolysis drives the dissociation of the ubiquitin-
mediated protein sorting complexes on the surface of
the endosomal membrane. Although we do not know
the exact geometric arrangement of mcSKD1 in our
in vitro assay system, the recombinant mcSKD1 surely
exhibits ATPase activity, and point mutations on crit-
ical amino residues K177 and E231 significantly de-
crease its activity (Fig. 1). Martin et al. (2005) found

that only one active subunit presented in the AAA-
type ATPase ClpX hexamer is sufficient to disassemble
protein complexes. The demonstration of ATPase ac-
tivity and association with endomembrane system of
mcSKD1 is the first step toward understanding its role
in disassembling protein complexes in the endosomal
protein trafficking systems.

Babst et al. (1998) reported the kinetic properties of
yeast VPS4. Although both mcSKD1 and VPS4 cata-
lyze ATP hydrolysis, there are differences in their cata-
lytic properties. For example, mcSKD1 was insensitive
to 5 mM NEM, the concentration that completely in-
hibited the ATPase activity of VPS4 (Babst et al., 1998).
In addition, the curve of substrate dependence was
sigmoid for mcSKD1 while the curve was fit into hy-
perbola for VPS4. TheK1/2 [ATP] ofmcSKD1was higher
than Km of VPS4 (1.25 versus 0.6 mM), indicating that
mcSKD1 has a lower affinity to ATP. The low ATP
affinity of mcSKD1 may be the result of differences in
the quaternary structure and/or the presence of high
concentrations of ADP in the enzyme assay mixture.

ADP is a strong competitor for ATP and it inhibits
the activity of ATP hydrolysis by binding to mcSKD1
(Fig. 2). The physiological role of ADP-bound inhibition
remains unclear. The release of ADP may be a rate-
limiting step, and therefore, a regulatory step for
mcSKD1 ATP turnover. Recall the nucleotide exchange
between GTP- and GDP-bound states of Rab GTPase
(Zhu et al., 2004). The cycle between GTP (active) and
GDP (inactive) conformations influences the ability to
interact with its effectors, and as a result, regulates the
rate of vesicle transport. Since function of Rab GTPase
and AAA-type ATPase are both known as molecular
motors to assemble and disassemble oligomeric com-
plexes, the ATPase activity of mcSKD1 may also reg-
ulate through the ATP- and ADP-bound states. Based
on this assumption, the rate of nucleotide exchange
and ATP hydrolysis of mcSKD1 should be coopera-
tively sped up to meet the high rate of protein traf-
ficking under salt stress.

In summary, findings of this study demonstrate the
kinetic properties and cellular localization of plant
SKD1 protein. Besides the ability to hydrolyze ATP,
plant SKD1 has diverged from that of its yeast equiv-
alent in many aspects. The plant SKD1 appears to
associate mainly with the ER-Golgi network, and
ATPase activity is regulated by ADP binding. SKD1
protein accumulated mostly in cells actively engaging
in the secretory pathway in halophyte ice plants.
Exposure to high salinity environments requires the
efficient and coordinated operation of all stages of
intracellular vesicular trafficking in maintaining ion
homeostasis and in salt stress signaling.

MATERIALS AND METHODS

Plant Growth Conditions and Callus Culture

Ice plants (Mesembryanthemum crystallinum) were grown in mixed soil

(humus to vermiculite to sand, 3:1:1, v/v) in a growth chamber with a
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16-h-light (800 mmol quanta m22 s21)/8-h-dark period at 30�C/18�C. For salt
treatment, 6-week-old plants were treated with 400 mM NaCl for 7 d. Samples

from salt-treated plants and 10-week-old nonstressed flowers and developing

seeds were collected for immunoblotting and immunolocalization.

Callus of ice plant initiated from hypocotyls of seedlings was maintained

in a modified Linsmaier-Bedner and Skoog solid medium as described by

Treichel (1986). The growth conditions for callus were the same as previously

described (Yen et al., 2000). Two-week-old callus was used for membrane

fractionation and immunofluorescence double labeling.

Bacterial Strains and Plasmids

The bacterial strains used in this work were Escherichia coliDH5a and BL21

(DE3). Plasmid vector pGEM T-easy (Promega) was used for cloning and pET

32a (Novagen) was used for overexpression ofmcSKD1 gene. pGEM-MCSKD1

was a pGEM T-easy plasmid carrying the mcSKD1 gene.

Construction of Plasmids

To construct the overexpression system of mcSKD1, an mcSKD1 coding

sequence was PCR amplified using plasmid pGEM-MCSKD1 as a template

and oligonucleotide primers 5#-CGGCCGCGGGAATTCGATTCATATGTA-

CAG-3# (forward) and 5#-GGATCCATCGAAATTATGCAGCCTT-3# (reverse)
tailed with NdeI and BamHI restriction sites, respectively. The NdeI-BamHI

fragment was inserted into the corresponding sites of pET32a to give

pMCSKD32. The pMCSKD32 was used as a template for generation of point

mutations K177A and E231Q using a site-directed mutagenesis kit (Stratagene).

The sequences of all constructs were confirmed by DNA sequencing.

Purification of mcSKD1 Protein

An overnight culture of BL21 (DE3) cells harboring pMCSKD32 was

diluted 100-fold in 1 L Luria-Bertani medium containing 100 mg L21 ampi-

cillin and incubated at 37�C with shaking. When A600 of the culture reached

0.6, IPTG was added to a final concentration of 0.5 mM. After 2 h, the induced

cells were harvested by centrifugation and used for purification of the

mcSKD1 protein.

All purification steps were carried out at 4�C. IPTG-induced cells were

resuspended in 50 mL of equilibration/wash buffer (50 mM sodium phos-

phate, pH 7.0, 500 mM NaCl, and 5% glycerol) containing 1 mM phenylmethyl

sulfonyl fluoride and disrupted by sonication. Cell extract was centrifuged at

13,000g for 30 min. The supernatant was applied to a Co21 affinity column (BD

TALON, BD Bio Science). After washing the column with equilibration/wash

buffer containing 10 mM imidazole, bound proteins were eluted with equil-

ibration/wash buffer containing continuant 20 to 100 mM imidazole (Supple-

mental Fig. 1). Fractions containing 40 mM imidazole had the highest amount

of mcSKD1 protein. At 70 mM imidazole, the eluent contained mostly

mcSKD1. Therefore, fractions containing 70 to 100 mM imidazole were

collected and concentrated by an Amicon Ultra PL-30 (Millpore) column.

The identity of purified mcSKD1 protein was confirmed by N-terminal

sequencing. Protein samples collected from 70 to 100 mM imidazole were

directly spotted on a polyvinylidene difluoride membrane and subjected to

Edman degradation. The N-terminal sequencing was performed by an ABI

492 automatic protein sequencer (Perkin-Elmer).

Measurement of ATPase Activity

ATPase activity of purified mcSKD1 protein was assayed by TLC described

by Babst et al. (1998). Reactions were carried out at 30�C for 20 min in 20 mL

of reaction buffer containing 5 mM MgCl2, 0.1 to 4 mM ATP, 25 to 100 nM

[a-32P]ATP (3,000 Ci/ mmol), and 1.5 mg purified mcSKD1 protein. Aliquots

from reactionmixtureswere spotted onto PEI-cellulose F (Merck) and developed

in 0.75 M KH2PO4. The spots of isotope-labeledADP andATPwere visualized by

Typhoon 9000 series and quantified by ImageQuant software (Amersham

Bioscience). The enzyme activity was expressed as mmol min21 mg protein21.

For detection of substrate affinity, ATPase activity was assayed with

0.02 mM [a-32P]ATP and equal concentrations of unlabeled nucleotides or de-

oxynucleotides. The rate of ATP hydrolysis without any competing nucleotide

was set as 100%. Effects of competitors were expressed as residual activity of

[a-32P]ATP hydrolysis. To investigate the nucleotide occupancy, a nucleotide-

binding assay was performed according to Sianidis et al. (2001). Fifteen

micrograms of mcSKD1 protein was incubated with 1.8 mM or 4 mM ATP

mixture ([a-32P]ATP: unlabeled ATP 5 1:40,000) at 30�C for 20 min. A half

volume of the reaction was run through CGF (Sephadex G-50, Amersham

Bioscience) and the other half was used as the control. One microliter of the

control and 10 mL of the CGF reaction mixtures were assayed by TLC.

Preparation of Anti-mcSKD1 Antibody

SDS-PAGE purified mcSKD1 protein was emulsified with Freund’s com-

plete adjuvant and injected intramuscularly into rabbits or mice. After

2 weeks, the animals were boosted with purified mcSKD1 protein emulsified

with Freund’s incomplete adjuvant. Four boosters were given in this manner

at 2-week intervals. The titer of the serum was estimated by western blotting.

Western Blotting

Six-week-old leaves were treated with 400 mM NaCl, and 10-week-old

flowers and developing seeds were collected and ground in an extraction

buffer (100 mM Tris, pH 7.6, 5 mM MgCl2, 1 mM EDTA, 100 mM NaCl, 1 mM

phenylmethyl sulfonyl fluoride, and 2 mM leupeptin) using a mortar and

pestle. Protein crude extracts were separated on 12% SDS-PAGE and detected

mcSKD1 protein by anti-SKD1 antiserum according to standard procedures.

Immunostaining of Paraffin Sections

The ice plant paraffin sections of pot-grown 7-week-old leaves and roots

were salt treated for 1 week, and 10-week-old floral organs were prepared as

described by Jou et al. (2004). The sections were stained using an anti-mcSKD1

antiserum followed by FITC conjugated anti-rabbit IgG antibody (Jackson

ImmunoResearch). Fluorescent images were examined and photographed by

a fluorescence microscope (BX 50, Olympus Optical) equipped with a fluo-

rescence excitation filter (excitation/emission at 460/515).

Membrane Fractionation

Two-week-old callus was ground in THM buffer (50 mM Tris, pH 7.5, 10 mM

KCl, 1 mM EDTA, and 0.1 mM MgCl2) containing 8% Suc and centrifuged at

30,000g for 1 h to isolate microsomes. Microsomes were fractionated using

an 8% to 45% continuous Suc gradient and separated into nine fractions.

Membrane proteins in each fraction were separated by SDS-PAGE and

immunoblotting against anti-mcSKD1, an ER marker anti-mEH (Galteau

et al., 1985), a TGN marker anti-AtTLG2a (Bassham et al., 2000), prevacuolar

compartment markers anti-VSR and anti-BP80 (Tse et al., 2004), and a

tonoplast marker anti-V-type ATPase B1 subunit (sc-20943, Santa Cruz Bio-

tech) antibody.

Immunofluorescence Double Labeling of Cells and
Confocal Laser Scanning Microscopy

The cultured ice plant cells were fixed in 3.7% paraformaldehyde in 50 mM

sodium phosphate buffer, pH 7.0, and 5mM EGTA. To disperse single cells, the

cells were treated with 3% cellulase for 20 min to partially digest cell walls.

The plasma membrane was permeabilized with 0.5% Triton X-100 in 50 mM

sodium phosphate buffer, pH 7.0, and 5 mM EGTA for 5 min. The cells were

incubated in blocking buffer (phosphate-buffered saline containing 0.25%

bovine serum albumin, 0.25% gelatin, 0.05% Nonidet P-40, and 0.02% sodium

azide) at room temperature. The primary antibodies including affinity-purified

polyclonal antibodies (mcSKD1, mEH, AtTLG2a, VSR, BP-80, and V-type

ATPase B1) were used at a dilution of one-tenth in blocking buffer and

incubated for 1 h. After washing with blocking buffer three times for 30 min,

the cells were incubated with secondary antibodies anti-mouse IgG conju-

gated to rhodamine and anti-rabbit IgG conjugated to FITC (Jackson Immuno-

Research) at a dilution of 1/100.

A Zeiss LSM 510 laser scanning confocal microscope equipped with a

water objective was used to examine the labeled cells. The confocal scanner

used excitation argon laser and the beam splitter HFT UV/488/543/633.

Filters BP500-530IR and LP560 collected the emitted fluorescence. Fifteen to

twenty-five cells were scanned for each treatment. The images were collected

sequentially from the same optical section, analyzed by Zeiss LSM Browers,

and quantified by Adobe Photoshop 7.0 software. The magenta (M) and white

(W) pixel areas in single sections were measured and the percent of mcSKD1

colocalized with various membrane markers was defined as W/M.
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Immunogold Labeling

Ultrathin sections (70 nm) were obtained from salt-treated ice plant leaves,

roots, and callus and were collected on formvar-coated nickel grids according

to Chung et al. (2002). The labeling was performed as previously described

(Yen et al., 2001) with minor modifications. The sections were floated with the

tissue-containing side downward on a droplet of blocking solution (100 mM

Tris-HCl, pH 7.5, 15 mM NaCl, 1% bovine serum albumin, 0.3% Tween 20, and

0.3% Triton X-100) for 40 min, and then incubated with anti-mcSKD1 anti-

serum diluted to 1/200 in blocking solution for 1 h. After washing five times in

distilled deionized water, sections were incubated with anti-Rabbit IgG

conjugated 18-nm gold (Sigma) diluted 1/20 for 30 min. The sections were

poststained with 2.5% uranyl acetate for 20 min and lead citrate (80.3 mM lead

nitrate, 136.4 mM sodium citrate, and 0.16 N NaOH) for 10 min. Sections were

examined using transmission electron microscopy (CM100, Philips Electron

Optics).

Sequence data from this article can be found in the EMBL/GenBank data

libraries under accession number AF165422.
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