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Dynamin and its related proteins are a group of mech-
anochemical proteins involved in the modulation of
lipid membranes in various biological processes. Here
we investigate the nature of membrane binding of the
Arabidopsis dynamin-like 6 (ADL6) involved in vesicle
trafficking from the ¢rans-Golgi network to the central
vacuole. Fractionation experiments by continuous su-
crose gradients and gel filtration revealed that the ma-
jority of ADLG6 is associated with membranes in vivo.
Amino acid sequence analysis revealed that ADL6 has a
putative pleckstrin homology (PH) domain. In vitro lipid
binding assays demonstrated that ADL6 showed high
affinity binding to phosphatidylinositol 3-phosphate
(PtdIns-3-P) and that the PH domain was responsible for
this interaction. However, the PH domain alone binds
equally well to both PtdIns-3-P and phosphatidylinositol
4-phosphate (PtdIns-4-P). Interestingly, the high affinity
binding of the PH domain to PtdIns-3-P was restored by
a protein-protein interaction between the PH domain
and the C-terminal region. In addition, deletion of the
inserted regions within the PH domain results in high
affinity binding of the PH domain to PtdIns-3-P. These
results suggest that ADL6 binds specifically to PtdIns-
3-P and that the lipid binding specificity is determined
by the interaction between the PH domain and the C-
terminal domain of ADLG6.

Dynamin, a high molecular weight GTP-binding protein orig-
inally found in rat brain tissue, has been shown to play an
important role in vesicle formation during endocytosis. Since
the discovery of dynamin I, numerous dynamin-related pro-
teins have been identified from various organisms such as
yeasts, plants, and humans (1-6). The mechanism by which
dynamin I plays a role in endocytosis has been extensively
studied (7-12). From these numerous studies, dynamin I has
been shown to function as a mechanochemical enzyme that
pinches off the neck of invaginated membranes, thereby releas-
ing the budding membrane as a vesicle (10, 11, 13).

Unlike the dynamin I protein, which is involved in endocy-
tosis in animal cells, other members of the dynamin family
have been proposed to play roles in other biological processes,
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such as maintenance of mitochondrial morphology (14-16), cell
plate formation in plant cells (5), thylakoid membrane biogen-
esis (17), and vacuolar trafficking of proteins at the trans-Golgi
network (TGN)! (18). Although the exact mechanism of action
of these proteins remains to be elucidated, they appear to be
involved in various biological processes, including the modula-
tion of membrane structures such as membrane fission (19). To
modulate membrane structure, these proteins must be able to
bind to membranes. The membrane association of dynamin I
has been shown to be mediated by the PH domain of the protein
that binds specifically to phosphatidylinositol 4,5-bisphosphate
(PtdIns-4,5-P,) (20, 21). Also, other members of the dynamin
family, such as Arabidopsis dynamin-like 1 (ADL1), ADL2, and
phragmoplastin also have been shown to bind to membranes in
vivo (22-24). Among these, ADL2 has been shown to bind
specifically to PtdIns-4-P in vitro (24). However, except for
dynamin I, the nature of membrane association of dynamin-
related proteins is unclear because the PH domain is appar-
ently absent from certain members of the dynamin family, such
as Vsplp and ADL2 (2, 6, 24). Another important biochemical
characteristic of these proteins for their role in membrane
modulation is high molecular weight complex formation (10,
22, 24-26). These proteins have been shown to self-assemble
into a homopolymeric form through the intermolecular inter-
action between self-assembly domains (25-27).

Previously, we have shown that ADL6 is localized to the
TGN and involved in trafficking of cargo proteins from the TGN
to the central vacuole in Arabidopsis (18). To further under-
stand the role of ADLG6 in vivo, we characterized the nature of
its interaction with membranes.

In this study, we present evidence that ADL6 binds to phos-
phatidylinositol 3-phosphate with high affinity and that the
lipid binding specificity of the PH domain is determined
through an intermolecular interaction between the PH domain
and the C-terminal domain (CTD).

EXPERIMENTAL PROCEDURES

Growth of Plants—Arabidopsis thaliana (ecotype Columbia) was
grown in a greenhouse under a 16/8 h light/dark cycle at a temperature
of 20 °C and relative humidity of 70%. Also, plants were grown on
Murashige and Skoog plates in a growth chamber at 20 °C with a 16/8
h light/dark cycle.

Construction of Expression Plasmids—The PH domain of ADL6 (ami-
no acid residues 558-759) was amplified by the polymerase chain
reaction using two specific primers (GAGACGCCGGAGGTCTCTGG

! The abbreviations used are: TGN, trans-Golgi network; ADL, Ara-
bidopsis dynamin-like; PH, pleckstrin homology; CTD, C-terminal do-
main; MBP, maltose-binding protein; PC, phosphatidylcholine; PE,
phosphatidylethanolamine; PtdInd, phosphatidylinositol; PLC, phos-
pholipase C; GED, GTPase effector domain.
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and GGATCCGAACAACAGCCTTTGG). To generate the 1877 mutant
containing the PH domain and the C-terminal domain (amino acid
residues 558-914), a DNA fragment was amplified by two specific
primers (GAGACGCCGGAGGTCTCTGG and ATACCTGTAAGCT-
GAACC). The CTD of ADL6 (amino acid residues 760-914) was PCR-
amplified using two specific primers, TGTCAAGTAGAGAAAGCAAA
and ATACCTGTAAGCTGAACC. To generate PHD(AI1), N- and C-
terminal regions of the PH domain were amplified using two sets of
primers: GAGACGCCGGAGGTCTCTGG and AATAGTGCATTCCTCC
and AAGGACCAGGCCTTGT and GGATCCGAACAACAGCCTTTGG,
respectively, and the resulting fragments were ligated. Similarly, the
N- and C-terminal regions of PHD(AI2) were amplified using two sets of
primers: GAGACGCCGGAGGTCTCTGG and AAGGGCATTGT-
GAGCTT and AACGAGTGGATTAATA and GGATCCGAACAACAGC-
CTTTGG, respectively. The N- and C-terminal regions of PHD(AI3)
were PCR-amplified using two sets of primers: GAGACGCCGGAG-
GTCTCTGG and tccacgagectggat and GGATCCGAACAACAGCCTT-
TGG and CCAGAAGAGGAGCTC, respectively. The N- and C-terminal
fragments for PHD(AI1), PHD(AI2) and PHD(AI3) were then ligated.
DNA fragments encoding all the deletion mutants and the full-length
ADLS6 were ligated in-frame with the maltose-binding protein (MBP) at
the Xbal and EcoRI sites of pMAL-c2 (New England Biolabs, Beverly,
MA). Also, DNA encoding these deletion mutants was ligated to pGEX-
5X-1 (Amersham Biosciences) to generate glutathione S-transferase
(GST) fusion proteins.

Expression of Recombinant Proteins—To express MBP or GST fusion
proteins, the expression constructs were introduced into JM109. Ex-
pression of recombinant proteins was induced with 0.3 mMm isopropyl-
D-thiogalactopyranoside for 4 h at 28 °C or for 1 h at 37 °C. The cultures
were harvested by centrifugation at 5,000 X g for 5 min at 4 °C. The
pellets were resuspended in ice-cold resuspension buffer (20 mm Tris-
HCI, pH 7.4, 200 mMm NaCl, 1 mm EDTA, 1 mMm dithiothreitol, and 1 mm
phenylmethylsulfonyl fluoride) containing protease inhibitors (1 pg/ml
aprotinin, 1 ug/ml antipain) and sonicated with 30-s bursts at a maxi-
mal setting at 4 °C. Cell debris was then removed by centrifugation at
18,000 X g for 15 min at 4 °C.

For purification of recombinant proteins, cleared supernatant was
incubated with 1/100 volume of pre-equilibrated glutathione-Sepharose
beads (for GST fusions) or amylose resin (for MBP fusions) on an orbital
shaker for 30 min at 4 °C. The beads were collected by centrifugation at
1,000 X g for 1 min and washed three times with ice-cold suspension
buffer. The fusion proteins were eluted by adding 5 mMm glutathione, 50
mM Tris-HCl, pH 8.0 (for GST fusions), or 10 mm maltose, 50 mMm
Tris-HCI, pH 8.0 (for MBP fusions).

Fat Western Blot Analysis—Various lipids, such as phosphati-
dylethanolamine (PE), phosphatidylcholine (PC), PtdIns, PtdIns-4-P,
phosphatidylinositol 4,5-bisphosphate (PtdIns-4,5-P,), PtdIns-3-P,
phosphatidylinositol 3,4-bisphosphate (PtdIns-3,4-P,), and phosphati-
dylinositol 3,4,5-trisphosphate (PtdIns-3,4,5-P,), were used for lipid
binding analysis. The lipid binding assays were done by Fat Western
blot analysis (24, 28) using affinity-purified recombinant proteins.
Briefly, 10-ul volumes of various concentrations of lipids dissolved in
chloroform were applied to nitrocellulose membranes. The membranes
were blocked with 10 ml of buffer containing 20 mm Tris-HCI, pH 7.5,
140 mMm NaCl, and 0.1% Tween 20 (TTBS) overnight at 4 °C and then
incubated with 0.5 pug/ml purified recombinant protein in 10 ml of TTBS
containing 3% fatty acid-free bovine serum albumin for 1 h at room
temperature. After washing three times with TTBS, the blot was incu-
bated with the primary antibody for 1 h at room temperature and
washed three times for 20 min each time. A secondary antibody was
then incubated and washed under the same conditions as the primary
antibody. The ECL detection system was used for visualization (Amer-
sham Biosciences).

Sedimentation Assay—Purified proteins were dialyzed against HP
buffer (10 mm Hepes, pH 7.5, 1 mMm dithiothreitol, 1 mm MgCl,, 1 mMm
EGTA, 1 mM phenylmethylsulfonyl fluoride) containing 100 mm NaCl
and then centrifuged at 18,000 X g for 15 min to remove aggregated
proteins. Liposomes were prepared by mixing phosphatidylcholine,
phosphatidylethanolamine, phosphatidylinositol, PtdIns-3-P, and
PtdIns-4-P at the ratio indicated in each experiment, drying the mix-
ture under nitrogen, and resuspending to a final concentration of 2 mg
of total phospholipid/ml buffer containing 50 mm Hepes-NaOH (pH 7.4),
100 mM NaCl, and 0.5 mm EDTA (29). The resuspended lipids were
sonicated until a homogenous suspension was formed. Liposomes were
collected by centrifugation at 16,000 X g for 10 min. Liposome (50 ul)
was mixed with proteins (5 pg in 50 ul in the same buffer) and incu-
bated for 15 min at room temperature. Proteins bound to the liposomes
were sedimented by centrifugation at 16,000 X g for 30 min. Proteins
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present in the pellet and supernatant were fractionated by SDS-PAGE
and the presence of MBP fusion proteins was detected by Western blot
analysis using anti-MBP antibody.

Protein Pull-down Assay—For GST pull-down assays, cleared super-
natant containing 10 pg of recombinant GST fusion proteins and
cleared supernatant containing 20 ug of MBP fusion proteins were
mixed in 10 ml of protein pull-down buffer (20 mm Tris-HC], pH 7.4, 150
mM NaCl, 1 mm EDTA, 1 mM EGTA, 1 mM dithiothreitol, 0.2% Triton
X-100, 0.1% Nonidet P-40) and incubated with agitation at 4 °C for 1 h
with glutathione-Sepharose beads. The beads were then pelleted by
centrifugation at 2,000 X g for 1 min at 4 °C and washed four times with
protein pull-down buffer. The bound proteins were eluted, fractionated
by 10% SDS-PAGE, and subjected to Western blot analysis using an
anti-MBP antibody.

RESULTS

The Majority of ADL6 Is Associated with Membranes in
Vivo—ADLSG is a homolog of the mechanochemical protein dy-
namin and has been shown to be involved in intracellular
trafficking of cargo proteins from the trans-Golgi network to
the central vacuole (18). As in the case of other members of the
dynamin family (20, 22, 24), it is likely that ADL6 is associated
with membranes. To enhance our understanding of the molec-
ular mechanism by which ADL6 plays a role in vivo, we inves-
tigated the nature of membrane association of ADL6. First we
investigated the subcellular distribution of ADL6 in vivo by
ultracentrifugation through a sucrose gradient. As shown in
Fig. 1, the majority of ADL6 was found in the region of 37-41%
sucrose, indicating that ADL6 may be associated with mem-
branes, as in the case of dynamin and its related proteins (20,
22, 24). To further confirm that ADL6 is associated with mem-
branes, total protein extracts were treated with Triton X-100
and then fractionated in a continuous sucrose gradient by
ultracentrifugation. The presence of ADL6 in these fractions
was examined by Western blot analysis. As shown in Fig. 14,
ADL6 was detected in the region of 30—-37% sucrose in the
gradient after treatment with Triton X-100, compared with
37—-41% sucrose in the gradient without Triton X-100 treat-
ment. Interestingly, the behavior of ADL6 in the sucrose gra-
dient was rather unusual. When protein extracts treated with
Triton X-100, an agent that can solubilize membranes, are
fractionated in a sucrose gradient by ultracentrifugation, mem-
brane proteins are found at the top fractions (the soluble frac-
tions) in the sucrose gradient. However, in contrast to this
notion, ADL6 was detected in the region of 30—-37% sucrose of
the gradient after Triton X-100 treatment but not at the top of
the gradient. The behavior of ADL6 was quite similar to ADL1
and ADL2 found in plant cells (22, 24, 30). The fact that ADL6
migrated at the low percentage of sucrose in the gradient
strongly suggests that Triton X-100 may have removed mem-
branes associated with ADL6. At the same time, the fact that it
did not migrate at the top of the gradient (soluble fraction) after
Triton X-100 treatment suggests that ADL6 may be present as
a high molecular weight complex as in the case of dynamin and
ADL isoforms (22, 24, 30). Previously, it was shown that ADL1
and other dynamin-related proteins are found as high molecu-
lar weight complexes (22, 24, 30). Thus, ADL6 may also be
present as a high molecular weight complex. To examine this
possibility, we performed a gel filtration assay using protein
extracts obtained from leaf tissues. As shown in Fig. 1B, ADL6
was found in two positions. The first peak was eluted much
earlier than the rubisco complex (560 kDa), whereas the
other eluted at a position corresponding to an ADL6 dimer
(200 kDa). When protein extracts were treated with Triton
X-100, the first peak of ADL6 was eluted in later fractions,
whereas the second peak was at the same dimer position,
indicating that Triton X-100 treatment may have removed
membranes associated with ADL6 present in the first peak.
These results strongly support the notion that ADL6 may be
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A
3 6 9 12 16 19 22 26 29 31 (fraction numbers)
U . e (-Triton X-100)
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- “_- (+ 1%Triton X-100)
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Rbc complex(560kDa) p-amylase(200kDa)
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23 27 31 35 39 43 47 51 55

59 63

P +Triton X-100

Fic. 1. ADLS is associated with membranes and forms a high molecular weight complex in vivo. A, continuous sucrose gradient.
Proteins from total leaf extracts were fractionated using linear sucrose gradients (15-50%) in the presence (+1% Triton X-100) or absence (—Triton

X-100) of 1% Triton X-100. 1-ml fractions were collected. Proteins in 500 ul of each fraction were trichloroacetic acid-precipitated and separated

by SDS-PAGE. The presence of ADL6 in these fractions was detected by immunoblot analysis with the anti-ADL6 antibody. The density of sucrose

for each fraction was measured by a reflectometer. B, gel filtration column chromatography. Total leaf extracts (2—4 mg of protein) treated with

1% Triton X-100 (+Triton X-100) or without the treatment (—Triton X-100) were fractionated by gel filtration chromatography using Superose 300.

The presence of ADL6 in these fractions was detected as described above. Also, the rubisco complex was detected by Western blot analysis using

a polyclonal anti-rubisco complex antibody. The positions of -amylase (200 kDa) and the Rubisco complex (560 kDa) are indicated.

N =
G’ng Q\’éa
o
FF LIS ©
S TS S S
PP S FS
(Zkl%) -~
-_
16 = -
97 = = ?
66 - _
- —
.. -
45 -
55 -
0.

Fic. 2. Expression and purification of recombinant proteins.
Various recombinants were expressed as MBP fusion proteins or GST
fusion proteins. These recombinant proteins were expressed and puri-
fied as described under “Experimental Procedures.” The purified pro-
teins were fractionated by SDS-PAGE and stained with Coomassie
Blue.

a high molecular weight complex in vivo, as in the case of
dynamin, ADL1, and ADL2 (22, 24, 30).

ADLSG6 Binds Specifically to Phosphatidylinositol 3-Phosphate
in Vitro—In the case of dynamin, the PH domain shows high
affinity binding to phosphatidylinositol phosphates such as
phosphatidylinositol 4,5-bisphosphate PtdIns-4,5-P, (20, 21).
Also, ADL2 has been shown to bind to phosphatidylinositol

PC PE PI

3P 3,4P 3,5P

4P 4,5P 3,4,5P

Fic. 3. ADL6 shows a high affinity binding to PtdIns-3-P. The
phospholipid binding assay was carried out using the purified recom-
binant proteins, MBP-ADL6 (a), MBP (4), and MBP-PHD(PLC-9) (c), as
described under “Experimental Procedures.” Binding of the recombi-
nant proteins to the lipid was detected by Western blot analysis using
the polyclonal anti-MBP antibody as the primary antibody. PC, phos-
phatidylcholine; PE, phosphatidylethanolamine; PI, phosphatidylinosi-
tol; 3P, phosphatidylinositol 3-phosphate; 4P, phosphatidylinositol
4-phosphate; 3,4P, phosphatidylinositol 3,4-bisphosphate; 3,5P, phos-
phatidylinositol 3,5-bisphosphate; 4,5P, phosphatidylinositol 4,5-
bisphosphate; 3,4,5P, phosphatidylinositol 3,4,5-trisphosphate.

4-phosphate (PtdIns-4-P) (24). Binding to these phospholipids
by the PH domain or similar lipid-binding domains is thought
to allow the proteins with these domains to associate with
membranes. Thus, to further understand the nature of the
membrane association of ADL6, we wanted to investigate
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* * * * *
Dynamin RKGWLTINNIG.......IMKGGSKEYWFVLTAENLSW.YKDDEE.......KEKKYMLSVDN
Spectrin MEGFLNRKHEWEAHNKK . ASSRSWHNVYCYLNNQEMGF . YKDAKSAASGIPY . HSEVPVSLKE
Plecsktrin N REGYLVKKG.........SVFNTWKPMWVVLLEDGIEF.YKKKSDNS......PKGMI.PLKG
ADL6 TAGYLM. ... . . KKSAKTNGWSRRWFVLNEKTGKLGYTKKQE...... ERNFRG.... .
BRRBRRRRLA BBRRPLLEE  PRRBLP BRRRAP
70 80 90 100 110 120 130
* * * * * * *
Dynamin LKLRDVEKGF MSSKHIFALFNTE..QR NVYKDYRQLELACET..... QEEVDSWKASFLARGVYPE
Spectrin LAICEVALDY KKKKHVFKLRL...... .« . SDGNEYLFQAKD..... DEEMNTWIQAISSA.....
Pleckstrin N STLTSPCQDF GKRMFVFKITT . . .TKQODHFFQAAF..... LEERDAWVRDINKAIKCI.
ADL6 .TITLEECTI//KGPGLVFKITCKVPYKT//NEWINKLQKVIQARGGQVGS//PEEELRWMSQEVRGYVEAV
I1 I2 I3
BRRABAP BRRAPRLRA PBRPRLA CLOOLOLOLACLOLOLOLC

Amino acid sequences of insertions between p-sheets
I1(EEIPEDEVEKSKSSKDKKANGPDS), I2(VLKAHNALVLKAESVVDK), I3(VSMRQSLSEGSLDKMVRKPID)

Fic. 4. Amino acid sequence alignment of the putative PH domain. Gaps were introduced to maximize the alignment. Also, three inserted
regions were deleted from the sequence. The sequences of the three inserted regions are indicated by /1, I2, and I3. The secondary structure was
predicted by the protein secondary structure prediction program from the ExPASy Molecular Biology Server. « and B indicate the a-helix and

B-sheets, respectively.

whether ADL6 also binds to any of these phospholipids. To
address this question, we prepared recombinant ADL6 protein
from Escherichia coli as a MBP fusion protein. MBP:ADL6 was
affinity-purified using amylose resin beads and used for lipid
binding assays (Fig. 2) (24, 28). MBP:PHD(PLC-6), which
shows a high affinity binding to PtdIns-4,5-P, (31), was ex-
pressed and purified for use as a positive control for the lipid
binding assays. In addition, MBP alone was included as a
negative control. Among various phospholipid molecules exam-
ined, MBP:ADL®6 showed high affinity binding to PtdIns-3-P by
Fat Western blot analysis (Fig. 3). As expected, PHD(PLC-9)
showed a high affinity interaction with PtdIns-4,5-P, when
used as a MBP fusion protein (31). In contrast, the negative
control MBP did not show binding to any of these phospholip-
ids. These results strongly suggest that ADL6 binds specifically
to PtdIns-3-P.

The PH Domain of ADL6 Is Responsible for Binding of ADL6
to Phospholipids—To enhance our understanding of the lipid
binding of ADL6, we wanted to investigate which region of
ADLS is responsible for binding to PtdIns-3-P. We first com-
pared the amino acid sequence of ADL6 to other members of
the dynamin family. Amino acid sequence analysis using
Blastp from the NCBI server suggested that ADL6 has a PH
domain (data not shown). In addition, as shown in Fig. 4, the
region from amino acid residues 558759 showed a significant
degree of amino acid sequence homology to the PH domains of
various proteins. Similar to the PH domains of other proteins,
this region was predicted to consist of 7 B-sheets followed by an
a-helix (20, 32) using the protein secondary structure predic-
tion program of the ExPASy Molecular Biology Server. How-
ever, the PH domain of ADL6 was slightly larger than the PH
domain found in dynamin I and phospholipase C-8. Amino acid
sequence alignment of these PH domains revealed that the PH
domain of ADL6 has additional amino acids inserted between
the B-sheet structures in the PH domain (Fig. 4).

With this information, several deletion mutants were gener-
ated, as shown in Fig. 5A, and expressed as MBP fusion pro-
teins, as shown in Fig. 2. Using these recombinant proteins, the
lipid binding assay was performed. As in the case of the full-
length ADL6 protein, fusion proteins with the PH domain
bound to PtdIns-3-P (Fig. 5B). However, interestingly, the fu-

sion protein between MBP and the PH domain (MBP:PHD)
showed a slightly different binding pattern than the full-length
ADLS6 protein (Fig. 6, PHD). The wild-type ADL6 and 1877
showed ~4-fold higher binding affinity to PtdIns-3-P than to
PtdIns-4-P (Fig. 5C). In contrast, as shown in Fig. 5, B and C,
the PH domain alone showed nearly equal binding affinity to
both PtdIns-3-P and PtdIns-4-P. In addition, the binding affin-
ity of MBP:PHD to these lipids was lower than that of the
full-length ADL6. Thus, these results suggest two points: 1) the
PH domain is responsible for the binding of ADL6 to phospho-
lipids and 2) the lipid binding specificity of the PH domain is
different from that of ADL6. This is quite unexpected because
in most cases the PH domain alone is responsible for phospho-
lipid binding (20). To further confirm the lipid binding of ADL6,
we performed a liposome sedimentation assay using various
lipid molecules. We used MBP:1877 because this protein
showed lipid binding properties identical to the wild-type. Li-
posomes were mixed with MBP:1877 and precipitated by cen-
trifugation. The pellet fractions were then probed for the pres-
ence of MBP:1877 by Western blot analysis using a polyclonal
anti-MBP antibody. As shown in Fig. 5D, the liposome contain-
ing PtdIns-3-P was most effective in precipitating MBP:1877.
Thus, these results further support the notion that ADL6 is
associated with membranes through binding to PtdIns-3-P.

A Protein-Protein Interaction between the PH Domain and
CTD Increases Binding Affinity to Phosphatidylinositol
3-Phosphate—As shown above, the PH domain showed a dif-
ferent lipid binding specificity from the full-length ADL6. To
confirm this, we performed liposome-mediated sedimentation
experiments with MBP:PHD. As shown in Fig. 6, liposomes
containing PtdIns-4-P were nearly as effective as PtdIns-3-P
in sedimenting MBP:PHD. This result strongly suggests that
an additional region of ADL6 may contribute to its lipid
binding specificity. Because MBP:1877 showed lipid binding
properties identical to the full-length ADLS, it is likely that
the C-terminal region of the PH domain may play a role in
determining lipid binding specificity. To investigate how the
C-terminal region contributes to the lipid binding of the PH
domain, we examined possible interactions between the PH
domain and the CTD of ADL6. We performed protein pull-
down assays using recombinant proteins (MBP:1877,
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|  GTPase

: { PHD

HAsm HPRD|

Fic. 5. The PH domain of ADLG is
responsible for phospholipid bind-
ing. A, schemes of various deletion mu-
tants. The numbers indicate the positions
of the amino acid residues. Domains of
ADL6 showing homology to various do-
mains found in dynamin I are depicted.
GTPase, GTPase domain; PHD, PH do-
main; Asm, assembly domain; PRD, pro-
line-rich domain. CTD, the C-terminal do- B
main containing the assembly domain ADL6

558 ¢

PHD
558 I 50

CTD
760 E——

+

1877 PHD CTD

and proline-rich domain. B, Fat Western
blot assay of lipid binding. The phospho-
lipid-binding assay was carried out using
the purified recombinant proteins indi- -
cated. C, quantification of lipid binding
affinity. To quantify the lipid binding af-
finity, each spot was quantified by densi-

PC PE PI
. ® 3P 34P 3,5P

4P 4,5P 3.4,5P

tometry. The values are means + S.D.
with n = 3. D, liposome sedimentation
assay. MBP:1877 bound to liposomes was C
sedimented by centrifugation at 16,000 X

g for 30 min. MBP:1877 present in the
pellet was detected by Western blot anal-
ysis using a polyclonal anti-MBP anti-
body. PC, liposome prepared with PC. PI,
3P, and 4P indicate liposome prepared
with PC and PE at the ratio of 80:19 (wgt
%) with 1% of PI, PtdIns-3-P, and PtdIns-
4-P, respectively.

Relative intensity of signals

Prdlns(3)P
B s

D

Supernatant Pellet
PC 3P 4P PC 3P 4P

Fic. 6. Liposome-mediated sedimentation of the PH domain.
MBP:PHD bound to liposomes was sedimented by centrifugation at
16,000 X g for 30 min. MBP:PHD present in the supernatant and pellet
was detected by Western blot analysis using a polyclonal anti-MBP
antibody. PC, liposome prepared with PC. 3P and 4P indicate liposomes
prepared with PC and PE at the ratio of 80:19 (wgt %) with 1% of
PtdIns-3-P and PtdIns-4-P, respectively.

- - MBP:PHD

GST-CTD, and MBP:PHD) expressed in E. coli (Fig. 2). As
shown in Fig. 7, MBP:1877 strongly bound to GST:CTD.
Furthermore, MBP:PHD was sufficient to bind to GST:CTD
(Fig. 7). These results strongly suggest that the PH domain
interacts with CTD. This is quite a contrast to the PH domain
of dynamin because the PH domain from dynamin is known
to bind to phospholipids but not involved in the protein-
protein interaction (20, 21). Interestingly, the interaction
between the PH domain and CTD was strongly dependent on
the concentration of NaCl, indicating that ionic strength may
play an important role in this interaction. With this informa-
tion, we next examined whether the interaction between the
PH domain and the CTD plays any role in determining the
lipid binding specificity of the PH domain. To address this
question, we again performed a lipid binding assay. This
time, MBP:PHD was incubated with MBP:CTD and then

PHD CTD

used for the lipid binding assay. As shown in Fig. 84, in the
presence of CTD, the lipid binding specificity of the PH do-
main was nearly identical to that of MBP:1877 and MBP:
ADLG6. The binding affinity was ~4-fold higher when binding
to PtdIns-3-P than to PtdIns-4-P (Fig. 8B). However, the
binding affinity to PtdIns-4-P was nearly equal, indicating
that the interaction between the PH domain and CTD in-
creases the binding affinity of the PH domain to PtdIns-3-P.
This result strongly suggests that the PH domain interacts
with the CTD, which in turn determines the phospholipid
binding specificity of ADL6.

The Inserted Regions Influence Lipid Binding Specificity of
the PH Domain—The PH domain is an independently folded
domain of ~100 amino acid residues and has been shown to
consist of 7 B-sheets followed by an a-helix as determined by
three-dimensional structure modeling (20, 32). However, the
PH domain of ADL6 is unusually long and appears to have 3
extra inserted regions between the B-sheets (Fig. 4). Also, as
shown above, unlike other PH domains, the lipid binding spec-
ificity of the PH domain is changed upon interaction of the PH
domain with CTD. Thus, we asked whether this inserted region
has any role in the unusual behavior of the PH domain of
ADLSG. To address this question, we generated several mutants
without the inserted regions (Fig. 9C) and expressed them as
MBP fusion proteins. These proteins were affinity-purified us-
ing amylose resin ((Fig. 9B) and used for lipid binding assays.
As shown in Fig. 94, the deletion of inserted region I1 slightly
increased the binding affinity to PtdIns-3-P. In contrast, the
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Fic. 8. The C-terminal domain is involved in determining lipid binding specificity. The phospholipid binding assay was carried out
using the purified recombinant proteins indicated in a buffer containing 50 mM NaCl (A). The lipid binding affinity was quantified by densitometry

(B). The values are means * S.D. with n = 3.

deletion of I2 or I3 nearly completely eliminated binding to
PtdIns-4-P. Thus, these results strongly suggest that the in-
serted regions may affect the lipid binding specificity of the PH
domain.

DISCUSSION

A large number of proteins are known to bind to various
phospholipids. In most cases, these proteins have a specific
domain involved in phospholipid binding (33-35). The amino
acid sequence analysis of ADLG6 revealed that, among the var-
ious lipid binding domains known to exist, ADL6 has a PH
domain as in the case of dynamins found in animal cells (20, 21,
36). This is in sharp contrast to other dynamin-like proteins
found in plant cells (5, 24). Although these plant proteins have
been shown to bind to membranes (22—24), it is not clear which
domain is involved in membrane association, and, with the
exception of ADL2, it is not known which specific phospholipids
are bound (24).

Among the various lipids we examined by Fat Western blot
analysis and liposome pull-down assays, ADL6 showed high
affinity binding to PtdIns-3-P and weak binding to PtdIns-4-P.
The PH domain of ADL6 was responsible for lipid binding. The
lipid binding specificity of ADL6 was different from that of
other PH domains. It has been shown that the PH domains of
dynamin and PLC-8 show high affinity binding to PtdIns-
4,5-P, (20, 21, 31). The PH domain of PtdIns 4-kinase $ binds
to PtdIns-4-P (28). Also, PH domains of Grpl and PLC- bind to

PtdIns-3,4,5-P5 (37, 38). However, when we examined the lipid
binding of the PH domain of ADLG, it showed nearly equal
binding affinity to both PtdIns-3-P and PtdIns-4-P, which is in
contrast to the high affinity binding of ADL6 to PtdIns-3-P.
This result was quite unexpected because, in most cases, the
PH domain alone is sufficient to represent the lipid binding
specificity of the whole protein (20, 21, 31). To maintain the
lipid binding specificity of ADL6, the PH domain has to have
the CTD, suggesting that the C-terminal domain of ADL6
affects the lipid binding. We examined the possibility of a
protein-protein interaction between the PH domain and the
CTD of ADL6 as a means by which the CTD could affect the
lipid binding specificity of the PH domain. Recently it has been
shown that the PH domain is also involved in protein-protein
interactions (39, 40). Interestingly, there was a strong interac-
tion between the PH domain and the CTD at low salt concen-
trations. Furthermore the interaction between the PH domain
and the CTD restored lipid binding specificity to the PH do-
main so that it bound to PtdIns-3-P with high affinity.

When we examined the amino acid sequence of the CTD it
has two motifs, a coiled-coil region and a proline-rich motif,
that may be involved in protein-protein interactions. The
coiled-coil region of the CTD has some degree of amino acid
sequence homology to the GTPase effector domain (GED) (also
known as the assembly domain) of dynamin I (27, 41, 42). The
GED or assembly domain of dynamin I has been shown to be
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Fic. 9. Deletion of inserted regions from the PH domain result in specific binding to PtdIns-3-P. A, binding of deletion mutants to
phospholipids. Fat Western blot analysis was carried out using the purified recombinant proteins indicated. B, expression and purification of
deletion mutants. These deletion mutants were expressed and purified as described under “Experimental Procedures.” Affinity-purified proteins
were fractionated by SDS-PAGE and stained with Coomassie Blue. C, schemes of deletion mutants. The numbers indicate amino acid positions.

involved in interaction between dynamin molecules. In con-
trast, the proline-rich motif (PXXP) found in dynamin I has
been shown to be involved in interactions with the SH3 domain
of various proteins involved in intracellular signaling (7). Thus,
it is likely that the coiled-coil region with homology to the
assembly domain of dynamin I may be involved in protein-
protein interaction with the PH domain. In the case of dynamin
I, the GED located downstream of the PH domain was shown to
be involved in intermolecular interactions with another domain
located at the N terminus, resulting in homopolymeric assem-
bly of dynamin I (27, 41, 42). Similar intermolecular interac-
tions have also been shown to occur in other dynamin-related
proteins (15, 25, 26). The CTD also interacts with other do-
mains of ADL6.2 However, the CTD interacts most strongly
with the PH domain. These results strongly suggest that the
CTD interacts mainly with the PH domain. If the intermolec-
ular interaction between the CTD (or coiled-coil region with
homology to the assemble domain) and the PH domain of ADL6
occurs in an orientation of tail to head it could result in ho-
mopolymeric self-assembly of ADL6, as in the case of dynamin
and other dynamin-like proteins (25, 27, 41, 42). In fact, in vivo
the majority of ADL6 was present as a high molecular weight
complex with only a minor portion as the dimeric form. Thus, it
is possible that the CTD may interact with the PH domain for
self-assembly of ADL6 into a homopolymeric form. In fact,
when MBP:1877 containing both the PH domain and the CTD
was fractionated by gel filtration chromatography, it was
eluted as a high molecular weight form,? which strongly sup-
ports the notion that the interaction between the CTD and PH
domain is sufficient to self-assemble the protein into a high
molecular weight complex. Interestingly, the interaction be-
tween the CTD and the PH domain was favored at low NaCl
concentration. At the moment it is not clear about the depend-
ence of interaction on ionic strength. It is possible that the PH
domain and/or the CTD may undergo conformational change
upon ionic strength in vitro. However, in vivo it is likely that
the conformational change of these domains, if there is any,
may be caused by other means such as phosphorylation.

It is well understood that dynamin localized at the plasma
membrane is critical for endocytosis (8, 11, 12). In contrast,
ADL6 has been suggested to be localized at the TGN and
involved in vacuolar trafficking of cargo proteins (18). This
indicates that although dynamin and ADL6 are involved in
very similar processes (such as severing the neck of an invag-
inated bud as a vesicle from the donor compartment) they must
be targeted to different compartments. One possible mecha-
nism for targeting similar proteins to different compartments
is to use different lipid binding specificity. In Arabidopsis it has
been shown that PtdIns-3-P is transported from the TGN to the
central vacuole through the prevacuolar compartment (43),
thus raising the possibility that PtdIns-3-P concentration is
high at the TGN. In contrast, PtdIns-4-P and PtdIns-4,5-P,
appear to be rich in the plasma membrane of plant cells be-
cause the PH domain of PLC-8 in rats, which is known to bind
specifically to PtdIns-4,5-P, (31), was shown to be targeted to
the plasma membrane in pollen (44) and Arabidopsis leaf pro-
toplasts.? In addition, a PH domain known as phosphatidyl-
inositol four-phosphate adaptor protein (45) is also primarily
targeted to the plasma membrane when expressed as a GFP
fusion protein in Arabidopsis protoplasts.? If this hypothesis is
true, it is quite reasonable for ADL6 to have high binding
affinity for PtdIns-3-P instead of PtdIns-4-P or PtdIns-4,5-P, in
order to target ADL6 to the TGN. In fact, depletion of PtdIns-
3-P caused inhibition of vacuolar trafficking at the TGN (43),
thus raising the possibility that the inhibition may be caused
by the lack of PtdIns-3-P, which may play an important role at
the TGN such as recruitment of ADL6 to the TGN.

Interestingly, the PH domain of ADLG6 is larger than other
PH domains. Amino acid sequence analysis revealed that it
appears to have three extra inserted regions between the
B-sheets. The deletion of the inserted region allows the PH
domain alone to bind PtdIns-3-P with high affinity. This result
raises the possibility that the high lipid binding affinity of
ADLS to PtdIns-3-P must be achieved as a result of an inter-
action between the PH domain and the CTD. Previously, it was
shown that dynamin is cycled between the low molecular

2S. H. Lee and I. Hwang, unpublished data.

3Y.-W. Kim and I. Hwang, unpublished data.
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weight soluble form and a membrane-bound high molecular
weight complex (46—47). In addition, the lipid binding of dy-
namin promotes self-assembly into the homopolymeric form.
Furthermore, oligomerization of the PH domain of dynamin
isoforms increases binding affinity to phospholipids (48). Thus,
the high affinity lipid binding to PtdIns-3-P and self-assembly
into a homopolymeric form is a coupled process in ADL6, which
in turn could facilitate a transition from the soluble dimeric
form to the membrane-associated polymeric form during vesi-
cle formation.

At the moment, it is not clearly understood how the protein-
protein interaction between the PH domain and CTD changes
the lipid binding specificity. Sequence alignment and modeling
of the putative PH domain might give a clue to the understand-
ing of the observed change in specificity by protein interactions
and loop insertions. However, this is beyond our expertise.
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