A  Plant Molecular Biology44: 799-814, 2000.
'ii‘ © 2000Kluwer Academic Publishers. Printed in the Netherlands. 799

Promiscuous and specific phospholipid binding by domains in ZAC, a
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Abstract

Arabidopsigproteins were predicted which share an 80 residue zinc finger domain known from ADP-ribosylation
factor GTPase-activating proteins (ARF GAPs). One of these is a 37 kDa protein, designated ZAC, which has a
novel domain structure in which the N-terminal ARF GAP domain and a C-terminal C2 domain are separated by a
region without homology to other known proteins. Zac promgte@lucuronidase reporter assays revealed highest
expression levels in flowering tissue, rosettes and roots. ZAC protein was immuno-detected mainly in association
with membranes and fractionated with Golgi and plasma membrane marker proteins. ZAC membrane association
was confirmed in assays by a fusion between ZAC and the green fluorescence protein and prompted an analysis of
thein vitro phospholipid-binding ability of ZAC. Phospholipid dot-blot and liposome-binding assays indicated that
fusion proteins containing the ZAC-C2 domain bind anionic phospholipids non-specifically, with some variance in
C&t and salt dependence. Similar assays demonstrated specific affinity of the ZAC N-terminal region (residues
1-174) for phosphatidylinositol 3-monophosphate (PI1-3-P). Binding was dependent in part on an intact zinc finger
motif, but proteins containing only the zinc finger domain (residues 1-105) did not bind PI-3-P. Recombinant ZAC
possessed GTPase-activating activityAmabidopsisARF proteins. These data identify a novel PI-3-P-binding
protein region and thereby provide evidence that this phosphoinositide is recognized as a signal in plants. A role
for ZAC in the regulation of ARF-mediated vesicular transport in plants is discussed.

Abbreviations: ARF, ADP-ribosylation factor; cPLA2, cytosolic phospholipase A2; 1,2-DOG, 1,2-
dioleoylglycerol; EST, expressed sequence tag; GAP, GTPase-activating protein; GEF, guanine-nucleotide
exchange factor; GSl, 1,A-glucan synthase; GSIl, 1,8-glucan synthase, GST, glutathioistransferase;

GUS, g-glucuronidase; MBP, maltose-binding protein; PA, phosphatidic acid; PC, phosphatidylcholine; PE,
phosphatidylethanolamine; PH, pleckstrin homology; PIl, phosphatidylinositol; PI-3-P, phosphatidylinositol 3-
monophosphate; Pl-4-P, phosphatidylinositol 4-monophosphate; Pl 3ph&sphatidylinositol 3,4-bisphosphate;
PI-4,5-B, phosphatidylinositol 4,5-bisphosphate; PI-3,45f#hosphatidylinositol 3,4,5-triphosphate; PKC, pro-

tein kinase C; PLC, phosphoinositide-specific phospholipase C; PLD, phospholipase D; PS, phosphatidylserine;
smGFP, soluble modified green fluorescent protein; ZFD, zinc finger domain
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Introduction

Many of the components of plant signal transduc-
tion and cellular trafficking pathways are similar

involved in the regulation of membrane trafficking
and constitute together with coatomer proteins part
of the coat of Golgi-derived COPI vesicles. In ad-
dition, they can stimulate phospholipase D (PLD;

to those of yeast and animal systems. Conservedreviewed by Moss and Vaughan, 1998). ARFs are

non-protein molecules include €a and the phos-
phoinositides phosphatidylinositol 3-monophosphate
(PI1-3-P), phosphatidylinositol 4-monophosphate (PI-
4-P), phosphatidylinositol 3,4-bisphosphate (PI-3,4-
P2), phosphatidylinositol 4,5-bisphosphate (PI-4,5-
P2,) and phosphatidylinositol 3,5-bisphosphate (PI-
3,5-R,) which are recognized by specific protein do-
mains (reviewed by Munnikt al., 1998; Meijeret al.,
1999). One such domain is the €abinding C2 do-
main, also identified in plant proteins (Kopks al,,
1998).

C2 domains are typically found in multidomain
proteins involved in signal transduction or membrane
trafficking (reviewed by Rizo and Sudhof, 1998).
Although they may bind different ligands, includ-
ing other proteins, many bind negatively charged
phospholipids in a Cd-dependent manner. Struc-
tural determinations, first performed on a C2 do-
main from synaptotagmin | (Suttcet al., 1995) and
phosphoinositide-specific phospholipase C (PEC)-
(Esseret al,, 1996), revealed a common fold compris-
ing an eight-stranded, antiparallglsandwich. The
C&t-binding sites are formed by conserved residues
present in interstrand loops at the phospholipid-
binding end of the domain (Zhargg al, 1998; Chap-

active in their GTP-bound form generated from the
inactive GDP-bound form in a reaction catalysed by
guanine-nucleotide exchange factors (GEFs), such as
ArabidopsisGNOM ARF GEF (Steinmanret al,
1999). Inactivation depends on catalysed hydroly-
sis of GTP to GDP mediated by GTPase-activating
proteins (GAPs). GAPs share a ca. 80 residue zinc
finger domain (ZFD). Structural integrity of this do-
main, including conservation of cysteines of the
CX2CX16CX2C zinc coordination site, is critical for
GTPase promoting activity (Cukiermast al,, 1995).
Several ARF GAPs differing in domain structure, lipid
dependence, protein interaction partners and subcel-
lular localization have been described (Randazzo and
Kahn, 1994; Antonnyet al, 1997; Brownet al,
1998; Premontt al, 1998; Andreewet al, 1998).
Recently, the crystal structure of ARF GAP domains
from two different proteins, ARF1 GAP (Goldberg,
1999) and PAB (Mandiyanet al., 1999), have been
determined. The structures are similar for a highly
conserved core region, but differ in flanking regions,
also of importance for activity. Here we characterize a
novel ARF GAP fromArabidopsisand show that the
linker region between its ARF GAP and C2 domains
binds PI-3-P, possibly linking this phosphoinositide to

man and Davis, 1998). Whereas the interactions of the ARF-mediated vesicular transport.

C2A synaptotagmin | domain with anionic phospho-
lipids are mainly electrostatic and depend on intact
C&*-binding sites (Zhanget al, 1998; Chapman
and Davis, 1998; Davletoet al, 1998), hydropho-

Materials and methods

bic forces seem to dominate the interaction between Database searches and sequence analyses

cytosolic phospholipase A2 (cPLA2) and the zwitte-
rionic target phospholipid phosphatidylcholine (PC;
Davletovet al,, 1998; Nalefski and Falke, 1998). C2

domains are present in several predicted plant proteins

and in plant PLCs and PLDs (Wang, 1997; Kopka
et al, 1998), but they have not been characterized in
biochemical detail.

The small G proteins, ADP-ribosylation factors
(ARFs), represent another group of plant proteins
identified mainly by their homology to well-studied

proteins from other systems (for references, see

Munnik et al, 1998). In other organisms ARFs are

The nucleotide sequence data reported will appear in the Gen-

Zinc-finger-encoding clones were identified in the ex-
pressed sequence tag (EST) database by BLAST ho-
mology searches (Altschat al,, 1990). Predicted pro-
tein sequences were examined for homology, sorting
signals and membrane-spanning regions (Nakai and
Kanehisa, 1992). DNA sequencing of both strands of
all constructs was performed with fluorescent dideoxy
dye terminators (Amersham) and analysed on an au-
tomated ABI Model 373A DNA sequencer (Perkin
Elmer).

Reverse transcription and long-range PCR

Bank and EBI Nucleotide Sequence Databases under the accessionArabidopsigCol-0) plants were grown and total RNA

numbers AF177381, AF184144, AF184145 and AF184146.

was isolated as described previously (Jensel,



1998). mRNA expression levels were analysed with an
RT-PCR kit (Perkin Elmer Cetus, USA) and Zac spe-
cific upstream 5ATGAGTTATTCTGGAGCCGGA
and downstream’S5TTGATTATTTATTGCTCAAG
primers. A fragment of 1433 bp upstream of the
Zac initiation codon (position 38068 on bacter-
ial artificial chromosome F7J7) was amplified from
Col-0 genomic DNA by long-range PCR (Mundy
et al, 1995) with an upstrearBanHlI-linker primer,
5-GACTGGATCOGCAATATCCGCTTTAC, and a
downstreantdindlll-linker primer, 3-CATTAAGCTT
CTAAAGAACTAGCAATCATAAACAG.

Plant transformation, histochemical analysis, and
B-glucuronidase (GUS) activity assay

The B-upstreamBarrHI/Hindlll fragment containing
the Zac gene promoter was ligated in those sites of
pGEM-T GUS NosT which contain thEscherichia
coli UidA reporter followed by the nopaline syn-
thase terminator (Jeffersat al, 1987). The resul-
tant Zac-Gus-NosT was isolated by digestion with
EcoRI/BanH]l, introduced into these sites in the bi-
nary pCambia 2300 vector (Cambia, Australia), and
used to stably transformirabidopsisCol-0 plants
by vacuum infiltration (Bechtolet al, 1993). GUS
activity was assayed in plants by histochemical stain-
ing with 1 mM potassium ferri/ferrocyanide, and
GUS activity in selected tissues was quantified with
4-methylumbelliferylg-D-glucuronide substrate in a
Wallac Victor Il fluorometer at 0, 30, 60, 90 and
120 min (Jeffersomet al, 1987).

Construction of expression vectors and production of
recombinant proteins

A Zac fragment corresponding to residues 1-174,
containing the ZFD and linker region, was synthe-
sized by PCR with an upstreaBanH]| linker (5-
GAACGCGGATCAATGAGTTATTCTGGAGCC) and

a downstrearsal linker primer (3-GAACGGTCGAC
TTATTCAAGTTGCGGCT) and cloned into the
pMal-c2 expression vector (New England Bio-
labs). Site-directed mutagenesis was performed with
primers containing the desired mutation together with
the BamHIl and Sal linker primers. Recombinant
maltose-binding protein (MBP) and MBP fusion pro-
teins were purified by amylose-agarose affinity fol-
lowed by anion exchange chromatography on a Q
Sepharose column (Amersham Pharmacia Biotech).
DNA fragments encoding full-length ZAC (residues
1-337), the ZFD (residues 1-105), the ZFD and
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linker region (residues 1-174) and the C2 do-
main (residues 148-337 and 167-337) were PCR-
amplified by using upstrearBanHlI-linker primers
5-GAACGCGGATCAATGAGTTATTCTGGAGCC
(GST-ZAC(1-337), GST-ZAC(1-174), GST-ZAC(1-
105)), B-TAGAGGATCCGCATTTCTTTCATCGAGT
CTA (GST-ZAC(148-337)) or sSATGAGGATCCTCA
TCGCAACAGCCGCAACTT (GST-ZAC(167-337))
and downstrearBal-linker primer B-GGACGGTCG
ACTTAAAGAGCTACCTTCAGGAATA (GST-ZAC
(1-105)) EcaRlI-linker primer 3-GAACGGAATTCTT
ATTCAAGTTGCGGCT (GST-ZAC(1-174)) axhad-
linker primer 3-CCGCTCGAG TATTGCTCAAGAG
GTAGCCA (GST-ZAC(1-337), (148-337) and (167—
337)) and cloned in frame with the glutathioise
transferase (GST) gene in pGEX-4T-1 (Amersham
Pharmacia Biotech). Recombinant GST fusion pro-
teins were purified by glutathione affinity chromatog-
raphy and cleaved with thrombin or purified further by
anion exchange chromatography.

Immunodetection of ZAC in tissue extracts by western
blotting

For generation of polyclonal rabbit antibodies, 1.5 mg
freeze-dried GST-ZAC was resuspended in 0.3 ml
Freund’s complete adjuvant before injection. The an-
tiserum was purified on GST-ZAC(1-337) bound to
glutathione Sepharose 4Brabidopsiscellular frac-
tions were prepared by homogenizing freshly har-
vested tissue in 0.25 M sucrose, 0.1 M tricine
pH 7.9, 50 mM NacCl, 2 mM dithiothreitol, 5 mg/ml
polyvinylpolypyrrolidone, 5ug/ml antipain, 5ug/ml
leupeptin and 1 mM phenylmethylsulfonyl fluoride
with or without EGTA and C&". The homogenate
was stirred for 1 h and filtered through a 106n
nylon membrane, and insoluble debris removed by
centrifugation at 8006 g. The supernatant was col-
lected and microsomes pelleted by centrifugation at
264 000x g for 75 min at 4°C. Aliquots of 10ug
protein, determined in a bicinchoninic acid assay
(Pierce), were separated by SDS-PAGE, transferred
onto polyvinylidene difluoride membranes (Immo-
bilon P; Millipore) and blocked with 1% w/v non-fat
dry milk before incubation with anti-GST-ZAC. Swine
anti-lgG horseradish peroxidase conjugate (DAKO)
was used as the secondary antibody and reactions de-
tected by chemiluminescence (Amersham Pharmacia
Biotech).
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Sucrose gradient fractionation with laser and filter sets suitable for the detection of

) ) smGFP fluorescence.
Fractionation of cellular membranes was performed

on microsomes from 40 drabidopsisCol-0 green  7jnc piot assay

siliques. Microsomes were pelleted at 185000g

and resuspended in 1 ml 0.3 M sucrose ingradi- Protein blot zinc-binding assays were performed as
ent buffer (25 mM MOPS-Bis-Tris-propane pH 7.2, described recently (Ravente al, 1998) with a
50 mM KCI). A 5 mg portion of protein was placed change of the refolding buffer (to 150 mM NacCl,
on top of a continuous (1.7-0.9 M) sucrose gradient, 1 mM CaCp, 2 mM dithiothreitol, 1700 mM Tris-HCI
and the sucrose concentration of fractions collected pH 6.8) to reduce background binding.

from the bottom of the gradient measured by bire-

fraction (Askerlund, 1997). The following enzymatic Phospholipid dot-blot assay

markers were assayed: cytochromexidase (mito-

chondrial inner membrane; Wigge and Gardestrom, Initial screening for phospholipid binding was per-
1987); 1,38-glucan synthase (plasma membrane) in formed by using a dot-blot assay. The indicated
a modified solution containing 50 mM HEPES-KOH amounts in 5ul of the lipids (from Avanti Polar
pH 7.3, 0.2 mM CaGJ, 2 mM cellobiose, 0.3 M su-  Lipids, Sigma or Matreya) phosphatidic acid (PA), PC,
crose, 0.015% w/v digitonin, 10 mM unlabelled UDP- phosphatidylethanolamine (PE), phosphatidylserine
glucose and 5:Ci 3H-UDP-glucose (29 Ci/mmol, (PS), 1,2-dioleoylglycerol (1,2-DOG), phosphatidyli-
Amersham Pharmacia Biotech), and Bd4lucan  nositol (Pl), PI-3-P, PI-3,4-p PI-4-P, PI-4,5-p, and
synthase (Golgi apparatus) in a modified solution con- phosphatidylinositol 3,4,5-trisphosphate (P1-3,48-P
taining 50 mM HEPES-KOH pH 7.3, 0.33 M sucrose, Were spotted onto nitrocellulose (NitroBind 0.4,

10 mM MgCbh, 0.5 uM unlabelled UDP-glucose and ~ MSI). The membrane was dried, blocked, incubated
5 uCi 3H-UDP-glucose under conditions that may With protein and washed as described by Stevenson
also detect 1,%-glucan synthase (Widell and Lars- et al. (1998) before incubation for 2 h at room tem-
son, 1990). Fractions were also analysed by westernperature with polyclonal goat antibodies against GST
blotting with antisera against tobacco BiP (endoplas- (Amersham Pharmacia Biotech). Incubation with pro-

matic reticulum; Denecket al, 1991), anda-TIP tein and the following steps were performed in TBST

(protein storage vacuole; Johnsetral, 1989). (10 mM Tris pH 8.0, 150 mM NacCl, 0.1% v/v Tween
20) with or without 200uM CaCk or 2 mM EGTA.

Confocal microscopy Immunodetection was performed with goat anti-lgG

horseradish peroxidase conjugate (Amersham Phar-
The ZAC ORF was fused to the soluble modified macia Biotech) as Secondary antibody_

green fluorescent protein (smGFP; accession number

U70495) by strand overlap extension PCR with the phospholipid liposome-binding measurements
overlap primers 5GCATGGATGAACTATACAAAAT

GAGTTATTCTGGAGCCG and 5CGGCTCCAGAA Quantitative measurements of phospholipid binding
TAACTCATTTTGTATAGTTCATCCATGC, and the were based on a frequently used strategy (Davletov
smGFP upstreaf@anH|-linker primer 3-GGAAGAG and Sudhof, 1993) with minor modifications. PC alone
GATCCAAGGAGATATAACAATGAG and the ZAC or mixed with the indicated molar fraction of an-
downstrean$ad-linker primer 3-GGAAGAGAGCTC  other phospholipid and a trace amounfbilabelled
TTATTGCTCAAGAGGTAGCCAC and the fragment  PC (1.0 mCi/ml, Amersham Pharmacia Biotech) was
inserted into theBanHI-Sad sites of a pBI121- dried under nitrogen, resuspended in 50 mM HEPES-
derived vector (Jeffersomet al, 1987). The plas- NaOH pH 7.4, 100 mM NaCl (buffer A) by vortexing
mids were transformed intégrobacterium tumefa-  and sonicated for 2 min. For each assay, 0.6 nmol
ciensstrain LBA4044 by electroporation, and roots of protein (determined by amino acid analysis) was pre-
Arabidopsis(ecotype C24) transformed as described incubated with 20ul glutathione-Sepharose 4B or
by Valvekenset al.(1988). Transient expression of the 30 ul amylose-agarose resin on ice before a 20 min in-
smGFPs in roots was detected from day 3 to day 6, and cubation with shaking at room temperature withy2a9
transgenic material mounted in water under glass cov- phospholipid mixture in buffer A with 20M Ca?+
erslips for microscopy. Images were acquired with a or 2 mM EGTA as indicated. After incubation beads
Leica TCS SP confocal scanning microscope equipped were washed three times in 0.5 ml of the same buffer
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Figure 1. Sequence and domain structure of ZAC. A. Deduced amino acid sequence of ZAC. The approximate position of the zinc finger
(ZFD) and C2 domains are in grey, and basic residues in the linker region are underlined. B. Alignment of the ZFD and C-terminal exten-
sion from eleven proteins. The positions @thelices, -strands and residues interacting with GDP-bound ARF1 are as shown for ARF1
GAP (Goldberg, 1999). The positions of residues in BAguggested to be important for catalytic activity (Arg-292) or interaction with

ARF (Trp-274) (Mandiyaret al, 1999) are underlined. ZAC and ZIG2-4, predictabidopsisproteins; GAP, rat ARF1 GAP (accession
number U35776); GCS1 and GTS1, yeast regulatory Glo proteins (P35197 and P40956); Gecrentaurin (AAC52683); ASAP, mouse
Src-associated ARF GAP protein (AAC98349); PAP, mouse Pyk?2 target proteind(F8¥30310); GIT1, rat G protein-coupled receptor
kinase-associated ARF GAP (AAD28046). C. Alignment of the sequence of the ZAC-C2 domain with the sequence o?*felilnd]ag

C2 domains of known structure: RnSYN, first C2 domain in rat synaptotagmin | (Settahh 1995); RnPKC, rat protein kinase £(PDB

ID code 1A25); HscPLA2, human cytosolic phospholipase A2 (PDB ID code 1BCI or 1RLW); RnPLC, rat phospholipage<Seret al,,

1996). Approximate positions ¢f-strands and residues forming specifi@Cainding sites (1-4) in PLG1 and synaptotagmin 1@\ are

indicated above and below the alignment (Esseal, 1997; Rizo and Sudhof, 1998). Residues suggested to be involved in the interactions
of synaptotagmin I-C2A (Zhanet al., 1998) and cPLA2 (Davletogt al., 1998; Nalefski and Falke, 1998) with phospholipids are underlined.

To facilitate sequence comparison, the sequencgssifand 1 from synaptotagmin | and PK&Chave been repeated belgvstrand 8 from

PLC-51 and cPLA2. Residues conserved or chemically similar in 50% or more of the sequences are surrounded by black and grey, respectively.

and lipid binding quantified by liquid scintillation were PCR-amplified with th&lcd-linker primer 5-

counting. CGAGCCCCATGGTATTCTGATGGTTGG and the
BarHI-linker primer B-TATTATGGATCCTTATGCC
GTPase assay TTGCTTGCGATGTT (ARF1) or theNcd-linker

] ) . primer B-CGAGCCCCATGGTATTCTGATGGTTG
Truncated soluble versions ofrabidopsis ARF1 G and theBanH|-linker primer 3-CGAGCCGGATCC
(18-181; accession number P36397) and ARF3 TTATTAGCCACTTCCCGACTTC (ARF3), and
(18-182; X77385) were used to test for GAP (cloned into pET-30a (Novagen) to generate poly-
activity (Paris et al, 1997; Goldberg, 1999). His ARF recombinant proteins (HjSARF1A17 and

EST clones, obtained from the Arabidopsis Bi- Hiss-ARF3A17). Purified Hig-ARFA17 (5 1wg) was
ological Resource Center, Ohio State University,



804

immobilized per wl of HiTrap chelating beads conserved core (Goldberg, 1999; Mandiyanall,
(Amersham Pharmacia Biotech) and eachllbead 1999). Evidence is accumulating that proteins contain-
was equilibrated with 10ul buffer consisting of ing this core function as GAPs for ARFs (Randazzo
20 mM Tris-Cl pH 8.0 (Morinagat al,, 1997) at £C, and Kahn, 1994; Browet al,, 1998; Premonét al,
50 uM GTP containing[a-32P]- or [y-32P]-labelled 1998). Residues in the ARF GAP, PARAndreev
GTP as tracer (NEN Life Science Products), 1 mM et al, 1999), suggested to be important for catalytic
MgCl, 150 mM KCl and 2.5 mM 2-mercaptoethanol. activity (Arg-292) or to interact with ARF (Trp-274;
Nucleotide exchange was catalysed for 12 ha€ by Mandiyanet al,, 1999), are conserved in ZAC, further
1.2 uM Sec7 GEF domain produced i coli (Gold- supporting a GTPase-activating function. The pro-
berg, 1998). The mixture was washed to remove un- nounced sequence similarity between ZAC and ARF1
bound nucleotides before HIARFA17 was eluted in GAP does not completely span the 120 residue region
20 mM Tris-Cl, 300 mM NaCl, 5 mM MgGl 2.5 mM needed for the GAP activity of ARF1 GAP (Cukier-
2-mercaptoethanol, 250 mM imidazole. The protein manetal, 1995). In contrastArabidopsiZIG2 shows
was diluted into 25 mM HEPES pH 7.4, 100 mM distant global homology to ARF1 GAP and may be an
KCl, 1 mM dithiothreitol, 5 mM MgC} to reduce orthologue. The proteins represented in Figure 1B are
the imidazole concentration. HIARFAL17 (20 M) only related by their ZFD and have different domain
was incubated with &M recombinant ZAC at room  patterns. Only ZAC contains a C2 domain and thus
temperature for the indicated times in 30 of the has a novel domain combination.
dilution buffer with or without 0.2 mM CaGl Re- The ZAC-C2 domain was aligned with well-
actions were stopped by dilution into ice-cold buffer characterized C2 domains (Figure 1C; Rizo and Sid-
and protein-bound nucleotides collected by filtering on hof, 1998). Two different topologies have been found
nitrocellulose and counted (Goldberg, 1999). for the strands in the C2-domajirsandwich (Essen

et al, 1996) with the firstg-strand of the synap-

totagmin | C2A-like topology | occupying the same
Results structural position as the eighfhstrand of the PLC-

o o 81-like topology Il. However, since ZAC shows no ob-

Identification and sequence characteristics of ZAC vious sequence similarity in th&7/88 and thes8/81
regions, it is not possible to assign a topology to ZAC-
C2 based on sequence comparison alone. The position
of the residues forming the three €abinding sites
(sites 1-3) in synaptotagmin I-C2A (Zhareg al,
1998; Ubachet al, 1998) are marked in Figure 1C,
as are the residues likely to form three?Cainding
sites (sites 1, 2 and 4) in PLE{Essenet al,, 1997;

Our interest in structure-function aspects of zinc-
finger proteins encouraged a search inAabidopsis
EST database for clones encoding specific zinc-finger
domains (Jenseat al, 1998). This revealed several
ESTs encoding sequences with similarity to the ZFD
of ARF GAP proteins. Corresponding cDNAs were
obtained from the Arabidopsis Biological Resource > N ) ;
Center and sequenced. One of the clones (B83TP) en-R'zc_’ and S_UdhOf’ 1992_3)' The é‘achellatl_ng S'd_e'_
codes a 37 kDa predicted protein we term ZAC (zinc- chains of_s!tes 1-3, all |mporta_nt for binding anionic
and calcium-binding; Figure 1A). Comparison of the Pnospholipids by synaptotagmin I, but not of site 4,
protein encoded by the cDNA and that annotated for are _conserved in ZAC. P03|t|yely charged residues, es-
the gene (position 38068 on bacterial artificial chro- .peC|aIIy. Arg-199, also contribute _to the electrostatic
mosome F7J7) showed that the latter is incorrect due |nteract|op .between synaptotagmin |-C2A and tgrget
to faulty intron prediction. The N-terminal ZFD is fol- phos_pho_llplds (Zhangt aI.,_1998), _a_nd ZAC contains
lowed by a region of ca. 70 amino acids with no clear alysinein t_h_e corresponding posmon. I_n contrast, the
sequence homology to known proteins, which is in hydm?hf’b"?'ty ofloops 1 and 3, mediating membr_ane
turn followed by a C-terminal C2 domain. association in cPL.A2 (Davletost al,, 1.998; Nalefskl
The ZAC-ZFD shows significant similarity to ARF and Falke, 1998), is r!ot pronouncgd in ZAC. This sug-
GAP proteins from animals and fungi. The sequences gest_s Fhat_ ZAC'CJFZ will bind n_egatlvely charged phos-
of ArabidopsisESTs encoding proteins with similar pholipids in a C&"-concentration-dependent manner.

domains were determined, and the three most diver-
gent ones (ZIG2-4) included in a sequence compar-
ison (Figure 1B). The sequences are similar in the
ca. 80 residue ZFD corresponding to a structurally
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Figure 2. Accumulation ofZac MRNA and expression of th&ac
gene. A. Reverse-transcription PCR analysis of the accumulation of
EF-1« (top) andZzac(middle) mRNA performed in the presence)(
and absence) of reverse transcriptase. Tot&tabidopsisRNAs
used as template were isolated from the organs indicated. d.o., days
old. ‘rRNA shows 10ug of the RNA template sample stained
with ethidium bromide. PCR products separated in a 2% agarose
gel are shown. Bg-glucuronidase activity from th&ac promoter
assayed histochemically in different tissues. Panels, from top left
to bottom right, are: seed coat and embryo; whole plantlet; root;
flowering stem; flower; silique. C8-glucuronidase activity from
the Zac promoter assayeih vitro with the fluorometric substrate
4-methylumbelliferylg-D-glucuronidate.

Expression of th& AC gene

The distribution of Zac mMRNA was analysed by
reverse-transcription PCR from total RNA represent-
ing the material used for generating the library con-
taining theZacEST (Figure 2A). A single 1.0 kb band,
the size expected from th&éac cDNA, was obtained
for all samples, with the strongest bands appearing in
flower tissue. Amplification of contaminating genomic
DNA can be excluded since tti#acspecific primers
span the intron in the corresponding gene. Amplifi-
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cation of constitutively expressed Ele-IMRNA (ac-
cession number AAB07882) was used as control and
resulted in stronger bands than fdac The results
suggest thaZacis expressed at a low level in several
different organs.

These patterns afac mRNA accumulation were
confirmed by analysis of transgenic plants expressing
the GUS reporter gene under control of thac pro-
moter. Histochemical localization revealed very low
levels in seeds and stem, higher levels in siliques and
highest levels in rosette leaves, secondary roots and
flowering tissues (Figure 2B). This was also reflected
in the levels of GUS activity quantified in extracts
from various tissues (Figure 2C).

Accumulation and membrane associatiorZ &iC

Antibodies against recombinant GST-ZAC(1-337) fu-
sion protein were used to examine ZAC accumulation
in cell extracts and fractions. Single bands of the
expected 37 kDa protein were immunodetected in a
homogenate oArabidopsisflowers and for recombi-
nant ZAC (Figure 3A). A band of roughly the same
intensity was also detected in a microsomal mem-
brane fraction from flowers, whereas only a weak band
was detected in the soluble fraction. A similar pattern
was seen when anti-GST-ZAC(1-174) and anti-GST-
ZAC(148-337) (Figure 4A) were used for detection.
This confirms that the protein detected by the antibody
is ZAC. Examination of ZAC tissue distribution de-
tected the strongest bands in extracts and microsomal
fractions of flower tissue, and weak bands in stem and
seed samples. These results indicate that ZAC protein
and mRNAs levels and tissue distribution are similar.
Since ZAC levels were low in supernatant
fractions, most ZAC protein is either associated
with membranes, or cytosolic ZAC is more ex-
posed to degradation than membrane-associated ZAC.
ZAC does not contain any hydrophobic, puta-
tive membrane-spanning regions, typical of intrin-
sic membrane proteins, or sequence signals for lipid
membrane-anchor attachment. However, C2 domains
can mediate association with membranes. We there-
fore tested whether ZAC association with membrane
fractions was dependent on€a(Figure 3B) by ZAC
immunodetection in soluble and membrane flower
fractions prepared in the absence or presence &f Ca
(kept by buffering; Davletov and Sudhof, 1993). This
indicated that ZAC fractionates with particulate ma-
terial — both in the presence and absence of available
C&*. To examine the nature of the association of ZAC
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Figure 3. Subcellular localization of ZAC. A. Western blot analysis of/1@ total (T), soluble (S), and microsomal (M) protein derived from
Arabidopsistissues probed with anti-ZAC antibodies. The electrophoretic mobility was compared to that of recombinant GS-ZAC(1-337)
derived from GST-ZAC(1-337) by proteolytic cleavage. B. Western blot analysis of flower tissues probed with anti-ZAC antibodies. Protein
of flower homogenates (10g) containing 4 mM EGTA, 1uM Ca2" (kept by buffering), 1 mM C&", or 1 mM C&" and 1 M NaCl were
separated into microsomal and cytosolic (supernatant) fractions by centrifugation. C. Continuous sucrose gradient separation of microsomal
proteins extracted from green siliques. Upper left panel, percentage (w/w) of sucrose and protein levels; upper right panel, relative activity of
the markers cytochromeoxidase (Cco; mitochondrial inner membrane), g;8tucan synthase (GSlII; plasma membrane), andsiglacan

synthase (GSI; Golgi apparatus); lower panel, western blot analysis with antisera against BiP (endoplasmatic reti€liBn¢$torage
vacuole), and ZAC. A volume corresponding to;8f each fraction was loaded on the gel. D. Confocal microscopy of callus tissue expressing
smGFP or smGFP-ZAC(1-33Arabidopsisroots transformed with the corresponding constructs uagmgbacteriumwere mounted on glass

slides and images recorded by a confocal microscope. A representative section of a cell expressing smGFP or smGFP-ZAC(1-337) is shown.

with membranes, a flower homogenate was treated (Figure 3C). A single ZAC band, corresponding in
with 1 M NaCl which should abolish electrostatic size to full-length ZAC, was most strongly immunode-
interactions. In this case the intensity of the band cor- tected in fractions 7 and 12. These fractions exhibited
responding to the microsomal sample was decreasedmaximum activity for the plasma membrane marker
in response to the treatment. Again, ZAC could not be GSII (fraction 7) and the Golgi marker GSI (frac-
immunodetected in the supernatant. Since this may betion 12). Since these fractions do not represent those
explained by degradation the results suggest that thewith the highest protein content, this indicates that
interaction is sensitive to ionic strength. ZAC is associated both with the plasma membrane and
The association of ZAC with membranes was fur- the Golgi apparatus.

ther analysed in sucrose density gradient fractions of = The membrane association was further confirmed
microsomes and compared to various marker proteins by Agrobacteriuramediated transformation of a fu-
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Figure 4. Phospholipid dot-blot assay with recombinant a1 i
ZAC-proteins. The indicated amounts of the lipids PA, PC, PE, 41/ —
PS and 1,2-DOG and the phosphoinositides PI, Pl-4-P, Pl-4,5-P .' .

PI-3,4,5-B, PI-3-P and PI-3,44were spotted onto nitrocellulose.

Blots were incubated with 2.@g/ml of the proteins in a buffer el | -
containing 2 mM EGTA or 0.2 mM CagWhen indicated. Binding

was monitored immunologically with a polyclonal antibody against

GST. The blots are representative of two independent experiments

showing the same binding characteristics.

sion betweerZ AC andsmGFPinto Arabidopsisroots

followed by visualization of the FranS'em expression Figure 5. Recombinant ZAC proteins. A. Names and schematic of
in callus tissue by confocal microscopy. Whereas zAC recombinant proteins. The zinc-finger (ZED) and C2 (C2)
smGFP always exibited a cytoplasmic localization domains are shown in grey. GS represents additional residues

; S it ; present in recombinant ZAC derived from GST-ZAC(1-337) by
with dark spots indicating exclusion from subcellular broteolytic cleavage. B. SDS-PAGE and Coomassie blue stain-

organelles (Figure 3D), optical sec_:tions showed that ing of recombinant proteins used for phospholipid-binding assays.
smGFP-ZAC had a punctuate localization pattern con- Molecular mass standard (lane 1); GST-ZAC(148-337) eluted from

sistent with compartmentalization and/or membrane glutathione Sepharose beads (lane 2); GST-ZAC(148-337) puri-
P . . fied further by anion exchange chromatography (lane 3); GST
association of the protein (Figure 3D). (lane 4); GST-ZAC(167-337) (lane 5); GST-ZAC(1-105) (lane 6);
GST-ZAC(1-174) (lane 7); MBP (lane 8); MBP-ZAC(1-174)
Recombinant ZAC fusion proteins (lane 9); MBP-ZAC(1-174)C33> S (lane 10). C%5Zn2t bind-
ing blot assay of MBP (lane 1); MBP-ZAC(1-174) (lane 2); and

ZAC domain function was initially examined for two ~ MBP-ZAC(1-174)C33— S (lane 3), shown by Coomassie blue
recombinant fusion proteins. The first, GST-ZAC(1— Staining under B in lanes 8-10.

174), contains the ZFD and a C-terminal extension to

the beginning of the C2 domain, since regions close to residue, to bind ZA" was compared in a blot assay.
the ZFD may be essential for both interactions with since GST bounf®Zn?* in the assay, MBP was used
lipids and for GAP activity (Antonnyet al, 1997;  as a fusion partner for these experiments. In the as-
Brown et al, 1998; Mandiyanet al, 1999). The says,%5Zn?+ bound to MBP-ZAC(1-174), but not to
second, GST-ZAC(148-337), contains the C2 domain \BP nor to MBP-ZAC(1-174)C33> S (Figure 4C).
and an N-terminal extension to provide flexibility be- This shows that ZAC(1-174) is able to bindZnand

tween GST and the C2 domain (Figure 4A). Shorter therefore likely to fold correctly despite an N-terminal
proteins containing just the ZFD (GST-ZAC(1-105))  fysjon partner.

or the C2 domain (GST-ZAC(167-337)), fused to

GST, were also synthesized. The GST fusion proteins phospholipid binding by ZAC

purified by glutathione affinity chromatography were

contaminated with GST (Figure 4B) and were puri- Since both the C2 domain and the ZFD are puta-
fied further by anion exchange chromatography. To tive lipid-binding domains, the ability of ZAC regions
use Zrtt binding as a probe for folding of the ZFD, to bind specific lipidsin vitro was examined. Ini-
the ability of ZAC(1-174) and ZAC(1-174)C33 S, tial screening was performed in a dot-blot assay by
containing a substitution of a putative Znchelating binding phospholipids to nitrocellulose, incubation
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with specific proteins, and immunological detection
of the interaction (Stevensat al, 1998). The assay
included phospholipids known to be constituents of
plant membranes (PC, PE, PA, and PS; Larsdal,,
1990), known or expected to be involved in plant sig-
nal transduction or membrane trafficking (PA, PI-3-P,
Pl-4-P, PI-3,4-R, and PI-4,5-, Munnik et al,, 1998)

or differing in the number and position of negative
charges on the phospholipid head group (PI, PI-3-P,
PI-4-P, PI-4,5-p, PI-3,4-B, and PI-3,4,5-), as well

as the diacylglycerol lipid 1,2-DOG, previously shown
to bind to and activate ARF1 GAP (Antonret al,
1997). No binding of GST, used as a control, to im-
mobilized lipids was observed (Figure 5). In contrast,
weak binding to some of the phospholipids, including

of PC/PA liposomes, suggesting that regions within
the C2 domain determine the characteristic binding
of PA. Increasing the NaCl concentration in the incu-
bation and washing buffers from 100 mM to 1.0 M
reduced, by roughly 75%, binding of PC/PS lipo-
somes to GST-ZAC(148-337). In contrast, binding
of PA-containing vesicles was reduced much less by
increased NaCl (Figure 6A). When the PA concentra-
tion in the PC-based liposomes was decreased to 7%
mol/mol, binding in the presence of &a but not
EGTA, was still significant for both GST-ZAC(148-
337) and GST-ZAC(167-337) (Figure 6B). Binding of
liposomes consisting of the same molar percentage of
the phosphoinositides P, PI-3-P, PI-4-P, PI-4 5f-
3,4-R and PI-3,4,5-B, the lower limit for comparable,

PA, was observed when GST-ZAC(148-337) was used significant binding (Figure 6C), also indicated that

for the incubation performed in the presence of EDTA.

ZAC-C2 binds anionic phospholipids promiscuously.

The assay revealed a decrease in the amount of PA  The ability of GST-ZAC(1-174) to bind specific
needed for detectable binding in the presence of 0.2 phospholipids present at 4% mol/mol in PC-based li-

mM C&*. Binding of PE, PS, PI-3-P, PI-4-P, PI-3,4-
P, PI-4,5-B and PI-3,4,5-R was strong at the same

posomes was tested for phospholipids selected in the
screening assay (Figure 7A). A low molar percentage

C&t concentration. These results show that the C2 of target phospholipid was used to decrease signals
domain in GST-ZAC(148-337) binds promiscuously from unspecific binding, and because a specific phos-
to regions with immobilized anionic phospholipids in  phoinositide signal may be present at a low level in

the presence of G4.

Weak binding of GST-ZAC(1-174), containing the
ZFD, to PA was also observed, but for this fusion pro-
tein no binding to the membrane building blocks PE

a natural membrane system. Again, binding of PI-3-P
by GST-ZAC(1-174) was most significant, and PI-3-P
was not bound by GST-ZAC(1-105). To examine if an
intact zinc-chelating motif is necessary for the PI-3-P

and PS was observed. However, the protein bound to affinity, similar assays were performed with the MBP

3-phosphoinositides, exhibiting strongest affinity for
P1-3-P. GST-ZAC(1-105), which is C-terminally trun-

fusions MBP-ZAC(1-174) and MBP(1-174)C38 S
(Figure 7B). A pronounced decrease in binding was

cated compared to GST-ZAC(1-174) and contains just observed for the substituted recombinant protein, al-

the ZFD, lacked this affinity (Figure 4A). Since this
recombinant protein was apparently stable during syn-
thesis and purification (Figure 4B), the changed bind-
ing affinity was more likely due to removal of bind-
ing determinants present in GST-ZAC(1-174) than to
structural obstruction due to the truncation.

The ability of purified GST-ZAC(148-337) to
bind phospholipidsn vitro was further analysed in
a standard assay for C2 domain interactions with
membrane-building phospholipids (Davletov and Sud-
hof, 1993). Liposomes consisting either entirely of
PC or PC and 25% mol/mol of a different phospho-
lipid were tested for their ability to bind to ZAC
regions (Figure 6A). In the absence of freé€aGST-
ZAC(148-337) showed significant binding of only
PA- and PI-4,5-pP-containing vesicles. In contrast,
0.2 mM C&t significantly induced binding of all of
the phospholipids tested, except PC and PI. GST-
ZAC(167-337) showed the same pattern of binding

though binding was more efficient than when MBP
alone was used as bait. This indicates that structural
integrity of the ZFD and the C-terminal extension is
important for the interaction.

GTPase activating activity of ZAC

Initial attempts to demonstrate a GTPase-activating
activity for ZAC in assays using bovine ARF1 were
not successful (data not shown). However, although
the ARF sequences are highly conserved, Ana-
bidopsissequences diverge in a regions proposed to
interact with GAPs (data not shown; Goldberg, 1999)
making the use ofArabidopsis ARFs appropriate.
Two Arabidopsisproteins, previously named ARF1
(Regadet al, 1993) and ARF3 (Lebas and Axelos,
1994), were selected among several predicted ARFs
and ARF-like proteins (ARL) since they represent dif-
ferent branches of the protein family and are, based
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Figure 6. Binding of phospholipid vesicles by recombinant ZAC-C2 proteins. A. BindingtPC-labelled vesicles consisting of PC or
75% mol/mol PC and 25% mol/mol PI, PE, PS, PA or PI-486RGST-ZAC(148-337), GST-ZAC(167-337) or GST. Protein samples were
incubated with3H-PC-labelled liposomes in the presence of either 2.0 mM EGTA, 0.2 mMCaiCD.2 mM CaCj and 1.0 M NaCl. B.
Binding of GST-ZAC(148-337) and GST—ZAC(167—337)'5t¢PC—IabeIIed vesicles consisting of PC or 93% mol/mol PC and 7% mol/mol PA
or one of the phosphoinositides PI, PI-3-P, PI-4-P, PI-3,4F®-4,5-B or PI-3,4,5-B. C. Binding of GST-ZAC(167-337) t8H-PC-labelled
vesicles consisting of PC or 96% mol/mol PC and 4% mol/mol PI-3-P or PI-34,B&s indicate the standard errors of the mean from

triplicate determinations.

on the number of representative ESTs, likely to be Whereas the HisARF1A17 and Hig-ARF3A17
abundant. fusion proteins have no detectable GTPase activity,
No or low levels of recombinant full-length ARF1  incubation of Hig-ARF1A17 with both GST-ZAC(1-
and ARF3 were obtained from heterologous expres- 174) and GST-ZAC(1-337) induced the activity (Fig-
sion in E. coli (data not shown). Therefore, N- ure 8B). When 20QuM CaChk was included in the
terminally truncated (residues 1-17 removed) versions buffer to ensure folding of the loop regions in the C2
fused to a poly histidine tag were produced (hamed domain, the effect of GST-ZAC(1-337) was increased.
Hiss-ARF1A17 and Hig-ARF3A17; Figure 8A). A However, this assay does not allow the use of EGTA
similarily truncated form of human ARF1 was soluble buffering to control the C& concentration. There-
and active in GEF assays (Paetsal, 1997) and used  fore, further experiments are needed to determine if
to measure GTPase-promoting activity for ARF1GAP the increased catalytic activity of GST-ZAC(1-337)
in an assay exploiting the ability to immobilize the compared to GST-ZAC(1-174), and the increased ef-
Hiss-ARF fusion protein to a resin, thereby avoiding fect of GST-ZAC(1-337) in the presence of CaCl
the membrane requirement (Goldberg, 1999). reflect an effect of the C2 domain. In addition, weak
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Figure 7. Binding of phospholipid vesicles by recombinant
ZAC-ZFD. A. Binding of SH-PC-labelled vesicles to
GST-ZAC(1-174), GST-ZAC(1-105) or GST. The liposomes
consisted of PC or 96% mol/mol PC and 4% mol/mol of PA, PI,
PI-3-P, PI-4-P, PI-3,4f PI-4,5-B or PI-3,4,5-B. B. Binding

of 3H-PC-labelled vesicles consisting of 96% mol/mol PC and
4% mol/mol PI-3-P to MBP-ZAC(1-174), MBP-ZAC(1-174)C33
— S or MBP. Bars indicate the standard errors of the mean from
triplicate determinations.

GTPase activity was detected for BHARF3A17 in
the presence of GST-ZAC(1-337).

Discussion

Genomic and cDNA sequence data is a rich reservoir
for gene discovery and functional characterization. We
exploited this resource to predict a novalabidop-

sis protein, ZAC. Although the combination of ARF
GAP and C2 domains in ZAC has not been reported
previously, ZFD and C2 domains are found separately
in proteins involved in trafficking and/or signal trans-
duction. With the aim of determining putative ZAC
function(s), we examined its patterns of expression
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Figure 8. A. SDS-PAGE and Coomassie blue staining of recom-
binant Arabidopsisderived Hig-ARF1A17 and Hig-ARF3A17
proteins used for ARF GAP assays. B. Stimulation of GTPase ac-
tivity of Hisg-ARF1A17 and Hig-ARF3A17 by GST-ZAC(1-174)

or GST-ZAC(1-337) measured as the decrease in filter-bound
[¥-32P]GTP. 20uM of [a-32P]GTP- (as control of dissociation,
broken line) or -32P]GTP (solid line)-bound HisARF1A17 was
incubated alone (white diamonds), withyM GST-ZAC(1-174)
(black squares) or with 9«M GST-ZAC(1-337) without added
CaCb (black triangles) or with 20gcM CaCb (black diamonds).

20 1M Hisg-ARF3A17 was incubated alone (white circles) or with

9 uM GST-ZAC(1-174) (black circles).

and functional aspects of its separate domains. This
showed that th&@acgene was widely expressed to the
highest levels in flowering tissue, rosettes and roots.

ZAC protein displayed sedimentation behaviour
consistent with an association with membranes. The
complete and partial persistence of this association af-
ter treatment with EGTA or high salt suggested that
ZAC is not only associated with membranes by a
C&t-dependent electrostatic interaction of the C2 do-
main. A dot-blot assay was initially used to screen for
ZAC domain binding to different phospholipids, and
binding was confirmed and quantified in a phopholipid
liposome-binding assay. Although the results obtained
in the two assays were generally in agreement, minor
discrepancies may reflect the limitation of the qual-
itative blotting screen. Furthermore, since exposure
times differed in the individual experiments of the
dot-blot assay, comparison of absolute spot intensity
is only valid within a single binding series. It was
therefore relevant to use both assays.

The ZAC-C2 domain bound anionic phospholipids
non-specifically in the presence of &a as expected
from sequence comparison (Figure 1C). Several plant
proteins with a C2 domain have been predicted (Kopka
et al, 1998), making a biochemical characterization
of an isolated C2 domain of plant origin relevant.
Binding of PS containing PC vesicles showed half-
saturation at a concentration of caud/ free C&Z+
(data not shown), a value similar to that obtained for
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the C2A domain in synaptotagmin (4x81; Davletov
and Sudhof, 1993).

The PI-3-P-specific binding to the ZFD-containing
protein GST-ZAC(1-174) was confirmed in a liposome-

Comparison of the binding preferences for PI,
PI-3-P, PI-4-P, PI-3,4-R PI-4,5-B and PI-3,4,5-p

binding assay containing a low molar percentage (4%)
of phosphoinositide which was not sufficient to sustain

indicated dependence on charge density, as suggestedl-3-P binding by GST-ZAC(167-337) (Figure 6C).

previously for synaptotagmin | C2A (Zharet al,

This suggests that the interaction is real and not

1998). However, additional factors may be involved just due to non-specific electrostatic interactions with
in binding. For example, a marginal preference of 3- negatively charged surfaces. GST-ZAC(1-105), repre-
over 4-phosphoinositides was observed in both assays.senting a C-terminal truncation of GST-ZAC(1-174),
This may represent stereospecific binding, although it did not interact with PI-3-P. This truncation removes
is unlikely to be of functional significance unless more a region with a high content of potentially positively
pronouncedn vivo. ZAC-C2 also shows significant charged residues (Figure 1A). Based on analogy to
interactions with PE and no binding of PC. PE and other phosphoinositide-binding domains, such as the
PC both lack net charge, but PC contains three methyl PH and the FYVE zinc-finger domains, such residues
groups not present in PE, suggesting steric exclusion would be essential for interactions with phospholipids

from binding. Furthermore, the interaction with PS-
containing vesicles is more sensitive to ionic strength
than the interaction with PA-containing vesicles (Fig-
ure 6A). The relative contribution of electrostatic and
hydrophobic interactions may be different for the in-

(Frumanet al, 1999). That structural integrity of
the ZFD is also important for binding was shown by
the decreased binding capacity of the mutated protein
lacking one of the conserved cysteines likely to chelate
Zn?t. This may be explained by a direct contact be-

teractions with these two phospholipids. One possible tween the ZFD and PI-3-P or by a role for Znin
explanation is that the C2 domain penetrates more structural stabilization extending beyond the ZFD.

deeply into membranes when interacting with PA than
with PS due to less steric hindrance. Although ZAC
loop region 1 (Figure 1C), which corresponds to a re-
gion important for hydrophobic interactions between
cPLA2 and membranes (Davletet al, 1998; Nalef-
ski and Falke, 1998), is short, it contains two me-
thionines which could participate in interactions with
membranes — possibly also in a Zandependent
manner.

Recombinant proteins containing the ZAC-C2 do-
main showed C# -independent binding to PA, and
GST fusions to the ZFD also showed some binding
to PA (Figures 5 and 6A). Other plant lipid-binding
domains, such as the plekstrin homology (PH) domain
from ArabidopsisPI 4-kinase (Stevensat al., 1998),

PI-3-P is known to be present in plants, but its
roles remain elusive. In yeast and mammals, PI-3-P is
produced through phosphorylation of PI by phospho-
inositide 3-kinases. In planti vitro phosphoinositide
3-kinase activity has been demonstrated and corre-
sponding enzymes cloned (Munrek al., 1998). The
FYVE domain is known for its ability to bind PI-3-

P specifically (Frumaset al., 1999) and is also found

in plant proteins (Gaullieet al., 1998). Although the

FYVE finger may be the predominant PI-3-P-binding
protein domain, other less widely distributed PI-3-P
targets may exist. In this study we have identified
a novel PI-3-P-binding domain or region in a plant
protein further supporting that PI-3-P functions as a
signal which is recognized by specific protein do-

also binds PA. While this may be fortuitous, it may mainsin plants. Although the region needed for PI-3-P
also reflect the importance of PA in plants. Our results binding by ZAC does not show pronounced sequence
suggest that ZAC is associated with the plasma mem- similarity to known proteins it may still represent a
brane and the Golgi apparatus. While PA is a minor structurally conserved phosphoinositide-binding mo-
constituent of mammalian membranes, it is often third tif.

to PC and PE in abundance in plant plasma membranes ZAC functions as a GAP for two differerira-

and may be a true constituent of these membranesbidopsis ARFs, representing evolutionarily distant
(Larssoret al, 1990). However, PA can also originate ARFA/ARL proteins. Since the catalytic ability was
from intensive PLD activity (Wang, 1997) and the cou- determined using truncated ARFs as substrates, we
pled action of PLC and diacylglycerol kinase and may have not as yet measured the effects of specific phos-
therefore function as a signal in a number of differ- pholipids, such as PI-3-P or PA, on ZAC activity in
ent plant processes (Munnét al, 1998). Since ARF  detail. It has recently been shown that enhancement
can stimulate PLD activity a regulatory link between of ARF GAP activity by a specific phosphoinositide
ARF/ZAC and PA is also possible. can depend on an intact N-terminus of the target ARF
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(Kamet al,, 2000). Itis also possible that phospholipid
binding enhances the catalytic activity of ARF GAPs
by co-localizing them with myristoylated membrane-
associated ARF at specific membranes (Antogtraf.,
1997).

Several potentiaArabidopsisARF GAPs and a
range of ARFs/ARLs were identified by examina-
tion of the databases (Figure 1B, data not shown).
That ARFs and their regulators play important roles
in plants was recently demonstrated by studies of
Arabidopsis gnomembryos, characterized by a de-
fective ARF GEF. It was suggested that GNOM-
dependent vesicular trafficking establishes cell polar-
ity and, thereby, polar auxin transport (Steinmann
et al, 1999). Mammalian ARFs are mostly known
from their involvement in the regulation of PLD and
COP vesicular transport (Moss and Vaughan, 1998).
Although the existence of COP vesicles in plants

binding, is likely. In any event, we have functionally
characterized the domains of ZAC and shown that a
domain or region binds PI-3-P with high specificity.
Further study of ZAC and other plant proteins may re-
veal how PI-3-P functions in (ARF) vesicle trafficking
in plants.
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Golgi/endosome is the most likely localization of PI-3-
P (Wurmsett al,, 1999), suggesting a possible phys-
ical/functional link between ZAC and ARFs. Based
on structural criteria (Figure 1B), severatabidopsis
ARF regulators exist. However, the vivo role and
subcellular localization of these regulators remain to
be established.

ZAC contains two putative membrane-targeting
domains, and it is possible that its function requires
a bimodal interaction with membranes, and hence

an interplay between PI-3-P and another phospho-

lipid. It is tempting to speculate that the ZAC-C2
domain provides interaction with membranes in gen-
eral, whereas high-affinity binding to PI-3-P may
direct binding to specific locations or mediate further
tethering to membranes. Alternatively, the C2 could
be an effector domain, which interacts with a different
type of macromolecule (Rizo and Sidhof, 1998) or
with other domains in ZAC, which would explain the
Ca+dependence of its activity. PA®which contains

an evolutionarily conserved PH-ARF GAP-ankyrin re-
peat core (Browret al., 1998; Andreeet al., 1999),
has an extensive interface between the ARF GAP
domain and the first two ankyrin repeats (Mandiyan
et al, 1999). ARF1 GAP interacts through its non-
catalytic C-terminal domain with the KDEL receptor
at the target membrane (Acst al, 1999). There-
fore, based on analogy, a function for the C2 domain
in ZAC different from or in addition to membrane
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