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Abstract

Arvlp is involved in the regulation of cellular lipid homeostasis in the yeast Saccharomyces cerevisiae. Here, we report the
characterization of the two Arabidopsis thaliana ARV genes and the encoded proteins, AtArvlp and AtArv2p. The functional
identity of AtArvlp and AtArv2p was demonstrated by complementation of the thermosensitive phenotype of the arvIA yeast
mutant strain YJN1756. Both 4. thaliana proteins contain the bipartite Arvl homology domain (AHD), which consists of an NH2-
terminal cysteine-rich subdomain with a putative zinc-binding motif followed by a C-terminal subdomain of 33 amino acids.
Removal of the cysteine-rich subdomain has no effect on Arvp activity, whereas the presence of the C-terminal subdomain of the
AHD is critical for Arvp function. Localization experiments of AtArvlp and AtArv2p tagged with green fluorescent protein (GFP)
and expressed in onion epidermal cells demonstrated that both proteins are exclusively targeted to the endoplasmic reticulum.
Analysis of p-glucuronidase (GUS) activity in transgenic 4. thaliana plants carrying chimeric ARVI::GUS and ARV2:: GUS genes
showed that ARV gene promoters direct largely overlapping patterns of expression that are restricted to tissues in which cells are
actively dividing or expanding. The results of this study support the notion that plants, yeast and mammals share common
molecular mechanisms regulating intracellular lipid homeostasis.
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1. Introduction

The mechanisms regulating lipid homeostasis in eukaryotes

Abbreviations: AHD, Arvl homology domain; CaMV, cauliflower mosaic
virus; DsRed, Discosoma red fluorescent protein; ER, endoplasmic reticulum;
HA, peptide from human hemagglutinin; GPD, glyceraldehyde phosphate
dehydrogenase; GFP, green fluorescent protein; GUS, R-glucuronidase; UBQ,
polyubiquitin; IPC, inositolphosphorylceramide; MIPC, mannose inositolpho-
sphorylceramide; MIP,C, mannose diinositolphosphorylceramide; RT, reverse
transcriptase; T3RE, ER-targeted variant of DsRed; X-Gluc, 5-bromo-4-chloro-
3-indolyl-B-p-glucuronide; YNB, yeast nitrogen base

+ The nucleotide sequence data for 4. thaliana ARV1 and ARV2 cDNAs
have been submitted to GenBank Database under the accession numbers
AY758070 and AY758071, respectively.
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and in particular those involved in intracellular lipid trafficking
are still poorly understood at the molecular level. Nevertheless,
a number of studies in animal and yeast cells support the
existence of a coordinated regulation between sphingolipid
biosynthesis and sterol metabolism [1—4]. Recently, the
Saccharomyces cerevisiae ARV gene was isolated in a genetic
screen designed to identify genes that are essential for viability
when yeast cells are impaired in sterol esterification [5]. The
encoded Arvlp contains a novel NH,-terminal domain, defined
as the Arvl homology domain (AHD), which includes a
putative zinc-binding motif. Arvlp is predicted to have six
transmembrane domains [5] and has been found to localize in
the endoplasmic reticulum (ER) or the Golgi apparatus of yeast
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cells in a bud size- and/or growth phase-dependent manner,
suggesting a possible cell-cycle regulated localization [6].
Deletion of ARV leads to altered levels and distribution of
intracellular sterols. The overall content of free sterols increases
by about 50% and that of steryl esters by about 75%. Moreover,
sterol concentration decreases in plasma membrane whereas
elevated sterol levels are observed in ER and vacuolar
membranes. Based on these results, a role for Arvlp in sterol
trafficking has been proposed [5]. The finding that Arvlp
interacts directly with Ergllp, the enzyme that demethylates
lanosterol in the course of ergosterol biosynthesis, further
substantiates the relationship between Arvlp and sterol
metabolism in yeast [7]. Studies from Swain et al. [6] have
shown that arvl A mutant yeast cells also display defects in their
ability to properly synthesize and maintain sphingolipid levels.
Mutant cells have reduced rates of biosynthesis and lower
steady-state levels of complex sphingolipids while accumulat-
ing certain ceramide species. In line with these results,
mutations in ARV have also been isolated in a genetic screen
designed to obtain yeast mutants with defects in sphingolipid
metabolism [6]. These observations have led to propose that
Arvlp either may primarily regulate sphingolipid metabolism,
such that altered sterol levels and distribution might result from
improper sphingolipid homeostasis, or act as a common dual
regulator of both sphingolipid and sterol metabolism and
transport [6]. A human Arvl1p has also been cloned and shown
to replace yeast Arvlp function completely in regulating yeast
sterol and sphingolipid metabolism [5,6].

In regards to plants, far less attention has been paid to the
mechanisms involved in the maintenance of cellular lipid
homeostasis. In fact, one of the fundamental questions still to be
addressed is how intracellular lipid homeostasis is maintained in
plant cells and which mechanisms regulate cross-talk between
the metabolism of different lipid species [8,9]. Some recent
findings support the view that sterol and sphingolipid
metabolism are also coordinately regulated in plants. Studies
using leek seedlings have shown that inhibition of the sterol
biosynthetic pathway also impairs phosphatidylserine and
glucosylceramide synthesis [10]. More recently, plasma mem-
branes of plant cells have been shown to contain lipid rafts
[11,12], which are discrete microdomains of membranes
enriched in sphingolipids and sterols previously identified and
characterized in animal and yeast cells [13—15]. To gain insight
into the mechanisms regulating lipid homeostasis in plant cells,
we undertook the present study focusing on the functional
characterization of the two Arabidopsis thaliana ARV genes and
the encoded proteins.

2. Materials and methods
2.1. Plant materials and yeast strains

A. thaliana plants (var. Columbia 3) were grown either on soil irrigated
with mineral nutrients [16] at 22 °C under a 8 h light/16 h dark illumination
regime with 130 pmol photons m > s~ ! “daylight” fluorescent illumination or
axenically in Petri dishes containing solid (0.8% w/v agar) germination
medium (GM; Murashige and Skoog medium (ICN Biomedicals) supplemen-
ted with 0.5 g I'" MES pH 5.7) under the same light and temperature

conditions. Suspension-cultured 4. thaliana T87 cells were grown as described
[17]. Yeast mutant strain YIN1756 (MATa arvl::KAN, ade2, his3, leu2, trpl,
ura3) used in this study is derived from strain W303-1A [3]. The yeast strains
were grown in either YPD [1% (w/v) yeast extract, 1% (w/v) bactopeptone,
and 2% (w/v) glucose] or minimal medium [0.16% (w/v) YNB (yeast nitrogen
base) without amino acids and without (NH4)>SO,, 0.5% (w/v) (NH4)>SOy,,
and 2% (w/v) glucose] supplemented with the appropriate amino acids and
adenine.

2.2. Cloning of ARVI and ARV2 ¢DNA sequences

A first-strand cDNA pool was synthesized by reverse transcription of 2.5 ug
total RNA from axenically grown 10-day-old 4. thaliana seedlings with an oligo
(dT) primer (5'-GCGTCGACTGCAGGGCTTTTTTTTTTTTTTTTTT-3'). The
cDNA mixture was used as template for independent PCR reactions using
primer pairs ARV1-fl and ARV1-rl for the amplification of ARV1 cDNA, and
ARV2-fl and ARV2-r1 for the amplification of ARV2 cDNA. The A. thaliana
genomic sequence AC007323 (GenBank) was used to design primers ARV1-fl
(5'-CGGGATTCAGACCCGGACTCTAATTGCT-3'; reverse complement of
bp 8420 to 8439) and ARV 1-rl (5-CGGTCGACCTGGAAGCTGATGGGAT-
CATAC-3’, bp 6601 to 6622), and the 4. thaliana genomic sequence AL161492
(GenBank) was used to design primers ARV2-fl (5'-CGGGATCCCAACAGT-
CACAGACACAGAG-3'; bp 65298 to 65317) and ARV2-rl, (5'-
CGGTCGACCACAAGTTCCTTGCAAGAGAAG-3’; reverse complement of
bp 66757 to 66778). BamHI and Sall restriction sites (underlined) were added at
the 5’ end of the forward and reverse primers, respectively. The amplified
cDNAs were cloned into pGemT-Easy (Promega), yielding plasmids pGTARV 1
and pGTARV2.

2.3. Construction of yeast expression vectors and functional
complementation of a S. cerevisiae ARV null mutant

The ARVI and ARV2 cDNA fragments were excised as BamHI-Sall
fragments from pGTARV1 and pGTARV2 and cloned into the corresponding
sites of the yeast expression vector pJR1133, which is identical to pJR1138 [18]
except for containing the URA3 marker instead of LEU2. The resulting plasmids,
pJRAtArv1p and pJRAtArv2p, carried the cDNA fragments under the control of
the yeast glyceraldehyde phosphate dehydrogenase (GPD) gene promoter. To
construct plasmids pJRAtArv2p-HA, pJRAtArv2pA35-HA, pJRAtArv2pA46-
HA, pJRAtArv2pA56-HA and pJRAtArv2pA68-HA, the corresponding cDNA
fragments were amplified by PCR using as forward primer either ARV2-fl,
ARV2A35 (5'-GGATCCATGGAAGAAGTAGCAGAC-3’), ARV2A46 (5'-
GGATCCATGCTATTGATTATTTTATC-3"), ARV2A56 (5-GGATCCATG-
CACAAAACAAAGGCT-3") or ARV2A68 (5'-GGATCCATGGTTGTTAAT-
CAAGAA-3'), a common reverse primer ARV2-HA-r (5'-
GTCGACTCACGCATAGTCAGGAACATCGTATGGGTATACGATTCT-
GAAAAAATAAGACATATA-3"), and pGTARV?2 as template. BamHI and Sall
restriction sites (underlined) were added at the 5’ end of the forward and reverse
primers, respectively. Translational start and stop codons are shown in bold. The
sequence coding for the hemagglutinin (HA) epitope (YPYDVPDYA) is shown
in italics. The PCR products were cloned into pGemT-Easy, excised as
BamHI/Sall fragments, and cloned into the corresponding sites of pJR1133.
To create pAtArv2p4Ser-HA, the amino acid substitutions Cys®Ser, Cys''Ser,
Cys**Ser, and Cys**Ser were introduced by a PCR-based overlap extension
method [19]. To generate substitutions Cys>>Ser and Cys>Ser, independent
PCR reactions were carried out using pGTARV2 as template and either
primer pair ARV2-fl and ARV2-C32/35S-r (5/-TACTTCTTCGC-
TATTCTCGCTTTTCATGAG-3’) or primer pair ARV2-C32/35S-f (5'-
CTCATGAAAAGCGAGAATAGCGAAGAAGTA-3') and ARV2-C-r (5'-
GCAAGCTTCTATAAGTATCTAGAAG-3’). Nucleotide changes to introduce
cysteine to serine substitutions are shown in bold. Primer ARV2-C-r contains
a HindIlI restriction site (underlined). About 200 ng of each PCR product
were mixed and used as template in the subsequent PCR-based overlap
extension reaction, which was carried out using primers ARV2-fl and ARV2-
C-r. The resulting fragment was cloned into pGemT-Easy yielding clone
pGTC32/35S. Substitutions CysSer and Cys''Ser were introduced using
pGTC32/35S as template and either primer pair ARV2-fl and ARV2-C8/11S-r
(5'-CTTGTGCCCACTCTCTACACTCGTCTTCTT-3’) or primer pair ARV2-
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C8/11S-f (5'-AAGAAGACGAGTGTAGAGAGTGGGCACAAG-3’) and
ARV2-C-r. Nucleotide changes to introduce cysteine to serine substitutions
are shown in bold. The amplified products were used as template in a PCR-
based overlap extension reaction carried out as described above. The PCR
product was cloned into pGemT-Easy, yielding clone pGTCS8/11/32/35S,
from which it was excised as a BamHI-Hindlll fragment to replace the
equivalent cDNA fragment in pGTARV2-HA, yielding clone pGTAtArv2p4-
Ser-HA. The mutagenized cDNA was then excised as a BamHI/Sall
fragment and cloned into the corresponding sites of pJR1133, yielding clone
pJRAtArv2p4Ser-HA. Strain YIN1756 was transformed with pJR1133 and
the pJR1133-derived plasmids by the lithium acetate procedure [20]. Ura"
transformants were selected at 27 °C on agar plates containing minimal
medium. Selected Ura’ colonies were streaked on agar plates containing
YPD and incubated at either 27 or 37 °C. For growth complementation
tests in liquid media, single colonies of recombinant YIN1756 strains grown
for 2 days on agar plates containing minimal medium were picked and
cultured at 27 °C in minimal medium until an ODgoo of 1.5. Cells were
then diluted into YPD (ODgo=0.05-0.1) and growth at 37 °C monitored
by measuring the absorbance at 600 nm. Lipid analyses were carried out as
described [6].

2.4. Preparation of yeast protein extracts, gel electrophoresis, and
immunoblotting

Recombinant YJN1756 strains were grown at 27 °C in liquid minimal
medium to an ODgoy of 0.8 and total protein extracts were prepared as
previously described [21]. Aliquots of supernatant were fractionated in SDS-
PAGE gels and transferred to Hybond-P membranes (Amersham) according to
standard protocols. Western blot analysis was performed using anti-HA
antibodies (1:200 dilution; Santa Cruz Biotechnology, Santa Cruz, CA) and
horseradish peroxidase-conjugated anti-rabbit IgG (1:5.000 dilution;
Amersham).

2.5. Construction of plasmids for the expression of GFP-AtArvip,
GFP-AtArv2p, and GFP-AtArv2pA68 in onion epidermal cells

The sequence coding for AtArvlp was amplified by PCR using forward
primer ARV1-f2 (5'-CGAGCTCATGGCGGCGAGTGAA-3’), reverse primer
ARVI1-12 (5-CGGGATCCTGGAAGCTGATGGGA-3’), and pGTARV1 as
template. The sequences coding for AtArv2p and AtArv2pA68 were amplified
using as forward primer either ARV2-f2 (5'-CGAGCTCATGGCGAGAGA-
GAAG-3’) or ARV2A68-f2 (5'-CGAGCTCATGG TTGTTAATCAAGAA-3'),
reverse primer ARV2-r2 (5'-CGGGATCCCCTTGCA AGAGAAGA-3’), and
pGTARV2 as template. Translational start codons are shown in bold. Sacl and
BamHI restriction sites (underlined) were added at the 5’ end of the forward
and reverse primers, respectively. The amplified fragments were digested with
Sacl and BamHI, and cloned in frame with the green fluorescent protein (GFP)
coding sequence into the corresponding sites of pGFP-MRC [18], yielding
plasmids pGFP-AtArvlp, pGFP-AtArv2p, and pGFP-AtArv2pA68, which
carried the chimeric genes under the transcriptional control of the cauliflower
mosaic virus (CaMV) 35S gene promoter. To obtain a variant of the
Discosoma red fluorescent protein (DsRed) targeted to the ER, we followed
the rationale that had proven successful with GFP [22]. The DsRed.T3 coding
sequence [23] was modified by inserting a sequence encoding the same
chitinase transit peptide at the start codon and a sequence encoding the KDEL
ER-retention signal [24] at the stop codon. The resulting coding sequence was
used to replace the GFP sequence in plasmid pRTL2-sGFP [25] to yield
plasmid pT3RE. All constructs were sequenced to confirm the in-frame
fusions. GFP-AtArvp and T3RE fusion plasmids were introduced into onion
epidermal cells by micro-bombardment using tungsten particles coated with
plasmid DNA and a Biolistic PDS-1000/He system (Bio-Rad) with a 1100 psi
rupture disc (Bio-Rad). Onion pieces were kept in darkness at 22 °C for 16 h
and epidermal cells were examined by laser confocal-scanning fluorescence
microscopy (Olympus IX70). Green fluorescence was detected using a
BP515-525 filter after excitation with blue light at 488 nm, and red
fluorescence was detected using a BAS60F filter after excitation with green
light at 543 nm.

2.6. RT-PCR expression analysis

Total RNA was extracted using the RNEasy® Plant Mini Kit (QIAGEN
Sciences) from T87 cells collected at the mid-exponential growth phase and
different tissues of A. thaliana plants according to the manufacturer’s
instructions. Reverse transcriptase reactions were carried out using 1 pg of
total RNA and Transcriptor Reverse Transcriptase (Roche Diagnostics GmbH)
according to standard protocols. PCR reactions were carried out by 32 cycles of
amplification (45 s at 95 °C, 60 s at 57 °C and 90 s at 72 °C) and a 5 min final
extension at 72 °C, using as template 2 pl of the single-stranded cDNA pools and
the PureTaq Ready-To-Go PCR beads (Amersham Biosciences). Primer pairs
RTARV1-f (5'-GGTGTCTTATCTGCAAACGCTG-3’) and RTARVI-r (5'-
GAAGCTGATGGGATCATAC-3"), and RTARV2-f (5'-CGGAT-
CAAATGTGTCTATGAGC-3’") and RTARV2-r (5'-GTTCCTTGCAAGA-
GAAG-3’) were used for expression analysis of ARV and ARV2, respectively.
The expression of the A. thaliana polyubiquitin (UBQ) 10 gene (At4g05320) was
analyzed using primers UBQ-f (5'-GGACCAGCAGCGTCTCATCTTCGC-3")
and UBQ-r (5'-CTTATTCATCAGGGATTATACAAG-3').

2.7. Construction of ARV::GUS gene fusions and generation of
transgenic plants

To construct the ARV1::GUS gene fusion, a 1574 bp fragment from the 5'-
region of the ARV gene was amplified by PCR using forward primer ARV 1-
GUS-f (5'-GTCTAGAGATCGGATATGACATAGCGGA-3’; bp —1547 to
—1527 in the ARVI gene), reverse primer ARV1-GUS-r (5'-GCGGTACC-
CACGCATCTGTGTTCACTC-3’; complementary to bp +9 to +27 with respect
to the first base of the ATG codon of ARV1), and genomic A. thaliana DNA as
template. For the ARV2::GUS gene fusion, a 1534 bp fragment from the 5'-
region of the ARV2 gene was amplified by PCR using forward primer ARV2-
GUS-f (5’-GTCTAGACTTCTCTCTCGCCATCTC-3’; bp —1519 to —1501 in
the ARV2 gene), reverse primer ARV2-GUS-r (5’-GCGGTACCTGCCTTCTG-
TAGCTAAGCTG-3’; complementary to bp —3 to +15 with respect to the ATG
codon of the ARV2), and genomic A. thaliana DNA as template. Xbal and Kpnl
restriction sites (underlined) were added at the 5" end of the forward and reverse
primers, respectively. The PCR fragments were digested with Xbal and Kpnl,
and cloned into the corresponding sites of binary vector pBI121 (Clontech),
yielding plasmids pBIARV1::GUS and pBIARV2::GUS, respectively. Fusions
between ARVI and ARV2 5'-regions and the GUS-coding sequence were
confirmed by sequencing. 4. thaliana plants were transformed using the in-
planta infiltration method [26] and Agrobacterium tumefaciens, strain C58C1
(pGV2260), harbouring pBIARV1::GUS and pBIARV2::GUS. Seeds from
infiltrated plants were surface sterilized and sown in Petri dishes containing GM
supplemented with 50 pg ml~ ! kanamycin. Kanamycin-resistant seedlings (T,)
were transplanted into soil and grown to maturity. Histochemical analysis of
GUS activity was performed as previously described [27].

3. Results

3.1. Cloning and sequence analysis of two A. thaliana ARV
cDNAs

Using the amino acid sequence of a putative A. thaliana
Arvp (Accession Number CAB77721) [5] as query, we
identified two A. thaliana genomic sequences (At4g01510
and Atlg01020) that might encode Arvlp-like proteins. The
At4g01510 gene was predicted to contain 9 exons that encoded
the sequence of 252 amino acids used as query in the data-base
search whereas the At1g01020 gene was predicted to consist of
5 exons that encoded a polypeptide of 128 amino acids. An
additional search in the TAIR plant protein data-base allowed us
to identify a protein of 245 amino acids (Accession Number
AAF26477), which matched the first 118 residues of the protein
potentially encoded by Atlg01020. A detailed analysis of the
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sequence downstream of the putative exon 5 of Atlg01020
suggested that it might contain 4 additional exons, since
conceptual translation of these 9 putative exons gave rise to an
amino acid sequence identical to that of entry AAF26477. To
define the true organization of the predicted 4R}V genes and to
demonstrate their functionality, cDNA sequences encompassing
their complete coding region were isolated by RT-PCR and
RNA from 10-day-old 4. thaliana seedlings. A cDNA fragment
of 825-bp (GenBank Accession Number AY758070) with a
sequence identical to that of the 9 putative exons of Atlg01020
(hereafter referred to as ARVI gene) was amplified using
primers located upstream (ARV1-f1) and downstream (ARV-r1)
of the predicted translational start and stop codons, respectively,
of ARVI. However, all attempts to amplify a cDNA
corresponding to At4g01510 using different forward primers
located upstream of the predicted ATG start codon, a reverse
primer located downstream the coding region (ARV2-rl), and
RNA from different tissues of A. thaliana repeatedly failed.
Additional RT-PCR experiments were carried out using a new
forward primer (ARV2-fl) located between the 5'-most ATG
codon and an in-frame internal ATG codon and reverse primer
ARV2-rl. Using this pair of primers, we amplified a cDNA of
732 bp (GenBank Accession Number AY758071) with a
sequence identical to that of the 9 predicted exons of At4g01510
(hereafter referred to as ARV2 gene). Conceptual translation of
the cloned cDNAs revealed that the encoded proteins, further
referred to as AtArvlp and AtArv2p, consist of 245 and 228

amino acids, respectively, (Fig. 1) instead of the 128 and 252
amino acids initially assigned to these proteins. AtArvlp and
AtArv2p share 66% overall identity and are 14% and 17%
identical to S. cerevisiae Arvlp, and 20% and 33% identical to
human Arvlp, respectively (Fig. 1). Interestingly, the NH,-
terminal region of these proteins shows a much higher level of
identity than the rest of the protein. Indeed, 15 out of the 18
amino acid residues conserved in all four proteins are found in
the first 68 amino acids that form the AHD. This domain
consists of two well-defined subdomains: a NH,-terminal
cysteine-rich subdomain, which differs in length depending
on the organism but always includes a block of 28 amino acids
with the signature of a zinc-binding motif (Cys—X,—Cys—Xo—
Cys—X,—Cys; positions 8 to 35 in AtArv proteins), and a C-
terminal subdomain of 33 residues (positions 36 to 68 in AtArv
proteins) (Fig. 1).

3.2. A. thaliana Arv proteins complement a S. cerevisiae ARVI
null mutant

To evaluate the functionality of AtArvlp and AtArv2p, the
corresponding cDNA sequences were expressed in the yeast
mutant strain YJN1756. This strain bears a disruption of the
ARV gene that renders cells thermosensitive, such that arvi A
cells can grow at 27 °C (permissive temperature) but not at
37 °C (restrictive temperature) [6]. Strain YIN1756 was
transformed with plasmids pJRAtArvlp, pJRAtArv2p and

* *
AtArvlp MAASE H GFRV KSIEFIQMSPG 25
AtArv2p MAREK K GHKV KSIEFIQMSPG 25
HsArvlip MGNGGRSGLQQ GKGNVDGVAA TPTAASASCQ YREI QEA KEIRYR] HG 51
ScArvlp MI@I RPV DS|EY ND 20
AtArvlp NIRLM KEVAENTIIC ERMIIFQDLI L INPAT - 74
AtArv2p NFRLM EEVAINE] C ELLIIFMDLI Ly QES- 74
HsArvlp VLKITI QKP DPVIILMNAT LFYTQINIH- 100
ScArvilp HIQLT QET I DNVLLEMDLL v LELHLS 70
AtArvlp  ----- VNIQH L----- LWKL VFAYLLLDCY RSLLLRKSDE ESSFSDSPVL 114
AtArv2p  ----- ANVQH L----- LWKL VLAYLLLDTY RSLLLRRTND GSNVSMSFLF 114
HsArvlip  ----- GKLCI FCLLCEAY-L -RWWQLODSN ONTAPDDLIR YAKEWDFYRM 143
ScArvlp YPK--RKALN DCQCLRDYTQ ALLFNVKNWF CKYDRLNRLW LLLLSFEIYL 118
AtArvilp LSIKVLIGVL SANAAFIISF AIATKGLLNE VSRRREIMLG IFISSYFJMIF 164
AtArv2p ESLEVLVNVL SANFAFVFSF AFAAKLMLV- MPRGKEILLT ILISS IF 163
HsAxvip FAIAALEQTA YFIGIFTFLW VERPMTAKK- KPNFILLLKA LLLSSYGISLL 192
ScArvip TWVTEESKYI YYLNRNNNDG KLIMLSKKLP ESFKWDSAIM RNTITS- 168
AtArvilp LLAMLVWEFP - IF-FVD ILLLTSNSMA LKVMTESTMT -RCIANCLIA 211
AtArv2p LFAMPVWEFP - IF-IVD MLVLTSNAVA LKVMTESATS -RC CFIA 210
HsArvlip LIPAVIWEHD YTVCLKLIK VFVLTSNFQA IRVTLNINRK LSF LSGL 242
ScArvip TWSPPIQYLY F. CILDVS LFHTFTQYFI LKKLHWKHYS VSS ISYT 218
AtArvilp HLIRFLVGQI FEPTIFLIQI GSLLQYMSYF FRIV* 245
AtArv2p HSIRFLVDQI SG------ HL GSVM* 228
HsAxvip LLESIMVYFF QSMEWDVGSD YAIFKSQDF* 271
ScArvilp ILLSYGAKIF PILMLIWPYD TLISMSIIKW VANLYIIESL KIVTNLSYWN 268
ScArvlp IIKIFISVSL LRYFMVKPIL IVFVAKFNFS VIKNLIHQEF ILLLQKSGTY 318
ScArvlp LLL* 321

Fig. 1. Alignment of the Arv proteins from 4. thaliana, H. sapiens, and S. cerevisiae. Residues conserved in all four sequences are shown in black boxes whereas those
conserved in three out of the four sequences are shown in grey boxes. Hyphens indicate gaps introduced to optimize the alignment. Amino acid residues are numbered
on the right. The sequence with the signature of a zinc-binding motif is underlined while cysteine residues in this sequence are denoted by asterisks. The sequences
shown have the following GenBank accession numbers: Arabidopsis thaliana Arvlp AAV92715, Arabidopsis thaliana Arv2p AAV92716, Homo sapiens

AAG47671.1, and Saccharomyces cerevisiae AAB67397.



Fig. 2. Functional complementation of the S. cerevisiae ARVI null mutant strain
YJIN1756 by overexpression of AtArv1p and AtArv2p. Cells of strain YIN1756
and of the same strain transformed with plasmids pJR1133, pJRARV1 and
pJRARV?2 were streaked onto YPD plates and incubated at 27 and 37 °C for
three and 2 days, respectively.

pJR1133, and the resulting recombinant YIN1756 cells were
tested for their ability to grow at the permissive and restrictive
temperatures. As is shown in Fig. 2, overexpression of AtArvlp
and AtArv2p restored the viability of arviA cells at the
restrictive temperature whereas neither arvi A cells nor arvi A
cells harbouring pJR1133 could grow at this temperature. These
results demonstrate that AtArvlp and AtArv2p can both
substitute for yeast Arvlp.

3.3. Overexpression of A. thaliana AtArv2p suppresses the lipid
metabolic defects of a S. cerevisiae ARVI null mutant

To check whether the observed functional complementa-
tion of the yeast ARVI null mutant by A. thaliana Arv
proteins was due to the restoration of normal sterol and
sphingolipid metabolism, levels of individual sterols were
determined by GC/MS in wild-type yeast cells, arvIA cells
and arvlIA cells overexpressing AtArv2p grown at the
permissive and restrictive temperatures. Cells overexpressing
AtArv2p accumulated higher levels of ergosterol, the major
yeast sterol end-product, than mutant cells at either growth
temperature analyzed (Fig. 3A and B). In arvIA cells
overexpressing AtArv2p grown at 27 °C ergosterol accounted
for approximately 65% of total sterol content, whereas in
arvl A and wild-type cells, it represented approximately 55%
and 71% of total sterols, respectively (Fig. 3A). At 37 °C,
ergosterol accounted for approximately 53% of total sterol
content in arviA cells overexpressing AtArv2p, whereas it
accounted for approximately 48% and 59% of total sterols in
arvlA and wild type cells, respectively (Fig. 3B). Further-
more, at both growth temperatures overexpression of
AtArv2p restored wild-type levels of sterol biosynthetic
intermediates to arviA cells, including those of several
unknown intermediates.
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Fig. 3. Overexpression of AtArv2p restores normal sterol and sphingolipid metabolism to yeast arvi A cells. The levels of individual sterols in wild-type (white bars),
arvl A (grey bars) and arvIA cells overexpressing AtArv2p (black bars) were determined at 27 °C (A) and 37 °C (B) using GC/MS analysis. Sq, squalene; Lan,
lanosterol; DMZ, dimethylzymosterol; Zym, zymosterol; Fec, fecosterol; Epi, episterol; Erg, ergosterol; Oth, novel sterol intermediates. Levels of individual sterols are
represented as % of total sterol contents. (C) Ceramide-B (Cer-B) and ceramide-C (Cer-C) levels in wild-type (white bars), arvIA (grey bars) and arvIA cells
overexpressing AtArv2p (black bars). Cells were steady-state radiolabeled with [3H]dihydrosphingosine at 37 °C and the ceramides were extracted and analyzed as
described in Materials and methods. Wild type ceramide-B and ceramide-C levels were given a value of 100%. The % values are the average of three independent
experiments. (D) Sphingolipid biosynthesis. Wild-type (1), arvI A (2) and arvI A cells overexpressing AtArv2p (3) were steady-state radiolabeled with [*HJinositol at
37 °C and the sphingolipids were extracted, deacylated, and resolved as described in Materials and methods.



To investigate whether AtArv2p was capable of replacing
yeast Arvlp function in sphingolipid metabolism, we first
examined the effects of AtArv2p overexpression on the steady-
state levels of ceramides, the precursors of all complex yeast
sphingolipids. Although yeasts contain a mixture of five
ceramide forms, namely ceramide-A, -B, -B’, -C, and -D, we
only measured the levels of forms B and C as these are the only
ceramides whose levels are increased in arviA cells [6]. As
shown in Fig. 3C, overexpression of AtArv2p restored wild-
type levels of ceramide-B and ceramide-C to arvi A cells. We
next investigated whether overexpression of AtArv2p could
restore sphingolipid biosynthesis to arviA cells, which is
severely impaired at the non-permissive growth temperature [6].
To this end, wild type cells, arviA cells, and arvIA cells
overexpressing AtArv2p were radiolabeled with [*H]inositol
and the rates of biosynthesis of sphingolipids were analyzed by
TLC. As is shown in Fig. 3D, overexpression of AtArv2p
restored sphingolipid biosynthesis to arviA cells, since
biosynthetic rates of inositolphosphorylceramide (IPC) species
IPC-C, IPC-D, mannose inositolphosphorylceramide (MIPC)
and mannose diinositolphosphorylceramide (MIP,C) in arvi A
cells overexpressing AtArv2p were identical to those in wild-
type cells. Overexpression of AtArv2p also led to normal levels
of phosphatidylglycerol (results not shown), the phospholipid
that accumulates to a greater extent in arviA cells [6].
Collectively, these results demonstrate that the ability of
AtArv2p to restore the growth to arviA cells at 37 °C is
actually due to its ability to suppress the lipid metabolic defects
of arviA cells, thereby replacing yeast Arvlp function as a
regulator of cellular lipid homeostasis. Given the high level of
sequence identity between AtArv1p and AtArv2p, as well as the
fact that AtArvlp also restored the viability of arviA cells at
37 °C, we conclude that these proteins are the true 4. thaliana
orthologs of yeast and human Arvlp.

3.4. Functional analysis of the NH,-terminal region of A.
thaliana AtArv2p

To investigate whether the two subdomains of AHD are
required for Arvp function, a series of AtArv2p NH,-terminal
nested deletion mutants (AtArv2pA35-HA, AtArv2pA46-HA,
AtArv2pA56-HA, and AtArv2pA68-HA) and an AtArv2p
mutant in which the four cysteine residues at positions 8, 11,
32, and 35 potentially involved in forming a zinc-binding motif
(Fig. 1) were simultaneously replaced by serines (AtArv2p4Ser-
HA), were assayed for their ability to restore growth of arvi A
cells at 37 °C on solid and in liquid media (Fig. 4). An HA
epitope was added at the C terminus of the wild-type and mutant
proteins to determine the effects of the mutations on the levels of
the expressed proteins (Fig. 4C). As is shown in Fig. 4 A and B,
the presence of the HA tag did not affect the capacity of
AtArv2p-HA to restore the growth of arviA cells at 37 °C.
Interestingly, the growth of arvIA cells overexpressing
AtArv2pA35-HA at 37 °C was comparable to that of cells
overexpressing AtArv2p-HA whereas arvi A cells overexpres-
sing AtArv2pA46-HA, AtArv2pA56-HA and AtArv2pA68-
HA were unable to grow at the restrictive temperature either on

us}

1,8 1
1,6 1
1.4 1
1,2 4

0,8 -
0,6 4
0.4

0.2 ]

Absorbance (600 nm)

80

kDa
29+

20

A . AT
D 4SS D B S

F a® A s
M@ @ @ @ @ &
SOOI R IR
T

Va2
o \vd > \v3 \vd
¥ o o R R

Fig. 4. Functional analysis of the NH,-terminal region of AtArv2p. (A) Cells of
the ARV null mutant strain YIN1756 (YIN) and of the same strain carrying
control plasmid pJR1133 (pJR) and pJR1133-derived plasmids overexpressing
AtArv2p-HA (Arv2p), AtArv2p4Ser-HA (4Ser), AtArv2pA35-HA (A39),
AtArV2pA46-HA (A46), AtArv2pAS56-HA (A56), and AtArv2pA68-HA
(A68) were streaked onto YPD plates and incubated at 27 and 37 °C for three
and 2 days, respectively. (B) Single colonies of the parental wild-type strain
W303-1A (#) as well as of strain YIN1756 separately harbouring pJR1133 (H)
and pJR1133-derived plasmids overexpressing AtArv2p-HA (A), AtArv2p4-
Ser-HA (0), AtArv2pA35-HA ([J), AtArv2pA46-HA (O), AtArv2pAS6-HA
(%), and AtArv2pA68-HA (A) were inoculated in minimal medium and
incubated at 27 °C until ODggo was approximately 1.5. Cells were then diluted
into YPD medium and growth at 37 °C was monitored by measuring the
absorbance at 600 nm. The analysis was carried out using at least five
independent colonies of each yeast strain. A representative growth curve is
shown for each strain. (C) Western blot analysis of protein extracts (35 pg) from
yeast cells expressing each of the HA-tagged variants of AtArv2p and from cells
transformed with the control plasmid pJR1133. Immunoblots were obtained
using anti-HA antibodies. The predicted size of each protein is indicated in
parentheses. The positions of size markers are indicated at the left.



solid or in liquid media. Western blot analysis of extracts from
the transformed cells using antibodies against the HA epitope
revealed that the levels of the truncated AtArv2p-HA variants
were similar to those of AtArv2p-HA with the exception of
AtArv2pA46-HA, whose expression was barely detectable (Fig.
4C). As for the effect of disruption of the putative zinc-binding
motif on AtArv2p function, cells overexpressing AtArv2p4Ser-
HA also grew at 37 °C, although they formed smaller colonies on
solid media and grew at a slower rate in liquid media compared
with cells overexpressing AtArv2p-HA and AtArv2pA35-HA
(Fig. 4A and B), probably because the level of AtArv2p4Ser-HA
expression is clearly lower than that of AtArv2p-HA and
AtArv2pA35-HA (Fig. 4C). Overall, these results demonstrate
that the cysteine-rich subdomain of the AHD is not required for
Arvp function and indicate the essential role that the C-terminal
subdomain of AHD plays in Arvp activity.

3.5. Intracellular location of the A. thaliana Arv proteins

The intracellular location of AtArv proteins was investigated
in onion epidermal cells co-expressing either GFP-AtArvip or
GFP-AtArv2p in combination with an ER-targeted variant of
DsRed (T3RE). AtArv proteins were tagged with GFP at the
amino terminus because an equivalent GFP-tagged version of
yeast Arv1p has been shown to complement the growth defect of
arvl A cells at 37 °C [6]. Confocal laser microscopy analysis of
the transfected cells revealed in both cases a reticular pattern of
green fluorescence (Fig. SA and D) identical to the pattern of red
fluorescence emitted by the T3RE protein (Fig. SB and E).
Superimposed images of GFP- and T3RE-derived fluorescence
(Fig. 5C and F) confirmed that GFP-AtArv1p and GFP-AtArv2p
co-localized with T3RE, thus demonstrating that both AtArv
proteins are exclusively targeted to the ER membranes. A similar
experiment in which a GFP-tagged version of AtArv2pA68 was
co-expressed with T3RE revealed that a truncated AtArv2p
lacking the entire AHD also localized to the ER membranes (Fig.
5G-I), thus showing that the AHD is not required for proper
intracellular location of Arv proteins.

3.6. Expression analysis of the A. thaliana ARV genes

Expression of ARV1 and ARV2 was first analyzed by RT-PCR
using pairs of primers specific for each gene and total RNA from
the 4. thaliana cell line T87, different tissues of adult plants, and
12-day-old seedlings. As a control for RNA preparations and
RT-PCR conditions, we also analyzed the expression of the 4.
thaliana UBQ10 gene [28]. PCR products of the expected size of
388 bp (ARVI) and 394 bp (ARV2) were amplified from all
samples examined, albeit at varying levels (Fig. 6). The
specificity of the amplification with each pair of primers was
confirmed by restriction analysis (results not shown). To
investigate in more detail the patterns of expression of ARV
and ARV2, we obtained transgenic 4. thaliana plants carrying
ARV1::GUS and ARV2::GUS genes in which fragments of 1574
and 1534 bp of the 5’-region of ARV and ARV2, respectively,
including the corresponding 5’-untranslated leader sequences
and the regions coding for the first 9 (AtArv1p) and 5 (AtArv2p)

Fig. 5. Confocal laser scanning micrographs showing the distribution of
fluorescence in onion epidermal cells expressing T3RE in combination with
either GFP-AtArv1p (A-C), GFP-AtArv2p (D-F) or GFP-AtArv2pA68 (G-I).
Panels show the GFP channel (A, D and G), DsRed channel (B, E and H), and
merged images (C, F and I). Co-localization of GFP and T3RE fluorescence is
shown in yellow. Images are three-dimensional projections of 20 sections. Scale
bars=20 pm.

amino acids, were fused in frame to the 3-glucuronidase (GUS)
coding sequence. Plants of several homozygous lines segregat-
ing a single T-DNA insertion for each construct were subjected
to GUS histochemical analysis (Fig. 7). In floral tissues,
expression of both ARV::GUS genes was concentrated in pollen
grains (Fig. 7A and B) and fertilized ovules, which showed GUS
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Fig. 6. RT-PCR analysis of ARV and ARV2 gene expression in A4. thaliana.
The expression of ARV (top panel) and ARV2 (bottom panel) was investigated
using total RNA from 4. thaliana suspension-cultured cells (T87), flowers (F),
leaves (L), roots (R), and 12-day-old seedlings (S). PCR products were
electrophoresed in a 2% agarose gel. The position of the amplified fragments
corresponding to ARV (388 bp), ARV2 (394 bp), and UBQI0 (219 bp) is
indicated on the right. Lane C shows the result of RT-PCR analysis of control
samples lacking RNA. Numbers on the left indicate the sizes in bp of DNA
size markers shown in lane M.

staining until they developed into seeds (Fig. 7C and E).
Although GUS activity was not visible in intact mature seeds,
GUS expression was also detected in the internal tissues (results
not shown). Occasionally, a faint blue staining was also detected
in the style (Fig. 7B) whereas no staining was observed either in
the remaining floral organs, including the sepals, petals,
stigmatic papillac and ovary valves, or in siliques (Fig. 7A—
F). Expression of ARV1::GUS and ARV2::GUS was also visible
in germinating seedlings (Fig. 7K and L). However, as seedlings
grew older GUS expression decreased very rapidly (Fig. 7G and

H), with the exception of shoot (Fig. 7G-J) and root (Fig. 7TM—
P) apical meristematic regions, which retained an intense
expression of both genes. Interestingly, in the shoot apical
meristem the expression of ARV2::GUS was consistently more
intense than that of ARVI::GUS (Fig. 71 and J). Some
differences in the expression of ARVI::GUS and ARV2::GUS
were also observed in the leaves. The ARVI::GUS gene was
expressed in emerging leaves (Fig. 7I) and in the vascular tissue
of adult leaves (Fig. 7Q), whereas no apparent expression of the
ARV2::GUS gene was detected either in young emerging leaves
(Fig. 7J) or in adult leaves (Fig. 7R) incubated with the GUS
substrate for the same period of time. Nevertheless, some faint
blue staining was observed when leaves were incubated with the
GUS substrate for longer periods of time. Overall, the results
shown in Fig. 7 demonstrate that ARVI and ARV2 gene
promoters direct largely overlapping patterns of GUS expres-
sion that are restricted to those tissues in which cells would
actively divide or expand.

4. Discussion

To begin to elucidate the molecular mechanisms underlying
the regulation of cellular lipid homeostasis in plants, we
undertook the characterization of A. thaliana Arv proteins.
Results presented here demonstrate that this plant contains a
small ARV gene family of two members, ARV (Atlg01020)
and ARV2 (At4g01510), which encode functional AtArvlp and
AtArv2p isoforms (Fig. 1) as shown by their ability to restore
growth to the S. cerevisiae ARV null mutant YIN1756 at 37 °C
(Fig. 2). Lipid analyses demonstrated that AtArv2p
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Fig. 7. Spatial and temporal patterns of expression of ARV I and ARV2 genes. Histochemical analysis of GUS activity was performed in samples from 4. thaliana plants
transformed with ARV1::GUS (panels A, C, D, G, I, K, M, N and Q) and ARV2::GUS (panels B, E, F, H, J, L, O, P, R) genes. Samples were incubated at 37 °C for 16 h
with the GUS substrate. The expression of GUS (indicated by blue stain) was analyzed in flowers (A and B), early-developing (C and E) and mature (D and F) siliques,
3-day-old seedlings (G and H), shoot tip of 6-day-old seedlings (I and J), seedlings 24 h after germination (K and L), primary (M and O) and lateral (N and P) root tips,

and mature leaves (Q and R).



overexpression suppresses the lipid metabolic defects of arvi A
cells (Fig. 3A and B). Given the high level of identity shared
by AtArvlp and AtArv2p, it can be assumed that AtArvlp is
also able to suppress the lipid metabolic defects of arvi A cells.
This assumption is further supported by the observation that
human Arvlp, which is only 33% identical to AtArv2p, also
restores wild-type sterol and sphingolipid metabolism to arvi A
cells [6]. Therefore, our results lead us to conclude that
AtArvlp and AtArv2p are the true A. thaliana orthologous
proteins of yeast and human Arvlp, demonstrating the
universal function of Arvp in the various kingdoms of life. It
is worth noting that orthologous Arv proteins appear to exist in
other eukaryotic organisms such as Schizosaccharomyces
pombe (CAC21488.1), Caenorhabditis elegans (CAA88728),
Danio rerio (CB365446), Nicotiana benthamiana (CK284764),
Gallus gallus (XM419587), and Mus musculus (NM026855).
The results of YIN1756 complementation experiments with
a series of HA-tagged AtArv2p mutants (Fig. 4) revealed that
the cysteine-rich subdomain of the AHD is not required for
Arvp function, as growth of arvIA cells overexpressing
AtArv2pA35-HA at 37 °C was indistinguishable from that of
cells overexpressing AtArv2p-HA. The reduced capacity of
AtA1v2p4Ser-HA to restore the growth of arvi A cells at 37 °C
does not argue against the above conclusion, as the reduction of
activity correlates with a decreased expression of AtArv2p4Ser-
HA compared with that of AtArv2pA35-HA. Hence, the
apparent reduced activity of AtArv2p4Ser-HA likely stems
from its low level of expression. However, the possibility that
the unfolding of the putative zinc-binding motif could also alter
the conformation of the adjacent C-terminal subdomain of
AHD, thereby impairing the function of the protein, cannot be
completely ruled out. In fact, the presence of the C-terminal
subdomain of AHD appears to be essential for Arvp function,
since AtArv2p activity is completely abolished when this
subdomain is either partially (AtArv2pA56-HA) or totally
(AtArv2pA68-HA) removed (Fig. 4). Interestingly, the loss of
function of AtArv2p associated to the removal of AHD cannot
be attributed to mislocalization of the truncated protein, since a
GFP-tagged version of AtArv2pA68 is targeted to the ER
membranes of onion cells, just like a GFP-tagged version of the
entire AtArv2p (Fig. 5). Thus far, the biological role of the AHD
subdomains remains unknown, although it has been suggested
that the putative zinc-binding motif might be involved in
multimerization of the protein or in mediating binding to lipid
molecules [5]. Our finding that the presence of this protein motif
is not required for Arvp function does not preclude the
possibility that it might play an important role in the Arvp
mechanism of function; for example, as a modulator of its
activity. Removal of the NH,-terminal zinc-binding motif from
the E. coli ATPases, ClpA, ClpB, and ClpX has been reported to
abolish modulation of the ATPase activity required for
chaperone function, although not the chaperone activity [29].
Similarly, an allosteric regulatory role has been proposed for the
zinc-binding domain of YVHI1 phosphatase from Plasmodium
falciparum [30]. As for the C-terminal moiety of AHD, no
function has been suggested for this subdomain, which includes
the predicted most NH,-terminal membrane spanning sequence

(residues 48 to 64) of AtArv proteins (PredictProtein) [31].
Interestingly, this specific sequence is more conserved among
Arv proteins from different organisms than the remaining
transmembrane sequences. These observations suggest that the
C-terminal subdomain of AHD plays an essential role in Arvp
mechanism of function in a capacity other than simply serving
as a transmembrane sequence.

Localization experiments of GFP-tagged versions of
ArArvlp and AtArv2p in onion cells demonstrated that both
proteins are exclusively targeted to the ER membranes (Fig. 5),
which is fully consistent not only with the prediction that
AtArvlp and AtArv2p are both membrane proteins (Predict-
Protein) [31], but also with the observation that a fusion of GFP
with S. cerevisiae Arvlp localizes to the ER [6]. Hence, our
results show that the intracellular localization of Arvp to the ER
is conserved between plants and yeast. It is, therefore,
conceivable that all eukaryotic organisms might share this
pattern of Arvp localization. Interestingly, as S. cerevisiae
Arvlp also localizes to the Golgi [6], it remains to be seen
whether this is a specific feature of yeast cells or, on the
contrary, Arvp can also localize to the Golgi in other eukaryotic
organisms.

To date nothing is known about the pattern of ARV gene
expression in eukaryotic organisms, which prompted us to
investigate the expression of ARV1 and ARV?2 genes. A detailed
expression analysis using transgenic 4. thaliana plants carrying
ARV::GUS chimeric genes revealed not only that both gene
promoters direct largely overlapping patterns of expression
(Fig. 7), as suggested by RT-PCR experiments (Fig. 6), but also
that ARV genes have a highly specialized pattern of expression
restricted to tissues in which cells are actively dividing or
expanding. ARV1 and ARV2 mRNAs are also consistently
detected in actively growing A. thaliana suspension-cultured
cells (Fig. 6). These results suggest that Arvp function is
important for plant cell division and expansion, which is very
consistent with the proposed role of Arvp as a regulator of
cellular lipid homeostasis. Actively dividing and expanding
cells require a constant supply and an active intracellular
transport of sterols and other lipid species to support the
accompanying membrane biogenesis and to establish and
maintain proper cell polarity [32,33]. For example, pollen
grains contain extensive arrays of phospholipid-enriched ER
membranes that are essential to sustain the dramatic increases in
plasmalemma surface area that occur in the early stages of
pollen tube formation [34]. A comparison of the expression
pattern of the A. thaliana ARV genes with those of various genes
coding for enzymes of the sterol biosynthetic pathway further
strengthens the relationship between AtArv proteins and plant
lipid metabolism. The pattern of expression of the 4. thaliana
ARV genes, particularly that of ARV, is almost identical to that
of the FACKEL gene encoding a sterol C-14 reductase
implicated in the post-squalene segment of the sterol biosyn-
thetic pathway [35]. In addition, some genes coding for
enzymes of the mevalonate pathway for the production of the
sterol precursor squalene are intensely expressed in tissues in
which a high rate of synthesis of sterols is expected, such as
pollen grains, fertilized ovules, seed tissues, and root and shoot
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meristematic regions [27,36,37]. Finally, the occurrence in A.
thaliana of two ARV genes showing overlapping patterns of
expression and coding for highly related Arvp isoforms that
share the same intracellular localization raises the question as to
the physiological role of each isoform. We expect that the
characterization of A. thaliana mutants with gain or loss of
function of individual ARV genes will help to address this issue.
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