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Abstract A total of sixteen open reading frames encoding for
P-type ATPases have been identified in the complete genome
sequence of Saccharomyces cerevisiae. Phylogenetic analysis
distinguishes 6 distinct families. Topology predictions, identifica-
tion of aminoacid sequence motifs and phenotype analysis of the
available mutants suggest that these families correspond to
ATPases transporting either H* (2 members), Ca®* (2 members),
Na* (3 members), heavy metals (2 members), possibly amino-
phospholipids (5 members including 4 new ones) or unknown
substrates (2 new members). It is proposed that the latter family
which has homologs in Tetrahymena thermophila, Plasmodium
Jalciparum and Caenorhabditis elegans constitutes a new group
called P4-ATPases with characteristic topology and aminoacid
signatures.
© 1997 Federation of European Biochemical Societies.

1. Introduction

In all living cells, a variety of P-type ATPases transport
cations against their electrochemical gradient at the energetic
expense of ATP hydrolysis [1].

All the P-type ATPases form an aspartyl-phosphate as a
catalytic intermediate during ATP hydrolysis. The analysis
of their primary sequence has led to the identification of 5
highly conserved sequences located in the 2 major hydrophilic
segments of these proteins [2-4]. These signatures comprise
the LTGES motif located in the smaller hydrophilic segment
of unidentified function and 4 other motifs located in the
major hydrophilic ATP-binding segment: the phosphorylation
site DKTGTLT, the KGA and MLTGD motifs directly in-
volved in ATP binding and the GDGxND sequence in the
hinge which connects the ATP-binding domain to a trans-
membrane segment involved in ion translocation. Recently
3 groups of P-type ATPases have been distinguished [5,6]. These
groups differ by their predicted topology. They bear distinct
sequence signatures and transport different ions. The P1-AT-
Pases [5] (or CPx-ATPases [6]) are involved in the transport of
heavy metals such as cadmium, copper and mercury. The P2-
ATPases involved in the transport of other cations such as
proton, calcium, sodium and potassium are ubiquitous where-
as Kdp, the unique (so far) P3-ATPase, is part of a complex
structure involved in potassium uptake by Escherichia coli.

The P-type ATPase signatures have enabled us to index the
16 P-type ATPase open reading frames (ORFs) (listed in Ta-
ble 1) encoded by the now completely decrypted Saccharomy-
ces cerevisiae genome [7]. Among them, 8 ORFs correspond
to new P-type ATPases which were unravelled by systematic
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genome sequencing and had not been previously characterized
by specific mutant phenotypes.

In this paper, these 16 yeast P-type ATPases have been
clustered in 6 different families, using the phylogenetic rela-
tions determined by the PHYLIP program (Fig. 1). The pre-
diction of the transmembrane topology of these proteins given
in Fig. 2 supports the grouping into the 6 families identified
by the phylogenetic approach. On the basis of predicted top-
ology features and of characteristic sequencing motifs, we
propose that one of these families represents a new group,
the P4-ATPases.

2. The P1-ATPases

The 2 S. cerevisiae ORFs Ydr270wp and Ybr295wp have
the structural features which allow to classify them unambig-
uously in the Pl-heavy-metal transporting ATPases [5,6].
They have 4 predicted transmembrane spans on the N-termi-
nal side (Fig. 2) of the (I/M)TGES motif. As in all P1-ATP-
ases a proline residue located in the 4th transmembrane span
about 43 residues upstream the phosphorylation site is flanked
on both sides by cysteine residues (Table 2). The SEHPL
motif with invariant H and P located about 40 residues down-
stream the phosphorylation site was reported to be also char-
acteristic of P1-ATPases [5,6]. It is represented as SDHPV and
IKHPYV in the yeast Ydr270wp and Ybr295wp respectively.
Both yeast proteins display another essential characteristic of
heavy metals pumps which is the aminoterminal GMTCxxC
sequence (2 copies in Cec2p, 1 in Pcalp, see Table 3), pro-
posed to be involved in metal binding (review in [6]).

The 2 S. cerevisiae P1-ATPases are encoded on one hand by
the CCC2 gene, found as suppressor of the calcium sensitivity
of csgl mutants [8], and on the other hand by the PCAI gene,
discovered during the systematic genome sequencing [9]. Sig-
nificantly related to each other (BLAST P-value of
1.9%x107%), the 2 yeast ORFs, Ydr270wp and Ybr295wp
are similar to the human copper ATPases, ATP7Ap and
ATP7Bp, involved in the Menkes and the Wilson diseases
respectively (BLAST P-values lower than 1071%° and 107%
for Cec2p and Pcalp respectively).

CCC2 and PCAI are not essential genes and their disrup-
tions lead to growth defects attributed to an impaired respi-
ration [9,10]. In addition, the ccc2 null mutant exhibits an
increased sensitivity to copper depletion [8], while the pcal
null mutant shows only a slightly decreased cell density at
the stationary phase in 2 mM CuSOy [9]. Although the respi-
ratory defect of the ccc2 null mutant is suppressed by high
concentrations of iron or copper, the mutant does not exhibit
a decreased cytosolic concentration of copper. It has been
suggested that Cec2p mediates copper import into an intra-
cellular compartment containing the copper-dependent ferro-
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Fig. 1. Phylogenetic tree of the 16 S. cereviseae P-type ATPases (strain 288C). Building of the phylogenetic tree was made using the PILEUP
algorithm (GCG package, version 8.0) and the PHYLIP program (Felsenstein: E-mail: joe@genetics.washington.edu). Relative evolution distan-

ces are indicated to the branches.

oxidase Fet3p, known to be required for iron uptake [10]. The
human ATPase ATP7Bp and the yeast ATPase Ccc2p prob-
ably ensure comparable physiological functions [11]. Indeed,
in the Wilson disease, a loss of ceruloplasmin ferro-oxidase
activity linked to copper metabolism disorders, is associated
with iron mobilization deficiency.

3. The P2-ATPases

3.1. The H*-ATPases

The plasma membrane PMAI Ht-ATPase gene
(YGL0O08C) was the first sequenced yeast P-type ATPase en-
coding gene [12]. The well-characterized gene product (review

Table 1

The P-type ATPases of Saccharomyces cerevisiae

Presumed function ORF name Protein name Length CAI ™S P-type ATPase consensus motifs

1 2 3 4 5

Cut*-ATPase YDR270w Cec2p 1004 0.135 8 MTGES FDKTGTLT KGIVS MITGD GDGIND
YBR295w Pcalp 1216 0.146 8 ITGES FDKTGTLT KGVSA ILSGD GDGTND

H*-ATPase YGLO0Sc Pmalp 918 0.734 10 ITGES SDKTGTLT KGAPL MLTGD GDGVND
YPLO36w Pma2p 947 0.300 10 ITGES SDKTGTILT KGAPL MLTGD GDGVND

Ca'"-ATPase YGLOO6w Pmclp 1173 0.159 10 ITGES SDKTGTLT KGAAE MVTGD GDGTND
YGLI167¢ Pmrlp 950 0.196 10 LTGEN SDKTGTLT KGAFE MITGD GDGVND

APL-Translocase YALO26C Drs2P 1355 0.199 10 LDGET SDKTGTLT KGADT VLTGD ASGAND
YERI66w 1571 0.163 10 LDGET SDKTGTLT KGADS VLTGD GDGSND
YILO48w 1151 0.164 10 LDGET SDKTGTLT KGADT MLTGD GDGGND
YMRI62¢ 1656 0.140 10 LDGET SDKTGTLT KGADN MLTGD GDGAND
YDRO93w 1612 0.160 10 LDGET SDKTGTLT KGADS VLTGD GDGSND

Na*-ATPases YDRO40c Pmr2ap 1091 0.197 8 LDGES SDKTGTLT KGAFE MLTGD GDGVND
YDR039¢ Pmr2bp 1091 0.190 8 LDGES SDKTGTLT KGAFE MLTGD GDGVND
YDRO038¢ EnaSp 1091 0.190 8 LDGES SDKTGTLT KGAFE MLTGD GDGVND

Unknown YOR291w 1472 0.135 10 LTGGS FDKTGTLT KGAPE MCTGD GDGAND
YELO3Iw 1215 0.257 8 LTGES FDKTGTLT KGAPE MITGD GDGTND

Length is given in number of aminoacids. CAI: codon adaptation index. TMS: number of putative transmembrane segments (from PredictProtein
server at EMBL). APL: aminophospholipid. All open reading frames (ORFs) have been identified from yeast genome database of MIPS (Mar-
tinreid Institute for Protein Sequences http://www.mip.biochem.mpg.de/yeast) as containing 5 highly conserved P-type motifs.
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Fig. 2. Predicted topology of the 14 different yeast P-type ATPases. The PredictProtein program (refined prediction of transmembrane helices
and topology, PHDtopology, [56,57] was used). Transmembrane spans are indicated by thick black lines. The P-type consensus motifs shown
in Table 1 are numbered 1-5 and indicated by thin black lines. Cytoplasmic segments are in light grey. Extracytoplasmic segments are in deep
grey. The abscissa gives the aminoacid position relative to the phosphorylation motif (motif 2).

in [13]) is essential for cell growth because it generates the
proton motive force driving the transport of metabolites
across the plasma membrane.

A second HY-ATPase gene, PMA2, (YPLO36W) was found
to code for a very lowly expressed protein, with minor role in
cell growth [14]. While Pma2p can replace Pmalp when ex-
pressed from the strong PM A1 promoter [15], its kinetic prop-
erties slightly differ from those of Pmalp [16].

Biochemical analysis of the native or of the mutated Pmalp
(review in [17]) reveals global mechanistic similarities between
the yeast plasma membrane proton pump and the mammalian
sarcoplasmic reticulum Ca?*-ATPase [18]. However, precise

definition of the functional domains of the H*-ATPase in-
volved in ATP hydrolysis and in H* transport as well as
the identification of the aminoacids that determine the ionic
specificity of the pump are still missing. Full understanding of
the molecular chemiosmotic mechanisms of Pmalp will re-
quire the elucidation of its three-dimensional crystalline struc-
ture, a challenge that its abundance and ease of purification
allow to envisage now that two-dimensional crystals have
been reported for the Neurospora crassa HT-ATPase [19].
Fig. 2 shows that the predicted topology of the 2 H-AT-
Pases is canonical for the P2-ATPases; short N and C termini,
1 pair of transmembrane spans before the ITGES motif, an-

Table 2

Specific proline-containing motifs

ORF name Motif upstream the phosphorylation site Motif downstream the phosphorylation site Putative substrate
Ydr270wp CPC (43) SDHPV (42) Cu?t
Ybr295wp CPC (43) IKHPV (36) Cu?+
Ygl1008cp VPV (43) H*
Yplo36wp VPV (43) H
Ygl006wp VPE (43) Ca?t
Ygl167cp IPE (43) Ca’*
Ya026¢cp VPI (53) APL
Yerl66wp VPI (53) APL
Yil048wp IPV (47) APL
Ymrl62cp IPL (53) APL
Ydr093wp VPI (53) APL
Ydr040cp IPS (43) Nat
Yor291wp VPP (43) unknown
Yel031wp VPP (43) unknown

The number in parentheses corresponds to the distance in aminoacids between the aspartic residue of the DKTGT sequence and the considered

proline.
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Table 3
Putative copper-binding domain
Consensus *~GMeC--C--~8-——————— Teomm o fuL

Pcalp (8. cer.) VSGMSCTGCESKLKKSFGALKCVHGLKTSL

Cce2p* (5. cer.) | VHGMTCSACTNTINTQLRALKGVTKCDISL
Cec2p® (8. cer) | VQGMTCGSCVSTVTRQVEGIEGVESVVVSL
WDA (Human) ELGME‘_CQSCVKSEEDRI SNLKGIISMKVSL
MNK? (Human) | VEGMTCNSCVWTIEQQIGKVNGVHHIKVSL

CopA (E. hirae) | ITGMTCANCSARIEKELNEQPGVMSATVNL

Bold: conserved aminoacids. Underlined: conservative replacement
indicated by ¢ in the consensus sequence. Letters in indice and expo-
sant indicate 2 non-equivalent aminoacids at the same position. All
sequences shown are located in the N-terminus of the following P-
type ATPases. Pcalp is a yeast ATPase.Ccc2p® and Cec2p® are the
Ist and 2nd putative metal binding domains of the yeast Cec2p AT-
Pase. WD” en MNK* are the first of the 6 putative metal binding
domains of the Wilson and Menkes ATPases respectively [46,47].
CopA, is a copper-ATPase from Enterococcus hirae [48].

other pair upstream the phosphorylation site and 3 pairs of
transmembrane spans downstream the GDGxND motif. The
transmembrane proline residue typically located 43 residues
upstream the phosphorylation site of P-type ATPases [6] is
flanked by valine residues on both sides in both members of
this H*-ATPase family (Table 2).

3.2. The Ca’*-ATPases

This family contains 2 members Ygl006wp (Pmrlp) and
Ygll67cp (Pmclp) which present structural features similar
to the mammalian sarcoplasmic reticulum calcium-ATPase
such as 10 predicted transmembrane spans, and characteristic
sequence similarities. These sequence similarities are most pro-
nounced in the transmembrane spans 4 and 6 which contain a
total of 3 residues (E, N, D) believed to be specifically in-
volved in calcium binding (Table 4). The E residue located
in transmembrane 4 makes with its flanking P, a typical PE
doublet signature present in all known Ca?*-ATpases (Tables
2 and 4).

The phenotypic properties of the yeast deletion mutants
confirm the prediction that both yeast Pmrlp and Pmclp
are involved in calcium transport.

The PMRI gene [20] is identical to the SSCI gene, a muta-
tion of which is associated to a supersecreting phenotype [21].
The pmrl null mutant shows multiple secretory defects: super-
secretion of some heterologously produced proteins, partial
outer chain glycosylation and impaired proteolytic processing
[20,22,23]. In agreement with these phenotypes, Pmrlp was
immunolocalized in Golgi, the major processing compartment
along the secretory pathway [22,24]. Although ensuring calci-
um tolerance of the vex! cnbl pmcl triple mutant (VCXI,
CNBI and PMCI genes encode for Ca?*/H* exchanger, cal-
cineurin B subunit and vacuolar Ca?*-ATPase respectively),
Pmrlp probably contributes moderately to calcium homeo-
stasis in normal growth conditions [25].

The pmrl null mutant exhibits altered growth sensitivities
not only to calcium but also to manganese [26,27], 2 ions that
induce the expression of PMRI1 through a calmodulin/calci-
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neurin-dependent process. Other data suggest that Pmrlp
could play a role in tolerance to manganese demonstrated
as a calcium substitute for several essential physiological func-
tions in yeast [28]. Indeed, certain pmrl mutants are rescued
through a manganese-dependent mechanism [27] and growth
inhibition of pmr! null mutant in low calcium is suppressed by
micromolar concentrations of manganese (S. Loukin, personal
communication).

The PMCI gene, expression of which is regulated by cal-
cium through a calmodulin/calcineurin-dependent mechanism
[25], encodes for a vacuolar membrane protein that exhibits
40% homologies with the mammalian plasma membrane
Ca**-ATPases (PMCA). However, Pmclp does not contain
the carboxyterminal autoinhibitory domain found in the
PMCA pumps (review in [29]). The pmc! null mutant displays
decreased calcium tolerance, associated to decreased seques-
tration of calcium [26,30]. Analysis of the phenotypes associ-
ated to various combinations of mutations in PMCI, PMRI,
VCX! or CNBI shows that Pmclp is the major determinant
of calcium homeostasis in yeast cell [25,26,30].

3.3. The Drs2p ATPases

The S. cerevisiae genome contains 4 genes, YMRI62C,
YDRO93W, YERI66W and YILO48W, encoding for P-type
ATPases related to the YALO26C gene encoding Drs2p. The
Drs2p protein, shown to be required for proper ribosomes
assembly, had been tentatively classified in the group of cal-
cium translocating ATPases [31,32]. This possibility is not
supported by sequence analysis of transmembrane spans 4
and 6 which do not contain the calcium-binding residues E,
N or D and show limited sequence similarity to the same
regions of the mammalian calcium ATPases from sarcoplas-
mic reticulum or plasma membranes (Table 4). Recently, it
has been reported that Drs2p, as well as the bovine ATPase
II, the ATPase 2 from Plasmodium falciparum, and the Cae-
norhabditis elegans CET24H7.5 protein, might be members of
a new family of P-type pumps, involved in aminophospholipid
translocation [33].

We have searched for aminoacid motifs specific for this
group of ATPases, to which also belong 2 newly discovered
Schizosaccharomyces pombe proteins. The 10 putative amino-
phospholipid translocases of this P-type ATPase family
known today, exhibit several minor variations in consensual
P-type motifs (Table 5). For example, the LDGET variant of
the highly conserved LxGEx sequence is found only in the
group of ATPases related to Drs2p. Also the (Y/H) and (F/
L) residues upstream the SDKTGTLT phosphorylation site
and the D residue of the KGAD nucleotide-binding sequence
are particularly well conserved in the Drs2p family. The iso-
leucine in the conserved IGDGxND sequence, as well as the
flanking MIQ triplet seem also specific to this class of ATP-
ases. In addition, Drs2p and its homologs contain specific-
ally conserved motifs such as the EGLRTL and the
VxxCRxxPxQK sequences found in the PMCA and the
Na™/K*+ ATPases respectively. More strikingly, the large cy-
toplasmic segment of all the Drs2p-like ATPases contains two
highly specific sequences: GxT(A/G)(I/V)ED(K/R)LQxxV
and (A/S)xSPDExA(L/T)(V/T).

All the members of this family have 10 predicted transmem-
brane spans. They all contain the (V/[)P(IVL) motif in trans-
membrane span 4 (Table 2) where the invariant proline resi-
due is located further upstream from the phosphorylated
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Comparison of the 4th and 6th transmembrane spans of 2 mammalian Ca®™"-ATPases and 9 yeast P-type ATPases

% similarity % similarity
T™4 with SERCAla T™6 with SERCAla

SERCAla |FKIAVALAVAAIPEGLPAVIT 100 ALIPVQLLWVNLVTBGLPATA 100

PMCAla |FIIGVTVLVVAVPEGLPLAVT 71 PLKAVOMLWVNLIMDTLASLA 66.7
Pmrlp FQISVSLAVAAIPEGLPIIVT 90. NPLNAMILWINILMDGPPAQS 61.9
Pmclp FITSITVIVVAVPEGLPLAVT 71. VLTAVQLLWINLIMDTLAALA €6.7
Yal026cp |FLTFWILFSNLVPISLFVTVE 28. TMSFYNLFFTVWPPFVIGVFD 28.6
Yerl166wp |FWVAVILYQSLVPISLYISVE 47. YMMFYNLAFTSLPVIFLGDIL 33.3
Yil048wp | ILRYLILFSTIIPVSLRVNLD 33. LMVGYATCYTMAPVFSLTLDH 19.1
Ymrl62cp | IMSFIIMYNTVIPLSLYVTME 33. SLSMFNTLFTSLPVLCIGMFE 33.3
Ydr093wp | FWVAVILYQSLVPISLYISVE 47. YLTFYNLAFTSVPVILLAVLD 28.6
Yor291wp | ILRALDIITIVVPPALPATLT 47.6 FLYIDLLLIVPIAICMSWSKS 33.3
Yel031lwp |ILDCILIITSVVPPELPMELT 42. ATVSGLLLSVCFLSISRGKPL 33.3

Shaded boxes contain aminoacids of SERCAla and PMCAla proposed to be directly involved in calcium binding [18,49].Bold: conserved ami-
noacids.Underlined: conservative replacement. TM: transmembrane domain.% similarity is the sum of % identity and % of conservative replace-
ment.SERCAla: fast twitch skeletal muscle sarcoplasmic reticulum Ca?*-ATPase [S0].PMCAla: rat plasma membrane Ca?>*-ATPase [51].

aspartate (46 or 52 residues) than in all other P-type ATPases
(43 residues). Future biochemical studies are needed to deter-
mine whether or not the substrates of these yeast transport
ATPases are aminophospholipids.

3.4. The Na*-ATPases

In S. cerevisiae, the sodium pumps are encoded by several
identical genes (YDR0O40C, YDR039C, YDR038C) organized
in tandem repeats. Their number varies from 1 to 5, depend-
ing upon the strain and the yeast specie [34]. Clustered on the
right arm of chromosome IV, these genes are not essential for
normal growth but their disruption increases growth sensitiv-
ity to sodium and lithium [34-37]. One gene predominantly
accounts for cell adaptation to high sodium concentration or
high media pH, the others being constitutively weakly ex-
pressed [38]. The major sodium pump, called Pmr2ap
[20,34], or Enalp [37], is located in the plasma membrane
and contains a carboxyterminal domain probably involved
in a positive calcium/calmodulin mediated posttranscriptional
regulation [37].

Pmr2ap/Enalp activity is also positively modulated at the

transcriptional level in response to high salt exposure, through
a calmodulin calcineurin-dependent process [25,38-40]. Two
mechanisms have been proposed to repress the PMR2/ENAI
gene expression [41,42], one of them involves the cAMP-de-
pendent protein kinase, the other involves the PPZ serine/
threonine phosphatases. Recently, Pmr2p/Enalp was shown
to confer sodium tolerance to a S. pombe mutant deficient
in the putative Nat/H* transporter Sod2p [43].

The Ydr040ep predicted topology is characterized by the
possibility to comprise only 4 transmembrane spans in its
C-terminal (Fig. 2). Since this gene has no homolog so far,
it is not possible either to confirm this observation or to
identify specific sequence signatures for this family.

4. The P4-ATPases

The two genes YELO3IW and YOR291IW encode for un-
usual ATPases, unrelated to the other families of P-type
pumps on the basis of their primary sequences identity.
YelO31wp exhibits high homology to the ATPase 1 (X65738
in Table 6) from P. falciparum (BLAST P-value of
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Table 5
Drs2p family signatures
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Variations in the consensual P-type sequences

Specific consensus T--*D**T Tg@Fp ® kK k ok x ok k *oxxDo I***_**V _MTe
Yal026¢p (S. cer.) TANLDGET YIFSDKTGTLT KGAD IASGANDVSMIQ
Ydr093wp (S. cer.) TKNLDGET YIFSDKTGTLT KGAD IGDGSNDVAMIQ
Yerl66wp (S. cer.) TKNLDGET YIFSDKTGTLT KGAD IGDGSNDVAMIQ
Yil048wp (S. cer.) TDOLDGET YLLSDKTGTLT KGAD IGDGGNDVSMIQ
Ymrl62cp (S. cer.) TMALDGET YIFSDKTGTLT KGAD IGDGANDVSMIQ
ATCX (S. pombe) TKNLDGET YIFSDKTGTLT KGAD IGDGANDVAMIQ
SPAC6C3 (S. pombe) TDQLDGET YVLTDKTGTLT KGAD IGDGGNDVGMIQ
ATPase II (Bovine) TSNLDGET YIFSDKTGTLT KGAD IGDGANDVSMIQ
ATPase 2 (P. falc.) TSSLDGET YIFSDKTGTLT KGAG IGDGANDRNMIN
CET24H7.5 (C. eleg.) TCNLDGET HVLSDKTGTLT KGAD IGDGANDVPMIQ

Drs2p family specific motifs

Specific consensus | “GLRTL  G-T*;#E*eLQ--V - SPDE-Aee Ve——-R-epP-2;%
Yal026cp (S. cer.) EGLRTL  GATAIEDKLQDGV  AASPDEGALV VICCRVSPLQK
Ydr093wp (S. cer.) EGLRTL  GGTAIEDRLQDGV AQSPDESALV VLCCRVSPAQK
Yer166wp (8. cer.) EGLRTL  GGTAIEDRLQDGV AQSPDEAALV VLCCRVSPSQK
Yil048wp (S. cer.) EGLRTL  GLTGVEDKLQKDV  AASPDEIAIV VIACRCTPQQK
Ymr162cp (S. cer.) EGLRTL  GVTAIEDKLQDGV  SSSPDELALV VICCRASPSQK
ATCX (S. pombe) EGLRTL  GGTAIEDRLQEGV  AQSPDEAALV VLCCRVSPAQK
SPAC6C3 (S. pombe) | EGLRTL  GLTGVEDKLQKDV  AASPDEVALV VVICRCTPTQK
ATPase I (Bovine) EGLRTL  GATAIEDKLQDQV  AASPDEGALV VICCRVSPLQK
ATPase 2 (P. falc.) EGLRTL  GITGIEDKLQEGV SSSPDEEALV VICGRVSPYQK
CET24H7.5 (C. eleg.) | KGLRTL  GVTGIEDRLQDGV  AESPDELALI VLCYRMTPSEK

The different motifs were obtained using Block Maker Server [52]. Highly conserved aminoacids in P-type ATPases sequences are indicated by
* in the consensus. Underlined: conservative replacement, indicated by * in the consensus. Letters in indices and exposant indicate two non-
equivalent aminoacids at the same position. Bold: conserved aminoacids in the Drs2p family specific motifs. ATCX and SPAC6C3: sequences
obtained from the systematic sequencing of the Schizosaccharomyces pombe genome. Bovine ATPases II [33]. ATPase 2 (or Isotype=P) from
Plasmodium falciparum [53,54]. CET24H7.5 from Caenorhabditis elegans [55].

2.4x107), while Yor291wp that displays a large aminoter-
minal domain is closely related to the CEWOS8D?2 (Z83217)
ATPase from C. elegans (BLAST P-value of 1.2 1071%),

A total of 7 P-type ATPases from S. cerevisiae, P.
falciparum, T. thermophila and C. elegans can be clustered
in this new ubiquitous family. All those which are complete

share an unusual structural feature which had not been no-
ticed yet among the P-type ATPases: that is a long extra
membranous segment of 100-200 residues located between
transmembrane spans 1 and 2 extruding on the opposite
side of the other hydrophilic segments (Fig. 2).

Specific aminoacid sequence motifs have been identified in
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seS-2 oF FPTSK———0——0- —..—EQGRCA.LVTNQ

Table 6
P4-ATPases signatures
Specific consensus | ", TeT- —ePP*;LP "C***ex*,
U41552 (C. eleg.) | DIITIVVPPALP MCGDGANDC
770271 (C. eleg.) | DITTITVPPALP MCGDGANDC
783217 (C. eleg.) | LILTSVIPPELP MCGDGTNDV
Yor291wp (S. cer.) | DIITIVVPPALP FCGDGANDC
YelO31wp (S. cer.) | LIITSVVPPELP MCGDGTNDV
A44396 (P. falc.) | DIITDAIPPALP MCGDGANDC
U41063 (T. therm.) | DILIYSAPPGMP MVGDGANDC

EASIAAPFTSNVPDIRCVPTVIKEGRCALVTS
EASIAAPFTSKVPDIRCVPTVISEGRAALVTS
DASIAAPFTSKYTSIASICHVIKQGRCTLVTT
EASVAAPFTSKIFNISCVLDVIREGRAALVTS
DASCAAPFTSKLANVSAVTNIIRQGRCALVNT
ESSICSSFTSNKLCLHSIVHILIEGRASLVNS

DGQFSSSYVSLSTSLSCVKRVLLEGRVNLSNS

The different motifs were obtained using Block Maker Server [52]. Highly conserved aminoacids in P-type ATPase sequences are indicated by *
in the consensus. Underlined: conservative replacement, indicated by » in the consensus. Letters in indices and exposant indicate two non-equiv-
alent aminoacids at the same position. Bold: conserved aminoacids in the P4-ATPase specific motifs.The A44396 accession number is from

PIR, Z70271 and Z83217 from EMBL, U41552 and U41063 from GenBank.

all 7 members. A doublet of proline residues is present in
predicted transmembrane span 4 (Table 2 and the first motif
in Table 6). Given the helix breaking properties of proline,
this putative transmembrane span must have an unusual
structure. Other sequence motifs reported in Table 6 are spe-
cific and not detected in any other family of P-type ATPase:
the two cysteine residues flanking the consensual hinge motif
GDGxND and the xxS4xFTSx14GRxxLVxx sequence located
just upstream the fifth transmembrane span.

The transported substrate(s) of these P-type ATPases are
unknown; calcium is unlikely to be involved since transmem-
brane spans 4 and 6 show limited similarity to those of mam-
malian Ca’"-ATPase (Table 4) and since calcium-specific
binding residues in transmembranes span 4 and 6 are not
detected with the possible exception of a nearby E residue
in transmembrane span 4 of Yel031wp (S. cerevisize) and
CEWO08D2 (C. elegans). Because of their unique properties,
we propose to group these ORFs in a new group: the P4-type
ATPases.

5. Conclusion

P-type ATPases are ubiquitous: one putative Ca?*-ATPase
have been identified in the 0.6 Mb genome of Mycoplasma
genitalium considered as a minimal form of life [44] and one
putative HY-ATPase in the 1.7 Mb genome of the archebac-
teria Methanococcus Jannaschii [45].

Phylogenetic approach, based on aminoacid sequence sim-
ilarity, allows to cluster the 16 different yeast ORFs encoding
P-type ATPases in 6 families. Yeast contain 2 members of the
group of P1-ATPases transporting heavy metals.

Ten other P-type ATPases seem to belong to the group of
P2-ATPases transporting either H*, Nat or Ca?*. Among
them, the 2 proton pumps, Pmalp and Pma2p, are the only

yeast P-type ATPases which have been characterized bio-
chemically.

Two novel features are revealed by the analysis of the com-
plete yeast genome sequence. One of them is the existence of a
5-member family of the P2-ATPase group including Drs2p.
This family has been recently proposed to translocate amino-
phospholipids [33]. The other new observation is the existence
of 2 yeast ORFs of unknown transported substrate. Because
of their unusual topology and characteristics motifs, we pro-
pose to classify them in a new group which today contains so
far 8 members: the P4-ATPases.

Eventhough, the genetic tools provided by the yeast often
allow a rapid understanding of some of the physiological
functions of new genes ATPases, the limiting step for the
biochemical study of the P-type ATPases reported here is
likely to remain the development of appropriated overproduc-
tion and purification systems of these membrane proteins.
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