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Seventeen protein sequences of H+-ATPases from plants (Arabidopsis thaliana, Nicotiana 
plumbaginifolia, Lycopersicum esculentum), fungi (Saccharomyces cerevisiae, Schizosacch- 
aromyces pombe, Zygosaccharomyces rouxii, Neuropora crassa, Candida albicans), and a parasitic 
ciliate (Leishmania donovani) have been aligned. Twenty sequence fragments were identified 
which were conserved in H + -, Na +/K + -, and Ca + + plasma membrane-ATPases. In addition, 
a total of 118 residues not located in these fragments were found to be conserved in all 
H + -ATPases. Among those, 38 amino acid residues were screened out as being priority targets 
for site-directed mutagenesis experiments aimed at the identification of the amino acid residues 
specifically involved in cation specificity. 
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INTRODUCTION 

That the yeast plasma membrane H+-ATPase, 
initially identified by physiological studies (see review 
by Goffeau and Slayman, 1981), is structurally similar 
to the mammalian Ca 2+- and Na+/K+-ATPases has 
been inferred from the observation of a predominant 
100-kDa polypeptide in an ATPase solubilized and 
purified from the plasma membranes of the fission yeast 
Schizosaccharomyces pombe (Dufour and Goffeau, 
1978). A similar subunit composition has been reported 
for the transport ATPase enzyme isolated from the 
mold Neurospora crassa (Bowman et al., 1981; Addison 
and Scarborough, 1981) and from the budding yeast 
Saccharomyces cerevisiae (Malpartida and Serrano, 
1980; Foury et al., 1981; Koland and Hammes, 1986; 
Perlin et al., 1989; Wach et al., 1990). The biochemical 
characterization of the three fungal enzymes (see 
review by Goffeau and Slayman, 1981) has estab- 
lished the electrogenic H +- pumping capacity of the 
reconstituted purified enzyme and the similarity in 
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mechanisms with the mammalian Ca 2+- and Na+/K +- 
ATPases. In particular, the presence of an aspartyl- 
phosphate catalytic intermediate and the sensitivity of 
the ATPase activity to vandate were established for 
the three fungal enzymes. A similar class of plant 
H +-ATPase was reported more recently (see review by 
Serrano, 1989). 

Since 1984, at least 16 reviews reporting further 
properties of H+-ATPases from fungi and plant plasma 
membranes have been published (Serrano, 1984; Scar- 
borough, 1985; Bowman and Bowman, 1986; Goffeau 
and Boutry, 1986; Goffeau, 1987; Slayman, 1987; 
Goffeau, 1988; Serrano, 1988; Goffeau et al., 1989; 
Nakamoto and Slayman, 1989; Serrano, 1989; Goffeau 
and Green, 1990; Serrano, 1991; Gaber, 1992; Scar- 
borough, 1992). 

Among this wealth of largely redundant infor- 
mation, at least two alignments of fungal and plant 
H+-ATPase protein sequences have been previously 
proposed (Serrano, 1989; Goffeau and Green, 1990). 
However, during these last three years several new 
genes encoding presumed H+-ATPases from plant 
and fungi have been reported but not yet listed and 
compared to each other. Therefore in the present 
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Fig. 1. Alignment of P-type ATPase sequences. Amino acid sequences are from Saccharornyces cerevisiae H+-ATPase (H-PM, Yeast), 
Na+/K÷-ATPase from sheep (NaK-PM, Sheep), and Ca2+-ATPase from rat plasma membranes (Ca-PM, Rat). See text for references. The 
alignment was initially performed by using the program CLUSTAL (Higgins and Sharp, 1988) and then refined manually. The numbers on 
top of each block are positions in ScPMA 1. Overall homologies were calculated by pairwise comparison of the sequences in each cluster using 
the structure-genetic matrix from Feng, et al. (1985). The clusters with mean homology scores above 70% are boxed and labeled a to s. 
Underlined sequences indicate predicted hydrophobic regions by the method of Klein et al. (1985): membrane integral sequences are underlined 
twice, and possibly membrane integral sequences are underlined once. 

mini-review we will focus on the alignment of the 
17 deduced H+-ATPase complete protein sequences 
reported, to our knowledge, up to January 1992. This 
will provide up-to-date information which might be 
useful for decisions concerning future site-directed 
mutagenesis or domain-shuffling experiments. 

IDENTIFICATION OF 20 CONSERVED 
REGIONS IN THE Ca 2+, Na+/K +, AND 
H+-ATPases 

Green (1989) has identified about 30 amino acid 
sequence segments which share more than 15% mean 
identity in pairwise comparisons between skeletal 
Ca 2 ÷-ATPase versus sheep Na + / K + -ATPase, of sheep 
Na+/K+-ATPase versus yeast H÷-ATPase, and of 
yeast H+-ATPase versus E. coli  K÷-ATPase (see also 
Goffeau and Green, 1990 and Van Dyck et  al., 1990). 

Figure 1 represents an alignment, first performed 
by the CLUSTAL program (Higgins and Sharp, 1988) 
and subsequently refined manually, of three different 
eukaryotic plasma membrane ATPases pumping either 
Ca 2+ (Schull and Greeb, 1988), Na÷/K ÷ (Schull et  al., 

1985), or H ÷ (Serrano et  al., 1986, as corrected by Van 
Dyck et  al., 1990). The 20 sequence fragments show- 
ing a mean homology higher than 70% as calculated 
by pairwise comparison of the amino acid clusters 
quantified by the structure-genetic matrix from Feng 
et al. (1985) are boxed and marked by the letters a to 
s. The length of the homologous segments a to s varies 
from 3 to 39 amino residues, and the mean percent 
homology varies from 71 to 96%. Since these 20 seg- 
ments a to s are well conserved in all three pumps, they 
are not likely to be involved in cation specificity but 
rather in the mechanism of ATP hydrolysis or in the 
mechanism of energy transduction which is considered 
to be basically similar for all three transport-ATPases. 
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H-PM, Yeast 526 
NaK-PM, Sheep 573 
Ca-PM, Rat 666 

H-PM, Yeast 
NaK-PM,Sheep 
Ca-PM, Rat 

H-PM, Yeast 
NaK-PM, Sheep 
Ca-PM, Rat 

380 390 400 410 420 430 

. . .  i 1 I i f 
LCSDKTGTLTKNKLSL]HEPYTVEGVSPDD ................................ LMLTACLAASRKKKGL~KSL .......... KQYPKA 
ICSD~TGTLTQNRMT~AHMWFDNQIHEADTTENQSGVSFDKTSATWLALSRIAGLCNRAVFQANQDNLPILKRAvAG~DASESALL~KcIE~CcGSVKEMRERYAK 
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965 HAPPSEHYTIVFNTFVLMQLFNEINARKIHGERNVFEGIFNNAIFCTIvLGTFvvQIIIVQFGGKPFSCSELSIEQWLWSIFLGMGTLLWGQLISTI~TSRL 
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Fig. 1. Continued.  

ALIGNMENT OF 17 AMINO ACID 
SEQUENCES FROM PUTATIVE H+-ATPases 

Since the elucidation of the nucleotide sequence 
of the H+-ATPase gene from Saccharomyces cerevi- 
siae (Serrano et al., 1986; Van Dyck et al., 1990; Perlin 
et al., 1989) and Neurospora crassa (Addison, 1986; 
Hager et al., 1986), numerous additional H+-ATPase 
gene sequences have been reported from fungi such 
as Schizosacharomyces pombe (Ghislain et al., 1987; 
Ghislain and Goffeau, 1991), Saccharomyces cerevisiae 
(Schlesser et al., 1988), Candida albicans (Monk et al., 
1991), Zygosaccharomyces rouxii (Watanabe et al., 
1991), as well as from the protozoal ciliate Leishmania 
donovani (Meade et al., 1987) and plants such as Nico- 
tiana pIumbaginifolia (Boutry et al., 1989; Perez et al., 
1992; Morieau and Boutry, personal communication), 

Arabidopsis thaliana (Harper et al., 1989, 1990; Pardo 
and Serrano, 1989; Houln6 and Boutry, personal com- 
munication), or Lycopersicom esculentum (Ewing et 
al., 1990). To our knowledge, a total of at least 17 
entire sequences of presumed H+-ATPase genes have 
been carried out from 1986 to 1991. 

As seen in Fig. 2, the seven fungal ATPases align 
each other extremely well. The alignment of the nine 
plant ATPases is even more spectacular. If one excludes 
the first 31 to 172 (according to the species) N-terminal 
residues and the last 43 to 104 (according to the species) 
C-terminal residues, it is easy to align the plant and the 
fungal ATPase by introduction of 11 block deletions 
in the fungal sequences and 10 block deletions in the 
plant sequences. The deletions in fungal sequences 
ranging from 1 to 13 residues generally correspond to 
"insertions" in the plant sequences, and conversely the 
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DPRV GLT DDEVTERRKRY GLN 
DTRV GLT SEEVVERRRKY GLN 
DMNT GLT MSEVEEP, RKKY GLN 
DPKY GLT ESEVEERKKKY GLN 
CTRE GLT TQEGEDRIVIF GPN 
CSRE GLT TQEGEDRIQIF GPN 
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VMEAAAIMAIAL 
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E ....... DWgq)FGYICGLLFLNAGVGFIQEFQAGSIVEELKKTLANT 
E ....... DWVDFGVICALLLLNAFVGFIQEYQAGSIVDELKKTLANS 
E ....... DWVDFGVICGLLLLNAVVGFVQEFQAGSIVDELKKTLALK 
R ....... DWVDFGVICALLMLNAVVGFVOEYQAGSIVDELKKSLALK 
R ....... DWVDFGVICALLLLNATVGFVOEYQAGSIVDELKKTMALK 
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157 
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AL VI~RNGO I 
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AS VLRDGR i 
TK VLRDGK i 
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TE VI~DGK 
TE VLRDGK 
AE VLRDGR 
AE VLRDGK 
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279 AAGGQ~ 
308 AS GVE~ 
281AA GGQ~ 
256 AS AGTG 
279 AS GGSG 
277 AA GGTG 
365 AG QSQG 
230 TN -QVG 
230 TN -QVG 
231TN -QVG 
235 TN -QEG 
235 TN -QVG 
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234 TN -QVG 
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I I 
LVEIPAN EVVPGDI 
LIEIPAN EVVPGEI 
VQEAPAN EIVPGDI 
LVEIPAN EWPGDI 
LKEIEAP EVVPGDI 
VHELEAN EVVPGDI 
VKEIEAS EIVPGDI 
WSEQEA~, ILVPGDI 
WSEQEAA ILVPGDI 
WSEQEAS ILVPGDI 
WSEQEA~_ ILVPGDI 
WKEEDAA VLVPGDI 
WDEQDA~ ILVPGDI 
WKEED~ VLVPGDI 
WSEQEA~, ILVPGDI 
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o x xxxoo 
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LQLEDIGTIIPTD GRIVTEDCFLQ IDOSAITGESLIAVDKHYGDQTFSSSTVKRGEGF 
LQLESIGTIAPAD GRIVTEDCFLQ IDQSAITGESLIAAEKHYGDEVFSSSTVKTGEAF 
LKLEDiGTVIPAD GRLVTEECFLQ VDOSSITGESLIAVDKHYGDEVFSSSTVKRGEGF 
LQLEDBGTVIPTD GRIVSEDCLLQ VDOSAITGESLIAVDKRSGDSCYSSSTVKTGEAF 
LQVEEBGTIIPAD GRIVTDDAFLQ VDOSALTGESLiAVDKHKGDQVFASSAVKRGEAF 
LKLDEIGTIICAD GRWTPDVHLQ VDOSAITGESLIAVDKHYGDPTFASSGVKRGEGL 
LHLDE~GTICPAD GRLITKDCFL~ VDOSAITGESLIAVDKHQNDTMYSSSTVKRGEAF 
VSIKLiGDIIPAD ARLLEGDP-LE VDQSALTGESLBPVTKHPGQEVFSGSTCKQGEIEE 
VSIKLIGDIIPAD ARLLEGDP-LE VDOSALTGESLBPVTKHPGQEVFSGSTCKQGEIE 
VSIKLBGDIIPAD ARLLEGDP-LE VDOSALTGESLBPATKGPGEEVFSGSTCKQGEIE 
ISIKLBGDIVPAD GRLLDGDP-LE IDOSALTGESLBPVTKHPGQEVYSGSTCKQGELE 
ISIKLBGDIIPAD ARLLEGDP-LE IDOSALTGESLBPVTKGPGDGVYSGSTCKQGEIE 
ISIKLBGDIIPAD ARLLEGDP-LE IDQSALTGESLBPVTKGPGDGVYSGSTCKQGEIE 
ISIKL GDIIPAD ARLLEGDP-LK IDOSALTGESLBPVTKGPGDGVYSGSTCKQGEIE 
ISVKL GDIIPAD ARLLEGDP-LE IDOSALTGESLBPVTKNPGDEVFSGSTCKQGELE 
ISIKL ~xG-~PAD ARLLEGDP-LE IDQSALTGESLBPVTKGPGDGVYSGSTCKQGEIE 
VKLAS G--~PAD CSINEG-V-I~ VDEAALTGESLKPVTMGPEHMPKMGSNVVRGEVE 

o o xooo xxxxxl o x O xx 

f g 
~3 

290 300 310 320 330 

i [ I I i 
HFTEVLNGIGIILLVLVIATLLLVWTACFYRTNG-IVRILRYTLGITIIG 
~ V G - I V S I L l l Y T L G I T I I G  
HFTEVLNGIGVILLVLVVITLLLIWTACFYRTVR-IVPILRYTLGITIVG 
HFTEVLNGIGTTLLVFVIV'rLLVVWVACFYRTVR-IVPILRYTLAITIIG 
HFTEVLNGI GTI LLI LVI FTLLIVWVSSFYRSN- PIVQI LEFTLAITI IG 
HFTEVLNGI GTILLVLVLLTLFC IYTAAFYRSVR- LARLLEYTLAITI IG 
HFTEVIA~GI GTILLVLVI LTLLC IYTAAFYRSVR- LAALLEYTLAITI IG 
HFQKVLTS I GNFCICS IAIGIAI E IVVMYPIOHRKYRDGIDNLLVLLI GG 
HFQKVLTAIGNFCICSIAIGMVI E I IVMYPIQRRKYRDGIDNLLVLLI C'C" i 
HFQKVLTAIGNFCICS IAVGIAI E IVVMYPIORRHYRDGID~ I 
HFQKVLTAIGNFCICS IAIGMLIE IVVMyp7QKRAYRDGIDNLLVLLIGG 
HFQKVLTAIGNFCI CS IAVGM IIE I IVMYPIOHRAYRPGI DNLLVLLI GG 
HFQKVLTA IGNFCI CS IAVGM IIE I IVMYPIQHRXYRPGIDNLLVLLIGG 
HFQKVLTAIGNFCICS IAVGMI IE I IVMYPIQHRKYRPGIDNLLVLLI GG 
HFQKVLTAIGNFCI CS IAIGMLVEI IVMYPTOHRKYRDGID~ 
HFQKVLTAIGNFCI CS IAVGMI IEI I'/MYPIOHRKYRPGTDNLLVLLI GG 
i N I HV I LRRVMFS LCAISFMLCHCCF7 YLLARFYETFRHALQFAVVVLVVS 
' 0 0 0 iOO ox oo 

H5 

260 270 
I 

MVVTATGDNTFVG RAAALVNK 
MVVTATGDNTFVG RAAALVGQ 
MIVTATGDNTFVG RAASLVNA 
MIVTATGDSTFVG RAAALVNK 
VVITATGDNTFVG RAAALVNA 
MVVTATGDSTFVG RAASLVNA 
M VVTATADSTFVG RAASLVGA 
AVVIATGVHTFFG KAAHLVDS 
AVVIATGVHTFFG ~HLVDS 
AVVIATGVHTFFG KAAHLVDS 
IAVVIATGVHTFFG KAAHLVDS 
AIVIATGVHTFFG KAAHLVDS 
AVVIATGVHTFFG ~LVDS 
AVVIATGVHTFFG ~LVDS 
AVA~IATGVHTFFG KAAHLVDS 
iAVVIATGVHTFFG KAAHLVDS 
GTVQYTGSLTFFG KTAALLQS 

o x xx ox xo 
h 
H4 

340 350 360 370 

I { i i 
YTLGITIIGIVPVGLPAVVTTT MAVG AAYLAKKQAIVQKLSAIESLA GVEI 
YTLGITIIGi VPVGLPAVVTTT MAVGiAAYLAXKQAIVQKLSAIESLA GVEI 

VPVGLPAWTTT MAGGiAAYLAKKQAIVQKLSAIESLAIGVEI 
VPVGLPAVVTTT MAVGiAAYLAKKQAIVQKLSAIESLAIGVEI 

MAVG AAYLAKKKAIVEKLSAIESLA G-~ 
VPVGLPAV%'TTT MAVG A A Y L A E K Q A ~  GV~ 

MAVG AAYLAKKKAIVOKLSAIESLAIGVEI 
IPIAMPTVLSVT MAIG SHRLSQQGAITKRMTAIEEMA GMDV 
IPIAMPTVLSVT MAIGISHRLSQQGAITF-/hMTAIEEMAIGMDV 
~ ~ _ _ ~ _ _ ~  SHKLSQQGAITKRMTAIEEMAIGMDV 
IPIAMPTVLSVT MAIG SHRLSQQGAITKRMTAIEEMA GMDV 
IPIAMPTVLSVT MAI__~G SHRLAQQGAITKRMTAIEEMAiGMDV 
IPIAMI~'I'VLSVTMAI.~G SHRLAQQGAITKRMTAIEEMAUGMDV 
zPi~Ls~ ~IG S~LAQQGAIT,~'~TAZEE~ G.DV 

MAI~ SHRLSQQGAITKRMTAIEEMAOGMDV 
IPIAMPTVLSVT MAI_~GISHRLAQQGAITF, RMTAIEEMAIGMDV 

__ l SKHLSKHKI I~FfKLSAIEMMS [ GVNM Z p I A L ~ Z W T ~  LAV__.GG : ~ ~ ~ ~ ; 
x ox xoxx 

j k 
H6 H7 
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Alignment o f  Protein Sequences of  Plant and Fungi 313 

ScPMAI 375 
ScPMA2 404 
ZrPMAI 377 
CaPMAI 352 
NcPMAI 375 
SpPMAI 373 
SpPMA2 461 
AtAHAI 326 
AtAHA2 326 
AtAHA3 327 
AtAHA4 331 
NpPMAI 331 
NpPMA2 330 
NpPMA3 330 
NpPMA4 329 
LeLHAI 330 
LdPMAI 348 

ScPMAI 
ScPMA2 
ZrPMAI 
CaPMAI 
NcPMAI 
SpPMAI 
SpPMA2 
AtAHAI 
AtAHA2 
AtAHA3 
AtAHA4 
NpPMA I 
NpPMA2 
NpPMA3 
NpPMA4 
LeLHAI 
LdPMA I 

380 390 
I 

LCSDKTGTLTF/~KLSL 
~CSDKTGTLTKNKLSL i 
~CSDKTGTLTKNKLSLI 
LCSDKTGTLTKNKLSL 
LCSDKTGTLTKNKLSL 
LCSDKTGTLTKNKLSL 
LCSDKTGTLTKNRLSI 
LCSDKTGTLTLNKLSV 
LCSDKTGTLTLNKLSV 
LCSDKTGTLTLNKLSV 
LCSDKTGTLTLNKLTV 
LCSDKTGTLTL4~KLTV 
LCSDKTGTLTLNKLTV 
LCSDKTGTLTLNKLTV 
LCSDKTGTLTLNKLSV 
LCSDKTGTLTLNKLTV 
LCSDRTGTLTLNKMEI 
xxxxoxxxxx xoo 

F 

400 410 420 

HEPYT---VEGVSPDDLMLTACLAASRKKKGL!DAIDKAFL 
HEPYT---VEGVSPDDLMLTACLAASRKKKGL DAIDKAFL 
HEPYT---VEGVSSDDLMLTACLAASRKKKGL DAIDKAFL 
HEPYT---VEGVEPDDLMLTACLAASRKKKGL DAIDKAFL 
HDPYT---VAGVDPEDLMLTACLAASRKKKGI DAIDKAFL 
GEPFT---VSGVSGDDLVLTACLAASRKRKGL DAIDKAFL 
GEPYC---VEGVSPDDLMLTACLASSRKKKGLDAIDKAFL 
DKNLVEVFCKGVEKDQVLLFAAMAS--RVENQ DAIDA.IJ4V 
DI',NLVEVFCKGVEKDQVLLFAAMAS--RVEIN[Q DAIDA.~MV 
DKNLIEVYCKGVEKDEVLLFAARAS--RVENQ DAID~ 
DKSMVEVFVKDLDKDQLLVNAARAS--RVENQ DAIDACIV 
DICNLIEVFAKGVDADMVVLMAAPJ%S--RTENQ!DAIDAAIV 
DKNLVEVFAKGVDADTVVLMAARAS--RTENQ DAIDTAIV 
DKYLIEVFARGVDADTVVLMA~/~,AS--RTENQ DAIDAAIV 
DRINLVEVFAKGVDKEYVLLLAARAS--RVENQ DAIDACMV 
DKALIEVFAKGIDADTVVLMAARAS--RIENQ DAIDTAIV 
QEQCF~AALAAKWREPPR DALDTMVL 

O O X x Xxox 
m 

430 440 450 460 

1 I l I 
KSLKQYPKAKDALTKYKVLEFHPFDPVSKKVT-AVVESP 
KSLIEYPKAKDALTKYKVLEFHPFDPVSKICVT-AVVESP 
KSLAQYPKAKGALTKYKVLEFHPFDPVSKKVT-AVVESP 
KSLINYPRAKAALPKYKVIEFQPFDPVSKKVT-AIVESP 
KSLKYYPRAKSVLSKYKVLQFHPFDPVSKKVV-AVVESP 
KALKNYPGPRSMLTKYKVIEFQPFDPVSKKVT-AYVQAP 
KALP, NYPIC%KDQLSKYKVLDFHPFDPVSKKIT-AYVEAP 
GMLAD---PHEAIL%GIREVHFLpFNPVDKRTALTYIDS- 
GMLAD---PKEARAGIREVHFLPFNPVDKRTALTYIDG- 
GMLAD---PKEARAGI~IHFLPFNPVDKRTALTFIDS- 
GMLGD---PREAREGITEVHFFPFNPVDKRTAITYIDA- 
GMLAD---PKEAP.%GIREIHFLPFNPTDKRTALTYLDG- 
GMLSD---PKEARAGIREIHFLP~NPTDKRTALTYLDG- 
GMLAD---PKEARAGIREIHFLPFNPTDKRTALTYLDG- 
GMLAD---PKEARAGIREVHFLPI~PVDKRTALTYIDN- 
GMLAD---PKEARAGIREIHFLPFNPTDKRTALTYLDG- 
G--AA---DLDECDNYQQLNFVPFDPTTKRTAATLVDRR 

o x xX x x 

470 480 490 500 510 520 

1 I I 1 I I 
466 EGERIVCV KGAP LFVLKTVEEDHPIPEDVHENyENKVAELASRGFRALGVARKR ........ GEGHWEILG 
495 EGERIVCV KGAP LFVLKTVEEDHPIPEDVHENYENKVAELASRGFRALGVARKR ........ GEGHWEILG 
468 EGERIICV KGAP LFVLKTVEEDHPIPEDVHENYENKVAELASRGFRALGVARKR ........ GEGHWEILG 
443 EGERIICV KGAP LFVLKTVEDDHPIPEDVHENYQNTVAEFASRGFRSLGVARKR ........ GEGHWEILG 
466 QGERITCV KGAP LFVLKTVEEDHPIPEEVDQAYKNKVAEFATRGFRSLGVARKR ........ GEGSWEILG 
464 DGTRITCV KGAP LWVLKTVEEDHPIPEDVLSAYKDKVGDLASRGYRSLGVARKI ........ EGQHWEIMG 
552 DC.~RITCV KGAP LWVFKTVQDDHEVPEAITDAYREQVNDMASRGFRSLGVARKA ........ DGKQWEILG 
415 DGNWHRVS KGAP EQILDLANAR .... PDLRKKVLSCIDKYAERGLRSLAVARQVVPEKTKESPGGPWEFVG 
415 SGNWHRVS KGAP EQILELAKAS .... NDLSKKVLSIIDKYAERGLRSLAVARQVVPEKTKESPGAPWEFVG 
416 NGNWHRVS KGAP EQILDLCNAR .... ADLRKRVHSTIDKYAERGLRSLAVSRQTVPEKTKESSGSPWEFVG 
420 NGNWHRVS KGAP EQIIELCNLR .... EDASKP, AHDIIDKFADRGLRSLAVGRQTVSEKDKNSPGEPWQFLG 
420 EGKMHRVS KGAP EQILNLAHNK .... SDIERRVHAVIDKFAERGLRSLGVAYQEVPEGRKESAGGPWQFIG 
419 EGKMHRVS KGAP EQILNLAHNK .... SDIERP, VHSVIDKFAERGLRSLGVAYQEVPEGRKESTGGPWQFIG 
419 EGKMHRVS KGAP EQILHIJ~HNK .... SDIERP.VHAVIDKFAERGLRSLAVAyQEVPEGRKESAGGPWQFIA 
418 NIVNWHRAS KGAP EQILDLCNAK .... EDVRRKVHSMMDKYAERGLRSLAVARRTVPEKSKESPGGRWEFVG 
419 EGKMHRVS KGAP EQILNLAHNK .... SDIERRVHTVIDKFAERGLRSLGVAYQEVPEGRKESAGGPWQFIA 
437 SGEKFDVT KGAP HVILQMVYNQ .... DEINDEVVDIIDSLAARGVRCLSVA ........ KTDQQGRWHMAG 

xxxx x xx x x x x 
n 

530 540 

I I 
VMPCMDPPR DDTAQTVS 
VMPCMDPPR DDTAQTIN 
"/MPCMDPPR DDTAATVN 
IMPCMDPPR DDTAATVN 
IMPCMDPPR HDTYKTVC 
IMPCSDPPR HDTARTIS 
IMPCSDPPR HDTARTIH 
LLPLFDPPR HDSAETIR 
LLPLFDPPR HDSAETIR 
VLPLFDPPR HDSAETIR 
LLPLFDPPR HDSAETIR 
LLPLFDPPR HDSAETIR 
LLPLFDPPR HDSAETIR 
LLPLFDPPR HDSAETIR 
LLPLFDPPR HDSAETIR 
LLPLFDPPR HDSAETIR 
ILTFLDPPR PDTKDTIR 

O xxxx x x 
o 

ScPMAI 546 EA 
ScPMA2 575 EA 
ZrPMAI 548 EA 
CaPMAI 523 EA 
NcPMAI 546 EA 
SpPMAI 544 EA 
SpPMA2 632 EA 
AtAHAI 499 RA 
AtAHA2 499 RA 
AtAHA3 500 RA 
AtAHA4 504 RA 
NpPMAI 504 RA 
NpPMA2 503 RA 
NpPMA3 503 lh% 
NpPMA4 502 RA 
LeLHAI 503 RA 
LdPMAI 513 RS 

O 

ScPMAI 626 
ScPMA2 655 
ZrPMAI 628 
CaPMAI 603 
NcPMAI 626 
SpPMAI 624 
SpPMA2 712 
AtAHAI 580 
AtAHA2 580 
AtAHA3 581 
AtAHA4 585 
NpPMA| 585 
NpPMA2 584 
NpPMA3 584 
NpPMA4 583 
LeLHAI 584 
LdPMAI 597 

GY 

GY 
GY 
GY 
GY 
GY 
GY 
KH 
KH 
KH 
KH 
KH 
KH 
KH 
KH 
KH 
GY 

5 5 0  560 

I I 
RHLGLRVKMLTGDAVGIAK 
RNLGLRIKMLTGDAVGIAK 
KRLGLSVKMLTGDAVGIAK 
RRLGLRVKMLTGDAVGIAE 
KTLGLSIKMLTGDAVG!AR 
KRLGLRVKMLTGDAVDIA~ 
IGLGLRIKMLTGDAVGIAE 
LNLGVNVKMITGDQLAIGE 
LNLGVNVKMITGDQLAIGK 
LDLGVNVKMITGDQLAIAK 
LDLGVNVKMITGDQLAIGK 
LNLGVNVKMVTGDQLAIGK 
LNLGVNVKMITGDQLAIGK 
LNLGVNVKMITGDQLAIGK 
LNLGVNVKMITGDQLAIAK 
LNLGVNVKMITGDQLAIGK 
KEYGVDVKMITGDHLLIAK 

OX x x  x x x  x o 

P 

570 580 590 600 610 

[ I I 1 I 
ETCRQLGLGTNIYNAF/%LGLGGGGD ..... MPGSELADFVENADGFAEVF 
ETCRQLGLGTNIYNAERLGLGGGGD ..... MPGSELADFVENADGFAEVF 
ETCRQLGLGTNIYD~LGLGGGGS ..... MPGSEMYDFVENADGFAEVF 
ETCRQLGLGTNIYDADRLGLSGC4]D ..... MAGSEIADFVENADGFAEGF 
ETSRQLGLGTNIYNAERLGLGGC4;D ..... MPGSEVYDFVEAADGFAEVF 
ETARQLGMGTNIYNAERLGLTGGGN ..... MPGSEVYDFVEAADGFGEVF 
ETARQLGMGTNVYNAERLGLSGGGD ..... MPGSEVNDFVEAADGFAEVF 
ETGRRLGMGTNMYPSAAL-LGTDKDSNIASIPVE---ELIEKADGFAGVF 
ETGRRLGMGTNMYPSSAL-LGTHKDANLASIPVE---ELIEKADGFAGVF 
ETGRRLGMGSNMYPSSSL-LGKHKDEAMAHIPVE---DLIEKADGFAGVF 
ETGRItLGMGTNMYPSSAL-LGQDKDESIASLPVD---ELIEKADGFAGVF 
ETGRRLGMGTNMYPSSAL-LGQTKDESISALPID---ELIEKADGFAGVF 
ETGRRLGMGTNMYPSSAL-LGQTKDESIASLPID---ELIEKADGFAGVF 
ETGRRLGMGTNMYPSSAL-LGQTKDESISALPVD---ELIEKADGFAGVF 
ETGRRLGMGTNMYPSASL-LGQDKDSAIASLPIE---ELIEKADGFAGVF 
ETGRRLGMGTNMYPSSAL-LGQTKDESIAALPID---ELIEKADGFAGVF 
EMCRMLDLDPNILTADKL-PQIKDANDLPEDLGEKYGDMMLSVGGFAQVF 
xo x xo o x o x o o o OOXXO ox 

620 

POHKYRWEIILQNR 
POHKYRWEIILQDR 
POHKFAVVDIILQQR 
PTNKYNAVEIiLQSR 
POHKYNVVEIILQQR 
POHKYAVVDIILQQR 
POHKYAVVDIILQQR 
PEHKYEIVKKILQER 
PEHKYEIVKKILQER 
PEHKYEIVKKILQER 
PEHKYEIEKRILQEM 
PEHKYEIVI'-/~ILQAR 
PEHKYEIVKR[LQAR 
PEHKYEIVKR[LQAR 
PEHKYEIVKKILQER 
PEHKYEIVKRILQAR 
PEHKFMIVETILRQR 

.XO O 
q 

630 640 650 660 

I I I l 
LVAMTGDGVNDAPSLKKADTGIAVEGATDAARSAADIVF 
LVAMTGDGVNDAPSLKKADTGIAVEGATDAARSAADIVF 
LVAMTGDGVNDAPSLKKADTGIAVEGATDAARSAADIVF 
LVAMTGDGVNDAPSLKKADTGIAVEGATDAARSAADIVF 
LVAMTGDGVNDAPSLKKADTGIAVEGSSDAARSAADIVF 
LVAMTGDGVNDAPSLKKADTGIAVEGATDAARSAADIVF 
LVAMTGDGVNDAPSLKKADAGIAVEGASDAARSAADIVF 
IVGMTGDGVNDAPALKKADIGIAVADATDAARGASDI~ 
IVGMTGDGVNDAPALKKADIGIAVADATDAARGASDIVL 
ICGMTGDGVNDAPALKKADIGIAVADATDAARGASDIVL 
ICGMTGDGVNDAPALKRADIGIAAADATDAARSASDIVL 
ICGMTGDGVNDAPALKKADIGIAVDDATDAARSASDIVL 
ICGMTGDGVNDAPALKKADIGIAVDDATDAARSASDIVL 
ICGMTGDGVNDAPALKKADIGIAVDDATDAARSASDIVL 
IVGMTGDGVNDAPALKKADIGIAVADATDAARGASDIVL 
ICGMTGDGVNDAPALKKADIGIAVDDATDAARSASDIVL 
TCAMTGDGVNDAPALKRADVGIAVHGATDAABAAADMVL 

x x x x x x x x x x  x x  x x  x x x o  OOXXXX x x x 

670 680 
I 

AIIDALKTSRQISH 
AIID__~KTSRQIFH 
AIID~KTSRQIFH 
AIID~KTSRQIF" 
AIIDALKTSRQIFH 
AIIDALKTSRQIFH 
AIIDALKTSRQIFH 
VIISAVLTSRAIFQ 
VIISAVLTSRAIFQ 
VIISAVL~TSRAIFQ 
VIVSAVLTSRAIFQ 
VIISAVLTSRAIFQ 

VIIS~,~TSRAIFQ 
VIISAVLTSRAIFQ 
VIISAVL___~TSRAIFQ 
~SRAIFQ 
V~V~____VSa~VFQ 

x -6xx oo 
s 

H8 

690 7 0 0  710 

I I I 
RMYSYVVYRIALSLHLEIFLGLWIAIL ........... 
RMYSY~IALSLHLEIFLGLWIAIL ........... 
RMYAYVATYRIALSLHLEIFLGLWIAIL ........... 
RMYSYVVYRIALSLHLELFLGLWIAIL ........... 
RMYAYVVYRIALSIHLEIFLGLWIAIL ........... 
RMYSYVVYRIALSLHLEIFLGLWLIIR ........... 
RMYAYWYRIALSLHLEIFLGLWLIIR ........... 
RMKNYTIYAVSITIRIVFGFMLIALIWE .......... 
RMKNYTIYAVSITIRIVFGFMLIALIWE .......... 
RMKNYTIYAVSITIRIVFGFMLIALIWK .......... 
RMKNYTIYAVSITIRIVMGFMLLALIWK .......... 
RMKNYTIYAVSITIRIVLGFMLLALIWK .......... 
I~MKNYTIYAVSITIRIVLGFMLLALIWK .......... 
RMKNYTIYAVSITIRIVLGFMLLALIWQ .......... 
RMI(I~YTIYAVSITIRIVFGFMFIALIWK .......... 
RMKNYTIYAVSITIRIVLGFMLLALIWK .......... 
RMLSFLTYRISATLOLVCFFFIACFSLTPKAYGSVDPH 
xx o x 

H9 
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ScPMAI 

ScPMA2 
ZrPMA~ 

CaPMAI 

NcPM~] 

SpPMA~ 

SpPMA2 

AtAHAI 

AtAHA2 

AtAHA3 

AtAHA4 
NpPMA 

NpPMA2 

NpPMA3 

NpPMA4 

LeLHAI 
LdPMA I 

ScPMAI 

SoPMA2 
ZrPMAI 

CaPMAI 

NcPMAI 

SpPMAI 

SpPMA2 

AtAIIAI 

AtAHA2 

AtAHA3 

AtAHA4 
NpPMA I 

NpPMA2 

NpPMA3 

NpPMA4 
LeLHAI 
I~dPMAI 

720 730 740 750 760 770 780 790 

I I I I I I I I 
714 --DNSLDIDLIVFIAIFADVATLAIAYDNA•YsPKPVKWNLPRLWGMSIILGIVLAIGsWITLTTMFLP---KGGIIQNFGA ............. 

743 --NNSLDINLIVFIAIFADVATLTIAYDNAPYAPE•VKWNLPRLWGMSIILGIVLAIGSWITLTTMFLP---NGGIIQNFGA ............. 

716 --NHSLDIDLIVFIAIFADvATLAIAYDNA•FSPsPVKWNL•RLWGMSIMMGIILAAGTWITLTTMFLP---KGGIIQNFGS ............. 

691 --NRSLDINLIVFIAIFADvATLAIAYDNAPYDPK•VKWNLPRLWGMSIVLGVILAIGTWITLTTMLLP---KGGIIQNFGG ............. 

714 --NRSLNIEL•FIAIFADVATLAIAYDNAPYsQTPvKWNLPKLWGMSVLLGVvLAVGTWITvTTMYAQGE-NGGIVQNFGN ............. 

712 --NQLLNLELwFIAIFADVATLAIAYDNAPYSMKPvKWNLPRLWGLSTvIGIVLAIGTWITNTTMIAQGQ-NRGIvQNFGV ............. 

800 --NQLLNLELIVFIAIFADVATLAIAYDNAPYAMKPVKWNLPRLWGLATIVGILLAIGTWIVNTTMIAQGQ-NRGIVQNFGV ............. 

669 ---FDFSAFMVLIIAILNDGTIMTISKDRVKPSPTPDSWKLKEIFATGIVLGGYOAIMSVIFFW .... AAHKTDFFSDKFGVRSIRDNNDE .... 

669 ---FDFSAFMVLIIAILNDGTIMTISKDRVKPSPTPDSWKLKEIFATGWLGGYQAIMTVIFFW .... AAHKTDFFSDTFGVRSIRDNNHE .... 

670 ---FDFSPFMVLIIAILNDGTIMTISKDRVKPSPTPDSWKLKEIFATGWLGGYMAIMTWFFW .... AAYKTDFFPRTFHVRDLRGSEHE .... 

674 ---FDFSPFMVLIVAILNDGTIMTISKDRVKPSPLPDSWKLKEIFATGWLGTYLAVMTVVFFW .... AAESTDFFSAKFGVRSISGNAHE .... 

674 ---FDFPPFMVLIIAILNDGTIMTISKDRVKPSPLPDSWKLAEIFTTGIVLGGYLAMMTVIFFW .... AAYKTNFFPHVFGVSTLEKTATDDFRK 

673 ---FDFPPFMVLIIAILNDGTIMTISKDRVKPSPLPDSWKLAEIFTTGVVLGGYLAMMTVIFFW .... AAYETDFFPRVFGVSTLQKTATDDFRK 

673 ---FDFPPFMVLIIAILNDGTIMTISKDRVKPSPLPDSWKLAEIFTTGWLGGYLAMMTVIFFW .... AAYKTNFFPRVFGVSTLEKTATDDFRK 

672 ---YDFSAFMVLIIAILNDGTIMTISKDRVKPSPMPDSWKLKEIFATGV~LGGYQALMTVVFFW .... AMHDTDFFSDKFGVKSLRNSDEE .... 

673 ---FDFPPFMVLIIAILNDGTIMTISKDRVKPSPLPDSWKLAEIFTTGVVLGGYLAMMTVIFFW .... AAYKTNFFPRIFGVSTLEKTATDDFRK 
696 FQFFHLPVLMFMLITLLNDGCLMTIGYDHVI•SERPQKWNLPVvFVSASILAAvAcGsSLMLLWIGLEGYSSQYYENSWFHRLGLAQLPQG---K 

OOO x x x x x x O O xo 

H10 H11 

800 810 820 830 840 850 860 870 

I I I I I I I I 
791 MNGIMFLQISLTENWLIFITRAAGPFWSSI--PSWOLAGAVFAVDIISTMFTLFGWWSEN ........... WTDIVTVVRVWIWSIGIFCVLGGFYYE 

820 MNGVMFLQISLTENWLIFVTRAAGPFWSSI--PSWOLAGAVFAVDIIATMFTLFGWWSEN ........... WTDIVSVVRVWIWSIGIFCVLGGFYYI 

793 IDGILFLEISLTENWLIFITRAVGPFWSSI--PSWQLAGAVFWDWATMFTLFGWWSQN ........... WTDIVTVVRIYIWSIGIFCCLGGAYYL 

768 LDGILFLQISLTENWLIFVTRAQGPFWSSl--PSWOLSGAVLIVDIIATCFTLFGWWSQN ........... WTDIVTVVRTWIWSFGVFCVMGGAYYL 

793 MDEVLFLQISLTENWLIFITRANGPFWSSI--PSWQLSGAIFLVDILATCFTIWGWFEHS ........... DTSIVAVVRIWIFSFGIFCIMGGVYYI 

791 QDEVLFLEISLTENWLIFVTRCNGPFWSSI--PSWQLSGAVLAVDILATMFCIFGWFKGGH .......... QTSIVAVLRIWMYSFGIFCIMAGTYYI 

879 QDEVLFLOISLTENWLIFITRCSGPFWSSF--PSWQLSGAVLWDILATLFCIFGWFKGGH .......... QTSIVAVIRIWMYSFGIFCLIAGVYYI 

753 LMGAVYLQvSIISQALIFLTRSRS--WYFVERPGALLMIAFvIAQLVATLIAVYADWTFAK---VKGIGWGWAGvIWIYSIVTYFPQDILKFAIRYIL 

753 LMGAVYLQVSIISQALIFVTRSRS--wSFVERPGALLMIAFLIAQLIATLIAVYANWEFAK---IRGIGWGWAGVIWLYSIVTYFPLDVFKFAIRYIL 

754 MMSALYLQVSIVSQAL•FvTR•R•--wSFTERpGYFLLIAFWvAQLIATAIAvYGNWEFAR---IKGIGWGWAGVIWLYSIVFYFPLDIMKFAIRYIL 

758 LTAAvYLQ••••SQAL•FvTRSRS--WSY•ERpGFWL•SAFFMAQLIATLIAVYANWNFAR---IRGIGWGWAGVIWLYSIVFYIPLDILKFIIRYSL 
762 LASAIYL•vSIIS•ALIF•TRSRS--WSFVERPGFLLVIAFVIAQLVATLIAvYANWSFAA---IEGIGWGWAGVIWIYNLVFYIPLDIIKFFIRYAL 

761 LASAIYL•VSTIS•ALIFVTRSRS--WSFVERPGLLLVVAFLIAQLVATLIAVYANWAFAA---IEGIGWGWAGVIWLYNLVFYFPLDIIKFLIRYAL 

761 LASAIYL~VSTIS~ALIFVTRsRS--WSFMERPGLLLwAFFIAQLVATLIAVYA~SFAA---IEGIGWGWAGvIWLYNIVFYIPLDLIKFLIRYAL 

756 MMSALYLQv~II~QALIFVTRSRs--WSFLERPGMLLVIAFMIAQLVATLIAvYA~AFAR---VKGcGWGWAGvIWLYSIIFYLPLDIMKFAIRYIL 

761 LASAIYLQvSTISQALIFVTRSRS--WSFVERPGLLLvFAFFVAQLVATLIAVYA~SFAA---IEGIGWGWAGVIWLYNIVTYIPLDLIKFLIRYAL 

788 LvTMMYLKISISDFLTLFSSRTGGH-FFFYMPPSPILFCGAIISLLVSTMAAsFWHKsRPDNVLTEGLAWGQTNAEKLLPLWVWIYcIVWWFVQDwK 
x x oox OX o x x o x O 
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880 890 900 910 

I I F I 
876 MSTSEAFDRLMNGKPMKEKKSTRSVEDFMAAMQRVSTQHEKET 918 

905 MSTSQAFDRLMNGKSLKEKKSTRSVEDFMAAMQRVSTQHDKSS 947 

878 MSESETFDRLMNGKPLKENKSTRSVEDFLAS~LRRVSTQHEKGN 920 

853 MSTSEAFDNFCNGRKPQQHTDKRSLEDFLVSMQRVSTQHEKST 895 

878 LQDSVGFDNLMHGKSPKGNQKQRSLEDFWSLQRVSTQHEKSQ 920 

877 LSESAGFDRFR4NGKPKESR-NQRSIEDLVVALQRTSTRHEKGDA 919 

965 LSESSSFDRWMHGKHKERG-TTRKLEDFVMQLQRTSTHHEAEGKVTS 1010 
846 sGKAWASLFDNRTAFTTKKDYGIGEREAQWAQAQRTLHGLQPKEDvNIFPEKGSYRELSEIAEQAKRRAEIARLRELHTLKGHvESvAKLKGLDIDTAGHHYTv 949 

846 SGKAWLNLFENKTAFTMKKDYGKEEREAQWALAQRTLHGLQPKEAvNIFPEKGSYRELSEIAEQAKRRAEIARLRELHTLKGHvESvVKLKGLDIETP-SHYTv 948 

847 AGTAWKNIIDNRTAFTTKQNYGIEEREAQWAHAQRTLHGLQNTETANVvPERGGYRELSEIANQAKRRAEIARLRELHTLKGHVESvVKLKGLDIETA-G•YTV 949 

851 •GRAWDNVIENKTAFTSKKDYGKGEREAQWAQAQRTLHGLQPAQTSDMFNDKSTYRELSEIADQAKRRAEvARLRERHTLKGHVES•KQKGLDIEAIQQHYTL 954 

855 SGRAWDLVFERRIAFTRKKDFGKEQRELQWAHAQRTLHGLQV•DTKLFSEATNFNELNQLAEEAKP/•AEIA-RLRELHTLKGHVESVVKLKGLDIETIQQAYTV 957 

854 SGRAWDLVLEQRIAFTRKKDFGKEQRELQWAHAQRTLHGLQVPDTKLFSEATNFNELNQLAEEAKRRAEIA-RQRELHTLKGHVESVVKLKGLDIETIQQSYTV 956 

854 SGKAWDLVIEQRIAFTRKKDFGKEQRELQWAHAQRTLHGLQVPDPKIFSETTNFNELNQLAEEAKRRAEIA-RLRELHTLKGHVESVVKLKGLDIETIQQAYTv 956 

849 ~GKAWNNLLDNKTAFTTKKDYGKEEREAQWALAQRTLHGLQPPEATNLFNEKNSYRELSEIAEQAK~RAEM~RLRELHTLKGHVES~KLKGLDIETIQQHYTv 952 

854 SGKAWDLVLEQRIAFTRKKDFGKELRELQWAHAQRTLHGLQVPDPKIFSETTNFNELNQLAEEAKRRAEIA-RLRELHTLKGHVES•KLKGLDIETIQQSYTv 956 

885 VLAHICMDAvDLFGCVSDASGSGPIKPYSDDMKVNGFEPvKKPAEKSTEKALNSSvSSASHKALEGLREDTHSPIEEASPvNvYVSRDQK 974 

Continued. Alignment of putative P-type H+-ATPase sequences. Amino acid sequences are from Saecharo- 
myces cerevisiae (ScPMA1, ScPMA2), Zygosaccharomyees rouxii (ZrPMA 1), Candida albicans (CaPMA1), Neurospora 
crassa (NcPMA1), Schizosaecharomyces pombe (SpPMA1, SpPMA2), Arabidopsis thaliana (AtAHA1-AtAHA4), 
Nicotiana plumbaginifolia (NpPMA1-NpPMA2), Lycopersicom esculentum (LeLHA1), Leishmania donovani 
(LdPMA1). See text for references. The alignment was initially performed by using the program CLUSTAL (Higgins 
and Sharp, (1988)) and then refined manually. The numbers on top of each block are positions in ScPMA1. Underlined 
sequences indicate predicted hydrophobic regions by the method of Klein et al. (1985): membrane integral sequences 
are underlined twice, and possibly membrane integral sequences are underlined once; these regions are labeled H 1-H 14. 
Conserved regions are derived from the sequence comparison in Fig. 1 are boxed and labeled from a to s. An x indicates 
total identity in all aligned sequences and a (o) indicates identity in all except one sequence. The overall identity is 
13.3%, and the similarity is 24%. 

plant "deletions" correspond to fungal insertions. 
These "insertions" and the N and C terminus repre- 
sent a total o f  22 segments which are not conserved 
among  yeast and plants and which separate well- 
conserved domains.  The evolut ionary and functional  

significances o f  these punctuat ions  in the H * -ATPase  
genes have still to be clarified. 

The Lei shmania  donovani  sequence (Ld PMA1)  
is obvious ly  distinct from the plant and the yeast 
H+-ATPase  sequences. This raises the questions 
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whether or not it corresponds to a H+-ATPase as 
initially proposed by Meade et  al. (1987) on the basis 
of sequence homologies. 

A total of 241 residues identical in at least 16 out 
of 17 sequences (to allow for sequencing or alignment 
errors) is marked by an asterisk or a circle in Fig. 2. As 
expected, many of these are located in the boxed 
regions a to s which are conserved in ATPases of 
different cation specificity. However, 118 residues 
were found identical in at least 16 presumed H ÷- 
ATPases but not located in the conserved region 
a to s. This approach is prone to errors since the 
alignment depends partially on personal judgment. 
Nevertheless, it is remarkable that more than 100 
identical residues can be identified which seem 
specifically conserved in the H+-ATPase sequences 
determined from different species: five fungi, three 
plants, and one ciliate. 

PREDICTIONS OF HYDROPHOBIC REGIONS 

The number and location of the membrane- 
spanning segments of the H ÷-ATPases are not known. 
Nevertheless, different topographies have been pro- 
posed for the yeast H+-ATPase comprising either 5, 8, 
9, or 10 membrane spans (Hager et al., 1986; Serrano 
et al., 1986; Serrano, 1988, 1989; Davis and Hammes, 
1989; Goffeau and Green, 1990). It is clearly estab- 
lished that the NH 2 and COOH termini are both 
located in the cytoplasm (Mandala and Slayman, 
1989; Hennessey and Scarborough, 1990). This 
excludes the model of Serrano (1989) and Davis and 
Hammes (1989) who concluded on the existence of an 
uneven number of membrane spans. A biochemical 
investigation carried out recently (Subrahmanyeswara 
Rao et  al., 1991) concluded on the existence of up to 
12 membrane spans. We are thus presently left with 
three possibilities: either 8, 10, or 12 transmembrane 
segments. 

These discrepancies reflect the limitations of the 
different prediction methods for transmembrane seg- 
ments. A recent study (Fasman and Gilbert, 1990) 
compared nine different predictive algorithms applied 
to the sequence of the reaction center from Rhodo-  
p seudomonas  viridis, the molecular structure of which 
is known at 3 A resolution (Deisenhofer et  al., 1985). 
It was concluded that the method with least ambiguity 
and highest accuracy in determining the membrane 
sequence is that of Klein et  aI. (1985). However, the 
method is not perfect: it misses the membrane span of 

the H-polypeptide, and three amphiphilic regions of 
the L and M subunits with periphery/integral odds 
between 1.0 to 13.4 are predicted to be "possibly 
integral" but do in fact span the membrane as deter- 
mined by X-ray crystallography. 

We have applied the Klein et al. (1985) method to 
the detection of hydrophobic segments of the 17 puta- 
tive H+-ATPase. This method determines 12-14 
hydrophobic or amphiphilic segments in most sequen- 
ces. For each gene product only 10 segments are gen- 
erally predicted to be "integral" membrane segments, 
the others being predicted to be "possibly integral." 
These "integral" plus "possibly integral" segments are 
labelled H1 to H14 in Fig. 2. The segments H3 and H4 
are considered "possibly integral" in plants and are 
predicted to be "peripheral" in yeasts. In contrast, H7 
is predicted "possibly integral" in yeast and "periph- 
eral" in plants. The segment H12 is predicted "possibly 
integral" in yeast and "integral" in plants. Only nine 
hydrophobic segments H1, H2, H5, H6, H8, H9, H10, 
Hl l ,  and H13 are predicted to be "integral" in all 17 
sequences. The segment H 14 might be put in the same 
category with 14 predictions as "integral" and three 
predictions as "possibly integral." These three later 
segments have peripheral/integral odds of 1.3, 4.0, and 
21.6. Such odds are in the same order as those (from 
2.5 to 13.4) given for the three amphiphilic membrane- 
spanning segments of the L and M subunits of the 
photosynthetic reaction center (Fasman and Gilbert, 
1990). On this basis, we conclude on a consensus of 10 
predicted membrane spans in all H÷-ATPase as we 
had already proposed before (Goffeau and Green, 
1990; Van Dyck et  al., 1990). It is, however, recog- 
nized that only straightforward biochemistry and 
structural data will be able to identify the real mem- 
brane topography. 

SOME SUGGESTIONS FOR SITE-DIRECTED 
MUTAGENESIS 

Site-directed mutagenesis of H+-ATPase turns 
out to be a more difficult approach than first believed. 
Even though ingenious procedures have been devel- 
oped to put the wild type and/or mutant ATPase 
genes under the control of inducible promoters (Por- 
tillo and Serrano, 1988; Nakamoto et  al., 1991), it 
has not yet been possible to produce sufficient 
amounts of lethal mutant ATPase enzyme to carry out 
extensive biochemical studies. This is due to several 
reasons. The S. cerevisiae PMA1 gene is essential 
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Table I. Some Characteristic Residues Specifically Conserved in H + -ATPases from Yeasts and Plants a 

Domain 

Boundaries 
(residue number 
in S. cerevisiae EorD H K o rR  NorQ P W, F, or Y SorT CorM 

Hydrophobic 1 107 to 161 D107, D143, 
(H 1 and H2) E162 
Hydrophilic I 162 to 283 El90, E255 
Hydrophobic 2 284 to 345 H285 
(H 5 and H6) 
Hydrophilic II 346 to 660 D402, E567 H614 

Hydrophobic 3 661 to 874 D730, D739 
(H 8 to HI4 ) 

N154 P123 Fll9 

R215, K252 $249 

R687 

F286 

N577 P450, P453 Y579, F448 T543, T568 M688 
F607, F611 

P669, P747, Y691, Y694, %00, T837 
P821 F788, W750 

aThe residues underlined have been submitted to site-directed mutagensis (see text and review by R. Gaber, 1992). 

(Serrano et aI., 1986); therefore it is impossible to 
grow for more than a couple of divisions an ATPase 
mutant modified in an essential amino acid. Further- 
more, a mixture of wild-type and lethal mutant 
ATPases is difficult to obtain in the same strain 
because of  the presence of the PMA2 isogene which 
promotes intensive DNA repair of lethal mutations. 
Finally, no biochemical procedure exists today to 
separate purified wild-type from mutant ATPases. 
The very smart procedures developed by Nakamoto 
et al. (1991) for promoting specific accumulation of 
mutant enzyme into secretory vesicles might provide 
a solution to some of these problems but is probably 
not applicable to lethal mutation which might not be 
stably inserted in the endoplasmic reticulum. Anyway, 
an enormous number of possibilities of site-directed 
single amino acid substitutions exists: 9182° for the 
H+-ATPase of S. cerevisiae. Choices have thus to be 
made. The alignment of 17H+-ATPase of Fig. 2 
might help in this respect. For  instance, we suggest to 
give some priority to the residues listed in Table I. Our 
choice was based on the following rationale. One of 
the most interesting type of  information we wish to 
obtain is the identification of  residues specifically 
involved in H+-transport. Therefore we eliminated all 
residues contained in the segment a to s conserved in 
all eukaryotic transport-ATPases. We also did not 
consider the Leishmania  donovani ATPase because of 
the uncertainty of it being a H+-ATPase and the 
numerous alignment ambiguities. Furthermore, we 
eliminated the N and C terminal as well as all the 20 
"insertions" not conserved in both yeast and plant 
ATPases. We did not consider nonpolar residues such 
alanine, leucine, valine, isoleucine, and glycine because 
of their general unspecificity and unlikeliness to be 

involved in H+-binding either by chelation or by 
direct protonation. Finally, among the remaining 
residues which were conserved in at least 15 of the 
plant and fungal ATPases, we eliminated those which 
were homologous to residues conserved in the NA +/K +- 
and Ca+-ATPases in approximately similar position 
(with some flexibility to allow for misalignment) even 
when not located in the conserved region a to s. Using 
this rather empirical and partially subjective screen, 
we identified 38 residues: six residues in the hydro- 
phobic region covering the predicted hydrophobic 
segments H1 and H2, five residues in the small hydro- 
philic domain, two residues in the predicted hydro- 
phobic segments H5 and H6, 13 residues in the large 
hydrophylic domain, and 12 residues located in the 
hydrophobic region including the predicted hydro- 
phobic segments H8-H14. Among the latter, the 
apparently specific conservation of three proline and 
four aromatic residues is rather surprising and not 
noticed so far to our knowledge. Among the 38 
residues screened out by our approach, only three 
have been mutated so far (see review by Gaber, 1992). 
D143 and D730 were found to be essential, whereas 
K252 gives vanadate-resistant ATPase. It must be 
noted that the residue D730, which was proposed by 
Clarke et al. (1989) to be a H÷-binding site similar to 
the Ca2+-binding site of  the endoplasmic reticulum, 
was pinpointed by our method. This is only an example 
of the usefulness of our alignment. These alignments 
will become more precise and informative as additional 
sequences become available. New information analy- 
sis will have to be developed and will provide new 
structural and functional predictions. Unfortunately 
many of these cannot be tested yet biochemically, but 
it is to be hoped that a general method for expression 
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of lethal mutations of yeast H+-ATPase will become 
available in the near future. 
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