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Abstract

The sequence of the gene encoding the A subunit of the vacuolar type ATPase from Giardia lamblia is reported. Comparison of the
encoded protein with the homologous subunits of eukaryotic and archaebacterial ATPases reveals high levels of similarity throughout the
sequence (e.g., overall 49.1 and 44.6% identity to the homologous subunit from carrot and Halobacterium, respectively). An exception
are three regions which are unique to the Giardia subunit. The largest of these regions contains motifs characteristic for eukaryotic

spliceosomal introns; however, comparison to the cDNA shows that this region is also present in the mRNA.
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The diplomonad Giardia lamblia is a strict anaerobic
parasite with two equivalent nuclei, four pairs of flagella
(9 + 2 type), numerous acidic vacuoles, no mitochondria, a
high G + C content in its ribosomal DNA (72-75%) but
lower in genomic DNA (42-48%) [1]. Giardia has no
structurally evident Golgi apparatus, however, a regulated
secretory pathway has been characterized during encysta-
tion [2]. Phylogenetic analysis using 16S rRNAs as molec-
ular markers suggests that Giardia constitutes an early
branch within the eukaryotic lineage and that in some
respects this organism might be regarded as a missing link
between eukaryotes and prokaryotes [3].

Proton pumping ATPases have been divided into three
groups: P-, V-, and F-type ATPases [4]. P-type ATPases
are characterized by a phosphorylated intermediate present
in the catalytic cycle. Many cation pumping ATPases
located in the plasma membranes of eubacteria and eukary-
otes belong to this ATPase type. The Ca’’ pumping
ATPase located in the eukaryotic endoplasmic reticulum
also is a P-type ATPase. A Ca’* translocating P-ATPase
has been described in a microsomal fraction from Giardia

[5).

* The nucleotide sequence data reported in this paper have been
submitted to the GenBank/EMBL Data Libraries under the accession
number U18938.
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F-ATPases or coupling factor ATPases are present in
the plasma membrane of Eubacteria, the inner mitochon-
drial membranes and in the thylakoid membranes of
chloroplasts. These enzymes couple the electrochemical
proton gradient produced by the electron transport chain to
the synthesizes of ATP. In eubacteria, and under experi-
mental conditions, F-ATPases can also function as ATP
driven proton pumps. So far, no F-type ATPases have been
described in Giardia.

Vacuolar type ATPases (V-ATPases) are present in the
endomembrane systems of eukaryotes: vacuoles, lyso-
somes, Golgi apparatus, coated vesicles, etc. In some
instances V-ATPases were also found to energize the
plasma membranes of specialized cells in transport epithe-
lia in animals. F- and V-ATPases consist out of two major
portions: a hydrophilic and a membrane-bound sector,
named F, or V, and F, or V,, respectively. Sequences of
the major subunits revealed that these two ATPase types
have evolved from the same ancestral ATPase. Vacuolar
type ATPases generate proton gradient across membranes.
These gradients are used to energize the transport of
solutes, to maintain a constant intracellular pH, and to
provide a signal for intravesicular processes (for reviews
see Ref. [6]). The archaebacterial counterpart of the V-
ATPase has been called A-ATPase [7,8]. In contrast to the
eukaryotic V-ATPases, A-ATPase can synthesize ATP
consuming the H* gradient [8]. The primary structure of
the A-ATPase A and B subunits is very similar to the
V-ATPase, but functionally this enzyme appears more
similar to the F-ATPase [7-9].
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In this paper we report the nucleotide and deduced
amino acid sequence of the gene encoding the catalytic
subunit A of the vacuolar H*-ATPase of the diplomonad
Giardia lamblia.

Genomic DNA from Giardia lamblia grown in axenic
cultures (ATCC 30888, strain Portland 1) was extracted
according to Ref. [10]. A short segment of the coding
region of the V-ATPase A subunit from Giardia was
amplified by PCR using genomic DNA and a pair of
primers based on previous work done by Starke and
Gogarten [11). The nucleotide sequences for the left and
right primers are TCTACGTTGGTTGTGGGGARAGNG-
GNAAYGARATG and GCCTCGCGAGCAGC-
CACAGGCATRTTNGANGTRTT, respectively. A PCR
product of 191 bases (corresponding to positions 831 to
1023) was obtained. This PCR product was subcloned in
pBluescript, sequenced, and a non radioactive probe was
prepared using digoxigenin dUTP (Boehringer) as a label
(probe 1, see Fig. 1). Two samples of genomic DNA were
digested with Kpnl and EcoRlI, respectively. Only one

band hybridized with the homologous probe 1 in a South-
ern blot (Fig. 2).

A genomic library Giardia lamblia strain WB con-
structed in Lambda Zap II was kindly provided by Dr.
Frances Gillin (University of California, San Diego, CA)
and screened with the homologous probe. 21 positive
clones were picked after the third round of screening.
Seven of them were excised in vivo and the pBluescript
clones obtained were used to transform Escherichia coli
XL1 Blue. One clone which contains the whole gene was
selected and sequenced.

The open reading frame that encodes the V-ATPase A
subunit of Giardia lamblia is 1962 bp long. The predicted
protein sequence contains 654 amino acids and a predicted
molecular mass of 71880 Da. The G + C content of the
coding region is lower (49%) than in other protein encod-
ing Giardia genes (an average of 57% was calculated by
[1]): however, the A subunit gene shows the same prefer-
ence for G/C in the third codon position (50-60%) that
has been reported for other Giardia genes [12].

GATGTATCCACAGGCCTGGACACACGGTCTCCCGTATACAATGGGCCTCCTCTAGGCTGTTAAGCTCATCATCTAGGTTAGTCTCTGCACAGTCTC

CGAAACTCCGTGAGTTCATAGAATGCCGTACCTACTCCTCTGTCGTACGCCCAACGCCGTGGATGT TATGTCTCTAAATAAATCTGTTTCAAAAAACGCCGTTTTCTTTTAAAATTTGAA

ATGGTTACAAGCGAGACGACATCTAATGGACTGATCCAGTCCATTGCAGGTCCGGTCGTCACAGCAACTAATATGACCGGGTGCTTCATGTTCGAGGTTTGCTATGTGGGAAAAGCCCGT 120
M VT S ETT S NG L I Q 8 I A G PV YV TATNMTGT CFMT FEVC Y V G KAR
TTGATTGGGGAAATCATCCAACTCAAGGGGGATTCGGCTGTTAT CCAGGTCTATGAAGATACCTCTGGGCTAGAAGTTAACGACTGCGTCTACAAATCCGGACGCCTACTTTCTGTCCAT 240
L I 6 E I I Q L K G D S AV I Q VY EDT S G L EVNDT CUV YK S 666G RL L S V H
CTTGGTCCCGGTTTACTTTCGT CTATTTACGATGGAATCCAGCGCCCCTTAGAGAAGATCGCACAGATTACTAACTCCCACTTCATCCCGCGAGGAATTTCTGCGCCAGCCTTGGATCTA 360
L G P 6L L s s$ I YD GIQRUPULEI KTIW ASGQTITNSUHT FTIUPIRSGI S AUPATLTUDL
GAGAGGAGATGGACGTTCAGACCGCTTGTCAAGTTGGGGGATCTCCTATCTGTGGGTGACATCTTTGGCATTGT TCCAGAGAACGATCTTCTGGAGTGCAAGATAATGCTACAGAGTATG 480
E R R W T F R P LV KL GGDUL L SV G DI F GI V PENDTILTILETCI KTIMMILZGQESM
Fragment A
GATTCAACGAGGCTACAAATGAGAAAGCGAACATTCCAGGCGGAAAGGTTGTTAAAATACGTGCGGCCTACCGACGCATACACAGTCAAAGACGAAGAAAAGAT CTTGGTCCTGGAATAC 600
D 5 T R L ¢ M R KRTFQAUEW RIULULIK YV RZPTDAY TV EKDEZEI KTIULVILEY
GCCGGACARAGGTATTACTACGGCCTGGCCCACTACCATCCTGTTCGTTCGCCTAAGAAGGTCTTTAAGAAGCTGCCGTGCATAAAT CCCTTGATAACAGGCCAGAGAACGTTGGATGGA 720
A G Q R Y Y Y G L A H Y HPV R S P K K+*VF K KL P CTIWNU®PULTITGQQRTUL DG
Probe 1
CTCTTTCCCCTTGCAATAGGAGCCACCGCAGCGATCCCAGGAGGTTTTGGGT GTGGGAAGACTGTCGTGAGTCAATCCATCAGCAAGTATGGTAACACAGATGTTATTGTCTACATTGGC 840
L F P L A I GA TAATI P.G G F G C G KTV V S @Q s I 5 K Y &NTUDUV I VY I G
Fragment B
TGTGGAGAGCGCGGTAATGARATGGCTGAGATCCTCACAGATTTCCCCGAAATGACATTCGAGGCTAAGAAGCGCGTTATCGGGCCATCTGGACAGCAAGAGATTAAAACGGTTGTATCC 960
¢C G E R GNEMMAEI L TUDVF P EMTT FEA AIZ XK KRV I GP S G Q Q E I KT vV V s
Probe 2
GACATTTTCAGCCGCACTGTGCTTGTCGCGAATACGTCTAATATGCCCGTTGCAGCCCGTGAGGCTAGCAT CTACACAGGAATCACGATTTCTGAGTTCTTCCGTGACCAAGGGTACAAC 1080
D I F S R TV L V A NT S NMUPV AAIREA S I Y TG I TTI S EF F R DG G Y N
GTCACTCTTCTGGCCGACTCTACTTCCCGCTGGGCTGAGGCACTGCGAGAGATCAGCGGGCGCTTGGGAGGTAT TCCGGGAGAAGGCGGCTATCCTGCTGATCTCACCTCTAAGCTTAGC 1200
v T L L A DS T S R WAUZEAULURETI S GRUL G GI P G E GG Y P ADTILT S K L S
Fragment C
CACTTCTATGAGCGTGCTGGACGAGTCATTTGTCTGGGGAATTCCAATGGTGCGTGGAGCCCAGAGAATATCCTTGATCCTACGTCTGGAGCTATCTCGTCAACCGAACAAGGTCTCCTG 1320
H F Y ERAGU RV I CL GGN S NGAW S P ENTI L DUPT S G ATI S S TEZQTGTIL L
CAACCCGGCCAGCGTATCGGCTCTGTGTCGGTGATAGGTGCTGTTTCCCCGGCTGCAGGAGATCTTTCTGATGCAGTCGCCGTCAGTACACTGGCTATAGTCCAAGTTTTCTGGGGACTC 1440
Q P G Q R I G S Vs VI GGAV S PAAGDUL S DAVAV ST ILAIUVQQV F WG L
AGCAAGAACCTGGCGAACGGCAAGCACTTTCCATCCGTCGATTGGCTCATTAGCTATTCCAGATGTACTGAGACTCTTGCGCCGTGGTACAACGCTAGAGACATCAGCTTCTTGACCAAT 1560
s K N L AN G KHF P S VDWW L I 8 Y S RCTETTULAU®PW Y N AU RUDTISFUL TN
AAGGAAAAGGCGAAGACTCTTCTGCAARACGAGGTGGCCATCCAGGAAACCGCGCAGCT CGTTGGCTATGATAGCTTGGATGATAGCGAARAGCTTATTCTCGACGTCTGTAACCTAATT 1680
K E X A XK T L L ¢ N E V A I 9 ETAOQULV GGY D s 5L DD s E K L I L DV CNILTI
CAAGAGGGCTTTTTGCAGCAGAACTCCTACACGGTGTACGATAAGTTCTGCCCGTTTATAAAGACTGATCTGATGCTTCGTAACATTGT TCATTACTACGAGTCCTGTAAGACGGCTCTG 1800
Q E G F L Q @ NS Y TV YD K FC?PVF I KTIDILMULIRIDNIWVHYYZ ES ST CIZ KTATL
GGGCAGGGACACAGCTATCAAGAGCTTAAGAACAGCCTGGAAAAGCTCATTACAGCTCTTTATAGGATGAAGT TTATAGACACTAATACTAACGGTATCGAGTACGGCGTCACCGAGTTA 1920
G Q G H S ¥ ¢ E L K N s L E KL I T AL Y R MK VPF I DTNTNG I E Y GV T E L
Putative Polyadenylation Signal
GACAAACTCCACGCCCAGATCACTGCAGCATTTGACGCGCTGTAAGLTCTTTCCAGTGAATTTACTAAGAGTTCGGGTATCGGTAAAT CCATATGGT CACTTCGGCCCTCCATACTTACT 2040

D K L HA QI ™ A A F DAL -
ATTGTTGTTACTATTGTTATTGTTGTTGTTATGATGGCGTCCGTTGCCGTGACCGCTGCCACGGTCARAGCTCGATCTATTGAATCGGTCGCCGGTAGCCTGTCTAT

Fig. 1. Nucleotide sequence and deduced protein sequence of the V-ATPase A subunit gene (vma-1) from Giardia lamblia. The translated product was
obtained using the universal genetic code. The open reading frame was identified by sequence alignment of several V-ATPase genes (see Fig. 4) and by
comparing the AT region upstream from the putative start codon with several Giardia genes (see Fig. 3). Lines above the nucleotide sequence denote
fragments A, B and C. Lines below the nucleotide sequence denote probes | and 2. Double underlined sequence mark the palindrome.
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kbp 1 2 3 4

Fig. 2. Southern blot analysis of genomic DNA from Giardia lamblia
digested with EcoRI (lanes 1 and 3) and Kpnl (lanes 2 and 4). The
digested DNA was transferred to a nylon membrane and hybridized at
68°C for 12 h, using a digoxigenin dUTP labeled probe. Lane | and 2 are
after staining with ethidium bromide, lane 3 and 4 show the crossreactiv-
ity to probe 1 (compare Fig. 3). With either endonuclease only a single
band of 3 to 4 kbp hybridized to this probe.

An AT rich region of about 80 bases precedes the
initiation codon (A + T 68%). A comparison of this region
with the 5 upstream regions of other Giardia genes is
shown in Fig. 3. Some common motifs were contained
within these regions; however, their physiological role has
not been determined. A TA octamer is located between
—13 and + 1. From primer extension and S1 analyses of
several genes, it has been determined that the 5' untrans-
lated region of mRNAs consists of 3—-6 nucleotides only,
starting within the TA octamer (see references in Fig. 3,
except HSP 70). The TA octamer is preceded by a CG rich

5’ region =70 -60 -50
in: * * *

region located at position —40 to — 10 (an additional CG
region at —60 in V-ATPase A). A motif found within
most of the CG region is CGCC. Another common motif is
a CAAAAAA box at position —60 to —20. Some varia-
tions contain either T or G, but the A content is predomi-
nant in most cases. A CAAAT motif is found in many
Giardia genes within the first 70 bases upstream from the
initiation codon; however, this motif was not found within
the 217 nucleotides preceding the putative initiation codon
of the V-ATPase A-subunit gene. From these observations
a general picture of the promoter features can be drawn:

CAAAAAA CGCC

TA octamer ATG

-60 to -20 -40 to -10 “13to+1  +1

Another potential TA octamer can be found at position
— 39, preceded by a CGCC motif; however, no start codon
was found adjacent to this TA region. Potential TATA
boxes have been identified in some Giardia genes (see
Ref. [1] for review). Comparison with upstream regions of
other Giardia genes suggests the putative initiation codon
of the V-ATPase A gene to be localized 7 nucleotides
downstream from the TA octamer. Another ATG is located
72 nucleotides downstream from the putative start codon
(see Fig. 1); however, this second ATG is not preceded by
the features typically associated with start codons in Giar-
dia (compare Fig. 3). Therefore, methionine at position 72
is an improbable start codon.

The 3' end of the gene contains the polyadenylation
signal AGTRAA that was proposed for Giardia lamblia
[13]. In the V-ATPase A subunit gene this putative
polyadenylation signal is AGTGAA and is positioned ten
nucleotides downstream from the stop codon. Interestingly,
a palindrome flanks the polyadenylation signal (see Fig.
1). A stem loop structure is often part of the polyadenyla-

-30 ~-20 -10 +1
* * * *

a-2 giardin'? |GGATAAGCGAACTCATGATGGARATTcaaatTACCTTAAAATATATTTTCTGAgCcgCcTTACATTTAGAAAATG

a~1 giardin'® |ATTAcaatTCAAAGTTGGTcaattTGAGCTT CAAAAAATACCgCCAAAAAATgg caattecggTTTTARAAATG

NADP-GDH

a-tubulin®®

B-tubulin
IIIS

surface
protein 11%7

GGGGAGATGGCTGTTCTTGAAAAGCTGACCACAAATAAcGecTTTAATTACAG9CgecCCAGATTTTARAATG

TCTTCTGGAGCAGRAAACAATTTAGAATT caaatCAGcaaatTCCAGAGTCTGGACgggCcggAAATARARATG
GATTGCCATTTAARTTGcaatCTGAACTTggcegeegeecaaa tCCAGATTCcgeeggegecgATTTAAARATG

ATCTTAGGCTTGGGTGCTTGAGATTATTAAGAAGATTCTTACCCTATAAGTGAGCTGAGAAGGATTTTAATG

ADP ribosyl. | CTGCAGATCCTTTGGCATCCTGTACAAACTATTATGATTTCAAAAAATAGAAGGCTggCcCATTAARAAGAATG

factor?'®
HSP 70 kD

V-ATPase A

TGTTGCCTTCCgaaatCAAAAAARTCAcaa t CAAAAGATCTGACGATCAGGACgecGGGARAATAAAATCATG

Fig. 3. Comparison of the first 70 nucleotides upstream the initiation codon of several genes from Giardia lamblia. Common motifs are underlined and

highlighted. See text for details. See Refs. [12-19].



E. Hilario, J.P. Gogarten / Biochimica et Biophysica Acta 128 (1995) 94-98

tion signal in higher eukaryotes [19); however, none of the
genes included in Fig. 3 contain a similar palindrome in
this position (data not shown). Its function during tran-
scription (if any) is unknown.

A multiple amino acid sequence alignment of various
V-ATPase A-subunit (Fig. 4) reveals high levels of simi-
larity throughout the sequence. The aligned Giardia se-
quence shows 52.1, 49.1, 50.2, 499, 44.4, and 44.6%
identity to the sequences from Entamoeba, Daucus, Mand-
uca, Neurospora, Sulfolobus and Halobacterium, respec-
tively. However, three regions in the Giardia A-subunit
cannot be aligned to the homologous sequences. These
fragments are located at positions: 496 to 534 (fragment
A); 898 to 960 (fragment B); and 1246 to 1332 (fragment
C). In the homologous B-subunit of the bovine mitochon-

97

drial F-ATPase these regions correspond to position 112,
200-213, and 299. All of these positions are located on the
surface of the F-ATPase [20]. At the nucleotide level,
fragment C contains some features corresponding to a
typical eukaryotic intron: it is flanked by GGT at its 5’ end
(position 1249) and AG at the 3' end (position 1332). No
spliceosomal introns have been reported in Giardia genes.
To establish the nature of fragment C, we used PCR
amplification with a set of primers flanking this region
using a cDNA library in Agtll from Giardia lamblia
(strain WB; this library was kindly provided by Dr. Michael
Mowatt, Laboratory of Parasitic Diseases, NIAID, NIH,
Bethesda, MD). The primers are located at positions: 1065
to 1984, and 1340 to 1359, corresponding to a fragment of
294 bp from the genomic clone. As shown in Fig. 5, no

Giardia MVTSETTSNGLIQSIAGPVVTATNMTGCFMFEVCYVGKARLIGEIIQLKGDSAVIQVYEDTSGLEVNDCVYKSGRLLSVHLGPGLLS
Entamoeba MNFDTDKKEKEF.KVY.VS....I.E..L.AA.N.LVR..5RG.M....R.E.TT.T..... E.A..QLG.M.ERTMKP.. .E....IMT
Daucus MPSVYGDRLTTFEDSEKESEY. YVRKVS....V DG.G.AA.Y.LVR..HDN...... R.E....T..... E.A..M...P.LRTHKP...E....I.G
Manduca MASKGGLKTIANEENEERF.YVFAVS...... EK.S.5A.Y.LVR..YNE.V....R.E. .M.T..... E...VT.G.P.LRT.KP...E.. I.G
Neurosp. MAPQONGAEVDGIHT.K.Y.VS....V.ED.I.VA.Y.LVK..HDQ.V. V RIN..Q.T..... E.A.VM.G.P.LRT.KP...E...... N
Sulfol. MV.E.RVVRVN. L I.DG.REAQ....V..SDLK.V...TRIE..R.F..... 5.D.VKPG.K..R..AP...E..... 16
Halobact. MSQAEAI.DT.E.E.VS....... GL DAQ. ND.V...DEG.M..V.EIE..VTT ..... E...IGPGQP.DNT.EP.T.D....M.D
Giardia SIYDGIQRPLEKIAQITNSHFIPRGISAPALDLERRWTFRPL VKLGDLLSVGDIFGIVPENDLLEC KIMLQSMDSTRLOMRKRTFQAERLLKYVRPT
Entamoeba ..F....... .EKSG.I....... VAS..HQ.E.E.T.. ..K..HV.G,..I.T...SA.VV H..LVPPTVMGTV TW.AEA
Daucus N.F....... KT .KRSGDVY....V.V....KDTL.E.Q. KKIGE .TG. LYAT F .S.MQ HHVA.PPDAMGKI T..A.A
Manduca R KD.NEL.Q.IY. K.VNV.S.AR.VD.E.N..N..V.SHITG..LY...H..T.VK H.MLMPPRAKGTV T.IA.A
Neurosp. N............. EAS..IY..... AT....RKKK.E.T. TM.V..HIAG..VW.T.Y..SFISVH..L.PPRARGTI TRIAEK
Sulfol. K. .DS..KVS..P.VA..V.I... RQTK.H.V. K..S,.KVGP...I.V.Q.T..I. HR.LIPPNVHGT. .ELARE
Halobact. ..... .DVLEDEMGA .LD..VD,..GI..DTD.E.E. T.EA,.EVAA..VV.T.D.TVSI. H.VLVPPRSDGGE VVAVES
Giardia DAYTVKDEEKILVLEYAGQRYYYGLAHYHPVRSPKKVFKKLPCINPLITGQRTLDGLFPLAIGATAAIPGGFGCGKTVVSQSISKYGNTDVIVYIGCGE
Entamoeba GN..L DD.VIGI.FN.KTEELSM..HW...K.RPTAE.ITSTT.. ..I..8...CIQ.G.C....A....... I..AL...S.5...I.V....
Daucus GQ.SL KDTV.E..FQ.VKKQFTMLQTW...T.RP.AS’ AADT..L....V..A.. SVL.G.C .A ....... I..AL.. S.5. TV Vool
Manduca GN.K. TDVV.ET.FD.EKAQ.TMLQVW...Q.RP.TE...ANH..L....V..5...CVQ.G.T Al I..AL...S.S8...1I.V....
Neurosp. GE... ..... EV.FD.KKTE.PMMQTW .V.RPAAE. HSANQ FLV...V..A...8VQ.G.V Ao, I...V..FS.8..... V.o...
Sulfol. GD... .DVVA.VDMN.DEIPVKMYQKW...I.RPYKE..EPVE..L. I.V. TV..I.K.G...... P..S....TL..LA,WSAAK.VI.V....
Halobact. GTF.. DDTVVE.DTG ~ EEIQMHQEW...RQRPTVD.QTPTE..VS [ G I.K.G...... P..S....TQ..LA,FADA.IV.......
Giardia RGNEMAEILTDFPEMTFEAKKRVIGPSGQQEIKTVVSDIFSRTVLVANTSNMPVAAREASIYTGITISEFFRDQGYNVTLLADSTSRWAEALREISGRL
Entamoeba ....... V.R...ALS IKVGD KE. P 1 S L..YY..M....AMM...........00... .
Daucus  ....... V.M...QL. MTL.D.RE. SVMK. .T. .. et iii it A.Y. .M. .SMM ..................
Manduca  ..... S.V.R. .L. .EI E.VT. S.MK. AL .. e it i e L..Y...M....SMM............cco.n.
Neurosp. ....... V.K .LS IEV D.RK. P.MK. . T.I... 0. tueenusncannn VA.Y..... M..AMM...S......c0teunns
Sulfol. ..... TDE.RS..KLK DPWTG K PLLL..I......00..n.. PS...V.V.MA.Y...... D.L.V...ooioeonn DLG..M
Halobact. ..... T.VIE .LP DPQTG N PIMA..T.I......... G..8C....... A YY, . M..D.AM.......... M....S.
Giardia GGIPGEGGYPADLTSKLSHFYERAGRVICLGNSNGAWSPENILDPTSGAISSTEQGLLQPGQRIGSVSVIGAVSPAAGDLSDAVAVSTLAIVQVFWGLS
Entamoeba AEM.ADS....Y.AAR.AS...... M.E...SP K.ooonn IV..... PG..F..P.TT...N........ D
Daucus AEM.ADS....Y.AAR.AS...... K.K...GP E.N...TIV..... PG..F..P.TSA..S........ D
Manduca AEM.ADS....Y.GAR.AS........ K....P D.E....IV..... PG..F..P.TAA..G........ D
Neurosp. .EM.ADQ.F..Y.GA..AS...... K.QA..SP P.E....IV..... PG. . F..P.TSA..G........ D
Sulfol. EEM.A.E.F.SY.P.R.AEY........ A...P E.Y...TIAS .PG. ,FTEP.TSN..RF.R...P.D
Halobact. EEM...E .Y.AAR..E...... YFENFNGT E O PG..F.EP.TON..R..KT..A.D
Giardia KNLANGKHFPSVDWLISYSRCTETLAPWYNAR DISFLTNKEKAKTLLQNEVAIQETAQLVGYDSLDDSEKLILDVCNLIQEGFLQQNSYTVYDKFCPF
Entamoeba .K..QR. A.N.N..F.KYIKS.DSY. .EE.VPLRD.I.EI..M.EGLLQIV....Q...AETD..T.EIARV.KDD........ P..FS.
Daucus CKO.QRL L. N...... KYSTA.ESF. EKF .SD.IDIRT..REV..R.DDLN.IV....K. A AETD.IT.ETAK.LR.DY.A..AF.P.......
Manduca CKOLQRLL L IN...... KYMRA.DDF.EKN YPE.VPLRT.V.EI..E.EDLS.IV....KA..AETD.IT E.AK.LKDD....... SS..R..
Neurosp. .K..QR..... INTSV...KYLTI.DK..ERE YPD.PRLRDRIRQ..SDSEELDQVV....KSA.S.PD.IT..MAT..K.D..... G.SD..Q.
Sulfol. VS..QAR.Y.AIN.IQGF.AYVDLV.Q.WHKNV. PNWKEMRDTMMKV.IR.DELRQIVR. .. PEE.AEKD. .V.EAAK. .KDA..KE.A.DDI.A. SSP
Halobact. SD..ERR...AIN.DE...LYKDQ.D..FTDNVVDDWAEQRQS.VDI.DE.SELE.IV....K.A.PEDQQ.T.E.ARY.R.AW. .. .ALHDV.RY..P
Giardia IKTDLMLRNIVHYYESCKTALGQGHSYQE LKNSLEKLITALYRMKFIDTNTNGIEYGVTELDKLHAQITAAFDAL

Entamoeba Y..CGII...I.F.NEAFQ.. SVD.EDHKITWATI.SAMSD.LVRIS...YEEPS Q.EQVINEKYGE.YRD..TR.AT.LE

Daucus Y.SVW.M...I.F.NLANQ.VER.AGMDGQKISYTLI.HR.GD.FYR.VSQ..E.PA E.EDVL.GKFK...DDL.S3G.RN,EDETR

Manduca Y..VG..K..ISF.DMSRH.VE STAQSDNKVTWNVIRDAMGNVLYQ.SS...K.PVKD,EAKIKADF,.Q.LEDMS.. .RN.ED

Neurosp. W..EW.MKLMMGFHDEAQK.IA..QN WNKVREATQD.QAQ.KSL. .EVPS E.Q.KICKKYEAIQQ.MLDK.ASVIDE

Sulfol. Q.QVRIM.L.YIF.NQSQDLISK. VPLKKILDKVGPIEPEII.I.YT IK.DEL NKI.EIENKLK.T..S.LKEVS

Halobact. E..YAI.SG.KTLH.ESFE..DA.VPVE. ITSIDAAPR.NR.V TTPDDEBEAEVAEIKQQITE.LRELY

Fig. 4. Sequence alignment of the Giardia lamblia V-ATPase A subunit with others V-ATPase A subunits. The following sequences were used {(accession
numbers for the GenPept databank are given in parenthesis): Entamoeba hystolvtica (U04849), Daucus carota (J03769), Manduca sexta (X64233),
Neurospora crassa (J03955), Sulfolobus acidocaldarius (J0321), Halobacterium salinarium (X70294). The multiple alignment was calculated using the
Clustal V Multiple Sequence Alignment program [21] with the following parameter settings: fixed gap penalty = 10; floating gap penalty = 10; and
Dayhoff PAM 250 matrix. Residues identical to the Giardia sequence are denoted by (.).
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Fig. 5. PCR amplification and Southern blot analysis of fragment C of the V-ATPase A subunit encoding gene from Giardia lamblia (compare Fig. 2).
Lanes 1 and 3 show the amplification products from a ¢cDNA library (I - 10° phages); lanes 2 and 4 (control) show the products obtained from clone 5¢ a
which contains a genomic sequence (103 copies). A set of primers flanking fragment C were used for the amplification. The PCR products were transferred
to a nylon membrane and hybridized at 68°C for 2.5 h, with non-radioactive probe 2 (see Fig. 2). A PCR product of about 300 bases was amplified using
either the genomic clone (lane 4) or the cDNA library (lane 3) as template (expected product: 294 bp). Both PCR products hybridized with the homologous

probe 2 (lanes 1 and 2).

difference in the size of the PCR products was observed
when either the genomic DNA clone or the cDNA library
were used as substrate for the reaction. This result suggests
that fragment C is part of the mRNA and not an intron. A
Southern blot using the non-radioactive probe 2 (compare
Fig. 1), which binds to 186 bases of fragment C, confirms
that both PCR products encode the V-ATPase A subunit
(Fig. 5).
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