
7 

c • / 
• 

• 

Gharacterization of the Vacuolar H+-ATPase of Higher Plants 

Morris F. Manolson 
; 

MeGill University 
Department of Biology 

Montreal, Quebee 
June 1988 

A thesis submi~ted to the Faculty of Graduate 
Studies and Research in partial fu1fillment 

of the requirement of the degree of 
Doctor of Philosophy 

o Morris F. Manolson, 1988 



~ 
1 • 

/ 

l 

\ 

• 

, .' , . 
1 

'. 

, "' .. , 

Dedicated to Petra, without whose love 
and support l would never have survived 

.) 
( 



~ 

.. ' ., 
'" " . ' ... 

tl \ 
Abstract ( i 

~ 

~J 

\ 

The tonoplast H+-translocating ATPase of Beta vulga~is L~ 

/ was partially purified by Triton X-IOO solubilization a~d 
, 

Sepharose 4a chromatography resulting in the enrichment of two 

polypeptides (57 and 67 kDa). Kinetic analysis of [~_32p]BzATP 

labeling identified the.57 kDa polypeptide as a nucleotide-

binding subunit with a possible regu~atory function. In 

addi t: ion, [ 14 C] OC CD - labe 1 ing iden t ified a 16 kDa po lypept ide as 

a putative transmembrane proton channel. It is concluded that 
. 

th,e tonoplast H+-ATPase is a m\lltimer composed of at least 

three polypeptides. 

Anti-57 and anti-67 kDa sera reacted with polypeptidès of 
. 
the correspondipg size in bovine chromaffin granules, bovine 

cla~hrin-coated vesicles, and yeast vacuolar membranes, 

suggesting common structural features and common ancestry for 

endomembrane H+-ATPases of different organelles and different 

phyla. Anti-57 serum was used to isolate a cDNA encoding the 

corresponding subunit from Arabidopsis. Protein sequence 

j 
analysis revealed homologies between éndomembrane, FOFI and 

archaebacterial ATPases, suggesting that these different 

classes of ATPases have evolved·from a common ancestor. 
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Chapt-er 1. LITERATURE REVIEW 

• 
1.1 INT!t0DUCTION 

Élie Metchnikoff (1905) described a series of experiments 

performed in the 1ate 19 th century in which pH-sensitive dyes 

(blue litmus, alizarin su1pho-acid and neutral red) were used 

to demonstrate that the digestive vacuoles of unicellular 

organisms were acidic compartments. Metchnikoff hypothesized 

that an acidic medium was necessary for the digestive reactions 

of the "diastase". Since this time, other endomembrane 

organelles have been found to contain acidic interiors, and the 

list of functions attributed to the pH gradient is as long as 
, 

the list of organelles themselves (see section 1.4.1). The 

enzyme responsible for the acidification has direct access to 

the cell's main energy source, ATP. It is the characterization 

of one such proton-translocating ATPase, responsible for plant 

vacuole acidification, which is the concern of this thesis. 

The characterization of this enzyme i5 important not only for 

an understanding of the formation and regulation of vacuolar 

acidification, but also to explore evolutionary relationships._ 

The approximately 8000 papers published on cation-

translocating ATPases between 1970 and 1978 (Pedersen et al., 

1982) described ATPases which could be categorized into two 

maj~r groups, the P-type and the FOFl ATPases (both of which 

will be reviewed briefly in sections 1.2 and 1.3 respectively). 

l 
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Initial reports in the late 1970s suggested that ATPases 

associated with endornernbrane organelles fit neither of the 
'.-

established groups. The common features of these enzymes 

ar gued ra ther for the' exis tenee a f a th i rd maj or group of 

cation-trans1ocating ATPasès. The evidenee to date on these 

2 

endomembrane ATPases is presented in section 1.4 including, for 

the s,ake of complet\~on, that of t'he author. Comparison of FOFI 
l~, 
P. 

with endomembrane AT~~ses has led ta evolutionary speculation 
, t1( 

on the origins of thet\ enzymes. The possibilities have beeome 
'\,\" 

even more far-reaching ~~,nsidering the new information on 

archaebacterial ATPases, which will be reviewed in section 1.5. 

1.2 P-TYPE ATPases 

The "P" in P-type 'ATPase stands for ll.hosphorylated 

intermediate (Pedersen and Carafoli, 1987), the cornmon feature 

amongst H+-ATPases from the plasma membrane of plants (reviewed 

in Briskin and Poole, 1983), yeast (reviewed in Serrano, 1988), 

and Neurospora (reviewed in Goffeau and Slayman, 1981), as weIl 

as -'the Na+,K+-ATPase (reviewed in Cant1ey, 1981), the 
' .. 

sar~op1asrnic ~etieu1um Ca 2+-ATPase (MaeLennon et al. 1986) , 

the gastric H+,K+-ATPase (Schu1l and Lingre1, 1986), and the 

K+-ATPase of E. coli (Hesse et al., 1984) and Streptococcus 

faecalis (Furst and Solioz, 1986). During the reaction pathway 

of these enzymes, a covalent phosphorylated intermediate i5 

formcd when the ~ phosphate of ATP reaets with a single 

aspartic acid residue. The formation of this intermediate is 
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3 

inhibited by vanadate which resembles the transitional state of 

the..., phosphate. Thus vanadate-sens~tivity is another common 

characteristic of this group. The more established alias of 

the P-type ATPases, the E1E2 ATPases, refers to the two major 

conformationa1 states of the enzyme (El and E2) during the 

reaction pathway (reviewed by Cant1ey, 1981). As evidence 

suggests other groups of ATPases undergo conformationa1 changes 

during their reaction cycles, it is now thought inappropriate 

to group ATPases by this characteristic (Pedersen and Carafo1i, 

1987) . Plasma membrane ATPase is yet another alias referring 

to the common location of these enzymes, although it a1so seems 

inappropriate due }o the number of exceptions. The Ca 2+-ATPase' 

located on the sarcoplasmic reticulum is a P-type ATPase while 

the non-phosphory1ated E. coli FOFl H+-ATPases and the 

archaebacterial H+-ATPases are located on the plasma membrane 

(see section 1.5).- The P-type ATPase of yeast has also been 

found in Golgi-derived vesicles, although the enzyme is 

presumably en route to the plasma membrane a10ng the se~retory 

pathway (Holcomb et al., 1~88). The P-type ATPases are similar 

in that they a1l consist of one approximately 100 kDa 

polypeptide which is thought to form six to eight mernbrane-
, 

P' spanning regions (Serrano, 1988) and which contains both 

catalytic site and ion channel. The Na+,K+-ATPase does have an 

addi~ional 50 kDa polypeptide which is necessary for activity, 

although its function is unknown (Cant1ey, 1981). 

The common structural and mechanistic features of this 

group suggest a cornmon evolutionary origin. Analysis of 

nuc1eic acid and amino acid sequences has supported the notion 
'-----
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that a11 the ATPases with a pho~phory1ated intermediate evo1ved 

from a common ancestor (Serrano, 1988). Although P-type 

ATPases have simi1ar functions to FOF1' endomembrane, and 

archaebacteria1 H+-ATPases, Serrano (1988) suggests that the y 

have evo1ved iTh~ependent1y. There i~ however evidence to the 

contrary. lt has bden suggested (Garboczi et al., 1987) that 

the phosphorylation reglon of the P-type ATPqse (SDKTGTIT) is 

homo1ogous to the ATP-binding site of the p 5ubunit of FOF1 

ATPase from E. coli (TTKKGSIT). The significance or three 

identical amine acids and three conservative changes over an 

eight amine acid overlap i5 questionable. A computer search of 

the EMBL DNA sequence library with the nuc1eotide iequence of 

the 70 kDa polypeptide of the carrot vacuo1ar H+-ATPase 

identified both FOFI and P-type ATPases (Lincoln Taiz, perso~al 

communication) suggesting a relationship between the different 

classes of ATPases. This result conflicts with the results 

_from computer searches done at an amino acid level whic~ show 

no homology between P-type and the FOFI and endomembrane 

ATPases (Lincoln Taiz, Barry and Emma Jean Bowman, personal 

commupications, and this thesis). 
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1.3 ro~l ATPases 

The name FOFI symbolizes the division of labour within 

this enzyme hetween proton conductance (FO)~and ATP hydrolysis 

or sy~thesis (FI)' When mitochondrial or chloroplast inner 

membranes are treat~d with chelating agents in low ionic 

strength buffers, oxidative or photosynthetic electron 

transport proceeds at very high rates relieved of its customary 
, 

responsibility for ATP synthesis. The first component found 

which could recombine electron transport with ATP synthesis was 

termed coupling factor 1 or FI (McCarty, 1985). The "0" in FO 

stands for oligomycin (Efraim Ra~ker, personal communication), 
. 

an antibiotic which inhibits animal but not bacteria1 FOF1 

~TPase activity through interaction with one of the FO subunits 

(Perlin et al., 1985). The most universal indicator of FOFI 

ATPase activity is sensitivity to azide, a1though the mode of 

azide inhibition is still unknown (Noumi et al., 1987). The 

common alias, ATP synthetase (or ATP synthase) points o~t the 

direction in which these H+-ATPases commonly, a1though not 

always, function. These enzymes are found in the inner plasma 

membrane of respiring or photosynthesizing bacteria (revie~ed 

in Downie et al., 1979; Dunn and Heppe1, 1981; Fi11ingame, 

1981), the inner membrane of mitochondria (reviewed in 

Cattera11 and Pedersen, 1973; Cridd1e et al., 1979) and the 

thylakoid membrane of chloroplasts (reviewed in McCarty, 1982), 

w~ere they convert an e1ectrochemical potential difference for 

protons into the chemical bond energy of ATP. In the case of 
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anaerobic bacteria such ~s Streptococcus faecalis (Kobayashi et • al., 1982) and Clostridium pasteurianum (Clark et al., 1979) 

which have no electron tranvport chains, the ATPases are 

thought to be responsible for the generation of the proton 

'gradient required for nutrient accumulation and other 

functions. 

The FI component, once detached from the membrane-bound FO 

component by mild sonication or low ionic strength buffers and 

chelating agents, becomes a waler-soluble enzyme capable of ATP 

hydrolysis but not synthesis. FI is made up of 5 types of 

\ 

) subunits, a (53 to 55 kDa), ~ (50 to 54 kDa), l (31 to 37 kDa), 

o (17 to 20 kDa) and € (8 to 14 kDa) with a proposed 

stoichiometry of 3:3:1:1:1. Studies have shown both the cr and 

P subunits to corrtain'nucleotide-binding sites (reviewed in 

Jutai and Kanazaw~, 1983). The ~ subunit is thought to contain 

the catalytic site as it reacts with catalytic-site specifie 

inhibitors. The role of the a subunit is still unclear: it has 

been proposed to contain the catalytic site (Matsuoka et al., 

1982), to contribute to a catalytic site at its interface with 

the ~ subunit (Williams and Coleman, 1982) or to have only a 

regulatory function (Dunn, 1980). In E. coli, only the a, ~ 

and l subunits are needed to hydrolyse ATP (Futai, 1977) but 

this complex is unable to bind to the Fa component without the 

addition of the 0 and € subunits (Sternweis and Smith, 1977; 

This suggests that whi1e l i5 involved in 

the hydrolysis, 0 and € function in binding the FO component to 

the FI component. Only three polypeptides (65.5, 57.5 and 43 

kDa) have been identified in Clostridium pasteurianum FI ATPase 
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suggesting that this obligately bacterla has no 

equi va1en t to the fi an~,' f (Clark et al., 1979) 

Sequence comparisons ~ al., 1985) show 

conservation of cr, p and 1 subunits between bacterial, 

ch 1 0 r 0 pla st, and mit 0 ch 0 n d r i ~.l AT Pas es, w i th i mm u n 01 0 g 1 cal 

evidence (Rott and Nelson, 1981) and sequence homo1ogy showing 
ri 

the p subunit as the most conserved. There ls partial sequence 

homology between the cr and p subunits suggesting that these two 

polypeptides may have originated from one common ancestral gene 

(Walke~ et al., 1982a). There is very litt1e homo10gy among 

species for the 1 and f subunits. The highest homo1ogy 

reported for either subunit is 20% identity for the f subunit 

in E. coli and ch1oroplast (Fu~i and Kanazawa, 1983), b'lth of 

which are weakly homologous to the mitochondria1 6 subunit 

(Walker èt al., 1982b). 

The FO component has been shown to form a transmembrane 

proton channel (reviewed in Hoppe and Sebald, 1984; Schneider 

and A1tendorf, 1987). Bacteri~l Fa has three subunits (a,b.c), 

ch1oroplast Fa has four SUbUlLits (1. II, III, IV), 

mitochondrial Fa has fiv~ subunits (su ~, su 8, su 9, OSCP and 

F 6) and Clos tri di u m pas tell :- 1. éJ.:'l U m F 0 ha son '1 yon e ide n tif i e d 

subunit (fa)' \Subu'ë.it correspondelt~e bet'W'.,en organisms is 

still an issue of debate except for the dicyclohexyl-
( 

carbodiimide- (DCCD-) binding subunits (subunit c in baiteria, 
~ 

subunit III in ch1oroplast, subunit 9 in mitochondfia and 

1 

subunit fa in Clostridium pas~eurianum) which aIl show cr~ss-

species homology (Sebald and Hopp"e, 1981). The isolated DCCD-

binding subunit (also called proteolipid) in mitochondria and 

\ ' 

\ 
\ 
\ 
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chloroplast~ has been re~Jted to be ap1e to form a DCCD­

sens i ti ve proton channe 1 by i rlf (Korlishi et sI.. 197/ 

Sigrist-Nelson. 1980). Sto~iometry for the proteolipid 

8 

.ranges from 6 to 12 copiés with each subunit capable of forming 

two membrane-spanning ~-he1ices. The hydrophobie inhibitor 

DCCD binds cova1ent1y to an acidic residue (aspartic acid in E. 

coli " glutamic acid in mitochondria and chloroplasts) located 

in the middl~ of a hydrophobic stretch of the proteo1ipid, 

/" 
perhaps inhfbiting by physical1y blocking the proton channel 

(reviewed in~Azz~et al., 1984). The FOFI inhibitors. 

oligomycin, ventu1icidin and trialkyltin are also thought to 
\ 
\ 

\ 
function through, interaction with the proteolipid (Lin,nett and 

Beechey, 1979; Perl in et al., 1985). , 
-

Despite the differences in inhibitor sensitivities an~ 
" 

subunit stru~ture, there is no doubt as to a common origin of 

" 1 

the FOFI ATPases. The subunits involved in thé primary 

functions of ATP hydrolysi~ (~. ~ and'~ ) and proton 

conductance (DCCD-binding pro te in) are conserved. Further 

ev~dence comes from the endosymbiotic theory which suggests 

that the organelles on which these enzymes reside also have a 

common origin. Mftochondria and chloroplasts are semi-

aubonomous organelles containing prokaryotic-like genes and 

protein-synthesizin~ machinery. On this evidence and from 

sequence homologies \Of rRNA, tRNA. ferredoxins and cytochromes 

i t i J sug&e 5 ted' tha t mi tochondr ia and chlorop las ts evo 1 ved from 
! ' '\ 

prokaryotes (Dayhoff and Schwartz, 1981; Schwartz and Dayhoff, 

1981) . Although the primary function of ATP synthesis ls the 

same for almost aIl FOF1 ATPases. their regulation,must differ.' 
1 • 
j 

L\ 

, 

Q • 

/1 
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For instance, while the bacterial ~_TPases aiternate between ATP 

syntresis and hydrolysis to accommodate aerobic and anaerobic 

conditions, chloroplast ATPases are regulated according to 

illumination, with ATP hydrolysis .being inhibited in the dark. 

Perhaps the differences in regulk.tion have ted in the 

differences in inhibitor" sensitivities and n the minor 

subuni ts. It has beell specu1ated that the simp1er subunit 

composition of Clostridium pasteurianum reflects the eariier 

evolutionary status of an obligate anaerobe (Maloney and 

Wilson, 1985). 

1.4 ENDOMEMBRANE ATPases 

I . 4 . 1 . Loc a t ion and R ole. 0 f End 0 m e m br a n e AT Pas El S 1 

The ,a1iases of this group (V-type ATPase or vacuolar 

ATPase (reviewed in Bowman and Bowrnan, 1986; Pedersen and 

Garafoli, 1987a; Schneider, 1987). acidic organelle ATPase 

(reviewed in .Rudnick, 1986J, Tp-type or tonoplast-type ~TPase 

(reviewed in Sze, 1985). and microsomal H+-ATPase (reviewed in 

AI-Awquati, 1986», refer to the locations of these H+-ATPases 

(summarized in Table 1.1). With the exception of the' turtle 

uri na r y b 1 ad der 1 u min ,a 1 me m br a n e s ( G.,l u c k e t al.,. 1 9 8 2) and the 1. 

renal medu11a microsomes (Gluck and Al-Awqati, 1984), 

ATPases are located on intracellular organelles which 
û 

acidic interiors. 
~ 

Endomembrane ATPases hydrolyze ,ATP 

and Pi. using the energy of the chernical bond to pump 



• 
Table 1 1 Loc.tion. of endo.e.br.ne ATP •••• 

Orunelle 

CHROHAFFIN GRANULES 

CLATHRIN - COATED .VESICLES 

ENDOPLASKIC RETICULUM 

ENDOSOHES 

GOLGI 

LUHINAL URINARY BLADIlER 

LYSOSOMES 

HULTIVESICULAR BODIES 

PLATELET DENSE GRANULES 

RENAL HEDULLA HICROSOMES 

SYNAPTOSOKES 

VACUOLE 

Bovine Adrenal Kedullae 

Bovine Bralns 

Rat Liver 

Rat Llver 

Corn Co1eopti1es 
Rat Liver 
Sycamore (cell culture) 

Turtle 

Baby Hamster Kidney 
(Cell Suspension) 
Rat Liver 

Rat liver 

Pig Livet 

Bovine 
Rat 

Rat Forebr81n 

CAM Plant 
Co'rn Coleoptl1es 
Oat Roots 
Red Beet 

Radish 
Sugatèane 
Heurospora crassa 

Saccharomyces carlsb~en s 
Saccharomyces cerev!s!a .. 

" 

Reference 

Apps and Schatz, 1979 
Cldon and Nel.on, 1983 
Dean et al., 1986 

Stone et al., 1982 
Forgae et a1.'''-1983 

Rees-Jones and AI-Awqatl, 
1984 

Saermatk et al , 1985 

Chanson et .1 , 1984 
Glickman et al , 1983 
Ali and Akazawa, 1986 

Gluck et al , 1982 

Calloway et al , 1983 

Ohkuma et III 1981 
Schneider, 1981 

Van Dyke, 1986 

Dean et al , 1984 

Gluck and A1-Awqatl. 1984 
Kaunitz et al , 12~.5 

Cidon et al , 1983 

Joch~m and Luttge, 1987 
Mandala 8nsl Taiz, 1985a 
Uang and Sze, 1985 
Poole et al., 1984 
Bennet et sI , 1984a 
Mlche1ls et al , 1983 
Thom et al , 1983 
Bowman and Bowman, 1982 
Llchko and Okorokov, 1984 
Kakinuma et III , 1981 
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into the interiors of their respective organelles. The 

resulting proton gradient is used as th~ driving force for. 

secondary transport, or to provide an acidic pH for optimal 

Il 

activity of degradative enzymes, protein pr6cessing, receptor­

ligand dissociation or urinary acidification (detailed in Table 

1. 2) . Rausch eë al. (1987) have demonstrated the direct 

loup1ing of secondary transport to the proton gradient 

generated'by the tonopl~st H:-ATPase by showing that antibodies 

spe~ific to the tonop1ast ATPase a1so inhibited active gl~cose 

transport into tonop1ast vesic1es. 

1.4.2 Inhibitors of Endomembrane ATPases 

The first evidence that endomembrane ATPases shou1d be 

corlsidered as a pew class was their insensitivity to FOF1-type 

inhibitors (azide, oligomycin and efrapeptin) and to P-type 

inhibitors (vanadaie and ouaba~n). The common indlcators of 

endomembrane ATPases are sensitivity to N-etpylma1eimid~ (NEM), 

7-chloro-4-nitrobenzo-2-oxa-1,3-;..diaz01e (NBD-Cl), DCCD and 

nitrate. A1though NEM, NBD-C1 and DCCD aI 50 inhibit the other 

classes of ATPases, the 10w effective concentrations (~M range) 

of NEM and ~BD-CL and the high concentration range of DCCD (mM 

range) distinguish the endomembrane-type. 

Inhibition hy the alkylating adenine-ana1og, NBD-C1, has 

been shown to be protectab1e by nuc1eotides (Dean et al!, 1984; 

Wang and Sze, 1985; Mandala and Taiz,. 1986; Bowman et al., 

1986; Arai et al., 1987b; Moriyama and Nelson, 1987a). to 

fol1ow pseudo first-order kinetics (Randall and Sze, 1987; 

Uchida et al., 1988), and to be reversib1e by either DTT 
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Tabla 1.2 PUDctl~ of protoD aradiaDt 

Prunelle 

t-- ---

CHROKAFFIN GRANULES 

CLATHRIN-COATED VESICLES 
AND ENDOSOKES 

ENDOPLASMIC RETICULUM 

GOLGI 

LUKINAL URINARY BLADDER 

LYSOSOMES 

PLATELET DENSE GRANULES 

RENAL KEDULLA KICROSOMES 

SYNAPTOSOMES 

) VACUOLE 

[unetion 

En;r&y source for catecholamine accumulation 
(8a~hford rt al., 1976) 

/ 

Acidification trig&er~ receptor-ligand dissociation 
(revieved in Me1lllan et .1 , 1986) 

*Tran~location of proteins and sugar 
(Rees-Jones and Al-avqati, 1984) 

*Acidic interior required for procecsing of nev1y 
synthesl~ed prote in. (Zang and Schneider, 1983) 

Protons pumped Into the b1adder lumen recuIt in 
urlnary acidification (Gluck et .1 , 1982) 

Acidic interior required for optimal activity of 
lysas omal degradative enzymes (Coffey and de Duve, 
1968) 

Energy source for serotonin accumulation, 
(Dean et 81 , 1984) 

Urinary acidification in lIammalian collecting duct, 
(Gluck and AI-A\o1qati, 1984) 

Energy source for accumulation of neurotransmitters, 
~Anderson et.1 1982) 

Energy source for metabolite aCcumulation, 
acidic interior requlred for optimal activity of 
degradative .. :lz'ymes, regulation ofootcytoplasmic 
pH (reviewe~ in Baller and Wie~ken,1986) ~ 

*speculation 
( 
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(Randa1l and Sze, 1987) or p-mercaptoethan01 ~Uchida et al., 

1988). These resu1ts suggest that NBD-Cl interacts with aither 

a tyrosine or cys~eine 10cated in the cata1ytic site. Uchida 

et al. (1988) also showed NBD-~1 inhibition to he pH-dependent 

with optimal Jnhibition in alkaline medium, suggesting that at 

~east in yeast the modified residue is tyrosine. ATP­

protectable labeling with [14Cl-NBD-Cl was found on1y on one 

) polypeptide (Bowman et al., '1986; Mandala and Taiz, 1986; Aria 

et al., 1987; Randa11 and Sze, 1987; Uchida et al" 1988) , 
1dentifying it as the catalytic subunit (see section 1.4.6) 

Irreversible inhibition of the endomembrane ATPases by 

the sulfhydryl reagent, NEM, can only be partially protected by 

nucleotides (Bowman et al., 1986; Griffi'th et al., 1986; Percy 
\ 

and Apps, 1986; Arai et al;, 1987h; Cuppoletti et al., 1987; 

Moriyama and Nelson, 1~87a) suggesting that NE~ is interacting 

at several sites, one of which is a nuc1eotide-~nding site 

containing cysteine. Randall and Sze (1987) showed that NEM 

ed plant tonoplast H+-ATPase activity in a non-linear 

, again suggesting that NEM modifies several sites. 

The1e complex kinetics coneur with the ATP-protectab1e [ 14 C]_ 

nucleotide-binding subunits in plant 

H+-ATPases (Stephen K. Randall, unpublished results) 

and three subunits in chromaffin granule H+-ATPase (Moriyama 

and Nelson, 1987a). Sequencing of the plant cata1ytic subunit 

has confirmed the presence of cysteine residue~ within the 
Iv 

putative catalytic region of the polype~tide (Lincoln Taiz, 

personal communication). 
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Yith the exception of plant Golgi H+-ATPases (Chansùn and 

taiz; 1985; Ali and Akazawa, 1986) endomembrane ATPases ar« 

inhibited by nitrate. Nitrat~~nd other chaotropic monovalent 

ions (SCN- and Cl04-) were shown to be competitive inhibitors 

of plant tonoplast H+-ATPases (Griffith et al., 1986). Lack of 

positive or negative cooperative interaction between nitrate 

and ~p (also a competitive inhibitor) with respect to enzyme 

inhibition led Griffith et al. (1986) to conclude that nitrate 

inhibition was not due to its stereochemical similarity to the. 

1 phosph~te of ATP, but rather due to its chaotropic 

. properties. Irreversible inhibition by higher concentrations 

vof chaotropic anions was shown to be caused by the release of-

the peripherally bound nucleotide-binding subunits (Rea et al. 

1987a) . 

DCCD,~a hydrophobie carboxl\ reagent, not only inhibits 

.11 the endomembrane ATPases. it ~as a1so been shown to inhibit 

facilitated proton diffusion thro~the reconstituted 17 kDa 

polypeptide from clathrin-coated vesicle ATPase (Sun et al., 

1987) . This suggests that the site of DCCD interaction i5 the 

proton channel-forming subunit. 

The anion-channel blockers, diethylstilbestrol (DES) atd 

4,4'-diisothiocyano-2,2'stilbene disulfonic acid (DIDS) are 

irreversible inhibitors of endomembrane ATPases from plant 

vacuoles (Thom et al., 1983; Aoki and Nishida, 1984; Poole et 

al., 1984; Mandala and Taiz, 1985a; Marin et al., 1985), plant 

Golgi (Chanson and Taiz, 1985) and bovine renal medulla (Gluck 

and Caldwell, 1987). F'or the plant vacuolar H+ -ATPase, DIDS 

inhibition cou1d be protected by Cl- suggesting that DIDS and 
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Cl- bind to the same site(s) on the enzyme (Churchill and Sze, 

1984) . 

1.4.3 Endomembrane ATPases are E1ectrogenic Proton Pumps 

MgATP-generated formation of inside-positive membrane 

potentials and inside-acid pH gradients in membrane vesicles, 
" 

as weIl as in endomembrane organelles in situ, have been 

attributed to endomembrane ATPase activity through similarities 

in kinetic parameters, substrate specificities and inhibitor 

sensitivities. Formation of membrane potentials and pH 

gradients is sensitive to NBD-C1, NEM, nitrate, DCCD, DIDS, and 

DES but insensitive to vanadate, ouabain, azide and oligomycin 

(Ohkuma et al., 1982; Cidon et al., 1983; Bennett et al.. 1984; 

Gluck and A1-Awqati, 1984; Lichko and Okorokov, 1984; Poole et 

al., 1984; Kaunitz et al., 1985; Mandala and Taiz, 1985b; 

Saermark et al., 1985; Wang and Sze, 1985; Xie and Stone, 1986; 

Moriyama and Nelson, 1987b). Churchill and Sze (1984) 

calculated the apparent Km for Mg~P of proton pumping in plant 

vacuoles ta be 0.1 mM, which is close ta the 0.25 mM calculated 

for ATP hydrolysis in the same cissue (Wang and Sze, 1985). 

Poole et al. (1984) demonstrated\simi1ar pH dependency and 

S',bstrate specificities for ATP hydrolysis _ and proton PumPingr 

~.4.4 Chloride Stimulation 

With the exception of lysosoma1 H+-ATPases (Cidon et al., 

1983; Moriyama et al .• 1986), endornembrane ATPase activ1ty 1s 

stimulated by chloride. Churchill and Sze (1984) found the 

primary chloride effect to be an increase in Vmax for ATP 

.l 
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hydrolysis in plant vacuolar H+-ATPases. In contrast, Griffith 

et al. (1986) found that in the presence of i-onophor,es, 

chloride lowered the Km of the plant enzyme for MgATP while not 

affecting Vrnax . The different resu1ts suggest that when using 

sea1ed vesicles, the primary stimulating effect of chloride is 

to dissipate the electrica1 potential being built up in 

vesicles allowing a greater proton gradient to be generated. 

In the presence of ionophores there appears to be a direct 

effect of c~loride on the enzyme. This has yet to be fully 

characterized although DIDS may be a useful probe to identify 

the p~tative chloride binding site (see section 1.4.3). 

1.4.5 Substrate Specificity 

A1though aIl endomembrane ATPases show ATP as the most 

efficient substrate, there are considerable differences 

re~orted in the utilization of other nucleotides. The 

partially-purified enzyme from yeast can also hydrolyze (in 

decreasing order of preference) GTP, UTP, and CTP (Uchida et 

al., 1985) while the partially-purified enzyme from plant 

vacuoles used also GTP and ITP (Mandala and Taiz, 1985a). In 

plant vacuoles (Poole et al., 1984), chromaffin granules (Dean 
\ 

et al., 1986), platelet dense granules (Dean et al., 1§84), and 

lysosomes (Ohkuma et al., 1982), both ATP and GTP are 

substrates for proton-pumping activity. In contrast, a strict 

requirement for ATP was found for proton-pumping in endoplasmic 

retic~lum (Rees-Jones and Al-Awqati, 1984), bovine kidney 

medulla (Gluck and AI-Awqati, 1984), clathrin-coated vesic1es 

(Xie et al., 1983) and Golgi from plant (Chanson and Taiz, 
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1985) or animal sources (Glickman et al., 1983). Differences 

in nucleotide specificity may be due to ADP and nucleotide-5'-

diphosphokinase in the membrane preparation (Xie et al., 1983), 

non-specifiC~hosPhatase activity or impure 

nuc1eotidesl \ 

sources of 

1.4.6 ~ubunit Structure'and Functiona1 Mo1ecu1ar Mass 

The endomembrane ATPases are multimeric enzymes consisting 

of at least three to possibly ten types oi subunits (summarized 

in Table 1. 3). The disparity between the numbers and molecular 

weights of the subunits from different sources reflect in part 

the different degrees of purification and diff~rent ~ystems of 

electrophoresis. Evidence of structural and functional 

s i ID i'l a rit i e s 0 f th e nu c 1 e 0 t ide - b in d i n g s u bu nit s will" b e 

Note that in Table 1.3 , all 
1 

presented in chapters 3, 4, and 5. 

,the preparations hydrolyze ATP, but those shown to be 

reconstitutively active in proton trahsport (Xie and Stone, 

1986; Gluck and Caldwell, 1988) list the most subunits. 

Perhaps, as i5 the case with"FOFI-ATPases, only three suburiits 

are requircd for ATP hydro1ysis, but ten subunits are required 

for coupling hydrolysis to proton pumping. 

The most controversial subunit is the largest one (100 to 

116 kDa) reported to be the catalytic subunit in chrom~fin 

granules (Cidon and Nelson, 1986) although this was quickly 

refuted by the same group one year later (Moriyama and Nelson, 

1987a) . To explain the absence of the 115 kDa subunit in other 

preparat.ions, Nathan Nelson (personal communication) stated 

that harsh denaturation (boi1ing samp1es in SDS buffer5 caused 
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Table 1.3 Estimated Molecular Mass of Polypeptides 

in Partially~Purified Preparat10ns of Endoaeabrane H+-ATPases 

Membrane: Plant Tonop1ast 

Source: Beet Corn 

Reference: 1 2 

Poly-
peptIdes: 

67 nb, (d) 
62(d) 57a 

16C 16c 

\ 
1 Manolson et al., 1985 
2 Mandala and Ta1z, 1986 
3 Randall and Sze, 1986 
4 Randall and Sze, 1987 
5 Marin et al., 1985 
6 Bowman et al., 1986 
7'Uchida et al., 1985 
8 Uchlda ~" 1988 

Fungal TOn?plast Latex 
Luto1ds 

Oat Rubber 
Plant 

3,4 5 

72b, (e) 66 
60(e) 54 

23 

16C 13 

llilll.r.Q -
~ 

6 

~ 

70b ,e 
62 

1SC 

9 Xie and stone, 1986 
10 Arai et al., 1987 
11 Percy et al., 1985 
12 Percy and Apps, 1986 
13 Cldon and Nelson, 1986 
14 Horiyama and Nelson, 1987a 
15 Gluck and Caldwell, 1987 

Yeast 

7,8 

80b ,d 
64 

19.5C 

ClathrIn- Chromaffin 
coated Granules 

VesIcles 

BovIne Brain Bovine Adrenal 
Medul1a 

9g 10 11,12 13,14 

116 100 115d ,e,f 
70(e) 73 b ,e 70b 72d ,e,f 
58(~ 58 5.7 57 

40 40 41 
39d ,e,t 38 38 

34 34 --33 33 )3 

15c 19 16c 17c 

17 

a BzATP-bInding 
b NBO-CI-b1nd1ng 
c DCCD-bInding 
d 8-azido-ATP-binding 
e NEH-binding 
f ATP-blndlng 
9 Reconstltutively active 

() Unpublished data 

... 

,., 
("~ 

Renal Medulla 
MicrosolIIes 

Bovine KidnéY 

1Sg 

.f> 

70 
56 
45 
42 
38 

33 
31 
15 

14 
12 
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only the 115 kDa subunit to aggregate, th~s preventing it from 

entering the gel matrix during electrophoresis. Perhaps harsh 

denaturation methods are required to dissociate the two other-

nucleotide-binding subunits (72 kDa and 39 kDa) reported by 

[ 
Mori)ami and Nelson (1987) which together could possibly 

migra te to 115 kDa. 

ATP-protcctable binding of NBD-Cl, NEM and 8-azido-ATP to 

the second-Iargest subunit (66 ta 80 kDa) and immunological 

evidence has led investigators ta report this polypeptide as 

the catalytic subunit (Bowman et al., 1986; Mandala and Taiz, 

1986; Percy and Apps, 1986; Arai et al , 1987b; Mo~iyama and 

Nelson, 1987a). The most convincing evidence for identifying 

the catalytic site came from correlating the kinetics of 

inaçtivation by NBD-C1 to the kinetics of subunit labeling by 

(14 C ]NBD-Cl (Randall and Sze, 1987; Uchida et al., 19813). 

Sequence analysis of this subunit from plant and fungal sources 

.revealed &utative ATP-binding sites (Lincoln Taiz, Emma Jean 

Bowman and Barry Bowman, persona1 communications) 

There are several unpub1ished reports, (see Table 1.3) of a 

nucleotide-binding site on the third largest-polypeptide (54 ta 

64 kDa). Evidence of a possible regulatory function for this 

subunit 15 presented in Chapters 3 and 5. 

The only other polypeptide with an assigned function is 

the DCCD-binding subunit (15 to 19.5 kDa) which, by analogy 

with FOFI ATPases, was assumed ta ~orm the membrane-~panning 

proton channel. Purification in chloroform:methanol has shawn 

this polypeptide to be very hydrophobie (Arai et al., 1987a; 

Kaestner et al., 1987; Rea et al., 1987b) and to be able ta 
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faei1itate proton diffusion in a teeonstituted system (Sun et 
t 

sI., 1987). The hydrophobie eharaeter has been eonfirmed by 

sequence analysis of the 17 kDa subunit from chromaffin 

granules (Nathan Nelson, personal communication). 

Calculations of the mo1ecu1ar mass of the f~ctional 

endomembrane ATPases are summarized in Table 1.4. lt 18 

unelear whether the differences in reported mass reflect real 

differ~ces in size between species, as the same method applied 
') 

to the same source of enzyme gives different values when 

performed by different workers (Forgac and Berne, 1986; Xie and 

Stone, 198"6) . 

i 
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Mol. Mass 
(kDa)' 

300-600 

200 

400 

52Q 

530 

230 

134 

~ 

Table 1.4. Kolecular mass of functional endomembrane ATPases 

Method 

estimated by gel filtration 

estimated bo/ gel filtration 

ra~iation inactivation 

radia t ion inac t'i va t ion 

sedimentation equilibrium 
centrifugation 

sedimentation equilibrium 
centrifugation 

sedimentation equilibrium 
centrifugation 

,. 

Source 

plant vacuole (Randall and Sz~, 1985) 

latex lutoids (Marin et al., 1985) 

pl~nt vacuole (Mandala and Taiz, 1985a) 

Neurospora vacuole (Bowman et al., 1986) 

clathrin-coated vesicles 
(Xie and Stone, 1986) 

clathrin-coated vesicles 
(Forgac ~~d Berne, 1986) 

chromaffin granule, (Dean et al., 1987) 

-" 

•• 

-

~, ~ 

\-,< 
i~ 
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1.5 ARCHAEBACTERIAL ATPase 

, 
A1though thei~ names and prokaryotic characteristics may 

suggest archaebacteria and eubacteria to be simi1ar, 

phy10genetic data show these two groupR to be as evo1utionari1y 
" ~ 
.' , 
·C distant as eubacteria are from eukaryotes (see Chapter 6). 
\ 

Th~, differences between bacteria1 FOF1 ATPases and 

archaebacteria1 ATPases were expected. ATPases from the plasma 

~ 

membrane of Halobacterium halobium (Mukohata and Yoshida,· 

1987), Halobacterium sacqharovorum ~Hochstein et al., 1987.), 

Sulfolobus acidocaldarius (~akagi and Oshima, 1985), and 

Hethanosarcina barkeri (Inatomi, 1986), 1ike endomembrane 

ATPase, are insensitive to FOF1-type and P-type inhibitors. 

They are not inhibited by azide, oligomycin, 'or 10w 

concentrations of DCCD, nor are théy affected by vanadate or 
> 

ouabain. Like the endomembrane ATPases, the A~ases from s. 

acidocaldarius (Konishi et ~l., 1987; Lubben and Schafer, 1987) 

and H. halobium (Mukohata and Yosnida, 1987; Nanba and 

Mukohata, 1987) are inhibited by nitrate and the 'sulfhydryl 

reagents NBD-C1 a'bd NEM. With the exception of H. '\ 
{J 

saccharovorum, ârchaebacterial ATPases are activated by the 

anions sulfate and sulfite, although in contrast to 

endomembrane ATPases they are unaffected by chloride. 

Archaebacterial ATPases are similar to both endomembrane and 

FoFl-types in that they are multimeric and the catalytic 

• portion can be removed from the membranes with EDTA in a low 

ionic strength buffer, i'inplyin'g it is periphera11y bound. 
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Partial purification has revealed a subunit structure 
\ 23 

(summarized in'Table 1.5) similar ta that of the endomembr~he 

ATPases, Wi~h two prominent polypeptides with a range of 8~-62 
and 64-49 kDa. As none of the purified ATPases in Table l.~ 
have been shawn ta be reconstitutively active, the number Of\ 

polypeptides May be underestimated. Although there is still ~o 

direct evidence as to ~unction, similarities in inhibitor 

sensitivities, pH optima, and subsrrate specifidities between 

the partially purified ATPase activities and ATP syn!hesis in 
/~ 

vivo .suggest é}n energy coupling function similar ta that of the 

FOFl ATPases. Antibodies raised against the partially purifieJ 

ATPase from H. halobium cross-reacted with ATPa~e subunits from 

s. acidocaldarius and from plant vacuolar ATPases (Mokohata et 

al., 1987). Further evidence of an evolutionary link between 

archaebacterial and endomembrane ATPases cornes from sequence 

comparisons discussed in Chapters 5 and 6. 

1· 

r· 
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Table 1.5 Estimated Mole~lar Mass of Polypeptides in Partially-Purified 

Preparations of Archaebacterial Plasma-Membrane-Associated ATPases 

. Sourc~: Sulfolobus 
acidocaldarius 

Reference: 

Polypeptides: 
(kOa) 

Functional 
molecular mass: 

1 

65 
51 

2 

69 
54 

360 

1) Lubben and Schafer, 1987 
2) Konishi et al., 1987 
3) Mukohata and Yoshida, 1987 
4) Hochstein et al., 1987 
5) Inatomi" 1986 

J ' 

~ • 

Halobacterium 
halobium 

3 

86 
64 
28 

300-
320 

Halobacterium 
saccarovoru..!!! 

4 

87 
60 

350 

Methanosarcina 
barkeri 

5 

62 
49 
29 
20 

420 

.JA 

.." 

! , , 
( r-, 
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CHAPT ER 2. KATERIALS AND KETHODS 
r 

2.1 PROTEIN 

2.1.1 Plant Material 

" 

~resh red beet (B. vulgaris L.) storage roots with leaves 

intact were purchased commercially, stored at 4°C, and used -

within 1 week of purchase. 

Columbi~ wild-type Arabidopsis thaliana seeds were a kind 

gift of Howard M. Goodman, Harvard Medical School. Se~ were 

sterilized in a 10% hypochlorite, 0.1% Triton X-lOO solution, 

and then washed 'with 15 x 10 ml sterile ddH20. Seeds were 

planted out on sterile 1.0% agar containing 4.3 g/l Mur~shige 

and Skoog salt mixture (Gibco) and 0.1 M sucrose (pH 5.8). 

Seedlings were raised in a growth c~amber at 26°C under 

continuous lighting. 

• 

2.1.2 Isolation of Membrane Fractions and Mitochondria 

Fractions enriched in tonoplast vesicles, plasma membrane 
, , 

vesic1es, or mitochondria were isolated from red beet by 

sucrose density gradient centrifugation as described by Poole 

et al. (1984) except for the compositions of the homogenization 

and suspension media which were based on the recommendations of 

Scherer and Morré (1978). The homogenization medium consisted 

of 10 mM glycerophosphate, 0.65 M ethanolamine (adjusted to pH 

8.0 with ooncentrated H2S04), 0.28 M choline chloride, 26 mM 
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potassium metabisulfate, 2 mM salicylhydroxamic acid (Sigma), 

0.2% (w/v) BSA (fraction V, essentially fatty acid-free, Sigma) 

10% (w/v) in~oluble PVP (Sigma), 5 mM dithiothreitol (DTT), 0.5 

mM butylated hydroxytoluene (Sigma), 1 mM nupercaine (Sigma) 

and 1 mM'phenylmethylsulfonyl fluoride (PMSF) buffered to pH 

8.0 with 5 mM Tris-Mes. The suspension medium consisted of 1.1 

M glycerol, l mM Tris-EDTA, l mM nupercaine, 0.5 mM butylated 

hydroxytoluene, l mM PMSF and 5 mM DTT buffered to pH 8.0 with 

5 mM Tris-Mes. Choline an; ethanolamine were included to 
~ 

minimize membrane degradation by phospholipase D. nupercaine to 

inhibit phospholipase A, butylated hydroxytoluene to inhibit 

lipid peroxidation, and glycerol or glycerophosphate to inhibit 

phosphatidic acid phosphatase activity. 

Membrane vesicles from Ara~idops~s thaliana were prepared 

using the same solutions and homogenization conditions as above 

except that the ratio of homogenization buffer (ml) to fresh 

tissue (g) was 4:1. The homogenate was centrifuged at 13,000 x 

g for 10 minutes (to remove mitochondria) and the supernatant 

c~~trifuged at 80~OOO x g for 35 minutes. The microsomal 

pellet contained '~embrane vesicles from both tonoplast and 
( 

plasma membrane'and was used for Fig. 5.1 with no further 

puriftcation. 

2.1.3 Synthesis of BzATP 
~ 

BzATP and [~_32P1BzATP were synthesized as described by 

Williams and Coleman (1982) and purified by paper 

chromatography. The purified compound migrated as a single 

spot upon TLC and had an RF identica1 to that reported by 
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Wi1iiams and Coleman. 
t, 

The specifie activi~y of the [«-

32 p )BzATP used in these experiments was 40 mCi/mmo\~ 

2.1.4 Labeling of Tonoplast Vesicles with [«_32 p )BzATP 

Photoirradiation was performed in the long-wavelength 

mode o~ a UVSL-58 Mineralight (Ultra-Violet produetsl Ine.) at 

a sample-to-source distance ,of 3 cm. The samples for 

photoirrad'iation consi~':ted of tonoplast (150 J-Lg of membrane 

prote in) in 200 J-Ll of 30 mM Tris-Mes (pH 8.0) containing 0.3 mM 

MgS04, 50 mM KCl, a,nd the concentrations of BzATP and ATP 

~ndicated in the text and legends. Photolysis was for 20 min 

in open, ice-cooled micro-Petri dishes of 1.5 cm inner 

diameter, after which time unbound label was removed by 

centrifuging the suspension through a Sephadex G~50 (fine) 

co1umn. The samples were concentrated ta l to 3 mg/ml protein 

by centrifugation for 45 min at 120,000 x g for so1ubllization 

and chromatography, or immedtately prepared for SDS-PAGE. 

wi th [l4 C ] DCCD 
, " 

2.1.5 Labeling of Tonoplast Vesicles 

The membranes were labeled with 
'/ f , 

[14CJDCCD~(60 mCi/mmol) by 

the incubation of tonoplast (250 ~g/ml of membrane prote in) in 

30 ~M [14 C ]DCCD in 30 mM Tris-Mes, pH 8.0, for 25 min at room 

temperature. Unbound label was removed by centrifugation for 

.... 
45 min at 120,000 x g, followed by resuspension of the pellet 

~ 

in ice-cold 30 mM Tris-Mes. The washing procedure was kepeated 

at 1east twice .. The membranes were prepared for solubilization 

and SDS-PAGE as described.be1ow. 

.. 
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2.1.6 Membrane Solubilization 

Tonoplast vesicles we~ solubilized with Triton X-IDD 

using the following pro~edure. The tonop las t suspension'- was 

adjusted to 2-4 mg/ml membrane protein with suspension medium, 

and an equal volume of Triton X-IOO in 20% (w/v) glycerol, 5 mM 

Tris-Mes (pH 8.0), 1 mM Tris-EDTA and 5 mM DTT was added 

dropwise with constant stirring. The mixture was incubated on 

ice for 20 min and 'centrifuged at 200,000 x g for 35 min. The 
J 

supernatant and pellet were collected separately. The 

"-
<tonoplast ATPase was routinely solubilized with a final 

concentration of 4!il1 (w/v) Triton X-IOO. 

2.1.7 Preparation of Phospholipids 

The phospholipicls used in these experiments w~re mixed 
I~ ., 

sojbean phospholipids (L-Œ-phosphatidy1choline, Type IV, from 

Sigma) containing approximately 40% phosphatidylcholine. For 

the phospholipid activation experiments, 25 mg phospholipid was 

dissolved in 2 ml chloroform !n a screw-cap vial, and a thin 

film of phospholipid was formed on the sides, of the vial by 

evaporation of. the soivent under a stream of N2. Residual 

solvent was removed by lyophil~~ation for 3-4 h, and the vials 
--.// 

were closed under N2 and stored at -sooe. Immedlately before 

use a 25 mg/ml stock suspension was prepared in 5 mM Tris-Mes 

(pH 8.0) an~ clarified by sonication for 20 min in a b~ 
sonicator at lOGe. 

2.1.8 Chromatography on Sepharose 4B 
r ~ 
~ ~ 

The solubilized ATPase was partia1ly purified by gel 
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filtration on Sepharose 4B or CL-4B (Pharmacia). A 90 x 1 cm 

inner-diameter column packed with Sepharose 4B was equilibrated 
~ 

a 
with running buffer (10% (w/v) glycerol, 0.3% (w/v) Triton X-

100, 0.05 mg/ml phospholipid, S mM DTT, 1 mM Tris-EDTA, and 5 

mM Tri s - Mes, pH, 8 . 0) the n 2 t 0 3 mg 0 f Tri ton X - 100 - sol u b i 1 i z e d 

~onoplast prote in was applied. The column was operated at a 

flow rate of 3-4 ml/h at SOC. 

2.1.9 Preparation of Native Membranes, Triton X-lOO 

Supernatants, and Sepharose 4B Fractions for SDS-PAGE 

For the experiment shown in Fig. 3.4, a modification of 

the method of Piceioni et al" (1982) was employed for the 

phase .separation of' phospholipid and Triton X-lOO into diethyl 

ether and ethanol, respectively, bcfore denaturation and SDS-

PAGE of the chromatographie fractions. The removal of 

phospholipid and detergent before denaturation was found to be 

(necessary in order to obtain high resolution in the low 
\ 
~olecUlar size range of the polyaerylami~e gels. ~ 

tJlE\\ sampres were made 10% (w/v) with trichloroacetic acid, 

left on iee for 30 min, and centrifuged for 10 min in an 

Eppendorf mierofuge. The supernatants were aspirated, the 

pellets were extraeted with l ml of 90% (v/v) ethanol, and the 

centrifugation step repeated. The pellets from the ethanol 

extraction were dissolved in 50 pl of 3 mM Tris-Mes buffer (pH 
) 

8 . 0) COn t a in i n gO. 1 % ( w / v ) S D San d ex t r a ete d w i t 1\ ' ,1 ,_ml 0 f eth e r 

for 10 min at room temper~ture. The two phases were resolved 

by centrifugation, the upper phase aspirated, and the aqueous 

phase extracted once more with ether before centrifugation and 
............. 
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aspirat~n of the upper phase., Residunl ether was removed by 

evaporation under a stream of air. The final aqueous phase was 
--... 

frozen, lyophilized and denatured for 5 min nt 100°C in~ 

denaturation buffer (5% (w/v) SDS, 5% (v/v) mercaptoethanol, 10 

mM Tris-Mes, pH 8.0). 

For the experiments shawn in Figs. 3.3 and 3.8, the samples 

were treated as described above except that the ether 
'4'c ,(' 

extraction step was omitted. 

The protein content of the denatured samples were 

determined by the method of Peterson (1977). 

2.1.10 ATPase Assays 

ATPase activity was measured either as the rate of ADP-

dependent NADH oxidation in a coupled system containing 

phosphoenolpyruvate, pyruvate kinase and lactate dehydrogenase 

(Rea and Poole 1985) or as the rate of liberation of inorganic 

phosphate from ATP. Inorganic phosphate liberation was 

measured in a reaction volume of 0.3 ml containing 50 mM KCl, 3 

mM Tris-ATP, 3 mM MgS04 and 40 mM Tris-Mes (pH 8.0). The 

reaction was initiated by the addition of membrane protein and 

>:f allowed to proceed for 15-30 min at 37°C. The reaction was 

stopped and, if present, Triton X-lOO and added phospholipid 

were precipitated by the addition of 0.3 ml of ice-cold 10% 

(w/v) trichloroacetic acid, 4% (v/v) perchloric acid. The 

samples were left on ice for 2 min, centrifuged for 3 min in an 

Eppendorf microfuge, and the supernatants assayed for Pi by the 

method of Ames (1966). 
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2.2 IMMUNOLOGY 

2.2.1 Antisera 

Po1ye1onal antisera to the 57 and 67 kDa po1ypePt~~of 
1" 

the beet tonop1ast ATPase were raised as described by~ 

Vaitukaitis (1981) with modifications. Approximate1y 5.0 mg of 

partla11y-purifled tonoplast"H+-ATPase was obtained from 6.3 kg 

of red beet roots using co1umn chromatography as deseribed in 

section 2.1.8. This materia1 was subjeeted to SDS-PAGE, 

followed immediately by KCl staining (described below). Gel 

sllees contalning the visualized polypeptides were cut out, the 

gel matrix broken up by repeated passage through an 18 gauge 
J 

needle and dia1yzed against ddH20 to reduee the toxie 

concentrations of KCl and SDS. Lyophi1ization of the materia1 

resulted in a fine powder which was mixed with 1.5 volume of 10 

mM Tris-Cl pH 7.3 and 0.9% NaC1 (TSB) plus 1.5 volume of 

Freund's complete adjuvant (Sigma) . This was repeatedly passed 

first th~~ugh an 18 gauge needle followed by a 20 gauge needle 

unti1 an emu1sion was formed. TSB wàs added until the 

viscosity was such that the emu1sion could eas1ly pass through 
e 

the 20 gauge needle otherwise the very difficult intradermal 

injections would become ne~rly impossible. lntradermal 

injections (10 to 15) were given over a wide area a10ng the 

shaven backs of New Zea1and White fema1e rabbits in ordeL to 

recruit many lymph nodes ,in the processing of antibodies. This 

was fo1lowed 21 days later by injecting the rabbits' backs with 

6 subcutaneous boosters containing the same mix except for 
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1 
having used Freund's incomplete adjuvant (Sigma) to form the 

emulsion. In total, approximately ~O pg antigen per rabbit had 

been injected. Two days after the boosters, blood was 
, 

collected from an ear vein, allowed to clot overnight at 4°C 
r 

and then centrifuged at 20,000 x g. The resulting sera were 

assayed for ATPase-specific antibodies through Western 

blotting. Rabbits injected wirh either the 57 or 67 kDa 

polypeptide tes~ed positive for ATPase-specific antibodies and 

were sacrificed 7 days after the booster shots. Approximately 

100 ml blood per rabbit was collected, which produced'70 ml 

serum. 

Sera were stored at -70 Q C in small aliquots (1 ml) which 

were thawed as needed and then stored at 4°C for up to a mon th 

with no visible degradation. Repeated freeze-thawi 

were avoided as this treatment resulted i;-~ of 

antibodies. Antibodies were partially purified by 

precipitation with ammonium sulfate. One volume whole serum 

and 1 volume 70% ammonium sulfate, 10 mM Tris-Cl, pH 7.5, 1 mM 

EDTA wpre mixed with gent le shaking for 5 bours at 25°C, and 

centrifuged at 10,000 x g for 15 min. The pellet was then 

washed in 35% ammonium sulfate, 10 mM Tris-Cl, pH 7.5, and 1 mM 

EDTA, centrifuged, resuspended in 0.5 volume TSB, and dialyzed 

against TSB overnight at 4°C. Partially-purified antibodies 

had a lower background on Western blots but their stability was 

subsequently reduced to two weeks at 4°C. 

2.2.2 KCI Staining of SDS-polyacrylamide Gels 

KCl is used to precipitate SDS in the gel matrix leaving 



( 

l 

33 

regions of low SDS (i.e., high protein concentration) visible 

as e1ear bands. Fo11owing SDS-PAGE, the gel was ineubated in 

. 
2 M KCl until it became opaque (1 to 2 minutes). To visualize 

the clear bands the gel was placed over a black background and 

illuminated from the side. The bands were quickly cut out as 

they were only visible for approximately 30 seconds. To stain 

afterwards with Coomassie Blue the RCI must first be washed out 

by a 30 minute incubation in 10% aeetie acid. 

2.2.3 Western Blotting and Immunodetection 

During SDS-PAGE, 0.02% Pyronin Y (Sigma) was ineluded in, 

the protein sample buffer to serve as .a dye front (running Just 

behind Bromophenol Blue) that tranfers to nitrocellulose. 

Proteins were transferred from large polyacrylamide gels 

(greater than 15 by 15 cm) to nitrocellulose (Millipore, 0.45 

~m) at 4°C st either 0.2 Am~ overnight or l Amp for 3 hours in 

20 mM Tris-Cl, pH 7.3, 150 mM glycine and 20% (v/v) rnethanol. 

Mini-polyacrylamide gels (less than B.x 6 cm) were transferred 

in a mini-apparatus (Bio-Rad) at 100 V for 1 hour al 4°C. 

Following transfer, the blots were\incubated in 2% BSA in TSB 

for either 1 hour at 37°C or overnight at 25°C in order to 

block aIl excess binding sites on the nitrocellulose. The 

blots were washed 3 x 10 minutes with 0.05% Tween 20 in TSB 

(TTSB) and incubated with the primary antibody (1:750 dilution 

with anti-57 sera, 1:1400 with anti-67 sera) for a minimum of 1 
\ 

hour~ The blots were again washed 3 x 10 minutes in TTSB and 

ineubated in the secondary antibody, goat anti-rabbit IgG 

eonjugated to horseradish peroxidase, at a dilution of 1:1000 
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for a minimum of 1 hour. After 3 x 10 minute washes in TSB 

(Tween 20 inhibits peroxidase aetivity) the b10ts were ; 

ineubated in 0.016% hydrogen peroxide and 0.5 mg/ml 4-clloro-

l-naphthol for a maximum of 20 minutes. Once the 

immunoenzymatic staining was complete, the blots were washed 

twice in ddH20 and stored in the dark to prevent fading. If 

quantitation was required, 125I-protein A (approximately r0 6 

epm/ml TTSB) was used instead of tne secondary'antibody 

followed by 6 x 10 minute washes in TSB, The blot was then 

wrapped in Saran Wrap (Dow Chemicals), exposed to X-ray film 

and the rcsultin~r~utoradiogram was evaluated by densitometry. 

( '\ 
/ \ 

2.2.4 Immunopreeipitation 

In vitro translated, 35 S - 1abeled proteins were first 

~SOlubilized in 4% 

~ anti-5~ antiserum 

SDS in 50 mM Tris-Cl (pH 7.4) sinee 

only recognizes the SDS-denatured 

the 

polypeptide. The SDS was diluted 10-fold with Triton such that 

the final buffer consisted of 0.4% SDS, 2% Triton, 150 mM NaCl, 

4.8 mM EDTA, 50 mM Tris-Cl (pH 7.4) and 1 mM PMSF. To this 
( 

mixture, anti-57-antiserum was added at a 1:750 dilution and 

.the tubes incubated with a gentle rocking motion for 3 hours at 

4°C. To 1 ml of the above mixture 100 pl of 20% Protein A-

Sepharose (Pharmaciaj was added and the incubation continued 

for a further 30 minutes. The antigen-antibody-protein AJ 

Sepharose comp1ex was tQen centrifuged down and washed 

extensively as described in Anderson and Blobel (1983). The 

~immunoprecipitate was resuspended in electrophoresis 
, 

dena~uration buffer minus reduci~g agent (5% SDS, 10 mM Tris-

1 
f 
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Cl, pH 8.0), boiled for 4 minutes, and the Protein A-Sepharose 

centrifuged out. Leaving the reducing agent out for this step 

miôimized the amount of IgG (heavy chain) released, which 

otherwise dis torts the gel pattern in the 50-60 kDa range. 

Immunoprecipitates were subjected to SDS-PAGE, and visualized 

through fluorography. 

2.3 DNA/RNA 

2.3.1 Screening Àgtll eDNA Library with Anti-S1 kDa Antibodies 

Antibodies specifie to the 57 kDa polypeptide of the, 

tonop1ast H+-ATPase were used-to scr~en an Arabidopsis thaliana 

lesf cDNA Àgtll expression library (a kind gift of Howard M. 

Goodman, Harvard Medical School) by the method of Huynh (1985). 

E. coli YI090 were infected with 50,000 plaque-forming units 

(pfu) and plated out on a 150 mm petri dish ~sing 0.9% agarose 

as the top support medium. Agarose was used instead of Agar to 

prevent sticking to the nitrocellulose during plaque lifts. 

Once the plaques had growNto a diameter of 1 mm, expression of 
... 

the fusion protein was induced by overlay.ing with a Triton-free 

.0.45 pm nitrocellulose fllter (Schleicher & Schuel( type BABS) 

saturated with 20 mM isopropyl P-D-thiogalactopyranoside 

(IPTG) . After 3 hours of growth the filter was 
t 

remowed and a, 

second nitrocellulQse filter plaque repliea was made from the 

same plate, the duplicate helping to identify false positives 

during immunodetection. As the antibodies seem on1y to 

recognize the SDS - denatured protein, after the p laque lifts the 

nitrocellulose filters were incubated in 0.1% SDS for l ho ur 

l 
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followed by 3 x 5 minute washes in TTSB. Immunodetect~on was 

carried out using horseradish peroxidase as described in 

section 2.2.3. Putative positive clones were screened twice 

more to ascertain clonaI purity. 

2.3.2 Purification of À DNA 
~ ~ 

Bacteriophage DNA was purified by immunoprecipitation of 

the phage particles. Brief1y, phage plaques (200,000 pfu per 

150 mm petri dish) were grown to conf1uençe on solid suppo~t, 
) 

overlaid with 12 ml of 10 mM Tris-Cl, pH 7.5, 100 mM NaCl~ 10 

mM MgC12 and 0.01~ gel~tin (SM buffer) and shaken for 4 hours. 

The SM buffer was drawn off and centrifuged at 10,000 x g for 

20 ~inutes to remove agarose and cellular debris. S. aureus 

cells conjugated to polyclonal antibodies directed ~gainst the 

À' particles (LambdaSorb™, Promega) were then,used to 

immunoprecipitate the phage particles from the supernatant. 

Immunoprecipitation and subsequent DNA purification,were do ne 

as described in the manufacturer's instructions. 

-2.3.3 Production of fi-Galactosidase / 57 kDa Fusion Protein 

To express the Àgtll fusion protein in large (~g) 

-quantities, a recombinant lysogen in E. coli Y1089 was formed 

following the method of Huynh (1985). Y1089 cells were 

infected with the phage at a multiplicity of 5, p1ated out and 
u 

incubated at 32°C. At 32°C the phage p~oduce a temperature-
~ 

sensitive repressor of the lytic cycle (cI857) which is 

inactive at 42°C~ Single colonies were tested for temperature 

sensitivity at 42°C; col6nies which grew at 32°C and not at 
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to b'!IYSOgens. For express ion of the fus ion 

cUltLre of the recombinant 1ysogen was grown . 
J 

The 
[ , 

a t 3 2 ° C un t i 1 the 1 a t e ,1~ a rit hm i c s ta g e wa s r e a che d . 

culture was quick1y swi tè' ed to 42 0 Gand 10 mM IPTG added to 
/; li ... 

the medium.' When the bacteria had just begun to lYSé, the 

4/ cells were quickly ha,tvested and res\lspended in SDS protein 

" denaturation buffer. The fusion proteins ~ere identified by 

separa t i ng the c rq,de 1y s a te ob ta ined above on SDS - PAGE, Wes tern 

blotting, and immunodetection using Anti-p-ga1actosidase 

antibodies. 

" 2.3.4 Subcloning of .\gtll Inserts into Bluescript 
. 

Partially EcoRI-digested À4tl1 DNA was separated by 

agarose gel electrophoresis, tP'O-d the· lnsert DNA was eluted from 
-;. 

the gel using Geneclean (BIO 101 Ine.) following the 

manufacturer's instructions. The ins e r t was. 1 iga ted to the 

dephosphorylated EcoRI-digested, KS M13+ Sluescript vector 

(Stratagene Gloning Systems) as described by Maniatis eC al. 

(1982) . The ligated DNA was used to transform compe~ent E. 

coli DH5<xF' (Bethesda Research Laboratories) cells using CaCl2 

and heat shock as described by Hanahan (1985). Plasmid DNA was 

purified by the alkaline lysis minipreparation method of 

Manlat"is et a.1. (1982) except that 2.5 M LiGl was used to 

precipitate RNA out of the preparation. The Bluescript p1asmid 

containing the full length (1.88 kb) ~DNA with its 5' end n~ar 

Bluescript's T7 promo ter will be !:'eferred to as p571fDé.. 

2.3.5 In Vitro Transcription'from p57kDa 

. , 
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One ~g of the p57kDa vector was used to in viéro 

transcribe 3 ~g of RNA using .the T7 promo ter as described by 

Pelletier and Sonenbe,g (1984) with the modifications of 

Nie 1 son and S ha p i r 0 (~\ 9 8 6). Hi n d III di g est ion wa sus e d t 0 

rlC(lVN 
define the f.,.ndpoint of transcription 10 bp 4i1Tstream from the 3' 

end of th~insert DNA. Transcription was monitored by the 
1,1 

incorporati\pn of [3 H) -UDF (35 Ci/mmol). Unincorporated 

nucleotide was removed from the synthesized RNA using the G-50 

of:~' 

spun-column method of Maniatis et al. (1982). 

.. 
2.3.6 RNA and poly(A)+ RNA Isolation 

RNA was iso1ated from Columbia wild type Arabidopsis 

thaliana by extraction with guanidinium isothiocyanate as 

described by Lizardi (1983) and Chirgwin et al. (1979) with 

modifications. Entire plants were'harvested after two weeks of 

growth, immediately frozen in liquid nitrogen, and then 

pulverized to a fine powder with mortar and pestle. One gram 

of ma~erial was resuspended in 7 ml homogenizing buffer (4.0 M 

guanidinium thiocyanate (ICN), 0.5% (w/v) sodium N-lauryl 

sarcosine (Sigma), 25 mM sodium citrate (pH 7.0) and 0.7% (v/v) 

p-mercaptoethanol) and mixed for 3 minutes'using a Po1ytron at 

medium speed. The homogenate was centrifuged for 10 min at 

10,000 x g at IODe. The supernatant (3.5 ml) was then layered 

on top of a 3 ml cesium chloride cushion (5.66 M CsCI, 60 mM 

EDTA, pH 7.0) in a po1yallomer tube, and centrifuged for 20 

hour.l at 95,000, x g at 20°C. The resulting pellet was then 

w~shed in 70% ethanol, dried under vacuum and resuspendpd in 

ddH20. Poly(A)+ RNA was obtained from total RNA by 



39 

chromatography on 01igo (dT)-cellulose (Boehringer Mannheim 

Biochemicals) ~s outlined by Davis et al. (1986). For aIl the 

procedures dealing with RNA, all metal and glassware were baked 

at 400°C for a minimum of 3 hours. Ail solutions (except Tris) 

were treated for a minimum of 1 hour with 0.1% 

diethylpyrocarbonate (Sigma) prior to autoclaving. Solutions 

containing Tris were made with ddH20 pretreated with 

dLethylpyrocarbonate. 

2.3.7 DNA Seque~cing 

Single stranded DNA was sequenced by the dideoxynucleotide 

chain termination method of Sanger (1977). Single stranded 

template DNA was obtained by infecting E. coli DHScxF' 

containing the Bluescript plasmid with the helper phage M13K07 

'Ss described by Vernet et al--;-- (1987) . The sequencing reactions 

were carried out using the Sequenase™ kit (United States 

Biochemica1 Corporation) f0110wing the manufacturer's 

instructions. Primers used were either Tl or SK (Stratagene 

\Cloning Systems) or were custom synthesized (see section 

~.3.8). In regions with compressions, reac~ions were repeated 

using dITP instead of dGTP in the nucleotide mix .. Sequence 

data were compiled on the program fCGErE (Inte11igenetics). 

Both strands were sequenced to comp1etion. 
" 

2.3.8 Oligonucleotide Synthesis and. Purification. 

For primer extension of DNA and RNA, the select~on of 
. 

oligonucleotides were done in accordance with Barnes's rules 

(Barnes, 1987) taking into account GC base composition and 

~-
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problem homology with known sequence data of template DNA .. 

01igonucleotides were synthesised on the Cyclone DNA 

Synthesizer (BioSearch). The oligonucleotides were removed 

from the columns using 1 ml 30% ammonia followed by an 

overnight incubation at~ 55°C for'base deprotection. The 

ammonia was then evaporated off, and the pellet washed twice in 

100% ethanol and resuspended in loading buffer (38% (v/v) 

formamide, 8.0 mM EDTA, 0.02% Bromophenol Blue, 0.02% Xyleue 

Cyanol FF). The oligonucleotide was then size-purified on a 

16% acryl~mide, 8.» M urea denaturing gel (see section 2.4.3) 

and eluted from the gel matrix by ihcubating the gel slice in 

ddH20 overnight at room temperature. The oligonucleotide was 

then bound to a Sep-Pak C-l8 column (Millipore) prewashed with 

5 ml of methanol. The calumn was washed with 10 ml of ddH20, 

a~d the oligonucleotide eluted with l ml 0.05 M triethylamine 

pH 8.0 in 50% ~v/v) methanol. The solvent was evaporated under 

vacuum, the pellet washed once with ddH20 and then resuspended 

2.3.9 Primer' Extension 

For the primer extension, a 21 bp oligonucleotide 

complementary ta a reglan 50 bp downstream from the 5' end of 

the cloned insert DNA was synthesized a~d'size-purified as 

described in section 2.3.8. ~he primer (50 ~g) was end-labeled 

w~th 40 units of T4 polynucleotide kinase and 200 ~Ci [,-

32 p ]ATP following the protocol of Arrand (1985). 

Unincorporated nuc1eotides were separated by a G-15 spun 

column. The final specifie activity of the primer was 2.5 x 
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10 8 cpm p-er pg primer as determined by liquid scintillation 
, ----

counting. , 
10 ng of the labe1ed primer prepared above and 20 ~g of 

RNA from Arabidopsis thaliana were incub~ted overnight at 30°C 

in 20 ~I of annea1ing buffer containing 80% (v/v) formamide, 

0.4 M NaCl, 1 mM EDTA, 40 mM PIPES, pH 6.5, and 80 units of 

RNAsin (promega). After annea1ing, the material was 

precipitated with 2 volumes 100%f.thanOl' the pellet washed 

twice in 70% ethano1, and resusp nded in 30 pl reverse 

transcription buffer containing a mM Tris-Cl, pH 8.3, la mM 

MgC12' 150 mM KC1, 1 mM dATP, 1 mM dTTP, l' mM dCTP, 1 mM dGTP, 

10 mM DTT, 20 units RNAsin and 27 units Reverse Transcriptase 

(Promega). Reverse transcription continued for 1 hour at 42°C 

~after which RNA was degraded by incubating the mix for 5 

minutes at 100°C in the presence of 0.3 N NaOH. The base was 

neutralized with l pl glacial acetic acid, the DNA was 

precipitated with ethanol and the pellet was washed once with 

70% ethanol and resuspended in loading buffer (38% formamide, 

8.0 mM EDTA, 0.02% Bromophenol Blue, 0.02% Xylene Cyanol FF). 

The primer extension product was analyzed using a 5% sequencing 

gel aiongside a sequencing ladder obtained using the same 

primer' . 

2.3.10 In Vitro Translation 
1 

In vitro translation of poly (A)+ RNA and of in vitro 

transcribed RNA was carried out using [35 S ]methionine (1000 
> -,.. \ 

Ci/mmo1) and a rabbit reticulocyte lysate (promega) followipg 

the mBnufacturer's instructions. 



42 

2.4 ELECTROPHORESIS 

2.4.1 Gel E1eetrophoresis of Prote in 

One-dimensional SpS-PAGE was performed as deseribed by 

Laemmli (1970). Concave exponential gradient (9-14%) 

acrylamide gels were prepared as described by O'Farrell (1975) . 

. Protein was detected by Coomassie Blue staining fol1owed by 

silver-staining with Bio-Rad Silver Staining Kit (Bio-Rad 

Laboratories (Canada) Ltd). l4C was detected fluorographically 

by incubating the gels in Amp~ify (Amersham Intern~tional) 

before drying and exposure to preflashed X-ray plates. 35 S and 

32 p were deteeted autoradiog~aphically. The X-ray plates were 

scanned with an LKB Bromma 2202 Ultraocan laser densitometer at 

633 nm and the signal was recorded ,and integrated with an LKB 

Bromma 2220 recording integrator. 

2.4.2 Gel Electrophoresis of DNA 

DNA was electrophoresed on horizontal gels containing 1% 

agarose, 40 mM Tris-acetate pH 8.0, 1 mM EDTA and 0.5 ~g/ml 

ethidium bromide as described by Maniatis et al. (1982). 

2.4.3 Gel Electrophoresis of Oligonucleotides 

èustom-synthesized oligonucleotides were size-purified on 

1.5 mm thick, 16% polyacrylam~de, 8.0 M urea gels buffered in 

100 mM Tris, B3 mM borie acid and 1 mM EDTA. The gels were 

prerun at 1000 V until the temperature of the glass plates was 

J 
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A water cooling system ensured that the 

temperature would not rise above 60°C during the two hour run. 

2.4.4 Gel Electrophoresis for Sequencing 

Sequencing reactions were separated on 5.0% 

po1yacrylamide, 8.0 M urea, 0.4-0.8 mm wedge gels buffered in 

100 mM Tris, 83 mM borie acid and 1 mM EDTA (Davis et al. 

1986). Gels were prerun at 1500 V until the tempe rature of the 
r 

o 
glass plates was above 40°C. After electrophoresis, the urea 

was removed by incubation in 10% (v/v) acetic acid and 12% 

(v/v) methanol for 45 minutes after which time the gels were 

dried at 80°C for,l hour. Sequencing reactions were visua1ized 

by autoradiography. 

2.5 QUANTIFICATION 

2.5.1 Prote in Assays 

To avoid Interference ~rom added Triton X-IOO and 
~ 

phospholipid, protein N~S estî~ated by a modification of the 

method of Peterson (1977). Since the 0.015% (w/v) deoxycholate 
~ 

employed to solubilize membrane proteins in the standard method 

of Peterson was relatively ineffeptive with tonoplast, the 

samples (50-200 ~l) were made 4% (w/v) with Triton X-IOO before 

bringing the volume to l ml with distilled water and adding 100 

~1 of 0.15% (w/v) deoxycho1ate. This modification enabled the 

direct comparison of the protein content of native membranes 

with those of solubilized preparations. The method of Feterson 

l 
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otherwise grossly underestimated the protein content of native 

membranes. 

2.5.2 Betanin Estimations 

'\0 
Residual betanin associated with the tonoplast vesicles 

and solubilized membranes was measured at AS3Snm' 
'/ 

'2.5.3 Quantification of Nucleic Acids 

Nucleic acids were quantified at 260 nm in a Perkin~Elmer 

spectrophotometer assuming an absorbance of 1.0 ~orresponds to 

40 ~g/ml RNA, 50 ~g/ml double stranded DNA, or 20 ~g/ml short 

(i.e., less than 21 bp) single stranded DNA . 

• 
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Chapter 3. IDENTIFICATION OF 3-0-(4-BENZOYL)BENZOYLADENOSINE 
''; 

5'- TRIPHOSPHATE- AND N,N'-DICYCLOHEXYLCARBODIIMIDE-BINDING 

SUBUNITS OF A HIGHER PLANT H+-TRANSLOCATING TONOPLAST ATPase 

3.1 ABSTRACT 

The polypeptide composition of the N03--sensitive H+-

ATPas e of vacuo 1 ar membra.ne (tonop las t) ves ic les' i sol a ted from 

red beet (Beta vulgaris L.) storage root was investigated by 
, 

affînity labeling with [œ- 32 P13-0-(4-benzoyl)benzoyladenosine 

S'-triphosphate ([œ- 32 P1BzATP) and r14CjN,N'-dicyelohexv1-

carbodiimide ([14C1DCCD). The photoactive affinity ana10g of 

ATP, BzATP, is a potent inqibitor of the tonoplast ATPase 

(apparent KI Il ~M) and the photo1ysis of [œ_ 32 p) BzATP in 

the presence of native tonoplast yields one major 32P-labeled 

polypeptide of s7kDa. Photoincorporation into the 57-kDa 

polypeptide shows saturation with respect to (œ- 32 P)BzATP 

concentration and is blocked by ATP. [l4 C]DCCD, a hydrophobie 

carboxyl reagent and potent irreversible inhibitor of the 

tonoplast ATPase (ksO-20 ~M) labels a l6~kDa polypeptide in 

native tonop1ast. 

The tonoplast ATPase is purified approximately 12-fold by 

Triton X-IOD sWlubilization and Sepharose 4B chromatography. 

Partial purification results in the enrichment of two prominent 

polypeptides of 67 and 57 kDa. Solubilization, chromato\raphy, 
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\ 

and sodium dodecylsufate-polya~rylamide gel electrophoresis of 

tonoplast labeled with [~_32p]B~ATP or [14C]DCCD resu1ts in 
~ 

co-

purification of the 57- and l6-kDa labe1ed polypeptides with 

ATPase activity. 

It is concluded that the tonoplast H+-ATPase is a multimer 

containing structurally distinct BzATP- and DCCD~binding 

subunits of 57 and 16 kDa, respectively. The data a1so suggest 

the association of a"67-kDa polypeptide with the ATPase. 

3.2 INTRODUCTION 

Two main categories of membrane-bound H+-translocating 

ATPases have been functionally and structurally characterized 

in microorganisms, plants, and animal cells. H+-ATPases of the 

first category are located in the plasma membranes of 

eucaryotic microorganisms and plants (Serrano, 1984). These 

H+-ATPases cata1yze an essentially Irreversible reaction, are 
~ 

subject to inhibition by vanadate, and consist of only one 

major lOO-kDa subunit (Scarborough and Addison, 1984) which 

forms a phosphorylated acyl intermediate during ATP hydrolysis. ! 
The plasma membrane-type B+-ATPases are considered to be 

analogous to the Na+,K+-ATPase, sarcoplasmic reticulum Ca 2+-

ATPase, and gastric H+,K+-ATPase of animal cells (Carafoli and 

Scarpa, 1982). The second category consists of thi F1FO-

ATPa5es of mitochondria, chloroplasts, and procaryote plasma 

membranes. These enzymes catalyze a freely reversible 

reaction, are subject to inhibition by azide but not vanadate, 
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consist of several distinct subunits, and do not form a 

phosphory1ated intermediate during ATP hydrolysis (Maloney, 
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1982) . Whereas the lOO-kDa polypeptide of the plasma membrane-

type ATPases appears to cata1yze both ATP hydrolysis and H+ 

translocation, there is a partitioning of function between the 

subunits of the FIFO complex such that one sector (FI) 

functions as an ATPase whi1e another, transmembranous, sector 

(FO) functions as a H+ channel. 

Not aIl H+-ATPase fall into these two categories, however. 

Recent investigations have shown that vacuolar membrane 

(tonoplast) (Kakinuma et al., 1981; Bowman and Bowman, 1982; 

Poole et al., 1984; Uchida et: al., 1985), lysosomes (Schneider, 

1981; Ohkuma et al., 1982), chromaffin granules and 

synaptosomes (Carafoli ~and Scarpa, 1982; Cidon et al., 1983), ... 

clathrin-coated vesicles (Xie et al., 1984) and endosomes 
,~ 

/ ' + (Ga1t)way et al., 1983) conta in H -ATPases which are 

insensitive to both vanadate and azide and therefore appear ta 

be distinct from the plasma membrane-type and F1FO categories 

Whether these enzymes represent a third category 

of H+-ATPases is not known, but the limited data concerning 

their anion requirements, association with endomembranes with 

an acidic interior, and established packaging function 1s at 

'least consistent with the notion of a third category. 

In this paper we describe the solubilization, partial 

purificatr~n, and affinity labeling of the tonoplast H+-ATPase 

of Beca vu1garis L. with [œ- 32 P]3-0-(4-benzo1y)benzoy1adenosine 

5'-triphosphate(BzATP), a photoaffinity analog of ATP (W~lliams 

and Coleman, 1982), and [14 C]N,N' -dicyclohexylcarbodiimide 
( 

• 
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(DCCD), a hydrophobie earboxyl reagent known to bind to the , 

DCCD-binding protein of the FO eomponent of the membrane seetor 

of the F1FO complex (reviewed in Linnett and Beeehey, 1979). 

The results demonstrate that this tonoplast H+-ATPase is 

structura1ly distinct from the plasma membrane and F1FO ATPases 

and that the BzATP- and DCCD-binding sites were situated on 

different Rolypeptides within a mul~imer~c complex~ 

3.3 RESULTS 

3.3.1 Native Tonoplast 

3.3.1.1 BzATP as an Inhibitor of Tonop1ast ATPase 

The efficacy of BzATP as a substrate analog for th{e H+-

ATPase of native tonoplast is indicated by the results in Fig. 

3.1. In the absence of irradiation! BzATP behaves somewhat 

li~e a competitive inhibitoc ~nsofar as a constant Vmax is 

approached at high ATP concentrations. Although BzATP caused 

th~ tonoplast ATPase to deviate from Michaelis-Menten kineties· 

with respect to ATP concentration, in that BzATP was 

disproportionately inhibitory at low ATP concentrations, a 

secondary plOl of the data for higher ATP concentrations, where 

Michaelis-Menten kinetics are approximated, yielded an apparent 

KI of 10 pM. 4-benzoylbenzoic acid had no effect on ATPase -" 
activity, suggesting that the ATP moiety of BzATP 1s the 

structural determinant required for inhibition, and BzATP, 

alone, underwent negligible hydro1ysis when incubated with 

tonoplast (data not shown). 
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Figure 3.1 

tonop1.ast. 

Effect of BzATP on ATPase activity of native 
/i 

~TPase activity was measured in a coup1ed system 

as described under "Materia1s and Methods" except that MgS04 

was present,at a concentration of 0.4 mM. _Reciprocal steady-

state ADP formation in the absence (e) and presence of 10 ~M 

(0), 30 ~M (.) 1 and 50 ~M ,(0) BzATP. 
, L 
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3.3.1.2 Covalent Photolabeling of Native M~mbranes with [a-

• 
32 p ]BzATP 

The pattern of labeling of native tonoplast with [a-

32 p ]BzATP upon irradiation with uv light was found ta be 

strictly dependent on th~ concentration of [~_32p]BzATP 

51 

employed. Initial experiments in which IAbeling was performe~ 

with 10 ~M [a- 32 P]BzATP yielded two labeled polypeptides upon 

SDS-PAGE and autoradiography: a major 32P-Iabeled band with a 

molecular size of 57 kDa and a minor 37 kDa band. Subsequent 

analyses of the concentration dependence of the labeling of 

these two bands; by densitometry of autoradiograms such as that 

shown in Fig. 3.1, demonstrated that the two polypeptides 

labeled with di;~~rent ki~iCS. The number"of counts 
. 

incorp~rated into the 57-kDa component saturated at 10 ~M [a-

32 p ]BZATP, but incorporation into the 37-kDa component showed 

no indication of saturation (Fig. 3.2A). These data, together 

with the finding that 50 ~M ATP in the reaction medium during 

photolysis abolished (a- 32 p]BzATP-mediated labeling of the 57-

-'4 

but not the 37-kDa polypeptide (Fig. 3.2B), suggested that 

labeling of the 37-kDa band resulted from the nonspecific 

binding. 
,'" 

AlI subsequent labeling experiments were therefore 

performed with 5 ~M [a-~2P]BzATP to give near-saturating 

labeling of the 57-kDa compohent, while minimizing nonspecific - , ' 

labeling of the 37-kDa, ~nd possibly other, components (s~e 

• Fig. 3.3 tor typical autoradiogram in 'which 5 pM [a- 32 p]BzATP 

was used for covalent labeling). 
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Figure 3.2 Kinetics of photoincorporation of [«_32 p ]BzATP 

into 57- (0) and 37-kDa (e)' polypeptides of native tonoplast. 

A, influence of [«_32 p ]BzATP concentration on 

photo incorporation; B" influence of ATP concentration on 

photo incorporation of 5 ~M [«_32 p ]BzATP. After exposure to 

gels, the x-ray plates were scanned at 633 nm and the 

absorbance was integrated with a recording i~tegrator. 
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Figure 3.3 I4entification of the polypeptides labeled by > 

photo irradiation of [a- 32 P]BzATP. Tonoplast was 

photoirradiated in the presence of 5 pM [«.32 p ]BzATP, 

solubilized with 4% (wjv) Triton X-lOO and subjected to 

Sepharose CL-4B ehromatography. 15-pg aliquots of protein 

were subjected to SDS-PAGE on O.75-mm toncave exponential 

gradient (9-14%) acrylamide slab gels. 32 p label was 

visualized autoradiographically. Lane A, protein from native 

tonoplast; lanes B-M, consecutive pairs of fractions from 
\ 

Sepharose CL-4B ehromatography starting from fraction number 

24 and ending at fraction number 48 (Fig. 3.7). 

fractions wis pooled b~fore preparation for SDSCPAGE. Lanes 

B, I, and L correspond to peak l, peak ATPase, and peak II, 

respectively, in Fig. 3.7. The numbers under the lanes 

represent the specifie aetivities of the ATPase in the 

corresponding chromatographie fractions~ 

~ 
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}.3.1.3 Covalent Labeling of Native Membranes with [14 C]DCCD 

It is weil established that DCCD is a potent inhibitor of 

H+-ATPases (Racker, 1976) and the tonop1ast ATPase is no 

excep tion. The ATPase of native memb~anes was 50% inhibited by 

20 ~M DCCD (Table 3.1) and the inc~Dation of tonop1ast in 30 ~M 

[14 C]DCCD yielded one 14C-1abeled polypeptide with an ~pparent 

mo1ecu1ar size of 16 kDa (Fig. 3.4, lane A). 

3.3.2 Partially Purified ATPase 

In view of the complex polypeptide composition of the 

protein from native tono~last vesicles, independent criteria 
.., ~~ 

for the associatiof of a given bind~~g site with the ATPase 

were required. Unlabeled, [œ- 32 rjBzATP-labe1ed and [14 C]DCCD-

1abeled tonop1ast vesicles were therefo~e solubilized, and the 

ATPase was partially purified with Sepharose 4B chromàtography 

to determinê if the 32 P -l abeled and l4 C-l a beled polypeptides 

co-purify with phosphohydro1ase activity. 

\ 
Q 
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Table 3.1 Kinetics and inhibitor sensit~vities of native 

tonoplast and partially purified ATPase. The kinetics of ATP 

hydrolysis were determined in a eoupled system containing 0-3 

mM ATP, 50 mM KGl, 3 mM MgS04 and 30 mM Tris-Mes buffer (pH 

8.0) . For the inhibi~or studies, native tonoplast and the peak 

ATPas ~/.f"rae t ions from S epharo s"e 4B chroma tography were 

inC'u/ated on iee for 1 h with the indieated concentrations 

1,1\ 
the inhibitors., The assay reaction was initiated by the 

of 

addition of 3 mM Tris-ATP and allowed to proceed for 30 min at 

3rc. 

Native tonop1ast Partially purified 

ATPase 

Km (mM) 0.09 0.10 

Vmax (pmol/mg h) 25.6 322.6 
..... 

kSO ( N03-) (mM) 31.6 15-.8 

k50 (DCCD) (pM) 20.0 63.1 

Inhibition 

- - - .. -- .. -- - - -- ... ---- - ---- - .- - .. - ... .. - - - .. ... - - - - .. .. - - - - - ... - - .. - - ... - - - - - ... .. - - .. 

1 % 

Control 0 0 

100 mM KN03 70 98 

100 /JM vanadat 13 4 

100 /JM molybdate 1 2 

~ _ ~~_ ~::~: _______________ ~ ___ ~~L ____ ~ ____ ' _______ ~ _________ . __ 

,-

l 
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Figure 3.4. Identification of the polypeptides labeled with 

[14 C]DCCD. Tonoplast was incubated in 30 ~M [14 C]DCCD for 25 

min at room temperature, solubi1ized with 4% (w/v) Triton X-

100, and subjected to Sepharose 4B chromatography. Ten JJg 

aliquots of protein were electrophoresed as described in th~ 

legend to Fig. 3.3 and 14C label was visualized fluoro-

- graphically. Lane A, protein from native tonoplast; 1ane B, 

Triton X-IOO-solubilized tonop1ast protein; 1anes C-K, 

consecutive pairs of fractions from Sepharose chromatography. ~ 

Each pair of fraétio~ was pooled before preparation for SDS-

,-PAGE. Lanes C, G, and K corr~spond to peak l, peak ATPase 

'... , 
activity, and peak II, respectively, in Fig. 3.7, but note 

1 

thftt the fraction numbers do not exactly correspond since this 

material was chromatographed on a Sepharose 4B, not a 

Sepharose CL-4B, column. The numbers under the lanes 

\ 

represent the specifie activities of ATPase in_the 
1 . 

\ 
corresponding chromatographie fractions. 

/ • 
----------~-----------------------------~-- -
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3.3.2.1 Solubilization of ATPase 

Tonoplast prote in was solubflized with Triton X-100 (Fig. 

3.5). Only at Triton X-lOO concentrations of less th an 0~5% 

was the ATPase solubilized in active f1rm and not dependent on 

added phospholipid for maximal ~ctivitj (Figs. 3.5 and 3.6). 

The amount of ~ctivity recovered and the degree of phospholipid 

activation was maximal at 1.0% Triton X-lOO (Figs. 3.5 and 

3.6) . The addition of 1.5 mg/ml phospholipid to the assay 

medium increased the activity by 3-fold and, when 'assa~ed in~ 

the presence of added phospholipid, the 1.0% Triton X-IOO-

solubilized ATPase was approximat~ly 2-fold more active th~n 

native tonoplast. Although Triton X-IOO concentrations of 

1.25-4.0% did not yield as active a preparation as 1.0% Triton 

X-lOO, 80% of the maximal solubilized activity was conserved' 

throughout the higher concentration range and 1.5 mg/ml 

phospholipid caused a 3-fold stimulation. Thus~to ensure 

thorough solubilization andwdelipidation of the tonoplast 

ATPase, a Triton X-IOO concentration of 4.0% was routinely 

employed. 

3.3.2.2 Sepharose 4B Chromatography 
<cr 

Chromatography of the solubilized membranes on a 

Sepharose CL-4B column equilibrated and eluted with running 

buffer contàlning 0.3% Triton X-IOO and 0.05 mg/ml phospholipid 
\ 
\ 

yielded two major yrotein peaks (peaks 1 and II) and a peak of 
~ 

ATPase activity between the two (Fig. 3.7). Pre1iminary 
. 

experiments demonstrated that it was impera~ive that 

< 
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Figure 3.5 Solubilization of tonoplast with Triton X-IOO. 

The samples (2 mg/ml of membranae prote in) were incubated on 

iee for 20 min, 
1 

centrifuged at 200,000 x g for 35 min, and 

protein (.) and ATPase with (e) and without (0) the addition 

of 1.5 mg/ml sonicated phospholipid to the assay medium were 

measured in the s~R.ernatant. Thirty 1'1 aliquots of the 
p 

supernatant were assayed for ATPase aetivity in a 1 ml . 

reaction volume by the coupled method. The specifie activity 

of the native membranes was 26.3 pmol/mg h. 
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Figure 3.6 Phospholipid activation of solu~lized tonoplast 

ATPase. The ATPase was solubilized and activity was measure~ 

in the presence of 0.0-2.0 mg/ml sonicated phospholipid as 

described in the legend to Fig. 3.5. TX-IOO - Triton X-IOO. 
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Figure 3.7 Cfiromatogram of solubilized tonoplast on Sepharose 

CL-4B column. 'Protein (e _e), ~etanin (AS35 nm; 0- - -0), 

and ATPase activity in the presence (0- - -0) or absence (e- -

-e) of 2 mg/ml sonicated phospholij>id are shown .. ATPase 

( activit~ was mea\ured with 3~ ~1 aliquots of the fractions in 

a ~eaction volume o~o300 pl by the Ames method (196~). 
\ P 

• ct 

.,. 

~ 

, . 
~ 

,~ • , 

~ ~ 

" 

\ 
\ 
" "'- - , 

\ - ~ 

, \, 

\ 

• 

• 



E 
c: 

o 
~ 

o 

Il') Il) 
(') 0 
Il) • 

<0 

,/ 

~ "'-:. ,/ 

c 
o .. 
o 

r' 
--../ 

9 

2 8 
é 
0 

~ 7 
lU ... --"0 6 
E 
::::L -> 5 

1--> 
~ 4. 
() 

< 
CD 3 
CI) 
~ 
a. 
~ 2 

1 

0 

10 

~ 

• l 
• 

ATPase 
Q 

" /1 
1 1 
, 1 
& 1 
1 1 , ' 

l ' , 1 

cl Q \ . , 
1 0 , , 

n 

: 1 

1 \ 1 \ 
1 \ ~\ D"'<l o , • , • • l , 
, 0 , , 

" , , " , , " . , , 
" \ " , l , , 
" , . " ., ~ 
,). \' \ '.. 9 \ 
, / 0 , \ 
" 1 • 
" , 0 

11 

J , \'" r ' , \ , " , \ 
\ ., \ 1 ~ . 1 ~' \ ,~ \ 

P A_ \ q 

, ...... AJf \ · 1 \, 

L \ 1 \ L \ 
/ ~'~, ~ 0 • '0 

____ o-o-o-o-o-o-Qo-O-O-~""'."''' ............... ~o-o-o"O-:O-O--O-O'-o- oo-o-o-o-o-~~ & •• 

20 30 .' 40 50 60 
f 

FRACTION NUMBER 
1 .. 

'" 

160 

120_ 
c 
0 -u 
lU ... --80 
Cl 
::1 -Z 
W 
1-a 
CI: 

40 Q. 

o 



c 

1 

67 

phospho1ipid be added ta the running buffer in order to obtain 

quantitative recovery of the ,app1ied activity. The 

chromatographie behaviour of the solubilized membranes was 

similar whether 0~05,,0.50 or 1.00 mg/ml phospholipid .was 

included in the runn.ing buffer, but the addition of 
<) 

A 

phospholipid ta the assay media was requir~d for maxi~a1 ATPase 

activity when a phospholipid concentration of 0.05 mg/ml was 

emp10yed (Fig. 3.7). The addition of phospholipid after 

chromatogra~y in the compl.ete absence of phosphol~id did not 

restore activity, indicating irreversible denaturation of the 
b 

enzyme. 

Table -3.2 summarizes the recoveries and activities of the 

tonoplast ATPase Qbtained by sq1ubi1ization with Triton X~lOO 
li 

and Sepharose 4B chromatography. Generàlly; the specific 

~ activity of the solubilized ATPase was twi#~ that of the native 

membranes when the former was measured in the presen~~ of added 

ph6spholipid'. Mo'st of the j,nc]!!.~1fse in activity seen upon 

~ 

solubilization resulted from detergent activation rather than 
'!PI f' 
a~proXi~~elY JUf% of differential protein solubili~ation, as 

the original membrane prot~in las solubilized by 4% Triton X-

100. Part of the observed detergent activation probably 

1 
corresponds ta an increase in the accessibility of enzyme ta 

substrate, but Jhe ,p'ossibi1it,y of a detergent-mediated 

mod~jic8tion of intTinsic rate constants (~riskin and Poole, 

1984) cannot b~ excluded. 

The peak ATPase fractions from Sepharose 4» chromatography 

had an average specifie activity of 360 ~mo1/mg.h, which 
" 

represents a l2-fold increase over the specific activity of the 

f" , 
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Table 3.2 Partial pur~fication of tonoplast ATPase. Native 

tonoplast was- solubilized with a final concentration of 4% 

(w/v) Triton X-100 and subjected ta Sepharose 4B chromatography 

as described under "Materia1s and Methods." The nati~e 

membranes were assayed for ATPase in the presence of 5 pM 

gramicidin D ta enSULe H+/cation equi1ibration. The 
<> " '1 

so1ubilized membrànes were assayed in the presence of 2 mg/ml 

son~cated phospholipid. The total protein reeovered from the 
c~ ... 

- Sepharose 4B co1umn (2.14 mg) was essentia11y the samê as the 

amount applied (2.05 .mg). " "Total ATPase" refers to the total 

aetivity and prote in recovered from aIl the column fractions 

which had detectab1e ATPase activity (fractions 31-45 in Fig. 

3 . 7) "P e a kAT Pas e" r e fer s ta the A TP a s e a c t i vit Y a f the col u m n 

fraction containing the greatest specifie activity (fraction 38 

in Fig. 3.7) . 
• 

Protein ATPase Specifie 

activity Act:l,vity 

- - - - - .. - - ... - 4~ - - - - r - - ... - - .. - \. - - ............ - ......... - ......... - ... -' .............................. -1;1- ................ - ... 

1 

mg % Jjmo1/h % Jjmo1/mg.h 
~ 

Tonop1ast 2.26. 100.0 68.0 100.0 30.1 

f / JI 
Tr i to-tf"X -100 2.05 90~7 122.9 -180.7 60.0 

1 ~ 
Ir. osupernatant 
/' . ,; 
i 

Sepharose ·4B 
... 

! 
1 
1 

1 Total ATPa e 0.55 63.1 92.7 114.7 
! • Peak AT,Pase 10.9 16.0 363.3 .. 1 

------------------------- -----------------------------
" 
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1 
native membranes and a 6-fold increase over that of the 

1 ... 

solubiLized preparation. Essentially' aIl of the protein . 
\ 

applied ta the Sepharose column was recovered, 'whereas only 51% 

of the applied solubilized ATPase activity was recovered! 

Inactivation during chromatography may therefore give a 2-fold 

underestimate of p~rification factors.: 

1 

The identity of the partially purified ATPase with the 

ATPase in native tonoplast vesicles was confirmed by their 

inhibitor sensitivities and ~m values (Table 3.1). The , 

activity of the partially purified ATPase was 98% inhibited hy 

10) mM KN03 with ~ k50 of 16 mM, whereas the ATPase activity of 
1 

~he original tonop1ast vesic1es W~G 70% inhibited at 100 mM 

KN03 with a k50 of 32 mM. DCCD i n h~i bit e d bot h the na t ive 
>:;rl' 

membranes and the partially purifi~? enzyme with kSO values of , 
\ 

respectively. Thè) presence of Triton X-100 

, 
/ 

and 'added phospho1ipid may be responsib1e for the·.lower 
/" 

f sensitivity of the partia11y purified enzyme to DCCD (Linnett 

et 81.,1975; Ryrie, 1975). The 1ack of inhibition of the 

pa~tially purified enzyme by azide, molybdate and vanadate 

demonstrated the absence of mitochondrial ATPase (Bowman et 

al., 1978), nonspecif1c phosphatase (Le1gh arid Branton, 1976), 

and plasma membrane AtPasé (O'Neill and Spanswick, 1984), 
1 • 

respectivelY· 

The ATPase activities of both the ~tive tono~last and 
• ,Ir' 

partially purified enzymes approximated Michaelis-Menten 

kin~tics with respect to ATP concentration and yielded apparend 
1 \ 

• , 
Km values of 0.09 and 0.10 mM, respectively, in experiments 

1 1 

where the ATP concentration was varied but the Mg2+ 
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concentration was held constant (Table 3.1). 

3.3.2.3 SOS-PAGE 

SDS-PAGE of the fractions from Sepharose CL-4B 

chromatography revealed a substantial enrichment of a 57- and 

)67-kDa polypeptide in the peak ATPase activity fractions (Fig. 

3.8, lanes H, l, and J) .. Analysis of tonoplast labeled with 5 

~M [œ- 32 P]BzATP and subjected to Sepharose [CL-4B chromatography 

demonstrated that the 57-kDa polypeptide which co-purified with 

ATPase activity was the 57-kDa polypeptide which 

photoinc0.:.rbrated [œ- 32 P]BzATP (Fig. 3.3). Lanes H, l, and J, 

which showed maximal 32p incorporation, correspond to the 

fractions in which ATPase activity was maximal. Sorne 32 p label 

was also found in polype,ptides of 150 and 86 kDa, both of ~hich 

appea~ed to co-purify with ATPase activity. The intense 

labe~ing found at the front of the gel in lane A, and 

increasing in a~ount from"lane H onwards, represents endogenous 
, ( 

phospholipid labeled with 32p; it does not appear if the 

protein i5 e~tracted with ether before electrophoresis. 

Chromatography, SDS-PAGE, and fluorography of [l4 C ]DCCD-
, ~ 

labeled tonoplast clearly showed co-purification of the l6-kDa 

14C.:l a beled polypeptide and'ATPase activity (Fig~. 3.4, lane G) 

but some labeling was discernible in the fractions after the 

activity peak (Fig. 3.4, lanes land JL 

. , 



l 

7,1 

, ' 

Figure 3.8 
l 

.Q 

SDS-PAGE analysis of fractions froB Sepharose CL-

4B chr~matography. Each lane was loaded with 6 ~g of protein 

and the separations were made as described in the leg~d to 
~ 

Fig. 3.3. Protein was vis_ualized by Coomassie Blue staini~g 
1 • 

~ l ,~ 

\ 1 

followed by silver-s aining. Lane A, pro~ein from native 
1 

tonoplast; lanes B-M consecutive pairs of fractions from 
'\ ./ 

Sepharose 4B chromat graphy, starting from fraction number 24 

~Fig. 3.7).'-

preparat~on forfSDS-P 

peak l, peak ATPase a 

fractions was pooled before 

Lanes B, I, and L corrQspond tç 

respectively, in Fig. 3 .7. ,. 
The numb~rs un~er the Ianes represent the specifie activi~ies 

of ATPase in the corre pondi~g chromatograph~c fractions. 

/ 

/ 
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• 

/ 
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Ye have shown that [a- 32 p)BzATP, a photoaffinity analoi of 

ATP, primarily labels a 5~-kDa polypeptide in Beta tonoplast 

'(Fig. 3.3). BzATP ~as shown to be a potent inhibitor of ATPase 

activity with an apparent KI of 10 pM (Fig. 3.1). A 

conceptration of ~o ~M [Œ_32p]~zATP was sufficient to give 
'"' 

'maximal labeling of the 57-kDa polypeptide during a 20-rnin 

period of UV irradiatton, and 50 ~M ATP was sufficient to 

completely block labeli~ng (Fig. 3.2). Since the 57-kDa 

polypeptide was also the principal 32~-labeled component ta c@-

'( 

purify with ATPase activity during Sepharose 4B chromatography. 

it is concluded to be a subunit of the tonoplast ATPase. 

\ 
The role of the 57-kDa subunit in the ATPa~, remains to be 

.,f 

determined. The observations that f~) ATP protects this 
) . 

component from labeling by [cx:_32PH~zATP and (b) BzATP is a .. 
potent inhibitor of enzymic activity suggest that the 57 kDa 

! 
component carries a high affinity binding site for ATP which is 

essential for catalysis. However, the fact that BzATP is not a 

simple competitive inhibitor of the ATPase but causes the 

enzyme to display positive coope~ative kinetics with respect to 

''''-ATP concentration (Fig. 3.1) suggests that it might interact 

with an ATP binding site distinct frorn the catalytic site, 

possibly a regulatory subunit. 

A molecular size of 57 kDa for the BzATP binding subunit 

of the tonoplast ATPase falls within the size range of the ex: 

and ~ subunits of various Fl-ATPases: 55-62 kDa for the ex: 

1 

Q 
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subunit and 50-56 kDA for the p subunit (Vignais and Satre, 

1984') . Contamination of the tonoplast ATPase by mitochondrial 

F1-ATPase lis, however, ruled out by the complete lack of 
( 

inhibition of either the native ton0 p last or partially pu~ified 

ATPase by azide (Table 3.1). , 
The 37-kDa polypeptide wh~ch was labeled by [~_32p] BzATP 

in 'native tonoplast showed neither saturation of labeling at 

low concentrations of (~_32p]BzATP nor protection by ATP (Fig. 

3.2) indicating nonspecifi~ binding. Since this component did 
f 

not co-purify with ATPase activity during chromatography it ~ 

appears to be structurally unrelated to the tonoplast ATPase. 

The minor 32 P -1abe1ed polypeptides of 150 and 86 kDa, on thè 

other hand, did co-purify with ATPase activity. Their 

significance awaits more homogeneous ATPase preparations as 
.,} 1 

they biUind only a small proportion 'of the ,total label \and are 

o ft e n u ~ d ete c ta b 1 eau t 0 rad i 0 gr a phi calI y,. 

Incubation of tonoplast with [14 C]DCCD, at a concentration 

similar to that required to inhibit the ATPase (table 3.1), 

labeled one polypeptide with a~molécular size of 16 kDa (Fig. 

3.4) . This component was solubilized by'Triton X-IOa and co-

purified with ATPise activity during Sepharose 4B 

chromatography. Since the partia1ly purified ATPase retains 

s,ensitivity to DCCD (Table 3.1) and sinee the l6-kDa 

.po~Yreptide is the only major 14C-Iabeled band showing co-

purification with the ATPase, it is coneluded that this 

polypeptide is a subunit of the tonoplast ATPase, and that it 
" \ 

carr ie s the DCCD - bind i ng site re sp ons ib le for ATPas e '"" , 

,t 
~ inhibition. The reason for the imperfect correspondence 

/ 
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( 

be~ween ATPase activity and the l4 C-l abe l during chromatography 

(Fig. 3.4) is not known. Covalent modification of the ATPase 

~ with DCCD may alter its chromatographie behaviour, or there may_ 

be a partial separation of the 16-kDa subunit from the ATPase 

u~on S~lubilization and chr~matography. 
, 

~ A [14 C]DCCD-labeled polypeptide migrating between 14 and 

21 kJa_o_n _SDS gels has also been demonstrated by Bowman (1983) 
'\ 

and Uchida et al. (1985) in vacuolar membranes from Neurospora. 

and Saccharomyces, respectively. These polypeptides, like the 

one identified in "the present work, are clearly distinguishable 

lrom) the DCCD-binding ("c") subunit of the F1FO ATPases of 

'... N euro"spora and Saccharomyces mi ta chondr ia (Sebald et!' al., 1979; 

Uchida e~ al., 1985) and Escherichia coli plasma membrane .. 
(Schneider and Alt~ndorf, 1984), aIl of which have a molecular 

size of 8 kDa. The existence in the tonoplast ATPase of a 

small DCCD-binding subunit distinct from the 57-kDa ATP-binding 

"'\ . subunit ~s nevertheless reminiscent of the structural dichotorny 

In addition ta the 57- apd 16-kDa subunits of the 

tonoplast ATPase identified by labeling with [~_32p]BzATP and 

(14 C] DCCD, respectively, 
, 

SDS-PAGE of the f~actions from 

• Sepharose 4B chromatography (Fig. 3.8) reveals a ~~orninent 67-

kDa component which co\purifies with the ATPase. The 
( 

polypeptides at 57 and 67 kDa in Fig. 3.8 rnay correspond ta the 

prominent 60- and 70-kDa polypeptides observed by Mandala and 

Taiz (1985a) in their partially purified tonoplast AXPase 

preparations from corn coleoptiles. However, associa~ion of 

the 67-kDa polypeptide with the ATPase can only be suggestive 
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because of the inhomogeneity of the partially purified enzymes . ~ 

studied by Manda1a and Taiz (1985a) and ourselves. It is, 
, 

however, noteworthy that Uchida et al., (1985) have recent1y 

found ~h~ sarne basic pattern of subunits for the H+.ATPase of 
\ 

'Saccharomyces cer~vistae tonoplast; two major 89-and 64·kDa 

~J 

subunits together with a smaller DCCD-binding polypeptide. The 
1 . 

tonoplast H+·ATPases of both higher (e.g. Zea and Beta) and 

lower plants (e.g., NeurosopC!ra and Saccharomyces), therefore, 
-- , 

appear to have strikingly similar subunit compositions 

suggesting common membership of a third category of H+~ATPases. 
r 

'-

\ 

; 

! 

/ 

" 
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Chapter 4. EVOLUTION OF ENDOMEMBRANE H+-ATPases: 

,IKK.YNOLOGICAL EVIDENCE FOR ~A COKKQN ANCESTOR 

4.1 ABSTRACT 

• 
The evolution of the endomemb~ane systems of eukaryotic 

Gel1s can be examined by exploring th~ evolutionary origlns. of 
, ... 

the endomembrane H+-ATPases. 
1 

Recent studies suggest that 

cer-tain po lype.pt ide sare commo'n to aIl H+ pumps of this type. 
~ 

\ TonoPlrst H+-ATPase from 

antibodies raised to two 

Beta vulgaris L. was purified ~nd 

of its subunits. Each of these anti-
1 / 

sera reacted with a/polypeptide of the corresponding size in 
/ ~ 

bovine chromaffin granules, Dovine clathrin-coated vesicles, 
il 

and y~ast vacuolar membranes, suggesting common structural 

features and a common ancestor for endomembrane H+-ATPases of 

different organelles and different phyla. The antiserum raised , " 

against the 57 kDa polypeptide of plant tonoplast H+-ATPase 

also reacted with subunit "a" of the H+-ATPase from the 

obligately anaerobic bacterium Clostridiu'm pasceu,rianum and to 

the ~ subunit of the H+-ATPase from Escherichia coli. There 
~-, 

was no reactivity with chloroplast or mitochondrial ATPases. 
1 

These results suggest ,that endomembrane H+-ATPases may be, in 

evolutionary terms, primitive FOFl ATPases. 
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4.2 INTRODUCTION 

• 
The co~tents of many endomembrane-1imited intracellular 

) 

compartments are mai~tained at ~n acidic pH bi membrane~bbund 
"- , 

H+-transloca~ing ATPa~es: Th~se proton pumps therefore play an 

essentia1 r~le in many cellular activities, including the up-. 
take of molecules by re~eptor-mediated endocyto~is, interna1-

ization of enveloped viruses, post-traqs1ation.1 mod\fication 
\\ 

and targeting of proteins, anç solute compartmentation (Mer1ma~ 

et al., 1986). 

\ 
their lnhibitor sensitivity: they lare unaffected by the 

Endomembrane H+ -ATPases are' charac teri~ed by 

standard inhibitors of EIE2-tYVe ATPases (vanadate and ouabaih) 
, 

and of FoFl-type ATPases (azide, oligomycin and efrapeptin), 
'- ".~ .. 

but "show particu1ar sensitivity to su1fhydry1 reag-ents, (see 

1 
section 1.4.2). Endomembrane H+-ATPases resem?le FoFl-type 

ATPases in being multim~ric and electrogenic (probab1y trans-

porting on1y H+) and in forming no phosphory1ated intermëdiate: 

Recent work shows that these ATPases are composeà of an 

integra1 membrane component forming a proton channel sensitive 

to DCCD (Sun et a1., 1987), and a periphera1 nucleotide-binding , 
comp1ex presumed to form the reactive site (Rea et al., 1987a; 

Steven K. Randall, pers. comm.). A possible e~olutionary link 

between endomembrane and FOFl-types of ATPases has led to 

speculation about the evolutionary origin of the endomemhrane 
1 

system as a who1e (Maloney and Wilson, 1985; A1-Awqati, 198~). 

Here ve show conservation of structure amongst endomembrane,'H+. 

ATPases of plauts, fungi and animals, 
;';, ' 

and indicate their 

possible relationship to bacterial FOFl ATPases. 
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\ r 

Current information on the structure of endomembran~ H+-

ATPases from plant, animal, and fungal sources suggests that 

three polypeptide subunits may be common to aIl H+-pumps of 

this type. These are summarized in Table 4.1. To obtain 

further evidence for subunit homologies, antibodies to ~he 57 

kDa and 67 kDa subunits of beet vacuolar membrane (tonoplast) 

H+-ATPase were raised as described in section 2.2.1. Evidence 

V 
for specificiti of the resul~ing antibodies is presented in 

Figure 4.1. N~ cross-reactivity was seen with other 

polypeptides of beet tonoplast, nor with so~ble proteins, 

mitochondria, plasma membrane, or microsomal membranes of beet. 

The sera were unable to inhibit n+-pumping or hydrolytic 

ac t) vi ty, uor could thèy immunoprec ip i ta te the na t i ve ~ . . 
',detttlrgent-solubilized enzyme (data not shown). This was not 

- , 'unexpected as these antisera were raised to SDS-denatured 

. ,. protein . 

( 
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Table.4.l 
... -

Properties ~f Subunits common to Plants, Fungi, and AnimaIs 

Estimated 

Molecular 

Mass (kDa) 

"66 - 8 0 

54-64 

1'3 -19 . 5 

, 

Properties 

1:.. 

Binds nucleotides and SH reagents in several systems. 

May conta in catalytic site. 

In one study (see Chapter 3) nucleotide binding to 

this subunit appears essential for~pase activity. 

May partieipate in ATPase reaction. 

Binds the hydrophobie 

form part df a proton 

'" 
r 

carboxyl reagen\ DCCD. _ May 

channel through ~ membrane. 

, . 
-----------------------------------------------------------~--

... 
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Figure 4.1 
li 

Specificity of ~he ant~-57 and anti-67 kDa sera , 

for the tonop1ast ATPase. Soluble proteins (lane f), 

mitochondri~(lane 2), plasma membrane (lane 3), microsomal 

r-

membranJs (lane 4). topoplast (lane 5) and partially-purified 

ATPase (lane 6) were aIl iso1ated from storage 

-' , 
red beet as previously described (Poole- et al .• 

. Mano1son et al., 1985). 10 ~g protein from each 

fraction was subjected to SDS-PAGE and stai\ned w~th Coomassie 
:( 1'1 

blue (panel A): 2.5 ~g protein from each fraction was 

electrophoresed, blotted onto nitrocellulose and probed with a 

1:770 dilution of anti-57 kDa~rum (panel B) or with a 1:1400 

dilution of anti-67 kDa serum (panel C)p followed by 

biotinylated anti-rabbit goat IgG and streptavidin­

biotinylated R~Xidase. 

~ . 
O' 

.. - -

• ' • 
, 

r 

• 
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• 

Cross-reactivity of the plant antibodies with SD~~denatured 
~ "" 

• 0 

subunits of ~ant, animal, and funga1 endomembrane H+-ATPase, 

" 
and bacterial, chlorop1ast, and mitochondria1 FOF1 ATPases~is . 
shown in Fig. 4.2~ In the case of beet tonoplast H+-ATPase, 

_clathrin-coated vesicle H+-ATPase, chromaffin granule H+-

ATPase, and yeast vacuolar membranes, each arrtibody cross-

reacted nn1y with a subunit of corresponding size. The anti-

57 kDa serum'also ~ross-reacted with subunit "a" of th~ H+-

< .. 

ATPase from the obligately anaerobic baeterium Clostridiûm' • 

pssteurisnum and to the ~ subunit of the F1 H+-ATPase from E. 

coli. There i5 no cross-reactivity with chloropla~t or mito-

chondrial ATPase. 

The immuno1ogical cross-reactivity with various 

endomembrane H+-AT~ases (Fig. 4.~, 1anes 1-4) i5 particular1y 

striking since the preparations were not only from three 

different eukaryotic phy1a, but also from different 

endomembrane organelles. Despite th~ir common features 

referred to above, the endomembrane H+-ATPases of different 

organelles are apprrent1y n~t identical, but ~ave been found to 

differ in physiologieal properties such as CI- stimulation (see 

secti~ 1.4.4) and N03- i~hibition (see section 1.4.2) as weIl 

as i~e abi1ity to use GTP i~stead of ATP as energy source 

for H+ transport (see section 1.4.5). Neverthe1ess, the cross-

reactivity seen in 1anes 1-4 of Fig. 4.2 is rea1, sinee each 

antiserum eross-reacts with the subunit of corresponding size .. 
from eaeh system. Since there ls no eross-reaetivity of the 

anti-57 ~Da antibody with the 67 kDa subunit, and'vice-verss, 

each of the western blots of Fig. 4.2 serves as anèeffective 
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Figure 4.2 Im.unological cross-re~ctivity of antibodies 

against subunits of plant tonoplast H+-ATPase with plant, 

animal and fungal endomembranes· H+-ATPase, and with bacterial, 

chloroplast and mitochondrial FI ATPases. Lane 1: beet 

tonoplast H+-ATPase (A: 2.0 ~g, B: 1.0 ~g, C: 0,2 ~g). Lane 

2: bovine brain clathrin-coated vesicle H+-ATPase (A,&,C: 2.0 

~g). 

~g) . 

Lane 3: bovine chromaffin granule H+-ATPase (A,B,C: Il 

Lane 4: Saccharomyces cerevisiae vacuolar membranes (A: ,. 
17.5 ~g, B,C: 35 ~g). Lane 5: C. pasteurianum membrane EDTA 

extract (A,B,C: 7.6 /4g).' Lane 6: E. coli FI ATPase (A,B.,C: 

2.0 ~g). Lane 7: spinach chloroplast FI ATPase (A,B,C: 2.0 

jJg). Lane 8: rat liver mitochondrial FI ATPase (A~B,C: 2.0 
v , 

~g) . Samples were subjected to SDS-PAGE using a mini-gel 

apparatus (Panel A), transferred to nitrocellulose, and probed 

with anti-57 kDa (Panel B) or anti-67 kDa serum (Panel C) 

using the s~me dilution factors and detection method as in 

figure 4.1. Endomembrane H+-ATPases and C. pdsteurianum were 

purifi~r as previously descrihed (Clark et al., 1979; Manols6n 

et al., 1985; Percy et al., 1985; Xie and Stone, 1986). 

; , 
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,control for the other, and confirms the specificity of the 

,'lan~ibodies . \\ 
Antigenic cross-reactivity has been shown previously 

amongst subunits of FOFI H+-ATPases from~pl~nts, animaIs and 

• bacteria (Rott ~~els'on, 1981) and sequence homologies 

,Walker et al., 1985) have confirmed the evolutionary 

conservation of structure in this class of enzymes. Similarly, 

amongst ElE2 ATPases, the H+-translocating ATPase of yeast 
. 

plasma membrane has been cloned and shown to have homplogies 
J 

~ith the (Na+/K+)-ATPase and Ca 2+-ATPase of animal cells and 

the K+-ATPase of E. coli (Serrano et al., 1986). We now show 

con~ervation of structure in a third distinct class of ion­
i 

pumping ATPases characteristic of endomembranes of plants, 

fungi and animaIs. 

This result also provides evidence that the 57 kDa and 67 

kDa polypeptides are genuine components of aIl endomembrane H+-

ATPases. While these two polypeptides are prominent in pre-

parations of plant and fungal vacuolar H+-ATP?ses (Mandala and 

" Taiz, 1985a, Mano1son et al., 1985; Bowman et al., 1986; 
~ 

Randall and Sze, 1986), the subunit composition of animal 

endomembrane H+-ATPases is less clear. We do not, of course, 

rule out the possibility oI additional functional s'ftbunits, 
. \~ 

~hether restricted, to certain endomembrane H+-ATPases or 

present in aIl. 'lt is·noteworthy that clathrin-coated vesic1e 

H+-ATPase (Xie a~d Stone, 1986), in which the largest number of 

distinct polypeptides have been reported, is the only case in 

which the purified enzyme has been reconstituted in liposomes.· 

and shown to transport H+ as weIl as to hydrolyse ATP. 

l 
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Al though the an t ibodies ,a1s 0 cros s.; reac t wi th subuni ts of 

bacteria1 FOFI ATPases (Fig. 4.2, lanes 5,6) ," correspondence in 

\ , 
subunit size is no longer seen. In or~er to judge more 

acc~rately the intensity of this cross-re~cti~n, western b10ts 

were probed with 125I-protei~gA, and autoradiographs wer~ 

compared by densitometry with the intensity of Coomassie -'til',f~··. 

staining of the g~l. For the cross-reaction of the anti-57 kDa 

antibody with subunit "a" of the H+-ATPkse trom C. pasteurianum 

and to the ~ subunit of the E. coli H+-ATPase, the extent of 

antibody binding per unit protein was in the same range as for 

the animal and fungal endomembrane H+-ATPases (data not shown). 

Cross-reactivity with the bacteria1 H+-ATPases, with'affinity 

to -the'l E. coli 'H+-ATPa:Se and to the simpler H+-ATPase (Clark et: 
;. , , 

al .• 1979) of the more primitive organism (Schwartz and 

Dayhoff. 1978), suggests a common origin for endomembrane H+-

ATPases and F1Fa ATPases. Lack of cross-reactivity with 

çhloroplast and mitochondrial ATPases further suggests that 

these more highly specialized ATPases ~ay have diverged to a 

greater extent th an the ~ndomembrane H+-ATPases from the 

ancestral type. We await protein/nucleic acid sequence data to 

confirm, the se ideas . 
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Chapter S. SEQUENCE AND ANALYS"IS OF A cDNA ENCODING A 

NUCLEOTIDE-BINDING SUBUNIT'OF THE TONOPLAST ATPase 

FROM ARABIDOPSIS t 

... 
5.1 ABSTRACT 

Functional and structural similarities among a wide 
c 

variety of endomembrane H+-ATPases suggest that they form a 

distinct. c1ass wit'h a common origin. I~munological studies 

(CQapter 4) support this idea and suggest an evolutionary 

re1ationship between the endomembrane and FOFl ATPases. 

Further examination of relationships nec"essitates comparison of , 

protein/nucleîc acid sequence data. To ,his end',;e have 

cloned and.~equenced the cDNA encoding the 57 kDa polypeptide 

of the Arabidopsis vacuolar membrane H+·ATPase. 

This cDNA encodes a hydrophilic polypeptide containing a 

putative ATP binding site. Lack of a secretion signal sequence 

suggests it is not processed through the endoplasmic retic~lum 

but translated on cytosolic ribosomes. Comparison of protein 

sequences shows the 57 kDa sub~nit from Arabidopsis to be 

nearly identical with the corresponding subunit in Neurospora 

vacuolar membrane H+-ATPase, very similar to the p subunit of 

the archaebacterium'~ulfolobus, and slightly, but nevertheless 

significantly, homologous to the cr and p subunits of the FOFI 

ATPases. These results suggest that these different classes of 

ATPases have evolved from a common ancestor. 
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5.2 RESULTS 
L ~ 

. 
5.2.1 Selection and Chara~terizatio~ of a Clone from a Àgtll 

" . 
) 

Expression Library 

us~to test the practi~ality of festern blots were 
1\ 

screening an expression library from Arabidopsis with 

antibodies raised against a polypeptide from red beet. Figure 

5.1 ;hows beet tonoplast H+-ATPase and microsomal pellet 
, 

proteins from Arabldopsis plants subje~ted to SDS-PAGE (panel 

A, lanes 1,2), transferred to nitrocellulose and prohed with 

the anti-57 kDa antibody (panel B, 1anes 1,2).' Immunodetection 

shows only one po lypep t ide "from Arab 1 dops ls mi gra t i ng. alongs ide 
<# 0 

the 57 kDa polypeptide of beet tonoplast ~*-ATPase. 

600,000 pfu from an Arabldopsls leaf cDNA Agtl~ library 
~ 

were screened with the anti-5~ kDa antibody, resulting in one 

positive. The positive clone contained a 1.9 kb insert and 

produced an IPTG- inducible fusion pr~.tein of about 170,000 kDa 

as determined by SOS-PAGE (Fig. 5.1, 'papel A, lane 3). The fJ-

galactosidase portion of the fusion protein accounts for 114 

kOa, (Huynh et al.) imp1ying the insert code's for a 56 kDa 

polypeptide. The fu~ion protein is recognized both by anti-57 

abtibodies (Fig .. 5.1, panel B, lane 3) and anti-fJ-galactosidase 

antlbodies (Fig. 5.1, panel C, lane 3). Wild type Agtll fJ-

galactosidase is not detected'by anti-S7 serum (Fig. 5.1, panel 

B, lane 4) nor is the 57 kOa polypeptide of the tonoplast.H+-

ATPase detected by anti-fJ-galactosidase serum (Fig. 5.1, ~panel 

C, lanes 1,2). A 60 kDa polypeptide recognized by the anti-57 

1 

1 
1 

1 
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Figure 5.1 Characterization of ~-ga1actosidase / 57 kDa 
\ 

fusion protein. Lane 1: bee~ tonop1ast H+-ATPase (A: 2.0 pg, 

B,C: 0.2 pg) .. Lane 2: Arabidops~s microsomal pellet (A,B,C: 5 

pg). Lane 3: crude lysate froq 19t1l recombinant iysogen 

con~ning the fusion protein (A: 18 pg, B,C4 3.5 pg). Lane 

4: crude lysate from wild type 19t11 ,retombinan~ysogen (~: , 
l 8 p g, B, C: 3-. ~ p g) . Sam pIe s we r e s u b j e ete d t 0 S D ~ - PA GE (l 0 % 

acrylamide) using a mini-gel apparatus (panel A), transferred 

t9 n~rocellulose, and probed with a 1:~50 dilution of anti-57 

serum (panel B) or a 1:1000 dil~tion of anti-~-galactosidase 

serum (panel Cl. 
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sera in the E. coli cell lysates (F1~5.1, panel 

is the « subunit of the bacterial FI-A~}ase. ~ee 
B, Ianes 3,4) 

chapter 3). 

, ,+ 
5.2.2 In Vitro Transcription ~nd'In Vitro Translation of rnsert 

cDNA from . ~ 

The 1. obtained above was subcloned into the 

s i te 0 f K S M 1 3 + 'B lue s cri p t (r e fer r ePd t 0 bel 0 w a s 

p57kDa) . In.vitro transcription of the insert cDNA followed by 
"" 

in vitro transla ion of the resulting RNA produced two 
r 1 ~ 

Qolypeptides, 0 57 and 59 kDa respective1y (Fig. 5.2, lane 3). 

Poly(A)+ RNA isolated from whole Arabidopsis plants was in 

vitro translated (Fig. 5.2, 1ane 1) and immunoprer.ipitated with 

anti-57 kDa sera (Fig. 5.2, lane 2). Two polypeptides were 

seen of identiéal size to the ones produced by the in vitro 

transcribed-in vitro translated p57kDa insert. There were no 

labeled polypeptides visualizêd when immunoprecipitation was 

~erformed with the same dilution of non-immune serum (data not 

shown). - The smaller of the two polypeptides migrated alongside 

the 57 kDa polypeptide of the red beet tonoplast H+-ATPase 

(identif~ed by a star in Fig. 5.2). The in vitro translatioR 

~f two polypeptides, rather th an the expected one, may ~esult 

from the use of a heterologous in vitro translation system (see 

Discussion) . 

~ 
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Figure 5.2 Characterization of coding regions of insert cDNA 

from p57kDa. Lane 1: ~ vitro translation of Po1y(~+ RNA 

isolated from whole Arabidopsis plants. Lane 2: 

immunoprecipitatiofl of in vitro translated p~ts shown in 

lane 1 with a 1:750 dilution of anti-57 ~ serum. Lane 3: 

il vitro translation of in v~ro transcribed insert cON~ from 

p57kOa. 'Samples were SUbjectJd to SOS-PAGE (10% acrylamide)/,~, 
on a mini-gel apparatus. 35 S label was visualized 

fluorographica1ly. The star indicates the position of the 57 

kDa polypeptide of the beet tonoplast H+-ATPase on SOS-PAGE. 

• 
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5.2.3 Primer Extension \ 
"-

Primer extension of total Arabldopsls RNA containing an 

oligonucleotide complementary to a region 50 bp downstream from 

the 5' end of p57kDa's insert produced one 162 bp product (Fig. 

5.3, lane 1). This result implies that the p57kDa insert is 

missing i12 bp, but from Fig. 5.2 it seems that these are non-

coding sequences in the 5' end. 

5.2.4 Nucleotide Sequence 

The strategy used to sequence_,oth strands of the p57kDa 
'"t 1 

insert is shown in Fig. 5.4. The sequence of the p57kDa insert 

is shown in Fig. 5.5. There a~e three putative start codons at 

\ . positlon 112, 130 and 178 (Fig. 5.5). The f1anking sequences 

of the second rnethionine at position 130 (AAC ATG G) best 
'--

matches the consensus sequence (or plant initiation codons (ANN 

ATG G) reported by Heidecker anéJMeSSing (1986). Kozak (1981) 

showed that wheat germ ribosomes bound most strongly to start 

codons with a G at position +1. Lütcke et al. (1987) 

demonstrated that the A in position -3, while critical with 

reticulocyte lysates, had no effect on translationa1 

efficiencies when using wheatgerm systems. This evidence ~ 

suggests the third methionine at position 178 (GGC ATG G) may 

be a possible plant initiation site. The G at the -3 position 

15 the second most fr~y used nucleotide (18%) in that 

p~sition (Kozak, 1984). Using Staden's weight matrix method 

for ribosome binding site location (Staden, 19~4), which is 

based on the assumption ~f base pairing between mRNA and the 3' 

region of 18S rRNA (Sargan et al., 1982), both the second and 

f' 
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Figure 5.3 S;ze deterndnation of RNA cO,ding for the 57 kDa 

polypeptide by primer extension. 32 p 5' end-labeled 21 bp 

oligonucleotide, complementary to a regian 50 bp dawnstream 

from the 5' end of the c10ned insert of ps7kDa was annealed to 

Arabidopsis' RNA, followed by reverse transcription by primer 

extension . The prirner-extended product was run on a 5% 

..... sequencing gel (1ane 1). For comparison a sequencing ladder 

obtained using the sarne primer is run on lane 2. The arl;ow 

points to the EcoRI site where the 5' 

has been ligated into Bluescript. 

• 
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Figure 5.4 Sequencing strategy of insert cDNA from p57kDa. 

oInsert cDNA from p57kDa is represented by the solid thin line, 

Bluescript by the open ended thick hollow bars and restriction 

enzyme cleavage sites by the short vertical lines. A series 

of deletions on p57kDa were made using EcoRI and X~aI, 

subcloning the restriction fragments in both orientations into 

the Bluescript polylinker . These clones were sequenced using 
./ 

the T 7 or SK prime r s ('repre s ented by the sol id arrow s) . , 
, 

Synthesized oligonucleotides were then used as primers to 

sequence the remainder (dashed arrows) such that both stands 

were sequenced to completion. 

1 • 
n .. _________ ~~_ 
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Figure 5.5 Nucleotide sequence and predicted amino acid 

sequence o~ lnsert cDNA from p57kDa. The three possible 

ç. 

initiation sites are indicated by capitalizing the 

~ corresponding methionines. The putative ATP binding site is 
'0)," 

unde r l ined hy a sol i d 1 ine . The two poten t ial po lyadenyla t{on 

signaIs are underlined hy a dashed line. The S'top codon is 

represented by ***. 
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841 

901 
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1021 

1081 

1141 

1201 

1261 

1321 
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1441 

1501 

CGCCCATTTTCACAGATCAACGATAAACCAAATCAAAGCAGCTCCTGGGAACGGTTCGAT 

TCGAGCAGACAGACACGGACACAGCCACACAGGCACAGACAGTTATGGTTTATCAGTCTC 
KETSerLeu 

TCTGTGAACATCCGCACCAATGATCTCCACATCCAACAACGGACTCTCéACATCCCCATG 
SerVa1A.nK~T~lyThrA.nA.pLeuAopl1eC1uCluClyThrL.uGluI1eClyKET 

GAGTATACAACTGTTTCTCGTGTTGCTGGACCATTGGTCATTCTTGACAAAGTGAAGGGT 
G1uTyrArgThrVa1SerG1yVaiAlaG1yProLeuVa1IleLeuAepLyaValLyeGly 

CCAAAGTACCAGGAGATTGTTAATATTCGCTTAGGAGATGGATCAACGAGACGTGGTCAG 
ProLysTyrGlnGluIleValAsnIleArgLeuGlyAspGlyS.rThrArgA~gGlyGln 

GTTTTGGAAGTTGATGGCGAGAAACCAGTTGTGCACGTTTTTGAAGGAACATCTGGAATT 
ValLeuCluValAspClyGluLysAlaValValGlnValPheGluClyThrSerClylle 

CACAACAACTTTACAACCCTGCAATTCACACGAGAGCTTTTGAAAACACCTGTATCATTG 
A.pA.nLy.PheThrThrVal~lnPheThrGlyGluValLeuLy.ThrProValSerLeu 

<) 

GACA~GCTTGGGCGCATATTTAACGGTTCAGGAAACCCGATTGATAATGGCCCTCCTATT 

AopHetLeuGlyArgIIePheAsnGlySerGlyLysProl1eAspAsnGlyProProll. 

CTGCCAGAAGCATACCTTGATATTTCAGGAAGTTCAATCAACCCCAGTGAAAGAACCTAT 
LeuProGluAlaTyrLeuAspIleSerGlySerSerIleAsnProSerGluArgThrTyr 

CCTGAAGAGATCATACAGACAGGCATATCGACCATCGATGTCATGA~TTCCATTGCTCGT 

ProGluGluHetIleGlnTh~GlyIleSerThrIleAspValH.tAsnSerll.A1aArg 

GGACAGAAGATTCCACTTTTCTCTGCTGCTGGTCTTCCACATAATGAAATAGCTGCTCAG 
G1yG1nLysIleProLeuPheSerA1aAlaGlyLeuProHisAsnG1uIleAlaAlaGln 

ATTTGTCGTGAGGGTGGTGTAGTGAAGGGTTTGGAAAAGACTGTTGATCTACTTGAG GAT 
11eCysArgGlnA1aGlyLeuValLysArgLeuGIuLysThrVa1AspLeuLeuGIUAsp 

CATGGAGAGGACAATTTTGGAATTGTGTTTGCAGCTATGGGTGTGAACATGGAGACAGCT 
HisGlyGluAspAsnPheAlaIleValPheAlaAlaHetGlyValAsnHetGluThrAla 

GAGTTCTTGAAGCGAGATTTTGAAGAAAATGGATCAATGGAGAGAGTTACTCTTTTCCTG 
GlnPhePheLysArgAspPheGluGluAsnGlySerHetG1uArgValThrLeuPheLeu 

AACCTGGCCAATGACCCAACCATTGAGAGAATCATCACTCCTCGAiTTGCCCTCACAACA 
AsnLeuAlaAsnAspProThr11eGluArgIleileThrProArglleA1aLeuThrThr 

GCTGAATATCTGGCTTATGAATGTGGGAAACACGTCCTTGTCATATTGACGGATATGAGT 
AlaGluTyrLeuAlaTyrGluCysGlyLy.U1sVa1LeuValIleLeuThrAspHetSer 

TCTTATGCTGATGCTCTTCGTGAGGTTTCCGCTGCCCGAGAAGAGGTTCCCGCAAGA CGT 
SerTyrAlaAspAlaLeuArgGluValSerAlaAlaArgGluGluValProGlyArgArg 

GGATATCCAGGTTATATGTACACTGATCTTGCAACTATTTATGAACGTGCTGGGCGTATA 
GlyTyrProGlyTyrHetTyrThrAsvLeuAlaThrIleTyrGluArgAlaGlyArgIle 

GAAGGAAGAAAAGGTTCCATCACCCAAATTCCAATCCTCACTATGCCCAATCACGATATC 
GluG1yArgLysGlySerIIeThrGlnI1eProIleLeuThrHetProAsnAapAspIle 

ACTCATCCAACTCCGG~TCTTACTGGTTACATTACTGAAGGTCAGATATATATCGATAGG 

ThrHisProThrProAsp~ThrG1yTyrIleThrG1uGlyGlnIleTyrlleAspArg 

CAACTTCACAACAGACAGATATATCCACCCATCAACGTGCTTCCATCCCTTTCTCGTTTA 
GlnLeuHlsAsnArgGlnIleTyrProProlleAsnValLeuProSerLeuSerArgLeu 

ATGAAGAGTGCTATCGGCGAGGGCATCACTCGTAAAGACCATTCTGATGTGTCGAACCAG 
HetLysSerAlalleG1yG1uGlyHetThrArgLysAspHlsSerAspValSerAsnGln 

CTGTATGCAAATTATGCAATCGGGAAAGATGTTCAAGCGATGAAAGCTGTTGTTGGAGAA 
LeuTyrA1aAsnTyrA1al1eG1yLysAspVa1GlnAlaHetLysAlaVaIValGlyG~u 

GAAGCACTTTCTTCAGAGGATTTGCTTTATCTAGAGTTTTTGGATAAGTTTGAGAGGAAG 
GluAlaLeuSerSerG1uAspLeuLeuTyrLeuG1uPheLeuAspLysPheGluArgLys 

TTTGTGATGCAAGGAGCTTATGATACACGCAACATCTTCCAGTCGCTGGACTTAGCTTGG 
PheValHetGlnGlyAlaTyrAspThrArgAsnIlePheGlnSerLeuAspLeuAlaTrp 

ACATTGCTCCGTATCTTCC~GGGAGCTTCTTCATCGTATCCCTGCAAAGACACTTGAC 
ThrLeuLeuArgllePheProArgGluLeuLcuHlsArgIleProAlaLysThrLeuAsp 

1561 ,CAATTCTACAGCCGCGACTCAACCAGTTAAAATGA~GTAATGGAGGTTATCTTATCGAAA 
GlnPheTyrSerArgAspSerThrSer*** 

1621 CTCTTTTGAGAGAAAAGTGTGAATTTTTGTGATGTGTATTATTTGGTGCTTATTATAAAG 

1681 ApGAAAAACAAAGAAAAGCTATATATTCTGTGTCTCCCTATCTGGTGATATTTTTTTTGG 

1741 TTCTGCATTGTGTTCCAAAGTGGAAATAAAAATCGATAAACGATGTCGTATTGTAGTACT 

1801 TTCCTrTTCTTTGTATGAATTTGTTAAGATTGGTTTATAAATGGGATTATAATAAGTATC ----- -----
1861 TTTAAAAAAAAAAAAAAA 
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third methionines are calculated to be possible eukaryotic 

binding sites, but with a higher probabl1ity computed for the, 

second methionine. 

After the first ATG there is a l476-nucleotide open 

reading frame followed by 135 nucleotides of 3' non-coding 

region. Two putative polyadenylation signal sequences were 

found 30 nucleotides upstream from the poly (A)+ tail (Fig. 

5.5), both in close agreement with the plant consensus sequence 

of (A/T)AATAA(A/G) reported by Heidecker and Messing (1986) . ..... 

-5.2.5 Amino Acid- Sequence 

The open reading frame of the p57kDa insert codes~or a 

• 492 amino acid polypeptide with a predicted molecular weig~t of 

55 kDa. The difference calculated between the putative start 

codons ,is 0.6 kDa (6 amino acids) between the first and second 
) 

methionine and 1.7 kDa (16 amino acids) between the second and 

third methionine. The highest predicted value is still 2 kDa 

lower than the expected 57 kDa calculaThed by SDS-PAGE. The 

! 

predicted pl values for polypeptides starting at the first, 

second and third AUG are 4.74, 4.75 and 5.0 respectively. The 

calculated pl value of 5.0 is the closest to the pl values 

obtained for this subunit by isoelectric focusing: 5.2 with red 

beet tissue (Dupont et al. 1988), and 5.1 with zUCf:hini (un-

published work in collaboration with Georg Martiny-Baron). 

The hydrophobicity of the predicted polypeptide was 

examined using four different methods. Hydrophobicity plots 

were ca1culated using the method of Ky te and Doolittle (1982) 

with windows ranging from 5 to 15 amino acids with no large 

l 
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•• uninterrupted areas appearing above the midp~irit line of -0.4. 

Th~ midpoint line of -0.4 represents the rnean of the grand 
." 

average of hydropathy value (GRAVY) for sequenced soluble 

proteins, hydrophobic values lying above and hydrophil~c vaLues 

lying below the midpoint line: The calculated GRAVY score of 

-2.28 suggest th~t the predicted 57 kDa polypeptide is a 

soluble\ protein. Membrane-associated helices were not 

predicted with either the algorithm of Eisenberg et al. (1984) 
, 

,) 

o r th a t 0 f Rao and Ar g 0 s (l 9 8 6 ~~"u sin g the par am ete r s'a n d cu t -
~~J 

off points proposed in the original articles. The computer 

J program written by Klein et al. (1984) placed the odds at 27 ta 

1 for the predicted sequence to he a peripheral as opposed to 

an Integral protein. 

Heijne's SRP signal~sequence-detectJng algorithm (Heijn~, 

1986) could not detect any, region near the N-terminal that 

scored higher than 3.5. The value of 3.5 was used as a cut off 

because 98% of published signal sequences scored above it and 

98% of published cytosolic sequences scored below it. 

5.2.6 Prote in Homologies . 
Homologies with the predicted structure of the 57 kDa 

polypeptide were examined using Lipman and Pearson~s protein 

similarity searching algorithm FASTP (Lipman and Pearson, 

, with a single amino acia look-up table (ktup -1), to 

sea~ch the National Biomedical Research Foundation protein 
"" 

sequ~nce database (PIR) release 12. Evaluation of statistical 

significance was made by comparing the query sequence to 50 

randomly-permutated versions of the putative related sequence 

/ 
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and ca1cu1ating the Z value as descr by Lipman and Pearson 
\ 

(1985). Z values above 10 Jere cons dered by the authors as 

significant ho~ologies, whi1e ve 3 were judged as 

possibly significant. Table 5.1 lists H+-ATPases and ATP-

binding proteins in decreasing order ~~ their Z values. The 

table includes proteins from the above database plus 
ri 

( unpublished data of Emma Jean Bowman, Barry Bowman, Lincoln 

Taiz and Masasuke Yoshida. A Z value of 299.3 for the 57 kDa 

polypeptide (fi subunit) of ~eurospora vacuolar H+-ATPase 

reflects that in a 465 amino acid overlap, 76% of the sequence 

Is Identical to the putative Arabidopsis f3 subunit. 'rhe f3 

subunit of the ATPase of Sulfolobus had the second highest 

scor~ of 137.7, calculated from 53% identity in a 470 amino 
, 

acid over1ap. The next ~leven Z scores (ranging between 10 and 

20) were the IX and f3"subunits of the FOFl H+-ATPase and the IX 

subunits of endomembrane H+-ATPases. For ~omparison, the top 

scores for other ATP-binding proteins are listed, although none 

of th~m had Z scores over 3. 

Table 5.2 shows the reglon which is the most conserveq 
( , 

over the greatest number of H+-ATPase subunits. The first 

column of amino acids is the most variable with both positive 

and negatively charged residues. Tre four non-:onserved amino 

acids found in the four th colu,lm are aV conservative changes 
~ \ ~ 

from isoleucine to other no~-polar r~sidues. In the f3 subunit 

of the bovine mitochondrial H+-ATPase, lysine 301 and 

lsoleucine 304 (underlined in Table 5.2) have been shown to 

bind azido-ATP, suggesting this region is part o~ a putative 

7 ATP blnding site (Hollemans et a.l. 1983). 
~, 
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T.ble 5 ·1 
-' 

Prot.in Sequence Si.ll.rltl ••• lth th. 57 kD. C,) Subunit 
of th. Indo ••• br.ne O+·ATP •• e fro. Arabtdopata 

Subunit z v.lue 

----------------------------------------------.~----------------

ATPAses . ( z > 100 ) 

57 kda (P) • lIellbrane 

57 kDa (P). 

A,.'I,.,.I. v"v~, 
NeurospoTa ~cuo ~ ~ellbrane 

P. Sulfolobus plasma mellbrane 

" 

P . 

P. 

a. 

P. 

P. 

P. 

P. 

AIPose 5 ( z > 10 ) 

FOY1 bovine mitochondr~on 

FOF1 tobacco chloroplast 

FOY1 maize chloroplAst 

FOYI spinAch chloroplast 

FOFI barley mitochondrlon 

FOFI barley chloroplAst 
1 

70 kDa (a) Neurospora vAcuolar membrane 

69 kDa (a) maize vacuolar membranel 

a. FOFI tobacco chloroplast 

329 5 (optillal score) 

299 3 

137.7 

18.6 

17.2 

16 1 

15 6 

lYO 

14 8 

14 4 

13 9 

12.8 

11 5 

Il 5 

----------------~----------------~------------------------------

Other ATP·binding Proteins ( z < 2 ) 

ATP p~osphoribosyltransferase 1 8 

Myelin basic prote in 1 1 , 
IIdenylate kinase 1.0 

'Ca 2+ ATPase) 

ADP.ATP cArrier protein 

o 8 

0.8--

of, 

r 

,. 



J 
106 , 

·t 

Table 5.2 Putative ATP Binding Site 

ATPase subunit 
a 

57 kDA, Ar8bidopsis vacuolar membrane 328-LYS-GLY-SER-ILE-THR 

60 kDa, Neurospo;:a vacuolar membrane 321-ASN-GLY-SER-ILE-THR 

69 kDa, carrot vacuo1ar membrane 404-ASN-GLY-SER-VAL-THR 

{J, Sulfolobus 229-LYS-GLY-SER-ILE-THR 

{3, bar1ey chloroplast 318-LY~-GLY-SER-ILE-THR 

{3, maize chloroplast 319-LYS-GLY-SER-ILE-THR 

{J • spinach chloroplast 319-GLU-GLY-SER-ILE-THR 

{3, tobacco chloroplast 319-GLU-GLY-SER-ILE-THR 

{J, bovine mitochondrion 301- LYS - GLY - S ER - ILE - THR 

{3, barley mi to chondt ion 139-LYS-GLY-SER-VAL-THR 

ex, E. col i 322-THR-GLY-SER-LEU-THR 

ex, tobacco ch1oroplast 312-GLU-GLY-SER-MET-THR 

Consensus Sequence:LYS(50%)-GLY(100%)-SER(100%)-ILE(68%)-THR(lOO%) 

c 
1 

~ 
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5.:2.7 Phylogeny 

Fig 5.6 shows an unrooted phylogeny inferred from the 
~ . 

prote in sequences of the most similar subunits of six different 

H+·ATPases using Felsenstein's "Protein Sequence Parsimony 

Method" (PROTPARS) version 3.0. PROTPARS's algorithm 

calculates the number of steps required for changes in amino 

acids, consistent with the genetic code, with the assumption 
1. 

that the data entered is already correctly aligned. 

Considering that parsimony methods tend to fail when dealing 

with data involving large amounts of change (Felsenstein, 

1981), to remqin within the confidence of the method on1y the 

six most homologous H+·ATPase subunit sequences (as compared to 

the P subunit of the Arabidopsis tonoplast H+·ATPase) were 

used. Alignment of the sequences was done manually with the 

aid of FASTP. Deletions were added to the sequences in order 

to cornpensate for differences in length and to align highly 

conserved regions. The program was run 5 times with the global 

rearrangement option, the order of sequences being randomly 

shuffled each time. Regardless of the order of data, the 

phylogenetie tree in Fig. 5.6 was produced each time. In order 

to facilitate "the ealculations, the as~'~~on was made that ' 

any amino acid change to any other one should count as one step 

(Eck and Dayhoff, 1966) for the Bea1e of the branches, although 
tC" 

this will underestimate the length. 
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Figure 5.6 Unrooted phylogenetic t!ee of H+-ATPase subunits. , 

The program PROTPARS was used to infer phylogeny amongst the 

fol1~wing H+-ATPase subunits. (1) 57 kDa (fJ) subunit ofl­

Arabidopsis tonoplast H+-ATPase, (2) 57 kDa (p) subunit of 

Neurospora vacuolar ~embrane H+-ATPase, (3) p subunit of . . 
Sulfolobus plasma membrane H+-ATPasé, (4) ~ subunit of E. coli 

FOFI H+-ATPase, (5) p subunit of tobacco chloroplast FOFI H+­
Il • 

ATPase, (6) p subunit of bovine mitochondrial FOFI H+-ATPase. 

1 

• 
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5.3 DISCUSSION 

The cDNA encoding the 57 kDa polypeptide of the 

Arabidopsis tonop1ast ATPase was selected from an Arabidopsis 

leaf cDNA Àgtll expression library. The initial evidence of 

the ~lone's identity was from the fusion protein's strong 

antigenic response to the anti-57 kDa antibodies (Fig. 5.1) and 

from the estimation of polypeptide size (Fig. 5.2). The high 
'~ 

degree of protein sequence homology with a range of H+-ATPase 

subunits and the near identity with the 57 kDa polypeptide of 

the Neurospora vacuolar H+-ATPase (Table 5.1) confirmed its 

identity. 

The finsert cDNA from p57kDa contained the entire coding 

reglon for the 57 kDa polypeptide (Fig. 5.2)., The sequence 

included the 3' non-coding reglon since lt ends wlth a poly 

+(A) tail (Fig. 5.5), but is missing 112 bp of non-coding 

sequence on the 5' e~(Fig. 5.3). 

The presence of three closely-spaced methionines 

(capitalized in Fig. 5.5) at the beginning of the coding region 

obscures the estimation of where initiation starts. The 

flanking region surrounding the first AUG does not match any 

published consensus sequence for initiation sites, yet Von 

Heijne (1987) c1aims that even in the absence of consensus 

si~nals 90~ sites begin with the most 5' AUG. The 

flanking regions of the second and third AUGs suggest that 

. 
either could be plant in~ation sites, but with a higher 

probability for the former. Considering a mammalian , 
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translation system dealing with plant signaIs, two possible 

initiation s~tes may explain the two polypeptides in the in 

vitro translated products (Fig. 5.2, lanes 2 and 3). The 2.3 
~ 

kDa difference between the first and third, or the 1.7 kDa 

difference between the second and third methionine could 

account for the approximately 2 kDa difference between the two 

in vitro translated polypeptides. The 57 fDa p~èypeptide of 
~ 

beet tonoplast H+~ATPase co-rnigrated with the lower of the two 

polypeptides (Fig. 5.2) suggesting that in vivo initiation 
. 

starts on the third AU~. Initiation starting on the third AUG 

would result in a pl value close to values obtained by 

isoelectric focusing, but a mol. wt. further away from SDS-

PAGE estimations. Differences between predicted and SDS-PAGE-

calculated molecular weights could be due to anomalous amounts 

of SDS being bound to the protein, resuiting in exposure of 

sorne charged amino acid, or of irregularities in the shape of 

the SUS-protein complex (Maddy, 1976). 

Predictions based on the amino acid sequence of the cloned 

cDNA agree with biochemical data. Four different computer 

prograrns pEedicted the encoded polypeptide to be a soluble 
~ 

prote in. These predictions concur with the results of Rea et 

al. (1987a) showing the corresponding subuni~ in red beet can 

be dissociated from the vacuolar membrane by treatment with 

chaotropic anions. The absence of any detectable SRP signal 

sequence is in concordance wi~ evidence showing that the same 

subu~it in corn is synthesized on cytosolic ribosomes (Steven 

Randall and Heven Sze, personal communication). The presence 

of the putative ATP binding site in the sequence (Table 5.2) Is 
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in accord with photoaffinity observations (Chapter 3) that Bz-

ATP binds to the same subunit in red b~et. 

Statistically significant homologies (Z values greater than 10) 

between the a and fi subunits of FOFI H+-ATPase and the 

predicted 57 kDa subunit in Arabidopsis are shown in Table 5.1. 

~Consideri~g structural and functional similarities, sequence 

\. 
hornolo~ies are expected. The subunits are aIl part of large 

rnulti~iC H+-translocating, ATP-hydrolyzing enzymes, have ATP 

binding sites, are only peripherelly bound to their respective 

membranes and are similar in size. It appears that sequence 

homologies do not just reflect functional simllarities, since 

other ATP binding and ATP hydrolyzing enzymes (ATP phospho-

ribosyltransferase, myelin, adenylate kinase, Ca 2 + ATPase, 

ADP,ATP carrier protein) show no significant degree of 

homology. This suggests that the homologies may also reflec~ a 

cornmon evolutionary origin. The lirnits of similarities (aIl Z 

values are less than 20 for FOFI ATPases) may in part reflect 

differences in function as weIl as evolutionary distance. 

Deducing phylogenetic relationshi~s on the basis of 

sequence homologies assumes a constant function. Functional 

cha n g e sin an en z y me h r i n g ad dit ion a 1 cha n g e sin s e que RC e wh i c h 

obscure evolutionary distance (Woese, 1981). The endomembrane 

ATPases hydrolyse ATP and pump protons lnto the inside of their 

respective organelles. The generated proton gradient is in 

turn used for secondary transport. In contrast, the FOFI 

ATPases generally synthesize ATP using a proton gradient 

getierated by oxidative or photosynthetic electron tr~nsport. 

The role ,)f the Sulfolobus ATPase has yet to he demonstrated. 
" . 
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By definiSion, enzymatic reactions are reversib1e, but • structural changes will affect in which direction the reaction 

is kinetical1y favored. Thus part of the dissimilarity amongst 

subunit sequences may ref1ect change in function as opposed to 

evo1utionary distance from a common origin. This is not to 

argue that these ATPases are not suitab1e for phy10genetic 

ana1ysis, but to point out that the evo1utionary distances 

ca1cu1ated by sequence comparison may be overestimated. 

To ~xp1ore the evolutionary aspects of the sequence 

homologies, a phylogenetic tree was calculated using the 

protein sequences of six ATPase subunits (Fig. 5.6). The 

validity of the results are dependent upon the subjective task 

of a1igning the sequences. For this reason the six subunits 

with the most apparent a1ignments were1chosen. A1though it 

would be most appropriate to use the corresponding subunits 

from each type of ATPase, the question of which subunit 

corresponds to which is still under debate (see Chapter 1). As 

it happens, this issue has little effect on the form of the 

The PROTPARS program was rerun except for substituting 

the Œ subunits for the fi subunits in the ch10rop1ast and 

mitochondria1 AtPases and switching the fi for the Œ subunit in 

E. coli ATPase. The on1y difference to the tree was an 

increase in the number of steps between the branches reflecting, 

the necessity of adding more de1etions to compensate for 

dif':erent sizes. 

the va1idity of the tree may be examined by discussing its 

components. Fig. 5.6 shows the mitochondrial and chlorop1ast 

subunits arise from the same node, which in turn is connected 
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• to the branch 1eading to the E. coli subunit. This pattern is 

'in agreement with the evolutionary tree constructed by Dayhoff 

and Schwatz (1981) using the FO (prote01ipid) subunit of 

mitoehondria1, ch10rop1ast and E. coli ATPases. This portion 

of the tree a1so ref1ects the endosymbiotic origins of 

mitochondria arid chlorop1ast ftom prokaryotes. 

The top right corner of Fig. 5.6 shows the 57 kD~ 

polypeptides of Arabidopsis and Neurospora vacuolar membrane 

ATPases branching out from the same node. This eoneurs with 

the extensive biochemical (Poole et al. 1984, Bowman and 

Bowman, 1982) and sequence (Table 5.1) similarities fopnd 

between the two endomembrane H+-ATPases. Structural, 

functional (see Chapter 1) and immunologieal studies (see ( 
Chapter 4) suggest that the eommon point of origin will extend 

to H+-ATPases of yeast vacuolâr membranes, chromaffin granules, 

c1athrin-eoated vesicles and lysosomes. 

The ~ subunit of Sulfolobus is placed between the nodes 

leading to either the FOFI or vacuQlar types of ATPases. The 

structure and function of the archaebacterial ATPases (see 

Chapter 1) also suggest that the y have an intermediate 

relationship between the two other classes of ATPases. 

Phy10genetic analysis of ribosomal RNA indicates that 
, 

eubacteria and archaebacteria have entirely separate lineages 

evolving from a common ancestor (Woese and Fox, 1977). This 

suggests 'that the root of the- tree should be the ATPase of the 

hypothetical universal ancestor (progenote) and not the 

archaebacterial ATPase. However, considering the apparent 

antiquity of archaebacteria (Woese and Fox, 1977), perhaps 
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their ATPases ref1ect more closely the as yet unidentified 

prototype ATPase. This is reflected in Fig. 5.6 by placing 

Sulf~lobus to the far feft. 

1 

• 

• 
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6.Ô General Discussion 

This thesis describes the isolation and characterization 

of a higher plant vacuolar membrane H+-ATPase, composed of at 

1east three polypeptides. 

A 16 kDa polypeptide was identified by DCCD labe1ing and 

by co-purification with ATPase activity (Fig 3.4). The , 

subunit's size and its interaction with DCCD suggested (by 

analogy with the FOF1 ATPases) that it forms part of a 

membrane-spanning proton channel. Ch1oroformjmethano1 

extraction has confirmed the 16 kDa polypeptide as an integra1 

membrane protein (Rea et al., 1987; Kaestner et al., 1987). In 

the case of the H+-ATPase of clathrin-coated vesicles, 

participation ot the 16 kDa subunit in a transmembrane proton 

channel has been verified by DCCD-sensitive facilitation of 

proton diffusion in a reconstituted vesic1e system (Sun et al., 

1987). The 16 kDa subunit and subunit C of the FOFl ATPases 

are simi1ar in their abi1ity to bind DCCD, their solubi1ity in 

ch1oroformjmethano1, and their function as transmembrane proton 

\channe1s. However, they differ in their sensitivity to DCCD 

(see Chapter 1) and in their size (16 vs 8 kDa). While 12 

copies of subunit C are required per FOF1 ATPase (Schneider and 

A1tendarf, 1987) an average of 6 copies of the 16 kDa has been 

( ca1cu1ated for vacuo1ar ATPases (Kaestner et al., 1987; Michael 

tor~ac, personal cummunication). A correlation between the 
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doub1ing in size and the requirement of ha1f the number of 

subunits suggests that the 16 kDa subunit may have arisen 

through gene duplication. These ideas are supported by the 
( 

recent cDNA sequencing of the 16 kDa polypeptide from 

chromaffin granufes (Nathan Nelson, persona1 communication) 

Photoaffinity labeling with BzATP identified a 57 kDa 

polypeptide as a nuc1eotide-binding subunit of the vacuo1ar H~-

A.,TPase (Mano1son et al., 1985). It has been suggested that 
Il 

this result contradicts the reports which used azido-ATP to 

identify the larger (67 kDa) polypeptide as containing the 

catalytic site (Moriyama and Nelson, 1987a; Uchida et al., 

1988) . These resu1ts do not contradict ?ut rather ~omp1ement 

"" each other. BzATP, although a potent inhibitor of hydrolysis, 

is itself not hydrolyzed unless present in excess (greater than 

50 mM) while azido-ATP is hydrolyzed with a Km of 1.5 mM 

(Manolson, unpublished data). The enzyme kinetics using BzATP 

as an inhibitor displayed positive cooperative kinetics with 

respect to ATP concentration (Fig. ,3.1) suggesting that BzATP 

is interacting with a regulatory ATP-binding site distinct from 

the catalytic site . .. While no one has done the same type of 

kinetics using azido-ATP, kinetic analysis of NBD-Cl labeling 

has identified the larger (67 kDa) polypeptide in corn as the 

catalytic subunit (Randall and Sze, 1987). Perhaps the 

differences in enzyme kjnetics and subunit labeling can be 

explained by the steric differences between the two 

photoaffinity probes. The benzophenone group of BzATP is 
, 

substituted at the 3'-hydroxyl position of the ribose moiety 

while 'the azido group of azido-ATP is attached to carbon 8 of 
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the purine moiety. Randall and Sze (1987) observed ATP-

protectable, (14 C ]-NEM binding to the lower (57 kDa) subuniê~ 

confirming the presence of a nuc1eotide binding site. 

The 57 kDa polypeptide of endomembrane ATPases and the ~ 

subunit of the FOFl ATPases appear to be functionally 

homologous in that both s~units contain nucleotide binding 

sites with supposed regulatory functions. Anti-57 antibodies 

binding to the Œ subunit of E. coli and to the "a" subunit of 

Clostridium pasteurianum (Fig 4.2) support this correspondence 

between subunits. A1though neither the Œ nor the 57 kDa 

subunit contains the cata1ytic site for its respective ATPase, 

these subunits may still be involved in hydrolysis. PAF-

stimulated phosphorylation of the lower (57 kDa) subunit has 

bee~ shown to promote nitrate sensitive ATPase activity in 

zucchini microsomes (unpublishcd work in collaboration with 

Georg Martiny-Baron). In the case of the bovine FOFI ATPase, 

photoaffinity labeling with BzATP has led to speculation that r 
the cata1ytic site is formed between or at the interface of the 

~ and P subunits (Williams and Coleman, 1981). 

Initial characterization of ATPases from various 
~ 

endomembrane organelles revealed differences in physiologieal 

properties (section 1.4) and in the number and molecular 

weights of the subunits (Table 1.3). Antibodie~ raised against , 

the two nucleotide-binding subunits in red beet vaeuolar H+-

ATPas~ (57 and 67 kDa) were shown to cross-reaet with the 

corresponding subunits of the H+-ATPases from bovine chromaffin , 

granules, bovine c1athrin-coated vesicles, yeast vacuolar 
~~ 

membranes (Fig. 4.2) and rat liver lysosoma~ membranes (d~ta 

v 

\ 
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not shown). This was the first demonstration o'f the structural • conservation amongst endomembrane H+-ATPases from different 

organelles and different phyla confirming the hypothesis of a 

common class. The anti-57 sera also reacted with nucleotide-

binding subunits from the ATPases of Clostridium pasteurianum, 

and E. coli suggesting a relationship between the endomembrane 

and FOF1 ATPases. Primary sequence comparisons of ATPase 

subunits left no doubt as to the common origin of endomembrane \ 

ATPases and to their link with archaebacterial and FOF1 ATPases 

(Chapter 4). No other ATP-utilizing enzyme showed aoy 

significant homology to the A'l'Pase subunits (Table 5 .1)., This 

suggests that the sequence similarities amongst the ATPases 

reflect more than common f~nction but indicate a common 

evolutionary origin. Phylogenetic ana1ysis of sequence 

homologies show the endomembrane ATPases as having a oloser 

evo1utionary relationship to the archaebacteria1 ATPases than 

to the FOFI ATPases (Fig'- 5.6) . 

Without placi~g too much empha~is on,mere speculation, 

one can attempt to extrapolate the phy1og~netic data of the 

ATPases to the organisms and organelles in which they reside. 

First, it is necessar1 to fit the data of the ATPases to the -

known phylogeny of their respective organisms. This is no easy 

task since the phylogenetic relationship of archaebacteria, 

1 
eubacteria, and eukaryotes has become a highly debated issue. 

L The established view (Woese and Fox, 1977) proposes that 

archaebacteria, eubacteria, and eu~aryotes form three 

evolutionarily equidistant aboriginal 1ines of descent s~emming 
, 
from one common ancestor, the pr?genot~ (Fig. 6.1, A). The' 
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" 
Figure 6.1 Phylogenetic trees relating the priDary kingdoms. 

Panel A constr~ted hy Woese (1981), panel B constructed hy 

( Yugt,lchi'"et a.l.. (1980) and panel C constructed by Lake (1988). 
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cornmon origin of the ATPases could th en he explained if the 

prog~note contained the prototype ATPase. Ho~ever, this 

Interpretation does not agree with the phylogenetic data in 

Chapter 5. Woese's evolutionary scheme would prediet the three 

groups of ATPases (endomembrane, archaebacterial and FOFl) to 

be equal~y_dissimilar from each other. The data in Fig. 5.6 

show the~endomembrane and Sulfolabus ATPases as being more 

similar to each other than to the FOFI ATPase~. This 

discrepancy could possibly he accounted for by the éhanging 

function of thelATPases. Although the role of Sulfolobus 

ATPase has yet to be directly established, indirect evidence --.... 
suggests that lt acts as an ATP synthase (Konishi et al. , 

1987). The Sulfolobus ATPase would then be expected to show 

more similarities to the FOFI ATP synthetases than to the 

proton pumping endomembrane ATPases. This again does not agree 

with the data in Chapter 5. A second possibility to fit 

Woese's evolutionary scheme is to suggest that the similarities 

between the endomembrane and Sulfolobus ATPases reflect 

formation of the various endomembrane organelles through 
'-------

endosymbiosis of archaehacteria. An endosymbiotic formation of 

endomembrane organelles has been proposed hy Al-Awqati (1986). 

Although the endosyrnbiotic origin of rnitochondria and 

chlorop1ast from eubacteria explains the extensive homologies 

amongst FOFl ATPases (Schwartz and Dayhoff, 1978), this seems 

an unlikely explanation for the endomembrane organelles. The 

evidence, apart from the FOFl ATPases, for the endosymhiotic 

formation of mitochondria and chloropIa5ts 15 extensive, 

including the retention of prokaryote-like genes as weIl as 
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1 sequence homologies of rRNA, tRNA, ferredoxi~s, and cytochromes 

(Dayhoff and Schwartz, 1981; Schwartz and Dayhoff, 1981). No 

other evidence, apart from ATPase subunit simi1arities, has 50 

far been found between endomembrane organelles and 

archaebacteria or eubacteria. While mitochondria and 

chloroplasts are self-contained, endomembrane'organelles are 

tightly interwoven within the eukaryotic cell by endocytic 

pathways (Mellman, 1986). That the endomembrane type of ATPase 

is found in such a wide variety of organelles argues against 

the idea of this class of ATPases being endosymbiotic late-

corners to the evolutionary life of eukaryotes. 

Woes~/s three equidistant primary kingdoms theory has been 

challenged. Yagucl1i et al. (1980) found partial amino acid 

sequences of the archaebacterial ribosomal A protein to be far 

more simi1ar to the eukaryotic type than the eubacterial type. 

This led Yaguchi to propose that the progenote separates 

. 
initial1y into two lines of descent, the eubacteria and the 

common ancestor of archaebacteria and eukaryotes (Fig. 6.~, B). 

The recent cloning and complete sequencing of the ribosomal A 

protein gene from the archaebacterium Halobacterium halobium 

has confirmed Yaguchi/s initial observation (Itoh et al., 

1988) . The a1gorithm with which Woese compared the 16S and 18S· 

rRNA sequences has recently been criticized as being biased by 
1 

unequal rate effects (Lake, 1988). Lake reanalyzed the rRNA 

d~ta using an evolutionary parsimony algorithm and proposed 

thet the progenote divides initia11y into not three, but two 

branches. One branch 1eads to the eubacteria, ha1ob~cteria, 

and methanogens, and the other branch 1eads to the eocytes and 



l 
eukaryotes (Fig. 6.1, C). The eocytes are defined"as a group 

of extremely thermophilic, sulphur~metabolizing, anucleate 

ce1ls (Lake, 1984). Yaguchi and Lake differ as to the 

placement of the halobacteria and methanogens, but they both 

have thermoaeidophiles and eukaryotes branehing off together 

from the progenote. If one now considers the progenote as 

containing the prototype ATPase, either Yaguchi's or Lake's 

'f' 
evolutionary scheme would prediet the close relationship 

between the endomembrane and Su1fo1obus ATPases. Thus, the 

sequence homologies of the ATPase subunits concur with the 

thesis of either Yaguchi or Lake that the early ancestor of 

eukaryotes was an archaebacterial type of organism. Perhaps 

endomembrane organelles,arose through endocytosis of the plasma 

membrane. Endocytosis would result in the archaebacterial 

plasma membrane-bound H+-ATPase being found on a cytoplasm1c 

membrane-bound vesicle, with th~ active site of the ATPase in 

the cytoplasm and protons being pumped into the lumen of the 

vesicle, as is the case, for the endomembrane ATPases. lt is 

not yet known whether the P-type ATPase characteristic of 

eukaryotic plasma membranes also occurs in the eocytes, 

although it is found in the eubacteria (Hesse et al., 1984 and 

Furst and Solioz, 1986), and there 1s sorne evidence for its 

presence in methanogens (J. Konisky, personal communication). 

Thus both the f-type and the FOFI or endomembrane-type may have 

r-" 
been p?e~ent on the plasma membrane of the progenote, becoming 

largely (though not complete1y) segregated during the evolution 

.< of the endomembrane system. 
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