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The topographic location of the region c~,rnprising aminu acids 359-440 of the Nenrospom crassa plasma membrane It "-ATPase 
has been elucidated using reconstituted ptoteoliposomes and protein chemical techniques. Protcolipmomes containing H +- 
ATPase molecules oriented prcdumiaantly with their cytoplasmic surface facing outward were cleaved with trypsin and the 
resulting digest was subjected to centrifugation on a giyeerol step gradient to separate Ihe relcas,:d and liposome-bound peptides. 
"l'he released peplides were recovered in the upper regions of the step gradient, whereas the Iiposome-bound peptides were 
r.,covered near the 411% glycerol interface, The released peptides present in the upper fractions were reduced, *4C-carboxy- 
rtethylatcd, and then separated by high performance liquid chromatography, Two radioactive cysteine-containing peptides with 
retenlion times of about 162 and 182 mia were identified as H+-ATPase peplides comprising residues Leu~J-Lys :~7̀ j and 
Leu ~M Arg '~j'~, respectively, by comparison to slandards prepared from the purified ATPase. This information thus establishes a 
cytoplasmic location for residues 359-418 in the H +-ATPase polypeptide chain. It also infers a cytoplasmic location for residues 
411j-4411, since this stretch of amino acids is too short to cross the membrane and return between regions known to be 
cytoplasmlcally located. These results and the results o[ other recent experiments establish the topographical location of nearly 
all of the 9t9 residues in the H+-ATPase molecule. 

The primary objective of this laboratory is an under- 
standing of the molecular mechanism by which the 
Neutospora erassa phsma membrane H*-ATPase cat- 
alw.es ATP hydrolysis-driven electrogenic proton 
transloeation. This enzyme belongs to ,,he aspartyt 
phosphate intermediate family of transport ATPases 
which includes the Na+/K +-, H + / K %  and Ca ~ -  
ATPases of animal cell plasma membranes, the Ca 2-L 
ATPase of sarcoplasmic reliculum, tire Escherichio anti 
plasma membrane K÷-ATPase, and tire H~-ATPases 
of funsal and plant plasma membranes [1-6], In the 
last few years, the genes for these enzymes have been 
cloned and sequenced, and analyses of the deduced 
amino acid sequences have revealed that their overa[l 
sequence similarity is substantial and that their pre- 
dicted structures are similar with respect to the posi- 
tions of the putative transmembrane regions and the 
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residues involved in ATP binding and phosphorylation 
[7-13,19]. In this laboratory, we have been employing 
reconstituted H+-ATPase proteoliposomes [14] and 
protein chemistry methodology [15] for identifying the 
regions of the Neurospora plasma membrane H +- 
ATPase that arc cytoplasmically located or mem- 
brane-embedded [16-18]. The results obtained from 
these studies have established directly or indirectly the 
topography of the majority of the H +~ATPase molecule, 
However, the location of a stretch of about 80 amino 
acids beginning at Lys 3s~' could not be established since 
known tryptie peptides expected from this region of the 
ATPase molecule were dearly missing from the analy- 
ses, This region is of significant interest because it 
contains three blocks of highly conserved residues 
around the phosphorylated aspartat¢ [19] and is ex- 
pected to be present on the cytoplasmic side of the 
membrane [17], but the absence of peptides from this 
region in our cytoplasmic peptide collection raised the 
p~sibiiity that it might be located elsewhere in the 
molecule. For this reason, we have further investigated 
the location of this previously unidentified region using 
a modified procedure for isolation of the pcptides 
released from the ATPase-proteoliposomes after tryp- 
tie digestion. The results of this study demonstrate that 
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residues 359-440 are indeed present on the cytoplas- 
mic side of the mcmbranc, and taken together with the 
information ~btained from our earlier studies, establish 
the topographic location of nearly all of the 919 amino 
acids present [n the H~-ATPasc molcc:~[e. 

Experimental Procedur:s 

Puri]icalion and reconstiurtion of the H ÷.ATPase. 
Purification of the Neurospora plasma membrane H ÷- 
ATPase end freeze-thaw rcconstitution into asolectin 
liposomes were carried out as described previously 
[16-18]. The proteoliposome preparations were essen- 
tially identical to those described ¢arlicr with respect 
to protein concentration, stimulation by nigericin, and 
ATPase sidcdncss as indicated by the tryptic degrada- 
tion profile [16-18]. 

Tryplie digestion and separatiot~ of the released and 
lipo~ome-bolmd peplides. T~ptic digestion of the pro- 
teoliposomes was carried out as described previously 
[16-18}, The dlge:;t was diluC, ed with an equal volume 
of 10 mM Mes, 50 mM potassium acetate buffer, pH 
6,8 with KOH, to a volume of 22 ml and then underlaid 
with enough 40% (w/v) aqueous glycerol solution to 
fill a 40 mI ultracentrifuge tube, The stcp gradicnt was 
then centrifuged at 6000{) rpm in a Beckman 70 Ti 
rotor t~Jr 4 h at 4°C (262 000 x g at r ~ r ~ )  to separate 
the released and ;iposome.bound peptides. After cen- 
trifugation, the soluti6n above the glycerol shelf was 
fractionatcd into 18 approximately 1.3-ml aliquots and 
used for further analyses as described below. 

Extraction, reduction and 14C-carboxymethylation of 
hydrophilic constituems from the lower gradient frac- 
tions. The hydrophilie constituents in the lower frac- 
tions containing the liposomes were isolated by the 
procedure of Bligh and Dyer as modified by Gibson et 
al. [20]. Fractions 15-17 containing the liposomes were 
pooled and 2.2 ml were mixed with 5.5 ml of methanol 
and 2.75 ml of chloroform, and the mixture was incu- 
bated at room temperature for 20 rain followed by 
eentrifugation at 3000 × g for 5 min. The liquid phase 
was collected and mixed with 2.75 ml of chloroform 
and 2.75 m[ of l% (w/v) KCI, and the mixture incu- 
bated for 20 rain at room temperature. This was then 
centrifuged as above and the upl~r phase containing 
the hydrophilic constituents was colleutcd and co~qcen- 
tr.~tcd by lyophilization, and the volume was then 
brought to 0.9 ml by the addition of water. Reduction 
with DTT and carboxymcthylation with ~4C-[~oace- 
talc were then carried out essentially as described [21], 
The sample was degasscd in vacua for 20 min after 
which 0.1 ml of 2 M Tris containing 20 mM EDTA and 
20 mM D'ur (pH 8.3 with HCI) was added, Rccrystal- 
lized guanidine hydrochloridc was then added to a 
final concentration of 5.2 M and the mixture was 
flushed with nitrogen on the surface for 25 min, The 

tuhe containing the mixture was sealed with parafiim 
and left at room temperature for 3 h. 0.32 ml of 13.125 
mM iodo[2-t4C]aeetic acid :.pH 7.0 with NoaH) 
(spcciflc radioactivity, 3276 epm/nmol) was then added 
and the mixture incubated for 25 rain in the dark. 
UPLC separation of the material present in the result- 
ing solution was carried out as described below. 

Reduction, t*C-carboxymethylation and HPLC aooly- 
sis of the upper gradient fractions. Fractions l -  14 of the 
step gradient, which were free of liposomes and [ipo- 
some-bound peptides, were pooled and 5 ml was con- 
centrated by lyophilization. The volume was then 
bloughl to 0.9 ml by the addition of water, and the 
mixture subjected to reduction and t4C-carbox'ymethy- 
lotion as described above. In order to remove the large 
amounts of excess radioactive material present in the 
sample containing the small pcptides and thus not 
amenablc to dialysis, our standard HPLC p~acedure 
was slightly modified. While flushing with I% (v/v) 
acetonitrile in 0.1% (v/v) aqueous TFA at a flow rate 
of I ml/min, the carboxymethylated peptide solution 
containing released peptides from 1 nmol of the AT. 
Paso was applied to a Bin-Rod RP-318 HPLC column 
(¢6 x 250 ram) as 0.5-ml aliquots at time intervals of 
3-:5 rain until all of the sample was injected. Washing 
of the cohmu was then continued for 60 rain under the 
above conditions. Control experiments suggested that 
little or no I~Cptidc maicrial is washed off of ihc 
column in this proceduriL while most, but not all, of 
the excess radioactive material is. Elution of the pep- 
tides with a gradient of i-100% (v/v) acetonitrile in 
0.1% (v/v) aqueous TFA was then carried out as 
described previously [16,17]. 

Fractions (I m[) containing the two peptides of 
interest with retention times of about 162 and 182 rain 
in the initial HPLC separation were collected and 0,4 
ml of the fractions were dried by lyophilization and 
then subjected to further purification. The dried pep- 
tide fractions were dissolved in 100 gl of 30% (v/v) 
acetonitrile containing 0.1% TFA, and the resulting 
solution was injected onto the Bio-Rad RP.318 col- 
umn. The chromatogram was developed using a 60 rain 
linear gradient of 30-38% (v/v) acctonitrile containing 
0.l% (v/v)TFA, at a flow rate of 0.5 ml/min. 0.5-ml 
fractions were collected and the radioactivity in the 
fractions was determined by scintillation counting in 
the mixture of Patterson and Greene [22]. 

Materials. The sources of the materials used have 
bccn described previously [16-18,21]. 

Results and Discussion 

As established previously [16,t7], H*-ATPase 
molecules present in reconstituted asoleetin proten- 
liposomcs prepared by our freeze-thaw procedure are 
fully functional and oriented predominantly with their 



cytoplasmic surfaces facing outward. Thus, any pep- 
tides released from such proteoliposomes after tryptic 
cleavage of the ATPasc are defined as cytoplasmically 
located, whereas fragments remaining associated with 
the lipoxomes are candidates for membrane-embedded 
and/or exocytoplasmic portions of the molecule. By 
purr&g and determining the NH,terminal amino 
acid sequences of numerous peptidex in each of these 
distinct classes, we have been able to establish the 
transmembrane towgraphy of the majority of the AT- 
Pase molecule. However, one stretch of residues be- 
tween Lys’ss and Leu”” could never be accounted for. 
In all of these studies, Sepharose CL63 chromatog- 
raphy on a relatively large column was used to separate 
the released and liposome-bound pcptides in the tryp- 
tic digest. Although numerous released ATPase pep- 
tides could be recovered from this procedure in high 
yield, it seemed possible that marginally hydrophobic 
or otherwise reactive peptides might be lost by surface 
adsorption on such a column. We P.erefore devised an 
alternative, glycerol step gradient procedure for sepa- 
ration of the released and liposome-bound peptides 
with a minimum number of steps and minimal surface 
exposure, in order to search for psptides from the 
missing region. 

The ATPase proteoliposome preparation was 
treated with ttypsin, diluted, and the mixture subjected 
to centrifugation on a glycerol step gradient, and the 
gradient fractionated as described under Experimental 
Procedures. Turbidometric analysis of the resulting 
fractions indicated that the liposomes migrate to the 
40% glycerol inte:face in this procedure (not shown). 
As expected, the membrane-embedded H +-ATPase 
tryptic peptides are also found in this region as indi- 
cated by SDS-PAGE analysis by our recently devel- 
oped procedure [23] (not shown). In order to deter- 
mine whether or not any of the missing peptides were 
present in the tiposomal fraction, the hydrophilic con- 
stituents present in this fraction were isolated by sol- 
vent exit-action, reduced, ‘“C-carboxymethylated and 
then analyzed by ffPLC as described under Experi- 
mental Procedures. The sample was reduced and “C- 
carboxymethylated because there are two cysteine 
residues present in the missing region between residues 
359 and 440. The resuits of this experiment are shown 
in the lower trace of Fig. 1. Few, if any, hydrophilic 
peptides were found in the liposomal fraction as indi- 
cated by the A2,dnm: there were also no “C-carboxy- 
methylated peptides present in the eluate. 

We next analyzed the upper gradient fractions for 
the missing peptides, Fractions l-14 were pooled, re- 
duced, carboxymethylated with “C-iodoacctate, and 
then analyzed by reversed-phase HPLC as described as 
above. The results of this experiment are shown in the 
upper trace of Fig. I. The profile obtained is for the 
most part comparable to that of our earlier experi- 
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Fig. It HPLC separation of hydrophilic peptidcs in the upper and 
lower fractions obtained from the ghyceml slep gradient of the 
ATPax proteoliporome uyptic digest. Relcascd pcptides in the 
upper fractions of Ihe step gradient were wluccd and “C-carboky~ 
methylatcd as dcscribcd under Experimental Prwdttrcs. Peptidcr 
relercd fmm 1 nmol ATPase were separated by HPLC end the 
pmfilc obtained is shown in the upper trxe. Hydmphilic am- 
stituents in the Iower Factions of the glycerol sap gradient wem 
extracted, reduced and “C-c~rhorymetLtylatcd as dewibed under 
Expcrimenml Procedures. A portion representing I nmol of Ilr 
ATPa was anelyzed by HPLC and the results are shown in tbc 

lower trace. 

ments with respect to the various peptides and their 
amounts [17]. The recovery of the previously identifted 
released peptides in the present study compared to the 
corresponding peptides in a standard tryptic digest 
[17], was on average about 91010, indicating that the 
step gradient procedure is as good or better than the 
Sepharose CL-6B column procedure [17] for isolating 
the released peptides. Moreover, at least three addi- 
tional peaks in the Ido-2tHl min range could be dis- 
cerned when the relcaeud peptides are separated in 
this way. This is shown clearly in panels A and B of 
Fig, 2 which compare the 160-200 min region of HPLC 
eluates of released peptides isolated hy our previous 
procedure (panel A) and the step gradient procedure 
used in the present study (panel B), The arrows in 
panel B indicate the additional peaks. 

Two of these peaks with retention times of about 
162 and 182 min were considered likely to represent 
cyateine-containirtg peptides, as their retention times 

were essentially identical to that of previously identi- 
fied cyatcine peptides comprising residues 363-379 and 
388-414, respectively [21], However, because the re- 
duced, “C-carboxymethylated peptide mixture could 
not be dialyzed without losses, the radioactivity pmfile 
in this experiment contained a substantial amount of 
background radioactivity from the t4C-iodoacctate, 
which partially obscured the peptidc-associated lahel. 
Therefore, to find out whether the peaks at 162 and 
I82 min contain cysteine peptides, the material in 
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these peaks was collected, repurified by HFLC as :le- 
scribed under Experimental Procedures, and the ra- 
dioactivity determined. Panel C and D show the An4 
nm and labeling profile obtained upon rechromatog- 
raphy of the materials in 162 and 182 rain peaks, 
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Fig, 2. Comparison nf the 160-2~) rain region or liPI.C eluatcs uf 
released pcptidc., i~lated by Sephar~e cohlmn ehmmalography 
(panel A) ur gtyeeml step gradient eentrifugation (pauet B), 1"1112 
160-200 rain region of 1he IIFLC profile shown in the nOVel itm:c or 
Fig. 1 is enlarged in panet B. For ~ompafiioa, a similar region of a 
cbromatogram obtained from an HPLC separation of the released 
peptides isolated M Sepharose CL.flB ehmmatuaraphy [17] is shown 
in panel A. The peaks matked wab arrows in panel B are peaks 
found onl~, when lh.~ glycerol step gradient ~ocednrv is used. The 
material in the peaks elating at about 162 and 185' rain was fl)rther 
purified by HPLE as described under Experimenlal Procedures. Th~ 
respective t*C-radiuaclMl~ and A a~ .., profiles are shown in panels 

C and D, 

respectively. ~4C-Carboxymethylated peptldcs from the 
162 and 182 rain peaks cluled at 38 and 44 rain, 
respectively. Under the conditions of the second HPLC 
run, a standard ~4C-carbox'ymmhylated peptide com- 
prising residues 363-379 [21] eluted at 38 rain and a 
standard comprising residues 388-414 [21] eluted at 44 
rain. These results clearly establish the presence of 
pcptidcs comprising residues 363-379 and 388-41g in 
the released peptide fraction. 

As de~ribed in detail previously [16,17], peptides 
released from the proteoliposomes and isolated with 
recoveries at least half that of their counterpart pep- 
tides in a standard tryptie digest of the H+-ATPase, 
are defined as located on the cytoplasmic side of the 
membrane. The peptidcs comprising residues 363-379 
and 388~414 were recovered in amounts well above 
100 per cent the amount of the same peptides in a 
standard run that included reduction and carborymeth- 
ylation of the hydrophilie peptide fraction, These pep- 
lidos are therefore clearly eytop!asmieally Ideated. Also 
by oar earlier convention [lql, because the eleh in 
which trypsin suhstrates hind during catatysis reaches 
several residues beyond the seissile bond in both direc- 
tions along the cleaved polypeptide chain, at least four 
residues in each direction from lryptie cleavage sites 
are also assumed to be cytoplasmically located. There- 
fore, the information present in tl*cse two released 
peptides establishes the location of residues 359-418 
on the cytoplasmic side bf the membrane. Moreover, 
since our earlier experiments have established a cyto- 
plasmic location for residue 441, the location of the 
residucs 419-441) on the eytoptasmie side of the mem- 
brane can be deduced with reasonable certainty be- 
cause this stretch of amino acids is too short to form 
transmembrane helices that cross the membrane and 
return [17]. 

The topographic model shown in Fig. 3 summarizes 
the information obtained in the present study together 
with that obtained in our earlier studies of the H ÷- 
ATPase topography [16-18]. The results of the previ- 
ous studies directly established residues 21-28, 33-40, 
70-99, 186-219. 238-256, 268-271,441-460, 471-512, 
545-559, 567-663 and 897-915 as located on the cyto- 
plasmic side of the membrane. This information identi- 
fied several additional flanking sequences, induding 
residues 29-32, 41-69, 174-185, 220-237, 257-267, 
461-470, 513-544, and 560-566 as also likely to be 
eytoplasntically locat,:d by virtue of the fact that they 
are too short to cross the membrane and return. 
Residues 916-920 are also cytop[asmically located as 
this stretch is too short to cross the membrane. 
Residues 2-20 are also probably cytoplasmically lo- 
cated, bat a single span to the cxc~-'ytoplasmic side of 
the membrane can not be excluded by the available 
data. Three large regions comprising residues 1~-173, 
272-355 and 660-891 constitute the membrane-era- 
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Fig. 3. Modal for the transmcmhranu toI~graphy of the H'.ATParc. The upper care I~rge bold letter~ indicate amino acid residues that arc 
dcfin~:d as ¢yloplasmically Incated by NH:-tcrminal sequence or amino ~,cid analysis of purified P~plid¢~ released fm~ the prot~;olipo~htes by 
Iryp.~in [16,17]. The smal ler  Iettur~ indicate residues deduced to be eytoplas~ically Iocalcd as explained before [1fi,17], The upper ca,.:.e large 
letters indicate amino acid residues present in peptldes de~oilstrnted to he menthrane.embudded [[8]. The namhc~ ;ndicat¢ the. beginning of 
peptides directly ¢stablirhcd to he cytoplasmic'ally located and membranu-cmbodded, except in the ease of .,~p-373 which is included as a paint 

01 reference. OUT and IN indicate points of rereret~ce outside and inside ~.n intact ¢~11, 

bedded regions of the H*.ATPase molecule. Finally, in 
the present study, the identification of two cysteine- 
containing pepfidcs comprising residues 363-379 and 
38g-414 establishes a cytoplasmic location for residues 
359-418 and infers a similar location for residues 419- 
440. Collectively, these results establish the transmem- 
bruno topography of nearly all of the 919 residues 
present in the H+-ATPas¢ molecule. This information 
should serve as a useful stardnB point for future efforts 
to undersland the three-dimensional folding arrange- 
ment of the H+-ATPase polypcptide chain and should 
also be valuable in coml~arative studies with the other 

transport ATPascs in the  aspartyl.phosphoryl-enzymc 
intermediate family. 
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