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The hydrophobic, photoaetivatablc probe TID {3-trifluoromcthyl-3-(m-[l"~l]iodophcnyl)diazirinc} was used to label the plasma 
membrane H '-ATPasc from Saccharomyces cerecisiae. The H ~-ATPasc accounted lot 43c~ of the total label associated with 
plasma membrane protein and incorporated 11.3 mol of [~-'51]TID per tool of I()(l kDa polypcptidc. The H '-ATPasc was purified 
by octyl glucosidc extraction and glycerol gradient ccntrifugation, and was cleaved by either cyanogen bromide digcslion or 
limited tryptic proteolysis to isolate labeled fragments. Cyanogen bromide digc,~tion resulted in numerous labeled fragments of 
mass < 21 kDa. Seven fragments suitable for microscqucnce analysis wcrc obtaincd by clcctrotransfer to poly(vinylidenc 
difluoride) membranes. Five different regions of amino-acid sequence were identified, including fragments predicted to 
encompass both membrane-spanning and cytoplasmic protein structure domains. Most of the labeling of the cytoplasmic domain 
was concentrated in a region comprising amino acids 347 to 529. This catalytic region contains the site of phosphorylation and 
was previously suggested to be hydrophobic in character (Goffeau, A. and Dc Meis. L. (199(}) J. Biol. 265, 15503-15505). 
Complementary labeling information was obtained from an analysis of limited tryptic fragments enriched h~r hydrophobic 
character. Si× principal labeled fragments, of 29.6, 211.6. 16, 13.1, ! 1.4 and 9.7 kDa, were obtained. These fragments were found 
to comprise most of the putative transmembrane region and a portion of the cytoplasmic region that overlapped with the highly 
labeled active site-containing cyano£,n bromide fragment. Overall, the extensive labeling of protein structure domains known to 
lie outside the bilayer suggests that [1251]TID labeling patterns cannot bc unambiguously interpreted fl~r the purpose of 
di~erning membrane-embedded protein structure domains. It is proposed that caution should bc applied in the interpretation of 
[L'51]TID labeling patterns of the yeast plasma membrane H "-ATP:I~c and that new and divcrsc approachcs should bc developed 
to provide a more definitive topology model. 

Introduction 

The yeast plasma membrane H*-ATPase is an elec- 
trogenic proton pump within the P-type class of ion 
translocating ATPases that maintains intraccllular pH 
and a large electrochemical proton gradient [I]. The 
yeast H+-ATPase consists of a single 100 kDa subunit 
that forms a phosphorylated intermediate, exists in at 
least two principal conformational states, and is sensi- 
tive to inhibition by vanadate [2]. The gene encoding 
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the Saccharomyces  cerecisiae H+-ATPase, P M A 1 ,  is 
essential for growth and a high degree of amino-acid 
sequence similarity is observed between four fungal 
ATPases [3-6]. The predicted transmcmbrane topology 
of the yeast H +-ATPase is very similar to that of the 
other P-type enzymes, including the Na+/K+-ATPase 
and Ca2*-ATPase, although the most direct amino-acid 
sequence homology between the various ATPases is 
confined to the central cytoplasmic catalytic domain 
[7], The high degree of similarity observed for hydropa- 
thy profiles and secondary structures among the P-type 
class of ATPases suggests a structural conservation 
within these enzymes. 

A fundamental understanding of the physical struc- 
ture and topology of the H +-ATPase is necessary be- 
fore a mechanism for ATP driven H +-transport by this 
en~'me can be reasonably di~erned.  In the absence of 
X-ray crystallographic data, topological models for 
membrane proteins have been developed from hy- 
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dropathy ,malyscs. hydroldlobic labeling, epitopc map- 
ping and protcase acccs~,ibilily studies [8]. Presently. 
there is little direc', information about the topology of 
the yeast pla.,:ma membrane H'-ATPase.  A recent 
hydrophobic labeling study on the closely related Neu- 
r,.spora H '-ATPase by Scarborough and colleagues 
has provided important information about potential 
membrane-embedded protein structure [9]. From this 
and other ,e.'enl studies, a minimom consensus topo- 
logical model for the fungal H ~-ATPase can bc devel- 
oped: The membrane-embedded portion of the enzyme 
appears to contain 8- 12 membrane-spanning segments 
[9-12], the N- and C-termini arc cytoplasmically-located 
along with another 3-5 hydrophilic loop regions [13- 
16]. and one hydrophilic loop domain containing the 
,~itc of phosphorylalion (D378, S. cerel'isiae) may com- 
prise up to 41~% of the total protein of the ATPasc [I I]. 

The consensus model provides a good working model 
lor genetic probing of enzyme structure and funcliou. 
tlowcvcr, it is a crude model and provides no informa- 
tion about hydrophobic regions of protein structure 
which may lic within the cytoplasmic domain. Model 
refinement and clarification is an important goal, espe- 
cially lor all hydrophobie domains of protein strqcturc. 
These regions arc important, not only because the 
membrane-embedded structures participate in and de- 
termine the sl~ecificity of ion translocation, but also 
because they arc proposed to influence ATP hydrolysis 
in the active site [17,18]. The photoactivatablc hy- 
drophobic probe [I'51]TID {3-(trifluoremcthyl)-3-(m- 
[~-'51]iodophycnyl)diazirinc} offers the opportunity to 
identify potential hydrophobic sites. [ J-"~ I]TID is a small 
hydrophobit molecule that readily partitions into the 
lipid phase of membranes with a partition coefficient 
of - 4,1 • 1114 between the membrane bilaycr and H ,O 
[19]. It is converted by illumination to a reactive car- 
bcnc intermediate that forms cowdcnt derivatives with 
neighboring molecules, it has bccn used to label a wide 
variety of membrane proteins, including other ATPascs 
[9.19-21], ion channels [22] and receptor proteins [23]. 
in addition, its small size allows it to bc absorbed into 
hydrophobic pockets of water soluble proteins such as 
calmodulin [24] and bovine serum albumin [25]. Thus, 
it can label hydrophobic sites in diverse environments. 

in this investigation, [L'51]TID was used to label the 
H +-ATPasc in the native plasma membrane of yeast. 
The enzyme was purified and cleaved with either CNBr 
or trypsin, and a detailed analysis of label incorporated 
into hydrophobic fragments and specific amino acids is 
reported. 

Materials  and Methods  

Materials. All culture media supplies were from 
Difco. Trypsin was obtained from Promcga and CNBr 

was from Aldrich. [I~'~I]TID (10 Ci/mmol)  was sup- 
plied by Amersham Corp. PVDF membranes (ProB- 
loft. lot No. AOC001) were obtained fr~m Applied 
Biosystem Inc. 

Yeast strains atul cell culture. The Saccharomyces 
cererisuw strain Y55 (HO gaLt MALl  SUCI) was used 
in this study [26]. Cells were grown in 10 liter batches 
of YPD medium at 22°C until mid-log phase and then 
harvested by centrifugaticm. The cells were washed in 
0.5 M sucrose buffer and stored at -80°C, as de- 
scribed by Pcrlin and Brown [27]. 

Phlsma nlembrane isolation. A microsomal mem- 
brane fraction was prepared by the method of Perlin 
anti Brown [27] and plasma membranes were isolated 
from this fraction by a modification of the sucrose 
gradient centrifugation procedure of Serrano [28]. Mi- 
crosomal membranes (10 mg/ml)  were suspended in a 
buffer consisting of il1 mM Tris (pH 71, 20% (v/v) 
glycerol, 1 mM EGTA, 1 mM EDTA, I rnM D T r  and 
(1.5 mM PMSF (membrane wash buffer) and 5 ml of 
this suspen:don were layered over a sucrose step gradi- 
ent consisting of 4 ml of 43.5% (w/w) and 1.5 ml of 
53.5¢i sucrose containing 10 mM Tris (pH 7), 1 mM 
EDTA and I mM DTI'.  Samples were centrifuged in a 
SW 41 Ti rotor at 150000 × g for 3 h. The interface 
between the 43.5c/k and 53.5% sucrose layer was col- 
lected. Plasma membranes were resuspended in mem- 
brane wash buffer (5 ml per mg protein) and then 
centrifuged at 3001100×g for 1 h. For large-scale 
photolabeling cxperimcnts, sucrose gradient-purified 
plasma membranes were extracted with 11.5% deoxy- 
cholate in a buffer containing l0 mM Hepes (pH 7), 
45r, i glycerol, 11~1 mM KCI, l mM EDTA and l mM 
DTT (glycerol extraction buffer). Deoxycholate- 
extracted membranes were recovered by centrifugation 
at 3011000 × g  for l h and resuspended at l0 mg/ml  in 
membrane wash buffer. The membranes were then 
centrifuged, as deeribed above, resuspended in mem- 
brane wash buffer at 20 mg/ml  and stored at -80°C. 

Photolabeling. [12~I]TID (100 #Ci)was  added in the 
dark to l m g  of sucrose gradient-purified or deoxy- 
cholate-extracted plasma membranes resuspcnded in l 
ml of I11 mM Tris (pH 7), l mM EDTA and I mM 
DTT. The sample in a shallow well of a porcelain plate 
(Coors Porcelain Inc.) was photolyzed by exposure to 
ultraviolet light (Mineralight, Ultra-Violet Prod.) at a 2 
cm distance for 30 min. Unlabeled membranes (9 mg) 
in 25 ml of glycerol extraction buffer were added to the 
photolyzcd samples, The suspension was centrifuged at 
3001X)0 × g  for l h. The pellet was resuspended in 
membrane wash buffer (25 ml) and centrifuged, as 
above. The labeled membrane pellet was used fol 
futher ATPase purification. The [I:Sl]TlD was specifi- 
cally incorporated into H+-ATPase on illumination. 
Labeling of membrane proteins was not observed in 
the absence of photoillumination. 
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Purification of ATPaxe. The H +-ATPasc was solubi- 
iized by the addition of i% octyl glucosidc to mem- 
branes in membranc wash buffer. The suspcnsion was 
centrifuged at 15011011 x g  for 30 min and 5 ml of the 
supernatant were layered onto a glycerol step gradient 
consisting of 1.5 ml of 70%, 2 ml of 50~ and 2 ml of 
35% glycerol in a buffer containing 10 mM Tris (pH 7). 
1 mM EDTA and 2 mM DTT. The gradient was 
centrifuged at 200000 x g for 16 h and then fraction- 
ated into 1 ml portions. Purified H+-ATPase was iden- 
tified by assessment of the 100 kDa protein on SDS- 
polyacrylamide gels [29]. 

CNBr digestion. A glycerol gradient fraction contain- 
ing purified H +-ATPase (1 mg in 1 ml) was extracted 
with 2 ml of ice cold acetone for 1 h and then cen- 
trifuged at 10000 × g for 10 min. The pellet was washed 
with 2 ml of acetone, centrifuged as above and vacuum 
dried for 5 min in a Speedvac concentrator. Lipid-de- 
pleted H+-ATPase was dissolved in 5(10 #1 of 70% 
trifluoroacetic acid (TFA~ or 70% formic acid and 
10-30 /~! of  5M CNBr in acetonitrile were added. 
Approximately 42- to 125-fold molar excess of CNBr 
over total methionine residues in the H+-ATPase was 
used per digestion. Samples were digested for 24-48 h 
at 22°C under nitrogen and in the dark, diluted 2-foid 
with water and dried in a Speedvac concentrator. Sam- 
ples were washed with 2 ml of water and dried, as 
above. Although the CNBr digestion in TFA gave 
greater quantities (4-fold more) of peptide fragr.~ents 
suitable for microsequence analysis and while frag- 
ments digested in formic acid appeared better resolved 
in SDS polyacrylamide gels, the peptide profiles from 
both procedures were very similar and the fragments of 
identical mobility gave equivalent amino-acid se- 
quence. 

To'ptic digestion. Partial tryptic digestion of purified 
H ÷-ATPase was perfl)rmed according to Monk ct al. 
[4]. Glycerol gradient-purified enzyme was dialyzed in 
a 2 liter buffer containing 511 mM ammonium bicarbon- 
ate (pH 7.8) and 1 mM PMSF. The dialyzed enzyme 
was concentrated in a Speedvac to !11 mg/ml  and then 
partially digested with trypsin (50 ~g H +-ATPase per I 
#g  trypsin) for 30 min at 37°C. Tryptic peptides were 
extracted with ammonium bicarbonate and pelleted, as 
previously described [4]. The pellet was gently rinsed 
with 1 ml of water to remove excess salts, and then 
dried with a Speedvae for 5 min. The tryptic peptides 
recovered accounted for about 1~ of the original pro- 
tein. 

Electrophoresis and electroblottbzg. Analysis of intact 
H+-ATPase was performed according to Perlin et al. 
[29]. CNBr or tryptic peptides were resolved by gradi- 
ent gel electrophorcsis 116-20% acrylamide; 32:1 
acrylamide : bis) using a low molecular weight resolving 
multiphasic buffer system [30]. Electroblotting of pep- 
tides to PVDF membranes was performed by semi-dry 

transfer using the method of LcGcndrc and Matsu- 
daira [31] with a transfer buffer consisting of I() mM 
CAPS (pH I I ) a n d  I1)~ methanol. 

]¥otein ozi~'roseqtten('e analysis. Microsequcnce anal- 
ysis of the labeled pcptidcs was pcrfiJrmcd on a Porton 
Instruments gas phase microscqucnccr (Model PI 
2tl9(lE). The amino-acid residues generated during se- 
quence analysis were split-off and collected. Radioac- 
tivity incorporated into individual amino acids was 
determined by 3,-counting on a LKB Gamma Counter 
(LKB model No. 12751. 

Other procedures. Intact H~-ATPase, CNBr or 
trypsin-digested pcptides separated by SDS-polyacryl- 
amide gel electrophorcsis were stained with Coomassie 
bluc R251) and the ~mou,t of radioactivity incorpo- 
rated into particular bands was measured by y-count- 
ing of exci~d bands. Labeled H '-ATPase or digested 
peptides were visualized by autoradiography of vac- 
uum-dried gels on Fuji RX-50 film using a Cronex 
HI-Plus intensifying screen. The quantities of wh,)le 
enyzme or digested peptidcs were determined by scan- 
r ,g densitometry [29]. Protein was determined by the 
al,,,do black method [32]. 

Results 

] t-'51]IID labeling o]'H +-ATPase 
Sucrose gradient-purified plasma membranes were 

photolabeled with [~251]TID and washed to remove 
frcc [IZ-Sl]TID as described in Materials and Methods. 
The incorporation of covalent label into the H ÷- 
ATPase was determined after separation of the en- 
zyme from other membrane components by SDS-poly- 
acrylamide gel electrophoresis. Fig. I(A) shows that the 
H +-ATPase is a predominant membrane protein com- 
prising approximately 21)~ of the total membrane pro- 
tein. The H+-ATPase was the most highly labeled 
membrane protein and contained 43c,~ of the total 
[~251]TID incorporated into protein (Fig. liB)). How- 
ever, the H +-ATPase accounted for only 0.62r)~ of the 
total label incorporated into membranes (protein and 
lipid). This level of label incorporation was increased 
to 1.2% by the use of deorjcholate-extracted mem- 
branes. The extraction, which removes about 50% of 
non-ATPase membrane proteins and some lipids, con- 
verts membrane vesicles into non-vesicular membrane 
fragments (Perlin and Mohraz, unpublished) and per- 
mits complete recovery of fully functional H +-ATPase 
[33]. The H*-ATPase from either sucrose gradient- 
purified plasma membranes or deoxycholate-extracted 
membranes was essentially identical, since lim:ted tryp- 
tic and CNBr-digestions yielded characteristic product 
patterns regardless of the membrane source. SDS-poly- 
acrylamide gel electrophoresis showed that most of the 
[Jz~I]TID was associated with a fast migrating lipid- 
and /o r  protcolipid-containing region. The amount of 
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Fig. I. S1)S-pol.~acr)tamidc gel i l l l i:'l]lll)-Iabcled plasma mem- 
brane proteins. (At: Sucrose gradient-purified plasma membranes 
~*crc prepared as described under Materials lind Mcthi~s and 2it/*g 
of menlblanc proh:in ~verc applied to a SD*~-pill.~a¢~amid¢ gel and 
,,rained ~ ith ct~ml;i~,sic blue R-2511. (B): Auloradiogram of gel prilfilc 

in I.an¢ A. 

[t:Sl]TII) incorporated into Iht 100 kDa protein ~as 
about 0.3 tool [t2~I]TID per nttl  I110 kDa band. This 
sub-stoichiometric level of incorporation was desirable 

lA l t l . l i  I 

("llmactcli~li~ ~ ol ( '%1i# /rai:mcm~ 

since it shou ld  m i n i m a l l }  p e r t u r b  the s t r uc tu ra l  p r o p e r -  

tics of the enzyme. 

( 71ar, cleri.:ation <if" (. "NBr-d(~csled [ragmetlls 
Membiane-assi~:ialed [i:<l]TID-labeled H "-ATPa~ 

was purified by octyl glucoside extraction and glycerol 
gradient centrifugatkm. The glycerol gradient-purified 
H "-ATPasc was precipitated with acetone to remove a 
majority of radioactive associated phospholipids. The 
kirgely delipidaicd H "-ATPase was digested with CNBr 
in the pre~ncc  of 7lick formic acid or TFA as de- 
scribed in Materials and Methods. The H+-ATPase 
was extcnsivcb digested as indicated by the finding 
thai the intact IIl(I kDa polypepiid¢ band disappeared 
and :ill polypeptide fragments detected on SDS-poly- 
aoylamidc gels showed apparent molecular weights of 
le,s Ihaa 21 kDa (Fig. 2). There was extensive labeling 
of most fragments ,tad .,,even major resolved fragments 
were suitable for micro~quence analysis following 
eleetrotransfer onto PVDF membranes. The amino 
acid sequences derived from these pcptides, as well as 
label-d amino acids recovered after each cycle, are 
shown in ~able i. Five different regions of amino-acid 
se,luenee (starting with residues 153. 347, 406, 593 and 
632) were obtained. According to most models of H +- 
ATPase iOl~qogy [9-11.15], pcptide fragments A, B, C 
and F should lie within the cytoplasmic domain whereas 
peptide fragment D ( D )  should span both transmem- 
brahe and cytoplasmic domains. Peptide fragments in 
E contained a mixture of fragments from putative 
transrncmbrane and cytoplasmic regions. The ratio of 
label (cpm) per unit mass of pcptide was higher for 
fragments expected to contain a significant proportion 
of peptide as transmembrane protein (peptide D) rela- 
tive to those obtained from the cytoplasmic regions 

IraTincill Molet'ul;u ('pro, /tmino-acid ,,cqucncc Expected amino-acid 
mask (kl);i) nla~ ratio " poMlions h 

:\ 21.7 -1234 AV(;AAYI. 347 to 555 
II I S.q 50hi I . I"A(  ( "? II AA 4lib to 

AV(iAASI .\ 34"7 hi 520 
(" 15.3 4355 I TAIC.' i l . .%,MS"lRKKK(.i I . I)AII)KA 41)~ to 52~t 

I)11) ) Iit 7 7 l i G q  INAGV( iFVLI I ' iFOA( I IS ' . ' ) IVDI : I .KKTIA 153 to _. 7 
I( q.5 N014 INAGVGFVO 153 to 

AVGAAYLAKK 347 to 404 
F 1,;.5 5505 P(IIS?iELAD " 5q3-h31 

" Cpm per inans ratio was determined by ),-counting of cxci~,cd hand,, of the ('*~lma~,si¢ blu¢ ,,rained SDS-gel and dividing the total cpm by the 
ffaclional protein (mass) quanlitiu~, of each hand. as determined b.~ laser densitometl% 

I' Rcprc~,~:nts the expected amm~l acid ~,t;trting and ending position v, hich wa,, determined from the estimated molecular mass of the fragments. 
' In a scparalc experiment, the band corresponding t,, this fragment contained a mixture of pepiidcs tonsil, ling of equal amounts of the foBowing 

sequences PG(S':)FLAD (593-h30), TGDGVN (h32-h~7). LNAGVGF (153-?) and A V G A A Y L  1347-?). 
Represents fragment D ~ (I I.h k|)a) as indicated in Fig. 2. '[his fragment has Ih¢ same N-terminal amino acid sequence as fragment D but its 
quanlity V, as about 5 fold less. 

* Reprcsenb labeled amino acids. 
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Fig. 2. SDS-polyacrylamide gel of CNBr-digested fragments. Purified 
en~'me was digested with CNBr in the presence of "/IF:;- formic acid 
as de~r ibed  under Materials and Methods. 100 ,ug of peptides were 
separated on a low molecular weight resolving gel system. The 
molecular mass of ~,el electrophoresis standards and designation of 

CNBr-digested fragments are aN indicaled. 

(pel:.tides A, B, C and F). This result appears to con- 
firm that the [~251]TID prefers the hydrophobic bilayer 
region. The incorporation of significant amounts of 
label into the second hydrophilic loop suggests that this 
region either provides a hydrophebie pocket within a 

21 ~ 

h~drophilic environment o r  that the labeled rc,,iducs 
arc hv,:atcd within the membrane bila.~.r. 

1-~'ptw digestum 
Wc previously reported the successful application of 

:in ammonium bicarbonate extraction procedure [9] to 
enrich for hydrophobic :ryptic frat, mcnts from the Cun- 
dMa H ' - A T P a ~  [4]. Hydrophobic tryptic fragments 
from the S. cererisiac H "-ATPase were analyzed by 
SDS-polyacrylamide gel electrophoresis and transfered 
to PVDF membranes for microsequeacing. Six princi- 
pal fragments of 29.6, 211.6, 16, 13.1. ! 1.4 and 9.7 kDa 
were obtained (data not shmvn). All of these fragments 
were significantly labeled with [~ZSl]TID (Table Ilk 
Two major fragments. 11.4 and 9.7 kDa, were analyzed 
by microsequencing. The !1.4 kDa fragment showed 
two amino-acid .sequences. a primary ~quence starting 
from AAA(-)VN (residues 272-379) and secondary se- 
quence starting from V(-X-)AAGG (residues 276-379). 
This minor sequence appears to be an atypical tryptic 
digestion product, which may ha~,e resulted from "),- 
trypsin activity, a known autolysis product of trypsin 
[34.35]. The 9.7 kDa fragment contained a mixture of 
sequences. Two sequences, starting from either 
AAALVN or RAAALV (residues 279-362L contained 
5()c~ of the total mass. The apparent incomplete cleav- 
age of arginyl or lysyl peptide bonds observed here is 
consistent with results obtained by Rao et al. [9]. Two 
minor sequences, starting from YGLNQ (residues 
1(X)-174) and TVEE (residues 483-548). each contain 
approximately 25C~ of total mass. Based on the study 
of Monk et al. [4]. it is expected that the sequences of 
peptide fragments B (2(I.6 kDa). C (16 kDa) and D 
(13. I kDa) will be SAADIVFLAPGLSAllDALKT (re- 
sidues 660-857), YGLNQMADEKESLVVKFVMF- 
FVGP (residues IIXI-252) and AAALVNKA (residues 
272-387). respectively. 

TABLE II 

('hara('leristi('s Of Ir3'Pll~" l~'ag m(''ff~' 

Fragments Molecular Cpm Amino-acid sequence Expected ~mino-actd 
mass (kDa) , ,~i t ion : 

A 29.~ 21 ~ n.d. 
B 20.6 2732 SAADIVFLAPGLSAIIDALKT " ~ ) - ,~57  
C Io.0 2759 YGLNQMADEKFSI.VVKFVM FFVGP " IIX~-252 
O 13. I 3474 AAALVN IG~" 272- 3~7 
E I 1.4 2374 AAA( - )VN 272 -379 

V(- X- )AAGG 27~, - 37q " 

F 9.7 4171 mixed peptides '~ 

" The amino acid starting and ending positions wer~.'dctermincd from a consideratkm of the molecular weight of each fragm nt. 
, Data as reported b'~ Monk et al. 14]. 
" This fragment was an atypical t~ptic digestion pn~luet, as described in the text. 
a This fragment contained a mixture of pep)ides consisting of the folk~ing ~qucnces. either A A A L V N  or RAA.nd.V 1272-.V,2. containing 5(Y; 

of the total mass). YGLNQ (1011-173. containing !'~c~ of the total mass) and TVEE (483-54~;. containing 25~,: of the mass). 
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Discuss ion  

Itydrophohic character t~f actit'e site reghm 
In this study, hydrophobic regions of the yeast 

plasma membrane H ~-ATPasc were identified using 
the reactive photoactiwltablc probe [I-'51]TID. it was 
demonstrated that extensive labeling of the H '-ATPase 
occurred in plasma membranes or in enzyme-enriched 
mcmbranc fr~.~gmcnts (Fig. 1) and label was distributed 
throughout the enzyme (Tables 1 and 11). One interest- 
ing finding was that peptides comprising residues 153- 
257 and 347-555 (Table 1) show strong [I-'51]TID label- 
ing. These regions are believed to comprise most of the 
active site for ATP hydrolysis and are located in the 
cytoplasmic domain [15]. Rcsiducs 153.-257 arc ex- 
pected to extend bcyond transmembrane segment 2 
into the first cytoplasmic loop domain, whereas residues 
347-555. which covcr the site of phosphorylation 
1D378), arc located within the largc central cytoplasmic 
loop domain. [~-'51]TID labeling within the active site 
region involved in ATP hydrolysis suggests a strong 
hydrophobic character to this region of the oqzymc. 
Kinetic evidence suggesting that the active site for ATP 
hydrolysis has hydrophobic character was obtained by 
Goffcau and De Meis [17]. They reported two PMAI 
mutations, K250T and G268D, in Schizosaccharomyces 
pombe which display different hydrophobic character 
and modify the sensitivity of the H +-ATPase to phos- 
phate anion, vanadate, dimethyl sulfoxide and the hy- 
drophobic drug trifluopcrazine. It was suggested that 
rcsiducs K250 and G268 lic within the cytoplasmic loop 
domain between transmembrane segments 2 and 3 
[7,17] and that this region interacts with the central 
cytoplasmic Iooo domain (bounded by transmcmbranc 
segments 4 and 5 in a 10 transmepbranc segment 
model) to form the active site. The notion that thc 
catalytic domain is comprised of interacting protein 
structure regions is supported by a genetic study on the 
yeast H+-ATPase in which second site suppressor mu- 
tations lying within the membrane sector aqd the first 
cytoplasmic loop domain were fotmd to altcx the vana- 
date and pH sensitivity of a F368 mutant enzyme lying 
near the site of phosphorylation [18]. These sWdies 
suggest that the active site region possesses strong 
hydrophobic character that is essential for normal cat- 
alytic function. 

Topologq" of yeast plasma membrane H +-ATPasc 
Limited information presently exists on the topology 

of the fungal plasma membrane H%ATPase. The as- 
signment of specific membrane-embedded protein 
structure has. for the most part, relied on extrapolation 
from hydropathy analyses [7,11,12] and comparisons 
with other P-type ATPases [7] where tl.is information 
is better established. Scarborough and colleagues pro- 
vided direct evidence for a 10 and possibly a 12 trans- 

membrane segment model for the closely related Neu- 
rospora H ~-ATPasc from analyses of [l-'51]TID-labeled 
protein structurc remaining in H'-ATPase-recon- 
stituted protcoliposomcs following exhaustive tryptic 
digestion and hydrophilic cytoplasmic segments ob- 
taincd by proteolytic cleavage [9,15]. The data pre- 
sented in Tables 1 and II arc consistent with the 
labeling studies described for the Neurospora H ~ 
ATPasc [9,15]. The [ 125 I]TID-labeled cyanogen bro- 
mide and tryptic fragments presented in this study 
support most features of the putative 10 or 12 trans- 
membrane segment models. The highly-labeled 10.7 
kDa cyanogen bromide fragment, spanning amino-acid 
residue 153-257 (Table 11, is expected to start in the 
middle of transmembrane segment 2, extend through- 
out the first cytoplasmic loop and end near the start of 
transmembrane segment 3. Neaily all models show 
specifically-labeled amino acids, Li53, N154, A155, 
E162. F163 within or near the membrane interface of 
transmembrane segment 2. Other labeled amino acids, 
A347 and V348, identified in a 21.7 kDa fragment 
spanning residues 347-555 would be expected to lie 
near tl'z end of transmembrane segment 4 Un a II1 
transmembranc segment model [7]) or segment 6 (in a 
12 transmembrane segment model [9]). A 13.1 kDa 
tryptic fragment spanning residues 272-387 is highly 
labeled and is consistent with this region being highly 
hydrophobic. However, it is not possible to assess  

whether this region represents two transmembrane 
segments, as predicted by Serrano [11] or four trans- 
membrane segments, as inferred by Rap et al. (seg- 
ments 3-6 [9]). Only a single large tryptic fragment 
(211.6 kDa) which spans residues 660-857 was identi- 
fied which supported label incorporation into the re- 
maining C-terminal transmembrane fragments. 

The results in this study clearly indicate that the 
yeast plasma membrane H+-ATPase is extensively la- 
beled in regions of protein predicted to lie both inside 
and outsidc the membrane bilayer. While it is not 
surprising that these regions display hydrophobic char- 
acter, the extensive labeling pattern presents a dilemma 
in that it is not possible to distinguish regions of 
protein structure that are unambiguously bilayer-em- 
bedded. The [t251]TID labeling appears to be specific 
for hydrophobic environments since not all fragments 
are labeled and the specific activity of labeling is great- 
est in peptides predicted on the basis of amino-acid 
sequence to be highly hydrophobic. Thus, it is likely 
that [1251]TID labeling reliably identifies regions of 
hydrophobic character as predicted. However, distinct 
limitations must be imposed on the interpretation of 
labeling patterns for the express purpose of discerning 
membrane-embedded protein structure because hy- 
drophobic domains within hydrophilic protein structure 
regions are also labeled. This conclusion is supported 
by the labeling of soluble proteins camodulin [24] and 



bovine serum albumin [25]. It is apparent that labeling 
data alone is insufficient to develop a definitive topoi- 
ogy model and a combinatorial approach, such as that 
developed by Scarborough and colleagues for thc Neu- 
rospora H +-ATPase, as well as new approaches will be 
needed to develop more reliable models. 

In summary, our results suggest that fragments con- 
taining amino acid residues predicted to lie within the 
bilayer were labeled with the hydrophobic probe 
[ n2Si]TID. In addition, stretches of sequence within the 
second cytoplasmic loop domain were also labeled sug- 
gesting a hydrophobic environment within the catalytic 
ATP hydrolysis domain. The high reactivity of [ t's I]TID 
within hydrophobic domains of bilayer and non-bilayer 
associated protein structure suggests that successful 
topological analysis of the H+-ATPase will require 
additional approaches ana more specific probes in 
order to discriminate between and improve existing 
t.opological model. 
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