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The topographic location of the region comprising amina acids 359-440 of the Newrespora crassa plasma membrane H*-ATPase
hus been clucidated using reconstituted proteoliposomes and protein chemica! techniques. Pratcoliposomes containing H*-
ATPasc molecules oricnted preduminantly with their cytoplasmic surface facing outward were cleaved with trypsin and the
resulting digest was subjected to centrifugation on a glycerol step gradicnt to scparate the released and liposome-bound peptides.
The released peptides weie recovered in the upper regions of the step gradient, whereas the liposome-bound peptides were
racovered near the 40% glyeerol interface. The released peptides present in the upper fractions were reduced, WC-carboxy-
rethylated, and then separated by high performance liquid chromatography. Two radivactive cysteine-containing peplides with
Tetention times of about 162 and 182 min were identificd as H*-ATPasc peplides comprising residues Leu™'-Lys™ and
Leu™_Arg*™, respectively, by comparison to standards preparcd from the purified ATPase. This information thus establishes a
eytoplasmic location for residues 359-418 in the H*-ATPasc polypeptide chain. It also infers a cyloplasmic locatian for residues
41Y-440, since this stretch of amino acids is 1o short 10 cross the membrane and return between regiens known 1o be
cytoplasmically located. These results and the results of other recent experiments cstablish the tapopraphical lacation of nearly

all af the 919 residues in the H*-ATPase molecule.

The primary objective of this laboratory is an under-
standing of the molecular mechanism by which the
Newrospora crassa plasma membrane H*-ATPase cat-
alyzes ATP hydrolysis-driven electropenic proton
translocation. This enzyme belongs tc the aspartyl
phosphate intermediate family of transport ATPases
which includes the Na*/K*-, H*/K*-, and Ca’*-
ATPases of animal ccll plasma membranes, the Ca**-
ATPase of sarcoplasmic reticulum, the Escherichia colt
plasma membrane K*-ATPase, and the H*-ATPases
of fungal and plant plasma membranes [1-6]. In the
last few vears, the genes for these enzymes have been
cloned and sequenced, and analyses of the deduced
amino acid sequences have revealed that their overall
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 identifving the
regions of the Neurospora plasma membrane H'-
ATPase that are cytoplasmically located or mem-
branc¢-cmbedded [16-18} The results obtained from
these studies have established directly or indirectly the
topograohy of the majority of the H*-ATPase molecule.
However, the location of a stretch of about 80 amino
acids beginning at Lys*™ could not be established since
known tryptic peptides expected from this region of the
ATPase molecule were clearly missing from the analy-
ses, This region is of significant interest because it
contains three blocks of highly conserved residues
arottnd the phosphorylated aspartate [19] and is ex-
pected to be present on the cytoplasmic side of the
membrane [173 but the absence of peptides from this
region in our cytoplasmic peptide collection raised the
possibility that it might be located elsewhere in the
molecule. For this reason, we have further investigated
the tocation of this previously unidentified region using
a modified procedure for isolation of the peptides
released from the ATPase-proteoliposomes after tryp-
tic digestion. The results of this study demonstrate that
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residues 359-440 arc indeed present on the cytaplas-
mic side of the membrane, and taken together with the
information obtained from our carlier studies, establish
the topographic location of nearly all of the 919 amino
acids present in the H*-ATPase molecale.

Experimental Procedur:s

Purification and reconstittion of the H *-ATPase.
Purification of the Mewraspora plasma membrane H*-
ATPase and freezc-thaw reconstitution into asolectin
liposomes were carried out as described previously
[16-18). The proteoliposome preparatiens were essen-
tially identical to those described earlier with respect
to protein concentration, stimulation by nigericin, and
ATPase sidedness as indicated by the tryptic degrada-
tion profile [16-18).

Trypric digestion and separation of the released and
liposome-bound pepiides. Tryptic digestion of the pro-
teoliposomes was carried out as described previously
{16-18}. The digest was diluted with an equal volume
of 10 mM Mes, 50 mM potassium acetate buffer, pH
6.8 with KOH, to a valume of 22 ml and then underlaid
with enough 40% (w/v) agueous glycerol solution to
fill a 40 ml ultraccntrifuge tube. The step gradient was
then centrifuged at 60000 rpm in a Beckman 70 Ti
toior for 4 h at 4°C (262000 X g at 7., ) to separate
the released and fiposome-bound peptides. After cen-
trifugation, the soluticn above the glycerol shelf was
fractionated into 18 approximately 1.3-ml aliquots and
used for further analyscs as described below.

Extraction, reduction and " C-carboxymethylation of
hydrophilic constituems from the lower gradient frac.
tions. The hydrophilic constituents in the fower 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
paoled and 2.2 m{ were mixed with 5.5 ml of methanol
and 2.75 ml of chloroform, and the mixture was incu-
bated at rcom temperature for 20 min followed by
centrifugation at 3000 X g for 5 min. The liquid phasc
was collected and mixed with 2.75 ml of chloroform
and 2.75 ml of 1% (w/v) KCl, and the mixture incu-
bated for 20} min at room temperature. This was then
centrifuged as above and the upper phase containing
the hydrophilic constituents was collected and concen-
trated by lyophilization, and the volume was then
brought to 0.9 ml by the addition of water. Reduction
with DTT and carboxymethylation with **C-iodoace-
tate were then carried out essentially as described [21].
The sample was degassed in vacuo for 20 min after
which 0.1 ml of 2 M Tris containing 20 mM EDTA and
20 mM DTT (pH 8.3 with HCl) was added. Recrystal-
lized guanidine hydrochloride was then added to a
final concentration of 52 M and the mixture was
flushed with nitrogen on the surface for 25 min. The

tube containing the mixture was scaled with parafiim
and left at room temperature for 3 h. 0,32 m! of 13,125
mM iodof2-"Clacetic acid (pH 7.0 with NaOH)
{specific radioactivity, 3276 ¢cpm /nmol) was then added
and the mixture incubated for 25 min in the dark.
HPLC separation of the material present in the result-
ing solution was carried out as described below.

Reduction, "*C-carboxymethylation and HPLC analy-
sis of the upper gradient fractions. Fractions 1-14 of the
step gradient, which were free of liposomes and lipo-
some-bound peptides, were pooled and 5 ml was con-
centrated by lyophilization. The volume was then
brought to 0.9 ml by the addition of water, and the
mixture subjected to reduction and "C-carboxymethy-
fation as described above. In order to remove the large
amounts of excess radioactive material present in the
sample containing the small peptides and thus not
amenable to dialysis, our standard HPLC pincedure
was slightly modificd. While flushing with 1% (v/v)
acetonitrile in 0.1% (v /v) agueous TFA at a flow rate
of | ml/min, the carboxymethylated peptide solution
containing released peptides from 1 nmol of the AT-
Pase was applied to a Bio-Rad RP-318 HPLC column
(4.6 X 250 mm) as 0.5-ml aliquots at time intervals of
3-5 min until all of the sample was injected. Washing
of the column was then continued for 60 min under the
above conditions. Control experiments suggested that
little or no peptide maicriai is washed off of the
column in this procedure, while most, but not all, of
the excess radioactive material is. Elution of the pep-
tides with a gradient of 1-100% (v/v) acctonitrile in
0.1% (v/v) aqueous TFA was then carried out as
described previowsly [16,17],

Fractions (1 ml) containing the two peptides of
interest with retention times of about 162 and 182 min
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 ul 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 min
linear gradient of 30-38% (v./v) acetonitrile containing
0.1% (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
been described previously {16-18,21].

Results and Discussion

As established previously [16,17}, H*-ATPase
molecules present in reconstituted asolectin proteo-
liposomes 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 liposomes are candidates fer membrang-embedded
and/or exocytoplasmic portions of the molecule, By
purifying and determining the NH,-terminal amino
acid sequences of numerous peptides in each of these
distinct classes, we have been able to establish the
transmembrane topography of the majority of the AT-
Pase molecule, However, one stretch of residues be-
tween Lys®™ and Leu™® could never be accounted for.
In all of these studies, Sepharose CL-6B chromatog-
raphy on a relatively large column was used to separate
the released and liposome-bound peptides 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 an such a column, We therefore dzvised 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 paptides from the
missing region.

The ATPase proteoliposome preparation was
treated with trypsin, 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 fo the
40% glycerol intesface 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 lipasomal fraction, the hydrophilic con-
stituents present in this fraction were isolated by sol-
vent extraction, reduced, "C-carboxymethylated and
then analyzed by HPLC as described under Experi-
mental Procedures. The sample was reduced and "C-
carboxymethylated because there are two cysteine
residues present in the missing tegion between residues
359 and 440. The resuiis 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 Ay, ,: there were also no “C-carboxy-
methylated peptides present in the eluate,

We next analyzed the upper gradient fractions for
the missing peptides. Fractions 1-14 were pooled, re-
duced, carboxymethylated with '*C-iodoacetate, and
then analyzed by reversed-phase HPLC as described as
above. The results of this experiment are shown in the
upper trace of Fig. 1. The profile obtained is for the
most part comparable to that of our earlier experi-

155

0.20 T T T T +
Q15+ J
E
;
- 0.10 .
N
L4
005 J.rfl M
00 ‘ . . . ‘
50 75 100 125 150 175 200

RETENTION TIME {MIN)

Fig. I. HPLC separation of hydrophilic peptides in the uwpper and
lower fractions obtained from the giycerol step gradient of the
ATPase proteoliposome tryptic digest, Released peptides in the
upper fractions of the step gradient were reduced and “C-carboxy-
melhylated as deseribed under Experimental Procedurcs, Peptides
teleased from 1 nmol ATPase were separated by HPLC und the
profile obtained is shown in the upper trace. Hydraphilic con-
stituents in the lower factions of the glycerol sip gradient were
eatracted, reduced and "C-carboxymetbylated as described under
Experimental Procedures. A portion representing 1 amol of the
ATPase was anolyzed by HPLC and the results are shown in the
lower trace.

ments with respect to the various peptides and their
amounts [17). The recovery of the previcusly identified
released peptides in the present study compared to the
corresponding peptides in a standard tryptic digest
[17], was on average about 919, 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 160-200 min range could be dis-
cerned when the released poptides 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 by our previous
procedure (panel A) and the step gradient procedure
used in the present study (pancl 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
cysteine-containing peptides, as their retention limes
were essentially identical to that of previously identi-
fied cysteine peptides comprising residues 363-379 and
388-414, respectively [21], However, because the re-
duced, '“C-carboxymethylated peptide mixture could
rat be dialyzed without losses, the radipactivity profile
in this experiment contained a substantial amoumt of
background radioactivity from the '*C-iodoacetate,
which partially obscured the peptide-associated label.
Therefore, to find out whether the peaks at 162 and
182 min contain cysteine peptides, the material in
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these peaks was collected, repurified by HPLC as de-
scribed wnder Experimental Procedures, and the ra-
dicactivity determined. Panel C and D show the A,
nm and labeling profile obtained upon rechromatog-
raphy of the materials in 162 and 182 min peaks,
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Fig. 2. Comparison of the 160-200 min region of HPL.C eluates of
released peptides 1solated by Sepharose column chramatography
(panel A) ur glycerol step gradient centrifugation (pancl B). The
160-200 min region of the HPLC profile shawn in the uppei irace of
Fig. 1 is enlarged in pangl B. For comparison, a similar region of &
chromatogram obtained from an HPLC separation of the released
peptides isolated by Seph CL-6B chromatography [17] is shown
in panel A, The peaks matked with arrows in panel B are peaks
faund only when the glycerol step gradient procedure is used. The
material in the peaks eluting at aboul 162 and 182 min was further
purificd by HPLC as deseribed under Experimental Procedures. The
respective '*C-radivactivity and Ay, ., profiles are shown in panels
Cund D

respectively. *C-Carboxymethylated peptides from the
162 and 182 min peaks cluted at 38 and 44 min,
respectively. Under the conditions of the serond HPLC
run, a standard '*C-carboxymethylated peptide com-
prising residues 363-379 [21] cluted at 38 min and a
standard comprising residues 388-414 {211 eluted at 44
min. These results clearly establish the presence of
peptides comprising residues 363-379 and 388-414 in
the released peptide fraction.

As described in detail previously [16,17], peptides
released from the proteoliposomes and isolated with
recoveries at least hall that of their courlerpart pep-
tides in a standard tryptic digest of the H*-ATPase,
are defined as located on the cytoplasmic side of the
membrane. The peptides comprising residues 363-379
and 388-414 were recovered in 2mounts well above
100 per cent the amount of the same peptides in a
standard run that included reduction and carboxymeth-
vlation of the hydrophilic peptide fraction, These pep-
tides are therefare clearly cytoplasmically located. Also
by our earlicr convention [17], because the clefi in
which trypsin substrates bind during catalysis reaches
several residucs beyond the scissile bond in both direc-
tions along the cleaved polypeptide chain, at least four
residues in each direction from tryplic cleavage sites
are also assumed to be cytoplasmically located. There-
forc, the information present in these two released
peptides establishes the location of residues 359-418
on the cytoplasmic side of the membrane. Moreover,
since our earlier experiments have established a cyto-
plasmic location for residue 441, the location of the
residucs 419-440 on the cytoplasmic side of the mem-
brane can be deduced with reasonable ceriainty be-
causc this stretch of amino acids is too short to form
transmembrane helices that cross the membrane and
return [17).

The topographic medel 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 studics 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, including
residues 29-32, 41-69, 174-185, 220-237, 257-247,
461-470, 513-544, and 560-566 a5 also likely to be
eytoplasmically located by virtue of the fact that they
are too short to cross the membranc and return.
Residues 916-920 are also cytoplasmically [ocated as
this stretch is too short to cross the membrane.
Residues 2-20 are also probably cytoplasmically lo-
cated, but a single span to the exocytoplasmic side of
the membrane can not be excluded by the available
data, Three large regions comprising residues 160-173,
272-355 and 660-891 constitute the membrane-em-
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Fig. 3. Model for the transmembrane topography of the H*-ATPase, The upper case large bold letters indicate amino acid residues that are

defined as cyroplasmically located by NH ,-terminal sequence of amino acid analysis of purified
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peptides directly established to he cytoplasmically Jocated and membranc-cmbedded, except in the case of Asp-328 which is included a5 a point
of reference, OUT and IN indicate paints of reference outside and inside an intacy cell.

bedded regions of the H*-ATPase molecule. Finally, in
the present study, the identification of two cysteine-
containing peplides comprising residues 363-379 and
388-414 establishes a cytoplasmic location for residucs
359-418 and infers a simitar location for residues 419-
440. Collectively, these results establish the transmem-
brane topography of nearly all of the 919 residues
present in the H*-ATPase malecule. This information
should serve as a useful starting point for future efforts
to understand the three-dimensional folding arrange-
ment of the H*-ATPase polypeptide chain and should
also be valuable in comparative studies with the other

transport ATPases in the aspartyl-phosphorvl-enzyme
intermediate family.
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