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A sulfite-activated ATPase isolated from Suifolobus

soifataricus had a relative molecular mass of 370,000.

It was composed of three subunits whose relative molec-

ular masses were 63,000, 48,000, and 24,000. The en-

zyme was inhibited by the vacuolar ATPase inhibitors

nitrate and N-ethylmaleimide; 4-chloro-7-nitrobenzo-

furazan (NBD-Ci) was also inhibitory. N-Ethylmaleimide

was predominately bound to the largest subunit while

NBD-CI was bound to both subunits. ATPase activity was

inhibited by low concentrations of p-chloromercuri-

phenyl sulfonate and the inhibition was reversed by cys-

teine which suggested that thiol groups were essential

for activity. While the ATPase from S. solfataricus

shared several properties with the ATPase from S. aci-

docaldarius there were significant differences. The latter
enzyme was activated by sulfate and chloride and was

unaffected by N-ethylmaleimide, whereas the S. solfa-

taricus ATPase was inhibited by these anions as well as

N-ethylmaleimide. These differences as well as differ-
ences that occur in other vacuolar-like ATPasos isolated

from the methanogenic and the extremely halophilic

bacteria suggest the existence of several types of archaeal

ATPases, none of which have been demonstrated to syn-
thesize ATP. cc1992 Academic Pre_, Inc.

F,_Ft and vacuolar ATPases are membrane-bound pro-

ton translocating enzymes. The FoF_ ATPases are asso-

ciated with bacterial cytoplasmic membranes, mitochon-

drial membranes, and thylakoids, where they function as

ATP synthases. The vacuolar ATPases are located on the

endomembranes of eukaryotic cells, where they hydrolyze

ATP and generate gradients of protons that are subse-

quently used to transport solutes into intracellular vac-

uoles. These enzymes are also differentiated on the basis
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of the sensitivity of vacuolar ATPases to nitrate, NEM, '_

and the antibiotic bafilomycin (1), agents that do not af-

fect FoF_ ATPases. In addition, the enzymes' subunits

differ with respect to their number and relative molecular

masses (for recent reviews of FoF_ and vacuolar ATPases

see Refs. (2) and (3), respectively). Although the amino

acid sequences of the largest of the subunits of FoF_ and

vacuolar ATPases suggest that they are related, the overall

identity is low (4).

Archaeal ATPases are structurally unlike FoFj AT-

Pases. The catalytic portion consists of from two to five

subunits (5-9) whose relative molecular masses are con-

siderably higher than are those for the analogous subunits

from FoF_ ATPases. In addition, there is no evidence for

the presence of a membrane component equivalent to the

F0 moiety, although in the case of Sul[olobus acidocaldarius

a low molecular mass DCCD-reactive proteolipid (10) ex-

hibits considerable amino acid sequence homology with

subunit c from FoFI ATPases (11). The amino acid se-

quence of the a and fl subunits of the ATPases from

Methanosarcina barkeri (5) and S. acMocaldarius (12), and

the two major subunits from the ATPase from Halobac-

terium salinarium (13) display considerable homology

with sequences from subunits B and A, respectively, of

vacuolar ATPases (14) which suggests that these enzymes

are more closely related to vacuolar rather than FoF_ AT-

Pases. On the other hand, antiserum prepared against the

fir subunit of the ATPase from S. acidocaldarius cross-

reacts with the fl subunit from various FoFl ATPases as

well as subunit 1I from H. saccharovorum (9).

The ATPases from H. saccharovorum and H. salinarium

(formerly designated 1t. halobium} are similar with respect

to the relative molecular masses of the native enzymes

'_Ahbreviations used: I)CCI'), dicyclohexylcarbodiimide; NEM, N-

ethylmaleimide; NBD-CI, 4-chloro-7-nitrobenzofurazan (or 4-chloro-7-

nitrobenzo-2-oxa-l.3-diazole); PAC, E, polyacrylamide gel elect ropho-

resis; PCMS, p-chloromercuriphenyl sulfonate; SDS, sodium dodecyl

sulfate; Caps, 34cyclohexylamino)propanesulfl)nic acid; PM,qF, phe

nyhnethylstdt'(myl tlu,)ride; _el)h 6[L _q('l)harose 61_.
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and their two major subunits (6, 15). Their sensitivity to
nitrate and NEM suggests that they may be vacuolar AT-
Pases {16}. However, the situation in the halobacteria is

complicated in that these ostensibly similar ATPases dif-
fer in several significant properties (17). An analogous
situation exists in the case of S. acidocaldarius, where two
ATPases have been described which possess very different

properties (8, 18). We recently purified an ATPase from
S. sol/ataricus whose several properties suggest that this
enzyme is yet another type of Sul/olobus ATPase. We

wish to report on these observations, suggest that they
are consistent with the notion that there may be a mul-
tiplicity of Archaeal vacuolar-like ATPases, and empha-
size that none has been demonstrated to synthesize ATP
{i.e., act as an ATP synthase).

MATERIALS AND METHODS

Growth and preparation of cell-free extracts Sul[olobt_ strain 98/2

was obtained from T. Langworthy and identilied as S. sol[ataricu._ (N.

Pace, personal communication). It was grown at 70°C in a medium

consisting of the following additions (in grams per liter of deionized

water): (NH_)_SO_ (1.3), MgSO4-7HzO (0.25), CaCIz'2H20 (0.07),

KH2PO4 (0.28), L-glutamic acid (0.5), and yeast extract (1.0). The pH

was adjusted at room temperature to :t.2 with 5 N sulfuric acid. The

medium was autoclaved for 15 min at 20 psi and after it had cooled,

sterile glucose was added to a final concentration of 0.2% (w/v). Cells

were grown in a three-necked 3-liter round bottom ltask containing 2

liters of medium. The flask, which was placed in a heating mantle, had

a condenser connected to one of the outlets; a gas dispersion tube fitted

with a coarse glass-fritted cylinder was connected to the second outlet

for the purposes of aerating the culture; and the third outlet was closed

and used as a sampling port. The culture was vigorously aerated with

sterile air which was tirst passed through a g_Js scrul)ber containing

sterile water using a Cole Palmer Air Cadet vacuum/pressure pump
operated at 3 psi. The cells were harvested after the culture entered the

stationary phase (ca. 54 h) by centrifuging at 5900g for 30 rain at 4°C.

The cells were suspended in pH 7.1 Buffer A (20 mM Na-Hepes/10 mM

MgClz/6 mM NaNJ200 oM PMSF) to a buffer/cell ratio of 8 (vol/wet

wt) and passed through a cold (ca. 4°C) French pressure cell operated

at 12,000 psi. After centrifuging at 5900g lor 30 rain at 4°C, the resulting

supernatant was centrifuged at 245,0()0g for 1 h at 4°C. The supernatant

was decanted and designated the soluble fraction. The sediment was

made up in BtJllbr A and designated the metal)rune fraction.

Assays. ATPase activity was determined at 86°C by following the

release of P,. The reaction mixture contained the following additions

(in micromoles) in a total volume of 1 ml: Na Hepes pH 6.6 buffer

prepared at 86°C (50); MgClz (6.25); ATP (12.5); and enzyme. The en-

zyme was incubated in the buffer for 2 rain at _,6°C before adding ATP

(as the Mg-ATP complex). The reaction was terminated by the addition

of l ml of cold (4°C) 10% trichloroacetie acid and any precipitate was

removed by centrifugation at 39(X)g for l0 rain at ,I°C. When the protein

concentration did not interfere with the P, determination (which was

the case with the UG and Seph 6B fractions) the reaction was terminated

by adding l ml cold (4°C) water. Following the addition of water, the

contents were kept at 4°C until assayed for P,, which was determined

by the method of LeBel et al. (19). The assay was linear for 15 rain and

up to the accumulation of 2 #mol of P,. Protein was determined by the

bicinchoninic acid method (2(I).

Subunit labeling o/NEM and NBD-CI. The enzyme was labeled by

adding l0 _l of the Seph 6B fraction (90 #g) to 190 _l of 50 mM Na-

IIepes buffer (pH 7.2 at room temperature) that contained either 140

nmol N-[2,3-14C]ethylmaleimide or 200 nmol of [U-14C]NBD-CI. The

mixtures were incubated for :_0 min at room temperature and 2 min at

86°C. Excess NEM and NBD CI were removed using the procedure

described by Penefsky (21). The enzyme was subsequently dissociated

with SDS and the location of radioactivity determined following SDS
PAGE.

Polyacrylamide gel electropfiorests Analytical PAGE was performed

at pH 8.9 using Tris glycine butter and 5% gels according to the method

of Davis (22). Proteins were detected by staining the gels overnight with

Coomassie blue. ATPase activity was located on the gels as a calcium

phosphate precipitate (23) in the folh)wing manner. The gels were sus-

pended in 50 mM Na-]tepes buffer (pH 6.6 at room temperature) and

incubated at room temperature for 15 min. The gels were subsequently

transferred into tubes that had been preincubated at 86°C and contained

50 mM Na-Hepes buffer (pH 6.6 at 86°C) and 10 mM CaCI2. Mg-ATP
was added to a final concentration 12.5 mM and after about 15 min the

enzyme was located by the appearance of a white band. A sample of the

ATPase suitable for determining the subunit structure was obtained by

electrophoresis of the Seph 6B fraction in several 5% gels. The enzyme

was located by staining one gel for ATPase activity. Segments of the

remaining gels corresponding to the location of the enzyme activity

were macerated and extracted for 48 h at 4°C with Buffer B. The gel

fragments were sedimented by centrifugation at 10,000g for 30 min at

4°C. The supernatant was decanted and used to determine the subunit

structure of the enzyme. SI).S PAGE was carried out with 11% gels as

described by Laemmli 124}. Gels containing isotopes were soaked in

Amplify and dried under reduced pressure and the radioactivity was

detected on Kodak XAR 5 film by exposing the film at -70°C.

Determination of relatit_c moh,ctzlar mass. The M, of the native en-

zyme was determined by gel tihration using a 1.5 × 84-cm UltroGel

AcA34 column equilibrated in Bulfer B. The following standards (with

their M,) were used: urease (480,000), catalase (232,000), aldolase

(157,000), bovine serum albumin, dimer and monomer (134,000 and

67,000), and ovalbumin (45,000). The M, of the subunits was determined

by SDS-PAGE using the Sigma SDS-70 low molecular weight kit stan-
dards.

MateriaL_. Naz ATP, NiJ_ A1)t', PCMS, and the SDS-70 low mo

lecular weight kit were obtained trom the Sigma Chemical Co. (St. l_)uis,

MO). The Na_-AI)P contained I).()_c,; ATP which represented a quantity

whose hydrolysis would not tn_ detected given the conditions we employed

to assay for P, production. N-12,3-_4C]Ethylmaleimide (7 mCJmmol)

was obtained from Amersham Corp. (Arlington Heights, IL) while [U-

14C]NBD-CI (109 mCi/mmol) was purchased from Research Products

International Corp. IMount Prospect, IL). Hepes was obtained from

Cal Biochem (La dolla, CA). Proteins were determined with reagents

obtained from the Pierce Chemical Co. (Rockford, IL). The PD-10 de-

salting columns and Cent ricon 30 microconcentrators were obtained

from Pharmacia Fine Chemicals (Piscataway, N J) and the Amicon COB).

(Lexington, MA), respectively. Llhro(;el AeA34 was a product of LKB

Instruments, Inc. (Gaithersburg, MD}.

RESULTS

Purification of the Enzyme

ATPase activity was present in the membrane and cy-

toplasmic fractions. This distribution was directly related

to the force used to disrupt the cells. In addition, storage

of the membranes at 4°C resulted in the gradual appear-

ance of soluble ATPase activity and was associated with

the concomitant loss of membrane-bound ATPase activ-

ity. Preliminary experiments indicated the membrane and

soluble activities were similar with respect to their re-
sponse to anions, inhibitors, and pH and temperature op-

tima (K. Meier and I,. I. Hochstein, unpublished data).
The enzyme in the soluble fraction was unstable and

was immediately processed at least through the ammo-
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TABLE I

Puri(ication of the S. SOI.FATARICUS ATPase
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Total

Units Protein Yield 1% of total in Specific activity Purification
Fraction 0amol/min) (rag) the soluble fraction) (units/rag protein) (fold)

SolubLe 91 190 100 0.48 1.0

AmSO_ 70 65 77 1.1 2.3
UG 56 17 62 3.3 6.9

Seph 6B 19 0.43 21 44 92

nium sulfate fractionation step. The soluble fraction was

adjusted to a protein concentration of 4 mg/ml with Buffer

A and made 50% saturated with respect to ammonium

sulfate. This mixture was stirred for 30 min at room tem-

perature (ca. 22°C) and then centrifuged at 10,000g for

30 rain at 22°C. The sediment was made up to a protein

concentration of about 12 mg/ml in Butler A (AS fraction)

and passed through an UltraGel AcA34 column (1.5 X 85

cm) equilibrated in pH 7.4 Buffer B (20 mM Hepes/6 mM

NaN._). Those fractions that contained ATPase activity

(Ve/Vo = 1.42) were combined and designated the UG

fraction. The UG fraction was made 18% with respect to

(NH4)2SO4 and applied to a Sepharose 6B column (1.6 ×

29 cm) previously equilibrated in Buffer B that was also

18% with respect to (NH4)zSO4. The column was washed

with 100 ml of 18% (NH4)2SO4/Buffer B followed by a

decreasing linear (NH4)2SO4 gradient (18 to 6% ammo-

nium sulfate in Buffer B over 200 ml). ATPase activity,

which appeared between 13 and 11.5% (NH4)2S04, was

combined, passed through a PD-10 desalting column,

concentrated in an Centricon 30 microconcentrator, and

designated as the Seph 6B fraction. The enzyme was

stored at 4°C as it was unstable at -19°C and lost ap-

proximately 80% of its initial activity within 2 days at

that temperature.

Table I summarizes a typical purification of the soluble

ATPase starting with 3.5 g of cells. In this particular case,

75% of the total activity was associated with the soluble
fraction. The soluble fraction also contained an active

pyrophosphatase, the bulk of which remained soluble in

50% ammonium sulfate and which did not adsorb to

Sepharose 6B in the presence of 18% ammonium sulfate.

Following hydrophobic chromatography on Sepharose 6B

and the removal of ammonium sulfate, the ATPase (i.e.,

the Seph 6B fraction) hydrolyzed 44 jamol of ATP/min/

mg of protein which represented a 92-fold purification

and a 21% recovery of the activity present in the soluble

fraction. Once purified, the enzyme from S. sol/ataricus

was extremely stable and could be stored at 4°C for at

least 3 months with little loss of activity.

Several proteins were detected in the Seph 6B fraction

by PAGE. Only one, which corresponded to the major

constituent, exhibited in situ ATPase activity in the gels.

To determine the subunit structure of the enzyme, the

Seph 6B fraction was further "purified" by PAGE. For

this experiment, 4.5 units of ATPase were subjected to

PAGE and 3.2 units were subsequently recovered after

extraction and concentration. The protein concentration

following PAGE could not be determined as some com-

ponent in the procedure interfered with the protein de-

termination. The electrophoretically purified enzyme was

composed of three subunits (Fig. la) whose M, were

63,000, 48,000, and 24,000 (Fig. lb). This compares with

values of 65,000, 51,000, and 20,000 (9) and 69,000, 54,000,

and 28,000 (8) for the subunits from the S. acidocaldarius

ATPase. The M, of the native enzyme was 370,000 which

was consistent with the 3:3:1 subunit stoichiometry pro-

posed for the S. acidocaldarius ATPase (18).

Properties of the Enzyme

As shown in Fig. 2, ATP hydrolysis took place most

rapidly at pH 6.6 when the enzyme was assayed at 86°C

which was the temperature at which maximum ATPase

activity occurred. There was no measurable activity at

30°C. The enzyme exhibited an absolute requirement for

a. 1 2 b.

i_ ,_ 10 5

o

I

:1¢
• -...

M r

f I I

1o4 , I , I A
.2 .4 .6 .8 1.0

Rf

FIG. 1. Subunit structure of the S solfataricus ATPase. The Seph
6B fraction { 100 pg prolein) was "purified" by PAGE and subsequently
dissociated with S[)S, and examined by SDS PAGE. (a) Lane 1, mo-
lecular mass standards: lane 2, Sul[olobu,_ ATPase. (b) Relative mobility

(R/) vs log M,.
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FIG. 2. The effect of pl-t on A'l'Pase activity. The Seph 6B fraction

{2.5 tag protein} was assayed in the presence ol the following butlers

which were adjusted to the desired pH at 8(;°C: Mes (_), Hepes (0),

and Caps {C)). 100% activity equals the production of 1.08 _mol PJIO
rain.

Effect of Anions

ATPase activity was variously affected by anions (Fig.
3). Sulfite was stimulatory, with maximum activation
taking place between 5 and 10 mM sulfite. Concentrations

greater than 10 mM sulfite resulted in a progressive de-
crease in the extent of activation and eventual inhibition

of ATP hydrolysis. This was an effect not previously re-

ported for the other Sulfolobus ATPases. Nitrate also in-
hibited the enzyme. A 50% inhibition occurred in the
presence of 8 mM nitrate, and 50 mM nitrate resulted in

maximum inhibition (87%) of ATPase activity. The en-
zyme was inhibited by sulfate. A 50% inhibition was pro-
duced by 25 mM sulfate. The ATPase was inhibited by

chloride although it was not too sensitive to that anion
and was unaffected by 50 mM sodium bicarbonate. Re-

placing sodium with ammonium ion had no signifcant
effect on sulfate or chloride inhibition (data not shown).

This suggests that the anion inhibition was neither quan-
titatively nor qualitatively related to the cation.

Effect of lnhibitors

The S. solfataricus ATPase was inhibited by NEM (Fig.

4a), an alkylating reagent that reacts with sulthydryl
groups, although the reagent will react with amino resi-
dues when conditions are mildly alkaline (25). Maximum

inhibition occurred between 500 mM and 1 mM NEM (Fig.

a divalent cation. Magnaesium and manganese were equally
effective, whereas calcium was ineffective. ATPase activ-

ity increased with the Mg/ATP ratio (ATP = 12.5 mM),
reaching a maximum between 0.25 and 0.5; higher ratios

resulted in a marked inhibition of ATPase activity. An
apparent K_ of 0.6 mM ATP was determined from Line-

weaver-Burke plots (Mg/ATP = 0.5). The enzyme hy-
drolyzed the magnesium salts of ATP, GTP, and ITP at

approximately the same rate which was about 5 and 50
times the rates observed with the magnesium salts of UTP

and CTP, respectively. The Seph 6B fraction hydrolyzed
Mg-ADP and MgP407 at 9 and <1% of the rate observed

with Mg-ATP when assayed using conditions optimal for

ATP hydrolysis. Since the Seph 6B fraction contained

several minor components, the portion of ADP hydrolyz-
ing activity associated with the Sulfolobu.s was not certain.

Mg-ADP also inhibited ATPase activity but determining
a precise value for K, was complicated by the simultaneous
hydrolysis of Mg-ADP. A 57% inhibition of ATPase ac-
tivity was observed at ATP and ADP concentrations of

12.5 anti 6.2 raM, respectively (Mg/nucleotides = 0.5).
Plots of 1/v versus 1/S at different concentrations of ADP

atfected the slopes but not the intercepts indicating that

Mg-ADP was a competitive inhibitor with respect to
Mg-ATP.

175
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Anion ccctcentralion (raM)

FIG. 3. Effect of anions on ATPase activity. The Seph 6B fraction

(2.5 tag protein) was preincubated tot 2 rain at 86°C in the presence ot

the indicated concentrations of the sodium salts of sultite (0), bicar-

bonate ([:3), chloride (I), sulfate (O), and nitrate (4) and subsequently

assayed for ATPase activity The resuhs are reported as % of the activity

observed in the absence of added anions which was assigned a value of

100% and was equal to the production of 1.15 umol PJIO rain.
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FIG. 4. Inhibition of ATPase activity by NEM and PCMS. The Seph 6B fraction (2.5 pg protein) was incubated at room temperature for l0
min in the presence of the indicated concentrations of NEM (a) or PCMS (b), after which the residual ATPase activity was determined. The

results are reported as % of the activity observed in the absence of added NEM or PCMS which was assigned a value of 100% and was equal to
the production of 1.02 pmol P_/10 rain.

4a). The enzyme was extremely sensitive to PCMS. As

shown in Fig. 4b, 500 nM PCMS produced a 35% inhi-

bition and enzyme activity was totally inhibited in the

presence of 20 pM PCMS. Preincubating the enzyme for

10 min in the presence of 5/_M PCMS and subsequently

for 2 min in the presence of 500 pM cysteine reduced the

inhibition from 88 to 8%. The low concentrations of

PCMS that inhibited the enzyme as well as the reversal

of inhibition by cysteine were consistent with the in-

volvement of thiols and by extension suggested that NEM

also inhibited by reacting with thiol residues.

NBD-CI inhibits FoF1 ATPases by reacting with a single

tyrosinyl residue in the/? subunit, and the inhibition can

be reversed by thiols (26). In the case of vacuolar ATPases

the mode of action is not known and the inhibitor binds

to a number of subunits. The ATPase from S. solfataricus

was also inhibited by NBD-C1. Preincubating the enzyme
with 1 mM NBD-CI for 15 min at 86°C inhibited ATPase

activity 83% which was the maximum inhibition attained

under these conditions (Fig. 5a). When the enzyme was

preincubated at 86°C in the presence of 125 pM NBD-CI,

the inhibition, which was 25% after 15 min, was 77%

after 2 h and appeared to continue to increase after that

time (Fig. 5b). As also shown in Fig. 5b, the enzyme did

not lose activity when incubated in buffer at 86°C for 120

min. As in the case of FoF1 ATPases (26), cysteine reversed

NBD-CI inhibition of the Sulfolobu_ ATPase. In addition,

cysteine activated the enzyme. These effects are shown

in Table II. The extent of reversal was inversely related

to the time the enzyme was exposed to NBD-CI. Virtually

all the ATPase activity was recovered when the enzyme

was first incubated with 250 pM NBD-CI for 15 min (which

resulted in 52% inhibition) and then 1 mM cysteine for

10 rain. When the enzyme was incubated for 3 h with 250

pM NBD-CI (which resulted in a 96% inhibition) before

the addition of cysteine, 42% of the activity was recovered.

This suggested the existence of at least two NBD-C1 de-

rivatives of the enzyme, only one of which was reversed

by cysteine, and recalled the behavior of NBD-CI with

FoF1 ATPases (26). The presence of Mg-ATP did not

protect the Sulfolobus ATPase against NBD-C1 or NEM

inhibition, which was unlike the ATPase from H. sac-

charovorum (16).

When the ATPase was incubated with [I_C]NEM so

that the enzyme was maximally inhibited, the bulk of the

radioactivity was associated with the 63,000-Da subunit

with some radioactivity found with the 45,000- and 24,000-

Da subunits (Fig. 6). When the enzyme was incubated in

the presence of []4C]NBD-CI, the inhibitor appeared to

be the equally distributed between the two largest subunits

(Fig. 6). It is not clear if this distribution reflected non-

specific interactions due to the reactive nature of NBD-

Cl (26) or if the high temperature during the assay ex-

acerbated the reactivity and lack of specificity of NBD-
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FIG. 5. Inhibition of ATPase activity by NBD-CI. (a) The Seph 6B

fraction (2.5 ug protein) was preincubated for 2 min at 86°C in the

presence of the indicated concentrations of NBD-CI and subsequently

assayed for ATPase activity. (b) The etfect of preincubation on inhi-

bition. The enzyme was incubated at 86°C for the indicated times in

the presence (a) and absence (O) of 125 _M NBD-CI and assayed for

residual ATPase activity as described under Materials and Methods.

The results in both cases are reported as % of the activity observed in

the absence of added NBD-C[, where 100% equals the production of 880

n,nol of Pfl0 rain.

CI and resulted in intersubunit migration of the inhibitor
subsequent to initial binding.

ATPase activity was not affected by azide (10 raM),
quercetin (200 mM), or vanadate (10 mM). DCCD (100
_M) was not inhibitory when incubated with the enzyme
overnight at pH 6 at room temperature (22°C), conditions
which inhibit the AWPase from H. saccharovorum and

result in the binding of the inhibitor to subunit II (27).

TABLE 11

Reversal of NBD-CI Inhibition by Cysteine

Additions during preincubation

Preincubation time

15 min 3 h

Standard 0.88 0.98

+ NBD-CI 0.42 0.04

+Cysteine 1.51 1.54

+ NBD-Cl/eysteine 1.38 0.64

Note. The Seph 6B fraction (2.5 _g protein) was preincubated in 50

mM Na-Hepes buffer at room temperature. The pH of the buffer was

7.2 at room temperature and 6.6 at 86°C. Where indicated, NBD-CI

(250 uM) or cysteine (1 raM) was present. After the indicated preincu-

bation time, cysteine (1 raM) was added and after an additional 10 min

at room temperature, the reaction mixtures were incubated for 2 rain

at 86°C and Mg-ATP was added to start the reaction. The results are

presented as micromoles P, produced in 10 min.

ATPases, where the presence of ATP repressed NEM in-
hibition and decreased the incorporation of inhibitor, no

substrate protection was observed in the case of the Sul-
[olobus enzyme.

The ATPase from S. sol[ataricus shared a number of

properties with the S. acidocaldarius ATPase. The specific
activities of the purified S. sol[ataricus and S. acidocal-
darius (18) ATPases were similar; both ATPases were
inhibited by similar concentrations of nitrate; and the
relative molecular masses of the native enzymes and three

of their subunits were in reasonable agreement. Recently,
the enzyme from S. acidocaldarius was reported to contain

a fourth subunit (9). Although we did not detect such a
subunit, the composition of the S. sol[ataricus ATPase

cannot be unequivocally established at this time. Proteo-
lytic activity as well as the electrophoretic method used

1 2 3

DISCUSSION

The enzyme from S. sol/ataricus, like other archaeal
ATPases, resembled vacuolar ATPases more than the

FoF, ATPase. The S. sol[ataricus ATPase was inhibited
by NEM and nitrate, and the number and the relative
molecular masses of its subunits was more in character

with vacuolar ATPases. In addition, NEM was bound to
the largest of the Sulfidobus ATPase subunits, as is true
with the ATPase from H. saccharovorum (Sulzner et al.,

manuscript in preparation) and vacuolar ATPases, which
in the latter case is proposed to be the catalytic subunit
(28, 29). However, unlike the vacuolar and halobacterial

• ,>

FIG. 6. ['_C]NEM and ['4C]NBD-CI labeling of the S sul[olobus

ATPase. The Seph 6B fraction was incubated with ['_C]NEM or

["C]NBD-CI and subsequently subjected to SDS-PAGE as described

under Materials and Methods. Eight micrograms of protein was applied

to each lane. Lane l, gel stained with Coomassie blue; lane 2, radioau-

tograph following labeling with NEM; lane 3, radioautograph following

labeling with NBD-CI.
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to prepare the ATPase could have individually or collec-
tively led to the loss of that subunit.

However, the Sul[olobu.s ATPases differ in ways to sug-
gest they are not identical enzymes. Sulfate and chloride,
which stimulate the ATPases from S. acidocaldarius, in-
hibit the S. sol[ataricus enzyme. Bicarbonate, which stim-
ulates the enzyme from S. acidocaldarius, does not affect

the ATPase from S. solfataricus. The Sulfolobus ATPases
are also dissimilar with respect to their sensitivity to NEM
and PCMS. The enzyme from the S. acidocaldarius is not

sign.ificantly inhibited by NEM (8) and is considerably
less sensitive to mercurials (18) than is the ATPase from

S. solfataricus. The enzymes also differ with respect to
their pH optima. In the absence of sulfite, the S. acido-
caldarius ATPase exhibits acidic and alkaline maxima

with a minimum at approximately pH 6.5. The addition
of sulfite to the enzyme isolated by Lfibben et al. (18)
results in a single and relatively broad maximum (pH 5.5

to 7.0) with a 300% increase in enzyme activity. This
stimulation is due to the increase in activity at the pH

minimum. There is no stimulation at the alkaline pH
maximum and only a 20% enhancement at the acidic pH
maximum. The addition of sulfite to the ATPase described

by Konishi et al. (8) enhances the activity at both optima
so that the enzyme still exhibits two optima with the

maximum stimulation of absolute activity occurring at
the acidic maximum. The ATPase from S. solfataricus
displayed a single pH optimum located between pH 6.5
and 7.2, regardless of the presence of sulfite, and the max-
imum sulfite stimulation was of the order of 60%. These
and additional differences are summarized in Table III.

Differences also exist among ostensibly similar AT-
Pases from other Archaea. The enzymes from 11. sac-
charovorum and H. halobiurn have the same relative rap-

lecular masses as do their two major subunits, and both
are equally sensitive to nitrate and NBD-CI. On the other

hand, the enzymes differ with respect to their pH optima,
detergent activation, and, most significantly, the effect of
anions. The enzyme from H. saccharovorum is activated

by chloride and detergent, whereas the enzyme from H.
halobium exhibits very little activity in the presence of
chloride, is activated by sulfate, sulfite, and citrate, and

is unaffected by detergent. In addition, the enzyme from
11. saccharovorum is unaffected by the nature of the cation,
unlike the ATPase from H. halobium (15, 17). The AT-
Pases isolated from methanogens also appear to differ.

The enzyme from M. barkeri (30) is composed of two sub-
units (M, 62,000 and 49,000) and is activated by sulfite
which causes a shift in the pH optimum to a more alkaline
value. By way of contrast, the ATPase from Methanolobus

tindarius is not activated by sulfite and is composed of
four subunits whose relative molecular masses are 67,000,
52,000, 20,000, and <10,000 (31).

While archael ATPases appear similar, these differ-
ences suggest that they may be functionally different en-

zymes. It should be pointed out that, although ATP syn-

TABLE III

Comparison of the Sul[olobu.s ATPases

Hochstein and

Property Stan-l,otter _ Konishi et al. b IAibben et al, r

pit optimum

- Sultite 6.5 7.2 5.0; 8.5 5.5; 8.0

+ Sulfite 6.5 7.2 5.0; 8.5 5.5 7[)
Effect of

Sulfate Inhibits Stimulates Inhibits

Chloride Inhibits No effect S6mulates

Bicarbonate No etfect Stimulates NR _

NEM Inhibits No effect NR

Substrate specificity ATP = GTP GTP _ ATP ATP > GTP

Cation specificity Mg - Mn NR Mn > Mg

° S. sol[ataricus (this study).
S. acidocaldariu._ (8).

• S. acidocaldaritts (18).

a NR, not reported.

thesis has been demonstrated in various Archaea (10, 31,
32), there is no direct evidence that such synthesis is
caused by any of the archaeal ATPases which have been

isolated to date. Whether Archaea synthesize ATP using
an enzyme closely related to vacuolar ATPases, an FoF_

ATP synthase, or a third type of enzyme has yet to be
established.
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