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ABSTRACT. Membrane-bound H/K-ATPase was solubilized by octaethylene glycol dodecyl eth&g)(C

or n-octyl glucoside (nOG). H/K-ATPase activity and the distribution of protomeric and oligomeric
components were evaluated by high-performance gel chromatography (HPGC) and by single-molecule
detection using total internal reflection fluorescence microscopy (TIRFM). As evidenced by HPGC of
the G2Es-solubilized enzyme, the distribution of oligomers was 12% higher oligomeric, 44% diprotomeric,
and 44% protomeric species, although solubilization pyEEreduced the H/K-ATPase activity to 1.8%

of that of the membrane-bound enzyme. The electron microscopic images abHaesGlubilized enzyme
showed the presence of protomers and a combination of two and more protomers. While the
nOG-solubilized H/K-ATPase retained the same turnover number and 71% of the specific activity as that
of the membrane-bound enzyme, 56% higher oligomeric, 34% diprotomeric, and 10% protomeric species
were detected. TIRFM analysis of solubilized fluorescéiisbthiocyanate (FITC)-modified H/K-ATPase

at Lys-518 of then-chain showed a quantized photobleaching of the FITC fluorescence intensity. For the
Ci2Es-solubilized FITC-enzyme, the fraction of each of the initial relative fluorescence intensity units of

4, 2, and 1 was, respectively, 5%, 44% and 51%. In the case of the nOG-solubilized &Z@ne, each
fraction of 4 and 2 units was, respectively, 54% and 46% with no detectable 1 unit fraction. This represents
the first direct observation of H/K-ATPase in aqueous solution. The correlation between the enzymatic
activities and distribution of oligomeric forms of H/K-ATPase by HPGC and the observation of a single
molecule of H/K-ATPase and others suggests that the tetraprotomeric form of H/K-ATPase molecules
represents the functional species in the membrane.

The transport of Fl and K" coupled hydrolysis of ATP  which permits an assessment of interdomain interactions
is performed by H/K-ATPas€1—3). The enzyme has been during ATP hydrolysis 7, 8). However, a large body of
shown to be composed of am (catalytic)-chain and a  evidence has accumulated to indicate that the functional
p-chain, the latter of which plays a role in membrane native enzyme in the membrane is an oligomer comprised
insertion and traffic ¢3-protomer). The catalytic subunits  of o3-protomers in H/K-ATPase-17) and Na/K-ATPase
of P-type ATPases, such as gastric H/K-ATPase, Na/K- (16, 18—28) or a -mer in sarcoplasmic Ca/H-ATPas9(
ATPase, and sarcoplasmic Ca/H-ATPase, have homologouss1). In the case of H/K-ATPase, the following data provide
primary structures4—6). High-resolution monomeric crystal  strong support for the oligomericity of the enzyme: studies
structures of Ca/H-ATPase have recently been reported,of radiation inactivation10), stoichiometry of phosphoryl-
ation and ATP binding 2) E3810 (rabeprazole) binding

. " This %Nggsvgg(s) zsélli()tporfger5 ig;{i‘{;z%yle-radn;ségnéé;% ;O(rt Sgiin;iﬁc (14, chemical cross-linking with copper orthophenanthroline
esearc oK. 1.), an 0 S5.K.),an . . .
15009844 (to K.A.)) from the Ministry of Education, Science, Sports, (13), blue-native polyacrylamide electrophoresisS) a

and Culture of Japan. glycerol density gradient of detergent-extracted enzydje (
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§ Kyorin University School of Medicine. 0.5 mol/mol of a-chain, which is half the amount of EP
"Kansai Advanced Research Center. obtained from Por acetyl phosphatel@, 17). The amount

U Asahikawa Medical College. _ ;
¥ Bioorganic Chemistry, Hokkaido University. of the enzyme-bound ATP (EATP) during turnover was

L Abbreviations: H/K-ATPase, gastric potassium-activated adenosine Shown to be 0.5 mol/mol af-chain Kos = ~0.1 mM), and
triphosphatase; EP, phosphoenyzme; EATP, enzyme-bound ATP; P the maximum ATP binding capacity in the presence of 1,2-

inorganic phosphate; FITC, fluoresceffisothiocyanate; HPGC, high-  cyclohexylenedinitrilotetraacetic acid (CDTA) was 1 mol/
performance gel chromatography; TIRFM, total internal reflection

fluorescence microscopy; (s, octaethylene glycol dodecyl ether; MOl of q—chain Kos = ~0.1.mM). The breakdown of EP
nOG, n-octyl glucoside. formed in the presence efmicromolar ATP, accumulating
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EP:E, was more rapid than that in the presence of sub-in 1% (w/v) SDS, 0.1 M CHCOONa, 0.25 M sucrose, and

millimolar ATP, thus permitting the accumulation of EP:
EATP. One mole of Pwas simultaneously liberated from

each 0.5 mol of EP and EATRZ, 17). These data suggest

that each catalyti@x-chain is involved in cross-talk, thus

maintaining half-site phosphorylation and half-site ATP
binding, at least in the of3),-diprotomeric form of the

20 mM HEPES/Tris (pH 7.0) at room temperature for 5 min.
Each sample was centrifuged at 100000 rpm for 10 min
(Optima TL, 100.2 rotor, Beckman) and the supernatant was
collected. To determine the ATPase activities of detergent-
solubilized H/K-ATPase at 2%C, it was diluted with buffer
containing 0.25 M sucrose and 20 mM MES/Tris (pH 5.5)

enzyme, which appears to exclude the possibility of simul- at a final detergent concentration of less than 0.1%.

taneous phosphorylation and ATP binding to the same

Electron Microscopic Obseation of Rotary-Shadowed

o-chain. Thus, for a better understanding of the mechanismMolecules of H/K-ATPaseThe procedure was essentially
of P-type ATPase, studies of the oligomericity of the enzyme the same as that described previoug§)( Samples of the

would be highly desirable.

H/K-ATPase preparation solubilized by 4Eg were diluted

The aim of the present study was to determine the numberto around 1Qug/mL with 60% (w/v) glycerol, sprayed onto
of molecules associated with one another in the membrane-mica, rotary-shadowed with platinum, and observed with a
bound H/K-ATPase. Here we show evidence for the oligo- Hitachi H-800 electron microscope operated at 75 kV.

meric nature of H/K-ATPase based on enzymatic activities,

Gel Chromatographic Separation of Solubilized H/K-

electron microscopic observation, high-performance gel ATPaseThe solubilized H/K-ATPase preparations (200
chromatographic separation, and a single-molecule detectiorivere subjected to HPGC (high-performance gel chromatog-

technique.

EXPERIMENTAL PROCEDURES
H/K-ATPase Preparation and FITC Modificatioklethods

raphy) with a TSKgel G3000SW (7.8 x 300 mm, Tosoh)
column equipped with a guard column (TSK guard column
SWy., 6.0 x 40 mm). The column was equilibrated with
buffer A for CyoEg-solubilized H/K-ATPase, 0.03% (w/v)
Ci2Es 0.1 M CHCOOK, 1 mM EDTA, 13 mM imidazole,

have been described for the preparation of vesicles (G18 mM HEPES (pH 7.0), or buffer B for nOG-solubilized

fraction) that contain pig gastric H/K-ATPase and their
further purification by SDS32, 33). Purified H/K-ATPase

H/K-ATPase, 0.8% (w/v) nOG, 50 mM CholineCl, 1 mM
EDTA, 3 mM (CHCOO)xMg, 40 mM MES, 5 mM

preparations were stored in 0.25 M sucrose solutions imidazole (pH 5.5). The samples were eluted &Mat a

containing 0.5 mM EGTA/Tris (pH 7.4) at 80 °C until

flow rate of 0.35 mL/min. The elution profile of the protein

use. Protein concentrations were determined by the methodabsorbance at 280 nm) was monitored with a diode array

of Bradford using bovine serum albumin as a standa# (

The methodology used for the determination of potassium-

detector (SPD-M10AVP, Shimadzu). The solubilized H/K-
ATPases were separated into four fractions: A (aggregate),

dependent ATPase activity and the amount of phosphoen-H (higher oligomers), D (diprotomer), P (protomer).

zyme (EP) has been described previousl, (17). The
specific activity of the purified enzyme was approximately
450umol of R/mg/h in a medium containing 25 mM sucrose,
0.1 mM EGTA/Tris, 40 mM HEPES/Tris, 10 mM KClI, 2
mM MgCl, and 2 mM ATP/Tris (pH 7.0) at 37C, and the
EP from ATP in the absence of KCl was 2.5 nmol/mg at 25
°C. FITC modification of H/K-ATPase was performed as
follows. H/K-ATPase preparations (0.5 mg/mL) were incu-
bated in 1 mM EDTA, 100 mM Tris/HCI (pH 9.2), 0.25 M
sucrose, and 1@M of FITC/DMSO at 25°C for 30 min.
The modification was terminated by the addition of 1 mM

Single-Molecule Obseation. For single-molecule imag-
ing, a flow cell was constructed with two coverslips (bottom,
24 x 36 mnt; top, 18 x 18 mn?) separated by two spacers
of 50 um (37). The samples solubilized by SDS;£s, and
nOG were diluted to approximately 10 pM with buffers
containing 0.1 M CHCOOK, 0.1 M Tris/HCI (pH 8.5), and
2 mM MgCl, with the corresponding detergents (0.1% (w/
v) SDS, 0.03% (w/v) GEs, and 0.8% (w/v) nOG, respec-
tively). An Olympus total internal reflection systei®8j was
used with minor modifications. An Arlaser (model 532-
A-A03, Melles Griot) was introduced to an inverted micro-

p-mercaptoethanol, and the samples were washed twice withscope (1X70, Olympus) through a single-mode fiber and two

10 mM HEPES/Tris (pH 7.0), 1 mM EDTA, and 0.25 M

illumination lenses; the light was focused at the back focal

sucrose. To estimate the amount of enzyme-bound FITC, plane of an objective lens (PlanApoS6OTIRFM; NA 1.45,

the FITC-modified H/K-ATPase preparations were incubated Olympus). The power of the laser was 2.3 mW at the nose
in a solution containing 1% (w/v) SDS and 100 mM Tris/ piece. The excitation beam was reflected at the glass surface
HCI (pH 9.2) at room temperature for 1 h, and the absorbanceand the sample solution, thus producing an evanescent field.

at 495 nm (extinction coefficient 75000 Mcm™! at 495
nm) was measuredb, 36).

Detergent Solubilization of H/K-ATPasEhe SDS-purified

Fluorescence images were collected through the objective
lens and passed through a barrier filter (U-MNIBA, Olym-
pus). Images were captured with a CCD video camera

membrane-bound H/K-ATPase (2 mg/mL) was incubated in (CCD300-RC, DAGE MTI) coupled to an image intensifier

0.6% (w/v) GzEg, 0.1 M CHCOOK, 1 mM EDTA, 10%
(w/v) glycerol, and 20 mM HEPES/Tris (pH 7.0) at°C
for 5 min. For solubilization by nOG, the purified H/K-

(VS-1845, Video Scope International) and recorded on an
S-VHS videotape using a frame rate of 30 Hz. The intensity
and history of the fluorescent particles were analyzed using

ATPase (5 mg/mL) was incubated in a medium consisting the Metamorph software program (version 4.6, Universal

of 20 mM MES/Tris (pH 5.5), 1 mM MgATP, 0.25 M

Imaging). For an analysis of histograms of the data and the

sucrose, and 2% (w/v) nOG. The mixture was incubated for calculation of rate constants, the Graphpad Prism software

5 min at 0°C and then diluted with four volumes of the
same buffer without added MgATP. For solubilization by
SDS, the purified H/K-ATPase (2 mg/mL) was incubated

program (version 2.01) was used.
Chemicals.C,,Es was purchased from Nikko Chemical
Co. nOG was purchased from Wako Chemicals Co. The
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Ficure 1: Gallery of selected electron micrographs of rotary-
shadowed molecules. Samples of H/K-ATPase preparation solu-
bilized by GEg were diluted with 60% glycerol, sprayed onto mica,
rotary-shadowed with platinum, and observed with a Hitachi H-800
electron microscope. The H/K-ATPase molecules with protomeric
(A), diprotomeric (B), and tetraprotomeric (C) appearance are
shown. (D) FITC-modified H/K-ATPase complexed with anti-FITC
antibody. The structure judged as most probable for its magnified
image is drawn under each electron micrograph.

FITC and anti-FITC antibodies were purchased from Mo-
lecular Probes. All other chemicals were the highest grade
available.

RESULTS

Electron Microscopic Obseartion of Rotary-Shadowed
H/K-ATPase MoleculesA strong body of enzymological
evidence exists to show the oligomericity of the enzyme, as
described above. Thus, it should be possible to obtain
morphological evidence for the oligomeric structure of H/K-
ATPase by electron microscopy. An H/K-ATPase prepara-
tion, purified with SDS and solubilized with 16Eg, was
placed on a mica plate and rotary-shadowed with platinum.
Figure 1 shows electron microscopic images of the spatially
distributed individual GFEs-solubilized H/K-ATPase mol-
ecules. The protomeric image (Figure 1A) had a pearlike
shape, approximately 18 nm in length and 12 nm in width
at the widest portion. In addition to this protomeric image,
images of combinations of two and more-®&) protomers

Abe et al.

Table 1: Enzymatic Activity of Detergent-Solubilized
H/K-ATPase3

membrane-bound Es nOG
v, umol of B/mg/h 125+ 1.3 22+16 88.6+25
EP, nmol/mg 2.52- 0.04 0.11+£0.16 1.74+£0.06
TN, st 13.8+0.21 b 14.1+ 0.40

a8 Cy2Es- and nOG-solubilized H/K-ATPase was assayed for H/K-
ATPase activity ¢) and EP at 25C, pH 5.5. Turnover numbers/(
EP, TN) were estimated.lt was not possible to estimate the turnover
number because enzymatic activities were not detectable within
experimental error.
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Ficure 2: Elution profile of solubilzied H/K-ATPase by high-
performance gel chromatography. (A);£s-solubilized H/K-
ATPases and (B) nOG-solubilized H/K-ATPase preparations were
subjected to HPGC with a TSKgel G3000gWeolumn at 0°C.

The absorbance at 280 nm was monitored with a diode array
detector and recorded. The solubilized H/K-ATPase was separated
into the four fractions of aggregate (A), higher oligomer (H),
diprotomer (D), and protomer (P).

protomeric and oligomeric structures as has previously been
observed for Na/K-ATPase&25).

Gel Chromatographic Separations of Oligomeric Species
of H/K-ATPase Solubilized with Detergeni® assess the

that are closely bound to each other were also observedgistripution of oligomeric species ofg€Es-solubilized H/K-

(Figure 1B,C). To confirm that these images were derived
from H/K-ATPase molecules, FITC-modified H/K-ATPases
(FITC—H/K-ATPase) were examined. The fluorescence
probe FITC binds to a Lys residue (in the case of pig gastric
H/K-ATPase at Lys-518) which is embedded in the ATP
binding domain of P-type ATPaseg, 86, 39). The resulting
preparation loses its ATPase activity almost completely with
no detectable loss in‘kdependenp-nitrophenylphosphatase
activity. The amount of bound FITC (4.9 nmol/mg) was twice
as large as that of EP formed from ATP (2.5 nmol/mg),
namely, around 1 mol of FITC probe/mol ofchain. The
images obtained were morphologically similar to those from
native H/K-ATPase. When an anti-FITC antibody was
complexed with 1-ethyl-3-(3-dimethylaminopropyl)carbodim-
ide prior to solubilization, antibody-bound images were
clearly observed (Figure 1D). However, such images were
not found when the native enzyme was used (not shown).

ATPase, which showed very low H/K-ATPase activity and
phosphorylation capacity (Table 1), oligomeric H/K-ATPases
were separated by HPGC (Figure 2A). When thgEg
solubilized H/K-ATPase was applied to the column, four
major protein fractions appeared, an aggregate (A), higher
oligomers (H), diprotomers (D), and a protomer (P), as
observed in the case of Na/K-ATPag¥}{-42). Fraction A
was too large to permit an estimation of molecular weight
(void volume of the column). The molecular weight of
fraction H was estimated to be larger than that of tg){-
diprotomer. The molecular weights of tlg-protomer and
the (3).-diprotomer were estimated to be approximately 1.5
x 10° and 3.0x 1C, respectively 18, 40). The relative
amount of H, D, and P was calculated to be 12%, 44%, and
44% of the total enzymes, respectively (Table 2).

To investigate structureactivity relationships, an active
soluble H/K-ATPase is a prerequisite. Several detergents can

These data indicate that H/K-ATPase molecules also havebe used to solubilize H/K-ATPas®,(15, 43, 44). In the
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Ficure 3: Pseudocolor displays of fluorescence images of FITC-modified H/K-ATPase molecules. FITC-modified H/K-ATPase was
solubilized by (A) G2Eg and (B) nOG, and observed by TIRFM. The image constituted 10 integrated video frames just after laser illumination
to reduce noise. The initial fluorescence intensities with one, two, and four units are indicated by single, double, and triple arrowheads,
respectively. A scale bar of &m and a linear 6255 pseudocolor scale of fluorescence intensity are shown.

Table 2: Comparison of the Distribution of Oligomers in TnO'eC!J'eS thgt are as_sembled' Namely' _the fluorescence
Detergent-Solubilized H/K-ATPase, As Estimated by TIRFM and intensity of diprotomeric or tetraprotomeric FITEI/K-
HPGC Analysi& ATPase is 2 or 4 times as large as that of the protomeric
HPGC (%) TIRFM (%) one. To determine how many protomers are assembled in
the higher oligomers detected by HPGC analysis, we

P D H P D T o . .
modified the enzyme with FITC at Lys-518 as described
EIOZEB ‘YE') Aéi 1526 5%) i‘é 554 above 7, 36, 39) and subjected the detergent-solubilized

— , _ , — FITC—H/K-ATPases to a TIRFM analysis.
aThe composition of oligomeric species of;Es- or NnOG-solubilized

H/K-ATPase determined by HPGC was calculated as the relative area Figure 3 shows the quorescence_ images of Fl.—WK'
of the UV absorbance of each fraction, and that by TIRFM was ATPase on the surface of a coverslip. An approximately 10

calculated as the total protomers (the area of each Gaussian curve timeM concentration of detergent-solubilized FIFE@/K-AT-
the number of oligomers). The values indicate the percentages of Pase could easily be detected as individual fluorescent spots
protomer, diprotomer, and higher oligomer (in HPGC analysis) or wjith various fluorescence intensities in an illumination field

tetraprotomer (in TIRFM analysis), respectively. In each case, the sum . >
of each protomer was set as 100%. The specific activities of thf&-C of approximately 60x 60 um”. The number of fluorescent

and nOG-solubilized H/K-ATPaes calculated as the percentage of SPOtS was_proportional to the applied FIF8/K-ATPase
membrane-bound enzyme are 1.8% and 71%, respectively. concentration (except when FIFEHK-ATPase was ex-

tremely diluted to sub-picomolar levels). Only a few spots

were observed in the buffer or unmodified samples (not

shown) Thus, we conclude that the effect of dust particles

was negligible in this analysis, and that the fluorescent spots

were largely due to the FITC probe bound to the en-
me.

present investigations, nOG proved to be useful for solubi-
lization without significant inactivation of the H/K-ATPase
activity, as has been previously reportdd)( When mem-
brane-bound H/K-ATPase was solubilized with 2% (w/v)

nOG, the specific activity of the supernatant fraction was As a control experiment, FITEH/K-ATPase was solu-

approximately 71% of that of the membrane-bound H/K- | .© . . .
ATPase preparations, retaining the same turnover numberblllzed with SDS_ to completely d'?’soc'?‘te thg-protomer
of H/K-ATPase intoa- and -chains. Figure 4A shows a

(v/EP) of the membrane H/K-ATPase (Table 1). The result | . ) X

. - typical example of the single-step photobleaching of the
of the HPGC analysis of nOG-solubilized H/K-ATPase be f inal lecul b din al
showed a large increase in the proportion of fraction H and FITC probe for a single molecu a1y observe In almost
a decrease in those of D and especially P (Figure 2B) every spot of the SDS-solubilized FITC-bounethain. The
compared with the case ofEs-solubilized H/K-ATPase sum of the fluorescence trajectories of over 100 spots (Figure

. : : 4D, open circles) resulted in a single-exponential curve with
(Figure 2A). The relative amount of each fraction was found a rate of 1.03 5, comparable to that obtained in ensemble

t?l' t:)? 56%, 34%, and 10% for H, D, and P, respectively experiments. The initial intensity of each fluorescent spot
(Table 2). gave a single peak that fitted well to a single Gaussian
Single-Molecule Obseation of FITC-H/K-ATPase Mol-  (distribution with a mean intensity of 9.6. We therefore
ecules in SolutiorAssemblies of the enzyme are on the scale conclude that, with a single-step photobleaching, the spots

of nanometers, so it would be impossible to observe eachrepresent images of single molecules (Figure 5A).
individual molecule in an aqueous solution by optical In the case of §Eg-solubilized FITC-H/K-ATPase, not
microscopy. A single fluorophore attached to the protein can only the single FITC probe but two and more FITC probes
be clearly observed in an aqueous solution by fluorescentin one particle were also observed. The fluorescence
microscopy using an evanescent field produced when a lasettrajectories of spots showed mainly a one-step and a two-
beam is totally reflected in the interface between the water step (Figure 4B) quantized photobleaching. Figure 5B shows
and glass &7, 45—-49). Using total internal reflection the distribution of fluorescence intensities of.Es-solubi-
fluorescent microscopy (TIRFM), it would be possible to lized FITC-H/K-ATPase. The intensity distribution could
directly count the number of FITC-modified protomeric be fitted to two main component Gaussian curves; one major
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FiIGURe 4: Fluorescence trajectories of single particles at the video
rate. Typical quantitized photobleaching with one (A), two (B),
and four (C) step(s) is shown. The background intensity (the average
intensity of 150 video frames 15 s after laser illumination) was set
as zero. Photobleaching occurred at the times indicated by the
arrowheads. (D) The exposure time for photobleaching was ‘
measured for more than 100 single particles, and the data are
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summarized and plotted as a function of time. The decay could be
fitted to a single-exponential function.

curve was indistinguishable from that of SDS-solubilized 104
FITC—H/K-ATPase with a mean intensity of 8.9. The mean
intensity of the other was twice that of the major one, which 0

can be attributed to the presence of diprotomeric molecules. 0 10 20 30 40 50 60

_In add_ltlon, a very minor curve with a 4-fold Iarger_mean Fluorescence Intensity (AU)

intensity, which can be attributed to tetraprotomeric mol- Ficure 5: Histogram of the fluorescence intensity of solubilized
ef:ules, was also found. The distribution of protomers (P), H/K-ATPase. Distributions of fluorescence intensities of FHC
diprotomers (D), and tetraprotomers (T) was calculated (the H/K-ATPase solubilized with SDS (A = 189), G,Es (B, n =
area of each Gaussian curve times the number of oligomers)283), and nOG (Cpn = 206) are shown. Fluorescence intensities

to be 51%, 44%, and 5%, respectively (Table 2) of independent spots, which showed stepwise photobleaching, at a
' ' ' ' five-video-frame average just after laser illumination were achieved.

In the case of the nOG-solubilized FITE/K-ATPase, The background intensity was subtracted, as in Figure 4. The
the number of bright spots increased considerably (Figure fluorescence intensities of one to four dye molecules were in the
; +linear range of the camera. The data were fitted to Gaussian curves;
3B). Spots with both four step; and two steps appeared WIchCi exp(x — iIM)22i0, wherei (=1—4) is the number of
a feyv one-step phOtObreaChmg spots _(Flgure 4B1C_)-_ The Gaussian curvesC, M, and o are fitting parameters, anx is
distribution of fluorescence intensities in nOG-solubilized fluorescence intensity. The solid line indicates the sum of one to

FITC—H/K-ATPase consisted of two major Gaussian curves, four Gaussian components fitted to the data. Single, double, and

corresponding to double and quadruple fluorophores, as_qyao_lrup_le arrowheads indicate the peak positions of each Gaussian
) . ; . distribution which is responsible for one, two, or four fluorescence
suming the mean intensity of the single fluorophore to be mgjecules, respectively.

9.1 (Figure 5C). The distribution of D and T was calculated
to be 46% and 54%, respectively (Table 2). From these DISCUSSION
results, we conclude that the higher oligomer fraction
observed by HPGC analysis corresponds to a tetraproto-
mer.

The oligomeric states of pig gastric H/K-ATPase prepara-
tions were characterized by several independent methods.
i . Our previous report, based on the presence of 0.5 mol of

Figure 4D shows a measurement of the exposure imegp 504 0.5 mol of EATP/mol af-chain of membrane-bound
required to achieve photobleaching. The photobleaching Ofenzymes, suggested the presence of ram2r as the
individual fluorophores was a stochastic process, and theynctional unit of the enzymelg, 17).
integrals of the fluorescence trajectories of the individual  gjactron microscopic observation of rotary-shadowed
spots of each detergent-solubilized preparations were fitted glecules of H/K-ATPase solubilized by4Es showed the
to a single-exponential function with a pseudo-first-order rate presence of protomeric, diprotomeric, and higher oligomeric
constant of 1.03, 0.36, and 0.36's respectively. The  stryctures, as in the case of Na/K-ATPa28)(which has a
difference in the rate constant for photobleaching between structure homologous to that of H/K-ATPase-@). When
the SDS-solubilized sample and theE- or nOG-solubi-  C,,Eg-solubilized H/K-ATPases were separated by gel filtra-
lized samples may reflect the difference in the unfolding of tion as described above, electron microscopic images indi-
the ATP binding pocket containing the FITC prol® due cated the presence of a protomer, diporotomers, and higher
to the accessibility of oxygen radicals to the exposed oligomerers in all fractions (data not shown). These data can
fluorophore. be taken to indicate the existence of a slow equilibrium
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between oligomers in solution, since more rtha h is enzyme. The presence of a slow equilibrium between
required for the fixation and observation of H/K-ATPase oligomers was indicated by electron microscopic observation,
molecules at room temperature. The solubilization of active as described above, which might be the reason for the
H/K-ATPase using GEg at 5 °C has been reported §). differences between the specific activity and the amount of
However, further studies are required to obtain an active tetraprotomer detected by HPGC and/or TIRFM in each
solubilized H/K-ATPase with GEg at room temperature as  nOG-solubilized and GEs-solubilized H/K-ATPase. These
in the case of other P-type ATPas&4,(42). considerations suggest that the tetraprotomeric form rather
The HPGC separation of inactivated,,Es-solubilized than diprotomeric or protomeric form of H/K-ATPase
H/K-ATPase and of active nOG-solubilized H/K-ATPase molecules is the functional component in the membrane,
permitted us to characterize and quantify the diprotomer andalthough there appear to be long-standing debates concerning
protomer. The correlation between the amount of fraction the structure of P-type ATPase, namely, whether a protomer
H and the specific activity of detergent-solubilized H/K- is the functional unit of the enzym&3%—58) or an oligomer
ATPase retaining the same turnover number as the membraneis required 16—31, 42, 59). The protomeric and diprotomeric
bound enzyme suggests that the higher oligomer is the activeforms of nOG-solubilized-H/K-ATPase appeared to be
species (Table 2, HPGC). Fraction A contained around 6% inactive, as described above. However, the specific activity
of the UV absorption in both inactive;@&s- and active nOG- of the tetraprotomer in Na/K-ATPase was reported to be
solubilized H/K-ATPase. This suggests that fraction A nearly the same as that of the membrane-bound enzyme but
contains impurities and/or inactive aggregated H/K-ATPase. approximately half that of the diprotomer and proton) (
Negligible ATPase activity and ATP binding were reported Thus, the important point is that the turnover number of each
in fraction A of Na/K-ATPase42). soluble tetraprotomer of these two ATPases was rather close
To characterize the high molecular weight fraction, FTC  to that of the membrane-bound enzyme. These data suggest
H/K-ATPase was examined by TIRFM, which has recently that the tetraprotomer is the functional unit of H/K-ATPase
been developed for observing single fluorescent moleculesand Na/K-ATPase in the membrane, both of which showed
in solution @7, 45—49). The advantage of single-molecule half of the site reactivity and all of the site reactivity,
studies is that they provide information on the dynamics of depending on the ligands presef®,(16, 17, 54).
complex macromolecules at the level of individual molecules,  The characterization of the cross-linking domain of H/K-
which are masked in ensemble-averaged experiments. TIR-ATPase 13) and Na/K-ATPase 20) suggests that the
FM would be a useful method for the detection of single protomer can associate between the cytoplasmic domains.
fluorescent molecule characteristics because of its lower Cj,Eg-solubilized Na/K-ATPase has been reported to bind
background. We were able to characterize the relative to the synthetic polypeptide of the Hitagged large cyto-
fluorescence intensity and photobleaching of the FITC probe plasmic loop (M4-M5) of Na/K-ATPase in the presence of
at Lys-518. This process is quantized in a manner typical of MgATP (60). These data point to the possibility that the large
single molecules. We were also able to directly count the cytoplasmic domains interact with each other, which is
number of FITC-labeled H/K-ATPase catalytic subunits. This consistent with our previous report of half-site phosphoryl-
represents the first observation of a single molecule of P-typeation and half-site ATP binding in both ATPasd¥,(25).
ATPase in an agqueous solution, which may also be useful The identification of interaction domains (or interfaces)
for determining higher oligomeric structures of other P-type between protomers will be necessary to obtain a picture of
ATPases. The distribution of the initial intensity of the FITC how these pump molecules function.
fluorescence of GEs-solubilized and nOG-solubilized FITE
H/K-ATPase, respectively, indicated that protomerdipro- ACKNOWLEDGMENT
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