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ABSTRACT:. The yeast plasma membraneg HATPase isolation procedure was improved; a highly pure
enzyme (96-95%) was obtained after centrifugation on a trehalose concentration gradieATPhse
kinetics was slightly cooperative: Hill number 1.5, S5 = 800uM ATP, and turnover number 36

sL In contrast to those of other P-type ATPase&;ATPase fluorescence was highly sensitive to nucleotide
binding; the fluorescence decreased 60% in the presence of both 5 mM ADP and AMP-PNP. Fluorescence
titration with nucleotides allowed calculation of dissociation constak$ from the binding siteKgy

values for ATP and ADP were 700 and 80M, respectively. On the basis of amino acid sequence and
homology model analysis, we propose that binding of the nucleotide to the N-domain is coupled to the
movement of a loogs structure and to the exposure of the Trp505 residue located in the loop. The
recombinant N-domain also displayed a large hyperbolic fluorescence quenching when ATP binds; however,
it displayed a higher affinity for ATPKy = 100 uM). We propose for P-type ATPases that structural
movements during nucleotide binding could be followed if a Trp residue is properly located in the N-domain.
Further, we propose the use of trehalose in enzyme purification protocols to increase the purity and quality
of the isolated protein and to perform structural studies.

The yeast plasma membraneé-4ATPase (EC 3.6.3.6) is
a member of the P-type ATPase family, 2). The H-

ATPase pumps protons out the cell, generating an inward

ion gradient used for nutrient transport, (2). Detailed
structural studies for the plasma membraneAT Pase from

proton transport. The native oligomeric state of the H-ATPase
also remains to be determined)(

In the Ht-ATPase catalytic cycle, it was proposed recently
that ATP binding is followed by a ZOrotation of the
nucleotide-binding domain (N-domain) that transfers the

yeast and other sources are scarce. Efforts have been madg.phosphate to the Asp residue in the P-doma®). (

in the Neurospora crassalt-ATPase, and its structure has
been determinedta& A (3); comparison of the transmem-
branea-helices of theN. crassaH™-ATPase and the C&
ATPase has led Radresa et d) {0 propose a specific path
for protons 4).

The nucleotide sequence of the geMAL encoding
the H™-ATPase fromSaccharomyces cerisiag, N. crassa
andKluyveromyces lactiss known (, 5, 6). The numerous
generated mutants have been useful in identifying the
functional role of several amino acid residu&s However,
few structural studies have been performed limited mainly
by the low purity of the isolated HATPase, probably due
to the high structural instability of the native enzyn®. (

Therefore, important questions remain to be answered, Sucnactis (12—

as the coupling mechanism between ATP hydrolysis and
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Structural conformational changes upon substrate binding are
a common process in enzymeR)), and intrinsic fluores-
cence is a physical parameter of choice for studying such
structural movementd4.(), as fluorescence is highly sensitive
to minimal environmental fluctuations. ThetHATPase
structure contains 14 tryptophan residues, among which 13
of them are located at the transmembranéelices and
solely one (W505) at the large cytoplasmic domain, specif-
ically at the N-domainX). Therefore, the appropriate location
of W505 would be useful in studying nucleotide binding
(ADP and ATP) monitored by fluorescence changes.

In this work, the method usually employed to isolate the
plasma membrane HATPase fromS. cerevisiae and K.
14) was improved (96:95% pure enzyme was
obtained). The structural instability of the'HFATPase was
overcome by using, for the first time in a purification
procedure, the disaccharide trehalose, a well-known protein
stabilizer (L5). The highly pure H-ATPase that was obtained
made possible the nucleotide binding studies. The purified
H*-ATPase exhibited sigmoid kinetics (Hill number1.49)
for ATP hydrolysis. Analysis of the N-domain amino acid
sequence and its structural model revealed that W505 is
located at the protein surface, specifically in the loop
connecting twog-sheets (5 and 6). Nucleotide addition
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(5 mM) led to a large ATPase fluorescence quenching (60%);
thus, titration of the binding site by nucleotides was possible
and allowed the determination of the N-domain dissociation
constants Kg4) for ADP and ATP. The same result was
observed in the recombinant N-domain expressedtsn
cherichia coli However, it exhibited a higher affinity for
ATP, thus indicating the existence of an activated form of
the Ht-ATPase as suggested by others authd)s (

MATERIALS AND METHODS

Materials Trehalose, glycerol, adenosine(B,y-imido)-
triphosphate (AMP-PNP), ADP sodium salt, aNdetrade-
cyl-N,N-dimethyl-3-ammonium-1-propane sulfonate (Zwit-
tergent 3,14) were from Sigma Chemical Co. (St. Louis,
MO). Coomassie brilliant blue R-250 and electrophoresis
reagents were from Bio-Rad (Hercules, CA). Zymolyase-
20T was from ICN Pharmaceuticals Inc. (Costa Mesa, CA).
All other reagents were of the best quality commercially
available.

Enzyme PurificationPlasma membranes were isolated as
follows. K. lactis strain WM27 was grown in YPD at 3TC
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Ficure 1: SDS-PAGE of the isolated plasma membrane-H
ATPase fronK. lactis. The different fractions were obtained after
centrifugation in the discontinuous trehalose gradient. The gel was
stained with Coomassie blue as described in Materials and
Methods: lane 1, molecular mass standards (from top to bottom),
myosin (200 000 Da)3-galactosidase (116 250 Da), phosphorylase
b (97 400 Da), serum albumin (66 200 Da), and ovalbumin (45 000
Da); lane 2, 45% trehalose fraction; lane 3, 40% trehalose fraction;
lane 4, 35% trehalose fraction; and lane 5, 30% trehalose fraction.
In lanes 2-5, the plasma membranet*HATPase protein corre-
sponds to amM, of 100 000 Da.

18.6+ 0.3umol of B (mg of protein)* min~1. The protein
concentration was determined using bovine serum albumin

for 20 h. The cells were harvested at the midlog phase and@S & standardLg).

suspendedni 1 M sorbitol (pH 7.0) containing zymolyase-
20T (20 units/g of wet weight) at 30C for 1-2 h.

Spheroplasts were detected by following spectrophotometri-

cally the time-dependent decrease in turbidity (660 nm) of
cell suspension aliquots (5L) in distilled water (3 mL).
Yeast spheroplasts were disrupted by sonication°&t,4nd

plasma membranes were isolated by differential centrifuga-

tion. From the plasma membranes, the-ATPase was
purified as described by Bowman and Slayma®) (and
Guerra et al. 14), except that in the last purification step

Measurement of HATPase Actity. ATP saturation
kinetics at 25°C of the plasma membrane'HATPase was
evaluated using an enzyme-coupled asdaf. (The assay
medium was 10 mM Pipes (pH 7.0), 80 mM KCI, 5 mM
sodium azide, 5 mM phosphoenolpyruvate, 200 NADH,

12.5 1U of pyruvate kinase, 10.45 IU of lactic dehydrogenase,
and 5 mM MgC}. Increasing concentrations of ATP (from
0.25 to 5.0 mM) were added as indicated. The assay solution
was incubated at 28C for 10 min, and the HATPase
(4.3 ug of protein in 4ul) was added to start the reaction.

trehalose was used instead of glycerol. The plasma mem-The absorbance decay at 340 nm was recorded continuously

branes were diluted to 2 mg/mL in buffer A [0.6 M KCI,
75 mM Tris, and 6 mM EDTA (pH 7.2)], 1 mM EGTA,
and 0.1% (w/v) deoxycholate. The mixture was incubated
under constant stirring atC for 10 min. Then, the solution
was centrifuged at 1000Q0for 1 h. The pellet was
resuspended to homogeneity in 10 mL of buffer B [0.3 M
KCI, 25 mM Tris (pH 7.5), 45% (v/v) glycerol, and 2 mM

in a Shimadzu 2501PC spectrophotometer equipped with a
thermostated cell. Initial rates for ATP hydrolysis (micro-
moles of ATP per milligram of protein per minute) were
calculated from the slope of the linear portion of each trace,
using a NADH extinction coefficient of 6200 M cm™2.
N-Domain Gene Synthesis, Expression, and Purification
The cDNA encoding the plasma membrané-ATPase

EDTA], and the protein concentration was measured and N-domain was synthesized de novo by GeneScript Corp.

adjusted to 5 mg/mL with buffer B. Azolectin (5 mg/mL)
and Zwittergent 3,14 [0.85 (w/w) zwittergent:protein ratio]

(Piscatway, NJ), cloned in-frame into tl&oRI and Not
sites of the pGS-21a expression vector followedbycoli

were added, and the suspension was homogenized andBL-21(DE3) transformation. Expression and purification of

immediately centrifuged at 10009@or 1 h in aBeckman
XL-100K refrigerated ultracentrifuge. The supernatant was

the N-domain fused with both H}i$5ST and His were
performed essentially as described by Pihlajamaa e18). (

carefully removed and poured onto a discontinuous trehalosefor the amino-terminal NC4 domain of human collagen IX.

concentration gradient formed by 4 mL aliquots of 50, 45,
40, 35, and 30% (w/v) trehalose in 10 mM Tris (pH 7.0), 1
mM EDTA, 0.1% deoxycholate, and 5 mg of azolectin/mL.
The samples were centrifuged at 100§@6r 14 h in a fixed
angle rotor (60 Ti). On top of the 45% trehalose section, a

Intrinsic Fluorescence Measuremeni&he fluorescence
data of both the H-ATPase and the recombinant N-domain
were obtained at 28C in a Shimadzu RF 5301 spectrof-
luorophotometer equipped with a thermostated cell. The
incubation mixture was 20 mM phosphate buffer (pH 6.8)

white band was observed which contained the enrichedwith 5 mM MgCl, to which either the plasma membrane

plasma membrane HATPase. This band was carefully
removed and diluted 2-fold using 1 mM EGTA-Tris (pH 6.8).
Then, the fractions were centrifuged at 1009@ar 3 h, and
the pellets were suspended in a small volume of 1 mM
EGTA-Tris (pH 6.8) and kept at-70 °C until they were
used. On SDSPAGE, the 100 000, band corresponding
to the plasma membranetFATPase was 9695% (as
determined by densitometry) of the total protein yield
(Figure 1). The H-ATPase specific activity at 23C was

H*-ATPase or N-domain (final concentration of @) was
added. After incubation for 5 min, the protein intrinsic
fluorescence spectra were recorded between 300 and
450 nm usig a 5 nmslit and an excitation wavelength of
290 and 280 nm for the HATPase and N-domain,
respectively. The ATPase fluorescence was titrated using
either ADP or AMP-PNP, while the N-domain was titrated
using either ADP or ATP. Titrations were performed by a
stepwise increase of 0.5 mM nucleotide2additions from



5618 Biochemistry, Vol. 46, No. 18, 2007 Sampedro et al.

a 0.5 M stock solution), and after each addition, the sample _--
was incubated for 1 min and the fluorescence spectra were
obtained. Fluorescence spectra were corrected for both
dilution and an inner filter effectl@).

Data Analysis Initial rates for ATP hydrolysis were
calculated at different ATP concentrations from the slope
of the linear portion of NADH absorbance dec&p); The
observed sigmoid dependence of the rate of ATP hydrolysis
on substrate concentration was analyzed, fitting the data to
the Hill equation (eq 1) by nonlinear regression using the
iterative software Origin 6.0 (Northampton, MA).
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) o . . . at 25°C. The initial rate for ATP hydrolysis was measured using
wherev is the initial rate Vimax is the maximum velocity for ~ an enzyme-coupled assay as described in Materials and Methods.

ATP hydrolysis,Sis the ATP concentratiorg s is the ATP The reaction was started by adding the enzyme and following the
concentration whem = 0.5V andn is the Hill number. E&'ﬁregffgr?::;gndgc?geal_t“”3”éo ugrtrilénT(hee ‘_,jgta\‘N prere I“jgd by
_ The H'-ATPase and N-domain steady state fluorescence (—)and 1 (-g- -). The inset showsqa Hill pIo?of the kinetic data;
intensities at 325 nm were plotted versus nucleotide con-gjope = n = 1.48 + 0.02. The data are the mean of three
centration. Fluorescence data were fitted to eq 2 by nonlinearexperiments where standard deviations are less than 5%.
regression as described for other nucleotide binding proteins
(21). Equation 2 describes the interaction of the substrate

. . S . ATPase content as follows: 40% trehalose fraction,
with a single binding site.

16.0umol of ATP (mg of protein)* min—%; 35% trehalose,

AF, .S 9.3 umol of ATP (mg of protein)! mint; and 30%
o—F=—"0 2) trehalose, negligible ATPase activity.
Kg+S In agreement with previous report@Qj, the isolated

, plasma membrane HATPase exhibited sigmoid ATP
whereF, — F represents the quenclhlng of the steady stateé gatyration kinetics at 2%5C (Figure 2). The ATPase kinetic
fluorescence at 325 nm (the maximum peak) at a given gat4 fitted well to the Hill equation by nonlinear regression
nucleotide concentratio§, AFmaxis the maximum change  (gq 1). The calculated kinetic parameters were as follows:
in fl_uorescence mtensny_ mdupegi by substrate bmdmg, and Vinax = 17.0+ 0.16umol of ATP (mg of protein)® min~?,

Kq is _thg constant for dissociation of the nucleotide from S5 = 790+ 20uM ATP, andn = 1.49+ 0.05. H-ATPase
the binding site. cooperativity was further evidenced in the Hill plot
RESULTS AND DISCUSSION (I_:ig_ure 2, inset). Thé&ys and the HiI_I _numberr() were
similar to those reported for tH&. cereisiaeandN. crassa

In available isolation methods, the yeast plasma membraneH™-ATPases 2, 5). The calculated turnover number for the
H*-ATPase is purified using a concentration gradient of purified H"-ATPase was 363 and was similar to those
glycerol or sucrose at the last purification steh 7, 9). reported for the Na,K-ATPase from different sourc2g)(
However, contaminating proteins with a lower molecular ~ The binding of substrates (ADP and ATP) in the-H
mass 100 kDa) are always present, affecting ATPase ATPase was studied by analyzing intrinsic fluorescence
purity (12—14). It has been reported that the nonreducing changes in the protein. The nonhydrolyzable ATP analogue
sugar trehalose protects the native conformation of proteinsAMP-PNP was used to prevent ATPase turnovd).(AMP-
against structural damage when subjected to harsh environPNP and ATP are remarkably similar in size and shape; they
mental conditions§, 15). Therefore, the use of trehalose in differ solely in the protonation state of threphosphateZ3).
protein purification protocols might improve protein quality, The H"-ATPase fluorescence spectra exhibited a maximum
e.g., preventing protein damage (inactivation or unfolding) emission peak at 325 nm (Figure 3A) upon excitation at
or subunit dissociation, when oligomeric proteins are purified. 290 nm. The H-ATPase fluorescence was largely quenched
In this work, the plasma membrane fATPase fromK. by increasing concentrations of both ADP (Figure 3A) and
lactis was purified using a trehalose gradient instead of the AMP-PNP (Figure 4A). Both AMP-PNP and ADP binding
usual glycerol gradientl@, 14). After centrifugation, a white  induced the same degree of fluorescence quenching. NMR
band was observed in the 45% trehalose fraction. This wasstudies of the isolated N-domain from Na,K-ATPase have
carefully collected, centrifuged, and resuspended in EGTA- shown that ADP and ATP are bound mainly through the
Tris (pH 7.0) and the amount of protein quantified. Via base and sugar moieties, through a direct interaction with F,
SDS-PAGE, the plasma membrane™tATPase was ob- K, A, and L residues and leaving the phosphate groups
served as a unique band of 100 kDa (Figure 1). The protein exposed to the solvent, while an asparagine residue interacts
purity was between 90 and 95% as determined by densito-with either they-phosphate of ATP or th§-phosphate of
metry (result not shown). The ATPase activity at’Zbwas ADP to stabilize the complex2d). The fluorescence change
18.6umol of ATP (mg of protein)* min~*. Other trehalose  induced by the binding of both nucleotides was the highest
fractions were also collected but with decreased ATPaseobserved to date for a P-type ATPase; i.e., the ATPase
purity; they displayed ATPase activity according to theirH  fluorescence decreased 60% in the presence of 5 mM
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. o binding. Experimental conditions as in Figure 3. (AJ4ATPase
FiGure 3: HT-ATPase fluorescence quenching by ADP binding. fiyorescence spectra in the presence of different concentrations of
The isolated H-ATPase (0.1uM) was suspended in 20 mM  AMP-PNP: (a) 0, (b) 0.5, (c) 1.0, (d) 1.5, (e) 2.0, (f) 2.5, (g) 3.0,
phosphate buffer (pH 6.8) and 5 mM MgCIThe H"-ATPase ()35 (j) 4.0, (j) 4.5, and (k) 5.0 mM. (B) Plot of the+ATPase
fluorescence spectra were recorded (3880 nM) after addition  fjyorescence intensity change (at 325 nm) vs AMP-PNP concentra-
of nucleotide by exciting the protein at 290 nm. (AJ#ATPase  {jon, The line was the result of fitting the data by nonlinear
fluorescence spectra in the presence of different concentrations ofyegression to eq 2. The inset is a double-reciprocal plot. The
ADP: (2) 0, (b) 0.5, (c) 1.0, (d) 1.5, (e) 2.0, (f) 2.5, (9) 3.0, (N) calculated dissociation constari) for AMP-PNP was 700+
3.5, () 4.0, (j) 4.5, and (k) 5.0 mM. (B) Plot of the'HATPase 30 ,M. The fluorescence spectra and data points are the mean of
fluorescence intensity change (at 325 nm) vs ADP concentration. three experiments; standard deviations were less than 5%.
The line is the result of fitting the data by nonlinear regression to

eq 2. The inset is a double-reciprocal plot. The calculated " . _
dissociation constank() value for ADP was 80@t 30 uM. The H*-ATPase fluorescence quenching at 325 nm exhibited

fluorescence spectra and data points are the mean of threeSaturation hyperbolic dependence on both ADP and AMP-
experiments; standard deviations were less than 5%. PNP concentrations. The data fitted well to eq 2 by nonlinear
regression (Figures 3B and 4B). A straight line was formed
nucleotide (Figures 3A and 4A) as compared to the fluo- in a double-reciprocal plot (Figures 3B and 4B, inset). AMP-
rescence variation between 1 and 4% observed for the-Ca PNP exhibited a higher affinity than ADP for the binding
and Na,K-ATPasesl(, 25, 26). site as expected; the calculated dissociation consté&qjs (
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H'-ATPase S pombe  449-486 FDPVSKKVTAYVQAPDGTR TTCVKGAPLWVLKTVE EDH
H'-ATPase S cerevisiae 451-488 FDPVSKKVTAVVESPEGER IVCVKGAPLFVLKTVE EDH
H'-ATPase K lactis ~ 432-469 FDPVSKKVTAIVESPEGER IICVKGAPLFVLKTVE EEH
H'-ATPase Ncrassa  451-483 FDPVSKKVVAVVESPQGER ITCVKGAPLFVLKTVE EDH
Ca™-ATPase 487-535 FSRDRKSMSVYCSPAKSSRAAVGNKMFVKGAPEGVIDRCNYVRVGTTRY
Na,K-ATPase 482-528

FNSTNKYQLSIHKNPNASEP ~KHLLVMKGAPERILDRCSSILLHGKEQ
H-ATPase S pombe  487-527 PIPEDVLSAYKDKVGDLAS RG YRSLGVA RKIEGQHWEIMGI

H'-ATPase S cerevisiae 489-529  p1pEDYNENYENKVAELAS RG FRALGVA RKRGEGHWEILGV

H-ATPase Klactis  470-510 PIPEDVRENYENKVAELAS RG FRALGVA RKRGEGHWEILGV

H'-ATPase N crassa  489-529 PIPEEVDQAYKNKVAEFAT RG FRSLGVA RKRGEGSWEILGI

2+
Ca”-ATPase 536-579 PMTGPVKEKILSVIKEWGTGRDTLRCLALATRDTPPKREEMVLD

Na,K-ATPase 529-570 PLDEELKDAFQNAYLELGGLGE RVLGFCHLLLPDEQFPEGFQ

Ficure 5: Amino acid sequence alignment of the nucleotide binding site. The amino acid sequences involved in nucleotide2d)nding (

in P-type ATPases from different species were aligned using the GENESTREAM network server (IGH, Montpellier, France). The highly
conserved residues involved in nucleotide binding (F, K, A, R, and L) or pocked structure formation (K, G, and P) are shown in bold. The
Na,K-ATPase (PDB entry 1IMO7) sequence was used for alignment. Trp residues are bold and underlined.

for ADP and AMP-PNP were 80& 30 and 70Gt 30 uM, Trp505
respectively. The substrate affinity for the active site was in =5
agreement with the kinetic parameters for catalySjiswas

similar to theKg for ATP. e -I_POP
The Hf-ATPase fromK. lactis contains 14 Trp residues, w5 '& ".'\::__,
and 13 of these are located at the transmembrane domain ; i \\

(TM) a-helices, and only one is located in the cytoplasmic
nucleotide-binding domain (N-domain},(4, 6). In the K.
lactis N-domain amino acid sequence, W505 is located
downstream from the highly conserved residues involved in
nucleotide binding and pocket structure formation (F, K, K,
G, A, P, R, and L) (Figure 5). The crystal structure of the
H*-ATPase still remains to be determined. However, a three-
dimensional model is availabl®); where W505 is located

in the large disordered loop linkingrsheets 5 and 56—
loop—/36) (Figure 6). In the Na,K-ATPase N-domain, it was
proposed that thg6 structure performs a movement to close
the nucleotide binding site24); 56 changes from a bent to

a straight structure which leads to a slight movement in the
loop linking to35. Therefore, in the N-domain, HATPase
fluorescence variations upon nucleotide binding probably
result from W505 environmental change (Figure 6). In
contrast, in other P-ATPases where the N-domain Trp residue

; : : FiIGURE 6: H™-ATPase N-domain three-dimensional model. The
is completely buried or abser@?4, 27), either ADP or ATP N. crassaplasma membrane HATPase structural model (PDB

binding induces negligible fluorescence changesd®) (25, entry 1MHS) built by Kinlbrandt et al. 9) was modified to show
26, 28). only the N-domain. The highly conserved amino acid residues
The possibility that any of the 13 tryptophan residues at involved in ATP binding are shown as sticks. The Trp505 residue

the TM could participate in fluorescence quenching was not is located at the loop linking structures &nd . The arrow shows
excluded. Therefore, a gend[PPMAI) encoding solely the g;ﬁdﬁ]rgposed loop /6 movement performed during nucleotide
N-domain H-ATPase was synthesized and cloned in the '

pGS-21a expression plasmid. The N-domain was purified (Kg = 101 4 7 uM) than in the whole H-ATPase protein

to homogeneity by sequentially using affinity columns of (Kq = 700+ 30 «M). This result supports the proposal of
Ni-Sepharose and GST-P#p The intrinsic fluorescence the existence of an activated state for the-AlTPase ().

of the N-domain (which contains only a tryptophan residue, The N-domain mutant lacking the Trp residue did not exhibit
W505) was highly sensitive to ATP binding (Figure 7, inset); a fluorescence signal (results not shown).

an 80% decrease in fluorescence was observed in the P-Type ATPase structural studies have been performed
presence of 1 mM ATP, 20% higher than that observed in mainly with the Na,K-ATPase and €aATPase from

the H"-ATPase. Saturation kinetics was also hyperbolic, mammals 27, 29). Conformational changes followed by
allowing the fitting to eq 2 by nonlinear regression intrinsic fluorescence have been largely scarce in these
(Figure 7). The N-domain exhibited higher ATP affinity enzymes, mainly due to the absence of an adequately located

ATP binding
site
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Experimental conditions as in Figure 3. The line was the result of
fitting the data by nonlinear regression to eq 2. The inset shows
the N-domain fluorescence spectra in the presence of different

concentrations of ATP. The calculated dissociation constégt (

for ATP was 100.1+ 7 uM. The fluorescence spectra and data
points are the mean of three experiments; standard deviations were

less than 5%.

Trp residue. Therefore, fluorescent nucleotides (TNP-ATP

or Th-FTP) or fluorescent covalent label probes must be used

to perform studies on binding of the substrate to the 16,
N-domain 80—32). The use of trehalose (a membrane and

protein stabilizer) in the HATPase purification protocol

improved the purity of the isolated protein. Both the highly
pure H-ATPase and the identification by molecular model-

ing of W505 (located at the motile structi#6 loop) allowed
the study of binding of the substrate tottATPase as

monitored by fluorescence changes in the whole protein and

confirmed in the isolated N-domain.
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