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Characterization of Calcium, Nucleotide, Phosphate, and Vanadate
Bound States by Derivatization of Sarcoplasmic Reticulum
ATPase with ThioGlo1
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ABSTRACT Sarcoplasmic reticulum vesicles were incubated with the maleimide-directed probe ThioGlo1, resulting in
ATPase inactivation. Reacted ThioGlo1, revealed by its enhanced fluorescence, was found to be associated with the cytosolic
but not with the membrane-bound region of the ATPase. The dependence of inactivation on ThioGlo1 concentration suggests
derivatization of approximately four residues per ATPase, of which Cys®®¢, Cys*°8, and Cys®3¢ were identified in prominently
fluorescent peptide fragments. These cysteines reside within the phosphorylation and nucleotide-binding region of the
ATPase. Accordingly, protection is observed in the presence of ATP, 2'(3")-O-(2,4,6-trinitrophenyl)adenosine 5'-diphosphate
(TNP-AMP), or an fluoroisothiocyanate label of Lys®'®. Furthermore, protection is observed in the presence of vanadate (or
decavanadate), but not in the presence of phosphate. Labeling occurs equally well in the presence or in the absence of Ca®™*
and thapsigargin, excluding a role of the E1-to-E2 transition in the protective effect of vanadate. It is concluded that protection
by vanadate is due to formation of a pentacoordinated orthovanadate complex at the phosphorylation site, corresponding to
a stable transition state analog of the phosphorylation reaction, with intermediate characteristics of the EP1 and EP2 states.
The lack of protection by phosphate is attributed to instability of its complex with the enzyme (EP2). These findings are
discussed with respect to different structural images obtained from diffraction studies of ATPase in the presence or in the
absence of Ca®" and/or decavanadate (Ogawa et al., 1998, Biophys. J. 75:41-52).

INTRODUCTION

Functional studies have shown that a fundamental feature @nces would provide a structural counterpart for the well-
the sarcoplasmic reticulum (SR) €atransport ATPase is defined functional characteristics of E1 and E2.

the interconversion of two discrete enzyme states (deMeis Several studies (Murphy, 1976, 1978; Green et al., 1977,
and Vianna, 1979). The E1 state is induced by Qainding ~ Saito-Nakatsuka et al., 1987; Yamasaki et al., 1990; Squier
to high-affinity sites exposed to the cytosolic side of the SRet al., 1987; Bigelow and Inesi, 1991) have demonstrated
membrane, whereas the E2 state is prevalent in the absene@anges in the reactivity of various sulfhydryl groups of the
of C&". In the presence of G4, E1 is converted to a low SR ATPase, depending on the absence or the presence of
ca™ affinity state after enzyme phosphorylation with ATP, various ligands, and on the type of derivatization reagents.
whereby the bound G4 is released from the lumenal side We describe here the effects of pertinent ligands on the
of the SR membrane. This interconversion of functionalderivatization of the ATPase cytosolic region with the new
states must be based on a corresponding structural trangialeimide-directed label ThioGlol. We find that ATP,
tion, because a long-range intramolecular linkage between @ (3')-0-(2,4,6-trinitrophenyl)adenosine  '-8liphosphate
phosphorylation site in the cytosolic region and &2Ga (TNP-AMP), fluoroisothiocyanate (FITC), and vanadate
binding site in the transmembrane region of the enzyme i®rotect ATPase from derivatization with ThioGlo1. How-
required for functional coupling (Inesi et al., 1992b). In €Ver; derivatization occurs equally well mthe_presgnce orin
recent diffraction studies, large differences were noted irf1€ absence of éé_’ phosphate, and/or thapsigargin. These
the cytosolic region of ATPase images, depending orfffects are helpful in defining various conformational states

whether the images were derived from crystals obtained i the €nzyme, independent of crystallization requirements.

the presence of Ga or from crystals obtained in the
absence of G4 and in the presence of vanadate (Ogawa ehllATERIALS AND METHODS

al., 1998). If these two crystalline states were to correspon

to the E1 and E2 states, respectively, the observed diffelSR vesicles were prepared from rabbit leg skeletal muscle as described by
Eletr and Inesi (1972). Protein concentration was determined by the
method of Lowry (Lowry et al., 1951). In all cases, to block fast reacting
sulfhydryl groups (Murphy, 1978; Saito-Nakatsuka et al., 1987), the SR
vesicles were incubated (10 mg SR protein/ml) with 0.05 iMthylma-
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FIGURE 1 Structure of ThioGloPH-Naphtol[2,1-b]pyran-2-carboxylic
acid, 10-(2,5-dihydro-2,5-dioxtH-pyrrol-1-yl)-9-methoxy-3-0xo-, methyl
ester.

centrifuged at 110,008 g for 45 min, and the sediment was suspended in
the usual medium at a concentration of 3.0 mg/ml.

ThioGlo1 (Fig. 1) was purchased from Covalent Associates (Woburn,
MA). Derivatization of SR ATPase was obtained by incubating SR vesicles
with various concentrations of ThioGlol at 25°C in reaction media as
described in the figures. The stoichiometry of derivatization was estimated
by taking advantage of the fluorescent signal developed by ThioGlo1 after
reaction with sulfhydryl moieties and determining the ThioGlo1l missing
from the incubation medium. For this purpose, control and derivatized
vesicles were separated from the medium by centrifugation (11000
for 60 min), and the residual ThioGlol in the supernatant was incubated
with 0.3 mM glutathione for 15 min at 25°C. The resulting fluorescence
was measured with 379-nm excitation, at 490-nm emission wavelength. A
standard curve was obtained with a known amount of glutathione in the 32
presence of excess ThioGlol. Alternatively, the fluorescence of the label™~~
was determined directly on the SR vesicles or tryptic fragments, using a 2
Jasco spectrofluorometer (FP-777). >

Aqueous solutions of ammonium metavanadate (10 mM) were made at'g
pH 2.0, 7.0, or 10.0, adjusted with HCI or NaOH. The solution at pH 2.0 <C
contains mostly decavanadate, whereas the solution at pH 10.0 contains®
mostly orthovanadate (Fig. 2). ATPase activity was measured under the g
conditions described in Fig. 3. The inorganic phosphate produced by ATP QL
hydrolysis was determined by the method of Lanzetta et al. (1979). =~

SDS gel electrophoresis was carried out according to the method of<
Weber and Osborn (1969). Protein staining was obtained with Coomassie

FIGURE 3
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Thio-Glo/ATPase

Inactivation of SR ATPase by ThioGlol. The SR vesicles

(10.0 mg/ml) were pretreated with 5M NEM for 30 min in ice, in the
presence of 20 mM MOPS (pH 7.0), 80 mM KCI, and 5 mM MgQihe
pretreated vesicles were then diluted to yield a reaction mixture containing
20 mM MOPS (pH 7.0), 80 mM KCI, 5 mM MgGJ 1.0 mM EGTA, 3.0

mg SR protein/ml, and various concentrations of ThioGN¥127 uM; @,

58 uM; ¥, 76 uM; [0, 100 uM; A, 212 uM), at 25°C temperature. At the
indicated times, samples were collected for determination of ThioGlol
derivatization stoichiometry (see Materials and Methods) and measure-
ments of ATPase activity. The ATPase reaction mixture containeg SR
protein/ml, 20 mM MOPS (pH 6.8), 80 mM KCI, 3.0 mM Mg£0.2 mM
CaCl,, 0.2 mM EGTA, 5 mM sodium azide, 3.0M A23187 calcium
ionophore, and 3.0 mM ATP, at 37°C temperatu/. Time dependence

of ATPase inactivation at various ThioGlo1 concentratioi. Residual
ATPase activity as a function of ThioGlo1 derivatization stoichiometry.

FIGURE 2 Solutions of vanadate at various pH levels. Aqueous solu-blue. The fluorescence of the protein bands was detected and recorded with
tions were made to 1 mM concentration with metavanadate, and the pt NucleoVision imaging apparatus.

was adjusted with HCI or NaOH. The color of the acid solution is due to

the presence of decavanadate.

Peptide fragments for mass spectrometry were obtained by extensive
trypsin digestion of ThioGlo1-labeled SR vesicles and incubation of 4.0 mg
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150 at both 215 and 379 nm were collected and subjected to further HPLC
purification, using a linear gradient of 10 mM NH4Ac (pH 6.5) and 10 mM
v vy NH4Ac in 90% acetonitrile. Elution was again monitored at 215 and 379
nm. The fractions were dried with Speedvac and subjected to mass spec-
o0 v trometric analysis.
v ® Matrix-assisted laser desorption ionization (MALDI) analysis of tryptic
100 ® peptides was performed on a Kratos (Manchester, UK) Kompakt MALDI
Il time-of-flight (TOF) mass spectrometer equipped with a nitrogen laser
emitting at 337 nm. A 50 mM matrix solution was prepared by dissolving
cyano-4-hydroxy-cinnamic acid (Aldrich, Milwaukee, WI) in 30:70 ace-
v tonitrile and 0.1% TFA in water. Speedvac-dried HPLC fractions were
® redissolved in the same type of solvent. Aliquots (QIB of both matrix
50 ‘ v and analyte solutions were mixed directly on the instrument probe, dried at
® atmospheric pressure and room temperature, and finally introduced into the
4 mass spectrometer. Spectra were the averaged profiles of 100 laser shots
obtained using linear mode and external calibration, which afforded a 0.2%
Emm ' T accuracy or better.

Fluorescence (arbitrary units)

RESULTS

Wavelength (nm) Incubation of SR vesicles with ThioGlol results in time-
o . _ , dependent inactivation of the ATPase (Fig. 3 A). The level
FIGURE 4 Distribution of reacted ThioGlo1 label in the cytosolic and

membrane-bound regions of the ATPase. After incubation of SR vesicleg_f m_aCtIVé_ltlon I_S dependent on th_e StOIChlome_try of deriva-
with 100 wM ThioGlo1 for 30 min as described in the legend of Fig. 1, the tization with ThioGlo1, extrapolating to approximately four
reaction mixture was diluted to 0.04 mg SR protein/ml in 10 mM MOPS residues per ATPase molecule (FigBB

(pH 7.0) and 10% sucrose. The vesicles were sedimented in a refrigerated A useful property of ThioGlol is the development of
centrifuge at 100,00& g for 45 min. The sediment was resuspended in 10 intense fluorescence after reaction of its maleimide moiety
mM MOPS (pH 7.0). 10% sucrose to yield a concentration-@t0 mg with cysteine residues. Thereby, protein derivatization with
protein/ml, in 50 mM Tris-CI (pH 8.1), 0.25 M sucrose, and trypsin at a i ’
concentration (w/w) four times lower than that of the SR protein. This 1 NYOGlo can be monitored by measurements of fluores-
mixture was incubated for 10 min at 37°C, and the incubation was stoppe@ence. We then digested derivatized vesicles exhaustively
with trypsin inhibitor (10-fold weight relative to trypsin). After centrifu- with trypsin and separated the cytosolic ATPase region
gation at 110,00 g for 60 min, the supernatant containing the digested from the membrane-bound region by centrifugation. We

cytosolic region of the ATPase was collected, and the sediment wa?Ound in these experiments that nearly all of the fluorescent
dissolved in 50 mM Tris-Cl (pH 8.1), 0.1% SDS. The fluorescence inten- P y

sity of an undigested aliquot, as well as the supernatant and dissolveliPel was recovered with the cytosolic region (Fig. 4).
sediment of the digested sample, was then measured at an excitation Another way to demonstrate conveniently fluorescent
wavelength of 379 nm¥, SR vesicles®, cytosolic region, membrane-  |abeling of the ATPase protein is SDS gel electrophoresis
bound region. (Fig. 5). It is also possible to demonstrate by this method
that fluorescent labeling involves both A and B fragments

SR protein in a medium containing 50 mM This/HCI (pH 8.1), 0.25 M originating from mild trypsin digestion of the ATPase

sucrose, and 0.4 mg trypsin/ml. After a 15-min incubation at 37°C, the(Fig- 5)- o o )
vesicles were centrifuged at 110,080g for 1 h, and the supernatant was ~ Further characterization of the ATPase derivatized with

further digested fo3 h at37°C by adding 4Qug trypsin/ml. The resulting  ThioGlo1 was obtained by extensive digestion with trypsin,

digests were §ubj_ected to high-performance quuic_i chrgmatographyseparation of the resulting peptides by HPLC, and identifi-
(HPLC) separation in a reverse-phase C18 column, using a linear gradient

of 0.1% trifluoroacetic acid (TFA) in water and 0.1% TFA in 90% cation of the fluorescent peptldes by mass spectrometry.

acetonitrile. Elution was monitored at 215 and 379 nm for peptide materiaAnalysis of four prominently fluorescent HPLC fractions
and Tio-Glo label, respectively. The elution fractions exhibiting absorption(Table 1) indicated that Cy&*, Cys'°® and Cy§3®were the

FIGURE 5 Electrophoretic display of labeled ATPase a b
and tryptic fragments. After labeling with ThioGlol o
ypie rad 9 1. 2 3 4 5 &

(lanes 1, 2 and 3) as described in Fig. 2, or in the absence
I -

of labeling (anes 4—§, SR vesicles were subjected to
mild trypsin digestion (SR protein/trypsin ratio, 100) for O
min (lanes 1 and % 1 min (anes 2 and } or 6 min (anes

3 and 9, at 25°C temperature. The digestion was stopped

by the addition of trypsin inhibitor (inhibitor/trypsin ratio,

10). The digestion mixture contained 20 mM MOPS (pH .
7.0), 80 mM KCI, 5 mM MgCl}, and 0.7 mg SR protein/

ml. Aliquots were then dissolved in 50 mM Tris (pH 8.1),

1% SDS and subjected to electrophores®. Protein -

stain. p) Fluorescence emission.
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TABLE 1 MALDI analysis of tryptic peptides by mass 160
spectrometry o~ A
HPLC Major spectral Calculated mass ‘é’ vy
fraction peak Matched peptide M+ H]" S
> 120 + ++ v
1 m/z884 (M) Cu9eSPAKsg, + 884 -
379.3(ThioGlo1) © v +
2 m/z 1342 (K) GszoTAIAICRR g5 + 1340 3 + v
379.3(ThioGlo1) 5 AAA 4
4  m/z818 (M) Sy VCK g5 + 816 — 807 A
379.3(ThioGlo1) 2 Ya A
5 m/z3745 (R) [621— 651] + 3742 c ¥
i [)]
379.3(ThioGlol) 8 20 ¥ A PP A ¥
ThioGlol-labeled ATPase was subjected to extensive trypsin digestion (see g Ao ® PS A
Materials and Methods), and the prominently fluorescent HPLC fractions *

were collected for mass spectrometry. Accuracy).2%.
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derivatized residues. Derivatization of these resides is con- 400 500 600
sistent with fluorescent labeling of both large fragments A
and B, which was observed in electrophoretic gels. The
slightly higher level of labeling determined by fluorescence
(i.e., approximately four residues) may be due to partial —~
labeling of other residues or slightly inaccurate fluorometric :
determination of derivative stoichiometry.

ATPase inactivation by ThioGlol was not affected sig-
nificantly by the presence or the absence of Gavhereas 100 |
strong protection was observed upon addition of ATP (Fig. -5 +
6). A much lower protection was observed in the presence g Y 4+ +
of p-nitrophenyl phosphate. Analogous results were ob- " +
tained when ATPase derivatization with ThioGlo1 was as- ©
sessed by fluorescence measurements. It is shown in Fig. 50 v + A ¥
A that, in addition to ATP, TNP-AMP yields even stronger A
protection, whereas thapsigargin does not. Derivatization of =
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FIGURE 7 Fluorescent labeling of ATPase with Tho-Gla) Effects of
pNPP, ATP, and TNP-AMP. Incubation with 100M ThioGlol was
carried out as explained in Fig. 2, with 20 mM MOPS (pH 7.0), 80 mM
KCI, 5 mM MgCl,, and 1 mM EGTA, in the absenc®] or in the presence

of 10 mM pNPP (0), 4 mM ATP (A), or 4 mM TNP-AMP @). (B) Effect

of prelabeling with FITC. Derivatization of Ly$>with FITC was obtained

as described in Materials and Methods. The derivatized vesicles were
sedimented by centrifugation and suspended in the ThioGlol reaction
medium as described # Fluorescence of control vesicles was derivatized
with ThioGlo1 (¥) only, FITC and then ThioGlo1L{), or FITC only (4).

10

ATPase Activity (%)

40 1'0 — '2'0' T a0 Lys®'® with FITC (Pick and Karlish, 1980; Mitchinson et
al., 1982) also has a protective effect (FigB)y
A most interesting finding is the strong protection by 0.6
mM vanadate, as opposed to the lack of protection by 100

. o , , mM phosphate (Fig. 8). It should be pointed out that such a
FIGURE 6 Time course of ATPase inactivation by ThioGlol in the trati f oh hate. in the ab S aEGTA
presence of various ligands. Incubation with ThioGlol and sampling forconcentration or pnospnate, in the absence Q

ATPase determinations were carried out as explained in F\g, 2ontrol:  Present) and K, and in the presence of 10 mM_ NG, is
A, 20 uM Ca2* and no EGTA;0, 10 mM pNPP;O, 4 mM ATP. expected to allow reverse ATPase phosphorylation (Masuda

Time (min)
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160 gel electrophoresis. We found that both fluorescent labeling
and the pattern of light digestion with trypsin were not
affected significantly by phosphate (Fig.®@andd). On the
other hand, the pattern of trypsin digestion of ATPase
exposed to ThioGlol in the presence of vanadate was iden-
tical to that of control ATPase (compare Fig.@andb).
; Because SR ATPase is known to bind vanadate in the
form of mono- or decavandate (Csermely et al., 1985; Varga
+ et al., 1985), we performed further experiments using van-
EEE ¥ adate solutions made at pH 10 and pH 2 (Fig. 2) that are
5 u = - 4 known to contain prevalently either monovanadate or deca-
40 | [ | vanadate, respectively. In these experiments we obtained
i [ the same effects as those obtained with vanadate solutions
T L (] | T made at neutral pH (Fig 18). When we used decavanadate
400

ord +
od +
od+

oM+

120

o +

o+

Fluorescence (arbitrary units)
3

at a concentration lower than the ATPase stoichiometry, we
500 600 still obtained protection. This suggests that decavanadate

(prepared at pH 2) undergoes significant breakdown when

Wavelength (nm) added to the neutral protein solution, and the resulting

monovanadate affords protection. In fact, it was reported by
FIGURE 8 Fluorescent labeling of ATPase with ThioGlo1: effects of Varga et al. (1985) that although decavanadate is stable at
C&*, phosphate, TG, and vanadate. Incubation with 480 ThioGlo1 H 2 and 2—4°C, breakdown to monovanadate occurs on the

was carried out as explained in Fig. 2, in a reaction mixture containing 2. . . .
mM MOPS (pH 7), 80 mM KCI. 5 mM MgGJ and either 1 mM EGTAY) ime scale of minutes if the pH and temperature are raised,

or 20 1M CaCl, (A). Alternatively, the reaction mixture contained 20 mM &S done in our experiments. _
MOPS (pH 7.0), 10 mM MgGl 2 mM EGTA, and 100 mM phosphate We then used various amounts of the monomer solution

(@), 50 uM TG (0), or 0.6 mM vanadatel). After 30 min of incubation,  (prepared at pH 10) and found that the addition of mono-
the samples were diluted to 20y protein/ml in 50 mM Tris (pH 8.1) and vanadate at a 1:1 stoichiometric ratio with the ATPase was
0.1% SDS and placed in a fluorometer for determination of fluorescence
intensity at an excitation wavelength of 379 nm. sufficient to protect the enzyme from This-Glo (Fig. BR
This was evidently due to occupancy of the tight site re-
ported by Csermely et al. (1985), who found that of two
and deMeis, 1973; Chaloub et al., 1979). Nearly identicapossible binding sites for monovanadate on the ATPase,
patterns of derivatization were observed in the absence or ianly one manifests high affinity (appareldg = 2 uM), is
the presence of a and thapsigargin (Fig. 8). not inhibited by derivatization of Lys$® with FITC, and is
The influence of phosphate and vanadate on ATPassot released by repeated washings. Assuming that the ef-
derivatization with ThioGlo1l was further characterized byfects described above were due to monovanadate, we then

- ATPase
FIGURE 9 Electrophoretic display of labeled = A
ATPase and tryptic fragments: protection by vana- - B

date, but not by phosphate. Labeling with ThioGlo1
and collection of samples for electrophoresis were
carried out as explained in Figs. 5 and 3, respectively.
(a andc) Protein stain.lf andd) Fluorescence emis-
sion. Controls: 1, 2, and 3. Vanadate: 4, 5, and 8 in
andb. Phosphate: 4, 5, and 6 candd. Mild trypsin
digestion: 0 for 1 and 4; 1 min for 2 and 5; 6 min for
3 and 6.

]

i

[}
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150 significant monovanadate concentrations may have been
A present even under these conditions.

DISCUSSION

Various maleimide-directed probes have been shown to
v label cysteine residues (Saito-Nakatsuka et al., 1987; Ya-
masaki et al., 1990; Bigelow and Inesi, 1991) within the
| * * 7y cytosolic region of the ATPase, in close proximity to the
50 v ¢ L v phosphorylation and nucleotide-binding region. In our ex-
* * Py v periments, the dependence of inactivation on the stoichiom-
x L . e v etry of ThioGlol derivative extrapolated to approximately
L e x * four residues per ATPase (Fig. 3). We observed (Fig. 5)
fluorescent labeling of both fragments A and B obtained by
400 500 600 light trypsin digestion of the ATPase (cut at AP§ and
identified Cys®* Cys*8 and Cy$°%° as the residues prom-
inently labeled by ThioGlol. Current models (Fig. 11) of

100

Fluorescence (arbitrary units)
L |

Wavelength (nm)

1900 B the ATPase three-dimensional structure (Green, 1989;
i Green and Stokes, 1992; Mcintosh, 1998; MacLennan et al.,
£ 1700 @ 1997; Yonekura et al., 1997) place these residues within the
< phosphorylation and nucleotide-binding region. In fact, pro-
& 1500 [ @ tection is afforded by ATP or by Ly3° derivatization with
?’_, FITC, which is known to interfere with nucleotide binding
@ 4300 | (Mitchinson et al., 1982). Furthermore, strong protection is
3 afforded by TNP-AMP, which is known to bind to the
o 1100 | nucleotide site (Nakamoto and Inesi, 1984). On the other
prd hand, protection of the ATPase by stoichiometric mono-
® go0f ©® ° vanadate is evidently related to formation of a pentacoor-
S o ° dinated orthovandate complex at the phosphorylation site
TR 7P (Pick, 1982). This indicates that protection can also be
e obtained by occupancy of the phosphorylation site.
500 : S R TS T An intriguing question is whether protection by vanadate
0 1 2 3 4 5 is directly related to its stabilization of the E2 conformation
Vanadate/ATPase (Pick, 1982). Derivatization with ThioGlol, however, oc-

curs equally well in the presence and in the absence 8f Ca
FIGURE 10 Fluorescent labeling of ATPase with ThioGloA) Com- (Fig. 8). This is consistent with the eXpe“ment.S O.f S(_ae_
parative effects of monovanadate and decavanadate solutions. DerivatizZR'€gts and Mcintosh (1989), who found that derivatization
tion of ATPase with 100:M ThioGlo1 was carried out as explained in Fig. of Lys*®? with TNP-N3-nucleotide (also within the phos-
2 in a reaction mixture containing 20 mM MOPS (pH 7.0), 10 MM MgCl - phorylation and nucleotide binding region) occurs equally
2 _m_M EGTA in the absenceW) or in the presence of GQM_ v_a_nadate well in the presence and in the absence oB'Ca0ur
originally dissolved at pH 2[{) or pH 10 @). (8) Enzyme inhibition as a findings are also consistent with the experiments of Green et
function of the monovanadate:ATPase stoichiometric ratio.

al. (1977), who found that the reactivity of cysteine residues

with DTNB was much reduced by the presence of substrate

but hardly affected by Ca.
checked whether protection from ThioGlol would be also The original definition of the E1 and E2 states is that the
observed under conditions favoring formation and conserformer is prevalent in the presence of°Caand the second
vation of decavanadate (Varga et al., 1985). To this end win the absence of G4 (deMeis and Vianna, 1979). A
made first a stock solution of decavanadate at pH 2.0 an@rofound functional difference between the so defined states
then transferred an aliquot to a precooled (2—3°C) reactioiis that E1 can be phosphorylated by ATP but not by inor-
mixture containing SR vesicles at neutral pH, to yield aganic phosphate, and E2 can be phosphorylated by inor-
decavanadate/ATPase stoichiometric ratio of 4. ThioGlolganic phosphate but not by ATP. Spectroscopic evidence
was then added for a 3.5-h incubation at 2—3°C, after whiclor a conformational difference between the so defined E1
the protein was collected for determination of fluorescenceand E2 states has been reported previously (see Bigelow and
We found in these experiments that decavanadate had laesi, 1992, and Mclintosh, 1998, for reviews). However,
protective effect that was very similar to that of monovana-our ThioGlo1 titrations proceed equally well in the presence
date (not shown). We cannot exclude the possibility thabr the absence of G4. We do not even see any protection
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%;s,:aa;:,d Nucleotide
Domain
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o3
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A
A
M2 kM5 | me

Ca2+

FIGURE 11 Topology of the ThioGlol reactive residues. The SR ATPase structural model is that proposed by Green and Stokes (1992), based on
sequence alignment and consensus of secondary structure predictions (Green, 1989). The three ThioGlo1 reactive residues are all near lét@phosphory
and nucleotide binding domain, within the large extramembranous region. The ThioGlol reactive C364 is placed distal tG°thendemoing
phosphorylation. The ThioGlo1 reactive C498 is proximal to the trypsin site’@®rgnd distal to Ly&°? (asterisB. Lys*®?can be cross-linked with Ly%®

(asterisk by DIDS (Hua and Inesi, 1997), consistent with a 13 A distance that is close to the length of the ATP moleciffeahgd y$8 react with

pyridoxal phosphate and nucleotide derivatives (Murphy, 1977; Yamamoto et al., 1988; Yamagata et al., 1993), consistent with their proximity to the
phosphorylation site. Ly§? also reacts with TNP-8N3-AMP (Mclntosh et al., 1992) and even more efficiently with TNP-2N3-AMP (Inesi et al., 1992a),
explaining the highly protective effect of TNP-AMP from ThioGlol. E¥is the residues that react with FITC (Mitchinson et al., 1982), whereby ATP
binding is interfered with. The ThioGlo1 reactive €§5is placed on the6 C-terminal, distal to the trypsin site (A%), thereby explaining the fluorescent
labeling of both A and B trypsin fragments. The model folding is consistent with the cross-linking &¥larsd Arg?”® by gluteraldehyde (Ross and
Mclntosh, 1987a,b), indicating close proximity of these two residues. The membrane-bound region includes resdogsd(in trianglgswhose
mutations interfere with Gd binding (Clarke et al., 1989). Effects of mutations on other residues are denoted by circles (total inhibition), squares (reduced
activity), and diamonds (no prominent effect).

by thapsigargin (Fig. 8), which is believed to provide strongmetric. Furthermore, the enzyme phosphorylated with P
and irreversible stabilization of the E2 state (Sagara et algan bind C&" with high affinity (perhaps by reequilibration
1992; Witcome et al., 1995). Therefore, ATPase derivatizaof the E1 and E2 states), whereby the phosphoenzyme is
tion with ThioGlol is independent of whether the enzyme isdestablized and undergoes hydrolysis. On the contrary, van-
in the E1 or the E2 state. adate reduces the affinity of the ATPase forCélnesi et

Assuming that the protective effect of vanadate is due tal., 1984; Fernandez-Belda et al., 1986) as obtained by
occupancy of the phosphorylation site, an important quesATPase phosphorylation by ATP (E-P1), rather than by
tion is related to the lack of protection by phosphate undephosphate (E-P2), and its complex with the ATPase remains
conditions favoring enzyme phosporylation: stable. Such functional features must have a structural coun-

What is the difference between the vanadate state and therpart, suggesting strong interaction of vanadate with the
state obtained by phosphorylation with Pi (E-P2)? From theprotein. It is possible that the vanadate trigonal bipyramidal
functional point of view there are important differences: structure corresponds to a stable stereo analog of a penta-
The equilibrium constant for enzyme phosphorylation withcoordinate transition state of the phosphorylation reaction,
phosphate is close to 1 (i.e., half of the enzyme is nowith intermediate features of the E-P1 and E-P2 states. The
covalently phosphorylated, even in the presence of saturastrong stability of its complex explains why vanadate af-
ing phosphate), whereas the vanadate complex is stoichderds better protection than phosphate.
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We then consider two additional questions: duced by vanadate within the cytosolic region of the

1. How does our ThioGlo1l titration relate to previous ATPase. The criteria discussed above raise the possibility
spectroscopic studies? Several studies (Dupont, 1976; Pidkat specific structural features observed in the presence of
and Karlish, 1980; Guillain et al., 1982; Fernandez-Belda etvanadate may not be due to the fact that the enzyme resides
al., 1984; Henderson et al., 1994) have shown the occuiin the E2 state, but rather correspond to a stable transition-
rence of C&"-induced spectroscopic effects, providing state analog of the phosphorylation reaction. It is likely that
good evidence for a Ga-dependent conformational tran- this state, as characterized by the distinct structural image
sition (i.e., E2 to E1) of the ATPase. On the other handobtained by diffraction studies (Ogawa et al., 1998), is of
other studies have provided evidence for phosphorylationfunctional relevance in the progress of the catalytic and
dependent conformational transitions. For instance, ATRransport cycle following phosphorylation of the Taac-
utilization by SR vesicles in the presence of a subliminartivated enzyme by ATP.
detergent concentration is accompanied by reversible clear-

ing of turbity, suggesting that the ATPase is better able to _ _ o
bind detergent when phosphorylated (Watanabe and Ine%‘{he authors are indebted to Dr. M|chaeI.Green (MRC, Mill Hlll, London)
dr very helpful comments and suggestions. The manuscript and figures

1982). In the same study it was also demonstrated DY e edited by Jerry Domanico.

ﬂuorescence. energy transfer measuremems.that the dIStan'ﬂ%s work was supported by National Institutes of Health grant PO1HL-

between neighboring ATPase molecules increases upOjygg7.

phosphorylation. Most importantly, microcalorimetric titra-

tions (Schwarz and Inesi, 1997) indicate that large entropic
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