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ABSTRACT. F€?' can substitute for MRS in activation of the sarcoplasmic reticulum (SR) ATPase, permitting
approximately 25% activity in the presence of?Calherefore, we used Feto obtain information on

the binding sites for Mg and the Mg"—ATP complex within the enzyme structure. When the ATPase
is incubated with F& in the presence of #D, and/or ascorbate, specific patterns of-eatalyzed oxidation
and cleavage are observed in the SR ATPase, depending on4tsb@and (E1-Cg or Ca&t-free
conformation (E2-TG), as well as on the presence of ATP. The ATPase protein in the,Elaais
cleaved efficiently by F& with H,O, and ascorbate assistance, yielding a-786 kDa carboxyl end
fragment. Cleavage of the ATPase protein in the E2-TG state occurs within the same region, but with a
more diffuse pattern, yielding multiple fragments within the-&5 kDa range. When Be catalysis is
assisted by ascorbate only (in the absence &9} cleavage at the same protein site occurs much more
slowly, and is facilitated by ATP (or AMP-PNP) and €aAmino acid sequencing indicates that protein
cleavage occurs at and near Ser346, and is attributed?todeeind to a primary Mg site near Ser346
and neighboring Glu696. In addition, incubation with2Feand ascorbate produces %a and
ATP-dependent oxidation of the Thr441 side chain, as demonstrated BHmBorporation and analysis

of fragments obtained by extensive trypsin digestion. This oxidation is attributed to boéhe AP
complex, as shown by structural modeling of theZtgATP complex at the substrate site.

The C&" transport ATPase of sarcoplasmic reticulum an important feature of catalytic interactions is related to
consists of a 997 amino acid chain, partitioned in 10 trans- Mg?", as a component of the Mg—ATP substrate complex,
membrane segments (MM10) and a cytosolic headpiece and also as an independent ligand required for catalytic
that includes 3 discrete domaing, (2). The A domain functions in the phosphorylation by;.PNonetheless, its
corresponds to the N-terminal loop and that connecting the position in the ATPase remains ambiguous because the
M2 and M3 helices. The P domain is formed by folding of crystal structures did not show bound Mq1, 2).

two relatively distant segments within the loop connecting  Mg2* interactions with the Ng K+-ATPase were recently
the M4 and M5 helices and is separated by the N domain. jnvestigated by substituting Mgwith Fe¢*, and determining
The P domain contains the residue (Asp351) undergoingthe location of F&-induced peptide cleavag@)( In fact,
phosphorylation by ATP. The N domain contains the diffusible hydroxyl radicals are produced by?Feeaction
adenosine binding pocket formed by residues including with H,0,, or following reduction of bound iron with
Phe487, Lys492, and Lys515. A, P, and N domains are ascorbate, and abstrazthydrogen atoms from the peptide
folded to form a compact headpiece in the absence &f Ca packbone. The resulting carbon-centered radicals then react
(2—4). On the other hand, they rotate and become quite with O, and induce various cleavage reactiorg 0).
separated in the presence ofCgl). In the crystal structure  Oxidation of side chains, such as that of threonine residues,
of the C&*-bound form (), the adenosine binding pocket can also occur in certain caseg), We report here studies
and the phosphorylation site are separated by about a 25 Aof the SR Ca2+ ATPase, demonstrating specific patterns of

distance. Utilization of ATP therefore requires approximation oxidation and protein cleavage in the presence and the
of the N and P domains, so that the terminal phosphate of ghsence of & and ATP.

ATP bound to the N domain may reach Asp351 in the P
domain. Acidic residues of critical importance are clustered
around this residue of phosphorylatids) 6). Accordingly,

1 Abbreviations: AMP-PNP, 'sadenylyl imidodiphosphate; DTT,
pL-dithiothreitol; EGTA, ethylene glycol big¢aminoethyl ether)-
N,N,N',N'-tetraacetic acid; FITC, fluorescein-5-isothiocyanate; HPLC,
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METHODS 20 T . \ :

C&" ATPase PreparationsSR vesicles were obtained
from skeletal muscle as described by Eletr and In&§). (
Total protein was measured by the BCA protein assay reagent
(Pierce). In this preparation, the €aATPase accounts for
approximately 50% of the total protein content, i.e5;%4
nmol of ATPase/mg of total proteiit1-Ca, i.e., the ATPase
state activated by Cg, was obtained by simply placing the
vesicles in a medium containing 20 mM MOPS, pH 7.0, 80
mM KCI, 15 uM C&*, and other additions as required by

15 |

ATPase (1 mole/mg protein)
=

the experimental schedule2-TG i.e., the inactive ATPase 05 [

stabilized by TG binding, was obtained by placing 1 mg of

SR protein in 1 mL of 2 mM EGTA, 20 mM MOPS, pH no Mg?*or Fe?*

7.0, 80 mM KCI, and 20uM TG. Following a 15 min l ‘ . ‘ ‘
incubation at 22C, this mixture was diluted 10-fold with 1 2 3 4 5 6 7

10 mM MOPS, pH 7.0, containing 10% sucrose (washing
buffer). The vesicles were sedimented by centrifugation at o o
10000@ for 35 min, and the pellet was then rinsed 3 times FIGURE 1. Activation of C&*-dependent ATPase activity by ¥Ig

: : - : or F&*. ATPase activity was measured by colorimetric determi-
with washing buffer. The final pellet (approximately 0.5 mg nation of P production {4). The incubation was performed with a

of PTOtem) was reSUSpef‘d?d ir‘ 20 of washing buffer. mixture containing 1Q:g of SR protein/mL, 20 mM MOPS, pH
This method allowed elimination of the EGTA used to 7.0, 80 mM KCI, 50uM CaCl, 3.0uM A23187 (ionophore), 0.1

chelate C&", and to maintain the inactive E2 state by mM ATP, and either 0.1 mM MgGlor 0.1 mM FeSQ@ The
stabilization with TG {2). temperature was 37C.
Derivatization of the ATPase at Lys515 with FITC,

derivatization at Lvs492 with idoxal phosphate, and ac!d in O tq ace_tonitrile. 90% and 0.1% triﬂut_)roacetic
murgtic;ﬁ (;f ArgSGgSto Alglweﬁayr(;bt;ineg a_sppreviously acid). The radioactive fraction obtained from the first HPLC

described 13). separation was passed _again through the HPI'_C column (10
mM ammonium acetate in4d to 10 mM ammonium acetate

in 90% acetonitrile). A single radioactive peptide eluted from

this second column was then submitted to amino acid

sequencing, and the product of each Edman degradation cycle

was collected for measurement #f-radioactivity.

Time (min)

ATPase activity was measured by colorimetric determi-
nation of P production (4). The incubation was performed
with a mixture containing 1@g of SR protein/mL, 20 mM
MOPS, pH 7.0, 80 mM KCI, 5@M CaCh, 3.0uM A23187
(ionophore), 0.1 mM ATP, and either 0.1 mM Mg@ir 0.1
mM FeSQ. The temperature was 3T. RESULTS

ATPase Cleaage with F&". In most cases, 1.0 mg of SR
protein was incubated in 1.0 mL of a medium containing 20  Effect of Fé" on ATPase Actity. Mg*" is a strict
mM MOPS, pH 7.0, 80 mM KCI, 5uM FeSQ, 5 mM requirement for SR ATPase activity in the presence ¢fCa
ascorbate, 5 mM bD,, in the absence of added @e(for It is shown in Figure 1 that Pé can substitute for N@',
E2-TG) or in the presence of 1BVl CaCl, (for E1-Ca). In yielding approximately 25% of the ATPase activity observed
some cases, the incubation was carried out in the absencén the presence of Mg. Therefore, we utilized P& (as a
of H,0,, or in the presence of ATP. Following 5 min (50 substitute for M§") to produce oxidation and protein
min, if H,O, was not added) incubation at 22, 20uL of cleavage with the assistance of®4 and/or ascorbate, and
the reaction mixture was added to 10 of a medium to obtain information on the binding sites for Kfgand the
containing 50 mM TRIS, pH 8.0, 1% SDS, 0.5 mM Mg? —ATP complex, based on the location ofFenduced
mercaptoethanol, and 1% Coomassie Blue. The solubilizedoxidation and cleavage within the protein structure.
sample was then loaded on 12% gels for electrophoretic Characterization of Cleeage ProductsWe performed an
separation15) and staining with Coomassie Blue. Electro- initial group of experiments to characterize the cleavage of
phoretic bands of interest (before staining) were transblotted C&" ATPase by F& with the assistance of @, and
onto Immobilon-P membranes in the presence of 0.2 mM ascorbate, as done by Patchornik et &l.with the Na', K*

DTT, stained with Amido Black, and submitted to amino ATPase. A set of samples was incubated in the presence of
acid sequencing. Ca&", to obtain the E1-Gaconformation. Another set of

Reduction of Oxidized Product with N#B,. After a 50 samples contained ATPase in the E2-TG conformation (see
min incubation as described above (but in the absence ofMethods) and was incubated in the absence of addéd Ca
H,0,), NaB®*H, was added to yield a 100V concentration, Cleavage of the enzyme occurred quite efficiently within
followed by incubation fol h and centrifugation at 10000 5 min incubation of E1-Cawith Fe* in the presence of
for 35 min. The pellet was resuspended in 10 mM MOPS, H,O, and ascorbate, as shown by decreased intensity of the
pH 7, and 10% sucrose, to yield 1 mg of SR protein/mL. 100 kDa ATPase band on electrophoresis, and appearance
The sample was then digested with trypsin (1:10 SR protein) of a 70-75 kDa band (Figure 2). On the other hand,
for 30 min at 37°C, and centrifuged again at 100@Dfor incubation of E2-TG in the absence of Caroduced several
35 min. The supernatant was collected and digested with bands within the 6585 kDa range (Figure 2). The cleavage
trypsin (1:50 SR protein) fo4 h at 37°C. The soluble patterns of E1-Caor E2-TG were not significantly influ-
fragments were then separated by HPLC (0.1% trifluoroacetic enced by ATP (Figure 2). We concluded that, under these
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Ficure 2: Patterns of ATPase protein cleavage following incubation <
with Fe2t, ascorbate, and 4@.. Incubation with Fé&", ascorbate, o
and HO, for 5 min, solubilization, and electrophoresis were or \I:|202(5min)
performed as described under Methods. A set of samples was
incubated in the presence of €4E1-Ca), and another set in the 0.5 ' * :
absence of Ca (E2-TG). 1, control; 2, no ATP or Md; 3, 0.2 R 0 1 2 3 4 5 6
mM ATP; 4, 0.2 mM ATP and 5 mM MgGI The single arrow Time (min)
indicates the ATPase band, and the double arrow indicates cleavage
products. The MW numbers refer to kDa. FiIGURE 4: Effects of preincubation with P& in the absence or in
the presence of ascorbate op@®4 on C&"-dependent ATPase
A E; Ca, E;-TG activity. Preincubations with 0.1 mM FeQQn the absence or in
o " — the presence of 5 mM 4, or 5 mM ascorbate, were carried out

. as described under Methods. ATPase activity was measured by
N : e peoe e colorimetric determination of jforoduction (4). The incubation
g ' ' ' ' Q ? g was performed with a mixture containing &6 of SR protein/mL,
: . W W o 20 mM MOPS, pH 7.0, 80 mM KCI, 5aM CaCb, 3.0uM A23187
8 oW = o s (ionophore), 0.1 mM ATP, and either 0.1 mM MgGir 0.1 mM
FeSQ. The temperature was 3T.
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inactivation occurs in parallel with protein cleavage, i.e., fast
with the assistance of J@, and more slowly with the
assistance of ascorbate only (Figure 4).

In the presence of C& half-maximal activation of
cleavage was obtained with 2 ATP or AMP-PNP, while
addition of nucleotide at concentrations higher than that of
Fet was inhibitory (Figure 5). If the ATPase was derivatized
with FITC at Lys515 or with PYP at Lys492, or Arg560
mutated to Ala, to interfere with ATP bindingl§), no
cleavage by P& was observed (not shown). Mutation of
Glu771 to GIn, which interferes with €a binding and
enzyme activation 1(7), also interfered with the ATP-
dependent cleavage byFegnot shown). In the presence of
1 2 3 4 5 AMP-PNP, Mg* inhibited the ATPase cleavage by?Fg
FIGURE 3: Patterns of ATPase protein cleavage following incubation Producing half-maximal inhibition at approximately 0.2 mM
with Fe+ and ascorbate. Incubation with #eand ascorbate, concentration (Figure 6). It is then apparent that the slow
solubilization, and electrophoresis were performed as describedATPase cleavage obtained in the presence off Fnd

under Methods. (A) A set of samples was incubated for 50 min in ascorbate (KD, absent) can be detected only when the
the presence of Ca (E1-Ca), and another set in the absence of : : :
C&* (E2-TG). 1, control: 2. no ATP or Mg: 3, 0.2 mM ATP; 4. enzyme resides in the conformational state produced By Ca

0.2 mM ATP and 5 mM MgGl. (B) Incubation of E1-Cawith and ATP binding.
Fet and ascorbate in the presence of 0.2 mM ATP was carried  Amino acid sequencing of the 5 kDa band obtained

_C)Ut_ for 0, 15, 30, 60, and 180 min (Ianes—ﬂ).The_sin_gIe arrow in the presence of G‘a and ATP y|e|ded a seguence
indicates the ATPase band, and the double arrow indicates Cleavag%lttributed t036SV|CS. and consistent with the 2J5 kDa
products. The MW numbers refer to kDa. . ! . .
size of the fragment. Edman degradation, however, yielded

conditions, F&" may bind directly to the Cd ATPase, and  a rather weak signal and more than a single amino acid per
the resulting cleavage is more localized when the enzyme iscycle. This suggests that cleavage by‘Feas not exclu-
in the E1-Ca state than in the E2-TG state. sively at Ser346, but involved to some extent neighboring

In another group of experiments, we used ascorbate only,residues, resulting in considerable heterogeneity of the
in the absence of #D,, to assist the e reaction. In this amino-terminal end of the peptide fragment. It is also possible
case, cleavage proceeded much more slowlyl an3 h that a fraction of the cleavage product resulted in N-terminal
incubation was required to obtain a well-evident-7® kDa blockage 9).
cleavage band (Figure 3). Under these conditions, cleavage Characterization of Oxidation Product$Ve considered
was facilitated by CH and ATP, and was inhibited by Mg that in some cases Pebinding may cause oxidation that
No significant cleavage was obtained if E2-TG, rather than does not result in the cleavage of peptide bonds, and that
E1-Ca, was used (Figure 3). We found that catalytic separate experiments are needed to detect them. To this aim,
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FicUrRe 7: Purification and sequence of tRel-labeled peptide

and ascorbate-assisted ATPase cleavage. Incubation for 50 minfragment. E1-Casamples were incubated with#eand ascorbate
solubilization, and electrophoresis were performed as describedfor 50 min as described under Methods, followed by reaction with
under Methods. All samples were incubated in the presence of theNaB®H,, exhaustive trypsin digestion, and repeated HPLC separa-

following concentrations of ATP (A) or AMP-PNP (B): 1, none;
2, 10uM; 3, 50 uM; 4, 0.1 mM; 5, 0.2 mM; 6, 0.5 mM; 7, 1.0

tion. The graph in the figure represents the second separation, and
the asterisk signifies the presence of radioactiddabel in the

mM. The single arrow indicates the ATPase band, and the double €luted peptide.

arrow indicates cleavage products. The MW numbers refer to kDa.
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FiIGURE 6: ATP-dependent, Pé- and ascorbate-assisted cleavage
is inhibited by Mdg*. Incubation for 50 min, solubilization, and
electrophoresis were performed as described under Methods. Al

incubation with Fé" and ascorbate was carried out in the
absence of ATP or Ca (i.e., E2-TG). Therefore, these
experiments demonstrated a ?Ga and ATP-dependent
oxidation of the Thr441 side chain, followed by very slow
or no cleavage. It is noteworthy that oxidation of the Thr353
side chain by vanadate (near the catalytic Asp351) was
previously demonstrated by the same technidi&. (

DISCUSSION

We demonstrated that Pecatalyzed peptide bond cleav-
age near Ser346 and oxidation of the Thr441 side chain take
place within SR C& ATPase. In the absence 0f®h, which
accelerates the peptide bond cleavage at least, 40e

(presence of ATP (or AMP-PNP) and €avas an absolute

samples were incubated in the presence of 0.2 mM AMP-PNP, but 'equirement. Because these reactions were inhibited by

with different concentrations of Mggl 1, 0; 2, 10uM; 3, 50uM;
4, 0.1 mM; 5, 0.5 mM; 6, 1.0 mM; 7, 5 mM. The single arrow

indicates the ATPase band, and the double arrow indicates cleavag

products. The MW numbers refer to kDa.

we reduced the protein with N&B,, following incubation
with F&™ and ascorbate. #D, was not used in this case, as
it would interfere with reduction by NaiBl,. The reduced
protein was digested exhaustively with trypsin, and the

addition of Mg, it is very likely that the locations identified
here correspond to the Mgbinding sites. Then, a critical

%uestion is that how these sites are related to catalytically

important Mg" and the substrate Mg—ATP.

Cleavage at or near Ser34®ur experiments demonstrate
that oxidative cleavage of the ATPase protein is produced
very efficiently by F&" with assistance of yD,, and no
requirement for ATP (Figure 2). The #05 kDa size of

soluble fragments were separated by HPLC. A single peptidethe carboxyl-terminal fragment, and the sequence analysis
was found to be radioactive, and was submitted to amino of its amino terminus, suggests that cleavage is produced
acid sequencing and determination of radioactive label. In by bound Fé&" in proximity of Ser346. This residue resides
these experiments, due to the clean trypsin cut, the analysisn the P domain, near the L67 loop, and is surrounded by
was unambiguous and the amino-terminal sequence wasseveral oxygen atoms, including those of the Glu696 carboxyl
“SNGEATETALTTLVEK “%%, with most of the radioactive  group. Local interactions at this site are critical for correct
label on Thr441, and traces in the Glu442 peak (Figure 7). protein folding and the occurrence of phosphorylation
No incorporation of radioactivity was found when the reactions 18, 19. In fact, mutation of Ser346 produces



Fe*t-Catalyzed Oxidation of Ca ATPase

catalytic inactivation 18). It is possible that this P& site
corresponds to a Mg site. It is known that Mg" binding

is required for the reverse ATPase phosphorylation with P
in the absence of nucleotid2q).

Cleavage is not localized exclusively at Ser346, but
involves neighboring residues to a significant extent. This
pattern is likely related to diffusion of hydroxyl radicals
formed in the presence of Pe and OH-dependent abstrac-
tion of hydrogen atoms from neighboring amino acid
o-carbons 9), followed by peptide cleavage at multiple sites.
The multiplicity of fragments (6585 kDa size range)
obtained when E2-TG was used (Figure 2) may reflect the
difference in the diffusion pattern of hydroxy radicals or may
reflect the different organization of the three cytoplasmic
domains as proposed with NaK* ATPase 7).

The ATP dependence of cleavage byFeainder condi-
tions of limited assistance (i.e., in the presence of ascorbate)

the presence of ¥D, with no apparent requirement for ATP.
The distance between Ser346 and the site (Asp351) of ATP

y-phosphate acceptance appears too large (approximately 16

A) for a direct role of the F& —ATP complex bound to the
substrate site. It is conceivable that the binding of ATP places
the Ca&" ATPase into a certain conformatio1) in which

the binding of Fé" is facilitated, and that the frequency of
taking such a conformation is very limited in the absence of
ATP. Presumably, facilitation by ATP is not required under
conditions producing large quantities of hydroxyl radicals,
such as in the presence ot®b.

Oxidation of Thr441An interesting finding is related to
the C&*- and ATP-dependent oxidation of Thr441 by’Fe
because this provides the first direct evidence on the location
of Mg?* and, accordingly, the-phosphate of M§f-ATP in
E1-Ca. Oxidation is tightly localized to this residue, and is
not followed by detectable peptide cleavage. It should be
pointed out that detection of the oxidation product is based
on reduction with NaBH,, which is a reaction well char-
acterized for the aldehyde product of threonine side chain
oxidation (L0). A rather complex and relatively slow pathway
for peptide cleavage, following oxidation of the threonine
side chain, explains the relatively high steady-state level of
oxidized intermediate.

Thr441 resides within the N-domain of the SR ATPase,
and the requirement for ATP is consistent with involvement
of the bound F& —ATP complex in the oxidation reaction.
The location of the bound Fe—ATP complex is likely to
correspond to that of the Mg—ATP complex, when Mg
is present instead of Fe under conditions of catalytic
activation. A similar position for M§ was proposed by
Patchornik et al. q) for Na*, K ATPase, although they
observed several cleavage products due to the usaggpf H
in addition to ascorbate.

To evaluate its proximity to pertinent residues, we modeled
the bound Mg"—ATP complex according to the location
of ADP in the crystal structure of Ga ATPase in the E2-
TG form (Figure 8;2). We took advantage of the fact that
ADP (present during crystallization) was detectable in these
crystals, even though its electron density was rather low
presumably due to the low affinity of the E2-TG form for
ADP. We then considered the NMig-ATP conformation
derived from high-resolution structures of other enzymes,
as well as by NMR studie@), and fitted thes-phosphate

is puzzling, since cleavage at the same site is observed in

Biochemistry, Vol. 41, No. 38, 20021409
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Ficure 8: Modeling of the Mg-ATP complex within the ATPase
structure. Top: Mg —ATP in C&" ATPase as deduced from the
crystal structure of Ca ATPase in the ETG state 2) and
oxidation with Fé"—ATP. Mg?"—ATP is in ball-and-stick. Helices
appear as cylinders and the strands as arrows. The side chain for
the phosphorylation residue, Asp351, in the P-domain is also shown.
The P4 helix in the P-domain is removed. When 2'Caind, the
N-domain will approach closer to the P-domain, whereas the
A-domain will be detached to allow approach of the N-domain.
Bottom: a close-up of the structure around¥gATP at the N-P
interface. The direction of the movement of the N-domain is
approximately normal to the plane of the paper. Side chains are
shown for some of the critical residues. Dotted lines connect the
Mg2* (central sphere) and oxygen atoms within a 2.5 A distance.

of the Mg"—ATP complex to that of ADP in our E2-TG
crystal. Without any manual adjustment, the Wgf the
Mg?t—ATP complex fell very close to the side chain oxygen
of Thr441, at a distance of approximately 2.3 A when any
of four Mg?*—ATP structures obtained from the PDB
(1KAX, 1A82, 1F2U, 1MJH) was used. The next closest
oxygen atom is that of Glu442, which is much less oxidized
but detectable. The ATP adenosine moiety of the fitted
Mg?"—ATP complex resides in a pocket delimited by Lys492
and Lys515 in the N domain, with stabilization provided by
the neighboring Arg560. ATP takes a folded conformation,
and Mg" is stabilized by the phosphate oxygen atoms, as
well as by the Thr441 side chain in close proximity; the

B-phosphate is stabilized by Thr353 in the P-domain, and

the y-phosphate comes very close to Asn359 and Asp601
in the hinge region (Figure 8). Such a structural representa-
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tion is in very good agreement with the experimental finding

of Thr441 oxidation by the Pé—ATP complex.

It should be pointed out, however, that in this arrangement
of the cytoplasmic domains in E2-TG state (Figure 8), the
ATP-terminal phosphate is not sufficiently close to the
P-domain to allow phosphoryl transfer to Asp351. Even

though in the E1-GaATP state the N-domain may approach
further the P-domain, thg-phosphate of ATP would not be

able to reach Asp351 with this folded conformation of ATP.
On the other hand, a better approximation (not shown) is

obtained if Mg"—ATP takes more common extended

conformations by changing its torsion angles between the

o- andg-phosphates. It is possible that, following binding
to E1-Caz2 in solution, the Mg—ATP complex undergoes
fluctuations permitting’-phosphate approximation to Asp351.

Or, there may be an integrated mechanism to change the
conformation of ATP when the N-domain approaches the

P-domain. For example, thephosphate in the E2-TG model

comes actually too close to Asp601 and Asn359 in the hinge
region. Itis possible that the configuration of the cytoplasmic

domains, following stabilization by the binding of Mg~

ATP, is slightly more opened than in the E2-TG structure
shown in Figure 8. A more favorable interfacing of the

N-domain to the P-domain would then reorient fhehos-
phate of ATP to the right direction by interaction of the

residues in the hinge region. Assuming such changes in

Mg?"—ATP, detection of Thr441 side chain oxidation in our

experiments is due to approximation (even with low fre-

guency) of the folded P&é—ATP complex to this residue.

With respect to global conformational states of the enzyme,
it is interesting that an experimental finding obtained in the

presence of Ca (open conformation) could be modeled

satisfactorily using the E2-TG closed conformation. This is

most likely due to the initial requirement of the open

conformation for nucleotide binding, which in turn induces
the closed conformation as required by the catalytic mech-

anism.
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