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Summary. Conformational states in sarcoplasmic reticulum
Ca?*-ATPase have been examined by tryptic and chymotryptic
cleavage. High affinity Ca?* binding (E, state) exposes a peptide
bond in the A fragment of the polypeptide chain to trypsin. Ab-
sence of Ca?* (E, state) exposes bonds in the B fragment, which
are protected by binding of Mg?>* or ATP. After phosphorylation
from ATP the tryptic cleavage pattern depends on the predomi-
nant phosphoenzyme species present. ADP-sensitive EP and
ADP-insensitive E,P have cleavage patterns identical to those of
unphosphorylated E, and E,, respectively, indicating that two
major conformational states are involved in Ca?* translocation.
The transition from E P to E,P is inhibited by secondary tryptic
splits in the A fragment, suggesting that parts of this fragment are
of particular importance for the energy transduction process.
The tryptic cleavage patterns of phosphorylated forms of
detergent solubilized monomeric Ca?*-ATPase were similar to
those of the membrane-bound enzyme, indicating that Ca?*
translocation depends mainly on structural changes within a sin-
gle peptide chain. On the other hand, the protection of the sec-
ond cleavage site as observed after vanadate binding to mem-
branous Ca?*-ATPase could not be achieved in the soluble
monomeric enzyme. Shielding of this peptide bond may there-
fore be due to protein-protein interactions in the semicrystalline
state of the vanadate-bound Ca?*-ATPase in membranous form.
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Introduction

The molecular mechanism of Ca?* transport by sar-
coplasmic reticulum Ca?*-ATPase provides an in-
triguing problem [42]. This enzyme can be prepared
in pure form in a membrane-bound as well as a solu-
ble state [32]. Although Ca’>"-ATPase may form oli-
gomeric complexes in the membrane [2, 19, 43],
there is now good evidence that the minimal func-
tional unit in energy coupling is a single 115-kD pep-
tide [3, 4, 29]. A phosphorylated form of the Ca?*-
ATPase peptide provides the link between ATP
hydrolysis and Ca?* translocation. Based on chemi-
cal quench studies of phosphorylation and dephos-

phorylation reactions the minimal transport cycle,
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shown as Scheme 1 has been proposed [10]. In this
cycle, translocation of Ca’* is accomplished by al-
teration between two major conformations, E; and
E,, with different affinity and orientation of their
Ca?*™ binding sites. Energy transfer between the
phosphorylation site and the Ca?' sites occurs in
relation to the E,P to E,P transition. The existence
of two states of both dephosphoforms and phospho-
forms of the protein has been deduced from studies
of ligand binding and intermediary reactions. Evi-
dence for two structurally distinct conformations of
dephosphoforms of the protein has been obtained
by experiments monitoring Ca’?"-induced fluores-
cence changes [4, 11, 18, 35], changes in mobility of
covalently attached spinlabels [7, 9] and by titra-
tions of the accessibility of side-chain groups of the
Ca’?"-ATPase protein [34, 46].

Structural evidence for the existence of two
distinct phosphoprotein conformations is less con-
vincing. Changes in intensity of intrinsic trypto-
phan fluorescence accompanying transition from
ADP-sensitive (EP) to ADP-insensitive (E;P) phos-
phoenzyme are smaller than those associated with
E;-E, transitions of the unphosphorylated protein
[3]. Although the change in the chemical reactivity
of the phosphorylated aspartic acid residue towards
ADP during the enzymatic cycle is closely linked to
a decrease in affinity of the two Ca?* transport sites
[3], these events are not necessarily associated with
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Fig. 1. Tryptic cleavage of sarcoplasmic reticulum protein. Sar-
coplasmic reticulum vesicles were digested with trypsin (1 ug/
100 pg protein) for 30 min at 20°C in 50 mm Tes/Tris (pH 7.5), 0.3
M sucrose. Other additions are described below. A is a control
(0.1 mm CaCl, present) in which buffer was added instead of
trypsin. In B and C 0.1 mm CaCl, or 1 mM EGTA were present,
respectively. In D the vesicles were preincubated 1 hr in the
presence of 1 mM EGTA, 1 mm MgClL, and 500 um Na;VO,
before addition of trypsin. The samples were centrifuged and
processed for gel electrophoresis as described in Materials and
Methods

changes in protein structure [37]. Other features
such as ‘“‘occlusion” of Ca?* in E,P [12, 41] and
increased hydrophobicity in the catalytic site in E,P
[10, 14] point to presumptive structural differences
between the two phosphoforms. Hybrid conforma-
tions between the major states outlined in Scheme 1
has been suggested by fluorescence changes associ-
ated with binding of Mg?>* and ATP in the absence
of Ca?* [8, 13].

The techniques referred to above have not al-
lowed localization of structural changes within the
protein, and the magnitude of the conformational
change in terms of the number of residues involved
in motion within the protein remains uncertain.
More direct probes of protein structure are also re-
quired to discern local effects of ligand binding from
the major conformational changes associated with
cation translocation. Another question of basic im-
portance is whether interaction between subunits of
Ca2*-ATPase with M, 115,000 is required for con-
formational changes related to active cation trans-
port or if the conformational change can occur
within a protomer peptide chain.

The goal of the present study has been to exam-

ine the major conformational states of Ca?*-ATPase
by use of graded proteolytic digestion. Previous
studies showed that rather detailed structural infor-
mation about the two conformations of Na*,K*-
ATPase could be obtained with the aid of proteo-
lytic enzymes [23]. In the protein of Ca’*-ATPase
the proteolytic splits have been considered to be
indifferent points in the primary sequence, but re-
cently different tryptic cleavage patterns of E; and
E, forms of Ca?*-ATPase have been suggested [21,
28]. We have examined the time courses of tryptic
inactivation of Ca?"-ATPase activity and cleavage
of the protein with and without Ca?* and other li-
gands to test their effect on the digestion patterns,
both in phosphorylating and nonphosphorylating
conditions. Our data indicate that the two phos-
phorylated intermediates, E;P and E,P, are associ-
ated with different protein structures, which with
respect to the tryptic cleavage patterns resemble
the unphosphorylated E; and E, conformations,
thus supporting the notation in Scheme 1. Similar
cleavage patterns were demonstrated for mem-
brane-bound and soluble monomeric Ca?*-ATPase,
indicating that the E;-E, conformational transition
does not require subunit interaction.

Materials and Methods

Sarcoplasmic reticulum vesicles and purified Ca?>*-ATPase in
membranous form were prepared as previously [4]. For proteo-
tytic digestion membranes (usually 0.5 mg protein/ml} were incu-
bated at 20°C with 1 or 5 ug TPCK-trypsin' (Merck) per 100 ug
protein in buffer media containing 50 mm Tes/Tris (pH 7.5 or 8.0)
with various additions of sucrose, NaCl, CaCl,, MgCl,, EGTA,
ATP, Na;VO, and the non-ionic detergent C,,Eg as described in
the figure legends. The digestion was terminated by addition of
soybean trypsin inhibitor (4 pg/ug trypsin) and subsequent cool-
ing at 0°C. Chymotryptic cleavage of the Ca**-ATPase was per-
formed in similar conditions. This reaction was terminated by
supplementing with salt to a high concentration, 300 mMm, NaCl,
and cooling to 0°C.

The digested samples were used directly for gel-electropho-
retic analysis of the peptides and measurement of Ca?*-trans-
port, Ca?*-ATPase activity and phosphorylation. In a few exper-
iments trypsin together with trypsin inhibitor were removed
before electrophoresis by sedimentation of the membranes by
centrifugation.

Digestion of nitrated casein (Calbiochem) with trypsin was
performed in the same conditions as for tryptic digestion of Ca?*-
ATPase (at pH 8.0). The proteolytic activity was determined
after precipitation of undegraded protein with trichloroacetic
acid followed by centrifugation as previously described [24].

1 Abbreviations: Ci,Bg, octaethyleneglycol monododecyl
ether; Tes, N-(tris-[hydroxymethyl] methyl-2-amino) ethane-
sulfonic acid; EGTA, ethyleneglycol bis (8-aminoethyl ether) -
N,N,N’,N’-tetraacetic acid; TPCK, tosylamide-phenylethyl-
chloromethyl-ketone. AdoPP[NH]P, adenosine 5'-[8,y-imido}
triphosphate.
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Ca*-ATPase activity was measured at 20°C by a NADH-
coupled assay [33] in the presence of 10 mM Tes (pH 7.5), 0.1 M
KCl, 0.1 mMm CaCl;, 1 mm MgCl, and 5 mMm MgATP with or
without the presence of 0.5 mg/ml C;;Eg. ATP-driven Ca?*-up-
take into sarcoplasmic reticulum vesicles during 5 min incuba-
tion with Ca?* in phosphate buffer was measured after gel filtra-
tion on small Sephadex columns as previously [5].

Phosphorylation of Ca?*-ATPase peptides with [y32P]-ATP
was carried out at 0°C for 30 sec as previously described [3] in 50
mM Tes/Tris buffer (pH 8.0), 30 mm NaCl, 25 uMm [y*P]-ATP at 1
or 200 puM free Ca?* and 10 mMm Mg?. In some experiments
dephosphorylation in the presence of 1 mm ADP + 1 mm EGTA
was allowed to occur for 5 sec before acid quenching. The acid
denatured protein was washed and radioactivity and protein
were determined as before [3]. Samples for electrophoresis were
washed only once.

For gel-electrophoretic analysis of tryptic and chymotryptic
peptides from Ca?*-ATPase the protein samples were mixed with
NaDodSO, and mercaptoethanol (final concentrations 2 and 1%,
respectively) and incubated for 3 min at 100°C. The aliquots were
subjected to NaDodSO, polyacrylamide gel electrophoresis in 5—
15% gradient slab gels prepared according to Laemmli [25] with
omission of the stacking gel. The gels were stained and destained
in 40% methanol and 10% acetic acid with and without 0.25%
Coomassie Brilliant Blue R-250, respectively. Quantitative gel
scanning was preformed with a LKB 2202 Ultroscan Laser Den-
sitometer. Apparent molecular weights were estimated by as-
suming a linear relationship between the logarithm of molecular
weight and log T% [38] using pyruvate kinase (M, = 57,000),
lactate dehydrogenase (M, = 33,000) and trypsin inhibitor (M, =
21,000) for standardization.

Polyacrylamide gels (5-15%) used for electrophoresis of
phosphorylated peptides in NaDodSO, at pH 2.4 were prepared
by the general procedure described by Avruch and Fairbanks
[6]. Gradient slab gels (5-15 T%, 3.6 C%) were formed in 1%
NaDodSO,, 50 mM Na-phosphate, pH 2.4, using 1 mg/ml ascor-
bic acid, 2.5 ug/ml FeSO, and 0.003% H,O, for catalysis of
crosslinking. The washed acid denatured phosphoprotein (100~
200 upg) was dissolved in 80 ug 2% NaDodSO,/10 mM
dithiothreitol/50 mM Na-phosphate, pH 2.4. One drop of 40%
glycerol and 5 ul of 360 ug/ml pyronin Y were added, and the
phosphorylated peptides were separated by electrophoresis for
3—4 hr (4-5 mA per gel) at pH 2.4, 15°C. After 7-9 cm migration
of the pyronin dye front, the lanes were cut out and sliced (3 mm)
and counted by Cerenkov irradiation. The recovery of phos-
phorylation was 3.2-3.5 nmol/mg protein in undigested samples,
representing approx. 80% of the phosphorylation of controls not
subjected to electrophoresis.

Calculation of pCa values was based on published stability
constants for complexation of Ca?* and Mg?* with EGTA [45].

Results

Figure 1 shows gel patterns of sarcoplasmic reticu-
lum vesicles digested with trypsin (1 ug/100 ug sar-
coplasmic reticulum protein) for 30 min with and
without free Ca?* present, and after binding of
vanadate in absence of Ca’*. Trypsinolysis is
known to produce two primary fragments (A and B)
of apparent molecular mass 50—60 and 45-55 kD,
respectively [20, 22, 31, 40, 44]. According to these
original studies, secondary fragments with apparent
molecular weight 30,000-33,000 (A;) and 20,000-

Table 1. Effect of tryptic cleavage on Ca?* uptake and Ca?*-
ATPase activity in sarcoplasmic reticulum vesicles

Conditions of
tryptic digestion

Remaining activity
after 30 min digestion

Ca’-ATPase Ca?* uptake

(%)
Vesicle Soluble
(%) (%)
— Ca?* (+EGTA) 171 80 6.4
+ Ca?* 67 68 65

Ca?* uptake and Ca?*-ATPase activity were measured immedi-
ately after termination of digestion as described in Materials and
Methods. Values for samples corresponding to Fig. 1B and C are
shown as percentage of controls incubated likewise, but in ab-
sence of trypsin. Soluble Ca?*-ATPase refers to the unmasked
Ca?*-ATPase activity measured in presence of C;,E;.

24,000 (A,) are formed on prolonged incubation of
Ca2*-ATPase with trypsin. In the present work sec-
ondary splitting was also observed, both with and
without free Ca?" (Fig. 1B and C), but not after
binding of vanadate (Fig. 1D) in accordance with
results obtained by Dux and Martonosi [15]. In ab-
sence of vanadate at least three subspecies of A
could be identified. Two closely migrating bands,
which we group together as Aj and a third band
which is well separated from the others and is desig-
nated Af. Calibration with standard proteins shows
that A} and A} peptides have apparent molecular
weights approximately 37,000 and 33,000, respec-
tively. A] appears later than Aj and may be a cleav-
age product of A{. The relative concentrations of
the secondary fragments depend on the presence of
micromolar-free Ca2*. With Ca?* the concentration
of A} fragment is higher than in the absence of Ca?*.
Peptides migrating between B and Aj (designated
X; and X,), which most likely are derived from the
B fragment (see below), are observed only after di-
gestion in absence of free Ca?*. It is also seen that
the extrinsic protein, calsequestrin (a usual compo-
nent of sarcoplasmic reticulum vesicles) is degraded
by trypsin in the absence of Ca?* and vanadate, but
not in the presence of either one of these ions. This
indicates that the membrane is destabilized by di-
gestion in absence of Ca?*-ATPase ligands since
calsequestrin is located at the interior surface of the
sarcoplasmic reticulum vesicle [30, 40]. In accor-
dance with this interpretation we found that ATP-
driven net uptake of Ca’* into the vesicles disap-
pears after tryptic digestion in absence of Ca’",
whereas Ca?*-ATPase activity is stimulated (Table
1). After trypsinolysis in presence of Ca?*, Ca?*-
uptake and Ca?*-ATPase activity declined in paral-
lel (Table 1). Thus there was no evidence for a
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Fig. 2. Relation between tryptic digestion and inactivation of Ca?*-ATPase activity in presence and absence of Ca?*. Purified Ca**-
ATPase membranes were incubated with trypsin (5 ug/100 ug Ca’*-ATPase) at 20°C for various times as described in Materials and
Methods in presence of 30 mm NaCl, 50 mM Tes/Tris (pH 8.0) and either 50 um CaCl, (A) or 1 mMm EGTA (B). Ca?*-ATPase activity
was measured immediately after termination of digestion, and the samples were subjected to gel electrophoresis without prior washing.
Relative protein concentration of the various tryptic fragments (peak heights of the elecrophoretograms obtained by quantitative gel
scanning) is shown as a function of remaining Ca?>"-ATPase activity or time of trypsinolysis. X, 115,000 kD Ca?*-ATPase chain; O, A
fragment; @, B fragment; A, X, fragment; A, Af fragment; ¥, A] fragment; [J, A, fragment. The photographs show gels corresponding

to 1 and 5 min digestion

“true’’ uncoupling of Ca?" translocation from ATP
hydrolysis induced by the tryptic splits shown in
Fig. 1.

Figure 2 provides a detailed account of the rela-
tionship between Ca?*-ATPase activity (V,,) of pu-
rified (leaky) Ca2*-ATPase vesicles and the concen-
trations of the major fragments estimated by gel
scanning after various durations of incubation with
trypsin (5 ug/100 ug Ca?*-ATPase) in presence and
absence of Ca?* at pH 8.0, 30 mm NaCl. The latter
conditions were chosen to be able to obtain well-
defined phosphorylated states of the protein in pres-
ence of ATP (cf. Fig. 6) as well as a relatively fast
rate of proteolysis. As can be seen in Fig. 2 the
cleavage patterns are basically similar to those ob-
served for sarcoplasmic reticulum vesicles. A char-
acteristic feature is that with Ca?*, Af is present in
larger quantities than without Ca?*. The A and Aj]
fragments disappear faster when Ca’* is present
than in its absence, suggesting that the high concen-
tration of A in presence of Ca?" results from an
increased rate of formation under these conditions
rather than a decreased rate of further degradation.
With Ca?*, formation of A, is seen to occur faster
than without Ca?*. The nonlinear dependence of A
on Ca’*-ATPase activity in Fig. 2A suggests that
the catalytic function is at least partially preserved
after secondary cleavage in the A fragment. In ab-
sence of Ca?* (Fig. 2B) the concentration of second-

ary fragments derived from A is relatively low, and
the dependence of Ca?*-ATPase activity on the
presence of A fragment is almost linear. The X, and
X, fragments could be observed also for the purified
Ca?*-ATPase preparation after tryptic cleavage in
absence of Ca’" (and Mg?*, see below). However,
for unknown reasons the concentration of X, frag-
ment was variable and quite low in some experi-
ments. Therefore only the X, fragment (apparent
molecular mass approximately 45 kD) can be con-
sidered to be a characteristic feature of the tryptic
cleavage pattern observed in absence of Ca* (cf.
Fig. 2B).

Chymotrypsin cleaves Ca’*-ATPase in patterns
that are different from those observed with trypsin.
It is seen from Fig. 3 that an 80-kD fragment is
formed as a result of primary chymotryptic cleav-
age. Another chymotryptic split gives rise to frag-
ments of molecular mass 50-55 kD. Secondary
cleavage of these fragments is accelerated when
Ca?* is bound with high affinity to the pump protein.
Particularly two fragments (arrow, Fig. 3) of appar-
ent molecular weight close to 30,000 are more
prominent after chymotryptic cleavage in the pres-
ence of micromolar concentrations of Ca?* than in
its absence. The effect of Ca?* on chymotryptic
cleavage patterns thus bears some resemblance to
the Ca?* induced change in tryptic digestion pat-
tern. However, the Ca?* effect is more distinct with
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Fig. 3. Chymotryptic digestion of purified Ca’>*-ATPase mem-
branes in presence and absence of Ca?*. Ca?*-ATPase (0.5 mg/
ml) was treated with various concentrations of chymotrypsin for
S min at 20°C in 15 mM Tes/Tris buffer, pH 8.0, 10 mM NaCl with
either 50 um CaCl, (lanes 1-5) or 1 mm EGTA (lanes 6-9). The
chymotrypsin concentrations corresponding to lanes 1-9 (from
left to right) were: 25 ug/ml; 10 pg/ml; 4 pug/ml; 1 pg/ml; 0 ug/
ml; 25 pug/ml; 10 pwg/ml; 4 pg/ml; 1 ug/ml. The calibration mix-
ture in lane 10 consisted of pyruvate kinase (M, = 57,000), lac-
tate dehydrogenase (M, = 33,000), trypsin inhibitor (M, =
21,000) and cytochrome ¢ (M, = 12,000)

trypsin, and we therefore use this enzyme for fur-
ther studies of ligand effects on the structure of
Ca?*-ATPase.

Figure 4 shows effects of Mg?* concentration
on the tryptic cleavage pattern after 5 min digestion
in presence and absence of Ca?*. Addition of Mg2*,
in presence of Ca?* (lane 6), does not change the
digestion pattern significantly. In absence of Ca?*,
addition of Mg?* (2 or 10 mMm) causes disappearance
of the X, fragment, but the characteristic distribu-
tion of Af and A7 peptides is only slightly affected
by Mg?* (lanes 1-3). The observed effects of Mg?*
were not caused by an unspecific influence of ionic
strength since they could not be mimicked by addi-
tion of NaCl (lane 4).

We have also tested the effect of ATP in ab-
sence of Ca?* and Mg?* (Fig. 5). Under these condi-
tions the Ca?*-ATPase is not phosphorylated, and
ATP binding per se has the same effect as Mg?*
binding: disappearance of the X, fragment and only
a slight change in the distribution of A{ and A{ frag-
ments.

In Fig. 6 the dependence of the tryptic cleavage
pattern on Ca?* concentration has been examined in
more detail both in nonphosphorylating and in
phosphorylating conditions. Lanes 1-4 show the ef-
fect of varying Ca?* between 1072 and 1077 M in
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Fig. 4. Effect of Mg?* on tryptic cleavage of Ca’*-ATPase in
presence and absence of Ca?t. Digestion of purified Ca’*-
ATPase membranes with trypsin (5 «g/100 ug Ca’*-ATPase) was
performed for 5 min at 20°C in 30 mM NaCl, 50 mM Tes/Tris (pH
8.0) as described in Materials and Methods. 1 mm EGTA was
present in all samples and CaCl, and MgCl, were added to pro-
duce the concentrations of free ions indicated below. Lane I:
<10 M Ca’t, 2 mM Mg?*. Lane 2: <10~° M Ca?*, 10 mm Mg?+.
Lane 3: <10~* M Ca?*. Lane 5: 107 M Ca?*. Lane 6: 10-7 M Ca’*,
10 mMm Mg?*. The sample in lane 4 was similar to that in lane 3
except for the presence of 60 mm NaCl

absence of ATP. A Ca?"-induced decrease in Aj/A}
concentration ratio (from 0.6 to 0.15) occurs rather
abruptly between 10735 and 108 M Ca?* corre-
sponding to high affinity binding of Ca’* to trans-
port sites. Lanes 5—-7 show that the Ca?* effect is
shifted to a millimolar concentration range in the
presence of ATP and Mg?* (i.e., under phosphory-
lating conditions). Removal of Mg?* in presence of
2 mM Ca?* changes the distribution of A] and Af
peptides in favor of the Ca?* pattern (lane 8). Lane 9
shows that in contrast to ATP the nonphosphorylat-
ing ATP analogue AdoPP[NH]P has little effect on
the Ca?* concentration required for change in cleav-
age pattern. Since the unphosphorylated reaction
intermediates in the Ca?>*-ATPase cycle (Scheme 1)
do not accumulate in significant amounts in the
steady-state situation achieved in presence of milli-
molar ATP, it may be assumed that the two differ-
ent cleavage patterns observed in this condition
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Fig. 5. Effect of ATP binding on tryptic cleavage of Ca*-
ATPase. Digestion of purified Ca’*-ATPase membranes with
trypsin (5 pg/100 g Ca’*-ATPase) was performed for 2 min at
20°C as described in Materials and Methods in presence of 30 mm
NaCl, 50 mm Tes/Tris (pH 8.0) and 1 mm EGTA with (4) or
without (B) 1 mMm ATP

represent ADP-sensitive and ADP-insensitive phos-
phoenzymes, respectively. The effects of Ca?* and
Mg?* are in accordance with this interpretation.
Ca?* binding to low affinity translocation sites on
the ADP-insensitive phosphoenzyme shifts the
equilibrium in favor of ADP-sensitive phosphoen-
zyme [10]. A similar change is induced by decreas-
ing the Mg?* concentration, presumably by an ef-
fect of substitution of Ca?" at the phosphorylation
site for Mg?* [3]. Therefore the data in Fig. 6 indi-
cate that the two phosphorylated states of the Ca?*-
pump protein have tryptic cleavage patterns similar
to the corresponding unphosphorylated states, E,
and E,, in accordance with the notation in Scheme 1
(ADP-sensitive phosphoenzyme = EP, ADP-in-
sensitive phosphoenzyme = E,P).

Electrophoresis at low pH of phosphorylated
peptides provides a way of identifying cleaved frag-
ments that accept 2P from [y*P]-ATP. As can be
seen in Fig. 7, 3P labeled A fragment is well sepa-
rated from the 32P-labeled A peptides. The distribu-
tion of radioactivity associated with the various
peaks of Fig. 7 is in agreement with an increased
rate of secondary cleavage of A in the presence of
Ca?*. Separate A and Af{ peaks are not seen with

e ey oy S S Y gy o

(57000)

——=—a» —L0H

(33000)

R ey T --—1 —TI
.:.. : (21000)
—Lr\.t c

1 2 3 4 5 6 7 8. 19710

(12000)

Fig. 6. Effect of Ca** concentration and phosphorylation on
tryptic cleavage of Ca’*-ATPase. Digestion of purified Ca*-
ATPase membranes with trypsin (5 ug/100 ug Ca**-ATPase) was
performed for 5 min at 20°C in 30 mm NaCl, 50 mm Tes/Tris (pH
8.0) as described in Materials and Methods. Further additions
present during trypsinolysis are indicated below. Lane 1: 1 mMm
EGTA {(pCa > 9.0). Lane 2: 78 um CaCl,, 0.2 mM EGTA (pCa =
8.5). Lane 3: 134 um CaCl,, 0.2 mm EGTA (pCa = 8.0). Lane 4:
180 um CaCl,, 0.2 mm EGTA (pCa = 7.3). Lane 5: 50 um CaCl,,
10 mm MgCl,, 2 mMm ATP. Lane 6: 500 uM CaCl,, 10 mm MgCl,,
2 mM ATP. Lane 7: 2.0 mm CaCl,, 10 mM MgCl,, 2 mM ATP.
Lane 8: 2.0 mm CaCl,, 2 mM ATP. Lane 9: 50 um CaCl,, 10 mm
MgCl,, 2 mM AdoPP[NHIP. Under the conditions of highest
ATP hydrolysis rate (lane 5) the ATP hydrolyzed during the
experiment amounted to less than 30% of the ATP initially
present

the acid gel system. When the amounts of radioac-
tivity associated with the A, peaks of Fig. 7B and C
are related quantitatively to the relative concentra-
tions of A{ and Af estimated by gel scanning (Fig.
2), it is evident that the data are consistent only if A]
is assumed to be phosphorylated. The fragment (X;)
migrating between B and A (Fig. 2B) can also be
identified on stained acid gels, but this peptide does
not contribute radioactivity. Therefore it is likely to
be derived from the B fragment of the Ca?*-ATPase
polypeptide.

This technique for separation of phosphopep-
tides allows direct comparison of the properties of
intact Ca?*-ATPase with those of the phosphory-
lated fragments arising from tryptic cleavage. In
Fig. 8, the effect of tryptic cleavage on the distribu-
tion of ADP-sensitive and ADP-insensitive phos-
phoenzyme species has been examined by electro-
phoresis at low pH after phosphorylation of the
digested CaZ*-ATPase with [y*?P]-ATP and dephos-
phorylation for 5 sec in presence of ADP. It is seen
that the relative amount of ADP-insensitive phos-
phoenzyme in the A, fragment is reduced as com-
pared to the A fragment (Fig. 8). Data from this and
similar experiments are shown in Table 2 together
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Fig. 7. Phosphorylation of tryptic fragments of Ca**-ATPase
formed in presence and absence of Ca?*. Purified Ca**-ATPase
membranes were digested for 5 min with trypsin under condi-
tions similar to those of Fig. 2. After termination of the reaction
with trypsin inhibitor MgCl, and CaCl, were added to obtain final
concentrations of 10 mM Mg?* and 200 uM free Ca?*, and phos-
phorylation with [y32P]-ATP was performed at 0°C as described
in Materials and Methods. After gel electrophoresis at pH 2.4 the
gel was sliced and radioactivity measured. The ordinate and ab-
cissa show radioactivity per slice per mg protein applied to the
gel and slice numbers, respectively. A, control incubated in ab-
sence of trypsin; B, sample treated with trypsin in presence of 50
uM CaCly; C, sample treated with trypsin in presence of 1 mm
EGTA

with results obtained without prior digestion. At a
relatively low Ca?* concentration (107 M) as much
as 84% of the phosphoenzyme of the intact chain is
ADP insensitive. However, only 71 and 56% of the
phosphoenzymes formed from A and A, fragments,
respectively, are ADP insensitive. At higher Ca?*
concentration the amount of ADP-insensitive phos-
phoenzyme is reduced in the intact chain in agree-
ment with previous observations [3], and a further
reduction is seen for the A, fragments. A similar
reduction of ADP-insensitive phosphoenzyme was
observed after chymotryptic cleavage (Table 2).
The data thus show that tryptic cleavage of frag-
ment A to A, as well as chymotryptic cleavage pro-
cess a shift in conformational equilibria of the phos-
phoenzyme in direction of the ADP sensitive EP
form.

The results described above indicate that the
major conformational states of membrane-bound
Ca?*-ATPase outlined in Scheme 1 can be identified
by their characteristic tryptic cleavage pattern. The
next question to be addressed is whether these con-
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Fig. 8. ADP sensitivity of phosphorylated tryptic fragments of
Ca?*-ATPase. Purified Ca2*-ATPase membranes were digested
for 7 min with trypsin under conditions similar to those of Fig.
2A. After termination of the reaction with trypsin inhibitor,
MgCl, and EGTA were added to produce final concentrations of
10 mm Mg?* and 10-¢ M Ca?*, and phosphorylation with [y*?P]-
ATP was performed at 0°C as described in Materials and Meth-
ods. After 30 sec the reaction was quenched (A) or 1 mMm ADP +
1 mM EGTA were added for 5 sec before quenching (B) to allow
dephosphorylation of the ADP-sensitive phosphoenzyme. Fol-
lowing gel electrophoresis at pH 2.4, the gel was sliced and radio-
activity was measured. The ordinate and abcissa show radioac-
tivity per slice per mg protein applied to the gel and slice number,
respectively

formational changes occur within a protomer Ca?*-
ATPase unit or if association between subunits is
required to elicit the transitions detected by pro-
teolytic cleavage. We therefore examined the diges-
tion patterns of Ca?*-ATPase after solubilization in
non-ionic detergent under conditions where the pro-
tein is predominantly monomeric (M; = 115,000) as
evidenced by sedimentation velocity studies and
HPLC on TSK G-3000 SW columns. In absence of
Ca?* as well as other ligands the tryptic degradation
to small peptides is very fast due to the instability of
the soluble preparation in these conditions {4, 32].
However, significant stabilization can be achieved
by inclusion of 10 mMm Mg?* in the medium (Table
3). Furthermore, when solubilization is performed
after binding of vanadate the monomeric Ca’*-
ATPase preparation stays stable for hours (Table 3).
Figure 9 shows the tryptic cleavage patterns of the
soluble monomeric Ca?*-ATPase in presence and
absence of vanadate (compare lanes 1-2 with lanes

' 5-6). In contrast to the cleavage of vanadate-bound

enzyme in the membrane (Fig. 1D and lanes 3—4 of
Fig. 9) degradation of the soluble monomer does not
cease after the primary split. However, formation
of A7 is completely inhibited by vanadate, and the
vanadate reacted E, state of the soluble monomeric
Ca’*-ATPase therefore resembles the E, and E,P
states of the membranous enzyme. The unusual low
cleavage rate observed for membrane-bound Ca?*-
ATPase after vanadate binding may result from pro-
tein-protein interactions in ordered semicrystalline
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Table 2. Effect of tryptic and chymotryptic cleavage on ADP
sensitivity of phosphorylated Ca?*-ATPase formed from [y*2P]-
ATP

Conditions of ADP-insensitive EP

phosphorylation

115 kD A Ay
(%) (%) (%)

Trypsin treated

membrane bound

Ca?*-ATPase at 84 71 56
1076 M free Ca?*

Trypsin-treated

membrane-bound

Ca’*-ATPase at 19 22 12
200 uM free Ca?*

Trypsin-treated

soluble monomeric

Ca?*-ATPase at 70 71 45
200 uM free Ca?*

Chymotrypsin-treated Chymotryptic
membrane-bound fragments
Ca?*-ATPase at 88 grouped together

1076 M free Ca?* 70%

Tryptic cleavage and phosphorylation assay were carried out
as described for Fig. 8 except that the final concentration of
free Ca?* during phosphorylation was varied as indicated. The
amount of ADP-insensitive phosphoenzyme (E,P) is shown as
percentage of total phosphoenzyme (EP + E,P) measured in
the same samples. Undigested control samples were elec-
trophoresed and otherwise processed as the digested samples.
The soluble Ca?*-ATPase was digested and assayed in the pres-
ence of 5 mg C;;E¢/ml. Chymotryptic digestion was carried out
as described for Fig. 3, lane 1. In this case the various fragments
were not well separated in the acid gel and are therefore grouped
together.

arrays in the plane of the membrane [15, 43]. These
arrays are disrupted by detergent solubilization, al-
though the soluble monomeric Ca?*-ATPase retains
the ability to bind vanadate. Figure 9, lanes 7-8,
show that in the presence of Ca’*, i.e. in the E;
state, the tryptic digestion pattern of soluble mono-
meric Ca?*-ATPase is identical to that of membra-
nous enzyme. The characteristic feature of E; is
again accumulation of A7 fragment. This difference
between E; and E, was also observed after phos-
phorylation of the soluble monomeric Ca2t-ATPase
with ATP (Fig. 10). The relative concentrations of
the ADP-sensitive and ADP-insensitive phosphory-
lated intermediates were varied by changing the
Ca?t*/Mg?* concentration ratio as described above
for the membrane-bound Ca?*-ATPase. Lane 1 of
Fig. 10 shows the cleavage pattern after 2 min incu-
bation of the soluble monomeric Ca?*-ATPase with
trypsin in the presence of 50 um Ca?" and 10 mm

Fig. 9. Tryptic cleavage of soluble monomeric Ca?*-ATPase af-
ter binding of vanadate or Ca?*. Ca?*-ATPase membranes (0.5
mg/ml) (which in some cases had been preincubated with vana-
date) were solubilized by addition of C;,Eg (5 mg/ml) and di-
gested with trypsin (5 ug/100 ug Ca?*-ATPase) at 20°C as de-
scribed in Materials and Methods. Lane 1: 10 min digestion after
preincubation for 24 hr in presence of 10 mm MgCl,, | mm EGTA
and 1 mM Na;VO,. Lane 2: 30 min digestion in the same condi-
tions as for lane 1. Lane 3: Control enzyme in membranous form
(no Cp,Eg added) preincubated and digested as the soluble en-
zyme of lane 1. Lane 4: 30 min digestion in the same conditions
as for lane 3. Lane 5: Soluble Ca?*-ATPase digested for 10 min in
presence of 10 mmM MgCl; and 1 mm EGTA. Lane 6: 30 min
digestion in the same conditions as for lane 5. Lane 7: Soluble
enzyme digested for 10 min in presence of 50 uM CaCl, and 10
mM MgCl,. Lane 8: 30 min digestion in the same conditions as
for lane 7

Mg?t. Addition of 2 mM ADP (lane 2) does not
change the digestion pattern. In contrast ATP in-
duces almost complete disappearance of the Af
fragment (lane 3). This accords with the data of Ta-
ble 2 (first column) and previous results [3] indicat-
ing that after solubilization the equilibrium between
the phosphoenzymes is much in favor of E,P. When
the Ca?*/Mg?* concentration ratio is increased, the
equilibrium is shifted towards E;P, and the Af frag-
ment is produced in increasing amounts (lanes 4-7
of Fig. 10), as was also observed for membrane-
bound Ca?*-ATPase. In addition, cleavage of the A
fragment changes the equilibrium between the phos-
phoenzymes in the soluble monomeric state (Table
2).

Control experiments testing unspecific effects
of Ca?*, Mg?*, ATP and salt on proteolytic activity
were performed with nitrated casein (Table 4). It is
seen that relatively high concentrations of Ca2* (1
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Table 3. Stabilization of Ca*-free soluble monomeric Ca’*-
ATPase by Mg?* and vanadate

Medium Remaining Ca?*-ATPase
activity 30 min
after solubilization
(%)

1 mm EGTA <1

1 mMm EGTA

+ 1 mm MgCl, 16

I mm EGTA

+ 10 mm MgCl, 65

1 mm EGTA

+ 10 mm MgCl,

Irreversible inactivation of Ca?*-ATPase (0.5 mg/ml) in absence
of Ca?* was studied at 20°C in 50 mMm Tes/Tris (pH 7.5), 0.1 M
KCl and 5 mg/ml C,E; together with the components indicated
above. For binding of vanadate to Ca?>*-ATPase the vesicles
were preincubated 1 hr before solubilization with C;Eg. Thirty
minutes after solubilization aliquots were transferred to tubes
containing 0.1 mM excess Ca?* in order to stop denaturation and
promote dissociation of vanadate. Ca’*-ATPase activity was
measured 10 min later by a NADH-coupled assay as described in
Materials and Methods. For this measurement the samples were
diluted 100- to 200-fold. The activities are shown as percentage
of controls incubated in presence of 0.1 mm Ca’*

mM) increases the proteolysis rate. However, in the
concentration range (1078 M) required to induce
changes in the digestion pattern of Ca?*-ATPase no
significant change in the rate of tryptic digestion of
casein was seen. The concentrations of NaCl,
MgCl, and ATP had only slight influence on the
proteolysis rate.

Discussion

The present study has documented that the two ma-
jor conformational states of Ca’"-ATPase, indi-
cated in Scheme 1, can be discriminated by their
tryptic cleavage patterns. Tryptic degradation of
the E; state results in formation of two cleavage
products of the A fragment (A] and Aj). In the E,
state trypsinolysis does not lead to formation of Aj.
In addition formation of X fragments is observed in
the E, state in absence of Mg?* and ATP, but not in
the E,; state.

In order to aid further discussion of the data we
refer to the tentative model of the Ca?*-ATPase
polypeptide structure shown in Fig. 11. This model
is based on information gathered from published se-
quence and labeling studies [1, 16, 27]. The primary
split producing A and B fragments (split no. 1) has

1 SRS o | 3 ol ted

Fig. 10. Effect of phosphorylation on tryptic cleavage of soluble
monomeric Ca?*-ATPase. Digestion of purified Ca’*-ATPase
was performed for 2 min as described in Materials and Methods
in the presence of 5 mg C,Eg/ml, 30 mm NaCl, 50 mm Tes/Tris
(pH 8.0) and the further additions indicated below. Lane 1: 50
uM CaCly, 10 mm MgCl,. Lane 2: 50 um CaCl,, 10 mm MgCl,, 2
mM ADP. Lane 3: 50 um CaCl;, 10 mMm MgCl,, 2 mMm ATP. Lane
4: 50 uMm CaCl,, 2 mm MgClL,. Lane 5: 50 um CaCl,, 2 mm MgCl,
2 mMm ATP. Lane 6: 1 mm CaCl,, 2 mm MgCl;. Lane 7: 1 mm
CaCl,, 2 mM MgCl,, 2 mMm ATP

been shown to be located 154 amino acid residues
away from the active site aspartic acid residue in
the direction of the C-terminus. Split no. 2 (Fig. 11),
which produces A, is located in the middle of the A
fragment. Split no. 3 also cleaves the A fragment
and is probably located close to the N-terminus of
Afl. One split (no. 4) in the B fragment gives rise to
X, peptide. The latter assignment is based on se-
quence analysis [28] and on the inability of X, to
form acid stable phosphorylated peptide from
[y?2P]-ATP (present results). Our data show that the
peptide bond corresponding to split no. 3 becomes
more exposed to trypsin when Ca?* is bound with
high affinity to the unphosphorylated enzyme, i.e.,
in conditions favoring the E; state. In the phos-
phorylated Ca?*-ATPase bond no. 3 is more ex-
posed at Ca?™ concentrations in the millimolar
range and at high Ca2*/Mg?* concentration ratios
(i.e., in the ADP-sensitive phosphoenzyme) than at
Ca?* and Mg?* concentrations favoring accumula-
tion of ADP-insensitive phosphoenzyme (Fig. 6).
Thus our findings are in accordance with the nota-
tion in Scheme 1, showing that from the point of
view of tryptic cleavage pattern the two major phos-
phoenzyme species resemble the dephosphoforms.
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Table 4. Effect of ionic conditions on tryptic digestion of ni-
trated Casein

Increase in Agy after
S min digestion

Ions present in addition to
25 mM Tes/Tris

0.2 mMm EGTA
30 mm NaCl

0.2 mMm EGTA
0.18 mm CaCl,
(107 M Ca?t)
30 mMm NaCl

50 uM CaCl,
30 mMm NaCl

1 mm CaCl,
30 mMm NaCl

50 um CaCl,

50 uM CaCl,
100 mM NaCl

50 uM CaCl,
30 mMm NaCl
10 mm MgCl,

0.2 mm EGTA
30 mMm NaCl
2 mM ATP

0.044

0.045

0.047

0.051
0.044

0.043

0.050

0.044

Nitrated casein (0.5 mg/ml) was incubated for 5 min with trypsin
(5 pg/ml) at 20°C in the medium indicated in the Table. After
removal of undegraded casein as described in Materials and
Methods absorbance was read at 428 nm

In conjunction with data indicating that the transi-
tion from ADP-sensitive to ADP-insensitive phos-
phoenzyme is accompanied by a decrease in Ca?*
affinity [3, 41] as well as changes in intrinsic try-
ptophan fluorescence [3] and in hydrophobicity of
the catalytic site [14] the present evidence shows
that energy transduction in the phosphoenzyme in-
volves significant protein structural changes, which
are compatible with reorientation of the Ca?"* sites.

The similarity of E; and E;P forms deduced
from the tryptic cleavage patterns and tryptophan
fluorescence [3] suggests that the phosphorylation
process is accompanied by structural rearrange-
ments of rather limited size. Thus ‘“‘occlusion’” of
Ca?* in E(P [12, 41] may result from local changes
in the arrangement of carboxylic acid residues in
the Ca’*-transport sites, which are not reflected
by changes in the tryptic degradation pattern and
tryptophan fluorescence.

The changes in cleavage pattern induced by
binding of Mg?* and ATP in absence of Ca’* (disap-
pearance of X peptides) cannot be associated with
the major conformational transitions outlined in
Scheme 1, since the distribution of Aj and A] frag-
ments is unaltered by these ligands. It is, however,

Fig. 11. Model of the structural relationship between the Ca?*-
ATPase polypeptide and the membrane showing the major tryp-
tic splits studied in the present work. The precise localizations of
bonds no. 3 and 4 within the respective A; and B fragments are
unknown. Bond no. 3 becomes more exposed to trypsin, when
Ca?* is bound with high affinity. Bond no. 4 is exposed in ab-
sence of Ca?*, Mg?* and nucleotide. P and ADP indicate the
parts of the catalytic site containing the phosphorylated aspartic
acid residue and the nucleotide binding region, respectively. Ca
indicates presumptive Ca?* binding sites (26, 32, 36, 39]

possible that the protection of bond no. 4 reflects a
minor conformational change in accordance with
evidence indicating an increased E,;-E, transition
rate after binding of Mg?* or ATP to E, [8, 17].
Alternatively, the effect of Mg?* or ATP on tryptic
cleavage pattern may be caused by shielding of the
peptide bond by bound ligand. This is conceivable
since bond no. 4 is localized close to the nucleotide
binding area of the B fragment [28].

The results obtained with detergent-solubilized
monomeric Ca?*-ATPase in presence of Ca’* and
ATP (Fig. 10) show that the protein conformational
states in this enzyme preparation as monitored by
tryptic digestion are similar to those in the mem-
brane-bound enzyme, thus supporting previous evi-
dence that the functional unit in energy transduc-
tion is a single polypeptide chain with M, 115,000 [3,
4, 29]. The observation that the presence of a phos-
pholipid bilayer or of other Ca**-ATPase peptides
in the vicinity is of so little importance for the char-
acteristic distribution pattern of Aj and Ay frag-
ments indicates that the change in exposure of bond
no. 3 to trypsin is governed by changes in the poly-
peptide chain configuration or by Ca?* binding per
se and not by secondary changes in protein-lipid or
protein-protein interactions. On the other hand, the
disappearance of vanadate protection of bond no. 2
after solubilization in monomeric form (Fig. 9) may
indicate that the slow cleavage rate of this bond
observed after binding of vanadate to membranous
Ca?* ATPase is caused by protein-protein interac-
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tions in the vanadate-induced dimeric semicrystal-
line state [43]. In vanadate-reacted soluble mono-
meric Ca?*t-ATPase cleavage of bond no. 3 does not
occur at a measurable rate, whereas it does take
place (albeit at a decreased rate) in the membranous
enzyme in absence of Ca’™ (EGTA added) and
vanadate. This indicates that vanadate *‘locks’ the
Ca?*-ATPase into a very stable E, form, whereas
the mere absence of Ca?* results in a dynamic equi-
librium between E; and E,, in which a minor frac-
tion of enzyme is in the E state.

The cleavage data in the presence of ATP in
phosphorylating conditions show that the part of
the peptide chain which moves during the energy
transduction process involves mainly the region
close to split no. 3. Our phosphorylation data indi-
cate that the secondary cleavages of the A fragment
partially inhibit the transfer of phosphoenzyme-free
energy (Fig. 8 and Table 2). It has also been shown
that secondary cleavage of A interferes with high
affinity binding of Ca?* to the translocation sites,
which probably are located in the C-terminal part of
the A, fragment in the primary structure [26, 36,
39]. Therefore, we suggest that the region of the
peptide chain in which split no. 3 is located medi-
ates the contact between the Ca’>" sites and the
phosphorylation site in the tertiary structure, allow-
ing a concerted movement of the Ca?* sites and part
of the catalytic site during the energy transfer pro-
cess. Since the phosphorylated aspartic acid resi-
due is likely to be in a more hydrophobic environ-
ment in E,P than in E,P [10, 14] it is conceivable
that segments of the A fragment containing the
phosphorylation site and the Ca?* sites move
deeper into the protein structure during the EP to
E,P transition. The same conformational change
could reasonably well lead to an increased exposure
of bond no. 4 to trypsin in absence of protecting
ATP or Mg?*.

We thank Liselotte Madsen and Lene Jacobsen for excellent
technical assistance. This investigation has been supported by
the Danish Medical Research Council and the Carlsberg Founda-
tion.
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