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Background: SERCA and ATP7A/B are P-type ATPases entailing phosphoenzyme intermediate (E-P) formation.

Results: Biochemical characterization, however, reveals distinctive features.

Conclusion: A H" -gated Ca®>* pathway coupled to E1-P to E2-P transition is SERCA-specific. Headpiece interactions with an
N-metal binding extension (NMBD) and related conformational constraints are ATP7A/B-specific.

Significance: SERCA and ATP7A/B mechanisms present significant differences even though they are both P-type.

Ca®* (sarco-endoplasmic reticulum Ca®>* ATPase (SERCA))
and Cu™ (ATP7A/B) ATPases utilize ATP through formation of a
phosphoenzyme intermediate (E-P) whereby phosphorylation
potential affects affinity and orientation of bound cation. SERCA
E-P formation is rate-limited by enzyme activation by Ca>*, dem-
onstrated by the addition of ATP and Ca”>* to SERCA deprived of
Ca®* (E2) as compared with ATP to Ca®*-activated enzyme
(E1-2Ca*"). Activation by Ca*" is slower at low pH (2H™E2 to
E1-2Ca®*) and little sensitive to temperature-dependent activation
energy. On the other hand, subsequent (forward or reverse) phos-
phoenzyme processing is sensitive to activation energy, which
relieves conformational constraints limiting Ca>* translocation. A
“H*-gated pathway,” demonstrated by experiments on pH varia-
tions, charge transfer, and Glu-309 mutation allows luminal Ca>*
release by H*/Ca®>* exchange. As compared with SERCA, initial
utilization of ATP by ATP7A/B is much slower and highly sensitive
to temperature-dependent activation energy, suggesting confor-
mational constraints of the headpiece domains. Contrary to
SERCA, ATP7B phosphoenzyme cleavage shows much lower tem-
perature dependence than EP formation. ATP-dependent charge
transfer in ATP7A and -B is observed, with no variation of net
charge upon pH changes and no evidence of Cu* /H* exchange. As
opposed to SERCA after Ca®>* chelation, ATP7A/B does not
undergo reverse phosphorylation with P; after copper chelation
unless a large N-metal binding extension segment is deleted. This is
attributed to the inactivating interaction of the copper-deprived
N-metal binding extension with the headpiece domains. We con-
clude that in addition to common (P-type) phosphoenzyme inter-
mediate formation, SERCA and ATP7A/B possess distinctive fea-
tures of catalytic and transport mechanisms.
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Early studies of P-type ATPases (1-3) suggested a common

mechanistic feature of cation transport based on an E1 to E2
conformational transition of the ATPase protein whereby affin-
ity and orientation of cation binding sites are changed to pro-
mote vectorial translocation. This appears clearly in the Ca®"
ATPase, where the free energy of ATP is utilized to destabilize
the E1-2Ca®" state through formation of a phosphorylated
intermediate that undergoes sequential processing as proposed
in Scheme 1.
The Ca?" ATPase (SERCA)® is a mammalian membrane-
bound protein sustaining Ca®>" transport and involved in cell
Ca®" signaling and homeostasis (4). It is made of a single poly-
peptide chain of 994 amino acid residues (5) distributed in 10
transmembrane segments (M1-M10) and a cytosolic head-
piece including three distinct domains (A, N, and P) that are
directly involved in catalytic activity (Fig. 1). The N domain
contains residues (such as Phe-487) interacting with the aden-
osine moiety of ATP whereby the ATP substrate is cross-linked
to the P domain. The P domain contains a residue (Asp-351)
undergoing phosphorylation to yield a phosphoenzyme inter-
mediate, a residue (Asp-703) coordinating Mg”, and other fea-
tures characteristic of P-type ATPases (6, 7). The A domain
includes the signature sequence '*'TGES that provides cata-
lytic assistance for final hydrolytic cleavage of phosphoenzyme
(8-10). Cooperative and sequential binding (11) of two Ca>"
involved in catalytic activation and transport occur on sites (I
and IT) located within the transmembrane region rather close to
the cytoplasmic surface of the lipid bilayer (12).

Interesting comparative questions relate to the mammalian
copper ATPases ATP7A/B (13-15), which are also P-type
ATPases but sustain active transport of copper by utilization of
ATP and are involved in copper homeostasis (16-20). It is
shown in Fig. 1 that the ATP7B (as well as ATP7A) isoform
comprises eight (rather than 10) transmembrane segments

3The abbreviations used are: SERCA, sarco-endoplasmic reticulum Ca®*
ATPase; SR, sarcoplasmic reticulum; ATP7A/B, Cu™ ATPases; SSM, solid sup-
ported membrane; BCS, bathocuproine disulfonate; NMBD, N-metal bind-
ing domain; TMBS, transmembrane binding site.
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FIGURE 1. Two-dimensional folding models of the SERCA (upper panel)
and ATP7B (lower panel) sequences. The diagrams show 10 (SERCA) or 8
(ATP7B) transmembrane segments including the calcium or copper binding
sites (TMBS) involved in enzyme activation and transport. The extramembra-
nous region of both enzymes comprises a nucleotide binding domain (N), the
P domain, with several residues (in yellow) conserved in P-type ATPases,
including the aspartate (Asp-351 or Asp-1027) that undergoes phosphoryla-
tion to form the catalytic phosphoenzyme intermediate (EP), and the A
domain with the TGE conserved sequence involved in catalytic assistance of
EP hydrolytic cleavage. The His-1069 residue whose mutation is frequently
found in Wilson disease is shown on the N domain of ATP7B. Specific features
of ATP7B are the N-metal binding domain (NMBD) extension with six putative
copper binding sites and serine residues undergoing kinase-assisted phos-
phorylation (Ser-478, Ser-481, Ser-1211, Ser-1453).

including a copper binding site (TMBS) for catalytic activation
and transport and a headpiece including the N, P, and A
domains with conserved catalytic motifs analogous to SERCA.
A specific feature of mammalian copper ATPases is an amino-
terminal extension (NMBD) that includes six copper binding
sites in addition to the TMBS (19). An additional feature is the
presence of serine residues (Ser-478, Ser-481, Ser-1211, Ser-1453
in ATP7B) undergoing kinase-assisted phosphorylation (21).
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Several analogies listed above suggest functional similarity in
calcium and copper ATPases. However, we report here that
experimental characterization of partial reactions reveals that
even though both ATPases include P-type phosphoenzyme for-
mation, the two enzymes present significant diversities in
energy transduction, sequence of conformational transitions,
and H" involvement.

EXPERIMENTAL PROCEDURES

Protein Production and Biochemical Characterization—Na-
tive calcium ATPase (SERCA) was obtained with the micro-
somal fraction of rabbit skeletal muscle (22), which is referred
to as sarcoplasmic reticulum (SR) vesicles. WT and mutant
recombinant calcium (SERCA1) and copper ATPases (ATP7A
and ATP7B) were obtained from COS1 cells infected with ade-
novirus vectors containing CMV promoter-driven cDNA fused
with a 3’ c-Myc tag as described previously (21). The content of
specific expressed protein was evaluated in the microsomal
fraction of the infected COS1 cells by SDS gel electrophoresis
and Western blotting (21).

Steady state ATPase hydrolytic activity was determined after
P, production by colorimetry (21). The reaction mixture con-
tained 50 mm MES (pH 6.0) or HEPES (pH 7.5), 80 mm KCl (or
as specified in figure legends), 3 mm MgCl,, 0.2 mm EGTA, 0.2
mm CaCl,, 30 pg of SR protein/ml, and 1 um A23187 Ca*"
ionophore. The reaction was started by the addition of 2.5 mm
ATP at 30 °C temperature.

[**P]Phosphoenzyme formation was determined by incubat-
ing microsomes (50 ug of microsomal protein/ml) derived from
rabbit skeletal muscle (native SERCA) with 50 um [y->?P]ATP
at 10 or 30 °C in a reaction mixture containing 50 mm MES (pH
6.0) or HEPES (pH 7.5), 80 mMm KCl, 3 mm MgCl,, and 20 um
CacCl, or otherwise as stated in figure legends. Substrate addi-
tion and quenching at serial times with 5% trichloroacetic acid
were done on continuously vortexed reaction mixtures. The
quenched samples were filtered through 0.45-um Millipore
nitrocellulose filters that were then washed 3 times with cold
0.125 M perchloric acid and once with water and processed for
determination of radioactivity by scintillation counting.

In most cases, however, microsomes derived from COS-1
cells expressing WT or mutant SERCA (rather than muscle
microsomes containing native SERCA) were used. The micro-
somes containing recombinant SERCA1 (50 ug of microsomal
protein/ml) were incubated with 50 um [y->*P]JATP at 10 or
30 °C in reaction mixtures analogous to those described above.
Samples were quenched at serial times with 5% trichloroacetic
acid. In this case, the quenched samples were pelleted by cen-
trifugation at 5000 rpm for 5 min, washed with 0.125 N perchlo-
ricacid, and finally resuspended in pH 8.3 (half of the sample) or
pH 6.3 loading buffer (remaining half of the sample) and sepa-
rated by alkaline (23) or acid buffer (24) gel electrophoresis. The
gels were dried and exposed to a phosphor screen followed by
scanning on a Typhoon scanner (Amersham Biosciences) for
stoichiometric determination of phosphoprotein relative to
three [y-**P]ATP standards placed on the gels.

For characterization of copper ATPase, microsomes derived
from COS-1 cells expressing recombinant enzyme were prein-
cubated for 30 min in a medium containing 5.0 mm MES trieth-
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anolamine (pH 6.0), 300 mm KCl, 10 mm DTT, 3 mm MgCl,,
and 5 um CuCl,. The low MES concentration facilitated pH
changes if required by the experimental protocol.

Formation of [**P]phosphoenzyme was obtained by incubat-
ing ATP7B (50 wg of microsomal protein/ml) with 50 um
[y-**P]ATP at 10 or 30 °C in a reaction mixture containing 50
mM MES triethanolamine (pH 6.0) or HEPES (pH 7.5), 300 mm
KCl, 10 mm DTT, 3 mm MgCl,, and 5 um CuCl,. The samples
were quenched and processed for electrophoresis as explained
above.

Decay of the phosphorylated enzyme intermediate in the for-
ward direction of the catalytic cycle was determined by first
reaching steady state levels of radioactive phosphoenzyme by
incubation with [y-**P]ATP for 15 s at which time 1 mMm non-
radioactive ATP was added, and the samples were acid-
quenched at various times. The quenched samples were dis-
solved in detergent at acidic or alkaline pH and separated by
electrophoresis at acidic or alkaline pH for determination of
residual phosphoenzyme.

For reverse phosphorylation with P, microsomes derived
from muscle or microsomes derived from COS1 cells express-
ing SERCA or mutant proteins were incubated with 50 mm
MES (pH 6.0) or HEPES (pH 7.5), 20% Me,SO,, 10 mm MgCl,,
and 2 mm EGTA. 100 mm KCl and 1 mm CacCl, (in the absence
of EGTA) were added when indicated. The reaction was started
by the addition of 50 um [**P]P,, quenched at different times,
and processed for determination of radioactive protein either
on filters or electrophoresis as described for phosphorylation
with ATP.

Charge Measurements—Charge movements were measured
by adsorbing native SR vesicles containing SERCA or micro-
somes from COS-1 cells containing recombinant SERCA or
Cu™ ATPase (ATP7A or ATP7B) on a solid supported mem-
brane (SSM). The SSM consists of an alkanethiol monolayer
covalently bound to a gold electrode via the sulfur atom and a
phospholipid monolayer on top of it (25). After adsorption, the
protein (calcium or copper ATPase) was activated by a concen-
tration jump of a suitable substrate, i.e. ATP, in the presence of
buffer solutions of various compositions. If at least one electro-
genic step is involved in the relaxation process after activation,
a current transient can be recorded along the external circuit
(26, 27). Numerical integration of each transient is related to a
net charge movement that depends upon the particular electro-
genic event. In addition, kinetic information can be obtained by
fitting a sum of exponentially decaying terms to the current
versus time curves.

In experiments with native or recombinant SERCA, the solu-
tion contained 100 mM choline chloride (or 100 mm KCI), 25
mMm MOPS, pH 7.0, 1 mm MgCl,, 0.25 mm EGTA, 0.25 mMm
CaCl, (10 uM free Ca>"), and 0.2 mm DTT. Activation was
obtained by the addition of ATP (100 uMm) contained in a solu-
tion of the same composition. Free Ca®>" concentration was
calculated with the computer program WinMAXC (28). Unless
otherwise stated, 1 uM calcium ionophore A23187 was used to
prevent formation of a Ca>* concentration gradient across the
SR vesicles (29). In ATP concentration-jump experiments with
recombinant ATP7A or ATP7B, the non-activating solution
contained 300 mm KCI (or 300 mm choline chloride), 50 mm
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FIGURE 2. Steady state Ca®>* ATPase activity of native Ca>* ATPase. ATP
hydrolysis was measured at pH 6.0 or 7.5 in the presence of a Ca* ionophore
(A23187) to prevent Ca®" accumulation in SR vesicles and ATPase “back inhi-
bition.” The reaction mixture contained 50 mm MES (pH 6.0) or HEPES (pH 7.5),
80 mm KCl (when indicated), 3 mm MgCl,, 20 um CaCl,, 30 ng of SR protein/ml,
and 1 um A23187. A low rate of Ca®*-independent ATPase activity, measured
in the presence of EGTA and no added Ca?*, was subtracted from the total.
The reaction was started by the addition of 2.5 mm ATP at 10 or 30 °C temper-
ature, and samples were collected at time intervals. ATPase velocity was cal-
culated from linear slopes of P, production.

MES triethanolamine, pH 6.0, 5.0 mm MgCl,, 0.1 mm CaCl,, 10
mmMm DTT, and 5 um CuCl,; the activating solution contained, in
addition, 100 um ATP.

The concentration jump experiments were carried out by
employing the SURFE*R°™ device (Scientific Devices Heidel-
berg, Germany). The temperature was maintained at 22-23 °C
for all the experiments.

To verify the reproducibility of the current transients gener-
ated within the same set of measurements on the same SSM,
each single measurement of the set was repeated six times
and then averaged to improve the signal to noise ratio. Standard
deviations were usually found to be no greater than =5%. More-
over, each set of measurements was usually reproduced using
3-5 different SSM electrodes. Therefore, the data points
reported in Fig. 5 represent the mean of 3—5 independent nor-
malized values. S.E. are given by individual error bars in the
figure.

RESULTS

Steady State Activity of Calcium Transport ATPase—The
effects of pH, K, and temperature on the steady state ATP
utilization by native SERCA (SR vesicles) are shown in Fig. 2. In
these experiments a Ca®>" ionophore (30) was added to the
reaction mixture to prevent Ca®>* accumulation and back inhi-
bition of AT Pase activity, thereby obtaining constant velocity of
ATP consumption. It is clear that the overall turnover is
dependent on the reaction temperature, which is consistent
with a 22-25 kcal mol™" energy of activation previously
reported (31). Under all conditions, the ATPase velocity is sig-
nificantly increased by the presence of K*. Furthermore, the
ATPase velocity is much higher when the pH is increased from
6.0 to 7.5, indicating a strong pH dependence of enzyme turn-
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over. In contrast, it was previously found (in the absence of
ionophore) that ATP-dependent Ca®>* load into SR vesicles is
lower at alkaline than acid pH (29, 32).

Sequential Reactions of the SERCA Cycle—In early kinetic
studies performed at 25 °C temperature and at neutral pH, we
found that the addition of ATP to SERCA already activated with
Ca®" is followed by rapid phosphoenzyme formation, with a
rate constant of ~100 s~ ', which was significantly slower if
ATP and Ca®" were added to enzyme deprived of Ca®* (11).
Here, as a base line to experiments on pH and temperature
dependence of native and recombinant calcium and copper
ATPases, we obtained measurements at pH 6.0 and 10 °C and
found that even under these conditions phosphorylation after
the addition of ATP and Ca”>" to enzyme deprived of Ca** is
significantly slower than phosphorylation after the addition of
ATP to enzyme preincubated with Ca®>" (Fig. 3A). This dem-
onstrates that SERCA activation by Ca®>" requires a rate-limit-
ing transition that is slower at acid than at alkaline pH (Fig. 3B).
Therefore, activation by Ca>™ is easier if the enzyme resides in
the state E1 rather than in the state 2H*E2 (see Scheme 1 in the
Introduction). Furthermore, we observed a requirement for
ionic strength and a specific activation by K* when we com-
pared K™ to NH; (not shown).

The initial velocity of SERCA activation by Ca*>* (required
for ATP utilization) is approximately the same at low and high
temperature (Fig. 3, C and D). On the other hand, a higher
steady state level of phosphoenzyme is reached at lower tem-
perature, suggesting significant temperature dependence of
subsequent steps leading to hydrolytic cleavage of the phos-
phoenzyme. In fact, it is shown in Fig. 3, E and F, that decay of
radioactive phosphoenzyme intermediate after a chase with
excess nonradioactive ATP is clearly temperature-dependent
and is favored by alkaline pH. Therefore, completion of enzyme
turnover involves transitions of conformational states that are
sensitive to temperature-dependent energy of activation, as
also indicated by measurements of steady state ATPase velocity
(Fig. 2).

ATP Utilization by Copper ATPase (ATP7B)—In compara-
tive studies we examined the mammalian copper ATPase.
Functional characterization of copper ATPases requires heter-
ologous expression, as native sources are not sufficiently abun-
dant. For this reason we used microsomes derived from COS-1
cells infected with adenovirus vector and expressing recombi-
nant ATP7A/B (or SERCA for comparison).

When phosphoprotein formation by recombinant calcium
and copper ATPases are compared, we find that ATP utiliza-
tion by SERCA yields only autophosphorylation of a conserved
aspartate serving as phosphoenzyme intermediate. On the
other hand, ATP7B yields autophosphorylation of the con-
served aspartate as well as kinase-assisted phosphorylation of
serine residues (21). Aspartate and serine phosphorylation can
be distinguished by running samples at acid and alkaline elec-
trophoresis. Although alkali-resistant phosphoprotein is not
obtained with SERCA (Fig. 4A4), phosphorylation of ATP7B
includes alkali resistant and alkali labile fractions (Fig. 4B). The
difference between total and alkali resistant phosphoprotein
(i.e. alkali labile) corresponds to aspartyl phosphate intermedi-
ate. Alkali labile phosphorylation of ATP7B does not occur
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FIGURE 3. Time course of phosphoenzyme intermediate formation (A, B,
C, and D) after the addition of ATP to Ca®>* ATPase and subsequent phos-
phoenzyme decay (E and F). Phosphorylation was obtained by the addition
of 50 um[y->2P]ATP to ATPase preincubated with Ca®" (@ in A) or the addition
of 50 um [y->?P]ATP and Ca®" to ATPase deprived of Ca®" (O in A and all
variables in B-D) at 10 or 30 °C as indicated. The reaction mixture contained
50 mm HEPES (pH 7.5) or 50 mm MES (pH 6.0), 80 mm KCl, and 3 mm MgCl,. The
CaCl, concentration was 20 um in A. Alternatively, the reaction mixture con-
tained 1 mm (at pH 7.5) or 5 mm EGTA (at pH 6.0) before the addition of ATP
and then either 1 mm (at pH 7.5) or 5 mm (at pH 6.0) CaCl, was added with the
[y->?P]ATP. The reaction was quenched at serial times with 5% trichloroacetic
acid, and the quenched samples were filtered through 0.45-um Millipore
nitrocellulose filters that were then washed 3 times with cold 0.125 m perchlo-
ric acid and once with water and processed for determination of radioactivity
by scintillation counting. Decay of phosphoenzyme intermediate (E and F)
was obtained by first incubating ATPase with [y->2P]ATP for 10 s at pH 6 and
10 °C temperature followed by a 4-fold dilution with an identical medium but
containing T mm nonradioactive ATP. Temperature and pH are as indicated in
the figure. Quenching and collection of serial samples are as described above.
The experimental points are averages of values obtained in three to four
different experiments.

after mutations at the transmembrane copper binding site (33)
and is, therefore, linked specifically to enzyme activation (E2 to
E1 transition) by occupancy of the cation transport site. It is
noteworthy that ATP7A undergoes aspartate phosphorylation
with kinetics analogous to ATP7B, but a lower level of protein
kinase assisted phosphorylation (34).

We now find that even though a copper binding requirement
for the E2 to the E1 transition is demonstrated by copper site
mutations (33), experiments analogous to those with SERCA, in
which Ca®™ is first chelated with EGTA and then Ca** is added
to produce activation, cannot be easily done with ATP7A/B. In
fact copper chelation with BCS produces inactivation due to
removal of copper from the NMBD in addition to the TMBS,
and very low phosphoenzyme formation is then obtained after
the addition of copper and ATP.

VOLUME 287 +NUMBER 39-SEPTEMBER 21,2012



A wwa acid w
60 | 20 wwseem alkaline
%’J | ¢ oeee® acid %‘) L ]
= alkaline =
§30 F g 10
§ r SERCA1 §
B0F b, . = 2 0
(I) 1 4I 1 é 1 1I2 1 0I 1 4| 1 é L 1I2 1
C 0
@0 doc® ‘D 10°C
on ) .
£8r o g8 .
= [pH6.0 10°C| = pH 7.5
=) o © e . o
I E4 o, BH6O
2 L 5 S L o0 P2
2 i o ATP7B e, i o> ATP7B
~ ®  EPformation I EP formation
0 5 10 15 0 5 10 15
100 o E 1001 F
ATP7B ° ATP7B
&80— ®30°C &80- e pH7.5
S 60 o o10°c| S 60 o © pH 6.0
S a0 e° S 40 °°
3] . (3] .
520 g 520 o
L]
= 0 [EPdecay pH 6.0 ¢ = 0 [EPdecay jgoc ©
02 46 810 02 46 810
seconds

FIGURE 4. Phosphoprotein formation after the addition of ATP to recom-
binant SERCA (A) or ATP7B (B-D) and subsequent decay of ATP7B phos-
phoenzyme (E and F). Microsomes obtained from COS-1 cells sustaining
heterologous expression were incubated with 50 um [y->2P]JATP at 10 or 30 °C
at various pH levels as explained under “Experimental Procedures.” Electro-
phoresis in acid buffer or alkaline buffer was then performed to distinguish
total [*2P]phosphoprotein (M) from alkali-resistant [*?P]phosphoprotein (ser-
ine and/or threonine, (). The difference is considered alkali-labile [*2P]phos-
phoprotein (aspartate, @) and attributed to formation of phosphorylated
enzyme intermediate. acid and alkaline refer to the media used for resuspen-
sion of samples and electrophoresis. Electrophoretic gel images correspond
to sequential samples obtained within the time scale shown in the horizontal
axis. Note that no alkaline-resistant phosphoprotein was obtained with
SERCA, whereas both alkaline-resistant and alkaline-labile phosphorylation
were obtained with ATP7B. Only the difference (phosphorylated enzyme
intermediate) is shown in the lower panels (C-F). Decay of phosphoenzyme
was measured as explained under “Experimental Procedures” and in the leg-
end to Fig. 3. The experimental points are averages of values obtained in
three to four different experiments. The electrophoreticimages in Aand Bare
examples of data repeated in all experiments.

When ATP is added to ATP7B already activated by copper,
formation of phosphoenzyme intermediate is much slower
than observed with SERCA and strongly temperature-depen-
dent (Fig. 4C). In fact, not only the rate of phosphorylation but
(contrary to SERCA) even the steady state level of phosphoen-
zyme is lower at low temperature. On the other hand, decay of
the radioactive phosphoenzyme obtained after a chase with
excess nonradioactive ATP shows rather low temperature
dependence (Fig. 4E). This indicates that higher activation
energy is required for initial formation of phosphoenzyme
intermediate than for its subsequent processing. EP formation
and its subsequent decay are faster at alkaline than at acid pH
(Fig. 4, D and F).

Charge Transfer upon the Addition of ATP to Calcium and
Copper ATPases—As previously reported (29, 35, 36), the addi-
tion of ATP to microsomal vesicles (containing SERCA or
ATP7B) adsorbed on a SSM is followed by an electrogenic event
recorded as a current transient. The current transient is due to
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FIGURE 5. Charge measurements on native SR Ca?* ATPase (SERCA) and
recombinant Cu* ATPase (ATP7A and ATP7B). A, current transients were
obtained after 100 um ATP concentration jumps on SERCA in the presence of
10 um free Ca*>* and 100 mm KCl at pH 7 (solid line) and 7.8 (dotted line). B,
current transients were obtained after 100 um ATP concentration jumps on
SERCA in the presence of 10 um free Ca®>" and 100 mm choline chloride
(Chol.Cl) at pH 7 (solid line) and 7.8 (dotted line). C, shown are current transients
obtained after 100 um ATP concentration jumps on ATP7B in the presence of
5 um CuCl, and 300 mm KCl at pH 6 (solid line) and 7.8 (dotted line). D, shown is
dependence of the normalized charge after 100 um ATP concentration jumps
on pHinthe case of ATP7A (A), ATP7B (A), and SERCA (100 mm KCl, @; and 100
mm choline chloride, O). For each protein, the charges are normalized with
respect to the value measured at pH 7. S.E. are given by error bars in the lower
right panel.

the flow of electrons along the external circuit toward the elec-
trode surface and is required to compensate for the potential
difference across the vesicular membrane produced by dis-
placement of positive charge (attributed to vectorial transloca-
tion of bound Ca®** or Cu") in the direction of the SSM
electrode after phosphoenzyme intermediate formation by uti-
lization of ATP (29, 36). The electrical current recorded by the
SSM method is a measure of the rate of change of the trans-
membrane potential and is not sensitive to stationary currents.
Therefore, only electrogenic steps within the first catalytic cycle
are measured, whereas steady state events after the first cycle
are not detected.

It is shown in Fig. 5A that in experimenting with SERCA, the
total net charge decreases as the pH is raised if the main mon-
ovalent cation in the reaction mixture is provided by KCl. On
the other hand, if the main cation in the reaction mixture is
provided by choline chloride, the total net charge displaced
increases as the pH is raised (Fig. 5B). This suggests that when
lack of H" limits H*/Ca®* exchange (i.e. alkaline pH), confor-
mational transitions due to alkaline pH render possible
K*/Ca®" exchange and neutralization of charge, whereas cho-
line*/Ca®" exchange does not occur.

Net charge displacement is also observed with microsomal
vesicles containing recombinant ATP7A or ATP7B (Fig. 5, C
and D), which is attributed to movement of bound Cu” in the
direction of the SSM electrode after phosphoenzyme interme-
diate formation by utilization of ATP (36). Contrary to SERCA,
however, net charge transfer by ATP7A or -B is not modified by
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FIGURE 6. Time course of EP formation through utilization of [*P]P; by
WT SERCA (A) and E309Q mutant (B) and decay (C and D) of [*?P]phos-
phoenzyme after a chase with nonradioactive P;. Microsomes derived
from COS1 cells expressing SERCA or E309Q mutant were incubated with 50
mm MES, pH 6.0, 20% Me,SO,, 10 mm MgCl,, and 2 mm EGTA. The reaction was
started by the addition of 50 um [*?P]P, quenched at different times, and
processed for determination of radioactive protein by electrophoretic analy-
sis and detection of radioactivity (see “Experimental Procedures”). For deter-
mination of decay, the protein was incubated with 50 um [>?P]P; as described
above at 10 °C for 2 min, and then a 20-fold dilution was obtained with a
medium containing 50 mm MES, pH 6.0, 10 mm MgCl,, 2 mm EGTA, and 1T mm
nonradioactive P;at 10 or 30 °C. Serial samples were taken at sequential times
for acid quenching and determination of residual radioactive protein by elec-
trophoretic analysis and detection of radioactivity. The experimental points
are averages of values obtained in three to four different experiments.

raising the pH even though the experiments are performed in
the presence of KCI (Fig. 5C). This suggests that H* exchange
upon release of bound cation is specific for SERCA. This is even
better demonstrated (Fig. 5D) when the pH is stepwise raised in
experiments with SERCA in the presence of KCl (@) or choline
chloride (O) or ATP7A (A) or ATP7B (A) in the presence of
KCL

Phosphoenzyme Formation by Utilization of P,—A very inter-
esting feature of the Ca>" ATPase is its ability to form phos-
phorylated intermediate by utilization of P; in the absence of
Ca®". Under the conditions (i.e. pH 6, no Ca®>* or K™) originally
described (37), this reaction corresponds to E2-P formation by
utilization of P; in the reverse direction of phosphoenzyme
cleavage (see Scheme 1). It is noteworthy that, contrary to
enzyme activation by Ca®" and phosphorylation by utilization
of ATP (Fig. 3), the rates of enzyme phosphorylation with P; in
the absence of Ca®>" are significantly temperature-dependent
(Fig. 6A).

Although utilization of ATP ultimately yields phosphoen-
zyme steady state levels determined by turnover of the catalytic
cycle, experiments with P, yield equilibrium levels of phosphoe-
nzyme due to the absence of ATP substrate whose potential
energy is required to sustain steady state activity. In the P, reac-
tion, the potential energy is provided by the comparative stabil-
ity of the protein conformation in the non-phosphorylated ver-
sus phosphorylated state. Because in the presence of saturating
P, equilibrium levels of phosphoenzyme are reached within
60 s (Fig. 6), it is possible to determine the dependence of phos-
phoenzyme equilibrium levels on experimental variables.
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FIGURE 7. Equilibrium levels of phosphoenzyme obtained through utili-
zation of [*2P]P; by recombinant SERCA and E309Q mutant at acid or
alkaline pH. Effects of K* and Ca®" are shown. Microsomes derived from
COS1 cells expressing SERCA or mutant (E309Q) protein were diluted (50
rg/ml) in medium containing 50 mm MES (pH 6.0) or HEPES (pH 7.5), 20%
Me,SO,, and 10 mm MgCl,. 2 mm EGTA, 100 mm KCl, and 1 mm CaCl, (in the
absence of EGTA) were added as indicated in the figure. The reaction was
started by the addition of 50 um [*PIP, at 30 °C temperature and acid-
quenched after 2 min. The quenched samples were processed for determina-
tion of radioactive protein by electrophoretic analysis and detection of
radioactivity.

For the experiments shown in Figs. 6 and 7, we used both
native and recombinant WT SERCA and obtained analogous
results. The phosphoenzyme levels shown in the figures were
derived from experiments conducted with microsomes
obtained from COS1 cells expressing recombinant SERCA (see
also Fig. 44) to have a stoichiometric comparison with mutant
SERCA (see below). We found that when WT SERCA is used
under optimal conditions (i.e. pH 6, no Ca>" or K*), maximal
phosphoenzyme levels reach nearly half the stoichiometry of
available enzyme, indicating an apparent equilibrium constant
of ~1. However, the phosphoenzyme levels are lower if the pH
is raised from 6.0 to 7.5 (Fig. 7). Considering that H" dissocia-
tion favors the E1 over the 2H"E2 postulated in the reaction
scheme, it is apparent that E1 has a lower equilibrium constant
for the phosphorylation reaction with P,. Furthermore, in the
presence of Ca>™" (either at pH 6.0 or 7.5), no significant levels of
phosphoenzyme were obtained (Fig. 7). Therefore, the
E1-2Ca*" state is unable to utilize P, for formation of phosphoe-
nzyme. Formation of phosphoenzyme by utilization of P, is also
reduced when KCI (and to a lesser extent NH,Cl) is present,
likely due to enhancement of E2-P cleavage by K™ coordinated
to 711-715 carbonyls and the Glu-732 side chain in the P
domain (38).

Functional Characterization of the E309Q SERCA Mutant—
Whether the pH dependence of the P; reaction is regulated
specifically by ionization of acidic residues involved in Ca*"
binding at the TMBS can be further investigated by character-
ization of the E309Q SERCA mutant (39). In fact, Glu-309 (Fig.
1) contributes two oxygen atoms to binding of the second Ca**
in the SERCA transmembrane region (12). It was previously
reported that a single E309Q mutation interferes with binding
of the second Ca>*, rendering the enzyme unable to form phos-
phorylated intermediate by utilization of ATP in the presence
of Ca>" even though still able to bind the first Ca®>* (40).

Taking advantage of high yield expression by the use of ade-
novirus vectors, we are now able to compare the phosphoryla-
tion levels of various recombinant proteins. We find that phos-
phorylation of E309Q mutant protein with P; occurs with lower
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rates but similar temperature dependence to that observed with
WT SERCA (Fig. 6, A and B). The phosphoenzyme formed at
pH 6.0 in the absence of Ca>* or K" reached approximately the
same levels when the E309Q was used, as compared with WT
Ca®" ATPase (Figs. 6 and 7). In addition, no inhibition by Ca®"
is observed (39), and a K™ effect opposite that observed with
WT protein (Fig. 7) suggests that the effect of bound K* in the
P domain (38) results in different effects in the E309Q mutant,
depending on the pH.

These findings indicate that, at acid pH, the E309Q mutant
resides in a state that is still reactive to P; with a favorable equi-
librium constant but, most importantly, is not sensitive to
Ca?". This mutant conformational state is likely produced by a
hydrogen bonding pattern that is established at pH 6.0 by the
remaining acidic residues at the calcium sites when the Glu-309
acidic chain is absent. When the pH is raised to 7.5, strong
inhibition by Ca®>"* and minor inhibition by K™ are observed
with the E309Q, in analogy to the WT protein (Fig. 7). However,
phosphorylation with P; reaches a high level (contrary to the
effect of high pH on the WT protein), likely related to the
absence of Glu-309 acidic chain ionization. Furthermore, a
most important difference is the inability of the E309Q mutant
to be activated by Ca®>" to allow utilization of ATP. This is
evidently due to interference by the single E309Q mutation
with binding of the second Ca®" that is required for enzyme
activation (40). On the other hand, binding of the first calcium
(atalkaline pH) is sufficient to interfere with phosphorylation of
the E309Q mutant by P,.

Experiments on Copper ATPase Phosphorylation with P—
We were not able to obtain significant levels of reverse phos-
phorylation of ATP7A or -B with P, when, in analogy to calcium
chelation with EGTA, we added BCS to chelate copper in our
experiments with ATP7A or -B (Fig. 8). A most interesting
result was obtained when the ATP7B A5 mutant (in which a
large NMBD segment, including the first five copper binding
sites, had been deleted) was used. The A5 construct yields low
expression levels in COSI cells unless proteasome-mediated
degradation is inhibited pharmacologically. However, the A5
protein obtained without pharmacologic protection is still able
to form EP by utilization of ATP and to sustain its hydrolytic
cleavage, similarly to WT ATP7B or -A (Fig. 8) (33). Further-
more, EP formation by the A5 protein shows less temperature
dependence than EP formation by ATP7B.

Contrary to WT ATP7A and -B, the A5 protein undergoes
reverse phosphorylation by P, both in the presence and in the
absence of copper (Fig. 8). This demonstrates that the NMBD
has a key role in determining orientation and flexibility of the
ATP7A/B headpiece domains, with a strong influence on the P
domain specific reactivity to ATP or P;. The lack of copper
sensitivity for the P, reaction is evidently due to removal of the
five NMBD copper sites, whereas the copper dependence of the
ATP reaction is due to the remaining TMBS copper binding. It
is also interesting that ATP utilization by the A5 protein yields
negligible alkali stable phosphorylation (Fig. 84). This may be
partly due to deletion of some of the serine residues undergoing
phosphorylation (Fig. 1) but also to interference by the A5 dele-
tion with docking of protein kinase C.
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FIGURE 8. Functional behavior of A5 ATP7B (large NMBD segment
deleted). A and B, formation of [y->P]phosphoenzyme after [y-*?P]ATP utili-
zation by A5 ATP7B and decay of [y->?P]phosphoenzyme after a chase with
excess nonradioactive ATP. The experiments were performed at pH 6.0 and
10 °C temperature as described in the legend to Fig. 4. The low phosphoen-
zyme levels are due to low concentration of expressed protein in the micro-
somes of the infected COS-1 cells. C, electrophoretic demonstration of phos-
phoenzyme formation through utilization of [y->?P]ATP or [*P]P, by SERCA,
ATP7A, ATP7B, and A5 ATP7B is shown. Microsomes derived from COS1 cells
expressing SERCA were incubated with 50 um [y->?P]JATP for 5sat30°Cina
reaction mixture containing 50 mm MES (pH 6.0), 3 mm MgCl,, 100 mm KCl, and
10 um CaCl, or 2 mm EGTA as indicated. Microsomes derived from COS1 cells
expressing ATP7A, ATP7B, or A5 ATP7B mutant protein were incubated with
50 uMm [y->?P]ATP for 5 s at 30 °C in a reaction mixture containing 50 mm MES,
pH 6.0, 300 mm KCl, 10 mm DTT, 3 mm MgCl,, and 5 um CuCl, or 2 mm BCS as
indicated. Alternatively, microsomes derived from COS1 cells expressing
SERCA were incubated with 50 um [*PIP; for 2 min at 30°C in a reaction
mixture containing 50 mm MES, pH 6.0, 10 mm MgCl,, 20% Me,SO,, and 1 mm
CaCl, or 2 mm EGTA as indicated. Microsomes derived from COS1 cells
expressing ATP7A, ATP7B, or A5 ATP7B mutant protein were incubated with
50 um [y->2P]P; for 2 min at 30 °C in a reaction mixture containing 50 mm MES
(pH 6.0), 10 mm DTT, 10 mm MgCl,, 20% Me,SO,, and 5 um CuCl, or 2 mm BCS
as indicated. The reactions were acid-quenched, and the samples were pro-
cessed for determination of radioactive protein by electrophoretic analysis
and detection of radioactivity. It is noteworthy that no kinase-mediated Ser/
Thr phosphorylation was noted when P; rather than ATP was used as a
substrate.

DISCUSSION

The experiments reported above offer a comparative charac-
terization of the SERCA and ATP7A/B mechanisms, which we
relate here to known structural features (available in greater
detail for SERCA) and may also be helpful to explain further
structural information on WT and mutant proteins as it will be
obtained.

SERCA crystal structures show that the headpiece domains
are widely separated in the transition from E2 to E1-2Ca** and
approximate again upon nucleotide binding and formation of
E1-P (12,41, 42). Bending and rotation of the headpieces occur
in conjunction with related displacement of membrane-bound
segments. Our experiments demonstrate that the rate of
SERCA activation by Ca®" is rate-limiting for phosphorylation
by ATP. The activation rate is slower at acid than at alkaline pH
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but is affected very little by raising the temperature (Fig. 3). This
indicates that, in the native membrane environment, the rate of
2H"E2 transition to E1 has rather low dependence on activa-
tion energy.

On the other hand, the high temperature dependence of
phosphoenzyme decay (Fig. 3) and reverse phosphorylation by
P, (Fig. 6) indicate that conformational constraints limiting
related transitions are sensitive to temperature-dependent acti-
vation energy in addition to being driven by phosphorylation-
related potential energy as E1-P converts to E2-P. Diverse con-
formations of intermediate states (or analogs thereof) have
been revealed by crystallography, indicating structural features
involved in isomerization of E1-P to E2-P, cleavage of P, and
return of E2 to E1 (8, 9). From the functional point of view,
sequential transitions of these intermediate conformations
yield vectorial translocation and release of bound Ca*" in
exchange for luminal H™ (29, 43—45).

Relevance of acidic residues was first indicated by the pH
dependence of Ca*>"* binding to SERCA in the absence of ATP,
with affinity increasing from pH 6 to 8 (46, 47). Mutational
analysis (39, 40, 48) and high resolution crystallography (12)
then demonstrated that, within the membrane-bound region,
Ca®" binding at site I (Fig. 9) involves the side chain oxygen
atoms of Asn-768, Glu-771 (M5), Thr-799, Asp-800 (M6), and
Glu-908 (M8), and two water molecules. Ca>" binding at site II
(Fig. 9) involves three main chain carbonyls derived from partly
unwound M4 helix, Asn-796 and Asp-800 side chain oxygen
atoms (M6), and two capping oxygen atoms from Glu-309
(M4). A stable conformation (E1) is thereby obtained due to
high affinity Ca®>* binding.

In the absence of Ca®*, a different conformation (E2) is
acquired by SERCA. For structural studies by crystallization,
the E2 conformation has been stabilized by binding of inhibi-
tors such as thapsigargin (42) and dibutyldihydroxybenzene
(44). However, it is important to consider that in the native
membrane and in the absence of inhibitors, orientation and
protonation of acidic chains as well as related hydrogen bond-
ing patterns provide conformational stability for the Ca*" -free
state (Fig. 9 as demonstrated in Obara et al. (44). Molecular
dynamics calculations yield pKvalues allowing protonation (44,
49, 50) of three or four acidic residues (Glu-309, Glu-771, Glu-
908, and Asp-800) and permitting hydrogen bonding that
would be optimal at pH 6. On the other hand, in the absence of
Ca®", alkaline pH interferes with hydrogen bonding at the cal-
cium site and consequently yields conformational destabiliza-
tion (44, 50). Experiments with fluorescent styryl dyes and anal-
ysis of pH jump-induced relaxation process have shown a
conformational transition of the empty E2-P as the pH is raised,
attributed to a reversible inactivated state (51).

The experiments reported here indicate that the acidic resi-
dues in the transmembrane calcium binding domain region
sustain an important role in conformational transitions perti-
nent to enzyme activation and transduction mechanism. In
fact, the faster rate of SERCA activation observed when Ca®"
and ATP are added to SERCA previously exposed to alkaline
pH (Fig. 3) demonstrates that dissociation of H" from acidic
residues accelerates the transition from E2 to E1. Furthermore,
after ATP utilization at acid and to some extent at neutral pH,

32724 JOURNAL OF BIOLOGICAL CHEMISTRY

E1-2Ca*

W794

H944

FIGURE 9. Diagram of the SERCA Ca* binding sitesinthe E1-2Ca®* and in
the E2 state stabilized by thapsigargin (TG) and dibutyldihydroxyben-
zene (BHQ) (44) based on crystallography (12, 42) and continuum of elec-
trostatic calculations. The larger cyan spheres in the upper diagram represent
bound Ca®" (I and Il), and the small red spheres represent water. Small red
circles represent bound protons, dotted pink lines represent hydrogen bonds,
and green dotted lines represent Ca®>* coordination. The arrows indicate pos-
sible movements upon state transition. Data are derived from Obara et al.
(44).

protonation of acidic residues occurs as a consequence of
Ca®"/H™" exchange upon Ca’>" release from E2-P (43, 45), as
also shown by charge movement observed in single cycle exper-
iments (Fig. 5). At alkaline pH, Ca>*/H™ exchange and proto-
nation of acidic residues occurs less or not at all, whereas Ca®*
may exchange with K" as long as the luminal Ca®* concentra-
tion is low (Fig. 5; see also Musgaard et al. (50) or may remain
bound to the transport sites when the luminal Ca®>" concentra-
tion rises. Alteration of Ca>*/H " exchange results in low trans-
port efficiency.

It is noteworthy that although pH and concentrations of var-
ious ligands may be optimized to favor crystallization or bio-
chemical events under experimental conditions, pH and con-
centrations of ligands (except Ca®>*) do not change under
physiological conditions. Protonation and ionization are then
determined by changes in pK as acidic residues of the pathway
face the lumenal or the cytosolic surface of the membrane (52).
Therefore, Ca2" /H" exchange and protonation of acidic resi-
dues sustain an important role in conformational transitions
and selective ion movements within the transport cycle. In
analogy to the calcium-occluded state, a proton-occluded state
has been proposed (53) based on structural studies of E2-AIF,
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crystals. We conclude that the transmembrane Ca®>* binding
region, in addition to its linkage to phosphorylation of the cyto-
solic head for energy transduction, behaves as a H " -gated Ca*"
pathway for efficient translocation of Ca>". A requirement for
specific conformational transitions of this pathway was demon-
strated by interference with the neighboring Cys-876 —Cys-888
disulfide bond, which produces inhibition of Ca®>* transport,
whereas full ATPase activity is retained (54).

Functional characterization of the E309Q mutant reveals
interesting details on the conformational effects of protonated
acidic residues at the calcium sites. We see that the mutant
protein retains the ability to form phosphoenzyme by utiliza-
tion of P; at pH 6.0 (Figs. 6 and 7), as expected of the E2 state.
Yet, using the proteolytic digestion analysis originally intro-
duced by (55), we previously demonstrated that the E309Q
mutation favors an A domain position similar to that of E1 (32)
rather than E2, even in the absence of Ca®>*. This does not mean
that the entire conformation is E1-like, as shown by its reactiv-
ity to P, (Fig. 7). It is apparent that this peculiar conformation of
the mutant is stabilized by a hydrogen bonding pattern estab-
lished by the remaining residues (Glu-771, Asp-800, and Glu-
908) at acid pH. Therefore, in WT SERCA, the E2 state must be
maintained specifically by the protonated Glu-309 residue in a
rather strained conformation and, if the Glu-309 H* is dissoci-
ated by raising the pH, the enzyme shifts to the E1 state. If the
residual hydrogen bonding pattern of the E309Q protein is
interfered with by raising the pH to 7.5, the mutant acquires
Ca®" sensitivity analogous to that of WT protein, with regard to
inhibition of reverse phosphorylation with P; (Fig. 7). However,
even at alkaline pH, ATP cannot be utilized by the E309Q
mutant upon the addition of Ca®>* as the second Ca®" is not
bound by the mutant at any pH. It is apparent that, in the WT
protein, the acidic function of Glu-309 has conformational
implications in the absence as well as in the presence of Ca®*. It
is certainly involved in the E, to E; transition, binding the sec-
ond Ca”" required for catalytic activation, and occlusion of the
bound Ca”>* upon formation of phosphorylated intermediate
(56).

In comparative experiments we found that, contrary to
SERCA, the rate of phosphoenzyme formation by ATP7B is
highly temperature-dependent (Fig. 4C), whereas the rate of
phosphoenzyme decay has a low temperature dependence (Fig.
4E). For this reason, the steady state levels of phosphoenzyme
are lower at low temperature for ATP7B, whereas they are
higher for SERCA. This suggests that overcoming conforma-
tional constraints, related to headpiece interactions with the
NMBD (which is not present in SERCA), requires significant
energy of activation to reach the phosphorylated state. These
constraints pose a significant limit to initiation of the cycle as
compared with SERCA, as also demonstrated by the slower
kinetics of ATP-dependent charge transfer (Fig. 5).

Another interesting phenomenon is the lack of reverse
ATP7B phosphorylation with P,, suggesting that copper chela-
tion with BCS and dissociation from the NMBD sites favors
interactions of the NMBD chain with the enzyme headpiece
that interfere with the phosphorylation reaction. In fact, dele-
tion of a large segment of the NMBD allows the deleted protein
(A5) to undergo phosphorylation by P; (Fig. 8). This is in agree-
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ment with previous studies with Thermotoga maritima (CopA)
copper ATPase (57), where the NMBD is much shorter (a single
metal binding site) than that of ATP7B (six metal binding sites),
and the enzyme yields high phosphorylation levels with P,. Fur-
thermore, the ability of the A5 protein to utilize ATP (Fig. 8)
suggests that the deleted NMBD segment (five of six copper
sites) is not necessary for catalytic activity. Its function may be
related to favoring ATP7A/B interaction with other proteins
involved in cellular copper homeostasis.

Finally, contrary to SERCA, net charge transfer by ATP7A or
-Bis not altered by raising the pH and is not reduced by K™ (Fig.
5). This indicates that cation/H " exchange at the transport site
does not play a role in copper release. In fact, structural studies
of Legionella pneumophila (CopA) copper ATPase (58) do not
reveal obvious involvement of acidic chains in the release phase
of copper transport. Other specific mechanisms may be
involved in promoting copper release from intramembrane
sites of the copper ATPase, such as revealed by experiments on
the Met-672—Pro-707 lumenal loop (59).

In conclusion, we find that comparative experiments with
mammalian copper ATPases demonstrate distinctive mecha-
nistic features whose knowledge complements the limited
information as yet available on high resolution structure for this
enzyme. Conformational constraints limiting the rate of initial
phosphoenzyme intermediate formation by utilization of ATP
and sensitivity to temperature-dependent activation energy are
evidently related to interactions of the headpiece domains with
the NMBD extension, which is not present in SERCA. These
interactions are also reflected by the reverse phosphorylation
reaction with P. On the other hand, the low temperature
dependence of phosphoenzyme turnover and the lack of H*
exchange suggest that greater conformational changes are sus-
tained in concomitance with phosphorylation by ATP and
comparatively less for copper release from the phosphoenzyme.
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