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Recombinant and purified Thermotoga maritima CopA sus-
tains ATPase velocity of 1.78-2.73 umol/mg/min in the pres-
ence of Cu* (pH 6, 60 °C) and 0.03—0.08 umol/mg/min in the
absence of Cu™. High levels of enzyme phosphorylation are
obtained by utilization of [y->’P]ATP in the absence of Cu™.
This phosphoenzyme decays at a much slower rate than
observed with Cu-E1 ~ P. In fact, the phosphoenzyme is reduced
to much lower steady state levels upon addition of Cu*, due to
rapid hydrolytic cleavage. Negligible ATPase turnover is sus-
tained by CopA following deletion of its N-metal binding
domain (ANMBD) or mutation of NMBD cysteines (CXXC).
Nevertheless, high levels of phosphoenzyme are obtained by uti-
lization of [ y-3>?P]ATP by the ANMBD and CXXC mutants, with
no effect of Cu™ either on its formation or hydrolytic cleavage.
Phosphoenzyme formation (E2P) can also be obtained by utili-
zation of P;, and this reaction is inhibited by Cu* (E2 to E1 tran-
sition) even in the ANMBD mutant, evidently due to Cu™ bind-
ing at a (transport) site other than the NMBD. E2P undergoes
hydrolytic cleavage faster in ANMBD and slower in CXXC
mutant. We propose that Cu* binding to the NMBD is required
to produce an “active” conformation of CopA, whereby addi-
tional Cu* bound to an alternate (transmembrane transport)
site initiates faster cycles including formation of Cu-E1 ~ P, fol-
lowed by the E1 ~ P to E2-P conformational transition and
hydrolytic cleavage of phosphate. An H479Q mutation (analo-
gous to one found in Wilson disease) renders CopA unable to
utilize ATP, whereas phosphorylation by P; is retained.

Cation transport ATPases utilize ATP-free energy for transport
of specific ions across biological membranes, against electrochem-
ical gradients. They are referred to as P-type ATPases when
enzyme phosphorylation, obtained by phosphoryl transfer from
ATP to the enzyme protein, is an obligatory intermediate step in
the mechanism of ATP utilization and coupled cation transport
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(1-3). The P-type ATPase family is divided into five branches
referred to as I-V (4), including the important PII-type ATPases,
which are specific for H*, Na™, K", and Ca>*, and a PIB subgroup
that includes ATPases for transport of heavy metals ions such as
Cu*, Cu**, Zn**, Pb**, Cd**, and Co** (5). The PIB ATPases
sustain important roles in accumulation and tolerance of heavy
metal in biological systems (6 —8), as well as for delivery of copper
to metalloenzymes (9). Two ATPases of this subgroup serve as
copper transporters in humans (10). Mutations of these proteins
are involved in the etiology of Menkes and Wilson diseases (8,
11-13). The catalytic mechanism of the PIB ATPases has been the
subject of preliminary studies (14-19).

For a comparative evaluation, it is useful to consider that the
structure of PII-type ATPases, originally established for the
Ca®"-ATPase by sequence analysis (20) and crystallography
(21), includes three cytosolic domains referred to as N (nucle-
otide binding), P (phosphorylation), and A (actuator) domains,
and 10 transmembrane helices containing the specific cation
binding site for catalytic activation and transport. On the other
hand, the structure of the PIB Cu”-ATPases has been deter-
mined only for the cytosolic region (22—24). Nevertheless, anal-
ogy with the PII ATPases structure has been clearly demon-
strated (25), including three cytosolic domains and 8 (rather
than 10) transmembrane segments. The 4th to 8th transmem-
brane segments bear resemblance to the corresponding Ca**
ATPase segments, but the 1st to 3rd are rather different. A
specific feature of the PIB ATPases is the presence of an N-ter-
minal segment containing GMXCXXC motifs (26) that are evi-
dently able to bind heavy metals and may serve as acceptors for
metallochaperone-bound copper (27-29) and/or may have a
copper-dependent regulatory role on enzyme activity (30).

The copper ATPase of the thermophilic Archaeoglobus fulgidus
has proved to be a convenient protein for mechanistic studies (31—
33), due to its heterologous expression and purification, and its
stability. Expression and purification of a CopA homolog from
Thermotoga maritima (34) (NCB accession number AE000512)
was previously reported, including proteolytic digestion studies of
domain organization and movements concomitant with catalytic
activation (35). The protein comprises 726 amino acids, and
includes only a single CXXC motif at its N-terminal (NMBD).> We

2 The abbreviations used are: NMBD, N-metal binding domain; MOPS, 3-(N-
morpholino)propanesulfonic acid; WT, wild type; DDM, n-dodecyl-B-p-
maltoside; BCS, bathocuproine disulfonate; MES, 4-morpholinethanesul-
fonic acid; DTT, dithiothrietol; ICP-MS, inductively coupled plasma mass
spectrometry; SERCA, sarcoendoplasmic reticulum Ca®* ATPase.
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FIGURE 1. CopA constructs used in our experiments. Full-length CopA (WT,
CXXC mutant, H479Q mutant) consists of 762 residues including a 36-residue
extension (MGGSHHHHHHGMASMTGGQQMGRDLYDDDDKDPSSR) at the N
terminus. The CXXC mutant has two substitutions (C27A and C30A). In the
ANMBD, 90 residues ('Met-°Glu) were removed and a 10-residue extension
(MDHHHHHHLE) was attached to the N terminus. The molecular weights are
83,361 (WT), 83,297 (CXXC mutant), 83,352 (H479Q mutant), 70,922 (ANMBD).

have now performed detailed measurements of intermediate
phosphorylation reactions with ATP or P, as substrates, using W'T
CopA, protein with NMBD deletion, protein with CXXC muta-
tion, and also protein with a H479Q mutation, which is analogous
(36) to a mutation reported to occur in Wilson disease.

MATERIALS AND METHODS
Preparations of Proteins

Overexpression of T. maritima CopA (TMO0317) in Esche-
richia coli and purification of the expressed protein was previ-
ously described (35). The CopA constructs used in this study
are shown in Fig. 1. The purified protein was suspended in a
buffer containing 0.5 M NaCl, 20% (w/v) glycerol, and 50 mm
MOPS/NaOH, pH 7.0, and stored at —80 °C. For all experi-
ments the protein (0.5 mg/ml) was reduced by exposure (1 h on
ice) to 2 mm DTT in 20 mm MOPS, pH 7, 20% glycerol, and
0.01% DDM. Sarcoplasmic reticulum vesicles containing the
SERCAT1 isoform of the Ca®>*-ATPase were obtained from rab-
bit skeletal muscle as described by Eletr and Inesi (37).

Preparation of Lipids

20 wl of egg yolk phosphatidylcholine (100 mg/ml in chlo-
roform) was dried under vacuum. 1 ml of 10 mm MOPS, pH
7, was added and sonicated until disappearance of visible
lipid particles.

ATPase Measurements

Reaction Mixture—The reaction mixture was 50 mm MES/
triethanolamine, pH 6.0, 30% glycerol, 2.0 mm sodium azide, 0.5
mM DTT, 10 mm cysteine/Tris, pH 6.0, 5 mm MgCl,, 0.01%
DDM, 25 ug/ml phosphatidylcholine and either 1 mm BCS or
added CuCl, (40 M in most experiments).

Procedure—We added 25 ul of reduced protein to 450 ul of
reaction mixture (with 1 mm BCS or 40 um CuCl,). The final
concentration was 25 ug/ml with a temperature of 60 °C. The
reaction was started by addition of 25 ul of 50 mm ATP (2.5 mm
final concentration). 50-ul samples at 30, 60, 90, 120, and 150 s
for colorimetric P; determination (38) were removed.
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Phosphorylation with ATP

Reaction Mixture—The reaction mixture was 50 mm MES/
triethanolamine, pH 6.0, 30% glycerol, 0.5 mm DTT, 10 mm
cysteine/Tris, pH 6.0, 5 mm MgCl,, 0.01% DDM, 25 ug/ml
phosphatidylcholine and either 1 mm BCS or 40 um CuCl,.

Procedure—To 900 ul of reaction mixture (with 1 mm BCS or
40 pum CuCl,) at 60 °C was added 50 ul of 0.5 mm [y->?P]ATP
(25 M final concentration). To the mixture we added 50 ul of
reduced protein and quenched the solution with 5 ml of 3%
trichloroacetic acid and then filtered the mixture. The incuba-
tion times were 0, 5, 10, 20, 30, 60, 120, and 300 s.

Alternatively, 50 ul of reduced protein was added to 900 ul of
reaction mixture (with 1 mm BCS or 40 um CuCl,) at 60 °C. In
some cases, this mixture was incubated with 1 mm BCS for 3 h
at 37 °C. Subsequently, the mixture was transferred to a bath at
60 °C, and 50 ul of 0.5 mm [y->*P]ATP was added (25 uM final
concentration) and quenched with 5 ml of 3% tricholoroacetic
acid and then filtered. The incubation times were 0, 5, 10, 20, 30,
60, 120, and 300 s.

The quenched samples were passed through 0.45-um Mil-
lipore filters, which were then blotted and processed for
radioactivity determination by liquid scintillation counting.
For electrophoretic analysis of the phosphorylated protein,
the quenched samples were centrifuged at 5,000 X g for 20
min, and the sediments were dissolved in 2.5% lithium dode-
cylsulfate, 0.5% B-mercaptoethanol, 3% sucrose, and 0.1 mg
of bromphenol blue/ml. An aliquot of the dissolved protein
was subjected to gel electrophoresis at pH 6.3 (39), and the
gels were finally stained with Coomassie Blue R-250, or
scanned for phosphorimaging.

In some experiments the filtrate was treated with activated
charcoal for removal of nucleotide, the charcoal was removed
by filtration, and the [y-**P]P, in the supernatant was isolated
by ammonium molybdate isobutyl alcohol/benzene extraction
(40). An aliquot was then used for determination of [y->*P]P, by
scintillation counting and assessment of ATPase hydrolytic
activity in parallel with phosphoenzyme formation.

Phosphorylation with P;

The reaction mixture was 50 mm MES/triethanolamine, pH
6.0, 20% Me,SO, 0.5 mm DTT, 10 mm cysteine/Tris, pH 6.0, 5
mm MgCl,, 0.01% DDM, 25 ug/ml phosphatidylcholine, and
either 1 mm BCS or 40 um CuCl,,. Following incubation with 50
uM [*2P]P, for various times, the samples were quenched, fil-
tered, and the phosphorylated protein on the filters was exam-
ined as described above.

Phosphoenzyme Decay

Maximal levels of phosphorylation were first obtained by
preincubation with [y-3*P]ATP (25 umM final concentration) or
[*?P]P, (50 um final concentration) in the absence of Cu*" or
BCS. A chase with 1 mm nonradioactive ATP or P; was then
performed, and samples were quenched with acid at various
time intervals and processed as described above for determina-
tion of residual [**P]phosphoenzyme.
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TABLE 1

Steady state ATPase activity of WT CopA at pH 6 or 7, in the presence
of 40 um CuCl, or in the absence of Cu™ (1 mm BCS present)

pH Temperature Cu** ATPase
°C M wmol/mg/min
6 60 40 1.78-2.73
6 60 0.03-0.08
6 40 40 0.23-0.26
6 40 0.004-0.005
7 60 40 0.26-0.31
7 60 0.10-0.14

Determination of Residual Bound Copper

To establish the efficiency of copper extraction from CopA
with BCS, we incubated CopA protein with 1 mm BCS for 3 h at
37 °C, under the same conditions used for the phosphorylation
experiments with ATP. We then removed the BCS by dialysis
for 16 h with an intermediate dialysis medium change, and sub-
mitted the remaining protein for measurement of residual cop-
per by ICP-MS.

Alternatively, CopA protein was incubated with 1 mm BCS as
described above and 0.9 ml of this protein solution was supple-
mented with 200 ul of 20 mg/ml PC, centrifuged at 217,000 X g
for 30 min, the supernatant discarded, and the pellet re-sus-
pended in 1 ml of wash buffer (50 mm MES/triethanolamine,
pH 6, 30% (w/v) glycerol, 10 mM cysteine, 5 mm MgCl,, and 0.5
mMm DTT, 1 mm BCS). The resuspended sample was then cen-
trifuged again at 217,000 X g for 30 min, the supernatant was
discarded, and the pellet re-suspended in 100 ul of 100 mm
MOPS/triethanolamine, pH 7. This protein mixture was sub-
mitted for measurement of residual copper by ICP-MS.

RESULTS

Steady State ATPase Activity—Determination of ATPase
hydrolytic activity by colorimetric measurement of P; produc-
tion revealed that at 60 °C and pH 6.0, the WT enzyme sus-
tained a steady state velocity of 1.78 —2.73 umol/mg of protein/
min under conditions of maximal activation by Cu™ (assuming
that Cu(I) is produced by the high concentrations of reducing
agents in the reaction mixture) and 0.03—0.08 wmol/mg of pro-
tein/min in the absence of copper (Table 1). A graphic repre-
sentation of ATPase activity in the absence of added copper (1
mM BCS present), or following addition of increasing concen-
trations of CuCl, is given in Fig. 2. As shown in the figure,
maximal activity is obtained in the presence of 5-40 um
(added) CuCl,, as previously reported (35). Considering the
stoichiometry of CopA in our preparation (based on an M,
83,352 for our CopA protein in a nearly pure preparation), the
maximal steady state velocity corresponds to turnover numbers
of ~3.0- 4.0 and 0.05-0.10 s~ ', in the presence or absence of
Cu™, respectively. The activity in the presence of Cu™ was ~10-
fold lower if the measurements were performed at pH 7 rather
than 6, or at a temperature of 40 °C rather than 60 °C (Table 1).

We then studied the ATP concentration dependence of
CopA, in the presence of an ATP regenerating system (to main-
tain steady state activity in the presence of um ATP) and at
40 °C (to prevent denaturation of the regenerating system at
higher temperature). We found significant ATPase activity
with ATP in the micromolar concentration range (see below
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FIGURE 2. Copper dependence of CopA steady state activity. ATPase activ-
ity was measured by colorimetric determination of P, at pH 6.0 and 60 °C (see
“Materials and Methods"). As indicated in the figure, the measurements were
obtained either in the presence of 1 mm BCS or in the absence of BCS follow-
ing addition of incremental concentrations of CuCl,.

phosphoenzyme formation), but much higher activity when the
ATP concentration was raised to the millimolar level. This phe-
nomenon was previously observed with SERCA (41) and attrib-
uted to turnover activation by low affinity ATP binding (42).
We considered the possibility that, under steady state condi-
tions and in the presence of micromolar concentrations, ATP
regeneration may be only partially efficient. However, the same
results were obtained even when the concentration of the ATP
regenerating system was quadrupled. Double-reciprocal plots
of the values obtained with SERCA at 37 °Cyyield V, , = 6.25
wmol/mg/min and K, = 5.04 uM for the low range,and V, , =
15.06 umol/mg/min and K, = 48.24 uM for the high range (Fig.
3A). On the other hand, double-reciprocal plots of the values
obtained with CopA at 40 °C yield V,,,,, = 32.4 nmol/min/mg
and K,,, = 10.0 um for the low range, and a V., = 425 nmol/
min/mg and K,,, = 1.54 mM for the high range (Fig. 3B).

The steady state ATPase turnover (at 60 °C) of the ANMBD
protein (i.e. deprived of N terminus Cu™ binding sequence) was
very low in the presence (0.24 wmol/mg/min) or absence of
copper. Furthermore, the turnovers of CXXC (mutations of
NMBD cysteines involved in copper binding) and H479Q (cor-
responding to a mutation of the copper ATPase ATP7B in Wil-
son disease (36)) were even lower (data not shown).

Phosphorylation by Utilization of ATP—As previously
observed with the A. fulgidus CopA (31, 33), we find that the 7.
maritima CopA is phosphorylated by ATP. Depending on the
preparation of WT protein, the maximal levels of phosphoen-
zyme obtained in our experiments vary between 5 and 10
nmol/mg of protein. These levels are much higher than
obtained previously and (considering an 83 kDa for the purified
CopA preparation) nearly match the stoichiometry of the
ATPase protein. We find that when [y-**P]ATP (25 um final
concentration) is added to WT protein in the absence of Cu™ (1
mM BCS present), acid stable phosphorylation reaches maximal
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FIGURE 3. Double-reciprocal plots of SERCA (A) and CopA (B) steady state
hydrolytic activity as a function of ATP concentration. A, the reaction was
started at 37 °C by addition of various concentrations of ATP to a medium
containing 50 mm KCl, 50 mm MOPS, pH 7, 80 mm KCl, 3 mm MgCl,, 20 um
CaCl,, 1T um A12387 (Ca®" ionophore), 1 mm phosphoenolpyruvate, 50
g/ml pyruvate kinase, and 30 ug of SR protein/ml. B, the reaction was
started at 40 °C by addition of various concentrations of ATP to a medium
containing 50 mm MES/triethanolamine, pH 6.0, 30% glycerol, 2.0 mm
sodium azide, 0.5 mm DTT, 10 mm cysteine/Tris, pH 6.0, 5 mm MgCl,, 0.01%
DDM, 25 ug/ml phosphatidylcholine, 40 um CuCl,, 1T mm phosphoenol-
pyruvate, 50 g/ml pyruvate kinase, and 25 ng of reduced CopA protein/ml.
Samples were taken at various time intervals for colorimetric determina-
tion of P, whereby linear plots of steady state velocity were obtained. The
unit of velocity is nanomole/mg/min.
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FIGURE 4. Phosphoenzyme formation by utilization of ATP. A, the reaction
was started by addition of 25 um [y->2P]JATP to WT CopA in the presence of 1
mm BCS (absence of Cu™) (@), with 40 um CuCl, added in conjunction with
[y->2P]ATP (O), or by addition of [y->2P]ATP following a 2-min preincubation
with 40 um Cu? ™" (V). Temperature was 60 °C. B, initial velocity of phosphoen-
zyme formation as a function of ATP concentration. CopA was preincubated
for 2 min with 1 mm BCS before addition of [y->?P]JATP. Temperature was
40 °C. See “Materials and Methods” for reaction mixtures.

levels with an approximate half-time of 5s at 60 °C (Fig.4A). For
the same preparation, the maximal phosphoenzyme levels were
10-15% higher if the protein was preincubated for 3 h with 1
mM BCS at 37 °C, before transfer to a 60 °C bath and addition of
[y->*P]ATP. To exclude the presence of residual copper in sig-
nificant quantity, we incubated CopA protein with 1 mm BCS
for 3 h at 37 °C, under the same conditions used for the phos-
phorylation experiments with ATP. Then we removed the BCS
as described under “Materials and Methods,” and submitted the
remaining protein for measurement of residual copper by ICP-
MS. A water sample run as a control yielded no detectable level.
A copper standard run at the same time yielded 97% of the
expected value. The copper levels found in different prepara-
tions of CopA protein treated with BCS were hardly above the
minimal detectable signal, and varied between 0.0001 and 0.02
mol of copper per mol of CopA. Considering the unavoidable
variability of hardly detectable levels, we conclude that the
residual copper in samples treated with BCS is negligible. This
is in agreement with functional experiments, demonstrating
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formation of E2-P by utilization of P, which is then inhibited by
addition of copper (see below, Fig. 9).

If [y-**P]ATP was added to WT protein preincubated with
Cu™, a phosphorylation level of 1 nmol/mg of protein was
reached within 2 s (Fig. 44). However, such a low level did not
increase any further, suggesting that a low steady state level of
phosphoenzyme was determined by Cu™ activation of hydro-
lytic cleavage. In fact, if [y-**P]ATP and copper were added
simultaneously to the WT protein, a relatively high level of
enzyme phosphorylation was obtained within 30 s, but the
phosphoenzyme level decayed thereafter (Fig. 44). This reduc-
tion is evidently due to activation of the hydrolytic cleavage by
Cu™, whereby lower steady state levels of phosphoenzyme are
established.

The ATP concentration dependence of phosphoenzyme for-
mation was determined by measuring initial velocities at 40 °C
and in the absence of Cu™. A plot of the phosphorylation veloc-
ity versus ATP concentration (Fig. 4B) yields a V., value of
0.465 nmol/s (~30 nmol/min) per mg of protein (at 40 °C and in
the absence of Cu™), with an apparent K, value of 9.05 um. A
similar K, value was obtained by Mandal et al. (31) for phos-
phorylation of A. fulgidus CopA under conditions of silver acti-
vation. In agreement with these findings, Rice et al (33)
obtained maximal levels of phosphorylation using ATP con-
centrations within the micromolar range. It should be pointed
out that the phosphoenzyme levels obtained in our experiments
with T. maritima CopA (in the absence of Cu™) are 4 —5-fold
higher than those observed by us in the presence of Cu™, and
reported for A. fulgidus CopA using silver activation (31). In
addition, we found that, whereas phosphoenzyme formation
and ATPase activity in the presence of copper were highly
dependent on the presence of millimolar Mg>", the rate of
phosphoenzyme formation in the absence of copper was faster
in the presence of Mg>", but high levels of phosphoenzyme
could be obtained even in the absence of Mg>", albeit at a
slower rate (data not shown).

To ensure that the radioactive protein measured in the phos-
phorylation experiments corresponded only to the ATPase, we
examined the phosphoenzyme on electrophoretic gels, com-
paring the protein stain and autoradiography of WT SERCA
and WT CopA following reaction with [y-*>’P]ATP (Fig. 5).
Reassuringly, the radioactive band is identified with the enzyme
protein band in both cases. Furthermore, it is clear that Ca®* is
an absolute requirement for SERCA phosphorylation, whereas
Cu™ is not required for phosphorylation of CopA. In fact, the
CopA radioactive band is much weaker in the presence than in
the absence of Cu™.

Because the experiments illustrated in Figs. 4 and 5 suggest
that the steady state level of the WT CopA phosphoenzyme
obtained in the absence of copper is reduced by addition of
copper through activation of its hydrolytic cleavage, we com-
pared the pre-steady state behavior of SERCA and CopA upon
sequential addition of ATP and activating cation. It is shown in
Fig. 6A that addition of [y->>P]JATP to SERCA in the absence of
Ca®" yields neither phosphoenzyme nor P,. A sudden burst of
phosphoenzyme is then obtained upon addition of Ca>", fol-
lowed by steady state P; production. On the contrary, addition
of [y->’P]ATP to CopA in the absence of Cu™ (Fig. 6B) is fol-
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lowed immediately by phosphoenzyme formation, but no P,
production. Addition of Cu™ then yields a P, burst concomitant
with a conspicuous reduction of the phosphoenzyme, followed
by steady state P; production and a lower EP level.

With regard to the behavior of mutants, we found that when
[y-**P]ATP is added to the ANMBD protein, phosphorylation
occurs at a very fast rate (rate constant > 1 s~ ') either in the
absence or presence of Cu™, reaching levels (8 —12 nmol/mg of
protein, depending on the preparation) that nearly match the
stoichiometry of the enzyme in the reaction mixture (Fig. 7A).
Similarly, the CXXC mutant is phosphorylated by [y->*>P]JATP

SERCA CopA

Ca*t Ca?t cut cut
- + - + - + - +
E [—y— - o
e w .
L ) - p—
- . -
- -
Protein E-P Protein E-P

FIGURE 5. Electrophoretic analysis of Ca>*-ATPase (SERCA) and CopA fol-
lowing phosphorylation with [y-3>?P]ATP. The gels were either stained with
Coomassie Blue to evidence protein bands, or scanned with a phosphorim-
ager to detect radioactive phosphoenzyme. The reaction with 25 um
[y->2P]ATP was allowed to proceed under conditions yielding the highest
steady state levels of phosphorylation for each protein. SERCA, 5 sinice in the
presence of 50 mm MOPS, pH 7, 80 mm KCl, 1 mm MgCl,, and 20 um CaCl, or 1
mm EGTA. CopA, 3 min at 60 °C, in the presence of 50 mm MES/triethanol-
amine, pH 6.0, 30% glycerol, 0.5 mm DTT, 10 mm cysteine/Tris, pH 6.0, 5 mm
MgCl,, 0.01% DDM, 25 ng/ml phosphatidylcholine, and either T mm BCS or 40
M CuCl,. See “Materials and Methods” for details.

CopA Catalytic Cycle

in the absence or presence of Cu™ (Fig. 7B), but at a significantly
lower velocity. These high levels of phosphorylation of either
ANMBD protein or CXXC with ATP are not at all affected by
Cu™. It is apparent that phosphorylation is considerably faster
in the absence (i.e. ANMBD) than in the presence of the NMBD
segment that is unable to bind Cu™. The levels of phosphoryl-
ation (less than 1 nmol/mg of protein) that are obtained with
the H479Q mutant are very low (not shown), suggesting that
this mutation interferes with ATP binding and/or utilization
(36).

If the phosphoenzyme obtained with WT protein by utiliza-
tion of [y->’P]ATP in the absence of copper or BCS is chased
with an excess (1 mMm) of nonradioactive ATP, the radioactive
phosphoenzyme decays with a 0.05 s~ " rate constant at 60 °C
(Fig. 8A). However, if the chase is done with ATP and Cu* (40
uM CuCl, added), the phosphoenzyme level decays in a shorter
time (0.3 s~ ' rate constant: Fig. 84), indicating activation of
hydrolytic cleavage by Cu™. However, this rate constant is
lower (see “Discussion”) than the 3 s~! turnover observed
under steady state conditions in the presence of Cu™ (Table 1).

Decay of the phosphoenzyme obtained with the ANMBD
protein or the CXXC mutant by utilization of [y->**P]ATP in the
absence of Cu™ or BCS is not accelerated by Cu™ (Fig. 8, Band
(), and proceeds at a lower rate in the case of the CXXC mutant.
This demonstrates that Cu™ binding to the NMBD is required
to activate decay of the phosphoenzyme obtained with ATP
(compare Fig. 8, A with Band C). In addition, it is apparent that
the presence of the mutated NMBD (i.e. CXXC mutant) slows
down phosphoenzyme cleavage.

Phosphorylation by Utilization of P,—Phosphorylation of the
Ca®" transport ATPase can be obtained by reversal of the
hydrolytic reaction that normally ends the catalytic cycle (43).
This reaction occurs only in the absence of Ca*>* (i.e. ATPase in
the E2 state), and is inhibited by Ca>" (i.e. the E1 state). Simi-
larly, we found that if [**P]P; is added to WT CopA in the
absence of Cu® (BCS present), enzyme phosphorylation
reaches maximal levels of 4.5-5.0 nmol/mg of protein with an
approximate 0.03 s~ ' rate constant (Fig. 9A). A plot of the phos-
phoenzyme levels obtained follow-
ing equilibration in the presence of

o o increasing concentrations of P,

. - Lo . .

o T BRI 0. s i " 5 and in the absence of Cu™, yields

E " S — | «° o - EP,_.. = 56 nmol/{l;g of protein

3 Z £ ee 3 and K, = 3.3 X 107° m (Fig. 9B).
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FIGURE 6. Pre-steady state behavior of SERCA (A) and CopA (B) upon sequential additions of ATP and
Ca?" or Cu™-SERCA (0.05 mg/ml) preincubated for 15 min in amedium containing 50 mm MOPS, pH 7, 80
mm KCl, 1 mm MgCl,, 1 um A23187 (Ca>* ionophore), and 1 mm EGTA. The reaction was started at 10 °C by
the addition of 25 um [y->?P]JATP and, after 10s, 1.05 mm CaCl, was added. CopA (0.1 mg/ml) was preincubated
at 37 °Cwith 0.1 mmBCS for 2 h, in a reaction mixture as described under “Materials and Methods.” The reaction
was started at 60 °C by the addition of 25 um [y->P]ATP and, after 10's,0.14 mm CuCl, was added. Samples were
taken for determination of phosphoenzyme (®) and P; (O) at the time intervals as indicated. Each time point
shown in the graph is the average of three different determinations. Note the P; burst in concomitance with EP

reduction upon addition of copper.
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Time (seconds)

lower than obtained with ATP. This
is due to the equilibrium character
of the P, experiments, with a con-
stant yielding phosphorylation of
approximately half of the protein
available. On the other hand, the
steady state character of the ATP
reaction pushes the phosphoen-
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FIGURE 7. Phosphorylation of ANMBD (A) and CXXC (B) by utilization of ATP. The reaction was started by
addition of 25 um [y->?P]ATP to ANMBD (A) or CXXC (B). The protein was preincubated with either 1 mm BCS (O)
or 40 um Cudl, (@). See “Materials and Methods” for reaction mixtures. The temperature was 60 °C.
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FIGURE 8. Decay of phosphoenzyme obtained with ATP. The phosphoenzyme was obtained by a 3-min
incubation with 25 um [y->?P]ATP (temperature, 60 °C), using WT (A), ANMBD (B), or CXXC (C) CopA, without
preincubation with Cu™ or BCS. A chase was then started by addition of 1 mm non-radioactive ATP, in conjunc-
tion with 1 mm BCS (O) or 40 um CuCl, (®). The decay reaction was acid quenched at various times as indicated.
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FIGURE 9. Phosphorylation of WT CopA with P; and subsequent decay. A, phosphorylation was started by
the addition of 50 um [>2P]P, to WT CopA in conjunction with 1 mm BCS (@) or 40 um CuCl, (O), or following a
2-min preincubation with 40 um CuCl, (V). B, P, concentration dependence of the phosphoenzyme equilibrium
level, in the presence of 1 mm BCS. Incubation was for 5 min at 60 °C. C, decay was started with a T mm
non-radioactive P; chase added to [*?P]phosphoenzyme obtained by a 5-min incubation with 50 um [*2P]P; in
the absence of both BCS and CuCl, The chase medium contained either 1 mm BCS (®) or 40 um CuCl, (O). The
temperature was 60 °C.

zyme to the limit permitted by the rates of phosphorylation and
hydrolytic cleavage. If [**P]P, is added in conjunction with
CuCl, or the enzyme is preincubated for 2 min with CuCl,, the
phosphorylation level is significantly lower (Fig. 94), suggesting
a Cu™-dependent activation of phosphoenzyme cleavage
and/or a conformational change (E2 to E1) that interferes with
enzyme phosphorylation by P;.

Chase of the [**P]phosphoenzyme with non-radioactive P,
(Fig. 9C) in the absence of Cu™ yields a slow decay of the phos-
phoenzyme level with a 0.015 s~ ' rate constant. Addition of

22546 JOURNAL OF BIOLOGICAL CHEMISTRY

CuCl, with the non-radioactive P,
however, yields much faster phos-
phoenzyme decay, evidently due to
a Cu'-induced conformational
change that affects the rate of phos-
phoenzyme cleavage. This effect of
copper is evidently due to binding to
the NMBD, because no stimulation
by copper is observed with E2-P
obtained with ANMBD protein (see
below Fig 10B; see also “Discussion”
and Scheme 1).

Phosphorylation of the ANMBD
protein by [**P]P, occurs very rap-
idly (Fig. 10A), in analogy to its
phosphorylation by [**P]JATP (Fig.
7A). However, whereas phosphoryl-
ation of the ANMBD protein by
[**P]ATP is not influenced by Cu*
(Fig. 7A), phosphorylation by
[**P]P, is significantly affected,
showing a slow reduction if CuCl, is
added in conjunction with [**P]P,,
and a very low initial level of phos-
phorylation if the protein is prein-
cubated for 2 min with CuCl, before
addition of [**P]P; (Fig. 10A). This is
a very important finding, indicating
that Cu™ induces a conformational
change (E2 to E1) that interferes
with enzyme phosphorylation by P,,
even though the ANMBD copper
binding site is deleted, and even
though the catalytic activation by
Cu™ does not occur in the ANMBD
protein. Therefore, an alternate
transmembrane site (26) is opera-
tive in the absence of NMBD, and its
occupancy by Cu™ induces the E2 to
E1 transition. It is noteworthy that
Gonzales-Guerrero and Arguello
(44) recently reported copper bind-
ing measurements, indicating that
the CopZ chaperone can transfer
Cu™ to A. fulgidus CopA deprived of
the NMBD. Our experiments agree
with this report, and demonstrate
that such binding does in fact

involve the actual transport site (TMBS), inducing the E2 to E1
transition. It should be pointed out that the CopA protein is
used in the presence of detergent and, therefore, such a copper
site is likely to be exposed to the medium even when the enzyme
resides in the E2 conformation. Apparently, under these condi-
tions, Cu™ can reach the transport site even in the absence of
CopZ, albeit at a slower rate.

In related chase experiments (Fig. 10B), hydrolytic cleavage
of the phosphoenzyme obtained with P, and the ANMBD pro-
tein is quite fast, and proceeds directly from E2-P to E2 + P,
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FIGURE 10. Phosphorylation of ANMBD protein with P; and subsequent
decay. A, phosphorylation was started by the addition of 50 um [*?P]P; to
ANMBD in conjunction with either 1 mm BCS (@) or 40 um Cudl, (O), or fol-
lowing a 2-min preincubation with 40 um CuCl, (V). B, decay was started with
a1 mmnon-radioactive P; chase added to [**P]phosphoenzyme obtained by a
5-min equilibration with 50 um [*?P]P; in the absence of both BCS and CuCl,.
The chase medium contained either 1 mm BCS (@) or 40 um Cu®™ (O). The
temperature was 60 °C.
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CuE,l —— CuE,ATP —— CuE,1~PADP
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Cu' — ATP ADP —Cu’
(NMBD) l T

E, —— ATPE, — ADPE,-P —— E;-P

I 1 Slow

11

Pi
SCHEME 1. The diagram suggests that, in the absence of Cu™, CopA resides in
a basal (E,) conformation that utilizes ATP or P; at slow rates. Cu™ binding to
the NMBD induces transition to an active CopA conformation (E,), whereby
additional Cu™ binding to an alternate, transmembrane metal binding (TM-
MBS) transport site allows faster cycles, including the £1 to E2 conformational
transition, faster phosphoenzyme formation and cleavage, and most impor-
tantly transition of £,1 ~ P-Cu™ to E,2 ~ P-Cu™. Whereas binding and disso-
ciation of the latter Cu™ occurs within each fast cycle, CopA activation by Cu™
binding to NMBD occurs with a time constant apparently slower than a single
cycle of the activated enzyme.

with no effect of copper. Note that in this experiment we meas-
ure only decay of already formed [**P]E2-P, whereas no
[*>P]E2-P is formed that may be affected by re-equilibration of
E2to E1 following the addition of Cu®>" in conjunction with the
nonradioactive P; chase.

Phosphorylation of the CXXC mutant by P; occurs at a slow
rate (Fig. 11A), and is affected very slowly by copper even if the
protein is preincubated for 2 min with copper before addition of
[*?P]P,. Cleavage of the phosphoenzyme also occurs very
slowly, and is not affected by copper (Fig. 11B). It is therefore
apparent that the presence of the NMBD segment produces
kinetic inhibition (compare with Fig. 10), which is only relieved
if copper is allowed to bind.

Finally, we found that phosphorylation of the H479Q mutant
with [*?P]P, proceeds in the absence or presence of copper (Fig.
12A) essentially as that of the WT in the absence of copper (Fig.
9A). This demonstrates that the lack of H479Q mutant phos-
phorylation by ATP is due to interference of the H479Q muta-
tion with ATP positioning within the phosphorylation site (36),
rather than the catalytic chemistry of phosphorylation. In fact,
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FIGURE 11. Phosphorylation of CXXC protein with P, and subsequent
decay. A, phosphorylation was started by the addition of 50 um [*2P]P; to the
CXXC mutant in the presence of either 1 mm BCS (@) or 40 um CuCl, (O), or
following a 2-min preincubation with 40 um Cu®* (V). B, decay was started by
addition of 1 mm non-radioactive P; chase to [*?P]phosphoenzyme obtained
by a 5-min equilibration with 50 um [*?P]P; in the absence of both BCS and
CuCl,,. The chase medium contained either 1 mm BCS (@) or 40 um Cu?* (O).
The temperature was 60 °C.
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FIGURE 12. Phosphorylation of H479Q mutant with P;, and subsequent
decay. A, phosphorylation was started by the addition of 50 um [*?PIP; to
H479Q in conjunction with either 1 mm BCS (@) or 40 um CuCl, (O). B, decay
was started with a 1 mm non-radioactive P; chase added to [*?P]phosphoen-
zyme obtained by a 5-min equilibration with 50 um [*?P]P; in the absence of
both BCS and CuCl,. The chase medium contained either 1 mm BCS (®) or 40
uM CuCl, (O). The temperature was 60 °C.

phosphorylation by P,, its cleavage (Fig. 12B), and sensitivity to
copper are normal in the H479Q mutant.

DISCUSSION

Preparation of T. maritima CopA by heterologous expres-
sion and subsequent purification (35) provides a very active
enzyme that sustains maximal steady state ATPase activity at
60 °C and pH 6 (Fig. 2 and Table 1), with nearly total depend-
ence on activation by copper and a turnover of 3—4 s~ '. Unex-
pectedly, we found that acid-stable CopA phosphoenzyme can
be formed by utilization of ATP in the absence as well as in the
presence of copper. In fact, the steady state level of phosphoen-
zyme is much higher in the absence than in the presence of
copper, due to ATPase activation by Cu™ and consequent phos-
phoenzyme cleavage.

The behavior of CopA is quite different from that of the Ca>"
ATPase (SERCA), whose phosphorylation by ATP is absolutely
dependent on Ca®>"* (Fig. 6A). It should be pointed out that the
maximal velocity of CopA phosphorylation in the absence of
Cu™ (30 nmol/min per mg of protein at 40 °C) is too slow to
account for the steady state ATPase velocity observed in the
presence of Cu>" (~350 nmol/mg/min of protein at 40 °C). It is
therefore apparent that our preparation of CopA can be phos-
phorylated by ATP either in a “basal” (E,) or in an “active” (E,)
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conformational state, but only the active (E,) conformation
allows the fast turnover observed in the presence of Cu™
(Scheme 1). In fact, [**P]phosphoenzyme decay following a
chase with nonradioactive ATP in the absence of copper (Fig.
8A) occurs with a rate constant of 0.05s %, matching the 0.05—
0.10s™ " turnover s~ ' observed under steady state conditions in
the absence of copper (Table 1). Furthermore, phosphoenzyme
decay following addition of non-radioactive ATP in conjunc-
tion with copper (Fig. 84) occurs with a 0.3 s ! rate constant,
which is still significantly lower than the 3—4 s™' turnover
observed under steady state conditions in the presence of cop-
per (Table 1). This rather slow turnover is likely to be related to
a time-dependent conformational effect of Cu™ binding to the
NMBD, and the related conversion of the enzyme from basal to
active conformation (Scheme 1). Finally, this conversion is also
apparent if we consider that the high levels of phosphoenzyme
obtained by utilization of ATP in the absence of copper are
reduced to a much lower steady state upon addition of copper,
due to hydrolytic cleavage as demonstrated by a surge of P,
production (Fig. 6B).

The ANMBD protein and the CXXC mutant can be phos-
phorylated by ATP equally well in the absence or presence of
copper, and the phosphoenzyme level so obtained is not
reduced by addition of copper to these mutants. Therefore the
ATPase active state is obtained through Cu™ binding to the
NMBD (Scheme 1). It is noteworthy that, in addition to the lack
of copper effect, the rates of phosphorylation and cleavage are
faster (Figs. 4, 7, and 8) in the absence (ANMBD protein) than in
the presence of the NMBD sequence (WT protein or CXXC
mutant). This suggests that the NMBD segment is an integral
part of the enzyme headpiece (A domain) conformation, result-
ing in kinetic inhibition of the ATPase cycle when copper is
absent. For this reason, Cu™ binding to the NMBD plays an
essential role in inducing the activated state of WT CopA.

In analogy to SERCA (43), WT CopA can be phosphorylated
with P; (Fig. 94). The resulting phosphorylation level is reduced
by copper, likely due to hydrolytic cleavage as well as conver-
sion of E2 to a Cu-E1 conformation that is not reactive to P,.
The E2-P formed with P, undergoes slow cleavage (Fig. 9C) in
the absence of copper, but its cleavage rate constant is increased
by the addition of copper, again suggesting a Cu™-induced
transition from E,-P to CuwE,2-P (Scheme 1).

It is shown in Fig. 10A that the ANMBD protein can also be
phosphorylated with P,. Here again copper produces a slow
transition whereby the phosphorylation level is reduced. This is
amost interesting finding, demonstrating that in the absence of
the NMBD, Cu™* is still effective and evidently binds to an alter-
nate transmembrane (transport) site whose occupancy by Cu™
affects the P, reaction even in the ANMBD protein. Because the
ANMBD mutant sustains hydrolytic cleavage of E2-P (Fig.
10B), but does not sustain hydrolytic cleavage of ATP, it is
apparent that the NMBD segment and its activation by cop-
per are involved in E1 ~ P formation by utilization of ATP,
and are absolutely required for the E1 ~ P to E2-P transition
in the ATPase cycle of the active enzyme (E, in Scheme 1). The
NMBD connection to the A domain suggests that NMBD has a
strong influence on A domain movements and the proper posi-
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Pho-ser-Pho - "DFDSTLV  *"VVSGGF
T. Marit. CopA *"TGES **DKTGTLT **MITGDN
A.fulgidusCopA **'SGEP ““DKTGTLT >MITGDN
Ca-ATPase BITGES *'DKTGTLT ***MITGDN
Na/K-ATPase  *“TGES **DKTGTLT *“*MVIGDH

Pho-ser-Pho "WAKG '*GDGAND
T.marit. CopA SMEK],  “BGDGMND
A.fulgidusCopA QKS  “GDGIND
Ca-ATPase SSHKS  "GDGVND

Na/K-ATPase QKL "“GDGVND

FIGURE 13. Alignment of sequences involved in the phosphorylation
reaction in the haloacid dehalogenase family. From the top, these
sequences correspond to Pho-Ser-Pho, phosphoserine phosphatase from
Methanococcus jannaschii; CopA from T. maritima; CopA from A. fulgidus; rab-
bit skeletal muscle sarcoplasmic Ca’?*-ATPase; and porcine renal
Na*/K*-ATPase.

tioning of its catalytically active residues in proximity to the
phosphorylation site (P domain).

If we align the amino acid sequences involved in the phos-
phorylation reaction, we find homologies through the haloacid
halogenase superfamily (45), including the phosphoserine
phosphatase, T. maritima CopA, A. fulgidus CopA, sarcoplas-
mic Ca®"-ATPase, and renal Na™/K*-ATPase (Fig. 13). How-
ever, the consensus sequence for the TGES signature (A
domain) is specifically limited to the transport ATPases, and
does not include the phosphoserine phosphatase, as also dem-
onstrated by structural studies (46, 47). This homology is
related to the specific and prominent role sustained by the A
(“actuator”) domain in the catalytic and transport mechanism
of P ATPases, as the A domain lends itself to rotation and bend-
ing. These movements allow sequential interactions with the P
and N domains, displacement of transmembrane segments that
affect the cation transport sites, and proper placement of the
TGES signature for catalytic processing of the phosphorylated
intermediate (35, 48). It is of interest that, with the exception of
the TGE motif, the structure of Cu-ATPases is not identical to
the A domain of other P-type pumps (2, 10), due to the absence
of an external loop region (24), and a lack of correspondence
with the first half of the SERCA A domain (25). In addition,
CopA presents eight (rather than 10) transmembrane seg-
ments, of which the 4th to 8th bear similarity to M2 to M6 of the
Ca®>*-ATPase and the Na™ /K" -ATPase, whereas the 1st to 3rd
are rather specific (25, 35). Finally, and most importantly, the A
domain-linked NMBD, whose occupancy by copper is an abso-
lute requirement for catalytic turnover, is a unique feature of
CopA. These differences suggest that, in the absence of copper,
CopA resides in a conformational state (not observed in the PII
ATPases), whereby proper interaction of headpiece domains
and catalytic turnover is not permitted. This state (“basal state”
in Scheme 1) allows a slow rate of ATP utilization to form a
phosphoenzyme with a conformation that is unable to proceed
through the catalytic and transport cycle. Transition to the
active state is then induced by copper binding to the NMBD
through a relatively slow process (see reduction of phosphoen-
zyme level upon simultaneous addition of ATP and CuCl, in
Fig. 44). Cu™ binding to the transmembrane metal binding
domain (TM-MBD in Scheme 1) of the active enzyme then
allows fast cycles, including the Cu™E1 ~ P to E2-P conforma-
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tional transition. We demonstrate here that Cu™ binding to the
TM-MBD can occur even in the absence of Cu™ in the NMBD,
with some conformational effect on the phosphorylation site,
but without triggering the catalytic cycle. That is because cop-
per binding to the NMBD is required to obtain the active con-
formation that sustains catalytic and transport cycles. This is a
unique requirement of the copper ATPase, with no equivalent
in the PII ATPases. The related conformational adjustment
seems to involve mostly the A domain.

An additional kinetic effect (not considered by the diagram in
Scheme 1) is produced by low affinity ATP binding, as a higher
steady state velocity is observed in the presence of millimolar
ATP, whereas the phosphorylated intermediate is formed by
micromolar ATP (Fig. 3B). This phenomenon was also
observed with SERCA (41), and attributed to low affinity ATP
binding, whereby the rate of E2 to E1 transition is increased
(42), including dissociation of exchange H" from cation bind-
ing sites (49).

Finally, our experiments demonstrate that the H479Q muta-
tion of CopA produces total inhibition of phosphoenzyme for-
mation with ATP and steady state ATPase activity. On the
other hand, phosphorylation with P, and its hydrolytic cleavage
proceed normally, indicating that the defect produced by the
H479Q mutation is related to ATP binding and positioning,
and not to the ATPase catalytic mechanism. The importance of
these findings is related to the presence of a corresponding
amino acid in the human copper ATPase, whose mutation in
Wilson disease produces analogous effects (36).
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