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The position in the acy] phosphate linkage of the phosphorylated intermediate of (Na*,
K*)-ATPase that is cleaved by N-methylhydroxylamine was compared with that of the
model compound acetylphosphate. The products of the cleavage of the phosphoenzyme by
methylhydroxylamine were the active enzyme and a N-P compound, not the inhibited
enzyme and inorganic phosphate. This means that the bond cleaved by methylhydrox-
ylamine was the O-P bond, not the C-O bond. In contrast, methylhydroxylamine did not
cleave the O-P bond of acetylphosphate in solution, at pH values from 0.3 to 7.0, whether or
not the phosphoryl group formed a complex with magnesium. Acetylphosphate and
hydroxylamine formed acetohydroxamic acid. Therefore, the state of the acyl phosphate
bond in the native phosphoenzyme and in acetylphosphate in solution was different, and the
difference was not due to different dissociation states of their phosphoryl groups or the
binding of magnesium to the phosphoenzyme. Molecular orbital calculations for acetyl-
phosphate revealed that the phosphorus atom charge is more positive than the carbon atom,
irrespective of the dissociation state of the phosphoryl group. Similarly, the overlapping
electron population of the O-P bond is always smaller than that of the C-O bond. Thus, the
electronic structure of the acyl phosphate linkage of acetylphosphate under vacuum
supports the results obtained with the native phosphoenzyme, rather than those obtained
with acetylphosphate in solution. The linkage in the active site of the phosphorylated
intermediate of (Na*,K*)-ATPase appeared to be equivalent to the non-hydrated state of the
model compound acetylphosphate. The phosphoenzyme with bound ouabain, or without a
tightly bound divalent cation was insensitive to methylhydroxylamine. The native phos-
phoenzyme of (Ca**)-ATPase was not susceptible to methylhydroxylamine.

Key words: ab initio molecular orbital calculation, acyl phosphate bond, hydroxylamine,
(Na*,K*)-ATPase, nucleophilic substitution.

The active transport of cations by (Na*,K*)-ATPase in cell
membranes is thought to have a mechanical essence in the
action of the phosphate group incorporated into the enzyme
by ATP (1, 2). Passive movement of Na* or K* occurs
independently of ATP, through the specific channel formed
in the enzyme having two alternative conformations de-
signated E, and E,. The channel’s conformations E, and E,
favor Na* and K*, respectively. Movement of Na* out of
the cell against the electrochemical potential gradient
requires phosphorylation of the Asp-369 residue of (Na*,
K*)-ATPase by the transphosphorylation of the terminal
phosphate group of ATP. This phosphoenzyme is designat-
ed E,P, and its conversion to E,P corresponds to the
physiological translocation of Na* (3-6). Translocation of
K* into the interior of the cell against the electrochemical
potential gradient proceeds by the saturation of the nonhy-
drolyzing ATP binding site of (Na*,K*)-ATPase with ATP
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(3-6).

Thus it is the incorporation of a phosphate group, either
covalently or noncovalently, into the enzyme molecule that
is a common factor in these two elementary processes of
active cation transport. The question of how the phosphate
group works within the enzyme molecule must be answered
in order to understand this essential mechanism of active
transport via (Na',K*)-ATPase or, more generally, of
P-type ATPases.

The present experiments deal with the rather old ques-
tion about the chemical nature of the covalently bound
phosphate group. Until the early 1970s, it was controver-
sial whether or not hydroxylamine inhibited (Na* K*)-
ATPase by attacking the carbonyl carbon atom of the
phosphoryl aspartate residue to give its hydroxamic acid
derivative (7-9). It was shown consistently that the carbon
atom was the nucleophilic center by organic chemistry
experiments (10, 11) using acid-denatured phosphoenzyme
(12).

We compared the reaction modes of hydroxylamine
acting on the active state phosphoenzyme of (Nat ,K*)-
ATPase and acetylphosphate (AcP), which is the classic
model compound for the acyl phosphate linkage, C(=0)-0-
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P, of P-type ATPases (7, 12-14). We found that the
nucleophilic center appeared to be the phosphorus atom in
the active phosphoenzymes, whereas it appeared to be the
carbon atom in AcP in solution. Ab initio molecular orbital
calculations of AcP under vacuum without interactions with
other molecules such as water, suggested that O-P bond
cleavage is more likely than C-O bond cleavage.

These results led us to conclude that the state of the acyl
phosphate group of the phosphorylated Asp-369 of (Na*,
K*)-ATPase is analogous to the non-hydrated acyl phos-
phate linkage of AcP.

EXPERIMENTAL PROCEDURES

Preparation of Membrane-Bound ATPases—The mem-
brane-bound (Na*,K*)-ATPase, supplied by Dr. Yutaro
Hayashi, was prepared from dog kidney outer medulla
microsomes by SDS treatment and sucrose density gradi-
ent centrifugation (15, 16). The preparation was stored at
the temperature of an ice bath in the presence of 1 mM
EDTA adjusted to pH 7.2 with imidazole. The specific
activity of the ouabain-sensitive ATP hydrolysis was 5.9 to
30.7 pgmol P;/min/mg of protein, in the presence of 2 mM
ATP-Na,, 2 mM MgCl,, 100 mM NaCl, 15 mM KCl, 0.5
mM EGTA, and 20 mM histidine (free form) at pH 7.3 and
37°C (17).

The membrane-bound (Ca®*)-ATPase was purified by
sodium deoxycholate treatment (18) from rabbit skeletal
muscle microsomes. The microsomes were a gift from Dr.
Taibo Yamamoto. The purified enzyme was stored at
—85°C, in the presence of 0.3 M sucrose, 50 mM KCl, and
10 mM histidine (free form, pH 7.2). The specific activity
of the Ca?*-dependent ATPase was 4.3 to 7.0 gmol P;/min/
mg of protein, in the presence of 4 mM ATP-Na,, 4 mM
MgCl,, 0.6 mM CaCl,, 0.1 M KCl, 0.5 mM EGTA, and 20
mM histidine (free form) at pH 7.2, and 37°C (17).

Determination of ATPase Activity—The ATPase reac-
tion was performed in 1ml of reaction mixture under
optimum conditions as described above in “ Preparation of
Membrane-Bound ATPases.” The reaction was stopped by
the addition of 0.1 ml of 20% SDS. Molybdate reagent (2.5
ml) was added, followed by the addition of 0.1 ml of the
reducing reagent at 30°C, according to the method of Fiske
and SubbaRow (19, 20). The total amount of P, in the test
tube was thus determined directly.

Phosphorylation and Dephosphorylation—The phos-
phorylation of (Na*,K*)-ATPase (0.01 mg) was carried out
at approximately 0°C, in 1 ml of reaction mixture contain-
ing 20 uM [*?P]ATP-Na,, 0.2 mM MgCl,, 0.5 mM EGTA,
and 20 mM histidine (pH 7.3) (17). In order for the forma-
tion of sodium-occluding E,P to predominate, 2 M NaCl
was added to the reaction. When 1 mM nonradioactive ATP
containing 1 mM ADP was added, 80% of the phosphoen-
zyme disappeared within 2 s. For the predominant forma-
tion of sodium-deoccluding E,P, 0.1 M NaCl was added.
Under these conditions more than 95% of the phosphoen-
zyme disappeared within 2 s by adding 1 mM nonradioac-
tive ATP containing 15 mM KCl. The amount of the
phosphoenzyme at steady state was 1.1 to 1.4 nmol/mg of
protein. These levels were taken as the 100% value in each
experiment, and the relative amounts of the phosphoen-
zyme are indicated in the figures.

The phosphorylation of (Ca?*)-ATPase (0.02 mg) was
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similar to that of (Na*,K*)-ATPase but carried out in the
absence of NaCl and by replacing the sodium salt of ATP
with the Tris salt. For the predominant formation of
calcium-occluding E,P, 1.5 mM CaCl,, and 0.1 M KCl were
present. Calcium-deoccluding E,P was formed by the
inclusion of 7 uM free Ca®* using a CaCl,/EGTA buffer
system, and in the absence of KCl. The amount of the
steady state phosphoenzyme was 1.7 to 4.3 nmol/mg of
protein.

To follow the phosphoenzyme degradation, the radiola-
beling was chased at 60 s in the case of E,P and 40 s in the
case of E,P, by adding 0.05 ml of unlabeled ATP (21 mM)
giving a 50-fold dilution of the radioactivity, or by adding 1
ml of the above-mentioned phosphorylation solution but
replacing MgCl, with 10 mM CDTA to remove the free
Mg?* which is an absolute requirement of transphosphor-
ylation. The reaction was stopped by adding 10 ml of ice
cold 10% perchloric acid containing 0.1 M P; and 10 mM
unlabeled ATP. The latter was added to the perchloric acid
solution just before use.

The radiolabeled phosphoenzyme was collected on a
Millipore filter (0.45 xm pore size), and washed four times
with 15 ml of 5% perchloric acid solution containing 0.1 M
P,. The Cherenkov radiation of the filter was counted to
estimate the amount of phosphoenzyme.

Determination of the Amount of Acetohydroxamic
Acid—According to the method of Lipmann and Tuttle
(21), 3 ml of 10% FeCl; dissolved in 1 M HCl was added to
2 m] of the sample solution at room temperature, and the
absorbance of Fe-acetohydroxamate complex at 540 nm
was measured immediately. When 2 mM AcP and 1M
NH,OH were incubated for 15 min at 37°C, pH 7.0, about
91% of the AcP was detected as acetohydroxamic acid by
this method, confirming that the nucleophilic center of AcP
in this reaction was the carbon atom at neutral pH (10-12).

Detection of N-P Compound by *'P-NMR—(Na*,K*)-
ATPase (1 mg/ml) was allowed to turnover via the inter-
mediary phosphorylation and dephosphorylation by 1 mM
ATP:Na, in the presence of 2M or 0.1 M NaCl, 1.5 mM
MgCl,, 0.5 mM EGTA, and 20 mM histidine, at pH 7.3 and
37°C. After 1 min, 0.1 M CH;NHOH was added, and the
incubation was continued for several minutes during which
all the ATP was hydrolyzed. To avoid the possible break-
down of unstable chemical products, the sample (4 ml) was
quickly poured into a NMR sample tube (9 mm diameter)
precooled to 4°C. The 3'P-NMR spectra were recorded at
161.7 MHz in a JEOL GSX-400 NMR spectrophotometer at
4°C. The chemical shift of P; (85%) was determined in a
separate measurement and was set to 0 ppm in all spectral
data.

Ab Initio Calculations—The molecular orbitals of AcP
were calculated at the STO-3G level using the IMSPACK
program (IMS version of Gaussian 70) at the Computer
Center of the Institute for Molecular Sciences, Okazaki.
The initial geometry of the phosphoryl group was cited
from the structural data of crystalline ATP (22), and the
constructed geometry of AcP was optimized by energy
minimization.

Hydroxylamine and Methylhydroxylamine—HCI salt of
NH,OH was purchased from Wako Pure Chemical Indus-
tries (Osaka). HCl salt of CH;NHOH was purchased from
Nacalai Tesque (Kyoto). They were used without further
purification, since NH,OH recrystalized from methanol did
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not change the action of phosphoenzymes in preliminary
experiments. In one analysis of 2 M NH,OH solution by ion
chromatography, the contaminant NH,*, which can stimu-
late E,P degradation by substituting for K*, was present at
68.2 uM. According to the experiments of Fedosova et al.
(23) when the enzyme is reconstituted into liposomes,
CH;NHOH does not act on the phosphoenzyme at the
surface where K* acts, but is only effective on the opposite
side, that is the same side the phosphoryl group is incorpo-
rated into the enzyme.

These solutions were adjusted to pH 7.0 with NaOH.
NaCl was always added in control runs to give the same final
Na* concentration. In experiments with (Ca®*)-ATPase,
NaOH, and NaCl were replaced with Tris and Tris-HCI,
respectively.

RESULTS

Cleavage of the Phosphoenzyme by Hydroxylamine—To
confirm and also to compare the reactivity of NH,OH with
the two phosphoenzymes, E,P and E,P of (Na* KT)-
ATPase, the enzyme was labeled with 20 M [3?P]ATP, in
the presence of 2 M NaCl or in the presence of 0.1 M NaCl.

After the labeling of the enzyme was stopped by the
addition of a 50-fold excess of nonradioactive ATP, 0.1 M
NH,OH was added to each of the phosphoenzymes. This
accelerated the dephosphorylation of E,P (Fig. 1A) and
more effectively accelerated the dephosphorylation of E,P
(Fig. 1B). These results did not change in the presence of 5
mM CDTA added to chelate free Mg?* (not shown), indicat-
ing that the reaction of the phosphoenzyme with NH,OH
did not require any additional divalent cations. Since the
phosphorylation reaction mixture always contained 0.5
mM EGTA, the argument that metal ions such as Cu?* or
Ca®* participate the action of NH,OH on the enzyme is not
relevant (9, see also Refs. 8 and 24).

The N-methyl derivative of NH,OH was more reactive
than NH,OH with both phosphoenzymes (Fig. 1). Since this
was also the case for the acid-denatured phosphoenzyme
(not shown), the increased reactivity of CH;NHOH did not
reflect greater accessibility to the enzyme’s active site due

M. Ushimaru et al.

to increased hydrophobicity of CH;NHOH. This was
probably a reflection of the stronger nucleophilicity of
CH;NHOH compared to the NH,OH. The stronger nucleo-
phile, CH;NHOH, was used throughout this work.

No Irreversible Inhibition by Hydroxylamine—If cleav-
age of the phosphoenzyme (Fig. 1) proceeds by a substitu-
tion reaction of the nucleophilic attack by NH,OH at the
carbon atom in the acyl phosphate linkage at Asp-369 to
release P;, the residue should be derivatized as the hydrox-
amic acid, and the resulting enzyme should be irreversibly
inhibited, since the derivative is stable (10) and the residue
is essential for the ATPase activity (1-7, 13, 14, 24).
Tacitly based on this mechanism, NH,OH sensitivity has
been repeatedly used to identify the phosphorylated inter-
mediate of P-type ATPase after acid denaturation (12-14).

To test this substitution mechanism in the native form of
the phosphoenzyme, the enzyme was cycled through phos-
phorylation and dephosphorylation in the presence of 0.1 M
CH:NHOH at 37°C and neutral pH, for periods of 1-60 min
to allow all the enzyme molecules to interact with
CH;NHOH. The steady state form of the dominant phos-
phoenzyme during this incubation period was controlled by
the concentrations of monovalent cations. In the presence of
2M NaCl with 10 mM KCl, E,P was the predominant
phosphoenzyme, and in the presence of 0.1 M NaCl without
KCl, E,P was the predominant phosphoenzyme (3-6).
After this cycling, the enzyme was washed to remove
CH;NHOH. Then the ATPase activity of the recovered
enzyme was measured under optimum conditions. No
inhibition of ATPase activity was found regardless of the
main conformation of the phosphoenzyme during the
CH,NHOH treatment at neutral pH (Fig. 2, A and B).
Preincubation with CH;NHOH at pH 4.4 or 10 decreased
the activity to about 40 or 60% respectively of that in the
absence of CH;NHOH (not shown), probably due to breaks
in the peptide bonds (25).

Together with the results shown in Fig. 1, these results
indicate that the peptide bonds of the enzyme are stable in
the presence of 0.1 M CH;NHOH at neutral pH, but that
the acyl phosphate bond is unstable. Namely, CH;NHOH
cleaves the phosphoenzyme without the formation of an

Fig. 1. Acceleration of phosphoen- 100}
zyme cleavage by hydroxylamines.
(Na*,K*)-ATPase (10 ug) was phos-
phorylated at 0°C and pH 7.3 in 0.95 ml
of solution containing 20 xmol histidine
(free form), 0.5 xmol EGTA, 0.2 zmol
MgCl,, and 2 mmol (A) or 100 xmol (B)

NaCl. The phosphorylation was started &

by the addition of 0.05 ml containing 20 8

nmol [y-3*PJATP at 60 s (A) or 40 s (B) g

before zero time. At zero time, further %

formation of [**P]phosphoenzyme was w

interrupted by the addition of 1.05

umol unlabeled ATP (x) in 0.05ml ® +NHOH
volume. At 5 s (A) or 2 s (B) as indicat- v +CH3NHOH
ed by the arrows, 0.05 ml containing 0 o +NaCl

100 xmol NH,OH (e), CH;NHOH (v), )

or NaCl (¢) was added. The reaction )

100}
® +NH,0H

v +CH3NHOH
< +NaCl

,“!__.-i

101

was terminated by the addition of 10 ml 0 10
of 10% HCIO, containing 0.1 M P; and
10 mM unlabeled ATP at the times

Time after addition of unlabelled ATP (sec)

20 30 0 5 70
Time after addition of unlabelled ATP (sec)

indicated. Data points are the averages of the duplicate determinations, and are given as values normalized against 100% phosphoenzyme at

zero time.

J. Biochem.

2102 ‘2 500100 uo Aisieniun Buiied e /Hlo'sjeulnolpioxo-qly/:dny woly pspeojumoq


http://jb.oxfordjournals.org/

Acylphosphate Bond in (Na,K)ATPase Phosphoenzyme

inhibited form, such as a hydroxamic acid derivative of the
essential aspartate residue, regardless of the conformation
of the phosphoenzyme. Possibly, CH;NHOH does not
attack the carbon atom, but attacks the phosphorus atom in
the acyl phosphate linkage (24). If this is so, a N-P com-
pound should be released to reproduce the active enzyme.

When the ATPase reaction was performed with 0.1 M
CH;NHOH or NH,OH in the presence of 2 M NaCl and no
KC], the production of P, increased by about 1.3- to 1.8-fold
(not shown). Most likely, nonenzymatic release of P; from
the phosphoenzyme (Fig. 1), upon its return to the initial
free state (Fig. 2), coincided the enzymatic release of P,
(see also below Fig. 3).

Trial for Detection of the N-P Product—During the
course of ATP hydrolysis experiments using the Fiske-
SubbaRow method (19, 20), it was noticed that the color
development of the P;-molybdate complex gradually in-
creased for a few hours or so after the reducing reagent was
added, but only in the test tubes containing CH;NHOH. As
CH;NHOH did not directly affect the reducing reaction, it
was hypothesized that additional labile N-P compound (19)
formed from the phosphoenzyme and CH;NHOH had
gradually dissociated to produce P; during the reductive
reaction under acidic pH.

To test this assumption, the enzyme was cycled through
phosphorylation and dephosphorylation for 21 h at 2°C, to

10
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_ gt T3 NaCl i ] NaCl i
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Incubation time

Fig. 2. No inhibition of the (Na*,K*)-ATPase activity after
cycling through phosphorylated intermediate in the presence of
methylhydroxylamine. Turnover of the reaction cycle of (Na*,
K*)-ATPase (0.1 mg) was allowed at 37°C and pH 7.3 in 3ml of
solution containing 60 #mol histidine, 1.5 umol EGTA, 12 umol
MgCl,, 12 gmol ATP, and 6 mmol NaCl and 30 xmol KCI (A) or 300
pmol NaCl (B} in the presence of 300 #mol CH,NHOH or 300 zmol
NaCl. After 1, 40, or 60 min, the reaction mixtures were centrifuged,
and the recovered enzyme was washed three times with a solution of
20 mM histidine, 0.5 mM EGTA, 4 mM MgCl,, 100 mM NaCl, and 15
mM KCl, and resuspended in the same solution. In the same solution
at 37°C and pH 7.3, the ATPase activity of CH,NHOH-treated
enzyme (closed column) or NaCl-treated enzyme (open column) was
determined by the addition of the enzyme suspension to make a total
volume of 1 ml. After 10 min, the reaction was terminated by the
addition of 0.1 ml of 20% SDS, and the amount of P, was determined
(19, 20). Data are the averages of duplicate determinations. (The
reason for the discrepancy between the specific activity at 1 min and
that at 40 min in (B) is not clear. The maximum difference among 8
data sets in experiment (B) was 4.1 #mol/mg-min.)
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accumulate a large amount of the putative N-P compound,
in the presence of 0.1 M CH;NHOH and 2 M NaCl so that
main form of the steady state phosphoenzyme was E,P {cf.
Fig. 1A). After stopping the ATPase reaction, the Fiske-
SubbaRow reaction was initiated at room temperature. The
color development continued for 2h (Fig. 3). Thus we
interpreted this phenomenon as indirect evidence for the
formation of the N-P compound from E,P and CH;NHOH.
This phenomenon was not seen in the presence of 0.1 M
NaCl, where E,P is the main phosphoenzyme, despite the
expectation that a larger amount of N-P compound would
accumulate (not shown, cf. Fig. 1B). Stability of the N-P
bond depends on ionic strength (26).

To detect the N-P compound directly, the reaction
mixture of the Na*-ATPase in the absence of K* was
analyzed by *'P-NMR. The reaction was initiated by 1 mM
ATP at 37°C, and after 1 min, 0.1 M CH;NHOH was added
and the reaction was continued for a further 5 min. After
cooling to 4°C, *'P-NMR spectra recording was initiated.
The chemical shift corresponding to P, was found at + 3.198
ppm; it was increased by the externally added P;. The
unique chemical shift appeared at +6.608 ppm only when
CH;NHOH was added in the presence of 2 M NaCl (Fig. 4).
We attributed this peak to the N-P compound; according to
the literature the value of the *'P-NMR chemical shift of
phosphoramidate is +3.03 ppm relative to +0.13 ppm for
P, (27). We did not detect this resonance peak when the
experiment was repeated at a lower ionic strength, 0.1 M
NaCl (not shown).

Under these conditions, ATP was almost completely
hydrolyzed before cooling, and only the « and 8 phosphate
of ADP, and occasionally a small peak of 8 phosphate of the
remaining ATP, were observed in the high magnetic field
region. Neither the ATP solution nor the enzyme suspen-

0.141
+CH3NHOH

54

-

n
:

o
o
T
1

A Abs. at 660nm

2 ‘ !

5 AR 5.0 PR 5o .

Incubation time (min)

Fig. 3. Formation of a labile N-P compound produced from
(Na*,K*)-ATPase and methylhydroxylamine. (Na*,K*)-ATPase
(20 ug) was incubated with 0.1 mmol CH,NHOH (@) or with 0.1
mmol NaCl (0) at 2°C and pH 7.3, in 1 ml of solution containing 20
pmol histidine, 0.5 umol EGTA, 2 mmol NaCl, 0.2 gmol MgCl,, and
0.2 umol ATP. After 21 h, the reaction was terminated by adding 0.1
ml of 20% SDS, and the Fiske-SabbaRow procedure (19, 20) to detect
P, was initiated at room temperature. Absorbance was measured at
660 nm. The blank readings (0.06 at zero time and 0.13 at 120 min)
were obtained in the absence of enzyme and subtracted from all data
points.
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sion contained any contaminating phosphate compounds,
whereas an unexpected resonance peak always appeared
at +4.375 ppm, independent of the concentration of NaCl
even in the absence of CH;NHOH (Fig. 4). This resonance
peak seemed to correspond to AMP, since the peak height
increased by the externally added AMP (not shown). Even
though this enzyme preparation is treated with SDS (15,
16), the possibility of contamination with soluble adenylate
kinase cannot be ruled out. More likely, the preparation
may contain membrane-bound ecto-ATPases (28), but this
remains to be confined.

We also tried to separate the N-P compound by anion
analysis chromatography using a TSKgellC-Anion-SW
column (Tosoh, Tokyo), similar to the method of Stelte and
Witzel (29). They isolated N-phosphohydroxylamine,
formed from the intermediate of nucleoside phosphotrans-
ferase of carrots and NH,OH, using Dowex resin according

A P B)

" Lo

1

ot L b
i W{ oot on bl e g e Vi o

¥ ) i T i T ] I
10 0 -0 gy 10 0 -10 ~20ppm

Fig. 4. Detection of putative N-P compound by *'P-NMR spec-
troscopy. Phosphorylation of (Na*,K*)-ATPase (5 mg) was initiated
by adding 5 zmol ATP to a 5 ml reaction mixture containing 100
umol histidine, 2.5 gmol EGTA, 7.5 gumol MgCl,, 10 mmol NaCl, at
37°C and pH 7.3. One minute after addition of ATP to the reaction
mixture, 0.5 mmol CH;NHOH (A) or 0.5 mmol NaCl (B) was added.
The reaction was incubated for 5 min, then quenched by cooling to
4°C, and *'P-NMR spectra were recorded at 161.7 MHz. Zero ppm
corresponds to the chemical shift of 85% P, determined in a separate
measurement. The chemical shift that was specific to the incubation
with CH;NHOH is indicated by the arrow (A; 1). The chemical shift
of P, in these conditions is indicated as P;.

TABLE I. Acetohydroxamic acid formation from acetylphos-
phate and hydroxylamine in a wide range of pH. AcP (2 xmol)
was incubated with (+) or without (—) 1 mmol NH,OH at 37°C in 1
ml of a solution of either 0.5 mmol HCI, 0.1 mmol HCI, 20 xmol
Gly-HCI (pH 3.0), or 20 #mol histidine-HCI (pH 7.0). The incuba-
tions without NH,OH were for the correction of the decrease in AcP
due to its hydrolysis. After 15 min, all solutions were adjusted to
neutral pH (by adding NaOH), to a 2 mmol of NH,OH (by readdi-
tion), and to a 2 ml total volume. The incubation was continued for a
further 15 min at 37°C to complete acetohydroxamic acid formation
(10-12). Then, 3 ml of 10% FeCl, dissolved in 1 M HCl was added,
and the amount of Fe-acetohydroxamate complex was determined
from the absorbance at 540 nm (21).

The amount of hydroxamic acid formed Recovery as
pH (mol) hydroxamic acid
+NH.0H —NH,OH (relative, %)
0.3 1.35 1.32 102
1 1.57 1.54 102
3 1.78 1.73 103
7 1.86 1.81 103

M. Ushimaru et al.

to the method of Jencks et al. (30). In one experiment, a
unique peak specific to the CH;NHOH treatment was
observed before that of P; on the chromatogram, however,
the observation was not consistent, probably because of
poor separation of the N-P compound from P; in our
system.

Reaction of Acetylphosphate with Hydroxylamine—AcP
has been regarded as a model compound for the acyl
phosphate linkage of the phosphoenzyme of P-type
ATPase, and it is generally accepted that AcP reacts with
NH,OH to produce hydroxamic acid, at least at neutral pH
(10-12).

As CH;NHOH treatment gave no indication of the
formation of hydroxamic acid at the active site (Fig. 2), we
ourselves examined whether the product of the reaction
between AcP and NH,OH is hydroxamic acid. Under
various pH conditions from pH 0.3 to pH 7.0, which covers
the pK, values (1.2 and 4.8) of AcP, 2mM AcPand 1M
NH,OH were incubated at 37°C. To estimate the reduction
in the amount of AcP due to hydrolysis, incubations without
NH,OH were carried out in parallel at each pH. After 15
min, all the samples including those without NH,OH were
adjusted to neutral pH, and the concentrations of NH,OH

(A)
Protonated Form
-0.222 -0.498
0] 0]
Il Il
CH,—C 0 P OH
-0.239 +0.307 -0.419 +1 .|261 -0.418
OH
-0.413
Deprotonated Form 0473 -0.696
(? (0]
[ l i
CH—C 0 P 0
-0.224 +0.257 -0.466 +0.933 -0.696
|
o)
-0.699
(B)
Protonated Form O O
Il i
CH—C o) P OH
0.2698 0.1631 |
OH
Deprotonated Form
P 0
] 1 _
CH—C 0 P 0
0.3373 0.0292 |
0]

Fig. 5. Electronic structure of acetylphosphate in the state of
protonation or deprotonation. (A) Net atomic charge. (B) Overlap
population. This figure is reproduced from Ref. 22.
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Fig. 8. Non-susceptibility of the phospho-
B !  enzyme of (Ca?*)-ATPase to methylhydroxyl-
amine. (Ca®*)-ATPase (10 xg) of the sarcoplas-
mic reticulum from rabbit skeletal muscle was
phosphorylated in a 0.95 ml solution as described
in the legend to Fig. 1, with the omission of NaCl
and the addition of 1.5 xmol CaCl, plus 0.1 mmol
KCl (A) or the addition of 0.502 gxmol CaCl, (B).
The phosphorylation was started by adding 0.05
ml of 20 nmol [y-3?PJATP 60s (A) or 40s (B)
before zero time. At zero time, further formation
of [*’P]phosphoenzyme was interrupted by addi-
tion of 0.1 ml containing 1.1 gmol unlabeled ATP
(x). At 5s (A) or 25 (B) as indicated by the
arrows, 0.1 ml containing 2 mmol CH;NHOH (e),
2 mmol NaCl (A; O), or 2 mmol Tris-HCI (B; O)
was added. Data points are the averages of
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Time after addition of unlabelled ATP ({sec)

Values for the overlapping electron population in the C-0O
and the O-P bonds became larger and smaller respectively
after deprotonation of the phosphate group (Fig. 5B). Inany
case, the relative strength of the O-P chemical bond is
weaker than that of the C-0 bond. Again, cleavage of the O-
P bond appeared to be more likely, as was the case in the
native phosphoenzymes (Fig. 2), rather than cleavage of the
C-0 bond, as was the case in AcP in solution (Table I).

Thus the results of the molecular orbital calculations
under vacuum strongly reflect the environment surround-
ing the acyl phosphate group in the native phosphoenzymes
rather than the aqueous environment of AcP in solution.

Insensitivity of Ouabain-Inhibited Phosphoenzyme to
Hydroxylamine—All the enzymatic reactivity is lost in the
ouabain-inhibited E.P, including the reaction with the
enzymatic substrate H,0. The extreme stability of
ouabain-inhibited E,P may be due to complete isolation of
the active site from a substance access from the bulk phase.
This idea was tested by adding 0.1 M CH;NHOH to E,P in
the presence of 0.5 mM ouabain. To eliminate residual
ouabain-free E,P, 15 mM KCl was added to the reaction
prior to CH;NHOH (Fig. 6). Ouabain-inhibited E,P was
completely insensitive to CH;NHOH, in contrast to the
active state of E,P (cf. Fig. 1B).

Ouabain may completely isolate the acyl phosphate group
from the exterior of the enzyme molecule, however, non-
susceptibility to CH; NHOH was not specific to the inhibited
phosphoenzyme but was also the case for the active form of
the phosphoenzyme in the sarcoplasmic reticulum (CaZ*)-
ATPase (see below “Comparison with Sarcoplasmic Reti-
culum (Ca®* )-ATPase” and Fig. 8).

Insensitivity of Divalent Cation-Free Phosphoenzyme to
Hydroxylamine— Another inactive form of the phosphoen-
zyme is the form that is free of the bound divalent cation
(31). To investigate its reactivity with NH,OH, we phos-
phorylated the enzyme with ATP by replacing MgCl, with
CaCl,, then stabilized the phosphoenzyme by adding an
excess amount of EGTA plus unlabeled ATP, according to
the method of Fukushima and Post (31). The enzyme was
phosphorylated in the presence of 2 M NaCl since calcium-
free E,P is easier to prepare than calcium-free E,P (32).
ADP was added to remove any residual active E,P. About
80% of the phosphoenzyme was stabilized (Fig. 7).

Like the ouabain-inhibited phosphoenzyme, metal-free

Time after addition of unlabelled ATP (sec}

duplicate determinations.

phosphoenzyme was entirely unreactive with NH,OH. The
reactivity with NH,OH as well as with ADP was restored
by adding MgCl, to reconstruct magnesium-bound E,P
(Fig. 7).

Comparison with Sarcoplasmic Reticulum (Ca®*)-
ATPase—To generalize the chemical state of the acyl
phosphate linkage in the phosphoenzyme among P-type
ATPases, we studied the reactivity with CH;NHOH of the
(Ca?*)-ATPase phosphoenzyme from skeletal muscle sar-
coplasmic reticulum.

Active phosphoenzymes of the (Ca?*)-ATPase, E,P and
E.P, were formed under the same conditions, as for the
(Na*,K*)-ATPase experiments, except that NaCl was
omitted and 1.0 mM free Ca** with 0.1 M KCl or 7 4M free
Ca?* without KCl were included.

Contrary to our expectations, there was no acceleration
of the hydrolysis of the active phosphoenzymes, either E,P
or E,P, when 0.1 M CH;NHOH was added after a chase
with unlabeled ATP (Fig. 8). In contrast, (Na*,K*)-ATPase
phosphoenzyme was unreactive with CH;NHOH or NH,OH
only in its inhibited form (Figs. 6 and 7). This unreactivity
of the active phosphoenzyme may be a unique feature of
(Ca?*)-ATPase.

DISCUSSION

By using the nonphysiological nucleophile, hydroxylamine
or its N-methyl derivative, these experiments revealed the
chemical nature of the acyl phosphate linkage in the active
site of (Na*,K*)-ATPase. With respect to the enzymatic
E.P hydrolysis of P-type ATPase, it has previously been
shown, by means of the exchange reaction in the presence of
('*0]H,0, that the nucleophilic center of the acyl phos-
phate linkage is the phosphorus atom (33-35).

Acyl Phosphate Linkage in the Active Enzyme versus the
Model Compound or Denatured Enzyme—Initially, these
experiments were designed to find different reaction modes
of hydroxylamine between the two principal phosphoen-
zymes, before (E,P) and after (E,P) release the occluding
sodium. If either of the two phosphoenzyme phosphate
groups could accept covalent replacement with hydrox-
ylamine, then Asp-369 could be specifically labeled with
»N.enriched NH,OH to allow NMR monitering of the
behavior of the residue; however, these experiments
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demonstrated that it is not the carbon atom but rather the
phosphorus atom of the acyl phosphate group of the
phosphoenzyme that is attacked by hydroxylamine (Fig. 1)
to produce free enzyme (Fig. 2) and a N-P compound (Figs.
3 and 4). The acyl phosphate linkage in solution (AcP) or in
homogeneous suspension (denatured phosphoenzyme), on
the other hand, always reacted with hydroxylamine at the
carbon atom to form hydroxamic acid derivatives with
release of P, (Table I, and Refs. 12-14).

These different reaction modes reflect the specific envi-
ronment surrounding the acyl phosphate linkage in the
active site of the enzyme. This environment is limited to
the vicinity of the acyl phosphate linkage, and not the entire
active site, since the present experiments do not examine
the microenvironments at other subdomains which recog-
nize the adenine or ribose moieties of ATP.

More than 20 years ago, Post and Kume (24) suggested
that “hydroxylamine attacks preferentially the P-O bond,
as water does in the native enzyme, and attacks the C-O
bond after denaturation.” They analyzed the reaction
products of the [*?P]E,P form of N-ethylmaleimide-
modified (Na*,K*)-ATPase and N-methylhydroxylamine
by paper electrophoresis, and observed a faint radioactive
spot moving faster than [*2P]P,. The instability of the N-P
bond (see “Trial for Detection of N-P Product” and Ref.
19) results in most of the product decomposing during the
analysis, hence only a faint radioactive spot was detected.

Microenvironment in the Vicinity of the Acyl Phosphate
Linkage in the Active Site—The calculated electronic
structures of AcP (Fig. 5) were compatible with the results
for the native phosphoenzyme (Figs. 1 to 4) but were
incompatible with the results for AcP in solution (Table I).
As the calculations did not account for any specific interac-
tions between AcP and H,O molecules, these results
suggest that the acyl phosphate linkage is analogous to a
nonhydrated state in the active site of the phosphoenzyme.
The environment in the vicinity of the acyl phosphate
linkage in the active site is thought to be nonaqueous.

Preliminary molecular orbital calculations showed that
bond order of the C-O was always greater than that of the
O-P when the dielectric constant value was increased from
1.0 to 24.55, 32.63, 45.0 and even to the value of water,
78.3 (8. Goto and Y. Shinohara, unpublished results). One
factor bringing about the dominant cleavage of the C-O
bond in solution might be a specific interaction of H,O with
a specific atom in the acyl phosphate linkage, for example
the =0 in the C(=0)-O-P. There may not be such an
interaction of the acyl phosphate group with H,O or other
amino acid residue within the active site of the native
phosphoenzyme.

Bulk Phase Substance Acceptability into the Phosphate
Site—The nucleophilic center was the phosphorus atom of
the acyl phosphate linkage in both E,P and E,P for the
reaction with hydroxylamine, although the reaction rate for
E,P appeared to be 10-fold faster than for E,P (Fig. 1). This
may reflect the state of E,P as the enzymatic reaction
intermediate. E,P is a hydrolyzable intermediate with the
H,O molecule bound to a specific site of E,P (3-6). Since
the substrate H,O could not be excluded in these experi-
ments, it always occupied its site in E,P and specifically
activated the acyl phosphate linkage, and thereby O-P bond
cleavage is innately stimulated by another nonspecific
nucleophile. Although we could not detect the N-P product
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directly in the case of E,P (“Trial for Detection of the N-P
Product” in “RESULTS”), we prefer the explanation that
hydroxylamine attacks the phosphorus atom of the acyl
phosphate linkage in E,P as well as that in E,P, based on
circumstantial evidence (Fig. 2, and Refs. 23 and 26).

A prerequisite for the reaction of the phosphate group
and hydroxylamine added to the bulk phase is an accessibil-
ity of hydroxylamine to the reaction center. Actually there
was no acceleration of the cleavage of the hydrolizable E,P
in the (Ca?*)-ATPase (Fig. 8), so that the reactivity of the
phosphoenzyme with hydroxylamine primarily depends on
the substance accessibility from the bulk phase. The
phosphate site of the E,P may be more accessible than that
of E,P from the exterior of the enzyme molecule.

It was fortunate that we chose (Na*,K*)-ATPase to look
at the state inside the active site, since (Ca®*)-ATPase did
not accept hydroxylamine (Figs. 1 and 8). There appear to
be minute differences in the active sites between these two
enzymes (17, 36, 37).

We are very grateful to Dr. Yutaro Hayashi for support and for
supplying purified (Na*,K*)-ATPase throughout this work. We are
grateful to Dr. Taibo Yamamoto for supplying skeletal muscle
microsomes. We are grateful to Mr. Kiyoshi Kida for help in the NMR
measurements.
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