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~nactivatio~ of Ca2 + -, Na+K+-, and ?%+I(+-ATPases with a car~~dii~ide 
derivative of ATP 

Alexander J. Murphy 

Received 17 January 1990; revised version received I3 February 1990 

The r_P adduct of ATP with I-ethyl-3-(3-dimethylaminopropyl)carbodiimide (ATP-EDC) was synthesized and incubated with the Ca-ATPase of 
sarcopfasmic reticuhun with the result that time-dependent complete loss of the enzyme’s activity occurred. The inactivation required calcium and 
ma~e~um while ATP had a protective effect. ATP-EDC incubation with the NaK-ATPase and HK-ATPase produced partial ( > 50%) in~tivation, 
but had no effect on myosin Sl, pyruvate kinase and hexokinase, suggesting that this ATP analog is a specific iuactivator of the so-called ‘P-type’ 

ATPases. 

ATPase; Affinity label; Carbodiimide; ATP derivative 

1. INTRODUCTION 

ATP-utilizing enzymes constitute one of the hugest 
groups of proteins. Among these catalysts, ATPases 
are an important subgroup which couple ATP 
hydrolysis to such endergonic processes as ion 
transport and motility. With the publication of the 
amino acid sequences of many of these proteins [l-6] 
has come the realization that they have varying degrees 
of structural relatedness, to a first appro~mation cor- 
related with functionaf and mechanistic similarity 
I7-IO], While proposed models have been vahmbb in 
summarizing structural data and suggesting directions 
for further studies, much additional information is re- 
quired to map specific sites and the proximity of side 
chains distant in the primary structure. For example, 
studies have implicated fluorescein isothi~yanate as an 
affinity label of the nucleotide site of the SR Ca- 
ATPase [1 l-141 (analogous results have been reported 
for the NaK-ATPase [15,16] and HK-ATPase [17]), 
and clarification of the site’s structure will benefit from 

development of additional labels. This would include 
the synthesis and apphcation of substrate derivatives 
capable of reacting at a specific part of the active site. 
We report here the synthesis of a gamma phosphoryl 
~bo~~de derivative of ATP which reacts with and 
inactivates the Ca”- Na+K+- , and H%+-ATPases of 
rabbit muscle sarcopiasmic reticulum, canine kidney 
and porcine stomach, respectively. 

2. MATERIALS AND MEZTHOIX 

SR vesicles were prepared from rabbit bindieg mu&e [l8]. HK- 
ATPase from hog stomach was kindly supplied by Dr William 
Reenstra of UC Berkeley. NaK-ATPase (grade 4 from canine 
kidney), LDH (type 2). PK (type 2), hexokinase (type C-300), 
glucose&-phosphate dehydrogenase (type 71, EDC and ATP were ob- 
tamed from Sigma. TNP-ADP was from Molecular Probes. 

ATP-EDC was prepared by adding 1 ml of acetonitrile and 
0.8 mmol of EDC to 1 ml of 0.2 M NasATP at 25°C. After 
lo- 12 min, aliquots were frozen and stored at -50% Reverse-phase 
HPLC showed more than 80% of the ATP was converted to ATP- 
EDC. The ADP analog was prepared the same way from Na-ADP. 
Proteins were incubated with ATP-EDC or ADP-EDC at pH 7.4 in 
50 mM TEGA (chloride) at 25°C; other components are described in 
the figures and table. 

C~~~~~~en~~ &&ass: AJ. Murphy, ~~~rn~t of 
Biochemistry, University of the Pacific, 2i55 Webster St., San Fran- 
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A bbreviutions: SR, sarcoplasmic reticulum; Mops, 3-(N- 
morpholino~propanesulfo~c acid; TEOA, triethanolamine; EGTA, 
ethylene glycol bis(2-~in~~yl ether) ~,~,~I,~‘-tetraacetic acid, 
AMPPNP, adenyi-5 ’ -y~mido~phosphate; AMP-PCP, adenyl- 
5 ‘ -ylmethylenediphosphonate; TNP-ADP, 2 ’ ,3 t -(2,4,6-trinitro- 
cyclohexadienylidene) adenosine 5 ‘-dipbosphate; EDC, 
1-ethyl-3-(3”diniethylarninopropyl)-carbodiimide hydrochloride; EP, 
phosphoryiated enzyme intermediate; ATP-EDC, y-P adduct of 
ATP and EJX; PK* pyruvate kinase; LDH, Lactate dehydrogenase; 
PEP, phospboeno1 pyruvate 

Enzyme activities at 37°C were measured s~trophotomet~e~~ 
at 340 mn by coupling one of the enzyme’s products to oxidation of 
NADH or reduction of NADP+. For the SR enzyme, this was done 
as previously described [19]_ The NaK-ATPase assays were done in 
solutions containing 40 mM TEOA, pH 7.4, 120 mM NaCI, 25 mM 
KCl, 5 mM MgCls, 0.1 mM EGTA, 2 mM MgATP, 1 mM PEP, 
0.3 mM NADH, 0.02 mg/ml PK and 0.02 n&/ml LDH. HK-ATPase 
activity was measured in 100 mM Mops, pH ?.0,80 mM KCl, 5 mM 
MgClz, 1 mM ADP, 2 mM PEP, 0.3 mM NADH, 0.02 mg/mi PK 
and 0.02 mg/ml LDH. Assay solutions for PK contained 100 mM 
Mops, pH 7.0, 80 mM KCl, 5 mM MgClr, 1 mM ADP, 2 mM 
NADH and 0.02 mglmt LDH. Hexokinase assays were carried out in 
40 mM TEOA, pH ?.4,250 mM glucose, 7 mM M&b, 1 mM ATP, 
I mM NADF+ and 2Oyg!ml glucose-ph~ph~e dehydrogen~e. 
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3. RESULTS 

As shown in Fig. 1, incubation of SR vesicles 
isolated from rabbit muscle with ATP-EDC resulted in 
a rapid loss of Ca-ATPase activity. If either Mg2+ or 
Ca2+ or both were omitted from the incubation mix- 
ture, the ATPase activity remained unchanged (+ 5%) 
from control (ATP-EDC omitted) mixtures. Fig. 1 also 
shows that the inactivation rate was much slower in the 
presence of 1 mM ATP. The possibility that ATP con- 
ferred protection by reacting with ATP-EDC was ruled 
out by the lack of effect of ATP at higher concentra- 
tions on the rate of hydrolysis of ATP-EDC as follow- 
ed by HPLC (not shown). The inactivation effect of 
ATP-EDC was not produced by an equivalent concen- 
tration of EDC. Incubation of ADP-EDC with SR 
vesicles under the same conditions caused no significant 
change in Ca-ATPase activity. 

The effect of incubating the same concentration of 
ATP-EDC with NaK-ATPase was little (~20%) inac- 
tivation (not shown}. At a 5-fold higher concentration, 
however, ATP-EDC caused the activity to decrease to 
about 30% in 10 min (Fig. 2); a second addition of 
ATP-EDC reduced the activity by an equivalent addi- 
tional factor. Since ATP-EDC hydrolyzed with a half- 
time of about 5 min under these conditions (not 
shown), partial inactivation is likely not to be due to the 
presence of a refractory enzyme but to the relative rates 
of inactivation and reagent hydrolysis. Omission of 
Na+, K+, or Mg2+ decreased the effectiveness of ATP- 
EDC as an inactivator (Table I), and addition of Mg- 
ATP or TNP-ADP just prior to ATP-EDC addition 
resulted in preservation of most of the enzyme’s ac- 
tivity. 
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Fig. 1. Time course of the inactivation of SR Ca-ATPase by ATP- 
EDC. Incubation mixtures contained 100 mM TEOA (chloride), 
10 mM MgCh, 0.1 mM CaCl2, 1 mg/ml SR vesicles, pH 7.2, 25°C. 
The reaction was started by adding a freshly defrosted solution of 
ATP-EDC to 80pM. At times indicated on the abscissa, aliquots 
were quenched by lOO-fold dilution into the assay mixture at 0°C. 
The assay procedure is described in section 2. (0) No additional 
components; (o) 1 mM ATP included; (v) MgClz deleted; (0) CaClz 
deleted, 1 mM EGTA included; (A) MgCl2 and CaC12 deleted, 1 pM 
EGTA included. The control activity was 14-16 pmol/min per mg. 

time, min 

Fig. 2. Time course of the inactivation of NaK-ATPase and HK- 
ATPase by ATP-EDC. Incubation mixtures for NaK-ATPase 
contained JO mM TEOA (chloride), 5 mM MgCl2, 0.1 mM EGTA, 
20 mM KCl, 120 mM NaCl and 0.5 mg/ml N@-ATPase, pH 7.2, 
2YC. For HK-ATPase they contained 50 mM TEOA (chloride), 
5 mM MgCl2, 10 mM KC1 and 0.3 mg/ml HK-ATPase. For both 
enzymes, the reaction was started by adding a freshly defrosted 
solution of ATP-EDC to 0.4 mM. A second addition of ATP-EDC 
equivalent to the first was added at 20 min. At times indicated on the 
abscissa, aliquots were quenched by R&fold dilution into the assay 
mixture at 0°C. The assay procedures are described in section 2. (0) 
NaK-ATPase; (A) HK-ATPase. Control activities were 1.0-l .2 and 

0.6-0.7 gmol/min per mg, respectively. 

The time course of HKATPase inactivation by ATP- 
EDC is shown in Fig. 2. As observed for NaK-ATPase, 
addition of a second dose of ATP-EDC after enzymatic 
activity had leveled off produced a roughly equivalent 
additions degree of inactivation. Unlike the other two 
ATPases, the extent of inactivation was somewhat 
greater if one of the enzyme’s ligands, potassium, was 
omitted from incubation mixtures (Table I). ATP and 
TNP-ADP only partly protected this ATPase. EDC 
itself produced some (about 20%) activity loss (not 
shown), suggesting that not all of the inactivation 
shown in Fig. 2 is attributable to ATP-EDC. 

Table I 

Effect of various ligands on the inactivation of NaK-ATPase and 
HK-ATPase by ATP-EDC” 

L&and omitted (-) 
or added ( + ) 

Activity (070 of control) 

NaK-ATPase HK-ATPase 

No additions or omissions 36 54 
-K+ 63 26 

-Na+ 70 - 

- Mg2+ 95 74 
+ Mg-ATP 86 66 

+ TNP-ADP 85 73 

a Incubations were carried out for 20 min as described in Fig. 2. 
When present, the concentrations of Mg-ATP and TNP-ADP were 

1 mM and 1OOpM. respectively 
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In contrast to these enzymes, the ATPase activity of 
the Sl fragment of myosin was not affected by incuba- 
tion with ATP-EDC (S. Highsmith, personal com- 
munication). Similarly, the enzymatic activities of 
pyruvate kinase and hexokinase were not appreciably 
changed by ATP-EDC incubation under a variety of 
conditions (the presence of K*, MgZf, pyruvate or PEP 
for the former and M2* or glucose for the latter 
enzyme). 

4. DISCUSSION 

ATP-EDC is an easily made adduct of ATP and the 
water-soluble carbodiimide EDC, Its synthesis exploits 
the nucleophilicity of monosubstituted phosphoryl 
groups [ 19,201. It rapidly inactivated the Ca-ATPase of 
SR, doing so only in the presence of both Mg2’ and 
Cat+. These are the divalent cations required for op- 
timal phospho~iation and turnover of the enzyme 
[21,22], so the results imply that in addition to 
nucleotide binding, which. occurs in the absence of 
Ca’” and/or MgziI ATP-EDC modification requires a 
conformation change associated with EP formation 
123-251. This conformation change presumably in- 
cludes movement of a side chain into a position where 
it can react with the reagent. The protective effect of 
ATP provides additional support for the suggestion 
that site-directed (affinity) labeling occurred. That 
ADP-EDC failed as an inactivator suggests that posi- 
tioning at the active site is critical for reaction to occur. 

ATP-EDC was similarly effective as an inactivator of 
the NaK-ATPase. As found for the Ca-ATPase, the 
reaction worked best if ions required for optimaI tur- 
nover (Na+, K+ and Mg2’) were present, again sug- 
gesting that a turnover-required conformation change 
following substrate binding is necessary for positionitig 
af the reactive side chain. 

The results indicate that the HK-ATPase should also 
be included as an ATP-EDC inactivatable enzyme. On 
the other hand, testing under a variety of conditions 
failed to show that myosin Sl, pyruvate kinase or hex- 
okinase are susceptible to inhibition by this adduct, 
allawing the tentative conclusion that ATP-EDC is a 
specific ina~ivator of ATPases which form a covalent 
phosphorylat~ intermediate during their catalytic cy- 
cle; these have been termed P-type ATPases [7]. Given 
the large number of nucleo~de-utili~ng enzymes in 
nature, however, it may be premature to rule out ATP- 
EDC or other nucleotide-carbodiimide adducts as 
useful site-specific reagents in the study of other en- 
zymes. In any case, these results give additional support 
far structural similarity among these ATPases. 

Reaction with ATP-EDC may provide a way to iden- 
tify additional active site residues of these ATPases. It 

may be significant that for all 3 proteins the amino acid 
side chain group which is phosphorylated is a carboxyl 
group. This is a side chain type capable of reacting with 
a nucleotide-carbodiimide adduct [20]. Other 
nucleophilic side chains are of course also plausible 
candidates. 

Ack~o~i~~g~~~~~: Dr Wife Reenstra kindly provided a sample 
of HKATPase. The technical assistance of Craig Hoover is gratefully 
acknowledged. This work was supported by NIH Grams GM31083 
and RR0530f. 

REFERENCES 

[I] Brandl, C.J., Green, NM., Korcyak, B. and MacLennan, 
D.H. (1986) Cell 44, 597-607. 

[Z] Shull, G.E., Schwartz, A. and Lingrel, J.B. (1985) Nature 
(Load.) 316,691-695. 

131 ShulI, G.E. and LingreI. J-3. (1986) J. Biol. Chem. 261, 
16788-16791. 

f4] Addison, R. fI986) J. Eiol. Chem. 261, 14896-14901. 
B] Futai, M. and Kanazawa, H. (1982) in: Transport and 

Biaenergetin in Biomembranes (Sate, R. and Kagawa, Y. eds) 
pp. 59-88, Pienum. 

[6] Walker, J.E., Fearnley, I.M., Gay, N,J., Gibson, B. W.. 
Northrop, F.D., Powell, S. J., Runswick, M. J., Saraste, M. and 
Tybulewicz, V.L.J. (1985) J. Mol. Bial. 184, 677-701. 

[7] Pedersen, P.L. and Carafoli, E. (1987) Trends Biochem. Sci. 
12, 146-150. 

[S] Green, N.M., Taylor, W.R, and MacLennan, D.H. (1988) in: 
The Ian Pumps: Structure, Function, and Regulation, pp. 
15-24, Alan Liss. 

191 Taylor, W.R. and Green, N.M. (1989) Eur. J. Biochem. 179, 
241-248. 

IlO] Silver, S., Nueiforas, G., Chu, L. and Misra, TX. (1989) 
Trends Biochem. Sci. 14, X-80. 

1111 Pick, IJ. and Karl&h, S.J.D. (1980) Biochim, Biophys. Acta 
626, 255-261. 

1121 Mitchinson, C., Wilderspin, A.F., Trinamann, B.J. and Green, 
N.M. (1982) FEBS Lett. 146, 87-92. 

[IJ) Pick, V. (1982) J. Biol. Chem. 257, 6111-6119. 
[14] Murphy, A.J. (1988) Biochim. Biaphys. Acta 946, 57-65. 
[IS] Karlish, S.J.D. (1980) J. Bioenerg. Biamembr. 12, 111-136. 
[IS] Farley, R.A., Tran, C.H., Carilli, CT., Hawke, D. and 

Shevely, J.E. (1984) 3. Biol. Chem. 259, 9532-9535. 
(171 Parley, R.A. and Failer, L.D. (1985) J. Biol. Chem. 260, 

3899-3901. 
{18] Eletr, S. and fnesi. G. (1972) Biocbim. Biophys. Acta 282, 

1?&179. 
ll9] Anderson, K.W. and Murphy, A.J. (1983) J. Biai. Chem. 258, 

14276-14278. 
[ZO] Kurzer, F. and ~u~ghi-~ade~~ K. (1967) Chem. Rev. 67, 

107-152. 
[2l] Smith, M., Moffatt, J.G. and Khorana, H.G. (1958) J. Am. 

Chem. Sot. 80, 6204-6212. 
[22] De Meis, L. (1981) The Sarcoplasmic Reticulum: Transport and 

Energy Transduction, Wiley, New Yark. 
1231 Inesi, 0. (1985) Annu. Rev. Physiol, 47, 573-601. 
[24] Coan, C. and Inesi, G. (1977) J. Biol. Chem. 252, 3044-3049. 
[2S] Murphy, A.J. (1978) J. Biol. Chem. 253, 385-389. 
1261 Stahl, N. and Jencks, W.P. (1984) Biochemistry 23,5389-5392. 


