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ABSTRACT: The effects of several guanine nucleotide analogues on (Na+,K+)-ATPase activity of membranes 
isolated from several tissues were analyzed to  determine if a G-protein might be involved in the hormonal 
regulation of the (Na+,K+)-ATPase. Submillimolar concentrations of GTPyS, but not GMPPNP, inhibit 
rat skeletal muscle and axolemma, but not kidney, (Na+,K+)-ATPase activity. Furthermore, GDPBS does 
not reverse GTPyS inhibition, but rather itself slightly inhibits (Na+,K+)-ATPase activity. Dithiothreitol 
can block and reverse GTPyS inhibition of skeletal muscle (Na+,K+)-ATPase; the results obtained with 
axolemma membranes are complicated by the inhibition of (Na+,K+)-ATPase activity in these membranes 
by DTT. Results showing that high membrane concentrations can mute the inhibitory action of GTPyS 
suggest that a minor contaminant in GTPyS preparations is responsible for inhibiting (Na+,K+)-ATPase 
activity. Neither vanadate, a heavy metal, GDP, phosphate, nor thiophosphate, however, is responsible for 
this inhibition, and the inhibitory activity elutes with GTPyS from Sephadex G-10 columns. It is concluded 
that GTPyS or a structural derivative of GTPyS inhibits the (Na+,K+)-ATPase, in a tissue-specific manner, 
not by interaction with a G-protein as a G T P  analogue, but through a direct chemical interaction with the 
(Na+,K+)-ATPase or some regulatory protein. The terminal SH group of the nucleotide analogue is probably 
required for this interaction. 

%e (Na+,K+)-ATPase' is an integral membrane protein that 
is responsible for maintaining potassium and sodium gradients 
across the plasma membranes of eukaryotic cells (Cantley, 
1981; Jorgensen & Andersen, 1988). The enzyme exists as 
an a0 dimer. The a chain is responsible for catalytic activity; 
the chain is not known to function in catalytic turnover, but 
may be necessary for the proper assembly and insertion of the 
dimer into plasma membranes (Hiatt et al., 1984; Takeyasu, 
1988; Horowitz et al., 1990a). In rats, there are two known 
isoforms of the 0 chain, 01 and 02 (Mercer et al., 1986; Young 
et al., 1987; Gloor et al., 1990; Martin-Vasallo et al., 1989), 
and three isoforms of the a chain, a l ,  a2, and a 3  (Shull et 
al., 1986). The expression of these isoforms is tissue specific 
(Sweadner, 1979; Lytton et al., 1985; Hsu & Guidotti, 1989; 
Urayama et al., 1989; Young & Lingrel, 1987). The three 
a chains have different sensitivities to ouabain, NEM, and 
pyrithiamin (Sweadner, 1979; Urayama & Sweadner, 1988; 
Hsu & Guidotti, 1989, Matsuda et al., 1984). In addition, 
they appear to be differentially regulated by various hormones 
(Horowitz et al., 1990b; Schmitt & McDonough, 1988; Or- 
lowski & Lingrel, 1990; Lytton, 1985; Brodsky, 1990). 

The mechanism of regulation of the (Na+,K+)-ATPase by 
some hormones has been elucidated. Several agents stimulate 
(Na+,K+)-ATPase activity by increasing sodium ion flux into 
cells (Fehlmann & Freychet, 1981; Rosic et al., 1985; Smith 
& Rozengurt, 1978; Mendoza et al., 1980). Other hormones, 
such as thyroid hormone (Lo & Edelman, 1976; Schmitt & 
McDonough, 1988) and aldosterone (Geering et al., 1982; 
Verrey et al., 1987), increase the Na+ and K+ pumping ca- 
pacity of cells by increasing the number of (Na+,K+)-ATPase 
molecules in the plasma membranes. Insulin stimulates the 
(Na+,K+)-ATPase by an as yet unidentified mechanism, not 
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involving increases in intracellular sodium concentrations or 
in pump number (Clausen & Hansen, 1977; Clausen & Kohn, 
1977; Resh, 1982; Resh et al., 1980; Lytton, 1985; McGill and 
Guidotti, unpublished results). 

Recent evidence suggests the involvement of G-proteins in 
at least some insulin-regulated pathways. Pertussis toxin 
treatment of adipocytes inhibits insulin binding and increases 
the of insulin stimulation of glucose uptake by approxi- 
mately 10-fold (Ciaraldi & Maisel, 1989). Because of these 
and similar results and because it has recently been suggested 
that dopamine regulation of kidney (Na+,K+)-ATPase may 
be mediated by a G-protein (Aperia et al., 1987; Bertorello 
& Aperia, 1989), the possible involvement of G-proteins in 
the regulation of the (Na+,K+)-ATPase from a variety of 
tissues was investigated. 

As an initial step in this study, various guanine nucleotide 
analogues were tested for their ability to regulate the 
(Na+,K+)-ATPase activity from rat skeletal muscle, axolem- 
ma, and kidney. This approach in assaying for G-protein- 
mediated regulation has been used in a variety of systems [for 
review, see Gilman (1987)l. In this report, it is shown that 
GTPyS inhibits (Na+,K+)-ATPase activity from axolemma 
and skeletal muscle, but not from kidney; however, GMPPNP 
has little effect. Moreover, rather than blocking GTPyS in- 
hibition, G D P R  itself inhibits ATPase activity. These results 
are not expected if the effects of GTPyS are mediated via a 
G-protein. Features of GPTyS inhibition of (Na+,K+)-AT- 
Pase activity are presented in this report. 

MATERIALS AND METHODS 
Materials. Male CD rats (1 25-175 g) were obtained from 

Charles River Breeding Laboratories. Guanylyl imidodi- 
phosphate (GMPPNP), GDPBS, GTPyS, GDP, and GTP 
were obtained from Boehringer Mannheim Biochemicals as 
the lithium salts. Thiophosphoryl chloride was obtained from 

I Abbreviation: (Na+,K+)-ATPase or (Na+,K+) pump, sodium and 
potassium ion activated ATP phosphohydrolase. 
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Aldrich for the synthesis of thiophosphate, according to the 
method of Yasuda and Lambert (1954). Ouabain, Na2ATP, 
dithiothreitol, NADH, lactate dehydrogenase, pyruvate kinase, 
and phosphoenolpyruvate were from Sigma. All other reagents 
were of analytical grade or better. 

Membrane Preparations. Rat kidney microsomal mem- 
branes were prepared according to Jorgensen (1974). Axo- 
lemma plasma membranes were prepared according to Devries 
et al. (1978). Plasma membranes were prepared from rat 
hindlimb muscle according to the method of Barchi et al. 
(1 979). Stripped synaptosomal membranes were kindley 
provided by Jeff Brodsky (Brodsky, 1990). Protein concen- 
trations were determined according to Peterson (1977) using 
bovine serum albumin as a standard. 

(Na+,K+)-A TPase Activity Measurements. AI1 experiments 
were carried out at 37 "C in buffer A (20 mM imidazole 
hydrochloride, pH 7.4) with the listed ionic conditions. Most 
activity determinations were made by measuring the release 
of Pi colorimetrically according to Ames (1966). Buffer A 
plus 5 mM MgC12, 20 mM KCl, and 100 mM NaCl, referred 
to as buffer B, was used, unless otherwise noted. Membranes 
were incubated in 225-pL aliquots for 20 min at 37 OC with 
all necessary reagents except ATP. A 25-pL aliquot of 20 mM 
Na2ATP was added to start the reaction. Five minutes later, 
300 pL of 10% SDS was added to stop the reaction and a 
750-pL aliquot of ascorbic acid/molyMate solution was added 
for color development (Ames, 1966). A standard curve of 
inorganic phosphate was always used in conjunction with 
ATPase measurements for the determination of amounts of 
Pi released by ATPase activity. All activities presented have 
been corrected for any non-ouabain-inhibitable ATPase ac- 
tivity. 

In experiments measuring ATP concentration dependence 
of ATPase activity, the coupled enzyme method (Josephson 
& Cantley, 1977), using buffer B and omitting dithiothreitol, 
was used. ATPase activity was monitored at 340 nm on a 
Beckman DU50 spectrophotometer using the Kinetics Soft- 
Pac. 

Occasionally, ATPase activity was determined by measuring 
the relese of [32P]Pi from [T-~~PIATP,  essentially according 
to Goldin (1  977), again using buffer B, using only isobutyl 
alcohol for extractions. 

Partial Reactions. ( A )  p-Nitrophenylphosphatase Activity 
Measurements. Because high concentrations of NaCl inhibit 
(Na+,K+) pump pNPPase activity [Skou (1974) and data not 
shown] but are necessary for GTPyS inhibition of the 
(Na+,K+)-ATPase, the following protocol was designed to 
determine the sensitivity of pNPPase activity to GTPyS. 
Axolemma membranes (10 p g )  were incubated in the presence 
or absence of 250 pM GTPyS in 125 pL of buffer A with 5 
mM MgCI,, 0 mM KCI, and 40 mM NaCl, with or without 
2 mM ouabain, for 20 min at 37 "C. To start the reaction, 
the mix was diluted 2-fold into a solution with the following 
final composition: 20 mM imidazole hydrochloride/5 mM 
MgCI2/25 mM KC1/20 mM NaCl/5 mM p-nitrophenyl 
phosphate. The reaction was stopped 7 min later by the ad- 
dition of 600 pL of 10% SDS/l  N NaOH at a 5:l ratio and 
the absorbance read at 410 nm. A standard curve of p- 
nitrophenol was treated equally and used to determine the 
amount of p-nitrophenol released by the (Na+,K+)-ATPase. 

( B )  Nu+-ATPase Activity. Na+-ATPase activity of the 
pump was measured according to Gorga (1985) with modi- 
fications. Skeletal muscle membranes (10 pg) were incubated 
in a volume of 240 pL containing buffer A/1 mM MgC12/100 
mM NaCl with or without 250 pM GTPyS for 20 min. A 
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10-pL aliquot of [T-~*P]ATP (final 1 mM, 2 pCi) was added 
and the ATPase reaction continued for 15 min. The reaction 
was terminated by the addition of 750 pL of 0.5% ammonium 
molybdate in 1 N H2S04. The [32P]Pi was extracted with 1 
mL of isobutyl alcohol, 0.7 mL of which was counted. The 
amount of [32P]Pi released in the presence of 2 mM ouabain 
was subtracted from all values. 

Measurement of [ E P ] .  The measurement of [EP] was 
essentially according to Gorga (1985). Skeletal muscle 
membranes (10 pg) were incubated for 30 min at 37 OC in 
buffer with the following composition: buffer A/5 mM 
MgC12/100 mM NaCl/f250 pM GTPySIf25 mM KCl. 
The reactions were then cooled on ice for 2 min, at which point 
[T -~~P]ATP was added (100 pM, 10 pCi). The reaction was 
stopped 30 s later and the sample assayed for [EP] as described 
(Gorga, 1985). 

Fractionation of GTPyS. ( A )  Sephadex G-10. Sephadex 
(3-10 was swollen in H,O and packed into a 5-mL, 1 cm X 
20 cm column, which was equilibrated with buffer A. A 
100-pL aliquot of 15 mM GTPyS was applied to the column, 
and 5-drop (220-pL) fractions were collected. To assay for 
GTPyS, 25-pL aliquots were diluted into 1 mL of H 2 0  and 
the absorbance was read at 253 nm. To assay for Pi, 50-pL 
aliquots were diluted with 250 pL of H 2 0  and the amount of 
Pi was determined colorimetrically (Ames, 1966), measuring 
absorbance at 820 nm. To determine (Na+,K+)-ATPase in- 
hibiting capacity of each fraction, 25 pL of the fractions was 
added to a total final volume of 250 pL containing either 
skeletal muscle or axolemma membranes. After a 20-min 
preincubation at 37 "C, (Na+,K+)-ATPase activity was de- 
termined colorimetrically as described above. 

( B )  HPLC. Nucleotide analogues were fractionated on 
HPLC essentially according to Pogolotti and Santi (1982) with 
minor modifications. The high concentration buffer contained 
500 mM instead of 250 mM NH4H2P04, and a 1.5 mL/min 
flow rate was used instead of 3 mL/min. The buffer was 
graduated from 100% low concentration to 100% high con- 
centration in 5 min and the elution continued for an additional 
45 min with high concentration buffer. Under these conditions, 
guanine nucleotides elute at the following times: GMP, 8 min; 
GDP, 13 min; GTP, 18 min; and GTPyS, a broad peak eluting 
from 31 to 34 min. 

RESULTS AND DISCUSSION 
The effects of guanine nucleotide analogues were tested on 

the (Na+,K+)-ATPase in kidney microsomes, skeletal muscle, 
and axolemma, in order to determine whether or not there are 
tissue-specific and isoform-specific effects. These membranes 
contain predominantly the a l ,  a 2  and a l ,  and a 2  and a 3  
isoforms, respectively (Sweadner, 1979; Lytton et al., 1985; 
Young & Lingrel, 1987; Hsu & Guidotti, 1989; Urayama & 
Sweadner, 1988). The precedents for this approach are the 
greater ouabain affinity and the greater sensitivity to NEM 
and pyrithiamin of the a 2  and a 3  isoforms as compared to 
the a 1  isoform of the (Na+,K+)-ATPase (Sweadner, 1979; 
Matsuda et al., 1984). 

Shown in Figure 1 are measurements of (Na+,K+)-ATPase 
activities in these three membranes with increasing concen- 
trations of GTPyS or GMPPNP. It is evident that GTPyS 
has a pronounced inhibitory action on (Na+,K+)-ATPase 
activity with an approximate half-maximal inhibition con- 
centration of 100-300 pM; GMPPNP, on the other hand, has 
relatively little effect on (Na+,K+)-ATPase activity even at 
a concentration of 1 mM. In addition, niether GDP nor GTP 
as these concentrations inhibits (Na+,K+)-ATPase activity 
(data not shown). If assayed at concentrations of above 2 mM, 
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FIGURE 1 : Determination of guanine nucleotide sensitivity of 
(Na+,K+)-ATPase activity from three tissue sources. Axolemma, 
skeletal muscle, and kidney microsomes were incubated with various 
concentrations of GMPPNP (0) or GTPyS (0) for 20 min. Oua- 
bain-inhibitable (Na+,K+)-ATPase activity was determined colori- 
metrically as described under Materials and Methods. Results shown 
are either the determinations from single experiments or the average * SE of n = 5 (axolemma, GTPyS) or n = 2 (muscle, GTPyS) 
experiments. Activities with no nucleotide analogues in units of 
pmol/(mg"n) are 2.06 f 0.1 1, 1.42 0.07, and 0.52 for axolemma, 
skeletal muscle, and kidney, respectively. 

GMPPNP, GDP, and GTP do slightly inhibit (Na+,K+)-AT- 
Pase activity from all tissues studied (data not shown), pre- 
sumably because at  the ATP concentration used in these re- 
actions ( 2  mM) there is some competition for nucleotide 
binding to the pump. This effect of GTP on the 
(Na+,K+)-ATPase has been noted (Stekhoven et al., 1983). 

It is noteworthy that sensitivity to GTPrS  is specific for 
membranes containing either the a 2  or a 2  and a3  isoforms 
of the (Na+,K+)-ATPase; the (Na+,K+)-ATPase activity of 
kidney microsomes is unaffected by these concentrations of 
GTPyS. It was of interest do determine if the (Na+,K+)- 
ATPase in kidney membranes is resistant to GTPyS inhibition 
because the a 1  isozyme itself is resistant or because the 
membranes do not supply all the necessary components for 
inhibition. Skeletal muscle and stripped synaptosomal mem- 
branes were used to distinguish between these two possibilities 
because, unlike axolemma membranes, they contain quantities 
of the a1 isozyme high enough from which to assay activity. 
The ouabain dependence of (Na+,K+)-ATPase activity in 
skeletal muscle and synaptosomal membranes in the presence 
or absence of 250 pM GTPyS was determined, and the results 
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FIGURE 2: Determination of isozyme specificity of GTP-yS inhibition. 
Stripped synaptosomal membranes (2 pg) were incubated with various 
concentrations of ouabain in the absence (0) or presence (0) of 250 
pM GTPyS for 20 min. Activity was determined as described for 
Figure 1. 

Table I: Quantitation of the Effects of GTP-yS on Partial Reactions 
Catalyzed by (Na+, K+)-ATPase' 

250 pM % 
reaction control GTPrS inhibition 

[EPI (Pmovrg) 0.74 0.3 1 58 
Na+-ATPase [nmol/(mg"n)] 49 24 51 
phosphatase [nmol/(mgmin)] 233 i 10 98 & 2 58 

Membranes were incubated in the presence or absence of 250 pM 
GTPyS for 20 min at 37 "C. The catalysis of the listed partial reac- 
tions by the pump were assayed as described under Materials and 
Methods. 

for synaptosomal membranes are presented in Figure 2. (The 
results obtained with skeletal muscle membranes are not shown 
but are similar to those obtained with synaptosomal mem- 
branes.) The activity of the a1 isozyme and the a 2 / a 3  iso- 
zymes is inhibited by GTPyS. 

The sequences of the a1 isozyme in brain and kidney are 
identical (Shull et al., 1985, 1986), so it is unlikely that the 
tissue specificity of GTPyS inhibition of the a1 isozyme results 
from differences in structure of the (Na+,K+)-ATPase. Al- 
though not proved directly, the lack of effect of GTPyS on 
kidney microsomal (Na+,K+)-ATPase probably does not result 
from a breakdown of GTPyS by microsomes for two reasons. 
First, (Na+,K+)-ATPase purified from kidney microsomes 
[specific activity 5 pmol/(mgmin)] is also unaffected by 
GTPyS (data not shown). Second, less than 5% of GTPyS 
(as measured by release of phosphate) is hydrolyzed by kidney 
microsomes (data not shown). It is likely that additional 
regulatory molecules that are present in axolemma and skeletal 
muscle membranes but are absent from kidney microsomal 
membranes are responsible for the inhibitory action of GTPyS. 

Nonetheless, it was of interest to study in more detail the 
effects of GTPyS on the (Na+,K+)-ATPase. Therefore, the 
sensitivity of the partial reactions of the (Na+,K+)-ATPase 
to GTPyS was determined. The data presented in Table I 
demonstrate that, in addition to inhibiting (Na+,K+)-ATPase 
activity, GTPyS also inhibits Na+-ATPase activity, p-nitro- 
phenylphosphatase activity, and the formation of [EP]. These 
GTPyS effects are similar to the effects of other compounds, 
such as vanadate (Cantley, 1981), which inhibit the cycling 
of the (Na+,K+)-ATPase. 

There is, in addition, a strict requirement for the presence 
of sodium ions in the preincubation mixture in order for 
GTPyS to inhibit the (Na+,K+)-ATPase (data not shown). 
This fact was determined by preincubating axolemma mem- 
branes for 20 min with or without GTPyS with increasing 
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FIGURE 3: Effect of ATPyS and GTPyS on the ATP concentration 
dependence of (Na+,K+)-ATPase activity of skeletal muscle. Skeletal 
muscle membranes were incubated either under control conditions 
(m), with 250 pM ATPyS (0), or with 250 p M  GTPyS (A) for 20 
min. ATP was added at various concentrations, and ouabain-inhi- 
bitable (Na+,K+)-ATPase activity was determined according to the 
coupled enzyme method in order to maintain constant ATP con- 
centrations. Data points were fit by using least-squares analysis. The 
parameters derived from the fit are as follows: control, n = 3, V,,, 
= 2.68 pmol/(mg"n), K, = 0.35 mM ATP; ATPyS, n = 2, V,,, 
= 2.43 pmol/(mg"n), K, = 0.54 mM ATP; GTPyS, n = 3, V,,, 
= 0.92 pmol/(mg"n), K, = 0.37 mM ATP. 

concentrations of Na+. Sodium chloride was then added with 
the ATP to start the reaction so that all tubes had 100 mM 
NaCl present for the ATPase measurement. While basal 
(Na+,K+)-ATPase activity remains constant at all preincu- 
bation [Na+] tested, at [Na+] less than 5 mM, GTPyS is 
unable to inhibit ATPase activity (data not shown). Maximal 
inhibition is noted at sodium concentrations of 50 mM or 
higher. This lack of inhibition at low sodium concentrations 
is not simply an effect of low osmotic strength of the buffer; 
the addition of neither sucrose nor choline chloride to equalize 
osmotic conditions allows GTPyS inhibition of (Na+,K+)- 
ATPase activity (data not shown). Because the for Na+ 
of axolemma (Na+,K+)-ATPase activity is much less than that 
for GTPyS inhibition, it cannot be determined if GTPyS has 
any effect on the sodium dependence of ATPase activity. The 
requirement for sodium ions as well as a requirement for Mg2+ 
ions (data not shown) in the preincubation mixture may in- 
dicate a need for the (Na+,K+)-ATPase to exist in the E, 
conformation in order to be inhibited. Alternatively, the ions 
may be required to maintain either GTPyS or some other 
protein in conformational states necessary for interaction with 
the (Na+,K+)-ATPase. 

Although it seems unlikely that low concentrations of 
GTPyS could inhibit the (Na+,K+)-ATPase by interfering 
with binding of ATP, this possibility was addressed directly. 
The effects of both GTPyS and ATPyS were determined on 
the affinity of skeletal muscle (Na+,K+)-ATPase of ATP. It 
has already been established that AMPPNP inhibits 
(Na+,K+)-ATPase activity competitively with ATP (Stekhoven 
et al., 1983), so the prediction was that ATPyS would also 
competitively inhibit the (Na+,K+)-ATPase. Figure 3 shows 
an Eadie-Hofstee plot of the effects of these nucleotide ana- 
logues on skeletal muscle (Na+,K+)-ATPase activity in the 
presence of various concentrations of ATP. Magnesium was 
added at the same concentration as ATP in order to eliminate 
the fluctuation of Mgz+ as a possible cause of changes in 
ATPase activity. As predicted, ATPyS inhibits the 
(Na+,K+)-ATPase competitively, increasing the K ,  for ATP 
from 0.35 to 0.54 mM, with little effect on V , , .  In contrast, 
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FIGURE 4: Effect of GDPj3S on axolemma (Na+,K+)-ATPase activity 
in the presence or absence of GTPyS. Axolemma membranes (6 pg) 
were incubated without (0) or with (0) 100 pM GTP-yS and in- 
creasing concentrations of GDP@ for 20 min. Ouabain-inhibitable 
(Na+,K+)-ATPase activity was determined colorimetrically. 
GTPyS inhibits (Na+,K+)-ATPase activity noncompetitively, 
decreasing V,,, from 2.68 to 0.92 pM/(mg.min) without 
affecting the K ,  for ATP. 

Even though the activity of the (Na+,K+)-ATPase is af- 
fected as described above, there is no evidence that GTPyS 
interacts directly with the pump. On the contrary, the fact 
that a1 is inhibited in some membranes but not others suggests 
that an accessory protein or lipid is involved in this regulation. 
An obvious possibility is that a G-protein is involved in this 
phenomenon. While there is evidence that G-proteins can be 
preferentially activated by GTPyS as compared to GMPPNP 
(Rasenick et al., 1989), there are no examples of a G-protein 
that is completely insensitive to GMPPNP. Because the ac- 
tivity of the (Na+,K+)-ATPase is not inhibited by GMPPNP 
(Figure l ) ,  the involvement of a G-protein in the described 
GTPyS effect becomes suspect. Nonetheless, the effects of 
GDPj3S were analyzed on this system; GDPj3S can block the 
effects of GTPyS on G-proteins (Gilman, 1987). Axolemma 
membranes were incubated in the presence or absence of 100 
pM GTPyS, with increasing concentrations of GDPj3S for 20 
min, at which point ATPase activity was measured. The 
results in Figure 4 show that G D P B  itself inhibits axolemma 
(Na+,K+)-ATPase activity at submillimolar concentrations: 
the effects of GTPyS and GDPSS together, however, do not 
appear to be completely additive. These results do not rule 
out the involvement of a G-protein; GDPSS, like GTPyS and 
GMPPNP, has been shown to activate adenylate cyclase in 
some systems (Rasenick et al., 1989). It is more likely, 
however, because of the lack of effect of GMPPNP, that 
GTPyS and GDPDS inhibit (Na+,K+)-ATPase activity by 
similar mechanisms not involving G-protein, but perhaps 
through a direct interaction with the pump or another mole- 
cule. 

Both GTPyS and GDPBS contain terminal S H  groups, 
while GMPPNP does not; therefore, the possibility that this 
inhibitory effect was due to some oxidation/reduction phe- 
nomenon needed to be addressed. Matsuda et al. (1984) 
demonstrated that the brain a+ (a2/a3)  isozyme of the 
(Na+,K+)-ATPase is much more sensitive to pyrithiamin than 
is the kidney a1 isoform. It has also been established that 
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FIGURE 5: Effects of increasing concentrations of dithiothreitol on 
both (Na+,K+)-ATPase activity and GTPyS inhibition of 
(Na+,K+)-ATPase activity. Axolemma or skeletal muscle membranes 
were incubated in the absence (0) or presence (0) of 250 pM GTPyS 
with increasing concentrations of dithiothreitol. Ouabain-inhibitable 
(Na+,K+)-ATPase activity was determined colorimetrically. 

brain (Na+,K+)-ATPase is more readily inhibited by NEM 
than is the kidney enzyme (Sweadner, 1979). To compare the 
effects of GTPyS to another SH-containing compound, 
membranes from different tissues were preincubated in the 
presence of either 250 pM GTPyS or 1 mM DTT. The 
(Na+,K+)-ATPase of kidney microsomes and skeletal muscle 
membranes is unaffected by DTT. Surprisingly, the 
(Na+,K+)-ATPase in axolemma membranes is inhibited by 
DTT (45 f 8% inhibition, n = 7) nearly as much as by GTPyS 
(55 f 5% inhibition, n = 15). This inhibition by DTT was 
unexpected; the buffers used in many assays of (Na+,K+)- 
ATPase activity contain DTT (Barnett, 1970; Josephson & 
Cantley, 1977). Moreover, while only axolemma 
(Na+,K+)-ATPase is significantly inhibited by DTT, both 
skeletal muscle and axolemma (Na+,K+)-ATPase are inhibited 
by GTPyS. It is, therefore, unlikely that DTT and GTPyS 
inhibit (Na+,K+)-ATPase activity by the same mechanism, 
but it is possible that GTPyS inhibits due to a different SH- 
dependent interaction. 

To determine whether DTT can block the inhibition of 
(Na+,K+)-ATPase activity by GTPyS, axolemma and skeletal 
muscle membranes were incubated with or without 250 pM 
GTPyS with increasing concentrations of DTT for 20 min 
prior to the addition of ATP. Figure 5 shows that skeletal 
muscle (Na+,K+)-ATPase is not inhibited by up to 1 mM 
DTT, however, concentrations of DTT as low as 10 pM block 
the inhibition of (Na+,K+)-ATPase activity by GTPyS. 

The DTT inhibition of axolemma (Na+,K+)-ATPase activity 
is concentration dependent, with some inhibition at  0.1 mM 
DTT and maximal inhibition at 0.3 mM DTT. Although there 
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FIGURE 6: Reversal of GTPyS inhibition of skeletal muscle 
(Na+,K+)-ATPase activity by dithiothreitol. Skeletal muscle mem- 
branes were incubated without (0) or with (0) 250 pM GTPyS for 
40 min before the addition of ATP. Dithiothreitol (1 mM) was either 
not added (time = 0) or added 20,15,10, or 5 min prior to the addition 
of ATP. Ouabain-inhibitable (Na+,K+)-ATPase activity was de- 
termined colorimetrically. 

is GTPyS inhibition of axolemma ATPase activity at  low 
concentrations of DTT (10 pM), the sum of GTPyS and DTT 
inhibition at  1 mM DTT is not additive. These results could 
be interpreted to suggest that DTT and GTPyS inhibit axo- 
lemma (Na+,K+)-ATPase by the same mechanism and the 
reason that the effects are not additive at higher concentrations 
of DTT is that maximal inhibition has been reached. Alter- 
natively, these data could result from DTT having two effects 
on axolemma (Na+,K+)-ATPase: inhibition of (Na+,K+)- 
ATPase activity and blockage of inhibition by GTPyS in a 
manner similar to the effect demonstrated in muscle mem- 
branes. Dithiothreitol may inhibit only the a3 isozyme of the 
(Na+,K+) pump but block GTPyS inhibition. Addition studies 
on the nature of the DTT effect on axolemma (Na+,K+)- 
ATPase are currently underway in this laboratory. 

Because DTT blocks the effect of GTPyS on skeletal muscle 
(Na+,K+)-ATPase, one possibility is that GTPyS inhibits the 
(Na+,K+)-ATPase by forming a disulfide link with either the 
pump or some other regulatory protein. [This hypothesis is 
consistent with the finding that inhibition by GTPyS is slow 
to occur, with a for inhibition of skeletal muscle and 
axolemma (Na+,K+)-ATPase of 10 min; data not shown.] If 
this is true, DTT should not only block GTPyS inhibition, it 
should also reverse it, possibly in a time-dependent manner. 
To test the reversibility of GTPyS inhibition by DTT, several 
tubes containing muscle membranes were incubated with or 
without 250 pM GTPyS for a total of 40 min before the 
addition of ATP. Dithiothreitol was either not added (time 
= 0 in Figure 6) or added, at  a final concentration of 1 mM, 
5, 10, 15, or 20 min prior to the addition of ATP. Figure 6 
demonstrates that DTT can reverse GTPyS inhibition and that 
this reversal is time dependent, with a half-time of approxi- 
mately 10 min. These results are consistent with the idea that 
GTPyS forms a disulfide with a protein as a inhibitory 
mechanism of the (Na+,K+)-ATPase. However, the possibility 
that DTT merely changes the conformation of some protein 
to a state that is not longer sensitive to inhibition by GTPyS 
cannot be ruled out. 
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shown), it is unlikely that the inhibition is due to a trace 
contaminant of heavy metals. 

Thiophosphate analogues of GDP and GTP can form di- 
sulfides and complicated oxidation products of analogue and 
thiophosphate itself, the structures of which are dependent on 
reaction conditions (Goody & Eckstein, 1971). It has been 
proposed that the disulfide compounds of thiophosphate nu- 
cleotide analogues would be very reactive with cysteine residues 
on proteins (Goody & Eckstein, 1971). Certainly it is possible 
that such an anomalous GTPyS structure could inhibit 
(Na+,K+)-ATPase activity and closely elute with GTPyS on 
separation systems. When GTPyS is fractionated by HPLC, 
the major eluting peak is broad and irregular (data not shown). 
This peak was first assumed to consist just of GTPyS, but 
could in fact consist of GTPyS disulfides as well as GTPyS. 
To test whether such structures of GTPyS are involved in 
inhibition of the (Na+,K+)-ATPase, GTPyS was treated with 
a variety of sulfhydryl-reactive compounds and tested for the 
ability to inhibit (Na+,K+)-ATPase activity. 

When GTPyS was treated with DTT and then separated 
from DTT by gel filtration, it retained by ability to inhibit 
skeletal muscle (Na+,K+)-ATPase activity (data not shown). 
Moreover, GTPyS that has been reduced with NaBH4 also 
retains the ability to inhibit (Na+,K+)-ATPase activity (data 
not shown). These results suggest that a disulfide compound 
of GTPyS is not responsible for inhibiting the Na+ pump. 

As mentioned previously, the fact that GTPyS and G D P m  
but not GMPPNP inhibit (Na+,K+)-ATPase activity suggests 
that the terminal S H  group of these compounds might be 
important in the measured effect. If not important for the 
formation of a disulfide compound that itself inhibits 
(Na+,K+)-ATPase activity, the free SH group itself may be 
necessary for the reaction with protein molecules. To test this 
possibility, GTPyS was treated with NEM and then separated 
from NEM by Sephadex G-10 gel filtration as described for 
Figure 8. The bottom panel shows the elution profiles of 
GTPyS and NEM, as recorded by their absorption profiles 
at 253 and 302 nM, respectively. The top panel shows the 
elution profile of inhibitory activity of untreated GTPyS, 
NEM alone, and NEM treated GTPyS on axolemma 
(Na+,K+)-ATPase activity. 

As in Figure 7, the inhibitory activity of the GTPyS 
preparation elutes with GTPyS. Consistent with work by 
others (Sweadner, 1979), NEM is shown also to inhibit 
(Na+,K+)-ATPase activity. However, when GTPyS and 
NEM are incubated together, both lose the ability to inhibit 
(Na+,K+)-ATPase activit,y. The probable explanation for 
NEM losing the ability to inhibit activity is that some has 
reacted with GTPyS and some has been hydrolyzed during 
the incubation period. The fact that NEM-treated GTPyS 
no longer inhibits (Na+,K+)-ATPase activity directly dem- 
onstrates that the free SH group is necessary for inhibitory 
activity. 

If GTPyS forms a disulfide bond with a protein as the 
mechanism of inhibition, it would explain why DTT and p- 
mercaptoethanol (data not shown) reverse and block inhibition 
of (Na+,K+)-ATPase activity. However, attempts at labeling 
the (Na+,K+)-ATPase or other proteins with [3SS]GTPyS have 
been unsuccessful (data not shown). It is not clear, however, 
that this failure to label a protein reflects a true lack of covalent 
modification. Labeled [3SS]GTPyS contains 10 mM DTT in 
the packaged form. Although attempts were made to separate 
the ['%]GTPyS from the DTT, perhaps not all of the DTT 
was removed and it interfered with the labeling procedure. 
More experiments are currently underway to resolve this issue. 

0.9 

0.2 

0.1 

0.0 

0 4 8 1 2  1 8  2 0  2 4  

FRACTION NUMBER 

FIGURE 7: Fractionation of GTPrS by Sephadex G-10. An aliquot 
of GTPrS was separated by using Sephadex G- 10 as described under 
Materials and Methods. The top panel shows the elution profile of 
GTPyS (0) and PO4 (A). The bottom panel illustrates the elution 
profile of (Na+,K+)-ATPase inhibitory action using axolemma (A) 
and skeletal muscle membranes (0) as described under Materials and 
Methods. 

A surprising result is that just 10 pM DTT is able to reverse 
the inhibition of skeletal muscle (Na+,K+)-ATPase of 250 pM 
GTPyS (Figure 5 ) .  One possible explanation for this result 
is that a minor contaminant present in GTPyS preparations 
is responsible for the inhibitory effect. In order to further 
ascertain whether the actions of preparations of GTPyS on 
(Na+,K+)-ATPase activity are due to GTPyS itself or some 
other compound, a Sephadex G-10 column was loaded with 
GTPyS and the fractions were assayed for inhibitory activity. 
As illustrated in Figure 7, the inhibiting species elutes with 
the peak of GTPyS. The shoulder of inhibitory activity noted 
in fractions eluting after GTPyS could be due to the presence 
of thiophosphate (discussed below). So, either the inhibitory 
activity present in preparations of GTPyS is due to GTPyS 
itself or a contaminating compound elutes with GTPyS. 

Some preparations of ATP have been shown to contain trace 
amounts of vanadate, a potent inhibitor of the (Na+,K+)- 
ATPase (Josephson & Cantley, 1977; Cantley et al., 1977). 
In addition, vanadate can elute with ATP in a variety of 
separation systems. For the following reasons, however, va- 
nadate has been ruled out as an inhibitory contaminant in our 
preparations of GTPyS: (1) norepinephrine does not block 
the effects of GTPyS (data not shown), (2) DTT does reverse 
the effects of GTPyS, (3 )  GTPyS does not inhibit the 
(Na+,K+)-ATPase of kidney microsomes, and (4) ashed 
GTPyS no longer inhibits the (Na+,K+)-ATPase (data not 
shown). Moreover, because ashed GTPyS does not inhibit 
(Na+,K+)-ATPase activity and because neither EDTA nor 
EGTA block the inhibitory effects of GTP-yS (data not 
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of ATPyS was not expected to be of importance in the in- 
hibition of (Na+,K+)-ATPase activity because other ATP 
analogues also competitively inhibit the pump (Stekhoven et 
al., 1983). If GTPyS interacts directly with the (Na+,K+) 
pump, one would expect that it binds very differently than 
ATPyS, perhaps at a different nucleotide site, so that it is 
positioned to react with an important cysteine residue. If 
GTPyS reacts with a protein other than the (Na+,K+) pump, 
it is predicted that this protein does not bind ATPyS. It should 
be noted in this context that neither ATP, ADP, nor GTP can 
protect axolemma (Na+,K+)-ATPase from inhibition by 
GTPyS so the nature of the binding site for this nucleotide 
analogue is unclear (data not shown). It is obviously of great 
interest to determine with what molecule GTPyS interacts and 
in what way this interaction regulates the activity of the 
(Na+,K+)-ATPase. Further experiments are currently un- 
derway to address this issue. 
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FIGURE 8: Effect of NEM-treated GTPyS on (Na+,K+)-ATPase 
activity. GTPyS (1 5 mM) was treated with NEM (70 mM) in a total 
volume of 100 KL, at 37 O C  for 20 min. It was then separated by 
using Sephadex G-10 as for Figure 7. As controls, GTPyS and NEM 
were run separately on the column. The bottom panel shows the elution 
profile of GTPyS (0 )  and NEM (0). The top panel illustrates the 
elution profile of (Na+,K+)-ATPase inhibitory action on axolemma 
membranes for untreated GTPyS (e), untreated NEM (X), and 
NEM-treated GTPyS (A). 

Thiophosphate, a probable contaminant in GTPyS prepa- 
rations, also contains a free SH group. To determine if 
thiophosphate can inhibit (Na+,K+)-ATPase activity, thio- 
phosphate was synthesized and, as well as phosphate, was 
assayed directly for possible inhibitory effects on the 
(Na+,K+)-ATPase. Phosphate (up to 0.5 mM) does not inhibit 
while thiophosphate does inhibit (Na+,K+)-ATPase activity 
slightly (data not shown). This inhibition, however, is only 
detectable at concentrations of 100 pM thiophosphate and 
above, but the concentration of thiophosphate contributed by 
even very old solutions of GTPyS is much less than this at the 
GTPyS concentrations used in these experiments (data not 
shown). However, when the fractions from gel filtration are 
studied for inhibitory capacity, a large amount of GTPyS is 
loaded on the column. The final concentration of GTPyS in 
the reaction mixture is usually 400-500 pM, and the con- 
centration of thiophosphate could reach concentration levels 
necessary for inhibition of (Na+,K+)-ATPase activity. It is 
concluded that thiophosphate is responsible for the shoulder 
of inhibitory activity seen in the gel filtration elution profiles 
(Figures 7 and 8) but that it is not the major inhibiting species 
present in solutions of GTPyS. 

It is interesting that even though ATPyS has a terminal S H  
group, its effect on the (Na+,K+)-ATPase is very different 
from the effects of GTPyS (Figure 3). The terminal SH group 
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ABSTRACT: The inhibitory effects of vanadium(V) were determined on the oxidation of glycerol 3-phosphate 
(G3P) catalyzed by glycerol-3-phosphate dehydrogenase (G3PDH), an enzyme with a thiol group in the 
active site. G3PDH from rabbit muscle was inhibited by vanadate, and the active inhibiting species were 
found to be the vanadate dimer and/or tetramer. The dimer was a sufficiently weak inhibitor a t  p H  7.4 
with respect to G3P; the tetramer could account for all the observed inhibition. The tetramer was a 
competitive inhibitor with respect to G3P with a Ki of 0.12 mM. Both the dimer and tetramer were 
noncompetitive inhibitors a t  p H  7.4 with respect to N A D  with Ki's of 0.36 m M  and 0.67 mM. G3PDH 
inhibited by vanadate was reactivated when EDTA complexed the vanadate. The reactivation occurred 
even after extended periods of incubation of G3PDH and vanadate, suggesting that the inhibition is reversible 
despite the thiol group in the active site. Analogous reactivation is also observed with glyceraldehyde-3- 
phosphate dehydrogenase (Gly3PDH). Gly3PDH is an enzyme that previously had been reported to undergo 
redox chemistry with vanadate. The work described in this paper suggests vanadate will not necessarily 
undergo redox chemistry with enzymes containing thiol groups exposed on the surface of the protein. 

T e  in vivo and in vitro mechanisms by which the trace 
element vanadium interacts in biological systems are poorly 
understood in part due to its complex chemistry (Nechay et 

al., 1986; Gresser et al., 1987). Aqueous solutions of vanadate 
in the presence of biological materials will form many vana- 
dium compounds, and several of these are likely to exhibit _ .  
biological - activities. Several mechanisms have recently 
emerged demonstrating how vanadate can affect various en- 'This work was funded by the NIH. 
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