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ABSTRACT: Treatment of purified renal Na,K-ATPase with dihydro-4,4’-diisothiocyanatostilbene-2,2’-di- 
sulfonate (H2DIDS) produces both reversible and irreversible inhibition of the enzyme activity. The reversible 
inhibition is unaffected by the presence of saturating concentrations of the sodium pump ligands Na+, K’, 
Mg2+, and ATP, while the inactivation is prevented by either ATP or K+. The kinetics of protection against 
inactivation indicate that K’ binds to two sites on the enzyme with very different affinities. Na+ ions with 
high affinity facilitate the inactivation by H2DIDS and prevent the protective effect of K+ ions. The 
H2DIDS-inactivated enzyme no longer exhibits a high-affinity nucleotide binding site, and the covalent binding 
of fluorescein isothiocyanate is also greatly reduced, but phosphorylation by Pi is unaffected. The kinetics 
of inactivation by H2DIDS were first order with respect to time and H2DIDS concentration. The enzyme 
is completely inactivated by the covalent binding of one H2DIDS molecule a t  pH 9 per enzyme phospho- 
rylation site, or two H2DIDS molecules a t  pH 7.2. HzDIDS binds exclusively to the a-subunit of the 
Na,K-ATPase, locking the enzyme in an E2-like conformation. The profile of radioactivity, following 
trypsinolysis and SDS-PAGE, showed H2DIDS attachment to a 52-kDa fragment which also contains the 
ATP binding site. These results suggest that H2DIDS treatment modifies a specific conformationally sensitive 
amino acid residue on the a-subunit of the Na,K-ATPase, resulting in the loss of nucleotide binding and 
enzymatic activity. 

x e  Na,K-ATPase (EC 3.6.1.3) is the plasma membrane 
enzyme that couples the transmembrane transport of Na’ and 
K+ ions to the hydrolysis of ATP (Glynn & Karlish, 1975). 
ATP hydrolysis is catalyzed through a reaction cycle involving 

+This work was supported by NIH Grants HL 30315 and GM 39500. 

0006-2960/88/0427-7966$01 .SO10 

conformational changes of the protein with Na+-dependent 
phosphorylation from ATP and subsequent K+-dependent 
breakdown of the phosphoenzyme. In recent years significant 
progress has been made in linking the biochemical transfor- 
mations catalyzed by the enzyme to the transmembrane ion 
movements (Kaplan, 1983, 1985). However, most of the 
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important structural features are still unknown, and data on 
the effects of chemical modification of the enzyme should 
provide important information relating structural and mech- 
anistic properties of the enzyme. 

Pi1 and ATP are known to phosphorylate an aspartyl residue 
on the enzyme (Walderhauch et al., 1985), and there is some 
information regarding the possible participation of other amino 
acid residues at the locus of binding of the physiological ligands 
(DePont et al., 1977; Cantley et al., 1978; Karlish, 1980; 
Patzelt-Wenczler & Schoner, 1981; Shull et al., 1985; Ka- 
wakami et al., 1985; Schneider et al., 1985). Since the sub- 
strate contains negatively charged phosphate groups, the ex- 
istence of some positively charged recognition sites on the 
enzyme for ATP seems likely. The modification of two dif- 
ferent lysyl residues on the a-subunit with FITC (Farley et 
al., 1984) or FSBA (Ohta et al., 1986) has previously been 
shown to inactivate the enzyme. In the present study, the effect 
of a negatively charged amino-reactive reagent, H2DIDS, on 
the Na,K-ATPase has been examined. We describe obser- 
vations which show that H2DIDS produces both inhibition and 
inactivation2 of the enzyme with a single amino acid residue 
modified in the a-subunit of the Na,K-ATPase. The reactivity 
of this site toward H2DIDS can be regulated by physiological 
ligands of the sodium pump. Preliminary reports of some of 
these findings have been previously presented (Pedemonte & 
Kaplan, 1988, 1986a). 

MATERIALS AND METHODS 
Materials. FITC,' ATP, pNPP, BSA, AMP, UTP, and 

ADP were from Sigma Chemical Co. H2DIDS and ['HI- 
H2DIDS (sp act. 202 mCi/mmol) were from Research De- 
velopment Corp., Toronto, Canada, in some early experiments. 
The majority of the experiments employed ['H]H2DIDS that 
was obtained as a generous gift from Dr. M. L. Jennings 
(Galveston). [32P]Pi and ['HIADP were from Amersham. 
Acrylamide, bis(acrylamide), and 2-mercaptoethanol were 
from Bio-Rad Labs. SITS was from Molecular Probes and 
DNDS from Pfaltz and Bauer, Inc. BIDS was synthesized 
as indicated by Rao et al. (1979). All other chemicals were 
of the highest quality available. 

Enzyme Isolation and Assays. Na,K-ATPase was purified 
from dog kidneys according to Jorgensen (1974) with the 
modifications of Liang and Winter (1976). The enzyme was 
greater than 95% pure as judged from SDS-polyacrylamide 
gel electrophoresis (PAGE) (see Figure 6). The standard assay 
medium for Na,K-ATPase activity was (mM) EGTA, 0.5; 
NaCl, 130; KCl, 20; MgC12, 3; ATP, 3; imidazole, 5 0  pH 7.2 
(20 "C); and about 0.8 pg/mL enzyme protein. Unless 
specified, it also contained 0.3 mg/mL BSA. The suspension 
was incubated at 37 "C for 15 min and the Pi released de- 
termined as reported by Brotherus et al. (1981). The Na,K- 
ATPase activity was the difference between the ATP hy- 
drolysis measured in the absence and presence of 5 X lo4 M 
ouabain. The enzyme used in these studies had a specific 
activity of 15-20 pmol of Pi released mg-' m i d ,  a negligible 
ouabain-insensitive ATP hydrolysis, and maximal phospho- 
rylation by Pi at 37 "C in the presence of ouabain of about 

2.7 nmol/mg. Protein was determined by the method of Lowry 
et al. (1951) using BSA as standard. The p-nitrophenyl- 
phosphatase (pNPPase) activity was measured at 37 "C in an 
assay medium containing (mM) EGTA, 0.5; MgCl,, 5; KCl, 
20; Tris-p-nitrophenyl phosphate (pNPP), 3; and imidazole, 
50; pH 7.2 (20 "C). Unless specified, it also contained 0.3 
mg/mL BSA. The pNPPase activity was the difference be- 
tween the pNPP hydrolysis measured in the absence and 
presence of 5 X lo4 M ouabain. 

Phosphorylation by [32P]Pi was performed as described by 
Askari and Huang (1982). ADP binding was obtained as 
indicated by Robinson (1980). Treatment of the enzyme (1 
mg/mL) with FITC was performed at room temperature in 
a medium containing (mM) Tris-HC1, pH 9 (37 "C), 50; 
EDTA, 1; NaC1,80; and FITC, 0.03 (Hegyvary & Jorgensen, 
1981). After 45 min, the suspension was diluted with 2- 
mercaptoethanol and BSA (100 mM and 1 mg/mL final 
concentrations, respectively) and centrifuged at 436000g for 
5 min. The pellet was washed with 25 mM imidazole and 1 
mM EDTA, pH 7.5 (37 "C) (buffer C), once more and re- 
suspended in the same buffer. 

SDS-PAGE was carried out by using the buffer system of 
Laemmli (1970) on a linear gradient gel (8-14%). After the 
gels were stained with Coomassie blue and destained, the gels 
were photographed and cut in 5-mm slices which were solu- 
bilized with 0.5 mL of 30% H202,  and the radioactivity was 
determined. Fluorescent bands produced by FITC-labeled 
enzyme were visualized in unstained gels by illumination in 
a darkroom with a long-wavelength UV lamp and photo- 
graphed by using TRI-X film and a yellow filter. 

Trypsin treatment of the enzyme was performed as indicated 
by Jorgensen (1975). Additional experimental conditions are 
detailed in the figure legends. In the figures, "remaining 
activity" represents the ratio ui/uo, where uo and ui are the 
enzyme activity before and after inhibition or inactivation by 
H2DIDS, respectively. 

Treatment with H2DIDS. Concentrated stock solutions of 
H2DIDS or [3H]H2DIDS (2-5 mM) in H 2 0  were stored in 
small aliquots at -20 "C until use. The UV absorption 
spectrum of H2DIDS in 50 mM phosphate buffer (pH 7) was 
periodically measured, and the concentration was calculated 
from the absorption at 285 nm by using a value of 3.45 X lo4 
for the molar extinction coefficient (Research Development 
Corp. bulletin). Inactivation of the enzyme by H2DIDS (or 
labeling with [3H]H2DIDS) was performed at 37 "C by in- 
cubating 1 mg/mL of enzyme for 30 min in a medium con- 
taining 50 mM Tris-HC1, 1 mM EDTA, pH 9 or 7.2 (37 "C), 
and 12 pM H2DIDS. The reaction was stopped by a 3-fold 
dilution of the suspension with 400 mM mercaptoethanol and 
16 mg/mL BSA, followed by centrifugation at 436000g for 
5 min. The pellet was washed three times with a solution of 
BSA (4 mg/mL) in buffer C and once with buffer C alone. 
The pellet was finally resuspended in buffer C; protein, ra- 
dioactivity content (if ['H]H2DIDS was used), and Na,K- 
ATPase and pNPPase activities were then determined. This 
preparation is referred to as "H,DIDS+nzyme". Another way 
of measuring inactivation by H,DIDS was also employed. 
After "preincubation" of the enzyme with H2DIDS in 30 pL 

SITS, 4-acetamido-4'-isothiocyanatostilbene-2,2'-disulfonic acid; DNDS, 9 Or 7.2 (37 "c ) ,  and variable HzDIDS COncentrations, the 
4,4'-dinitrostilbene-2,2'-disulfonate; BIDS, 4-benzamido-4'-isothiocyan- reaction was halted with 20 pL of 125 mM 2-mercaptoethanol 
atostilbene-2,2'-disulfonate; Pi, inorganic phosphate; H,DIDS, 4,4'-di- and 0.5 mg/mL BSA. The suspension was then diluted 12-fold 
isothiocyanatodihydrostilbene-2,2'-disulfonate; PAGE, polyacrylamide 
gel electrophoresis; SDS, sodium dodecyl sulfate; BSA, bovine serum with the assay medium containing the enzyme ligands, 
albumin. including 0.3 mg/mL BSA. Both methods gave the same 

result. 

' Abbreviations: FITC, fluorescein S'-isothiocyanate (isomer 1); of a medium containing 50 mM Tris-HCl, 1 mM EDTA, PH 

"Inactivation" always refers to irreversible inhibition. 
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FIGURE 1 : Reversible inhibition of Na,K-ATPase and pNPPase 
activities by H2DIDS. Na,K-ATPase (m, 0, v, V) and pNPPase (A, 
A, 0, 0 )  were measured in the absence (0, 0, V, v) and presence 
(A, A, 0, m) of 50 mM 2-mercaptoethanol and in the absence (m, 
A, v, 0 )  and presence (0, A, v, 0) of 0.3 mg/mL BSA. HzDIDS 
at the indicated concentrations was added to the assay medium 
containing the enzyme (0.5 pg) and its ligands. The suspension was 
incubated for 15 min at 37 OC, and the hydrolysis of ATP was then 
determined. Continuous lines through the Na,K-ATPase data were 
drawn according to the equation ui/uo = Ki/(Ki + I) (Segel, 1975), 
where uo and vi are the enzyme activity before and after addition, 
respectively, of H2DIDS (I). Ki is the dissociation constant of H2DIDS. 
Lines were fitted by using values for Ki of 1 .O and 1.2 in the absence 
and presence of 2-mercaptoethanol, respectively. Lines through the 
pNPPase activity data were drawn by eye. Dashed lines represent 
the values predicted by the above equation for the pNPPase activity 
by using as Ki the I,, obtained from the experimental data, e.g., 0.40 
and 0.44 in the absence and presence of 2-mercaptoethanol, respec- 
tively. The composition of the assay media is detailed under Materials 
and Methods. BSA was not present during assays except when its 
effect on the reversible inhibition was determined. 

Unless specified, reversible inhibition was measured in the 
presence of saturating concentrations of all the enzyme ligands 
required for activity, while inactivation was determined in their 
absence. 

RESULTS 
Characteristics of Reversible Inhibition and Inactivation. 

H2DIDS inhibits Na,K-ATPase and pNPPase activities when 
added directly to the enzyme assay media in the presence of 
saturating concentrations of the enzyme ligands (Figure 1). 
Full activity is recovered by washing the enzyme (by centri- 
fugation and resuspension) free of H2DIDS, indicating that 
the H2DIDS inhibition is reversible. The fact that saturating 
concentrations of the different enzyme ligands did not affect 
the reversible inhibition suggests that H2DIDS behaves as a 
simple noncompetitive inhibitor (Segel, 1975; Dixon & Webb, 
1979). An equation derived for this type of inhibition (Segel, 
1975) fit the Na,K-ATPase activity data very well but not that 
of the pNPPase activity (Figure 1). H2DIDS concentrations 
necessary to reduce the initial enzyme activity to 50% ( Iso)  
were 1 pM and 0.4 pM for the Na,K-ATPase and the 
pNPPase activities, respectively. For a simple noncompetitive 
inhibitor the Is0 = Ki (Segel, 1975). The presence of 50 mM 
2-mercaptoethanol, which reacts with the isothiocyanate groups 
of H2DIDS, only slightly reduced the reversible inhibition. The 
presence of 0.3 mg/mL BSA almost totally protected the 
Na,K-ATPase and pNPPase activities against the inhibition 
by H2DIDS (Figure 1). This was a very useful way of pre- 
venting the interaction between HzDIDS and the enzyme and 
of stopping the progress of the inactivation (see below). The 

min 

I H P S  @HI 

FIGURE 2: Time course of inactivation of Na,K-ATPase by H2DIDS. 
The enzyme (0.033 mg/mL) was incubated at 37 OC in the presence 
of the following concentrations of H2DIDS (pM): 1.2 (O) ,  2.4 (0), 
3.6 (A), 4.8 (A), 6.4 (m), 8 (a), and 1 1  (V). At the indicated times, 
aliquots of 30 pL were withdrawn and put into tubes containing 20 
pL of 125 mM 2-mercaptoethanol and 0.75 mg/mL BSA to stop the 
reaction. Na,K-ATPase activity was assayed as indicated under 
Materials and Methods in the presence of 0.3 mg/mL BSA. Con- 
tinuous lines are the representation of the equation log ui/uo = 
-klI"t/2.3Ki, where uo and vi are the enzyme activity before and after 
inactivation, respectively, n is the number of H2DIDS molecules that 
produce the inactivation, Ki is the dissociation constant of H2DIDS, 
kl is the first-order rate constant of inactivation, and t is the time 
of treatment. The values used were 0.0045 min-I pM-' for kl/Ki and 
1.1 for "n". Inset: Logarithmic plot of the apparent first-order rate 
constant of inactivation (k' = klP/Ki) versus H,DIDS concentration. 

greater inhibition of the pNPPase compared with that of the 
Na,K-ATPase activity was not due to protection by Na+ or 
ATP since 100 mM NaCl, 100 mM choline hydrochloride, 
or varying ATP concentrations did not affect the reversible 
inhibition of the phosphatase activity by H2DIDS (data not 
shown). K+ and Mg2+ were also discounted as being re- 
sponsible for the differential inhibition as they were present 
at more or less the same concentration in both the Na,K- 
ATPase and pNPPase assay media (see Materials and 
Methods). 

The effects of pH on the reversible inhibition by H2DIDS 
were examined. The control enzyme activities were (pmol of 
Pi mg-I min-') 10.6, 19.2, 19.0, and 13.5 at pH 6.5, 7.2, 7.9, 
and 8.4, respectively. This variation of Na,K-ATPase activity 
with pH is very similar to that previously described by Skou 
(1979). When the pH of the Na,K-ATPase assay medium 
was increased, the inhibition due to H2DIDS was reduced. The 
residual Na,K-ATPase activity was 27%, 42%, 65%, and 76% 
at pH 6.5, 7.2,  7.9, and 8.4, respectively, a t  37 OC in the 
presence of 2 pM H,DIDS. Therefore, it seems likely that 
a residue on the protein that is involved in the reversible in- 
hibition is titrated in this pH range. The reversible inhibition 
of the pNPPase activity by H2DIDS shows much less sensi- 
tivity to pH (data not shown). 

When the enzyme was preincubated with H2DIDS in the 
presence of 50 mM Tris-HC1 and 1 mM EDTA, pH 9 (37 
"C), in the absence of the enzyme ligands and then assayed 
in the presence of saturating levels of the ligands, inactivation 
of the Na,K-ATPase was observed (Figure 2). The activity 
could not be recovered by extensive washing of the enzyme 
with buffer C and either BSA or 2-mercaptoethanol. However, 
addition to the preincubation medium of a large molar excess 
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of either 2-mercaptoethanol or BSA preserved the enzyme 
activity. The Z50 value for H2DIDS after 60-min incubation 
at 37 OC was 1.4 pM. Other analogues of H,DIDS, BIDS 
and SITS, gave values of 1.9 pM and 2.9 pM, respectively, 
under the same experimental conditions (Pedemonte & Ka- 
plan, 1988). The reaction between these inhibitors and the 
enzyme probably first involves reversible interactions, between 
the negatively charged sulfonic acid groups of H2DIDS, SITS, 
or BIDS and some positively charged groups on the protein, 
and then a covalent reaction ensues between the -NCS 
group(s) of the reagents and side-chain amino residues of the 
enzyme. The reaction can be described by 

I 

4 Ei E & (EI) - k1 

where I is the inhibitor which reversibly interacts with the free 
enzyme (E) with a dissociation constant Ki. The complex (EI) 
is converted in a unimolecular reaction to the inactivated form 
(Ei) with a rate constant k l .  

The data in Figure 2 were fit by using an equation (legend 
to Figure 2) previously derived for this kind of reaction (Pe- 
demonte & Kaplan, 1986b). Analysis of the inactivation data 
by using this equation implies that covalent binding of H2DIDS 
to the enzyme proceeds in a single exponential phase with a 
rate constant K = k,Z“/Ki. A logarithmic plot of the remaining 
Na,K-ATPase activity (v i /vo)  versus time of treatment with 
H2DIDS gave a linear relationship at all H2DIDS concen- 
trations used (Figure 2). The apparent first-order rate con- 
stants of inactivation are replotted in the inset of Figure 2, 
which shows a linear relationship between log k’ and log 
[H2DIDS]. The closeness of the slope to unity (“n” = 1.1) 
is consistent with the assumption that the binding of one 
molecule of H2DIDS per enzyme molecule is sufficient to 
produce the inactivation. 

The idea that the formation of a reversible complex between 
H2DIDS and the protein, which is responsible for the reversible 
inhibition, is a precursor to the inactivation reaction was 
supported by experiments using DNDS. DNDS is a stilben- 
edisulfonic acid where the isothiocyanate groups of H2DIDS 
are replaced by nitro groups so that covalent bond formation 
with the protein after reversible binding could not occur. Like 
H2DIDS, DNDS behaves as a simple noncompetitive inhibitor 
of the Na,K-ATPase activity (Pedemonte & Kaplan, 1988). 
DNDS inhibited with an Z50 of about 1.75 mM, which is more 
than 3 orders of magnitude lower affinity than that observed 
for H2DIDS under the same conditions. As expected from 
the structural similarities, DNDS and H2DIDS behaved as 
mutually exclusive inhibitors as if both compounds compete 
for the same binding site(s) on the enzyme (Pedemonte & 
Kaplan, 1988). This was also supported by the observation 
that when present during the treatment of the enzyme with 
H2DIDS (in the absence of ligands), DNDS prevented the 
inactivation of the Na,K-ATPase in a concentration-dependent 
fashion. 

Monovalent Cation Effects. Since the enzyme is only re- 
versibly inhibited by HzDIDS when all its physiological ligands 
are present (Figure 1) and it is inactivated when they are 
absent (Figure 2), all or some of the enzyme ligands must 
protect against the irreversible modification. K+, when present 
during the preincubation of the enzyme with H2DIDS, pre- 
served the enzyme activity (Figure 3). This effect was sat- 
urable, and at higher K+ concentrations than were necessary 
for the maximal protection, the effect was reduced. The 
concentration dependence of the first phase of K+ protection 
was hyperbolic with a half-maximal effect of 80 pM 

V O L .  2 7 ,  N O .  2 0 ,  1 9 8 8  7969 
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FIGURE 3: Effect of K+ on the inactivation of Na,K-ATPase by 
H,DIDS. The enzyme (0.033 mg/mL) was incubated for 30 min 
at 37 “C in the presence of 50 mM Tris-HC1, 1 mM EDTA-Tris, 
pH 9 (37 “C), 12 pM H,DIDS, and different KC1 concentrations. 
The inactivation reaction was halted by addition of 50 mM 2- 
mercaptoethanol and 0.3 mg/mL BSA. Na,K-ATPase activity was 
assayed as indicated under Materials and Methods. Inset A: The 
protective effect of low KCl concentrations shown on an expanded 
scale. Inset B: Double-reciprocal plot of the data shown in inset A. 

(mnr) NaCl (mM) 

FIGURE 4: Effect of Na’ on the HzDIDS inactivation of Na,K-AT- 
Pase. The enzyme (0.033 mg/mL) was incubated for 30 min at 37 
OC in the presence of 50 mM Tris-HC1, 1 mM EDTA-Tris, pH 9 
(37 “C), 12 WM H,DIDS, different NaCl concentrations, and plus 
(0) or minus (0) 0.3 mM KC1. The reaction of H2DIDS was stopped 
by addition of 50 mM 2-mercaptoethanol and 0.3 mg/mL BSA. The 
Na,K-ATPase was assayed as indicated under Materials and Methods. 
Inset A: The inhibition produced by the presence of Na+ (when 
counteracting the protective effect of K+) is replotted to show the 
”sigmoidal” dependency. Inset B: Stimulation by Na+ of the inac- 
tivation of the enzyme by H,DIDS. This inhibition is replotted to 
show the “hyperbolic” dependency. Inset C: Double-reciprocal plot 
of the data of inset B. 

(Figure 3A,B). The second phase of the K+ action shows a 

Na’ produced a facilitation of the H2DIDS inactivation of 
the Na,K-ATPase with a Ko.5 of about 2 mM (Figure 4). The 
relative inhibition versus [Na+] followed a hyperbolic relation 
(Figure 4B,C), suggesting that the facilitating effect of Na+ 
is accomplished by only one Na+ ion interacting with the 
enzyme. Addition of low concentrations of Na+ to a reaction 
medium containing 0.3 mM KCl along with the enzyme and 
HzDIDS counteracted the protective effect of K+ (Figure 4). 
The Na+ effect follows a sigmoid relation (Figure 4A), Na+ 
being half-maximally effective at about 2 mM. 

Nucleotide Binding and Protection. Mg2+ (1 mM) had little 
effect on the inactivation of the Na,K-ATPase by H2DIDS 
(Figure 5). ATP and ADP protected against H2DIDS in- 
activation (in the absence of Mg2+) with a of about 90 
pM (Figure 5). No evidence was obtained (from thin-layer 
chromatography or UV absorption spectra) of a direct in- 
teraction between ATP, which has an amino group on the 

of about 9 mM (Figure 3). 
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FIGURE 5 :  Effect of nucleotide phosphates on the inactivation of 
Na,K-ATPase by H,DIDS. The enzyme (0.033 mg/mL) was in- 
cubated for 30 min at 37 "C in the presence of 50 mM Tris-HCI. 
1 mM EDTA-Tris. pH 9 (37 "C), and different concentrations of 
ATP (A), ADP (O), UTP (A), or AMP (A). The reaction was stoppod 
by addition to the medium (30 rL) of 20 $L of 2-mercaptoethanol 
(1  25 mM) and ELSA (0.75 mg/mL). The Na.K-ATPase activity was 
assayed as indicated under Materials and Methods. The effect of 
I mM free Mg2+ on the inactivation is also shown (0). 

adenine ring, and H,DIDS. This was also supported by the 
lack of protection against H,DIDS inactivation afforded by 
AMP, which binds poorly to the ATP site on the enzyme. The 
high-affinity binding of ['HJADP, as an ATP analogue 
(Askari & Huang. 1982). to the H,DIDS-enzyme was re- 
duced compared to control enzyme. ADP binding was 0.12 
f 0.04 and 2.34 f 0.05 nmol/mg to H,DIDS-enzyme and 
native enzyme, respectively. The 95% decrease in nucleotide 
binding correlated well with the reduction in Na,K-ATPase 
activity. Experiments with FITC also suggest an alteration 
in the ATP binding region. FITC inactivates the Na,K-AT- 
Pase, and ATP competes with this effect with a high affinity 
(Karlish, 1980; Hegyvary & Jorgensen, 1981;Scnet al, 1981). 
The binding of FITC to the a-subunit of the enzyme was 
greatly reduced by previous H,DIDS treatment (data not 
shown). DNDS, which protects the enzyme against H,DIDS 
inactivation and binding, also protected against FITC binding. 

Even though the ATP binding region on the enzyme was 
altered, the phosphorylation site was not modified by the 
H,DIDS treatment. The maximum level of phosphorylation 
by [32PlPi was the same in normal and H,DIDS-enzyme, 2.67 
f 0.12 and 2.47 f 0.14 nmol/mg, respectively. 

Location and Quanrirarion o/Modqying Sires. Structural 
modifications of the enzyme, produced by the HIDIDS 
treatment, were examined by using SDS-PAGE. The 
H,DIDS-enzyme showed the same protein profile as normal 
enzyme (Figure 6); no cross-linking of protein fragments was 
observed. There was no major difference between control and 
H,DIDS-enzyme following trypsin treatment in the presence 
of K+. However, the peptide profile of H,DIDS-enzyme 
treated with trypsin in the presence of Na+ plus ADP was the 
same as when the proteolysis was performed in the presence 
of K+ (Figure 6). This is in marked contrast to control en- 
zyme, which showed different and characteristic patterns when 
trypsin treatment is performed with Na plus ADP or with K 
(Figure 6). Na+ plus ADP stabilizes E, forms while K+ 
stabilizes E, forms of the enzyme.' 

The profile of ['H]H,DIDS labeling shows that only the 
a-subunit of the enzyme binds H,DIDS (Figure 6). After 

' E, is the enzyme form with high afhity for ATP (Kd = 0.1 pM) 
and Na' (KO,, * I mM) while &has low affinity for ATP (KO,) * 0.1 
mM) and high affinity for k+ (K, - 0.3 mM) (Glynn & Karlish. 1975). 
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FIGURE 6 Polyacrylamide gel electrophoresis of trypsin-treated 
H,DIDS-enzyme. H?DIDS-enzyme was prepared. treated with 
trypsin in the presence of either Na+ plus ADP (lane Na*) or K+ 
(lane K+), and subjected to SDS-PAGE as indicated under Materials 
and Methods. The positions of molecular weight markers, run on 
the same gel. are indicated. Na.K-ATPase not treated with HlDIDS 
(native enzyme) and HIDIDS treated (H,DIDSinzyme) are indi- 
cated. Third lanes are enzyme not treated with trypsin. The gel whose 
picture is shown in the figure was cut, dissolved in H,O,. and counted 
for radioactivity as indicated under Materials and Methods. The 
picture shows the radioactivity profile of enzyme before (A) and after 
treatment with trypsin in the presence of either Na+ plus ADP (C) 
or K' (B). 
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RGURE 7: Correlation between ['H]H,DIDS binding and inactivation 
of Na.K-ATPase activity. (A) The enzyme ( I  mg/mL) was incubated 
at 37 OC for 60 min in the presence of 50 mM Tris-HCI. I mM 
EDTA-Tris, pH 9 (37 "C) (0. 0) or 7.2 (A, A), and different 
concentrations of ['H]H,DIDS. After extensive washing, Na.K- 
ATPase activity (0, A) and radioactivity content (0, A) were de- 
termined. (B) Linear relationship between inactivation of the enzyme 
and H,DIDS binding at pH 7.2 (A) and 9 (0). Data were taken from 
panel A. 

trypsin treatment in the presence of either Na+ plus ADP or 
K+ the majority of the radioactivity was found in a fragment 
that migrated just below the 8-subunit. 

pH Dependence of Inhibiror-Prorein Inferacrions. Iso- 
thiocyanate groups react quite specifically with side-chain 
amino groups of proteins. The reaction can take place, how- 
ever, only with the deprotonated form of the amine. At pH 
9 the inactivation of the Na,K-ATPase was slightly lower than 
that observed at pH 7.2 (Figure 7). The covalent ['HJH2D- 
IDS binding was twice as high at  pH 7.2 than at  pH 9. A 
plot of residual enzyme activity versus bound H,DIDS indi- 
cates a linear relationship at both pH values. Total inactivation 
is attained when 3.4 and 6 nmol of H,DIDS/mg of protein 
are bound to the enzyme at  pH 9 and 7.2, respectively. 

DISCUSSION 

The present studies show that HIDIDS and similar com- 
pounds can cause both reversible inhibition and inactivation 
of the sodium pump. It has been shown previously that di- 
sulfonic stilbenes inhibit the Na pump (Teisinger et al., 1984; 
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Faelli et al., 1984; Ehrenspeck & Brodsky, 1976). These 
studies suggested that the inhibition took place at  the cyto- 
plasmic face of the enzyme. In human erythrocytes, inhibition 
of anion transport (mediated by band 3) occurs via binding 
of these compounds to the extracellular surface (Jennings, 
1982). Even though the present experiments were made with 
purified enzyme, DIDS has been observed to have no effect 
on the red cell sodium pump when added to the external 
medium (Hoffman et al., 1979). Thus, it is likely that the 
inhibitory effects observed are occurring at sites on the protein 
that are normally exposed at  the cytoplasmic surface. 

Reversible Inhibition. While the reversible inhibition of the 
Na,K-ATPase by H2DIDS could be analyzed by assuming a 
simple noncompetitive mechanism, this was not the case for 
the pNPPase activity (Figure 1). As far as we know, this is 
the first time that an inhibitor has been described that affects 
the pNPPase more than the Na,K-ATPase activity. This 
indicates that either different sites of interaction between the 
enzyme and H2DIDS are affecting both activities or the same 
binding affects kinetic steps not shared by both activities. It 
has been proposed previously that these activities proceed via 
different pathways (Berberian & Beauge, 1985; Shaffer et al., 
1978). 

The observation that H2DIDS reversibly inhibited the en- 
zyme in the presence of saturating concentrations of Na', K+, 
Mg2+, and ATP indicates that the ligand binding sites are not 
involved in or modified by the noncovalent H2DZDS interac- 
tion. After reversible binding of H2DIDS, the reactivity of 
the reagent -NCS groups with side-chain residues on the 
protein will depend on the alignment, distance between the 
reactive groups, and the local pH. Therefore, the protecting 
ligands (K+ and ATP) must produce some change in the 
accessibility or orientation of the side-chain groups that are 
involved in covalent bond formation. The higher affinity for 
K+ and lower affinity for ATP in protecting against inacti- 
vation, compared to the affinity usually observed for those 
ligands binding the El form of the enzyme, suggest that the 
reversible H2DIDS interaction holds the enzyme in an E2 form. 
Taking into account this change of conformation and the 
observation that DNDS prevents the inactivation by H2DIDS, 
the simple mechanism of inhibition and protection of the en- 
zyme shown in Scheme I can be considered, where E is the 
free enzyme; (EX), (EXL), (EI), and (ELI) are the reversibly 
inhibited enzyme forms, and Ei represents the inactive enzyme. 
X refers to DNDS; I, to H2DIDS; and L to K+, ATP, Mg2+, 
and Na+. The value of a is greater than 1 for Na+ and 0 for 
K+ and ATP. Scheme I assumes that DNDS and H2DIDS 
are mutually exclusive simple noncompetitive inhibitors with 
respect to L. The excellent fit of the experimental data with 
equations derived from this scheme indicates that it is at least 
compatible with the experimental observations. 

Protection by Monovalent Cations. K+ counteracts the 
H2DIDS inactivation of the enzyme with a high affinity 
(Figure 3) usually associated with binding to the E2 form of 
the enzyme (Karlish, 1980; Garrahan & Glynn, 1967; Re- 
phaeli et al., 1986). One interesting feature of the concen- 
tration dependence of the first phase of K+ protection (Figure 
3A) was the hyperbolic relation, suggesting that there was only 
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one K+ ion that initially interacted with the protein and this 
was sufficient to halt the H2DIDS inactivation process. 
Therefore, at maximum K+ protection there seems to be one 
K+ ion binding per enzyme molecule. On the other hand, the 
biphasic characteristic of the K+ effect suggests that the 
binding of a second K+ ion to the enzyme reduces the pro- 
tective effect displayed by the binding of the first K+. Thus, 
the two K+ ions bind to each enzyme molecule with very 
different affinities, producing opposite effects on the H2DIDS 
inactivation. This suggests that the binding of K+ to either 
one of its two sites produces structural modifications of the 
enzyme. Recently, evidence for two different K+ sites has been 
presented from direct studies of Rb+ occlusion by the enzyme 
(Shani et al., 1987). It is noteworthy that the two KRb mea- 
sured by Rb+ binding (Shani et al., 1987) were similar to the 
half-maximal effects of K+ on the HzDIDS inactivation 
(Figure 3). 

The fact that the K+ protection and Na+ facilitation of the 
H2DIDS inactivation were produced by the binding of only 
one of either ion to the protein (Figures 3 and 4) indicates that 
binding of only one K+ or Na+ ion per enzyme molecule 
produces significant modifications in the enzyme structure. 
In enzyme labeled with FITC Karlish (1980) also observed 
that the binding of one K+ ion converted the enzyme from the 
E, to the E2 conformation and one Na+ ion returned it to El. 

The reduced ADP (and, hence, ATP) binding to the high- 
affinity nucleotide site following inactivation of the enzyme 
by H2DIDS is sufficient alone to account for loss of Na,K- 
ATPase activity. The fact that H,DIDS-nzyme did not bind 
ADP might imply that H2DIDS has reacted with an amino 
acid residue at the ATP binding site. This would be supported 
by the observations that (i) ATP counteracted the inactivation 
(Figure 5), (ii) H2DIDS-enzyme showed reduced binding of 
FITC (data not shown), which has been assumed to bind to 
the ATP site (Karlish, 1980), and (iii) K+, which has been 
shown to compete with the binding of ATP (Kaniike et al., 
1973), also opposes the inactivation of the enzyme by H2DIDS. 
However, similar arguments can be used to support the idea 
that H2DIDS is an affinity label for the K+ binding site. Thus, 
some caution is necessary in interpreting protection against 
inactivation or binding with the identification of a site. Pro- 
tection by a substrate against inactivation of an enzyme does 
not provide unambiguous evidence that the substrate and in- 
activating agent bind to the same site. 

Comparison with FZTC-Modified Protein. Since FITC and 
H,DIDS are both amino-reactive reagents, it is possible that 
the same amino acid is modified. Indeed, prior treatment of 
the enzyme with H2DIDS greatly reduces the FITC binding. 
Furthermore, DNDS, which protects the enzyme against 
H2DIDS binding and inactivation, also prevented FITC 
binding. There are, however, significant differences between 
the effects of modification by FITC and H2DIDS (Karlish, 
1980; Sen et al., 1981; Pedemonte & Kaplan, 1986ax; Carilli 
et al., 1982). It will be of interest to determine if these dif- 
ferences and similarities are the consequence of modification 
of the same or different amino acid residues on the enzyme 
a-subunit by the two reagents. 

The reaction between H2DIDS and the Na,K-ATPase ap- 
pears to involve at least two distinct steps: a rapid reversible 
interaction and a subsequent slower covalent bond formation 
between the -NCS groups of H2DIDS and an amino acid 
residue on the protein. This mode of action is very similar to 
that described in the DIDS inhibition of anion transport 
mediated by band 3 in red blood cells (Lepke et al., 1976; 
Jennings, 1982; Jennings & Nicknish, 1985). The idea that 
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the initial reversible interaction determines the subsequent 
covalent reaction between HzDIDS and the protein is sup- 
ported by the effects of pH (see below) and the observation 
that DNDS, which can only interact reversibly with the pro- 
tein, protected the enzyme against inactivation by H,DIDS. 

Effects of pH.  Raising the pH of the assay medium con- 
taining HzDIDS and the enzyme reduces the reversible in- 
hibition but has no major effect on the inactivation reaction 
(Figure 7). This suggests that positively charged group(s) of 
the protein that interact Coulombically with the sulfonate 
groups of H,DIDS, resulting in reversible inhibition of the 
enzyme, are deprotonated when the pH is raised from 6.5 to 
8.4, resulting in a reduction of inhibition. In contrast, the 
inactivation of the enzyme is only slightly reduced between 
pH 7.2 and 9. The side-chain group with which the -NCS 
of H,DIDS reacts covalently to produce the inactivation should 
be at least partially deprotonated at pH 7.2. Therefore, in- 
hibition of the enzyme and covalent binding of HzDIDS 
produced by elevation of the pH are due to differences in the 
initial reversible interaction between H,DIDS and the protein 
and not to effects on the subsequent covalent reaction. 

Stoichiometry and Localization of Binding. Kinetic studies 
showed a linear relationship between inactivation of the en- 
zyme and both time of treatment with H2DIDS and amount 
of inhibitor binding (Figures 2 and 7). The values of [3H]- 
HzDIDS labeling and maximal phosphorylation of the enzyme 
indicate that the binding of one HzDIDS molecule per enzyme 
molecule, at pH 9, causes complete inactivation. A linear 
relationship is found between HzDIDS bound and remaining 
activity at both pH 7.2 (where two H,DIDS molecules bind 
at complete inactivation) and pH 9 (where only one H2DIDS 
molecule is sufficient for total inactivation). Thus, the second 
site modified at pH 7.2 may or may not be related to enzyme 
inactivation. 

The profile of radioactivity in SDS-PAGE showed that 
H,DIDS was bound to a 52-kDa fragment which has been 
assumed to include the ATP site (Carilli et al., 1982). In the 
presence of Na+ plus ADP the proteolysis pattern of 
H,DIDS-enzyme is similar to that usually observed for the 
K+ form of the enzyme (E, form). 

There is no direct evidence to identify which amino acid 
residues are involved in the H2DIDS binding domain. The 
product of the reaction between -NCS and S H  groups would 
not be sufficiently stable (in the labeled enzyme washing 
conditions) to produce the inactivation observed. Thus, the 
inactivation is likely due to interaction of HZDIDS with a 
side-chain amino residue on the protein. If NH2-lysine residues 
are indeed involved in the covalent reaction, they have low 
p r s ,  presumably due to either (i) the juxtaposition of other 
positively charged residues, which favor deprotonation at a 
lower pH than that expected for an e-NHz-lysine (pK 10.5), 
or (ii) the fact that the lysine residues are contained in a 
relatively hydrophobic environment. 

The present results show that H,DIDS is a very useful 
reagent for identifying functionally important amino acid 
residues in the Na,K-ATPase. The characteristics of the 
inactivation and the protection by ATP and K+ suggest that 
these two ligand sites may be considered potential binding 
domains for H2DIDS. Identification of the specific amino acid 
residue modified will require the purification and sequencing 
of the H2DIDS-labeled peptide fragment. 
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ABSTRACT: The thermotropic behavior (studied by high-sensitivity differential scanning calorimetry) and 
susceptibility to Vibrio cholerae sialidase hydrolysis of large unilamellar vesicles of dipalmitoyl- 
phosphatidylcholine, containing native GDla  ganglioside or the molecular species of G D l a  containing C18: 1 
or C20:l long-chain base (C18:l GDla;  C20:l GDla) ,  were studied. Vesicles containing ganglioside (10% 
in molar terms) showed the presence in the heat capacity function of a second minor peak besides the 
phospholipid main transition peak. The presence of a second peak is much more evident with C20:l G D l a  
than with C18:l GDla ,  the difference being potentiated by Ca2+ and indicating a different tendency of 
the G D l a  molecular species to undergo lateral phase separation. The scans of vesicles containing native 
G D l a  showed the features of those obtained with C18:l GDla  and C20:l GDla ,  indicating that the main 
components of native GDla,  C18:l GDla  and C20:l GDla,  maintain their individual aggregative properties. 
V. cholerae sialidase affects vesicle-bound G D l a  at  a much higher rate (17-25-fold) than it does micellar 
G D l a ,  the activation by Ca2+ being 3- and 2-fold, respectively. The V,,, values were identical on C18:l 
G D l a  and C20:l G D l a  in micellar dispersions, whereas they were markedly higher (from 20 to 50%) on 
C18: 1 GDla  than on C20: 1 GDla  in vesicular dispersions. Exhaustive sialidase hydrolysis of vesicles carrying 
native GD l a  produced C 18: 1 G M  1 and C20: 1 GM 1 in the same proportion as the C 18: 1 and C20: 1 species 
present in native G D l a  (53.9% and 46.1%). Conversely, sialidase treatment producing about 10% of G D l a  
hydrolysis gave origin to C18:l GM1 and C20:l GM1 in the proportions of 65-69% and 31-35%, indicating 
the preference by the enzyme to affect C18:l GDla .  These data show that V. cholerae sialidase is able 
to recognize GD 1 a molecules with different long-chain base moieties on the basis of their tendency to undergo 
lateral phase separation on the membrane, realizing higher V,,, values of the substrate molecules more 
dispersed on the surface. 

Gangliosides are amphiphilic components of the plasma 
membrane of vertebrate cells and are asymmetrically located 
in the outer face of the membrane with the oligosaccharide 
portions that protrude from the cell surface and interact with 
a variety of external ligands. Gangliosides are known to 
participate in a number of cell surface events where the oli- 

'This work was supported in part by the Consiglio Nazionale delle 
Ricerche (CNR, Rome; Grant 8700471 S6, Progetto finalizzato Medi- 
cina preventiva e riabilitativa, Sottoprogetto Malattie del Sistema Ner- 
voso). 

gosaccharide chains seem to be instrumental to functional 
performance (Sharom & Grant, 1978; Brady & Fishman, 
1979; Ando, 1983). The actual availability of the ganglioside 
oligosaccharide chains to interactions has been shown (Mas- 
serini et al., 1982; Myers et al., 1984) to depend on the 
physicochemical properties of the embedding membrane, as 
well as on the aggregative properties of the ganglioside mol- 
ecules. In turn, these latter properties are largely determined 
by the chemical characteristics of the ganglioside lipidic portion 
(ceramide) which is inserted into the lipid bilayer, intercalating 
with the other hydrophobic components of the membrane 
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