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SUMMARY

T1*+ has been found to replace K+ in activation of the (NatK+)-sensitive
ATPase of rabbit kidney. In comparison to the other known substitutes for K+ in
activating this ATPase, T+ 1s unique 1n that 1t has an affinity approx 10 times greater
than K+ for the K+ activating site

INTRODUCTION

In higher organmisms 1t appears well established that there 1s an association
between the active transport of Na* across cell membranes and the presence of a
(Nat-K*)-stimulated, Mg2+-dependent, ouabain-sensitive ATPase! in the particulate
fractions of tissue homogenate. Rb*, NH,+, Cs*, and Li* may replace K+ in the acti-
vation of this ATPase with affinities 1n the order K+ > Rb* > NH,* > Cs* > i+
(refs 1, 2). The extent of ATPase activation by the substitutes 1s less than the K+
activation except in the case of NH,* which may activate to a slightly greater extent?!,2
Somewhat more variably these same ions serve to replace the K+ required 1n the meta-
bolically dependent transport of Na* from the inside to the outside of cell membranes.
During this Na* transport, K+, or one of 1ts substitutes, must be present in the extra-
cellular flmid The substitutes show very roughly the same order of efficiency in replacing
K+ 1n the active transport of Nat as they do mn affinity for ATPase activation3-7

The detailed nature of this biological 10n transport system 1s not known. Polaro-
graphic techniques, used in the study of 10n transport processes across mterfacial
films®:®, would appear to be potentially useful for the study of the biological system
But it 1s not possible to apply polarographic techniques to processes involving alkali
metal ions under appropriate conditions For this reason we were prompted to look
for ions which would be handled by the Nat—K+ transport system of cells and which
could be analyzed polarographically As part of this search, we decided to test TI+
as a possible substitute for Nat or K+1n the (Nat-K+)-sensitive ATPase. It was found
that TI* may replace K+ in the activation of an ATPase of rabbit kidney In all respects
tested, this (Nat-TI*)-sensitive ATPase was found to behave like the (Nat-K+)-
sensitive ATPase. The two enzymes are evidently identical and TIt substitutes for
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K+ at the K+ activation site of the rabbit kidney (Na+-K*)-sensitive ATPase with an
affinity approx. 10 times greater than K+

MATERIALS

Frozen rabbit kidneys were purchased from Pel Freez Biologicals, Rogers, Ark ,
thallium acetate, from Fisher Scientific Company, Tris and Na,ATP from Sigma
Chemical Company, EDTA, from Mallinckrodt Chemical Works

METHODS

Tris—ATP was prepared by passage of a solution of Na,ATP through a column
of cation exchange resin in the H+ form, followed by neutralization with Tris ATPase
was prepared from the frozen rabbit kidneys by a meodification of the method of
KINSOLVING, PosT AND BEAVER!® Two frozen rabbit kidneys were thawed, decap-
sulated, and homogenized in 150 ml of 0.25 M sucrose, 2-107® M Tris—=EDTA, and
1.2-1072 M mercaptoethanol The homogenate was centnifuged at 0° for 20 min at
100 X g Discarding the supernatant, the loose upper layer of sediment was resuspended
1 homogenizing solution and centrifuged as before, this time resuspending the loose
upper layer of sediment 1n storage solution (1 3 M urea, 0.02 M Tris—-HCl (pH 7.4),
2 103 M Tris-EDTA, 104 M MgCl,, 7 6 -10-3 M (NH,),SO, and 1 2 -10-2 M mercapto-
ethanol) Afterstanding for at least 10 h at 5°, the suspension was spun down at 10 000
x g for 10 min at 0° The sediment was twice resuspended in 0 02 M Tris—-HCl (pH 7.4),
3 1074 M Tris—-EDTA, and 1 2 102 M mercaptoethanol and held at 5° 1n that solution
until used

Protein was determined by the method of GORNALL, BARDAWILL AND DavID!?,
standardized on crystalline bovine albumin

ATPase activity was estimated by incubating enzyme and Tris-ATP in 1 ml
of appropriate 10nic composition at 38° for 15 min. The reaction was terminated with
0.5 mlof 159, (w/v) trichloroacetic acid and the inorganic phosphate assayed according
to the method of TAussky AND SHORR!2 Blanks with choline replacing Nat—K+, or
Na+-TI+, allowed determination of ion-dependent ATPase activity Enzyme concen-
tration was adjusted so that the phosphate assayed represented the initial velocity
of the reaction.

RESULTS

Using a solution of 5 gmoles Tris—ATP, 5 umoles magnesium acetate, 20 gmoles
Tris—acetate buffer (pH 7 40), 0 165 mg of ATPase (diluted with 0.02 M Tris-acetate
buffer) and variable sodium acetate-thallous acetate mixtures to a total of g6 umoles
m I ml, the activity of the ATPase was determined and compared to the ATPase
activity when 96 pmoles of choline acetate replaced the sodium acetate-thallous
acetate mixture. The additional ATPase activity found 1n the Na*+-TI+ system above
that 1n the choline system was taken as (Nat-Tl+)-dependent ATPase activity. The
results for various Na+t—TI+ ratios are plotted in Fig. 1 together with a similar curve
where potassium acetate was used in place of thallous acetate Both a (Na*+-TI+)-
sensitive and (Nat-K+)-sensitive ATPase are present with comparable maximal
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Fig 1 Vanation of the initial velocity, vy (1n ymoles phosphate produced/min per mg protein),
with the concentration (mM) of K+ (@) or Tl+ (O) The reaction mixture contained Tris—-ATP
(5 umoles), magnesium acetate (5 umoles), Tris—acetate (20 umoles, pH 7 4), enzyme (o 165 mg)
and Na* 4+ K+ = TI* + Na* = g6 ymoles 1n 1 ml, incubation at 38° for 15 min

Fig 2. Upper curve Varnation of the imtial velocity, v; (in gmoles phosphate produced/min per
mg protein), with the pH of the assay medium for the (Na+-TI1+)-ATPase (), and the (Na+-K+)-
ATPase (@) The reaction mixture was that described in Fig 1 with either T1*+ (o 8 ymole), Na+
(95 2 umoles), or K+ (8 umoles), Na+ (88 ymoles), and Tris—acetate (1oo ymoles), incubated as
before Lower curve Percent residual activity of (Na+-TI+)-ATPase () and the (Na+—K+)-

ATPase (4) following incubation as above but without ATP. Overlapping points are indicated
as O

activities. Repeating these experiments with Tris—acetate buffers at various pH’s and
expanded concentration ranges disclosed that for the (Nat-TI+)-ATPase maximum
actrvity was obtamned at 0.5-1073-09-1073 M TI* with half maximal activity at
016-1073-0 20 107" M TI* while for the (Nat-K+)-ATPase maximal activity was
obtaned at 6 10710 107® M K+ and half maximal activity at 1 2:103-3 0-1073 M
K+ These values disclosed no consistent variation with pH over the range 6 0-8 6
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Fig 3. Varation of (Na*-TI*)- (O), or (Na+-K+)- (@) ATPase activity (v, 1n pgmoles of phos-
phate produced/min per mg protem) with log ouabain concn (M) The reaction mixture contained
Tris—ATP (5 umoles), magnestum acetate (5 umoles), Tris-acetate (20 gmoles, pH 6 9), enzyme
(0 233 mg) and either thallum acetate (0 9 umole) and sodium acetate (95 I ymoles) or potassrum
acetate (9 umoles) and sodium acetate (87 ymoles) 11 T ml, incubated at 38° for 15 mun

Fig. 4 Upper curve Vanation in (Na+-Tl+)- (Q), or (Nat-K+)- (@) ATPase activity (v1 1n gmoles
phosphate produced/min per mg protemn) with Mg2t (mM) Reaction mixture contamed Tris—
ATP (5 ymoles), Tris—acetate (100 ymoles, pH 6 7), enzyme (0 233 mg), magnesium acetate as
indicated, and either thallium acetate (0 g umole) and sodium acetate (95 1 gmoles) or potassium
acetate (9 ymoles) and sodium acetate (87 pmoles) i 1 ml incubated at 38° for 15 min Lower
curve Varation in (Na+-TI+)- (), (Nat-K+)- (@) ATPase activity, v,, with Mg+ when Mg?+
Ca?t was constant at 10 mM Reaction mixture was the same as above except for the addition
of the required calcium acetate
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To obtain the curves of pH versus ATPase activity (F1g 2) the system was poised
at Na+ Tl+ (g 5-1072 0 81073 M}, or at Na*+ K+ (8 8-1072'8 10-3 M}, concentration
ratios giving maximal 1on-sensitive ATPase activity throughout the pH range Both
ATPases were found to have maximal activity in the range of pH 6 5—7.0 The stability
of the enzymes was determined by incubation at various pH'’s for 22 min as in the
assay procedure, but without ATP, followed by adjustment to pH 6 7 and assay
Comparison of the two curves of Fig 2 suggests that the peak 1n the varation of ion-
sensitive ATPase activity with pH 1s not a reflection of enzyme stability even though
loss in activity 1s encountered at a relatively low pH range

The simularities of the ouabain sensitivity and the Mg?*+ dependence of the two
enzymes are shown in Figs. 3 and 4, respectively The thallium enzyme was assayed 1n
a I-ml solution contamning o g umole thallium acetate, g5 1 gmoles sodium acetate,
5 umoles Mg?+, 20 umoles Tris—acetate buffer, pH 6 89, o 167 mg protein, and various
concentrations of ouabain The potassium enzyme was similarly assayed except that
thallium was omutted and g gmoles potassium acetate and 87 ymoles sodium acetate
were present These same two systems were used to contrast the behavior of the enzymes
when Mg?+ was progressively replaced by Ca?* or when Mg?+ was varied alone

With these simularities to suggest the identity of the two enzymes, further
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Fig 5 Varnation m 1on-sensitive ATPase activity, », (in gmoles phosphate produced/min per
mg protein) with Nat + Tl* + K+ (mM) The reaction mixture contained magnesium acetate
(5 gmoles), Tris—ATP (5 ymoles), Tris—acetate (20 ymoles, pH 6 8) and either potassium acetate
without thallium acetate (@), thallum acetate without potassium acetate (), or potassium
acetate and thallium acetate () so that in all cases Nat + TIt 4 K+ was 96 ymoles 1n 1 ml,
incubation at 38° for 15 min

support of this hypothesis was sought Heating the enzyme preparation to progressively
higher temperatures before assay resulted in equal losses of activity of both the K+-
stimulated and the Tl*-stimulated APTase. Moreover, progressive change of the
Na+ TI+ K+ concentrations in the assay from Nat g.5-102 M TI+* 10®* M no K+
(which should yield maximum (Na*t-Tl+)-ATPase activity) to Nat 8§ 8-1072 M : no
TI+ : K+7.5-1078 M (which should give maximal (Na+-K+)-ATPase activity) resulted
in essentially constant 1on-sensitive activity and certainly did not represent the alge-
braic sum of the separate 10n-sensitive activities (Fig 5).

DISCUSSION

Most studies of the (Na+—K+)-activated ATPase have been made on cell fractions
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prepared by differential centrifugation In these preparations the ATPase remains
msoluble, bound to a fragment of cell membrane. While 1t seems reasonable to assume
that only one enzyme 1s responsible for the splitting of the ATP observed with this
preparation, no direct evidence has been advanced to show that the associated bio-
logical transport system consisted of one enzyme only The conventional model of
Shaw, quoted by GLYNN?, proposed the existence of at least three functional units,
an ion carrier, an enzyme supplying energy, and a matrix holding the system in proper
orientation But MITCHELL!? has indicated that the carrier function may be a property
of the onientation of an enzyme in the cell membrane matrix Moreover, the success of
MEDZIHRADSKY, KLINE AND HOKIN! 1n obtaining a soluble preparation of (Nat-K+)-
activated ATPase implies that all three functional units in the sodium transport
system may exist mn one protein of molecular weight approx 670 00o. The large size
of this protein 1n terms of the 100-A thickness of the usual cell membrane, together
with the functional response of the biological transport system to alterations of bathing
medium both 1nside and outside the cell membrane, make 1t likely that the ATPase
extends entirely through the lipid membrane The number of such proteins per unit
area of membrane must be quite small as there 1s no discernible structure to the
membrane bilayer on electron microscopy. An estimate by SOLoMON, GILL AND GoLD15
for the red blood cell 15 100 sites/u? of membrane The discovery that Tlt, atomic
weight 203, substitutes for K+ at the K+ activation site offers the possibility of actually
1dentifying these sites n v2vo by electron microscopy and so establishing the number
and location of such sites It 1s because of the potential use of T1* in the study of the
biological Na+-K+ transport system that we have attempted to offer the strongest
possible evidence that the (Nat-K+)-activated ATPase and the (Na+-Tl+)-ATPase
are the same. Since the ATPase is not a pure protein, the evidence necessarily must
consist of an array of simular properties (Figs 2, 3 and 4) and functional interdependence
(Fig 5)

The fact that the mnhibition of the (Nat-K+)-ATPase by ouabamn when K+
activates requires higher concentrations of inhibitor than when T1+ activates, follows
from the current interpretation of the action of ouabain This glycoside 1s known to
mhibit both the Nat-dependent formation and the K+-dependent breakdown of a
membrane bound phosphorylated intermediate!®. However at low concentration
ouabain may be considered to compete in some indirect fashion with K+ at the K+
activation site’” Since thallous 1on has a higher affinity than K+ at that site, more
ouabain 1s requuired to displace T1* than an equivalent amount of K+

If the only biological action of thallous salts 1s due to competition with K+, any
toxic manifestations of T1+ would be expected to affect all tissues The toxic effects
have been noted n the neurological system, cardiovascular system, liver, kindeys, and
intestinal tract. Only the blood element seems to be sparedi®1® The possible thera-
peutic benefit of measures designed to increase K+ turnover 1n cases of TI*+ poisoning
does not appear to have been explored

No direct clues to the mechamsm of action of the K+ substitutes in activation of
the (Na+-K+)-ATPase appears from a consideration of the physicochemical properties
of TI+ Its crystal radius 1s apparently very close to that of K+ and 1t tends to replace
K+ in a number of compounds including complex salts2?. T1+ also replaces Rb* and
Cst m a number of compounds, but it does not replace Nat. TICl has the “CsCl”
structure rather than the “rock salt” crystalline form of the sodium salt The limiting

Biochim Biophys Acta, 159 (1968) 160-166



Tl+ acTIvaTION OF THE (Nat-K+)-ATPase 165

1onic conductances 1n water at 25° of Tl+ is 74.7, K+ is 73 54 and Na* 1s 50.11 (ref 21),
mdicating that the hydrated T1+ 1s almost 1dentical 1n size to the hydrated K+, both
of which are considerably smaller than the hydrated Na*. These properties make 1t
likely that T1+ would mimic the biological behavior of K* more closely than that of Na*
But these results do not allow us to 1dentify a umque charactenstic of the 1ons known
to substitute for K+ 1n K+ activation of the (Na+—K*)-activated ATPase. For example,
1t 1s not possible to decide whether the substitution 1s by hydrated ions at a solvated
site or by free 10ns interacting with an enzyme site Although the results give no further
information about the basic biological difference between Nat+ and K+, nevertheless,
they do remnforce the prevailing notions about the size and charge requirements for
activation of the ATPase by 1ons

NOTE ADDED IN PROOF (Received February 16th, 1968)

It has come to our attention that GEHRING AND HaMMOND?? have reported the
activation of rat erythrocyte ATPase by T1* 1n the presence of Na* and have compared
this to similar activation obtamed with K+ Earlier work of these authors?® demon-
strated metabolically dependent accumulation of T1*+ by rabbit erythrocytes that was
mhibited by ouabain and K+. Moreover, MULLINS AND M0OORE? have shown that T1+
1s handled like K+ by rat sartorius muscle and also that Tl* behaves ke K+ during
electrical excitation of that tissue. These studies establish that T1+ 1s a substitute for
K+ wn vwo and serve to strengthen the circumstantial implication of the (Na+t—K+)-
ATPase with the Nat—K+ exchange pump  rvo.
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