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The partial purification of (Na* + K*)-ATPase from pig lens has been achieved by treatment with
deoxycholate followed by density gradient centrifugation. The specific activity of the final preparation,
ranging from 300 to 500 nmol /h per mg protein, is increased approx. 100-fold compared to the homogenate.
A parallel increase in p-nitrophenylphosphatase activity is also observed. Sodium dodecyl sulfate (SDS) gel
electrophoresis reveals six major protein bands, one of which is the 93 kDa « subunit of (Na* + K* )-ATPase
which can be phosphorylated by reaction with |y-3PJATP. A second band contains a glycoprotein which
displays an apparent molecular weight of 51000 and thus appears to be the B subunit of the enzyme. The
enzyme is sensitive to ouabain with the I, for (Na* + K* )-ATPase and p-nitrophenylphosphatase inhibition
being 1.2 and 1.3 pM, respectively. Several agents which inhibit (Na* + K*)-ATPase from other tissues
such as oligomycin, Ca?*, vanadate, N-ethylmaleimide, p-chloromercuribenzenesulfonic acid (PCMBS) and
5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB) also inhibit the lens enzyme. Monovalent cations other than K*
are partially effective in activating the (Na* + K*)-ATPase and p-nitrophenylphosphatase activities. The
K* congeners were relatively more effective in supporting (Na* + K* )-ATPase compared to
p-nitrophenylphosphatase activity. Other kinetic properties of the lens enzyme are also comparable to those
of the enzyme from other tissues. Utilizing the partially purified membrane bound enzyme, discontinuities in
Arrhenius plots of (Na* + K*)-ATPase activity, p-nitrophenylphosphatase activity and fluoresence polariza-
tion of the fluidity probe, 1,6-diphenyl-1,3,5-hexatriene (DPH), are observed near the physiological tempera-
ture of lens. The possible significance of these observations for the mechanism of cataract formation are
discussed.

Introduction

The (Na* + K*)-ATPase (ATP-phospho-
hydrolase, EC 3.6.1.3) has been shown to be re-
sponsible for the energy-dependent transport of
Na™ and K™ across cell membranes (see Refs. 1-3

Abbreviations: DPH, 1,6-diphenyl-1,3,5-hexatriene; DTNB,
5,5’-dithiobis-(2-nitrobenzoic acid); PCMBS, p-chloromercuri-
benzenesulfonic acid; SDS, sodium dodecyl sulfate.
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for reviews). The enzyme has been purified from a
number of sources [4-8] and the properties have
been widely studied. Purification and characteriza-
tion of (Na* + K*)-ATPase from lens is of con-
siderable interest because of the important role
played by this enzyme in the inward transport of
K* and outward transport of Na™ in fiber cells
(see Refs. 9 and 10 for reviews). An abnormal
distribution of Na® and K™ in this tissue can lead
to the loss of osmotic regulation and subsequent
cataract formation [11]. Loss of (Na* + K*)-



ATPase activity has been reported to occur during
cataract formation in the galactose-fed rat [12], the
triparanol-fed rat [13], in certain animal hereditary
cataracts [14], and in human senile cataracts [15].
It has thus been proposed that a failure of this
enzyme may be a primary defect leading to the
development of several types of cataracts [11,14].
Despite the apparent central role of (Na* +
K*)-ATPase in the maintenance of lens trans-
parency, purification and characterization of the
enzyme from this tissue has not been previously
reported. One reason for this may be that the
enzyme activity is very low in lens. In addition, the
methods available for the purification of (Na* +
K*)-ATPase from other tissue [4-8] are not di-
rectly applicable to lens because fiber cell plasma
membranes, which contain the enzyme, have un-
usual lipid properties [13,16] and also contain large
amounts of other tightly bound intrinsic proteins
[17}. In the present communication, we describe
the partial purification of (Na* + K™ )-ATPase
from pig lens by a detergent extraction method.
The enzyme is about 6% pure compared to total
protein. Subunit phosphorylation, ouabain bind-
ing capacity, and the kinetic parameters for sub-
strates, cofactors and inhibitors of the partially
purified enzyme have also been investigated.

Materials

Adenosine 5'-triphosphate (Tris salt), p-
nitrophenyl phosphate (Tris salt), other nucleo-
tides, Trizma base, ethylenediaminetetraacetic acid
(EDTA), imidazole-HC], histidine-HCI, ouabain
octahydrate, bovine serum albumin (crystalline
lyophilized, fraction V), glycylglycine-HCl and
sodium deoxycholte, were purchased from the
Sigma Chemical Co. Ultrapure NaCl and KCl
were obtained from Alfa Products. All reagents
used for gel electrophoresis were from BioRad
Laboratories; [*H]ouabain and [y-3?P]JATP were
obtained from New England Nuclear. The ra-
diochemical purity of the [*H]ouabain was de-
termined by thin-layer chromatography on Silica
gel G, developed with chloroform/methanol/
water (65:30:5, v/v) and found to be greater
than 98%. The remaining reagents utilized were
from the Fisher Chemical Co. (A.C.S. grade).
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Methods

Collection of lenses and isolation of the fiber cell
membrane fraction

Fresh pig eyes were obtained from a local
slaughterhouse and brought to the laboratory on
ice. Subsequent procedures were carried out at
0-4°C. The lenses were obtained, and the capsules
plus the adhering epithelial cell layer were re-
moved by dissection. Four to five lenses were
homogenized in a Dounce apparatus (20 strokes)
with 10 vol. of 50 mM Tris-HCl, pH 7.5, contain-
ing 5 mM sodium-EDTA (homogenate). Approx.
0.5 ml of the homogenate was retained and the
remainder centrifuged at 13000 X g for 30 min.
The resultant pellet was rehomogenized (10 strokes)
with the same volume of buffer, centrifuged as
described above, and the two supernatants pooled
(combined supernatants). The second pellet was
resuspended in 25 mM imidazole-Tris, pH 7.0,
containing 250 mM sucrose and 2 mM EDTA-Tris.
The pellet (washed membrane suspension), pooled
supernatant and the original homogenate fractions
were assayed for protein and (Na* + K*)-ATPase
activity. Protein determinations were conducted by
the method of Lowry et al. [18] using bovine serum
albumin as standard.

Assay of (Na™ + K™ )-ATPase and p-nitrophenyl-
phosphatase activities

(Na* + K*)-ATPase was assayed according to
the method of Robinson [19]. The standard
medium contained in a volume of 0.5 ml, 30 mM
histidine-HCl/Tris (pH 7.5), 3 mM MgCl,, 20
mM KCl, 130 mM NaCl and 3 mM ATP-Tris.
Reaction was initiated by the addition of 150-250
pg of protein in the case of homogenate fractions,
or 50-75 pg in the case of partially purified frac-
tions. When present, ouabain was utilized at a
1 mM concentration. After a 30 min incubation at
37°C, hydrolysis was terminated by the addition
of 0.1 ml of 30% ice-cold trichloroacetic acid. The
liberated phosphate was measured spectrophoto-
metrically following the method of Sanui [20] using
reduced volumes to increase the sensitivity. (Na™*
+ K*)-ATPase activity was taken to be the
ouabain sensitive component of the total ATPase
activity. p-Nitrophenylphosphatase activity was
measured as described by Robinson [19]. The as-
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say mixture contained in a volume of 0.5 ml, 30
mM histidine-HCl/Tris (pH 7.5), 3 mM MgCl,,
3 mM p-nitrophenyl phosphate/Tris, 100-150 pg
of protein in the case of the partially purified
enzyme or 200-300 pg of protein in the case of
homogenate fractions. When present, the con-
centration of KCl was 10 mM. After a 30 min
incubation at 37°C, the reaction was terminated
by the addition of 0.5 ml of 1.5 M NaOH and the
liberated p-nitrophenol determined as described
by Sen and Ray [21]. p-Nitrophenylphosphatase
activity was taken to be the K*-dependent com-
ponent of the total p-nitrophenyl phosphate hy-
drolytic activity.

Both hydrolytic activities were linear with re-
spect to protein concentration over a range of
50-300pg per assay and linear with respect to time
for at least 60 min at 37°C.

Enzyme purification

Partial purification of (Na* 4+ K*)-ATPase was
carried out by modifying the method of Jergensen
and Skou [22]. The membrane suspension was
adjusted to a protein concentration of 1.2 mg/ml
in 250 mM sucrose, 25 mM imidazole-Tris (pH
7.0), 2 mM EDTA-Tris and then incubated for 30
min at 21-23°C with an equal volume of this
medium which also contained sodium deoxycho-
late at 1.2 mg/ml. The resultant suspension was
layered over an equal volume of 40% (w /v) sucrose
and centrifuged at 50000 X g for 1 h in a Beckman
SW 27 rotor at 0-4°C. The supernatant was dis-
carded and the pellet was resuspended in 250 mM
sucrose, 25 mM imidazole-Tris (pH 7.5), and 2 mM
EDTA-Tris (storage buffer). The optimum pH for
extraction with deoxycholate was 7.0 as in the
procedure of Jergensen and Skou [22]. The par-
tially purified enzyme thus obtained (final pre-
paration) was membrane-bound. It was stored in a
frozen state, below —20°C, and utilized within
one week of preparation. The enzyme did not lose
activity during this period.

Polyacrylamide gel electrophoresis

Gel electrophoresis was carried out in 7.5%
acrylamide containing 1% SDS according to the
method of Fairbanks et al. [23]. 25-50 pg of
protein was applied to each gel and electrophoresis
was performed at 80-100 V with a current of

5-7 mA /tube. The time required to complete a
run was normally 2.5-3.0 h. Fixing, staining with
Coomassie blue and destaining were carried out as
described by Fairbanks et al. [23]. The protein
content of individual bands was estimated from
densitometric scans obtained at 550 nm in a Beck-
man DU 8 spectrophotometer equipped with a
peak area integrator. Molecular weights were
graphically estimated from standard plots of the
elecrophoretic mobility of other proteins, which
ranged from 10000 to 96 000.

Quantitation of ouabain binding

[®H]Ouabain binding was measured as de-
scribed by Van Winkle et al. [24). The medium
contained in a volume of 1.0 ml, 30 mM histidine-
Tris (pH 7.5), 2 mM MgCl,, 1 mM EDTA-Tris,
10 uM [*H]ouabain plus either 2 mM Tris-ATP
plus 50 mM NaCl or 2 mM Tris-inorganic phos-
phate. 250-500 pg of membrane-associated pro-
tein were utilized per determination. After a 10
min incubation at 37°C, the reaction mixture was
filtered through 0.45 pm Gelman membrane filters
and washed four times with 1 ml portions of ice-
cold water. The filters were dried at 60°C and the
associated radioactivity was determined by liquid
scintillation counting in a Beckman LS 7500 scin-
tillation spectrophotometer. The data were cor-
rected for the fraction of ouabain bound directly
to the filters by preparing and filtering additional
samples from which the enzyme fraction was
omitted.

Quantitation of ATP-dependent enzyme phosphory-
lation

The partially purified (Na* + K*)-ATPase was
labeled with [y-3?PJATP (107-10% cpm/pmol)
according to the method of Post et al. [25]. The
reaction mixture contained in a total volume of 0.5
ml, 10 mM imidazole-glycylglycine (pH 7.5), 0.1
mM MgCl,, 20 mM NaCl, 0.1 mM [y-*P)ATP
and 250-500 pg of membrane-associated protein.
After an incubation period of 30 s at 21-23°C, the
reaction was terminated by the addition of 0.5 ml
of ice-cold 10% HClO, containing 2 mM unlabeled
ATP and 2 mM unlabeled inorganic phosphate.
The resultant mixture was filtered through Gel-
man 0.45 pum membrane filters which were subse-
quently washed with 30 ml of cold 5% HCIO,
containing 1 mM unlabeled ATP and 1 mM un-



labeled inorganic phosphate, and finally with 5 ml
of cold water. Filters were dried at 60°C and the
associated radioactivity determined as described
above. To observe K™ -dependent dephosphoryla-
tion of the enzyme, the labeled preparation was
treated with 20 mM KCI for 60 s prior to the
addition of HCIO,.

For SDS gel electrophoresis of the phosphory-
lated enzyme, the reaction was carried out and
terminated as described above, after which the
suspension was centrifuged for 10 min at 15000 X g
in an Eppendorf microcentrifuge. The pellet was
resuspended in 1 ml of the stopping solution,
centrifuged again for 10 min, and the final pellet
was dispersed and gel electrophoresis carried out
as described above. The gels were sliced in 2 mm
thick sections which were dissolved in hydrogen
peroxide by heating at 80°C overnight. The associ-
ated radioactivity was then determined by scintil-
lation counting,

Kinetic parameters

K, and K, apparent values were estimated
from double reciprocal plots of enzyme activity vs.
substrate or cofactor concentration. Assays were
carried out as described above except for varying
the concentration of the medium component in
question. To initially determine the optimal con-
centrations of Na*t and K™, the concentrations of
both ions were altered simultaneously, such that
the ionic strength of the reaction media remained
constant. Temperature and pH effects on activity
were determined by varying these parameters un-
der assay conditions which were otherwise opti-
mal.

TABLE 1

SUMMARY OF LENS (Na* +K*)-ATPase PURIFICATION
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I, values for the inhibition of (Na* + K*)-
ATPase and p-nitrophenylphosphatase activity by
ouabain were estimated from plots of percent in-
hibition vs. ouabain concentration. The media
contained optimal concentrations of Mg2*, Na*
and ATP or Mg?* and p-nitrophenyl phosphate
for the ATPase and phosphatase reactions, respec-
tively. Media containing the enzyme preparation
and ouabain was preincubated for 5 min at 37°C
after which the reactions were initiated by the
addition of K*. Released P, and p-nitrophenol
were measured as described above.

Fluorescence polarization measurements on mem-
brane-associated DPH

Membrane fractions were suspended in the
storage buffer to a protein concentration of
1 mg/ml. DPH, a probe for the fluidity state of
membrane hydrocarbon regions [26,27], was added
at 85 ng/mg protein in negligible volumes of
double distilled ethanol and fluorescence polariza-
tion was determined by the double-ended ratio-
metric technique [28]. An SLM 8000 DS spectro-
fluorometer operated in the proton counting mode
was employed with excitation of the fluorophore
at 360 nm. Temperature was maintained with
circulating bath equipped with an external flow
circuit.

Results

Prepartion of lens (Na™ + K * )-ATPase

The results of the enzyme purification proce-
dure are summarized in Table I. The method is
similar to that for the isolation of this enzyme

Fractions are defined in Methods. Values are presented on a per lens basis and were obtained from three preparations on which each
parameter was determined in triplicate. The ranges presented are standard deviations of the data from the three preparations. The
triplicate determinations were reduced to a mean value before calculating the standard deviations.

Fraction Total protein Total activity Specific activity -Fold
(mg) (pmol/h) (nmol/mg/h) purification
Homogenate 178 + 5.1 0.58 +0.041 33+ 07 -
Washed membrane
suspension 11.2+ 1.6 1.53+0.083 137 £105 42
Combined supernatants 161 +15.1 0 0 -
Final preparation 43+ 0.8 1.41 +0.069 331 +19.1 101
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from rabbit kidney as described by Jergensen and
Skou [22], although several modifications are nec-
essary to obtain optimal results with the lens en-
zyme. As when isolating the enzyme from other
tissues, the protein and deoxycholate concentra-
tions, as well as the temperature, duration and pH
of the incubation with deoxycholate, are particu-
larly important. The specific activity of the re-
sultant preparation is 100-fold higher than the
initial homogenate and about 92% of the original
activity is recovered (Table I). 75-80% of the
ATPase activity in the final preparation is ouabain
sensitive. A parallel increase in p-nitrophenyl-
phosphatase activity was also observed; however,
this activity is only 8-10% of the (Na* + K*)-
ATPase activity (not shown). The enzyme remains
membrane-bound and is stable for at least one
week when stored below —20°C.

o< subunit

B subunit

l

Density

v

Migration

Fig. 1. SDS gel electrophoretogram of partially purified (Na*
+K*)-ATPase from pig lens. Electrophoresis was carried out
and the densitometric scan was obtained as described in Meth-
ods.

A typical SDS gel electrophoresis pattern and
densitometric scan of the partially purified enzyme
is shown in Fig. 1. Six major protein bands, pre-
sent in the preparation, are revealed by the electro-
phoretic technique. Assuming that the lens enzyme
is composed of a and B subunits with molecular
weights of approx. 100000 and 50000, respec-
tively, as in other tissues [1-3], then the bands
identified in the densitometric scan (Fig. 1) should
represent those two subunits in this preparation.
Supporting these tentative identifications are the
findings that the apparent « band (mol. wt. 93 000)
i1s phosphorylated by ATP under conditions ex-
pected to result in formation of the phosphoen-
zyme intermediate (see below), while the apparent
B band (mol. wt. 51000) is stained by periodate
Schiff’s reagent (data not shown), indicating that it
is a glycoprotein as is the 8 subunit of the enzyme
in othr tissues [4-8]. The 93 kDa component of
the preparation contains 4.2 + 0.5% of the total
protein (average of five determinations). The per-
cent of total protein in the 51 kDa component is
more difficult to estimate since this band is not
completely resolved from other components of
similar molecular weight. If this component is
present at a 1:1 mole ratio compared to the «
subunit, then (Na* + K* )-ATPase constitutes ap-
prox. 6% of the total protein in the preparation.

Enzymatic properties of lens (Na™ + K * )-ATPase

Table II shows that the partially purified en-
zyme is phosphorylated by ATP and binds the
specific inhibitor ouabain. Using the apparent ex-
tent of phophorylation in the presence of K* and
the apparent extent of labeled ouabain binding in
the presence of excess unlabeled ouabain to cor-
rect for the nonspecific components of the two
reactions, the degree of enzyme labeling by both
procedures is seen to be equivalent within experi-
mental error and to equal approx. 200 pmol /mg
total protein. Using a value of 4.2 percent (see
above) as the amount of total protein which is «
subunit, the extent of phosphorylation and ouabain
binding corresponds to 0.44 mol/mol of a sub-
unit, whereas the expected ratio is near 1.0 [29-31].
Possible explanations for this discrepancy are con-
sidered in the Discussion.

As expected [2,25], high concentrations of
ouabain largely prevent formation of the phos-



TABLE II

FORMATION OF THE PHOSPHORYLATED INTER-
MEDIATE AND DEMONSTRATION OF OUABAIN BI-
NDING BY (Na* +K*)-ATPASE FROM PIG LENS

The quantitations of enzyme phosphorylation by [y-**PJATP
and [*HJouabain binding were carried out as described in
Methods. Where indicated, Na* or K* were present at a
concentration of 20 mM. Values presented are the mean + the
standard deviation of six determinations obtained as triplicate
assays on two different preparations.

Extent of reaction
(pmol/mg protein)

Parameter

Phosphoenzyme formation
Presence of Na* 232+32
Presence of Na* plus 1 mM ouabain 65+21

Presence of K* 29+ 9.2
Ouabain binding
Presence of Mg2* and P, 198+ 25
Presence of Mg2*, Na* and ATP 219447
Presence of excess unlabeled
ouabain, Mg?* and P, 214118

phoenzyme. This inhibitor binds to the enzyme to
the same extent either in the presence of Mg2™*
plus inorganic phosphate or in the presence of
Mg?*, Na* and ATP. Treatment of the phos-
phorylated preparation with 20 mM KCl released
90% of the radioactive phosphate within 60 s.
When the phosphorylated preparation was sub-
Jjected to electrophoresis, a comparable amount of
the labeled phosphate was found to be associated
with the 93 kDa component identified as the a
subunit in Fig. 1 (data not shown).

Under the assay conditions employed in this
study, the enzyme shows a sharp pH optima located
at 7.5 (Fig. 2), above or below which it is less
active. The specific activity of the enzyme under
optimal conditions was not affected by substitut-
ing imidazole for the histidine buffer, whereas the
use of Tris at pH 7.5 reduced the activity by 65%
(data not shown).

The effects of characteristic inhibitors of (Na™*
+ K *)-ATPase obtained from other tissues on the
activities of the lens enzyme are shown in Table
ITII. The (Na® + K™*)-ATPase activity is com-
pletely inhibited by all of the agents when they are
employed at levels which produce a comparable
effect on the enzyme from other sources. Complete
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Fig. 2. The effect of medium pH on the activity of (Na™ +
K*)-ATPase from pig lens. (Na* + K™ )-ATPase assays were
conducted as described in Methods except that pH was ad-
justed to the values shown by addition of appropriate amounts
of Tris. The activity values presented are the mean of four
determinations obtained as duplicate assays on two different
preparations.

inhibition of p-nitrophenylphosphatase activity is
also observed except in the cases of Ca’* and
oligomycin. The latter agent blocks the transition
of the E, ~ P to the E,-P form of the enzyme and,
hence, is characteristically without effect on p-
nitrophenylphosphatase activity [1-3]. However,
in this preparation, we consistently observed a
35-45% inhibition of the p-nitrophenyl phos-
phatase activity by this well known antibiotic.
Inhibition by the sulfhydryl reactive agents,
PCMBS, N-ethylmaleimide, and DTNB, indicates
that the lens enzyme is sulfhydryl-dependent as is
the (Na* + K*)-ATPase in other tissues [1-3].
Comparing the relative hydrolytic rates for differ-
ent nucleotides showed that ATP hydrolysis is the
dominant activity of the preparation. A 20% com-
ponent of this activity is not sensitive to ouabain.
Thus, it appears that other ATPase(s) are also
present in measurable amounts. The preparation
also has measurable activities for the hydrolysis of
GTP (9% compared to ATP) and ADP (5% com-
pared to ATP) but not for CTP, UTP or AMP
when rates are compared at nucleotide concentra-
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TABLE I1I

THE EFFECT OF SELECTED INHIBITORS OF (Na™ +
K™ )-ATPase and p-NITROPHENYLPHOSPHATASE AC-
TIVITIES OF THE PARTIALLY PURIFIED LENS EN-
ZYME

The effects of ouabain, oligomycin, Ca?*, VO; and PCMBS
were determined by comparing the activity of the enzyme in the
presence and absence of the inhibitor. For the agents listed
above, assays were performed as described in Methods with the
inhibitor in question added immediately after the enzyme pre-
paration. In the case of N-ethylmaleimide (NEM), the enzyme
(1.0 mg protein/ml) was incubated with the inhibitor (5 mM)
in medium containing 0.25 M sucrose, 10 mM imidazole-Tris
(pH 7.0), for 30 min at 37°C. The mixture was subsequently
diluted 5-fold with the same medium (N-ethylmaleimide
excluded) which contained in addition 1 mM dithiothreitol.
The enzyme-membrane fraction was recovered by centrifuga-
tion at 100000X g for 1h, the pellet resuspended in storage
buffer, and assayed for protein and enzyme activities as
described in Methods. In the case of DTNB, the enzyme was
prereacted with the inhibitor in an equivalent manner except
that the media consisted of 0.25 M sucrose, 50 mM Tris, pH
7.5, with DTNB present at | mM. The values presented were
determined from triplicate assays performed on two prepara-
tions, except in the case of oligomycin, where four preparations
were tested.

Inhibitor (Na* +K*)- p-Nitrophenyl-
(concentration) ATPase phosphatase
activity activity
(% of control) (% of control)
None 100 100
Ouabain (I mM) 0 0
Oligomycin (10 pg/ml) 0 57+10
CaCl, (1 mM) 0 15
NH VO, (50 p M) 0 0
PCMBS (0.25 mM) 0 0
NEM (prereacted) 0 0
DTNB (prereacted) 0 0

tions of 3 mM. Hydrolysis of GTP is ouabain
sensitive, whereas hydrolysis of ADP is not. ADP
hydrolysis is also unaffected by the myokinase
inhibitor P!, P3-di(adenosine-5')pentaphosphate
(data not shown). Thus, the hydrolysis of GTP
represents an activity of the (Na* + K*)-ATPase
while another contaminating activity is apparently
responsible for ADP hydrolysis.

Table IV shows the effect of replacing K* by
equimolar concentrations of ammonium and other
alkali metal cations on the hydrolytic activities of
the lens enzyme. In the case of (Na* + K™)-

TABLE IV

ACTIVATION OF (Na* + K* )-ATPase AND
p-NITROPHENYLPHOSPHATASE WHEN POTASSIUM IS
SUBSTITUTED BY EQUIMOLAR AMOUNTS OF OTHER
MONOVALENT CATIONS

(Na* +K*)-ATPase and p-nitrophenylphosphatase activities
were measured in the standard assay media except that potas-
sium was replaced by an equimolar concentration of the cation
indicated. Values presented are the mean of six determinations
obtained as triplicate assays on two different preparations.

Cation (Na* + K™ )-ATPase
activity
(% of control)

p-Nitrophenyl-
phosphatase activity
(% of control)

K* 100 100
NH} 114 4
Rb* 95 71
Cs* 63 41
Li* 43 13.3

ATPase activity, NH; and Rb™ are effective sub-
stitutes for K, whereas substituting Cs* or Li*
for K* decreases the activity. K,  for activation of
the enzyme by Li™ is substantially higher than for
K™ [32], which may explain the diminished activ-
ity seen with that cation under the present condi-
tions. In the case of p-nitrophenylphosphatase ac-
tivity, no cation tested is as effective as K+,

Fig. 3 shows the activation of the partially
purified (Na™ + K*)-ATPase by different con-
centration ratios of Na® and K*. Under the
conditions employed, the ionic strength of the
assay media is kept constant, thereby avoiding
distortions of the enzyme’s apparent affinities for
these cations by changes in this parameter. Char-
acteristic of this enzyme from other sources [1-3],
a broad dependence of activity on the concentra-
tion ratio of these cations is observed. High con-
centration ratios with respect to either cation are
inhibitory, presumably due to reciprocal competi-
tion at the respective activator sites [33]. As ex-
pected, the preparation does not contain K*-
ATPase activity. The apparent absence of Na™-
ATPase activity may indicate that optimal condi-
tions for this reaction are significantly different
than those employed in Fig. 3 or that the activity
is too low to be detected in the present prepara-
tion.
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Fig.3. Effect of varied K*/Na* ratios on the activity of
(Na* +K*)-ATPase from pig lens. (Na* +K™*)-ATPase as-
says were conducted as described in Methods except that the
concentrations of KCl and NaCl were altered as indicated.
Ultrapure samples of KCl and NaCl were utilized in this
experiment to assure that the calculated K* /Na* ratios, near
the high and low extremes of this parameter, were not in error
due to the cross contamination of these cations which often
exist in lower purity grades of these reagents. The activity
values presented are the mean of four determinations obtained
as duplicate assays on two different preparations.

Kinetic constants for substrates, cofactors and
the inhibitor ouabain are shown in Table V. The
values found with this preparation are comparable
to those reported previously for the highly purified

TABLE V

KINETIC PARAMETERS FOR THE (Na* +K*)-ATPase
AND p-NITROPHENYLPHOSPHATASE REACTION OF
THE PARTIALLY PURIFIED LENS ENZYME

The constants were determined as described in Methods. Indi-
vidual points used to construct the double reciprocal plots were
the mean of four values obtained as duplicate determinations
on two preparations.

Constant (Na* +K*)- p-Nitrophenyl-
ATPase activity phosphatase
activity

K., ATP (mM) 0.77 -

K., pNPP (mM) - 1.11

Kgos Mg2*t (mM) 04 0.50

Kos Na*™ (mM) 25.0 -

Ky K™ (mM) 2.2 1.70

I, ouabain (uM) 1.2 1.30

41

enzyme [1-3]. The enzyme is strongly inhibited by
ouabain as revealed by the low I, values for
inhibition of both hydrolytic activites. The values
observed are in the same range reported for the
membrane-bound enzyme from other sources
[6,34-36].

The effect of membrane fluidity on the activities of
lens (Na™ + K * )-ATPase

The lens is unusual compared to many other
tissues in that the fiber cell membranes contain
high proportions of cholesterol and esterified fatty
acids which are highly saturated [13,16]. These
properties would be expected to impart a relatively
high liquid to gel phase transition temperature to
the membrane. This in turn could produce an
unusual temperature dependency of the associated
(Na™ + K*)-ATPase, since activity of this enzyme
is markedly affected by the fluidity state of its
membrane enviroment [1,3]. Fig. 4 shows
Arrhenius plots of the (Na* + K*)-ATPase and
p-nitrophenylphosphatase activitities of the lens
preparation. Breaks in the plots for both activities
are seen near 37°C. That these temperature char-
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Fig. 4. Comparison of temperature effects on the activities of
pig lens (Na* +K*)-ATPase and fluorescence polarization of
diphenylhexatriene (DPH) bound to the preparation. Activity
assays and fluorescence polarization measurements were con-
ducted as described in Methods at the temperatures indicated
in the figure. For the activity assays, the pH of the incubation
media was adjusted at the temperature to be employed. ®,
(Na* +K™*)-ATPase activity. O, p-nitrophenylphosphatase
activity. A, fluorescence polarization of DPH bound to the
enzyme preparation.
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acteristics reflect the fluidity properties of the
membrane hydrocarbon interior is supported by
the fact that the Arrhenius plot of fluorescence
polarization of DPH displays a discontinuity and
a change in slope which are located at approxi-
mately the same temperature.

Discussion

A number of studies have appeared in which
the level of (Na* + K*)-ATPase activity in lens
has been quantitated [13-15,37,38]; however,
purification of the enzyme from this tissue has not
been previously attempted. In this study a par-
tially purified preparation has been obtained by
use of the deoxycholate extraction technique, opti-
mized for application to lens. The specific activity
of the final preparation, 331 &+ 19 nmol /h per mg
protein, is increased about 100-fold compared to
the homogenate and is 11-fold higher than a pre-
paration from chicken lens obtained as a sedi-
mented membrane fraction [39].

The six major protein bands present in the
preparation range from 20000 to 93000 in molecu-
lar weight. The major contaminant displays a
molecular weight of approx. 26 000 and constitutes
approx. 70% of total protein. This protein is likely
to be the so-called membrane intrinsic protein
component of lens membranes which is known to
be tightly associated, and is believed to constitute
a component of the abundant gap junctions be-
tween fiber cells [40,41]). The highest molecular
weight component (approx. 93000) contains a
component which is phosphorylated by the y
phosphate of ATP, dephosphorylated in response
to K™, and thus appears to include the a subunit
of the (Na® + K*)-ATPase. A protein of similar
molecular weight and susceptibility to phosphory-
lation has recenlty been found to be associated
with chicken lens membranes [39]. In that report,
the apparent phosphorylated subunit could be re-
solved into two components with slightly different
electrophoretic mobilities. We found no evidence
for such heterogeneity in this preparation. The 51
kDa protein band of this preparation was the only
component stained by periodate Schiff’s reagent,
indicating that it is the only glycoprotien present
in significant quantities and thus is likely to in-
clude the B subunit of the (Na* + K™ )-ATPase.

The present data allow an estimation of the
molecular activity of the lens (Na™ + K*)-ATPase.
The amount of protein in the 93 kDa component
of the preparation constitutes 4.2% of the total.
The phosphorylation and ouabain binding data
presented in Table II show that 44% of this band
can be considered to arise from an enzymatically
active a subunit, which corresponds to 1.85% of
total protein. Assuming that the « subunit repre-
sents 70% of the protein content in the intact
enzyme and that the mole ratio of the a to B
subunits in the final preparation is 1:1, then
2.64% of the total protein would represent active
enzyme. Utilizing the specific activity of 331
nmol /h per mg protein for the final preparation, it
can be calculated that the specific activity of the
pure, active enzyme would be 1.25 pmol /h per mg
protein. This value corresponds to a turnover
number in the region of 50/min as compared to
turnover numbers of 10000/min which have been
reported for preparations from kidney [42]. This
difference could indicate that inhibitory compo-
nents remain in the relatively impure lens prepara-
tion, that the fiber cell plasma membranes provide
a substantially less than optimal lipid environment
for the enzyme or that significant protein structure
differences exist between the enzymes from these
two sources. Further work will be necessary to
differentiate between these possibilities.

Similar to erythrocytes, lens fiber cells arise by
a terminal differentiation during which subcellular
organelles and the capacity to maintain significant
protein turnover is lost. However, unlike erythro-
cytes which have a limited lifetime, once fiber cells
are formed they persist in the lens throughout the
remaining lifetime of the animal. Thus, critical
metabolism such as (Na*™ + K*)-ATPase activity
i1s maintained by ‘old enzyme molecules’. In this
context it is interesting that the substrate and
cation specificities, kinetic properties and inhibitor
sensitivities of lens (Na* + K* )-ATPase are simi-
lar to those of the enzyme from tissues in which
protein turnover can occur. The total population
of (Na* + K" )-ATPase molecules present in the
lens may include a substantial proportion which
have become inactivated during the life of the
animal. This is suggested by the fact that the level
of phosphorylation and ouabain binding con-
stitutes slightly less than 50% of what would be



expected if all protein in the 93 kDa band con-
sisted of active a subunits. Alternative explana-
tions such as the partial denaturation of enzyme or
a preferential loss of 8 subunits during isolation
seems improbable since 92% of the initial activity
is recovered by the isolation procedure. It is possi-
ble, of course, that other peptides are present in
substantial quantities in the 93 kDa band, how-
ever, the sharp and relatively symmetrical ap-
pearance of this component in the electrophoreto-
gram argues against this.

(Na™ + K*)-ATPase normally displays high af-
finity (K, 0.3-1.0 pM) and low affinity (K,
0.1-0.3 mM) binding of ATP. Binding at the low
affinity site markedly stimulates the (Na®™ + K*)-
ATPase reaction [43-45] and it is probably the
affinity at this site which the ATP K, value re-
ported here (0.77 mM) represents. This value is
comparable to the one obtained by Sen et al. for
the highly purified dog kidney enzyme [46]; how-
ever, the presence of other proteins in the prepara-
tion may be influencing the apparent K, for ATP.
The slightly elevated K, 5 for Na™ may also relate
to the presence of other components. More de-
tailed kinetics of the lens enzyme must await the
availability of a more highly purified preparation.
The findings that oligomycin consistently pro-
duces a 35-45% inhibition of p-nitrophenylphos-
phatase activity and that the enzyme has some
hydrolytic activity for GTP but not CTP are unex-
pected and interesting. However, further work will
be necessary before the significance of these find-
ings are clear.

The existence of a membrane fluidity depen-
dent break in the Arrhenius plot of (Na* + K*)-
ATPase activity near the physiological temper-
ature is an unusual and potentially significant
property of the lens enzyme. While the activity is
known to be dependent on the fluidity state of
associated lipids [47-49], the transition temper-
atures of other preparations are normally located
near 20°C [50], well below the range physiologi-
cally accessible. However, in lens it would appear
that relatively small changes in temperature or
relatively minor changes in the lipid composition
of fiber cell membranes could markedly alter the
activation energy for the (Na™ + K*)-ATPase re-
action, thereby affecting the ability of lens to
maintain normal osmotic regulation, metabolite
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transport activities and, hence, transparency. From
the data in Fig. 4 it can be calculated that the
activation energy for the (Na* + K*)-ATPase re-
action is increased from 17.2 to 34.7 kcal/mol
upon decreasing the temperature below the transi-
tion point at 37°C. Significant lipid alterations
occur during aging [51], preceding senile cataract
formation, and during the induction of experimen-
tal cataracts by triparanol feeding [13,16]. The
effects of these alterations on (Na* + K*)-ATPase
activity may be marked and a central aspect of the
cataractogenic mechanisms,

The existence of an apparent fluidity-dependent
break in the Arrhenius plot of p-nitrophenylphos-
phatase activity is also an unexpected finding.
Phospholipids are generally not essential for this
activity (however, see Ref. 52) and the activation
energy of the phosphatase reaction is normally not
affected by the fluidity state of associated lipids
[53,54]. This finding, together with the sensitivity
of p-nitrophenylphosphatase activity to oligomy-
cin, suggests that the phosphatase reaction of the
lens enzyme does not proceed in a manner entirely
equivalent to this reaction in the enzyme from
other tissues.
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