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ABSTRACT

Controversy exists as to whether the Na-K ATPases
of euryhaline'fishes are the same enzyme. This study
demonstrates that the phosphorylated enzyme‘from gills of

Fundulus heteroclitus adapted to freshwater and salt

water migrateito the same position in SDS polyacrylamide
gels.' Similar behavior of the enzymé from both sources
in different ionic media is also shown. Additionally,
the possible ability of the enzyme to couple an osmo-
regulatory influx to an excretory efflux in freshwater
fish is demonstrated, The term,"ambidirectiohal"

is proposed for this enzyme, and its place in certain

membrane modéls i1s discussed.,



INTRODUCTIOR

The presence of a Mgt+ activafed, (Na*-K*)-dependent
adenosine triphosphatase (Ra-K ATPase) inhibited by |
ouabain has been described in the microsomal fraction
of tissues from numerous species: rabbit kidney (Post,
1968), cat brain and eel electric organ {Siegel g&_gl.,
1969), beef heart (Albers, 1969), human erythrocyte
(Avruch and Fairbanks, 1972),'énd frog skin (Boonkoom
and Alvarado, 1971), etc. Thé presence of this enzyme
in the gilliof a diverse array of fish 1s also well
documentéd (Jampbl and Epstein, 1970 and Maetz, 1970)..

Evidenée suégests that this enzyme participates |
in the acti?é tranqurt of Nat and K* across cell mem-
branes. Tﬁe mecﬁhnism involves Nat-dependent phosphor-
ylation of the enzyme by ATP and K*-dependent dephos-
phorylation (Skou, 1965). Evidence supporting the
conclusion that thié enzyme serves an osﬁdregulatory
function in fish has been well summarized.by Maetz
(1971), Motais and Garcia-Romeu (1972), and Hochachka
and Somero (1973).

In salt water, fish passively lose water to the
hypertonic environment. The consequences of this are

amplified by an inflow of Nat and other ions. To recoup



the}water loss, fish swallow salt water, absorbing
water and ions in the intestine and excrete the excess
ion load primarily across the gill_membrane by way of
the Na-K ATPase (Maetz, 1971). |

In freshwater the lonic and osmotic gradients
reverse. Usually drinking stops and copious amounts
of dilute urine are excreted. The fish must also com-
pensate for passive ion losses. The Na-K ATPase may-
be responsible for this by reversing the direction of
its flux, pumping sodium ions;in and releasing potassium
ions to the external environment as the exchange ion
(Maetz, 1971). As potassium is also in lower concen-
frations externally, it 1s to the advantage of the
fish to exchange another monovalent cation in place
of Kt. The ammonium ion appears to éubstitute for
potassium in in vitro ATPase préparations from gills

of Pundulus heteroclitus, the common killifish (Towle,

unpublished). Waetz (1971) summerizes in vivo argu-
ments which both support and contradict a Na*/NH4+

exchange in species other than F., heteroclitus. Since

fish produce ammonia as a metabolic waste product,

this ion is perfectly suited for the freshwater require-
ments of the fish by coupling an osmoregﬁlatory influx
to an excretory efflux. |

Euryhaline fish — those that can survive abrupt



changes from salt water to freshwater and vice versa —
must suddenly and'rapidly reverse these adaptive mech-
- anisms to survive. The specificd activity of the gill
Na-K ATPase changes when such fish are transferred from
one environmental salinity to another (Epstein, Katz
‘and Pickford, 1967). When the euryhaline teleost F,

heteroclitus is transferred from freshwater to 179/oo

salt water, the specific activity of the Na-K ATPase
declines to one-half the freshwater level within 30
minutes (Gilman, 1973). When-trénsferred to 30960
salt water, the specific activity doubles within the
same time period (Towle, unpublished). |
The question exists asﬁto whether one bifunctional
Na-K.ATPase capable of exéhanging Nat for NH4t, or
two unifﬁnctional Na-K and Na-NH4 ATPases exist in F.

heteroclitus as well as other euryhaline fishes. Hammit

+ (1972) has indicated the appearance of a gill protein
common to salt water adapted members of this species,
as well as one cOmmdn to freshwater adapted examples.
Evidence from euryhaline Anguilla anguilla (European
eel) on the basis of differential inhibition of ATPase
by actinomycin D iﬁ freshwater and salt water suggests
that d?fferent enzymes are present in fishes of the
two environments (Motais, 1970). Pfeiler and Kirschner

(1972) propose. on the basis of kinetic data from fresh-



water and salt water Salmo gairdneri (rainbow trout)

that separate ATPases exist for the two extreme envi-
Aromnents. Conte and Morita (1968) have shown that

several new protein components appear in the gills of

‘euryhaline Onchorhynchus tshawytscha (chinoqk salmon)
upon ﬁfansfer from'one environment to the other.

| In 1ight of these findings, two explanations ,
for euryhalinity are apparent: 1) a ﬁew enzyme 1is rapidly
synthesized de novo upon transfer from freshwater to
salt water and vice versa; or 2) the freshwater ATPase
is modified to become the sal£ water enzyme and vice
versa. The bosition of most fish reéearchers'in this
area is that Na-K ATPases in freshwater and salt water
are differen£.~ o ‘ | |

The Né—K ATPases from freshwater and salt water

F. heteroclitus behave similarly to each other and to

" other Na-K ATPases from other tissues on the basis of
inhibition of activity by ouabain. Phosphorylated pep-
tides from ATPases éf many diverse organs énd species
migrate to the same approximate position in paper electro-
- phoresis (Bader, Post and Bond, 1968). The implied but
usually unstated position of most non-fish oriented
researchers 1s that the enzyme 1s thevsame regardless of
the source.

Inasmuch as this area is occluded by conflicting



data and opinion, this study was conducted to compare
the freshwater and salt water Na-K ATPases from gills

of F, heteroclitus to determine if they are the same

enzyme on the basis of polyacrylamide gel electrophoresis
of 32p-labelled intermediates.

MATERIALS AND METHODS

Adult male F. heteroclitus were collected by seine
on March 6, 1973 in Mobjack Bay at Severn, Virginia.
Fish were maintained in eithef dechlorinated tap water
or 300/g0 Instant Ocean (Aquarium Systems, Inc., East
Lake, Ohio) in 300 liter Living Stream tanks (Frigid
Units, Toledo, Ohio) at a constant temperature of 18 c.
Fish were fed,commercially prepared fish food (TetraMin) 
daily. A twelve hour phdtoperiod was maintained.‘ Fish |
“were acclimated to handling for several weeks prior

to sacrificing.

Preparation of gill microsomes

Fish were remqved from the water and decapitated
immediately. . Gills were excised and washed in homogen-
~ization solution containing 0.25'M.sucr05e, 6 mM ethylene-
diamine tetraacetic acidliébfﬂ), and 20 mM imidazole to

remove clotted blood. Gill tissﬁe was surgically separated



over ice from the gill arches, (Approximately one gram
of tissue was gathered at a time usually requiring eight
fish.,) A 5% (w/v) tissue»homdgenate was prepared in

the homogenization solﬁtién to which had been added 0.1%
deoxychoiic acid immedlately before use, Homogenization
was Carried out in a 30 ml Potter-Elvehjem homogenizer
with a smooth Teflon pestie. The homogenate was filtered
through two layers of cheesegloth and centrifuged at‘lo,OOO
x g for 35 min at O C to remove mitochondria, nuclei,
unbroken cells and other debris. The supernatant was-
then removed and recentrifugeé at 105,000 x g for one
hour, The sﬁpernatant was discarded and the resulting
microsomal pellet resuspended in a volume of homogeniz-
ation solutidn‘(without deoxycholic acid) that was:
equivalent to 3 .x the origiﬁal weighﬁ of gill tissue.

It was frozen at =20 C until used. Proteih éonéeﬁtrations

“were determined by the method of Lowry et al. (1951).

_ Phosphorylation of microsomal proteins

.Measurement of phosphorylated enzyme intenmediate§_
undérAvarious ionig conditions were_pprfor@éd in:duplicate
by the method of Phang and Weiss (1971). ATP-y32P (specific
, acfiVityZZifuCi/humole, NeW'Engiéhd Nuclear) Waé reacted
at a concentration of 20‘muMA1n 1.0 ml of a pH;735;Tris.

buffer at 4 C with 100 ul of micfosomes. Magnesium was- .



in a concentration of 3 mM. Sodium, when present, was

in a concentration of 20 mM, Potassium and ammonium in
concentrations of 0, 0.1, 0.5, 1.0, and 5.0 mM were used.
" After a 30 sec incubation period the reaction was stopped
with Ofé ml of ice cold 50% trichloroacetic acid (Tca).
Unlabelled ATP and KHoPO4 were added in a concentration of
0.1 ul as a chase. The entire mixture was passed across
a Millipore filter (13mm, type HA, 0445 u pore diameter)
held in a Swinnex syringe adagtor. Two 3 ml aliquots

of cold 10% TCA were then passed across the filter.

The filter was then placed 1n-a scintillation vial with
10 ml1 of Aquésol (New England Nucleaf, Boston, Mass.,).
Radloactivity was measured 6n a Nuclear Chicago Mark

II scintillation counter.

Electrophoresis of 32P-labelled gill proteins

Eleétrophbresis was.performed in pdlyacfylamide-
gels containing sodfum dodecyl sulfate (SDS) by the
‘method of Weber and Osborn (1969). AT32P used in
these experiments had a specific activity of 16.3 uCi/
mu mole, Pbtassium and ammonium in concentrations of
1 mM only were used., After incubation of gill mlicrosomal
proteins with AT32P under the conditions described
above, the ATP/Pi chase was added and the entire volume

was centrifuged at 50,000 x g for 30 min. The supernatant



wés”discarded and -excess TCA Wasrredeed.by’flotation on
3.0 ml of'O.S M sucrose. Each pellet was then incubated
in 0.25 ml of gel buffer (7.8 g NaH,P04, 20.4 g NaoHPO4,
2 g SDS per liter), pH 7.2, containing 1% SDS and 1%
£ - mercartoethanol. To this mixture was added three
'drops ofAO.OS% Bromophenol blue in sucrose syrup.
Electrophoresis was performed at a constant current of
5 ma per gel with the positive eleetrode in the lower
chamber. Both compartments of}the electrophqresis
apparatus contained gel buffer diluted 1:1 with water.
After migration of the marker dye to near the end of
the tube, gels were removed from their tubes by;rimming.
Two gels representing freshwater and salt water miero-
somal protein complements were stained and destained by
the methods of Weber and Osborn (1969)
Other gels representing various ionic incubation
ﬁconditioﬂs were sliced unfrozen in 1.75 mm thicknesses
on a fine-wire slicer; A second.run was sliced frozen
in 1 mm thicknesses on a commercial razor blade "stack".
Each slice was incubated overnight at 59 C with 0.3 ml
of Protosol (New Eggland Nuclear) containing 5% water
(w/v). After addition of 5 ml of Aquasol, each slice
was measured for 32p activity on a Nuclear Chicago

Mark II scinpillation counter,



RESULTS

Exploratory expefiments employing the Millipore
technique indicate that Nat-dependent phosphorylation

by AT32P of gill microsomes from F. heteroclitus adapted
to freshﬁater and salt water can be detected by levels
of radioactivity present. Comparison of the data obtained
with increasing éoncentratiohé of K+ and I‘IIL‘_“r reveals
that microsomes incubated in ﬁhe presence of 20 mM Na~
and 1 mM K+ were dephosphoryiated to almost the same
extent as those incubated with NH4 in place of Kf¥,
Freshwater and salt water microsomes.showed similar 4
responses in this respect. (Figures 1 & 2). Data from
samples prepéred for electrophorésis indicate that 1 mM
K+ or HH4+'dephOSphory1ated both»freéhwater and salt
water microsdmes almost to the level observed with Mg"’+
“alone (Figure 3); corroborating earlier results with
the Millipore method.

Electrophoretically, gill microsomal proteins
from fish adapted to freshwatér band in a pattern
similar to those adapted to salt water (Figure 4).
A major Na+-dependent 32P-labelled protein was found
in the same position in gels frdm both freshwater and
- salt water animals. This usually occurred in in the

fourth (from the top) gel slice when the wire slicer
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was used. Data from the second run show the phosphory-
lated peak in the f£ifth and sixth slices.. Negligible

- radioactivity was found in slices 7 - 32 in all gels,
(Williaﬁg,'1972, found a phosphorylated protein which
migrated faster than Na-K ATPase in electrophoresis
of‘the.ehzyme from human erythrocyte mem?ranes.)
Potéssium and ammonium dephosphorylated;fhe same major
oeék, yiélding a peak similar in position and magnitude
to the residﬁol peak found with Mg*t only. (Figures

5 - 8). |

DISCUSSION
‘Preliminary work with Millipore filters demonstrates
that the Na-K ATPase of F. heteroclitus gills behaves

similarly to Fa-K ATPaseé of other tissues from other
'épecies inasmuch és the phosphorous hydrolyzed from

ATP 1s bound to the enzyme in the presence of Nat.,-
Additionally, these. experiments:show that the requirement
for K+ as.aocounter%ion.isfnofuabsolute. Gilmao¢(1973)
has previouslyudemonstratedathe-abiliﬁy.ofiNa-ﬁiATPéSe~
from this source to bind ouabain. These findings further
support the contentions of Hochachka énd Somero;(1973)
that Na-K ATPases are all "functional yarianfs" of each

other - felatives differing at the most by minor changos



w1l

in the amino acid sequence or by association with different
lipid moieties in the cell.membrane.

If two separate enzymés were being dephosphorylated,
one in the presence of K* and the éther in the presence
.of NH4+,.then”the following equation should hold true
where §X+ denotes the levgi of'radioactivity found in
tﬁe presence of that cafibn: g
(Kt ¢ rNHgt ). - rugtt ﬁ:' rNa+ ay
(as rMg** 1s represented in both rK* and rNH;* it must
be corrected for.) I did not find this, rather

(Kt % miEgt ) - might < rNar  (2)
(Figures 3, 5 - 8) |

The electrophoresis work demonstrates more directly
that both counter ions dephosphorylate the same enzyme.
It would be disadvantageous to the‘fish to maintain |
any influx of ammonium in salt water, thuélifré different .
"enzymefwere‘present-in'sélt~wéter’1t'would not be: ‘i:. .
Vexpected"to be able to use ammonium as a counter ion.
Therefore these findings suggest that the same enzyme
is at work in both environments. This conclusion is
further«reinforced_by the similarity of stainedEgels;
representing freshwater and salt water microsomes, as
- well as.the electrophoretic occurence of the phosphorylated
protein in the same position in both types of gels, |

It is therefore concluded that the same enzyme
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mediates osmoregulation in both freshwater and salt

water adapted F. hetefoclitus, and that this enzyme has

the potential for facilitating excretion of metabolic
wastes in freshwater, As this indicateé reversal of
the ion flux mediating enzyme with relation to the
membrane; the term "ambidirectional®" is proposed to
describe such gn enzyme. g . A
Caution must be exercised in making too 1ibera1-
an interpretation of these coqcluéions. Polyacrylamide
gel electrophoresis is far from the most definitive
proof of the identity of an enzyme., A single amino
acid substitution of the same charge gould leave the
protein with the same‘tertiary structure ahd thus the
same electrophoretic mobility while at the same time
promote a subtle change in the phjsiblogical quality
of the protein. Furthermore, the necessary use of
"SDS to dissociate the enzyme from mémbrahe fragments
masks all charges which causes the enzyme to migrate
on the basis of molécular welght alone (Weber and Osborn,
1969), Development of a radioimmunoassay for-this
enzyme, oOr ﬁurificgtion'and sequencing of the protein
would provide a far more exact answer to this question.
These experiments provide information which is
- relevant to membrane models. The’reported molecular

weight of canine renal medulla Na-K ATPase is of the



order 84,000 daltons (Kyte; 1971). The slow eleccro;

phoretic mobility ( 1.5) found in this experiment is

in agreement'with an enzyme of this sizeA(Weher and

' Osborn, 1969). The commonly accepted width of the cell

membrane is 75 -~ 90 2 (Singer and Nicholson, 1973).

Taking these facts into account, the results indicat-

ing the ambidirectional nature of :this ATPase give

further;support.to ‘the modelof‘’a membrane bound -

protein which protrudes both_sides of the 1ipid bilayer

which mediates active transport by a conformational

'and/orrrotatibnaltchange, as proposed by Backer;(l973).f

Also possible, due to variations in the thickness of

the membrane and:what:zthe exact three dimensional-

shape of  the enzyme may be, is Racker's second.model

of-a'membrane:protein_lying just within the lipidrenvel-'

5§e; A more‘appeeling model'for‘envambidirectional‘

;enzyme (also proposed by Racker): allowing forca: protein

smaller than the- thickness of the: membrane which 1s

. free tOfoscillate~from surface;to surface doesrnot

seem applicable:in this instance. :(Figure 9).
'«Thesesfindings leave one question unanswered;»

If the:Na-K ATPase of F heteroclitus 1s the -.same.

- enzyme- found in- stenohaline fishes — Which seems’ a -

'reasonable ‘yet. unproven hypothesisf- then it may reason;

ably be believed that they too should be euryhaline.



-14-

If indeed further research shows Na-K ATPases from
euryhaline and stenchaline fishes to be the same, then
a further mechanism must be found for the basis of

euryhalinity. ‘
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Figure 1. Dephosphorylation of freshwater micro-
somes as a function of counter ion

~ concentrations.




u

) -
Jojo0ad mE\mNm mn

0o ed

- O 0e @

0O 0 e

T

mM K+ (®) or NHq% (0)




.16~

Figure 2. Dephosphorylation of salt water
microsomes as a function of counter

ion concentrations,
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Figufe 3. Phosphorylation of microsomes
prepared for electrophorégis as
compared to levels obiained at
complete phOSpborylaiion with
20 mM Nat and 3 mM Mg** (100%)
[ and_[] represent data from

two separate experiments,
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Figure 4.
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Gels from freshwater (lefF) and
salt water{(right) microﬁémes.
showing similarity of banding
patterns, The .wire slicer is

overlaid in the picture. Note

‘the ma jor protein band occurring

in the fourth slice.
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'~ Figure 5,

Ve

Rediocactivity of each gel slice

of sa1§ water gicrosomes incubated

with 3 mM Mgt* and 20 mM Na*,
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Figufe 5A. Same as Figure 5 for the second
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V4

Figure 6. Radiocactivity of each gel slice
of freshwater microsomes incubated

with 3 mM Mg+t and 20 mM Na*t,
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Figure 6A. Same as Figure 6 for the.second

run.
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Figure 7. Sait water gels incubated with 20 mM
Na*, 1 oM k1 and 3 mM Mg** (I); 20 mu

~-Na*, 1 mM NH,* and-3 mM Mg*¥:(II);

and 3 mM Mgt+ (III), See Figure 5

for comparison,
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Figure 8. Freshwater gels incubated with
20 mM Na*, 1 mM K* and 3mM Mg**
“(I); 20 mM Na, 1 mM NH,+, and 3

mM Mg** (II); and 3 mM Mg+ (III).

s i e s i s . 4 T

See Figufewéwfon.cgmfarison.
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Figure 9. Racker's three models of membrane

tfansport protein mechanics.
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