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Na,K-ATPase tram rectal glands of gqudus acanthias has been subjected to proteolysis with trypsin, The E~- and Ea-forms of 
the enzyme can be distinguished from the inactivation patterns at low trypsin Concentrations, as previously seen with kidney 
enzyme, Extensive degradation by trypsin in the presence of 5 mM Rb* yields membrane fragments with a 19 kDa peptid¢ as the 
major proteolytic fragment of the a-subunit, The sequcnco of tire N.terminal 40 m~idues of th[s pep(ida is almost identical to 
that of a similar protcoiyfic fragment isolated by Capa~o et al. (Capasso, LM., Hoving, $,, Tai, D.M. GoldshIeger, R, aM 
Kadish. SJ,D, (1992) J. Biol. Chem. 267, 1150-1158) using kidney Na,K-ATPas¢, Rb + occlusion can be hlly v'tained under 
these circumstances, supporting the findings with kidney enzyme that only minor parts of the a-snbunit are r~quired to form a 
functional occiusion-site. 

The purpose of the present experiments is to show 
that recent findings by Karlish and no.workers [1-3] on 
the structural components of the cation occlusion sites 
of Na, K-ATPase from pig kidney also pertain to 
Na,K-ATPase isolated from an entirely different 
species, Sq~¢alus acanthias (the spiny dogfish). The 
extensive erypsinization of Na,K-ATPase from pig kid- 
ney leaves a large fragment (about 19 kDa) in the 
membrane together with several minor componen~.s 
(less than [0 kDa). An important aspect is that ocdu- 
stun-properties are retained in these fragments, which 
therefore must contain the cation binding sites of the 
enzyme [1-3]. The occlusion of cations is considered an 
truant(ant step in the mechanism of active transport of 
Na + and K + across the cell membrane. The result we 
present in this paper is that the structural features 
involved in Rb + occlusion are essentially the same for 
the snark enzyme as for the kidney enzyme. A 19 kDa 
fragment is the only major component in membrane 
fragments of shark enzyme with Rb + occlusion fully 
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retained. The 40-residue N-terminal sequence is al- 
most identical to that of the kidney enzyme (starting at 
threonine-834, Rats. 4 and 5) and a similar sequence of 
the Torpedo califomica enzyme (starting at threonine- 
840, Ref. 6), A reason for our interest in the 
occlusion-properties of the shark enzyme is that deter- 
gent-solubilizod Na,K-ATPase from shark is more rc- 
sistant to inactivation by detergent than kidney enzyme 
[7]. Trypsinized shark enzyme could therefore form a 
good basis for experiments on isolation and purifica- 
tion of detergent.solubilized peptide fragments with 
retained Rb" occlusion ability. 

Preparation of shark rectal gland enzyme. Na,K- 
ATPase from the rectal gland from S. acanthias was 
prepared as described by Skou and Esmann [8], but 
without tt~e treatment with saponin. The N~,K-ATPase 
coastir.uic~ about 70% of the protein (determined as 
the content of a- and/3-subunits from SDS gel elee- 
trophoresis), and the specific activity was about 1700 
p.mol/mg protein per h. Na,K-ATPase and pNPPas¢ 
activities, phosphnrylation capacity (2.9 nmnl/mg pro- 
tein) and protein content were determined as prev[- 
ousIy described [9], 

Ligand-depeMent inaaivation cf  Na, K.ATPase by 
trypsin. The inactivating effect of trypsin was followed 
in time according to the following protocol: 0.9 mg 
Na,K-ATPase protein/ml was incubated with RhCl or 
NaCI in 10 mM Trig/1 mM EDTA (pH 8,0) with 
trypsin (final concentrations 0.5 to 1O ~g/ml). Aliquots 



24g 

were diluted 10-told into an ice-cold buffer containing 
100 ~g trypsin inhibitor/ml, and resi,tual Na,K-ATPase 
and pNPPasc activities were assayed (at optimum con- 
ditions at 37°C, scc P, ef. 9). 

Po~acrylamide gel electrophores~. SDS-polyacryl- 
amide gel electrophoresis was done according to the 

method of Schagger and Von Jagow [10] using l-ran 
16,5% gels, Sampleswere freed from trypsin and trypsir 
inhibitor by centrifugation and delipidated before elec 
trophoresis as described by Capasso et al. [3]. In brief 
the protein was dissulved in 2% SDS and 4 volumes o 
methane[ was added at 0aC. The precipitated protei[ 
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Fig. I. Tcypsin.dependent inaclivation of shalk Na,K-ATPase. In the experiments shown in panel A, 0.9 mg pmtein/ml was incubated in 10 m~' 
TrL~/I mM EDTA (pH 8.0)/20 mM RbC1 with trypsin. Final trypsin concentrations were 0.5 (open cgreles), 2 (open diamonds), ,5 (filled circles 
or Ill pg/ml (titled diamonds}. At lhe [ridiculed time.points aliquots were diluted t0.fold into ~n ice-cold baiter ¢entainin$ 1(10 .u.8 Irypsil 
i~ibitor/ml, and the restdual Na,K-A'iTa~ activities were assayed. In panel B the trypsin concentration was 5 #8/ml, and the RbC 
concentration was 10 (filled squares), 50 (filled circles) or 150 ~ (filled diamonds). The full lines represent ~,ingle.exponenlial fits of the fern 

¥( t ) = 100,e -~'*, with rate constants of 0.0036. 0,027 and 0,if'/7 rein- z respectively (lop to bottom). 



was centrifuged after 12 h at -2fl°C, and the pellet 
dissolved in sample buffer, which contained 1~ mM 
sodium phosphate (pH 7.7), 1% 2-mercaptoethanol, 
2% SDS and 36% urea, Samples were heated to 100~C 
for 5 min before dectrophoresis. Staining was done in 
a solution of 0.25% Coomassie blue R25()/40% 
ethanol/10% acetic acid for 1 h, and dcstaining done 
in 30% ethanol/10% acetic acid. Eieetroblotting was 
carried out as dcscribed by Matsudaira t i l l  using a 
LKB 2051 Midget Mu[tiblot apparatus, and PVDF 
membranes were Problott (Applied Biosystems). Only 
HPLC-grade sdvcuts and Millipore filtered or twice- 
desfilled water were used. The eleetroblolting buffer 
[11] contained 0.005% SDS. 

Sequenator analysis. Edman degradations were car- 
ried out on a 477A instrument from Applied Bioffs. 
terns with on-line analysis of the phenylthiohydantoin 
(PTH) amino acids by reverse-phase HPLC on a 120A 
liquid chromatograph. The clectroblotted samples were 
cut in small pieces and p[aced in the cross-flow cham- 
ber. The instrument was operated according to the 
instructions given by the manufacturer. 

Measurement of Rb + occl,tsion using the cation.ex. 
el~ange proced,cre. The method used is essentially as 
described by Olynn and Riehards [12l. The carboxylic 
resin Bio-Rad Bin-Rex 70 is equilibrated in 100 mM 
Tris (pH 7.0) and 1 mM EDTA. Na,K-ATPaso (0,9 
mg/ml) in 3(I mM histidine (pH 7,0) and I mM CDTA 
is pro-incubated with 5 mM SC'Rb ÷ at 23 or 37"C for 5 

249 

rain. Trypsin is added to give final concentrations of 
0,125 or 0.5 mg/ml, and at the desired time-point an 
aliquot is rapidly cooled to 0°C. About 450 #l is then 
immediately forced through a l-ml ion exchange col- 
umn at 2°C, with the speed of the piston being adju.,tcd 
to allow the enzyme suspension to be in contact with 
the resin for 25 s (this is calculated from the flow.rate 
and the v~!ume of the liquid-phase in the resin). The 
amount of HC'Rb emerging from the column is deter- 
mined from ?-radiation. The specific radioactivity is 
adjusted to give about 350 cpm per nmol Rb +. 

Materials. Trypsin (T-8642), twpsin inhibitor (T- 
9128) and molecular weight markers (MW-SDS.17S 
and MW-SDS-70) were obtained from Sigma. 

Results and Discussfon. Na,K-ATPu~ from shark ia 
susceptible Lo inactivation by trypsin in low concentra- 
tions, Fig. 1 (Panel A), The kinetics of inactivation at 
23°C are not following, a single-exponential decay curve, 
in contrast to the behaviour of the kidney Na,K-ATPase 
[13], but the major part of the activity is lost rapidly 
and in proportion to the trypsin concentration. With 50 
p.g lrypsin/ml or more (not shown) the Na, K-ATPasc 
activity is completely abolished within the first minute. 
The s~sccptibility to inactivation depends very much 
on the ionic strength, with a high ionic strength (c.g., 
150 mM RbCI, Fig. IB) offering considerable protec- 
tion towards trypsin. The previously ob~rved ligand. 
dependent pattern of inactivation [13] can also be seen 
with the shark enzyme, Fig, 2. Here is shown the 
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Fig. 2. Li~nd-dependent inactivation of ~hark Na,K-ATPase by W~psin. 0.9 mg protein/rat was incLIb~lecl in 10 mM Tfis/I rnM EDTA (ptl 8,0) 
with 3.5 pg trypsin/rnl and with l0 mM RL'Ct (filled ~ylubds) or |0 mM NaCI (open symbols), At the indicated tlrnc-points aLiqnols were diIn(cd 
t0-1"o[d into an ice-cord buffer containing [00 ttg trypsin inhibilor/rnl, and the residual Na,K-ATPas© (diamonds) and pNPPas¢ aclivilies (¢~l<~s) 

were a~ycd. 
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inactivation pattern of both the Na,K.ATPase activity 
and the g÷-dcpendent pNFPasc activity when proteol- 
ysis is cerried out with enzyme in the Ej-form (10 mM 
NaC1) or in the E2-form (10 raM RbCI). In NaCI, the 
inactivation is markedly biphx~ie with time, with the 
pNPPasc activity being lost more rapidty than the 
Na,K-ATPase activity. In RbCI, there is an almost 
parallel loss of the two actMlics, and the time-course ~s 
clearly different from that in NaCI. With RhCI there is 
a small lag period followed by a rapid loss of activity. 
The proteolylie digestion proceeds essentially via the 
same routes as described for kidney enzyme [13], with 
two fragments having molecular masses about 50 and 
40 kDa being produced by the tryptic split in the 
presence of RbCI. With NaCI a snlall amount of 80 
kDa-peptide is formed (data not shown). The digestion 
by trypsin is done at low ionic strength (Ill mM RbCI 
or NaCI) because the sensitivity to trypsin is more 
marked at low ionic strength (Fig. 1B) and a [~  because 
the differences between the ligand-dependent time- 
courses of loss of activity is more clear at low ionic 
strength (not shown). We have also chosen to perform 
the inactivation at 23°C rather than 37~C to avoid 
instability of the shark enzyme at higher temperatures, 
which is more pronounced at low ionic strength. 

Fig. 3 shows the stability of Rb + occlusion after 
extensive t~ptie digestion, When digestion is carried 
out at 23°C, there is an increase in the t~clusion 

capacity wilh time (up to 8.2 nmol/mg protein at 60 
rain), an increase which is more rapid the higher the 
trypsin concentration. Performing the digestion at 37°C 
toads to loss of occlusion capacity with time, Fig. 3. 
The data shown in Fig. 3 gives the total amount of 
Rb + carried through the cation-exchanger, i.e., both 
the specifically occluded Rb + and the non-specific 
binding. In the presence of 2,5 mM ADP, where speo 
cific occlusion is abolished in the native enzyme, the 
non-specific binding at 5 mM ~b + is about |.5 
nmol/mg protein. There is thus a large, specific occlu- 
sion capacity retained even after total toss of oveJall 
enzymatic activity (which is complete within a minute 
at these trypsin concentrations). The increase in occlu- 
sion capacRy could be due to a higher affinity, for Rb ÷ 
of the trypsinizcd membranes, as seen also by Karlish 
et at. [lh or due to an increase in non-specific binding. 
However, the fact that the occlusion capacity decreases 
when digestion is performed at 37°C suggests that the 
increase in occlusion capacity is Jue to an increased 
affinity for Rb ÷ rather than an increased non-specific 
Rh+-binding. The stoiehiometry between the number 
of Rb + occlusion sites and phosphot3la'tion sites is 
about 2.3 Rb + per phosphorylation site, which indi- 
cates that there is fail saturation of the two Rb÷-sites 
at the concentration of 5 mM RbCI used in the present 
experiments. Solubilization in C,:E~ of trypsinized 
membranes decreases the amount of specifically pc- 
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Fig. 3. Stability of occlusion of Rb* during trypsinolysis of shark Na,K-ATPase. Enzyme (O.q mg/ml) was preincubaltd with 5 mM ~Rb ÷ for S 
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Fig. 4. Digestio~t of shark rectal ~land Na+K-ATPam by trypsin. 
Enz,/rnc was digested with 0.S mg trypsia/ml for fi0 @n at 23=C. and 
prepa~t:d for ¢~¢ctropharcsh as described in the I©al. Lane A, 
positions of molecular weight markers (66, 45, 3% 24, [8.4 and 14.3 
kDa, respectively); Lane B, control e~zyme {no tffpsin added, loaded 
with approx. 50 #g protein): Lane C trypsinized Na,K-ATF~se, Ti~ 
positions of the 0- and ~8-subunits are marked, as is that of the 19 

kDa tryptie fragment. 

eluded Rb + to about 2.1 nmol/mg, i.e., about 30% of 
the value for the membrane-bound trypsinized enzyme 
(not shown). 

Fig. 4 shows a gel-pattern of trypsinized membranes, 
compared with a control enzyme (note that the lane 
with control enzyme has been heavily overloaded with 
protein to detect minor components in addition to the 
,-,- and /~-subunits). The dominant band in the 
trypsinized membranes (marked 19 kDa) is absent in 
the control enzyme, and the ;8-subunit is virtually unaf- 
fected by trypsin, as seen also with the kidney enzyme 

[2], Soveml minor bands are present in the 10 kDa 
range in the t~psini~d membranes, these have not 
been described further. In agreement with the observa- 
tions by Karlish et al. [1], the tryptic fragment of 19 
kDa is not found to an appreciable extent if the prote- 
olysis is carried out in the absence of Rb ÷. 

The N-terminal amino acid sequence of the 19 kDa 
band was determined for a 40-residue stretch, which in 
Table I is compared with published sequences of the 
a-subunit from Torpedo califomica, pig kidney and 
sheep kidney (the complete amino acid sequence of the 
shark enzyme not known yet). The sequences in this 
40-residue stretch are almost identical. The position of 
the tryptic ~plit in ~h~ shark enzyme ~uggcsts that it 
occurs corresponding to positions 840 in the Torpedo 
enzyme [6] and position 834 in the kidney enzymes 
[4,5]. It is interesting that the ~ryptie split in pig kidney 
enzyme occurs at position 831 in the kidney enzyme, 
and that a combination of trypsin and pronase forms a 
tryptic fragment of 18.5 kDa starting at residue 834 [3], 

In conclusion, the present experiments suggest that 
occlusion of Rb + by Na, K.ATPase from shark rectal 
gland is governed by parts of the a-subunits which are 
highly homologous in structure to those of the kidney 
enzyme. It is also shown that the Et- and E~-forms of 
the enzyme can be distinguished in the shark enzyme 
using the trypsin technique. Further experiments am- 
preying detergent solubilization of the occtusion sites 
may give more detailed information on the protein 
structures necessary for cation occlusion. 
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cal assistance, and Jcsper V. M¢iler for advice on the 
gel electrophoresis experiments and Steven J,D. Karl- 
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calved from the Danish Medical Research Council 

TABLE l 
h:termi.al zeque.ce of the t9 kDa uypzic fragment o[ zhavk trctal glaad Na, K-ATPase 

The sequen~ is compared with the published amino acid sequences from Torl~do cv[i[ortfffu [@, pig kidney 141 and sheep kidney [5], Amino acid 
identities are marked with an ..~leri~k. The putative tryptic split is marked with a:, and 1he first residue after the split corresponds Io amino acid 
numl~rs 840 (T~wdo) or 834 (pig and sheep kidney, in nil three cases fear residues before the site of th~ split is shown). 

Torpedo ~:~PK 

Shark a XXXR 

Pig ?~9K 

Sheep RNPO 

14o 
: TDKLVNERLISMAYGQIGHIQkLGGFFSYFVILAENGFLP 

*~*t*~**** **************************** 

~ [0 20 30 40 

: MDKLVNERLISIAYGQIGMIQALGGFFSYFVILAENGFLP 

: ~O~LVNESL I SMAYGOIGMZOALGGFFTYFVI LAENGFLP 

******************************** **~**k* 

: TDKLVNERLISMAYGQIGMIQALGGNFTYFVIMAENGFSP 

' In step 28 minor amounts of FI'H-G]y ~,~re also d¢~¢¢led, In slap ,15 1~l-~p and PTH-GIu wan~ pmsem in aqulmnlar ylelds. The yield of 
FTH-Mel in slap ] was ]67 pmo]. 
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