-
-

c)iThe membrane 1ipid fluidity has a direct influence on the
catalytic activity of (Na+ + K+)-ATPase.

d) The ouabain 1nter;ct10n properties of beef brain ('Na+ + K+)-
ATPase Qere‘unchanged when‘the fluidity of the 11ipid matrix was
varied. It {s concluded that inhibition by ouabain of beef =

| brain (Na+ + K+)-ATPase is not regulated %w the physical state
of the bulk 11pid. , Sl

e) It is speculated that the increased chain length and the degree
of unsaturation of the phospholfpid acyl chains may be respons-
ible for.the decreased ouabain sensit1v1ty‘observed with crab

nerve (Na+ + K+)-ATPase.

vi
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) \ ABSTRACT

N \ 4
The membrane fractions enriched in (Na+ + K+)#ATPase isolated from

beef brain (homeotherm) and crab ner;e (poikilotherm) showed markedly

[

d1ffa<ent sensitivities to inhibition by ouabain. The IDSO values ta *
ouabain inhibition of the two enzyme preparations differed by more than
. two log units. Polyacrylamide gel electrophoresis revealed that po]y—
’ peptide subunit pattern of the two. enzymes were quite sim{lar.

However, Yipid analysis studies indicated that the 1ipid composit1on
of the two enzyme preparatfions are quite different The crab nerve en-
Zyme preparat1on hadean increased cholesterof;shospholipid ratio. In
addition, the 1ipids of crab nerve enzyme were found to be more "fluid"
and contained more long chain fatty acids cqnpared to enzyme from beef
brain..- ' ,

The possible role of membrane l1pid composition in regulating the
ouaba1n interaction properties of (Na + K )-ATPase was investigated.
This was studied by reconstitution of both beef br;1n and crab nerve
(Na + K )-ATPase into liposomes of contro]]ed lipid cﬁhposition The _

observations can be summarized as follows.

" a) The reconstitution of (Na+ + K+)-ATPase fnto 1ipid bilayer
structuqs was achieved by using a novel gel filtration procedure.

This method resulted in the incorporation of over 80% of (Na+ +

o

K+);ATPase into 1{posames.
. ‘ ) -t . s L e
b) The results strongly suggest that mémbrane lipids are capable

of modylating the 1nteract10n of inhibitors such as ouaba1n.
with the (Na + )-ATPase enzyme systen.
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I.  INTRODUCTION , ‘
(‘- Almost all animal cells maintain a Tow spdium (Na*) and a'nigh
' Ppotassium (K+) concentration 1nsioe the cell Sontrasting with the in-
verse situation in the extracelluiar fluid. Ineorder to maintain this
difference in ion distribution {which generates a transmembrane potent-
ial), the cell has evolved a soJEalled."pump“ meéhanism within the
plasma membrane. Intracellular Nat fons are actively transported out qf
| the cell wnereas k* fons are transportedginto the cell by a tightly
coupled, energy dependent process which is often referred to as the-
"Sodium Pump". ' While studying the Na* and k* fluxes in the red blood
cell Schatzmann (1953) found that adenosine triphosphate (ATP) was re-
quired for active fon transport and that this process could be inhibited
* by very low concentrations of g-strophanthin, a representative member of
‘the group of drugs known as cardiac glycosides. Some years later Skou
(i957) discovered an adenosine triphosphatase (ATPase) enzyme in a frag-
mented membrane fraction of the leg nerve of the shore crab Canrcinus
maenas. This ATPase enzyme was unusual because in addition to Mg++1ons.
it required the presence of both monoralent oations Na* and K* in a de-
fined- ’P?for opt‘lma] activit_y. A]tI@ugh the activation of enzymes by
certain al lletal fons has been reported, many times before, all
tems required onlyoneligand ~for fu]l activation. The
_of Nat and K*:discovered by Skou indicated that this

these other gi

synergistic. SRL
enzyne was dﬁl’*ﬂ: from almost all other known enzyme systems. Of
even greater interest to the preslnt study, the Na* and Kt stimulated

component of the ATPast;qeactiQn was sensitive to inhibition by the_same
¥ :
. .
\ _
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- cardiac glycoside, g-strophanthin (ouabain) used earlier by Schatzmann
(1953) to 1nh1b1t active catidon transport in the red cell. Skou (1957)
suggested that this enzyme system which can be operatfonally defined as
magnesium activated, sodiun-plus-potassiuﬂ-dependent. ouabain inhibdted |
adenosine tr1phosphatase. which henceforth shall be referred to as
(Na +K )-ATPase (EC 3.6.1. 3). might be involved in the transformation

" of chemical energy into a vectorial movement of Na‘ out of and k¥ into

the cell. Since that time extensive investigation of this enzyme system

has provided strong circumstantial evidence to support Skou's §ﬁggest10n
that the (Na + K )—ATPase enzyme system is the energy transduction ‘
mechanism underlying the active transport of Na* and k* (Charnock and ///

Opit, 1968; Whittam and Wheeler, 1970; Dahl and Hokin, 1974; Glynn and

Karlish, 1975). The more recent enzyme reconstitution experiments which

will be discussed below, have provided the proof that the (Na‘ + K )-

ATPase is in fact the 1ong sought sodfum pump of mammalian ce]]s

The similarities between the ion transport process and the (Na +

K )-ATPase enzyme have been reviewed (Nhittam and Wheeler, 1970) and _

discussed in detail (Glynn, 1968). §ume of the simi]arities between the

sodfum pump and the enzyme activity 1nc1ude,

o 1) Tissues with high Nat and k¥ transport activity a]so possess

high (Na +K )-ATPase activity (Bonting and Caravaggio, 1963) .
2) For optimal activity both active fon transport and enzyme act-
tvity require ATP, Mg™*, Na*, K*. I?’addition the optimal conc-

DL

entrations of these l1gands requ1red by both systems are 1dent1-
cal (Post et at., 1960). | \
3)'§ofhumonova1ent catfon transport and the (Nat + K+)-ATPase are




inhibited by cardiac glycosides and their aglycones, and dfs-

play the same structure-activity relationship towards these com-

pounds (Abeles, 1969).
" 4) In whole cell prepardfions the (Na‘t + k*)-ATPase displays the
same orientational asymmetry as the sodidm pump ., Mg++. ATP and

»‘Na+ are requiféd_on the inside of the cell membrane, while k*

and cardiotonic steroids affect both systems from the outside of

the cell (Hoffman, 1970; Post et al,., 1960; Glynn, 1962; Hoffma

1962; Laris and Letchworth, 1962; Whittam, 1962; Gaffahdn and

_{ .
Glynn, 1967).

n, .,

In all some fourteen points of similarity exist between the coupled

active transport process for Na* and x* and the (Na+ + K+)-ATPase enzyme

system (Glynn, 1968). By 1970 most investigators agreed that this coul
not be coincidental and felt that the (Na‘t + K+)-ATPase must be more

than an energy source for ion transport, but that it could possibly be
the "pump"-mechanism itself. However, direct evidence for this idea wa

- lacking until the reconstitution studies reported be]ow\yere carried ou

B. Reconstitution Studies

Recently several investigators have demonstrated the ATP-dependent
and ouabain inhibitable coupled transport of Na* and.K+ by purified
(Na+(+ K*)-ATPasé enzyme preparations which have been reconstituted
into phosph011p1d vesicles (1iposomes) by a cholaté dfalysis method
(Goldin and Tong, 1974; Hildefl et az., 1974; Goldin and Sweadner, 1975;
Hilden and Hokin, 1975; Anner et at., 1977; Goldin, 1977). Such recon-

stituted vesicles were able to exclude Na* from their interior while
. A 9 .
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they accumulated x* against a concentration gradient. These reconstitu-

g .
tion experiments have provided the first direct evidence that the'

(Na + K )-ATPase enzyme protein is indeed the molecular machine respon-

. sible for the vectorial movement of Na and K across the 1ntact cell

*memBrane

Many of the characteristics of reconstituted (Na+ # K )-ATPase

tn 1ipospmes were found to be identical to those observed in intact cell

R*‘ oy ¢

mepbrane systems. These similarities include,

1)

2)

3)

4)

5)

6)

7)

Mg++ activated ATP, Na' and K+ depenident coupled transport gf
Na* and k* (A transport property).

Thé\transport process 1{s sensitive to inhibition by ouabain
(A triﬁsport property). ' | -

The sto1ch10metry of Na /K pumped per ATP hydrolyzed is 1.43 :

1, a rat16>kﬁ1ch is very c]ose to that observed in red blood
cell and neﬁv‘ membranes (1. 5 1). However, a ratio’of 1.5 : ]
for ATPase-lipofzmes has been reported recently (Goldin, 1977).

(A transport proparty). ) ¢

\ . Pa .
The substrate specificity for nucleoside triphosphatases is sim-

(Both a transport and an enzymatic

A Y

ilar for both processé».
property). |
Abéolute specificity for Na
tained but Rb* will substitut“for K*. (Both a transport and an

{ at the :sodiuﬁ site' is stil1l main-

enzymatic property). \
Under suitable conditions either Né\ -Na* or kt-kF exchange
occurs. (A tranSport property).

The" ouabain binding s#te 1s on the oppos{ te sueface to the Na*
and ATP activation sites. (A property of hoth systems)..




v
However, even in the best oriented 11posome systems, about half
of the reconstituted ATPase molecules have lost their orientat-

fonal asymmetry with respect to the in vivo situation.

C.  Structural Aspects

The, (Nt + «* )-ATPase enzyme system has been 1solated and purified
from a variety of sources including the outer medulla of guinea-pig,
rabbit, sheep, dog and pig kidneys (Charnock and Post, 1963a; Kyte,
1971a; Lane et aZ., 1973; Jorgensen 1974a; Lane et ai. » 1978), the salt-
gland of ducks (Hopkins, 1974) and the rectal~gland of the dogfish |
Squalus acanthias (Hokin et ai., 1973), as wel) as the elgctric-organ of
the.electric eel EZecfrophordiléiEgz;icus (Perrone et al., 19;5). Poly-
acrylamide gel electrophdresis of purified (Na‘ + k*)-ATPase in the pne-
_sence of SDS has yielded only two major protein components despite\ the
‘variation in tissues, species and isolation procedures (Kyte, 1971a and
1971b; Kyte 1972a and 1972b uallick et al., 1979). The molecular weight
of the larger polypept ide. components appears to be about 90,000- 100,000
daltons, whereas the sma]ler\polypeptide which has been shown to. be a
sia]oegcoprotein has an apparent molecular weight of about 45,000 daltons
(Lane et az., 1973; Jgrgensen, 1974b, Kyte, 1975; Perrone et a1., 1975).
The mass ratio of large to small polypeptfde has been reported to vary
from 1:7 (Kyte, 1972b) to1; :9 (Lane ot al 1973), 2:3 (Hokin ¢t al.,
1973), 2:8 (Jgrgensen, 1974b) and 2:0 (Perrone et al., 1975), The func-
tional unit of the eénzyme appears to be ‘a dimer with each monomer consist-
ing of one large polypeptide chatn and one glycoprotein subunit. The
evidence for this suggestion arises from cross linking studfes &Fyte,

A



1972b; Kyte, 1975; Glota, 1976); the molecular weight of the (Na* + K*)-

ATPase dimer is calculated to be around 250-280,000 daltons. This figure

appears to be in close agréement with the values obtained by other“nethod§

. such as radfation imactivation (Kepner and Macey, 1968), steady-state

phosphorylattion and ouabain binding studies .(Hokin et al., 1973; Lane
Jet al., 1973; Slrgensen. 1974b). | )

Labelling Of\the enzyme protein with 32P.from [732P]-ATP in the
prefence of Mg++ anﬂ\Na+. followed By]beyacrylamide gel electrophoresis
in SDS have revealed\ipat the 32P migrétes exclusively with the larger
poTypebtide fragment (Alexander and Rodnight, 1970; Kyte, f§7lb; Uesugi
et al., 1971). | '

The conc tion of the large polypeptide fragment increases in
proportion to fhé pecific activity of (Na+ + K+)-ATPase. This polypep-

tide unit appears to contain the Na‘+ dependent phosphorylation site in

addition to possessing sulphydryl (-SH) groups with specific affinity to

ATPgﬁNa+, k* andibuabain (Jgrgensen, 1975@). _These latter characterist-

ics have been used to identify, this protein as the catalytic subunit of

the (Na+ + K+)-ATPase.

In studying the site of Nat dependent phosphorylation of the cata-_
lytic subunit, Kahlenberg, Galsworthy and Hokin (1967 and 1968) have re-

ported a glutamyl phosphate at the phosphorylatidn'site, whereas Post
and Kumé (1973) suggested that the phosphorylation from ATP occurs it an
aspartic acid residue. Nishigaki et al. (1974) have provided further
evide;ce~wh1ch fndicated that the Na* and Mg** dependent phosphorylation
of catalytfc'subunit by [732P]qATP occurs at the Suca}boxyﬂ-§660p of aﬁ
aspartig.acid residue. While the identity of the.phbsphoryIation site Q

A
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may n&t be certain; all investigators agree tpat n acylphosphate fs
formed in this reaction. | ' ‘
The smaller polypeptide 6resent in the purified (Na* ; Kfi*ATPase "
does not appear to bear any catalytic funétions. jAt ;ba #resent_time.
'there 1s no direct evidence to assjgn~a funciionaﬂ role to th1§ glyco~ \
protein subunit al@hough several suggestions have been made co;aﬁarning
this (Kyte, 1972b). The glycoprotein can be covalently c¢ross-1inked to
the catalytic subunit suggesting that they are in close proximity to one
another (Kyte, 1972b). Moreover, antibod1€§ raiséﬁ aga¥nst the glyco-
protein appear to inhibit the (Na‘+ +'k+)-ATPa§e in a concentration des *
pdﬁuent manner, 1nd1cat1ng that the glycoprotein 1§ an integral part of |
the (N'a+ + k¥ )-ATPase (Jean et al., 1975; Rhee andIHokin. 1975; Jean and ,:i
Albers 1977) Conversely, the immuriochemical stud1es of Jean et ai.
(1975) and the photoaffinity 1abe111ng studies of Ruoha and Kyte (1974), °
| Hegyvary (1975), Forbush et al. (1978) and Forbush and Ho ¥ fman f1979a b)
all indicate that the binding site for cardiac<g]ycosida 1; located on
the ca];lytic subunit. . o | ,
It 1s known that in the intact cell the hydronsis of ATP otcurs at | |
‘the interfor surface of plasma membrane, whereas cardiotonic steroids
interact only from the outer surface of the cell membrqne. Since 1t has
been shown that both the phosphorylation site and the ouabain binding
site reside on #he catalytic subunit, it 1s clear that the catalytic,  @
subunit of thé‘(Na+ + k*)-ATPase must complet;lytspah the p1a§ma memb-
rane. This is quite feasible for a protein of this @o1ecu1ar weight and

an average membrane thickness between 70-100 A.
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0. Catalytic Aspects ] s - B
The reac@fon sequence of ATP hydrolysis 1s tﬁouqht to occu./n/a
step-wisgmanner. Although the detafled reaction mechanism of (Ma* + « )-
ATPase has not yet been fully alucldatcd ‘several models hnvc bun pro-
pased (Charnock and Post, l963b Opit and Charnock, 1965 Sfegel and
Goodwin, 1972; Froehlich et al., 1976). The fol lowing sequences of react-
®.  fons taken from Schwartz (1976) ﬂlustrates the comptexfty of the mechan-

fsm by which the simultaneous transport of N2t and k* 1s thought to occur.
.o »

“ Na, : 2

Ey + Ng-ATP
" (El'\'P) 'N.

' Ha0 + (EyvP)

et ——

(E]"\'P) -Na + ADP

, (Ez"'P) t Ny

1

— E] | - 5

In the above scheme, E, and E, npm'ent different confomtio;lal
statas of the non-phosphoryhted and phosphorylated (E,'»P and E\P) en-
z;n P'%:s foorgantc phosphato and h,. Ki' Na,, K, denote 1ntnco'llulafr
~and extracellular sodfum andv potassium respectively. s‘lm and Ms co- \"
workers (Glmm ot al., 1971) have referred to dich of these steps as the



#
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partial reactions of the system. Earlier reports as well as recent stud-
_ fes indicate that the catalytic sUbunit undergoes conformational changes
during the reaction cycle which include Na' depen&ent phosphorylation’of
the enzyme (Step 1)-and k* dependent hydrolysis of the phosphoenzyme
(Step 3); (Opit and Charnock, 1965; Titus and Hart, 1974 Giotta, 1975;
Jérgensen, 1975b; Jgrgensen, 1977; Jérgensen and Kloods, 1978). However,
recent studies by Kudoh et al. (1979) indicate that the reaction sequence
of (Na¥ + k*)-ATPase 1s more comp]exlfhan that 11lustrated above, since
the functional unit of (Na+ + K+)-ATPase appears to operate as a dimer.
Thus the terminol&gy E:: has now been introduced into the'reaction
mechanism.

The phosphorylation of the enzyme ¢an be achieved not only by ATP,
buf other nucleotides have been shown to be effective as well. However
ATP appears to be.the most effective substrate (Charnock et at., 1963),
while CTP and ITP have moderate effects. GTP servés as a poor substrate
and no ouabain sensitive hydrolysis of UTP was observed (Hokin and Yoda,
1964; Matsui and SchQarté, 1966; Towle and C;penhaver, 1970; Hegyvary
and Post, 1971), . |

The cation requirement of the (Na+ + K+)-ATPase has been investigat-
. ed extensively by several workers. The requirement for Na‘t.at the
'sodfum site’ is absolute. Several other mono-valent cations can replace
k* at the 'potassium site' with an effectiveness of k* > rb* > NH4+ > cs*
> Lit (Skou, 1965). T1* has also been shown to be effective with ten
times the affinity of kK* (Britten and Blank, 1968; Skulskii et az.; 1973).
‘The presence q% Mg++ is essential for the ATPase reaction. Other divalent

cations such as Mn++, co*t can substitute for Mg++ but with decreased
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efficiency (Rendi and Uhr, 1964; Atkinson et aql., 1968; Atkinson anﬂa

/
Lowe, 1972). Fe++ and Ca -dependent hydrolysis of ATP which is not
“Stimulated by Na* and x* has been reported (Rendi and Uhr, 1964; Charnock

and 0p1£. 1968; Atkinson and Lowe, 1972). Thus, Ca++, Fe** and several

++, Ba*t and srtt were found to

other divalent cations including Zn++, Cu
inhibit the Mg++-dependent reaction, hence the {hhibition of (Na+ + K+)-
ATPase activity (Rendi and Uhr, 1964: Charnock and -Opit, 1968; Toda, 1968;
Bowler and Duncan, 1970; Donaldson et al., 1971, Robinsoh{ 1973; Ting-
Beall et al., 1973). Quite.recently vanadate has been shown'to inhibit
the enzyme at very low concentrations. There is considerable interest
and specu1ation fn the possible biological role of -this "trace element"
as potent1a1ly inhibitory concentrations of this metal have been reported
in skeletal and heart muscles as well as in kidney (Cantley ét al ., 1977;
Beauge and Glynn, 1978; Cantley et al., 1978). It seems certain that,
much attention will be paid to the inhibitory action of vanadate en
(Na® + K*)-ATPase in the future. The role of Ca** in inhibiting the en-
zyme activity is élso of some interest, since it may serve as a possible
physio]ogicaI modulator of the 'Sod ium- Pumg activity (Baker, 1972; Tobin
et al. ]973)
A It has been shown that the operation of the Sodfum-Pump is not
Timited to Na‘t-x* exchange but other modes of operation also ex1st As
Glynn and Karlish (1975) pointed out these a]ternative modes include,

a) Nat-x? exchange (the normal mode)

b) Reversed Nat-x* exchange

c) Nat-Na? exchange

d) k*x* exchange

e) Uncoupled Na* efflux. -— "
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Many of these  processes are thought to be associated with individual

- partial reactions of the (Na* + k*)-ATPase (G1ymn, 1971).

E. Phosphatase Activity ) , ,

It has been well established that (Nat + k*)-ATPase preparations ex-
hibit a K+-dependent ouabain inhibitable phosphatase activity (EC 3.6.1.7)
which may represent the terminaiistep in the sequence of reactions'pata-.
lyzed by (Na* + K*)-ATPase (Judah et az., 1962; Albers et aZ., 1965:
Albers and Koval, 1966; Glynn et al., 1971; Koyal et al., 1971; Uesugf
et ai., 1971; Dahl and Hokin, 1974). The purification of (Na™ + K+)- .
ATPasé leads to a parallel increase in the phosphatase activity (Ahmed
and Judah, 1964; Nagai et al., 1966; Jorgensen~et al., 1971; Uesugi et
al., 1971). Further evidence in support of the concept that the phOSpha-
tase reaction is an integral part of the iNa+ +'K+)-ATPase comes from the
observations that both activities display similar responses to various
1igands and the "sideness" of the action of these iigands were similar
(Garrahan et al., 1969; Rega et al., 1970; Garrahan and Rega, 1972).

Compounds with phosphate groups with a higher free energy of hydro]-
ysis than a typical phosphate ester such as p-nitrophenylphosphate,
acetyiphosphate, carbamyiphosphate and umbelliferonephosphate will serve
as artificial substrates for the K+-dependent hydrolytic activity of the
(Na + K )-ATPase (Fujita et al., 1966; Yoshida et al., 1966; Dahl and
'Hokin 1974) . The naturai substrate for this reaction is thought to be
provided from the Na -dependent phosphorylation of the (Na + K )-ATPase
Thus, in vivo the phosphorylated intermediate of the enzyme, E,wP which

as iniﬁcated before is an acylphosphate, may serve as the substrate for

~- .
, - j‘_g’ | .
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the K+-dependent par;ia] reaction (Judah and Ahmed, 1962; Sach gt ai.,
1967; Yoshida st al., 1969; Dahl and Hokin, 1974). The phosphatase
reaction has been 1n§estigated by‘many workers and the similarities a
differences in thé properties of the K+-dependent phosphatase and t
(Na* + K¥)-ATPase have been reported in detail (Emmelot and Bos, 1966;
Fujita et al., ]966; Nagai*%hd Yoshida, 1966; Israel and Titus, 1967;
Yoshida et al., 1969; Askagi and Koyal, 1971; Glynn et al., 1971). It
therefore seems perfectly reasonable to accept that this 'partial
reaction' is indeed the site of ouabain 1nh1bf£ion of the.stepwise

reactions of (Nat + k*)-ATPase.

~F. Receptor for Digitalis?

For the pharmacologist the 1nh1b1fion of (Na+ + K+)-ATPase by
cardiotonic steroids is perhaps the most interesting aspect of the sys-
tem. Repke (1963) was the first to suggest that (Na® + k*)-ATPase hay
be the pharmacologic receptor for digitans. Since'that‘time numerous
. studies have provided evidence for aﬁduagainst this hypothesis (Akera,
1969; Lee and Klaus, 1971; Hokin and Dahl, i372; Schwartz'et al., 1974;
Schwartz et al., 1975; Schwartz, 1976; Akera, 1977). Howeverj now it is
generally agreed that the pharmacological response of cardijac g]ycoside
on the heart is a consequence of 1nteraction of these drugs with myocard-
ial (Na* + K*)-ATPase (Wallick et ai. . 1979) Several laboratories were
able to show good correlation between the occupation ‘of receptors (i.e.
(Na* + K*)-ATPase) and myocardial inotropy (Ku et az., 19743 Gelbart and
Goldman, 1977; Wallick et aZ., 1979; Charnock et al., ]9809). It.is known
that;thére is a wide v;riation in the sensitivity.of (Na* + K*)-ATPase

12
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for inhiuition by ouabain aud other cardiac glycosides, among different .
tissues and species. In vitro, the inhibitory pdtencies of cardfac gly-
cosides appear to depend on the temperature and on the cencentration of.
1igands present in the incubation media (Aibers et al., y968; Allen and
Schwartz, 1969; Sen et al., 1969, _Allén and Schwartz, 1970; Allen et al.,

1970; Tobin and Sen, ]970) Conditions which favour the formation of the
phosphorylated enzyme complex KEINP), also favour the inhibitfon of the
system by ouabain and other cardiac glycosides. Thus Mg++, Na+, ATP and

other nucleoside triphosphatases that phosphorylate the enzyme system

- favour, whereas k* reduce, the binding of cardiac giycosides to

(Na* + K*)-ATPase (Tobin ot az., 1972; Akera et af. +» 1978). The role of
Tigands in influencing the formation of enzyme-drug complex may perhaps
explain the considerable varietion found in the literature in the inhibi-
tory potency of a given cardiotonic steroid. Although the conditions
favouring the formation of.phosphorylated intermediate would lead to an
increased inhibition of the (Na+ + K+)-ATPase by cardiac glycosides,
phosphorylation of the. enzyme is not a prerequisite for ouabain binding.
Indeed, it has been shown that the enzyme-ouabain complex can exist even
in the absence of Tigands and/or the substrate, ATP (Mandel et aZ ,
1977). ’ ‘

- The existence of two populations of ouabain binding.sites on the
(Na*t + Kf)-ATPase has been suggested (Inagaki et qi., 1974; Hansen, 1976;
Charnock et ai., 1977; Frickle and Klaus, 1977; Schqner et al., 19775
Van-Aistyfe, 1978). More recently, Rhee and Hokin (1979) have reported
that they observed on1y 50% inhibition of ouabain binding by antibody

ratsed against the purified (Na + K )-ATPase or its_cataiytic subunit
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This observation may substantiate the claim that the ouabain binding

/
sites can exist in at least two environments

N 6. ‘Purification’

In the intact membrane, the (Natl+ K+)-ATPase enzyme system is an

intrinsic membrane protein which is surrounded by 1ipids. The fact that
it is an integral component of the cell membrane has produced considerable
difficulty in the purification of this enzyme system. AN purif1cation
procedures involve the use of detergents and/or chaotropic agents such as

In one of 1\\

these, the enZyme 1s isolated in a membrane bound form. The other method

Nal.: Main]y two approaches have been made to this problem.,

involves the remova] of enZyme protein from its lipid matrix (i.e. solub-

1lization)followed by the purification of the solubilized enzyme \\.
The 1solation of the (Na* +K ¥)-ATPase in a membrane bound form is » .

= usua11y achfeved by mild treatment with relatively low cohcentrations of h

ionic detergents. such as deoxycholate (DOC) which primarin extract the

extrinsic proteins froin the membrane (Jdrgensen et al., 1971; Kyte,

1971a). By this procedure the (Na* + k*)-ATPase enzyme rémains membrane

bound whi]e less tightly bound proteins are removed. Higher DOC concen-'

trations arefknown to solubilize the enzyme The enzyme preparation of

Kyte (1971&) was prepared by solubi]izing the (Na + K¥)-ATPase from the

membrane by DOC at a high salt concentration ,.Centrifugation over glycer-'

ol fd]lowed by agarose gel filtration of the solubi]ized enzyme has pro- |

duced over 90% pure (Na + kt )-ATPase from the outer medulla of the dog

kidney (Kyte, 1971a; Goldin and Tong, 1974). |
The solubilization of (Na* + k*)-ATPase may also be achieved by non-

|

. : . .




ionic polyoxyethylene ethers such as lubrol, which are known to be less
prone to inactivate the enzyme than ionic detergents'(Swansonfet al.,
1964; Banerjee et al., 1970).‘ In these latter procedures the solubiltza-
tion process~now depends on the length of the polyoxyethyiene chain and
also on the weight ratio of detergent to protein (Swanson et al., 1964),
After soiubiiization of the protein the free detergent is then removed
usually by prolonged zonal centrifugation Subsequently the fractiona-
tion of the soiubiiized protein is achieved by precipitating out all of
the proteins with 1M ammonium sulphate, foiiowed by a decrease in the
fonic strength in the medium by dilution to 0.4 M ammonium sulphate.
This step appears to resolubilize "impurities" from the precipitated
proteins leaving the (Na* + k¥)-ATPase in a membranous form (Uesugi et

» 1971, Hokin et al., 1973). This latter technique has resulted in
enzyme protein over 90~95% pure from both Squalus acanthias rectal gland
and eel electric organ (Perrone et al., 1975). These preparations have
specific activities ot about 900-1500 umol Pi reieased/mg protein per
hour. Recent work reported from Skou's iaooratory indicates that the
(Na™ + K¥)-ATPase from Squalus acanthias can also be solubilized in an
active form using the non-ionic detergent octaethyienegiycoldodecyi ether
yielding a preparation with a_specific activity of about 2300 umol Pi
released/mg protein per hour. Gel fiitration of the solubilized enzyme
in Sepharose 4B-CL has reveaied two peaks both with. énzyme activity. It
is of great interest that even at this Tevel of purification both peaks
contained phospholipid in addition to the enzyme protein (Esmann et al.
1979; Skou and Esmann, 1979). "

The criteria that have been empioyed in establishing the “purity"

15
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of (Na* + k*)-aATPase include, |

a) saecific activity (highly purified preparations have specific

L activities of about 1000-2300 umol Pi released/mg protein/hr).

b) SDS-po1yacry1am1de gel patterns, !!‘ii
It should be born' in mind that both of these criteria have eome draw-
backs. For éxample the specific activity o; the preparation can be mis-
leading if the enzyme has been activated or inactivated by detergents.
In other words,‘the highest enzyme activity may be observed at a particu-
lar 1ipid :;protein ratio, whereas the “gggggf but highly purified.enzyme
protein has 11tt1e or no activity! It is of particular 1nterest to this

study to note that all so-called "highly purified" enZyme preparations

reported to date retained at lTeast some of their endogenous phospholipids
irrespective of the method of preparation (Kyte 1971a Hokin et al.

1973; Perrone et at. 1975 Esmann et al. » 1979). R

. It is also known that different SDS-polyacry]amide gel systems
differ in their resolving power and the sensitivity of staining of pro-
tein. In addition, the permissability for complerfwgeREtration of a]l
the protein into the gel varies with each gel system (Dah] and Hokin, |
1974).

H. Lipid Requirement o

Biological membranes can be viewed as fluid bi]ayers of lipid with
globular proteins embedded within them The membranes are not static

structures but are in a dynamic state (Singer and NicoIson 1972). It

has also been recognized that 1n this "sea of 1ipid" there appear to be

areas of restricted mobility caused by certain protein-protein, 1ipid-

4
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protein and/or 1ipid-1ipid iqteractions (Singer and Nfcolson, 1972; ‘
Edidin, 1974; Singer 1974; Nicoison 1976; DePierre and Ernster, 1977)
The phenomenon of lipid-protein interaction has been well documented for
the (Na+ + K+)-ATPase enzyme system and it is now known that the

(Na+ + K+)-ATPase reaction required the presence of phospholipids for
optimal activitv.

The complete delipidation of the enzyme by detergents, phospholio-
ases or.organic solvents results in an 1rreversib1e inactivation of the
(Na* + k*)-ATPase (Hegyvary and Post, 1969; Roelofson et al. , 1971;
Goldman and Albers, 1973). In contrast partfal deiipidation of the sys-
tem usua]ly by detergent extraction yields an inactive enzvoe which can
be reactivated by adding certain phospholipids. The non- ionic detergent -
" Tubrol-wx and the anfonic detérgent deoxycholate (DOC) are most common]y
employed for this purpose, Delipidation by phospholipases is mainly
achieved by treating the enzyme preparations with either phospholipase A
(PPL-A) or phospholipase-C (PPL-C). However because of the possible im-
purities of these phosphoiipases. there is some doubt about the specific-
ity of action of lipolysis (Roeiofsen and Van Deenen, 1973). . The delipid-
ation by organic solvents is rarely used (Roeiofsen et al., 1971). The
lipid depletion/reactivation of the (Nat + k*)-ATPase by these methods _
will be discussed in more detail below (Subsections (1) - (3) inclusive)

Whiie it is agreed that the (Na + K )-ATPase requires phospholipid
for optimal activity there has been some disagreement about the specific-
ity of the phospholipid effective in reactivating the 1ipid depleted en-~
Zyme preparations. Some investigators have found a soecific requirement

for negatively charged phospholipids such as phosohatidylserine {pPS)y

/
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(Ohnishi and Kawamura, 1964; Fe:ster and Copenhaver, 1967; Wheeler and
Whittam, 1970; Kimelberg and Papahadjopoulos, 1972) and phosphatidylgly-
cerol (PG) (Kimelberg and Papahadjopoulos, 1972) ®wever, there are
other reports wﬁnch indicate that a variety of aciﬁic 5Shospholipids
(Taniguchi and Tonomura, 1971; Tanaka et ai., 1971; H kin and Hexum,
1972), acididj{r neutral phospholipids (Tanaka and St fckland, 1965;
Tanaka, 1969; Palatini et al., 1972) or even cholesterd] may serve as the
essential "1ipid" (Noguchi and Freed, 1971; Jarnefelt, 1972). As Kimel-
berg and Papahadjopoulos have pointed out, these discrepancies may be due
to, |

a) The manner in which the lipid is removed.

b) The purity of the phospholipid used for reactivation.

" ¢) The amount of 11pid removed.

d) The presence of residual activity which is partly a function of

* the amount of 11pid removed.

(1) Delipidation by Detergents ,

. The ooservation by Ohnishi and Kawamura (1964) that the (Na¥ + K+)-
ATPase required a specific phospholipid (PS) for its activity, Ted to the
beginning of a new chapter in the concept of iipid-protein interactions
.'of this enzyme system, In the same year Tanaka and-Aboodl(1964) reported -
that the phospholipid depletion by ammonium sulphate [(NH4)ZSO4] fraction-
ation of the DOC treated rat brain (Na + K )-ATPase, paralleled the lToss
of enzyme activity. The activity of the lipid depleted preparations
“could be restored by the addition of various phospholipids, of which -
-dipa]mitoy]-L-lecithin was the most effective. Further evidence in

-



support of these findings was reoorteo by Tanaka and Strickidnd‘(i965)
who found animal lecithin to be most effective in reactivating the deiip-
idated (Na + K )-ATPase Honever the purity of the commercial lecithin
employed in these studies has been questioned, since Fenster and‘Copen-
haver (1967) using eo;entially the Tanaka and Strickland preparation ob-
served no activation by phosphatidyicholine (pc). Fenster and Copenhaver
(1967) have provided evidence that contaminating PS in the commercial
lecithin was responsible for the activation of the (Na + K )~ATPase 4
The activating effect of PS was subsequently confirmed by several invest-

fgators (Tanaka, 1969; Tanaka and Sakamoto, 1969; Towle and Copenhaver,

1970). Some years later Wheeler and Whittam (1970a, 1970b) reported re-

. activation by PS of the 'solubilized (Na+ + K+)-ATPase prepared dccording‘

to the method of Tanakavand.Strickiand (1965). In addition, Wheeler and
~ Whittam also repgrted some ectivation of the énZyme with phosphatidyl -
inositol (PI) hs well as with phocphatidic acid (PA). Although they have
explained these results on the basis of impurities in the 11pids they
used for reactivation, paper chromatography of PA did not reveai the pre-
~sence of phosphatidyiserine More recently, Palatini et 47. (1972) have

used the-non-ionic detergent Tubrol to so]ubiiize the enzyme from bovine

heart, after a preliminary extraction with Nal. Subsequent fractionation

of the solubilized enzyme with (NH 7/504 was followed by washing in salt

solutions. This method of preparation resuited in (Na + K )-ATPase de-_

pleted of phospholipids and choiesteroi with & substantial loss of enzyme
activity Reconstitution of this particular enzyme preparation was most
effective with either PS or diphosphatidylglycerol (DPG), .but PC was also
capabie of restoring the .enzyme activity to some extent. On the other
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pholipids, PS and DPG which were effective at relatively*low concentra-
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hand, phosphatidylethanolamine (PE) which {s weaklj acidic at neutral

pH, caused a comp]ete activation of the delipidated enzyme wnich was
comparable to that induced by:a total phospholipid extract frém bovine .
brain. However, h PC and PE exerted their activating effects only nt
high- phospholipid ¢ centrat1ons in comparison to the highly acidic phos-

tions. In contrast, cholesterol by itself, added to-the delipidated

(Na+

Papanadjopoulos (1972) have reported similar obseryations (PS and PG were

+ K+)-ATPase as an aqueous suspension had no effect. Kimelberg and

most effective), when they used Tanaka-and Strickiandds enzyme prepara-
tion in which 1ipid depletion.was achieved by the deoxycholate/(NH4)ZSO4
fractionation procedures.

After an exhaustive series of experiments Nheeler et al. (1975) re-
ported that reactivation of the 1ubrol extracted (Na + k%) -ATPase could *
be achiéved by adding exogenous phospho1ip1ds bearing a net negative |
charge. In these experiments PS and PG were most-effective while PI, PE,

PC and DPG produced either very 11tt1e or no effect. These workers also

found a sggnificant correlation between the extent of reactivation and

the amount of residual enzyme activity which remained after the Tipid de- ‘\\\
‘pIetion step. These observations are in close agreement with those reg .

h ported by Kime]berg and Papahadjopoulos (1972) for DOC extracted

(Na® + K¥)-ATPase from rabbit kidney. Palatini ot az. (1977) have intro-

'*Xduced the concept of 1ipid "speciffcity” by fatty lacid acyl chain charact-

;;h-eﬁTstics rather than by phospholipid polar head groups, by suggesting

-t

-

- that for the reactjvation of Tubrol solubtlized (Na+ + K+)-ATPase, a lam-

ellar arrangement of phospholipids having fluid acyl chains which bear a
. r~—~~-/F N o . S )
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sufficient density of negative' charges 1s necessary. This conclusion was

based~on the observation that incorporation of enzyme protein into phos~

pholiptd 1iposomes made from either natural or synthetic acidic phospho-wr

11pids resulted in restoration of the enzyme act1vity. By contrast, in-
corporation of enzyme protein into uncharged 11posomes of the neutra!
11pid phosphatidylcholine failed to reactiyate the 11pid depleted enzyme,
unless negative charges were 1ntroduced 1nto the 11posome bilayer. PC
ltposomes exhibited an activating effect after acquiring an appropriate
density of negative charges with either dicetylphosphate or oleate which
alone did not reactivate. These claims by Palatini's group are in agree-
ment with the very recent findings of De Caldenty and Nheeler (1979). In
confirming the observations of Palatini et al. (1977) De Caldenty and

‘wheeIer also found that reactivation of the lubrol extracted rabbit kid-

ney (Na* + K *)-ATPase could be achieved with phospholipid dispersions
carrying a net negative charge. The reactivation required a lamellar
configuration of the 1iptd molecules. The positively charged compoﬁpd -

cetyltrimethy1ammon1um was completer 1neffe¢t1ve' another observation

which is in accordance with Pa]atini s claim that PC Iiposomes dee posi-

t1ve]y charged by 1ntroduc1ng ethylhexadecyld{methy1ammonium did not re:
activate the delipidated (Nat + K )-ATPase Moreover, De Caldenty and
Hheeler (1979) also qoncluded that 1n addition to the net negative charge
present, the nature of the acyl chains of the phospholipids is also a key
factor in controlling the “cortect"® interaction between the protein

moiety of (Na + K )-ATPase and the 11p1d The effect of acyl chain flu-

-1dity on ‘the ATPase activity has been investfgated by several groups and

their observations will be discussed below.
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(2) extrac®on with Organic Solvents
| Organic solvent extr;;tion of the (Na* + k%) -ATPase usually leads to'
a complete 1nh1bi;ion df'acéivity which cannot be reconstituted by added
‘phosphol ipids. However, it was shown that if the extraction was per-
formed at -75°C," then reactivation of enzyme activity was possible, but
cholesterol was now the most 3§‘ect1ve "1ipid", whereas phospholipids
produced only marginal activation (Nogoucht and Freed, 1971; Jarnefelt,
1972). No follow-up studies have been performgd'to explain this unusual
finding. :J, |

(3) Treatment with‘Phospho]ipases

Diverse effects have been observed when enzyme preparatfons were
dep]eted of endogenous bhosﬁholipids by treatment with phospﬁolipases
Taniguchi and Tonomura (1971) reported the treatment of ox-brain micro-

somes with Naja naja venom, which contains PPL- Az and with PPL-C fron

~ Clostridium welohii. The (Nay +K )-ATPase'activity was reduced to 5-25%

and 40% of the control value by the treatment with venom or PPL-C re-

‘ spectively. The residual enzyme activities 1nd1cate that lipid depletion

by efther phospholipase was only a partial process. Hhen .added to the

“““venom treated enzyme, PI caused 50% reactivation, but efther PS or PE had

no effect. ‘However, mixtures of etther PI + PS or PI + PS + PE, caused

complete reactivation-of (Na + K )-ATPase activity to the control level.

Phosphatidylsering.but not PI, reactivated the PPLAC treated preparations.

In the ;bllouing year Hokin and Hexum (1972) confirmed these ffndings and
extended the 11st to include PArand didodecylphosphate as the phospho-

rlipids effective in reactivating the PPL-A treated. (la +K )-ATPase. In *

A
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addition, Hokin and Hesum reported that the fnactivation of (Na+ + K+)-
ATPase upon- treatment with PPL-A is ot due to the liberated 1ysophosph-
atides. Goldm;% and Albers (1973) employed PPL-A and PPL-C to alter the
- phospholipids associated with the (Na + K )-ATPase of electric eel
electroplax. Like Taniguchi and Tonomura (1971) they also observed that
* with PPL;C only partial inhibition of’ATPase activity occurred, yet the
treatment resulted in the removal of 95% of the total PC and 60-70% of
the PE. On the other hand, PS was not affected by PPL-C and remained
unchanged. "Conversely. treatment with PPL-A caused a complete inhibition
of the enzyme activity. The loss of activity paralleled the loss of PS
and PE, but did not correlate well with the removal of intact PC or the
appearance of lysophosphatides. In a well controlled ‘seriés of experi-
ments Roelofsen and Van Deenen (1973) showed that the (Na® + k*)-ATPase
of erythrocyte ghosts is completely inhibited by treatment with PPL-A2
\F\\aud PPL-C. The observation with PPL-C is interesting since as stated
above earlier fhvestigators achieved only 40-50% decrease in the
“ (Nat o+ k*)-ATPase ectivity (Taniguchi and Tonomura, 1971; Goldman and
Albers, 1973). Rdelofsen and Van Deenen have also demonstrated that theb
conversion of anionic PS into neutral PE by the enzyme phosphatidy1ser1ne
-decarboxy]ase 1nh1b1ted (Na £ K+)-ATPase activity, but that this effect
5§§s apparent on]y after 87% of the total PS had been decarboxylated.
“6ecarboxy1ation\of the last 13% of the PS molecules (after ummasking the
“latent sttes") caused a complete inhibition of the ATPase activity.
Treatment with phospholipase-D, which converts phospho]ipids into phos-
' phatidic acid, caused about 30-40%@crease in the (Na* + K*)-ATpase
activity. It is of interest to note that this latter treatment caused a

|
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drastic reduction in the associated (Mg++)-A+Pase activity of the enzyme
preparation. .n contrast to the findings of Roelofsen and Van Deenen
(1973), De Pont et aZ; (1973) reported an absence of inhibition of

(Na+ + K+)-ATPase activity when the PS of the brain microsomal enzyme
preparations was treated with phosphatidylserine decarboxylase.

The products of 1ipolysis of phospholipids by PPL-C are mainly di-
glycerides. In con}rast, treatment with PPL-A leads to the production
of free fatty acids and lysophosphatides. In add1£10n to the detergent
like effect of 1ysophosphatides, the fatty aczds themselves are inhibit-
ory to enzyme activity and it has been shown that under these conditions
the addition of serum albumin to the incubation mixture leads to an in-
crease 1n the (Na* + k¥)-ATPase activity (Tapiguch1 and Tonomura, 1971).
Presumably this occurs by the binding of free_fafty acids to the albumin.
However, lysophosphatides appear to cause little or no inhibitory effect
at the concentrations generated by PbL-A.action on the membrane matrix
(Goldman and Albers, 1973). While Roelofsen and Van Deenen's experi-
ments are free of the technical objections that may be raised when im-
pure PPL-A is used,-the results of Goldhan and Albers (1973) with PPL-A
have been critisized by De Pont et al. (1973) on the grounds that the
effects observed could well be due to the broductioﬁ of inhibitory fa;ty
acids.

More recently.'by treating a highly purified (Na+ + K+)-ATPase with
PS-decarboxylaée and phosphatidylinositol specific PPL-C, De Pont et al.
(1978) have concluded that nefther PS nor PI is essential for the ATPase
activity. Only the combination of the phospho]1pfd converting enzymes
?esulted.in a loss of 44% of the (Na‘t + K+)-ATPase activity. The authors



have also reported that the enzyme does not require more than 90 phospho-
1ipid molecules per mole (Na* + k*)-ATPase for proper functioﬁing. In
another recent communication which co-appearéd with that o% De Pont'

et al. (1978), Mandersloot, Roelofsen and De Gier (1978) have presented

evidence that PI is the endogenous activator of the (Nat + k*)-ATPase. |

The reactivation of the PPL-A2 treated microsomes was achieved by adding
1ipid vesig]es»of negatively charged: glycerophospholipids such as PS, PG
and PI. ‘The neutral phospholipids phosphatidylcholine and PE had no

effect unless cholate was present. Cholate by itself did not restore
the enzyme‘activity. This observation is in agreemen£ with the data of
o T Hilden and Hokin (1976) that in a reconstituted 1iposome system PC can
replace the endogenous 1ipids of a highly purified (Na+ + K+)-ATPase _
maintainifng the coupled transport of Naf and. k¥, Pased on tzf cla{ﬁ by
Walker and Wheeler (1975) that the negative charge on the 1ipid struct-
ure is essential for thé enzyme gctivity of the 11p1d-prbﬁe complex,
or the charge is only required to bring about the proper interaction be-
fween the exogenous 1ipid and enzyme protein, Mandersloot et gz. (1978)
speculated that the presence of cholafe induces the necessary négative
charge on. the 1ipid structure thus m;k}ng PC 1iposomes effective in re-

storing the (Naf + K+)-ATPase acfivity. These results, which indicate

that PI is the "essential 1ipid" of the (Na* + K*)-ATPasey are in direct
conflict with the observations by De Pont et aqZ. (1978), in spite of the

\

ohs. from the same

fact that both groups obtained their enzyme pre
source, the rabbit kidney. However, at Teast one important difference
is apparent. Mandersloot et al. have u a rabbit kidney migfosomal

fraction enriched with (Na¥ + K+)—ATPase which was preparéd according to
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the method of Tashima and Hasegawa !3975). Only 70% of the total enzyme
activity was sensitive to inhibition by ouabain and their preparations

" had a_(Na+ + K+)-ATPase activity of about 20 umol Pi released/mg protein
per hour. In_contrast,‘the higﬁly puri fied (Na+ + K+)-ATPase employed
ﬁkg De Pont's group was prepared according'to the method of degensen
(1974a) and had a final specific activity of’1300 umol Pi released/mg
protein per hour. This latter enzyme preparation was free of ouabain
1nsensifjve (Mg++)-ATPase activity, and was shown to be at least 95%
pure on a protein basis as détermined by SDS-gel eleétrophoresis. This
differenpé in the purity of the enzym? prepérations-probab]y'accounts
for the reported djscfepancy over the role of PI in the function of
(Na+ + K+)-ATPase. | '

From the results discussed so far, it is not possible to conclude
‘whichuif any "specific phospholipd" isﬂeséential for the proper function
of thé (Na+ + K+)-ATPase. As. Roelofsen and Van‘Deenen (1973) have point-
ed out, much of the discrépancies in the literature may be due to the ,
presence of one or more of the fol1ow1ng.factor§,

a) The phospholipases used for.lipid depletion may have been impure.

b) Similar uncertainty about the pupity»of the‘phospholipids used

for reactivation. §

c)<Ihe presence of residual 1ipid in the delipidated preparations.

d) Some so-called "delipidized" preparations retained some activity.

e) Both inactivation and rea‘ivation are often incompTef&

f) Full reactivation is only achieved with preparations still show-

ing considerabIe residual activity . : .
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From the aforementioned information it is clear that the molecular

I. Effect of Lipid Fluidity A

structurerf phospholipid is a key factor involved in reactivating the
]1p1d.dep]eted-(ﬁaf + K+)-ATPase. However, the physical properties of
phospholiptds may also be of fmportance for;the reactivation process.
Since the physical state of lipids is a function of temperature,.the
activating effects of 1tp1ds can be expected to vary with the tempera:
ture. Thus, one wou1dlexpeét‘to-detect changes in the activ1ty -tempera-
ture relationship of (Na + K )-ATPase depending on the nature of the
11pid activating the enzyme. : "

The non-linearity of the activity-temperature relationship has been
reported by several workers (Gruener and Avi-Dor, 1966; Swanson, 1966;

Neufeld, 1970). Charnock et al. (1971) have reported that.the Arrhenius

plots of enzyme activity at various temperatures (1.es4log Vo vs 1/T) ofﬁ

DOC treated (Na‘ + k*)-ATPase prepared from rabbit kidney, display a
distinct break at about 20°C.” The authors have alsdg noted that the
value for the agtivation energy above the inflection point (T‘l‘- is

/ZAgnificantly less than the corresponding value below the Tc Such

abrupt changes in the activation energies of the enzyme reaction could

be ‘a result of a change in the state of some component essentiaI to the

reaction and are thought to be related to the changes 1in the physical

state of the 1ipid molecules associated with the enzyme in the membrane

‘(Linden and Fox, 1973). In both biomembranes ahd.in synthetic phospho-
1ipid systems these temperature dependent transitions mainly involve the

fatty acyl chains of the,phosphoiipids'which exist in an ordered Quasi- '

crystalline state below some critical temperature and a disordered

27
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liquid-crysta]line state above the Tc. Kime]berg and Papahadjopoulos
(1972) studied the influence of both polar head group and fatty acyl
chain fluidity on‘reactivation of the delipidated rabbit kidney

(Na* + K*)-ATPase. In addition to finding that both PS and PG:were |
equally effective in reconstituting‘the ATPase activity of their system,
‘they also observed that maximal reactivation was obtained when the'fatty
acyl chains were fiuhLR The activating effect of dipalmitoyl-phosphati-
_dylglycerol (bPPG). was inhibited below its transition temperature or in’
the presence of cholesterol. Arrhenius plots of the DPPG reconstituted
eniyme were found to be non-l1inear. By employing the electron paramag-
netic resonance (EPR) technique, Grisham and Barnett (1973) have shown

. that 1in purified (Na + K )-ATPase preparations such discontinuities in
the temperature-activity relationship reflect the solfd-fluid transitions
of the fatty acyl chains of the phospho]ipidSirequired‘for enzyme func-
tion. The observed inhibitory effect of cholesterol on’reconstituted
\(Na+ + Kf)-ATPase (Kimelberg and Papahadjopoulos, 1972; Kimelberg - and
bapahadjopouios, 1974; Kimeiberg, 1975) may be dué to the effect of -
cholesteroi immobilizing the fatty acyl’cheins of phospholipids (Kimel-
berg, 1976). From these reports, it is tempting_to suggest that the
immedfate 11pid enuironment Af the (Na‘+ + K+);ATPase contains. Tittle or
no cholesterol. Indeed, the existence of such a choiesterol poor micro-
environment around a transmembrane enzyme protein has been reported for
the catt transporting ATPase of the .sarcoplasmic reticulum (Warren
et'ai., 1975). These workers have shown that Jj@ the presence of phospth
1ipid, cho]ester01 is excluded from the immediate 11pid environment of

the (Ca )-ATPase macromolecular protein structure. Moreouer. the




"fluidity“ of the amphiphiiic environment appears to regulate the (Ca )-

ATPase activity (Lee et aZ.. 1974; Warren et al., 1974).

| Taniguchf and Iida (1972) have reported that the treatment of
(Nat +K )-ATPase preparations with PPL-A resulted in a temperature-
activity reiationship which yielded a;single straight 1ine Arrhenius
plot, in contrast to the untreated enzyme preparations which yielded a
non-linear Arrhenfus plot. The reconstitution of the,EPL-A treated en-
zyme with both PS'and.PI restored the discontinuiﬁ&.‘ Charnock et al.
(1973) have validated these findings and also reported that neither mild
detergent treatment nor PPL-C{ altered the activation energies or the
critical temperature at which the discontihuity in the Arrhenius plot
occurred. According to'Tahaha and Teruya (1973) the activity temperature
curve of the (Na* + K¥)-ATPase is determined not by the "source" of the-
enzyme,'but appears topdependvon the 1ipid moiety activating the enzyme.
By employing a fluorescent probe technique Charnock and Bashford (1975)

have provided supporting evidence to the concept of modulation of eniyme

activity by the/fiuidity‘of the 1ipid associated with the protein macro-

molecule, and claimed that the thermal dependent enzyme activity of -
their (Na +K )-ATPase preparation was regulated by the physical state
. of the 1ipid adjacent to the.en;yme protein.

When st\died by differential scanning calorimetry, Kime]berg and
}Papahadjopouios (1974) demonstrated that the DOC/(NH4)ZSO4 fractionated
enzyme reconstituted with dimyristoyl (DM)-, dipalmitoyl (DP)-. distear-
: oyi (DS)- and dioleoyi (DO)-phosphatidyiclyceroi displayed activity-

- temperature curves which reflected the phase behaviour of these substi-

tuted PG's. For the saturated PG's (DMPG, DPPG, DSPG) the discontinuity -
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in the Arrhenius plots occurred 1-8°C ]ouer than‘the initial rise of
the endothermic transition in the pure lipid. On the other hand, the
Arrhenius plot of'ATPase reconstituted with unsaturated DOPG was found
to be Tinear and correlated with the fact that this iipid does not
undergo a phase transition within the temperature range studied. In
contrast, bovine PS which has a heterogeneous fatty acyl chain composi-
tion, showed a broad transition at 13°C and the reconstituted enzyme
displayed a discontinuity in the siope of the Arrhenius plot at appro*-
imately 15°C. The absence of a sharp discontinuity on the Arrhenijus
plot of iubrol solubilized (Na + K )-ATPase after recdnstitution with
DOPG has also been reported more\recentiy by Paiatini et al. (1977). 1In
contraSt to the unsaturated DOPG: the preparationsMreconstituted with
DMPG displayed a "break" at about 20°0%. These results are in agreement
with the values reported by Kimelberg and’ Papahgdjopoulos (1974) for
their DOC extracted enzyme These observations as well as those of
Grisham and Barnett (1973) and Aimeida and Charnock (1977* imply that
the enzyme protein has an ordering or restricting effect on the adjacent
membrane 1ipids without necessariiy affecting the temperature of -the )
phase transition in the bulk membrane lipids. In a very recent study

Charnock et aZ. (1980a) have estimated that Tess than. 2% of the lipids

may be involved in certain phase-transitions associated with thermally

dependent enzyme behavior,

LY
J.. Lipid Analysis " i

=
o

A number of workers have reported that the purification of

‘ (Na*'+‘K+)-AT§ase from a microsomal fraction results in an increase in
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the phospholipid : protein ratio when expressed on a ug 1ipid phosphorus
per mg protein basis (Jdrgenéen, 1974a; Wheeler et al., 1975; De Pont
et al., 1978). However the reported values for this ratio vary consid-

erably; 18 from the (Na®* + k*)-ATPase from beef brain (Uesugi et al.,

31

1971), 24 (Jgrgensen, 1974a) and 33 for preparations from the outer med- .

ulla of rabbit kidney (De Pont et al., 1978), 209 for the enzyme from

| EZeatrophorue electroplax and 389 when the rectal gland of Squalus acan-
thias was the Sburce (Perrone et aql., 1975). Interestingly, this in-
crease in 1ipid : protein ratios is also associated with an increase in
the specific acfi?ity of these preparatiéns. Since the purification re-

sults in a concentration of the enzyme protein any phospholi.id -ssoci-

afed with the purified protein moiety should be necessary for the proper

function of the (Na't + K+)—ATPése. Based on this assumption, several
groups have carried out detailed 11pid analysis of the .purified

(Na'+ + K+)-ATPase without much success. Hokin and Hexum (1972) reported

3

that their purification procedure leads to an increase in the PS content

of the enzyme. This claim was su&&orted by Kawai et al. (1973), who
"also iound»ah eﬁ%i;hment of PS du#ing purification, but the percent rel-
ative increase Was less than that reported by Hokin and Hexum (1972),
despite the much higher specific.activity which was achieved. More re-
* cently, De Pont et al. (1978) found an increase in PS content from 7.9%
“in thé microsomal. fraction to 13.1% in the purified (Na+ + K+)-ATPase
prepared according to the'method of Jgrgensen (i974a);} Ih.coptrast,
Wheeler et al. (1975) failed to obserie an increase in the content of a
specific phospholipid during purification despite the fact.that”the

| purification led to a 50-fold increase in the specific éctivity. In
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’

‘ion of these alterations extremely difficult

LR}

addition, their detailed lipid-analysis indicated no selective removal
of any particular type of 1ipid during solubilization and inactivation
with either DOC or lubrol. According to Roelofsen and Van Deenen (1973)
only 13% of the total PS molecules are involved in the (Na + K )-ATPase
activity., If only such a small fraction of a spetific phospholipid is
involved in maintaining the enzyme activity, the changes that might oc-
cur upon purification would be relatively small, thus making the detect-

i
Y

K. Involvement of\Lipid in-Ouabain Binding

From the information discussed above it is clear that phospholipids
are essential for (Na + K )-ATPase activity., It is less-clear whether
1ipids are efther necessary for, or are capable of modulating the inter-
action of specific inhibitors (such as ouabain) with the enzyme system

The reports in the Titerature provide contradictory findings. For ex- -

ample, Tanaka and Strickland (1965) reported that in the absence of lec-

ithin, even l mM ouabain was without effect in suppressing the residual
(Na + K )-ATPase activity present in the 1ipid depleted enzyme Yet
Taniguchi and Iida (1971) by using ox-brafn microsomes treatéd with ’
either’ PPL-A or PPL-C have concluded that binding of ouabain to (Na +
K+)-ATPase does not require phospholipid directly. The validity of this
lTatter claim seems questionable since after either phospholipase treat-
ment their preparations retained significant amounts of phospholipids
Harris gt qz. (l973) found no significant change in the amount of [3H]-
ouabain bound to (Na + K )-ATPase preparations from ox brain, after

PPL-C(treatment although some 75% of the ouabain sensitive ATPase
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act1v1t§hwas abolished after the“lipo]ysf;. From their observations
Harris, Swanson and Stah] (1973) concluded that the phospholipids re-
moved by the PPL-C treatment did not p]ay a major role in the binding of
ouabain to their brain microsome preparations In agreement with Tani-
guchi and Ijda (1971) and Harris et al. (1973), Goldman and Albers
(1973) also observed no alteration in the binding of ouabain after
treatment of an enzyme preparation from the electric drgan of electric
eel with PPL-C. However, in contrast to Harris et al. (1973), Goldman
and A]beSE (1973) observed no significant change in the ouabain-sensi-
tive ATPase activity of their enzyme preparatfon after treatment with
PPL-C. In addition, Goldman and Albers (1973) also found that PPL;A
digestion of (Na‘t + )-ATPase eliminated both ATPase activity and.ATP
dependent ouabain binding In the same year Taniguchi and Iida (1973)~‘
reported that (Na‘ + « )-ATPase can exist in at least two different
ouabain binding conformations. Phospholipid appeared to play a role in
‘ one conformational state which was induced by either (Mg + kP4 ATP),
(Mg + P ) or Mg* alone¢ The other conformer of the' enzyme seems to be
d1rect1y related to the phosphorylation of the enzyme as it was found in
the presence of (Mg + ATP) or (Mg +Na¥ + ATP), and here these in-
vestigators reported that phospholipids did Het'affect the binding of
ouabain. The binding'of ouabain to (Na® +‘K+)-ATPase that had been-
partially delipidated with DOC has been observed by Chipperfield and
Whittam (1973). However, in direct conflict with the findings of Tani-
ghchi and Iida (1973), Chipperf1e1d and Whittam 6bserved a three-fold
increase in the amount of ouabain bound in the presence of (Mg + Nt

+ ATP) after the addition of exogenous phospholipids to their delipid-

-
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ated (Na* + K+)-ATPase preparation. In other words, this increase in
ouabain binding to the reactivated preparation correlates with the stim-
ulation of Na -dependent ATPase activity The findings of Chipperfield
and Nhittam (1973) suggest that membrane phospholipids may ‘play a major
role in the binding of ouabain to the (Na‘ + *)-ATPase. It should be

noted that the preparations used by Taniguchi and Iida (1973) retatined

high residual ouabain sensitive ATPase activfty (about 30% of the ini-
tial control value), after treatment with PPL-A. The 1ipid depleted
preparations used by Chipperfield and Hhittam (1973) were low in resi-
dual ouabain sensitive ATPase activity (only about 3% of phospholipid
dependent enzyme activity), and the specific activity of their enzyme
preparation from rabbit kidney, was an order of magnitude lower than
that used by Taniguchi and Iida (1973). |

. More recent1y,~chernock. Almetda and To (1975) 1nvestiget1ng the -
temperature-activity re]ationshfp of the (Na*t + k*)-ATPase have observed
thaf>the,ouaba1n dependent bdt not the cation dependent response of the
enzyme td temperature had altered markedly after mild Hipo1ysis with
PPL-A. On these grounds, Charnock et al. have suggested that only some
portion of the membrane 11pids may play a role in the binding of cardiac
glycosides to the (Na+_+ K+)HATPase. The fluidity of the 1ipid matrix
has been -reported not to fnfluence the rate of ouabain binding (Wallick

“-and Schwertz 1974). However, the accuracy of the interpretation of the

data of Hallick and Schwartz has been questioned by Charnock et q3.
(1977) In contrast to the findings of Wallick and Schwartz (1974).
Charnock et gl. found a non-linear effect of temperature upoh the rate

A

of [3H]-ouabain binding. Treatment with detergents resulted 1n the




~ the rate of [3H]-ouaba1n binding in the presence of (Mg++ + ATP) was un-

- binding to the 11p1d depleted enzyme wag s1ightly reduced after treat- e
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abolition of the dfscontinuity in the Arrhenius plots of ouabain bind-
ing, but did not change the non-linear Arrhenius p}ots for cation activ-
atfon of the enzyme. These workers have therefore suggesfed that the
Lipids which influence the binding of ouabain;may nbt-bé as closely
associated with the "active centre" of the ATPase protein, as those
11pid moieties which are involved in the cation dependent response.

That is, Charnock and his colleagues are suggegtfng an asyﬁmetric dis- TN

tribution ofqlipids around the (Na+ + K+)—ATbase macromolecule. In

agreement with both Taniguchi and Ifda (1973) and Hansen (1976), Char-

" nock, Simonson and Almeida (1977) also observed two different types of &

ouabain binding sites and speculated that only one site 1is in close_con-

tact with the phospholipids of the (Na*t + K+)-ATPase "actfve centre". \
I'nf'ormation discussed so far indicates the contmdictorwre of

the résuits repbrgpd by various workers, on the possible 1nvoivement of

11pid in owabain bindihg Quite recent1y several investigators have

tried to reso1ve this problem by studying the kinetics af ouabain bind-

ing to enzyme preparations depleted of endogenous phospholipids. How-

ever, the information available appears to be no-clearer than that re-

ported several years earlier. By using a highly purified enzyme prepar-

ation Lane et ai. (1978) reported that the total number of quabain bind-

ing sites on the enzymé was not altered by PPL-A treatment. Moreover,
changed‘after 11polysis. With (Mg++'+ ATP + Na+) the rate of ouabain

ment, with PPL-A whereas in the presence of either (Hg + Py) or (Mg
ATP + Ng + K ) the initial rates of ouabain binding were reduced to




approximately 50% of that of the untreated enzyme. These observations
by Lane et al. (1978) appear to substantiate the earlier report by Tani-
guchi and Iida (1973) who also abserved about 40% decrease in the ini-
t1al rate of ouabain binding to PPL-A treated brain microsomes, in the

) presence of either (Mg+* + Pi) or (Hg++ +ATP + Nat + k). ‘theﬁtly. .
f Gbodman and Wheeler (1978) using a lubro! squb1liié4 and reconstituted
(Na* + K*)-ATPase prepared from rabbit kidney have reported that in the
presence of (Mgt + ATP + Na*) the amount of ouabain lbound was the same
in both 1ipid depleted and reconstituted enzymes. THis claim by.Goodman
and Wheeler is in close agreement with the observatiohs\of Both Tanigu-
chi and Iida (1973) and Lane et al. (19785@when using PPL-A tre;ted
preparations. However, in contrast to these two groups of-1nvestigators
[1.e. Tanigucht and Iida (1973) and Lane ot aZu'(1978)]. who found no -
difference in the amount of ouabain bound to either control or PPL-A
tfeated preparations, Goodw¥A and Wheeler (1978) observed that in the
presence of (Mg’ + ATP) no ouabain binding to the delipidated prepara-
tion had occurred. Similarly, (Mg. + Pi) promoted bfnding only to the
reconstituted enzyme. From these obsgrvations Gooﬁmzn and Wheeler _
(1978) concluded that ougbain binding induced by (ng + ATP) and (Mgf+
+-P1) waé completely dependent on the phospholipid‘hgsential for enzyme
activity. The finding of Goodman and Wheeler that éﬁospholipid was an
absolute requirement for ouabain bindjng differs froﬁfthat,of:Taniguchi
and Iida (1973) in thatjthese latter workers observed-only a sl1{ght ing
crease 1n the amount of ouabain bound at equilibrium, when their PPL-A
treated brain microsome preparation was reactivated with exogenous phos-

)

pholipids. . However, it shouId be recal!ed that ‘the preparntions ofv
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Taniguchi and Iida had retained significant amounts of residual phospho-
lipids and ATPase activity after delipidation
A possible. exp]anation for at least some of the apparent discrepancy

1n the literature over the role of 1ipid in ouaba1n binding has been of-

" fered by Whittam and his colleagues. It has been shown recent]y by .

Hallam and Whittam (1975) and Whittam et aZ, (1976) that the Mg™* and
(Mg++'+ Pi) dependent ouabain binding varies considerably with the meth-'
ods used to prepare the (Na+ + K+)-ATPase enzyme. They attributed these
variatfons to the presence or ebsence of vesic?es in the enzyme prepara-
tion. Another possib]e explanation hae‘been offered by Goedman and
Wheeler who pointed out that in the presence of (Mg + P )» the enzyme
undergoes a conformational change necessary for ouabain binding, and

that this change s phosphalipid dependent. Alternatively, the phospho- '

lipids may be esseht1al for the initial interaction of Mg and Pi with

. the (Na + K )-ATPase before undergoing any conformationa] change. In

addition, it should be born in mind that observations discussed above
were obtained by usi‘g (Na + K )~ATPase preparations 1so]a;ed from
different species and tissues. Thus, it 1s possible that the 1ipid

; compbsftion of the membrane preparations may be a decisive factor, in-

volved in modulating the interaction of ouabain with the (Na+ + K+)-

ATPase.’ Therefore, the apparept conflicting information. found in the
literature may at least in part be due to the.d1fferences in the Hpid
composition of the membrane among di fferent species and tissues. The

effept of changes in the 11p1d composition of membrane on the interact-

" {on of ouabain with (Nat + K )-ATPase enzyme system has been studied by

several workers. These observations which assign a regulatory role for

5
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&;ﬁ membrane 11pids in ouabain binding are discussed below. N p

Additional information on the possible 1ipid modulation of ouabain
sensitivity of the (Na+ + K+)-ATPase has been reported by Charnock and
Simonson (1977). The (Na* + k*)-ATPase 1solated from the axons of the .
walking legs of the cold water crab, Cancer magister, displayed a marked
decrease '1n the senéitivity to inhibition by ouabain when compared to
the enzyme isolated from a mammalian source such as beef brain. The
crab nerve (Na* + K+)-ATPase preparations showed a decreased rate of
ouabain binding as well as a decreased amount of ouabain bound under ,
equilibrium conditions. It 1is well known that theﬂA‘Hp'ld composit'ion off'-g" g

‘. membranes of poikilotherms differs from that of homeotherms. The crust-

acea and other marine animals are known to contain more unsaturated

-

fatty ac1d§ with longer chain lengths. This results in tll}e me:lbranes of
\ marine animals demonstrating phase tfansition"s at lower timperatt;res |
than those seen in the membranes of homeotherms. In other words in-
& creased fluidity of the membrane results from Ehanges in unsaturation
and chain 1'ength of the membrane fatty acids. The increased mobility of
11pids associated with the crab nerve (Na' + K*)-ATPase as compared to
the 1ipids of beef brain enzyl:\.e has been observed by the f'luorescencé
po‘lar1z'at1on technfque (Charnock and Simonson, 1977), '
It is now well documented that there is a seasonal va~fa<jon in the
membrane 11pid composition of hibernating animals (Alofa et al., 1974;
. Goldman, 1975; B‘l’a’ker and Moscatelli, 1978), I.n addition to ?hé changes
in the Hbid composition, seasonal variatfons in the ,(Na+ + K+)-ATPasev
activity as well as.its cafdfac glycoside receptor properties have been |

& reported (Goldman and Willis, 1973a,-1973b; Charnock and Simonson, 1978;
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. Charnock et al., 1980b, 1980c). As suggested‘by Charnock and Simonson
(1978), the changes in the properties of the (Na‘ + K+)-ATPase that have

been observed during hibernation are more 1ikely to be due to altera-

tions in the 1ipid components of the membrane rather than any structural \

or molecular changes in the (Na+ + K+)-ATPase protein.

Thus the role of phospholfpids in the function of (Na* + K+)—ATP§se

can be summarized as follows,

a) The (Naf + K+)fATPasg requires phospholipids for optimal activ-

ity.

b) Reactivation requires negatively charged phospholipids arranged

in a lamellar configuration.

c) In addition to the po1ar head group of the phospholipids *fhe
f1u1d1ty and length of the fatty acid acyl chains play a major -

role in the regulation of enzyme act1v1ty

d) The "breaks" in the Arrhenius plots of the tenperature-activity
relationship of (Na + K )-ATPase are possibly due to the phadbs.

transition of membrane 11p1ds adjacegt to the ATPase protein.

<

e) Under certain experimental conditions, phospholipids can modu-

late the binding of ouabain to the (Na + K )-ATPase. - -. . . . . | .

/~
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- L. Rationale .

From the informatfon discussed in the introduction it is apparent
that the 1ipids of the membrane matrix are able to influence the a.ct1v1ty,
of (Na+ + K+)-ATPase. However, the observations on the.rble of 1ipids '
in modulating the ouabain sensitivity of (Na+ + K+)-ATPase are less ~
clear. '[hé present stydy is concerned with this latter aspect of the .
(Na* + k*)-ATPase. -

The working hypothe'sis for this study is based on the observation |

that:

aY The crab nerve (Na* + K'+)aATPase‘reﬂects far less sensitivity —J
to inhibition by ouabain when compared with the same membrane-

associated enzyme from beef brain.

b) The membrane 11pid composition of pokilothermis~differs from that

of the homeothems.

This information 'strongly suggests that the sensitivity of (Na‘+ +

: K+),.-ATPa§e to ouabain inhibition resides ﬁ‘éinly if not completely in the

1ipid component of the enzyme. In order to test this hypothesis it is

X

necessary to,

a) Purify and delipidate the (Na+ + K+)-ATPase from both crab axon

" and beef brain.

b) .The. purified, delipidated enzyme from both beef brain and crab

i 139 nerve shouldibe incorporated into Hposomes-'pﬁpaﬁed from

, . . ' P
1ipids extracteé from m1cro§anal fractions enriched with beef

N




brain and crab nerve (Na+ + K+)-ATPase respectively, in an“
attempt to reconstitute the enzyme activity and hence the oua-
bafn sensitivity '

. , E
~ c) Using the reconstituted preparations ID50 values for inhibition
by ouabain should be obtained.

d) The cross-over study.

The reconstitdtion of beef brain enzyme in a 1ipid bilayer composed

of 1ipids extracted from crab nerve (Naf + K+)-ATPase and vice versa,
followed by the construction of *dose- -response curves for inhibition by
ouabain in each case. 7 |

Thus, if successful, théséiexperimehts should Enable us to achieve
some insight into the concept of 11pid modt]atisn bf the ouabain sensi-
tivity of (Na+ + K+)fATPase. (D
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IT. MATERIALS AND METHODS

A General |

DiS%i]]ed water which was passed through a,serfes of defonizing
columns was used to prepare all the solutions. Prior to use all solu-

tions were filtered through a m1111pore filtration system of 0 8 pore

size. : .

B. .Chemicals

Albumin (bovine serum), ATP (disodium salt), deoxycho]ic acid
.(sodium salt), glycylglycine, L- hist1d1ne, lactic dehydrogenase (type
IT), mercaptoethmnol, g-nicotinamide adenine dinuc]eotide - reduced
form (cyclohexylamine salt), ouabain octahydrate, phospho-enol-ﬁyruvete
(tr1—monocyclohexylammoniun salt) L-a-phosphatidylcho1fne (type III
from egg yolk), pyruvate kinase. gtype II), sodium dodecyl su]phate,
Sepharose 4B CL and DNP-L-serine were all purchased from the Sigma
- Chemical Co., Missouri, U.S A. ’ o ‘
The synthetic lecithins dimyristoyl diﬂaﬁmitoylﬁ distearoyl, di- .
| stearoyl and dioleoyl L-a-phosphatidy]cholinés were phrchased from
Supelco, Inc. (Be]]efonte, Pa.). 1-palm1t07 2-oleoyl-L- a~-phosphatidyl-
choline and cholestero1 were products of Se%dary Research Laboratories -
(London, Ont.). Tris-base (ultra pure) was/obtained from Schwarz/Mann
' (Orangeburg, N.Y.) and Sephadex G-50 (coars ) was supplied by Pharmacia
(Canada) Ltd; 2,6-di-tert-butyl-p-cresol ( T)» Hy~EDTA and sucroie»
(Analar ) were from BDH Chemicals Ltd. Bl‘e dextran, chlorofonn, 1.4-
dioxane (sc1ntana1yzed ), glacia] acetic atid, methano], naphtha]ene,
PPO (2,5-diphenyloxazole - scintanalyzed );,sodium azide and toluene
(scintanalyzed ) were purchased from the FishernScientific Co. Ltd., ,,HWQM‘_WVMJ

.ok 42 ) ‘ ‘ .:'V.
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~New Jersey,'U.S.A, The Eastman Kodak Co. Ltd. (Rochester, N.Y.) pro-
vlded the following: acrylanide, ammonium peroxy disulphate, bromo-
phenol blue (sodium salt) and N',N'-methylene bisacrylamide. - [Carboxy1-
C] deoxycholic acid-sodlum salt (speclfic activity 52 mCi/mmol) was
from Amersham/Searle and [G- H] ouabain (speciflc activity 12 Ci/mmol)
was obtained from the New England Nuclear (Canada).Ltd.
_ Tris-ATP was prepared by passing Naz-ATP (Sigma) through a column
of Dowex-50W (H+ form, 200-400 mesh), purchased from Bio Rad Laboratories
(U.5.A.), followed by adjustment of the pH to 7.5-7.7 with Tris (base).

A1l .other chemicals were analytical grade and purchased fromrelther

British Drug House (Chemioals) Ltd., or Fisher Scientific Co. Ltd.

C. Tissues
(1) = Beef Brain

Fresh beef brains were obtained from the Gainers Ltd. (Edmonton)
and transported to. the laboratory on crushed ice. After removing large
blood vessels. the cerebral cortex was cut into approximately 100 g
portions and immediately frozen in 1iquid N2 The frozen tissue was

~

stored at ~20°C until required.

(2) Crab Nerve o | ' ,
Axons were isolated from the walking legs of the cold water crab
Cuncer'magtater. collected from a depth of l4 l7 fathams (amblent temp-

erature 4-8°C), off Barkley Sound, Vancouver Island. The anim S were

kept alive in sea water (ambient temperature 6- 8°C) in an aquarium at
the Bamfield Mar1ne Biology Station for 8 10 days prlor to dissection.

The legs were cut off. uhile the agjmal was alive and the nerves were

zi'
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quickly removed and immersed in an ice cold solution of 0.9% NaCl - 10
mM Tris - 2 mM EDTA, pH 7. 6-(storage medfum). The pooled axons (approx-
1mate1y 10 g) from severa] animals were transferred (along with a sma11
volume of storage medium) into small plastic vials and rapidly, frozen in

an acetone/dry ice mixture- The aliquots of frozen axons were stored at

-20°C.

D. Enzyme Preparé%f%ns
(1) Beef Brain (Na* + k+)5ATPase |
Untreated preparations of (Na® + K¥)-ATPase from the cerebral cor-
tex of beef (Bos taurus) were obtained by a procedure similar to that
first described by Charnock and Post (1963a) but recently modified by
Charnock#et q1. (1977). EEgvmethod wag based on the differential cent-

‘rifugation technique.

Frozen brain tissue (approximately 100 g) was weighed and allowed
to thaw in 250 mM sucrose - 30 mM L-histidine - 20 mM Tris (base) - 1 mM
Hy-EDTA, pH adjusted to 6.8 with;i N HC1 (homogenizing buffer). The

thawed tissue was cut into small pieces (abproxfmateTy'O.S g) and homog-

| enized 1n’a ;atio of 1 g tissue to 10 ml buffer. The homogenizetion was

carried out at 4°C bx,using a Polytron Homogenizer (model PT 10-20-350D;
Brinkmann Instruments Ltd.) fitted with a generator (type PT 20) and op-
erated at setting 8 for 10 seconds® A1l of the following differential

b3

centrifugation steps were performed at 4°C,1n/a;refrigerated Sorvall

RC-2Bcentrifuge fitted with a SS 34 rotor.

| The'homogenate was centrifuged at 1000 x ma x for 15 min to remove
large cellular debris. The lysosomes and the mitochondrial particles

44
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were removed by centrifuging at 9000 for 20 min. The resultant

X gmax

.-supernatant was then centrifqged'at.46,000 Xg for 30 min. to yield

max
a "heavy microsomal" pellet. The soluble fraction was discarded while
the pellet was washed twice by resuspension and sedimentation iﬁ 250 mM
sucrose - ZOImM;Tris (base) - 1 mM H44EDTA, pH 7.6 (resuspending buffer):
The washed pellets were resuspended in this buffer-and stored at -20°C

as 1 ml aliquots in 1.5 ml Brinkmann-Eppendorf micro test tubes, after

“freezing rapidly-in 1iquid N,.

(2) Crab Nerve (Na* + k*)-ATPase
A microsomal fréctiph enriched in (Na* + k*)-ATPase from crab axons
was prepared according to the general procedure of .Charnock and Post
(1963a) as later modified in this laboratory (Charnock and Simonson,
unpubl ished data). ' . 3 .
The axons (approximateiy 10 g) which were stored in a salt solution, ’
were thawed in 250 mM sucrosev- 30 mM L-histidine - 20 mM Tris (base) -
2 mM H,-EDTA, pH 7.6 (homogenizing buffer). The nerves were washed | ‘%ﬁﬁm
twice using this medium by resuspending and centrifuging at 5000 x Imax
for 15 min, in a Sorvall RC-2B refrTgerﬁted‘centrifuge fitted with a
SS 34 rotor. This steﬁ was done to remove thé NaCl which was présent‘in '
the storggé medium. The wet weiéht of the pelléﬁ was noted, and the
axons were homogenized in a ratio of 1 g tissue td 20 m1 homogenizing
buffer. The homogenization was carried out at 4°C, by using the Poly-
tron Homogenizér &escribed above, which was operated at setting 8. Sep-

arate bursts of 15 sec, IQ~sec. 10 sec (for a total of. 35 seconds) were

.employed with short perfods of cooling in ice between bursts to

”*




homogenize the axons. After removing the cellular debris by a Tow speed

~ spin (2000 x Imax Tor 15 min in a Sorvall RC-2B centrifuge) the super-

natan®s were pooled and centr1fuged at 123.000 X Gmay foOr 60 min to ob-

tain a microsoma] pellet. This latter centrifugation step was performed

in p"Bdc~_: T frigerated ultracentrifuge equipped with a,60 T

A_ 4 000 X gmax in sucrose buffer (250 mM sucrose - 20
mM Tr'is‘"(‘f)a%‘_‘ 'LM H4-E‘A pH 7.6). The washed pellets were resus-
pended in sucrose buffer and stored as 1 ml aliquots. after freezing in -

11QUid Nz.

_(3) Deoxycholate Treatment of (Na® + K¥)-ATPase -

.

After determining the initial protein concentration, the untreated
breparat1oh of (Na+ + K+)4ATPase (efther beef brain enzyme or crab nerve
ATPase) was d11uted wtth Tris-EDTA buffer (20 mM Tris - f mM EDTA, pH\ :
7.6) to a final protein concentration of 1 mg/ml‘in the presencé of 5 mM_
Na, -ATP. An equal volume of 0.2% sodium deoxycholate solution (in Tris-
EDTA buffer, pH 7.6) was added to the enzyme suspension, to achieve a
final detergent/protein ratio of 2/1 (Q/w) The detergent/enzyme mix-
ture was then incubated at 30°C with gentle agitation in a Dubnoff shak-
ing water bath. After 30 min. the extraction was stopped by the addi-
tfon of an equal volume of ice cold water. The detergent extracted mem-
branes were recovered by'centrifugation at either'46,000 X gm;x for 30
min (beef brain enzyme) or 123,000 X Gpax for 60 min (crab nerve enzyme).
The resu1tant peIIet_ua§ weehed, resuspended and stored in the appropri- -
ate buffer (deﬁen&iﬁg oe;tﬁe'source of the enzyme) in a manner identical
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to that described for the untreated membrane fractfon for either beef

brain or crab nerve respectively,

(4) Assay of Enzyme Activity -

A1l enzyme preparatione were assayed for both ouabain sensitive and
ouabain 1nsensit1ve. as well as sodfum sensitive and soJ?um 1nsensif4:h
ATPase activity. In all fnstances the temperature of the assay medium
was maintained at 37 + 0.2¢°C.

Enzyme activity was determined by a eoupied optical assay system,
similar to that described previously (Schoner et al., 1967; Schwartz
et al., 1969; Charnock et a?., 1977; Charnock and Simonson, 1877). This °
method fnvolves the cyclic regeneration of ATP via pyruvate kinase (PK),
in the‘presence of phospho-eno]~pyruvate (PEP). The spectrophotometric
: assay fs linked to the oxidation of NADH via lactic dehydrogenase (LDH)

and can be 111ustrated (Mahler and Cordes, 1966) as follows. °

ATPase

¥ ADP+P ATP

PEP ‘l : ' Pyruvate’ : Lactate
. Y S LDH
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\
The end result is the stoichiometric conversion of ATP by ATPase to NAD,

which was continuously monitored at 340 nm, using a Gi1ford-2400 record-
ing spectrophotometer, connected to a jacketed ethylene/glycol constant’
temperature bath (Haake NK 22). e assaS(E@&#um'eontained. fn a final
volume of 3 ml, 3.14 mM phospho-enol-pyruvate (trimonocyc1ohexylammonium
‘saIt), 22 U/ml pyruvate kinese, 13.5 U/ml lactic dehydrogenase, 0.28 mM
NADH (cyclohexylamine salt) and 80 mM NaCl in 100 mM glycylglycine buff-
er (pH 7.6), which contained 250 mM sucrose, 2 mM MgSO4 7H,0, 0.2 mM Hy-
EDTA a d 20 mM KC] After temperature equilibration, either 10 or 20 yl
aliquot of enzyme suspension was added to the cuvette. This was 1mmed1:,
ately fb11oned by the addition of Tris-ATP (to a final cohcentration of
1.5 mM) which initiated the reaction.'Enzyme activity was calculated by
using the Tinear portion of the slope of the tracing and the specific
activity expressed as umol ATP hydrolysed/mg protein per hour at 37°C.
| .Mg+*¥AfPase (ouabain 1nsen§1tive\ATPase) activity was fo1lowed_inL
the presenee of 2 mM-ouabain. .Ouabain sensitive ATPase activ{ty was ob;
tained by subtracting the Mg H _AtPase ectiviﬁy from the total ATPase
activity, which was measured 1n the presence of Mg , k* and Na*. Sod-
jum insensit1ve ATPase activity was measured in an identica1 assay med-
fum to that used for the determ1nat1qn of tptal ATPase activity except
ihat 80 mM NaCl was omitted from the reactfon. Thus, sodium stimulation
of the enzyme (1.e. sodium sensitive ATPase activity) was obtained from
- the dfffergﬁiﬁgﬁ n eénzyme activity in the presence and absence of 80 mM

. :
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(5) Determination of Enzyma Protein Canentration

The protein concentration of an enzyme preparation uas estimated by
a modification of the method of Lowry et aZ. (1951), as described by
Peterson (1977). The main difference 1h;thf§fmod1fted Lowry procedure
Is that it includes 1% SDS (final) in the alkali reagent for rapid de-
naturation and solubilization of mambrane protein. This 1s of key im-
portance since 1tpids in membrane prote!n; are known to interfere wiph
the Lourj assay procedure and the {nclusion of SDS, may alleviate poss-

ible 1qterference from detergent and/or membrane 11pid (Peterson. 1977).

E. SDS-Polyacrylamide Gel Electrophorests

-

The subunit pattern of untreated (Na + K )-ATPase preparations

Visplated from beef brain and crab nerve was studied by the SDS-polyacryl-
. amida ge1 electmphoresis technique according to the method of Fairbanks

at aZ (1971).

5.6%. polyacrylamide gels containing 1% SDS u;!e prepared in 10 cm
long glass tubes with an internal diameter of 6 ma. The enzyme prepara-
tion (2-4 mg/ml) was solubilized at 37°C for 1 hr, in a solution con- i
tainfng 1% SOS-6% sucrofe-10 mM Tris-1 aM EDTA-40.y mercaptoethanﬂ
(pH 8.0). Aftar adding the tracking dye (0. OSS‘W&Mpheno] blue), 50-
100 pl aliquots (approxinatply 50-100 ug proteiﬂ):of the s lub11izad en-
zyme prapavation were applied tollhagtops of the gels Elactrophoresis
was parfbrled in electrophoresis buffer (200 mM. sodiun acatata-loo M
Tris-20 h EDTA, pH 7.4), ‘containing 1% sos, at . urrent $f 8 mA per
gel, fn an alectrophoresis apparatus connected lb n 0?t0¢f4}°° pulsed
sis was carried out

!
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until the tracking dye had moved to the end of the gel (approximately '
-S hours) After eieﬁrophoresis the gels were stained with coomassie
bri’l'liant lﬁt)e and destained The destaining procedure was carried out
according to the method of Webber and Osborn (1969) After"‘destaining
the gels were stored in 7.5% acetic acid. The geis were scanﬂed at 550
nm using a Gilford 240 spectrophotometer coupled with a Tinear trans-
port accessory (Gilford 2410-5)
O

F. Li Extraction
(1) Prepapatién of Total Lipid Extract >

Total 1ipids from untreated (Na® + K *)-ATPase preparations were ex-

tracted with chloroform: :methanol according to the method of Bligh and - —

Dyer (1959). T L .?fzf"" -
An untre'ated membrane fraction enriched in (Na'r+ K )aATPase (eit‘h- '

“er from beef brain or crab nerve) was prepared according to g\e me;hod | L,
described above, except that the final pellet was taken up i“n distil'led
water (pH 7. 6 \ﬂ’th 1M Tris) tqfvie'ld a protein concentration of about
5-10 mg/m] The 1ipids fronl this ,aqueous membrane suspension were ex-

tracted by the addition of 10 vo'lumes of chloroform.methanoi (2: 1) _The

1ipid containing Tower organic so'lvent phase. was eo’liected and the resi- ' N\

due was re-extg;acted with ch'loroform methan01 f!ﬂ) saturated with water.

The ‘pooled solvent phases were transferred to a preweighed round bottom
ﬂ% .
< flask.and rotary evaporated in vaouo to dryness. The lipid fiim was A

L Y3

further dried under vacuum over Sicepent (BDH Chegica]s) for 24-48

7 ﬁours. weighed and then taken ug in a des"lred volume of ch‘loroform The

P .. y L4
w - k.‘.‘.
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2,6-di-tert-butyl-p-cresol (BHT) at -20°C and used within two weeks of

preparationl
]
/
(2) Detenninatlon of Phospholipid and Cholesterol Content

Phosphate assays. we conducted according to the method of Fiske
and SubB«irow (l925) fv termine the phospholipld content of the total -

llpﬂextracgsxf (Na K )-ATPase. ?he cholesterol content of 11pid
. ”yextrﬁts was measured by a colorimetric method based on the Libermann-

Bdrchard réagtion as. descr'lbed by Huang et al. (1961). The absorbance
:?.\f' !
o d: )the samples was measured us1ng either a Beckman DB-G Spectrophoto-

y —neter or a Gilford 300- N mlcro-ﬂsample spectrophotometer. ,

“_-4*

a
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G. Incorporation of (Na+ + K+) -ATPase into Liposomes

Incorporat1on of (Na + K ) ATPase into 11posomes was nnieved by
column ohromatography technidue. The method employed was similar to

: that described for the incorporatlon of aminopeptidase (Wacker et al.,
1976), hunan acetylcholinestgrase (Hall and Brodbeck,_ li978) and T(is)

hydrophobic” peptlde from MN glycoprotein (Allen et al., l§80) into leci- '

N

thin Tliposomes..

| R

A ",' . R
(1) Pm@ratlon of‘Sephidex G-50 Columns
’ Dry Seppadex G-50 (coarse) beads were swollen overnight at room
Atemperature*n 100 nﬂ l - 20 mM Tris (baqe) -1 mM EDTA. pH 7.6, which

® ‘contained 0.02% sodium azlde as a preser\(atlve. henceforth referred to

"

~“as KTEA or eluting buffer. After swelllng. the fine gel particles were
aspirated ou;. and the gel sTurry was washéd several times w‘lth the

ol . ebntlng ‘buffgr. Before packlng the swollen gel was deaer;ated (by uw
| WA S

.
- . Ky . .
N . . . - . -,
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a built in laboratory vacuum system) to remove the air bubbles trapped
in the gel slurry. The fairly t.hick slurry ‘of deaerated gel wgs‘{trans-
ferred into the column, by bour.'lng: carefully down the gla;gﬁf’ﬂf An
eluent resef‘voir wa-  mected to the column and fﬂled“\;; % ‘ eluting
buffer. In orde'r to achieve even sédinlentatilon of the‘tfé:%‘":the flow -

(under gravity) was started immédiately after filling the column.

P

The columns used for gel filtration in Sephadex G-50, were obtained ~

from Bio Rad Laboratories and were of two sizes. Srﬁal] column (1.5 em )g..JV_
50 cm) wds packed to a" height of about 40 cm and samples up to 4 ml weere |
eluted. The large column (2.07 cm X .60 cm) wa§ packéd to a,bed v‘oh:ne of
about 150 cm3 and_used for.Samples up to 8-ml. "The void 'vp,lgne and th?.
column ;Iaune of éach gel column was determined by using apprc;xigi\ately
1-2 m1 of a mixture of blue dextran and DNP-L-serine. The'Targer’molxu-- ..
. lar weight subs_ténce, blue dextran was excluded in the void vo]ﬁne (blue |
colour), while the DNP-L-serine having a smaller molecular weight, ran

in the column volume as a sharp yek% band. |

(2) Preparation, of Sepharpsg ?B:CL (‘,olum~ . : |

Sephatose 4B-CL which was supplied as a pre-swollen thick suspen-

, ‘s.1o.n in distilled water containing 0.02% sodium azidg-was diluted with

KTEA buffer. The fine bead particles were aspirated out, and the gel . .
was gqui'l_ibr;te_d with sevéral 'c.hanges of buffer at rooni temperature for

4.-5 ;IOUPS- .The ge]. was deaerg_téd ‘béfore packing. The thick slurry. of
. gel was ‘poured; into the co'lmm»f(l-.s' em x 50.cm) and eluted with KTEA -

\buffet:. ‘ »Thg tfeads were packed to a height of 40 cm, under an opgraﬂ ng -
ptssure of. ,1‘(‘1‘)'-]5 cm H,0. Samples ub to 3 ml were g]utéd in this co'limn. |

. ¢
s
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The void volume and column volume of the Sepharose 4B-CL column was de-
Fermined by running a sample of a mixture of blue dextran and DNP-L-

‘Lerine.

(3) Preparation of Liposomes éontaining (Na+ + K+)-ATPase

For the preparation of (Na+‘+ K )-ATPase containing Hpid vesic]es
a phospho]ipid/protein mo]ar ratio of 750:1 uus used, assuming an aver-
age moTequarpueight of 250,000 g/mole and 750 g/mole ﬁqr (Na‘ + K )

ATPase enzyme protein and phospholipid respective]y 33)*
»y

".

An aliquot of T1pid (usually 10-15 mg in CHCI,) ms”e&gapcupted L3

's-\'

dryness under a stream of N, and further dridﬁ at 20°C’Tor 4§qii¥ T
in vacuo by rotary evaporation in a Buchler flash evaporator The dried
1ipid film was flushed with nitrogen and sealed with parafi]m To the
dried 11pid, 1% solution of deoxycholate (sod’bh salt) in 20 mM Tris -

1 mM EDTA (pH 7.6) was added to - yield a detergg'!)bhospholipid molar
ratio of about 3:1. The detergent-11pid mixture was vortexed thoroughly
until clear. _ |

-

A samp1e of partially delipidated (with poc) (Na* + *)-ATPase
preparation (245 mg/mI) was thawed and diluted (if necessary) with 20 mM
Tris-1 mM EDTA, pH 7.6, so that when added to the detergent- 11p1d mix-
‘ture the final protein concentration would range from 1 0-1.5 mg/ml"
The enzyme preparation was then added to the Boc-lipid mixture. vortexed
and 1ncubated at room temperaturé’fbr 5*m1n. The enzyme/lipid/detergent
mixture was then app11ed (by using a Pasteur pipyt) to a column of
\Sephadex G-50, which had been pre-equilibrated with e1uting buffer. The

enzyme/lipid/detergent mixture was eluted lt a flow rate of 1 ml/min.

o

L
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with KTEA buffer, The flow rate was controlled by means of a constant
hydrostatic pressure and fracti:'ons pf either 2 ml or 4 m (depending on
the size of the column) were-tollected by ustng. aq,LKB (U'Itro Rac 7000)
or an ISCO (Golden Retriever-370) fraction coi'lector

The turbid fractions (1.e. void volume) containing 1iposomes and

e

enzyme protein were poo]ed and centrifuged at 161,000 x gmax for 60 min,

L%

g
in a Beckman L3-40 refriderated ultracentrifuge fitted with a titanium
(60 Ti) rotor. The resultant pellet was taken up in 2-3 m1 of KTEA buf-

- fer and applied to a column of Sepharose 4B-CL which had been pre-équiiwﬂ

ibrated with the same buffer. The sample was e1ute& at a flom rate of
9 ml/hr, by means of a constant hydrostatic pressure and:2 ml’ fragtions
were collected. The most turbid fractions of the void volume were .

\\\\,4_pooled (4-6 m1) and concentrated by céntrifugation at 161, 000 X gmax for
83 min. The resultant pel1et was taken up fn about 1.0 - 1.5 m! of 20

' //' mM Tris - 1 mM EDTA, pH 7.6 and assayed for (Na‘t + K )-ATPa;e activity
as described above (Section D. 4.). The (Na* +«x i-ATPase preparation

reincorporated into a liposome bilayer was .stored at 4°C and used within

; 2448 hours.
\ ",} : A small aliquot of reconstituted ATPase preparation was viewed
R ~ under ah e'lectron microscope (JEM 7A) after negative stainir’ with a 1%
"-‘ l}" | ,soiution of phosphotungstate . ’
| ' ' Nhivfﬁhe endogenous lipids of an enzyme preparation were serially
i: ‘*bstituted \@,gh gdded lipid, the»procedure employed was similar to that
‘described above for bipsome preparation from mixed or "total” lipids.
R ) ’ * The electron microscopy was perfo d by Mr. G. Duchon of the”Depart-
‘ment of Pharmacology at the Univeic@ety of Alberta. ,
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The only difference was that the enzyme preparation was exposedato a
mixture of lipid-detergent three times, instead of a single exposure as
mentioned before. Al1 three mixtures of iipid plus detergent contai d
'identicai quantities of 1ipid and detergent. The incorporation of e:r
zyme protein into 1iposomes was achieved by the gel-filtration technique
as described before. In brief, a suspension of (Na + K )-ATPase was
added to lipid-detergent mixture and ATPase-liposomes were formed by
| detergent depletion on a Sephadex G-50 column. The void volume was con-
centrated by centrifugation anérreintroduced to a mixture of Tipid and
detergent for the second time. The enzymellipid/detengent mixture was
then gei filtered on a column of Sephadex G-50 which had been pre-equil-
ibrated with eluting buffer. The voidluoiume was podled. concent>ated
and exposed to a 1ipid-detergent Mixture for the third time. Deoxychol-
ate was removed from this enzyaiﬁﬂipid/detergent mixture by gel fiitra-
* tion on Sephadex G- 50 ATPase:?iposomes eluted from thé“iephadex column
‘ were concentrated by sedimentation at 161 ,000 x gm ax Tor 60 min. The
' resultant pe11et was taken up in KTEA buﬁfer and gel filtered on a Seph-
arose 4B-CL column as described before. The term, seriaily'substituted
enzyme" will be used to describe an enzyme preparaticn..incorporated
,intu T1posomes by this méthod. ' |
In ordec to avuid possible thermai-denaturation of the enzyme, the

initial reconstitution experiments were carried out at 4°C in a cold
-room. ,However,,ﬂt was found that the reincorporation of (Na¥ + k*y-
ATPase into 1ipoSomes could be accomplished successfully at room temper-

ature. without significantly affecting the enzyme activity Therefore,

unless otherwise indicated, all of ‘the reconstitution experiments
) - ’ & , .
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reported 1n this presentation were performed at room temperatures .
In a preliminary series of experiments the separatioq.pf DOC by
Sephadex G-50 filtration and the elution profile of the enzyme protein
[14

was followed by using radiolabelled compounds of C] ~-deoxycholate and

[3H]-ouaba1n respect1ve1y A small aliquot (10-20 ul1) of []4C]-deoxy-
cholate (1.1 x 108 dpm/m1) was added to the detergent-1{pid n1xture and
vortexed. The enzyme protein.was labelled with tritiated ouabain

| accbrding to the method of Charnock et aZ‘ (1977) 2 ml of enzyme -
(2.5 mg/m1) was incubated in the Sqnding solution which consisted of

100 mM glycylgliycine - 2 mM MgSO4 - 0.2 i H4-EDTA - 80 mM NaCl - 2.5 mM
"Naz-ATP pH 7.6 wisgalﬁh Trissbase, The incubation medfum a1so contafned
5x 10 (final) un]abe]]ed ouabaiﬁzplus 10 ul of [3H]-ouaba1n (1 0 x
10° dpm/ml). This mixture was incubated at 37°C for 30 min. in a Dub-
‘ﬁoff metabolic shaking incubator. ‘At the end of the 1ncub§tion the
énzyme-ouabain‘hixture was added to the [14C]700C/11p1d"hiXture. vortex-
ed and incubated for 5 min., at room temperature. This mixture, which
contained (Na* + K*)-ATPase Tabelled with [3H]-ouabain, phospholipid and
[14C] labelled deoxycholate was éhen applied on to a column of Sephadex
© 6-50 and eluted with KTEA buffer. Fractions of 2 ml were collected by
using an LKB (Ultro-Rac 7000) fraction collectora.A 0.5 ml aliquot Q&s
withdrawn from each fraction and counted for both [17¢] and [3H] in 9

ml of ia.sx'(v/v)'tolueneedioxane fluor containing both 0.5% (w/v) PPO .

and 10% (w/v) napthalene. The sampl es were counted to 2% error in a
* Beckman LS-100 11quid scintillator. . -
In addition. a small aliquot=from each fractioh was analyzed for

the presence of protein and for inorganic phosphate (Pi) content whi@ﬁv;\
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w7§ obtained accordihg to the method of Fiske and Subbarow (1925). :;

) The 1iposomes and the [3H]-labe11ed ATPase protein which was eluted

in thl void volume of G-50 column, were concentrated by centrifugation ;
® (16’1_.090 X Gogy for 1 hr) and the resuspended pellet was gel”filfe‘red in |

Sepharose Ea;CL. Fractions of 2 ml were collected and a 0.5 m1 sample

from each fraction was counted for both [14C] and [3H] In addition

each fraction eluted from the Sepharose coiumn was analyzed for the pre-

‘sence of enzyme protein and also for the P1 cbn ent. The ATPase 1ipo--

some eluted in the Sepharose 4B-CL void volume were used for density

/.gradient experiments wfh}ich were carried out as follows. ' : -

(4) Sucrose Density Gradient Centrifugation
“.Liﬁear density‘gradients of sucroée (To ml) consisting of 15-40%
sucrose (w/w) in 100 mM KC1-20 mM Tris-i mM EDTA H 7.6, were‘prepared
using a Chrismac-(model DGM-15) gradient forming Egsfce.v The gradients
were chilled to 4°C overnight before use. A sample (200-500 u1) of the
Sepharose 4B-CL void volume was layered on each gradient. The tubes

_were then centrifuged at 4°C in a Beckman swing-out rotor (SW 41) using

- a Beckman L3-40 uitracentrifuge at 208,000 x Imax for 6 hr. After cent-
rifugation a long needle was introduced through each gradient. With the:
aid of a 1 ml syringe and a 7hree-way stopcock, twenty 0.5 ml fractions
were withdrawn from each gradient. The detection of 1iposomes was car-
ried out using two different methods. In one of these, thévabsorbance
at 330 nm of each fraction (Q.S ml).»wié measured by using a quartz
micro cuvetteﬁgigg-ﬁiifbrd 2400 spectrophotometer, and served as a qual-
itative meaSu?é;;nt. For i'quantitative measuremgnt of l1iposomes, a \ j!k

-y . . . .
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small aliquot from each fraction was analyzed 'fo"r the P, content. In Qﬁ-‘
order to detect the presence of enzyme protein, a 200 ul sample from

each fraction was counted for the presence qf [3H]. In addition, each o
fraction was assayed for the presence of protein. In order to follow
the lihearity of the gradient, the refraction of sucrose of each frac- '

tion was measured by using a refractometer (Fisher Scientific Co. Ltd.).

| H: " Ouabain Dose-Response Curves v

The inhibition of (N$§1+ k*)-ATPase activity at not less than

twenty different concentra fons pf ouabain was followed 'y using the
coupled assay method described above. A1l assays were carried'out at”
‘ 37 +'0.2°C. The enzyme activity was measured in the presence of 2 mM
K\‘ | Mg++, 20 mM K* and 80 mM Nat plus varying concentrations of ouabain.
' 1\ The total enzyme activity was measured using an 1den’tida1 assay medium
but contained no oﬁabéin. The basal enzyme activity (i.e. in the ab-
‘“"// senqéfbf 80 mM Na+) was'aléo determined and used to calculatexghe mini-
mum az;bain concentration whiéh-prodyced a maiimum inhibition of the

(Na+ + K+)-ATPase activity. The maximum fnhibition by ouabain occurred

when the ouabain inhibited enzyme activity was similar to the basal

‘activity which was observed in the absence of 80 mM Na*.

»

.I. Analysis of Results

When possible the results are expressed as mean + SEM. The ouabain

¥concentration which caused a 50% inhibition (i.e. ID;, value) of (Na* +

K+)-ATPase activity was-calculated by using the linear portiof bf the
f it
log dose response <curve (usually between 20-80% inhibitfon). The ID50
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value was obtafned by computer regression analysis and i;he mean ID50
value for each enzyme preparation was ‘calculated by using results from
no less than three separate experiments. The difference in ID50 values
between enzyme preparafions were analyzed by meang of student t-test
(unpafred), at the 1% significance level,
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II1I. RESULTS

\ ,
A. Control Preparations . ’ ,

Microsomal membrane fractions prepared from efther beef brain or
crab nerve were assayed for (Nat + k*)-ATPase act1§1ty as described in
Materials and Methods. The (Na* + k*)-ATPase activity was a1wa&s gpss-
ured by both sodium stimu]&tion ahd 1nh1b;tion by ouaain. Thisewds
necessary since (Na+ + K+)-ATPase from crab nerve has been repofted to
be less sensitive to inhibition by ouabain than the (Na+ + KN)-ATPase
prepared from beef brafn (Charnock and Simonson, 1977). .»

It has also been reported.(Charnock qt'az.. 1977) that partifal
' delipidation of membrane preparations enfiched in (Na+ + K+$-ATPase
Qith déaxycho{ate. would cause a considerable increase in " the (Na+ +
"K+)-ATPase activity. Thus, the untreated membrane frgctions.from both
beef b;ain and crab nerve were extracted with deoxychbléte at.a deter-
gent/protein ratio of 2/1 (w/w) as described in Materials and Methods.
The results are summarized in Table 1. “ '

The results shown in Table 1 indicate that deoxycholate treatment

of enzyme preparations from'beef brain had resulted in a considerable

' ]
activation of (Na* + k*)-ATPase activity. As a result of the detergent -

extraction, the specific activity of ouabain-sensitive beef brain-
(Na* +K*)-ATPase increased from 41.2 to 113.8 ymd1 ATP hydrolyzed/mg
protéin/hrt In contrast, gpe‘specific activity of crab nerve (Na+ +

K')-ATPase was not altered by ;the detergent treatment. This observa-

tion suggested that enzyme preparations isolated from crab axons have a -

different prdfilefioulctivation‘by deoxycholate, compared to the

L >4ii||||ih S
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(N + K*)-ATPase prepared from besf brain. Therefore, 1nia sopa:ato
experiment, the.effect of varying concentratdons of deoxycmolatc (f.e,
different ratios of detergent/protein) n the specific activity of both
beef bruin and crab nerve was 1nvestigated The treatment'with deoxy-
cholate was carried out as described fn Materials and Methods except
that different concentrations of DOC solutions were dsed to achieve the
desired datargent/protein ratios, °Fig. 1 fllustrates the results of
this experiment where the data are presented as % (Na + K )-ATPase
activity remainigs after treatment with dgoxygholate. From-these rs-

~ sults {t 1s clear that beef brain (Na* + K*):ATPas‘}f'tan be activated

considerably by detergent extraction. Opt'imub icttydtion occurred
after extraction with DOC at a detergent/protein rat*lo of 3/1.. In con-

"trast DOC tre;:tmen!*ﬁd not result in : signiﬂcant {ncrease in- the

Y
~

specific activfty of (Na + K )-ATPaso prepared fm crab nerve. Both
enzymes were”inactivated at Mgher m‘-eter'gonta/pl‘ohmj ratios. Although
DOC treatmént did not cause a signifﬂcl@t enhanccﬁznt in the specific '

Sy ,activity of crab'nerve ATPase, nefthes: ui h smmca tly decreased

by this level of DoC. mmyc\:zl m;eﬁ wisihations (both beef

: ,,bra'ln and cwb nerve) used n subsequent experiments were truted with
i

(3,27 B

deoxycholate at a dotorgent/protm ritio of 2/1 (w/w). »
In an earlter study Charnock and Srinonson‘('ls??_’) had providﬂ evi-

dence that untreated preparations of (Na* + K*)-ATPase obtained from
beef brain and crab nerve have markedly di fferent responses to 1nhtb1- .
"tion by ouzbain. This claim was roeaxauthod by usfng detcrgoét extract-
.ed enzyme preparations, isolated fmn beef brain and axons of the walk-
ing legs of the cold water crab Canoer magister. For both enzywe %
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Cmparison of the effec‘t of deoxy*late on’ (Na + X )-ATPase

‘ fraa boef bra*l n and Grab Qer,ve. Nembrane 'fractions enr‘lched

~in (lla +K )-ATPaSe were treated with varying concentrations

"of deoxycho'late at 30°c for 30 Mn. The treaud membranes
.were recovehed by centrifugation. uashed and assayed for act—
1vity as described 1n Haterials and (0) beef brain,
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v Fig 2. Dose-arespons ::uve gibuabain igh’ibitic;’n of DO(; extncted
R o W '
, a.m o (Na + K }‘-AZQase from beef brain. EnZyme repar:tions were
W '_ | treated with 0.1% deoxychoiate ‘for 3ﬁin _as-described 1in

'Hatpria'ls and Metibds. Enzyme activity was detemined at 37°C_
in the presence of 2. mM ng * 20 mu K 801nH Na p'lus vari- _
able concentrat.ions of guabain- as indicated 1001 inhibj,tion hag
/of (Na +. K )I-ATPase occur?ned when the ouabain inhibited en- |
e -chtivity was similar to that of basal aci:ivity which m
| - observcd ﬁi the absence of 80 mM. Na |

1A

Tho poinf.s represent




: . ] - Fig. 3. Dose-response curye oﬁ%uabain 1nh'lb1tiop of DOC extracted - :
N . o -. (Ni + k* )—ATPasem/&ab nerve.. "Enzyme preparations were
v T f *‘ _ treated with 0. 18 deoxycholate as d.escribed in M;t&riﬂs and °ﬂ.- L.
. | .Methods,. "Enzyme act!vity vns deter‘netf at 37’6 1p.the pres- 4
" ence of 2 mM Mg*t, 20 M K 80 mM Na¥ plus variab'le concen- S,

/'trations of ouabain as 1nd1cated 100% 1nh1b1tionlof (Na _ |

. K*)-ATPase occurred when the ouabain inhibited enzyme activity v .

| s siuﬂar ‘to that of basal activity which was observed in
o the absence of Mt s¢ fndioetes saturating soncentntion of ..
r ouabain. 'n;e pofnts reprdb-nt Mean :l: SEM of 4 doteminations.: o -.?x
I : The value for one-ha'lf m‘luﬂ inMMtfnn gmso) vas cu}cuhtedg
T by eu-pum remssﬁm ammx and is 1 5140, .09 x 10"!
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preparations dose-response curves to, 1nh1b1tion by ‘ouabain were con-

_structed as described in ¥Rl s a¥d "Metho&. 'S&e resu]ts are shown

- o [
" In 4Figures 2 and 3 resp!ct It can be seen from these result,s

_‘ 4 that (-Na+ + K*)-ATPase'from\cr'a'b nerve had a mrked]y reduced sensftiv-‘

1ty to 1nh1b1tion by ouabain 111 that the two mSO values differed by
:nor'e than 2 log units. The mean value for one-hatf maximal inhibition
of beef brain (Na + K')-ATPase was 3.06 + 0.44 x 107N, In corgrast
‘the mean 1050 value for (Na* +K )-ATPase from crab nerve was signif-

icantly increased (P < 0'01) at 1.51 ¢ 0, 09 x 10 4M These obServa: '+
‘gions are in agreement with thgne r&[:orgd earHer by Charn’bck and
mmonson (1977) g . ’ ?t

0 . »* ,'- - i o

° T & -0 .
¥

. B. Polyacr 1am1de~"8e'l Electrophoresisj - ,
| a Cey !

d 7
- The observatdons 1n Figures 2 and 3 natura‘lly raise ‘the question, -
*

- - T

& f'. why there “ls such a marked dffference in’ gbe mean IDS0 valies of the

,‘gw,e

£
:.two microsomal preparatidns of (Na + K. )-ATPase to inhibition by oua-

‘ l

4 bain. One simple exphnation would be that 2 d'lfferenidn the sg-uct-

£
. ure of (Na + K )-ATPase from crab nerve s responsible for this de-

*
~

" crease 1n sensitivity to inhibition by ouabain (Fig 3).- Therefore,

o the ektent of structural s.imﬂarity\ ween (Na¥ + K )-ATPase 1sd1éted
he »-
{)iecf by €ompar1hg their'polypep-

~ -

- from brain and, crab perve was s
~tide patterns as shown by SDS-polyacry'lmide gel e1ecérophoresis. From
the resuits gresented ?‘n Fig. 4 and Fig. 5 1t 1s clear that tbe tno iﬂ[«

- 2yme mpim‘tens‘had 1dent-lca‘l po‘lypeptide patt'erns. Both ‘enzyme,
preparations contained three mjor and tho minor bunds. In addition.
the re‘lative pnsftions of these 'bands 1n.the gels nere very simﬂar.
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~Also, these electrophontic patterns are slimﬂar to those reported by .
“ o Yesugl- etfl (1971) for bovine brain (Na‘t + K )-ATPase. From these re-
< sults it seems 'erly that ‘the difference in 1050 values to 'Inhib'lt'lon

by ou&bain ;annot “be readﬂy exp{ained by a major’ structural dissimilar-
& e v ]
‘ | 1ty between the tvg enpme pro’telns , & | ‘
‘;3 B . ‘ ’@ ) . K{‘)‘;
& 4G Nkmbrane Lipid éomgé’sitiorr P ¢ - ! /j
"7‘111 ’ ' ' c
Informatton d‘lscussed in the 1ntroduct‘lon toethis thesis suggests

-y 0

; that thé Hpids Qf"ubb!o'log']cal membrarles exert a. modu}atd,ng effect

L7

the behavtogf of: (Na N t) -ATPas!' In addition” phophoHpids appear’x*

to pia,"e ro1e ﬁ\ the bindﬂ)g ofu ouabain to thisrenzyme sysxem. Jhus. R
1t T cqncei\zigtﬂe thgt a Iifﬁerenée 1n 'Iipfd anposif%n of tﬁhe mern- - o
"brane fs,rtspensflble for the decreased sensitivity of crab nerve (Na +
K )-ATPase to 1nh1b1tion :bx ouabain. In order to 1nvestigate this

o poss1b111ty, 1t \vas necessary to analyze the Hpid eompo%;]on of mem-

f . in?t;vw
S o b""‘ f" “0"5 prepared from both tef brain and crab Qons‘ The ex-
e
N con;ents were carried out as described in’ Materials and Methods. “Table
‘\\" ~ 2a summarizes the resu'lts of this experfment These” data indic te_ / *\,/ TN

\\; that Hp1d extracted from crab nerve (Na¥ -+ K*)-ATPase had a h er

K { (Na + K"')-ATPase 1sﬁted from beef brain. .There was al&:t a two-

_ fold 1ncrease 1n the mo'lar ratio of cholestero'l/phospholipi of crab
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VARIATION IN THE LI‘ID COMPOSITION OF (Na + ) ATPase FROM BEEF BRAIN L

AD_CRAB NERVE\* e ;.-,
& - S A

Al

by rolet moTar Yatio

\ ’ ' ) i J chéTe;terd’i‘ S
.. #:; cholesterol phospholipid - phosphoTipid. A

PSS N .
Beef b;ain + - .
(Na" + K )-ATPes,e\ ,82.7 572 &, .0.75

Ed

Crab nerve , S ¢
, (Nas *K )-ATPase w 57%‘? 434 132,

U .

”"‘:" P o,

"*T?(gtd extracts from untreated membrane fractions enriched fn \ &
(Na* + K*)-ATBase: were prepared as described in Mater'lals and\Hethods. w7
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| TABLE 2b
VARIATION IN TE FATTY ACID COMPOSITION OF (Na* + K*)-ATPase
FROM BEE%RAIN AND CRAB NERVE *

A

[ K
) % Total Hpids %
‘ Beef brain enzyme Crabrjrve enzyme .
Saturated” fatty‘gids
14:0 1.8 trace
15:0 “ trace trace
16:0 o 21.7 10.4
17:0 )‘ 0.3 0.3
18:0 S 19.6 1.0
) 20:0 0.2 3.3
22:0 0.2 @ 6.0
. 28:0 1.1 ¢ 1.5
Total saturates 4’4.%_ - 32.6
Unsaturated fatty acids
14:1 0.2 ) trace
15:1 ( trace ! trace,
16:1 ] 1.8 | 1.5
17:1 o 0.1 0.2
18 R e 19.6 158 °
! 18:2 (w-6) = ¢~ s 0.8 0.9 e
" 18:3 0.1 ! 0.9 s
20:1° trace Lo 5.2
* 20:2 (w-6 0.4 1.4
. 20:3 .(0-3). 0.5 o 0.9 ;
20:4 (-4 6.2 c/ 3.0 ‘
20:5 (-3 : , .trace o 21.2,
21:1 e 1.1 a trace -
22:1 - i . 1.2 - trace ‘
22:4 (w6) - 34 , J16
22:5- {w-3) . . . 1.0 . o5 “0.2-
22:6 w+3 ' 12.7 - : 13:.4
- 24:1 2.2 - trace
- Tetal _unsaturates . 511 o 66.2 .
. S o : . —— R S &
. E L . - \ . ‘ . ; ) K . /
* TMs study was - carried out by Dr R E)of ‘the Dapartment of
Pediatrics at the F'Hnders ’Un‘lversith pdford Pai‘k. Soqth Ausanulia.' '
- ol St : o

R




,(Na + K )-ATPase

tion of thewembrane may accou t for the decreased sensitivi ty of crab

lnerve enzyme preparation the (Na + K )-ATPase qf the crib

N
v

(Na¥ + K+)-ATFbse. It can be seen from these results that total 1ipid
extract of (Na* + K+)-ATPase from crab nerve contained more unsaturated .
fatty acids than the Jipid extract of beef brain. (Na* + K*)-ATPase.

The total Iipid extract of beef brain enzyme contained about 51.1% un-
saturates whereas in crab nerve enzyme this value had increased by 15%
to 66 2%. In addition these results show that crab nerve (bt +k H.
ATPase contatned fatty acids with longer chain 1engths. compared “to

the 1ipids from beef brain enzyme. For ‘example, it can be seen that
saturated 22:0 contributed only 0 2% to the total 1ipids of beef brain
In contrast 6% of the total 1ipids of (Nat + )-

was 22:0. fong the*unsaturates a dramatic dif—

ATPase from crab ne
ca.tent of pg§yunsaturate 120:5 (oqﬁﬁ, between

ference was seen in ©

the'two enzymes. The beef brain enzyme contained on]y trﬁce amounts of

'20:5 (m-3) whi]e 21.2% of total lipids of crab nerve. (Na + K )-ATPase
© were enriehed in this polyunsaturated fatty acid.

. N : ‘ ‘e X
D. Incorporation of ( + T “into Liposomes ~ ,_.",
From the resu]ts given in Tab s 2a and 2b it'can be sgen thit

there is a significant difference in the lipid composition Bétween the

two enzyme preparations isolated from beef brain and crab herve respect-

ivelx,, Th , 1t seems possibz: that this'difference in TiJid cdmposi- ‘

”

nerve (Na +. K )-ATPase to inhibition by ouabain. However, 1in order

to-be
introduced'into &abilayer composed of Iipid extracted from beef brain-.

R ‘<57*u S o S S

72




enzyme, fbliowed by the construction of a dose-response curve to oua-
batn inhibition of the reconstituted enzyme. The reconstitution of a
beef enzyme system in iipids‘extracted from the crab constitutes a
“cross-over" study. Therefore enzyme protein was introduced into a
"foreign" 1ipid environment by reconstitution of (Na + K laAIPase pro-
tein into 1iposomes of controiied lipid composition

o

-~

CoLe
(1) Effect of Sonication .‘,, e ' v v

?‘ . »

v d

Currently, there are a number of'?y’rent experimentai procedures
Page 19

available by which proteins can be ' n} ey { pid vesicles

’ considerabie ioss of- enzme activity or other damage to the molecular

» O

stiucture of the enzyme. It has been reported. that the reconstitution
of certain membrane proteins into lipid vesicie ri be achieved bw

, so-ca'lied "sonication method" (Racker eﬂat.. 1975 Racker, 1977; Hall v '

and Brodbeck, 193) S Therefore, in a preiiminary experiment, the feas-
ibH 1ty of this method for the recoi@ﬂtiod of (Na* + K')-ATPase into f
liposomes WS investigated The. resuits are summarized in Fig. 6, '

which shovrS'the % (Na* 4 ‘ )qATPase activity which remained in the . . |

,preparations"'after sonication for varying» periods of time. ‘It is‘ c'lear
- that sonication of (Na + K )-ATPase)resuited in almost comp'lete loss

: of ATPase activity. After 10 min of sonication only 27% of the ini-a L

tiai ATPase activity was present. After 30 min. _the activity was fur., "
ther- decreased by 10% and at 60 min only 10% of the inittal (Na* + K )-

: ATPase gétivity was present The protection of the active site of

3
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activity remaining

%
| % (Na' K’);ATPase‘

| . tion of 125 ng/m uith 20 w ‘Ms - 1M em, pH:7.6 and son- L
b tathd etk tye sanfcator. (0 snyme; (o) enzme’s e
N 1 m me points Y’msm nem # sen of 3 deteminations.ﬁ Rl
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q: » ) .
ATPase protein with 1ts substrate ‘(ATP) appeared to produce complete

- protection from loss of a’ctivity for 10-15 min. However. as the soni-w

o

*cation time increased, there uas ‘a gradua'l loss of enzyme activity A

60% log¥: of activity was seen after “sonication for 30 min. At 60 min

_only 22% of the 1n1t1g.(Na + K )-ATPase activity was obser\red. How-

\ '_‘v'--.._vé'.%‘_f}' ' ehv\ 1ncorp0ration of anyme proteins into Hposomes by the "somica- - "
LR o tion method" u§usa'lly requires more thah 60 min. df sonication time.
%" « Thus. it 1s clear ﬁut‘his ”M.k:uler method canJmt be ﬂp]/ogd/t

% " N accon1plish the reconstitution ozf (Na +K )-A"ase 1nto ‘IipoSomes with-

;out disruptidg, 1ts mo1ecu1ar structure Therefore. som?‘.other method

aor
’-\of reconstitutton was requ1red for the 1ncorporat‘lon ofv‘(Na + KH)- '
A Pase,, 1n an active fom. into the 11p1d bﬂayer structure of Hpo-
“’ "Vso%r Hi'th this goal, n mfrld “the 1ncorpore;10n of (Na +K K )-ATPase o
1'nto Hposomes .by a "detergent depletion t‘net‘hod" uas 1 nvestigated
BecauSe of the lengtpy time required for published dialysis procedures .w

' a mc‘h faster ge'l fﬂtration procedure was examined. R .

o ] [) .
("4 A

-

: (2) rncorporat1on by Detergent Dep'letion ‘ ' o
. The experiments were Carr1ed out as descri bed 1in Materials and -
o Methods. In brief, egg. phosphatidﬁcholine was d‘lssolved 4n 1% solu-
tion of deoxyohobte.' u\ order to- follow the separation of deoxychol -
| “\, : 'ate by gel fﬂtr;tion. 2 saaﬂ .2 ﬁuot of [uc] ‘labened deoxycho]ate
‘ " was’ added to this 11 pfd/detergent mixture._ A sample of beef brain
L (N ) ATPase was. Tabetled- with [3lﬂ-4:uabain and added to the
'\\\ S “["’;} /‘Hpid nixture and vortexed thoroubhly. : TM s nixture. uhich
',i‘contained\egg phosphetfdﬁchol ine. ["c]-ooc \and (Na + K )-ATPese >

: . 1
N




labelled wiiﬁ tsfl]-ouabain was then passed»through' a.column of Scphcdcx
G-50. The mht's are shown in Fig. 7 where it csn"_p seen that both .
) Tiposomes (indicated by the prcsencc of 1no¥gai1c phosphstc) and enzyme
o . " protein showed shﬂar elution proﬂlcs in that botb were co—oluud at
| the void volume (fractions 14-19) of th! Sephndcx 6-50 cohln In con-
- trast, [3H]-ouabain showed two scpanu peaks, one of uMch our‘hmﬁ ‘
_ with enzm kWotein and Hposms (frcctions 1&19) Thc second peak
’ o was mucl@arger in size and was fothd bctwun fractions 26-52. On the
L »other hand, ["C]-dcoxycholate showcd only one peak which was eluted at
"2 later stage (fracuons 31-52) from the colum. , It fs clear that the
e . votg volume (fmuons 14-19) did ot contain any ["c]-«wcwm. o
“The material eluted”at the void volume (fractions- 14-15) ogyphe Saphas 7 °7
| B dex 6-50 column was concentrated by ccntﬂfugnt{lon md fwrther fnctibn- ‘
ated on a Sopﬁmsc CB-CI,, co'h-n, in order to qepcntc thcstipom in~-
corporated (fm) mz,y-e prdutn. TMs pmccdun nsulud 1n tha e
. elution profiles shon in Fig. 8. It 15 clear from thege, us'dlts that
the uposanes showed & sonew,hat broad distr‘lhut‘lon 1n tht a1 frac. ",&1 .
tions 12-24 showecl the presence’ ‘of. Pi' !lowever, it cqn be een that v |
| these fnct”ns consisted of two pesks.” A’ Targer sharp pclt can be / ) ; Co
n mcmns }3-17 and this. was i—ed'latc'ly fo) ,om by "
| vak- which vas eluted betwem fractions. 18-24 '/u 1sla1so N
clear that both [3H]-ouabain uid cnz,yn pr’otcip had, qy‘itl; simhar eiw S |
‘tion proﬂles: However. fn contrast to Hposw tbé.v bcth» s tu? | .‘ ey j
completc'l] raw puks.- Tpe ffrst paak dﬁared to overlap with
¥ . the lutfon t .'_m; of-;ﬂpo_s_;one‘s‘ mqim\ﬁcnted '&;:,bjrocd-'-.disirﬁﬁnﬂl;iop
. ?“-(fractious lz-u) m mond pm' iagfﬁr’ tad
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Fig. 10. Incorporation of (Naf + K*)-ATPase into 1iposomes by detergent
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depletion using gel filtration (control experiment). Removal
of deoxycholate by Sephadex 6-50.chromatography. The experi-
ment we c;rri.ed out as described in Materials and Methods.
Tritfated ouabain Tabelled beef brain (Na* + K*)-ATPase was

, added a solution of 1% deoxycholate. The detergent/enzyme

&

mixturd was then gel filtered on a coluin of Sephadex G-50.
(O). dpoxycholate; (@) ouabain; (a) fnorganic phosphate;
{O) protein.
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Incorporation of (Na* + k*)-ATPase 1nto Hp,os‘ome-‘s i;y detergent .
depletion using gel filtratfon. Removal of deoxycholate b}
Sephadek 6-50 ch‘ro‘matography. The 1iposomes contatning

(Nt + k*)-ATPase were prepared as described in Materfals and
Methods. Tritfated ouabain labelled beef brain (Na* + K*)-
ATPase ﬁs .gdded to egg phosphatidylcholine which was dissolved
in 1% deox;c;hohto. The detergent/11{pid/enzyme nix‘tt:re was
applied onto a column of Sapha&ex 6-50 and éluted with buffer
which contatned 100 mM KC1 - 20 mM Tris - 1 mM EDTA - 0.02%
MaNy, pH 7.6. "(0O) dooxycitohtt; ‘(@) ouabain; (a) fnorgan- -
fc phosphnto;.' (Q) protein.

\

7

oo




Fig. 8.

‘ ‘ o~
Incorporation of (Na" + K+)-ATPase into liposomes by detergent

depletion using gel filtration. Rechromatography of the void
volume of the Sephadex G-50 column (fractions 14-19, Fig. 7) .on
a column of _Sepharose 4B-CL. The experiment was per;"onned as !
described in Materfals and Methods. The matérial eluted in
fractions 14-19 (Fig. 7) ¥rom Sephadex G-50 column was pooled
and concentrated by centrifugation at 161,000 x 9max for 60
min. The pellet was taken up in 20 mM Tris - 1 mM EDTA, pH/ v
7.6 and passed through a column of Sepharose 4B-CL which had
been pre-equilibrated w;lh 100 mM KCle- 20 mM Tris - l‘mM EDTA
- 0;02% NaN3. pH 7.6. (®) ouabain; (_A) fnorganic phosphate
(Pi);‘ (O) protein. None of the fractions contained deoxy-

cholate. Thus, for clarity, the symbol representing deoxy-

L4

cholate has béen omitted.
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Fig. 9. Incorporation of {Na* + K*)-ATPase into 11posomes by detergent
| depletion using .ge] filtration. Sucrose density gradient
. analysis of ATPase-1iposomes eluted at the void volume of
.. Sepharose 48-CL column (i’ractions 13-17, Fig. 8). A 10 ml
sample of 1inear sucrose gradient (15-40%) was made by using a
’Ehrism@ gradient forming device. The sample (200-500 u1)
was layered on top of the gradient and centrifuged at 208,000
X guay for 6 hrs in a swing-out rotor (Beckman SW '4L) using a
Bac!anan L3-40 ultracentrifuge: After centrifugation twenty,
0.5 m! fractfons were withdrawn from the gradient. (—)
sucrose; (O) turbidit':y - Ayagi (®) ouabatm; (4) inorganic
phosphate (P1); (O) protein. |

s
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first peak. As mentioned in the legénd to/Fig. 8, none of these protein
fractions contained ["cl-d.o_xycmuu. It should be noted that even

- co-elution of 1ipid and protein could not by itself be taken as evidence -

for protekin-'tipid ,ntonction. . Therefore, in order to estab]ish that

the {ncorporation of ATPase protein into 11posomes had occurred, rather*

than‘a simple collection of igqregated frek enzyme and 'Hiﬂds. the

" ATPase-11posomes eluted from the Scpharose 48-CL column, at the void

volume (fractions 13- 17, Fig. 8) were further fractionated by centrifu-
gation on a linear density gradient of sucrose, The resul&s are. summar -

1zad in Fig 9. Fm this experiment 1t 1s clear that inotganic pnos-

.phate (Pi)' the increase in turbidity at 330 nm, [3H]-ouaba1n and enzyme

protein were all present only on the top _of the gradient and that none
of these markers were located below fraction #16 with the majori ty locat-

‘ed between fractions 18-20.

Figures ]0. lé and 12 sutmarize the results of thé essential con-
trol experiments which were performed in thé absence of exogenous 1{pid.
Firstly, in these experiments a mixture of enzyme and detergent was geb

filtered on Sephadex 6-50 and the eluted fractions examined. The results

are shown in Fig. lo. where it can be seen 4hat elution profﬂes of eé&'
zyme pmtain. [3H]-ouabain. fnorganic phosphate and ["c]-deoxycho’}he

were quite shﬂar to those observed 1n the “test® experiment deséHbed
tn Fig. 7. The (Nn + K )-ATPase protein was eluted at the void volume
{fractions 13-18).  In addition, P; was also present in the vo1d vqjtne

However, - it should be noted that since the (lh + K )-ATPase was juted "

on Sephadox 6-50 in the absmce of exogunous Hp{d. the total munt,g
of Py eluted in the void volume (fractions 13-18, Fig. 10) s muck Tess,

g

¥
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than that observed fn the "tcstj“; experiment (compare fractions 14-19,
| Fig. 7). The elution patterns of [3H]-ouabaiﬁ and ["C]-deoxycholate

~ were almost {dentical to those seen in Fig. 7. (3H]-Ouabain showed an
elution profile which cc‘nsisted of two separate peaks. A relatively
small peak was observed between fractfons 13-18 which was co-eluted with
KTPase protein ar'1d Pi‘ The much larger second-peak was observed betwlen
fractions 23-54. In cofitrast, deoxycholate was eluted as a Single peak
between frac'ti;i‘ons_29-54. It 1s also clear that the void volume (frac-

~ tions 13-18) ’contaimd'noJ"C]-deoxychohte. The matirﬁl eluted at
the v'oid volume was concentrated by centrifugation and further fraction-
ated on a column of Sepharose 48-CL (Fig. 11). From these experiments
it can be seen that both (Na* + k*)-ATPase proi':ein%and [3H]-ouabatn had
quite simiYar eIuti_on patterns. Both were co-eluted at the void volume
(fractions {2-") and also showed retarded peaks which overlapped (frac-
tions 31-37). On the other hand, P, was present only in fractions 12-17.
The ATPase pro‘téin eluted from Sepharose 48-Cl1 column at the vojd volume
(fractions 12-17, Fig. 11) was then subjeéted to density gradient centri-
fugation in sucrose (Fig. 12). It fs clear that both ATPase protein and
[3H]-ouabain had trave]le;'l deeper into the gradient compared to the

"test" experiment described in. Fig. 9. Thus, fn contrast to the results:

given in Fig. 9, fractions 9-20 indicated th , presence of both enzyme
- protein and ouvabain. In addftion, .a relatively small amount of P1 and

an increase in turbidity were both found on the top of the gradient

(fractfons 19-20). Therefore, it is evident that these results are
quite different to those observed in the "test® experiment (Fig. 9)
where enzyme-protein, ouabain, P, and an increase 1n turbidity all

4




Fig.

1.

&

Incorporation of (Na* + x*)-ATPase into 1iposomes by detergent
depletion using gel filtration (control experiment). Rechrom-
atography of the void volume of tﬁe Sephadex G-50 column
(fractions 13-18, Fig. 10) on a column of Sepharose 4B-CL.

The experiment was performed as described in Mate‘rials and
Methods. The material eluted in fractfons 13-18 (Fig. 10)
from Sephadex G-50 column was pooled and concentrated by cen-
trifugation at 161,000 x Imax for 60 min. The pellet was
taken up in 20 mM Tris - 1 mM EDTA, pH 7.6 and passed through
a column of Sepharose 48-CL which had been pre-equilibrated
with 100 mM KC1 - 20 wM Tris - 1 mM EOTA - 0.02% NaN;, pH 7.6.
(@) ouabain; (4) fhorganic phosphate (P,); (a) protein.
None of the fractions contained déoxycholate. Thus, for clar-
ity, the symbol representing deoxycholate has been omftted.
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Figl ]2.

Incorporation of (Nﬁ* + K"')-ATPlse -into 14iposomes by Jctorgont
depletion using gel filtration (control experiment). Sucrose
density gradient analysis of the matérfal eluted at the void
volume of Sepharose 4B-CL column (fractions 12—1’ Fig. 11).

A0 ml suplo of 1inear sucrose gradient (15-40%) was made by
using a Chrismac® gradient forming device. The sample (200-
500 u1) was layered on top of the gradient ané centrifuged at
208, 000 X gy, for 6 hrs in a swing-out rotor (Beckman SW 4a)
using a Bcclaun L340 ultncontrimgo After contrifugation ,
tm;y 0.5 m1 fractfens were withdrawmn from the gnd‘lentv. W
(~) sucrose; (‘O) turbidity A330i (@) 6ﬁ;ﬁ;1n;' (a)
inorganic phosphate; (0O) protein.
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appeared only' on -thw top of the gredient. . ‘
Thns the mufwof the control exmmm s gtven in m. 8.and - N

Fig- 2 1nd1c|t¢ that lm;\rnntim of (m*+ K )-Afﬂu intq"lim m .
can be achfeved succn;fu"y by hﬁrmt domtion ustng the p\ dg"h- o
tion procedurs” ™ wrfect of this technigve on the. spacific mivm NI
of (Mt + K )‘ATPun ws thetefore mmt!glud The :pocf* tt)vty o \
of bae? brain (Na* * K )-AThu at varfous suﬁa during reconstitution

into egg Phosphatidﬂcholim Hposon& 1s ihom 1n Tabh 1t 1sclear ° -
that reconstituted enzyme (e, 484014 vo?lihl) nulmd b‘t 36! bf
tho initial total ATPuse activity. Tho smc"fc activ‘lty of Mg -AThu

" had decreased from 4.1 (native enzyme) to 6 9 tuconstituud onzm) o
unol ATP hydrolyzed/wg protsin/hrs .which nprthd a Sl! Toss of m- g
" Zyme tctivity ; On the other hand roeonstifmod preparatioh regained 91! , »
of the taitial ouabﬂﬂ»"an}ublo mm [l.a. (Mt + x")-mml fct-
tvity. I 1s algp *pparent that the $ ATPase’ sensitive to m#gbmm by

ouabain had incm«d Mt fm m (uatiu enzpn) to 93% (rgconsti- R

PN \ 1"
b e u,},*

~0

-

- tuted enzyme). - . ,- b 3
In contust to m (a* s t an monstttuted 1nto Hposous . )
(Tablo 3), the fina] waterfal obtafned from the control oxpcriunt’ (14.'. /\
fn the absem of exagenous 11pid) was dwoﬂd of (lh. + K HTN» oet- o S
ivity. The results of this cxptrinnt ary’ summarized in Tghlc 4 jn ;
s. 1t can be seen that the reconstituted mnﬂtiqn ntainedL ;ly&l of
© the 1n1tial total ATPase activity. Howsver, as seon in thé *mv ox-
pertaant. (able 3) mr«*q&. stgnificont Toss (about m) of M.
A'rhu activity. anihrly, mhin ﬂ\Mbﬂhmn Amst ammy a-

creased from 2. 9to 8 um m h}dnlmdm mw& mcu -

)
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repféséntéd about a 97% loss of enzyme activity. In addition, the %
ATPase sensitive tp ouabain fnhibition had decreased from 89% to 47%.

The morphological integrity of the deoxycholaté extracted (Na+ +
K+)-ATPase before and after reconstitution into 1iposomes was studied by
electron mieroscopy. Fig. 13 shbws an electron micrograph of beef brain
(Na+ + K+)-ATPase that had been treated with deoxycholate. The same en-!
zyme preparation was re?onstituted into egg lecithin 1iposomes by the
gel-filtratigp technique and an electron micrograph of the final mater-
ial 1s shown in Fig. 14. From the results of Fig. 13 it is clear that
the native enzyme prepératibn had a vesicular appearance; the vesicles
appeared ta range from 500-1000 ny in diameter. In addition, the native
enzyme preparation showed several mu]tilame]]ar‘aggregates and fragment-
ed membranes. In contrast, average stze of the unilamellar vesicles
seen in the reconstituted preparation (Fig. 14) was one order J} magni-
tude Tower than those of the native enzyme preparation (Fig. 13).  Thus,
it is clear that while the reconstituted preparations of (Na+ + K+)-
ATPase had a primarily unilamellar structure, these vesicles were hetero-
geneous in size as they ranged from'50-100 nm in d1ameter;

E. Effect of Ouabain on Reconstituted Enzyme Preparations

(1) Beef Brain (Na* + k*)-ATPase

The results presented so far indicate that (Naf + K+)-ATPase can
be reconstituted into phosphatidylcholine vesiclés by a gel filtration
technique with almost cpmplete restoration of enzyme activity. However,
these results go not indicate directly whether or not reconstituted en-

zyme preparations have retained the cardiac glycoside receptor character-

92




Fig.

13.

o

Electron micrograph of deoxycholate treated beef brain

(Na+ + K+)-ATPaset A microsomal fraction enriched in

(Na* + k*)-ATPase was prepared from cerebral cortex of beef
and treated with 0.1% deoxycholate as de;cr1bed';n Materiafs
and Methods. Enzyme preparation was negatively stained with
1% phosphotungstate and oﬂsérved in a JEM-7A :lectron micro-
scope. Tﬁe bar indicates 1000 nm. The enzyme preparation
contains membrane fragmgnts,“vesicu1ated membrane fragﬁéﬁts
and multi-lamellar aggregates. The vesiculated membrane frag-

ments appear to rangé between 500-1000 nm in diameter.
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Fig. 14. Electron micrograph of beef Ertin (Na* + k*)-ATPase reconsti-
~ tuted into egg'-phoSphatidylchoHne 1iposomes. The 11posomes

Jeontaining (Na*t + k?)-ATPase were prepared By detergent deples
tion using gel filtration teéhnique. as described in Materials
and'Methods. Reconstftuted enzyme preparation was negatively
stained with 1% phosphotungstate and observed in a JEM;7A
electron mfcroscope. The bar indicates 100 nm. Reconstituted
preparation exhibits a structure obi"unﬂm'aenm-~ves1c:'les.t ”

ranging between 50-100 nm in diametgt.‘ These vesicles are one

order of magnitude smaller than those seen in native enzyme

‘ preparationv(Fig. 13). .

é:o
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istics of the native enzyme. Thus, the effect of this method of recon-
P 4

stitution on the ouabain receptor properties of (Na‘ + k*)-ATPase was
investigated. In the first experiments the (Na‘ + K*)-ATPase¢ from beef

brain was reconstftuted into liposomeséprepared from a total 1191d ex-
tract of beef brain enzyme and the effect of this procedure on the spec-

ific activity of (Na* + k*)-ATPase 1s shown in Table 5. It {s clear

from these results that the reconstiiuted preparation retained about 65i
of the initial total ATPase activity. Similarly, there was about a 35%
loss of (Na‘t + k*)-ATPase when enzyme from beef brafn wa$ reintroduced
into a 1ipid bilayer composed of 11pid extracted from beef brain (Na+ +
K*)-ATPase. In addition, the Mg++-ATP#se activity of the preparation

had decreased from 13.0 (native enzyme) to 6.7 (reconstituted enzyme)
umol ATP hydrolyzed/mg protein/hr. }This decrease fn activity represent-—
ed about a 50% loss of the inftial activity. The cardiac glycoside re-
ceptor cﬁaracteristics of réconstituted enzyme preparations were studied °
by constructing dose-response curves to inhibition by ouabain. The con-
struction of the mean dose-reSponse curve éﬁd the calculation of the

mean ID50 value for ouabain was carried‘oﬁt as described in Materials

and Methods. Fig. 15 shows the mean dose;re§36nse cdrve to inhibition

by ouabain of beef brain (Na® + k*)-ATPase rgcéhstituted fnto beef 1ipid ¢
1iposomes. Here, the % 1ﬁh1bition of (Na¥ +'k+)-ATPase activit} was .
plotted against the log concentration of ouabain. The mean IDg, value
(4.05 + 0.37 X 10'7M) to inhibition by ouabain of this reconstituted
sysfem did not di ffer significénglx from the mean IDso‘value obtained
with the hative enzyme (3.06 + 0.44 x 10‘7H; Fig. 2). A similar observ-
ation has been made when endogenous Hpids'of'(Na+ + K+)-ATPase 1solated

97
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~ Fig. 15,

% Inhbition of (Na*+K*)-ATPase Activity
3

ol .

00 0° o7 0°  0F ot
’ Ouaban (M) ’

Dose-response curve of ouabatn inhibition of (Na* + x*)-ATPase «

from beef brein reconstituted into beef 11pid liposomes.

Enzyme’ ectivitg wa's determined at 37°C 1n the presence of 2 mM

g » 20 mM k* » 80 mM Na* plus variable concentratfons of oua- |
bain as indicated. 100% fnhibition of (Na* + K*)-ATPase occur- -
red when the ouabein inhibited enzyme activity was siuiler to
that basal actfvity which was observed in the absence of 80 oM

Nat. The points represent Hun t SEM of 5 detemimtions.
The value for one-half maximal iniiibition (IDSO) was calculated
by computer regressfon analysis and is 4.05 £ 0,37 x 1077n.

AN
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‘fron beef brain were serially substituted with lipids‘extractod from

beef bri{n enzyme. The preparation of serially substituted enzyie was
carried out as described in Materials and Methods. In brief, beef brain
(Na+ + K*)qAIPase was added to a beef 1ipid/detergent mixture. The re-
sultant ‘mixture was then gel filtered on Sephadex G-50. The ATPase-
1iposomes eluted in the void volume were concentrated by centrifugatfon
and reintroduced to a beef 1ipid/detergent mixture for the second time.
The resultant mixture ;hs gel filtered on Sephadex G-50 and the ATPase-
Tiposomes eluted fn the void volume were then exposed)so a beef 1ipid/
detergent mixture for the.third time. Theiresultant enzyme/lipid/deter-
gent mixture was gel filtered on Sephadex G-50 and the material eluted

fn the void volume was further fractionated on a column of Sepharose
4B-CL. The ATPase-1iposomes eluted fn the void volume from this co]umn\
were then concentrated by cehtrifugation and assayed for activity as be-
" fore. The mean dose-response curve to ouabain inhibition of this ser- |
fally substituted enzyme preparation is shown 1n Fig. 16. It:-is clear
that there was no significant difference between the mean IDSO values“of
native enzyme (3.06 + 0.44 ‘x 10'7M; Fig. 2) and serially substituted
enzyme (2.65 ¢+ 0.05 x 10'7M: Fig. 16). Houe&er, the repeated exposures
to detergent/11pid mixtures appeared to affect the specific activity of
the serially substituted enzyme, in that the final preparation retained "‘
only 26% of the initial ouabain sensitive ATPase activity (Table 6). :
These results obtained from ouabain dose-response curves, indicated that
uhi]e ‘there 1s a loss of specific activity. the reconstituted enzyme re-
tained 1ts native cardiac glycoside receptor characteéristics and the ex-
. perimental procedure had ;IO effect on the interaction of ouabain with -
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% Inhbition of (Na’+K*)-ATPase Activity
8

o
7

Fig. 16. Lrhl substitutisp f endogenous 1ipids of beef bratn | o
(aat + K *)-ATPase mt beef 11pid Hposoms- Dose-rasponse !
curve to inhibition by

\ouaba'ln. Enzyme activity ws deter-
mined at 37°C in the presence of 2 mM Ng™, 20 m\m 80 m
h plus varfable conctntrations of ovabain as’ 1ndﬂcated |

~ 100% tnhibition of (Mt +x )-A'I'Pase occurred when the ouabﬂn .

hﬂlibiud cnzy-. activity was n-ﬂar to that bnsﬂ lctivity
chh ns observed 1n the absence of 80 w Nt The points.
npnunt Mean t+ SEM of 3 determinations. Tho value for one- ..
half maxtmal fahfbition (IDgy) wes calculated by computer re- -

el

gression analysis and 1s 2.65 + 0.06 x 1_0"711.

'Y




the rcconstitutod enzyme sy;t-. The effect of phosphatidylcholine (egg)
on the intoncti‘ of ouabain with beef brain (ma* + K*)-ATPase s 2
studied. Table 7 and Fig. 17 summarize the ruuluobuind with an en-
zm preparation from buf brafn that had been reconstitutod into egg -
lecithin 1iposomes. It 4s clear from these results that mesn D5y value
(@06 £ 0.24 x 1077M) of (M* + K*)-ATPase reconstituted into phosphati-
‘dy! 1iposomes did not differ signiﬂcantly from that obtained with the
control preparation (4.05 £ 0.37 x 10° H. Fig. 1%). From the nsult§ .
shown in Table 7, it canm be seen that reconstituted pnpunt!on;,rouin-.
ed about 73% of the initial total ATPase activity, The Mg -ATPuc tn-. :‘
_dicated a 60% loss of activity and the (Nl’ + K*)-A‘Thu ws decreased
from 111;.9 (natfve enzgme) to 87.4 (nconst‘ituttd ;nzyuo). umol ATP . *
hydrolyzed/mg protein/hr; which represented only a 23% loss of enzyme
activity. o Y -

For the reasons discussed in the Ratjpnale of this thtsis. it wms
necessary to substitute the endogenous 11pids of beef bradn (na* + xH-
ATPase with 11pids ;:.ttrac'ted from crab nerve (Iilh+ + K*)-ATPlsc' and vioe
versa. Thus, (Na* + x*)-ATPase from beef brafn was reincorporated into
11posomes prep;t:‘oq_ from the 1ipid extracted from a microsomal fraction
4 enriched in cnb‘vnem (u.*Q k*)-ATPase.” The specific activity and .
wean dose-nsponso ‘curve to ﬁnmmtfon by ovatmin of this "mss-onr"
reconstftuted pnptntiop are shown in Table & and Fig. 18 nsptct\lnly.
The dau given in Table 8 demonstrate that reconstituted preparations
retain only 35% of the taitial t:otal ATPase wtlvity. ‘nn loss of llg
ATPase activity was pronounced, as the reconsti t:uud ou)-o had only 201 ‘

of the initial g™ MWrase activity. In contrast, 36% of the inftial

o} -
sl
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Pig. 17. Dose-response curve of ouabain inhibition of (Na*t + k*)-ATPase
from beef brain, reconstituted into egg phosphafidylcholine
11pos§mes. Enzyme actfvitx was determined at 37°C in the pre-
sence of 2 mM Mg++. 20 mM K+. 80 mM Na* plus variable concen-
tratfons of ouabain as indicated. 100% inhibition of
(Na* + K+)-ATPasa occurred when the ouabain {nhibited enzyme
activity was simflar to that basal activity which Qas obserVed
in the absgnce of 80 mM Na*. The points represent Mean + SEM
of 3 determinations.. The value for one-half maximal inhibition
(IDSO) was calculatéd}by computer regression analysis and 1is

5.06 + 0.24 x 10”/N. :
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(Na* + k*)-ATPase activity was present in the reconstituted preparation.

It can be seen from Fig. 18 that the interaction of ouabain with beef
brain (Na+ + K*)-ATPase reconstituted into crab 1ipid 1iposomes was
markedly dffferent to that observed with the enzyme preparation recon-
stituted with 1ipids exfracted from beef brain (Na* + K*)-ATPase. There
was now a significant. increase (P < 0.01) n the mean ID50 value t6 oua-
bain inhibition of the reconstituted enzyme'(1.42 +0.19 x 10'6M) as
compared to the mean ID50 value from the respective control (4.05 + 0.37
X 10'7M;'F1g. 15). Moreover, the maximal inhibition of enzyme activity
of reconstituted preparation was observed at a much higher concentration
of ouabain (1 x 16'3M) when compared to the control preparation (1 x
fﬁ£4M). Thus, the shape of the dose-response curve had changed from a
steep curve, in the control experiments (Fig. 15) to a more shallow
curve (Fig. 18).. $imilar but even mo}e pronounced effects were observed

when the endogenous 1ipids of beef brain (Na* + k*)-ATPase were serfally

replaced with 11pids éxtracted from crab nerve (Na+ + K+)-ATPase. Table

9 and Fig. 19 show the results of this latter experiment. The reconsti-

tuted preparation now retained only 24% of the initial total ATPase act-

ivity. . The (Na*t + K+)-ATPase had decreased from 138.2 (before reconsti-.

tution) to 36.3 (reconstituted enzyme) umol ATP hy&ro1yzed/mg protein/hr
which represented a 74% loss of enzyme activity. The Mg++-ATPase‘showed
a 88% loss of activity. The mean dose-response curve té ouabain inhibi-
tion of this preparation is shown 1ﬁ Fig. 19. It is clear that the mean
‘IDSO value of the serfally substftuted preparation (2.62 + 0.21 x 10'6M)
is markedly different (P < 0.01) from that obtained from the respeétive

'7§; Fig. 16). There ts abéut one

- :

control experiment (2.65 + 0.05 x 10
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% Inhibition of (Na'+K")-ATPase Activity
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Fig. 18.

Ouabain (M)

Dose-response curve of ouabain inhibition of (Na + K )-ATPase

from- beef brain reconstituted 1into crab. lipid 1iposomes.. En- .

-'zyme activity was determined at 37°C 1n the presence of 2 mM -

Mg » 20 mM kt , 80 mM Na*t plus variabfe concentrations of oua-
bain as indicated. 100% inhibition of (Na +K )-ATPase :

voccurred When the ouabain inhibited enzyme activity was simi-

lar to that basal activity which was observed in the absence
of 80 mM Na*. The points represent Mean i SEM of 4 determina-
tions. The value for one-half maximal inhibftion (IDSO) was
calculated hy computer regression analysis and is 1 42 t 0. 19
X 10'6 | '
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~% Inhbbition of (Na'+K*)-ATPase Activity

L2

Fig. 19.

&8 8 g 8

N
o

Serial substitution of endogenous 1ipids of beef brain

~(Na+ +‘K+)-ATPise with crab 1ipid 11posomes. Doee-reeponse

curve to’innibition by ouabain. Enzyme activity was deter- -

- mined at 37°C 1n the presence of 2 mM Mg » 20 mM K+, 80 mM

- Nat plus variable concentrations of ouabain as 1ndicated

100% inh1b1t1on of (Na + K )-ATPase occurred when the ouabein

1nh1b1ted enzyme activity was sim11ar to that basal activity

which was observed in the absence of 80 mM Nat. The points
represent Mean t SEM of 5 determinations.v The value for one-

ha}f.maximal inhibition (IDSO) was calculated by computer_‘ .

'regression analysis and js“2;62 £ 0.21 x 1075m,
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Fig. 20. Electron micrograph of beef brain (Na+ + K+)-ATPase reconsti-
‘tuted into crab 1ipid 1iposomes. The endogenous 1ipids of
beef brain enzyﬁ; were seriaij substituted Qith Tipids ex-
tracted from crab nerve (Na® + k*)-ATPase as described in
Materia]s.&nd Methods.‘ Reconstituted preparatioﬁ was nega-
thely stained with 1% phosphotungstate and observed'in a
JEM-TA electron microscope. The bar inditates iOO nm. Recon-
“stituted préparation exhibits a structure of hnilamellar ves-

icles ranging between 50-100 nm }n diameter._
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»
log unit difference in the ID50 values, between these two preparations.
Moreover, the maximal inhibition to ouabain was only achieved at 1 x
10" concentration of drug compared to 1 x 107 withe@hf%%ont?ol prep-
arations. It is also japparent that ﬁhe shape of the dogz?gﬁgpoﬁse curve
had also changed frgp/a steep curve (Fig.-16) to a shallow curve in the

reconstituted prepa;;tion (Fig. 19). An e]eétron micrograph of this re-

‘ constituted preparation is shown in Fig: 20. It can be seen from this

. Fig. 14.

Figure that reconstituted preparations. hadaliLtructure of primarily uni-
lamellar vesic]es ranging between 50- loovnm fn diameter. It should be ~
noted that the morphological appearance of this preparation is quite

similar to that of phqsbhatidy1cho]1ne reconstituted 1iposomes given in

\

-
N

(2) - Crab Nerye (Nat + k¥)-ATPase

The (Na+ + K+)-ATPase prepared from crab axons were reconstituted

- into 1iposomes of desired 1ipid composition as described in Materials

. and Methods. Firstly, to serve as a control, the enzyme was reconstitu-

ted into 1iposomes prepared from 1ipids extracted from crab nerve
(na* +EK+)-ATPase. The specific activity of crab nerve (Na+ +RK+)—
ATPase before énd after reconstitution into libid vesicles is shown in

Table 10. From these results it is evident that reconst1tut10n of érab

»

nerve ATPase into crab 1iposomes resulted in a 33% loss of total ATPase

activity. The reconstituted preparation retained about 74% of the inf-
tial (Na+ + K+)-ATPase activity. In contrast, the loss of Mg -ATPase

activity was more dramatic, since 1t had decreased ff?m 2.6 (native en-

zyme) to 0.6 (reconstituted enzyme) umol ATP hydrolyzfed/mg protein/hr.
This decrease represented a 77% loss of activity of this enzyme.
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Because the fall in Mg+*-ATPase activity was not parallelod by a simi{lar
decrease in ouabain seositive (Na+ + kK*)-ATPase, the resultant enzyme

preparation had an incr d sensitivity (X) to ouabatin inhibition (95%

for the reconstituted enz
Fig. 21 11lustrates the ﬁean dose-response curve to ouabatn inhibition
of this reconstituted preparation. The mean value for one~half maximal
_inhibition by ouabain was 1.78 & 0.21 x 10~*M which 1s not different
from that of the native enZyme‘(l.Sl t 0;09 X 10‘4M; Fig. 3). A similar

result was obtained when crab nerve (Na* + K+)-ATPase was feconstituted

into phosphatidylcholine (egg) liposqg\es.~ The results of this latter
experiment are summarized in Table 11 and - Fig. 22. It fs clear from the
~ results shown in Table 11 that reconstituted preparations retained 98%
of the inftial total ATPase activity. The ouabafn fnhibitable ATPase

activity of this enzyme preparation remained the same before and after

reconstitution. The mean value obtained for one-half maximal inhfbition

to ouabain of reconstituted preparations was 1. 57 + 0.30 x 10'4M Tﬁis

valueodid not differ. significantly from that of the respective control

C(1.78 £ 0.21'x 1072

The interaction of ouabain with crab nerve (Na* + K*)-ATPase pro-

M; Fig. 21).

tein which was incorporated into a 11pid bilayer composed of 1ipid ex-
tracted from beef brain (Na + K )-ATPase was investigatbd The ATPase
from crab nerve was reconstituted into beef 1ipid 1iposomes as described
in Materials and Methods. The specific activity of this preparation be-

fore and -after reconstitution is shown in Table 12. It can be seen that

reconstituted preparations retained 45% of the inftial total ATPase. act«'*m;

ivity. The specific activity of (Nt + ¢t )-ATPase was decreased from

compared to 87% for the native preparation).

¢‘§/
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% Inhibition of (Na"+K*)-ATPase Activity
3
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08 107 0% 0% ov* ©d SC

Fig. 21.

to that hasi‘l activity which was observed in the absence of 80
"mM Mat. SC indicates saturating concentration of ouabain.

|

Ouabain (M)

Dose-response curve of ouabain inhibition of (Na* + k*)-ATPase
from crab nerve reconstituted into crab 11pid 11,posomes. En-
zyme activity was detcrn‘lned at 37°C in the presence of 2 mM
Hg . 20 mM k¥, 80 mM Na* plus variabu concentrations of oua-
bain as 1nd1cated. 100% {nhibition of (Na* + *)-ATPase
occt;rked'whén' the oyabuin inhibited enzyme activity was stlrui_lar

«

The points represent Mean » SEM of 3 determinations. The
value for ono-ha'lf maxfmal Tnhibition (mso) us calculated by
analysts and s 1.78 & 0.21 x 10,
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% Inhibition of (Na'+K*)-ATPase Activit
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j 0% 107 18 15 .14 1992 sC.
| A . Ouabain (M)

Fig_, 22. Dose response curve of ouabain §nhibition of (Na+ + K+)-ATPase
R P from crab nerve reconstituted into egg phosphatidylcholine
| Tiposomes. -Enzyme activity 'was detenpined at 37°C 1n the pre-
sence of 2 mM lig“', 20 mmli('f; 80 mM Ma* plus,va}'iable concen-
trations o} ouabain as indicated. 100% inhibition of (Nat +

k* )-ATPase ovccurred when the ouabain fnhibited enzyme activity
was similar to that basal activity which was observed 1n the : ~

< absence of 80 mM Na*t SC indicates saturating concentration
| of ouabain. The points represent Mean : SEM of 4 separate
determinations. The value for one-half mxim] inhibition
| (mso) was caiculated by computer regression analysis and {s
R iytosoxw4m

. "ﬁ-\
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13.9 (native enzyme) to 5.9 (reconstituted enzyme) umol ATP hydrolyzed/
mg protein/hr which represented a SQZ loss of activity. Surprisingly,
although the Mg++-ATPase activity was reduced by 47% this was not accom-
panied by an increase in the % ouabain sensitivity of the preparation,
as this parameter remafned unchanged (86% and 89% in the reconstituted
and native enzyme prepara;ions respectively). Fig. 23 represents the
mean dose-response curve to inhibition by ouabain of reconstituted prep- '
arations. When compared with the respective control (Fig. 21) it can be
seen that the ouabain interaction properties of reconstituted prepara-
tions had altered. The mean ID50 value of the rec?nstituted enzyme
(5.40 + 0.87 x IO'SM) was significantly lower than that of the respect-
ive control (1.78 + 0.21 «x 10'4M; Fig. 21). In addition the maximal in-
hibition of recdnstituted enzyme was observed at a much lower concentra-
tibn of ouabain compared to the control preparation. It had decreased
" from the saturating concentration (about 2.0 x 10'?M) to 3 x 1073m,

- This latter effect became more pronouncéd‘when an enzyme preparation
from crab nerve was reconst1tuted into beef 1ipid 1iposomes by the
serial substitution method. The experiment was performed as described
in Materials and Methods. Table 13 shows the specific activity of this
preparation before and after reconstitution into liposomes. It can be
seen that the reconstituted preparation retained 38% of the initial
ouabain fnhibitable ATPase activity. The Mg**-ATPase activity of the
preparation was decreased by 46% from 2.6 (native énzyme) to 1.4 (recon-
-stituted enzyme) umol ATP hydronzed)mg protein/hr.,:However this dg-
crease in Hg++-ATPase was not accompanied by an increase in the ¥ ATPase

sensitive to fnhibition by ouabain; it was in fact decreased from 88% .

L4
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A

0° 07 1% 1% 10* 13 12
: Ouabain (M) 3

Dose-response curve of ouabain inhibtion of (Na¥ + k*)-ATPase
from crab nerve, reconstituted into beef 1ipid 1iposomes. En-
zyme activity was determined at 37°C in the presence of 2 mM

Mg*f, 20 mM K+, 80 mM Na* plus varfable concentrations of oua- .

bain as indicated.” 100% inhibition of (Na* + k*)-ATPase oc-

curred when the ouabafn inhibited enzﬁg activity was similar
to ‘t‘hat basal actiyityv which was observed in the absence of 80
mM Nat. ‘The pofnts’ represent Mean + SEM of § detemina&!gns.

The value for _one-half maximal fnhibftion (IDSO) was cileélat-’- ,

ed by computer,regressfon ana'l},ys‘is and 1s 5.40 + 0.87 «x 10'5H.
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(native enzyme) to 812,(reconstituted enzyme). The mean dose-response
curve to inhibition by ouabain of the reconstituted preparations is

shown in Fig. 24. The mean value obtained for one-half maximal inhibi-

tion by ouabain uas 5.14 + 0.33 x 10'5M which is significantly lower

(P < 0.01) than that of the control preparations (Fig. 3 and Fig. 21).
However, the maximal inhibition of,(Naf + K+)-ATPase activity of the re-
constituted preparations was observed at a much Tower concentration of
ouabain (1 x 107 M) compared to the control preparations which required

saturating concentrations of ouabain (2 0x 10° M) for complete inhibi-‘

tion. It is also evident that the shape of the dose-response curve of
the reconstituted preparations.was di fferent to tbose-of control prepar-
ations. It had changed from a sha]]ow curve to a more steep curve. ihe
morpho]ogica] integrity of reconstituted preparations was studied by
.electron microscopy and is illustrated fn Fig. 25. It is clear that -
this preparation was quite similar to those for phosphatidyichoiine
1iposomes (Fig. 14) apd for beef brain (Na + K )-ATPase reconstituu
in crab 1ipid 1iposames (Fig. 20), in that it had a structure of primar-
ily unilamellar vesicles ranging between 50-100 nm in diameter.

<

,.,_’

(3) Summary of Effects of Ouabain

The results obtained with the reconstituted enzyme preparations are
sumarized in Tables 14 and 15. Table 14 shows the effect of membrane
1ipid composition on the interaction of ouabain with beef brain (Na +
K )-ATPase. It can be seen that reincorporation of beef enzyme into
crab lipid'iipOSOmes resulted in a decreased.sensitivity of the reconsti-

tuted enzyme to {nhibition by ouabain compared to the control prepara-
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% hibition of (Na"+ K*)-ATPase’ Activity
o
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07 1% 0% 104 103
Ouabain (M) |

Fig.‘24; Seriai substitution'of endogenous 11pids of crab nerve

(Na + K )-ATPase with beef 1ipid 1iposomes. Dose resbonse

| cdrve to inhibition by ouabain. Enzyme activity was deterQ
mined at 37°C fn the presence of 2 mM Mg“ 20 mM K*,”80 mM
'Na plus variable concentrations of ouabein as indicated.

100% inhibition of (Ne + K )-ATPase occurred when the ouabain
iinhibited enzyme activity was. simiiar to that besai activity |
uhich wes observed in- the absence of 80 mM.Na*. - The points

. represent Meen , SEM of 4 determinations The veiue for one-

}'half maximal inhibition (IDSO) was caicuieted by computer re-
'gression anelysis end is 5. 14 £0.33 x 10‘5n




Fig. 25.

Electron micrograph of crab nerve (Naf + Kf)-ATPase reconsti-
tuted jnto beef 1ipid Tiposomes. The endogenous 1ipids of
crab nerve enzyme were serfally substitg}ed with 11pid ex-

tracted from beef brain (Na* + k*)-ATPase as described in

Materials and Methods. Reconstituted preparation was nega-
vt1Ve1y S£a1ned-ndth.1% phosbhotungstate and obsérved in a ‘

JEM-7A electran microscope. The bar ‘indicates 100 nm. - Recon-

stituted preparation exhibits a structure of unilamellar ves-

icles, ranging between 50-100 nm in Hiameter.
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tions. This was evident by the sign?#icantly increased (P < 0.01) mean
ID50 value to ouabaim fnhibition. Tﬁis effect became more pronounced
| when the beef enzyme was recqnstitutéd into crab 1ipid 11posomes_by the
;erial substitution method. On the Bther hand incorporation of beef
brain enzyme into egg PC liposomes did not resul Aip an‘aﬂterafion in
.the ouabain interaction properties of the native énzyme.' .
Table 15 summarizes the results obtafned-wiih reconstituted prepar-
ations of (Na¥ + K+)-ATPase from crab nerve. It is clear that the
(Na+ + K+)-ATPase protein had maintained its native characteristics to
ouabain inhibition after reconstitution into egyg phosphatidy1choiine
liposomes. However, when’crab‘nerve enzyme was 1ntrqduced into a beef
1ipid environment, the ouabain inhibitory properties had changed, in
that the reconstituted prepdrations displayed a significént]y Tower
(P < 0.01) mean IDg, value to inhibition by ouabain comparedhio the con-
trol preparations. However, this effect did not become more:pronounced
when the endogendds 1ipids of crab nerve ggiyme were serfally subﬁtitu}ed
with beef 1ipid 1iposomes prepéred from 11pid extracted from the beef

brain (Na+ + K+)-ATPase.




EFFECT OF LIPID COMPOSITION OF MEMBRANE ON THE INMIBITION OF BEEF BRAIN
(Na* + K*)-ATPase BY OUABAIN:

TABLE

14

SUMMARY OF RESULTS

Enzyme preparation n IDéo-ou'abain (M)
A. Beef-Enz. 4  3.06 +0.44 x 187 - (Fig. 2)
B. Beef-E/beef 11pid 5  4.05 £ 0.37 x 1077 a (Fig.15)
C. Beef-E/beef 1ipid 3 2.65 + 0.05 x ]0-7 b | (Fig.16)
3 (serial subst.) .
-".\\
: ‘ N
D. Beef-E/egg PC 3 5.06%0.24 x 107 -7 ¢ . (Fig.17)
E. Beef-E/crab 1ipid 4  1.42 £ 0.19 x 1076 d (Fig.18)
F. Beef-E/crab 11pid 2.62 + 0.21 x 107° e (Fig.19)
(serial subst. ) o ,
a. Not signifidantly different from A.
b. Not significantly different from either A or B.
c. Not significantly different from respective control (B)
d. Significantly different (P < 0.0Y) from respective control (B)

Significant]y different (P < 0. O‘l) from respective control (C) and

from E.

128




| TABLE 15
EFFECT OF LIPID COMPOSITION OF MEMBRANE ON THE INHIBITION OF CRAB NERVE
(Na* + K*)-ATPase BY OUABAIN: SUMMARY OF RESULTS

ms’(‘;-ouabafn (M)

3

Enzyme preparation

A. Crab En;. 4 151 £0.09 % 10t - (Fig. 3)
B._._' Crab-£/crab 11pid 3 1.78:0.20 x 104 a (Fig.21)
c. Crap-E/ng PC 4 1.57 +0.30 x 1074 b (Fig.22)
D. Crab-E/besf 1ipld 5  5.40 & 0.87 "x 10° ¢ (Fig.23)
E. “Crab-£/beer 1 pid 4 5.14 £0.33 'x 10° ¢ - (Fig.28)

(serial subst.) e

a. Not significantly different from A.
b. ‘Not sighiﬁcantly different from respective control (B).
c. S1gn1f1cant]y different (P < 0. 01) from respective control (B).

d. Significantly different (P < 0 01) from B, but not significantly
different fram D. ‘ ' =

B}
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F." Effect of Lipid Flu1d1ty on Ouabain Sensitivity of (Naf + K+)-

Lipids from biological membrepés qndergo a tﬁermotropic phase trans-
‘1tion from a Tiquid crystalline state to a gel state as the temperature
is 1o;ered through the transition region. The transition arises from a
Jfooperative freezing of the hydrocarbon chains located in the interior of ‘
the bilayer (Chapman, 1975). At temperatures above the phase transition T

- temperature (Tc).‘membrane 1ipids ake considered to be predominantly in a

fluid, 11quid crystalline phase. At temperatures below the T.» membrane
lipids are thought to be in a solid or gel phase. Within the phase &

J transition 1ipids are in a mixed phase (Shimshick and McConnell, 1973;

Chapman, 1975).  The phase properties of biological membranes*ean be mod-
ified by severa«lfwa_ys;; For instance, an increase in the averageﬁ

length of thé fatty.acyl chains or a decrease in the ratio of unsaturated/

saturated fatty acid moieties would raise the transition temperature
(Steim et aZ., 1969; Chapman, 1975) In addition, alteration of the cho-
lesterol content of ce11 membranes will modify the molecular packing of

' the phospholipid acyl chains (Papahadjopoulos et al., 1973; Papahadjo-

poulos. 1976) Moreover, changes in’'the distribution of pqlar head
groups ‘\of the negative]y.cherged phospholipids of biomembranes, or allow- |
ing these groups to interact with divalent cations which tend to stabilize
the bilayers could also markedly alter the phase transition temperatures
(Kimelberg and Papahadjopoulos, 1971 Trauble and E1b1, 1974; Verkleij
et aZ.. 1974; Jacobson and Papahadjopoulos, 1975; Sandenmann. 1978).

The degree of membrane f1u1d1ty could give rise to a number of 1m-
Portant effects. A consequence of the phase transition is that the rate

. "'_



of rotational and/or translational diffusions of protein molecules in -
the mémbrang increase by several orders of magnitude on going from the
ge]ﬁ-to liquid-crystalline state (Poo and Cone, 1974; Papahadjopoulos,
1976; Kuo and Wade, 1979). More recent studfes indicate that alteration
of 1ipid fluidity also modulates the availability of prdtei,n' substituents .
nt the membrane surfaces (Borochov and Shinitzky, 1976; §h1n1 tzky and
Rivnay, 1977; Borochov et al., 1979). These tunperayure: 1nduced changes _
in the Tipid structure alter the kinetics of membrane bopnd enzmnes and’
thus can affect various physiological functions (Hcﬂurch‘{e ct al.,. 1973)
As disgussed fn the Introduction of this thesis, there 1s now much evi-
. dence to indicate that the phystcal properties of menbrqne 1ipids ;re
vitally important for thé proper function of (Na* + K+)-:ATPase' enzyme
system. Optimum enzyme activity was. observed when the némbrane Tipids
were in a ﬂuiﬂd state. This, 1s readily demonstrated by the presence of
breaks or discontinuities in Arrhenius plots of enzyme act1vi ty that cor-
" relate with Tipid phase separations (Kimelberg and PapaMdJOpoulos. 1974,
Papahadjopoulos, 1976; Palatini et ai. w 1977). . o
From the results presented sn far 1t is clear that | e {nhibition af
membrane bound (Na + K )-ATPase by ouabain is strongly ﬁdulﬁed by the .
membrane 1ipid compositfon. The fnformation discussed: ﬂ)ove indicates |
,that changes in membrane Hpid fluidity alters the funq:ion of (Na ¥
K *)-ATPase enzyme system Thud, 1t seems possible that ’interaction of
specific 1nhib1tors (such as ouabain) with membrane bound (Na +K )- -
ATPase 1s 1nf1uenced by the physica'l state of Mraned‘lp‘lds., In an
attupt to explain the 11pid modulation of ouabafn sensitivity: of (Na b
K )-ATPase. the effect of changes 1n the fludfty of the nubnne Hpid“
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"phase (1n relation to the thermal transition) on the ouabain inhibition

of beef brain (Na + K )-ATPase was 1nvest1gated This was accomplished
by employing a series of synthetic phosphatidy]cholinés of defined fatty
acid composition. . | o

The 1ipids studied include, dioleoyl (18'1 ‘ /18-1 ) phosphatidy]-
choline (DOPC)-T ,» -22°C (Phi111ps et al., 1969; Ladbrooke and Chapman,
1969; de Kruyff et al., 1973; Chapman, 1975); 1-palmito,2-oleoyl (16:0/
18:10£a)-phosphat1dx]chol{Pe—Jc. -5°C (Ververgaertuet al., 1973; de
Kruyff et al., 1973; Seelig and Waespe-Sarcevic, 1978); dimyristoy]
(14:0/14:0) -phosphatidyicholine (DMPC)—J;. +23°C (Chapman et al., 1967;
Ladbrooke aﬁd Chapman. 1969; Phillips et al., 1969; Chapmdﬁ. 1975);
dipalmitoy} (16:0/16:0) -phosphatidylcholine (DPPC)—T +H1°¢C (Ladbrooke
and Chapman, 1969;' Ververgaert et al., 1973 Chapman, 1975) and
distearoyl (18:0/18:0) -phosphatidylcholine (DSPC) =T.» +58°C (Chapman

et al., 1967 Ladbrooke and Chapman, 1969; Phillips et aot., 1969;

PR1114ps ot ai., 1972; Ververgaert ot d1., 1973; Chapman et aZ.¢ 1975).

-

(1) Beef Brain (ﬁa+ + K+)lATPase/01myristoy1-PC

The (Na+ + K+)-AIPase from beef brain was reconstituted into DMPC -

-11posomes and assayed for activity as described in Materfals and Methods .

The specific éctivjty of (Na+ + K+)qATPase before and after reconstitu-
tion into DMPC vesicles is shown fn Table 16. It is clear from these
results that the reconstituted preparation retained about 73% of the

inftfal Total ATPase activity. Similarly, there was about a 32% loss of

(Na+ + K*)-ATPhQE actjvity. when enzyme was introduced into DMPC 11po-
sones; In contrast, the‘ng*+;ATPase activity of the prephratfoq,had-

¢
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%o Inhibition of (Na’ + K*)-ATPase Activity

Fig. 26
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Dose-response curve of oua‘bain fhh{bi tion of (Na": + K+)-ATPase
from beef brain reconstituted into dimyristoyl phosphatidy]- ,
choHne (DMPC) Hposomes Enzyme activity was determined at '
37°C in the presence of 2 mM Mg , 20 mM Kkt s 80 mM Na*t plus

variable concentrations of ouabafn as indfcated. 100% inhibi-

-

tion of (Na+ + K+)-AT2Ase oécurred when the ouabain 1nh1b1té&' f_~' w e

enzyme activity was simflar to that basai activity which was
| _observéd in the' aﬁs_ence_ of 80 oM Na¥, The points represent
Mean t SEM of 4 deteﬁnination’s.bl The value for one-half max-
imal 1nh1b1tion (IDSO) was calcuhted by computer regmssion
analysis and is 4.03 : 0 45 x 1070, - )

~ / . s
’ . - ! . . b Lou
. ) .

1L
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remained unchanged before (27.i umol ATP hydrolyzed/mg protein/hr) and
after (28.6 umol ATP hydrolyzed/mg protein/hr) reconstitution. The %
ouabain sensitivity of the preparation was sT1ght1y decreased from 86%
(before reconstitution) to 80% (after reconstitution). The cardiac gly-
coside receptor characteristics gf reconstituted enzyme preparations
were studied by constructing dose-response curves to inhibition by oua-
bain. The construction of dose-response cufves and the calculation of
the mean IDSC value for ouabain was carried out as described in Materials
and Methods. The mean dose-responif curve to inhibition by ouabain of BN
beef brain (Na+ + K+)-ATPase recbnsﬁiéﬁfed into DMPC 1iposomes is shown
in Fig. 26. Here, the ¥ inhibition of (Na+ +,K*)-ATPasé act1y1ty was - o
plotted against the 1og'toncentfation of ouabain. The mean ID50 value i
(4.03 £ 0.45 x 10'7M) to 1ﬁh1b1tion by ouabdin of this reconstitutéd‘
p;eparation did. not differ significantly from the mean ID50 value ob-
tained with the respective contro]r—-Beef-Ehzyme/beef—]ipid (4.05 + 0.37
x 1077M; Fig. 15). - |
, oo

(2) Beef Brain (Na* + K*)-ATPase/1-palmito,2-oleoy-PC

Table 17 shows the spééific activity of (Na* + k*)-ATPase prepara-
tion before and after reconstitutio; into 1-pa1m{to,é-oleoy1-Pc vesicles.
The reconstitution of ATPase pfotein into 1iposomes was achieved by gei
filtration technique as described in Materials and Methods. it can be
seen that reconstitution of'(Na+ + K+)-ATPase into this mixed-lecithin C
system, had.rssu1ted'in a 32% loss of initial total AfPase aCﬂ'Vity. The

. _ , ) 4
‘(Na+ + K+)-ATPase activity was also decreased from 129.1 (before reconsti-

tution)to 84:9 (reconstjtuted enzyme) umol ATP hidrd]yzéd/mg protein/hr.

»
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. Fig. 27  Dose-response cnrve of ouabain inhibition of (Na+ + K"')-ATPase

| ' from beef brain reconstituted into 1-palmito, 2-oleoyl phospha-
tidylchoHne Hposomes Enzyme activity was determined -at'37°q_
in the presence of 2 mM Mg ', 20 mM K 80 mM Nat ,pius' variable
concentrations of ouabain as indicated.” 100% inhibition of
(Na + K )-ATPase occurred when the ouaba1 n inhibited enzyme

*tivity was simﬂar to that basal act1v1 ty which was observed
in the absence of 80 mM Nat. The points represent Mean $ SEM

of 4 determinations. The value for one-half maximal inhibition
N IDSO) was -calculated by computer regression ana’lys1s and 1s

| 5.12 £ 0.55 x 10‘7n.

- .
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This decrease in activity represented about a 4% 1oss of the initial
ouabain inhibitable ATPase activity which was comparabie to that observed
with the DMPC retonstituted system. The Mg -ATPase activity had decreas-
ed slightly from 20 9 (before reconstitution) to 17.8 (reconstituted en-
zyme) umo] ATP hydrolyzed/mg protein/hr, and there was no change in the

% ATPase sensitive to inhibition by ouabain. Fig. 27 shows the mean dose-
response curve to inhibition by ouabain of beef brain enzyme reconstituted
into }-palmito,z-oieoyl-PC'iiposomes. 'The.mean ID50 value obtained for
one-hal f maximal inhibition to’ ouabain of this reconstituted system was
5.12 £ 0.55 x 10'7M Phis va]ue did not differ significantly from that
‘of the control preparation (4 05 + 0 37 x 10'7M Fig. 15) | ‘

(3) Beef Brain (Na* + K+)-ATPase/DioieBy1-PC

The effect of increased hilayer fluidity on the interaction of oua- \
bain with (Na+ + K+)-ATPase was studied by using dioleoyl phosphatidy1-
choline liposomes. Table 18 and'Fig. 28 sumarize the results obtained
with'an enzyme preparation -that had been reconstituted into DOPC iipo- -
somes. From the results shown in Tabie 18 it can ‘be seen that the recon-
stituted~preparation had increased total ATPase activity compared to the
, native enzyme preparation The total ATPase activity had increased from
144.9 (native enzyme) to 168.4 (reconstituted enzyme) umol ATP hydrolyzed/‘
mg protein/hr. This represented about a 16% increase of the initia] '
total ATPase activity. Similar]y the reconstituted preparation had an
increased (about 14%) (Na + K )—ATPase activity (123 0 and 140. 5 umol
ATP hydroly:ed/mg protein/hr in the native and reconstituted enzyme prep-

aratfons respectively).,-However, theS@«increases in enzymeAactivity were
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Dose-respOnse curve of ouabain inhibition of (Na* + K*)-ATPase

. from beef brain reconstituted into dioleoyl phosphatidylcholine
- (DporC) Hposomef Enzyme activity was determined at 37°C in

the presence of 2 mM Mg s 20 mM k* » 80 rgM Na plus variable

' con ntrations of ouaba'ln as .indicated 1002 inhibition of

¢*)-ATPase occurred when the ouabain fnhibited en

' lactivity was simﬂar to that basa] activity which waifﬁerved

in the absence of 80 m Nat. The points represent Mean + SEM
of 4 deteminations. The value for one-half maximal inhibition

, Y(IDSO) was calculated by computer regression analysis and is
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not significant at the 1% level. The Mg*'-ATPase activity and the % !
ATPase sensitive to g&abain inhibition of the preparation was unchanged
before and after reconstitution. Fig. 28 shows the mean dosé-nésponse
curve to inhibition b} ouabain of this DOPC reconstttuted system. The -
mean value obtained for one-half maximal inhibition by bunbain was 3.46

+ 0.53 x 10"7M. which was similar to the mean 1050 value of tne contro]l
preparation (4.05 + 0.37 x 10~'M; Fig. 15). “

(4) Beef Brain (Na* + K*)-ATPase/Dipalmitoyl:pc

Table 19 and Fig. 29 sunmértze the results obtdined with an enzyme
preparation from beef brain that had been reconstituted into DPPC lipo-
somes. The data given in Table 19 demonstrate that reconst1tutéd4prep-
aration retained only 42% of the initial total ATPase activity. . Simil- '
ar]y; the ounbain inhibitable ATPase activity was decreased from 152.8
(befo?e;reconstitution) to 54.2 (reconstituted enzyme), umol ATP hydrof
~1y;QQ/mg protein/hr which repre§énted a 65% loss of enzyme activity. %@Y“
The'loss,of Mg++-ATPase activity was not significant, as the reconstituted i
enzyme had 90% of the énitial Mg *-ATPase act1v1ty. Since the‘loss of
(Na¥‘+ K+)-ATPase a 1v1ty was not’ paralleled by a similar reduction in
- the Mg -ATPase ac 1v1ty. the % ouabain sensitivity of the preparation |
had reduced from 88% (native enzyme) to 74% (reconst1tuted enzyme). The

mean dose-response curve to ouabain 1nh1bition of this DPPC reconstituted
_system 1s shown 1 Fig 29. It can be seen that there was no significant
difference betwegz the mean IDSO values of control preparation (4.05 &

0.37 x 10'7M, Fig 15) and DPPC reconstituted enzyme (6 45 + 0. 47 x 10”7 7M'

K

F'lg. 29) . - . ' B
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| variab'le concentrations of ouabain as indicated. 100% 1nhib’i -

\;‘?100(
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*  Quabain (M)

Dose-response i;urve of ouabain 1nh1lg! tion of -(Na“ + K+)-ATPase
from beef brain. re'consti tuted into di palmitoyl phosphatidyl-

,cholfne (DPPC) 14posomes. Enzyme activity was detennined at

37°c in the Ppresence. of 2 mM Mg s 20 mM k* » 80 mM Nat plus
tion of (Na + K"’)-ATPase occurred when the ouabain 1nh1b1ted N
enzyme activity was siuﬁhr to that basal activity which was .
observed in the absence of 80 aﬂ Na « The points represent

~ Mean £ SEM of 3 dete!imtions. The va'lue for one-half max~"

imal 1nh1b1tion ({Dso) was calculated by oonputer regression

analysis and fs 6.45 £ 9,47 x 107N,
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The effect of seriel substitutidn ;f the endcgenous 1ipids of beef
bratn (Na +K )-ATPese with DPPC Iiposome was also investigeted The
preparation of serially substituted enzyue ws carried out as described
in Materfals and Methods. The results of this experiment are smrized

" in Table 20. It is clear that this serie"]ly“ substituted preparation re-

tained only 3% of the initial total ATPase activity Simiiariy. the
activity of (Na + K )-ATPase was drastically reduced from 160. 8 (native

. enzyme} to 3.4 (serially substituted enzyme) umol ATP hydrolyzed/mg pro--

tein/hr which represented about a 98% loss of activity The very low.
(Ne + K )-ATPase activity and decreased $ ouabain sensitivity had ruled
out the study of ouabain interaction properties (by constructing a mean

- dose-response cqrve) of this serfally substituted preparation.

(5)* Beef Brain (Na + K )-ATPase/Distearoy'l~PC
n The effect of decreased bilayer f‘luidity on the oq‘bain inhibition
of (Na +K )-ATPase was investigeted by using DSPC 1ipbsomes. The

(Ma* + K*)-ATPase was reconstitutedvvinto DSPC Iiposones as described in
Meterials and Methods. The speci fic activity of this ATPase preparation

before and after reconstitution into DSPc 1ipid. vesiclt is shown in

v

~

‘Table 21. From these ‘results it is evident that the reconst‘ltuted prep-

aration retatned only 27% of the inftia] yotal ATPase activity. The

‘(Na + K )—ATPese activity had decreaﬁd from 160 T (native enzyme) ' to

32.5 (reconstituted enzyme) oY, ATP hydrotyzed/mg protein/hr which rep-'-f'
hy reconstituted

resented an 80: loss of enzyne activity. In contrasi! '

Ppreparation retained about 82X of the fnitial Mg -Ai} e activity.,
Since the loss of (m + K*)-ATPase activity was not |

@) )
. " .

\ . ' . S e
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Fig. 30 Dose-response curve of buabain inhibition of (Na + K )-ATPaSe~
o ~from beef brain, reconsti tuted 1nto distearoyl phosphatidyl-
choline (DSPC) H posomes.‘; f,zyme activﬁy was determined at
37°C: fn the presence prmMMg , 20 mM k¥, 80mM Nat plus ., R ‘ ‘.
variable ncentratidns of ouabain as 1nd1cated 100% mhibi - i .
tibn of £ + K )-ﬂ?&se mcurred whed! the' ouabatn 1 nhibi ted
T
~ enzyme activity was similar to that basal activity which was _
o observed 1n the absence of 80 mM Nat. The points represent . i
. ”Hean + SEM of 4 detemjnations. The vaIue for one-half nax{mal -
A :‘ ,“ g mmmmunsoa was: calculat;ed by calputer regressim analykis?:gf'f\ |
and 15 7.9 + 1.15'x 10'7H. S |
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similar reduction in the Mg + _ATPase activity, the % odabain sensitivity
of the preparation had decreased from .88% (native enzyme) to 68%/(r¢6n-
tv stituted enzyme) Fig ?2* “1lustrates the mean dose- response ét@t

inhibition by ouabain of this DSPC recon_stituted Vpreparatw #R mean

value for one-half maximal 1nh1b1tion by ouabain was 7726 + ]AIS X 10"m.

This value did not differ significantly from that of the respective con- .’ P I
trol (4.05 + 0.37 x 107/M; Fig. 15). o A

\

The effect of serial substitution of endogenous Hp'lds of beef brain «
(Na + K )-ATPase with DSPC 11posomes was a1so 1nvestigated The experi-
ment was performed as described in Materials and Methods Tabfegzz stm’-
marizes the qults of this exper‘lment. It can be seen that thi.s ’ser1\al-
ly substituted preparation retained 1ittle or no total ATPase oe_tjvit?y. 9
The total ATPase act1.v1t-y had decreased fran 201.6 (natire, enzyme) to 3.4
(serially substituted enzyme) wmol ATP hydro]yzed/mg protein/hr, which *
represented over 98% loss of 1n1&1a1 to@ ATPase activity. Similarly,

the serial replacement of endogenous 11pids of (Na + K, )-ATPase protein

i
w»with DSPC 11posomes had resulted in more or T&;hs a compﬂete loss of .

(Na +K )-ATPase activity. as it waS’ decreased from 178.0 (native enzyme)

“to '0.9 (serially substituted enzyme) umol ATP hydrolyzedng protein/hr.

(6) -Swunary"of Effects of Fluidity
' fhe'?&su‘lts obtainéd with beef brain (Ka* + k*)-ATPase reconstituted
' 1nto a seﬂasfof sy/nthetic phosphatidylcho‘lines with defined fatty acid
composftion are sumarized in Table 23 As mentioned above the phase

: _transition tenper tures [wh'lch is a measure of the 'f1u1d1ty of the

.'l'lpid‘strqcture] f these synthetic lecithins were ranged from -22°C to

P SRy /
S -
T v‘) [
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+58°C. - It can be seen thdi inmrmtim of beef (Na"’ + K+)4ATl5ase into
~ synthetic lectthin 1iposomes did not a"lter the. ouabain 1nteract10n prop-
4 ,
erties of the reconstituted systems compared to the control preparatioﬁ f ¢

A3
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TABLE 23
EFFECT OF LIPID FLUIDITY OF MEMBRANE ON THE INHIBITION oF BEEF BRAIN
(Na* + K¥)-ATPase BY OUABAIN: SUMMARY OF RESULTS ' |
. s -
- Enzyme preparation .n IDSO-OuabainA(M) o
“A. Beef-E/bgef 1ipld 5  4.05£0.37 %107~ - | (Fig.15)
B. Beef-E/ONPC , 4 4.0Q:045x107  *+  (Fig. 26)
o - o - -:;'-A. '_" *' g 7 . —‘nf‘: S
~.C. Beef-E/1-palmito,’ 4 5.12 £ 0.55 x 10° % . O (Fig. 27)
' 2-0leoyl-PC S . -t
 D. Beef-E/DOPC 4 3.46£0.53x 107 SN ' (Fig. 28)
£. 'Begf-E/DPPC 3 6.45:047x1077  *  (Fig. 29) .
F. Beef-£/DSPC 4 _ 7.26+1.5x107 *  (Fig. 30)
* Not' significantly df frerent from A:
ST '
. o . : . W
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IV. DlsyﬁSSION
K. Geheral

» As mentioned in the rationale section offthisﬂpresenfation;the
present study\,'wa‘s»ﬂla;éd on the observation that the (Nz'i+ + K+) -ATPase
isolated from poikilotherms has a markedly reducedeensitivity to inhibi-
tion by ouabain compared to similar enzyme prepa}atiohs from homeotherms:f;
The' aim of the present investigation was to study thgjyeason(s) underty- - '
ing this phenomenon. In the present study both the axons from the cold
nater cnab (Cancer magiéeer) and the cortex from beef brain (Bos taurus)
were enphoyed as the sources of (Na+ + K+)-ATPase from poikilotherms and

homeotherms respectively.

*h

-

\ B. Control Preparations

(1)\ Specific Activity 7 | 5(
'The results shown in Table 1 and Fig. 1 indicated that although beef

brain (Na + K )-ATPase can be activated significantly by deoxycholate
The precise mechanism by ‘which deoxycho]ate causes an activation of )
(Na¥ + K *y-ATPase is not known. However, it was thought that the deter4_

' gent treatment resuits in a removal of extraneous proteins as well as
certain more-iabile iipids (Jgrgensen, 1975). If this is the case, tnen
the lack of activation of (Na +K )-ATPase from crab nerve by deoxychol-
ate extraction may perhaps be due to one or. both of the following reasons.

'-ea) The enzxme pnzgarations isolated from crab axons were more .
"pure”, fn that they contained little or no extraneous proteins

b) It is possible that the lipﬁds of crab nerve enzyme preparations

N ) (
.v‘.. ) C w :

1582 . S
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© Schoner, 1973, 1974; Charnock et al., 1977). .. - -

are more "tightly packed" than those of beef brain (Na* + k¥)-
ATPase and thus not easily removed by detergent treatment.

: Intuitively, it seems more likely that lack of éctfvation'by déoxy-‘
cholate of icrab nerve (Na+ + K+)-ATPase is due to the fact that thése
preparatidns contained 1ittle or no extraneous proteins. In fact, it
has Seeh reported by Jgrgensen and Skou (1971) and Jgrgensen (1972) that
the activation of rabbit kidney (Na+ + K+)-ATPase by DOC was due to the
removal of extraneous proteins, as determined by SDS-ggl électrophoresis.

However, the éctivation of beef brain (Na+ + K+)-Afbésé by deter-
gent extraction can also be explained as‘follows. The untreated edzyme
preparation contained both active (right side-out) and non-active (1n-_
side-out) membrane vesicles. The detergent treatment had resulted 1ﬁ
the "opening" of these membrane vesicles, ai]owing the ready access of
substrate to the (Na* +.K+)-ATPase active sites and,henc; caused -an
a;tivatt:?;yf the vésicle popuiat1on which was iﬁside-out (non-acizye).
Therefore, the increase in beef brain (Na+ + K+)-ATPase activity yy
deoxycholate may perhaps he.due-to the exposure of these latent enzyme .

active sites. If this.specuiation 1s correct then the number of ouabain

"binding sites must also be increased as a result of the detergent ex-
| ’ -

traction. Indeed, the exposure of additional ouabain binding sites

_ aftér défbrgent éxtraction has been reported by Charnock et al. (1977).

Thus, a good correlation between the enzyme specific activity and the

_amqgnt of [3H]-ouaba1n bound at equilibrium at 37°C, exists (Erdmann and: -

If the above explanat1on 1s correct then the lack of activation off

crab nerve (Na + K*)-ATPase by deoxycholate extraction should be due

. . ‘
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to one or both of the‘fo1lowing reasons.
a) The majority (if not ai]) of the membrane vesicles contained in
the untreate& enzyme preparation were oriented right side-out
(active). o
b) Instead of non-leaky membrane vesicles, the untreateevepzyme
preparation éon;ained non—veSicuIated membrane fragments‘or per-
e haps the membrane vesic]es were leaky enough to allow the ready
passage-of enzyme substrate into the 1nside-odt (non-active)
vesicles. | . '
It is possible that ;hese charasteristics of untreated membrane fractions .
enriched in (Na* + K*)-ATPase from crab axops are related to its mémbrane
lipid compasition. However, since no ouabain bfnding studies on crab R
nerve (Na + K )-ATPase. before and after eftraction with deoxycholate
have been carried out, these explanations remain speculative.
: ,gggf
~ (2) Inhibition by Ouabdin
“ ‘The results confirmed that there is a marked difference between the
ID50 values to 1nh1b1tfon by ouabain of the two different types of en--
~ Zyme preparations from beef brain and crab nerve. The polyacrylamide O

gel electrophoretic patterns:gf the two enzyme proteins appeared to be _
~very similar (Fig. 4 and Fig. 5). Although a major structural difference
between the two proteins was not found in the present stud§ it should be
remembe ‘ t the gel eJectrophoresis technique has several drawbacks '
For exm':%ferent gel systems are know&to differ in their reso‘lv-
ing pouer and the sensitivity of staining of pig;eins (bah1 and Hokin. )
1974) Therefbre. it remains possible that a relatively small but
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decisive structural difference between the two (Na* + k*)-ATPase from

beef and crab exists which was not resolved by the gei system employed

in the present study. Since a detai Ted study was not carried out, the

present study does not allow the unequiyoca-) concl.usion that the struct-

ure of two enzyme proteins are identical. Therefore, although it seems

unlikely, a minor structural difference may be present between the two
1\proteins and this may in part be responsible for the decreased ouabain

' sensitivity observed in crab (Na¥ + )-ATPase '

Theoretically, the observed difference in 1050 va]ues@bain
inhibitio:ﬁmay also be explained by assuming the presence of an endogen-
ous inhibitor of (Na + K )-ATPase This 1s a possibility since it has
been reported by Zachowski et al. (1977) and Leliey,re et al. (1979) that
(Na+ é K )-ATPase isolated from murine piasmocytoma MOPC 173 ascites
ceHs contains an endogenous inhibitor nhich was easi'ly removeéd by ex-

| posure toﬂ mM EDTA. The inhibitor has been isoTated and found to be a
phospholipid free protein with a mo]ecular weight of 30.000 A, 000 dal-
“tons. The {incubation of EDTA treated membrane fractions in the presence
of this 1ow mo'lecuiar weight protein and exogenous catt restored . the
original resistance to ouabain inhibition (Le'lievre et az «s. 1979). How-
ever, the presence of such an inhibitor in enzyme preparations employed "
in the present: study is very un'like]y since, -

. a)An membrane fractions enriched in (Na+ + K+)—ATPase were pre-

pared in buffered sucrose solutions which contai ned either 1 mM

(beef brain) ori2 mM (crab. nerve) EDTA. ‘
b) Hhen enzyme preparatio‘ﬂ'i wér_e‘freated with detergent, the incuba=
tion mixture again contlained EDTA. '

o . . ) . -~
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Thus, since the "1nnib1tor" has been reported to be so]ubined
~upon exposure to EDTA the above pr'ocedure(s) should resu]t 1n the removal
of the inhibitor. However, even after these treatments the value for
one-half maximal inhibition to ouabain of the two enzyme preparations
d1ffered by more than two log units. Therefore. it 1s clear that the »
decreased ouabain’ sensitivity of crab nerve (Na + K )~ATPase cannot I&e

readﬂy explained dby. the presence of /an EDTA sensitive "endogenous 1nh1b-
1t°rll

W
(3) Lipid. Composition

The results indicated that crab nerve membrane fractions enrfched St
“in (Na + K )-ATPase contained 1ncreased amount of Iong chain po]yunsat-
urated fatty acids compared to membrane enzyme prepar&tions from beef
brain. In addition crab nerve enzyme contained higher amount of choles~
terol than the beef brain (Na + K )-ATPase Ch01esterol 1s known to
. /modu'late the Hpid fluidity of membranes causing Hpids to be less fluid

4
)

‘ ‘( above the phase transition (T ) temperature, whereas below the T, cho-
Jesterol has been reported to 1ncrease the membrane lipid fluidity

K (Chapman et al., 1979). According to Papahadjopoulos et al. (1973),

cﬁolestero'l may be needed to provide a generally stable membrane frame- 3 T

" '.work but seems to be excluded from the Hpid micro-environment of the
(Nt + K *)AtPase. It has also been reported that the fmmediate Hpid
enqironment of integral membrane enzyme systems sucn as Ca‘H'-‘-ATPase.
contain little or no cholestérol (Rarren ot al., 1975; Kimelberg, 1976).

* Thus in agreemenﬂth the observation of Chamock and Bashford (1975)

1t is possib]eﬂ that at any given temperatur'e the immediate *Hpid et
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enViromment of crab nerve (Na* + k*)-ATPase may be more flufd than the
1ipids adjacent to the beef brain (Na* + Kf)-ATPSse. The difference in
membrane 11pid composition an& its resultant effect on 1ipid fluidity
may wgl'l be responsible for the decreased sensitivity of crab nerve
(Na+ + K*)-ATPas-e to inhibition by nuabain.' Therefore, the pdsls1b1e
Hpid modulation of ouabain 1nteract10n ni (Nat + « )~ATPase was 1n-

'vestigated by the reconst'ltution exper1ments di scussed below.
-~

- C. Reconstitution into Liposomes

( 1) Genera]
Al though the. incorporation of membrane protefns into Hpid ;fesicles

can be aghieVedtby the "sonication method" the loss of 'act_i‘vit_y that
:ccompanies the sonfcation process severely limits the use of this
method for the reconstitution of membrane enzyme systems. The results
summarized in Fig. 6 ind'lcated that sonication of (Na +K )-ATPase
caused complete loss of enzyme acti vity w*lthin a short period of time.
Thus, an alternative method for the reconstitution of (Na* +X )-ATPasé
into Tiposomes had to be found. The 1ncorporation of membrane proteins :
into Hp1d vesicles can be acwmplished by several detergent depletion

" ‘methods.’ These methods rely on the ‘splubflization of Hpids by#ter—

}gent (usual 1y deoxycholate) and the subsequent remova] of the detergent

by éither gel filtration or dialysis: 1iposomes form spontaneously

during this latter stage of- tne procedure. In addition the reconstitu-'
tion of membrane proteins by detergent depletion using 4 gel filtration

_ procedm has been reported for “W different membrarne mo- _

te‘lns. Theydnclude. hog kidney mfnopept‘ldase et ali, 1976),



human acety]choﬂmsterase (Ha1l and Brodbeck, 1978) and T“ﬂ hydm-
phobic peptide from MN-glycoprotein (mmfz at., 1980} - - ¢
Severa'l workers (Hall and Brodbeck, 1978; Allen et al., 1980) have
reported that detergent depletion using gel filtration ts a better '
method for the reconstitution of membrane proteins, as tl!ere is a\uorz
- comple‘te.remova"} of' detergent by gel filtration of Sephadex G-SO than
'could be obtaihed by dialysis. Thus, the potential advantagas of a col-
-umn chromatography t[chnique for membrane reconsty tutid\ over other ‘
methods such as dialysis 1nc1ude. ' - m p
a) Detergent can be renoved very easﬂy and effeéti we]y. |
b) The percentage 1ncorporation of anzm protein mto ‘l‘rposom
"% can be mueh highk, than that achieved by dfa1 9% method [ .
1008 fncorparation of acetylchol{nistarase by gal fﬂtn\tim |
method has bwen neported By Hall and. BMeclu l\‘im)J ' | : ’
.. ) Final material can be achieved within maﬂnfy short period |

Lt

-,.‘ ~ of time (a fow hours oomand to. y&ﬁﬂ dmu’ dia'lysis

.

A '

procedure? ‘ o M""‘;ﬁ L R

- . . Vs ~ TN A * . o roe R !

: : '. - ’ i Y ' ) 3 ’{ . %

(2) Reconst1 tution : ¥ ’-;.-,;j" : . ‘ SR 4

The results of this study d‘emonstrat&d that the regonstftutim Of
(Na* + K *)-ATPase 1ntn 'Hposomes can be successful*f« achieveiuiﬂLJ—
most complete restoration of enzyme activity by the ge'l fﬂtration teeh-
nique. The passage of enzyme/deoxycholan/'lipfd wixture throuyl & cohm
" of Sephadex 6-50 resulted in the- incorporation of - {Na* + K*)ATPase fnto "
the bﬂayer stmctum of Hposones. Thiqs step also resulted fn co-plmji
removal of deox&rchohte The septnﬂon of daurgant fm ATPase~
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'liposomes was fo'liowed by using ”C labelied daoxychoiate Hall and

Brodbeck reported that Sephadex 360 geiufiitration -of iipid/dete&nt/ " ff‘r

- protein mixture nesuii:ed in 99.97% ranoval ‘of the detérgent from thj | ‘

Lipid Accbrding to Aiien et al (1980) 1iposomes prepared by gei fii- :
tration method may ‘retain as few as 10 moiecuies oxychoiate per

1000 lnoiecu‘les of phospholipid after one co'lunn passage. However, in“ \

the present study 1t was found that the ATPase-liposomes contained no '

detectable amount of [”c]-deoxychoi ate. o -

, The (Na +K )-ATPase used in the pre'limin‘ry experiments was Jab-
| =) elled wit.h [3H]-ouabain . TMs enzylne-inhibitor c’en*uas fonned as aw.

" method for tracking the (Na + K )-ATPase proﬁ ﬁn a "mixture oi’
ined liposomes '
s deoi,ychoi-“} ,* Yy

L4

impure proteins) void volmeg"of' Sephadex 6-50 coghd
aid.enizymeeouabain conp]ex (Fig. 7 fractions‘u 19) :
'/"” a- “ate was eluted at a nuth l'ater stage T(F‘ig 7‘. fractions 31-52) s This 13
| - "‘not surprising since Mi fili:ra ﬁ is"based on. tﬁe separation of ‘
: : molecules according to size wThira dre both iiposomas and (Na +K )-
| “* ATPase having a mlecufar uigﬁt abo théyexcl ion ‘Hmit oi’ Sephadex
, 6-50 (about 38.000 daltons) appeared in tne woi;voime In contrast. .
.. the’elution of free ousbatn which was o8t bound to (Na* '+ K*)-ATPase was
retarded due “to fts Tow molecular ueim “Thus,” ‘the second- trittun peak

L  which was much iarger in size was due’ to free [3H]-ouabain (Fig 7 )

-t fractions 26-52). - | |
| '_.\ L Since Toox incorporation of \(Na +xt )-ATPa,se v‘ . )
R not amneved. the void-volume of Saphadex a—so“(rig 7 fractions 14-191. ;
‘z/f, oontaina‘aincorporaied enzyna’is uii as. fm atme protein which was \:'

1 ‘,l
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based on the . to& protein content, 70-80% 1ncorporation of (Na +K )--
J\Il’ase 1nt@,]1posomes was achieved in the prbseht study. In addition to -

the 1qe ¢ and noﬂ-incorporated enzyme - thc Sephadex 8-50 vqid vol-

me c@w:ree T{posomes which did not contain any protein The
\
concentration by centriﬂ;g((\ of Sephadex G-o-ib‘ void volume resuIted in

iElh%m:tion of free }’iposomes vfm the free and 1noorporated enme

. Upon centrifugation the ( o + K, )-_ATPase that hgd bee 1ncorponted

[X
¢
. ’[“D

)
e

_*‘

_J,»i

> *elumd from the Sepharose co'him

into Hpow oqd free (Nq + X )-
let. u[gle free Hposomes stayed 1n th"é’
’M

' Jperniétan UB quuently the. .
't'fre'e. enzyme.-'was sep?ﬁ‘ited‘ fran the 1n.conp¢;;a‘? &e y fract'lonati ng -
the concentratedue“hadex G-Sp \DQ' volm\g on'aé‘ldo}mn of Sepharose l
4B-CL The (Na +K )-ATPase 1ncopporated into Lipb!des was eluted 1n
\the void volume,(Fig 8; frwtio;us 124)24) nhereas gﬁ“free en;yme was

: _ ldter sthge (ﬁg 8'3 ﬁ:acgons »

. ), A
32‘4.0) e . “ 3 » o P ; ’
£ iR L I /
Thé 'lncorporation 31‘{0& +- .,)-ATPase protein 1nto Hposomes had
s

résulted 1n a marked fncrease 1n tﬂe s'lze of the ﬁ"' + K )-ATPase com-
par'ed to the free eazyne proteih mo'fecule These ATPase-]i posomes were
large anough to- exceed the exclus-‘lon Hmtt of. Se.pharese 4B-CL and thus

": eluted in the vofd voluue, In contrgst. the Tree enzyme protein was‘

tnpped 1n the ge] beads and e1uted at’;hter stage Iherefore. an :

) cxaellent separam of ATP\ase-Hposomes fmm free (ua + g )-M‘Pase uas

acbieved Homver. mﬂler X
eIuted in tha S&plnrose m&

-
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exceed the excl u!ton l'hnit of Sepharose 4B-CL aﬁd thus wou'ld be eluted
fn the void Volgme This ,]atter possibﬂfty was ruled out and the in-
[
-corporation of (-Nq +K )-ATPase 1nto 1 posomes was estah%hed by dens-
ity gradient centri'fugﬁtioh of- Sepharose 4B CL void volume on sucrose.
&

* The co-appearance of lijomes on‘gl enzyme-ouobam complex only on the

< top of the gnad(ﬁnt demonstrafed{&t the: enzyme protein had beén i incorp-

», geneoﬁ in stze. ‘rhis obsehat@ was later conf‘lnned by Qect L mic-

~ ‘orated into Hpid bﬂayer ﬁesi 7
& The releyvew broed di .
void 'volume (ng ¥ fractions 12-24) 1n31cated that themre ¥eto-

% ATPase 11posomes e]uted in the ,

Jﬁ%copg which cevealed tﬁat ATPase Hpegnes 'od a strucéure of primar- -
ﬂy unilamﬂmbvesicles ranging between SO-IWm 1n diameter ‘ These f
*ves'icles 'Weﬁ o@simﬂansize to those prev1ously describedeby o&her

. workers (Hacker ct‘al.. 1976; Hail and d Brodbeck, 19‘%) o @

: -experiment) hd produced el ution pmf1les of- enzym‘ouabain a\omplex, 3

~ free ouabain and deo:gycholate which were all very simﬂar (Fig. 10) to

) those seen 1n the° "test" experiment (Fig. 7) However. since exoﬁenous ‘.-j‘

_' 'phosphoHpid was not used the total Py content present in the Sephedex |
"_,-6-50 void volune (Fig 10; fractions 13-18) was much Tess than that 1n
e ‘-the test exper'lment ( Fig. 7)"’ The frheti{nat*lon of concentrated Sepha-
-dex 6-50 void vohne on a oolmn of Sepharose 48-(1 also resulted in an
,e?lut'lon profﬂe of enm-ouaba*ln oonplex (ng. H) stm'l'lar to that of -
jf;'the "test" experment (Fig. 8) For instance the Seplurose void vo]uue
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comglcx In addition fracﬂm i_

enzyme-ouabain complex which reresented the non- incorporated (free) ;

: enz,yme ‘i-lowever. since no exogenous‘ phospho]ipid was used, the enzyme | - 7
7protein eluted at the void vo'lune (Fig. H fractions.12- 17) cannot be
due to (Na + K )-ATPase that had been incorporated into 4 posomes N v
Howqter. i:his can be explained by assuming that in the abs ce of exo-
genous B pid the (Na + K )cATPase protein had fonned aggregates which,

were,;'large enough to be exc“'luded ffxgn the Sepharose 48- CL columh: This?
specg]ation was confinned from the Nu$ ’ the ’ sucroSe dens;? gradi-
~ ent centrifugation experiment (Fig.«]Z) In contrast to the (Ba  +K )-. :
. ATPase‘ reconstituted into Hpesomes (Figs 7. 8 and*g) the final .matertal

o obtairfed frgp the control experiment (Fig.. 10 and Figt 'l’l) appeared to

f.nave an increaged density (Fig. 12). '[he enzyme-ouabain complex had |
’traveiled deeper into the sucrose gradie?t compared to the (Na + K )-'_ o
ATPase reconstituted into Yiposomes which appeared on'ly on & top of | ', q
the gra.dient (Eig.. 9) These resul‘ts indicated that fn the absence of
exogenous li pd-d ﬁe (Na + K )-ATPase had formed aggregates The aggre- |
gation_haf resulted 1n increased size and density of . (Na¥ 4 )-ATPase - " ?’

7which in turn/’ su}ted in the penetration of ehzyme: protein deepe: into :

- the sucrose gradient, compared to ATPase-'Iiposomes e ‘ \r

-

. - \ ‘-“-.;-."‘ - . | | ‘J- _;.".'" : ﬂ- | ’ ," ». " \
(3) Orientattoa,-., * L R A BN E ;
‘ It was observed that external 1y added. ouabain cauSed a complete in-' o
hibition of (Na + K"')-M’Pasa activity of ATPase-ii posomes In addition |
raoonstituted preparatidns exhibited simﬂar Idg, va'lues to. inhibition e
| - ‘ - .. " o VL R ~: A, II‘Q : o ;fj. 1 l.
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by ouabain compared to the mative enzym'e préparations. Therefore, 1t:
~could be assumed that the majority of the (Na+ + K‘_")-ATPase molecules
: hadv or'lented right side-out (1.e. ouabain binding site is on the out
side) in these Hposomes According to Hall and Brodbeck (1978), re-
coﬁstitution of acetylchoiinesterasg ifto lecithin Hposomes by gel .
' mration of Sephadex 6-50 had resulted in the locat'lon of about 80%

of the enzyme protein 1n the’!)ut side of Hposomes (1.e. right side-‘

out) However. ianother serious possibﬂ'lty is that enzymé protein was
oriented in both ways (1.e. right side out and inside out) but extern-

* - X al]y added ouabain was stﬂlﬂ'fecﬂve o inhibiting the enzyme activity ]
,éﬂ" because the. vesic'liﬁr'e 'rky Th'is would avfl.Tow the quick di ffusip

R L P
W ¢ -
ol of"exterhal _ouabain’ and enzyme substrates 1nto the vesfcles

>

Teakage expér1ments were carried out, t’% exact orientation of IN

= K )-ATPase protein in these ATPase-Hposomes e not kuown. - —
. o ¢ 4 .‘"*‘ ‘-,".J_ *

- ¢ ‘ .
: (4) Effect on Specific A::tiv%) : "" S . v
@"3‘ - The restﬂtg of pne'Hminary experimgnts"had 1nd1cated that (Na® +
K )-ATﬁase can be 'lnoorporated *into eqg phosphatidy'lcho]ine Hposomes ‘
o v_ \mth only 10-20% loss oﬂinitfal enzme’activity The exogenous phos-
s pholipid appeared to protect the enzme against denaturation from d&-—-—,ﬂ""'
oxycholate aThis—was evident from the resu]ts of contro1 oxperiments o

N kince in the ,absence of exogenous phospholipids the final materia] was

-~

L JIE
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deoxycholate were required to dissolve ‘bhe 11pid film. this was paraiie"l- .
“ed by an increased igs of (Na + K )-Amse activjty. Simi , when
the (Na +K )-ATPase was reconstituted into 114 posomes by the seria‘l

substitution method. the z loss of (Na + K )-ATP e actiyity was much

.. G
~ hi gher than that observed after a singleasubsti mtﬂfr% It should be re-

called that this serial sulastitut‘ion j)rocedure fnvolved the. exposurexpf ﬁ
(Na + K )-ATPase to deoxychoiw/ﬁpid mixtures not once. but threel
tiﬁs. Alamgh the eb)fact meéhanism by which dcoxycholate’ inactivates
the (Na + K )-ATPase is ‘ot known, it is possible thatihigher concen-
- trations of deterge t resuit in the dissogati\ia of the two po1ypeptide
' subunits ofihg( K )-ATPaSe protein | ,:, v ‘ g
‘In all instances, the reconsﬁgm of (Na +K )—ATPase into

L liposomes resulte& in a decrease in the assgciated Mg -ATPase acgivity

In: many instances this was. not accompanfed by a decrease in the (/Na +
K )-ATPase activity to a simi]ar xtent. Thus. the fina] effe;:t was LS
reconstituted enzyme preparhtion with an increased sensitivity to inhib-
ition by ouabain (on a perceht&ge basis) colhpared to the native enzyme.
/'v/\ 'Hl' .
This ?e’érease in Mg -ATPase oontent during the reconsti tutiMmedym
‘may be” explained as foliows. The exposure of méwbraie fractions enriched ,

in (Na + K )-ATPase to iipid..deomhole} hi:&ure may result in the . ‘\\“ -

extraction of "looseiy bound* Hg -A;[Pase prntein. ) Thus, the subsequent

gtepﬁ \d\ich tnyolved tl'le g"eJ f‘l zion gnd Cenu'ifugation pmcedures
"'°"1d resuit tn the SOWa.ticm di' tﬁis "ex'trac‘ted" Mg -ATPase fiom - v '
(Nt 4 K )-ATPue protein. Therefore the reconstituted enzm mp"a_ b

A A

ti ans




o R . D. - in on lhconstituted Pregrations

. ~:" - The infwmation presented in the Introduction section of this dis-r
' sertatioia indicated that there 1s myuch conﬂicting evidence in the 1it-
* .. erature as to the mle o@mphospdepiids tn Quabain binding to (Na + K )-_
gATPase However, it“is ‘now @enerany agreed ‘?hqt the 1ipids of bioTogic- .
41 membranes éxert a regu'latory Effect mpon the’ behpvigur of -many 1 ntegl'al
_ Mrﬁne enzyme systeins such as (Na K )-ATPase. -The resuits~presented
] ) in this thesi s suggps‘t phat manhrane 11 ptds are~c&pab1e*bf«modu\ti ng'thea‘
jabain. sensitiyity ﬂfa (Na +, ‘K )-ATPase = that is %the drug/receptor ’
pmperue‘*'of ‘this'impor!ant systenn For exampie. the results indic;eted

.
that the method” psed fqr thl- reoonstitution u? (Na +K )-ATP’ase into

H posomes‘aigd‘ nméffect on the cardiac glycoside receptor properties of

| this énzyme syste&r ‘I_‘hereM beef brafin (Na +.K )-ATPase when ‘recori-
o ﬂl stituted 1nto beef 1‘lip‘ld Hposomes yielded an ,{ value fo i,nhipition

) by ouabain simiiar to that of the natiﬂ enzyme (Fig 2, F@ 15, and

Fig. M) - Similarly. crab nerve (Na + K )-ATPase reconstituted into a.

. matrix of‘irab 1ipid was found to have similar cardiac giycoside receptor

properties as the native enzyme (Fig. 3 and “Fig. 21)
e The possib'le lipid modulatm of ouabain sensitivity of (Na »'»
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not necessarily mean that it has a modu‘lating effect upon the ouabain
sensitivity of the (Na M+) -ATpase enzymmstem In other words,
-phospho]ipid may be effective in reacti vating the 1ipid depleted enzyme
but may complete‘ly be: without effect in altering the cardiac giycoside
‘receptor properties of the lltive a(iia + K )-ATPase preparation.

The role of PC in rgﬁftivating the lipid depleted (Na + K ) -ATPase
has been reported by other workers. Paiatini et al. (1977) reported .
that PC was without effect in. restoriw ‘the activity of 'Iipid dep]eted
(Na 4 K )-ATPase unles fgative charges ‘'were introduced into “the 1ipo-

some bilayer. \ASimiT , ¢ . dersloot et al (1978) found phospgatidyf&al

twion\.\) -They 5pecu1ated that th‘ presehce of choiate induces’ the necess-

>

ary negative charge on the 1ipid biiayer structure thus making ‘PC
effective Converseiy, Hi‘lden and Hokin reported that PC can rep'lace
‘endogenous lipids of (Na + K )-ATPase maintaining the coupled transport

| of Na and K The observations %ted in this thesis that (Na + K )-

RS

active _form are in agreement with thods of Hilden and Hokin (1976) .

ATPase can be incorporated im _phosg%atidy'lcho'line 'liposomes, in an

”,

Thereforé, "phosphatidy'lcholine may be effective n repiacing the endo—

genpus phospholi pids of (Na + K+)-ATPase maintaining the enzyme ac‘tivi-

ty or alternative'ly these resu‘lts may be due to one or both of the fol-

!

1owing reasons. N ,
| a) The reconstituted preparations retaih'ed relati ve'ly high amounts

L

. of endoggous phospholi pids. .- A
b) si'he ATPase )iposomes &mtﬁ’ned small amounts of deoxycholate

.'. . uhich~induced tiie heeesgry negati\k char:ge on the lipid (&
S . : e V\ T
: 2 s . e : S R
6 . PN '¢ - g ‘» i \
| S : :‘):&* %’ .
v . S ’ ?: J.,’q‘fa-’{"' * . @
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| _structune: thus‘ m.aklng' PC effective.
Although 1t fs unlikely that fgg results reported in this thesis -
were due to one ar both of .the ;bogfattors, further experiments are
. needed to’ completely rule out these possibilities. - R
However, the results of biological "cross-over" experlmentsf&rong-
ly suggest that'the ouabain sensitivity of (Na + K )-ATPase is regulaf-
ed by the membrane 1ipids. The beef braln (Na+ + K+)-ATPase whi ch was
. . more than 100 fold more sengitive to ouabain 1nh1b1t10n than the crab
« enzyme, became l_es_s_ sens‘lt?:e to ouabain inhibition when it was intro-
v duced into a crab 11 pid envi ronment: Moreover. :}}hen the eéhdogenous
o ‘1ipids of beef enzyme were replaced with ¢rgb lipid 11 posomes by the
"'°"T't ., serial sobst‘ltutlon nlethod., theeshift 1'_n the dose_-re.sponse»-curv_e‘ was
L feven more pronounced (Fig. 18 and Fig. 19). The ID50 value of this
?'latter reconstituted preparation differed f%om the 1050 value of control

-preparation by almost one log unit (,Flg. 16 and Fig. 19). In addition,

crab nerve . (Nat + K )-ATPase recthstﬂ‘uted into beef 1ipid 14 posomes was

-

~ (Fig. 21, Fig 23 and Fig.,Z4) From these observations the following

conclusions can be made, .- e S

a) The flrst sh‘lft seen in thé dose- response curve Q ouabain it

the.change.ln the bulk 11p1d S e

v b) The beef brain (Na + K )-AIPase may oontaln.nn annular llpid‘
‘ layer Awhlch ls ot eas-lly replaceable. 'So-ever, thls layer of
endogenous bl pi t<t:an be replaced w1 xdgenous 1ipids by the

o serial substitu onuethoﬁ

T

SN
-y .

found to be more sensiti.ve to ouabaln 1nh1b1 tion than ‘the natlve enzyme .

bition of sing]e substltuted enzyme preparatlonstnay be due to -

167
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c) Therefore, the more pronounced effects seen when endogenous
1ipids of beef braMn enzyme were serially substﬂuted with crab
" 1ipids may perhaps represent the removal of the annular lipid
-Jayer of beef brain (Na+ + K+)-ATPase. ’ e e

Many 1nvest1 gators beHeve that 1ntegra’l proteins of ceH hlembrancs
_have a close1y associated layer of 11p1d adjacent to them Various ‘
' terms have been used to describe this. 'layer of 14 pid 1nc1ud1 ng "boundary .
layer" 1ipid (Jost ot al., 1973), "halo" 1ipid (Trauble and Overath, - 3
;1973; Stier and Sackmann &73) and "
1975). Al]lthese.wo_rkers' tha
' proteins from the adjacent bullg,]ipid

ar“ .Hn'ld (Irlarren et al-»
id or :lmnobﬂised Hp'ld shel‘l
<&,

exists separati ng the . 1nte\'
pooh ‘One can assume that the primary fungtion of such a 11p1d annulus
is to seal the,protein into the bilayer and the annulus may, depending
| upon the profein, either segnegate Hp'lds essent1a1 for activity (Hous]ay
et al., 1975) or exclude 1nh1b1tor¥ Hpids (Nar n et az , 1975) . @ )
Hesketh (1976) suggested that this. I:I:ﬁ ayé? exc1u8es cholesterol in '
addition the rate of exchange between annu]ar T1ipid-and bulk Hpi,E 1s L _A ’
'thought to be sMow, even when the bulk 11p1d s ﬂuT% Win a I S
recent rev1ew Chapman et al. ( 1979) argued that recent NMR experimen K o
- do not support & concept of boun‘lary 'layers of Hp'lds tor annular l'lgn-
Jds which Tead to_ long 1ived *11pid shel'ls  which regu'late enzyme actfv-
1ty. . In addition Chaman and his ameaugues cautioned that ESR data '
/showing an '1mobﬂe component" ihay wen be due to other effec.ts
high microviscosity o{ trapped Tpid, the spmﬂc attathnent of the ssa,
. probe’to the$mte1n or formation of aggregates of high protein to ngid )

' content (Pink and Chaman, ,1979. Chap-an ct az.. 1979. Rice ot ¢z.. -

«
s : L T ~ : o e
.t . N g . ) N N o . e ¢ . - " N ‘
Lo PR o . . v
: ; ; . - ' ~ . - . - . -
13 ) .
.
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' 1979). Thus, although the current status of the existence of such 1pid
" anaulus around intrinsic proteins is debatable, the observations reported
. in ‘this thesis may be exp1a1ned by assunlng the presence -of such boundary
"" layer of 1ipid. ' BRI g o a.‘i'h

The cardiac glycoside receptor MCS mf crab nerve (Na + Ks)-
ATPase chariged when this énzgme was 1ntroduced \"jnto a beef Hpgd envir-

onment. The reconstituted preparations " , "
hla,y perhaps be due to either. - : S L, - ,
. a) The "annu'lar" Hpids of crab nerve (Na +VK"§ ‘ATPase -are more - i E '
. 'tight'ly bound than those of beef braa enzyme and thus ‘not re- = f“r_
o "',placeable by i “the serial sibsti tution method | o , :
' : . ‘ S REa r
..’ ‘ - \\ C N " - | . o a OR | N \ ‘ g' s .. ’. .
Ly ' " ’ 4
' | b) The "annuTar" 11 pid*‘layer of crab neﬁe enzyme 1s more Iooseiy ‘
e bound than those of beef enzwe Ehus single substitution re- N »p;. .
' su'lts 1n a complete rep'lacelnent of the endogenous Hpids.. e . B
| ’stnce no prd analysis studies were done on these sing'le and semny o
‘ mbsﬂwted preparations, the answer remains speculative. R 3 ; -
Tt gl ‘ o Lo
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- of crap necve (Nat tx+) -ATPase compared to enzyme from beef brain (Na+

-

It 1s known that the membrane 11pids of poikilotherms contatn rela-
tively high proportion of tfnsaturated fatty acids and thus would be more
disordered than: the 1R} pid’ in membranes of homeOtnﬁ_V(Richardson andx "
Tappel, 1962). A similar observation was. made in the present study as -
there was a mer‘ked fncrease in the-po}yun'sa'turated fatty acids content

' K*)-ATPase (Table 2b). Therefore, it should be ,con;ect to assune that .

'beef brain (Nn + K )-ATPase when reconst%ted into crab Hpid lipuanes
was embedded in a mre fluid enviriuunt 'than ‘the. native enzyme Simil-
arly, crab gerve enzwe when introducéd into a less fluidiipid environ-

‘ment than the ‘native ,pr'eparatjon (i.e. by reconsﬂtutingaiﬁo beef 1ipid "&

+
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1ipd§'omes). became more sensitive to inhibition by ouabain. Tms, the s

ouabain sensitivity of (Na +,l¢, )-ATPase may ‘be related to the, “ﬂuidity” .
of the membrane in that as the fluid{ ty,o\f the maembrane is increased the 1

sensitivity to inhibition by ouabain is decreased, and vioc maa On

‘the other hand- it seans ver,y 1kély that the/ 1nteractipn of ouabain’ \ei.th" *

T X b
(Na + K )-ATPase is dependent on “the. "lengi:h ‘of . the fatty acyl chain pf
phosphoUpid surrounding the pmtein T ’
- ) | ‘ ) '3' R .
E. Effects of upm F'Iuidi;y e
Y N s ‘ STl - ' ’

(1) General e, :
' The restnts discussed $0 far st'_

- 3 )-ATPase ‘enzyme system One menmne\proprty wmen mtm be wected
i to inﬂueuce J behaviour of umbrane bound enzymes iﬁ phosphol'lpid

- '__phase stet:’e or ﬂnidity. Evidence that mbrene receptors. enz.ynes and N

r. ©oL0

4 -

'
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T transport proteins are affected by Hpid ﬂuidity has been reported —
P (Papahad:jopou'los ot al., 1973; Stt1] et al., 1975; Marren ot al.,

, 1975 MWiley and Cooper. 1975; Shinitzky aud Irbar, 1976) F'luidity is
.a descriptive term used to 'press the re'lative motional freedom of the
‘ membralmlipid mol‘ecu}es ,hn&' pmtein sub;tituents 1t conveys the 1dea

.’,

&_

S

4

P

| ‘ﬁg ~

’;\' : 'correct-w{'d phase separatinﬁeharacteristics These in turn“can

B affect menbrahe elasticit}), &e ihsertion. aggregabim and diffusiona]

" movements of the prote1n and Hpid canponents as well as penneabﬂity
¢haraoterist'lés (Papahadjobomos ot az., 1974. Trauble and Eib'le. 1978;

.above 1t seems possib'le that the ouabain sensitivity of‘(ﬂa"’ +KY)-
ATPase 1s modulaud by the “ﬂuidity of the méhbrane lipids "Thys the
RERE ,eff'ects of changes fn Mrane Hpid f‘luidity on ouabain 1nh1b1tion of

L beef brain (Na + K+)-ATPase "was studied by uS*lng a.series of synthetic- .

‘.':'phosphatidylcholinujigh deﬁp.d ratty actd conposttion. o
R SN : 3 3 '

that the’ overall structure oﬁ the mgdl;rane is dynamic rather than static_
(Singhr and' N‘lcolson" 19;2).' e g' LT

It has been reported that in btplogicul membra's the'degreeftﬁ/
T "f1u1d1ty is a direct reﬂection.o.f “the 'tmﬂtion.fanperatuge of the
1 (chapnan, 1975) The appropriate phase transition of gipids will
) ore determine the correct ﬂuidity of a cell membrane and -also the . -

| ‘ Chapman. 1975 s'lnenslq ¢t az.. 197%) Frau the 1nfomut{on ascussed_ :

Y
.

(2) Effect on Sngi fic Activity o 1. T / T
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of membrane 11pids on the one hind and ouabat mmmr’o ATPase activ-
| 1ty on the other (Hg. 31). Thore was no loss of (Na + K*)-ATPm
occurmd when enzyne grotein \us reconst‘ltuﬁd T’tb twb cii unutu*rated
phosphatidyIchoHne (DoPC; T¢. -ZZ‘C) liposoms (Tablrla) Siuﬂaﬂy.
 enzyme preparatiuns reconstituud 1nto uitinr lbpaluito.z-olooyl-l'c .
¢ (T, -5°C) or m (Tc. +28°C) ntaiud sbout 70% of initial (Nat ekt
ATPase acti CIn eontrast. romsﬂﬂntlw of ATPase prowln 1nto o
é‘itper DPPC (T, +41°C) or. DSPC (T, ﬂ‘t) Tlposo.s rwﬂud 1n 2 } A
‘constderable loss of enzywe activity. as ttu meonstituud pnpamtionh o0
retained only 20-35% of'ﬂn Tnitial (Ia ‘f kh- mqu acttvity (Tables :
19 and Hi). The dacreated.% ouabatn s-nsiﬁvit.y observed.with gigher - ¢ F
e e (Table 19) or DSPC (Table 21) monmmm plratiomgm w4
; m the faci that | these phosphol‘lp‘lds .umtimy reased ths“q:ﬁvity
of (Ma* + K*)-ATPase wmmmfmt;ag the mocde Hg'ATPase act-
tvity. Therefore, these mﬂd«d‘mnﬂm had & docrns’d g
ATPm snnsitivc to ouabnfu cuund to Mntﬂn cm prcpa
(Tablos 19 and 21). ,,;,Lf* ERR "‘, o

A1 the ATPase: mm were carrw * 7°c. Thcufo"

-z
a

,_ -fz-omya-pc and noc ueonstmud sntw all had 7«» » _
o ,transitions and' exist&d only 1n1 the uquidwmu}}/im Sﬂ"“_ u!ﬂh DPPt

ij;‘f’t'ln uae absenm oif promr 'lip‘ld m‘lm, sm:h}&s tu$ cm of uﬂm fwc
”'“o‘r nsm mmsti o, ‘the sta
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cholesterol levels can alter the surface labelling or exposure of both
intrinsic and extrinsic membrane proteins (Borochov and Shinitzky, 1976;
Shinitzky and Rivnay, 1977; Borochov et al., 1979). Although 1t {s un-

likely, it is possible that the increased cholesterol content of the

membrane is responsible for the decreased ouabain sensitivity observed
with crao.nerve.(Na* + K*)-ATPase. Therefore; further experiments are‘
needed to rule out the possible role of cholesterol in modulating the
ouabafn sensitivity of (Na +K )-ATPase Unfortunateiy. preliminary

experiments (not reported here) indjcated that only very limited changes

in cholesterol content of'iiposomes was possible without destroying the
integrity of the reconstituted preparations From the infonnation dis-
cussed in the Introduction of this t;ezis it is evident that the polar
“head group of phospholipid molecule plays a major role in the reactiva-
tion of iipid-deficient (Na + K )-ATPase Max {mum reactivation was
achieved"ijh phospholipid moiecuies bearing a net neditive’cnarge.‘

'However, the influence of the polar head. group of the phospholipid

* molecules on the ouabain interaction properties of (Nat + K+)fATPase

has not been reported. Although it is unlikely, the possibflity exists
that a difference in the net charge of the 1ipid matrix is responsible
for the observed decreased sensitivity of crab nerve.(Na+ + K*)-ATPase

to inhibition by ouabafn.
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'Fig. 31. Correlation between the gfféct of membrane Vipid fluidity and
the specific activity of beef brain (Na"' + K+)-ATPase reconst{-
tuted into various synthetic phos);ha’tidﬁcholine 1{posomes.
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becomes such that i1t would not support the (Na +K ) stimulated hydro-
1ysis of ATP. Gel state of lipid milieu would produce a hindrance on
confonnational changes required for catalytic activity. This was further
supported by the observation that serially substi tuted preparations of
(Na* + K )-ATPase with either DPPC or DSPC, rotam Tittle or no oua-
bafn sensitive ATPase activity (Tables 20 and 22). Although some di-
rect inhibition of (Na+ + K+) ~ATPase_protein by deoxycholateﬂs present,
this alone will not account for the compiéte losﬂ" + K+)-ATPase
activity of these serfally substituted preparati This : is evident

from the fact that the endogenous 1ipids of beef brafn enzyme can be

seria]ly replaced by either beef or crab 11pid 1iposomes wfthout com-

4 , ‘
plete loss of enzyme activity (Tables 6 and 9) ' -

The ability of (Na + K )-ATPase protein to' function (although at .

much reduced rates),’below the T, of surrounding " pidsa as in the case

with DP@C or DSPC reconstifuted systems (Tables 'i9‘ and 21)}‘ can tb’é_ ex-
plaihed as follows. As ment{oned ear\iier. the (Na"'. + K_")-ATPas:e protein

-may be surrounded by a 11pid annulus which 1s not easily replaceable.
Therefore. after single substitution with either DPPC or DSPC the ATPase
protein may phase separate with more f'luid Hpid (1.e. with 1ts 1ipid
annulus) at 37°c which was below the phase transition temperatyre of
the_bulk Hpid pool of these reconstituted preparations. It can be
speculated that in eitu the inlnediate 11pid environment of beef brain

,(Na+ + K+)-ATPase s more Fluid than the bulk 1ipid and requires a lower

] temperature ‘for the transition. .‘The idea of a more fluid enzyme mic

~environment {s also supported by the finding of Grisham and Barnett that
: a highly purified (lia+ + K-"')-ATPase had a more fluid membrane than the-

- ° P T R z

o |74
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or1gina1 microsomes In addition 1ntreased fﬂuidity of the lipid'
micro-environment of ‘ATPase protein compared to bulk lipids has been .
reported for the rat basolateral manbrane (Na +K )-ATPase. (Brasitus s
and Schachter, 1980). ) N

The annular 1ipid shell 6f, peef brain (Na + K )-ATPase appears to-
be réplaceable with exogenou‘lg;ospholipids by the serial substitution
method The replacement of this annular 1ipid layer wigﬁ a phospholipid
which exists in the gel state resilts in a eomplete loss of (Ne+ + K+)-
‘ ATPase activity. Therefore, the loss of activity of serfelly substituted
preparationf of beef brein (Na+ + K+)-ATPase with efther DPPC or DSPC
would be due to the‘apparent lack of fluidity of the 1ipid nicro-env1ron—
ment of ATPase protein. . \ |

In contrast with (Na' + K )-ATPase, the associated Mgtt -ATPase act-
.1v1ty of reconstituted pneparations remeined unchanged before and*after
reconstitution .into Tiposomes composed of defined fatty acid compos ition.
The decreaserin Mg*+-ATPase activity observed in serially substituted
preparqtion; (Tables 20 and 22) s most likely to be. due to'e direct
e?$ect of deoxycholate upon the protein. Thus, these results sugbest ' .-
that membrane bound Mg -ATPase is relatively-insensitive to changes in
membrane 11pid fluidity. In.accord with this hypothesis Gordon et al.
(1980) repehted.that the membnane bound Mg++jATPase is insensitive to
‘changes in the 11pid fluidity”achieved by the local anaesthetic, benzyl

alcohol. >

As reported by several other 1nvestigators (Kimelberg and Papahad-
Jopoulos, 1972; Charnock et al., 1973; Papahadjopoulos et al., 1973;
Kimelberg and Pepehadjopou]oe. 1974; Sinensky ¢t al., 1979b; Gordon
et al., 1980), the results dfscussed sn far clearlyjsuggestlthat the

*



.
physical state of ‘the phospholfpids or hydrocarbon fluidity of the memb-
rane is an important detenninant in the activity of’ (Na + K )-ATPase
The necessity of a fluid state o)’membrane lipihﬁmatrix fbr optimal act-
A 1v1ty of (Nat + K ) -ATPase ts not: surprising since this pzyme “system 1is
zinvolved in the transport of catﬂons across cell membranes and thys ex-
. pected to possess extensive conformational mobility. The fl_u‘ldity of
the acyl chains of phospholipids in the membrane provides the required
motional freedom allowing the (Na+ + Kf)-ATPase‘ protein to undergo con-
fzmational 'changes associated wi tn 1 ts actiu‘lty.. Acoo'rd'lng to .Go'rdon
et al. (1980) the changes in bulk merbrane 11pids would be expected to
s:ft on all membrane boynd enzyme proteins,. and the select1v1ty of this
effect would 1{e at the level of the protein and 1t® shell of annular
1ip#d. These speculations may perhaps be supported by the observattons
reported in this thesis, since (Na+‘+ K+)-ATPase and Mg++-ATPase were
" found to be affected differently to ch‘angess’i n the membrane 1ipid fluid-
1ty I . | "

The .results: of this study support prior reports (Kimelberg, 1976;
Kime]berg. 1977) that suggest that physiologica] conditions, such as
' dr‘ug tre\unents, hofmone treatments and changes n men'brane Hpid com-
position - that can produce alterations in membrane f1u1d1ty can have
maried effects on rateés of'enzyme catalysis and.-hence normal cell

. . ¥

function. -
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(3) Effect on Inhibition by Ouabain _~
The results which have been dtscussed so far indicated _that the
activity of beef brain (Na +. K )-ATPase was sensitive to the physical
. state of membrane phospholipids.y. However. the ouabain interaction PEOP-
erties of this enzyme system appeared to be independent of the bulk
11pid fluidity. This was evident from the fact that (Na* + K *)-ATPase.
.O from beef brain reconstituted into various synthetic lecithin sys tems |
(Tc'. r‘a_nging from"-22 to +58°C). retained its‘ native cardiac glycoside
receptor properties (Table 23) However. these studies do not rule out-
. the possibility that the inhibition by ouabain of' (Na +K )-ATPase is
‘ modulated by the Oluidity of its lipid annulus. This is a possibility.
since these ‘studies were performed only wi\th single substituted enzyme
pneparations Attempts to prepare active’ prepa’rr'ations of beef brain
(Na +K )-ATPase reconstituted {nto ei ther DPPC or DSPC liposomes. by
the serial substitution method ‘were unsuccessful (Tables 20 and 22).

Farias and coworkers claimed that fluoride inhibition of membrane

bound rat erythrocyte (Na + K )-ATPase and acetylcholinesterase are
dependent on the fluidity of the membrane lipid phase and that changes

in this fluidity affect the allosteric properties of these enzyme sys-
tems (Moreroet qt., 1972; Bloj et al., 1973; Farias et al., 1975).

" However, a more recent Peport from Van Deenen's group indicates that .
inactivation of aoetyiﬁ:ol‘inesterase from hunan erythrocytes by fluoride
is not dependent on the fluidi ty of the surrounding membrane enviiwnt
(Frenkel ot at., 1980) In cdntrast. the enzyme activity of mﬁo}-
inesterase was found to be strongly modulated by its hydrophobic envir-

onment. These findings of Frenkel et al. are very similar ‘to the

e
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obsePvations reported in this thesis for the beef brain (Na* + k*)-

\

o \

ATPase. o S o '
The results of the "cross over" experiments (Figures 18, 19 and

'23). clearly suggest that Mrane 11pid composition can modulate the
~ sensitivity of (Na* + K*)-ATPase to inhibition by ouabain. However,

!
the ouabain interection properties of beef brain (Na + K )-ATPase wers,

) unchanged when the fluidity of the lrpf d matrix was varted with. synthetic

lecithins (Table 23). Thus, the Iipid moduiati)of ouabain sensitivity

" of (Na + K )-ATPase must be dué to some other property(ies) of the

a

'Iipid bilayer

It has been reported that ouabain binding sites on ’\a + K .)- *

ATPase may exist at least in two different environments (Inagaki et az .y .

- 1974; Hansen, 1976; Charnock et al., 1977; Frickle and Klaus, 1977;

Schoner: ot al., 1977; Vin-Alstyre, 1978; Rhee and Hokin, 1979). The.. .
difference in the 1050 vaiues to ouabain of beef brain and crab nerve
(Na + E )-ATPase ay be explained by assunihg two ciasses of ouabain

binding sites If this 1s the case, then one site may be located on the

'are located 1 the core of the membrane then ‘these sites may or Wt
: be accessible to ouabain. depending on the length. of the fatty et,y'i
.‘chain of phospholipid adjaceng -to (Na +K )-ATPase propein. Phpspho-ﬁ'” '

surface of the membrane and therefore easily accessible to quebein. e

However. if t ere is a second population of ouabain binding sites which :

4
P
A

.. lipids with re'lative‘ly short fatty acy'l chains may allow the easy -access ..

~ of ouabain- to these "dee eep”. binding sites. g:onversely. phosoholipids
- with ‘longer chain lengths may hinder (perhaps by phospholipid ' tluced -

confomtional changes of the ATPase pnotein) the accessibility of oua-
bafn to these binding sites. In addition, increased flujdity ofa’the -

o £

iz
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fatty acyl. chains my perhaps support this “hindering'; effect.‘ These
speculations' are in accordance with the results ‘obtained from the 'lip*ld
(Na + K )-ATPase which indicated that 1ipids from} crab nerve enzyme
preparation contatned more 1ong chain_fa'tty acids "compared‘to,beef brain
,,(N"*. + I(+)-ATPase. It can be calculated from the results gfven 1n Ta31e
'Zb' that in beef brain enzyme only 3% of total setorates contributed to-
. wards long cha1n (from 20:0 onwards) fatty acids. In contrast 33% of
total saturl’tes of l*lip'lds of (Na+‘r+ K+)-ATPaS}Ifran crab nerve contained
ﬁtty acfds ,with Tonger cKiin lengths. Pmong the unsaturates, 56% of
the total unsaturated fatty acids of beef enzyme were consisted of long-
er chain lengths, ‘wh‘l'le in the crab.enzyme this value had increased up
to 71%. Therefore, it is c'lear;that the enzyme from crab nerve is mark-
edly rich in fatty acids with 'Ionger chatn lengths and eontained more
.polyunsaturate'd fatty acids oompared to the 1ipids of beef brain enzyme.
The regulation of both. enzyme activity and sensitivity to {nhibitors by
" the chain length and the degree of unsaturation of phggphblipid acyl
cha1ns has been reported for at least one menbrane bound enzyme System,
.'name'ly the mitochond?ial ATPase complex (ani et al., 1975; Pitotti
et al., 1980). -Therefore, it seems 1ikely that the -chain length and the
degree of unseturation of phosphoHpid acyl chains of “the 1ipid micro- |
environment of (Na 4K ),-ATPese play a role in the modulation of its
cardiac glycoside recepfor properties.’
It should be recalled that membrane preparations from crab axons
contained higher amounts of cho1ester01 conpared to enzyme preparations
from beef brain. It has been reported that changes in newrane

Y




F. Summary
The ®bservations reported in this thesis can be sumarized as

follows.

a) The (Na* + K.*)-ATPaseAenzyme system can be incorporated.into
liposomes of desired 11pid camposition by the gel chramatography

technique. , .

"~ b) The ouabain interaction properties of (Na + K )-ATPase are»
_strongly modulated by the membrane Hpid composition.

c) The ouabafn sensitive ATPase activity.is dependerit on the phxs- -

fcal state of membrane phospholipids. The bulk 1ipid fluidity
will, in general regulqte the (Na"' + K+)-ATl5ase ac{:ivi‘ty ]’he
(Na +K )-ATPase enzyme system requ1res a fluid state of hemb-

rane 1ipids and a Ionger fatt.y acyl chain length to be funy
.

. ‘active.. In contrast the Mg -ATPase activity appears to be
relatively insensitive to changes in the bulk 1ipid flu‘ldj,ty.

~ . ~ ‘ : ‘ v
d) The bulk lipid fluidity does; not appear to regulate the inter-
action of ouabain with the beef brain (Na+ + K+)-ATPase. “These
observations however do not eliminate the possibility that oua- :
bain sensitivity of beef brain (Na+‘+ K+) -ATPase may perhaps be
regulated by the "fluidity" of 1\ts 1i{pid annulus. '

e) It is speculated that the increased chain length and the degree

of unsaturation of the phospholipid acyl chains or a phospholipid

head group effect may be responsible for the decreased ouabain
sensitivity observed with the crab nerve (Na+ + K"’) -ATPase.

181




Ve

.
.(‘,
»t?““

" Although thc results presented in this thosis}iﬁdiclt.d the de-
creased sensitivity to ouabain 1nh1bitﬁqupf J;!'~f' " (Na +xt )=
ATPase campared to enzyme from beef hra!n r ; 5 on | : lipid compon-
ent, the present study does nﬁt 04( a0y *{dirpretation. The

flutdity of the 11pid matrix was t the ouabatFinter

\ . “ - =
actfion propérties of the beef brain (Na + k' )-ATPase. However, the
effec\of polar head group, increased qhain length and degree of unsatur-

ation of the fatty acyl chains of phosphoIiptdsion the ouabain inhibition

of (ﬁa+ + K+):§TPase remain to be seen. It {s quite possible that modu-
latfon of. ouabain sensitivfty of (Na+ + K+)-ATPase is due either to one
of these factors or perhaps a combination of two or more factors. There
s no doubt that the Eoncept of 11pid modulation of cardiac glycoside .
2fceptor properties o‘f(‘(Na+ + K+)-AfPas; requires and deserves further

investigation.
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