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Binding of ethylenediamine to phosphatidylserine is inhibitory
to Na*/K*-ATPase

F.M.A.H. Schuurmans Stekhoven ¥, G.I. Tesser °, G. Ramsteyn , H.G.P. Swarts *
and J.J.H.H.M. De Pont *

“ Department of Biochemistry, University of Nijmegen, Nijmegen (Netherlands) and b Department of Organic Chemistry,
Unirversity of Nijmegen, Nijmegen (Netherlands)

(Received 19 February 1992)

Key words: ATPase. Na * /K *-: Ethylencdiamine: Phosphatidylserine

Covalent linkage of cthylenediamine with the Na*/K*-ATPasc complex from rabbit kidney outer medulla by the use of the
water-soluble carbodiimide, N-cthyl, N '-(3-dimethylaminopropyl)carbodiimide, resulted in a 73% reaction with phosphatidyl-
serine and only 27% with carboxylic groups in the proteic component of the enzyme. Condensation products from the reaction
between phosphatidylserine and ethylenediamine, N-(O-phosphatidylseryl)ethylencdiamine, N, N "-bis(O-phosphatidylserybethyl-
encdiamine and its intermediary product O-phosphatidyl-{ N,N -bis(seryD]ethylenediamine, were synthesised. Symmetrically
substituted cthylenediamine was the most likely condensation product of ethylenediamine with endogenous phosphatidyiscrine.
The synthesised lipids were incorporated in proteoliposomes containing Na®/K*-ATPasc and only the addition of the
phospholipid phosphatidylcholine. The ratio of phospholipid to protein was 52 (w/w). These proteoliposomes were perforated by
the addition of 0.5% cholate and both the Na*-dependent phosphorylation level and its dependence on Na*, Mg2* and ATP
were measured. Phosphatidylcholine alone increased the half-maximal activation concentration for Na* ([Na' ], 5) from 0.2 to
1-2 mM, for Mg** from 0.1 10 0.8 M and for ATP fiom 0.62 0 0.3 uM. The K; for K* (in the abscnce of Na') was
unaffected: 12.8 #M vs. 12,5 uM in the non-reconstituted system. Replacing 10 mol% of phosphatidylcholine by phosphatidyl-
cthanolamine or phosphatidylscrine had no significant effect on [Na*],s: 1.1 and 0.7 mM, respectively. Replacing 5 mol%
phosphatidylcholine by the bis(phosphatidylseryl) substituent of cthylencdiamine further increased [Na*], s to 13.7 mM, while
half-maximal activation concentrations for Mg®* and ATP were unaltered. The mono-phosphatidylseryl derivatives of cthylenc-
diaminc, cach 5 mol%, also increased [Na '], but to a lesser extent (3.2-3.8 mM). In addition to their competitive effects, the
phosphatidylscryl-substituted cthylenediamine compounds exerted a slowly-increasing non-competitive inhibition, not only in
phosphorylation, but also in overall ATPase activity, which was reduced, although not abolished, by exogenous proicin (bovine
serum albumin). A detergent-like action in the usual sensc is unlikely since liposomes cortaining these lipids remained intact.
These studics prove that phospholipids arc not only required for optimal activity of this transport enzyme, bui in excess or in
compositions deviating from the normal, may also be inhibitory.
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Abbreviations: Eda, eihylenediamine; PC, phosphatidylcholine; PE.
phosphatidylethanolamine; PS, phosphatidylserine; P1, phosphatidyl-
inositol; PA, phosphatidic acid: SM, sphingomyelin; PS-Eda(Ser)
(compound VIa), O-phosnhatidyl-{ N,N "-bis(seryD]ethylencdiamine:
PS,Eda (compounz: Vlla), N, N '-bis( O-phosphatidylserylethylene
diamine; PS-Eda (compound VIIla), N-(O-phosphatidylseryl)ethyl-
enediamine; EP, phosphorylation level (steady-state), EDC, N-
ethyl, N '-(3-dimethylan.inopropyl)carbodiimide ; CMC, 1-cyclohexyl-
3-(2-morpholinyl-4-cthyl)carbodiimide  metho-p-toluencsulfonate:
EPIS, N-ethyl-5-phenylisoxazolium-3'-sulfonate; TPS, 2,4,6-triisopro-
pylbenzenesulfonyl chloride; Z, benzyloxycarbonyl; Trt, (trityD), triph-
enylmethyl; DCC, dicyclohexylcarbodiimide; DCU, dicyclohexyiurea;
HOBt, hydroxybenzotriazole; CDTA, trans-1,2-diaminocyclohexane
tetraacetic acid: EDTA, ethylenediammetetraacetic  acid:  Tris,
tris(hydroxymethyl)aminomethane:  TDM, 4.4'-tetramethyldiamino-

Na*/K*-ATPase, the enzyme responsible for active
Na* and K* transport over the plasma membrane, is
not only embedded in the phospholipid bilayer, but is
also dependent on phospholipids for its action [1].
Although the polar headgroup specificity would be
limited [1], counterarguments have been proposed in
favour of the interaction with the negatively-charged
phospholipids PS and PI as being essential for activa-
tion [2]. In addition, size and unsaturation of acyl side

Correspondence to: F.M.A.H. Schuvurmans Stekhoven, Department
of Biochemistry, University of Nijmegen, P.O. Box 9101, 6500 HB
Nijmegen, Netherlands.

diphenylmethane; Mo or Mo-blue, Molybdenum blue reagent; ny,
Hill coefficient; K, Nernst partition quotient; ry,,,. clement of maxi-
mal concentration in counter-current distribution.
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chains are of importance in relation to the balance
between membrane order and fluidity required for
enzyme activity [3-5].

Recently [6,7], we discovered that ethylenediamine
(Eda) is an inhibitory probe for Na* and K™ activation
sites (or access to these sites). Only the double-proto-
nated Eda was a strong inhibitor (I5,=0.45 mM in
Na *-activated phosphorylation), indicating that during
its inhibition, it occupies paired, negatiyely-charged
cation activation sites, which are 3-4 A apart [7].
Likely candidates for such activation sites are carbo-
diimide-sensitive carboxylic acid groups {8,9]. On the
assumption that these carbodiimide-reactive carboxyls
include or overlap the Eda binding sites, we have
analysed cross-linking between Eda and the Na*/K™-
ATPase proteolipid complex using the water-solu-
ble N-cthyl, N'-(3-dimethylaminopropyl)carbodiimide
(EDC). Strikingly, the majority (around 73%) of ra-
dioactively-labeled cthylenediamine appceared in the
lipid moicty. More specifically, label was associated
with PS, despitc a predominance of carboxyl group
pairs in the protein as compared to PS-twins in the
lipid (40 vs. 27.8 mol /mol Na*/K*-ATPase [1,10]).

In order w0 establish the involvement of the
phospholipid as an inhibitory sitc of action of ethylene-
diamine, we synthesised the mono- and bis(phosphati-
dylseryl) derivatives of ethylenediamine, PS-Eda (com-
pound VlIla) and PS,Eda (compound VlIla). The ef-
fects on phosphorylation and overall activity of
Na*/K*-ATPase in PC liposomes vehicles were inves-
tigated, in addition to offects of the intermediate syn-

thetic product of PS,Eda, PS-Eda(Ser) {compounc-

Vla). In agrecment with the concept of paired occu-
pancy of carboxyl groups by Eda, the bis(phosphati-
dylseryl) derivative VIla displayed the strongest inhibi-
tion toward Na* activation of the Na*/K*-ATPase.

Materials and Methods

Enzyme preparation and overell hydrolytic activity
Na*/K*-ATPase was prepared ‘and purified from
rabbit kidncy outer medulla according to the isopycnic
zonal centrifugation method of Jargensen [11], follow-
ing solubilisation of contaminating protein by dodecyl-
sulfate trcatment. Removal of ATP, used to stabilise
the enzyme during isolation, by hydrolysis, washing and
storage of the enzyme was carried out according to
Schoot et al. [12}, except for the composition of the
storage medium, which contained S0 mM imidazole-
HCI (pH 7.0), 10% (w/v) sucrose and no CDTA.
Protein was determined by the method of Lowry et
al. [13), following trichloroacetic acid precipitation and
using bovine serum albumin as a standard [11]. Specific
activity of the enzyme preparations, as determined
under standard conditions (pH 7.4, 37°C [12)), ranged
between 1000 and 1500 wmol /mg protein per h. Over-

all activity of proteoliposomes was assayed in a medium
(0.3 ml) of identical composition: 100 mM Na*, 10 mM
K*, 5 mM Mg?*, 5 mM ATP, 30 mM imidazole-HCl
(pH 74), 0.1 mM EDTA and 145 ug enzyme
protein/ml. [y-*PJATP was added to the ATP result-
ing in a specific radioactivity in the order of 0.15
Ci/mol. Initiating by the addition of 15 ul 100 mM
ATP to 285 ul of the assay medium, the reaction was
traced for 15 min at 37°C. At intervals of 5 min, 2 ml
10% (w/v) of analytical grade charcoal in 5% (w/v)
trichloroacetic acid (stopping solution) was added.
Blanks without enzyme served as controls, ond blanks
where stopping solution was added prior to the ATP
served as zero-time controls. The suspension was cen-
trifuged at 0°C for 10 min at 2000 X g, and 0.5 ml
aliquots of the supernatant fluid were taken for deter-
mination of P via liquid scintillation counting; 5-ul
aliquots of ATP served as standards.

Phosphorylation

The method of phosphorylation of the enzyme at
23°C and pH 7.0 was in principle based on our previous
method [7): 20 ul [y-*¥PJATP (0.15 mM, 240-2425
cpm/pmol) were added to 130 ul of a reaction medium
containing proteoliposomes or enzyme (15 ug on pro-
tein basis) in triethanolamine-HCl (50 mM, pH 7.0),
Na*® (concentrations as specified), MgCl, (0.1 mM)
and cholate (0.5%). All concentrations indicate final
concentrations, except for ATP, which became 20 uM
upon dilution. The proicoliposomes were preincubated
in the reaction medium with cholate for 3 min at 23°C,
prior to addition of ATP, in order to maximise the
number of phosphorylation sites accessible to the sub-
strate, while keeping detergent inactivation (about
10%) to a minimum. Phosphorylation was quenched 5 s
after initiating the reaction by the addition of 5 ml 5%
(w/v) trichloroacetic acid, containing 0.1 M phosphoric
acid. The sediment was washed three times on 25 mm
diameter, 1.2 um pore size membrane filters
(Schleicher and Schuell, Dassel, Germany) with the
quenching solution and counted for *2P in a liquid-
scintillation analyser after addition of 4 ml Opti-Fluor
(Packard Instruments, Groningen, The Netherlands).
Data were corrected for blanks in which the quenching
medium was added prior to ATP. Aliquots (2 ul) of
the ATP solation served as standards. Phosphorylation
for 10 or 15 s yielded levels equivalent to those at 5 s,
proving a steady-staie had been reached. In view of a
developing inhibition exerted by some of the phospho-
lipids (see results), the time lag between the start of
reconstitution and phosphorylation was kept constant
(2.5-3.5 h, fixed time per experiment).

Preparation of the (proteo)liposomes
Liposomes were prepared according to the proce-
dure of Rabon et al. [14]. Per ml of evertual liposomal



suspension the protocol was as follows: a solution of
phosphatidylcholine in chloroform, equivalent to 39 mg
(49.6 umol) PC, plus 2 mg (5.2 wmol) cholesterol was
evaporated in a 15 ml round-bottom glass tube under a
stream of N,, while swirling on a Vortex mixer. The
lipid was dissolved again in ether (1 ml) and treated
twice in the same way. The film was then dissolved
again in 1 ml diethyl ether, and 1 ml buffer medium (50
mM triethanolamine-HCl, pH 7.0) was added. The
ether was evaporated, while stirring, by a controlled
stream of N,, using a bubble counter (three bubbles
per s). The resulting liposomal suspension was soni-
cated for 30 min at maximal output (Branson Sonifier
B-12) in a sonicator ice-cooled water bath (Heat Sys-
tems Ultrasonics). The liposomes could be stored at
4°C for at least a week [15]. A maximum of 10 mol% of
PC was replaced by another phospholipid, as specified
in the results. The liposomal volume (percentage of the
total suspension) was determined according to Oku et
al. [16]). To this end liposomes were prepared in the
presence of (.02 mM caleein; 5 ul was added to 1| ml
50 mM tricthanolamine (pH 7.0) and the fluorescence
(exitation 490 nm, emission 520 nm, slit width 10 nm)
was recorded. Fluorescence of the extravesicular cal-
cein was quenched by the addition of 5 ul 10 mM
CoCl, and intravesicular fluorescence was quenched
by opening of the liposomes by addition of 50 !l 5%
cholate. The ratio of fluorescence decrease (corrected
for dilution) before and after addition of detergent
yielded the relative intravesicular volume.

Proteoliposomes were prepared (in 15 ml round-bot-
tom glass tubes) by treating enzyme protein (6.3-6.4
mg/ml) with triethanolamine cholate solution (5% in
cholate initially, 0.91% (w /v) finally) for 1 min at room
temperature. Liposomes were then added (1.33 ml = 52
mg PC per mg protein), mixcd and frozen in liquid N,.
Thawing was carried out at room temperature. This
freeze-thawing was repeated twice more and the ob-
tained proteoliposomes were sonicated for 6 min, as
indicated above for liposomes.

The cholate used in our studies (preparation of
proteoliposomes and opening of the vesicles) was puri-
fied by decolourisation of a hot ethanolic solution of
cholic acid with a few spoonfuls of analytical grade
charcoal [17]. After filtration, the solvent was removed
by rotatory evaporation and the residue recrystallised
from dilute acetic acid. The crystals were dried under
vacuum over NaOH. A 5% solution in H,O was made
by the addition of triethanolamine to a concentration
of 210 mM, giving rise to a pH of 7.3. Residual [Na™]
and [K*] were shown to be 12.3 uM and 44 uM,
respectively. It was observed that the imidazole salt is
poorly soluble, and although the Tris salt is soluble,
Tris cannot be used, since it is inhibitory to phospho-
rylation [18].
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Covalent coupling of ethylenediamine 10 Na*/X *-
ATPase and individual (phospho)lipids

Coupling of ["*Clethylenediamine (up to 150 uM, 22
Ci/mol) to the enzyme (0.5 mg/ml) was accomplished
by the addition of 0.2 vol. of an aqueous solution of
N-ethyl, N '-(3-dimethylaminopropyl)carbodiimide-HCI
(EDC, 5§ mM) to 0.8 vol. of a buffered enzyme suspcn-
sion, containing 62.5 mM triethanolamine-HCl (pH
7.0). The covalent coupling reaction was run overnight
at 22°C in stoppered glass tubes (about 12 ml), and
under N, to prevent carbamate formation from eth-
ylenediamine and CO,. Duplicate aliquots of 40 wul
were mixed with 4 ml 5% (w /v) trichloroacetic acid to
reduce the coupling of ethylenediamine to proteolipid
(where formation of trichloroacetic anhydride would
become predominant). After standing for 1 h at room
temperature, the samples were filtered and washed
three times on the filter with 5% trichloroacetic acid.
Contents of the filters were then extracted for 30 min
with 1 ml 10% (w/v) sodium dodecylsulfate and
counted for "C, following mixing with 10 ml Insta- Gel
(Packard Instrument B.V., Groningen, The Nether-
lands). Blanks, serving as correction for aspecific eth-
ylenediamine binding, were prepared by the use of
non-radioactive Eda (50 maM, pH 7.0) in addition to the
radioactive chemical. These counts are related to pro-
tein -+ lipid-associated ethylenediamine coupling. Ali-
quots (5 ulb) of ["Clethylenediamine served as stan-
dards.

To the remainder of ilie coupling medium, 4 ml 5%
trichloroacetic acid was also added, but instead of
filtration, 3-fold centrifugation and resuspension was
applied. After the ultimate centrifugation step, the
lipid was extracted with chloroform-methanol as out-
lined below. Coupling agents, other than EDC
(CMC, 1-cyclohexyl-3-(2-morpholinyl-4-ethyl)carbodi-
imide metho-p-toluenesulfonate [19]; EPIS, N-ethyl-5-
phenylisoxazolium-3'-sulfonate [20,21]) were inferior to
EDC: 90 and 98% lower coupling within 1 h, respec-
tively. Concentrations of EDC higher than 2 mM
yiclded suboptimal incorporation of ethylenediamine,
possibly becausc of side reactions: formation of intra-
and intermolecular cross-links [22]. 1 mM EDC was,
therefore, applied, yielding optimal coupling to pro-
tein.

Coupling of ["Clethylenediamine to individual
(phospho)lipids followed the same procedure as that
applied to the Na*/K*-ATPase preparation, but un-
der swirling (Vortex, model K-500-4). In order to
approach the natural conditions amounts of specific
lipids (2 mg/ml CHCl,/CH;OH (2:1, v/v)), as calcu-
lated from the literature [1,23) and corresponding to
0.25 mg Na*/K*-ATPase protein, were as follows: SM
(20 wl), PC (40 wl), P1 (10 ul), FS (15 ul), PE (30 ul),
PA (arbitrarily 25 ul), cholesterol (30 ul); (0.5 mg/ml):
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palmitic acid (10 u), stearic acid (5 u1) and oleic acid
(5 uD) in a total voiume of 0.5 ml. Addition of trichloro-
acetic acid at the end of incubation was omitted, but
the lipid was extracted directly (see below procedure).

Lipid extraction

Lipid extraction followed the procedure of Folch et
al. [24), using 2-ml portions of CHCl;/CH,OH (2:1,
v/v, I* extraciion) and CHCl;/CH;0H/H,0
(2:1:0.12, v/v, 2™ and 3™ extraction). H,0 (0.2-0.3
ml) was added to bring about phase separation. Extrac-
tion was carried out by stirring (Vortex, model K-500-4)
for 30, 60 and again 60 min, respectively, in stoppered

glass tubes under N,. Phase separation was accelerated
by centrifugation, the lower phases were combined and
made up to 10 ml by addition of CHCl,/CH,OH/
H,0. The combined lower phases were extracted with
22 ml 0.1 M KCl (once) and 2.2 ml 0.1 M KCl,
saturated with CHCl;/CH;OH/H,0 (iwice). The
KCl-extracted lower layer was evaporated to dryness in
a hot water bath under a stream of N, and the residue
was taken up in a few hundred microliters tcluene-
ethanol (4:1, v/v). Aliquots of this solution were used
for thin-layer chromatography [25], determination of
lipid phosphorus [26], or lipid-associated ethylenedi-
amine binding following the coupling with ["*Clethyl-
encdiamine by EDC.

Trt-C1
NHZ-(':HZ Trt-Ser-0H Trt-Ser-NH-CH2
Eda 1 Trt-H-CH, — Trt-NH-CH,
s Z-Ser-NH-CH H,/Pd  H-Ser-NH-CH
2-Ser-OH 2 2 2
2-Ser-Ni-CH, Ul —s H-Ser-NH-CH, 1113
1) (THg)ySi=Cl
2) Etg
3) Trtl
4) EtN
-0
| 5) MeOH/(65°)
Trt-Ser—NH-(':H2
’ Tre-Ser-ni-ch, 1V
PA/TPS-C1 PA PA
Iv —b Trt-Ser-NH-CH2 VI + Trt-Ser-NH-CH2 VII
pyr/CH2C12 | |
Trt-Ser-NH-CH2 Trt-Sfr-NH-Chz
PA/TPS=C1 PA
Vo ———— Trt-Ser(PA)-HH-CH, VIII
pyr/CHyCl, |
Trt-NH-Ch oA
ACOH/H,0 ,
VI-VIII -——:;—;—» detritylated products H-Ser-NH-CH2 Via
) H-Ser-HH-CH,
PA
H-Ser-NH-CH, V1la Hﬁhmmwzvum
H-Ser-NH-CH, Ni~CH,
PA

Fig. I»‘Synlhe!ic chart for the preparation of the phosphatidylseryiethylenediamine derivatives (compounds VIa-VIila). Nomenclature and
abbreviations of the intermediary and final products: I, ethylenediamine (Eda); 11, N-trilylethylenediam?ne (Trt-Eda); 11, N,N '-bis( N-benzyl-
oxycarbonylsetyl)ethylenediamine ((Z-Ser),Edaj; 1la, NN *-bis(seryhethylenediamine {(H-Ser),Eda); 1V, N.N "-bis( N-tritylseryl)etbylenedia-
mine ((Trt-Ser),Eda): V., N« N-tritylseryl)-N "-tritylethylcnediamine (Trt-Ser-Eda(Trt)): VI, O-phosphatidyl-{ N, N "-bis( N-tritylseryl)

ethylen?diamine] (Trt-Ser(PA)-Eda(Trt-Ser)); Vla, O-phosphatidyl-{ NN’
N.N '-bls(N-(rityl-O—phosphalidylseryl)ethylenediamine ([Trt-Ser(PA)),

-bis(seryl)]ethylencdiamine (Ser{PA)-Eda(Ser) or PS-Eda(Ser)); VI1,
Eda); Vlla, N,N'-bis(O-phosphatidylserylethylenediamine (Ser(PA)},

Eda or PS,Eda); VIil, N-(N-trityl-O-phosphatidylseryl)-N "tritylethylenediamine (Trt-Ser(PA)-Eda(Trt)); VIlia, N-(O-phosphatidylseryl)ethyl-
enediamine (Ser(PA)-Eda or PS-Eda).



Thin-layer (phospho)lipid chromatography

Aliquots, containing 5-10 ug of the various lipids
were applied on 10 X 10 cm silica gel plates, having
been preheated (150°C, 3G min) to remove moisture
and pre-eluted with CHCl,/CH,OH (2:1, v/v) to
remove any lipophilic contamination. The spots were
dried under N, and chromatographed with
CHCl,/CH,0OH/CH;COOH/H,0 (40:10:10: 1,
v/v) until the solvent front reached the top of the
plate. The plate was then dried under N, and rechro-
matographed in the same direction up to 1.2 cm from
the top, using a solvent, containing the same compo-
nents but in the proportions 120:46:19:3 (v/v) [27].
The plate was air-dried and subjected to 1, vapour.
The spots were encircled with pencil and destained by
cvaporation overnight. In the case of the covalent
coupling of ["*Clethylenediamine, the thin layer plate
was autoradiographed for 5 days and the radioactive
spots scraped off and counted for “C.

Synthesis of mono- and bis(phosphatidylseryl)ethylen-
ediamine (compounds Villa and Vila)

These compounds were synthesized by condensation
of phosphatidic acid to the N-protected headgroup
components {(V and 1V) by means of the sterically-
hindered coupling agent 2,4,6-triisopropylbenzene-
sulfonyl chloride (TPS [28,29]), and subsequent re-
moval of the trityl groups by hydrolysis in acetic
acid /water [30].

The reaction scheme, including the synthesis of 1V
and V, is outlined in Fig. 1.

(TrtSer),Eda (I1V) was synthesized by coupling of
benzyloxycarbonyl serine (Z-Ser) to Eda (I), reductive
removal of the Z-groups, and tritylation of (H-Ser),Eda
(I1l1a), rather than by direct acylation with Trt-Ser,
because of an allegedly poor coupling rate of trity-
lamino acids [31]. This route could not be applied in
the synthesis of the N-tritylated monoseryl-Eda inter-
mediate (V) because of poor solubility of the free base
(N-SerEda) in the tritylation medium. In the latter
case direct coupling of Trt-Ser to Trt-Eda [32] was
carried out (Fig. 1).

All steps were checked by thin layer chromatog-
raphy on silica gel with fluorescence indicator, elemen-
tal (CHN) analysis, 'H-NMR (90 or 400 MHz) and
mass spectroscopy or analysis of the constituent
residues following hydrolysis. Phosphate was assessed
according to Fiske and SubbaRow [33] and the modifi-
cation of Broekhuyse [34], using H,SO,/HCIO, (5:1,
v/v) as destruction medium. Ethylerediamine was
monitored as fluorescamine derivative [35], using HPLC
(Lichrosorb RP-18 250 X 4 mm, pressure 65-66 bar,
22°C, eluent 0.1 M sodium phosphate (pH 7.5)/
CH,OH (3:2, v/v), flow 0.5 ml per min) in combina-
tion with spectrofluorometry (excitation 390 nm, emis-
sion 480 nm; retention time: serine 7.6 min, ethylenedi-
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aminc 12.6 min). Fatty acid residues were assayed
using BCl ;-catalysed methanolysis for 30 min at 100°C
[36] in combination with GLC (fused silica-Chrompack
WCOT CP-Sil 88-50 m/0.22 mm, 90-225°C: 16
C°/min; retention times fatty acids, min: 16:0, 10.5;
18:1, 12.3; 21:0, 14.2).

Detection of spots on TI.C was carried out by the
following means:

1. UV fluorescence quenching (illumination at 254 nm)
by aromatic residues.

2. Spraying with ninhydrin (0.06% (w/v) in butanol/
CH,COOH (100:4, v/v)), followed by heating for
10 min at 80°C on -NH, or Trt-NH-.

3. Spraying with 4.,4'-tetramethyldiaminodiphenyl-
methane (TDM) reagent ([37], solution E: 0.3%
(w/v) ninhydrin in butanol/CH,COOH (100:3,
v/v)), after dipping in a Cl, atmosphere (chlorina-
tion tank) for 10 s and removal of excess Cl, by air.
Primary, sccondary and tertiary amines, phenols and
carboxylic acid salts all stain. Spraying could be
applied after ninhydrin staining.

4. Spraying with H,80,/CH,0H (1:1, v/v) on trityl
compounds, including TrtOCH ;.

5. Spraying with Molybdenum blue reagent [38] on
phosphate esters. The reagent could be applied
after ninhydrin. Coincidence of ninhydrin- and
molybdenum-positive material proves the coupling
of phosphatidic acid and the phospholipid head-
group (see below).

Synthesis of the intermediary products

Z-Ser was synthesized according to Wiinsch [39],
Trt-Cl according to Vogel [40] and TrtSer according to
Barlos et al. [32] (Procedure C). The latter product
melted at 143-145°C. The R; value in SiO_-TLC (iso-
propyl-OH/25% NH,/H,0 (7:1:2, v/v) as eluent)
was 0.64, the spot being positive with UV and ninhy-
drin, with a trace contaminant at R = 0.4, which was
only ninhydrin-positive. The R; value of the major
product in CHCl;/CH;O0H (9:1, v/v) was 0.21-0.26.

Trt-Eda (I1). Ethylenediamine (50 mmol) in 25 ml
dry, methanol-free CHCI, was treated at room temper-
ature with 0.5 equivalent TrtCl, dissolved in 25 ml
CHCI, (dropwise addition under stirring). A white
solid, presumably ethylenediamine-HCl, precipitated
and was removed by filtration. Following evaporation
of the solvent, the residue solidified and was dissolved
in 10 ml CHCl,/CH,OH = 19:1, filtered through a
8.5 X 5 cm SiO, 60 H column and eluted with the same
solvent at a rate of 1 m!/min (46 5-ml fractions, 11 of
10 ml). Fractions 39-57 containing only the monotrityl
compound (R, on SiO,-TLC with CHCl;/CH;0H =
9:1 as solvent 0.14, Trt,Eda 0.84, spots UV- and
ninhydrin-positive) were combined, yielding a yellow
glass (32% yield), which crystallised upon standing
(m.p. 67-68°C). CHN-analysis (%): C (83.09), H (7.32),
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N (9.27); calculated C (83.40), H (7.33), N (9.26).
'THNMR (90 MHz, CDCl,): phenyl (8§ 7.35 ppm, m) 15
H; «-CH, (6 2.85 ppm, t) 2 H; B-CH, (6 2.23 ppm, t)
2 H.

(Z-Ser),Eda (III). 5 g Z-Ser (20.9 mmol) + 0.82
equivalent hydroxybenzotriazole - H,O0 (HOBt - H,0)
+ 0.41 equivalent ethylenediamine were dissolved in 20
ml tetrahydrofuran, and dimethylformamide was added
to keep all components in solution. Then 1.03 equiva-
lents DCC were added as a solid, the mixture being
stirred under Ar for 72 h. Excess DCC was converted
to DCU by the addition of about 1 ml CH;COOH and
further standing (1 h). After filtration, the solvent was
removed under reduced pressure and the residue ex-
tracted with ice-cold tetrahydrofuran to remove HOBt
and residual DCU (R; values 0.46 and 0.74, respec-
tively, on SiO,-TLC, CHCI,/Ci1,0H/CH ;COOH
(95:20:3, v/v) as solvent, both spots being TDM-posi-
tive, while only the one with the lowest R, value was
UV-positive). The remaining solid was recrystallised
from methanol, yiclding pure 11 in 54% yield (R, 0.49
on SiO,-TLC with CHCI,/CH;OH/CH,COOH
(95:20:3, v/v), spot weakly UV-positive, strongly
TDM-positive). The compound decomposed at about
200°C, turning yellow and melting completely at 225°C.
CHN-analysis (%): C (57.35), H (5.99), N (11.08); calcu-
lated C (57.36), H (6.02), N (11.15). "H-NMR (90 MHz,
CD,0D): phenyl (8 7.3 ppm, s) 10 H; benzyl-CH, (&
5.1 ppm, s) 4 H; a-seryl-CH (8 4.11 ppm, t) 2 H;
B-seryl-CH, (8 3.7 ppm, d) 4 H. [a]® = +26° (c =1,
dimethylformamide). )

(H-Ser), Eda (Illa). Compound III (3 mmol, 1.5 g) in
a 1% (w/v) solution in methanol was subjected to
hydrogenolysis using 10% Pd on carbon as the catalyst
(total H, consumption 140 ml). The solution was fil-
tered over Celite and the solvent was rcmoved by
¢vaporation, leaving a white crystalline mass in 100%
yield. In contrast to the starting material, it did not
travel on SiO,-TLC in CHCl,/CH,OH/CH,COOH
(only one TDM- and ninhydrin-positive spot was ob-
served at the origin). I1la was not analysed further but
directly trausferred as a whole to the next tritylation
step.

(Trt-Ser), Eda (1V). Compound Illa was N-tritylated
in much the same way as indicated for serine [32].
Following protection of all functional groups with
trimethylsilyl functions, selective N-protection was per-
formed with trityl chloride and triethylamine in boiling
chloroform. Some care had to be given to the complete
removal of the protecting trimethylsilyl groups on oxy-
gen. The final product required heating under reflux
for about 4 h in methanol/(C,H;);N (0.1 equivalent)
to convert all ninhydrin-positive (transient) spots in
TLC to one spot: R; 0.3 (CHCl,/MeOH (24:1, v/V)).

After evaporation of the solvent, the residue was
purified by chromatography using a SiO, column (4.5

X5 cm) and CHCl;/CH;OH (24:1, v/v) as the sol-
vent (5 ml) and the eluent (5-ml fractions). In total, 35
fractions were collected, changing to CHCl,/CH ;OH
(9:1, v/v) as eluent at fraction 26. TLC was carried
out with CHCl;/CH;OH (24:1, v/v). TrtOCH; (R,
0.77, UV-positive, ninhydrin-negative) preceded the
product (fractions 11-24). The product (R; 0.26, UVv-
and ninhydrin-positive) was eluted in the fractions 15
to 32. Weakly UV- and ninhydrin-positive material (R
0.11) was present in fractions 28 and on. Fractions
15-32 were combined and crystallised upon evapora-
tion.

The residue was dissolved in 5 ml CHCI, and the
solution was added dropwise under stirring to 30 ml
hexane, cooled to the temperature of solid CO,/
acetone (—77°C). A faintly yellow solid (R; 0.33) p.c-
cipitated, leaving TrtOCH ; (R; 0.77) in solution Yield
58%; the product liquefied above 150°C with o sharp
melting point. CHN-analysis (%): C (75.84), H (6.47), N
(7.40); calculated C (76.86), H (6.45), N (7.79). '"H-NMR
(90 MHz, CDCl;): amido (8 7.7 ppm, s) 2 H; phenyl (8
7.3 ppm, m) 30 H; overlapping peaks of a-seryl-CH,
Eda-CH,, a-seryl-NH and B-seryl-CH, (& 2.7-3.8
ppm) 12 H. Major mass spectrum peaks (fast atomic
bombardment) 115 (McLafferty transformed segment
minus N), 243 (trityl) and 719 (total molecule). [a]2* =
—47.4° (¢ =1, CHCl;/CH,OH (9: 1, v/V)).

Trt-Ser-Eda(Trt) (V). Trt-Eda (7.68 mmol) was dis-
solved with 1 equivalent Trt-Ser in 50 ml dimethyl-
formamide together with 1.1 equivalents hydroxybenzo-
triazole and 1.05 equivalents DCC (added in 20 ml
dimethylformamide). The reaction mixture was left un-
der Ar at room tempcrature overnight. Precipitated
DCU (which started to form after 1 h) was removed by
filtration and the clear supernatant added dropwise
under stirring to 400 ml saturated NaHCO,. The resul-
tant white precipitate was dissolved in diethyl cther.
The solution was filtered and the ether layer was
washed with saturated NaCl and finally dried over
Na,SO,. Following filtration and evaporation of the
solvent, the residue was purified by counter-current
distribution since various attempts at purification by
recrystallisation were unsuccessful. The two-phase sol-
vent sysiem (MeOH /EtOAc/hexane /water (4:2:6: 1,
v/v) for apolar compounds) of Montaque et al. [41]
was used. After 80 transfers, K= 0.6 and r,,,, =30 in
this system. Yield 71%, m.p. 101-104°C. The com-
pound was chromatographically pure (R;=0.68 in
CHCl;/MeOH (9:1, v/v)). CHN-analysis (%): C
(80.74), H (6.79), N (6.35); calculated C (81.74), H
(6.54), N (6.65). 'H-NMR (400 MHz, CDCl,): amido (&
7.7 ppm, s) 1 H; phenyl (8 7.35 ppm, m) 30 H; B-seryl-
CH, (6 3.6 ppm, t) 2 H; a-seryl + B-Eda-NH (5 3.3
ppm, m) 2 H; a-Eda-CH, (8 3.0 ppm, t) 2 H; a-seryl-
CH (3 2.7 ppm, d) 1 H; B-Eda-CH, (5 2.3 ppm, t) 2 H.
[a)¥=-727° (c=1, CHCl;/CH;0H =9:1, v/v).



CHN-analysis and '"H-NMR demonstrated the pres-
ence of EtOAc (0.3 mol/mol) as solvating ester.

Coupling of phosphatidic acid (PA) and V or IV

To a 1-2% (5-20 ml) solution of PA in a mixture of
dry, methanol-free CH,Cl, and pyridine (1:1, v/v),
1-1.1 equivalents compound V and three equivalents
TPS were added. The reaction mixture was kept for 48
h at room temperature under Ar. Excess TPS was
hydrolysed by the addition of 2.25 ml tetrahydro-
furan/H,0 (8:1, v/v) per ml of reaction medium,
leaving the medium under Ar overnight. The organic
phase was washed 4-fold with a saturated NaHCO,
solution containing NaCl to give a clear phase separa-
tion. The upper phase contained the UV-, Mo-blue-
and ninhydrin-positive product (R; around 0.5 on
SiO,-TLC in CHCl,/CH,0H (9: 1, v/v)), which solid-
ificd on evaporation of the solvent. Residual pyridine
was azeotropically removed by coevaporation with
toluene (three times). The major part of unreacted PA
was removed by column chromatography (10 X 2 c¢m,
SiO, 60 in 5% CH;OH in CHCI, (v/v)). The UV +
ninhydrin + Mo-positive material was combined, yield-
ing 340 mg of solid upon evaporation of solvent, start-
ing from 210 mg of PA.

The esterification of PA with the two seryl hydroxyls
of IV was carried out in a two-step procedure in order
to avoid excessive formation of pyrophosphatidic acid,
the first coupling being performed as described for V.
Another equivalent of PA was added to the reaction
medium and again three equivalents of TPS were ad-
ministered. The medium was incubated for 48 h under
Ar. Excess TPS was hydrolysed in H,O (10%, v/v),
which caused no phase separation. The reaction pro-
ceeded overnight in an atmosphere of Ar. Subse-
quently, 2 vols. of CH,Cl, were added and the organic
phase was treated as before. The resultant crude prod-
uct was used in the next step, postponing the removal
of PA (and pyro-PA) by column chromatography until
after the detritylation stage (next section).

Detritylation of the protected compounds

The coupling products were homogenised in excess
80% CH,COOH and kept at 30-35°C for about 1 h.
Compound VII required addition of ~ 6% (v/v) of
CHCl, + a few drops of CH;OH to obtain complete
solution. The solvent was removed by evaporation and
residual acetic acid was swept out by azeotropic distil-
lation with cyclohexane.

Compounds Via-VIlla were purified from detrity-
lation products of IV and V by extraction of a solution
of the residue in CHCl,/MeOH (10: 1, v/v) with solu-
tions of KHSO, (pH 2), satd. NaHCO;, H,O and satd.
NaCl. If greater amounts of PA and its anhydride were
present, as occurs in the preparation of Vla + Vlla,
the crude compounds were additionally subjected to
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chromatography over DES2 (acetate form) using
CHCl;/MeOH systems of increasing MeOH concen-
trations (10-50%); 10-30% MeOH elutes Vla + Vlia,
whereas 50% MeOH elutes the PA and pyro-PA.
Amounts of 247 mg (75%) of Vla and Vlla and 255 mg
(77%) of Vlila were obtained. The yield of Vla and
Vlla is based on the presence of a mass ratio of 35:60
(cf. next purification step).

Purification of Villa and Vila

Crude material from the detritylation reaction was
purified by counter-current distribution, using an appa-
ratus with clements of 5 ml lower phase. The solvent
system was CCl,/MeOH/H ,0 (62:35:3.15, v/v) [42].
After 240 transfers, pure VIlla was found in the cle-
ments No. 165-195, K =3.0; total yield 46.3 mg or
13.9%. The pure compound (VIIla) had R, = 0.65 on
TLC in the system CHCl;/McOH/17% NH,
(41:41: 18, v/v).

Compound VIla contained VIa and some other
impuritics, and required 840 transfers for purification.
K =017, rp.=120 (R;=0.11 on TLC in
CHCl,/MeOH/17%NH (20:5:1, v/v)). The yield
was 60 mg (19.7%) with respect to the starting material
(PA).

Polar by-products, with a higher mobility in this
system than VllIa, like VIa (K =5, r,,,, = 100 after 120
transfers, R;=0.06 on TLC) and another (unknown)
impurity with K= 14 (r,,, =87, n=320; R;=0.11)
were obtained in yields of 35 (9.4%) and 15.9 mg,
respectively. All synthesised phospholipids contained
the constituent fatty acids (palmitic and oleic acid) and
phosphate in equimoiar quantities, but the Eda/phos-
phate ratio in VIla was half that of the others.

Commercial sources

All phospholipids were obtained from Avanti Polar
Lipids, Alabaster, AL, USA. Cholesterol was obtained
from Sigma, St. Louis, MO, USA.

Free fatty acids, including C2/, used to standardise
the GLC determinations, were obtained from Supelco,
Inc., Bellefonte, PA, USA. Coupling reagents were
obtained cither from Sigma: N-ethyl, N'-(3-dimethyl-
aminopropyl)carbodiimide-HCI, 1-cyclohexyl-3-(2-mor-
pholinyl-4-ethyl)carbodiimide metho-p-toluenesulfo-
nate and N-ethyl-5-phenylisoxazolium-3'-sulfonate, or
from Janssen, Beerse, Belgium: 2,4,6-triisopropyl-
benzenesulfonyl chloride. Non-radioactive ATP (diNa-
salt) was obtained from Boehringer-Mannheim, Ger-
many; non-radicactive ethylenediamine from Merck,
Darmstadt, Germany; radioactive chemicals, i.e. [y-
2P)ATP (code PB 170) and ['*Clethylenediamine -
2HCI from Amersham International, Little Chalfont,
Amersham, UK; vL-serine from Ajinomoto, Tokyo,
Japan; cholic acid was from Matheson Coleman &
Bell, East Rutherford, NJ, USA; calcein from Aldrich,
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Steinheim, Germany. Bovine serum albumin (Fraction
V) was obtained from Sigma, St. Louis, MO, USA and
freed from fatty acids according to Chen [43], centri-
fuging for another 30 min at 250000 X g and replacing
the neutralisation by dialysis for 64 h vs. 2 liters of
physiological saline (changing each 24 h), followed by 6
h vs. aqua bidest and lyophilisation. BCl, (10% (w/v)
in methanol) was obtained from Alltech / Applied Sci-
ence, Deerfield, IL, USA. Column materials: SiO, 60
(grain size 63-200 pm) and SiO, 60 H from Merck,
Darmstadt, Germany; DE 52 from Whatman Bio-
chemiczls, Maidstone, UK, and silica gel 60 F254 thin-
layer chromatography plates (glass, 0.25 mm thick)
from Merck, Darmstadt. All further chemicals were of
analytical grade.

Results

Linking ethylenediamine to Na* /K *-ATPase

Following covalent coupling of 25-150 M radioac-
tive ethylenediamine to Na* /K*-ATPase by means of
the carbodiimide EDC, 69-79% (average 73 + 2%) of
the tracer could be extracted with chloroform/ meth-
anol (Fig. 2), indicating that most of the Eda was
coupled to lipids. Extrapolation to infinite concentra-
tion yielded maximal coupling values of Eda to protein
and to lipid of about 1:1. The Scatchard plot of
coupling to protein is virtually horizontal, indicating
aspecific binding under the present conditions, al-
though it remains possible that the plot will curve
downward at higher Eda concentrations (positive coop-
erativity). The extent to which the 27% non-lipid-ex-
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Fig. 2. Scatchard plots of ethylenediamine binding to the protein and
lipid moiety of Na* /K *-ATPase. The coupling of ethylenediamine
(Eda, 25-150 uM) to the enzyme took place during overnight (16 h)
incubation in the presence of 1 mM EDC. Binding to the total
complex of protein (P) plus lipid (L), lipid alone (L. following its
extraction from the protein. but expressed per mg protein) and
protein alone (P. determined by deduction) are presented. The ini-
tial ethylenediamine concentrations are corrected for the binding
toP+L.

\J@ [ @) PA ~ Front
© S o O e
O o O O PS
O O c©
O P
o O©
O o0 O o re
O O o QO sm
O o
beet Fee AP~ SE-- k== k===t r--o Start
1 2 3 4

Fig. 3. Thin-layer chromatogram of the Na' /K*-ATPase lipid ex-
tracts. Lipid extracts were prepared, following coupling of [ Clethyl-
enediamine (100 uM) to the enzyme by 1 mM EDC during uvernight
(16 h) incubation in the presence of 50 mM non-radioactive ethylene-
diamine (blank, fane 1), absence of non-radioactive ethylenediamine
(lane 2), and absence of any coupling (no ethylenediamine, no EDC,
lane 3). Lane 4 contains a set of standard phospholipids: $M, PC, Pl,
PS, PE, and PA. Shown arc I,-stained spots which, when hatched,
contain radioactivity. Top spots represent free fatty acids.

tractable radioactivity is due to cross-linking by Eda of
lipid to protecin and to cross-linking of neighbouring
carboxyl groups within the same protein was not inves-
tigated. Following polyacrylamide gel electrophoresis
of the holoenzyme, however, subdivision of radioactive
Eda between the @ and B protein subunit was anal-
ysed, and yiclded a 7:3 molar ratio.

Specificity of ethylenediamine coupling within the lipid
moiety

Lipid components within the chloroform-methanol
extract of cthylenediamine labelled Na*/K*-ATPase
were separated via TLC (Fig. 3). About 90% of the
label ran equidistantly with PE, whereas about 10%
coincided with ihe free fatty acid top spot. Only 1% of
the radioactivity remained at the origin, possibly due to
a contamination by protein or cthylenediamine itself.
The free fatty acids may have been generated by hydro-
lysis of the phospholipids during overnight coupling
since they were absent in the standard phospholipid
mixture (lane 4).

Identification of the ethylenediamine-linid coupling prod-
ucts

A number of lipid components, such as SM, PC, PI,
PS, PE, PA, cholesterol, palmitic (16:0) acid, stearic
(18:0) acid and oleic (18:1) acid, were tested in the
Eda coupling assay. Only PS yielded a coupling prod-
uct that comigrated with PE as well as with the cou-
pling product of Eda with Na* /K *-ATPase lipids (Fig.
4). In addition, the thin-layer top spots indicate the
occurrence of coupling between free fatty acids and the
radioactive Eda, the product of which is located in that



position. The coupling of Fda with pure PS and PS in
Na*/K*-ATPase is about commensurate (6.8% in the
Na*/K*-ATPase complex vs. 8.8% for the pure lipid,
and double these values on double substitution) under
identica! coupling conditions at 100 uM Eda.

Comparison of the ethylenediamine-lipid products with
the synthetic products

Since phosphatidylserine predominantly condensed
with the added ethylenediamine, we synthesised the
single- (VIIla, PS-Eda) and double- (VIla, PS,Eda)
substituted ethylenediamine. Compound VIa (PS-
Eda(Ser)) is the unprotected intermediary product in
the synthesis of VII (Fig. 1). Only VIla resembled the
coupling product of Eda and the natural lipids of
Na*/K*-ATPasc in so far as mobility in TLC was
concerned (lane 2, Fig. 5). The slightly lower mobility
than that of compound Vlla from cndogenous PS
(which comigrates with PE, Fig. 3) may be duc to the
difference in fatty acid composition; the ‘artificial’
product contained equimolar amounts of faity acids
16:0 and 18: 1, whereas the natural product contained
27% each of 18:0 and 18: 1, in addition to 9-16 mol%
of 16:0, 18:2 and 20:4 (average chain length 18 in-
stead of 17 and unsaturation index 113 instead of 50
[23]).

Spots of the compounds VIlla and Vla (lane 1 and
3, respectively, Fig. 5) were definitively non-coincident
with the coupling product of Eda with the lipids of
natural origin in Na*/K*-ATPase. VIlla comigrated
with PC, whereas the slightly more polar Vla showed a
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Fig. 4. Comparison of ethylenediamine-lipid coupling products from
Na* /K "-ATPase and pure bovine brain PS by thin-layer chromatog-
raphy. Coupling of ['*Clethyicnediamine, 75 uM, to Na*/K*-
ATPase (lane 1), 100 uM to PS (lane 3) and lipid extraction occurred
as in Fig. 3, lane 2. Lane 2 in this figure is an average mixture of
material from Na*/K*-ATPase and pure PS: 13.5 and 2.7 ug of
phospholipid, respectively; lane 1: 27 ug, lane 3: 5.4 pg. Standard
phospholipids were omitted from this chromatogram, but the reader
is referred to Fig. 3. Hatching indicates radioactivity, not necessarily
I,-staining as for the open spots.
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Fig. 5. Comparison of synthetic monophosphatidylseryl- (Villa) and
bis(phosphatidylserylethylenediamine (VIIa) with the natural phos-
pholipids. A thin-layer chromatogram of VIIa (lane 1), Vila (lane
2), Vla (lane 3) and another, unknown, side product of the Vla
synthesis (lane 4) is shown. Roman numeral labelling is given in Fig.
1. Lane §, standard phospholipids, lane 6, pure PE (for meaning of
abbreviations, see the abbreviations footnote). The synthetic prod-
ucts (2 ul of 1% (w/v) solutions in CHCl, /7CHLOH (9:1, v/v)) and
the PE and PS spots all stain with ninhydrin and Mo-blue reagent.
The remaining spots only stain with Mo-blue,

slight lag. Despite their non-identity with the coupling
product of Eda and the natural phospholipids (being
more like VIIa), we compared their effects on the
activity of Na*/K*-ATPase, since they offer an oppor-
tunity to investigate a charge difference. VIIila and Vla
are positively-charged, whereas Vl1la is neutral under
assay conditions.

Phospholipid effects on activation of Na* /K *-ATPase

Phosphorvlation in PC proteoliposomes.  Phospha-
tidylcholine (PC) was used as carrier and standard
phospholipid for the formation of lipid bilayers [44].
The effects of moderate replacement of PC (up to 10
mol%) by other phospholipids on the activity of
Na*/K*-ATPase was investigated. In order to avoid
variations in the ratio of closed and leaky vesicles, all
were opened by preincubation with 0.5% cholate with
little detergent inactivation (see Phosphorylation under
Methods).

The phospholipids contain counter-cations, con-
tributing essential quantities of Na* (up to about 0.5
mM) and K* (up to about 25 uM) to the phosphoryla-
tion medium. For this reason, buifer-activated
phosphorylation [45] could not be studied with the
reconstituted system and we thus confined ourselves to
Na*-activated phosphorylation. To enable the inter-
pretation of inhibitory lipid effects in terms of inhibi-
tion by counter-cation K* or by the lipid itself, the
type and extent of K* inhibition in proteoliposome
phospherylation was determined. With increasing K*
concentrations, the [Na*],s increased exponentially
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Fig. 6. Effect of K* on Na*-activated phosphorylation in perme-

abilised phosphatidylcholine-containing proteoliposomes. The

[Na*])s values (left ordinate, ©) and Hill coefficients (nyy, right

ordinate, ®) have been determined from Eadie-Scatchard and Hill

plots at {Na* )= 0.5-20 mM. Maxim.l phosphorylation capacity un-
der each condition is 1.¢ nmol /mg protein.

(Fig. 6) from an extrapolated value of 0.9 mM in the
absence of K*, to 6.6 mM at 33.3 uM (including
residual) K*. The maximal phosphorylation capacity
(at infinite [Na*]) was unaffected (competitive inhibi-
tion). Plotting [Na*}, 5 vs. [K*}? vielded a straight line
(not shown), indicating that two K* ions cooperate in
the inhibition. This is in agreement with the concept of
cooperation in the occlusion of K* ions [46). In addi-
tion, they appeared to introduce negative cooperativity
between Na™* activation sites (a decrease of the Hill-

TABLE 1

[Na*] 0.5 (mM)
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Fig. 7. Decrease of Na*-affinity in the phosphorylation by
CHCI, /CH ;OH-extracted phospholipids from rabbit kidney outer
medulla (microsomal fraction). Shown is the weight ratio of liposo-
mal phospholipid (PL) to enzyme protein. No cholesterol was added
in the preparation of liposomes because of microsomal lipids already
containing 33% cholesterol [23]. The phospholipid weight has been
calculated on the basis of an average molecular weight of 750 [23].
[Na*] and [K*] in the phosphorylation at the maximally applied
PL/protein ratio of 50 was 0.73 mM and 7.2 uM, respectively. The
[Na* ], s determination took these figures into account.

coefficient, Fig. 6). The [Na*], s value of 1 mM (aver-
age 1.4 £ 0.3 mM from four experiments, Table I) in
the absence of K* is 5-fold higher than the [Na*],;
value for non-reconstituted enzyme (0.2 mM, Ref. 7).
Fig. 7 shows that the increased [Na*],; is not due in
particular to the alien PC (from egg). Phospholipids,

Effects of phospholipids on kinetic parameters of Na * -activated phosphorylation

The parameters were determined via Eadie-Scatchard and Hill plots. For the determination of the [Na* }, s and Ny na+ Na* concentrations of
0.1-3.0 mM (free enzyme, lines 1 +2), 0.5-20 mM (proteoliposomes, lines 3-6) or 2-100 mM (proteoliposomes with PS-substituted Eda, lines
7-9) were used at 0.1 mM Mg** and 20 uM ATP. For the determination of [Mg2* J,s. Mg* concentrations of 5-100 &M at 100 mM Na* and
20 uM ATP were used, and for the determination of [ATP}, s, ATP concentrations of 1-10 #M at 0.1 mM Mg2* and 100 mM Na* were used.
The Mg®* concentration was corrected for binding to ATP [45] and the ATP concentration for consumption during phosphorylation. Symbols

(VIa-Vllla) for the synthetic products are from Fig. 1.

Phosph()lipid mol% [Na * ]"5 NyNg [Mgz * ]0.5 !ATP]“.S Epm“,‘
(mM) (uM) (uM) (nmol/mg protein)
Endogenous - 0.2 1.8 01* 0.02* 2.65
+cholate (0.5%) - 03 1.3 - - 2.65
PC (lipid /protein, 52 w/w) 100 1-2 1-1.2 0.8 0.3 1.90
PC+PE 90+ 10 1.1 1.2 - - 1.98
PC+PS 90+ 10 0.7 14 - - 1.84
PC+PA %0+ 19 78 0.6 - - 1.90
PC+Via 95+5 32 1.0 - - 0.68
PC+Vlla 95+5 13.7 1.0 1.1 0.5 0.80
PC+Vllla 95+5 38 1.0 - - 0.96

2 From Ref. 7.



extracted from the microsomal fraction of rabbit kid-
ney outer medulla (the membranes containing the na-
tive enzyme) induced a similar reduction in Na* affin-
ity. The effect of detergent (0.5% cholate) on the
[Na*],s of native enzyme was only moderate (becom-
ing 0.3 mM, and EP,, remaining unchanged), al-
though the Hill coefficient was reduced from 1.8 to 1.3.
This indicates that lipids counteract Na* activation of
phosphorylation. Replacing 10 mol% of PC in the
reconstitution by PE ([Na*},s=1.1 mM, n,; = 1.2), PS
(INa*]},s=0.7 mM, n,;=1.4) or PA ([Na*],s=738
mM, n,;=0.6) did not change either the maximal
phosphorylation capacity, the affinity for Na™*, or the
Hill-coefficient (Table I), except for PA, which may
have been due in part to contaminating K* (20 wM).

The effect of lipids on the affinity for K* in the
phosphorylation reaction was minimal. The K; value
of 12.8 uM, derived from Fig. 6 is very similar to the
value of 12.5 uM in buffer-activated phosphorylation
(no Na*: Fig. 9 of Ref. 45) of the non-reconstituted
system. Other affinitics of the PC proteoliposomes are
(Table 1): [Mg2*],5 = 0.8 vs. 0.1 uM for the non-recon-
stituted system, and [ATP], s = 0.3 vs. 0.02 uM for the
non-reconstituted system. Hence, the additional lipids
also reduced the affinity for Mg?* and ATP about
10-told.

Effects of PS-substituted ethylenediamine. Compound
Vlla (PS,Eda), being most similar to the coupling
product of ethylenediamine and the endogenous phos-
pholinids of Na*/K*-ATPase (cf. Figs. 4 and 5) was
studied more extensively.

Addition of increasing amounts of Vlla to PC pro-
teoliposomes decreased the EP level measured at 2
mM Na' to 3% ot the onginal level (Fig. 8). In
addition, at a Na* concerntration of 100 mM, the EP
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Fig. 8. Dose-dependent inhibition of Na *-activated phosphorylation
by bis(phosphatidylserylethylenediamine (VIla, PS,Eda) in
phosphatidylcholine-constituted proteoliposomes. [Na* ] in the phos-
phorylation media was 2 () and 100 mM (o). 100% is 1.5 nmol EP
per mg protein (O) or 1.3 nmol EP per mg protein (a).
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Fig. 9. Eadie-Scatchard plots of Na ‘-activated phosphorylation in
proteoliposomes, containing PC alone (0), PC+5% VIlla (a),
PC+5% VIa (O) and PC+5% VIla (8). Phosphorylation levels
(EP,,) are expressed as fractions of the control maximum (0). The
control plot is the mean of two experiments with Vila and Via 4
VIIa, repectively. {Na* ], 5 values obtained from regression analysis
are: 1.8 mM (control), 3.2 mM (PC + VIa), 3.9 mM (PC + VIiia) and
14 mM (PC + VIIa). Roman numeral labels are given in Fig. 1.

level decreased, although to a lesser extent than at 2
mM Na*. Scatchard analysis at 5% VlIa (Fig. 9) shows
that [Na*],s increased from 1.8 mM to 14 mM. With
Loth VIlla (PS-Eda) and VIa (PS-Eda(Ser)) (each 5%),
the [Na*], s also increased, but only by a facior 2 (Fig.
9, Table 1). In addition, the maximal phosphorylation
capacity decreased by 43-66%.

The extent of competitive inhibition was not due to
contaminating K* introduced by VIa-Vlila. The
mono-substituents of Eda hardly affected K* contribu-
tion to the phosphorylation medium, which was in the
range of 7-9 uM. The di-substituent VIla contributed
maximally 1.2 uM K* per mol%, which could, there-
fore, have yielded an increase in [Na*],s at 5 mol% of
50-100% (Fig. 6) instead of the 600% recorded. The
K,s values for Mg®* and ATP, rising from 0.8 to 1.1
uM and 0.3 to 0.5 uM, respectively, were virtually
unaffected.

Attempts were made to reveal a few additionai
characteristics of the non-competitive fraction of inhi-
bition, such as time course of the inhibition, the effect
of detergent (cholate) and effect of additional protein
(bovine serum albumin, complexing, e.g., inhibitory
fatty acid, generated by hydrolysis). Fig. 10 shows that
the non-compeiitive fraction of the inhibition exerted
by PS-substituted Eda increased with time. While PC
proteoliposomes displayed a stable phosphorylation ca-
pacity over a period of more than 3 h from mixing
enzyme and liposomes, inclusion of 5 mol% Vlla
caused a first order non-competitive decrease (k = 0.25
h=!). In view of this time course, phosphorylations
commenced 2.5-3.5 h (fixed time per experiment) after
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Fig. 10. Time-course of inhibition of Na *-activated phosphorylation
in PC-proteoliposomes by bis(phosphatidylserybethylenediamine
(VIla, PS,Eda). Upper line: control (O), lower curve (®) proteo-
liposomes, containing PC and § mol?% PS,Eda. Zero-time is the
moment of mixing enzyme and liposomes; [Na " | = 100 mM.

mixing enzyme and liposomes with an c¢xpected non-
competitive inhibition between 45 and 59% (Fig. 10).
It is essential to discriminate between a genuine
direct inhibition by V1la and an indirect one, ¢.g., Vila
destabilising thc cnzyme or making it morc pronc to
inactivation by cholate. The effect of increasing cholate
on phosphorylation of VIla containing PC proteo-
liposomes was, therefore, investigated and compared to
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Fig. 11. Effect of cholate on the Na*-activated phosphorylation in

PC-proteoliposomes with and without PS,Eda. Upper curve: control

containing PC as sole exogenous phospholipid; lower curve: proteo-

liposomes, containing in addition 5 mol% bis(phosphatidylseryl)-

ethylenediamine (VIIa, PS,Eda). [Na* ) during phosphorylation was
100 mM.

PC proteoliposomes in the absence of Vlla (Fig. 11).
The latter type of proteoliposomes underwent essen-
tially more (48%) stimulation upon increasing cholate
concentration to 0.5% than the VIla-containing
proteoliposoiics {14%, lower graph of Fig. 11). This
finding leads to the positive conclusion that cholate in
the concentrations shown, was not inhibitory and that
stimulation in the 3 min solubilisation period prevailed
(upper curve in Fig. 11). The lower curve of Fig. 11
may raise the suspicion that either Vlla prevented
cholate from opening the phospholipid bilayer or that
Vila itself had a detergent-like effect and prevented
liposome closure. The liposomal volume as a percent-
age of the total suspension was, thus, determined ac-
cording to the Co®* calcein fluorescence quenching
method of Oku ct al. [16]. The liposomal volume of PC
liposomes, containing 5 mol% VIla was 25.1 +2.9%
(n = 4) and, thus, was not significantly different from
liposomes lacking Vlla: 23.7 + 1.9% (n = 3). Each type
of liposome totally lost its calcein fluorescence by Co?*
complexation upon addition of cholate (final concen-
tration 0.5%) within 3 min (opening up of the lipo-
somes). Hence, PS,Eda had no detergent-like effect on
liposomes nor did it prevent the detergent (cholate)
from opening the vesicles.

Finally, the stabilising effect of addition of exoge-
nous protein (fatty acid free bovine serum albumin, 15
mg,/ml) during liposome preparation did not abolish
the inhibition of VIla (5 mol%)-containing proteo-
liposomes. The aibumin enhanced the phosplicrylation
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Fig. 12. Inhibition of overall Na /K*-ATPase activity by bis(phos-
phatidylseryl)ethylenediamine (V1Ia. PS,Eda). Upper curve: control,
containing PC as sole exogenous phospholipid: lower curve: proteo-
liposomes, containing in addition 5 mol% bis(phosphatidylseryl)eth-
ylenediamine (PS,Eda). The time course of P, release (from ATP) is
shown.



level under standard conditions (saturating ligands) of
the control system (PC proteoliposomes) by 15-18%,
and decreased the inhibition by VIla from 62 to 34%
(each 3.5 h from the start of making the proteo-
liposomes). It is, therefore, unlikely that free fatty acids
were the causc of the non-competitive component of
inhibition exerted by VIla (Discussion).

Overall Na™* /K *-ATPase activity in proteoliposomes

Since phosphorylation, as studied above, is not rate-
limiting to overall Nz */K*-ATPase activity [47], it was
interesting to know the effect of inhibitory VIIa on the
overall activity. For instance, if the non-competitive
effect of VIIa on phosphorylation is due to inactivation
(i.e., cancelled enzyme molecules) or due to a ham-
pered deocclusion of K* (a step prior to phosphoryla-
tion and rate-limiting [47]), then the appearance of a
reduced phosphorylation level should be reflected in
the overall activity. The latter appeared to be the case
(Fig. 12). Despite a reduced control activity, displayed
by PC proteoliposomes, wliich was about half that of
the free enzyme (since cholate could not be used due
to considerable inhibition at 37°C), the inhibition (64%)
exerted by Vlla (5 mol%) was evident and of the same
order of magnitude as that of the phosphorylation (Fig.
10).

Discussion

Phospholipids and conformational transitions

The present data clearly indicate that lipids have a
profound influence on activation of Na*/K*-ATPase.
Hitherto, it was established that fluidity of the mem-
brane governs conformational transitions in the protein
(E.—E,, E,P-E,P), involved in cation transport
through the lipid barrier with E, (E,P) having the
larger entropical frcedom [48,49]. Lipid effects on
cation activation might be interpreted in view of this
simplifying principle of membrane fluidity, since E,
has the higher affinity for the intracellularly-activating
substrate and cations (ATP, Mg?*, Na*), and E, the
higher affinity for the extracellularly-activating cation
(K* [50]). A shifi of the equilibrium to E, by phospho-
lipids, represented by PS, as opposed to a shift to E, by
low-affinity ATP binding, has been demonstrated by
low-angle laser light scattering photometry [51]. These
shifts were accompanied by association of the af-sub-
unit protomer or (af),-dimer to higher aggregates and
vice versa.

A shift to E, could explain the observed increased
half-maximally-activating substrate and cation concen-
trations. Similar data can be found in the literature.
For instance, the Na*-ATPase-driven uncoupled Na*
efflux from proteoliposomes (phospholipid/protein =
20:1, w/w) displays a K, for Na* (after correction
for inhibition by Mg2* [45]) of 2 mM [52], as compared
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to 0.4 mM for the Na*-ATPase activity without added
phospholipid [53]. The increase in the K, for ATP in
the Na*-Na™* exchange (at about 100 mM Na*), due to
reconstitution, was only moderate (from 0.2 to 0.3 uM
[54D), but the increase in the K, for Na* was 4-fold
(from 1.7 to 6.6 mM [55]). In agreement with our data
on K7, the affinity (K, = 0.12 mM) for this cation in
the Na*-K* exchange at the outer face of the mem-
brane was not altered by the addition of phospholipid
(PC [56]). The inhibitory effect (half-maximal at about
10 mg phospholipid /mg protein) was also displayed by
‘natural’ phospholipids, extracted from rabbit kidney
outer medulla microsomes (Fig. 7). Hence, the cffect is
not due, in this case, to a composition of the phospho-
lipid deviating from the natural, but rather to a general
conformational inhibition at above optimal level, such
as that which may occur in the E, - E, transition.

It is interesting that inhibition is related to figands
(Na*, Mg?*, ATP) that activate at the inner face of the
membrane, from which the greater part of the enzyme
protrudes [57]. This part may, therefore, undergo rela-
tively more interaction with the added phospholipids
than those sites allowing access to extracellular K*.

Phospholipids and charge

Another reason for reduction in the affinity for
activating ligands via screening of electrostatic forces
exerted by negatively-charged phospholipids, has also
been described [58]. In previous studies in our labora-
tory [6,7} on stimulatory and inhibitory effects of amino
compounds in the phosphorylation reaction, we de-
tected the strong inhibitory action of ethylenediamine,
and established that the I, for Eda is much less than
that for propylamine with CH,- substituted for the
second -NH,. Eda with one protonated amino group
was less inhibitory than the dual-protonated form.
Hence, we concluded that during inhibition Eda spans
neighbouring negative charges involved igl cation acu-
vation (carboxyl groups), which are 3-4 A apart. Con-
sequently, part of the inhibition caused by Eda may be
due to such charge screening.

Binding of Eda to Na*/K*-ATPase was ouabain-in-
sensitive [7), unlike Na* and K* binding [46], suggest-
ing that the diamine binds to the lipid moiety for which
ouabazin displays no affinity. Nor do the K; values for
binding of Na* and K* (17-20 mM [7]) in their
competition with Eda indicate binding to the protein in
its E,Na and E,K conformation, respectively. This
suggests that Eda indirectly inhibits cation activation
by binding to the lipid moiety, and more specifically to
the carboxyl groups of PS.

The main purpose of the organic synthetic work was
1o establish whether or not the product formed during
cross-linkage between membrane lipids and Eda re-
sulted in a mono- or di-substitution product with PS.
Indeed, formation of a di-substituted product was es-
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tablished, and this product, in agreement with the dual
carboxyl occupation theory for Eda, inhibited the acti-
vation by Na* more strongly than the mono-substitu-
tion products. That the latter were not formed during
cross-linking of Eda and the membrane lipids could
mean that membrane PS is present in clusters near
active sites, although a more simple explanation is that
coupling was given ample time (16 h) to form dimers.
Although we have not confirmed whether or not PS-
Eda is formed as an intermediary during cross-iinking,
the major conclusion from this work is that the strongest
inhibition in terms of apparent K, for Na* is exerted
by PS,Eda. This may occur as a result of its stronger
anchorage in the membrane, and/or the lipophilic
arcas of the enzyme,

PS,Eda did not increase the inhibition of activation
by Mg2* and ATP over that exerted by PC alone. This
in contrast to the cffect of free Eda on the native
enzyme with incrcases of [Mg?*], s and [ATP), s from
0.1 to 13 uM and 0.02 to 0.04 M, respectively [7]. In
explanation, it may be proposed that free Eda interacts
with additional sites on the protein besides those which
arc affected by PS,Eda. An argument that PC had
already scriously compromised the Mg®* and ATP
affinities so as to prevent further inhibition by PS,Eda
is unlikely since, firstly, PS,Eda can further increase
[Na*],s and, secondly, [Mg>*], and [ATP], s have not
rcached their limits, and may also be increased, c.g., by
free Eda (see above) and by K* [39), respectively. For
the latter reason, as concluded before [7), activations
by Mg>* and ATP arc at sites, probably within the
large cytoplasmic loop between the 4™ and 5™ trans-
membrane segment [57), other than the Na *-activation
sites, which may be located in the 7™ transmembrane
domain [60).

Non-competitive inhibition

The natural phospholipids (PC, PE, PS and PA)
only cxerted a competitive effect on Na *-activation,
whereas the synthetic ones (PS-Eda, PS-Eda(Ser) and
PS,Eda) displayed an additional non-competitive ef-
fect, which could be reduced by exogenous protein
(bovine serum albumin). Our data cannot discriminate
between inactivation and partial non-competitive inhi-
bition. Protection by exogenous protein suggests stabil-
isation against inactivation, rather than partial non-
competitive inhibition. A feasiblc cause would be the
presence of fatty acids in the synthetic phospholipids,
exerting a detergent-like effect. Fatty acids could nei-
ther be detected in these preparations by TLC nor
generated from them by the enzyme preparation, which
is devoid of phospholipase A activity (unpublished ex-
periments). In addition, inhibition by fatty acids, being
virtually limited to the unsaturated species [61], does
not occur whilst the concentration of Na* /K *-ATPase
is =50 pg/ml and the concentration of oleic acid <

100 M [61]. This is related to the extremeiy high fatty
acid bindir-  .pacity of the enzyme preparation itself:
662 nmol,.  protein or 263 mol /mol (60 mol /mol of
which are contained by the enzyme already [23] as
compared to 6 mol of high-affinity fatty acid binding
sites per mol of bovinc scrum albumin with a prefer-
ence of 1.7-4.0 for 16:0 over 18:1[62]). It would imply
that under the present conditions (0.1 mg Na*/K™*-
ATPase, 2 mg bovine serum albumin (mol. wt. 66 500)
per mlb), a concentration of 150 uM oleic acid (derived
from 331 uM VllIa) or 20% hydrolysis would be toler-
ated by the system. For the¢ mono PS-substituted Vla
and VIIla the percentage hydrolysis could be twice as
high. It seems impossible that such a high fatty acid
concentration could escape detection on TLC and
would probably have caused lysis of the liposomes,
which did not occur. The non-competitive inhibition
caused by PS-substituted cthylenediamine derivatives
is, thercfore, verified and is_probably duc to distortion
of the enzyme, to rate limitation of one of the partial
rcactions involved, or a combination of the two.

That inhibition by PS,Eda, in contrast to that by
Eda** [7), is partially non-competitive may be due to
the covalent binding of Eda to PS. In the latter case
Na* is obviously unable to substitute for Eda and so
unable to protect against the inactivation. Their com-
mon competitive inhibition of Na* activation under-
lines their functional similarity. Apparently, by contact
with the enzyme, in hydrogen bonding or salt bridge
formation, the serum albumin protects against the
strains of inactivation. Poor activation of V1la-contain-
ing proteoliposomes by detergent (¥ig. 11) must mean
that the active sites, hidden inside the liposomes, which
arc perforated by the detergent, arc inhibitory sites
(screened by covering with the lipid or inhibited con-
formationally by contact with the embedding lipid).

Conclusions

In conclusion, phospholipids are a prerequisite for
the activity of Na*/K*-ATPase and at the same time
inhibitory above optimal levels occurring in the native
mcmbrane or in a composition deviating from the
natural as occurs upon administration of Eda-linked
PS. Our data extend the functional role of phospho-
lipids to beyond that of a simple mairix of fluidity,
merely involved in allowing conformational changes,
like E, —E, and E,P - E,P, to take place, which
carry out cation transport. This action may depend on
the fatty acyl side chains and their degree of unsatura-
tion. In addition, our data on the inhibition by Eda-lin-
ked PS point to a second role of phospholipids, related
to the polar headgroup and involved in cation activa-
tion. It is possible that blocking negatively-charged
phospholipids (e.g., by Eda) in the neighbourhood of
the protein may cause inhibition, for instance of occlu-
sion of [63] and activation by [7] cations.



Acknowledgement

The excellent advices of Dr. J. Dempster in the
preparation of the manuscript are gratefully acknowl-
edged.

References

1 De Pont, JJ.HH.M,, Van Prooijen-Van Eeden, A. and Bonting,
S.L. (1978) Biochim. Biophys. Acta 508, 464-477.

2 Roelofsen, B. (1681) Life Sci. 29, 2235-2247.

3 Kimelberg, H.K. and Papahadjopoulos, D. (1974) J. Biol. Chem.
249, 1071-1080.

4 Abeywardena, M.Y., Allen, TM. and Charnock, J.S. (1983)
Biochim. Biophys. Acta 729, 62-74.

5 Marcus, M.MM., Apell, H.-J., Roudna, M., Schwendener, RA.,

Weder, H.-G. and Liuger, P. (1986) Biochim. Biophys. Acta 854,

270-2178.

Schuurmans Stekhoven, F.MLA H., Swarts, H.G.P., 't Lam, G K.,

Zou, Y.S. and De Pont, JJ.H.HM. (1988) Biochim. Biophys.

Acta 937, 161-176.

7 Schuurmans Stekhoven, FMAH., Zou, Y.S., Swarts, HG.P.,
Leunissen, J. and De Pont, JJ.HHM. (1989) Biochim. Biophys.
Acta 982, 103-114.

8 Schoner, W., Schmidt, H. and Erdmann, E. (1972) Biochem.
Pharmacol. 21, 2413-2416.

9 Shani-Sekler, M., Goldshleger, R., Tal, D.M. and Karlish, S.J.D.

(1988) J. Biol. Chem. 263, 1933119341,

Ovchinnikov, Y.A.. Modyanov, N.N., Broude, N.E., Petrukhin,

K.E., Grishin, AYV., Arzamazova, N.M., Aldanova, N.A,

Monastyrskaya, G.S. and Sverdlov, E.D. (1986) FEBS Lett. 201,

237-245.

11 Jorgensen, P.L. (1974) Biochim. Biophys. Acta 356, 36--52.

12 Schoot, B.M., Schoots, A.F.M., De Pont, J.J.H.H.M., Schuur-
mans Stekhoven, F.M.A H. and Bonting, S.L. (1977) Biochim.
Biophys. Acta 483, 181-192,

13 Lowry, O.H., Rosebrough, N.J., Farr, ALL. and Randall, R.J.
(1951) J. Biol. Chem. 193, 265-275.

14 Rabon, E., Gunther, R.B., Soumarmon, A., Bassilian, S., Lewin,
ML.IM. and Sachs, G. (1985) J. Biol. Chem. 260, 10200-10207.

15 Skrabanja, A.T.P., Asty, P., Soumarmon, A., De Pont, J...H.HM.
and Lewin, M.J.M. (1986) Biochim. Biophys. Acta 860, 131-136.

16 Oku, N., Kendall, D.A. and Mac Donald, R.C. (1982) Biochim.
Biophys. Acta 691, 332-340.

17 Kagawa, Y. and Racker, E. (1971) J. Biol. Chem. 246, 5477-5487.

18 Van der Hijden, H.T.W.M., Schuurmans Stekhoven, F.M.A.H.
and De Pont, JJ.H.H.M. (1989) Biochim. Biophys. Acta 987,
75-82.

19 Hoare, D.G. and Koshland, D.E. Jr. (1967) J. Biol. Chem. 242,
2447-2453.

20 Benoiton, N.L., Kuroda, K. and Chen, F.M.F. (1979) Int. J. Pept.
Prot. Res. 13, 403-408.

21 Benoiton, N.L. and Kuroda, K. (1981) Int. J. Pept. Prot. Res.17,
197-204.

22 Pedemonte, C.H. and Kaplan, J.H. (1986) J. Biol. Chem. 261,
3632-3639.

23 Peters, W.H.M., Fleuren-Jakobs, AM.M., De Pont, JJL.HHM.
and Bonting, S.L. (1981) Biochim. Biophys. Acta 649, 541-549.

24 Folch, J., Lees, M. and Sloane Stanley, G.H. (1957) J. Biol.
Chem. 266, 497-509.

25 Swarts, H.G.P., Timmermans, J.A.H., Schuurmans Stekhoven,
F.M.AH,, De Pont, J.J.H.H.M., Graafsma, S.J. and Thien, T.A.
(1988) The Na*,K*-Pump, Part B: Cellular Aspects (Skou, J.C,,

6

=)

i(

<

31

Norby. J.G. Maunsbach, A.B. and Esmaan, M., eds.), pp. 443-448,
Alan R. Liss, New York,

26 Vaa Veldhoven, P.P. and Mannaerts, G.P. (1987) Anal. Biochem.
161, 45-48.

27 Weiss, S.J.. McKinney. J.S. and Putney, J.W. Jr. (1982) Biociicow.
J. 20A, 555-560.

28 Lohrmann, R. and Khorana, H.G. (1966) J. Am. Chem. Soc. 88,
829Y-833.

29 Angja, R., Chadha, J.S. and Davies, A.P. (1969) Tetrahedron
Lett. 48, 4183-4186.

30 Sieber, P. und Iselin, B. (1968) Helv. Chim. Acta 51, 614-622.

31 Bodansky, M. (1984) Principles of Peptide Synthesis, p. 83,
Springer-Verlag. Berlin.

32 garlos, K., Papaioannou, D. and Theodoropoulos, D. (1982) J.
Org. Chem. 47, 1324-1326.

33 Fiske, C.H. and SubbaRow, Y. (1925) J. Riol. Chens. 66, 375-400.

34 Broekhuyse, R.M. (1968) Biochim. Biophys. Acta 152, 307-315.

35 Udenfriend, S., Stein, S., Bohlen, P., Dairman, W., Leimgruber,
W. and Weigele, M. (1972) Science 178, 871-872.

36 Drenthe, EHS. and Daemen, F.JM. (1982) Methods in Enzy-
mology (Colowick, 5.P. and Kaplan, N.O., eds.). Vol. 81, pp.
320-329, Academic Press, New York.

37 Von Arx, E. Faupel, M. and Brugger, M. (1976) J. Chromatogr.
1200, 224-228.

38 Dittmer, J.C. and Lester, R.L. (1964) J. Lipid Res. 5. 126127,

39 Wiinsch, E. (1974) in Methoden der Organischen Cheraie (Mitller,
E., ed.), Band XV/1, Synthese von Peptiden, Teil 1, p. 49. Georg
Thieme Verlag, Stuttgart.

40 Vogel, A. (1978) Textbook of practical Organic Chemistry, 4th
Edn., pp. 608-609, Longman, London.

41 Montaque, D., Riniker, B., Brunsncr, H. and Gross, F. (1966} Am.
J. Phys. 210, 591-594.

42 Cole, P.G., Lathe, G.H. and Ruthven, C.R.J. (1953) Biochem, J.
54, 449-457.

43 Chen, R.F. (1967) J. Biol. Chem. 242, 173-181.

44 Cullis. P.R. and De Kruyff, B. (1979) Biochim. Biophys. Acta 559,
399-420).

45 Schuurmans Stekhoven, FM.AH., Swarts, 11.G.P., D¢ Pont,
J.J.H.H.M. and Bonting, S.L. (1985) Biochim. Biophys. Acta 815,
16-24.

46 Matsui, H. and Homareda, H. (1982) J. Biochem. 92, 193-217.

47 Karlish, S.J.D. and Yates, D.W. (1978) Biochim. Biophys. Acta
527, 115-130.

48 Swann, A.C. (1984) Arch. Biochem. Biophys. 233, 354-3061.

49 Yoda, S. and Yoda, A. (1987) J. Biol. Chem. 262, 103-109.

50 Schuurmans Stekhoven, F.M.A.H. and Bonting, S.L. (1981) in
New Comprehensive Biochemistry, Vol. 2, (Bonting, S.L. and De
Pont, JJH.HM., eds), pp. 159-182, Elsevier/North-Holland
Biomedical Press, Amsterdam.

51 Hayashi, Y., Mimura, K., Matsui, H. and Takagi, T. (1991) The
Sodium Pump: Recent Developments (Kaplan, J.H. and De Weer,
P., eds.), pp. 281-284. The Rockefeller University Press, New
York.

52 Cornelius, F. (1990) Biochim. Biophys. Acta 1026, 147-152.

53 Flashner, M.S. and Robinson, 1.D. (1979) Arch. Biochem. Bio-
phys. 162, 584-591.

54 Cornelius, F. and Skou, J.C. (1987) Biochim. Biophys. Acta 904,
353-364.

55 Cornelius, F. and Skou, J.C. (1988) Biochim. Biophys. Acta 944,
223-232.

56 Rey, H.G., Moosmayer, M. and Anner B.M. (1987) Biochim.
Biophys. Acta 900, 27-37.

57 Shull, G.E., Schwartz, A. and Lingrel, J.B. (1985) Nature 316,
691-6Y5.

58 Ahrens, M.-L. (1983) Biochim. Biophys. Acta 732, 1-10.

L=



32

59 Nerby, J.G. and Jensen, J. (1971) Biochim. Biophys. Acta 233, 61 Swarts, H.G.P., Schuurmans Stekhoven, F.M.A.H. and De Pont,
104-116. JJ.H.H.M. (1990) Biochim. Biophys. Acta 1024, 32-40.

60 Karlish, S.J.D., Goldshleger, R. and Stein, W.D. (1990) Proc. 62 Spector, A.A., John, K. and Fletcher, J.E. (1969) J. Lipid Res. 10,
Natl. Acad. Sci. USA 87, 4566-4570. 56-67.

63 Forbush 111, B. (1988) 1. Biol. Chem. 263, 7979-7988.



