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(1) Ethylenediamine is an inhibitor of Na*- and K *-activated processes of Na* /K*.ATPase, ie the overali
Na* /K T-ATPase activity, Na*.activated ATPase and K *-activated phosphatase acai.i'y, the Na*-ativated phosphory-
lation and the Na*-free (amino-buffer associated) phosphorylation {2) The L, values (I5, is the concentration of
inhibitor that half-maximally inhi’its) increase with the concentranion of the activating cations and the haif-maximally
act g cation ations (K, values) increase with the inlubittor concentration. (3) Ethylenediamine s
competitive wmith Na™ in Na™-activated phosphorylation and with the amino-buifer {trusllylanne) in Na¥-free phos-
phorylation Sigmificant. though | zobably indirect, effects can also be noted on the affinity for Mg?* and ATP, but
these cannot account fcr the ink dition. (4) Inhibition parallels the dual protonated or postively charged ethylenedia-
mine concentration (charge distance 3.7 A). (5) Direct mvestigation of interaction with activating cations (Na*, K,
Mg ™, triallylamine) has been minde via binding studies. Al these cations drive ethylenediamine from the enzyme, but
K* and Mg™ mith the highest efficiency and specificity. Ethylenediamme binding is onabain-msensitive, however (6)
Ethylenediamine neither inlubits the transition to the phosphorylating enzyme conformation, nor does it affect the rate
of dephoesphorylation Hence, we provisionally conclude that ethylened amine mhibits the phosphoryl transfer between

the ATP binding and phosphioryiation site through occupation of cation activation sites, which are 3-4 A apart

Introduction

Some amines, viz the tnple-substituted trallylamine
and tnpropylamine, effectively substitute for Na* in the
ATP-dependent phosphorylation of Na*/K*-ATPase.
probably due to their ipophulic interactions m the centre
of phosphoenzyme hydrolysis, thereby inhibiiing water
entry and antagomzing the oppostte K*-effect [1]

Dramunes, however, particularly those displaymng a
N — N distance of 3-4 A, mbubit steady-state phos-
phorylanon Inhibaion by ethylenediamune (N - N =
37 A) could be overcome competitively by increasing
the Na' concentration Inlubation by cthylenediznune
of inallylamne activation, on the other hand, not enly
increased the half-maximally actrvating concentration
of buffer, but also seemed 1o lower the maximat phos-

Abbreviations 5,5, K. or X, are the concentratwons of substrate
or hgand giving a half-mmumal effect J.5 15 the concentrauon of

fut that half: ity 1nfubus and K, 15 the same but n the
absence of A compaetitive antagonist

Cum:spundence FM 4 H Schuurmans Stekhoven, Department of
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pharylation level attained [2] This would indicate dif-
ferent mechamsms or sies for Na™ and tnallylamine
activation M eover, 11 hints at the possibiity that
ethylenedlammc may bndge Na*-acuvation sutes of 2-4
A distance In addiion the mixed-iype mhubzhon of
toallylanune activatior could 1ndicate different sites of
binding for ethylenediamine and activating amine, with
the enzyme-inhibiior-activator complex operating at a
submaxamal level

In view of the prosnect that ethylenediamine banding
mught be used as a tool to localize Na *-activation sttes,
we have analysed inlubition by ke dramine on overall
and partial .zactiens of the title enzyme m more detal
m companson with 1ts binding charactenstics

Materials and Methods

Enzyme preparation and overall hydrolytic actinties

Preparation and punfication of Na*/K*-ATPase
from rabbit kidney outer medulla [3}, including removal
uf contammanng ATP, washing and stonng of the
preparation (Ref 4, omthing CDTA from the storage
medium), and determination of protem [3] 15 carned out
according to the 1eferences gwven
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The Na* /K *-ATPase and 4-nutrophenylphosphatase
activities are determuned according to Schoot et al [d] at
37°C and pH 7 4 with minor modifications The assay
mediom for Na'/K'-ATPase actvity contains an ad-
ditional 0 1 mM EDTA, whereas the 4-mtropheny!phos-
phatase assay medum contains 75 mM MgCl, n ad-
dition to the 1 mM CDTA The 4-miropheny] phos-
phate 15 freed from Na* hy conversion to the imdazole
salt by passage over Dowex 50 WX4 (H*-form), fol-
fowed by neutralization with sol.d im:dazole and spec-
trophotometrical deterrunation of 1ts concentrauon
(€35 =108 mM~! cm™') In the control 1 mM ouabain
substitutes for K*

Deternunation of Na"-stimulated ATPase actzvity 18
camed out under assay conditions (22°C, pH 70)
approactunyg, those of the phosphorylation in a2 medum
contaiming 20 mM tnethanolamne-HCl, 1 mM NaCl,
01 mM MgCl, and 20 uM AT? In the control an
additional 1 mM ounabam 15 present Inorganic phos-
phate lLberated 15 determuned as phosphomolybdate
complex, stained with Malachite green [3]

Phospharylation and dephosphorylation

Phosphorylation of the enzyme at 23°C and pH 7
follows the procedure outlined m our previous pubhca-
tion [1], using erther tnaltylamune-HCl as only buffer
compoenent for optmal buffer-activated phosphoryla-
tion, or tnethanolamne-HCl as low background buffer
support for Na*-activated phosphoryiation Neutraliza-
tion and quantification of the buffer components i the
stock solutions, mmcluding determunation of their Na*
and K* contents have been carried out as described [1]

Phospharylation 1s started by addition of [v-2PJATP
(20 ub or MgCl, +[y-PJATP (4} pl) to the assay
medium, contaimng the other components, ncluding
buffer (+ or —Na*, + or —Mg?*, and + or —ethyl-
enediamane) and enzyme, making a total volume of 150
pl Final concentrations 1n the standard assay medium
are 50 mM for buffer, 01 mM for Mg?*, 20 uM for
ATP and 0 1 mg protemn /ml for the enzyme Concentra-
tions of other components, ike Na* and ethylenedia-
mure are vanable and hence are specified for each
expenment in the figure legends ATP 15 converted to 1ts
nudazole salt by passage of an agueous solution of the
disodium salt over a Dowex 50 WX4 cation-exchange
resin in the protonated form, followed by neutrabization
af the eluent with imidazole The non-radioactive ATP
15 mixed with [y-*PJATP (Amersham International ple,
Amersham, U K, code PB 170 333 pM, 3000 Ci/mol
{6]) 1in order to yield a speaific radioacuvity of 300-500
cpm/pmol (1308-1500 cpm,/pmol 1n the deternunation
of K for ATP)

Following phosphorylauon for speafied times the
reaction 15 quenched by additton of 4-5 ml 5% tnchlo-
roacetic acid, contaimng 91 M P, The denatured pro-
teir 15 washed on 25 mm diameter, 12 pm pore size

membrane filters (Schleicher & Schuell, Dassel, FRG)
three times with the quenching solution and counted for
P 1n a hquid-scntillation analyser after addition of 4
ml Agualuma Plus counting solution (Lumac bv,
Landgraaf, The Netherlands) Data are corrected for
blanks i which the quenching medium 1s added prior
to the MgATP

Phosphorylation 1s determuned as steady-state level
(unless stated otherwise), taking 3 s n the absence of
cthylenedianune (10-15 s in the deterounation of the
K, for Mg®* or ATP at suboptimal concentrations of
these ligands) and 1-2 min n the presence of ethylen-
edianune (absence of Na*) Phosphorylation in tral-
lylamme 13 preceded by 45 mun preincubation (23° C) of
enzyme wm the buffer medium m order to mduce a
maximally phosphorylating conformation Tius confor-
mation 15 stable for 30 mun, followed by a period of
declining phosphorylation capacity, possibly by 1nter-
ference of the hipophilic tnaliylamine with the protein-
bpid mteraction, The phosphorylation expenments are
carned oul mn this 30 min penod of optimal capacity
ATP 15 added 2 rmn after ethylenediamine in order to
allow for enzyme-mhibitor equilibrium binding

In the determunation of the K,, for Mg®* an ad-
ditronal 02 .nM EDTA {neutralized with trtethanola-
mune) 15 present as Mg®* buffer Total Mg?* to be
added in order to achieve the desired uncomplexed
Mg2* concentrations 15 calculated by means of stabiity
constants reported for the protonated forms of EDTA
and ATP and their protonated and unprotonated Mg-
complexes [7]

Dephosphorylation 1s assayed by 10-fold dilution of
the phosphorylation medium, following 10 =
phosphorylation with 5 pM [y-**PJATP, with medium
of the same composition, but without enzyme and con-
tammg erther 5 (method B) or 555 pM {method A)
non-tadivactive ATP [8] The phosphoenzyme levels are
traced for 10--20 s after difution As blanks serve phos-
phoenzyme determinations 1n which either acid de-.
naturation of the enzyme takes place before addition of
MgATP (method A) or after phosphorylation m the
diluted medium for 10 s plus the dephosphorylation
time (method B) Rate constants of dephosphorylation
are determined from slopes of sermlogarithmc plots of
phosphoenzyme level vs time of dephosphorylation

Bindmng of ethylenedramine

Binding of ethylenedianmune 15 determuned according
to a filtration method, previously published by us [9]
The enzyme (1 mg/ml) 13 meubated at 22°C and pH
70 in a medum (100 pb), contamng 30 mM in-
ethanolarmune-HC, {* Clethylenediamine (up to 100 M,
22 mCi/mmol), [*H]sucrose (5 mCi/mmol, mbial
¥C/*H counung ratio m the assay medm 15 between
0113 and 0142), 25-50 mM non-radicactive sucrose
(contributed by the storage medivm of the enzyme



preparation) and ligands in concentrations given in the
results section As hlanks serve assays to which non-ra-
dioactive ethylenedianune (50 mM, pH 70) mstead of
the effector Lgands has been added

Binding is imtiated by adding enzyme last and filtra-
tion {40 pl in duphcate) s started after ample (15-30
mun} equbbration Filters are extracted for 30 mn in 1
ml 10% (w/v)} SDS and counted for C and ‘H
following muxing with 10 ml Insta-Gel (Canberra
Packard Benclux bv, Tilburg, The Netherlands), in a
hqud scinuillavon analyser, programmed for double
label analysis Counts of the non-binding {*HJsucrose
serve via the imtial ¥C/*H counting rauo for calcula-
tion of the amount of free ethylenediamure ( F,) on the
filter, uncorrected for a change due to binding of *C 1o
the enzyme '*C counts serve for the calculation of the
amount of total (7') free plus enzyme-bound ethylene-
diamune on the filter Let the 1otal amount of ethylene-
diamine 1 the ahquot of medium taken for filtranon
(40 uly be M After n wterauve correcrrons of the free
¢ /*H ratio for *C binding and vice versa, the findl
amount of enzyme-bound ethylenediamine can be de-
scribed [9} as

Bn-(T—Fo)é(%)"

Blanks, that have undergone the same mathematcal
treatment (n =3), are read from a blank cahbration
graph of B, vs (M—B,) Blank values for B, are
subtracted from assay values at equivalent (M — B,)
values

Computation of interatomuc distances

Calcwlation of the number of neutral amino acid
residucs to be inserted between two negatively charged
aspartic and/or glutamue acd residues i a hehx or
pleated sheet structure, allowng the relaxed ethylene-
diamme antt-conformation (N — N span of 37 A) 1o
fit, has been carned out by the MacroModel pro-
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gramme (Cotlumbra Unmiversity) via the facikues of the
Duich CAOS /CAMM Cunter {Scicnce Faculty, Nyme-
gen)

Radoactive and non-radieactie cherucals

{v- 2PJATP (3000 mC1/mmol, radiochemical punty
= 95%), [“Clethylenediamine (44 mCi/mmol radio-
chemical punty 98-99%) and [*Hlsucrose (5-538
Ciymmol, radwchemical punty 98-99%) are from
Amersham Internatiopal {Amersham, UK ) ATP (di-
sodium salt, 98% pure) 15 from Boehnnger Mannheim
(Mannheim, FRG) 4-Nurophenyl phosphate (en-
zymatic purity 98%) ethylenediarune (95% pure), tnal-
Iylamine {98% pure), tnethanolammne (98% pure) are all
from Merck (Darmstadt, F R.G ) or Merck-Schuchardt
{Hohenbrunn, F R G ) All other chermcals are of ana-
lytical grade

Results

Intebuntion of overall and partal reactions
Nat/k"-ATPase actvity 15 mhubited by ethylene-
diamune but at concentrauons of the ihabttor (£, = 35
mM, Table I} far beyond these mvolved in huffer-
activated and Na*-activated phosphorylation (Is,=
0025-0 56 mM, Table I) Part of the discrepancy could
be due 10 a difference in tumperature (37 vs 22°C) and
nt the concentration of igands Na* =100 vs 0-1 mM,
K'=10ws OmM, Mg =5vs 01 mM, ATP=5 vs
002 mM Comparison with the mhibtuon of 4-
mirophenylphosphatase actmity (f55 = 20 mM) assayed
under comparable conditions of pH, temperature and
activating ligand concenteations as the overall
Na* /K *-ATPase activity (Table 1) shows that the pres-
ence of ugh Na* 1n the latter assay probably antagonizes
miubition 1€ same holds true for K*¥, an increase
(1 — 15 mM) of which 1n the phosphatase assay medium
increases the I, value for ethylenedianune frem 4 2 to
26 mM (K, =28 mM, Fig 1) On the other hand, the
Na*-activated ATPase actvty, which 15 assayed under

TABLE 1

Inhib by ethylened of overall and partial reactions of Na /K™ ATPuse

Abl tions Im, tmidazole, TEA, tnetharol TAA. tidlylumune S substrate, £, enzyme, T temperature 7 lune All buffer components

are brought ta pH with HC1

Acuwty Buffer pH  Na~ K* Mg*t 8 £ T t Iy
(mM) (mM) (mM) (mM) M) (pz/mb (°C)  (mm)  (mM)

Na*/K-ATFase Im 30 74 100 16 5 5 125 37 60 35

4-Nitropheaylphosphatase Im 30 T4 00 10 75" > 125 37 50 20

Na*.acurated ATPase TEA 20 70 1 oo D1 (02 10 2 15 42

Na *-activated phosphorylation TEA 59 70 1 00 01 002 (U] 23 005 036

Bufier-acuvated phosphorylation Im 50 70 00 00 D1 002 100 23 005 G025
TAA 40 70 [1]H] L] 1R} oa2 100 23 005 o067

* 01 mM EDTA present
b 1 M CDTA pesent
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Fig. 1 Competiion between K™ and ethylenediarne (EDA) in the
4-mtrophenylphasphatase activity Shown s I, EDA as a funcuon of
the K™ concentralion Assay condibiors as indicated in Tabie

conditions (22°C, pH 70, I mM Na*, 01 mM Mg?*,
0 02 mM ATP) comparable to those of the Na*-activated
phosphorylation, also displays reduced sensiwity to the
inlubitor ethylenediamune ([, =4 2 vs 056 mM, Table
I} The difference may be due to the difference in rate
iimuting, step, being dephosphorylation 1n Na*-activated
ATPase and the phosphorylation step per se m Na*-
activated phosphorylation

Funally, companson of Na*- and buffer-activated
phosphorylation confirms the antagomstic action of Na*
on ethylenediamine miabition where 1 mM Na™ 1s able
to ncrease the I, for ethylenediamine at least 8-fold
under comparable assay condibons (Table I} The
antagonsm will be analysed in further detail in the next
section
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Inhibatron of Na *-actwated phosphorylation

Since nlubiion by ethylenedsamine on the Na’-
activated phosphorylation 15 more apparent 1n the rate
than 1n the eventual steady state, we have confined here
ourselves to 3-s phosphorylation levels (presteady-state
in presence of the mhibitor at suboptimal Na* con-
centrations) This inhubition by ethylenediamine (0-2 1
mM) can be fully overcome during the 3 s of phos-
pherylalion by increasing the Na* concentration (Fig
2A), concormtant wiith an increase (from 012 1o 268
mM) of the half-maxmally activaing Na* concentra-
ion (Fig 2B, mset) This phenomenon represents com-
petitive inlubimon of Na* acuvauion by ethylene-
diamune

The upward curvature m the double reciprocal plot
of phosphorylation level vs Na* concentration mdi-
cates positive cooperauvity (Fig 2B} Hill-plot analysis
of the data demonstrates that the Hall coefficient (#y)
also mcreases {from 134 to 252) with the mhbator
concentration (Fig. 2B, mset) This response 1s 1n1 agree-
ment with hgand exeluston 1n which the binding of an
inhibitor to a single site prevents the activating ligand
from binding te a muluphcity of sites {10]), possibly
three, judping from the Hill coefficient approaching a
value of 3

Because of the low background phospherylation level
{10-16% n the control without Na* and ethylenedia-
mune) triethanolamine-HCI has been chosen as buffer
component The S35 of 012 mM for Na* i thus buffe.
m the absence of ethylenediarmune 15 simlar to the
half-maximally activating Na™ concentration {02 mM)
m 1midazole-HC] at the same concentration, pH and
temperature [11], indicating that tnethanolamine 1s
equivalent to imidazole in inducing the phosphorylatng

1/EP [nmol mg protein}~
EQA (m#t]
ally
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T T T

2 4 6 3 10

2035

04 08B 12 16 20
EDA {mM}

1/Na* (mM-Y

Fig. 2 Inlubition of Na*-activated phasphorylanon by ethylenedismine Phosphorylauon takes place under the conditions of Table I (3rd Lne from
bottom) in the presence of the indicaled Ma* and ethylenediamine (EDA) concentrations (A) Michaelis-Menten plats (B) Lineweaver-Burk plots
(inscl n B) K¢ s (©) and Hill-coefficient {#y o) for Na* as determuned from Hill plois of the data



E, conformation This contention 15 supported hy the
kinetice of the E; — E; transiion which m tn-
ethanolamune and tmdazole are of simelar magn'tude
{(Van Uem et al, unpublished data) The f., for ethyl-
enediamine as a function of the Na* concentrauon in
triethanolamine extrapolates at 0 Na* to 0675 mM (not
shown), which 1s virtvally equivalent to the I, value for
inallylamine activated phosphorylation (0 067 mM, Ta-
ble I) This may mean that triethanolamune and tnal-
Iylamine have the same affimity for o common site but
that the larer, dve to stronger mlubition of de-
phosphorylation, leads to appreciably higher steady-
state phosphorylation levels (5 vs 10-16% of the maxi-
mal Na* activation level)

Iniubition of buffer-aciwated phosphorylation

Where Na* can fuily overcome in 3 s the mhbitzon
of phosphorylaton by ethylenediamms, this 1s not the
case for tnallylamine as representative of baffer-
activated phosphorylation This rauses the question as to
whether steady-state phospherylation 1n buffer-activated
phosphozylation 1s reached within 3 s or not. and
whether thes level 1s stable mn time Besides a slow
(30-45 mun) nse 1n the (3-s) phosphorylation level dur-
mg premncubation n tnallylamne (maybe due to mser-
tion of the hipophylic molecule mto the limd bilayer)
addition of ethylenediamune disturbs the reachung of an
equilibrium by giving a downward overshoot of about 2
min duratton (Fig. 3} Under conditions of Na*-
activated phosphorylation (Table [} the overshoot phe-
nomenon 13 absent and the new equbibnum 1s attamed
within 3 s upon addiion of the mhubitor Apparently
Na* 15 a more potent cation 1o control the equiltbrum
shift caused by ethylenediamine. Time courses of ethyl-
enechamme mhibhitton at different tnallylamine con-
centrations display patterns sinular to those shown m
Fig. 3 Therefore. n subsequent expenments on ethyl-
enedianune miubition of buffer-associated phosphoryla-
tion 2-3 mm of equhbnum setung for the enzyme-in-
lubitor complex is allowed to take place before phos-
phorylation 1s started by addition of ATP Though 3 s1s
sufficient to reach the steady state . buffer-activated
phosphorylation 1n the absence of cthylenediamumme
(10-15 s at subopuimal concentrations of Mg®* or ATP
Fig. 6) prolonged phosphorylation times (0 25-1 5 mun)
are required 1n ibe presence of the inhubitor (0 033-06
mM) The steady-state fasts for another 15-275 mun
(Fig 4), except at suboptimal ATP concentration whete
the dechine, due to substrate exhaustion, sets m after 1
min Hence, routinely tnallylamime generated steady-
state phosphoenzyme levels are determined following; 2
mn of phospherylattion (Figs 5 and 6B}

We have furthermore tested the reversibility of the
inhubition either by incubating the enzyme for 2 mun
with the inhubitor 1 2 7-tumes concentrated form pnor
to dilution with trialiylamme, or by adding the inhibitor
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Fig. 3 Tume course of ethylenediamine inhibiion Addition of ethyl-
ensdiamune (EDA, final concentration upon addion of ATP o
wdicated) follows 45 min premncubation of enzyme with tnallvlamne
(204 5 mM) Intubition 18 pursued by addison of ATP at the indicated
umes after ethylenediamine and traced by the indicated 3-s
presteady-state phosphorylanuen levels as rano of the contral wathout
EDA The phospherylation condiftons are those of Table [ (bottom
line, but at 150 mM inallylamine) follomng a 15% reduction m
Lgand concentzations upon addition of EDA and a further 12%
reduction upon the subsequent addition of ATP Conditions of tem-
perature and pH dunng p bation and phosphorylation are the
same
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Fig. 4 Kaneucs of buffer activaled phosphorylaton in the presence of
ethylenediamune. Phospharylatton for the indicated Limes follows 45
min of p bation 1 trallyl (TAA final concentrations
1indicated) and a sulseq 3-3 mun of b. in the p

of ethylenedianune (final concentratton 037 mM) Conditions of
premncubation and phosphorylation, including the chlutions cansed by
additron of ethylenediamune and ATP are essentially those given in

Fig. 3
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Fig 5 Inhib af huffer- d phespharylation by ethylenediamine The conditions of Fig 4 are apphed in prancobatien and phosphoryla-
tion (3 5 without ethylenediarmne 2 aun n the p of ethyk } Final concentrations of tnallylamine (TAA) and of erhylenedramine

(EDA) are prescnted {A) Michachs-Menten plots (B) Lineweaver-Burk plots, corrected for back-ground levels i (A}, due 1o snudazole (0 54 mM)
accompanying the enzvme (Insel i B) Kg 5 (0) and Hull-coeffivient (7, o) determuned from Hll plots of the data from (B)

46 mun after the activator In either case final con-
centrations of mhibitor (06 mM) and activator (150
mM) upon additon of ATP were the same as were the
final steady-state phosphorylation levels (wrthin the ex-
penmental error of 10%) In addition, the mnhibitor can
be washed out 1n binding expenments to be presented
below Hence, we consider inlubition of ethylenedia-
nmune to be reversible

Following these prebhmunaries we have determuned
the type of inhubition by ethylenediamme on buffer-as-
sociated phosphorylatton (Fig 5) In contrast to an
earlier conclusion [2], based on Fig 5A, which seems to
demonstrate mixed-type mhibition, we now interpret
the mhibiion as being merely competitive (Fig. 5B)
The half-maximally activating tnallylamune concentra-
tion mereases i a virtwally bhnear fashion, whereas the

EPIAT O] [} EP/[Mg?*] {pM)
4 A 264 B
50
\
Km=019 pM
401 201
Km=011pM »
10 154 Km=053 uM
Km=045uM -EDA
L

204 104

-EDA
10+ \:i 05

\ , N VA Y

2 0 25 05 10 is 20 25
EP Inmol mg~' protein) EF {nmol mg-' protein)
Fig & Effects of ethyleredianune on the K, for ATP (A) and for uncomptexed Mg2* (B) P bation and p ylation are essentially

actording to Fig 5 wath munor modifications Concentrations dunng pretncubation are 15-28% higher than dunng phosphorylation, follawimg the

addion of EDA and ATP Final concentrations 1n (A) ATP =0 1-5 1M Mg?* =100 pM, and enzyme = 0 03 mg,/ml, (BI ATP =20 pM totul

Mg?* = 26 8-302 8 pM (free 0 5-100 pM), and enzyme = 0 1 mg/ml Taallvlanune i (A) snd (B) 1s 150 mM and ethylenediamune (EDA) 150 6

mM Phasphorvlation to steady state withoul EDA tukes 15 s and with EDA 1 mun in (A) 10 5 and 2 mun respectuively in (B) K, values derived

from the slopes, as calculaled by hinear regression amalysis are presented The ATP concentrauons ere corrected for consumption during
phosphorviation
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Fig. 7 Ethylened; Mg stn in Na-activated phos

phorvlation Conditions of phosphorylation are essentially those given

n Tahle § {3rd line from bottom) at 1-~300 xM uncomplexed Mg

(EDTA =0 Z mM) and 0-3 mM ethylenedharmune (EDA} (A} Kp<
Mg?* as a function of EDA (B) Iy, EDA as a function of Mg~

Hill coetficient (ny = 1 64) remans honzontal 1€ 1n-
dependent «f the inhibitor concentration (Fig 5B, inset)
Accordmg to the hgand exclusion theory [10] this 1s
possible when 2, 15 close to he number of ligand
binding sites This may mean that 2 sites (the next
integer of 1 64), rather than 3 (the next integer of 2 52
in Fig 2B) are involved in amuno-buffer activation

Effects on the achwation by substrate and Mg *

The effect of ethylenedianune on activation by ATP
and Mg " i buffer-associated phosphorylation appears
to be of secondary importance The K, values for ATP
and Mg?* only merease 3-4-fold to values {045 and
053 uM, respectively, Fig 6), which cannot account for
the inlubition observed with 44-times the K, for ATP
and 189-imes the X, for Mg?* present The same
holds for ATP in Na*-activated phosphorylation (con-
ditions of Table Iy where the mcrease m K, for ATP
(0 8 mM ethylenediamune) 1s only 2-fold (from 002 w
004 uM) The effect on the K,; for Mg?* n Na*-
acuyvated phosphorylation 1s more severe and leads to a

TABLE 1t
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value Lhat levels off at abouwt 13 pM (Fig 7A) The
increase may be due (1n part) to the increase m K, ; for
Na~ (Fig 2B) since inureasing the Na* concentratron
decreases the K5 for Mg” ™ mn the pmolar range [11]
In additien, the saturating itiabttion indicates separate
binding sites for ethylened ammne and Mg?*, remr-
miscent of a simular response of the Ky for ATP upen
titration with K* [12] Agamn, the K, value of 13 gM
though herng relatively high. cannot have been a cause
of inhihition at the saturaung Mg?*~ concentration of
10C 1 41 m the phosphorylation expeniments

Conversely, Mg*>* also antagomzes the intubition by
ethylenedianune of the MNa™-acuvated phosphorylation
(Fig 7B) This anlagomsm comes nto full effect be-
yond the maximal K, value for Mg®* shown n Fig.
TA The half-maximal effect 1s at 36 gM This probably
means that we are dealing here with a separate Mg?*
site of lower atfinity

The effect of ethylenedianune on dephosphorylation

The reduced phosphorylation levels, seen m the pres-
ence of ethylenediamne (Figs 2 3 3, 6), mughi occur
when the inhibitor would enbance the dephosphoryla-
tion rate For that reason the effect of ethylenediamine
on the dephosphorylavuon kinetics was imvestigated
Meanwhile the kmetics of dephosphurylation in trial-
lylamune as optimal activator of buffer-assoctated phos-
phorylation were compared with those of imidazole as
second-best activator (1.11] in order to check the con-
cept that thv activation of phosphorylation, seen as an
merease of the phosphorylation level. 15 due to whibi-
uon of dephosphorylation In thot case the kineucs of
dephosphorylation in tnallylarmne should be lower than
in mudazele Since malhmolar (non-radioactive) ATP,
used to quench the incorporation of “P, mhibnts de-
phosphorylation [8] the reaction 1s also quenched by
10-fold dilutien of the radicactive ATP with nen-radio-
active ATP of the same voncentration (5 pM)

Effects ~f rtlazole, trialh lamine and ethylenedhanune on the hinetics of dephosphorviatton at 23°C and pt 7

Imudazole o tewallylemune 15 presem throughout the expenment ethylenediamune (EDA, 05 mM) enly dunng dephosphorylauon (added 1ogether
with he r on-radicacuve ATP used to quench the imcorporation ot *P) The data on mmdazole (3rd and 41h column) are calculated from results

already publbshed by us |8,13]

a B ¢ d

Mediom (phosphorylanion) Imudazole (50 mM) Inidazole (50 mM) Trnallylamze (40 mM) Traliylapune (40 mM)

(dephosphorylation) id (10 mM) id {50 mM) id {40 mM) d (40 mid}
-EDA +EDA

ATP dunng de- Method  Rate constant of dephosphorylation (& (s~ ")
phosphorylatien a b < d
(nM)

5 B 078 oL 0074 0085
500 A 0133 Q04 0026 0025
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Fig. 8 Effect of molecular charge on ethylenediamune miubition
Shown 15 Iy, for ethylenediaming (EDA) 1 the Na*.actuvated phos.
phorylation as a fenction of pH and as a function of the mol fraction
of donble-charged EDA (double loganthmic plot .nset} For compan-
son the effect of pH on the J5y for the simgle-charged propylamane
{PA} 13 shown Assay conditions as in Table I, 3rd lne from bottom,
at 5-tunes the X, for Ma* at each pH 1 mM (pH 7 and 7 5),1 5 mM
(PHE),225mM (pH 85),275mM (pH %

The data (Table H) show that wmcreasing the im-
idazole concentration from 10 to 50 mM decreases the
rate constant of dephosphorylatton 4-8-fold, followed
by a further 1 5-3-times by changing the medium to
triailylamune {40 mM) Ethylenediarmne, present durng
dephosphorylation, does not alter the rate constant sig-
mificantly, indicating that enhancement of dephosphor-
ylation 15 not mnvolved 1n the ethylenediamune nhibi-
tion Since ethylenedianmune also does not inhubst the
conformational change to the phosphorylating E,-form
of the enzyme (Van Uem et al, unpublished data) the
phosphorylation step per se is the actual target of
ethylenediamine inhubition

TABLE III

Parameters of ethylenedianune binding and phosphorylanon

Maxmal binding (EDA ;) of ethylenedranune (5-100 g M) and half-maximally

nmol mg- protein pM-! EDA

044
a
03- N
SLLT
42 N
o1 4 ..
\\
~\
.
——
2 6 10 15 18 22

nmol mg-! proten EDA

Fig 9 Ethylenediamune binding to Na*/K*-ATPase Binding to one

of the preparations, also represented 1n Table 111, 55 shown here in a

Scaichard plot, following 1ncubation m the presence of 5-100 pM

(1l ) of ethylened (EDA} These concentra-
uons are corrected for the binding

Ejfect of molecular charge on ethylenediarmne inhubition
In our previous article [1] we postulated that the
strong ntubition by ethylenediamune 1s caused by sta-
plng of the double-charged diamune to neighbounng
carboxvl groups With pKa values for the anuno groups
of 752 and 998 one should be able to shift the molar
fraction of double-charged diamine from 77 back 10 3%
by increasing the pH from 7 to 9 Since buffer-activated
phosphorylation sharply drops above pH 70 [11] the
effect of elevated pH on ethylenediaminc was oanly
tested m Na*-activated phosphorylation, The maximal
level of Na*-activated phosphorylation at pH 9 15 still
86% of that at pH 790. Occupation of Na*-activation
sites was tried to be standardized by taking 5-tumes the
half-maximally activating concentration of Na*
(0 2-0 55 mM) Since inlubition may also depend on the
degree of protonation of the enzyme [14] the inhtbrion
by ethylenediamune 15 compared with that of propyla-
mane (pK, = 10 53), which 15 single-charged at all pH
values (7-9) invesugated The i, value for ethylene-

1

1ol
ng ethy

RE CC ratons ( Sy ¢) are determuned

Irom Seaichard plots hike that given in Fig 9 The interaction coefitcient {n) 1s determuned from the binding in the maximum of the plot, relative 10

that of the abscissa miercept = (n —1)/n [15] Maxumal phosphorylation 15 deterrmned m the at

of ethyl une, but 1n the presence of

190 mM Na™ Enzyme preparations {E) used with speaific Na* /K *-ATPase actmty (spec act ) and phaosphoenzyme level (EP,,,, ) are given in the

lefe columns

E Spec act EPpyy EDA ... Sos n EDA .,

INo } (pmol/mg (amol/mg {nmol,/mg (uM) EPras
protemn per b) profein) protem) raiic

1 1213 25 23 54 10 92

2 1253 22 18 41 11 82

3 1395 25 18 35 10 72

Av 1290455 24401 20417 43+56 11101 82406




dianune exponentially increases from 0 45 mM at pH 7
to 30 mM at pH 9 (Fig 8) The dual logarithmic plot of
15y vs the molar fraction of double-charged molecules 1s
straight with a slope of 13 This indicates that the
douple-charged ethylenediamine 1s the strongly mhubi-
tory molecule and that the binding sites are weakly
cooperative Note that the interaction coeffiment of 13
ts similar to that for ethylenediamine b ading (next
section) The single-charged #n-propylamine cisplays an
oppostie trend, namely that an increased pH and con-
cormutant deprotonation of the enzyme leads to an 1n-
creased affimty for the whibitor (I, = 214 mM at pH
7,134 mM at pH 9, Fig 8)

Canon-ethylenediamine binding imterplay

Since inhbition by ethylenecharmne and 1ts release
by activating cations, as studied m the previous se.-
tions, should be preceded by binding of the inhibitor ¢
the enzyme, we have tried to find a relation between
kinetic and tinding studies involving the antagomsm
between inhrbitor and activatimg cations

Ethylenecdiamune binding 1 the appareat absence of
antagomsts 15 not or only weakly cooperative wath Hull
coefficients between 10 and 13 and half-maximally
saturaung concentrations averaging at 43 1 6 uM The
binding capaaty 15 7-9-ttmes the phosphoryiation
capacity (Fig 9, Table III), suggesting that not all of
the binding may be directed to activating cation binding,
sites as only 3 Na™* sites, 2 K™ sites and 1 Mg?* site
have been reported [16-18] Some kind of aspearficity 1s
also revealed by the umformuty of gh K, and /g,
values (17-23 mM, Table IV, Fig 10) as displayed
the antagomsm exerted on ethylenedianune hinding by
such various cations, hke Na*, K* (>1 mM), L.* and
tniallylamine The Dixon plots of reciprocal binding
versus the concentration of antagonsst intersect on the

TABLE IV
Irtubition of ethylenedianune binding by various kgands

The eifects of varions cations on eibylenediarmune binding have been
a.nnlyscd from Dxon plots of reciprocal binding at three different

P {25 30, 50 and 100 pM} as a functon
of the md d caton o K, values are defmed by Lhe
common mtersectons of the graphs, lymg on we absossa (Na*,
K*>1mM, tnallylanune) or above the absussa at the level of the
reciprocal binding capacity 1 the absence of the pertmem canon
{(K* <1 mM, Mg?*)

Ligand Concn K,
(mM) {mM)
Na* 0-175 17-20
K* 0-05 62
K 1-50 20
Mg?* 0-5 04
Trallylamine 0-75 18-23
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Fig 10 Mono- and dwvalent cation g an ethylened

binding Binding occurs at 100 pM utial ethylenediznune (EDA) m

the presence of the indicated Na* (A), K* {B) and Mg** (C)

Also ind d arc the f¢, values for the cations under

these condimons The K, value for the Na* amiagemsm m (A) as

deterrnined by knear regression analysis of the Dixon plot (reciprocal
binding vs the on of Na* 315 17 mM (Table IV)

abscissa (not shown), indicating that high 1onsc strength
ricreases the binding capacity aspecifically

Apparently more specific 15 the antagonusm as ex-
erted by submilimolar K* (K, =02 mM) and Mg®*
(K, =04 mM) Here Dixon plots intersect above the
abscissa at the reciprecal maxamal binding eapac ty mn
the absence of the antagomst Ethylenediamine bindmg
15 ouabam-nsensitive n the sense that up to 1 mM
ouaban 1n the presence of 1 mM Mg?* (= Iy, Fig.
10C) at 01 mM ethylenediamune does not decrease the
binding level below that given by Mg?* alone
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Discussion

Inkibition of canon acrivarions

Ethylencdiamne with a distance of 37 A between 1ts
two posihive charges 1 the relaxed trans-configuration
(27 A in the opposite cis-conhiguraton [1]) appears to
be an excellent probe for the interaction of cations with
Na*/K"*-ATPase, eg Na', as appears from compan-
son of 1ts inhibitory potency on the Na*/K*-ATPase
and 4-nutrophenylphosphatase actvity at 100 and 00
mM Na’, respectively Under sumlar assay condinons
of buffer, activating cations (K*, Mg**) pH and tem-
perature this Na™ concentration difference leads to a
43% decrease in Iy, for the diamune (35 vs 20 mM) In
the Mz *-activated phosphorylation the competition with
ethylenediarmune 15 even more unambiguous since here
the assay conditions are identical except for the Na*
concentraiion An ingrease of thus cation from 05 to 3
mM increases the f5; for ethylenediamune several-fold
(from 018 to 31 mM) The 6-fold merease m I, for
ethylenediamine upon increasing the K* concentration
in the 4-mtrophenylphosphatase assay 15-fold (from 1
10 15 mM) indicates interaction with the K* activation
sites for thus actvity as well Interaction with Mg2*
activauon sites appears to be more indirect, but present
All these cation activauons take place at the inner
membrane side [19-21), 1 e, at the target side for ethyl-
enediamune 1nhebition (Van der Hyden et al. unpub-
hished data)

On the other hand, the inhibtion of amino-buffer
associated phosphorylation by ethylenediammine must be
transmembranal as ethylenedrammne minints at the cyto-
plasmic side and amuno-buffers activate at the extracell-
ular side (Van der Huden et al. unpublished data} As
shown i this paper the amuno-buffar associated m-
crease of the phosphorylation level 1s due to an -
tion of dephosphorylanon, which m turn 1s caused by
pmolar K* that accompares the enzyme preparation
[13] Smece K* acuvates dephosphorylation at the ex-
tracellmar side [22] anuno-buffer cations may enhance
the phosphorylaucn level by direct competition with
K* This weuld agree with the storchiometry of 2 for
activauon by tniallylamine as 2 K* 1ons are mvolved 1n
the dephosphorylation process [23] assuming that the
stoichiometry of subsequent occlusion 15 the same That
tniallylamu e 1s a stronger miubitor of dephosphoryla-
uion than 1mdazole may be due to the mare lipophyhe
nature of the triallyl substituted nitrogen compound In
addition 10 11s competihion versus K. * 1t may also hinder,
by wirtue of lipophylic interacuons, access of water to
the phosphorylation site

Comparisan of irhubition by, and binding of ethylenedia-
mine

The K,5 (43 £ 6 pM, Table TII} for equihbrium
indmg of ethylenediarune in the presence of tn-
ethanolamune as kinetically ‘mert’ buffer [1] 1s of the

same order of magmtude as the Iy, value (75 pM)
determuned for phosphorylation in the same buffer at
Na* -0 mM (Results), indicating that minding and
inhibition deseribe the same phenomenon The competi-
tive action of Na*, K* and tnallylamune on the binding
of the inhubiter 15 also m agreement with therr compet-
tve nature m the kmetic expeniments described above,
but their I, values in the bindmg assays are lugher For
mnstance, 20 mM Na* abolishes the inhibition of phos-
phorylation by ethylenediamine (i} 35-2 1 mM) almost
completely (Fig 2), whereas 20 mM Na™ ahohshes the
binding of ethylenedhamine (0 025--0 1 mM) only half-
maximally (Table IV) A simular discrepancy 1s found
for Mg?* 36 uM 1necreases the I, for ethylenedramine
m Na” (1mM) activated phosphorylation 2-fold (Fig
7B), whereas a 10-fold hugher X, (0 4 mM, Table IV) for
Mg?* 15 recorded 1 the binding studies The dufference
may be reconciled by the data of Pedemonte and Kaplan
[24], showing that phosphorylation may reduce the
sensttivity to electrophiles Hence, Na*may overcome
the weaker inlubition, that occurs dunng phosphoryla-
tien, with more ease than 11 reduces the stronger bind-
g i the absence of phosphorylation As for Mg?*,
this cation 1s known to display hgh affinity for the
phospheenzyme anyway [25}

Since Mg2* probably inhibits ethylenediamne bind-
g from a different site, as indicated by the saturation
curves of mhibition (Fig 7), we expect mixed-type
mhibitton m the binding experiments The Dixon for-
mulation for this type of mhbition 1s

L 1+al/K,)
[ESI+[EIS]  {[8]/Ks)(1+((1])/ < K,))

relating the frachon of total enzyme comtunmng the
higand § with the concentration of hgand and inhibitor
M K, K, and xK, (x=>1) are the dissociation
constants of the ES, EI and EIS complexes, respectively
Plotung the reciprocal fracuon as a function of [1]/K,
(= 0-3,[8]/K, = 0 5-2) vields curved hnes, except when
@ =5 The plots then become virtually straight, mter-
secling one umt above the abscissa (the posiion of the
reciprocal maximal binding capacily in the absence of
nfubitor) 1 agreement with our binding data

The antagomsm, exerted by tnallylamine on
ethylenedsanuine binding 10 the absence of phosphoryla-
uon (K, = 18-23 mM, Table IV) 1s more commensurate
with the affimty of the enzyme for this anmuno-buffer in
the presence of ethylenediamine dunng phosphorylation
(K, for triallylarmine = 26 mM at ethylenediamune = (0 1
mM, Fig 5B) This could mean that phosphorylation
has no profound mfluence on the affimty for the ex-
tracellularly activating amuno-buffers, although it causes
a strong affinily mcrease for K.* at the same membrane

side [26] with whach the amuino-buffers are thought to
compete [13}



More d.rect may be the competition exerted at low
concentrations of K* (< 1 mM, K, =02 mM, Table IV
and Fig 10C) although ntersection of the Dixon plots
1 this concentration range shil indicates a stoichiome-
try of 7 ethylenedianune binding sites per phosphoryla-
tion site {enzyme No 3 in Table I11) Thus the number
of the ethylenechamine binding sites and K* occlusion
sites (2 per functional unut [23]) do not match Ethylene-
diamune, however, strongly iniubits { K, = 0 06mM [27])

the occlusion of Rb* (E; — E,Rb) or a simular transi-

K
tion {E; —»E,K) as mduced by K* [28] with a similar

K, for K™ as the X, reported above

Another matter of concern 15 the ouabain msensitiv-
ity of the ethylenediamne binding as noticed by us,
while binding of Na* or K* and the occlusion of K*
has been reported to be ouaban-sensiive [17,29] On
the other hand, ouabain-stabihized acclusion of Na* as
well as K* has also been descnibed [30,31), even under
non-phospherylating conditions, which may indicate,
hke our stoichiometries, a multipheity of cation binding
sites So far, only part of the single-charged cation
tinding has been reported to be ouabain-sensitive
Hence, the reason for resistance to cuabam of ethylene-
diamune binding may be caused by the dual charge,
which 15 involved m tight binding of the chamine (Fig
3)

Ethylenediamine as structural probe

The presence of dual positive charge on ethylene-
diamine as prerequisite for strong inhibition of phos-
phorylauon could inevitably only be tested 1n the pres-
ence of Na* as much more potently acuvating cation
than the amuno-buffers The latter faul to give significant
phosphorylation levels above the pK value (7 5) of the
second protonated group of the inhibator [11] due enther
to a reduced affumty for the amuno-buffer cation or an
increased dephosphorylanon rate The forementioned
dual charge at a distance of 37 A in the relaxed
anu-configuration of ethylenedsamine could mean that
activating cation binding sites, which could be occupted
etther by Na* or K™, are such a distance apart The
effects on ATP and Mg?* binding (the two other effec-
tors of phosphorylation} are more remote, judging from
the moderate or lumted effects of the mhibetor on the
Ky for ATP and Mg?*, although these effects may
eqqually well reveal a chstortion of the enzyme, which
could cause the inhubiion of the phosphoryl transfer

In order to allow the distance of 37 A by ethylens-
dianune to be spanned, the negative charges of asparuc
or glatamic acid ressdues n the proteins should be
erther 2-3 ameno acid residues apart in the helix or only
1 n the pleated sheet structure Helix and pleated sheet
structures are present m a raue of 13 1 i the ex-
tramembraneons domains of the enzyme’'s a-subupt
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[32] An analogy 15 found in the Asp-35 to Asp-3%
spanmng property of cthylenediamine toward bacterio-
rhadopsin [33]

We arrive now at the general pnneiple that cations
can (nduce conformational changes nto the enzyme
thai may eventually lead 10 an mhtbiton of phosphoryl-
ation, even though the mhibitor does not or hardly
affects the affinuty for substrate Ethylenediamime, like
other amunes, increases the fluorescence of eosin i the
presence of enzyme, eosin being a probe for lugh-affin-
1ty ATP binding to the E,-conformauon of the enzyme
[33] A <umilar strong E -conformation mduang effect
of cthylenediarrune has been detected wth the cova-
lently bound fluorescent probe fluorescemn 1so-
thiocyanate [28] Hence, ethylenedtamune dees not in-
tubit the transiion from the low-affintty substrate bind-
g E, to the lagh-affimty substrate binding conforma-
tion E;, nor dees 1t increase dephosphorylation (Table
1) Consequently, it must deteriorate by conformational
change the juxtaposiion of the ATP-binding Lys-719
residue and the phosphorylation site (Asp-369 [35)) In
conclusion, we favour the concept that ethylenediamine
by occupation of cation acuvauon sites mhibits the
phosphoryt transfer from ATP to the enzyme
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