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(1) Ethylenediamine is an inbibltor of Na +- and KLactivaled processes of Na+/K+-A'lP~se, ie  the overah 
N a ÷ / K  +ATP~se activity, Na+.aetlvated ATPase and K +-activated phospbatase acu,i'y, the Na ÷-agti~ated phesphory- 
lation and the Na÷-free (arai~lmffer assoemted) phosphorylation (2) The !~  ~alues (Ire i~ the concentration of 
inhibitor that haif-max~mally inhibits) increase ~ t h  the concenWanon of the acti~almg cations and ~ half-maximally 
aelivatmg cation e o n ¢ ~ n s  (K,. values) inct~a--ae w~th the inhibitor concentration, (3) Ethyl¢ocdiamme Is 
enmpefi6ve w~th Na ÷ in Na+-aetivated phosphorylation and w3th the ammno-bm'fer (tn~ll~lamlne) in Na÷-free phos- 
phorylaflon Significant. though i~robably indirect, effmets can also be noted on the aifiaity for Mg 2+ and ATP. but 
these ca!mot a¢coent for the ~ Mlion. (4) Inhibition parallels the dual p~a~onated or posaivei~ charged ethylenedia- 
mine concentration (charge distmg~ 3.7 ,i0. (5) Direct investigation of interaction i~ilh aclivating cations (No ~', K +, 
Mg +, triall3'lamine) has been made vm binding studies. All these ea~ans drive ethylenednam,ne from tke enzyme, but 
K ÷ and Mg + ~w~h the h, ghest effic~ocy m~l specif,eity. E~fflened, m m e  binding is ouabain-msensihve, however (6) 
EthylenedialBine Beither inlublts ~le B'~Bsition to the phosplm~latlng *.nzyme conformation, nor aces ,t at[feet the rate 
of deplmspho~lation Hence, w~ pmvismrtally conclude that ethylened,amine mhtbtt~ the ph~phoeyl trm~sfer I~elween 
the ATP binding and phosi~o~iation site through occupation of cation activation s:tes, wluch are 3--4 A aparl 

lntroducflw 

Some .Lmmes, saz the triple-substituted tnailylarmne 
and tnpropylarmne, effeettvel) subst,tute for Na + m the 
ATP-dcpcndcot phosphorylauon of Na+/K+-ATPase. 
probably due to their hpophthe interactions ,n the centre 
of phosphoenzyme hyfirolys,s, thereby mhlbmng water 
entry and antagomzmg the opposite K+-effect [I I 

Dtammes, however, parueularly those dlspla3nng a 
N ~ N distance of 3-4 A, lnl~blt steady-state phos- 
phor~ialton InhtbRton by ethylenedtarmne (N ~ N = 
3 7 A) could be overcome corapettttvely by increastng 
the Na + concentration Intubltton by ethylcnedlarmoe 
of tna]lytanune actavatton, on the other hand, not only 
mcrea,,ed the half-maximally aettvat,ng concentration 
of buffer, but also seemed to lower the max!mat phos- 

phorylauon level attained [2] TIus would ,nd,¢ate dif- 
ferent mechamsms or sxtes for Na + and lnatlylamme 
acttvatton M~ eeover, tl hints at lh¢ posslbthty thal 
ethylenecharmne may bridge Na+-acuvaUon sties of ~-4 
A dlstanee In addmon the rmxed-type mhibthon of 
tmllylamme aetlvauoe tould lndzcate different sties of 
binding for ethylened,amme and activating anune, w,th 
the enzyme-inhibitor-activator complex operating at a 
submaxtrnal level 

In wew of the prospect that ethylenedlarmne binding 
rmght be used as a tool to Iocahze Na+-aettvaUon sties, 
we have anabsed mhlbmon by Ihe d~armne on over ill 
and partial ,eaetlons of the t~tle enzyme in more det,ul 
m comparison with its binding characteristics 

Materials and Methods 

Abbre~aa~aona .~,~, K0~ or K m are the concentsdttonb of s~b~trat¢ 
ot hgand giving a hal[.ma.vamal effort L~ i,~ the eoneentrazzon of 
iRlublto~ Ihat half-nmxlmaflly mlubxts and K~ a~ the ~me but if! the 
K~*Bn~ Of ~t C4~Ynp~tlIIVC aflu~onl.~l 
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Enzyme preparatwn and overall hpdrolytw actmmes 
Preparation and punficatton of Na+/K+-ATPase 

from rabbit kidney outer medulla [3], mchidmg removal 
uf contarmrtatmg ATP. washing and stonng of the 
preparataon (Ref 4, omitting CDTA from the stolage 
medium), and deterrmnatton of protein [3] is earned oat 
according to the ~eferentes ~ven 

D1vl~mom) 
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The Na+/K+-ATPase and d-mtrophenylphosphatase 
eenvmes are determined aeenrdmg to School et al [4] at 
37°C and pH 74 wath minor modfficataons The assay 
medium for Na*/K+-ATPase actlWtV contains an ad- 
dmonal 0 1 mM EDTA, whereas the 4-mtrophenylphos- 
phatase z~,~my medium contmns 7 5 mM MgCI 2 in ad- 
dmon to the 1 mM CDTA The 4-mtrophenyl phos- 
phate is freed from Na + by conversion to the lrmdazole 
salt by passage over Dowex 50 WX4 (H+-form), fol- 
lowed by neutralxzatton w2th soL~ irmdazole and spee- 
trophotometncal deterrmnatton of its concentration 
({J~s = 10 8 mM -I  cm-t )  In the control 1 mM ouabam 
substttutes for K + 

DetcrrmnaUon of Na+-sttmulated ATPase acttvR) ts 
earned oul under assay conditions (22°C. pH 70) 
apprnacm~i~ those of the phosphorylat~on in a medmm 
contmmng 20 mM tnethanolanune-HCl, 1 mM NaCI, 
0 1 mM MgCl~ and 20 IxM ATP In the control an 
addmonal 1 mM ouabam ts present Inorgamc phos- 
phate hbcrated is determined as phosphomolybdate 
complex, stained with Ma]acinte green [5 t 

Phosphorvlarton and dephosphorylauon 
Phosphor~latton of the enzyme at 23°C and pH 7 

follows the procedure outlined m our pre~aons pubhca- 
rton [1], using either tnaltylamme-HCl as only buffer 
component for optimal buffer-actwated phosphoryla- 
tlon, or tnethanolarmne-HCI as 1o~ background buffer 
support for Na+-acttvated phosphorylatlon Neutrahza- 
non and quantification of the buffer components m the 
stock solutions, including deterrmnattou of their Na + 
and K ÷ contents have been earned out as described [1] 

Phosphorylalaou is started by addition of [7-32P]ATP 
(20 #I) or MgCI2+[-IJ2P]ATP (40 ftl) to the assay 
medium, contmmng the other components, including 
buffer (+ or - N o * ,  + or - M g  z+, and + o r - e t h y l -  
enedmrmne) and enzyme, makang a total volume of 150 
td Final concentrations m the standard assay medium 
are 50 mM for buffer, 0 1 mM for Mg 2÷, 20 aM for 
ATP and 0 1 mg protean/ml for the enzyme Corttcerttra- 
ttons of other components, lake Na + and ethylenetha- 
nupe ere variable and hence are specified for each 
expenment in the figure legends ATP Is converted to its 
imadazole salt by passage of an aqueous solution of the 
dlsodmm salt over a Dowex 50 WX4 cation-e×ehartge 
resin m the protonatcd form, followed by neutralization 
of the eluent wah txmdazole The non-radioactive ATP 
is n-axed ~tth [)'-3~P]ATP (Amersham Internalaonal pie, 
Amersham, U K,  code PB 170 333 p,M, 3000 Ct/mol 
I6]) in order to yield a specific radioactivity of 300-500 
cpm/pmul (1300-1500 cpm/pmol m the deterrmnartun 
of K m for t~TP) 

Following phnsphorylatton for spetal~ed Umes the 
reaction is quenched by addltiou of 4-5 ml 5~ tncMo- 
roaeettc acid, containing 0 1 M P, The denatured pro- 
tern ts washed on 25 mm diameter, 1 2 gm pore stze 

membrane filters (Schlemher & Sehuell, Dassel, F R O ) 
three tames with the quenclung solution and counted for 
3~p in a hqmd-scmhllatton analyser after adchtton of 4 
ml Aqualuma Plus counting solution (Lumac b y ,  
Landgraaf, The Netherlands) Data are corrected for 
blanks m winch the quenching medium Js added prior 
to the MgATP 

Phosphorylatlon ~s deterrmned as steady-stale level 
(unless stated otherwse), taking 3 s in the absence of 
ethylenedlamme (I0 15 s m the detertmnatlon of the 
K m for Mg 2+ or ATP at suboptimal concentrations of 
these hgands) and 1-2 man in the pr~ence of ethvlen- 
ediamtne (absence of Na +) Phosphorylation in trial- 
lylamme is preceded by 45 nun premeubatton (23 ° C) of 
enzyme m the buffer medmm m order to reduce a 
maximally phosphorylatmg conformaUon Tbas confor- 
mation ts stable for 30 nun, followed by a period of 
deehmng phosphorylatmn eapacrty, possibly by tater- 
ference of the hpopluhe tnaUylanune with the protem- 
hptd mteracuon, The phosphorylatlon expenments are 
camed out m tins 30 nun pertod of optamal capaetty 
ATP is added 2 mm after ethylenedtarmne m order to 
allow for enzyme,mhthitor equfllbrtum binding 

In the deterrmnatlon of the K m for Mg 2+ an ad- 
dtttortal 0 2 mM EDTA (neutralmed with trtethanola- 
mane) is present as MR ~+ buffer Total Mg 2+ to be 
added m order to achteve the desired uneomplexed 
Mg 2+ concentrations ts calculated by means of stabthty 
constants reported for the protonated forms of EDTA 
and ATP and their protonated and unprotonated Mg- 
comple~es [7] 

Dephosphorylatton is assayed by lO-fold ddutton of 
the phosphorylatmn medium, following 10 s 
phosphorylauon wath 5 #M [~t-~2P]ATP, with medium 
of the same composition, but vathout enzyme and con- 
taming either 5 (method B) or 555 ~M {method A) 
non-radioactive ATP [8] The phosphoenzyme levels are 
traced for 10-20 s af t~ dtluuon As blanks serve phos- 
phoenzyme detenmrtattons m which etther acid de. 
naturation of the enzyme takes place before addttton of 
MgATP (method A) or after phosphorylatlon m the 
diluted medium for 10 s plus the dephosphorylatton 
time (method B) Rate constants of dephosphorylatton 
are deternuned from slopes of setmlogartthrmc plots of 
phosphoarmyme level vs nine of dephosphorylataon 

Binding of ethylenedtamme 
Bmchng of ethylenedtamme ts deternuned according 

to a flltrataon method, previously pubhshed by us [9 I 
The enzyme (1 mg/ml) is incubated at 22~C and pH 
70 m a medium (100 /,l), containing 50 mM m- 
ethanolamane-HCl, {~4C]ethy]enedlanune (up to 100 #M, 
22 taCt/retool), [~H]sucrose (5 mCi/mmol, tmtlal 
t4C/'3H counting faun m the assay mechum is between 
0 113 and 0 3_42), 25-50 mM rtort-rad,oactv.e sucrose 
(enntr,buted by the storage methum of the enzyme 



preparatmn) and hgands m eoneentrauons given m the 
results seetmn As blanks serve assays to whach non-ra- 
dtoactwe ethylenedtamme (50 raM, pH 7 0) mgtead of 
the effector hgands has been added 

Binding is tmttated by adding enzyme last and flltra- 
ben  (40 ~1 m dupheate)  ~ started after ample (15 30 
ram) eqmhbrat ion Ftlters are extracted for 30 rmn m 1 
ml 10% ( w / v )  SDS and counted for I4C and ~H 
following mtxtng ruth 10 ml lnsta-Gel  (Canberra 
Packard Benelux by, Tdburg, The Netherlands),  m a 
l iquid scmlallauon analyser, programmed for double  
label analysm Counts  of the non-binding ~3H~sucrose 
serve wa the ~mtlat 1 4 C / ] H  count ing r ace  for ealeula- 
tton of the amount  of free ethylenedlanune (Fo) on the 
filter, uncorrected for a change due to b inding of ~4C to 
the enzyme l*C counts  serve for the ealculatton of the 
amount  of total  (T)  free plus enzyme-bound ethylene- 
dtarmne on the fdter Let the total  amount  of ethylene- 
d]armne m the ahquot  of medmm taken for hh ranon  
(40 pi)  be M After n ~teranve eorre~t,ons of the free 
14C/~'H ratto for t'~C binding and vice versa, the final 
amount  of  enzyme-bound ethylenedtatntrte can be dc- 
scribed [91 as 

" E n 
F. o 

Blanks, that  have undergone the same mathemattcal  
treatment (n = 3), are read from a b lank eahbrat lon 
graph of B,, vs ( M - - B . )  Blank values for B~ are 
sub t r a~ed  from assay values at  ¢qmvalent ( M - B  n) 

values 

Computatton o f  mteratomtc drstances 
Calculatmn of the number  of  neutral anuno aetd 

testdues to  be tuserted between two negatively charged 
asp~rtle a n d / o r  glutama~ amd r~,~dues m a hehx or 
pleated sheet structure, allowang the relaxed ethylene- 
dmrmne antt-eonformattoa (N ---, N span of 3 7 A) to 
fit, has been earned out  by the MacroModel  pro- 
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gramme (Columbm Umvt.rs~ty) via the facthlles of th4. 
Dutcb C A O S / C A r q M  Ct.nter l~wnce Faodty ,  Nijme- 
gen) 

Radloacltbe and non-radwactwe (hemtcal~ 
[ ~_ a2 P]ATP (3000 mC]/retool,  radtochem]cal purity 

>_ 95%), [taC]ethylenedtamme (44 mCt /mrao l  rad]o-- 
chemtcal puri ty 98 -q9~)  and [~H]sucro~ ( 5 - 9 g  
C t / m m e l ,  radmchemteal purity 9 8 - 9 9 ~  are from 
Amersham International  (Amersham, U K ) ~TP tth- 
sodmm salt, 98% pure) ts from Boehrmger Mannhetm 
(Mannhelm, F R G ) 4-Nltrephenyl  phosphate (en- 
zymatic p a n t y  98~) ethylenedtarmne (99~ pure~, tnal-  
lyhrmne  (98~ pureL tnethanolatmne (98~ pure) are all 
from Merck (DarmstadL F R.G ) or Merck-Schuehardt 
~Hoht,nbrunn, F R G ) ~11 other t, hermcals are of ana- 
lytical grade 

R e s u l t s  

ln/ubltmn el" o~erall and partml reactmns 
N a + / K + - A T P a s e  ctcttvlty is mb.xbRed bv ethylene- 

diarmne but ,it concentrattons of the mh~bttor (1.~ = 35 
mM, Table  I) far beyond those revolved in buffer- 
activated and Na+-actlvated phosphorylat ton (l~u = 
0 025-0  56 raM, Table  II Part of the dtscrepancy could 
be due to a difference m tt.mperature (37 vs 22°C)  and 
m the concentrataon of hgands Na  ÷ = 1(30 vs 0~I  raM. 
K* = 10 ~s 0 raM, Mg 2 " - 5 vs 0 1 raM, ATP = 5 vs 
0 0 2  mM Comparison w~th the mlubmon of 4- 
nt trophenylphosphatase acUvtty (15o-  20 raM) assayed 
under comparable  condit ions of pH, temperature and 
ac t iva t ing  hgand  concent ra t ions  as the overal l  
N a ÷ / K + - A T P a s e  acttvttv (Table I) shows that the pres- 
ence of tugh N a  ÷ m the latter aseay probably antagontzes 
inluhttlOn ~1¢ ~ame holds mJe for K ~, an increase 
(1 ~ 15 raM) of which m the phosphatase assay medium 
increases the I~o value for ethylenedtan'ane from 4 2 to 
26 mM (K, = 2 g mM, Fig 1) On the other hand, the 
Na+-acttvated ATPase acttvlty, whzch ts assayed under 

TABLE I 

lnhtbttwn by ethylenedlamm¢ of ouemll and p~ual reacnoax el Na / li( ÷ A TPase 

Ab~evlatmns Ira, m-ddazole, TEA, tnethanolamme TAA. tn,dlylaaur~e S substrate, E, enz'~me, T temperalur~ t I111~" All buffer compOnents 
arc brought to pH wah HC1 

Aeuvay Buffer ~H Ha" K* Mg ~+ S E T t t~  
(raM) (raM) (raM) ( r a M )  (raM) (#.g/roll (°CI (man) (raM) 

Na~/K-ATPaSe Im 30 74 1~) 10 5 ~ 5 ] 2.5 37 60 35 
4-NUtophcayiphmphatase Im 30 7 4 0 0 10 7 5 ~' ~ ] 25 3"l 60 20 
Na +.aeW.atcd ATPa~ TEA20 70 l on 0 l  002 10 22 15 42 
Na*-aehvat~l phosphorylatlon TEA SO 7 0 1 0 0 0 1 0 02 100 23 005 0 56 
Bu ftex-acu,/ated phosphorylaUo a [m 50 70 00 00 0 l  002 100 23 005 0025 

TAA40 70 00 on h i  002 to0 23 005 ol3fi7 

a 01 mM EIYfA present 
b I mM CDTA p,esem 
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Fig. 1 Compctlbon bctwe.~n K ~ and ethylene&aroma (EDA) m the 
4-mtmphenylphosphat~.~e aelwit) Shown is I~ 0 EDA as a function of 

the K* ~.ou~enlralton A~s~y con&trots as mdtcated to Table I 

condluons (220C, pH 70, 1 mM Na +, 0 1 mM Mg 2+, 
0 02 mM ATP) comparable to those of the Na+-aettvated 
phosphorylahom also displays reduced sensdt~ty to the 
mlubttor ethylenedtamme fls0 = 4 2 vs 0 56 raM, Table 
I) The difference may he due to the difference m rate 
hunting step, being dephosphorylaUon m Na +-activated 
ATPase and the phospharylat]on step per se m Na +- 
activated phosphorylatton 

Finally, comparison of Na +- and buffer-acttvated 
phosphorylatton confn-ms the antagomsttc action of Ha + 
on ethylenedtamme tnl~bltaon where ] m M  Na + ts able 
to increase the 15o for ethylenedtanune at least 8-fold 
under comparable assay condtttons (Table I) The 
antagomsm will be analysed m further detlnl m the next 
section 

Inhtbmon of Na +-actwated phosphorylatwn 
Smce ]nhlb]tmn by ethylenedlarmne on the Na ~- 

activated phosphorylaUon ~s more apparent m the rate 
than in the eventual steady state, we have confined here 
ourselves to 3-s phosphorylatlon levels (presteady-stat¢ 
In presence of the mlub,tor at suboptimal Na + con- 
centrattons) Tlus mhtbmon by ethylenedmnune (U-2 1 
mM) can be fully overcome dunng the 3 s of pho~- 
phorylalton by increasing the Na +eoncentratton (Fig 
2A), eonconntant with an mcrease (from 0 12 to 2 68 
raM) of the half-maxamally activating Na + concenlra- 
ann (Fig 2B, reset) Thts phenomenon represents com- 
petlttve mlnbmon of Na + activation by ethylene- 
dtamtme 

The upward curvature m the double reciprocal plot 
of phosphorytatton level vs Na ÷ concentration indi- 
cates posRtve cooperattv~ty (F~g 21]) Hill-plot analysts 
of the data demonstrates that the Hill eoeff~ctent (nn)  
also increases (from 1 34 to 2 52) with the inhibitor 
concentratton (Fig. 2B, reset) This response is m agree- 
merit with hgand exelusaon m whmeh the binding of an 
mhtbttor to a single stte prevents the aettvatmg hgand 
from binding to a muluphcny of sates [10], possibly 
three, judging from the Htll coefftetent approaelung a 
value of 3 

Because of the low background phosphorylatlon level 
(10-16% m the control without Na + and ethylenedta- 
mine) tnethauolamme-HCl has been chosen as buffer 
component The So~ of 0 12 mM for Na + m tins buff¢, 
m the absence of ethylenedtamme la slrmlar to the 
half-maramaily actwaung Na + eoncentratmn t'9 2 raM) 
m mudazole-HCl at the same eoncentrahoL% pH and 
temperature [11], mdteatmg that methanolanune ts 
equivalent to lmtdazo]e m reducing the phosphorylatmg 
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Fig. 2 ]nhtbmon of Na+-;~ctlvat~:l phnspho~lauon by ethy~ene.dmmme Ph~phorylattoo takes place under the eondluons of Table I (3rd line from 
bottom) m lhe presence o:[ the mdiealed Na + and ethylened,amm¢ (EDA) ooneea'ltrallons (A) Mtchaehs-Ment~.n plot~ (B) Llne,~,eaver-Burk plots 

(Inset m B) K 0 ~ (O) and Hall-coefficient (nil t.) tot Na + ,J~ dcternuned from H,[I plols of the dala 



E z conformatton Thas contentmn ts supported by the 
Ionettcs of the E 2-* E l transttton whtch m tn- 
ethanolamme and trmdazole are of strmlar magn'tude 
(Van Uem et at, unpubhshed data) The l~o for ethyl- 
enedtamune as a function of the Na + concentrauon in 
tnethanolanane extrapolates at 0 Na-  to 0 075 mM (not 
shown), which ts ~rtually eqmvalent to the I~0 value for 
tnallylan'nne aettvated phosphorylatton (0 067 raM. Ta- 
ble I) Th~ may mean that trlethanolanune and mal- 
lylanune have the same affimty f o r .  common site but 
that the lat'er, due to stronger tnhtbttton of de- 
phosphorylatton, leads to appreciably lagher ~teady- 
state phosphorylat~on levels (90 vs 10-16% of  the mara- 
mal Na + actwalton level) 

Inht&,on of buffer-ac~ teated phosphorflatwn 
Where Na+ can hd[y overcome m 3 s the lnlubztzon 

of phosphorylauon by ethylenethamm¢, tlus ts not the 
ease for trtallylanane as representaUve of buffer- 
aetwated phosphorylatton This rinses the questzon as to 
whether steady-state phosphorylauoa m buffer-acttvated 
phosphorylatmn ts feached wtt]un 3 s or noL and 
whether tins level ts stable m tnue Bestdes a blow 
(30-4.5 ram) rise m the (3-s) phosphorylauon level dur- 
ing premcubaUar~ m mal.lylamme (maybe due to inser- 
tion of the hpophyhe mo]ecule rote the hptd btlayer) 
adthtaon of ethylenechamme dasturbs the reachtag of an 
eqmhbnum by g~mng a downward overshoot of about 2 
mm duratton (F~g. 3) Under cond~uons of Na +- 
aettvated phosphorylauon (Table r) the overshoot phe- 
nomenon ts absent and the new eqmhbnum ~s attained 
wltl~n 3 s upon ad&uon of the mlubztor Apparently 
Na + ts a more potent catton to control the eqttihbnum 
stuft caused by ethylenechamme. "i Jme courses of ethyl. 
enedtamme mi~bztto~ at dafferent tnallylam~e con- 
centrations dasplay patterns sundar to those shown m 
F~g. 3 Therefore, m subsequent experiments on ethyl- 
enedmnune mh~bttfon of buffet-assocmted phosphoryla. 
lion 2-3 nun of eqmhbnum setting for the enzyme-m- 
habttor complex ts allowed to take place before phos- 
phorylauon ts staxted by ad&Uon of ATP Though 3 s t s  
sufficient to reach the steady state m buffer-acavated 
phosphorylatmn m the absence of ethylene&anune 
(10-15 s at suboptimal concentratrons of Mg ~÷ or ATP 
Fzg. 6) prolonged phosph0rylalaon trams (0 25-1 5 ram) 
axe reqtm'ed m the presence of the mtubttor (0 033-0 6 
raM) The steady-state lasts for another 1 5-2 75 nun 
(F~g 4), except at subopumal ATP concentrataon where 
the dechne, due to substrate exhaustion, sets m after 1 
nun Hence, routinely tnallylamme generated steady- 
state phosphoenzyme levels are deternuned following 2 
mm of phosphorylatton (Fags 5 and 6B) 

We have furthermore test~t the reverstbzhty of the 
mlublUon ezther by incubating the enzyme for 2 nun 
wRh the mhtb]lor m 2 7-tames concentrated form prior 
to dtlutton w~th mallylamme, or by adding the tnhtbitor 
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Fag. 3 Time ¢ourbe of  =thylenedtamme ml-abmoit Addttton or eth','l- 
enechan~ne (EDA, final conceittrat~on upon addition of ATP 
indicated) fotIows 45 wait premcubaltOit of  end/me ~ t h  tnalt,danmne 
(2t34 5 mM} hdub,aon ~s pursued by ad&t=¢it or  ATP at  the mdtcated 
lime3 after ¢thylcnedtar~'nite and t~aced by Ihe indicated 3-$ 
prcst~ady-~tatc phospP.~r~lanon levels as rar~o or the control wathout 
EDA Tltc phospi~arylat~on condmun~ ate  those of Table  [ (bottom 
hne, but at 150 mM lnallylamzn¢) following a 15~ redneuon in 
bgand ¢onccr~Uahuns upon addmon of  EDA and a further 12% 
reduction upon the sttbsequent addmoit  of A T P  Condtaons of tem- 
perature and pH dunng ptemeubatt(al and phospho~lalto~ are the 
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Fig. 4 ]~neocs or  buffer activated pho.sphory]atttm tit the pr<:sence of  
ethylenechanun~ Pho~phoryla~toit for the radiated bme.s folb~s 45 
nan  of prcmcubauort m mallytanun© ( ' rAA final conr.eitlratmns 
zitdteatea) mad a ,~ubse=:lueat 2 - 3  nun or pt~neubauon m the pr,~ea~ee 
of ethylene&attune (fiital concentration 0 37 mM) Condztlons ot 
premcubat~on and ph0sphoD'latton, including the Cblulmns callsed by 
addttton of ethylencdtamme and ATP are essen~allLy tho, s¢ 8aven m 

Ftg. 3 
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Fig 5 Inlubmon of buffee-achvated phosphoDlatmn by ethylanedtarmno "Ihc condmons of F)8 4- are apphed m pr~nanbatzon and phosphoryla- 
tlon (3 s v, athout eth,denedtamJme 2 nun m Ike presence o[ ethylenedtamme) Final concenU'atmns of trtallylamme (TAA) and of eihylenedtanane 
(EDA) are presented (A) Mmchaehb-Menlcn p]oI~ (B) Llneweave*-Burk plots, corrected for back*ground levels m (A}, due to trmdazolo (0 54 raM) 

aecompanymg the enzyme (Inset m B) K e 5 (o) and Hdl.cocfhcvcnt (nn, ~.) detcrrmncd from l-till plots of the data from (B) 

46 rain after the aclavator  In  et ther  case f ina l  con-  

cent ra t tons  of mbabt tor  ( 0 6  m M )  and  ac t iva to r  (15fi 
raM) upon  add i t ton  o f  A T P  were the same as were the  

f inal  s teady-state  p h o s p h o r y i a t i o n  levels (w~tlun the  ex- 
per imenta l  error  o f  ] 0 ~ )  In addt t ton ,  the m h t b l t o r  can 
be  washed ou t  m b i n d i n g  expea'aments to  be  pres~a'tte_xJ 

be low Hence, we  constder  m l ' u b m o n  or  ¢]hylenedta-  

nune  to be reverstbl¢ 

F o l l o w i n g  these p rehnunar t e s  we have  d e t e r m i n e d  

the  type  o f  tnhib3t ton b y  e t h y l e n e d t a m m e  on  buffer-as-  

soc ta ted  p h o s p h o r y l a t t o n  ( F i g  5) In  con t r a s t  to an 
uarher  c o n c l u s i o n  [2], based  on  F ig  5A, which  seems to  
d e m o n s t r a t e  mixed - type  m l u b m o n ,  we now mt~-pre t  
the  m l u b t t t o n  as b e i n g  m~-ely compe t t t t ve  (Ftg .  5B) 

The h a l f - m a x t m a l | y  aclavarang m a U y l a r m n e  concent ra -  

tlort increases  m a w r t u a | l y  hnear  fas luon,  whereas  the  

EPI[A T ¢~] I~P) 
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Fig 6 Effects of eihyteaed,amme on the K m for ATP (A) and for uncompleted Mg 2÷ (B) Prem~ulmuon and phosphorylaimon are e~senil~ly 
~-~ordmg to F3g S ~ t h  nunor modffzcatlans Cancemrattons during premcubahon are ]5-:28% higher than dunng phosphorylat, on, folMwmg the 
addlhan ~[ EDA and ATP Final ~)ncentrauons m (A) ATP - 0 1-5 t~M Mg ~+ =100 ,~M, and enzyme - 0 03 rag/nil, (BI ~,TP = 20 gM tot,,i 
M$ 2÷ - 26 8 302 g ~M Iftee 0 5-100 ttM), and enzyme = 0 I n',~,"nd "fnallvlarmne m (A) and (B) ,s 150 mM and uthylunudzanunc (EDA) ts 0 6 
mM Pho.~phorvlat~on to steady slate wit|lout EDA I~kc~ 15 s mad w,th EDA 1 nun m (A} ]O s and 2 mm r~pecUvely In {B) K m values derived 
t'rnm the slopes, as calculaled by hnear regression analys,~ are prebenled The ATP c.oncemtrattom arc corrected for comampttan during 

phosphorvlauon 
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Fig. 7 Ethylenc'dtamtne-Mg z* anlagomsrll In Na+-acttvated pho~ 

phorvlattort Condztaons of phosphorylat~on are essent~all5 Iht.~,. given 
m Table l (3rd hne from bottom) at 1-300 [xM uncomplexed Mg:* 
(F.DTA = 0 :Z raM) and 0-3 mM ethylened~armne (ED~.) I A) K~ 

Mg 2* as a function of EDA {B) l~o EDA as a function of Mg:- 

Hill coetftetent  (n  H = 1 64) remains  horizontal  t e m-  
delae~dent (,f the mlub i to r  concentra laon (F=g 5B, mset) 
Accord ing  to the h g a n d  excluston theory [10] tluz zs 
possible when  nH iS close to he  number  of  h g a n d  
btndml~ sites Tlus  m a y  mean  tha t  2 site~ (the next 
integer  of  1 64), ra ther  than 3 (th~ next  integer  of  2 52 
m Fig 2B) are involved ]n amino-buf fe r  act~vat,on 

Effects on the acnoatton by substrate and Mg" + 
The effect  of  e thylenedtarnme o n  ac t iva t ion  by  A T P  

a n d  M g  ~+ m buffer-associa ted phospbory la t ton  appears  
to be of  secondary  Lmportance The  K m values for A T P  
a n d  M g  2 .  only increase 3 -4 - fo ld  to values ( 0 4 5  a n d  
0 53 #M,  respectively, Fig b), winch canno t  accoun t  for  
the  mlubt t ton  observed with a4-t imes the K ~  for  A T P  
a n d  189-ttmes the  K m for Mg ~* present  The same 
holds  [or  A T P  m Na+"-acttvated phosphory la t ton  (eon- 
dttaons o f  Tab le  1) where the increase m K m for A T P  
(0 8 m M  ethylened]amane) ts only  2-fold ( r rom 0 0 2  ,o 
0 0 4  # M )  The  effect  on  the K 0 :  for  M g  z+ m N a  +- 
ac t iva ted  phosphory la t ton  is more  severe a n d  leads to a 
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value that  levels off  at about  13 p.M (Fig 7A) The 
' increase may  be due  (m par t )  to the mcreas~ an K~s for  

N a -  (Fig 2B) since mt.r~.asmg the N a  ÷ concent ra t ion  
decreases the K0s for  Mg ~-+ m the txmolar range  [11[ 
In addition+ the sa tu ra t ing  minbt t ton mdtcates  separate  
b m d m g  s,tes for  e t h ) l e n e d q t m n e  and  Mg z+, rem~- 
ms~.ent of  a similar re ,ponce of the K a for ATP upon 
t i t ra t ion ,~tth K "  [121 Agmn.  the K,~ value of 13 /aM 
though  he, ng relatively hzgh. cannot  have  been a cause 
of mhtht t ton at  the sa tura t ing  [~Ag z" concent ra t ion  of 
100 ~,4 m the phosphorvlat~on experiments  

Conversel', ' ,  M g  z÷ al~o antagomzes  the ininbtt lon by 
elhylened~amme of the Na+-acnva ted  phosphory la t ]on  
(Fig 7B) Th~s an tagonism comes rote full effect be- 
9 e n d  the maximal  K . ,  ~alue for  M g  z+ shown m Fig. 
7A The half -maximal  effect ~s a t  36 # M  This probabl.~ 
means  that  we are deahng  here w~th a separate  Mg z" 
sue  of lower a t h m t y  

The effect o f  eth}.renedlamtne on dephosphorrlatlon 
The  reduced phosphol31at ion level',, seen m the pres- 

ence of  eth~/lenedlamme {Figs 2 3 5, 6), mxght occur  
when the mlubi tor  would enhance  the dephosphory la-  
t ion rate  Fo r  that  reason the effect of eth'clened~amlne 
on  the d e p h o s p h o r y l a o o n  k[nctle..s w,~. ln;,esttgaled 
M e a n w h d e  the kinetics of  dephosphoryla t [on  m trtal- 
lylarnme as opt imal  a~.Itvalor of buffer-associated phos-  
phorylat~on v, ere compared  with those o f  mudazole  as 
second-best  ac.t]vator [ l , t l ]  m order  to check the con-  
cept  that  tin. act ivat ion of  phosphoryla t ]on,  seen as an 
increase o f  the phosphory la t lon  level, ts due  to aflhibt- 
tlon o f  dephosphory la t lon  In that  case the kinetics of 
dephosphory la t ion  in tnal ly lan~ne should be lower than 
tn mudazole  Since mflhmolar  (non-radioact ive)  ATP, 
used to quench  the incorpora t ion  of  ~2p. minb~ls de- 
phosphory la t ton  [8] the reaction is also quenched by  
10-fold di lut ion of  the radioactive A T P  with non-rad~o+ 
active A T P  of  the samt. t .oneentratiou (5 9 M )  

TABLE II 

Effects of n'tdazol¢+ mall~lamtne and ethy{¢nedramtne on lhe &incises of dephozphorvlatton at 23°C cord pH 1 

lrmdazo|e Jt ttaalIyl~rmnc t~ presem t]lro~j~IlOm the expenmen! elh3/leacdiarmne (El)A, O 5 raM) only dm'tng depho~pho~[auon (added. together 
w*'., h °he r 0n-radioactive ATP used to quench the izleollaorallon oi t2p) The data on irmda~nle [3rd and 41h column) are eak:ulated [rum rextzlts 
already pttbltshed by us 18,13] 

a b c d 

Medium ('phosphoryl~tllon) lrmdazolc (50 raM) Imadazol¢ (50 raM) Tnallylamzne ¢40 raM) Tn~llylamlae (40 mMI 
(dephosphoq,,lallon) Id (lO mM) ld (50raM) ]d (40 raM) td 140 mM} 

- E D A  ÷ E D A  

ATP dunn$ de- Method Rat~ comtant of deI~hospho~laaon ( k (s - ' )  
phosphorylallon a b c d 
(u M) 

5 B 0 78 0 2* 0 074 O 055 
'~00 A 0 33 0 04 0 026 0 07.5 
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Is0 EDA ]so PA 
{a mMI (~ mbl) 

50 * ~  - 200 

/ ,0  
IsoE 150 
30 ~ ~ ~  

~ is s'o ~o 
EDA 2" ['o/ 

70 75 80 85 g'0 pH 
F~g. S Effect of molecular charge on ethylenedmmm¢ mlub:*aon 
Shown :s 1:, o for ethylenedmnune (EDA) m the Na+-acuvated phos- 
phorylatton as a functaon of pH and as a functton of tbe tool fraction 
of donble-~harged F.DA (double Iog~.nthwac plot ,nsct} For compari- 
son the effect of pH on the 1~ for the stngle.eharged propylaarme 
(PA) ts shown A~ay coaddtons as m Table I, 3cd hee from bottom, 
at 5-tune~ the K m for Ha + at each p H I  mM (pH 7 and 7 5), 1- 5 mM 

(pH 8), 2 25 mM (pH 8 5), 2 75 mM (pH 9) 

The  da t a  (Table 1I) show that  increas ing the a n -  
~dazole eoncentraUon f rom 10 to 50 m M  decreases  the 
ra~e cons tan t  of  depho8phory la tmn  4-8- fo ld ,  fol lowed 
by  a fur ther  1 5 -3 - tunes  b y  chang ing  the m e d m m  to  
tna l ly la rmne (40 raM) Ethylenedmmme,  present  du r ing  
dephosphory la t ion ,  does not  al ter  the  ra te  cons tan t  s~g- 
mf'tcantly, tnd~catang tha t  enhancement  of  d e p h o s p h o r -  
ylataon ~s no t  revolved m the ethylened~armne mlub~- 
t ion Since e thylenedtanmte also does  not  mhtb~t the  
eonrormat~onal change  to the p h o s p h o r y l a t m g  E~-form 
of  the enzyme (Van U e m  et a t ,  unpubhshed  da ta)  the  
phosphory la t ton  step pe r  se ts the ac tua l  ta rge t  of  
e thy lenedmnune  mlub l tmn  

nmo[ m~] -I protein ixM q EDA 

03- 

d=5~SPM 
02" 

2 g 10 az, 1~ 22 
nrnol mg -I protein EDA 

F~ 9 Ethylealedtamme bmdmg to Na+/K+-ATPase Bm&ng to one 
of the preparatwns, also represented m Table Ill, ;s shown here an a 
Sealchaxd plot, follovan8 mgubatton m the presmao~ of ~-100 pM 
(:mtial concentration) of ethylenedmmme (EDA) These eonoentra- 

|lOfts are corrected [Of the bmdm8 

Effect o f  molecular charge on ethylened~amme mhtbtflon 
In ou r  prm, aous  artacle [1] we pos tu la ted  that  the 

s t rong  mtab , t i on  b y  e thy leaedmnune  is caused  b y  s ta-  
p h n g  of  the  doub le -cha rged  d t a m m e  to  n e l g h b o u n n g  
ea rboxyl  g roups  Wi th  p K a  values for  the a m i n o  groups  
o f  7 52 a n d  9 98 o n e  should b e  able  to  shift the m o l a r  
f rac t ion  o f  doab le -cha rged  t h a m m e  f rom 77 b a c k  to  3 ~  
by  increas ing the p H  f r o m  7 to  9 Since bu f fe r - acuva ted  
phospho ry l a t i on  sharp ly  d r o p s  above  p H  7 0  [11] the 
effect  o f  elevated p H  o n  ethylenedmn'nne was  on ly  
tested m Na+.acUvated  phosphoryla lxon.  The  marama l  
level o f  Na+-ac t tva ted  p h o s p h o r y l a u o n  a t  p H  9 Ls s u n  
86% of  that  a t  p H  7 0. OccupaUon  o f  Na+-ae t tva t ton  
sites was  tried to  be  standardtz¢.d b y  t ak ing  5-ltmes the  
ha l f -ma×~mal ly  a e t w a t a n g  c o n c e n t r a t i o n  o f  N a  + 
(0 2 - 0  55 raM) Since , n l u b m o n  m a y  also d e p e n d  o n  the 
degree o f  p r o t o n a t l o n  o f  the  enzyme  [14] the  m h t b m o n  
b y  e thy lened tamme ts c o m p a r e d  ~ t h  tha t  o f  p ropy la -  
mine  (pK~ = 10 53), winch  is s ingle-charged a t  all p H  
values (7 -9 )  invest igated The  1~0 value for  ethylene- 

TABLE 11I 

Parameters of ethytenedtamme binding and phosphorylatmn 

Maxam~ binding ( E D A ~ )  of ethylenedtarmne (5-100 gM) and half-maxtmally salumung ethylenedlar~ne coneentralaons ($0~) are determ~ed 
from S¢.atehard plols Itke thai g~ven m Fl B 9 The interactton eoefhctem (n) Is determm~l from Ihe binding m the mammum of the plot, rela~ve to 
Ihat of the abs.c~sa mlereept = (n - l ) / n  [1S] Maxtmal phe~phorylalton ts determmcxl m the absence of ethylen~haa-ane, but tn the pre~nce of 
100 mM Na ~ Enzyme preparations (E) used ,ruth zpe~aftc Na+/K +-ATPase act,vlty (spec act ) and phosph~nzyme le,.'d ( E P ~ )  are given m the 
lef( colunm~ 

E Spec act EPmot EDA,r.~ So~ n EDA naax 
INo ) (~ tool/ms (aaxot/rag (mnol/mg (pM) E P ~  

protein per h) protein) protein) ralzo 

1 1213 2 5 23 54 ] 0 9 2 
2 1253 2 2 18 41 1 3 8 2 
3 1395 2 5 18 35 1 0 7 2 

Av 1290+55 24-~01 204-t 7 434-56 1 1:1:0 1 8 2:1:fl6 



1 l l  

d la r~ne  exponentml]y tncreases from 0 45 mM at pH 7 
to 30 mM at pH 9 (F~g 8) The dual loganthrme plot  of 
l~o vs the molar  fra~hon of double-charged molecules ~s 
straight wtth a slope of 1 3 Ttus m&cates  that  the 
dctmle.eharged ethylenedmrmae ~s the strongly tnl~bl- 
tory molecule and that the binding sates are weakly 
eooperauv¢ Note  that the mteract ton coefhcmnt of 1 3 
is smular to that  for ethylenedlarmne b admg (next 
seeUon) The smgle-charged n-propylarmne dtsplays an 
oppos~:e trend, namely that  an increased pH and can-  
c.ormtant d ~ r o t o n a t t o n  of the enzyme leads to ms m- 
creased affmRy for the inhibitor (150 = 214 m M  at  pH  
7, 134 mM at p H  9, Ftg 8) 

Canon-ethylenedmmme binding mterpl@ 
Smce mtnbmon  by  ethylenedmmme and i ts  release 

by  ac twatmg cauons, as studzed m the prevaous ~e~- 
Uons, should be preceded by binding of the mlubztor *o 

the enzyme, we have tried to [md a relatton between 
kanettc and  b inding  studies mvolvang the an tagomsm 
between mh=bl tor  and acUvatmg caUons 

Ethylenechamme binding m the apparent  absence of 
antagomsts  18 not or  only weakly cooperaUve wtth Hil l  
coeffictents between 1 0 and t 3 and half-marJxnally 
saturat ing coneentratmns averaging at  43 + 6 t~M The 
binding capacxty xs 7-9- t tmes  the phosphorytahon 
capactty (F~g 9 ,  Table I l l ) ,  suggesting tha t  not  aU of 
the binding may be ¢htected u3 act tvatmg catmn binding  
sttes as only 3 Na  + sates, 2 K -  sites and 1 Mg  2+ stt~ 
have been reported !16-18] Some kand o f  aspeetfietty is 
also revealed by  the umforrmty of lugh K, and  1~o 
values (17-23  mM, Table  IV, F~g 10) as displayed m 
the antagomsm exerted on ethylenedaamme binding by 
such various eaUons, hke Na +, K + (> i mM), Lt + and 
tna l ly lamme The DLxon plots of reciprocal hmthng 
versus the eoneentrataon of antagomst  intersect on the 

TABLE IV 

ln&bawn of ezh~tenedut, mne bmdm8 by t~ar:~ kgunds 
The effeCtS Of vano~ catuan~ on e t ~ y l e n e c h ~  bmdan 8 ha~e b ~  
emelysrA from D~xon plots of reot)ro~4 btadmg at tlu'¢c ddfercnt 
ethylenedtafrane co~u:entrattons (25 30, ~0 and 10/) FM) as. a funeuon 
of the m&~tcd canon r.om:cntratmns K, values arc defined by the 
common mtezsecUom of the g~apl~, lying on me abscissa (Na +, 
K+>tmM, mallylamme) or above the ab~,~a at the level of the 
~procal  binding capacny m the absence of the perzmem ~tmn 
( K  + < t  raM, M 8  z + )  

Li~and Cm~cn K~ 
(raM) (raM) 

Na "r 0-"/5 17-20 
K + 0-05 02 
K + 1-50 20 
MK 2+ 0-5 04 
Trt allylan-nne 0-?.5 18-23 
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Fig 10 Mono- and dwalcm cation antasomsm on clhylc~¢dmnun¢ 
binding Binding ~xculs at t(30 ;~M ~mtml cthylene~tmme (EDA) m 
the pecsence of the indicated Na + (A), K* tB) and Mg =* {C) 
¢onceatraUor~ ~ m~cat~d arc the I,.~ values fo~ the r.aOot~ under 
these eon(huons The K~ value for the Na + anmgomsm m (A) as 
doterrm~ed by hnear legre~lun o.nalysts of the Dtxon plot lrec~proca] 

bmdang vs the concentra~on of Na* ) m 17 mM (Table IV} 

absctssa (not shown), m&caung  that Mgh iomc strength 
r ~¢reases the b inding  capacity aspectfica]ly 

Apparent ly  more spectfic ts the antagomsm as ex- 
erted by  submdhmolar  K + ( K ~ = 0 2  raM) and Mg  z+ 
( & h = 0 4  raM) Here DLxon plots intersect above the 
abscissa a t  the reciprocal maxamal b inding  eapac ly m 
the absence of the antagomst  Ethylenechamme b m d m g  
~s ouabam-msensluve m the sense tha t  up to  1 mM 
ouabam m the presence of 1 m M  Mg 2+ ( =  1~o, Fig. 
10C) at  0 1  mM ethylenechamme does not  rico'ease the 
binding level below that ~pven by  Mg  2+ alone 
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D|scl~sion 

lnh~btt~oa of eataon activations 
Ethylenedmrmne vath a dtstance of 3 7 A between tts 

two p osltl~e charges m the relaxed trans-configuratton 
(2 7 A m the opposite cJs-configuraUon [1]) appears to 
be an excellent probe for the interaction of cahons wJth 
Na"/K*-ATPa~e,  e g Na +, as appears from compan- 
son of lzs lnlubttory potency on the Na+/K+-ATPase  
and 4-ratrophenylphosphatase aetlwty at 100 and 0 0  
mM Na +, respectwely Under  stmalar assay condmons 
of buffer, actwatmg eatmns (K*.  Mg ~+ ) pH and tem- 
perature ttus Na ~ concentraUon difference leads to a 
43% decrease m I~0 for the dmn-ane (35 vs 20 mM) In 
the Na+-~ctwatcd phosphorylat~on the competition w~th 
ethylened~an'une ~s even more unambiguous smec here 
the assay condtnons are ~dent~cal except for the Na + 
concentralton An increase of tlus caaon from 0 5 to 3 
mM increases she l~o for ethylened~anune several-fold 
(from 0 18 to 3 1 raM) The 6-fold increase m I~0 for 
ethyIenedtanune upon mereasmg the K +coneentrat ton 
In the 4-mtrophenylphosphatase assay 15-fold (from 1 
lo 15 raM) mdacates mteraeuon vath the K + actwat~on 
~tte~ for thus acttv~ty as well Interaction wath Mg z* 
activation sites appears to be more red,reel, but  present 
All these cat~on acttvat~ons take place at the tuner 
membrane rode [19-21], 1 e ,  at the target s~dc for ethyl- 
enedmtrane mlub~aon (Van der H~jden ei a l .  unpub- 
hshed data) 

On the other hand, the mlub~t~on of armno-buffer 
associated phosphorylat~on by ethylened~anune must  be 
transmembranal as ethvlenedmrmne mlu'mts at the cyto- 
ptasrmc s~de and anuno-buffers acuvate at the extraeell- 
ular s~de (Van der H~jden el al .  unpubhshed data) As 
shown m flus paper the anuno-buffer assocmted m-  
crease of the phosphorylat~on level ~s due to an lnlub~- 
tton of dephosphorylaaon, wluch m turn is caused by 
~molar K + that aceompames the enzyme preparatton 
[13] Since K ~ actwates dephosphorylatton at the ex- 
tracellmar s~de [22] anunv-buffer cations may enhance 
the phosphorylauon level by dtrect compeut~on w~th 
K ÷ Th~s weald agree with the sto~etnometry of 2 for 
act~vauoa b~ tnallylarmne as 2 K + tons are revolved m 
the dephosph0~latlon process [23] assunung that the 
st0~ctuometry of subsequent occlusion ts the same That  
mallylatra ae ts a stronger mbab~tor of dephosphoryla- 
tmn than :tmdaz~le may be due to the more hpophyhe 
nature of the tnally] substituted mtrogen compound In 
addmon to ~ts eompet~tton versus K * xt may also lunder, 
by wrtue of hpophyhc mteracaons, access of  water to 
the phosphorylatton sac 

Compartson of mhtbttton by, and bm&ng of ethvlenedta- 
m i n e  

The K0s (43+ 6 tiM, Table II1) for equthbnum 
binding of ethylenedmmme m the presence of tn-  
ethanolarmne as loneucally ' inert '  buffer [1] ts of the 

same order of magmtude as the 1~o value (75 p.M) 
detvrrmned for phosphorylatlon m the same buffer at 
N a + ~ 0  mM (Results), mdacatmg that binding and 
inhtbmon describe the same phenomenon The competl- 
nee actton of Na +, K + and tnallylanune on the binding 
of the mhthltor ts also m agreement wtth thear ¢ompeu- 
tlve nature m the kinetic experiments described above, 
but their/5o values m the binding assays are [ugher For 
instance, 20 mM Na + abohsbes the mlub~tlon of pbos- 
phorylatton by ethylenedmrmne (0 35-2 1 raM) almost 
completely (Fig 2), whereas 20 mM Na ÷ abobshes the 
bmdmg of ethylenechamme (0 025-0 1 mM) only half- 
maxamally (Table IV) A slrmtar d~crepancy is found 
for Mg 2÷ 36 pM increases the I5o for ethylenedlan~ne 
m Na  + ( lmM)  actavatexl phosphorylatlon 2-fold (Fig 
7B), whereas a 10-fold lugher K, (0 4 raM. Table IV) for 
Mg 2+ ks recorded m the bmchng studies The chffereoce 
may be reeonetled by the data of  Pedemonte and Kaplan 
[24], showing that phosphorylatJon may reduce the 
sensmwty to eleetroptules Hence, Na÷may  overcome 
the weaker miUblllon, that occurs durmg phosphoryla- 
uon, with more ease than it reduce~ the stronger brad- 
mg m the absence of phosphorylatmn As for Mg z+, 
tins eatton is known to chsplay lugh afftmty rot the 
phosphoenzyme anyway [25] 

Since Mg 2+ probably tnlnblts ethvlenedmnune brad- 
mg from a different s~te, as indicated by the saturatson 
curves of m l u b m o n  (Fig 7), we expect nnxed-type 
rahab]lion m the binding expenmanls  The D~xon for- 
mulatton for tlus type of mb~bmun ~s 

ir~l,~ i + (Ill/K,) 
"[F~] + [EISI ([Sl/gs)(1 + (fill cc g, )) 

b l  

relating the fraction of  tolal enzyme contan)ang the 
hgand S with the concentration of hgand and mlubttor 
(I) Ks, K, and 0~K, ( ~  > 1 )  are the dissociation 
constants of  the ES, EI and EIS complexes, respectively 
Plotting the reciprocal fraetmn as a funetton of [I]/K, 
( =  0-5 ,  [$ ] /K s = 0 5-2)  ytelds curved lines, except when 
cc >__ 5 The plots then become virtually strmght, inter- 
secting one umt  above the abscissa (the pos~txon of the 
reciprocal mammal  binding capacity m the absence of 
tn.hlbltOr) in agreement w~th our binding dma 

The  antagonism, exerted by tna l ly lamme on 
ethylenecharmne binding m the absence of phosphoryla. 
lion (K,  ffi 18-23 raM, Table IV) ts more commensurate 
with the afflmty of the enzyme for t im armno-buffer m 
the presence of ethylenedlarmne during phosphorylatton 
(Kin for mallylamme = 26 mM at ethylensdlarmne ffi 0 1 
mM, F~g 5B) Tlus could mean that phosphorylatton 
has no profound influence on the affimty for the ex- 
traceilularly activating anuno-buffers, although ~t causes 
a strong afftmty increase for K ÷ at the same membrane 
s~de [26] wtth wluch the anuno-buffer,  are thought to 
compete [13] 



More  d.rect  m a y  be the compebt~on ~tcr tcd  at Io~ 
concent ra t tons  of K ÷ ( < 1 mM,  K, = 0 2 raM, Tab le  IV 
and  Fig 10C) a l though mtersec tmn of  the Dixon plots 
m thts concen t ra t ton  range  st]if rod]cares a s tolchtome- 
t ry  of 7 ethylenediarmne b ind ing  situs per  phosphory la -  
t m n  rote (enzyme N o  3 tn Table  Ill) Thu~ the n u m b e r  
o f  the ethylenechamme b ind ing  sttes and  K + occluston 
sttes (2 per functtonM umt  [23]) do  not  match  Ethylene-  
d lanune,  however, stronglyb.u~ublts~ (K,  = 0 06 raM [27]) 

the occluston of  Rb ÷ (El --* E2Rb)  or  a sx.--mlar transx- 
K* 

]ann (Et---~EzK) as induced b y  K + [28] wtth a stmalar 

K d for  K ~ as the K, reported above  
Another  mat te r  of concern  is the o u a b m n  insenslttv- 

ity o f  the e thylenedlarmne b m t h n g  as no]teed by  us, 
wlule b ind ing  of  N a  + o r  K + a n d  the oc.~]uston of  K ÷ 
has  been repor ted to be  ouabaln-sens iuve  [17,29] O n  
the  other  hand ,  ouabam-s tabd tzed  occ lusmn of  N a  + as 
well as K + has  also been  descr ibed [30,31l, even u n d e r  
non-phosphory la tang  condt t tons ,  whtch may  mdmate .  
h k e  ou r  StOleluometnes, a mulUphcl ty  of  ca] ton b ind ing  
sites So far,  on ly  p a r t  of  the  s ingle-charged cat ]on 
b ind ing  has  been  repor ted  to be  ouabam-sens t t tvc  
Hence., the reason for  resistarme to o u a b a m  of  ethylene- 
dra tmne b m d m g  m a y  be  caused  b y  the dua l  charge,  
whtch  ts revolved m ugh t  b ind ing  of the d m m m e  (Fig 
8) 

Ethylened:amme as structurai probe 
The presence o f  dua l  pos tu r e  charge  o n  ethylene-  

dmrmne  as prexequtslte for  s t rong  inhibi t ]on of phos-  
phory la t ion  could  m~vt tably  only  be  tested m the pres-  
ence of  N a  ÷ as m u c h  more  po ten t ly  a c t w a t m g  ca t ion  
t han  the anuno-buff¢l"s The la t ter  fad to  ewe s lgmficant  
phosphory la t ton  levels above  the p K  value (7 5) of  the 
second p ro tona t ed  g r o u p  of  the mh tb t to r  [11] due  ei ther  
to  a reduced  a f f rmty  for the  anuno-bu f f e r  ca] ton  o r  a n  
medeased d e p h o s p h o r y l a u o n  rote The  fo rement loned  
dua l  charge a t  a d is tance  of  3 7 A m the relaxed 
an t t - conf tgurauon  of  e thy lenedta tmnc  could  mean  tha t  
act]voting ca t ]on  b m d m g  sites, w h i c h  could be  occupied  
ei ther by  N a  + o r  K +, a re  such  a d ts tance  a p a r t  The  
effects o n  A T P  a n d  M g  2+ bmchng  ( the two o ther  effcc- 
to ts  of  phosphory la t tou)  are more  remote ,  j udg ing  f rom 
the  mode ra t e  or  h n m e d  effects o f  the  inhabiter  o n  the 
K0~ for  A T P  a n d  M g  2÷, a l t hough  these effects m a y  
equal ly well ~ve ld  a &SlOt]ann o f  the enzyme,  wluch  
could  cause  the ] n l u b m o n  of  the phosphory l  t ransfer  

In order  to al low the chstance of  3 7 A b y  cthylen~- 
d i a n u n e  to be  spanned,  the negauve  charges  o f  a s p a r u c  
o r  g lutamlc  actd restdues in the pro te ins  should  be  
e t ther  2 - 3  a m i n o  aead resMues apa r t  i n  the  h e l ~  or  only  
1 in the p lea ted  sheet  s t ructure  Hehx  a n d  pleated sheet 
s t ructures  are present  m a f a u n  o f  1 3 1 m the e~- 
t r amembraneous  domains of the enzyme 's  a - s u b u m t  

IL3 

[32] A n  ana logy  ,s found m the Asp-36 to Asp-3g 
s p a n m n g  p rope r ty  of e thylenedtanune  toward  bac teno-  
rhodopsm [33] 

We arrive nov, at the general pnncaple  that  ca t ions  
can  reduce c o n f o r m a u o n a l  changes  m t o  the enzyme 
that  m a y  eventually toad to an rob]bit ten of phosphoryl -  
a l len,  even though  the mlubl tor  does not  o r  hard ly  
affects tke af f tmty  for substrate  Ethylenediamme,  hkc  
o ther  amines,  increases the fluorescence of  costa  m the 
pre~ence of  enzyme,  eosm being a probe  for lugh-a[fin- 
try ,XTP binding  to  the E , -confo rmat ton  o f  the enzyme 
[34.] A ~tmliar s t rong  E : c o n f o r m a t i o n  reducing  effect 
of  c thylenedtarmne has  been detected veth the cova- 
]entIy b o u n d  f luorescen t  p r o b e  f luorescem lso- 
th~oeyanate [28] Hence, ethylenedlanune does not  m- 
hlbtt  the t r ansd ton  f rom the low-affimty subs]rate  b ind-  
mg E 2 to the h lgh-af f imty  subs]rate  b ind ing  conforma-  
t ion E~, no r  dc~s ]t increase dephosphory la t ton  (Table 
II) Consequent ly .  ]t mus t  deter]orate b y  con fonna t tona l  
change  the ]u.xtaposlt ton of the  A T P - b m d m g  Lys-719 
r~sidue a n d  the p h o s p h o r y l a b o n  rote (Asp-369 [35]) In 
conctus ton,  %e favour  the concept  tha t  ethylened~armne 
by occupa t ton  of  cal]on aCttVatlOR sties tn.lub]~ the 

phosphory l  t ransfer  from A T P  to the enzyme 
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