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SUMMARY

lime synthesis of the 1 ,4-sulfonaphthylhydrazoiue of hellebrigenin (HSXH) from iuelle-

brigenin and 1 ,4-sulfonaphthylhydrazine is described. This compound is a specific inhibitor
of the (Na+ + K+)�ATPase arid serves as a hydrophobic probe of the enzyme. The effects

of various ligands on the fluorescence intensity (Ii) due to the enzyme-HSNH system were

examined, amid many of the effects on Ij were considered to emanate from the cardiotonic
steroid sit.e on the enzyme. Among the monovalent cat.ions only Na+ enhanced I�, while

other monovalent cations (K+, Rb+, Li+, Cs+, Tl+, and NH4+) suppressed it; the order of

effectiveness of tue suppressing iOns Paralleled the order of affinities for the K+ site. ATP
or Mg4’4’ plus phosphate markedly diminished I,,’. The effects of ligands w’ere antagonized

by hellibrigenin and were abolished or decreased if tile enzyme was minimally denatured.
The effects of the above ligands w’ere specific for HSNH, since fluorescemice due to 8-anihino-
naphthalene-1-sulfonic acid or a biologically inactive analogue of HSNH, the 1 ,4-sulfo-

naphthylhydrazone of dianhydrostrophanthidin, was not affected by the cations and the
effect of ATP w’as less.

INTIIODUCTI OX

The mechanism whereby the (Xa+ +

K�)-activated ATPase effects the upilill
movements of Xa+ amid K� across animal cell
membranes is imot kiuow’im. Recent models

have invoked ahlosteric transitions coupled
to cyclic phosphorylat ion amid dephosphory-
lation of the enzyme to bring about t.rans-

location of the ions (1-3). The evidence sup-

porting different coimformat ional states of

the enzyme is based on kinetics (4-6),
* This work wa.s aided by grants from the Na-

t.iouual Institute of Neurology and Stroke (NS-

01730) and the Natiommal Science Foundation
(GB-12477).

ciuanges in affinity for ouabain or digoxin
(7, 8), and changes in the behavior of the
enzyme on adding certain inhibitors and

higands (9-11). Because the enzyme has not

been fully j)urifled, direct physical evidence
for different conformational states has not
been obtained, although Scimwartz arid his

collaborators claimed to have obtairmed sonic

evidence for conformational changes iii tiu’
membrane-bound emizyme using time mmon-

specific fluorescent probe ANS’ (12) mmci

circular dichroism (13).

30

‘The abhrevations used are: ANS, 8-ammilino-

nmaphthyl-1-sulfonic acid; HSNH, 1, 4-sulfonaph-
t.hylhydrazone of hellebnigenin; 1)SSNH,
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Strophanthidin

1 ,4-sulfommaphthylhydrazone of dianhydrostro-

phanthidin; SSNH, 1, 4-sulfoiuaphthylhydnazomie

of strophanthidin; DFP, diisopnopyl fluonophos-

phate.

HSNH DSSNH

FIG. 1. Schemes for synthesis of HS.VH and

DSS�VH
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Fluorescence S�)ectrOSCopy cati give 111-

formation about time 1)O1arit�’ of the im-
niecliate emivironment of a fluorescent j)robe

bound to a I)rOteill (14). Since the polarity of

thus environniemit can be influemmced by time

conformation of thue protein, it is theo-

reticallv possible t o obt ai n eviclemmce for con-
formational chaimges in the protein from
fluorescence sl)ect roSCO�Jy. With some I)robeS

a shift to nt nmore imonpolar environment

increases the fluorescence intensity (Ii) em�i-

natimig from the fluorescent probe and lowers

the wavelength of maximum emission (13,
16).

i\ lost st tidies have utilized mioiuspecihc

fluorescent Probes such as ANS. Altimough
such probes bind at omily a few sites imi miiammy

proteins, the l)ilmching appears to be rather
nonspecific amid extemisive in membrane sys-

tems.
In the presemlt stttcly \V(’ have takemi ad-

vantage of the highly specific bincliimg of

cardiotormic steroids to the (Xa+ + F�)-
ATPase to synthesize fluoresceimt derivatives

which would act as probes at the cardiotonic

steroid site. The forniyl group at position 19
of strophantilidin and hellebrigenin offered

an ideal functional group for attachiitmg a

naphthylaminesulfonic acid residue to t hue
cardiotoiuic steroid via a hydrazone linkage.

Our laboratory has recemmtlv accomplished
the large-scale preparation of beef brain
(Xa� + K�)-ATPase of huigh specific ac-

tivitv mmcl stability (17). The quammtities of

enzyme available made time comicentration of
cardiotonic steroid site in time preparation

sufficient for measurement of fluorescemmce

emanating from the cardiotonic steroid site.

This paper reports time synthesis of a

biologically active sulfonaphthylhydrazoime
of hellebrigenin and describes the fluores-

cemice elicited when this compound is added

to the beef brain (Nat + K�)-ATPase

l)reparation in the presemuce of various hg-
ands.

MATERIALS ANI) METHODS

Hellebrigenin amid stropiuanthidin were

prepared as described previously (18). The

schenie for syimtlmesis of’ time fluoresceimt

steroidis is shiowim in Fig. I. I)iatmh�’dro-
strophuamithiidin [3$-hydroxy-19-oxocarda-3

14, 20(22)-trienolide] \\�5 i)repared 1)V th��

nietimod of .Jacobs and (‘ohhitus (19). TI

intermediate, 3�3, 19-oxidocarda-5,14 ,20(22)-

trienolide 19-etluylal [nip. 230-232#{176}; re-

corded m.p. 249-231#{176} (19), 229-235#{176} (20)]
and fitial product {ni.p. 222-223#{176};recorded

111.1). 233-236#{176} (19), 220-223#{176}(20)] showed

only simigle spots ott thin-layer chronma-

tograpimy on silica gel G (solvent, 25 %

acetotuitrile imi henzene). Infrared spectra of
these conipouiids were coincident with time

reference spectra (20). l)iatuhydrostropluan-

thidin did not inhibit time (Xa� + K+)-
ATPase below 0.1 niM.

4-Sulfonaphithyl- 1 -hydrazine was prepared

l)y reduction of the diaz() compound derived

from 1 -napimth\’lamine-4-sulfonic acid (21,
22). Time dicyclohuexvlammonium salt of the

sulfonaphthylhydrazone of each steroid was

l)rePared as follows: 0.3 mmole of sulfonaph-

SYNTHETIC SCHEME

Rhammose,O�(J�J0H

Glucose

a
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thyhiiy(lraZitme, 0.5 flhtllOl( of ‘itei’oicl (liel-
lebrigemmin or (liallhydrostropiuamlthidin), 0.2

nil of dicyclohexylamine, 0.2 nil of acetic

aci(l, and 10 nil of nletlmanol \V(’1(’ reflexedi

ivitim stirring tLIldlel’ ititrogeim. After time

imisoltible hvdrazitme � converted to soluble
hmydrazomme, time clear reaction rrmixture �

dried wider vacuum. From an t’thanolic

extract of this residue time dicyc1ohmex�’1am-

monium salt of time hydrazone was precipi-

tated witil ether.

lime clicyclohexylammonium salts of time

4-sal folmaphvthvl- 1 -hydrazones of hel le-

brigenin and chianhuyclrostropiuanthmidin are
soluble in niethuanol and etilanol, slightly
soluble in water, and insoluble in ether.

These products were tested for homogeneity
by t hum-layer chromatography �n silica gel

C [solveimts, 1-hutanol-acetic acid-water (4:

1:2, v/v), chloroform-methanol-acetic acid

(1.5: 3: 1), ethyl acetate-acetic acid-water

(4: 1: 1), ethyl acetate-2-propanol-14 x am-

moimium hydroxide solution (7:9:4)]. In all

solvent systems each product showe(I only
one spot oim visualiZatid)tu with an ultraviolet

lamp (fluorescent spots) or the eerie sulfate
reactiomi (detection of steroid). The spots

(letectedi by the above two methods coin-

cided. They had (lifferemit R� values fronm the

starting materials. Spectral amid elemental
numalyses of these compounds were as fol-
lows.

HSNH: Yield, 53 �.. Ultraviolet spectrum:

E� 334 nm (#{128}15,100), 237 nm (#{128}19,100),
212 rim (#{128}40,000). Iimfrared spectrum: 2400-
3000 cm’ (=XH�). 1705 cmm (C�O of �y-

pyrone), 1380 cm’ (C=N of Imydrazone),

1170 cmm, 1040 cm’, 680 crn’ (S=O of
sulfonic acid), 837 cm’, 760 cm’ (miaphtha-

hew’ 1,4-derivative).

C46H63N308S . H2()

Calculated: C 66.07, H 7.83, N 5.02,S 3.96
Found: C 65.33, H 7.40, N 4.77, S 3.83

DSSNH: Yield, 43 %. Ultraviolet spec-
trum: Emax 340 tim (e 14,500), 245 nm
(shoulder), 221 nm (#{128}50,000). Infrared spec-
trum: 1780 cnr’, 1740 cm’ (C=O of Un-

saturated -y-lactone), 1620 cm’ (C�H of

a ,fl-ulLsaturated �y-lactone). Othmer peaks

were the same as for HSXH, except time one

at 1705 cm’.

C45H59N306S . H20

Calculated : C 68.38, H 7.80, N 3.33, S 4.07

Foundl: C6S.24,H7.67,N5.11,S4.19

The magnesium salt of HSNH was also

synti mesizecl . The symitI mesis am id pum’ificat i )D

were time same as with the dlicvclohiexvlanl-
moniumn salt, exceh)t that 0.5 mmnole of
magnesiunl acetate i�’as used imistead of
dicvclohexvlamine ammd acetic acid. The yield
was 63%. The magnesium salt of HSXH was

a light pink poivder ivimich was soluble in

water and methammol. Tiue thin-layer ehromat-

ogranl and spectral data were the same as
with the dicycloimexylanimonium salt.

C31H39N208S Mg0.5 3H20

Calculated: C 5S.19, H 6.48, N 3.99,84.57
Found: C 57.77, H 6.03, N3.70,S4.95

Time sulfonaphtiuyl i mydrazone of strophan-
thidin i�’as synthesized as the dicyclohexyl-

amnionium salt audi ciuaracterized by the

same method as with HSNH. There were imo
qualitative differences betw’eemi SSNH and
HSNH in the experiments described below,

although sonic quantitative differences were

present. Only time results with HSNH are

described.
All cation�s were addedi as the chlorides,

and all anions were added as Tris salts. Tris
salts were made by neutralization of the free
acids with Tris base or by passage of sodium
salts over a Dowex 50 column (Tris form).

The preparation c)f the beef brain “am-

monium sulfate enzyme” is described else-

where (17). Between 3 and 10 mg of tue
emizyme preparation (specific activity, 450-
750 pmoles of P� per hour per milligram of
protem) were suspended in 10 nil of 0.1 �i

Tris-sulfate (pH 7.5) and sedimented by

centrifugation at 103,000 X 1/ for 60 mm.
After omie washing, time pellet was iionioge-
nized witiu 10 m�m imidazole HCI buffer,

pH 7.5. Time protein concentration in this

suspension was adjusted to 2-5 mg/mi.

Fluorescence was measured with an

Aminco-Bowman spectrophotofluoronieter.
Measurements were carried out at 230.2 The
excitation and emission w’avelengthms were

330 nm and 410 nm, respectively, umiless

2 The temperature was maintained with ±0.50

by a cooling block (t henmoelect nc niicnocoolen,
Amimmco).
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The enzvnme �V’Ls assaVe(l ts reported previously

(18), wit Ii t he i mmd (‘at (‘(1 comicemmt rat iofls of (‘II m’(lio -

onic steroids a(1(led mis aqtieotms solutiomms.

Inhibition at various concentrations

Inhil itor - (If St croid derivatives

2.5 �st 5.0 �iu 10 �mi 20 �sm

IISNIT

SSNII

1)SSNII

40 54 �6 71

#{182}1 12 25 :17

0 0 0 0

(lucible among time hatches of enzyme; t lie

variation imi this quantity was less tlman 3
within a givemi hatch of enzyme or from bat elm
to batch. Eveim so, in most instances, the

same comicentratmomi of time same batcim of

enzyme was use(i iii aim (xpermnment.

RESULTS

11/10

2 3 4 5 6

PROTEIN CONCENTRATION

The enuissiomi sped nit of the chronuophores
were the same wi di ci then cluvnuot nvpsi ii or
nihommuclease.
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otherwise i mmdicated. \ licrocuvett es (3 mm

�(1uaI�’, inner diameter) were used, and
sample solutiomis contained 10 nm�r imidazole

HCI buffer, 1)H 7.3.
The fluorescence intensity (Ii) of 100 .mlof

the enzyme suspension was first measured;

then 5 ph of 200 pM churomophore solution

amid 1 pl of each higand solution were added
sequentially with mieropipettes. After each

addition the conteimts of the cuvette were

mixed with a polyethylene stirrimig rod and
fluorescence was measured. The effects of
ligands are expressed iii terms of the en-

hancement of fluorescence intensity, L

which is defined as

J - (I� - I�)

-

where I� = I,, of the cluromimophore in buffer,

I� I,,. of the enzyme-ciuromophore system,
and 12 = I,, of the ligand(s)-enzyme-chromo-
phore system.

The I,,. of the cimroniophore in buffer did

not change more thman 3 % on adding ligamids

in the absence of the enzyme. Jo , Ii , amid 12
depend on time intensity of the exciting light

and on the sensitivity of the instrument,

w’hich vary from day to day. In addition,

1� varies with each batch of enzyme and is
dependent on prot ciii concentration, as
shown in Fig. 2. le is far less dependent on

protein concentration and is more repro-

Inhibition of (Na4 + K4)-A TPase ��!/

fluorescent car(lioton ic stei’oid,s’. Table 1 shows

time inhibition of (Na4 + K�)-ATPase by

various fluorescent derivatives of cardiotommic

steroids. The fluorescetut (lerivatives of bot it

hellebrigenin and stropimant Imidin (HSN H

amid SSNH) inhibited time enzyme. flu’

affinity of HSNH was approximately 5 times
that of SSNH; thuis parallels time relative

affimmities of the nomufluorescent parent com-

pounds (18). TIme affimmities of time suhfonaph-
thvlhvdrazone derivatives w’ere two orders

250 ‘ of magnitude less timan thmose of time parent

compounds. The suifoimaphthylhydrazone of

time inactive steroid, 1)SSNH, did not inhibit
up to 20 p�r.

200 Effects of so/ic nt (111(1 /)roteins Oil flU()rC.’s’-

A a cence spectra of sulfonaplit/iylhydrazo’nes of

#{176} card wtori i1- steroids. The fluorescent sped ra
of tile sulfonaphthvlimvdrazoncs of time car-

a diotonic steroids are shmown in Fig. 3. Theyso o show’ properties similar to those of ANS

(16): fluorescemice �\�5 emihaiiced and time
wavelengtim of maxiniuni emission showed an

appreciable blue shift witim ethanol, albumin,
bc I I I I I - -

7 8mg/mI or G\a+ + K+)�V1 Pase, and a smaller
change witim chymotrypsin or ribonueiease.3

FIG. 2. Dependence of fluorescence intensity �m These data indicated that tue suifonaphthmyl-
concentration of protein

Different batches are represented by different

symbols.
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FIG. 3. Emmssion spectra of HS’�\H and DSSNH

Time excitatiomu wavelength was 330 mini. Curve

a, 10 �iM cimnomiiopimore in 10 mM inuidazole HCI

buffer (pH 7.5); b, l0M�� chnomophone + 4.3 mg/

mmii of (Na’ + K+)_ATPase in the same buffer;
5’, 4.3 mg/mi of (Nat + K’)-ATPase imi time samuie

buffer without ehnonuophore; c, 10 �zM chronso-

phore + 4.3 mg/mimi of cimymotrypsiti iii the same
i)uffer; d, 1OMM chromnophore + 4.3 nug ‘nil of
bovimme serum albumin in time sanue buffer; e, 10
/.4M chromophore in 95% ethammol,

hiydrazones shuould serve as hydrophuobic

Probes.
Effects of various rations on fluorescence.

Figure 4 depicts a typical continuous re-

cording of fluorescence. The emizynme alone

exhibited how fluorescence (not show’n). The

addition of 10 pM HSNH markedly en-
hanced I,, (curve a), amid the addition of
DSSNH to time enzyme eniuanced I,� even

more than with HSNH (curve b). ANS
enimanced fluorescence mans- fold (curves c

and d). The important poilmt, imowever, was

time characteristic change in I,,’ of the HSXH-
enzyme system w’hemi various higands ��‘ere

added, in contrast to tIme lack of a com-
parable change in time DSSNH-enzyme sys-
tem. The addition of 10 mu Na4’, 2 mu
1 mM Mg4-�, or 20 pu ATP to the HSNH-
enzyme system I)roduced significant changes

in I�: Na+ and Mg++ enhammccd I� while
ATP and K�- reduced it. Thuc same sequence

of addition of higands to the 1)SSNH-
enzyme system was without effect on I,’

except for time adclitioii of �\Ig4-4-, whicim

enhanced I� slightly. Time additiotm of ions to
either HSNH or DSSNH in time absence of
enzyme had rio effect on I�.

As shown in curves c and d (Fig. 4), Na4
or Mg++ (‘nhailCed time Ij of the enzyme-

ANS system, ahtlu)ugh1 neither ATP nor

reduced it. Nagai ci at. (12) found that ATP

and J�+ reduced the I,, of a membrane-
bound (Na� + K4-)-ATPase-ANS system.
As shown in curve d, we found no effect of
these ligands omi our enzyme-ANS system

with the same sequemtce of additions used by
those authors. 1mma sarcoplasmic reticulum-

ANS system, Vat idlerkoom awl I\ I artoirosi
(23) showed nonspecific enhatmcing effects of

cations on Ij . These effects of cations ap-

peared to be due primarily to the hydro-

phobic environment afforded by the phios-
pholipids in the membrane. The effects of
cations im)creasedl with charge. Similar ion
effects were also reported in crythrocyte
membranes (24). Time effects observed here
with ANS are presumably due to similar

causes.

Mg ATP

Na
K

ANS
+Enzyrne

DSSNH No _�!_._.._,_ b
ATP

20f- ,J�2_
a

+Ermzyme K

Chromophore alone

FIG. 4. Effects of liganmis on Ij of (ATa� + K’)-

A TPase and chroniophores

The enzyme concentration was 3.6 mg/mi in
each experiment. Tue chromophore (10 MM), NaCl
(10 mM), KC1 (2 mM), MgCl2 (1 ni�t), or ATP

(20 MM) was added sequentially as indicated. In

curve d the sequemice was different. With ANS

(curves c amid d), the excitation amid emission
wavelengths were 390 nm and 490 nm, respectively.
With the other probes, the respective wavelengths

were 330 imnu and 410 mmm. In each curve, the
fluorescence intensity due to the chroniophore

alone is subtracted.
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_________ Na4- for iuaif-nmaximal enhammcememit of I,’

was 5 nm�t. This is close to the concentration

for half-maximal activatmomm of the enzyme.
This Na’ effect on I,,. w’as obtained in time

presemice of other monovalent. cations, low

concentrations of Mg� � Ca�, or ATP

(Figs. 5 and 6). However, Na+ did not en-

hance Ij at high concentrations of divalent

cations.

Jim contrast to Na�, K+ depressed Ij (Figs.

5 and 7 and Table 2). Monovalent eations
other thmaim Na” can substitute for J�+ in

activating the (Nat + K�)-ATPase. These

cations also substituted for K+ iii depressing
I I I III . . . -

0 5 0 5 20 25 30 35 I� , in time follow’ing order of effeetmveness:
Na�(mM) Mg�(rnM) Th > K� � NHi” > Hb4 > Cs’ > Lit

This order parallels that for activatiiig time

K+ site on the eimzvme (25-27). The eon-

centratiotis of the cations effective in de-
pressimig I� were less than I mu, �vit.iu the

exception of Li+. TIme K+ effect on I� was

not qualitatively affected by time othmer hg-

ands (Fig. 7).
Effects of maqn esium, ca/cm in, a 71(1 /)!l
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Effects of sodium, potassium, an(l potas-

sium substitutes on I,,’ . Figure 5 shows time

effects of Na+ on I,,’ in time absence amid

presence of various monovalent cations.
Among various momiovalemit cations, ommly
Na+ enlmanced Ij . Time comiccmitratiomi of

9
C., -- �

�
--

,?�

--

-I0

I

0 s
1
0

1

5
1

20mM

FIG. 5. Effects of sodium on enhancement of I�

in HSNH-enzyme system in the absence and presence

of other monovalent cationi

Curve a, imo other catiomis added; b, with 1 m�m
CsC1; c, 5 mis LiCl; d, with 1 mis ltbCl; e, with 1
mM NH�Cl;f, with 1 mist KCI; g, with 1 nut TlCl.
The enzyme concemmtration was 3.2-3.8 mg/mI. 1mm

this experiment, Na+ was added after otimer
monovalent cations.

FIG. 6.Effects of sodium on enhancement of I� in

HSNH-enzyme system in the presence of mag-

nesium, calcium, or A TP

Curve a, with 4 mis Ca�; b, with 3 mis

c, with 1 mis Ca*�; d, with 0.5 nut Mg’�; e, without

ammy other ions, amud magnesium effect after satura-

tiomi with Na�;f, with 3OpM ATP. The enzyme comu-

cemitration was 2.0 mg/nil.

FIG. 7. Effects of potassium on enhancement of Ij

in H1S’.VH-enzyme sy.cIemiz in the presence of other

ligan(ls

Curve a, with 3 nut Mg4’ (time enzynme condeti-

trat iomm was 2.0 nug; mmml); 5, wit lu 10 nu� Na’ (time
enzyme n’oncentratmomm was 3.2 mg’ml); c, without

any other ligands (the etmzyme (‘omicentration WaS

3.2 nig/mI) ; d, wit ii 20 MM ATP (time enzyme comi -

eemmt ration was 3.9 mg ml).



TUlLE 2

Effects of monovalent cations on HS.\H-enzymne

system in the presence of sodium

The emizyme comleemmtration was 3.2-3.8 mug/mnl.
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1 nmis Li’
5 fIlM Li’
1 mimi (‘s+

1 muM RI)’

1 mM K’

1 IflM Nil4-
1 muM Tl�

a Immcremeimt in I, above 1, with 5 nut Na’ aione.
Data taken fronu Fig. 5.

G

FIG. 8. Effects of Mg4-� and Ca4-’ on enhancement

of ij in H&VH-enzyme s��stem

Curve a, Ca4-’ alone; b, Mg’’ alomie; c, Ca4-’

effect with 1 m�i Mg’�; d, Mg4-” effect with 3 mM

Ca*F. The enzyme commcemitratiomm was 2.0 mg/mI.

phale on I�. Either Mg� or Ca� markedly
enhanced I,, (Fig. 8). These divalent cations
were considerably more effective than Na+.

C&� was shighmtly less effective timan Mg�.

The effects of these ions were partially ad-
ditive. The Mg� effect was not affected by

Na-t’ (Fig. 6, curve e), Kt’, or ATP (Fig. 9),
but P� depressed time Mg�t’ effect consider-

ably. Phosphate alone depressed Ij,- slighmtly
(Fig. 10).

One explanation for tiuc increased depres-

50 - a

/c�.

40 I’
30- //b /I, /ft, /

20 p/

4 mM

FIG. 9. Effects of magnesium on enhancement of

I,,. in HSNH-enzyme system in the presence of other

ligands

Curve a, Mg”4- alone (the enzyme concentration
was 2.0 mg/mI); b, with 20 MM ATP (the emizyme
comicent ration was 3.9 mg/mi); c, with 2 nut

(the enzyme concentration was 2.0 mg/mI); d,
with 5 nut phosphate (the emizyme concentratiomi

was 4.5 mg/mi).

I 1 I I I
5 10

PHOSPHATE t mM)

FIG. 10. Effects of phosphate on enhancement of

Ij in HSNH-enzymne systent in the presence of Mg4-”

Curve a, with 7 mis Mg�; b, with 1 nut
c, with phosphate alomme. The enzyme concentra-

tion was 4.5 mg/mI.

sion of I,,. by P� in time iwesence of Mg�” is
complex formation between Mg++ and P�.

Calculations of time free Mg4-4- concentration
from the apparent stability constant of time

2 3

Mg+ +



0

Mg - PHOSPHAI’E COMPLEX

1.0 .5 mM

-10

-20

ATP
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A. ‘toda, unpublished observatiomms.

-30

-40

FIG. 11. Effects of magnesium-phosphate complex

(MgHPO,) on enhancement of I,r in HSNH-enzyme

system
All points imu this figure were calculated from

the measured value shown in curve d of Fig. 9

and curves a, b, and c of Fig. 10. The concentratiomi
of the magnesium-phosphate complex wmms calcu-
lated from time stability constant (76 sr’) (28)

and the Ka, of phosphate. 1, was also corrected for
fluorescence changes due to free Mg4-” and phos-
phate ions.

magnesium-phospimate complex (76 u1) (2S)
and the K02 of phosphate at various con-

centrations of P� and Mgt’t’ showed that the

reductions in free Mg’4-” would be too slight

to account for time fluorescence changes. On

the other imand, as shown in Fig. 11, tIme

depression of I� correlated extremely well

with the calculated concentration of the

magnesium-phosphate complex after cor-

rection for fluorescence changes due to free

i\1g� and P1. The magnesium-phosphate

complex is therefore probably the ligand

responsible for the depression of fluorescence

in the presence of Mg4-4- amid P�. This de-

pression in fluorescence may be due to a
conformational elmange immthe (Na”' + K+)_

ATPasc affecting the cardiotonic steroid

.sitc. In this connection it hmas been simow’im

recently that thue nmagnesiunm-phosphat c corn-

plex is time ligand responsible for binding of
ouabain (measured by inluihitiomi of the �‘mm-

FIG. 12. Effects of ATP on enhancement of I,, in
HSNH-enzyme system in the presence of other

ligands
Curve a, with 1 m� Mg�; h, with 10 mM Nmc”;

c, with ATP alone; d, with 2 nut K”. The enzymne
concentration was 3.7 mg’ml.

zyme) to the (Na” + K”)-ATPase iim tiue
presence of i\ig++ and P1 .�

Effects of A TP on I�. If ATP was added
initially to the HSNH-enzynme system, there
was a marked diminution in I� (Fig. 12).
This effect was achieved with concentra-
tions of ATP as low as 10 pu. After the ad-

ditiomi of ATP, Na+ enhanced I,,. in a manimer

parall(’l to that seen with Na+ alone (see
Fig. 6). If I� was first enhianeed with Na”',
ATP dinminishied it, and this effect paralleled

time dinminution in I� produced by ATP
alone. Similar results were obtained with
Mg4-” (see also Fig. 9, curve b). ATP still
depressed I� after K”' addition (see also
Fig. 7, curve d).

GTP, UTP, and AI)P were only about
one-fifth as effective as ATP in reducing I�

in the enzyme-HSNH system (Fig. 13).
The weaker nueleotides didl miot differ among

thiemselves in depressing I� . AMP � oimlv
about 4 as effective as ATP in dlej)rcssitmg

If.
L:trect.s of hellebriqen in on fluorescence. Hel-

lebrigcnin, which has roughly 100 times time
afhnitv of HSNH for the cimzyme, would be
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� 100 200 300 400
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ATP1e

FIG. 13. Effects’ of various nueleotides on enhance-

ment of I,, in HSNH-enzyme system

All measurenuents were carried out imm the

presence of 10 mM Na”. The enzyme concentration

was 2.0 mg/mI.

with DFJ� or at low pH. It was previously
shmowmm (29) that DFP irreversibly inhibits
the (Xa� + K”)-ATPase. Although the

meehmanism of this iiihibition is not known
[it does not appear to be due to liberated F-,

as imas been suggested (30, 31), since organo-

pimosphorus compounds not containing F
function analogously to DFP], it is unlikely
to lead to extensive denaturation of the
enzyme, since I)FP generally is without
effect on enzymes other than those con-

taimming an activated serine residue at the
substrate site. As can be seen in Table 3,
treat ment of the enzyme with DFP under

conditions similar to those reported pre-
viously (29) (with the present enzyme prepa-
ratioim, DFP treatment resulted in 99.9 %

inactivation) essentially abolished the ef-

fects of Na+, K+, and Mg4-4- on fluorescence.
However, about half time ATP effect could
still be observed. Nagai et al. (12) observed

aim effect of ATP or Mgt’+ on I,,’ in a heat-
denatured (Na” + K”)-ATPase--ANS sys-
tem.

Treatment of the enzyme preparation at

pH 4.5 and 25#{176}is also likely to lead to mini-
mal demmaturation. Treatment of the enzyme

under the conditioims described in Table 2

led to 93 ‘/ inaetivatioim. Again, the effects of

the eations on fluorescence were abolished,
but about lmalf time ATP effect remained.

II.’

ATP

5 i0,.�M

HELLEBRIGENIN

FIG. 14. Antagonism of ion effects by hellebrigenin
Curve a, enmhancememit with 10 nuis Na-” and 1

nut Mg4-”; b, emmhamicenient with 10 m�m Na+; c,
depression with 1 mM Kt Hellebrigenin was added
in 20% dimethyi sulfoxide before time catiomm. The

enzyme concentration was 3.5 mg/mi.

eXI)eCted to antagonize the effects of time

cations on fluoreseeimee if time latter were

related to fluorescence emanating from the
specific cardiotonic site on time (Na+ + K4-)-

ATPase. As can be seen in Fig. 14, time adl-

dition of hellebrigetmin prior to ions redluced

time effects of the latter; at 10 �tM hellebri-
genin, all effects of ions on L were abolished.
Hellebrigenimi added after time ions also re-
versed their effect.

As shown in Fig. 15, the depressant effect

of ATP on I, was also counteracted by
imellebrigenin. At 50j.m� ATP, 5j2M imeile-

brigenin reduced tIme ATP effect by two-

thirds.
I’�ffects of liqanthm after incubation of enzyme

-25

1e

FIG. 15. Antagonism of ATI’ effect by

hellebrigenin

Curve a, with 5 MM hellebrigemuin; b, with 1 MM

heliebrigenin; c, without heliebrigenin. All ex-
perimnemmts were carried out imi the presence of 10
mM Na”. The comicemitration of emmzyme was 2.4

mg/mnl.
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Prior
treatment

0

-18 (±3) +27 (±3) - 18 (±2) -33 (±3

-1 +2 -7.5 -16

-3 +4 -9.5 -15
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TAttLE 3

EJJ’ects of (nz!/mne inactivation on enhancement of .11uorescene In, curio us tiqa oils’

The emizymime concemitratiomi was 2.5-3.6 mg/nil.

10 m�i Na” 2 mm�t K I mmut Mg � 20 �i AlP 40 � VIP

Nommec +11 (±2)

Low pHi 0
1)FPd

1mmthe presemice of 10 niu Na’.

In time presemuce of 10 ni�m Na” amid 2 miu�i K”.

The average value of six experimmuemits.

d See time text.

i)ISC USSiON

1luoresceiit I)1’Ob(’s (tt) c��ti imro�’ide in-

formation about the polarity of tlm(ir mm-
mcdliate emmviroiimeimts amid (b) max also

shed light on confommational changes iii time

protein that can affect the polarity of tImese
environments. Bot Ii types of inf �rniat ion

would be of comusiderable interest withm regard

to time (Na”' + K”')-depetmdemmt ATPase.

The former mnighmt hell) to elucidate time

nature of the drug-receptor interactioim, and

time latter, time niecimanisni i)\’ whicim the
enzyme effects trallslocatioim of Na’4- and K�.

One drawback to fluorescetmce probes in

general use, such as ANS, is time relatively
mionspecific imature of thmeir bindiimg. Because

of thus we ii�ive svntimesized a biologically
active “site-directed fluorescent probe,”

HSXH, wimich hmas a sulfonapimthylimydrazoime
group at position 19 of hellebrigemmin. It was

felt that time very hmigiu affinity of itch-

lebrigemun for the cardiotomuc steroid site of
time (Na” + K�)-ATPase mriighmt minimize

fluorescence due to nonspecific bimidlimmg.

I)SSNH, a sulfonaphmthvlimvdrazomme of a
structurally related but biologically inactive

steroid, was also synthesized to serve as a

control.
Several lines of evidcmmce suggest that at

least part of time fluorescence due to time

(Na+ + � probe sys-

tem emanates from the cardiotonic steroid
site. (a) All cations wimichm bind at thme K
site but imot at time Xa� site acted like J(+ in

depressing fluoresceimce, and timeir effective-
muess in thmis respect paralleled thmeir effcc-

tiveness for activatiolm of time enzyme. (b)

Sodiumim, �vhiicim binds at a (hifferetmt site, ha(l

aIm O�)pOsite (‘fleet on fluotescetmce ; it’. , it

etmhmammced it (c ) Illellebrigeniti. �vlmichi has a

hiigimer afhitmity for thme (tmz\’nie t hiatt HSNI1
by t\V() omdets of tuiagimitude, atmd wiiichm
would i)e eXpectedl to (hisplace HSNH from

its site, abolished all effects of II )tis on

fluorescence of’ time enzyme-HSNH system.
(dl) Time flutotesceimce due to itmteract ioti (�f a

substammce �vhmichi is closely relat t�ti stIttc-

turallv to HSNH (thme sulfotmaphmthmylhmydra-

zone of diaimimydrostropimatmthidin), but whmichm
is biologically inactive, was utmafleeted by

any cation. (e) ATP markedly (hnminisimed

fluorescetuce. ( )thier tmucleotide triphmosphiates,

ADP, and .\.�\li� were far less effective.

Hellebrigeniim cOUtlteIad’ted up to I wo-thmirds
of tile ATP effect. (f) Iii time pt’esemmce of

� Ig +, phospimate nmarkedly reduced fluores-

cermce ; phiOsj)hmatt’ alone imad virtually 110

effect oii fluorescence. i\ Ig++ almd phmospimate
togethuer are known to affect the confornua-

tion of tIme (Na” + K4-)-ATPase so as to

i tmCrease cardiotonic steroi(l i)itmditmg (7, �).

(g) \ himmitmial (letmat uratiomm of time enzyme by

treat niemit witim I)1’l) or by incubatiotm at

25#{176}and pH 4.5 abohishle(l time ion effects on

fluorescence atid roughly halved the AT l�

effect.

It seetmms likely thmat at least sonic of time

effects on fluorescence summarized above

are due to cotmforniatiotial cimanges itm time
emizyrmme itmduced by time various catiotms and

tiucleotides studied. Thuese conformatiotmal

(hiatiges migimt lead to au immcreasedl or

creasedl polarity in time immediate enviroim-

memmt of the fluorescent probe. Nothmitmg can
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be state(I at this tinie about tIme tmatllte of

thmese conformational changes.

It is difficult in all cases to dlistinguishl
1)et\Veetl fluoreseeimee intensity chiaimges due
to increased or decreased binding of time

fluorescent probe aimd fluorescence imiteimsity

changes due to conforniational ciuanges in

the (Na+ + l�)-ATPttse. For example,
part of the fluorescence enhaimcememmt due to
Na” and i\1g’�’�, on otie hmand, and time

diminution in fluorescence due to K+, ott

the other, could he attributed to their

respective effects in etmhalmeimigor diminishming

the binding of time cardiotommic steroid (see,
for example, refs. 3, 7, 8, 10, 11, 18).

However, time fluorescence effects of ATP

and pimospimate (in the presence of Mg”4-)

cannot be explained imi this mammmmer, simmee
timese compoutmds markedly reduced fluores-

cence but are ktmown to etmimance biimditmg of

cardiac glycosides (1-3, 7, 8, 10). It simould

also he pointed out that Na”', i\lg�”, aimd
ATP act more or less ilidependently on

fluorescence; vet timev act cooperatively in

enhancing tue bumming of cardiac glycosides
(18).

There was a vms’ hiigim“blatik” fluores-

cence due to interactiomm of time eimzvnie witim
all time fluorescent probes, includitmg those
whicim have no affinity for time cardiotonic

steroid site. It’ is timerefore likely timat a high
percentage of this fluoresceimee was due to
nonspecific bilmding of time fluorescent ster-
oids. Timis is not surprisiimg itm view of time
high hydropimobicity of bothu time steroidls almd

time enzyme [analysis of the rotmghuly half-pure
enzyme usedi imere ilidicates 25 pimospimo-
lipid! (17)1; moreover, time uimhouimd chironmo-

phores shmowed some fluorescence. (‘omise-
quently, only time effects of iotms ammdl imucleo-

tides on fluorescetmce can be regarded as

meaningful. Aitimougim thies(’ effects were

small in comparisoim with the blank fluores-

cence, timey \%.(‘m’t’ Imigimly reproducible (ef-

fects of ions and nucleot ides on fluorescence

agreed within 3 ).
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