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Effect of Ouabain on the Breakdown of Adenine
Nucleotides in Glucose-Depleted Nucleated
Red Blood Cells. Characterization of ATPase

M KA1OYIANNI, O TSIKRIKTSI AND P TSIANOPOULOU

Lahoratory of Anwmal Physiology, Zoology Department
Scicnce School Aristotle Unaversity of Thessaloniht
Thessalonikt 54006 Greece

Abstract. The present repott confirms the presence of Nat-K+-Mg?+ ATPase i
the erythrocy te membianes of the frog Rana balcanica (previouslv Rana nidibunda)
(Schneider et al 1993, Sofianidou et al 1994) The Nat-K+*-Mg?t ATPase activity
was 60% reduced by the presence of ouabain The pH optimum was 8 0 the opti-
mum Mgt ATP concentration ratio was 22 1 The existence of an ATPase with
a ngh K, for ATP (1 48 mmol/l) was postulated

At pH 74 and 8 0, the adenine nucleotide pattern of glucose-depleted e1v-
thiocvtes showed a charactenistic rteduction in ATP contents Adenme nucleotide
concentrations were higher at pH 7 4 than at pH 8 0 Ouabain inhibited ATP break-
down at both pH values studied The stiongest mhibition was observed at pH 74
The decline of the total contents of adenine nucleotides appears to be determined
by the rate of ANIP bicakdown
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Introduction

Adcnme nucleotides are known to be the prinaipal nucleotides in mature human and
amphibian erythrocytes (Jacobasch et al 1974, kaloyianni-Dimitiiades and Beis
19844), and to play an mmportant role in the normal metabolism and functioning of
the red cell (Nakao et al 1961) In contrast to the metabolic stability of hemoglobin
(Shemi and Ratteuberg 1946) adenine nucleotides in mammahan ervthiocytes are
m a dynamic state (Shemin and Rittenberg 1946) The closelv connected processes
of synthesis and breakdown of adenine nucleotides remains a major obstacle of a
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comprehensive analysis of then metabolisin in the red cell

Even if the importance of ATP bieakdown i red cells has long been 1ecognized,
it has not vet been subject of systematic studies m nucleated ervthrocvtes ATP-
ase 18 among the mechamsms wmvolved m ATP consumption According to Siems
et al (1983) 23% of ATP m human 1cticulocytes 15 spht by Nat-Kt ATPasc
ATP concentrations can also be affected by varying concentrations of fructose-2 6-
bisphosphate and triose phosphate in Rana balcanica erythiocytes (Kaloviannt et
al 1994) On the other hand, in frog erythiocy tes ATP 1s 1esponsible for lowering of
Hb-O, affimty (Baitlett 1970) Consequently, maintenance of ATP concentiation
15 crucial for proper ovygenation of the fiog tissues In addition to the possible
1ole in ATP consumption, ATPase playvs a fundamental 1ole 1 1on transport and
osmoregulation 1 aquatic organisins (Epstemn et al 1967)

To the best of our knowledge howeser, there have not been any repotrts on
ATPase activity 1n amphlibian erythrocytes so far As a first step we studied ATP-
ase 1 the membrane of red blood cells of the amphibia Rana balcanica and tried
to charactenize it Motreover, pH-induced (pH 7 4 and 8 0) changes of adenine nu-
cleotides m glucose-depleted red cells of Rana balcanmica were studied By eluns-
nating the hexokimase-phosphofructokinase (HK-PFR) step and preventing ATP
regeneration via the mam pathway of glycolysis the process of ATP breakdown
was expected to become more transpatent, Additionally, ouabain added to glucose
depleted cells was hoped to help eluadate the role of ATPase in Rana balcanica
erythiocytes

Materials and Methods

Ammals

Frogs (Rana balcanica) weighing 50 120 g were supphed by a local dealer after
having been caught m the viamity of Latisa Thay were kept i containers m fresh
water and used tor experiments withm a week

Ewernnmental procedures

Cells were separated from hepannized frog blood by centrifugation at 3000 1pin for
10 mm at 4°C Plasma and buffy coat were discarded All further preparation and
centrifugation steps were carted out at 25°C

Preparation of crythrocyte membranes for ATPasc actinty measurciments

Hemoglobm-frce membranes for ATPase measurements were prepated by modifi-
cation of the method of Buiger et al (1968)

The 1ed cells were washed thiee times 1w 1ce-cold 0 002 mol/l Tris-HCIL, 0 10
mol/l NaC'l pH 74 The buffy coat was 1emoved after each centrifugation
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The washed 1ed cells were then pooled hemolyzed m 30 1 vol/vol hypotonic
solution (0 005 mol/l Tris-HC1, 0 005 mol/l \MgCl,, pH 7 65), and centiifuged at
27,000 x g at 4°C for 15 mun The supernatant was decanted and the membianes
were washed 6 to 8 times with the same volume of ice-cold hemolvzing solution
until the supeinatants were almost colotless The resulting fluffy membianes were
stored m an cqual volume of fresh hemoly zing solution  All ATPase assays were
peiformed on the same day when the membianes were prepaied

Pioten concentrations i ery throcy te membianes were determined 1 triplicate
accordmg to the method of Lowry et al (1951)

ATPase activity 1 the membranes of the 1ed blood cells was measured ac-
cording to the method desciibed by Keeton and Kancko (1972) The actinvity was
expressed as pmols Pi/min/mg of membiane protem

Preparation of glucosc-depleted cells

The procedure to prepare glucose-depleted cells was carried out according to a
modification of the method descuibed by Tu et al (1979) The ervthrocvtes ware
suspended m a 3-fold excess of an 1sotomic solution contaiming 2 mmol/1 glucose 66
mnol/l triethanolamme buffer 1 mnol/l Na;HPO, and 100 mumol/! NaClL pH 7 4
After 10 mun mcubation with glicose the ervthiocytes were centitfuged at 1500
x ¢ for 10 mum The glucose depletion process was starred at the second washig
step with the addition of a 10-fold excess of 1sotonic solution contammg 33 mmol/l
trzethanolamine 1 mmol/l Na,HPO | and 100 nunol/l NaCl pH 7}

The thnd washimg was carnted out without buffer m a 10-fold excess ot a solu-
t1on contamnmg 100 mmol/l NaCl, 5 mmol /1 IKCD 1 nnmol/I N\ [gCl, and 03 mmol/]
N> HPO | pH 74 Subsequently, the ersthrocytes were separated by centrifugation
at 6500 x ¢ for 10 mn

The packed cells were suspendcd m the mdicatcd mcubation medimm (NaCl
KCT NaHPO ) to make a hematoct value of about 30% Antimsan (4 mg/100
ml) was added to provent bactenal contannnation during the mcubations The pH
of the 1ed cell suspensions was adjusted 1apidls by addition of 03 mol/1 NaOH o
03 mol/l HC1 and cotrected as necessary (£ 0 08 pH) with the same solutions
Ouabaim 107! mol/1 was added to the mcubation medim if mdicated

Determination of adcmine nueleotides

Lot the determmation of adenme nudleotides the samples were added to one volune
of dhilled perchlone aad under strong stuimg After centhifugation the supernatant
was taken up and neutralived with 0 25 volume of a solution contanung 0 5 mol/l
triethanolamme hydiochloride and 13 mol/l K,CO; The KC1O-preapitate was
remosed by centrifugation The samples were then hozen and kept at —120°C nntil
the assay The concentiations of ATP ADP and AMP weie determmed enzymati-
callv accordimg to Bergmever (1970)
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Statestical evalution

Student’s #=test (p < 0 003) for unpaned grouped samples was used

Results

Table 1 shows the eftects of extracellulatly added Mg+, Nat and K+ jons on
ATPase activity ATPase was dependent upon Na™ o1 k™ alone but 1t showed
less actnaty than when Mgt was only present A combmation of sodiim and
potassium without magnesium produced significant activation compared to that
m the absence of the 1ons m extiacellular medium  Also a dependence of ATP-
ase on Mg?t was suggested by a 11se m activity compared with that measured m
the presence of sodmm onls In the absence of extracellular 1ons ATPase activity
reachcd half the values measured m the presence of Nat and Kt ATPase activity
10se significantly to 31 gnmoles Pi/min/g protemn when all the free 1ons tested weie
present m the mcaubation medium The masximun activity of membrane ATPase
was measured at 2 87 mmol/l Mgt 120 mmol/l Na®™ and 5 mmol/l K*

Table 1. Effects of magnesium sodum and potassium on ATPase actinaty of Rana bal
canica 1ed blood cell membranes

Tonic composition of the pmols P1/mm/g protem
mcubation medium mmol/1

Mg (287) Nat (120) K (3) 319443
\g?t (287) 102437
Na™ (120) 333+21
KT (1200 373+£24
Nat (120) K (120) 118+38
Nat (120) RY(3) 418438
No 1018 present 193+£23

Each value 1epresents mean & S E N of 4 different expermments Thice to ive anumals
were used for each experiment the blood cells of which were pooled

When the red cell membranes were mcubated at varous pH, total ATPase
activity grew at pH 8 0 indicating a pH maxunum mn this vicunty (Table 2) Fig 1
shiows the effect of ouabain on the ATPase activity of Rana balcanica erythrocyte
membranes A 50% mhibition was achies ed at ouabain concentiation of 1074 mol/1

Asshown n Fig 2, the total ATPase and ouabain-msensitive (Nat-K+-Mg=*-
ATPase) activities peaked at Mgt concentration of 8 mmol/l On the other hand
the ouabamn-sensitive Nat-k+-Mg?T-ATPase mcrement showed a maximum at
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Table 2. Effect of pH on total ATPase activity

pH Ensvimatic activity
(prmols P1/min/g/protemn)

6 20927
7 3903+£38
S 180+ 45
9 454+ 43

Each valuc 1epresents mean & S E M of 4 different eaperiments Three to five annmals
were used tor each experiment the blood cells of which were polled

The conditions of the experiment were as follows Mgt 2 87 mmol/l Na¥ 012 mol/]
K* 0005 mol/l
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Figure 1. Effect of onabam on the Nat KT Mg *-ATPase activity The following ex
perimnental conditions weire emploved temp 25°C pH 8 0 MgCl: 3 munol/l, NaCl 112
mmol/ KC15 mmol/l time 135 min Each value represents mean = S E N of 4 different
experiments Three to five anmmals were used for each experiment and then blood cells
wele pooled
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Figure 2. Effect of Mg ™ on total ATPase activity ouabam-sensitive ATPase and ouabain
msensitive ATPasc activity The concentration of NaCl was 114mmol/1 that of KCl was
12 mmol/l pH 80 and tuime 120 mun The activity m the absence of ouabain represents
the total ATPase actinaty The activats i the presence of ouabam at 10 ' mol/l repic-
sents the onabam-msensitive activity The diffcrence between the two curves represents
the ouabam-sensitive activity Each value represents the mean of 4 different experiments
Thice to five anunals ware used for cach cxpariment and then blood cells were pooled

VMgt concentration of 5 mmol/l The activity peaks observed for the total ATPase
and for ouabam-sensitive actinities correspouded to a \g?t ATP concentration
tatios of 32 1 and 2 11espectively The 2 1 concentration tatio required for Mg?*
and ATP suggests that the actual substiate of the ensyme 15 Mg?t-ATP complex
Smce the ouabame-sensitive and ouabam-insensitive activity merements both de-
creased as the Mgt concentiation was rased above 8 mmol/l, free Mg?? nught
have mterfered by competing with Mg?T-ATP complex for the ensvine o1 mught
have altered the ensvme by binding at another site independent of the active sub-
strate site

Figs 3,4 5 show data on the changes of ATP ADP and AMDP at pH 7 4 and pH
80 The same blood samples were used to perform identical measurements at pH
74 and at pH 8 0 It may be seen that duning an mtial period of 30 min a decline
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Figure 3. Tume cowise of ATP breakdown m glucose depleted 1ed blood cells and mn
glucose depleted 1ed blood cells treated with 10 ¢ mol/l ouabam at pH 74 and 8 0
® Indicates statistical sigmificance of the difference between the respective values at pH 7 ¢
and pH 80 ™7 Indicates statistical significance of the difference between the 1espective
values m the absence and m the presence of onabam at pH 74 All values obtamed fiom
the same experiment were statistically signtficant from of values obtamed at tune 0

of ATP and uicreases of ADP and ANMDP were observed which may accompam
the accumulation of gly colvtic mtermediates Duning the subsequent 30 mun {at
60 mim) AMP and ADP 10se and ATP decieased to values similar as measured
at pH 8 0 Duiing tlus period the sum of nucleotides remained constant (Fig 6)
Thereafter ATP concentration decreased at a 1apid rate which dechined with time
both at pH 74 and pH 8 0 ADP and AMP <howed transient peaks after 3 h
mcubation to fall slowls thercafter The sum of nudleotides decreased at a nearlhy
constant 1ate of about 03 04 pmols/ml cells/h durmg the 2 h of ncubation The
mam difference between the values measured at the two pH values 15 a greater
deciease of the sum at the lower pH duiing the first 2 h of incubation Also. ATP
declimed stroger at pH 7 4 than at pH 8 0 (Fig 3)

Quabain did not affect the mass action ratios of adenvlate kinase at pH 80
wheteas at pH 7 1 the mass action 1at10 of adenylate kinase mcreased significantly
after 3 h mncubation of the 1ed cells

Figs 3, 4.5 and 6 also show the effect of ouabain on the changes i ATP, ADP.
AMP and the sum of adenine nucleotides at pH 74 and pH 8 0 1 glucose depleted
cells The adenine nucleotides exhibited a charactenstic pattern as desctibed eatlier
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Figure 4. Tiune comse of ADP bicahdown m glicose depleted 1ed blood cells and
ghicose depleted 1ed blood cells treated with 10 ' mol/l ouabam at pH 74 and 80

" Indicates statistical significance of the difference between the respective values at pH 7 4
and pH 80 ** Indicates statistical sigmificance of the difference between the respective
values m the absence and m the presence of ouabamn at pH 74 ©  Indicates statisti-
cal signtficance of the difference between the respective values 1 the presencc and m
the absence of ouabam at pH 8 0 All values obtamed hom the same expernnent were
statisticallv sigmificant from values obtamed at time 0

with a dechime of AP wheteas ADP mcreased to flat maxinum and dechned
thercatter

The eflects of ouabain at different pH v alues on the breakdown of ATP mdicat
a 11 46% mbibition of this process at pH 7+ At pH 80 where \TPase actnaty
15 Ingher than at pH 74 (Table 2) ouabam seems to exert significant cffects on
ATP degradation and on the hieakdown of ADP at the 31d, Ith, and 5th howr of
mcubation (Fig 4) Tt seems that ATPase 15 10sponsible for ATP bicakdown both
at pH 74 and pH 8 0 (Table 3)

Discussion

This 1s the fitst ATPase study m amphibian ervihiocytes ATPase plavs a funda-
mental 1ole m1on transport and osmoregulation m aquatic organsms Therelore
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Figure 5. Tune course of AMP breakdown m glucose depleted 1ed bool cells and
ghicose depleted red blood cells treated with 10 mol/l ouabamm at pH 7 4 and 8 0

Indicates statistical sigmificance of the difference between the 1espective values at pH 7 4
and pH 80 7" Indicates statistical sigmificance of the diffcrence between the respectine
values 1 the absence and 1n the presence of ouabam at pH 74 All values obtammed from
the same expaiment were statistically significant from values obtained at time 0

this studs 15 unportant for the eluadation of metabolic processes within the red
cell The expernnents presented heremn vield mteiesting msights mto the dynamics
of the adenine nucleotides m Rana baleanica eivthiocvtes The data on the tian-
sitory pertods during glucose depletion show clearly that the declime of ATP and
the corresponding 115 of ADP and AMP at pH 7 4 and 8 0 are probably due to a
relative excess of the HK-PFK system activity as compated with pyrusate kinase
i human red cells (Rapoport et al 1979)

Scheme 1 ilustrates the glscolvtic pathway and adenylate kinase that vield
ATP and the two pathways of ANMP bicakdow, one via adenylate deammase and
the other one phosphatase-related followed by adenosime deaminase and nucleoside
phosphorvlase Under conditions of glucose depletion the bieakdown of total nu-
dleotides proceeds at a slowly decieasing 1ate which 15 less 1apid at the alkaline pH
It amounted to 0 3 pmol/ml/h at pH 8 and to about 0 4 pmol/ml red cells/h at
pH 74 (Fig 6) The rate does not appear correlated to AMP concentiation which
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Figure 6. Changes 1n total levels of adenie nucleotides during glucose depletion of Rana
balcanica 1ed blood cclls at pH 74 and 8 )

Table 3. Inlubition of ATP-degradation by ouabam

pH Inhibition (‘A)
71 1146
88 <1

vares over the pH 1ange studied This would wmdicate that the enzvme systems
nnolved m the ANDP bicakdown are satmrated with 1espect to then substrates
However when frog ey throcs tes were mcubated m the prosence of glucose to
tal nucleotides scemed to mcrcase (INalovianni-Dimitriades and Bews 1981a) Two
esplanations may be considered for this fact For one some unhnown mechamsm
may be postulated by which degrading enzymes are mhibited  Such an (xplanation
appears most unhihels as 1t has not been supported by research enidences Tt s
much more kel that the meaease of total ademme nucleotides 15 a 1esult of then
contimuous resynthesis which proceeds as long as glucose 15 available Tor such a
resynthests 1 frog eryvthrocytes an mtact adenme moicty 15 a necessiy precon
ditton (Mivazakt et al 1975) AMP may then be produced either by adenosme
kiase from adenosme o1 via a speaific 11ibosy 1 phosphate transterase from ademne
(Scheme 1) Tt has been reported for Rana baleanica c1ytlnocs tes that the high
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Scheme 1. Sources of ATP and brecahdown of adenne nuclcotides

concentrations of adenosine may promote deanmnation ot adenosine rather than
phosphorylation upon its entrv mto the ersthrocytes (lalovianm et al 1993) At
low concentrations of adenosime, frog e1y thiocs tes incorporated adenosine both via
adenosine kimase and via its conversion to the hy posanthme pathway (Mivazaka
et al 1975) Eapeiunents on the utilization of adenosme m human red cells -
dicate that the metabolic fate of adenosime also depends on 1ts concentration n
the medium At low adenose concentrations 1t 18 comerted to ATP whereas
at extraccliular concentrations higher than 10 gamol/l all adcnosine transported
wmto the cells 15 deammated (Plagemann et al 1985) Furthermore 1t has bhecn
suggested that since AMP deanunase 15 stiongly miubited m the cell mostly by
2 3 diphosphogly cerate o1 by unknown factors the main ANMDP breakdown pathway
proceeds via phosphatase (Rapoport et al 1990)

AMP 15 an activator of Rana balcanica ervthiocyte PFR (hhaloyianm et al
1994) Therefore, the lowenng of the AMP concentration at pH 8 0 compatred to
pH 7 4 caused an inhibition of phosphotiuctokinase (PFK) This pH dependance of
Pl activity (weaker activity at pH 8 0 than at pH 7 4) has been 1eported carher
tor Rana balcamica crythiocvtes (Kaloyvianm et al 1994) Thus, the ghvcolytic rate
of Rana baleanica erxthiocytes 15 affected both by pH (Kaloy ianm-Dunititades
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1983) as well as by the activatory action of AMP on PFK Nevertheless according
to Rapopott et al (1981) about one half of the nsual glycolysis maeasc 16 due to
the effects of adenime nucleotides

Rana balcamica cxythiocy tes ate nucleated and show high activity of Nat-Kt-
ATPase m 1elation to non-nucleated mammalian ery throoy tes (Palma et al 19914
Ryvbahowshr and Lehmann 1994) At pH 8 0 the ATP concentration significantls
dimnnished fiom 09 to 006 gmol/ml 1ed cells after 5 h incubation (Fig 3) which
mayv have heen related to the enhanced actinats of ATPase at this pH (Table 2) The
expounential decline of the ATP concentrations m the absence of glicose mdicates
a stiong concentration dependence of the ATP degirading processcs Rapoport ot
al (1979) 1eported that when humnan red cells were mcubated under the same
expermmental conditions, m the absence of glucose for 3 h the concentration of a
reducing substance glutathione mereased and that of pyruyate decreased

The lugh mtracellulat K* concentiation as well the lugh KT/Na™ 1atio m
Rana balcanmica exythrocvtes (7 34) (lalovianm et al 1997) show a positive cor-
relation with the high ATP contents of the ervthioeytes (Kaloyvianni-Dimitriades
and Bers 1984a) the same also has been suggested for sheep ervthrocytes (Ni-
seta ot al 1993) It 15 possible therefore that the high mtracellulat k% concen-
trations maease the activity of the Kt-sensitive 1egulatory enzyme pyruvate k-
nase m Rana balcanica exs thiocy tes (Kaloyianni-Dimitniades and Bers 1984b) In
Rana balcanica exvthrocyvtes the Embden-Meverhof pathway 1 the main source
of ATP (haloviauni-Dimitnades and Beis 1984a) Therefore K tiansported Iy
ATPase may be rate linmting with regard to the generation ot ATP molecules via
the Embden-Meyerhof pathway m Rana baleanica ervthiocs tes

Ouabat mhibits the breakdown of ATP m Rana balcanica 1ed cells (Fig 3)
Ouabamn also mhibits Nat-K+-Mg?t-ATPase 1solated from Rana balcanica red cell
membrance (Fig 1) The ouabau-sensitive ATPase makes up 50% of the total AT
ase activity It has been postulated that lactate production m human erythrocos tes
mav be controlled by the membirane adenosme triphosphatase activity (W hattam
ot al 1964) In Rana balcanica 1ed cells ouabam mmhibited lactate production by
ery throcytes suspended 1 adenosine suggesting that lactate production m Rana
balcamea 1cd cells 15 related to active cation transport and possiby to Nat /K7 -
ATPase (Kalovianm et al 1993)

The fact that ouabain 1s stronger 1 glucose depleted cells mcubated for 30
nun at alkalime pH suppotts the notion that the 1eduction of ATP concentration at
pH 8 U mught be due to enhanced activity of the NaT-K1-Mg?T-ATPase at this pH
(Fig 3) Accordingly the clement of the contiol matiix (S,;) which gives the relative
dependence of the metabolite concentiation of the ensyme activity (Hemnich and
Rapoport 1974) indicates that activation of fiog ATPase at pH 8 0 results m a
dectease of ATP (S,, = —003) Thus, changes of ATPase activity would explamn
the pattein of adenine nucleotide levels at alkaline pH values On the other hand, it
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seems concenable that the ugh Ry, value for the Rana balcanica NaT-KT-ATPase
of 148 & 0 84 mmol/! mav not account for the bicakdown of ATP observed after
2 h mcubation of glucose depleted cells According to Schiier (1966) ATP mav be
supplied to ATPase m the microenviionment of the membrane Hence mtracellula:
ATP mught not play a duect role m 1egulating the ATPase activity

The present report confirms the presence of Na™-K+-Mgt-ATPase w1 Rana
balcanica ervthiocytes The observations concerning the membiane ATPase sug-
gested that the ensvme 15 mvolved mn the active transport of electiolytes across
biological membranes. and that the 1ed blood cell maintains 1ts cation composition
and volume by the action of a KT-Na¥ exchange pump The preponderance of
ATPase activity 1 relation to ATP production masy be responsible for changes m
adenime nucleotides occurring m glucose depleted 1ed blood cells of Rana balcanica
Botli pH and ouabam are effective modulators of adenine nucleotide breakdown
Nevertheless the exact physiological roles of the enzvmes involved i adenie nu-
cleotide breakdown will have to be 1evealed by future studies
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