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Abstract. The function of the Na,K-ATPase is known to and K" ions against their electrochemical gradient across
be considerably impaired in the presence of free radicalthe plasma membrane (Glynn, 1985). The movement of
such as OH While previous experiments were largely 3 Na" ions out of the cell and the import of 2*Kons
based on the loss of enzymatic activity of the protein, thisaccounts for the generation of the membrane potential in
is the first communication dealing with partial reactions animal cells. The enzyme is found in almost all animal
of the pump cycle in the presence of free radicals procells. Its function is crucial for the cellular metabolism,
duced by water radiolysis. Three different system statessince it provides for the energy which is necessary to
which are directly involved in ion transfer catalyzed by drive a variety of secondary active transport processes
the enzyme, showed similar sensitivity to free radicalacross the membrane. The mechanism of action of this
action. This is indicated by largely identicalf2doses ion pump is of great complexity. Cyclic reaction
of the decay of the reaction amplitudes investigated. Thachemes, based on the well-known Post-Albers cycle
decrease in the efficiency of the enzyme functions wagFig. 1), and comprising a great number of intermediate
largely due to a lethal damage of pump molecules. Astates, are usually applied to explain an increasing num-
kinetic analysis of the ATP-induced conformational tran-ber of sophisticated experimental approacheauges,
sition E; - E, revealed, however, that a minor compo- 1991).
nent of the inactivation is due to a reduction of the tran- ~ The present communication deals with the inactiva-
sition rate constant. The decrease of the enzymatic agion of the Na,K-ATPase by free radicals. Previous stud-
tivity could be simulated by the decay of the rate-limiting ies have shown that the activity of the enzyme is strongly
conformational transition. This finding indicates the and irreversibly reduced in the presence of hydroxyl
conservation of a close coupling between ATP-radicals OH, of oxygen radicals @ /HO,", or of singlet
hydrolysis and sodium translocation process throughoubxygen,*O,, (Kim & Akera, 1987; Mishra et al., 1989;
free-radical induced inactivation. As a result of the tight Thomas & Reed, 1990; Chen et al., 1992; Vinnikova,
coupling, enzyme modification at different system statesKukreja & Hess, 1992; Rohn, Hinds & Vincenzi, 1993;
leads to similar functional consequences for the proteinElmoselhi et al., 1994; Huang et al., 1994; Shao et al.,
1995). Since the Na,K-ATPase is an essential enzyme of
Key words: Na,K-ATPase — Partial reactions — Free the plasma membrane of animals cells, it has been sug-
radicals — lonizing radiation — lon transport — Enzy- gested to represent an important target of free radical-

matic activity induced membrane damage. This has been considered t
be of great practical consequence for certain kinds of
Introduction cardiovascular injuries, e.g., the reperfusion damage of

the myocardium after ischaemia (Kukreja & Hess, 1992).
The Na,K-ATPase is an electrogenic ion pump which Inactivation of the Na,K-ATPase is usually studied
utilizes the energy of ATP hydrolysis to translocate"Na using chemically induced radicals, e.g., by application of
Fe**/H,0,, Fe*/ascorbate or by irradiation of the system
with visible light in the presence of appropriate photo-
* Present addresdepartment of Cellular and Molecular Physiology, sensitizers. Water rad|,0|yS|S IS a fu,rther f:or)\{enlent
Yale University, New Haven, CT 06510 method to generate radicals. Absorption of ionizing ra-
diation in oxygen containing aqueous solutions yields
Correspondence tad.-J. Apell definite concentrations of Oknd of Q" /HO,’ radicals.
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Using the latter method, we have recently shown that the  NaK-ATPase was prepared from the outer medulla of rabbit

enzyme is inactivated via a radical-chain mechanisnkidneys in form of open membrane fragments using procedure C of
(Hitschke et al 1994) Jorgensen (1974). Protein concentration was assessed by the Lowry

Th . L. . method, using bovine serum albumin as a standard. Specific ATPase
e extent of enzyme maCtIV,atlon by free radlcals’activity was determined by the pyruvate kinase/lactate dehydrogenase
was so far characterized mostly via the decrease of ATRssay (Schwartz et al., 1971). The specific activity was in the range
hydrolysis. The correlation between the decrease Obetween 1900 and 20qev P, per mg protein and h at 37°C. Prepa-
ATP hydrolysis and the ion pumping activity has not rations of membranes containing the 19-kDa fragment were prepared
been studied in detail so far. This is the topic of theaccording to a recently published procedure (Capasso et al., 1992;
present communication, in which the consequences ofchwappach etal., 1994).

. . . . To prepare membrane fragments for the irradiation procedure,
radical action on several partial reactions of the pumpthey were suspended twice in solutions of 20 MaCl, pH 5-6, and

CyC|e arc_a '”VeS“Qated- . . centrifuged in a Beckman airfuge at 160,000gx Under standard
Partial reactions of the Na,K-ATPase which are in- conditions the final suspension of fragments was diluted in agueous
volved in ion transport may be studied by a special fluo-solutions of 20 m NaCl or 10 nm MgCl,, pH 5-6, to a concentration
rescence technique developed in recent years (Klodos &f 0.25ug/ul. Samples of 4Qul were pipetted into tiny polyethylene
Forbush, 1988: Bhler et al., 1991; Stumer et al., 1991; Vvessels, of which 9 could be placed in appropriate holes drilled into a
Pratap, Robinson & Steinberg, 1991; Heyse et al., 1994s’amplle holjdzr ma?e frorr\: Pflexiglasf (Hitschke etbal.,( 1}513_?_4).H The holder
; . . was place cm from the focus of an X-ray tube (PhilipsHBuRT
Klodos, 1994). A styryl dye, RH421, which inserts into ;50\ "s e ation of the 80 kv X-rays was obtained by aluminum
Fhe lipid domains of Na,K-ATPase mem_bra_me frfr"gmentsfilters of various thickness. Underneath the samples an ionization
is used to detect changes of local electric fields inside th@hamber (PTW DL 4, Pychlau, Freiburg) was mounted to monitor the
membrane (Bhler et al., 1991). Such changes are applied dose. Calibration of the chamber was performed by Fricke
caused by binding or release of ions and/or by movemendosimetry (Spinks & Woods, 1976). For each series of experiments
of charges inside the membrane-bound protein domaingne control sample was stored at room temperature-(21 + 1°C),
while the irradiation procedure started with 9 samples. After appropri-

The fluorescence levels have been found to allow dis-, : . )
ate times corresponding to defined doses, samples were successivel

crimination between dlfferently charged states of the en'removed from under the X-ray tube. At the end of the irradiation

zyme (Grinwald et al., 1982;.'Blher et al, 1991)- Al- " beriod, all samples were stored on ice until the specific ATPase activity
though the molecular mechanism of the dye is not solve@vas determined or fluorescence measurements were performed. Fol
completely so far, the occurrence of at least three partiadach series of experiments, the change of the activity was calculated
reactions have been identified in this way by character+elative to the activity of the control sample to compensate for the
istic changes of the fluorescence intensity of RH421differences between various protein preparations.

(Visser et al., 1995: Fedosova, Cornelius & Klodos, _Steady-state fluorescence measurements were carried out_ln a
Perkin-Elmer LS 50B fluorescence spectrophotometer as described

1995+§ Frank et al., 1996): cyt_oplasm|c1\land|ng B+ previously to detect partial reactions of the ion-transport process
3 Na'c; - NaE,), conformational change and extracel- (gihler et al., 1991; Sumer et al., 1991). The thermostatically regu-
lular release of Na (NaE,ATP — P-E, + ADP + 3 lated cell holder was equipped with a magnetic stirrer. For experiments

Na',y), and extracellular Kbinding (P-E + 2 K*o,; - with RH 421, the excitation wavelength was set to 580 nm and
Ez(Kz) + pl) the emission wavelength to 650 nm (slit width 15 nm in both cases).

All three reactions are part of the ion transfer cata—The experiments were performed at 20°C. Specific fluorescence levels

s ould be assigned to defined states in the pump cycle of the
lyzed by the electroenzyme. Therefore, application ofﬁmyK_ATF,ase (Heyse et al,, 1994)

the fluorespence technique "’_IIIOWS the study of the eff.eCt Time-resolved fluorescence experiments were performed by ap-
of free radicals on the function of the Na,K-ATPase in piication of an ATP-concentration jump in a fluorimeter adapted for
considerable more detail than has been possible so fafast kinetics experiments (Stuer et al., 1989). Upon a 10 ns laser
As a final result of the present analysis, a correlationflash ATP was released from an inactive precursor, caged ATP, to
between the decrease of the rate of ATP hydrolysis and99er the reaction sequence JEATP - (Nag)E,-P - P-E,(Nay) -

; ; i _ ; _ P-E,. To maintain the initial ATP concentration at virtually zero, 3
?;:]2% lon pumping activity of the Na,K-ATPase is ob U/ml apyrase (type VI) were added to the sample. This type of ex-

periments allowed determination of the rate-limiting step in the Na-
transport sequence (Fig. 1) which was found previously to be the con-
formational transition (N9E,-P — P-E,(Na;) (Heyse et al., 1994;
Wuddel & Apell, 1996).

Sodium dodecylsulfate (SDS) was obtained from Pierce Chemical.
Phosphoenolpyruvate, pyruvate kinase, lactate dehydrogenase, NADH,

and ATP [disodium salt, Sonderquétitavere from Boehringer, Results
Mannheim, Apyrase (type VI) from Sigma, ‘Mahen. The electric-

field sensitive fluorescence dye N-(4-sulfobutyl)-4-@dipentyl- The enzymatic activity of Na,K-ATPase-containing

aminophenyl)butadienyl]-pyridinium, inner salt (RH 421) ar1P(2- .
nitro)phenylethyladenosine-friphosphate (caged ATP) were from membrane fragments shows an eXponentlal decrease

Molecular Probes, Eugene, OR. Dye purity was checked by thin—IayeP”r.tua”y zero as the app|IF'3d radiation dose is increased
chromatography. All other reagents were the highest grade commerHitschke et al., 1995). Evidence has been presented tha

cially available. the inactivation is due to an interaction between free

Materials and Methods
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Fig. 1. Post-Albers reaction scheme of the Na,K-Pump under physi-
ological conditionsE, andE, are conformations of the enzyme with

the ion binding sites exposed to the cytoplasm and to the extracellular ¢.4
side of the membrane, respectively. In the occluded stateg)ENR,

E,(K,), and ATP- E,(K,), the bound ions are unable to exchange with "2 I
ions in either aqueous phase. 0.0

radicals of water radiolysis and the ion pump. The fol- .04 4
lowing experiments were intended to provide a more
detailed picture of the inactivation mechanism by study-
ing the effect of radicals on several partial reactions
of the pump cycle. This was achieved by applicationrig. 2. Dependence of substrate-induced partial reactions of the
of optical methods which has been developed in reNa,K-ATPase (detected by the electric field sensitive fluorescence dye
cent years to study ion binding and ion release of theRH 421) on the radiation dose. Membrane fragments containing high
Na,K-ATPase (S’llmer et al., 1991; Stmer & ApeII, conce.n.trations of the ion pump were incu_batgd in an agueous solution
1992; Schwappach et al., 1994; Heyse et al., 1994) g&ont@ining 10 m MgCl,, pH 5, and were irradiated by 80 kV X-rays

. . . . with a dose rate of 75 Gy/min. Subsequently, part of the irradiated
well as ion translocation over the membrane 'nter_lorsolution was added to the buffer (25wnhistidine, 0.5 nm EDTA, 10
(Klodos & Forbush, 1988; Pratap, Robinson & Stein-my mgcl,, and 200 m RH 421, pH 7.1) in which fluorescence ex-

berg, 1991, Klodos, 1994; Schulz & Apell, 1995). periments were performedA) Time dependence of the fluorescence
intensity, while 20 nw NaCl, 0.5 nu ATP and 20 nw KCl were added
successively to membranes which had received a dose of 30BpBy. (

Dose DEPENDENCE OFSTEADY-STATE POPULATIONS The dependence of the amplitude of fluorescence chaagggupon

addition of Nd, ATP and K') on the applied radiation dos&F-values
The distribution of the Na,K-ATPase between the differ-were calculated according tFy, = (Fya = Fo)/Fo, AFarp = (Fare
ent states of the pump cycle (Fig. 1) can be affected by Fra/Fna @ndAF« = (Fc = Fare)/Farp. The lines represent the
using specific substrate conditions. When protein (4. EngggnéAng)ai tﬁ':ég);ﬁ/pe(;ga %7;(Dro: ggtseez/gﬁzglgtgimw
pg/ml) was incubated in standard buffer (23arhisti- - Y pprop '
dine, 0.5 v EDTA, 10 mv MgCl,, pH 7.1, but no N&
or K*) with 200 rm of the fluorescence dye RH 421, the might, however, affect only specific transitions of the
pump was stabilized in state, Efluorescence level &  cycle. A selective change of the corresponding ampli-
c.f. Fig. 2A). Addition of NaCl (20 nm) in the absence tudes should be observed upon irradiation in this case.
of ATP promoted a transition of the protein into state Discrimination between both possibilities was achieved
NasE, which was accompanied by a fluorescence de-by studying the amplitudes of the normalized intensity
crease. Subsequent additions of 0.@ ATP and of 20 changes as a function of the radiation dose (Fig). 2
mm KCI caused transitions to states B-&81d E(K,), A normalization procedure was applied to correct for
respectively. These were detected by a fluorescence irslightly varying protein concentrations in individual
crease (addition of ATP) and by a fluorescence decreasmeasurements and for the dose-dependent decrease ¢
(addition of KCI). the initial fluorescencef,, before the addition of any

The amplitudes of the relative intensity changes,substrate.

AF/F,, are proportional to the percentage of pump mol- Experiments were performed with native and irradi-
ecules participating in the cycle. This holds for intact ated enzyme in the dose range up to 1160 Gy (16y
pump molecules at least. Inactivation of the protein mol-1 J/kg). The general shape of the fluorescence change:
ecules by free radicals should cause a corresponding devas found to be independent of the radiation dose. The
crease of all fluorescence amplitudes. Free radical$luorescence trace shown in FigA2vas obtained after

(] 300 600 900 1200
dose / Gy
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18
3 19-kD membranes

] Fig. 3. Dependence of the apparent cytoplasmic
] sodium binding affinity on the applied radiation

. . dose for native enzyme and 19-kD membranes.
native membranes g The half-saturating concentratiol,,, was

§ obtained from titration of the Nainduced RH 421
1 fluorescence chang@F/F,, as shown in the inset.
1 The K-values were determined from fits of the
titration data by the Hill functionAF/F([Na]) =
F./(1 + (K,/[Na])P). The analyses were carried
out for native enzyme (“native membranes”) and
for trypsinolyzed enzyme (“19-kD membranes”)
which were irradiated in the dose range up to
1500 Gy. Experimental conditions as given in

0 N \ \ N 1 \ \ \ N | \ \ N | F|g 2.

0 500 1000 1500
dose / Gy

IR T T S T |

application of 307 Gy and is identical (apart from the protein can be determined by titration experiments
amplitudes) to that found for the native enzyme’(8Bter  (Heyse et al., 1994; Schulz & Apell, 1995). The experi-
et al.,, 1989). In Fig. B the relative fluorescence ments were similar to the first addition shown in Fid.2
changesAF = (F, - FJ)/F, (whereF, andF, represent  Aliquots of NaCl, which corresponded to concentration
the fluorescence levels before and after substrate addsteps of 1-10 m, were added to native or irradiated
tion, respectively), are presented as function of the approtein preparations incubated in standard buffer and 200
plied dose. Each data point is an average of 4-6 expernv RH 421. The fluorescence changes were plotted
ments. The data indicate an exponential decrease of thgyainst N4 concentrationgee insebf Fig. 3) and fitted
relative fluorescence changes according to by the Hill function, AF/F ([Na]) = AF./(1 + K./
[Na])®). The dose dependence of the maximum fluores-
AF = AF(0)- exp (D/Ds;) @ cence changeAF.., of the Na,K-ATPase data not
showr) agreed with the findings presented in Fid3.2

whereAF(0) represents the relative fluorescence changq.he N& affinity, K. showed an initial increase in the
L] m

of the native ion pumpD is the radiation dose, arid,, low dose range (<150 Gy) from 7wto 10 mv and

is the dose which reduces the initial signal to H#81%). remained constant with a value of 10.2 + 0.2 fmean
The fluorescence changes decreased to virtually zero fof sew) in the dose range up to 1500 'Gy‘ fhe Hill coef-
all three substrate additions with comparablg values 4 .- = p varied between 1.5 and 2.5 in a dose-
of about 360 Gy (Fig. B) under standard irradiation independent manneddta not show)

conditions (i.e., 0.25ug/pl protein in buffer cont_aining Similar experiments were performed with 19-kD
.10 m MgCl,, pH 5 and a dose rate of 75 Gy/mm). The membranes. Recent investigations showed that tie Na
identical dose dependence of the three partial reactions

indicative of a lethal damage of pump molecules, i.e., a@lndmg sites remain intact with respect to their binding

complete inactivation comprising all important states ofafflnlty and electrogenicity (Schwappach et al., 1994)

the reaction cyclegee above The sensitivity of the when the membrane-bound enzyme is selectively di-

. ested by trypsin (Capasso et al., 1992). By this treat-
Iwgrzsgiet?ocrfar]e:zggni%p“:fd d;r(tai;”mtiﬁ;g:&ifégovn%’e?nent approximately 50% of the protein mass is removed
molecules This will be shO\F/)vn b ys ecific functi%nalpand the remaining structure consists of four aggregated

‘ y sP fragments of thex-subunit and an intag@-subunit. The

tests of partial reactions presented in the following sec-trypsinolyze d Na,K-ATPase has lost almost completely

tions. the cytoplasmic protrusions of its subunit (Goldshleger

et al., 1994). 19-kD membranes were irradiated with
ErFFeCTs OFFREE RADICALS ON CYTOPLASMIC doses up to 1,000 Gy (at a protein concentration of 0.125
Sobium BINDING g/l in 10 mm MgCL,). In spite of their nearly identical

Na-binding behavior before irradiation, clear differences
Since binding of Nato the Na,K-ATPase is an electro- were found between native and trypsinolyzed enzyme in
genic process, it can be detected via fluorescencéheir response to radiation-induced free radicals. The
changes of the dye RH 421 and the binding affinity of thehalf-saturating concentrationk,,, of the trypsinolyzed
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protein showed a linear increase with the applied dose - . T T T T

from 6 mm (nonirradiated) to 18 m (980 Gy) (open - A
circles in Fig. 3). This indicates an enhanced suscepti-
bility of 19-kD membranes towards free radicals.

Dose DEPENDENCE OF THECONFORMATIONAL CHANGE
E, - E

fluorescence intensity

The transition E - E, can be studied as part of the
reaction sequence Mg, - (Nay)E;-P — P-E(Na;) -
P-E,. The experiments were performed as follows: After
irradiation in 20 nm NaCl (pH 5-6) membrane frag-
ments were incubated in standard buffer with 2& m .
NacCl, 200 m RH 421 and 30Qum caged ATP. At time time / ms
t = 0, about 15-2um ATP were released by laser-flash
photolysis and were used to trigger the reaction se-
guence. Since N&, has a high affinity binding site for
ATP with Ky1p < 0.2 M (Heyse et al., 1994), the con-
centration of released ATP was always high enough tor,
ensure that the phosphorylation step was not rate-3
limiting with respect to the subsequent conformational
transition, (Ng)E,-P — P-E,(Nas). The extracellular

ion release is the main electrogenic event detected by RH
421 (Stumer & Apell, 1992). It is, however, fast com-
pared to the preceding steps (Wuddel & Apell, 1995).
Therefore, the kinetics of this partial reaction (starting at g %8
state NgE; and ending at P-§ is limited by the rate of
the conformational transition.

The RH 421-fluorescence change induced by the §
laser flash was detected with a time resolution of 1 or 2 § 0.4
msec. A typical experiment is shown in FigAdrom a
membrane preparation irradiated with 380 Gy. The fluo-  ¢2
rescence intensity before the ATP-concentration jump
was defined a$-,. The UV-laser flash (at = 0) in- o
duced a pronounced fluorescence increase. (The initial 0 200 400 600 800 1000 1200
artifact of less than 1 msec duration was generated in the dose / Gy
photomultiplier by incomplete shielding against the UV
flash.) The ATP-induced fluorescence increase could bgig._ 4. Analysis qf the dpse dependence of the rate-limiting step of
satisfactorily approximated by a single exponential func_sodmm translocationA) Time course of the RH 421—fluorescence in

. . . . . an ATP-concentration jump experiment. g@/ml of Na,K-ATPase-
tion (Cf' Fig. 4A)' which is characterized by the rate con- containing membrane fragments, which were irradiated with 380 Gy,

stant of the proces&, and by the normalized change of \ere added to buffer (25 mhistidine, 20 rm NaCl, 0.5 m EDTA, 5
fluorescenceAF,, = (F., — F,)/F,. Experiments of this  mw MgCl,, pH 7.1) including 200 m RH 421 and 30Qum caged ATP.
kind were performed with membranes irradiated with The concentration of ATP was increased at 0 from virtually 0 to 20
different radiation doses. wM by laser photolysis of inactive caged ATP. The time course of the
The rate constank, shows a small but significant fluorescence intensit)_/ was fitted by the functibgp+ (F.. — Fp) - (1 -
decrease with increasing dose (Fi@)AThe data were exp(k-t)), characterized by the rate constdanaind by the relative

f in fai ith the f . fluorescence changaF., = (F.. — Fy)/F,. These experimental param-
ound to be in fair agreement with the function eters were obtained for membrane preparations irradiated in the dose

range up to 1,000 GyB] Plot of the rate constahtagainst the radia-
k(D) = k., + (k, — k) exp(-D/D-) 2) tion dose. The experimentally obtained dose dependence was fitted by
the functionk(D) = Kk, + (k, — k..) - exp(-D/D3;) (D = dose), withk,

1 ° .
wherek, = 11.3 sec! is the rate constant of the native = 11-3S€C. k. = 3.9 sec andD;; = 720 Gy (solid line). €) Plot
k° of the relative fluorescence chang¥r..(D)/AF,.(0), against the radia-

— &1 i
enzyme and,, = 3.9 sec is the value approached at tion dose. The ATP-induced fluorescence change decreased to virtually

high doses. Th@37'dose was de’Fermine_d as 720 GY. zerq for doses higher than 1000 Gy. The data could be approximated by
The decrease dfindicates that an increasing part of the 4 single exponential of the form exd§/D,,) with Dy, = 240 Gy

pump molecules experiences a partial inactivation, i.e., &solid line).

-200 0 200 400 600 800 1000

AF |
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reduction of their pumping efficiency, with increasing 187
radiation dose. Nevertheless, the main effect of free o N
radicals is the lethal damage of the ion pump, as will be .
apparent from the detailed discussion of the results. s 10.1'

In Fig. 4C the dose-dependent relative fluorescence™= =~ [
changesAF.(D)/AF.,(0) are plotted against the applied =
dose,D, whereAF_(0) is the fluorescence change of the § "
nonirradiated preparation. The amplitudes of the relativeZ, 10 ¢
intensity change are proportional to the percentage o E
pump molecules participating in the partial reaction. The [
amplitude declined exponentially according to Eq. (1) 10®
with a D5, value of 240 Gy. When doses above 1,000 T R N
Gy were applied, the ATP-concentration jump experi- 0 500 1000 1500 2000
ments could no longer be analyzed due to the vanishing dose / Gy
changes of the fluorescence intensities. The dose of
240 Gy should be identical to the corresponding valugFig. 5. Inactivation of the enzym_atic activity of the Na,K-ATPase |n
from the dose dependence of the steady state popu|atioﬁgembrane fragments by fre(_e radicals. Memb_rane fragm_ents containing
(Fig. 1) which was found to be 360 Gy. The latter Valuemgh_concentrgtl_ons of the ion pump were |ncubaFed in an aqueous

. . . olution containing 18.75 mNacCl, pH 5, and were irradiated by 80
was obtained, however, under different eXpe”mentaiV X-rays with a dose rate of 75 Gy/min. The enzymatic actiiy
conditions (presence of Mgg&instead of NaCl), whichis  normalized to the activity before irradiatioB, (0), decayed exponen-
of consequence for the concentration of radicals genemially with dose and showed B5, dose of 206 Gy (data points). Three
ated. simulations were calculated on the basis of Egs. (1) and (2) to repro-
duce the dose dependence=f 1, EA(D) « k(D), 2, E5(D) « AF (D),
and 3,E,(D) o AF_(D) - k(D) (seeDiscussion).

Doske DEPENDENCE OF THEENZYMATIC ACTIVITY

tion effect can be largely neglected. This was shown
Experiments as presented by Hitschke et al. (1994) werpy application of radical scavengers and by the finding
repeated in which the overall ATPase activity of the of a considerable enhancement of the sensitivity of
Na,K-ATPase-containing membrane fragments was deNa,K-ATPase with increasing dilution of this protein
termined by the pyruvate kinase/lactate dehydrogenasgitschke, 1994). The experiments presented here fur-
assay (Schwartz et al., 1971). Membrane fragmentsher confirm the importance of free radicals. Figure 3
were irradiated in a solution containing 18.7mmMacCl,  shows an enhanced radiation effect on cytoplasmic so-
pH 5. The enzyme preparations used in this studydium binding for 19-kD membranes. If direct absorption
showed @nder comparable conditiohgshe same dose- of radiation in the protein would account for this phe-
dependent increase of the activity withDg, value of  nomenon, the hit theory (Dertinger & Jung, 1970) would
206 Gy (Fig. 5) as our previous data (200 + 33 Gy; 11).predict a reduced sensitivity of 19-kD membranes due to

the decrease in target mass, which is in contrast to the

) ) experimental results.

Discussion The pronounced increase in the dose dependence o

K, for 19-kD membranes may be understood assuming
X-ray absorption in water represents a convenient way otomparatively free access of radicals to the binding sites
free radical generation (v. Sonntag, 1987; Stark, 1991)for Na". It has been shown recently that the complete
The primary radicals of water radiolysis are the OtHe  ion-binding sites are part of the transmembrane segments
H™ and the g, species. In the presence of oxygeri, H of the Na,K-ATPase (Capasso et al., 1992; Schwappach
and g, are converted into the secondary radicals,HO et al., 1992). For native membranes on the other hand,
and Q, which represent a conjugated acid-base pairthe small radiation effect seems to indicate a relatively
The differential action of the hydroxyl radical and of the good shielding of the binding sites towards a free radical-
oxygen radicals may be estimated by addition of approinduced chemical modification of the protein. This is
priate radical scavengers. The use of scavengers alsichieved by the large cytoplasmic domain of theub-
allows one to distinguish between indirect radiation ef-unit of the protein which covers the transmembrane seg-
fects (by free radicals) and the direct radiation effectments. The shielding effect by the cytoplasmic domain
(e.g., ionization) by absorption of radiation at the mac-suggests that the modification of ion binding is produced
romolecule itself. In the case of Na,K-ATPase, free radi-by free radicals from the aqueous phase rather than by
cals have been found to represent by far the most imporinteraction of lipid peroxidation products with the pro-
tant source of enzyme inactivation, i.e., the direct radiatein. This is, however, in contrast to the suggestions of
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different authors according to which products of lipid which is significantly slower than the phosphorylation
peroxidation represent the main source of inactivatiorreaction in the not irradiated protein. This is in contra-
(Mishra et al., 1989; Thomas & Reed, 1990; Siems, Hap4diction to the actual behavior observed (Fig)4
ner & van Kuijk, 1996). An alternative explanation of Though the reduced transition rate constanton-
the decrease in Na affinity of 19-kD membranes aftertributes to enzyme inactivation, the lethal damage ap-
irradiation could be a destabilization of the protein com-pears to be the most important modification of the en-
plex by radical effects in analogy to the thermally in- zyme. This may be concluded from Fig. 5. The figure
duced lability of the complex (Or et al., 1993; Schwap- compares experimental data of the dose-dependent deca
pach et al., 1994). We think, however, that this assumpef the enzymatic activity of the ion pump with predic-
tion is less likely, since SDS gel electrophoresis oftions based on the concentration-jump experiments of
irradiated membranes showed cross-linking instead oFig. 4. The simulations of the dose dependence of the
fragmentation npublished resul}s enzyme activity were performed making three different
The cyclic reaction scheme, which underlies com-assumptions. The assumption of a dose-dependent rat
plex functional properties of the Na,K-ATPase, consistsconstant (Fig. B) as the only reason of the decrease of
of a considerable number of intermediate states, of whiclthe enzymatic activity can be excluded (dotted line). The
the most important are shown in Fig. 1. The questiondashed line shows a small (but significant) deviation
arises, whether one of the different states shows particrom the actual experimental values. It was calculated
lar sensitivity towards free radical action and will there- by assuming that the number of active enzyme molecules
fore be of special importance for enzyme inactivation.decays only according to the number of molecules par-
The experiments illustrated in Fig. 2 indicate thatEhg  ticipating at the reaction sequenceHa - ... - P-E,
doses (for the three partial reactions investigated) did nofFig. 4C), i.e., Eo(D) « AF_.(D). An almost perfect
vary significantly, since the decay of the correspondingagreement between data and simulation is obtained, if the
steady states could be approximated by the same value oéduction of the rate constant of the transition is consid-
360 Gy (lines in Fig. B). Therefore, all system states ered in addition to the lethal damage, i.&,(D) o
seem to show similar sensitivity. AF_(D) - k(D) (solid line). The comparatively small dif-
The experiments in Fig. 2 may be explained by aference between the latter two simulations indicates that
lethal damage of pump molecules due to free radicapartial enzyme inactivation due to lowering of transition
reactions with the protein. The kinetic experimentsrates is less important (though not negligible) than the
shown in Fig. 4, however, which were designed to ana-complete inactivation of pump molecules.
lyze the rate-limiting step of a series of partial reactions, = The data in Fig. 5 show the decrease of the activity
provided evidence for a reduction of the mean transitionof ATP-hydrolysis of the pump molecules. The simula-
rate constantk, of this process (Fig.B) (in addition to  tions on the other hand were obtained from a kinetic
the lethal damage of pump moleculesf. Fig. 4C). In  analysis of the conformational transition E E,, which
these experiments an ATP concentration jump triggers & part of the ion-translocation pathway. The close cor-
reaction sequence of several stepss®a- (Na;)E;-P  respondence between data and simulation may be con.
- P-E(Nay) - P-E,. Only the last step produces the sidered as evidence for the conservation of a tight cou-
RH 421 fluorescence change shown in Fig. 4o test pling between ATP-hydrolysis and the ion pumping ac-
by which of the three steps the kinetics of the overalltivity of the electroenzyme (Glynn, 1985; uger, 1991).
reaction is controlled, the rate constants have to be cominteraction with free radicals seems to transform the pro-
pared: The phosphorylation reaction with a rate constantein in such a way that both functional properties inves-
of 200 sec’ (Heyse et al., 1994) and the ion-release withtigated, ATP hydrolysis and Naranslocation, which are
a rate constant of >1400 séqWuddel & Apell, 1995) part of the same branch of the Post-Albers scheme, are
are significantly faster than the observed proc&ss (2  affected simultaneously. This indicates that the loss of
sec?, Fig. 4B). Therefore the latter has to be attributed the enzymatic activity is not necessarily due to an inhi-
to the conformational change, (§&;,-P - P-E(Nay). bition of the phosphorylation reaction, NBATP -
Our data are in fair agreement with previously deter-(Nag)E;-P, as could be expected from previous studies,
mined rate constants of this process (Heyse et al., 1994ywhich were based mainly on the analysis of ATP-
There is another conclusion which may be derived fromhydrolysis.
Fig. 4B: One might argue that the decreasekdd influ- In a different approach Elmoselhi et al. (1994) stud-
enced by the enzyme phosphorylation, ;Ha — ied the effect of radicals on the sodium pump in pig
(Nag)E;-P, preceding the conformational transition. In coronary artery. They observed uncoupling between
that case, however, a shoulder curve should be foundyuabain-sensitive Rbuptake and ouabain-sensitive p-
i.e., k should remain constant at low doses, where thenitrophenylphosphatase activity (pNPPase) induced by
conformational change is rate limiting. The conforma- peroxide and superoxide. This seems to be in contrast to
tional change follows enzyme phosphorylation andour findings in which tight coupling between ATPase
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activity and N& transport was found to be preserved  S.J.D. 1994. Organization of the Cation Binding Domain of the

throughout inactivation. In the experiments of Elmoselhi ~ Na'/K*-pump.in: The Sodium Pump. E. Bamberg & W. Schoner,

et al., however, instead of ATP hydrolysis, which in-  ©ditors. pp. 309-320. Steinkopff, Darmstadt

cludes the Complete reaction cycle, pNPPase activity Wag.rlnwald, A., Hildesheimer, R., Farber, I.C., Anglister, L.. 1982. Im- .

studied. The latter comprises only the partial reaction of proved ﬂuorescen_t prﬂobes for the. measurement of rapid changes in

L o . membrane potentiaBiophys. J.39:301-308

Ex(K2) < P-EK,. Th.ls kind of “low energy phosf_ Heyse, S., Wuddel, I., Apell, H.-J., Stuer, W. 1994. Partial reactions

phorylatlon occurs without SUbsequem conformational of the Na,K-ATPase: Determination of rate constadt&en. Phys-

change, EE,, which is essential for ion transport. On iol. 104197—240

the basis of the experiments presented by Elmoselhi @fjitschke, K., Binler, R., Apell, H.-J., and Stark, G. 1994. Inactivation

al., it cannot be excluded that pNPPase activity iS pos- of the Na,K-ATPase by radiation-induced free radicals. Evidence

sible by inactivated forms of the enzyme (i.e., unable to for a radical-chain mechanisREBS Lett.353:297-300

participate in the pump cycle). Huang, W., Wang, Y., Askari, A., Zolotarjova, N., Ganjeizadeh, M.
The present Study was performed W|th a We”_ 1994. DiffgrenF sen§itivities of the N&K*-ATPase isoforms of

characterized membrane preparation in which the only ©Xidants.Biochim. Biophys. Acta190108-114

protein present is the Na,K-ATPase. Our results cannot?rgensen, P.L. 1974. Isolation of (Na K*)-ATPase.Enzymol.

exclude inactivation via different pathways. The path- 32:277-290 _ ) _

ways may start from various states of the pump cycle am}flm, M.-S., Akera, T. 1987. Q free radicals: Cause of ischemia-

. : L . reperfusion injury to cardiac NaK*-ATPase.Am. J. Physiol.
will possibly arrest the protein in different (lethal) mo-  5c511555 1957

I_ecular states. In view _Of the tight coupling, the _func- Klodos, I. 1994. Partial Reactions in NK* and H/K*-ATPase Stud-

tions of the enzyme will be affected, however, in the jes with Voltage-sensitive Fluorescent Dyes: The Sodium

same way, irrespective of the inactivation pathway. The Pump. E. Bamberg and W. Schoner, editors. pp. 517-528. Stein-

detailed nature of the lethal state(s) is unknown at pre- kopff, Darmstadt

sent and will have to be analyzed by methods differenkliodos, 1., Forbush, B. IIl. 1988. Rapid conformational changes of the

from those applied throughout the present investigation. Na/K pump revealed by a fluorescent dye RH-1805en. Physiol.
92:46a (Abstr)

ukreja, R.C., Hess, M.L. 1992. The oxygen free radical system: From
equations through membrane-protein interactions to cardiovascular
injury and protectionCardiovascular Research6:641-655
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