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SUMMARY

Suanr, Cuances W., Huxt, Doroty G., CrLEMmExTs, SamueL T., Axp WiLzox,
WiLuiamn E.: The influence of dichlorodiphenyltrichlorocthane, polyehlorinated bi-
phenyls and anionic amphiphilic compounds on stabilization of sodium- and potassium-
activated adenosine triphosphatases by acidic phospholipids. Alol. Pharmacol. 10,
119-129 (1974).

Dichlorodiphenyltrichlorocthane (DDT), extensively chlorinated biphenyls, deoxycholate,
and phospholipase A inhibited beef brain and rabbit kidney (Nat 4 K+)-ATPazes (EC
3.6.1.3). Phosphatidylscrine or phosphatidylinositol but not phosphatidyleholine or phos-
phatidylethanolamine prevented or reversed the inactivation of the enzymes by each of these
inhibitors. Albumin protected against and reversed inactivation of (Nat + K+)-ATPases by
deoxychulate, oleate, or dodeey| sulfate; however, this protein was less cffective against in-
activation by the extensively chlorinated hydrocarbons. The extent of (Nat 4 K+)-ATPase
inactivation by anionic amphiphiles was dependent upon the temperature at which an
enzyme-inhibitor mixture was incubated prior to assay, whereas inactivation by chlorinated
hydrocarbons was not affected by temperature. Our experiments lead to the hypothesis
that acidic phosplinlipids arc necessary for stabilization of the enzyme and that chlorinated
hydrocarbons, deoxycholate, and phospholipase A interfere with the stabilization process.

INTRODUCTION . (3, 6). The possible toxicoulogical significance

The sndium- and potassium-stimulated of inhibition of this enzyme by the chlo-
adenosine triphosphatase [(Na+ + It)- rinated ]}ydrocarbons has rece.lved its most
ATPase, EC 3.6.1.3), which is generally §ubstant1a_l_suppurt from studies of_ toxicity
thought to comprise the membranal so- M eels. Rinter and co-workers (7-9) ob-
dium-pumping system (1), is inhibited by served that DDT and PCBs were capable of
arious ehlorinated hydroearbons such as inhibiting ecl intestinal mucosal and gill

DDT' (2—4) and polychlorinated biphenyls (Na* + K+*)-ATPascs to the extent that

eontrol of osmoregulation was lost, leading
! The abbreviations used are: DDT, 1,1,1- g ! i

trichloro-2,2-his (p-chloraphenyljethane; DDE, to d,("Mh' .
1,1 - dichloro - 2,2 - bis(p - chlorophenylethylene; Since, under the conditions used for en-

PCBs, prdvehlorinated biphenyl mixtures such as ~ 2Yme inactivation, the chlorinated hydro-
Aroclor 1221 or Aroclor 1254, carbons exist as oil-in-water dispersions, the
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physical slate of the inbibitors appears to
be of great importance. Because the hy-
drocearbons arce essentially insoluble in water,
it is possible that (Na+ 4 K+}-ATPasc
inactivation results from interactions with
either dispersed (micellar) or soluble (pre-
sumably monomeric) hydrocarbons. More-
over, enzyine inactivation by chlorinated
hydrocarbons should be compared with that
caused by oleate (10), dodeey! sulfate, or
deoxycholate, as several of these anionic
amphiphiles have been reported to efieet
enzyme inhibition where they exist in
micellar form (11). Since phosphatidylserine

‘stimulates enzyme activity following (Na* +

I+) ATPase exposure to phospholipase A
(12, 13) or to deoxycholate (14-17), we have
investignted the selectivity amaong phospho-
lipids for protection against and reversal of
enzyme inactivation by chlorinated hydro-
carbons, several amphipliles and phospho-
lipase A,

MATERIALS AXD METHODS

Chemicals. Dodecyl sulfate, ATP, NADH,
phosphoenolpyruvate, and deoxycholate were
obtained from Sigma Chemical Company.
Fraction V albumin (Armour) and defatted,
crystalline albumin (Sigra) were used inter-
changeably. Individual biphenyls were ob-
tained from Aldrich Chemical Company.
Aroclor 1221 (bipheny) plus mono- and di-
chlorinated hiphenyls) and Aroclor 1254
{tri-, tetra-, penta-, and hexachlorinated
biphenyls) were obtained from Mousauto.

Phosphalidylserine was prepared from
bovine brain (18). Brain phosphatidylinositol
and Lubrol WX were obtained from General
Biochemicals, Ine. Other brain phospho-
lipids were obtained from Bupeleo, Inc.,
Bellefonte, PP’a. Each phospholipid was at
least 96 % homogeneous by thin-layer chro-
matography in three systems (19-21), Phos-
phate contents were determined, aecording
1o Dittmer and Wells (22), to be 1.25
pmoles/mg of phosphatidylserine and 1.20
amoles/mg  of phosphatidylcholine, Dry
phospholipids were dispersed in 0.1 m Tris-
HCI (pH 7.6), using a Teflon pestle and glass
tube homogenizer, followed by 30 sec of
sonic  oscillation.  Phospholipids were also
dispersed by the technique of Stahl (23).

Phospholipase . Phospholipase A (Vipera

SHARP ET AL,

russelli; Sigma Chemical Company) solu-
tion in 30 % glycerol was heated at 100° for
8 min prior to uge (24). The extent of hy-
drolysis of the various phospholipids was
determined by thin-layer chromatography
(25) coupled with phosphate analyvsis (22).
Phosphatidylserine was routinely used as a
reference substrate for phospholipase A, as
this pure phospholipid was hydrolyzed at

‘least 10 times more rapidly than phos-

phatidylcholine under the conditions in-
dicated in the legend to Fig. 4.

(Nat + K*)-ATPase prepurafion. Bovine
brain (Na- + K*)-ATPase was prepared”
according to a modification’ (26) of the
method of Skou (27). The cnzyme was
stored 85 an aqueovus dispersion at —20° at
a protein concentration of 30 mg/ml. Prior
to assay, the enzyme was thawed and the
protein concentration was reduced 1o 1 mg/
ml. Proteins was determined by the technigue
of Lowry ef al. (28).

Rabbit kidney (Nat 4+ K*)-ATPase was
prepared by a modification of the method
of Jgrgensen and Skou (29). In the deoxy-
cholate activation step 34 my KCl and 160
my NaCl were present in addition to 0.6
mg/ml of deoxycholate, 2 mu EDTA, and
25 my imidazole at pH. 7.2, (Na* + I+)-
ATPase accounted for 85-907 of the total
ATPase activity in these preparations,

(Nat 4 K-)-ATPase activity assay. Lac-
tate dehydrugenase and pyruvate kinase
were obtained from Sigma Chemical Com-
peny and were dialyzed against 0.02 N
Tris-HC), pH 7 4, prior to use,

The assay medium was incubated at 37°
for 4 min prior to initiation of the enzyme
reaction. The reaction was usually started by
adding 40 wg (40 pl} of heef brain (Na*
+ K+)-ATPase protein or 10 pg (10 pl) of
rabbit kidney enzyme protein to vield a
final assay medium volume of 1 ml. Phos-
pholipid dispersions -and,//or iuhibitor solu-
tions were added in the sequences indieated
in the tables and figures. Initial velocities
were determined by measuring the rate of
NADH oxidation at 340 nm (30). Iinal
concentrations of components of the incuba-
tion medium were 3 mu ATP, 3 my MgClsy,
125 ma NaCl, 25 ma KCI, 1.5 mu phos-
phoenolpyruvate, 0.25 my NADH, 2 units
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DDT, PCHS, AND AMPHIPHILES As (Na*

4+ KH)-ATPASE INACTIVATORS

Tanre 1
Brain (Na* + K*)-ATPuse responsiveness (0 dispersions of eleate and chlorinated hydrocarbons

Inhibitors were introdnced into the assay medium as solutions in dimethyl sulfoxide. At 1he assay
concentration of 14¢ (v,'v), dimethy! sulfoxide had no effect on enzyme activity. (No* + K-)-ATPase
npomﬁv nvllvny was 40 gmoles of Py per milligram of proteiy per hour; énzyine protein concentration
in the aseay was 40 gg, ml. Assny conditions are described under MaTERIALS AND METHODS. Results are

means =+ rtandard errors for three determinations.

Inhilitor Inhibiter concentration

Order of addition of enzyme and inhibitor to ussay medium

during assay

Inhibitor added 15sec  (Na* 4 K*}-ATPase reaction initiated by

after initiation of adding enzyme at indicated intervals after
(Na* + KH)-ATDPase inhibitors
reaction : — =
0.1 min 20 min 120 min

fralg phm
None 100
Tris-olente 100 40 £
pnT : 20 - 44 =
Aruelor 1254 10 42 +
Arcclor 1221 15 48 +

e, coniral acliviiy

4 3 + 3 42 + 4 43 = 4
4 44 £ 4 46 % 4 13 = 4
1 47 + 4 533 £ 3 35 = 4
4 40 4 4 48 + 3 357 =4

of Jactate dehydiogenase, 7 units of pyruvate
kitmse, and 30 ms Tris-HCI pH 7.4,

In order to ascertain the validity of the
results nhtained using the coupled lactate
debydrogenase-pyruvate kinase system, we
initially determined that the rate of NADH
oxidation was vualtered when 0.15 ma ADP
was used 88 substrate in the absence of
(Na= 4+ K*)-ATPasc and in the presence
- of each amphiphilic eompound, hydrocarbon,
phospholipid, and combination thereof. Also,
meost of the data in Tables 3 and 4 were cor-
raborated by results from our phosphate
analysis technigue (26).

RESULTS

(Yot 4 K3)-ATPase responsivencss lo
waler-insoluMe  substunces. Inactivation re-
sulted from interaction of (Nat 4 K*)-
AT Pase with eil-in-water dispersions, rather
than solutions, of fatty acids or chlorinated
hydrocarbuns, The extent of (Na* 4 K*)-
AT Pase inaetivation by chlorinated hydro-
carbong or by oleate was not appreciably
influenced by the time at which the enzyme
wa= exposed to inlibitors ((Table 1). Clear
agmenus phases obtained by centrifugation of
oleate, PCBs, or DDT dispersions (Table 1)
for 30 min at 100,000 X ¢ were not in-
hibiwory.

Addition of vthanol solutions of DDT (31),
2chlorabipheny], PCB mixtures, or Tris-

uleate to water resulted in the frrmation of
dizpersions whose particle sizeg and, or num-
bers appeared to change continuousiy for
several hours (31) (Fig. 1). The spectral
alterations accompanying the change of
phase of 2-chlorobipheny]l (Fig. 1A) re-
flected contributions from hydrocarbon in
solution and from light geattering by micelles;
however, the alterations accompanying the

... change of phase of oleate (Fig: 13) reflected

only the time-dependent increases in micelle
number and/or size (32),
In a concentration dependence study of

(Na~ ~+ K1)-ATPase inactivation, an in-.

crease in the chlorinated hydrocarbon eon-

centration resulted only in an increase in

amount of inhibitor in the dispersed phase
(1 ig. 2). However, ‘the extent of enzyme
inactivation increased as the extent of ¢hlo-
rine substitition of blp])en\l was increa ~e<l

" (Fig. 2).

Concentration and temperature dependence
of (Nat + Kt)-ATPase inuctivation by
anionic amphiphilic compounds, The curve
for concentration dependence of brain (Na+
4 K*)-ATPase nactivation by cleste had
a different shape from the curve for inactiva-
tiun by dodecyl sulfate(lig. 3). This may
be due to the aecurrence of enzynie inactiva-
tion at assuay concentrations below the eritical
micelle concentration for dodecyl sulfate
{ealculated to he about 0.17 my from ref.

.
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Fra. 1. Absorption speclra of 67 uv 2-chlorobiphenyl (A) and 26 pxr Tris-vleate (B) in ethunol -
and tn 1%, cthunol in water ( }

Spectral alterations in the ethanol-water solutivns were determined at the indicated intervals -
preparation. Spectra were recorded with a Beckman Acta V spectrophotometer,
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% of Control Beef Brain{ Ne™+ K™) AT Pase Activity

Cppml
Fia. 2. Concentration dependence of brain (Na*t 4 K*)-ATPase inhibition by DDT, dreclor
Aroclor 1221, 2-chlorobiphenyl and biphenyl

1254,

Ten microliters of a dimethy] sulfoxide solution of each chlorinntéd hydroearbun were added 3 sev

after nddition of 40 pg of enzyme protein to initinte the ATPase nssay.
122
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DT, PCBS, AND AMPHIPHILES a§ (Nat 4 K¥)-ATPASE INACTIVATORR 123

% of Control Beef Brain(Mo"+ K *) AT Pase Activity
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Fia. 3. Concentralion depeudence of brz- (Nat 4 K*¥)-ATPase u:lululwn by Triz-uloz-: :od sodium
dudeeyl sulfate (SDS)

Dispersions of enzyme plus inhibitor, b -4 at 12.5-fold higher concentrations thao duri: g s1bsequent
assay, were incubuled in a medium contzining & ma KCl, 24 my NaCl and 17 my Tris-AC1, pH 7.5.
Incubation was conducted far 10 min at 6° 11 37°; then 80 xl of this mixture were added . 3 4l of the

uskay mixture {see MATENTALS AND METHOZ ¢ in order to initiate the (Na* + K*)-ATPase ~:ction,

11}, whercas micollar oleate was r=pired  dylinositol® (not slm“-n)protrfr:'rd woth (Na*
10 offeet inactivation. _ + K*)-ATPases against inaciivation by

Fallowing prior incubation the wnionie  deoxycholate when prior tncubari .o was con-
amphiphiles (hut not the hydrocarbnsi in- - ducted at 37°; however, phosphs-i<-icholine
activated (Nat + I+)-ATPases in & tem- and phosphatidylethanolanine -n:¢ shown)
perature-dependent fashion (Iig. 3). I eon-  provided no protection (Table 3 . By con-
trast with rosults obtained with ¢:-decyl  trast, cach phospholipid proteci~i the cn-
sulfute, accentuated enzyme inactivai-n by zyme against inactivation by -leate or
olente was obscrved only at an Jnlili dodecyl sulfate. The indicated si-.ichiomet-
concentration greater than that requiz-d to  ric relationships among enzymr.,
effect 40 S innctivation. and proteetive phospholipid wer-

The extent of (Nat 4+ IK7)-ATPa~: inac-  for the observation of phespheiisid selee-
tivation hy deoxycholate depended ug-.n the  tivity; however, identical resul:s were ob-
absolute quantities of enzyme and intibitor  tained over a 4-fold range of ¢oreentrations
subjected to prior incubation at 37° +Table  of either phosphatidyleholing or phosphati-

aptimal

. 2). Temperature-dependent enzyme inac- - dylserine (.c., from one-hali to twice the

tivation was anly ohserved following prior * In each instance when protectin:
incubation at deoxycholate concentraions by phosphatidylinosital or phesphati<lethanol-
appreciably in excess of the eritical wuicelle  amine is mentioned only in the ~wxr o KESULTS,
concentration (cubeulated to be abous 1.2 at least two snalyses were periormed Jn nu case
my from data in ref. 11); however, i2oxy-  did the results using phosphatidile-zanclamine
chalate comeentrations during the a~sa differ significantly from those wsirgy hatidyl-

v+ reversal

ere

‘holine. The ¢ i it -

s b i e e, Tio comercl exize 2 pis
N o ., > , N 1 K Ritol consists yoprovided ults sim-

. Profection of (Nat + K*)-ATPose 0 tinst ilar to these obtained with onr bruds g« phatidyl-
tnactivation by anionic anphiplilic com- gorine; however, commercinl prep of plant
pounds. Phosphatidylserine and phoesylhati- phoaphatidylinositol have yielded var=tle results.
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Tabri 2
Inﬁue"nr'e of prior {ncubalion ouw extent of brain (Na? + KY)-AT Pase inactivalion by de r;_n,, I,uhm

l)eoa_\chulstte btun(ldr(l assay” Pnor incubation at multiples of [deO\} chohle] in standard .\“.1\”
conceatration - o e e e -
during ussay = "_mxi_l . __A_.____i(_(iz__‘__g___ >_€12 > ___>_< 15
' 0° 3r 0° 37° 0° 37 0° B
py Ge controb activity
0 100 02 86 89 [\ 88 & 57 01
© G4 58 81 74 7+ 64 3 ¥2 9 62
128 85 73 58 66 65 71 6r 46 21
255 67 64 56 67 61 51 2 20 10
510 8 45 42 a2 5 1 :
1020 20 2l 10 12 4

- Addeseribed under MATEWIALS AND METHODS, 40 £z./m] of cuzyme protein and the Jestguuted aronnt
of deoxycholute were sdded separately to the cuvette in order to obtain the results in this column. Cau-
trol (Na* 4 K¥)-ATPuse specific nctivity was 36 amoles of P; per mllllgrmn ol proteiis per hour. I.e~nlt~;
ure averages of three determinatiouns,

* For example, the multiple X12.5, at 255 um deoxycholate, indicates that 500 pg of enzyme protein,
-3200 am deoxycholate, and 17 my Tris-Cl, pI{ 7.5, were mixed and incubated for 6 min at 0% or 37°; then
an aliguot was diluted 12.5-fold into the nysay cuvette, containing a reaction mixture such that assay
conditions were identical with those of .the standard assay. Results below the short tines represent the
temperature dependence effect following prior incubation.

Tasre 3
Phospholipid protection of mammalion (Nat 4 K1)-AYL Pases agoinst tnactiialion by
several anionic amphiphitic compounds

See the legend to Fig. 3 for n general description of the incubation techunique. Albumin or phospho.
lipid wus added to the (Na* + K¥)-ATPase dispersion prior to addition of the inhihitor solution. The
concentrntions of each component of the ineubation mixture was 12.5-[old grenter (heef brain enzyie:
or 50-fuld greater (rabbit kiduey enzyme) than during assay. Respeclive specific activities for beef
brain and rabbit kiduey (Nat 4 K*)-ATPases were 40 aud 140 gmoles of P; per millizram of protein por
honr, while corresponding protein concentrutions were 10 and 10 pg/mi during assay. Fnzyme activiy
assay conditions are described under MATERIALS AND ME THODS. The vulum are ment.s of six determina-
tions (SEM § 4+109).

Enzyme source and inhibitor Tew- No protective  Phosphatidyl-  Phosphaticyl- Albumin
. - perature compound choline serine {6.25 myg mls
(1.6 mg/ml) (3.6 mg 1t

°C Cr combrob activily
Brain (heef)
No inhibitor 0 100 100 (92) 100 (124; 100 (93)
37 100 (08)e 100 (96) 100 (140 100 (1)
Olente, 1.25 ms 0 39 90 T3 94
37 7 89 . 84 70
Dodeeyl sulfate, 0.84 mum 0 71 15 80 ' 94
37 11 67 GO 88
Deoxycholate, 3.4 mwm 0 5% 71 83 73
: 37 19 . 15 S B2 60
Kidney (rabbit) ' T '
No inhibitor ] 100 BRI [ ¢\ B 100 100
37 100 (93) 100 (93) 100 (93, 100 (95
Daodecy] sulfate, 0.84 v (1] 96 100 100 102
37 23 100 100 02
Deoxycholate, 3.4 mam 0 58 92 a9 97
37 22 18 03 )

* Yalues in parentheses are percentuges of the 1009 values at the top of the colunn headed \u pro-
tective compound’” for each enzyme preparation. All other valnes nre relative to the uppropriate 1007

value (i.e., the ones obtained with no inhibitor present during prior incubation at 0 or at 37°,

124
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DT, PCBS, AND AMPHIPHILES aAs (Nat 4 IN7)-ATPASE INACTIVATORS 125

o Tanre 4
Phospholipid and albumin proteciion of brain (Na* + K*)-AT Pase agates! (nkibition by
chlarinaled biphenyls and DDT
Incubation techniques are described in the legend to Fig. 3. The (Na* 4+ K-)-ATPase protein con-
centrution was 40 ug ‘m! during the aszny. Values are means + standard errors of four determinations.

tnhibitor Temperature No Phospha- Phospha- Phospha- Albumin
-during initial protective  tidvicholine  tidylserine  tdyiincsitol (1000 pg/miy
incubation compound (133 pg/ml) (133 ng/mbly (335 4z m
°C St control activity
Noue . 0 100 100 (02)> 100 (135) 100 1110) 100 (99)-
8T 100 (98) 100 (W) 100 (145) 100 (108) 100 (95)
DDT, 3.5 ppm (] 46 4 § 70 £ 8 95 + 9 00 = 3 6 £ 5
37 45 &= 3 0 =2 72 16 W= 3 49 + 6
Aroelor 1221, 10 ppm ] H o7 68 & 7 103 3= 7 L =9 66 4 5
37 12 £ 6 60 4= 8 98 = 4 a3 =35 65 & 4
Arvelor 1234, 5 ppm 0 8 £ 4 67 6 95 4 9 i =9 67 = 5
37 46 + 7 70 + 8 88 & 8 03 = 3 66 + 4

* Vulues in parentheces are percentages of the control (Nat 4+ K*)-ATPnse aciivity shown ut the
top uf the column headed “No pratective compound.”

concentrations of phospholipid indicated in

Table 3).

Albumin, at 4 times the mass of the phos-
pholipids, effectively protected the brain
enzyme against each of the anionie am-
phiphiles (Table 3). '

Protection of (Na* + K+¥)-4 T Pases against
inhibition by cklorinated hyd:orarbons. The
prior incubation technique was not optimal
for ohserving seleetive phospholipid protec-
tion against (Na+ 4+ K*)-ATPase inactiva-
tion by chiorinated hydrocarbons (Table 4),
Both albumin and phosphatidyicholine pro-
tected against the chlorinated hydrocar-
hons. Furthermore, hoth phosphatidylserine
and phosphatidylinositol activated the con-
trals (Tables 3 and 4). Since it was not

.postible to” determine the extent of chlo-
rinated hydrocarhon influence on phospho-
lipid activation of the contrily, the validity
of our arbitrary correction of the values in
the vertical cclumns of Table 4 could not be
determined. -

In contrast with the above results, acidic
phinsphalipids did not increase control (Nat
4- K)-ATPase activity when hoth enzyme
and phospholipid were added directly to the
assny medium (Table 5). Acidic phospho-
lipids selectively protected the two (Nat +

K+)- AT Pases sgainst inactivation by deuxy-
cholate, DDT, and Aroclor 1234 (Tabk' ))

All)umm pmto(tod against enzyme inae-

tivation by deoxycholate it not against
that caused by DDT 1 Aroclor 1254
(Table 5). T
Reversal of (Nat 4 K-)-.ATPase inac-
fivation by hydrocarbons = by amphiphiles,
Albumin and both acidic and ncutral phos-
pholipids reversed brain (Na* + K-

ATPase inactivation resulting from' enzyme:

exposure to dodecyl sultate. oleate, Aroclor
1221, or 2-chlorobiphenyt (Table 6). Only
phosphatidylscrine or phosphatidylinositol
{not shown) effectively reversed inactiva-
tion of the enzyme by DDT or Aroclor
1254. Atbumin, at 2000 gg mi, reversed inac-
tivation by deoxycholate, DDT, or Aroclor
1254,

The conditions described in Table 6 were
nearly optimal for demonstrating selectivity
among different compnunds that could re-
verse inaetivation by the: cLlorinated hydro-
carbons. For instance, a 3-fold increase in
phosphatidylcholine concentration gave only
15% greater reversal. of inactivation by
DDT. Phosphatidylserine, at 80 pg/ml dur-
ing assay, was essentially as effective ay it
was at 100 pg/ml,

Phosphalipid selectivity in reversing and
protecting ayainst (Na* — RK-)-ATPase in-
activation by phosplolipase 4. Phosphatidyl-
serine and phosphatidyling~itol reversed the
nnctivation resulting tfrorn (Nat 4+ [K)-
ATPase exposure to phespholipase A (Fig.

B R T

-"'7-‘"1"'

N
h
3
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120 SHARP ET AL.

Tanre 5
Prolection of mwmmalian (N + KA T Pases with inhibitor andior protective
Jcompecnd present only during assay

Bruin and kidney enzyme protein concentrations were 40 and 10 pg/ml, respectively, durisg the
assay ; vespective specific activities were 30 and MO au oles of PP per milligeam of protein per b, The
reaction was initinted by adding enzyme o the assay mixture, which contained protective corgound,
at 37°. Inhibitor solution (10 pl) was ndded immediately after the enzyme, Values are means of four to
six determinntions (8EM £ 4107 for each vulue).

Enzyme source and inhibitor No protective I'hosphatidyl-  Phosplatidylserine Albuzin
cornound choline (100 ug/ml) (800 nz b
(100 pg/mi)

T contral activily
Bruin (beef) : .
No inhibitor 9 o7 104 o]

Deosycholate, GO0 ua 12 49 G5 58
Dodecy! sulfate, 100 um 37 48 » 52 i
Oleate, 10 pM 11 65 IE] N
Aroclor 1221, 20 ppm 34 54 84 3
Aroclor 1254, 10 ppmn 38 43 81 41
DPDT, 8.5 ppm or 10 uu in 47 72 Ki
Kidney (rabbit)
No inhibitor 100 98 101 v
Deoxycholate, 600 pn 34 36 56 o
Dodecyl sulfate, 100 um 24 51 64 (¢
Oleate, 100 pm 22 G4 02 4
Aroclor 1254, 10 ppin T 69 ag 67
DT, 10 pm 10 63 96 65
DDE, 10 xm oy 72 95 Gy

Taowr 6
Reversal of enzyme tnactivalion b phospholipids and albunin after expesure of brain
(Na* -+ K'Yy AT Pase to anioic wnphiphiles and chlerinaled hydrocarbons

Six minutey after initintion of the enzyine reaction in the presence of inhibitor (see MaTRIA~ AND
setops), 10 ul of & phospholipid dispersive: or a protein solution were added (6 the cuvette, 12+ =otion
velocities were measured for an additiona! v min, Control (Na* + K*)-ATPase specific activi-+ was
40 pmoles of Py per milligram of protein per hour; protein concentration during nssay wus 10 .z ml.
Values ure means = standord errors of six determinations.

Inhibitor Concentration Noreversing  Phosphatidyl-  Phosphatidyl- Albumin
compouad choline i

serine ——
(100 pg/ml) (160 ug/ml) 800 pg/ml 2000 .z ml

M phm Y% conlrol activity
None 100 95 £ 7 105 = 8 97 & 8
Deoxycholate ({104] 3B =5 40 & 5 45 + 5 18 £ 5 656 = 3
Dodecy! suliate 83 50 = 4 69 & 5 80 = 4 86 & 4
Oleate 100 34 =4 68 £ 6 74 4 7 71 £ 8
DT 10 3.5 44 = 5 50 &£ 3 76 £ 4 47 £ 5 89 = 6
Aroclor 1254 10 H.=6 45 % 3 M +5 51 4 6 64 = 6
Aroclor 1221 10 44 = 3 66 X 2 95 & 4 62 + 2
2.Chlorobiphenyl 20 15 = 6 68 + 4 8 £ 5 69 = 2

4). After the 8-min exposure to phospholipase  agreement with the observations of Tini-
A, both phosphatidylcholine and phospha-  guchi and Fonomura (12).

tidvlserine in the brain (Nat 4 I{H)-ATPase Acidic phospholipids selectively protecied
preparation were hydrolyzed at Jeast 9077 in - the (Na* 4 K*)-ATDPases against inaetiva-

STLCOPCB4009790
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% of contral{ Na% K *) AT Pase
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201 no phospte..pid
Ol i, 2 4 N N
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NM.nutes o' 'er addition ¢! shospholipase A

Fra. 4. Profective by aciitc  phospholipids
apningt and racrsal of innctivatizn of (Na* 4 K¥)-
AT Pase preparatives exposed 14 phospholipase A

Beef hrain or rabbit kidnes (Nat - K*)-
ATPases, at protein concentrutions of 0.5 mg/ml,
were incubated ar 377 in 0.5 ml of a medium con-
sisting of 50 my Tris-Cl (pH 7.0), 2 mym CaCl,
and 4 mg of slbumin. Phospholipid concentration
was (.6 mg/ml of ineubation mixture, After each
mixture (with or without phospholipid) was in-
cubated for 6 min, phospholipase A wos added
to yield a final protein coneentration of 2.5 pg/mi.
At the indicated times 24 volumes of the phos-
pholipase A-treated mixture were withdrawn and
mixed with 1 volume of 0.1 M EDTA at 0° to stop
the hydrolysis by phospholipase A. Reversal of
(Na* 4+ I{*1-ATPace inactivarion (indicated by-
dashed arrows), resuliing from 3 min of enzyme
exposure to phospholipase A, was cffected by
mining 3 volunes of the EDTA-inactivated resac-
tiou mixtwe with 1 volume of the appropriate
phospholipid dispersian to give a final phospholipid
concentration of 1.67 mg/ml. ‘Althoygh the re-
sults are not ¢hown in this fignre, phosphatidyl-
tholine and phosphatidylethandumine were also
ndded after the S-min exposure to phospholip-
ase A. Neither neutral phaspholipid cffected
reversul of enzyme inactivation.) Asaays for
(Na*t 4 K*)-ATPase activity were performed as
described under MATERIALS AXD METHODS, using
aliquots containing 4 xg of hrain enzyme protein
or 10 pg of kiduey enzyme protein per milliliter
of assay mixture, 1Zach point is the average of

tiom by phospholipase A (Fig. 4). However,
under identical assay conditions, about 40%
of the pure phosphatidylserine and less than
3% of the pure phosphatidyleholine were
hydrolyzed in 8 min by phospholipuse A,
When it was mixed with 5% Lubrol WX
(w/w), phosphatidylcholine hydrolysis by
phospholipase A was increased to $-12%,
but the extent of protection against phos-
pholipase A inactivation was only slightly
higher than indicated for pure phosphatidyl-
choline in Iig. 4.

The selectivity among phospholipids for
protection of brain (Na- 4+ K+).ATPase
against inactivation by deoxycholate or for
reversal of inaetivation by phospholipase A
was essentially identical whether the phos-
pholipids were dispersed in Tris-Cl (3a-
TERIALS AND METHODS) or in Tris~cthylenn
glycol bis(B-aminocthy!l ether)-N,N'-tetra-
acetie acid (IEGTN), followed by dialysis
against Tris-Cl, aecording to the technique
of Stahd (23). The only obvious difference was
that phosphatidylserine prepared according
to Stahl’s technique (23) was somewhat
more cfficient than our usuwal preparations
in reversing inaetivation by phospholipase A,

DISCUSSION

Inactivation of (Na~ + K*H)-ATPases
subsequent to exposure to oil-in-water disper-
sions of chlorinated hydrocarbons (IFigs. 1
and 2; Table 1) or of nleate (Figs. 1 and 3;
Table 1) presumably occurred as a con-
sequence of formatinn of mixed micelles
comprising the enzyme and cach of the
inhibitors. No attempt was made to study
the kinetics of the inhibition phenomena,

-as such efforts would have required addi-

tional {unavailable) information relative to
micelle dimensions, composition, and sta-
bilities. ' .
The conditions of prior incubation with
micellar deoxycholate accentuated the ex-
tent of (Na* 4+ K+)-ATPasc inactivation
even though a constant enzyme-inhibitor
ratio was maintained (Table 2), However,
neither deoxycholate nor dodecyl suifate
needed to exist in micellar form to effect
(Na* + K{H)-ATPase inactivation--n rela-

six deterniinations. B, phosphatidylserine; PC,
phosphatidylcholine; PI, phusphatidylinnsitol;
1’12, phosphatidylethanolumine.
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tivnship implied by Jgrgensen and Skon  purified (Nav 4+ K- ATPase ggainst phe
(11). pholipase A mactivation, but did not

In view of its binding capacity for dodecsl  port the effects of other phospholipid
suliate (33-35), albumin was anticipated o Since many factors, including detergen
proteet against (Tables 3 and 5) and reverse  (37) and organic solvents (35), can influen.
(Table 6) inactivation of the (Na* 4 I7)- the rates of hydrolysis of pure phosphiolipic
ATPases by dodeeyl sulfate and the other by phospholipase A or phospholipase C (23
anionic amphiphiles, the selectivity among phospholipids for pr

The selective protection by acidic phos-  tection against (Na®™ 4+ K+)-ATPase i
pholipids against enzyme inactivation by .activation.was considered to be of Jimite
denxycholate (Tables 3 and 5) suggested  uscfulness for this investipation.
that inactivation involved cither extraction The responsiveness .of (Nat 4+ K-
or dissociation of phosphnlipids required for  ATPase to DDT and the more extensive:
normal stabilization, The phospholipid selec-  substituted biphenyls differed from that s
tivity wag obviously related to some property  anionie amphiphilic compounds in sever:
of 1he steroid ring of deoxycholate rather - important respects. Albumin provided ver
than to its carboxy! group. Although neither  little protection against or reversal of @

" phosphatidylserine nor albumin reversed zyme inactivation by DDT or Aveelor 127
{Table 6) (Nat -+ IX*)-ATPase inactivation  (Tables 5 and 6); presumably because of
by deoxyeholate under conditions in which  relatively Jow affinity for extensively ¢hl.
these compounds could provide protection rinated hydrocarbons, Anionic amphiphil
(Tuble 5), the reversal by a higher concentra-  compounds could accentuate (Na+ 4+ K-
tiem of albumin indicated that the enzyme ATPasge inactivation in a temperature-d.
had not been irreversibly inactivated. pendent fashion (Tig. 3; Tables 2 and 3 -

The nowselective phospholipid protection  but the chlorinated hydrocarhons were w
against, and reversal of,” inactivation by ‘able to do so (Table 4). Temperature do
oleate or dodecyl sulfate (Tables 3, 5, and 6)  pendence was assumed to refleet the influend
suggested that the inactivation was un-  of varations in membranal phospholip
related to interference with (Nat 4+ K-)-  hydrocarbon phase fluidity on the ease
ATPase stabilization by acidic phospholipids.  cnzymie inactivation,

The lack of sclectivity among phospholipids The structure of chlorivated hydroea:
for reversal of (Nat 4+ K*)-ATPase inac-  bun dispersions probably differs from tl.
tivation by these two amphiphiles resembed  micellar structure of the auionic amphiphil-
obzervations on enzymie inuctivation by in that no.ionizable groups ean exist at tlh
phospholipase C (23). Stahl observed that swrface of hydmearbon dispersions. How
maximum inactivation of brain (Na= 4+  ever, it has not been possible to defi:
K- ATPase resulted when phospholipase  any unusual  properties  of  oil-in-wate
C hydrolyzed 95 % of the enzyme-associated  dispersions of DDT (31). The X-ray di:
phosphatidylcholine and 65% of the phos- fraction pattern of DDT sedimented fro
phatidylserine plus phosphatidylinositol (23).  an oil-in-water dispersion, such a¢ the on
Although pure phospholipids were hydro-  in Table 1, was identical with that
ivzed at markedly different rates by phos-  ervstaline DDT* The packing pattern i
phadipaze C (30), they were equally effective  the crystal lattiee of DDT did not reve:
in reversing (Nat 4+ K*)-ATPase inactiva-  any  unanticipated  potential  for  inte

tion by phospholipase C (23). mulecular  dipole-dipole  or dipole-induce
The sclectivity among phospholipids in  dipole interactions (39),
protecting against (Nat 4 K)-ATPasze In regard to the malecular associatio

inactivation by phospholipase A (Fig. 4) capabilities of the hydrocarbons, DDT ca
could be explained, in part, on the basis of  assuciate to significant extents with induol
apparent substrate preference of phospho- (40}, phenyl (30), and phosphate grovy
lipase A for the pure phosphalipids, Hokin (‘41.)- However, hydrogen lumdmg of chl
and Hexum (13) had observed that pure rinated hydroearhons to phospholipid phos
phosphatidyleholine proteeted their high)v 3N, Morosoff, personal communicstion.
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phate groups must be unrelated to (Na* +
K #)-ATPase inactivation, since DDE (Table
5) and the PCBs are incapable of such inter-
actions (i.c., these inhibitors do not possess
henzhydry! hydrogens).

The acidic phospholipid  selectivity for

protection against and reversal of (Nat + -

KH)-ATPuse inactivation by DDT, Arodor
1254, and deoxyebolite obviously mimics

that for reversal of enzyme inactivation by -

phospholipase A. Sinee this selectivity cannot
be explained on the basis of structural or
* other properties of the inhibitors, it must
reflect  properties the (Nat + K+)-
ATPases. These studies support the hypaothe-
sis that the extensively chlorinated aromatic

(_n!'

hydrocarbrms DDT and Aroclor 1234 inac-. .

tivitte membrane (Nat '+ N1)-ATDPases by
interfering with the ~t.|blhzmg function of
acidic phospholipids.
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