MOLECULAN MiakrnacoLoay, 10, 119-120

The Influence of Dichlorodiphenylirichloroethane, Polychlorinated
Biphenyls and Anionic Amphiphilic Compounds on Stabilization
of Sodium- and Potassium-Activated Adenosine Triphosphatases

by Acidic Phospholipids

et

CHARLEs W. SHaRe, DoroTiy G. HuxT, SAMUEL T. CLEMENTS, AN WirLian E. WiLsox

Pathologic Physivlegy Branck, Nutivngl Inetitute of Enviranmental Health Sciences,
Research Triangle Park, North ('arolina 27709

{Received May 4, 1873)

SN o et

SUMMARY

Skarr, Cuances ., Hunt, Dorotay G., CrEmexts, Sanuel T., axp Wivsox,
Wittias .. The influence of dichlorodiphenylitrichlorocthane, polychlorinated bi-
phenyls and anionic amphiphilic compounds on stabilization of sodium- and potassium-
activated adenosine triphosphatases by acidic phespholipids. Afol. Pharmacol. 10,
119-120 (1974).
Dichlorediphenyitrichloroethane (DDT), extensively chiorinated biphenyls, deoxychalate,
nnd plv-tphuhpnao A mlnb:lcd bccl bram and rabbit kidney (Nat + K+)- ATPases (EC
3.0.1.3). Phosphatidylscrine or hatidylinositol hut not phosphatidyleheline or phos-
phatidy Iv_|hmuh\mmc puvcmo(l or reversed the inactivation of the ensymes by each of the:
inhibitors, Albumin protected against and reversed inactivation of (Na* 4+ K+)-ATPases hy
deuxychulate, ofeate, ur dadecyl sulfate; however, this protein was less cffective against in-
activation by the extensively chlorinated hydrocarbons. The extent of (Na* + K+)-ATPase
inactivation by anionic amphiphiles was dependent upon the temperature at which an
engyme-inhibitor mixture was incubated prior to assay, whercas inactivation by chlorinated
hydrocarbonn waa not affected by temperature. Our experiments lead to the hypothesis
that acidic phospholipids arc necessary for stabilization of the enzyme and that chlorinated
hydrocurbony, deoxycholate, and phospholipase A interfere with the stabilization process.

(3, 6). The possible t logi ignifi

of inhibition of this onzyme by the chio-
rinated hydrocarbons has received its most
substantial support from studies of toxieity
in ecls. Kinter and eo-workers (7-9) ob-

INTRODUCTION
The ssdium. nnd potassium-stimulated
adenusine  triphosphatase [(Nat + IK*)-
ATPase, EC 3.6.1.3}, which is generaily

thought to comprise the membranal so-
dium:pumping system (1), is inhibited by
various rhjorinated hydroecarbons such as
DDT* (24) and polychlurinated biphenyls

' The sblirevintions used are: DDT, 11,1
trichlors-2,2-bis(p-chlormphenyl)ethane;  DDE,
1,1 - dichh 2,2 - bis(p - chlorophenyl)ethylene;
PCIn, . Morinated bipheny! mixtures such as
Aruelor 1220 or Aruclor 1253,

served that DDT and PCBs were capable of
inhibiting cel inteetinal mucosal and gill
(Na* + K+)-ATPases to the extent that
control of osmoregulation was lost, leading
to denth.

Since, under the conditions used for en-
zyme inuctivation, the chlorinated hydro-
carbons exist as oil-in-water dispersions, the
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physical state of the inhibitors appemis to
be of great importance, Because the hy.
drocarbonx are essentially insoluble in water,
it is possible that (Na* + T+).-ATPrse
inactivation results from interactions with
either dispersed (micellar) or soluble (pre.
suniably monumeric) hydrocarbons. More-
over, enzyine inactivation by chlorinated
hydroenrbons shuuld be compared with that
caused by oleate (10), dodeeyl sulfate, or
deoxycholate, ay severat of these anionic
amphiphiles have been reported to effect
enzyme inhibition where they exist in
micellar forny (11). Since phosphatidylserine
stimulates enzvime activity fullowing (Na* +
IK*) ATPase exposure to phospholipase A
(12, 13) or to deoxycholate (14-17), we have
investigated the selectivity among phospho-
lipids for protection against and reversal of
enzyme inactivation by chlorinated hydro-
carbons, several amphiphiles and phospho-
lipase A.
MATERIALS AND METHODS

Chemicals. Dudecy] sulfate, ATP, NADH,
phosphoenelpyruvate, and deoxycholate were
ubtniried from Sigma Chemical Company.
Fraction V albumin (Armour) and defatted,
crystalline albumin (Sigma) werce used inter-
changeably. Individual biphenyls were ob-
tained from Aldrich Chemical Company.
Aroclor 1221 (bipheny] plus mono- and di-
chiorinated biphenyis) and Aroclor 1254
(tri-, tetra-, penta-, and hexachiorinated
biphenyls) were obtained from Monsanto.

Phosphatidylserine was prepared from
bovine hrain (18). Brain phosphatidylinositol
and Lubrul WX were obtained fram General
Biochemicals, Inc. Other brain phoypho-
lipids were obtained fyom Supeles, Inc.,
Bellefonte, Pa. Each phospholipid was at
least 96% homugeneous by thin-layer chro-
mntography in three systems (10-21). Phos.
phate contents were determined, aceording
‘to Dittmer and Wells (22), to be 1.25
wumoles/mg of phosphatidylserine and 1.20
pmoles/mg  of  phosphatidylcholine.  Dry
phosphalipids were dispersed in 0.1 8 Tris-
HCI (pH 7.G), using a Teflon pestle and glass
tube homogenizer, followed by 30 sce of
sonic oxcillntion. Phospholipids were alse
dispersed by the technigque of Stahi (23).

Phospholrpase 3. Phospholipase A (Vipera

russelli; Sigma Chemical Company) sotu.
tion in 507 glycero) was heated at 100° for
8 min prior to use (24). The extent of hy-
drolysis of the various phospholipids was
determined by thindayer chromatugraphy
(25) coupled with phosphate analysis (22).
Phosphatidyiserine was routinely used as a
reference substrate for phospholipase A, ay
this pure phospholipid was hydrolyzed at
least 10 times more rapidly than phos.
phatidylcholine under the conditions in-
dicated in the degend to Fig, 4.

(Na* + K=)-ATPase prepuration. Bovine
brain (Na= 4 K*)-ATPase was prepared
according to u modification (26) of the
method of Skou (27). The enzyme was
&tored as an aguevus dispersion at —20° at
a protein concentration of 30 mg/ml. Prier
to assay, the enzymie was thawed and the
protein concentration was reduced to 1 mg/
ml. Protcin was determined by the technigue
of Lowry ef al. (28).

Rabbit kiduey (NXg* + K*)-ATPase was
prepared by a modification of the method
of Jgrgensen and Shou (29). In the droxy-
cholate aetivation 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* + K*)-
ATPase accounted for 85-90°7 of the total
ATPase activity in these preparations.

(Na* + K-)-ATPase activity assay. Lac-
tate dehydrogenase and pyruvate kinase
were obtained from Sigms Chemical Com-
pany and were dialyzed agninst 0.02
Tris-HC), pH 7.4, prior to use,

The assay medium was incubated at 37°
for 4 min prior to initintion of the enzyme
reaction. The reaction was usually stavted by
adding 40 ur (30 ) of beof brain (Na*
4+ K+)-ATPase protein or 10 ug (30 ul) of
rabbit kidney enzyme protein te yield a
Bnal axsay medium volume of 1wl Phos-
pholipid dispersions and/or inhibitor solu-
tions were added in the sequences indiented
in the tables and figures. Initial velocities
were determined by measuring the rate of
NADH oxidation at 340 nm (30). Final
coneentrations of components of the incuba-
tion medium were 3 my ATE, 3 my Mgl
125 my NaCl, 25 my KCI, 1.5 mu phos-
phoenolpyruvate, 0.25 my NADH, 2 units
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TanLy, 1
Brain (Na* + K*).ATPure renponsiveness o dispersionn of oleale and chlorinated hydruearbions
Inhibitors were introduced into the assay medium as solutions in dimethy! suifoxide. At the aseay
eancentrution of 1¢ (v,'v), dimethyl sulfoxide had no effect on ensyme activity. (Na* + K-)-ATPase
apeeific aetivity wan 30 wimaoles of Pi per milligram of proteirs per hour; enzyme protein concentration
in 1he nenuy was 40 ug,'ml. Asnny conditions are described under MATERIALA AXD METHODR. Results are

menns & atandard errors for three determinations.

Inhilitor Irhibiter concentration Order of addition of enzyme and inhibitor to nssay medium
during assay
B RSR obibitor added 15sec  (Na* + K)-ATPase renction iniumted by
after initiation of adding enzyme st indicated intervals after
(Na* + K‘|)—-r\ TPase inhibitors
reaction . NPT
0.t mia 20 min 120 min
v phm % control activity
Xone 100
Triz.uleate 100 40 £ 4 $x3 2 x4 43 =
DLT 20 LR | Hxd 46 = 4 =1
Aroelor 1254 10 224 74 53 %3 55 x4
Apvelor 1221 15 48 % 4 49 % 4 8x3 57 = 4

of lactnte dehydrogenase, 7 units of pyruvate
kinase, and 30 my Tris-HC), pH 7.4.

In ovder (o ascertain the validity of the
results thtained using the coupled Jactate
dehydrogenase-pyruvate kinase system, we
initially determined that the rate of NADH
uxidation wax uualtered when 0.15 my ADP
was ured as cubstrate in the absence of
{(Na™ + K+)-ATPasc and in the presence
of ench amphiphilic enmpound, hydrocarbon, -,
phesphatipid, and rombination thercof. Also,
most of the duta in Tables 3 and 4 were cor-
rabnrated by results from our phosphate
unalysin technigue (26).

REWULTS

(Na* + K3)-ATPase responsivencss (o
waler-insoluhle xubstances. [nactivation re-
silted from interaetion of (Nat 4 K*).
ATPase with oil-in-water dispersions, rather
than solutions, of fatty acids or chlorinated
hydrocarbuns, The extent of (Na* 4 K+)-
A'l'Pane inactivation by chlorinated hydro-
carbons or by aleate was not appreciably
influenced by the time at which the enzyme
wis exposed to inlibitors (Table 1), Clear
aepuenus phases obtained by eentritugation of
aleate, PCBx, or DT dispersions (Table 1)
far 30 min nt 100,000 X y were not in-
hibitory.

Addition of ethanol solutions of DIYT (31),
2ehlorabiphenyl, PCB mixtures, or Tris-

oleate to water resulted in the formation of
dispersions whose particle sizes and, or num-
bers appeared to change continucusly for
several hours (31) (Fig. 1). The speetral
alterations accompunying the change of
phase of 2-chlorobiphenyl (Fig. 1A) re-
flected contributions from hydrocarbon in
solution and from light seattering Ly micelles;
however, the alterations accompanying the
change of phase of oleate (Lig: 1B) reflected
only the time-dependent increases in miceile
number aud/or size (32).

In a concentration dependence study of
(Na~ + It*)-ATPase inactivation, an in-
crease in the chlorinated hydrocarbon eon-
centration resulted only in an inc
amount of inhibitor in the ditpersed phase
(Fig. 2). However, the extent of enzyme
inactivation increased as the extent of chlo-
rine substitution of biphenyl was increased
(¥ig. 2).

Concentration and temperature deperdence
of (Na+ + Kt)-ATPase inactiration by
anionic amphiphilic compounds. The curve
for concentration dependence of brain (Na=
4+ K~)-ATPase inactivation by olewte had
a different shape from the curve for inactiva-
tion by dodeeyl sulfate(lig. 3). This may
be due to the necurrenee of enzyne inactiva-
tion at assuy concentrations betow the critical
micelle enneentration for dodecyt sulfate
(eadculated to be about 017 my from ref,

use i
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Absarbance

. " N
210 % 250 2n 2%0 3o 33 3%
Worsterrgihin m)
Fra. 1. Ahsorption specira of 67 vt 2-chlorobiphenyl (A) and 26 ust Tris-oleate (B) in ethunol R

and in 1% cthanol in water (—)
Spectrnl nlterations in the ethanol-water solutions were determined at the indiented interyals 2o -

preparation. Spectes were recorded with a Beckman Acta V spectrophotometer.
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Fra. 2. Concentration dependence of brain (Na* 4 K*+)-ATPase inhibition by DDT, Aredor 123;.

Aroclor 1221, 2-chlorobiphenyl and biphenyl
Ten microlitars of a dimethyl sulfoxide solution of each ehlovinnted hydrocachon werg added % sev
#lter nddition of 40 ug of enzyme protein to initinte the ATPase nsway.
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Fio. 3. Concentration dependence of br:.- (Na*
dulecyl suifate (SDS)

Dinpersions of anzyme plus inhibitor, v
amny, were incubuled in w medium con:
Invabation was conducted for 10 min a1 0° ¢ 37

11), whereas micellar oleate was reuived
1o offect inactivation.

Following prior incubation the
amphiphiles (but not the hydroca ) in-
activated (Na+ + K+)-ATPuses a tem-
perature-dependent fashion (Fig. 3). 1 con-
trast with results obtained with & -leeyl
sulfute, aceentuuted enzyme inactiv: a3 hy
olente wan observed only at on i
concentration greater then that requiz-«l to
effort 409 innetivation,

The extent of (Na+ 4+ I-)-ATPas: inac-
tivation hy deoxychulate depended up: .n the
abrolute quantities of enzyme and intibitor
xubjected to prior incubation at 37° » Table
. 2). Temperature-dependent enzyme inac-
tivation was only observed followirg pri
incubation at deoxycholate concentr
sppreciably in excess of the critical n
concentration (ealculated to be abes
my from data in ref. 11); howeve
cholnte coneentrations during the o
always helow this level.

Protection of (Nat 4+ K*)-ATPos o rinst
tnactivation by anionic @i phiphitic -
piends. Phesphatidyiserine and ph ti-

ionie

were

= at 12.5-Told higher concentrations than dur
nx 8 ma KCI, 24 my NaCl and 17 mat Tris-o
3 then 80 4l of this mixture were added .. *73) ul of the
WeRDY WiNLUPE (Be@ MATEMIALS AND METHOL in ordcr to initiate the (Na* +

[ - H
Notaty 10 *

+ K*)-ATPase tuhibition by Tris-wl.:. - 4 sodium

s 1hsequent
.pH 75,

K‘)-ATP'“A. Neetion.
dylinositol® (not shown) protecte

+ K*)-ATPases agrinst ina
deoxychalate when prior incubar

T.owans cun-

ducted at 37°; however, phospt ‘Jcholine
and phosphatidylethanolamine ‘..t shown)
provided no protection (Table 3 . By con.
trast, cach phospholipid proteci~i the en-
zyme against inactivation by - late or

dodecyl sulfate. The indieatsd =
ric relationships among enzym,.
and protective phospholipid wer
for the observation of phes
tivity; however, identical re:
tained over & 4-fold range of cor. u-xrn(xonu
of cither phosphatidylcholine or
. dylserine (i.e., from one-hali tf:

swice the

*In each instance when proteet
by thplmudylmmuul or phesuha:
anine is mentioited only in |h- -

reveraal

AL

differ signifieantly from these usir
choline. The conunercinl hovize
phatidylinaxitol connintently pre
ilar 10 thane oblained with our 1
scrine; however, commercial prep
phosphatidylinositod bave yvielded var: .}

e resulls,

MONS

']

081954




N N O

Tanui: 2
Influenrs of prior incubation o cxtent of brain (Vo' + K*)-ATPase tcticutyen: by de aa-holae

' l)mx_rchn;lu\e Standurd assay Prlnr mculmunn at mulupln of (den\)d\nl'\\e' N tandard nww\‘\‘
cuncentr - e I, -
during ussay R ‘_Xil ... xe2 X

o wow e ° -
[ ¢ conirid activity
o 100 a2 86 R L1
04 88 84 74 74 64
1] 85 73 58 66 65
285 67 [ 50 67 61
510 8 L I T
1020 w2 10 12 4

. An deseribed inder MATERLALS AND AtsiTHODY, 40 58,/ of cozyme protein and the lesig;
of deoxycholute were ndded sepurately tu the cuvette in order tu obtain the results in this colwmn. Coae-
trol (Na* + K*)-ATPnse specific activity was 36 umoles of P; per milligrain of proteiu per hour. Lesnlts
are avernges of three determinations,

* For example, the multiple X12.5, ab 235 uxt deoxycholate, indicatey that 500 ug
3200 unt deoxycholate, and 17 my Tria-Cl, pI{ 7.5, were mixed and inenbated for 6
an aliquot war diluted 12.5-fold into the asuay cuvette, containing s reaction mixsire sneh thar axsa
conditions were identical with those of the atandard assay. Results below the short fine: repre=ent ')m
temparature dependence effect foilowing prior incubation,

I ensyme protein,

Tanr 3
Phoxpholipid protection of mammalian (Na* + K*)-ATPases againxt inact ation by
several untonic amphiphilic compounds
See the legend to Fig. 3 for a general deseription of the incubstion technique. Albumin or phispho.
$ipid wna ndded to the (Na* + K*)-ATPase dnupemon prior to addition of the inh:: lation. The
utioun of cach P af the ineut; mixture was 12.5-fold gremnter sieef hrnin wnryme:
or 50-fuld greater (rabbit Kidney enzyme) than during assny. Hewpective specific activities fir hesi
brain and rabbit kKiduey (Na* + K*)-ATnses were 40 and 140 umoles of P; per millizram of proten por
hour, while corresponding protein concentrations were 40 and 10 sg/mi during assav. Fnzyme artiviny
assy conditions ure described under MATHERIALE AND METHODS. The vidues nre men:.s of six detrrmina-
tions (SEAE 5 £1007). .

Ensyme source und inhibitor Tem- Nu protective  Phosphatidyl-  hosphaticyl- Albumin
perature compound choline serine (6.25 mg 'ml:
(1.6 mg/ml) (1.6 mg !

°C Ty controd activity
Brain (haef)
Nu inhibitor o 100 100 (72) 100 (124, 100 195,
37 100 (98) 100 (96) 100 (140+ 100 (I1)
Oloate, 1.25 mn 0 30 9% 9 H
37 7 80 54 0
Dodecy] sulfate, 0.84 nin o n 75 80 0
37 1n 67 60 88
Deoxycholate, 3.4 mu 0 b4 n 83 I
a7 19 18 62 o
Kidney (rabbit) o
No inhibitor [ 100 100 1w 100
37 100 (93) 100 (93) 100 (3, 100 95,
Doduay) sulfute, 0.81 sum 0 96 100 100 102
31 pAl 100 100 2
Deoxycholate, 3.4 mw 0 58 92 0 a7
37 22 18 X3 o

teetive compound’ {m‘ onch Puzyime prepnvation. All (llher vnluen are relative to the 4
vihe (i, the ones abtained with no inhibitor present during prior incabation at 0° or

124
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X Taner: 4
Phosphotipid wad albumin protection of brain (Na* + K*)-dTPase agatus! 1.habition by
- cldarinated biphenyls and DDT

hieubation techniyues are described in the legend to Fig.

3. The (Na* + K-)-ATPase protein con-

centration wan 40 ug ml during 1he assny. Valuos sre means & standurd errors of faur determinations.

Thospha- Thospha- Phosyha- Albumin
tidylcholine  tidylserine  tidylinositol (1000 ug/ml)
(133 ug/ml) (133 ug/mh) (135 g ml)

Inhibitor Temperature No
during initial protective
incubation  comspound
c
Noue 0 100
37 100 (98)
DOT, 3.3 ppm 0 6 = 8
37 45 &3
Arvelor 1220, 10 pm 0 M7
ki 28
Arvelor 1284, 5 ppin 0 8 £ 4
3 W7

% control acticity
100 (92)* 100 (135) 100 11100 100 (V9)

100 (96) 100 (145) 100 (95)
70+ 8 95 4+ 9 6 £ 6
0 %2 2 £0 49 %0
08 =7 103 &7 06 + 6
66 4 8 98 + 4 65 4 4
67 =0 95 4+ 9 67 & 5
0+ 8 38 £ 8 G0 £ 4

¢ Vidues in purentheses nre percentuges of the control (Nat + K*)-ATPase aci:ivity shown ut the
top uf the rodumn hesded “No protective compound.”

coneentrations of phospholipid indicated in
Table 3).

Albumin, at 4 times the muss of the phus-
pholipids, effectively protected the brain
enzyme against each of the anionic am-
phiphiles (Tabie 3).

Protection of (Na* + K*)-ATPases ayainst
inhibition by chlarinated hyd:nearbons. The
prior intubation teehnique was not optimal
for observing seleetive phospholipid protee-
tion ugainst (Na* + K+)-ATPase inactiva-
tion by chlorinated hydrocar: (Table 4).
Both albumin and phosphatidyicholine pro-
teeted wgaingt the chlorinated  hydrocar-
hone. Furthermore, buth phosphatidylserine
and phosphatidylinesitol activated the con-
trnls (Tables 3 and 4). Since it was not

.pussible to determine the oxtent of chio-
rinated hydrucarbon influence on phospho-
lipid activation of the contrlx, the validity
of our arbitrary correction of the values in
the veatiral columns of Table 4 could not be
determined, ..

In contrast with the above results, acidic
phosphalipids did not increase control (Nat
4+ K~ )-ATPase activity when both enzyme
and phospholipid wero added directly to the
axsay nedium (Tuble 5). Acidic phospho-
lipidy ~cleetively proteeted the rwo (Na*t 4
K+ ATPaser agninist innctivation by de
cholate, DDT, and Aroclor 1234 (‘Tab)l

Albumin proteeted agninst enzyme infe-

tivation by deoxycholat: but not against
that caused by DDT .r Aroclor 1254
(Table 3). :

Reversal of (Na*+ + A-)-.1TPase inac-
tivation by hydrocarhons v by amphiphiles.
Albumin and hoth acidic and neutral phos-
pholipids reversed brain (Na* + K*)-
ATPuse inactivation resul*ing from enzyme
exposurc to dodecyl suliate. oleate, Aroclor
1221, or 2-chlorobiphenyt (Table 6). Oniy
phosphatidylserine or phesphatidylinositol
(not shown) effectively reversed inactiva-
tion of the enzyme by DDT or Aroclor
1234, Albumin, 8t 2000 sg ml, reversed inac-
tivation by deoxycholate. DDT, or Aroclor
1254,

The conditions deseribed in Table 6 were
nearly optimal for demonstrating selectivity
among different compounds that could re-
verse inactivation by the eLlorinated hydro-
carbuna. For instance, a 3-fold increase in
phosphatidyicholine concentration gave only
15% greater reversal of inactivation by
DDT. Phosphatidylserine. at 80 pg,/mi dur-
ing asmay, was essentially as cffeetive as it
was at 100 pg/mi,

Phospholiprid  selectivity in sing and
protecting ayainst (Na* — K-)-ATPase in-
activation by phospholipase 4. Phosphatidyl-
serine and phosphatidy linositol reversed the
innctivation resulting from (Na* 4 K4)-
ATPase exposure to phespholipase A (Fig,
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Tanue 5
_ - Protection of muwmmalian (N1

comps

= KA T Pases with inhilator auedcor grodective
preesen? unly during assay

Brnin and Kidoey enzyme protein e enteations were 40 mnd 10 4g/imd, respeetivety, d
uny ; vespeetive specific activities were 10 and M0 wales of Py pee mitligram of protein per
tiated by adding enzyme 0 the assay mixture, which contained protective «
At 37°. Inhihitor avlution (10 41) way ndded immediately after the enzyme. Values are meany «¢
determinntions (SEM § £10%, for ench value).

renction w

et

Fhosphatidyl-  Phosphatidylserine  Allu:
choline {100 ng/mb) 5
{100 pg/mi)

Loryme source aud inhilitor

n
[

% controb setivity
Beain (heef)

No inhibitor 1 o7 104 ui
Deoxyrholate, GO0 um H 49 65 B
Ladecy! sulfute, 100 um 27 48 52 A
Oleate, 100 am 1 65 izl A
Aroclor 1221, 20 ppm 34 54 84 34
Araclar 1254, 10 ppm 55 45 81 41
DDT, 3.5 ppm ur 10 an 40 47 2 5

Kidney (rabbit)

No inhibitor 9 w1 g
Deoxycholate, 600 um 36 56 £Q)
Dodecyl sulfate, 100 um 51 b4 [
Qlente, 100 w0 64 92 "
Aroclor 1254, 10 ppin 60 ag (4
DT, 10 um 63 96 65
BDOE, 10 an 72 05 67

Tarue 6
Keversal af enzyme tnaciivation &, ghospholipids and albumin after expcsure of brain
(Na* + K*) ATPase to aui--.c amphiphiles and chlorinuted hydrocarbonx

SIx minutey after initintion of the en « reaction in the presence of inhibitor (sve sMaTERIA ~ \ND
METHODS), 10 ub of # phespholipid disper: or & protein solution were added 16 the cuvetie 33 .otion
velucition were monsured for an additional 5 min. Control (Na* + K*).ATPase specific activi-: was
40 pinoles of Py per milligram of protein -« hour; protein concentration during nasay wus % .z l
Valu uans = standard errara of six Jetenninations.

Concentration  Noreversing  Phosphatidy)-  Phosphatidy)-
compouid choline serine o e
(100 wg/ml) (100 ug/ml) 800 ug/ml 2000 .z ml

na prm Y% conirol activity
Noue 100 9 =7 105 = 8 97 £ 8
DLroxychuinte 600 =3 40 £ 5 B £S5 BE£S G5=3
Dodecy] sullate 83 50 = ¢ [ 80 £ 4 86 & 4
Oleats 100 $4 =4 68 x 0 o7 71+ 8
Lo 10 35 H =3 30 « 3 76+ 1 &5 M6
Aroclor 1264 10 41 =0 45+ 3 NER] 5l k¢ 64 =€
Arvclor 1221 10 H = 60 & 2 9 + 4 62 + 2
2.Chlorobiphenyl 20 45 = i 68 = 4 8 &5 G0 & 2

|
|

4). After the S-min exposure to phosphelipase  agroement with the observations of Tuni-
A, both phogphatidyleholine and phospha.  guchi and Tonomura (12).

tidylserine in the brain (Nat + K+)-ATPas Actdic phospholipids ctively protocrsd
prepavation were hydrolyzed at least 907/ in the (Na* 4 IKX*)- AT ases against innctiva-
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¥ Autes 0'ter addition ¢ snaspholipave A

Fro. 4. Praotective by accits  phospholipids

againet and raicesal of inncticatn of (Na* + K*).
ATPare prey ~ exgored . phospholi

Beef brain o rabbit Kidney

ATPascs, at protein concentrations of 0.5 mg/ml,

were incubated nr 37°

sirting of 50 ot Tris-Cl (pH T 0). 2 my CaCly

c

AND AvPHIPHILES A3 (Nat + [K¥)-ATPASE INACTIVATORS
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tion by phospholipnse A (Fig. 4). However,
under identical ussay conditions, about 407
of the pure phosphatidyiserine and less (than
3% of the pure phosphatidyicholine were
hydrolyzed in 8 min by phospholipase AL
When it was mixed with 5% Lubrol WX
(w/w), phosphatidylcholine hydrolysis by
phospholipase A was increased to S-12%,
but the extent of protection against plms-
pholipase A inactivation was only slightly
higher than indicated for pure phosphatidyl-
choline in ig. 4.

The selectivity among phospholipids for
proteetion of brain (Na- + K*).ATPaso
against inactivation by deoxycholate or for
reversal of inactivation by phospholipase A
was essentially identical whether the phos-
pholipids were dispersed in Tris-Cl (ua-
TERIALS AND METHOD3) wr in Tris-cthylene
glycol bis(G-aminocthyi «ther)-N, N’ -totra-
acetic ncid (EGTA), followed by dialysis
against Tris-Cl, according to the technique
of Stahl (23). The only ohvious difference was
thut phospbatidylserine prepared according
to Stahl's technique (23) was somewhat
more cfficient than our usual preparations
in reversing inaetivation by phospholipase A,

and 4 mg of slbumin,
was 0.8 mg/ml of inenbation ml\mre After each
mixture (with rne without phespholipid) was in-
cubated for & min, phospholipuse A was added
to yield a final protein eoncentration of 2.5 ug/ml.
M the indieated times 24 volumes of the phos-
pholipase A-treated mixture wers withdrawn and
mixed with 1 volume of 0.1 M EDTA at 0° to stop
the hydrealysie by phospholi A ! of
(Na* + JC*)-ATPace insctivation (indicated by
davhed arrows), resuliing from 3 min of ensyme
exponure to phmphnlnpnn A, was coffected by
mizing 5 volumes of the EDT A-inactivated reuc-
tiow mixture with 1 volume ni the appropr

N SRARTEN
in 0.5 i of A medium con- PISCTARION
Imcnvutxou of (Na= + K*)-ATPases
Phosphali ion g to exy  to vil-in-water disper-

siong of chlorinated hydrocarbons (Figs. 1
and 2; Table 1) or of oleate (Figs. 1 and 3;
Table 1) presumably occurred as a con-
sequence of formation of mixed micolles
compriging the enzyme and cach of the
inhibitors, No attempt was made to study
the kinetics of the inhibition phenomena,
a8 such efforts would have required addi-
tional (unavailabic) information relative to
micelle dimensions, compnsition, and sta-
bilities.

phoaphalipid dirpereisen to give a final phospholipid
concentration of 1.6¢7 wmg/ml. ‘Althoygh the re.
wults aro not shown in this figure, phosphatidyl-
choline and phosphatidylethanomine were also
ndided nftor the S-min exposure to phospholip-
asa A, Neither neuiral phaspholipid offected
veversul of enzyme insctivatinon.) Assays for
Na* 4 R*) Pace netivity wera porformed oa
doreribuad v ATLRIALS AND METHODS, using
nliquoty containing 40 g of hrain enzymae protain
or 10 ug of Kiduey enzyme proswein per milliliter
of arsny mixture. Lach poimt i tho average of

The conditi of prior incubation with
micollar deoxyeholate accentuated the ex-
tent of (Na* + K*)-ATPasc inactivation
even though a constant cnzyme-inhibitor
ratio was maintained (Table 2). However,
neithee  deoxycholate nor dodecyl sulfate
needed to exist in micellar form to effect
(Na*r + K")-ATPasc¢ inactivation--a rela-
aix detorminations. DR, phosphutidylserine; PC,
phosphatidyicholine; PI,  phisphatidylinesiiol;
1, phosphatidylethanolnmine,
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tiomship implied by Jgrgensen and Skon
(SRR

In view of its binding capucity for dodecy]
sulfate (33-33), albumin was anticipated to
protect againgt (Tables 3 and 5) and reverse
(Table 6) inactivation of the (Nat + IK-)-
ATPases by dodecyl sulfate and the other
anionic amphiphiles.

The seleetive protection by acidic phes.
pholipids against enzyme inactivation by
deoxyeholate (Tables 3 and 5) suggested
that inactivation involved cither extraction
or dissociation of phospholipids required for
normal stabilization, The phospholipid selec-
tivity wag obviously reiated to some properey
of the stervid ring of deoxycholate rather
than to its carboxyl group. Although neither
phosphatidylserine nor albumin reversed
{Table 8) (Na* + K+)-ATPase inactivation
by denxycholate under conditions in which
these compounde could provide protection
(Table 5), the reversal by a higher coucentra-
tion of albumin indicated that the enzyme
hud not been irreversibly inactivated.

The nouselective phospholipid protection
against, and reversal of, inactivation by
olente or dodecyl sulfate (Tables 3, 5, and 6)
suggested that the inactivation was un.
related to interference with (Na* + K-)-
ATPase stabilization by acidic phospholipids.
The luck of sclectivity among phospholipids
for reversal of (Nav 4+ K*)-ATPase inar-
tivation by these two amphiphiles resembed
obsepvationa on ensyme inactivation by

ET AL,

purified (Nu" 4+ K- ATPuse ugainst ph
pholipase A inactivation, but did net .
port the cfieets of other phospholipic!
Since many factors, including detergen
(37) and organie sahvents (39), can inRuen.
the rates of hydroly sis of pure phospholipic
by phospholipase A or phospholipase C (23
the selectivity among phospholipids for pr
tection against (Na~ + K=)-ATPuase i:
.activation . was considered to be of limit
uscfulness for this investipntion.

The responsiveness .of (Na* + K-
ATPas to DDT and the more extensive
substituted biphenyis differcd frum that
aniouic amphiphilic compounds in sever
important respeets. Albumin provided ver
little protection against or reversal of
zyme inactivation by DDT or Aroclor 127
(Tubles 5 and B); presumahly because of
relatively low affinity for evtensively chi
rinated hydroearbons, Anionic mnphiphil
compounds could wecentuate (Na* + K-
ATPase inactivation in a temperature-d.
pendent fashion (Fig. 3; Tubles 2 and 3
Lut the chlorinated hydroenrhons were w
able to do so (Table 4). Temperature dv
pendence was assumed to refleet the influend
of variations in membranal phospholipi
hydrocarbon phase fluidity on the ecow
enzyme inactivation,

The structure o chlorinated hydroea
bun dispersions probably differs from 1,
micellar structure of the anionic amphiphil-
in that nn.ionizable groups ean exist at th
eurface of hydmearhon  dispersions. How
ever, it has not bLeen possible to defis.

phuspholipase C (23). Stahl observed that
maximum  inactivation of brain (\a +
K-, ATPase resulted when phosy s

C hydrolyzed 95 % of the enzyme-assoc jated
phmphahd) Icholine: and 65 % of the phes-
phatidylserine plus phosphatidylinositol (23).
Although pure phospholipids were hydro-
lyzed a1 markedly different rates by ph
phulipase C (30), they were equally effectivi
in reversing (Na* 4 K+)-ATDPase inactiva-
tion by phospholipase C (23).

The selectivity among phospholipids in
protecting against (Xn* + K+).ATDPase
inactivation by phospholipase A (Fig, 4)
eonld be oxplained, in part, on the basis of
apparent substrate preference of phosphe-
lipase A fur the pure phospholipids, Hokin
and Hexwm (13) had observed that pure
phesphatidylcholine protected their highly

any properties  of  oil-in-wate
dispersions of DDT (31). The Xeray di
fraction pattern of DDT sedimented foa
an oil-in-water dispersion, sueh as the o
in Table 1, was identical with that .
crvstalline DDT.* The packing pattern i
the crystal lattier of DDT did not reve:
any unanticipated  potential  for  inte
mulecular  dipole-dipole or dipole-induce
dipole interactions (39).

In regard to the molecular associutic
capubilities of the hyvdeocarbons, DDT ea
arsociate 1o ggnificant extents with indo)
(40}, phenyl (40), and phosphate grouy
(41). However, hydrogen tonding of chi
rinuted hydroearbons to phespholipid phoe

PN, Mororoff, perevtud communication.
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phate groups must be unrefated to (Na* +
KO)-ATPase innetivation, since DDE (Table
5) and the PCBx are incapable of such inter-
actions (i.¢., these inhibitors do not possess
henghydryl hydrogens).

The acidic phospholipid selectivity for

protection ugnum and reversal of (Na* + -

K*)-ATuse inactivation by DDT, Aroclor
1234, and deoxyeholate obviously mimics
that fur reversal of enzyine inactivation by
phospholipase A. Sinee this seleetivity eannot
he explained on the basis of structural or
*other prapertier of the inhibitors, it must
refleet properties o the (Na* +  K+)-
ATPasex. Thee studies support the hypothe-
sis that the extensively chlorinated nromatic
hydroenrhens DDT and Aroclor 1234 inac-,
tivate membrane (Na+ '+ K+)-ATDases by
interfering: with the tabilizing function of
ucidic phespholipids.
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