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Abstract The toxicity of 4-chlorobiphenyl, a constituent of Aroclor 1221, was studied in mouse L5178Y 
cells, in vim). 4-Chlorobiphenyl had a varied effect on the uptake of small precursor molecules. Uptake 
of [3H]L-leucinc, [~H]L-serine, [rH]uridine and [rH]thymidine was inhibited, while that of 
[3H]inositol was stimulated. There was no significant effect on either [~4C]ethanolamine or [~'*C]cho- 
line uptake. However 4-chlorobiphenyl significantly inhibited the incorporation of [~4C]ethanolamine 
into phosphatidylethanolamine and caused a 2- to 3-fold stimulation in the incorporation of [~4C]cho- 
line into phosphatidylcholine. This effect on phosphatidylcholine metabolism depended on the adsorp- 
tion and continued presence of 4-chlorobiphenyl on the cell plasma membrane. The stimulation of 
[l~C]choline incorporation was reversed when treated cells were placed in fresh growth medium under 
conditions where 95 per cent of the 4-chlorobiphenyl was desorbed from the cell surface. The effect 
of 4-chlorobipfienyl on substrate uptake and phospholipid metabolism appears to depend upon the 
interaction of the agent with the cell membrane surface. 

The widespread occurrence of organochlorine com- 
pounds and their persistence in the environment have 
raised concern with respect to their detrimental bio- 
logical activity in man as well as in a wide range 
of animal and plant species. The toxicity of polychlor- 
inated biphenyl mixtures {PCBst to several tissue cul- 
ture cell lines has been recently reported [1 3]. When 
toxicity of these commercial mixtures (Aroclors) was 
compared on an equal weight basis in Chinese ham- 
ster cells, it was observed that the toxicity increased 
as the average percentage of chlorine in the Aroclor 
mixture decreased [3]. In toxicity studies with chicks 
and fish, the toxicity of the Aroclors was also found 
to be inversely related to the percentage of chlor- 
ine[4,5] .  Other investigators have reported that 
several different Aroclor mixtures inhibited both 
Mg 2+ ATPase and Na+-K + ATPase in fish prep- 
arations [6] and disrupted osmoregulation in marine 
fish [7]. These results imply that some component(s) 
of PCBs are active m affecting membrane transport 
mechanisms. 

Previous investigation in this l abora too  on 
1,1,1-trichloro-2,2-bis-Ip-chlorophenyltethane (DDT) 
toxicity in mouse L5178Y lymphoma cells suggested 
that DDT was expressing its toxic effect at the plasma 
membrane level [8]. Furthermore, the toxic effect did 
not depend on any detectable change in the molecular 
structure of the parent compound. Subsequently, 
DDT was shown to cause a perturbation in phospho- 

* Both lysed cells and spent culture medium (cells 
removed) were tested for the presence of mycoplasmas by 
culturing aliquots on mycoplasma agar base (BBL 11456, 
BioQuest) and mycoplasma broth base (BBL 11457) sup- 
plemented with mycoplasma enrichment (BBL 11865i. In- 
cubations were both aerobic and anaerobic at 35 37. The 
results were negative for mycoplasmas. 

lipid metabolism [9]. The availability of specific low 
molecular weight compounds of the PCB mixture 
Aroclor 1221 provided an opportunity to study the 
effects of this class of organochlorine compounds on 
transport and cell metabolism. 

Several constituents of Aroclor 1221 were com- 
pared for toxicity in mouse L5178Y lymphoma cells, 
and 4-chlorobiphenyl (4-C1-BP) proved to be the most 
toxic of the compounds studied. The effects of 
4-C1-BP on the incorporation of selected precursors 
of macromolecular synthesis have been investigated 
with the objective of attempting to characterize the 
mode of action by which the toxicity is being 
expressed. 

MATERIALS AND M E T H O D S  

Cell culture and expo,s~re protocols. Mouse L5t 78Y 
lymphoma cells were grown in suspension as shake 
cultures in a model G25 Brunswick Gyrotory incuba- 
tor-shaker at 37 ~. The complete growth medium was 
composed of Fisher's medium, pH 7.0, supplemented 
with 10% horse serum, 50 units of penicillin/ml, 
50rag streptomycin/liter, 2.2g NaHCO3/li ter  and 
0.1'! o pluronic F-68 (Wyandotte Chemical Corp.). Cell 
numbers were determined with a model B Coulter 
counter, Cells were determined to be uncontaminated 
by mycoplasmas.* 

Exposure of cells to chlorinated biphenyls or to 
mixtures of polychlorinated biphenyls (e.g. Aroclor 
1221) was performed by adding dimethylsulfoxide 
(DMSO) solutions of the biphenyls to cell suspensions 
(1.30 _+ 0.10 x 105cells/mlt which had been subcul- 
tured in fresh medium. Corresponding amounts of 
dimethylsulfoxide were added to controls. Inhibition 
of cell replication was determined after 24~26 hr of 
incubation at 37'. The degree of toxicity was 
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expressed as per cent inhibit ion relative to the control  
or as an lD2s or IDso concentrat ion  (/Lg/mll. 

In acute toxicity studies, 4-C1-BP was preincubated 
at 3 7  overnight (16hr) in complete growth med- 
ium. Subsequently, cells taken from cultures in expo- 
nential growth were then subcultured lat 
5.25 _4_ 0.25 x 105cells/ml) in the above biphenyl 
preincubation medium. At this cell concentration, the 
uptake of all labeled substrates was linear for 
90 120 min; therefore, 60 min was selected R~r the in- 
cubation time. 

Determination Of radioacticitv in whole culls aml 
acid-insoluble ji'actions. For the determination of 
labeled precursor uptake into whole cells, three repli- 
cate 10-ml volumes of cell suspension (approximately 
5.0 × 10 ~' cells) were collected at appropriate time in- 
tervals and were immediately placed in an ice bath. 
The cells were sedimented at 200g in an IEC model 
PR-2 refrigerated centrifuge for 7 min and were then 
washed twice in 5 ml of Earle's balanced salt sohition 
(EBSS). 

In order to prepare the acid-insoluble fractions, a 
second set of three replicate 10-ml vohimes of cell 
culture was also cooled in an ice bath. All subsequent 
steps were carried out at 4'. The cells were sedi- 
mented and washed once with 5 ml EBSS. The cell 
pellet was suspended in 1.0 ml saline and mixed with 
1.0ml of 1N perchloric acid. The mixture was 
allowed to sit for 20 min to facilitate complete precipi- 
tation. The precipitate was sedimented at 400q for 
7 min, washed twice with 2.0-ml volumes of 0.5 N 
perchloric acid, and once with 2.0 ml of 0.5 N trichlor- 
oacetic acid. 

When incorporation of [3H]L-serine was being 
determined, another set of acid-insoluble fractions 
was prepared and the lipid fraction extracted in order 
to distinguish between the [3H]L-serine that was in- 
corporated into phospholipid from that incorporated 
into protein. The lipid fractions were removed by 
washing the acid-insoluble residues successively with 
2.0-ml volumes of ethanol water (80:20, v/v}, ethanol 
diethytether (1:1. x/'v) and finally with diethylether. 

All cell pellet residues were solubilized in 0.2 ml 
of 88", formic acid at 37 ,  and added with 1.0ml 
water to 12 ml scintillator solution. 

Phospholipid isolation. Cell suspensions containing 
100 150 x 10 ~' cells were sedimented and the cell pel- 
let was washed with Earle's balanced salt solution, 
suspended in 2.0 ml saline, and homogenized by sent- 
cation. The phospholipid fraction was isolated 
according to the procedure of Folch et al. [ i0]  and 
recovered quantitatively with CHCI3. Aliquots were 
taken for analysis of radioactivity, phosphate and for 
thin-layer chromatography (t.l.c.). 

7bin-layer chromatography q[ pho,~pholilAds uml 
phosphate determination. The phosphatides were chro- 
malographed on Silica gel H, magnesium acetate- 
impregnated t.l.c, plates (Analtech) in a two-dimen- 
sional system according to the method of Rouser ul 
a/. [1 1]. 

The phospholipids were located by exposure to 
iodine vapor. The four major phospholipid com- 
ponents, phosphatidylcholine, phosphatidylethanola- 
mine, phosphatidylinositol and phosphatidylserine, 
were identified by comparing relative mobilities with 
those of standards obtained front Supelco, Inc, 

Phospholipid spots from replicate phltes were 
encircled and recovered. Phosphate analysis was per- 
formed according to the method of Bartlett F12]. 
Either one or the ()tiler of two procedures was 
employed to determine the specilic activity of 
[14C]methyl-choline or [ ~~('] I-2-ethanolamine incor- 
porated into their corresponding phospholipid frac- 
tion. In the first procedure, replicate phospholipid- 
containing Silica gel spots were recovered and 
assayed directly lor radioactivit3. Anofller set of cor- 
responding Silica gel spots was placed in tubes and 
digested directly wilh 62". perchloric acid prior to 
phosphate analysis, In lhc second procedure, replicate 
gel spots were extracted lhree times with 2.0-ml 
vohnncs of chloroform methanol acetic acid water 
112:6: l : l ,v :vL The pooled exlracls werc taken to 
dryness under N2 and [he residue rcco\ered in 1.0 ml 
chloroform mcthanol (2: l ,x x: (/.1 nil was renlt~xed 
R~r determination of radioactixily. The remaining 
volume was taken to dryncss for phosphate analysis. 
In both procedures, appropriate-sized bhmk areas of 
Silica gel were lreated in a similar manner to scrxc 
as controls. 

..hlsorption o1[ ' 4(.]4_chhn.ohipheny/Io 1,517S }~ elL. 
[I~C]4-CI-BP was diluted with carrier 4-CI-BP and 
added to complete medium so that the specific uctixi- 
ties (dis. rain mli would be identical at lv, o concen- 
trations, 20 pg and 40/rg ml, After overnight preincu- 
batten, the medium was filtered throtrgh a ().2()!ml 
Nalgene filter. The specific actbities of the medium 
were lower after filtration, and the concentrations of 
[I*C]4-CI-BP were recalcuh/ted. Thc linal concen- 
trations of ["~C]4-C1-BP. after the addition of cells. 
were 18 pg, ml [sp. acl. 1700 dis. rain l ' g ) and  33 Itg ml 
tsp. act. I670 dis. rain l~gl, Cells x~,ere resuspended in 
the medium at two concentration levels, 
0.50(l > 10 e'cellsml and 1.0 × l (Pcc l l sml  at each 
concentration of [ I~C]4-CI-BP. 

Replicate 10-ml volumes of cell suspension were 
taken at 0 time and after 1. 2 and 4 hr of incubation. 
Adsorption of [I"*C]4-CI-BP was measured by deter- 
mining the radioactivity associaled with the cell pellet 
after sedimentation :it 200~/ for l()min. Ten-ml 
vohlmes of conlrol medium (no cellsl were taken al 
zero-time and at 4hr. The amount of radioactbitv 
sedimenting fi'om the control medium did not exceed 
100dis. min 10 ml at cither collccnl r~llioll of 
[IaC]4-C1-BP. 

After initial sedimentation, [~4(I4-( ' I-BP ~as 
desorbed from the cells by' careful washing in 10 Illl 
of complete medium. One wash was sufficient to 
remove O5 per cent o1" the radioactivity associated 
with the cell pellel. A second wash reduced the 
radioactivity to background levels. The incubation, 
sedimentation and washing procedures were carried 
out at 37 . The cell pellets were solubilized m i).2 ml 
of H8". formic acid and assayed for radioacti,,iiy :is 
previously described. 

Clwmical,s uml rudioi,somlW,~. The commercial 
polychlormated biphen31 mixtures. Aroclors 1221, 
1242, 1248, 1254 and 1260, were obtaincd from Mon- 
santo. Biphenyl ~,as obtained flom Eastman Kodak 
Co.: 2-chlorobiphenyl and 3-chlorobiphenyl were 
obtained from K & K Laboratories lnc.: 4-chlorobi- 
phenyl and 4,4'-dichlorobiphenyl were obtained from 
Aldrich Chemical ('o. 
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[3H]5-Uridine  120 Ci/m-mole} was purchased from 
Schwarz BioResearch. [~'~C]l,2-Choline (0.25mCi 
5.6 mg), [ laC]methyl-chol ine  (1 mCi/3.37 mg), [3I t]  
methyl- thymidine (5 mCi/0.26 mg), [>*C]l ,2-ethano- 
lamine HCI (1 mCi/48.7 rag), [3H]4,5-L-leucine (5 mCi/ 
0.021 mgt, [aH]2-myoinosi tol  (5mCi/0.26mg}, and 
['~H]L-serinc {1 mCi/0.047mgl  were obtained from 
New England Nuclear. [ l¢C]4-Chlorobiphenyl  (0.91 
mCi/188mg,  ring-labeled) was a gift from Dr. E. 
Oswald. 

Radioaetirity nleastwenlents. The liquid scintillation 
solution contained 1330ml of Triton X-100, 2670ml 
toluene, 22 g of 2,5-diphenyloxazole (PPO) and 400 mg 
of 1,4-bis[2(5-phenyloxazolyl)]benzene (POPOP).  
Radioactivity was determined using a Packard Tri- 
Carb  liquid scintillation spectrometer (model 338% 
544t. 

RESULTS 

Toxicity ,~tudies. The sensitivity of L5178Y cells to 
polychlorinated biphenyl mixtures was first investi- 
gated with the commercial  preparation,  Aroclor 1221. 
The IDso concentrat ion was 1 1 . 6 + 0 , 8 H g / m l ;  this 
concentra t ion is equivalent to 6 x 10--5M when 
based on a molecular weight of 194 which is assumed 
to be appropriate  for Aroclor 1221. Five commercial 
Aroclor mixtures were then compared for toxicity at 
a 5 × 10 5 M concentration.  All of the Aroclor mix- 
tures inhibited cell growth to nearly the same degree, 
from 27 to 36 per cent fTable 1). No single Aroclor 
mixture was significantly more toxic than another.  

Five major  chemical const i tuents  of Aroclor 1221 
were obtained in pure form (see Materials and 
Methods). These compounds,  which comprised 80 per 
cent of Aroclor 1221, were compared for toxicity on 
the basis of equivalent molarity, at 5 x 1 0 - S M  
(Table 1). 4-Chlorobiphenyl  (4-C1-BP) proved to be 
four times as toxic as 2-chlorobiphenyl,  the next most  
toxic component  of Aroclor 1221. Biphenyl, 3-chlnro- 
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Fig. 1. Typical growth curve of LYI78Y cells in the pres- 
ence of varying concentrations of 4-C1-BP. The per cent 
inhibition of cell growth at 25 hr is indicated by the figures 

enclosed in parentheses. 

biphenyl and 4,4'-dichlorobiphenyl showed little or 
no significant toxicity. 

Becaq,se of its relatively high toxicity, 4-CI-BP was 
selected for further investigation. The 1Dyo of 4-CI-BP 
was found to be 4.6 +_ 0.6 ttg/ml. Concentra t ions  of 
10 ~g/ml consistently inhibited cell growth 80-90 per 
cent of control when toxicity was compared at inter- 
vals equivalent to two or more generation times {Fig. 
1). There was no greater inhibitory effect at 15 or 
20 t~g/ml, when toxicity was compared at similar time 
intervals. 

E[lbet ol 4-chlorbiphenyl on protein, RN A and DN A 
synthesis. The effect of 4-C1-BP on protein, RNA and 
DNA biosynthetic pathways was investigated by mea- 
suring the uptake and subsequent incorporat ion of 
appropriate  radioisotopically labeled precursors into 
whole cells and acid-insoluble fractions of LY178Y 

Table I. Toxicity of chlorobiphenyl compounds in mouse L5178Y lymphoma cells 

No. of Mol. #g/ml at 
Compound chlorines* wti" 5 × 10 5M % Inhibition 

I 194 9.7 36 
3 258 12.9 27 
4 292 14.6 32 
5 327 16.3 33 
6 361 18.1 35 

Aroclor- 1221 
1242 
1248 
1254 
126(} 

",;Composition Mol. #g/ml at 
Compound 1221{ wt 5 x 10 5M " Inhibition 

Biphenyl 22 154 7.7 8 
2-Chlorobiphenyl 28 188 9.4 17 
3-Chlorobiphenyl 3.2 188 10.2§ 3 
4-Chlorobiphenyl 22.6 188 9.4 70 
4-4'-Dichlorobiphenyl 3.7 223 I l.l 10 

* Average number of chlorine atoins substituted on biphenyl based on the per cent 
of chlorinc in the mixture. 

+ Average molecular weight of the Aroclor mixturc based on the average number 
of chlorine substitutions on biphenyl. 

{. The figures for the per cent composition of the listed constituents of Aroclor 
1221 were kindly provided by Dr. Phillip Albro, Analytical Chemistry Branch, NIEHS. 

3-Chlorobiphenyl is in liquid form: it was added at 5.4 x 10 gM concentration. 
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Table 2. Effect of 4-chlorobiphenyl on [3H]t,-leucine, [3H]uridine and [.'~H]thymidine incor- 
poration into whole cells and acid-insoluble fractions of mouse LS178Y lymphoma tells 

Whole cells Acid-it{soluble 

Radioactivity Radioactix itv 
4-CI-BP Idis.:mm,10 ~ (d s.,m 1 0 ~' 
I/~g,,'mll cellsl " Inhibition cells1 " Inhibition 

[~H ]l -lcucine* 

2O 
4O 

[3H]uridine* 

20 
40 

[3H]thymidine* 

20 
40 

4,390 I .,"; 01 ) 
3,800 13 1,530 15 
3,030 31 1,200 33 

3,430 1,23{) 
2,710 21 1,070 13 
2,300 33 8S0 2 ~) 

13,650 9.950 
8,850 35 5,750 42 
6,250 54 3,431) (~(~ 

* Sixty-rain incubation. 

cells. [3H]5-Uridine and [aH]methyl- thymidine  sup- 
plemented with unlabeled carrier (1 x 10 s M) were 
used as precursors for RNA and DNA biosynthesis 
respectively. [3H]4,5-L-leucine was the precursor for 
protein synthesis. Acute toxicity of 4-CI-BP was stud- 
ied at 20 and 40/,g/ml,  concentrat ions which could 
be expected to inhibit cell growth 90 per cent or more 
(Fig. 1). The toxicity at these concentrat ions was 
reversible, since the cell viability of washed cells 
(measured by cloning efficiency) was 96 and 86 per 
cent, respectively, after the 60-rain incubation period 
in the presence of the compound.  

The uptake of all three precursors into whole cells 
and their subsequent  incorporat ion into the acid-inso- 
luble fractions was inhibited at both concentrat ions 
of 4-C1-BP (Table 2). The inhibit ion of [3H]methyl-  
thymidine uptake and incorporat ion was nearly twice 
that of [3H]5-uridine and [3H]4,5+-leucine. In all 
instances, there was a high correlation between the 
degree of inhibition of precursor uptake into the 
whole cell and the subsequent degree of inhibit ion 
of precursor incorporat ion into the acid-insoluble 
fraction. These results indicate that 4-CI-BP does not 
directly inhibit either protein, RNA or DNA syn- 
thesis. Rather, the pr imary effect of 4-CI-BP appears 
to be on the uptake of these small precursor mob  
ecules across the cell membrane.  

FJ.]i'ct o f  4 -ch lorob ipheny l  on phospholil~id mctab~-  
lism. Results from investigation on DDT toxicity m 
this laboratory had suggested that DDT was express- 
ing its toxic effect at the plasma membrane of L517SY 
cells; subsequently, DDT was shown to cause a per- 
turbat ion of phospholipid metabolism [8.9].  LSI78Y 
cells have been analyzed quanti tat ively tbr their phos- 
pholipid content and it was found that four phospho- 
lipid species comprised nearly 94 per cent of the total 
cell phospholipid. Phosphatidylcholine accounted for 
54 per cent; phosphat idylethanolamme.  28 per cent: 
phosphatidylinositol,  7.5 per cent: and phosphatidyl- 
serine, 4.0 per cent. The remaining 6 per cent was 
not identified. These values are similar to those de- 
scribed for the phospholipid composit ion of mouse 
fibroblasts [13]. 

The results cited above suggested that 4-CI-BP Iox- 
icity, like that of DDT. was being expressed at the 
plasma membrane  level, and causing some aberrat ion 
in phospholipid metabolism: therefore, the effect of 
4-C1-BP on the metabolism of four precursors of 
phospholipid biosynthesis was investigated. 

Uptake  and incorporat ion of [3H]i,-scrmc and 
[-~H]2-myoinositol into whole cells and the acid-inso- 
luble fraction were compared at 4-CI-BP concen- 
trations of 20 and 40/~g/ml. [~H]l.-serinc uplakc and 
incorporat ion were inhibited to lhe same degree as 

Table 3. Effect of 4-chlorobiphenyl on [~'*C]l,2-ethanolamine incorporation into whole cells, acid-insoluble and phos- 
pholipid fractions of mouse L5178Y lymphoma cells* 

Whole tells Acid-insoluble Phospholipid fraction Phosph atidylethanolamine 

Radio- Radio- Radio- Radio- 
activity activity actixity activity 

4-CI-BP (dis.,min/ " (dis.:min: " Idis. /min.  " Idis. rain " 
{t~g/ml) 10 ~' cells) Inhibition 10" cells) Inhibition llg PO.~) lnhibilion t~g P()-0 Inlaibition 

23,650 17.120 12.750 30.890 
20 23.860 ( I )t 12,740 26 8,540 33 21.850 2 ~) 
40 20.330 14 5.430 68 4,170 67 I 1,760 (,2 

* Sixty-rain incubanon. 
+ Indicates increase in uptake: essenlially, no change. 
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Table 4. Effect of 4-chlorobiphenyl on [~'~C]methyl-choline incorporation into whole cells, acid-insoluble and phospho- 
lipid fractions of mouse L5178Y lymphoma cells* 

Whole cells Acid-insoluble Phospholipid fraction Phosphatidylcholine 

Radio- Radio- Radio- Radio- 
activity activity activity activity 

4-C1-BP (dis./min/ !!o (dis./min/ '?~, (dis./min/ i!~, (dis./min/ '!,, 
(/xg/ml) cells) Control 106 cells) Control /~g PO4) Control ctg PO,0 Control 

5950 170 135 220 
20 5850 98 410 241 300 222 485 220 
40 5480 92 540 318 420 311 655 298 

* Sixty-min incubation. 

that observed for [3H]L-leucine and [aH]5-uridine 
(Table 2) at similar concentrations of 4-C1-BP. In con- 
trast, [3H]2-myoinositol uptake and incorporation 
were stimulated 17-20 per cent; there was no signifi- 
cant difference in the degree of stimulation at either 
4-C1-BP concentration. The primary effect of 4-C1-BP 
appeared to be on uptake of [3H]L-serine and 
[3H]2-myoinositol, and in both instances, the incor- 
poration of labeled precursor into the acid-insoluble 
fraction reflected the degree of uptake by the cells. 

Though 4-C1-BP had relatively little effect on 
[ ~ 4C] 1-2-ethanolamine uptake, there was a significant 
inhibition of incorporation into the acid-insoluble 
fractions at both concentrations (Table 3). In order 
to confirm that the inhibition of incorporation into 
the acid-insoluble fraction did reflect inhibition of 
phosphatidylethanolamine (PE) synthesis, the phos- 
pholipids were extracted from the cells, and the PE 
fractions isolated and recovered via t.l.c. The degree 
of inhibition reflected in the relative specific activities 
of PE compared well with the specific activities calcu- 
lated on the basis of [~4C]l-2-ethanolamine incorpor- 
ation into the acid-insoluble fraction (dis./min/106 
cells} or into the total phospholipid fraction (dis./ 
min/l~g PO4) (Table 3). Ninety-five per cent of the 
radioactivity in the total phospholipid extract was re- 
covered as PE. 

Incorporation of [14C]methyl-choline. The most 
striking effect of 4-C1-BP was observed on 
[~C]methyl-chol ine  metabolism and the biosynthesis 
of phosphatidylcholine. There was no significant effect 
on choline uptake into whole cells (Table 4), but there 

was a 2- to 3-fold increase of incorporation into the 
acid-insoluble and phospholipid fractions. The in- 
crease of [~4C]methyl-choline incorporation into the 
acid-insoluble fraction increased with the 4-CI-BP 
concentration. Nearly 100 per cent of the radioacti- 
vity in the acid-insoluble fraction could be accounted 
for in the total phospholipid extract and 95 per cent 
of this activity was recovered as phosphatidylcholine. 

Since 4-C1-BP did not appreciably affect choline 
uptake from the medium into the cell, it could be 
expected that the increased incorporation of 
[14C]methyl-choline into phosphatidylcholine might 
be reflected in an increased incorporation of labeled 
precursor into one or several of the biosynthetic inter- 
mediates. 

However, when the intermediates of phosphatidyl- 
choline (PC) biosynthesis, phosphorylcholine, and 
cytidine diphosphate choline (CDP-choline) were iso- 
lated from the acid-soluble fraction and resolved by 
t.l.c, according to the method described by Plage- 
man [14], there was no difference found in the speci- 
fic activities of the recovered intermediates from con- 
trol and treated cells. Ninety-five per cent of the acid- 
soluble radioactivity was recovered as phosphoryl- 
choline. There were no quantitative differences in the 
relative amounts of total phosphatidylethanolamine 
or phosphatidylcholine recovered from control and 
treated cells. Thus, the change in the specific activities 
of these two phosphatides may reflect changes in their 
turnover rates in treated cells. 

Adsorption o[ [~4C']4-CI-BP on L5178Ycells. Since 
the evidence suggested that 4-C1-BP toxicity was 

Table 5. Adsorption of [ 14C]4_chlorobipheny 1 on the surface of mouse L5178Y 
lymphoma cells 

Radioactivity* Radioactivity 
[I~C]4-C1-BP (dis./min/ Cell concn (dis./min/ 

(/~g/ml) 10 ml cell susp.) (106 cells/10 ml) 106 cells) 

Zero-time incubation 
18 4,20(I 5.4 780 
18 8,800 10.3 850 
33 8,370 5.2 1,610 
33 16,860 10.2 1,650 

Two-hr incubation 
18 4,330 5.4 800 
18 8,450 10.6 800 
33 8,840 5.4 1,640 
33 17,400 10.7 1,630 

* Amount of radioactivity adsorbed to cells present in 10 ml of cell suspen- 
sion. 
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being expressed at the level of the plasma membrane. 
it became of inlerest to study the extent of the interac- 
tion of 4-C1-BP with the membrane  surface of the 
cells. L5178Y cells were incubatcd at intervals Lip tO 
4 hr at tv.,o conccntrat ions of [ IaC]4-CI-BP {described 
in Materials and Methodsl. These concentrat io t> 
werc nearly the same as lhose which had been shoran 
to st imulate [ taC]methy l - cho l ine  mcorporat ion.  The 
data for zero-time alld the 2-hr incubation period arc 
compared in Table 5. The results clearly show thai 
nearly all of  the [ t a c ] 4 - C I - B P  that wi l l  be adsorbed 
to the cells, ilbsorbs immediately. The amoullt Of 
radioactivity absorbed per 10 ~, cells rcnlaincd con- 
slant  during I, 2 and 4 hr of incubation. At both con- 
centrat ions of 4-C1-BP. the degree of adsorption was 
proport ional  to the cell popuhtt ion density, and of 
the total [ laC]4-CI-BP available in the culture 
medium. 1.5 and 3.0 pet cent were adsorbed to ttlc 
cells at the lower and higher cell densities respectively. 
It was noted wilh mteresl that, when the cell pellet 
~as  washed with complete medium. [ laC]4-CI-BP 
yeas as easily desorbed as it was initially absorbed 
to the cells. Recent data (unpublishcd) indicate that 
the rate of desorption is significantly decreased when 
serum is omitted from the washing medium. This sug- 
gests that some sermn component ,  e.g. serum protein, 
competcs for the compound absorbed on the plasma 
membrane  and that the 4-CI-BP is not bound tiglltly 
to the cell surface. 

The observation that 4-CI-BP ~,as so easily and 
nearly completely desorbed from treated cells when 
they were washed with h-esh meditim raised the fol- 
lowing question. Did the 2- to 3-fold stimulation of 
choline incorporat ion into phosphatidylcholinc bv 
4-CI-BP occur only while the 4-CI-BP was adsorbed 
on the cell membrane? In order to at tempt to answcr 
this question, the following experiment was per- 
formed. 

Complete medium was premcubaied with 20 and 
40 Hg 4-CI-BP,'ml in the tiSl_lal manner. Exponent ia l ly  
growing cells were collected and suspeuded in repli- 
cate control and 4-Cl-BP-trcated cultures. All ctllturcs 
were incubated for lh r .  In one set Of cultures. 
l ia(7]methx, l-chol ine ~as added to dcrnonslratc tile 
tlSU~.Ii eltL'ct of 4-CI-BP on the tlpiakc and incorpof- 
al ien el + chol ine into whole cells and the :icid-insohl- 
Me fraction respectively. At the end of d~is incubation 
period, the cells treated with 4-CI-BP in the absence 
of [ laCJmethyl-chol inc x~el-e centrifuged alld rcstls- 
pcndcd in medium without 4-CI-BP. Then tile cells 
w e r e  either (ti) added back to fresh medium centare- 
ing the same concentrat ion of 4-( ' I -BP lhtlt the} had 
been previously incubated in, or Ib) added to fresh 
medium wi thou t  4-CI-BP. I la ( ' ]Meth) , l -cho l ine ~as 
added to till cultures alld they were incubated for {111 
addi t ional  60rain.  Uptake of [ taC]methyl-chol inc 
l i l le  whole cells and further incorporat ion into the 
acid- insoluble fractions were measured in the usual 
nlalll ler alld con]pared. 

In the lhsl 60-miri h lcubat ion period, the rcsulb 
were as expected. The rate of [ l+C]methyl-cholinc in- 
corporat ion into the acid-insoluble fraction was 
stimulatcd 2.5- and 3.5-1bid (Table 6). 

( 'ells which were treated with 4-CI-BP 1~1 + at1 ad- 
ditto)hal 60-rnin interxal, but flOW i l l the presence of 
[ i4Cln lc lh) , l -cho l inc ,  also showed a st imulat ion of 
c]lol inc incorporat ion into the acid- insoluble fraction. 
thou<,tl~, llOt to the same de~rc¢., At 20 leg 4-CI-BP llll+ 
the st imulat ion was 175 per cenl of cont ro l :  and at 
4()/tg, ml, it x~as 230 per cent Of control. In contrasl. 
howex, cr. there was no cont inued st imulat ion of 
[ l~C]n lc thy l -cho l ine  incorporat ion rote Ihe acid-inso- 
luble fraction of  those cells from which 4-( ' I -BP had 
been desorbed after a prei l lcubat ion inter~al of  6(1 mm 
in the presence of thc compotlnd: instead there was 
u decrease of incorporat ion v~hich was inxersel3 pro- 

Table 6. Efl{:ct of preiricubation with 4-('I-BP on the incot-pol-aiion of [l¢(,]mcth_~l_cholinc 
into whole cells alld acid-illsolublc fraction of nlOtlSC [+517SY 13 illphollla cells 

Whole cells .%cid-msolublc fraction 

Radioacti,,ily Radioacli~iD 
4-('I-BP Idis. 'rain Idis nlin 
ling roll I() ~ cellsi ",, Control 10" cells) ", ( 'ollt lOl 

1 60 nl i l l *  
15,970 25O 

20 15,370 96 63O 252 
40 13.010 87 ~91) 356 

IlA 60 mine 
15.370 340 

20 12,920 84 601) i 70 
40 12.980 84 790 232 

rll~ 6o n'lin.:*. 
16.24(I 3<'40 

1201 14.440 89 310 ~2 
140t 16.000 9,<4 230 60 

* l: first 60-nlhl interval of [~'~C']mei.h)l-choline mcorporation coinciding x~ith the incuba- 
tion of replicate cultures in 4-OI-BP wilhoul labeled c11olm¢. 

i I IA: second 60-mhl inlor'val of [ l¢( ' ]methyl-cholhlc incorporation into 4-CI-ltP proincu 
bated cells lhat were rostlSpelldcd hi medium containing tl}c same corresponding concen- 
trations of 4-C1-BP. 

+ l IB; incorpor;ilJon of [ l"C]inethyl-chol inc into coils preincubalod in 4-CI-BP, btll iCStlS- 
ponded m fresh modiun~ ~ithout 4-(']-BP. Preincubation concctllratioi/s o[" 4-el- l iP tii-c 
enclosed in pkll'Clllhgsl2S. 
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portional to the concentration of 4-CI-BP that the 
cells had previously been exposed to. Uptake of 
[14C]methyl-choline into whole cells was slightly in- 
hibited by 4-CI-BP, but the degree of inhibition was 
variable and followed no consistent pattern of corre- 
lation with 4-C1-BP concentration. These results do 
not explain how the adsorption of 4-CI-BP on the 
cell membrane ~timulates the incorporation of choline 
into phosphatid31choline, but it is clear that the 
stimulation is dependent on the continued presence 
of 4-CI-BP on the cell membrane surface, 

DISCUSSION 

When the Aroclor mixtures were compared for tox- 
icity at a 5 x 10 5M concentration, no significant 
difference in toxicity was observed. This observation 
differs from that reported earlier by Hoopingarner et 
aL [3]. These investigators found that, in Chinese 
Hamster cells, the various Aroclor mixtures were 
generally more toxic as the percentage of chlorine in 
the mixture decreased. However, in the latter studies, 
the Aroclor mixtures were compared on the basis of 
equal weight, e.g. itg/'ml (ppmt, rather than on the 
basis of equivalent molarity. If toxicity of Aroclor 
1221 (average tool. wt, 194) is compared with that 
of Aroclor 1260 (average tool. wt, 3611 on the basis 
of equal j,g/ml (ppm), then Aroclor 1221 will be pres- 
ent in nearly twice the molar concentration of Aroclor 
1260 (Table 1). This difference in molar concentration 
may account lot the restdts of Hoopingarner et al. [3] 
cited above. 

It is apparent that 4-CI-BP is causing pertubations 
in at least two areas of cell metabolism: (11 in the 
transport of small precursor (subslrate) molecules 
across the cell membrane, and 12) in phospholipid 
metabolism. Because of the limited number of sub- 
strafes investigated, no generalization can be made 
with respect to the nature of the 4-CI-BP effect on 
transport: however, one effect on transport was con- 
sistent. When 4-CI-BP significantly inhibited the 
uptake of a specific precursor from the medium into 
whole cells {Table 2), the degree of uptake inhibition 
was reflected in a corresponding degree of inhibition 
of precursor incorporation into the acid-insoluble 
fraction and, by implication, in the inhibition of pre- 
cursor incorporation into the terminal macromolecu- 
lar species of the biosynthetic pathway being investi- 
gated. 

The results are to be expected, because the inhibi- 
tion of labeled substrate uptake will result in a de- 
crease of the specific activity of the precursor in the 
acid-soluble pool, and subsequently, this in turn, will 
result in an apparent and similar degree of inhibition 
of precursor incorporation into the acid-insohible 
fraction of the cells. 

Plagemann [15] has reported that phenethyl alco- 
hol causes a similar effect on protein, RNA, DNA 
and phosphatidylcholine synthesis in Novikoff hepa- 
toma cells. He observed that the rapid and apparent 
inhibition of incorporation of isotopically labeled pre- 
cursors into the acid-insoluble fraction was actually 
due to the failure of phenethyl-treated cells to take 
up the precursors from the medium and incorporate 
them into the acid-soluble cellular pools. More exten- 
sive studies [16] on uridine and choline transporl and 

their subsequent phosphorylation revealed that the 
rate-limiting step in the conversion of uridine and 
choline into intracellular phosphorylated tbrms by 
whole cells was not that of the kinase activities, but 
rather of substrate entry into the cell. Thus, the major 
efl'ect of phenethyl alcohol appeared to be on the per- 
meation of these precursors. 

The variation in the 4-CI-BP effect on uptake of 
small precursor molecules reported here demonstrates 
that, m L5178Y cells, the substrates studied do not 
share a common mechanism of transport. Further- 
more, there was no meaningful pattern to the relative 
degrees of uptake inhibition. At 40/~g/ml, 4-CI-BP in- 
hibited L-leucine, L-serine and uridine uptake 31 33 
per cent and thymidine uptake by 54 per cent {Table 
2). But uptake of choline; ethanolamme and inositol 
was not significantly affected. At 10llg/ml {data not 
shown), 4-CI-BP had no significant effect on the 
uptake of any of the substrates studied. [t does not 
appear likely that inhibitory effect on precursor 
uptake represents the primary mechanism by which 
4-CI-BP toxicity is being expressed. 

The effects of 4-C1-BP on phosphatidylcholine and 
phosphatidylethanolamine metabolism appear to be 
independent of precursor transport, since uptake of 
the two substrates, [ l~C]l,2-ethanolamine and 
[l~C]methyl-choline, into whole cells is only slightly 
affected compared to the significant inhibition of 
phosphatidylethanolamine synthesis or alternatively 
to the 2- to 3-fold increase in phosphatidylcholine 
synthesis. In the latter instance, there was no differ- 
ence in the rate of choline incorporation into the 
phosphorylcholine pool of untreated and treated cells, 
and 95 per cent of the acid-soluble choline was re- 
covered as phosphorylcholine. Only a trace of 
radioactivity was found in CDP-cholme, indicating 
that the CDP-choline pool must be very small in 
L5178Y cells: a similar observation was made in 
Novikoff hepatoma cells [14]. It has been proposed 
that the rate-limiting reaction in the incorporation 
of choline into phosphatidylcholine is probably the 
synthesis of CDP-choline from phosphorylcholine 
and CTP [17]. 

Despite the 2- to 3-fold increase in the specific acti- 
vity of PC which occurred in 4-Cl-BP-treated cells. 
no quantitative difference in the amount of PC re- 
covered from control and treated cells could be 
detected. Since PC comprises 54 per cent of the total 
cell phospholipid, it could be expected that. if the 
increase in PC specific activity represented a signifi- 
cant increase in PC net synthesis, then that increase 
would be readily detectable by the analytical methods 
employed. Therefore, the stimulation of [~4C]methyl- 
choline incorporation into PC appears to represent 
an increase in the rate of PC turnover. 

Phospholipid turnover has been previously 
observed and described in cultured mammalian cells 
and in rat tissues in H~o. 

Gallaher e ta / .  [18] found that the half-life of PC 
in cultured baby hamster kidney cells was 2.0 to 
2.5 hr. Pasternak et al. [I9, 20] described PC turnover 
rates in neoplastic mast cells, human lymphocytes, 
and in a variety of rat tissues in rico, While the phy- 
siological significance is not understood, it does 
appear that PC turnover is characteristic of normal 
growing cells and tissues. 
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The s t imulat ion of  PC turnover  in L5178Y ceils 
by 4-C1-BP suggests that  the agent  is affecting either 
the rate of  P C  biosynthes is  or the rate of  degradat ion.  
This effect is p r obab ly  not  a direct one. There  is con- 
vincing evidence that  the endop lasmic  ret iculum is 
the site of  PC biosynthes is  in bo th  animal  and plant  
t issues[21 23]. In the work  presented  here, it was 
observed that. while [~4C]4-C1-BP was easily 
abso rbed  to the cells, there was no evidence that the 
labeled c o m p o u n d  was taken up by the cells. In some 
way, not  yet unders tood ,  the interact ion of  4-CI-BP 
with the cell m e m b r a n e  is able to influence the rate 
of  PC turnover.  A pre l iminary  exper iment  has 
revealed that  the s t imulat ion of  PC  turnover  occurs  
to the same extent  in the mi tochondr ia l ,  nuclear  and 
mic rosomal  fractions of  these cells. Thus,  PC turnover  
is not  l imited to the p lasma m e m b r a n e  c o m p a r t m e n t  
of the cell. 

It is not  known  at this t ime whether  the s t imulat ion 
of  PC  turnover  is directly related to the mechan i sm 
of4-C1-BP toxicity. However ,  several o ther  o rganoch-  
Iorine compounds ,  e.g. DDT,  ch lo rdane  and kelthane,  
which are also toxic to L5178Y cells [8],  have a simi- 
lar effect on PC turnover.  Kel thane,  the most  toxic 
of  the o rganoch lo r ine  c o m p o u n d s  s tudied [8], also 
elicits the greatest  s t imulat ion of  PC  turnover .  The 
mechan ism by which these o rganoch lo r ine  com-  
pounds  affect phospho l ip id  metabo l i sm is under  
further  investigation.  
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