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Abstract-The cellular and mole&ular mechanisms of met~ylmercuric chloride (CH~Hg~l~induc~ damage 
to the nerve tissue were studied in a monoiayer culture of glioma ceils (C-6). Chronic treatment of glioma 
cells with low concentrations (0.054.1 pM) of CH,HgCl produced a significant atteration in gene 
expression. as evidenced by changes in the amounts and net phsoph~ryIation profiles of specific proteins. 
However, the morphology and doubling time did not change. 

It is well established that methylmercuric chloride 
(CH,HgCl) causes a neurological disorder which is 
referred to as Minoan disease f 1,Zl. CH,HgCI accu- 
mulates in the central nervous system in large mounts 
after ingestion, or after intravenous or intraperiton~l 
administration [3-&f. To investigate the cellular and 
molecular mec~~sims of C~~~gCi-induced damage 
to nerve tissue, we have used monalayer cultures of 
glioma and neuroblastoma (NB) cells as an experimen- 
tal model. Our previous studies have shown that: (a) 
glioma cells are more sensitive than NB cells to 
CH,HgCl [ 71, and (b) alteration in cyclic AMP metab- 
olism may be one of the biochemical lesions produced 
by CH,HgCI in glioma and NB cells f8l. We now 
report that marked alterations in the amounts, and net 
phosphorylat~on profiles, of specific proteins are ob- 
served in glioma cells treated chronically with low 
~on~entratjons of CH,HgCi. 

Rat glioma cells f 91 (clone C-G), of passages 30-42 
i 101, were used in this study. The cells were grown in 
F 12 medium containing 10% fetal calf serum, and 100 
units/ml penicillin and 100 pg/ml streptomycin. Cells 
were maintained at 3 7’ in a humidified atmosphere of 
5% CO,. Confluent cells were routinely subcultured by 
washing the cells twice with phosphate-buffers saline 
(PBS), pH 7.0, and incubating them in the presence of 
0.25% trypsin sohrtion for 40 min. After incubation, 
the ceils were removed from the flask surface, trans- 
ferred into a centrifuge tube, and mixed well. An equal 
volume of growth medium was added to stop the action 
of trypsin. Cells were centrifuged at 700 rev/mm for 
7 min, pellets were resuspended, and an aliquot was 
taken into a new flask. For chronic treatment, the cells 
were grown in the presence of 0.1 PM (25 ng/ml) or 
0.05 /IM CH,HgCl for 40 days. Cells were subcultured 
every 6-7 days. For the experiment, cells (2 x 106) 
were plated in Lux tissue culture dishes ( 100 mm) and 
CH,HgCl (0.1 PM or 0.05 FM) was added the same 

day. The medium and CH,HgCl were changed 2,3 and 
5 days after plating. 

The cells were harvested when confluent (6 days 
after plating) and were washed twice with 10 vol. of 
phosphate-buffered saline, pH 7.0. The subceliular 
fractions were prepared according to the method de- 
scribed Previousiy f 111. The celt pellets were sus- 
pended in approximately 2 vol. of ice-cold 0.05 M 
Tris-HCI, 0.25 M sucrose, 3 mM MgCl,, 4 mM 2- 
mercaptoethanol and 2 mM phenylmethylsulfonyl 
fluoride (PMSF), pH 7.4, and were homogenized at 
5000 rev/mm for 3 min (5 strokes) using a Potter- 
Elvehjem tissue grinder. The homogenates were centri- 
fuged at 800g for 30 min at 4* in a Sorvall RC2-B 
centrifuge. The supernatant fractions were recentri- 
fuged for an additional 30min at 8OOg. 
Crude ~~&l~~r preparations. The appropriate nuclear 
pellets (800 g) from the two ~en~ifugations were com- 
bined, dispersed in 5 vol. (2 ml) of the above Tris-HCI 
buffer. and centrifuged at 800 g for 30 min. The nuclear 
pellets were washed again by resuspending in 5 vol. of 
the Tris-HCl buffer, and recentrifuging at 800 gfor 30 
min. The nuclei were dispersed in 1.0 ml of the Tris- 
HCl buffer and homogenized after 30 min in a Dounce 
tissue grinder. 

Cytosols. The 800 g supernatant fractions obtained 
at the initial step were centrifuged at 100,000 g for I.5 
hr at 4O in a Beckman L3-40 ultracentrifuge. The clear 
supernatant fluids, free of particulate materials, consti- 
tuted the cytosol fractions. 

~ytapl~s~i~ p~~ii~~at~s~ The c~oplasmic particu- 
lates (100,000 g pellets) were washed by dispersing in 
5 vol. of the Tris-HCl buffer and centrifuging at lOO,- 
000 g for I.5 hr at 4O. The pellets were suspended in 0.5 
ml of the Tris-HCI buffer and homogenized in a 
Dounce tissue grinder. 

The procedures for assaying endogenous protein 
phosphorylatian have also been described previously 
Il21. 

Preparation of samples for phosphorylution. Protein 
determinations were made on the crude nuclear, cyto- 
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pfasmic and ~tj~u~ate fraLzions by the method of 
l&wry et rri. i 131. AIiquots contaming 0.6 mg of 
protein were transferred to I.0 x 7.5 CM pkstic tubes. 
diluted to 0.2 ml with the Tris-HCi buffer. and 
~yophjIj~ed. 

~~U~~~O~~~~~~~~ reiXS%L The ~hosphorylat~on re- 
action was carried out as ou~Ii~~d by Ehflich 6% a!. f 141. 
with some modifications. The l~~~kiii~~d protein sam- 
pfes were dissolved in O.t4 mt of 65 mM sodium 
acetate. I. 3 mM magnesium acctatc, and 2 mM PMSF. 
pH 6.5, and incubated for 10 min at 30”. Cyclic AMP- 
independent (-) pkosphory~atio~~ wxs initiated by the 
addition of 0.04 ml of I8 &4 1 y-‘PIATP <speciiic 
rad~oactjvjt~: 4.5 x 10’ dis./min nmote of ATP). The 
phos~ho~y~at~n~ reagent was prepared by diluting 
1 y-‘“PbtTP (New EngIand Nucfear Boston, MA) with 
non-radioactive ATP (Sigma Chemica! Co., St, Louis, 
MO). Cyclic AMP-dependent (+ j pkos~hory~at~on 
was initiated by the addition of O-04 mI of IX &f 
[~-ZLP;ATP and 22.5 pM cAMP. The sampies were 
incubated for an additional fO min at 30” and the re- 
action was stopped by the addition of 0.6 rni of 12% 
sodium dodecyiisulfate (SDS), 20 mM Tris (base), 
4 mM EDTA, 8% 2.mercapto~th~o~. 40% sucrose, 
2 mM PMSF, and 0.1% bromop~?~no~ btue, pW 8.0. 
The samples were heated for 3 min in a boiling water 
bath, cooled in ice. and frozen until needed for 
e~ec~rophores~s~ 

~o~~~~~~~~~#~~~~ gel ~~~~i~~~~~~~.~~s. Tke frozen sam- 
pies for ~~~ctrophores~s were thawed and 0.01~ml afi- 
quots were applied to ?-IS% linear gradient poiyacry- 
lamide SDS gels. The samples were electrophoresed 
using a discontinuous buffer system at 100 V for I6 hr 
and at 150 \i for an additional X hr, The gets were 
stained with 0.1% Coomassie ~r~~~i~nt blue. R-250 in 
10% methanol and 7% acetic acid for 1 hr at 37O. and 
destained in the same solvent mixture overnight at 37”. 
The gels were dried and phot~~rap~l~d. Autoradio- 
graphs were prepared by esposing the dried gels to 

DuPont Chronex 4 x-ray films for 48-72 hr. It should 
be pointed out that the ir? &=o assays of e~ldogenous 
phos~h#rylation reflect the net phospho~l~~~on profile 
which is the resutt of protein kinases and phospkopro- 
tein phosphatase activities, and does not refer to the 
specific enzyme. 

To determine the doubling time, cells (l(P) were 
plated in Lux tissue culture diskes (60 mm), the cell 
number was counted every other day for a period of 6 
days, and the growth curve wayas constructed. The 
doubling time was determined on the exponential 
portion of the curve. Three separate determinations 
were made for each treatment. 

RESULTS AND DISCUSSION 

The ~~r~~~1~~~ and the doubling time (26-35 br) 
of cbr~njca~~~ treated gtioma cells (0.05 and 0. t $5) 
were similar to those of untreated cultures. We did not 
select any specific type of cells during chronic treat- 
ment, since the concentrations ofCW,HgCl used in this 
study neither cause cytotoxicity nor affect the growth 
rate. 

There were dramatic increases and decreases in the 
intensities of staining of specific proteins obtained from 
the cytosot (Fig. 11, particulate (Fig. 2j, and crude 
nuclear fractions (Fig. 3) of glioma ceills treated chroni- 
cally (40 days) with 0.1 PM (25 n&ml) CW&IgCi. A 

similar observation was made in celh treated with a 
iower conc~ntrat~o~ (WX pMj of CH,WgCI. ahkough 
the effects were reiativeiy less (data not shownf. ‘The 
changes in relative amounts of proteins have been 
sumrna~~~ed in Tabfe t. in the particulate fraction of 
chron~ca~~~ treated cells. the protein band of rnol, wt. 
38.000 was not detectable, and the intensities of other 
protein bands were siightly increased or showed no 
significant changes (Fig. 2). In the cytosol fraction of 
chronicatiy treated cells. the protein bands of mol. wt 
S5.000 and 6~,~~~, which were not detectable in con- 
trol cetis. beczrme prominent: the intensities of other 
bands showed an increase, a decrease or no change 
(Fig. 1 f. ft was interesting to note that a protein band of 
mol. wt 14.000 in the core histone region was missing, 
and another band oT mol. wt L3.200 was reduced in 
ckro~~~~~~ treated ceiis (Fig. 3f, This was not observed 
in acutely;‘5 days treatment) treated glioma cells (data 
not shown). We are not certain about the nature of lhese 
bands in the crude nuclear fraction; therefore, their 
significmee cannot be evaluated at this time. 

The ph~~pkor~lat~on levels of proteins of ~~~tr~ated 
cells were higkesf in the particulate (Fig. 21 and lawest 
in the cvtosol fraction (Fig. I I* Most of the proteins in 
the par&fate showed cyclic AMP-dependent phos- 
phorylation, whereas in the crude n&ear fraction and 
cytosol, the ~~osphQry~t~on of most proteins was 
cyclic ~~~P.i~~~~~~n~~#~. It should be pointed out that 
conAuent ceils were used in ail e~~riments. and this, in 
part. may account for fctw phosphory~ation levels in tke 
cytosol. The leveis of phosphoryiation of some bands in 
the cytosol which were not detectable in cuntrcl cells, 
became detectable in chronically treated cells. The 
phospho~~~~a~~~n ievels of other bands appeared to in- 
crease or decrease in chronically treated gliom~l ceils. 
The changes in tke relative amounts of phos~hor~i~t~a~~ 
have been summarized in Table 2. The phosp~~r~~lat~on 
levels of the particulate fraction (mostly cyciic AMP” 
dependent) of several proteins markedly decreased in 
chronica& Prcafe~ celfs. Ta the crude nuclear fraction 
(Fig, 3 j of cb~o?~i~~~~~ treated ceils. phosphor~iation of 
protein bands of moi, wt, 4~.~~~ (cyclic AMP-inde 
pendent) and 37,000 (qctic AMF-dep~nd~~~t?~ which 
were missing in control cells, became detectable. The 
phosphorylation level of another band of mol. wt 
22,000 (cyclic AMP-independent), which was promi- 
nent in control ceils, was markedly reduced in chroni- 
cally treated cells. The phasphorylatio~l levef uf a band 
of mol. wt 13,200 (cyclic ASP-dependentj In the core 
histone region was reduced in chronically treated 
glioma cehs. 

These results are of particular interest because the 
chronic treatment of glioma cells with as littte as 12.5 
ng/ml of CM&$3 produces dramatic alterations in 
gene expression. as erridenced b’ changes in the 
amounts and levels of phosphory~atl~n of specific pro- 
teins. The b~~I~~~c~~ s~~ni~c~ce of these changes is 
unknown. However, it is interesting to note that the 
morphology and doubling time of glioma cells do not 
change after chronic treatment. 

It should be emphasized that the aIterations of gene 
expression in cbronica~~y treated glioma celis have been 
studied using cells in the confluent phase of growth, if 
similar changes are observed in chronicalXy treated 
glioma cehs obtained from the exponential phase of’ 
growth. one can suggest that cells need very Iitt\c 



Glioma cell gene expression and &H,HgCI 

18K 

Fig. 1, Polyacrylamide cell electropboresis of the cytosol fraction. The magnification of the gloss prints ofthe 
gels and their radio autographs (Figs. l-3) are not identical. The approximate molecular weights of proteins 
are expressed as multiples of 1000 &I. The observed change in ~~osphor~~ation of a protein species 
represents a steady state situation and is the sum of phosph~ylation and depbos~horylation reactions. 
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Fig. 3. Polyacrylamide cell electrophoresis of the crude nuclear fraction. See the legend of Fig. I for 
conditions. 
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Table i _ Alteratians in relative amoums of certain protein in glioma cells cbron~ca~~~~ treated with 0. l pM 
CH,Hgcf + 

---l---.-.l-l --- _~_..” 
Cytmd fraction Particutate fraction Crude nuclear fraction 

Approximate Relative amounts Approximate Relative amounts Approximate Relative amounts 

mol. wt of proteins mol. wt of proteins mol. wt of proteins 

85,000 + 5 8,000 - 59,000 ‘9 

74,000 c 46.000 + 3 2,000 * 
69,000 + 43.000 c 18.000 - 
39,400 38,000 t 4.000 - 

* Changes in the relative quantities of specific proteins in chronicaity treated giioMa cells are presented as 
having increased (+) or decreased f-1. with respect to the corresponding proteins in the untreated cells. 

Cytosol fraction Particulate fraction Crude nuclear fraction 
“.-^- - _“.-.-~-- 

Approximate Relative amounts Approximate Relative amounts Approximate Relative amounts 
mol, wt of phohphorylation mol. wt of phosphorylation mol. wt of phosphurylation 

~,___ . .._.. __l-ll~. “_ -._~- 

49,000 -t 67,00~82,00~~ 69.000 4. 
45,000 .t 54,000 63.000 ._. 

34,000 4 48,000* - 43.000 -1. 
3 t .ooo* 46,~~~36,000~ 4~.~0~~0.~~0 - 

29,OOO -c 3 ~.~~-3~,~~ __ 3 7,000* .+ 
fS.000 f I X,oUOI- - ~~,~0~32,~~ - 

I 6,ooot _- 22.1100 - 

I 2,SO@ f 4,40af - 13.200’ _- 
-- ,_ ------ 

* Changes in the relative amounts of phosphorylation activities of specific proteins in chronically treated glioma ceils are 
presented as having increased (+) or decreased (-). with respect to the corresponding proteins in the untrcatcd cdls. The 
observed change in phosphorylatiun of a protein species represents a steady state situation and is the sum of phosphorylation 
and dephosphorylation reactions. 

i Refers to cyclic AMP-dependent phosphorylation. 

~hos~horylaiiun for rn~~~tain~ng the constant growth 
rate and rn~rph~~~~~. The mechanism of CH,HgCI- 
induced changes in gene expression is unknown. How- 
ever, it is pertinent to point out that 2-3 per certt of 
added radioactive CH,HgCt binds to the chromatin 
fraction i 15 1. and this amount. may be enough to alter 
gene expression. The alterations in gene expression in 
chronically treated glioma cells may also bz due, in 
part, to the effect of CH,HgCl at the translational level. 
In fact, treatment of rats with methylmercuric chloride 
has been reported to cause disorganization of the ribo- 
somd structures in spinal ganglion neurons t 161. 
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