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Abstract-Modification of DNA-cytosine by a Smethyl group is thought to he an important mechanism 
which regulates the expression of cukaryotic genes. This modification takes place after semiconservative 
replication. There is very little evidence. if any. that 5McCqt could hc naturallv incorporated into 
mammalian DNA in semiconservative replication. We have clarified the possibilky of incorporating 
ShlcdCyd pharmacoloceicall!’ mto human leukemic cells irz ~ifro. To this end. \ve developed a novel 
small-scale qnthesi\ method for “C-labeled 511cdCyd starting from commercially available (“C]dThd 
deri\ati\es. Particular attention was focused upon possihlc incorporation of radioactive 5kledCyd 
derivatives into the acid-soluble cellular fraction a\ v,ell as into nucleic acids and protein in human cells. 
The results shwcd that [2-“Cl- and [methyl-“(‘]‘MedC~d wcrc incorporated mto human leukemic 
cell\ to a similar extent. The radioactiviry o;i@ting from these compounds wa\ incorporated mainl! 
into the acid-soluble pool and nucleic acids. The exact nature of the intracellular radioactive molecules 
in RNA is not known. but the radioactive Iabcl in DNA hvdrolyate co-chromatographed exclusiveI! 
aith thymine. Hence. ih4edCyd is deaminatcd to thyniiinc belore incorporating into DNA. This 
deamination had taken place already (partially) in the culture medium. Human leukemic cells do 
etfcctivel) protect their DKA from incorporation ol esogcnouh 5hIedCyd. 

Post-synthetic modification of almost all classes of 
biological macromolecules is a well-known phenom- 
enon. This includes methylation of nucleic acids. In 
general. there are only two naturally occurring meth- 
vlated (minor) bases in DNA: Xh-methyladenine and 
!iMeCyt+ [l. I]. 5MeCyt is the only minor methy!ated 
fraction of the total bases in eukaryotes and higher 
plants. varying from as low as 0.17 mole 5 MeCyt 
(of the cytosines) in insects up to 8 mole % MeCyt 
in mammals. In certain higher plants the level ma! 
rise to as high as 50% (for a review, see Ref. 3). 
5MeQ;t is also a well-known component of RNA. 
e.g. it IS found in high concns in rat and rabbit liver 
transfer RNA [4.5]. 

During the replication of mammalian genomes 
more than lO_ cytosines of the newly synthesized 
strand become enzymatically methylated by S- 
adenosylmethionine : DNA(cytosine-5) - methyl- 
transferases. presumably via a semiconservative 
copying mechanism (61. The biological significance 
of DNA methylation in eukaryotic cells is not com- 
pletely understood. There is. however. evidence sug- 
gesting that DNA methylation could be a speclhc 
means for the regulation of gene transcription 131. 
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.i- Abbreviation\: SMcdCyd. S-mcthql-7’-dcox~c~tidine: 
SLleC\-t. 5.methylcytosinc, 

In this view. most of the data currently available link 
the methylation of a gene to a decrease in its tran- 
scriptional expression [7-101. 

SMedCyd triphosphate is a good substrate for E. 
coli DNA polymerase I. when tested in a cell-free 
system in vitro [ll]. Thus. it is conceivable that 
5MedCyd could be incorporated into DNA in semi- 
conservative replication. The prerequisite is that the 
compound enters the cell and that it is phosphoryl- 
ated to a corresponding deoxyribonucleoside 
triphosphate. 

The present study was undertaken to examine the 
possibility of incorporation of SMedCyd into human 
leukemic cells. To this end. a novel modification of 
the procedure described by Vorbriiggen er al. [l?] 
was developed for the synthesis of [2-“Cl- and 
[methyl-“C]SMedCyd. We show here that the radio- 
activity originating from “C-labeled 5MedCvd 
derivatives is readily incorporated into the nucleic 
acids of two human leukemic cell lines. when assayed 
in short-term cultures irz oirro. 

SIATERLZLS AND METHODS 

Chemicals. RPM1 1640 culture medium, fetal calf 
serum, glutamine and penicillin-streptomycin were 
from Gibco Europe Ltd (Middlesex. U.K.); 
5MedCyd. highly polymerized calf thymus DNA, 
proteinase K and bovine serum albumin from Sigma 
Biochemical Co. (St. Louis. MO): thymidine and 
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bases from (‘;llbiochern-Behring Corp. (La .lolla. 
CA): [mcth~l-“Clth~midine. [~-“(‘lthvmidine. 
[mcth~l-‘~~IJthvi~iidine. I.-[U-“C]leucine ;md [5- 
‘Hluridinc from the Radiochemical Centre (Amer- 
sham. I1.K.): cellulose TLC plates and formamide 
from klerck (Darmstadt. F.R.G.): and hexameth!l- 
disilazane from Fiuka A.G. (Buchi;. Switzerland). 

lhp~mfioti of ~~~‘-lrrhcl~~tl 5,211d~~~~~l tlvrir.trfic~c\. 

[Z-‘-C]- and [ meth~i-“‘C]SMedCvd were prepared 
from formamide plus [2-“Cl- and [methyl-“C]dThd. 
respccti\,ely. rssentiallv according to the procedure 
of Vorbriippen cat tri. [I?]. In short. [“C]dThd. hes;~- 
meth~ldisilaL~tl1~ and formamide bvcrc heated in ;I 
glass ampoule at 140’ for 76 h and the reaction mis- 
turr \\as reflused \\ith absolute methanol for 3 h. 
The reaction product\ were rigor-ouslg purified from 
the mother compounds and from the side products 
on TLC plates. The method will be described in 
detail clwvhere. 

Cell litlcs. We used human Iynphoblastic cell tints 
.Ih1z and NALL-1. .1X1 represents an acute lvmphu- 
hlastic leukemia with T-cell differentiation [ i3]. and 
NALL- I is dci-ived from an acute tymphoblastic teu- 
kcmia with neither B- nor T-cell differentiation [ 141, 
The cells Lvere maintained in RPM1 1640 culture 
medium supplemented \vith lIlc: fetal calf serum. 
2 rnXl 1 -ptutamine. 100 I:bil of penicillin and 
100 !rgml of streptomycin. Other conditions were a 
CO:-controlled (!ir; ) humidified atmosphere at 37’. 
The cultures did not contain :~~\.~o/I/L~.s~~I at the 
detection Ir~cl reached h! staining \vith Hnechst 
Compound _3325S [ 151. 

lrlc~orporcctiofr crlltiir~~. The incorporation of the 
variou\ radioactive precursors was studied in I ml 
short-term whcultures containing 0.4 x IO”- 
I .4 X 10” cells as follons: 1 -ml aliquots from a master 
culture Mere placed in plastic culture tubes contain- 
ing an appropriate amount of the radioactive pre- 
cursor at the foIlwIng final concns: [7-‘iC]SMedCyd 
(19 mC$mmolr. 0.2 &i,:mt). (methyl-“C]SMedCyd 
(55 mCi,‘mmole. 0.2 !lCi!tnl). [methyl-‘H]th!,midine 
(37 Ci~mmole. 0.7 $I;‘ml). [5-‘Hluridinc (28 Ci,; 
mmole. 7.0 rtCi,‘mt). and L-[U-“C]ieucine 
(730 mCi;motz. 0.2 +3/ml). After 60 min incubation 
at 37” the cell\ \\erc washed 3 times with ice-cold 
phosphate-buffered (pH 7.4) satinc. The cells \+crc 
then di\sol\ ed in (16h ~tl of uater containing 50 rcg of 
highly polymerized carrier DNA and 250 !lg of car- 
rier bovine serum albumin. The tubes nere incubated 
in an ice-bath and 333 !‘I of 0.6 N perchtoric acid 
were added. Nucleic acids and proteins were pre- 
cipitated for 15 min and the supernatant was taken 
as an acid-soluble fraction after centrifugation 
(1OOOg. 10 min). The precipitates were washed twice 
with 3 ml of 0.2 N perchtoric acid. The precipitates 
were then dissot\,ed in 0.5 ml of 0.3 N KOH and 
RNA was hydrolyzed for 60 min at 37’ [Ih]. The 
hydrolysatc was acidified by adding perchloric acid 
to ;I final concn of 0.2 N. and DNA and protein \vere 
precipitated. After centrifugation (1000 g. IO min) 
the supernatant ~vas taken to a counting vial and the 
precipitate was washed once with 0.5 ml of 0.1 N 
pcrchtoric acid. The washings wcrc combined with 

the RNA hydrolytes. DNA \\a\ extracted t\+ice 
(X0’. 10 min) with 1 N prrchloric acid. and taken to 
a separate counting vial. after which the residual 
protein was dissolved in 20 ;tl of I N NaOH and I ml 
of v,xter. The radioacti\,itq in the various cellular 
compartments was counted in ;I scintillation spcc- 
trophotorne0_x wins internal st~~nd~tr~iizaticln nith 
‘f I and “C standards. 

.Slrlhilii\~ of rrrrliorrc,rifv i.Meti( \\,,I it1 c~rrlrrrrt~ 

mdiml. I?-“Cl- and [meth\l-‘~C]SMedC~~l \\cre 
added to l-ml cultures of NAAL-I cells (0. i{&‘i’ml) 
and the cell3 wcrc pelleted ( 10.000,~. 3 min at 7) 
after 0. 5. IO. 30 and hOrnin of incubation at 37 
The supernatant \vas placed in an ice-bath and 2 \ cjls 
of ethanol \vcrc added. After I5 min. a ccntrifupation 
(iO.OOOg_ IS mitt) was performed and samples of the 
supernatant b’ere chromatc~graplicLi \!.ith decks! rib<)- 
nucleoaide markers on cellulose plates with two 
systems: hutanol-water (86: 1-I) .ind hutanol 
methanol&\\ ater-amIlionia (hO:70:20: I). aftsl 
which the individual marker spot\ \\erc cut off and 
the radioactivity counted. 

PUr(ficufiotf, /~yrlro/~*.Yi,\ trrrtl hrrscj rr/rrrl;‘\is of cc,/- 

hlnr 11X/-l. The NAL.L-I cells (I .h x IO in I ml of 
culture medium) were incuhatcd tar 60 min at + 77 
in the presence of 7.5 /tC‘i of [2-“Cl- oi- [methvl- 
14C l-. _ i\ledCvd. The cells \\ere then washed t\\ ice ujth 
ice-cold PBS and the cell pellets \verc diuotveci in 
50 /tl of proteinase K solution (proteinax K. 3 mg 
ml: Tris+HCl. pH 7.1. 5Omhl: Na(‘l. 15(JmM: 
EDTA. 2 mM: SDS. 0.55 ) and incubated for Ih hr 
at - 37’. The nucleic acids v,\ere separated lx four 
succcssi\,e phenol e\ttractions. Then the nucleic acids 
were precipitated with ethanol and \\a\hed three 
times in order to ~rcmove phenol. RNA \\;I\ hydra- 
tvzed for 16 hr at -37’ with 0.3 N KOtI. DNA \\;I\ 
irecipitated again with ethanol and tracts of RNA 
bases were remwed by three ijashes with iO(; 
ethanol. DNA M;LS hydrol\:Led with formic acid 
[30 min at i 175‘ (Rcfs. 7 and X)] and bases wet-e 
separated chrom~lto~raphicatl!, on cellulose plates. 

Stcthilit\ of rrirliocic~irw 5~kfeilC~vd it1 c,lrliurc, twdilrr~7 

[2-‘“Cl- and [methS’I-“C‘]SMedCyd \\ere gradwIt! 
hydrolyzed to corresponding dThd derivati\,es in the 
culture medium of NALL:I cclts (Table I). This 
hydrolysis was completed during the ho-min incu- 
bation period. Nevertheless. some SMedCyd \v;I\ 
available for the cells during the first 30 mln as 
indicated. and this nucleoside \%;Is also incorporated 
into the acid-soluble pool of the cells (rewlb not 
shown). 

The incorporation of [ ?-“c‘j- and [ meth! l- 
“Cl5MedCvd into \xrious intracellular compart- 
ments is illustrated in Fig. I. Incorporation into the 
acid-soluble fraction and DNA i\ evident in both .fR/I 
and NALL-1 cell tines. Furthermore. a conslderahle 
amount of radioactivity uas also present in the RNA 
fraction of NALL-I cells. If ;I high molar cxce\s of 
non-radioactive SMedC‘vd ( ICI ’ M) wa\ added to the 
incubation mixture. the intracellular radioacti\ it! 
dccrcased moi-L‘ than WI I in iill csaminecl compart- 
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Table 1. Distribution of radioactivity between SMedCyd 
and dThd in the culture medium in [“C]SMedCyd-treated 

cultures 

Radioactivity (? of total) 

Irxxbation [2-“C]SMedCyd [Methyl-“CjSMedC~~j 
time ___. 

(min) ~MrdCyd dThd !McdCyd d L’hd 
-_. 

0 100 0 100 0 
5 5 1 39 31 50 

10 33 66 10 70 
30 i; Y2 -t 96 
60 0 100 0 100 

ments in JM cells. Figure 1 also illustrates the incor- 
poration of some well-known precursor molecules. 
It can be seen that most of the radioactivity derived 
from [methyl-‘H]dThd was present in DNA. most 
of that from [5-“H]Urd entered RNA. and most 
radioactivity from L-[ U-“Clleucine entered the pro- 
tein fraction although some spill-over can be seen 
in the DNA-containing hydrolysate. 

JM CELLS 

Buse unalysis of DNA 

The DNA base analysis detected that the label 
derived from either [2-V]- or ]methyl-‘4C]5MedCyd 
was exclusively in thymine (Table 2). The detection 
limit of our procedure was iess than IV. In other 
words, we could have detected it if Ir/; of the label 
in DNA had been MeCyt. 

~~odificatioll of DNA-cytosine by a 5-methyl 
group could very probably be involved in the regu- 
lation mechanism of the expression of eukaryotic 
genes. although this concept is still poorly under- 
stood (31. The modification of DNA takes place after 
semiconservative replication and there is very little 
evidence. if any, that 5MedCyd would be naturally 
incorporated into eukaryotic DNA from a corre- 
sponding de~~xyribonucleoside triphosphatc. The 
only exception so far discovered in nature seems to 
be a bacteriophage, XP-12. in which all the DNA- 
cytosine is replaced by 5MeCyt [19, 20). We ha\,e 
done some pilot experiments in order to test the 
possible cytotoxicity of non-radioactive SMedCyd 
towards various human leukemic cell lines in LV?TO. 
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Fig. 1. Distribution of radioactivity, derived from given precursor molecule\ in different intracellul;lr 
compartments at the end of a O-mm incubation period irk r~iwo. Above: incorporation of [2-“Cl- :ind 
[methyl-“C]jMedCyd radioactivities into JM (left) and NALL-I cell5 (right). Below: incorporation of 
the reference compounds [methyl-“H]dThd. [5-‘H]Urd. and I_-[U-“Qeucine into JM cell,. Each column 

rcprcscnts the average of three assays. A.-S. means acid-soluble fraction and PR. mean\ protein. 




