
tal science, which it must become if 
man is ever to exert real control on 
his atmosphere. Fortunately, the first 
step has been made with cumulus 
clouds. These are of vital importance 
to man in themselves, a key part of 
the larger-scale atmospheric machin- 
ery, and a prototype of the widespread 
geophysical phenomenon of thermal 
convection. 
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Nucleic acids, both RNA and DNA, 
contain several minor components in 
addition to the four main bases of their 
primary structure. In the DNA of bac- 
teria the minor component is 6-methyl- 
adenine (1) and in that of plants and 
animals it is 5-methylcytosine (2). 
The presence of methyl derivatives of 
the bases has also been reported in ribo- 
somal RNA, but the compounds have 
not as yet been characterized. In 
transfer RNA, on the other hand, no 
fewer than ten methylated bases have 
been demonstrated (3). In addition, 
transfer RNA contains an unusual rib- 
oside, pseudouridine, a compound in 
which the ribose is attached to car- 
bon atom 5 of the base (4) (Fig. 1). 

The presence of methylated bases in 
nucleic acids has, until recently, pre- 
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sented, several paradoxes. In the first 
place, "no monomeric methylated pre- 
cursors were ever found within any 
tissue examined. Moreover, it was dif- 
ficult to visualize how transfer RNA, 
which contains ten different methyl- 
ated bases and pseudouridine, could be 
derived by complementary alignment 
from DNA, which contains but one 
methylated base. Indeed, the Watson- 
Crick hypothesis for the replication of 
DNA itself, or for its transcription into 
transfer RNA, offers no mechanism for 
the determination of the sequence of 
methylated bases in a nucleotide 
chain. 

All of these paradoxes were re- 
solved by the discovery, in our labora- 
tory, of enzymes, which activate trans- 
methylation, at the polymer level of 
the previously formed transfer RNA. 
This work revealed the mechanism of 
insertion of the methylated bases into 
both RNA and DNA. The bases are 
methylated after the formation of the 
polymeric nucleic acids. 

These conclusions were made pos- 
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These conclusions were made pos- 

sible by an unexpected observation 
made 10 years ago (5) on an anoma- 
lous attribute of the auxotroph Escher- 
ichia coli Ki2W6. This organism is 
unique among amino-acid-requiring 
microorganisms in that RNA synthesis 
continues during starvation of its es- 
sential amino acid, methionine, where- 
as in every other auxotroph RNA syn- 
thesis ceases in the absence of an es- 
sential amino acid. 

Recently Stent and Brenner (6) 
have made an important contribution 
to the genetics of E. coli K12W6 by 
demonstrating that the relaxed con- 
trol over RNA synthesis in this or- 
ganism is due to a genetic aberration 
which can be transferred during con- 
jugation. The appropriate amino-acid- 
requiring recombinants accumulate 
RNA in the absence of any requisite 
amino acid. 

Examination of the RNA which ac- 
cumulates during methionine starva- 
tion revealed no moleculear species dif- 
ferent from those found in normal 
microorganisms. However, we observed 
a profound alteration in the structure 
of the newly formed transfer RNA. 
It lacked the methylated bases, includ- 
ing thymine. This finding pointed to 
the possibility that methionine is the 
source of methyl groups for all of the 
methylated bases in RNA. This could 
be anticipated in part, for methionine, 
or rather its activated derivative S-aden- 
osylmethionine, is the methylating 
agent in most biological reactions. 
However, that the thymine of RNA 
should stem from this source was com- 
pletely unexpected. It had been un- 
equivocally established earlier, by 
Kornberg and his associates, that the 
thymine in DNA is a product of a dif- 
ferent reaction: a condensation of a 
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uracil derivative with activated formic 
acid and subsequent reduction of the 
latter moiety to a methyl group. Ex- 

/periments with C"-labeled methionine 
revealed that indeed there is a dichot- 

omy in the pathway of synthesis of 

thymine for DNA and RNA (Table 
1). Moreover, all of the methylated 
bases of RNA had identical specific 
radioactivity, indicating that they all 
stem from the same methyl pool (7). 

The synthesis, during methionine 
starvation, of transfer RNA that lacked 
the methylated bases and the origin, 
under normal growth conditions, of all 
these bases, including thymine, from 
the same methyl pool pointed to the 

possibility that the methylated bases 
are acquired by transmethylation, at 
the polynucleotide level, of the pre- 
viously-formed transfer RNA. 

According to this hypothesis the ac- 
cumulation of methyl-deficient transfer 
RNA in Escherichia coli Ki2W6 is the 
result of two genetic lesions: the re- 
laxed control of RNA synthesis which 

permits accumulation of RNA in the 
absence of the full complement of 
amino acids and the chance coinci- 
dence of the inability to synthesize 
methionine for the methylation of the 
nascent transfer RNA. 

At first, in vivo evidence was sought 
for methylation at the level of the 

previously formed polymer. The num- 
ber of methyl groups introduced per 
nucleotide bond formed in normal 
organisms and in RNA-enriched or- 
ganisms recovering from previous me- 
thionine starvation was determined by 
simultaneous labeling with P3204 and 
C14 methyl methionine. The results of 
such double-labeling experiments (Fig. 
2) indicated a higher incorporation of 
methyl groups, relative to the number 
of nucleotide bonds formed, in the 
recovering organisms with the excess 
RNA (8). 

The RNA Methylases 

The results of the in vivo experi- 
ments augured well for a search, in 
a cell-free system, for an enzymatic 
activity which would effect methyla- 
tion of the RNA macromolecule. The 
natural choice for a substrate was the 
methyl-deficient soluble RNA accumu- 
lated during methionine starvation. If 
such methyl-deficient transfer RNA is 
incubated with a soluble extract of 
Escherichia coli cells and with adeno- 

Isylmethionine, methyl groups are 
added to the various bases in the trans- 

7 AUGUST 1964 

Table 1. Source of the methyl group for 
ribosylthymine. 

Specific 
Compound*~ radioactivity 
~Compound* (count/min 

Amole) 

1) DNA thymine 200 
2) RNA thymine riboside 37,000 
3) Thymine riboside from 

compound 2 diluted 
30-fold with non- 
radioactive synthetic 
thymine riboside 1,300 

4) Thymine degraded from 
the diluted thymine 
riboside (compound 3) 1,300 

* Escherichia coli was grown on methyl-C14- 
methionine; thymine and thymine riboside were 
isolated from DNA and RNA, respectively. 

fer RNA to the level of the normal 
endowment in cells grown on a com- 
plete medium. Several lines of evi- 
dence demonstrated unequivocally that 
the methylation by the enzymes occurs 
at the level of the macromolecule. 
These observations have been con- 
firmed in many laboratories (9-12). 
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ylated). It was anticipated that no 

single enzyme could have such pro- 
digious versatility, and the existence of 
several enzymes was conjectured. 

Fractionation of the enzyme ex- 
tracts confirmed the prediction of mul- 

tiplicity of the enzymes (13). Accord- 

ing to the latest report from the 
workers most intensively engaged in 

purification of the enzymes-Gold and 
Hurwitz-there are no less than six 

enzymes involved in the introduction 
of methyl groups into various positions 
in transfer RNA (14). 

The RNA methylases proved to be 
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Fig 1. The minor components of RNA and DNA. 
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// distribution of methyl groups in DNA 
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___ 
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nd CT"HI methionine into RNA of Escherichia coli K12W6 successful because of the lack of a 

phase and in the recovery phase after starvation of the suitable recipient methyl-deficient sub- 
strate. 

The methylation of DNA by heter- 

ologous enzymes was successful in our 
Wvery tissue Such interactions between otherwise hands (18) and was reported from 

enzymes. fully methylated transfer RNA's and Hurwitz's laboratory (16). According 
of the en- heterologous enzymes were found to to reports from that laboratory, two 

ous bases is be widespread. The pattern of inter- separate enzyme activities exist, one of 
The result actions, however, is complex. Enzymes which methylates cytosine, the other 

:thylase po- from closely related organisms often adenine. 
tions in the do exhibit similarities in their pattern The species specificity of the DNA 
ted bases in of methylation of heterologous RNA's. methylases indicates that the distribu- 

,rent species However, there are some infractions tion of the methyl groups in DNA is 
of the anticipated rules of homology likely to be a species characteristic. 

ition of the (17) (Table 3). That the substrate DNA itself has a 
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was used as meaning of homologies based on pat- methyl groups it accepts is suggested 
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ansfer RNA the number and position of the methyl to inhibit DNA synthesis completely, 

groups. the incorporation of methyl groups 
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organism (see 8). 
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Source of RNA 
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Escherichia coli 15T- 
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Staphylococcus aureus 
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Rabbit liver 
Rat liver microsomes 
Wheat embryo 
Beta vulga is leaves 
Nicotiana glutinosa 

leaves 
Turnip yellow mosaic 

virus 
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Crick hypothesis offers no mechanism 
for the determination of the position 
of this minor component by the sem- 
inal information within the DNA tem- 
plate. There have been suggestions in 
the literature that pseudouridine is the 
result of an intramolecular rearrange- 
ment as a result of which the ribose 
of uridine migrates from the nitrogen 
atom to carbon atom 5. The discovery 
of enzymes of methylation which alter 
the structure of RNA and DNA at the 
macromolecular level makes it appear 
highly probable that enzymes which 
achieve the ordered synthesis of pseu- 
douridine at the macromolecular level 
also exist. The species specificity of 
pseudouridylating enzymes-which can 
be confidently predicted-could be em- 
ployed in a search for their presence. 

Function of Methyl Groups 

In addition to the transfer RNA 
and DNA, the occurrence of methyl- 
ated components in ribosomal RNA 
have been reported by two different 
investigators, Boman (11) and Starr 
(9). Recently we have demonstrated 
the existence of enzymes which meth- 
ylate ribosomal RNA at the polynucle- 
otide level (20). Therefore, to date at 
least ten different enzymes have been 
identified whose function is the meth- 
ylation of nucleic acids. 

But once the methyl groups are in- 
serted, what is their function? That 
they are important there can be no 
doubt; for example, if Escherichia coli 
KioW6 is deprived of methionine for 
3 hours and the amino acid is then 
restored, within 15 minutes (long be- 
fore protein synthesis recommences) 
the accumulated methyl-deprived trans- 

fer RNA becomes fully methylated 
(21). 

The introduction of methyl groups 
must produce profound alterations in 
the structure of nucleic acids. Such 
changes can stem from two different 
kinds of perturbations: steric and elec- 
tronic. The methyl group is a bulky, 
hydrophobic structure which must in- 
duce alterations in the conformation of 
nucleic acids; moreover, the introduc- 
tion of a methyl group must affect the 
electron density distribution within the 
recipient purines or pyrimidines. There 
is evidence that methylation has both 
of these effects. Shugar and W. Szer 
(22, 23) have investigated the physi- 
cal properties of polyuridylic and poly- 
ribothymidylic acids. (The latter might 
be considered a highly methylated de- 
rivative of the former.) The phase 
transition or melting point of poly- 
uridylic acid is 8.5?C, indicating that 
this polymer exists in solution as a 
random coil; polyribothymidylic acid, 
on the other hand, has a "melting 
point" of 36?C, indicating that the in- 
troduction of the methyl groups into 
the 5-position of uracil brought about 
a highly ordered structure. Moreover, 
they have also shown that polyribo- 
thymidylic acid is more extensively 
hydrogen-bonded to polyadenylic acid 
than is polyuridylic acid. The intro- 
duction of methyl groups apparently 
either augments the strength of hydro- 
gen bonding or alters the conforma- 
tion so that there are more sites for 
such bonding. 

The profound electronic perturba- 
tion which can be brought about by 
methylation is best illustrated by the 
properties of 7-methylguanosine or 7- 
methyldeoxyguanosine. The introduc- 
tion of a methyl group into the 7- 

Table 3. Interaction of RNA methylases and transfer RNA's from various sources. The 
transfer RNA's were exposed to the different enzyme extracts in the presence of S-adeno- 
sylmethionine-methyl-C14, under appropriate conditions (17). 

Source of enzyme extract 
Source of Liver Spinach Yeast Pseudomonas 

transfer RNA (count/ (count/ (count/ fluorescens 
min) min) min) (count/min) 

Liver 210 0 2,600 8,700 
Spinach 520 260 1,300 740 
Yeast 1,530 690 1,340 10,600 
Escherichia coli K12, 

methyl-deficient 4,270 2,450 24,600 36,600 
Escherichia coli K12, 

logarithmic growth phase 2,540 1,580 11,500 10,000 
Escherichia coli B 2,890 1,820 14,500 12,700 
Bacillus megaterium 2,460 1,640 9,900 7,400 
Bacillus cereus 3,340 1,240 4,700 3,300 
Pseudomonas aelruginosa 2,640 1,240 9,200 1,700 
Rhodopseudomonas spheroides 2,140 1,710 10,900 1,000 
Salmonella typhimurium 4,140 1,680 15,100 5,600 
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Fig. 3. Resonance structures of 7-methyl- 
guanine nucleosides and their behavior 
under mildly acidic and basic conditions. 

position renders the whole structure 
sufficiently unstable to cause the cleav- 
age of the glycosidic bond (24) 
(Fig. 3). 

The ultimate biological function of 
the methylation of nucleic acids re- 
mains obscure. In the case of DNA 
we must visualize that germinal sub- 
stance as carrying the information to 
produce an enzyme that will alter its 
own secondary structure, by the inser- 
tion of methyl groups in designated 
positions. One function of such meth- 
ylations might be that of achieving an 
individuality of structure which could 
serve to protect the DNA. This most 
precious hoard of a living cell is made 
up of permutations of the same four 
bases in every organism. Therefore the 
physical characteristics conferred on the 
DNA's of different organisms by their 
primary sequence are nearly identical in 
every case. This might render the inte- 
gration of a foreign DNA of some in- 
fecting organism too easy. A species- 
specific alteration in the physical con- 
formation of the DNA would guard 
against such a calamity. It will be inter- 
esting to study the patterns of methyla- 
tion in DNA's of putatively different 
microorganisms among which transfor- 
mation can be successfully achieved. 
Another possible protective function of 
special, characteristic, methylation of 
DNA might be that of rendering the 
methylated DNA resistant to homolo- 
gous deoxyribonucleases. Some intra- 
species-specificity of deoxyribonucleases 
has been reported by Catlin of Mar- 
quette University (25). 

If the function of methylation is in- 
deed the protection of DNA, then we 
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must visualize the evolution of a new 
species of organism as requiring a se- 
quence of mutations among which 
must be the acquisition of a methylat- 
ing potency characteristic of the new 
species. 

The function of the methyl groups 
in transfer RNA is also obscure. 
Emerging data from several labora- 
tories indicate that the methylated 
bases are not uniformly distributed in 
the transfer RNA's specific for differ- 
ent amino acids (26). The possibility 
that the number and variety of meth- 
ylated bases form a code whose nature 
is not yet recognized cannot be ex- 
cluded. Such a code might have as one 
of its functions the recognition by the 
activating enzyme of the appropriate 
transfer RNA for the attachment of 
the amino acid. Starr (27) of North- 

western University, Boman (11) of 
Uppsala, and Littauer (12) of the 
Weizmann Institute reported that the 
methyl-deficient transfer RNA which 
accumulates in Escherichia coli K12W6 
deprived of methionine can accept 
amino acids in vitro. However, it 
should be pointed out that all of these 
preliminary experiments were per- 
formed with a mixture of methylated 
and nonmethylated transfer RNA's in 
which the abundance of the latter may 
have been as low as 40 percent. (Be- 
fore the organisms can be subjected to 
starvation they must be grown in a 
complete medium, and during this pe- 
riod normal, methylated transfer RNA 
is formed.) Moreover, it is possible 
that the methyl groups form a code of 
exclusion. In other words, the methyl 
groups in an amino-acid-specific trans- 
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Fig. 4. Possible alterations in the structure of DNA attributable to methylation of the 
7-position of guanine. 
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fer RNA could serve to bar all acti- 
vating enzymes save the appropriate 
one. Should this be the mechanism, 
then the nonmethylated transfer RNA's 
could be expected to accept amino 
acids promiscuously. 

This problem will become resolvable 
once a specific transfer RNA devoid 
of methyl groups is available. At- 
tempts to isolate such a product are 
being made in several laboratories, 
including our own. 

We have recently completed a study- 
in collaboration with Elsie Wainfar, 
which indicates that messenger RNi. 
does not contain any methylated base: 
(28). This finding provides added sup- 
port for the view that the methylated 
bases cannot be involved in coding for 
the amino acids themselves. But such 
a view was implicit earlier in the find- 
ing that the RNA viruses (which are 
essentially messenger RNA wrapped 
in a protein coat) lack methylated 
bases. 

Finally, the methylated bases in 
DNA and RNA may have functions 
which are as yet unrecognized. That 
the enzymes which form the methyl- 
ated bases (and therefore the distribu- 
tion of the bases) are characteristic of 
the species points to the possibility of 
some function unique for the species. 
The biological function that has max- 
imum species individuality is differen- 
tiation, which, at present, is visualized 
as being controlled, in part, by the 
cueing in or out of existing capacities 
for enzyme synthesis. One is tempted 
to conjecture on a possible role for 
the methylated bases in such control 
mechanisms. 

Methylating Enzymes as Possible 

Natural Oncogenic Agents 

As soon as the species specificity of 
enzymes that activate the methylation 
of nucleic acids was discovered it oc- 
curred to us that some methylating 
enzyme complex may be a naturally 
occurring carcinogen (15). Such a 

hypothesis is based on the following 
information. It was shown recently by 
Magee and Farber that alkylating car- 

cinogens alkylate transfer RNA much 
more than they do DNA (29). More- 
over these authors reported that the 

pattern of such alkylation is aberrant; 
sites in RNA which are normally free 
of methyl groups are alkylated-for 
example 7-methylguanine, a normally 
rare methylated base, occurs in abun- 
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Ig. 5. (Top) Normal base pairing be- 
t,-een guanine and cytosine; (bottom) 
prossible aberrant base pairing between 7- 
niethylguanine and thymine. 

dance in the transfer RNA of animals 
which had been exposed to carcino- 
genic methylating agents. If, as seems 
likely, these imposed alkylations by 
chemical carcinogens have a causal 
relation to the tumors they produce, 
then such chemical alkylations may 
have counterparts, as oncogenic agents, 
in aberrant or excessive methylations 
of RNA or DNA by naturally occur- 
ring methylating enzymes. 

The introduction of a novel enzyme- 
synthesizing capacity by an invading 
viral parasite has been frequently dem- 
onstrated in bacterial virus-host sys- 
tems since the first demonstration by 
Seymour Cohen (30). In like manner 
an infecting oncogenic virus could 
introduce a capacity for the synthesis 
of a methylating enzyme foreign to 
the host. If the gene responsible for 
the capability were incorporated into 
the genome of the host, replication of 
the gene and consequent continuing 
synthesis of the oncogenic enzyme 
would render growth of the tumor 
independent of the initial infection. 

Alternatively, the oncogenic virus 
could introduce an enzyme capable of 
methylating DNA in the 7-position of 
guanine. The conversion of nitrogen-7 
into a quaternary state might render 
the DNA unstable enough to induce 
a scission of the glycosidic bond. The 
DNA with a lacuna of a guanine 
molecule might follow any one of the 

following paths in the process of un- 
coiling and replication. 

1) The injury might be repaired by 
the reinsertion of a guanine molecule. 
(At present no mechanism for such 
restoration is known.) 

2) In place of guanine, another base 
may be incorporated, an error in cod- 
ing thus being introduced. 

3) The lacunal DNA chain may be 
cleaved as a result of a process of beta 
elimination of a phosphate ester bond 

(Fig. 4). 
The significantly increased excretion 

of 7-methylguanine and 7-methyl-8- 
hydroxyguanine in the urine of leu- 
kemia patients seems to favor the fore- 
going speculations. 

In addition to initiating processes 
resulting in scissions, the insertion of 
a methyl group into the 7-position 
of deoxyguanosine would produce a 
marked enhancement of ionization of 
the proton from the nitrogen in the 
1-position at pH 7.0. Such an altera- 
tion could induce 7-methylguanine to 
pair erroneously with thymine instead 
of with cytosine, producing a mutation 
which would be perpetuated during 
subsequent replications (see Fig. 5). 
Lawley and Brookes have postulated 
such a mechanism to explain the biolog- 
ical effects of chemical alkylating agents, 
several of which produce 7-alkylguanine 
in the DNA of organisms exposed to 
them (24, 31). 

In addition to anomalies in the 
DNA, methylating enzymes foreign to 
the host cell could yield aberrant 
methylation of the transfer RNA as 
well, with anomalies both in the con- 
centration and in the distribution of 
the methyl groups. 

Bergquist and Matthews (32) have 
already shown that some tumor tissues 
contain the highest amounts of meth- 
ylated bases in transfer RNA ever 
reported. However, studies to find 
whether changes occur in the patterns 
and levels of methylating enzymes of 
tumor tissues will provide a more 
searching test of the hypothesis of on- 
cogenesis which we have proposed. 
Such studies are under way in our 
laboratory. 
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