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Alkylation is the reaction of electrophilic chemical compounds or alkylating
agents with the nucleophilic centers in organic macromolecules. Alkylating agents
include a large variety of chemicals, some of which are potent mutagens or carcinogens.

It is well known that DNA is a key structure which determines development and
reproduction of the leaving organisms ranging from simple cells to humans. The
sequence and structure of individual nucleotides in DNA are essential for the high degree
of fidelity required for generating a “blueprint” during the process of storage and passing
of genetic information from one organism to another. However, DNA is subject to
alteration in structure and/or sequence of individual bases. These changes can result in
errors during the steps of the DNA replication, recombination and repair, thus leading to
the modification of the molecular structure of genetic material. Most of these
modifications can be successfully removed by the DNA repair machinery. However, a
significant amount of DNA remains unrepaired, which can lead to mutagenesis. The
common source of the modifications in DNA, particularly the alteration in the nucleotide
structure, can be found in the instability of specific chemical bonds of nucleotides under
different physiological conditions, such as temperature or pH. Moreover, the DNA
structure readily reacts with multiple chemical compounds and physical agents found in

the environment. These mutagens and carcinogens can be produced by a variety of



chemical reactions, metabolism of other living forms, and also can be man-made.
Modifications of the DNA molecular structure can be characterized as DNA damage.
DNA damage is unavoidable and can be divided into two categories: 1) spontaneous,
such as formation of mismatches, deamination of bases, loss of base, oxidative damage,
and 2) environmental, such as ionizing radiation, UV radiation and chemical agents,
including ubiquitous alkylating agents. DNA Alkylation, which is a part of the DNA
damage, is the reaction of the alkylating agents with the nucleophilic centers, such as
oxygen or nitrogen in the DNA base or backbone. The result of the reaction is the
formation of the modified DNA bases called adducts or formation of the phosphotriesters
in the case of the interaction of the agent with the oxygen in the DNA phosphodiester

backbone. The adduct together with the opposite base is usually called a lesion.

I Alkylating agents and mechanism of the reaction with DNA

The fist chemical evidence of alkylation damage to DNA was reported in 1962 by
the observation of 7-methylguanine as an in vivo product of dimethylnitrosamine
administered to rats. Since that time, the list of alkylation agents and sites of alkylation
has significantly increased, so that now we know that almost all nitrogens and oxygens of
nucleotides in DNA can be modified. Alkylating agents include a large number of
molecules, which can efficiently react with DNA causing structural modification of the
base and phosphate group in DNA. The most common agents are alkyl sulfates, alkyl
sulfonates, alkyl halides, dialkyl nitrosamine, alkyl nitrosoureas, acyl nitrosamides,
mustards, diazo compounds, lactones, epoxides, etc (Figure 1). These agents can be

divided into two major groups: monofunctional and bifunctional. The monofunctional



agents have only one reactive group which is involved in covalent interaction with the
single center on DNA. The bifunctional agents have two reactive groups and have an
ability to react with two centers on DNA. If the two centers are on the opposite strands of
the DNA the reaction of a bifunctional agent, such as sulfur or nitrogen mustards, can
produce an intrastrand cross-link. Many of the alkylating agent have a mutagenic effect
and are known or suspected carcinogens. The reaction specificity of these compounds is
different with different bases. Diazoalkanes react readily with guanosine and thymidine,
but only under extreme conditions with adenosine and cytosine. In contrast alkyl sulfates,
alkyl sulfonates, mustards, epoxides and nitroso compounds alkylate bases in the
following order: G > A > C >>T. The rate of ethylation is much slower than that of
methylation for all classes of alkylating agents except alkyl iodides, which readily
alkylate G, A and C.

The main chemical mechanism of DNA alkylation is a Sy2 and Sny1 type reaction
in which the electrophile (alkylating agent), reacts with the electron rich regions of the
base residues and phosphodiester backbone. Figure 2 shows possible sites of alkylation
on the DNA bases and the relative reactivity of these sites as measured by the presence of
the alkylated base after the reaction with carcinogenic alkylating agents. The ring
nitrogens, being more nucleophilic than the oxygens, are known to be more reactive with
the alkylating agents. Thus, the N7 of guanine and N3 of adenine are being the most
reactive. The DNA phosphodiester backbone can also undergo an alkylation reaction
through interaction of the agent with the oxygen, which results in formation of

phosphotriesters (Figure 2). However, not all alkylating agents react directly with the



DNA bases. Some of them, such as dialkylnitrosamines or vinyl chloride (group of R-

halides), have to be metabolically activated.

I1. Effect of DNA conformation on the alkylation

There are at least two significant differences between alkylation of nucleosides
and polynucleotides. One is the presence of the phosphate in the phosphodiester bonds,
which can form phosphotriesters, and the other is the effect of secondary structure on the
availability of reactive sites. In general, the major sites of alkylation of single-stranded
synthetic polynucleotides are the same as for nucleosides, but the extent of reaction is
different. The neighboring base or the overall charge of the nucleotide can effect the
nucleophilic potential of the DNA base. For example, if the guanine residue is flanked by
an other guanine the negative electrostatic potential of the N7 position of guanine is
enhanced, thus providing a better environment for the electrophilic attack of the
alkylating agent. However, the increase of the negative charge of the alkylating moiety
diminishes the nucleophilic potential of the base. Steric effects also play an important
role in the reaction between the alkylating agents and the nucleophilic sites in DNA. For
the normal right-handed (B-form) helix conformation the access to sites in DNA differs
between the major and minor groove. For the guanine residue in the B-form DNA the O6
and N7 atoms are in the major groove, which can be easily accessed by the alkylating
agent. In contrast, the relatively reactive N3 of the adenine lies in the minor groove,

which is less accessible due to the steric implications of the B-form DNA.



III.  Methods of identification of alkyl derivatives of nucleic acids

The initial identification and characterization of the alkylation products can be
made using the UV absorption spectroscopy. The nature of the alkyl group introduced to
the base does not affect the Amax or Amin significantly. However, the position of the base
modification results in the spectral changes that makes it possible to distinguish among
derivatives. In addition to spectra maxima and minima of the cationic and anionic forms,
the shape of the spectra changes significantly depending on the base modification. The
characteristic shoulders and alteration in the curve profile can be assigned to a particular
adduct. Additional identification can be performed using other methods such as mass
spectrometry, nucleic magnetic resonance and infrared spectroscopy. The detailed
description of these methods and their use for identification of alkyl derivatives can be

found in further reading and references within.

IV.  Cytotoxic and mutagenic effects of alkylation. Methylation.

Mutation can be described as a change of one base to another, leading to a change
in coding information. The change in the base structure which lethal to the cell, can be
characterized as a cytotoxic.

Direct alkylation of DNA, particularly methylation, acting through the covalent
modification of the base, has the ability to generate miscoding base derivatives and
lesions that block replication. The major adducts generated in double-stranded DNA by
the methylating agents such as methyl methanesulphonate (MMS), dimethylsulphate
(DMS) and methyl iodide (Mel) are: 7-methylguanine (7-meG), 3-methyladenine (3-

meA), 3-methylguanine (3-meG) and O°-methylguanine (O°-meG) (Figure 3A). In single



stranded DNA, these methylating agents form 1-methyladenine (1-meA) and 3-
methylcytosine (3-meC) (Figure 3A). The formation of these adducts in the single
stranded, but not in double-stranded DNA is due to the fact that these modification sites
are involved in base-pairing and are therefore protected from alkylation. 3-meA, 3-meG
and 3-meC have the ability to block DNA replication, thus having cytotoxic effects. In
contrast, 0°-meG and O*-methylthymine (O*-meC) are miscoding base derivatives which
mispair during replication thus leading to a possible mutations. Environmental mutagens
such as 1,2-dimethylhydrazine, diazoquinones and tert-butylhydroperoxide generate
methyl radicals which readily react with the guanine residue to form 8-methylguanine,
which also has a high miscoding potential. However, the most common methylation
product in DNA, 7-meG, is not mutagenic and basepairs normally in polynucleotides.
Most of the adducts produced by methylation can be efficiently removed by a variety of
DNA glycosylases through the base excision repair mechanism (BER). This process
involves cleavage of base-sugar bond in order to release the modified base and generate
apurininc/apyrimidinic site which is repaired by endonucleases. This is followed by the
action of the DNA polymerase which incorporates the correct base. In contrast, O6-
methylguanine is corrected by the direct transfer of the methyl group to a cysteine residue
of the methyltransferase repair enzyme. Intrastrand cross-links (Figure 3B), generated by
the bifunctional alkylating agents, such as nitrogen mustard, represents an important class
of DNA damage, since it prevents DNA strand separation, which is crucial to the
processes of replication and transcription. The cell has the ability to repair this damage
through the mechanism of nucleotide excision repair (NER), which uses multiple

enzymes.



The nitroso compounds and hydrocarbons, which are well known environmental
carcinogens, react through a number of metabolic intermediates. However, the most
effective direct alkylating agents, such as alkyl sulfates (Figure 1), in turn, are poor
carcinogens. In contrast, the metabolically activated alkylating agents are very efficient
carcinogens. One of the widely used common chemical, which is carcinogenic in man
and experimental animals, is vinyl chloride (Figure 3C). The industrial use of vinyl
chloride is estimated to be about 4x10° kg/year in the United States. The exposure to
vinyl chloride is generally by inhalation and results in an angiosarcoma of liver or other
tumors in the brain, lung and hematolymphopoietic system in humans. Vinyl chloride is
readily metabolized into chloroethylene (CEO) oxide which rapidly changes to
chloroacetaldehyde (CAA) (Figure 3C). Both CEO and CAA are highly mutagenic and
carcinogenic and react with the DNA bases to form etheno derivitives (e.g 1,N°-
ethenoadenine and 3,N”*-ethanocytosine(Figure 3A)). These adducts have a high

miscoding potential and also an ability to block DNA replication.

Glossary: DNA — Deoxyribonucleic acid; nucleoside — consists of a purine or pyrimidine
base linked to a pentose; nucleotide — consists of a nitrogeneous base, a sugar, and one
ore more phosphate groups; adduct — structurally modified DNA nucleotide; alkylating
agent — chemical compound which has ability to react with the DNA through the reaction

of alkylation;
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Legends for Figures

Figure 1. Structural formulas of alkylating agents. The alkyl groups are indicated by R.
Circled R shows which group of the molecule is being transferred. The opening of the
ring for the cyclic compounds is indicated by the line and the whole molecule act as a

substituent.

Figure 2. Structural formulas of the DNA bases with the possible sites of the
modification by alkylating agents indicated by red arrows. dR indicates sugar. The table
on the right shows the percent of total alkylation after reaction with the carcinogenic

alkylating agent.

Figure 3. A) Selective structures of the DNA adducts formed by the alkylation reaction.
B) Intrastrand cross-link product of the reaction of nitrogen mustard with N-7 of guanine.

C) Mechanism of the metabolism of vinyl chloride
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