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Among chemical mutagens the group of alkylating compounds occupies
a 'singular position both in intensity of action on the mutagenesis of
various organisms, as well as in diversity of structure of functional
centers. Investigation of the molecular mechanism of action of mutagens
has & direct bearing on a most crucial prodlem in genetics -- directed

hereditary variability. Therefore, we must first lcok-at the fundamentals.

of the process underlying formation of mutations from the chemical van-
tage point.

The substitution of a hydrogen atom by an alkyl group, and also
the direct addition of this radical to the molecule is called alkylation,
In this reaction, either a simple alkyl group (-CH,, ?032035, etc.) or

& complex group (CBchZOH, —cnzcuannz, eto.) is introduced into the mole~-

cule. Cyclic and acyclic alkylating agents can have one or several rad=-
icals in & reactive form. In the case of polyfunctional compounds, they
react individually as well as concomitantly in several centers, forming
overlapping cross-linkings between molecules, and this bond can be in-
duced with various atoms (C—, O—, N-, S-) of the nucleophilic groups.

It is believed that in the cleavage of the alkyl radical from the rest

of the alkylating agent molecule both electrons that partiocipate in form-
ing & covalent bond remain with the latter. Therefore, a positively
~harged carbon in the alkyl radical strives to fill the outer valency
orbital through addition tg centers that are electron-rich. In this case,
the positively charged Alk™ group is the carbonium ion, which enters into
reaction at the site of the highest electron density of the alkylating

compound.  ,x~ 4+ AlksY ~————> AlkiX + Y

Hypothetically, this procees can occur by two mechanisms. First
of all, asynohronously under the monomolecular type of reaction (sn1),

-] =

TRy

ey e 0 AN ST 4§ e

1




PRI LR LD N i+ i M B PR LN FOSP VPN - N i tieviand oot

when complete separation of the Akt alkyl radical from Y takes place
slowly in the presence of a polar solvent. This stage, determinative

of the rate of the overall alkylating reaction, is reversidble and will
be slowed down with increase in concentration of the anion (Y ) in the
mediun. The energy of solvation of the ions compensates for the energy
needed for heterolytic cleavage. Then the resulting cation reacts rap=-
idly with the mucleophilic center. In the second place, synchronously
under the bimolecular mechanism (SNZ), vhen complete meparation into two

ions does not ocour, but an unstable transitional complex is formed in
vhich the Alk is united simultaneously with two groups (Y and X). 1In
this case, the carbonium ion is not in a free state, since processes of
bond formation and bonc g reaking occur simultaneously. The reaction
rate depends on the concentration o{ the substituent group X and on its
affinity with the electrophilic Alk™ group.

o Achievement of the transitional state is promoted by solvation of
4. polar complex, then processes of desolvation, charge transfer, and

chenical bond formation take place. The cause responsible for_cleavage

of the bond in the complex is the attack of the nucleophilic X group

.on the positively charged carbon atom in the group of the alkylating

compound, and the outcome of the reaction depends on the extent of nucleo~-

' . philicity of the X~ and Y groups, and also on the polarity and solvent

- oapacity of the solvent.

uost'alkylating compounds are mutagens to some extent in physio-‘A

logical conditions of temperature and pH in aqueous solutions. Lethal
effect, mutational activity, and specificity of action depend on the
structure of the attacking group and of the entire alkylating agent.
Many alkylation reactions used in organic chemistry are inapplicadle
under in vivo conditions for various reasons or bdecause of overhigh
reactivity (chloromethyl esters) that preclude selectivity of action,
or, in contrast, because of extreme inertness in conditions of an in-
taot biological system (alcohols, certain halogenalkyls, phosphoric acid
ssters), The chemical structure of the most typical classes of biologi-
cally active alkylating compounds is given in the table.

Halogenalkyls. Privary and secondsry halogen-substituted sat-
ureted hydrooarbons react with the mucleophilic center mainly according
to the bimolecular mechanism. For example, methyl iodide reacting with
the aceto-group forus an ester

"RCOO-F CHsl — CHiCOOCH; +1-.
In contrast, tertiary compounds are first subjected to ionisation in

aqueous solutions and the snt pechanisa is more charecteristio of them.

The resulting ocarboniun ion reacts more with the solvent molecules
(vater) than with the functional groups, vhich substantially reduces

the role of tertiary derivatives as biological alkylating agents. The
aotivity level of Alk-R in aild physiological conditions varies depending
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on the halogen used, in the following order: R = F&ZC1< Br< I.
1,2-Dichloroethane (ClCH,~CH,C1) exhibits a strong mutagenic effect, in-

ducing visible and lethal mutations in Drosophila (Rapoport, 1960b). In
contrast to most chemical and physical mutagens, dichloroethane acts
more strongly on immature spermatogonia in larvae than on mature sperm
in oales. Females prove to be ten times more sensitive to this mutagen
than males. This selectivity of action is explained by the author
as owing to the ability of dichloroethane to overcome the lipoidal bar-
riers of the ovum freely. 1,2-Dibromoethane and 1,3-dichloropropane
act somewhat more weakly (Rapoport, 1965). I. A. Rapoport believes the
.matational reaction of the halogenalkyl to be interaction with amino-
oxy- and sulfhydryl radicals.

Activated ethylene compounds. Activation of the pi-bond occurs
through introduction of an electron-acceptor group, for example, the
sulfone or carbonyl radical, etc. . _

et

R—C—C-=Cli,,

o4
vhere the arrow points to the direction of displacement of the pi-elec-
trons, that is, the direotion of bond polarization. As a result of dis-
placement of unpaired electrons, and also in part as a result of delta-
bond polarization, the peripheral carbon atom acquires a certain (incom-
plete) positive charge, and the other atom -~ an incomplete negative
charge, therefore this molecule exhibits a certain spontaneous dipole
moment. In this case, the compound reacts with the nucleophilic center
according to the bimolecular mechanism through the polarized ethylene

bond.
Acryloylethylenimine (C -CH—C-N"?HZ
R N

cd,

0

mutagen, containing an ethyleniwine ring and an ethylene radical, which
are bonded through an acyl group (Bartoshevich, 1965b). Through muta~
tional analysis of several compounds, including derivatives of ethylen-
imine with acyl radicals and pi-electron subastituents, it was found that
the activated ethylene bond is mainly responsible for high mutagenic
activity. Also highly revealing in this respect is a comparison of the
action of propionic aldehyde (035-082-030) vith sorolein (CH,«CH-CHO).

It is prodadle that oving to the activated double bond, the unsaturated
sldehyde causes ten times wore mutations than the saturated aliphatic
sldehyde (Rapoport, 1948a).

Aldehydes. The simplest representative -- formaldehyde (CH,0) --

bas proven t0 be the most active mutagen in this series (Rapoport, 1946
Auerdach, 1951; Jensen et al., 1951; Iyer, Saybalski, 1958). Speotro-
photometric and isotopic methods have established that formaldehyde
reacts vith free amino-groups of nucleic bases (RNA and single-chain DMA)
and aminoacids (Stashelin, 1958). At low concentrations, it reacts with

-3 -
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1, Alk - R
R=p®,Cl, Br, I

Halogenide alkyls

2. 032-08-11

H

' e
B n-c\\o
R = alk, - CH = CH,

.- Aldehydes

6. ON~N =~ 112
R, B, «H Ak
na-group. urethane, urea,
) goanidine, alk

N « nitrosubstituted compounds
7. Alk = 0 0

N4
Can-o \o
Dialkylsulfates (esters of sul-
furic acid)
.o Alk - 0\/0
Al'l/ \0

Alkylalkanesul fonates
(esters of sulfenic acids)

Classification of Alkylating Agents

9- Alk - 0

N
Alk =0 - P=0
Alk - ¢

Esters of phosphoric and phosphorous
acids

10. Cl - Alk
(c1 = AlkY
orR R =Alk
Yprite (@ ~chloroethylsulfides)
11, Cl1 - Alk

:..mw--f':--o--c,‘,n5 ™ -R
R 0 R =H, Alk, phenyl, etc. (ci ‘_‘R““‘{
Urethanes (ethyl ester of carbamic R = H, Alk, Alk-Cl, etc.
F scid) ¢+ - Nitrogenous analogs of yprite
5 Alk=N=N ( é-chloralkylminu)
Dissoalkanes

12, B,C - CH - R
/

R-H, Alk, CH201. 032011. second

epoxide group

Epoxides
13. (cH,) n\" Ce=0
Lactones

14, 320\; CH-R

JR B = H, Alk, phenyl, eto.
Bthylenimines




the attendant formation of a monomethyl derivative (-NH-CHzoﬂ), but av
high concentrations the dimethylol derivative is formed, _N'(CHZOH)Z‘

Similar methylene bridges are formed between two adenine molecules, which
leads to formation of purine dimers. The length of the methylene bridge

is 3.7 AU, but the distance between adjoining nucleotides is 3.4 AU. If
thymine and cytosine are neighbors in the original DNA chain, in the course
of replication erroneous incorporation of the adenine dimer is possible,
which leads to the transitional subsiitution of base pairs '

Original DNA Chain

> GTCA : GICA

E:Tgé miosis —> replication CXCFI‘
CAAT - _ GTTA
. — ——) szas

——> CAAT CAAT

The interphasal nucleus, that is, directly during the period of inten-

sive DNA synthesis, is the nucleus most sensitive to the action of this
mtagen.

Formation of other dimers (IE, 55, GG) is theoretically possible,
but mutational changes are probably related to the adenine dimer, since
the strong mutagenic action of formaldehyde is manifested only in the
presence of adenine (Alderson, 1960a, b, 1961). In spite of the fact
that formaldehyde is conventionally in the class of alkylating compounds
(Friz, 1964), at the basis of dimeric complex formation lies the conden-
sation reaction, as has been noted earlier by I. A. Rapoport (1946b).
Several authcrs suggest that formaldehyde reacts with genic material
via formation of an organic peroxide or free radical (Jensen et al.,

1951; Auerbdach, 1963; Friz, 1964). This reaction is catalyzed by ultrs-
violet rays and hydrogen peroxide.

In contrast to dichloroethane, formaldehyde acts only on male
gametes in an early stage (in the meiosis period) and has no effect on
the incidence of mutations in ova vhen DProsophila females were treated.

On the same genetic model, the unsaturated aldehyde E—C‘p » acrolein,
cné-c g

exhidits high mutagenio index, substentially exceeding the effect of
the nearest representatives of this homologous series (Rapoport, 1946a).

Urethanes. Awmong monofunctional compounds of this type, ethyl-
urethane (nzn-?boczns) exhibits the highest mutagenic effect, the action

of vhich vas aluost simultaneocus and was found independently in plants
and in Drosophila (Oshlkers, 1943; Repoport, 1947a). If the ethyl ana~
log increased the inoidenoce of sex-linked lethals by 25 tices compared

-8 -
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to controls, the remaining seven derivatives of carbamic acid did not
show a marked effect. Just like other alkylating mutagens, urethane
induces retarded mtations, which show up in the second generation in
the form of gonadal mosaics. Mutational research on plant material
using several urethane derivatives with substituonts at the amine group
and at the ester bond led the author to the conclusion that the degree
of activity depends wore on the size of the molecule than on the chemi-~
cal gtructure of urethanes (Roebbelen, 1962). Ethylurethane manifested
no mutagenic action on the model of reversible muta’ions of Neurospora
snd other microorganisms (Westergaard, 1957). This gave.grounds to as~
sume that urethanes act indirectly through formation of mediator complexes
and therefore activi# to a large extent depends on metabolic processes
in the cell.

In spite of the lack of clear concepts of the mutational mechanism
of urethanes, the following sequence of reactionc in outline form can be

i . proposed. It is known that urethanes are weakly basic esters and at

soldic pH probadbly undergo protonation of the carbonyl oxygen atom

HIV—-C—JJ—(:E{-FPft-PlV—- C—0-C,H
¥ 0 sty af T —C,H,
.0 O(H
-

Further, it is naturll to assime the exiatence of tautomerism be-
tween two oations ,——;— - e Ty T -
‘H,N--C-—O—C,H... H,N—-C—O*— i C,H;—H N—C—-O+C, H.

i
- cl)‘“ - O i o H
i - - lH - —— - — —

— e ————

Cation B can be readily hydrolyzod with breaking of the alkyl=-
oxygen bond and the consequent formation of an ethyl cation, which
enters into reaction with the mucleophilic center of the genetic mole-
oule according to the mono- or biwolecular mechanism.

Less acceptadle is the assumption that mutations under the ef~
feot of ursthane occur due to inhibition of the synthesis of DEA pre-
ocursors, and not due to direct alkylation.

Diasgelkanes. _gl:c 8 unusual group of mitagens includes diaso-
wethane (n-a-ca, or BSE-CH,), diascacetic ester cncooczns). exhidbit-

ing the same activity and which were first studied on Drosophila (Rapo-
pors, 1946b), and then on miorobiologiosl material (Jensen et al.,
1951; Marquardt et al., 1963), an antidiotic product in the form of

- ap saincacid -~ asoserine

- e e ot —— A v
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(Steinman et al., 1958; Iyer, Szybalski, 1958), and the unusually active
compound 1,4~bis~iiazoacetylbutane (NZCH—ﬁ—(CH2)4-ﬁ-CHN2) increasing by

0 0
several orders of magnitude the incidence of wutation of Drosophila genes
(Rapoport, 1960c), plant genes (Zoz, 1961), and actinomycetes (Bartoshe-
vich, 1964; Bartoshevich, Lyubinskaya, 1965).

In acidic media diazo-compounds readily unite a protcn to carbon,
but the pair of valency electrons is attracted to nitrogen, as a outcowme
of which a wmethyl radical and a nitrogen molecule are formed

AR .__(::'I: -‘7 VS.A\.:

H

It is less probable that the effective principle of diazoalkanes in a
biological system will be carbenes, that is, biradicals which have a bi-
valent carbon atom. The simplest carbene is free methylene, formed in
the degradation of diazomethane

TN N - HC - N

In the final analysis, the reaction amounts to wethylation, but
in contradistinction to most alkylating coupounds diazoalkanes react not
with nucleophilic centers (anions), but with carboxyl and amine groups
of nonionized compounds, in which there is a labile hydrogen atom

« = RCOOCH, + N\,
POON T L RCONTGH, 24 N,

This reaction occurs according to the bimolecular mechanism both
in the presence, as well ae in the absence of the ionizing solvent.

N-nitrososubstituted compounde. Products of the substitution of
8 hydrogen atow in secondary amines for a nitroso-group exhibit high re-
activity and weakly basic character. A triad of concoamitant properties
is clearly pronounced for compounds ir this group: carcinogenicity, car~
cinolyticity, and mutagenicity.

Study of the mutagenic effect of nitroso-compounds vas commenced

in the 1940's with the sction of nitrosomethylurethane (mwzas)

ChH

)
and led to discovery of extremely poverful sutagens -- nitrosocalkylurea
(o-g;n—c—unk). among which the most active proved to be the sethyl- and

Alk
ethyl derivatives (Rapoport, 1946b, 1962b). Allovirg for the emergence
of several simultaneous mutational transforsations in a single sex chromo~
soms, nitrosocethylurea in the gaseous phase causes more than ‘00X lethal
sutations. Not one of the known chemical and all the more so, physical

-7¢
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factors brought about such a high hereditary variability in Drosophila.
As a consequence, on the model of reversible biochewmical mutations in
yeast and actinomycetes (Marquardt et al., 1963; “artoshevich, 1965a),
direct mutations in microorganisms (Khropova, 1965; Gumanov et al., 1965),
and in plants (Zoz et al., 1964; Zoz, Makarova, 1965), the uniquely high
effect of these mutagens waes confirmed. Thus, in the plants Arabidopsis
treated with nitrosomethylurea,yp t099.1% sutations were induced. For

the same degree of plant growth suppression, X-rays induced 1/30 the
number of cutations (Muller, 1964). .

Other nitrosoamines show a more temperate genetic effect: dimethyl-
and diethylnitrosocanines ( ,Alk ) (Pasternak, 1962, 1963; Geissler,
O=N-N
NAlk
1962, 1963), nitroscalkylated ethylurethanes (O-N/-N-(:-O—cz!!5 ) (Zetter-

Alk
berg, 1960, 1961, 1962; Kihlwam, 1960; Marquardt et al., 1963; Loprieno
et al., 1964; Grant, Heslot, 1965), nitroscaminophenyl derivatives
N N=N-O: R = alk, aryl) (Kiblmann, 1961), and nitrosomethylguan-

R
idine (H N¥-C-N-NO) (Mandell, Greenberg, 1960; Gichner et al., 1963;
NH Ciy

Muller, Gichner, 1964). Sowe nitroscamides show the same strong muta-
genic action (Zimoernann, Schwaier, 1963). Thus, the bifunctional deri-
vative N,N-dinitrosc-N,N-dive thyloxamide (ON-N-G-H—HO) increases

5006!!’

the incidence of reversible mutations in Ssccharomyces by almost three
orders of magnitude (Marquardt et al., 1963).

The mechanism of the mutagenic sction of nitroscaaines has not
been decisively elucidated. In an acidic wedium at elevated tewmperatures
nitrosossines cleave to the original saine and nitrous acid. Under alk-
aline conditions nitrosowethylurethans forws diasossthane and other pro-
ducts of dcgradntion

| AN > NmCmO— - 2801 - 21N, = \m,-rcn,on-n.o
\4{-; o ) B
Therefore, soxe authors believe that secondary products are responsidle
for mutagenesis and carcinogenesis: nitrous acid and diaszoelkanes (Zet-

terberg, 1961, 1?62; Kihleann, 1960; Pesternak, 1962, 1963, 1963; Cich-
ner et al., 1963 In sodel experiments the chromstography sethod was

.used to discover both products of the deamination of guanine, adenine,

and cytosins, as vell as the slkylation of gusnine (Bednysk, 1965).

In contreat, other suthors propose that nitrosoamines induce sutations
8¢, since not one of the degredation products induoes such & high
sutation incidence ss the original compounds (Rapopors, 1962b; Marquards

ot al., 1963; Muller, Gichner, 1964; loprienc st al., ! .




Esters of sulfuric acid., Dimethylsulfate (cu50)2302 and diethyl-
sulfate (02H50)2802 have been studied most closely as to their chemical

action on DNA, as well as their rutagenic effect on wany materials (Rapo=
port, 1947b; Loveless, 1951; Westergaard, 1957; Heslot, 1962; Monti, Scor- e,
ascia, 1964; Eisenstark, Rosner, 1964). They act as aonofunctional
agents, in spite of the presence of two alkylating groups, since only one
of the two can be used for alkylation in biological systems

~ 1 C.hi

C =0 OJ_\ww.nr;ayyvs-k”'J)\S/OJ_HQ

Nsg - >
Cr 07 N =0/

It is difficult to conceive that a negatively charged monoalkyl=-
sulfate ion, formed as a result of cleavage of the first alkyl-oxygen
bond, can approach a mucleophilic center and enter into reaction with it.
It is possible that this molecular reaction mechanim explains why dialkyl-
sulfates induce predominantly point mutations in plants and animals (Rapo-
port, 1961; Heiner et al., 1962). If for the most effective physical
and molecular mutagens the limit of induced mutations for a sex chromo-
soue approaches 20-30%, treatment of Drosophila in diethylsulfate vapor
raises this barrier to 75% lethals, and in 8o doing normal fecundity and
viability of the treated material are preserved (Rapoport, 1965). Mature
sperratozoids are the most sensitive to the action of diethylsulfate,
but cells undergoing reductive division undergo less mutation (Alderson,
Pelecanos, 1964). In the same way diethylsulfate-induced mutations ap-
pear in nondividing populations of bacteria and in extracellular phages
(Ronin, 1963). The methyl homolog is more toxic than the ethyl and re~
veals a variable preference to mutagenic activity in certain saterials
and character

Eaters of sulfonic acids. In genetics research, the estersd of
wethyl- and ethylsulfurous (sulfonic) scicy are most often used

vethyloethanesulfonate and ethylwethanesulfonate
“%or%%ro\séo
ciy” =0
wethylethanesulfonate and ethylethanssulfonate

(CHy or CyHg)-0. 5 0
N

6285 0

Just like esters of sulfuric acid, slkylsulfonates -- monofunc-
tionsl agents =~ react in mild physiological conditions with cleavage
of the bond between the slkyl radical and oxygen. Nethyl esters reacts
under the 8.2 sschanism, ethyl howclogs -- under a sixed wechsnise, that

is, in the latter case jonisation of the ester bond occurs even before

-9 -
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approach to a nucleophilic center, but complete cleavage occurs after
formation of tr> couplex with this center. Marked by good solubility,
slow hydrolysis, low toxicity, and negligible aberrational effect, ethyl-
methanesulfonate invariably on all genetic materials and characters, be-
ginning with viruses and ending in multicellular plant and animal organ-
ioms, manifests hich mutagenic activity (Fahmy, O. G., Fahmy, M. J.,
1957; Westergaard, 1957; Loveless, 1958; Heslot, 1960; Fress, 1961; Min--
ocha, Arnason, 1962; Lobbecke, Boestel, 1962; Robbelen, 1962a; Bohme,
1962; Gaul, 1962; Strauss, 19€2; Swaminathan et al., 1962; Neuffer, Fio-
sor, 1963; Kaplan ot al., 1967, Ivanovics et al., 1963; Blixt et ali.,
19643 Lyubinskaya et al., 1jA5).

The halogenide derivative -ClCHZCHz—O—Soz—CHB, chloroethylmethane~
sulfonate, and the cyclic ester of ~ropanesultons (CHZ.CHZ’CHZ) have
|

[

502-———0

shown no less mutageric action (Westergaard, 1957; Heslot, 1962; Auerbach,
1962; Watson, 1962; Mathew, 1964).

The mutagenic and toxic effect of alkylsulfonates drops propor=-
tionally to the increase in alkyl branch forming the ester bond.

Esters of phosphoric acid. Under different conditions, the cleav-
age of the ester bond occurs differently: in an alkaline solution the
phospliorus~oxygen bond is cloaved, and only &t lower pH is the alkyl-
oxygen bond broken

acidic medium
RA-O
RGP0
R0

alkaline wmedium

Therefors, ~ kylation with these agents in mild physiological conditions
is limited cither to intrameclecular regroupings in the ester itself,

or to a reaction which takes place with a very strong nucleophilic cen-
ter. Thus, for example, triethylphosphate in vivo alkylates cysteine

at the mercapto-group (Ross, 1962). No strong mutagens have been found

among the «likylphosphatas. Dimethylphosphate (CHB)2HP04, inducing modi-

fications in Drosophila, does not induce mutations (Rapoport, 1962a),
but trimethylphosphate on Neurospora (reversible mutations) has demon-
strated a very low mutagenic effect (Westergaard, 1957). When alkyl
radicals are substituted YWy iwo cnloroethyl groups -- di-f§, ﬁ'-chloro-
ethylphosphorous acid -~ HPO(OCH208201)2 -- mutagenic activity rises

precipitously (Rapoport, 1960a). Probably, the hydrogen-phosphorus bond
in phosphorous acid acts on the lability of the alkylating group, since
upon substitution of hydrogen by a third chloroethyl radicel the muta=
genic effect drops to 1/10th the value. Moreover, the high reactivity
can be oxplained on the b..is of ionization with formation of a carboniuvm
don. 4 shevp rise in mtational effect has also been observed for the

{0 -
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ester of methylphosphinic acid (kapoport, Kostyanovskiy, 1960).

f -Chloralkylsulfides. ‘he presence in the wolecule of these com-
pounds of an electron-rich central sulfur atom raises the reactivity of
the chloralkyl radical in aquecus solution. Chlcralkylsulfides are active
in aqueous solution and are capable of alkylating the most diverse func-
tional groups. The reaction takes place ata high rate; thus, the half-
period of yprite hydrolysis in water at 37°® C is 3 minutes, therefore it
is a strcng mutsgen only in biological systems in whichk the reaction is
not restricted by numeious cytoplasmic barriers, and conditions promote
a rapid reaction. #nd ionization of the chlorine atom occurs readily
cwing to the electron-repelling properties of the sulfonium ion {a)

CH.,
:_./.’ (‘5‘)
| ZcH,

CHCU'.Cl  Giigtl, 2N
sC T es( T T oy CHCHG
L}'L;C}'IQCI ‘Ci u:(,'.'lgcl (Z‘.) \ /CE‘Z:CHzA (C)
S

CH.CH.C!

Via the internal bimolecular reaction, the resulting carbonium
cation eitier cyclizes with formation of a stable ethylenesulfonium ion
(b), or immediately enters into reaction with the nucleophilic center (c).
The concentration of the sulfonium ion in aqueocus solution is insignifi-
cant, therefore, probably, the direct reaction of the carbonium cation
with the nucleophilic group must be regarded as the main form of the reac-
tion. As to the alkylating molecule, this reaction follows the monomole~
cular mechanism with a rapid stage of ionization and slow interaction
with the electron-rich center. The extremely high toxic effect of this
compound type narrows the chance of their laboratory use in mtation ex-
periments (Auerbach, Robson, 1944; Stevens, Mylroie, 1950; Loveless, 1951).

ﬁ—Chloralkylamines. This extensive group of compounds under the
name of nitrogenous analoga of yprite is used with success as carcinolytic
preparations. Depending on the content in the molecule of the A ~-chlor=-
alkyl groupings, mono-, bi~-, and trifunctional compounds are distinguished
(they are denoted by HN1, HN2, and HN3, respectively). In contrast to
the true yprites, in which the sulfur atom exhibits a negligible basicity,
the cyclic ethylenimmonium ion formed via ionization of f§=chlorethylamines
is more stable in aqueous media than is the sulfonium ion. In addition,

.the cyclic ethylenimmonium ion exhibits inoreased reactivity through

stretching of valency bonds in the three-membered cycle. Therefore, it

is assumed that the main reaction stages are rapid ionization with oycliz~-

ation under the SN1 mechanisw in a period of a few minutes and then
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a bimolecular reaction with the nucleophilic center

CHAT L C g A
O Lade(CT
Nanerar CiLCi

. '

PN

Yet it was noted that nitrogenous analogs of yprite, which have
the attacking group in the form of chloropropyl radicals, are stronger
tutagens than chloroethyl derivatives (Alikhanyan, Oganesyan, 1964).
In this case, as a result cyclization a four-membered immonium ion should
have been formed, the straining of its bonds being considerably less than
in a three-membered cycle and, consequently, reactivity also being reduced.
Hence, the possibility of alkylation of functional genetic molecules via
formation of a carbonium ion with cyclization is not excluded.

In spite of the fact that at present studies have been made of
mutagenic action of more than 100 yprite analogs on different materials,
no success has been won in revealing a direct correlation between chemi-
cal and mutagenic activity (Westergaard, 1957; Dulaney, 1959; Fahmy, 0.
G.é §hhmy, M. J., 1960; Loebbecke, 1963; Degen, 1963; Oganesyan, Alikhanyan,
1964 ).

Epoxides. Ethylene oxide, or ethyleneoxide (cnéjpnz) is the first
\

member and is the attacking matagenic center of all subsequent represent-
atives of the epoxide group (Rapoport, 1948a; Heslot, 1962; Zacharias,

Ehrenberg, 1962). Two principal pathways are possible for the alkylation
of the nucleophilic center by ethylene oxide

A H

CH,—CH,A I

CH—CHy - -
- I |
Chg'—cHs O.. ’{.
Q ) O
<':Hs—cx-;,A o cH,—CHA Co
|
o~ Orl

In the first, rupture of the cycla, ionization with formation of a car~
bonium cation, and subsequent monomolecular reaction take place. This
type of alkylation is activated in compounds with acceptor substituents
at the terminal carbon atom, for example, epichlorohydride (Cﬂz-gﬁ-CH201)

and glycidol (052:93?082-0H), which are more powerful mutagen;\o than

0
ethylene oxide (Rapoport, 1948c; Westergaard, 1957; Heslot, 1962). The
second pathway is the bimolecular proceuvs (SN2) with protonation of the
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of the resulting complex. Epoxides react slowly and the reaction rate in
the latier case can be raised through increase in concentration of the
reacting functional groups. Diepoxybutane shows especially increased
rutagenic activity (QEZ:QH—Q§-9H2 ) (Kolmark, Westergaard, 1953; Emery,

0 0
1960; Kreizinger, 1960; Cohn, 1961; Kolmark, Kilbey, 1962; Heslot, 1962;
Northrop, King, 1963). And of the two stereoisomers, the levo~form of
diepoxybutane as a mutagen is several times more active than the dextro=-
form (Bjanchi, Contin, 1962; Moutschen-Dahmen et al., 1963).

In bifunctional epoxides substitution at the peripheral carbon
atom and increase in carbdon chain length reduces the chemical and muta-
cenic activity (Heslot, 1962). Upon substitution of the oxygen in the
cycle with a sulfur atom (ethylenesulfide ng—ggz), the mutagenic index

is sharply reduced (Rapoport, 1962).

lactones. The greatest mutagenic effect is exhibited by the cyclic
ester p-propiolactone (CH2—C32-C-0) (Smith, Srb, 1951; Iyer, Szybalski,

\N 7
0

.1958; Eisenstark, Rosner, 1964; Withers, 1965). Esters of carbonic acids

are hydrolyzed at the carbonyl-oxygen bond and therefore cannot be elec~
trophilic agents in alkylation reactions. Via cyclization, lactones ex~
hibit internal strain, rising with decrease in the number of members in
the heterocycle, and as an outcome cleavage can occur in agueous solutions
at both oxygen bonds, forming ions that enter into the following reaction

CHy—Ciie—C==0  A—C—CH,—CH,—OH
N/ Y |
x\ ya LA 0
N
© A—CH,—CH,—C—OH
i
0

B SEE— -

with different nucleophilic centers. As a consequence, it is more cor-
rect to call lactones not alkylating, but acylating agents. This group
of compounds can include with full warrant ketene ?cxzuc-o) and also

several genetically active ketones (Rapoport, 1946).

Ethylenimines. In the reaction period ethylenimine undergoes the
following energy changes: activation of the strained three-member ring
via protonation of the tertiary nitrogen atom, which leads to formation
of an ethylenimmonium ion. The instability of this cation is caused by
repulsion of the eleoctron pair from the nitrogen atom, therefore weakened
valency bonds in the oycle are ruptured and a reactive carbonjum ion is
the result, entering into reaction with a mucleophilic center
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Cla - O, == CMa= Ol = N = Clla 4+ A = ACH,—CH,~-NT,

X/ %
N

Displacement and interaction of the carbonium ion with the func~
tional group of a gene in the terminal reaction stage occurs under the
bimolecular mechanism SN2.

Examining the mutational process on the basis of a unified field
of electrical asymmetry, I. A. Rapoport proposed that affinity with genic .
material is the function of the cyclic molecule ethylenimine, and not the '
cleaved radical (Rapoport, 1965). Here, in contrast to genic changes, :
where reactions proceed at covalent bonds, but ethylenimine enters a homeo~-
polar state, chromosomal rearrangements are manifest at electrovalent bonds,
but the mutagen reacts in the ionic form.

Ethylenimines are one of the most active groups of chemical muta-
gens persistently manifesting & strong genetic effect on organisms of
diverse levels of organization: on animals (Rapoport, 1962c; Alexander,
Glanges, 1964); on plants (Shkvarnikov, 1948; Gustafsson, Ehrenberg, 1959;
Heslot, 1960; Zoz, Dubinin, 1961); on algae (Khropova, 1965); fungi (Kol=-
mark, Westergaard, 1953; Alikhanyan, Mindlin, 1956; Heslot, 1962); actino-
mycetes (Zhdanova, 1961; Klepikova, Alikhanyan, 1963; Bartoshevich, Kos-
tyanovskiy, 1965); on bacteria (Szybalski, 1958; Steinman et al., 1958);
and on extra- and intracellular bacteriophages (Drake, 1963; Degen, 1963).

As a rule, increase in functional ethylenimine centers in a cowmplex
mutagen molecule reduces the point mechanism of action and intensifies the
abberational effect (Westergaard, 1957; Rieger, Michaelis, 1962).

On models of reversible mutations of susotrophic strains of yeasts
and actinomycetes, an extremely high activity was found, surpassing by
many times the effeot of ethylenimine, N-chloroethylenimine

c ¢
Iné\kcl, N-acryloylethylenimine lﬂf\n—c-cn-cnz
CH,” o8’
and s bifunctional derivative cné\ "cﬂé ' N.l‘-nothylonc-bia-
| ° ¥-CH-K]

A ch,

ethylenimine (Heslot, 1962; Bartoshevich, 1965).

In studying the mechanism of the induction of mutations, it is
necessary to take into account in part the possibility of dirxect action
of sutagens through intermediate formation of muoleotide analogs. There~-
fore, control of directed variadbility of orgsnisms is attainadle through




an understanding of the complex mutational reaction occurring not as a
single-act interaction of mutagen with DNA, but as a process proceeding
through a number of stages.
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