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Methyl methanesulfonate (MMS) is an Sy 2 type alkylating agent which predomi-
nantly methylates nitrogen atoms in purines. Among the methylated bases 3meA and
dmeG are highly mutagenic and toxie. The excision of these lesions leads to the forma-
tion of apurinic (AP) sites and subsequently to AT—TA or GC-»TA transversions, The
in vivo method based on phenotypic analysis of Arg” revertants of Escherichia coli
K12 and sensitivity to T4 nonsense mutants has been used to estimate the specificity
of MMS induced mutations. In the E. coli arg” his thr” (AB1157) strain MMS induces
argE3(oc) »Arg’ revertants of which 70-80% arise by supL suppressor formation as
a result of AT-+TA transversions. The remaining 20-30% arise by supB and supE(oc)
suppressor formation as a result of GC—+AT transitions. The level of AT-+TA transver-
sions decreases during starvation. This is a consequence of action of the repair mecha-
nism called mutation frequency decline. This system which is a transcription coupled
variant of nucleotide excision repair was discovered in UV induced mutations. We de-
scribe the mutation frequency decline phenomenon for MMS mutagenesis. MMS is a
very efficient inducer of the SOS response and a umuDC dependent mutagen. In MMS
treated E. coli cells mutated in umuDC genes the class of AT>TA transversions dra-
matically diminishes. A plasmid bearing Umul}D')C proteins can supplement chro-
mosomal deletion of umuDC operon: a plasmid harbouring umul)’ C is more efficient
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in comparison to that harbouring umul)C. Moreover, plasmids isolated from MMS
treated and transiently starved E. coli AB1157 cells harbouring umulXD')C genes
have shown the repair of AP sites by a system which involves the UmuD'C or at least

Umul} protein,

Procaryotic as well as eucaryotic cells are
constantly exposed to endogenous and exoge-
nous mutagens. In the last decade much atten-
tion was focused on DNA repair systems
which enzymatically remove a modified base,
sugar or phosphate from DNA. All these re-
pair systems were first discovered and de-
scribed in bacteria. The existence of a human
DNA repair deficiency syndroms such as he-
reditary nonpolyposis colorectal cancer
(HNPCC), xeroderma pigmentosum (XP) or
Fanconi's anemia (FA) which lead to genetic
instability and predisposition to cancer under-
scores the protective effect of DNA repair.

Alkylating agents are a group of mutagens
and carcinogens that act through covalent
modification of cellular DNA, producing at
least 15 different lesions in DNA [1). It is
widely accepted that the mutagenicity of an al-
kylating agent is related to its ability to form
O-alkylated versus N-alkylated adducts in DNA
[1-3]. Alkylating agents can react with nu-
cleophilic centers of organic macromolecules
by either the Syl mechanism and be de-
scribed as “high oxyphilic” agents or by the
Sn2 mechanism, “low oxyphilic” agents [4, 5].
Chemicals like MNU or MNNG in the Sy1 re-
action alkylate to a greater extent the oxygen
atoms and are strongly mutagenic and car
cinogenic, whereas MMS in the SN2 reaction
alkylates bases predominantly at the nitrogen
atoms and is less mutagenic and carcinogenic
[6].

There are several reasons for studying the
biological activity of MMS. This methylating
agent introduces into DNA a whole spectrum
of lesions which can be repaired by different
mechanisms allowing for mutation-avoidance
and maintaining DNA stability. MMS is able
to induce two DNA repair systems which are
important for cell survival: the SOS system
and adaptive response [7]. Both, very pre-

cisely described in bacteria, are also present
in yeast and, highly probable, in human cells.

MUTAGENIC PROPERTIES OF MMS
INDUCED BASE MODIFICATIONS

MMS is a monofunctional agent which re-
acts by the Sy2 mechanism. Relative propor-
tions of methylated bases present in DNA af-
ter the reaction with MMS are as follows: 83%
of N?-methylguanine (TmeG), 11% of N*-meth-
yladenine (3meA), 1.9% of N?-methyladtanjne
(TmeA), 1.2% of Ni-meﬂlyladenine (1meA)
and 0.3% of 0%methylguanine (0%meG) [8]
(Fig. 1).

TmeG does not appear to be significantly
mutagenic, but it can generate secondary le-
sions by forming apurinic (AP) sites or by
opening the imidazole ring, which yields 2,6-
diamino-4-hydroxy-5-N-methylformamidopy-
rimidine (methyl-FapyG) [9]. Methyl-FapyG,
3meA and 3meG are highly toxic because each
of them leads to formation of a replication
block [10]. Enzymatic or spontaneous loss of
3meA, 3meG and Tme( leads to the formation
of AP sites which may induce AT-TA or
GC-TA transversions in a umuDCdependent
manner [11-13].

Of the methylated bases 0%meG has been the
most extensively studied because it is a very
effective premutagenic lesion which can mis-
pair with thymine in vitro [1, 4]. Mutagenicity
of 0%meG has been confirmed in vivo by site
directed mutagenesis [14]. The results of
these experiments have shown that 0®meG in-
troduced into a precisely determined DNA se-
quence leads to GC-AT transition. This class
is dominant among mutations induced by al-
kylating agents [15]. The efficiency of alkyla-
tion of 0° position of guanine determines the
mutagenicity of an alkylating agent: the
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stronger mutagen, the higher is the propor-
tion of 0®meG introduced into DNA [16].

IN VIVO METHOD FOR
DETERMINING MUTAGENIC
SPECIFICITY OF MMS

The mutagenic process taking place in
Escherichia coli cells after MMS treatment can
be characterised by analysis of tRNA suppres-
sors [15]. One of the in vivo methods is based
firstly upon phenothypic analysis of Arg" re-
vertants of E. coli K12 bearing argE3 (ochre),
hisG4 (ochre) and thr-1 (amber) chromosomal
mutations, and secondly on the sensitivity of
these revertants to T4 nonsense mutants
[17-21]. Introducing some modifications, we
have used this method to estimate whether
the revertants arose by suppressor formation
or back mutations, and to identify the sup-
pressor [15]. The pattern of suppression for
tRNA ochre suppressors is shown in Table 1.
The formation of supB or conversion of
supE(am) to supE(oc) arises by GC—=AT tran-
sitions. The remaining suppressors may be
formed by GC(AT)-»TA transversions.

Our studies show that, in E. coli AB1157
strain, MMS induces more than 70% of Arg"
revertants which arise by supl. suppressor
formation as a result of AT=TA transver-
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Figure 1. Principal
DNA lesions formed
by methyl methane-
sulfonate.

sions. Approximately 30% of the mutants
arise by formation of supB and supE(oc) sup-
pressor formation as a result of GC>AT tran-
gitions [12, 13].

DECLINE IN MUTATION FREQUENCY
— THE MFD PHENOMENON

The mutation frequency decline is defined as
a rapid and irreversible decrease in the level
of certain UV-induced tRNA suppressor muta-
tions that occurs in E. coli when protein syn-
thesis is transiently inhibited immediately af-
ter UV irradiation [22]. The mutations in the
anticodon of a glutamine tRNA gene making
it a suppressor are susceptible to MFD, but
conversion type suppressor mutations (which
converts a suppressor tRNA from recognizing
an amber codon to recognizing an ochre co-
don) and true back revertants are not [23].

Analysis of the potential lesions in particular
tRNA genes led to the conclusion that MFD is
the process in which premutagenic lesions
present in the transcribed strand of an active
gene are repaired more rapidly compared to
the nontranscribed strand or unexpressed
DNA sequence [24]. The observation that UV
induced pyrimidine dimers, as well as other le-
sions, effectively block transcription [25], has
been of great importance for the current
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model of preferential repair of the transcribed
strand. The model provides for the existence
of a factor able to interact with both, the
stalled RNA polymerase-DNA complex and
the excision nuclease. Such a protein called
TRCF was purified from E. coli. It was a kind
of surprise to realise that a defect in the tran-
scription coupled repair observed in extracts
from E. coli mfd strain could be complemented
by the TRCF purified from wild type cells. A
confirmation that the mfd gene encodes TRCF
was obtained through cloning and functional
analysis of the mfd gene and protein [26].

MFD is a special manifestation of nucleotide
excision repair [27]). At the first step of the
process TRCF recognises RNA polymerase
stalled at a lesion and releases it together with
the nascent RNA tail (see Fig. 2). Subse-
quently TRCF recruits the UvrA;UvrB com-
plex to the damage site and facilitates the dis-
sociation of UvrA from the UvrAgUvrB-DNA
complex. This step leads to the formation of
the preincision UvrB-DNA complex and bind-
ing of UvrC protein. In the presence of UvrC,
UwrB makes an incision at the fourth phos-
phodiester bond 3', whereas UvrC by itself in-
cises the seventh phosphodiester bond 5 to
the lesion. Uvr(C and the excised oligomer are
released by UvrD protein (helicase II) and the
UvrB is displaced from the repair gap by po-
lymerase I, which synthesises a repair patch.
The ligation of the patch done by DNA ligase
completes the whole process [28].

For MMS induced mutations we have de-
scribed a repair process very similar to that

characteristic UV mutagenesis (13, 21]. Phe-
notypic analysis of Arg’ revertants together
with the results of T4 sensitivity test allows to
conclude that the level of Arg” revertants de-
creases gradually in the course of starvation.
Among the mutations only those which arose
by AT-=TA transversions are subject to MFD
[13].

We have observed that the transformation
of AB1157 strain with plasmids harbouring
umuD(D')C genes results in an increased level
of the MMS induced mutations. The presence
of the plasmid harbouring umuD'C genes
leads to the most efficient MMS mutagenesis
[13]. MMS treated AB1157 cells harbouring
umul)' C plasmid are the source of Arg” rever-
tants which arise mainly by AT—=TA transver-
sions. Under MFD conditions (transient
amino-acids starvation) the level of these mu-
tations drops but, unlike in the case of UV in-
duced mutations, this MFD phenomenon is
only slightly uvrA and mfd dependent.

We also described a simple method of direct
observation of single stranded breaks in DNA
[13, 21]). Plasmid DNAs have been isolated
from MMS treated E. coli cells and digested
with Fpg lyase. MMS action introduces AP
sites into plasmid DNA predominantly after
loss of 3meA. Fpg lyase forms single stranded
breaks at AP sites and, as a consequence, the
covalently closed circular (ccc) DNA under-
goes transformation to the open ecircular (oc)
form. The two forms can be easily distin-
guished on agarose gel electrophoresis. Dur-
ing starvation following MMS treatment the

Table 1. Suppression pattern for known tRNA suppressors of ochre mutation

E. coli nonsense mutation

Whgens e chonge T T
- {oc) (oc) (am)
supB gln GC=AT - = -
supk,. gln GC—=AT + - -
supC tyr GC—-TA + + +
supl, lys AT— TA + + -
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appearance of a growing amount of the Fpg re-
sistant cce form of plasmid DNA points to the
repair of this DNA.

We have not observed the MFD phenome-
non in the MMS treated E. coli dna@49 strain
at 37°C [29]. Interestingly, our recent results
have shown that the level of MMS induced mu-
tations drops in the course of starvation when
E. coli dna@49 is incubated at the permissive
temperature of 30°C (E. Grzesiuk & A. Nowo-
sielska, in preparation). This suggests that the
proofreading £ subunit of DNA polymerase I11
encoded by dna@ gene might be involved in
MFD repair.

The association of mismatch repair with
MFD is not clear yet. Some authors claim that
there is no influence of the mismatch repair
system on preferential transcription-coupled
repair [30] but others have found that the de-
fects in mutS or mutL genes which affect mis-
match repair in E. coli, eliminate this rapid re-
pair in the transcribed strand [31]. Recently,
it has been shown that in UV irradiated
E. coli B mutS™ the kinetics of MFD is slower
than in wild type strain [32]. Our studies show
that in MMS treated E. coli K12 mutS™ the
level of GC—=AT transitions increases and pre-
dominates over AT-TA transversions. Differ-
ent specificity of the MMS induced mutations
in mutS~ and mutS" strains could explain the
lack of MFD in the MMS treated mutS™ cells
[33]. It is also possible that the effect of mis-
match repair deficiency on MFD is indirect,
but the relationship between the two repair
systems remains to be elucidated.

S0OS RESPONSE — UmuD(D)C
CONTRIBUTION TO MMS
MUTAGENESIS

Methylation damages are repaired by vari-
ous pathways among which error free repair
systems are predominant. 0%meG is repaired
by O°methylguanine-DNA methyltransfe-
rase [34]. Other methylated bases and AP

sites are subject to base excision repair [34].
These lesions may be repaired also by the nu-
cleotide excision repair system [35]. Besides,
dmeA and/or AP sites, which arise as a result
of MMS action, are very efficient inducers of
the 808 system [36]. This system was called
“SOS” because of its “response” to DNA dam-
age [37]. There are more than 26 genes which
are the members of SOS regulon. They are
spread all over E. eoli chromosome but they
are under common control of Lex repressor
which inhibits their transcription by binding
to the operator sequences, called SOS boxes,
located upstream of SOS genes [38). Damage
to DNA (for instance 3meA or AP site) leads to
activation of RecA protein. The interaction be-
tween LexA and activated RecA (RecA®) re-
sults in the proteolytic cleavage of LexA re-
pressor and derepression of the genes of SOS
regulon [39]. The induction of these genes oc-
curs with different kinetics. uvrd, worB and
uvrD) genes, being members of both: the SOS
regulon and NER, are expressed first.
umuDC, the only SOS operon that must be in-
duced in E. coli to promote SOS mutagenesis
[40], is fully derepressed as the last one [41]
(see Fig. 2).

Error prone translesion DNA synthesis is a
main issue of SOS mutagenesis. The current
model suggests at least two steps of the muta-
genic process [42]. In the first step DNA po-
lymerase inserts any base opposite the mis-
coding lesion in the template strand. The sec-
ond, “bypass”, step requires the UmuDC pro-
teins which together with RecA enable the
DNA polymerase III holoenzyme to replicate
through unrepaired DNA, but with a concomi-
tant decrease in replication fidelity [43-45].

UmuD and UmuC proteins are encoded by
umul and umuC genes organized in an
operon, with the upstream wumul) gene over-
lapping the downstream umuC gene by one
nucleotide [46]. Basal steady state level of
UmuD is approximately 200 molecules per
cell. The level of UmuC has been estimated to
be as low as 16 molecules per cell [47]. Upon
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Figure 2. Mechanisms of apurinic/apyrimidinic (AP) sites repair.

MMS-indueed appearance of AP sites induces 8085 response (left side of the model). As the first, zord and wvrB
genes are induced; their products: UvrA (A) and UvrB (B) proteins are involved in nucleotide excision repair (NER)
(middle). AP sites can also block transcription which leads to the induction of transcription coupled repair which is
connected with NER (right). The transeription repair coupled factor (TRCF) interacts with RNA polymerase (RNAFP)
stalled at a lesion. RNAP dissociates leaving TRCF which recruits the UvrA;UvrB complex to the place of damage.
Next steps after UvrB-damaged DNA complex formation are common for NER and transeription coupled repair (see
text). Among genes of 808 regulon, umud) and umuC are induced as last one. For its function in S05 mutagenesis,
UmuD protein (D) is posttranslationally modified in the presence of RecA® protein forming a shorter, active in muta-
genesis, UmuD’ (D'} form of UmuD. UmuD'sUmuC (D'D'C) complex, RecA filament (A) and £ subunit of DNA po-
lymerase III (pol III) form a mutasome which facilitates translesion synthesis made by DNA pol IT1 (left).
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SOS induction the level of UmuD and UmuC
increases to approximately 2400 and 200
molecules per cell, respectively.

SOS mutagenesis also requires UmuD to be
posttranslationally processed by a RecA* me-
diated proteolytic cleavage [48]. The cleavage
occurs at the Cys-24-Gly-25 bond and as a re-
sult a shorter, active in SOS mutagenesis
form of UmuD, UmuD’ arises. Under physio-
logical conditions UmuD and UmuD' proteins
form homo- and heterodimers [49). The het-
erodimer is formed preferentially but it is in-
active in mutagenesis [50]. On the contrary,
UmuD’ as a homodimer is relatively stable
and active in SOS mutagenesis but it is
formed only under conditions of UmuD’ ex-
cess. UmuD)’ dimer preferentially binds
UmuC protein generating the UmuD’5UmuC
complex [51]. UmuC is very labile as a mono-
mer, however it can be protected by Hsp60
and Hsp70 heat shock proteins while waiting
for the appearance of a high level of UmuD’
[52].

UmuD’ homodimers also interact with
RecA* nucleoprotein filament [53]. RecA pro-
tein, in addition to its action as a positive
regulator of SOS response and the activator of
UmuD protein, plays a direct role in the muta-
genic process. There is evidence indicating
that the third, direct role of RecA in SOS mu-
tagenesis is to position the Umu proteins for a
productive encounter with DNA polymerase
I1I [54, 55].

DNA polymerase III, under normal condi-
tions, is involved in translesion DNA synthe-
sis [56]. It has been assumed that 3'=5' proof-
reading activity of ¢ subunit of DNA po-
lymerase IIT has to act less precisely in order
to allow the enzyme to synthesize through a
miscoding lesion. It is possible that Umu pro-
teins are involved in the modulation of £ activ-
ity. In E. coli mutD5 mutant, which shows re-
duced proofreading activity, the level of UV in-
duced mutations is similar to that obtained
for wild type control. This result suggests that
during UV mutagenesis the & subunit might
be inhibited [57]. It is possible that the type of

missincorporation and/or strand extension
on damaged DNA template is very sensitive to
the amount and the type of Umu proteins
present [58].

MMS is a umuDC-dependent mutagen; the
frequency of MMS induced mutations in
umuC™ strains is about 30% of that observed
in umuC” [59]. Our results indicate that, in the
E. coli AB1157 strain, 70-80% of the MMS in-
duced Arg  revertants arise by supL sup-
pressor formation as a result of AT->TA trans-
versions [12, 13]. Obviously this class of muta-
tions disappears in the MMS induced E. coli
strain in which the umuDC operon iz deleted
but it can be restored by introducing a plas-
mid harbouring umul)C genes [13, 33]. The
frequency of MMS induced AT—=TA transver-
sions is higher in E. coli harbouring umuD'C
plasmid than in cells carrying plasmids with
umuDC, umuD or umul)' genes. Electropho-
retic analysis of plasmid DNAs isolated from
MMS treated and temporarily starved E. coli
cells shows large differences in the efficiency
of the repair process. Plasmids harbouring
umuD'C or umuD’ alone were repaired more
efficiently in comparison to those bearing
umuDC or umuD. The repair of pBR322 or
pZ150 which contain none of the umulXD')C
genes was very poor, if any [29]. This finding
suggests that, in addition to taking a part in
the SOS response, Umull(D')C proteins play a
role in DNA repair. We propose that the MFD
mechanism for MMS induced mutations dif-
fers from that described for UV mutagenesis.
It is probable that UmuD({D")C are invloved in
this repair pathways and that, since the repair
is delayed and copy number dependent ([29],
and E. Grzesiuk, unpublished obhservations)
this process takes place after processing of
UmuD to UmuD’.

Interesting results have been obtained for
EMS mutagenesis [21, 60]. EMS is known as
an alkylating agent acting independently of
umulDC genes, however, under particular cir-
cumstances UmuDC proteins affect the speci-
ficity of EMS induced Arg’ revertants. EMS
alkylates 08 of guanine forming highly muta-
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genic 0%ethylguanine which lead to GC—~AT
transitions arising by supB and supE(oc) sup-
pressor formation [60]. Dramatic changes in
specificity of Arg™ revertants have been ob-
served in E. coli strain with a chromosomal
mutation in mutS gene. In this strain 60% of
EMS induced mutants arose by supL suppres-
sor formation as a result of AT—=TA transver-
sions. Moreover, an additional mutation in
umulD or umuC led to the same mutation speci-
ficity as in the E. coli AB1157 mutS" umuDC"
strain [21, 60]. Unlike with MMS, in the case
of EMS it is overproduction of UmuDC rather
than UmuD’'C that directs mutagenesis to-
wards AT-TA transversions [60].

In the case of MMS, AT->TA transversions
can be the main mutational event. Since these
mutations are UmuDC dependent they most
probably arise as a result of translesion DNA
replication in a reaction involved DNA po-
lymerase III, UmuD’, UmuC and RecA pro-
teins. The MMS induced supL suppressor mu-
tations monitored in Arg’ revertants undergo
the MFD effect due to the preferential repair
of the transcribed strand. This suggestion has
been supported by identification of AP sites
and their subsequent repair under MFD con-

ditions in the presence of UmuD’C proteins as
deseribed above.
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