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PROCESSING OF RING SATURATION AND FRAGMENTATION PRODUCTS
OF DNA THYMINE IN ESCHERICHIA COLI
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Summary. - The biological processing of thymine
ring saturation and fragmentation products is summariz-
ed in Table 1. The ring saturation product, thymine
glycol, is a block to in vitro DNA synthesis, whereas
the ring saturation product, dilydrothymine, is not.
Both these lesions are recognized in vitro by endonucle-
ases HI and VIII. Since thymine glycol is a replicative
block, it is a lethal lesion in vivo. The excision repair
process for removal of thymine glycols from DNA is
initiated in vivo by endonuclease Il and is followed by
the action of either exonuclease Il or endonuclease IV,
Thymine glycol is very efficiently bypassed by trans-
lesion bypass in both single and double stranded DNA,
however, because thymine glycol templates an adenine
(A) and retains pairing characteristics, it is at best a
weakly mutagenic lesion. The thymine ring fragmenta-
tion product, urea, and apuriniclapyrimidinic (AP) sites
are both strong blocks to in vitto DNA synthesis. Both
are substrates in vitro for endonucleases HI, IV, VIl and
IX as well as exonuclease IIl. Both are lethal lesions in
single stranded and double stranded phage transfecting
DNA. The excision repair of urea residues and AP sites
Is initiated in vivo by either exonuclease HI or endonu-
clease IV. Neither of these noninstructive lesions are
efficiently bypassed by UV-induced translesion bypass,
however, when bypass occurs mutations result. B-ure-
idoisobutylic acid is also a block to DNA synthesis in
vito. DNA containing this lesion is a substrate for
endonucleases VIII and IX. The biological processing of
this ring open thymine fragmentation product has yet to
be determined. Thus, these ring saturation and frag-
mentation products of thymine have provided a point of
departure for understanding the biological processing of
modified bases with altered pairing andlor stacking
properties.

Riassunto (Processi biologici che intervengono sui
prodotti di frammentazione e saturazione della timina del

DNA in Escherichia coli). - Il processamento biologico ‘

dei prodotti di saturazione e frammentazione dell’anello
della timina ¢ riassunto nella Tab. 1. Il prodotto di
saturazione dell'anello, glicole della timina, costituisce
un blocco per la sintesi del DNA in vitro, mentre non lo
é un altro prodotto di saturazione, la diidrotimina.
Entrambe le lesioni sono riconosciute in vitro dalle
endonucleasi Ill e VIII Il glicole della timina essendo un
blocco della replicazione, é una lesione letale in vivo. Il
processo di riparazione per excisione in vivo dei glicoli
della timina dal DNA inizia con lintervento della
endonucleasi Il seguito dall'azione della esonucleasi I
o dall'endonucleasi IV. Il glicole della timina é molto
efficientemente oltrepassato dal meccanismo di "bypass
translesione” in DNA a singolo e doppio filamento.
Twuitavia poiché il glicole della timina fa da stampo per
una adenina mantenendo la caratteristiche di accoppia-
mento corretto, é al massimo una lesione debolmente
mutagena, Il prodotto di frammentazione dell'anello della
timina, l'urea, e i siti apurinicilapirimidinici (AP) sono
enirambi forti blocchi per la sintesi del DNA in vitro.
Entrambe queste lesioni sono substraii in vitro sia per le
endonucleasi I, IV, VI e IX che per la esonucleasi IIf.
Entrambe sono lesioni letali nel DNA di fagi rasfettati
a singolo o a doppio filamento. La riparazione per
excisione dei residui di urea e dei siti AP inizia in vivo
con U'intervento della esonucleasi I o della endonucleasi
IV. Queste lesioni "non informazionali" non sono
sufficientemente oltrepassate dal "bypass translesione”
indotto dall'UV, tuttavia se questo bypass avviene queste
lesioni risultano mutagene. L'acido B-ureidoisobutilico
costituisce un blocco per la sintesi del DNA in vitro. [l
DNA contenente questa lesione ¢ un substrate per le
endonucleasi VIII e IX. Il processamento biologico di
questo prodotto di frammentazione ad anello aperto della
timidina non ¢ stato ancora determinato, In conclusione
questi prodotti di saturazione e frammentazione dell’anel-
lo della timina hanno fornito un punto di partenza per la
comprensione del processamento biologice di basi
modificate con proprietd alterate di accoppiamento elo
inserimento.
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Modified DNA bases as models for free radi-
cal-induced DNA damage

Free radicals produce a broad spectrum of damage in
DNA thus making it difficult, if not impossible, to
assess the biological consequences of individual dam-
ages. In order to circumvent this problem, we have
employed the strategy of selectively introducing unique
lesions of interest into viral DNA molecules, so that we
can determine if they are substrates for repair enzymes
and assess their biological processing [1, 2]. We have
compared the properties of four modified thymine
residues (Fig. 1), thymine glycol, urea, dihydrothymine,
and B-ureidoisobutylic acid, to sites of base loss (apuri-
nic/apyrimidinic, AP sites). Thymine glycol is a model
for thymine ring saturation products and has been found
in DNA X-irradiated in vitro {3-5] and in vive [6, 7].
Thymine glycols are also believed to be formed in vive
as a consequence of oxidative stress [8, 9]. Urea residues
are stable fragmentation products of thymine hydroper-
oxides that are found in DNA X-irradiated in vitro [3] or
oxidized with hydrogen peroxide [10]. Dihydrothymine,
another ring saturation product of thymine, is produced
in DNA by irradiation under anoxic conditions [11]. B-
ureidoisobutylic acid is the ring cleavage product of
dihydrothymine and is not produced in vive. Apuri-
nic/apyrimidinic (AP) sites are probably the most
common lesion encountered by the cell. AP sites are
formed by free radical interactions with DNA [12], by

variety of chemical agents [13], and are intermediates in
excision repair initiated by DINA. glycosylases [14]. AP
sites are also produced in DNA under normal physiolog-
ical conditions [15].

Thymine glycol and dihydrothymine are relatively
minor alterations of DNA thymine. Both should retain
base pairing characteristics, however, since the C5-C¢
double bond is saturated, both these compounds are no
longer planar and assume a half chair conformation with
C5 and C6 significanty out of the plane of the other
four ring atoms. Thus these two modified bases are good
models for altered pyrimidines that may retain’ pairing
but have altered stacking characteristics. In contrast, urea
residues and AP sites are totally noninstructive lesions;
in the case of AP sites, there is no base attached to the
deoxyribose, and in the case of urea residues, a urea
fragment is attached. Thus these compounds are good
models for basec damages that retain no pairing or
stacking characteristics. B-urcidoisobutylic acid should
retain no pairing characteristics but might be able to
still form stacking interactions.

Introduction and of modified

DNA bases

quantitation

Thymine glycols can be selectively introduced into
DNA by osmium tetroxide oxidation. In DNA, thymine
residues are oxidized in a ratio of 99 to 1 cytosine

Table 1. - Processing of unique DNA lesions in Escherichia coli

Lesion In vitre replicative Substrate Lethal lesion Excision SOS lesion Mutagenic
block for E. cofi repair bypass lesion
repair enzymes
thymine yes endo III yes endo III, exo HI very efficient no (weak)
glycol endo VIII or ‘endo IV
dihydrothymine no endo HI predicted no - - predicted no
urea residues yes endo IIT yes exo III or endo IV inefficient yes
exo III
endo IV
endo VII
endo IX
B-ureidoisobutylic yes endo VIO predicted yes ? ? ?
acid endo IX
AP sites yes endo 1T yes exo III or endo IV inefficient yes
exo I
endo IV
endo VIO

endo
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Fig. 1. - Stmctural formula of thymine glycol, dihydrothymine,
urea and B-ureidoisobutylic acid, ’

residue [16]. Further, of the thymine residues oxidized,
approximately 85% of these are cis-thymine glycol [17].
Thus cis-thymine glycol is the predominant but not
exclusive [18] product formed in DNA by osmium
tetroxide oxidation. The ability to selectively produce
thymine glycol in DNA provides the opportunity to
determine the consequences of this lesion in the absence
of other oxidation products. Thymine glycol can be
quantitated by a chemical assay that relies on the
recovery of the alkali cleavage product of thymine
glycol, an acetol fragment, that contains the methyl
group of thymine which was previously radioactively
labeled {19]. Although this method was in widespread
use for a number of years, it suffers from a relative lack
of specificity and sensitivity. Thymine glycols can be
relatively easily quantitated at low levels of damage in
supercoiled DNA by measuring enzyme-induced cleavage
of thymine glycol-containing DNA by enzymes, such as
endonuclease I of Escherichia coli (E. coli) that specifi-
cally recognize the damage (20, 21]. The cleavage of
supercoiled DNA produces the open circular form: these
two forms can be readily separated from one another by
either agarose gel electrophoresis or fluorometry [22]
thus providing a relatively simple way to assay this
lesion. Thymine glycols can also be easily quantitated
by using immunochemical techniques [4, 6, 21]. We
have elicited antibodies to thymine glycol by chemically
synthesizing thymidine glycol monophosphate, conju-
gating it to protein carrier, and then immunizing rabbits
[4] or producing mouse monoclonal antibodies (B.
Erlanger, unpublished observations), The antibody assay
has the advantage of being highly specific and extremely

sensitive, detecting femtomole levels of damage in DNA _

[4, 211
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DNA containing urea residues is formed by alkali
treatment of osmium tetroxide-oxidized DNA containing
thymine glycol residues. Alkali treatment quantitatively
converts thymine glycol into urea residues [10]. Urea
residues can be easily measured in DNA because they are
susceptible o the action of a number of E. coli endo-
nucleases, including endonucleases III [23] and 1V [24],
as well as the endonuclease activity of exonuclease III
[10]. The conversion of thymine glycols to urea residues
is simply monitored by the production of exonuclease
HI-sensitive sites from exonuclease IM-resistant sites.
Conversion can also be monitored by the loss of im-
munochemical signal to anti-thymine glycol antibody.

Dihydrothymidine triphosphate can serve as a sub-
strate in vitro for DNA polymerase I of E. coli [25].
Sequencing gel analysis has demonstrated that dihydro-
thymidine triphosphate only substitutes for T in this
reaction (Ide and Wallace, unpublished observations).
This provides a useful way for introducing this modified
base into DNA, that is, by a nick translation reaction
using radioactively labeled dihydrothymidine triphos-
phate. Interestingly, dihydrothymidine triphosphate is
not a substrate for the T4 or avian myoblastosis poly-
merases. The reason for this appears to be that dihydro-
thymidine triphosphate does not bind to the substrate
binding site of these latter two enzymes., Dihydro-
thymine has also been introduced into phage DNA by
supplying the nucleoside form to phage-infected cells
[26]. Dihydrothymine in DNA can be guantitated either
by its ability to serve as a substrate for certain enzymes,
such as E. coli endonuclease III {271, or by an immuno-
chemical reaction with an anti-dihydrothymine antibody
[5]. In the former case, the enzyme-induced nicking can
be measured by the conversion of supercoiled to relaxed
DNA as described above. In the latter case, a polyclonal
antibody elicited to dihydrothymidine monophosphate
conjugated to a protein carrier is used. Again this anti-
body is highty specific and very sensitive.

When DNA containing dihydrothymine is hydrolyzed
in atkali, the dihydrothymine cleavage product, p-ureido-
isobutylic acid results. Although this product is not
produced in vive, it is useful as a model for ring-open
pyrimidine products. B-ureidoisobutylic acid can also be
quantitated by its susceptibility to repair endonucleases
such as endonuclease VIII of E. coli [24).

Apurinic sites are readily. formed by heating DNA at
acid pH [28]. In this case, guanine is selectively released
over adenine. Apurinic sites can be easily quantitated by
their susceptibility to B-elimination cleavage in alkali or
by their susceptibility to a variety of apurinic endonu-
cleases [20, 21]. The resulting strand break can be then
assayed by the techniques described above,

The ability of modified DNA bases to act as
blocks to DNA synthesis in vitro

One way to predict the possible biological conse-
quences of unique modified bases is to evaluate their

interaction with DNA polymerases in vitro. The DNA



194

base of interest is modified on a single stranded template
which is then annealed to oligonucleotide primer. This
template-primer is then used in a polymerization reac-
tion with E. coli DNA polymerase I or other DNA
polymerases of interest. The newly synthesized extended
primer is then examined on a DNA sequencing gel to
determine if and where the modified base on the template
strand blocked polymerization of the newly synthesized
strand [29, 301,

Since thymine glycol and dihydrothymine are rela-
tively minor alterations of thymine, that is, base pairing
characteristics might be preserved whereas stacking char-
acteristics are altered, it was of interest to assess whether
they may be blocks to polymerization in vitro. To do
this, single stranded M13 DNA was oxidized with
osmium tetroxide [31-33] or potassium permangenate
[34] to produce thymine glycol, and the ability of this
strand to act as template for DNA polymerase [ examin-
ed. The results showed that thymine glycols are very
efficient blocks to polymerization by both E. coli DNA
polymerase I as well as T4 DNA polymerase, Interest-
ingly, polymerization was arrested opposite the putative
thymine glycol lesion with an A being incorporated
[35]. Thus thymine glycols do retain pairing character-
istics as measured by this in vifro assay, however, the
alteration of the pyrimidine ring is such that chain
extension is inefficient and is influenced by the sequence
context [31, 32, 35].

A similar experiment was done with f1 DNA con-
taining dihydrothymine in the template strand (Ide and
Wallace, unpublished observation). In this case, dihydro-
thymine monophosphate was incorporated into single
stranded f1 DNA in vivo using dihydrothymidine as a
substrate. Dihydrothymine was only a weak block to
DNA polymerase I in vitro. This is not surprising since
dihydrothymidine triphosphate was an effective substrate
for DNA polymerase I in vitro [25)]. It is interesting to
note that the substitution of two hydroxyl groups in the
case of thymine glycol for two hydrogens in the case of
dihydrothymine can determine whether or not the
modified base can serve as substrate for or act as a block
to DNA polymerase.

These in vitro results suggest that thymine glycol
should be a lethal lesion whereas dihydrothymine should
not or at best be a weak one. Further, since A is incor-
porated opposite the putative thymine glycol in the
template strand, thymine glycols should not be strong
premutagenic lesions once the block to replication is
relieved by inducing the cellular SOS response.
Although it has not been unequivocally established that
dihydrothymine templates an A, it only substitutes for
T in an incorporation reaction (Ide and Wallace, un-
published observations), Thus dihydrothymine should
not be a mutagenic lesion.

When single stranded M13 DNA containing thymine
glycols is alkali hydrolyzed to produce urea residues and
the primer-template complex is used in an in vitre

polymerization reaction, urea residues were found to be
strong blocks to DNA polymerase I [31, 32]. However,
in this case, synthesis was arrested at one base prior to
the putative urea residue, These results are similar g
those obtained with the totally noninstructive AP sige
[36]. The fact that urea residues are blocks to DNA
replication in vitro predicts that they would be lethal
lesions in vivo. Furthermore, since urea residues appear
to have no pairing capacity, if the block to replication is
relieved by SOS induction of the cells, urea residues
should be mutagenic lesions.

When a similar experiment was done with the ring
cleavage product of dihydrothymine, B-ureidoisobutylic
acid, blocks to replication were observed (Ide and
Wallace, unpublished - observations). However in this
case, as was observed with thymine glycol, a base, as
yet undetermined, was inserted opposite B-ureidoiso-
butylic acid. This was a surprising result in light of the
fact that this ring open fragmentation product would not
be expected to maintain its base pairing characteristics,
Thus B-ureidoisobutylic acid is predicted to be a lethat
and possibly a mutagenic lesion.

In summary, the in vitro behavior with DNA poly-
merases of the modified thymine residues examined gave
four different results depending on the stacking and
pairing characteristics of the particular modified base.
Thymine glycol, urea, and B-ureidoisobutylic acid are all
strong blocks to in vitro DNA polymerization with
synthesis being arrested opposite thymine glycol and B-
ureidoisobutylic acid residues and one base before urea re-
sidues. Dihydrothymine is not a block to DNA synthe-
s1s in vitro.,

E, coli apurinic endonucleases that recognize
oxidative DNA base damages

The major apurinic endonuclease in E. coli is
exonuclease III. Exonuclease IM, originally identified as
3" to 5" exonuclease and phosphatase activities on duplex
DNA [37], accounts for about 90% of the apurinic
activity [38} that nicks 5' to the apurinic site (class II
apurinic endonuclease) [39]. Not only does the apurinic
activity of exonuclease HI incise 5' to apurinic sites, but
this activity also incises DNA containing urca fragmen-
tation products [10], as well as a series of alkoxyamine-
modified derivatives of apurinic sites [40]. Exonuclease
III also has diesterase activity against 3' phosphoglyco-
aldehyde esters in model DNA substrates containing
these residues (41]. Thus exonuclease I has an endo-
nucleolytic activity that is capable of incising adjacent
to a number of fragmented products in addition o0 AP
sites. Endonuclease IV represents about 10% of the class
I1 AP activity in E. coli [38]; endonuclease IV has no
associated exonuclease activity but otherwise recognizes
the same broad range of substrates recognized by exo-
nuclease II [24]. DNA containing thymine glycol,



dihydrothymine or B-ureidoisobutylic acid is not a sub-
strate for exonuclease I or endonuclease IV {24].

Endonuclease III is a class I AP endonuclease that
incises on the 3' side of an apurinic site [39]. Endo-
nuclease III has an associated glycosylase activity that
recognizes a broad spectrum of pyrimidine ring satura-
tion and fragmentation products, including thymine
glycol, dihydrothymine and urea residues, [23, 27, 42]
and appears to be the principal enzyme in E. coli that
recognizes these lesions. An enzyme similar to endo-
nuclease III, endonuclease VIII, has recently been
identified and purified [2, 43). This activity also hasa 3'
AP endonuclease and an associated glycosylase that
recognizes a broad spectrum of pyrimidine saturation and
fragmentation products that overlaps, but is not a
identical, to that of endonuclease III, For example, DNA
containing B-ureidoisobutylic acid is a good substrate for
endonuclease VIII but not for endonuclease NI, Using a
thymine glycol-containing substrate, endonuclease VIII
represents 5 to 10% of the constitutive activity of
endonuclease III. Thus it is possible that endonuclease
VIII is regulated and/or that its primary substrate has not
been identified. Another novel E. coli endonuclease,
- endonuclease IX, has recently been identified [2, 44).
Like endonucleases III and VIII, endonuclease IX also
has a 3" AP endonuclease activity with an associated
glycosylase activity, However, the substrate specificity
of the glycosylase activity of endonuclease IX thus far
seems to be less broad than that of endonucleases IIT and
VIIL Endonuclease IX has been shown to release urea by
its N-glycosylic action, however, DNA containing
thymine glycol or dihydrothymine is not a substrate for
the enzyme. The activity of endonuclease IX on a DNA
substrate containing urea residues is only 1-2% that of
endonuclease I,

In order to prepare the appropriate substrate for repair
polymerization in vitro, thymine glycol can be removed
from DNA containing this lesion by a sequence of
reactions. First, the N-glycosylic action of either endo-
nuclease I or endonuclease VII removes thymine
glycol as a free base, leaving an AP site in DNA. In a
concerted reaction [45], the phosphodiester backbone is
then cleaved 3' to the AP site left by the N-glycosylic
action of endonucleases III and/or VIIL. This substrate
now contains a 2'3' didehydrodeoxyribose residue on the
3' end of the nicked substrate [46, 47]; this is not an
appropriate primer terminus for DNA polymerases and
must be removed by the action of a §' (class I} AP
endonuclease, such as exonuclease Il or endonuclease IV
[39]. With this accomplished, the DNA substrate is now
prepared for subsequent repolymerization and ligation to
finish the excision repair reaction. Similarly, AP sites
and wrea residues can be prepared for excision repair

synthesis by the action of class I1 AP endonuclease such

as exonuclease III or endonuclease I'V.
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Biological processing of modified DNA bas-
es: base damages as lethal lesions

The inactivation efficiency of thymine ring saturation
and fragmentation products can be determined by intro-
ducing these lesions into phage DNA in vitro and then
assessing its biological activity in a transfection assay,

When single-stranded ¢X [48], MI3 [49] or 1 [49]

DNA was oxidized with osmium tetroxide to produce
thymine glycol, transfected into E. coli, and the number
of transfectants measured as a function of the number of
thymine glycols present in DNA, it took between 1 and
2 thymine glycol lesions to produce an inactivating
event. In contrast, in repair proficient hosts, it took
between 7-8 thymine glycols to produce an inactivating
event in double stranded PM?2 transfecting DNA [50] and
11-12 thymine glycols to produce an inactivating event
in $X RF DNA [51]. Thus, as predicted from the in
vitro DNA synthesis studies, thymine glycols are lethal
lesions in both single and double stranded viral
transfecting DNA.

Similar studies have been done with single stranded
DNA containing the noninstructive lesions, AP sites
[52] and urea residues (Petrullo and Wallace, unpublish-
ed observations). Again, as predicted from the in vitro
studies, it takes approximately 1-2 of either of these
damages to inactivate phage transfecting DNA. When
duplex ¢X RF DNA containing either urea residues or
AP sites was used to transfect excision repair proficient
hosts, it took approximately 11-12 of these noninstruc-
tive lesions to constitute an inactivating event [51]. It
took about 7-8 AP sites to produce a single inactivating
event in duplex PM2 DNA [50].

Interestingly, the inactivation efficiency of thymine
glycols, urea residues and AP sites in either single or
double stranded DNA appears to be about the same in
wild type cells, Presumably, the inactivation efficiency
measured in single stranded DNA reflects the ability of
the lesion to constitute a replicative block whereas the
inactivation efficiency of the lesion in duplex DNA in
wild type hosts is a measure of the cellular repair
etficiency for the lesion. Thus, in spite of the fact that
thymine glycols retain coding capability, whereas urea
residues and AP sites do not, all three appear to be
effective replicative blocks both in vitro and in vivo.
Whether or not dihydrothymine or B-ureidoiscbutylic
acid, the atkali cleavage product of dihydrothymine, con-
stitute lethal lesions in vive is currently under
investigation.

Biological processing of modified DNA bas-
es: excision repair

The isolation of E. coli mutants defective in exo-
nuclease 101, xt4 [53] and endonucleases I, ath [54], and
IV, nfe [55], have allowed for the elucidation of the
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excision repair pathway responsible for the lesions
recognized by these enzymes. Nth mutants, defective in
endonuclease III, exhibit no apparent phenotype, that is,
they are not sensitive to agents that produce pyrimidine
ring saturation and fragmentation preducts [54], the
products recognized by the enzyme. Similarly, single
mutants defective in either exonuclease III or endo-
nuclease IV are not particularly sensitive to alkylating
agents or X rays that produce AP sites in DNA [55, 56).
However, xth mutants are extremely sensitive to hydro-
gen peroxide [57] and somewhat sensitive to tertbutyl-
hydroperoxide [55] and nfo mutants are sensitive to
bleomycin and more sensitive than xth mutants to
tertbutylhydroperoxide [55]. These results suggest that
endonuclease IV might recognize some lesions that are
not recognized by exonuclease III. Double mutants, xth
nfo, are sensitive to gamma rays and alkylating agents
that produce AP sites and strand breaks in DNA [55].

It was of initial interest to determine whether endonu-
cleases HI and IV and exonuclease III were capable of
repairing in vivo the lesions they recognized in virro. In
order 10 address this question [51], 6X RF DNA was
oxidized with osmium tetroxide to produce thymine
glycols and then transfected into either wild type hosts
or hosts defective in endonuclease III. The inactivation
of ¢X RF DNA by thymine glycols is 2- to 3-fold
greater in mth mutants than in wild type hosts sug-
gesting that endonuclease I is involved in the repair of
thymine glycols in vive. The in vitro studies also
suggested that an endonuclease IIl-induced nick on a
thymine glycol-containing DNA substrate needs to be
acted upon by a class II AP endonuclease before repair
polymerization can take place. Accordingly, the inacti-
vation of ¢X RF DNA containing thymine glycols was
examined in xth muiants, defective in the major class II
AP endonuclease in E. coli, exonuclease II, and in nfo
mutants defective in the other class II AP endonuclease,
endonuclease IV. No differences in inactivation were
observed between wild type or either sin gle mutant host.
However, when the inactivation of 6éX RF DNA con-
taining thymine glycols was measured in double mu-
tants defective in both exonuclease III and endonuclease
IV, the sensitivity was 2- to 3-fold greater than in wild
type. These data suggest that in vivo, a class Il AP
endonuclease is the second step in the excision repair
process for a ring saturation product such as thymine
glycol and that in E. coli, at the levels of damage
investigated, either exonuclease III or endonuclease IV
can suffice,

Urea residues or AP sites can be directly prepared for
polymerization in vitro by the action of a class II AP
endonuclease, such as exonuclease III or endonuclease
IV. In order to test whether this was the first step in the
excision repair process of these lesions iz vivo [51], X
RF DNA was treated with osmium tetroxide and alkali-
hydrolyzed to produce urea residues, or heated at low pH
to produce apurinic sites, and then transfected into xtk or

nfe mutants, or xth nfo double mutants lacking both
exonuclease Il and endonuclease IV. The survival of
transfecting DNA containing either urea residues or Ap
siles is the same in either single mutant as in the wild
type host, however, the senmsitivity in the double
mutant, xth nfo, is two to three fold greater than wild
type. These data suggest that a class IT AP endonuclease,
either exonuclease I1I or endonuclease IV, is required for
the first step in the in vivo excision repair process of
noninstructive lesions such as AP sites or urea residues
that can be incised in vitro by these enzymes,

Interestingly, even in repair deficient hosts, it took
between 4-5 lesions to inactivate duplex ¢X DNA.
These data suggest either that thymine glycols, urea
residues and AP sites are less effective blocks to DNA
replication in duplex than in single stranded DNA and/or
alternative repair mechanisms (enzymes), such as endo-
nucleases VIII or IX might be functioning. The resolu-
tion of this question awaits the isolation of mutants
defective in these activities,

Biological processing of modified DNA bas-
es: translesion bypass

¢X RF DNA containing thymine glycol is activated
at a greater rate in mutants lacking endonuclease III, yet
this same mutant exhibits no apparent phenotype, that
is, nth mutanis are not sensitive to X rays or other
agents that produce thymine glycol and similar products
in DNA [54, 55]. This presents a paradox, since it is
known that in simple phage systems, stable base dam-
ages, the products presumably recognized by endonu-
clease III, constitute the major proportion of lethal
events due to ionizing radiation [50, 58, 59]. Further, it
has been shown that thymine ring saturation products
are produced in E. coli at biologically significant doses
[60]. Taken together, these data suggest that either the
lesions produced in cellular DNA by ionizing radiation
and similar agents do not conmstitute a significant
fraction of the lethal lesions andfor that alternative
mechanisms exist for their repair. The resolution of the
first alternative awaits the development of sensitive and
specific assays to measure the production of individual
lesions in radiation-treated or oxidized cellular DNA.
There are several potential alternative repair mecha-
nisms. For example, enzymes such as endonucleases
VIII and IX might be functioning in a regulated excision
repair process, or recombination or translesion bypass
might be operational, With respect to the latter, treat-
ment of cells by ionizing radiation and other damaging
agents that produce ring saturation and fragmentation
products also induces the SOS response [61]. The SOS
response includes not only the induction of a number of
gene products specifically involved in repair of bulky
DNA damages, but also includes a translesion bypass
mechanism whereby the specificity of the polymerase is




relaxed so that it now reads through the lesion, In E.
coli, translesion synthesis requires RecA as wel ag
UmuC and D proteins [62, 63]. If translesion bypass is
an efficient repair mechanism for lesions such as
thymine glycol, it might be a reason why nth mutants
are not sensitive to agents that turn on the SOS
response, such as X rays. One would expect an ath
phenotype in the $X RF transfecting system however,
because damaged viral transfecting DNA does not tum
on the SOS system [61].

In support of this notion, when single stranded ¢X
{641, f1 [491 or M13 [49] DNA containing thymine
glycols is transfected into either uninduced or UV-
induced wild type hosts, survival is greatly enhanced in
the 1JV-induced host. Since there is no known mecha-
nism that can repair thymine glycols in single stranded
DNA, this increase in survival should represent UV-
induced translesion bypass. Similarly, when X duplex
DNA containing thymine glycols is transfected into UV-
induced hosts, survival is also greatly enhanced

- compared to uninduced hosts [65]. In fact, when the UV-
induced host was lacking the excision repair system for
thymine glycols (nth mutants), approximately 63% of
the lethal lesions are repaired in duplex molecules
containing an average of 30 thymine glycols, presum-
ably by UV-induced translesion bypass. Thymine
glycols appear to be even more efficiently reactivated by
this system than pyrimidine dimers,

In order to determine the specific genetic requirements
for translesion bypass of thymine glycols [65], survival
of duplex ransfecting DNA containing this damage was
measured in an E. coli  strain, lexA(Def), that consti-
tutively produces all of the gene products involved in
the SOS response [66, 67]. In this strain, even though
UmuC and D are produced, no reactivation of $X duplex
DNA containing thymine glycols was observed unless
the cells had been pretreated with UV light. Since
treatment by UV light produces damage in DNA and
blocks replication it activates the protease function of
RecA [61]. Not only does this allow for cleavage of
LexA which tums on the SOS response but the
activated form of RecA has been shown by Bridges and
Woodgate [68-70] to be directly involved in the
translesion bypass process for UV damage. In order to
determine whether the activated form of RecA was
required for translesion bypass of thymine glycols in the
lexA(Def) strain, a recA730 mutation was transduced
into the lexA(Def) strain. RecA730 mutants have a
constitutively activated RecA protease function [71]. In
this case, recA730 lexA(Def), UV imradiation was not
required for reactivation of thymine glycols. Surpris-
ingly, when ¢X RF wransfecting DNA containing thy-
mine glycols was transfected into wmuC mutant hosts,
about 50% of the reactivation seen in umuC+ hosts was
observed. A similar result was found when osmium
tetroxide treated single stranded f1 DNA was transfected
into wmuC hosts [49]. UmuC mutants show no UV-in-
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duced mutagenesis and therefore no UV-induced trans-
lesion bypass or reactivation [72]. Reactivation of
transfecting DNA containing thymine glycols in umuC
mutant hosts is dependent on UV irradiation of the host
suggesting that, in addition to SOS translesion bypass,
another UV damage-dependent repair mechanism exists
for thymine glycols that is independent of the classic
SOS response. This was substantiated by the observa-
tion that a similar reactivation of ¢X duplex DNA
containing thymine glycols occurs in lexA and recA
mutants. However, all SOS-induced reactivation requires
the activated form of RecA as well as UmuC, Thus in
UV-induced cells, thymine glycols appear to be reac-
tivated either by SOS or by an as yet undefined trans-
lesion bypass system, In light of these observations, it
is possible that X-ray-induced translesion bypass might
be masking a nth phenotype for X-ray survival of cells,

In contrast to the observations with thymine glycol-
containing DNA, when either single stranded (Petrullo
and Wallace, unpublished observations) or duplex [65]
DNA containing urea residues or single stranded [52] or
duplex [65] DNA containing AP sites was transfected
into UV-induced hosts, no increase in survival was
observed. These data suggest that noninstructive lesions,
such AP sites and urea residues, are not efficiently
bypassed by SOS translesion synthesis. It has been
suggested that SOS translesion synthesis is a repair
process for DNA damage that leads to increased cellular
survival at the expense of mutation. This does not
appear to be the case for noninstructive lesions such as
urea residues and AP sites since no increase in survival
is observed. These data suggest that the mutagenesis
observed for AP sites and urea residues when SOS
processing is induced reflects a low efficiency bypass
event.

Biological processing of modified DNA bas-
es: mutagenesis

The mutagenic potential of ring saturation and frag-
mentation products of thymine can be assessed by a
forward mutation assay using either the E. coli lacZ'(w)
gene contained in M13 hybrid phage DNA. In these
experiments the lesion is introduced into the single
stranded DNA and the DNA is transfected into ap-
propriate indicator hosts for the determination of the
forward mutation frequency. Mutant clones are then
isolated and sequenced to determine mutational spectra
[73].

Since the in vitro DNA synthesis studies using a
thymine glycol-containing template DNA indicated that
thymine glycol was a pairing lesion, with an A inserted
opposite the damage, thymine glycol was not expected
to be a mutagenic lesion. However, when M13 or fl
DNA is oxidized with osmium tetroxide to produce
thymine glycols, mutations are produced in a dose
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dependent manner in both wild type and wnuC mutants
[49]. Further, the mutation frequency is significantly
higher in hosts that are pretreated with ultraviolet light,
In keeping with the DNA synthesis predictions
however, sequence analysis of the hybrid phage mutants
showed that mutations occurred preferentially at cytosine
rather than a thymine sites. In fact, of the 34 mutants
sequenced, 23 of them resulted from C to T transitions.
Only one base substitution was at a T site and that was
a T to G transversion. Thus thymine glycols do not
appear 10 be a strong premutagenic lesions. In the case
of osmium tetroxide oxidation, it appears that a minor
cytosine product is - responsible for most of the
mutations observed. This lesion is probably either uracil
glycol or 5-hydroxyuracil. The fact that the number of
mutants observed is enhanced in UV-induced hosts
probably reflects the induction of translesion bypass
repair of lethal thymine glycols, the predominant lesion
present, thus allowing for the expression of mutations
at the very minor cytosine lesion. Alternatively, or in
addition, translesion bypass of uracil glycol might also
be required for its mutagenic processing. Essigmann et
al. [74] have demonstrated, however, that 3 out of 1000
osmium tetroxide-oxidized thymines, probably thymine
glycol, inserted site specifically into 6X single stranded
DNA are mutagenic,

The ability of an AP site to constitute a mutagenic
lesion has been well smdied. Schaaper and Loeb [52],
using a reversion assay with depurinated $X174 DNA,
showed a 20 to 40 fold increase over the spontaneous
background of mutations when the SOS response in the
host was induced by UV light. Sequence analysis of
these revertants showed that adenine residues are prefer-
entially inserted as single base substitutions opposite
putative depurinated sites. Kunkel [75], using a forward
mutation assay with M13mp2 DNA containing the o
segment of the E. coli lacZ gene, showed that base
substitutions occur opposite AP sites with incorpora-
tion of A (59%) greater than T (28%) greater than G

(11%} greater than C (1%). These data suggest that A i
preferentially incorporated opposite a noninstructive
lesion.

When single stranded fI DNA containing the lgcf
gene was oxidized with osmium tetroxide and alkal;
hydrolyzed to produce urea residues, mutations were
produced in a dose dependent manner (Petrullo and
Wallace, unpublished observation). Since these mutants
have not yet been sequenced, it cannot be unequivocally
determined that they are at sites of urea residues. The
fact that the mutation frequency was substantially higher
than was observed with osmium tetroxide-treated DNA
alone, suggests that urea residues may be mutagenic,
Sequencing analysis of these mutants should prove
interesting given the preference for A insertion Opposite
AP sites. If A is inserted preferentially opposite urea
residue sites no mutation would resuit, since the urea
residue is derived from a T.
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