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ABSTRACT: Our genetic information is constantly challenged by exposure to endogenous and 
exogenous DNA-damaging agents, by DNA polymerase errors, and thereby inherent instability 
of the DNA molecule itself. The integrity of our genetic information is maintained by numerous 
DNA repair pathways, and the importance of these pathways is underscored by their remarkable 
structural and functional conservation across the evolutionary spectrum. Because of the highly 
conserved nature of DNA repair, the enzymes involved in this crucial function are often able to 
function in heterologous cells; as an example, the E. coli Ada DNA repair methyltransferase 
functions efficiently in yeast, in cultured rodent and human cells, in transgenic mice, and in ex 
vivo-modified mouse bone marrow cells. The heterologous expression of DNA repair functions 
has not only been used as a powerful cloning strategy, but also for the exploration of the 
biological and biochemical features of numerous enzymes involved in DNA repair pathways. In 
this review we highlight examples where the expression of DNA repair enzymes in heterologous 
cells was used to address fundamental questions about DNA repair processes in many different 
organisms. 

KEY WORDS: photolyase, DNA repair methyltransferase, base excision repair, mismatch 
repair, functional suppression, dominant-negative phenotype. 

1. INTRODUCTION 

DNA damage is inevitable. Damage is 
continually generated in the genome of all 
organisms owing to the inherent chemical 
instability of nucleic acids under physiologi- 
cal conditions and owing to the chemical 
reactivity of DNA with endogenous and 
exogenous chemicals. 124 In addition, ioniz- 
ing and ultraviolet (UV) radiation constitute 
a natural, ever-present environmental source 
of physical damage to nucleic acids, in par- 
ticular to DNA. DNA alterations also ema- 
nate from the rare errors made by DNA poly- 
merases as they duplicate the genome prior 
to cell division. Some variation in DNA se- 
quence is required for organisms to evolve, 
but too much variation destabilizes the or- 
ganism. The level of damage that DNA un- 

avoidably suffers appears to be potentially 
destabilizing, because, in order to achieve 
genomic stability, all organisms employ an 
array of sophisticated mechanisms to repair 
DNA damage.66 Many of these mechanisms 
must have arisen early in the evolutionary 
process because they display remarkable 
structural and functional homology across 
the evolutionary spectrum, from unicellular 
prokaryotes to Homo sapiens. The exquisite 
conservation of these mechanisms under- 
scores their importance for the survival of 
each species. 

The structural and functional conserva- 
tion of DNA repair mechanisms was revealed 
during the last decade, with the cloning and 
characterization of a large number of DNA 
repair genes from numerous organisms. DNA 
repair deficiencies generally confer sensitiv- 
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ity to the cytotoxic effects of particular DNA- 
damaging agents, furnishing an obvious strat- 
egy for the cloning of DNA repair genes by 
their phenotypic suppression of DNA re- 
pair-deficient mutants. It soon became clear 
that one could also exploit the highly con- 
served features of DNA repair proteins to 
clone their genes. Structural homologies were 
exploited to clone new DNA repair genes 
based on a knowledge of their probable amino 
acid sequence. Functional homologies were 
exploited by replacing DNA repair functions 
from one organism with those from another. 
In this way, DNA repair genes could be 
cloned based on their ability to suppress DNA 
damage sensitivity in heterologous cells. The 
first example of a DNA repair protein func- 
tioning in heterologous cells dates back over 
20 years, to the experiments of Tanaka et 
al.212.213 They introduced the purified bacte- 
riophage T4 UV-endonuclease protein (as it 
was then called) into permeabilized Xero- 
derma Pigmentosum (XP) skin cells, that is, 
human cells that are unable to initiate nucle- 
otide excision repair (NER) of UV-induced 
DNA damage. Introduction of the bacterioph- 
age DNA repair enzyme restored the ability 
of these human cells to repair UV-damaged 
DNA. It was not until 10 years later that the 
cloned T4 UV-endonuclease gene was sta- 
bly introduced into XP cells, producing cells 
that could resist the in uiuo cytotoxic effects 
of UV light .122.223 

Thus, interspecies functional comple- 
mentation made it possible to clone similar 
DNA repair genes from several different 
organisms, by their ability to functionally 
complement a DNA repair deficiency in one 
particular organism, often E. coli. It is now 
clear that many DNA repair genes can func- 
tion very efficiently in such heterologous 
cells. Heterologous expression across the 
evolutionary spectrum works most effectively 
with DNA repair proteins that are not re- 
quired to complex with other proteins in 
order to function. However, proteins that 

must form complexes in order to participate 
in DNA repair may operate in closely related 
heterologous cells, provided the domains 
required for protein-protein interaction are 
sufficiently conserved. In some instances, 
expression of a DNA repair protein in heter- 
ologous cells can actually disrupt the endog- 
enous pathway, generating a DNA repair 
deficiency. In this review, we give many 
examples where the expression of DNA re- 
pair genes in heterologous cells has been an 
important and powerful tool in unmasking 
interesting biological phenomena. To review 
this particular aspect of DNA repair we must 
also incorporate a brief general review of 
some aspects of DNA repair; for a much 
more detailed general review we recommend 
the excellent text DNA Repair andMutagen- 
esis, by Friedberg, Walker, and Siede (1995). 
Inasmuch as the cloning of the human nucle- 
otide excision repair genes (cloned, for the 
most part, by their heterologous expression 
in rodent cells) has been the subject of nu- 
merous excellent reviews in the last few 

trates on the direct reversal and base exci- 
sion repair (BER) pathways and briefly ad- 
dresses the DNA mismatch repair pathway. 

years, 19,20,37,85.131,~84.214 our review concen- 

II. PHOTOLYASES 

The direct reversal of DNA damage re- 
stores proper DNA structure without requir- 
ing the excision of damaged bases or nucle- 
otides, followed by DNA resynthesis and 
ligation (Figure 1). Photolyases, also known 
as photoreactivating (PR) enzymes, util- 
ize visible light energy to catalyze the 
monomerization of cis-syn cyclobutane 
pyrimidine dimers (CPDs) and (6-4) 
pyrimidone photoproducts (Figure 2); both 
of these lesions are produced in DNA ex- 

dition to their role in light-dependent repair 
of UV-damaged DNA, photolyases from 

posed to UV light.66,1",~28,185.188.218,220 In ad- 
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PHOTOLYASE 
+ 

hu 

FIGURE 1. The reversal of cyclobutane pyrimidine dimers 
(CPDs) by photolyase. Photolyase specifically recognizes CPDs 
in double-stranded DNA, binds, absorbs light, and uses the 
captured light energy to catalyze CPD monomerization to gen- 
erate two adjacent, undamaged pyrimidines, in this case two 
thymines. 

some species have been shown to facili- 
tate the repair of UV-damaged DNA 
by NER.84J90J45,246 Most of the known 
photolyases specifically repair CPDs, but a 
recently discovered insect photolyase spe- 
cifically repairs (6-4) photoproducts (Figure 
2). For the purposes of this review, unless 
otherwise indicated, photolyase refers to the 
CPD photolyases, and Table 1 summarizes 
the features of the various photolyases dis- 
cussed in this section. 

Photolyases catalyze the direct reversal 
of CPDs by generating two adjacent undam- 
aged pyrimidines. These enzymes require 

light-absorbing cofactors in order to func- 
tion, and they contain two noncovalently 
linked chromophores. One chromophore 
captures a photon of light and then transfers 
the excitation energy to the other chro- 
mophore, which in turn initiates a series 
of electron transfers that result in mono- 
merization of the cyclobutane pyrimidine 

Photoreactivation of UV-induced 
CPDs has long been known to operate in 
Escherichia coli and in the budding yeast 
Saccharomyces cerevisiae. The photolyase 
genes from both organisms have been cloned 

dimer.66,104,185,188 
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FIGURE 2. Chemical structures of DNA lesions. (A) Lesions produced by ultraviolet light. (B) Arrows indicate 
positions on DNA modified by simple alkylating agents. (C) Additional in vitro substrates for 3MeA DNA 
glycosylases. (D) Lesions produced by oxidative damage. Asterisks indicate bases that are substrates for 
3MeA DNA glycosylase. (E) Deamination products of normal bases in DNA. 
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(the E. coli phr gene and the S. cerevisiae 
PHRl gene); photolyase-deficient mutants 
of both cell types are unable to utilize light 
energy to stimulate DNA repair, Conse- 
quently, these mutants are sensitive to 
the cytotoxic effects of UV light.7J87,195 
Photolyase genes were cloned from a .num- 
ber of organisms based on their amino acid 
sequence homology with known PR en- 
zymes, for example, the Streptomyces 
griseus, Anacystis nidulans, and Sinapis alba 
(mustard) photolyase genes were cloned 
based on their similarity to the E. coli and 
S. cerevisiae e n ~ y m e s . ~ ~ ~ . ~ ~ ~  Clearly, this ap- 
proach only allows the identification of 
photolyases with similar structures. Despite 
the demonstration in 1985 that the UV-sen- 
sitive phenotype of E. coli phr- cells can be 
reversed by expression of the S. cerevisiae 
PHRl genelE9 and vice versa,'16 it was not 
until recently that such interspecies func- 
tional complementation was exploited for 
the identification of what turned out to be a 
new class of DNA photolyases. Functional 
complementation of E. coli phr- mutants 
captured photolyase genes from 
Carussius auratus (goldfish),248 Drosophila 
melunogaster ( f r u i t f l ~ ) , ~ ~ ~  and Oryzias latipes 
(killifish).249 However, it turned out that al- 
though the amino acid sequence of the 
photolyases from these three organisms re- 
sembled each other, they did not resem- 
ble any of the previously characterized 
photolyases. Clearly, cloning strategies us- 
ing sequence conservation alone would never 
have uncovered this new class of PR en- 
zymes. The sequence similarity of the gold- 
fish, fruitfly, and killifish photolyases was 
used in turn to clone homologous genes 
from Patters triductylis (rat k a n g a r o ~ ) , ~ ~  
Monodelphis domestica (South American 
Opossum),1o1 and Methanobacterium theimo- 
autotrophicum (an archaebacter i~m).~~~ Al- 
though the amino acid sequence of the rat 
kangaroo and South American opossum 
photolyases bears no similarity to that of 

E. coli, the expression of both these genes in 
E. coliphr-cells, like that of their homologs, 
reverses the UV-sensitive p h e n ~ t y p e . l ~ l . ~ ~ ~  

The expression of heterologous photo- 
lyases in E. coli revealed that photolyases 
with completely different structures could 
suppress the UV sensitivity of p h r  mutants; 
the only requirement for suppression was 
that they catalyze the same reaction. Indeed, 
expression of heterologous photolyases in E. 
coli has revealed interesting features 
about the chromophore requirements of 
photolyases. The mechanisms by which 
photolyase cofactors capture and utilize vis- 
ible light to initiate the cleavage of 
cyclobutane pyrimidine dimers fall into two 
distinct classes, known as the folate class 
and the deazaflavin class.188 All photolyases 
contain flavin adenine dinucleotide (FADH-) 
as one cofactor; the second cofactor is either 
the folate methylenetetrahydrofolate (MTHF) 
or the deazaflavin 8-hydroxy-5-deaza- 
riboflavin (8-HDF). A photon of light is 
captured by the folate or deazaflavin chro- 
mophores and the excitation energy is then 
transferred to FADH- that initiates the series 
of electron transfers that ultimately result in 
monomerization of the cyclobutane pyrimi- 
dine dimer. 66~104.185~1E8 The presence of the 
folate and the deazaflavin chromophores can 
be distinguished by their actiodabsorption 
spectra. E. coli and S. cerevisiue photolyases 
fall into the folate class, whereas A. nidulans 
and S. griseus fall into the deazaflavin 
~ l a s s . ~ ~ J ~ ~  However, expression of the A. 
nidulans and S. griseus photolyases in E. 
coli phrmutants efficiently restores photo- 
reac t i~a t ion l~~.~ '  despite the fact that they 
normally use different chromophores in their 
natural environment. Moreover, analysis'of 
the absorptionfaction spectra of the A. 
nidulans enzyme when expressed in E. coli 
suggests that it uses cofactors similar to the 
E. coli enzyme, that is, FADH- and MTHF.211 
Thus, heterologous expression revealed that 
the activity of the A. nidulans photolyase 
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may not strictly depend on using 8-HDF as 
a cofactor, and that this enzyme may be able 
to interchange 8-HDF and MTHF. Similarly, 
the deazaflavin class photolyase from 
Ha lo bac te r ium ha lo bium functional 1 y 
complements E. coli p h r  mutants, presum- 
ably in the same manner as the A. nidulans 
enzyme.210 

In contrast, it has been reported that 
putative photolyase genes from the plants 
Arabidopsis thaliana and Sinapis alba were 
unable to produce functional photolyase in 
E. coli phr- mutants despite a high degree of 
amino acid sequence similarity to the E. coli 
PHRl enzyme and despite the association of 
the FADH- and MTHF chrom~phores . ’~~ 
These heterologous expression experiments 
lend weight to the possibility that, in their 
natural environment, the plant photolyase- 
like proteins may primarily act as blue-light 
photoreceptors that initiate signal transduc- 
tion in plants via a novel mechanism, namely, 
electron transfer. Indeed, the A. thuliuna gene 
was originally identified as being required 
for blue-light responsiveness with respect to 
hypocotyl growth,’ and it was only later pre- 
sumed to be a putative photolyase because 
of its structural similarity to this class of 
enzyme. 

Heterologous expression experiments 
indicate that although Schizosaccharomyces 
pombe cells lack endogenous photolyase 
activity, they do not appear to lack the chro- 
mophores necessary for photolyase function. 
This was deduced from the observation that 
expression of the S. cerevisiae PHRl gene in 
S. pombe cells produces active photolyase 
and confers considerable UV-res i~ tance .~~~ 
Presumably, the photolyase cofactors are 
present because they are normally used for 
other cellular functions. 

In addition to their role in providing light- 
dependent resistance to UV damage, 
photolyases from E. coli and S. cerevisiae 
provide resistance to UV in the absence of 
light. This so-called dark repair by photo- 

lyases is independent of photoreactivating 
light but dependent on a functional NER 
pathway.84J90,245,246 The E. coli photolyase 
binds CPDs in the absence of light but can- 
not catalyze their direct reversal. However, 
photolyase binding appears to facilitate CPD 
repair by the E. coli NER machinery via 
specific protein-protein interactions.186 Al- 
though heterologous expression of S. 
cerevisiae PHRI in p h u  E. coli provides 
resistance to UV damage in the presence of 
light; in the absence of light, the cells actu- 
ally become more sensitive to UV light.190 
This sensitization is also dependent on a 
functional NER pathway and presumably 
reflects the fact that the yeast photolyase 
cannot interact productively with the E. coli 
NER proteins. Thus, expression of S. 
cerevisiae PHRI enzyme in p h r  E. coli in- 
hibits, rather than facilitates the excision of 
CPDs. 

Finally, a Drosophila melanogaster 
photolyase was recently discovered that can 
repair pyrimidine pyrimidone (6-4) lesions, 
where two adjacent pyrimidines are co- 
valently linked between the 6 position of the 
5’ pyrimidine ring and the 4 position of the 
3’ pyrimidine ring; not surprisingly, this le- 
sion introduces a major distortion in the 
double helical structure of DNA (Figure 2). 
A Drosophila cDNA encoding the (6-4) 
photolyase was successfully cloned by its 
heterologous expression in E. coli in a rather 
ingenious way.219 E. coli were engineered to 
overexpress a CPD photolyase such that the 
majority of UV-induced toxicity was due to 
unrepaired (6-4) lesions, which are produced 
much less frequently than CPDs. Thus, a 
selection for insect cDNAs that rescued these 
bacteria from UV-induced cell death was 
biased toward the isolation of a cDNA that 
produced (6-4) photolyase activity. Interest- 
ingly, the amino acid sequence of the D. 
melanogaster (6-4) photolyase bears exten- 
sive similarity to the class I photolyases (the 
microbial photolyases and plant blue-light 
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photoreceptors) and is less similar to the 
class II photolyases (photolyases from higher 
eukaryotes) (Table 1). Further, the regions 
thought to be involved in FADH- binding to 
the E. coli CPD photolyase are well con- 
served in the (6-4) photolyase, suggesting 
that this enzyme may receive and convert 
light energy by a mechanism similar to that 
employed by the CPD photolyases and blue- 
light photoreceptors. The sequence of the D. 
melanogaster (6-4) photolyase was in turn 
used to identify a human cDNA encoding a 
homologous protein.219 

111. DNA REPAIR 
METHY LTRANSFERASES 

DNA repair methyltransferases 
(MTases), like the photolyases, directly re- 
verse DNA damage, but in this case they 
reverse DNA alkylation damage. The 
MTases, as their name suggests, transfer 
methyl groups (as well as larger alkyl groups) 
from certain oxygens in DNA to an active 
site cysteine residue in the MTase protein 
itself. More specifically, methyl groups can 
be transferred from the O6 position of gua- 
nine (06MeG), from the O4 position 
of thymine (04MeT) and from methyl- 
phosphotriesters (MePTs) on the sugar-phos- 
phate backbone (Figure 3). These methyl 
transfer reactions are quite extraordinary 
because they irreversibly inactivate the 
MTase; the DNA repair MTases have there- 
fore been termed suicide enzymes.66J26J59J77 
DNA repair MTases were first discovered in 
E. coli, and genetic and biochemical analy- 
sis of 0-alkyl repair in E. coli led to the 
following c ~ n c l u s i o n s : ~ ~ ~ J ~ ~ J ~ ~  06MeG and 
04MeT DNA lesions cause transition muta- 
tions because they have the potential to 
mispair with thymine and guanine (respec- 
tively) during DNA replication. The methyl 
groups from these bases can be transferred 
to an active site cysteine in either of two 

MTases, namely, Ada and Ogt. Ada, but not 
Ogt, has a second active site cysteine for the 
transfer of methyl groups from MePT le- 
sions, and methylation at this active site 
converts the Ada protein into a potent tran- 
scriptional activator of four genes, namely, 
ada, alkA, alkB, and aidB. In other words the 
repair of alkylated DNA by the Ada protein 
acts both as a sensor of DNA alkylation 
damage and as an activator for the 
expression of its own gene, the alkA 3- 
methyladenine (3MeA) DNA glycosylase 
gene (see later) and two other genes whose 
precise functions are not yet understood. The 
induced transcription of these four genes by 
the Ada protein confers tremendous alkyla- 
tion resistance on E. coli and was called the 
adaptive response to alkylating  agent^.'^^,'^^ 

The dual role of the Ada MTase in repair 
and in regulating genes whose products pro- 
tect E. coli against alkylation-induced cyto- 
toxicity made it hard to determine whether 
06MeG/04MeT can be cytotoxic as well as 
mutagenic. However, because Ogt only re- 
pairs @MeG and 04MeT and is not known 
to regulate any genes, characterization of 
ogt mutants revealed that 06MeG andlor 
04MeT can indeed cause E. coli cell death.169 
Perhaps this is not unexpected, because some 
fraction of the transition mutations will in- 
evitably inactivate essential genes. However, 
lethal mutations probably do not account for 
all of the cytotoxicity induced by these le- 
sions, and other ways that 0-alkylated bases 
cause cell death are just beginning to be 
understood. Some lesions may inhibit DNA 
replication, causing cell death;53 however, it 
is obvious that not all 06MeGs and 04MeTs 
permanently inhibit replication, because base 
mispairing at some of these lesions produces 
viable cells bearing transition mutations. 
Another pathway for 06MeG/04MeT-medi- 
ated cell death appears to involve the 
postreplicative DNA mismatch repair path- 
way that is initiated in E. coli by MutS, 
MUM, and MutL proteins (see below).23*95798,w 
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MePT - PHOSPHO- 
DIESTER- 

FIGURE 3. The transfer of methyl groups from DNA 
by DNA repair MTases. OBMeG, OMeT, and MePT 
(S-siastereomer only) lesions in double-stranded DNA 
are recognized by MTases and the aberrant methyl 
group is transferred to a cysteine residue in the active 
site of the MTase protein. Methyl transfer inactiviates 
the MTase and so these DNA repair proteins have 
been called suicide enzymes. 

Futile rounds of mismatch repair on the newly 
synthesized DNA strand are believed to oc- 
cur at some @MeG (and perhaps 04MeT) 
lesions that have gone through the replica- 
tion fork; the repair may be futile because 
pairing of 06MeG104MeT with any base 
produces an apparent mismatch. Futile rounds 
of unproductive mismatch repair presum- 
ably prevents cells from completing a proper 
cell cycle. Indeed, it was shown recently that 
the E. coli and human mismatch binding 
proteins (MutS and the hMutSa heterodimer, 
respectively) bind @MeG containing du- 
plex DNA, supporting the proposed role of 

mismatch repair in alkylation-induced kill- 

Heterologous expression of a DNA re- 
pair MTase was used to determine whether 
@MeG and WMeT have biological conse- 
quences in human and rodent cells. The abil- 
ity of these lesions to cause mutation in E. 
coli depends on how they are perceived by 
the E. coli DNA replication machinery. It 
therefore follows that the mutagenicity of 
@MeG and 04MeT in other organisms must 
depend on how the DNA replication com- 
plex in those organisms reacts to this kind of 
DNA template damage. In the 1980s, isogenic 

ing.54,168 
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cell lines with and without MTase activity 
were unavailable, and the human MTase had 
not yet been cloned. The generation of 
isogenic mammalian cells lines differing only 
in their expression of a DNA repair MTase 
was therefore first accomplished by intro- 
ducing the E. coli ada gene into cultured 
human and rodent cells lacking endogenous 

deficient mammalian cell lines are referred 
to as M e r  or Mex-J The ada gene was cloned 
into various mammalian expression vectors 
to achieve high-level expression in M e r  
HeLa, CHO, and V79 cells. The resulting 
phenotype was striking. Acquisition of Ada 
MTase activity conferred tremendous resis- 
tance to the mutagenic, cytotoxic, and chro- 
mosome-damaging effects of a variety of 
different alkylating agents, indicating that 
the 0-alkyl lesions repaired by Ada do in- 
deed produce biological consequences in 
mammalian cells. As mentioned above, Ada 
has two active sites, one for 06MeG/04MeT 
repair and a second for MePT repair. Al- 
though MePT repair is required for Ada’s 
gene regulatory function, it was not clear 

, whether unrepaired MePTs could contribute 
to alkylation-induced cytotoxicity. Further 
heterologous expression experiments an- 
swered this question for mammalian cells. 
The expression of active Ada protein frag- 
ments, containing one or other active site, 
demonstrated that the repair of MePTs con- 
ferred no alkylation resistance, whereas the 
repair of 06MeG/04MeT conferred full re- 
sistance to alkylation-induced mutation, cell 
death, and chromosome damage.25p77 Sup- 
port for this conclusion came from the fact 
that expression of the E. coli Ogt MTase 
(which only repairs 06MeG/04MeT) in mu- 
rine cells conferred resistance to alkylation- 
induced killing and mutation.226 Moreover, 
when expression of the cloned human MGMT 
MTase cDNA was later achieved in M e r  
mammalian cells, it was found to confer the 
same alkylation-resistant phenotype as Ada 

MTase activity.25_27,88,100,180,227,232 (MTase- 

and Ogt;82,238,239 because the mammalian 
MTases do not repair MePTs 110 and because 
they are extremely inefficient at repairing 
04MeTs,253 it seems likely that @MeG is 
primarily responsible for mutation, cell death, 
and chromosome damage in alkylated mam- 
malian cells. 

The striking observation that an E. coli 
DNA alkylation repair protein could rescue 
mammalian cells from alkylation-induced 
cell death led to the idea that repair proteins 
from mammals (or other organisms) might 
be able to rescue E. coli cells from alkyla- 
tion-induced cell death. This turned out to be 
a powerful cloning strategy, and a large num- 
ber of DNA alkylation repair genes have 
now been cloned (Table 2). Among these are 
the human MTase cDNA ( M G M T ) ,  
a B .  subtilis MTase gene ( d a t l ) ,  the 
S. typhimurium MTase gene (ah,,), and the 
S. cerevisiae MTase gene (MGTI),  each 
cloned by their ability to rescue MTase-de- 
ficient ada- o g t  E. coli from alkylation- 
induced cell death.76J08.215+240 Similarly, the 
heterologous expression of human MTase in 
mgtl- S. cerevisiae protects the yeast cells 
from alkylation-induced mutation and cell 
death. 241242 In addition, the human MTase 
reduced the S. cerevisiae spontaneous muta- 
tion rate, suggesting that endogenous me- 
tabolites alkylate the yeast genome to pro- 
duce 0-alkylated bases capable of causing 
mutation and capable of being repaired by 
the human The identity of these 
endogenous metabolites remains to be es- 
tablished. 

Heterologous expression experiments 
have revealed that the affinity of a DNA 
repair protein for its substrates may have a 
profound biological effect, and that a poor 
affinity can lead to rather unexpected bio- 
logical consequences. In vitro biochemical 
characterization showed that various MTases 
have very different affinities for @MeG and 
04MeT, but perhaps the most striking obser- 
vation was that the rate constant of the mam- 
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rnalian MTase for the removal of 04MeT is 
up to several thousandfold lower than that 
for 06MeG.71,253 It is well established that 
P M e G  drives G:C to A:T, and that 04MeT 
drives A:T to G:C transition mutations in 
E. coli.129J62 Thus, the ability of a MTase to 
prevent alkylating agents from inducing these 
two specific mutational events in E. coli 
should reflect their ability to repair 06MeG 
and 04MeT in vivo. Five different DNA re- 
pair MTases were individually expressed in 
ada- o g t  E. coli, and their ability to prevent 
alkylation-induced G:C to A:T and A:T to 
G:C mutations measured.Is1 It was possible 
to specifically monitor each kind of transi- 
tion mutation using two E. coli strains con- 
taining different ZucZ- alleles, one that only 
reverts to Lac+ via a G:C to A:T transition, 
and the other via an A:T to G:C t ran~i t ion .~~ 
The E. coli Ada and Ogt MTases, the S. 
cerevisiue MGTl MTase, and the human 
and mouse MGMT MTases were each able 
to prevent alkylation-induced G:C to A:T 
mutations, reflecting their efficient repair of 
06MeG in vivo. However, only Ada, Ogt, 
and MGTl (i.e., the microbial MTases) could 
prevent alkylation-induced A:T to G:C mu- 
tations, presumably because they efficiently 
repair P M e T  in vivo. Most unexpectedly, 
both of the mammalian MTases actually 
sensitized E, coli cells to the induction of 
A:T to G:C transition mutations by alkylat- 
ing agents. In other words, expressing 
MTases with poor affinity for 04MeT was 
actually more detrimental than expressing 
no MTase at all. We hypothesized that the 
mammalian MTases bind 04MeT lesions and 
block their repair by another DNA repair 
pathway, namely, the NER pathway; that is, 
MGMT expression effectively creates a 
NER-deficient phenotype for 04MeT 
repair. Several lines of experimental evi- 
dence strongly support this hypoth- 
esis.86,105,173,181,182,225 These experiments point 
to the importance of considering how differ- 
ent DNA repair pathways overlap and inter- 

act with each other, and point to the impor- 
tance of obtaining both in vitro and in vivo 
data to deduce the relative roles of DNA 
repair pathways in protecting cells. In these 
studies, heterologous expression was a pow- 
erful tool for addressing the biological rel- 
evance of the biochemical differences seen 
among the DNA repair MTases. Expressing 
the five proteins in E. coli took advantage of 
bacterial genetics to provide a way to com- 
pare MTase function in vivo in a single bio- 
logical setting. 

The functional complementation of adu- 
o g t  E. coli by the human MGMT MTase 
has also been exploited to explore structure 
function  relationship^.^^.^^ MGMT not only 
prevents alkylation-induced G:C to A:T 
mutations in MTase-deficient E. coli, it also 
protects against alkylation-induced cell kill- 
ing.215 Seventeen amino acid residues in the 
MGMT protein were specifically mutated, 
and the mutant proteins expressed in udu- 
o g t  E. coli. Thirteen of the amino acid 
changes completely abolished MTase activ- 
ity as measured biochemically in vitro. How- 
ever, nine of these mutants were able to 
confer an alkylation-resistant phenotype to 
these bacterial cells, indicating that the mu- 
tant proteins were in fact active in vivo. These 
results indicate that none of the nine residues 
are absolutely essential for MTase function. 
Two of the four mutant proteins that did not 
provide in vivo alkylation resistance were 
shown to be stably expressed in E. coli, in- 
dicating that the two mutated residues, Y 1 14E 
and C145A, are truly required for MTase 
function; indeed, C145 represents the active 
site cysteine residue. Without this sensitive 
biological assay employing the expression 
of human MGMT in E. coli, spurious con- 
clusions might have been drawn about the 
relative importance of these 13 amino acid 
residues for human MGMT MTase structure 
function relationships. 

That the human MGMT protein can con- 
fer an alkylation-resistant phenotype on E. 
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coli was also exploited by Christians and 
L ~ e b , ~  to isolate mutated but functional ver- 
sions of this human DNA repair protein. 
Their aim was to create new versions of 
MGMT that are better able to provide resis- 
tance to the cytotoxic and mutagenic effects 
of alkylating agents. After selecting for alky- 
lation resistance in udu- ogt- E. coli contain- 
ing randomly mutated MGMT cDNAs, they 
found mutant MGMT sequences that pro- 
vide greater alkylation resistance than the 
wild-type MGMT cDNA, increasing the D,, 
for a simple alkylating agent by fourfold and 
reducing mutagenesis by 3- to 5-fold. Their 
goal is to create a “super MTase” that might 
be useful for a gene therapy approach to 
protecting cancer patients undergoing alky- 
lating agent chemotherapy. 

Several recent studies tried to determine 
whether the expression of MTase in bone 
marrow could provide a useful level of extra 
resistance after exposure to the alkylating 
agents that are commonly used for the che- 
motherapeutic treatment of cancer patients. 
It was previously shown that bone marrow 
cells (in both mice and humans) express 
extremely low levels of DNA MTase activ- 
ity, providing a plausible explanation for the 
fact that this tissue is extremely sensitive to 
alkylating agents.67 Indeed, the extreme alky- 
lation sensitivity of human bone marrow is 
dose limiting for the treatment of cancer 
patients with chemotherapeutic alkylating 
agents, such as the chloronitrosoureas.194 The 
heterologous expression of E. coli and hu- 
man MTases in mouse hematopoietic cells 
was achieved by the ex vivo introduction of 
MTase genes or cDNAs (cloned into 
retroviral expression vectors) into bone mar- 
row ce11s.2*79J37J47~230 The benefits of express- 
ing the Ada MTase in mouse bone marrow 
has not yet been reported. However, it is 
quite clear that increasing the expression of 
the human MGMT MTase in this tissue pro- 
vides significant protection against 
the myelosuppressive effects of chloro- 

nitrosoureas and, consequently, protects 
against the lethal effects of these agents.137J47 
A similar protection of human bone marrow 
may enable the clinical use of higher and 
more effective doses of chemotherapeutic 
alkylating agents and may protect this tissue 
from secondary cancers induced by the alky- 
lating agents. Indeed, the success of the het- 
erologous expression of human MGMT in 
mouse bone marrow has led to the initiation 
of Phase I clinical trials to express MGMT 
in human bone marrow of cancer patients 
undergoing CNU chemotherapy. 

Heterologous expression of the micro- 
bial MTases in mammalian bone marrow 
may prove to be particularly effective. The 
mammalian MGMT MTases are sensitive to 
inhibition by Oj-benzylguanine ( 06BG); 
MGMT readily transfers the benzyl group to 
its active site cysteine, being thereby inacti- 
~ a t e d . ’ ~ ~  In fact, 06BG is currently in clini- 
cal trials as an agent for decreasing the resis- 
tance of tumor cells to CNUs by inhibiting 
MTase activity. Surprisingly, the microbial 
MTases are extremely resistant to 06BG in- 
h i b i t i ~ n l ~ ~  and so their expression could pro- 
tect bone marrow against CNUs during 06BG 
administration for sensitizing tumor cells to 
CNUs. These experiments are currently un- 
derway in mice and may ultimately lead to a 
clinically beneficial use of the heterologous 
expression of DNA repair proteins. 

Bacterial and human MTases have 
been expressed in transgenic 

was expressed from the zinc-inducible 
metallothionein promoter, and up to an eight- 
fold increase in MTase levels was observed 
in the livers of the transgenic a n i m a l ~ . ’ ~ ~ J ~ ~  
Increased DNA repair by the Ada MTase 
rendered these animals resistant to the in- 
duction of liver tumors after exposure to 
nitrosamines. Increased MTase expression 
has also been targeted to other tissues. The 
human MGMT MTase was specifically 
overexpressed in mouse liver and brain from 

mice.55-57,150,15 1,165.229.25 1,252 The Ada protein 

41 9 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



the transferrin promoter229 and in thymus, 
spleen, muscle, and colon from the CD2 
p r o m ~ t e r . ~ ~ - ~ ~ * ~ ~ l  It has not yet been reported 
whether increased MGMT in liver and 
brain protects against alkylation-induced tu- 
morigenesis, but it is quite clear that MGMT 
expression in  the thymus and 
colon prevents alkylation-induced thymic 
lymphomas and reduces the induction of 
putative preneoplastic lesions (aberrant crypt 
foci) in the ~ o l o n . ~ ~ * ~ ~ ~  These data under- 
score the important role that DNA repair 
plays in preventing a normal cell from being 
transformed into a cancer cell after exposure 
to exogenous DNA-damaging agents. The 
role that various DNA repair pathways play 
in protecting against the induction of muta- 
tions and cancer by endogenous DNA-dam- 
aging agents will ultimately be addressed by 
studying animals with DNA repair deficien- 
cies, in addition to studying animals with 
increased DNA repair capabilities. Indeed, 
mutant mice (and people) lacking a DNA 
mismatch repair pathway are known to suf- 
fer increased incidence of certain kinds of 
tumors in the absence of any obvious 
exposure to exogenous DNA-damaging 
agents.4.47v62J21 As the number of transgenic 
mice and human diseases with well-defined 
mutations in known DNA repair pathways 
increases, it will become possible to use 
mammalian genetics to establish which DNA 
repair pathways are the most influential for 
protecting against tumorigenesis. 

IV. BASE EXCISION REPAIR 

Base excision repair (BER) involves the 
removal of an abnormal or damaged base 
from double-stranded DNA, generation of a 
DNA strand break in the vicinity of the re- 
sulting abasic site, exonucleolytic digestion 
at this break site to remove a small number 
of nucleotides, and the restoration of nor- 
mal, undamaged, double-stranded DNA by 
DNA polymerase and DNA ligase (recently 

reviewed in References 50, 66, 144, 176, 
and 183). BER is initiated by a DNA 
glycosylase cleaving the N-glycosylic bond 
linking the unwanted base to deoxyribose in 
the sugar-phosphate DNA backbone. There 
exists a wide variety of DNA glycosylases, 
and the specificity of BER is dictated by the 
specificity of the initiating DNA glycosylase. 
The sugar-phosphate backbone at abasic sites 
is cleaved either by an apurinic/apyrimidinic 
(AP) endonuclease that cleaves by hydroly- 
sis to leave an undamaged 3’-hydroxyl ter- 
minus and a 5’-deoxyribose-5-phosphate end 
or by an AP lyase that cleaves by p-elimina- 
tion to leave an undamaged 5’-phosphate 
terminus and a 3’-a,P-~nsaturated aldehyde 
(Figure 4). A variety of AP endonucleases 
and AP lyases exists in many organisms. AP 
lyase activity is always associated with a 
DNA glycosylase activity, although not all 
DNA glycosylases have associated AP lyase 

Several different DNA poly- 
merases exist in E. coli and in mammalian 
cells. In E. coli, DNA polymerases I is be- 
lieved to participate in BER,66 and it was 
recently shown in mammalian cells that DNA 
polymerase p is responsible for virtually all 
BER synthesis.202 Finally, DNA ligases op- 
erate to seal the 3’-hydroxyl end of the newly 
synthesized DNA patch after it reaches the 
5’-phosphate end of the adjacent strand; there 
is just one major DNA ligase in E. coli, but 
several different DNA ligases in mamma- 
lian cells.66 

Although BER is a multistep pathway, 
there does not appear to be a requirement for 
the formation of a BER multienzyme com- 
plex, as each enzymatic step can be carried 
out in the absence of other proteins, at least 
in vitro. The functional independence of 
the BER enzymes makes them ideal candi- 
dates for the functional complementation of 
BER defects in heterologous cells. In this 
section we review studies that have exploited 
the expression of DNA glycosylases, AP 
endonucleases, DNA polymerases, and DNA 
ligases in heterologous cells. 
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5!mB!Bf 
BASE MODIFICATION I 

(c.g.alk lation or t 
oxiiation) 

OQOOPQQPP 

mAm 
QQppQ9ppp 

1 Glycosylase-mediated or spontaneous 
base release 

Class II 5‘ hydrolytic / \ Class 13‘ blimination 
AP endonucleases AF’ lyase 

/ 3’- repair diesterase* 

1 Polpe&tion 

FIGURE 4. The base excision repair (BER) pathway. BER 
is initiated by cleavage of the glycosylic bond either sponta- 
neously or by the activity of DNA glycosylases resulting in an 
abasic site. The sugar-phosphate backbone at abasic sites is 
cleaved either by an apurinidapyrimidinic (AP) endonuclease 
that cleaves by hydrolysis to leave an undamaged 3’-hy- 
droxyl terminus and a 5’-deoxyribosed-phosphate end or by 
an AP lyase that cleaves by p-elimination to leave an undam- 
aged 5’-phosphate terminus and a Y-a,P-unsaturated alde- 
hyde. Further processing of both these products by either 
deoxyribophosphodiesterase or 3’-repair diesterase enables 
repair synthesis to occur. Finally, DNA ligases operate to seal 
the 3’-hydroxyl end of the newly synthesized DNA patch after 
it reaches the 5’-phosphate end of the adjacent strand. 

*8-repair diesterase activity is associated with several AP 
endonucleases 

A. DNA Repair Glycosylases 

3-Methyladenine (3MeA) DNA glyco- 
sylases were first discovered in E. coZi and 
have been best studied in this organ- 
ism.119,120,125,170,217 Two E. coli 3MeA DNA 
glycosylases have been well characterized. 

They were originally differentiated biochemi- 
cally as 20- and 27-kDa proteins149J75.217 and 
later differentiated genetically as being en- 
coded by the constitutively expressed tug 
gene and the alkylation-inducible uZkA gene, 
respectively.149.203 As described previously, 
the methylated Ada MTase acts as a power- 
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ful transcriptional activator for the alkA gene 
so that cells experiencing DNA alkylation 
damage adapt to express high levels of the 
AlkA 3MeA DNA g l y c ~ s y l a s e . ~ ~ , ~ ~  3MeA is 
thought to block DNA replication in E. coli, 
thus causing cell death, as scored by lack of 
colony-forming ability. 1 7 y 1  l7 The action of 
Tag and AIM thus rescues bacteria from 
alkylation-induced cytotoxicity. Recently, it 
became clear that AlkA has a much broader 
substrate specificity than Tag. Both AlkA 
and Tag can remove 3-methyl- 
guanine (3MeG), 3-ethyladenine, and 3- 
ethylthioethyladenine from alkylated DNA, 

ever, AlkA, but not Tag, has also been shown 
to remove the following bases from DNA: 7- 
methylguanine, 7-methyladenine, 7-ethyl- 
guanine, 7-ethyladenine, 3-ethyl-guanine, 7- 
ethylthioethylguanine, @-methylthymine, 
02-methylcytosine, 5-formyluracil, 5 -  
hydroxymethyluracil, and 1, W-etheno- 
adenine11.75J38J70.217 In addition, AlkA is 
known to remove 7-~hloroethylguanine, 7- 
hydroxyethylguanine, N2,3-ethanoguanine, 
N2,3-ethenoguanine, and hypoxanthine, but 
Tag has not yet been tested for these sub- 
s t r a t e ~ . ~ ~ * ~ ~ , ~ ~ ~ , ~ ~ ~  As will become evident 
below, it appears that the eukaryotic 3MeA 
DNA glycosylases are more similar to AlkA 
than Tag, in that they display a similarly 
broad substrate specificity. 

Because DNA glycosylases do not have 
to complex with other proteins in order to 
function, it seemed plausible that the expres- 
sion of any 3MeA DNA glycosylase in alkA- 
tag-E. coli would relieve their extreme alky- 
lation-sensitive phenotype. This turned out 
to be a reasonable supposition, and the func- 
tional complementation of alkA- tag-E. coli 
was used to clone a number of eukaryotic 
3MeA DNA glycosylase genes (Table 2). 
These include the S.  cerevisiae MAG 
gene,8.33 the human AAGIMPGIANPG 
c D N A , ~ ~ J ~ ~ J ~ ~ * ~ ~ ~  the rat Apdg cDNA, the 
Arabidopsis thaliana ATMAG cDNA,I9* and 

in addition to 3MeA.12,~3,149,170,175.217 How- 

the Schizosaccharomyces pombe Mag1 
cDNA.141 The Bacillus subtilis alkA gene 
and the mouse Aag 3MeA DNA glycosylase 
cDNA (each cloned by other means) were 
also shown to rescue the alkylation-sensitive 
phenotype of alkA- tag- E. 

Several eukaryotic 3MeA DNA glyco- 
sylases were cloned by virtue of their ability 
to rescue alkA- tag- E .  coli from 
killing by the methylating agent methyl 
methanesulfonate (MMS). Whereas most of 
the clones conferred substantial MMS-resis- 
tance, it is worth mentioning that for the 
human AAG and S. pombe Mag1 cDNAs, 
MMS-resistance conferred by the original 
cDNA clones was exceedingly modest. 141~179 

However, this modest phenotype was still 
enough to allow isolation of the clones from 
a library of many thousands of cDNAs, un- 
derscoring the power of this approach for 
cloning new DNA repair genes. 

Although all the aforementioned eukary- 
otic 3MeA DNA glycosylases confer resis- 
tance to methylating agents, some also con- 
fer resistance to other kinds of alkylating 
agents, but with some interesting differences. 
Compared with wild type, alkA- tag- E. coli 
are extremely sensitive to methylating, 
ethylating, and propylating agents, and from 
this we infer that together these glycosylases 
remove all three kinds of damage.141J55J98 
The S. pombe glycosylase also protects 
against all three agents;141 however, the 
mouse glycosylase only protects against 
methylating agents, and the human and S. 
cerevisiae glycosylases only protect against 
methylating and propylating a g e n t ~ . ~ ~ . l ~ ' . ~ ~ *  
It is hard to envision how a DNA glycosylase 
could recognize methyl and propyl lesions 
but fail to recognize ethyl lesions. However, 
because all the glycosylases were compared 
in the same E. coli strain, it seems likely that 
these results reflect real differences in in 
vivo substrate specificities between these 
enzymes. A structural comparison of each 
active site, which so far has only been solved 
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for the AlkA 3MeA DNA g l y c o ~ y l a s e , ~ ~ ~ , ~ ~  
may ultimately explain these differences. 

The S. cerevisiue and human 3MeA DNA 
glycosylases were both shown to protect 
ulkA- tug- E. coli from killing by chloro- 
ethylnitrosourea (CNU), a compound, as 
mentioned previously, commonly used for 
cancer chemotherapy. 132~135 These heterolo- 
gous expression experiments were the first 
to compare the CNU sensitivity of isogenic 
cells differing only in glycosylase expres- 
sion, providing direct evidence that BER, 
along with MTase, could participate in the 
removal of CNU-induced cytotoxic DNA 
damage.14,21,62,70 These conclusions, drawn 
from expressing the eukaryotic glycosylases 
in E. coli, were confirmed recently. Mouse 
embryonic stem cells bearing homozygous 
null Aug alleles were generated, and com- 
parison with wild-type ES cells shows that 
BER, initiated by the Aug glycosylase, pro- 
vides mammalian cells with substantial re- 
sistance to CNU-induced cell killing and 
chromosome damage.60 It therefore appears 
that at least two DNA repair pathways can 
protect against CNU-induced cytotoxicity, 
namely, BER and DNA repair 

Prior to the isolation of Aug null mouse 
cells, several groups tested the effects of 
overexpressing the Tag, A l U ,  rat, and hu- 
man 3MeA DNA glycosylases in the heter- 
ologous Chinese hamster V79 and CHO 
mammalian cells (Table 3). These studies 
produced contradictory results and conclu- 
sions: overexpression sometimes protected 
cells against the toxic effects of alkylating 
 agent^,'^.'^ sometimes had no e f f e ~ t , ~ ~ . ~ ~  and 
sometimes even sensitized the cells.42 The 
possible reasons for these seemingly contra- 
dictory results are worthy of discussion. 
Unlike photolyase and MTase, which directly 
reverse DNA damage, the action of a DNA 
glycosylase actually produces another form 
of DNA damage, namely, an abasic site. 
Further, the DNA glycosylase catalyzes just 

MTase. 14,21,62,70 

one of the five steps required for the comple- 
tion of BER, and the rate-limiting step may 
differ between cell types depending on the 
relative levels of the BER enzymes. Thus, 
overexpression of 3MeA DNA glycosylase 
in cells where the endogenous glycosylase is 
limiting may be expected to provide alkyla- 
tion resistance, but where the endogenous 
glycosylase is not limiting, extra glycosylase 
activity may not add extra protection. More- 
over, in cell lines where AP endonuclease is 
limiting, the generation of excess abasic sites 
by an overexpressed glycosylase, may actu- 
ally sensitize cells to alkylating agents. Fi- 
nally, DNA glycosylase overexpression in 
cells where neither glycosylase nor AP en- 
donuclease is limiting may simply have no 
effect on alkylation resistance. Because of 
these complexities, the recently developed 
Aag null mouse cells now provide a power- 
ful tool (analogous to alkA- tug- E. coli) 
for exploring the roles of 3MeA DNA 
glycosylases as they function in vivo in mam- 
malian cells. 

These studies all relate to the role of 
3MeA DNA glycosylases in the repair of 
DNA damage induced by exogenous agents. 
However, it appears that some 3MeA DNA 
glycosylases also repair DNA damage pro- 
duced by endogenous agents.242 This was 
revealed by dramatic increases in spontane- 
ous mutation rates when BER enzymes be- 
come grossly imbalanced by overexpressing 
the MAG glycosylase in yeast cells lacking 
the major AP endonuclease, namely, 
APN1 .91,92 Previous experiments showed that 
upnl mutants display an increased sponta- 
neous mutation rate compared with wild- 
type cells, presumably due to replication past 
unrepaired abasic sites.167 However, this in- 
crease in spontaneous mutation is greatly 
magnified by the expression of high levels 
of the MAG glycosylase, presumably be- 
cause MAG removes DNA bases that were 
damaged by endogenous metabolites.242 The 
endogenous DNA damage recognized by 
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MAG remains to be determined and clearly 
could be one of several different lesions, 
based on the extraordinarily diverse in vitro 
substrate specificity of this class of enzyme. 
The heterologous expression of other DNA 
glycosylases in this apnl strain should pro- 
vide a sensitive biological test of whether 
those enzymes also act on endogenously 
produced DNA damage and may identify 
enzymes that are important for limiting spon- 
taneous mutation. Indeed, preliminary evi- 
dence indicates that expression of the human 
AAG glycosylase also drives up spontane- 
ous mutation rates in APNl-deficient S. 
cerevisiae, although not nearly as dramati- 
cally as MAG.69 In these experiments it is 
presumed that glycosylases affect spontane- 
ous mutation by removing damaged bases 
from the genome. Although this remains the 
most likely explanation, it is formally pos- 
sible that the glycosylases actually remove 
normal bases (at low frequency) and that it is 
this anomalous repair activity that affects 
spontaneous mutation. In either case, it is 
important to identify any activity that influ- 
ences spontaneous mutation rates, and 
glycosylases may fall into this group, either 
because they remove mutagenic lesions or 
because they produce mutagenic abasic sites. 

Reactive oxygen species represent an- 
other source of DNA damage from endog- 
enous and exogenous  source^.^ Exogenous 
sources include ionizing radiation, UV, 
H202, 4-nitroquinoline oxide (4NQO), and 
bleomycin.66 Endogenous reactive oxygen 
species are produced as byproducts of aero- 
bic metabolism and from nitric oxide that is 
produced by some cells for signal transduc- 
tion, and by activated macrophages as part 
of the cellular immune response. 130~196,201 

Exposure of DNA to active oxygen is there- 
fore inevitable, and so it is not surprising 
that numerous pathways have evolved, ei- 
ther to prevent oxidative damage from oc- 
curring or to repair oxidative damage once it 
has occurred. Some of the enzymes involved 

in repairing DNA damaged by reactive oxy- 
gen species have been expressed in heterolo- 
gous cells, and these are discussed below. 
Reactive oxygen species induce numerous 
types of damage to the bases and to the 
sugar-phosphate backbone of DNA.51*228 8- 
oxoguanine (8-oxoG) and thymine glycols 
(TGs) represent a major fraction of oxida- 
tive DNA damage, and DNA glycosylases 
have been identified that act at base 
pairs containing these l e ~ i o n s . ~ ~ J ~ ~  Such 
glycosylases have been expressed in heter- 
ologous systems. 

Fpg/MutM 8-0xoG DNA glycosylase 
activity was initially found in E. coli, but its 
discovery was somewhat circuitous. The 
enzyme was first identified and purified as a 
DNA glycosylase that releases formamido- 
pyrimidine (FaPy) lesions from DNA.15.34,35 
FaPy lesions represent an imidazole ring- 
opened form of 7-alkylguanine (similar 
FaPys can be induced by 'y-rays) that block 
DNA replication in vitro Figure 2).201 The 
FaPy DNA glycosylase gene, fig, was later 
cloned18 and used to generate f i g  mutants, 
but, surprisingly, these mutants displayed no 
apparent alkylation or y-ray-sensitive phe- 
notype.16 Meanwhile, another study led to 
the identification of thefpg gene by com- 
pletely different means; the defective gene 
in the E. coli mutM mutator strain that dis- 
played elevated spontaneous G:C to T:A 
transversions was traced to the f p g  gene.28 
Because G:C to T:A transversions were 
known to be induced by 8-oxoG (237) and 
because an 8-oxoG repair activity had previ- 
ously been identified in E. C O Z ~ , ~ ~  several 
groups combined their materials and exper- 
tise to demonstrate that the fig/mutM gene 
in fact encodes an 8-oxoG DNA glycosylase 
whose action prevents spontaneous G:C to 
T:A trans version^.'^^,^^^ 

The functional suppression of the E. coli 
fig/mutM mutator phenotype by heterolo- 
gous genes was used successfully to isolate 
a fpg/mutM homolog from S. cerevisiae 
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named the UGGI The S. cerevisiae 
OGGl gene was also cloned recently by 
reverse genetics.153 It seems highly likely 
that mammalian homologs could also be 
cloned in similar ways. Indeed, even if mam- 
malian homologs are identified by reverse 
genetics or by virtue of their amino acid 
sequence homology, heterologous expression 
in E. coli can be used to confirm their func- 
tional homology. Thus, an open reading 
frame encoding a putative FpglMutM 
glycosylase homolog was identified in the 
Lactococcus lactis genome, and its heterolo- 
gous expression suppressed the G:C to T:A 
mutator phenotype in fpg/mutM E. ~ o l i . ~ ~  
Whether these S. cerevisiae and L. lactis 
enzymes act to modulate spontaneous muta- 
tion in their normal environment remains to 
be determined. 

Expression of the E. colifig/mutM gene 
in mammalian cells has been shown to con- 
fer resistant phenotypes. y-rays are thought 
to induce both 8-0xoG and FaPy DNA le- 
sions (among many others); FpgNutM ex- 
pression did not provide resistance to y-ray- 
induced cytotoxicity (which one would 
expect from FaPy repair), but it did protect 
against mutation (which one would expect 
from 8-0xoG repair).118 However, f p g  ex- 
pression in mammalian cells did protect 
against both the cytotoxic and mutagenic 
effects of aziridine, a compound thought to 
induce primarily FaPy DNA lesions, indi- 
cating that the Fpg/MutM glycosylase is 
capable of FaPy repair in mammalian 
~ e l l s . ~ ~ , ~ *  Taken together, these heterologous 
expression experiments suggest that y-rays 
may not induce significant levels of FaPy 
DNA damage and that they do induce sig- 
nificant levels of 8-oxoG. 

Surprisingly, biochemical characteriza- 
tion of the human and mouse 3MeA DNA 
glycosylases (AAG and Aag, respectively) 
demonstrated that they can release 8-oxoG 
from oxidized DNA, at least in vitro. To 
determine whether their in vitro activity has 
any in vivo relevance, it was shown that their 

expression could partially suppress the fig/ 
mutM mutator phenotype? although the sup- 
pression was modest. The possibility that 
the mammalian DNA glycosylases influence 
spontaneous (or induced) G:C to T:A 
transversions in mammalian cells is currently 
being tested by expressing them in the re- 
cently developed Aag null mouse cell lines.60 

An extremely interesting study in D. 
melanogaster recently uncovered the sur- 
prising fact that the S3 ribosomal protein, as 
well as associating with ribosomes, localizes 
to the nuclear matrix in vivo and exhibits 
AP-lyase activity in ~ i t r o . ~ ~ ~  Because all the 
authentic AP-lyases known to exist in both 
prokaryotes and eukaryotes are also DNA 
glycosylases, the D. melanogaster S3 pro- 
tein was tested for DNA glycosylase activ- 
ity. The S3 ribosomaVAP-lyase protein can 
release both FaPy and 8oxoG lesions from 
DNA in vitro. Moreover, expression of the 
D. melanogaster S3 protein in E. colifpg/ 
mutM mutants completely suppressed the 
G:C to T:A mutator phenotype.243 These re- 
sults demonstrate that the DNA repair activ- 
ity of this ribosomal protein is robust enough 
to exert an in vivo biological effect, and 
they strengthen the notion that the D. 
melanogaster S3 ribosomal protein has the 
potential to participate in two very different 
processes, namely, protein ' synthesis and 
DNA repair. 

The E. coli MutY DNA glycosylase and 
MutT 80x0-dGTPase enzymes collaborate 
with FaPyNutM to provide an elegant de- 
fense network for preventing the accumula- 
tion of 8oxoG in the bacterial genome.142 
Should FaPyNutM fail to remove 8oxoG 
from the genome, this lesion will encounter 
the replication machinery, whereupon it may 
direct the insertion of either C or A. If C is 
incorporated, the 8oxoG:C base pair remains 
susceptible to repair by FaPyMutM. How- 
ever, if A is incorporated opposite 80xoG, 
the oxidized guanine lesion becomes refrac- 
tory to removal by FaPyNutM, presumably 
because such repair would drive G:C to T:A 
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transversions. Instead, the A in the 8oxoG:A 
base pair is subject to removal by the MutY 
glycosylase, and BER is presumably initi- 
ated by MutY until a MutM repairable 
8oxoG:C base pair is formed. 142 As one 
would predict, mutY E. coli suffer elevated 
G:C to T:A transversions. MutT prevents 
the introduction of 8oxoG into DNA from 
the nucleotide precursor pool by hydrolyz- 
ing 80x0-dGTP to 80x0-dGMP plus PPi.133 
In other words, MutT eradicates these oxi- 
dized nucleotides from the precursor pool to 
reduce the incorporation of 8oxoG opposite 
A or C during DNA replication. mutT E. coli 
suffer an enormous increase in spontaneous 
A:T to C:G transversion mutations.247 The 
FaPyMutM-MutY-MutT defense network 
appears to be crucial to aerobically growing 
E. coli because mutants with defects in all 
three of these genes have a 250-fold increase 
in spontaneous mutation.208 

Human homologs of both MutY and 
MutT enzyme activities have been identi- 
fied.139J74 A MutY-like activity was identi- 
fied in human cell extracts,139 and a human 
cDNA that encodes a putative protein with 
extensive sequence homology to the E. coli 
MutY protein was recently found by random 
cDNA sequencing.2m However, it has not 
yet been established whether the cloned 
cDNA suppresses the mutator phenotype of 
mutY E. coli mutants, and it has not been 
established whether this cDNA encodes the 
previously identified human enzyme activ- 
ity. A MutT-like activity was purified to 
homogeneity from human cells and its cDNA 
cloned by reverse genetics; the predicted 
amino acid sequence had only very short 
regions similar to E. coli MutT (and so was 
unlikely to have been cloned by sequence 
homology); nevertheless, expression of the 
hMTH (human MutT Homolog) cDNA in 
mutT E. coli partially reversed its mutator 
phenotype. 174 

The thymine glycol (TG) DNA glyco- 
sylases repair a family of oxidized thymines 
produced by the reaction of active oxygen 

species with DNA. The TGs are not thought 
to be particularly mutagenic,6 but they have 
been shown to block DNA replication in 

The E. coli Endonuclease I11 en- 
zyme (encoded by the nth gene) acts as both 
a TG glycosylase and an AP-lyase and effi- 
ciently initiates BER at these replication- 
blocking lesions.24 In addition, Nth cleaves 
at a number of other oxidized and fragmented 
 pyrimidine^.^^,^^,^^ Expression of the E. coli 
nth gene in y-ray-sensitive Chinese hamster 
ovary cells conferred resistance to H202, as 
one might expect, but conferred sensitivity 
to bleomycin.80 In addition to oxidizing thym- 
ines, bleomycin also produces a large num- 
ber of DNA single strand breaks; Nth-re- 
lated bleomycin sensitivity was thought to 
be caused by DNA double strand breaks 
created by the release of oxidized thymines 
followed by the generation of a strand break 
in close proximity to another strand break on 
the opposite strand. 

Pyrimidine Dimer (CPD) DNA glyco- 
sylase from T4 phage. UV light induces the 
formation of CPDs (cyclobutane pyrim- 
idines) in DNA, and these CPDs can be ei- 
ther mutagenic or cytotoxic. The bacterio- 
phage T4 denV gene encodes a CPD DNA 
glycosylase with an associated AP lyase 
activity. This enzyme hydrolyzes the 
glycosylic bond of the 5’ pyrimidine, then 
cleaves the resulting abasic site by P-elimi- 
nation, leaving an abasic 3’-OH terminus 
and the CPD attached to the sugar at the 
phosphorylated 5’ terminus at the strand 
break. Further processing of both termini 
would be required for BER to proceed to 
completion. In fact, the T4 CPD DNA 
glycosylase furnished the first known ex- 
ample of heterologous DNA repair, but these 
experiments were carried out in the early 
1960s before any DNA repair mechanism 
had been described.66 In short, the T4 bacte- 
riophage genome was found to produce an 
activity that could act in trans (in E. coli) to 
rescue UV-irradiated T2 bacteriophage; this 
activity was later localized to the T4 denV 
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gene, and, to our knowledge, this represents 
the first known demonstration that a DNA 
repair protein encoded by a gene from one 
organism (T4) could act on the damaged 
genome of another (T2). 

So far, CPD DNA glycosylases have been 
identified in the bacteriophage T4 and in the 
bacterium Micrococcus l u t e u ~ . ~ ~ ~ ~ ~  The M. 
Zuteus CPD DNA glycosylase gene was re- 
cently cloned, but, surprisingly, the enzyme 
turned out to bear no amino acid sequence 
homology to the T4 enzyme.lm It appears 
that nucleotide excision repair (NER), rather 
than BER, is primarily responsible for CPD 
repair in most organisms, indeed significant 
CPD DNA glycosylase activity has not been 
detected for any organism other than T4 and 
M. Zuteus. In fact, even for M. Zuteus, CPD 
DNA glycosylase mutants only exert a UV- 
sensitive phenotype in a NER-deficient back- 
g r 0 ~ n d . l ~ ~  

Relevant to this review is the fact that 
the heterologous expression of the T4 CPD 
DNA glycosylase in several different UV- 
sensitive eukaryotic cell types confers sig- 
nificant resistance to UV exposure. One study 
demonstrated that denvexpression in strains 
of Drosophila rnelanogaster that cannot ini- 
tiate the repair of UV-induced DNA damage 
confers considerable UV-resistance by re- 
storing the repair of CPDS.~ Further, denV 
expression in UV-sensitive rodent and hu- 
man cell lines (CHO UV5, X P  groups A, C, 
and E), known to be deficient in CPD repair, 
enabled the cells to remove CPDs and to 
survive better after U V - i r r a d i a t i ~ n . ~ ~ ~ , ~ ~ ~ - ~ ~ ~  
These heterologous expression experiments 
confirmed that the NER-deficient mamma- 
lian cell lines were only deficient in the ini- 
tiation of NER (i.e., incision at the site of 
DNA damage), but were capable of carrying 
out the subsequent steps of gap formation, 
gap filling, and DNA ligation. In contrast, 
denvexpression in normal murine fibroblasts 
did not enhance their resistance to UV-in- 
duced cytotoxicity, despite an increase in 

CPD rem0va1.l'~ Although the reasons for 
this remain unclear, it is important to point 
out that the mouse fibroblasts were neither 
NER deficient nor UV sensitive, suggesting 
that in this case the rate of CPD repair was 
not rate-limiting for survival after UV expo- 
sure. 

Uracil DNA glycosylase (UDG), UDG 
inhibitors, and dUTPase. Uracil and thym- 
ine display similar base pairing properties, 
that is, they both pair with adenine. It was 
therefore not immediately obvious what se- 
lective pressures dictated that DNA contain 
thymine and RNA contain uracil. However, 
it is now clear that the deamination of cy- 
tosine to form uracil occurs at a physiologi- 
cally significant rate,124 and this presents a 
mutational threat. Cytosine deamination in 
the genome produces a G:U base pair that, if 
left unrepaired, would drive a G:C to A:T 
transition. It is quite clear that, at least in E. 
coli, uracil DNA glycosylase (UDG), en- 
coded by ung, plays a significant role in 
preventing spontaneous G:C to A:T muta- 
tion. Deamination of cytosine in RNA mol- 
ecules would not, for the most part, result in 
an inherited change in the genome. In addi- 
tion to cytosine deamination, uracil can in- 
filtrate DNA from dUTP in the nucleotide 
precursor pools; a major role of the dUTPase 
enzyme is to maintain low dUTP levels so 
that the incorporation of uracil instead of 
thymine in DNA is kept to a minimum. 
Uracils that creep into DNA from the pre- 
cursor pool to form A:U base pairs are also 
removed by the UDG; in other words, UDG 
can remove uracil from both G:U and A:U 
base pairs. Together, dUTPase and UDG 
strive to maintain a uracil-free genome for 
most organisms. 

Although most organisms go to great 
lengths to minimize the amount of uracil in 
DNA, very high levels may be tolerated under 
certain circumstances. E. coli can tolerate a 
90% replacement of thymines by uracil (al- 
though growth is inhibited), and Bacillus 
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subtilis PBS2 bacteriophage contain uracil 
in their g e n o m e ~ . ~ ~ , ~ ~  However, genomes 
harboring high levels of uracil can only sur- 
vive in the absence of UDG initiated BER 
(e.g., in E. coli ung mutants) because other- 
wise the genome becomes irreversibly frag- 
mented due to the incessant action of UDG 
followed by cleavage at the AP sites. Not 
surprisingly, the B. subtilis PBS2 bacterioph- 
age encodes a small protein that irreversibly 
binds and inhibits UDG; the inhibitor gene 
was cloned by virtue of its ability to make 
wild-type E. coli permissive for the growth 
of uracil containing single-stranded M 13 
bacteri~phage.~~~ The inhibitor protein was 
found to inhibit UDGs from B. subtilis, E. 
coli, M. luteus, S. cerevisiae, and human 
cells,96 suggesting that these enzymes are 
probably very highly conserved both struc- 
turally and functionally. 

A detailed knowledge of the biochemis- 
try and genetics of how E. coli controls the 
incorporation and removal of uracil in DNA 
has been exploited for the cloning and char- 
acterization of human cDNAs and enzymes 
presumed to be involved in limiting the pres- 
ence of uracil in the human genome. 
dUTPase-deficient E. coli are not viable (and 
neither are dUTPase-deficient S. cerevisiae), 
and this severe phenotype was taken advan- 
tage of to clone a human dUTPase cDNA. 140 

Heterologous expression and functional 
complementation of E. coli harboring a tem- 
perature-sensitive mutant dUTPase allele was 
used to isolate a human dUTPase cDNA. It 
was hoped that these experiments would lead 
to further characterization of the essential 
role of dUTPase in DNA replication and to 
the possible development of dUTPase in- 
hibitors for use in chemotherapy. 

The human UDG was purified and its 
cDNA cloned based on N-terminal amino 
acid sequence information.Is7 The UDG 
cDNA was used recently to express the hu- 
man DNA repair glycosylase in E. coli ung- 
mutants in order to further characterize this 
important enzyme. Specifically, the expres- 

sion of human UDG suppressed the mutator 
phenotype of ung- bacteria and rendered 
them nonpermissive for the growth of uracil 
containing M13 bacteriophage.lS6 These re- 
sults indicate that, like the E. coli UDG, the 
human enzyme can remove uracil from G:U 
as well as A:U base pairs. This group recog- 
nized that simple assays such as these, in E. 
coli, would enable the rapid characterization 
and evaluation of mutant forms of the hu- 
man UDG enzyme, allowing the localization 
of functional domains. Indeed, site-specifi- 
cally mutated forms of the human UDG were 
created that broadened the substrate speci- 
ficity of the enzyme such that normal thym- 
ine and cytosine, as well as uracil bases, 
were removed from DNA.lo2 Expression of 
the mutant human enzymes in wild-type and 
ung- E. coli resulted in increases in sponta- 
neous mutation of up to 100-fold. These re- 
sults suggest that single amino acid substitu- 
tions in DNA repair glycosylases could 
produce enzymes that confer a mutator phe- 
notype. It remains to be determined whether 
these types of mutations occur in vivo and 
whether UDG mutation could contribute to 
cancer. 

B. AP Endonucleases 

Class I and class I1 AP endonucleases 
cleave the DNA backbone at either the 3’ or 
the 5’ side of a baseless sugar residue, re- 
spectively (Figure 4). Class I enzymes (which 
are intrinsic to some, but not all, DNA 
glycosylases) cleave via p-elimination and 
have been renamed AP lyases. Class 11 en- 
zymes cleave hydrolytically and have re- 
tained the name AP endonuclease. Cleavage 
by either class of enzymes produces a DNA 
terminus that requires further processing in 
order for DNA repair synthesis and DNA 
ligation to complete BER, as indicated in 
Figure 1; note that the 3’-diesterase activity 
that is required following AP lyase cleavage 
is intrinsic to all class II AP endonucleases, 
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Table 4: Properties of AP endonuclease from E. coli 

Exonuclease I11 Endonuclease IV 
xthA nfoW 

Enzymatic Activities Class If AP endonuclease Class II AP endonuclease 
3 ’ -diesterase 

3’ to 5’-exonuclease 
RNase H 

3 ’ -diesterase 

Sensitivity of null cells * 

very sensitive MMS, 
mitomycin C, H202 

moderately sensitive tBH 

tBH, bleomycin 

MMS, 
mitomycin C 

slightly sensitive uv 

not sensitive bleomycin, y-rays UV, y -rays, H202 

* see reference (44) 

although to varying  degree^;^**^^ as will be- 
come clear below, the 3’ diesterase activity 
is also important for the repair of other types 
of damaged 3’ termini produced by the di- 
rect strand-breaking effects of agents like 
H202 and bleomycin. 

The xthsl-encoded exonuclease 111 and 
nfo-encoded endonuclease IV enzymes of E. 
coli turn out to be class 11 hydrolytic AP 
endonucleases, both of which display 3’- 
diesterase activity (Table 4). In addition, 
exonuclease III but not endonuclease IV has 
3’ to 5’ exbnuclease and RNaseH activity. 
Although exonuclease I11 and endonuclease 
IV have largely overlapping enzymatic ac- 
tivities, the phenotypes of xtm- and nfo- 
single and double mutants show surprising 
differences (Table 4); for example, xthsl- are 
sensitive to H,O,, whereas nfo are not. Inter- 
estingly, xth- nfo- double mutants are much 
more sensitive to H,O, than the xthA- single 
mutant, indicating that Endo IV can play a 
role in preventing H202-mediated toxicity.44 

Another notable difference is that nfo- but 
not xthA- cells are very sensitive to 
bleomycin-induced killing. It is not certain 
what biochemical difference between the two 
enzymes accounts for these phenotypic dif- 
ferences. They may reflect different abilities 
of the two enzymes to repair particular types 
of damaged 3’ termini produced by H202 and 
bleomycin, that is, exonuclease III may be 
better able to repair shattered 3’ termini pro- 
duced by H,O, than endonuclease IV, and 
the reverse may be true for bleomycin-in- 
duced DNA damage. The phenotypic differ- 
ences between xthA-and nfo-mutants proved 
useful for the characterization of heterolo- 
gously expressed eukaryotic AP endonu- 
cleases; indeed, exonuclease 111 and endonu- 
clease IV are now known to represent two 
broad classes of highly conserved AP endo- 
n~cleases.~*,~6 

The S. cerevisiae APNl gene encodes 
the most abundant AP endonuclease in this 
organism. The yeast enzyme turns out be 
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much more similar to E. coli endonuclease 
IV than to exonuclease III.161 APNl expres- 
sion rescues xthA- nfo- E. coli from the cyto- 
toxic effects of oxidizing agents, bleomycin, 
and the alkylating agent MMS.166 In addi- 
tion, Apnl reversed the sensitivity of nfo- 
mutants to tert-butyl hydroperoxide (tBH) 
and bleomycin, demonstrating that the amino 
acid sequence similarity between Apnl and 
endonuclease IV also extends to functional 
similarity. In agreement with these observa- 
tions, the S. cerevisiue upnl null mutants are 
sensitive to oxidizing agents, bleomycin, and 
MMS. 167 

A number of animal AP endonucleases 
have been cloned and characterized and, in 
contrast to the S. cerevisiue enzyme, they all 
turn out to be more similar to exonuclease 
I11 than to endonuclease IV.49J71J72J9*J97 
Thus, the Drosophilu (Rrpl), bovine (BAPI), 
murine (APEX), and human (APE/HAPl) 
AP endonucleases, in addition to being very 
similar to each other, are similar to the E. 
coli xthA gene product. Heterologous ex- 
pression studies indicate that the human APE/ 
HAP1 enzyme protects xthA-nfo- E. coli 
mutants very well against alkylating agents 
and y-rays, but less well against H202,32.499171 
Indeed, the APE/HAPl enzyme turns out to 
have limited 3’-diesterase activity, and thus 
one would not expect this enzyme to be 
proficient in the repair of the damaged 3’ 
ends produced by H202.31.235 That 3’- 
diesterase activity is important for the repair 
of H202-induced DNA damage is supported 
by the fact that expression of a mutant Nfo 
protein that has lost 3’-diesterase but not AP 
endonuclease function is unable to reverse 
the H202 sensitivity of x h 4 -  nfo- E. c ~ l i ; ~ ~  
note that this mutant can still confer resis- 
tance to MMS-induced cell death, indicating 
that only the AP endonuclease function is 
required to confer alkylation resistance. Ex- 
pression of DrosophiZu AP endonuclease 
(Rrpl) in xthA-$0- E. coli effectively re- 
verses the sensitivity to MMS, tBH, H202, 
bleomycin, and mitomycin C (MMC), sug- 

gesting that, unlike the human enzyme, 
Drosophilu AP endonuclease is able to cata- 
lyze all the reactions necessary to repair 
damage produced by each of these agents.72 

Finally, expression of the APELHAPI 
human AP endonuclease activity in E. coli 
xthsl-nfo- and yeast upnl mutant strains can 
reverse their mutator p h e n ~ t y p e . l ~ l . ~ ~ ~  Be- 
cause APE/HAPl has a powerful AP endo- 
nuclease activity but a weak 3’-diesterase 
activity, these experiments indicate that en- 
dogenously generated AP sites, rather than 
endogenously generated strand breaks, are 
likely to be responsible for the elevated spon- 
taneous mutation rates in these cells. Whether 
an AP endonuclease deficiency in human 
cells leads to a mutator phenotype remains 
to be determined. 

C. DNA Polymerases and Ligases 

Having considered the DNA glycosylase 
and AP endonuclease steps of BER, we now 
turn to the DNA repair synthesis and ligation 
steps. Unlike base removal and strand cleav- 
age, the DNA polymerase and ligase func- 
tions are not unique to BER, because they 
are also integral to DNA replication. E. coli 
has three distinct DNA polymerases, namely, 
DNA polymerases I, 11, and 111. DNA poly- 
merase I (Pol I) is believed to be the major 
activity responsible for DNA repair synthe- 
sis, but it also participates in the joining of 
Okazaki fragments during DNA replication. 
Pol 111 is the major replicative enzyme, and 
the role of Pol 11 is unclear.66J12 Mammalian 
cells have at least five polymerases (Pol a, 
p, ’y, 6, and E), and of these Pol p is now 
known to be responsible for virtually all of 
mammalian BER DNA s y n t h e ~ i s ; ~ ~ ~ . ~ ~ ~  in 
fact, Pol p turns out to perform an essential 
function, because a homozygous pol p null 
mutation is embryonic lethal in mice. 

The rat Pol p enzyme can functionally 
substitute for Pol I when expressed in E. coli 
poZA- mutants, and this functional comple- 
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mentation has been used imaginatively to 
explore Pol p structure/function relation- 
s h i p ~ . ~ ~ , ~ ~ ~  One particular E. coli polA strain 
is MMS sensitive (because of a defect in 
DNA repair synthesis) and is also unable to 
efficiently form colonies on rich growth 
media because of a defect in the joining of 
Okazaki  fragment^.^^^.^^^ Expression of the 
rat Pol p enzyme functionally complemented 
both defects, showing that this mammalian 
polymerase can fully substitute for E. coli 
Pol I. 205.206 Because the DNA replicative 
and repair functions of Pol I can be moni- 
tored separately (and easily) in E. coli, it was 
possible to identify mutant Pol p enzymes 
defective in one or other function using this 
powerful functional complementation ap- 
proach. Thus, the replicative and repair DNA 
synthetic roles of Pol p can be genetically 
separated and therefore must have different 
biochemical and structural requirements. 
Further, some Pol p mutants were found to 
exert a dominant negative phenotype in E. 
coli; the dominant negative mutants pre- 
vented wild-type Pol I (during co-expres- 
sion in E. coli) from correcting both the 
replication and the repair defect.*07 In addi- 
tion, the Pol p dominant mutants created a 
mutator phenotype. Further, the same domi- 
nant negative mutant polymerases also in- 
terfere with BER when expressed in s. 
cerevisi~ze,~~ but whether they interfere with 
BER in mammalian cells is not yet known. 
These heterologous expression studies fur- 
nished a powerful way to identify functional 
domains of an essential mammalian DNA 
polymerase; it clearly would have been much 
more difficult to identify such informative 
Pol p mutants using mammalian cell sys- 
tems. 

Finally, a similar approach was used to 
locate the active site region of the human 
DNA ligase I protein and to identify specific 
amino acid residues required for the forma- 
tion of the ligase-adenylate catalytic inter- 
mediate.lW Human DNA ligase I is a large 
protein (919 amino acids). The smallest frag- 

ment that could still function as a DNA li- 
gase was identified by its ability to function- 
ally complement the growth defect of an E. 
coli temperature-sensitive DNA ligase mu- 
tant. Site-directed mutagenesis of this 
subfragment, and analysis of the ability of 
the mutants to function in E. coli (along with 
biochemical analysis), was used to locate 
the precise active site region of this impor- 
tant human enzyme and to identify the amino 
acids absolutely required for ligase function. 

V. MISMATCH REPAIR 

DNA mismatch repair (MMR) has re- 
ceived tremendous attention in the last few 
years, because defects in MMR were linked 
to a human cancer-prone disease that predis- 
poses people to human nonpolyposis 
colorectal cancer (HNPCC), as well as to 
certain other cancers.64J21 The DNA mis- 
matches that are substrates for this repair 
pathway can arise in several ways, 
but the most common is via nucleotide 
misincorporation during DNA replication; 
many of these misincorporations may be 
corrected by 3’-5’ exonucleolytic editing 
functions, but the mismatches that escape 
such proofreading become subject to the 
MMR p a t h ~ a y . ~ ~ ~ , ~ ~ ~ , ~ ~ ~ ~ ~ ~ ~ , ~ ~  E. coli MMR, 
initiated by the MutS, MutL, and MutH pro- 
teins, has become the prototype after which 
all other models for MMR pathways are 
patterned. The E. coli MutS protein recog- 
nizes and binds mismatched bases in newly 
replicated DNA. The MutH protein recog- 
nizes and binds GATC Dam methylase tar- 
get sequences, which are hemimethylated in 
the newly replicated DNA. The MutL pro- 
tein forms a bridge between the bound MutS 
and MutH whereupon MutH is stimulated 
to cleave the GATC sequence in the 
unmethylated, newly synthesized strand. This 
initiates an excision repair process that re- 
moves all the DNA from the nick at the 
GATC site to beyond the mismatched base 
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pair; similar to BER and NER, the resulting 
gap is filled by DNA repair synthesis and 
sealed by ligase. 

It is quite clear that the interactions be- 
tween MutS, MutL, and MutH are essential 
for the initiation of MMR in E. coli, and it is 
this feature that has produced some interest- 
ing results from the heterologous expression 
of other MMR proteins in E. coli. Heterolo- 
gous expression studies indicate that the bind- 
ing of MutS and its homologs from other 
organisms appears to proceed in the absence 
of the other MMR repair proteins. This con- 
clusion was drawn from the observation that 
expression of the S. pneurnoniae and human 
MutS.homologs in wild-type E. coli actually 
produces a mutator phenotype; presumably, 
the MutS homologs bind to mismatched base 
pairs but are unable to interact productively 
with MutL and M U ~ H . @ . * ~ ~  Binding of the 
MutS homolog proteins to the mismatches 
blocks the binding of endogenous MutS pro- 
tein, thus preventing the proper repair of 
DNA replication errors, and creating a domi- 
nant mutator phenotype. In retrospect, the 
human (and other) MutS homologs could 
have been cloned by screening for cDNAs 
that produce a mutator phenotype in E. coli. 

In addition to mammalian MTases (with 
respect to 04MeT repair) and S. cerevisiue 
PHRl (with respect to dark repair of UV- 
damaged DNA) expression of MutS ho- 
mologs is the third example of a common 
phenomenon. That is, in certain instances 
heterologous expression of DNA repair pro- 
teins in not only fails to functionally comple- 
ment a DNA repair defect, but actually dis- 
rupts normal repair, producing a deleterious 
effect on the host. This may be caused by the 
foreign protein binding to DNA damage 
accompanied by its inability to efficiently 
interact with the rest of the repair machinery 
necessary for the completion of DNA repair. 
In an extreme case, a foreign protein may 
bind to DNA damage and simply shield it 
from endogenous DNA repair pathways. 
Thus, when a lesion is subject to repair by 

more than one DNA repair pathway, the in 
vivo repair rate may not simply default to the 
most efficient pathway, since proteins with 
low turnover rates may effectively block the 
access of more efficient proteins. 

The ability of MutS homologs to disrupt 
an endogenous E. coli DNA repair pathway 
raises the possibility that, in addition to func- 
tional complementation of E. coli DNA re- 
pair mutants, dominant negative phenotypes 
in wild type E. coli could be exploited for 
the identification of new mammalian DNA 
repair proteins. Indeed, while the functional 
complementation approach works well with 
proteins that can operate in isolation, the 
dominant negative approach should identify 
proteins that normally operate in the context 
of a multiprotein complex, but which fail to 
behave properly because its E. coli partners 
are too diverged. The identification of eu- 
karyotic proteins that produce DNA repair 
deficiencies in E. coli could produce a new 
crop of DNA repair genes. 

VI. CONCLUDING REMARKS 

Functional complementation by the het- 
erologous expression eukaryotic genes in 
prokaryotic cells, and prokaryotic genes in 
eukaryotic cells, has been highly successful 
for a wide variety of genes, and particularly 
successful for DNA repair genes. Perhaps 
the reasons for this lie in the fact that the 
genetic material of virtually all organisms 
has exactly the same fundamental structure, 
namely, double-stranded DNA. The DNA 
may be packaged differently in prokaryotes 
and eukaryotes, but at the heart of chromatin 
is the same duplex DNA molecule. Further, 
for the most part, the types of damage that 
DNA suffers is structurally identical, whether 
it occurs in a bacteriophage genome or in a 
human genome. It is therefore not surprising 
that DNA repair proteins that can recognize 
specific types of DNA damage should be 
able to recognize that damage in almost any 
genome; in other words, it should not be 
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surprising that DNA repair genes from one 
organism can function effectively in another 
organism. 
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