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DNA Mismatches - Their Structure and Recognition by MutS 

by James Brown 

Whilst DNA replication is a highly efficient and accurate process, mispairing and base 
damage can occur which, if left unchecked, could prove deleterious to the organism. 
Mismatches arise naturally from three major sources: by misincorporation during replication, 
from damage to bases and in recombination intermediates. Restoration and maintenance of 
genetic fidelity is clearly of great importance. Several DNA repair pathways have evolved 
to remove damaged or mispaired bases and restore complementarity to damaged DNA. One 
such pathway is the MutHLS mismatch repair system of E.coli. In this system, the 97kDa 
MutS protein recognises and binds to DNA mismatches or short loops of unpaired bases. 
After recognition by MutS, other components of the pathway act to excise the DNA strand 
containing the incorrect base and resynthesise a fiiUy complementary strand. The mode of 
recognition of mismatches by MutS remains unknown, but may involve recognition of local 
DNA structure and/or dynamics. 

We have studied the ef&cts of diOerent mismatches on DNA structure in solution 
by examining how they affect cleavage by both chemical and enzymatic footprinting probes 
including DNase I, micrococcal nuclease, hydroxyl radicals and MPE-Fe(II), comparing 
cleavage with an homologous Watson-Crick duplex. It appears that although mismatches 
often introduce changes in local helix structure and/or thermodynamics, there is no 
correlation between the affinity of MutS for a particular mismatch and its enzymic and 
chemical cleavage patterns. It is therefore likely that MutS probing of local helix distortions 
is not a major factor in recognition. 

Additionally, we have used band shift assays and footprinting to examine the binding 
of MutS to synthetic DNA fragments containing each of the eight possible mismatches or 
an unpaired T (AT) in a variety of sequence contexts. The order of affinity determined from 
band shiA assays is AT > G'T > G'G > A'A = T'T = T-C > C'A > G'A > C'C > G'C. 
Footprinting confirms the greater affinity for AT than for G»T. The eftect of sequence 
context is such that recognition is best in a polyGrpolyC environment, with the observed 
trend in affinity being G„C„ > (GC)„ > AgT, > (AT)̂ . These studies suggest that the binding 
affinity of MutS is not the sole determinant of repair efficiency. Experiments using base 
analogues were also performed to investigate the importance of functional groups in 
recognition. 

Whilst no detailed structural data on MutS is yet available, a model has been 
proposed which suggests a multi-domain protein with the N- and C-terminal domains both 
apparently located in the vicinity of the mismatch. We have used the pTX412 plasmid 
containing the mutS gene as a PCR template for the cloning of various MutS protein 
fragments which have been expressed in an E.coli BL21 (DE3) host (three N-terminal 
fragments of sizes 63.8 kDa, 46.5 kDa and 26.1 kDa and one C-terminal fragment of 28.7 
kDa). These fragments were purified from inclusion bodies using 5M Guanidine 
hydrochloride and refolded, either singly or in combination, by stepped dialysis from 5M to 
OM Guanidine hydrochloride. Unfortunately, no mismatch binding activity was detectable 
using band shift assays. 
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Nucleotides are represented by the standard single letters. 
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Chapter 1: Introduction 

1.1 General Introduction 

The discovery, in 1944, that deoxyribonucleic acid (DNA) is the molecule of genetic 

inheritance in most organisms paved the way for modem biochemistry. Avery, Macleod and 

Mccarty's studies of^»ewmococcf concluded that DNA is capable of con6mng biological 

characteristics upon an organism (Avery et al., 1944). Essentially, DNA has two functions: 

to direct its own replication and to direct the transcription of RNA molecules 

complementary to itself It represents the beginning of the 'information pathway' which 

proceeds through the transcription of RNA and synthesis of proteins to ultimately determine 

the biological characteristics of an organism. 

Considering the diversity and complexity of biological organisms, the chemistry of 

DNA is surprisingly simple. Cellular DNA molecules are long, unbranched polymers of 2'-

deoxyribonucleotides linked by covalent phosphodiester bonds. Each monomer consists of 

a deoxyribose sugar molecule to which a nitrogenous base and at least one phosphate group 

are attached. The sugar-phosphate groups Arm the structural backbone of the DNA 

molecule whilst the linear base sequence, being the variable section, carries the genetic 

inkmiatioa. There are only A)ur di&rent bases - adenine (A), guanine (G), cytosine (C) and 

thymine (T). Adenine and guanine are purine derivatives whilst cytosine and thymine are 

pyrimidine derivatives. Some other bases do occur at low frequency but they usually arise 

from modification of the normal bases. The four bases make up a code so that the amino 

acid sequence of every protein is specified by the base nucleotide sequence of a piece of 

DNA termed a gene. 

Cellular DNA exists as two complementary strands of DNA which both carry the 

same genetic information. This is a consequence of 'complementary base-pairing' of 

Watson-Crick base pairs. An adenine base on one strand always occurs hydrogen-bonded 

to a thymine base on the other strand and the same applies to gi:ianine and cytosine (see 

Figure 1.1). During DNA replication, each strand acts as a template 6)r the synthesis of new 

(daughter) strands. Since the bases form the fundamental code, it is clear that correct base 

pairing is essential for the maintenance of genetic fidelity. However, replication is never 
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fkwvkss inkpainng and danKy^to b&xs does occaam%#l^ occur TvbkA, ifleA 

unchecked, could prove deleterious to the organism. Nevertheless, it must also be noted that 

mutations arising from normal replication form the basis of evolution - whilst most 

mutations may give rise to mutant proteins with in^aired function, occasionally the outcome 

may be a protein with improved function or even a completely new function. 

H H 

O a t ^ H - N 

R' 
N—H""N 

^ N—( y - N 
( f h . O R 

H 
Adenine Thymine Guanine Cytosine 

Figure 1.1: Watson-Crick base-pairing of complementary nucleotides. 
R refers to the sugar-phosphate backbone 

1.2 Mismatches in Cellular DNA 

Mismatches arise naturally from three m^or sources: by misincorporation during 

replication, from base damage/modification and in recombination intermediates (Friedberg 

1995). 

1 .2 .1 MlSINCORPORATION 

In the absence of any cellular influences, the dif&rence in free energy between a 

correctly matched base and a mismatched base is between 1 and 3 kcal/mol (4 to 12 kJ/mol, 

equivalent to a single hydrogen bond) (Loeb &Kunkel, 1982; Friedberg a/., 1995). This 

difference in free energy translates to an error frequency of 10"̂  to 10"̂  which, interestingly, 

is the observed error rate during nonenzymatic template-directed oligonucleotide synthesis 

(Orgel & Lohrmann, 1974; Loeb & Kunkel, 1982). Thus, based purely on thermodynamic 

considerations, for each nucleotide addition during normal DNA replication there is a 10"̂  

to 10^ chance of incorrect base insertion. 
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This rate of error is reduced considerably by the base selection and proof-reading 

capabilities ofDNA polymerases (Loeb&Kunkel, 1982;Friedberge/o/., 1995).Insin^le 

terms, it is likely that the difference in free energy between a correctly matched base and a 

mismatched base is greater in the presence of polymerase than in its absence (Loeb & 

Kunkel, 1982; Goodman et al., 1993). Base selection by the polymerase eifectively increases 

replication fidelity by discriminating against mismatches. Replication integrity is further 

increased by proof-reading, which involves 3' 5' excision at the 3 -OH primer terminus and 

demonstrates preferential excision when there is a mismatch at this terminus (Loeb & 

Kunkel, 1982). The 3'-OH primer terminus is destabilised by a mismatch, stalling further 

polymerisation and allowing proofreading functions the opportunity to excise the 

mismatched base (Goodman et al, 1993). Hence the combined effects of base selection and 

proof reading together with other accessory factors reduce the chance of a mispair during 

normal replication to 10'̂  (Friedberg ef oA, 1995). In the case of the human genome which 

contains —3x10^ base pairs, this could conceivably result in 300 mutations arising from 

every round of replication. This is stiH an unacceptable level of mutation, hence the existence 

ofpost-replicative mismatch repair systems which reduce this error by a further 3 orders of 

magnitude (Scha^er, 1993; Strauss era/., 1997). 

MECHANISM CUMULATIVE ERROR FREQUENCY 

Base pairing -10-^ - 10-̂  

DNA polymerase actions -10" -10-^ 

Accessory proteins -10-^ 

Postreplicative mismatch repair 

Table 1.1: Mechanisms for maintaining genetic stability associated 
with DNA replication in^. coZf (from Friedberg ef oA, 1995) 

1 . 2 . 2 B A S E DAMAGE A N D MODIFTCATrON 

Damage to bases can occur from a variety of sources both inside and outside the cell. 

Hydrolysis and deamination arise due to the endogenous actions of reactive ô q̂ gen species 

and other cellular toxins whilst exogenous agents including ionising radiation, UV radiation 

and alkylating agents can also damage bases. For example, oxidative damage to DNA occurs 
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i&iieriliycbnoicyl ]radic%iL̂  fbimsd eiidcigeaiousby or under the auction of ioiLuaiyg rsKludicHi, 

attack purine bases to form 8-oxoguanine (8-oxoG) or 8-oxoadenine (8-oxoA) (Brown, 

1995; Friedberg et al, 1995). Whilst these modified bases can still form Watson-Crick base 

pairs, the bulk of the oxygen atom causes the syn conformation to be adopted and thus an 

8-oxoG lesion can lead to a G to T transversion mutation via an 8-oxoG®A mispair (Brown, 

1995). Whilst 8-oxoA retains its preference for hydrogen bonding with T, the more 

mutagenic 8-oxoG forms stable mismatches with A which structurally resemble Watson-

Crick base pairs and are thus not well recognised by proo6eading enzymes (Brown, 1995). 

One well studied instance of endogenous damage is the spontaneous deamination 

of 5-methyl cytosine, shown in Figure 1.2a. Cytosine methylation is thought to occur as a 

form of gene control in higher eukaryotes and its deamination results in a thymine residue 

where there was previously a cytosine. On replication, the resultant G=T mispair wiU give 

rise to one daughter strand having an A'T base pair in place of the correct G«C base pair. 

Such an occurrence is termed a transition mutation. Likewise, deamination of unmodifed 

cytosine resulting in a G'U mispair could also lead to a mutation upon replication. 

The most highly mutagenic product of alkylating damage, 0^-methylguanine (O -̂

MeG), can also lead to a transition mutation since it has a high probability of pairing with 

thymine upon strand replication (see Figure 1.2b). 0^-MeG'T mismatches and 0 -̂MeCr*C 

base pairs have similar thermodynamic stabilities but, at physiological pH, 0^-MeG"T 

resembles a Watson-Crick base pair whereas 0^-MeG"C adopts a 'wobble' conformation 

(see section 1.3)(Brown, 1995). Thus the mismatch can remain uncorrected by 

proofreading. Alkylating agents include many chemicals and some metabolic products and 

can be either mono- or bifiuictional depending on the number of electrophilic groups they 

have. Monoflmctional agents such as dimethyl sulphate (DMS), JV^methyl-jV-nitmsourea 

(MNU) and benzo[a]pyrene (BaP) have a single reactive group and are efficient mutagens 

(Friedberg gf a/., 1995; Modrich & Lahue, 1996). Bifunctional alkylating agents including 

nitrogen and sulphur mustards are also known as cross-linking agents, since they produce 

intra- and interstrand cross-linking by virtue of their two electrophilic groups. The platinum 

derivative, cisplatin, has the same effect. Whilst this damage can be carcinogenic, such 

compounds are now actually used in anti-tumour drugs to prevent strand separation and 

ultimately induce cell death (Waring, 1981). This is discussed fiirther in section 1.6.7. 
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UV radiation is responsible 5)r the Annation of altered DNA constituents known 

as photoproducts. Such lesions occur when DNA absorbs U V radiation at wavelengths 

approaching its absorption maximum of 260mn. The most prominent photoproduct is the 

cyclobutane pyrimidine dimer, for example the thymine dimer. Saturation of the 5,6 double 

bonds in adjacent pyrimidines causes the formation of a cyclo-butyl ring, covalently linking 

the two pyrimidines together in one of four major configurations (see Figure 1.3)(Friedberg 

et ah, 1995). The second most frequently occurring UV-induced damage is the 6-4 

photoproduct which can arise between 5'-T-C-3', 5'-C-C-3' and 5'-T-T-3' but not between 

5'-C-T-3' (Doetsch, 1995). Some photoproducts are well accommodated in the B-DNA 

helix with little distortion and can still form hydrogen bonds, whilst others cause major 

distortion (Taylor & O'Day, 1990). In cells irradiated with UV radiation, strand breaks in 

DNA and cross-linking of DNA to proteins have also been observed (Friedberg gf a/., 

1995). 

UV Radiation 
X 

Figure 1.3: Formation o f a thymine dimer u n d e r the 

action of UV light. See text for details. 

1 . 2 . 3 RECOMBINATION EVENTS 

Genetic recombination events such as the crossing-over of homologous sequences 

during meiosis often produces intermediate segments ofDNA containing several mismatches 

and/or unpaired loops (Friedberg ef aZ., 1995). The efSciency and outcome of any 

recombination event can be greatly influenced by the processing of these mismatches 

(Stambuk & Radman, 1998). 
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1.3 Properties of Mismatched Bases 

1.3.1 THE OCCURRENCE OF MISMATCHED BASE PAIRS 

Table 1.2 shows the mutagenic pathways involved in transition and transversion 

mutations as well as the mismatches involved in the replication intermediates. 

ORIGINAL INTERMEDIATE MUTATED TYPE OF 

BASE PAIR MISMATCHES BASE PAIR MUTATION 

A'T 
G'T 

A'C 
G"C transition 

A'T 
T'T 

A'A 
T'A transversion 

A'T 
A'G 

C'T 
C'G transversion 

G'C 
G'T 

A'C 
A'T transition 

G'C 
G<j 

C C 
C'G transversion 

G C 
G'A 

T C 
T'A transversion 

Table 1.2: Pathways of transition and transversion mutation during DNA 
replication (adapted from Brown & Hunter, 1997). 

As the above table shows, transition mutations occur via purine-pyrimidine mismatches 

whereas transversion mutations occur Wa purine-purine or pyrimidine-pyrimidme 

mismatches (Brown & Hunter, 1997). Experiments using mutated E. coli strains with both 

proofreading and post-replicative mismatch correction disabled concluded that, under these 

conditions ofpolymerase action alone, transition mutations were more readily produced than 

transversion mutations (Echols & Goodman, 1991; Scha^)er, 1993). Hence the purine-

pyrimidine mismatches G®T and A'C may be expected to arise more frequently than most 

other mismatches, a theory supported by experimental observations using puriGed & co/f 

multiprotein replication complexes (Sloane et al., 1988; Echols & Goodman, 1991). These 

experiments also demonstrated that the G'A mismatch occurs relatively frequently whilst 
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pyrimidine-pyrimidme mismatches are less common. The occurrence of the G®T mismatch 

is made even more frequent by the deamination of 5-methyl cytosine as described in section 

1.2.2. Furthermore, use of purified co/z multiprotein replication complexes demonstrated 

that transversion mutations preferentially occur via the G®A and A®A mispairs rather than 

the C®T mispair (Loeb & Kunkel, 1982). This finding suggests that purine-purine 

mismatches occur more frequently than pyrimidine-pyrimidine mismatches. Therefore, a very 

approximate trend in the natural frequency of occurrence of the single base-base mismatches 

is 

G*T> A"C>G'A>A'A = G"G>C'T = C C = T-T 

As will be discussed in section 1.3.2.1, G®T and A®C base-pairs and some G®A base 

pairs structurally resemble Watson-Crick base-pairs and are well accommodated in B-DNA, 

leading to the postulation that polymerases may perform base selection in a mechanism 

involving recognition of base-pair geometry (Sloane gf a/., 1988). Further support 5)r this 

mechanism of steric matching comes from the observation that non-polar shape analogues 

for A and T (lacking any hydrogen bonding groups) are replicated efBciently and selectively 

by polymerases (Kool, 1998). There is little additional inArmation about the m 

frequency of occurrence of mismatches. What is known however, is that the surrounding 

sequence and the characteristics of the polymerase involved are important 6ctors in 

determining which particular mismatch is &voured (Goodman ef a/., 1993). The 

surrounding sequence also has an important effect upon the exact structure and stability of 

some mismatches, in particular the single and tandem G-A mismatch (Carbonnaux ef o/., 

199I;Liefa/., 1991b; Wu&Tumer, 1996;Brown&Hunter, 1997; Wue^ a/., 1997).This 

is discussed in sections 1.3.2.1 and 1.3.2.2. 

1.3.2 SmUCTU&ES AND THERMODYNAMICS OF MISMATCHED BASE PAIRS 

Techniques including X-ray crystallography, nuclear magnetic resonance 

spectroscopy (NMR), polyacrylamide gel electrophoresis (PAGE) and ultraviolet melting 

have been used to analyse the physical and thermodynamic properties of mismatch-

containing oligonucleotides. These studies have revealed details of thermodynamic stability, 

3D structures and potential 3D structures for a number of mismatches between unmodified 
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bases, reviewed in Brown (1995) and Brown (1997). In total, there are eight possible single 

base mismatches and some of the structures which have so far been elucidated are shown 

in Figure 1.4. Although there was early evidence for base stacking interactions involving 

mismatched bases (Tibanyenda et al., 1984), it was initially thought that the presence of any 

mismatch was thermodynamically destabilising (Patel et al., 1984; Aboulela et al, 1985). 

It is now known that non-complementary bases can form stable, hydrogen-bonded pairs 

(Hunter et al, 1986; Brown, 1995) and there is much thermodynamic and structural data 

available pertaining to mismatch-containing DNA oligomers, a brief summary of which is 

given below. 

7. J. 2.7 

The G»T mispair has been shown by NMR and X-ray crystallography to adopt a 

stable hydrogen-bonded 'wobble' type conlbrmation in diverse contexts (Patel gf a/., 1984; 

Kneale gf a/., 1985; Allawi & SantaLucia, Jr. 1997). This structure is shown in Figure 1.4a. 

Small, highly localised backbone perturbation has been observed in oligomers containing a 

G"T mispair but this distortion only extends as far as the neighbouring Watson-Crick base 

pair and is dependant on sequence context (Hunter e/ a/., 1987; Benevides ef a/., 1989; 

Allawi & SantaLucia, Jr. 1997; Allawi & SantaLucia, Jr. 1998d). Even a duplex containing 

tandem' wobble'-paired G'T mismatches shows only local structural perturbation with little 

thermodynamic destabilisation (Kneale gf a/., 1985). However, Voight and Topal (1990) 

used polyacrylamide gel electrophoresis to argue that the G®T mismatch can have a global 

effect on duplex structure by virtue of small asymmetric kinks at the mismatch site. 

Significantly, the G-T mispair is both one of the most commonly observed in nature and also 

one of the most stable (Aboulela ef a/., 1985; Allawi & SantaLucia, Jr. 1998d). 

Similar distortions to a duplex are induced by A'C mismatches (Voight & Topal, 

1990). Like the G®T mismatch, the A®C mismatch is one of the most commonly occurring 

but it is less stable than the G*T (Allawi & SantaLucia, Jr. 1998a; Allawi & SantaLucia, Jr. 

1998d). Two pH dependant structures 6r the A'C mispair (shown in Figure 1.4b) also entail 

a 'wobble' conformation with the most stable structure involving a protonated adenine, 

A^'C (Brown, 1995; Allawi & SantaLucia, Jr. 1998a; Bhaumik & Chary, 1998). When 

present in a duplex comprising one completely purine-containing strand and one completely 
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Figure 1.4: Examples of mismatched bases. R refers to the phosphate backbone, (a) The 
G®T wobble base pair as determined by X-ray crystallography, (b) Two possible structures 
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most likely, (c) Various forms of the G® A mismatch which have all been characterised in 
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pyrimidine-containing strand, this particular form of the A'C mismatch fits into the B-DNA 

duplex with only slight distortion and with efGcient base stacking of the A' giving extra 

stability (Bhaumik & Chary, 1998). 

Perhaps the most interesting mispair is the poorly repaired G'A mispair. Figure 1.4c 

shows the four very different structures which have so far been revealed by NMR and X-ray 

crystallography (Kane/a/., 1983;Patelefa/., 1984;Browne/a/., 1986;Privegra/., 1987; 

Nikonowicz & Gorenstein, 1990; Webster er a/., 1990; Carbonnaux er a/., 1991; Brown, 

1995). The G'A mispair, along with G'T and A'C, arises commonly in genomic DNA 

(Aboulela g/ a/., 1985; Allawi & SantaLucia, Jr. 1998b). Environmental factors, especially 

pH and sequence context, greatly influence the exact form of the G'A mismatch such that 

this particular mispair can present highly diverse targets for recognition by repair enzymes 

(Carbonnaux gf a/., 1991; Brown, 1995). For example, when the G(aMf/)'A(j}'M) is 

incorporated, it causes little local or global distortion of the B-DNA helix (Brown e/ a/., 

1986; Hunter g/ o/., 1986) and has no significant eSect on groove parameters (Webster e/ 

a/., 1990). This is not the case for the A(a»/;)'G(jy») mismatch which Leonard e/ a/ (1990) 

showed causes notable perturbation to the backbone. A special case of the G'A mismatch 

is the tandem G®A mismatch, which has drastically different properties to the single 

mismatch (Katahira et al, 1994) and is discussed below in section 1.3.2.2. 

Another purine:purine mismatch, the G'G mismatch, is also likely to adopt a 

configuration dependent on environmental factors and context (Lane & Peck, 1995), and 

can be amongst the most stable of mismatches (Ke & Wartell, 1993). Oligomers containing 

G'G mismatches are globally in the B-form, with X-ray crystallography and NMR structures 

revealing that the mismatch adopts a G(antiyG(syn) conformation (Lane & Peck, 1995; 

Brown & Hunter, 1997). A much weaker form of the G'G mismatch where the pairing of 

the G residues is highly dynamic has been revealed by NMR, but this form of the mismatch 

is highly destabilising and its &voured G(anti)'G(anti) conformation has poor base stacking 

within the helix (Borden et al., 1992; Lane & Peck, 1995). Little data is so far available on 

the structure and thermodynamics of the third purine :purine mismatch, the A'A mismatch, 

although its relative stability is known to be sequence dependent (Peyret et ah, 1999). 

It has so far proved difficult to characterise any of the pyrimidineipyrimidine 

mismatches in duplex DNA, possibly because they are generally amongst the least stable 

mismatches with relative stabilities dependent on sequence context (Ke & Wartell, 1993; 

Brown & Hunter, 1997; Peyret et al., 1999). For example, thermodynamic studies on the 
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T'T, C'T and the C'C mismatches demonstrated that all but the T'T are destabilising in all 

sequence contexts (AUawi & SantaLucia, Jr. 1998c; Peyret e/ a/., 1999). There is no 

obvious trend to the variation in stabilities with sequence context (Peyret et ai, 1999). 

Proposed structures for the T'C and C'C mispairs can be seen in Figures 1.4d and 1.4e 

respectively. 

It is clear that for many mismatches, there is no unique structure for the base pairing 

and the hydrogen-bonding geometry is highly dependent on the local environment and 

solvent conditions (Fazakerley & Boulard, 1995; Brown & Hunter, 1997). Backbone 

perturbations observed in the crystal state of some mismatches are reflected in the solution 

structure, indicating that such perturbations are a consequence of the mismatch and not of 

crystal packing forces (Nikonowicz & Gorenstein, 1990). This has led to the probing of 

backbone disorder being suggested as a possible mechanism of mismatch recognition and 

this is discussed further in section 1.6.10. Although many mismatches have structures and 

thermodynamic properties considerably different to those of Watson-Crick base pairs, not 

all mismatches destabilise the duplex (though most do) (Brown, 1995). For the three most 

commonly occurring mismatches, G®T and G® A are generally thermodynamically stabilising 

whilst A'C may or may not be stabilising depending on the sequence context and pH (AUawi 

& SantaLucia, Jr. 1998a). Extensive analysis by AUawi & SantaLucia, Jr. (1997; 1998a; 

1998b; 1998c; 1998d; 1999) has provided a complete set of thermodynamic parameters 

for synthetic duplexes containing internal single-base mismatches, with the general overall 

trend in stability defined as: 

G'C > A'T > G'G > G'T =G'A > A^'C > T'T = A*A = C ' C > T'C ^ A'C ^ C'C 

This trend is only an approximation since, as noted earlier, environmental factors and 

sequence context play an important role in the conformation and stabilisation of most single-

base mismatches (Turner, 1996; Peyret et al, 1999). However, such detailed 

thermodynamic data is useful for the design of primers and for understanding the formation 

of stable mismatched structures in both DNA and RNA (Brown, 1995; Turner, 1996; Peyret 

1999). 
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7. J.22 

A duplex lesion extensively studied by structural and thermodynamic methods is the 

tandem G® A mismatch (i.e. 5 '-GpA-3' paired with 5'-GpA-3'). Synthetic decamers containing 

two pairs of adjacent G*A mismatches form very stable duplexes with the mismatched bases 

in various conformations, the most stable having thermodynamic parameters comparable to 

wholly Watson-Crick base-paired duplexes (Li efaA, 1991a; Li efoA, 1991b; Nikonowicz 

et al, 1991). However, neighbouring sequence has a profound effect on stability, with the 

5'-YGAR-3' sequence being considerably more stable than the 5'-RG A Y-3' sequence (where 

Y is any pyrimidine and R is any purine) (Li ef a/., 1991b; Cheng gf a/., 1992; Chou gf 

1992; Ebel ef a/., 1992; Li & Agrawal, 1995; Ke & Wartell, 1996). Experiments also 

showed that switching 6om tandem G«A to tandem A'G resulted in duplexes of very low 

stability (Lief a/., 1991a; Lief a/., 1991b; Ebel gf a/., 1992). Although unusual backbone 

angles have been observed in the YGAR diq)lexes, they are predominantly of the B-5)rm 

and show strong stacking between bases within the tandem G*A mismatches and between 

the mismatches and their nearest neighbours (Li ef a/., 1991b; Chou a/., 1992; Lane gf 

aZ., 1992a; Greene gf a/., 1994). This stacking is both intrastrand and interstrand, with the 

strei^th of stacking being due to the tandem amino-pairing of the G*A mismatches within 

the YGAR. sequence (Chou gf a/., 1992; Lane gf a/., 1992a). This amino-pairing involves 

a sheared hydrogen-bonding scheme (see Figure 1.4c) and introduces a bulge into the 

duplex which is much less pronounced than that introduced by the imino-pairing seen in 

RGAY duplexes (Chou gf a/., 1992; Lane gf a/., 1992a). From these observations together 

with NMR and molecular modelling data, it was postulated that the YGAR sequence forms 

a particularly stable conformational unit which is easily accommodated in a B-DNA 

structure (Li gf a/., 1991 a; Li gf a/., 1991 b; Lane gf a/., 1992a). More recently, comparably 

strong interstrand base stacking involving a similar sheared hydrogen-bonding scheme has 

been observed in the non-symmetrical RGAR:YGAY motif (Chou gf a/., 1999). 

Further evidence of the stability of the tandem G«A mismatch came 6om work by 

Lane et al (1994). They used a decamer containing three pairs of adjacent G® A mismatches, 

making a total of six out often mismatched bases. Although this decamer was less stable 

than one in which the G'A mismatches had been replaced by G®C base pairs, it was actually 

more stable than a decamer in which the G-A mismatches had been replaced by A-T base 

pairs (Lane gf a/., 1994). Again, the duplex had an overall B-DNA conformation with strong 
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base-stacking (Lane gf a/., 1994). Finally, tandem G'A mismatches play an important role 

in the selF-association of single-stranded GA-containing oligonucleotides, which form 

duplexes stabilised by internal d(GA) repeats (Noonberg et al, 1995). 

Tandem G«A mismatches in both the amino- and imino-pairings have long been 

observed in RNA structures, with the exact base-pairing geometry dependent on the 

neighbouring sequence (Li era/., 1991 b; Wu & Turner, 1996; Brown & Hunter, 1997; Wu 

et al., 1997; Heus et al., 1997). Changes in base-pairing geometry can have a large effect on 

the 3D structure of an RNA duplex. One of the best characterised tandem G* A mismatches 

in RNA is in the hammerhead ribozyme, an RNA motif which catalyses seU-cleavage. The 

mismatches in the hammerhead ribozyme are in the sheared conformation, and are thought 

to constitute a binding site for Mg^ /̂Mn^^ ions which are required for catalysis (Pley et al., 

1994a,b). It is suggested that the tandem YGAR mismatch may be one of a number of 

naturally occurring, stable structural units which play a role in the 3D structures of both 

RNA and possibly DNA duplexes (Li a/., 1991b;Choue/^a/., 1992;Ebele/a/., 1992; Wu 

& Turner, 1996). Indeed, Ortiz-Lombardia et al (1998) showed that the centromeric 

dodeca-satellite DNA of DrojqpA/Za /Mg/anoga.yfe/' folds into highly stable intramolecular 

hairpins containing groups of tandem G®A mismatches. These mismatches contribute 

signiGcantly to the hairpin duplex stability (Ortiz-Lombardia ef aZ., 1998). 

7. j.2. J 

Base tautomerism has been proposed to be important in the formation of mismatches 

(Topal & Fresco, 1976; Morgan, 1993). The DNA double helix could remain undistorted 

if the mismatched bases were in their enol or imino forms, but structural studies have 

revealed that bases normally exist in their keto and amino forms. However, the double helix 

does have a variable local structure and is quite flexible, allowing it to accommodate single-

base mismatches easily (Morgan, 1993). No evidence of the existence of unusual tautomeric 

forms of mispaired bases has so far been presented (Goodman et al., 1993; Morgan, 1993) 

whereas there is a wealth of evidence supporting the existence of 'wobble' base-pairs as 

discussed above in section 1.3.2. Switching of bases from the anti to the syn conformation 

(a rotation of 180° around the glycosidic bond) and the inclusion of a water molecule as a 

bridge have also been offered as mechanisms of mispairing (Morgan, 1993). 
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1.4 Microsatellites and Insertion/Deletion Mutations 

Another source of mutation and genetic variability is the small insertions and 

deletions which often arise during DNA replication, particularly the replication of 

microsatellites (Streisinger & Owen, 1985). Microsatellites are small sequences of up to six 

bases repeated many times over, for example (CA)^, and they are present in both eukaryotes 

and prokaryotes. 

Although long considered to be 'junk' DNA, there is now growing evidence that 

microsatellites perform a variety of functional roles in both bacteria and higher organisms 

(Kashi et al, 1997; Moxon & Wills, 1999; Kashi & Soller, 1999). These roles appear to 

utilise the extremely high mutation rate of microsatellites - due to their repetitive nature, 

'template slippage' can occur during replication, resulting in small loops in the DNA as 

illustrated in Figure 1.5. 

4 
A 

A*" TEMPLATE SLIPPAGE 
__ during DNA replication 

- C A C C A C A -
- G T G T G T G T G T -

/ \ 
- C A C A C A C A C A - - CAC ACAC A C AC A -
- G T G T G T G T G T - - G T G T G T G T G T G T -

Error correction by No repair leads to insertion 
mismatch repair system of extra nucleotides, 
restores wild type DNA i.e. microsatellite instability 

Figure 1.5: A schematic representation of how template slippage during 
replication of microsatellite DNA can lead to microsatellite instability. 
MMR refers to mismatch repair systems (see section 1.6 for details). 

If these loops are not repaired, the length of the microsatellite in the progeny cells varies 

leading to a phenotype of microsatellite instability. During cell division some bacteria, 

including Neisseria gonorrhoeae and Haemophilus influenzae, use this strand-slippage to 

alter the number of repeats and consequently the reading frame in 'contingency genes' 

encoding certain outer-membrane proteins important in virulence (Moxon & WiUs, 1999). 
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This elfectively forms an on/oif mechanism for protein function from one generation to the 

iHsxt wdbich increKises t h e cl%mc€B()f!Rirvivai f o r diese(MqTaaiLsDis;TwiiUst it #ck%%u3dik;t() 

infect cells when spreading to anew host, it is also advantageous in some circumstances not 

to interact with host ce l l s , for example phagocytic cells of the immune system which could 

destroy the invading pathogen (Kashi et al, 1997; Moxon & Wills, 1999). 

In eukaryotes, evidence suggests that microsatellites may carry out regulatory and 

coding functions. Some promoter regions thought to enhance expression contain 

microsatellites which have protein binding activity, and deletion of the repetitive DNA leads 

to reduced enhancement and reduced protein binding. The number of repeat units in the 

micro satellite appears to be important in these activities (Kashi et al., 1997; Kashi & Seller, 

1999). However, in humans, the only effects of microsatellites so far observed have been 

disease related. Huntington's disease for example, involves an unusually long microsatellite 

setpjeiwce c()ding; ]R)r aiitsxterKied snbiryg of g îdzminies Li a laa%re pmoteui ofiuiulerdifksd 

fluictioiilkikowrizis himting îri (TRjishi dk S&olksr, 1999"). (Zexlziin (%in(%:r ceils also eschibit a 

phenotype of microsatellite instability, including hereditary nonpolyposis colorectal cancer 

(HNPCC) which is discussed in section 1.6.9. In some cancers, frameshiA mutations 

possibly arising from microsatellite instability are implicated as key Matures of the tumours 

(Colella ef aZ., 1998; Brimmell gf a/., 1998). 

In the light of this recent evidence, a new view of microsatellites as functional 

genomic elements has led to the postulation that they may actually be a m^or source of 

genetic variation and evolutionary adaptation, allowing rapid reaction to environmental 

challenges in some organisms whilst acting as regulators of gene function in others (King, 

1994; Kashi gf a/., 1997; Moxon & Wills, 1999; Kashi & SoUer, 1999). 

1.5 DNA Repair Pathways 

As a consequence of this potential Ar mutation, several DNA repair pathways have 

evolved to remove damaged or mispaired bases and restore full and proper complementarity 

to damaged DNA. Base Excision Repair (BER), Nucleotide Excision Repair (NER) and 

Mismatch Repair (MMR) are the three m^or pathways which target a damaged section of 

DNA and act to remove and replace the of&nding nucleotide (Friedberg gf oA, 1995; 

Seeberg ef oA, 1995; Modrich & Lahue, 1996). 
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BER protects cells against lesions Armed by both endogenous and exogenous agents 

as well as against the presence of uracil in place of thymine (Seeberg gf a/., 1995). In this 

repair pathway, glycosylases such as uracil DNA-glycosylase (UDG) remove the base to 

leave an apurinic/apyrimidinic (AP) site. The backbone moiety is then removed by AP 

endonuclease and deoxyribophosphodiesterase, allowing DNA polymerase to insert the 

correct nucleotide. DNA ligase subsequently restores the covalent integrity of the backbone. 

Crystal structures of UDG have revealed that this enzyme operates by a 'flipping' 

mechanism, whereby the incorrect base is flipped out of the helix and is recognised by a 

binding pocket on the enzyme (Roberts & Cheng, 1998). 

NER has a broad speciGcity ofrepair and eng)loys, amongst a total of approximately 

30 gene products, the UvrABC excinuclease (Friedberg gf a/., 1995). This enzyme cleaves 

the damaged strand twice - eight nucleotides 5' and 5)ur or Gve nucleotides 3' to the damage 

site. UvrD (helicase n) unwinds the helix and removes the excised oligonucleotide to leave 

a gap of 12 or 13 nucleotides. DNA polymerase and ligase act to 611 this gap (Friedberg gf 

a/., 1995). In humans, defects in NER can lead to the genetic disorder xeroderma 

pigmentosum, su&rers of which are highly cancer-prone (Lehmann, 1995). 

The third m^or pathway is mismatch repair. Study of the best characterised 

mismatchrepair pathway, the E. cofz long-patchMutHLS mismatchrepair system (Modrich, 

1991), Arms an integral part of this project and this pathway is discussed in detail in 

subsequent sections. 

A number of other repair enzymes and repair systems also exist, including 

photoreactivation (which removes pyrimidine dimers) and recombination repair (which 

repairs double-stranded breaks and single-strand gaps). DNA repair systems are highly 

conserved among dif&rent species and mutations in the pathways are o Aen lethal (V assylyev 

& Morikawa, 1997). Of special note is the most radiation-resistant organism so 6r 

described, De/Mococcz/f which is 200 times as resistant to ionising radiation 

and 20 times as resistant to UV radiation as & co/; (Battista, 1997). D. is also 

able to survive extreme periods of dessication and has been discovered in both nutrient-rich 

and nutrient-poor environments including irradiated canned meat, an antarctic valley and 

irradiated medical instruments (Battista, 1997; White gf a/., 1999). The ability of this 

organism to survive extreme conditions may be due to several Actors. Firstly, its polyploid 

nature (A)ur genome equivalents per ceU) which probably increases the efBciency of repair. 

Secondly, it e)qx)rts damaged nucleotides out of the cell Allowing irradiation, preventing 
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their incorporation during repair. Finally, D. radiodurans has an almost foil suite ofpotential 

rtqpair acfivities, as cksdiicexi fboin analysis olTits ccHaipdkzte gfmome secrueaice, \vith 

probable activities for BER, NER, MMR and recombinational repair all present (Battista, 

1997; White ef o/., 1999). Moreover, the DNA repair genes of D. display a 

high level of redundancy, with no other species studied to date encoding quite as many 

repair activities (White et al, 1999). 

1.6 Mismatch Repair Pathways 

The existence of a mismatch repair pathway was suggested by HoUiday (1964) as 

part of his studies of genetic recombination. He reasoned that in the light of growing 

evidence 6)r the existence of pathways which repair mutagenic damage to DNA, it seemed 

Aasible that the same pathways could recognise and repair the mismatches encountered in 

heterozygous recombination intermediates. 

Mismatch repair systems are now known to exist in both prokaryotic and eukaryotic 

cells and all systems seem to be closely related (Friedberg ef a/., 1995). In addition to the 

repair of mispaired bases, mismatch repair systems repair the small insertion/deletion loops 

most often known to occur during replication of microsatellite DNA as already discussed 

in section 1.4 (see Figure 1.5). As mentioned previously, components of mismatch repair 

systems are also known to be involved in the modulation of recombination events between 

partially diverged sequences. Therefore, components of mismatch repair pathways act to 

control genetic variability, both by eliminating errors in DNA synthesis and by modulating 

the degree of diversity of homologous recombination. 

Essentially, strand speciGc mismatch repair pathwrays can be split into two 

categories. The frst, long patch repair, entails an excision tract of up to 1 kb whilst in the 

second type of pathway, short patch repair, the excision tract is normally only a 6 w 

nucleotides in length. The work described in this thesis is primarily concerned with the long 

patch repair system which wiU be discussed in detail in the following sections. Short patch 

repair will be given only brief consideratioiL 
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1 . 6 . 1 THE M u r H L S MISMATCH REPAIR PATHWAY OF & COZ/ 

The most comprehensively studied mismatch repair system is the long patch methyl-

directed MutHLS mismatch repair system of E. coli (reviewed in Modrich, 1991; Modrich 

& Lahue, 1996; Jiricny, 1998b). This system proceeds via an excision/resynthesis 

mechanism, in which a section of DNA containing the erroneous base is removed and 

replaced to generate an homologous duplex. Figure 1.6 shows a schematic representation 

of the repair pathway. The designation 'long-patch' refers to the length of the excised 

strand, which can be up to 1 kbp. E. coli distinguishes between the parent and daughter 

strands by assessing the methylation state of GATC sites in a mechanism predicted by 

Wagner and Meselson (1976). The enzyme Dam methylase is responsible for methylating 

the of A at a GATC site, protecting the DNA from cleavage by AAo I and I. It lags 

signiGcantly behind the replication apparatus such that anewly-synthesised daughter strand 

is transiently undermethylated relative to the parent strand. This variation in methylation 

state is assessed by the MutH protein in a mechanism discussed in section 1.6.1.2. 

The study of mutator phenotypes gave the 5rst clues as to the enzymology of the 

repair system. CeU lines which were mrZ)" or dk/M' were observed to 

exhibit a spontaneous increase in noutation rate (Cox, 1976; Lu ef a/., 1983; Rewinski & 

Marinus, 1987). SigniGcantly, the mutation spectra of the dejGcient cell lines (excluding the 

strain) were very similar, suggesting that the gene products act as a complex or as part 

ofatight]ycoupledmecbanism(Luefa/., 1983;LeonggfaZ., 1986;Friedberggfa/., 1995). 

UvrD was soon identiGed as DNA helicase 11 (BCumura & Sekiguchi, 1983). Using various 

techniques including an in vitro complementation assay for the repair of heteroduplex DNA 

by E. coli ceU free extracts, Modrich and coworkers identified and biochemically 

characterised the ;M«(^gene products (Su & Modrich, 1986; Welsh gf a/., 

1987; GriUey ef a/., 1989). Thus, at the core of the so-called MutHLS system are three 

proteins - MutS, MutL and MutH. 

The 97 kDa MutS protein exists in vivo as a homodimer which recognises and binds 

to regions of DNA containing one or several base pair mismatches or small 
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Figure 1.6: Suggested mechanism of methyl-directed long patch mismatch repair in 
E.coli (from J'mcny, 1998b). 



insertion/deletion loops which have escaped proof-reading by DNA polymerase (Su & 

Modrich, 1986; Modrich, 1991). MutS displays variable aflSnity for the assorted mismatches 

(Kramer et al, 1984; Dohet et al., 1985; Fazakerley et al., 1986; Jiricny et al., 1988; Su et 

al, 1988) and binding aflSnity is also affected by the base sequence in the vicinity of the 

mismatch, such that repair efficiency increases with increasing GC content in the 

neighbouring sequence (Jones et al, 1987). Transition mismatches tend to be more 

efiSciently repaired than transversion mismatches, an observation which concurs with the fact 

that polymerases generate transition mutations more readily than transversion mutations 

(Jones et al, 1987; Schaaper, 1993). To date, the mechanism of mismatch recognition by 

MutS remains unknown. Although electron microscope and surface plasmon resonance 

studies have revealed that MutS binds heteroduplex DNA as a homodimer (Allen et al., 

1997; Galio gf aZ., 1999), MutS-heteroduplex complexes demonstrate more con:g)Iicated 

behaviour when analysed by sedimentation (Su & Modrich, 1986; Biswas gf aZ., 1999). In 

addition to mismatches and insertion/deletion loops, MutS also binds to alkylated bases (see 

section 1.6.7)(Duckett ef a/., 1996; Rasmussen & Samson, 1996), exocyclic DNA adducts 

which are the products of lipid oxidation (Johnson ef a/., 1999) and single-stranded DNA 

(Haber ef a/., 1988). Homologues of the MutS protein have been 6)und in a wide variety 

of organisms and all appear to have a weak ATPase activity. This activity plays a crucial role 

in repair events subsequent to mismatch detection as will be discussed in section 1.6.4. 

The MutH protein, crucial Ar strand discrimination, has a molecular weight of -25 

kDa and exhibits a weak endonuclease activity (Gra6trom & Hoess, 1987; Welsh ef a/., 

1987). It binds to hemimethylated d(GATC) sites and cleaves the unmethylated strand 5' to 

the dG to generate 5'-phosphate and 3'-hydroxy termini. As mentioned previously, these 

tetranucleotide sequences are the substrate for E. coli Dam methylase which methylates the 

adenine. During replication, the daughter site is transiently immethylated which enables the 

repair system to determine which DNA strand should be repaired. Completely unmethylated 

DNA is cleaved by MutH on either strand whilst methylated DNA is resistant to MutH 

cleavage (Welsh gf a/., 1987). The endonuclease activity ofMutH is activated by interaction 

with a MutS: MutL conq^lex Allowing the recognition of a mismatch by MutS (Au gf a/., 
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1992). Recent experiments have demonstrated that MutL but not MutS physically interacts 

with MutH and is able to stimulate cleavage (Hall & Matsoii, 1999). This will be discussed 

further in section 1 .6 .1 .3 . The crystal structure of MutH was recently solved to 1.7 A (Ban 

& Yang, 1998a) and the protein was discovered to bear a structural resemblance to 

endonuclease. Additionally, the catalytic domain shares sequence homology with 5a«3 AI, 

which has the same GATC recognition sequence and also cleaves 5' to the dG. MutH almost 

certainly acts as a monomer with the N- and C-terminal arms each forming a subdomain 

containing similar structural elements. These subdomains are able to pivot relative to one 

another and it is at their interface that the active site is thought to be located. It is likely that 

the DNA duplex binds in the cleft between the subdomains and that the pivotal flexibility of 

the subdomains is central to the catalytic mechanism of MutH (Ban & Yang, 1998a). 

Mismatch repair in E. coli can occur in the absence of MutH if there is a pre-existing 

single strand nick, which is sufficient to direct repair to the nicked strand (Modrich, 1991). 

Whether or not the nick is pre-existing or is introduced by MutH has no bearing on the 

efficiency of repair and mismatch repair has been shown to be bidirectional (Cooper et al, 

1993; Grilley gf aZ., 1993). This simply means that a nick can act as an initiation point for 

strand excision whether it is 3' or 5' to the mismatch (see Figure 1.7). 

1.6.1.3 MutL 

The third m^or protein involved early in mismatch repair is MutL. As with MutS, 

MutL functions m v/vo as a homodimer with subunits of—70 kDa (Grilley ef a/., 1989). 

Interaction between MutL and a MutS-heteroduplex complex in the presence of ATP was 

demonstrated early in the studies of methyl-directed mismatch repair by DNase I 

footprinting (Grilley et al., 1989). The DNase I protection region of MutS was greatly 

increased upon the addition of MutL and ATP. It was thought for many years that MutL 

functions as an interface between MutS and MutH, but this hypothesis has only recently 

been supported by experimental evidence as discussed below. Purified MutL can bind to 

both single and double stranded DNA, with a preference for unmethylated single-stranded 

DNA (Bende & Grafstrom, 1991). These results have been interpreted to implicate MutL 

in strand discrimination, a role known to involve MutH and/or a single-stranded break. 

MutL is able to enhance the DNA binding of proteins with which it can associate and 
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can also stimulate enzymatic activity in some of these proteins. For example, gel shift assays 

showed that MutL increases the binding of MutS to a heteroduplex substrate six&ld when 

present in a stoichiometric amount and it stimulates the formation of looped DNA structures 

by MutS, possibly by activating the MutS-associated ATPase activity (Allen gf a/., 1997; 

Drotschmann et al, 1998). The same experiments using Vsr (a component of the E. coli 

very short patch repair system) instead of MutS, showed that MutL could increase binding 

of Vsr to its substrate when present in catalytic amounts (Drotschmann et al., 1998). The 

region of interaction between MutL and MutS/V sr lies within the first 330 residues at the 

N-terminus. There is also evidence for a physical interaction between MutL and DNA 

helicase II (also known as UvrD or MutU)(Hall et ah, 1998) and also a stimulation of the 

helicase activity by MutL (Yamaguchi et al, 1998). A yeast two-hybrid screen and afiinity 

chromatography demonstrated the physical interaction, and deletion mutants illustrated that 

the C-terminal 218 amino acids of MutL are involved in this interaction (Hall a/., 1998). 

However, it has been demonstrated that the MutL dimerisation region also lies at the C-

terminal end of the MutL subunit. Separate studies on the MutL-DNA helicase n interaction 

show that MutL increases the helix unwinding activity of DNA helicase n by more than 

ten&ld on a conventional helicase substrate and that activity on a heteroduplex substrate 

requires both MutL and MutS in addition to DNA helicase n (Yamaguchi gf a/., 1998). 

When investigated with respect to directionality using a circular heterodi^lex substrate with 

a single-strand nick at unequal distances 6om the mismatch, it was found that this 

unwinding stage was biased toward the shorter path (Dao & Modrich, 1998). The inference 

6om these results is that MutL acts to coordinate mismatch recognition by MutS to 

orientation-dependent helix unwinding by helicase II. 

Finally, enzymatic stimulation of MutH by MutL has been demonstrated using by 

Ban & Yang (1998b) using a simple endonuclease assay, and Hall & Matson (1999) 

conGrmed this enhancement using a similar assay. Hall & Matson (1999) also used a yeast 

two-hybrid screen and aflSnity chromatography to show a physical interaction between MutL 

and MutH. Deletion analysis revealed that the carboxy-terminal 218 amino acids of MutL 

are sufficient for this interaction with MutH (Hall & Matson, 1999). 

Hence the hypothetical role of MutL as a 'molecular matchmaker' has been 

e]q)erimentally validated by the demonstration of its physical interactions with both MutS 

and MutH. Recent X-ray crystallography studies of a 40 kDa N-terminal fragment of MutL 

(termed LN40) both support these experiments and suggest further roles by revealing 
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m&rmation regarding the mechanism of action of MutL (Ban & Yang, 1998b; Ban gf aZ., 

1999). The N-terminus of MutL and its homologues is highly conserved whilst the C-

terminus is not, and it is the structure of this conserved N-terminus which was solved to 

2.9A for the protein alone and 1.9A for the protein complexed with ADPnP. The crystal 

structure of LN40 was found to share structural homology with an ATPase &agment of 

DNA gyrase B and MutL itself has since been shown to possess a weak ATPase activity 

which can be stimulated by both double- and single-stranded DNA (Ban & Yang, 1998b: 

Ban et al, 1999). Several disordered loops in the crystal structure ofLN40 alone become 

ordered in the structure of LN40 complexed with ADPnP, a substrate analogue (Ban et al., 

1999). These loops are implicated in interactions with MutH and MutS and in dimerisation 

of LN40 to form a groove which is likely to be a binding site for single-stranded DNA. This 

observation is in accord with the results of Bende & GraAtrom (1991) as discussed above. 

In the full MutL protein, which exists as a dimer in solution (as noted earlier, normal 

dimerisation involves the C-terminus absent 6om LN40), it is proposed that this groove 

would actually be sealed over to Arm a hole which could accommodate single- but not 

double-stranded DNA (Ban gf aZ., 1999). Thus the conformational state of MutL depends 

upon ATP binding and hydrolysis and is probably regulated by interactions with single-

stranded DNA which stimulates the MutL ATPase activity. Following the incision ofDNA 

by MutH and subsequent exonuclease activity, single-stranded regions ofDNA are Armed, 

leading to the proposition that the switch 6om a mismatch-repair initiation complex to a 

processing corcplex is regulated by MutL (Ban ef a/., 1999). 

T k evidence discussed above regarding MutL Amction thereAre points towards it 

having numerous functions in mismatch repair, including 'molecular matchmaker', 

stimulator of enzymatic activities and coordinator of mismatch repair events. 

1.6.2 iNTnA-nON o r MISMATCH REPAIR 

The Erst step of the methyl-directed mismatch repair pathway is the recognition of 

the mismatch or insertion/deletion loop by a MutS homodimer (Modrich, 1991; Friedberg 

gf a/., 1995). Following recognition, a MutL homodimer is recruited to the con^lex in a 

step that requires ATP. Electron microscopy studies have revealed that the interaction of 

MutS and heteroduplex DNA leads to formation of an a-shaped loop (Allen gf a/., 1997). 
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rtke mismatcji AswdWris rwsarby alwagns k)cadkxi within tins Icwo]). Aidclkioii of A/hitL toliie 

reaction causes a two5)Id increase in the rate of loop ibnnation (Allen gf a/., 1997). It seems 

likely that such loop formation may be designed to allow the complex to locate and activate 

MutH bound to a hemi-methylated GATC site, thus enabling strand discrimination. The 

multifimctionalRecBCD complex, which is involved in recombination, has also been shown 

to cause loop formation (Smith, 1988). In this case, the enzyme moves along the DNA and 

unwinds the double helix faster than it rewinds it, resulting in two loops of single-stranded 

DNA. Currently, two models have been proposed for the involvement of ATP in mismatch 

repair loop formation - a translocation mechanism and a molecular switch mechanism. These 

two models will be discussed in section 1.6.4. Location ofMutH bound to a hemimethylated 

GATC site leads to activation of its latent endonuclease activity and consequently to nicking 

of the umnethylated strand (Au gf a/., 1992). MutH is not absolutely required 5)r mismatch 

repair and that its role is siq)erGuous in the presence of a pre-existing single stranded break 

(Modrich, 1991). Additionally, excision of the nicked strand is a bi-directional event (Bruni 

g/aA, 1988; Cooper gf a/., 1993;Grilleygra/., 1993) andproceeds6omthenearest GATC 

site or single strand break whether it be 3' or 5' to the mismatch. The next stage of repair 

involves displacement of the nicked strand by MutS, MutL and DNA helicase n (UvrD) 

Allowed by degradation by a single-strand speciGc exonuclease to a point within 100 bases 

beyond the mismatch (Modrich, 1991). When the GATC site is located 5' to the mismatch, 

the excision is per&rmed by either Exo VH or RecJ whereas a 3' GATC site requires Exo 

I. Tw vzvo, triple-null mutants of Exo I, Exo Vn and Rec J have normal mutation rates, 

implying that other exonucleases may also operate in & coZ/ mismatch repair (Harris gf a/., 

1998). Excision tracts can be up to 1000 bases in length, hence the term "long-patch repair". 

A replacement strand is synthesised by the DNA polymerase m holoenzyme and Snally 

DNA ligase restores the covalent integrity of the sugar-phosphate backbone. 

As mentioned previously, & co/z MutS displays a variable afBnity 5)r the eight 

possible base pair mismatches (Kramer gf a/., 1984; Dohet gf a/., 1985; Fazakerley ĝ  a/., 

1986; Jiricny gf a/., 1988; Su gf aZ., 1988). In simple terms, the efBciency of correction is: 

G'T = G'G = C'A = A . A > T ' T = T C = A ' G > C ' C 

This repair efSciency correlates with the m binding afBnity of MutS to a mismatch as 

determined by DNase 16>otprintiag and band shiA assays but it does not correlate with the 

relative thermodynamic stabilities of the mismatches as outlined in section 1.3.2.1 (Jiricny 

gf ar/., 1988; Su gf a/., 1988; Peyret gf a/., 1999). In general, transition mispairs (G"T and 
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C'A) are more efSciently repaired thantransversion mispairs (Leong ef aA, 1986; Jones ef 

a/., 1987). As noted in section 1.6.1.1, this may be a consequence of polymerases 

producing transition mispairs more often than transversion mispairs (Schaaper, 1993). 

Sequence context also has an effect, such that repair efSciency increases with increasing GC 

content in the adjoining sequence (Jones et al, 1987). Thus it is likely that the overall 

efSciency of in vivo mismatch repair is under the control of several factors. 

1.6.3 LONG PATCH MISMATCH REPAIR IN HUMANS AND OTHER EUKARYOTES 

Both prokaryotes and eukaryotes have mismatch repair systems and the basic 

mechanisms are very similar with certain key proteins appearing to be evolutionarily related 

(Friedberg ef aZ., 1995; Eisen, 1998). Eukaryotic systems are more complex than those in 

bacteria. The most notable dif&rence is that MutS and MutL exist as homodimers whereas 

their eukaryotic homologues exist as heterodimers of MutS-Hke and MutL-Uke proteins 

(Jiricny, 1998b). Such systems recognise all 6)rms of mismatch with the possible exception 

of C*C and also some Arms of chemical damage such as the O^-methylguanine adduct. As 

with prokaryotes excision is bi-directional, with the ef&ciency of repair depending upon the 

speciGc mismatch involved and on the surrounding sequence (Jiricny, 1998a; Jiricny, 

1998b). In recent years there has been a surge of interest in the mechanisms of mismatch 

repair, since mutations in human mismatch repair genes have been associated with hereditary 

non-polyposis colorectal cancer (HNPCC) and various other human cancers. This will be 

discussed Airther in section 1.6.9. 

To date, 5 MutS homologues (MSH) have been identiSed in the human genome, 

designated hMSH2, hMSH3, hMSH4, hMSH5 and hMSH6. The first to be identiSed, 

hMSH2, was 6)und using a degenerate PGR method based on the sequences of known 

bacterial and cgrgv/j/ae MutS homologues (Fishel ef aZ., 1993). PuriGed recombinant 

hMSH2 protein was prepared but, although it was found to interact with heteroduplex 

DNA m vf/ro, it had a surprisingly low afGnity 5)r many of the natural substrates of the 
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mismatch repair pathway. It was soon discovered that in the cell, hMSH2 is active as one 

half of a heterodimer, the other component being one of several other MutS homologues. 

A dimer of hMSH2 with hMSH6 (also known as GTBP or p 160) is termed hMutSa and is 

responsible for the repair of single base-pair mismatches and small insertion/deletion loops 

in vitro (Dmmmondetal, 1995;Macphersonera/., 1998). A second heterodimer, hMutSp, 

comprises hMSH2 and hMSH3. hMutSp is unable to bind single base pair mismatches but 

is involved in the repair of loops containing between 2 and 16 nucleotides (Genschel et ah, 

1998; Wilson et al, 1999). In humans, hMutSa and hMutSp appear to act as 

complementary partners, providing the foil range of mismatch repair activities between them 

(Umar et al, 1998)(see Figure 1.8). hMSH2 divides between available pools of hMSH3 and 

hMSH6 and may also be responsible for the positive modulation of cellular levels of these 

polypeptides, possibly stabilising them by way of heterodimer formation (Umar etal, 1998; 

Nakajima et ah, 1999). This division between available pools of hMSH3 and hMSH6 was 

demonstrated by experiments where overexpression of hMSH3 caused an increase in 

hMutSP and a decrease in hMutSa, leading to a lack of repair of base-base mismatches 

(Nakajima et al., 1999). A third heterodimer of hMSH4 with hMSH5 has been partially 

characterised which does not appear to function in mismatch repair but may play a role in 

the development of germ cells since it is expressed during spermatogenesis (Bocker et al., 

1999). 
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Figure 1.8: An illustration of the binding specificities of human MutS 
homologues in their active heterodimeric forms, (see text for details). 
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7.6. j. 2 .HMOZOM q/" 

The human equivalent of the MutL homodimer is a heterodimer of two MutL 

homologues, hMLHl and hPMS2 (Li & Modrich, 1995). Termed hMutLa, this dimer 

appears to be essential for all types of mismatch repair since the fiiU spectrum of mismatch 

repair failure is evident in cells deficient in either monomer. Another gene homologous to 

the E. coli mutL gene is the hPMSl gene, the product of which also forms a heterodimer 

with hMLHl (Raschle et al, 1999). This heterodimer, known as hMutLP, failed to 

complement repair deficient cells lacking hMutLa and its role, if any, in mismatch repair 

remains to be clarified (Raschle et al, 1999). 

Interestingly, there is no known MutH homologue in any eukaryotes. Considering 

this, coupled with the absence of human DNA methylation similar to the Dam methylation 

of & coZz, it appears that strand discrimination in human mismatch repair is not reliant on 

the methylation state of the DNA duplex. Whilst the precise method of strand discrimination 

remains unclear, heteroduplex substrates containing a single-strand break are known to be 

subject to mismatch repair as they are in & co/f, leading to the postulation that repair may 

be directed to the daughter strand via naturally occurring discontinuities contained within 

the newly synthesised strand (Jiricny, 1998b). How this could occur in the case of the 

lagging strand comprising Okazaki firg^pients - 2 kb long is 6irly obvious. A mismatch 

within such a Aagment could be easily targeted, with either end of the 6agment being 

utilised for the initiation of excision. However, DNA synthesis on the leading strand is 

continuous, with none of the discontinuities seen in the lagging strand. A clue to how repair 

may be directed to the correct strand came fi-om work looking at the proliferating cell 

nuclear antigen (PCNA). PCNA is a homotrimeric protein which Arms a ring around DNA 

to act as a 'docking station' for polymeries (Johnson gf a/., 1996), and it was expected that 

PCNA would be involved in the resynthesis of the excised repair tract. However, several 

groups have identified interactions between PCNA and the yeast MSH2 and MLH1 proteins 

(Johnson gf a/., 1996; Umar gf orZ., 1996). Furthermore, base substitutions and microsatellite 

instability were observed in yeast cells carrying mutations in the po/JO gene encoding 
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PCNA, implicating the protein in mismatch repair events (Johnson ef a/., 1996; Umar gf aZ., 

1996; Chen gf a/., 1999). Using human cell extracts, immimoprecipitation with hMLHl 

antibodies was shown to coprecipitate hMSH2, hMLHl, hPMS2 and PCNA, suggesting 

that these proteins form a functional complex (Gu et al, 1998). This has led to the proposal 

by Jiricny (1998a; 1998b) of a model for strand discrimination in humans which is shown 

in Figure 1.9. Following incorporation of a mispair which has escaped proofreading, 

hMutSa binds to the mispair and the expected loop formation occurs. This loop formation 

may lead to the mismatch repair proteins eventually contacting the replication complex, of 

which PCNA is a component. Interaction with PCNA may then arrest further movement of 

the complex, possibly leading to its dissociation from the primer terminus. Hence the newly 

exposed 3' terminus of the daughter strand is accessible to 3'^5' exonucleases and repair is 

directed solely to the new strand. It is equally Hkely that PCNA actually couples the 

replication complex to the mismatch repair complex, such that recognition of a mismatch 

by hMutSa causes the replication Ark to come to a halt (JMcny, 1998a; 1998b). However, 

in order to ef&ct full repair of both base-base mismatches and insertion/deletion loops, 

presumably it would be necessary 5}r hMutSp to also be coupled in some way to the 

complex. UnArtunate^, whilst the model presented here is very neat, there is currently no 

e]q)erimental evidence to support it. 

The remaining enzymology of the human mismatch repair pathway is yet to be 

deGned, although DNA po^rmerase 6 also appears to be a necessary component (Longley 

gfa/., 1997). 

1 . 6 . 4 A T P A S E A c n v r i Y IN M u r S HOMOLOGUES 

AH MutS homologues have a weak ATPase activity which is widely assumed to be 

stimulated by interaction with other components of the repair system in a similar way to the 

stimulation of MutH endonuclease activity. It has long been known that mutant MutS with 

impaired ATPase activity is still able to bind specifically to heteroduplex DNA, albeit with 

a reduced afGnity (Haber & Walker, 1991). The ATPase activity of both subunits of the 

homodimer/heterodimer is necessary &r efScient mismatch repair, as demonstrated using 

hMutSa and its cgrgvM/ag equivalent, the Msh2p-Msh6p complex (Alani 

gf aZ., 1 9 9 7 ; laccarino gf aZ., 1 9 9 8 ; Studamire gf aZ., 1 9 9 8 ) . Complexes containing one 
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ATPase-deGcient mutant were able to complement, to a certain extent, mismatch repair-

deGcient cell extracts. However, ATPase-deficient double mutants were unable to 

complement the extracts and were actually inhibitory when present in repair-proficient 

extracts. Consequently, whilst ATPase activity is superfluous for mismatch binding, it is 

necessary for downstream events involved in correction of the mismatch. Much recent work 

investigating the mechanisms of mismatch recognition, loop formation and the involvement 

of ATP have used both MutS and hMutSa. As discussed briefly already, two models have 

been put forward in an attempt to address and elucidate the role of ATP binding and 

hydrolysis - a translocation mechanism and a molecular switch mechanism. The models are 

mutually exclusive and both rely on the observation that ATP reduces the affinity of 

MutS/hMutSa for mismatches and promotes its dissociation from heteroduplex DNA. 

This mechanism was suggested by Modrich and coworkers (Allen et al, 1997; 

Blackwell et al, 1998a; Blackwell et al., 1998b) and is based on translocation along DNA 

by the MutS-MutL complex. It proposes the existence of two secondary binding sites on 

MutS in addition to the mismatch binding site. These additional sites are thought to, bind 

non-specifically to duplex DNA. Electron microscopy showed that ATP-promoted release 

of MutS from a mismatch is associated with the formation of a-shaped loops of DNA 

stabilised at the base by MutS (Allen et al., 1997). Loop formation only occurs in the 

presence of a mismatch and loop size increases linearly with time, subject to continued ATP 

hydrolysis. Blackwell et al (1998b) demonstrated that heteroduplex DNA activates ATP 

hydrolysis by the hMutSa ATPase to a greater extent than does homoduplex DNA. In most 

cases, the mismatch ends up within the loop (Allen g/ a/., 1997). The interpretation of these 

Gndings is that ATP reduces the afGnity of MutS for the mismatch whilst activating 

additional DNA binding sites (Allen et al., 1997). These secondary sites are subsequently 

used for ATP-hydro lysis dependent movement of MutS along the helix, possibly as part of 

the coupling mechanism linking mismatch recognition to strand recognition and excision 

activities. Further support for translocation comes from the observation that ATP-promoted 

release of hMutSa from a small heteroduplex can be blocked by streptavidin-biotin 

complexes acting as physical barriers at the DNA ends (Blackwell e/ aZ., 1998b). 
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Figure 1.10: Schematic representation of the translocation model of ATPase activity in 
MutS homologues. For clarity, the protein is drawn in cross-section, showing the latch site 
(L) of one subunit and the free diffusion site (D) of the other. Similar action of the L and D 
sites not shown would allow bidirectional translocation, which has been observed for 
bacterial MutS. See text for further details. 



Mechanistically, it is proposed that a 'molecular latch' site (L) opens and closes under the 

control of ATP-hydrolysis, whilst another site (D) allows &ee diSusion of DNA. When the 

latch is open, DNA diSuses through the D binding site forming an intermediate loop 

between L and D. When there is an ATP—ADP exchange, the L site opens briefly and this 

loop is transferred to a larger primary loop. This primary loop therefore appears to grow 

linearly with time, dependent upon continued ATP hydrolysis (BlackweU et ai, 1998b). 

This is illustrated schematically in Figure 1.10. Thus conformational change in MutS upon 

ATP binding and hydrolysis favours translocation over mismatch-binding in a mechanism 

which allows directional movement over large distances at minimal energy cost (Blackwell 

efa/., 1998b). 

It has also been suggested that MutL may play a role in stimulating the translocating 

form of MutS on heteroduplex DNA (Allen et al, 1997; Drotschmarm et ai, 1998). As 

explained earlier, MutL increases the DNase I protection region of MutS in the presence of 

ATP (Grilley et al, 1989). The electron microscope studies mentioned above also showed 

MutL to translocate with MutS and to be localised at the base of the a-shaped loop along 

with MutS (Allen et ah, 1997). It appears that recruitment of MutL is dependent on the 

binding of ATP but not on its hydrolysis (Allen et al., 1997; Dao & Modrich, 1998). It is 

plausible that if MutS does undergo a conformational change upon ATP binding or 

hydrolysis, that this form of MutS may be stabilised on duplex DNA by MutL. As discussed 

in section 1.6.1.3, MutL itself is likely to undergo a conformational change upon ATP 

binding and hydrolysis (Ban et al., 1999), though the preference of MutL for unmethylated 

single-stranded DNA implicates this event in processes subsequent to nicking of the DNA 

by MutH (Bende & Grafstrom, 1991). 

Gradia, Acharya and Fishel (1997) offer an alternative role for ATP in the mismatch 

repair process. Their results suggest that ATP binding and hydrolysis by hMutSa acts as a 

molecular switch, whereby the ADP-bound complex is ON (ie binds mismatches almost 

irreversibly) and the ATP-bound form is OFF. Such an ON/OFF mechanism controlled by 

nucleotide binding has been seen in G-protein switches. The molecular switch model is 

illustrated schematically in Figure 1.11 and the steps shown in the figure will be referred to 
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Figure 1.11: Schematic representation of the molecular switch model for ATPase 
activity in MutS homologues. See text for details. 



throughout this description. The model proposes that an ADP-bound hMutSa complex 

binds to a mismatch (step (D) and subsequently localises downstream repair activities to the 

mismatch site (step ©) (Gradia ef a/., 1997). Assembly of the full excision repair apparatus 

prompts the binding of ATP (step ®) and dissociation of the hMutSa-ATP complex &om 

the DNA (step @), allowing excision and resynthesis to occur. This ADP^ATP exchange 

is enhanced by the presence of a mismatch but ATP hydrolysis is not necessary for 

dissociation. Once free of the DNA complex, hMutSa hydrolyses the ATP resulting in 

restoration of mismatch-binding capability (step ©). Since the free protein does not 

exchange ATP for ADP as efficiently as in the presence of a mismatch, it is able to act as 

a long-term mismatch-recognition competent molecule (Gradia ef a/., 1997). Similar studies 

using hMutSp demonstrate a similar ON/OFF mechanism involving ATP^ADP exchange 

stimulated by duplexes containing insertion/deletion loops (Wilson et al., 1999). Again, 

hydrolysis of ATP is not required. Partial proteolysis indicated that this nucleotide exchange 

causes conformational changes in hMutSp, suggested to reflect a change in function from 

mismatch recognition molecule to a 'sliding clamp' which remains bound to the DNA and 

acts as a signal for downstream events (Wilson et al., 1999). Hence the role of ATP 

hydrolysis may be in the timing and triggering of excision following mismatch recognition 

or possibly in recycling of the system to allow recognition of further mismatches (Gradia et 

al., 1997; Wilson et al., 1999). Exactly how the stimulation of ATP-ADP exchange by 

hMutSa and hMutSp is facilitated by the heteroduplex/repair apparatus remains unclear. 

However, Modrich and coworkers have shown that whilst nucleotide (ADP or ATP) 

binding by hMutSa does augment the rates of dissociation 6 o m and Armation of speciGc 

complexes with heteroduplex DNA, a nucleotide-free form of hMutSa has as great an 

affinity for mismatches as the ADP-bound protein (Blackwell et al., 1998b). Joshi et al., 

(2000) similarly demonstrated that nucleotide-free MutS binds specifically to a mismatch 

and also that the protein undergoes a conformational change upon ATP but not ADP 

binding. The authors further support the translocation model by showing that hydrolysis is 

an important component of MutS action, and suggesting that the ATP-dependent altered 

conformation represents a dynamic 'tracking-competent' molecule. ADP binding is 

considered to be largely insignificant since results obtained using ADP are identical to those 

obtained with no nucleotide present (Joshi et ah, 2000). 
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1.6.5 LONG PATCH MISMATCH REPAIR IN OTHER ORGANISMS 

Homologies of the E. coli long patch mismatch repair proteins are widespread in 

bothprokaryotes and eukaryotes, having so 6r been identiSed in archaeons, bacteria, yeast, 

hmiiansandsoon(Varletgfa/., 1994;Alanigfa/., 1995;Flores 

& Engels, 1999). Degenerate PGR was recently used to identify a MutS homologue in 

Arabidopsis thaliana which belongs to the MSH2 subfamily of eukaryotic homologues 

(CuUigan & Hays, 1997), predicting that plants may contain mismatch repair systems similar 

to those found in other eukaryotes. 

A number of bacterial genomes have now been fiiUy sequenced and the absence of 

any mutH homologue in an increasing number of organisms raises questions regarding 

mechanisms of strand discrimination. In addition to that found in& coli, a mutHhomologVLt 

exists in Salmonella typhimurium (another Gram-negative enterobacteria) and these 

organisms have similar strand discriminationmechanisms (Modrich, 1991). However, there 

is no m«/J7homologue in or in jprowazeM, two other Gram-

negative gastric pathogens Wiich are the causative agents of peptic ulcers and typhus 

respectively (Tomb gf a/., 1997; Andersson ef a/., 1998). The best characterised Gram-

positive bacteria, is also lacking a /Mz/(^homologue (Kunst ef ar/., 1997). 

Another Gram-positive bacteria 6 r which the &I1 genome sequence is known is 

discussed in section 1.5. This organism is extremely resistant to 

radiation, potentially possessing an almost &11 suite of DNA repair activities (White et al, 

1999). Whilst TMwAS'and homologues are included in these potential activities, there is 

no /MMf^homoIogue (White ef a/., 1999). These observations and others suggest that the 

methyl-directed system of strand discrimination is conAied to E. coli and S. typhimurium, 

and an alternative model for strand discrimination in humans has been proposed, as 

described in section 1.6.3.3 (Jiricny, 1998a; Jiricny, 1998b). 

Interestingly, analysis of the genome sequence of /wAercw/offf 

revealed the presence of genes necessary 6)r most of the m^or DNA repair pathways but 

no homologues of mutS or mutL (Mizrahi & Andersen, 1998). Similarly, the 'minimal' 

bacterial gene complement of geMfWrn/M is also noteworthy for the absence 

o f a n d homologues (Eraser g/ a/., 1995). It appears that the MutS-based 

mismatch repair system may therefore be dispensable, a finding which obviously has 

potentially important consequences for genome stability, genetic variability and 
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chromosomally encoded drug resistance mutations. M does contain a 

homologue (MutY is discussed in section 1.6.6.2) and also the UvrABC excinuclease which 

may repair some mismatches but would do so without strand discrimination. However, the 

in vitro mutation rate for M. tuberculosis is normal, suggesting that the organism may 

possess an alternative, as yet, unidentified mismatch repair system (Mizrahi & Andersen, 

1998). 

Alternatively, M. tuberculosis may be heritably defective in mismatch repair. This 

would allow Ar adaptive mutagenesis under conditions of stress, where non-dividing or 

slowly growing cells undergo selection for a particular phenotype (Mizrahi & Andersen, 

1998). In this way, an organism defective in mismatch repair may readily adapt to its 

environment. M. tuberculosis does indeed contain the genes which would allow adaptive 

mutagenesis and, perhaps signiGcantly, all known drug resistant mutations of this organism 

are chromosomally encoded implying 6dng in the genome by direct drug selection (Mizrahi 

& Andersen, 1998). Further investigation into the DNA repair activities o fM fwAgrczy/of/j 

should reveal insights into the in^rtance and necessity of a mismatch repair system in this 

organism. 

1 . 6 . 6 OTHER MISMATCH REPAIR SYSTEMS 

As stated previously, there is a class of mismatch repair where the excision tract 

comprises only a few nucleotides - so called 'short patch repair'. As with long patch repair, 

short patch systems are 5)und in both prokaryotes and eukaryotes with the typical length 

of the excision tract being 10 nucleotides or less (Friedberg gf a/., 1995). However, the 

speciGcity of such systems is much more limited than their long patch counterparts, with 

some operating in a restricted sequence context. In general, short patch mismatch repair 

s)^ems tend to resemble BER rather than long patch repair. 
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reverse the effect of spontaneous 5-methyl cytosine deamination by correcting the T of a 

(j"Tr mismaKdi witbia tlx; setpweiice (zormkzxt T̂liLs is thf; site at vvtudi ICXcm 

methylase methylates the internal C to yield 5-methyl cytosine and the effect of repair is the 

regeneration ofthe correct G®C base pair. Whilst the major substrate is the G®T mispair with 

a G'C base pair the exclusive product, VSP repair also corrects G®U mispairs arising from 

deamination of cytosine in the same sequence context (Friedberg et al, 1995). The 

eflSciency of such repair is not as high as that by the uracil-DNA glycosylase enzyme, but 

it does contribute to the overall avoidance of mutations arising from cytosine deamination. 

The VSP system of repair involves at least 5 proteins including MutS and MutL. The 

remaining known components are the Vsr protein, DNA polymerase I and DNA Hgase. Vsr 

is an 18 kDa protein which spiecifcally recognises a G*T mismatch within the sequence 

contexts CT(A/T)GG and NT(A/T)GG (Hennecke g/ a/., 1991). As a strand-speciSc 

endonuclease, Vsr nicks the T containing strand 5' to the mispaired T. DNA polymerase I 

is then thought to remove the thymine by means of its 5'-̂ 3' exonuclease activity and 511 the 

subsequent gap, leaving DNA ligase to restore the covalent integrity ofthe backbone. MutL 

was recently shown to stimulate the activity of Vsr in a catalytic 6shion (Drotschmann 

a/., 1998). A crystal structure of Vsr in complex with a cleaved DNA intermediate was 

solvedto2.3AbyTsutakawagfaA (1999). Thestructureofthisconqilexrevealsanenzyme 

with a novel catalytic mechanism involving recognition of the G-T mismatch both 

intercalation of aromatic side chains into the DNA and by numerous steric and polar 

interactions with the phosphate backbone, which is de&rmed in residues neighbouring a G'T 

mismatch (Tsutakawa gf a/., 1999). It is suggested that MutS and MutL modulate the 

activity of Vsr Wa loop Armation (as described in section 1.6.2) which would further 

de&rm the helix and thus exaggerate the mismatch stacking perturbations which are 

recognised by Vsr (Tsutakawa gf a/., 1999). 
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7.6.6.2 /M & co/f 

Another methyl-independent short patch pa±way for the repair of a speciRc type of 

mismatch involves the MutY protein (Michaels ef a/., 1992; Friedberg gf a/., 1995). MutY 

is a glycosylase and as such, is a member of the BER class of DNA repair enzymes. 

However, unlike other BER enzymes which target a damaged base, the activity of MutY is 

directed toward a normal adenine base. MutY recognises and repairs A»G and A»C 

mismatches as well as a product of oxidative damage to guanine, namely 7,8-dihydro-8-oxo-

2'deoxyguanosine. Misincorporation of adenine often occurs opposite such a damaged 

guanine which, if left unchecked, gives rise to a G'C to T'A transversion mutation. A crystal 

structure of the catalytic core of MutY demonstrated that the enzyme employs a mechanism 

similar to that discussed for uracil DNA glycosylase in section 1.5, whereby the mismatched 

A is 'flipped-out' of the helix and accommodated in a specific binding pocket in MutY 

(Guan et al, 1998). An AP site is generated by the hydrolysis of the N-glycosidic bond and 

removal of the base moiety. The usual components of BER then act to repair the lesion, 

such that an OG'C base pair is regenerated. This forms the substrate for a second 

glycosylase, MutM, which promotes the eventual restoration of a normal G®C base pair. 

MutY has been reported to demonstrate an in vitro AP lyase activity, whereby it 

nicks DNA 3' to an abasic site (Manuel & Lloyd, 1997; Wright et al., 1999). The 

significance of this activity m v/vo remains to be seen. 

Although information on short patch repair in humans is limited, evidence points to 

the existence of VSP-like and MutY-like repair pathways. A mismatch speciGc thymine-

DNA glycosylase has been purified fi-om HeLa cells which is responsible for G®T - G'C 

repair (Wiebauer & Jiricny, 1990). This 55 kDa protein is speculated to repair mispairs 

arising fi-om deamination of 5-methyl cytosine and thus is analogous to VSP repair in E. 

coli. Experiments suggest that a 6ee thymine base is released, producing an abasic site. 

Since there is no AP endonuclease activity associated with thymine-DNA glycosylase, other 

enzymic activities must nick the backbone 3' and 5' to the mismatched base, with the 

resultant gap filled by DNA polymerase p. 
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Another activity purified from HeLa cells acts specifically upon A'G mismatches to 

simultaneously nick the backbone 5' and 3' to the mispaired A (Yeh gf aZ., 1991). As there 

is no activity towards the G base, these findings are indicative of a MutY-Iike short patch 

repair pathway in human cells. This is further supported by the discovery of a mammalian 

MutY homologue (MYH) with adenine glycosylase activity in calf thymus (McGoldrick et 

aA,1995). 

1.6.6.4 The MutK Protein of Vibrio cholerae 

The most recently discovered mismatch repair protein is the product of the mutK 

gene of c/w/erag, the causative agent of cholera (Bhakat a/., 1999). Although this 

organism contains the /Mz/fZ and genes necessary 6)r methyl-directed mismatch 

repair, it lacks the VSP repair machinery. However, a 19 kDa product of the /MMf̂ gene has 

been identified which is able to reduce the spontaneous mutation fi-equency of & co/f 

and mutants by approximately 10 61d (Bhakat ef a/., 1999). In mutants, the 

fi-equency was reduced by 6 fold. In all cases, the reduction in mutation was directly 

proportional to the amount of MutK protein in the cells (Bhakat ef a/., 1999). The amino 

acid sequence ofMutK shares no homology with any ofthe proteins deposited in the EMBL 

data bank and, though its mechanism of action is yet to be elucidated, it is likely to operate 

via a methyl-independent pathway. Additionally, a chromosomal knockout mutant of 

had the same spontaneous mutation fi-equency as the wild-type, implying that 

mediated repair is normally masked and only becomes evident when methyl-directed repair 

is blocked (Bhakat ef a/., 1999). 

1.6.7 MISMATCH REPAIR AND MODIFIED BASES 

DNA methylating agents such as N-methyl-N'-nitro-N-nitrosoguanidine (MNNG) 

and N-methyl-N-nitrosourea (MNU) have long been known to be both mutagenic and 

cytotoxic (Modrich & Lahue, 1996). Such agents typically cause the fiarmation of O -̂

methylguanine (O^MeG) which provokes a mismatch repair response, such that their 

cytotoxic efkcts have been attributed to lethal processing by mismatch repair enzymes. 
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