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Abstract

Over the last 70 years, we've all gotten used to an Escherichia coli-centric view of the microbial world. However, genomics,
as well as the development of improved tools for genetic manipulation in other species, is showing us that other bugs do
things differently, and that we cannot simply extrapolate from E. coli to everything else. A particularly good example of this
is encountered when considering the mechanism(s) involved in DNA mismatch repair by the opportunistic human pathogen,
Pseudomonas aeruginosa (PA). This is a particularly relevant phenotype to examine in PA, since defects in the mismatch repair
(MMR) machinery often give rise to the property of hypermutability. This, in turn, is linked with the vertical acquisition of
important pathoadaptive traits in the organism, such as antimicrobial resistance. But it turns out that PA lacks some key genes
associated with MMR in E. coli, and a closer inspection of what is known (or can be inferred) about the MMR enzymology reveals
profound differences compared with other, well-characterized organisms. Here, we review these differences and comment on

their biological implications.

INTRODUCTION
Mutation is unavoidable

Evolution is underpinned, in part, by genetic variation. This,
in turn, provides a pool of diversity in the population upon
which natural selection can act. This genetic variation is driven
by mutation of DNA. Although DNA is a very stable molecule
- it is, after all, the hereditary material of most organisms - it
is not immutable. For example, the DNA replisome is not
quite perfect, and does sometimes introduce errors through
straightforward enzymatic ‘slop’ (estimated at a rate of 10~
bp! generation™ [1]). Moreover, even in a perfect world,
biology comes up against the thorny issue of chemistry; at the
pH inside the cell, amino <> imino and keto <> enol tautom-
erism are a fact of life, and indeed, are essential for some of the
most important reactions in biology (e.g., the pyruvate kinase
reaction [2]). This tautomerism can lead to some unusual base
pairing in DNA. For example, if, at the instant of incorpora-
tion into a nascent DNA strand, the cytosine side chain on
an incoming dCTP happens to adopt the imino configuration
in place of the normal amino configuration, a C.

imino amino

base pair is possible. Similarly, if the thymine side chain on
a template strand happens to adopt the enol configuration, a
oGl PAIring is possible. Such inappropriate tautomeric
pairings are stable (once the hydrogen bonds have formed)
but give rise to subtle deformations of the B-DNA helical
structure. Although this ‘rare tautomer’ hypothesis has
been in circulation for many years now, there is now direct
crystallographic evidence in support of it as a major driver
behind the more common ‘transition’ mutations (leading to
purine->purine and pyrimidine>pyrimidine substitutions)
[3, 4]. Finally, base ‘wobble’ can also lead to incorrect base
incorporation and therefore, additional mismatches.

If not identified and repaired, mismatches can become
replicated and thence, lead to mutation (although strictly
speaking, a mutation is a polymorphism that becomes ‘fixed’
through selection in the population). Most such mismatches
are corrected immediately by the 3’55’ exonuclease (‘proof-
reading’) activity of the replisome. However, some mismatches
inevitably escape detection. Fortunately though, there is
a post-replicative surveillance system (although in some

Received 02 June 2021; Accepted 22 October 2021; Published 09 December 2021
Author affiliations: 'Department of Biochemistry, Hopkins Building, Tennis Court Road, Downing Site, University of Cambridge, Cambridge, CB2 1QW,

UK.
*Correspondence: Martin Welch, mw240@cam.ac.uk

Keywords: hypermutation; MutS; MutL; mismatch repair; Pseudomonas aeruginosa.

Abbreviations: ADP, adenosine diphosphate; AMR, antimicrobial resistance; ATP, adenosine triphosphate; bp, base pair; CBM, clamp binding motif; CF,
cystic fibrosis; CT, charge transfer; CTD, C-terminal domain; 2D, two-dimensional; dCTP, deoxycytidine triphosphate; DNA, deoxyribonucleic acid; DSB,
double stranded breaks; Ec, Escherichia coli; GO, 7,8-dihydro-8-oxo-deoxyguanosine; HR, homologous recombination; MMR, mismatch repair; MRM,
mismatch recognition motif; NER, nucleotide excision repair; NHEJ, non-homologous DNA end-joining; NTD, N-terminal domain; ORF, open reading
frame; PA, Pseudomonas aeruginosa; ROS, reactive oxygen species; SSB, single strand-binding protein.

001120 © 2021 The Authors

This is an open-access article distributed under the terms of the Creative Commons Attribution License. This article was made open access via a Publish and Read agreement between

the Microbiology Society and the corresponding author’s institution.


http://mic.microbiologyresearch.org/content/journal/micro/
https://creativecommons.org/licenses/by/4.0/deed.ast

On and Welch, Microbiology 2021;167:001120

organisms, this is probably best described as a co-replicative
mechanism) at hand that constantly carries out ‘quality
control’ of newly-synthesised DNA; the ‘mismatch repair’
(MMR) machinery. Although the MMR system is best-known
for detecting mismatched bases, it can also recognise and
repair short (1-4 bp) indel loops e.g. arising from replicative
slippage. In the absence of a functional MMR system, the
mutation rate of cells increases by around 10°-fold [5-7].

The basic principles of MMR

MMR involves four basic steps; (i) scanning and detection of
mismatches on DNA, (ii) discrimination between parental
and daughter strands, (iii) nicking of the daughter strand
and removal of the error-containing nascent strand, and (iv)
re-synthesis of the new daughter strand [8-11]. The daughter-
strand specificity of the MMR means that any damage or
lesions on the parental strand are not repaired by the MMR
machinery [12].

The E. coli paradigm

The MMR machinery in Escherichia coli (Ec) has been well
characterised compared with other bacteria (although the
jury is still out regarding key mechanistic details). In essence,
by 1989, in vitro reconstitution experiments with purified
components had revealed that efficient MMR requires only a
mismatch recognition protein (MutS_ ), an accessory protein
(MutL, ), an endonuclease (MutH, ), a helicase (UvrD, ) and
one of four redundant exonucleases (RecJ; a 5'>3’ exonu-
clease, ExoVII; a bidirectional exonuclease, and ExoX/Exol;
3'>5" exonucleases) [13-15]. Single strand-binding protein
(SSB) plays a non-essential role by protecting transiently
exposed single-stranded regions, and gap re-synthesis/nick
repair is carried out by the usual DNA replicative machinery
of the cell [16].

In E. coli, DNA is methylated by Dam methylase on the N°
position of the adenine base in the sequence dGATC [17, 18].
However, this is a relatively slow process, so immediately
after a new daughter strand is synthesised, the DNA duplex
is essentially hemi-methylated, with methylation on the
parental strand only. This hemi-methylation allows the MMR
machinery to effectively discriminate between the methylated
parental strand and the non-methylated nascent daughter
strand. Shortly after replication, MutS__dimers assemble on
the DNA and execute a bidirectional 2D scan. MutS,__is also
known to associate with the replisome f-sliding clamp, which
doubtless facilitates this scanning mechanism [19, 20]. Upon
the detection of a mismatched base pair, MutS__changes its
conformation and recruits a coupling protein, MutLEC, in an
ATP-dependent reaction. This recruitment of MutL__is the
trigger for downstream activation of the remainder of the
MMR cascade. The MutS, -MutL, complex activates the
endonuclease activity of MutH , which generates a single-
stranded nick (either 5’ or 3’ of the mismatch) on the unmeth-
ylated strand of DNA at the nearest hemi-methylated dGATC
site [16]. This mechanism requires ‘action at a distance, prob-
ably via looping of the DNA, thereby allowing the MutS_ -
MutL,_ complex to physically contact MutH__at a distant

(up to 1 kb away) hemi-methylated dGATC site. The MutS, -
MutL,_complex then directs the helicase, UvrD,_to the nick,
allowing unwinding of the helix. Curiously, this loading of
UvrD,_is directional, such that the duplex is unwound from
the nick only in the direction of the mismatch. Concomi-
tantly, one of the four exonucleases mentioned above follows
the helicase, digesting the daughter strand in the direction
of the mismatch. This exonucleolytic activity continues to a
position just beyond the mismatch. Concomitant with the
exonuclease action, SSB coats the exposed parental strand
[16, 19]. Finally, the digested strand is replaced through PolIIl
holoenzyme-directed re-synthesis, and the resulting nick is
sealed by ligase to restore full continuity of the DNA [21].

Pseudomonas aeruginosa does things differently

It is worth reiterating that Dam-dependent strand discrimina-
tion and MutH endonuclease are central to the E. coli MMR
machinery. However, the vast majority of bacterial species lack
Dam methylase and MutH (an overview of which proteins
are present/absent in a selection of prokaryotes is shown
in Table 1) [9, 19, 22-26]. Indeed, it has been postulated
that MutH is a relatively recent evolutionary development
[27], and as noted by Putnam, only a few gammaproteobac-
teria possess methyl-directed MMR systems [24]. This is
particularly relevant in the case of the opportunistic human
pathogen, P. aeruginosa (PA). This organism is often associ-
ated with human soft tissue infections, and especially chronic
infections in the airways. Perhaps the best characterised infec-
tion scenario is in people with the inherited genetic disorder,
cystic fibrosis (CF). For reasons that are still not entirely clear,
people with CF appear to be exquisitely predisposed to PA
infection [28, 29]. These CF-associated infections are treated
with aggressive antibiotic interventions, yet resistance to these
agents eventually becomes all but inevitable [30]. This resist-
ance is often accompanied by the isolation of variants from
the airways with loss-of-function mutations in mutS [31, 32].
The reason for this linkage between antimicrobial resistance
(AMR) and mutS mutation is that loss of mutS function leads
to hypermutability. Indeed, PA mutS mutants typically mutate
at a rate 10>-10° times faster than the wild-type and display
heterogeneity with respect to phenotype [33, 34]. This, in
turn, increases the frequency with which loss-of-function
mutations arise in repressors of e.g. multi-drug efflux pumps,
leading to inappropriate expression of these pumps and
consequent elevated resistance to antimicrobial agents. For
example, loss of function mutations in nfxB, a repressor of
the mexCD-opr] multidrug efflux pump, elicits a sudden step
increase in the resistance of the organism against a range of
fluoroquinolones, macrolides and certain f-lactams [35-37].
This notwithstanding, and somewhat surprisingly (given its
clinical importance) little is currently known about MMR in
PA. In the remainder of this review, we assess the current
state-of-the-art with regards to MMR in this organism.

P. aeruginosa lacks Dam methylation

Although PA does encode an adenine methyltransferase
activity (mediated by the hsdMSR genes), there is no direct
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Table 1. Distribution of key MMR proteins (and HsdM) in different bacterial species (v indicates the number of paralogues of each gene present)

Species Dam HsdM* MutS MutL MutH
Bacillus subtilis 168 L4 v
Aeromonas hydrophila ATCC7966 v 4 v 4
Pectobacterium atrosepticum SCRI1043 v v 4 4
Escherchia coli MG1655 v v v 4 v
Haemophilus influenzae 10810 4 v v 4 v
Klebsiella pneumoniae KPNIH24 v 4 4 4
Proteus mirabilis CYPV1 v v 4 v
Vibrio cholerae O1 El Tor N16961 v v v v v
Yersinia pestis CO92 v v 4 v
Yersinia pseudotuberculosis YPIII Y v v v v
Campylobacter jejuni ATCC 700819+ 4 Vi
Francisella tularensis sp. novicida U112 L4 4 4
Helicobacter pylori 266955t Y 4
Acinetobacter baumanii ATCC17978 v L4
Hahella chejuensis 24 v 4
Pseudomonas aeruginosa 4 4 v
Ralstonia solanacearum GMI1000 v v 4
Neisseria meningitidis MC58 D v v v
Burkholderia cepacia ATCC25416 v v
Azotobacter vinelandii D) v v v
Sinorhizobium meliloti 1021 v v v
Xanthomonas campestris B100 L4 v v
Stenotrophomonas maltophilia K279a v 4
Geobacillus stearothermophilus Vi 4 v
Mycoplasma pneumoniae M129+ v
Rhodospirillum rubrum ATCC1170 4 v
Staphylococcus aureus RF122 v 44 I
Borellia burgdorferi B31 /i 4 v
Chlamydia trachomatis D/UW-3/CX v v
Bacillus anthracis Ames Y
Corynebacterium glutamicum ATCC13032+
Mycobacterium tuberculosis H37Rvt v
Clostridium difficile 630 % 244 v
Listeria monocytogenes EGD-e Vi v v
Streptococcus pneumoniae TIGR4 4 v v
Treponema pallidum (Nichols) v v 4
Continued
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Table 1. Continued

Species Dam HsdM* MutS MutL MutH
Thermotoga maritima MSB8 L4 v
Nitrosomonas eutrophia v V4 v
Rickettsia rickettsii Colombia v v
Bordetella pertussis Tohama I v v

*Not part of MMR mechanism for methylation (to be discussed in section below).
tThese species do not possess most of the MMR protein homologues suggesting that they may use a different system for DNA repair.

fRelatively high E-values indicating low similarity between the homologs.

§In truncated form.

[IThough absent in Staphylococcus aureus RF122, a MutL homolog is present in strain MSSA476.

evidence implicating DNA methylation in MMR. Only 0.1%
of all adenine bases are methylated in PA strain PAO1, and
this declines to an undetectable level in an hsdMSR mutant.
Intriguingly, the HsdM methyltransferase appears to have a
hitherto unexpected function in the epigenetic regulation of
pathogenicity [38]. We further note that the hsdMSR cluster
is encoded on the accessory genome, which would not be
expected for a crucially-important (and presumably, highly-
conserved) function such as MMR [38, 39]. Furthermore, and
in comparison with other species, it is obvious that there is no
correlation between the presence/absence of HsdM and any
other MMR enzymes, especially Dam and MutH (Table 1).
Therefore, the question of how PA discriminates between
parental and daughter strands is not clear. One possibility
is that, like the human and Saccharomyces cerevisiae MMR
systems [40, 41], PA determines strand specificity via moni-
toring of the natural discontinuities associated with normal
DNA replication, such as the termini of Okazaki fragments.
Consistent with this, there are indications that MMR is indeed
more efficient on the lagging strand rather than the leading
strand [42]. However, the mechanism by which mismatches
in the nascent leading strand might be authorized for repair
remains unclear [40].

P. aeruginosa lacks a MutH homologue

Similar to many other organisms, PA lacks any obvious homo-
logue of the E. coli endonuclease, MutH [25, 26, 43]. This
has led to the suggestion that MMR is initiated at naturally-
occurring nicks in the DNA. In addition to the termini of
Okazaki fragments, nicks may arise from the degradation of
mis-incorporated ribonucleotides by RNase HII, or due to
oxidative damage [44-46]. If this is correct, the enzymatic
‘slop’ leading to mis-incorporation of ribonucleotides into
DNA may be evolutionarily important, since without it, nicks
would be rarer and MMR efficiency would decline. However,
it has recently been shown that MutL can directly generate
the nick as strand discrimination signal following activation
by the f-clamp component of the replication machinery. This
mechanism has been inferred in eukaryotes and B. subtilis
[47-49] and there is considerable accruing evidence to

suggest that PA employs a similar mechanism (see section
on MutL, below).

MutS_,

As in other organisms, it appears that MutS plays the central
role in P. aeruginosa MMR. MutS,, expression is negatively
controlled by the stationary phase sigma factor, RpoS. An
obvious corollary of this is that mismatch repair is depressed
in the stationary phase (as is DNA synthesis, so this makes
sense) [50, 51]. The activity of MutS,, is also temperature-
sensitive; the DNA-binding capability and ATPase activity
of MutS,, are inhibited when the temperature exceeds 20 °C
for more than a few minutes [52]. Whether this temperature
sensitivity has any physiological significance is not clear;
although it is tempting to speculate that growth in a human
host may accelerate the mutation rate through decreased
MutS activity, there is little evidence to support this notion.

What is clear though, is that MutS,, is likely more confor-
mationally dynamic than MutS, . Unlike its enteric cousin,
the P. aeruginosa protein can adopt dimeric and tetrameric
configurations, and readily aggregates to form higher-order
structures too. Furthermore, and in contrast with MutS_,
where the dimer has been shown to be sufficient for DNA
repair [53], MutS,, binds more tightly to DNA as a tetramer
[52, 54, 55]. The formation of MutS,, tetramers is strongly-
dependent on residues in its C-terminal region (in particular,
R842 and K852). Deletion of these residues leads to failure to
oligomerise and loss of function [54]. Extending this ‘compare
and contrast’ analogy, although MutS, (855 amino acids)
shares a high degree (59%) of identity with MutS, (853 amino
acids), MutS,, is dominant-negative when introduced into
E. coli, and moreover, fails to complement a mutS-deficient
E. coli strain [56]. It is not yet clear why this is, although one
obvious possibility is that key protein-protein interactions
may be abolished due to these variations in MutS primary
sequence.

In canonical MMR systems such as those in E. coli and B.
subtilis, MutS is thought to interact with the f-sliding clamp
of the replisome complex, thereby facilitating scanning, and
tightly coupling (both spatially and temporally) MMR with
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replication [20, 57-60]. MutS does this because it contains
a conserved ‘clamp binding motif” (CBM) which binds
tightly to a discrete pocket on the f-clamp [57]. It has been
suggested that this association of MutS,, with £, may impede
interaction of MutS,, with MutL,, [55]. However, in E. coli,
recognition of a mismatched base pair by MutS,_leads to its
detachment from S, thereby allowing recruitment of MutL__
[61], and presumably, the same mechanism is employed in P
aeruginosa. Mismatch recognition in E. coli also involves the
so-called mismatch recognition motif (MRM; Phe-Xaa-Glu),
and this motif is conserved in MutS,,,. It used to be thought
that MutS binding to mismatches in DNA leads to kinking
of the duplex, and that this might be a/the signal stimulating
downstream events. However, more recent work has shown
that the conserved phenylalanine residue in the MRM plays
an important role by intercalating between the bases at the
mismatch site and that this actually leads to straightening of the
DNA [62]. Curiously, MutS,, contains two consecutive iden-
tical MRMs (F, .YELFYE,,). Once detected, mispaired bases
are thought to form a hydrogen bond with the conserved Glu
residue in the MutS, MRM, and the same likely also applies
to MutS,, [63-66]. Concomitantly, ATP is hydrolysed to ADP,
driving a conformational change in MutS,, that increases its
affinity for the heteroduplex [19, 52, 67-70]. However, and in
spite of the assistance it provides in orientating and localising
MutS, 8, cannot itself be considered as a component of the
MMR machinery because the mutation rate of a P. aeruginosa
mutS mutant (in which the clamp binding motif is incapable
of binding 3,,) is comparable to that of the wild-type [60].

MutS,, also has ‘non-classical MMR-associated functions.
For example, in the presence of reactive oxygen species (ROS),
mutS displays epistasis with the dinB-encoded error-prone
polymerase, Pol IV [71]. During Pol III-mediated DNA repli-
cation, Pol IV is recruited to f3,, where it plays an important
role in removing stalled replication forks [72-76]. However,
and being error-prone, Pol IV sometimes introduces
mismatches. When it does so, MutS, displaces Pol IV by
binding to 8, via its clamp-binding motif, thereby initiating
the required repair [55, 58, 60, 77]. One obvious question is
why should the cell employ an error-prone polymerase (Pol
IV) under any circumstances? An anthropocentric response
is that under the genotoxic conditions in which Pol IV is
induced, a little bit of infidelity might not be a bad thing;
although it may accelerate the mutation rate, the accompa-
nying increased genetic diversity may offer some ‘in extremis’
last-ditch evolutionary solutions that enhance survivability in
these circumstances. Well, that’s the theory, anyway, and at
least the cell does its best to repair these errors.

MutLPA

Apart from MutS, MutL is the other conserved core and
multifunctional MMR protein in PA. Unlike B. subtilis and
Listeria monocytogenes, in which mutS and mutL are encoded
together in a discrete gene cluster, in PA, mutS,, (PA3620),
mutL, (PA4946) and uvrD,, (PA5443) are dispersed across
the PA genome. As noted earlier, MutL,, likely contributes
to the initial strand cleavage event during nascent strand

discrimination, and also towards mediating base excision and
UvrD recruitment in the later stages of the MMR mechanism.
A recent study of CF-derived PA hypermutators revealed a
greater number of mutations in mutL than in mutS, which
is unexpected given the smaller size of the mutL gene (1902
bp) compared with mutS (2568 bp) [35]. However, it may
simply be that the mutL ORF contains more repetitive DNA
(‘homopolymeric tracts’) giving rise to slippage, although this
is not immediately obvious from inspection of the sequence.
Just as in E. coli, in the presence of ATP, mismatch-bound
MutS,, recruits MutL,,, and forms a transient ternary complex
[78-82]. However, and because PA does not encode any
obvious endonuclease (mutH) homolog, it seems that MutL,,,
itself is likely responsible for creating the required nick, as is
the case in many other MutH-less organisms [83, 84]. The
MutL,, endonuclease can cleave both single- and double-
stranded DNA [83-85]. MutL is a ‘GHKL-type ATPase’
(GyrB, Hsp90, Histidine Kinase and MutL), with the ATPase
activity associated with its conserved N-terminal domain
(NTD) [56, 86-89]. The ATPase activity in the MutL,, NTD
regulates the endonuclease activity of the protein, which is
associated with the adjacent C-terminal domain (CTD) [90].
Clearly, the MutL in organisms that encode a mutH endo-
nuclease homolog lack this CTD. The endonuclease activity
in the CTD is activated upon binding of Mg** or Mn** (but
is inhibited by Zn*") [65, 83, 85, 90] and is associated with a
motif (D(Q/M)HA(X),E(X),E) that is conserved in the CTD
of other MutH-less species such as Aquifex aeolicus, Thermus
thermophilus and Neisseria gonorrhoeae [65, 83, 91-93]. Inter-
estingly, and by contrast, Zn** is essential for B. subtilis MutL
endonuclease activity in vivo [49].

MutL,, has a preference towards nicking terminal-less circular
DNA rather than linear DNA in physiological conditions [84].
However, and whereas MutH__only cleaves at dG-**A-TC
sites, MutL,, generates non-specific nicks anywhere. In the
worst-case scenario, it can even cause double stranded breaks
(DSB), which could be catastrophic for the cell. This can
happen even in the absence of a mismatch in the DNA, and is
independent of MutS,,, similar to some other bacterial MutL
proteins and eukaryotic MutLa [47, 49, 83-85, 91, 92, 94, 95].
If DSB do arise, these are repaired by either the error-prone
non-homologous DNA end-joining (NHE]) machinery
[96-98] or by the homologous recombination (HR) pathway
[99-101]. The caveat of DSBs notwithstanding, the sequence-
independent incision catalysed by MutL offers the advan-
tage of being less-dependent on the distribution of GATC
sequences than MutH-dependent incisions [102].

Notwithstanding the HR and NHE] repair machinery, the
problem still remains that MutL,, endonuclease (‘nicking’)
activity can be MutS ,-independent. Clearly, this could be
potentially disastrous, if unchecked. However, this unre-
strained endonuclease activity is suppressed in the presence
of ATP (in spite of the fact that the MutL, «ATP complex
remains competent for loading onto DNA) [65, 83, 91, 92].
Moreover, the endonuclease activity of MutL,, is enhanced
upon interaction with MutS,, [90]. When this happens,
the ATPase activity in the NTD of MutL,, enhances the
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endonuclease activity in the CTD of the protein, which,
in turn, creates a single-stranded nick in the bound DNA
[83, 84]. It is worth mentioning that in E. coli, the MutLeATP
complex also stabilizes attachment of MutS_to the site of the
DNA mismatch, and this is probably the same in P. aeruginosa
too [19, 103, 104].

The MutL CTD in some organisms contains a negatively-
charged patch, raising the question of how/why the protein
exhibits affinity for DNA in the first place. However, in these
organisms, DNA-binding may be facilitated via direct interac-
tion of MutL with the §-sliding clamp of the replisome, which
occludes the negatively charged patch [49]. For example, the
MutL CTD from B. subtilis and N. gonorrhoeae contains a
motif, QXX(L/I)XP, which binds the f-clamp, and it has been
suggested that this may assist in correctly orienting the MutL at
DNA mismatches [23, 49, 105]. However, this type of f-MutL
interaction may not be universal. Fortunately though, Fukui
et al. have divided MutL into three sub-families, with only
sub-family I containing the f-binding motif and negatively-
charged patch [105]. MutL,, does indeed fall into this sub-
family and contains a putative f-binding motif (Q,,, PLLVP )
in the CTD. Taken together, these data favour a model in
which the endonuclease activity of MutL,, is normally
inhibited by ATP. After recruitment by MutS,, at a mismatch
(a delivery process that may involve the replisome S, ), the
ATPase activity in the NTD of MutL,, is triggered, leading
to relief of the endonuclease inhibition (possibly mediated
via altered domain-domain or protein-protein interactions)
and subsequently, nicking of the nascent DNA strand by the
MutL,, CTD.

One particularly intriguing observation is that MutL,, can
complement an E. coli AmutL mutant. This is somewhat
surprising, given that MutL, and MutL,, share only 18%
amino acid sequence identity in the crucial endonuclease-
encoding CTD. This said, most (21/22) of the key amino
acid residues known to be important for MutL,_function are
conserved in MutL,,, and the structural framework of the
CTD also seems to be conserved between the two proteins
[106, 107]. One possibility is that the MutH-independent
nicks introduced by MutL, are sufficient for MMR in E. coli.
However, the CTD of MutL,, can also interact with MutH__
in vitro, suggesting direct restoration of a functional protein-
protein interaction is possible. The evolutionary rationale for
maintaining this interaction (or interacting surface) is not
clear, and hints that there is potentially much more to discover
here.

UvrD,,

In the E. coli MMR system, the UvrD helicase activated
by MutL,_functions to unwind the DNA. This unwinding
(3'>5', relative to the mismatch) is oriented by the
MutSeMutLeUvrDeDNA complex in the presence of ATP
[48, 108-110]. P. aeruginosa encodes a UvrD homologue,
although biochemical confirmation of a MutL,,-UvrD,,
interaction has not yet been reported. In both P. aeruginosa
and the related species, Pseudomonas putida, uvrD mutants

display hypermutability, although not to the same extent as
mutS and mutL mutants [111, 112]. This suggests that other
helicases may be able to step in and carry out a similar func-
tion. Apart from its role in MMR, UvrD is also involved in
the nucleotide excision repair (NER) mechanism induced by
ultraviolet light [113]. However, the functions of UvrD,, in
MMR and NER are separable; mutations in the conserved
ATP binding motif of UvrD,, have a significant impact on
MMR, but a much lower impact on NER [56]. Interestingly
in this regard, and like MutS, , UvrD,, is unable to comple-
ment an E. coli uvrD mutant, despite the high sequence
similarity of UvrD in both species [56, 113]. This makes the
observation outlined above, that MutL,, can complement
an E. coli mutL mutant, all the more surprising, especially
given the very low sequence conservation between those
two proteins.

Exonuclease

Upon unwinding the region around the error by UvrD
helicase, a segment of the erroneous strand is digested
by exonuclease. Little is currently known about which
particular exonuclease is involved in MMR,, and our
current understanding is limited largely to gene presence/
absence relative to E. coli. The E. coli exonucleases are Rec]J,
ExoVII, ExoX and Exol. Rec],, (PA3725) is 58% identical
to Rec], . On the other hand, and whereas E. coli ExoVII
is comprised of two subunits, namely XseA and XseB, PA
does not possess the larger XseA subunit, and its smaller
XseB subunit (PA4042) is only 50% identical to the E. coli
orthologue. Furthermore, in PA, the xseB gene is operonic
with a geranyltransferase encoded by ispA, and does not
likely function as an exonuclease. ExoX is also absent in
PA, although an Exol/SbcB orthologue (PA4316) is present
and shares 51% identity with E. coli Exol. Like E. coli, PA
also encodes single-stranded binding protein (SSB; PA4232)
to protect the template from degradation during repair.
PA4232 is 75% identical to SSB..

Concluding comments and unresolved questions

In addition to the abovementioned enzymes, there are
a number of other anti-mutator proteins found in PA,
although these all appear to be involved in very specific
circumstances and cannot be considered to be components
of the ‘core’ MMR machinery. For example, MutT, MutY and
MutM are involved in the 7,8-dihydro-8-oxo-deoxyguanos
ine (8-0x0-dG or ‘GO’) repair system [114-116] and there
is some evidence that Pfpl may be involved in DNA repair
following oxidative damage [117].

Our current understanding of MMR in PA compared with
MMR in E. coli is summarised in Fig. 1. Interestingly, and
based on the known genetics and biochemistry, this mecha-
nism is more similar to that proposed for a Gram-positive
species, B. subtilis, than it is for E. coli (which, like PA, is a
Gram-negative organism). A comparison of the MMR enzy-
mology in each species is also shown in Table 2 (modified
from Lanhert et al) [25, 26].
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Fig. 1. A comparison showing the canonical E. coli MMR pathway and a proposal for non-methyl-directed MMR in P aeruginosa. In E. coli
(left panel) the nascent strand is hypomethylated relative to the template strand (a). MMR begins with ATP-bound dimeric MutS binding
to the site of a mismatch (b). This may be via carriage on the £ subunit (‘sliding clamp’) of the replisome, or simply through continual
bidirectional 'scanning’ of the genome. Upon recognition of a mismatch, MutS changes its conformation and recruits MutL in an ATP-
dependent reaction (c). This, in turn, subsequently leads to recruitment of MutH, which nicks the nascent DNA strand opposite a nearby
Dam-methylated adenine base. The MutH endonuclease activity dependent on ATP hydrolysis by the MutS-MutL-MutH complex, and
likely involves bending of the DNA if ‘action at a distance’ is required (d, e). Following nicking of the hypomethylated strand, the MutS-
MutL complex recruits the UvrD helicase, which unwinds the duplex in the direction of the mismatch (f). The exposed single-stranded
hypomethylated DNA, protected by SSB, is then digested by one of the exonucleases present, to a point beyond the original mismatch.
The extent of retrograde (3" — 5’) digestion is presumably limited by the processivity of the exonuclease (g). The resulting gap is then
filled in and sealed through the combined action of DNA polymerase and DNA ligase (h, i). Some of the reactions in PA (right panel) are
superficially similar, although many of the details are yet to be elucidated, so the presented model is inevitably a simplification. The key
difference between PA and E. coli is that neither DNA strand is significantly methylated in the former (a). Current evidence suggests that
MutS tetramers recognize DNA mismatches during DNA replication and are delivered to these sites via the f-sliding clamp, although
post-replicative scanning surveillance also seems likely (b). DNA binding by MutS is accompanied by ATP hydrolysis (and concomitant
release of the -clamp) and is followed by recruitment of ATP-inhibited MutL. Again, this delivery of MutL to the MutS-bound mismatch
may be via the f-clamp during replication, or via the g-clamp post-replicatively, or independent of the f-clamp (c). In the ATP-bound
form, the CTD-associated endonuclease activity of MutL is inhibited. However, upon binding MutS, the ATPase activity of the NTD of MutL
becomes enhanced, thereby relieving the ATP-dependent inhibition of the CTD-endonuclease. This leads to the generation of a nick
(d). Quite how far away from the original mismatch this nick is, or whether the process involves DNA bending (as seems likely and as
inferred for E. coli MMR) is not yet clear. Nor is it clear how strand discrimination is maintained. [We note that the model proposed here
implies that MutS physically moves away from the mismatch as a complex with MutL before the nick is made. However, it is equally likely
that MutS remains bound to the mismatch and that the interaction between dynamic f-bound MutL and ‘static’ MutS is achieved through
DNA bending.] Following nicking of the DNA on the nascent strand, UvrD is recruited (e) and unwinds the DNA towards the mismatch.
Again, how this directionality is ensured is not clear. Subsequent exonucleolytic degradation of the nascent strand and ‘fill-in/polishing’
are presumably the same as in E. coli.
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Table 2. Comparison between the MMR proteins in E. coli, P aeruginosa and B. subtilis

Protein E. coli P. aeruginosa B. subtilis
Methylase v (Dam methylase) v (HsdM methylase; not used for MMR) X

f-clamp v v v

MutS v v 4

MutL v (but no endonuclease activity) v (has endonuclease activity) v (has endonuclease activity)
MutH v X X

Helicase v (UvrD) v (UvrD) v PcrA (=UvrD) and YrrC

However, although likely correct in outline, some of the
proposed steps remain unclear, and we have taken the liberty
of identifying some of the associated unresolved questions
below;

i. Does nascent strand discontinuity (e.g. Okazaki fragments)
act as a signal for strand discrimination in P. aeruginosa, or
does MutL play a far more active role? To what extent is
MMR possible in the absence of active DNA replication?
What determines the frequency of nicking by MutL? Does
MutL nicking activity depend at all on the frequency of
naturally-occurring nicks in the DNA?

ii. Does f,, pause at the MutS,-marked mismatch? Does
., function independent of the replisome to ‘scan’ the DNA
during non-replicative periods? How does f8,, deliver MutL,,
to the MutS-marked mismatch? Does the MutS,,-MutL,,,
complex subsequently move as a unit away from the mismatch
before MutL-dependent nicking occurs?

iii. What regulates expression of the MMR machinery? Is
there any physiological significance to the apparent thermo-
sensitivity of MutS,, ?

iv. Recent work has implicated redox-associated ‘sensors’
in DNA repair, especially proteins with [4Fe-4S] centres
[118-126]. The model here (developed largely by the inno-
vative discoveries made by Jacqueline Barton’s team) is that
the stacked bases in DNA act as an ‘electron wire,, allowing
charge transfer (CT) from lesions through the surrounding
DNA [118]. This charge transfer and can be detected by
DNA-bound [4Fe-4S]-containing proteins. In essence,
CT through DNA to the redox protein is proposed to lead
to dissociation of the latter from the DNA. Lesions (and
possibly tautomeric mismatches too) affect the efficiency of
this CT, leading to an accumulation of undissociated DNA-
bound redox protein around the site of the lesion, thereby
‘marking it’ for repair. In this regard, although MutS,, does
not contain any iron-sulfur centres, the mutS gene in PA is
encoded alongside a ferredoxin (fdxA) and is predicted to be
operonic with this. This ‘redox’ chapter in the MMR story is
still in its relatively early days, but we strongly recommend
the reader to ‘watch this space’...

v. The ‘slop rate’ (inefficiency) of the MMR and DNA replica-
tive enzymes seems to be evolutionarily tuned to allow a
little bit of variation to ‘escape’ detection. Is this a hardwired

effect to enable pathoadaptation? What would happen to
the evolutionary trajectory of PA if this efficiency could be
reduced? Just as mutS and mutL mutants exhibit elevated
mutation, what would happen if we could ‘step on the evolu-
tionary brakes” and induce a state of hypomutation?

vi. Does MutS, /MutL, oligomerize on the DNA at a
mismatch to elicit ‘action at a distance) as inferred for E. coli?
[But see also the ‘redox-directed’ solution to the problem
outlined in (iii) above.] Is the operation of the MutS,, /MutL,,
complex the same on both the leading and the lagging strand?

vii. What causes MutS,, to detach from f,, at a mismatch?
On a more general level, how does a single protein (MutS)
detect the full range of different mismatches in DNA? This is
significant because there can be up to a ca. 1000-fold differ-
ential rate of repair between mismatches, depending on the
bases involved;

A:G<C.C<GA<CA, AA, GG TT TG, A:C, C.T < GT,
T:C

Increasing sensitivity->

This differential repair rate correlates reasonably well with
the affinity of MutS for the different mismatches, although
interestingly, deletion of the MMR machinery does not
completely remove this bias in recognition, but instead,
reduces the gap to <4-fold [127].

viii. What orients MutL,,, on the heteroduplex? If, as antici-
pated by analogy with the model developed for B. subtilis
MMR, MutL activity is integrally-linked with the f-clamp,
this may not be easy to establish. Furthermore, how does the
UvrD,, helicase (and the subsequent exonuclease activity)
know which direction to unwind/digest the DNA?

In summary, and unlike E. coli, PA is often associated with
long-term (months-years) chronic infection scenarios.
In these circumstances, loss-of-function mutations in
mutS/mutL leading to hypermutability are common.
However, and in spite of the role(s) played by MMR in
PA pathophysiology, the enzymology is far less well-
developed (largely for the usual, historical reasons) than
it has been in other model organisms such as E. coli. This
is a shame, because the biochemistry of the MutH-less,
methylation-independent PA system seems to us to be
far more intriguing. Indeed, a far better comparator may
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be the Gram-positive organism, B. subtilis, whose MMR
enzymology appears to more closely approximate to that in
PA. As noted above, there are several outstanding research
questions that still need to be addressed, and these are
not trivial issues either. MMR is far from being a ‘solved
problem’, and the next generation of researchers clearly
have their work cut out.

Funding information

This work was supported by Government of Malaysia under King's
Scholarship (BYDPA 2018) as part of a PhD research project. Elements
of the work described in this review were also supported by funding
from the UK Cystic Fibrosis Trust SRC017.

Author contributions
M.W.: conceptualisation.Y.Y.0.: writing — original draft preparation. M.W.:
writing — review and editing. Y.Y.O.: visualisation. M.W.: supervision.
Y.Y.0., MW.: funding.

Conflicts of interest
The authors declare that there are no conflicts of interest.

References
1. Fijalkowska IJ, Schaaper RM, Jonczyk P. DNA replication fidelity
in Escherichia coli: A multi-DNA polymerase affair. FEMS Micro-
biol Rev 2012;36:1105-1121.

2. Abdelhamid Y, Brear P, Greenhalgh J, Chee X, Rahman T, et al.
Evolutionary plasticity in the allosteric regulator-binding site of
pyruvate kinase isoform PykA from Pseudomonas aeruginosa. J
Biol Chem 2019;294:15505-15516.

3. Wang W, Hellinga HW, Beese LS. Structural evidence for the rare
tautomer hypothesis of spontaneous mutagenesis. Proc Natl
Acad SciUS A 2011;108:17644-17648.

4. Chung JCS, Becq J, Fraser L, Schulz-Trieglaff O, Bond NJ, et al.
Genomic variation among contemporary Pseudomonas aerugi-
nosa isolates from chronically infected cystic fibrosis patients. J
Bacteriol 2012;194:4857-4866.

5. Macid MD, Blanquer D, Togores B, Sauleda J, Pérez JL, et al.
Hypermutation is a key factor in development of multiple-
antimicrobial resistance in Pseudomonas aeruginosa strains
causing chronic lung infections. Antimicrob Agents Chemother
2005;49:3382-3386.

6. Kurusu Y, Narita T, Suzuki M, Watanabe T. Genetic analysis of
an incomplete mutS gene from Pseudomonas putida. J Bacteriol
2000;182:5278-5279.

7. Martinez JL, Baquero F. Mutation frequencies and antibiotic
resistance. Antimicrob Agents Chemother 2000;44:1771-1777.

8. Tham KC, Kanaar R, Lebbink JHG. Mismatch repair and homeolo-
gous recombination. DNA Repair (Amst) 2016;38:75-83.

Fishel R. Mismatch repair. J Biol Chem 2015;290:26395-26403.

10. Kunkel TA, Erie DA. DNA Mismatch repair. Annu Rev Biochem
2005;74:681-710.

11. Marinus MG. DNA Mismatch repair. EcoSal Plus 2012;5.

12. Crouse GF. Non-canonical actions of mismatch repair. DNA
Repair (Amst) 2016;38:102-109.

13. KunkelTA.Celebrating DNA's Repair Crew.Cell2015;163:1301-1303.

14. ModrichP.Mechanisms and biological effects of mismatch repair.
Annu Rev Genet 1991;25:229-253.

15. Lahue RS, Au KG, Modrich P. DNA mismatch correction in a
defined system. Science 1989;245:160-164.

16. Liu J, Lee R, Britton BM, London JA, Yang K, et al. MutL sliding
clamps coordinate exonuclease-independent Escherichia coli
mismatch repair. Nat Commun 2019;10:5294.:1-15.;

17. Marinus MG, Morris NR.Isolation of deoxyribonucleic acid methylase
mutants of Escherichia coli K-12. J Bacteriol 1973;114:1143-1150.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Geier GE, Modrich P. Recognition sequence of the dam methy-
lase of Escherichia coli K12 and mode of cleavage of Dpn | endo-
nuclease. Journal of Biological Chemistry 1979;254:1408-1413.

Schofield MJ, Hsieh P. DNA mismatch repair: molecular
mechanisms and biological function. Annu Rev Microbiol
2003;57:579-608.

Lépez de Saro FJ, O'Donnell M. Interaction of the beta sliding
clamp with MutS, ligase, and DNA polymerase |. Proc Natl Acad
SciUS A 2001,98:8376-8380.

Li F, Liu Q, Chen Y-Y, Yu Z-N, Zhang Z-P, et al. Escherichia coli
mismatch repair protein MutL interacts with the clamp loader
subunits of DNA polymerase Ill. Mutation Research/Fundamental
and Molecular Mechanisms of Mutagenesis 2008;637:101-110.

Oliver A, Mena A. Bacterial hypermutation in cystic fibrosis,
not only for antibiotic resistance. Clin Microbiol Infect
2010;16:798-808.

Namadurai S, Jain D, Kulkarni DS, Tabib CR, Friedhoff P,
et al. The C-Terminal Domain of the MutL homolog from neis-
seria gonorrhoeae forms an inverted homodimer. PLoS One
2010;5:e13726.

Putnam CD. Evolution of the methyl directed mismatch repair
system in Escherichia coli. DNA Repair (Amst) 2016;38:32-41.

LenhartJS,PillonMC,Guarné A, Biteen JS,Simmons LA Mismatch
repair in Gram-positive bacteria. Res Microbiol 2016;167:4-12.

Lenhart JS, Schroeder JW, Walsh BW, Simmons LA. DNA repair
and genome maintenance in Bacillus subtilis. Microbiol Mol Biol
Rev 2012;76:530-564.

Eisen JA, Hanawalt PC. A phylogenomic study of DNA repair
genes, proteins, and processes. Mutat Res 1999;435:171-213.

Gross J, Passmore |J, Chung JCS, Rzhepishevska O, Ramstedt M,
et al. Universal soldier: Pseudomonas aeruginosa — an opportun-
istic generalist. Front Biol 2013;8:387-3%4.

Gross J, Welch M. Why is Pseudomonas aeruginosa a common
cause of infection in individuals with cystic fibrosis? Future Micro-
biol 2013;8:697-699.

Lépez-Causapé C, Oliver A. Insights into the evolution of the
mutational resistome of Pseudomonas aeruginosa in cystic
fibrosis. Future Microbiol 2017;12:1445-1448,

Oliver A, Canton R, Campo P, Baquero F, Blazquez J. High
frequency of hypermutable Pseudomonas aeruginosa in cystic
fibrosis lung infection. Science 2000;288:1251-1254.

Colque CA, Albarracin Orio AG, Feliziani S, Marvig RL, Tobares AR,
et al. Hypermutator Pseudomonas aeruginosa exploits multiple
genetic pathways to develop multidrug resistance during long-
term infections in the airways of cystic fibrosis patients. Antimi-
crob Agents Chemother 2020;64:€02142-19.

Workentine ML, Sibley CD, Glezerson B, Purighalla S, Norgaard-
Gron JC, et al. Phenotypic heterogeneity of Pseudomonas aeruginosa
populations in a cystic fibrosis patient. PLoS One 2013;8:60225.

Grekov |, Thoming JG, Kordes A, Haussler S. Evolution of Pseu-
domonas aeruginosa toward higher fitness under standard labo-
ratory conditions. ISME J 2021;15:1165-1177.

Rees VE, Deveson Lucas DS, Lopez-Causapé C, Huang Y,
Kotsimbos T, etal.Characterization of hypermutator Pseudomonas
aeruginosa isolates from patients with cystic fibrosis in Australia.
Antimicrob Agents Chemother 2019;63.

Monti MR, Morero NR, Miguel V, Argarana CE. nfxB as a novel
target for analysis of mutation spectra in Pseudomonas aerugi-
nosa. PLoS One 2013;8:e66236.

Stickland HG, Davenport PW, Lilley KS, Griffin JL, Welch M.
Mutation of nfxB causes global changes in the physiology and
metabolism of Pseudomonas aeruginosa. J Proteome Res
2010;9:2957-2967.

Doberenz S, Eckweiler D, Reichert O, Jensen V, Bunk B, et al. Iden-
tification of a Pseudomonas aeruginosa PAOT DNA methyltrans-
ferase, its targets, and physiological roles. MBio 2017;8:e02312-16.



On and Welch, Microbiology 2021;167:001120

39.

40.

41.

42.

43.

4.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Valot B, Guyeux C, Rolland JY, Mazouzi K, Bertrand X, et al. What
it takes to be a Pseudomonas aeruginosa? The core genome of the
opportunistic pathogen updated. PLoS One 2015;10:e0126468.

Kolodner RD. A personal historical view of DNA mismatch repair
with an emphasis on eukaryotic DNA mismatch repair. DNA
Repair (Amst) 2016;38:3-13.

Schmidt TT, Hombauer H. Visualization of mismatch repair
complexes using fluorescence microscopy. DNA Repair (Amst)
2016;38:58-67.

Pavlov YI, Mian IM, Kunkel TA. Evidence for preferential mismatch
repair of lagging strand DNA replication errors in yeast. Curr Biol
2003;13:744-748.

Stover CK, Pham XQ, Erwin AL, Mizoguchi SD, Warrener P, et al.
Complete genome sequence of Pseudomonas aeruginosa PAOT,
an opportunistic pathogen. Nature 2000;406:959-964.

Ghodgaonkar MM, LazzaroF, Olivera-Pimentel M, Artola-Boran M,
Cejka P, et al. Ribonucleotides misincorporated into DNA act as
strand-discrimination signals in eukaryotic mismatch repair. Mol
Cell 2013;50:323-332.

Lujan SA, Williams JS, Clausen AR, Clark AB, Kunkel TA. Ribo-
nucleotides are signals for mismatch repair of leading-strand
replication errors. Mol Cell 2013;50:437-443.

Repmann S, Olivera-Harris M, Jiricny J. Influence of oxidized
purine processing on strand directionality of mismatch repair. J
Biol Chem 2015;290:9986-9999.

Pluciennik A, Dzantiev L, lyer RR, Constantin N, Kadyrov FA, et al.
PCNA function in the activation and strand direction of MutLo
endonuclease in mismatch repair. Proc Natl Acad Sci U S A
2010;107:16066-16071.

Pillon MC, Miller JH, Guarné A. The endonuclease domain of
MutL interacts with the B sliding clamp. DNA Repair (Amst)
2011;10:87-93.

Pillon MC, Lorenowicz JJ, Uckelmann M, Klocko AD, Mitchell RR,
et al. Structure of the Endonuclease Domain of MutL: Unlicensed
to Cut. Mol Cell 2010;39:145-151.

van den Broek D, Chin-A-Woeng TFC, Bloemberg GV,
Lugtenberg BJJ. Role of RpoS and MutS in phase variation of Pseu-
domonas sp. PCL1171. Microbiology (Reading) 2005;151:1403-1408.

Gutierrez A, Laureti L, Crussard S, Abida H, Rodriguez-Rojas A,
et al. f-lactam antibiotics promote bacterial mutagenesis via
an RpoS-mediated reduction in replication fidelity. Nat Commun
2013;4:1610.:1-9.:

Pezza RJ, Smania AM, Barra JL, Argaraia CE. Nucleotides and
heteroduplex DNA preserve the active conformation of Pseu-
domonas aeruginosa MutS by preventing protein oligomerization.
Biochem J 2002;361:87-95.

Mendillo ML, Putnam CD, Kolodner RD. Escherichia coli MutS
tetramerization domain structure reveals that stable dimers but
not tetramers are essential for DNA mismatch repair in vivo. J
Biol Chem 2007;282:16345-16354.

Miguel V, Monti MR, Argarafia CE. The role of MutS oligomers on
Pseudomonas aeruginosa mismatch repair system activity. DNA
Repair (Amst) 2008;7:1799-1808.

Margara LM, Ferndandez MM, Malchiodi EL, Argaraina CE,
Monti MR. MutS regulates access of the error-prone DNA poly-
merase Pol IV to replication sites: A novel mechanism for main-
taining replication fidelity. Nucleic Acids Res 2016;44:7700-7713.

Oliver A, Baquero F, Blazquez J. The mismatch repair system
(mutS, mutL and uvrD genes) in Pseudomonas aeruginosa:
molecular characterization of naturally occurring mutants. Mol
Microbiol 2002;43:1641-1650.

McGrath AE, Martyn AP, Whittell LR, Dawes FE, Beck JL, et al.
Crystal structures and biochemical characterization of DNA
sliding clamps from three Gram-negative bacterial pathogens. J
Struct Biol 2018;204:396-405.

Dalrymple BP, Kongsuwan K, Wijffels G, Dixon NE, Jennings PA.
A universal protein-protein interaction motif in the eubacterial

10

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

DNA replication and repair systems. Proc Natl Acad Sci U S A
2001;98:11627-11632.

Simmons LA, Davies BW, Grossman AD, Walker GC. Beta clamp
directs localization of mismatch repair in Bacillus subtilis. Mol Cell
2008;29:291-301.

Monti MR, Miguel V, Borgogno MV, Argarana CE. Functional anal-
ysis of the interaction between the mismatch repair protein MutS
and the replication processivity factor g clamp in Pseudomonas
aeruginosa. DNA Repair (Amst) 2012;11:463-469.

Lépez de Saro FJ, Marinus MG, Modrich P, O'Donnell M. The beta
sliding clamp binds to multiple sites within MutL and MutS. J Biol
Chem 2006;281:14340-14349.

Tessmer |, Yang Y, Zhai J, Du C, Hsieh P, et al. Mechanism of MutS
searching for DNA mismatches and signaling repair. J Biol Chem
2008;283:36646-36654.

Groothuizen FS, Sixma TK. The conserved molecular machinery
in DNA mismatch repair enzyme structures. DNA Repair (Amst)
2016;38:14-23.

Lebbink JHG, Georgijevic D, Natrajan G, Fish A, Winterwerp HHK,
etal.Dualrole of MutS glutamate 38 in DNA mismatch discrimina-
tion and in the authorization of repair. EMBO J 2006;25:409-419.

Fukui K. DNA mismatch repair in eukaryotes and bacteria. J
Nucleic Acids 2010;2010:260512.:16.:

Lamers MH, Perrakis A, Enzlin JH, Winterwerp HH, de Wind N,
et al. The crystal structure of DNA mismatch repair protein MutS
binding to a G x T mismatch. Nature 2000;407:711-717.

Hingorani MM. Mismatch binding, ADP-ATP exchange and intra-
molecular signaling during mismatch repair. DNA Repair (Amst)
2016;38:24-31.

Allen DJ, Makhov A, Grilley M, Taylor J, Thresher R, et al. MutS
mediates heteroduplex loop formation by a translocation mecha-
nism. EMBO J 1997;16:4467-4476.

Bjornson KP, Allen DJ, Modrich P. Modulation of MutS ATP
hydrolysis by DNA cofactors. Biochemistry 2000;39:3176-3183.

Junop MS, Obmolova G, Rausch K, Hsieh P, Yang W. Composite
active site of an ABC ATPase: MutS uses ATP to verify mismatch
recognition and authorize DNA repair. Mol Cell 2001;7:1-12.

Sanders LH, Devadoss B, Raja GV, 0'Connor J, Su S, et al. Epistatic
roles for Pseudomonas aeruginosa MutS and DinB (DNA Pol IV) in
coping with reactive oxygen species-induced DNA damage. PLoS
One 2011;6:218824.

Kath JE, Jergic S, Heltzel JMH, Jacob DT, Dixon NE, et al. Poly-
merase exchange on single DNA molecules reveals processivity
clamp control of translesion synthesis. Proc Natl Acad Sci U S A
2014;111:7647-7652.

Heltzel JMH, Maul RW, Scouten Ponticelli SK, Sutton MD. A
model for DNA polymerase switching involving a single cleft
and the rim of the sliding clamp. Proc Natl Acad Sci U S A
2009;106:12664-12669.

Indiani C, Mclnerney P, Georgescu R, Goodman MF, O'Donnell M.
A sliding-clamp toolbelt binds high- and low-fidelity DNA poly-
merases simultaneously. Mol Cell 2005;19:805-815.

lkeda M, Furukohri A, Philippin G, Loechler E, Akiyama MT,
et al. DNA polymerase |V mediates efficient and quick recovery
of replication forks stalled at N2-dG adducts. Nucleic Acids Res
2014;42:8461-8472.

Indiani C, Langston LD, Yurieva O, Goodman MF, O'Donnell M.
Translesion DNA polymerases remodel the replisome and alter
the speed of the replicative helicase. Proc Natl Acad Sci U S A
2009;106:6031-6038.

Lépez de Saro FJ. Regulation of interactions with sliding
clamps during DNA replication and repair. Curr Genomics
2009;10:206-215.

Grenga L, Gervasi F, Paolozzi L, Scortichini M, Ghelardini P.
Characterisation of the MutS and MutL Proteins from the Pseu-
domonas avellanae Mismatch Repair (MMR) System. Open Micro-
biol J 2012;6:45-52.



On and Welch, Microbiology 2021;167:001120

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Joshi A, Rao BJ. ATP hydrolysis induces expansion of MutS
contacts on heteroduplex: a case for MutS treadmilling? Biochem-
istry 2002;41:3654-3666.

Wang H, Yang Y, Schofield MJ, Du C, Fridman Y, et al. DNA bending
and unbending by MutS govern mismatch recognition and speci-
ficity. Proc Natl Acad Sci U S A 2003;100:14822-14827.

Friedhoff P, Li P, Gotthardt J. Protein-protein interactions in DNA
mismatch repair. DNA Repair (Amst) 2016;38:50-57.

Galio L, Bouquet C, Brooks P. ATP hydrolysis-dependent forma-
tion of a dynamic ternary nucleoprotein complex with MutS and
MutL. Nucleic Acids Res 1999;27:2325-2331.

Correa EME, Martina MA, De Tullio L, Argarana CE, Barra JL.
Some amino acids of the Pseudomonas aeruginosa MutL D(Q/M)
HA(X)(2)E(X)(4)E conserved motif are essential for the in vivo
function of the protein but not for the in vitro endonuclease
activity. DNA Repair (Amst) 2011;10:1106-1113.

Correa EME, De Tullio L, Vélez PS, Martina MA, Argarana CE,
et al. Analysis of DNA structure and sequence requirements for
Pseudomonas aeruginosa MutL endonuclease activity. J Biochem
2013;154:505-511.

Shen M, Zhang H, Shen W, Zou Z, Lu S, et al. Pseudomonas aerugi-
nosa MutL promotes large chromosomal deletions through non-
homologous end joining to prevent bacteriophage predation.
Nucleic Acids Res 2018;46:4505-4514.

Dutta R, Inouye M. GHKL, an emergent ATPase/kinase super-
family. Trends Biochem Sci 2000,;25:24-28.

Ban C, Yang W. Crystal structure and ATPase activity of
MutL: Implications for DNA repair and mutagenesis. Cell
1998;95:541-552.

Ban C, Junop M, Yang W. Transformation of MutL by ATP
binding and hydrolysis: A switch in DNA mismatch repair. Cell
1999,97:85-97.

Kim TG, Cha HJ, Lee HJ, Heo S-D, Choi KY, et al. Structural
insights of the nucleotide-dependent conformational changes
of Thermotoga maritima MutL using small-angle X-ray scattering
analysis. J Biochem 2009;145:199-206.

Miguel V, Correa EME, De Tullio L, Barra JL, Argarana CE, et al.
Analysis of the interaction interfaces of the N-terminal domain
from Pseudomonas aeruginosa MutL. PLoS One 2013;8:e69907.

Fukui K, Nishida M, Nakagawa N, Masui R, Kuramitsu S. Bound
nucleotide controls the endonuclease activity of mismatch repair
enzyme MutL. J Biol Chem 2008;283:12136-12145.

Duppatla V, Bodda C, Urbanke C, Friedhoff P, Rao DN. The
C-terminal domain is sufficient for endonuclease activity of Neis-
seria gonorrhoeae MutL. Biochem J 2009;423:265-277.

Mauris J, Evans TC. Adenosine triphosphate stimulates Aquifex
aeolicus MutL endonuclease activity. PLoS One 2009;4:€7175.

Kadyrov FA, Dzantiev L, Constantin N, Modrich P. Endonu-
cleolytic function of MutLalpha in human mismatch repair. Cell
2006;126:297-308.

Kadyrov FA, Holmes SF, Arana ME, Lukianova OA, O'Donnell M,
et al. Saccharomyces cerevisiae MutLalpha is a mismatch repair
endonuclease. J Biol Chem 2007;282:37181-37190.

Stephanou NC, Gao F, Bongiorno P, Ehrt S, Schnappinger D, et al.
Mycobacterial nonhomologous end joining mediates mutagenic
repair of chromosomal double-strand DNA breaks. J Bacteriol
2007;189:5237-5246.

Deriano L, Roth DB. Modernizing the nonhomologous end-joining
repertoire: alternative and classical NHEJ share the stage. Annu
Rev Genet 2013;47:433-455.

Lieber MR. The mechanism of double-strand DNA break repair
by the nonhomologous DNA end-joining pathway. Annu Rev
Biochem 2010;79:181-211.

Courcelle J, Wendel BM, Livingstone DD, Courcelle CT. RecBCD is
required to complete chromosomal replication: Implications for

double-strand break frequencies and repair mechanisms. DNA
Repair (Amst) 2015;32:86-95.

11

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

Jasin M, Haber JE. The democratization of gene editing: Insights
from site-specific cleavage and double-strand break repair. DNA
Repair (Amst) 2016;44:6—16.

Shen L, Wang Q, Liu R, Chen Z, Zhang X, et al. LncRNA Inc-RI regu-
lates homologous recombination repair of DNA double-strand
breaks by stabilizing RAD51 mRNA as a competitive endogenous
RNA. Nucleic Acids Res 2018;46:717-729.

Bruni R, Martin D, Jiricny J. D(GATC) sequences influence Escher-
ichia coli mismatch repair in a distance-dependent manner from
positions both upstream and downstream of the mismatch.
Nucleic Acids Res 1988;16:4875-4890.

Grilley M, Welsh KM, Su SS, Modrich P. Isolation and charac-
terization of the Escherichia coli mutL gene product. J Biol Chem
1989;264:1000-1004.

Schofield MJ, Nayak S, Scott TH, Du C, Hsieh P. Interaction of
Escherichia coli MutS and MutL at a DNA Mismatch. J Biol Chem
2001;276:28291-28299.

Fukui K, Baba S, Kumasaka T, Yano T. Structural features and
functional dependency on S-Clamp define distinct subfamilies
of bacterial mismatch repair endonuclease MutL. J Biol Chem
2016;291:16990-17000.

Wang YM, Liu SL, Liu GR, Wan YL, Wang X, et al. The mutL muta-
tion in Pseudomonas aeruginosa isolates reveals multidrug-
resistant traits and possible evolutionary trends. J Int Med Res
2010;38:2011-2022.

Jacquelin DK, Filiberti A, Argarafa CE, Barra JL. Pseudomonas
aeruginosa MutL protein functions in Escherichia coli. Biochem J
2005;388:879-887.

Dao V, Modrich P. Mismatch-, MutS-, MutL-, and helicase
|l-dependent unwinding from the single-strand break of an
incised heteroduplex. J Biol Chem 1998;273:9202-9207.

Yamaguchi M, Dao V, Modrich P. MutS and MutL activate DNA
helicase Il in a mismatch-dependent manner. J Biol Chem
1998;273:9197-9201.

Guarné A, Ramon-Maiques S, Wolff EM, Ghirlando R, Hu X, et al.
Structure of the MutL C-terminal domain: a model of intact MutL
and its roles in mismatch repair. EMBO J 2004;23:4134-4145.

Ukkivi K, Kivisaar M. Involvement of transcription-coupled repair
factor Mfd and DNA helicase UvrD in mutational processes in
Pseudomonas putida. DNA Repair (Amst) 2018;72:18-27.

Khan M, Stapleton F, Summers S, Rice SA, Willcox MDP. Anti-
biotic resistance characteristics of Pseudomonas aeruginosa
Isolated from Keratitis in Australia and India. Antibiotics (Basel)
2020;9:£600.:600.:

Kang J, Blaser MJ. UvrD helicase suppresses recombination and
DNA damage-induced deletions. J Bacteriol 2006;188:5450-5459.

Mandsberg LF, Ciofu O, Kirkby N, Christiansen LE, Poulsen HE,
et al. Antibiotic resistance in Pseudomonas aeruginosa strains
with increased mutation frequency due to inactivation of the
DNA oxidative repair system. Antimicrob Agents Chemother
2009;53:2483-2491.

Oliver A, Sanchez JM, Blazquez J. Characterization of the
GO system of Pseudomonas aeruginosa. FEMS Microbiol Lett
2002;217:31-35.

Sanders LH, Sudhakaran J, Sutton MD. The GO system prevents
ROS-induced mutagenesis and killing in Pseudomonas aerugi-
nosa. FEMS Microbiol Lett 2009;294:89-96.

Rodriguez-Rojas A, Blazquez J. The Pseudomonas aeruginosa
Pfpl gene plays an antimutator role and provides general stress
protection. J Bacteriol 2009;191:844-850.

Tse ECM, Zwang TJ, Barton JK. The Oxidation State of [4Fe4S]
Clusters Modulates the DNA-Binding Affinity of DNA Repair
Proteins. J Am Chem Soc 2017;139:12784-12792.

Banda DM, Nunfez NN, Burnside MA, Bradshaw KM,
David SS. Repair of 8-0xoG:A mismatches by the MUTYH glyco-
sylase: Mechanism, metals and medicine. Free Radic Biol Med
2017;107:202-215.



On and Welch, Microbiology 2021;167:001120

120.

121.

122.

123.

Boon EM, Livingston AL, Chmiel NH, David SS, Barton JK. DNA-
mediated charge transport for DNA repair. Proc Natl Acad Sci U S
A 2003;100:12543-12547.

Boal AK, Yavin E, Barton JK. DNA repair glycosylases with a [4Fe-
4S] cluster: A redox cofactor for DNA-mediated charge trans-
port? J Inorg Biochem 2007;101:1913-1921.

Boal AK, Yavin E, Lukianova OA, O'Shea VL, David SS, et al. DNA-
bound redox activity of DNA repair glycosylases containing [4Fe-
4S] clusters. Biochemistry 2005;44:8397-8407.

Boal AK, Genereux JC, Sontz PA, Gralnick JA, Newman DK, et al.
Redox signaling between DNA repair proteins for efficient lesion
detection. Proc Natl Acad Sci U S A 2009;106:15237-15242.

126.

124,

125.

127.

Lin JC, Singh RRP, Cox DL. Theoretical study of DNA damage
recognition via electron transfer from the [4Fe-4S] complex of
MutY. Biophys J 2008;95:3259-3268.

Grodick MA, Muren NB, Barton JK. DNA charge transport within
the cell. Biochemistry 2015;54:962-973.

Genereux JC, Barton JK. Mechanisms for DNA charge transport.
Chem Rev 2010;110:1642-1662.

Aparicio T, Nyerges A, Nagy |, Pal C, Martinez-Garcia E, et al.
Mismatch repair hierarchy of Pseudomonas putida revealed by
mutagenic ssDNA recombineering of the pyrF gene. Environ
Microbiol 2020;22:45-58.

Five reasons to publish your next article with a Microbiology Society journal

1. The Microbiology Society is a not-for-profit organization.
2. We offer fast and rigorous peer review — average time to first decision is 4—6 weeks.
3. Our journals have a global readership with subscriptions held in research institutions around

the world.

4. 80% of our authors rate our submission process as ‘excellent’ or ‘very good".
5. Your article will be published on an interactive journal platform with advanced metrics.

Find out more and submit your article at microbiologyresearch.org.

12



	The methylation-­independent mismatch repair machinery in ﻿Pseudomonas aeruginosa﻿
	Abstract
	Introduction
	Mutation is unavoidable
	The basic principles of MMR
	The ﻿E. coli﻿ paradigm
	﻿Pseudomonas aeruginosa﻿ does things differently
	﻿P. aeruginosa﻿ lacks Dam methylation
	﻿P. aeruginosa﻿ lacks a MutH homologue
	MutS﻿PA﻿
	MutL﻿PA﻿
	UvrD﻿PA﻿
	Exonuclease
	Concluding comments and unresolved questions

	References


