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Abstract

DNA mismatch repair (MMR) repairs mispaired bases in DNA generated by replication errors.
MutS or MutS homologs recognize mispairs and coordinate with MutL or MutL homologs to
direct excision of the newly synthesized DNA strand. In most organisms, the signal that
discriminates between the newly synthesized and template DNA strands has not been definitively
identified. In contrast, Escherichia coli and some related gammaproteobacteria use a highly
elaborated methyl-directed MMR system that recognizes Dam methyltransferase modification
sites that are transiently unmethylated on the newly synthesized strand after DNA replication.
Evolution of methyl-directed MMR is characterized by the acquisition of Dam and the MutH
nuclease and by the loss of the MutL endonuclease activity. Methyl-directed MMR is present in a
subset of Gammaproteobacteria belonging to the orders Enterobacteriales, Pasteurellales,
Vibrionales, Aeromonadales, and a subset of the Alteromonadal es (the EPVAA group) as well as
in gammaproteobacteria that have obtained these genes by horizontal gene transfer, including the
medically relevant bacteria Fluoribacter, Legionella, and Tatlockia and the marine bacteria
Methylophaga and Nitrosococcus.
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Introduction

A critical role of DNA mismatch repair is to recognize and repair mispaired bases generated
by DNA replication errors within a large background of properly base-paired DNA [1-3].
For all organisms, the core MMR steps are recognition of the mispair, excision of the newly
synthesized strand at least up to the mispair, and resynthesis of the excised strand (Figure 1).
A key aspect of this mechanism is the discrimination of the newly synthesized DNA strand
from the template DNA strand; excision and resynthesis of the template strand rather than
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the newly synthesized strand would incorporate the replication error into the genome rather
than excise and repair it.

The mechanisms of strand discrimination in MMR are best understood for the bacteria
Escherichia coli; however, the phylogenetic distribution of the methyl-directed MMR
system found in E. coli is restricted to a set of closely related gammaproteobacteria (Figure
2). Thus, methyl-directed MMR must have evolved from the canonical MMR system
present in most other organisms. The novel aspects of methyl-directed MMR involve
recognition of and cleavage at the transiently unmethylated strand in hemi-methylated
d(GATC) sites that are present after replication but before methylation of the newly
synthesized strand (Figure 1) [4]. Remarkably, the elaborations to the canonical MMR
system in the methyl-directed MMR system facilitated the identification of the MMR genes
required for mispair recognition (mutS), signal propagation (mutL), strand discrimination
(mutH), and excision and resynthesis (uvrD/mutU) [5], as mutations in these genes suppress
the 2-aminopurine and N-methyl-N’-nitro-N-nitrosoguanidine (MNNG) sensitivity and
suppress the lethality of recombination mutations in E. coli mutants with defects in
d(GATC) methylation [6-9].

In contrast, the failure of extensive genetic screens in other organisms, such as the budding
yeast Saccharomyces cerevisiae, to identify a clear strand discrimination signal suggests that
the strand discrimination signal in the canonical MMR system may be fundamental to the
DNA replication process, such as the presence of nicks on the lagging strand. Several facts
are consistent with this view: (i) the Msh2-Msh6 homologs of MutS are physically
associated with the replication fork, though downstream steps are not [10], (ii) loci are only
competent for undergoing MMR in a short (10-15 minute) window of time after the locus is
replicated [11]; and (iii) biochemical reconstitution of eukaryotic MMR is targeted to
substrates having pre-existing nicks [12-14] (see the minireview by Kadyrova and Kadyrov
in this issue). The fact that some feature of pre-existing nicks, such as the nick itself or a
nick-loaded replicative clamp [15], may function as a signal in the canonical MMR system
echoes observations made over 30 years ago that MMR-mediated heteroduplex repair in the
bacterium Streptococcus pneumoniae, which has a canonical MMR system, is targeted to the
incompletely integrated donor strand [16-18].

Roles of the E. coli DNA adenine methyltransferase Dam

The acquisition of the DNA adenine methyltransferase Dam in gammaproteobacteria related
to E. coli was the key evolutionary innovation that created a novel mechanism for
identifying newly replicated DNA and discriminating the newly synthesized strand from the
template strand. The Dam methyltransferase catalyzes post-replication methylation of the
adenosine N6 position at palindromic d(GATC) sites using S-adenosylmethionine as a
substrate [19]. DNA replication of a fully methylated template gives rise to hemi-methylated
d(GATC) sites, in which the template strand is methylated and the newly synthesized strand
is unmodified. This transient hemi-methylated status only lasts on the order of minutes [19,
20]. Despite its relatively recent acquisition, Dam has key roles in bacterial genome
maintenance, and E. coli dam mutants have defects in replication initiation, chromosome
partitioning, nucleoid structure, and mismatch repair [21].
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In addition to roles in strand discrimination during MMR described below, hemi-methylated
d(GATC) sites play important roles in identifying newly synthesized DNA. The SegA
protein binds hemi-methylated d(GATC) sites after replication [22, 23], with high-affinity
binding of SegA requiring at least two sites on the same face of DNA [24]. Near the E. coli
chromosomal origin, oriC, SegA binding sequesters oriC into a membrane-protein complex,
which ensures that DNA replication initiates once per cell cycle by preventing binding by
the DNA replication initiation protein DnaA [19, 25, 26]. Sites near oriC are protected from
being fully methylated by Dam for up to a third of the cell cycle [19]. SeqA also reduces
expression from genes near oriC; overexpression of Dam or loss of SegA causes increased
expression from these genes, including dnaA [19, 27]. An additional hemi-methylated
d(GATC) binding factor, yccV/hspQ, has been isolated that suppresses the temperature
sensitivity of dnaA mutants and suppresses dnaA transcription [28], although yccV/hspQ has
also been implicated as a heat shock protein that stabilizes mutant DnaA proteins [29]. SegA
binding is also important for forming nucleoid structure in E. coli [30], potentially through
its interactions with the chromosome partitioning complex made up of MukF, MukE, and
MukB, which replaces the chromosome partitioning complex involving Smc-ScpAB that is
present in most other bacteria [31, 32].

coli

MMR is initiated by the recognition of a pro-mutagenic mispair generated by replication or
chemical modification of DNA (Figure 1). These mispairs are bound in E. coli by MutS,
which is a homodimeric ABC-family ATPase that can bind to single base mismatches and
insertion/deletions of up to four nucleotides in the absence of nucleotide or the presence of
ADP [33, 34] (see the minireview by Hingorani in this issue). Crystal structures of the MutS
homodimer from Thermus aquaticus and E. coli revealed that the mispair-recognition
complex binds the DNA at the site of the mispair, bends the DNA by ~60 degrees, and
opens the DNA base stack so that one face of a base in the mispair is exposed for
recognition by a conserved phenylalanine side chain [35, 36] (see the minireview by
Groothuizen and Sixma in this issue). The mispair recognition complex is functionally
asymmetric; one subunit interacts with bases at the site of the mispair, whereas the other
subunit binds dsDNA. For eukaryotic MutS homologs, this functional asymmetry is
reflected by specialization of gene-duplicated homologs [37-39]. A subtle feature of the
MutS-mispaired DNA structures is that these complexes stack the phenylalanine side chain
onto the same base in the mispair, such as the thymidine base in the T:G mispair, regardless
of whether this thymidine base is on the template or the newly synthesized strand. Hence,
MutS and its eukaryotic homologs do not perform strand discrimination.

Upon binding to a mispair, the MutS ABC ATPase domains bind ATP or exchange ADP for
ATP and undergoes a conformational change that allows the MutS dimer to rapidly slide
along the DNA, the so-called “sliding clamp”, and to recruit MutL to DNA (Figure 1) [40,
41] (see minireviews by Hingorani, by Kadyrova and Kadyrov, and by Groothuizen and
Sixma in this issue). This conformational change involves loss of the ~60 degree DNA bend
present in the mispair recognition complex [42]. This conformation has been visualized in a
crystal structure of a MutS-MutL complex trapped by chemical crosslinking and is
dominated by a large scale motion of the ABC ATPase domains, which is propagated
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through the sides of the MutS ring, exposing the connector domain for interaction with
MutL [44]. These conformational changes are consistent with altered deuteration kinetics of
backbone amides [45], the exposure of a surface on the MutS connector domain that
interacts with MutL [46], and the conformation of related ATP-bound ABC ATPase
domains [43]. ATP binding is sufficient for MutL recruitment by MutS and activation of
downstream MMR steps; however, ATP hydrolysis by E. coli MutS is also required in vivo
and may regulate the activation of MutL [47] or may be necessary to allow MutS to promote
multiple rounds of MutL loading.

MutL, like MutS, is a homodimeric ATPase; however, the N-terminal ATPase domain of
MutL belongs to the GHKL family [48] and is separated from the C-terminal domain by an
unstructured linker. The C-terminal domains of MutL are constitutively dimerized, whereas
the N-terminal domains dimerize only upon ATP binding to form a ring. In organisms with a
canonical MMR system, the MutL C-terminal domains possess endonuclease motifs that
bind two Zn2* ions [49-52] (see minireviews by Kadyrova and Kadyrov and by
Groothuizen and Sixma in this issue), and generate single-stranded breaks in DNA [50, 51,
53-56]. In organisms with a methyl-directed MMR system, the C-terminal domains have
similar folds, but the endonuclease motifs and metal binding are absent [57]; however, these
domains are involved in binding to and activating downstream components of the methyl-
directed MMR pathway [58-60].

The Mg?*-dependent endonuclease MutH is bound and activated by MutL [58, 60] (Figure
1). MutH makes a single-stranded nick 5’ of the G in the unmethylated strand of
hemimethylated d(GATC) Dam sites and thereby uses the methyl marker to perform strand-
discrimination [64]. The MutH-generated nick serves as the entry point for displacement of
the newly synthesized strand by the UvrD helicase and degradation by single-stranded DNA
exonucleases [65]. The methyl-directed MMR system is bidirectional; the hemimethylated
d(GATC) site can be located either 5 or 3’ of and up to 1-2 kb away from the mispair on the
unmethylated strand [66, 67]. In the E. coli genome, a d(GATC) site is present on average
every 242 bp and only around 2% of the sites are separated from other d(GATC) by over 1
kb. However, a genetic assay that used a trinucleotide repeat sequence as a source of 3 bp
insertion/deletion mutations revealed that only d(GATC) sites between the mispair and the
replication fork are utilized and hence MMR repair is “unidirectional” with regards to the
chromosome orientation [67]. Thus, use of sites 5’ or 3’ on the unmethylated strand most
likely corresponds to the use of origin-distal and fork-proximal d(GATC) sites for the
lagging or leading strands, respectively. The fact that the d(GATC) sites do not have to be
immediately adjacent to the mispair also suggests that the MMR machinery must somehow
signal over a distance to activate MutH. MMR in vitro requires a continuous and unblocked
DNA between the mispair and the hemi-methylated GATC sites for MMR [61]. Models
involving sliding of MutS, MutL, or MutS-MutL complexes are attractive given the protein
structures and ATP-driven conformational changes (see the minireviews by Hingorani and
by Groothuizen and Sixma in this issue). Given the transient nature of the MutS-MutL
complex, which required crosslinking for crystallization [44], and that the foci containing
MutL homologs in S cerevisiae, which either had no or substantially substoichiometric
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levels of MutS homologs [10], it seems likely that MutL is the major mediator for the ability
of MMR to act at a distance (see the minireview by Schmidt and Hombauer in this issue).

The 3’->5" UvrD DNA helicase is also bound and activated by MutL [59, 68, 69] (Figure 1).
Since UvrD has a fixed polarity but mismatch repair is bidirectional, the helicase must be
loaded either onto the newly synthesized DNA strand or the template strand depending on
the orientation of the hemimethylated site relative to the mispair. The displaced single strand
is then a substrate for multiple redundant exonucleases, including RecJ, ExoVII, Exol, and
ExoX [70, 71]. Unwinding and degradation of the displaced strand typically terminate ~100
nucleotides after the mispair [72]. Termination may be a consequence of the need for MutL
to mediate UvrD loading combined with the rather short (~50 bp) processivity of UvrD [73,
74]. Reconstitution of the repair reaction in vitro showed that DNA polymerase 111 could
mediate resynthesis of DNA across the gap and that DNA ligase could mediate sealing of
the final nick [65].

Existence of two MMR systems in the class Gammaproteobacteria

The class Gammaproteobacteria is a very large group containing 14 orders of diverse
bacteria [75], but only a subset of the species possess methyl-directed MMR systems. The
phylogenetic tree for Gammaproteobacteria (Figure 3) is derived from previous
phylogenetic trees generated from alignments of “super-genes” generated by concatenating
the sequences of multiple conserved proteins as well as the patterns of conserved signature
insertion/deletions (CSIs) in proteins [76-80]. Well-defined protein CSls are particularly
useful for deciphering evolutionary relationships between bacteria as they are less likely to
arise from independent mutational events [81], though CSI patterns can be complicated by
horizontal gene transfer (HGT) events [82]. For example, a conserved 2 amino acid deletion
in the PurH protein is characteristic of Gammaproteobacteria, except for Francisella and
Bibersteinia, which likely results from HGT of purH from a bacterium in
Alphaproteobacteria and a bacterium in Firmicutes, respectively (Figure 3) [76].
Phylogenetically restricted genes also provide insight into phylogenetic relationships. The
dam, segA, mutH, and mukFEB genes have been recognized as having distributions in
Gammaproteobacteria restricted to species related to E. coli [21, 76, 83-85] (Figure 3).
Many other genes appear to have similarly restricted distributions, including some genes like
tus, priC, and wecF that are essential to E. coli viability [76, 84]; however, most are not
known to interact with MMR or Dam.

MutS, which is a key player in both the canonical and methyl-directed MMR systems, is
widely distributed across Gammaproteobacteria, and is missing only in a subset of species,
including endosymbionts like Buchnera (Figure 3; Supplemental Table 1).
Gammaproteobacteria lacking MutS also lack MutL (Supplemental Table 1); it is not clear if
these bacteria have functional MMR. In addition, some gammaproteobacteria have a number
of other protein families that contain some, but not all of the MutS domains; however, these
proteins are not known to act in MMR (Supplemental Table 1) [86-89]. For example, the
fairly common bacterial MutS2 (not to be confused with the eukaryotic Msh2) is found in
the order Acidithiobacillales, which is not a member of Gammaproteobacteria in some
phylogenetic reconstructions [79]. MutS2 proteins have a nuclease activity in a C-terminal
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Smr domain, function in anti-recombination [90, 91], and are often found in bacteria without
MutL homologs [86]. Homologs without known function are also observed in some species,
including MutS3 (in some bacteria in the order Xanthomondales), MutS5 (in some bacteria
in the orders Methylococcales and Chromatiales), and MutS9 (in some bacteria in the orders
Acidithiobacillales and Thiotrichales).

MutL also has a wide distribution across Gammaproteobacteria due to a requirement in both
the canonical and methyl-directed MMR systems. Unlike MutS, MutL homologs can be
divided into two groups: those with endonuclease motifs in the C-terminal domain and those
without endonuclease motifs (Figure 3; Supplemental Table 1). A clear observation among
the >250 gammaproteobacterial species analyzed here as well as smaller numbers of species
analyzed previously [53, 55] is that bacteria with endonuclease-proficient MutL do not have
MutH homologs (bacteria possessing the canonical MMR system), and bacteria with
endonuclease-deficient MutL have MutH homologs (bacteria possessing the methyl-directed
MMR system). Bacteria possessing the methyl-directed MMR system are observed
primarily in the orders Enterobacteriales (which includes E. coli), Pasteurellales,
Vibrionales, Aeromondales, and some bacteria in the order Alteromonadales (genera
Alteromonas, Idiomarina, Pseudoalteromonas, Psychromonas, and Shewanella). For
purposes of this review, we term this set of bacterial species the EPVAA group.

Dam is found in many of the orders in Gammaproteobacteria, but the dam gene appears to
have been obtained through HGT in many cases. Phylogenetic analysis of the Dam protein
matches the phylogenetic branching pattern of the bacterial groups [92] only for the EPVAA
group (Figure 3; Supplemental Table 1). The dam genes in these species have been
previously been referred to as “resident” dam genes [84]. The distribution of Dam-related
genes, including those encoding components of the methyl-directed MMR system, suggests
that Dam was incorporated into a gammaproteobacterium that was ancestral to the EPVAA
group. This common ancestor also obtained SegA and MutH and lost the endonuclease
activity in MutL (Figure 3). The dramatic shift from one form of MMR to another in
EPVAA bacteria is reminiscent of the switch from the Smc-ScpAB to the MukFEB
chromosome partitioning systems, which affects a subset of bacteria in the EPVAA group
and likely occurred in a common ancestor to the orders Enterobacteriales, Pasteurellales,
and Aeromonadales (Figure 3) [83, 93].

HGT of genes involved in the methyl-directed MMR system

Analysis of the pattern of bacterial species with the methyl-directed MMR system identifies
several, presumably independent HGT events. For example, Nitrosococcus, a genera of
marine aerobic ammonia-oxidizing bacteria that belong to the order Chromatiales (the
purple sulfur bacteria) based on CSI patterns (Figure 2) and a 16S rRNA phylogeny [94],
have obtained a methyl-directed MMR system by HGT, including the dam, mutL, and mutH
genes (Figure 4). Of the mutSand mutL genes in Nitrosococcus, only the mutSgenes are
most closely related to mutSgenes in other bacteria belonging to Chromatiales. HGT
involving gain of a mutH homolog and an endonuclease-deficient mutL homolog also appear
to have occurred in other orders of Gammaproteobacteria (Figure 4), including the order
Legionellales (genera Fluoribacter, Legionella, and Tatlockia) and the order Thiotrichales
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(genus Methylophaga). In each of these bacteria, only genes involved in methyl-directed
MMR were obtained by HGT; other Dam-dependent genes such as segA, mukF, mukE, and
mukF are not present. Dam, MutH, and endonuclease-deficient MutL proteins are also found
in the genus Rheinheimera (order Chromatiales) and the genus Kangiella (order
Oceanospirillales); however, in these cases CSI patterns and protein homologies suggest
that these are not HGT events but rather that these species are misclassified (Rheinheimera
and Kangiella have gene conservation and CSI patterns like species with methyl-directed
MMR systems in Alteromonadal es).

In contrast, there are no clear cases of HGT involving replacement of a methyl-directed
MMR system with a canonical MMR system. A few bacteria in the order Alteromonadales
(genera Marinobacter, Saccharophagus, and Teredinibacter) lack the methyl-directed MMR
system of other species in Alteromonadales (Supplemental Table 1); however, Marinobacter
and Saccharophagus were shown previously to group with bacterial species in the orders
Pseudomonadal es and Oceanospirillales and not with other species in the order
Alteromonadal es (Teredinibacter was not included in this analysis) [79]. Re-assignment of
all three genera to groups other than Alteromonadales would be consistent with (i) the lack
of the segA gene, (ii) the lack of the 4 amino acid deletion in RpoB, and (iii) the lack of the
methyl-directed MMR system (Figure 3) and would argue against HGT involving MMR
genes in these genera.

Evolution of the methyl-directed MMR system

The evolution of the methyl-directed MMR system from the canonical MMR system can be
envisioned to occur in multiple steps. The necessary first step is the acquisition of Dam,
which appears to be closely related to methyltransferases from other restriction-modification
systems [21]. The subsequent acquisition of mutH and loss of the mutL endonuclease
activity would be one pathway to obtain a methyl-directed MMR system. In Pseudomonas
aeruginosa (order Pseudomonadales), which has an endonuclease-proficient MutL and lacks
the methyl-directed MMR system, mutations in mutS mutL, and uvrD increase the levels of
spontaneous mutations [95], suggesting that the UvrD helicase operates in the canonical
MMR system of P. aeruginosa. Thus MMR can be envisioned to be functional throughout
the evolutionary transition, with an endonuclease-proficient and dam-independent MutL
acting until MutH becomes available. Consistent with this, MutL from P. aeruginosa can
also complement a mutL™ E. coli strain (although it is unclear if MutH or Dam are required
for MMR in this complemented strain) [96]. Other orders of gene addition and modification,
however, might be possible depending on the activities of the individual proteins. For
example, the endonuclease-deficient MutL from E. coli can surprisingly complement loss of
the endonuclease-proficient MutL from P. aeruginosa [96]; under these conditions, it is not
clear what provides the strand discrimination function or nicks in the DNA although nicks
produced during DNA replication could serve this purpose.

MutH may have evolved from a type Il restriction endonuclease with a PD-(D/E)XK domain
that was a common ancestor with Sau3Al [97] (Figure 5a). Most restriction endonucleases
are homodimers, and each subunit cleaves one DNA strand [98]. In contrast, MutH is
monomeric in solution and when bound to DNA (Figure 5b,c), and Sau3Al is monomeric in
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solution, but dimerizes upon binding DNA [99] (Figure 5d). Both MutH and Sau3Al
recognize the Dam-targeted d(GATC) sites and cleave 5 of the G residue. MutH is sensitive
to adenosine methylation and recognizes the unmethylated adenosine at d(GATC) Dam sites
using a tyrosine residue (E. coli Y212), which is required for cleavage [97, 100, 101]. In
contrast, Sau3Al is sensitive to cytosine methylation. Like MutL-mediated activation of
MutH, Sau3Al activity also appears to be inducible, albeit through an allosteric mechanism.
Each Sau3Al monomer contains two copies of the MutH fold, although only the N-terminal
domain has a functional PD-(D/E)XK motif [99, 102, 103] (Figure 5a,b). Based on the
ability of Sau3Al dimers to generate DNA loops observed by electron microscopy and
studies of the isolated C-terminal domain, the C-terminal domain also binds d(GATC) sites
[99, 103]. Sau3Al is most active on substrates with two sites, although the first double-
stranded cleavage is rapid and the second is slow, suggesting that the DNA binding by the
C-terminal domain acts as an allosteric activator for the N-terminal domain [99] (Figure 5d).
Thus, the common ancestor to both MutH and Sau3Al had numerous properties that were
advantageous for MutH evolution: (i) stability as a monomer to allow for single-stranded
DNA nicking, (ii) inducible enzymatic activity to allow for activation by MutL, and (iii)
recognition of d(GATC) for strand-specific inhibition by Dam methylation.

Of the evolutionary steps necessary to generate a methyl-directed MMR system, loss of the
endonuclease active sites from MutL is probably the simplest, and in principle could have
occurred multiple times. Conserved C-terminal motifs in endonuclease-proficient MutL
homologs are constrained by the need to bind metals and catalyze strand cleavage and are
lost in endonuclease-deficient MutL (Figure 6a); however, nuclease-proficient and nuclease-
deficient MutL homologs have the same folds for both the N- and C-terminal domains
(Figure 6b,c; also see the minireview by Groothuizen and Sixma in this issue). Two of the
key endonuclease motifs, DxHxxXER and CHG are present on conserved structural
elements. The third motif containing the sequence CNHGRPT, however, is present on an
extended metal-binding loop where the cysteine and histidine side chains are metal ligands
(Figure 6d). Remarkably, MutL proteins from Enterobacteriales retain precisely the same
number of residues as the metal-binding loop, and the structure of this region in E. coli
MutL terminates helix E’ with P589 and uses this proline to begin a new, short, a-helix (F/)
which is terminated by P595 and P596 (Figure 6e). These three proline residues are highly
conserved in MutL proteins from Enterobacteriales (Figure 6a). This loop, which contains
CNHGRPT in endonuclease-proficient MutL, is highly divergent in other endonuclease-
deficient MutL proteins; the features of this loop that are conserved in E. coli and the
Enterobacteriales are not conserved in endonuclease-deficient MutL from Pasteurellales,
Vibrionales, Aeromondales, Alteromondales, and Legionellales. This dramatic divergence
could, in principle, be due to loss of evolutionary constraints on this region or due to
multiple independent events in which the endonuclease function was lost.

Conclusions

In principle, any transient state affecting the newly synthesized strand that exists

immediately after replication could be used to mediate strand discrimination during DNA
MMR. Although the advantage of switching from the canonical MMR system to methyI-
directed MMR system is not entirely clear, Dam methylation has several advantages over
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other DNA maodifications. First, the target of Dam methylase, d(GATC), is short and found
frequently in the genome. Other DNA-modifying enzymes target longer sequences that are
less frequent in the genome, such as the E. coli Dcm cytosine N®-methyltransferase that
modifies the second cytosine at d(CC(A/T)GG) sequences. Second, unlike 6-methyladenine
generated by Dam, 5-methylcytosine readily deaminates and generates pro-mutagenic G:T
mispairs that are repaired by base-excision repair, very short patch (VSP) repair, or MMR
[104]. However, the evolution of the E. coli version of the methyl-directed MMR system
may not have been due to the advantages of 6-methyladenine or the d(GATC) sites but
rather due to the favorable features of the Dam and MutH ancestors combined with
historical contingency. If we could perform Stephen Jay Gould’s Gedanken experiment of
“replaying life’s tape” [105], it seems equally possible that the E. coli methyl-directed MMR
system might not have arisen at all or may have coopted some other available DNA
modification, such as B-glucosyl-5-hydroxymethylcytosine via HGT of genes from
bacteriophage T4 [106].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS
E. coli contains an unusual methyl-directed mismatch repair (ndMMR) pathway.

The mdMMR arose in an ancestor to a subset of Gammaproteobacteria (the EPVAA
group).

mdMMR features are gain of Dam and MutH and loss of the MutL endonuclease
activity.

Gammapr oteobacteria either have the canonical MMR or mdMMR pathway but not
both.

Gammaproteobacteria like Legionella obtained mdMMR by horizontal gene
transfer.
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Fig 1. Diagram of methyl-directed MMR

Main steps in the E. coli methyl-directed MMR pathway (see main text). Black circle

indicates the presence of a methylated adenosine at a d(GATC) site.
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Fig 2. Distribution of methyl-directed MMR in living organisms
Presence or absence of the methyl-directed MMR is indicated by “Y” for yes and “N” for

no. Available structures of MMR proteins for each group are depicted. Relationships
between the bacterial groups derived from [92]. For MutL homologs, available structures of
N-terminal domains are indicated with (N) and the available structures of C-terminal
domains are indicated with (C).
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Fig 3. Distribution of methyl-directed MMR in Gammaproteobacteria
The distribution of dam-related genes is shown as “Y” or yes and “N” for no for orders

within Gammaproteobacteria based on analysis of over 250 bacterial genomes
(Supplemental Table 1). Names annotated with asterisks are genera or families, and the
orders to which they are assigned are in parentheses. The endonuclease-proficient and
endonuclease-deficient types of mutL genes are shown separately, and that only “resident”
dam genes are shown with a “Y”. Phylogenetically informative CSls are also shown. Nodes
corresponding to Gammaproteobacteria, the EVPAA group, which includes bacteria
containing the methyl-directed MMR system, and the bacteria in which Smc-ScpAB is
replaced by the MukFEB chromosome partitioning system are labeled. Relationships
between the gammaproteobacterial species are derived from previous phylogenetic analyses
[76, 77, 79].
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Fig 4. Putative horizontal gene transfer events establish methyl-directed MMR systems
Sources for the mutS mutL, and mutH genes were derived based on closest homologs from

BLAST analyses for methyl-directed MMR genes in Nitrosococcus (a), Methylophaga (b),
and Legionella (c). The dashed arrow corresponds to a HGT event specific to N. halophilus
Nc 4, which contains two MutL homologs, one is predicted to be endonuclease-proficient
and the other is endonuclease-deficient. The endonuclease-proficient MutL is most closely
related to MutL proteins from the bacterial phylum Aquificae and not Gammaproteobacteria
and likely indicates a separate HGT event, whereas the endonuclease-deficient MutL
proteins from multiple Nitrosococcus species are most closely related to MutL proteins in

the genus Pseudomonas.
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a. H. influenzae MutH
1 m 229 E. coli MutH
1 489 Saudhl

b.

Fig 5. Relationship of MutH with Sau3Al
a. Sau3Al contains two copies of the MutH PD-(D/E)XK domain, but only the first has a

functional nuclease motif. b. E. coli MutH (red; PDB id 2azo; [97]) and the C-terminal
domain of Sau3Al (blue; PDB id 2reu; [103]) have a common fold. C. Structure of
Haemophilus influenzae MutH (red) in complex with a d(GATC) site (yellow and orange;
PDB id 2a0q; [100]). D. Model of DNA looping by a Sau3Al dimer on a DNA with two
d(GATC) sites.

DNA Repair (Amst). Author manuscript; available in PMC 2017 February 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Putnam

a.
Endonuclease
proficient
(Gammaproteobacteria)

Endonuclease
deficient
(Enterobacteriales)

E. coli MutL dimer

N-terminal
domains

CNHGRPT

a4 a-helix (E') a-helix (E)

P589
¥

C—termmal - S y
domains . &N

s‘z“% LS

e H637

CNHGRPT P640

Vestlglal endonuclease sites -
Neisseria gonhorreae E. coli

Fig 6. Loss of endonuclease motifs in E. coli MutL
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Overlay

a. Sequence logos, where the height of the letter indicates of its degree of conservation, were

generated by Seg2Logo [107] for the endonuclease-proficient MutL in

Gammaproteobacteria and the endonuclease-deficient MutL in Enterobacteriales, which
includes E. coli. The endonuclease motifs are shown in red. b. Modeled structure of full
length MutL based on the N-terminal domain structure (PDB id 1b62; [108]) and the C-

terminal domain structure (PDB id 1x9z; [57]). c. Overlay of the E. coli (yellow) and

Neisseria gonorrhoeae (green) MutL C-terminal domains reveals that the folds are the same;

N. gonorrhoeae is the nuclease-proficient domain structure that is most closely related
coli (Fig. 1). Residues in red correspond to the endonuclease motifs. d. Changes in the

to E.

CNHGRPT motif-containing loop are depicted for the nuclease-proficient N. gonorrhoeae

(left) and E. coli (middle) with an overlay of the two structures (right).
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