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Dual recognition-incision
enzymes might be involved in
mismatch repair and meiosis

Harmit S. Malik and Steven Henikoff

Mismatch repair in many organisms depends on three proteins: the
mismatch-recognition protein MutS, a nicking endonuclease MutH, and MutL,
which acts as a scaffold between these. However, many genomes lack MutL
but possess MutS. In one of these cases, in a coral mitochondrial genome, a
gene is present that encodes a MutS protein fused to an HNH nicking
endonuclease, potentially eliminating the requirement for MutL. Likewise,
many prokaryotes could operate similarly, independently of MutL by encoding
a fused MutS-Smr (MutS2) protein. Smr, which is proposed to be a nicking
endonuclease, can also be found separately in many eukaryotes, where it
might play a role in mismatch repair or meiotic chromosome crossing-over.

DNA REPLICATION CAN be an error-
prone process. Errors introduced during
replication can be corrected by the
mismatch repair (MMR) system found in
most organisms. Mutations in the MMR
system have been associated with many
hereditary diseases, including nonpolyp-
osis colon cancer!. The most exten-
sively studied MMR system is the
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Escherichia coli MutS-MutL-MutH path-
way (Fig. 1a, Ref. 2). A mismatch is rec-
ognized by the MutS dimer, which then
recruits MutL and MutH dimers, with
MutL acting as a scaffold between MutS
and the endonuclease MutH. MutH nicks
the DNA at a hemi-methylated GATC
site, where the Dam methyltransferase
has introduced a methylated adenine
that provides the signal to distinguish
the parental strand from the newly syn-
thesized and unmethylated daughter
strand. Because MutS can recognize a
variety of base mismatches, as well as
loops, MutLSH systems can correct a

0968 -0004/00/$ — See front matter © 2000, Elsevier Science Ltd. All rights reserved.

variety of replication errors, including
frameshifts caused by strand slippage in
microsatellites.

Eukaryotic MutS proteins have been
best characterized in the yeast
Saccharomyces cerevisiae. This yeast has
six MutS homologs (or MSH). MSHI is
found only in fungi and is involved in
mitochondrial MMR (Ref. 3). MSH2-MSH3
and MSH2-MSH6 heterodimers are re-
sponsible for repairing short (1-2 bases)
and larger loops of mismatches, respec-
tively*, MSH4 and MSH5 do not appear
to play a role in MMR at all. Instead, a
heterodimer of MSH4-MSHS5 is involved
in meiotic crossing-over and chromo-
some segregation®$, where it is believed
to recognize and resolve recombination
intermediates that involve segments of
mismatched bases brought together
from the two parental chromosomes
during meiosis. There are four MutL
homologs (MLH) in S. cerevisiae. MLH1
heterodimerizes with either Pms1p (also
an MLH), MLH2 or MLH3. MLH1-Pms1p
helps correct single-base mismatches
and small insertions and deletions,
whereas MLH1-MLH3 heterodimers are
involved in meiotic recombination, along
with MSH4 and MSH5 (Refs 9,10). The
role of MLH2 is still unclear. No genes for
putative MutH homologs have been
identified in the S. cerevisiae genome so
far (Fig. 1b).

By virtue of their sequence similarity,
it is relatively simple to identify MutS
homologs from a variety of species.
Most genomes that contain MutS also
possess genes for Mutl. homologs.
However, very few of these genomes
also contain genes encoding proteins
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homologous to MutH (Ref. 11). From
sequence comparisons, it appears
likely that Dam methyltransferase and
MutH represent remnants of an ancient
restriction-modification (R-M) system
that was recruited by a eubacterial
genome for DNA repair'?; only a few bac-
teria possess both Dam and MutH.
Therefore, most organisms can use a dif-
ferent nicking endonuclease. This was
demonstrated recently by the discovery
of MED1, a nicking endonuclease with
homology to the glycosylase-lyase fam-
ily. Although MED1 (also known as
MBD4) is not homologous to MutH, it
appears to carry out an analogous role
to MutH in humans'®. Mutations in
MED1 are found in human carcinomas
with microsatellite instability'. MED1
bears a methyl-CpG-binding domain,
and it has been suggested that cytosine
methylation is at least one of the signals
used to distinguish parental from
daughter strands in the human genome
(Ref. 13, Fig. 1c). However, DNA modifi-
cation is not ubiquitous. Many gen-
omes lacking any DNA modification
(e.g. Drosophila melanogaster and
Caenorhabditis elegans) also contain
genes for MutS and MutL. homologs, and
are probably subject to MMR. In the ab-
sence of a DNA modification signal, how
do MMR systems distinguish between
parental and daughter strands? The iden-
tification of alternative MutH analogs
should help delineate how this strand
recognition occurs in other systems.

The coral mitochondrial MutS

A gene that encodes a MutS homolog
has been identified in the mitochondrial
genome of the coral Sarcophyton glau-
cum (Sgmt-MutS, Ref. 15). A subsequent
report suggested that Sgmt-MutS might
have been acquired via a ‘reverse’ hori-
zontal transfer from the nuclear genome
to the mitochondria'é. However, a more
comprehensive analysis'' concluded
that Sgmt-MutS was part of a relatively
uncharacterized group of prokaryotic
MutS homologs, termed MutS2, and was
unlikely to be of nuclear origin. We iden-
tified a putative HNH endonuclease
domain in the Sgmt-MutS protein using
PSI-BLAST searches!, with embedded
sequences® as a query (Fig. 2). HNH
endonuclease domains have been previ-
ously identified in proteins conferring
mobility to Group [ and Group Il introns,
and inteins, as well as in bacterio-
cins'"!8, The Sgmt-MutS HNH was de-
tected at significant levels (£ values of
104 to 1075) using the Group-ll intron
consensus. This level of significance is
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Figure 1
Various configurations of mismatch repair (MMR) systems. (a) Escherichia coli MutLSH sys-
tem. MutS (S) proteins recognize mismatches and recruit MutL (L), which acts as a scaffold
between MutS and MutH (H). MutH binds and cleaves 5’ of an unmethylated GATC site
paired to a methylated (Me) site. (b) In Saccharomyces cerevisiae, six MutS and four MutL
homologs (MSH and MLH, respectively) are known that function in MMR and chromosome
crossing-over and segregation. No MutH-like genes have been identified, and the signal to
distinguish between the parental and the daughter strands is also unknown. (¢) MED1 is
an analog of MutH in Homo sapiens that has been proposed to recognize CG hemimethyl-
ated sites. (d) The Sgmt-MutS (a MutS homolog present in the mitochondrial proteome of
the coral Sarcophyton glaucum) is proposed to be a dual recognition—incision enzyme,
which uses an HNH domain for MutL-independent nicking. Sgmt-MutS might recognize a
specific DNA sequence rather than a particular DNA modification. (e) MutS2 proteins (in
Helicobacter pylori, for example) encode a fusion between MutS proteins and Smr proteins;
it is proposed, by analogy to Sgmt-MutS, that Smr is also a nicking endonuclease. (f) In
some genomes, interactions between MutS and Smr might be mediated by MutL proteins.

Saccharomyces cerevisiae
Neurospora crassa
Podospora anserina
Allomyces macrogynus
Schizosaccharomyces pombe €.
Sphingomonas sp.
Lactococcus lactis
Marchantia polymorpha
[sgmt-Muts

McrA- Escherichia coli

().
().
().
().
().
.(5).
(7).
.(3)..
.(3)..

.(13)..

(21)..
(22)..
.(19)..
.(20)..
.(19)..
...
.(18)..
.(32)..
(7).
.(11)..

rlol-<o0< - ~—<r
<|<|m~—<z2zx2zx=zx<
“XmzmmIBmAIT D
zZlzlvomzzzzz zJl

Figure 2

Sgmt-MutS (a MutS homolog present in the mitochondrial proteome of the coral
Sarcophyton glaucum) encodes an HNH endonuclease domain. A consensus of HNH endo-
nucleases from a variety of sources!”18 — Group-l and Group-Il introns, bacteriocins and
inteins — was constructed using embedding techniques®. In this method, a single se-
quence is selected from a set of blocks and enriched by replacing the conserved regions
delineated by the blocks by consensus residues derived from the blocks. This consensus
was used for iterative database searches using PSI-BLAST (Ref. 19). Presentation of the
alignment of selected HNH endonuclease domains is made possible using MACBOXSHADE.
HNH domains presented are from Group-ll introns: S. cerevisiae (VO0694), N. crassa
(S07649), P. anserina (E48327), A. macrogynus (S63652), S. pombe (S10070), S. aro-
maticivorans (AFO79317), L. lactis (X89922), M. polymorpha (S25952), the methyl-cyto-
sine specific restriction endonuclease from Escherichia coli, McrA (Z19104), and Sgmt-
MutS. The three-dimensional structure of HNH endonucleases identifies three histidine
residues (black arrowheads) that comprise the active site®!, whereas the white arrowhead
highlights the asparagine residue previously thought to be part of the active site!’. Thus,
Sgmt-MutS is inferred to encode an active HNH endonuclease.

better than for other groups of previ-
ously identified HNH motifs, in bacterio-
cins, for example. In addition, Sgmt-
MutS has a well-conserved di-cysteine
motif upstream of the HNH endo-
nuclease motif (Fig. 2). Therefore, the

HNH domain from Sgmt-MutS bears the
closest resemblance to the endonuclease
domains from Group-Il introns. In Group-
II introns, this HNH endonuclease do-
main is responsible for nicking a target
site only on one strand within a
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Figure 3

Phylogenomics of the MutS family of proteins. (a) The different MutS subfamilies, as proposed by Eisen'. The black boxes refer to regions
of homology identified among all the MutS homologs (MSH) that include the predicted ATPase motifs. In the MutS2 lineage, additional do-
mains are found at the C-terminal end, as represented in Sgmt-MutS (a MutS homolog present in the mitochondrial proteome of the coral
Sarcophyton glaucum) (HNH) and MutS2 from Bacillus subtilis (Smr). In all other lineages, N-terminal extensions (gray boxes) bear regions of
homology?® that are proposed to constitute MutL-binding determinants. (b) Phylogenetic analysis of the MutS family of proteins. Although the
general conclusions are the same as in a previous analysis'?, additional sequence data allow better resolution in the MutS- lineage. MutS-
proteins are involved in mismatch repair (blue), whereas MutS-ll proteins are proposed to be exclusively involved in chromosome crossing-
over and segregation (yellow). The biological function of Sgmt-MutS and MutS2 is unknown.

specific DNA sequence to initiate
reverse transcription?!. The presence
of an HNH endonuclease domain in
Sgmt-MutS, similar to the nicking
endonucleases of Group-ll introns, is
satisfying because an endonuclease
that  introduces  double-stranded
breaks would be useless in MMR. It
raises the intriguing possibility that
Sgmt-MutS might also recognize a
specific DNA sequence rather than a
particular DNA modification. Sgmt-
MutS thus appears unique in that both
mismatch recognition and nicking
activities appear to be present in the
same protein (Fig. 1d). Sgmt-MutS
might thus represent a compact MMR
system.

Phylogenomics of the MutS family of
proteins

With the advent of large-scale genome
sequencing efforts, it has become poss-
ible now to assign (putative) functions
to unknown genes by evolutionary analy-
sis (i.e. phylogenomics)??. The MutS
family of proteins is well conserved and
possesses several ‘blocks’ of highly con-
served amino acids that include the
ATPase domain (Fig. 3a). A phylo-
genomic analysis (Fig. 3b) based on an
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alignment of this segment divides MutS
homologs into eight subfamilies!! and
provides insights into proposed func-
tions for these subfamilies by extrapo-
lating across orthologous groups. By
virtue of greater sequence coverage, it
has been possible to make subtle refine-
ments to the original analysis!!. MutS
families are divided into two general
groups. The MutS-I group includes the
MutS1 from E. coli, as well as some eu-
bacterial and archaeal homologs, and
the eukaryotic MutS homologous
groups, MSH1, MSH2, MSH3 and MSHS,
all of which are involved in MMR. The
proposed MutS-Il group includes MutS2
representatives  from  eubacterial,
archaeal and plant sources, as well as
the MSH4 and MSH5 eukaryotic groups,
which are not involved in mismatch re-
pair but in chromosome crossover and
segregation. Plant MutS2 proteins are
clearly derived from a cyanobacterial
source and probably represent a hori-
zontal transfer from their plastids. Some
sequence similarity can be found be-
tween MSH1-6 and MutS1 outside the
proposed ATPase domain (Fig. 3a) but
not within the MutS2 lineage?,

From an evolutionary standpoint, it
seems likely that a prokaryotic MutS1-like

ancestor gave rise to MSH1 (fungal mito-
chondrial) and MSH2, with the latter sub-
sequently diversifying into the MSH3 and
MSH6. Note that in eukaryotic MMR,
MSH2-MSH3 and MSH2-MSH6 het-
erodimers are the functional units. This
suggests that in eukaryotes, one would
always expect to find MSH2 but not
necessarily MSH3 or MSH6. Lack of MSH3
or MSH6 would either indicate that MSH3
and MSH6 did not diversify from MSH2 (in
early-branching eukaryotes) or that these
were subsequently lost, because of func-
tional redundancy. Both of these sce-
narios might be true. In C. elegans and in the
diplomonad Giardia lamblia, sequence
coverage is quite extensive across the en-
tire genome. In both cases, the MSH2,
MSH4 and MSH5 homologs, but neither
MSH3 nor MSHS, are readily detected by
BLAST searches (confirmed by phylo-
genetic analyses). In these species, we
predict that MSH2 homodimers act as the
functional subunits in MMR.

MutS without MutL?

Although it is clear that most organ-
isms that possess MutS homologs do not
contain a MutH homolog, it is puzzling
that some of these do not have MutL
homologs either. It has been suggested
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Figure 4

Smr domains in prokaryotic and eukaryotic species, and identification of Smr domains in various organisms. An alignment of Smr domains
from prokaryotic MutS2 proteins® is shown in Logos format3? with previously identified motifs highlighted. In Logos format, the size of each
residue at a particular position is proportional to its incidence in that position, and the total height of all the residues in the position is pro-
portional to the relative conservation (information content) of that position. PSI-BLAST (Ref. 19) searches were used to identify additional Smr
homologs shown below the Logos (numbers of amino acids deleted for purposes of alignment are shown in light blue). This approach is es-
sentially similar to that used in the initial identification of Smr (Ref. 26), except that the eukaryotic Smr homologs identified in TBLASTN
searches versus various nucleotide databases (dbest, etc.) were subsequently used to obtain the various putative eukaryotic homologs. Note
that in the proposed eukaryotic Smr homologs, Motif IV cannot be found at statistically significant levels.

previously that these organisms lack an
MMR system?. However, all the known
MutS-bearing genomes that lack MutL
contain a MutS2-encoding gene*?%, In
cases where two genes encoding MutS
homologs, MutS1 and MutS2, are present
in the same genome, only one gene for a
MutL homolog is present. The simplest
explanation for these observations is
that the MutS2 lineage operates in a
MutL-independent fashion. Because
MutL acts as a scaffold between MutS
and the nicking endonuclease?, direct
linking of the two domains would obvi-
ate the necessity for a scaffold linker.
Sgmt-MutS could represent an example
of such an arrangement in the mitochon-
drial proteome of the coral S. glaucum,
where MutS is predicted to be linked di-
rectly to a nicking HNH endonuclease
(Fig. 1c¢), and MutL homologs are absent.

Extending the analogy of the Sgmt-
MutS protein to other members of the
MutS2 lineage, all other MutS2 proteins
represent a fusion of two domains, the
MutS domain and a smaller C-terminal
domain that has been referred to as the
small MutS-related (Smr) domain (Fig. 4,
Ref. 26). We speculate that the Smr do-
main acts in analogous fashion to the
HNH domain as a nicking endonuclease
(Figs le, 3a). Although biochemical proof
of the enzymatic activity of Smr is still

lacking, the fusion of two proteins in evo-
lutionary history is generally considered
suggestive of them being involved in the
same pathway (see Ref. 27, for example).
Sequences encoding Smr domains are
found in many lineages of eukaryotic
genomes (Fig. 4), and its ubiquity sug-
gests an important role. In many species,
Smr is present as a stand-alone open
reading frame (i.e. not fused to MutS) and
would thus require a scaffold linker to
interact with MutS, a role that might be
carried out by MutL (Fig. 1f). It is not
known whether prokaryotic MutS2 pro-
teins function in mismatch repair or
chromosome segregation, or both. The
function of Smr is also unknown but might
be restricted to chromosome crossing-
over and segregation, because MutS2
proteins fall within the MutSl lineage
(Fig. 3b). Other members of the MutS-II
lineage, the eukaryotic MSH4 and MSH5
proteins, appear to act in a MutL-depend-
ent manner®!® in meiotic chromosome
crossing-over. The role of Smr in chromo-
some segregation is under investigation.

MutS2 proteins represent the only
MutS lineage that operates independ-
ently of MutL. Other MutS lineages are
homologous beyond the core ATPase
domain, and it is possible that these
‘extra’ regions might represent binding
determinants for MutL (Ref. 23, Fig. 3a).

This argues against the possibility of
MutS2 being an ancestral lineage, con-
sistent with the framework in Fig. 3b
(Ref. 11). Thus, a prokaryotic MutL-
dependent MutS2 ancestor probably
gave rise to the eukaryotic MSH4 and
MSHS5 lineages that now play important
roles in chromosome crossing-over and
segregation, possibly with the aid of
Smr. After a fusion of MutS2 and Smr, the
MutL requirement might have been lost.
Smr might have been functionally re-
placed by a nonhomologous HNH endo-
nuclease domain in Sgmt-MutS.
Although the presence of MutS is a
good indicator for the ability of the
genome to recognize mismatches, no
other ubiquitous component is apparent.
Thus, MutS-bearing species can lack
either ~Mutl  (Helicobacter  pylori,
Campylobacter jejuni — both of which pos-
sess MutS2 only) or Smr (Chlamydia
species, Rickettsia prowazekii). In species
lacking MutL, MutS is fused to another
domain that might represent a nicking
endonuclease (Sgmt-MutS, MutS2-Smr). In
all other cases, MutL might act as a scaf-
fold between MutS and Smr or other
(unknown) nicking endonucleases.

What is the signal?
It is crucial for the MMR machinery to
be able to distinguish between the
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parental strand and the newly synthe-
sized daughter strands in DNA repli-
cation. Although MutH and MED1 rely
on DNA methylation to distinguish be-
tween parental and daughter strands
(Fig. 1a,b), it is not clear how the HNH
domain in Sgmt-MutS makes this distinc-
tion. One possibility is that, like other
members of the MutS-I lineage, the only
function of Sgmt-MutS is in chromosome
crossing-over and segregation'!; nicking
a strand in a DNA-sequence-specific
manner might suffice to resolve the
Holliday-junction-like  structures®. I,
however, Sgmt-MutS plays a role in
MMR, the DNA target sites (typically
nonpalindromic) recognized by the HNH
endonuclease would be under selective
pressure to be properly oriented in the
mitochondrial genome relative to the
origin of replication.

We have suggested that Smr might
represent the more common form of a
‘resolving endonuclease’. However, the
general nicking endonuclease involved
in mismatch repair is still elusive. Like
Dam-MutH, the recruitment of R-M en-
zymes for DNA repair function might be
generally true for prokaryotic genomes,
in which multiple R-M systems as well
as HNH endonucleases (of unassigned
function) are present. For example, yisB,
which is a stand-alone HNH endo-
nuclease phylogenetically related to
Group-Il introns and Sgmt-MutS, might
be a good candidate for a nicking
endonuclease in  Bacillus  subtilis.
Successive nonhomologous recruit-
ments of different R-M systems in mis-
match repair (where the former restric-
tion endonuclease is now serving as a
nicking endonuclease) might have
blurred the identification of MutH
analogs in different prokaryotic species.

In eukaryotic genomes, it is relatively
rare to encounter genes encoding such
‘nicking endonucleases’, except in retro-
transposable elements?, To account for
the lack of candidate endonucleases, a
previous model® has suggested that
mismatch repair might proceed inde-
pendently of a nicking endonuclease,
using the tethering of MMR complexes
to the DNA replication machinery to
stall the replication fork until errors are
corrected. As DNA synthesis is discon-
tinuous on the lagging strand, it is likely
that there is no requirement for a (hypo-
thetical) nicking endonuclease to recog-
nize this strand. However, leading-
strand synthesis is continuous, and it is
more likely that the tethering of MMR
and replication machineries via the slid-
ing clamp protein PCNA (Ref. 30) might
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be involved in strand recognition in con-
junction with an as-yet-unknown nicking
endonuclease. The identification of
MEDI reiterates the likelihood of finding
such additional eukaryotic endo-
nucleases involved in MMR. The identi-
fication of Smr (Ref. 25) and Sgmt-MutS-
HNH might provide a new paradigm for
identification of additional components
of the MutS-containing pathways, and
their roles in repair and meiosis.

Conclusions

The unexpected finding of a gene en-
coding a ‘fused’ MutS2-HNH (mismatch
recognition—-nicking endonuclease) pro-
tein in a coral mitochondrial genome
(Sgmt-MutS) has raised the possibility
that the MutS2 group operates independ-
ently of MutL. The more general MutS2
members possess a fused MutS-Smr do-
main, leading to the hypothesis that Smr
also represents a nicking endonuclease
likely to be involved in meiotic chromo-
some crossing-over and segregation.

This study suggests the possibility of
a MutL-independent mode of MMR. The
proposed existence of dual recogni-
tion-incision (MutS-‘nickase’) enzymes
also suggests potential strategies for
complementing defects in the MMR
pathway, perhaps by introducing a
fused MutS-MEDI gene into mammalian
genomes. MMR is a crucial process for
an organism to keep its mutational load
in check. Resolution of mismatched
intermediates is also essential in meiosis.
The myriad MMR-like systems high-
lighted in this report reflects the evolu-
tionary opportunism shown by different
genomes to accomplish these important
processes. Thus, lack of homologous
proteins might not suffice to rule out the
presence of alternative means to the
same end.
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