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Mismatch repair in Escherichia coli involves a number of pro-
teins including MutL and UvrD. Eukaryotes also possess MutL
homologues; however, no UvrD helicase homologues have been
identified. The hyperthermophilic bacterium Aquifex aeolicus
has a MutL protein (Aae MutL) that possesses a latent endonu-
clease activity similar to eukaryotic, but different from E. coli,
MutLproteins. By sequencehomologyAq793 is amember of the
PcrA/UvrD/Rep helicase subfamily. We expressed Aae MutL
and the putative A. aeolicus DNA helicase (Aq793) proteins in
E. coli. Using synthetic oligonucleotide substrates, we observed
that lower concentrations of Aq793 were required to unwind
double-stranded DNA that had a 3�-poly(dT) overhang as com-
paredwithdouble-strandedDNAwith a 5�-poly(dT) or lacking a
poly(dT) tail. This unwinding activity was stimulated by adding
Aae MutL with maximal stimulation observed at an �1.5:1
(MutL:Aq793) stoichiometric ratio. The enhancement of Aq793
helicase activity did not require the Aae MutL protein to retain
endonuclease activity. Furthermore, the C-terminal 123 amino
acid residues of Aae MutL were sufficient to stimulate Aq793
helicase activity, albeit at a significantly reduced efficacy. To the
best of our knowledge this is the first time ahumanPMS2homo-
logue has been demonstrated to stimulate a PcrA/UvrD/Rep
subfamily helicase, and this finding may further our under-
standing of the evolution of the mismatch repair pathway.

The mismatch repair (MMR)2 pathway corrects base mis-
pairings that arise during DNA replication and errant recom-
bination events in bacteria (1) and eukaryotes (2–4). MMR is
therefore an important mechanism in the maintenance of
genomic stability. The mechanism and major components of
the Escherichia coli and human MMR pathways have been
extensively studied (1, 5–7). In E. coli, MutS initiates MMR by
binding to unpaired bases in duplex DNA. Themispair binding
triggers an adenine nucleotide exchange in MutS and subse-
quent recruitment of MutL. The DNA-MutS-MutL complex
stimulates the latent endonuclease activity of MutH that nicks
the unmethylated strand at hemimethylated GATC (dam
methylation) sites and thereby discriminates the daughter from
the parentalDNAstrand. Interestingly,MutL is not only instru-
mental in activating the MutH endonuclease activity, it also
stimulates UvrD helicase loading at the nick site, facilitating the

displacement of the incorrect DNA strand. The displaced
strand is finally hydrolyzed by exonucleases, and the ssDNA
gap is stabilized by single-stranded binding protein. A comple-
mentary DNA strand is synthesized by polymerase III, and
E. coli DNA ligase completes the repair.
One difference between E. coli and human mismatch repair

is the absence of an identified MutH homologue in the latter
organism. Furthermore, MutH homologues appear to be
absent in a large number of bacteria and all eukaryotes that have
been investigated. Modrich and co-workers (8, 9) determined
that the endonuclease activity in human MMR resides in the
MutL� protein itself instead of a separate MMR component.
This may be a general trend in organisms that lack MutH
homologues as exemplified by studies in yeast (10) and thermo-
philic bacteria (11).
MutL appears to stimulate UvrD helicase activity by increas-

ing the UvrD affinity for DNA and thereby increasing its load-
ing rate at a nick (12). E. coliMutL exists as a homodimer, has a
weak ATPase activity, and has been reported to bindDNA (13).
The monomeric MutL protein can be divided into three
domains: the N-terminal LN40, the linker, and the C-terminal
LC20 regions. The highly conserved N-terminal LN40 domain
contains the ATPase motif of the ATPase/kinase superfamily
members, GHLK (14). The LN40 domain is involved in ATP-
dependent protein dimerization, perhaps causing the MutL
protein to wrap around the DNA helix (15). Interestingly, the
LN40 region of MutL homologues is relatively well conserved
between organisms regardless of whether MutH is present or
absent in that species.
TheMutL C-terminal domain is not well conserved between

organisms that possess or lack a MutH homologue. Human
PMS2 (16), a subunit of humanMutL�, has two notable motifs
in the C-terminal domain that are absent in organisms that
possess MutH. Mutations in the first motif, DQHAX2EX4E,
were found to abolish the endonuclease activity of MutL� (8).
Similar mutations in hPMS2 homologues in yeast and thermo-
philic bacteria confirmed the importance of an intact
DQHAX2EX4Emotif for nicking activity (10, 11, 17). The role of
the second motif, CPHGRPI, is not well understood, although
one study suggests that it is important in ATP responsiveness
(11). MutL from the hyperthermophilic bacterium Aquifex
aeolicus, a hPMS2 homologue, is known to possess endonucle-
ase activity, and noMutH homologues have been discovered in
this organism.
E. coli helicase II, also known as UvrD helicase, is a member

of the PcrA/UvrD/Rep (PUR) helicase subfamily and is involved
in the nucleotide excision repair (18) and the methyl-directed
mismatch repair pathways (1). UvrD is a motor protein capable

Author’s Choice—Final version full access.
1 To whom correspondence should be addressed: New England Biolabs, 240

County Rd., Ipswich, MA 01938. Fax: 978-380-7515; E-mail: evans@
neb.com.

2 The abbreviations used are: MMR, mismatch repair; PUR, PcrA/UvrD/Rep; ds,
double-stranded; ss, single-stranded; h, human.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 285, NO. 15, pp. 11087–11092, April 9, 2010
Author’s Choice © 2010 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

APRIL 9, 2010 • VOLUME 285 • NUMBER 15 JOURNAL OF BIOLOGICAL CHEMISTRY 11087



of unwinding dsDNA in a multi-step, ATP hydrolysis-driven
reaction while traveling on one DNA strand in the 3� to 5�
direction (12, 19, 20). It is also an effective translocase with a
reported processivity on ssDNA of �2 kb (19). In the MMR
pathway, UvrD has its unwinding activity stimulated by the
E. colimismatch repair proteinMutL (21, 22) and by theUvrAB
complex in the nucleotide excision repair pathway (23). In
MMR, this stimulation is correlated with the DNA binding
activity of MutL (12, 24). Although UvrD is an important com-
ponent of the E. coli methyl-directed MMR pathway, UvrD
homologues are not involved in the nick-directed MMR path-
way of yeast and human.
E. coli UvrD shares �40% sequence similarity with another

PUR helicase family member found in E. coli, the Rep protein.
Furthermore, these proteins both form homodimers and dis-
play the same 3� to 5� polarity ofDNAunwinding (25, 26). Their
primary physiological roles, however, appear to be different
withUvrD involved inmethyl-directedmismatch repair, nucle-
otide excision repair, and recombinational processes and Rep
playing a role in genomic DNA replication. There may be
redundancy in function or exceptions in certain instances. For
example, UvrD is required for the replication of certain plas-
mids in E. coli that utilize rolling circle replication (27).

Stimulation of helicases UvrD and Rep by MutL has been
described for E. coli proteins (28); however, MutL has been
reported unable to stimulate UvrD in the thermophilic bacteria
Thermoanaerobacter tengcongensis and Bacillus stearother-
mophilus, suggesting that the stimulation of helicase activity in
PUR subfamilymembersmay be specific tomesophilic bacteria
(29). The T. tengcongensisMutL (Tte MutL) and B. stearother-
mophilus MutL (Bst MutL) C-terminal domains are well con-
served with those from organisms lacking the endonuclease
MutH. BothMutL homologues have in the C-terminal domain
the distinctive heavy metal binding motif, DQHAX2EX4E, and
the CPHGRPI motif characteristic of hPMS2 family members.
A. aeolicus MutL (Aae MutL) also belongs to the hPMS2

family and carries a heavy metal binding motif responsible for
its endonuclease activity. We have cloned and expressed in
E. coli the putative ATP-dependent DNA helicase Aq793, Aae
MutL, a truncated form of Aae MutL (Aae MutL-CTD) and an
endonuclease-deficient mutant of Aae MutL (Aae MutL
(E357K)). The PUR helicase subfamily homologue Aq793 was
found topossesshelicaseactivity incommonwith thehomologues
found in E. coli, B. stearothermophilus, and T. tengcongensis. Fur-
thermore, we demonstrate for the first time that a hPMS2-like
MutL can stimulate the unwinding activity of a PUR subfamily
helicase. The C-terminal domain alone was found to be sufficient
to stimulate the helicase activity of Aq793, although significantly
higher protein concentrations were required.

MATERIALS AND METHODS

Protein Production—Recombinant wild-type and mutant A.
aeolicus MutL proteins were expressed fused to a C-terminal
Mxe GyrA Intein tag in the pTWIN1 vector (30) (New England
Biolabs, Inc.), whereas the A. aeolicus helicase (Aq793) protein
was expressed with a hexahistidine tag. Protein expression was
performed in the E. coli RosettaTM (DE3) strain (Novagen�,
Madison, WI) (F� ompT hsdSB(rB� mB

�) gal dcm (DE3)

pRARE2 (CamR)) and purified with either chitin affinity chro-
matography or nickel-nitrilotriacetic acid affinity chromato-
graphy, respectively. MutL proteins were further purified using
aQ column (GEHealthcare) andAq793with a heparin column.
Both were eluted with a salt gradient from 0.05 to 0.3 M NaCl.
Protein purity was assessed to be�95% by SDS-PAGE analysis.
Helicase Assay—Three sets of synthetic double-stranded oli-

godeoxynucleotides were used to determine the helicase activ-
ity of Aq793 essentially as described previously (29). All of the
dsDNAs were made of the same universal 23-mer top strand
5�-GCCCTGCTGCCGACCAACGAAGG-3� annealed to 5�-
ACCTTCGTTGGTCGGCAGCAGGGC-3�, 5�-(dT)40-ACC-
TTCGTTGGTCGGCAGCAGGGC-3� or 5�-ACCTTCGTTG-
GTCGGCAGCAGGGC-(dT)40-3� to form dsDNA substrates
without a 40-nucleotide dT tail (dT40�), with a 5� 40-nucleo-
tide dT tail (5�-dT40), or with a 3� 40-nucleotide dT tail (3�-
dT40), respectively (see Fig. 1A). The top and bottom strands
were annealed by mixing at a 1:1.5 (universal primer:variable
primer) molar ratio in 1� ThermoPol reaction buffer (New
England Biolabs, Inc.) and then heating to 95 °C followed by
slow cooling to 25 °C. The substrates were labeled by strand
extension using Klenow (exo�) (New England Biolabs, Inc.)
containing [�-32P]dTTP and purified by size exclusion using
IllustraTMMicroSpinG-25 columns (GEHealthcare). This pre-
viously reported protocol (25) adds a templated and a nontem-
plated [�-32P]dTTP to the 3� ends of the oligonucleotide, per-
mitting detection by autoradiography. The helicase reactions
were performed by adding 0.02 nM radiolabeled duplex sub-
strate in 1� Thermopol buffer and differing amounts of Aq793
in a 10-�l reaction volume. After a 2-min preincubation at
55 °C, an equal volume of 10 mM ATP in 1� Thermopol buffer
was added to initiate the reaction (5 mM final ATP concentra-
tion). The reactions proceeded for 20min and thenwere termi-
nated by the addition of 5 �l of stop solution (0.25% bromphe-
nol blue, 25% glycerol, 1% SDS, and 100 mM EDTA). A positive
control was incubated for 15 min at 95 °C to completely dena-
ture the DNA duplexes and quenched by placing the reaction
on ice. A negative control without helicase was performed in
parallel. The samples were resolved on 20% TBE gels (Invitro-
gen) scanned with Typhon 9400� (GE Healthcare), and the
bands were quantified using ImageQuant TL software (GE
Healthcare).
Helicase Assay on Nicked Substrate—A set of double-

stranded oligodeoxynucleotides containing a nick was used to
determine the helicase activity of Aq793 at a nick. Three
oligodeoxynucleotides were used to make the nicked DNA
substrate: the bottom strand (B) 5�-GTCCACGGGCCCTCT-
CCGCCCTGCTGCCGATCAACGAAGGCGAGGCAGCG-
ACCTCATTCCA-3� and two top strands (T1) 5�-TGGAATG-
AGGTCGCTGCCTCGCCTTCGTTGA-3� and (T2) 5�P-
TCGGCAGCAGGGCGGAGAGGGCCCGTGGAC-3�. The T2
oligonucleotide was previously labeled by T4 polynucleotide
kinase (New England Biolabs, Inc.) with [�-32P]ATP and puri-
fied by size exclusion chromatography using IllustraTMMicro-
Spin G-25 columns (GE Healthcare). The three oligonucleo-
tides were mixed at a ratio of 1.4:1.2:1 (T1:B:T2) in 1�
ThermoPol reaction buffer (New England Biolabs, Inc.) and
then heated to 95 °C followed by slow cooling to 25 °C.
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Helicase Assays in the Presence of MutL—A titration of Aae
MutL, AaeMutL (E357K), orAaeMutL-CTDwas performed in
a reaction mix containing 0.02 nM DNA substrate and 23.5 pM
of Aq793 in 1� Thermopol buffer. After a 2-min equilibration
at 55 °C the reactions were initiated by adding ATP to a final
concentration of 5 mM. The reactions were stopped and
resolved as described above. A titration of Aae MutL was per-
formed in the same condition described above in the reaction
mix containing 0.02 nM nicked DNA substrate and 1 nM Aq793
in 1� Thermopol buffer.

RESULTS

Aq793 Helicase Activity—The ability of Aq793 to unwind
dsDNA templates was determined in vitro using synthetic oli-
gonucleotide substrates as described under “Materials and
Methods.” The assays were performed with two sets of dsDNA
templates. One set used a common 24-mer single-stranded oli-
gonucleotide that was annealed to one of three different com-
plementary ssDNA strands to create a 3� 40-nucleotide dT
overhang (3�-dT40), a 5� 40-nucleotide dT overhang (5�-dT40),
or non-poly(dT)-tailed (dT40�) substrate. The templates were
radiolabeled, and the assays were performed at 55 °C. The sec-
ond set used a radiolabeled 30-mer and a nonlabeled 31-mer
single-stranded oligonucleotide that was annealed to a 61-mer
single-stranded oligonucleotide to create a nicked substrate.
Likewise, the assay using the nicked substrate was performed at
55 °C. A titration of the helicase protein demonstrated that
Aq793 could separate the DNA duplex into ssDNA constitu-
ents for all of the tailed substrates aswell as the nicked substrate
(Fig. 1A). A graphical representation of the TBE acrylamide gel
data showed that 50 pM, 6 nM, and 40 nM of Aq793 was required
to unwind 50% of the 3�-dT40, 5�-dT40, and dT40� substrates,
respectively, under these conditions and that 4 nMofAq793was
necessary to unwind 50%of the nickedDNA substrate (Fig. 1B).
These data indicated that Aq793 unwinds DNA with the
strongest preference for the substrate with a poly(dT) 3�
overhang.
Effect of Aae MutL on Aq793 Helicase Unwinding Activity—

E. coli MutL has been reported to stimulate E. coli UvrD and
Rep helicase activity (12). To investigate whether a similar
effect occurs with the homologous A. aeolicus proteins, the
helicase activity of Aq793 was assayed in the presence of differ-
ing amounts of Aae MutL. Conditions were chosen such that
the helicase alone unwound ca. 20% of the respective substrate
in 20min as described under “Materials andMethods.” After 20
min the reactions were quenched by the addition of stop solu-
tion and applied to an acrylamide gel, and the products were
visualized by autoradiography (Fig. 2A). The percentage of
ssDNA formed was plotted against the Aae MutL:Aq793 mole
ratio in the reaction. In the absence of Aae MutL, the helicase
unwinding activity resulted in ca. 20% displaced ssDNA, as
expected. Aq793 helicase activity was significantly stimulated
by MutL near stoichiometric ratios of the proteins (Fig. 2B),

FIGURE 1. Aq793 helicase activity. DNA unwinding activity was assayed with
serial dilutions of Aq793. The 20-�l unwinding reactions were incubated at
55 °C and contained 0.02 nM dsDNA substrate. The reactions were quenched
after 20 min using stop solution and applied to a 20% TBE acrylamide gel as
described under “Materials and Methods.” A, representative autoradiograms
of TBE acrylamide gels. The DNA substrate is indicated to the left of the gel
picture, and the expected mobility of dsDNA and ssDNA is shown to the right.
The negative control (�) was performed using 0.02 nM of substrate incubated
at 55 °C with 400 nM of Aq793 without ATP, and the positive control (�) was
performed at 95 °C in the absence of Aq793. B, graph of data from TBE gel
bands that were quantified using ImageQuant TL software. 3�-dT40 (solid

squares), 5�-dT40 (open circles), dT40� (open triangles), and the nicked sub-
strate (solid diamonds) are represented. The points represent the averages of
three separate experiments. The error bars represent the standard deviation
at each point.
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withmaximum stimulation occurring at 1.5:1MutL:Aq793. No
enhancedAq793 activity was detected at low amounts ofMutL;
however, at highAaeMutL concentrations, the helicase activity
was inhibited (Fig. 2B). Interestingly, MutL-enhanced Aq793
unwinding activity was not observed with the 5�-dT40 and
dT40� deoxyoligonucleotide substrates (Fig. 2B).
Effect of AaeMutLMutants onAq793Helicase Activity—The

effect that endonuclease-deficient and truncated forms of
Aae MutL had on Aq793 unwinding activity was determined
using the same methodology as described for the wild-type
Aae MutL. Aae MutL (E357K) is an endonuclease-deficient
form of the enzyme (8). It stimulated the helicase activity of
Aq793 when the two proteins were present at nearly equimo-
lar ratios (Fig. 3A) similar to the wild-type MutL protein.
Also, in common with the wild-type enzyme, Aae MutL
(E357K) at high molar ratios inhibited the Aq793 helicase
activity (Fig. 3).
The C-terminal 123 amino acid residues of Aae MutL, simi-

lar to the so-called LC20 domain of E. coli, was also able to
stimulate Aq793 activity; however, maximum stimulation
required an �1000-fold molar excess of Aae MutL-CTD over
Aq793 (Fig. 3B). Very high excess of Aae MutL-CTD over
Aq793 showed a trend toward less stimulation of helicase
activity.
Effect of Aae MutL on Aq793 Helicase Activity on a Nicked

Substrate—MutL has been reported to stimulate UvrD helicase
activity during mismatch repair. This requires that MutL stim-
ulate theUvrDhelicase activity at a nick. To determinewhether
Aae MutL stimulated Aq793 activity at a nick, the Aq793 heli-
case activitywas assayed on the nicked substrate in the presence
of differing concentrations of AaeMutL. Conditions were opti-
mized so that�10%of the nicked substratewas unwound in the
presence of Aq793 alone as described under “Materials and
Methods.” The reactionswere quenched by the addition of stop
solution and applied to a polyacrylamide gel. The reaction
products were visualized by autoradiography (Fig. 4A), and the

percentage of ssDNA was plotted
against the Aae MutL:Aq793 mole
ratio in the reaction (Fig. 4B). In the
absence of Aae MutL, the helicase
unwinding activity resulted in ca.
10% displaced ssDNA, as expected.
Aq793 helicase activity was signifi-
cantly stimulated by MutL near
stoichiometric ratios of the pro-
teins, with maximal stimulation
occurring at a 1:1 MutL:Aq793 stoi-
chiometric ratio. At high Aae MutL
concentrations, the helicase activity
was inhibited as observed with the
other dsDNA substrates.

DISCUSSION

The E. coli UvrD helicase is in-
volved in many DNA metabolic
pathways. One of these pathways is
the MMR pathway that ensures
DNA replication fidelity and ge-

nomic integrity. In E. coli, MutL has been reported to stimulate
UvrD helicase activity, most likely by increasing the rate of
UvrD loading onto the DNA substrate (12). Eukaryotic MutL
proteins have not been reported to stimulate a homologous
helicase. Knownmismatch repair pathways appear to use one of
two methods to discriminate the daughter DNA strand from
the parental strand. In E. coliMMR ismethyl-directed, whereas
in eukaryotes and many bacteria it appears to be nick-directed.
The presence or absence of a MutH homologue may be diag-
nostic forwhichmechanism is utilized. Furthermore, theC-ter-
minal domains ofE. coliMutL homologues are significantly dif-
ferent from Aae MutL homologues, such as human PMS2
(8–10). It is also known that the LC20 domain of E. coliMutL is
instrumental in binding and stimulating E. coli UvrD (22).
Therefore, it is possible that theMutL proteins from organisms
that lack MutH are not involved in UvrD helicase stimulation.
This idea is supported by the previous publication that Tte and
BstMutL proteins, both hPMS2 homologues, did not stimulate
UvrD helicase activity (29).
In contrast to the above idea, the work described herein

demonstrates that a bacterial hPMS2 homologue can stimulate
the helicase activity of UvrD homologues. The stimulation
increased with increasing ratios of Aae MutL:Aq793 with the
maximum helicase enhancement at a ratio of �1:1. At higher
stoichiometries the helicase activity was eventually inhibited,
probably because a large excess of Aae MutL in solution, not
productively bound toDNA,was competingwith theDNAsub-
strate for Aq793 binding. Interestingly, the Aae MutL-CTD
domain alone was able to stimulate Aq793 helicase activity.
Although the LC20 of E. coli MutL was reported to contribute
important contacts to UvrD binding and helicase stimulation,
this region alone was not found to significantly enhance E. coli
UvrD unwinding activity (22). The reason for this difference is
not known, but it should be noted that the Aq793 stimulation
required 1000-fold higher Aae MutL-CTD:Aq793 ratios than
for the full-length Aae MutL protein.

FIGURE 2. Aae MutL stimulation of Aq793 helicase activity. Serial dilutions of Aae MutL were incubated with
a fixed concentration of Aq793 (23.5 pM) as described under “Materials and Methods.” The reactions were
performed for 20 min at 55 °C and contained 0.02 nM duplex DNA substrate. The samples were resolved on a
20% TBE acrylamide gel and visualized by autoradiography. A, a representative TBE acrylamide gel of the
reaction containing 3�-dT40 duplex DNA substrate. The expected mobility of dsDNA and ssDNA are indicated
to the right of the picture. The negative control (�) contained Aq793 helicase but lacked MutL. B, graphical
representation of the TBE acrylamide gel data. The gel bands were quantified using ImageQuant TL software,
and the individual points represent the averages of three separate experiments, and the error bars show the
standard deviation at each point. 3�-dT40 (solid squares), 5�-dT40 (open circles), and dT40� (open triangles) DNA
substrates are shown.
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We demonstrated for the first time that the putative heli-
case, Aq793, was able to unwind DNA. It displayed a sub-
stantial preference for unwinding a DNA substrate with a 3�
poly(dT) overhang as compared with a 5� overhang or a non-
poly(dT) tailed DNA. This property is shared by E. coliUvrD
and reinforces that Aq793 is a 3�-5� helicase (25). The Aae
MutL stimulation of Aq793 activity was only observed when
substrates possessed a 3�-poly(dT) overhang or at a nick. The
Aae MutL may be binding to the ssDNA regions and loading
the Aq793, at which point the helicase moves in a 3�-5� direc-
tion. This would obviously increase the rate of unwinding a

substrate with a 3� overhang, but
loading the helicase on a 5� over-
hangwould simply result in the heli-
case translocating along the ssDNA
region without causing substrate
unwinding. Despite the fact that no
stimulation was observed with the
substrates other than with 3�-dT40,
at high Aae MutL:Aq793 ratios,
helicase activity was inhibited prob-
ably by the mechanism discussed
above.
In the annotated genome of A.

aeolicus, Aq793 is listed as Rep heli-
case. However, this has not been
experimentally verified, and the
PUR subfamily helicases are diffi-
cult to differentiate based on se-
quence alone. Interestingly, we
show that Aae MutL was able to
stimulate the helicase activity of
Aq793 on a nicked substrate. This
would be expected if Aq793 were
the A. aeolicus UvrD homologue.
This study focused on whether Aae
MutL could act to stimulate a PUR
family helicase, something that had
not been previously reported to
occur in an organism that lacks an
obvious MutH homologue. More
detailed characterization is needed
to ascertain whether Aq793 is actu-
ally a UvrD homologue.
E. coli MutL has been reported

to stimulate both UvrD and Rep
helicases. Homologues of human
MutL� have not been reported to
stimulate the PUR subfamily of heli-
cases. Aae MutL is a hPMS2 homo-
logue and has been demonstrated to
possess a latent endonuclease activ-
ity (11) similar to the human pro-
tein. Eukaryotic MutL proteins are
not known to stimulate the activ-
ity of a helicase such as UvrD.
However, despite the sequence
and biochemical similarities of

hPMS2 and Aae MutL, the latter protein stimulates Aq793
helicase activity in amanner very similar to the interaction of
E. coli MutL with E. coli UvrD. The work herein indicates
that MMR, in at least some bacteria that lack MutH homo-
logues, is an intriguing blend of the better studied MMR
mechanisms exemplified by E. coli and Homo sapiens. Fur-
thermore,A. aeolicus is in the phylumAquificae, which some
argue contains some of the earliest eubacterial species (31),
and only one ATP-dependent DNA helicase homologue was
identified in A.aeolicus. Therefore, the MMR pathway in A.
aeolicus may have occurred very early in evolution.

FIGURE 3. Aae MutL (E357K) and Aae MutL-CTD stimulate Aq793 helicase activity. Aq793 was assayed for
unwinding activity in the presence of serial dilutions of Aae MutL (E357K) and Aae MutL-CTD. The reactions
were performed as described in the legend to Fig. 2 and under “Materials and Methods.” A, representative TBE
acrylamide gel of the titration of Aae MutL-CTD (top gel picture) and Aae MutL (E357K) (bottom gel picture)
mutants. Negative controls (�) contained Aq793 protein but not the respective MutL mutant. B, graphical
representation of the effect of Aae MutL-CTD (solid squares) and Aae MutL (E357K) (open circles) on the oligo-
nucleotide displacement activity of Aq793. Gel bands were quantified using ImageQuant TL software, and
individual points represent the averages of three separate experiments.
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In conclusion,we demonstrate for the first time that a human
PMS2 homologue can stimulate the activity of a ATP-depen-
dent DNA helicase. Furthermore, the C-terminal domain of
Aae MutL is sufficient to promote this stimulation. A. aeolicus
lacksMutH and appears to use a mismatch repair pathway that
has similarities and differences with both E. coli and human

MMR. It will be exciting to see whether this is a general trend in
bacteria that lack MutH.
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FIGURE 4. Aae MutL stimulation of Aq793 helicase activity on a nicked
substrate. Serial dilutions of Aae MutL were incubated with a fixed concen-
tration of Aq793 (1 nM) as described under “Materials and Methods.” The
reactions were performed for 20 min at 55 °C and contained 0.02 nM duplex
DNA substrate. The samples were resolved on a 20% TBE acrylamide gel and
visualized by autoradiography. A, a representative TBE acrylamide gel of the
reaction containing nicked DNA substrate. The expected mobility of dsDNA
and ssDNA are indicated to the right of the picture. The negative control (�)
contained Aq793 helicase but lacked MutL. B, a graphical representation of
the TBE acrylamide gel data. The gel bands were quantified using Image-
Quant TL software. The individual points represent the averages of three sep-
arate experiments, and the error bars show the standard deviation at each
point.
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