
All living organisms, from bacteria to humans, pos-

sess a system for repair of noncanonical nucleotide pairs

(mismatches) and small loops, which was named the

DNA mismatch repair (MMR) system [1-3].

Impairments in MMR at any stage of DNA repair cause

accumulation of mutations, resulting in the development

of various types of tumors [4, 5]. Because of the essential

role of MMR in functioning of any living organism, stud-

ies of MMR are of extreme importance.

MMR corrects DNA damage by excising an extend-

ed single-stranded fragment of the newly synthesized

DNA and then filling the resulting gap. The signal for the

MMR is hydrolysis of the phosphodiester bond in one of

the DNA strands [6-8]. In cells of γ-proteobacteria,

including Escherichia coli, this break is introduced by the

MutH protein that recognizes the monomethylated 5′-
Gm6ATC-3′/3′-CTAG↓-5′ sequence (m6A is 6-methyl-2′
deoxyadenosine; ↓ is the site of hydrolysis). The catalytic

activity of MutH is stimulated by the complex of the

MutS and MutL proteins [9]. MutH homologs are absent

in eukaryotes and other types of bacteria that do not use

methylation as a marker of the nascent DNA strand.
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Abstract—We have purified the MutL protein from Rhodobacter sphaeroides mismatch repair system (rsMutL) for the first

time. rsMutL demonstrated endonuclease activity in vitro, as predicted by bioinformatics analysis. Based on the alignment

of 1483 sequences of bacterial MutL homologs with presumed endonuclease activity, conserved functional motifs and amino

acid residues in the rsMutL sequence were identified: five motifs comprising the catalytic site responsible for DNA cleavage

were found in the C-terminal domain; seven conserved motifs involved in ATP binding and hydrolysis and specific to the

GHKL family of ATPases were found in the N-terminal domain. rsMutL demonstrated the highest activity in the presence

of Mn2+. The extent of plasmid DNA hydrolysis declined in the row Mn2+ > Co2+ > Mg2+ > Cd2+; Ni2+ and Ca2+ did not

activate rsMutL. Divalent zinc ions inhibited rsMutL endonuclease activity in the presence of Mn2+ excess. ATP also sup-

pressed plasmid DNA hydrolysis by rsMutL. Analysis of amino acid sequences and biochemical properties of five studied

bacterial MutL homologs with endonuclease activity revealed that rsMutL resembles the MutL proteins from Neisseria gon-

orrhoeae and Pseudomonas aeruginosa.
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According to the existing hypothesis, the key role in the

strand discrimination in these organisms belongs to the

DNA polymerase III β-subunit that determines the

strand polarity and directly interacts with the MMR pro-

teins [1]. However, this hypothesis is still debated.

MutL is a weak dimeric ATPase from the GHKL

family [10]. For a long time, it had been assumed that the

major role of MutL is coordination of protein–protein

interactions during recognition and removal of one of the

DNA strands; hence, MutL was classified as a molecular

mediator [11]. However, discovery of the endonuclease

activity of eukaryotic MutLα and then of bacterial MutL

homologs in organisms that lack the MutH gene led to the

suggestion of a key role of MutL in repair initiation [12,

13]. It was found that in these organisms, MutL has a

conserved endonuclease motif that is supposedly required

for the introduction of a single break in the nascent DNA

strand [14]. The mechanism of this process is virtually

unexplored; bacterial MMR systems with the endonucle-

ase activity of MutL are considerably less studied than the

MMR in E. coli and humans. At the same time, the MMR

system of bacteria is particularly interesting because of

high functional and species diversity of prokaryotes.

MutL proteins possessing the endonuclease motifs

have been purified from only five bacterial species:

Pseudomonas aeruginosa, Neisseria gonorrhoeae, Thermus

thermophilus, Aquifex aeolicus, and Bacillus subtilis [15-

19]. All of them are homodimers, which are simpler and

easier to study than their heterodimer analogs in eukary-

otes. Therefore, the data obtained for bacterial MutL

proteins can be used for the reconstruction of the major

stages of the MMR mechanism at the molecular level.

In this work, we developed a method for MutL

(rsMutL) purification from Rhodobacter sphaeroides.

Interest in this rod-like Gram-negative purple nonsulfur

photoheterotrophic α-proteobacteria is due to the vari-

ability of its metabolic and life cycles, photosynthetic

activity, and ability to survive under diverse environmen-

tal conditions [20, 21]. We analyzed the primary structure

of rsMutL, predicted its secondary structure, and identi-

fied conserved amino acid residues and motifs by com-

paring amino acid sequences of many rsMutL bacterial

analogs with supposed endonuclease activity. We also

demonstrated that rsMutL hydrolyzes DNA, and its

activity is affected by nonprotein factors such as divalent

metal cations and ATP. We compared our results with the

data of a few studies of the mechanism of action of bacte-

rial MutL proteins with endonuclease activity.

MATERIALS AND METHODS

Bioinformatics analysis of the rsMutL sequence. The

sequence of MutL protein from R. sphaeroides strain 2.4.1

was obtained from the UniProt database (accession num-

ber Q3IYV3). The sequence of MutL from E. coli strain

K12 (ecMutL; UniProt accession number P06722) was

also used for searching for MutL homologs. We searched

4379 representative bacterial and archaeal genomes (rep-

resentative microbial genomes sample in the Refseq data-

base, NCBI) for rsMutL and ecMutL homologs using the

TBLASN program (e-value, 0.001; word length, 3).

The sequences were aligned with the Muscle pro-

gram using default settings. All rsMutL and ecMutL

homologs were divided into three groups based on the

presence of the endonuclease motif XII (Table 1). To dis-

tinguish groups among all full-size MutL homologs, we

chose the rsMutL fragment 449-462 (14 a.a.) that includ-

ed motif XII. All the obtained sequence fragments were

clustered according to the percentage of functionally sim-

ilar amino acid residues using the Protdist program from

the PHYLIP software package. The largest cluster includ-

ed fragments from proteins with proven endonuclease

activity. Proteins of this cluster were assigned to group 1

with presumable endonuclease activity. Proteins that

lacked sequences reliably similar to motif XII and, there-

fore, had no endonuclease activity, were assigned to group

2. Group 3 included proteins whose fragments had low

but significant similarity to motif XII. In most of these

proteins, at least one of the essential residues in motif XII

[14] was substituted by a functionally different amino

acid.

Then we aligned sequences of rsMutL and ecMutL

homologs from groups 1 and 2, respectively, except

sequences that lacked the N-terminal fragments (includ-

ing motif I, at least partially) or C-terminal fragments

(including motif XVI, at least partially) (Fig. 1). Only one

sequence from each group with 95% identity was retained

in the final alignment. Conserved residues were identified

with a specially written program.

Supplemental materials can be found on the website

http://mouse.belozersky.msu.ru/NPIDB/MutL/ and

include:

1) Alignment 1 of 1483 amino acid sequences of pro-

teins with predicted endonuclease activity and ecMutL

sequence (for comparison) in the FASTA format. A sub-

group of 93 sequences lacking endonuclease motifs XIV

and XV occupies the lowest rows in the alignment.

2) Alignment 2 of 309 amino acid sequences of pro-

teins presumably lacking endonuclease activity and

rsMutL sequence (for comparison) in the FASTA format.

3) The names and taxonomic groups of bacteria and

archaea whose sequences were used for alignment.

Construction of plasmids containing the rsMutL

gene. The plasmid encoding rsMutL with an additional

N-terminal sequence (36 a.a.) including the His6 tag

(His6-linker-rsMutL) was obtained as described in [16].

The rsMutL gene was amplified by PCR using

R. sphaeroides (strain 2.4.1.) genomic DNA as a tem-

plate. DNA was isolated from R. sphaeroides cells by the

alkaline lysis method [27]. The primers 5′-AAGGGGC-

CATATGGGAAGCCGGTGGCGGAG-3′ and 5′-AA-
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GGGGAAGACGAGATCTTCATCGCCGGCCGAA-

GAGCC-3′ contained the recognition sites of BglII and

NdeI restriction endonucleases, respectively. The result-

ing PCR product was treated with BglII/NdeI and cloned

into the pET15b plasmid vector that contained the

sequence encoding an additional 36-a.a. fragment

including the His6-tag.

Plasmid constructs for expression of rsMutL tagged

with His6 directly at the N- or C-ends (His6-rsMutL and

rsMutL-His6, respectively) were obtained using the

pVax1-MutL plasmid (derivative of the pVax1 plasmid)

that contained the rsMutL gene optimized for expression

in E. coli (Evrogen, Russia). DNA sequences coding for

His6-rsMutL and rsMutL-His6 were cloned into the

Motif, domain

I, N

II, N

III, N

IV, N

V, N

VI, N

VII, N

VIII, N

IX, N

X, N

XI, C

XII, C

XIII, C

XIV, C

XV, C

XVI, C

Table 1. Conserved motifs in bacterial MutL proteins and their functions

* The consensus motifs were identified in [22] by alignment of 208 amino acid sequences of bacterial MutL proteins; endonuclease motifs were

identified by alignment of 192 sequences. Bold letters in gray boxes, identical residues; bold letters, conserved (over 90%) residues. Amino acid

residues comprising the consensus motifs in MutL are underlined.

Consensus sequence [22]*;
sequence in rsMutLFunction

unstructured loop involved in dimerization of N-domains; 
affects ATP binding [23]

directly interacts with bound ATP; Glu from KEL activates
water molecule for ATP hydrolysis; Asp binds Mg2+ [23, 24]

all residues are directly involved in ATP binding [23]

unstructured loop involved in the interface formation for the
interaction with other proteins after ATP binding and protein
structure stabilization [23]

presumably forms hydrogen bonds with the ATP γ-phosphate
group [23]

responsible for the interaction with MutS [25] 

ATP-binding motif

interacts with DNA polymerase III β-subunit (β-clamp) [26]

ATP-binding motif; Asn stabilizes ATP γ-phosphate group [23]

unstructured loop; directly interacts with ATP [23]

indirectly contributes to stabilization of the endonuclease active
site [19]

responsible for metal ion binding (Glu) and MutL endonuclease
activity [19]

Pro is presumably responsible for correct orientation of the
motif required for the interaction with the β-clamp [26]

endonuclease motif

Cys and His are involved in the formation of the Zn2+-binding
site [19]

endonuclease motif



pET-45b(+) (Novagen, Germany) and pQE13 (Qiagen,

Germany) vectors by the BamHI/AgeI or BamHI/Kpn2I

sites, respectively. Cloning was verified by restriction

analysis and sequencing.

Purification of rsMutL protein. Escherichia coli

BL21(DE3) cells were transformed with the His6-linker-

rsMutL and His6-rsMutL plasmids, and M15(pREP4)

cells were transformed with the rsMutL-His6 by the heat-

shock method. The cells were grown in 3 liters of LB

medium containing 100 µg/ml ampicillin on a shaker at

37°C to the optical density A600 = 0.5. Protein expression

was induced by adding 0.1 mM isopropyl β-D-1-thio-

galactopyranoside (IPTG), and the cells were incubated

for another 16-18 h at 18°C. The cells were collected by

centrifugation; the pellet was frozen and stored at –20°C.

Protein expression was monitored by withdrawing

aliquots before and after induction and analyzing them by

electrophoresis in 8% SDS-polyacrylamide gel. The gels

were stained with PageBlue™ solution (Thermo Fisher

Scientific, USA) containing Coomassie Brilliant Blue G-

250.

Frozen cells were thawed on ice for 30 min, resus-

pended in buffer A (20 mM Tris-HCl, pH 7.9, 1 M NaCl,

1 mM 1,4-dithiotreitol (DTT), 5% glycerol (v/v), 0.05%

Tween 20 (v/v), and 1 mM phenylmethylsulfonyl fluoride

(PMSF)) containing 5 mM imidazole, and disintegrated

by sonication. The obtained cell lysate was centrifuged at

18,000 rpm (JA-10 rotor, fixed angel; Beckman, USA) for

30 min at 4°C to remove the debris. The supernatant was

added to 1 ml of Ni-NTA-agarose (Thermo Fisher

Scientific) and incubated for 1 h at 4°C with gentle mix-

ing. The sorbent with the bound protein was separated by

centrifugation at 800 rpm (F-35-6-30 rotor, fixed angel;

Eppendorf, Germany) for 5 min at 4°C. The supernatant

was removed except the last 10 ml that were used for the

resuspension of the sorbent and its transfer to a 15-ml

column at 4°C. After sedimentation of the sorbent, the

liquid was allowed to drain, and the sorbent was washed

with 15 ml of buffer A containing 60 mM imidazole to

remove unbound proteins. The rsMutL was eluted from

the column with 500 µl of buffer A containing 500 mM

imidazole. The collected fraction was loaded on the col-

umn again, and the whole procedure was repeated 2-3

times. Final elution was performed with 500 µl of fresh

buffer; DTT was added to the eluate to the final concen-

tration of 10 mM.

rsMutL was further purified by size-exclusion chro-

matography on a 10/300-mm ENrich SEC 650 column

(Bio-Rad, USA). The column was equilibrated with

10 mM HEPES-KOH buffer (pH 8.0) containing

300 mM KCl, 1 mM DTT, 5% glycerol (v/v), and 0.05%

Tween 20 (v/v); the same buffer was also used as an elu-

ent. The protein was loaded on the column in a volume of

1 ml and eluted at a rate of 1 ml/min. Elution was moni-

tored at 280 nm; protein-containing fraction were col-

lected and analyzed by electrophoresis in 8% SDS-poly-

acrylamide gel. Protein concentration in the fractions was

determined spectrophotometrically with a NanoDrop

ND-1000 spectrophotometer (PeqLab, USA). The col-

lected fractions were concentrated using Amicon Ultra

centrifuge concentrators (Merck, Germany) with 10-kDa

cut-off membrane. After concentration, protein fractions

were aliquoted (5-10 µl), flash-frozen in liquid nitrogen,

and thawed immediately before use.

Hydrolysis of plasmid DNA by rsMutL. The pUC-

MMR plasmid (10-20 nM) used earlier for studying

MMR in E. coli [28] was incubated with rsMutL in

10 mM HEPES-KOH (pH 8.0) containing 100 mM KCl

and 5 mM divalent metal salt at 37°C for 0-90 min. The

reaction was terminated by adding 50 mM EDTA and

10 U of proteinase K with subsequent incubation of the

mixture for 30 min at 37°C. To develop the optimal reac-

tion conditions, the rsMutL concentration was varied

from 0.1 to 2 µM. The endonuclease activity of rsMutL

was assayed in the presence of MgCl2, MnCl2, CaCl2,

CoCl2, NiCl2, CdCl2, or ZnCl2 (5 mM). The ATP con-

centration varied from 0 to 5 mM. The reaction products

were analyzed by electrophoresis in 1% agarose gel con-

taining 0.5 µg/ml bromide in TAE buffer (40 mM Tris-

acetate, pH 7.5, 1 mM EDTA). The gels were pho-

tographed, and the images were processed with the Image

Lab software (Bio-Rad). In the control experiments, the

pUC-MMR plasmid (20 nM) was incubated with BamHI

or nicking endonuclease Bpu10I for 60 min at 37°C in

10 µl of 10 mM Tris-HCl (pH 8.0) containing 5 mM

MgCl2, 100 mM KCl, 0.02% Triton X-100, and

0.1 mg/ml BSA (for BamHI) or 10 mM Tris-HCl

(pH 8.5) containing 10 mM MgCl2, 100 mM KCl, and

0.1 mg/ml BSA (for Bpu10I).

RESULTS AND DISCUSSION

Characterization of the primary and secondary struc-

tures of rsMutL. The sequence of MutL from

R. sphaeroides strain 2.4.1 was obtained from the UniProt

database (Q3IYV3). rsMutL consists of 616 a.a. and has a

molecular mass of 65.8 kDa. Its isoelectric point is 6.51 as

determined with the Protein Calculator v. 3.4 software.

Proteins of the MutL family are composed of N- and

C-terminal domains connected by a variable linker [1].

According to the Pfam database, the N- and C-terminal

domains of rsMutL include a.a. 1-343 and 427-616,

respectively. It was found that MutL sequence contains 16

conserved motifs [22]. To identify the same motifs in

rsMutL, we aligned the rsMutL sequence with nine

sequences of other MutL proteins. For some of these pro-

teins, positions of the conserved motifs have been already

determined (Fig. 1). We found that rsMutL contained all

16 motifs (Fig. 1 and Table 1). All of them (except VI)

coincided with the consensus sequences of the earlier

identified motifs [22]. Seven conserved motifs (I, II,
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Fig. 1. Comparison of amino acid sequences of MutL proteins and their homologs from various organisms. Amino acid sequences of ecMutL

and human MLH1 lacking the endonuclease activity (group 2) are framed. Numbers of the first amino acid residues in the rows are indicated

to the right of the sequences. The numbers of omitted residues in non-conserved fragments are shown in parentheses. Conserved residues in

the selected sequences are shown in bold letters on gray background. Secondary structure elements (α-helices and β-strands) were determined

based on the structures of the ecMutL N-terminal domain (PDB 1B63) and C-terminal domain of N. gonorrhoeae MutL (PDB 3NCV) and

are shown under the rsMutL sequence. Conserved motifs are indicated under the alignment according to Table 1 and [22]. Conserved amino

acids found in group 1 (1483 sequences) and group 2 (390 sequences) of prokaryotic MutL proteins with endonuclease activity are shown: X,

99% conserved amino acids; +, 95% or more conserved amino acids; –, 90% or more conserved amino acids. Functionally conserved posi-

tions K/R, D/E, F/Y, and A/G are indicated with the letter corresponding to the consensus residue; H denotes the MILVFY group of

hydrophobic residues. Capital letter, residue is present in 95% or more sequences; small letter, residue is present in 90-95% sequences.

Secondary structure
Motif number
Conserved a.a. (group 2)
Conserved a.a. (group 1)
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III, V, VII, IX, and X) presumably form the ATP-binding

site in rsMutL (Table 1). The sequences corresponding to

motifs VIII (N-terminal domain) and XIII (C-terminal

domain) might be involved in the interaction with the β-

clamp.

The motif VI localized in the N-terminal domain is

essential for the MutS protein binding. It is not conserved

enough to predict which residues in this motif are

involved in the interaction with MutS. Endonuclease

activity was experimentally demonstrated for MutL pro-

teins from bacteria belonging to five different classes: β-

proteobacteria (N. gonorrhoeae), Bacilli (B. subtilis), γ-

proteobacteria (P. aeruginosa), Deinococci (T. ther-

mophilus), and Aquificae (A. aeolicus). The sequences of

MutL proteins from these bacterial species were included

in the alignment in Fig. 1. All of them possess a full set of

endonuclease motifs (XI, XII, XIV-XVI) that form the

catalytic site for DNA hydrolysis (Table 1). These motifs

are absent in MutL proteins lacking endonuclease activi-

ty (E. coli MutL protein and human MLH1 in the align-

ment).

Previous analysis of 208 MutL sequences revealed

several conserved motifs in the protein primary structure

[22]. To estimate with higher reliability how conserved

and, therefore, functionally significant these motifs are,

we analyzed a wider range of bacterial and archaeal MutL

homologs. Initially, this sample included 2544 sequences:

1483 of them we predicted to have the endonuclease

activity (alignment 1); 309 sequences presumably lacked

this activity (alignment 2). The sequences were selected

based on the presence/absence of the endonuclease motif

XII, which has the highest informational content among

all endonuclease motifs.

We compared the number of conserved or function-

ally conserved (by 90% or higher) positions in the MutL

sequences. The N-terminal domains of MutL proteins

from groups 1 and 2 contained 71 and 82% of conserved

residues, respectively; 67% of these residues overlapped.

The content of conserved residues in the C-terminal

domains of proteins from groups 1 and 2 comprised 50

and 34%, respectively; 24% of these residues overlapped.

The higher content of conserved residues in the C-termi-

nal domain in proteins with presumed endonuclease

activity confirmed our expectations and indirectly proved

the validity of MutL protein classification into groups – it

is known that enzyme active sites, residues in close vicin-

ity to the active sites, and ligand- and ion-binding sites

are generally more conserved than the sequence frag-

ments at the protein globule surface, including those

involved in protein–protein interactions [29].

The results of analysis of conserved residues in motifs

XI, XII, XIV, XV, and XVI in proteins with presumed

endonuclease activity (group 1) are shown in Table 2.

Because the analyzed proteins were assigned to this group

based solely on the presence of motif XII (Table 1), we

used consensus sequences from Table 1 to check all group

1 proteins for the presence of other endonuclease motifs.

Note that the consensus sequences were deduced based

on the most conserved amino acids and did not guarantee

identification of all the motifs. Thus, the motif XII con-

sensus sequence (Table 1) was found in 81% sequences

(1203 out of 1483) of the analyzed group. Because of this,

we lowered the criteria for the consensus sequences by

including in them only residues whose substitution would

significantly decrease the MutL endonuclease activity

[14]. The [D/E]XHXXXE consensus was found in the

corresponding region in 93.7% aligned sequences (1390

out of 1483); motif XIV (with Cys in the corresponding

position) was found in 100% of these sequences (1390 out

of 1390). Motif XV was found in 1373 out of 1390

sequences; functionally important Cys [14] of this motif

was observed in 99.7% sequences (1386 out of 1390). The

motif XI consensus was found in 89.4% sequences (1243

out of 1390).

Interestingly, none of 93 sequences without “weak-

ened” motif XII consensus contained consensus

sequences for motifs XI, XIV, and XV. At the same time,

most of these sequences, as well as 1390 sequences with

the “weakened” motif XII consensus, contained motif

XVI. This corresponds well with the results of Kosinski et

al. [14], who demonstrated strong correlation between

the presence of all five motifs in the MutL sequence. They

suggested that such correlation serves as evidence of a

common functional activity that involves all these motifs.

However, there exist MutL proteins that lack some of the

endonuclease motifs [22].

Therefore, according to our data, group 1 MutL pro-

teins containing motif XII in the C-terminal domain

could be divided into two subgroups. The first includes

1390 proteins that contain all five endonuclease motifs;

moreover, their motif XII contains all functionally char-

acterized amino acid residues. These proteins possess

endonuclease activity with a high degree of probability.

The second subgroup includes 93 sequences that contain

only motif XII, in which one of the functionally active

residues is replaced with a residue with different proper-

ties. Proteins of this subgroup lack all other endonuclease

motifs, and their properties are of particular interest.

The secondary structure of rsMutL was predicted

based on the alignment of its amino acid sequence with

sequences of MutL proteins with known spatial struc-

tures. To predict the secondary structure of the rsMutL

N-terminal domain, we used the X-ray data obtained for

ecMutL (PDB 1B63, 1NHI, 1BKN), PMS1 from

Saccharomyces cerevisiae (PDB 3H4L), human PMS2

(PDB 1H7S), and human MLH1 (PDB 4P7A). To pre-

dict the secondary structure of the C-terminal domain, we

used the structural data obtained for MutL from B. subtilis

(PDB 3GAB, 3KDG, 3KDK), MutL from A. aeolicus

(PDB 5B42), MutL from N. gonorrhoeae (PDB 3NCV),

and MLH1/PMS1 heterodimer from S. cerevisiae (PDB

4E4W). In most cases, the elements of the secondary
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structure in these sequences coincided. After comparing

the sequences of rsMutL and its homologs using the

Muscle software, we identified α-helical and β-strand

regions in the MutL structure (indicated under rsMutL

amino acid sequence in Fig. 1).

We found that rsMutL is most evolutionarily close to

its homologs from N. gonorrhoeae (40% identity) and

P. aeruginosa (44% identity). Both these microorganisms

are proteobacteria that belong to different classes. MutL

from N. gonorrhoeae (β-proteobacteria) is a homodimer

with ATPase and endonuclease activities [30]. MutL from

P. aeruginosa displays similar properties, even though

P. aeruginosa belongs to the γ-proteobacteria and does

not possess MutH homologs [31]. We concluded that

rsMutL of the R. sphaeroides DNA repair system should

exhibit the DNA-hydrolyzing activity.

Purification of rsMutL. We amplified the mutL gene

by PCR using R. sphaeroides genomic DNA as a template

and cloned the resulting fragment into the pET15b vec-

tor containing the nucleotide sequence coding for the

additional 36 a.a. including His6 tag. The resulting His6-

linker-rsMutL plasmid was used for transformation of

E. coli cells. The cells were grown in the presence of

100 µg/ml ampicillin, and expression of the recombinant

Motif

XI

XII

XIV

XV

XVI

Consensus

[G/A]Q

[D/E]XHXAXE[R/K][L/I/V]X[Y/F][E/D]

С

CXHX[R/K]P

FX[R/K]

Table 2. Conserved amino acid residues in endonuclease motifs XI, XII, XIV, XV, and XVI

Amino acid residue and its occurrence, %

A (45.1), G (45.6)

Q (92.5)

D (94.9), E (4.4)

variable; Q is the most common residue

(73.4)

H (95.5)

variable; A is the most common residue

(88.6)

A (98.4)

variable; H is the most common residue

(82.0)

E (96.2)

R (97.1)

L (28.9), I (48.6), V (20.8)

variable

Y (79.6), F (11.6)

E (94.8), D (2.7)

variable; A is the most common residue

(78.7)

C (93.5)

variable; hydrophobic residues are more

common (56.6)

C (93.5)

variable; N is the most common residue

(51.5)

H (93.7)

variable

R (94.4), K (3.2)

P (95.6)

F (97.6)

variable

R (90.6), K (1.5)

Number of amino
acid residue in rsMutL

432

433

451

452

453

454

455

456

457

458

459

460

461

462

562

563

564

594

595

596

597

598

599

613

614

615

Length,
a.a.

2

12

3

6

3
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protein was induced with IPTG. The aliquots of cells

before and after induction were analyzed by Laemmli

gel electrophoresis [32]. Because the recombinant pro-

tein contained an additional N-terminal sequence

(MGSSHHHHHHSSGLVPRGSHMGSRWRSDSD-

SAKAGG) that included the His6-tag separated from the

rsMutL sequence by 26 a.a., recombinant rsMutL could

be purified by affinity chromatography. It is commonly

believed that the presence of such additional sequence

would not affect the properties of the modified protein,

as it has been confirmed by protein crystallography data

[33].

rsMutL was first purified by the method described for

MutL from N. gonorrhoeae [16] that included cell lysis by

sonication, centrifugation of the lysate, and chromatog-

raphy of the resultant supernatant on Ni-NTA-agarose.

Fig. 2. rsMutL purification. a) Chromatographic separation of rsMutL from proteins with lower molecular masses. b) Analysis of fractions

after size-exclusion chromatography: 1) MutL protein before chromatography; 2-5) fractions eluted with 9-10 ml; 6) 10-180 kDa molecular

mass markers (Thermo Fisher Scientific).
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However, this procedure yielded only small amounts of

homogenous rsMutL protein. The main problems were

low efficiency of rsMutL binding to the sorbent, contam-

ination of protein preparations with DNA, and low solu-

bility of rsMutL. To improve rsMutL binding to Ni-NTA-

agarose, we created two new plasmids containing opti-

mized rsMutL gene. One of them coded for the rsMutL

protein with the His6-tag immediately at the N-terminus

(His6-rsMutL), the other with the His6-tag immediately

at the C-terminus (rsMutL-His6). However, modifica-

tions of the mutL gene codon content for expression in E.

coli and changes in the position of the His6 tag failed to

increase the protein yield (data not shown). Therefore,

we modified the purification procedure. To promote cor-

rect protein folding, the concentration of IPTG was

decreased to 0.1 mM, and protein expression was induced

at decreased temperature (18°C) for 16-18 h. All solutions

for rsMutL purification contained 0.05% Tween 20 to

increase protein solubility and 1 M NaCl to prevent DNA

binding to rsMutL.

rsMutL purified by the metal-chelating chromatog-

raphy was separated from the products of its proteolysis

and other proteins by size-exclusion chromatography on

an ENrich SEC 650 column (10 × 300 mm; Bio-Rad)

using an AKTA Explorer system (GE Healthcare Life

Sciences, USA). Protein-containing fractions (elution

volume, 9-12 ml; first peak) were collected, analyzed by

Laemmli gel electrophoresis (Fig. 2), and concentrated.

The yield of rsMutL was 0.2 mg (concentration, 8 µM).

DNA-hydrolyzing activity of rsMutL. To assay the

rsMutL endonuclease activity, we used the pUC-MMR

plasmid DNA. This plasmid was chosen because it can

imitate the in vivo conditions, since the R. sphaeroides

genome consists of two circular chromosomes and five

plasmids [34]. It is also known that MutL proteins from

B. subtilis, N. gonorrhoeae, A. aeolicus, T. thermophilus,

and P. aeruginosa do not discriminate mismatches and

hydrolyze canonical DNA in the absence of other MMR

proteins [35]. All these MutL proteins display the maxi-

mum DNA-hydrolyzing activity in the presence of Mn2+

in the reaction mixtures [1].

The supercoiled pUC-MMR plasmid (10 or 20 nM)

was incubated with rsMutL at 37°C in the presence or

absence of MnCl2. The concentration of rsMutL varied

from 0 to 2 µM. The efficiency of DNA hydrolysis was

estimated from the amount of formed nicked DNA (plas-

mid with a single-stranded break). The reaction mixture

was analyzed by electrophoresis in 1% agarose gel con-

taining ethidium bromide. pUC-MMR treated with the

nicking endonuclease Bpu10I (nicked form) and restric-

tion endonuclease BamHI (linearized form) was used as

control. The nicked plasmid DNA has a lower mobility in

the gel than the supercoiled DNA, while the mobility of

the linearized form is between those of the supercoiled

and nicked plasmid DNA (Fig. 3).

rsMutL did not hydrolyze pUC-MMR in the

absence of divalent metal cations (Fig. 3). The presence

of Mn2+ in the reaction mixture resulted in the formation

of the nicked plasmid DNA. The efficiency of pUC-

MMR hydrolysis increased with change in protein con-

centration from 0 to 0.5 µM and reached 50% at the

rsMutL concentration of 1 µM. Further increase in the

protein concentration did not influence on the yield of

the hydrolyzed DNA. Also, the gel contained trace

amounts of linearized DNA. Therefore, we demonstrated

for the first time that rsMutL is an endonuclease capable

of introducing single-single breaks in DNA.

Effect of divalent metal cations on DNA hydrolysis by

rsMutL. The published data on the effect of divalent met-

als on the activity of MutL proteins from various organ-

isms are contradictory [15-19] (Table 3).

We studied the efficiency of the pUC-MMR plasmid

hydrolysis by rsMutL within 60 min in the presence of diva-

lent cations that presumably modulate the endonuclease

activity: Mg2+, Mn2+, Ca2+, Co2+, Ni2+, Cd2+, Zn2+ (Fig. 4).

The efficiency of DNA cleavage decreased in the order

Mn2+ > Co2+ > Mg2+ > Cd2+, while Ni2+, Ca2+, and Zn2+

produced no effect on the rsMutL endonuclease activity.

Ca2+

–

+

ND

ND

ND

–

Ni2+

–

ND

ND

ND

+

+

Cd2+

+

ND

ND

–

ND

ND

Co2+

+

ND

ND

ND

+

+

Mg2+

+

+

+

–

ND

–

Mn2+

+

+

+

+

+

+

Microorganism

R. sphaeroides

N. gonorrhoeae

P. aeruginosa

B. subtilis

T. thermophilus

A. aeolicus

ATP

–

–

–

+*

–

+**

Table 3. Effect of metal ions and ATP on the endonuclease activity of MutL proteins from different microorganisms

Zn2+

–

ND

–

–

–

–

Note: +, stimulation of MutL endonuclease activity; −, no effect or inhibition (in the case of ATP) of MutL endonuclease activity; ND, not deter-

mined.

* Stimulation of endonuclease activity at 0.5 mM ATP; inhibition of endonuclease activity at 5 mM ATP [19].

** Effect of ATP on the MutL endonuclease activity depended on the concentrations of MutL, Mn2+, and ATP; stimulation was observed at the

MutL concentration of 0.16-100 nM, 1 mM ATP, and 1 mM Mn2+ [45]; inhibition was observed at 100 nM MutL, 5 mM ATP, and 5 mM

Mn2+ [18].
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Therefore, rsMutL most efficiently hydrolyzed plas-

mid DNA in the presence of MnCl2, which correlates well

with the data of other studies on DNA hydrolysis by

MutL proteins from bacterial and human cells [1, 19]. It

is known that many DNA polymerases use Mn2+ as a

cofactor in DNA synthesis in vitro. Divalent manganese

ion increases the enzyme activity, but it reduces fidelity

and processivity of the polymerase [36, 37], which results

in misincorporation of nucleotides in the DNA. Note

that Co2+, like Mn2+ (but unlike other Me2+), increases

the efficiency of DNA polymerases, although to a lesser

extent, and promotes incorporation of incorrect

nucleotides into DNA [38].

Unlike Mn2+, Mg2+ is essential for the function of

MutS, the first protein in the mismatch repair system,

and formation of the MutS–MutL complex [39-42]. We

investigated the kinetics of plasmid DNA cleavage by

rsMutL in the presence of MgCl2 and MnCl2 (Fig. 5) and

found that within the time interval of 0-90 min, Mn2+ was

a more efficient cofactor in the DNA hydrolysis reaction

than Mg2+. Since both MutL and MutS lose their activity

when incubated at 37°C (data not shown), we limited the

reaction time to 90 min. Note, DNA hydrolysis in the

presence of either Mn2+ and Mg2+ proceeded with prefer-

ential formation of nicked DNA; however, trace amounts

of linearized DNA were also formed, as follows from the

presence of the corresponding low-intensity zones in the

agarose gel (Fig. 3). Similar results were observed for

MutL proteins from other bacteria [15-19].

As expected, Ca2+ did not activate DNA hydrolysis

by rsMutL. For many endonucleases, Ca2+ promotes for-

mation of the enzyme–substrate complex but blocks the

hydrolytic activity of the enzyme [43, 44].

Divalent zinc ions play an important yet poorly

understood role in MutL function. X-ray analysis showed

[19] that MutL from B. subtilis coordinates Zn2+ not only

in its active site, but also in a special Zn2+-binding

domain. This coordination is provided by the side groups

of Glu468, Cys604, and His606 residues, all of which are

conserved in the MutL proteins with endonuclease activ-

ity. According to the alignment of the C-terminal domains

from B. subtilis MutL and rsMutL (Fig. 1), these residues

correspond to Glu457, Cys594, and His596 in rsMutL. In

B. subtilis MutL, Zn2+ binding ensures convergence of

amino acid residues in the enzyme active site.

Interestingly, Zn2+ by itself does not stimulate hydrolysis

of the supercoiled plasmid DNA by B. subtilis MutL;

Fig. 4. Efficiency of pUC-MMR plasmid (20 nM) hydrolysis by

rsMutL (1 µM) in the presence of divalent metal cations (5 mM)

at 37°C for 60 min.
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however, the amount of the nicked and linearized DNA

formed in the presence of equimolar concentrations of

Zn2+ and Mn2+ was two times higher than in the presence

of Mn2+ alone under the same conditions [19]. It was sug-

gested that Zn2+ performs a structural function, similar to

iron ions in the IdeR (iron-dependent repressors) pro-

teins, whose primary and secondary structures are very

similar to the structure of the C-terminal domains in

MutL proteins with endonuclease activity [19]. On the

other hand, Zn2+ activates MutL from A. aeolicus [18]. We

found that Zn2+ did not promote DNA hydrolysis by

rsMutL. On the contrary, addition of increasing Zn2+

concentrations (0-100 µM) to the reaction mixture con-

taining 5 mM Mn2+ inhibited DNA hydrolysis irrespec-

tively of the Zn2+ concentration added (Fig. 6). Similar

results were obtained for MutL for P. aeruginosa [15].

This suggests a high affinity of Zn2+ for the Me2+-binding

sites in rsMutL and the ability of Zn2+ to replace Mn2+ in

them. Apparently, Zn2+ is not involved in DNA hydroly-

sis by rsMutL.

Therefore, divalent metal cations significantly affect

the ability of rsMutL to introduce single-stranded breaks

in DNA and its specificity.

Effect of ATP on MutL endonuclease activity. As

mentioned above, the presence of characteristic con-

served motifs in the rsMutL sequence indicates that

rsMutL belongs to the family of GHKL ATPases. ATP

binding and hydrolysis might cause significant conforma-

tional changes in the protein molecule. Indeed, ATP was

found to affect the endonuclease activity of MutL,

although the results of these studies are quite contradicto-

ry (Table 3). ATP strongly activates DNA hydrolysis by

human MutLα. Low ATP concentrations stimulate the

activity of MutL from B. subtilis, while high ATP concen-

trations inhibit the enzyme [19]. Similarly, ATP can

either stimulate [45] or inhibit [18] MutL from A. aeolicus

depending on the ATP concentration, enzyme concen-

tration, and the presence of Mg2+. ATP inhibits DNA

hydrolysis by MutL proteins from N. gonorrhoeae,

T. thermophiles, and P. aeruginosa [15-17].

In this work, we analyzed the effect of ATP on the

rsMutL activity. In most studies on DNA hydrolysis by

MutL, the concentration of ATP is 0.5 mM [18, 30]. We

found that addition of 0.5 mM ATP to the reaction mix-

ture containing Mn2+ or Mg2+ decreased the extent of

plasmid DNA hydrolysis approximately two times when

the reaction was carried out for 5 to 90 min (Fig. 5),

which correlates well with the data obtained for MutL

enzymes from N. gonorrhoeae, A. aeolicus, T. ther-

mophiles, and P. aeruginosa. Inhibition of MutL endonu-

clease activity by ATP might be important for cell func-

tioning. The intracellular concentration of ATP is

approximately 3-5 mM [17], which is high enough to

considerably decrease the ability of MutL to hydrolyze

DNA, thereby preventing introduction of undesirable

breaks in the canonical DNA.

In conclusion, we purified for the first time the MutL

protein, a component of the mismatch repair system from

R. sphaeroides, and demonstrated its endonuclease activ-

ity. Comparison of rsMutL with its analogs from A. aeoli-

cus, B. subtilis, N. gonorrhoeae, T. thermophilus, and

P. aeruginosa showed that all these proteins hydrolyze

DNA in the presence of Mn2+ (Table 3). However, only

rsMutL and MutL from N. gonorrhoeae introduce single-

stranded breaks in DNA in the presence of Mg2+ and

Co2+. Divalent zinc ions do not stimulate DNA cleavage

by any of the MutL proteins studied, which indicates the

necessity for ion coordination for the active protein struc-

ture formation. ATP significantly inhibits the DNA-

hydrolyzing activity of rsMutL and all other enzymes pre-

sented in Table 3 (except MutL from B. subtilis). Analysis

of MutL amino acid sequences revealed functionally

important conserved motifs (Tables 1 and 2) in these pro-

teins. Considering all these data, MutL from R.

sphaeroides mostly resembles MutL proteins from N. gon-

orrhoeae and P. aeruginosa in its primary structure and

biochemical properties.
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