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ABSTRACT

Mycobacterium tuberculosis RecA intein (PI-MtuI), a
LAGLIDADG homing endonuclease, displays dual
target speci®city in response to alternative
cofactors. While both ATP and Mn2+ were required
for optimal cleavage of an inteinless recA allele
(hereafter referred to as cognate DNA), Mg2+ alone
was suf®cient for cleavage of ectopic DNA sites. In
this study, we have explored the ability of PI-MtuI to
catalyze ATP hydrolysis in the presence of alterna-
tive metal ion cofactors and DNA substrates. Our
results indicate that PI-MtuI displays maximum
ATPase activity in the presence of cognate but not
ectopic DNA. Kinetic analysis revealed that Mn2+

was able to stimulate PI-MtuI catalyzed ATP hydroly-
sis, whereas Mg2+ failed to do so. Using UV cross-
linking, limited proteolysis and amino acid
sequence analysis, we show that 32P-labeled ATP
was bound to a 14 kDa peptide containing the
putative Walker A motif. Furthermore, the limited
proteolysis approach disclosed that cognate DNA
was able to induce structural changes in PI-MtuI.
Mutation of the presumptive metal ion-binding
ligands (Asp122 and Asp222) in the LAGLIDADG
motifs of PI-MtuI impaired its af®nity for ATP, thus
resulting in a reduction in or loss of its endo-
nuclease activity. Together, these results suggest
that PI-MtuI is a (cognate) DNA- and Mn2+-dependent
ATPase, unique from the LAGLIDADG family of
homing endonucleases, and implies a possible role
for ATP hydrolysis in the recognition and/or cleav-
age of homing site DNA sequence.

INTRODUCTION

Inteins are enzymes encoded by intervening sequences
embedded in-frame within protein-coding genes. Most of
these enzymes possess both protein splicing and homing
endonuclease activities. The latter activity has been implicated
in the lateral transfer of intervening sequences via a process
termed `homing', leading to the rearrangement of organelle as
well as nuclear genomes (1±6). One hallmark of homing

endonucleases is their ability to recognize and cleave extended
(14±40 bp) but degenerate sequences that are normally
centered in inteinless alleles (1,7). Traditionally, homing
endonucleases are grouped based on their conserved sequence
motifs into LAGLIDADG, GIY-YIG, His-Cys box and H-N-H
families (1,5,6,8). Among these, the LAGLIDADG family is
the largest, most widespread and most studied class of homing
endonucleases. Several lines of evidence have indicated that
homing endonucleases with one LAGLIDADG motif act as
homodimers, whereas enzymes bearing two such motifs in the
same polypeptide act as monomers (9±12). In all cases,
LAGLIDADG enzymes display extreme speci®city for their
recognition sequences, and Mg2+ is the preferred cofactor for
cleavage of inteinless alleles.

However, Mycobacterium tuberculosis RecA intein
(PI-MtuI), a member of the LAGLIDADG family of homing
endonucleases, displays two key functional differences. First,
PI-MtuI exhibits dual target speci®city in response to alter-
native cofactors (13,14). Second, while both ATP and Mn2+

are required for cleavage of the inteinless recA allele
(hereafter referred to as cognate DNA), Mg2+ alone was
suf®cient for cleavage of ectopic DNA sites (13,14). These
observations raised the possibility of whether PI-MtuI can
bind ATP and catalyze its hydrolysis. ATP hydrolysis by
PI-MtuI may be necessary for its turnover, for DNA
translocase activity or cleavage of cognate DNA sequence.

In this study, we have investigated the basis of ATP-
dependent cleavage of cognate DNA by PI-MtuI. We observed
that PI-MtuI was able to bind ATP with high af®nity and
catalyze its hydrolysis. Importantly, this activity was substan-
tially higher in the presence of Mn2+ and cognate DNA
compared to ectopic DNA or Mg2+. Consistent with this
observation, cognate DNA was able to induce conformational
changes in the native structure of PI-MtuI. Although the
catalytic mechanisms underlying the cleavage of DNA by
homing endonucleases are beginning to be understood, our
results provide new insights into the role of ATP hydrolysis in
the cleavage of cognate DNA.

MATERIALS AND METHODS

Reagents and DNA

All the chemicals used in this study were of analytical grade.
The buffers were prepared using deionized water. ATP was

*To whom correspondence should be addressed. Tel: +91 80 360 0278; Fax: +91 80 360 0814; Email: kmbc@biochem.iisc.ernet.in

4184±4191 Nucleic Acids Research, 2003, Vol. 31, No. 14
DOI: 10.1093/nar/gkg475

Nucleic Acids Research, Vol. 31 No. 14 ã Oxford University Press 2003; all rights reserved



purchased from Amersham Biosciences Inc. Asia Paci®c Ltd
(Hong Kong). It was dissolved in water, the pH was adjusted
to 7 with NaOH, and its concentration was estimated
spectrophotometrically using an extinction coef®cient of e259

= 15 400/M/cm. [g-32P]ATP (6000 Ci/mmol) and [a-32P]ATP
(3000 Ci/mmol) were purchased from Perkin-Elmer Life
Sciences. PEI±cellulose thin layer chromatography (TLC)
sheets were purchased from Merck. Negatively supercoiled
pEJ244 and bacteriophage M13 DNAs were prepared by
sucrose density gradient centrifugation (15). The fractions
containing DNA were pooled and precipitated with ethanol.
DNA was collected by centrifugation, the pellet was
resuspended in 10 mM Tris±HCl buffer (pH 7.5) containing
1 mM EDTA and dialyzed against the same buffer for 6 h. The
nature of negatively supercoiled DNA was assessed by
agarose gel electrophoresis. The concentration of DNA was
estimated at A260 nm and expressed as mol nucleotide
residues/l.

Bacterial strains and media

Escherichia coli strain DH5a was used for plasmid manipu-
lations and grown in liquid or solid LB agar supplemented
with appropriate antibiotics. PI-MtuI was overproduced from
pGRI in E.coli strain DH5a using iospropyl-1-thio-b-D-
galactopyranoside and puri®ed to homogeneity as described
(13). The procedure used for puri®cation of PI-MtuI mutants
was identical (14). The identity of puri®ed proteins was
con®rmed by Coomassie blue staining and western blot
analysis using polyclonal antibodies raised against wild-type
PI-MtuI (16). Protein concentrations were determined by the
dye binding method using bovine serum albumin as standard
(17). Protein preparations were found to be free of
exonucleases as assessed by incubation with both single-
and linear double-stranded M13 DNA.

Site-directed mutagenesis

Site-directed mutagenesis of the conserved amino acid
residues was performed using an overlap extension PCR
method (18). Brie¯y, single point mutations D122Y and
D222T were generated using pEJ135 DNA as the template
(14). PCR products were incubated with SmaI and AccI,
separated by electrophoresis on an agarose gel and the DNA
fragment (851 bp) was eluted from the gel (19). It was ligated
into pGEX-2T, which had been digested with the same set of
enzymes. After isolation of recombinant plasmid DNAs,
mutants were identi®ed by digestion with appropriate restric-
tion endonucleases. The mutant constructs were veri®ed by
sequencing in an automated ABI Prism DNA sequencer
(Perkin-Elmer Life Sciences). Recombinant plasmids were
transformed and PI-MtuI variants were overproduced in E.coli
strain DH5a. All PI-MtuI mutants showed similar levels of
expression.

UV catalyzed crosslinking of ATP to PI-MtuI

Reaction mixtures (10 ml) contained 20 mM Tris±HCl buffer
(pH 7.5), 0.4 mM dithiothreitol (DTT), 15 mM PI-MtuI and the
indicated concentrations of [g-32P]ATP (6000 Ci/mmol). In
competitive binding assays, after incubation of PI-MtuI with
[g-32P]ATP for 5 min, unlabeled ATP was added to the
reaction mixture at the indicated concentrations. Following
incubation at 37°C for 5 min, samples were placed on ice at

~2 cm from the light source and subjected to irradiation at
254 nm for 5 min using a Hoefer Scienti®c crosslinker.
Reaction mixtures were mixed with 2 ml of 53 SDS sample
loading buffer (10 mM Tris±HCl, pH 6.8, 40% glycerol,
12.5% SDS and 25 mM DTT containing 0.1% bromophenol
blue) and incubated at 94°C for 2 min. Samples were separated
by 10% SDS±PAGE. The gel was washed extensively with
methanol:acetic acid:water (10:10:80 v/v) solution to remove
free ATP and dried over a Whatman 3MM ®lter at 80°C. The
dried gel was exposed to a PhosphorImager screen for 3 h.
Quanti®cation of the bands corresponding to PI-MtuI was
performed by Image Gauge ver. 3.0 (Fuji Science, Japan) and
plotted using Graphpad Prism ver. 2.0. To determine the
stoichiometry of binding of ATP to PI-MtuI, a ®xed concen-
tration of PI-MtuI (15 mM) was incubated with increasing
concentrations of ATP. After UV crosslinking and autoradio-
graphy, the bands were quanti®ed and plotted against
increasing concentrations of ATP. The data was subjected to
non-linear regression analysis and was found to ®t a one site
binding model derived using the equation Y = Bmax 3 X/[Kd +
X], where X and Y represent the amount of ATP and ATP
crosslinked to PI-MtuI, respectively, Bmax is the maximal
binding of ATP and Kd is the concentration of ATP required to
attain half-maximal binding.

ATPase assay

The ATPase assay was performed as described (20) with
modi®cations. Brie¯y, reaction mixtures (10 ml) contained
25 mM Tris±HCl buffer (pH 7.5), 0.4 mM DTT, 16 mM
pEJ244 form I DNA and 3 mM MnCl2 or 5 mM MgCl2, where
speci®ed. In addition to the indicated concentrations of ATP,
200 nCi of [a-32P]ATP was added to all the reaction mixtures
as a tracer. Reactions were initiated with the addition of 3 mM
PI-MtuI. After incubation for the indicated time intervals at
37°C, reactions were terminated with the addition of EDTA to
a ®nal concentration of 15 mM and extracted with chloroform.
Samples were centrifuged at 10 000 r.p.m. for 5 min. Three
microliter aliquots of the supernatant were spotted on PEI±
cellulose TLC sheet and developed in a solution containing
0.5 M LiCl, 1 M HCOOH and 1 mM EDTA, dried and
subjected to autoradiography. The bands corresponding to 32P-
labeled ATP and ADP were quanti®ed by the image analyzer
software UVI-BandMap ver. 99 and plotted using Graphpad
Prism ver. 2.0. The kinetic parameters (Km and Vmax) were
determined from the Lineweaver±Burk plot (1/[S] versus 1/v)
using the equation 1/v = 1/Vmax + Km/Vmax[S], where v is the
velocity of the reaction and [S] is the concentration of the
substrate. The kcat value was calculated using the equation kcat

= Vmax/[E]t, where [E]t is the total enzyme concentration and
Vmax is the maximal velocity of the reaction determined from
the reciprocal plot.

Endonuclease assay

Endonuclease assays were performed as described (13).
Reaction mixtures (25 ml) contained 25 mM Tris±HCl buffer
(pH 7.5), 0.4 mM DTT, 3 mM MnCl2, 1.5 mM ATP, 16 mM
form I pEJ244 DNA and 1 mM PI-MtuI. After incubation at
37°C for different intervals of time, reactions were stopped by
the addition of SDS to a ®nal concentration of 0.1% and the
samples were deproteinized by incubation with 0.2 mg/ml
proteinase K for 15 min at 37°C. Three microliters of gel
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loading buffer (20% glycerol containing 0.12% w/v each of
bromophenol blue and xylene cyanol) was added to each
sample and the samples were separated on a 0.8% agarose
gel in 89 mM Tris±borate buffer (pH 8.3) containing 2 mM
EDTA at 3 V/cm. The gel was stained with ethidium bromide
(0.5 mg/ml) and DNA was visualized by UV illumination.
Subsequently, DNA was transferred to Nylon N+ membrane
and visualized by Southern hybridization (21). The bands were
quanti®ed in a UVI-Tech gel documentation station using
UVI-BandMap ver. 99 and plotted using Graphpad Prism
ver. 2.0.

Limited proteolysis of PI-MtuI by chymotrypsin

The appropriate concentration of chymotrypsin required for
limited proteolysis of PI-MtuI was determined from serial
dilutions. A concentration of 4 mg/ml generated reproducible
pro®les in the assay buffer indicated below. Reaction mixtures
(250 ml) contained 25 mM Tris±HCl buffer (pH 7.5), 0.4 mM
DTT, 70 mg PI-MtuI and 1.5 mM ATP, 16 mM pEJ244 form I
DNA and 3 mM MnCl2, where speci®ed. The reaction was
initiated with the addition of 1 mg bovine chymotrypsin. After
incubation at 37°C for the indicated time intervals, aliquots
(25 ml) were taken and mixed with 5 ml of 53 SDS sample
buffer (10 mM Tris±HCl, pH 6.8, 40% glycerol, 12.5% SDS,
25 mM DTT containing 0.1% bromophenol blue) and 0.2 mM
phenylmethylsulfonyl ¯uoride. Samples were analyzed by
10% SDS±PAGE, followed by staining with Coomassie
Brilliant Blue R-250. Similarly, limited proteolysis of UV
crosslinked ATP±PI-MtuI complex was performed as de-
scribed above. A band corresponding to a 14 kDa fragment
crosslinked to ATP was excised from the SDS±PAGE gel and
subjected to electrospray mass spectrometric analysis.

RESULTS

ATP binding properties of PI-MtuI

We have previously reported that PI-MtuI displays dual target
speci®city in response to alternative cofactors (13,14). While
both ATP and Mn2+ were required for optimal cleavage of
cognate DNA, Mg2+ alone was suf®cient for cleavage of
ectopic DNA sites. To investigate the possibility of whether
PI-MtuI can bind ATP, it was incubated with [g-32P]ATP in
the absence or presence of metal ion cofactors. Subsequently,
reaction mixtures were exposed to UV radiation to stabilize
the PI-MtuI±ATP complex (21), separated by SDS±PAGE and
the bound ATP was detected by autoradiography.

Control experiments showed that M.tuberculosis RecA
bound substantial amounts of ATP, while its cognate single-
stranded binding protein (SSB) did not (Fig. 1, lanes 1 and 2).
In the absence of metal ions, ATP was bound to a truncated
form of PI-MtuI (Fig. 1, lane 3). The relationship of the
truncated form to full-length PI-MtuI was con®rmed by
western blot analysis with polyclonal antibodies raised against
PI-MtuI (data not shown). The extent of binding of ATP
to PI-MtuI was dependent on the type of metal ion. While
PI-MtuI bound ATP with lower af®nity in the presence of
Mg2+, binding was substantially higher in the presence of
Mn2+ (Fig. 1, compare lanes 4 and 5 to 6 and 7). Together,
these results suggest that the metal ions alter the af®nity of

PI-MtuI for ATP as well as confer protection against
radiolysis.

Stoichiometric binding of ATP to PI-MtuI

To determine the stoichiometry of ATP-binding to PI-MtuI, a
®xed concentration of PI-MtuI was incubated with increasing
concentrations of [g-32P]ATP. The samples were incubated
and assayed as described above. Figure 2A shows the extent of
binding of ATP to PI-MtuI as a function of increasing amounts
of ATP in the presence of Mn2+. Quanti®cation of the band
intensity indicated that the amount of ATP bound to PI-MtuI
was linear in the range 2.5±15 mM, above which the reaction
progress curve deviated from linearity and displayed an
apparent saturation effect (Fig. 2B). The binding data better
®ts a one-site binding hyperbolic curve with a half-maximal
binding of 10 mM ATP. Although UV catalyzed crosslinking
is not an equilibrium binding reaction, within its limits these
results are consistent with binding of ~1 ATP/PI-MtuI
monomer. To con®rm the speci®city of binding of ATP to
PI-MtuI, we performed a competition binding assay as
described in Materials and Methods. The results showed that
PI-MtuI formed a stable complex with ATP, as a 10 000-fold
excess of cold ATP was able to displace 80% of radiolabeled
ATP (data not shown).

PI-MtuI is a (cognate) DNA-dependent ATPase

Previously, we showed that PI-MtuI exhibited pronounced
dependence on ATP for cleavage of cognate DNA (13). Thus,
we speculated that ATP hydrolysis might be crucial for its
endonuclease activity. To investigate this directly, we per-
formed ATPase assays in the presence of different cofactors.
As shown in Figure 3, PI-MtuI by itself (lanes 2 and 9), or in
the presence of DNA (lanes 4 and 11), was unable to catalyze
ATP hydrolysis. On the other hand, in the presence of Mg2+ or
together with cognate or ectopic DNA, PI-MtuI displayed
residual activity (Fig. 3, lanes 3, 5 and 7). Also, PI-MtuI
behaved qualitatively similarly in the presence of Mn2+ (Fig. 3,

Figure 1. ATP binding to PI-MtuI as monitored by UV catalyzed crosslink-
ing. Reactions were performed as described in Materials and Methods. The
autoradiogram shows the SDS±PAGE analysis of photolabeled proteins.
Lane 1, M.tuberculosis RecA protein (16 mM) in the presence of 2 mM
MgCl2 and 1.6 pmol [g-32P]ATP; lane 2, M.tuberculosis single-stranded
DNA-binding protein (16 mM), 2 mM MgCl2 and 1.6 pmol [g-32P]ATP;
lane 3, PI-MtuI (16 mM) with 1.6 pmol [g-32P]ATP in the absence of added
metal ion (±Me2+). The remaining lanes contained PI-MtuI (16 mM) and the
indicated cofactor(s): 2.5 mM MgCl2 (lane 4), 5 mM MgCl2 (lane 5),
2.5 mM MnCl2 (lane 6); 5 mM MnCl2 (lane 7). An asterisk denotes the
truncated form of PI-MtuI.
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lane 10). However, addition of cognate DNA led to a sharp
increase in ATPase activity by 40-fold (Fig. 3, lane 12). The
speci®city of ATPase activity was con®rmed by performing
the reaction in the presence of cold ATP: addition of 1 mM
ATP completely abolished ATP hydrolysis (Fig. 3, lanes 6 and
13). Under these conditions, ectopic DNA failed to stimulate
ATPase activity in the presence of Mg2+ (Fig. 3, lane 7, and
see below). Together, these data suggest that PI-MtuI is a
Mn2+- and (cognate) DNA-dependent ATPase.

To further characterize ATP hydrolysis catalyzed by PI-
MtuI, reactions were performed in the presence of cognate
DNA with increasing concentrations of either Mg2+ or Mn2+.
As shown in Figure 4, the formation of ADP was measurable
but remained constant across the indicated concentrations of
Mg2+. In contrast, accumulation of ADP increased sharply
with increasing concentrations of Mn2+, reaching a maximum
at 3 mM and decreasing sharply thereafter. This concentration
of Mn2+ is quantitatively similar to the amount required for the
display of its optimal endonuclease activity (13).

In subsequent experiments, we analyzed the kinetics of ATP
hydrolysis in the absence or presence of either cognate or
ectopic DNA. In the absence of DNA, formation of ADP was
measurable but remained lower throughout the incubation
period (Fig. 5, closed triangles). On the other hand, PI-MtuI
was able to catalyze ATP hydrolysis in the presence of both
cognate and ectopic DNA. However, greater stimulation was
observed with Mn2+ and cognate DNA compared to ectopic
DNA and Mg2+ (Fig. 5, compare closed squares to inverted

closed triangles). In the presence of Mn2+ and cognate DNA,
PI-MtuI displayed a striking increase in the extent of
formation of ADP up to 40 min, above which it reached a
plateau. The basis for the differences in amplitudes seen
between cognate DNA and Mn2+ versus ectopic DNA and
Mg2+ remains to be investigated.

Kinetic analysis of ATP hydrolysis catalyzed by PI-MtuI

The effect of increasing ATP concentration on the PI-MtuI
catalyzed reaction was investigated by kinetic experiments.

Figure 2. Binding of 32P-labeled ATP to PI-MtuI as a function of ATP
concentration. Reactions were performed with increasing concentrations of
ATP as indicated above each lane. Reactions mixtures were analyzed as
described in Materials and Methods. (A) Autoradiogram showing crosslink-
ing of ATP to PI-MtuI. (B) Quanti®cation of the extent of binding of
labeled ATP. The intensity of bands was quanti®ed after correcting the
background using UVI-BandMap software ver. 99 and plotted against
concentration of ATP using Graphpad Prism ver. 2.0. The graph shows the
average of two independent experiments.

Figure 3. ATP hydrolysis catalyzed by PI-MtuI. Reactions were performed
in the absence or presence of cofactors and/or DNA as described in
Materials and Methods. An autoradiogram of a typical TLC analysis
showing ADP generated during the reaction in the absence (lanes 2 and 9)
or presence (lanes 1, 3±8 and 10±13) of different cofactors as indicated
above each lane. The positions of ATP and ADP are shown on the left.

Figure 4. Effect of a metal ion on ATP hydrolysis catalyzed by PI-MtuI.
ATPase assays were performed with increasing concentrations of Mg2+ or
Mn2+. Reactions were terminated and analyzed by TLC as described in
Materials and Methods. The bands were quanti®ed and plotted as a function
of Mg2+ or Mn2+ concentration. ATP hydrolysis is expressed as a percentage
of ADP formed from [a-32P]ATP with respect to the value obtained in the
absence of metal ions. The graph shows the average of two independent
experiments.
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The reactions were performed with a ®xed concentration of
PI-MtuI, Mn2+ and cognate DNA, but at varying concentra-
tions of ATP. The velocities were determined from the linear
phase of the reaction progress curve across a range of ATP
concentrations from 0.25 to 100 mM. A plot representing rates
of ATP hydrolysis versus substrate concentration revealed a
hyperbolic character, indicating typical Michaelis±Menten
kinetics. The data from the linear phase of the curve was ®tted
to a Lineweaver±Burk plot (Fig. 6). With cognate DNA as the
substrate, we determined the empirical kinetic parameters for
PI-MtuI. It has a Km [ATP] of 23.52 mM, kcat of 0.34 per min and
Vmax of 1 mmol/min/l. Although PI-MtuI displayed a high
af®nity for ATP, the turnover number (kcat = 0.34 per min) is
lower. The low kcat/Km value suggests that a weak ATPase
activity of PI-MtuI might account for inef®cient cleavage of
cognate DNA (13; this study). In comparison, the kcat of
PI-MtuI is 3.4-fold higher than Rad51 protein, but 29- and
65-fold weaker than M.tuberculosis and E.coli RecA proteins,
respectively (22±26).

PI-MtuI variants display decreased ability to bind ATP

Previously, we had noticed that mutation of metal ion-binding
acidic amino acids in the LAGLIDADG motifs of PI-MtuI led
to abolition of cognate DNA cleavage (13). To explore the
basis for loss of endonuclease activity, as a ®rst step we
wished to determine binding of ATP to PI-MtuI variants by
UV catalyzed crosslinking. For this purpose, PI-MtuI variants
were puri®ed to homogeneity. The results of CD measure-
ments revealed that the overall features of mutant enzyme
structures were similar to that of wild-type PI-MtuI (data not
shown). The UV crosslinking results showed that the amount
of ATP bound by wild-type PI-MtuI was quantitatively similar
to that noted above (Fig. 2). In comparison, the D122Y and
D222T variants showed reduced ATP binding (Fig. 7A and B).
Corroborating this observation, the kinetics of ATP hydrolysis
revealed that D222T was totally inactive, while D122Y
showed a substantial reduction in ATPase activity (Fig. 7C).
Interestingly, the difference in ATP binding between the

wild-type and variants of PI-MtuI is less substantial than the
reduction in ATPase activity.

Correlation between ATPase and endonuclease activities

The above results raised the possibility that the ATPase
activity of PI-MtuI might be crucial for its endonuclease

Figure 6. ATP hydrolysis catalyzed by PI-MtuI follows Michaelis±Menten
kinetics. Reactions were performed at different concentrations of the
substrate with a ®xed concentration of PI-MtuI in the presence of 3 mM
Mn2+. Reaction products were separated by TLC and visualized by
autoradiography. Quanti®cation was performed as described in Materials
and Methods. The rate of the reaction was calculated from the slopes of
such plots. The ®gure shows 1/v versus 1/[S] in the form of a Lineweaver±
Burk plot. The inset shows the summary of kinetic parameters for wild-type
PI-MtuI. The graph shows the mean 6 SD of three independent
experiments.

Figure 7. Mutation of conserved amino acid residues in the LAGLIDADG
motifs of PI-MtuI affect binding of ATP and its hydrolysis.
(A) Autoradiogram showing the binding of ATP by wild-type and variants
of PI-MtuI. (B) Quanti®cation of the extent of binding of ATP by wild-type
and variants of PI-MtuI shown in (A). (C) Kinetics of ATPase activity of
wild-type and variants of PI-MtuI. The ATPase assay was performed as
described in Materials and Methods. The graph shows the mean 6 SD of
three independent experiments.

Figure 5. PI-MtuI is a Mn2+- and (cognate) DNA-dependent ATPase. ATP
hydrolysis was performed in an assay buffer containing PI-MtuI (3 mM) and
cognate or ectopic DNA (16 mM) in the presence of either 3 mM Mn2+ or
Mg2+ as described in Materials and Methods. The bands corresponding to
ADP in the autoradiogram were quanti®ed and plotted against time of
incubation using Graphpad Prism ver. 2.0. The graph shows the mean of
three independent experiments.

4188 Nucleic Acids Research, 2003, Vol. 31, No. 14



function. To address this question directly, we compared the
endonuclease activity of wild-type and variants of PI-MtuI
using cognate DNA as the substrate. In contrast to the wild-
type, D122Y, which showed residual ATPase activity,
displayed weak endonuclease function (compare Fig. 8A to
B). A similar observation had previously been made with
D122Y while studying its DNA cleavage speci®city in the
presence of alternative metal ion cofactors (14). Further
studies of the cleavage reaction highlighted that while D222T
failed to cleave sequence spanning the homing site, D122Y
exhibited an altered cleavage speci®city (data not shown).
Importantly, the D222T variant, which was unable to catalyze
ATP hydrolysis, failed to generate form III DNA (Fig. 8C).
However, both mutants were able to convert a signi®cant
amount of form I DNA to form II DNA. Indeed, a reduction in
or loss of ATPase activity of PI-MtuI was correlated with its
endonuclease activity (Fig. 8D).

Sequence analysis of the photolabeled truncated
derivative of PI-MtuI

Since the atomic structure of PI-MtuI is not yet available,
identi®cation of its ATP-binding domain might help uncover
its mechanism of action. To identify the ATP-binding motif,
32P-labeled ATP was crosslinked to PI-MtuI and subjected to
limited proteolysis by chymotrypsin (Fig. 9A), and the
reaction mixtures were analyzed as described in Materials
and Methods. As shown in Figure 9B, 32P-labeled ATP was
found to be associated with a 14 kDa peptide. This band was
excised from the gel and separated by SDS±PAGE. The
radioactive peptide was in-gel trypsinized, eluted and sub-
jected to electrospray ionization mass spectrometric analysis.
The results suggested that the 14 kDa fragment comprising
amino acids 8±132 in full-length PI-MtuI contained the
putative ATP-binding motif (125GxxGGKT131).

Cofactors induce structural transitions in PI-MtuI

The limited proteolysis approach has been widely used as a
sensitive tool to monitor structural transitions in proteins
associated with speci®c binding of ligands (27). Accordingly,
®rst we treated PI-MtuI with a limiting concentration of
chymotrypsin in the presence of buffer alone. At speci®ed
time intervals, the reaction was terminated and samples were
separated by SDS±PAGE, and the gel was visualized by
staining with Coomassie blue. In the absence of cofactors,
>80% of full-length PI-MtuI was cleaved by 30 min,
generating three prominent fragments of 30, 14 and 10 kDa
(denoted by asterisks in Fig. 10A). Mapping of the cleavage
sites and location of these fragments within PI-MtuI is
currently under investigation. A caveat is that the differences
in the cleavage pattern could arise from differential activity of
chymotrypsin in response to the indicated metal ions. This
possibility seemed unlikely, since similar cleavage pro®les
were observed in the presence of trypsin (data not shown).

Because both Mn2+ and ATP were required for cleavage of
cognate DNA by PI-MtuI, it seemed likely that they might
induce structural changes in full-length PI-MtuI. However, the
results shown in Figure 10B suggest that the extent of cleavage

Figure 8. Kinetics of cognate DNA cleavage by wild-type and variants of
PI-MtuI. Reactions containing wild-type (A) or variants (B and C) of
PI-MtuI were performed as described in Materials and Methods.
(D) Quanti®cation of the extent of cognate DNA cleavage by wild-type and
variants of PI-MtuI shown in (A±C). The graph shows the mean of two
independent experiments. Form I, negatively supercoiled DNA; Form II,
nicked circular DNA; Form III, linear double-stranded DNA.

Figure 9. Isolation of 14 kDa peptide. PI-MtuI was crosslinked to
[g-32P]ATP and subjected to limited proteolysis with chymotrypsin as
described in Materials and Methods. (A) Coomassie blue stained
SDS±PAGE gel showing the partial chymotryptic digest. (B) Autoradiogram
of the gel shown in (A).
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of full-length PI-MtuI in the presence of Mn2+ and ATP was
largely similar to the results obtained with PI-MtuI alone
(compare Fig. 10A to B). To investigate the effect of DNA, we
incubated PI-MtuI with ATP and Mn2+ in the presence of
cognate DNA. The samples were then treated with
chymotrypsin and analyzed as described in Materials and
Methods. Interestingly, addition of DNA led to robust and
rapid cleavage: >90% of full-length PI-MtuI was digested
within 10 min, indicating that DNA uncovers chymotrypsin-
accessible sites in PI-MtuI (compare Fig. 10B to C). These
results suggest that cleavage sites that are less accessible in the
absence or presence of cofactors become more exposed upon
interaction with DNA.

DISCUSSION

In this study, we show that the RecA intein, a LAGLIDADG
homing endonuclease, is a (cognate) DNA- and Mn2+-
dependent ATPase. Several controls and observations indicate
that the intrinsic ATPase activity of PI-MtuI is crucial for its
endonuclease function. First, a single peak of ATPase activity
co-eluted with PI-MtuI during chromatography (data not
shown). Second, PI-MtuI by itself was unable to catalyze ATP
hydrolysis. Importantly, cognate DNA stimulated PI-MtuI to
hydrolyze ATP much more ef®ciently compared to ectopic
DNA sites. Third, the extent of stimulation of ATPase activity
by Mn2+ was greater than Mg2+. Finally, a PI-MtuI variant that
showed loss of ATPase activity was inactive in DNA
cleavage, emphasizing the notion that ATPase activity is
crucial for its endonuclease function.

It is intriguing that PI-MtuI required ATP binding as well as
its hydrolysis for the display of its endonuclease activity with
cognate DNA, a property different from other known
LAGLIDADG homing endonucleases. Why might PI-MtuI
require ATP hydrolysis for its endonuclease function? One
possible role would be that ATP hydrolysis is required for
turnover of the enzyme. Alternatively, or in addition, ATP
hydrolysis may be required for its processive tracking along
DNA and for distortion of its cleavage sequence. Thus, the
D222T mutation, which resulted in total loss of ATPase
activity, concomitantly abolished endonuclease function. On
the other hand, the D122Y variant, which hydrolyzes ATP
poorly, displayed weak endonuclease activity. The molecular

defect responsible for reduced ATP binding by the D122Y and
D222T variants is likely due to weakened interaction of PI-
MtuI with ATP´Mn2+ complex. In addition, our results show
that Mn2+ plays a dual role in PI-MtuI function: it is essential
for ATPase as well as endonuclease activities. We note that
maximum stimulation of ATPase activity was achieved in the
presence of cognate DNA, but not ectopic DNA. An
interesting analogy is found in the case of M.tuberculosis
RecA, which is also generated by splicing of the RecA
precursor. However, RecA differs from PI-MtuI in that its
ATPase activity is greater in the presence of single-stranded
DNA and Mg2+. That Mg2+ was unable to support ATP
hydrolysis by PI-MtuI with cognate DNA is surprising, since
many DNA-dependent ATPases prefer Mg2+ as the metal ion
cofactor (28).

Sequence analysis revealed that PI-MtuI harbors two
copies of the LAGLIDADG motif. The sequence of the
®rst motif is 115LLGYLIGD*G123 and of the second
214LLFGLFE*SD*G223 (asterisks denote conserved acidic
amino acids). It remains to be elucidated whether binding of
Mn2+ as well as Mg2+ involves the same LAGLIDADG motif
or both in the PI-MtuI monomer. Analysis of the PI-MtuI
D122Y and D222T variants suggested that both Mn2+ and
Mg2+ might interact with the same LAGLIDADG motif (14).
We believe that ®rm evidence for involvement of the
LAGLIDADG motif in binding of metal ions must come
from the crystal structure. This is important because, on the
basis of mutational analysis of I-PpoI homing endonuclease, it
was inferred that the PD109xxxxD140NK motif is the Mg2+-
binding site. However, this was not evident in the co-crystal
structure of I-PpoI (29,30). Thus far, PI-MtuI is the only
LAGLIDADG homing endonuclease known to require ATP
hydrolysis for cleavage of cognate DNA. Consistent with this,
previously we showed that ATPgS failed to support cleavage
of cognate DNA (13).

Several lines of evidence suggest that binding of ligands
induces distinct structural alterations in proteins (31,32).
Indeed, PI-SceI undergoes substantial structural changes upon
binding to DNA (33). Similarly, limited proteolysis experi-
ments revealed substantial conformational rearrangements in
PI-MtuI during binding of DNA and its cleavage. Likewise, a
cofactor-induced extended conformational state has been
presumed to represent the catalytically active form of I-TevI

Figure 10. The effect of cofactors and DNA on limited proteolysis of PI-MtuI. Products of the proteolysis reaction in the absence of cofactors (A) or in the
presence of 3 mM Mn2+ and 1.5 mM ATP (B) or cognate DNA (16 mM), 3 mM Mn2+ and 1.5 mM ATP (C). In each lane, ~7 mg of PI-MtuI incubated with
1 ml of 0.1 mg/ml bovine chymotrypsin for the indicated time interval was loaded as described in Materials and Methods. The time of digestion (min) is
indicated at the top of each panel. The reaction was terminated by the addition of 5 ml of 53 SDS loading buffer. Samples were separated by 10%
SDS±PAGE and visualized by staining with Coomassie blue. Lane M, molecular mass markers (Combithek; Boehringer Mannheim Biochemica), with size in
kDa indicated on the left. Asterisks represent the major proteolysis fragments of PI-MtuI.
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(34). In conclusion, our results have revealed dynamic
interactions between PI-MtuI and cognate DNA as well as
cofactors. Furthermore, hydrolysis of ATP catalyzed by
PI-MtuI in the context of Mn2+ and (cognate) DNA is
intrinsically coupled to its endonuclease activity. In this
regard, PI-MtuI is fundamentally unique among the members
of the LAGLIDADG superfamily of homing endonucleases.
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