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ABSTRACT: The chemical mechanism of phosphodiester bond hydrolysis catalyzed by a junction-resolving
enzyme has been investigated. Endonuclease I of phage T7 is a member of the nuclease superfamily of
proteins that include many restriction enzymes, and the structure of the active site is very similar to that
of BglI in particular. It contains three acidic amino acids that coordinate two divalent metal ions. Using
mass spectrometry we have shown that endonuclease I catalyzes the breakage of the P-O3′ bond, in
common with restriction enzymes. We have found that the pH dependence of the hydrolysis reaction is
log-linear, with a gradient of 0.9. Substitution of the scissile phosphate by an electrically neutral
methylphosphonate significantly impairs the rate of bond cleavage. However, the introduction of chirally
pure methylphosphonate groups shows that the effect of substitution of theproSoxygen atom is much
greater than that for theproR. This is consistent with our current model of the structure of the DNA
bound in the active site of endonuclease I, where theproSoxygen atom is coordinated directly to both
metal ions as it is inBglI. The activity is also very sensitive to repositioning of the carboxylate groups
of Asp 55 and Glu 65 in the active site, although some restoration of activity in endonuclease I E65D was
observed in the presence of Mn2+ ions. A mechanism of hydrolysis consistent with all of these data is
proposed.

Junction-resolving enzymes are nucleases that are selective
for the structure of four-way DNA junctions. They catalyze
the cleavage of phosphodiester linkages in the junction.
However, there has been very little investigation of the
chemical mechanism of these enzymes. In general, the
junction-resolving enzymes catalyze the metal ion-dependent
hydrolysis of two specific phosphodiester linkages in the
junction (1). Coordinated pairwise cleavages on opposing
strands (2, 3) lead to the resolution of the junction into two
nicked duplex species.

Junction-resolving enzymes have been isolated from a
wide variety of sources, including bacteria (4, 5) and their
phages (6, 7), yeast (8-10), and archaea (11, 12). There is
also good evidence for the existence of similar activities in
mammals (13) and their viruses (14). Phylogenetic analysis
of these enzymes indicates that the majority fall into one of
two superfamilies (15, 16). RuvC of Escherichia coliand
Cce1 ofSaccharomyces cereVisiae are classified with the
integrase group that includes RNase H, while T7 endonu-
clease I and Hjc ofSulfolobus solfataricusfall into the family
that includes the restriction enzymes andλ-endonuclease.
Crystal structures of junction-resolving enzymes (17-22)
reveal a variety of overall folds, but in general the active
sites contain acidic side chains that can bind metal ions via
their carboxylate groups. It is therefore probable that these
enzymes are derived from an ancestral metal ion-binding
protein and that hydrolysis is achieved by nucleophilic attack
of a water molecule coordinated directly to a metal ion.

Endonuclease I is a basic 149 amino acid protein encoded
by gene 3 of phage T7 (23-25) that is required for the
resolution of branched DNA replication intermediates (26-
28). We have solved the crystal structure of the enzyme with
(19) and without (29) an active site mutation. The active
site of endonuclease I conforms to the restriction enzyme
consensus (30), i.e., (D/E20)...P54D55...(D/E65)XK67 (the
residue numbers refer to endonuclease I), and theR andâ
carbon atoms of the four critical side chains (E20, D55, E65,
and K67) plus the conserved proline (P54) can be superim-
posed with the structure of the corresponding residues of
the restriction enzymeBglI (31) with an rmsd of 0.49 Å.
Similar catalytic motifs also exist inλ-exonuclease (32),
MutH (33), and TnsA (34), as well as the archaeal junction-
resolving enzymes (20, 22). Two Ca2+ ions were observed
coordinated in the active site ofBglI with a bound DNA
fragment in the crystal structure (31), and we have found
two Mn2+ ions in equivalent positions in the crystal structure
of wild-type sequence endonuclease I in the absence of DNA
(29). Binding of two metal ions to the protein was also
indicated by isothermal titration calorimetry (29), and Fe-
(II)-mediated cleavage of DNA indicated a very similar
location of metal ions in the complex (35). This suggests a
common mechanism of DNA cleavage, requiring divalent
metal ions coordinated by carboxylate groups (36).

In the present study we have investigated the catalytic
mechanism of endonuclease I in greater detail. We have
determined the direction of nucleophilic attack, and the pH
dependence of the reaction is consistent with a metal-bound
hydroxide ion acting as the active nucleophile. In addition,
we have determined the relative importance of the two
nonbridging oxygen atoms of the scissile phosphate by means

† This work was financially supported by Cancer Research U.K.
* To whom correspondence should be addressed. Tel: (+44)-1382-

344243. Fax: (+44)-1382-345893. E-mail: dmjlilley@dundee.ac.uk.

3934 Biochemistry2006,45, 3934-3942

10.1021/bi0523254 CCC: $33.50 © 2006 American Chemical Society
Published on Web 03/03/2006



of stereospecific methylphosphonate substitution. All of the
results are consistent with a proposed reaction mechanism
based on comparisons with restriction enzymes.

MATERIALS AND METHODS

Expression and Purification of T7 Endonuclease I.Wild-
type and mutant endonucleases I were expressed and purified
using the same method as described previously (19, 29). The
N-terminal decahistidine affinity tag was cleaved off using
a mild tryptic digestion, and the digest was applied to an
HS ion-exchange column (PerSeptive Biosystems). Protein
concentrations were measured spectrophotometrically, using
an absorption coefficient of 49500 M-1 cm-1 at 280 nm for
a dimer. All protein concentrations cited in the text refer to
dimers.

Site-Directed Mutagenesis of Endonuclease I.Site-directed
mutagenesis using the QuickChange procedure from Strat-
agene was performed on the gene for endonuclease I in the
expression vector. Two complementary mutagenic oligo-
nucleotides were annealed to the double-stranded plasmid,
which was then resynthesized withPfu polymerase (Strate-
gene) using PCR. Replicated mutated plasmid was incubated
with the methylation-sensitive restriction enzymeDpnI to
digest the parental DNA plasmid. The mutant plasmid was
transformed intoE. coli, and plasmid DNA was prepared
and sequenced.

Construction of DNA Junctions.Oligodeoxyribonucle-
otides were synthesized using standard phosphoramidite
chemistry (37) implemented on an Applied Biosystems 394
synthesizer. Methylphosphonamidites (Glen Research) were
incorporated using an extended coupling time. Unmodified
oligonucleotides were deprotected with ammonia at 55°C
for 16 h. Methylphosphonate-modified oligonucleotides were
deprotected in an acetonitrile/ethanol/ammonium hydroxide
mixture (45:45:10) at room temperature for 30 min. An equal
volume of ethylenediamine was then added, and the mixture
was left for a further 6 h. The supernatant was collected,
and the support was washed twice with 1 mL of acetonitrile/
water (1:1). The pH of the combined supernatants was
adjusted to 7 with 6 M hydrochloric acid in acetonitrile/
water (1:9). The oligonucleotides were then desalted using
Poly-Pak cartridges (Glen Research). All oligonucleotides
were purified by electrophoresis in polyacrylamide gels
containing 7 M urea. DNA was recovered from gel fragments
by electroelution followed by ethanol precipitation. Where
required, oligonucleotides were radioactively 5′-32P-labeled
using T4 polynucleotide kinase and [γ-32P]ATP (Amersham).

Construction of Junction S.Junction 3 with extended B
and X arms was constructed by hybridizing the four
oligonucleotides (all sequences written 5′ to 3′):

b strand, CGCAAGCGACAGGAACCTCGAGGGATC-
CGTCCTAGCAAGGGGCTGCTACCGGAA; h strand, TTC-
CGGTAGCAGCCmpTGAGCGGTGGTTGA; r strand, TCA-
ACCACCGCTCAACTCAACTGCAGTCTAGACTCGAGG-
TTCCTGTCGCTTGCG; x strand, CGCAAGCGACAGGAA-
CCTCGAGTCTAGACTGCAGTTGAGTCCTTGCTAGG-
ACGGATCCCTCGAGGTTCCTGTCGCTTGCG. The h
strand contained a methylphosphonate linkage at the center,
indicated by mp. Two forms of the junction containing the
alternative diastereomers of the methylphosphonate were
separated by electrophoresis in 8% polyacrylamide gels (29:

1, acrylamide:bisacrylamide) in 90 mM Tris-borate (pH 8.3)
and 200µM MgCl2 for 25 h at 120 V at 20°C, with
recirculation of the buffer at>1 L h-1. From our previous
studies it is known that the slow-migrating species contains
theSp diastereomer, while the fast-migrating species contains
the Rp diastereomer (38). Junctions were visualized by UV
shadowing and recovered by electroelution followed by
ethanol precipitation. The chirally pure h strand species were
purified from the remaining strands by gel electrophoresis
in a denaturing polyacrylamide gel containing 7 M urea,
followed by electroelution from the excised gel fragments
containing the 28 nt species. These (and the racemic form
of the strand) were then separately hybridized to three new
strands, i.e., b′ strand, CCGTCCTAGCAAGAGGCTGC-
TACCGGAA, r′ strand, TCAACCACCGCTCGACTCAACT-
GCAGTC, and x strand, GACTGCAGTTGAGTCCT-
TGCTAGGACGG, to generate the three forms of junction
S in which the methylphosphonate linkage (Rp, Sp, or
racemic) is one nucleotide 5′ to the point of strand exchange.
Radioactively 5′-32P-labeled h or x strands were incorporated
as appropriate. Junctions were purified by gel electrophoresis
under nondenaturing conditions and electroelution.

Analysis of CleaVage Reaction Products by Mass Spec-
trometry. A version of junction 3 was constructed by
hybridization of an h strand (the strand to be analyzed) of
28 nt and remaining strands each of 50 nt. The 112µM
junction was incubated with 23µM endonuclease I (dimer)
in 100 µL of 50 mM Tris-HCl (pH 7.5), 50 mM NaCl, 0.5
mM DTT, and 0.1 mg/mL BSA for 60 min at 20°C.
Cleavage was initiated by adding 10 mM MgCl2 (final
concentration) and the reaction terminated after 3 h by
addition of 50 mM EDTA. The protein was digested with
0.5 mg/mL proteinase K for 30 min at 50°C, and then the
mixture was denatured at 95°C and cooled on ice. The digest
was diluted 10-fold with 0.1 M TEAA (pH 7.0), applied to
a reversed-phase HPLC column (WatersµBondapak C18,
7.8 mm× 300 mm, 125 Å), and eluted with a gradient of
1-30% acetonitrile in 0.1 M TEAA at 2 mL/min over 50
min. Fractions were collected, twice dried under vacuum
from deionized water, and finally resuspended in 5µL of
water. Samples of 1µL (>200 µM) were mixed with an
equal volume of 50 mg/mL ammonium citrate and 8µL of
75 mg/mL 3-hydroxypicolinic acid matrix in 1:1 water/
acetonitrile. Aliquots of 4µL were analyzed using a Voyager
DE-STR MALDI-TOF spectrometer (Applied Biosystems)
in positive ion mode with an accelerator voltage of 20 kV.

Kinetic Analysis of CleaVage Rates.Cleavage rates were
determined under single-turnover conditions. Endonuclease
I (200 nM) was incubated with 40 nM junction radioactively
5′-32P-labeled on one strand in 50 mM Tris-HCl (pH 7.5),
50 mM NaCl, and 100µg/mL BSA (binding buffer) for 15
min at room temperature to allow the complex to form. The
cleavage reaction was initiated by adding divalent metal ion
solution to a final concentration of 10 mM, and the reaction
was terminated at chosen time intervals by addition of
formamide containing 120 mM EDTA, either using a
QFM400 quench-flow mixer (Bio-Logic, Grenoble, France)
or manually. After denaturation by heating to 95°C for 5
min, substrate and product were separated by electrophoresis
in 15% polyacrylamide gel containing 7 M urea at 80 W for
45 min. Dried gels were exposed to storage phosphor screens
(BAS-IP MP 2040) and quantified using a BAS-1500
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phosphorimager (Fuji) and MacBAS v2.5 software. Reaction
progress curves were fitted to an empirical model in which
a fraction (A) of the complexes undergo a rapid cleavage
reaction (ratekcl), while the remaining species require a
slower conversion (ratekcon) before cleaving at ratekcl. This
leads to the integrated rate equation:

For the reactions performed at different pH values, the buffers
used were MES (pH 5.5-6.8), Bis-Tris (pH 5.8-6.3),
HEPES (pH 6.8-8.1), Tris-HCl (pH 7.5-9.0), and CHES
(pH 9.0-9.8), each at 50 mM.

RESULTS

Direction of Attack of the Water Nucleophile.In principle,
hydrolysis of the phosphodiester bond could proceed by
attack of a water molecule from a direction that is opposite
either the 5′ or the 3′ oxygen atom (Figure 1A). These
alternative mechanisms will have different outcomes, leading
to the linkage of the scissile phosphate to the 5′ or 3′
oligonucleotide products, respectively. We have analyzed the
products of the cleavage of the junction 3 h strand by T7

endonuclease I under multiple-turnover conditions, using
MALDI-TOF mass spectrometry. The calculated molecular
masses of the products according to the alternative mecha-
nisms are shown in Figure 1A. Breakage of the P-O5′ bond
leads to a difference in calculated mass of 633.5 Da between
the two products, while breakage of the O3′-P should give
a mass difference of 793.5 Da. The resulting mass spectrum
has two clear peaks with masses of 3951.9 and 4741.1 Da,
a difference of 789.2 Da (Figure 1B). These results clearly
support the mechanism that leads to breakage of the bond
to the 3′ oxygen atom, i.e., mechanism 2 in Figure 1A. This
direction of nucleophilic attack is common to the restriction
enzymes (30) and homing endonucleases such as I-CreI (39).

Construction of a Permuted Junction Containing a Re-
solVed Methylphosphonate Linkage.The next question we
addressed concerned the different roles of the nonbridging
oxygen atoms of the scissile phosphate in the cleavage
reaction. This was explored by the substitution of these atoms
by methyl groups. This has two potential effects. First, the
resulting methylphosphonate group is electrically neutral.
Second, the replacement of oxygen by methyl could interfere
with interactions in which the oxygen would normally
participate. We would expect that substitution of theproR
andproSoxygen atoms would have different consequences,
beyond that of charge neutralization.

FIGURE 1: Analysis of the direction of attack by the water nucleophile in endonuclease I cleavage of a DNA junction. (A) The principle
of the experiment. The top shows the sequence of the strand used, with the two possible directions of attack at the scissile phosphate
indicated. Attack opposite the 5′ oxygen atom (1) leads to a calculated mass difference between the two products of 633.5 Da, while attack
opposite the 3′ oxygen atom (2) leads to a mass difference of 793.5 Da. (B) MALDI-TOF mass spectrometric analysis of the products of
endonuclease I cleavage of junction 3. The mass spectrum shows two clear peaks with masses of 3951.9 and 4741.1 Da. Following cleavage
the DNA was desalted and fractionated by reversed-phase HPLC, and the fraction taken for mass spectrometry did not contain
stoichiometrically equivalent quantities of the two product oligonucleotides.

Fcleaved) A(1 - (exp(-kclt))) +
(1 - A)(1 + (kcl exp(-kcont) -

kcon exp(-kclt))/(kcon- kcl)) (1)
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Substitution of a nonbridging oxygen by methyl generates
a stereogenic center, and for this study it was necessary to
resolve the two diastereomers. We have recently shown that
a junction containing a methylphosphonate group on the
continuous strand (i.e., one of the two strands associated with
a single axis that relates two stacked helices in the junction)
can migrate as two quite separate and noninterconverting
species in which the methylphosphonates have opposite
chirality (38). This results from differential stabilization of
the opposite stacking conformers by the two diastereomers,
and this can be used to resolve relatively long DNA
oligonucleotides containing a methylphosphonate linkage.
However, this separation method requires that the meth-
ylphosphonate group be located at the center of the junction
(i.e., potentially at the point of strand exchange), whereas
the scissile phosphate is located one nucleotide to the 5′ of
this position. It was therefore necessary to carry out the
resolution using one junction [the well-studied junction 3
(40)] and then to use the modified h strand to construct a
new junction with the methylphosphonate (as a CmpT
dinucleotide) at the required position for cleavage (Figure
2). Thus the new junction S was constructed by hybridizing
the modified strand h with three new strands such that the
entire strand became translocated by one nucleotide in the
5′ direction thereby placing the CpT step 5′ to the point of
strand exchange. Three forms of the junction were created
in which the methylphosphonate hadSp (i.e., theproRoxygen
was replaced by methyl) orRp (proSoxygen was replaced
by methyl) configuration or a racemic mixture of each.

Endonuclease I CleaVage of the Junction with the Trans-
located Linkage.Before analyzing the cleavage of the

modified junction, it was necessary to characterize the
cleavage of the new junction S by endonuclease I. For this
purpose we constructed a form of this junction with helical
arms of 13 or 15 bp, comprising DNA in which all phosphate
linkages were unmodified, including that of the h strand. Four
forms of the junction were prepared, individually radioac-
tively 5′-32P-labeled on a single strand. Cleavage reactions
were initiated by addition of Mg2+ ions to a final concentra-
tion of 10 mM to the preformed enzyme-junction complex
under single-turnover conditions in a quenched-flow mixer,
and the reaction was terminated by chelation of metal ions
with EDTA. The products of the cleavage reaction were
separated by electrophoresis on a sequencing gel and
quantified by exposure of the gel to storage phosphor screens
and phosphorimaging. Cleavage was observed to be strongly
biased, giving∼90% cleavage of the h and diametrically
opposed x strand, indicating that the complex is heavily
biased toward the conformer in which these strands are
continuous strands (Figure 3). A good fit to the kinetic data
was obtained using a model (eq 1) in which one fraction
(70%) of the complexes underwent rapid cleavage, while the
remaining fraction required a slower unknown conversion
event before cleavage. This model gave rates of cleavage of
5.0 ( 0.7 s-1 for the h strand and 5.6( 0.5 s-1 for the
opposing x strand, values that are comparable with those
measured previously for cleavage of junction 3 (41). This
junction was therefore suitable for studying the effect of
methylphosphonate substitutions at the scissile phosphate
linkage.

The Presence of Methylphosphonate 5′ to the Center of
the Junction Does Not Perturb Endonuclease I CleaVage of

FIGURE 2: Principle of the construction of a junction containing a resolved methylphosphonate at the scissile phosphate linkage. (A) A
form of junction 3 with long B and X arms and short H and R arms was constructed. It contains an h strand (shown in open type) of 28
nt with a central methylphosphonate group (indicated by the circle). Two forms of the junction were separated by gel electrophoresis in the
presence of 200µM Mg2+ ions, containing a methylphosphonate linkage of eitherRp or Sp configuration. The gel shown is an example but
not the actual one used for the strand separation. The modified h strands were purified by denaturing gel electrophoresis and separately
hybridized with three new strands to generate junction S in which the modified phosphate was located one step 5′ to the point of strand
exchange. (B) The central sequences of junctions 3 and S. The names of the corresponding arms and strands (except for strands h and x
which are unchanged) of junction S are given primes to distinguish them from junction 3. The CmpT dinucleotide containing the
methylphosphonate linkage is highlighted in bold type. (C) The stereochemistry of the CmpT linkage. The configuration of the
methylphosphonate linkage in theRp andSp forms is shown.
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the Diametrically Opposite Strand.The kinetics of cleavage
by endonuclease I were then studied for the junction with
methylphosphonate substitution at the scissile phosphate (i.e.,
5′ to the center) of the h strand, inRp or Sp configuration or
as the racemic mixture of diastereomers. Before analyzing
the cleavage of the modified phosphate, we studied the
cleavage of the corresponding phosphate group on the
diametrically opposed x strand (the dinucleotide TpC), using
the same analysis as that for the unmodified junction above
(Figure 4A). The strand was cleaved to∼80% for all three
modified junctions, with rates in the range of 4.6-7.0 s-1.
Thus the extent and rates of cleavage are very similar to
those for the unmodified junction, and we conclude that the
formation of an active complex of endonuclease I and the
junction is not compromised by the presence of the meth-
ylphosphonate linkage on the h strand. We could therefore
proceed to a study of the cleavage at the modified phosphate
itself.

Stereospecific Effects of Substitution of Nonbridging
Oxygen Atoms by Methyl at the Scissile Phosphate.Endo-
nuclease I cleavage of the h strand of junction S was analyzed
under single-turnover conditions as above. The scissile
phosphate group was replaced with methylphosphonate of
Rp or Sp configuration or as the racemic mixture of diaster-
eomers (Figure 4B). Cleavage rates were severely reduced
in all three species. The junction containing the racemic
mixture was cleaved at a rate of 1.6 ((0.1) × 10-2 s-1,
approximately 2 orders of magnitude lower than that
measured for the unmodified junction. However, the effect
is very stereospecific. Replacement of theproSoxygen by

methyl (Rp configuration) led to a more severe impairment
of the cleavage reaction than theproR substitution (Sp

configuration). Indeed, cleavage of theproS-modified junc-
tion was virtually undetectable, and no rate could be
measured. By contrast, the junction in which theproRoxygen
was replaced by methyl was cleaved at a rate of 2.2 ((0.06)
× 10-2 s-1, and the strand was ultimately cleaved to nearly
60%. The cleavage of the racemic mixture was approximately
an average of the two diastereomers; we attribute the slightly
lower extent of cleavage in the racemic mixture to a bias
toward theRp form during synthesis as revealed by HPLC
analysis (data not shown). We conclude that replacement of
the scissile phosphate by an electrically neutral methylphos-
phonate group leads to a marked loss in cleavage rate by
endonuclease I but that the nonbridging oxygen atoms are
far from equivalent. Evidently theproSoxygen atom plays
a more significant role in the chemistry of cleavage than the
proR oxygen.

FIGURE 3: Kinetics of endonuclease I cleavage of the permuted
junction S. Four versions of junction S comprising four arms of 13
or 15 bp were constructed in which one strand was radioactively
5′-32P-labeled and the remaining strands were unlabeled. In separate
experiments, these were incubated with endonuclease I under single-
turnover conditions. The reactions were initiated by addition of
Mg2+ ions to 10 mM in a quench-flow mixer, and the reactions
were terminated by chelation with EDTA. The products were
separated by polyacrylamide gel electrophoresis under denaturing
conditions, and the extent of strand cleavage was estimated by
phosphorimaging. Reaction progress (as fraction cleavedfcleaved) is
plotted as a function of time, fitted to the empirical rate equation
(eq 1). Extents of cleavage of different strands are indicated by the
following symbols: h, triangles; x, circles; b′, squares; r′, inverted
triangles. The insert shows a scheme of the major conformer of
the junction-enzyme complex, in which the h and x strands (shown
by open lines) are continuous, while the b and r strands (black) are
exchanging. Arrows denote the point of cleavage on the continuous
strands. FIGURE 4: Kinetics of endonuclease I cleavage of junction S with

stereospecific methylphosphonate substitution at the scissile phos-
phate linkage. (A) Cleavage of the x strand that is diametrically
opposed to the strand with methylphosphonate substitution. Junc-
tions were assembled containing radioactively 5′-32P-label on the
x strand, with methylphosphonate substitution on the h strand with
Rp, Sp, or racemic configuration. (B) Cleavage of junction S at the
methylphosphonate linkage of the h strand. In these experiments
the modified strand (Rp, Sp, or racemic configuration) was radio-
actively 5′-32P-labeled. In both experiments, endonuclease I cleavage
was performed under single-turnover conditions, using a quench-
flow mixer. The extent of reaction was quantified by electrophoretic
separation of products and phosphorimage analysis. All of the data
have been fitted to the empirical rate equation (eq 1). Symbols:
Rp (squares),Sp (circles), or racemic (triangles).
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pH Dependence of Phosphodiester Bond Hydrolysis by
Endonuclease I.A water molecule is a relatively poor
nucleophile, and we would expect it to require de-protonation
by a general base to facilitate attack upon the phosphate
group. Requirement of a proton transfer event prior to the
transition state should result in a pH-dependent reaction, and
we have therefore investigated the dependence of the
cleavage rate on buffer pH. Junction 3 radioactively 5′-32P-
labeled on the x strand was incubated with endonuclease I
under single-turnover conditions in the presence of 10 mM
Mg2+ ions; preliminary experiments showed this to be a
saturating concentration of the metal ions. Reactions were
performed as a function of buffer pH over the range 5.8-
9.8, each rate being measured in triplicate. Five different
buffer systems (each 50 mM; see Materials and Methods)
were used to cover this range; these included overlapping
pH values to check for buffer dependence, although no
scaling of data was in fact required. The observed rates of
bond cleavage have been plotted as a function of pH in
Figure 5. The logarithm of the rates depends linearly on pH
over the full range. The data have been fitted to an equation
corresponding ton proton transfers required for formation
of the active form of the enzyme:

wherekcat is the cleavage rate of the deprotonated enzyme,
pKA is the acid dissociation constant of the group undergoing
proton transfer, andn the number of protons transferred. An
excellent fit (R ) 0.997) was obtained with a value ofn )
0.9, indicating the transfer of a single proton to form the
active enzyme. Because the rate is log-linearly dependent
on pH up to the highest value studied, a value of the pKA of
the titrating group could not be obtained. However, simula-
tion of the data indicated that the pKA g 9. We have
performed analogous experiments in the presence of 10 mM
Mn2+ ions. Similar results were obtained, with a log-linear
dependence of rate over the range 5.8-9.5 and a gradient
of 1.1 (Figure S1, Supporting Information).

Effect of ConserVatiVe Mutation of ActiVe Site Acidic Side
Chains.The above results are consistent with an in-line attack

by a metal ion-coordinated hydroxyl ion. The two metal ions
of the active site are principally bound by the carboxylate
side chains of Asp 55 and Glu 65, and their positioning
should be critical in providing the optimal geometry of attack.
We have therefore explored the effect of the mutations of
active site aspartate for glutamate and vice versa, i.e., E20D,
D55E, and E65D. The results are presented in Figure 6,
showing the cleavage products following a 60 min incubation
of x strand 5′-32P-labeled junction 3 with endonuclease I.
Under these conditions, the wild-type enzyme generates 80%
conversion to cleaved junction at 2 s-1 (41). However, no
cleavage was obtained with the D55E and E65D mutants in
the presence of Mg2+ ions, with limited cleavage by the
E20D mutant. Evidently the repositioning of the carboxylate
groups due to the addition or removal of a methylene linkage
has a major effect on the activity of the enzyme. Limited
activity was restored by performing the incubation in the
presence of Mn2+ ions, particularly for the E65D mutant.
Moreover, the pH dependence of the cleavage rate with
endonuclease I E65D in Mn2+ ions was closely similar to
that of the wild-type enzyme (n ) 0.9; Figure S2, Supporting
Information), suggesting that the mechanism remains unal-
tered. In common with the wild-type enzyme, none of the
mutants was active in the presence of 10 mM Ca2+ ions.

DISCUSSION

In this study we have established that in the hydrolysis of
the phosphodiester linkage by endonuclease I the water
nucleophile attacks from the direction opposite to the 3′
oxygen atom and that theproS oxygen atom plays a
particularly critical role. These observations provide some
insight into the catalytic mechanism of the junction-resolving
enzyme. The direction of attack is the same as that found in
the restriction enzymes (30). We have modeled the structure
of endonuclease I bound to a DNA junction (41), based in
part on the close similarity between the active site to that of
BglI (Figure 7). Cleavage of the two strands by endonuclease
I is not simultaneous, and this aspect will probably require
crystallographic investigation in due course (J. Hadden, S.
E. V. Phillips, A.-C. Déclais, and D. M. J. Lilley, unpublished
data), but the present model probably provides a good
indication of the geometry of the active site immediately prior
to cleavage. The identification of the direction of attack of
the hydrolytic water molecule in the present study supports
our previous contention that this is water molecule II
coordinated to metal ion 1 that is bound in turn by the
carboxylate groups of Asp 55 and Glu 65 and the main chain
carbonyl of Thr 66 (29). This water molecule is aligned for

FIGURE 5: Dependence upon pH of the rate of cleavage of junction
3 by endonuclease I. The rate of hydrolysis of the h strand of
junction 3 by endonuclease I was measured in triplicate as a function
of buffer pH in the presence of 10 mM Mg2+ ions. The rate has
been plotted on a logarithmic scale as a function of pH, and the
data were fitted to eq 2 corresponding ton proton transfers required
for formation of the active form of the enzyme. Error bars are
standard errors.

kobs) kcat/(1 + 10pKA-npH) (2)

FIGURE 6: Activity of endonuclease I active site acidic mutants in
the presence of different divalent metal ions. Junction 3 was
incubated with endonuclease I E20D, D55E, or E65D for 60 min
in the presence of 20 mM Mg2+, Mn2+, or Ca2+ ions. Substrate
and products were separated by polyacrylamide gel electrophoresis
and visualized by phosphorimaging.
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in-line attack, opposite the 3′ oxygen atom of the scissile
phosphate; breakage of the P-O3′ bond would lead to the
observed products of hydrolysis.

Substitution of a nonbridging oxygen atom at the scissile
phosphate leads to marked kinetic effects on hydrolysis at
that site, with rates reduced by>100-fold. By comparison,
there is no measurable effect at the corresponding phosphate
on the other continuous strand, indicating that binding of
the junction to the enzyme is unaffected. We conclude
therefore that the effect of the substitution at the scissile
phosphate is due to effects that occur in the transition state.
Significantly, there is a pronounced difference in the
magnitude of the effect between substitution of the individual
prochiral oxygen atoms, with the larger effect arising from
substitution of theproSoxygen atom such that cleavage was
virtually undetectable for theRp methylphosphonate. If we
calculate a difference in free energy of activation from the
kinetic data [∆∆Gq ) -RT ln(kMeP/kP), wherekMeP andkP

are the rates for the substituted and unsubstituted species,R
is the molar gas constant, andT is the absolute temperature],
then∆∆Gq ) 12 kJ mol-1 for the substitution of theproR
oxygen but>28 kJ mol-1 for the proSoxygen atom.

The methylphosphonate substitution results are fully
consistent with our model of the endonuclease I-DNA
complex (41) (Figure 7), in which theproSoxygen atom is
coordinated to both metal ions (Mn2+-O distances of 2.5
and 2.6 Å), while theproRdoes not interact with either ion
(Mn2+-O distancesg4.5 Å). The same features are observed
in the cocrystal structure ofBglI (31). Substitution of the
proR oxygen atom should not interfere directly with ion
binding, and thus the∼100-fold reduction in cleavage rate
is likely to represent the basic electrostatic effect arising from
the removal of the negative charge from the phosphate group.
By contrast, substitution of theproS oxygen by a methyl
group will prevent direct contacts with both metal ions. While
this does not appear to destabilize the ground state complex

with the enzyme in a measurable way, the interaction is
clearly important in the transition state, leading to an
extremely low rate of hydrolysis.

The rate of the hydrolysis reaction exhibits a log-linear
dependence on pH, with a gradient of 1, and corresponds to
the titration of a group with a pKA >9. The active site of
the restriction enzymeEcoRV is another example of
hydrolytic water in the coordination sphere of a metal ion
bound to two carboxylate side chains (42, 43). However,
the pH dependence ofEcoRV has been found to exhibit a
gradient of 2 and a pKA around neutrality (44), suggesting
significant differences in mechanism, although an earlier
study of the wild-type enzyme reported a gradient of unity
(45). Nevertheless, a mutant ofEcoRV was found to exhibit
a pH dependence closely similar to that found for endonu-
clease I (44). The simple pH dependence of endonuclease I
indicates that a single proton transfer is required to generate
the active enzyme. The high pKA is consistent with a
hydroxide ion coordinated by metal ion 1 acting as the
nucleophile in the hydrolysis reaction. Although other
explanations remain possible, this interpretation is consistent
with all of the available data and the mechanistic model
(Figure 7) based upon the crystal structure of the enzyme
and comparison with restriction enzymes such asBglI. The
pKA of the water should be reduced by virtue of its
coordination to the magnesium ion, but it is nevertheless
likely to be beyond the experimentally accessible range of
pH.

Interactions between the scissile phosphate group and
metal ions would be expected to be very sensitive to
repositioning of the carboxylate groups in the active site.
Activity of the mutants D55E and E65D was particularly
affected, and no cleavage was detected with either mutant
in the presence of Mg2+ ions. Since the charge and chemical
nature of the side chains were unaltered by these conservative
substitutions, the orientation and positioning of these residues

FIGURE 7: Parallel-eye stereoscopic view of a model of a dinucleotide bound to the active site endonuclease I, showing the two bound
metal ions and associated water of hydration. In an earlier modeling exercise, a four-way junction was complexed with the crystal structure
of endonuclease I and associated Mn2+ ions (41), guided in significant part by the structure ofBglI complexed with DNA (31). The water
molecules of hydration coordinating the two metal ions (m1 and m2) have been added to this view of the active site, using the positions
of the water molecules bound to the Mn2+ ions as observed in the crystal structure of the free protein (29). The water molecule coordinated
to m2 opposite to the D55 oxygen in the free protein has been replaced by the 3′ oxygen atom of the scissile phosphate. Note that the water
molecule (nuc, highlighted in cyan) coordinated to metal ion 1 is well positioned for in-line attack on the scissile phosphorus opposite the
3′ oxygen leaving group. In this model, theproSoxygen atom is coordinated to both metal ions (replacing a water molecule that bridges
the ions in the free protein), while theproRdoes not interact with either ion. The model is therefore very consistent with the observed order
of effect proS> proR substitution, and the current results can be taken as further evidence for this model. The coordination of the two
metal ions in this model is completely equivalent to that observed in theBglI-DNA complex (31).
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are clearly critical. Interestingly, some activity could be
restored to these mutant enzymes by carrying out the
reactions in the presence of Mn2+ ions. This effect was
greatest for E65D. Nevertheless, the rate of cleavage of
endonuclease I in Mn2+ ions was 250 times lower than the
wild-type enzyme under the same conditions of pH and ionic
strength; this corresponds to∆∆Gq ) 14 kJ mol-1. This rate
reduction contrasts with the activity of E65Q endonuclease
I, where the rate of cleavage in the presence of Mg2+ ions is
only 100-fold reduced from the wild type (36). This again
suggests that the position of the carboxylate groups, and
hence that of the metal ions in the active site, is extremely
important in order to achieve an efficient hydrolysis reaction.

In summary, our results are fully consistent with an in-
line attack on the scissile phosphate of a metal-bound
hydroxyl group opposite the 3′ oxygen atom. TheproS
oxygen of the DNA is probably coordinated to both metal
ions in the transition state, and there is a key role for the
carboxylate side chains in positioning the reactants. The
emerging mechanism is closely similar to a number of
restriction enzymes, supporting the view of an evolutionary
relationship between these enzymes as previously suggested
by phylogenetic comparisons (15).
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