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A novel mechanism of DNA endonucleolytic cleavage has been
visualized for the homing endonuclease I-PpoI by trapping the
uncleaved enzyme–substrate complex and comparing it to the
previously visualized product complex. This enzyme employs a
unique single metal mechanism. A magnesium ion is coordi-
nated by an asparagine residue and two DNA oxygen atoms and
stabilizes the phosphoanion transition state and the 3'oxygen
leaving group. A hydrolytic water molecule is activated by a his-

tidine residue for an in-line attack on the scissile phosphate. A
strained enzyme–substrate–metal complex is formed before
cleavage, then relaxed during the reaction.

Any phosphodiester cleavage event requires several important
mechanistic elements. These include activation of a nucleophile by
a general base, stabilization of the phosphoanion transition state
and protonation of the leaving group1. A common feature of most
nucleases is the use of a bound metal ion as a Lewis acid to lower
the pKa of a water molecule, which may then act as a nucleophile or
as a base. However, recent studies of catalysts such as homing
endonucleases have indicated that the active sites and structural
mechanisms of nucleases are more diverse than originally
thought2,3. Homing endonucleases are encoded by open reading
frames within mobile introns4,5 and are also found as independent-
ly folded domains in self-splicing inteins6,7. Enzymes in the largest
family of these enzymes contain conserved LAGLIDADG or dode-
capeptide protein motifs8. This family appears to have loosely
reproduced the active site architecture of restriction endonucleas-
es9–12. In contrast, I-PpoI, a His-Cys box homing endonuclease, uti-
lizes a different mechanism.

I-PpoI is encoded within the third intron of the nuclear 26S
rRNA gene of Physarum polycephalum13,14. It cleaves a 16 bp
homing site to generate four-base, 3' overhangs with a kcat/Km of
108 M-1s-1 and is activated by many divalent metal ions15–17. The

structure of I-PpoI in complex with its DNA
homing site has been determined at high res-
olution, both as an uncleaved complex in the
absence of bound metal ions (trapped by sul-
fur substitution of a metal-binding DNA oxy-
gen atom), and as a cleaved product complex
that contains a single bound divalent cation
per subunit18. The metal is coordinated by a
conserved asparagine residue, the 3'-OH of
the cleaved DNA and four bound water mole-
cules. It is positioned to interact with the scis-
sile phosphate, and cannot coordinate a water
molecule for an in-line nucleophilic attack.
Instead, a strictly conserved histidine residue
(His 98) is properly positioned to activate a
water molecule.

a
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c

Fig. 1 Electron density difference maps for three cat-
alytic complexes formed by I-PpoI. a, Complex of
H98A I-PpoI, DNA and magnesium. b, Complex of wild
type I-PpoI, DNA and monovalent sodium ion.
c, Complex of wild type I-PpoI, DNA and magnesium.
In all three maps, Fo - Fc density corresponding to the
atoms omitted from the refinement model is dis-
played at 3σ contour levels. The maps were calculated
after a full round of positional and simulated anneal-
ing refinement. Substitution of alanine for histidine at
position 98 (a) or substitution of an octahedrally coor-
dinated monovalent Na+ for a similarly coordinated
Mg2+ (b) both fully inhibit cleavage in the crystal. In
both trapped E-S complexes a bound hydrolytic water
is clearly visible, as is a bound cation associated with
the scissile phosphate. In the complex of wild type
enzyme in the presence of magnesium (c), a similar
difference map clearly demonstrates complete
cleavage and formation of a product complex. The
free 5'-phosphate group has undergone a significant
conformational motion and clearly exhibits tetrahe-
dral coordination, consistent with nucleophilic attack
and formation of a PO3

2- end group. The side chain of
Arg 61 moves slightly to facilitate an electrostatic con-
tact with the released phosphate in the product com-
plex. With motion of the 5'-phosphate, the metal
acquires an additional water ligand to complete a six-
fold octahedral coordination shell.
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A nonspecific nuclease from Serratia marcescens,
which displays a different fold from I-PpoI, also con-
tains conserved, essential asparagine and histidine
residues in its active site19,20. Superposition of the
active site regions of I-PpoI and Serratia nuclease
indicate that they are very similar and exhibit a sim-
ilar metal coordination scheme21,22. It has been pro-
posed that a similar, novel mechanism of DNA
cleavage is used by both enzymes22,23. In this mecha-
nism a histidine residue activates a water molecule for in-line
attack, and a single metal ion stabilizes the phosphoanion tran-
sition state and the 3' leaving group. An asparagine residue is the
only metal ligand donated by the protein.

To directly visualize and characterize the mechanism of bond
cleavage exhibited by I-PpoI, its structure has been determined
as three distinct species on the reaction pathway, using interme-
diate trapping to capture early states preceding bond cleavage.
The enzyme–substrate (E-S) complexes were trapped by substi-
tution of a monovalent cation for an activating divalent cation
in the active site, or by substitution of alanine for the His 98
general base. Both of these substitutions inhibit DNA cleavage.

Catalytic metal coordination, substrate destabilization
A single monovalent (Na+) or divalent (Mg2+) cation is bound
to the protein–DNA complex in each active site of the protein
dimer; this binding site is visible and occupied in all three struc-
tures (Fig. 1). The binding of cations at this site has been veri-
fied in separate experiments by soaking crystals with
electron-rich manganese (Mn2+) ions and examination of iso-
morphous and anomalous difference Fourier maps (Fig. 2).
These experimental results indicate the likelihood that this site
is occupied by bound metal cations rather than by a water mol-
ecule, in agreement with the recent structural analysis of the
Serratia nuclease22. In the structure of the H98A
enzyme–DNA–Mg2+ complex, the bound Mg2+ ion is coordinat-
ed in a six-fold geometry by the side chain oxygen of Asn 119,
the bridging 3' oxygen and a single nonbridging oxygen atom of

the scissile phosphate, and three well-ordered water molecules
(Figs 1a, 3a). The average metal-oxygen ligand bond distance is
2.48 Å (σ = 0.09 Å). This distance is slightly longer (by ∼ 0.2 Å)
than typical magnesium bond distances observed in a more
highly charged metal binding site, and is indicative of the rela-
tively neutral character of the metal ligands in I-PpoI. In an ideal
octahedral coordination geometry, all bond angles between
nonopposing metal ligands would be near 90°. This geometry is
observed in the cleaved product complex. In contrast, both
structures of the trapped substrate complex demonstrate that
the bond angle from the nonbridging phosphate oxygen,
through the bound cation to the 3' bridging oxygen, is signifi-
cantly strained with a value of 58°. The complementary angle
from the same nonbridging phosphate oxygen to ‘water 1’ is
120°, while all other orthogonal angles through the bound metal
are near 90° (σ = 5.6°; Fig. 3a).

The structure of the complex of wild type enzyme, DNA and
Na+ (Fig. 1b), trapped by the substitution of monovalent sodi-
um cations for activating divalent magnesium cations, is in
agreement with these observations. Electron density in omit
maps supports the presence of an uncleaved phosphodiester
bond and a bound cation in a strained six-fold octahedral coor-
dination, similar to that described for the substrate complex
trapped by the H98A mutation in the presence of Mg2+. This
was predicted, as sodium resembles magnesium in its ionic radii
and its number of electrons and can display octahedral coordi-
nation both in solution and in crystal lattices24. Substitution of
sodium for magnesium in the active site appears to inhibit

Fig. 2 Anomalous difference Fourier map of I-PpoI and DNA
with bound manganese ion, shown in the same orientation
as Fig. 1. The sole feature of the difference maps when con-
toured at 3σ is a peak corresponding to the position of the
modeled metal cation from the experimental electron den-
sity map in Fig. 1.

Fig. 3 Interactions of DNA, solvent and
bound cation in the region of the scissile
phosphate. a, The uncleaved substrate com-
plex. Distances and angles shown are an
average for the two trapped E-S complexes
as described in the text. In each structure,
the distances and interactions are identical
for the two active sites in the crystallo-
graphic asymmetric unit. The angle from
the refined water position, through the
phosphate atom to the 3' oxygen leaving
group (H2O-P-3' O) is 168°, which is reason-
able for a direct SN2 displacement leading
to inversion of configuration of the phos-
phate group. The octahedral coordination
of the bound metal is clearly strained, due
to the interaction of the metal with adja-
cent bridging and nonbridging oxygen
atoms from the scissile phosphate. b, The
product complex. Movement of the 5'-phos-
phate away from the bound cation has
allowed the binding of an additional inner
shell water ligand and optimization of the
six-fold coordination around the metal.

a b
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cleavage by reducing the charge density of the bound cation,
leading to inadequate stabilization of the phosphoanion transi-
tion state.

The single bound metal ion in I-PpoI appears to serve three
distinct roles in catalysis (Fig. 4). Direct interaction of the
bound metal ion with the scissile phosphate indicates that Mg2+

stabilizes the phosphoanion intermediate and the 3' hydroxylate
leaving group. Second, a water molecule in the inner coordina-
tion sphere of the metal is appropriately positioned to donate a
proton to the 3' hydroxylate leaving group. The metal ion
decreases the pKa of this water molecule and accelerates proton
transfer. Finally, the bound metal forms a geometrically strained
octahedral complex with surrounding protein, DNA and sol-
vent atoms that is relaxed after DNA bond cleavage. A growing
number of studies have demonstrated that substrate destabiliza-
tion is an important mechanism for rate enhancement for many
biological catalysts.

It is interesting to note that the I-PpoI endonuclease displays
full catalytic function with a wide variety of divalent cations,
while most restriction enzymes and the LAGLIDADG homing
endonucleases are far more restricted in their use of metals.
Promiscuous use of metal ions by an endonuclease might indi-
cate that the bound cation is used predominantly for charge sta-
bilization of the phosphoanion transition state. In contrast,
greater sensitivity of cleavage rates with respect to metal species
might imply a metal ion is also used to precisely position and
activate a nucleophile. Recent studies on the EcoRV endonucle-
ase, measuring rates of E-S association, hydrolysis and dissocia-
tion with different metal ion species, appear to support this
conclusion25.

Alignment and activation of the hydrolytic water
In both E-S complexes we observed an electron density peak
corresponding to an ordered water molecule positioned for in-
line attack on the scissile phosphate (Figs. 1a,b, 3a). In these
structures the modeled water molecule is 3.9 Å from the phos-
phorus atom, and the angle from the water molecule through
the phosphorus atom to the 3' oxygen leaving group is 168°. The
appearance and position of the bound solvent molecule is not
simply a result of the H98A mutation, but is a consistent feature
of the uncleaved enzyme–DNA complex. The δN of His 98
appears to be directly hydrogen-bonded to the water molecule,
with a distance between the imidazole nitrogen and water oxy-
gen atom of 2.6 Å. This histidine appears to act as a general base
by activating the water molecule (Fig. 4) and may also partici-
pate in stabilization of the phosphoanion transition state.

Because the observed nucleophilic water molecule is not asso-
ciated with a bound cation or any other electrophilic group, its
pKa is likely to be higher than the metal-bound water nucle-
ophiles that are postulated for enzymes such as BamHI or
EcoRV. Because the pKa of an uncharged histidine residue is
only about 6, it would seem likely that such a side chain must
be rendered a stronger base through an interaction with a
hydrogen bond acceptor in order to effectively deprotonate
this water molecule. In both substrate complexes the backbone
carboxylate oxygen of Cys 105 is 2.8 Å from the His 98 εN, and
is positioned to form a linear hydrogen bond (Fig. 3a). In the
structure of the Serratia nuclease19, the putative general base
(His 89) displays a similar interaction between its εN and Asn
106. However, there are currently no reported pH dependence
studies of the chemical step of the I-PpoI reaction, nor has the
importance of this interaction been experimentally tested by
mutation of Asn 106 in Serratia nuclease or by measurement of
the pKa of His 98 in I-PpoI .

Conformational changes and transition state stabilization
A series of conformational changes are observed in the active site
as a result of DNA bond cleavage (Figs 1c, 3b). The free 5'-phos-
phate moves by over 2.5 Å from its position in the substrate
complex and forms a 2.8 Å electrostatic bond with a guanido-
nitrogen of Arg 61, which moves by ∼ 0.5 Å. The movement of
the 5'-phosphate disrupts the interaction between its non-
bridging oxygen and the bound metal ion. A fourth well-
resolved water molecule is added to the inner metal
coordination sphere, which assumes a more ideal octahedral
geometry. The previously strained metal bond angles relax by
∼ 20°, and the average orthogonal coordination angle for the
ligands is 89.6° (σ = 5.3). The metal ion does not move signifi-
cantly upon cleavage, and maintains interactions with Asn 119
and the 3' oxygen leaving group of the cleaved phosphodiester
bond.

These structures indicate that the phosphoanion transition
state is stabilized through contacts with the bound metal ion
and the imidazole ring of His 98 (Fig. 3). This contact exists in
the E-S complex as a polar interaction with the hydrolytic
water molecule and is maintained in the free 5'-PO3 group of
the E-P complex. Arg 61 does not appear to play a role in tran-
sition state stabilization, because the distance from this side
chain to the scissile phosphate before bond cleavage is too
long, at 5.5 Å. Arg 61 does, however, appear to stabilize the
final product complex, and thus may help to drive the equilibrium
of the reaction forward by inhibiting re-ligation.

Fig. 4 Proposed catalytic mechanism for the I-PpoI/Serratia endonucleases. The single bound metal participates solely in transition state stabilization
and protonation of the 3' oxygen leaving group; it does not activate the hydrolytic water molecule. The general base for the reaction is a histidine
imidazole ring, activated by a hydrogen bond between its ε-nitrogen and a backbone carbonyl oxygen. Residue numberings are from I-PpoI.
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Methods
The overexpression and purifi-
cation of wild type I-PpoI have
been described26. The H98A was
expressed and purified identical-
ly to wild type. CHELEX 100
Resin (Bio-Rad Laboratories) was
used to remove divalent cations
in the metal-free crystallization.
For this latter experiment, the
protein and DNA were dialyzed
extensively against buffer con-
taining solid CHELEX resin, as
were all crystallization buffers.
The relative cleavage activity of
the wild type enzyme, the
H98A mutant and the wild type
enzyme in the absence of diva-
lent cations was determined by
digestion of circular plasmid
and linearized substrates
(unpublished results). Both the
H98A substitution and the
removal of divalent cation
inhibit cleavage.

The crystallization of the
enzyme in complex with the
cleaved product DNA and diva-
lent cations has been
described26. Under similar con-
ditions cocrystallization of the
wild type protein and DNA in
the absence of divalent cations,
or of the H98A mutant and
DNA in the presence of divalent
cations yield uncleaved sub-
strate complexes. All complexes crystallized in P3121 with unit cell
dimensions a = b = 113.9 Å, c = 89.0 Å; the asymmetric unit is an
enzyme dimer and its bound DNA palindrome. Both the data for
H98A and for the metal-free complex were collected from cry-
ocooled crystals, on an in-house RAXIS IV imaging plate area
detector and at beamline 5.0.2 at the ALS (λ = 0.9792 Å), respec-
tively. Data for Mn2+-substituted structures were collected by
soaking wild type crystals in 100 mM manganese for 1 h and then
collecting a data set at beamline 5.0.2 at ALS, using an incident
wavelength of 1.89 Å (6.54 keV), corresponding to the anomalous
edge of the manganese ion. For this data set, a full quadrant of
reciprocal space (90°) was collected to maximize redundancy; and
the crystal was oriented with the three-fold crystallographic sym-
metry axis offset by ~20° from the X-ray axis to increase the per-
centage of Friedel mates measured on the same exposure. All
data sets were processed using the DENZO/SCALEPACK program
suite27. For the manganese-soaked data set, isomorphous and
anomalous difference maps were calculated after an initial round
of refinement with all metal and solvent coordinates removed
from the model. The refinements of all structures were per-
formed using the X-PLOR package28. Deoxyribonucleotide and
phosphate atoms that span the cleavage site and all water and
cation atoms were omitted from the model before initial refine-
ment cycles and map calculations. To calculate an Rfree during
refinement, 6% of reflections were set aside before any refine-
ment cycles29. Data and refinement statistics are shown for all
data sets in Table 1.

Coordinates. Coordinates of the uncleaved substrate complexes
and the product complex have been deposited in the Protein Data
Base (PDB accession numbers 1CZ0, 1CYQ and 1a73).
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Table 1 X-ray data collection and refinement statistics1

Data set H98A with Mg2+ Wild type with Na+ Wild type with Mn2+

Source Rotating anode 5.0.2 beamline (ALS) 5.0.2 beamline (ALS)
Resolution limit (Å) 1.93 2.10 2.20
Wavelength (Å) 1.54 0.98 1.89
Unit cell (Å) 113.9, 113.9, 89.0 113.9, 113.9, 89.0 113.9, 113.9, 89.0
Measured reflections 171,353 206,866 387,325
Unique reflections 49,539 38,078 34,139
Rmerge (%) 4.0 (30.2) 6.7 (17.8) 5.8 (22.9)
Completeness (%) 98.3 (82.2) 96.9 (97.8) 99.6 (95.3)
Refinement
R-factor (%) 20.4 19.1 19.7
Rfree (%)2 23.5 21.6 24.7
Resolution (Å) 50–1.93 50–2.1 50–2.2
Total number of atoms 3,702 3,744 3,717
Number of water molecules 362 396 358
R.m.s. deviations

Bond length (Å) 0.005 0.006 0.007
Bond angles (°) 1.15 1.18 1.21
Impropers (°) 1.03 1.04 1.07
Dihedrals (°) 27.0 27.3 26.9

Mean B value
Overall (Å2) 18.6 21.9 20.3
Protein (Å2) 17.0 20.6 20.7
DNA (Å2) 20.6 22.8 21.4
Solvent (Å2) 25.5 28.1 27.2
Cations (Å2) Mg2+, 17.9 Na+, 21.8 Mn2+, 18.9

1The numbers in parentheses are statistics from the highest resolution shell as reported by X-PLOR.
2Rfree was calculated with 6% of the data.
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