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ABSTRACT: The choreography of restriction endonuclease catalysis is a long-standing paradigm in molecular
biology. Bivalent metal ions are required almost for all PD..D/ExK type enzymes, but the number of
cofactors essential for the DNA backbone scission remained ambiguous. On the basis of crystal structures
and biochemical data for various restriction enzymes, three models have been developed that assign critical
roles for one, two, or three metal ions during the phosphodiester hydrolysis. To resolve this apparent
controversy, we investigated the mechanism of BamHI catalysis using quantum mechanical/molecular
mechanical simulation techniques and determined the activation barriers of three possible pathways that
involve a Glu-113 or a neighboring water molecule as a general base or an external nucleophile that
penetrated from bulk solution. Theextrinsic mechanism was found to be the most favorable with an
activation free energy of 23.4 kcal/mol, in reasonable agreement with the experimental data. On the basis
of the effect of the individual metal ions on the activation barrier, metal ion A was concluded to be
pivotal for the reaction, while the enzyme lacking metal ion B still has moderate efficiency. Thus, we
propose that the catalytic scheme of BamHI does not involve a general base for nucleophile generation
and requires one obligatory metal ion for catalysis that stabilizes the attacking nucleophile and coordinates
it throughout the nucleophilic attack. Such a model may also explain the variation in the number of metal
ions in the crystal structures and thus could serve as a framework for a unified catalytic scheme of type
II restriction endonucleases.

Metal ion-dependent DNA cleavage is a central event in
many biological processes related to the maintenance of the
genome, including repair (1-3), combination of genetic
elements, such as transposition (4), recombination (5), and
homing (6). Although the classical mechanism for phosphoryl
transfer has been developed for the 3′-5′ exonuclease of
the Klenow fragment of DNA polymerase I (7, 8), most of
the work aimed at understanding cofactor-assisted DNA
degradation has been focused on restriction enzymes. Re-
striction endonucleases serve to protect bacteria against
invading phages by recognizing and cleaving a cognate DNA
sequence (9, 10). Metal ion(s) fulfill a dual role in this
process by contributing to the formation of the tight,
catalytically competent specific complex (11), and they also
facilitate the chemical conversion (12). BfiI, related to the
phospholipase family, is a single exception, where efficient
DNA hydrolysis can be achieved in the absence of the metal
cofactors (13, 14).

Besides the optimal Mg2+ ions, type II restriction endo-
nucleases can also utilize other divalent metal ions for

catalysis such as Mn2+, Co2+, or Fe2+ (12). Although Ca2+

exhibits coordination properties similar to those of Mg2+ in
the pre-reactive state, it inhibits the reaction (15). Recently,
quantum chemical/molecular mechanical (QM/MM)1 calcu-
lations proposed that the coordination stress of Ca2+ upon
conversion to the product state elevates the barrier of the
nucleophilic attack step significantly (16), although this
hypothesis has not been tested experimentally yet. The
intricacies of the effects of Ca2+ versus Mg2+ and Mn2+ ions
in restriction endonucleases hinder our understanding of these
enzymes, which is further complicated by the uncertainty
about how many metal ions are essential for DNA cleavage
and what the exact catalytic role of each metal ion is.

Structural characterization of type II restriction endonu-
cleases in complex with specific substrates and divalent metal
ions revealed one or two metal ions at the active site at
various positions, indicating diverse catalytic scenarios for
these enzymes (17). The picture that emerges from the crystal
structures of BamHI (15), EcoRV (18), and HincII (19)
enzymes captured at different points along the reaction
pathway also suggests alternative mechanisms. One can argue
that these crystallographic complexes do not represent a
functional state, but some were demonstrated to be fully
active even in the crystal form (15). Apart from the main
question concerning the number of metal ions required for
catalysis, there is also a controversy about the mechanism
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of nucleophile generation. On the basis of structural and
biochemical data, three models have been developed that
assign critical roles for one, two, or three metal ion positions
at the active site.

In the one-metal ion mechanism, a single metal site is
occupied at the active site, which is coordinated to thepro-
Sp oxygen of the scissile phosphate group. Since the
methylation or phosphorothioate substitution of the negh-
boring 3′-phosphate leads to almost complete loss of catalytic
efficiency (20), it has been proposed that the generation of
the nucleophile is achieved in a substrate-assisted manner
by the phosphate group 3′ to the scissile phosphate. The metal
ion stabilizes the doubly charged pentavalent intermediate
generated in the nucleophilic attack step. Subsequently, a
metal-bound water molecule facilitates the departure of the
leaving group. This mechanism is supported by crystal
structures of EcoRI (21) and BglII (22), which contain a
single metal ion in the active center. Recent biochemical data
on stereoselective substitutions at the EcoRI cognate se-
quence also support this model (23). On the other hand, it is
quite difficult to rationalize an approximately 6 pH unit shift
of the pKa of the phosphate group from its value in water.
Furthermore, the reduction of the rate upon far-away
substitutions (24) suggests indirect electrostatic effects rather
than direct involvement of the phosphate groups.

The two-metal ion mechanism has been postulated on the
basis of the crystal structure for the 3′-5′ exonuclease site
of the Klenow fragment ofEscherichia coliDNA polymerase
I (7). This model assigns a catalytic role to two metal ions
that are located in parallel with the scissile bond ap-
proximately 4 Å from each other. One of the metal ions
contributes to the stabilization of the nucleophile that is
produced by a general base catalyst. Both metal ions are
required to reduce the level of accumulation of negative
charges during the attack of the OH- nucleophile on the
scissile phosphate group. Finally, a water molecule ligated
to the second metal ion protonates the leaving group.
Although the catalytic roles of both metal ions are clearly
defined, their catalytic effect, i.e., their relative contributions
to the reduction of the overall barrier, remains to be
elucidated. Furthermore, this scenario is effective only if the
two meal ions are precisely arranged to interact with the
“entering” and “leaving” oxygen atoms. Metal ions at the
active center of BamHI (15) and HincII (19) conform to this
model, while considerable deviations are observed, for
example, in EcoRV (25). Furthermore, the identity of the
general base that is involved in generation of the nucleophile
has not been identified unequivocally; it remains to be
determined how Lys, Glu, and Gln located at similar
positions at different restriction endonucleases can fulfill the
very same role. Intriguingly, replacement of residues farther
from the active site in EcoRV affected the catalysis to a
greater extent than those in the proximity of the substrate
(26). These observations might be explained by recruitment
of a nucleophile from the bulk solution instead of generation
of it within the active site.

The three-metal ion mechanism attempts to incorporate
all three crystallographically observed metal positions into
a single pathway (18). One metal ion stabilizes the negative
charge on the nucleophile, while thepro-Rp oxygen of the
phosphate 3′ to the scissile group helps to orient the
nucleophile. This metal then triggers a conformational change

within the active site by migrating to a structurally relevant
position, where it loses its coordination to the scissile
phosphate and becomes ligated by two aspartates. This
transition induces binding of a second metal ion, which
makes a major contribution to the stabilization of the
transition state, and a coordinated water molecule protonates
the leaving group. Although this mechanism may account
for conformational changes along the reaction pathway
observed in different crystal structures of EcoRV (27), it
faces problems with identifying the general base and
explaining why the catalytically relevant positions are not
occupied at the same time.

In this work, we have investigated the catalytic mechanism
of BamHI endonuclease using the empirical valence bond
(EVB) approach in combination with molecular dynamics
(MD) and free energy perturbation (FEP) techniques. BamHI
is a structurally well characterized member of the
PD..D/ExK family that recognizes the palindromic GGATCC
sequence and cleaves between the two guanines (15, 28, 29).
The crystal structures of pre- and postreactive complexes of
BamHI (15) are in accord with a two-metal ion mechanism.
In addition to two Mg2+ ions, the active site of BamHI
contains three negatively charged residues, where Glu-113
replaces the lysine that is generally present in other enzymes
and was proposed to play role as a general base (15) (Figure
1). We have studied three possible pathways, where the
nucleophile is generated via a general base mechanism by
Glu-113 (i), a proton abstraction by a nearby water molecule
(ii), or penetration of the OH- from bulk solution (iii), and
identifiedextrinsicmechanism iii as the preferred pathway.

To quantify the individual contributions of the metal ions
to the overall catalytic effect, we examined how the absence

FIGURE 1: Active site of BamHI restriction endonuclease, based
on the crystal structure of the pre-reactive complex in complex with
a specific substrate and Ca2+ ions (PDB entry 2BAM). MA denotes
metal ion A that coordinates the nucleophilic water molecule. MB
represents metal site B that interacts with the 3′ leaving group and
coordinates the water that protonates the leaving group. Glu-113
was proposed as the general base catalyst. The water that serves as
the putative nucleophile is colored darker blue.
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of one of the two crystallographic Mg2+ ions and positional
restraint of the remaining ion alter the free energy barriers
for mechanisms i and iii and if these barriers can be lowered
by the metal repositioning. These calculations revealed the
greatly different catalytic importance of the two metal ions:
metal A assisting the nucleophile generation is critical for
BamHI catalysis, whereas metal ion B is auxiliary and
contributes to a lesser extent. These conclusions are also
supported by previous MD (30) calculations and metal
competition experiments (A. Pingoud, private communica-
tion). The emerging model could provide a general frame-
work for other PD..D/ExK type enzymes.

MATERIALS AND METHODS

Calculations of the ActiVation Barriers. To compute the
activation free energy of different mechanisms, the EVB
method (31) was applied in combination with the FEP
technique. The robustness of the method in modeling
chemical reactions in solution and in an enzymatic environ-
ment was demonstrated for several enzymes and is illustrated
by the good agreement between the computed and experi-
mental activation barriers (32). The method has been
described in the literature in detail (33, 34); therefore, only
the main features are outlined here.

The EVB model treats the reaction as a transition between
different resonance states that are described by a molecular
mechanical model. The energy of each diagonal element of
the Hamiltonian represents the energy of the resonance states:

where∆Mj
(i) is the Morse potential of thejth affected bond

(which is formed or broken during the reaction) in theith
resonance state and the second term is a harmonic potential
for other bonds. The following two terms are the angle
bending and torsion terms relative to their minima in theith
resonance state whereγm,θ

(i) andγn,φ
(i) are the coupling terms

between angles/torsion angles constituted by those bonds that
are affected by the reaction (form or break).Unb,rr

(i) andUnb,rs
(i)

denote the nonbonded interactions (van der Waals and
electrostatic) between the reactive groups and between the
reactive and surrounding protein and solvent groups, respec-
tively. Us is the internal energy of the protein/solvent system.
R(i) is the gas-phase energy of theith resonance state, when
all fragments are at infinite separation. The off-diagonal
elements of the Hamiltonian are usually represented by an
exponential function:

whererab is the representative distance between two atoms
whose bonding is changed from theith to jth resonance state,
whereasAij andµ are parameters. The values of theR(i), Aij,
andµ parameters are calibrated in a postprocessing process

to the experimental data of the reference reaction in water.
The gas-phase shift is set to the free energy of the reaction,
while the off-diagonal elements (A andµ) are adjusted against
the activation free energy.

The combination of the diabatic energies of the resonance
states via the diagonalization of the EVB Hamiltonian gives
the true (quantum mechanical) ground state energy (Eg). The
EVB treatment is combined with a FEP protocol by driving
the system along a mapping potential constructed as

where for eachm the sum ofλi
m values is 1. For eachi, λi

m

is changing between 0 and 1 in a series ofN + 1 steps (FEP
windows) as the reaction proceeds if two resonance states
are considered. The free energy upon changing the mapping
potential between two consecutive steps is given by

where the broken brackets denote averaging over trajectories
on mapping potentialEm. â ) 1/kBT, where kB is the
Boltzmann constant. If the perturbation is infinitely small
upon going fromEm to Em+1, then such a FEP procedure
will provide exact results. The sum of the free energy changes
provides the total free energy of the reaction. The activation
free energy must be evaluated in reference to the ground
state potential by using the umbrella sampling formula:

where Em is a mapping potential that brings X general
reaction coordinate closest to X′ representing the transition
state.

Models. The initial structure was derived from the crystal
structure of BamHI in complex with a specific dodecamer
DNA and inhibitor Ca2+ ions (PDB entry 2BAM) (15). The
Ca2+ ions were replaced with catalytically active Mg2+ ions,
and the structure was completed with hydrogens using the
Amber program package (35). The crystal structure has been
immersed in a sphere of TIP3P water molecules with a 30
Å radius centered on the phosphorus atom of the scissile
phosphate. Overall, electroneutrality of each model was
ensured by neutralizing those Glu and Asp side chains that
are far from the catalytic center but not located on the protein
surface. For the reference reaction in water, instead of the
Mg2+ ions two Na+ counterions were included to neutralize
the system. Four models were constructed: (I) both crystal-
lographic A and B sites occupied, (II) a single metal ion at
site A, (III) a single metal ion at site B, and (IV) a single
metal ion located at site A′ obtained by optimization of site
A (32).

The structure with two Mg2+ ions (model I) has been
relaxed using the following protocol. The system was
gradually heated to 298 K in a 500 ps simulation using a
0.01 fs time step in the first 1 ps, then a 0.1 fs time step in
the next 10 ps, and finally a 0.5 fs time step from 11 to 500
ps. A restraint of 100 kcal mol-1 Å-2 has been applied on
the Mg2+ ions to keep them close to their crystallographic

Em ) ∑
i)0

N

λi
mEi (3)

δGmfm+1 ) -â-1 ln{〈exp[-(Em+1 - Em)â]〉m} (4)

∆g(X′) ) ∆Gm - â-1 ln〈δ(X - X′)
exp{-â[Eg(X) - Em(X)]}〉Em

(5)

Ei ) Hii ) ∑
j

∆Mj
(i)[bj

(i)] +
1

2
∑

l

kl,b
(i)[bl

(i) - bl,0
(i)]2 +

1

2
∑
m

γm,θ
(i) km,θ

(i) [θm
(i) - θm,0

(i) ]2 +

∑
n

γn,φ
(i) kn,φ

(i) {1 + cos[nn
(i)
φn

(i) - δn
(i)]} +

Unb,rr
(i) + R(i) + Unb,rs

(i) + Us (1)

Hij ) Aij exp{-µrab} (2)
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positions, which was gradually decreased to 5 kcal mol-1

Å-2 in the last 200 ps. The metal ions were not constrained
to another atom(s), rather a harmonic constraint being applied
to tether them to their crystallographicxyzcoordinates, which
made up the starting point of our simulations. The structures
with a single metal ion at site A (model II) or site B (model
III) have been relaxed similarly except that the restraint on
the ions was gradually decreased from 100 to 15 kcal mol-1

Å-2 in the last 200 ps. As we wanted to probe the catalytic
importance of the crystallographically observed positions,
we kept a 5 kcal mol-1 Å-2 constraint on the metal ions
during the simulation of the chemical steps. The rationale
behind these constraints was to evaluate the energetics of
the catalyzed reaction in the presence of metal ions at their
crystallographically observed sites and thereby provide a
direct probe of the Steitz model (8). When the constraints
were fully relaxed, metal ion A remained very close to its
crystallographic position, leaving the energetics of the
reaction almost unaffected (see also Table 2). Metal ion B
tends to move away from its crystallographically observed
site by∼2 Å, but this shift does not have a significant impact
on the activation barrier [note that the complete removal of
metal ion B increases the activation energy by only 6.5 kcal/
mol (see Table 2)]. Since our force field is capable of
reproducing correct metal-ligand coordination distances in
various systems (36), the movement of metal ion B should
reflect a real dynamics of the model, rather than the artifact
of the force field. The structure with a single metal ion
located at A′ (model IV) was gradually heated to 298 K in
a 250 ps simulation using a 0.01 fs time step in the first 1
ps, then a 0.1 fs time step in the next 10 ps, and a 0.5 fs
time step from 11 to 250 ps. The restraint on the metal ion

was gradually released from 50 kcal mol-1 Å-2, and in the
last 100 ps, an unconstrained simulation was applied.

Resonance Structures.The reactive region included the
scissile phosphate, the nucleophilic water, and the potential
general base: the carboxyl group of Glu-113, a neighboring
water molecule that is hydrogen bonded to the putative
nucleophile. For the reference reaction in water, a dimethyl
phosphate, a propionic acid, and two water molecules were
considered. Figure 2 summarizes the resonance structures
corresponding to three different pathways: (i) Glu-113 serves
as a general base, (ii) the neighboring water abstracts the
proton, and (iii) the OH- comes from bulk solution.

Computational Details. All calculations were performed
within the framework of the Q program (37). Simulation of
each reaction step was achieved by a 125 ps long FEP/MD
calculation using 50 windows. The time step of 0.5 fs was
applied, and all protein atoms were tethered to their crystal-
lographic positions by a harmonic force of 5 kcal mol-1 Å-2.
For the outer water shell, a 20 kcal mol-1 rad-2 polarization
constraint was applied. The protein was represented by an
Amber ’95 force field (38). To avoid artifically short contacts
between the nucleophile and the nearby metal ion and also
to reproduce the distance between the metal ion and the
phosphate oxygens observed in crystal structures, we in-
creased the van der Waals radius of the Mg2+ to 1.3 Å, while
that of the negatively charged oxygens was modified to 1.9
Å as previously proposed (36). van der Waals radii of the O
and H atoms in the OH- group were 1.9 and 0.1 Å,
respectively, and their partial charges were-1.0 and 0.0,
respectively.

Simulation of the Proton Transfer Step.Three mechanisms
of nucleophile generation have been considered. Since these

FIGURE 2: Resonance structures of the three mechanisms considered for BamHI catalysis. I represents the pre-reactive state. The If II f
III pathway is the general base mechanism involving Glu-113. The If IV f V pathway represents the nucleophile generation by a
neighboring water molecule. The If VI f VII pathway is theextrinsicmechanism, when the nucleophile is recruited from bulk solvent.
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involve microscopic evaluations of proton transfer in water
as well as in the protein site, no assumption was made about
the pKa values of the participating residues in the protein
environment. In particular, for the general base mechanism
with Glu-113, we started the EVB calculation with depro-
tonated carboxylate and determined the∆pKa between the
proton donor (H2O) and acceptor (Glu) from the calculated
reaction free energies for the proton transfer in water and in
the protein (see eqs 6-9 below). For the calibration of the
proton transfer reaction in aqueous solution, we used
experimental pKa values of 15.7 and 4.3 for water and Glu,
respectively. Since in case of theextrinsic mechanism the
proton from the putative nucleophile is transferred to bulk,
we simulated this process by annihilating one of the protons
of the nucleophilic water molecule. This was realized by
turning off all van der Waals and Coulombic parameters of
the given proton (in H2O, rH ) 0.1 Å and qH ) 0.417;
parameters of the OH- group are given in Computational
Details) in a free energy perturbation procedure, using 50
windows with a total simulation time of 125 ps, with a time
step of 0.5 fs. The calibration of this reaction is described
below (see also the footnotes of Table 1).

RESULTS

Energetics of the Reference Reactions in Water.The free
energy of the proton transfer processes is given by the
difference between the pKa values of the donor and acceptor
groups:

We determined∆GPT values in the protein active site using
the EVB method calibrated on∆GPT obtained from the
experimental pKa difference in aqueous solution. In particular,
∆GPT for the transfer of a proton from water to glutamate
costs 15.7 kcal/mol in bulk solvent, while that between two

water molecules is less favorable. The calibrated EVB
parameters and the corresponding free energy values are
listed in Table 1. The activation free energy of the general
base mechanisms by glutamate and water was calibrated
against experimental data (39, 40) (and see also the footnotes
of Table 1).

The pKa of the water nucleophile can be estimated on the
basis of the free energy differences between converting a
water molecule to hydroxide in water (w) and within the
active site of the enzyme (p):

Equation 7 was used to compute the difference in the
solvation free energy of a water molecule and the hydroxide
ion in the enzymatic environment of BamHI,∆G[(H2O) f
(OH)-]p, as compared to water (Table 1, If VI, first line).
The standard free energy used for calibrating the creation
of a hydroxide in the bulk solution,∆G[(H2O) f (OH)-]w,
was determined computationally by the Iterative Langevin
Dipole method to be-101 kcal/mol, in reasonable agreement
with experimental data [-103.6 kcal/mol (41)] and with
previous computational results (42).

On the basis of the∆∆GPT
wfp obtained with eq 7, the pKa

of the water nucleophile can be evaluated as

Its value can be derived as 5.7 in the presence of two metal
ions. Using this pKa, the free energy cost of hydroxide ion
formation in the protein by theextrinsicmechanism can be
computed as (43, 44)

Table 1: Reaction (∆G0) and Activation (∆gq) Free Energies of the Phosphodiester Hydrolysis in Water and in Protein with the EVB
Parameters Calibrated for the Reference Reactionsa

water protein

reaction R(i) Hij ∆G0 ∆gq ∆Gq ∆G0 ∆gq ∆Gq ∆∆Gq

General Base Catalysis by Glu-113
I f II 81.2 29.1 15.7b 18.3b -1.2 4.4 -16.9
II f III 430.7 49.9 31c 33c 30.5 30.8 -2.2
total 48.7 29.6 -19.1

Proton Transfer to a Neighboring Water
I f IV 205.8 86.7 21.7d 25.1d 23.6 25.4 1.9
IV f V 433.9 53.2 31 33 50.4 52.2 19.2
total 54.7 75.8 21.1

ExtrinsicMechanism
I f VI (solvent)c -30.1 0.0 -101.0e - -114.6 - -13.6
I f VI 11.8 -1.8 -13.6
VI f VII 439 47.9 31 33 23.6 25.2 -7.8
total 44.8 23.4 -21.4
a R(i) denotes the gas-phase shift of the given resonance state (eq 1, Figure 2), andHij represents the off-diagonal term between resonance states

i and j (eq 2).∆Gw
q and∆Gp

q are the overall activation barriers of the reaction in water and protein, respectively. The catalytic effect is defined
as∆∆Gq ) ∆Gp

q - ∆Gw
q. For the nucleophile generation step, a difference between the∆G0 values is considered, and for the nucleophilic attack,

the difference between the∆gq values is considered (see eq 12). All values are given in kilocalories per mole. Roman numerals correspond to
resonance structures displayed in Figure 2.b ∆G0 and∆gq values are calibrated against the experimental values given in refs39 and40. c ∆G0 is
calibrated against the result of high-level ab initio calculations (45), and∆gq values are calibrated against experimental data (46). d ∆G0 and∆gq

values are calibrated against the experimental values given in ref39. e ∆G0 is calibrated against the solvation free energy difference of water and
hydroxide in bulk solvent obtained by the Iterative Langevin Dipole method.

∆GPT(AH + B- f A- + BH) )
2.303RT[pKa(AH) - pKa(HB)] (6)

∆∆GPT
wfp ) ∆G[(H2O)p f (H2O)w] +

∆G[(OH-)w f (OH-)p] ) ∆G[(H2O f OH-)p] -

∆G[(H2O f OH-)w] (7)

pKa
p(H2O) ) pKa

w(H2O) +
∆∆GPT

wfp

2.3RT
(8)
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This free energy for hydroxide ion formation via theextrinsic
mechanism amounts to 11.8 kcal/mol (Table 1).

The energetics of the nucleophilic attack step have been
calibrated using the free energy of 31 kcal/mol of transform-
ing a phosphodiester to a dianionic pentavalent intermediate
in aqueous solution at pH 15.5 (1 M OH-) based on high-
level ab initio calculations (45), while the corresponding
activation free energy (∆gq ) 33 kcal/mol) was derived from
Guthrie’s thermochemical data (46), which coincided with
ab initio results (45). The similarity of the energy of the
pentavalent intermediate to that of the transition state
indicates that the reaction is “semi-concerted”; i.e., entering
of the nucleophile and the departure of the leaving group
occur almost simultaneously.

The overall barrier of the reaction is given by

where∆GPT is the free energy of proton transfer and∆gq
NA

is the activation free energy of the nucleophilic attack. With
regard to the overall barrier of the phosphodiester hydrolysis
in water, the general base catalysis by glutamate is more
favorable by 6 kcal/mol than the mechanism, which recruits
another water molecule for proton transfer. The most
favorable process employs a OH- nucleophile generated at
pH 7 with an overall barrier of 45 kcal/mol. This value is in
reasonable agreement with other experimental and theoretical
estimates of the barrier of neutral phosphodiester hydrolysis
(see the discussion in ref4 and references therein). We have
to emphasize that here we considered a stepwise process and
depending on the degree of concertedness of the two reaction
steps the overall barrier can be lowered by 5-7 kcal/mol.

Defining the Catalytic Effect of the Enzyme.The overall
barrier of the enzyme is composed of the free energy of
proton transfer in the enzyme and free energy barrier of the
nucleophilic attack as

where (∆∆GPT)wfp and (∆∆gq
NA)wfp terms are the differ-

ences between the free energy of proton transfer and
activation free energy in water and enzyme, respectively.
The first-order rate constant for the first strand cleavage by
BamHI is 0.46 s-1, which gives a (∆Gq)p of 17.9 kcal/mol
(47). The catalytic effect of the enzyme is defined as

that is estimated to be 26.9-36.8 kcal/mol depending on the
mechanism of nucleophile generation.

Energetics of the Reaction in the BamHI ActiVe Site.Free
energies and activation barriers of the three pathways are
summarized in Table 1. Both the general base andextrinsic
mechanisms are favored by the enzyme, while the proton
transfer to a neighboring water is destabilized. This is
primarily due to the repulsion between the hydroxonium ion
and the proximal metal ion cofactor that is not shielded

completely by the generated hydroxide. Furthermore, at the
end of the proton transfer process, metal ion A becomes
bound to Glu-113. This coordination has to be broken during
the nucleophilic attack step, while the metal ion shifts by
almost∼2 Å to ligate the nonbridging oxygens of the scissile
phosphate group. Meanwhile, the H3O+ ion is repelled from
the active site, which contributes to a further increase in the
activation barrier.

Both reaction steps of the general base and theextrinsic
mechanisms are energetically more favorable in the active
site of BamHI than in water. Involving Glu-113 as a general
base exerts a greater stabilization on the generation of the
nucleophile as compared to recruiting an external nucleophile
from bulk solvent. The resulting glutamic acid, however,
strongly binds the OH- group that overstabilizes the nu-
cleophile and leads to a higher barrier for the nucleophilic
attack step. Considering the overall barrier, theextrinsic
mechanism is more favorable than the general base catalysis
with a total activation energy of 23.4 kcal/mol. The computed
total activation free energy is in reasonable agreement with
the experimental value, and their 5 kcal/mol difference is
mostly due the concertedness of the reaction. This effect was
not taken into account in our calculations and, along with
limited simulation time and metal constraints, might con-
tribute to the overestimation of the activation barrier.

Three possible mechanisms of the nucleophile generation
step have also been studied previously with the semimicro-
scopic version of the Protein Dipoles/Langevin Dipoles
method (PDLD/S) (48). These calculations excluded the role
of the neighboring phosphate as the general base and
concluded, in accord with this work, that theextrinsic
mechanism in the presence of negatively charged Glu-113
is the most favorable pathway. The two studies yielded close
pKa values for the water nucleophile: 5.7 by the EVB/FEP
technique and 5.3 by the PDLD/S method. The pKa values
of Glu-113 in the two studies exhibited opposite trends:
protonation was found to be more favorable than that in water
by EVB/FEP (pKa ) 6.7), while it was less favorable in the
PDLD/S study (pKa ) 2.9). This discrepancy is due to the
difference in the force field used (AMBER vs ENZYMIX)
as well as the treatment of the neighboring phosphate groups,
which were kept neutral in the PDLD/S study but were
considered charged in this work.

In the case of theextrinsicmechanism, the nucleophile is
bound to metal ion A. One might wonder if the barrier of
the nucleophilic attack by a hydroxide coordinated to the
metal ion is not prohibitive. This is equivalent to the
nucleophile trapping problem; i.e., overstabilization of the
nucleophile can lead to an excessive increase in the barrier
of the nucleophilic attack step. As demonstrated by the
∆gq

NA value presented in Table 1, this step is optimized to
a smaller extent than the generation of the nucleophile, yet
it is still more favorable in the enzyme by 7.8 kcal/mol than
the corresponding reference reaction in water [note the
(∆∆gq

NA)wfp is negative]. This catalysis can be explained
easily by the inspection of the transition state structure
displayed in Figure 3. During the nucleophilic attack step,
the hydroxide remains bound to metal ion A at the transition
state, while it approaches the phosphorus. Such a scenario
was predicted by a recent molecular dynamics studies that
explored the stability of the metal ion sites at the active site
of BamHI (30).

∆GPT(OHext
-) ) 2.303RT[pKa

p(H2O) - pH] (9)

∆Gq ) ∆GPT + ∆gq
NA (10)

(∆Gq)p ) (∆GPT)
p + (∆gq

NA)p ) (∆GPT)
w +

(∆∆GPT)
wfp + (∆gq

NA)w + (∆∆gq
NA)wfp (11)

(∆∆Gq)wfp ) (∆Gq)p - (∆Gq)w ) (∆∆GPT)
wfp +

(∆∆gq
NA)wfp (12)
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Role of Metal Ions.The arrangement of the metal ions at
the active site of BamHI conforms to the classical two-metal
ion mechanism of phosphoryl transfer. The significantly
larger stabilization of the nucleophile generation as compared
to the subsequent step and the distinguished role of metal
ion A in this process might indicate that the catalytic
importance of the two metal ions, i.e., their contribution to
the overall catalytic effect, is different.

To clarify the role of the metal ions and quantify their
catalytic importance, we have determined the overall barrier
of the phosphoryl transfer reaction in the presence of
individual metal ions bound at positions A, A′ [shifted by
0.9 Å from the crystallographic A position (30)], and B. To
this end, we constructed hypothetical enzymes with a single
metal ion at position A or B at the active site and constrained
them to their initial positions during the reaction. Position
A′ was created after the nucleophile generation step, and its
role was probed only during the nucleophilic attack. To
investigate whether the removal of one metal ion may change
the mechanism realized in the presence of two metal ions,
two pathways were considered for activation energy calcula-
tions: the general base mechanism by Glu-113 and the
extrinsicmechanism. The third scenario with proton trans-
fer between two neighboring water molecules was excluded
due to its unfavorable energetics in the enzymatic environment.

The respective free energies of the proton transfer reaction
and the activation free energies of the nucleophilic attack
are summarized in Table 2. The overall barrier of the general
base mechanism is affected by the removal of one metal ion
to a lesser extent than that of theextrinsic mechanism.
Nevertheless, the scheme involving an external nucleophile
still provides the most favorable pathway when site A or
site A′ is solely occupied (Figure 4). Overall barriers
computed in the presence of a single metal ion occupying
either site A or B demonstrate that the catalytic importance

(effect) of the two metal sites is different. In the presence of
the single metal ion A, the activation free energy is increased
by 6.5 kcal/mol. In contrast, when only metal ion site B is
occupied, the proton transfer process becomes rate-limiting
and the reaction becomes less favorable than in water. This
result is associated with the difficulties of the nucleophile
stabilization in the absence of the coordinating metal ion A.
The large barrier obtained with our calculations is due to
electrostatic repulsion from the nearby negatively charged
residues (Asp-94, Glu-111, Glu-113, and the scissile phos-
phate). These contributions are likely overestimated because
the simulations do not allow ionizable residues to change
their protonation state and are too short for Na+ ions to
diffuse into the active site to stabilize the negative charges
in the absence of Mg2+. Unfortunately, more realistic models
that could take these effects into account are too demanding
to be implemented in the framework of current state of the
art simulations. Nevertheless, we believe that the predicted
abolition of the catalytic effect would also be realized using
more sophisticated calculations.

The total activation energy in the presence of a single metal
ion at the optimized site A′ exceeds the barrier obtained in
the presence of two metal ions by only 6.1 kcal/mol. On the
basis of previous ground state MD simulations (30), we
expected that a single metal ion at site M, located ap-
proximately halfway between the crystallographically ob-
served A and B sites (30), will provide the largest contri-
bution to catalysis. Thus, we attempted to move the metal
ion from A′ to M during the nucleophilic attack. Although
at site M the metal ion coordinates both nonbridging oxygens
of the phosphate group, its coordination sphere becomes
severely distorted; thus, it increases the activation barrier of
the nucleophilic attack by more than 10 kcal/mol, depending
on the strength of the constraint (not shown in Table 2).

FIGURE 3: Transition state structure of the nucleophilic attack in
the presence of two metal ions at the active site of BamHI as
determined by the EVB/FEP calculations. Coordination distances
are given in angstroms.

FIGURE 4: Transition state structure of the nucleophilic attack in
the presence of a single metal ion at site A′ of BamHI as determined
by the EVB/FEP calculations. In the absence of metal ion B, Glu-
77 points away from the active site. Coordination distances are given
in angstroms.
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DISCUSSION

With the exception of BfiI (13), all restriction endonu-
cleases require Mg2+ ions for catalysis, but the variable
number of the metal ion sites located in the crystal structures
of restriction endonuclease ternary complexes has made the
exact number of catalytic ions subject of a long-standing
debate (17). Three catalytic models have been developed to
account for different numbers of metal ions and positions in
the course of phosphoryl transfer that involves one, two, or
three metal ions at the active site. Although all models agree
that the proximity of the metal ion to the putative nucleophile
facilitates the nucleophile preparation step by decreasing the
pKa of this nucleophile, there has been a long pursuit of
identification of residues that can serve as a general base
catalyst. Although mutations reducing the catalytic rate
suggested some candidates, the general base could not be
unequivocally localized.

Our earlier computational analysis of the energetics of the
nucleophile preparation step has indicated that recruiting
OH- from bulk solvent (extrinsic mechanism) is more
favorable than preparing it with the assistance of a general
base at the active site, either by Glu or by the 3′-phosphate
group (48). This study, however, did not consider the barrier
of the subsequent reaction step, thus leaving open an option
for either mechanism to become eliminated due to the
nucleophile trapping.

This comparison of the activation free energies of the three
catalytic models in BamHI confirms that the mechanism
involving an external nucleophile, i.e., moving a proton to
bulk solvent, is the most favorable. A barrier of 23 kcal/mol
calculated for theextrinsic mechanism in the presence of
metal ions constrained to their crystallographic positions is
in reasonable agreement with the activation free energy
derived from experimental values for a stepwise process.

BamHI exerts a greater stabilization on the nucleophile
preparation than on the nucleophilic attack step due to the
coordination of the OH- group to metal A. This coordination
persists throughout the nucleophilic attack step, but the
catalytic effect of the enzyme on this step is smaller than on
the nucleophile preparation step. This result contradicts
earlier suggestions that the energetics of the nucleophilic
attack is optimized more by evolution than the nucleophile
generation step (17). Theextrinsicmechanism, i.e., that the
putative nucleophile water is not deprotonated by an active
site residue, may resolve the ambiguity in the identity of

the general base. However, it remains to be explained why
the catalytic effect of a distant Lys-173 in EcoRV is
comparable to that of Lys-92 lying in the active site of the
enzyme (26) or how phosphates 4 bp from the scissile
phosphate can contribute to catalysis (24). The proposed
mechanism lacking a general base catalyst represents a
promising lead in this respect because it requires the buildup
of a larger negative charge, and the stability of this nega-
tive charge may be sensitive to longe-range electrostatic
effects. Theextrinsic mechanism is also in accord with
recent biochemical and structural data on EcoRI (23) and
does not contradict the observations with HincII (19) and
EcoRV (18).

The BamHI crystal structure contains two metal ions at
the active site that are perfectly arranged for the classical
two-metal ion mechanism. By calculating activation free
energies for structural variants of BamHI which contained a
single constrained metal, we dissected the overall catalytic
effect into contributions of each metal site. This free energy
decomposition has an advantage over decomposition schemes
based on evaluating force field contributions within a single
FEP calculation (49) in that it takes into account structural
effects, but it may be associated with significant nonadditivity
effects (50). Nevertheless, our constraint-based approach
provides well-defined catalytic contributions and can be
generalized to other enzymes with multiple metal sites,
including those in which the actual number of occupied sites
is uncertain (51).

The catalytic importance of the two metal ions differs
significantly: the absence of metal B resulted in moderate
changes in the total activation barrier, whereas the removal
of metal from site A abolished the catalytic effect of the
enzyme. Metal A is critical for stabilizing the nucleophile
and also helps the nucleophilic attack by coordinating the
nucleophile throughout the formation of the pentavalent
intermediate. In the absence of metal ion A, nucleophile
generation becomes the rate-limiting step of the reaction.

On the basis of moderate changes in the barrier upon
removal of metal ion B as well as our previous data on the
stability of the metal ion sites, we suggest that only one metal
ion is essential for BamHI catalysis. It is, however, possible
that the catalytic importance of metal B would increase when
the last reaction step, P-O bond breaking, is fully taken into
account. In this study, we did not evaluate explicitly this
reaction step but instead assumed that the structure of the

Table 2: Reaction (∆G0) and Activation (∆gq) Free Energies at the Active Site of BamHI with a Single Metal Ion at Crystallographically
Observed Site A, Site B, or the Optimized Site A′a

A B A ′
reaction ∆G0 ∆gq ∆Gp

q ∆∆Gq ∆G0 ∆gq ∆Gp
q ∆∆Gq ∆G0 ∆gq ∆Gp

q ∆∆Gq

General Base Catalysis by Glu-113
I f II 0.8 7.3 -14.9 31.6 31.6 15.9 -2.5 5.5 -18.2
II f III 33.8 33.8 -0.2 48.2 50.2 17.2 34.5 34.5 1.5
total 34.6 -15.1 81.8 33.1 32 -16.4

ExtrinsicMechanism
I f VI (solvent)b -112.1 - -11.1 -54.1 - 46.9 -112.1 - -11.1
I f VI 0.7 -11.1 58.7 46.9 0.7 -11.1
VI f VII 28.9 29.2 -3.8 101.6 104.3 71.3 28.8 28.8 -4.2
total 29.9 -14.9 163 118.2 29.5 -15.3

a The catalytic effect is defined as∆∆Gq ) ∆Gp
q - ∆Gw

q. For the nucleophile generation step, a difference between the∆G0 values is considered,
and for the nucleophilic attack, the difference between the∆gq values is considered (see eq 12; for corresponding values in water, see Table 1). The
meaning of symbols is the same as in Table 1.b Solvation free energy of the OH- group.
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transition state for the nucleophilic attack is a good ap-
proximation for the structure of the rate-limiting transi-
tion state. At any rate, the proposal of a single catalytic
metal is supported by site-directed mutagenesis of metal
ion-coordinating residues in BamHI. The inactive E113K
mutant repels metal ion A, while the E77K mutant likely
prevents metal ion B binding and exhibits reduced activity
(52).

What is the advantage of having two ions instead of one
at the active site while in other cases only one can be
observed? This type of alternative way of achieving efficient
catalysis with either two fixed or one mobile metal ion was
first described by computational studies on DNA polymerase
I (44). According to those results and our results presented
here, the two metal ions have not only separate tasks but
also different contributions to the catalytic effect.

A related scenario was observed in the case of RNaseH,
where cocrystal structures of this nonspecific endonuclease
from HIV-1 reverse transcriptase indicated the presence of
two divalent metal ions at the active site (53), while in a
related enzyme fromEscherichia coli, only a single site was
detected (54). On the basis of this discrepancy, an activa-
tion-attenuation model has been put forward, according
to which the first metal ion activates while the second
inhibits the reaction, fulfilling a regulatory role (55). Recent
crystallographic analysis of RNaseH in complex with a
RNA-DNA hybrid is compatible with a two-metal ion
scheme and argues against such an activation-attenuation
model (56).

In PD..D/ExK restriction endonucleases, where present, a
regulatory function is suggested for the second metal ion
based on our previous (30) and current results. Since this
metal ion is more mobile than the one bound to the
nucleophile, it can induce conformational rearrangements at
the active site. Alternatively, it may modulate the pKa of
the water molecule that protonates the leaving group and
thereby affect the energetics of the departure of the leaving
group. The presence of the second metal ion might also
switch between general base andextrinsicmechanisms for
nucleophile generation.

In conclusion, on the basis of our results and accompany-
ing biochemical and structural data, we propose the following
catalytic scheme for BamHI action. The nucleophile is
recruited from bulk solution and stabilized by metal ion A.
The hydroxide ion remains bound to the metal ion during
the nucleophilic attack. Thus, metal A not only plays a crucial
role in the generation of the nucleophile but also is an
important factor in the nucleophilic step. On the basis of
the catalytic effect of the enzyme on the two reaction steps
affecting the overall rate, BamHI optimizes the nucleophile
preparation step more than the nucleophilic attack. Although
the architecture of the active site is compatible with the two-
metal ion mechanism, on the basis of the individual
contribution of the metal ions, we propose that one metal
ion is essential while the other is auxiliary for catalysis. Such
a mechanistic scheme could be applicable to other restriction
enzymes and thus could serve as a framework for a general
mechanism for this enzyme family.
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