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ABSTRACT: Control of the N-glycosylase reaction by the DNA
repair enzyme, MutY, entails the organization of solvent molecules.
Classical molecular dynamics and QM/MM simulations were used to
investigate the solvent and environment effects contributing to catalysis.
Our findings suggest that the entire reaction is an energetically neutral
process, in which the first step is rate determining, requiring
protonation of adenine (N7) to initiate cleavage, and the second step
is strongly exothermic, involving hydrolysis of an oxacarbenium ion
intermediate. Although water molecules are catalytically active in both
steps, the first step requires an entirely different level of solvent organization compared to the second. Needed to secure
protonation at N7, a long-term solvation pattern is established which facilitates the involvement of three out of the five structured
water molecules in the active site. This persistent arrangement coordinates the catalytically active water molecules into prime
positions to assist the proton transfer: (i) a water molecule frequently bridges the catalytic residues and (ii) the bridging water
molecule is assisted by 1−2 other ‘supporting’ water molecules. To maintain this configuration, MutY, surprisingly, uses
hydrophobic residues in combination with hydrophilic residues to tune the microenvironment into a ‘water trap’. Hydrophilic
residues prolong solvent residence times by maintaining hydrogen-bonding networks, whereas the hydrophobic residues
constrain the positioning of the catalytic water molecules that assist the proton-transfer event. In this way, the enzyme uses both
entropic and enthalpic considerations to guide the water-assisted reaction.

■ INTRODUCTION
Cells have developed elaborate repair systems to defend
themselves against unwarranted and detrimental mutations in
DNA. One of the central machineries that is able to uphold the
integrity of cellular DNA, despite constant threats of stress
from the environment, is that of base excision repair (BER)
proteins. The most common form of oxidative damage repaired
by BER proteins is the 8-oxo-guanine (OG) lesion, resulting
from the attack of highly reactive hydroxyl radicals on the C8

atom. Consequently, OG preferentially binds to adenine
(OG:A),1,2 leading to a high rate of G-C to T-A transversion
mutations during DNA replication.3 The OG lesion and its
resulting mispairs are effectively handled by a suite of
interacting proteins, named the ‘GO’ system, which involve
the MutM, MutT, and MutY enzymes.2,4 Among these, MutY
plays a key role in the recognition of OG:A, the excision of the
mispaired adenine base, and the protection of the ‘empty’
apurinic site after excision has taken place.5

Crystallographic structures and transition-state (TS) analysis
using kinetic isotope effects (KIEs) have provided key insights
into the mechanism adopted by MutY to excise the mispaired
adenine base. The Bacillus stearothermophilus MutY (bMutY)
crystal structure6 demonstrates that residues intercalate the

double helix, resulting in the expulsion of adenine into an
extrahelical cavity of the protein. Once inside the cavity, the
glycosidic bond of adenine is cleaved as a result of key
interactions with the residues lining the pocket, illustrated in
Figure 1a. Cleavage of the adenine and ribose moieties results
in the formation of an oxacarbenium ion intermediate, which
can then be hydrolyzed to generate the empty apurinic site.6

From these structural insights, a SN1 mechanism, described in
Figure 1b, has been proposed in which a nearby glutamate
residue (E43 in bMutY) initiates cleavage by transferring its
proton to the adenine base at N7.
Further support of a SN1 reaction comes from KIEs,

indicating that Escherichia coli MutY (eMutY) adopts a DNAN
‡

mechanism for the excision of adenine.7 Such a mechanism
involves a scheme in which the glycosidic bond breaks and
forms repeatedly before the irreversible nucleophilic addition
reaction takes place. Consistent with the evidence that suggests
N7 to be protonated, KIEs suggest that protonation occurs in a
pre-equilibrium step before cleavage.7,8 By preceding the
cleavage of the glycosidic bond, protonating N7 may be a
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critical event to enable departure of adenine, as suggested by
experiments with substrate analogues9 and KIE measure-
ments.7,10

Interactions involving other nitrogen atoms of adenine may
also be important during the cleavage reaction. Evidence from
KIEs suggests that N6 undergoes a loss of hydrogen bonding
and/or solvation at the TS.7 Enzyme interactions with N1 and
N3 may also facilitate the departure of the adenine leaving
group.10,11 During acid-catalyzed dAMP hydrolysis, adenine is
reported to be diprotonated (N1 and N7) at the TS.12 The
catalytic effect of double protonation on glycosidic bond
cleavage was revealed in N-riboside hydrolysis,13 and the
conditions for which adenine and other base pairs are
protonated and diprotonated have been studied exten-
sively.14−18 However, whether adenine protonation or diproto-
nation occurs in MutY and its impact on cleavage remains
unclear.
Direct involvement of solvent interactions with adenine can

be deduced from crystal structures.6,19,20 Both bMutY and
eMutY crystal structures reveal five to six structured water
molecules in the vicinity of E43 and N7, illustrated in Figure 2.
One proposed role for water molecules in this region is to form
a ‘water bridge,’ connecting the E43 and adenine moieties.6

Since adenine is too far from E43 (4−5 Å) to accept a proton
via direct transfer, at least one water molecule is needed to
‘relay’ the proton in the initial protonation event at N7.

6,7,10

Another proposed role for a nearby water molecule is to
hydrolyze the oxacarbenium ion intermediate. Therefore, at
least one water molecule is directly involved in both cleavage
and hydrolysis steps.

Missing from this description are the inner workings of the
enzyme reaction mechanism and, in particular, the respective
roles of different water molecules for catalysis. Comparing the
three crystal structures in Figure 2 suggests that the ordering of
water molecules in the vicinity of E43 and N7 may be an
important factor, since similar numbers and arrangements of
water molecules are conserved despite different crystallization
conditions and procedures. However, whether all five
structured water molecules are truly conserved and involved
in catalysis is a question that requires analysis extending beyond
a comparison of crystal structures. The present contribution
aims to establish the characteristic functions of the catalytically
active water molecules in addition to other environmental
factors which may influence catalysis and to probe Nature’s
strategy for securing the involvement of solvent molecules in
water-assisted chemical reactions.

■ METHODS
Classical molecular dynamics simulations were performed starting
from the bMutY crystal structure.6 The mutation D144N induced
during crystallization was manually reverted back to the native
sequence. Parameters for the OG moiety and the [FeS]4 cluster were
based on the parametrization of Miller et al.21 Using PROPKA,22−24

we estimated that all of the residues adopt the default protonation
states with the possible exception of E43 (pKa of 6.7), which is
surrounded by a 5 Å sphere of hydrophobic residues (I191, V39, L134,
V44, Y126, L46, V144, and W30 for bMutY). Simulations were
performed for both protonated and unprotonated states of E43 and
D144. Each structure was solvated with TIP3P water and, depending
on the total charge of the system, either 28, 29, or 30 K+ ions, achieved
system neutrality, in an orthothrombic periodic box (90 × 98 × 120
Å). The particle mesh Ewald (PME) method, with a nonbonded cutoff

Figure 1. (a) The mispaired adenine is extruded into an extrahelical cavity, shown on the left. The catalytic site (magnified panel on the right)
displays five water molecules (wat1, wat2, wat3, wat4, and wat5), present during the cleavage reaction. As shown in cartoon representation, a
concerted proton transfer occurs from E43 to N7, mediated by a water molecule in the vicinity of the catalytic pocket, during cleavage. The proton is
transferred through a bridging water molecule, wat1, supported by neighboring structured water molecules from above, wat2 and wat3. (b) The
previously proposed reaction mechanism of MutY, inferred from key insights from crystallographic structures and kinetic isotope studies. The
putative mechanism is a SN1 reaction in which the cleavage of the glycosidic bond takes place after a proton (green) is transferred from E43 through
a nearby water molecule (orange) to N7 of adenine. The hydrolysis step, catalyzed by a second water molecule (in blue), takes place after the
formation of the oxacarbenium ion intermediate. Both steps involve the direct participation of a catalytic water molecule.
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of 12 Å, was used with periodic boundary conditions and the Langevin
piston Nose−́Hoover method25−27 to ensure constant pressure and
temperature conditions. For each system, NAMD molecular
dynamics28 was performed, using the AMBER29 99sb force field30,31

for 17−25 ns. For the QM/MM simulations, we use an extension of
Car−Parrinello molecular dynamics (CPMD)32,33 and describe the
QM atoms by norm-conserving Martins−Trouiller pseudopotentials41
with dispersion-corrected atom-centered potentials42−45 and the
DFT/BLYP functional,34,35 which has been applied to many
hydrogen-bonded systems.36−40 The QM atoms include the adenine
base, the ribose and phosphate moieties, capped at the O−C5′ bond of
the neighboring base with a monovalent pseudopotential,46 E43 and
D144, capped at the amide backbone of the neighboring residues, and
four catalytic water molecules. The wave functions are expanded in a
plane wave basis set with a 70 Ry cutoff inside a orthorhombic
quantum box with dimensions 39 × 42 × 34 Å3. Long-range
interactions were decoupled using the Martyna−Tuckerman scheme.47

The MM subset is described by a classical AMBER 99sb force field and
contains the rest of the protein and DNA and explicit solvent water
molecules and 30 counterions. The QM/MM simulations were
performed at constant pressure and temperature, using a Nose−́
Hoover thermostat. The system was equilibrated for 10 ps before
performing constrained molecular dynamics simulations for thermody-
namic integration.48,49 Constraints were employed to fix the reaction
coordinate at various distances (in increments of 0.1 Å). Each
constrained distance was sampled for 2.5 and 3.5 ps near and at the
barrier, respectively.

■ RESULTS AND DISCUSSION
Structured Water Molecules in the Active Site. Do the

structured water molecules in the active site persist in solution?

Figure 2. (a) The Bacillus stearothermophilus MutY crystal structure
(pdb entry 1RRQ), with 5 structured waters in the 5 Å vicinity of N7
and E43. The residues are colored by B-factor, indicating which belong
to a part of the structure that is well-ordered. The lowest B-factors
correspond to higher order, shown in red, whereas the higher B-factors
correspond to less order, shown in gray. (b,c) Water molecules in the
5 Å vicinity of E37 show a similar patter in Escherichia coli MutY (pdb
entries 1MUD and 1WEI, respectively). In both of these cases, the
adenine substrate is in complex with MutY crystal structure, which
may explain the slight variation in order and lack of a bridging water
molecule. Additionally, variations in the point mutation D144/D138 in
bMutY and eMutY, respectively, might also affect the structure of
water molecules in the vicinity of the C1′ on the glycosyl ring. Yet,
despite these differences in crystallization protocols and procedures,
the B-factors for these water molecules are still lower compared to
those of most of the semistructured solvent molecules.

Figure 3. (a) The solvent distribution within 10 Å of adenine in the
active site is represented by a contour plot, depicting the probability to
find water molecules at a given position during the classical molecular
dynamics simulations. The positions of the water molecules were
binned using a distance of 0.5 Å between grid points. The number of
water molecules that passed through each grid element was computed,
and this density was represented using a Gaussian broadened
distribution with width equal to 1 Å. The lighter and darker blue
regions correspond to frequently occupied locations of solvent
molecules throughout the trajectory (contour levels of 0.5 and 0.8,
respectively). One of the locations most frequently occupied is
consistent with the position of the nucleophilic water molecule,
positioned 3−4 Å from the C1′ in the crystal structures. (b) The
maximally occupied positions of water molecules in the 5 Å vicinity of
N7 and E43 when a water molecule is bridging the catalytic residues
(70% of the time). These three maxima, illustrated in dark blue
(contour level of 0.5), correspond to positions of three out of five
structured water molecules in the bMutY crystal structure. This
configuration is the most persistent arrangement of water molecules in
the vicinity of N7 and E43 throughout the entire classical molecular
dynamics simulation.

Table 1. Radial Pair Distributions for N1, N3, N7, and N9 of
Adenine and Solvent Moleculesa

atom
solvation
shell (Å)

number of water
molecules

average residence time (% of
total trajectory)

N7 2.5 1.0 45
N7 3.7 4.6 100
N3 2.3 0.8 13
N3 5.9 17.1 40
N9 3.6 1.5 1.1
N9 4.3 3.7 4.4
N1 2.6 0.1 0.1
N1 4.9 9.0 36

aThe number of water molecules in the first and second solvation shell
is given for each atom. The average residence time of water molecules
within these shells has been computed and is given by the percent of
time the water molecule occupies the first and second solvation shells.
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If so, in what characteristic positions and orientations? Starting
from the bMutY crystal structure, we performed classical
molecular dynamics simulations to study the DNA-bound
MutY protein in an explicit solvent environment. Evaluating the
distribution of water molecules during 25 ns, we find that
specific regions surrounding adenine have increased occupan-

cies compared to others, illustrated by the contour plot in
Figure 3a. The region surrounding N1 and N3 accommodates
the highest number of water molecules, yet minimal hydrogen
bonding occurs (during 1% of the trajectory with average
lifetimes of 7.5 ps) with adenine at these positions. Another
highly occupied region is in the vicinity of the C1′ atom of the
glycosyl ring, which is the location of a structured water
molecule, proposed to act as nucleophile during hydrolysis (see
wat5 in Figure 2a and in Figure S1, Supporting Information). In
contrast, a lower density of water molecules populates the
vicinity of E43 and N7, yet a significant amount hydrogen
bonding occurs, with notably longer lifetimes, with adenine at
this location (Table 1 and Figure S2, Supporting Information).
These findings are consistent with base-opening studies, which
similarly show long-lived water binding sites in the vicinity of
the N7 atom of the open adenine base.50

While the 5 Å vicinity of E43 and N7 accommodates five
solvent molecules throughout the simulation (Figure 2a), only
three water molecules remain in the catalytic site during the
entire simulation. The long residence times for these solvent
molecules are found in the most persistent configuration, in
which water molecules occupy predominantly three distinct

Table 2. Solvent Occupancies for Catalytic Water Molecules
in the Vicinity of E43 and N7

a

percent of total 25 ns trajectory (%)

water molecule bridging E43/N7 72
water molecule ≤2 Å from bridge 53
water molecule ≤3 Å from bridge 93
protonated E43 donates H-bond 70

aComputed are the percentages of the trajectory in which specific
characteristic ordering of water molecules are found. A water molecule
is considered to be in a bridging position when it is within hydrogen-
bonding distances to both E43 and N7 (within 1.8 Å). Water
molecules considered to ‘support’ the bridging water molecule were
within 2−3 Å of the bridging water molecule. Evaluated at each
bridging event is whether E43 acts as a hydrogen-bond donor or
acceptor.

Figure 4. Free energy profiles for the first and second catalytic steps in (a) and (b), respectively. The first step is represented by the elongation of the
N9···C1′ bond length. The bond length is constrained at various distances, and the averaged force on the constraint is integrated over the change in
reaction coordinate to obtain the free energy. At a glycosidic bond length of 1.9 Å, a spontaneous, concerted proton transfer occurs from E43 to N7,
mediated by a bridging water molecule. The proton exchanges reversibly between N7, wat1, and E43 within a range of glycosidic bond distances (1.9
to 2.3 Å), indicated by the orange circle. (b) A water molecule (wat5) in the 4 Å vicinity of the glycosyl moiety hydrolyzes the positive C1′ carbon
center. At a C1′···wat5:O bonding distance of 1.4 Å, a concerted proton transfer occurs from the water molecule to N9 of adenine, represented by the
slight 1−2 kcal mol−1 barrier. The proton exchanges reversibly, indicated by the light-green circle, before becoming fully attached to N9.
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positions (Figure 3 (b)). This configuration is consistent with
data that suggest a proton is transferred to N7 via a nearby
water molecule,6 as position ‘one’ coordinates a water molecule
into the prime location to bridge E43 and N7. Indeed, a
bridging water molecule is consistently found at position ‘one’
72% of the time, and one to two other water molecules are
found either within hydrogen-bonding distance or within 3 Å of
the bridging water molecule in 53% and 93% of the cases,
respectively (see wat1, wat2, and wat3 in Figure 2a and Table
2). While occasional exchanges with bulk solvent occur in the
active site, the same three water molecules consistently
populate this configuration, and one out of the three is found
in the bridging position 67% of the time. Thus, three out of the
five structured water molecules have long residence times,
which can be attributed to the most persistent, or optimal,
arrangement of solvent molecules in the reactant state.
What factors are responsible in securing a bridging water

molecule? The probability of finding a water molecule in this
position is influenced by a protonated E43, which donates a
hydrogen bond to the bridging water molecule 70% of the time.

We studied the sensitivity of the system to changes in pH by
varying the protonation states of E43 and D144, which results
in overall different solvent distributions (Figure S3, Supporting
Information). Despite these differences, persistence of the same
subset of water molecules in the active site remains consistent.
Yet, while residence time appears to be independent of changes
in protonation state, the probability to find a bridging water
molecule is highest for a system with E43 protonated and D144
unprotonated (Table S1 and Figure S4, Supporting Informa-
tion).
How are residence times upheld to maintain a unique

configuration? The nature of the microenvironment surround-
ing the catalytic site may contribute to the long residence times
of the water molecules. Alternating shells of hydrophobic and
hydrophilic residues surround the active site in various crystal
structures (see Figures S5 and S6, Supporting Information).
This pattern suggests that the structure−function relationship
of residues in this region of the MutY protein, and perhaps in
other glycosylases where solvent plays an integral role in
catalysis, has evolved into a ‘water trap,’ increasing the

Figure 5. Using a histogram analysis, the magnitude of the fluctuation in the distance varies at different points along the reaction coordinate. To
better visualize these fluctuations, a normal (Gaussian) distribution was used to describe the changes in intermolecular distances between
N7···wat1:H (top) and wat1:O···wat2:H (bottom) along the reaction coordinate (see Figure S11, Supporting Information). The height of the
Gaussians represents the probability of finding the atoms at a given separation distance, whereas the spread of the Gaussians represents the
magnitude in fluctuation of the bonding distance at a given point in the reaction coordinate. The bond distributions are averaged over the
thermodynamically equilibrated windows and colored according to N9−C1′ bond distance (green, orange, and violet represent N9−C1′ distances
ranging from 1.48 to 2.0, 2.1 to 2.3, and 2.4 to 3 Å, respectively). Elongation of the glycosidic bond induces changes in bonding distributions around
the TS. The largest spread in distribution of N7···wat1:H bonding distances occurs just before the TS (a N9−C1′ distance of 1.9−2.2 Å), in which the
atoms adopt distances as small as 1.07 and as large as 1.9 Å from one another (orange curve). Similarly, the broadest distribution in bonding distance
between wat1:H···wat2:O occurs at this same point in the trajectory, when the proton is ‘in transit’ from E43 to N7. Assisting wat1 during the proton
transfer, wat2 interacts strongly via hydrogen bonds, adopting distances as small as 1.3 Å.
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likelihood that water molecules contribute to the water-assisted
chemical reaction.
Water-Mediated Cleavage Reactions. Do these struc-

tured water molecules contribute to catalysis? Starting from the
classically equilibrated structure, we studied the catalytic cycle
of MutY using QM/MM CPMD simulations.32,33,51 Testing the
putative stepwise SN1 mechanism described in Figure 1b, the
overall reaction was examined in two steps: (i) cleavage of the
glycosidic bond and (ii) hydrolysis of the oxacarbenium
intermediate. We have chosen to describe cleavage with a
single reaction coordinate, the N9···C1′ bond length. Starting
from the equilibrium value of 1.48 ± 0.2 Å, the reaction
coordinate was systematically increased to 2.8 Å. This approach
utilizes a minimal reaction coordinate to study the stepwise
reaction of MutY while allowing all other degrees of freedom to
relax. Using thermodynamic integration (TI),48,49 the barrier
for cleavage is found to be 18 ± 1.6 kcal mol−1 (Figure 4a and
Figure S10, Supporting Information).
Cleavage of the glycosidic bond induces several significant

molecular events, assisted by water molecules. Lengthening the
N9···C1′ bond induces a spontaneous proton transfer from E43
to N7, mediated by the water molecule (wat1) that bridges
these residues. Our findings are consistent with previous data
which suggest that a proton transfer to N7 pre-empts the

glycosidic-bond cleavage.6,7 During this pre-equilibrium period
(N9···C1′ bond length of 1.9−2.3 Å), proton exchanges among
E43, wat1, and N7 are concerted and reversible. While the
proton is ‘in transit’ between E43 and N7, wat1 is supported by
hydrogen-bond donors, N6 of adenine and a nearby water
molecule (wat2). At the TS, these interactions diminish, in
agreement with 15N6 KIEs.

7

How do changes in the reaction coordinate influence the
behavior of nearby water molecules? Examining the molecular
events surrounding the proton transfer to N7, three of the five
structured water molecules in the 5 Å vicinity of N7 are
catalytically active, adopting either direct or indirect roles to
assist catalysis. Molecular interactions among these water
molecules and catalytic residues are identified by changes in
bonding distributions, cooperative with the reaction coordinate
(Figure 5). The largest spread in distribution occurs just before
the proton transfers from E43 to wat1 (see the orange curve at
the bottom of Figure 5), in which wat2 assists wat1, adopting
hydrogen-bond distances as small as 1.3 Å (see the orange
curve at the top of Figure 5). While wat1 directly assists
cleavage, relaying a proton from E43 to N7, wat2 and wat3
assist wat1 and E43, respectively. These events suggest that
while certain structured water molecules are not directly
involved in catalysis, they are more than mere bystanders and
may enable MutY to overcome energetic barriers of a water-
mediated proton transfer during cleavage.
Similar to these water molecules that are indirectly involved

in catalysis, active site residues may also play secondary roles to
assist the cleavage reaction. A Pearson-like correlation
coefficient was used to measure the strength of relationships
between reaction coordinate and intermolecular distances of
residues and the respective water molecules in the 5 Å vicinity
of N7 (see eq S2, Supporting Information). The contour plot,
shown in Figure 6, was generated to visualize the residues most
affected by the change in reaction coordinate by representing
the correlation coefficients with spherical Gaussians centered
on their respective interacting atoms. The results reveal that
interactions involving wat1, wat2, and wat3 are more
cooperative with cleavage than those involving wat4 and
wat5. As expected, hydrophilic residues (R31 and R34) strongly
interact with wat2 and wat3 via hydrogen bonds, which may be
one factor preserving their unique configuration. More
surprising are the interactions that correlate most strongly,
which involve two hydrophobic residues (I191 and L46 in
bMutY) sitting opposite to one another at the site of N7
protonation. Residues strategically placed at this site appear to
aid the proton transfer by constraining the orientation of wat1.
Furthermore, cooperative interactions involving W30 and wat2
may similarly manipulate the orientation of wat2 to assist wat1
during proton transfer. A similar motif is found in eMutY, in
which hydrophobic residues, M185 and L40, guard the site of
N7 protonation (Figure S5, Supporting Information). Our
findings suggest that the enzyme utilizes both hydrophilic and
hydrophobic interactions to order and orient three catalytic
water molecules during the proton transfer to N7.

Nucleophilic Water attack. Does a similar pattern in
solvent organization persist during hydrolysis? The QM/MM
simulations indicate that the cleavage reaction generates a
stable oxacarbenium ion intermediate (N9···C1′ bond length of
2.8 Å) and prepares and activates a water molecule (wat5) for
the subsequent hydrolysis reaction. During cleavage, wat5 is
held within 4−5 Å of the C1′ atom by hydrogen-bonding
interactions with E43 (Figure 1a) and becomes slightly

Figure 6. A Pearson-like correlation coefficient was used to measure of
the strength of the coupling between the change in reaction coordinate
(N9···C1′ bond length) and the interaction distances of the five
different water molecules with various residues lining the active site. A
contour plot was generated to visualize the strongest correlating
residues by placing spherical Gaussians, representing the correlation
coefficient, on the respective interacting atom center. Stronger
correlation is represented by larger spheres in the contour plot,
depicting the interactions which are the most cooperative to the
increase in reaction coordinate. The most cooperative interactions
involve wat1, wat2, and wat3. Surprisingly, some residue−solvent
interactions that also correlate strongly to reaction coordinate
correspond to hydrophobic residues, positioned at the site of N7
protonation to interact with wat1 during proton transfer.
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polarized and properly oriented for an attack on the C1′ as the
oxacarbenium ion forms (Figure S7, Supporting Information).
Formation of the oxacarbenium ion intermediate was
confirmed by evaluating point charges, using a dynamic
electrostatic potential (ESP) fitting procedure,52 and the
electron density, using a Voronoi analysis (see Supporting
Information). Following a previous proposition,6 we have
chosen wat5, initially at a distance of 4.3 Å from the C1′ atom,
to catalyze the reaction. Diminishing the distance between the
C1′ atom and wat5 corresponds to a free energy profile that
indicates that the hydrolysis reaction is strongly exothermic
with a slight barrier of 3.2 ± 0.4 kcal mol−1 for breaking the
hydrogen bond between the deprotonated E43 and wat5
(Figure 4b and Figure S10, Supporting Information). The
hydrolyzed product is favored by 15.4 ± 1.5 kcal mol−1, making
the entire reaction (step 1 + step 2) almost energetically
neutral. These findings indicate that cleavage is the rate-
determining step and supports a DNAN

‡ mechanism.7

Molecular interactions between wat5 and residues lining the
route to the C1′ atom, (E43, D144, and Y126), act as a ‘water
shuttle’ to guide the water molecule to the site of hydrolysis. It
has been suggested that E43 or D144 act as bases for the
nucleophilic attack.6,7,10 However, neither of these residues
assumes this role during the simulation. Instead, monoproto-
nated adenine itself acts as the base to activate the nucleophilic
water attack on C1′. During the hydrolysis step, a spontaneous
proton transfer occurs from wat5 to N9 on adenine. Displayed
in Figure 7, as the wat5 approaches the C1′, the distribution of
N9···wat5 bond distances broadens to include distances as small
as 1.4 and as large as 3.6 Å. The broadest distribution occurs
when the proton hops back and forth between N9 and wat5
(the light-green curve), represented by the slight 1−2 kcal
mol−1 barrier in the free energy profile. Adenine is most likely
to act as base, because wat5 is 4 Å away from E43 before it
interacts with the positive C1′ center, making a proton
abstraction unlikely. While a hydrogen abstraction from wat5

is more likely to arise from D144, hydrogen-bonding
interactions with Y126 prevent it from acting as more than
simply a hydrogen-bond acceptor for wat5.
Configuration and residence times do not seem to play a role

in hydrolysis, as they do during cleavage. In contrast, we do not
observe strong correlations for water molecules, aside from
wat5, or residues in the active site with the reaction coordinate
during hydrolysis. Furthermore, classical molecular dynamics
simulations indicate that the residence time of wat5 is not
upheld in the reactant state, as water molecules at this position
are frequently exchanged with bulk solvent. Despite these
conditions, hydrolysis is still likely to occur as long as the
vicinity of the glycosyl moiety is solvated, as indicated by the
free energy profile (Figure 4b). Hence, conformation may be a
factor only influencing catalytic efficacy in the first catalytic
step, as water molecules must be effectively coordinated in a
unique configuration to mediate the proton transfer to N7 from
E43.

■ CONCLUSIONS

Although water molecules are directly involved in both the
cleavage and the hydrolysis steps, the first catalytic step, which
is rate-determining and requires protonation of N7, entails an
entirely different level of solvent organization compared to the
second. The involvement of water molecules during cleavage
potentially enables MutY to lower the energetic barrier of a
proton transfer, which contributes a catalytic rate enhancement
equivalent to nearly half of the required activation energy.7 In
contrast, the hydrolysis step is strongly exothermic and requires
minimal solvent organization, apart from orienting the
nucleophilic water for its attack on the oxacarbenium ion
intermediate. Our findings reveal that enzymatic efforts to
convene solvent in an optimal configuration occur in the
reactant state.
To secure protonation at N7, a long-term solvation pattern is

established, which facilitates the involvement of three out of the

Figure 7. A normal (Gaussian) distribution was used to describe the changes in intermolecular interaction distances between monoprotonated
adenine and the proton of wat5, N9···wat5, cooperative with the decrease in C1′···wat5 bond distance (see Figure S11, Supporting Information). The
height of the Gaussians represents the probability of finding the atoms at a given separation distance, whereas the spread of the Gaussians represents
the magnitude in fluctuation of the bonding distance at a given point in the reaction coordinate. The color shift from dark- to light-green to blue
indicates the decrease in the C1′···wat5 distance from 2.6 to 2.2, 2.1 to 1.7, and 1.6 to 1.3 Å, respectively. The normal distributions of N9···wat5 reveal
that the bonding distances are the most broad at a C1′···wat5 bond distance of 1.8 Å, fluctuating by nearly 2 Å. At these C1′···wat5 distances, the
proton hops back and forth between the water molecule and N9, as shown by the light-green curve.
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five structured water molecules in the vicinity of E43 and N7.
This persistent arrangement coordinates the catalytically
significant water molecules into three prime positions for a
proton transfer: (i) a position bridging the catalytic residues,
E43 and N7; (ii) a position that assists the bridging water
molecule; and (iii) one that assists E43 during the proton-
transfer event. Thus, preserving an ideal arrangement of three
water molecules may direct the course of catalysis for the
cleavage reaction and enables the control of the water-assisted
reaction.
How does an enzyme secure a unique configuration of

solvent molecules? As expected, hydrophilic residues form
strong hydrogen-bonding interactions with the structured water
molecules, which may be one factor preserving their unique
configuration and prolonging their residence times. More
surprising are the interactions with hydrophobic residues, which
constrain the positioning of the catalytic water molecules that
assist the proton-transfer event during cleavage. In this way,
enzymatic control uses both entropic and enthalpic consid-
erations to guide the reaction.
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