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ABSTRACT: Nucleotide-processing enzymes are key players in biological
processes. They often operate through high substrate specificity for catalysis.
How such specificity is achieved is unclear. Here, we dealt with this question by
investigating all-α dimeric deoxyuridine triphosphate nucleotidohydrolases
(dUTPases). Typically, these dUTPases hydrolyze either dUTP or deoxyuridine
diphosphate (dUDP) substrates. However, the dUTPase enzyme DR2231 from
Deinococcus radiodurans selectively hydrolyzes dUTP only, and not dUDP. By
means of extended classical molecular dynamics simulations and quantum
chemical calculations, we show that DR2231 achieves this specificity for dUTP
via second-shell basic residues that, together with the two catalytic magnesium ions, contribute to properly orienting the γ-phosphate
of dUTP in a prereactive state. This allows a nucleophilic water to be correctly placed and activated in order to perform substrate
hydrolysis. We show that this enzymatic mechanism is not viable when dUDP is bound to DR2231. Importantly, in several other
dUTPases capable of hydrolyzing either dUTP or dUDP, we detected that active site second-shell basic residues are more in
number, anchoring the β-phosphate of the nucleotide substrate too, in contrast to what is observed in DR2231. Thus, strategically
located basic second-shell residues mediate precise reactant positioning at the catalytic site, determining substrate specificity in
dUTPases and possibly in other structurally similar nucleotide-processing metalloenzymes.

KEYWORDS: enzyme specificity, nucleotide hydrolysis, two-metal-ion mechanism, molecular dynamics,
quantum chemical cluster approach

■ INTRODUCTION

Nucleotide-processing enzymes are vital for biological
processes such as cellular signaling, metabolism, and nucleic
acid biosynthesis.1,2 These enzymes are highly specialized,
often functioning via high specificity for substrate (nucleotide)
selection and hydrolysis.3,4 However, there is poor under-
standing of the enzymatic strategy to attain this specificity for
the elected substrate. Here, we analyze substrate specificity of
all-α dimeric deoxyuridine triphosphate nucleotidohydrolases
(dUTPases), a class of enzymes that hydrolyze uracil (U)-
containing deoxynucleotides.5 This hydrolytic action lowers
the intracellular concentration of dUTP, limiting its incorpo-
ration into nascent DNA. dUTPases thus operate as essential
house cleaners within the cell, as proved by dUTPase knockout
experiments in Escherichia coli and yeast.4 Notably, human
dUTPase has been proposed as a promising drug target
because its suppression sensitizes cancer cell lines to
thymidylate synthase inhibition.6 Furthermore, inhibition of
trypanosomal dUTPases has been proposed as a therapeutic
strategy for the treatment of neglected tropical diseases such as
trypanosomiases and leishmaniasis.7−9

There are different superfamilies of dUTPases.5,10 The all-α
superfamily includes dUTPases that adopt the common two-
metal-ion active site architecture for nucleic acid processing,11

which usually promotes both dUTP and deoxyuridine
diphosphate (dUDP) hydrolysis in these enzymes. This
metal-aided enzymatic strategy is used to bring the reactants
in contact and properly orient them for the activation of the
nucleophilic water molecule, ultimately leading to substrate
hydrolysis.11−17

Intriguingly, recent experimental data18 have shown that the
enzyme DR2231, a dimeric all-α dUTPase from Deinococcus
radiodurans, selectively hydrolyzes only the dUTP substrate, in
contrast to most members of the superfamily, which can
unselectively hydrolyze both dUDP and dUTP.10 However,
given that experimental evidence suggests binding of dUDP to
the active site,18 DR2231’s specificity for dUTP is mechanis-
tically unexplained. The availability of structural and kinetics
data on DR2231 catalysis18,19 provides an optimal opportunity
to dissect the fundamental aspects of the enzymatic processing
of nucleotides by dUTPases.
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In detail, recent structural data have revealed the overall fold
of DR2231,19 which shares a common helix bundle with other
dimeric dUTPases (Figure 1). This is used to hold in place the
conserved catalytic two-metal-ion motif. The bimetallic
catalytic center is surrounded by a number of second-shell
positively charged residues, which are commonly found in the
vicinity of the reactive site in nucleic-acid-processing
enzymes.13 Importantly, mutagenesis studies showed that
such second-shell basic residues (namely, Lys112, Lys122,
and Lys125) are required for efficient catalysis in DR2231.18

These residues are involved in the interactions with the dUTP
phosphate tail, although their exact functional contribution to
catalysis is unclear. In addition, DR2231 and dimeric
dUTPases bind the selected substrate in a dissimilar way.
For DR2231, a mobile loop closes over the substrate. For
dimeric dUTPases, a mobile α-helical domain undergoes a
conformational change upon ligand binding. However, it is
unclear which structural features lead to efficient and selective
catalysis in DR2231 versus other metal-dependent dUTPases.
Here, we integrate extended classical molecular dynamics

(MD) simulations20 of wild-type and mutated enzymatic forms
of DR2231, quantum chemical calculations, and structural data
analyses to identify the main determinants used by this enzyme
to selectively process dUTP and not dUDP. We show that,
together with the catalytic ions, specific second-shell basic
residues in DR2231 contribute to properly orienting the γ-
phosphate of the elected substrate dUTP at the catalytic site.
In this way, the enzyme/dUTP complex is correctly assembled
in a competent pre-reactive state for efficient and selective
catalysis, allowing the correct placing and activation of the
nucleophilic water for the substrate hydrolysis.

■ RESULTS

DR2231 Precatalytic Active Site State Forms Only
when Bound to dUTP and Not to dUDP. We performed
extensive MD simulations to investigate the enzyme DR2231
in complex with either deoxyuridine triphosphate, dUTP, or
deoxyuridine diphosphate, dUDP. Models were based on the

X-ray structure of DR2231 in complex with a nonreactive
dUTP analog (dUMPNPP, PDB code: 5HVA18). In this
structure, the phosphate tail adopts two conformations with
similar populations. In both cases, a water molecule is
coordinated to Mg(A). Notably, this water is properly
positioned for an in-line attack on the β-phosphate only in
the most abundant conformation, which thus was used to
model both dUTP/DR2231 and dUDP/DR2231 complexes
(Figure 1).
The overall enzyme structure was well-maintained during

the ∼500-ns-long MD simulations of the dUTP/DR2231 and
dUDP/DR2231 complexes, showing very similar global
structural properties (see Supporting Informations S1 and
S2). In the MD simulation of the dUTP/DR2231 complex,
four similar coordination patterns were observed for the two
Mg ions (Figure 2 and S6), two of which (accounting for 34%
of the simulated time) closely resemble the coordination of the
catalytic Mg ions in the X-ray structure with PDB code:5HVA.
In two of these coordination patterns, the position of the β-
phosphate (Pβ) changes from bridging Mg(A) and Mg(B) to
coordinating Mg(B) only. In the remaining two coordination
patterns, Pβ coordinates to Mg(B) and the coordination sphere
of Mg(A) is completed by either a second water molecule or
Glu79 in bidentate mode. Mg(A) coordination is thus more
flexible, with ligand exchange events that involve solvent water
or the oxygen atoms of Pβ and Glu79. Importantly, a water
molecule is stably bound to Mg(A) throughout the
simulations. This water is properly oriented for an in-line
attack to the Pβ of dUTP. Furthermore, this water molecule is
often H-bonded to one carboxylic oxygen of the nearby Glu79.
We note that this glutamate may therefore serve as a proton
acceptor during the nucleophilic attack. Also, three surround-
ing Lys residues interact with the phosphate tail. Specifically,
Lys112 is stably engaged with Pα and Pβ, while Lys122 is
engaged with Pα. Lys125 interacts with Pγ and the oxygen
bridging Pβ and Pγ for most of the trajectory, occasionally
breaking these interactions (Figure 3). Thus, overall, the active
site geometry preserves a precatalytic state for dUTP

Figure 1. Model of DR2231 based on the crystallographic structure with PDB code: 5HVA.18 The bound dUTP is modelled on the analog 2′-
deoxyuridine 5′-α,β-imido triphosphate. Acidic (Asp, Glu) and basic (Lys) residues interacting with substrate or the divalent cations are shown as
red and blue sticks, respectively. Divalent magnesium cations are shown as pink spheres.
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hydrolysis, in accordance with the recognized two-metal-ion
mechanism.11

In contrast, in the dUDP/DR2231 complex, the nucleophilic
water molecule unbinds irreversibly from Mg(A) in the early
phases of the simulations. In fact, the clustering algorithm
highlighted only two different Mg coordination patterns,
neither of which features a water molecule bound to Mg(A)
(Figure 2 and S6). In detail, Pβ rotates towards Mg(A), to
which it binds with a second oxygen displacing the
nucleophilic water molecule initially placed on the metal.
Then, lack of Pγ on dUDP frees a coordination site on Mg(B),
which is immediately taken by a water molecule from the bulk.
In turn, Glu46 displaces a water molecule and binds to Mg(B),
occupying a position observed in the X-ray structure (PDB
code: 5HVA) and possibly related to an alternative
conformation of the phosphate tail, in which Pγ is not bound

to Mg(B). Notably, the interactions of the Lys residues with
the phosphate tail of dUDP also rearrange significantly,
strengthening the interactions with Pα and weakening those
with the Pβ (Figure 3).
Taken together, the simulations suggest that the formation

of a precatalytic state occurs via proper substrate positioning,
which is only observed with dUTP at the catalytic site of
DR2231.
We wanted to further test our hypothesis that nucleotide

selectivity is mediated by the second-shell-residue-mediated
proper positioning of the substrate, which allows nucleophile
activation at the catalytic site. We therefore considered the
DR2231 singularly mutated variants Lys112Ala, Lys122Ala,
and Lys125Ala. These mutants display an experimental 100-
fold reduction of the enzymatic activity.18 We also performed
∼500-ns-long MD simulations for each of these DR2231
variants bound to dUTP. Analysis of global structural
parameters revealed that the mutations do not impact the
fold (see the Supporting Information). However, formation of
the precatalytic active site geometry is considerably reduced to
about 50% in all of the variants, compared to the wild-type
enzyme (Figure 2). In fact, for all three mutants, clustering
analysis revealed two dominant states, both with a similar
population, but characterized by a difference in the Mg(A)
coordination shell (Figure S7). While one state shows the
presence of the nucleophilic water properly coordinated to
Mg(A), the other state does not feature such a nucleophilic
water molecule bound to Mg(A). The lack of one of the
second-shell residues Lys112, Lys122, or Lys125 and their
interaction with the substrate (see paragraph above)
strengthens the interaction between the oxygens at Pβ of
dUTP and Mg(A). This, in turn, affects the coordination
sphere of Mg(A), which does not include any water molecule
when Glu79 binds in a bidentate mode. Simulations performed
for the Lys112A, Lys122A, and Lys125A variants bound to
dUDP are in line with these findings, showing essentially no
binding of water molecules to Mg(A) (Figure S5). These
results thus further support the functional implications of the
basic second-shell residues Lys112, Lys122, or Lys125,
explaining why these mutated DR2231 variants have reduced
activity, given that all of them display reduced population of
the precatalytic active site state.

Enzymatic Mechanism for dUTP Hydrolysis in
DR2231. We furthered our understanding of dUTP hydrolysis
in DR2231 with density functional theory (DFT) calculations,
performed with the M06 functional21 within the cluster
approach22 and taking solvation effects into account. In this
way, we investigated the reaction mechanism for dUTP
hydrolysis in DR2231 using a large model system, built from
the X-ray structure (PDB code:5HVA). The model comprised
the substrate and all of the water molecules (six) and amino
acid residues within 8 Å of any substrate atom (252 atoms in
total, Figure S9). The optimized structure (I1, Figure S10)
closely resembles the starting X-ray structure (rmsd = 0.99 Å).
The nucleophilic water (WatCat, hereafter), coordinated to
Mg(A), forms a stable H-bond with Glu79 (O4−H1 = 1.69 Å)
and another water molecule, which in turn is interacting with
O3 of the γ-phosphate. This H-bond network suggests that
alternative reaction pathways can originate from I1, differing in
the mode in which the nucleophilic water is activated (i.e.,
deprotonated).
In mechanism A (critical points and energy profile shown in

Scheme 1), Glu79 directly deprotonates WatCat. Interestingly,

Figure 2. Representative conformations from the MD trajectories of
the dUTP- (panel a) and dUDP-bound (panel b) DR2231 dUTPase
(see the Supporting Information for further conformations from the
cluster analysis of the respective trajectories). Panel c shows the
number of water molecules bound to Mg(A) during the MD
simulations of (top to bottom) wild-type DR2231 bound to dUTP
and dUDP and K112A, K122A, and K125A mutants bound to dUTP.

Figure 3. Interactions between the phosphate tails of dUTP and
dUDP with Lys112 (black numbers), Lys122 (red), and Lys125
(blue) during the MD simulations. Reported are the percentages of
structural snapshots from our trajectories in which a distance <3.5 Å
was observed between the oxygen atom and side chain N atom of the
Lys.
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we could not locate any intermediate featuring a protonated
Glu79 and a deprotonated water still coordinated to Mg(A).
This reflects the fact that water activation and nucleophilic
attack are concerted chemical events. However, as the TS1_A
transition state geometry (Figure S11) indicates, water
activation and nucleophilic attack are asynchronous: while
water deprotonation is fully completed (O4−H1 = 1.02 Å), the
phosphoryl transfer reaction is still in progress, with the
forming (Pβ-O1) and breaking (Pβ-O2) bonds of 2.12 and 1.86
Å length, respectively. Notably, the hydrogen bond network
involving the nucleophile and the leaving group (H-bonded to
Lys125) seems to be important for the correct positioning and
activation of the reacting species. In particular, each of the
three second-shell lysine residues (Lys112, Lys122, and
Lys125) is interacting through hydrogen bonds with different
oxygen atoms of the pyrophosphate leaving group (Figure
S11). Indeed, the nucleophile, the electrophilic center, and the
leaving group are almost perfectly aligned (the O1-Pβ-O2 angle
is 176°), as demanded in an ideal SN2 mechanism. These
structural features emphasize the role of the enzyme and the
metal co-factors in correctly positioning the reactive species to
catalyze the reaction process.
TS1_A lies 26.3 kcal mol−1 above I1. In the following

intermediate (I2_A, 0.8 kcal mol−1 more stable than I1),
Glu79 is protonated, the O1-Pβ bond is formed (1.63 Å), and
Pβ-O2 is broken (3.21 Å). Then, the last examined step is the
regeneration of the enzyme initial state, which occurs through
a triple concerted proton transfer, involving a second water
molecule and the substrate (TS2_A, 5.7 kcal mol−1 above I1).
The net result is the deprotonation of Glu79 in favor of the γ-

phosphate of the leaving substrate. In this way, the enzyme
returns in its initial catalytic state (intermediate I3_A, 8.2 kcal
mol−1 below I1).
The activation and the nucleophilic attack of the catalytic

water occur in the same kinetic step also in mechanism B (see
Figure S12). However, in this case the deprotonation of the
catalytic water is carried out by the substrate γ-phosphate
through a bridging, crystallographic water molecule, without
the direct intervention of Glu79. Thus, in mechanism B the
reaction is substrate-assisted. In the rate-determining step
(TS1_B, 27.9 kcal mol−1 above I1), as the catalytic water is
attacking the β-phosphate (O1-Pβ = 1.90 Å), two proton
transfers occur simultaneously: H2 is hopping from O1 of the
catalytic water to O7 of the bridging water (H2−O1 = 1.18 Å,
H2−O7 = 1.24 Å), which, in turn, is passing H3 to O3 of the
substrate γ-phosphate. The role of Glu79 is to assist the
nucleophile attack through a hydrogen bond with the catalytic
water (H1−O4 = 2.59 Å in TS1_B). The net result is the
deprotonation of the attacking catalytic water, which leads to
I3_A, as already discussed in mechanism A. To explore further
reaction mechanisms, we also considered an alternative way for
the activation of WatCat. In this pathway (mechanism C, Figure
S13), the proton shuttle needed to activate WatCat and transfer
the migrating proton to Glu79, is mediated by the same
bridging water used in mechanism B. However, here the
double proton hopping occurs prior to the nucleophilic attack,
yielding an intermediate featuring WatCat as an activated
hydroxide. Then, the hydroxide can proceed and perform the
phosphoryl transfer reaction, as described in more detail in the
Supporting Information, although this route is unfavored based
on energy grounds. We also considered the possibility of a
water molecule not bound to Mg(A) attacking the β-
phosphate, which however turned to be energetically too
demanding (Figure S14), in line with previous results on
phosphate hydrolysis in solution.23,24 Overall, our mechanistic
study suggests mechanism A as the most favored reaction
pathway for dUTP hydrolysis in DR2231.
We further assessed the stabilizing effect of the three second-

shell lysine residues (Lys112, Lys122, and Lys125) on the rate-
determining step energy barrier of mechanism A. To this aim,
we carried out single-point energy calculations including
solvation effects on I1 and TS1_A removing all, and also
one at a time, the lysine residues. The calculated energy barrier
of the system including all of the lysine residues is 26.3 kcal
mol−1. This value increased to 41.5 kcal mol−1 when all of the
lysine residues were removed and to 32.0, 31.3 and 31.7 kcal
mol−1 when Lys112, Lys 122 or Lys125 were not present,
respectively. Thus, our calculations indicate that all of the
lysine residues have a catalytic (and synergistic) effect on the
TS1_A stabilization.

■ DISCUSSION
In this study, we have used classical and quantum modeling to
understand the molecular determinants for specificity in
hydrolytic enzymes.25−27 In particular, we used all-atom
force-field-based MD and DFT-based quantum mechanical
calculations to investigate the determinants for substrate
specificity attained by the enzyme DR2231, which belongs to
the all-α dimeric deoxyuridine triphosphate nucleotidohydro-
lases (dUTPases) family.10 Intriguingly, the enzyme DR2231
hydrolyzes only dUTP.18 This is in contrast to other members
of the all-α dimeric dUTPases family, which hydrolyze both
dUTP and dUDP.10 Clarifying how DR2231 specifically

Scheme 1. Schematic Representation of the Structures of
Critical Points I1, TS1_A, I2, TS2_A, and I3_A of
Mechanism A and Relative Energy Profile (Bottom Right)a

aBecause we adopted a 2D representation, some atomic distances may
not be realistic and may appear much longer or shorter than in the
true system (distances are reported in angstroms).
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cleaves dUTP only may help in understanding the mechanistic
strategy used by nucleotide-processing enzymes to achieve
substrate selectivity.
First, we used MD equilibrium simulations to analyze

multiple systems of DR2231 in complex with dUTP or dUDP.
We found that the precatalytic state of the active site in
DR2231 forms only when the enzyme is bound to dUTP, and
not to dUDP. This was shown by the stability of the active site
of the dUTP/DR2231 complex, which maintained a water
molecule bound to Mg(A) and optimally located to perform
nucleophilic attack at the Pβ on dUTP. Importantly, we noted
that this precatalytic state was formed thanks to the
cooperative action of three second-shell lysine residues
(Lys112, Lys122, and Lys125). These lysines, together with
Mg(B),18 act by securing Pα and Pγ in their bound location. In
this way, in our MD simulations, the reactants form a stable
Michaelis complex that is ready for catalysis. Here, the
nucleophile activation is possible by proper substrate position-
ing, with the nearby Glu79 well-positioned to facilitate water
deprotonation and activation, thus favoring the ensuing
phosphoryl transfer reaction.11,12,14

These results differ to what we observed in our MD
simulations of the dUDP/DR2231 complex, where the three
key second-shell lysines (Lys112A, Lys122, and Lys125) are
not sufficient to guarantee formation of the Michaelis complex.
Consequently, Pβ of dUDP is loose and free to coordinate to
Mg(A), displacing the nucleophilic water molecule, located at
the catalytic site at the beginning of the simulation. These
findings suggest that catalysis in DR2231 occurs via
nucleophile activation by proper substrate positioning, which
is only allowed in the case of the substrate dUTP, thanks to the
specific action of Mg(B) and the three second-shell lysine
residues, which are thus key for function.13,28

Then, upon proper Michaelis complex formation, we used
DFT calculations to show that catalysis can proceed through a
typical SN2 reaction mechanism in which Glu79 acts as a
general base. Glu79 can accept a proton from the nucleophilic
water, which is thus activated to perform phosphoryl transfer
and hydrolyze dUTP. Water activation and dUTP hydrolysis
appear concerted and asynchronous, with a computed energy
barrier of 26.3 kcal mol−1 (vs the estimated value of 16.6 kcal
mol−1 calculated from the experimental19 kcat using the
Eyring−Polanyi equation). The discrepancy between the
computational and experimental estimates of the activation
free energy barrier may be due to several factors: (i) the size of
the model system consideredabout 250 atoms, which is a
subset of the full enzyme, and thus may not include catalytic
long range electrostatic effects; (ii) the limited flexibility

allowed to the cluster modelfluctuations may considerably
affect the size of enzymatic barriers,29 especially when proton
transfers are involved; (iii) the accuracy of the level of
theoryhere DFT in the M06 form, which although
demonstrating a good general accuracy,21 is not tailored to
the system and chemistry investigated here.30

Taken together, our results suggest an enzymatic strategy
where correct substrate positioning at the catalytic site in
DR2231 is mediated by the metal ions18 and, crucially, by
three positively charged second-shell residues. Together, this
concerted action allows prompt nucleophile activation
(through Mg(A) and Glu79), followed by phosphoryl transfer
via the recognized two-metal-ion mechanism.11,12,14

Interestingly, further analyses of the available X-ray
structures of all-α dimeric dUTPases from other organisms
(namely, from Trypanosoma cruzi,31 T. brucei,32 Leishmania
major,33 and Campylobacter jejuni34) reveal that all-α dimeric
dUTPases can indeed form a precatalytic state with both
dUTP and dUDP. We noted that, in the all-α dimeric
dUTPases, the phosphate tail of either substrates dUTP or
dUDP is anchored by 5 positively charged residues (as in
Leishmania major dUTPase,33 where dUTP is in close contact
with Lys179, Arg186, Lys 198, Lys59, and Lys62, Figure 4). In
this case, two (for dUTP) or three (for dUDP) conserved
basic residues secure the β-phosphate at the catalytic site (see
the Supporting Information). However, in DR2231, the tail of
the processed substrate dUTP interacts with three lysine
residues (Lys112, Lys122, and Lys125, Figure 4). Here,
Lys112 and Lys122 interact with the α-phosphate, while
Lys125 is about 4 Å from the γ-phosphate. Notably, when
Lys112, Lys122, or Lys125 is mutated to Ala, processing of
dUTP by DR2231 is substantially diminished.18 It thus appears
that these second-shell basic residues are crucial for enzymatic
specificity. Importantly, this is in line with our MD simulations
of the Lys112Ala, Lys122Ala, and Lys125Ala variants in
complex with dUTP. Our simulations revealed that the
population of the precatalytic state is reduced for these variant
forms of DR2231 relative to wild type. This is because the β-
phosphate in these variants is now capable of displacing the
nucleophilic water from MgA, thus hampering catalysis.
Taken together, our results and structural observations

further reinforce a recent proposal on the importance of
positively charged second-shell residues in two-metal-ion
nucleic-acid-processing enzymes (second shell with respect to
the metal ions, but in direct contact with the substrate).13

Previous structural alignments revealed that basic residues and
cations occupy conserved positions surrounding the active site
of two-metal-ion polymerases, nucleases, and ribozymes.13 In

Figure 4. Active site of dimeric dUTPase from L. major in complex with dUDP (dUpNP) and dUTP (dUpNpp) analogs33 (panels a and b,
respectively), and of DR2231 from D. radiodurans in complex with dUTP analog18 (panel c). Some structural studies were performed with divalent
cations other than Mg2+ (e.g., Ca2+, Mn2+), which, however, are considered not catalytically competent at physiological conditions.
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line with this evidence, here we show that strategically located
second-shell lysine residues may indeed be functional, as in this
case, where they help dictate the specificity of dUTPases by
controlling the positioning of the phosphate tail of the
substrate, which in turns favors nucleophile activation for
catalysis.

■ CONCLUSIONS

In this study, we addressed the origin of substrate specificity in
the dUTPase DR2231, which hydrolyzes dUTP but not dUDP.
This is in contrast to other members of the all-α dimeric
dUTPase family, which process both dUTP and dUDP
nucleotides. Based on MD simulations and DFT-based
calculations, we showed that DR2231 attains specificity for
dUTP via the proper assembly of the reactants at the active
site. The dUTP phosphate tail is anchored in a prereactive
state by Mg(B) and by second-shell basic residues, which are
critical to properly orienting the substrate for its hydrolysis. In
this conformational state, the nucleophilic water is correctly
placed to be deprotonated and perform substrate hydrolysis, as
indicated by our DFT calculations. Importantly, this enzymatic
mechanism is not feasible when dUDP is bound to DR2231
because then the three second-shell basic residues cannot
interact with the missing γ-phosphate in dUDP. This second-
shell basic-residue-mediated catalytic strategy for substrate
selection in dUTPases is likely extendable to other structurally
similar nucleotide-processing metalloenzymes capable of
hydrolyzing both dUTP and dUDP, as revealed by our analysis
of available X-ray structures of all-α dimeric dUTPases.
Intriguingly, there are several other structurally similar
nucleotide-processing metalloenzymes where second-shell
residues are present at the catalytic site,13 which may thus
operate with a similar enzymatic strategy mediated by second-
shell basic residues to attain specific substrate processing.

■ METHODS

Structural Analysis. Dimeric dUTPases have been
proposed as potential targets for drug design6 and have thus
been the object of a structural determination effort. Structures
of dimeric dUTPases from T. cruzi,31 T. brucei,32 L. major,33

and C. jejuni34 have been determined under diverse conditions
and with different ligands. Of the available structures, here we
considered those of wild-type enzymes in complex with dUTP
or dUDP substrate analogs and with both divalent ions bound
at the active site. Specifically, the following structures were
analyzed in this study (PDB codes and resolution in
parentheses): 5HVA (2.10 Å resolution), 4DKB (1.83 Å),
4DLC (1.76 Å), 2YAY (1.86 Å), 2CJE (2.341.8 Å), 2CIC
(1.70 Å), and 1W2Y (1.65 Å). Relevant features of these
structures are described in the Supporting Information.
MD Simulations. To investigate the functional dynamics of

the dUTPase DR2231 complex, we employed extensive force-
field-based MD simulations, as previously used in several
informative studies on metal-aided enzymatic complexes
dealing with nucleotides and nucleic acids.35−39 Here, model
systems for the classical MD simulations were based on the X-
ray structure of DR2231 in complex with a substrate analog
and magnesium (PDB code:5HVA18). Chains A and C of the
PDB file 5HVA were used. The missing residues Pro116-
Leu124 in chain C were reconstructed with the ModLoop web
server (https://modbase.compbio.ucsf.edu/modloop).40 The
N- and C-termini of the polypeptide chains were saturated

with acetyl and N-methyl groups. The substrate analog was
modified to dUTP. Asp, Glu, Arg, and Lys residues were
assumed in their charged state and His uncharged, as estimated
using PROPKA.41 Specifically, His15, 57, and 106 were
protonated at the Nε, whereas His18, 78, and 143 were
protonated at the Nδ based on visual inspection of the local
environment. About 25,000 water molecules were used to
solvate the protein. The number of Na cations and Cl anions
was adjusted to neutralize the simulation cell and to reach
concentrations around 100 mM. Simulations were performed
for the wild-type enzyme bound to dUDP and dUTP, and for
the variants Lys112Ala, Lys122Ala, and Lys125Ala bound to
dUTP and dUDP.
The following force fields were used: the AMBER ff14SB for

protein,42 TIP3P for water,43 Joung and Cheatham for Na and
Cl ions,44 and Li et al. for Mg ions.45 Bonding parameters from
the General Amber Force Field46 were used for dUTP and
dUDP. Point charges for dUTP and dUTP were developed
according to the RESP methodology based on a fragment
approach.47 Specifically, charges were derived separately for
the triphosphate and disphosphate moieties and for the
nucleoside.
MD simulations were performed with the GPU version of

the PMEMD code of the AMBER package.48,49 The system
was treated under periodic boundary conditions. Simulation
cells were cubic of about 93 Å edge. Long-range electrostatic
interactions were treated with the PME method.50 A 10 Å
cutoff was used for the real part of the electrostatic and for van
der Waals interactions. The integration time step was 2 fs.
SHAKE was used to constrain bonds involving hydrogen
atoms.51 Simulations were performed at constant temperature
(310 K) and pressure (1 bar). After 2 ns of solvent
equilibration and energy minimization, the system was
gradually heated to 310 K in 2.5 ns, maintaining the protein
backbone close to the crystallographic positions by applying a
soft harmonic potential. Then, 500 ns of production MD were
performed. Analysis of the MD trajectory was based on the
calculation of structural descriptors: the root-mean-square
deviation (rmsd) with respect to the initial structure for the
protein backbone atoms and the backbone atoms of secondary
structure elements; the radius of gyration of the backbone
atoms; the root mean square fluctuations (rmsf) of the Cα

atoms. A clustering analysis based on the density of data points
was performed.52 The distance between data points was
measured by the rmsd of the coordinates of Mg ions and the
oxygen atoms of Glu186, Glu189, Glu218, Asp221, and the di/
triphosphate moiety. Structures for every 20 ps of simulation
were used in the analysis.

Quantum Chemical Calculations. A cluster model53 of
the active site was constructed from the PDB structure file
5HVA. The cluster comprised the substrate and all of the water
molecules and amino acid residues found at a distance less
than 8 Å from any substrate atom. All of the amino acids
directly interacting with the substrate were included, plus other
nearby residues. To reduce the system size and simulate the
static nature of the enzyme backbone, the backbone carbon
atoms were replaced by hydrogen atoms, which were kept fixed
during geometry optimization (17 H atoms). Hydrogen atoms
were added manually. Protonation states of ionizable amino
acids were consistent with the model used for the MD
simulations.
All reported DFT computations were executed with the

Gaussian16 series of programs.54 See, for example, ref 30 for a
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benchmark of the performance of different DFT functionals for
the hydrolysis of phosphodiester bonds. Here, because the
investigated model system also contains aromatic groups and
metal ligands, a trustworthy evaluation of noncovalent
interactions involving π systems and metal coordination is
essential in computing the potential energy surface. Thus, we
chose the M06 functional,21 which is capable of treating
metals, noncovalent interactions, and medium−range correla-
tion effects. We performed geometry optimization calculations
using two basis sets: the 6-31+G* basis set55 for the substrate
molecule and the atoms closer to the reaction center (59
atoms) and the 3-21G* basis set56 for the remaining 193
atoms. For each stationary point, we performed harmonic
vibrational frequencies computations to determine their nature
and to obtain zero-point energies. Successively, we run single-
point energy calculations on the previously optimized
geometries, using the 6-311+G(2d,2p) basis set on all atoms
and including solvation effects with the SMD variation of
IEFPCM of Truhlar and workers (SMD option in Gaussian
16).57 A value of 4 was employed for the dielectric constant ε.
All of the reported energy values refer to the sum of energies
obtained through the solvation calculations and the corre-
sponding zero-point energies.
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