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Mechanistic Insight into the Catalytic Activity of fpa-
Metallonucleases from Computer Simulations: Vibrio
vulnificus Periplasmic Nuclease as a Test Case

Juan A. Bueren-Calabuig,” Claire Coderch,” Eva Rico,” Antonio Jiménez-Ruiz,"” and

Federico Gago*™

Using information from wild-type and mutant Vibrio vulnificus
nuclease (Vvn) and I-Ppol homing endonuclease co-crystallized
with different oligodeoxynucleotides, we have built the com-
plex of Vvn with a DNA octamer and carried out a series of
simulations to dissect the catalytic mechanism of this metallo-
nuclease in a stepwise fashion. The distinct roles played in the
reaction by individual active site residues, the metal cation and

Introduction

Sugar nonspecific endonucleases belong to a family of en-
zymes that are able to cleave single- and double-stranded (ds)
DNA and/or RNA molecules with little or no sequence specifici-
ty"” They have been identified in several organisms and the
three-dimensional structures of some of them have been
solved by X-ray crystallography and deposited in the Protein
Data Bank (PDB).” The best studied representatives are Serratia
marcescens nuclease (Smn),>* nuclease A from Anabaena sp.
(NucA),® and the periplasmic nuclease from Vibrio vulnificus
(Vvn).*” From a structural viewpoint, all of these enzymes
belong to the Ppa-metal superfamily of nucleases that use just
one divalent metal ion® to bring the reactant species into
close proximity and catalyze the reaction.” In this respect, the
cation, usually but not exclusively, magnesium, has been pro-
posed to act as a Lewis acid to activate a bound nucleophile
(e.g., by promoting ionization of water to a more reactive hy-
droxide) and/or to stabilize the negative charge on the penta-
coordinate trigonal bipyramidal transition state (TS) and the 3'-
hydroxylate leaving group.

The common structural core of these metallonucleases is
made up of two antiparallel B-sheets and one a-helix that con-
tains an essential and strictly conserved asparagine residue,
the carboxamide oxygen of which is used to coordinate the
metal ion, hence the family name (Figure S1 in the Supporting
Information). A signature motif in the first 3-strand is a DRGH
sequence, where H is the active site histidine," although in
Vvn it is replaced by EWEH,® with the peculiarity that the side-
chain carboxylate of the second glutamate (E) residue is also
involved in metal binding (Mg®" or Ca®*). The finding that
site-directed mutation of the common histidine in this motif
leads to a dramatic decrease in endonuclease activity has dem-
onstrated the critical role of this residue in catalysis, most likely
as a general base that activates the water molecule responsible
for internucleotide phosphodiester cleavage.” Thus, following
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water molecules have been clarified by using a combination of
classical molecular dynamics simulations and quantum me-
chanical calculations. Our results strongly support the most
parsimonious catalytic mechanism, namely one in which a
single water molecule from bulk solvent is used to cleave the
phosphodiester bond and protonate the 3’-hydroxylate leaving

group.

abstraction of a proton from the water molecule, the resulting
hydroxide anion would initiate an in-line nucleophilic attack on
the phosphorus atom leading to cleavage of the O3'—P bond.
The two final products of the reaction are a nucleic acid strand
with a 5’-phosphorylated end and another one with a terminal
3" hydroxyl group. Nonetheless, there appears to be no con-
sensus yet as to whether the attacking water is in direct co-
ordination with Mg?" or is a free solvent molecule.”'*'?
Equally debated is the origin of the proton that needs to be
donated to the 3’-hydroxylate leaving group. In this respect,
either a general acid (e.g., Glu127 in Smn™*"™ or Glu163 in
NucA™) or a second water molecule from the inner coordina-
tion sphere of the metal ion have been advocated.”'>' The
large number and diversity of the proposed mechanisms attest
to the fact that the atomic details of some steps of the re-
action are still unclear despite the relative wealth of crystallo-
graphic structures, albeit in the absence of DNA." An excep-
tion is Vvn, for which two different crystals were solved some
years ago, one containing the active form of the metallo-
nuclease in the absence of DNA and another containing two
His80Ala mutant enzymes with Ca®" in the active site forming
a complex with two DNA octanucleotides, one intact and one
cleaved.”™ More recently, the structure of another complex of
Vvn in complex with a 16 bp DNA in the absence of metal ions
was solved.”? However, none of these enzyme-substrate (E-S)
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or enzyme-product (E-P) complexes provides an answer to
the above-mentioned questions principally because no water
molecule is properly positioned for attack and because the
DNA phosphate backbone adopts a standard conformation
that is unsuitable for the reaction to proceed.

The active site of Smn, NucA and Vvn is also very similar to
those of apoptotic endonuclease G from Drosophila mela-
nogaster (Dm-endoG),"® the His-Cys box homing endonu-
clease, I-Ppol, from the slime mould Physarum polycepha-
lum,"”¥ the DNA-entry nuclease EndA from Streptococcus
pneumoniae,”® and a recently identified endonuclease from
the protozoan parasite Leishmania infantum (Li-endoG)?" (Fig-
ure S1 in the Supporting Information). Moreover, cleavage ex-
periments with deoxythymidine 3',5'-bis-(p-nitrophenylphos-
phate) as an artificial minimal substrate have indeed shown
that Smn, NucA and I-Ppol follow the same mechanism of
phosphodiester bond hydrolysis."'*?? Of particular interest
for our purposes is I-Ppol because its DNA-bound structure has
been determined as three distinct species on the reaction
pathway, including two trapped E-S complexes that clearly dis-
play the hydrolytic water in the vicinity of the strictly con-
served catalytic histidine (His98) and one E-P complex with
the same ds-DNA 21-mer cleaved in one strand."”'® Of note,
in the complex containing an inactive His98Ala mutant, the
Mg®" ion is coordinated by the side-chain carboxamide
oxygen of the conserved asparagine (Asn119), three water
oxygen atoms and two phosphate oxygen atoms from the
DNA substrate: the bridging O3’ and the nonbridging OP1.
This information is particularly noteworthy as it clearly indi-
cates that the phosphate backbone has to undergo a well-de-
fined conformational change at the site of cleavage.

Given that advances in computational power and maturity
of force fields for nucleic acids and proteins allow us to fill in
some of the missing pieces that experimental techniques
cannot always provide,” it is currently possible to simulate
the course of an enzymatic reaction stepwise, starting with for-
mation of the Michaelis-Menten protein-substrate complex
and ending up with product release after resolution of the
TS.2%31 |n order to shed light on the catalytic mechanism of
Vvn, we decided to use a combination of molecular dynamics
(MD) and quantum mechanics/molecular mechanics (QM/MM)
calculations on the active form of Vvn in complex with a ds-
DNA octamer. The main advantage of a hybrid approach in-
volving MD and QM for the solvated DNA-protein complex
over studies that focus on simplified model systems is that
bond making and breaking are possible in a dynamic context
and also that reorganization of active site residues and water
molecules is realistically allowed through the whole procedure.
Our results strongly support the most parsimonious catalytic
mechanism, namely one in which there is no need to invoke
more than a single water molecule to accomplish the com-
plete reaction, that is, cleavage of the phosphodiester bond
and protonation of the leaving hydroxylate.
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Results and Discussion

Initial Vvn-DNA complex

The initial model used in our simulations represents a Michae-
lis-Menten complex of the active form of Vvn, that is, a fully
competent enzyme containing the catalytic His80 and Mg®" as
the metal cation, in complex with a ds-DNA octamer in which
the phosphodiester bond to be cleaved adopts a suitable con-
formation for the nucleophilic attack, as found in the crystal
structure of a I-Ppol-DNA complex (PDB ID: 1CYQ).'"” Conse-
quently, this structure, which still lacks a properly positioned
hydrolytic water, differs from those obtained for Vvn by using
X-ray crystallography, which show either an active enzyme in
the absence of DNA (PDB ID: 10UO) or a mutant His80Ala
enzyme in complex with either an octanucleotide and bound
Ca’" (PDB ID: TOUP) or a 15-mer in the absence of any cation
(PDB ID: 2IVK). In the latter two cases, the DNA phosphate
backbone adopts a standard B-type conformation.®” In our
model, on the other hand, the nonbridging OP1(Gua;;) and
the bridging 03'(Ade,,) complete the octahedral coordination
of Mg?*" in addition to Og1(Glu79), O8(Asn127), and the
oxygen atoms of two water molecules that are present in the
apo form crystal of Vvn. According to this geometrical disposi-
tion, the O3'—P phosphodiester bond to be cleaved belongs to
the phosphate linking Ade;, to Gua,s in the second DNA
strand, that is, the underlined step in d(TCTTAAGA)-d(TCTT-
AAGA). Importantly, by adopting this backbone conformation,
binding of the DNA strand to Vvn is further stabilized by two
additional hydrogen bonds: one between 05'(Gua,s) and
NO(Asn127), and another between OP2(Gua;s) and the guanidi-
nium of Arg99, which is fixed in position by ion pair formation
with the carboxylate of Glu113 and appears to be bound to
the terminal 5'-phosphate in the E-P complex.®

The side chain of the catalytically essential Asn127 is thus re-
markably fixed for binding to 05’ through No and for bringing
the negatively charged phosphate into a proper conformation
for attack because, in addition to its backbone carbonyl
oxygen being coordinated to Mg?™, Asn127 simultaneously en-
gages its NO in a hydrogen bond to the carboxylate of Glu77,
which is in turn stabilized by the guanidinium of Arg72
(Figure 1). On the other hand, the imidazole ring of His80, the
residue responsible for water molecule activation (i.e., proton
abstraction by N9) is also relatively fixed and made more basic
because of a hydrogen bond between its Ne and the back-
bone carbonyl oxygen of Glu113® (positionally equivalent to
Cys105 in I-Ppol™” and Asn106 in Smn®*).,

Incidentally, another stable hydrogen bond that was ob-
served in our simulation, as a consequence of the sugar-phos-
phate rearrangement and mutual DNA-protein adaptation,
was that established between NH1(Arg72) and N3(Ade,,). This
interaction could account for the scarcity of adenines at sites
cleaved by Vvn despite its little sequence preference in DNA.”
The guanidinium of Arg72 is held in position to face the DNA
minor groove by means of a buttressing interaction with the
carboxylate of Glu77 (the first E in the EWEH motif), as also
seen in the Vvn-DNA crystal structures. However, the closer in-
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Figure 1. Structural model and close-up view of Vvn (cyan) in complex with
DNA (green) in a near-attack reactive conformation. The active site Mg®" is
coordinated by two water molecules, O=C(Asn127), a carboxylate oxygen
from Glu79, the nonbridging oxygen OP1(Gua,s) and O3'(Ade,,). The Vvn-
DNA complex is stabilized in this region by an electrostatic interaction be-
tween the guanidinium of Arg99 and the scissile phosphate and also by a
hydrogen bond that is established between N3(Asn127) and O5'(Gua;s).

teraction between Arg72 and the DNA base is not so apparent
possibly because the side chain of this residue faces a G:C
base pair in PDB entries 2IVK and 10UP and, consequently, the
presence of an exocyclic amino group in the minor groove
decreases the goodness of this interaction with either N3 of
guanine or 02 of cytosine.

Activation of a water molecule by His80

After 3ns of MD equilibration of the Vvn-DNA complex in
aqueous solution, a water molecule from the bulk solvent en-
tered the active site and remained fixed at a location suitable
for the nucleophilic attack to proceed. In fact, an average OW-
(water)-P(Gua,s) distance of <40A and an average
03'(Ade,,)-P(Gua,s)-OW(water) angle of approximately 176°
suggested an ideal position for in-line attack on the O3'—P
bond. Furthermore, the distance between the same OW atom
in this location and both N§(His80) and O=C(Trp78) was also
<4.0 A. Therefore, this water molecule was unbiasedly trapped
for the rest of the simulation, with one of its oxygen’s lone
pairs properly oriented for attack, even though its protons
(HW) swapped their interactions with the two hydrogen bond
acceptor atoms of these two amino acids (Figure 2). When we
compared this water location with that of the hydrolytic water
in the I-Ppol-DNA complexes, they were found to be perfectly
superimposable.

The a/y torsion angles of the cleavable phosphate group
linking Ade,, and Gua,s; remained mostly constant in a trans/
trans (t/t) conformation during the first 2 ns of simulation but
then changed to negative and positive anticlinal (ac—/ac+)
and later to positive and negative gauche (g+/g—; Figure 2B).
After these fast crankshaft motions of the DNA sugar-phos-
phate backbone, the a/y torsionals returned to their original
t/t configuration for the rest of the simulation. During all this
time, NO(Asn127) remained hydrogen bonded to O5'(Gua;s)
except for the period when the a/y torsion angles were in the
ac—/ac+ DNA conformation. Interestingly, the return to the
catalytically relevant t/t backbone configuration after the initial
fluctuations, was concomitant with the approach and proper
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Figure 2. A) Time evolution of the distances between the oxygen (OW) of
the nucleophilic water molecule and both the phosphorus atom (black) and
NO(His80) (grey). The angle formed by each water hydrogen (HW1 and HW2,
red and blue), the water oxygen (OW), and NO(His80) is also represented in
the secondary vertical axis. B) Representative snapshot from our simulation
of the active site of Vvn in its complex with the DNA octamer showing this
water molecule correctly hydrogen bonded to O=C(Trp78) and N&(His80)
and suitably positioned for the in-line attack. C) Time evolution of the a and
y backbone torsion angles of Gua,; (t, ac, and g stand for trans, anticlinal,
and gauche, respectively). Note that the stability achieved after approximate-
ly 4 ns is concomitant with the monotonic OW-P distance displayed in Fig-
ure 2A.

positioning of the catalytic water molecule and fixation via hy-
drogen bonding to both N&(His80) and O=C(Trp78).

Moreover, when we docked deoxythymidine 3',5'-bis-(p-ni-
trophenylphosphate) into the active site of Vvn by using an
automated force-field-based method that allows for ligand
flexibility,*® the best-scoring pose adopted the same t/t con-
formation for the a/y torsion angles of the cleavable phos-
phate (Figure S2 in the Supporting Information). This artificial
minimal substrate is cleaved by Smn,""'¥ NucA"™ and I-Ppol™
at its 5" end, albeit at a much lower rate than DNA or RNA, to
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produce nitrophenol and deoxythymidine 3’-(p-nitrophenyl-
phosphate) 5’-phosphate. The scissile bond for these metallo-
nucleases is, therefore, different from that attacked by staphy-
lococcal nuclease (O5'—P) or pancreatic DNase | (O—P bond
linking the other p-nitrophenol moiety to the 3’-phosphate on
thymidine),"” in agreement with the fact that Smn, NucA, I-
Ppol and, by extension, Vvn need at least a second phosphate
group to be present 3’ to the bond to be cleaved. This has
also been shown for Smn by using oligodeoxynucleotides sub-
stituted by a single phosphorothioate group.'” In the case of
Vvn, this second phosphate hydrogen bonds to the backbone
NH of Trp85, the side-chain indole nitrogen of which, together
with that of Trp94, is engaged in yet another hydrogen bond
with the following phosphate in the oligonucleotide strand.
On the other side of the cleavable bond, it is the side chains of
Arg75 and Lys28 that establish hydrogen bonds with the O5’
and OP2 of another nucleotide in the same strand, as well as
Lys54 with the next phosphate.®' Thus, in common with
Smn,™ a minimum of five phosphate groups would appear to
be necessary for high-affinity DNA binding and moderately
good cleavage activity by Vvn.

The simulated trajectory of the Vvn-DNA complex showed
that the short hydrogen bond between Ng(His80) and O=
C(Glu113), which is present in the crystal structure® and
thought to make the imidazole a stronger base to facilitate
water deprotonation, was also maintained. To proceed with
the cleavage reaction, therefore, we subjected the active site
region to QM treatment during the course of the MD simula-
tion and defined two double reaction coordinates for simulta-
neously shortening the HW-Ne and OW-P distances and
stretching the HW—OW and O3'—P bonds, as explained in the
Computational Methods.

Nucleophilic attack and intermediate product generation

As a result of the QM reaction coordinate: 1) a hydroxide was
generated, in situ, that attacked the phosphodiester bond,
2) an imidazolium was formed on the side chain of His80, and
3) the negative charge on the pentacoordinate trigonal bipyra-
midal TS was stabilized by Mg®* (coordinated to OP1 and 03’)
and the guanidinium side chain of Arg99 (forming an ion pair
with OP2; Figure S3 in the Supporting Information). This latter
interaction has been previously observed only in the E-P com-
plexes solved by X-ray crystallography.® ' Subsequent collapse
of the TS yielded the intermediate products of this first part of
the reaction, namely a 5'-phosphorylated dinucleotide, d(GA),
and a d(TCTTAA) hexanucleotide with a terminal 3’-hydroxy-
late, both of them still hydrogen bonded to the intact comple-
mentary strand, d(TCTTAAGA), (movie SM1 in the Supporting
Information).

An unrestrained MD simulation of this updated system con-
figuration showed the immediate loss of the original hydrogen
bond between the protonated N&(His80") and OW (now be-
longing to the new terminal phosphate) and formation of a
new hydrogen bond between the imidazolium N& and OP2 of
the same phosphate group. This latter interaction was main-
tained for the remaining part of the 10 ns simulation except
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Figure 3. A) Time evolution of: 1) the distance (grey) between the phos-
phate nonbridging oxygen OP2 and No(His80), and 2) the angle (black) be-
tween OP2, HNO(His80) and N&(His80). B) The HNO(His80) proton (originally
HW) is proposed to be transferred to the OP2 phosphate on its way to the
03’ hydroxylate.

for brief exchanges with OW (Figure 3). At this point, the active
site architecture reproduced very accurately the overall geome-
try found in the crystallographic E-P complex containing the
His80Ala mutant Vvn (PDB ID: 1T0UP) but showed an improved
hydrogen-bonding interaction between the terminal phos-
phate O5 and N&(Asn127). On the other hand, the hydrogen
bond between OP2 and NH2(Arg99) might ensure that this
product does not evolve backwards to favour the reverse reac-
tion® (see below). The equivalent residue in Smn is Arg57, the
mutation of which to Ala has been shown to decrease the
activity of the wild-type enzyme by >999%.""

Deprotonation of His80

In view of the stability of the hydrogen bond established be-
tween OP2 and No(His80), we reasoned that it was perfectly
feasible for the proton on NJ to be transferred to this nega-
tively charged phosphate oxygen. A QM reaction coordinate
was employed for this purpose (Figure S4 in the Supporting In-
formation) and the new connectivity was used to simulate the
resulting system configuration for a further 10 ns. Interestingly,
in this new simulation, the two hydroxyls in the terminal phos-
phate rotated about their O—P bonds after approximately 3 ns
and exchanged hydrogen bond acceptors through water-medi-
ated interactions (Figure 4). Thus, the original hydrogen bond
between N&(His80") and OP2 was lost and replaced with a
new one between OP2 and the negatively charged, Mg?*
-bound 0O3'. Reciprocally, N&(His80) became engaged in a hy-
drogen bond with the phosphate OW after losing its close
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Figure 4. Swapping of hydrogen bonding partners for the newly created
terminal phosphate bearing two hydroxyl groups on the phosphorus atom
after transfer of the proton from NO(His80) to OP2: the OP2-HW--Nd(His80)
hydrogen bond (red) is broken whereas a new OP2-HW--03" hydrogen
bond (blue) is formed.

interaction with O=C(Trp78), which in turn became solvated by
water.

Protonation of the leaving group

In this new setting it became apparent that OP2, still hydrogen
bonded to NH1(Arg99), was the most likely proton donor to
03" (Figure 4). This shuttle mechanism would imply that the
leaving group can be protonated by a hydrogen originating
from the same water molecule that initiated the nucleophilic
attack. The QM reaction coordinate showed the feasibility of
this proposal (Figure S5 in the Supporting Information) and
rendered: 1) a neutral hydroxyl, the oxygen of which was still
coordinating the Mg, and 2) a terminal 5'-phosphate bearing
a charge of —1 (Figure 5). Consequently, there appears to be
neither structural support nor any need to invoke the unlikely
deprotonation®?” by the metal cation of a second water mole-
cule, as postulated in several unproven mechanistic proposals.
On the one hand, 03" itself is coordinating the metal, on the
same plane as the two liganded water molecules; on the other
hand, the only other water close to 03" belongs to the
second solvation shell of Mg?* and is hydrogen bonded to
OP2(Gua,s) and NH1(Arg99).

Exit of the products from the active site

During the MD simulation of the system containing the
cleaved DNA strand: 1) both OP1(Gua;;) and O3'(Ade,,) re-
tained their coordination to the Mg®* cation, and 2) the back-
bone O=C(Asn127) and carboxamide NO(Asn127) remained
hydrogen bonded to O3’ (acting as a donor) and O5’ (acting as
an acceptor), respectively. On the contrary, the guanidinium of
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Figure 5. Detail of the active site of Vvn immediately after formation of the
final products of the cleavage reaction. Note the singly protonated terminal
5'-phosphate, the free 3'-hydroxyl and the neutral imidazole in His80.

Arg99 started to weaken its interaction with the just created
terminal 5’-phosphate on Gua,;, which started to become fully
solvated, but maintained its hydrogen bond with the phos-
phate group linking Ade,, to Ade,;. Although much longer
simulation times could be expected to reproduce the separa-
tion of the DNA containing the cleaved strand from the Mg*"
-bound protein as a result of continued solvation of the bind-
ing partners, we did not pursue this issue any further after
25 ns. Instead, we made use of a normal mode analysis (NMA)
to study the large-amplitude protein motions that most likely
contribute to vacation of the active site and product release.
Our rationale was that whereas a 10 ns MD simulation has
been shown to be long enough for an enzymatic protein to
visit several crystallographic conformations,”® other larger-
scale motions possibly related to catalysis occur on the micro-
second-to-millisecond timescale. Fortunately, experimentally
observed conformational changes connecting open and closed
states, which usually limit the overall catalytic rate of many
enzymes, are often correlated with low-frequency normal
modes™®?! that can be inexpensively calculated.”® For Vvn, we
found that the first nontrivial lowest-frequency mode (upon re-
moval of the six rigid motions of rotation and translation) rep-
resented a clasping motion involving two domains on both
sides of the DNA-binding cleft (movie SM2 in the Supporting
Information). Vvn can then be likened to a hand that is able to
grasp an incoming DNA when closed, and to release a cleaved
oligonucleotide when open. For the latter to occur, Arg72 (sup-
ported by Glu77) and Arg75 in one domain would be in
charge of pulling the nucleotide containing the 5’-phosphate
out of the active site, whereas Arg99 (supported by Glu113) in
the other domain would evacuate the strand containing the
free 3'-hydroxyl by virtue of a strong electrostatic interaction
with the preceding phosphate. This view is consistent with the
finding that at the end of our 25 ns fully unrestrained MD sim-
ulation Arg99 started to lose its interaction with O5'(Gua;s)
(>3.7 A) whereas it maintained a short hydrogen bond with
0O3'(Ade,,).
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Conclusion

Although the active site architecture of several nonspecific
PPa-metallonucleases and related enzymes is known in atomic
detail, and despite the fact that site-directed mutagenesis ex-
periments have shed light onto the critical residues involved in
DNA cleavage, their full catalytic mechanism has remained elu-
sive so far. The main uncertainties concern the origin of the hy-
drolytic water and the source of the hydrogen that protonates
the leaving group. We thought that theoretical methods that
combine QM and MM in a dynamic context could be of value
in this respect, and chose the well-characterized Vvn as a rep-
resentative example of this interesting class of nucleases.
Starting with a Vvn-DNA complex that was built by using
crystallographic information from the structures of the com-
plexes of wild-type and mutant Vvn and I-Ppol nuclease with
different oligonucleotides, we carried out a series of simula-
tions to dissect the catalytic mechanism of Vvn in a stepwise
fashion. The stability of the DNA and protein conformations in
the complex throughout the whole procedure was assessed by
monitoring the root-mean-square deviation from the initial
model (Figure S6 in the Supporting Information). The results
obtained have allowed us to characterize the putative roles
that individual active site residues play in the reaction path
and have provided plausible answers to some long-standing
issues. The principal findings (Figure 6) can be summarized as
follows: 1) the imidazole of His80, aided by O=C(Glu113), func-
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tions as the general base that abstracts a proton from a water
molecule and generates the hydroxide anion that then serves
as the attacking nucleophile on the phosphorus atom; 2) this
water molecule originates from the bulk solvent, and not from
the hydration sphere of the metal cation, and is held in place
by NO(His80) and O=C(Trp78); 3) proper positioning of this
water is coupled to a sugar-phosphate rearrangement that is
made possible by: i) coordination of Mg?* with the nonbridg-
ing OP1 and the bridging O3’ oxygen atoms in the phosphate
group to be cleaved, and ii hydrogen bonding of O5' to
NO&(Asn127); 4) attack of the in situ generated hydroxide is in-
line with the O3'—P phosphodiester bond and the associative
(Sn2) reaction proceeds without a covalent intermediate; 5) the
pentacoordinate trigonal bipyramidal phosphorane-like TS is
stabilized by Mg?", which is coordinated by OP1 and 03’, and
by the guanidinium side chain of Arg99, which forms an ion
pair with OP2; 6)an OP2-mediated proton shuttle from
NO(His80) to the O3’ leaving group appears more probable
than the abstraction of a proton from a second water molecule

in the coordination sphere of Mg, as previously proposed.
The catalytic mechanism that we have dissected for Vvn is
likely to be shared by other members of the family and related
PPa-metal nucleases that rely on the activation of a water mol-
ecule by the imidazole ring of a suitably positioned His to
cleave both DNA and RNA in double- and single-stranded
forms. The role of the only metal ion would be, on the one
hand, to attract and stabilize the DNA substrate by forming a
network of interactions with pro-

tein residues, water molecules

Hiss0 Glu113 and nucleotides that thereafter
7y \H facilitates the positioning and

p7é {}'/J i activation of a water molecule

for the nucleophilic attack and,
on the other hand, to stabilize
the TS of the reaction, which
also interacts strongly with
Arg99.

We are aware of the limita-
tions of the semiempirical
o method that we have used,
which was the only one current-
ly implemented in the AMBER
distribution that allowed us to
study a molecular system con-
taining both P atoms and a
Mg?* ion. For this reason we
have not attempted to obtain

o5’

His80 .G|u113
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e
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Figure 6. Full catalytic mechanism of Vvn in light of our computer simulation results. Note that the hydrogen

bond between 05'(Gua,s) and N&(Asn127) has been omitted for clarity.
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the free energy profile of the re-
action, which still needs to be
done using a better Hamiltonian
for the QM calculations. None-
theless, the structural and geo-
metrical characterization pro-
vides a plausible mechanism and
will hopefully open new avenues
for further theoretical and exper-
imental research.
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Computational Methods

Construction of the Vvn-DNA complex: Since no structural data
of the active form of Vvn in complex with DNA were available, a
model was built by superimposing the Ppa motif of wild-type,
Mg?"-bound Vvn (PDB ID: 10UQ) in the absence of DNA onto the
BPa of the homing endonuclease I-Ppol in complex with a 21-mer
(PDB ID: 1CYQ),"” of which we kept only the central self-comple-
mentary d(TCTTAAGA), octanucleotide. As a result, OP1(Gua,s) and
0O3'(Ade,,) from the DNA octamer occupied the same positions as
two crystallographic water molecules in the unbound Vvn struc-
ture. The Mg”*" was then coordinated by these two phosphate
oxygen atoms, O01(Asn127), Og1(Glu79), and two other water mol-
ecules. By superimposing the crystal structure of inactive, Ca’"
-bound Vvn complexed with DNA (PDB ID: 10UP) over our con-
struction, the most noticeable difference affected the conformation
of the 03'-P-05'-C5'(a)/O5'-C5'-C4'-C3'(y) torsion angles of the
cleavable phosphate.

Molecular dynamics simulations: The Vvn-DNA complex was im-
mersed in a truncated octahedron of TIP3P water molecules®™ that
extended 15 A away from any solute atom. Incorporation of the
appropriate number of sodium ions®" at random locations ensured
electrical neutrality. The cut-off distance for the nonbonded inter-
actions was 9 A and periodic boundary conditions were used. Elec-
trostatic interactions were treated by using the smooth particle
mesh Ewald (PME) method®® with a grid spacing of 1A. The
SHAKE algorithm® was applied to all bonds involving hydrogen
atoms and an integration step of 2.0 fs was used throughout. The
molecular dynamics (MD) simulation protocol made use of sander
(for the QM/MM part, see below) and pmemd modules in the
AMBER 11 suite of programs.?¥ Firstly, solvent molecules and coun-
terions were relaxed by energy minimization and allowed to redis-
tribute around the positionally restrained solute (25 kcalmol™'A™?)
during 50 ps of MD at constant temperature (300 K) and pressure
(1 atm), essentially as described previously.*™ These initial harmon-
ic restraints were gradually reduced in a series of progressive
energy minimizations until they were completely removed. The re-
sulting system, as well as those resulting from the hybrid QM/MM
calculations described below, were heated from 100 to 300K
during 20 ps, equilibrated at 300 K for 1 ns and further simulated
under the same conditions up to a total time of 10 ns during
which system coordinates were collected every 20 ps for further
analysis. NMR-type restraints were used during the initial classical
MD for the Mg?" coordinating sphere, that is, two water oxygen
atoms, Og(Glu79), OP1(Gua,s), and Od(Asn127) to avoid known
problems of ligand exchange.' An additional restraint between
one coordinating water oxygen and O8(Asn127) was also included
but no restraints were applied between Mg®>" and 0O3'. The re-
straining values used were r,=1.30, r,=1.80, r;=2.19, and r,=
2.69 A with the force constants k,=k;=20 kcalmol~' A% The final
E-P simulation, which lasted 25 ns, was fully unrestrained. Each ns
of MD took approximately 17 h of CPU time running in parallel on
32 IBM Power PC 970MP processors at the Barcelona Supercom-
puting Centre (MareNostrum).

Hybrid QM/MM calculations: Classical MM methods lack the abili-
ty to treat fundamentally quantum processes, such as bond break-
ing/forming and charge fluctuations as a function of geometry,®
but it is possible to treat a subsection of the system by QM meth-
ods and use a coupling potential to connect the MM and QM re-
gions. This hybrid QM/MM approach is seamlessly integrated in
the sander module of AMBER 112 and also includes a complete
treatment of long-range electrostatics by using a QM/MM modified
PME method.®”*¥ The QM region, defined by the igmatoms key-

ChemBioChem 2011, 12, 2615 - 2622

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

word, encompassed the active site region where bonds are broken
and formed, and the MM region included all the remaining protein,
DNA and solvent atoms as well as the counterions. Care was taken
not to cut any polar bonds when defining the QM/MM boundary.
Thus, the QM region contained the whole of Ade;, (up to C4'), the
phosphate and C5' of Gua,s, Mg®>" and its two coordinating water
molecules, the catalytic water, and the side chains (starting from
CP) of Glu79, His80, Trp78, Asn127 and Arg99. We selected the
PM3 Hamiltonian®” and full electrostatic interactions between the
QM charge density (expanded in a STO-6G minimal basis set) and
the point charges of the MM atoms. Three different reaction co-
ordinates at constant velocities were implemented employing a
steering MD protocol*” and a linear combination of distances [A]
between pairs of atoms: 1) for activation of the water molecule by
His80, attack of the resulting hydroxide onto the phosphorus atom
and subsequent O3—P cleavage: £=dyy_y—dyy and E=dpo3—dowp;
2) for transfer of the proton from His80 to OP1: &=d\ y—dopi_n
and 3) for proton transfer from OP2 to the O3’ leaving group: &=
dopy-y—doz_p. The time frames were 20 ps for (1), and 5 ps for (2)
and (3) by wusing the recommended force constant of
1000 kcalmol™ A2 in all cases. During the QM/MM part of the MD
simulation SHAKE (keyword gmshake) was turned off and the inte-
gration step was reduced to 0.5 fs.

Analysis of the molecular dynamics trajectories: Three-dimen-
sional structures and trajectories were visually inspected by using
the computer graphics program PyMOL"'" Interatomic distances
and angles were monitored by using the ptraj module in AMBER
and program Curves+.“? Then 360° degrees were added to all
negative torsion values for plotting purposes.

Normal mode analysis: The X-ray crystal structure of Vvn (PDB ID:
10U0)" at 2.30 A resolution was retrieved from the PDB.” An elas-
tic network model connected all Ca. atoms by springs representing
the interatomic force fields and nonhydrogen protein atoms
(within a cut-off of 10 A) were considered as point masses. Vvn
was then analyzed as a large set of coupled harmonic oscillators
by using the NOMAD-Ref server® and default parameters. The ten
lowest-frequency normal modes were calculated and each mode
was explored in its two opposite directions. For the first nontrivial
mode corresponding to the largest amplitude, the 30 resulting
conformations were refined by geometry optimization of the side
chains by using the sander module of AMBER 10.

Ligand docking: The CGRID and CDOCK programs,” as imple-
mented in the VSDMIP platform,”” were used to dock the minimal
substrate deoxythymidine 3',5-bis-(p-nitrophenylphosphate) into
the active site of Vvn, as found in PDB entry 10U0.®!
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