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Computations at the PBEO-D3/def2-TZVP level of theory in conjunction with a Protein Data Bank (PDB)
survey have provided first time evidence of favorable noncovalent interactions between ADP
metavanadate (VO4) and ADP orthovanadate (VOs) and electron rich atoms. These involve a o-hole
present in the V atom and the lone pairs belonging to (i) protein residues (e.g., serine (SER), glutamate
(GLU) or histidine (HIS)), (ii) backbone carbonyl groups and (iii) water molecules. A computational study
has been carried out to rationalize the physical nature and directionality of the interaction in addition to
its plausible biological role. The results reported herein are expected to have an impact in the fields of
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Introduction

vanadium plays an essential role in several biological processes,
such as those involving nitrogenases and haloperoxidases. Concre-
tely, vanadium nitrogenases® convert atmospheric nitrogen into
biologically useful forms, thus facilitating nitrogen fixation. Simi-
larly, vanadium haloperoxidases®® are critical for various marine
organisms, assisting in the synthesis of halogenated organic com-
pounds that play crucial roles in their defense mechanisms.

Vanadate (VO,*7), a compound containing vanadium in its
highest oxidation state (+5), exhibits a structure closely resem-
bling that of phosphate (PO,*>~), which allows it to interact with
and modulate various enzymes and protein targets, competi-
tively inhibiting phosphate-dependent enzymes.'>"" This can
be observed in Fig. 1, where a comparison between metavana-
date and phosphate and between orthovanadate and the transi-
tion state (TS) corresponding to a phosphoryl group transfer
reaction is illustrated.

In this regard, adenosine diphosphate (ADP)-vanadate'* is a
subclass of vanadate derivative that has attracted considerable
attention, owing to its potential value in a range of biological
applications. These include mimicking the activity of adeno-
sine triphosphate (ATP) and interacting with the binding site of
ATP-dependent proteins. By acting as an ATP equivalent, ADP-
vanadate can modulate the enzymatic activity of proteins
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medicinal chemistry, bioinorganic chemistry and chemical biology.

involved in crucial cellular processes such as phosphorylation,
signal transduction, and energy metabolism,"*™"” thus opening
the way to a myriad of applications in the fields of medicinal
chemistry and rational drug design.

Despite its promising potential, the use of ADP-vanadate
species is an evolving field that demands further exploration and
understanding to unravel the precise mechanisms of action and
optimize the therapeutic applications of these compounds in the
treatment of specific diseases. To tackle this point, we have
inspected the Protein Data Bank'® (PDB) to investigate the
molecular forces responsible for the stabilization of the metava-
nadate/orthovanadate moiety present in ADP-vanadate species, in
combination with a computational study at the PBEO-D3/def2-
TZVP level of theory.

Using Quantum Mechanics tools, we have demonstrated the
presence of an electrophilic region over the V atom (commonly
known as a c-hole’®?"), in both tetrahedral (metavanadate,
VO,) and trigonal bipyramidal (orthovanadate, VO5) molecular
arrangements, both of them being identified during the PDB
survey. A o-hole (defined as a region of low electron density on
the extension of a covalent bond)?* can typically be found along
the P-F/C-I bonds in trifluorophosphane or iodoethane mole-
cules. There are two factors that govern the c-hole donor
ability, which are the polarizability value of the element bearing
the o-hole (which increases on going from the lighter to heavier
elements) and the EWGs (electron withdrawing groups)
attached to it. This leads to the use of heavier elements and
strong EWGs as the best combination to enhance the c-hole
donor ability of a given compound.

Recently, scientists have expanded the c-hole concept from
the p-block to the transition metal block elements (composed
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Fig. 1 Schematic representation of the structural equivalence between
metavanadate and phosphate (a) and between orthovanadate and the TS
of a phosphoryl group transfer reaction (b). ADP stands for adenosine
diphosphate vanadate.

of groups 3 to 12). In this context, several new noncovalent
forces have been theoretically proposed and experimentally
exploited, such as regium/coinage bonding (RgB)**** and spo-
dium bonding interactions (SpB),>® which refer to the attraction
between electron-deficient sites on a coinage-metal atom
(group 11) and a spodium atom (group 12) and an electron
donor molecule, respectively. Also, o-holes have been found in
other groups from the d-block,”®>° and in a very recent report™°
in group 5 (V, Nb and Ta).

The presence of a c-hole allows the V atom to favorably
interact with O/N rich species, such as the protein residues (e.g.,
serine (SER), glutamate (GLU) or histidine (HIS)), backbone
carbonyl groups and water molecules studied herein. These
contacts were computationally studied for the first time, sug-
gesting a plausible biological role for this interaction. In
addition, we have also explored the physical nature and direc-
tionality of the A---V (A = O, N, S and C) interaction through a
theoretical study at the PBE0-D3/def2-TZVP level of theory to
confirm their noncovalent nature. Owing to the potential

)

N
H
Allosteric
pocket

- H
(,) NH
ADP-VO: H (
binding site

Fig. 2 Partial views of the X-ray crystal structures 23J9 (a) and 2XEL (b)
with indication of the O---V contacts (distances in A). Amino acids and
water molecules involved in the noncovalent network of interactions
(highlighted in purple) connecting the allosteric pocket and the ADP-
vanadate binding site in the 2JJ9 structure (c).
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Fig. 3 Partial view of the X-ray crystal structure of 7B19 with indication of
the O---V contact. Distance in A.

applications and future perspectives regarding ADP-vanadate,
we believe the results reported herein will contribute to the
understanding of the biological roles of V as well as to the fields
of medicinal chemistry, enzyme catalysis and chemical biology.

Analysis of biological O- - -V contacts

A PDB inspection revealed a total number of 32 structures invol-
ving metavanadate and orthovanadate moieties, with 25 of them
exhibiting V- - -O/N noncovalent contacts (see the Methods section
for the specific PDB search criteria below). Owing to its higher
abundance, we have focused this section on studying the strength
and directionality of V---O interactions present in four selected
PDB structures (see Fig. 2 to 4) from a theoretical point of view,
suggesting a potential role for these noncovalent contacts.

The first two examples involve the Myosin protein family,
which are motor proteins involved in distinct cellular pathways.*'
Myosins contain actin- and ATP-binding sites, and conformational/
chemical changes associated with ATP binding, hydrolysis and
product release are crucial for their motility capacity. Since
these proteins act in a reversible and fast way, small molecules
can act as useful modulators of their functionality, leading to
the development of novel therapeutic agents.**>°

X-ray structures of 2JJ9°” and 2XEL*® (Fig. 2a and b) were
obtained in the absence (2]]J9) and presence (2XEL) of an allosteric
myosin inhibitor, named pentachloropseudilin (PCIP). Interest-
ingly, in 2JJ9 (Fig. 2a) two SER residues (181 and 236) located at the
nucleotide binding site were noncovalently interacting with the

Fig. 4 Partial view of the 6MI8 structure with indication of the O---V
contact. Distance in A.
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metavanadate moiety, exhibiting O---V distances of 3.904 and
3.887 A and Oggg- - -V-O angles of 138.5 and 135.9°, respectively.
The latter is involved in a noncovalent interaction (NCI) pathway
(Fig. 2c) that communicates the allosteric site (where the inhibitor
binds in the 2XEL structure) and the nucleotide binding site
(where the ADP-metavanadate moiety is located).

This network of interactions, which extends up to 20 A
(mainly based on electrostatically enhanced hydrogen bonds
(HBs)) is a crucial communication road between both domains
and serves as a direct link between the inhibitor and the
v-phosphate/metavanadate moiety. Hence, the O---V inter-
action is implicated in the last step of this molecular relay,
playing a key role in the allosteric communication pathway of
myosin. A computational model of this O---V(+5) contact,
including the ADP-vanadate moiety and the interacting SER
residue revealed a strength of —3.0 kcal mol .

On the other hand, in the 2XEL structure (including the
inhibitor bound to the allosteric site, Fig. 2b), the NCI pathway
between both sites was altered, leading to an increase in the
Ogeress -V distance (from 3.887 A in 2]J9 to 3.968 A in 2XEL),
thus weakening the strength of interaction. In fact, the O---V
contact observed in 2JJ9 was replaced by a O- - -HO HB involving
a hydroxyl group from the vanadate moiety (not shown in
Fig. 2b). Consequently, the O---V contact involved SER181
instead of SER236, at 3.708 A.

To carry out ATP hydrolysis, a water molecule needs to be
placed in position to perform a nucleophilic attack on the vy-
phosphate of ATP.*® Structure 7B19*° (Fig. 3) corresponds to
the motor domain of a mutant myosin M765GGG in complex
with ADP-metavanadate, used to trap the enzyme in a pre-
hydrolysis state. Interestingly, a water molecule is placed in the
vicinity of the vanadate moiety (O- - -V distance of 2.623 A and a
Owar- - -V-0 angle of 177.3°) readily to undergo the nucleophilic
attack on the metavanadate moiety. We theoretically modeled the
interaction between the O from the water molecule and the
vanadium center, resulting in a strength of —7.7 kcal mol . The
presence of water molecules in a disposition prior to the nucleo-
philic attack was also observed in other structures retrieved from
the search (2JJ9, 3MNQ, 3MJX*” and 7B1A*°), exhibiting O- - -V(+5)
distances ranging between 2.3 and 2.5 A and interaction strengths
of —2.6 (2JJ9), —3.1 (3MNQ) and —6.0 keal mol " (3MJX). Thus, the
formation of a pre-reactive O- - -V noncovalent complex is energe-
tically favored and might assist in trapping the enzyme in a pre-
catalytic stage by stabilization of the nucleophilic water molecule.

The last selected structure corresponds to the ATP-binding
cassette transporter LptB,FG, which extracts lipopolysacchar-
ides (LPS) out of the inner cellular membrane in Gram-negative
bacteria in an ATP-dependent manner. A cryo-electron micro-
scopy (Cryo-EM) study*' determined the structure of LptB,FGC
in complex with ADP-vanadate trapped in the catalytic site, thus
stabilizing the enzyme in an intermediate conformation after
LPS exclusion. In Fig. 4, the V center exhibits a distorted
trigonal bipyramidal shape, acting as a TS analog from a
phosphoryl group transfer reaction (see also Fig. 1 above).

A close inspection of the O---V contacts present in 6MI8
revealed the interaction between a hydroxyl group from a
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neighboring SER residue (139) and the V atom from the
orthovanadate moiety (O---V distance of 3.233 A and
Oger- - V-0 angle of 173.2°). Computations revealed a strength
of —6.6 kcal mol™* of the O- - -V(+5) interaction, thus contribut-
ing to the stabilization of ADP-orthovanadate in the catalytic
cleft of the LptB,FG protein after the extrusion of the LPS
molecule.

The selected structures involving different V coordination
environments (tetrahedral in 2JJ9 and 2XEL and 7B19 and
trigonal bipyramidal in 6MI8) and electron donor moieties
(SER residues and water molecules) provided new insights into
the molecular forces responsible for the stabilization of vana-
date in proteins, serving as a brief example of the plausible
biological significance of the O-- -V interaction.

Results and discussion
Electrostatic potential study

We started analyzing the V center from an electrostatic per-
spective by computing the molecular electrostatic potential
(MEP) surfaces corresponding to metavanadate (VO(OH3)) and
sodium orthovanadate (NavVO(OH),) (see Fig. 5). As mentioned
above, the V oxidation state in both compounds is +5; however,
this is compensated by the presence of OH™ and O*~ groups. In
fact, in the case of NavVO(OH),, a sodium ion was used to mimic
the Mg”" ion present in biological media (see Fig. 1 and 2) as
well as to keep the system neutral and comparable to VO(OH);.
As noted, in the case of VO(OH;), the MEP minima was located
over the lone pairs belonging to the O atoms (—30 kcal mol ™)
while the MEP maxima was located at the H atoms from the OH
groups (+80 kcal mol™"). In addition, a region of very positive
electrostatic potential was located on the prolongation of the
V=0 bond, thus revealing a c-hole, in a parallel way to that
observed in the report of Calabrese and collaborators.>®

On the other hand, in the case of NaVO(OH),, the MEP
minima also corresponded to the lone pairs from the O atoms
(=50 kecal mol™") while the MEP maxima was located over the

b) —50 Em=—=m+30

Fig. 5 Molecular electrostatic potential (MEP) surfaces of metavanadate
(VO(OH3)) (a) and sodium orthovanadate (NaVO(OH),) (b). In the case of
NaVO(OH),, the color scale was adjusted for a better visualization of the
o-hole (see also the square part of the figure). The electrostatic potential
values corresponding to the V=0 c-hole are also indicated in kcal mol™
(0.003 a.u.).
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4, A =0O(CHs), 8, A=pyridine 12 A= O(CHg), 16, A = pyridine

Fig. 6 Compounds and complexes 1 to 16 used in this study.

sodium ion, as expected. In this case, we also found an
electrophilic region over the V atom placed along the vector
of the V—O0 bond, in line with the results obtained for meta-
vanadate. Comparison of both c-hole MEP values revealed a
higher electrophilicity of VO(OH); (+75.3 keal mol ') and thus
more favorable binding energy values are expected upon inter-
acting with electron rich species. However, sodium orthovana-
date also shows an electropositive c-hole (+8.2 kcal mol ) and
thus, it can still attractively interact with electron rich species,
such as SER139 residue in the 6MI8 structure.

Energetic study

To rationalize the findings obtained from the PDB survey and
investigate the c-hole donor ability of both vanadate moieties,
we designed a series of noncovalent complexes using the Lewis
bases included in Fig. 6 (CO, OH,, O(CHj3),, SCH,, S(CH3),, urea
and pyridine), which resemble the electron donor molecules
observed in the PDB structures. These were fully optimized at
the PBE0-D3/def2-TZVP level of theory and the results are
gathered in Table 1.

As noted, in all the cases attractive binding energy values
were obtained, ranging between —18.7 and —0.9 kcal mol *. In
general, complexes involving metavanadate (1 to 8) achieved

Table 1 Interaction energies (AE, in kcal mol™?), equilibrium distances (d,
in A) and interaction angles (£ A---V=0, in °) for complexes 1 to 16. V14
and Vy, correspond to a tetrahedral and trigonal bipyramidal geometry,
respectively

Complex AE d /A - V=0
1 Vg --OC -1.5 3.294 179.9
2 Vrg---CO -2.2 3.327 179.9
3 Vpq- - -OH, —11.3 2.498 176.0
4 Vpq- - -O(CHj3), -11.6 2.509 179.0
5 Vrg- - -SCH, —7.0 3.170 179.5
6 Vg - -S(CH;3), —11.1 2.952 179.2
7 Vra- - -O-urea —-18.7 2.334 179.6
8 Vpq- - ‘N-pyridine —16.8 2.456 179.9
9 Vpp---OC -1.1 3.498 179.9
10 V- --CO —0.9 3.758 179.9
11 Vpp- - -OH, -3.0 3.028 180.0
12 Vpy - -O(CH;), —-5.5 3.078 179.6
13 Vyp - -SCH, -3.1 3.646 179.9
14 Vrp- - -S(CHj), —4.5 3.516 179.9
15 V- - -O-urea -1.1 3.365 179.9
16 Vi, - “N-pyridine -7.1 3.001 179.8
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larger binding energy values compared to their corresponding
orthovanadate (9 to 16) analogs, in line with the results derived
from the electrostatic potential maps discussed above.

In the case of metavanadate complexes, complex 7 involving
urea as the electron donor achieved the most favorable binding
energy value of the set (—18.7 kcal mol™"), due to the simulta-
neous establishment of O- - -V interaction and NH---O HB (see
the QTAIM analysis below). On the other hand, between com-
plexes 1 and 2 involving CO as the Lewis base, the former
obtained a poorer binding energy value (—1.5 kcal mol™*). The
formation of ancillary HBs (involving the OH groups from
metavanadate and the OH and CH bonds from the electron
rich species) was also observed for complexes 3, 4 and 6
involving OH,, O(CHj), and S(CHs),, also contributing
to the interaction energies obtained (—11.3, —11.6 and
—11.1 keal mol ™, respectively). In addition to this, the direc-
tionality observed for the S/O---V interaction in these three
complexes was noticeable, with the lone pairs of the O and S
atoms clearly pointing to the V’s o-hole (S/O---V-O angle
comprised between 176 and 180°). On the other hand, the
geometry of complex 5 involving SCH, was directed by a combi-
nation of a HB established between an OH group from metava-
nadate and a CH group from the electron donor molecule and the
S- -V interaction, resulting in a strength of —7.0 kcal mol ™. Lastly,
complex 8 involving pyridine achieved an interaction energy of
—16.8 keal mol ™, with a contribution of two HBs involving the CH
bonds of the electron donor molecule. Among the orthovanadate
complexes (9 to 16), similar results were obtained for complexes 9
and 10 involving CO (—1.1 and —0.9 kcal mol~", respectively).

On the other hand, in the case of complexes (11, 12 and 14)
involving OH,, O(CHj3), and S(CHj),, the formation of a bifurcated
HB (involving two OH groups from the orthovanadate moiety) was
observed, thus lowering the directionality of the S/O---V inter-
action (the lone pairs of the O and S were not pointing to the V c-
hole), leading to less favorable binding energy values (—3.0, —5.5
and —4.5 kecal mol ', respectively) compared to complexes 3, 4 and
6. Furthermore, complex 16 involving pyridine achieved the largest
binding energy value in this set (—7.1 keal mol™"), in line with the
short equilibrium distance obtained (dy..y = 3.001 A), while
complex 15 involving urea obtained a very poor binding energy
value (—1.1 keal mol "), contrary to that observed for complex 7,
due to the absence of NH---O HB. A similar situation was
observed for complex 14 involving CH,S as the electron donor
moiety (—3.1 keal mol ™).

Energy decomposition analysis

We have also performed an Energy decomposition analysis
(EDA)**> on eight representative examples to understand the
contribution of the different energy components (electrostatics,
exchange-repulsion, orbital, dispersion, and electron correlation)
in the stabilization of the noncovalent complexes studied herein
(see Table 2). As noted, among the favourable energetic contribu-
tions, electrostatics is the dominating force in all the cases
(exhibiting a contribution between 30% and 55%) except for
complex 10 involving CO, where it represents 13% of the total
attractive contributions.

Phys. Chem. Chem. Phys., 2023, 25, 30040-30048 | 30043
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Table 2 Energy decomposition analysis of electrostatics (Ele), Exchange-
repulsion (Ex-rep), Orbital (Orb), Dispersion (Disp) and electron Correlation
(Corr) in kcal mol™t for complexes 2, 4, 5, 8, 10, 12, 13 and 16. The
percentages of each of the attractive contributions to the total interaction
energy are also provided in parenthesis

Complex Ele. Ex-rep. Orb. Disp. Corr.

2 —2.8 (41%) 4.6  —1.3(19%) —1.1 (16%) —1.6 (24%)
4 —20.0 (50%) 28.3 —9.1 (23%) —3.3 (8%) —7.5 (19%)
5 —11.8 (46%) 18.4 —5.8 (23%) —2.6 (10%) -5.2 (21%)
8 -32.9 (55%) 42.8  -14.3 (24%) -3.7 (6%) -8.8 (15%)
10 -0.5 (13%) 2.5 -0.9 (27%) -1.0 (30%) -1.0 (30%)
12 -7.4 (39%) 13.7 -4.3 (23%) -3.1(16%) -4.3 (22%)
13 —3.1(30%) 7.4  —2.5(24%) —2.1(20%) —2.8 (26%)
16 —12.0 (43%) 20.9 —6.1 (22%) —3.9 (14%) —6.0 (21%)

On the other hand, orbital and correlation terms possess a
similar strength, exhibiting close values between them in the
range of 15% to 30% of the total attractive contributions, except
for complexes 4 and 8, where the orbital term is predominant
(—9.1 and —14.3 kcal mol ™, respectively). Finally, the disper-
sion contribution seems to play a minor role in all the com-
plexes studied (less than 10% of weight) except for complex 10,
where all energy terms possess a similar contribution.

QTAIM and NClIplot analysis

In Fig. 7, the Quantum Theory of Atoms in Molecules (QTAIM)*?
is shown for four representative complexes (4, 7, 8 and 16). As
noticed, a bond critical point (bcp) and a bond path connecting
the O/N atoms from the electron donor molecule to the V atom
from the vanadate moiety were found in these four examples,
thus characterizing the N/O- - -V interaction. In addition, ancil-
lary HBs were also denoted by the beps and bond paths that
connected the CH/NH groups from the Lewis base to the lone
pairs of the OH groups belonging to the vanadate derivative.
Also, in Fig. 8 the Non Covalent Interaction plot (NCIplot)**
analyses are shown regarding these four structures, exhibiting

Fig. 7 QTAIM distribution of both intra- and intermolecular bond critical
points (blue and orange spheres, respectively) and bond paths in com-
plexes 4, 7, 8 and 16. The value of density x 100 (p x 100) at the BCPs
characterizing the N/O---V interaction is also indicated in red. Ancillary
interactions with their respective BCP density values are also included in
black.
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Fig. 8 NClplot analysis of complexes 4, 7, 8 and 16. NClplot surfaces
involving only intermolecular contacts between the V coordination
complex and the electron donor molecule were displayed. NClplot color
range —0.04 a.u. < (signlp)p < +0.04 a.u. Isosurface value [RGD| = 0.5
and p cutoff 0.04 a.u.

an NCI region that accounted for the presence of both the O/
N-- -V interaction and the ancillary HBs observed in these com-
plexes. Interestingly, for complexes 4 and 8 a marked difference
in the isosurface color was observed by comparing the N/O---V
interaction with the ancillary HBs, thus clearly indicating that the
former directs the formation of the noncovalent complex. In the
case of complex 7, both O---V and NH- - -O isosurfaces were blue,
indicating a similar contribution of both noncovalent forces, in
line with their respective p x 10> values (see Table 1 above).
Lastly, for complex 16 the isosurface obtained was entirely green,
thus also pointing to a similar contribution of the O/N---V
interaction as well as the ancillary HBs.

Table 3 Values of rho characterizing the A- - -V interaction (A = O, N, S and
C) (pa...v in au.) as well as the ancillary HBs (png in a.u.) present in
complexes 1 to 16. In addition, the values of the Laplacian of p (Vp, in
a.u.), the kinectic (G, in a.u.) and potential (V, a.u.) energy densities ratio
(=G/V, in a.u) as well as the total energy density (H, in a.u.) are also
indicated for the A. - -V interaction. In all the cases the value of p has been
multiplied by 100

Complex Pa. v Pun Vp -GV H

1 0.36 — 1.57 1.43 0.09
2 0.55 —a 1.88 1.26 0.08
3 2.63 —4 10.56 1.02 0.05
4 2.50 1.08/1.11 10.04 1.03 0.07
5 1.38 1.18 3.37 0.98 —0.01
6 2.21 1.71 4.96 0.89 —0.16
7 3.57 2.91 15.96 1.02 0.08
8 3.54 1.36 11.19 0.93 —0.22
9 0.36 — 1.27 1.26 0.06
10 0.37 — 1.00 1.31 0.04
11 0.87 0.79 3.24 1.14 0.09
12 0.85 0.93/0.93 2.87 1.14 0.08
13 0.60 —4 1.64 1.21 0.06
14 0.76 — 1.98 1.13 0.05
15 0.45 — 1.58 1.27 0.07
16 1.13 0.96/0.96 3.70 1.03 0.03

% No ancillary HBs were found.
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Table 4 Donor and acceptor NBOs with indication of the second-order
interaction energy E® for complexes 1 to 16. LP and BD* represent lone
pair and antibonding orbital, respectively. Energy values are in kcal mol™

Complex Donor Acceptor E?
1 LP O BD* V-O 0.65
2 LP C BD* V-O 2.89
3 LP O BD* V-O 22.69
4 LP O BD* V-O 14.93
LP O BD* C-H 0.69
5 LP S BD* V-O 12.55
LP O BD* C-H 0.65
6 LP S BD* V-O 22.50
LP O BD* C-H 0.44
7 LP O BD* V-O 42.82
LP O BD* N-H 8.52
8 LP N BD* V-O 32.60
LP O BD* C-H 0.73
9 LP O BD* V-O 0.48
10 LP C BD* V-O 0.90
11 LP O BD* V-O 4.57
LP O BD* H-O 0.40
12 LP O BD* V-O 3.56
LP O BD* C-H 1.18
13 LP S BD* V-O 0.81
14 LP S BD* V-O 2.24
15 LP O BD* V-O 1.13
16 LP N BD* V-O 8.37
LP O BD* C-H 1.08

In Table 3, the value of the density (p x 100) at the bcp/NCI
region that characterizes the A---V interaction as well as the
ancillary HBs present in complexes 1 to 16 are shown. As noted,
the values of rho gathered for the A---V (A = O, N, S and Q)
interaction are of larger magnitude than those referring to the
ancillary HBs (except for complex 12 involving O(CHj),), thus
highlighting the directing role of the V c-hole in the formation
of the noncovalent complexes studied herein.

In addition, we also indicated the values of the Laplacian at
the bcp/NCI region that characterizes the A.--V interaction
(V?p x 100), resulting in positive values in all cases, as it is
common in closed shell calculations. Furthermore, the values
of the potential and kinetic energy densities lie within the same
range in all the cases, thus confirming the noncovalent nature
of the A---V interaction (—G/V) ~ 1.

NBO analysis

We were also curious about the orbital interactions responsible
for the stabilization of the A.--V complexes studied herein.
Therefore, we used the Natural Bonding Orbital (NBO)*
approach with particular emphasis on the second-order pertur-
bation analysis for complexes 1 to 16, owing to its usefulness
when studying donor-acceptor interactions (see Table 4).
Interestingly, in all the cases an orbital contribution con-
sisting of the donation from the lone pairs (LP) of either an O
(complexes 1, 3, 4, 7,9, 11, 12 and 15), C (complexes 2 and 10), S
(complexes 5, 6, 13 and 14) or N atom (complexes 8 and 16) to
an antibonding V-O (BD* V-0) orbital was observed, spawning
from 0.48 to 42.82 kcal mol . This broad range of energies is in
line with the short equilibrium distances obtained in some
complexes (e.g., 3, 4, 7 and 8), which are those that exhibited
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the largest orbital contributions. Also, the high directionality
observed for the computed complexes (see Table 1), with
interaction angle values between 176° and 180° also influenced
these results, particularly in ensuring a better overlap between
the lone pairs and antibonding orbitals of both electron donor
and acceptor counterparts.

In addition, the orbital contributions regarding the ancillary
HBs observed in the QTAIM and NCIplot analyses discussed
above were also obtained. These mainly involved an LP from an
O atom and a BD* involving (i) a C-H bond (in complexes 4 to 6,
8,12 and 16) and (ii) a N-H bond (for complex 7). Also, complex
11 exhibited a HB interaction that involved an LP from an O
atom belonging to a water molecule and a BD* H-O from the
vanadate moiety.

Conclusions

In conclusion, the biological implications of N/O- - -V contacts
involving ADP-vanadate species and protein residues/water
molecules have been investigated for the first time through a
combination of structural and computational analyses. Con-
cretely, the PDB search complemented with a DFT-D3 study (PBEO-
D3/def2-TZVP level of theory) provided structural and energetic
evidence of the existence of noncovalent N/O- - -V interactions. This
was complemented with a set of noncovalent complexes (involving
both tetrahedral and trigonal bipyramid vanadate species and
several Lewis bases) analyzed at the same level of theory. Lastly,
EDA, QTAIM, NCIplot and NBO techniques were used to further
characterize the noncovalent complexes studied herein, providing
new insights into the physical nature and extension in real space of
the interaction. Owing to the unique structural and chemical
properties of vanadate, we expect that the results reported herein
will be useful in the fields of medicinal chemistry, bioinorganic
chemistry and chemical biology.

Methods

Protein data bank search

An inspection of the PDB was carried out in June 2023 to
investigate the formation of noncovalent complexes between
vanadate derivatives and electron rich species. During our search,
we considered both 4 (tetrahedral) and 5 (trigonal bipyramidal)
coordination indexes. More in detail, the geometrical criteria
considered during the search are shown in Fig. 9.

Using these criteria, a total number of 24 structures were
found (see Tables 5 and 6).

Computational methods

Computation of the O---V energies in selected PDB struc-
tures. Once the PDB structures were identified and manually
inspected, theoretical models were built containing the ADP-
vanadate moiety and the electron donor molecule. To reach a
neutral environment, the Mg”* ions (in addition to its coordi-
nated residues and water molecules) were also included. In a
later stage, the H atoms from the PDB models were optimized
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Trigonal
Tetrahedral bipyramidal
Clon  i-on

. OH HQyZ
HO :bH HO :\OH
A A
A=N,0O,S

da-v < ZvdW radii + 0.5A
Za-v-o between 120-180°

Fig. 9 Schematic representation of the V- --A contacts searched in the PDB.
All the A-- V-0 angles were considered during the search (only one is shown
in the figure for the sake of clarity). The vdW radii of the V (2.42 A), O (1.50 A), N
(1.66 A) and S (1.89 A) atoms were taken from the study of Alvarez.®

Table 5 List of PDB structures involving guanosine and adenosine-
phosphovanadate, including the PDB code (PDBID), the ligand ID, the V
coordination index (V Ci), electron donor molecule (ED), and the V---O
distance (d, in A) and A.--V-0O angle (~ in °). AD9, AOV, GMV and 50T
stand for ADP metavanadate, ADP orthovanadate, guanosine-5'-
phosphovanadate and adenosine-5’-phosphovanadate

PDBID Ligand ID V Ci ED d L
2JJ9 AD9 4 SER236 3.887 138.5
WAT 2.504 157.9
2JHR AD9 4 SER181 3.895 133.4
6Z72S AD9 4 SER236 3.785 144.4
3MNQ AD9 4 SER236 3.848 136.4
WAT 2.379 162.3
2XEL AD9 4 SER181 3.708 135.9
3MJX AD9 4 SER236 3.773 136.5
WAT 2.446 163.1
7B19 AD9 4 SER181 3.745 140.0
WAT 2.623 177.3
7B1A AD9 4 WAT 2.317 163.6
2X08 AD9 4 SER181 3.758 150.6
2X9H AD9 4 SER181 3.905 151.9
4AE3 AOV 5 SER181 3.763 120.1
6MI8 AOV 5 SER139 3.233 173.2
4RH7 AOV 5 GLU1742 3.108 131.5
4BRL GMV 5 THR118 3.633 136.6
4BRE 50T 5 THR118 3.713 140.9

Table 6 List of PDB structures involving uridine and adenosine-vanadate,
including the PDB code (PDBID), the ligand ID, the V coordination index
(V Ci), electron donor molecule (ED) and the V- --A distance (d, in A) and
A---V=Oangle (£ in°) (A =N, O). AD9, AOV, GMV and 50T stand for ADP
metavanadate, ADP orthovanadate, guanosine-5'-phosphovanadate and
adenosine-5'-phosphovanadate

PDBID Ligand ID V Ci ED d L

7K1L uvC 5 HIS235 3.657 139.4
6YO1 uvC 5 HIS119 3.654 147.5
1JH7 uvC 5 THR44 3.716 135.7
1RUV uvC 5 HIS12 3.706 140.1
6RSA uvC 5 HIS12 3.521 136.0
1M50 AVC 5 A57 3.678 130.7
2P7E AVC 5 A38 3.785 132.8
6RVZ KL2 5 ASN353 3.772 134.4
4NDG V5A 4 HIS262 3.687 172.3

at the PBE0*7*%-D3"%/def2-SVP>° level of theory. These geome-
tries were taken as the starting point for single point calcula-
tions using the def2-TZVP basis set to compute the interaction
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energies given in Table 1 using the supermolecule approxi-
mation (AE = EO~ --Vcomplex — EOmonomer - EVmonomer)-

Computations using fully optimized models (complexes 1 to
16). The interaction energies of all complexes included in this
study were computed at the PBE0-D3/def2-TZVP level of theory.
This methodology has been used previously to analyze other -hole
based interactions involving transition metal elements,”** and it
has been proved to provide results in line with high level ab initio
methods.> The calculations have been performed using the pro-
gram TURBOMOLE version 7.7.>* by fully optimizing the geometries
without imposing any restraints. No symmetry point group was
imposed during the optimization process. The interaction energies
were calculated also using supermolecule approximation. In addi-
tion, all complexes involving tetrahedral V (V4 in Table 1) resulted
in a minimum (0 imaginary frequencies) while those involving a
trigonal bipyramidal fashion (Vr, in Table 1) exhibited imaginary
frequencies, which corresponded to a tilting movement of the
electron donor molecule and the OH groups from the vanadate
counterpart.

The MEP (molecular electrostatic potential) surfaces were com-
puted at the PBE0-D3/def2-TZVP level of theory by means of the
TURBOMOLE 7.7 program, analyzed using the Multiwfn software>
and visualized using Gaussview 5.0 program.”® The calculations
for the QTAIM analysis were carried out at the PBEO-D3/def2-
TZVP level of theory also using Multiwfn software. In addition,
the energy decomposition analysis (EDA)*”*® scheme was used to
understand the role of electrostatics, exchange-repulsion, orbital,
dispersion and electron correlation contributions in the stabili-
zation of the noncovalent complexes studied herein at the PBEO-
D3/def2-TZVP level of theory, also using TURBOMOLE 7.7 soft-
ware. The NBO calculations were carried out using the NBO 7.0
program®® at the HF/def2-TZVP level of theory.

Lastly, the NCIplot®® isosurfaces correspond to both favorable
and unfavorable interactions, as differentiated by the sign of the
second density Hessian eigenvalue and defined by the isosurface
color. The color scheme is a red-yellow-green-blue scale with red
for repulsive (pgy) and blue for attractive (pg,) NCI interaction
densities. Yellow and green surfaces correspond to weak repul-
sive and weak attractive interactions, respectively. The Visual
Molecular Dynamics (VMD)®! program was used in the visualiza-
tion of the results from the QTAIM and NCIplot analyses.
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