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Zn-metalloproteins are a major class of targets for drug design.

They constitute a demanding testing ground for polarizable

molecular mechanics/dynamics aimed at extending the realm of

quantum chemistry (QC) to very long-duration molecular

dynamics (MD). The reliability of such procedures needs to be

demonstrated upon comparing the relative stabilities of com-

peting candidate complexes of inhibitors with the recognition

site stabilized in the course of MD. This could be necessary

when no information is available regarding the experimental

structure of the inhibitor–protein complex. Thus, this study

bears on the phosphomannose isomerase (PMI) enzyme, consid-

ered as a potential therapeutic target for the treatment of sever-

al bacterial and parasitic diseases. We consider its complexes

with 5-phospho-D-arabinonohydroxamate and three analog

ligands differing by the number and location of their hydroxyl

groups. We evaluate the energy accuracy expectable from a

polarizable molecular mechanics procedure, SIBFA. This is done

by comparisons with ab initio quantum-chemistry (QC) calcula-

tions in the following cases: (a) the complexes of the four

ligands in three distinct structures extracted from the entire

PMI-ligand energy-minimized structures, and totaling up to 264

atoms; (b) the solvation energies of several energy-minimized

complexes of each ligand with a shell of 64 water molecules; (c)

the conformational energy differences of each ligand in different

conformations characterized in the course of energy-

minimizations; and (d) the continuum solvation energies of the

ligands in different conformations. The agreements with the QC

results appear convincing. On these bases, we discuss the pros-

pects of applying the procedure to ligand-macromolecule rec-

ognition problems. VC 2016 Wiley Periodicals, Inc.

DOI: 10.1002/jcc.24503

Introduction

Polarizable molecular mechanics/dynamics potentials (PMM)

could constitute an extremely promising extension of quantum

chemistry (QC) if their accuracy were convincingly demonstrated

in a diversity of test situations. This is a particularly strong

requirement with a major class of targets for drug design, name-

ly Zn-metalloproteins,[1] on account of the importance of many-

body polarization and charge-transfer effects which take place

in, and around, the metal-binding site. One of our Laboratories

has recently achieved very promising enrichments of a variant of

the “Tinker” software,[2] denoted as Tinker-HP,[3] which parallel-

izes massively on several thousands of processors, and handles

the polarization contribution stably and efficiently.[4] Tinker-HP

enables MD simulations on complexes of several hundreds of

thousands of atoms, paving the way to very long duration MD

on drug–metalloprotein complexes. This makes it all the more

critical to evaluate beforehand the accuracy expectable from

PMM when confronted to QC.

Accuracy issues have been addressed in previous publications

resorting to the SIBFA (Sum of Interactions Between Fragment

Ab initio computed) procedure,[5] notably concerning Zn(II) oli-

goligated complexes[6–8] and Zn-metalloproteins.[9–12] As a
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continuation of previous work,[10,11] we consider ligand binding

to the type I Zn-dependent phosphomannose isomerase (PMI)

enzyme, which catalyzes the reversible interconversion of D-

mannose 6-phosphate into D-fructose 6-phosphate.[13] This reac-

tion is the first step in the metabolism of mannose resulting in

the formation of GDP-D-mannose, an important precursor to

many mannosylated structures, such as glycoproteins, nucleoti-

des, glycolipids, bacterial exopolysaccharides, or essential com-

ponents for the integrity of the cell wall of fungi.[14] PMI has

proven essential to the survival or pathogenicity of microorgan-

isms such as bacteria (Mycobacterium smegmatis,[15] Pseudomo-

nas aeruginosa[16]) protozoan parasites (Leishmania mexicana[17])

and yeast (Saccharomyces cerevisiae,[18] Cryptococcus neofor-

mans,[19] Aspergillus nidulans,[20] and Candida albicans[21]). It is

thus a target in several microbial and parasitic diseases, but in

spite of these early demonstrations, there are yet no PMI inhibi-

tors of clinical interest.[15–17] Toward the design of such inhibi-

tors, 5-phospho-D-arabinonohydroxamate (5PAH) was designed

and synthesized.[22,23] This molecule embodies a Zn-ligating

hydroxamate moiety at one end, and a dianionic phosphate at

the other, separated by three A-CHOH groups. 5PAH has a sub-

micromolar inhibition potency of PMI.[24]

Hydroxyl groups constitute important modulators of binding

affinities, with their dual H-bond donor and acceptor properties.

They are also important tools in drug design studies, enabling

to evaluate the impact on the binding affinities of hydroxyl-

ation/dehydroxylation at targeted sites of the ligand. Along

these lines, three dehydroxylated 5PAH analogs have been syn-

thesized (detailed in Supplementary material S1) and their inhib-

itory properties have been tested in one of our Laboratories on

the type I (zinc) PMI from Escherichia coli using the reported pro-

cedure.[25] Referring to 5PAH as compound a, the first analog, b,

3-deoxy-5PAH, is dehydroxylated at the second C atom proximal

to the hydroxamate function. The second, c, 2-deoxy-5PAH, is

dehydroxylated at the first C atom proximal to it. The third ana-

log, d, 5-phospho-pentanohydroxamate, is totally dehydroxy-

lated. Compounds a–d are represented in Figure 1 under the

hydroxamate form. The experimental results are reported in

Table 1. Evaluation of their ligand potencies gave rise to an

unexpected finding, in that, whereas removal of just one hydrox-

yl group, as in b and c, resulted into a thousand-fold increase in

the IC50 values (and corresponding decrease in the binding affin-

ities) with respect to a, removal of all three hydroxyls gave rise

to the same one thousand-fold increase in IC50 values. The syn-

thetic protocol and complete characterization of the four com-

pounds are given as Supplementary material S1. The IC50 values

were done in triplicate for each compound. The pKa of sugar

hydroxamic acid is 8.8–9.6,[26,27] so that in solution at pH 8, in

which the experimental tests were done this group should be

predominantly (to an amount of 90%) protonated. Accordingly,

the solvation of ligands a–d in the 64-water bath will consider

both forms separately. On the other hand, the close vicinity of a

Zn(II), as in the PMI binding site, should lower the pKa of

hydroxamic acid, so that the predominant form should be

deprotonated. We will thus consider this sole state in the PMI

complexes. The second pKa phosphate group is 5.7–6.8 in

solution,[11,28] so that it should be predominantly doubly

deprotonated (i.e., >90%) at pH 8. In the PMI complex, this

group is bound to two protonated residues, Arg304 and Lys310.

It can thus be assumed that similar to Zn(II), these should favor

the dianionic form of the phosphate giving rise to a locally neu-

tral complex.

Accounting for such results should clearly require very long-

duration molecular dynamics (MD) simulations and a depend-

able evaluation of the desolvation energies and entropy losses

of the ligands prior to PMI complexation. There is an acknowl-

edged procedure to derive protein–ligand free energies, name-

ly free energy perturbation (FEP)[29] in which a parent

compound is progressively mutated into a closely related ana-

log, and the energies are integrated over a long-time trajecto-

ry for discrete variations of the mutation parameter k, from

zero to one. FEP was recently applied, in conjunction with an

advanced polarizable potential, AMOEBA, to investigate the

binding of pyrimidine dicarbonyl inhibitors to a Zn-dependent

metalloproteinase, MMP-13.[29] The most secure use of FEP is

when the structure of the complex of the “parent” ligand with

its target is known experimentally. This is not the case for the

complexes of PMIs with any known inhibitor. This might be

remedied if accurate PMM potentials enable to predict the

most favorable and likely binding structures, selected as the

lowest-energy poses from long-duration MD. As appears from

the energy analyses reported in this study, a pitfall in the use

of lesser-accuracy force-fields could be the preferential stabili-

zation of “wrong” binding pose(s) because of imbalances of

the energy contributions making up the inter- or the intra-

molecular interaction energies. An objective we seek is to use

FEP in the context of one advanced PMM procedure, SIBFA,

and how much it could be dependable in view of such MD

simulations. Thus, the prime purpose of this study to evaluate

Figure 1. PMI ligands evaluated: (a) 5PAH: 5-phospho-D-arabinonohydroxa-

mic acid, (b) 3d-5PAH: 3-deoxy-5-phospho-D-arabinonohydroxamic acid,

(c) 2d-5PAH: 2-deoxy-5-phospho-D-arabinonohydroxamic acid, and (d) 5PPH:

5-phospho-pentanohydroxamic acid.

Table 1. IC50 and Ki values determined for E. coli PMI inhibition by com-

pounds a–d. Ki values given in italic were estimated from corresponding

IC50 values using equation IC50 5 Ki([S]/KM 1 1) for competitive inhibition.

Ligand IC50 (lM) Ki (lM) KM/Ki

a 0.365 6 0.004 0.084[c] 8450

b 1900 6 80 1210 6 50 0.6

c 440 6 10 280 6 6 2.5

d 1900 6 100 1210 6 60 0.6

[a] Conditions: Hepes buffer, pH 7.1, 258C. [b] KM F6P 5 710 6 50 lM. [c]

PhD thesis, C�eline Roux, 2005, Orsay (France).
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its present accuracy (and possible present shortcomings) by

benchmarking it against QC results in four distinct cases:

a. the intermolecular interaction energies of ligands a–d in

models for the PMI recognition site, extracted from simu-

lations on their complexes with the entirety of the PMI

model. These will be computed both with and without

the presence of polarized structural water molecules.

These complexes total up to 264 atoms;

b. the intermolecular interaction energies of each ligand in

a shell of 64 water molecules in a diversity of structures

at the outcome of MD and energy-minimization;

c. the conformation energy differences between several

ligand conformations, characterized in the course of

energy-minimizations of their complexes with the 64 dis-

crete waters;

d. the conformation-dependent continuum solvation ener-

gy of the four ligands.

While (a) is clearly the most important and difficult issue,

reliable calculations of (b)–(d) could also be critical, since errors

in these could distort the energy balances which include the

desolvation energy of the ligands and their conformational

energy rearrangements.

Methods

QC computations

As in our preceding studies, the QC calculations were per-

formed with the CEP 4-31G(2d) basis set.[30,31] The computa-

tions on the 12 model complexes were also redone with the

cc-pVTZ(-f ) basis set,[32,33] yielding closely parallel trends of DE

values (see below). Effective core potentials were used on

Zn(II).[34] The calculations done at the Hartree–Fock (HF) level

were complemented by calculations at the DFT-D levels using

the B3LYP-D3[35–37], and B97-D3 functionals.[38] As for the HF

calculations, both CEP 4-31G(2d) and cc-pVTZ(-f ) basis sets

were used. The choice of the B97-D3 was motivated by recent

results on a series of monoligated complexes of metal cations

which showed this functional to enable closer reproduction of

CCSD(T) and MP2 results than B3LYP-D3 [unpublished]. The

continuum solvation energies were computed with the Polar-

ized Continuum Model (PCM).[39] These computations used the

GAMESS[40] and G09[41] softwares. The DFT-D calculations were

done with both the CEP 4-31G(2d) and cc-pVTZ(-f ) basis sets.

The latter basis set, while lending itself to computations of

complexes of 250 atoms and more, can be considered to have

a sufficient accuracy for the present benchmarking purposes.

Computations on smaller (30 atoms) polyligated Zn(II) com-

plexes with such a basis gave very close DE values to those

with the aug-cc-pVTZ basis [unpublished].

SIBFA computations

In the SIBFA procedure,[5,42] the intermolecular interaction

energy is computed as the sum of five contributions:

electrostatic multipolar (EMTP*), short-range repulsion (Erep),

polarization (Epol), charge transfer (Ect), and dispersion (Edisp)

DETOT5EMTP1Erep1Epol1Ect1Edisp

EMTP is computed with distributed multipoles (up to quadru-

poles) derived from the QC molecular orbitals precomputed

for each individual molecule. They are derived from a proce-

dure due to Vign�e-Maeder and Claverie[43] and distributed on

the atoms and bond barycenters. It is augmented with a pene-

tration term.[44] The anisotropic polarizabilities are distributed

on the centroids of the localized orbitals (heteroatom lone

pairs and bond barycenters) using a procedure due to Garmer

and Stevens.[45] The ligands were assembled from their consti-

tutive fragments: anionic hydroxamate, methanol, methane,

and dianionic phosphate HOPO2
32. Phosphate was split into

two pseudo-fragments, HPO3 and HOH, with two fictitious H

atoms with null multipoles along the junction OP bond to

enable for rotations around the PO bond. Similarly methanol

was split into two pseudo-fragments, CH4 and HOH with H

atoms having null multipoles along the connecting CO bond.

This enables for rotations around the CO junction bonds. Such

a representation was found preferable to that resorting to a

representation of methanol with actual water and methane

fragments. It is important to recall that the fragmentation of a

flexible ligand is necessary to ensure the independence of the

multipole and polarizability intensities from any particular con-

formation, thus avoiding the issue of multipole transferabili-

ty[46] while enabling to account for intramolecular, inter-

fragment polarization and charge-transfer, which due to non-

additivity must be computed consistently and simultaneously

with the intermolecular ones.[47] The distributed multipoles

and polarizabilities were derived from CEP 4-31G(2d) calcula-

tions. Additional validation studies were also resumed using

multipoles and polarizabilities derived from augcc-pVTZ(-f ) cal-

culations and a novel calibration of SIBFA on the basis of

augcc-pVTZ(-f ) energy decomposition analyses [El-Khoury

et al., manuscript in preparation]. The distributed multipoles

were in that case derived using the Generalized Multipole

Analysis (GDMA) method by Stone.[48]

Erep and Ect, the two short-range repulsions, are computed

using representations of the molecular orbitals localized on

the chemical bonds and on localized lone-pairs. Edisp is com-

puted as an expansion into 1/R[6], 1/R[8], and 1/R[10], and also

embodies an explicit exchange–dispersion term.[49] Energy-

minimization used the Merlin package.[50] We use an augment-

ed representation, embodying a lone pair–lone pair exchange–

dispersion component following the formulation of Ref. [51]

and the corresponding recalibration of Edisp on the basis of

SAPT results on the water–water dimer. The Zn(II) parameters

were calibrated on the basis of MP2, B97-D3, and B3LYP-D3

calculations on monoligated Zn(II) complexes with representa-

tive O-, N-, and S-ligands [manuscript in preparation]. Confor-

mation energy changes of the ligand and the protein side-

chains are done in the context of the rigid rotor: standard

experimental bond lengths and valence angles are adopted

and not relaxed. The continuum solvation energies, DGsolv,
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were computed with the Langlet–Claverie procedure[52] in

which the electrostatic potential generated by the solute on

its van der Waals surface is computed with the same distribut-

ed multipoles as for SIBFA. DGsolv is a sum of an electrostatic,

polarization, repulsion, dispersion, and cavitation terms.

As in Refs. 10,11, we used the X-ray structure of type I PMI

from Candida albicans (PDB ID 1PMI).[53] The starting positions

for the structural waters were obtained with the “discrete”

algorithm,[54] which locates waters around the accessible

hydrophilic sites of the solute by energy-minimization with a

simplified interaction energy term. They were relaxed by SIBFA

EM prior to MD. We have retained 28 “structural” waters. Our

previous study bearing on the complexes of PMI with D-man-

nose 6-phosphate surrogates[11] was limited to 11 waters. The

present increased number enables to more completely con-

nect together the Zn-binding site and the entrance of the cav-

ity by saturated and polarizable networks which could

embody a second layer of waters, as shown below. Solvation

of the PMI-ligand complexes is completed by the L-C continu-

um procedure. As in Refs. 10,11, based on a 15 Å proximity to

Zn(II), a 164-residue of Zn(II) model was constructed retaining

the following residues: Asn15-Gly19; Tyr46-His54; Phe97-

Lys153; Val205-Asn211; Gly258-Met333; Asp352-Leu361. The

PMI backbone was fixed, and EM was done on the torsional

angles of the side-chains of the following residues: Asp17,

Trp18, Glu48, Lys100, Ser109, Gln111, His113, Lys136, Glu138,

His285, Tyr287, Glu294, Asp300, Arg304, and Lys310. All tor-

sional angles of the ligand were simultaneously relaxed, along

with the six intermolecular variables defining its approach to

PMI and the corresponding six intermolecular variables of each

water.

The short-duration SIBFA MD simulations (10–20 ps) were

performed with the velocity-Verlet algorithm[55] and tempera-

tures in the range 0–300 K, controlled by the Berendsen algo-

rithm.[56] The waters were constrained to remain bound to the

PMI-5PAH complex by a spherical restraint potential centered

around Zn(II). Their internal geometries were constrained by

the “SHAKE” algorithm.[57] The protein backbone was not

relaxed. The PMI side-chains that were relaxed by MD were

the same as previously reported.[10] To sample configurations

by these MD simulations, the “simplified” potential resorted to

scalar polarizabilities without iterations on the induced dipoles

and without the charge-transfer contribution. As commented

in our recent study bearing on the structural waters around

the bimetallic site of superoxide dismutase (SOD),[12] the dura-

tion of such MD is very short and could not enable for a realis-

tic simulation of 5PAH relaxation in the binding site of PMI

concomitant with the rearrangements of the water layers. It

appeared nevertheless sufficient to enable for reorientations of

the hydroxamate group of 5PAH in the Zn-binding site, itself

leading to concomitant rearrangements of the hydroxyl groups

and of the structured waters. These are of a sufficient ampli-

tude to enable addressing the principal objective of this work,

namely how dependable could PMM be relative to QC in a

series of competing complexes which have significant structur-

al differences in terms of ligand binding, Zn(II) coordination,

and water networks?

This study uses as a starting point the model structure of

the PMI-5PAH complex, previously energy-minimized using

SIBFA and the Langlet–Claverie (L-C) continuum solvation

potential.[52] Competing complexes are unraveled by short-

duration MD simulations with a simplified SIBFA potential in

the presence of a few “discrete” water molecules. Three select-

ed poses are then energy-minimized with the full SIBFA poten-

tial and continuum solvation. The resulting structures are in

turn used as starting points for energy-minimization (EM) of

the PMI complexes with the three other dehydroxylated

ligands. A total of 12 complexes is thus considered.

Procedure followed

Consistent with our previous studies of ligand–protein interac-

tions,[9–12,58,59] to address point (a), models of the recognition

sites are built upon extracting from each of the 12 energy-

minimized complexes the ligand, the Zn(II) cation, the side-

chains of the amino-acids involved in Zn- and ligand-binding

as well as residues in their neighborhood, and the discrete

water molecules. Single-point calculations of the intermolecu-

lar interactions are computed by parallel SIBFA and QC.

To address point (b), each ligand is extracted from each of

its three PMI complexes, and subjected to MD followed by

energy-minimization in a shell of 64 discrete water molecules

and in the presence of continuum solvation. The choice of a

large number of discrete water molecules is motivated by the

extremely strong potentials and fields exerted by the trianionic

charge of the ligand on the solvent, structuring up to a sec-

ond- and possibly a third shell of solvation. Parallel single-

point QC and SIBFA computations were next performed on

the energy-minimized structures. These are necessary tests,

considering the very strong second-order and non-additivity

effects coming into play in anion-triggered structures.[60] They

would enable to evaluate the accuracy of SIBFA compared

with QC upon computing ligand desolvation energy with

structured waters. This point needs to be addressed prior to

performing the energy balances. The solvated ligands are con-

sidered in two possible hydroxamate ionization states, depro-

tonated and protonated on the nitro oxygen. To address point

(c), we compare the SIBFA and QC intramolecular (conforma-

tional) energies of the four ligands extracted from their water

complexes. To address point (d), we compare the results of

the Continuum solvation energy DGsolv with the Langlet–Clav-

erie procedure to those from the (PCM procedure).[39,61]

Results and Discussion

Inter-molecular interaction energies in the PMI

recognition site

The three PMI-5PAH complexes are represented in Figures

2a–2c. We will denote by A, B, and C the three modes of bind-

ing found by MD followed by EM which resorted to the full

SIBFA potential. We denote by E1 the summed two first-order

contributions EMTP and Erep, and by E2 the summed two

second-order contributions Epol and Ect.
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In complex A (Fig. 2a), the hydroxamate moiety binds Zn(II)

in a bidentate fashion. This occurs at the detriment of Zn-

His285 binding, the Zn-Ne distance having increased to 3.1 Å.

The hydroxyl proximal to hydroxamate accepts a proton from

the side-chain of Lys136. Lys136 was previously also found to

donate a proton to a hydroxyl group of the b-D-mannopyra-

nose 6-phosphate substrate.[11,62] This hydroxyl also donates

its hydrogen to a water molecule, W1, involved in several

interactions: as a proton donor to an Asp300-bound water,

W6; as a proton acceptor from both the second 5PAH hydroxyl

and a water molecule, W2. W2 is at the base of two networks

connecting it to the N-terminal end residues, Trp18 and Asp17

on the one hand, and to Arg304 on the other hand. A more

detailed description of the networks is given as Supplementary

material S2. The other 5PAH hydroxyl to bind directly to 5PAH

is the third one, which accepts a proton from the amine group

of Zn-bound Asn111.

In complex B (Fig. 2b), an accented rotation of 5PAH has

taken place. The hydroxamate now binds Zn(II) in a monoden-

tate fashion through its nitroxy O (1.9 Å). Its CO bond is now

on the opposite direction from Zn(II) enabling Tyr287 to enter

the coordination shell (2.0 Å). Interestingly, His285 reenters the

coordination shell (2.5 Å) at the detriment of His113 (2.9 Å).

The first two hydroxyls now point toward opposite directions,

and it is the first one, not the third, that accepts a proton

from the Asn111 side-chain. It also donates a proton intramo-

lecularly to the phosphate ester O forming a chair-like six-

bond cycle. An extensive water network connects Asp300,

Lys100, Glu294, and Glu48 on the one hand, to both Trp18

and Asp17 and to Lys310 and the 5PAH phosphate. Again

Figure 2. (a–c) Representation of the complexes of 5PAH with the PMI recognition site and 28 water molecules in binding modes A–C, respectively. [Color

figure can be viewed at wileyonlinelibrary.com]
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some waters, such as Trp18-bound W5, connect together these

two networks. The third 5PAH hydroxyl partakes to the net-

work by donating a proton to a water belonging to the net-

work that donates in turn a proton to Glu48.

In complex C (Fig. 2c), the hydroxamate underwent a rota-

tion around the C-C bond connecting it to the hydroxymethyl

chain. As in complex B, it binds Zn(II) in a monodentate fash-

ion. The hydroxymethyl chain and phosphate group have also

swung. The first two hydroxyls are directed away from Lys136

and the ester phosphate O is directed away from Arg304. On

the other hand, the third hydroxyl is H-bonded to the side-

chain of Asn111 as in complex A. The first two hydroxyls are

solely bound to PMI through the discrete waters. They both

donate their proton to a central water, W1. On the one hand,

W1 also accepts a proton from a water molecule which in turn

accepts a proton from Lys100 and donates one to Glu48. W1

donates a proton to the second anionic O atom of Glu48.

Exactly as with complex A, Glu48 accepts a proton from a

water molecule, W5, which in turns accepts a proton from

Trp18. W5 is additionally H-bonded to two other waters which

connect it, on the one hand, to Asp17 at the N-terminal end,

and to Lys310 at the entrance of the binding site. A more

detailed description of the water networks is given in Supple-

mentary material S2. Clearly, interchanges of the discrete and

bulk waters should be anticipated to occur. Nevertheless, the

recurrence of two networks are worth noting. The first con-

nects Asp17 and Asp300 at the N and C-terminal ends, and

the second connects Lys100 and Asp300 to Arg304 or Lys310

at the entrance of the recognition site. At least one hydroxyl

group of the ligand and the imino nitrogen of Trp18 act as

relays in such networks. Such networks were previously

observed upon studying the complex of a D-mannose malo-

nate ligand with PMI.[11] We plan to monitor the lifetimes and

evolutions of such networks using long MD simulations using

the SIBFA potential in the context of Tinker-HP.

Only limited rearrangements were found for the three dehy-

droxylated analogs following EM on the A–C complexes of

5PAH as a starting point. They are illustrated in Supplementary

material S3 regarding complexes A.

It is clear that the rearrangements, which could only have

been obtained by MD, are substantial regarding Zn(II) coordi-

nation, involvements of the hydroxyls, ligand conformation,

and structures of the water networks, even though the latter

bear several similarities in complexes A–C. Thus a critical point

in the perspective of long-duration MD simulations is to resort

to QC as a benchmark and evaluate how reliably could PMM

account for the differences in the intermolecular interaction

energies in these three complexes, as well as upon dehydroxy-

lation. We have thus compared the SIBFA and QC intermolecu-

lar interaction energies for the complexation energies of

ligands a–d in binding modes A–C within the recognition site,

totaling 12 complexes. The recognition site is made out of the

end-side chains of the following residues: Tyr16, Asp17, Trp18,

Glu48, Trp50, His54, Lys100, Ser109, Gln111, His113, Lys136,

Glu138, His285, Tyr287, Glu294, Asp300, Arg304, and Lys310.

We focus first on the DE values obtained in the presence of

the 28 water molecules, the complexes totaling up to 264

atoms. The evolutions of the DE values are reported in Figures

3a–3c. Complexes A–C are considered in succession. To gain

space, the DE values and their energy contributions in SIBFA

are reported in Supplementary material S4. Figure 3a com-

pares the evolutions of DE(SIBFA) in the absence of the Edisp

contribution to those of DE/HF(QC) with two basis sets: CEP 4-

31G(2d) and cc-pVTZ(-f ). Figure 3b reports the corresponding

evolutions of E1. Figure 3c compares the evolutions of

DEtot(SIBFA) including Edisp to those of DE(DFT) with the B97-

D3 and B3LYP-D3 functionals.

At this point, a very commendable feature of the CEP 4-

31G(2d) results is noteworthy. Thus at both HF and DFT-D3

levels, the DE curve with this basis runs virtually entirely paral-

lel to the cc-pVTZ(-f ) curves. At the HF level, to within 1 kcal/

mole, there is a constant offset of 20 kcal/mol out of 1520–

1600 with respect to the cc-pVTZ(-f ) basis. It is in the range of

31–38 kcal/mol out of 1790–1850 at the B97-D3 level. Such

parallel evolutions should justify the use of the CEP 4-31G(2d)

basis to derive the initial SIBFA library of fragments. For the

comparison of the 12 PMI complexes, a further step was taken

in this study now resorting to the aug cc-pVTZ(-f ) multipoles

and polarizabilities. Which accuracy can be expected from the

SIBFA computations at both levels? Figure 3a and Supplemen-

tary material S4 indicate that DE(SIBFA) can match closely DE/

HF(QC). The most satisfactory agreements are for complexes A

and C which are the most stable ones. With respect to the

CEP 4-31G(2d) calculations, the numerical errors are <10 kcal/

mol out of 1500, actually less than the corresponding

Figure 3. Compared evolutions of the SIBFA and QC intermolecular interac-

tion energies in complexes A-a to C-d. a) DE(SIBFA) without dispersion and

DE/HF(QC) with the CEP 4-31G(2d) and cc-pVTZ(-f ) basis sets; b) corre-

sponding evolution of E1; c) DEtot(SIBFA) including dispersion, DE(B97-D3),

and DE(B3LYP-D3). [Color figure can be viewed at wileyonlinelibrary.com]
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differences of DE/HF(QC) between this basis and the cc-pVTZ(-

f ) one. Even for complexes B, the maximum relative errors are

<15 kcal/mol out of 1500, i.e. 1%. Such relative errors are actu-

ally smaller than the 3% ones noted in previous benchmarks

of the procedure. The evolutions of DE are accounted for over-

all. This is illustrated in Figure 3a, comparing the DE(SIBFA)

curve in red to the DE/HF(QC-CEP 4-31G (2d)) curve in green.

The DE(HF) curve with the cc-pVTZ(-f ) in blue is 20 kcal/mol

lower than with the smaller basis set, but as mentioned above,

the two QC curves exhibit a near-perfect parallelism. Such a

parallelism could not be matched by the SIBFA curve, never-

theless this curve is virtually encompassed by the two QC

curves. This situation is reminiscent of the one found in the

complexes of mercaptocarboxylate ligands with the recogni-

tion site of metallo-b-lactamase.[9,58] The complexes then

investigated were made out of 95 atoms, as contrasted to 264

ones in the present case, i.e. an app. three-fold increase in

size. We note that while E1, the sum of EMTP and Erep, accounts

in these complexes for app. 80% of DE(SIBFA), its evolution

cannot match those of DE(SIBFA) and a fortiori DE(QC) (Fig.

3b). It could also be readily observed that E1 favors complexes

B over complexes A, contrary to the results from DE(SIBFA)

and DE(QC).

Following the inclusion of Edisp, the evolution of DEtot(SIBFA)

appears to match well that of DE(B97-D3) (Fig. 3c) with relative

errors amounting to 1%. The most uniform agreements are for

complexes A. However, a downgrading of the overall shape

occurs due to complexes B-d and C-a, the latter being the

only one for which DEtot(SIBFA) has a smaller magnitude than

DE(B97-D3). Edisp has comparable magnitudes to dDEcorr/disp,

but in a somewhat larger range (from 2229 to 2263 kcal/mol)

than it (from 2224 to 2248 kcal/mol).

The role of the discrete waters on the relative stabilities of

the complexes was evaluated upon recomputing DEnw(SIBFA)

and DEnw(HF) following their removal, but retaining the same

geometries as in their presence. The results are reported and

commented in Supplementary material S5a for the 12 com-

plexes. It was instructive to also report the stabilization ener-

gies, DEstab, conferred by the discrete waters, namely, the

difference between the DE and DEnw values. The energy results

are reported and commented in Supplementary material S5b.

Results with the aug-cc pVTZ(-f) multipoles and polarizabilities.

A new library of SIBFA fragments is being constructed which

resorts to distributed multipoles and polarizabilities derived

from the aug-cc pVTZ(-f ) basis set. Its calibration has been per-

formed on the basis of Energy Decomposition Analyses (EDA)

with this basis set, also resorting to an improved SIBFA repre-

sentation of sp and sp2 lone-pairs, partially “smearing” them

above and below the molecular plane [El-Khoury et al., manu-

script in preparation]. For the purpose of the present compari-

sons, we resort here to HF multipoles and polarizabilities. A

calibration resorting to correlated multipoles and polarizabil-

ities is presently underway on the basis of correlated EDA pro-

cedures, as enabled by SAPT[63,64] and ALMO[65] methods and

will be reported separately. Which agreements could now be

reached, now regarding cc-pVTZ(-f ) HF and DFT-D3 calcula-

tions? The results are reported in Table 2. The values of

DE(SIBFA) differ by less than 10 kcal/mol out of 1500 from

those computed with the CEP 4-31G(2d) calibration, yet enable

an improved agreement with respect to the “target” DEHF(cc-

pVTZ(-f )) results. The magnitudes of EMTP and especially Epol

are larger than with the CEP 4-31G(2d) basis set, but are to a

large extent compensated by much larger values of Erep (com-

pare Tables 2 and Supplementary material S4). The errors with

respect to the target HF results are more uniform between

ligands for a given complex, A–C, than for any of the four

ligands considered in the three complexes. The largest error is

Table 2. Complexes of ligands a–d with the recognition site of PMI and

28 discrete waters. Values (kcal/mol) of the intermolecular interaction

energies and their contributions for SIBFA calculations with aug-cc pVTZ

(-f ) multipoles and polarizabilities and of the QC interaction energies in

the 12 model complexes.

Complexes A A-a A-b A-c A-d

EMTP 21882.0 21895.3 21895.9 21897.9

Erep 675.7 679.4 694.0 687.1

E1 21206.2 21215.9 21201.9 21210.8

Epol 2274.7 2274.8 2262.4 2276.5

Ect 291.5 291.0 291.0 291.5

DE 21572.6 21581.8 21555.3 21578.8

DE(cc-pVTZ(-f)) 21589.2 21596.7 21578.1 21590.7

Edisp(SIBFA) 2235.3 2233.5 2237.1 2231.1

DEtot(SIBFA) 21807.9 21815.3 21792.4 21809.9

dDE(corr/disp) 2238.1 2236.5 2233.6 2233.5

DE(DFT/B97-D3) 21823.8 21829.8 21807.5 21821.2

dDE(corr/disp) 2296.8 2294.4 2298.7 2291.2

DE(DFT/B3LYP-D3) 21882.5 21887.7 21872.6 21878.6

Complexes B B-a B-b B-c B-d

EMTP 21890.4 21900.2 21892.7 21878.0

Erep 647.9 659.0 644.1 641.8

E1 21242.5 21241.2 21248.6 21236.2

Epol 2211.1 2220.8 2218.9 2239.1

Ect 286.8 286.4 285.3 286.1

DE 21540.4 21548.3 21552.9 21561.3

DE(cc-pVTZ(-f)) 21545.1 21549.6 21561.0 21562.9

Edisp(SIBFA) 2233.5 2234.3 2229.7 2227.3

DEtot(SIBFA) 21773.9 21782.6 21782.6 21788.6

dDE(corr/disp) 2250.5 2250.2 2251.1 2246.7

DE(DFT/B97-D3) 21791.6 21796.0 21807.5 21806.7

dDE(corr/disp) 2303.5 2303.8 2302.5 2296.6

DE(DFT/B3LYP-D3) 21844.6 21849.6 21858.9 21856.6

Complexes C C-a C-b C-c C-d

EMTP 21955.1 22011.9 21977.6 21992.0

Erep 717.0 783.5 756.8 770.3

E1 21238.1 21228.4 21220.8 21221.7

Epol 2267.3 2285.9 2268.1 2285.0

Ect 293.8 298.9 294.9 297.2

DE 21599.2 21613.1 21583.7 21604.0

DE(cc-pVTZ(-f)) 21619.3 21628.7 21613.3 21620.3

Edisp(SIBFA) 2243.0 2254.8 2250.1 2248.7

DEtot(SIBFA) 21842.0 21867.9 21833.8 21852.7

dDE(corr/disp) 2246.9 2263.9 2267.6 2261.1

DE(DFT/B97-D3) 21864.9 21887.1 21874.4 21876.2

dDE(corr/disp) 2304.6 2324.4 2326.2 2319.1

DE(DFT/B3LYP-D3) 21922.6 21947.6 21933.0 21934.2
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29 kcal/mol out of 1600, i.e. 2%, for complex C-c. The other

errors are <25 kcal/mol. Accounting for BSSE effects could

possibly reduce the energy difference, but this will not be

addressed here. Figure 4a compares the evolutions of DEHF(cc-

pVTZ(-f )) and of DE(SIBFA). It shows a good parallelism for

complexes A and B, with a smaller offset for complexes B. Par-

allelism is downgraded in complexes C, because of the larger

offset occurring with ligand c. We have also compared

DEtot(SIBFA) with DE(B97-D3) and DE(B3LYP-D3). Toward a fully

consistent comparison with DFT, a library of multipoles and

polarizabilities derived at the MP2 and DFT levels is being con-

structed (Nasim-Khan et al., in preparation). The comparisons

at the present stage should nevertheless be instructive. A

much better agreement clearly obtains with DE(B97-D3) than

with DE(B3LYP-D3). It can be noted that the B97-D3 and

B3LYP-D3 values can differ between themselves by 50–60 kcal/

mol along the series. There is no straightforward explanation

for such differences since the DE values in a series of mono-

ligated complexes with O and N ligands were closely similar

with both DFT-D3 methods (unpublished results). Complex C-c

again downgrades DEtot(SIBFA), with an error of 47 kcal/mol

out of 1800. With this exception, a good parallelism can be

observed in the evolutions of the SIBFA and DFT-D3 curves

(Fig. 4b) with no curve-crossing as with the CEP 4-31G(2d)

basis set (Fig. 3c). Figure 4c gives the evolutions of the relative

interaction energies, computed as the difference with respect

to the best bound complex taken as energy zero, namely com-

plex C-b. Again with the exception of C-c, the SIBFA curve

matches satisfactorily the trends of the DFT-D3 curves. This is

true regarding not only the B97-D3 curve, but also the B3LYP-

D3 one, despite the significantly larger offset in the absolute

DE values. Each of the 28 discrete water molecule is involved

in an average of two-three H-bonds, which are mostly of a

cooperative nature. If at the present stage of development

even small remaining inaccuracies remained in DEtot(SIBFA) in

water–water or water–ligand interactions, these could be

amplified in the global complexes. We wished to evaluate if

this is the case and/or whether there are imbalances in DE

computations for the different Zn(II) coordinations or phos-

phate binding modes in complexes A–C. We have thus recom-

puted the interaction energies in the absence of the waters.

The evolutions are reported in Figure 4d. There now is a very

close reproduction of DE(B97-D3) by DEtot(SIBFA), the largest

error, now occurring with B-a, being of 15 kcal/mol out of

1350, i.e. 1%. It is hoped that the forthcoming refinements to

SIBFA should retain such agreements and enable improved

ones following inclusion of large shells of discrete water

molecules.

Intermolecular interaction energies in a shell of 64 water

molecules

The desolvation energy of the ligands prior to complexation is

a critical element in the overall energy balances. It requests

exhaustive sampling of the potential energy surface and

addressing entropy issues as well, but which accuracy could

be expected from polarizable molecular mechanics regarding

trianionic solutes? Anionic solutes can have an organizing

effect on their first hydration shell which could extend to a

second shell and possibly beyond. This was demonstrated by

Pullman et al. as early as 1975 regarding the dimethylphos-

phate monoanion, a building block of the main-chain of

nucleic acids and of phospholipids.[66] Such an organizing

effect could be anticipated a fortiori for ligands a–d, which

bear a net trianionic charge. Prior to assessing whether such

an effect could persist over long MD time scales, we deemed

it essential to evaluate the accuracy of the SIBFA potential in a

diversity of structures. The ranking of solvation energies could

result from a fluctuating interplay of first- and second-order

contributions and of dispersion within DEtot. For such an

Figure 4. (a–d) Results from SIBFA computations with aug-cc-pVTZ(-f ) multipoles and polarizabilities and QC calculations with the cc-pVTZ(-f ) basis set.

(a) Compared evolutions of DE(SIBFA) without dispersion and DE/HF(QC) in complexes A-a to C-d; (b) compared evolutions of DEtot (SIBFA), DE(B97-D3),

and DE(B3LYP-D3); (c) compared SIBFA, B97-D3, and B3LYP-D3 evolutions of the relative energy differences with respect to the most stably bound complex;

(d) Compared evolutions of DEtot(SIBFA) including dispersion, DE(B97-D3), and DE(B3LYP-D3) in complexes A-a to C-d n the absence of the discrete waters.

[Color figure can be viewed at wileyonlinelibrary.com]
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assessment, each ligand was extracted from each of its three

PMI complexes and solvated in a shell of 64 water molecules

by the “discrete” algorithm.[54] The complexes were subse-

quently energy-minimized with the SIBFA potential and the

“Merlin” minimizer. They were then subjected to two separate

molecular dynamics with a spherical shell potential. In the first,

the conformation of the ligand was relaxed together with the

64 waters. In the second complexes, denoted by primes, only

the waters were relaxed. In both simulations, the temperature

was progressively increased from 30 to 300 K for 500,000 steps

with a 0.75 fs time-step, i.e. 400 picoseconds, and then cooled

to 30 K with the same number of steps. Larger steps caused

instabilities in some complexes. Energy-minimization was then

resumed relaxing the internal coordinates of both the ligand

and the waters. Single-point QC computations were done

using the structures derived at the outcome of EM. We have in

addition considered an extended conformation of ligand a

minimizing the electrostatic repulsions between phosphate

and hydroxamate. It was similarly solvated with 64 waters by

the “discrete” algorithm, then energy-minimized on the ligand

and water internal coordinates. For comparative purposes,

ligand d, devoid of hydroxyl groups, was solvated by the same

procedure. We denote these two additional structures as “I,”

standing for “ice-like.” There is thus a total of 26 complexes.

The results are illustrated on Figures 5a–5c. Figure 5a com-

pares DE(SIBFA) along with E1 and E2 (Fig. 5b) to DE(HF). Figure

5c compares DEtot(SIBFA) with DE(DFT/B97-D3). Figure 5a

shows DE(SIBFA) to match closely the evolutions of DE(HF), the

relative errors being less than 1%. E2 accounts for up to 45%

of DE. Within E2, the magnitude of Ect is half that of Epol.

Again, as previously observed for the water networks in super-

oxide dismutase,[12] both E1 and E2 are necessary to confer to

the evolution of DE a shape matching that of DE(HF). Several

complexes have closely similar DE values yet differ significantly

by the relative magnitudes of E1 and E2 which can even dis-

play antagonistic trends (Fig. 5b). Thus for ligand a, complexes

A-a0 and C-a have DE(SIBFA) values that differ by 1.4 kcal/mol

out of 740. Yet A-a is favored by E1 by a 21.8 kcal/mol prefer-

ence, and disfavored by E2 by 20.4 kcal/mol. Figure 5c shows

that at following the addition of Edisp, DEtot(SIBFA) can still

match DE(DFT/B97D3) with errors not exceeding 20 kcal/mol

out of 1080, i.e. 2%, although a lesser parallelism between the

two curves could be observed. There is one relative outlier,

namely complex B-c0, which is overestimated by 25 out of

1070 kcal/mol, thus predicted to have a more favorable

DEtot(SIBFA) than, e.g., B-c, contrary to DE(DFT/B97D3). Yet this

complex gave rise to much better agreements at the HF level.

Could “ce-like” structures be transiently stabilized around tria-

nionic complexes? Complex I-a was energy-minimized into a

cube-like arrangement of 40 water molecules solvating the

phosphate, similar to the one previously identified for water

clusters of 20 molecules.[67] While this is most likely a conse-

quence of the protocol followed, it has a DE value which is

the most favorable for the whole series of the solvated com-

plexes of ligand a. This is borne out by the QC computations.

By contrast, complex I only ranks third in terms of relative DE

values for the dehydroxylated ligand d. At the DFT level, I-a is

no longer the most favored and is ranked third in terms of

DEtot(SIBFA), while I-d has the least favorable DE values along

the series of d complexes. Complex I-a and representative

folded complexes A-a and B-a are represented in Figures 6a–

6c, showing the “globular” nature of the water solvation shell

in the latter two complexes. In complexes I, the phosphate

and hydroxamate-solvating waters should be further enabled

to connect by additional waters to attain a globular-like shape.

Extensive MD sampling will then be planned to evaluate any

possible persistence, or transient stabilization, of ice-like struc-

tures such as I within large water shells. Nevertheless the rela-

tive stabilization of I for the tri-hydroxylated ligand as

compared with the non-hydroxylated one is noteworthy. It

implies that the hydroxyl groups could relay, or anchor to, the

cooperative network of ice-like waters. Due to their confine-

ment in some protein binding sites, water molecules could

undergo an increased ordering, such as in two-dimensional

networks. The hydroxyl group proximal to the hydroxamate

could act as a relay as well, and this could be observed in

complex A-a of PMI.

We have recomputed the solvation energy of the ligands

with hydroxamic acid replacing hydroxamate. For this purpose,

the proton in the NA-OH bond was retained cis to the carbon-

yl oxygen. We performed energy-minimization on complexes

A-a to C-d0 starting from the corresponding structures in the

hydroxamate form. We did not redo MD, as our purpose is to

Figure 5. (a) Complexes of ligands a–d with a shell of 64 waters. Evolutions

of (a) DE(SIBFA) without dispersion and DE(HF/QC), (b) E1 and E2, and

(c) DEtot(SIBFA) including dispersion and DE(DFT/B97-D3). [Color figure can

be viewed at wileyonlinelibrary.com]
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validate SIBFA in this alternative protonation state. Demon-

strating an agreement with QC results could also be necessary

to validate future predictions of protonation states. The results

are reported in Figures 7a and 7b which compare, respectively,

DE(SIBFA) and DE(HF), and DEtot(SIBFA), DE(B97-D3), and

DE(B3LYP-D3). An equally good match is observed at either

level as the one found with the hydroxamate form.

Conformation energy differences

Another important issue for the energy balances is whether the

variations of the SIBFA ligand conformational energies in the

protein and in water are properly accounted for as compared

with QC. For such an evaluation, we have extracted ligands a–d

from their energy-minimized complexes with the 64 waters at

the outcome of EM in the structures denoted A-a to C-d0 above.

They were energy-minimized in the presence of the Langlet–

Claverie Continuum procedure. Single-point computations were

done at the outcome of EM by both SIBFA and QC. The rankings

of relative conformation energies, dEconf, were compared using

the most stable conformer as energy zero. The results are

reported in Figure 8a for ligand a comparing the evolutions of

dEconf(SIBFA) and dEconf(HF) and in Figure 8b comparing

dEconftot(SIBFA) including the dispersion contribution and

dEconf(MP2). The six conformers of ligand a are represented in

Supplementary material S6. These figures illustrate the diversity

of likely conformations of this ligand, which can be stabilized by

competing H-bonds of the hydroxyl groups with the ester or

anionic oxygens of the phosphate, with the oxygens of hydroxa-

mate, or between themselves. The corresponding curves for

ligands b–d are given in Supplementary material S7. Both

dEconf(HF) and dEconf(MP2) can be reproduced closely by

dEconf(SIBFA) and dEconftot(SIBFA), respectively. It is noted that no

calibration of the rotation barriers was attempted beforehand,

as we retained standard values of 1.5, 2.3, and 0 kcal/mol around

the CA-O, CA-C, and PA-O bonds, respectively. The trends are

only qualitatively dictated by those of dE1 even though dEconf is

dominated by the mutual electrostatic repulsions of the two

anionic groups (not shown). Thus conformers A0-a and B-a have

similar relative stabilities in terms of dE1, while it is dE2 that ena-

bles to preferentially stabilize A0-a with respect to B-a. This

should lend credence to the procedure followed to compute

the intramolecular polarization energy detailed in Ref. [47].

Equally satisfactory agreements between SIBFA and QC confor-

mational energies are found for ligands b and c. For ligand d,

however, three high-lying conformers, B-c, B0-d and C-d are more

destabilized by SIBFA than by QC.

Conformation-dependent continuum solvation energy

of the four ligands

The last determinant is continuum solvation. Previous valida-

tions of the L-C procedure were published for models of the

binding site of MBL[9] and PMI.[10] In these studies the ligand

Figure 7. Complexes of ligands a-d in the hydroxamic acid form with a

shell of 64 waters. Compared evolutions of (a) DE(SIBFA) without dispersion

and DE(HF/QC) and of (b) DEtot (SIBFA) including dispersion and DE(DFT/

B97-D3). [Color figure can be viewed at wileyonlinelibrary.com]

Figure 6. Representation of the complex of a with (a) an “ice-like” arrange-

ment of 64 waters; (b) and (c) two globular arrangements of the 64 waters.

[Color figure can be viewed at wileyonlinelibrary.com]
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was to a large extent shielded from the solvent by the side-

chains of the PMI recognition site. The present tests are limited

to ligands fully exposed to the solvent, but are demanding

owing to the presence of two anionic ligands having net

charges of 22 and 21, yet separated by only three methylene

groups. This results into very strong intra-molecular polarization

effects and induced dipoles, which after iterations could contrib-

ute to the potential generated by the solute on its van der Waals

surface. Note that for the present evaluation we do not take into

account the additional iterative polarization between the solute

induced dipoles and the solvent. Which accuracy could then be

expected? We compare in Figure 9a the evolutions of the elec-

trostatic contribution of DGsolv(LC) to those of the electrostatic

contribution of DGsolv(PCM). The corresponding evolutions of

the complete DGsolv(LC) and DGsolv(PCM) are reported in Figure

9b. It is seen that in both cases the LC procedure can match very

satisfactorily the PCM calculations, in spite of the very large

magnitudes of DGsolv(PCM) and Eel(PCM). Inclusion of the cou-

pling between the solute induced dipoles and those induced on

the solvent as was recently done in Ref. [68] should further

improve the agreements.

Toward relative energy balances. Realistic energy balances to

compare the energy balances of complexation of ligands a–d

to PMI should be envisaged only after a much more exhaus-

tive sampling of the energy surface than in the present con-

text, and inclusion of entropy effects. This clearly appears in

Figures 5a–5c and 7a and 7b for the solvation of the hydroxa-

mate and hydroxamic acid forms of ligands a–c. There is no

convergence toward a single global energy minimum that

could be used to quantify the desolvation/conformation ener-

gy rearrangement costs of these ligands in the energy balan-

ces, and there are no entropy effects. Such samplings, which

should be enabled by Tinker-HP, are planned after the porting

of the SIBFA potential on this software is completed (Lagar-

dere et al., to be published). The present results indicate that

inclusion of continuum solvation and accounting for conforma-

tional energy changes of the ligand and of PMI favors com-

plexes A over B and C, owing to the summed second-order

contributions, E2, as well as to DGsolv(LC). It will be instructive

to see if this will hold at the outcome of long-duration MD.

Notwithstanding the present limited sampling, the solvation

DH values do not appear to be favored by hydroxylation,

which would have disfavored ligand a in the energy balances

(see Figures 5 and 7). There remains a possibility that the sol-

vation entropy of ligand a is actually smaller than those of b

and c, themselves smaller than that of d. This could be due to

reduced conformational flexibility due to hydroxylation favor-

ing the formation of transient intra-ligand hydrogen bonds

with the phosphate and hydroxamate/hydroxamic acid groups.

Reduced flexibility would in turn reduce the thermalization of

the first- and second shell waters as previously proposed in

Ref. [11] upon comparing the relative affinities for PMI of a

phosphate and a malonate derivative of d-mannose. To what

an extent could the preferential affinity of ligand a for PMI

stem from a lesser TDSsolv prior to complexation, and could

this be accounted for by long-duration MD in solution? This

should also be addressed as a continuation of this work.

Conclusions and Perspectives

The advent of massively parallel codes for polarizable molecular

dynamics now enables MD simulations on a much larger scale

than presently affordable, by at least two if not three orders of

magnitude. A most topical target for drug design is the class of

Zn(II) metalloproteins, which are involved in numerous dis-

eases.[1] Metalloproteins are a most sensitive class of targets in

the context of molecular mechanics/dynamics, owing to the

onset of large polarization/charge-transfer and non-additivity.

Therefore prior to very long duration MD simulations with polar-

izable potentials, it is essential to validate the accuracy of the

energy function by comparisons with ab initio QC calculations.

We have focused on the complexes of a Zn-metalloenzyme,

phosphomannose isomerase, with a lead compound, 5PAH,

denoted as a, bearing a dianionic phosphate group, a monoa-

nionic hydroxamate one, and three hydroxyls. We compared its

binding energies to those of two analogs, b and c, devoid of one

Figure 8. Ligand a. Compared evolutions of (a) dEconf(SIBFA) without disper-

sion and dEconf(HF) and (b) dEconftot(SIBFA) including dispersion and dEconf

(MP2) for a series of solvated conformations. [Color figure can be viewed

at wileyonlinelibrary.com]

Figure 9. Ligands a–d. Compared evolutions of (a) the electrostatic contri-

butions of DGsolv(PCM) and DGsolv(LC) and (b) DGsolv(PCM) and DGsolv(LC).

[Color figure can be viewed at wileyonlinelibrary.com]
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hydroxyl group, and to one analog, d, devoid of all three hydrox-

yl groups. Three representative poses, A–C, were selected and

refined from short-duration MD. In all three, the dianionic phos-

phate is anchored at the entrance of the binding site by Arg304

and Lys310, while the hydroxamate is bound to Zn(II) with differ-

ing coordination motives. Structure A is the only one with a

bidentate coordination of hydroxamate to Zn(II), and with a

direct interaction of the proximal hydroxyl to Lys136. In all struc-

tures, two-dimensional ordered networks of discrete waters

were identified, connecting residues of the Zn- as well as

phosphate-binding site, to the N-terminal residues, similar to

the situation occurring with the complex of a D-mannose malo-

nate ligand with PMI.[11]

The first SIBFA vs. QC tests bore on the 12 A–C complexes

of ligands a–d, denoted from A-a to C-d. We compared the

SIBFA and QC intermolecular interaction energies values in

models of the binding sites, with and without the structural

waters, totaling up to 264 atoms. The comparisons were done

at the HF and DFT-D3 levels and with two different basis sets,

CEP 4-31G(2d) and cc-pVTZ(-f ). They showed good agreements

regarding the evolution of DE along the series, the ranking in

terms of relative energies, and the actual magnitudes of DE.

Regarding the latter, the relative error of DE(SIBFA) with

respect to DE(QC) was <3%. The most satisfactory agreements

were those obtained at the most advanced level in this study,

namely between DEtot(SIBFA) resorting to aug cc-pVTZ(-f ) mul-

tipoles and polarizabilities and DE(B97-D3) with the cc-pVTZ(-f )

basis set in the presence as well as in the absence of the 28

discrete water molecules (Figs. 4b and 4d).

The second tests concerned the solvation of the four ligands

in a droplet of 64 water molecules. Both anionic and protonat-

ed forms of hydroxamic acid were considered. The water mole-

cules undergo the potential and field of the tri- or dianionic

ligand, extending beyond the first-shell. These give rise to very

large second-order effects, further amplified by the coopera-

tive nature of Epol in ordered water networks.[60,67,69] The com-

parisons of SIBFA with QC bore on up to 26 different

complexes. There was a notable similarity between the SIBFA

and the QC curves, even though the first- and second-order

SIBFA contributions had in many cases distinct if not antago-

nistic behaviors (Figs. 5 and 7). This reemphasizes the need for

the separability of DEtot and a proper balance of first- and

second-order terms and control of non-additivity. The fully

dehydroxylated ligand d but not ligand a was the one for

which a conformation with the most stable solvation energy

was found. This counter-intuitive finding was confirmed by the

QC calculation, but more exhaustive sampling should clearly

be necessary. Of interest was an “ice-like” structure, I, found in

the case of ligand a, in which several waters are arranged as

in a three-dimensional parallelepiped anchored to the dia-

nionic phosphate. Such a structure ranked among the most

stable ones in the case of ligand a but not of ligand d. This

suggests that the hydroxyl groups of a vicinal to the phos-

phate could assist in the local ordering of the waters.

Two other SIBFA/QC comparisons concerned the evolution

of the intramolecular energies, dEconf, of ligands a–d in a series

of energy-minimized conformations on the one hand, and

those of their continuum solvation energies DGsolv on the oth-

er hand. With the exception of three high-lying dEconf values

of ligand d, close agreements were also found between the

two approaches. This could not be granted a priori, owing to

the very large polarization effects caused by the vicinity of the

two ionic groups, and the manifold of competing intramolecu-

lar H-bonds involving the hydroxyl groups with either phos-

phate, hydroxamate, or between themselves.

Is the present accuracy of the procedure satisfactory enough

for us to consider large-scale MD as soon as the integration of

SIBFA into Tinker-HP is achieved? Two apparently antagonistic

features are to be considered. On the one hand, extensive sam-

pling could level off/average out a large part of the errors inher-

ent to the interaction potential. This has been put forth to justify

the success of Free Energy Perturbation approaches in the con-

text of “classical,” force-field, including non-polarizable ones, as

some of them, being highly refined other the years to model spe-

cific and well documented (i.e., embodying large experimental

data) systems can achieve “chemical accuracy” even though large

energy differences with respect to QC could be found in model

complexes. On the other hand, there are numerous cases in

which several competing ligand binding modes can be generated

in the course of MD or by de novo drug design algorithms when,

as is the case with PMI, there is no available crystal structure for

the ligand-bound target. Imbalances in the relative stabilities of

competing binding modes could result into MD stabilizing modes

erroneously ranked as the most stable ones, and the underrepre-

sentation or obliteration of those which a more refined potential

would have selected. All the tests reported in this study indicate

that the SIBFA potential should now be considered for large-scale

MD and FEP. Nevertheless, regular validations by QC calculations

of the most stable MD snapshots, have become affordable and

are commendable. Along these lines, there are newly-emerging

applications of polarizable molecular mechanics: namely, their

use to sample the energy surface and perform, for the best poses,

QM/MM or QM/PMM calculations to reconstruct a QC-like trajec-

tory. This has been reported concerning “classical” potentials for

the simulation of liquid water,[70] for the solvation energy of a

series of flexible ligands,[71] and for ligand-binding free ener-

gies.[72] In such approaches, the larger the overlap between the

QC and MM energies, the better the sampling.

The present results could also be used to validate other

polarizable molecular mechanics, as well as semi-empirical QC

procedures. For that purpose, the coordinates of complexes

A-c to C-d are given as Supplementary material S8.

Keywords: Zn-metalloenzymes�hydroxamate ligands�polarizable

molecular mechanics/dynamics�quantum chemistry�drug

design
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