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Abstract: Using the polarizable molecular mechanics method SIBFA, we have performed a search for the most stable
binding modes of D- and L-thiomandelate to a 104-residue model of the metallo-�-lactamase from B. fragilis, an
enzyme involved in the acquired resistance of bacteria to antibiotics. Energy balances taking into account solvation
effects computed with a continuum reaction field procedure indicated the D-isomer to be more stably bound than the
L-one, conform to the experimental result. The most stably bound complex has the S� ligand bridging monodentately
the two Zn(II) cations and one carboxylate O� H-bonded to the Asn193 side chain. We have validated the SIBFA energy
results by performing additional SIBFA as well as quantum chemical (QC) calculations on small (88 atoms) model
complexes extracted from the 104-residue complexes, which include the residues involved in inhibitor binding.
Computations were done in parallel using uncorrelated (HF) as well as correlated (DFT, LMP2, MP2) computations, and
the comparisons extended to corresponding captopril complexes (Antony et al., J Comput Chem 2002, 23, 1281). The
magnitudes of the SIBFA intermolecular interaction energies were found to correctly reproduce their QC counterparts
and their trends for a total of twenty complexes.
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Introduction

Metallo-�-lactamases are zinc enzymes inactivating �-lactam an-
tibiotics by hydrolyzing their endocyclic amide bond.1,2 As a
major source of bacterial resistance against these antibiotics, me-
tallo-�-lactamases have continuously attracted the interest of mo-
lecular modellers: molecular dynamics simulations of the entire
protein3 and quantum chemical calculations of active site com-
plexes4 have been performed, starting from structural information
provided by X-ray crystallography.1,2,5–8 Frequently, experimen-
tal studies are complemented by molecular modeling of inhibitor
docking.5,9–14

Because resistance to �-lactam antibiotics mediated by metal-
lo-�-lactamases is an increasing problem, the study of inhibitors of

metallo-�-lactamases is a very important task. We report on com-
plexes of thiomandelic acid, a broad spectrum and reasonably
potent inhibitor of metallo-�-lactamases.15 Combination of 1H,
15N, and 113Cd NMR, and 111mCd perturbed angular correlation
(PAC) of �-ray spectroscopies showed that the inhibitor thiol binds
to both metal ions.14 Molecular modeling of complexes between
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thiomandelic acid and B. cereus metallo-�-lactamase using the
AMBER force field additionally identified an interaction between
one oxygen of the carboxylate group of the inhibitor and the NH3

�

of Lys171. The other carboxylate oxygen atom interacts with the
Zn(II) cation, which is coordinated by a cysteine, an aspartate, and
a histidine (Zn(II)b) for the D-isomer of the inhibitor, but not for
L-thiomandelate.14 Here we probe different binding modes of
thiomandelic acid using polarizable molecular mechanics and
compare to our previous results obtained for the inhibitor capto-
pril.16

The structures of thiomandelate and captopril are represented in
Chart 1. We will proceed similarly to our previous study devoted
to the binding of D- and L-captopril to �-lactamase, which resorted
to SIBFA and, for model binding sites, to parallel SIBFA and
quantum chemistry (QC) calculations.16 Thus, we first perform a
search for the most favorable modes of binding by energy mini-
mization (EM). The energy balances take into account the energy
of the protein–inhibitor complex, the minimized energies of a
model of uninhibited protein and of the isolated inhibitor, and the
contribution of solvation using a Continuum procedure. The rec-
ognition site has eight amino acid residues. These are five neutral
residues: His99, His101, His162, Asn193, His223; two anionic
residues, Asp93 and Cy�181, one cationic residue, Lys184, and
two Zn(II) dictations at 3.5 Å from one another. The inhibitor has
two candidate Zn(II)-binding moieties, thiolate and carboxylate,

with only one C atom interposed in between, and has an aromatic
ring. The vicinity of up to seven charged entities [the two Zn(II)
cations, Asp103, Cy�181, Lys184, and the thiolate and carboxy-
late groups of the inhibitor] results into very large nonadditivity
effects of polarization, Epol, and charge-transfer, Ect, energy con-
tributions. Such effects were seen in our previous study16 to have
different magnitudes, depending on the nature of the complexes.
Their onset renders the use of conventional, nonpolarizable mo-
lecular mechanics problematic for energy comparisons between
competing binding modes. This is further compounded by the issue
of multipole transferability in constructing large molecules from
constitutive fragments that was raised by Faerman and Price.17 The
need to compute simultaneously and consistently inter- and in-
tramolecular Epol and Ect contributions has been underlined, and
procedures have been developed towards this aim.18,19 Thus, to
validate our approach, we will extract from each energy-mini-
mized �-lactamase complex, the terminal side-chain fragments of
the above-mentioned residues, the inhibitor, and the two Zn(II)
cations. For Asn193, the N-terminal part of the backbone and the
entire side chain are extracted. Single-point SIBFA energy com-
putations are performed, and, in parallel, uncorrelated and corre-
lated QC computations with two different basis sets. We will also
test a new formulation of the SIBFA first-order contributions. The
same comparisons are also reported for captopril, thus totalling up
to 20 complexes, and are extended to the computations of contin-
uum solvation energies.

Procedure

Quantum Chemistry Computations

The ab initio computations used the Coreless Effective Potential
(CEP) 4-31G(2d) basis set developed by Stevens et al.,20 which
encompasses two 3d polarization functions on the heavy atoms,
and the LACV3P** basis set, which is equivalent to the 6-311G**
set on the nonmetal atoms.21 The contribution of correlation to the
CEP 4-31G(2d) binding energy was evaluated using the MP2
procedure.22 The DFT computations used the B3LYP23 functional
and the CEP 4-31G(2d) basis set as well as the LACV3P** basis
set. The LMP2 computations are based on the approach developed
by Saebo et al.,24 and resorted to the LACV3P** basis set. The
CEP 4-31G(2d) computations used the Gaussian 0325 and the
LACV3P** ones used the Jaguar 5.0 software.26 The HF and
LMP2 methods in Jaguar use a pseudospectral method to compute
the integrals.27 The calculations of the continuum solvation ener-
gies were done using the Poisson–Boltzmann equation within the
HF as well as the DFT procedures.28

SIBFA Computations

The intermolecular interaction energy was computed as a sum of
five components: electrostatic multipolar energy (EMTP), short-
range repulsion (Erep), polarization (Epol), charge transfer (Ect),
and dispersion (Edisp). The multipoles (up to quadrupoles) were
distributed on the atoms and the bond barycenters using a proce-
dure developed by Vigné–Maeder and Claverie.29 The anisotropic
polarizabilities were distributed on the centroids of the localized

Chart 1. Representation of the structures of thiomandelate and cap-
topril inhibitors.
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orbitals (heteroatom lone pairs and bond barycenters) using a
procedure due to Garmer and Stevens.30 The expression of each
contribution was detailed in our previous articles.31 For the vali-
dation calculations of this work, we have also tested a new for-
mulation of the two first-order contributions. Thus, EMTP is aug-
mented with a “penetration” component Epen, which is most of the
time attractive and mimics the effects of the overlap of the electron
clouds of the interacting molecules. The expression for Epen in
SIBFA was given in ref. 32. Erep is expressed as the sum of
bond–bond, bond–lone pair, and lone pair–lone pair interactions.
Denoting by RIJ, the distance between the centroids of localized
orbitals such as I and J (chemical bonds or lone pair hybrids), and
by S a representation of the overlap between such interacting
bonds and/or lone pairs, the S2/R expression (see ref. 31) is now
augmented with as an S2/R2 term, following an earlier proposal by
Murrell and Teixeiras-Dias.33 It was calibrated in a limited set of
H-bonded and monoligated cation–ligand complexes (Piquemal et
al.,34 Gresh et al.35) so as to reproduce the corresponding values of
the short-range repulsion contribution Eexch from energy decom-
position, instead of the actual difference between (Ec � Eexch) and
EMTP.

Finally, for both approaches, we have recalibrated the Zn-
specific parameters for Ect and, concerning Epol, the screening
parameters of imidazole and methanethiolate.

Ect

The recalibration of Ect in the case of Zn(II) has been motivated by
several comparisons with ab initio energy decomposition analyses
using the Restricted Variational Space Analysis (RVS) procedure36

on polycoordinated Zn(II) complexes.37 These had shown
Ect(SIBFA) to have an overestimated anticooperative character with
respect to that of its RVS counterpart, leading in some cases, partic-
ularly with anionic ligands, to underestimated values. We have ac-
cordingly modified four Zn-specific parameters of Ect, as detailed in
an accompanying paper (Gresh et al.35). Such parameters were se-
lected to reproduce the values of Ect(RVS) in the [Zn(H2O)6]2�

complex, while giving similar Ect values as the previous parameters in
Zn-monoligated complexes. Tests were subsequently performed on
diverse tetra- and pentacoordinated Zn(II) complexes, as in Zn-finger
models and the active site of �-lactamase in the presence of a
hydroxide and a water molecule. They showed Ect(SIBFA) to cor-
rectly reproduce the trends from Ect(RVS).

Epol

In SIBFA the field polarizing a given molecule or molecular
fragment is screened by a Gaussian function, which has a multi-
plicative factor E, and an exponent F, specific for that fragment
and initially calibrated for it31b so that the radial variations of
Epol(SIBFA) match the corresponding ones of Epol(RVS) in its
complexes with Zn(II) as a probe. We have reported in an accom-
panying paper (Gresh et al.35) the updated E and F values for
imidazole and methanethiolate ligands. Such values were found to
give an equally good match to Epol(RVS) as those originally
derived in ref. 31b, and an improved nonadditive behavior of
Epol(SIBFA) in polyligated complexes. All other molecular frag-
ments retained the same E and F values as in the original

article.31b Additional details are given in the accompanying article.
The quadrupole polarizability on Zn(II) was not included, on
account of its negligible effect in diverse polyligated Zn(II) com-
plexes, as computed in the latter article.

Calculation of solvation energies �Gsolv

�Gsolv was computed using the Langlet–Claverie (LC) proce-
dure38 interfaced in SIBFA.39 It is formulated as a sum of elec-
trostatic, polarization, repulsion, and cavitation contributions. It
uses the same ab initio distributed multipoles as SIBFA, ensuring
mutual consistency. The parameters used were the same as in ref.
40.

Construction of the Protein and of the Inhibitors

The protein is assembled with the standard library of its constitu-
tive backbone and side-chain fragments, encompassing the internal
coordinates and the distributed multipoles and polarizabilities. The
104-residue model is built out of the nine oligopeptide sequences:
Tyr40–Glu47, Met51–Met57, Leu68–Gln76, Phe95–Leu108,
Ala120–Pro136, Tyr156–Val169, Phe178–Trp202, Val220–
Gly224, and Thr235–Val239. The hydroxide and water ligands
that coordinate the Zn(II) in the absence of inhibitor are removed
in its presence. This assumption is supported by an X-ray crystal-
lography study of the IMP-1 �-lactamase with a mercaptocarboxy-
late inhibitor, showing the inhibitor to replace these two ligands.6

Thiomandelate was built out from methanethiolate, formate, and
benzene fragments. Captopril was built out of methanethiolate,
formate, formamide, two methanes, and proline. Standard bond
lengths and valence angles were used.

Treatment of Flexible Molecules

We have resorted to a procedure that was developed and tested in
recent studies of Zn(II) finger oligopeptides,41 pentahydrated
Zn(II) and Mg(II) complexes of 5�-guanosine monophosphate,40a

organometallic complexes of Cu(II),40b and conformational studies
of eleven model alanine and glycine tetrapeptides.18d To compute
EMTP, the multipoles were redistributed at the junctions between
fragments following the procedure of ref. 42. To compute Epol, the
multipoles of the interfragment junctional bonds were not redis-
tributed, and the junctional H atoms were located on the C or N
atoms, from whence they originate. This procedure prevents the
fragments from acquiring a nonnet fractional charge because of the
multipole redistribution. It also prevents any junctional atom or
bond multipole from being at too short distances (�1 Å) from a
polarizable center belonging to an adjacent fragment. The total
interaction energy was computed as the sum of intra- and inter-
molecular interfragment interactions computed simultaneously.
The values of SIBFA “intermolecular” interaction energies in the
model binding sites were computed as the difference between such
a summed energy and that of the ligand alone in the same geom-
etry as in the corresponding complex. The intramolecular energy
of the terminal end of each side chain in these models was zero,
because each consists of one single fragment; that of Asn193 was
also zero, because it was constructed from four nonmutually in-
teracting fragments, and there are insignificant energy differences
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between the various Asn193 conformers, as confirmed by corre-
sponding ab initio computations.

Energy Minimizations

These were done with the Merlin package.43 As in ref. 16, the
protein backbone was held rigid, and the side chains of eight
residues in the recognition site were relaxed. The six intermolec-
ular variables defining the inhibitor orientation in its complexes
and its torsion angles were relaxed, as well as the positions of the
two Zn(II) cations. We have resorted to the following strategy. The
inhibitor was placed in the binding pocket of �-lactamase in the

orientation with the lowest binding energy found with the Cff91
force field.44 The orientation and conformation of the inhibitor
were then minimized in the rigid enzyme, and subsequently to-
gether with relaxing the intramolecular degrees of freedom of the
binding site. In the resulting complexes, no other coordination of
the two Zn(II) cations by the inhibitor was found except by the
bridging sulphur. Zinc coordination by the carboxylic acid of the
inhibitor was enforced by introducing harmonic restraints between
one of its oxygen atoms and one Zn(II) cation. Zinc coordination
by the inhibitor’s sulphur was assured by a second restraint be-
tween sulphur and the other Zn(II). After having prepared the

Figure 1. (a) Representation of complexes d-I, d-Ia, and d-Ib of thiomandelate with metallo-�-lactamase binding site. (b) Representation of complexes
d-II, d-IIa, d-IIb, and d-III of thiomandelate with metallo-�-lactamase binding site. (c) Representation of complexes l-I, l-Ib, and l-III of thiomandelate with
metallo-�-lactamase binding site. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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inhibitor in the desired orientation, the restraints were removed and
the structures were optimized as above, that is, first in the rigid and
then in the flexible binding site.

Results and Discussions

104-Residue �-Lactamase

Three energy-minimized conformations were initially derived for
both D- and L-isomers of thiomandelate. They are denoted as d-I

to d-III and l-I to l-III for the respective isomers. However, none
was characterized by a simultaneous binding of the carboxylate
group to one Zn(II) cation through one O atom, and, through its
second O atom, to the Lys184 side chain, as in the model recently
proposed by Damblon et al.14 Thus, to obtain such a model in our
approach, we performed two constrained energy minimizations,
using complexes d-I, d-II, and l-I as starting points. These com-
plexes were the most likely ones to give rise to such a simulta-
neous interaction. For complexes d-Ia and d-IIa, a distance re-
straint (2.7 Å) was imposed between one carboxylate oxygen and

Figure 1. (continued)

Complexes of Thiomandelate and Captopril Mercaptocarboxylate Inhibitors 1135



the N atom of the Lys side chain. In complexes d-Ib, d-IIb, and
l-Ib, an additional restraint (2.1 Å) was set between the other
carboxylate O� and the His223 bound Zn(II) cation, denoted as
Zn(II)b. The structures derived by restrained energy minimization
were postprocessed by a second round of energy minimizations
with the distance restraints removed. A total of 11 complexes was
thus derived from energy minimization. d-I, d-Ia, and d-Ib are
represented in Figure 1a, d-II, d-IIa, d-IIb, and d-III in Figure 1b,
and l-I, l-Ib, and l-III in Figure 1c. Complex l-II, with a very strong
overlap with l-I (the heavy-atom rms is 0.4 Å) is not shown. The
representation is limited to the inhibitor, the two Zn(II) cations, the
terminal fragments of the side chains of residues His99, His101,
Asp103, Cy�181, Asn193, Lys184, and His223, as well as the

N-terminal part of the Asn193 main chain. All complexes have
closely comparable Zn coordination to the �-lactamase ligands:
His99, His101, and His162 for the first and Asp103, Cy�181, and
His223 for the second, Zn(II)b. We describe below the more
specific features of each.

D-thiomandelate

Complexes d-I, d-Ia, and d-Ib are “monodentate” ones, that is, only
the S� atom binds both Zn(II) cations. In d-Ib, the O�-Zn coor-
dination was lost after removal of the distance restraints. In d-I,
one carboxylate O� is H-bonded to the Asn193 side chain. In d-Ia,
this O� is H-bonded to the Asn main chain. In d-Ib, the carbox-

Figure 1. (continued)
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ylate is bound simultaneously through one O� to the Lys184 side
chain, and through the other to the Asn N side chain. Complexes
d-II and d-IIb are “bidentate” ones. They are stabilized by the
involvement of one O� to the binding to Zn(II)b cation while the
S� remains bound in the Zn bridging position. In d-IIb, one O� is
H-bonded to the Lys184 side chain. This complex corresponds to
the one proposed by Damblon et al.14 In d-IIa, while the other O�

is H-bonded to the Lys184 side chain, the previous O� is now
remote from Zn(II)b (dO-Zn � 3.1 Å). d-III is also a bidentate
complex, but it is now one O� that bridges the two Zn(II) cations,
S� being bound to Zn(II)b, and the other O� being H-bonded to
the Asn193 side chain.

L-thiomandelate

Complexes l-I and l-II are monodentate, S� bridging the two
Zn(II) cations, and one carboxylate O� being H-bonded to the
Lys184 side chain. Complex l-Ib has similar features as l-I. It was
thus not possible with the present protocol to have a simultaneous
binding of the carboxylate group to Lys and Zn(II)b in accordance
with ref. 14. In complex l-III, similar to d-III, one O� has dis-
placed S� from the Zn bridging position, while the other O� is
H-bonded to the Asn193 side chain.

Table 1 reports the energy balances for the 11 complexes of
thiomandelate with the 104-residue �-lactamase model. We also
report the corresponding energies for a model of inhibitor-free
�-lactamase, in which the recognition site has the Zn(II) cations
complexed by a water and a hydroxide ligand as in the X-ray
crystal structure.5 In this table, Etot denotes the total energies of
each complex and their individual contributions, namely: EMTP,
Erep, and their sum, El, Epol, Ect, and Edisp. Etot thus includes the
energy of thiomandelate in the conformation it adopts in the

corresponding complex. It also reports the value of the solvation
energy Esolv using the Langlet–Claverie continuum reaction field
procedure,38 the value, Elig0, of thiomandelate in its lowest energy-
minimized conformation, and the value of thiomandelate solvation
energy in this conformation. The latter, denoted as �Esolv, repre-
sents the desolvation energy cost for transferring thiomandelate
from solution to the �-lactamase binding site. In the case of
uninhibited �-lactamase, �Esolv corresponds to the summed con-
tinuum solvation energies of hydroxide and water. �E is the sum
of Etot, Esolv, Elig0, and �Esolv. �Efin is the difference, for each
thiomandelate complex, between its �E value and that of uninhib-
ited �-lactamase taken as energy zero. Table 1 shows d-I to be the
most stable complex (�Efin � 1.1 kcal/mol), with D-thiomandelate
bridging monodentately through its S� atom the two Zn(II) cat-
ions, and H-bonded through one carboxylate O� to the Asn193
side chain. The next two complexes on the energy scale are d-III
(�Efin � 10.5 kcal/mol), in which it is one carboxylate O� that
occupies the Zn bridging position, and dIa (�Efin � 13.2 kcal/
mol), with S� monodentately bridging the two Zn cations, and one
carboxylate O� H-bonded to the Asn N main chain. The most
stable L-thiomandelate complexes are l-Ib (�Efin � 18.7 kcal/
mol), having a monodentate Zn binding by S� and one O� in a salt
bridge with Lys184, and l-III (�Efin � 21.9 kcal/mol) with one O�

replacing S� in the Zn bridging position. Examination of Table 1
shows Esolv to play an essential role in the ranking of �E values.
Thus, while l-Ib has the lowest Etot value (�2102.4 kcal/mol), it is
destabilized by 23 kcal/mol with respect to d-I by the Esolv term.
The complexes with the least favorable Esolv values have a salt
bridge between the Lys184 side chain and one O�, namely: d-Ib,
d-IIa, d-IIb, l-I, l-Ib, and l-II. A detailed discussion of the trends in
individual contributions is resumed in Supporting Information S1.

Table 1. Energy Balances (kcal/mol) for the Complexes of D- and L-Thiomandelate with a 104-Residue
Model of �-Lactamase.

D-thiomandelate L-thiomandelate

Uninhibitedd-I d-Ia d-Ib d-II d-IIa d-IIb d-III l-I l-Ib l-II l-III

EMTP �1802.6 �1826.9 �1849.9 �1865.1 �1879.6 �1923.8 �1806.8 �1821.4 �1825.2 �1814.5 �1773.3 �1852.0
Erep 635.7 641.6 688.2 624.9 670.9 670.1 590.8 620.9 619.1 611.8 584.2 562.8
El �1166.9 �1185.3 �1161.8 �1240.2 �1208.7 �1253.7 �1216.0 �1200.4 �1206.1 �1202.7 �1189.1 �1289.1
Epol �422.0 �388.4 �395.6 �362.1 �370.9 �346.0 �396.4 �398.1 �388.7 �398.0 �410.1 �421.8
Ect �134.6 �150.0 �150.0 �112.1 �140.4 �116.2 �126.6 �131.1 �143.1 �131.6 �128.4 �100.9
Edisp �373.6 �370.9 �384.6 �367.4 �379.5 �374.8 �350.7 �364.3 �364.5 �361.5 �348.1 �318.4
Etot �2097.0 �2094.6 �2091.9 �2081.6 �2099.4 �2090.6 �2089.7 �2093.9 �2102.4 �2093.7 �2075.7 �2131.5
Esolv �1645.8 �1636.1 �1618.3 �1621.8 �1609.3 �1607.4 �1643.7 �1622.8 �1622.8 �1621.8 �1646.3 �1550.3
�E � Etot � Esolv

� Elig0 � �Esolv �3584.9 �3572.8 �3552.3 �3545.5 �3550.8 �3540.1 �3575.5 �3558.8 �3567.3 �3557.6 �3564.1 �3586.0
�Efin � �E

–�E (uninhibited) 1.1 13.2 33.7 41.5 35.2 46.1 10.5 27.2 18.7 28.4 21.9

The balances are computed with respect to a �-lactamase model in which the inhibitor is replaced by Zn-ligating
hydroxy and water. Elig0 denotes the intramolecular energy of isolated thiomandelate following energy minimization
taking into account its continuum solvation energy. �Gsolv is its continuum solvation energy in the energy-minimized
conformation, and �Esolv � ��Gsolv. The values of Elig0 and �Esolv are 68.9 and 226.8 kcal/mol, respectively. The
summed �Esolv value for hydroxy and water is 95.8 kcal/mol. �E(uninhibited) denotes the sum Etot � Esolv � �Esolv

of �-lactamase in which thiomandelate is replaced by water and hydroxyl.

Complexes of Thiomandelate and Captopril Mercaptocarboxylate Inhibitors 1137



Nine out of the 11 complexes have Etot values differing from one
another by �13 kcal/mol. The small Etot differences can result
from large differences at the level of the individual contributions,
with large preferences in terms of El (as for d-II, d-IIb) compen-
sated by opposing preferences in terms of Epol and/or Ect, and, to
a somewhat lesser extent, Edisp. d-I is observed to have a �E value
differing only marginally (1 kcal/mol out of 3585) from �E in the
uninhibited complex. However, this could be fortuitous, because of
the choice of the nature of that complex as chosen to translate the
energy zero, and it is the relative �Efin values along the series that
represent the quantities of interest. In the case of D-captopril, the
�Efin value for the most stable complex amounted to 14.9 kcal/
mol.16 This should be not taken as an indication for a more
favorable thiomandelate than captopril affinity to �-lactamase,
because the �Gsolv computations in ref. 16 used a different cali-
bration than the present one, slightly different Gaussian screening
parameters for imidazole, a different calibration of Zn-specific
parameters for Ect, and different imidazole and thiolate screening
factors in the expression of Epol.

Validation of SIBFA Results

Thiomandelate

It was essential to evaluate the accuracy of the present computa-
tions by explicit comparisons with quantum chemistry computa-
tions. Although these can obviously not be undertaken on the
104-residue �-lactamase, they are tractable on the model binding
sites described in Figures 1a–c, because of their limited size (88

atoms). Similar to our previous study bearing on the �-lactamase
complexes with D- and L-captopril,16 we have performed single-
point SIBFA energy computations and, in parallel, uncorrelated
and correlated (DFT, LMP2, MP2) QC computations with two
different basis sets, LACV3P** and CEP 4-31G(2d), denoted as
basis sets a and b, respectively.

Concerning the SIBFA calculations, in addition to the standard
formulation used in the 104-residue model, we have tested a recently
introduced refinement of the two El contributions, EMTP and Erep.
These consisted in: (a) the explicit introduction of a “penetration”
term, Epen, to the multipolar contribution EMTP;32 and (b) the recali-
bration of Erep to fit the exchange contribution from energy decom-
position in model H-bonded (Piquemal et al., unpublished) and mono-
ligated Zn complexes (Gresh et al.35) instead of the difference
between El(QC) and EMTP. Erep is, furthermore, formulated as the
sum of an S2/R term augmented with an S2/R2 term. Such a reformu-
lated potential could not be used, however, in the 104-residue com-
putations, because it is necessary to further extensively test it in
computations on large oligopeptides.

We have reported in Tables 2 and 3 the results of the
comparisons done at uncorrelated and correlated levels, respec-
tively. Table 2 lists: the values of the HF intermolecular inter-
action energies, �E(HF), and the differences, ��E, in �E(HF)
values with respect to the best-bound complex taken as energy
zero; the corresponding values of the SIBFA intermolecular
interaction energies, �E(SIBFA), prior to including the disper-
sion contribution Edisp. The values with the new formulation are
indicated with an *; the differences, ��E, in �E(SIBFA) values

Table 2. Complexes of D- and L-Thiomandelate with the Two Zn(II) Cations and the Eight Fragments
Modeling the �-Lactamase Binding Site.

d-I d-Ia d-Ib d-II d-IIa d-IIb d-III l-I l-Ib l-II l-III

LACV3P** basis set
�E(HF)a �1229.5 �1249.3 �1244.5 �1249.0 �1257.2 �1262.5 �1245.8 �1276.6 �1262.3 �1275.6 �1233.8
��E 47.1 27.3 32.1 27.6 19.4 14.1 30.8 0.0 14.3 1.0 42.8

CEP 4-31G(2d) basis set
�E(HF)b �1270.8 �1288.7 �1282.5 �1287.5 �1296.3 �1299.7 �1276.9 �1313.9 �1297.8 �1312.6 �1266.9
��E 43.1 25.2 31.4 26.4 17.6 14.2 37.0 0.0 16.1 1.3 47.0
�E(SIBFA) �1234.3 �1245.6 �1236.7 �1261.7 �1250.1 �1272.9 �1251.8 �1276.1 �1266.4 �1276.8 �1238.1
��E 41.8 30.5 39.4 14.4 26.0 3.2 24.3 0.0 9.7 �1.5 38.0
�E(SIBFA*) �1251.8 �1262.9 �1254.1 �1275.2 �1264.7 �1280.5 �1264.9 �1295.6 �1283.1 �1295.4 �1250.7
��E* 43.8 32.7 41.5 20.4 30.9 15.1 30.7 0.0 12.5 0.2 44.9
�(�E): SIBFA*/HFa �22.3 �13.6 �9.6 �26.2 �7.5 �18.0 �19.1 �19.0 �20.8 �19.8 �16.9
�(�E): SIBFA*/HFb 19.0 25.8 28.4 12.3 31.6 19.2 12.0 18.3 14.7 17.2 16.2
�Ethi(HF)a 0.0 4.2 1.0 3.8 1.2 4.8 4.9 4.4 3.5 4.4 4.1
�Ethi(HF)b 0.0 2.5 1.0 2.2 1.3 6.5 2.9 2.6 2.5 2.6 3.6
�Ethi(SIBFA*) 0.0 6.0 1.9 6.8 2.0 18.2 5.7 6.2 6.7 6.2 7.9
�E(HFa) 42.9 27.4 29.1 27.0 16.4 19.2 31.5 0.0 14.8 1.0 42.9
�E(HFb) 40.6 25.1 29.8 26.0 16.3 18.1 37.4 0.0 13.9 1.3 48.1
�E(SIBFA*) 37.6 32.4 37.1 21.0 26.8 27.1 30.1 0.0 13.0 0.2 46.6

Values (kcal/mol) of the intermolecular interaction energies. Uncorrelated calculations and SIBFA �E values without
the dispersion contribution.
aLACV3P** basis set.
bCEP(4-31G(2d)) basis set.
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with respect to that in complex l-I taken as energy zero; the
differences, �(�E):SIBFA*/HF, of �E(SIBFA*) values with
respect to the corresponding HF ones; the differences, �Ethi, in
conformational energies of thiomandelate with respect to its
most stable conformation in the considered complexes, namely
d-I, as computed from the various approaches; and the differ-
ences, �E, in stability of the complexes (which include the
thiomandelate conformational energy variations) with respect to
the energy of the most stable complex l-I. Table 3 gives the
values of the correlated DFT, LMP2, and MP2 intermolecular
interaction energies and corresponding SIBFA energies after
inclusion of Edisp contribution, denoted as �Etot(SIBFA); the
differences, ��E, of �Eint values with respect to its value in
complex l-I, and the differences, �(�E):SIBFA*/DFT and
�(�E):SIBFA*/MP2 in SIBFA vs. DFT and MP2 interaction
energies as computed with basis set b. For conciseness, we did

not report for the latter the comparisons with basis set a,
because the trends are similar.

Uncorrelated Computations

Table 2 shows that the trends of �E(HF) are overall correctly
reproduced by �E(SIBFA) and �E(SIBFA*). The latter values are
consistently larger in magnitude (by 8 to 20 kcal/mol out of 1250)
than the former, and therefore closer to the �E(HF)b values, which
use the same basis set [CEP(4-31G(2d)] as for the derivation of the
SIBFA multipoles. �E(SIBFA*) has values consistently interme-
diate between the �E(HF)a and the �E(HF)b ones. It is underesti-
mated with respect to �E(HF)b by values in the range 12–32 kcal/mol
out of 1250, corresponding to relative errors in a 1–3% range. It is
overestimated with respect to �E(HF)a by values in the range 8–26
kcal/mol out of 1230, that is, relative errors in the 0.5–2% range. The
energy ranking of the 11 complexes is as follows:

��E�HF�a

l-I
0.0

�
l-II
1.0

�
d-IIb
14.1

� l-Ib
14.3

�
d-IIa
19.4

�
d-Ia
27.3

� d-II
27.6

�
d-III
30.8

�
d-Ib
32.1

�
l-III
42.8

�
d-I

47.1

��E�HF�b

l-I
0.0

�
l-II
1.3

�
d-IIb
14.2

�
l-Ib
16.1

�
d-IIa
17.6

�
d-Ia
25.2

�
d-II
26.4

�
d-Ib
31.4

�
d-III
37.0

�
d-I

43.1
�

l-III
47.0

��E�SIBFA*�

Table 3. Complexes of D- and L-Thiomandelate with the Two Zn(II) Cations and the Eight Fragments
Modeling the �-Lactamase Binding Site.

d-I d-Ia d-Ib d-II d-IIa d-IIb d-III l-I l-Ib l-II l-III

LACV3P** basis set
�E(DFT) �1281.6 �1298.9 �1299.7 �1301.8 �1310.3 �1316.0 �1293.1 �1328.8 �1314.1 �1328.3 �1284.1
�E(LMP2) �1272.7 �1291.3 �1290.1 �1295.2 �1301.5 �1305.5 �1281.1 �1321.1 �1306.1 �1320.7 �1271.9

CEP4-31G(2d)
basis set

�E(DFT) �1369.0 �1385.3 �1384.4 �1384.0 �1395.5 �1391.9 �1365.0 �1410.8 �1395.4 �1409.7 �1357.3
��E 41.8 25.5 26.4 26.8 15.3 18.9 45.8 0.0 15.4 1.1 53.5
�E(MP2) �1414.9 �1436.7 �1447.8 �1436.2 �1453.4 �1453.8 �1414.7 �1459.7 �1446.4 �1460.0 �1408.1
��E 44.8 23.0 11.9 23.5 6.3 5.9 45.0 0.0 13.3 �0.3 51.6
�Etot(SIBFA) �1358.1 �1378.6 �1376.6 �1387.0 �1385.6 �1408.6 �1362.0 �1400.6 �1390.7 �1399.1 �1350.2
��Etot 42.5 22.0 24.0 13.6 15.0 �8.0 38.4 0.0 9.9 1.5 50.4
�Etot(SIBFA*) �1386.8 �1410.8 �1407.3 �1410.3 �1411.0 �1426.1 �1380.5 �1430.1 �1417.7 �1427.6 �1368.1
��Etot* 43.3 19.3 22.8 19.8 19.1 4.0 49.6 0.0 12.4 2.5 62.0
�(�E):SIBFA*/DFTb �17.8 �25.5 �22.9 �26.3 �15.5 �34.2 �15.5 �19.3 �22.3 �17.9 �10.8
�(�E):SIBFA*/MP2b 28.1 25.9 40.5 25.9 42.4 27.7 34.2 29.6 28.7 32.4 40.0

Values (kcal/mol) of the intermolecular interaction energies. Correlated calculations and SIBFA �E values with the
dispersion contribution.
aLACV3P** basis set.
bCEP(4-31G(2d)) basis set.
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l-I
0.0

� l-II
0.2

�
l-Ib
12.5

�
d-IIb
15.1

�
d-II
20.4

�
d-III
30.7

�
d-IIa
30.9

�
d-Ia
32.7

�
d-Ib
41.5

�
d-I

43.8
�

l-III
44.9

�E(SIBFA*) gives the best bound complexes as being l-I and l-II,
consistent with �E(HF) with either basis set. It gives the next two
complexes as being l-Ib and d-IIb. An inversion in the relative
stabilities of the next two complexes, l-Ib and d-IIb, is found, but
involves 2.5 kcal/mol out of 1275, compared to �E(HF)b that gives
d-IIb as more stable than l-Ib by 2 kcal/mol, while the corresponding
�E(HF)a values are virtually equal. A graph displaying the evolutions
of the �E(HF) and �E(SIBFA*) values (Table 2) for both thioman-
delate and captopril (see below) complexes and as a function of their
numbering is given in Figure 2. A more detailed analysis of the trends
of the other conformers is given in Supporting Information S2. The
��E values derived from �E(SIBFA) are similar to those from
�E(SIBFA*), except for d-IIb, which gives a less good agreement
(3.2 kcal/mol as compared to 15.1, the corresponding HF values being
14.1). The most notable �E(SIBFA) deviation again concerns d-IIa,
with a similar ��E as from �E(SIBFA*).

The values of thiomandelate conformational energy variations,
�Ethi, are overestimated by SIBFA. Notably, a very steep increase
of �Ethi (18.2 kcal/mol compared to 4.8 and 6.5 from HF compu-
tations) occurs for complex d-IIb, where the S� and one O� atoms
eclipse one another at a short distance (dO-S � 2.92 Å) to simul-
taneously bind Zn(II)b. The overestimation of �Elig(SIBFA) com-

pared to �Elig(HF) was previously noted in the case of captopril.16

We have previously shown32 that Epen has a very pronounced
attractive character when two electron-rich atoms come close
together. It thus appears that its inclusion in its present formulation
does not contribute to �Ethi lowering, because its value in the
original SIBFA formulation is 16.1 kcal/mol. Further refinements
in Epen calibration, including a dependence of the overlap-depen-
dent term upon atomic electron populations (as for Erep) are
underway and will be reported elsewhere.

The values of �E(SIBFA*) are generally close to their �E(HF)b

counterparts. The largest deviations are for d-IIa, due to its rela-
tively more underestimated �Eint value.

The �E evolutions are illustrated on Figure S1. This graph reflects
the main features of that from Figure 2, with, however, d-IIb raised in
the SIBFA graph due to its overestimated �Ethi term.

Correlated Computations

The results are reported in Table 3. A detailed discussion is given as
Supporting Information S3. With basis set a, we observe �E(DFT)
and �E(LMP2) to display exactly the same trends. With basis set b,
MP2 results into a greater stabilization than DFT, ranging from 45.9

Figure 2. Evolution of �E(SIBFA*) and �E(HF)a, and �E(HF)b in the complexes of thiomandelate and captopril with the Zn(II) cations and the
fragments of the eight residues modeling the metallo-�-lactamase binding site.
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to 63.4 kcal/mol. The values of �Etot(SIBFA*) are consistently in-
termediate between the �E(MP2) and the �E(DFT) ones. They are
underestimated with respect to the MP2 calculations by larger but
slightly more uniform amounts than at the HF level, with relative
errors of 2–3%. They are overestimated with respect to the DFT
computations by less uniform amounts, corresponding to relative
errors of 0.5–3%. The evolutions of �Etot(SIBFA*) and its correlated
QC counterparts are represented in Figure 3. The bump in the uncor-
related �E(SIBFA*) graph (Fig. 2) in the d-Ib–d-IIa zone is now
smoothened, but this improved agreement is probably fortuitous. The
trends in �Etot(SIBFA) are the same as those of �Etot(SIBFA*) (not
shown).

Continuum Solvation Calculations

Because of the essential role of �Gsolv in the energy balances,
it was important to evaluate the extent to which the trends
derived from the Langlet–Claverie (LC) procedure can repro-
duce those from QC calculations. This evaluation was accord-
ingly done on the 11 model thiomandelate complexes. Similar
evaluations were recently reported in studies devoted to the com-
plexes of Zn(II) with Zn-finger models,41 and those of pentahydrated
Zn(II) complexes with guanosine mononucleotide.40a We have re-
ported in Table 4 the values of �Gsolv(LC) along with those
computed using the Poisson–Boltzmann equation within the HF

and DFT procedures and the LACV3P** basis set, denoted as
�Gsolv(PB/HF) and �Gsolv(PB/DFT), respectively. The values in
the nine captopril complexes (to be commented below) are also
given in this table. The graphs representing the evolutions of
�Gsolv are represented in Figure 4. �Gsolv(LC) is seen to repro-
duce the trends of its QC counterparts. It has a better numerical
agreement with the HF calculations than the DFT ones. The largest
and smallest numerical errors with respect to �Gsolv(PB/HF) are
11.6 and 1.7 kcal/mol, which amount to 6.5 and 1%, respectively.
With respect to �Gsolv(PB/DFT), the corresponding errors are
20.1 and 6.6 kcal/mol, amounting to 14 and 4%, respectively. In
our previous study that bore on Zn-finger models,41 relative errors
of the same amplitude were also found with respect to �Gsolv(PB/
DFT) calculations, although the trends were consistent for the
investigated Zn-finger conformers. Significantly smaller devia-
tions were found, on the other hand, in the case of the guanine
mononucleotide complexes,40a possibly due to the greater shield-
ing of pentahydrated Zn(II) in these complexes than in the present
ones and in the Zn-finger models.

Trends in the Individual Energy Contributions

We have reported in Table S1 the values of �Etot(SIBFA*) and its
individual components for thiomandelate and captopril. As in the
104-residue model, small energy differences between different

Figure 3. Evolution of �Etot(SIBFA*) and �E(DFT), and �E(MP2)b in the complexes of thiomandelate and captopril with the Zn(II) cations and
the fragments of the eight residues modeling the metallo-�-lactamase binding site. [Color figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]
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complexes can result in several cases from compensations between
large energy differences of individual components. This is partic-
ularly striking upon comparing complexes d-IIb and l-II, which
have virtually identical �Etot values, of �1426.1.0 and �1427.6
kcal/mol. d-IIb is the complex having both the lowest El value and
the highest sum of Epol � Ect. Although it is favored over l-II by
25.3 kcal/mol in terms of El, and by 1.4 and 13.4 kcal/mol in terms
of Ect and Edisp, it is disfavored with respect to it by 41.2 kcal/mol
in terms of Epol.

Captopril

We have previously reported the analysis of captopril binding to
�-lactamase in nine distinct complexes, validated by parallel com-
putations on the model binding sites.16 Although the trends from
SIBFA were consistent with the QC ones, the �E(SIBFA) values
were underestimated with respect to the �E(HF) ones, due to an
exaggerated anticooperative character of Ect(SIBFA). We have
accordingly recomputed the interaction energies with the modified

Table 4. Complexes of D- and L-Thiomandelate and of D- and L-Captopril with the Two Zn(II) Cations and
the Eight Fragments Modeling the �-Lactamase Binding Site.

D-thiomandelate L-thiomandelate

d-I d-Ia d-Ib d-II d-IIa d-IIb d-III l-I l-Ib l-II l-III

�Gsolv �176.3 �150.3 �141.5 �155.9 �132.1 �137.0 �175.1 �134.4 �142.5 �137.0 �178.4
�Gsolv(PB/HF) �178.0 �141.4 �129.9 �162.3 �133.1 �138.3 �181.8 �128.5 �133.9 �131.1 �185.5
�Gsolv(PB/DFT) �163.8 �129.2 �118.0 �149.3 �120.5 �126.3 �168.3 �117.2 �122.4 �119.6 �170.6

D-captopril L-captopril

d-I d-II d-III d-IV d-V d-VI l-I l-V l-VI

�Gsolv �205.6 �150.4 �144.9 �138.6 �146.9 �141.3 �185.6 �144.5 �146.5
�Gsolv(PB/HF) �196.2 �146.4 �135.4 �139.0 �144.8 �133.4 �187.4 �126.5 �134.4
�Gsolv(PB/DFT) �177.8 �130.9 �121.4 �124.3 �129.6 �119.6 �169.4 �114.3 �122.0

Values (kcal/mol) of the solvation energies using the Langlet–Claverie Continuum reaction field model and the
Poisson–Boltzmann equation in quantum-chemical computations.

Figure 4. Evolution of �Gsolv(LC) and �Gsolv(PB/HF) and �Gsolv(PB/DFT) in the thiomandelate and captopril with the Zn(II) cations and the
fragments of the eight residues modeling the metallo-�-lactamase binding site. [Color figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]
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Zn-specific Ect calibration and modified imidazole and thioman-
delate screening parameters and resorted to the two SIBFA El

formulations. The comparisons with uncorrelated and correlated
QC computations are reported in Tables 5 and 6, respectively. The
computations bear on six D-captopril and three L-captopril com-
plexes, as described in detail in ref. 16. Briefly, d-I–d-III are
monodentate complexes, in which S� bridges the two Zn cations,
with the carboxylate and carbonyl in complexes d-II and d-III
interacting with the Lys184 and Asn193 residues. d-IV–d-VI are

bidentate complexes, with the additional involvement of the car-
bonyl group to Zn(II)b binding for d-IV and d-V, and of that of one
carboxylate O� in d-VI. l-I is monodentate, with the carbonyl
group H-bonded to the Asn main-chain N, and d-V and d-VI are
bidentate with the additional involvement of the carbonyl in
Zn(II)b binding. Recently, Garcia–Saez et al. have published the
X-ray diffraction structure of the complex of D-captopril with the
metallo-�-lactamase from C. meningosepticum.45 Although D-
captopril does bind with S� bridging monodentately the two Zn(II)

Table 5. Complexes of D- and L-Captopril with the Two Zn(II) Cations and the Eight Fragments Modeling
the �-Lactamase Binding Site.

D-captopril L-captopril

d-I d-II d-III d-IV d-V d-VI l-I l-V l-VI

�E(HF)a �1222.6 �1257.2 �1290.5 �1265.4 �1272.0 �1301.2 �1199.6 �1315.7 �1298.0
��E 93.1 58.5 25.2 50.3 43.7 14.5 116.1 0.0 17.7
�E(HF)b �1240.3 �1278.8 �1300.5 �1273.8 �1284.0 �1311.6 �1209.8 �1319.2 �1313.0
��E 78.9 40.4 18.7 45.4 35.2 8.6 109.4 0.0 6.2
�E(SIBFA) �1217.6 �1248.9 �1273.2 �1255.7 �1259.3 �1273.1 �1186.3 �1296.7 �1281.4
��E 79.1 47.8 23.5 41.0 37.4 23.6 110.4 0.0 15.3
�E(SIBFA*) �1236.8 �1266.4 �1291.2 �1271.8 �1277.0 �1291.9 �1172.4 �1313.3 �1302.6
��E* 76.5 46.9 22.1 41.5 36.3 21.4 140.9 0.0 10.7
�(�E(SIBFA*)/�E(HF)a) �14.2 �9.2 �0.7 �6.4 �5.0 9.3 27.2 �2.4 �4.6
�(�E(SIBFA*)/�E(HF))b 3.5 12.4 9.3 2.0 7.0 19.7 37.4 5.9 10.4

Values (kcal/mol) of the intermolecular interaction energies. Uncorrelated calculations and SIBFA �E values without
the dispersion contribution.
aLACV3P** basis set.
bCEP(4-31G(2d)) basis set.

Table 6. Complexes of D- and L-Captopril with the Two Zn(II) Cations and the Eight Fragments Modeling
the �-Lactamase Binding Site.

D-captopril L-captopril

d-I d-II d-III d-IV d-V d-VI l-I l-V l-VI

LACV3P** basis set
�E(DFT) �1272.8 �1313.0 �1342.1 �1323.1 �1327.6 �1353.2 �1254.3 �1366.1 �1348.0
�E(LMP2) �1264.4 �1307.1 �1332.6 �1309.4 �1316.2 �1337.4 �1246.0 �1348.2 �1331.5

CEP4-31G(2d) basis set
�E(DFT) �1341.4 �1382.5 �1401.6 �1378.4 �1388.0 �1411.5 �1319.0 �1417.8 �1410.9
��E 76.4 35.3 16.2 39.4 29.8 6.2 98.8 0.0 6.9
�E(MP2) �1415.9 �1458.8 �1478.8 �1474.3 �1473.1 �1500.0 �1395.4 �1496.3 �1485.6
��E 80.4 37.5 17.5 22.0 23.2 �3.7 100.9 0.0 10.7
�Etot(SIBFA*) �1370.1 �1410.7 �1427.1 �1417.0 �1419.9 �1431.8 �1311.8 �1445.2 �1441.7
��E* 75.1 34.5 18.1 28.2 25.3 13.4 133.4 0.0 3.5
�(�Etot(SIBFA*)/

�E(DFT)b) �28.7 �28.2 �25.5 �38.6 �31.9 �20.3 7.2 �27.4 �30.8
�(�Etot(SIBFA*)/

�E(EMP2b) 45.8 48.1 51.7 57.3 53.2 68.2 83.6 51.1 43.9

Values (kcal/mol) of the intermolecular interaction energies. Correlated calculations and SIBFA �E values with the
dispersion contribution.
aLACV3P** basis set.
bCEP (4-31G(2d)) basis set.

Complexes of Thiomandelate and Captopril Mercaptocarboxylate Inhibitors 1143



cations, the conformation of the complex is not superimposable on
complex d-II. This could be due to differences in the nature of
some of the residues in the active sites of the metallo-�-lactamases
of C. meningosepticum and B. fragilis. The most important differ-
ence relates to Lys167 of the former, which is involved in an ionic
bond with the carboxylate, and is replaced by an aliphatic residue,
Leu133, in the homologous position in B. fragilis �-lactamase.
This could orient the D-captopril carboxylate to bind to the nearest
cationic residue in B. fragilis �-lactamase, namely Lys184.

Uncorrelated QC Results

Table 5 shows an improved numerical agreement of �E(SIBFA)
with �E(HF)b compared to the values reported in ref. 16, and a
further improved numerical agreement of �E(SIBFA*) with it.
�E(SIBFA*) is underestimated with respect to �E(HF)b by values
in the range of 2.3–35.2 out of 1210 kcal/mol, corresponding to
relative errors in a 0–3% range. The differences with respect to the
�E(HF)a energies are in the range �15.4–25.0 kcal/mol, which
corresponds to relative errors in the 1–2% range. The energy
ranking of the nine complexes is as follows:

��E�HF�a

l-V
0.0

�
d-VI
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�
l-VI
17.7

�
d-III
25.2

�
d-V
43.7

�
d-IV
50.3

�
d-II
58.5

�
d-I

93.1
�

l-I
116.1

��E�HF�b

l-V
0.0

�
l-VI
6.2

�
d-VI
8.6

�
d-III
18.7

�
d-V
35.2

�
d-II
40.4

�
d-IV
45.4

�
d-I

78.9
�

l-I
109.4

��E�SIBFA*�

l-V
0.0

�
l-VI
10.7

�
d-VI
21.4

� d-III
22.1

�
d-V
36.3

�
d-IV
41.5

�
d-II
46.9

�
d-I

76.5
�

l-I
140.9

The ��E(SIBFA*) ranking is the same as the ��E(HF)b one
except for an interchange of d-II and d-IV, in keeping with our
previous results,16 but this interchange also occurs with
��E(HF)a. We had then noted the inversion of relative energies of
d-VI and l-VI in the HFa vs. HFb computations, but these involve
small energy differences of �3.2 kcal/mol out of 1300, while the
relative SIBFA* destabilization of d-VI compared to l-VI, al-
though consistent with �E(HF)b, involves a larger amount of 10.7
kcal/mol. The other complex with a large relative �E(SIBFA*) vs.
�E(HF)b error (3%) is l-I, the highest lying complex in the series.
This could be due to a shortening in the carbonyl O to Asn193
main chain N distance (2.65 Å), translated in steeper increases in
Erep(SIBFA) than Eexch(HF).

Correlated QC Calculations

The results are commented in detail in Supporting Information 4.
Table 6 shows �E(MP2)b to have larger magnitudes than �E(D-
FT)b, consistent with the thiomandelate results, and
�Etot(SIBFA*) to have values intermediate between the MP2 and
DFT ones, except for complex l-I. The graphs comparing the
evolutions of �E(SIBFA*) and �Etot(SIBFA*) and their QC

counterparts regrouped with the thiomandelate ones are displayed
in Figures 2 and 3, showing the good parallelism of the curves.

Continuum Solvation Energies

The values of �Gsolv(LC) are generally consistent with their
�Gsolv(PB/DFT) and �Gsolv(PB/HF) counterparts, as seen from
Table 4 and Figure 4, except for complex l-V, with the least �Esolv

value, for which the relative error has raised to 26 and 14%,
respectively. For the eight other complexes, it is in the ranges of
10–19% and 0–9%, respectively.

Trends in the Individual Energy Contributions

Examination of the trends of the individual contributions of
�Etot(SIBFA*) (Table S1) again shows that for some complexes,
relatively small energy differences can result from compensations
between large energy differences. One example is that of the
monodentate d-III complex compared to the bidentate d-VI one.
These two complexes have �Etot values differing by 4.7 kcal/mol
out of 1430, that is, 0.5%. Although d-III is disfavored by 49.5 and
4 kcal/mol with respect to d-VI in terms of El and Edisp, respec-
tively, it is favored over it by 52.2 and 1 kcal/mol in terms of Epol

and Ect, respectively.

Conclusions and Perspectives

The energy balances on the 104-residue model of �-lactamase on
11 energy-minimized thiomandelate complexes showed the D-
isomer to have a greater affinity than the L one, the best binding
mode, d-I, having the S� bridging monodentately the two Zn(II)
cations, and one carboxylate O� H-bonded to the Asn193 side
chain. In this connection, previous energy balances for captopril
binding had also found the D-isomer to have a larger affinity than
the L one, and showed that in the most stable binding mode, while
S� was also monodentately bridging the two Zn(II) cations, the
carboxylate was simultaneously bound to the Lys184 side chain
and to the Asn193 main chain.16 Although such a model was fully
consistent with an X-ray crystal diffraction study on the complex
of a mercaptocarboxylate inhibitor, with a related metallo-�-lac-
tamase to that of B. fragilis, namely P. aeruginosa,6 there are no
X-ray studies on thiomandelate complexes. The fact that in the best
thiomandelate complex, the carboxylate is bound to the side chain
rather than the main chain of Asn193 and cannot reach out to make
an ionic bond with Lys184 may reflect the smaller size of thio-
mandelate than captopril, with only one C atom in-between the
thiolate and carboxylate groups instead of four C and one N atoms
in the case of captopril. Despite the small size of thiomandelate,
several alternative, competing, modes of binding were found.
Several of these retained the monodentate S� Zn(II)-bridging
mode, while the carboxylate could bind to either Lys184, or to
either the Asn193 main-chain N or the side-chain N. The only case
of simultaneous interaction of the carboxylate with both residues
was complex d-Ib, which involved both side chains. We have also
characterized bidentate binding modes, namely d-II and d-IIb, in
which one carboxylate O� partakes in Zn(II)b binding. Although
such complexes have among the most stabilizing interaction ener-
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gies in the model sites, their Etot values become equilibrated with
those of the other complexes in the 104-residue model, with further
loss in relative stabilities with respect to some monodentate com-
plexes due to �Gsolv. A reservation to the present treatment is the
absence of residues Gly48 and Trp49, which belong to a flexible
loop that because of its thermal disorder, could not be character-
ized by X-ray diffraction of the native enzyme,5 but was reported
to be involved in ligand binding.46 As mentioned in ref. 16, such
residues could partly shield the cavity from the solvent, thereby
affecting the relative �Gsolv values in the competing arrange-
ments, while possibly contributing additional stabilization to in-
hibitor binding in some of these. For each captopril complex, 100
ps molecular dynamics using the classical CFF91 potential and
Zn–S�/O� distance restraints that differ according to the nature of
each considered complex have identified several frames with vary-
ing loop locations but closely similar energies (Antony and Gresh,
unpublished). Each candidate low-energy frame should be used as
a starting point and postprocessed by SIBFA energy minimization
in the presence of continuum solvation, with a similar treatment
applied for the thiomandelate complexes. This is beyond the scope
of the present study.

An essential goal of this work was an objective evaluation of
the accuracy of the SIBFA procedure for complexes of flexible
molecules in metalloenzyme binding sites. As in ref. 16, this was
done by performing parallel SIBFA and ab initio computations on
the thiomandelate complexes with the eight �-lactamase residues
of the recognition site. Two different basis sets were used, and we
have carried out uncorrelated HF as well as correlated DFT,
LMP2, and MP2 QC computations. This evaluation was extended
to the nine captopril complexes previously investigated,16 now
resorting to the modified Zn-Ect, the modified methanethiolate and
imidazole Epol calibration, as well as testing the new formulation
of EMTP and Erep, thereby totalling 20 different complexes. �E
(SIBFA*) was found to have values close to, and generally inter-
mediate between, �E(HF) using the LACV3P** (a) and the CEP
4-31G(2d) (b) basis sets, as seen from Figure 2. It reproduced
�E(HF) from these sets with relative errors in the ranges of 1–2%
for set (a) and 1–3% for set (b). These agreements are noteworthy
considering: (a) the very large magnitudes of �E; (b) the presence
of two dicationic charges close to one another (dZn-Zn � 3.5 Å)
and that of two ligand anionic charges that can be brought into
vicinity upon cation binding, both proximities translating into very
large nonadditivity effects; (c) the need to compute in simulta-
neous and consistent fashion intra- and intermolecular polarization
and charge-transfer contributions; (d) the competition between
mono- vs. bidentate S� binding to Zn(II) and that between the
carboxylate bound by an ionic H-bond to Lys184 vs. a polar
H-bond to Asn193; (e) the fact that small �E(SIBFA*) energy
differences stem from large and mutually compensating differ-
ences at the level of individual contributions. Some complexes
differed by app. 1% in their �E values, that is, less than the actual
accuracy in �E(SIBFA*). This has resulted only in few cases into
SIBFA inverting the ranking found in �E(HF), as for d-II com-
pared to d-IIa. A more uniform agreement was obtained between
�Etot(SIBFA*) and its correlated counterparts �E(DFT) and
�E(MP2) with basis set b, as illustrated in Figure 3, particularly
�E(MP2), even though the largest relative error (6% for the least
stably bound captopril complex l-I) was larger than with respect to

�E(DFT) (2.5%). Such an apparent parallelism is noteworthy,
considering that in the present treatment, correlation/dispersion
effects were introduced in SIBFA only through the addition of
Edisp contribution, resorting to the same uncorrelated multipoles
and polarizabilities as for �E(SIBFA*). The recalibration of
SIBFA on the basis of correlated energy decomposition and using
correlated multipoles and polarizabilities is underway (Piquemal et
al., unpublished results). The results of this calibration for peptides
will be reported in a forthcoming article. The present study builds
up on the results of several previously reported validation studies
of the SIBFA procedure with respect to numerous QC calculations.
These bore on polycoordinated complexes of divalent cat-
ions,37,40,47 multiply H-bonded complexes,48 conformational stud-
ies of flexible molecules,18d and the issue of multipole transfer-
ability.18 As in the present study, the values of �Eint were found
to persistently match their QC counterparts with relative errors
�3%. The present refinements to EMTP and Erep were themselves
tested and validated in the accompanying article for several poly-
coordinated, mono-, as well as binuclear Zn(II) complexes. Pres-
ently, two shortcomings of SIBFA could be observed. The first
related to the values of thiomandelate conformational energy vari-
ations �Ethi, which compared less favorably to their QC counter-
parts, as they were overestimated at the shorter (�3.0 Å) S�–O�

intramolecular distances. Further refinements of Epen could possi-
bly more efficiently counteract the ligand–ligand electrostatic and
repulsion contributions for such distances. The second related to
continuum solvation energy. Thus, although �Gsolv(LC) was able
to reproduce the trends of its QC counterparts, �Gsolv(PB/HF) and
�Gsolv(PB/DFT) (Fig. 4), the relative errors were larger than the
corresponding �E(SIBFA*) ones, and significantly accented for
one complex, captopril l-V, namely 14 and 26% with respect to the
two approaches. For the remaining nineteen complexes, it was in
the ranges 0.3–9% and 4–19%, respectively. Larger magnitudes of
�Gsolv(LC) than �Gsolv(PB/DFT) were previously noted in cases
where a Zn(II) dication is partly exposed to the solvent even
though a correct ordering in �Gsolv(PB/DFT) obtained with
�Gsolv(LC).41 Further refinements in the expression of �Gsolv

could be necessary to avoid an imbalance of �Eint and �Gsolv

effects within �Efin. One of these consists into iteratively including
the contributions to the solute electrostatic potential of the dipoles
induced on it by the reaction field of the solvent (Langlet et al.,
unpublished).

Finally, the present validation tests could be used to benchmark
other polarizable molecular mechanics as well. Therefore, we
provide as Supporting Information the pdb files of all 20 com-
plexes of thiomandelate and captopril with the �-lactamase bind-
ing site. They are also posted on the Web site at http://www.lct.
jussieu.fr/jpp/SIBFA.html.
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