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A systematic study of the influence of the first coordination sphere over the reactivity and structure of
metallo-p-lactamase (MBL) monozinc model complexes is reported. Three Zn'"' complexes with tripodal
ligands forming the series [Zn(N-NNN)], [Zn(N-NNS)], and [Zn(N-NNO)] where N-NNX represents the tri-
podal donor atoms were investigated regarding their ability to mimic MBL. The tripodal series was inspired
by MBL active sites in the respective subclasses, representing the (His, His, His) Znl site present in B1 and
B3 subclasses, (His, His, Asp) present in the B3 subclass site and the thiolate present in B1 and B2 sites.
The results were supported by electronic structure calculations. XAS analysis demonstrated that the zZn"
electronic deficiency significantly changes in the order [Zn(N-NNS)] < [Zn(N-NNN)] < [Zn(N-NNO)]. This
effect directly affects the reactivity over nitrocefin and amoxicillin, observed by the hydrolysis kinetics,
which follows the same trend. NMR spectroscopy revealed the coordination of the carboxylic group in
the substrate to the metal changes accordingly, affecting the hydrolysis kinetics. Our results also demon-
strated that not only the Lewis acidity is changed by the ligand system but also the softness of the metal.
[Zn(N-NNS)] is softened by the thiolate, promoting the ligand substitution reaction with solvents and
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favoring a secondary interaction with substrates, not observed for [Zn(N-NNO)]. XRD of the models
reveals their similar geometric aspects in comparison to the crystal structure of GOB MBL. The present
work demonstrates that the Zn'" electronic details must be considered in the design of new MBL models
rsc.li/dalton that will further aid in the design of clinically useful inhibitors.
One strategy to overcome this kind of resistance in the clinic is
to combine one inhibitor with a p-lactam antibacterial agent,

1. Introduction

f-Lactam antibiotics are among the most used antibacterial
agents and a rising incidence of resistance to these com-
pounds is a public health concern."” Among several mecha-
nisms of resistance developed by bacteria, the chemical inacti-
vation of the p-lactam drug is one of the most relevant and
requires medical and scientific community attention.*®
Hydrolysis of the p-lactam ring is catalyzed by enzymes called
f-lactamases (BL). Several p-lactamase structures were deter-
mined and classified into A, B, C and D classes. The classes A,
C and D are serine-based hydrolases and class B is constituted
of zinc(n) hydrolases, called metallo--lactamases (MPBL)."”
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for example the combined treatment with amoxicillin and
clavulanic acid. This strategy was successfully applied to
classes A, C and some D f-lactamase producing strains.
However, no inhibitors are available for class B, the MpL."**?

Although MPLs are very sequence diverse they are structu-
rally similar, presenting a characteristic af/pa sandwich fold
with the active site located at the interface between domains.
The active site can coordinate one or two zinc ions that are
central to the catalytic mechanism.""*"®> MBLs are divided into
three subclasses (B1, B2, B3) based on the primary amino acid
sequence homology. Although a small sequence identity is
found among subclasses, within each subclass the sequence
identity is significant, along with distinctive structural charac-
teristics within the active site of B1, B2 and B3 struc-
tures."*'®'” Fig. 1 shows the differences in the active site
among the subclasses.

It is important to note that even though the active sites
among subclasses are structurally similar, these zinc-binding
motifs around the active site can distinguish MPL subgroups
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Fig. 1 Schematic illustration of the residues that coordinate Zn() in the
MBL sites for (a) B1, (b) B2 and (c) B3. The indicated structures corres-
pond to PDB files 1ZNB,'® 1X8G*° and 1SML?° for MBL B1, B2 and B3,
respectively. Solvent molecules were hidden.

as B1 (zinc ligands at H116-H118-H196 and D120-C221-H263),
B2 (N116-H118-H196 and D120-C221-H263), or B3 enzymes
(H/G116-H118-H196 and D120-H121-H262). The distinct
amino acid sequences of the subclasses are reflected in some-
what different catalytic properties of the enzymes and in prac-
tical terms in the spectrum of action."?

Over the last few years, a great effort has been devoted to
the development of zinc complexes as mimics of MBL enti-
ties.?" Detailed studies of mono- and dizinc(u) complexes
have led to an understanding of the structural, spectroscopic
and mechanistic properties of these systems.” Lippard and co-
workers pioneered the study of penicillin G and nitrocefin
hydrolysis by mono- and dinuclear zinc complexes.>>** They
successfully mimicked the dinuclear zinc environment of
enzymes using two ethylenediamine chelating ligands, allow-
ing the bridging hydroxide to reproduce the nucleophilic
attack on the amide bond and also used phenolate bridging
ligands to reproduce the Zn" environment. Although a valu-
able amount of information was generated by these studies,
notably regarding the intermediates and single steps of the
proposed catalytic mechanism, ligand systems for dinuclear
complexes have been designed to conserve a stable dinuclear
complex and to prevent the loss of zinc ions. Thus, the
hydroxo bridge shows a low nucleophilicity and restrains the
mobility between zinc ions.>* In the flexible native dinuclear
enzymes, the binding of the substrate detaches the bridged
hydroxide, generating a monocoordinated strong nucleophile.
The models developed so far were not able to mimic this step
and this might explain why mononuclear models are almost as
reactive as dinuclear complexes in these studies.>™’ In
addition, ligand systems are N-donor based and do not con-
sider the differences in the Zn" electronic density (Lewis
acidity) caused by aspartate (O-donor) or cysteine (S-donor)
coordination in native MpLs."”

An important step in the f-lactam hydrolysis mechanism is
the coordination of the carboxylate, neighbor to the amide
bond in the f-lactam ring, to the metal as revealed by the
studies with dinuclear models and by the crystal structure of
NDM-1 with hydrolyzed ampicillin.' This coordination was
previously found to be dependent on the electronic distri-
bution around the zinc ion.”® As a closed shell (d'°) post-tran-
sition metal, the electronic density over zinc atoms is mostly
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modulated by the ligand system and affected by the donor
moieties directly coordinated to it, the ligand choice being the
key for zinc complex reactivity and motivating this present
work.” In this study, we systematically investigated the pres-
ence of S-donors and O-donors in monozinc MBL model com-
plexes in an attempt to simulate the Zn" different acidities in
the three MPL subclasses. The compounds were subjected to
X-ray absorption spectroscopy (XAS) combined with time-
dependent density functional theory (TDDFT) calculations,
NMR spectroscopy investigations of coordination, pseudo-first
order kinetics of nitrocefin hydrolysis and isothermal calori-
metric studies (ITC). The structural and geometric comparison
was mainly focused on the B3 subclass in order to compare a
native enzyme with both NNN and NNO homologue sites. The
combination of these results demonstrated the importance of
the design of the Zn" first coordination sphere and geometric
structure in the development of new models for MPL that can
further be used for inhibition assays and understanding the
inhibition process.

2. Experimental

2.1. General considerations

2-Pyridinecarboxaldehyde (99%), ethyl glycinate hydrochloride
(>98.5%), 2-(aminomethyl)pyridine (99%), sodium boro-
hydride (99%), 2,2,2-trifluoroethanol (>99%), sodium cyano-
borohydride (95%), ethylene sulfide (98%), zinc chloride
(>98.5%), ammonium hexafluorophosphate (>95%), zinc
nitrate hexahydrate (98%) and silica gel for flash chromato-
graphy (pore size 60 A, 220-440 mesh particle size) were pur-
chased from Sigma Aldrich. Nitrocefin (>95%, batch 0472663-
2) was purchased from Cayman Chemicals. Methanol, ethanol,
acetic acid, hydrochloric acid, diethyl ether (Et,0O), benzene,
ethyl acetate, dichloromethane, chloroform, potassium car-
bonate (99.5%), sodium sulfate (99%), potassium hydroxide
(85%) and dimethylsulfoxide (99%) were purchased from
Vetec-Sigma (Brazil). Benzene was treated with P,O5 overnight,
distilled and freshly distilled from Na/benzophenone.
Dimethylsulfoxide was dried over 4A sieves.>® All reagents were
used as received from commercial sources, with no further
purification, except when noted. Di(2-pyridylmethyl)amine, tri
(2-pyridylmethyl)amine (NNN), N,N-di(2-pyridylmethyl)amino-
ethanethiol (NNS), ethyl N,N-di(2-pyridylmethyl)glycinate
(NNOEt), chloro-N,N-di(2-pyridylmethyl)aminoethanethiolate-
zinc(u) ([Zn(NNS)]) and the nitrate of diacqua-N,N-di(2-pyridyl-
methyl)glycinatezinc(u) [Zn(NNO)] were synthesized using
procedures previously described in the literature.>*~*

2.1.1. Physical measurements. Electronic spectra in the
190-1100 nm range were acquired by using a 10 mm quartz
cuvette (1 mL volume) in a diode array HP8453 UV/Visible
absorption spectrophotometer equipped with a HP89090A
Peltier thermostat. Electrospray ionization mass spectrometry
(ESI-MS) measurements were carried out using a Waters
Quattro Micro API. Samples were evaluated in the positive
mode in an 1:1 methanol:water solution with addition of
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0.10% (v/v) formic acid. Elemental analyses for carbon, hydro-
gen and nitrogen were performed using a PerkinElmer 2400
CHN analyzer. "H and >C NMR spectra were acquired in
deuterated acetonitrile (CD;CN and dimethylsulfoxide DMSO)
solutions using Bruker 250 MHz (5.9 T) and Avance III 400
(9.4 T) spectrometers which were referenced to the signal of
tetramethylsilane.®® The crystallographic measurements were
performed with a Bruker Kappa APEX II Duo diffractometer
with Mo-Ka radiation (4 = 0.71073 A). The measurement was
made at 150 K using an Oxford Cryostream 700 cryostat. The
structure was solved and refined using SHELXL97.>*® ORTEP
diagrams were generated using PLATON.?’

2.2. Ethyl N-(2-pyridylmethyl)glycinate synthesis

A new synthetic route was used for the direct reductive amin-
ation by using fluorinated alcohol.*®*° Briefly, in a 25 mL
round-bottom flask, 5 mL of 2,22-trifluoroethanol and
475.6 pL (5 mmol) of 2-pyridinecarboxaldehyde, freshly dis-
tilled under reduced pressure, were added and stirred for
10 min at 45 °C. Subsequently, 697.9 mg (5 mmol) of ethyl gly-
cinate hydrochloride, 622 mg (4.5 mmol) of K,CO3 and 5 ml of
2,2,2-trifluoroethanol were added and left under vigorous stir-
ring for 3 hours at 45 °C. After 3 hours, the temperature was
reduced to 0 °C and 454 mg (12 mmol) of NaBH, was added
and the mixture was kept overnight under stirring at room
temperature. Then, the solvent was removed under reduced
pressure and the product was dissolved in 20 mL of CHCl; and
extracted with 3 portions of 20 mL of H,0. The organic phase
was dried with Na,SO, and the solvent was removed. The
product was obtained as a yellow oil with a 40% yield. ESI-
(+)-MS (MeOH) m/z: 195 [(CsHoN,0,)'H]". "H RMN (250 MHz,
CD;CN) ¢ (ppm): 8.46 (m, 1H), 7.70 (m, 1H), 7.45 (m, 1H), 7.19
(m, 1H), 4.12 (q, 2H, J = 7.3 Hz), 3.86 (s, 2H), 3.39 (s, 2H) e 1.20
(t, 3H,J = 7.3 Hz).

2.3.  Chloro-tri(2-pyridylmethyl)Jaminezinc()
hexafluorophosphate synthesis

The complex was synthesized using an adapted procedure
described by Xu et al*® In a 50 mL round-bottom flask, a
10 mL methanolic solution containing 145.2 mg (0.5 mmol) of
tri(2-pyridylmethyl)amine (N-NNN) was mixed with 5 mL of a
methanolic solution containing 68.2 mg (0.5 mmol) of ZnCl,.
The solution was stirred at room temperature for 3 hours.
Then, the volume was reduced (~4 mL) and 1 mL of a satu-
rated methanolic solution of NH,PFs was added. A light-yellow
powder was obtained and washed with water followed by Et,O.
Single crystals suitable for XRD were obtained by diffusion of
Et,O in a diluted methanolic solution of the complex. The
product was obtained as a light-yellowish powder with 76%
yield.

Anal. cale. for [Zn(C,8H;8N,)Cl](PFe).(H,0);: C 36.63; H
4.09; N 9.49; found: C 36.26; H 3.15; N 9.43. ESI-MS (MeOH)
m/z: 399.5 [Zn(NNN)(HCO,)]" and 389.4 [Zn(NNN)(CI)]"
'"H NMR (250 MHz, CD;CN) ¢ (ppm): 9.01 (m, 3H), 8.06
(m, 3H), 7.62 (m, 3H), 7.53 (m, 3H) e 4.18 (s, 6H). *C NMR

This journal is © The Royal Society of Chemistry 2018

View Article Online

Paper

(62.9 MHz, CD3;CN) ¢ (ppm): 156.2; 149.7; 142.4; 126.2; 125.7 €
57.6.

2.4. Nitrocefin hydrolysis assay

For nitrocefin hydrolysis kinetic assays, stock solutions of
nitrocefin (0.2 mmol L") and [Zn(N-NNX)], with X = S, N or O,
complexes (5 mmol L™') were prepared, ensuring that the
solids were completely soluble. A solution, 2:8 ratio phos-
phate buffer pH 7.4 (50 mmol L™'): DMSO was used as a
solvent. Prior to use, the solvent was filtered using a 0.22 pm
syringe filter. All solutions were prepared using the same
solvent and measured at 40 °C. A blank spectrum was acquired
using solely the solvent.

In a test tube, 80 pL of the complex stock solution and
520 pL of solvent were added. Prior to the kinetic measure-
ment, 200 pL of the nitrocefin stock solution was added and
the mixture was stirred for 5 seconds. The initial con-
centrations of [Nitrocefin]iyjtar = 5.0 X 10° mol L' and
[Zn(N-NNX)] = 5.0 x 10* mol L".

After stirring, the solutions were transferred to a 1000 pL
quartz cuvette with 1 cm optical path. The cuvette was placed in
the spectrophotometer for 60 seconds for temperature stabiliz-
ation. Then, spectra in the range of 300-800 nm were acquired
every 20 seconds for 7200 seconds, with a resolution and step
size of 1 nm. The experiment was performed in duplicate.

In order to obtain a pseudo-first order ratio kinetics
depending on the nitrocefin concentration, the experiment
was repeated in four nitrocefin concentrations in the range of
[Nitrocefin]injgar = 2.5 X 10~ t0 6.25 x 10> mol L ". The absorbance
values were measured at 562 nm (absorbance maximum of the
hydrolyzed product) and hydrolysis activity values were obtained
using the model proposed by Kaminskaia et al. with a maximum
conversion of 15%.>>** The molar absorptivity at 562 nm of hydro-
lyzed product and the nitrocefin in this solvent was previously
determined and the values of épydrotizea = 1052 cm™" mol ™" L and
Enitrocefin = 428 cm ™ mol™ L were obtained.

2.5. Interaction of the complexes with KOAc or amoxicillin

The amoxicillin interaction was based on similar experiments
conducted by Kaminskaia et al.>* In order to evaluate the
metal Lewis acidity and amoxicillin interaction, a stock solu-
tion of concentration 9.14 x 10> mol L' of the substrate
(potassium acetate or amoxicillin) in de-DMSO was prepared.
To 750 pL dg-DMSO solution containing the compounds inves-
tigated here ([Zn(N-NNO)], [Zn(N-NNN)] and [Zn(N-NNS)]) in a
concentration of 4.57 x 10° mol L™', 50 pL of the substrate
stock solution was added, resulting in an equimolar concen-
tration of 5.71 x 10~ mol L™". "H NMR spectra of the pure
compounds and the mixtures were acquired. In the case of
mixtures, the spectra were obtained and followed for
30 minutes.

2.6. X-ray absorption spectroscopy

The solid samples of the three zinc complexes used in the XAS
measurements were finely ground and diluted in boron nitride
to a calculated maximum X-ray absorbance of about 1. They
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were then pressed into circular pellets of 13 mm diameter and
about 1 mm thickness using a hydraulic press, placed in a
plastic sample holder and covered with polyimide adhesive
tape (Kapton) with about 40 pm thickness. Data averaging,
background subtraction and normalization were done using
standard procedures as implemented in the DEMETER
package.*!

Zinc K-edge XAS spectra were obtained at XAFS1 and XAFS2
beamlines, both located at the Brazilian Synchrotron Light
Laboratory (CNPEM/LNLS).*>** At the XAFS1 beamline the
incident energy was selected by a channel-cut monochromator
equipped with a Si(220) crystal, and at the XAFS2 beamline, a
fixed-exit monochromator was used. The beam size at the
sample was approximately 2.5 x 0.5 mm?® (hor. x vert.) at XAFS1
and 0.4 x 0.4 mm® at XAFS2, with an estimated X-ray flux of
10% ph 57" (XAFS1) and 10° ph s™" (XAFS2). The incoming X-ray
energy was calibrated by setting the maximum of the first
derivative of the K-edge XAS spectrum of a zinc metal foil to
9659 eV. The XAS spectra were obtained in conventional
transmission mode using ion chambers filled with a mixture
of He and N,.

2.7. Theoretical studies

All computations were carried out using Orca 4.0.1 software
developed by Neese and coworkers.** Structures were opti-
mized using the PBEO functional and def2-TZVP basis set*’
using the crystal structures as a starting point.**?* All struc-
tural analyses were performed by using PyMOL (version
1.7.2.1)."® The GOB-18 crystal structure (PDM ID 5KOW) and
L1 crystal structure (PDB ID 1SML) were collected from the
Protein Data Bank (PDB). The enzyme pocket was extracted by
selecting all residues inside a radius of 4 A from the zinc metal
ion. The enzyme pocket extraction was able to pick both sites
that comprise the pocket, site 1 that is composed of three histi-
dines and site 2 that is composed of two histidines and one
aspartic acid.

TDDEFT calculations for the K-edge transitions were made
for [Zn(NNX)], with X = O, N and S, complexes in order to
assign the pre-edges observed in the XAS experiments for
these compounds. They were performed on the DFT optimized
structures and the crystal structures, where only hydrogen
atoms were optimized. The PBEO functional was also used in
TDDFT calculations by employing the Tamm-Dancoff and
RIJCOSX approximations.””~*° The relativistic Douglas-Hess-
Kroll Hamiltonian was used with the DKH-def2-TZVP basis set
and SARC/J auxiliary basis set as implemented in ORCA
4.0.1.°°? Calculations were carried out using the conductor
like polarizable continuum solvation model (CPCM) with an
infinite dielectric.>® Transitions were allowed from the Zn 1s
orbital into all of the unoccupied orbital space. Up to 200
roots were calculated. The calculated transitions were convo-
luted with a 1.7 eV FWHM Gaussian to match the experi-
mental resolution.’® TDDFT is known to have systematic errors
leading to inaccurate absolute energies.>*” Therefore, a con-
stant different energy shift (93.5 eV) was applied to all spectra
to align theory with experiment.
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2.8. Fukui indexes

Fukui indexes can be computed by using a condensed

method,*®**° the equations depicted below summarize this
methodology:
S(0) = qn (i) — gn-a () (1)
F10) = gwi (i) — gn (i) (2)

where g stands for the charge of atom i in an unperturbed
system (N), ie., where an electron has neither been removed
(N — 1) nor added (N + 1).

For each previously optimized zinc complex, a sequence of
three single-point runs was performed by employing the PBE
functional, def2-TZVP basis set, and Grimme’s dispersion cor-
rection (D3BJ).*>*° The first single-point corresponds to the
complex not perturbed, the second is perturbed by adding an
electron and the third by removing an electron. These compu-
tations were repeated, using the PBEO functional. Atomic
charges were obtained from Hirshfeld Population Analysis
(HPA)°" and Natural Population Analysis (NPA).°> The latter
was computed using the JANPA software,’® while the former
was obtained using the ORCA software. The values for Fukui
indices were taken only for the Zn" metal ion.

2.9. Isothermal titration calorimetry, ITC

Calorimetric measurements were carried out using a MicroCal
VP-ITC (Northampton, MA, USA). The syringe and the sample
cell were loaded with 280 pL amoxicillin (9.650 mM) and
1.43 mL Zn complex (0.799 mM), respectively. All solutions
were prepared in DMSO. Small aliquots ranging from 4-10 pL
of amoxicillin were injected into the sample cell. Control
experiments were carried out by titrating amoxicillin into
DMSO. A constant stirring at 307 rpm was used and the time
between injections was 300 s. All measurements were per-
formed at 298 K and in triplicate.

Data were analyzed using the one set of sites model
implemented in the Origin 7.0 software provided with the
MicroCal VP-ITC.** The standard molar enthalpy change (AH),
equilibrium constant (K) and stoichiometry were obtained
directly from the fit. The molar Gibbs free energy change (AG)
and molar entropy change (AS) were calculated based on K
and AH values.

3. Results and discussion
3.1. Structure and coordination sphere of the synthetic models

An investigation of the influence of the zinc first coordination
sphere on the ability to mimic ML active sites was done using
the three tripodal compounds shown in Fig. 2a-c, the fourth
complex is also included, as seen in Fig. 2d, and a previously
studied dizinc complex [ZnZn] in our investigation as a com-
parison with literature models.®® The set of ligands also
mimics the coordination of charged residues to zinc, changing
significantly the overall charge of the complex. Cysteines co-
ordinate to zinc as thiolates affecting the metal charge. The

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 Zn" complexes proposed as MBL mimetics, named according
to the donor atoms of the tripodal ligands and one standard model:
(@) [Zn(N-NNN)], (b) [Zn(N-NNS)], (c) [Zn(N-NNO)] and (d) [ZnZn].®®

aspartate in the [Zn(N-NNO)] mimics the presence of essential
Asp120, which is showed to stabilize Zn" as a strong zinc
ligand optimizing the substrate binding.®® Also, it is respon-
sible for the inactivation of the enzyme at acidic pH.®’
Tripodal ligands were obtained by modifications of tri-
(2-pyridylmethylamine) and are called here by the donor atoms
as N-NNN (tri-(2-pyrididylmethylamine), N,N-di(2-pyridyl-
methyl)aminoethanethiol (N-NNS), and N,N-di(2-pyridyl-
methyl)glycinate (N-NNO). Out of the four compounds in our
study three are tripodal monozinc complexes, namely
[Zn(N-NNO)], [Zn(N-NNN)], and [Zn(N-NNS)]. N- represents the
amine, common in the three complexes, and is the center of
the arms of the tripodal system, N-NNX, the other two N rep-
resent the pyridil moieties, and X is the variable moiety N
(pyridyl), O (carboxylate) and S (thiolate). In the literature a
diversity of Zn™ complexes were evaluated as MPL models,
however studies trying to correlate the structure and reactivity
of these mimetics are rare.?

A new [Zn(N-NNN)] complex, with a PF,~ counter-ion, was
synthesized using an adapted methodology®® and the other
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three compounds were synthesized as  previously
described.****®* All ligands and complexes were characterized
using spectroscopic (*H and >C NMR) and spectrometric ana-
lyses, in agreement with previous characterization
studies.’***®* In the case of [Zn(N-NNS)], [Zn(N-NNN)] and
[ZnZn] the structures were obtained using single-crystal X-ray
diffraction. The structure obtained was consistent with that
previously found in the literature.>*® The crystallization of
[Zn(N-NNO)] did not result in crystals suitable for single crystal
XRD, and for the comparative structural analysis, the data
obtained by Abufarag et al. were used.** The [Zn(N-NNN)]
complex was crystallized and presented a different space group
compared to the previously reported structure, however, main-
taining comparable distances and angles.®®”7° The structural
data for this new crystal were obtained and are presented in
Table S1,7 the ORTEP figure is shown in ESI Fig. S1.f The
crystal data were deposited in The Cambridge Crystallographic
Data Center (CCSD).

The [Zn(N-NNN)] compound has a pentacoordinated struc-
ture, with the Zn" ion in a trigonal bipyramidal geometry and
the cation neutralized by PFs~ charges. The ligand N-NNN
binds to the Zn" by four nitrogens and chloride completes the
coordination sphere. As stated above, the crystal structure of
[Zn(N-NNN)] obtained by our alternative synthesis method
agrees with the one previously obtained for the ion
[Zn(N-NNN)CI]", with the bond length of Zn-N,, ~ 2.08 A,
Zn-Cl ~ 2.27 A and Zn-N,,, ~ 2.25 A and the angle Cl-Zn-N,, ~
180°. The main distances and angles for the XRD structures of
[Zn(N-NNN)], [Zn(N-NNO)], [Zn(N-NNS)], and [ZnZn] are shown
in Table 1. In the tripodal complexes, the change of the moiety
from pyridine to thiolate, in one arm of the tripodal ligand,
resulted in bigger Zn-N,,, distances, 2.075 A in [Zn(N-NNN)]
and 2.109 A in [Zn(N-NNS)], and Zn-Cl, 2.268 A in

Table 1 Selected bond distances and angles from the single-crystal XRD of the complexes [Zn(N-NNN)], [Zn(N-NNS)], [Zn(N-NNO)], and ([ZnZn]),
with N,m being the tertiary amine nitrogen, Namsec being the secondary amine nitrogen, Ny, being the pyridine nitrogens, Ognen being the oxygen in
phenolate, Oy 0 being the oxygen in the coordinated water and Ocan, being the oxygen in carboxylate.***#®% For [Zn(NNN)], the distances and

angles in this work and ref. 68 are shown side by side

[Zn(N-NNN)] [Zn(N-NNS)J*?

Length, A Angle (°) Length, A Angle (°)

Zn-Npy 2.075(4)/2.074(7)" Cl-Zn-Np, 178.1(1)/177.9(2)* Zn-Npy 2.109(4) Cl-Zn-N,p, 168.3(1)

Zn-N,m, 2.258(3)/2.239(7)" Cl-Zn-N,, 102.6(1/100.1(2)" Zn-Ngm 2.299(4) Cl-Zn-N,, 99.0(1)

Zn-Cl 2.268(1)/2.271(3)" N1p,-Zn-N2,,, 117.9(2)/114.9(3)" Zn-Cl 2.342(1) N1py-Zn-N2,, 115.5(2)
Nam-Zn-Npy 77.4(2) Zn-S 2.312(1) Cl-Zn-S 105.87(5)

S-Zn-N, 118.6(1)

[Zn(N-NNO)J** [zZnZn]®

Length, A Angle (°) Length, A Angle (°)

Zn-Np,y 2.116(4) Ocarb-ZN-N, ) 80.9(1) Zn-Oppen 2.033(1) Ophen-ZN-O1ppen 81.22(5)

Zn-N,m, 2.198(3) Ocarb—Zn-Np, 92.2(1) Zn-Ocarh 1.994(1) Ophen=Zn~Ocarh 99.12(1)

Zn-Ocarp 2.134(3) N1py-Zn-N2,, 156.2(1) Zn-N, e 2.126(2) N1amsee—ZN-N2, 81.29(6)

Zn-Opy,o\trans\am 2.010(3) Op,o\trans\am-Zn-Ny, 174.7(1) Zn-N,m, 2.158(2) Zn-Ophen—Znl 98.78(5)

Zn-Ogy,c\trans\carb 2.244(3) Op,o\trans\carb-Zn-Ocarp 175.6(1) Zn-7Zn 3.113(1) Nam=Zn-Ophen 167.42(6)
Nlam-Zn-N1p, 78.1(1)

“ref. 68.
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[Zn(N-NNN)] and 2.342 A in [Zn(N-NNS)], and smaller angles
between the nitrogenated moieties and zinc (N1p,~Zn-N2),
117.9° in [Zn(N-NNN)] and 115.5° in [Zn(N-NNS)]. These point
to the inclusion of a more flexible and bulky ethylthiol group
in the vicinity of the zinc atom.*® The comparison of the
octahedral [Zn(N-NNO)] with the other tripodal complexes
((zn(N-NNN)] and [Zn(N-NNS)]) showed a bigger Zn-Np,
(2.116 A) and N1,,~Zn-N2,,; (156.2°) than for the [Zn(N-NNN)]
and [Zn(N-NNS)] complexes that can be explained by its higher
coordination number.

In the MPL active site, the Zn atom can assume different
coordination spheres depending on the residues and water
molecules present in the pocket.' In this sense, the com-
pounds investigated here ([Zn(N-NNO)], [Zn(N-NNN)] and
[Zn(N-NNS)]) reveal that small changes in the ligand moieties
can lead to a different coordination number and structure for
these complexes in the solid state. In the presence of water or
other basic solvents, a quick exchange between these mole-
cules and the monodentate ligands (chloride in [Zn(N-NNN)]
and [Zn(N-NNS)], and coordinated water molecules in
[Zn(N-NNO)]) is observed by NMR (Fig. S5-S71) and MS experi-
ments in agreement with other Zn" MBL models.>*>*** In
solution, the ligand exchange is going to cause charge vari-
ation, depending on the solvent employed. The coordination
of water is critical, and the formation of hydroxide cannot be
disregarded in this case. In order to study the interaction with
the substrate, dried solvents were used to avoid substrate
hydrolysis and the pK, associated with the coordination of
water is a subject for future investigation. Each case and
solvent is discussed according to the experiment.

3.2. Structural comparison between synthetic models and a
MBL active site

A comparison of coordination geometry was performed in
order to evaluate the structural similarities between selected
active sites of MPL with the model complexes. For this study
we chose GOB-type metallo-f-lactamase from the opportunistic
pathogen Elizabethkingia meningoseptica (PDB ID 5KOW)"*
and L1 from Stenotrophonomas maltophilia (PDB ID 1SML).>
GOB-18 is a very interesting structure and despite being classi-
fied as a B3 subgroup, it has an uncommon behavior for a B3
enzyme as it can show an almost B2-like catalytic activity. As
shown by Alejandro J. Vila et al.”' GOB-type enzymes present
a hybrid characteristic where it can be fully functional in a
mono-zinc form in spite of its amino acid change of
His116GIn.”> The Zn site 1 was structurally compared with
[Zn(N-NNN)] and Zn site 2 with [Zn(N-NNO)]. The site 1 has
two His and one Gln coordinated and the site 2 has two His
and one Asp as illustrated in Fig. 3. On the other hand L1 has
the classical B3 structure as represented in Fig. 1c and S2.f
The complex [Zn(N-NNS)] does not have similarity regarding
the geometry and coordination sphere around the zinc metal
with any known ML, however, it is proposed as a model in
order to evaluate the effect of a coordinated thiolate, found in
the Zn site 2 of B1 and B2, as cysteine replaces histidine

(Fig. 3).
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Fig. 3 GOB-18 (5KOW) B3-ML active sites numbered structure with
the zinc atoms coordination sphere highlighted for both of them. The
site 1 (Zn1) was compared with the [Zn(N-NNN)] model and the site 2
(Zn2) was compared with [Zn(N-NNO)]. Nitrogen atoms are colored in
blue, oxygen atoms in red, zinc in grey and carbon in light grey.”

All the experimental evaluations performed in this work
were made using diluted solutions of [Zn(N-NNX)] complexes.
To simulate the complex structures in solution without the
packing effect, DFT optimized structures of the model com-
plexes were used in comparison with the enzyme sites instead
of crystal structures. The vacuum calculated geometries were
free of the packing effect present in the crystals, mainly due to
the counter-ion’s proximity and crystalline hydrogen bond
interactions, as observed in the [Zn(N-NNO)] structure for the
coordinated water.>* These DFT structures were calculated
using the respective crystal structure as the starting point. This
structural relaxation can be observed by comparing the py-Zn-
py angle that is more constrained (117.9°) for [Zn(N-NNN)]xgrp
than for [Zn(N-NNN)]pgr (119.4°), likely due to the presence of
a PFs counter-ion in the vicinity in the solid state (see
Fig. S17). The structural formulas of the DFT optimized com-
plexes of [Zn(N-NNN)], [Zn(N-NNS)] and [Zn(N-NNO)] are
shown in Fig. 4a, 4b and 4c. To compare with a classic litera-
ture mimetic, the crystal structure of a dizinc complex [ZnZn]
(see Fig. 4d) was used.®

The structures of the GOB-18 (5K0W) and L1 (1SML) B3-
MpL were retrieved from the Protein Data Bank (PDB)*>”' and
their active sites were isolated and are shown in Fig. 3 and S27
respectively. The GOB-18 (5KOW) site 1 is composed of the Zn1
coordinated in a distorted bipyramidal geometry to atoms O11
(water bridge), 010 (water), N4 (His100), N11 (His175), and O2
(GIn98). The site 2 is composed of Zn2 coordinated in a dis-
torted tetrahedral geometry to O11 (water bridge), O6 (Asp84),
N8 (His103) and N14 (His241). For the structural comparison,
Table 2 depicts the main values of bond lengths and bond
angles found for site 1 (similar to [Zn(NNN)]) and site 2
(similar to [Zn(NNO)]) of 5KOW enzyme pocket, as well as for
the [Zn(NNN)], [Zn(NNO)] and [ZnZn] complexes.**

In the case of L1 (1SML) site 1 is composed of Zn2 co-
ordinated in a distorted bipyramidal geometry to atoms O4

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Numbered DFT optimized structures of the complexes (a)
[ZnCUN-NNN)I*, (b) [ZnCUN-NNS)] with the zinc atoms trigonal
bipyramidal coordination sphere highlighted. (c) [Zn(N-NNO)
(H,0),]*with the zinc atom octahedral coordination sphere highlighted
and (d) [ZnZn] with the zinc atoms square-plane pyramidal coordination
sphere highlighted. Nitrogen atoms are colored in blue, sulfur in yellow,
chlorine atoms in green, zinc in grey and carbon in light grey. Hydrogen
atoms have been removed for clarity.
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(water bridge), O3 (water-H-bonded to Ser185 02), N42
(His89), N62 (His225) and 032 (Asp88). The site 2 is composed
of Zn1 coordinated in a distorted tetrahedral geometry to O4
(water bridge), N14 (His84), N21(His86) and N52 (His160). For
the structural comparison, Table S21 depicts the main values
of bond lengths and bond angles found for site 1 (similar to
[Zn(N-NNN)]) and site 2 (similar to [Zn(N-NNO)]) of 1SML
enzyme pocket, as well as for the [Zn(N-NNN)] and
[Zn(N-NNO)] complexes.**

As can be seen in Table 2, the [Zn(N-NNN)] and
[Zn(N-NNO)] structures have bond lengths close to that of their
related sites of the enzyme GOB-18. The differences observed
are in the range of 0.02-0.14 A and the main deviations are
observed in the bond angles (around 10° for N-Zn-N in
[Zn(N-NNN)] and 50° in [Zn(N-NNO)]). It is important to con-
sider the macromolecular nature of the enzyme that leads to
different constraints in a metal coordination site compared to
the constraints present in a small inorganic molecule.
Therefore, length and angle deviations are expected when com-
paring our models with the enzyme active site.>’® Besides
[Zn(N-NNO)] presents a more similar coordination sphere of
both sites, it has a larger N-Zn-N angle than [Zn(N-NNN)].
Overall, [Zn(N-NNN)] is more similar to the sites of GOB-18
with respect to both bond lengths, and angles in the His-Zn
bond comparison. The larger deviation of [Zn(N-NNO)] can be
explained by geometric constraints caused by chelating effects
of the N-NNO ligand, leading to a more hindered coordination
of the carboxylate moiety than is observed for the aspartate in
the enzyme active site, but keeping a higher similarity for the
N-Zn-O angles. On comparing [Zn(N-NNO)] and [Zn(N-NNN)],
it is possible to observe that the average Zn-N bond length is
larger for [Zn(N-NNO)] than for [Zn(N-NNN)]. This difference is
likely due to lower steric hindrance present in the trigonal
bipyramidal geometry of [Zn(N-NNN)] that binds the zinc atom

Table 2 Bond lengths and bond angles of [Zn(N-NNN)], [Zn(N-NNO)] optimized by the PBEO functional, [ZnZn] crystals, and the retrieved 5KOW

pocket. See numbered structures in Fig. 4

5KOW pocket”" [Zn(N-NNN)] [Zn(N-NNO)] [znzn]*®

Measured Length (A) Measured Length (A) Measured Length (A) Measured Length (A)

D(zn2, N14) 2.0767 — — D(zn1, N3) 2.1293 D(zn1, N1) 2.1259

D(Zn2, N8) 2.0997 — — D(zn1, N7) 2.1146 D(zn1, N2) 2.1581

D(zn2, 06) 2.1119 — — D(zn1, 04) 1.9736 — —

D(zn2, O11) 2.0623 — — — — D(zn1, O1) 2.0331

D(zn2, Zn1) 3.5155 — — — — D(zn1, Zn2) 3.1330

D(zn1, N11) 2.0618 D(Zn2, N3) 2.0850 — D(Zn2, N4) 2.1581

D(zn1, 03) 2.0356 D(zn1, N4) 2.0860 — — D(zn2, 05) 1.9944

D(Zn1, N4) 2.0627 D(zn1, N1) 2.0863 — — D(Zn2, N3) 2.1259

D(zn1, 011) 2.0750 — — — — D(zn2, O1) 2.0935
Angle (°) Angle (°) Angle (°) Angle (°)

A(NS, Zn2, 14N) 104.1627 — — A(N7, Zn1, N3) 155.7314 A(N2, Zn1, N1) 81.2852

A(NS, Zn2, 06) 94.5060 — — A(N1, Zn1, 04) 98.6513 — —

A(06, Zn2, N14) 98.5882 — — A(04, Zn1, N3) 93.2717 — —

A(N8, Zn2, 011) 125.6943 — — A(N1, Zn1, 02) 95.9252 A(N2, Zn1, O1) 111.0490

A(03, Zn1, N11) 95.2148 A(N4, Zn1, N3) 113.8002 — — A(O5, Zn2, N4) 141.5231

A(N4, Zn1, N11) 103.6364 A(N1, Zn1, N3) 113.8652 — — — —

A(03, Zn1, N4) 90.8811 A(N4, Zn1, N1) 114.1139 — — A(O5, Zn2, N3) 92.8427

This journal is © The Royal Society of Chemistry 2018
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more closely than the more hindered octahedral geometry of
[Zn(N-NNO)]. In the case of L1 the site 1 has the zinc co-
ordinated to three His, similarly to [Zn(N-NNN)]. The structural
comparison of [Zn(N-NNN)] and [Zn(N-NNO)] and L1 (1SML)
showed very similar deviations to that observed for GOB-18,
with differences in the bond distances of 0.01-0.10 A but con-
siderably higher deviation in the bond angles (around 20°) as
can be seen in Table S2.7 Despite the fact that the coordination
sphere of L1 is much more similar to the model [Zn(N-NNN)]
the models present more similarities to the sites of GOB-18.

Finally, the dizinc complex [ZnZn], Fig. 4d, presented the
largest deviation from the measured bond lengths and bond
angles with respect to the GOB-18 (5KOW) and L1 (1SML)
pocket, which indicates that the dizinc complex has a lower
similarity to the enzyme pocket geometry. In the crystal struc-
ture, the Zn-Zn distance on the dizinc complex is around
0.38 A shorter than the GOB-18 and 0.33 A shorter than L1.
Moreover, in this complex, the coordination sphere around
zinc atoms keeps neither similar moieties bonded to the
metal, with phenoxide and alkyl amines instead of imidazole
and water, nor a geometric structure, due to the square-based
pyramidal geometry and a rigid phenoxide bridge between the
two zinc atoms, 222363

3.3. Coordination sphere and influence on the kinetics

3.3.1. Influence of the zinc coordination sphere on the
kinetics. To understand the influence of coordination sphere
on the reactivity, the kinetics of nitrocefin hydrolysis was con-
ducted aiming to analyze our tripodal Zn" complexes as MBLs
models.?>** The pseudo-first-order rate constant for this reac-
tion was measured using the hydrolytic conversion of nitroce-
fin at low conversion (<15%) and by varying the concentration
of the substrate. The experiment was conducted in a low con-
centration of water, keeping the 2 : 8 buffer : DMSO ratio.”> The
water portion solution had the pH adjusted to 7.4 (buffered).
In the conditions of the experiment the labile ligands (chloride
and water) must be mostly exchanged by DMSO. The free water
might act as a nucleophile as the described mechanism for
monozince.>””’* Under these conditions we were able to evalu-
ate the influence of coordination sphere over reactivity. Charge
effects are also discussed. The obtained values for the reaction
rate constants are given in Table 3.

Our experiment points to the dependence of the kinetic
rate on ligand set, decreasing in the following order:

Table 3 Pseudo-first order kinetic constant (k) and initial rate (vo) for
nitrocefin hydrolysis activated by zinc models in phosphate
buffer: DMSO at 40 °C. For [Zn(N-NNX)], with X = O, N and S, the
solvent used was 2 : 8 phosphate buffer : DMSO, whereas for [ZnZn], the
solvent was used 1: 9 phosphate buffer : DMSO®®

Compounds k (min™) Error (min™ ") o (umol min™")
[Zn(N-NNO)] 2.5x107° 0.1x107° 1.3x107"
[Zn(N-NNN)] 1.9x107° 0.2x107° 6.6 x 107>
[Zn(N-NNS)] 1.5x107° 0.1x107° 1.6 X 107>
ZnZn]* — — 6.1x107"

[ ]
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[Zn(N-NNO)] > [Zn(N-NNN)] > [Zn(N-NNS)]. Considering the
ligand exchange of chloride for neutral solvent molecules
(DMSO or water) the charges of [Zn(N-NNO)] and [Zn(N-NNS]
are 1+ and [Zn(N-NNN)] is 2+. The chloride exchange is well
observed for [Zn(N-NNS)CI] by "H NMR (Fig. S61) and is also
proposed for the other two complexes as observed by mass
spectrometry. No discussion about the effect of overall charge
on the kinetics of MBL model complexes is found in the litera-
ture. Considering the high ligand lability and charge variation
over time of the reaction, mainly with the coordination of the
substrate, its hydrolysis and detachment was pointed by
Umayal and co workers.”” In the enzyme as a whole the
positioning of the substrate is mostly affected by the surface
potential. Here, the fact that [Zn(N-NNN)] can assume a 2+
charge after chloride displacement can affect the rate.
However, when compared with the series of complexes no
higher deviation is observed suggesting that the overall charge
is not the main effect in this case allowing the comparison.

As established in the literature, hydrolysis of p-lactam com-
pounds is activated by the coordination of the p-lactam closest
carboxylate, as shown in Fig. 5.**7* The order observed in the
rate constant allows hypothesizing a correlation between zinc
electronic density (or its Lewis acidity) and the strength of
carboxylate coordination, consequently affecting the hydrolysis
rate."”” The rate is lower in the presence of the thiolate donor
and higher in the presence of carboxylate. Thiolates are quali-
tatively better donors than carboxylates in this case affecting
the zinc electronic density.>** This hypothesis is further corro-
borated by Zn K-edge XAS and DFT data. Also, the presence of
thiolate was found to favor a secondary interaction with
f-lactams as discussed in the following sections. The overall
charge might contribute to the individual reactivity, mainly
attraction and positioning of the substrate, however the set of
data suggests that it is not the main effect for the trend. These
values obtained for the pseudo-first-order kinetic rates con-
stants are comparable with the literature data for mononuclear
species as [Zn(cyclen)](NO3), (2.8 x 10> min™") and Zn(NO3),
(1.3 x 10 min™").* Therefore, the obtained kinetic rate con-

NH, H
mn 1.
N
HO © \;(
O probeH 0
o |
O Zn—
o His
Aspi20

Fig. 5 Molecular structure of amoxicillin in which the geminal hydro-
gen to the carboxylic acid bonded to the 5-membered ring was used as
a probe to evaluate the interaction between it and our zinc models. The
literature proposes this carboxylate as the first moiety to coordinate to

the Zn" in the active site, as presented by a schematic monozinc active
Site.l'2'74
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stants for our zinc models confirm that these complexes are
indeed suitable models for MfLs, showing a similar behavior as
previously reported complexes.” As observed in MBL models
literature, dinuclear Zn-Zn complexes usually present a higher
hydrolytic rate constant than monozinc complexes. The
complex [ZnZn] and their similar literature dizinc models
present constants (k) in the range of 5 x 10 to 13 x 107
min~".>**?? This is not surprising as the synergistic and coop-
erative effects found in dizinc compounds are lacking on these
models. It is not the aim of this work to make a direct compari-
son on the activities but contribute to the information already
obtained by the dizinc models by studying the influence of S-,
N- and O-donor ligands. It is important to highlight the similar
order of magnitude between [ZnZn] and [Zn(N-NNO)] showing
that our monozinc complexes acts as good MBL models.

3.2. Influence of the coordination sphere of the complexes in
the reaction with carboxylates

As previously mentioned, the mechanism of f-lactam hydro-
lysis by MPL consists of the coordination of carboxylate neigh-
bor to p-lactam ring to the metal ion (Fig. 5). The influence of
the coordination sphere in the carboxylate coordination to Zn"
was investigated by probing the reaction of acetate and the
model complexes by '"H NMR in DMSO-dg. The water content
was decreased as much as possible to avoid hydrolysis of the
substrate. Acetate ion, was chosen as a model to evaluate the
influence of coordination sphere in the coordination of carboxy-
late and its polarization by the metal. In addition, the chemical
shifts would allow to indirectly evaluate the Lewis acidity. The
comparative spectra are showed in the ESI (Fig. S31) and the
respective methyl chemical shifts reported in the Table 4.

The methyl hydrogens of acetate were deshielded when
added to the solution of the Zn" complexes. The deshielding
observed is consistent with the coordination of the carboxylate
to the metal ion and dependent on the coordination sphere of
the Zn" complex. The extension of the shift in the methyl
signals, (Ad) reflects the charge donation of the carboxylate to
the metal, which can be indirectly associated with the elec-
tronic density (or alternatively, the acidity) of the metal ion.

Our results showed that the presence of a soft donor sulfur
atom bound to the zinc strongly affected the acetate co-
ordinated suggesting a higher electron density over Zn"

decreasing the acetate coordination to the complex

Table 4 'H NMR evaluation of the complex interaction with carboxy-
late following the signals in the methyl moiety in potassium acetate or
carboxylate geminal hydrogen Hp,ope (Fig. 5) in amoxicillin as electronic
probes in DMSO-dg

KOAc Amoxicillin
Compound 5(ppm) AS(ppm) & (ppm) AS(ppm)
Probe + [Zn(N-NNO)]  2.00 +0.43 4.76 +0.09
Probe +[Zn(N-NNN)]  1.98 +0.41 4.74 +0.07
Probe + [Zn(N-NNS)|  1.74 +0.17 4.48 —0.19
Probe + Zn(NO3)2 1.74 +0.17 4.90 +0.23
Probe 1.57 0 4.67 0

This journal is © The Royal Society of Chemistry 2018
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[Zn(N-NNS)], similarly to the Zn" added in the form of nitrate
salt. The exchange of Cl” in [Zn(N-NNS)] by solvent molecules is
observed by NMR (Fig. S6BT). On the other hand, the presence
of the oxygen base or the nitrogen donor causes a decrease in
the electronic density over Zn", favoring acetate coordination.

Previous studies concerning Zn" hydrolytic metalloenzymes
showed the importance of this carboxylate coordination for
reactivity.'””””* The hydrolytic kinetics of p-lactams is affected
by the extension of the polarization of the carboxylate bond
due to the coordination to zinc. The NMR study suggests
[Zn(N-NNO)] induces the strongest polarization of the carboxy-
late bond whereas the [Zn(N-NNS)] the lowest, and agreeing
with previously kinetic rate order: [Zn(N-NNO)] > [Zn(N-NNN)] >
[Zn(N-NNS)].

A similar experiment was performed using the broadly used
in clinic penam, amoxicillin. The complexes were mixed with
equivalent amounts of amoxicillin and "H NMR spectrum was
acquired. Fig. 5 shows the hydrogen probed in the amoxicillin
structure.”®’* The 'H NMR spectra of the resulting mixtures
indicate the coordination of amoxicillin to the complexes (see
ESI Fig. S47). The probe signals are highlighted and its chemi-
cal shift is reported in Table 4 for each Zn complex. The shift
in the signal of the geminal hydrogen to the carboxylate com-
pared to the free amoxicillin spectrum suggests that the
coordination occurs via carboxylate towards the Zn". This be-
havior is consistent with expected for MBL models, in which
the first hydrolysis step is the substrate coordination and fun-
damental to the subsequent reactions.

The chemical shift changes (A§) observed upon coordi-
nation with amoxicillin evidence [Zn(N-NNO)] is the most
polarizing, followed by [Zn(N-NNN)] and then [Zn(N-NNS)]. For
the first two complexes, the Aé of the geminal hydrogen was
positive and consistent with the deshielding upon coordination.
For the [Zn(N-NNS)], the A§ was negative suggesting that a sec-
ondary interaction is taking place. More than one Zn" complex
might be interacting with one molecule of amoxicillin. The
shifting and broadening of the amoxicillin signals at around
1.5 ppm by the mixture with [Zn(N-NNS)] can indicate some sec-
ondary interaction. ITC data are going to corroborate to this
hypothesis and will be discussed in the section 3.5. In general,
all complexes [Zn(N-NNX)], with X = O, N or S, showed to inter-
act with amoxicillin via coordination of the carboxylate and
following the previously found polarization order of the Zn" in
the model complexes. The Zn(NO3), caused the highest shift in
this case showing strong interaction with the carboxylate. In the
'H spectra of the amoxicillin with Zn" complexes, the ligand
hydrogens signals were also evaluated. For both [Zn(N-NNN)]
and [Zn(N-NNS)] no significant change in the tripodal ligand
chemical shifts was observed, allowing no further conclusion.
Both spectra are shown in ESI Fig. S5 and S67 repectively.

The spectral changes in the tripodal ligand of [Zn(N-NNO)]
upon addition of amoxicillin, ESI Fig. S7, involved changes in
the coupling pattern and in the chemical shift variation (Ad),
that are displayed in Table 5 with the respectively assigned
structure shown in Fig. 6. Knowing that before amoxicillin
coordination [Zn(N-NNO)] have an octahedral geometry,
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Table 5 [Zn(N-NNO)] ligand *H NMR evaluation upon coordination
with amoxicillin in dg-DMSO. The § corresponds to the chemical shift of
the hydrogen after the interaction, and A§ corresponds to the variation
using the signal of the original complexes in dg-DMSO

Hydrogen 5 (ppm) A6 (ppm) Multiplicity
H, 8.90 +0.24 D
Hs 4.29 +0.06 S
H, 3.13 —0.12 S
3,25 ppm
~
4,23 ppm <
B
N~
811ppm<—H /|\OH
OH, 2
s : N
7,62 ppm 8,66 ppm

Fig. 6 Molecular structure of the [Zn(N-NNO)] complex with numbered
atoms and *H NMR chemical shifts obtained in DMSO-ds.

favored by the water coordinated instead of chloride, the
coordination of a more hindered ligand, as amoxicillin,
should lead to a lower coordination number and changing the
overall complex geometry. In spite of the amoxicillin signal
appearance, changes in the chemical shift of the H; and, in
the coupling pattern of the Hs signal, were observed. The
largest changes in the ligand signals were the H; in the pyri-
dines ortho to the nitrogen bonded to the zinc, and the benzylic
hydrogen atoms, neighbors to the tertiary amine. The coordi-
nation of amoxicillin leads to a change in the complex structure
that is seen by the change in the coupling pattern (Hs). In the
free complex, the Hj signal is a doublet of doublets (AB quartet)
and after the interaction, it collapses to a singlet. Such singlet
appearance indicates a change in the complex structure and
gain of symmetry, that leads to a chemical and magnetic equiva-
lence of these hydrogens. This suggests a change in the zinc
coordination sphere upon amoxicillin binding.

To theoretically evaluate the zinc electronic density and
reactivity, DFT was used to obtain Fukui indices. Recently, DFT
has been successfully applied in the study of organic mole-
cules and metal complexes, providing relevant insight into
their reactivity.”®”® More specifically, global reactivity para-
meters such as electronegativity, hardness and electrophilicity
indices, as well as local indices as local softness and the Fukui
functions are capable of being obtained by such approach.?*%*

The Fukui indices represent an important tool to give a
local insight of reactivity site. It measures how sensitive a
chemical system is to an external perturbation at a particular
point. It provides the same information as the local softness
and can be used instead. The perturbation can be the addition
of electrons (f') or removal of electrons (f~). The partial
charge presented in the Fukui functions is obtained from a
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population analysis. A few schemes for population analysis are
described, as Natural Bond Orbitals, Mulliken and Hirshfeld
analysis.”®®>% Roy et al® have shown the latter is more
reliable for calculating local reactivity descriptors and also pro-
duces non-negative condensed Fukui functions.®® Even with
the fact that negative Fukui index values are considered as an
acceptable orbital relaxation effect,>*®” for this work all the
comparison were made using only positive Fukui indices.

We calculated Fukui indices for the complexes
[Zn(N-NNO)], [Zn(N-NNN)], and [Zn(N-NNS)] using two
different functionals (PBE and PBE0)®*® and two population
analysis (Hirshfeld - HSA and Natural - NPA).*>°° The results
obtained using PBE or PBEO and HSA showed only positive
indexes for the zinc atom and the same trend between the ana-
lyzed complexes, thus the PBEO/HSA was selected for further
discussion.®»®® For NPA, some negative indexes were found.
Considering these negative indexes as consequence of orbital
relaxation effect,’®®” a similar trend was observed. Fukui
indexes for Zn atoms using PBEO/HSA are reported in Table 6.
The complete table of results is reported on the ESI (Tables
$2-S5t), which shows the Fukui index values (f" & f7) split
into PBE and PBEO and using the numbering scheme showed
in Fig. 4. A significant difference in Fukui indexes of Zn atom
in the complexes was obtained. The following order was found
for the susceptibility for the Zn" ions receive electrons
[Zn(N-NNO)] > [Zn(N-NNN)] > [Zn(N-NNS)] as demonstrated by
the values of f*. It suggests the presence of nitrogen and sulfur
in the coordination sphere lead to a lower electrophilicity of
the metal, corroborating the previous findings.

3.4. X-ray absorption spectroscopy

To investigate the influence of the coordination sphere on the
zinc electronic density, X-ray absorption spectroscopy (XAS)
experiments were performed. XAS stands out due to its
element-specificity, as well as high sensitivity towards both
electronic and geometric structures around the atom.”"® The
Zn K-edge XAS analysis was focused on the near-edge region
(also referred to as XANES - X-ray absorption near edge spec-
troscopy), as when combined to quantum chemical calcu-
lations, it is able to provide detailed information on the elec-
tronic density over the metal center of molecules.>>°*” Such
information is essential to evaluate the hypothesis that the
electronic density around the zinc in the model compounds
studied here is influenced by coordination sphere and also
influences the reactivity. The individual XAS spectra of all
three complexes are presented in Fig. S8-S10 in the ESL{ The
normalized XANES spectra are shown in Fig. 7.

Table 6 Zn'" fukui index values (f* & f~) for Hirshfeld Population
Analysis (HPA) by employing the PBEO functional

Complex f f-

[Zn(NNO)] 0.015665 0.024586
[Zn(NNN)] 0.006815 0.040195
[Zn(NNS)] 0.003795 0.051891

This journal is © The Royal Society of Chemistry 2018
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Fig. 7 Zn K-edge X-ray absorption spectra of solid model complexes
[Zn(N-NNX)], with X = O, N or S. Insert showing pre-edge absorptions
observed for the complexes.

The overall electronic density around the Zn atom can be
directly correlated with the Zn K-edge rising edge energies
(Ex-edge) Of the complexes.”»””*® The Ey.cqqe Was taken as the
maximum of the first derivative of the edge, being: 9663.0;
9663.5 and 9664.3 eV for [Zn(N-NNS)], [Zn(N-NNN)] and
[Zn(N-NNO)] respectively, as shown in Fig. S11.7 A trend in the
edge position as a function of coordination environment is
then observed. An increasing value of Ex.cqge Was observed, fol-
lowing the order [Zn(N-NNS)] < [Zn(N-NNN)] < [Zn(N-NNO)].
Such order indicates that the [Zn(N-NNO)] model has the
lowest effective electronic density zinc atom and the
[Zn(N-NNS)] has the highest, supporting the hypothesis pre-
viously raised. This is a final evidence, now directly probed in
the metal center, that the coordination sphere modulates the
metal electronic density and affects directly the hydrolytic
B-lactam activity of these Zn" MPL models.

Furthermore, unexpected pre-edge features were observed
for the [Zn(N-NNN)] and [Zn(N-NNO)] complexes, as evidenced
in the insert in Fig. 7. These absorptions are related to inner-
orbital electrons (1s for the K-edge) to the empty valence shell,
being commonly observed for transition metals with mixed
unoccupied p and d-orbitals like Mn, Fe or Co.””°°"'°' The
presence of these weak transitions is rather unusual in Zn
complexes,'®>'% and we employed a well-established TDDFT
methodology to provide further insight in their
origins.>>'*»'% The most pronounced pre-edge absorption is
observed for the [Zn(N-NNN)] complex centered at about
9660.0 eV. In the case of [Zn(N-NNO)], only a subtle shoulder
can be observed in the spectrum, which is more clearly
noticed by investigating the first derivative (Fig. S117) observed
near 9661.2 eV. The [Zn(N-NNS)] did not show any clear pre-
edge feature. The pre-edge absorption energies can be found
in Table S7.T

This journal is © The Royal Society of Chemistry 2018
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TDDFT has been successfully applied in describing pre-
edge features of metal complexes, rationalizing the origins of
the transitions underlying such features, and at the same
time, providing detailed information about the electronic
structure.”>*”?® For [Zn(N-NNN)] and [Zn(N-NNS)], only DFT
optimized structures were used due to the high structural simi-
larity between the crystal and optimized structures. For
[Zn(N-NNO)], the DFT optimized structure obtained had a small
but significant difference from the crystalline one, that showed
to affect the simulated spectrum. Thus, a bipyramid geometry
with chloride coordinated in the place of water was calculated
in order to evaluate the effect of these structural changes in the
simulated spectrum. Thereby, the crystal structure (Fig. 8a), a
distorted octahedral optimized (Fig. 8b) and a trigonal bipyra-
midal model ((Fig. 8c, with chloride coordinated) of
[Zn(N-NNO)] were evaluated and will be discussed. A compari-
son of the experimental and calculated pre-edge regions, with
applied energy shift of +93.5 eV, is shown in Fig. 9.

The TDDFT-calculated pre-edges follow the same trend
observed experimentally, predicting pre-edge absorptions for
[Zn(N-NNN)] and [Zn(N-NNO)] complexes, as well as a much
less pronounced feature in the spectrum of [Zn(N-NNS)]. The
Kohn-Sham orbitals assigned to these transitions of
[Zn(N-NNS)], [Zn(N-NNO)] (crystal structure) and [Zn(N-NNS)]
are shown in Fig. 10. The spectra with the molecular orbitals
assigned to pre-edge transitions are shown in Fig. S12-S14.7F
The [Zn(N-NNN)] pre-edge feature is a metal-to-ligand charge
transfer (MLCT) excitation into low lying pyridine n* orbitals.
[Zn(N-NNS)] and [Zn(N-NNO)] have MLCT transitions into
pyridine =* orbitals of similar energy, but they are barely
visible in their spectra. This transitions to n* states are shown
in Fig. 10 and in agreement with previous results observed for
manganese complexes with pyridine-rich ligands.®”

The crystal structure of [Zn(N-NNO)] is octahedral with two
H,0 molecules coordinated to it, whereas the other complexes

Fig. 8 Structures of [Zn(N-NNO)] used for the Zn K-edge pre-edge
absorption calculations. The coordination sphere geometry and octa-
hedral distortion due to the coordinated water were evaluated using (a)
DFT octahedral and (b) model trigonal bipyramid and (c) crystal struc-
tures. Nitrogen atoms are colored in blue, oxygen in red, carbon in grey,
zinc in dark green and chlorine atoms in light green.
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Fig. 9 Comparative Zn K-edge X-ray absorption spectra of (a) experimental solid complexes [Zn(N-NNX)], with X = O, N or S, and (b) TDDFT calcu-
lated pre-edge absorptions using the optimized structures, including a calculation using the crystal structure of [Zn(N-NNO)].
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Fig. 10 TDDFT calculated Kohn-Sham molecular orbitals (MO)
involved in state transitions assigned to experimentally observed K-edge
pre-edge absorptions for [Zn(N-NNS)], [Zn(N-NNN)] and [Zn(N-NNO)]
complexes. For [Zn(N-NNO)], both c* and =* orbitals were observed, but
for [Zn(N-NNN)] and [Zn(N-NNS)] only =* orbitals were obtained.
Nitrogen atoms are colored in blue, oxygen in red, carbon in grey, sulfur
in yellow, zinc in dark green and chlorine atoms in light green.

assume a distorted trigonal bipyramidal geometry with a
single chloride ligand in the axial position. Thus, a hypotheti-
cal trigonal bipyramidal [Zn(N-NNO)] was calculated using
chlorine coordinated, instead of water, in order to evaluate the

Dalton Trans.

effect of the coordination sphere geometry over the n* orbitals
energy. These calculations showed that the n* orbitals states
have lower energy in the trigonal bipyramidal geometry com-
plexes than [Zn(N-NNO)] complex in an octahedral geometry.
Therefore, leading to a pre-edge absorption with lower energy
for a hypothetical trigonal bipyramidal complex.

Furthermore, these TDDFT calculations for [Zn(N-NNO)]
showed a significant change in the spectrum depending on
the angular distortion of the coordinated water. Thereby,
crystal (Fig. 8a) and DFT optimized (Fig. 8b) were used for the
TDDFT calculation and showed that the crystal packing has an
important effect over the position and angles of the Zn" co-
ordinated water molecules that directly affects the TDDFT
absorptions energy. The pre-edge absorptions observed for the
[Zn(N-NNO)] octahedral complex is twofold, involving n* and ¢*
states in its composition. The transition to o* state involves Zn s
and p orbitals mixed with water oxygen orbitals, shown in
Fig. 10, and this contribution has a lowered energy when com-
pared with the transition to n* states. This c*-transition showed
to be highly dependent on the structure used in the calculation
and gaining intensity when the DFT optimized structure was
used (see Fig. 9). In the [Zn(N-NNO)] DFT structure (Fig. 8b), the
absence of the packing effect lead to distortion induced that
decreases the o* orbitals energy. Thus, leading to a lower energy
for this transition in this DFT structure than for the crystal
structure. This is also followed by a gain in intensity for the
DFT structure compared to the crystal one. Thus, the TDDFT
calculation for [Zn(N-NNO)] crystal structure agrees with the
experimental spectrum obtained for this complex.

3.5. Thermodynamic parameters of [Zn(N-NNX)] and
amoxicillin reaction

The formation of the enzyme-substrate complex is a determi-
nant step for enzymatic reactions. In the case of monozinc

This journal is © The Royal Society of Chemistry 2018
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MPL the most accepted mechanism is the coordination of one
molecule of p-lactam compound per active site by the carboxy-
late group closest to the p-lactam ring followed by the water
attack.”*?”’* The formation of [Zn(amox)] complex is very
difficult to be detected and mimetic compounds have been
used to structurally determine it.>*>* Therefore, the thermo-
dynamic measurement of this enzyme-substrate adduct for-
mation can be performed in order to evaluate the affinity and
mechanism without a structural analysis.'*®"%”

Isothermal titration calorimetry (ITC) is a sensitive tech-
nique to determine affinity constants, the stoichiometric ratio
between enzyme models and the substrate, and thermo-
dynamic parameters as AG, AH and TAS.'®® In this work ITC
was used to evaluate the effect of the first coordination sphere
of the complex in the coordination with amoxicillin (the
model substrate). The measurement was performed in dried
DMSO in order to avoid hydrolysis of the p-lactam. The ITC
data are summarized in Table 7. All enthalpy variation plots
are presented as Fig. S15-517 in the ESL{

The data show a thermodynamically favorable interaction
for all the complexes (AG < 0). The stoichiometry relation
between amoxicillin and the complexes changes dramatically
depending on the ligand, showing an important effect of the
Zn" coordination sphere on the behavior of the formed system
in equilibrium. It is important to highlight that ligand
exchange reaction of the complex and the solvent were cor-
rected by measuring blank solutions in the sample cell. The
dilution heat of amoxicillin was also corrected. The heat
measured corresponds to the interaction of the amoxicillin
and the complex. It is possible to see that for [Zn(N-NNS)] the
stoichiometry relation is the lowest, suggesting a system
arrangement with 3:1 complex:amoxicillin ratio. Such
arrangement supports the hypothesis of secondary inter-
actions of the amoxicillin with the complexes rather than the
carboxylate coordination only, as suggested by the negative
shift in the "H NMR interaction experiment (see Table 4). For
[Zn(N-NNO)], a 1:1 complex:amoxicillin ratio was observed,
agreeing with the expected for a simple coordination, but for
[Zn(N-NNN)], a 2:1 complex: amoxicillin ratio was obtained,
suggesting more than one complex is interacting with one
molecule of amoxicillin (multiple interactions). This ratio
should be further studied using techniques to evaluate the
species in equilibrium for each complex. The ITC data allow to
say that the thiolate coordination is facilitating the ligand
exchange and multiple interactions, followed by [Zn(N-NNN)]

Table 7 Thermodynamic data obtained by ITC of [Zn(N-NNX)], X =S, N
or O, complexes with amoxicillin in dry DMSO at 25 °C

[Zn(N-NNS)] [Zn(N-NNN)] [Zn(N-NNO)]

N 0.34 0.54 1.04
K 6.9 x 10° 2.9 x10° 9.2 x10°
AH (k] mol™) -51.0 -51.6 -21.6
AS (J mol™ K™) -59 -68 +3
—TAS (kJ mol™) 17.7 20.5 -1.0

AG (k] mol™) -33.3 -31.1 -22.6

This journal is © The Royal Society of Chemistry 2018
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and the well behaved [Zn(N-NNO)]. The trend corroborates pre-
vious results, however charge effects cannot be disregarded.
The multiple interactions revealed by the ITC data must con-
tribute to the hydrolysis kinetics. Taken the numbers of kgps
measured (Table 3) the secondary interactions does not turn
the complex more active than the [Zn(N-NNO)] which pre-
sented a stoichiometric ratio 1:1. It is not possible to con-
clude with the data if it is cooperative or non-cooperative inter-
action. The NMR data suggests interaction of [Zn(N-NNS)] and
thioether bond of amoxicillin, but it is not confident. Multiple
interactions were reported for the reaction of 8-hydroxy-
quinoline and Zn" complex with tripodal ligands, and also in
dinuclear models.”>"®

The equilibrium constants are similar for [Zn(N-NNS)] and
[Zn(N-NNN)], being two orders of magnitude smaller for
[Zn(N-NNO)]. Enthalpy variation changes are all negative and
for [Zn(N-NNS)] and [Zn(N-NNN)] they are very similar,
however, in the case of [Zn(N-NNO)], it is less than half of that
of the other compounds. Thereby, suggesting an important
change in the Zn" reactivity in the presence of the carboxylate
moiety.

[ZnZn] was also measured using the same procedures but
showed a low equilibrium constant that did not allow fitting
for quantitative analysis (see ESI Fig. S187).°> Our results point
out that the ligand choice for the synthetic MPL zinc model is
an important factor to control its reactivity. Thus, the ligand
choice should be made with care in order to allow a correct
understanding of the enzymatic mechanism and an investi-
gation of potential inhibitors.'%®

4. Conclusion

Understanding the influence of the coordination sphere over
MPL reactivity is a relevant topic to allow the development of
new inhibitors and antimicrobial compounds. We studied it
using a series of zinc complexes that were synthesized aiming
to better model coordination structures of ML active sites.
These complexes had their structures and reactivity evaluated
using XRD, nitrocefin hydrolysis kinetics, 'H NMR, Zn K-edge
XAS and ITC with the purpose of understanding how changes
in the coordination sphere would change the reactivity towards
f-lactam hydrolysis. We observed that changes in the ligands
in order to increase its electronic donation toward the zinc
atom decreases the ability of the complex to hydrolyse p-lactam
compounds, which can be explained by the lower electrophili-
city (overall higher electronic density) of zinc, its strength to
coordinate the substrate and favor the water (or hydroxide)
attack.

Model complexes of MPL have been successfully used for
the understanding of the mechanism of p-lactam hydro-
lysis.>**?>* However, in the previous work not much attention
was devoted to the Zn" Lewis acidity in these systems consider-
ing the differences among MpL subclasses (B1, B2, and B3).
The classification reveals that the sequence of coordinating
amino acids also changes the reactivity." This work represents
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the first systematic study of the influence of pyridine, thiolate
and carboxylate groups over the electronic density (Lewis
acidity) of Zn" ions in MBL model complexes and the corres-
ponding effect on reactivity.

X-ray absorption near edge structure (XANES) spectra of the
model complexes were fundamental to show the overall metal
electronic density, demonstrating that the Lewis acidity of Zn"
ions is strongly influenced by donor groups. Thiolate is the
strongest donor and consequently [Zn(N-NNS)] is the weakest
acid, oppositely by the carboxylate donor in the [Zn(N-NNO)]
complex. The presence of pyridine donor groups generates low
lying anti-bonding orbitals, indicated by the presence of weak
pre-edge features in the zinc K-edge XAS spectra.”” They are
also highly influenced by the third donor arm in the tripodal
system. TDDFT was able to predict the transitions for all
tripodal complexes. In the case of [Zn(N-NNO)], the geometry
of coordinating waters was shown to influence the pre-edge
transitions. The observed difference in the Lewis acidity
influences directly the hydrolysis kinetics of the complexes,
which follows the same order found for the Zn K-edge energies
([Zn(N-NNS)] < [Zn(N-NNN)] < [Zn(N-NNO)]).

The mechanism of hydrolysis for these complexes was
revealed by NMR studies. It consists of the carboxylate (closest
to the B-lactam ring) coordination to the metal, facilitating the
nucleophilic attack, in agreement with other MPL model com-
pounds.?* 1t is highly influenced by the Lewis acidity, and [Zn
(N-NNS)] is less polarizing than [Zn(N-NNO)] as demonstrated
by the NMR study using acetate as the probe. The NMR study
using amoxicillin as the probe demonstrates that [Zn(N-NNS)]
is subjected to secondary interactions and the isothermal titra-
tion calorimetry (ITC) revealed a stoichiometry of 1:3
amoxicillin : complexes ratio, confirming the interactions with
groups other than the carboxylate. Besides the ligand effect on
the Lewis acidity, the hard/soft character is also affected. The
results indicate that the thiolate softens the metal center and
favors the interaction with amines, amides or thioether groups
present in amoxicillin, in addition to DMSO or solvents with
soft character. The Pearson theory is better to explain why
[Zn(N-NNS)] presents a facilitated exchange with DMSO in
comparison with [Zn(N-NNO)] and also presents a stoichio-
metry that indicates these multiple interactions with amoxicil-
lin. The [Zn(N-NNN)] presented 1 : 2 amoxicillin : complex ratio
also revealing secondary interactions, while [Zn(N-NNO)]
showed 1: 1 ratio. These results show that the softer the metal
center, more favorable are the secondary interactions. In the
enzymatic system, the whole protein directs the substrate
avoiding the unwanted interactions. The ITC results for the
interaction with amoxicillin revealed enthalpies following the
order [Zn(N-NNS)] ~ [Zn(N-NNN)] > [Zn(N-NNO)]. The higher
enthalpies for [Zn(N-NNN)] and [Zn(N-NNS)] are a result of the
presence of other bonds besides the carboxylate coordination.

Geometrically the complexes revealed important differences
in bond lengths and angles among themselves. The presence
of the carboxylate donor group in [Zn(N-NNO)] favors the octa-
hedral geometry, while trigonal bipyramidal was found for
[Zn(N-NNN)] and [Zn(N-NNS)]. However, compared to the
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[ZnZn], the tripodal complexes shared more similarities to the
GOB 5KOW enzyme active site than the dinuclear model.”*

In summary, the work demonstrated that the Zn" acidity
cannot be disregarded in the design of MPL model com-
pounds, as it influences the reactivity and kinetics. Also, it
reveals that the presence of thiolate ligands softens the zinc
center and similar behavior might be found in the enzymes B1
and B2 (Asp, Cys, His) in contrast to B3 (His, His, Asp). This is
a relevant point of MPL diversity that makes the inhibitor
design a challenge. Besides their similar active site structures,
several aspects differ among the subclasses and specific
inhibitors must be developed.
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