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Abstract: B-lactam antibiotics are one of the most commonly
prescribed drugs to treat bacterial infections. However, their use has
been somehow limited given the emergence of bacteria with
resistance mechanisms, such as B-lactamases, which inactivate them
by degrading their four membered p-lactam rings. So, a total
knowledge of the mechanisms governing the catalytic activity of -
lactamases is required. Here, we report a novel Zn-based metal—
organic framework (MOF, 1), possessing functional channels capable
to accommodate and interact with antibiotics, which catalyze the
selective hydrolysis of the penicillinic antibiotics amoxicillin and
ceftriaxone. In particular, MOF 1 degrades, very efficiently, the four
membered B-lactam ring of amoxicillin, acting as a -lactamase mimic,
and expands the very limited number of MOFs capable to mimic
catalytic enzymatic processes. Combined single crystal X-ray
diffraction (SCXRD) studies and density functional (DFT) calculations
offer unique snapshots on the host guest-interactions established
between amoxicillin and the functional channels of 1. This allows to
propose a degradation mechanism based on the activation of a water
molecule, promoted by a Zn-bridging hydroxyl group, concertedly to
the nucleophilic attack to the carbonyl moiety and the cleaving of C-N
bond of the lactam ring.

Introduction

B-lactam antibiotics —including penicillins,
cephalosporins and cephamycins, monobactams, carbapenems

and carbacephems— are the most commonly used group of
antibiotics against bacterial infections.™ They all have in common
the presence of a four membered B-lactam ring in their chemical
structure, which lies at the origin of their antibacterial properties.™!
However, this feature also represents the main drawback of this
family of antibiotics as certain bacteria are capable to, among
other resistance mechanisms, secrete 3-lactamase enzymes that

are capable to inactivate most B-lactam antibiotics by degrading
the mentioned four membered ring.™

There are two basic mechanisms for the opening of the -
lactam ring: (i) Serine B-lactamases (SBLs),@ whose catalytic
action occurs via acylation-deacylation reactions and (ii) Metallo-
B-lactamases (MBLs),-*1 possessing one or two metal (usually
Zn") cations that are capable to hydrolyze the B-lactam ring by
deprotonating a coordinated water molecule, which acts as a
powerful nucleophile.*213 Regarding MBLs, many scientists have
devoted their efforts to elucidate their structures as well as
catalytic mechanisms,['>%3  aiming at developing efficient
inhibitors, which seems to be a titanic effort considering the wide
variety of molecular and structural diversity in this family of
enzymes.*% In this context, a type of hybrid porous materials,
the so-called metal-organic frameworks (MOFs),1*6-21 can be
helpful to gain information about both structures and catalytic
mechanisms of MBLs.

MOFs are crystalline porous materials,?? formed by the
combination of metal atoms and organic ligands, exhibiting a
seemingly endless diversity of architectures. They have found
application, in recent years, in many different important research
fields like gas adsorption and separation,i? transport,?4 water
remediation?® or catalysis.?®?"1 More recently, MOFs have
become relevant in another emergent field of research as
enzymatic catalysis.?®?9 Indeed, several recent publications
report MOFs that are capable to carry out, efficiently, enzymatic
catalytic reactions.l?*-34 The amazing host-guest chemistry!3>3¢l of
MOFs lie at the origin of such efficiency, as they offer the
possibility to mimic active sites of enzymes,B% by a proper
combination of metal cations and functional groups within their
channels or even encapsulating fragments of small enzymes. For
example, we recently reported a metal organic framework with
formula {Ca"Cu'"s[(S,S)—serimox]3(OH)2(H.0)} - 39H,O (where
serimox®6-38 = pis[(S)-serine]oxalyl diamide), presenting
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hexagonal channels densely decorated with methyl alcohol
“arms”, which exhibited efficient hydrolase—like catalysis.!
Herein, we report the preparation of a new highly robust and
crystalline ZngCa MOF (Figure 1) —derived from the amino acid S-
methyl-L-cysteine and whose micro-channels are thus decorated
with  thioether groups— with formula {Ca'"zn"s[(S,S)-
Mecysmox]s3(OH)2(H20)} - 12H,0 (1) [Mecysmox = bis[S-methyl-
L-cysteine]oxalyl diamide], which is capable to accommodate and
degrade, very efficiently, amoxicillin and ceftriaxone antibiotics by
following two different mechanisms (Figure 2). For amoxicillin,
MOF 1 acts as a 3-lactamase mimic and expands the very limited
number of MOFs capable to mimic catalytic enzymatic
processes.[**-42 Remarkably, given the high crystallinity of the
ZnsCa MOF, single-crystal X-ray diffraction (SCXRD) studies
(Table S1) allowed to gain insightful views about the chemical
environment of Zn" cations, aiming at further unveiling the
mechanisms governing the catalytic action of MBLs. In turn, MOF
1 is also capable to degrade ceftriaxone, but following a different
mechanism. Indeed, 1 is capable to efficiently hydrolyze
ceftriaxone into thiotriazinone and 3-desacetyl cefotaxime, a
reaction that without catalyst only occurs after 12 h. at pH = 5,143
while leaving unchanged its four membered B-lactam ring.
Moreover, we have been capable to isolate and
characterize, by single-crystal X-ray diffraction (SCXRD), a host
guest aggregate containing MOF 1 and amoxicillin (vide infra,
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Figure 3), aiming at achieving unique snapshots of the host-guest
interactions, ultimately responsible for the B-lactamase activity.
The crystal structure of this aggregate allowed us to carry out
density functional calculations, which somehow confirm that the
hydrolysis of the amoxicillin proceeds through the activation of a
water molecule, promoted by Zn-bridging hydroxyl group,
concertedly to the nucleophilic attack to the carbonyl moiety and
the cleaving of C-N bond of the lactam ring.

Results and Discussion

Synthesis and characterization of MOF 1 and amoxicillin@1

Compound 1 was first synthesized, in a multigram scale, by direct
precipitation in water (see experimental section). The resulting
polycrystalline powdered sample of 1 was used to carry out
analytical/catalytic experiments. Alternatively, compound 1 could
be also obtained as colorless hexagonal prisms, using a slow
diffusion technique (see experimental section in the Supporting
Information). Then, single crystals of 1 were used to determine
the crystal structures of the pristine MOF 1 and also a hybrid host-
guest aggregate, so-called amoxicillin@1, that was obtained
after immersing crystals of 1 in saturated DMF solutions of
amoxicillin for 72 h.

9 /\ water/hydroxide bridge

J \ R
/ \
\ )

( )
\_/

(Cy5221

Active sites in B1 MBLs

B1

Figure 1. Crystal structure of 1. a) Perspective views of 3D porous network of 1 along c crystallographic axis and a fragment (SBU) of 1 showing the dianionic
bis(hydroxo)dizinc(ll) building blocks. The inset shows a representative active-site Zn" coordination geometry for B1 enzymes from Metallo--lactamases (MBLS),
where Zn' ions and water molecules/hydroxide ions are displayed as gray and red spheres, respectively. (b)Views of a fragment of 1 in the bc and ab planes. Zn,
Ca and S atoms are represented by pale orange polyhedra, blue polyhedra, and yellow spheres, respectively, whereas the ligands(except sulfur) are depicted as

gray sticks.



In addition to the structural characterization (see below), the
chemical identity of 1 (and also that of amoxicillin@1) was also
stablished by elemental analyses (C, H, S, N), inductively coupled
plasm—mass spectrometry (ICP-MS), powder X-ray diffraction
(PXRD) and thermo—gravimetric (TGA) analyses. Both C, H, S, N
analyses and ICP-MS measurements, together with TGA
analyses, allowed to determine the chemical formulas of 1 and
amoxicillin@1 (see experimental section). Figures S1 and S2
show the TGA analyses for 1 and amoxicillin@1, respectively,
which allow to determine the water contents established in the
chemical formulas (experimental section). Figures S3 and S4
show the experimental powder X-ray diffraction (PXRD) patterns
of 1 and amoxicillin@1, which are identical to the theoretical
ones (Figures S3-S4), confirming the purity and homogeneity of
the bulk samples of 1 and amoxicillin@1. Finally, aiming at
confirming that 1 is capable to host guest antibiotic molecules, its
permanent porosity was also evaluated by measuring its N
adsorption isotherm (Figure S5). Indeed, the isotherm for 1 shows
a type | behavior with large uptake at low pressures. The
Brunauer-Emmett-Teller (BET) surface area calculated was 571
mzlg.[““]

The crystal structure of 1 could be determined by SCXRD
(see Supporting Information for structural details). 1 crystallizes in
the chiral P63 space group and consists of chiral honeycomb-like
three-dimensional (3D) calcium(ll)-zinc(ll) networks (Figure 1)
featuring hexagonal channels, of approximately 0.7 nm, where
the methylenethiomethyl chains of the amino acid are located
(Figures 1b and S6). The 3D porous structure of 1 offers a
functional space capable to accommodate/stabilize substrates, in
a similar manner to that observed in the active sites in B1
enzymes. The network is constructed from trans-oxamidato-
bridged dizinc(ll) units, {Zn";[(S,S)-Mecysmox]} (Figure 1a),
which act as linkers between the Ca" cations through the
carboxylate groups (Figure 1) and are further interconnected, with
neighboring dizinc(Il) moieties, by water/hydroxide groups (Figure
1a). This situation is reminiscent to that observed in certain MBLs
like S. maltophilia and B. fragilis enzimes (Scheme S1),**! where
hydroxide ions bridge zinc(ll) cations. This feature is closely
related to metallo-B-lactamases activity, as itis postulated that the
catalytic mechanism involves an attack of the metal-bound
hydroxide on the carbonyl group of the B-lactam ring, which must
be accompanied by the collapse of the four-membered ring.!e!

Indeed, it is well established®d that Zn" coordination
environment is crucial for substrate binding and catalysis in MBLs.
Figure 1 shows a detail of the two crystallographically distinct Zn"
metal ions in 1, in similarity with B1 MBLs active sites. B1
enzymes are Zn'-dependent metalloproteins and belong to the
Ambler class B enzymes (or metallo-B-lactamases), being one of
the three subclasses: B1, B2, and B3.[4/l They possess two, Zn1l
and Zn2, binding sites containing both a bridging hydroxide and
three amino acid residues, but only Zn2 ion is bound to a water
molecule (see inset of Figure 1a). As a result, the Zn1 site adopts
a tetrahedral coordination geometry (Figure S7), while the Zn2 is
trigonal bipyramidal, as both Zn" sites present in MOF 1. Indeed,
in the crystal structure of 1, Zn" environment is described by a
trigonal bipyramidal geometry being coordinated by a nitrogen
and three oxygen atoms belonging to the Mecysmox ligand, and
a water/hydroxide bridging group (in a 1:2 statistic distribution) as
found in Bl enzymes. In the literature there is a general

agreement supporting that the active and relevant species of the
B1 (and B3) enzymes is the binuclear form.*® The canonical
binuclear site of B1 MBLs exhibit Zn-Zn and Zn-OH distances
ranging from 3.5 to 3.9 and 1.9 to 2.2 A, respectively in the
inactive state. In 1, the Zn-OH bond length is of 1.97(1) A, with a
Zn-Zn distance across the hydroxide bridge of 3.70 A.

Analytical experiments

On the basis of the structural characteristic observed for the
Zn" active sites of the MOF 1, we carried out analytical
experiments to observe if, as we expected, 1 was capable to
degrade, selectively, the four membered rings of amoxicillin and
ceftriaxone antibiotics, together with non-penicillinic antibiotics
like clindamycin and cholesterol absorption inhibitor ezetimibe, for
the sake of comparison (Scheme S2). Notice that ezetimibe also
contains a B-lactam ring but not the fused thiazolidine ring. The
uptake efficiency of MOF 1 for amoxicillin, ceftriaxone and
clindamycin was first evaluated by HPLC-UV analyses in water
(see Experimental section for further details).

Regarding amoxicillin degradation, after just 30 min of
soaking, the HPLC chromatogram shows the appearance of two
UV peaks at rt 6.28 min (f1) and 7.12 min (f2), in addition to the
amoxicillin peak (rt 9.57 min). The area of the first peak (rt 6.28
min).increases as the area relative to amoxicillin peak (9.57 min)
decreases, reaching a maximum after 4 hours and remaining
constant (after 24h, Figure S8). This evidence suggests the
formation of probable degradation products of amoxicillin. The
fractions f1 and f2 collected from HPLC separation were, hence,
analyzed by mass spectrometry in order to retrieve structural
information. The HPLC-MS determination was performed at high
resolution using an Orbitrap Exploris 120 equipped with an ESI
source. The full MS spectra of both fractions carried out in positive
mode showed similar protonated molecular ions at m/z 384.1224
which matches with the formula CisH22N306S. The elemental
composition corresponds to the amoxicillin pennicilloic acid
compound (Figure S9). The presence of the same m/z signal at
different retention times may be rationalized by the formation in
solution of two epimers, as already reported in literature.[*"!
Furthermore, the HR-MS analysis showed the presence of the two
epimers of amoxicillin penicilloic acid compounds (m/z 340.1311),
derived from a consecutive decarboxylation of amoxicillin
penicilloic acid (m/z 384.1224). This decarboxylation probably
occurs in solution and it is not affected by MOF. The presence of
stereoisomers was confirmed by MS/MS experiments, which
disclose the same fragmentation pattern (Figure S10).

In order to support the ring opening reaction mechanism,
the soaking was performed also in MeOH. After 24h the HPLC-
ESI MS analysis showed the presence of just one peak relative to
the formation of the methyl ester of the amoxicillin penicilloic acid
(Figure S11). In this case, as expected, no decarboxylation
product was detected, and no epimerization occurred.’%

The situation is drastically different for the cephalosporin (-
lactam antibiotic ceftriaxone. Indeed, a different hydrolysis
reaction mechanism is observed when ceftriaxone is soaked with
MOF 1. The HPLC-UV analysis shows, as a matter of fact, the
formation of only one degradation product (Figure S12), which



has been identified by HPLC-ESI-HRMS as the ion at m/z
414.0535 (Figure S13). This compound is produced by the
hydrolysis of ceftriaxone at the sulfur atom of the
carbamimidothioate group, previously characterized after
hydrolysis at pH = 5 after 12 days."!

Finally, clindamycin, which belongs to the class of
lincosamide antibiotics, does not show any hydrolytic behavior
when soaked with MOF 1. Furthermore, the uptake of the
molecule reaches a maximum at 5h, and then decreases at the
initial level, showing a behavior governed almost completely by

physisorption mechanisms.
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Table 1. Catalytic results for the hydrolysis reaction of different penicillinic and
non-penicillinic antibiotics in the presence of different solids. 20 mol% Zn.
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Entry Substrate Catalyst Conversion (%)?
1 Amoxicillin MOF 1 90
2 MOF 2 <5
3 ZnO 60
4 Ceftriaxone MOF 1 95
5 MOF 2 <5
6 ZnO 50
7 Clindamycin and ezetimibe MOF 1 <5
8 MOF 2 <5
9 ZnoO <5

Catalytic experiments

Aiming at further confirming the degrading activity of MOF 1
towards amoxicillin and ceftriaxone, we also carried out catalytic
experiments. Reactions were followed by in-situ by proton nuclear
magnetic resonance (*H NMR), diffuse reflectance ultraviolet-
visible spectrophotometry (DR-UV-vis) and Fourier transformed
infrared spectroscopy (FT-IR). A parent MOF, non-containing Zn
but Cu, with formula ({ca'"cu'g[(S,9)-
Mecysmox]3(OH)2(H.0)}-16H,0 (MOF 2))5152 and also ZnO
were evaluated as catalysts for the same reaction. The results are
shown in Table 1 and Figure 2.

1H NMR results (Figure S14) show that MOF 1, containing
Zn'" sites, catalyzes very efficiently and selectively (90% yield) the
hydrolysis of the B-lactam ring in amoxicillin, keeping untouched
the rest of bonds in the molecules, which include, among others,
linear amide, oxime, thioamines and diazine bonds. The same
efficiency (>90% vyield) is observed for the degradation of
ceftriaxone to give into thiotriazinone and 3-desacetyl cefotaxime
(Figure S15). DR-UV-vis (Figure S16) and FT-IR (Figure S17)
measurements confirm the presence of the hydrolyzed products
inside the framework of MOF 1 after reaction. In accordance, the

linear amide bond of the non-penicillinic antibiotic clindamycin
does not react under identical reaction conditions (Figure S18),
and even the B-lactam ring of the cholesterol absorption inhibitor
ezetimibe is completely unreactive (Figure S19), which supports
the high selectivity of MOF 1 towards the fused pB-lactam-
thiazolidine ring core and discards an enhanced amide hydrolysis
reaction by pure confinement effects.[53 MOF 2, containing Cu"
cations in its framework instead of Zn" ones, is completely inactive
towards the hydrolysis reaction, confirming that neither Cu'"
cations nor Ca' ones play a relevant role in the degradation
reaction. In turn, ZnO shows some catalytic activity, but much
lower than MOF 1. These results, together, support the
uniqueness of the Zn" sites in MOF 1 to catalyze the hydrolysis of
the B-lactam ring in penicillinic antibiotics, such as p-lactamases
do, and the potential role of simple MOFs as biocatalysts.[>
Finally, ICP-MS analyses (see experimental section in the
Supporting Information) and PXRD (Figure S20) measurements
for MOF 1, after the catalytic study, confirm that the chemical
formula remains unaltered and that no degradation of the MOF is
observed during the catalytic experiments.
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Figure 2. Hydrolysis products of the different penicillinic and non-penicillinic
antibiotics catalyzed by MOF 1.

The crystal structure of the host-guest aggregate
amoxicillin@1 helps to gain further information about the nature
of the host-guest interaction as well as the concomitant (-
lactamase activity. Aiming at acquiring structural insights, we
soaked crystals of 1 within water, methanol and
dimethylformamide saturated solutions containing amoxicillin
(details in Experimental Section and Supporting Information).
Only DMF solution allowed to observe a single-crystal-to-single-
crystal process of amoxicillin insertion, further supporting the
proposed catalytic reaction mechanism. Indeed, in water and



methanol, after 24h the HPLC-ESI(+)-Orbitrap MS analysis
detected the formation of amoxicillin penicilloic acid and its methyl
ester, respectively (Figures S9 and S11). with the consequent
loss of crystallinity of 1, likely related to the required
rearrangement of Zn" metal nodes during the catalytic reaction.
After the encapsulation in DMF, we have obtained
amoxicillin@{Ca"zn"¢[(S,S)-Mecysmox]3(OH)2(H.0)} 9H,0
(amoxicillin@1) adsorbate. The retained crystallinity of the
amoxicillin@1 adsorbate allowed the use of SCXRD to
determine its crystal structure. This allows visualizing the
robustness of 1, the accomplished molecules captured and the
structural stability of the final adsorbate. Although the guest
molecules were highly disordered in the pores (Supporting
Information for refinement details), we succeeded in obtaining
their most probable locations and even their interaction sites with
MOF 1 hosting matrix (Figures 3 and S21-S22).

water/hydroxide briﬂiz

Figure 3. Crystal structure of amoxicillin@1. a) Perspective view of a single
channel along c crystallographic axis. b) Details of host-guest interactions. Zn,
Ca and S atoms are represented by pale orange polyhedral (a) or spheres (b),
blue polyhedra (a) or spheres (b), and yellow spheres, respectively, whereas
the ligands and amoxicillin guest molecules (except nitrogen and oxygen atoms
from amoxicillin involved in interactions, sky blue and red spheres, respectively)
are depicted as gray, yellow, red and sky blue sticks for carbon, sulfur, nitrogen
and oxygen, respectively.

Amoxicillin@1 is isomorphic to 1, crystallizing in the P63
chiral space group of the hexagonal system. This structural
feature confirms the robustness of the 3D network of 1, even after
antibiotic encapsulation. In the crystal structure, amoxicillin guest
molecules are confined in the hexagonal pores of 1, being
recognized by the sulfur atoms of the S-methyl-L-cysteine
residues (Figure 3). They are stabilized by o-hole interactions[>
involving nitrogen and oxygen atoms of the target molecules with
the amino acid moieties. As expected, after process of
encapsulation in MOFs, amoxicillin molecules show statistical and
thermal disorder. In fact, it was not possible to found from AF
maps the terminal methyl and carboxylic fragments of the guest
molecules (Figure S22), because an overlapping with equivalent
detected carbon and nitrogen atoms occurs (see Crystallographic
Supporting Information for details). The evidence of o-hole
interactions is given by -CH,SCHj; S-methyl-L-cysteine arms
pointing toward the -NH, group [S---N distance of 3.87(1) A] and
the internal carbonyl groups atoms [S-:-O distance of 4.09(1) A]
of the amoxicillin (Figure 3b). These interactions represent an
intrinsic feature of this sulfur containing MOFs, for which non-
covalent contacts can be ensured via the low-lying o* orbitals of
the C-S bond (o-hole), available for interaction with electron
donors.9 As previously anticipated, the active site of MBLs
resides sandwiched between two [(-sheets that represent the
borders of the two halves of the protein (Figure 1a, inset). The
general shared mechanism of the active site proposes one or two
zinc ions, responsible for substrate binding and catalysis, located
in these particular positions by ligands’ coordination. In similarity
with this picture, in pores of 1, substrate molecules, thanks to the
clutching action of sulfur atoms from the S-methyl-L-cysteine
moieties, and water-mediated host-guest hydrogen bonds
ensured by lattice waters in confined space and nucleophilic
hydroxide/water bridge, easily approach one of the two Zn trigonal
bipyramidal positions in each Zn—(OH),(H.0)-Zn dimeric entity.
In so doing, one of the two activated Zn sites acts in substrate
binding by coordinating one of the carboxylate present in the non-
B-lactam ring of the antibiotic and likely stabilizing an anionic
intermediate. In this scenario, the nucleophilic hydroxide/water
remains coordinated only to the second activated Zn site. This
second step is not observed in DMF, where water-mediated non-
covalent interactions are not provided, as shown in
amoxicillin@1 crystal structure and explain the loss of
crystallinity of 1 in H,O and MeOH, related to the required metal
nodes environment rearrangement.

Overall, crystal structure of amoxicillin@1 permits to unveil
certain aspects of the mechanism governing the B-lactamase
activity of MOF 1. It relies in a proper immobilization of the guest
molecule, by the properly designed thioether groups within MOF
channels, and the concomitant hydrolysis by the water positioned
by one of the two metal binding sites water/hydroxo bridged,
which show an essential and functional role.

Theoretical calculations

To further confirm the B-lactamase activity of MOF 1,
Density Functional Theory (DFT) calculations were carried out on
a model (Table S2) of amoxicillin@1 system as depicted in



Figures 4a, S23 and S24. The model was built up following the
quantum-chemical cluster approach scheme, which was
successfully applied on a number of similar chemical systems[®¢:57]
(see Supporting Information). The technical details are fully
described in the Supporting Information. Two water mediated
reaction mechanisms were investigated for the hydrolysis of the
amoxicillin (see Figure 4b). In mechanism A, the Zn-bridging
hydroxyl group activates the water molecule, by accepting one
proton, and the formed nucleophilic species (Ow:H") is able to
attack the B-lactam carbonyl group of the substrate, causing the
opening of the four-membered ring. In the alternative B
mechanism, the nucleophilic attack to the carbonyl group takes
place directly by the Ow: with the consequent cleavage of C-N
bond. The final product, for both considered mechanisms, is
characterized by the formed carboxylic and NH- groups
originating from the opening of the ring (Figure 4b). The analysis
of the energy barriers reveals a more energetic feasibility of the
mechanism A, since TSB lies at 9.5 kcal/mol higher than the TSA
(23.9 kcal/mol vs 14.4 kcal/mol, see Figure 4b). Despite both
calculated barriers are not prohibitive for the catalysis, in

a) b)

amoxicillin@1

(kcal/mol)

amoxicillin

Relative Energies

10

mechanism A is evident the role played by the Zn" centers, which
boost the reaction promoting the formation of a good nucleophile.
The driving force of the reaction is the concerted formation of C-
C and breaking of C-N bonds, further confirmed by the imaginary
frequency of 376.1i cm™, and the formation of NH group, which
occurs spontaneously due to the hydrogen-bond network
involving the wl, w2 and the scaffold of the MOF 1 (see Figure
4c). The ordered composition of MOF 1 is therefore the origin of
the catalytic action, leading to the occurrence of the reaction with
reasonable kinetic, in addition to the favorable thermodynamics (-
23.9 kcal/mol). The proposed mechanism, and the here-
described role of the Zn" ions, invokes the working mechanism
proposed for B-lactamases."#12 Furthermore, the calculated
energy barrier for TSA (14.4 kcal/mol) is in good agreement with
the available kinetic data, concerning the action of the enzyme
from different microorganisms on amoxicillin, as evidenced by
turnover numbers from 2 s* to 910 s1.5859 These values
converted in activation energies correspond to barriers in the
range of 13 to 17 kcal/mol, which and are close to the calculated
one.

O—

Figure 4. DFT study of amoxicillin hydrolysis by MOF 1. a) The adopted model where the atoms labelled with “*” were kept fixed in their crystal coordinates. b) The
investigated water-mediated mechanisms, c) the related calculated energy profiles and the optimized geometries of transition states (distances in A). In a) and c)
Zn, O, S, N and H were represented by orange, red, yellow, blue and white spheres, respectively, while C atoms of amoxicillin were represented as green spheres
(in silver the others). For clarity, most of the non-polar hydrogens were omitted in the representation.

Conclusion

In summary, we report a novel 3D Zn-based MOF (1), derived
from amino acid S-methyl-L-cysteine, possessing functional
channels, densely decorated with thioether functional groups,
which are capable to immobilize, amoxicillin and ceftriaxone
antibiotics by means of efficient host-guest interactions. Then, in

a second step, 1 catalyzes the selective hydrolysis of these
penicillinic antibiotics. For ceftriaxone, 1 induces its hydrolysis
into thiotriazinone and 3-desacetyl cefotaxime, a reaction that
usually only occurs without the catalyst at pH = 5. On the other
hand, 1 degrades, very efficiently, the four membered B-lactam
ring of amoxicillin, acting as a B-lactamase mimic and expands
the very limited number of MOFs capable to mimic catalytic



enzymatic processes. Single crystal X-ray diffraction studies
allowed to resolve the crystal structure of the host-guest
aggregate amoxicillin@1, which permits to gain unique
snapshots on the host guest-interactions between the functional
channels of the MOF and amoxicillin, responsible for the guest
encapsulation/retention, as well as on the Zn" coordination
environment responsible for the enzymatic catalysis. On the basis
of this crystallographic data, a plausible mechanism for this 3-
lactamase activity has been proposed by means of DFT
calculations, which is a clear step forward on the understanding
of B-lactamase enzymes.

Experimental Section

Preparation of {ZnesCa[(S,S)-Mecysmox]3(OH)2(H20)} - 12H20
(1): An aqueous solution (35 mL) of H.Me,-(S,S)-Mecysmox (2.1
g, 6 mmol) and a 25% methanolic solution of MesNOH (7.25 mL,
18 mmol) were added dropwise to another aqueous solution of
Zn(NO3), - 6H,0 (3.55 g, 12 mmol) and CacCl; (0.22 g, 2 mmol) in
20 mL. The solution mixture was stirred overnight and a white
powder was obtained and collected by filtration, washed with
water and methanol. Yield: 1.87 g, 56%. Anal.: calcd. for
C30H64N6033$62n6Ca (16617) C, 2168, H, 388, N, 506, S,
11.58%. Found: C, 21.67; H, 3.72; N, 5.06; S, 11.47%. IR (KBr):
v = 1603 cm™ (C=0).

Suitable single crystals of 1 for X-ray structural analysis were
obtained by slow diffusion, in an H-shaped tube, of H,O/DMF (1:1)
solutions containing stoichiometric amounts of H;Me,-(S,S)-
Mecysmox (0.064 g, 0.18 mmol) and a 25% aqueous solution of
Me;NOH (0.22 mL, 0.54 mmol) in one arm and Zn(NO3z),:6H20
(0.11 g, 0.36 mmol) and CacCl; ( 0.007 g, 0.06 mmol) in the other.

They were isolated by filtration on paper and air-dried. Anal.: calcd.

for C3oHeaNsO33SeZnsCa (1661.7): C, 21.68; H, 3.88; N, 5.06; S,
11.58%. Found: C, 21.71; H, 3.93; N, 4.99; S, 11.67%. IR (KBr):
v =1601 cm™ (C=0). After catalytic experiments, elemental C, H,
S, N and ICP-MS analyses confirmed that the chemical formula
remained unaltered with the only exception of several
crystallization water molecules. These analyses have been
included in the following chemical formula: C3oHisNsO24SsZNsCa
(1499.5). Anal.: calcd.: C, 24.03; H, 3.09; N, 5.60; S, 12.83%.
Found: C, 24.13; H, 2.99; N, 5.719; S, 12.79%.

Preparation of (C16H19N30sS)@{Zn"Cu's[(S,S)-
Mecysmox]3(OH)2(H20)} - 9H20 (amoxicillin@1): Well-formed
hexagonal green prisms of amoxicillin@1, which were suitable
for X-ray diffraction, were obtained by soaking crystals of 1 (5.0
mg) in a saturated dimethylformamide solution of amoxicillin for
72 hours. The crystals were washed with water, isolated by
filtration on paper and air-dried. Anal.. calcd for
Cu6ZnsCaH77S7NgO3s (1973.0): C, 28.00; H, 3.93; S, 11.38; N,
6.39%. Found: C, 28.07; H, 3.81; S, 11.29; N, 6.41%. IR (KBr): v
=1603 cm™ (C=0).

Supporting Information(5%6-73 available: analytical, catalytic,
crystallographic and theoretical calculations details, PXRD,
adsorption isotherms, HPLC, NMR, UV-vis, FTIR and TGA data.

Analytical experiments: The uptake measurements for
amoxicillin and ceftriaxone were performed by using a HPLC-UV
instrument (Water FractionLynx System). The chromatographic
separations were carried out employing a reverse-phase Luna Cig
(2) column (250 x 4.6 mm; Phenomenex, Torrance, CA). An
isocratic elution with 0.1% formic acid and methanol (96:4 v/v)
was used for the amoxicillin determination, while an isocratic
elution with 0.1% formic acid in water and acetonitrile (85:15 v/v)
was used for the determination of Ceftriaxone. The run time was
15 min, whereas the flow rate and the UV wavelength were set to
1.5 and 230nm for amoxicillin and 1.0 mL/min and 242nm for
ceftriaxone. The injection volume was 20 pl. The calibration curve
was obtained by injecting the standard solutions in the range of
concentration from 25 to 400 mg/L. The chromatograms have
been collected after 30 min, 4 hours and 24 hours of soaking.

Catalysis details: All reactions were performed under aerobic
solvent-free conditions. The corresponding amount of MOF 1
(typically 18 mg, 20 mol% Zn) and DMSO-d® (typically 0.8 mL)
were placed in a 2 ml vial equipped with a magnetic stir bar. Then,
the corresponding compound (for example, 20 mg, 0.05 mmol for
amoxicillin) was added at room temperature. The mixture was
sealed and magnetically stirred in a pre—heated steel block at 50
°C for 24 h. After that time, the reaction mixture was passed
through a 25 pm filter syringe and submitted to NMR analysis.

X-ray Powder Diffraction Measurements: Polycrystalline
samples of 1 and amoxicillin@1 were introduced into 0.5 mm
borosilicate capillaries prior to being mounted and aligned on a
Empyrean PANalytical powder diffractometer, using Cu Ka
radiation (A = 1.54056 A). For each sample, five repeated
measurements were collected at room temperature (26 = 2-60°)
and merged in a single diffractogram.

X-ray crystallographic data collection and structure
refinement: Crystals of 1 and amoxicillin@1 were selected and
mounted on a MITIGEN holder in paratone oil. Diffraction data
were collected on a Bruker-Nonius X8APEXII CCD area detector
diffractometer, at 100 K (1) and room temperature
(amoxicillin@1), using graphite-monochromated Mo-Ka
radiation (L = 0.71073 A). See Supporting Information for further
details.

Computational details: The amoxicillin substrate has been
docked in a section of the MOF 1, representing the minimal unit
of the crystal (23.74 x 27.45 x 19.50 A%). For the molecular
recognition, AutoDock Vina softwarel®® has been adopted and
nine output structures of amoxicillin binding 1 have been
generated. To investigate complete pore’s conformational space,
the box centroid has been set by geometric centre of the model
(coodinates x,y,z=-0.346, 0.068, 0.809), selecting 40 for X,Y and
60 for Z as parameters for the grid point generation. The obtained



docked conformations of amoxicillin have been analysed and the
best one (lowest binding affinity, see Table S2) has been selected
for later qguantum chemical investigation. In the lowest binding
mode, the substrate engages o-hole interactions with the -SCHj3
groups of MOF scaffold, similarly to the observations arising from
the crystal structure analysis (see Figure S22). The carbonyl of
the amide bond indeed lies at 4.77 A from one of thio-methyl
moiety while the amino group is at 4.03 A from another one (4.09
A and 3.87 A in the crystal structure, respectively). See
Supporting Information for further details.

Deposition Numbers 2258088 (for 1) and
2258089 (for amoxicillin@1) contain(s) the supplementary
crystallographic data for this paper. These data are provided free
of charge by the joint Cambridge Crystallographic Data Centre
and Fachinformationszentrum Karlsruhe Access Structures
service.
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A novel Zn-based metal—organic framework (MOF), capable to catalyze the selective hydrolysis of the penicillinic antibiotics
amoxicillin and ceftriaxone is reported. Remarkably, the MOF degrades, very efficiently, the four membered B-lactam ring of
amoxicillin, acting as a B-lactamase mimic and expands the very limited number of MOFs capable to mimic catalytic enzymatic
processes. The whole process is unveiled by SCXRD and DFT calculations.
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