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Abstract

Class B1 metallo-p-lactamases (MBLs) are metalloenzymes found in drug resistant bacteria. The enzyme requires zinc ions,
along with conserved amino acid coordination for nucleophilic attack of the lactam ring to induce hydrolysis and inactivation
of f-lactam and some carbapenem antibiotics. To this date there are no clinically relevant class B1 MBL inhibitors, however
L-captopril has shown significant results against NDM-1, the most difficult MBL to inhibit. Herein, we report the synthesis
and evaluation of novel nucleoside analogues modified with polyethylene glycolamino (PEGA) as potential inhibitors for
class B1 MBLs. Molecular dynamics simulations, using internal coordinate mechanics (ICM) algorithm, were performed
on subclass B1 enzyme complex models screened with twenty-one possible PEGA-nucleosides. Analogue A, 3'-deoxy-3'-
(2-(2-hydroxyethoxy)ethanamino)-p-D-xylofuranosyluracil showed superior binding, with high specificity to the conserved
zinc ions in the class B1 MBL active site by utilizing key f-lactam mimic points in the uridine nucleobase. The PEGA moi-
ety showed chelating activity with zinc and disrupted the metal-binding amino acid geometry. In all subclass B1 proteins
tested, analogue A had the most effective inhibition when compared to penicillin or L-captopril. Chemical synthesis was
performed by condensation of the corresponding keto ribonucleoside with PEGA, followed by enantioselective reduction
of the formed imine to produce the amino derivative with desired configuration. Pharmacokinetic and pharmacodynamic
screenings revealed that PEGA-pyrimidine nucleosides are not toxic, nor violate Lipinski’s rules. These results suggested
that analogue A can be proposed as a potential metalloenzyme inhibitor against the widespread antibiotic resistant bacteria
and is worth further in vitro and in vivo investigations.

Keywords Metallo-p-lactamase inhibitors - Nucleoside analogues - Antibiotic resistant bacteria - Superbugs - ICM
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Introduction

Recent warnings from the World Health Organization state
that the rapid spread of drug resistant bacteria across the
world will cause a projected 10 million deaths per year
by 2050 (Dixit et al. 2019). Bacteria regularly mutate to
develop resistance, which indicates the crucial need for new
antimicrobial agents (Zhang et al. 2017). Antibiotics such as
carbapenems, a class of B-lactams, are often used as a last
resort in treating infections, however with the emergence
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of multi-drug resistant bacteria and the repeated exploi-
tation of antibiotics this last line of defense is now under
attack (Chandar et al. 2018; Zhang et al. 2018; Snyder et al.
2019). p-Lactam antibiotics have been rendered inactive
due to the rapid spread of class B metallo-f-lactamases, di-
zinc enzymes that catalyze hydrolysis of the B-lactam ring
(Docquier and Mangani 2018). Subclass B1 MBLs consist
of New Delhi Metallo-f-lactamase-1(NDM-1), Verona
Integrin-encoded Metallo-p-lactamase 2 (VIM-2), and Imi-
penemase Metallo-p-lactamase 1 (IMP-1) (Ju et al. 2018).
These enzymes are characterized by a unique aff/Bo sand-
wich fold and have become the most relevant “superbugs”
due to the lack of clinically relevant inhibitors (Mojica et al.
2016; Brem et al. 2016). MBL’s unique broad substrate pro-
files are characterized by flexible loops towering over two
zinc ions, with the first zinc ion coordinated in tetrahedral
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geometry to three histidine residues and the second zinc ion
configured in trigonal bipyramidal geometry with histidine,
cystine and aspartic acid (Antony et al. 2002; Shen et al.
2013; Gonzalez et al. 2016; Tehrani et al. 2020). The unique
active site structure, water bridge hydrolysis mechanism,
and di-zinc coordination have allowed subclass B1 MBLs
to accommodate for inactivation of a variety of substrates
(Shen et al. 2013). The B1 MBL’s ability to execute specific
interactions targeting f-lactam core ring has suggested that
inhibitors with capability to mimic the f-lactam core would
increase their binding affinity (Thomas et al. 2019).

Nucleosides are fundamental molecules found in meta-
bolic processes of all living organisms, where they display
antibacterial, antiviral, immunostimulative, immunosuppres-
sive and anticancer properties (Niu and Tan 2015). Nucleo-
side analogues such as 3’-azidothymidine (AZT) and idoxu-
ridine (Fig. 1) have been reported as effective therapeutics
against K. pneumonae, the same strain responsible for the
rapid spread of MBLs (Thomson and Lamont 2019; Lang-
ley et al. 2019). Tunicamycins and polyoxins are also uracil
based nucleosides that have been used as antibacterial agents
due to their ability to mimic essential substrates in bacterial
enzyme survival, with no observed human toxicity (Serpi
et al. 2016).

To exploit their structure similarity to f-lactam antibiot-
ics, herein we report the evaluation and synthesis of novel
nucleoside analogues as B1 MBLs inhibitors. Uridine and
adenosine nucleosides were both examined for their bind-
ing affinity towards MBL enzymes, as models of either
pyrimidine or purine nitrogenous base, respectively. Poly-
ethylene glycolamino (PEGA) modified nucleosides with the
modification introduced at the 2’, 3’, or 5' positions were
assessed through molecular simulations, aiming to identify
analogues with effective active site binding along with low
toxicity, and optimal solubility without violation of Lipin-
ski’s rules (Benet et al. 2016). The proposed PEGA moiety
was hypothesized to enhance binding affinity and interfere
with the function of B1 MBLs by chelating and disrupting
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Fig. 1 Antimicrobial nucleosides: a 3'-Azidothymidine (AZT) and b
Idoxuridine
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conserved zinc ion interactions. In-silico molecular mod-
eling, using internal coordinate mechanics (ICM) algorithm
(Neves et al. 2012), was performed and lead-like inhibitors
with stronger B1 MBL binding affinity were predicted. Vir-
tual ligand screening (VLS) was applied based on its ability
to account for active site structure flexibility with compara-
bly high accuracy (Bursulaya et al. 2003; Wang et al. 2015;
Daina et al. 2017). ProToxII and SwissADME were used
to predict pharmacological properties of selected inhibi-
tors (Perola et al. 2004; Daina et al. 2017). Nucleoside ana-
logues displayed strong MBL substrate binding affinity and
zinc ion coordination with favorable pharmacokinetic and
pharmacodynamic properties were identified, and the top
PEGA analogue was synthesized to establish a protocol for
the chemical synthesis of the proposed structures and for
further in vitro and vivo investigations as a potential metal-
loenzyme inhibitor.

Materials and methods
Molecular docking study and nucleosides tested

Internal coordinate mechanics molecular modeling pack-
age was used to investigate the electrostatic sphere which
includes: bond lengths, bond angles, torsion angles, and
phase dihedral angles between PEGA-nucleosides and the
B1 MBL’s active site (Abagyan et al. 1994; Fernandez-Recio
et al. 2003). Each enzyme structure was retrieved using the
Protein Data Bank for efficient local minimization of polar
amino acids to produce more accurate long range electro-
static interactions (Abagyan et al. 1994; Lateef et al. 2017).
Monte Carlo global energy minimization procedure was
assured by running three independent runs per compound.
Nucleosides screened were both adenosine and uridine to
compare the effect of the nitrogenous base size and lac-
tam mimicking core interactions with the MBL active site
(Katritch et al. 2010). The analogues included PEGA modi-
fications at the 2’, 3" or 5’ positions; where 2’ and 3' were
explored in both xylo and arabinofuranoside forms. Two
modifications were examined to produce a total of twenty
nucleosides resulting from condensation of the keto nucleo-
side with either ethanolamine or 2-(2-aminoethoxy)ethanol.
The effect of the side chain length on the substrate binding
was further investigated by testing an additional analogue
modified with 2-[2-(2-aminoethoxy)ethoxy]ethanol at its 3’
position. Analogues displaying the most favorable binding
energy for each of the three B1 MBLs, A among the pyrimi-
dine derivatives, B among the purine derivatives, and the
pyrimidine derivative with longer side chain C (Fig. 2) were
analyzed for key active site interactions and for disruption
of the di-zinc water bridge. Their interactions were evalu-
ated to determine those that maintain a high level of binding
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affinity to the active site of all three B1 MBL proteins, when
compared to the references penicillin and L-captopril (Li
et al. 2014; Mbaye et al. 2019).

Conformational methods and generation
of the protein model

Each crystal structure was retrieved and prepared through
the PDB using the molecular conversion procedure executed
by ICM docking. To adequately prepare the structures for
simulation, to the PDB receptors (NDM-1, PDB ID: 4EXS;
IMP-1, PDB ID: 5EV6; VIM-2 PDB ID: 4BZ3) were added
hydrogen atoms to ensure that all Zn>* water bridge interac-
tions were accounted for during molecular simulation. His,
Pro, Asn, Gln, and Cys were added, disulfide bonds were
integrated, and the best hydrogen energy conformation of
three possible rotameric states were included to preserve the
covalent geometry in the ICM object derived from the PDB
crystal structure (Abagyan et al. 1994). The models were
then monomerized to chain A where chain B was deleted to
reduce redundancy in the crystal structure.

Selection of ligand binding pockets

The NDM-1 active site was established independent of
L-captopril through direct removal from the structure’s

pocket. ICM PocketFinder allowed for calculation of elec-
trostatic, hydrophobicity, hydrogen binding, and Van der
Waals maps of the enzyme binding site without limita-
tions created from ligands previously bound to the crystal
structure (Sheridan et al. 2010; Lam et al. 2018). Charge
depths in electrostatic energy calculations produced a
grid of points, the electrostatic sphere, which filled the
concavity beginning at the pocket surface of the binding
site with a tolerance of 4.6 (Abagyan et al. 1994). Toler-
ance was used to identify the threshold for the search in
pockets, the lower the tolerance the shallower the enzyme
substrate binding pocket. Volume, area, buridness and
hydrophobicity of the pockets were accounted for and
included with drug-like density (DLID) in the selection
of pocket 1. A selection grid of 18 to 20 mols, a water
radius of 1.4 A, and a hydrogen cut off distance of 3.0 A
from the electrostatic sphere was implemented (Abagyan
et al. 1994). VIM-2 and IMP-1, having no bound inhibitor
at the time of crystallization, were prepared using ICM
PocketFinder following extraction from PDB and con-
version to ICM objects. The 3D structure of the pocket
receptor was retrieved for all proteins. The selection of
pockets for VIM-2 and IMP-1, were generated upon the
same standards as in NDM-1. Optimal binding pockets
for all B1 MBL proteins docked were also selected based
upon proximity to the di-zinc active site.
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Virtual ligand screening

Virtual ligand screening through MolSoft ICM 3.8 was used
to test the ligand binding energy. A 3D grid of energy poten-
tial maps were calculated using Van der Waals, H-bond-
ing, hydrophobic and electrostatic interactions between
B1 MBLs and the nucleoside analogues. The ligands and
receptors were accounted for flexibility in the calculated
energy potential grid, where the derivatives were indepen-
dently re-docked three times each (Katritch et al. 2010).
VLS was conducted on all proteins following identification
of the binding pocket. All ligands were each loaded onto the
ligand batch after being imported from Chem Draw. Fol-
lowing VLS, refinement was run on both the ligand and the
enzyme to allow for full calculations of translational and
rotational degrees of freedom during simulation (Arnautova
et al. 2018). Subsequently, the most favorable interaction for
each nucleoside analogue per protein were recorded in kJ/
mol for comparison and selection. Pyrimidine and purine
analogues with binding energy closest to — 30 kJ/mol were
considered to display enhanced active site binding affinity
to Bl MBL enzymes. To further validate the ICM dock-
ing methods and scoring functions, the pose selection was
implemented where ICM was used to re-dock L-captopril to
NMD-1. The docking result was then superimposed to the
L-captopril/NDM-1 structure co-crystallized in-vitro and the
root mean square deviation (RMSD) value was calculated. It
is known that a program able to give RMSD value below 2 A
are considered to perform successfully (Hevener et al. 2009;
Ramirez and Caballero 2018). The returned RMSD value
was 1.18 A indicating good docking solution, thus validate
the ability of ICM to accurately predict scoring function that
reproduced the crystallographic binding orientation.

Pharmacokinetic and pharmacodynamic screening
Drug likeness of analogues A, B and C were executed by

SwissADME, where the analogue with superior oral bio-
availability was chosen based on Lipinski’s rule of five. The
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LDy, acute toxicity, hepatotoxicity, carcinogenicity, cyto-
toxicity, mutagenicicty, and toxicity were assessed using Pro-
Tox-II (Banerjee et al. 2018). Each platform returned a suite
of information that provided a profile for each compound to
determine its potential as a viable and non-toxic drug (Daina
et al. 2017). The analogue with the most favorable profile
was chosen to establish a protocol for the chemical synthesis
as well as for future in-vivo and in-vitro investigations.

Chemical synthesis

To establish a synthetic protocol for the proposed PEGA
nucleosides, here we described a method towards the syn-
thesis of analogue A (Scheme 1). The 2’ and 5’ hydroxyl
groups of uridine was protected utilizing TBDMS protective
group, and the 3’ alcohol was oxidized to produce the cor-
responding keto nucleoside (I) according to the previously
reported method (Utley et al. 2018). The synthesis of the
2'5'-TBDMS protected PEGA nucleoside (III) involved a
stereoselective reduction of the 3'-imine moiety. Initially, the
3'-keto uridine was converted into the 3’-imine derivative
(II) by treatment with 2-(2-aminoethoxy)ethanol in glacial
acetic acid. The subsequent conversion of keto nucleosides
into oxime derivatives by treatment with hydroxylamine
hydrochloride was previously reported (Kojima et al. 2002),
a method which was adapted for the imine formation in this
study. The stereoselective reduction of the 3’-diethylene
glycolimino group to 3'-diethylene glycolamino by using
Corey-Bakshi-Shibata Oxazaborolidine (CBS) catalyst pro-
duced the desired 3'-2-(2-hydroxyethoxy)ethanamino-$-D-
xylofuranosyl configuration III in 87% yield. CBS oxazab-
orolidine has been reported as a chiral catalyst that mediates
the borane reduction of ketones to secondary alcohols with
excellent enantioselestivity (Corey et al. 1987). The TBDMS
protective groups can be easily removed with tetrabutylam-
monium fluoride in THF to afford the unprotected analogue
A according to the standard procedure (Utley et al. 2018).
'H and '3C NMR spectra were recorded on Varian-500
instrument (500 MHz 'H and 125 MHz '3C) using CDCl,

o o]
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""OTBDMS 4 cquiv BH, in THF, RT, 4h "OTBDMS
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NH
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Scheme 1: Synthesis of 1-[2',5'-bis-O-(tert-butyldimethylsilyl)-3'-deoxy-3'-2-(2-hydroxyethoxy)ethanamino-$-D-xylofuranosylJuracil (III)
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or DMSO-d; as a solvent. Chemical shifts are reported in
parts per million (8), and signals are expressed as s (singlet),
d (doublet), t (triplet), q (quartet), m (multiplet), and cou-
pling constants (J) are given in Hz. Thin layer chromatogra-
phy (TLC) was carried out on Silica Gel 60 F,s, pre-coated
plates and visualization of the products was performed under
UV light. Silica gel used for column chromatography was
Scientific Silica Gel (particle size 0.035-0.070 mm). ESI
mass spectra were recorded on Micromass QTOF2 Quadru-
pole/Time of Flight Tandem mass spectrometer with Turbo
Ion Spray ionization source. All reactions were performed
under nitrogen atmosphere using anhydrous solvents.
1-[2,5"-bis-O-(tert-butyldimethylsilyl)-p-D-erythro-
pentofuran-3'-2-(2-hydroxyethoxy)ethanimin-3"-ulosylluracil
(II): Glacial acetic acid (2.85 mL, 49.84 mmol) was added
dropwise over 30 min to 2-(2-aminoethoxy)ethanol (5 mL,
49.84 mmol). The solution was stirred at room tempera-
ture until viscosity increased and turned to gel-like mix-
ture. Ethanol (1 mL) was added, mixed, and the resulting
solution was concentrated under reduced pressure. To the
mixture was added a solution of I (2.75 g, 5.84 mmol) in
anhydrous pyridine (5 mL), and the reaction was allowed
to stir under N, at room temperature for 20 h. The solvent
was removed under reduced pressure, and the residue was
dissolved in EtoAc, washed with H,O and brine, dried over
anhydrous Na,SO, and concentrated in vacuum. The product
was stirred in anhydrous ether and filtered to afford pure
compound ITI (1.92 g, 59% yield). HRMS (ESI) m/z Calcd
for C,sH,,N;0,NaSi, (M +Na)* 580.2850, found 580.2744.
"HNMR (500 MHz, CDCl,): 7.39 d, 1H, J=7.8 (H-6); 5.82
brs, 1H (H-5); 5.21 s, 1H (H-1'); 4.35 d, /J=3.9 1H (OH);
3.65-3.51 m, 10H (H-2', H-4', H-5', 3CH,0); 3.31 br s, 2H
(CH,N); 0.81 s, 9H, (SiC(CHjs)5); 0.78 s, 9H (SiC(CHjs)5);
0.10 s, 3H (SiCHj3); 0.06 s, 3H (SiCH;); —0.004 s, 3H
(SiCH,); —0.039 s, 3H (SiCH;); '*C NMR (125 MHz,
CDCly) 187.7, 174.8, 163.2, 137.1, 130.3, 128.6, 123.9,
78.4,72.8,70.9, 67.6,61.5,48.2,25.9,25.8,18.3, 18.2,—4
9,-5.0,-5.4,-5.5.
1-[2',5"-bis-O-(tert-butyldimethylsilyl)-3'-deoxy-3'-2-(2-
hydroxyethoxy)ethanamino-f-D-xylofuranosylluracil (I11):
To a solution of (R)-(+)-2-methyl-CBS-oxazaborolidine
catalyst (0.03 g, 0.1 mmol) in THF (1 mL) was added BH,,
1 M in THF (1.0 mL, 1.0 mmol). The mixture was stirred
under N, at room temperature for 30 min. A solution of IT
(0.56 g, 1.0 mmol) in anhydrous THF (3.0 mL) was added
dropwise over 30 min, and the resulting solution was stirred
at room temperature for 4 h. The reaction was cooled to 0 °C
and quenched with 1 mL of cold methanol. The solution was
concentrated under reduced pressure, and the residue was
purified by silica gel column chromatography (70% ethyl
acetate in hexanes) to afford pure compound III (0.49 g,
87% yield). HRMS (ESI) m/z Calcd for C,5H,4oN;0,KSi,
(M +Na)* 582.2746, found 582.2822. 'H NMR (500 MHz,

CDCl,): 7.41 d, 1H, J=12.2 (H-6); 5.75 br s, 1H (H-5);
5.25s, 1H (H-1'); 440 t, J=4.4 1H (OH); 3.70-3.55 m,
11H (H-2', H-3', H-4', H-5', 3CH,0); 3.35 br s, 2H (CH,N);
0.84 s, 9H, [SiC(CH,)5]; 0.81 s, 9H [SiC(CH,),]; 0.10 s, 3H
(SiCH,); 0.03 s, 3H (SiCH,); —0.03 s, 3H (SiCH;); —0.04 s,
3H (SiCH;); '3C NMR (125 MHz, DMSO-d,) 162.4, 151.5,
142.2, 140.1, 103.1, 100.8, 85.1, 83.7, 76.1, 75.8, 66.8, 61.5,
45.2,40.4,26.2,25.8,18.6,18.3,—-4.6,—4.9,—5.0,—5.3.

Results and discussion

Molecular docking is an important step in the development
of enzyme-inhibiting drugs because of the reduction in
costs it entails, minimizing waste, and enhancing the dis-
covery process by identifying compounds that are likely to
have appropriate binding conformations within their targets
(Yadav et al. 2017). An imperative method used to estimate
the druggability of a compound requires calculation of bind-
ing energy of the proposed molecule to the target protein,
where a more negative kJ/mol is favored (Zhu et al. 2013).
ICM runs were conducted independently, for each of the
PEGA modified nucleosides, to compare for binding efficacy
and zinc ion destabilization with each of the three MBLs
tested. To test the binding affinity of purine versus pyrimi-
dine nucleosides, adenosine and uridine were both exam-
ined. Two PEGA moieties were examined employing either
ethanolamine or 2-(2-aminoethoxy)ethanol. To produce mol-
ecules with mimicking lactam ring hybridization and strong
binding energy, PEGA moieties were applied to the 2', 3’ or
5" position of the nucleosides; where 2" and 3' positions were
explored in both xylo- and arabinofuranoside forms. For
both uridine and adenosine analogues, the 3' position in the
xylofuranoside form (Fig. 2a, b, respectively) exhibited the
best binding affinity across all B1 MBLs tested. In addition,
the uridine analogue (A) has shown the favorable binding
energy to all three MBL enzymes (compound 10 in Table 1).
Analogue B, although showing weaker binding affinity than
uridine analogues, was the superior binding analogue among
the purines tested (compound 22 in Table 1). Analogue C,
was constructed by adding another ethylene glycol unit to
the 3’ PEGA side chain, to test whether an extended PEGA
modification would allow for enhanced binding energy and
better binding affinity (compound 12 in Table 1). Molecu-
lar docking simulations showed that the binding energies
were not improved when 2-[2-(2-aminoethoxy)ethoxy]etha-
nol was attached to the uridine 3’ position thus 2-(2-ami-
noethoxy)ethanol has been chosen as the favorable length
for the PEGA-nucleoside/substrate binding (compound 10
vs. compound 12). Notably, uridine modified at the 5'-posi-
tion with ethanolamine has also shown remarkable binding
affinity with all three MBL enzymes, represented by binding
energies of —29.6, —29.2, and — 32.5 kJ/mol (compound 6
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Table 1 VLS binding energy of the PEGA-nucleosides tested in this study compared to penicillin and L-captopril against all three B1 MBL pro-

teins and
No Compound Modification Position of Configuration NDM-1 energy VIM-2 energy IMP-1
modification kJ/mol kJ/mol energy kJ/
mol
1 None Ribo -19.9 -194 —18.6
2 2’ Ribo -19.7 -225 -28.0
3 Arabino —244 —245 -26.9
4 Ethanolamine 3 Ribo -26.8 —26.1 —-274
5 Xylo —28.9 -26.8 -27.6
6 5 N/A -29.6 -29.2 -325
7 Uridine 2’ Ribo —242 —16.6 -272
8 Arabino —28.5 -22.7 -31.1
9 2,2-aminoethoxyethanol 3 Ribo -27.7 —28.6 -29.6
10 Xylo -29.8 -31.8 -36.6
11 5 N/A -27.5 -274 -32.6
12 2-[2-(2-aminoethoxy)eth- 3 Xylo —26.6 —284 -27.5
oxyJethanol

13 None Ribo —10.1 -10.7 -123
14 2’ Ribo -16.6 —-152 -19.8
15 Arabino —18.1 -222 -159
16 Ethanolamine 3 Ribo -132 —-134 -229
17 Xylo -17.7 -16.2 -214
18 Adenosine 5 N/A -17.3 -17.3 —24.7
19 2’ Ribo -12.6 -17.5 -17.6
20 Arabino —13.5 —-144 -21.6
21 2,2-aminoethoxyethanol 3’ Ribo —18.6 —-16.7 —-24.8
22 Xylo -20.3 —18.5 —26.8
23 5 N/A -16.6 -17.9 -26.2
24 Penicillin None -2.6 -19 —15.7
25 L-Captopril None -21.9 -20.5 —-333

in Table 1). In addition to the less favorable binding ener-
gies compared to analogue A, one important reason that this
structure was omitted is the fact that nucleoside analogues
are prodrugs that require activation by phosphorylation at
the 5'-hydroxyl group for cytotoxicity. The sugar moiety
may remain intact by leaving the 5'-hydroxyl group free to
be phosphorylated by the corresponding nucleoside kinase
(Youssef and Lien 2015). The docking interactions of ana-
logues, A and B in Fig. 2 to the conserved zinc binding
active site of all three enzymes NDM-1, VIM-2 and IMP-1
were then analyzed.

NDM-1 active site interactions

Carbonyl Oxygen-2 of A formed a coordination bond to Zn2,
with a length of 2.04 A (Fig. 3a). Three other Zn2 hydro-
gen bonds were formed with the sulfide group on residue
C208 (2.36 A), the nitrogen group on residue H250 (2.2 A),
and with the oxygen of the carboxyl group on residue D124
(2.01 A). A hydrogen bond was formed between hydrogen-3

@ Springer

and D124 oxygen (1.78 A) while a polar bond was formed
between oxygen-4 and the amino hydrogen on Q123
(2.24 A). Disruptions of the zinc coordination to the water
bridge and it’s stabilizing amino acids allow for impeding
of the B1 MBL hydrolysis in NDM-1. It is known that in
p-lactam hydrolysis the oxygen atom of the lactam carbonyl
orients towards Znl as the carboxylate is oriented towards
Zn2, this orientation is disrupted by the three mimic points
on the uracil which orient the oxygen-2 carbonyl towards
Zn2 while the oxygen-4 carbonyl is bound to Q123, away
from Zn1 (Tooke et al. 2019). In addition, analogue A also
bonds to D124, a conserved zinc binding active site residue
across all B1 MBLs that involve in p-lactam hydrolysis. This
residue forms part of the bipyramidal geometry required for
effective interactions of the Zn2 with the water bridge, which
leads to hydrolysis (Tooke et al. 2019).

Nitrogen-7 of the purine analogue B formed a coor-
dination bond to Zn2 with a length of 2.33 A (Fig. 3b).
Three other Zn2 coordination bonds were formed with
the sulfide group on residue C208 (2.2 /0%), the nitrogen on



In Silico Pharmacology (2021) 9:33

Page7o0f12 33

Fig.3 Molecular docking of (a) analogue A bound to NDM-1, (b) analogue B bound to NDM-1, (c¢) analogue A bound to VIM-2, (d) analogue
B bound to VIM-2, (e) analogue A bound to IMP-1, and (f) analogue B bound to IMP-1

residue H250 (2.19 A), and with the oxygen of the carboxyl
group on residue D124 (1.92 A). Other hydrogen bonds
were formed between the 2’ oxygen on B and the nitrogen
atom on Q123 (1.95 A). Oxygen-6 on B and the amino on
residue Q222 (1.88 A), and hydrogen-6 with the oxygen

on residue H189 (2.17 10\) also formed bonds during VLS
simulations. Analogue B, similarly to analogue A, occu-
pied a Zn2 coordination bond, a bond which is crucial in
the hydrolysis mechanism of lactam antibiotics. Nitrogen-7
added a bond to conserved Zn2 binding active site residues,
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assisting in the destabilization of the trigonal bipyramidal
geometry required for the metal ions to perform nucleophilic
B-lactam hydrolysis. Consequently, analogue B changed the
Zn2 geometry in the active site from trigonal bipyramidal
to tetrahedral.

VIM-2 active site interactions

Oxygen-6 on analogue A bound simultaneously to the amino
group on residue W87 with a polar bond length of 1.98 A
(Fig. 3c) and to the carbonyl on the residue D117 (2.41 A).
Oxygen-4 formed a H-bonding (1.86 A) with the amino
hydrogen on residue R205. Other coordination bonds were
observed between Znl, Zn2 and the oxygen on the water
bridge. A H-bonding was also observed between the car-
bonyl oxygen on residue D118 and one of the hydrogens on
the water bridge (1.85 A). It is known that VIM-2 inhibitor
fragments utilize carbonyl groups to create tighter binding
with active site metal ions while the presence of nitrogen
groups aid in tighter binding to NDM-1 (Christopeit and
Leiros 2016). This is evident in the VLS active site interac-
tions noted across all uridine B1 MBL complex docking
simulations, where the carbonyl groups are actively involved
in coordination to the metal ions creating tighter binding
across the entire class. This pattern was not emulated within
adenosine B1 MBL complex simulations.

Oxygen-6 on analogue B was H-bonded to the amino
hydrogen on residue N148 with a bond length of 1.78 A
(Fig. 3d). Coordination bonds were observed between Znl,
Zn2 and the water bridge. The nitrogen on residue H240 and
the sulfide C198 bound to Zn2 with a distance of 2.09 A and
2.25A, respectively. One oxygen on residue D118 formed a
coordination bond with Zn2 while the other oxygen formed
H-bonding with a hydrogen on the water bridge with dis-
tance of 2.18 and 1.85 A, respectively. When docked to
VIM-2, analogue B displayed activity through binding site
interactions rather than metal-ion binding, which was also
observed in the simulations for analogue A. Due to the
weaker binding affinity to VIM-2, compared to analogue
A, and the lack of metal ion binding, a characteristic which
have shown to inactivate NDM-1 lactam hydrolysis where
NDM-1 is the most difficult Bl MBL to inhibit (Yarla-
gadda et al. 2018), analogue B was not selected for further
investigations.

IMP-1 active site interactions

Oxygen-2 on analogue A formed a coordination bond to
Zn1 with a bond length of 2.29 A (Fig. 3e). Three other
Znl interactions were formed between the nitrogen on res-
idues H77, H79, and H139 with bond lengths of 2.13 A,
2.05 A, and 2.05 A, respectively. Three Zn2 interactions
were formed with the sulfide on residue C158 (2.26 A), the
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nitrogen on residue H197 (2.14 10\), and the carbonyl oxygen
on residue D81 (1.98 10%). A H-bonding was also formed
between hydrogen-6 of analogue A and the oxygen on resi-
due G164. The interactions noted for analogue A describe a
similar trend to that with this same analogue when docked
to NDM-1. The analogue coordinates with Zn1 to disrupt
the tetrahedral geometry held during hydrolysis. It has been
proven that binding to the metal ions in the IMP-1 active site
have disrupted the stability of the active site geometry, thus
inactivating hydrolysis of lactams (Gardonio and Siemann
2009).

Oxygen-6 on analogue B coordinated to Znl and Zn2
forming coordination bonds with lengths of 2.22 A and
2.20 A, respectively (Fig. 3f). Three other Znl bonds were
formed with the nitrogen on residues H77, H79, and H139
with bond lengths of 2.12 A, 2.05 A, and 2.05 A, respec-
tively. Zn2 coordinated to the sulfide on residue C158
(2.26 A), the nitrogen on residue H197 (2.14 A), and the
carbonyl on residue D81 (1.98 A). Analogue B’s PEGA
hydroxyl group bound to both zinc ions in the active site,
displacing the water bridge and thus provokes bonding,
therefore, disrupting the hydrolysis water bridge mechanism
within the enzyme active site.

Binding energy

Adenosine and its PEGA analogue underperformed com-
pared to their corresponding uridine counterparts (Table 1).
Results showed that introducing 2-(2-aminoethoxy)ethanol
to uridine in the xylo configuration, compound 10 in Table 1,
provided the most effective analogue, A, with the strongest
binding energy of —29.8, —31.8, —36.6 kJ/mol towards all
of the three enzymes NDM-1, VIM-2 and IMP-1, respec-
tively. Separate runs were performed to examine the bind-
ing affinity of uridine modified with a longer PEGA moiety,
2-[2-(2- aminoethoxy)ethoxy]ethanol in the xylo configu-
ration, compound 12, where the binding energies were
—26.6, —28.4, —27.5 kl/mol indicating weaker binding
affinity compared to analogue A. Uridine composed of three
B-lactam mimic points on its base, found between atoms 2,
3 and 4 (Fig. 2). Due to analogue A’s ability to bind and
engage with the conserved active site components (Fig. 3) in
a similar fashion as f-lactams, the molecule interrupted the
di-zinc geometry leading to destabilization of the B1 MBL
hydrolysis mechanism. It is known that p-lactams are sus-
ceptible to hydrolysis by antibiotic resistant bacteria because
of torsional and angle strain caused by the 109.5° angle of
the sp® hybridized carbons (Lisa et al. 2017). The trigonal
pyramidal geometry prevents resonance stabilization and
allows for facile hydrolysis. In turn, uridine holds three
mimic points that draw the nucleoside into the B1 MBL
active site while the resonance stabilized base deactivates
the hydrolysis mechanism. Analogue A, with the strongest
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binding affinity across all class B1 MBL enzymes, was then
selected for chemical synthesis.

Chemical synthesis

A synthetic protocol for the proposed PEGA nucleosides
was described (Scheme 1). The 3'-keto nucleoside (I) was
converted into the corresponding 3'-imine derivative (II) by
treatment with 2-(2-aminoethoxy)ethanol in glacial acetic
acid. The conversion of keto nucleosides into oxime deriva-
tives was previously reported, and was adapted for the imine
formation in this study (Kojima et al. 2002). The stereoselec-
tive reduction of the 3'-imino to 3’-amino derivative using
Corey-Bakshi-Shibata oxazaborolidine (CBS) as a chiral
catalyst produced the desired configuration 3'-2-(2-hydrox-
yethoxy)ethanamino-f#-D-xylofuranosyl III in 87% yield.
CBS oxazaborolidine has been reported as a chiral catalyst
that mediates the borane reduction of ketones to second-
ary alcohols with excellent enantioselestivity (Corey et al.
1987). The diastereoselective reduction of C-2' and C-3'-
keto ribofuranoside derivatives, using the (R)-isomer of the
CBS, to the corresponding arabino and xylofuranosides in
greater than 95% diastereomeric excess has been also previ-
ously reported (Utley et al. 2018). Removal of the TBDMS
protective groups from III can be easily achieved to afford
the unprotected analogue A according to the standard pro-
cedure (Utley et al. 2018).

Comparison of binding energy to market drugs

To compare analogue A to known antibiotics on the market,
penicillin and L-captopril were independently docked to all
three of the B1 MBL proteins. L-Captopril is a proposed
NDM-1 inhibitor which acts through metal ion chelation

(King et al. 2012), parallel to analogue A that has also shown
to bind to the NDM-1 conserved di-zinc active site. Peni-
cillin and L-captopril should binding energy of —2.6 kJ/
mol and —21.9 kJ/mol, respectively, towards NDM-1.
VIM-2 had a binding energy measured at — 1.9 kJ/mol and
—20.5 kJ/mol, and IMP-1 had a binding energy measured
at —15.7 kJ/mol and — 33.3 kJ/mol for penicillin and L-cap-
topril, respectively (Table 1). Analogue A showed superior
binding energy compared to penicillin and L-captopril,
—29.8, —31.8, —36.6 kJ/mol for NDM-1, VIM-2, and IMP-
1, respectively. Penicillin is known to be completely hydro-
lyzed by MBLs and the VLS binding energy correlated with
this fact. However, L-captopril was previously submitted as
an NDM-1 inhibitor but did not surpass analogue A in bind-
ing to the active site of class Bl MBLs.

Toxicity evaluation and ADME analysis

To further investigate the analogues with strongest B1 MBL
binding energy as a potential inhibitors, toxicity screenings
were conducted, using ProTox-II web tool, for selection of
the analogue with the greatest likelihood of passing in-vivo
toxicity tests. SwissADME predictor was used to evaluate
the ADMET properties, like aqueous solubility, synthetic
accessibility score, percentage absorption, pharmacoki-
netics, and drug-likeness properties of small molecules
(Table 2). All analogues did not display hepatotoxicity, car-
cinogenicity, cytotoxicity, mutagenicity, blood brain barrier
permeation or hepatotoxicity. The lack of blood brain bar-
rier (BBB) permeation is a desired quality based on loca-
tion of the target, where the unnecessary permeation should
be avoided (Daina et al. 2017). Analogue B was predicted
to have a toxicity class lower than the other analogues, an
unfavorable characteristic in drug development, due to the

Table 2 Pharmacokinetic and Pharmacodynamic properties of the PEGA-nucleosides A, B, and C proposed in this study as MBLs inhibitors

Ligand Analogue A

Analogue B Analogue C

Molecular weight (g/mol) 331.32 g/mol

Hydrogen bond donors 5
Hydrogen bond acceptors 8
Solubility class Soluble
Synthetic accessibility 4.33
Blood-brain barrier permeant No
Human intestinal absorption HIA +

p-glycoprotein inhibitor Non-inhibitor

CYP450 substrate or Inhibitor Non-substrate, non-inhibitor

Aqueous solubility -1.9762
PAINS alerts 0

Lipinski concordance Yes, 0 violations
LDy, 15000 mg/kg
Toxicity class 6

354.36 g/mol 375.37 g/mol

5 5

9 9

Soluble Soluble

4.41 4.61

No No

HIA + HIA+

Non-inhibitor Non-inhibitor
Substrate only for 3A4 Non-substrate, non-inhibitor
—2.0368 -1.15

0 0

1 violation, N or O> 10 1 violation N or O> 10
13 mg/kg 15000 mg/kg

2 6
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toxicity caused with a low amount of drug quantity which
can also be seen in its LD, value (Toropova et al. 2014).
The toxicity profiles suggested that analogues A and C are
worth further investigations as potential small molecule
drugs.

CYP450 is one of the main enzymes involved in the
metabolism of cellular chemicals (Ogu and Maxa 2017).
CYP substrates would be ruled out as potential drugs due
to the possibility of creating toxic environment when pre-
scribed alongside other medications. The pyrimidine ana-
logues A and C are predicted as non CYP substrate inhibi-
tors, however the purine analogue B showed to be a CYP3A
subfamily substrate. These data suggested that analogues A
and C remained the most favorable choices, and their solu-
bility profiles were then evaluated. Small molecule drugs
must be highly soluble to be taken orally (Savjani et al.
2012). All proposed analogues are water-soluble and have
predicted high intestinal absorption, giving high probability
of these analogues being efficient as an oral drug in cock-
tail with antibiotics. Organic synthesis PAINS yielded zero
alerts for all analogues (Table 2), demonstrating no prob-
lematic pharmacokinetic or pharmacodynamic issues arising
from the use of their functional groups during developmental
stages (Vidler et al. 2018). Analogues B and C, however,
possess ten nitrogen and oxygen groups, violating Lipinski’s
rule of five. The clear toxicity profile of analogue A and the
superiority in binding affinity with the B1 MBL active site
support this molecule as a potential B1 MBL inhibitor that
worth further in-vitro and in-vivo studies.

Conclusion

Metallo-fB-lactamases have acquired the ability to inactivate
B-lactam antibiotics through zinc mediated hydrolysis of
the sp’ hybridized amide bond. In this study we described
evaluation and synthesis of novel nucleoside analogues
modified with polyethylene glycolamine as class Bl MBL
inhibitors. Twenty-one analogues were constructed for in-
silico molecular modeling simulations and pharmacological
property screening. Three analogues that exhibited strongest
binding affinities were identified, where analogue A and C
were pyrimidine derivatives and analogue B was a purine.
Analogue B held the weakest binding energy of the three
candidates and was also found to be a CYP450 substrate
and violated Lipinski’s rule of five, excluding it as lead-like
inhibitor. The longer PEGA moiety in analogue C did not
enhance binding affinity and displayed a violation of Lipin-
ski’s rule. Due to its ability to mimic f-lactams at three loca-
tions with resonance stability, its superior binding with high
specificity to the conserved active site, and destabilization
of the di-zinc geometry coordination hindering the ability
of B1 MBLs to hydrolyze the lactam ring, analogue A has

@ Springer

been chosen as a potential B1 MBLs inhibitor, and was syn-
thesized to establish a protocol for the chemical synthesis of
the proposed PEGA nucleosides and for further in vitro and
in-vivo studies on targeting zinc or other metal-containing
enzymes.
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