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Designing highly selective human monoamine oxidase (hMAO) inhibitors is a challenging goal on the road to a
more effective treatment of depression and anxiety (inhibition of hMAO-A isoform) aswell as neurodegenerative
diseases (inhibition of hMAO-B isoform). To uncover the molecular rationale of hMAOs selectivity, two recently
prepared2H-chromene-2-ones, namely compounds 1 and 2, were herein chosen asmolecular probes being high-
ly selective toward hMAO-A and hMAO-B, respectively.Weperformedmolecular dynamics (MD) studies on four
different complexes, cross-simulating one at a time the two hMAO-isoforms (dimer embedded in a lipid bilayer)
with the two considered probes. Our comparative analysis on the obtained 100 ns trajectories discloses a stable
H-bond interaction between 1 and Gln215 as crucial for ligand selectivity toward hMAO-Awhereas a water-me-
diated interaction might explain the observed hMAO-B selectivity of compound 2. Such hypotheses are further
supported by binding free energy calculations carried out applying the molecular mechanics generalized Born
surface area (MM-GBSA) method and allowing us to evaluate the contribution of each residue to the observed
isoform selectivity. Taken as whole, this study represents the first attempt to explain at molecular level hMAO
isoform selectivity and a valuable yardstick for better addressing the design of new and highly selective MAO
inhibitors.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Monoamine oxidases (MAOs) are flavoproteins regulating the level
of biogenic amines (e.g. dopamine (DA), noradrenalin (NA), adrenaline
(AD), 2-phenylethylamine (PEA) and serotonin (5-HT)) and dietary
amines (e.g. tyramine) in mammals by catalyzing their oxidative deam-
ination (Weyler et al., 1990 and Shih et al., 1999). Expressed in different
peripheral tissues and in thebrain,MAOs are outermitochondrialmem-
brane enzymes that exist in two known and fully characterized iso-
forms, namely MAO-A and MAO-B (Shih et al., 1999 and Westlund et
al., 1985). 5-HT, neurotransmitter proved to be crucial in human de-
pression, is primarily metabolized by MAO-A that prevails in catechol-
aminergic neurons, while MAO-B, predominating in serotoninergic
neurons, reduces the levels of PEA preferentially. Both the isoenzymes
are able to catabolize DA, AD and NA at similar rates (Youdim et al.,
2006). The MAO well-established reputation as therapeutic target
(Youdim et al., 2006 and Kumar et al., 2016) is closely related to the
.

specific function of both isoforms: MAO-A selective inhibitors are clini-
cally administered as anxiolytics and antidepressants (Casacchia et al.,
1984; van Vliet et al., 1992 and Baldessarini, 1989) while MAO-B selec-
tive inhibition is typically used for the treatment of the Parkinson's dis-
ease (PD) early symptoms (Youdim and Bakhle, 2006). Furthermore,
recent studies demonstrated the involvement of both MAO-A and
MAO-B into the pathogenesis and progression of heart failure, being
both isoforms responsible for an enhanced aldehyde metabolism, nor-
epinephrine catabolism and ROS production (Kaludercic et al., 2010
and Kaludercic et al., 2013). A renewed interest toward MAOs is now
growing in the field of anti-Alzheimer medicines, claiming for the puta-
tive efficacy of MAOs inhibition in reducing ROS toxicity and oxidative
stress (Riederer et al., 2004; Pisani et al., 2011 and Farina et al., 2015).
Unfortunately, the earliestMAO inhibitors showed low isoform selectiv-
ity, thus causing severe side effects associated to their activity in periph-
eral tissues such as liver, placenta, intestine and lung (Saura et al., 1996).
In particular, hypertensive drug-induced crises have been ascribed to
the increased effect of sympathomimetic amines such as tyramine
(mainly present in red wine and cheese and hence triggering the so-
called “cheese-effect”) that is not scavenged by gastrointestinal MAO-
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Table 1
Structures and inhibitory activity on hMAO-A and hMAO-B of compounds 1 and 2.

a Expressed as IC50 (nM). 

Ligand R1 R2 X hMAO-Aa hMAO-Ba

1 H NO2 SO2 3.4 2692 
2 Cl H CH2 135 0.85 
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A when blocked by non-selective and irreversible MAO inhibitors
(Anderson et al., 1993). Such important side effects can be strongly re-
duced by administrating reversible inhibitors with high MAO-isoform
selectivity. This holds true both for antidepressants (MAO-A selective)
and MAO inhibitors administrated to treat the early symptoms of PD
(MAO-B selective). Indeed, a higher isoform selectivity of the inhibitor
might consent the use of a lower therapeutic dose thus strongly
diminishing possible adverse effects. Research efforts over last years
allowed designing potent andmore selectiveMAO-A andMAO-B inhib-
itors (Pisani et al., 2015, Carotti et al., 2002, Santana et al., 2006, Hassan
et al., 2006, La Regina et al., 2007, Binda et al., 2007, Gökhan-Kelekçi et
al., 2009, Matos et al., 2009, Matos et al., 2010, Karuppasamy et al.,
2010, Pisani et al., 2016a andWang et al., 2015). Nevertheless, a suitable
model allowing to rationally approach the selectivity issue is still miss-
ing, although the structural information of both human isoforms in
complex with inhibitors, which are available in the Protein Data Bank
(PDB), unveiled some relevant dissimilarities between the two iso-
forms. In particular, besides differing in terms of primary sequence
(72% sequence identity) (Bach et al., 1988), tissue distribution, and sen-
sitivity to substrates and inhibitors, MAO-A and MAO-B show remark-
able differences in the shape of their active sites (Kalgutkar et al.,
2001). Unlike MAO-A showing a monopartite cavity (De Colibus et al.,
2005 and Son et al., 2008), MAO-B has a bipartite active site so that
the substrate/ligand has to negotiate a small entrance room before en-
tering the second and larger inner cavity where FAD is accommodated
(Hubálek et al., 2005). Two “gate-keeper” residues, namely Ile199 and
Tyr326, are responsible for such bipartite shape that can be lost upon
binding of specific ligands able to induce conformational changes alter-
ing the cavity structure (Hubálek et al., 2005). In MAO-A, Ile199 and
Tyr326 are replaced by Phe208 and Ile335, respectively (the numbering
is referred to human isoforms) and the substrate/ligand is thus not
forced to cross a small entrance room to bind to the enzyme. MAO-A
cavity is, in fact, characterized by a unique andwider hydrophobic pock-
et containing FAD (De Colibus et al., 2005 and Son et al., 2008). Taking
advantage of such structural differences and aimed at designing iso-
form-selective inhibitors, our research group has put great efforts in
the last years on the synthesis of several MAO inhibitors with the aim
to elucidate themechanistic rationale behindMAO-A andMAO-B selec-
tive block. In particular, 2H-chromene-2-one derivatives, better known
as coumarins, have been thoroughly studied as selective and potent
MAO-A (Pisani et al., 2013a) and MAO-B (Catto et al., 2006; Pisani et
al., 2009; Pisani et al., 2013b and Pisani et al., 2016b) inhibitors. More
specifically, the presence of a planar backbone allows an efficient lodge-
ment into both MAO-A and MAO-B catalytic sites. Furthermore, 2H-
chromen-2-one is a versatile heterocycle which can be easily function-
alized with a high degree of chemical diversity. However, the molecular
mechanisms underlying the observed isoform selectivity have not been
fully elucidated yet. Thiswas likely due to fact that our designwasmost-
ly assisted by molecular docking, a simulating technique very effective
in providing reliable binding poses but in this case inadequate for deriv-
ing a trustable selectivity model. Such failure can be likely ascribed to
themain limit of this computational technique: it totally (or almost) as-
sumes a rigid protein structure. Nevertheless, it is acknowledged that a
protein can experience specific conformational rearrangements upon li-
gand binding so that its dynamic behavior should be taken into account
in order to have a realistic picture of the ligand bindingmode (Nicolotti
et al., 2009 andNicolotti et al., 2008). To properly approach this point, in
this work we carried out extensive MD simulations, nowadays consid-
ered the method of choice for investigating the dynamics of biomole-
cules (Karplus and McCammon, 2002 and Alberga and Mangiatordi,
2016). Two 2H-chromene-2-ones derivatives designed and prepared
by our group (1 and 2, highly selective compounds toward MAO-A
andMAO-B, Table 1)were employed asmolecular probes for investigat-
ing the molecular mechanisms underpinning their binding specificity.
Notice that biological assays were performed following an already pub-
lished protocol (Pisani et al., 2016a). The comparative analysis of the
100 ns MD trajectories obtained from the resulting systems allowed
us to get important insights into the specificity of the protein-ligand in-
teractions in MAO-A and MAO-B. To the best of our knowledge, this
study represents the first attempt to challenge the MAO isoform-selec-
tivity by comparative MD simulations, a strategy already proved to be
able to understand and interpret ligand selectivity toward other targets
(Wang et al., 2005; Zeng et al., 2008; Martínez et al., 2009 and Hu and
Wang, 2014). Moreover, for the first time, MD simulations have been
carried out on the dimeric structures of the two MAO isoforms, embed-
ded in the lipid bilayer, the natural environment of the two enzymes
likely influencing the observed conformational changes. The results
are discussed in the perspective of designing new andmore isoform se-
lective inhibitors.

2. Methods

2.1. Docking Simulations

Crystal structures of hMAO-A with Harmine (PDB code: 2Z5X (Son
et al., 2008)) and hMAO-B with Isatin (PDB code: 1OJA (Binda et al.,
2003)) were retrieved from the Protein Data Bank (PDB) as targets for
preliminary docking studies. Protein structures were prepared using
the Protein Preparation Wizard (Sastry et al., 2013) available from
Schrodinger Suite v2015-4 (Schrödinger Release 2015-4, 2015) and
allowing us: 1) to remove the co-crystallized ligands, 2) to add missing
hydrogen atoms and 3) to determine the optimal protonation states for
histidine residues at physiological pH. The obtained files were used for
docking simulations performed by GOLD v5.2 (Jones et al., 1997) on
compounds 1 and 2 on both crystal structures. Following protocols val-
idated in our previous papers (Catto et al., 2006 and Pisani et al., 2009),
GoldScore was selected as fitness function and eight water molecules
were explicitly considered during the docking runs within the hMAO-
B binding site. Furthermore, a spherical grid having a radius of 12 Å
originating from the center of mass of the cognate ligands was used.

2.2. From X-ray Structures to Model Systems Preparation

The same crystal structures selected for docking simulations (2Z5X
(Son et al., 2008) and 1OJA (Binda et al., 2003)) were chosen as starting
point for building the model systems subjected to MD simulations. No-
tice that the crystal structure of hMAO-A contains only onemonomer so
that the dimeric structure for this isoform was obtained using the
hMAO-B dimer as template for chains positioning. In addition, the full-
length homodimer of hMAO-A contains 527 residues in each monomer
while that of hMAO-B 520 residues. However, as far as hMAO-A crystal
structure is concerned, the chain includes residues His12 to Leu524
while in the h-MAO-B crystal structure chain A includes residues Asn3
to Ile501 and chain B includes residues Asn3 to Ile496. Following the ap-
proach by Allen and Bevan (Allen and Bevan, 2011), missing C-terminal
residues were added to the model systems and dihedral angles
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characteristic of a α-helix were imposed to correctly reflect the trans-
membrane nature of the residues. Indeed, both isoforms are anchored
to the mitochondrial membrane by means of two C-terminal helical
tails (one for each chain) so that the presence of such residues is essen-
tial for obtaining a realistic model. Each dimer was pretreated using the
Protein Preparation module included in the Schrödinger Suite v2015-4
(Schrödinger Release 2015-4, 2015) to add missing hydrogen atoms
and detect the correct protonation state of histidine residues. Themem-
brane plug-in of VMD (Visual Molecular Dynamics) software
(Humphrey et al., 1996) was used for building a 110 × 135 Å2 POPC
(1-palmitoyl,2-oleoyl-sn-glycero-3-phosphocholine) bilayer patch,
with the membrane normal along the z-axis. Subsequently, the dimers
were manually embedded in the bilayer and lipid molecules within
0.8 Å of heavy atoms of the protein were removed. Following a previ-
ously published protocol (Alberga et al., 2014 and Mangiatordi et
al., 2015), the systems were incorporated into a periodic box of
TIP3P water molecules (Jorgensen et al., 1983) extended by 18 Å in
each direction from all protein atoms using the “solvate” plugin of
VMD and neutralized adding Na+ and Cl− ions using the VMD”s
“autoionize” plugin, generating a 150 mM ionic concentration. The
investigated ligands were placed inside the binding pocket of the
two proteins using the poses obtained from docking simulations.
The final obtained systems contains 182,686 atoms for hMAO-A
and 191,957 atoms for hMAO-B (number computed considering as
ligand compound 1). These systems were again equilibrated with
protein atoms and crystallographic water molecules at fixed posi-
tions for another 200 ps. The obtained system was finally relaxed
for 200 ps, applying harmonic restraints only to the protein atoms
(force constant of 1 kcal/mol Å−2).

2.3. Molecular Dynamics Simulations

AllMD simulationswere performed usingNAMD2.10 (Phillips et al.,
2005) and the CHARMM36 force field (Huang andMacKerell, 2013). An
exception is represented by the FAD cofactor and the two ligands, all pa-
rameterized using the CHARMM generalized Force-Field (CGenFF)
(Vanommeslaeghe et al., 2010 and Yu et al., 2012) and the Restrained
electrostatic potential (RESP) model (Bayly et al., 1993) for charges, ob-
tained at the HF/6-31G(d,p) level of theory and using the Gaussian09
package (Gaussian 09, 2009). The SHAKE algorithm was employed to
constrain all R-H bonds. Periodic boundary conditions were applied in
all directions. A non-bonded cut-off of 12 Å was used, whereas the Par-
ticle-Mesh-Ewald (PME) (Darden et al., 1993) was employed to include
the contributions of long-range interactions. All simulations were per-
formed in an isothermal-isobaric ensemble (1 atm, 310 K) with a
Nosè–Hoover Langevin barostat (Feller et al., 1995) (oscillation period
200 fs, decay coefficient 100 fs) and a Langevin thermostat (Adelman
and Doll, 1976) (damping coefficient 1 ps−1). The time step was set to
2 fs, and coordinateswere saved every 1000 steps (2 ps). For all the con-
sidered systems, the equilibration of the structure required less than
5 ns and, thus, the first 5 ns were removed from the analysis of the ob-
tained 105 ns of trajectory. Root Mean Square Deviations (RMSDs) and
Root Mean Square Fluctuations (RMSFs) were obtained after alignment
of the trajectory to all the C-alpha atoms belonging to the monomer
under investigation. All simulations were performed on the FERMI su-
percomputer at CINECA, Italy.

2.4. Binding Free Energy Calculations

The binding free energies (ΔG) between protein and ligands were
computed by applying the MM-GBSA methodology (Kollman et al.,
2000; Genheden and Ryde, 2015 and Hou et al., 2011) to theMD trajec-
tories, as implemented in AmberTools15 (Case et al., 2015). In particu-
lar, for each considered complex, 1000 snapshots were chosen from
the trajectory (interval of 100 ps). Each snapshot was then subjected
to the following procedure: i) stripping of all water molecules and
ions, ii) computation of the free energy of each species (complex, recep-
tor and ligand), iii) computation of the binding free energy as:

ΔG ¼ Gcomplex− Gprotein þ Gligand
� � ð1Þ

where Gcomplex, Gprotein and Gligand are the free energies of complex, pro-
tein and ligand respectively. In particular ΔGwas computed as the sum
of three contributes:

ΔG ¼ ΔGMM þ ΔGsolv−TΔS ð2Þ

whereΔGMM is the change in themolecularmechanics (MM) gas-phase
binding energy, ΔGsolv is the solvation free energy and -TΔS is the con-
formational entropic contribution. Moreover both ΔGMM and ΔGsolv are
further divided into two parts:

ΔGMM¼ ΔGvdw þ ΔGele ð3Þ

where ΔGvdw and ΔGele are the van der Waals and the electrostatic en-
ergies respectively.

ΔGsolv ¼ ΔGpol þ ΔGnonpol ð4Þ

where ΔGpol and ΔGnonpol are the polar and nonpolar component of the
solvation free energy.

ΔGpol was calculated using the GB model implemented in
AmberTools15. The dielectric constants of the solute and of the solvent
were set to 1.0 and 80.0 respectively. ΔGnonpol was computed as

ΔGnonpol ¼ γSASAþ β ð5Þ

where SASA is the solvent-accessible surface area with a probe radius of
1.4 Å. γ and β are empirical constants set to 0.0072 kcal/mol Å−2 and
0 kcal/mol respectively.

Furthermore we calculated the free energy contributions of the
enzyme residues to the binding free energy of the ligands. In this case
the binding interaction of each ligand-residue pair can be represented
as:

ΔGligand‐residue ¼ ΔGvdw þ ΔGele þ ΔGpol þ ΔGnonpol ð6Þ

where the polar solvation contribution (ΔGpol) where calculated using
the GB parameters developed by Onufriev et al. (Onufriev et al., 2000).

3. Results and Discussion

3.1. Preliminary Docking Studies

MD simulations were carried out considering as molecular probes
two reversible inhibitors showing high isoform selectivity on human
MAO-A (hMAO-A) and human MAO-B (hMAO-B), namely compounds
1 and 2. As shown in Table 1, the two ligands share a coumarin moiety
linked to an aromatic substituent by means of two different linkers at
position 7, namely a sulfonate ester in 1 and an oxy-methylene in 2.

As a first step of the work, 1 and 2were subjected to docking simu-
lations aimed at finding a reliable starting conformation in hMAO-A and
hMAO-B binding sites for the followingMD simulations. Fig. S1 (see the
Supporting Information) shows the top-scoring poses obtained for both
ligands in hMAO-A and hMAO-B crystal structures, PDB codes 2Z5X
(Son et al., 2008) and 1OJA (Binda et al., 2003) respectively (see the ex-
perimental section for methodological details). The posing of both li-
gands depends on the considered MAO isoform. More specifically, the
presence of Phe208 and Ile335 as gate-keepers in MAO-A forces the li-
gand in an “arched” conformation (Fig. S1A–C) while a more extended
pose can be detected in MAO-B (Fig. S1B–D).
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3.2. Molecular Dynamics Simulations

Starting from the obtained docking poses, four different simulation
systems were built and investigated:

1. Dimer of hMAO-A complexed with 1 (hMAO-A vs 1);
2. Dimer of hMAO-A complexed with 2 (hMAO-A vs 2);
3. Dimer of hMAO-B complexed with 1 (hMAO-B vs 1);
4. Dimer of hMAO-B complexed with 2 (hMAO-B vs 2).

3.2.1. MD Simulations of 1 in hMAO-A and hMAO-B
With the aim to get insights into the conformational stability of 1

during the simulation,wemonitored, as a first step of analysis of the ob-
tained trajectories, the time-dependence of the RootMean Square Devi-
ations (RMSD) of such compound in h-MAO-A and h-MAO-B (Fig. 1A
and B).

As clearly shown in Fig. 1A, in h-MAO-A, 1 experiences only slight
fluctuations during the simulation (RMSF equal to 1.283 Å and 1.525 Å
in monomers I and II, respectively). This observation suggests that, dur-
ing the equilibration run, the ligand reaches a highly stable conforma-
tion. However, a more in-depth inspection of the obtained trajectory
reveals that such conformations of equilibrium differ between the
monomers, due to diverse conformational rearrangements occurring
at the equilibration stage. As far as themonomer I is concerned, the con-
formational arrangement of the ligand allows to establish anH-bond in-
teraction with the side chain of Gln215. Notably, this interaction was
not seen in the obtained top-scoring docking pose as evident in Fig. 2A
(distance between the H-bond acceptor and H-bond donor atoms
equal to 5.2 Å).

Furthermore, the occurring conformational rearrangement does not
involve the gate-keepers residues, whose conformations remain almost
unchanged with respect to the one in the crystal structure (see Fig. 2A).
More specifically, together with a reorientation of the -SO2- group, dur-
ing the equilibration run, a slight shift of the ligand takes place down-
wards closer to the FAD co-factor. In other words, the presence of a
Fig. 1. Time-dependence of RMSD (Å) computed for compounds 1 and 2 in hMAO-A an
sulfonate ester group, namely a linker with two strongH-bond acceptor
oxygen atoms, implicates the loss of the “arched” conformation, typical
of the coumarin-based MAO-A inhibitors. This is the result of a gain in
terms of binding energy due to the H-bond interaction with Gln215,
as unveiled by the binding energy calculations (see section 3.3). The sta-
bility and therefore the importance of this interaction are strongly sup-
ported by the time dependence of the distance between the H-bond
donor (nitrogen atom of Gln215 side chain) and H-bond acceptor (oxy-
gen atom of sulfonate ester group) during the entire simulation time.
Importantly, distance values that are compatible with theH-bond inter-
action are noticeable along the entire trajectory andwhenever the inter-
action is lost, it is re-established after a few picoseconds (see Fig. 2B).
This strongly supports the robustness of the molecular hypothesis
resulting from the detailed inspection of some selected frames: a con-
formational rearrangement of compound 1 allows the engagement of
a strong and stable H-bond between its sulfonate ester group and the
side chain of Gln215, an interaction non detectable based from previ-
ously performed docking simulations (Gökhan-Kelekçi et al., 2009;
Catto et al., 2006; Chimenti et al., 2006 and Reis et al., 2016).

As above-mentioned, a different ligand conformation of equilibrium
can be detected in monomer II during the simulation of hMAO-A vs 1. A
selected frame is shown in Fig. 2C: as in monomer I, an important con-
formational realignment occurs during the simulation. The ligand sig-
nificantly changes its binding conformation with respect to the
starting one and an important shift toward the FAD cofactor takes
place. In this case, the new binding conformation allows establishing a
water-mediated H-bond network involving the backbone of Ile180
and the side-chain of Tyr407. As evident comparing Fig. 2C and Fig.
2A, such conformation strongly differs from the one detected during
the simulation of monomer I, being the sulfonate ester group of the li-
gand oriented in the opposite direction. Such difference in terms of
bindingmode is also confirmed by the absence of anH-bond interaction
with Gln215 during the simulation. Importantly, the described water-
mediated H-bond network is quite stable during the simulation: once
the interaction is established, the involved water molecule remains
d hMAO-B. A) hMAO-A vs 1; B) hMAO-B vs 1; C) hMAO-A vs 2; D) hMAO-B vs 2.



Fig. 2.A) Selected frame showing theH-bond interaction involving the side chain ofGln215 and the sulfonate linker of compound 1 in hMAO-A(monomer I). B) Time-dependent evolution
of the distance (Å) between the H-bond donor (nitrogen atom of Gln215 side chain) and H-bond acceptor (oxygen atom of the sulfonate linker of compound 1 during the simulation of
hMAO-A vs 1 (monomer I). C) Selected frame showing the H-bond interactions involving the side chain of Tyr407, the backbone of Ile180, a water molecule and the sulfonate linker of
compound 1 in 1-hMAO-A (monomer II). D) Time-dependent evolution of the distance (Å) between the H-bond donor (oxygen atom of water) and H-bond acceptor (oxygen atom of
the sulfonate linker of compound 1 during the simulation (from 55 to 105 ns) of hMAO-A vs 1 (monomer II). For the sake of clarity, only polar hydrogen atoms are displayed.
Compound 1, FAD and important residues are rendered as sticks (selected frame) or lines (docking pose aligned to the selected frame). 1 is depicted with pink carbon atoms while
important residues and FAD with green carbon atom. For each detected H-bond interaction (depicted by a dotted line) the distance between acceptor atom and hydrogen is reported.
The arrow indicates the conformational rearrangement of 1 (starting from the top-scoring docking pose shown by thinner wire frames) that is required to engage the depicted H-bond
interactions. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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trapped within the binding site for the last 45 ns of simulation. This is
evident in Fig. 2D showing the time-dependence of the distance be-
tween the H-bond acceptor atom (one oxygen atom of the sulfonate
linker) and the H-bond donor atom (oxygen atom of the trapped
water molecule) clearly indicating that the H-bond interaction is main-
tained until the end of the simulation.

In summary, the analysis of the trajectory resulting fromMD simula-
tions of hMAO-A vs 1 suggests the presence of two alternative binding
modes for 1 in this isoform, the first involving a strong H-bond with
Gln215, the second implicating a water-mediated interaction with
Ile180 and Tyr407. Indeed, both these hypotheses are plausible and
could justify, from a molecular point of view, the excellent activity to-
ward hMAO-A (IC50 equal to 3.4 nM). In this respect, it is worth saying
that two of the three involved residues (Gln215 and Tyr407) are also
present in hMAO-B (Gln206 and Tyr398) and that the interaction with
Ile180, replaced by Leu171 in hMAO-B, is played mostly by the back-
bone atoms. In order to gain molecular insights into the hMAO-A selec-
tivity of 1, the comparison with the trajectory resulting from MD
simulations of hMAO-B vs 1 has been carried out. Again, as a first step,
we computed the RMSD values of the ligand during the simulation of
hMAO-B vs 1. The obtained time-dependence suggests that the ligand
is, consistently with the experimental data, less stable in hMAO-B (Fig.
1B) with respect to hMAO-A (Fig. 1A). This is especially evident in
monomer II where, after about 35 ns, 1 assumes a new conformation
of equilibrium with respect to the previous one resulting from the
equilibration run. Such conformational rearrangement, involving
again the shift of the ligand toward the FAD cofactor (see Fig. 3A),
takes place in monomer I during the equilibration run and
the resulting conformational state is never lost during the entire sim-
ulation. In other words, 1, differently from hMAO-A, assumes in
hMAO-B a unique binding conformation in both themonomers, albe-
it belatedly in monomer II. A selected frame showing such binding
conformation is shown in Fig. 3A: as in monomer II of hMAO-A, the
conformational rearrangement allows establishing a water-mediat-
ed H-bond network involving the side chain of Tyr398 (Tyr407 in
hMAO-A) and the backbone of Leu171 (Ile180 in hMAO-A). The sta-
bility of the detected water-mediated H-bond network is supported
by the time-dependent evolution of the distance between the
oxygen atom of the trapped water molecule and one oxygen atom
of the sulfonate linker of compound 1 (see Fig. 3B). Importantly, no
interaction can be found with Gln206 (Gln215 in hMAO-A) in both
the monomers during the entire simulation thus suggesting that
the interaction with such key residue could be responsible for
the observed isoform selectivity. On the contrary, the same water-
mediated H-bond network can be detected in both hMAO-A vs 1
and hMAO-B vs 1 thus putting forward this interaction as certainly
relevant for the affinity of 1 but not determinant for the selectivity.

Building on these results, we can speculate that in hMAO-B the H-
bond interaction with Gln206 is prevented because of the smaller size
of its binding site (Youdim et al., 2006). At this regard, a crucial role
seems to be played by a gate-keeper residue, namely Tyr326 that is re-
placed by Ile335 in hMAO A. The presence of such bulkier residue in
hMAO-B prevents the rotation of the sulfonate linker, required to en-
gage a H-bond interaction with Gln206 (see Fig. 4).



Fig. 3. A) Selected frame showing a water mediated interaction occurring in 1-hMAO-B between the sulfonate linker of the ligand and both the side chain of Tyr398 and the backbone of
Leu171. B) Time-dependent evolution of the distance (Å) between the H-bond donor (oxygen atom of water) and H-bond acceptor (oxygen atom of the sulfonate linker of compound 1)
during the simulation of hMAO-B vs 1. Compound 1, FAD and important residues are rendered as sticks (selected frame) or lines (docking pose aligned to the selected frame). 1 is depicted
with pink carbon atomswhile important residues and FADwith yellow carbon atom. For each detectedH-bond interaction (depicted by a dotted line) the distance between acceptor atom
and hydrogen is reported. The arrow indicates the conformational rearrangement of 1 (starting from the top-scoring docking pose) that is required to engage the water-mediated
interaction. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3.2.2. MD Simulations of 2 in hMAO-A and hMAO-B
The conformational stability of 2 in hMAO-A and hMAO-B was pri-

marily assessed taking into account the time-dependence of their
RMSD values during the performed simulations. As evident from Fig.
1, the ligand is characterized by a higher conformational stability in
hMAO-Bwith respect to hMAO-A. This is also confirmed by the comput-
ed RMSF, being the values averaged along the two monomers equal to
1.828 and 1.063 Å, in hMAO-A and hMAO-B respectively. An in-depth
analysis of the obtained trajectories clearly shows that 2 in monomer
II of hMAO-B establishes a highly stable water-mediated interaction
with FAD. Importantly, this interaction was not observed in hMAO-A
vs 2, thus giving a glimpse of a possible explanation of the selectivity
of 2 toward hMAO-B. A selected frame extracted from the hMAO-B vs
2 trajectory (monomer II) is shown in Fig. 5A.

A conformational rearrangement occurring during the equilibration
run allows establishing a water-mediated interaction with FAD. Such
Fig. 4. Sketches of the binding sites in hMAO-A vs 1 and hMAO-B vs 1. The arrow indicates the co
Gln215.
conformational rearrangement mainly involves the ligand (moved for-
ward with respect to the starting conformation, see Fig. 5A) whereas
the gate-keepers residues remain almost frozen in the crystallographic
conformation. In other words, the described water-mediated interac-
tion results from the shifting of coumarin scaffold toward the FAD co-
factor planar system. The stability of such interaction is supported by
the time-dependent evolution of the distance between the H-bond ac-
ceptor atom of the ligand (carbonyl oxygen atom of the coumarin moi-
ety) and the H-bond donor atom (oxygen atom of the trapped water
molecule): from 50 ns to 105 ns of trajectory the interaction is almost
kept and when lost (from 80 to 92 ns, see dashed lines in Fig. 5B) is
quickly reestablished. It is worth noting that the same water-mediated
interaction can be hypothesized after a visual inspection of a crystal
structure of hMAO-B complexed with the cognate coumarin derivative
(7-[(3-chlorobenzyl)oxy]-2-oxo-2H-chromene-4-carbaldehyde, PDB
code 2V60), thus supporting the robustness of the hypothesis based
nformational rearrangement of 1 required to engage the depictedH-bond interactionwith



Fig. 5. A) Selected frame showing a water-mediated interaction occurring in hMAO-B vs 2 (monomer I) between the coumarin moiety of the ligand and the FAD cofactor. B) Time-
dependent evolution of the distance (Å) between the H-bond donor (oxygen atom of water) and H-bond acceptor (carbonyl oxygen atom of the coumarin moiety of 2) during the
simulation of hMAO-B vs 2. Compound 1, FAD and important residues are rendered as sticks (selected frame) or lines (docking pose aligned to the selected frame). 2 is depicted with
cyan carbon atoms while important residues and FAD with yellow carbon atoms. For each detected H-bond interaction (depicted by a dotted line) the distance between acceptor atom
and hydrogen is reported. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 3
Free energy contributions (kcal/mol) of hMAO-Aand hMAO-B residues to the binding of 1.

Residue hMAO-A vs 1 hMAO-B vs 1

96 G.F. Mangiatordi et al. / European Journal of Pharmaceutical Sciences 101 (2017) 90–99
on MD data. As far as the hMAO-A vs 2 MD system is concerned, the li-
gand is not able to establish the already described water-mediated in-
teraction due to its arched conformation forcing the carbonyl oxygen
atom of the coumarin moiety far away from the FAD cofactor (see Fig.
S1C).

3.3. Binding Free Energy Analysis

To better elucidate the molecular mechanism driving the selective
binding of the two examined ligands, we computed their binding affin-
ity toward hMAO-A and hMAO-B by using the Molecular Mechanics/
Generalized Born Surface Area (MM-GBSA) method (Kollman et al.,
2000; Genheden and Ryde, 2015 and Hou et al., 2011). Notice that the
computed binding free energies (ΔG) comprise different terms: i) van
der Waals contribution to ligand binding (ΔGvdw); ii) electrostatic con-
tribution to ligand binding (ΔGele); iii) electrostatic contribution to the
solvation free energy (ΔGpol); iv) nonpolar contribution to the solvation
free energy (ΔGnonpol) and v) enthalpy variation upon ligand binding
(ΔH). Tables 2 and 4 show theMM-GBSA results, which clearly indicate
as the binding of 1 and 2 is thermodynamically allowed.

The dominant term driving the binding is ΔGvdw, which would sug-
gest that in both the systems the affinity is mostly driven by the shape
complementarity (hydrophobic interactions). This term rewards the
drop in affinity due to the unfavorable electrostatic balance resulting
from prevalence of the ΔGpol (unfavorable) compared to ΔGele (favor-
able) term on the binding affinity. Consistently with its experimentally
proved selectivity, 1 shows a larger binding free energy in hMAO-A
(−22.07 kcal/mol and −18.15 kcal/mol in monomers I and II, respec-
tively) with respect to hMAO-B (−16.45 kcal/mol and
−13.21 kcal/mol in monomers I and II, respectively). Interestingly, the
term ΔGele shows the largest difference between the two isoforms,
Table 2
Binding free energy contributions (kcal/mol) in hMAO-A vs 1 and hMAO-B vs 1.

Terms hMAO-A vs 1 hMAO-B vs 1

Monomer I Monomer II Monomer I Monomer II

ΔGvdw −48.02(±2.36) −48.42(±2.32) −50.48(±2.00) −47.26(±2.27)
ΔGele −18.95(±4.42) −16.10(±3.60) −10.23(±2.32) −11.69(±3.00)
ΔGpol 32.39(±2.84) 36.22(±2.37) 32.86(±2.20) 34.34(±2.55)
ΔGnonpol −6.80(±0.17) −6.82(±0.15) −6.76(±0.12) −6.53(±0.23)
ΔH −41.38(±3.12) −35.13(±2.94) −34.61(±2.36) −31.15(±2.85)
ΔG −22.07(±3.12) −18.15(±2.94) −16.45(±2.36) −13.21(±2.85)
being≈−17 kcal/mol in hMAO-A and≈−11 kcal/mol in hMAO-B ir-
respective of the consideredmonomer. Unlike affinity relying on hydro-
phobic interactions responsible for an unspecific binding, the selectivity
is instead driven by the occurrence of properly oriented HB interactions
(H-bond with Gln215 of MAO-A) that can more specifically drive the
binding toward a given isoform. In this respect, a larger binding free en-
ergy is obtained for monomer I in both the enzymatic isoforms. As far as
the hMAO-A vs 1 system is concerned, this evidence supports the hy-
pothesis whereby, between the two observed binding conformations,
that found in monomer I (showing a H-bond interaction with Gln215)
can better explain the isoform selectivity of 1. On this basis, we can rea-
sonably assume that, between the two monomers, the one giving the
largest binding free energy provides the most realistic picture of the
binding mode. Building on this assumption, we performed a more de-
tailed inspection of the energy contribution to the ligand binding due
to each residue of monomer I belonging to the binding site. As shown
in Table 3, the results confirm again the key role of Gln215 in explaining
the selectivity of compound 1. Indeed, this residue provides a remark-
able energy contribution to ligand binding equal to −3.78(±0.64)
kcal/mol, a value significantly larger than that provided by the corre-
sponding Gln204 in hMAO-B (−1.71(±0.44) kcal/mol).

In addition, this analysis allowed us to identify other residues as like-
ly players of h-MAO-A selectivity: the energy contributions due to
Ser209, Val210, Cys323 and Leu337 are significantly larger in hMAO-A
than those provided by the corresponding residues in hMAO-B
(Ser200, Thr201, Thr314 and Leu328, respectively). Notice that two of
hMAO-A hMAO-B ΔG ΔG
Phe112 Phe103 −1.09(±0.47) −0.78(±0.37)
Asn181 Cys172 −1.98(±0.96) −1.36(±0.41)
Phe208 Ile199 −2.28(±0.74) −2.85(±0.36)
Ser209 Ser200 −0.80(±0.34) −0.13(±0.05)
Val210 Thr201 −0.73(±0.30) −0.01(±0.04)
Gln215 Gln204 −3.78(±0.64) −1.71(±0.44)
Cys323 Thr314 −0.78(±0.16) −0.16(±0.06)
Ile325 Ile316 −1.12(±0.34) −1.30(±0.26)
Ile335 Tyr326 −1.81(±0.34) −1.74(±0.41)
Leu337 Leu328 −0.76(±0.21) −0.22(±0.12)
Phe352 Phe343 −0.90(±0.30) −0.58(±0.21)
Tyr407 Tyr398 −1.32(±0.34) −1.37(±0.40)
FAD FAD −1.30(±0.24) −1.84(±0.38)
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these residues differ between the isoforms. In particular, a valine and
cysteine in hMAO-A are replaced by two less hydrophobic threonine
residues in hMAO-B.

A more difficult to read picture results by the application of MM-
GBSA model on hMAO-A vs 2 and hMAO-B vs 2 (Table 4).

As expected, the balance resulting fromΔGele andΔGpol is again pos-
itive thus indicating that also in these systems the affinity is dominated
by hydrophobic interactions. Nevertheless, no substantial difference can
be found between the two isoforms considering the obtained ΔG values
aswell as the values resulting from each single contribution to the bind-
ing free energy. This is true also considering the ΔG contributions to
binding provided by each residue of the binding site, whose values do
not show any statistically relevant difference between the two isoforms
(the interested reader is refereed to Table S1 in the Supporting Informa-
tion). At a first glance, these results would indicate that, based on the
obtained MD trajectories and in disagreement with the experimental
findings, 2 should show the same affinity toward the two isoforms. It
should be noted that the ΔG value for monomer II of hMAO-B vs 2
could be strongly overestimated byMM-GBSA. As above reported, 2 es-
tablishes a stable water-mediated interaction with FAD in this mono-
mer but this contribution, as well as the entropic contribution due to
the presence of the water molecule in the binding site (entropy of the
water molecule before and after ligand binding), cannot properly be
taken into account by MM-GBSA, since this methodology employs a
continuum model of the solvent (see experimental section for method-
ological details). As recently reported (Genheden and Ryde, 2015) in
these cases, this approximation can strongly affect the final ΔG of bind-
ing. In summary, as far as the compound 2 is concerned, the only hy-
pothesis we can realistically draw, based on both classical analysis of
MD trajectories and application ofMM-GBSA, is that 2 bindswith higher
affinity hMAO-B by establishing a stable water-mediated interaction
with FAD, not allowed in hMAO-A because of its arched conformation
within the binding site. It should be emphasized that these results,
taken as a whole, allow to better rationalize MAO-isoform selectivity
with respect to previous docking simulations providing only a prelimi-
nary and incomplete picture that comprises different hypothetical bind-
ing modes for each investigated compound (Catto et al., 2006). More
specifically, unlike docking-based hypotheses, herein no H-bond inter-
action is detected between Tyr407 and the coumarin portion of the
hMAO-A selective inhibitor. In addition, the described interaction be-
tween Gln215 and sulfonate linker takes place orienting the coumaring
ring toward the FAD cofactor rather than the entrance cavity (ligand ro-
tation of about 180°) as postulated by docking simulations. Finally, H-
bond interactions involving the nitro substituent in position R2 and
both Thr336 and Met324 are not established during MD simulations,
again deviating from docking results. Regarding MAO-B selectivity, the
role of a water mediated interaction involving the carbonyl oxygen of
the coumarin portion and FAD has been hypothesized in one of the pu-
tative binding modes provided by previous docking simulations while
the possible H-bond interaction between Tyr326 and the oxymethylene
bridge was not observed during MD simulations unlike a previous
docking-based investigation (Catto et al., 2006).
Table 4
Binding free energy contributions (kcal/mol) in hMAO-A vs 2 and hMAO-B vs 2.

Terms hMAO-A vs 2 hMAO-B vs 2

Monomer I Monomer II Monomer I Monomer II

ΔGvdw −41.43(±2.77) −43.41(±2.48) −43.96(±2.28) −45.15(±2.19)
ΔGele −10.41(±4.95) −9.88(±2.79) −15.91(±2.66) −7.22(±4.16)
ΔGpol 23.40(±3.40) 20.08(±2.43) 28.67(±2.01) 22.23(±3.43)
ΔGnonpol −5.57(±0.20) −5.70(±0.15) −5.74(±0.13) −5.70(±0.16)
ΔH −34.00(±3.06) −38.91(±3.40) −36.95(±2.38) −35.85(±2.72)
ΔG −17.10(±3.06) −22.48(±3.40) −18.44(±2.38) −19.70(±2.72)
4. Conclusions

In this study, the combined application of comparative MD simula-
tions and MM-GBSA method provides important clues that can be use-
ful for the design of new and highly isoform-selective MAO inhibitors.
We employed asmolecular probes two 2H-chromene-2-ones inhibitors
whosemain structural difference consists in the bridge linking a couma-
rin scaffold with an aromatic ring. In particular, the emerged picture in-
dicates that a bulky linker having strong H-bond acceptor properties
should favor hMAO-A selectivity by allowing a stable H-bond interac-
tion with Gln215, hampered in the binding site of hMAO-B because of
its smaller size (Youdim et al., 2006). On the other hand, the presence
of a less bulky linker able to preserve a high ligand flexibility seems
to favor the hMAO-B selectivity since it allows to establish a highly
stable water-mediated interaction with FAD, forbidden in hMAO-A
because of a different conformation (arched) of the ligand within
its binding site. From a more computational point of view, this
work represents the first attempt to account for protein dynamics
to rationalize the MAO-isoform selectivity and demonstrates that
the static view provided by previous docking simulations should be
critically revised.
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