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Interactions of Monoamine Oxidases with the Antiepileptic Drug Zonisamide: Specificity of Inhibition
and Structure of the Human Monoamine Oxidase B Complex'
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The binding of zonisamide to purified, recombinant monoamine oxidases (MAOs) has been investigated.
Itis a competitive inhibitor of human MAO B (K; = 3.1 £0.3 uM), of rat MAO B (K; = 2.9 £ 0.5uM), and
of zebrafish MAO (K; = 30.8 &= 5.3 uM). No inhibition is observed with purified human or rat MAO A.
The 1.8 A structure of the MAO B complex demonstrates that it binds within the substrate cavity.

Introduction

Zonisamide (1,2-benzisoxazole-3-methanesulfonamide) (see
structure in Figure 1) was developed in Japan 20 years ago and
is successfully used clinically as an antiepileptic drug."* In
recent years, there have been a number of reports of its
beneficial effect in the treatment of Parkinson’s disease patients
as an adjunct to L-DOPA therapy.’ Okada et al.* suggested it
functions as a weak inhibitor of rat monoamine oxidase
(MAO“) B (K; = 660 uM). A recent report demonstrated
zonisamide inhibits mouse MAO B with an ICsy of 25 uM and
attenuates the toxic effect of 1-methyl-4-phenyl-tetrahydro-
pyridine (MPTP) as expected from an inhibitor because the
toxicity of MPTP involves bioactivation to MPP™" through the
catalytic function of MAO B.® The differences in observed
inhibition values in the two studies was suggested to result from
the use of aged solutions of zonisamide, which were demon-
strated to lose inhibition potency on storage in solution® due
to oxidative or hydrolytic degradation.

The catalytic function of the mitochondrial flavoenzyme
MAO B is to oxidize amine neurotransmitters as well as
ingested arylalkyl amines using oxygen as electron acceptor
resulting in reaction products: aldehyde, ammonia, and H,O,.
The production of reactive oxygen species has been generally
thought to be a factor in the development of neurodegenera-
tive diseases such as Parkinson’s disease. There is growing
evidence for a beneficial therapeutic effect of MAO B specific
inhibitors in the treatment of patients exhibiting early stages
of Parkinson’s disease,”® and zonisamide has recently been
approved for that use in Japan.®> An unanswered question is
how a daily dosage of 25 mg (leading to a plasma concentra-
tion of ~0.6 uM) of zonisamide could lead to inhibition of
MAO B if the ICs is 25 uM? Because little or no information
exists in the literature on the interaction of zonisamide with

fCoordinates and structure factors of the human MAO B-zonisamide
complex were deposited in the Protein Data Bank (3PO7).
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human MAQO, it seemed appropriate to initiate an investiga-
tion of its interactions with recombinant human MAO B and
with human recombinant MAO A. Because rat and zebrafish
are known animal models in drug development studies,
comparative information is also presented in this paper with
purified recombinant preparations from those sources. The
data presented here demonstrate zonisamide is an effective
specific inhibitor of human and rat MAO B and exhibits no
inhibitory effect on MAO A. It is found to be a less effective
inhibitor of zebrafish MAO, in agreement with ongoing
unpublished studies in our laboratory demonstrating the
single MAO in this teleost exhibits properties more similar
to those of MAO A than to those of MAO B. Structural data
demonstrate this antiepileptic drug binds through noncova-
lent bonds in the substrate cavity of MAO B with extensive
H-bonding and van der Waals interactions. This study repre-
sents the first structural study of a noncovalent MAO B
inhibitor that is used clinically in the treatment of Parkinson’s
patients.

Results and Discussion

Incubation of human or rat recombinant MAO A prep-
arations with various concentrations (up to 100 uM) of
zonisamide exhibit no detectable inhibition of catalytic activ-
ities, demonstrating the binding to either enzyme to be weak if
itoccurs at all (Table 1). In contrast, zonisamide is an effective
competitive inhibitor of human and rat MAO B, with K;
values in the low umolar range (~3 M) and comparable to
the serum concentration range (0.6 #M)? determined in humans
on a 25 mg/day dose regime used in clinical trials of Parkinson’s
patients. Other studies have shown zonisamide concentrations
to be higher in brain tissues than those observed in plasma
samples.'® Therefore, depending on available substrate con-
centrations, the K; value exhibited by zonisamide on the
human enzyme (and on the similar rat enzyme) suggests that
substantial inhibition of MAO B activity would occur with the
25 mg recommended daily dosage used as adjuvant therapy
for Parkinson’s patients. The K; values determined for puri-
fied human and rat MAO B preparations are ~10-fold lower
than the 1Cs, value determined for membrane-bound mouse
MAO B°® and may reflect the known differences between
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Figure 1. Structure of zonisamide (A). (B) shows the Chem3D representation of the zonisamide structure with a Connolly surface included
after energy minimization. Carbons are in gray, hydrogens in white, nitrogens in blue, oxygens in red, and sulfur in yellow.

Table 1. Inhibition Constants of Zonisamide with Various Purified
MAO Preparations

recombinant MAO
source and type K; (uM)*
human MAOA no inhibition observed
human MAO B 3.14+0.3
rat MAO A no inhibition observed
rat MAO B 29+04
zebrafish MAO 30.8 £ 5.3

“All plots of reversible inhibition were found to follow that of a
competitive inhibitor.

Figure 2. Structural properties of zonisamide binding to human
MAO B. (A) Ribbon diagram of the overall structure of human
MAO B in complex with zonisamide. The substrate-binding cavity
is represented as semitransparent surface. Zonisamide is shown in
magenta, FAD in yellow, and the MAO B chain trace in blue. (B)
Weighted 2F,—F, electron density of bound zonisamide in the
active site of MAO B. The map was calculated before inclusion in
the model of the inhibitor and, therefore, it is fully unbiased.
Zonisamide carbons are in magenta, flavin carbons in yellow,
oxygens in red, nitrogens in blue, sulphurs in light brown, and
phosphorus in orange. This figure as well as Figures 3 and 4 were
produced with PyMol (www.pymol.org).

ICsq values and binding constants, any differences between
membrane-bound and solubilized preparations, as well as any
source differences in MAO B properties. The ~10-fold weaker
binding of zonisamide to zebrafish MAO (K; = 30.8 uM;
Table 1) than to human or rat MAO B is consistent with
previous'' and unpublished data from our laboratory (M.
Aldeco, B. Arslan, and D. E. Edmondson, unpublished results)
that zebrafish MAO exhibits functional properties intermedi-
ate between the two enzymes and are closer to those of human
MAO A. Therefore, future studies using zebrafish as an animal
model will require the higher dosages sufficient to inhibit this
MAO to probe the biological effects of zonisamide.
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Figure 3. Structure of zonisamide in the active site of MAO B.
Zonisamide carbons are in magenta, flavin carbons in yellow,
protein carbons in light blue, oxygens in red, nitrogens in blue,
sulphurs in light brown, and phosphorus in orange. Water mole-
cules apparent in the electron density are depicted as red spheres.
H-bonds suggested from distance and geometry considerations are
denoted by dashed lines.

Structural data show that zonisamide is bound in the
substrate domain of the bipartite cavity of human MAO B
as shown in Figure 2A. We observe some deviation in electron
density that probably results from some disorder and/or
alternative binding conformations. On the basis of the visual
inspection of the electron density map and on the evaluation
of the refined B-factor values of the inhibitor atoms, we
estimate that such alternative binding conformations have
at most 20% occupancy (Figure 2B). The crystal structure
demonstrates H-bonding of the sulfonamide side chain with a
conserved active site water molecule, the water molecule
bridging Lys296 to the N(5) of the flavin cofactor, and the
side chain of GIn206 (Figure 3). Comparison of the structure
of bound zonisamide with that of isatin (Figure 4A) shows
considerable structural overlap and is consistent with their
similar K; values for human MAO B.'>!3 It is of interest to
compare the zonisamide binding with that of safinamide,
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Figure 4. Superposition of zonisamide—MAO B complex with
those with (A) isatin (PDB 2BKS5) and (B) safinamide (PDB
2V5Z). The colors of residues and atoms are as in Figure 3. The
carbon skeletons of isatin and safinamide structures are depicted in

gray.

another noncovalent inhibitor in advanced clinical trials for
Parkinson’s disease'” (Figure 4B). The smaller zonisamide
molecule is less extended in the active site cavity of MAO B
compared to safinamide, but it does retain some structural
similarities although it has ~6-fold weaker K; value with
human MAO B. In particular, the sulfonamide moiety of
zonisamide is involved in H-bonding with a bound water
molecule and with GIn206, which is also observed with the
terminal amide moiety of safinamide.

No direct interactions of zonisamide with the flavin ring are
observed. The inhibitor side chain is situated above the space
enclosed by the “aromatic cage” of Tyr 396 and Tyr 435. Its
aromatic ring is situated at the interface between the entrance
and substrate cavities of MAO B and makes hydrophobic
contacts with Tyr326 and Leul71, as observed with the benzyl
moiety of safinamide or the ring structure of isatin.'>'* These
interactions are likely to account for the specificity of zonisa-
mide for MAO B in that MAO A contains a monopartite
cavity with a different geometry.'*'* In agreement with the
bound safinamide structure but differing from the bound
isatin structure, in the zonisamide-bound MAO B structure,
the Tle199 gating residue adopts the “open” conformation
(Figure 3).

Conclusion

In conclusion, the pharmacological effects of zonisamide
involve its interactions with several biological pathways
including the dopaminergic system, ischemic conditions, and
oxidative stress, as well as inhibition of T-Ca’* channels,’
which may all contribute to its beneficial therapeutic effect in
Parkinson’s patients.” The documented specificity for inhibi-
tion of MAO B catalytic activity with no effect on MAO A
catalytic function in the human is now firmly established from
the results presented in this study, which represents the first
structural study of a human MAO B noncovalent inhibitor
that is used clinically.

Experimental Section

Zonisamide (min 98% purity by HPLC, lot no. KWM4684)
was purchased from Wako Chemicals (Richmond, VA) and used
without further purification. All experiments with zonisamide
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Table 2. Data Collection and Refinement Statistics for the Human
MAO B—Zonisamide Complex

PDB code 3PO7

space group C222

unit cell axes (A) a=131.4,b = 222.6,
¢ = 86.2

resolution (A) 1.8

Reym™ (%) 10.6 (52.7)

completeness” (%) 99.1 (98.5)

unique reflections 115,434

redundancy 5.0(4.9)

1/o" 11.0 (3.0)

no. of atoms

protein/FAD/ligand/water

average B value for 432
ligand atoms (Az)

7911/2 x 53/2 x 14/749

Rcl‘ysth’(‘ (OA]) 18.2 (252)
Rire¢ (%) 21.2(25.3)
rms bond length (A) 0.010

rms bond angles (deg) 1.14

“Rym = Y |I; = {DI/3 Ii, where [ is the intensity of ith observation
and (/) is the mean intensity of the reflection. ” Values in parentheses are
for reflections in the highest resolution shell. “ Reryst = Y [Fobs — Featel/
> |Fobsl Where Fops and Fye are the observed and calculated structure
factor amplitudes, respectively. R.,ys and Ry Were calculated using the
working and test sets, respectively.

were performed using freshly prepared aqueous solutions as
recommended from previous studies.® Other chemicals used in
this study were purchased from Sigma-Aldrich. Purified prep-
arations of MAO used in this study were recombinant enzymes
expressed in Pichia pastoris as described for human MAO B,'®
human MAO A,!” rat MAO A,'® rat MAO B, and zebrafish
MAO."" Enzyme assays were performed at 25 °C in 50 mM
phosphate, 0.5% (w/v) reduced Triton X-100 at air saturation.

Enzyme assays were carried out spectrophotometrically using
kynuramine as substrate (Aey;q = 11800 M~ ' em™!) for MAO A
and for zebrafish MAO, whereas benzylamine was used as the
substrate (Agrso = 12800 M~ em™!) for MAO B. Inhibition
experiments were performed with at least five concentrations of
zonisamide. All kinetic and inhibition data were analyzed using
nonlinear least-squares regression fits to the Michaelis—Menten
equation using GraphPad Prism 5.0 software. The inhibition data
exhibited, statistically, the best fit to a competitive inhibition
mechanism with > values of 0.96—0.99.

Human MAO B crystals were grown as previously reported'*
in the presence of saturating concentrations of zonisamide and
data collection performed at the ESRF and SLS synchrotron
facilities. The structure was determined by molecular replacement
as previously descr(jbed.14 Statistical values for the structural
determination (1.8 A resolution) are provided in Table 2.
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