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Monoamine oxidase B (MAO B) is an outer mitochondrial membrane enzyme that catalyzes
the oxidation of arylalkylamine neurotransmitters. The crystal structures of MAO B in complex
with four of the N-propargylaminoindan class of MAO covalent inhibitors (rasagiline,
N-propargyl-1(S)-aminoindan, 6-hydroxy-N-propargyl-1(R)-aminoindan, and N-methyl-N-pro-
pargyl-1(R)-aminoindan) have been determined at a resolution of better than 2.1 Å. Rasagiline,
6-hydroxy-N-propargyl-1(R)-aminoindan, and N-methyl-N-propargyl-1(R)-aminoindan adopt
essentially the same conformation with the extended propargyl chain covalently bound to the
flavin and the indan ring located in the rear of the substrate cavity. N-Propargyl-1(S)-
aminoindan binds with the indan ring in a flipped conformation with respect to the other
inhibitors, which causes a slight movement of the Tyr326 side chain. Four ordered water
molecules are an integral part of the active site and establish H-bond interactions to the
inhibitor atoms. These structural studies may guide future drug design to improve selectivity
and efficacy by introducing appropriate substituents on the rasagiline molecular scaffold.

Introduction
Monoamine oxidase types A and B (MAO A and MAO

B) are major neurotransmitter-degrading enzymes in
the central nervous system. Both of them are outer
mitochondrial membrane flavoenzymes (Figure 1a) that
deaminate arylalkylamines such as serotonin and dopam-
ine.1 The role of MAO A and MAO B in age-dependent
neurodegenerative disorders has been widely docu-
mented, and MAO inhibitors have been clinically used
for the treatment of Parkinson’s disease and depres-
sion.2 For these reasons, many pharmacological studies
focus on MAO inhibition as a target for the development
of new drugs against neurological disorders.

Rasagiline [N-propagyl-1(R)-aminoindan, Figure 1b]
is currently under development for the treatment of
Parkinson’s disease. It has been shown to have neuro-
protective properties in a variety of in vitro and in vivo
systems3,4 as well as being a potent, selective inhibitor
of MAO B.5 Its efficacy in early-stage and late-stage
Parkinson’s disease has recently been demonstrated in
phase III clinical trials. Furthermore, new propargyl-
amine compounds have been prepared with acetylcho-
line esterase inhibitory activity. These compounds also
combine rasagiline’s neuroprotective properties with
inhibition of MAO (A and B).6,7 Such compounds are
expected to have therapeutic benefit for the treatment
of Alzheimer’s disease.8 The S-enantiomer of rasagiline
(S-PAI) is a much less potent inhibitor of MAO B than
rasagiline but retains its neuroprotective properties and
thus may also hold therapeutic promise.9

The crystal structure of human MAO B has been
solved by our laboratories in complex with pharmaco-
logically relevant inhibitors.10,11 The two-domain struc-
ture of MAO B is anchored to the outer mitochondrial
membrane through a C-terminal helix (Figure 1a), with
the active site consisting of two solvent-inaccessible
cavities that occupy the core of the substrate-binding
domain (see Figure 1a). Here, we describe the crystal
structures of MAO B in complex with four N-propargyl-
aminoindan compounds: rasagiline, 6-hydroxy-N-pro-
pargyl-1(R)-aminoindan (R-HPAI), N-methyl-N-propar-
gyl-1(R)-aminoindan (R-MPAI) and S-PAI. The accom-
panying paper by Hubalek et al.12 reports on spectro-
scopic and kinetics studies of the inhibitory activity of
these compounds. The structural data presented in this
work are interpreted on the basis of these biochemical
findings and provide insight into the mode of inhibition
of these pharmacologically relevant compounds.

Results

The crystal structures of human MAO B in complex
with rasagiline, R-MPAI, R-HPAI, and S-PAI have been
solved at a resolution of better than 2.1 Å (Table 1),
providing a detailed view of the ligand-protein interac-
tions. The electron densities for the inhibitor atoms
(Figure 2) are very well defined, unambiguously show-
ing the covalent binding of the inhibitors to the N5 atom
of the flavin.12 The atomic numberings for the bound
ligands and the flavin ring are shown in Figure 1b.
Inhibitor binding does not cause changes in the overall
protein conformation. Superpositions of the N-propar-
gylaminoindan complexes onto the 1.7 Å structure of
MAO B bound to isatin11 result in root-mean-square
deviations lower than 0.2 Å for the 986 CR atoms of the
dimeric enzyme. On the basis of these measurements,
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we shall mainly focus the model analysis on the active
site and inhibitor binding residues.

Overview of the Inhibitor Binding Site. Crystal-
lographic analysis of MAO B in complex with pargyline
revealed the presence of two cavities inside the pro-
tein: the “substrate” cavity, positioned in front of the
flavin ring, and the “entrance” cavity, functioning as
passageway for diffusion of the substrate into the
catalytic site.10 The side chain of Ile199 was identified
as a key structural element because it functions as a
gate that opens and closes the connection between the
two cavities.11 In the closed conformation, Ile199 physi-

cally separates the two cavities, whereas in the presence
of bulky ligands the residue adopts an open conforma-
tion that allows the ligand to extend into the entrance
cavity space. Such an open conformation of Ile199
characterizes also the structures of the N-propargylami-
noindan inhibitor complexes in which the entrance and
substrate cavities are connected through a narrow pore,
defining an asymmetric hourglass-shaped single entity
that extends from the flavin site to the protein surface
(Figure 1a).

The bound inhibitors occupy the substrate cavity
space, which has the shape of an ellipsoidal disk lined
by Leu171, Cys172, and Tyr398 on one side and by
Ile198, Ile199, and Tyr435 on the opposite side. The side
chain of Tyr188 and the aromatic residues Tyr60,
Tyr326, and Phe343 form, respectively, the floor and the
roof of the cavity (Figure 3a). Covalent binding to the
flavin N5 atom does not perturb the bending of the
flavin ring, which retains the highly distorted nonplanar
conformation found in all known MAO B crystal struc-
tures (Figure 3, ref 11).

Rasagiline Binding. Rasagiline snugly fits into the
substrate cavity (Figure 1a). The iminopropene unit
adopts an extended conformation with its torsion angle
values close to 180°, which is in agreement with
spectroscopic data12 that demonstrate that the covalent
bonds are fully conjugated. This conformation and the
stereochemistry of the N5 covalent binding are es-
sentially identical to those found in the 3.0 Å structure
of MAO B bound to pargyline.10 The extended imino-
propene chain positions the indan ring at 6.1 Å from
the flavin on the rear of the substrate cavity (Figures
1b and 3a). The indan group is oriented perpendicular
to the cofactor so that its projection onto the flavin plane
falls into the flavin central pyrazine ring. Such a
position of the inhibitor ring overlaps that found in the
structures of other MAO B complexes with both covalent
and noncovalent aromatic inhibitors.11

The interactions between rasagiline and the protein
involve a number of van der Waals contacts with several
amino acid residues, which are schematically shown in
Figure 4a. Four ordered water molecules located inside
the cavity also contribute to the inhibitor interactions.
Particularly, the only H bond established by rasagiline
involves one of these water molecules that interacts with
the N10 atom. The gating residue Ile199 is in contact
with C4 of the inhibitor, which faces the pore connecting
the entrance cavity to the substrate cavity (Figures 1a
and 3a). This feature is especially relevant to inhibitor
design studies because it suggests that substituents at
the C4 position could be accommodated by protruding
into the entrance cavity space.

R-MPAI Binding. The binding mode of the N-methyl
derivative of rasagiline is identical to that of its parent
compound. Superposition of the active site residues and
inhibitor atoms of the rasagiline and R-MPAI complexes
reveals an exact match with no atomic shifts larger than
0.15 Å. The N-methyl substituent displaces the water
molecule that in the rasagiline structure H-bonds to the
inhibitor N10 atom (parts a and b of Figure 3). The
methyl carbon atom is in short contact (2.8 Å) with the
side chain carbonyl oxygen of Gln206, possibly estab-
lishing an H bond of the CH‚‚‚O type.13 Thus, the
inhibitor methyl substituent is accommodated through

Figure 1. Schematic representation of the MAO B subunit
in complex with rasagiline and chemical formula of the
inhibitors used in the crystallographic analysis. (a) Overall
structure of MAO. The FAD-binding domain is in blue, the
substrate-binding domain is in red, and the membrane-binding
C-terminal region is in green. The FAD cofactor and rasagiline
are shown as yellow and black ball-and-stick figure, respec-
tively. The protein cavities are outlined by a cyan semitrans-
parent surface. (b) Chemical formula of the inhibitors used in
this study and of the covalent adduct formed by rasagiline.
The atomic numberings of the flavin and the covalently bound
rasagiline are shown.
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displacement of one of the active site water molecules,
which positions the CH3 carbon in a rather hydrophilic
area of the substrate cavity.

The N10 atom of the covalently bound inhibitor
formally carries a positive charge. In the active site,
there are no negatively charged residues or H-bond
acceptors that directly interact with N10. Rather, the
negative charge appears to be compensated through
long-range interactions with polar groups (OE1-Gln206,
OH-Tyr398, an ordered water molecule) that are at 4.0-
4.5 Å distance from the nitrogen atom.

R-HPAI Binding. The binding of the 6-hydroxy
derivative of rasagiline involves a small conformational
perturbation; the side chain of Cys172 adopts a double
conformation (Figure 3c). One conformer has a refined
occupancy of 0.6 and corresponds to the Cys172 confor-

mation found in the rasagiline complex. The second
conformer results from a rotation on the ø1 torsion angle
of about 80° (ø1 ) -86° in the first conformer, ø1 )
-167° in the second conformer). In both conformations,
however, the Sγ atom is engaged in a short (d < 3.2 Å)
H bond with the inhibitor 6-hydroxy group. The interac-
tions involving the hydroxy substituent are completed
by H bonds to the side chain of Tyr435 and to an ordered
water molecule. Apart from the two alternative confor-
mations of Cys172, no other conformational changes are
present. Thus, as for R-MPAI, the binding of R-HPAI
also involves minimal modifications in the active site
architecture. However, R-HPAI is less potent than
R-MPAI and rasagiline.7,12

S-PAI Binding. S-PAI differs from rasagiline in the
chirality of the C9 carbon (Figure 1b). The iminopropene

Table 1. Data Collection and Refinement Statistics

rasagiline S-PAI R-MPAI R-HPAI

space group C222 C222 C222 C222
unit cell
a (Å) 132.9 130.9 130.7 131.9
b (Å) 224.3 224.2 222.9 224.1
c (Å) 86.7 86.0 86.2 86.6
resolution (Å) 2.0 2.1 1.7 1.6
Rsym

a,b (%) 11.0 (37.7) 7.4 (23.9) 10.8 (36.3) 5.9 (28.4)
completenessb (%) 95.2 (80.3) 96.3 (82.4) 98.2 (97.7) 91.0 (66.5)
unique reflections 79 614 68 917 147 574 149 238
redundancy 2.8 3.0 2.9 2.4
I/σb 8.1 (1.5) 7.6 (3.2) 9.3 (1.7) 9.7 (2.0)
no. of atoms of protein, ligand, water 8017, 2 × 13, 502 8017, 2 × 13, 483 8017, 2 × 14, 827 8017, 2 × 14, 798
av B value for ligand atoms (Å2) 20.8 23.2 43.8 44.7
Rcryst

c (%) 20.7 20.4 20.3 19.8
Rfree

c (%) 23.6 23.5 22.3 21.6
rms bond length (Å) 0.008 0.007 0.008 0.008
rms bond angle (deg°) 1.02 1.05 1.11 1.10
a Rsym ) ∑|Ii - 〈I〉|/∑Ii, where Ii is the intensity of ith observation and 〈I〉 is the mean intensity of the reflection. b Values in parentheses

are for reflections in the highest resolution shell. c Rcryst ) ∑|Fobs - Fcalc|/∑|Fobs| where Fobs and Fcalc are the observed and calculated
structure factor amplitudes, respectively. Rcryst and Rfree were calculated using the working and test sets, respectively.

Figure 2. Stereoplots of the unbiased 2Fo - Fc electron density maps for the rasagiline (top) and S-PAI (bottom) complexes
contoured at the 1σ level. The maps were calculated before the inclusion of the inhibitor atoms in the crystallographic refinement.
Carbon atoms are in black, oxygen atoms are in red, and nitrogen atoms are in blue.
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chain of the covalently bound S-PAI is identical in
position and conformation to that of rasagiline (parts a
and d of Figure 3). Conversely, the inverted chirality
at C9 leads to a dramatic modification of the binding of
the indan ring, which is rotated by 180° with respect to
the conformation observed in the rasagiline complex
(Figure 5). Remarkably, superposition of the S-PAI and
rasagiline structures shows the indan rings of the two
inhibitors to be exactly coplanar (but in opposite direc-
tions), fitting between the two side walls of the substrate
cavity. The change in the ring orientation is associated
with a movement of Tyr326, one of the residues that
form the roof of the cavity (Figure 5); its side chain shifts
by about 1 Å, mainly as a consequence of a 30° rotation
about the ø1 torsion angle. Tyr326 is located at the
junction between the entrance and substrate cavities
so that upon rotation its aromatic chain leans out
toward the entrance cavity. Apart from this conforma-
tional change, the active site of the S-PAI complex
remains indistinguishable from that of the rasagiline
structure. This feature holds also for the ordered active
site water molecules, one of them being H-bonded to the
N10 atom (Figure 4b) as found in the rasagiline and
6-R-HPAI complexes.

Discussion

The MAO B complexes with the N-propargylaminoin-
dan compounds were obtained by cocrystallization with
each inhibitor. Binding of the compounds resulted in the
formation of well diffracting crystals, probably reflecting

the snug fit of these inhibitors that may stabilize the
protein conformation. This feature is reflected in the
high quality of the electron density maps, which permit
a detailed structural analysis of the inhibitor binding.

The high-resolution electron densities clearly show
the presence of a network of active site water molecules
that occupy identical positions in all four investigated
complexes (Figure 3). Two immobile water molecules are
found at the bottom of the substrate cavity, where they
H-bond to one another and are located between Tyr435
and Tyr398. Two other water molecules are positioned
in the lateral side of the cavity, establishing H bonds
with the side chain oxygen atom of Gln206 and the O4
atom of the flavin (Figure 4). This same active site water
structure is also present in the high-resolution struc-
tures of MAO B with both covalent (N-(2-aminoethyl)-
p-chlorobenzamide) and noncovalent inhibitors (isatin
and 1,4-diphenyl-2-butene).11 These observations indi-
cate that future inhibitor design and modeling studies
will have to consider these water molecules as integral
components of the substrate/inhibitor binding site.

Rasagiline is one of the most active and specific
inhibitors of MAO B.5 The three-dimensional structure
reveals a tight fit of the inhibitor that covalently binds
to flavin N5, in agreement with the biochemical stud-
ies.12 Considerable work has been performed to develop
rasagiline derivatives with varying MAO inhibitory
potencies and specificities as well as additional phar-
macological properties.7,14 The structures of the com-
plexes with rasagiline and its 6-hydroxy and N-methyl

Figure 3. (continued on next page)
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derivatives provide a structural rationale for these
inhibitory properties. R-HPAI is a less potent and
selective inhibitor than rasagiline, exhibiting a 70-fold
decrease in inhibitory efficacy.12 The crystal structure
shows that binding of the 6-hydroxy substituent causes
the side chain of Cys172 to adopt a double conformation
and the Cys172 Sγ atom to be in short contact with the
inhibitor 6-OH group. This steric hindrance appears to
be the main factor in explaining the decreased binding
affinity. Likewise, the introduction of bulky substituents
on the 6 position would be impossible to accommodate
unless large conformational changes in the substrate
cavity residues are implemented. This feature perfectly
agrees with the observation that the 6-substituted
ethylmethylcarbamate derivative of rasagiline essen-
tially has no inhibitory effect on purified MAO B.12

Solution studies have also shown that the 7-substituted
derivatives are also rather poor inhibitors of MAO B.7
The crystallographic results rationalize this feature. A
substituent (such as a carbamate) on the 7 position
would eclipse the inhibitor C9-N10 bond, resulting in
a stereochemically unfavorable conformation.

Of particular interest is the C4 locus of the rasagiline
indan ring. This carbon atom is located at the pore that
connects the substrate cavity to the entrance cavity
(Figures 1a and 5). A substituent at this position could
therefore extend and bind into the entrance cavity
space. Consistent with this notion, the rasagiline de-

rivative bearing an ethylmethylcarbamate moiety at the
4 position is a more potent MAO inhibitor than the
analogous 6- or 7-substituted compounds.7 The C4 locus,
therefore, represents an attractive site for the design
of additional inhibitor analogues with potentially im-
proved specificity and pharmacological profile through
exploitation of the entrance cavity for binding.

The iminopropene chain of enzyme-bound rasagiline
interacts with the immobile water molecules that are
part of the active site. A strategy for the development
of new inhibitors could be the introduction of substitu-
ents that displace these water molecules. The structure
of the R-MPAI complex proves that this strategy is
feasible because the methyl group indeed binds in place
of a water molecule. However, introduction of the methyl
group essentially does not modify the inhibitor po-
tency.7,12 These results likely reflect the hydrophobic
character of the CH3 group that cannot fully compensate
for the polar interactions established by the displaced
water. It would be of interest to determine whether a
more hydrophilic substituent on the propargyl chain
would have a beneficial effect on the binding affinity.

S-PAI, the S-enantiomer of rasagiline, inhibits MAO
B although with a reduction in potency of 3 orders of
magnitude.4 The crystal structure reveals that the
binding mode of S-PAI drastically differs from that of
rasagiline. The indan ring flips by 180° coupled to a shift
of the Tyr326 side chain. Modeling indicates that it is

Figure 3 continued. Stereoplots illustrating the binding modes of (a) rasagiline, (b) R-MPAI, (c) R-HPAI, and (d) S-PAI. Carbon
atoms are in black, oxygen atoms are in red, nitrogen atoms are in blue, and sulfur atoms are in yellow. Water molecules are
shown as cyan spheres. H bonds to inhibitor atoms are outlined by dotted lines. The orientation is the same for all four plots.
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impossible for S-PAI to bind in the same mode as
rasagiline if the geometry of the active site is to be
maintained. The crystallographic analysis does not
outline a single structural feature that explains the
drastically reduced efficacy of S-PAI with respect to

rasagiline. The reduced affinity seems rather to result
from a generally worse fit of the flipped orientation of
S-PAI in the substrate cavity so that the overall balance
of interactions is less favorable for S-PAI than for
rasagiline. This reduced efficacy may also result from

Figure 4. Ligplot schematic drawings showing the interactions of (a) rasagiline and (b) S-PAI with MAO B. Atom colors are as
in Figure 3. Dashed lines indicate all potential H bonds. “Radiating” spheres indicate hydrophobic contacts between carbon atoms
of the inhibitor and the neighboring residues.
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steric hindrance to S-PAI navigating the entrance cavity
and turning (in the opposite direction of rasagiline) to
the proper orientation to interact with the FAD nitro-
gen. These data reveal that the binding mode of S-PAI
is clearly distinguished from that of rasagiline and the
other R inhibitors. Most importantly, modification of the
indan ring of S-PAI can be expected to have completely
different effects with respect to rasagiline. This feature
is exemplified by the observation that the S-PAI position
that faces the entrance cavity is the C2 position rather
than the C4 position of bound rasagiline. These data
could potentially be used to design a new class of
N-propargylaminoindan inhibitors that could be used
as an alternative to the rasagiline compounds.

Conclusions
The high-resolution crystal structures of MAO B in

complex with four N-propargylaminoindan inhibitors
provide considerable new insights into the mode of
action of these pharmacologically active compounds.
First, these results will provide a guide for future drug-
design studies that exploit the possibility of improving
selectivity and efficacy by introducing appropriate sub-
stituents on the rasagiline molecular scaffold. Second,
the observations that S-PAI exhibits a different binding
mode suggest that this enantiomer should be thought
of as a new prototype compound rather than as an
analogue of rasagiline. Finally, for the success of future
drug-design studies on MAO B, it will be necessary to
consider that some water molecules are an integral part
of the active site and that the active site residues can
adapt themselves to different ligands and binding modes
through small conformational changes.

Experimental Section
Preparation of the Crystals. Purified recombinant hu-

man liver MAO B has been prepared as previously described.15

The synthesis of the N-propargylaminoindan derivatives (Fig-
ure 1b) has been reported by Sterling et al. (ref 7 and
references therein). All other chemicals used in this study were
obtained from commercial sources. Before crystallization
experiments, the protein was incubated with 5 mM inhibitor
and the inhibition reaction was checked by UV-vis spectro-
scopy. Crystallization experiments were carried out by the
sitting-drop vapor diffusion method at 4 °C.10 The protein
solution contained 2 mg/mL inhibited MAO B, 8.5 mM Zwit-
tergent 3-12, and 25 mM potassium phosphate buffer, pH 7.5.
Drops were prepared by mixing 3.5 µL of protein solution and
3.5 µL of a reservoir solution consisting of 12% (wt/vol)
PEG4000, 70 mM lithium sulfate, and 100 mM N-(2-aceta-
mido)-2-iminodiacetic acid, pH 6.5.

X-ray Data Collection, Processing, and Crystallo-
graphic Refinement. X-ray diffraction data were collected
at 100 K at the Swiss Light Source in Villigen and at the beam-
lines ID14-EH1, ID29, and ID13 of the European Synchrotron
Radiation Facility in Grenoble. For data collection, crystals
were transferred into a mother liquor solution containing 18%
glycerol and flash-cooled in a stream of gaseous nitrogen at
100 K. Data processing and scaling (Table 1) were carried out
using MOSFLM16 and programs of the CCP4 package.17 The
structure of MAO B in complex with isatin11 after removal of
all water and inhibitor atoms provided the initial model for
refinement. Unbiased 2Fo - Fc and Fo - Fc maps were used
to model the inhibitors (Figure 3) by means of the program
O.18 Crystallographic refinements were performed with the
programs REFMAC519 and WARP.20 Tight noncrystallographic
symmetry restraints were applied throughout the refinement
calculations. Refinement statistics are listed in Table 1.
Cavities were identified with the program Voidoo.21 Pictures
were produced by using Ligplot,22 Bobscript,23 Molscript,24 and
Raster3d.25

Data deposition. Coordinates have been deposited with
the Protein Data Bank with the following ID codes: 1S2Q for
rasagiline, 1S2Y for S-PAI, 1S3E for R-HPAI, and 1S3B for
R-MPAI.
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