
Published: June 20, 2011

r 2011 American Chemical Society 6441 dx.doi.org/10.1021/bi200446w | Biochemistry 2011, 50, 6441–6454

ARTICLE

pubs.acs.org/biochemistry

Steered Molecular Dynamics Simulations Reveal Important
Mechanisms in Reversible Monoamine Oxidase B Inhibition
William J. Allen and David R. Bevan*

Department of Biochemistry, Virginia Tech, Blacksburg, Virginia 24061, United States

bS Supporting Information

There are two isoforms of the enzyme monoamine oxidase
(MAO): A and B. The latter (designated MAO B) regulates

synaptic levels of certain amine neurotransmitters including
phenylethylamine, benzylamine, and dopamine by oxidative
deamination, a process that also results in the production of
hydrogen peroxide.1 MAO B expression increases with age, causing
a decreased availability of dopamine and an increased degree of
oxidative damage to neuronal cells by hydrogen peroxide—a
pathway that, in combination with other factors, can lead to
neurodegeneration and Parkinson’s disease.2 Treatment strate-
gies have included supplementation with levodopa, a dopamine
precursor, as a method to replenish depleted dopamine levels in
patients showing parkinsonian-type symptoms. However, this
treatment is only a temporary fix that does nothing to slow or
reverse the progression of neuronal cell death.3 For this reason, a
wealth of research has been devoted to the development of
effective MAO B inhibitors to be used as anti-neurodegenerative
therapeutics.3

The irreversible MAO B inhibitors selegiline (L-deprenyl)4

and rasagiline5 are currently used as therapies to slow the
progression, but not prevent Parkinson’s disease. Additional
studies have suggested that the effects elicited by selegiline and
rasagiline are not solely due to MAO B inhibition, but instead a
multitude of different pathways.6 Newer reversible inhibitors,
including safinamide and coumarin analogues, show some

promise for their high specificity to the MAO B isoform.7 As
the general body of information grows, it is prudent to continue
to design new MAO B inhibitors to be used as neuroprotectant
therapeutics with higher specificities and fewer deleterious side
effects. A detailed understanding of the specific molecular inter-
actions that govern MAO B inhibition is essential to this process.

MAO B is a monotopic membrane protein embedded in the
outermitochondrial membrane. The 520-amino acid protein forms
a homodimer with two helical tails that extend across the bilayer.8

The bulk of the solvent-exposed part of the protein is divided into a
region that covalently binds a flavin adenine dinucleotide (FAD)
cofactor9 and a region that houses the active site. The active site is
dipartite, divided into a catalytic cavity that is proximal to the
isoalloxazine ring of the FAD, and an entrance cavity that is
positioned closer to the interface of the bilayer. Their combined
volume is ∼700 Å3.10 The crystal structure of MAO B was first
solved in 2001 to 3 Å resolution.8 There are now (as of March
2011) 36 unique crystal structures available in the Protein Data
Bank11 of MAOB andMAOBmutants in complex with different
reversible and irreversible inhibitors, at as high as 1.6 Å resolution.7
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ABSTRACT: The monotopic membrane protein monoamine
oxidase B (MAO B) is an important drug target for Parkinson’s
disease. In order to design more specific, and thereby more effective,
inhibitors for this enzyme, it is necessary to determine what factors
govern inhibitor specificity and the inhibitor binding process,
including the roles of the lipid bilayer, the active site loop, and
several key residues within the binding pocket. Atomistic molecular
dynamics simulations ofMAOB either embedded in a lipid bilayer or
free in solution have been performed. The simulations suggest that
the bilayer controls the availability of the active site cavity by
regulating the degree of fluctuation in two key loops that form the
greater part of the active site entrance (residues 85�110 and
155�165). In turn, the enzyme itself causes local thinning and a
decrease in area per lipid of the surrounding bilayer environment. AdditionalMD simulations ofMAOB in complex with seven different
reversible inhibitors followed by nonequilibrium steered MD simulations of the inhibitor unbinding have also been performed. The
simulations demonstrate that the average energy of interaction between inhibitor and MAO B residues during inhibitor egress is an
effective indicator of inhibitor strength and is also useful for identifying key residues that govern inhibitor specificity. These data provide
researchers with valuable tools for designing effectiveMAOB inhibitors as well as outline amethod that can be translated to the study of
other enzyme�inhibitor complexes.
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The wealth of available structural data makes this enzyme an ideal
target for rational structure-based drug design.

Molecular dynamics (MD) is a useful computational tool that
can offer insight into specific molecular interactions between
protein and inhibitor at the atomic level—beyond what is learned
from a static crystal structure. For example, crystal structures revealed
that residues Ile 19912,13 and Tyr 32614 are important for ligand
specificity. The “aromatic cage” formed by Tyr 398 and Tyr 435
plays a role in coordinating ligands in the active site to the FAD
molecule.15 In addition, the “active site loop” formed by residues
99�112 could be important in allowing ligand access to the active
site.8,16 Aside from these static-structure derived observations and
predictions, one canuncovermore about specificmolecular processes
and interactions usingMD simulations. For example, Apostolov et al.
recently demonstrated that the bilayer itself plays a role in influencing
the dynamics of the MAO A isoform, especially with regards to the
entrance to the active site.17

Here we have performed MD simulations of several different
inhibitor�MAOB complexes in an attempt to better understand
the nature and the mechanism of inhibition of this isoform. We
sought to identify specific residues that contribute importantly to
the binding of MAO B inhibitors, as well as identify behaviors,
especially pertaining to the active site and active site entrance,
which might also influence inhibitor binding. The resulting dy-
namic model of inhibitor binding and interaction within the active
site is important in the design of novel anti-neurodegenerative
therapeutics.

’MATERIALS AND METHODS

File Preparation. Seven crystal structures were downloaded
from the PDB: 1OJ9, 1OJA,18 2BK3,13 2C67,19 2V5Z, 2V60, and
2V61.7 Each crystal structure consists of two protein chains
(chains A and B) comprising theMAOBhomodimer. Each chain
is covalently bound to an FAD cofactor and contains a reversible
inhibitor in the active site unique to the crystal structure. Important
chemical information and inhibitor structures are summarized in
Table 1 and Scheme 1. The Ki values were experimentally
determined and originated from the corresponding citations in
the footnote of Table 1; the ΔGdissoc values were calculated as
ΔGdissoc=�RT lnKi. In all cases, chain A includes residues Asn 3
to Ile 501 (Ile 501 is missing atoms), and chain B includes
residues Asn 3 to Ile 496. The full-length homodimer contains
520 residues per chain; missing C-terminal residues were mod-
eled in LEaP of the AmberTools 1.4 suite of programs,20 and
dihedral angles characteristic of anR-helix were imposed to correctly
reflect the transmembrane nature of the residues. The two
missingN-terminal residues were not modeled into the structure.

Original crystal waters were removed from the PDB structures
so that water molecules from the bulk solvent could diffuse in-
to the active site during the forthcoming equilibration and
production MD.
The protein topology was based on the united-atom GRO-

MOS96 43A1 force field. The FAD topology was assembled from
the existing adenosine triphosphate (ATP) and flavin mononu-
cleotide (FMN) topologies in that force field. Inhibitor topologies
were generated by the PRODRG server.21We previously showed
that charges and charge groups generated by the PRODRG server
are inconsistent with the GROMOS96 43A1 force field,22 and
accordingly the charges were refined either by analogy fromexisting
groups in the GROMOS96 43A1 force field or by electrostatic
potential calculations using the CHELP (charges derived from
electrostatic potential) model23 at the Hartree�Fock level of
theory with the 6-31G** basis set in Titan 1.0.8 (Wavefunction,

Table 1. Summary of Inhibitor Structures Arranged by Ki

PDB code res (Å) inhibitor abbrev Ki (μM) ΔGdissoc (kJ/mol)e

1OJ9 2.3 1,4-diphenyl-2-butene 1PB 35a 26.4

2C67 1.7 N-methyl-1(R)-aminoindan RM1 17b 28.3

1OJA 1.7 1H-indole-2,3-dione (isatin) ISN 3a 32.8

2BK3 1.8 farnesol FOH 2.3c 33.5

2V5Z 1.6 (S)-(+)-2-[4-(fluorobenzyloxybenzylamino) propionamide] SAG 0.45 ( 0.13d 37.7

2V60 2.0 7-[(3-chlorobenzyl)oxy]-2-oxo-2H-chromene-4-carbaldehyde C17 0.40 ( 0.02d 38.0

2V61 1.7 7-[(3-chlorobenzyl)oxy]-4-[(methylamino)methyl]-2H-chromen-2-one C18 0.10 ( 0.02d 41.5
aReference 18. bReference 19. cReference 13. dReference 7. eCalculated by ΔGdissoc= �RT ln(Ki).

Scheme 1. Structures of MAO B Inhibitors Used in This
Study
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Inc., Irvine, CA). The FAD and small molecule topologies are
included as Supporting Information (Tables S1�S8).
Lipid parameters24 and the lipid bilayer starting structure25

were obtained from the Biocomputing Group at the University of
Calgary. The starting structure contained 128 pre-equilibrated
palmitoyloleoylphosphatidylcholine (POPC) lipids arranged in a
periodic cell. The system was multiplied into a 2� 3 array along
the x�y plane, for a total of 768 lipid molecules, in order to create
a sufficiently large foundation for the simulations. An in-house
script was used to randomly select 329 lipids and then mutate the
choline group to ethanolamine, thereby creating palmitoyloleoyl-
phosphatidylethanolamine (POPE) molecules. The final lipid
bilayer contained 439 POPC lipids and 329 POPE lipids, a 4:3
ratio that mimics the composition of the in vivo outer mitochon-
drial membrane26 and a previous simulation.16

Conventional MD Simulations. All simulations were per-
formed using GROMACS 4.0.7.27 A twin-range cutoff was used
to calculate short-range nonbonded interactions, with electrostatic
interactions truncated at 0.8 nm and van der Waals interactions
truncated at 1.4 nm. The particle mesh Ewald (PME) method28,29

was used to evaluate long-range electrostatic interactions with
fourth-order spline interpolation and a 0.12 nm Fourier grid
spacing. All bond lengths were constrained using a parallelized
linear constraint solver (P-LINCS),30,31 and simulations were
performed with a 2 fs time step. The simple point charge (SPC)
water model was used.32 Isochoric�isothermal (NVT) simula-
tions employed the Berendsen thermostat33 with a temperature
coupling constant (τT) of 0.1 ps. Isothermal�isobaric (NPT)
simulations employed the Nos�e-Hoover thermostat34,35 with a
temperature coupling constant of 0.1 ps and a semi-isotropic
Parrinello�Rahman barostat36,37 with a temperature coupling
constant (τP) of 1.0 ps and a compressibility of 4.5� 10�5 bar�1

applied separately in the x�y and z directions, a common
practice for membrane simulations.38

The bilayer system was minimized with a steepest descents
integrator until the maximum force on any atom was less than
1000 kJ mol�1 nm�1. The system was then simulated under an
NVT ensemble at 100 K for 200 ps. Following equilibration
around the target temperature, the system was annealed to 310 K
linearly over 900 ps under an NPT ensemble. Finally, a produc-
tion simulation followed under the same conditions for 20 ns,
with this final conformation of the bilayer simulations being used
as the starting platform for protein insertion.
The seven crystal structures of MAO B described above were

inserted into the bilayer using the “INFLATEGRO” methodo-
logy described by Kandt et al.38 The apo-form of the crystal
structure originating fromPDB1OJA (1.70Å resolution) provided
an eighth simulation condition that was simulated in triplicate.
Minimization, equilibration, and production MD were per-
formed in the same way as described for the bilayer. The protein
backbone atoms were restrained until the productionMD. These
eight simulation conditions were then repeated in the absence of
the bilayer, with the protein surrounded by bulk solvent (the apo-
form was also simulated in triplicate). Following minimization,
proteins simulated in a box of water were equilibrated at 310 K
under an NVT ensemble for 200 ps, followed by 1 ns of NPT
equilibration at the same temperature, and finally production
MD as before. In the simulations of protein in bulk solvent, the
pressure-coupling algorithm was applied isotropically, and weak
restraints were imposed on the backbone atoms of the helical
portion of the protein tail (residues 488�520). (Previous simula-
tions in our lab demonstrated that performing MD with the

transmembrane tails unrestrained in a box of solvent results in
unnatural fluctuations between the protein subunits that consistently
crashed the simulations; data not shown.) The tails were retained
even in the absence of the lipid bilayer in case their proximity to the
active site entrance was shown to be important.
Steered MD Simulations. Following production MD of

inhibitor-bound systems, nonequilibrium pulling was performed
independently on each reversible inhibitor in the direction of active
site egress. In each case, the pulling simulation was performed in
quintuplicate. The starting configurations and velocities for the
pulling simulations were taken at 200 ps intervals. The direction
of the unbinding vector was dynamically defined for each
individual steered simulation based on the center-of-mass of
the steered group and the center-of-mass of the active site
entrance opening. The magnitude of the unbinding vector is
automatically normalized in GROMACS. All constant-velocity
steered MD simulations were implemented with a spring force
constant of 1000 kJ mol�1 nm�2 and at a speed of 0.01 nm ps�1.
Analyses were performed using utilities available in the GRO-

MACS suite of programs or by scripts written in-house. Three-
dimensional images were rendered with PyMol.39 Chemical
structures were created in PubChem Sketcher (http://pubchem.
ncbi.nlm.nih.gov/), and two-dimensional line art was gene-
rated with Grace.40 Bilayer thickness calculations and area per
lipid (APL) were measured by the GridMAT-MD software41 and
plotted with Xmatrix (http://matpack.de/).

’RESULTS

The simulation results will be discussed as follows. First, we
discuss the triplicate, conventional MD simulations of MAO B in
the apo-form. Thereafter, we will discuss the steered MD simula-
tions of MAO B with inhibitors bound. Systems comprising MAO
B in a bilayer will henceforth be referred to as MAO B-bilayer;
systems of MAO B in bulk solvent will be referred to as MAO
B-solvent.
Molecular Dynamics of MAO B. To obtain sufficient sam-

pling, we simulated each replicate of MAO B-bilayer and MAO
B-solvent under production MD conditions for 50 ns. When
measured as a function of time, the root-mean-square deviation
(RMSD) of a protein is a good indicator of the convergence in
protein structure change over the course of a simulation. The
MAO B transmembrane hydrophobic tails (residues 485�520)
were restrained in the solvent simulations and therefore not
considered for the RMSD calculations, nor were they considered
for the RMSD calculations of the bilayer simulations for the sake

Figure 1. RMSD of the protein backbone, residues 1�485. The RMSD
value is averaged over the two monomers in each replicate simulation.
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of consistency. The backbone RMSD of the MAO B-bilayer
replicates equilibrated to between 0.19 and 0.21 nm after∼20 ns
of simulation (Figure 1). Similarly, the backbone RMSD of each
MAO B-solvent replicate equilibrated just slightly higher, be-
tween 0.21 and 0.24 nm, in the same time frame. The average
RMSD over the last 30 ns of each set of three replicates was
0.19( 0.01 nm forMAOB-bilayer and 0.22( 0.01 nm forMAO
B-solvent. The relative stability of each structure after the first
20 ns provides assurance that the final 30 ns of simulation are
suitable for analysis. It is useful to note that the backbone RMSD
of the full-length bilayer-bound MAO B (data not shown) was
not appreciably different from that of the RMSD measured
without considering the hydrophobic tails (Figure 1), confirming
our decision to perform analyses on the final 30 ns of simulation.
As RMSD is a global measurement of protein motion, root-

mean-square fluctuation (RMSF) is a local measurement that
provides a higher resolution detail of residue fluctuations. Each of
the triplicate simulations contained the full homodimeric form of
MAO B, thus providing six individual monomers for analysis.
During the last 30 ns of simulation, the differences in fluctuation
pattern between MAO B-bilayer and MAO B-solvent in two
particular regions of the enzyme demanded further investigation.
These regions were residues 85�110, which includes most of the
active site loop (residues 99�112), and residues 155�165. A
representative RMSF plot is shown in Figure 2a (the other RMSF
plots are included as Supporting Information in Figure S1). On
average, the degree of fluctuation exhibited by these two regions
was larger for MAO B-solvent than it was for MAO B-bilayer.
The fluctuation from residues 85�110 was 0.10( 0.03 nmwhen
in a bilayer and 0.16 ( 0.06 nm when in solvent, a statistically
significant increase as determined by a Student’s t test (p < 0.05).
The fluctuation from residues 155�165 was 0.081 ( 0.019 nm
when in a bilayer and 0.101 ( 0.036 nm when in solvent, also
statistically significant by the same test (p < 0.05). No other areas
in the protein were consistently higher or lower in fluctuation.
This observation is particularly significant because these two
regions form the entrance to the active site cavity (Figure 2b),
indicating that the bilayer exerts a degree of control over the
fluctuations of these loops and subsequently the interactions that
may occur in these regions.
As these two loop regions comprise the ringlike “mouth” of the

active site, it is convenient to then define the size of the active site
entrance by measuring the best-fit ellipsoidal surface area formed
by opposing residues in the loops. Thus, the center-of-mass
distance between Lys 93 and Trp 107 was treated as one axis of
the ellipse, and the center-of-mass distance between Tyr 97 and
Ser 160 was treated as the second axis. This concept is illustrated
in Figure 3. It stands to reason that a larger ellipsoidal surface area
would be reflective of a more open conformation, while a smaller
surface area would indicate a more closed conformation. The
following equation was used to calculate the surface area of the
active site entrance opening:

surface area ¼ π
1
2
ðLys 93� Trp 107Þ

� �
1
2
ðTyr 97� Ser 160Þ

� �

The residue names in the equation refer to the center-of-mass
position of those residues. The resulting surface area of each
active site entrance is plotted with respect to time in Figure 4. In
theMAOB-bilayer simulations, five of the six replicates converged
to an active site entrance opening between 1.00 and 1.50 nm. One

replicate of MAO B-bilayer, however, demonstrated a behavior
that could be described as the opening of the active site entrance.
The size of the opening in replicate 1, chain B, increased to more
than 2.25 nm2, in the presence of the bilayer. We found that
MAO B-solvent typically maintained an active site entrance
surface area between∼0.75 and 1.50 nm2 during the simulations.
Further, the fluctuation in this value was greater than it was for
MAO B-bilayer, reflecting the previous observation that MAO B
in the absence of the bilayer exhibited a higher RMSF in these
regions. These data provide further evidence that the lipid bilayer
regulates behaviors that occur near the entrance to the active site.
To further explore how the lipid bilayer modulates the fluctua-

tion of these loops and to understand themechanism by which the
active site mouth opens and closes, we examinedmore closely the
interaction between the protein and the bilayer. Qualitative

Figure 2. A representative RMSF plot is shown in panel (a). Two
regions of the protein backbone exhibit fluctuations that are dependent
on the local environment (embedded in a bilayer or exposed to solvent),
residues 85�110 and 155�165. These regions are highlighted with gray
bars. An example snapshot of MAO B embedded in a bilayer is shown in
(b). The regions of protein that fluctuate differently depending on the
local environment are colored differently; residues 85�110 are high-
lighted red, and residues 155�165 are highlighted blue. The bilayer was
made transparent, and the phosphorus atoms are represented as orange
spheres. The FAD cofactor is shown as yellow sticks. One MAO B
subunit and water atoms were removed for simplicity.
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analysis of the MD simulations indicated that the protein active
site entrance that opened in the presence of the bilayer did so
because it dipped down below the lipid head groups toward the
hydrophobic fatty acid tails. In doing so, native interactions
between residues in the loops were disrupted and new interactions
with the hydrophobic tails were formed. Figure 3 compares two
active site entrances: that of a closed conformation (Figure 3c) and
that of an open conformation (Figure 3d). From the snapshot of
the open conformation we can see that the Tyr 97 moved up
away from the bilayer so the plane of the aromatic ring was
parallel to the surface of the bilayer and the Trp 107 moved
further down into the bilayer, forming hydrophobic contacts with
the lipid tail. In the closed conformation, these two residues
formedπ-stacking interactions with one another. In addition, the
Lys 93 and Ser 160 residues snorkeled into the lipid headgroups

in the closed conformation, whereas the same residues were
further into the aqueous phase in the open conformation.
A measurement of partial densities as a function of the bilayer

normal established a quantifiable and time-averaged comparison
between closed and open conformations. The partial densities of
each lipid component, the bulk of the protein, and the active site
entrance of each monomeric subunit were measured (Figure 5).
The key observation lies in the positioning and shape of the
active site entrance in the open conformation. Its position was
shifted along the z-axis, further into the bilayer, creating a bimodal
peak. Because the active site entrance of the other subunit within
the dimer remained closed, one possible explanation is that the
enzyme tilted with respect to the plane of the bilayer. Also,
because all of the active site entrances in the MAO B-solvent
replicate simulations remained in the closed conformation, we

Figure 3. (a) Overview of MAO B homodimer embedded in a lipid bilayer. Each arrow indicates the direction from which the subsequent panels are
viewed. (b) A view into the active site with opposing residues shown. Ellipse approximates active site entrance opening area. (c, d) Active site opening
residues shown in a closed (c) and open (d) conformation.
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can hypothesize that it is the formation of new hydrophobic
interactions that facilitated the active site entrance-opening event.
Table 2 shows the average height of the center-of-mass of the
active site entrance opening with respect to the average position
of the phospholipid headgroups. In each replicate, the average
position of one of the active site mouths of the dimer dipped down
with respect to the phospholipid heads, from 0.12 to 0.16 nm. The
other chain in the same replicate stayed above the phospholipid
headgroup, near 0.32�0.33 nm. In a single replicate, the active

site entrance residues that dropped below the headgroups shifted
into the open configuration, suggesting that interactionswithin this
hydrophobic region control the size of the active site entrance. We
note that the distance of the active site mouth to the bilayer surface
did not always result in an observable opening of the active site
(Figure 4a). This is likely due to the short time frame of our
simulations relative to the apparently slow period of active site
channel opening and closing, and thus it would be improbable to
observe this behavior in all replicates without applying nonphy-
siological techniques such as locally enhanced sampling or greatly
extending the length of the simulations.
An alternative method to quickly increase the probability of

active site entrance opening is to mutate residues responsible for
keeping the active site entrance in the closed conformation. We
hypothesized that by mutating Tyr 97 to glycine, loss of the
π-interaction between Tyr 97 and Trp 107 would result in Trp
107 extending into the hydrophobic portion of the bilayer more
readily. We simulated a Y97Gmutant form ofMAOB in a bilayer
in triplicate as described in the Materials and Methods. As a
result, we observed the active site entrance opening event in only
one monomer in each of the three replicate simulations. In all
simulations, the active site entrance of the monomer that was tilted
lower with respect to the plane of the bilayer moved into the open
conformation in part because Trp 107 extended into the hydro-
phobic part of the bilayer (Figure S2). In the mutant systems, the
opening process occurred very rapidly during the 1.2 ns of
equilibration prior to productionMD. This observation supports
our hypothesis that the active site entrance opening event itself is
reproducible and occurs in accordance with enzyme tilting.
In addition to the effects elicited by the bilayer on the active

site entrance, the enzyme itself also changed the local structure and
dynamics of the bilayer such that it may be more conducive to
inhibitor or substrate trafficking. Foremost, over the last 30 ns of
simulation, the average bilayer thickness was notably decreased
around MAO B when compared to a control bilayer (Figure 6).
The control bilayer ranged in thickness (phosphorus atom�
phosphorus atom) from3.93 to 4.55 nm(excluding outliers), and the
average bilayer thickness was 4.3( 0.2 nm, a value that is slightly
thicker, but still in good agreement with previously reported
X-ray scattering data of 3.70 nm for POPC42 and 4.13 nm for
pure POPE.43 In the presence of MAO B, however, the bilayer

Figure 4. Comparison of the area of the active site channel opening when MAO B is in a bilayer (a) vs MAO B in a box of solvent (b).

Figure 5. Partial density plot for important lipid and protein compo-
nents along the z-axis. Inset is a close-up of the active site entrance
opening residues. The residues considered for this measurement are Lys
93, Tyr 97, Trp 107, and Ser 160.
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thickness increased in range to 3.64�4.75 nm (excluding outliers).
Although the average remained the same, the standard deviation
increased (4.3( 0.3 nm), which results from the larger extremes of
thickening or thinning. This observation is best illustrated by the
fact that there were two large pockets in close proximity toMAOB
that exhibited a large amount of thinning. This observation is
consistent for 5 of the 6monomeric subunits.Onemonomer in the
third replicate seemed to have no major effect on the thickness of
the bilayer that immediately surrounds it, suggesting that the
degree of thinning may not always be evident. Coinciding with
bilayer thinning, we also observed kinking of the MAO B
transmembrane R-helices. Kinking itself is very common among
transmembrane helices and is likely due to hydrophobic
mismatch.44 In any case, the tail conformations still spanned
the membrane, as would be expected.45

The presence of MAO B also influenced the area per lipid
headgroup (APL) of the bilayer systems. The control bilayer
maintained an average APL of 53.8 ( 0.2 Å2 per leaflet during
simulation. Once MAO B was inserted, the average APL in the
top leaflet dropped to 50.2 ( 0.6 Å 2 (p < 0.05) and the average
APL in the bottom leaflet dropped to 51.7( 0.5 Å2 (p < 0.05), as
averaged over the last 30 ns of simulation. The previously
reported experimental APL for pure POPC is 68.3 Å2 42 and
56 Å2 for pure POPE.43 The APL of the control bilayer converged
slightly below these numbers because the ethanolamine and
choline headgroups have a cooperative fit when mixed together.
The closer packing also forces the tails to be slightly more ordered,
accounting for the increased APL observed.
Steered Molecular Dynamics of MAO B Inhibitors. In

addition to the simulations of apo-MAO B embedded in a bilayer
and in bulk solvent, we performed several simulations of MAO B
in complex with various reversible inhibitors. Herein, the inhibitors
will be referred to by a three-letter identifier, which they were
assigned in the PDB (summarized in Table 1 and Scheme 1).
Following a preliminary 20 ns production run of these inhibitor-
bound systems, we saved full atomic coordinates and velocities
in 200 ps increments. These snapshots served as starting points
for nonequilibrium steered MD simulations, as described in the
Materials andMethods. In this studywe employed constant velocity
pulling. Briefly, the inhibitor was tethered to a dummy atom (an
atom having neither mass nor charge) by a classical spring. The
dummy atom traveled along a prespecified vector at a constant
velocity. As tension in the spring increased, the inhibitor was
steered away from its original position, along the same general
path as the vector. The force in the spring was recorded with
respect to time or displacement of the inhibitor. We performed
five such steered simulations for each inhibitor in each condition
(bilayer and solvent), for a total of 70 simulations.
During a steered simulation, the force required to pull each

inhibitor was plotted as a function of displacement from the
original position, or distance traveled from the binding site, for
each simulation (Figure 7). By integrating each curve, we
obtained the work performed on the system for each simulation.

Jarzynski’s equality46 equates the average work performed on
replicate ensembles to the potential of mean force (ΔPMF) for a
nonequilibrium process or the overall change in free energy
between two states along a reaction coordinate:

expð�ΔPMF=kBTÞ ¼ Æexpð�W=kBTÞæ
In Jarzynski’s equality,W is the work performed on a system, kB is
the Boltzmann constant, and T is temperature in kelvin. The
angled brackets signify an average over ensembles. We consid-
ered the beginning of the reaction coordinate to be the MAO
B-inhibitor complex and the end of the reaction coordinate to be
the state in which the distance of separation from any inhibitor
atom and any protein atom was greater than or equal to 0.7 nm.
From these data it is convenient to make two important

comparisons: the pulling of different inhibitors into the samemedia
(bilayer, for example) and the pulling of the same inhibitor into
two different media (bilayer and solvent) (Figure 7 and Table
S9). For example, pulling the weak inhibitor 1PB into the bilayer
required a peak force of 606( 36 kJ mol�1 nm�1, whereas pulling
the strong inhibitor C17 into the same media required a greater
peak force, 730 ( 82 kJ mol�1 nm�1, a statistically significant
increase (p < 0.05). Conversely, the inhibitor 1PB required a
peak force of 373( 35 kJ mol�1 nm�1 to pull into solvent, a much
smaller amount than was required to pull the same inhibitor into
the bilayer. In fact, all seven of the inhibitors required a smaller
peak force to pull into solvent with the exception of ISN. It is
convenient to plot the Gibbs free energy of dissociation (ΔGdissoc)
of each inhibitor by the greatest (peak) force required to pull the
inhibitor from the binding site (Figure S3). The best-fit linear
regression of that plot had a positive slope in each case, that is, the
greatest amount of force required to pull an inhibitor from the

Table 2. Position of Important Groups along z-Coordinate

replica

lipid head

(nm)

glycerol

(nm)

entrance to active

site A (nm)

entrance to active

site B (nm)

1 0 �0.35 +0.33 +0.16

2 0 �0.25 +0.33 +0.12

3 0 �0.35 +0.13 +0.32

Figure 6. Bilayer thickness plots. The top left plot is a top-down
perspective thickness plot of a control bilayer. The remaining three
plots are the thicknesses of the replicate simulations. The position of the
MAO B homodimer is overlaid as a black, transparent surface.



6448 dx.doi.org/10.1021/bi200446w |Biochemistry 2011, 50, 6441–6454

Biochemistry ARTICLE

binding site increased with increasing strength of the inhibitor.
However, the correlation coefficient values were quite low: 0.04

for pulling into the bilayer and 0.27 for pulling into solvent.
Although there is no strong correlation between the strength of

Figure 7. ΔPMF plots for inhibitor unbinding. The plots in the left column are bilayer simulations, and the right column are solvent. The five
replicates are colored differently (black = 1, red = 2, green = 3, blue = 4, orange = 5). The smooth, summative curves are integrals of the irregular
curves, corresponding to work, displayed on the right axis.
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each inhibitor and the peak force required to pull, the general
increase in force required between solvent and bilayer is appar-
ent. At first glance it seems as if pulling into different media itself
would cause the discrepancy; however, we find that the peak
force typically occurs while the inhibitor is still deep within the
binding pocket, before it encounters solvent or bilayer. Therefore,
it stands to reason that the medium itself may allosterically
regulate the dynamics of residues in the binding pocket.
The ΔPMF of pulling 1PB, the weakest inhibitor, into the

membrane was 770 ( 150 kJ mol�1, as averaged over five
simulations (Figure 7 and Table S9). Conversely, the ΔPMF of
pulling C17, a very strong inhibitor, into the membrane was
1201( 94 kJ mol�1, a statistically significant increase (p < 0.05).
The twoΔPMF values of the weak inhibitors RM1 and of ISN fell
below 800 kJ mol�1. The ΔPMF of ISN was particularly low,
which could be attributed to its diminutive size compared to the
other inhibitors. The two ΔPMF values of two of the strongest
inhibitors, FOH and SAG, were above 1000 and 950 kJ mol�1,
respectively. The inhibitor C18 seemed to be themost bothersome
outlier, with a ΔPMF of 823 ( 72 kJ mol�1. It is difficult to
determine the exact reason for the discrepancy, but it must be
attributed to interactions between the secondary amide group
and surrounding residues, for this group is the only difference
between C18 and the structure of C17. In Figure 8, the average
ΔPMF values required to pull each inhibitor into solvent or bilayer
are arranged by the strength of the inhibitor. The correlation
between ΔGdissoc and ΔPMF is slightly higher than it is for
ΔGdissoc and peak force and thus is a slightly better rubric for
measuring the validity of the simulations. The best-fit linear
regression for pulling inhibitors of different strength out of the
binding pocket and into the bilayer or solvent are both positively
sloped and have correlation coefficients of 0.19 and 0.40, respec-
tively (Figure S4). Although the correlation is still quite low, the
increase in correlation does indicate that the total amount of work
performed on a system is a better indication of inhibitor strength

than is the peak amount of force applied. In addition to the slightly
improved correlations, we also observed a greater separation of
data betweenpulling into the bilayer or solvent. For every inhibitor,
it requiredmorework to pull into the bilayer than it did to pull into
solvent. The ΔPMF of pulling each inhibitor into bulk solvent is
drastically decreased when compared to pulling each inhibitor
into the bilayer. There are two simple explanations for why such a
difference could occur: a decrease in force required to pull through
the media (bilayer vs solvent) or a decrease in interaction between
the protein and inhibitor because the change in environment has
made the protein less conducive to inhibitor binding. To address
the first explanation, when the inhibitor was pulled through just
media (between roughly 350 and 550 ps in Figure 7), the force
required to pull through the bilayerwas only 40�70 kJmol�1 nm�1

higher on average. It is unlikely that simply the entrance into the
media resulted in a change in work as great as observed for some
inhibitors (Figure 8). In fact, to account for a 400 kJ mol�1 change
inwork, onewould need to pull through themore viscousmedia an
extra distance of 6�10 nm, much further than they were pulled in
the actual simulation. Thus, it is likely that the change in medium
from bilayer-bound to solvent-exposed effectively decouples native
protein�ligand interactions that are typically occurring. These
observations attest to the importance of studying the inhibitor�
protein complex in themost appropriate physiological environment.
Quantification of average energy of interaction between each

inhibitor and specific residues in the MAO B active site channel
provided an excellent indication of which residues were impor-
tant in inhibitor binding. For each steered MD simulation, we
tabulated all MAO B residues that were within 0.7 nm of the
inhibitor at any time. Then, the van der Waals and electrostatic
contributions to the potential of interaction between inhibitor
and individual residues were recorded. Finally, for each residue
we took an average of any value that was above a 0.01 kJ mol�1

cutoff and plotted those interactions that contributed the most to
the protein�inhibitor interaction (Figure 9). Some inhibitors

Figure 8. AverageΔPMF values for pulling inhibitors from the protein active site. Black bars represent inhibitor being pulled into the bilayer, and white
bars represent inhibitor being pulled into solvent. Inhibitors are arranged from left to right by increasing magnitude of ΔGdissoc.
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Figure 9. Summated and averaged energies of interaction between specific inhibitors and MAO B when pulling in a bilayer. The black component of
each bar represents electrostatic interactions, and the white component represents van der Waals interactions. The final panel is an average of the other
seven panels.
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interacted with as many as 45 different MAO B residues during
active site egress, but we plotted only the 20 strongest interactions
for simplicity. The weakest inhibitor, 1PB, had a total interaction
of �176 ( 12 kJ mol�1 with MAO B residues. The total energy
of interaction increased in magnitude for each sequentially
stronger inhibitor, with the exception of the inhibitor FOH
at�277( 10 kJmol�1 and the inhibitorC18 at�270( 6 kJmol�1.
In Figure 10, we arranged the sums of the individual energy
components by increasing strength of the inhibitor. Most encoura-
gingly, the sums of the individual energy components correlated

strongly with the ΔGdissoc of the inhibitor (Figure S5). The
correlation coefficient for the best-fit linear regression that
describes the increasing potential of interaction (increasing in
magnitude, that is) with increasing inhibitor strength is 0.67.
Notably, the correlation coefficient for the same relationship, but
only considering the electrostatic contributions, is 0.86. The
implication here is that the addition of electrostatic interactions
contributes most meaningfully to the increased strength of the
inhibitor.
From analysis of the energies of interaction, we are also able to

identify residues and specific interactions that may be important
to inhibitor binding. The last panel in Figure 9 summarizes the
average energy of interaction between MAO B residues and all
inhibitors. The number in parentheses following the inhibitor
name in the final panel of Figure 9 indicates the frequency with
which that residue appeared in the other top-20 plots. The three
strongest-interacting residues are Gln 206, Tyr 326, and Ile 199
(Figure 11). It is evident that a strong electrostatic contact near
the site of Gln 206 or Tyr 326 (both of which sit above the active
site very near to the FAD cofactor) is a core component that
helps account for a large ΔGdissoc value. Further, a strong and
large contribution to the interactions in the hydrophobic core is
also essential to good inhibition. Of the top ten contributing
residues, six are hydrophobic, five of which line the bottom of the
active site and active site channel. Finally, His 90 and Asp 318 are
also two important polar residues that contribute to the binding
of the inhibitor. All of the inhibitors examined in this study bind
adjacent to the FADmolecule in the back of the active site. From
this position, these inhibitors are too short to form contacts with
His 90 or Asp 318, which are positioned closer to the active site
entrance. This indicates that the inhibitors only started interacting

Figure 10. Sum of binding energy components for each inhibitor. The
black part of each bar corresponds to electrostatic interactions, and the
white part of each bar corresponds to van derWaals interactions. Inhibitors
are arranged from left to right by increasing magnitude of ΔGdissoc.

Figure 11. View of the MAO B active site during inhibitor C17 (green) egress at 0.5 nm displacement (top) and 1.5 nm displacement (bottom).
Contacts between the inhibitor and hydrophobic (blue) or polar (red) residues under 4 nm are shown as yellow dashes.
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with these residues during the active site egress. Therefore, it would
make sense to design an inhibitor that is larger and contains the
appropriate group to form electrostatic contacts or hydrogen
bonds with His 90 and Asp 318. Finally, we must remember
that although several of the electrostatic contacts are tempting
to exploit, most of the restoring force comes from hydrophobic
van der Waals type contacts, which should be the focus of any
pursuit in inhibitor design.
To better characterize those specific interactions that are

important to inhibitor binding and to validate the model for
inhibitor design proposed above, we briefly return to Figure 7.
The peaks in the force curves correspond to different bound states
of the inhibitors; the greater the height of the peak, the more
tightly it is bound. Therefore, it is useful to examine what specific
interactions were occurring at the tallest peaks and what inter-
actions broke causing the downward slope in the curves. Pre-
sumably, at the top of the force peaks, the inhibitors should be
most closely interacting with those residues identified as im-
portant in Figure 9. In fact, that is the case. For example, we
examined the egress of C17 from the MAO B-bilayer active site.
There are two notable peaks that occur during inhibitor egress:
one at ∼0.5 nm displacement and another at 1.5 nm displace-
ment (Figure 7). At 0.5 nm displacement, C17 formed hydrogen
bonds with Gln 206 and His 90, π-stacking interactions with Phe
103 and Tyr 326, and van derWaals interactions with Leu 171, Ile
198, Ile 199, and Ile 316. Therefore, the height of that first peak is
a measure of the force required to overcome these interactions.
Immediately past the tip of the first peak, those interactions were
broken and the ligand moved further through the active site. At
1.5 nm displacement, the ligand formed electrostatic contacts
with Phe 103, His 90, and Asp 318 and van der Waals contacts
with Ile 316. The break in this second peak corresponded to a
disruption in these specific interactions and total egress from the
active site (Figure 11). This trend holds true for the other six
inhibitors. In general, and especially in the case of the inhibitors
with lower Ki values, the residues that are responsible for binding
the inhibitor the most tightly are those that were identified as
important by the energy profile in Figure 9. Increasing the strength
of future inhibitors now becomes an exercise in modifying specific
functional groups to optimize the strength of these interactions.

’DISCUSSION

We performed classical MD simulations of the MAO B homo-
dimer in a POPC�POPE mixed bilayer and in bulk solvent,
followed by steeredMD simulations of several reversible MAO B
inhibitors also in bilayer or solvent. Taken together, these data
effectively describe the mechanism of inhibition of MAO B by
reversible inhibitors and the role of the bilayer in governing the
dynamics of MAO B—especially around the active site entrance.

The dynamics of two specific loops, residues 85�110 and
155�165, are closely modulated by the bilayer. Previously, it was
suggested that the “active site loop”, residues 99�112, is
important in inhibitor specificity.8 From our observations, it seems
themodulation of the loop by the bilayer is a controlmechanism in
which the protein and bilayer work in a concerted effort to
control ligand binding. The bilayer modulates these two loops by
facilitating the transition between an open and a closed con-
formation. Fowler et al.16 suggested that perhaps MAO B under-
goes a periodic tilting. While we did not find conclusive evidence
to support or refute this hypothesis, we believe it could explain
some behaviors we observed. When one active site entrance

dipped down into the hydrophobic core of the bilayer, the change in
the nature of the environment disrupted key interactions between
residues at themouth of the active site, facilitating the transition into
the open conformation. We observed a dipping motion in these
key active site residues with respect to the bilayer, and we found
that the protein tended to be tilted with respect to the height of
the active site entrance along the z-dimension. Previously, Apostolov
et al.17 examined a similar model, the monomeric MAO A isoform,
and observed that the bilayer modulates the dynamics of the
protein and, subsequently, ligand binding. However, they found
that the same active site loop region (residues 105�115) fluctua-
tes more in a bilayer, not less as we observed for MAO B. This
difference could be due to subtle differences in the sequence
between the MAO A and B isoforms and may contribute to their
distinguishing ligand specificities. The bilayer becomes thinner in
the immediate vicinity of the protein, a phenomenon that was
also observed by Fowler et al.16 Here we showed that the thinning
occurred especially at the protein interface with the bilayer.

The dynamics of inhibitor egress from the active site were also
modulated by the bilayer. TheΔPMF of the unbinding process is
a valuable measure that was weakly correlated to the strength of
the inhibitor. We observed that theΔPMF changed drastically in
the presence of solvent, indicating that the bilayer maintained a
level of control over the dynamics of MAO B in and around the
active site. The increase in the number of contacts betweenMAO
B and an inhibitor in the presence of a bilayer further illustrated
this point. Finally, the energies of interaction, when taken together,
provided key information that will be useful in designing new
inhibitors. The right combination of hydrophobic and hydro-
philic groups within the same inhibitor is paramount to the success
of binding, and our model of the active site with important
residues highlighted is key in designing such an inhibitor. Static
crystal structures alone cannot fully describe the intricacies of the
protein�ligand relationship. Dynamic models such as this are
invaluable in identifying important interactions that may other-
wise be missed. It is important to note that the original Ki values
(and, thus, the calculated ΔGdissoc values) were determined in a
buffer solution that contained reduced Triton X-100 detergent.47

This may raise some concern as to how the simulation conditions
(water or bilayer) can compare to experimental conditions
(detergent solution). Hubalek et al. determined through a series
of activity assays in detergent solution that the activity of MAO B
was quite similar to that of MAO B in in vivo conditions.48,49

Therefore, we remain confident that relativeΔGdissoc values hold
true and can be compared directly to our simulated values.

Recently, Colizzi et al. used a form of steeredMD to pull several
inhibitors from the active site of Plasmodium falciparum β-hydro-
xyacyl-ACP dehydratase, thereby using the resultingΔPMF values
to distinguish between active and inactive inhibitors.50 Following
that study, Jorgensen wrote a brief commentary in Nature
describing the merits of steered MD simulations and its utility
in drug discovery.51 He questions whether the peak force applied
during active site egress would correlate more strongly with
inhibitor strength. In our study, we found that the peak force
required to pull the inhibitor did not correlate more strongly with
the strength of each inhibitor than did theΔPMF value. However,
the limitations of Jarzynski’s equality have been well described.52

The accuracy of ΔPMF measurements will continue to increase
as the number of replicates increases and as the pulling speed and
force constant in the spring decrease, each of which, in practice,
increases the computing hours required to perform the simula-
tion. That being said, despite the number of replicates we used
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and the pulling conditions, we observed a very strong correlation
between inhibitor strength and the sum of the per-residue energies
of interactions from the energy profiles (Figures 9 and 10). We
propose that this rubric be used in tandem with force andΔPMF
measurements to further discern between inhibitors of varying
strength.

In summary, the implication of these observations is quite
profound. Foremost, we have demonstrated that MAO B in a bi-
layer does not behave similarly to MAO B in solvent, especially
pertaining to the active site and active site entrance dynamics.
Therefore, when studying MAO B, particularly in the context of
drug design, the correct model should always be to study this
enzyme in a bilayer. This suggestion extends well beyond just
MAO B and should be applied to any system studied by MD.
Studying the biomolecules in the correct environment is key in
obtaining accurate or meaningful results. Described herein are
some important observations and implications that are useful to
those taking a knowledge-based drug design approach to the
design of powerful and reversible inhibitors of MAO B.
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