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ABSTRACT: Monoamine oxidase A and B (MAO-A and B)
are mitochondrial outer membrane enzymes that are impli-
cated in a number of human diseases, and the pharmacological
inhibition of these enzymes is a promising therapeutic strategy
to alleviate disease symptoms. It has been suggested that optimal
levels of enzymatic activity occur in the membrane-associated
state, although details of the membrane association process
remain to be understood. Herein, we have developed a sup-
ported lipid bilayer platform to study MAO-A and B binding
and evaluate the effects of known pharmacological inhibitors on the membrane association process. By utilizing the quartz
crystal microbalance-dissipation (QCM-D) technique, it was determined that both MAOs exhibit tight binding to negatively
and positively charged bilayers with distinct concentration-dependent binding profiles while only transiently binding to neutral
bilayers. Importantly, in the presence of known inhibitors, the MAOs showed increased binding to negatively charged bilayers,
although there was no effect of inhibitor treatment on binding to positively charged bilayers. Taken together, our findings
establish that the membrane association of MAOs is highly dependent on membrane surface charge, and we outline an
experimental platform to support the in vitro reconstitution of monoamine oxidases on synthetic membranes, including the
evaluation of pharmacological drug candidates.

■ INTRODUCTION

Monoamine oxidases (MAOs) are monotopic, outer mito-
chondrial membrane proteins that regulate the concentration
of monoamine neurotransmitters such as dopamine, serotonin,
norepinephrine, and phenylethylamine as well as other amines
by catalyzing their oxidative deamination with the release of
hydrogen peroxide as a byproduct.1−4 The enzymes are expres-
sed from different genes4 as two isoforms, MAO-A and MAO-B,
and are involved in central nervous system development.5

Mutations in MAO-A cause Brunner syndrome, which is charac-
terized by impulsive aggressiveness, mild mental retardation,6−8

and behavioral aggression,9 while the deletion of MAO-B is
associated with atypical Norrie’s disease, which is characterized by
blindness and impaired hearing (10, 11). Furthermore, the
enzymes have been implicated in a number of diseases such as
neurodegenerative disorders including Parkinson’s disease and
Alzheimer’s disease,12,13 cardiovascular diseases,14 and certain
cancers15,16 and have been targeted with pharmacological inhibi-
tors in some cases (17−19). Additionally, tracer compounds
have been developed on the basis of their enzymatic activity for
the in vivo monitoring of pathological conditions.20 From a pro-
tein engineering perspective, enzymes within this class have also

been modified to perform novel chemical transformations such
as the deracemization of racemic chiral amines,21 thus illustrat-
ing their utility across the pharmaceutical and biotechnology
industries.
A key feature of MAO-A and MAO-B is that their locali-

zation to the mitochondrial outer membrane is important for
their function.22,23 In fact, they are tightly bound to the mem-
brane and require detergents for extraction from the mito-
chondrial outer membrane. Structural studies have shed some
light on the possible mechanism of their localization.24−27 Both
MAO-A and MAO-B contain a globular domain at the
N-terminus and a single transmembrane domain at the
C-terminus, the latter of which is thought to be important
for membrane insertion in a perpendicular manner. However,
the two domains are not independent of one another because
the C-terminal transmembrane regions of MAO-A and MAO-B
cannot be interchanged,28 despite sharing relatively high
sequence identity. This finding indicates that the interaction
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between the two domains is a key determinant of their
enzymatic activity. Furthermore, the transmembrane domain is
not the sole membrane interaction module in these proteins
since truncation or complete deletion mutation of this region
does not result in a complete loss of membrane localization.29

Structural analysis has indicated the possible interactions of
certain amino acid residues in the protein with the mito-
chondrial outer membrane30 while molecular dynamics simula-
tions have revealed the possibility of several hydrogen bonds
forming between proteins and phospholipid headgroups.31

Aside from providing a two-dimensional space for the localiza-
tion of proteins, the membrane surface has also been suggested
to facilitate the electrostatic channeling of the substrates into
the catalytic site since the substrate entrance site is predicted to
be close to the membrane surface.24−27

Because the membrane association of MAO-A and MAO-B
is functionally critical, numerous efforts have been directed
toward the in vitro reconstitution of these enzymes in a mem-
branelike environment. Initially, a purified phospholipid such
as phosphatidylinositol or phosphatidylserine was added to
membrane-free preparations of the enzymes.23,32 These studies
showed the restoration of the catalytic activity of the enzymes
with marked improvement over the membrane-free versions,
suggesting a direct interaction between proteins and phospho-
lipids. In another direction, attempts have been made to insert
in vitro translated MAO-A33 and MAO-B34,35 into isolated
mitochondrial outer membrane fractions. These experiments
suggested that the membrane insertion of the proteins is an
active process requiring ATP and ubiquitin, and the binding of
inhibitors may inhibit membrane insertion. The isolated
mitochondrial outer membrane fractions used in these early
studies had complex structures, including the presence of mem-
brane domains and other membrane-bound proteins, thus com-
plicating the reconstitution experiments. Hence, there is a need
to reconstitute MAO-A and MAO-B enzymes in much simpler,
synthetic membranes. To this end, Cruz and Edmondson36 have
used membrane nanodiscs, which are small phospholipid
bilayers fenced by an engineered scaffold membrane protein, to
prepare membrane-bound MAO-A for biochemical character-
ization of the protein in a membranous environment. It was
identified that membrane-bound MAO-A has ∼3-fold higher
catalytic activity and inhibitor affinity compared to that of the
detergent-solubilized protein. Hence, successful membrane
reconstitution in simplified model systems establishes a prem-
ise for the restoring the function of MAO-A and MAO-B
enzymes, and interfacing these proteins with surface-engineered
model membrane platforms would further enhance the experi-
mental capability to characterize the structure and function of
membrane-associated enzymes.
Here, we report that MAO-A and MAO-B proteins could be

successfully reconstituted in a supported lipid bilayer platform
that is compatible with surface-sensitive measurement techni-
ques. Following this approach, quartz crystal microbalance with
dissipation (QCM-D) monitoring37−39 experiments revealed the
preferential binding of the proteins to charged bilayers while
they interacted transiently with the neutral bilayer. We also
demonstrate that the binding of inhibitors, clorgyline and
rasagiline, to MAO-A and MAO-B, respectively, specifically
enhances their binding to negatively charged bilayers. Taken
together, this study describes the establishment of an in vitro
membrane-based platform for MAO-A and MAO-B. We envi-
sion that the technology presented herein will find broad
application in the further study of the mechanism of membrane

interaction of MAO-A and MAO-B as well as in developing
potential therapeutic compounds with desired molecular interac-
tion profiles.

■ MATERIALS AND METHODS
Reagents. 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC),

1,2-dioleoyl-sn-glycero-3-ethylphosphocholine (DOEPC), and 1,2-
dioleoyl-sn-glycero-3-phospho-L-serine (DOPS) were obtained from
Avanti Polar Lipids (Alabaster, AL). The lipid chloroform solutions
were stored at −20 °C. MAO-A (catalog no. M7316-1VL) and MAO-B
(catalog no. M7441-1VL) enzymes were obtained from Sigma-Aldrich
(St. Louis, MO), and 5 mg/mL stock aliquots of each enzyme were
stored at −70 °C in potassium phosphate buffer solution (pH 7.4, 0.25 M
sucrose, 0.1 mM EDTA, and 5% glycerol) until use. The degree of enzy-
matic activity was measured by monitoring the rate of kynuramine
deamination, and the experimentally determined activities of MAO-A
and MAO-B enzymes were ≥10 and ≥1 units/mg protein, respec-
tively, where 1 unit is defined as the amount needed to deaminate
1 nanomole of kynuramine per minute at pH 7.4 at 37 °C. Clorgyline
(MAO-A inhibitor), and rasagiline (MAO-B inhibitor) were also
procured from Sigma-Aldrich. Inhibitors in powder form were stored
at 4 °C until use and dissolved in DMSO at a stock concentration of
50 μM before use. All experiments were performed in an aqueous
buffer containing 10 mM Tris buffer solution (pH 7.5) and 150 mM
NaCl. All other reagents were obtained from Sigma-Aldrich. Milli-Q-
water (>18 MΩ·cm) (Millipore, Billerica, MA) was used in all
experiments.

Supported Lipid Bilayer Preparation. All SLBs used in the
study were assembled on silicon dioxide crystals using the solvent-
assisted lipid bilayer (SALB) technique.40 It is an alternate method for
the fabrication of SLBs that does not require the preparation of lipid
vesicles. DOPC, DOEPC, and DOPS lipids in chloroform (5 mg/mL)
were mixed in the desired lipid molar ratio in glass tubes. Chloroform
was then evaporated from the glass tube under constant rotation using
a gentle flow of nitrogen. Lipid mixtures were then diluted at a
concentration of 0.4 mg/mL by dissolution in a 1:1 (volume/volume)
mixture of isopropanol (IPA) and water. To assemble the bilayer on
the silicon dioxide substrate in the QCM-D setup, an aqueous buffer
was injected into the QCM-D measurement chamber for 15 min to
stabilize frequency and energy dissipation signals. The system was
further stabilized in IPA for 15 min. Following this, lipid mixtures in
IPA/water injected into the system and the lipid molecules were
allowed to interact with the substrate for 10 min. Finally, lipid mix-
tures in IPA/water were replaced with the aqueous buffer to trigger
the formation of SLBs with Δf and ΔD shifts of −25 ± 3 Hz and less
than (0.5 ± 0.3) × 10−6, respectively, indicating the successful
assembly of SLBs.37

Protein−Bilayer Interaction. MAO-A and MAO-B were
dissolved in potassium phosphate buffer solution (pH 7.4, 0.25 M
sucrose, 0.1 mM EDTA, and 5% glycerol) at 5 mg/mL concentration.
An aliquot from the stock compound was diluted with Tris buffer to
obtain the desired test concentration. Stock solutions of clorgyline
and rasagiline were prepared by dissolving the weighed compounds in
DMSO to a final concentration of 50 μM. The stock compound
solution was further diluted with Tris buffer to the desired test concen-
tration. In incubation experiment of MAOs (MAO-A and MAO-B) and
their inhibitors, the samples with varying MAO/inhibitor molar ratios
were incubated at 4 °C for an hour before they were injected. MAO-A
and MAO-B were stored at −70 °C, and dissolved clorgyline and
rasagiline solutions were stored at 4 °C.

Quartz Crystal Microbalance-Dissipation (QCM-D) Monitor-
ing. A Q-Sense E4 instrument (Q-Sense AB, Gothenburg, Sweden)
was employed to monitor the interaction between the proteins and
supported lipid bilayers (SLBs). The QCM-D technique detects shifts
in the resonance frequency (Δf) and energy dissipation (ΔD) that
relate to the acoustic mass and viscoelastic properties of the test
samples, respectively.41 The sensor chip had a fundamental frequency
of 5 MHz and a sputter-coated, 50-nm-thick layer of silicon dioxide
(model no. QSX 303, Q-Sense AB). The measurement data was
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collected at the n = 3−11 odd overtones using the QSoft software
program (Q-Sense AB). All presented data was collected at the fifth
overtone. Data processing was performed in the QTools (Q-Sense AB)
and OriginPro 8.6 (OriginLab, Northampton, MA) software packages.
Prior to measurements, QCM-D substrates were rinsed multiple

times with 1% sodium dodecyl sulfate (SDS), water, and ethanol,
dried with nitrogen gas, and subjected to oxygen plasma treatment for
1 min with an expanded plasma cleaner (model no. PDC-002, Harrick
Plasma, Ithaca, NY). SLBs were assembled on the silicon dioxide
substrates as described above.40 During the experiments, the tem-
perature of the flow cell was maintained at 24.0 ± 0.5 °C. All samples
were injected at a flow rate of 50 μL/min using a peristaltic pump
(Ismatec RegloDigital) for 10 min and were incubated for 15 min in
the measurement chambers. Net frequency and energy dissipation
shifts were calculated by determining the average values before sample
injection and after equilibration in each experiment.

■ RESULTS AND DISCUSSION

Interaction of MAO-A and MAO-B with Neutral Bilayers.
We aimed to investigate the interaction of monoamine oxi-
dases with phospholipid membranes and the impact of the
membrane surface charge on the interaction. For this, we
developed an in vitro reconstitution system wherein the pro-
teins were allowed to interact with synthetic SLBs prepared
with either DOPC alone or in combination with charged lipids
(DOPS for negatively charged and DOEPC for positively
charged bilayers) (Figure S1). The neutral and charged lipid
molecules have the same hydrophobic tail while they differ in
the headgroups. The interaction of the proteins with bilayers
was monitored in real time by QCM-D, which is a label-free,
acoustic-based technique that provides information on the
binding of materials to a surface. Specifically, the binding of
any material to the quartz crystal results in a change in its
characteristic frequency, which is related to the mass of the
bound material, as well as a change in its energy dissipation,
which provides information on the viscoelastic properties of
the bound material.37,39,42 The quartz crystals were coated with
a thin layer of silicon dioxide for the purpose of assembling
SLBs. All SLBs used in the study were assembled using the

recently developed solvent-assisted lipid bilayer (SALB) forma-
tion method.40 The key advantage of using the SALB method
is that it enables the fabrication of bilayers with negatively
charged lipid molecules under neutral pH conditions, which is
not possible with the traditional vesicle fusion method of
membrane assembly.43,44 The quality of all assembled bilayers
used in the study was ascertained from the magnitude of shifts
in frequency and energy dissipation. For instance, the neutral
DOPC bilayer had a frequency decrease of −25 ± 0.2 Hz and
an energy dissipation of (0.5 ± 0.3) × 10−6, respectively, values
which agree well with previous reports describing SLB
assembly.37,40 Furthermore, all experiments were performed
using recombinant microsomal MAO-A and MAO-B proteins
(Figure S2), which have been previously utilized for
inhibitor45,46 and mutant screening.47

The incubation of MAO-A with the zwitterionic, neutral
DOPC bilayer (Figure 1a) at a concentration of either 500 or
1000 nM resulted in an initial decrease in the frequency (−2.8
and −3.3 Hz, respectively) with a concomitant increase in
energy dissipation (0.8 × 10−6 and 1.6 × 10−6, respectively)
(Figure 1b,c). The magnitude of the initial frequency decrease
was proportional to the protein concentration. However, the
initial frequency decreases recovered close to the initial values
with time. Similar initial decreases in frequency followed by a
phase of recovery were observed with 500 or 1000 nM MAO-B
(Figure 1d−f). These results suggest that both MAO-A and
MAO-B interact transiently with the neutral DOPC bilayers,
perhaps through electrostatic interaction with the zwitterionic
headgroup of DOPC molecules,48 and may require additional
factors for stable binding.

Interaction of MAO-A and MAO-B with Negatively
Charged Bilayers. Incubation of MAO-A with negatively
charged DOPS-containing bilayers (30:70 DOPS:DOPC)
(Figure 2a) resulted in a concentration-dependent initial fre-
quency decreases and concomitant changes in energy dissipa-
tion (Figure 2b,c). The magnitude of the initial frequency
decreases observed with 500 and 1000 nM MAO-A (−7.7 and
−9.8 Hz, respectively) were greater compared to those

Figure 1. Transient interaction of MAO-A and MOA-B with neutral DOPC bilayers. (a, d) Schematics showing MAO-A (a) and MAO-B (d)
incubated with the DOPC bilayer. (b, e) Temporal shifts in frequency observed with either 500 or 1000 nMMAO-A (b) or MAO-B (e). (c, f) Temporal
shifts in energy dissipation observed with either 500 or 1000 nM MAO-A (c) or MAO-B (f). The gray area in the graphs corresponds to the duration of
the protein injection.
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observed on neutral DOPC bilayers, suggesting an enhanced
interaction of the protein with the negatively charged bilayers.
More importantly, the initial frequency decreases were stable
after incubation (Figure 2b), suggesting that MAO-A is stably
bound to the bilayer perhaps due to its insertion into the
bilayer. Another key observation is that the net frequency
changes determined at different concentrations saturate after
500 nM MAO-A with a magnitude of ∼7.0 Hz (Figure 2d),
suggesting that either the negatively charged lipid molecules in
the bilayer or the protein molecules are limiting, and thus no
further binding of MAO-A is observed. A closer inspection of
MAO-A binding kinetics at 1000 nM (Figure 2b) showed that
the initial frequency decrease was greater than the final frequency
decrease, suggesting that the number of protein molecules
transiently interacting with the bilayer was greater than the
number of proteins that could be stably bound to the bilayer.
This leads to the idea that the stable binding of the protein is a
two-step process in which the protein initially interacts with
the bilayer in a transient manner irrespective of the membrane
surface charge, followed by a stable insertion of the protein
into the bilayer that is observed with the negatively charged
bilayer. A similar two-step binding process has been reported
for bee venom phospholipase A2 on SLB platforms as well.49

The incubation of MAO-B with the negatively charged
bilayer (Figure 3a) also resulted in concentration-dependent,

stable frequency decreases with concomitant increases in energy
dissipation (Figure 3b,c), as seen with MAO-A (Figure 2). The
magnitudes of frequency decrease appeared to saturate at
a concentration of 250 nM with a net frequency decrease of
∼10 Hz reflecting a greater mass of MAO-B bound to the
bilayer in comparison to MOA-A (Figure S3a). This difference
in the bilayer-bound masses of MAO-A and MAO-B is not
due to a difference in the molecular weight of the proteins
(molecular weight of MAO-A and MAO-B are 59.7 and 58.8 kDa,
respectively). Instead, it could arise from a difference in their olig-
omeric state: while human MAO-A is a monomer,26,27 MAO-B is
a dimer50 and therefore the binding of one monomer of MAO-B
will cause the binding of the other monomer. Indeed, a small
but significant difference could be observed in the slope of
energy dissipation vs frequency shift plots of MAO-A and
MAO-B at a concentration of 1000 nM (Figure S3b), suggest-
ing a difference in the mechanism of their interaction with the
negatively charged bilayers. Additionally, this could be due to a
difference in the distribution of the charged amino acid

Figure 2. Stable interaction of MAO-A with negatively charged
DOPC/DOPS bilayers. (a) Schematic of MAO-A incubated with a
30 mol % DOPS bilayer. (b, c) Temporal shifts in frequency (b) and
energy dissipation (c) observed with the indicated concentrations of
MAO-A. The gray area in the graphs corresponds to the duration of
protein injection. (d, e) Net changes in frequency (d) and energy
dissipation (e) plotted as a function of MAO-A concentration. Data
presented are the mean ± SD.

Figure 3. Stable interaction of MAO-B with negatively charged
DOPC/DOPS bilayers. (a) Schematic of MAO-B incubated with a
30 mol % DOPS bilayer. (b, c) Temporal shifts in frequency (b) and
energy dissipation (c) observed with the indicated concentrations of
MAO-B. The gray area in the graphs corresponds to the duration of
protein injection. (d, e) Net changes in frequency (d) and energy
dissipation (e) plotted as a function of MAO-B concentration. Data
presented are the mean ± SD.
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residues on the surface of these proteins. Importantly, the
ability of both MAO-A and MAO-B to discriminate between
the neutral DOPC and the negatively charged DOPS bilayers
suggests that the proteins are functional and are likely present
in their native conformation. We note that the activity of both
MAO-A and MAO-B has been shown to be positively
impacted by negatively charged membranes;51 therefore, the
results presented here provide a biochemical basis for this
mode of their regulation.
Interaction of MAO-A and MAO-B with Positively

Charged Bilayers. Having shown that the monoamine
oxidases can bind to negatively charged, but not neutral,
bilayers, we then investigated their interaction with the
positively charged DOEPC-containing bilayers (30:70
DOEPC/DOPC). The incubation of MAO-A with the
positively charged bilayer (Figure 4a) resulted in a
concentration-dependent decrease in the frequency and a
concomitant increase in the dissipation energy (Figure 4b,c).
Importantly, the net frequency decreases for equivalent
concentrations of MAO-A were much higher on the positively
charged bilayer than on the negatively charged bilayer,
indicating enhanced binding of the protein (Figure 4d).

Furthermore, no clear saturation in the binding could be
observed until a concentration of 1000 nM was reached,
suggesting that the positively charged DOEPC molecules are
much more effective than the negatively charged DOPS
molecules in enabling the stable insertion of the protein into
SLBs. A fairly similar pattern of binding was observed for
MAO-B on these bilayers, except that the net frequency
changes were greater for MAO-B than for MAO-A at each
concentration tested (Figure 5a−e). The later observation is
similar to that with the negatively charged bilayer described
above. An increased binding of the proteins to the positively
charged bilayers may point to a differential distribution of the

positively and negatively charged amino acid residues on the
surface of the proteins. An analysis of the charged amino acid
distribution on the surface of MAO-B (PDB ID 1GOS),24

however, showed no substantial differences (Figure S4a).
Furthermore, predicted isoelectric points (pI’s) of 7.9 and 7.2
for MAO-A and MAO-B, respectively, also rule out the
possibility of a general prevalence of charged amino acid
residues on the protein surfaces at the experimental pH of 7.5.
Another possibility that may explain the differences in their
binding to the charged bilayers is the post-translational

Figure 4. Stable interaction of MAO-A with positively charged
DOPC/DOEPC bilayers. (a) Schematic of MAO-A incubated with a
30 mol % DOEPC bilayer. (b, c) Temporal shifts in frequency (b)
and energy dissipation (c) observed with the indicated concentrations
of MAO-A. The gray area in the graphs corresponds to the duration of
protein injection. (d, e) Net changes in frequency (d) and energy
dissipation (e) plotted as a function of MAO-A concentration. Data
presented are the mean ± SD.

Figure 5. Stable interaction of MAO-B with positively charged
DOPC/DOEPC bilayers. (a) Schematic of MAO-B incubated with a
30 mol % DOEPC bilayer. (b, c) Temporal shifts in frequency (b)
and energy dissipation (c) observed with the indicated concentrations
of MAO-B. The gray area in the graphs corresponds to the duration of
protein injection. (d, e) Net changes in frequency (d) and energy
dissipation (e) plotted as a function of MAO-B concentration. Data
presented are the mean ± SD.
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modification of the proteins such as phosphorylation, which
imparts negative charges, often on the surface, to the protein
and thus could increase the binding of the protein to the posi-
tively charged bilayers.52,53 We note that the binding of the
enzymes with the positively charged bilayers generally resulted
in larger changes in the energy dissipation of the system in com-
parison to that of the negatively charged bilayers (Figures 2c,e,
3c,e, 4c,e, 5c,e, and S3a,b,c,d), indicating a higher viscoelastic
nature of the bound enzyme molecules. This response and the
difference in the bound mass clearly establish that the enzymes
bind to the negatively charged bilayer via binding to DOPS
lipid molecules, leading to a tighter association of the enzymes
to the bilayer while they bind to the positively charged bilayer
via specific interactions with a few DOEPC lipid molecules,
leading to a flexible association of the enzymes with the
positively charged bilayers.
Irreversible Inhibitors Enhance the Binding of MAO-A

and MAO-B Specifically to Negatively Charged Bilayers.
The establishment of an in vitro membrane reconstituted sys-
tem described above encouraged us to investigate the effect of
inhibitor binding on the membrane interaction of MAO-A and
MAO-B since previous reports have suggested an inhibition of
membrane insertion of the proteins upon inhibitor binding.33

Specifically, we determined the binding kinetics of MAO-A and
MAO-B complexed with clorgyline and rasagiline, respectively,
with either negatively or positively charged bilayers. To do this,
the proteins were preincubated with their respective inhibitors
in a molar ratio of 1:2 (protein/inhibitor) for 1 h at 4 °C,

following which the protein/inhibitor complexes were injected
into the system and binding was monitored using QCM-D. Both
clorgyline and rasagiline are high-affinity (IC50 values of 1.2 and
14 nM for MAO-A and MAO-B, respectively),54,55 irreversible
inhibitors that act by forming adducts in a 1:1 protein/inhibitor
ratio (in the case of MAO-B, each monomer binds one rasagiline
molecule); therefore, we assume that all protein molecules are
bound to their respective inhibitor molecules when incubated
with excess inhibitors (molar ratio of 1:2) for a prolonged period
of 1 h. Thus, the frequency changes observed in the QCM-D
monitoring primarily arise from the binding of protein/inhibitor
complexes to the bilayers. To determine the contributions of the
unbound inhibitor molecules to the frequency and energy
dissipation of the system, we incubated free clorgyline and
rasagiline at a concentration of 500 nM with charged bilayers
(Figure S5a,d). We chose this concentration by assuming that
the maximum concentration of free inhibitor molecules in the
experiment with protein/inhibitor complexes will be 500 nM.
The incubation of both clorgyline and rasagiline with the nega-
tively charged DOPS-containing bilayer resulted in small but
significant changes in the frequency (Figure S5b,g) and energy
dissipation (Figure S5c,h), suggesting a stable interaction of
the inhibitors with these bilayers. On the other hand, the incu-
bation of the inhibitors with the positively charged DOEPC-
containing bilayers resulted in transient changes in the
frequency and energy dissipation of the system (Figure S5e,h).
The incubation of MAO-A/clorgyline and MAO-B/rasagi-

line complexes with the negatively charged, DOPS-containing

Figure 6. Enhanced interaction of inhibitor-bound MAO-A and MAO-B with a negatively charged bilayer. (a, d) Schematics of MAO-A/clorgyline
and MAO-B/rasagiline incubated with either 30% DOPS (a) or DOEPC (d) bilayers. (b, c) Net frequency changes measured on the incubation of
MAO-A/clorgyline (b) or MAO-B/rasagiline (c) with a 30% DOPS bilayer. (e, f) Net frequency changes measured on incubation of MAO-A/
clorgyline (e) or MAO-B/rasagiline (f) with 30% DOEPC bilayers. Data presented are mean ± SD, and the p values shown in the graphs were
obtained from an unpaired t-test analysis.
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bilayer (Figure 6a) resulted in concentration-dependent
decreases in the frequency (Figures S6b, S7b, and 6b,c) and
increases in the energy dissipation (Figures S6c,d and S7c,d).
However, the magnitude of frequency changes observed with
the protein/inhibitor complexes increased linearly with increas-
ing concentration of the protein/inhibitor complex up to 500 nM,
an observation which is significantly different from the saturation
seen with the apo proteins (Figures 2d and 3d). Furthermore,
the magnitude of frequency decreases observed with protein/
inhibitor complexes was higher than those observed with the
apo proteins. Together, these data clearly indicate that the binding
of clorgyline and rasagiline altered the interaction of MAO-A
and MOA-B, respectively, with the negatively charged, DOPS-
containing bilayer. We note that these differences in the net
frequency changes could still be observed after taking into
account possible contributions from free inhibitor molecules at
respective concentrations (Figure S8a,b), thus ruling out the
possibility that these differences are due to the binding of free
inhibitor molecules. These differences in the binding of the apo
and holo proteins further indicate that the proteins used in the
study are present in their native, functional states. It is possible
that the binding of inhibitors results in a conformational
change in the proteins, which enables the increased binding of
the proteins to the bilayers. However, structural alignment of
the rasagiline free (PDB ID 1GOS)24 and rasagiline bound
(PDB ID 2BK4)25 structures of MAO-B does not show either
a change in the surface charge distribution (Figure S4a,b) or a
change in the overall structure of the protein (root-mean-square
difference in the Cα atoms of 0.6 Å for all residues in the dimer)
(Figure S4c). This suggests that the inhibitors are perhaps
altering the structural dynamics of the proteins,56−59 a feature
that is not retained in the crystallized form of the proteins and
is thus not observed in the structures determined by X-ray
crystallography, leading to enhanced binding to the negatively
charged bilayers.
The incubation of MAO-A/clorgyline and MAO-B/rasagiline

complexes with the positively charged, DOEPC-containing
bilayers (Figure 6d) did not result in any discernible change
in the trend of either net frequency decreases (Figures S9b,
S10b, and 6e,f) or net energy dissipations (Figurse S9c,d and
S10c,d) when compared to the apo proteins. These data suggest
that 30% DOEPC-containing bilayers possess a high binding
capacity for the proteins, which makes the protein limiting under

the concentrations tested here, and thus no discernible change
could be seen in the trends with the protein/inhibitor com-
plexes even if the inhibitors increased the binding of the pro-
teins to the bilayers. Importantly, small but consistent differences
in the energy dissipation could be observed between inhibitor-
free and inhibitor-bound proteins in the intermediate frequency
ranges (Figure S11a,b), indicating a difference in the visco-
elastic properties of the protein-bound bilayers. This suggests
that the binding of these inhibitors results in an increase in the
structural dynamics of the proteins, which perhaps explains the
increased binding of MAO-A/clorgyline and MAO-B/rasagi-
line to the negatively charged bilayers.

■ CONCLUSIONS

We have studied the interaction of MAO-A and MAO-B with
phospholipid membranes in real time by combining the SLB
format and QCM-D. On the basis of the data presented here,
it is clear that the surface charge dictates the binding of the
proteins to membranes (Figure 7). We propose that the
membrane binding of MAO-A and MAO-B is a two-step
process comprising (i) an initial transient interaction of the
proteins with phospholipid headgroups and (ii) a stable
insertion of the protein into the phospholipid membranes.
While the initial interaction is possible with the zwitterionic,
neutral DOPC bilayers, the stable insertion of the proteins
requires the availability of charged lipid molecules. Furthermore,
individual MAO-A and MAO-B protein molecules engage
multiple negatively charged lipid molecules but fewer positively
charged lipid molecules. However, the irreversible binding of
MAO-A and MAO-B to clorgyline and rasagiline, respectively,
decreases the number of negatively charged lipid molecules
required for their stable insertion into the bilayers.
The experiments presented here were directed toward the

reconstitution of MAO-A and MAO-B in an in vitro, supported
lipid bilayer-based platform. However, the mitochondrial mem-
brane surface charge has been shown to alter the protein
binding,60 thus we have varied the composition of the bilayers
from negatively to neutral to positive. With the experimental
setup reported here, we intend to work with more sophis-
ticated platforms mimicking mitochondrial membranes in the
future. It it important to realize that the assembly of supported
lipid bilayers is affected by a variety of factors including lipid
composition and charge61−81 and that the development of

Figure 7. Proposed mechanism of MAO-A and MAO-B interaction with bilayers. A schematic representing the mechanism of interaction of
MAO-A and MAO-B with SLBs. The proteins interact transiently with the neutral DOPC bilayers. The transient interaction leads to their stable
insertion into the bilayers in the presence of either negatively or positively charged lipid molecules.
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mitochondrial outer membrane-mimicking supported lipid
bilayers will require a systematic evaluation and adjustment
of different parameters. In summary, the results presented here
not only provide insight into the mechanism of membrane
binding of MOA-A and MAO-B but also will be instrumental
in designing physiologically relevant experiments including the
determination of their lipid preference and the screening of
novel pharmacological agents.
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