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ABSTRACT: Structural properties of the active site cavities in human and rat monoamine oxidases (MAOA
and MAOB) have been studied in their detergent-purified and outer mitochondrial membrane (OMM)
bound forms using a spin-labeled irreversible inhibitor (ParSL) as an active specific spin probe. ParSL
has been found to be 5-10-fold more specific for human MAOB (hMAOB) with aKi of ca. 20µM,
compared toKi’s in the range of 100-200 µM observed for other human and rat MAOs. Solvent
accessibilities of the active-site-bound spin probes have been determined by studying the power saturation
properties of the spin probe EPR signals in the presence and absence of a polar paramagnetic reagent
NiEDDA and by measuring the extent of spin probe reductions on treatment with excess ascorbic acid.
Results presented here show that the spin probe bound to the hMAOA active site is ca. 7-8-fold more
accessible than in hMAOB. In contrast, the spin probes covalently attached to the two rat enzyme active
sites show comparable accessibilities to each other. On comparison of human versus rat enzymes, the
active-site-bound spin probes in the two rat MAOs show ca. 40% less accessibilities compared to the
same in hMAOA but ca. 4-5-fold higher accessibilities than in hMAOB active site. The present data
thus suggests that the structural properties of the active site cavities in rat MAOs are significantly different
compared to those in the two human enzymes, which correlates with the differences reported earlier in
the inhibitor specificities between human and rat MAOs.

Monoamine oxidases A and B (MAOA, MAOB1) are two
outer mitochondrial membrane (OMM) bound enzymes
involved in the oxidative degradation of monoamine neu-
rotransmitters and xenobiotic amines. The three-dimensional
structures of human MAOA (hMAOA), human MAOB
(hMAOB), and rat MAOA (rMAOA) have been reported
(1-4). The three enzymes show overall similarity in protein
folds in their crystalline forms, as expected from their high
sequence identities (∼70% between MAOA and MAOB and
∼90% between the homologous human and rat enzymes),
but differ in oligomeric states and active site cavity structures.
The enzymes bind to the outer mitochondrial membrane via
C-terminal transmembrane helices with the entrances to their
respective active sites thought to be located near the
membrane surface (5, 6). Both hMAOB and rMAOA
crystallize as dimers, whereas hMAOA is a monomer in the
crystal. The active site of hMAOB constitutes a dipartite
cavity with a substrate entrance cavity (290 Å3) connected
to a larger substrate-binding cavity (420 Å3) (1). Unlike
hMAOB, the active sites in both rMAOA and hMAOA
contain single substrate-binding cavities (i.e., no entrance
cavities). The hMAOA cavity is larger (∼550 Å3) than that

in hMAOB (420 Å3) or rMAOA (∼450 Å3) (3, 4). Consistent
with the larger size of the substrate-binding cavity in
hMAOA, the cavity shaping loop formed by residues 210-
216 in hMAOA adopts an elongated conformation in the
crystal structure compared to the same loop in hMAOB and
rMAOA (3). No structural information is currently available
for rMAOB.

A previous study on human and rat MAOA has shown
differences in the mode of inhibitor binding and specificities
of the two enzymes with the (S)-4-alkylthioamphetamine
class of selective MAOA inhibitors (7). Similar differences
in inhibitor specificities have also been reported between
human and rat MAOBs (8). These observations raise doubts
on the applicability of the rat enzymes in screening specific
MAO inhibitors for clinical use in humans. On the basis of
available structural information and docking studies, differ-
ences in kinetic properties between hMAOA and rMAOA
have been attributed to the differences in the shapes and sizes
of their active site cavities in the crystal structures (7). Due
to the lack of structural information on rMAOB, origins of
the observed differences in inhibitor specificities between
human and rat MAOBs are not well understood. It should
be noted, however, that previous kinetic studies on rMAOA
and rMAOB are performed only with the mitochondrial
membrane bound forms of the two enzymes (7, 8). X-ray
crystallographic structures of the detergent-purified MAOs
may not reflect their physiological structures in the OMM-
bound forms. Discrepancies in structural properties between
crystallized and membrane-bound forms have been reported
for many membrane proteins, e.g., bacterial vitamin B12
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transporter protein BtuB fromE. coli (9, 10). Our recent
studies on the oligomeric states of human and rat MAOs in
the OMM-bound and detergent-purified forms have shown
that the monomeric X-ray structure observed for hMAOA
is an effect of detergent purification. In the OMM-bound
form, hMAOA is shown to remain as a dimer, like other
human and rat MAOs (11). Although such alteration in
oligomeric state on detergent purification is not uncommon
for membrane proteins, and has also been reported for bovine
mitochondrial ADP/ATP carrier (12-14), it may cause subtle
variation in the active site structure, thereby altering its
functional properties. Therefore, further studies using alterna-
tive spectroscopic approaches are needed to better understand
the structural properties of the active site cavities of human
and rat MAOs, in their detergent-purified as well as OMM-
bound forms. This will allow the correlation of observed
functional differences between human and rat MAOs with
the structural differences in their active site cavities.

A widely used spectroscopic approach to understand the
structural properties of soluble and membrane-bound proteins
is the use of site-directed nitroxide spin labeling (SDSL) by
cysteine-specific thiol reactive reagents and CW EPR
spectroscopy (15-23). Several important structural aspects
including dynamics of the protein conformation (24-26),
polarity of the environment surrounding the spin probe (15,
27, 28), and solvent accessibilities of the protein surface and
active sites (29-34) can be obtained using this method.
Therefore, the SDSL-EPR technique can be used as a
spectroscopic tool to compare the structural properties of
membrane proteins in their detergent-purified or membrane-
bound forms.

An alternative spin-labeling method by using spin-labeled
inhibitors or substrate analogues as the active-site-specific
spin probe for the target protein has also been reported in
the literature for doing EPR spectroscopic studies in different
contexts (11, 35-38). Use of spin-labeled reversible and
irreversible MAO inhibitors to probe the mechanism of
substrate amine binding at the active sites using the CW EPR
spectroscopic technique has been reported in previous studies
(38-40). However, these previous studies were done at an
early stage in our knowledge of the structural and functional
properties of MAOs, and therefore no definitive information,
regarding the differences in their active site architectures,
could be obtained from these studies. In this work, we have
used a spin-labeled pargyline analogue (ParSL), similar to
those reported earlier (38), to study the variations in structural
properties of different human and rat MAO active site
cavities in their detergent-purified and OMM-bound forms.
Accessibilities of the active-site-bound spin probes in human
and rat MAOs to paramagnetic relaxation agent NiEDDA
(29-31, 34, 41, 42), or to the reducing agent ascorbic acid
(43), have been determined. The results presented here
provide useful insights into the species-dependent variations
in structural properties of the MAO active site cavities, which
correlate with the differences in inhibitor specificities
reported earlier between human and rat MAOs (7, 8).

EXPERIMENTAL PROCEDURES

Synthesis of Spin-Labeled MAO Inhibitor.The spin-labeled
MAO inhibitor ParSL was synthesized by following the
general method described earlier for the synthesis of a

fluorescently labeled pargyline analogue, with minor modi-
fications (44). Briefly, two mmol (458 mg) ofp-bromomethyl
phenyl acetic acid (Sigma) was dissolved in 25 mL of freshly
distilled tetrahydrofuran (THF) in a 100 mL round-bottom
flask and treated with 3 mL of thionyl chloride (Sigma). The
mixture was refluxed for 1 h and evaporated to dryness. The
dry residue was mixed with 200 mg of solid K2CO3 and 2
mmol (342 mg) of 4-amino tempo (Sigma) dissolved in 20
mL of dry THF. The mixture was left stirring at room
temperature for 2 h and then refluxed for 30 min. The
reaction mixture was cooled to room temperature, evaporated
to dryness under reduced pressure, the residue was dissolved
in 100 mL of chloroform, and the solution was washed five
times with 0.5 N NaHCO3, followed by two washings with
distilled water to remove residual free acid and 4-amino
tempo. The chloroform layer was dried over anhydrous
sodium sulfate, filtered, and evaporated to dryness. The dried
intermediate amide was immediately treated with 10 mL of
freshly distilled ice-coldN-methyl propargylamine (Sigma)
and stirred in the dark for 3 h atroom temperature. The final
product was then evaporated to dryness and dissolved in a
minimum volume of chloroform. The chloroform layer was
extracted with 20 mL volumes of 0.5 N HCl until the extract
was colorless. All HCl extracts were combined, neutralized
with solid K2CO3, and then re-extracted with three 50 mL
volumes of chloroform. The combined chloroform extracts
containing the crude product (ParSL) were dried over
anhydrous sodium sulfate, evaporated to dryness, and further
purified on a silica gel 60 (70-230 mesh, Merck) column
using a stepwise increments of 25% (v/v) to 100% ethyl
acetate-hexane solvent mixture. The purified product mi-
grates with anRf ) 0.29 on silica gel 60 F254 TLC plates
(Merck) using ethyl acetate as the solvent and shows a single
mass peak withm/z ) 371.25 (M+ 1H+). Nearly 200 mg
of pure ParSL was obtained in a 25-30% yield.

Synthesis of NiEDDA.NiEDDA was synthesized using a
previously reported method (41). Briefly, 5 mmol (881 mg)
of ethylenediamine-N,N′-diacetic acid (EDDA, Sigma) was
dissolved in 300-400 mL of distilled water in a 1 Lround-
bottom flask and stirred until completely dissolved. To this
solution, 5 mmol of (464 mg) Ni(OH)2 (Sigma) was added,
and the turbid green solution was heated to 50-60 °C until
all the insoluble green Ni(OH)2 was converted to the soluble,
blue NiEDDA. The solution was left stirring for an additional
18 h at 20-22 °C and then filtered to remove any residual
particulate material. Water was removed under vacuum, and
the solid residue was washed with methanol to remove any
remaining Ni(OH)2 or EDDA. The final product was dried
under vacuum and characterized by ESI-MS (m/z peak at
231 Da).

Expression and Purification of Human and Rat MAOs.
Recombinant human hMAOA and hMAOB were expressed
and purified from aPichia pastorisexpression system as
described previously (45, 46). Expression and purification
of recombinant rMAOA and rMAOB were done following
a procedure to be reported elsewhere. Briefly, cDNAs for
rat MAOA and rat MAOB were cloned from a rat liver
cDNA library and expressed inP. pastorisfollowing general
procedures published for the human enzymes (45, 46).
Purification of the rat enzymes inn-octyl-â-D-glucopyrano-
side (OGP) detergent micelles (Sigma) was done following
similar protocols as with the human enzymes with minor
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adjustments in pH and salt concentrations during the
purification procedures (45-47).

Preparation of OMM.Outer mitochondrial membranes
were isolated following a previously reported method (48).
P. pastorismitochondria were isolated by enzymatic disrup-
tion of the yeast cell wall using the spheroplasting method
followed by sequential centrifugation. The intact mitochon-
dria were disrupted by osmotic shock and sonicated to
liberate the OMM. OMM were isolated on a 30-55% (w/v)
sucrose density gradient at 20 000 rpm (Beckman SW-28
rotor) for 15 h. The OMM fraction formed a separate band
near 40-45% (w/v) density of sucrose, which contained all
of the MAO activity. This layer was diluted with three
volumes of 10 mM Tris-HCl buffer, pH 7.4, and pelleted
by a 1 hcentrifugation at 35 000 rpm using a Beckman Ti-
45 rotor. The OMM pellets were suspended in 50 mM
potassium phosphate buffer at pH 7.4 containing 10% (v/v)
glycerol and kept frozen in small aliquots at-80 °C until
used.

UV-Vis Spectroscopic Studies and Enzyme ActiVity As-
says.UV-vis spectra were recorded on a Varian Cary-50
UV-vis spectrophotometer. Enzyme activities of OMM-
bound and detergent-purified human and rat MAOs were
measured optically by monitoring the rate of product
formation over time using a Perkin-Elmer Lambda 2 spec-
trophotometer. Activities of human and rat MAOAs were
measured by monitoring the oxidation of kynuramine at 316
nm. The activities of human and rat MAOBs were followed
at 250 nm using benzylamine as substrate. All enzyme assays
were done in 50 mM HEPES buffer at pH 7.5. For detergent-
purified samples the activity buffer also contained 0.5% (w/
v) reduced Triton X-100 (47, 49).

Measurements of Inhibition Constants of ParSL for OMM-
Bound Human and Rat MAOs.Inhibition constants of ParSL
for the OMM-bound human and rat MAOs were determined
by measuring the kinetic parameters in the presence of 3-5
different concentrations of ParSL in the activity buffer. The
apparentKm values for benzylamine (human and rat MAOBs)
or kynuramine (human and rat MAOAs) with different
concentrations of ParSL inhibitor were determined using
Lineweaver-Burk plots and plotted versus ParSL concentra-
tions to calculate theKi values using the standard kinetic
equation for competitive inhibition.

Preparation of ParSL-Labeled OMM-Bound MAO Samples.
The ParSL-labeled OMM-bound MAO samples were pre-
pared by adding ca. 50-fold molar excess of ParSL to the
samples and incubating at room temperature on a rotating
wheel at 10-20 rpm. Concentrations of MAOs in the OMM
suspensions were estimated by comparing the units of activity
per milliliter of membrane suspension with that of the
corresponding purified enzymes of known concentrations.
The extent of inhibitor binding at the active sites was
monitored by measuring the loss of activity with time.
Usually it required ca. 10-20 min of incubation for complete
inhibition of the human MAOB samples and nearly 40-60
min of incubation for all other human and rat MAOs. No
nonspecific loss of activity was observed in the control OMM
samples incubated under similar conditions. For the EPR
studies on ParSL-inhibited OMM samples, excess inhibitor
was removed by three cycles of 1 h centrifugation at
100 000g and resuspension in 60 mL of 50 mM potassium
phosphate (KPi) buffer pH 7.4. The final pellets were

suspended in small volume (usually ca. 100-200µL) of 50
mM KPi buffer containing 10% (v/v) glycerol, pH 7.4, and
stored at-80 °C until EPR measurements.

Preparation of ParSL-Labeled Detergent-Purified Samples.
Detergent (OGP) purified ParSL-inhibited MAO samples
were labeled by adding 50-fold excess of the inhibitor
(ParSL) and incubating at room temperature on a rotating
wheel as for the OMM samples mentioned above. The extent
of ParSL binding at the MAO active sites were determined
by measuring the loss of enzyme activities with time and by
optically monitoring the concomitant formation of flavocya-
nine adducts (absorption maxima near 400-410 nm). For
hMAOB samples, 90-100% inhibition was observed within
1 h of incubation at room temperature. Complete inhibitions
of all other MAOs required 3-4 h of incubation. The control
samples incubated under similar conditions showed no loss
of activity. The detergent-purified EPR samples of the ParSL-
inhibited proteins were prepared by removing the excess
ParSL by ion exchange chromatography using a Bio-Rad
MacroPrep High-Q column (Bio Rad Laboratories, Hercules,
CA) for MAOBs or DEAE Sepharose Fast Flow (Amersham
Biosciences, Uppsala, Sweden) column for MAOAs. The
columns were pre-equilibrated with 10 mM KPi, 20%
glycerol, 0.8% OGP pH 7.4 (buffer A) before loading the
ParSL-inhibited samples. The columns were then washed
with 20 column volumes of buffer A. Elution of the ParSL-
labeled MAO from the column was done using buffer
containing 200 mM KPi, 20% (v/v) glycerol, 0.8% (w/v)
OGP, adjusted to pH 7.4. The elution buffer was exchanged
by two washings with 50 mM KPi, 20% (v/v) glycerol, 1.2%
(w/v) OGP, pH 7.4 using Millipore molecular weight cutoff
filters. The samples were concentrated to nearly 50-60 µM
protein (spin label) concentration.

CW EPR Spectroscopic Study.X-band (9.4 GHz) CW EPR
spectra were recorded on a Bruker 200D instrument equipped
with a Bruker ST4102/8216 TE102 cavity. Microwave
frequency was measured with a HP 4256L frequency counter.
Temperature was regulated by using a modified Air Products
cryostat and temperature controller with nitrogen gas flow
system. All spectra were recorded at 25°C with 100 kHz
modulation frequency and 2 G modulation amplitude, unless
mentioned otherwise. Samples were loaded in quartz capil-
laries of 1.0 mm i.d. and 2.0 o.d. and placed in a regular
X-band EPR sample tube of 3 mm i.d. and 4 mm o.d. Spin
quantitations were performed using SpinCount software,
developed by Dr. Michael P. Hendrich (Carnegie Mellon
University, Pittsburgh, PA), by comparing the double
integrals of the EPR spectra recorded on the ParSL-inhibited
MAO samples with that of a freshly prepared potassium
nitrosodisulfonate (Sigma) spin standard of known concen-
tration (ε545 ) 20.8 M-1 cm-1) (50).

Measurements of Accessibilities of the Spin Label to
NiEDDA. Accessibility of the active-site-bound ParSL spin
probe to the paramagnetic reagent (NiEDDA) was deter-
mined by doing power saturation CW EPR studies (29, 31,
41, 51) with incident microwave powers ranging from 0.2
to 63 mW. The experiments were performed under air
saturation with the reasonable assumption that the collisional
spin relaxation due to molecular oxygen is similar between
samples with and without NiEDDA (29). The power satura-
tion curves were drawn by plotting the peak-to-peak (p-p)
amplitudes (A) of the centralMI ) 0 line of the first
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derivative nitroxide spectrum versus the incident microwave
powers (P). Since the intensities of the EPR signals varied
between samples depending on spin concentrations, p-p
intensities of theMI ) 0 lines recorded at the lowest
microwave power (unsaturated intensity) for all samples were
scaled to unity. The intensities (MI ) 0 lines) of all other
spectra, recorded at increasing incident microwave powers,
were scaled using the respective scaling factor for each
sample. This allowed us to visualize power saturation curves
for multiple samples in the same graph (Figures 4 and 5)
with a uniformY-scale. The resulting curves were fit to eq
1 using Origin 6.0:

where I is a scaling factor,P1/2 is the power required to
reduce the amplitude of theMI ) 0 line to half of its
unsaturated value, andε is a measure of the homogeneity of
saturation of the resonance line. The value ofε ranges
between 1.5 and 0.5 for homogeneous and inhomogeneous
saturation limits, respectively (29, 31, 41). For the simulations
shown in this work, the parametersI andP1/2 were allowed
to vary freely, whileε was varied between 0.5 and 1.5 (29,
52).

The parameter∆P1/2, measuring the difference between
P1/2 values in the presence (P1/2) and in the absence (P1/2

0)
of 5 mM NiEDDA was calculated from the fits. The collision
frequency (W) of the spin label with the paramagnetic
relaxation agent (NiEDDA) is proportional to∆P1/2 divided
by p-p width of theMI ) 0 line (∆H0), as shown below in
eq 2 (29, 31, 41):

Relative accessibility (Ra) of the spin probe between two
samples is compared by taking the ratio of the collision
frequencies (W) for different samples. Since EPR spectra
recorded for all samples showed comparable p-p width of
theMI ) 0 line (∆H0) of ∼8 G,Ra values could be calculated
by directly taking the ratios of the∆P1/2 values for the two
different samples (eq 3).

Measurement of Spin Probe Accessibility by Reduction
with Ascorbic Acid.Accessibilities of the spin probes were
also measured by monitoring the extent of reduction of the
spin probe with 3 mM ascorbic acid (43). The spin-labeled
detergent-purified samples were treated with 3 mM (final
concentration in the sample) ascorbic acid and incubated at
room temperature. EPR spectra were recorded after 10 and
20 min of incubation. The EPR spectral intensities were
compared before and after ascorbic acid treatments to
determine the extent of spin probe reductions.

Superposition of ParSL in the hMAOA and hMAOB ActiVe
Sites.The ParSL superimposed structures of hMAOA and
hMAOB were generated using program O version 7.0.1 (53).
The energy-minimized coordinates of different rotamers of
the ParSL molecule were generated by CS Chem3D Pro 5.0
(Cambridge Soft. Corp.) software and saved as PDB files.

The optimized ParSL rotamers were manually superimposed
with the original inhibitor molecules (Clorgyline in hMAOA,
Pargyline in hMAOB) present in the X-ray structures of
hMAOA (PDB ID: 2BXS) and hMAOB (PDB ID: 1GOS).
The orientation of the ParSL inhibitor was adjusted as
required to minimize the side chain interactions and to
maximize the overlap with the existing inhibitor. The
superimposed structures were visualized using PyMol v.99
molecular graphics software (http://www.pymol.org).

RESULTS

Inhibition of Human and Rat MAOs with ParSL.The
structure of the pargyline-based spin-labeled MAO inhibitor
(ParSL) used in this work is shown in Figure 1A. Like other
N-methylpropargylamine-based irreversible inhibitors (e.g.,
pargyline, clorgyline), ParSL inhibits all human and rat
MAOs reversibly in a competitive manner prior to forming
covalent N5-flavocyanine adducts (45, 46). The inhibition
constants (Ki’s) of ParSL are measured for the OMM-bound
human and rat MAOs and are listed in Table 1. As evident
from Table 1, ParSL is ca. 5-10-fold better inhibitor for
hMAOB compared to all other human and rat MAOs. The
large difference inKi values of ParSL between human and
rat MAOBs is consistent with the differences in inhibitor
specificities reported between them in a previous study (8).
In order to compare the efficacy of ParSL as an irreversible
MAO inhibitor relative to pargyline, limiting rates of
inactivation of OMM-bound hMAOB by ParSL and by
pargyline have been determined from Kitz-Wilson plots (not

A ) IP1/2[1 + (21/ε - 1)P/P1/2]
-ε (1)

W )
∆P1/2

∆H0
(2)

Ra )
(∆P1/2)sample1

(∆P1/2)sample2

(3)

FIGURE 1: (A) Structure of spin-labeled MAO inhibitor used in
this work. (B) Optical spectra of the native (solid line) and ParSL-
inhibited (dashed line) hMAOA. The arrow indicates the absorption
maxima (410 nm) of the hMAOA-ParSL N5-flavocyanine adduct.

Table 1: Competitive Inhibition Constants (Ki’s) of ParSL for
OMM-Bound Human and Rat MAOs

enzyme Ki (µM) (av ( SD)

hMAOB 22 ( 5
hMAOA 212 ( 22
rMAOB 107 ( 21
rMAOA 151 ( 49
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shown) (54, 55). The rates of inactivation are found to be
0.11 min-1 with ParSL as compared to a rate of 0.43 min-1

with pargyline. These data demonstrate that the covalent
flavocyanine adduct formation between OMM-bound hMAOB
and ParSL is ca. 4-fold slower than that of pargyline. The
formation of flavocyanine adducts on inhibition with ParSL
could be monitored for the detergent-purified samples from
the characteristic changes in the UV-vis absorption spec-
trum. Optical spectra recorded on detergent-purified native
(solid line) and ParSL-inhibited (dashed line) hMAOA
samples are shown in Figure 1B. The arrow at 412 nm
(Figure 1B) indicates the absorption maxima of the N5-
flavocyanine adduct. Inhibition of all other human and rat
MAOs with ParSL showed appearances of a similar peak
near 400-410 nm, demonstrating the formation of N(5)-
flavocyanine adduct for each MAO sample (not shown).
These spectral and kinetic data demonstrate the applicability
of ParSL as an active-site-specific covalent spin probe for
all human and rat MAOs, in studying their structural
properties in detergent-purified and OMM-bound forms using
the EPR spectroscopic technique (vide infra).

CW EPR Measurements.Room-temperature X-band (9.4
GHz) EPR spectra recorded on the ParSL-inhibited detergent-
purified and OMM-bound human and rat MAOA samples
are shown in Figure 2, parts A and B, respectively. The EPR
spectra recorded on the corresponding human and rat MAOB
samples are shown in Figure 3, parts A and B, respectively.
The EPR spectra of the detergent-purified samples are shown
in the upper traces and those of the OMM-bound samples
are shown in the lower traces of the two panels in Figures 2
and 3. As evident from the spectral line shapes, spin probes
in all samples (Figures 2 and 3) are in the slow motional
regime (15, 29, 56), indicating that the ParSL inhibitors are

rigidly bound to the MAO active sites with limited mobility
in the X-band EPR time scale.

The separation between the two outermost peaks (2Azz) is
ca. 0.4 mT smaller in the EPR spectrum of the OMM-bound
hMAOA sample, compared to its detergent-purified form
(dashed vertical lines in Figure 2A). Spectra recorded at low
temperature (120 K) on these samples also show a similar
difference in 2Azz values (not shown), indicating that the
polarity of the environment surrounding the nitroxide spin
probe in the hMAOA active site becomes more polar on
detergent extraction from the membrane (15, 28, 57). This
may originate from subtle alterations in the protein confor-
mation in OGP (detergent) micelles relative to the membrane-
bound form. EPR spectra recorded on other human and rat
MAOs do not show any significant differences in 2Azzvalues
between their OMM-bound and detergent (OGP) purified
forms. Therefore, the current EPR data suggests that the
conformation of hMAOA is more sensitive to purification
in OGP micelles compared to other human and rat MAOs.
This data agrees with previous studies showing lower stability
and higher conformational flexibility of hMAOA compared
to hMAOB in detergent micelles (58). Spin quantitations of
the EPR signals from the detergent-purified samples agree
(within error) with the expected 1:1 protein to nitroxide
stoichiometry.

Accessibility Measurements Using NiEDDA.Solvent ac-
cessibilities of the active-site-bound ParSL spin probes were
determined by measuring the power saturation properties of
the nitroxide EPR signals with the paramagnetic reagent
NiEDDA (29, 31, 41, 51). The incident microwave power
was varied from 0.2 to 63 mW. The power saturation curves
were obtained by plotting the normalized (cf., Experimental
Procedures) peak-to-peak amplitudes of the centralMI ) 0
lines of ParSL-inhibited detergent-purified and OMM-bound
human and rat MAO samples in the presence and in the

FIGURE 2: X-band (9.4 GHz) EPR spectra of the ParSL-inhibited,
detergent-purified (upper traces) and OMM-bound (lower traces)
MAO samples of (A) hMAOA and (B) rMAOA. Instrument
parameters: microwave power 2.0 mW, modulation amplitude 2
G, modulation frequency 100 kHz, temperature 298 K.

FIGURE 3: X-band (9.4 GHz) EPR spectra of the ParSL-inhibited,
detergent-purified (upper traces) and OMM-bound (lower traces)
MAO samples of (A) hMAOB and (B) rMAOB. Instrument
parameters are the same as listed in the caption of Figure 2.
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absence of 5 mM NiEDDA. The power saturation data
obtained on the hMAOA and hMAOB samples are shown
in Figure 4, parts A and B, respectively. Corresponding
power saturation data for rMAOA and rMAOB samples are
shown in Figure 5, parts A and B. The lines drawn through
the data points in the Figures 4 and 5 are fits to the data
obtained using eq 1 (cf., Experimental Procedures). The
power required in attaining half-saturation (P1/2) of the EPR
signal intensities in the presence and the absence of NiEDDA
are obtained from the fits and used in calculating∆P1/2 values
(Table 2). The relative accessibilities (Ra) of the ParSL spin
probes, covalently bound to human and rat MAO active sites,
are calculated based on eq 3 (cf., Experimental Procedures)
and summarized in Table 3.

The relative accessibility values listed in Table 3 show
that the spin probe in the hMAOA active site is ca. 7-8-
fold more accessible than the same in hMAOB, in both
detergent-purified and OMM-bound forms. This is in agree-
ment with the crystallographic data showing a less elongated

and wider active site cavity in hMAOA (4). In contrast to
human MAOs, the active site cavities in the two rat enzymes

FIGURE 4: Power saturation study on ParSL-inhibited (A) detergent-
purified (squares) and OMM-bound (circles) hMAOA in the
presence (filled symbols) and in the absence (empty symbols) of 5
mM NiEDDA. (B) Detergent-purified (squares) and OMM-bound
(circles) hMAOB in the presence (filled symbols) and absence
(empty symbols) of 5 mM NiEDDA. The solid lines in the figure
are fits to the data obtained using eq 1 (cf., Experiment Procedures).
Individual data sets are identified in the figure insets. All EPR
spectra were recorded with 2 G modulation amplitude and 100 kHz
modulation frequency at 25°C. The microwave power varied from
0.2 to 63 mW. Microwave frequency was 9.4 GHz.

FIGURE 5: Power saturation study on ParSL-inhibited (A) detergent-
purified (squares) and OMM-bound (circles) rMAOA samples in
the presence (filled symbols) and in the absence (empty symbols)
of 5 mM NiEDDA. (B) Detergent-purified (squares) and OMM-
bound (circles) rMAOB in the presence (filled symbols) and absence
(empty symbols) of 5 mM NiEDDA. The solid lines in the figure
are fits to the data obtained using eq 1 (cf., Experiment Procedures).
Individual data sets are identified in the figure insets. Instruments
settings used are mentioned in Figure 4.

Table 2: Differences (Average( SD) in Power at Half-Saturation
(∆P1/2 ) P1/2 - P1/2

0) in the Presence (P1/2) and Absence (P1/2
0) of

NiEDDA Obtained for All ParSL-Inhibited Human and Rat MAO
Samples from the Fits Shown in Figures 4 and 5a

sample ∆P1/2 (mW)

hMAOA-Det 20 ( 3
hMAOA-OMM 33 ( 5
rMAOA-Det 13 ( 2
rMAOA-OMM 20 ( 2
hMAOB-Det 3 ( 1
hMAOB-OMM 4 ( 1
rMAOB-Det 14 ( 3
rMAOB-OMM 17 ( 2

a Subscripts “Det” represent detergent-purified form and “OMM”
represent outer mitochondrial membrane bound form of the respective
enzyme.
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show comparable solvent accessibilities to each other in their
detergent-purified and OMM-bound forms (Figure 5, Table
3). These results suggest that the structural properties of the
active site cavities in the two rat MAOs are similar, whereas
the two human enzymes have distinctly different active site
structures.

Comparison between human and rat MAOs shows that
the active site cavities in the two rat enzymes are nearly 40-
50% less accessible compared to hMAOA but nearly 4-5-
fold more accessible than that in hMAOB (Table 3). Relative
solvent accessibilities of the active-site-bound ParSL spin
probes in human and rat MAOs can be arranged in a
decreasing order as follows: hMAOA> rMAOA ≈ rMAOB
> hMAOB. This trend is similar in both detergent-purified
and OMM-bound forms, which indicates that the overall
structural properties of the active site cavities in human and
rat MAOs remain similar in their OMM-bound and detergent-
purified forms.

Accessibility Studies of the MAO ActiVe-Site-Bound ParSL
Spin Probes Studied by Ascorbic Acid Reduction.To further
investigate the differences in accessibility of the human and
rat MAO active site cavities, EPR spectra were recorded on
the ParSL-inhibited detergent-purified samples before (solid
lines) and after (dashed lines) treatment with excess (3 mM)
ascorbic acid (Figure 6). If the active-site-bound spin probe
is more accessible to solvent, it will undergo more reduction
on treatment with ascorbic acid under similar conditions, as
compared to a less accessible spin probe.

Consistent with the NiEDDA data shown above (Figures
4 and 5), the highest accessibility of the active-site-bound
spin probe was observed in the hMAOA sample (Figure 6A)
showing ca. 90% reduction of the spin probe EPR signals
within 10 min of incubation with 3 mM ascorbic acid at room
temperature. The spin probe bound to the hMAOB active
site cavity is found to be least accessible, undergoing only
10% reduction after 20 min of incubation with 3 mM
ascorbic acid (Figure 6B). Similar incubations of the ParSL-
inhibited rMAOA and rMAOB samples for 20 min with 3
mM ascorbic acid show 50% and 30% reductions, respec-
tively (Figure 6, parts C and D, respectively).

A similar trend in ascorbic acid reductions of the active-
site-bound spin probes has also been observed for OMM-
bound hMAOA and hMAOB samples (not shown). However,
the OMM-bound samples, incubated under similar conditions
as the corresponding detergent-purified samples, show much
lower levels of reduction of the spin probes. On the basis of
X-ray structural studies, it has been suggested that the
entrance to the MAO active site is located near the membrane

surface (1, 6). Therefore, the repulsive interactions between
the negatively charged phosphate head groups of the lipids
at the surface of the OMM and negatively charged ascorbic
acid anion at pH 7.4 could hinder access to the active-site-
bound spin probe, thereby reducing the observed levels of
spin probe reduction. NiEDDA, being neutral (41), does not
encounter such an electrostatic repulsion and can access the
spin probe, unless buried inside the protein active site.

DISCUSSION

The results presented above elucidate the variations in
structural properties of the active site cavities in human and
rat MAOs, which correlate to their differences in inhibitor

Table 3: Summary of Relative Solvent Accessibilities (Ra) of Human and Rat MAOs Calculated Based on Eq 3 and the∆P1/2 Values in Table
2a

Ra (av ( SD)

MAOA vs MAOB (hMAOA)Det/(hMAOB)Det 7.2( 2.4
in the detergent and (hMAOA)OMM/(hMAOB)OMM 8.2( 2.5
in the OMM (rMAOA)Det/(rMAOB)Det 0.96( 0.23

(rMAOA)OMM/(rMAOB)OMM 1.19( 0.16

human vs rat MAOs (rMAOA)Det/(hMAOA)Det 0.66( 0.12
(rMAOA)OMM/(hMAOA)OMM 0.61( 0.1
(rMAOB)Det/(hMAOB)Det 5 ( 1.8
(rMAOB)OMM/(hMAOB)OMM 4.4( 1.1

a Subscripts “Det” and “OMM” represent detergent-purified and outer mitochondrial membrane bound form, respectively, for the respective
enzyme.

FIGURE 6: EPR spectra recorded on oxidized (solid lines) and
ascorbic acid treated (dashed lines) samples of ParSL-inhibited
human and rat MAOs in their detergent-purified forms: (A)
hMAOA, (B) hMAOB, (C) rMAOA, (D) rMAOB. Instrument
parameters are the same as listed in the caption of Figure 2.
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specificities reported in previous studies (7, 8). The P.
pastoris expression system and the uniform purification
protocol used in this study eliminates the possibility of
observing artifactual structural and functional differences due
to variations in membrane lipid compositions or the choice
of detergent micelle used for protein purifications. The major
spectroscopic observations and their possible significances
are discussed below in the light of available knowledge on
structural and functional properties of human and rat MAOs.

Structures of MAO ActiVe Site CaVities in OMM-Bound
and Detergent-Purified Forms.Structural properties of
membrane proteins are known to depend on the choice of
detergent micelles used in purification or reconstitutions (59).
Therefore, one of the major challenges in structural and
functional studies on membrane proteins is to ascertain that
their properties do not change significantly on purification
in detergent micelles. Our recent studies have shown that
the dimeric structures of human and rat MAOAs in the OMM
partially dissociate to monomeric forms on purification in
OGP micelles, which has been attributed as a reason for the
monomeric X-ray structure of hMAOA (3, 11). Although
the overall protein folds observed for hMAOA in its
monomeric crystal structure are similar to those in the
dimeric crystal structures of hMAOB and rMAOA (1, 3, 4),
alteration in oligomeric state can affect its active site
architecture. Furthermore, available X-ray structural data on
hMAOA (OGP), rMAOA (N-dodecylphosphocholine), and
hMAOB (Zwittergent 3-12) were obtained from crystals
grown in different detergent micelles with varying miceller
properties, which can potentially cause the subtle differences
observed in their structures. The present structure-function

correlation study on human and rat MAOs, using uniform
miceller and membrane environments, was thus imperative
in explaining the differences in their functional properties
(7, 8).

As evident from the results presented above (Table 3),
the relative accessibility of the active-site-bound spin probes
in all human and rat MAOs remains similar in their respective
detergent-purified and OMM-bound forms. Although these
results cannot rule out the possibility of minor conformational
alterations on purification in OGP micelles (as discussed
above for hMAOA in Figure 2A and associated text), they
do indicate that the overall structural properties of the
active site cavities in human and rat MAOs do not differ
significantly between their OMM-bound and OGP-purified
forms.

Comparison of Spin Probe Accessibilities between MAOA
and MAOB from Human and Rat.One of the most important
observations made in this study is the relative differences in
structural properties between the two MAO active site
cavities from human and rat. Although the two human
enzymes show nearly an order of magnitude difference in
solvent accessibilities, the two rat enzymes show no differ-
ence (Table 3). This indicates that the active site cavities in
MAOA and MAOB have evolved to adopt completely
different architectures in the human lineage, whereas in rat
they share similar structural properties. Although the physi-
ological relevance of this drastic divergence between human
and rat MAOs is not well understood, it does explain the
origin of observed differences in inhibitors specificities
between them, as reported earlier (7, 8) and observed in this
work with ParSL inhibitions (Table 1).

FIGURE 7: Aligned structures of clorgyline-inhibited hMAOA (PDB ID: 2BXS) and pargyline-inhibited hMAOB (PDB ID: 1GOS) with
ParSL inhibitor superimposed on the original inhibitors in their respective active sites. Only one subunit of the hMAOB structure is shown.
Clorgyline in the hMAOA structure is shown in red and pargyline in the hMAOB structure is shown in magenta. The ParSL molecule
superimposed in the hMAOA structure is shown in blue, and the ParSL molecule superimposed in the hMAOB structure is shown in green.
The superimposed structures of the inhibitors are displayed within a translucent molecular surface representation of hMAOA. The figure
is rendered using PyMol v.99 software (http://www.pymol.org).
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The large difference observed in the spin probe acces-
sibilities between the two human MAOs (Table 3) is
consistent with the differences in their available X-ray
structures and could be modeled by superimposing the ParSL
spin probe into the clorgyline- and pargyline-inhibited
structures of hMAOA and hMAOB (1, 3), respectively (cf.,
Experiment Procedures). As indicated in Figure 7, the
nitroxide-containing TEMPO ring of the ParSL spin probe
(shown in blue) is exposed outside of the hMAOA active
site cavity (Figure 7, inset), whereas in the hMAOB active
site, the entire ParSL (shown in green) inhibitor remains
buried inside the protein matrix (translucent gray surface in
Figure 7). The differential orientations of the ParSL spin
probes in hMAOA and hMAOB active sites are consistent
with the orientations of the original inhibitors present in their
crystal structures and reflect the differences in active site
architectures of the two enzymes.

Correlation between ActiVe Site Accessibilities and Ki’s
for ParSL Inhibitions.The differences in inhibitor specifici-
ties of ParSL between human and rat MAOs in their OMM-
bound forms (Table 1) show a linear correlation with the
differences in relative solvent accessibilities of their active-
site-bound spin probes (Table 3). As shown in Figure 8, the
two human MAOs with ca. 10-fold difference in accessibili-
ties show an equivalent difference in their binding affinities
(Ki values) of ParSL inhibition (data point d), whereas the
two rat enzymes with comparable active site accessibilities
show similar binding affinities of ParSL (data point a).
Comparison of accessibilities and inhibitor specificities of
the two rat MAOs with hMAOB also show similarly linear
correlations (data points b and c, Figure 8). This indicates
that the spin probe in a less solvent-accessible active site
has a more favorable free energy of binding compared to a
cavity with higher solvent accessibility. Thus, the ligand
(ParSL) has more favorable protein interactions in an active
site with low solvent accessibility than in one with a higher
solvent accessibility. The correlation observed in Figure 8
demonstrates that the solvent accessibility of the spin probe

(ParSL) directly correlates with the∆(∆G) of its binding to
the active sites. This is presumably a combined effect of
hydrophobic and steric factors in MAO active sites. This
correlation plot thus clearly indicates that the structural
properties of the active site cavities in the two rat enzymes
are distinctly different from those in the human enzymes and
therefore serves as a basis in explaining the differences in
their inhibitor specificities, as reported earlier (7, 8).

Conclusions.In summary, using a spin-labeled inhibitor
as an active-site-specific EPR spin probe, we have shown
that the structural properties of the active site cavities in
human and rat MAOs are different, which is responsible for
the observed differences in their inhibitor specificities.
Furthermore, the present data shows that the structural
properties of MAOA and MAOB active site cavities are
distinctly different in human, whereas in rat they are similar.
Finally, the present data suggests that the overall structural
properties of human and rat MAO active sites remain
unaffected on purification in OGP micelles.
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