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ABSTRACT: Monoamine oxidase A (MAO A) plays a central role in the oxidation of amine neurotransmitters.
To investigate the structure and mechanism of this enzyme, recombinant human liver MAO A was expressed
and purified fromSaccharomyces cereVisiae. Anaerobic titrations of the enzyme require only 1 mol of
substrate per mole of enzyme-bound flavin for complete reduction. This demonstrates that only one redox-
active group (i.e., the covalent FAD cofactor) is involved in catalysis. The reaction rates and binding
affinities of 17 para-substituted benzylamine analogues with purified MAO A were determined by steady
state and stopped flow kinetic experiments. For each substrate analogue that was tested, the rates of steady
state turnover (kcat) and anaerobic flavin reduction (kred) are similar in value. Deuterium kinetic isotope
effects onkcat, kred, kcat/Km, andkred/Ks with R,R-[2H]benzylamines are similar for each substrate analogue
that was tested and range in value from 6 to 13, indicating thatR-C-H bond cleavage is rate-limiting in
catalysis. Substrate analogue dissociation constants determined from reductive half-reaction experiments
as well as from steady state kinetic isotope effect data [Klinman, J. P., and Matthews, R. G. (1985)J. Am.
Chem. Soc. 107, 1058-1060] are in excellent agreement. Quantitative structure-activity relationship
(QSAR) analysis of dissociation constants shows that the binding of para-substituted benzylamine analogues
to MAO A is best correlated with the van der Waals volume of the substituent, with larger substituents
binding most tightly. The rate of para-substituted benzylamine analogue oxidation and/or substrate analogue-
dependent flavin reduction is best correlated with substituent electronic effects (σ). Separation of the
electronic substituent parameter (σ) into field-inductive and resonance effects provides a more
comprehensive treatment of the electronic correlations. The positive correlation of rate withσ (F ∼ 2.0)
suggests negative charge development at the benzyl carbon position occurs and supports proton abstraction
as the mode ofR-C-H bond cleavage. These results are discussed in terms of several mechanisms proposed
for MAO catalysis and with previous structure-activity studies published with bovine liver MAO B
[Walker, M. C., and Edmondson, D. E. (1994)Biochemistry 33, 7088-7098].

Monoamine oxidases A and B (MAO A1 and MAO B,
respectively, EC 1.4.3.4) catalyze the oxidation of primary,
secondary, and some tertiary amines to their corresponding
protonated imines with concomitant reduction of O2 to
hydrogen peroxide (1). The dissociated imine product is then
nonenzymatically hydrolyzed to the corresponding aldehyde
(2, 3). Monoamine oxidases are flavoproteins localized to

the outer mitochondrial membranes of mammals, birds, fish,
and a variety of lower animals and some fungi (4). Two
isoforms, MAO A and MAO B, are found in humans and
other mammals. The amino acid sequences of the two human
isoforms are 71% identical (5), and each contains a FAD
cofactor covalently attached to a conserved cysteinyl residue
via an 8-R-S-thioether linkage (6). MAO A and MAO B have
received extensive attention as antidepressants. MAO B
inhibitors are currently used synergistically withL-DOPA
therapy in the treatment of Parkinson’s disease (7). Despite
an extensive literature on these two enzymes, the detailed
mechanism by which they catalyze amine oxidation is not
well-defined, although several mechanisms have been pro-
posed. Previous work in this laboratory has probed the
structure and mechanism of bovine liver MAO B by
examining the influence of para and meta substitution of
benzylamine on its binding and kinetic properties (2, 8). This
paper extends these studies to recombinant human liver MAO
A with the expectation that clear differences might be found
between the two enzymes that would be valuable in future
drug development.

The reductive half-reaction of MAO A (9), as also found
with MAO B (10), exhibits kinetic behavior which follows
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that described by Strickland et al. (11). Comparative studies
of MAO A purified from human placenta (12) and of
recombinant human liver enzyme purified from yeast (9, 13)
suggest a similar kinetic mechanism (Scheme 1). One
unusual property of MAO A that has not yet been resolved
is the fact that the rate of flavin reduction determined from
stopped flow kinetic studies is slower than the turnover
number found in steady state kinetic studies (14). Ramsey
and co-workers have suggested several explanations for this
unusual behavior, but none of these have been experimentally
verified. MAO A does differ from MAO B in that it is less
active with benzylamine substrates and has a much lower
Km(O2) (∼6 and 240µM, respectively) (9).

Several mechanisms have been proposed for MAO B
catalysis on the basis of the work with purified enzyme and
chemical model systems. Since MAO A is highly homolo-
gous with MAO B and both enzymes have identical flavin
cofactors, an unwritten assumption in the literature is that
both enzymes function by similar chemical mechanisms. The
most widely quoted mechanism for MAO B catalysis,
originally proposed by Silverman and colleagues, involves
an aminium cation radical intermediate (15) (Scheme 2)
which is formed via an initial single-electron transfer (SET)
from the amine nitrogen to the oxidized flavin cofactor which
produces an aminium cation radical and flavin semiquinone.
Several possibilities forR-hydrogen abstraction could follow
(Scheme 2). The basis for this mechanism is derived from
SET chemistry observed in electrochemical and chemical
oxidations of amines (15) and in the observed inactivation
of MAO B upon incubation with highly reactive amine

substrate analogues known to undergo SET chemistry and
ring opening in model reactions (16).

A polar nucleophilic mechanism originally proposed by
Hamilton (17) has received further support from the model
system work of Mariano and colleagues (18). MAO catalysis
is proposed to occur via nucleophilic attack at the flavin 4a
position by the deprotonated amine (Scheme 3). Proton
abstraction from theR-carbon of the amine-flavin 4a adduct
is proposed to be facilitated by an active site base on the
enzyme. Formation of the protonated imine product results
from its elimination from the reduced flavin. Support for
this mechanism comes from the observed oxidative deami-
nation of benzylamine in the presence ofN(3)-methyllumi-
flavin (18). Additionally, primary and secondary amines are
observed to readily form stable 4a adducts withN(5)-ethyl-
N(3)-methyllumiflavinium perchlorate which can then un-
dergo base-catalyzed elimination to the corresponding imine
and reduced flavin (19).

A third mechanism proposed for MAO B catalysis was
based on results obtained in this laboratory (8, 20). This
mechanism suggests thatR-C-H bond cleavage occurs via
a direct hydrogen atom transfer from the amineR-carbon to
a protein-based non-flavin radical with subsequent electron
transfer to the flavin. Evidence supporting this mechanism
comes from several sources. Quantitative structure-activity
relationships (QSAR) derived from the reaction rates of a
series of para- and meta-substituted benzylamine analogues
with MAO B show no apparent dependence of the limiting
rate of flavin cofactor reduction on the electronic properties
of the substituents (8). Second, an organic radical species is

Scheme 1: Kinetic Mechanism of MAO Aa

a From ref9.

Scheme 2: Proposed Aminium Cation Radical Mechanism for MAO A Catalysisa

a From ref15.
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observed in EPR spectra of resting bovine liver MAO B (21,
22). This species could be sufficiently reactive to abstract
an R-hydrogen atom from the amine substrate.

Recent unpublished evidence from this laboratory, how-
ever, does not support the presence of a stable radical species
of catalytic significance in either MAO B or MAO A. Highly
purified recombinant human liver MAO B expressed in the
methylotrophic yeastPichia pastorisand purified recombi-
nant human liver MAO A expressed inSaccharomyces
cereVisiaeexhibit no detectable EPR signals in their respec-
tive resting states (P. N. Vinson, R. K. Nandigama, and D.
E. Edmondson, unpublished results). The absence of an EPR
signal in these fully functional enzyme preparations does not
support the involvement of a stable amino acid (8, 21) or
flavin (22) radical in MAO catalysis. The radical species
observed in bovine liver MAO B is likely an artifact of the
purification procedure.

Quantitative structure-activity relationships are useful as
mechanistic probes of reaction mechanisms in both organic
chemistry and enzymology (23). Reaction rates and/or
binding data for a series of closely related substrates
containing one or more substituents can be analyzed accord-
ing to the following equation:

where σ refers to the electron donating or withdrawing
properties of the substituent (23), π describes the lipophilicity
of the substituent (24), andVw andEs are steric terms, the
van der Waals volume (25) and Taft steric parameter (26),
respectively. Several examples of the successful application
of this mechanistic approach to enzymatic reactions include
the quinoproteins, plasma amine oxidase (27), methylamine
dehydrogenase (28), and aromatic amine dehydrogenase (29),
as well as the flavoproteins, MAO B (8), D-amino acid
oxidase (30), and lactate oxidase (31).

This study reports kinetic and spectroscopic approaches
to probing the catalytic mechanism of recombinant human
liver monoamine oxidase A. Anaerobic reductive titrations

of the enzyme show only 1 equiv of substrate is required
for full reduction, which does not support the involvement
of a redox-active disulfide group, in addition to the flavin
(32), in MAO catalysis. Stopped flow and steady state kinetic
studies using a variety of para-substituted benzylamine
analogues comprise the first extensive QSAR analysis of
purified recombinant human liver MAO A. The reaction rates
and binding affinities of 17 different para-substituted ben-
zylamine analogues with the enzyme were determined and
show a strong correlation between the rate of flavin reduction
and the electron withdrawing properties of the substituent.
These results suggest proton abstraction as the mode of C-H
bond cleavage in the MAO A-catalyzed oxidation of ben-
zylamine. The relevance of these results to the three proposed
mechanisms of MAO catalysis is discussed. The binding and
rate structure-activity correlations observed for MAO A
differ significantly from those found previously with MAO
B (8). Possible reasons for these differences are discussed.

EXPERIMENTAL PROCEDURES

Expression and Purification of Monoamine Oxidase A.
Recombinant human liver monoamine oxidase A was
expressed inS. cereVisiae strain RH218 as described
previously (33), except two 12 L fermenters (New Brunswick
Scientific) were utilized for cell growth and induction.
Purification of MAO A followed the procedure described
previously (34). Typical enzyme yields from 22 L of yeast
culture resulted in 50-120 mg of pure MAO A with a
specific activity of 1.5( 0.5 units of MAO A/mg of protein
(units defined below).

Prior to use, the purified enzyme was concentrated 20-
fold under nitrogen in an Amicon stirred cell and then diluted
20-fold using 50 mM potassium phosphate (pH 7.5) and
0.8% (w/v) octyl â-D-glucopyranoside (enzyme buffer).
Twenty-fold concentration of the enzyme was repeated,
followed by addition of enzyme buffer to give an appropriate
enzyme concentration.

Enzyme Assays.Standard assays of MAO A activity were
conducted spectrophotometrically using a Gilford update of
a Beckman model DU spectrophotometer. Assays were
conducted at 30°C in 50 mM potassium phosphate (pH 7.5),
5 mg/mL reduced Triton X-100, and 236µM O2 (air
saturation). Each assay solution contained 1 mM kynuramine.
The rate of MAO A-catalyzed oxidation of kynuramine to
4-hydroxyquinoline was calculated from the increase in
absorbance at 316 nm using an extinction coefficient of
12 300 M-1 cm-1 (12). One unit of enzyme activity is defined
as the amount of enzyme required to oxidize 1µmol of
kynuramine in 1 min. The concentration of active enzyme
was determined using a turnover number of 125 min-1 at
saturating kynuramine concentrations (12).

Anaerobic Titrations of MAO A. The percent functionality
and concentration of the enzyme were measured by spectral
monitoring of the level of enzyme-bound flavin reduction
during anaerobic titrations of the enzyme withp-chloroben-
zylamine and sodium dithionite as described previously (8).
Typical percent functionality varied from 80 to 97%.

Substrate Analogues. All reagents were from Aldrich,
Pfaltz, and Bauer, Inc., or TransWorld Chemical. BothR,R-
[1H]- andR,R-[2H]-para-substituted benzylamine hydrochlo-
rides were prepared by reduction of the corresponding

Scheme 3: Proposed Polar Nucleophilic Mechanism for
MAO Catalysisa

a From ref18.

log k (or Kd) ) F(σ) + A(π) + B(Vw) (or Es) + C (1)
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benzonitriles as described previously (8). Efficient synthesis
of R,R-[1H]- and R,R-[2H]-p-iodobenzylamine required the
addition of equimolar amounts of aluminum chloride (35)
prior to the addition of reductant.p-Isopropyl-,p-hydroxy-,
and p-acetylbenzylamine analogues were synthesized as
described by Hartman and Klinman (27). The purity of each
analogue was confirmed by1H NMR (GE 300 MHz
instrument) and low-resolution fast atom bombardment mass
spectrometry. Para-substitutedR,R-dideuterated benzylamine
analogues showed no detectable NMR signal from the
methylene protons, indicating>98% deuterium incorpora-
tion.

Steady State Kinetic Measurements of Para-Substituted
Benzylamine Analogue Oxidation.The steady state rate of
benzylamine oxidation to the corresponding aldehyde was
measured spectrophotometrically. Assays were conducted at
10.9 °C in enzyme buffer with 337µM O2 (air saturation).
This temperature was used since preliminary experiments
showed the enzyme preparations to be unstable to prolonged
incubation at 25°C which is required for stopped flow kinetic
experiments. Rates were measured with at least eight
different amine concentrations (25µM to 8 mM) spanning
more than 2 orders of magnitude. Detection wavelengths and
molar absorption extinction coefficients for each aldehyde
were used as given by Walker and Edmondson (8). The
concentration of MAO A in each assay ranged from 0.36 to
2.2 µM, depending on the oxidation rate and aldehyde
extinction coefficient of each substrate. Steady state kinetic
isotope effects withR,R-[1H]- and R,R-[2H]benzylamine
analogues were calculated from reaction rates determined
at the same enzyme concentration. Michaelis-Menten kinetic
behavior was observed for all amine analogues for which
steady state kinetic data are reported.

Enzyme-Monitored TurnoVer Experiments. Experiments
were conducted using a single-wavelength stopped flow
apparatus (Kinetic Instruments, Ann Arbor, MI) with a dead
time of 1 ms and a cell path length of 2 cm. Air-saturated
solutions of MAO A (variable concentrations) andp-
trifluoromethylbenzylamine (5 mM) were mixed, and the
change in flavin absorbance at 450 nm was monitored and
recorded using a Nicolet 4094 digital oscilloscope. Reaction
rates were determined by manual integration of absorbance
versus time plots as described previously (36).

Single-WaVelength Anaerobic Stopped Flow Kinetic Ex-
periments.Experiments were conducted using the stopped
flow spectrophotometer described above. The entire flow line
of the apparatus was made anaerobic by incubation with
argon-purged enzyme buffer containing 50 mM glucose, 22
nM glucose oxidase, and 100 units/mL catalase for at least
2 h prior to experiments. Solutions of MAO A (10µM) and
benzylamine analogue (minimum of 100µM in enzyme
buffer) were placed in tonometers and made anaerobic as
described above. After mixing, changes in absorbance at 450
nm were recorded using a Nicolet 4094 digital oscilloscope.
The data files were transferred to a Dell 386 computer for
subsequent analysis.

The apparent pseudo-first-order rate of flavin reduction
with each amine was determined at a minimum of six
different amine concentrations spanning at least 2 orders of
magnitude. The apparent rate constant of flavin reduction at
each amine concentration was measured in triplicate.

Anaerobic Rapid-Scanning Stopped Flow Kinetic Experi-
ments withR,R-[ 1H]- and R,R[ 2H]-p-Chlorobenzylamine.
Conditions and preparation of anaerobic enzyme and sub-
strates were identical to that described for single-wavelength
stopped flow experiments except that 25µM MAO A was
utilized. Experiments were conducted using an OLIS-
RSM1000 stopped flow spectrophotometer (OLIS, Inc.,
Bogart, GA) in the laboratory of W. David Wilson (Depart-
ment of Chemistry, Georgia State University, Atlanta, GA).
Spectra were acquired across a 150 nm range from 335 to
485 nm.

Data Analysis.Steady state kinetic data were fit to the
Michaelis-Menten equation using a nonlinear least-squares
fitting routine incorporated into the Origin software package
(Microcal Software). Stopped flow data were similarly fit
using an equation corresponding to a single-exponential
decay with an offset. Determination of limiting rates of flavin
reduction and dissociation constants for each amine substrate
was performed as described by Strickland (11), using the
Origin software package. Fits to the data were confirmed
by reanalysis using the GraFit software package (Erithacus
Software). Analysis of rapid-scanning stopped flow data was
conducted using the Global Fit algorithm (37) resident in
the OLIS RSM-1000 software package.

Values of substituent parameters (σ, π, and Es) were
obtained from Hansch et al. (26). Values for the van der
Waals volume (Vw) of each substituent were calculated as
described by Bondi (25). Multivariate linear regression
analysis of rate and binding data as a function of substituent
parameters was performed using the StatView software
package (Abacus Concepts).

RESULTS

Anaerobic ReductiVe Titration of MAO A. A requirement
for analysis of substituent effects on the steady state rate of
MAO A catalysis and anaerobic flavin reduction rates is that
the stoichiometry of the reaction be known. A recent report
by Sablin and Ramsay (32) suggested, on the basis of
reductive titrations of MAO A with dithionite, that four
reducing equivalents are required for full reduction of the
enzyme. These were suggested to be distributed as two
reducing equivalents to the covalent flavin and two reducing
equivalents to a redox-active disulfide in the enzyme. It was
further proposed that the pathway for electron transfer from
the amine to the flavin involves this putative redox-active
disulfide as an intermediary by an undefined mechanism. If
such a scheme were operative, then 2 mol of substrate would
be required to reduce MAO A rather than 1 where the first
mole of substrate would result in little or no flavin reduction
since disulfide bonds typically exhibit a lower potential than
flavins. Flavin reduction would commence on the addition
of the second mole of substrate and would be readily
monitored by its change in visible absorbance. To test this
hypothesis, an anerobic solution of recombinant human liver
MAO A (17.2 µM) was reduced by successive additions of
an anaerobic solution ofp-chlorobenzylamine. After the
addition of each aliquot of substrate, the enzyme solution
was allowed to equilibrate, and then a visible absorbance
spectrum was recorded (Figure 1). The rate of reduction of
the enzyme-bound flavin is found to be linearly dependent
on the amount ofp-chlorobenzylamine added and a stoichi-
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ometry of 1.1 mol of substrate (two electron equivalents)
for each mole of active enzyme was required for full
reduction (inset of Figure 1). Reduction of the small amount
of remaining inactive enzyme was accomplished by addition
of sodium dithionite. Approximately 84% of the enzyme
shown in Figure 1 can be reduced by substrate. Similar results
were obtained when a separate enzyme preparation was
quantitatively reduced with tyramine (data not shown). To
confirm the stoichiometry observed by anaerobic titration
with substrate, recombinant human liver MAO A was titrated
separately with the irreversible inhibitor clorgyline. Complete
inactivation of an identical sample of the enzyme utilized in
Figure 1 required approximately 1.3 mol of clorgyline per
mole of active enzyme (data not shown).

These results clearly show that reduction of MAO by
substrate requires only two electron equivalents. Furthermore,
no spectrally detectable intermediates such as flavin semi-
quinone are observed during the reductive titration of the
enzyme. This apparent discrepancy with the dithionite
titrations published by Sablin and Ramsay can be attributed
to the nonspecific reduction of protein-bound disulfides by
dithionite, which is shown to occur in the case of xanthine
oxidase (38), or, alternately, to the slow kinetic equilibration
of MAO A with dithionite which might complicate the
interpretations of reductive titrations with that reagent.

Steady State Kinetic BehaVior of the MAO A-Catalyzed
Oxidation of Ring-SubstitutedR,R-[ 1H]- and R,R-[ 2H]-
Benzylamine Analogues.Steady state kinetic parameters for
the oxidation of seven para-substituted benzylamine ana-
logues by MAO A were determined and the results shown
in Table 1. All kinetic assays were conducted at 10.9°C
due to the thermal lability of the enzyme above 15°C.
Turnover numbers were calculated at saturating amine
concentrations, and air-equilibrated buffers were found to
be saturating in oxygen since MAO A has a lowKm(O2)
(∼6 µM) (9).

The turnover numbers [kcat(H)] calculated for each sub-
strate analogue exhibit a marked dependence on the nature
of the substituent, with values spanning a more than 50-fold
range (from 1.56 min-1 for p-methoxybenzylamine to 85
min-1 for p-trifluoromethylbenzylamine). Comparison of the
observed rates of para-substituted benzylamine oxidation to
those previously observed with MAO B (8) shows that with
the exception ofp-trifluoromethylbenzylamine, MAO A
oxidizes these amine analogues more slowly than does MAO
B.

Previous kinetic studies of bovine liver MAO B have
shown that deuterium substitution of theR-protons of
benzylamine analogues results in large kinetic isotope effects
on the steady state turnover rate (Dkcat ranges from 6.0 to
8.9) (8, 10). Examination of the sameR,R-[2H]benzylamine
analogues with recombinant human liver MAO A also shows
large isotope effects (Dkcat ranges from 8.2 to 12.9) (Table
1). Isotope effects onkcat/Km are similar to those observed
on kcat. The magnitudes of these effects demonstrate that
R-C-H bond cleavage is rate-limiting with all tested
analogues in MAO A steady state turnover. The steady state
kinetic isotope effect data (Table 1) also allow estimation
of substrate dissociation constants representing all preiso-
topically sensitive equilibria (39). Dissociation constants for
each benzylamine analogue were calculated from the data
in Table 1 according to the following equation:

The calculatedKd values, shown in Table 2, differ from the
experimentally determinedKs values by less than a factor
of 2.

Effect of the Para Substituent on the ReductiVe Half-
Reaction of MAO A with Benzylamine Analogues. The large
Dkcat values (Table 1) support the view thatR-C-H bond
cleavage is the rate-limiting step in catalysis of all substituted
benzylamine analogues, which allows correlations of steady
state data with substituent parameters. More definitive kinetic
data for use in structure-activity correlations can be obtained
from a determination of the rates of enzyme reduction in
reductive half-reaction experiments using anaerobic stopped
flow techniques. Moreover, this approach allows the deter-
mination of binding constants and limiting rates of flavin
reduction for the analogue being investigated as outlined by
Strickland et al. (11) and applied previously to MAO A by
Ramsay (9). Plots of 1/kobs versus 1/[amine] are linear for
all of the analogues tested and exhibit finitey intercepts.
These properties demonstrate thatk2 . k3 andk3 . k4 (eq

FIGURE 1: Reductive titration of recombinant human liver MAO
A by p-chlorobenzylamine requires 1 mol of substrate (two electron
equivalents). MAO A (17.2µM, in enzyme buffer) was reduced
by successive additions of an anaerobic solution ofp-chloroben-
zylamine at 10.9°C. The visible absorbance spectrum of the enzyme
is shown after the addition of each aliquot (from top, in mole per
mole of enzyme-flavin, 0, 0.12, 0.24, 0.37, 0.49, 0.61, 0.73, 0.85,
1.03, 1.16) and after the addition of several crystals of sodium
dithionite (bottom spectrum). The inset shows a plot of the change
in absorbance at 456 nm as a function of the molar ratio of added
p-chlorobenzylamine to enzyme. The end point of the titration and
the absorbance reached after the addition of sodium dithionite are
shown.

Table 1: Steady State Kinetic Constants for the MAO A-Catalyzed
Oxidation of Para-Substituted Benzylamine Analoguesa

para
substituent

kcat(H)
(min-1) Dkcat

Km(H)
(µM)

Km(D)
(µM) D(kcat/Km)

H 2.54( 0.08 11.5( 0.6 1040( 150 1100( 120 12.1( 2.3
CF3 85.1( 1.7 8.1( 0.2 634( 55 881( 65 11.3( 1.3
Br 17.2( 0.5 9.6( 0.4 157( 21 157( 17 9.6( 1.7
Cl 15.2( 0.5 9.8( 0.4 231( 20 178( 30 7.5( 1.7
F 7.55( 0.38 8.2( 0.3 958( 110 1110( 80 9.5( 1.3
MeO 1.56( 0.03 12.9( 0.7 106( 8 80( 16 9.8( 2.2

a All measurements were conducted at 10.9°C in air-saturated
enzyme buffer.

Dkcat - 1
D(kcat/Km) - 1

) Km/Kd (2)
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3). Therefore,Ks ) k2/k1, and the limiting rate of enzyme
reduction (kred) is equivalent tok3 in eq 3 (11).

The limiting rates of reduction of the MAO A flavin cofactor
by 17 differentR,R-[1H] and 11R,R-[2H] para-substituted
benzylamine analogues were determined. Those analogues
not used in steady state kinetic experiments either were too
slow for convenient steady state analysis or did not lend
themselves to convenient spectral monitoring of initial rates.
The concentration of amine substrate was always at least
10-fold higher than that of the enzyme to ensure pseudo-
first-order kinetic behavior. Rates of flavin reduction (kobs)
were determined from the change in flavin absorbance at
450 nm.

The values ofkred determined for each benzylamine
analogue (Table 2) are found to be consistently lower than
their corresponding steady state turnover numbers (Table 1)
(the ratio ofkcat to kred is 2.1( 0.4). This behavior has been
observed previously by Ramsay et al. (14), who suggested
several possible explanations but provided no experimental
support for them. A reasonable source of this behavior might
be due to aggregation of the detergent-solubilized enzyme
at the higher concentrations of enzyme required for stopped
flow experiments. To investigate this possibility, the rate of
MAO A-catalyzed oxidation ofp-trifluoromethylbenzylamine
was determined as a function of enzyme concentration using
enzyme-monitored turnover techniques (Figure 2) (36). The
apparent rate ofp-trifluoromethylbenzylamine oxidation is
inversely correlated with enzyme concentration (Figure 2).
Extrapolation of the observed rate ofp-trifluoromethylben-
zylamine turnover to infinite enzyme dilution results in an
extrapolated turnover number (75-85 min-1) that is com-
parable to the steady state rate observed at enzyme concen-
trations of less than 1µM (85.1( 1.7 min-1). At an enzyme
concentration of 5µM, the turnover number calculated from

enzyme-monitored turnover experiments is comparable to
the limiting rate of flavin reduction observed in anaerobic
stopped flow reactions. To control for the systematic effect
of enzyme concentration on reaction rates, the concentration
of MAO A in all anaerobic stopped flow experiments was
maintained at 5µM.

A 50-fold range ofkred is observed with the substrate
analogues that were examined,p-methoxybenzylamine being
the slowest andp-trifluoromethylbenzylamine being the most
rapid (Table 2). TheKs values that were determined span a
more than 100-fold range with those analogues containing
large, bulky substituents binding to MAO A with the highest
affinity. These Ks values differ significantly from those
previously observed for MAO B, although the range of values
is similar.

Table 2: Effects of Para Substituents on the Rates of Flavin Reduction by Benzylamine Analogues and Their Respective Binding Affinities
with MAO A

para substituent kred(H) (min-1) kred(D) (min-1) Dkred Ks(H)a (µM) Ks(D)a (µM) Kd
e (µM) D(kred/Ks)

H 1.42( 0.20 0.16( 0.02 9.3( 1.2 18.1( 2.3 ND 16.8
CF3 40.1( 2.2 4.53( 0.30 8.9( 0.8 35.1( 1.8 42.6( 6.4 49 10.8( 1.9
Br 11.7( 0.6 1.53( 0.06 7.7( 0.5 2.54( 0.23 2.15( 0.36 4.0 6.5( 1.3
Cl 7.94( 0.30 0.90( 0.05 8.9( 0.6 6.28( 0.11 4.69( 0.41 4.4 6.6( 0.7
Me 3.11( 0.20 0.36( 0.02 8.6( 0.7 2.01( 0.21 ND 2.2
F 2.92( 0.20 0.33( 0.03 8.8( 0.9 17.9( 2.6 19.9( 3.9 19 9.8( 2.6
MeO 0.75( 0.06 <0.1 >8 0.91( 0.23 ND 0.54
EtO 1.73( 0.10 ND 1.45( 0.39 ND
NO2 12.4( 0.7 ND 69.9( 12.1 ND
N(CH3)2

b 2.43( 0.21 0.16( 0.06 11.6( 3.4 0.64( 0.15 ND
N(CH3)2

c 1.94( 0.04 0.17( 0.02 11.4( 1.4 0.43( 0.03 ND
CH(Me)2 1.95( 0.06 ND 1.28( 0.20 ND
CF3O 26.0( 0.8 3.68( 0.12 7.1( 0.3 9.39( 1.47 10.8( 1.4 8.1( 1.7
I 16.8( 0.3 2.88( 0.05 5.8( 0.2 1.59( 0.13 2.11( 0.16 7.7( 0.9
n-butyl 1.85( 0.03 ND 0.36( 0.02d ND
tert-butyl ∼0.1 ND 1.33( 0.01d ND
OH 3.44( 0.18 ND 7.84( 1.60 ND
acetyl 11.1( 0.4 ND 122( 14 ND

a Ks values are corrected for selective binding of the deprotonated amine according to eq 4b.b Rate of flavin reduction.c Rate of protonated
p-N,N-dimethylbenzylimine formation.d Values ofKi for the competitive inhibition ofp-trifluoromethylbenzylamine oxidation.e Values are calculated
from steady state kinetic isotope effect data in Table 1 as described by Klinman and Matthews (39) and eq 2. Data marked ND were not determined
due to the slow reaction rates of these substrates. All reactions were conducted at 10.9°C in air-saturated enzyme buffer.

E + S y\z
k1

k2
ESy\z

k3

k4
Ered-imine98

k5
Ered + imine (3)

FIGURE 2: Dependence of the turnover number of MAO A-
catalyzed oxidation ofp-trifluoromethylbenzylamine on enzyme
concentration. Reaction rates were determined at the indicated
concentrations of MAO A in enzyme buffer using enzyme-
monitored stopped flow turnover techniques. The substrate con-
centration is 5 mM (after mixing) in enzyme buffer, and O2 is
present at air saturation at 10.9°C (337µM). The inset shows the
time-dependent change in the visible absorbance of the MAO A
flavin cofactor. The concentration of MAO A is 16µM prior to
mixing with an equal volume of 10 mMp-trifluoromethylbenzyl-
amine.
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Effects ofR,R-Dideuteration of Benzylamine Analogues
on the ReductiVe Half-Reaction of MAO A.The kred values
observed withR,R-[2H]benzylamine analogues in anaerobic
stopped flow experiments exhibit large kinetic isotope effects
(Dkred ranges from 5.8 to 11.6) (Table 2), indicating that, in
agreement with the steady state data listed in Table 1,R-C-H
bond cleavage is significantly rate-limiting in catalysis. The
values ofD(kred/Ks) observed are similar to the corresponding
values ofDkred. The values ofDkred (combined primary and
secondary kinetic isotope effects) with MAO A are similar
in magnitude to those observed with bovine liver MAO B
(8). The magnitudes of these isotope effects suggest that the
values of kred reflect the intrinsic rate ofR-C-H bond
cleavage (40).

Absence of Detectable Spectral Intermediates in Rapid-
Scanning Stopped Flow Kinetic Traces. The use of a rapid-
scanning stopped flow apparatus allows the collection of
time-resolved absorption spectra during anaerobic reduction
of MAO A by R,R-[1H]- andR,R-[2H]-p-chlorobenzylamine
(Figure 4). Rapid-scanning spectral traces recorded at
saturating substrate concentrations reveal a monophasic
reduction of the FAD cofactor of MAO A (Figure 4). No
evidence for the formation of any spectrally detectable
intermediate (including the formation of either anionic or
neutral flavin semiquinone or a flavin 4a adduct) is observed.
Global fit analysis (37) of absorbance versus wavelength and
time showed that oxidized flavin is the only chromophore
undergoing a time-dependent change in absorbance (data not
shown). Thus, if a chromogenic intermediate is formed
during the reduction of MAO A, its concentration must be
less than 5% of the sum of the concentrations of oxidized
and reduced flavin to escape detection. These results are
consistent with rapid-scanning stopped flow experiments
previously reported for bovine liver MAO B (41).

QuantitatiVe Structure-ActiVity Relationships Describing
the Binding of Para-Substituted Benzylamine Analogues to
MAO A. Binding constants for the binding of para-substituted
benzylamine analogues to MAO A are shown in Tables 1
and 2. These includeKs values determined from anaerobic
stopped flow studies with para-substitutedR,R-[1H]- andR,R-
[2H]benzylamines as well asKd values calculated from steady
state isotope effect data (see eq 2 above). To understand

which substituent properties best describe the binding of these
substrates to MAO A, single and multiple variable linear
regression analyses were performed using the experimentally
determined binding constants (26). Binding data were fit to
single- and/or multiple-parameter variations of eq 1. Initial
statistical analysis of the MAO A binding data resulted in
poor correlations with any of the substituent parameters. It
should be noted that the determinedKd values were measured
at pH 7.5 where the protonated forms of the amine analogues
predominate. Since MAO A and MAO B have been
suggested to bind only the deprotonated form of the substrate
(42, 43), a correction of the observed binding constants to
reflect the concentration of the deprotonated amine and also
the influence of the substituent on the amine pKa appeared
to be necessary. The pKa values of several para-substituted
benzylamine analogues have been measured and exhibit a
linear correlation of pKa with σ and a negativeF value (44):

This relationship allows the calculation of pKa values for
substituted benzylamine analogues whose pKa values have
not been experimentally determined. These considerations
were used to calculate the dissociation constants of each
deprotonated benzylamine analogue with MAO A using the
following equation:

Corrected binding constants for each para-substituted ben-
zylamine analogue used in this study are shown in Table 2.

Linear regression analysis using the pKa-corrected values
of Ks, Kd, andKi results in two essentially parallel correlations
of log Kd with the van der Waals volume (Vw) of the para
substituent (Figure 5). Note that the values ofVw are scaled
by a factor of 0.1 to make their values have magnitudes

FIGURE 3: Dependence of the observed rate of anaerobic MAO A
flavin reduction onR,R-[2H]-p-chlorobenzylamine concentration.
Apparent rates were measured at 10.9°C, and all solutions were
made using enzyme buffer. Rate values are the average of at least
four separate determinations and are shown as the mean( the
standard error. Data were fit using a nonlinear least-squares method
to the equationy ) ax/(b + x) (11). The inset shows reciprocal
plots of rate dependence on amine concentration. Data were fit by
a linear least-squares regression analysis. FIGURE 4: Rapid-scanning stopped flow spectral properties of the

time course of the anaerobic reduction of MAO A (25µM) with
R,R-[2H]-p-chlorobenzylamine (200µM) in enzyme buffer. Reac-
tions were conducted at 10.9°C. Spectra were recorded at a rate
of one per second using an OLIS-RSM1000 rapid-scanning stopped
flow spectrophotometer.

pKa ) -1.03((0.07)σ + 9.31((0.02)
F1,9 ) 226 r ) 0.98 (4a)

Kd(corrected))
Kd(observed)

1 + antilog(pKa - pH)
(4b)
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similar to those of the other substituent parameters. Most
substituents (12) lie on a single line (Figure 5A, slope of
-0.45( 0.05, correlation coefficient of 0.90). Four substit-
uents (p-tert-butyl, p-trifluoromethoxy,p-trifluoromethyl, and
p-nitrobenzylamine) exhibit anomalous behavior and could
be grouped into a separate (“anomalous binding”) curve
(Figure 5B, slope of-0.60 ( 0.11, correlation coefficient
of 0.93). Onlyp-acetylbenzylamine was not within a reason-
able range of either curve and was not included in the binding
analysis. The binding correlation of the anomalous substit-
uents shown in Figure 5B represents only four substituents
and is, therefore, less reliable than the correlation shown in
Figure 5A. The slopes of the two correlations are identical
within experimental error, suggesting the two plots reflect
the same influence of para substituent on substrate binding
affinity. A rationale for the presence of two separate binding
correlations that differ only in the order of magnitude of the
binding constants is not immediately apparent, although
possible explanations are discussed below.

A statistical analysis of the substrate dissociation constant
correlations is shown in Table 3. Correlations of MAO A
binding data did not include the electronic substituent
parameter (σ), since it is used in the calculation of amine
pKa values (eq 4a). The only single-parameter regression that
shows a meaningful correlation with the substrate binding
data is the van der Waals volume (Vw) of the substituent.
For most of the substituents (Figure 5A), the regression
analysis of logKd with Vw exhibits a statistically high
correlation with anF1,21 value of 85 and a confidence level

of >99.99%. For the four anomalous binding substituents
shown in Figure 5B, the regression analysis for seven
determinations exhibited anF1,6 value of 31 and a confidence
level of>99.7%. All other single-parameter correlations with
the binding data exhibit poorer statistical correlations.
Inclusion of the hydrophobic substituent parameter (π) or
other parameters in the regression analysis of the data
depicted in Figure 5A did not improve the statistical
correlation. Not enough substituent data comprised the
correlation in Figure 5B to justify inclusion of a second
parameter. The similarity of the coefficient values for the
correlations observed in both substituent groups suggests that
the van der Waals volume is the best descriptor of benzyl-
amine binding interactions in MAO A. The best mathematical
description of the binding of the para-substituted benzylamine
analogues (Figure 5A) to MAO A is

The binding of the four anomalous substituents (Figure 5B)
to MAO A is best described by the equation

Effect of the Para Substituent on the Rates of Steady State
TurnoVer and FlaVin Reduction.Although the values ofkcat

and kred from Tables 1 and 2 likely reflect the same rate-
limiting step in catalysis, the effect of enzyme concentration
on reaction rate (Figure 2) results inkred values that are 2-fold
smaller thankcat values. This difference requires that stopped
flow and steady state rate data be analyzed separately.

FIGURE 5: Correlations of the extent of binding of para-substituted
benzylamines to MAO A with the van der Waals volume (Vw) of
the para substituent. (A) Correlation of logKd with Vw. Values of
Kd are for R,R-diprotiobenzylamines (9) and R,R-dideuterioben-
zylamines (b), with Ki constants from competitive inhibition of
p-trifluoromethylbenzylamine oxidation (2) and Kd values from
steady state isotope effects (1) (ref 39 and eq 2). (B) Correlation
of log Kd of anomalous binding benzylamine analogues withVw.
Symbols are as described for panel A.

Table 3: Correlations of the Binding Affinities (Ks or Kd) of
Deprotonated Para-Substituted Benzylamines for MAO A with
Steric, Electronic, and Hydrophobic Substituent Parametersa

parameter
correlation

(slope) y-intercept
correlation
coefficient Fc significanced

Kd (12 substituents; lower curve in Figure 3)
Es

e 0.67( 0.18 -4.8( 0.2 0.65 13 0.002
Vw 0.45( 0.05 -4.8( 0.1 0.90 85 <0.0001
π -0.38( 0.18 -5.3( 0.1 0.41 4.3 0.05
π + Vw 0.13( 0.11 -4.8( 0.1 0.90 44 <0.0001

-0.49( 0.06
π + Es

e -0.06( 0.29 -4.8( 0.2 0.65 6.2 0.0094
0.61( 0.36

Kd
b (4 substituents; upper curve in Figure 3)

Vw -0.55( 0.1 -3.5( 0.3 0.93 30 0.0030
π -0.75( 0.21 -4.1( 0.2 0.84 12 0.018

a Ks values used in linear regression analysis were obtained from
protio- and dideuteriobenzylamine analogues (Table 2).Kd values were
calculated from the steady state isotope effects (Table 1) as described
by Klinman and Matthews (39) and eq 2. All values are corrected to
reflect the selective binding of deprotonated amine to the enzyme (42,
43) and eq 4b. Correlations with the substituent electronic parameter
(σ) were not determined due to its use in calculating amine pKa values
(eq 4a).b Correlations derived from four anomalous binding substituents
(seven measurements). Correlations withEs are not shown due to the
lack of reliableEs values for several substituents.c The F value is a
statistical term relating the residuals of each point to the fitted line to
the residuals of each point to the mean value.F is weighted for the
number or variables in the correlation and the number of data points.
A higherF indicates a better fit.d The significance is calculated from
the F value and represents the fractional chance that the derived
correlation is meaningless.e Correlations do not includep-N,N-(di-
methylamino)- orp-ethoxybenzylamine due to the lack of reliableEs

values for these substituents.

log Kd ) -0.45((0.05)Vw - 4.8((0.1) (5)

log Kd ) -0.60((0.11)Vw - 3.3((0.3) (6)
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Linear regression analysis of the rate of anaerobic flavin
reduction (kred) was conducted using a set of 16 substrate
analogues. Twelve of these analogues exhibit a strong
correlation of the rate of flavin reduction with the electronic
substituent parameter (σ). The slope of this correlation (F
value) is 1.8( 0.3 (correlation coefficient of 0.89, Figure
6A), indicating that electron-withdrawing substituents in-
crease the rate of flavin reduction. The remaining four
benzylamine analogues [p-nitro-, p-(dimethylamino)-, p-
acetyl-, andp-hydroxybenzylamine] also exhibit a correlation
of flavin reduction rates withσ. TheF value observed with
these four anomalous-behaving substituents is 0.50( 0.04
(correlation coefficient of 0.99, Figure 6B). In both cases,σ
is the only single-substituent parameter that exhibits a strong
correlation with reductive half-reaction rates of MAO A. The
anomalous-behaving benzylamine analogues (Figure 6B) are
unique in that these para substituents can serve asπ-electron
donors or acceptors. The influence of resonance stabilization
may explain the different magnitudes of theF values. This
idea will be discussed further in a later section.

Linear regression analysis of logkcat as a function of
substituent parameter shows a positive correlation withσ (F
) 1.9( 0.4, correlation coefficient of 0.90, Figure 6C) and
also with the steric parameterEs (Table 4). Two parameter
correlations of logkcat values with both parameters improved
the statistics of the correlation (Table 4) over other one- or

two-parameter correlations. The significance of the steric
contribution to the rate correlation is not observed in
correlations of the rate of flavin reduction, and for the
analogues used in steady state experiments (Table 1), a
significant cross-correlation betweenσ and Es substituent
parameters is observed. These considerations make inclusion
of the Es parameter, as a predictor for influencing the rate
of MAO A reduction, somewhat tenuous, whereas the
electronic parameter of the substituent as a predictor is found
in all analyses.

Analysis of the limiting rates of MAO A flavin reduction
by nineR,R-[2H] para-substituted benzylamine analogues and
correlation with theσ substituent parameter results in aF
value of 2.2( 0.4 with a correlation coefficient of 0.90
(Figure 6A, lower plot). A similarF value of 2.1( 0.5 was
observed in correlations of the steady state oxidation rate of
the deuterated substrate analogues (Figure 6C, lower plot).

The similarity of the F values with both protio and
dideuterio substrates (panels A and C of Figure 6) (2.2 and
1.8, respectively) suggestsR-C-H bond cleavage is the rate-
limiting step in catalysis. Furthermore, this similarity suggests
that the values for the deuterium kinetic isotope effects on
kcat andkred are independent of substituent identity.

Equations describing the steady state and stopped flow
rates of flavin reduction byR,R-[1H] para-substituted ben-
zylamine analogues (not including the four anomalous
substituents) are

The same equations forR,R-[2H] para-substituted benzyl-
amine analogues are

The rate of flavin reduction by the four anomalous substrates

FIGURE 6: Correlation of steady state rates of MAO A turnover or
anaerobic rates of MAO A flavin reduction with the substituent
electronic parameter (σ). (A) Anaerobic rates of MAO A flavin
reduction (kred) by R,R-[1H] (9) or R,R-[2H] para-substituted
benzylamines (2). (B) Anaerobic rates of MAO A flavin reduction
by anomalous-behaving benzylamine analogues. (C) Steady state
rates (kcat) with R,R-[1H] (9) or R,R-[2H] para-substituted benzyl-
amines (2).

Table 4: Correlations of the Steady State Rate of MAO A
Oxidation of Para-Substituted Benzylamines (kcat) and the Limiting
Rate of Flavin Reduction by Para-Substituted Benzylamines (kred)
with Steric, Hydrophobic, and Electronic Substituent Parametersa

parameter
correlation

(slope) y-intercept
correlation
coefficient F significance

kcat(7 substituents)
Es -0.66( 0.16 0.32( 0.19 0.88 18 0.0086
Vw 0.28( 0.34 0.60( 0.49 0.35 0.7 0.45
σ 1.89( 0.40 0.79( 0.11 0.90 23 0.005
π 0.66( 0.63 0.58( 0.42 0.42 1.1 0.35
σ + Es 1.19( 0.31 0.50( 0.11 0.98 39 0.002

-0.37( 0.11

kred(12 substituents)
Es

b -0.48( 0.21 0.06( 0.3 0.63 5.3 0.050
Vw -0.04( 0.15 0.75( 0.35 0.09 0.07 0.79
σ 2.01( 0.25 0.57( 0.06 0.93 63 <0.0001
π 0.056( 0.31 0.62( 0.31 0.06 0.03 0.86

kred
b (5 anomalous substituents)

Vw -0.14( 0.20 0.98( 0.48 0.37 0.48 0.54
σ 0.50( 0.04 0.74( 0.03 0.99 170 0.001
π -0.56( 0.44 0.54( 0.19 0.60 1.7 0.29

a Values of kcat and kred are from Tables 1 and 2, respectively.
b Correlations withEs reflect only the substrates for which reliableEs

values are available.

log kred ) 2.01((0.25)σ + 0.57((0.06) (7)

log kcat ) 1.89((0.40)σ + 0.79((0.11) (8)

log kred ) 2.19((0.41)σ - 0.4((0.1) (9)

log kcat ) 2.14((0.45)σ - 0.3((0.1) (10)
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is best described by

DISCUSSION

Structure-ActiVity Relationships Describing the Binding
of Para-Substituted Benzylamine Analogues to MAO A. The
binding affinities of para-substituted benzylamine analogues
for MAO A are governed by the van der Waals volume (Vw)
of the substituent. Increasing substituent size results in tighter
binding to the enzyme. Correction of dissociation constants
to reflect the concentration of deprotonated amine present
at the pH of the kinetic measurements (eq 4b) significantly
improved all MAO A binding correlations. This provides
further support for the selective binding of the deprotonated
amine to the enzyme as originally proposed by McEwen et
al. (42, 43).

This correlation suggests that the enzyme contains a large
binding pocket situated around the para position of the bound
substrate and is consistent with the known specificity of
MAO A for substrates with large aromatic ring systems such
as serotonin. The finding of two separate binding correlations
(eqs 5 and 6) with similar dependence uponVw (Figure 5) is
best explained by additional interactions of the para substit-
uents with the enzyme binding site in addition to the steric
effects. The properties of three of the substituents (NO2, CF3,
and CF3O) would suggest the formation of hydrogen bonds
which would have a negative influence on binding affinity.
However, this argument cannot be applied to thetert-butyl
group.

Walker and Edmondson have conducted a similar QSAR
analysis on MAO B with a smaller set of para- and meta-
substituted benzylamines (8). Binding interactions of the
para-substituted benzylamine analogues with MAO B can
be described as follows (8):

MAO B QSAR data indicate that the binding of this class
of substrate analogues to MAO B is tighter with smaller,
more hydrophobic substituents. This correlation required no
correction ofKd values for the concentrations of deprotonated
amine. After recalculation of all MAO BKd values using eq
4b, correlation with the hydrophobicity parameter (π) was
statistically less significant, but still showed hydrophobicity
to be the principal determinant of binding affinity (not
shown).

Structure-ActiVity Relationships Describing the Rate of
MAO A FlaVin Reduction by Para-Substituted Benzylamine
Analogues. For structure-activity relationships to be mecha-
nistically interpretable, the measured rates must reflect the
rate of C-H bond cleavage. Furthermore, this step is required
to be rate-limiting with all of the benzylamine analogues that
were tested. The observation of similarly large kinetic isotope
effects for all the benzylamines that were tested suggests
thatR-C-H bond cleavage is rate-limiting under both steady
state and stopped flow conditions with MAO A as found
previously with MAO B (8).

Analysis of MAO A rate QSAR was complicated by
aggregation of the enzyme at concentrations above 1µM
(Figure 2). Although this effect precluded simultaneous

analysis of steady state and reductive half-reaction data,
similar correlations were obtained when the data were
analyzed separately. Both the steady state rates and the
limiting rates of flavin reduction exhibit a positive correlation
with the electronic parameter (σ). A small negative contribu-
tion of the Taft steric parameter (Es) observed in steady state
rate correlations is not considered significant due to cross-
correlations between subsets of substituent parameters.
Correlations of MAO Akcat and/orkred rates (excluding the
four anomalous substituents) withσ show a positiveF value
of approximately 2.0 for bothR,R-[1H]- and R,R-[2H]-
benzylamine analogues, indicating electron-withdrawing sub-
stituents significantly enhance the rate ofR-C-H bond
cleavage. The increase in reaction rate is facilitated by
delocalization of electron density into the benzene ring,
suggesting that negative charge develops at theR-carbon in
the transition state. Negative charge development in the
transition state is consistent with a proton abstraction
mechanism in MAO A catalysis forR-C-H bond cleavage.
This result is markedly different from that observed previ-
ously with bovine liver MAO B, in which no contribution
of σ to the reaction rate is observed (8).

The rationale for the smallerF values observed in rate
correlations with the four substituents (Figure 6B) which did
not fit with the majority of the substituents (Figure 6A) can
be explained by consideration of the resonance properties
of these substituents. Hammettσ substituent constants
represent the sum of two separate and not necessarily equal
electronic components. These include a field-inductive
component that describes polarizations that occur in both
through-bond and through-solvent space, and a resonance
component that describes the delocalization of electron
density throughπ orbital interactions (23, 45). Thus,σp can
be considered in the following manner:

whereF′ is the field-inductive component,R′ is the resonance
component, andR is a factor whose value is empirically
determined to be near unity (23). Reanalysis of the MAO A
rate data usingF′ andR′ in place ofσ reveals correlations
that may explain the behavior of the anomalous substituents.

Correlations of logkred (excluding the four anomalous
substituents, i.e., Figure 6A) andkcat (Figure 6C) withF′
and R′ show an equal contribution of field-inductive and
resonance effects (Table 5):

In contrast, correlation of the four anomalous-behaving
substituents (Figure 6B) with field-inductive and resonance
parameters shows that contributions from the resonance
factor (R′) are more dominant than field-inductive (F′)
effects. Single-parameter fits withR′ are superior to fits with
eitherF′ alone orR′ andF′ combined (Table 5):

log kred ) 0.50((0.04)σ + 0.74((0.03) (11)

log Kd ) -1.10((0.01)π + 0.17((0.05)Vw -
3.61((0.08) (12)

σp ) RF′ + R′ (13)

log kred ) 1.95((0.34)R′ + 2.07((0.36)F′ +
0.54((0.13) F2,9 ) 28 r ) 0.93 (14)

log kcat ) 1.91((0.53)R′ + 1.88((0.63)F′ +
0.80((0.21) F2,4 ) 9.0 r ) 0.90 (15)

log kred ) 0.64((0.04)R′ + 0.97((0.03) (16)
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Field-inductive and resonance parameters have been used
to analyze reaction rate data obtained with aromatic amine
dehydrogenase (29). The rate of reduction of aromatic amine
dehydrogenase by para-substituted benzylamine analogues
showed no significant correlation with the substituent
electronic parameter (σ). However, a strong correlation of
reaction rate with the field-inductive component (F′) of σ
was observed. Different contributions of field-inductive and
resonance effects in MAO A catalysis likely account for the
different F values observed with the principal analogues
shown in Figure 6A and the anomalous-behaving analogues
shown in Figure 6B. Despite the difference in the magnitude
of F, both rate correlations show that electron-withdrawing
groups enhance the rate ofR-C-H bond cleavage of MAO
A in catalysis.

Mechanistic Interpretation of Spectroscopic and QSAR
Results.Anaerobic reduction of MAO A with substrate
(Figure 1) and titration with the irreversible inhibitor
clorgyline clearly show that the stoichiometry of the MAO
A reduction is 1 mol of substrate per mole of enzyme active
centers. Since the oxidation of substrate is a two-electron
process and reduction of the flavin a two-electron process,
there is no reason to postulate the necessity of additional
redox-active groups for catalysis. Although a dithionite-
reducible disulfide may be present in MAO A (32), these
data show it is not involved in catalysis. Rapid-scanning
stopped flow spectroscopy (Figure 4) demonstrates that no
detectable spectral intermediates are observed during the
anaerobic reduction of MAO A as observed previously with
bovine liver MAO B (41).

Results of the QSAR analysis provide further insight into
the mechanism of MAO A. The magnitudes and signs ofF
values have been used as indicators of the mechanism of
C-H bond cleavage in other enzymatic systems. Hartman

and Klinman observed aF value of 1.5 from correlations of
calculated rates of cofactor reduction in bovine serum amine
oxidase with the electronic substituent parameterσ (27),
consistent with a proton abstraction mechanism in this
quinoprotein. Mechanisms involving suspected hydride
transfers, such as that ofD-amino acid oxidase ofTrigonopsis
Variabilis (30) and L-lactate oxidase (31), exhibit negative
F values.

The large positiveF value (2.0) observed for the oxidation
of para-substituted benzylamine analogues by MAO A
strongly supports a proton abstraction mechanism ofR-C-H
bond cleavage and thus rules out any mechanisms involving
hydride transfer or hydrogen atom abstraction. Two of the
proposed mechanisms for MAO catalysis, the aminium cation
radical mechanism (Scheme 2) (15) or the polar nucleophilic
mechanism shown in Scheme 3 (17, 18), both involve proton
abstraction steps, and therefore, either mechanism is sup-
ported by the observation of a positiveF value. The failure
to observe spectral evidence for intermediates such as a flavin
radical or a flavin 4a adduct also does not provide a means
for discriminating between these two mechanistic possibilities
since these intermediates may form at a concentration that
is too low for them to be spectrally observable.

If the aminium cation radical mechanism (Scheme 2) is
operative in MAO A catalysis, electronic (σ) effects might
be observed on both the amininium radical formation and
the rate-limitingR-C-H bond cleavage. In model studies
of N,N-dimethylbenzylamine oxidation by one-electron
oxidizing agents such as alkaline ferricyanide (46) or chlorine
dioxide (47-49), the rate-limiting step is electron abstraction
from the amine nitrogen and is characterized by negativeF
values of unity. Proton transfer from theR-carbon of a
positively charged aminium radical to produce a resonance
structure with no net charge would be consistent with a
positiveF value. A positive value ofF (1.7) is observed for
the rate-limiting proton transfer fromN,N-dimethylaniline
cation radicals to acetate anion in acetonitrile (50).

Although an aminium cation radical mechanism is con-
sistent with the observation of a positiveF value, this
mechanism raises several other concerns regarding its
validity. The major problem is the identity of the one-electron
oxidant on the enzyme required to generate the aminium
cation radical. The thermodynamic improbability of a ground
state flavin (Em ∼ -0.2 to 0 V) as the oxidant for a primary
amine (Em ) 1.5 V) has previously been emphasized (8).
Additionally, the failure to observe any flavin semiquinone
during rapid-scanning or single-wavelength stopped flow
experiments with MAO B (8, 41) or MAO A (Figure 4)
where C-H bond cleavage is rate-limiting is in accord with
this prediction. The possibility of a protein-bound semi-
quinone being the oxidizing species has been considered (20,
22). However, no detectable EPR signals are found in either
purified recombinant MAO A or purified recombinant MAO
B (P. A. Newton-Vinson, R. K. Nandigama, and D. E.
Edmondson, unpublished data). Thus, the absence of an
identifiable one-electron oxidant on either MAO A or MAO
B capable of performing the initial single-electron oxidation
of the amine substrate makes the aminium cation radical
mechanism, in our opinion, improbable.

The polar nucleophilic mechanism depicted in Scheme 3
(17) relies on the electrophilicity of the oxidized flavin 4a
position (51). Model reactions ofN(5)-ethyllumiflavinium

Table 5: Correlations of the Steady State Rate of MAO A
Oxidation of Para-Substituted Benzylamines (kcat) and the Limiting
Rate of Flavin Reduction by Para-Substituted Benzylamines (kred)
with Field-Inductive (F′) and Resonance (R′) Electronic Parametersa

parameter
correlation

(slope) y-intercept
correlation
coefficient F significance

kred
b (12 substituents)

F′ 1.77( 0.73 0.21( 0.23 0.61 5.9 0.036
R′ 1.65( 0.69 1.01( 0.20 0.60 5.7 0.038
F′ + R′ 2.07( 0.36 0.54( 0.13 0.93 28.4 0.0001

1.95( 0.34
σ 2.01( 0.25 0.57( 0.06 0.93 62.6 <0.0001

kred
c (4 anomolous substituents)d

F′ 1.53( 0.18 0.18( 0.22 0.83 6.7 0.081
R′ 0.64( 0.04 0.97( 0.03 0.99 213 0.0007
F′ + R′ 0.22( 0.20 0.87( 0.10 0.99 114 0.009

0.58( 0.07
σ 0.50( 0.04 0.74( 0.03 0.99 170 0.001

kcat (7 substituents)
F′ 1.36( 1.13 0.57( 0.38 0.48 1.5 0.28
R′ 1.56( 0.83 1.27( 0.24 0.64 3.5 0.12
F′ + R′ 1.87( 0.63 0.80( 0.22 0.90 9.0 0.0331

1.91( 0.53
σ 1.89( 0.40 0.79( 0.11 0.90 22.5 0.0052

a Correlations ofkcat and kred utilize data from Tables 1 and 2,
respectively.b Correlations ofkreddetermined for benzylamine analogues
which exhibit a F value of 1.8 (Figure 6A).c Correlations ofkred

determined for benzylamine analogues which exhibit aF value of 1.9
(Figure 6C).d Two data points are available forp-N,N-dimethylami-
nobenzylamine from the anaerobic rates of flavin reduction and
protonated imine product formation.
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salts with para-substituted benzylamine analogues suggest
that the rate of benzylamine-flavin 4a adduct formation is
faster than the rate ofR-C-H bond cleavage (19). Electron-
withdrawing para substituents were observed to increase the
limiting rate of aldimine formation (F ) 0.8), consistent with
negative charge development duringR-C-H bond cleavage
(19). However, several kinetic and chemical observations are
inconsistent with this mechanism (Scheme 3). The absence
of any spectroscopically detectable flavin 4a adduct (Figure
4) in either MAO A or MAO B is of concern since it must
be formed prior to the rate-limiting C-H bond cleavage step
(Scheme 3). A second prediction of the polar group transfer
mechanism in Scheme 3 is that a smaller apparent kinetic
isotope effect should be observed on the rate of flavin
bleaching relative to that observed in steady state measure-
ments. The loss of oxidized flavin absorbance in reductive
half-reaction experiments should be a composite of amine-
flavin 4a adduct formation (no kinetic isotope effect) and
flavin reduction (large kinetic isotope effect). The steady state
and stopped flow kinetic isotope effect data (Tables 1 and
2, respectively) show nearly identical values over a broad
range of rates. Similarly, the observed kinetic isotope effects
on the rate of flavin reduction byp-N,N-dimethylaminoben-
zylamine and the formation of the protonated imine product
(λmax ) 390 nm) (2) are identical (Table 2). These results
do not support the formation of any significant levels of
flavin 4a adducts in the MAO A-catalyzed oxidation of this
substrate class. An additional concern with the mechanism
depicted in Scheme 3 is the identity of the base responsible
for abstracting the benzyl proton from the flavin 4a adduct.
The pKa of this benzylic proton [∼30-35 in benzylamine
(52), perhaps lower in a 4a adduct] is higher than that of
known amino acid bases. Furthermore, the large isotope
effects observed onR-C-H bond cleavage suggest that the
difference in the pKa values between theR-methylene proton
and the H acceptor is small (53), arguing against an amino
acid residue as a participating base.

A reformulation of the mechanism shown in Scheme 3
that is more consistent with the kinetic and spectroscopic
data is proposed in Scheme 4. Formation of a flavin 4a
adduct is proposed to occur as shown in Scheme 3. The
formation of this 4a-alkylated isoalloxazine ring leads to a
very strong base at N(5) of the flavin with a pKa that is
expected to be in the range of anilines (pKa of ∼30) (54).
Thus, a concerted transfer of the benzyl proton to N(5) of
the 4a-alkyl flavin should be facilitated. Following this
concerted addition-R-C-H bond cleavage reaction, elimina-
tion would occur, producing the experimentally observed
protonated imine product (data not shown) and the reduced
flavin cofactor which is reoxidized by O2. This reformulation
of the polar nucleophilic mechanism would be in agreement
with most existing model and enzymatic mechanistic data
and is amenable to further experimental verification.

Comparison of MAO A and MAO B QSAR Results.The
influence of para substitution on rates of flavin reduction
differ significantly for MAO A and MAO B. The rates of
bovine liver MAO B oxidation of para-substituted benzyl-
amine analogues are influenced mainly by the Taft steric
parameter (Es) (8) with no observable dependence on the
electronic parameter (σ). In contrast, MAO A oxidation rates
for the same class of substrate analogues exhibit a strong
dependence on the electron-withdrawing properties of the

para substituent. This difference in behavior between two
similar enzymes whose sequences are 71% identical and
whose cofactor structures are identical is, to our knowledge,
unprecedented. The possibility that the two enzymes function
by differing mechanisms ofR-C-H bond cleavage cannot
be ruled out but is considered unlikely. This situation presents
a clear distinction between the two enzymes and also presents
a test of the utility of structure-activity relations as probes
of enzyme mechanisms.

Possibile explanations for this differential behavior are
presented below which may provide tests for future inves-
tigations. One possibility is that the two enzymes differ in
the extent of H+ abstraction in the transition state for the
mechanism shown in Scheme 2. In the case of MAO B, H+

abstraction from the cation radical would occur early in the
transition state and the negative charge formation on the
benzyl would be offset by the positive charge genetated on
the amine nitrogen so that the benzyl carbon would possess
mostly radical character. The situation with MAO A could
be explained by H+ abstraction later in the transition state
such that the negative charge development on the benzyl
carbon would be more sensitive to the nature of the para
substituent. This scenario, of course, is dependent on the
demonstration that the cation radical mechanism is operative
in MAO catalysis which is considered unlikely in the absence
of an identifiable one-electron oxidant for the amine.

Another possible explanation for the observed difference
in rate QSAR is that the configuration of benzylamine
analogues bound to MAO B may not facilitate the overlap
of the π-orbitals of the benzene ring with the developing
π-orbital of theR-C-H bond being broken. If this situation
occurs, stabilization of the developing negative charge
density on the benzyl carbon would be unaffected by the
electronic effects transmitted through the aromatic ring,
resulting in the observation of a small or nearly zeroF value
(Figure 7). An example of this situation in a nonenzymatic

Scheme 4: Proposed Concerted Polar Nucleophilic
Mechanism for MAO A Catalysis
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system has been provided by Bordwell et al. (55). Consistent
with this hypothesis is theabsenceof substituent electronic
effects on thebinding of benzylamine analogues to bovine
liver MAO B (8), whereas they are present in the case of
MAO A (see eq 4b and the discussion above). In contrast to
the absence of electronic effects in the binding of benzyl-
amine analogues to MAO B, QSAR studies of the binding
of the competitive inhibitors (N,N-dimethylbenzylamine and
R-methylbenzylamine) to this enzyme demonstrate the
participation of para electronic effects on amine deprotona-
tion in facilitating the binding affinities (56). Presumably,
these benzylamine analogues are bound to the enzyme in a
manner where steric effects do not influence the transmission
of electronic effects to the benzyl carbon from the aryl para
position. These considerations suggest the steric alignment
of the aryl ring and the alkylamine moieties in MAO
B-bound benzylamine analogues either reduces or eliminates
the electronic influence of para substituents.

The distinction between these two alternative requires more
definitive experimental approaches. Not only are there clear
differences between the two enzymes that may be important
for future drug development, but this work should also serve
as a guide to other workers using QSAR approaches as a
mechanistic probe in enzyme systems. Care should be taken
in mechanistic interpretations of systems that exhibit an
absence of substituent electronic effects on rate.
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