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ABSTRACT: The structure and mechanism of human monoamine oxidase B (MAO B) inhibition by
hydrazines are investigated and compared with data on human monoamine oxidase A (MAO A). The
inhibition properties of phenylethylhydrazine, benzylhydrazine, and phenylhydrazine are compared for
both enzymes. Benzylhydrazine is bound more tightly to MAO B than to MAO A, and phenylhydrazine
is bound weakly by either enzyme. Phenylethylhydrazine stoichiometrically reduces the covalent FAD
moieties of MAO A and of MAO B. Molecular oxygen is required for the inhibition reactions, and the
level of O, consumption for phenylethylhydrazine is 6—7-fold higher with either MAO A or MAO B
than for the corresponding reactions with benzylhydrazine or phenylhydrazine. Mass spectral analysis of
either inhibited enzyme shows the major product is a single covalent addition of the hydrazine arylalkyl
group, although lower levels of dialkylated species are detected. Absorption and mass spectral data of the
inhibited enzymes show that the FAD is the major site of alkylation. The three-dimensional (2.3 A)
structures of phenylethylhydrazine- and benzylhydrazine-inhibited MAO B show that alkylation occurs
at the N(5) position on the re face of the covalent flavin with loss of the hydrazyl nitrogens. A mechanistic
scheme is proposed to account for these data, which involves enzyme-catalyzed conversion of the hydrazine
to the diazene. From literature data on the reactivities of diazenes, O, then reacts with the bound diazene
to form an alkyl radical, N, and superoxide anion. The bound arylalkyl radical reacts with the N(5) of the
flavin, while the dissociated diazene reacts nonspecifically with the enzyme through arylalkylradicals.

Of the current six FDA-approved monoamine oxidase
(MAO)' inhibitors, one of the original clinically used
compounds is phenylethylhydrazine (phenelzine) (/). The
original discovery of hydrazines as effective MAO inhibitors
by Zeller (2) came from the observation that TB patients
receiving isoniazid therapy experienced mood elevation, and
thus, phenylethylhydrazine was developed for use as a MAO
inhibitor (MAO-I) for the treatment of depression. Although
still clinically available, the side effects of phenylethylhy-
drazine inhibition of MAO included hypertension resulting
from the ingestion of foods that contain high levels of
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tyramine that later became well-known as the cheese effect.
Early studies found that phenylethylhydrazine inhibition of
MADO is irreversible and that both MAO A and MAO B are
inhibited, suggesting little specificity for the action of the
drug. Subsequent work reported that other arylalkylhydra-
zines such as phenylhydrazine and benzylhydrazine are also
irreversible inhibitors of MAO (3).

The mode of irreversible MAO inhibition involves cova-
lent modification of the flavin coenzyme since the visible
absorption spectrum of hydrazine-inhibited MAO resembles
that of a reduced flavin chromophore that is not reoxidized
by exposure to molecular oxygen. Similar properties on
inhibition are also shown by the bacterial amine oxidizing
enzyme (trimethylamine dehydrogenase) (4). Nagy et al. (4)
found that incubation of FMN with phenylhydrazine in the
dark for a number of days led to the formation of an alkyl
flavin with spectral properties of flavin hydroquinone, which
they assigned to be a flavin C(4a) phenyl adduct on the basis
of UV—vis absorption data, mass spectral, and infrared
spectral data (Scheme 1). Kim et al. (5) demonstrated that
phenylhydrazine or benzylhydrazine form 4a alkyl adducts
with the model N(5)-ethyllumiflavinium perchlorate system.
These results have led to the general assumption in the
literature that MAO A or MAO B inhibition is a result of
alkylation of the flavin (4a) position by the hydrazine with
an apparent loss of molecular nitrogen from the hydrazyl
moiety since no evidence is apparent that the hydrazine
functionality remains intact on inhibition (6). The alkylation
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Scheme 1: Proposed Structure of Flavin C(4a) Adduct
formed on Reaction of FMN with Phenylhydrazine (from
Nagy et al. (4))
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of a coenzyme by arylalkylhydrazines is markedly similar
to the results from Ortiz de Montellano’s laboratory who
showed that phenylethylhydrazine inhibition of cytochrome
P450 results in heme alkylation by an apparent radical
mechanism (7). Fitzpatrick and Villafranca (8) demonstrated
that benzylhydrazine inhibition of dopamine 3-monooxyge-
nase is a radical process with alkylation of an unknown
amino acid residue presumably at the active site.

With the development of expression systems to provide
human MAO B and MAO A in high yields (9, /0) and the
determination of the crystal structures of both enzymes
(11, 12), it was of interest to investigate in more detail the
structures and mechanisms of MAO A and B inhibition by
arylalkylhydrazines. Since hydrazines are known to undergo
radical chemistry, this approach might also serve to further
probe possible radical mechanisms in the active sites of these
enzymes since the mechanism of amine oxidation in catalysis
is still a controversial topic on whether catalysis occurs via
an amininium cation radical mechanism (/3), a hydride
transfer reaction (/4, 15), or a polar nucleophilic mechanism
(16). The availability of pure human MAO A (/0) and of
pure human MAO B (9) allow comparative studies on the
interaction of either enzyme with the arylalkylhydrazines and
a more definitive molecular understanding of the specificity
of phenelzine when administered to the human. These
comparative studies are reported in this article as well as
the three-dimensional structures of human MAO B after
inhibition with phenylethylhydrazine and with benzylhydra-
zine. The results show that both enzymes are inhibited by
similar mechanisms and that O, is required for inhibition
but that differing affinities are exhibited from comparisons
of data obtained with phenylethylhydrazine, benzylhydrazine,
and phenylhydrazine. The structure of the inhibited forms
of MAO B show irreversible alkylation to occur specifically
at the flavin ring N(5) position.
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MATERIALS AND METHODS

Materials. All amine substrates used in this study were
either purchased from Sigma-Aldrich at the highest purity
available (>98%) or synthesized and characterized as
described previously (/7). The arylalkylhydrazines including
phenylethylhydrazine, p-bromophenylhydrazine, benzylhy-
drazine, and phenylhydrazine were purchased from Sigma-
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Aldrich and used without further purification. All hydrazine
solutions and reaction solutions were prepared in buffers
containing 1 mM EDTA to minimize trace metal catalyzed
oxidation by atmospheric oxygen. The MAO substrate
1-methyl-4-(1-methyl-1H-pyrrol-2-yl)-1,2,3,6-tetrahydropy-
ridine (MMTP) (/8) was a generous gift from Dr. Neal
Castignoli, Department of Chemistry, Virginia Tech University.

Expression and Purification of Human Monoamine Oxi-
dases. Recombinant human liver MAO A and MAO B were
expressed in the methylotrophic yeast Pichia pastoris and
purified as described previously (9, 10).

Steady-State Enzyme Assays. Steady-state kinetic studies
were performed spectrophotometrically using a Perkin-Elmer
Lambda 2 UV—vis spectrophotometer. The oxygen concen-
tration in all assays was at air saturation (~240 uM). MAO
A kinetic assays were carried out in 50 mM potassium
phosphate buffer (pH 7.5) containing 0.5% (w/v) reduced
Triton X-100 following the oxidation of 1 mM kynuramine
by the change in absorbance at 316 nm (product 4-hydrox-
yquinone absorbance, Ae = 12,000 M~! cm™!) (19) with
time. One unit activity of MAO A is defined as the amount
of enzyme that is able to catalyze the formation of 1 yumol
of 4-hydroxyquinone per minute. MAO B kinetic assays were
carried out in either 50 mM HEPES or phosphate buffers
(pH 7.5) containing 0.5% (w/v) reduced Triton X-100. MAO
B activity was determined following the oxidation of
benzylamine (3 mM) from the change in absorbance at 250
nm (product benzylaldehyde absorbance, Ae = 11,800 M™!
cm™!) with time. One unit activity of MAO B was defined
as the amount of enzyme that is able to catalyze the formation
of 1 umol benzaldehyde per minute. All kinetic data were
analyzed using Microcal Origin software on a PC. Activity
data with MAO A using p-CFs-benzylamine or MMTP gave
results identical to those observed with kynuramine. Simi-
larly, activity assays with MAO B using either kynuramine
or MMTP as substrates gave results identical with those
observed with benzylamine.

Oxygen Uptake Experiments. Oxygen uptake experiments
were determined polarographically using an YSI model 53
oxygen electrode system with its output connected to a
Nicolet 4094 digital oscilloscope. A fabricated 3 mL water-
jacketed cell accommodated the electrode with continuous
stirring. The changes in O, concentration in solution are then
digitally recorded for subsequent analysis.

UV—Vis Spectroscopic Experiments. All UV—vis spectral
studies of MAO A and MAO B were carried out on a Cary
50 UV —vis spectrophotometer. Anaerobic spectral experi-
ments were carried out under an Ar atmosphere using a
quartz cuvettes fabricated as described previously (20).

Analytical HPLC and Mass Spectral Analysis. The MAO
A and MAO B samples were desalted prior to mass spectral
measurements on intact protein using a microbore RP-HPLC
consisting of a Model 140A solvent delivery system and a
Model 1000S diode-array UV detector (PE-Biosystems,
Foster City, CA). Electrospray ionization mass spectral
measurements were performed using a Model API3000 triple
quadrupole mass spectrometer (PE-Sciex, Foster City, CA)
equipped with the MicrolonSpray electrospray source. MAO
A and MAO B were inactivated with 10—100-fold molar
excesses of hydrazine analogues at room temperature (MAO
B) or on ice (MAO A). After inactivation, flavin peptides
were prepared for analysis by the following procedure. The
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enzyme (~2.5 nmol) was precipitated with 5% (w/v)
trichloroacetic acid, the pellet washed with water, and
resuspended in 0.1 M ammonium bicarbonate. Chymotrypsin
(5 ng) and trypsin (5 ug) were added to the suspension, and
the samples were digested in dark for 15 h at 37 °C. A C2
reversed-phase extraction column (Alltech) was equilibrated
with 3 mL of aqueous methanol and 1 mL of 50 mM
ammonium bicarbonate prior to sample introduction. The
column was sequentially washed with 1 mL of 50 mM
ammonium bicarbonate, 1 mL of HPLC-grade water, and 1
mL of 5% (v/v) aqueous methanol. The flavin peptide was
eluted with 5% (v/v) aqueous methanol, concentrated in a
Speedvac, and analyzed by ESI-MS using precursor ion
scanning set to detect the mass of the phosphate ion (due to
the pyrophosphate moiety) in the FAD-containing peptide.

X-ray Crystallography. Purified human MAO B was
incubated for 3 h with 2 mM inhibitor (either benzylhydra-
zine or phenyethylhydrazine) in the presence of | mM EDTA
and complete bleaching of the protein sample was followed
by UV —vis spectroscopy. Crystallization experiments were
performed following published protocols (27), and colorless
crystals grew in one week. X-ray diffraction data were
collected at the beam-lines ID14-EH1 and ID14-EH2 of
European Synchrotron Radiation Facility in Grenoble. For
data collection, crystals were transferred into a mother liquor
solution containing 2 mM inhibitor, 18% (v/v) glycerol, and
flash-cooled in a stream of gaseous nitrogen at 100 K. Data
processing and scaling (Table 4) were performed using
MOSFLM (22) and programs of the CCP4 package (23).
The structure of MAO B in complex with isatin (27) after
removal of all water and inhibitor atoms was used as initial
model and unbiased 2Fo — Fc and Fo — Fc maps allowed
to unambiguously model the inhibitors (Figure 6). Crystal-
lographic refinements (Table 5) were performed with Ref-
mac5 (24) and WARP (25), manual rebuilding was done with
Coot (26). Tight noncrystallographic symmetry restraints
were applied throughout the refinement calculations. Struc-
tural figures were produced by using Bobscript (27) and
Raster3d (28).

RESULTS

Rates and Binding Parameters for MAO A and MAO B
Inhibition. Incubation of purified preparations of human
MAO A or MAO B with the hydrazines used in this work
(phenylethylhydrazine, benzylhydrazine, or phenylhydrazine)
result in the irreversible inhibition of either enzyme. Previous
studies by Yu and Tipton (29) have shown that phenyleth-
ylhydrazine functions as a competitive inhibitor for benzyl-
amine oxidation by rat liver mitochondrial MAO. Indeed,
phenylethylhydrazine also functions as a competitive inhibi-
tor for human MAO A and for human MAO B with K; values
in the micromolar region (Table 1). Benzylhydrazine also is
a reasonable competitive inhibitor (K; = 26 uM) for MAO
B but a very poor inhibitor (K; ~ 2 mM) of MAO A.
Phenylhydrazine is bound poorly by either MAO A or by
MAO B as judged by the hydrazine concentration required
to observe competitive inhibition for either enzyme.

To further investigate the relative interactions of these
arylalkylhydrazines with MAO A and MAO B, the concen-
tration dependencies for the rates of inactivation of the
enzymes were determined and analyzed by Kitz—Wilson

Binda et al.

plots (30) of the data (Table 1). Phenylethylhydrazine is
bound to and inactivates MAO A approximately 6-fold more
strongly than MAO B as judged from relative values of Kinacd/
Kinaee values. It is of interest that the level of MAO B
inactivation by phenylethylhydrazine approached 50% even
at a 1 mM concentration, whereas MAO A is completely
inhibited at concentrations ~200 uM. Benzylhydrazine
interacts with MAO B 16-fold more strongly than with MAO
A, and either enzyme is completely inhibited by benzylhy-
drazine at concentrations ~150 uM. Phenylhydrazine inter-
acts with MAO A with a slightly higher affinity (~2-fold)
than with MAO B. Phenylhydrazine completely inactivates
MAO B at a concentration of 350 uM while MAO A requires
concentrations ~1 mM for complete inhibition.

It is of interest to compare the relative values of K; with
that of Kin: sShown in Table 1. There is reasonable agreement
given that K; values were determined at 25 °C, while Kipac
data were determined at 15 °C. The reason for the lower
temperature used in the inactivation experiments is due to
the instability of purified human MAO A to incubation at
25 °C, while it is stable at 15 °C over the time span required
for the experiments (/6). The largest deviation in values
occurs with MAO B with phenylethylhydrazine (~8-fold).
These data suggest that Ky, is not a simple binding constant
for phenylethylhydrazine binding to MAO B but that other
reversible steps are required in the inactivation process. The
reason these steps are not apparent with the other examples
may result from the magnitudes of relative rate constants. It
is known from the work in Tipton’s (29) and in Hellerman’s
laboratories (3) that MAO catalyzes the oxidation of phe-
nylethylhydrazine to form the hydrazone as well as the
diazene and therefore the enzyme catalyzed oxidation of
hydrazines can be viewed as mechanism-based inhibition.

Stoichiometries of MAO Interaction with Hydrazine Ana-
logues. Since phenylethylhydrazine functions as the best
MAO A inhibitor, it was of interest to probe the stoichiom-
etry of enzyme bound flavin reduction and whether inactiva-
tion occurred under anaerobic conditions. The data in Figure
1 show spectral changes resulting from an anaerobic titration
of MAO A with phenylethylhydrazine. The spectral changes
are consistent with the 2-electron reduction of the enzyme
bound flavin to its hydroquinone form without any observable
intermediate stable semiquinone formation. A plot of the
changes in absorbance with molar ratio of the hydrazine to
enzyme ratio demonstrates a 1:1 molar stoichiometry for the
process. Removal of an aliquot of enzyme under anaerobic
conditions and assaying the enzyme shows >95% retention
of catalytic activity after the titration (which required over
an hour to complete). These results demonstrate the require-
ment for O, in the inactivation process, which is consistent
with enzyme-catalyzed turnover as a component of the
inactivation process. Similar results are observed in parallel
experiments performed with MAO B (data not shown).

To further investigate this process, the stoichiometry of
O, uptake was determined for the inactivation of MAO A
and for MAO B with each of the hydrazines under investiga-
tion. The data in Figures 2 and 3 show that the addition of
an arylalkylhydrazine to a solution of MAO A or of MAO
B results in the consumption of O, to a level dependent on
the concentration of enzyme and differed with the identity
of hydrazine used. The level of O, consumed before the
reaction ceases arises either from the reduction of the O,
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FIGURE 1: UV—vis absorption spectra of purified recombinant
human liver MAO A (40 uM) in 50 mM potassium phosphate buffer
at pH 7.5 with 0.5% (w/v) reduced Triton X-100 after a series of
anaerobic addition of phenylethylhydrazine solution. Each spectral
trace is after the addition of 10 4L of anaerobic hydrazine solution
(400 uM). EDTA (1 mM) is included in both the enzyme and
inhibitor buffers. The inset shows the plot of absorbance changes
at Auso nm as a function of the molar ratio of hydrazine to enzyme
FAD.

260 -
240
220
200
180
160 -
140
120
100
80
60 -
:g" 250 pM Phenylethylhydrazine + 5.0 uM MAO A

0 T T T T T M T T T T T T T T T T L 1
0 20 40 60 80 100 120 140 160 180 200

Time (s)

FIGURE 2: Effect of MAO A concentration on the level of O,
consumption in the presence of 250 M phenylethylhydrazine in
50 mM potassium phosphate, ] mM EDTA, and 0.5% (w/v) reduced
Triton X-100 at 25 °C.
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concentration by catalytic turnover or from inhibition of
enzyme activity.

For either MAO A or for MAO B, a stoichiometry of
~36—40 mol of O, per mol of enzyme-FAD (E-FAD) is
required before the reaction ceases. After an initial brief lag
phase (the observed lag phase is a result of the response time
of the electrode), the rate of O, uptake follows a pseudo
first-order kinetic behavior, which could be fit with a limiting
rate constant of 1.7 min~! (rates determined at differing
phenylethylhydrazine concentrations with a constant [O,] of
240 uM); a rate approximately double that of the limiting
rate of inactivation. The rate of O, consumption for benzyl-
hydrazine incubation with MAO A is estimated to be ~1
min~! and that for phenylhydrazine (at 5 mM concentration)
is 0.09 min~! (Table 2). The low binding affinities of MAO
A for either benzylhydrazine or for phenylhydrazine pre-
cluded definitive determinations of the respective limiting
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FIGURE 3: Comparisons of rates and extents of O, consumption on
the addition of 500 uM phenylhydrazine, 500 M benzylhydrazine,
or 500 uM phenylethylhydrazine (final concentrations) to solutions
of 5 uM MAO B in 50 mM potassium phosphate, ] mM EDTA,
and 0.5% (w/v) reduced Triton X-100 at 25 °C.

Table 1: Comparison of MAO A and MAO B K; Values and Limiting
Rates of Inactivation and K Inactivation with Selected
Arylalkylhydrazines

Kinact/ Kinact
Ki M)  Kingert @M)? Kinger (min™H? (M~ '-min~")
phenylethylhydrazine
MAO A 47+£2 50£1 0.90 &+ 0.01 18
MAOB 15+£2 128 £2 0.43 £ 0.03 3
benzylhydrazine
MAO A 2096 £258 1950 £ 60 3.1£0.1 1.6
MAOB 26+£1 484+24 1.28 +£0.03 26
phenylhydrazine
MAO A 205+4 523 £ 64 0.10 £ 0.01 0.2
MAO B ND¢ 791 £135 0.34 £ 0.05 0.4

“ Determined from competitive inhibition data of substrate oxidation
at 25 °C. ®Determined from Kitz—Wilson plots of the hydrazine
concentration dependence on rates in enzyme inhibition at 15 °C. “ No
detectable competitive inhibition was observed up to a hydrazine con-
centration of 100 uM.

Table 2: Comparison of Stoichiometries and Rates of O, Consumption
on MAO Inactivation

moles O, consumed/ rate of O, uptake during

mol E-FAD inactivation (min ~')
phenylethylhydrazine

MAO A 35—-40 1.7

MAO B 35—-40 1.4
benzylhydrazine

MAO A 8 1.0

MAO B 6 1.7
phenylhydrazine

MAO A 7 0.1

MAO B 7 0.7

rates for these hydrazines. In both cases, the rates of O,
uptake were similar to the respective rates of kine (Table
1). The stoichiometries of O, uptake for benzylhydrazine (8
moles O,/ mole E-FAD and phenylhydrazine (7 mol O/mol
E-FAD) are considerably lower for MAO A or MAO B
(Table 2) than is observed with phenylethylhydrazine. These
data demonstrate that phenylethylhydrazine interaction with
MAO A or MAO B undergoes a considerable number of
catalytic turnovers before enzyme inactivation. In the case
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FIGURE 4: Absorption spectra of MAO A (including intermediate spectra during the inhibition reaction) (A) and MAO B (B) after inhibition
with phenylethylhydrazine. The enzymes are dissolved in 50 mM potassium phosphate at pH 7.5 containing 0.5% (w/v) reduced Triton

X-100.

of benzylhydrazine or phenylhydrazine, the ratio of catalytic
turnovers to inactivation events is considerably smaller.

The stoichiometries of O, consumption for MAO B closely
parallel the results obtained for MAO A. A molar stoichio-
metry of >90 mol of O, are consumed before the enzyme is
inactivated by phenylethylhydrazine (Table 2) and 6 and 7
mol, respectively, for benzylhydrazine and phenylhydrazine
inactivation. The relative estimated rate constants for O,
uptake for the three hydrazine analogues are slightly faster
than the observed ki, rates shown in Table 1 and faster
than those observed for MAO A (Table 2).

Visible Absorption Spectral Changes in MAO A and in
MAO B on Hydrazine Inhibition. Previous studies published
from the Hellerman (3) and Singer (4) laboratories showed
that hydrazine inhibition of bovine MAO B resulted in
irreversible spectral changes in the flavin absorption region
of the spectrum, which has been attributed to alkylation of
the C(4a) position of the flavin ring (Scheme 1) (4). The
spectral data in Figure 4B show that MAO B inactivation
by phenylethylhydrazine results in alterations of the enzyme
bound flavin as the spectral change in which the flavin 450
nm region is nearly completely bleached to resemble that of
an alkylated flavin. Similar experiments with MAO A (Figure
4A) result in essentially identical spectral data leading to
inhibited enzyme samples exhibiting spectral characteristics
of covalently modified flavins since no return of the oxidized
spectra or catalytic activities are observed on dialysis or gel
filtration of the inhibited enzymes.

Mass Spectral Analysis of Hydrazine-Inhibited MAO A and
MAO B. Previous results from Hellerman’s laboratory (3)
and from Singer’s laboratory (4) using '*C labeled phenyl-
hydrazine with bovine MAO B suggested a stoichiometry
higher than 1:1 for covalent binding to the enzyme. Patek
and Hellerman (3) measured a stoichiometry of 1.4 mol of
phenyl ring/mol of enzyme subunit, which has been also
observed by Kenney et al. for bovine liver MAO B (6). One
explanation for this apparent stoichiometry is the lability of
phenylhydrazines in aerobic aqueous solutions and the
relatively high concentrations required for MAO B inhibition
(see Table 1). Previous results from this laboratory have
demonstrated that the high resolution mass spectrometry of
MAO A or of MAO B can readily resolve differences in
molecular weight due to the incorporation of small molecular
weight molecules as small as N-ethymaleimide modification
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FIGURE 5: Electrospray mass spectrum of MAO B after inhibition
by benzylhydrazine and by phenylethylhydrazine. The mass at
59,475 Da is that of the unmodified enzyme, 59, 574 Da is MAO
B with one arylalkyl group from benzylhydrazine, and 59,668 Da
is that of MAO B containing two arylalkyl groups of benzylhy-
drazine. The level of multialkylation is much lower for the
phenylethylhydrazine-treated sample.

of thiol groups (37). Therefore, to monitor the stoichiometries
of hydrazine analogue covalent modification of MAO A or
MAO B, the inhibited enzymes were analyzed by high
resolution mass spectrometry. The representative data are
shown in Figure 5 and summarized in Table 3. The mass of
purified MAO B (59,475 4+ 8 Da) increases on inhibition
with benzylhydrazine to a mass of 59,574 + 28 Da). These
data show an increased mass of 99 & 10 Da as compared to
an expected increase of mass of 91 Da if only the arylalkyl
portion of benzylhydrazine is covalently incorporated. An-
other species (of lower amount) with a mass of 59,668 is
probably due to the incorporation of a second benzyl species.
Mass spectral results with phenylethylhydrazine inhibited
MAO B show an increase in mass from 59,475 &+ 14 Da to
a mass of 59,568 4+ 10 Da on inhibition with little or no
detectable levels of multialkylated enzyme species (Figure
5). Minor levels of higher mass species are observed with
phenylhydrazine inactivated samples (data not shown), which
suggests some nonenzymatic modification of the enzymes
resulting from the instability of high concentrations of
phenylhydrazine in aerobic aqueous solutions and probably
accounts for the >1.0 stoichiometries observed in previous
studies (3, 5).
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FIGURE 6: Structures of MAO B flavin adducts formed after inhibition with phenylethylhydrazine (A) and after inhibition with benzylhydrazine

(B).

Table 3: Electrospray Mass Spectrometry of MAO A and MAO B after
Inhibition by Selected Arylalkylhydrazines

Table 5: Crystallographic Data Collection and Refinement Statistics for
Inhibited MAO B Crystals

calculated  difference

observed mass (Da) mass (Da)® (da)
MAO A 60,518 + 8 60,510 2
phenyhydrazine 60,617 £ 35 60,587 30
benzylhydrazine 60,599 + 12 60,601 -2
phenylethylhydrazine 60,611 + 10 60,615 —4
MAO B 59,475 + 14 59,458 17
phenylhydrazine 59,551 £23 59,535 16
benzylhydrazine 59,576 + 28 59,549 27
phenylethylhydrazine 59,568 £ 10 59,563 5

“Calculated mass included the enzyme sequence, N-terminal
acetylation, the covalent FAD moiety, and the incorporation of a single
arylalkyl moiety from the respective hydrazine used in the experiment.

Table 4: Mass Spectroscopic Mass Determinations of MAO A and
MAO B Flavin Pentapeptides after Arylalkylhydrazine Inhibition”

observed mass

major peak calculated mass
(minor peak) thioether (sulfone)
no inhibition 1269.0 1269.0 (1285.0)
MAO A
phenylethylhydrazine 1391.4 1374.4 (1390.4)

phenylhydrazine
p-Br-phenylhydrazine”

phenylethylhydrazine
phenylhydrazine

p-Br-phenylhydrazine”

not detected
1425.1 (1442.1)
1427.1 (1444.1)

MAO B

1391.4 (1374.9)
1346.8 (1363.1)

1425.2 (1442.1).

1427.1 (1444.1)

1347.2 (1363.2)
1425.0 (1441.8)
1426.8 (1443.5)

1374.4 (1390.4)
1347.2 (1363.2)

1425.0 (1441.8)
1426.8 (1443.5)

“ All masses determined using Precursor Ion Phosphate monitoring of
tryptic/Chymotrytic FAD pentapeptides before and after enzyme
inhibition with the indicated hydrazine analogue. ” The two masses
indicated are for the two natural isotopic abundance masses of the
para-bromo substituent which serves as an internal control for the
intactness of the arylalkyl moiety of the hydrazine analogue.

Mass spectral studies were also employed to define the
probable site of alkylation as the covalent flavin moiety of
the enzyme. Using precursor ion scanning MS/MS on tryptic/
chymotryptic digests of purified inactivated enzymes, a
higher level of mass resolution is achieved to verify the mass
increase due to the covalent alkylating species. Precursor ion
scanning MS (monitoring peptide masses by detection of
phosphate mass) allows for the specific detection of the FAD
peptide species in the presence of other peptides by its
phosphate content since no other phosphate groups are found
in the purified enzymes. The results in Table 4 show that,
for both MAO A and MAO B, the site of alkylation is the
flavin peptide and that the alkylating species is the arylalkyl
group of the respective hydrazine analogue. Therefore, in

benzylhydrazine phenylethylhydrazine
space group C222 C222
unit cell (A) a=1324 a=1309
b = 2239 b =2229
c=2873 c =864
resolution (A) 2.4 2.3
Roym®,” (%) 8.5 (11.6) 11.3 (45.4)
completeness” (%) 92.1 (85.4) 98.3 (99.8)
unique reflections 46,894 55,095
redundancy 53 3.6
I/o" 16.4 (5.0) 11.8 (2.8)
no. of atoms. protein/ 8017/2 x 7/289 8017/2 x 8/438
ligand/water
average B value for 21.0 219
ligand atoms (A2)
Reryst” (%) 18.7 20.0
Riiee” (%) 234 24.6
rms bond length (A) 0.012 0.012
rms bond angles (°) 1.29 1.28

“Rym = 2| — (DI/XL, where I; is the intensity of i observation,
and (I) is the mean intensity of the reflection. ” Values in parentheses
are for reflections in the highest resolution shell. “ Reys = S| Fobs —
Feael/Z|Fobs] where Fops and Feye are the observed and calculated
structure factor amplitudes, respectively. Reryse and Riee Were calculated
using the working and test sets, respectively.

all cases, the nitrogenous hydrazine moiety is released,
leaving only the alkyl group. Of interest is the finding that
the thioether linked flavin peptide is susceptible to oxidation
to the sulfoxide as indicated by a mixture of thioether and
thioether + 16 mass units resulting from the incorporation
of 1 oxygen atom. In the case of the phenylethylhydra-
zine flavin peptide, the major peak observed is at the
sulfoxide oxidation level. Since no precautions are taken to
exclude O, from the enzyme on proteolytic digestion and
peptide preparation, the oxidation of the labile thioether
moiety to the sulfoxide is not surprising.

The phenylhydrazine flavin adduct of the MAO A flavin
peptide was not detectable for unknown reasons, although
it is observable with the MAO B sample. As an alternative,
a p-bromophenylhydrazine inhibited sample was analyzed
to serve as an internal control for the intactness of the aryl
ring since the two natural isotopes of Br (79 and 81; each
with approximately 50% abundance) would be observed if
the intact arylalkyl group is the substituent on the flavin
(Table 3).

X-ray Structural Studies of Inhibited MAO B. The mass
spectral studies on both intact proteins and on the respective
flavin peptides of MAOA and MAO B demonstrate that
inhibition of either enzyme occurs by a single covalent
modification of the flavin coenzyme by the alkyl group of
the hydrazine. These data, however, do not answer the
question as to what site on the flavin ring is modified or
other structural details associated with enzyme inhibition.
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FIGURE 7: Structures of the active site amino acids about the phenylethyl N(5) adduct of MAO B (A) and the benzyl N(5) adduct of MAO

B (B).

Since MAO B is more amenable to crystallization and the
crystals diffract to a higher resolution (27) than that observed
for MAO A (/2), enzyme samples inhibited with phenyl-
ethylhydrazine and with benzylhydrazine were subjected to
crystallization and their respective structures determined to
2.3 A resolution. Attempts were made to determine the
structure of phenylhydrazine inhibited MAO B, however, no
clear electron density of the bound inhibitor could be
observed. We do not have an explanation for these observa-
tions, although they may reflect incomplete binding or low
occupancy. The determined structures show only a single
covalent modification of the enzyme with either hydrazine
analogue. Analysis of the structure of the modified covalent
flavin moiety of MAO B shows that the flavin N(5) position
is the site for flavin alkylation with either phenylethylhy-
drazine or with benzylhydrazine (Figure 6 A and B). In both
structures, the modification occurs at the re face of the flavin
ring, and the tricyclic ring is in a bent conformation (~30°
from planarity) as observed in all other MAO B structures
(24). The structural data clearly demonstrate that the
nitrogenous hydrazine moieties are absent and that inactiva-
tion involves elimination of the nitrogens for either analogue.

The structures in Figure 7 show the interactions of the
phenyl rings of the N(5) alkyl groups with amino acid
residues in the active site of MAO B. In both structures, the
phenyl ring of the adduct is in a perpendicular conformation
to the flavin ring and have parallel z-interactions with Tyr398
and Tyr435, which constitute the aromatic cage in front of
the flavin ring (32, 33). In both structures, the conformation
of the I1e199 gate separating the entrance cavity from the
substrate cavity (34) is in an open conformation (Figure 7).

DISCUSSION

Inhibition Requires Catalytic Turnover. The data presented
here provide additional confirmation that phenylethylhydra-
zine functions as substrate for either MAO A or for MAO
B and that benzylhydrazine functions as a substrate for MAO
B. Evidence to support this conclusion is the reduction of
either enzyme by 1 mol of hydrazine/mol of E-FAD under
anaerobic conditions without detectable inactivation. These
results are in agreement with previous studies by Yu and
Tipton (29) who found that incubation of rat MAO with
phenylethylhydrazine resulted in the formation of phenylac-
etaldehyde, which is derived from hydrolysis of the hydra-
zone product of enzyme oxidation. 2’-Deuteration of the

phenylethyl side chain results in measurable kinetic isotope
effects (°V~3) demonstrating C—H bond cleavage in the
reaction catalyzed. The potentiation of enzyme inhibition by
2’-deuteration of phenylethylhydrazine suggests that N—H
bond cleavage to form the diazene is involved in the
inhibition reaction, and 2’C—H bond cleavage is a turnover
reaction in competition to the inhibition reaction (Scheme
2). The stoichiometries of O, uptake show that benzylhy-
drazine and phenylhydrazine exhibit fewer catalytic turnovers
per inactivation event than does phenylethylhydrazine. The
data presented here also support the view that enzyme
catalyzed N—H bond cleavage occurs with all three hydra-
zines (with either MAO A or MAO B) to form their
respective diazenes, which are involved in the inhibition
reaction. The bond dissociation energy of the hydrazine N—H
bond is similar to that of a benzyl C—H bond (35), and thus,
MAO A or MAO B can cleave either moiety.

Enzyme Alkylation Leading to Irreversible Inhibition. Mass
spectral data on either MAO A or on MAO B inactivated
with phenylethylhydrazine and with phenylhydrazine dem-
onstrate that the majority of enzyme is alkylated in a 1:1
stoichiometry. Smaller levels of enzyme with additional alkyl
groups are observed, although the levels are much lower than
the singly alkylated enzyme and difficult to quantify by mass
spectrometry. Mass spectral analysis of the flavin peptides
show that the flavin is monoalkylated with all hydrazines
tested with either MAO A or MAO B. The mixture of flavin
peptide peaks differing in mass by 16 is most likely due to
the oxidation of the 8a-thioether linkage to the sulfoxide
since the peptide is exposed to oxygen during denaturation
and proteolyzis. Previous experience in this laboratory with
8o-S-cysteinyl flavins and flavin peptides has shown them
to be readily oxidized to the 8a-sulfoxides under conditions
required for proteolytic digestion of the enzymes. While the
mass spectral data definitively demonstrate flavin alkylation
by a single alkyl group of the hydrazine, these data do not
allow assignment of the site of alkylation of the flavin ring
and the testing of the proposal of Nagy et al. (4) that
hydrazine alkylation of the flavin occurs at the C(4a) position
of the flavin ring. It is well-known from the work of Walker
et al. (36) that model N(5) alkyl flavins can isomerize to the
more stable C(4a) alkylflavins. Such isomerization might
occur during the time and conditions required for proteolysis
of the alkyl flavin peptide for mass spectral analysis. The
X-ray structural data on MAO B inactivated either with
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Scheme 2: Reaction Schemes for MAO A or MAO B Oxidation of and Inhibition by Phenylethylhydrazine®
INHIBITION REACTION SCHEME

NH,

HT/ N/
_CH, _CH,
MAO AorB
N-H bond
cleavage
Phenylethylhydrazine
(or Benzylhydrazine) Diazene Intermediate

C-H bond cleavage

MAO A or B N

NH,

© +0,”"+N,

Flavin N(5) Alkylation

H,C H,C
Ej hydrolysis © + H,0, + Hydrazine

Hydrazone Intermediate

Aldehyde Product

CATALYTIC TURNOVER SCHEME

“The top scheme denotes the inactivation reaction, and the bottom scheme denotes the pathway for catalytic turnover.

phenylethylhydrazine or with benzylhydrazine demonstrate
unequivocally that the site of flavin alkylation on the enzyme
is at the N(5) position. The assignment by Nagy et al. (4)
for a flavin C(4a) adduct on long-term incubation of FMN
with phenylhydrazine probably is the result of the isomer-
ization reaction discussed above (36). The structural data also
show that the hydrazine nitrogens are lost during the
inactivation event, thereby leaving a reactive alkyl group
available for flavin modification. As observed with other
MAO B irreversible inhibitors that react with the flavin N(5)
position (32), the flavin ring conformation remains in its
(~30°) bent state, identical with the conformation in oxidized
enzyme crystallized with noncovalent inhibitors. Given the
similar reactivity and mass spectral data on the reaction of
MAO A with these hydrazines, we also conclude that the
flavin site for alkylation in MAO A is also at the N(5)
position.

Possible Mechanism of Inhibition. The data in this article
as well as in a number of other earlier studies of hydrazine
inhibition of MAO are consistent with the view that the initial
step in the inactivation mechanism is the enzyme catalyzed
cleavage of the hydrazine N—H bond to form the diazene
(Scheme 2). This reaction results in the formation of the 2e-
reduced flavin enzyme in complex with the diazene. Oxygen
then reacts with the reduced enzyme to form H,O, and
oxidized flavin. A number of studies have shown that
diazenes are very reactive entities and that they react very
rapidly with oxygen to form superoxide anion, N,, and the
alkyl radical (37, 38). Alkyl radicals are very reactive with
amino acid side chains (39), and therefore, one might expect
to observe alkylated sites on the enzyme in addition to the
flavin in the event that the diazene product dissociates from

the enzyme to some degree prior to its reaction with O,.
This might account for the low levels of multiple alkylated
enzyme species observed in the mass spectra of intact
hydrazine inhibited enzyme. ESR spin trapping experiments
using conditions as described previously (7) were performed
to determine if there was any formation of alkyl radicals or
oxygen radicals in solution during hydrazine inactivation of
either MAO A or MAO B. Only trace levels of alkyl radicals
were observed with signal intensities identical to that
exhibited by control solutions of hydrazines in the absence
of enzymes. The diffraction data on inhibited MAO B
crystals showed no evidence for any alkylation sites other
than the flavin. Therefore, if any diazene is released from
the active site, it is probably at too low a level to be readily
detectable.

We propose that the diazene formed as a result of the
MAUO catalyzed oxidation of the hydrazine moiety remains
in the catalytic site and reacts with O, to form N, O,~, and
the arylalkyl radical. Once formed, the alkyl radical could
readily react with the flavin N(5) to form an N(5) alkylated
species, which should be in its radical form with spectral
properties of a neutral flavin semiquinone. No spectral
evidence has been found for the formation of such a species,
and therefore, an electron donor (possibly the O,™) could
donate an electron to form the diamagnetic N(5) alkyl flavin.
The fact that 6—8 mol of O, are required for each inactivation
event with benzyl or phenylhydrazine suggests that at least
4—5 catalytic turnovers occur before enzyme alkylation
occurs. The efficiency of enzyme inactivation relative to
catalytic turnover is expected to be determined by the ratio
of the rate of diazene release from the active site to its rate
of reaction with O, while bound. Given that MAO A and
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MAO B exhibit similar stoichiometries of O, consumption
per inactivation event, these relative rates must be quite
similar for the two enzymes. Preliminary experiments using
the Y435F mutant of MAO B (33) show an O, stoichiometry
of ~8 with phenylethylhydrazine rather than the value of
~40 observed with WT enzyme. The lower activity of this
MAO B mutant (33) is consistent with the above discussion
and is consistent with the finding that slowing catalysis by
deuteration potentiates the rate of inactivation (29).

Relevance to Proposed Mechanisms of MAO Catalysis. It
is of interest to note that biological hydrazine inhibition is
observed most frequently with hemoproteins and metallo-
proteins such as Cu-dependent dopamine S-monooxygenase
(8) or ribonucleotide reductase (40). Hydrazines are also well-
known inhibitors of the quinoproteins by forming hydrazones
with the carbonyl moieties of these TPQ-type cofactors (47).
It is therefore of interest to ask the question as to how many
flavoenzymes are irreversibly inhibited by the hydrazine class
of compounds. On review of the literature, only the amine
oxidases and amine dehydrogenases appear to be susceptible
to hydrazine inhibition (at least by formation of an alkyl
flavin adduct). No information has been published as to
whether flavoenzymes such as D-amino acid oxidase are
inhibited when exposed to compounds containing a hydrazine
moiety. This situation may reflect the current view that the
amino acid oxidases function by a hydride transfer mechan-
ism (/4, 15) and that there is no chemical precedent for a
hydride abstraction from a hydrazyl moiety. The hydrazine
hydrogens are acidic and proton abstraction would be the
preferred mechanism for hydrogen removal. In the case of
metalloenzymes, radical chemistry for hydrazine oxidation
has been shown (/5) as the Em value for 1-electron oxidation
of hydrazines in the range of +250 to +500 mV (40). In
the case of MAO, the measured 1-electron potentials for the
flavin center is ~+40 mV (42) and therefore not a strong
enough oxidant for the 1-electron oxidation of the hydrazine.
The nucleophilicity of the terminal hydrazine N is greater
than that of an amine due to the a-effect (43), and therefore,
the most reasonable explanation for amine oxidase oxidation
of hydrazines to their diazene forms is via a polar nucleo-
philic mechanism proposed previously (/6) and recently
reviewed (44). Further work is required to determine the
detailed molecular mechanism of MAO catalyzed hydrazine
oxidation and flavin adduct formation. This work provides
a molecular framework for the design of detailed mechanistic
approaches to define these reactions.
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