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ABSTRACT. Current structural results of several flavin-dependent amine oxidizing enzymes including human
monoamine oxidases A and B (MAO A and MAO B) show aromatic amino acid residues oriented
approximately perpendicular to the flavin ring, suggesting a functional role in catalysis. In the case of
human MAO B, two tyrosyl residues (Y398 and Y435) are found in the substrate binding site mn the
face of the covalent flavin ring [Binda et al. (2002) Biol. Chem. 27,723973-23976]. To probe the
functional significance of this structure, Tyr435 in MAO B was mutated with the amino acids Phe, His,
Leu, or Trp, the mutant proteins expressedPinhia pastoris and purified to homogeneity. Each mutant
protein contains covalent FAD and exhibits a high level of catalytic functionality. No major alterations
in active site structures are detected on comparison of their respective crystal structures with that of WT
enzyme. The relativ&../Km values for each mutant enzyme show Y435r435F = Y435L = Y435H

> Y435W. A similar behavior is also observed with the membrane-bound forms of MAO A and MAO

B (MAO A Y444 mutant enzymes are found to be unstable on membrane extragtidityjobenzylamine

is found to be a poor substrate whpenitrophenethylamine is found to be a good substrate for all WT
and mutant forms of MAO B. Analysis of these kinetic and structural data suggests the function of the
“aromatic cage” in MAO to include a steric role in substrate binding and access to the flavin coenzyme
and to increase the nucleophilicity of the substrate amine moiety. These results are consistent with a
proposed polar nucleophilic mechanism for catalytic amine oxidation.

The recent structural elucidation of the recombinant human
outer mitochondrial membrane enzyme monoamine oxidase
B (MAO B)! (EC 1.4.3.4) demonstrates that its substrate

' Y435
binding site is composed of thre face of the isoalloxazine

Y398

ring of the covalent FAD coenzyme with two tyrosyl residues

(Y398 and Y435) occupying conformations approximately 57° 84°

perpendicular to the flavin rindlj. These two phenolic rings

are separated by 7.8 A and adopt a conformation with one :
another and with the flavin as shown in Figure 1. Other Flavin
flavin-dependent amine oxidases also contain aromatic amin

acid side chains in similar conformationg, (3). Maize (A) (B)

FiIGURE 1: Schematic representation of the “aromatic cage” in MAO
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Previous work from our laboratory) has shown that Phe Substrate Analoguesll benzylamine substrate analogues
substitutions of either of the two homologous tyrosyl residues were either purchased from Sigma-Aldrich at the highest
constituting a similar aromatic cage in human MAO A (Y407 purity commercially available or synthesized as described
and Y444) markedly influence its catalytic properties and (10). Amplex red, used to monitor 4@, production in
substrate specificitied). A recent report shows that Y430F peroxidase coupled assays, was purchased from Molecular
substitution of a component of the aromatic cage in murine Probes, Inc. (Eugene, OR). 1-Methyl-4-(1-methid-fiyrrol-
polyamine oxidase results in lowered catalytic activity 2-yl)-1,2,3,6-tetrahydropyridine (MMTP) was used in the
compared to WT enzymes). The structural data suggest assay of membrane particle forms of MAO and functions
that the role of these aromatic residues may be to orient thewith either MAO A or MAO B (11). MMTP was generously
substrate amine moiety toward reactive sites on the flavin provided by Dr. Neal Castagnoli (Department of Chemistry,
ring for catalysis. If this explanation were the only reason, Virginia Polytechnic Institute and State University). The
one might expect the replacement of Tyr with Phe to have acetylenic inhibitor rasagiline was generously provided by
only a small effect on catalysis, which is contrary to available Drs. J. Sterling and Y. Herzig (TEVA Pharm. Co., Jerusalem,
experimental data on two differing amine oxidases. Israel).

To date, there has been no Systema’[ic Study of the Steady-State Kinetic EXperimen@él Steady-state kinetic
structural and functional role(s) of this “aromatic cage” €Xperiments were carried out at 26 unless stated other-
structure and probes of its possible role in catalysis. As anWise. The reaction buffer used for assaying membrane
initial attempt to address this question, we have selectively particles contained 50 mM potassium phosphate, pH 7.5
mutated Y435 in MAO B with four differing amino acid ~ While the buffer used for assaying solubilized enzymes was
side chains, expressed and purified each one to homogeneityd0 MM potassium phosphate, pH 7.5, 0.5% (w/v) reduced
and examined the influence of such mutations on the catalytic Triton X-100. All assays were carried out in air-saturated
properties and on the 3-dimensional structure of each mutantsolutions.
enzyme. The results from this study provide new insights All spectral steady-state kinetic data were obtained using
into the role of these aromatic residues in the catalytic €ither a Lambda 2 U¥vis spectrophotometer (Perkin-Elmer

reductive phase of amine oxidation. Inc.) or a Cary 50 UV-vis spectrophotometer (Varian Inc.).
Catalytic assays of MAO A or MAO B mutant proteins in
EXPERIMENTAL PROCEDURES membrane particles were performed spectrophotometrically

. using either MMTP §y of the product is 25 000 M cm™*
Construction of Y435 Mutants of MAO B and Y444 at 420 nm) (1) or peroxidase-coupled assays using either
Mutants of MAO AAll site-specific mutants of MAO Awere  4-aminoantipyrinedy of the product is 4654 M cm at

created using the Transformer site-directed mutagenesis kit498 nm) (2) or Amplex red &y of the product is 56 000
(purchased from BD Bioscience Clontech, Inc.), and all M~-1cm at 560 nm) {3).
mutants of MAO B were created using Quick-change site-  Analysis of steady-state kinetic data was performed by
directed mutagenesis kit (Stratagene, Inc.) based on eithefitting initial velocity data to the MichaelisMenten equation
pUC18-HMAOA or pUC19-HMAOB. The primers for  ysing Origin 7.0 Pro on a PC to determine turnover numbers
creating MAO A and MAO B mutant proteins are listed in  (k..,) and Michaelis constant&,). Inhibition constant values
the Supporting Information. Confirmation of the desired (k;) were determined from the appareHt, values of
mutations was achieved by DNA sequence analysis by thesupstrates (benzylamine for MAO B apeCFs-benzylamine
Emory University DNA Sequencing Laboratory using an for MAO A) at various inhibitor concentrations.
ABI Prism automated DNA sequencer. X-Ray CrystallographyBefore crystallization experiments,
Expression and Purification of MAO A and MAO B in the recombinant mutant proteins were incubated with 5 mM
Pichia pastorisTheP. pastoris(KM 71 strain) system used rasagiline to form their respective covalent inhibited com-
for the wild-type enzyme expression was also used for plexes. Crystallization experiments were carried out by the
expression of the mutant enzym@&s®). All procedures used  sitting-drop vapor diffusion method at°€ (14). The protein
followed those described in the Invitrogen manual. MAO B solution contained 2 mg/mL inhibited MAO B, 8.5 mM
Y435 mutants were purified following the same purification Zwittergent 3-12, and 25 mM potassium phosphate buffer,
procedures described for wild-type protein with one modi- pH 7.5. The reservoir solution consisted of 12% (w/v)
fication that the polymer partition and differential centrifuga- PEG4000, 70 mM lithium sulfate, and 100 mM-(2-
tion steps are replaced by a single chromatographic separatiomcetamido)-2-iminodiacetic acid, pH 6.5.
on High Q ion-exchange resin (BioRad). Of the MAO A The preparation of crystals of thg-nitrobenzylamine
Y444 mutants, only the Y444F mutant was sufficiently stable complex with MAO B followed a different protocol since
to solubilization and purification from the outer mitochondrial this amine is a slow substrate for MAO B. Enzyme crystals
membrane fraction. Therefore, the activity studies of MAO were initially grown in the presence of the weak-binding
A mutant proteins were performed using membrane particles.reversible inhibitord-amphetamine since ligand binding to
All expressed mutant preparations show cross reactivity to the MAO B active site favors crystal formatiop-Nitroben-
rabbit antisera raised against purified MAO A. Covalent zylamine (4 mM final concentration) is then added to these
flavin incorporation was assayed either by cross reactivity crystals for~3 min prior to transfer to a cryosolvent for
to antisera specific for covalent flavi®)(or by examining freezing in liquid nitrogen. This crystal “soaking” procedure
purified protein solutions after treatment with trichloroacetic allowed the formation of the complex pfnitrobenzylamine
acid. All purified preparations were homogeneous in SDS  with MAO B since this analogue is bound to the enzyme
PAGE and exhibit the expected masses on electrospray massvith a ~10-fold higher affinity thard-amphetamine. Visual
spectrometry. examination of the soaked crystals showed them to retain
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Table 1: Crystallographic Data Collection and Refinement Statistics for MAO B Y435 Mutants and for the MAO B Complex with
p-Nitrobenzylamine

WT with
p-nitrobenzylamine Y435H Y435F Y435L Y435W
unit cell
a(A) 130.7 130.5 140.0 131.1 131.2
b (A) 222.9 222.0 222.3 2225 223.1
c(A) 86.4 85.7 86.6 86.0 86.4
resolution (A) 15.6-2.1 15.6-2.0 15.6-2.2 15.6-1.7 15.6-1.7
2 (%) 11.3 (30.6) 9.5 (24.0) 12.1 (52.1) 8.5(32.6) 8.8 (39.9)
completenesg%) 96.1 (91.3) 99.2 (99.9) 92.7 (93.7) 98.5 (99.4) 98.9 (99.9)
obsd reflns 254 172 233751 189 761 413212 424 113
unique reflns 74 666 83429 62991 134 873 136 583
multiplicity 3.4 2.8 3.0 3.1 3.1
I/o¢ 11.0 (2.7) 10.1(3.8) 9.1(1.1) 10.3(2.8) 10.0 (2.4)
no. of atoms
protein/ligand/water 8017/22/529 8013/26/354 8015/26/315 8009/26/881 8021/26//910
Rerys (%0) 18.8 20.1 235 18.8 19.1
ree (%0) 22.6 233 27.8 20.9 21.3
rmsd bond length (A) 0.012 0.009 0.018 0.008 0.008
rmsd bond angle (deg) 1.3 1.1 1.7 1.1 1.2

2 Crystals belong to space gro@222.° Ryym = Y |l; — OOV 1;, wherel; is the intensity ofith observation andilis the mean intensity of the
reflection.c Values in parentheses are for reflections in the highest resolution $Rellst = 5 |Fobs — Feaid/Y |[Fobd Where Foss and Feac are the
observed and calculated structure factor amplitudes, respectRgly and Rqee Were calculated using the working test and test set, respectively.

their yellow color, indicating that the flavin is in its oxidized 007

form. Other experiments showed that oxidized MAO B
crystals incubated with benzylamine no longer diffract. X-ray 0.5
diffraction data were collected at 100 K either at the Swiss
Light Source in Villigen or at the beam lines of the European
Synchrotron Radiation Facility in Grenoble. For data col-
lection, crystals were transferred into a mother liquor solution
containing 18% (w/v) glycerol and flash-cooled in a stream
of gaseous nitrogen at 100 K. Data processing and scaling
were carried out using MOSFLMLE) and programs of the
CCP4 packagel@). The structure of wild-type MAO B in \
complex with rasagiline was used as a starting mo#iél ( ] B
for crystallographic refinement, which was performed with 014 LN
the programs REFMACS5L@) and O (9) as describedl(7). . RS
Refinement statistics are listed in Table 1. Cavities were ;. el BT
identified with the program VOIDOO2Q). Pictures were

! ) 300 ' 400 ' 500 ' 600 ' 700
produced using Molscript2(l) and Raster3d2Q). Wavelength (nm)

RESULTS FIGURE 2: Absorption spectral properties of the bound flavin in a
functionality assay of MAO BY435F mutant—( oxidized form;
Expression of Mutant EnzymedAO B Y435X mutant (- - -) after benzylamine reduction; and-) after reduction by the
: : o : addition of several crystals of sodium dithionite. All spectra were
g:gi?j:’%\:ﬁiggxgﬁs?gﬁj %#n:‘zggleg el;ﬁ'}%@: ur?':ﬂtgant measured under an Ar atmosphere in 50 mM sodium phosphate

- 't buffer containing 0.5% (w/v) reduced Triton X-100.
enzymes can be solubilized from the membrane and fraction-

ate as does WT enzyme on High Q-anion exchange columnssubstrate is extensive relative to that after chemical reduction
They exhibit slightly lower stabilities than WT enzyme by dithionite, which demonstrates80% functionality. This
although the stabilities of each of the mutant forms are level or higher levels of functionality are observed for all
sufficient to allow their purification and handling. In contrast, mutant proteins. Alk.q values listed are based on levels of
MAO A Y444 mutants (with the exception of the Y444F functional enzyme in each preparation. Electrospray mass
mutant) rapidly lost activity upon solubilization from the spectrometry of each of the purified mutant proteins shows
membrane, which precluded further purification and char- masses consistent with their respective mutations (data not
acterization. Western blot analysis of all preparations of both shown). In all cases, the mutations of MAO A and of MAO
MAO A and MAO B mutants demonstrates that they all B do not appear to influence their respective folding and
contain covalent flavin. Therefore the mutations at MAO B incorporation in the outer mitochondrial membrane. The main
Y435 or at MAO A Y444 do not prevent the covalent influence of these mutations on the structural properties of
incorporation of FAD. MAO A is manifest in their greater labilities on solubilization
As an example, Figure 2 shows that the absorption from their respective membrane environments.
spectrum of MAO B Y435F is similar to that of oxidized, Catalytic Actvity of MAO B Y435 Mutant Proteingfter
resting WT MAOB with an intensity corresponding tel purification, the catalytic properties of the MAO B Y435
mol of FAD/60 kDa protein. The level of reduction by mutant enzymes were characterized with various amine
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Table 2: Steady-State Kinetic Parameters for the Oxidation of
Para-Substituted Benzylamine and Phenylethylamine Analogues by
Wild-Type MAO B and MAO B Y435 Mutants at 25C

k_cat Km . kca{Km
enzyme substrate (min~Y) (mM) (min~tmM~1)
WT benzylamine 30&5 0.15+0.01 2000+ 140
p-CRs-benzylamine 80.60.3 0.05+0.01 1600+ 320
p-NO2-benzylamine 11.% 0.5 0.09+ 0.01 123+ 15

phenylethylamine  228.% 0.9
p-NO,-phenylethyl- 111.0+ 2.5

0.016+ 0.001 14306t 900
0.005+ 0.001 222006t 4500

amine
Y435H benzylamine 1194 9.9 7.2+ 1.0 16.6+ 2.7
p-CFs-benzylamine 170.& 6.5 1.4+ 0.1 122+ 10
p-NO.-benzylamine 13.8& 0.1 0.494+0.02 28.2+1.2
phenylethylamine 46801 0.29+0.02 13.8+ 1.0
p-NOz-phenylethyl- 108.1+ 3.8 0.22+ 0.02 491+ 48
amine
Y435F benzylamine 1084 0.3 1.15+0.16 94+ 13
p-CFs-benzylamine 80.6- 0.2 2.0+ 0.3 40+ 6
p-NOz-benzylamine 22.81.3 0.76+0.16 30+ 6.5
phenylethylamine 51.93.6 0.13+0.04 399+ 125
p-NOz-phenylethyl- 134+ 3 0.05+0.01 2680+ 540
amine
Y435L benzylamine 38.&1.2 249+0.18 15.6+ 1.2
p-CRs-benzylamine 27.3 0.9 0.99+ 0.10 27.6£2.9
p-NO,-benzylamine competitive inhibitorK; ~ 100uM
phenylethylamine 47.22.1 0.05+0.01 9444 193

p-NOzphenylethyl- 108.7+ 2.7 0.013+0.001 8361t 676
amine

Y435W benzylamine 1.£0.6
p-CRs-benzylaminé ~0.23
p-NO.-benzylamine activity not detectable
phenylethylamine 0.78:0.03 0.68+ 0.09 1.03+0.14
p-NO,-phenylethyl- 134.6+ 4.1 0.14+ 0.01 961+ 75

amine

8.8+ 2.9 0.21+ 0.07
~10 ~0.023

aDue to the slow rate of catalysis, these kinetic constants were
estimated from the concentration dependence for the rate of substrat
p-CFs-benzylamine reduction of the enzyme.

Li et al.

Each of the mutant proteins was crystallized, and their
structures were determined. Previous structural studies on
wild-type MAO B show that crystals diffracting with the
highest resolution were those that had been inhibited with
the acetylenic inhibitor rasagilineN{propargyl-1(R)ami-
noindan) 7). Therefore, flavin N(5) flavocyanine complexes
with rasagiline were prepared with each Y435 mutant.
Absorption spectral studies show that each of the mutants
react with rasagiline to form the flavin N(5) flavocyanine
adduct although the rates of inactivation are at least 10-fold
slower than that observed with wild-type enzyme. Structural
studies on these crystals show that all four Y435X mutant
proteins are structurally identical with wild-type MAO B
(Figure 3). The rms deviations of thex@hain conformation

of each mutant from that of the wild-type MAO-Basagiline
complex are, in all cases;0.4 A. The structures of the active
sites of these mutants are also indistinguishable with rasa-
giline binding in the same conformation with the only
exception being the Y435H mutant where the indan ring of
the bound inhibitor is slightly disordered. Aside from the
amino acid substitutions, the only changes in the active site
appear to be in the number and positions of those detectable
water molecules.

The 2.2 A structure of Y435F MAO B (Figure 3A) shows
the Phe ring to be coplanar with the wild-type Tyr ring. The
immobile bound water molecules in its active site are
identical to those observed in the wild-type enzyme. A 1.7
A resolution structure was also solved for the MAO B
Y435W mutant (Figure 3D). No perturbations in the active

Site are found to occur with the larger indole side chain which

is also coplanar with the wild-type Tyr residue. However,
two of the immobile, conserved water molecules in the active

substrates. The data in Table 2 show the steady-state kinetisite are displaced by the larger side-chain ring.

parameters of MAO B and MAO B Y435 mutants in

catalyzing the oxidation of selected para-substituted benzyl-

The 2.0 A structure of MAO B Y435H (Figure 3B) shows
that the conformation of the His side chain is also coplanar

amine and phenylethylamine analogues. In general, the Y435with the wild-type Tyr ring. Two “flipped” H435 side chain

MAO B mutant proteins exhibit lower activities (eithkyy
or kKeafKm) in comparison to the WT enzyme and tHg,
values for all of the mutant enzymes are higher. Our initial

orientations differing by 1800n they, torsion angle are
possible, and they are equally consistent with the electron
density. In both orientations, theeR and N1 atoms can

analysis of these data considered whether the volume of theestablish H-bond interactions with surrounding water mol-
Y435 mutated residue might be a factor in altering the ecules. This observation indicates that the H435 side chain
approach of the bound substrate to the active site flavin. Plotsmay adopt two alternative orientations that are likely to be
of In keof Ky, for the various mutant enzymes vergwsolume equally populated. The electron density of the indan ring of
(the difference in volume of the phenolic ring of Tyr 435 the bound rasagiline is less well-defined than that found in
with that of the mutant residue) exhibit a scattered relation the WT and the other mutant structures suggesting that the
(not shown). Therefore, within the range of residues tested, indan ring might not be fixed in one single conformation.
there does not appear to be a correlation of the volume of Consistent with this finding is the “closed” conformation of
the Y435 side chain residue with catalytic activity. Further the 1199 “gate” between the entrance and substrate cavities
attempted correlations include the relationship of tig p  which is in an open form in wild-type enzym@3).
values of para-substituted benzylamine analogues wikgdn The crystal structure of the only aliphatic mutation, MAO
K of the WT and Y435 mutants. The results (not shown) B Y435L, was solved to a 1.7 A resolution (Figure 3C). The
show no correlations in activity with substrat&ovalues, Leu side chain causes little perturbation of the active site
which is consistent with previous data on MAO B showing with the only difference being the branched Leu side chain
that the substrate or competitive inhibitors are bound as theirdisplacing a water molecule from its CD1 atom. The position
deprotonated forms9j. Comparisons between these MAO occupied by the Y435 hydroxyl in wild-type enzyme is now
B mutant proteins with those of MAO A will be discussed occupied by a water molecule.
in detail below. Structure of the p-Nitrobenzylamine Complex of WT MAO
Crystal Structures of MAO B Y435 Mutant Proteitis B. Modeling studies suggest that the amine substrate must
order to interpret the observed differences among these MAOpass between Y398 and Y435 in MAO B to access the flavin;
B Y435 mutant proteins in terms of catalytic efficiencies, it however, no direct evidence for this event is available. Since
is important to determine whether any changes in active site p-nitrobenzylamine is a very slow substrate for MAO B (and
structure of MAO B occurred as a result of these mutations. actually functions as a reasonable competitive inhibitor), we
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Ficure 3: Stereoplots illustrating the structures of the rasagiline complexes of (A) Y435F, (B) Y435H, (C) Y435L, and (D) Y435W
mutants of MAO B. The side chain of Tyr435 of the rasagiline complex of wild-type enzyme (red) is superimposed on the mutant structures.

Y398 Y435

Ficure 4: Stereoview of the position of boundnitrobenzylamine with respect to the flavin ring. The fin&,2- F. electron density map
for p-nitrobenzylamine is shown in green (contour leve).1

attempted to determine the structure of this substrate analoguenodeled in the electron density map (Figure 4) whereas the
in complex with MAO B to determine its bound orientation amine (or imine) N atom is not defined by the electron
in the active site. Crystalline complexes of MAO B with density. Whether this bound analogue is bound as the amine
this substrate analogue were formed as outlined in Experi-or as the imine product cannot be determined from the
mental Procedures. On addition phitrobenzylamine, the  structural data. What can be concluded is that this nitro
MAO B crystals exhibit no visible bleaching of their yellow compound binds in the MAO B substrate binding cavity with
color (due to flavin reduction) up to the time required3 the benzyl carbon side chain pointing toward the flavin above
min) to collect, mount, and freeze them for data collection. the space separating the phenolic rings of Y398 and Y435.
Whether turnover occurred in this experiment remains to be The p-NO, group is coplanar with the benzene ring of the
determined in future work using single crystal spectropho- substrate. One oxygen atom of the nitro group is H-bonded
tometry. The aromatic ring, benzyl carbon side chain, and to a water molecule, and the other oxygen is H-bonded to
p-NO, moieties of the bound molecule could be readily the thiol group of Cys172. The benzyl carbon is located 3.8



4780 Biochemistry, Vol. 45, No. 15, 2006 Li et al.

A from the flavin N(5) atom. These distances compare Py Py
favorably with the farnesol (a competitive inhibitor) complex /1/ &
with MAO B where the 1-methylene carbon is 3.4 A from i - )e’
the flavin N(5) and the terminal OH group is 3.4 A from /V o
the flavin C4a position42).
Of interest are the differential activities exhibited by MAO PiP+(2 cos B:cos B2 - sin B1sin B2cos @)
B Y435 mutants withp-nitrobenzylamine as a substrate E=- Ansil?
(Table 2). WT MAO B slowly oxidizes this substrate with . o
a turnover number of 11 min. p-Nitrobenzylamine is a &) = 8.854 *10°'? Faraday.meter’' (permittivity of free space)

P = electric dipole moment (Coulomb.meter)

competitive inhibitor for the Y435L mutant protein with _ i 3
D = distance between interacting atoms or molecules (meter)

weak binding K; ~ 100uM) (a value 10-fold weaker than
that observed for the WT enzyme). This benzylamine
analogue is a substrate for the Y435H and Y435F mutants
(with keafKn values~1/, that of WT enzyme). No enzymatic
or inhibitory activity is detected for the Y435W mutant
protein. It should be noted thpinitrobenzylamine is a better
substrate than benzylamine for WT human MAO A, which
is proposed to be due to the electronic effects ofgi¢O,
substituent10). In the case of MAO B and the Y435 mutant
enzymes, the low activity observed with this substrate
analogue is suggested to be due to two effects. One include
steric influences in the active site where steric and H-bonding
interactions between thgnitro group and the protein retard
the ability of the amine moiety to form productive complexes
with the covalent flavin for efficient catalysis (suggested by
the structural data discussed above). The substrate bindin
site of MAO A differs from that of MAO B #) and

To perform this calculation, coordinates from high-
resolution X-ray crystal structures were used to measure the
angles ¢1, 6,, and ®) and distancesY) between the
interacting moieties. Even though the “aromatic cage”
includes three components (Y435, Y398, and the isoallox-
azine ring of FAD), residue Y435 was considered, to a first
approximation, as the only variable since the structural data
show no alterations in the structures of the covalent flavin
ring and the phenolic ring of Y398. Therefore, the calculation
f the dipole-dipole interaction energy is based solely on
the interaction between the residue 435 side chain and the
substrate amino group positioned between the side chains
435 and 398. Electric dipole moment values of the amine
substrates and various residue side chains were calculated
ghsing the MOPAC method in the program ChemBats3D. As
shown in Figure 5, Leu and Phe side chains do not have

app?“.e”“yf allows RI’OdUCtI(\j/e ffcompIerfgrr‘r(;at|on W'th?u_t permanent dipole moments while the side chains of Tyr, Trp,
steric interference. A second effect could be due to repuisive 34 s have permanent dipole moments with varied

effects of a strong dipole moment of the substrate from being direction and intensity. Therefore, the interaction energies

placed in the same orientation as the dipoles of the two Tyr ayyeen the dipole moments of Leu and Phe side chains and
residues constituting the “aromatic cage”. that of the substrate amino group are zero while those
Calculation of the Energy of the DipoleDipole Interac- between Tyr, Trp, and His side chains and that of the
tion between Y435 and the Substrate AminBdvious work substrate amine have finite values. The dipal@ole
from this laboratory has provided experimental support for coupling energies for the wild type (Y435) and the four MAO
a polar nucleophilic mechanism for MAO catalysig). In B mutant enzymes (H435, W435, L435, and F435) were
this mechanism, the substrate amine nitrogen is proposed tacalculated using the above method.
function as a nucleophile that attacks the C(4a) position of The (kealKm) values for benzylamine oxidation by MAO
flavin cofactor as the initial step in the reductive half-reaction B gnd by MAO B Y435 mutant enzymes reflect those
in MAO catalysis. It would follow that any influence that  catalytic steps up to and including the first irreversible step
would alter the nucleophilicity of the amine N could serve in catalysis. Therefore, these experimental values were
to facilitate catalysis and, conversely, any effect that would correlated with the calculated interaction energies between
decrease its nucleophilicity would result in a lowered the residue and substrate for the various mutants. Changes
catalytic rate. The catalytic efficiencies of the various MAO in (k-afKm) Values are expressed as changes in the reaction
B Y435 mutant proteins are lower than that exhibited by free energy A(AG")) catalyzed by the MAO B Y435 mutant
WT enzyme (Table 2), and the structural data show no enzymes as compared with the wild-type MAO B. As shown
detectable conformational alterations in the active site with in Figure 6A, a linear relationship is observed between the
the various mutations. These data suggest that the environratio of the catalytic rates and the calculated dipalgole
ment posed by the “aromatic cage” on the substrate influ- interaction energies. Similar linear relationships are also
ences the reactivity of the amine substrate. Since the twoobserved using two other substrates: phenylethylamine
phenolic rings of Y398 and Y435 have permanent dipole (Figure 6A) (with a slope similar to that observed with
moments that are too far apart to be coupled to one anotherbenzylamine) ang-CFs-benzylamine (Figure 6B) (with a
but could influence the dipole moment and/or the orientation ~3-fold lower slope as compared with benzylamine). Similar
of the bound substrate prior to reaction with the flavin, we analysis ofp-nitrobenzylamine data could not be done since
performed simple calculations of dipeteipole interaction this compound is a substrate for some mutants and a
energies that are expected to be altered in the Y435 mutanicompetitive inhibitor for others (Table 2). The catalytic data
proteins and the amine moiety of the substrate. To simplify for p-nitrophenethylamine shows-a2-fold variation of K./
the calculations, these dipole moments are considered a¥,) for WT MAO B and the mutants resulting in a plot as
fixed point charges and the through-space between them wasn Figure 6 with a slope of-0.3 + 0.2 (plot not shown).
approximated as a vacuum. Detailed calculations were carriedThe molecular basis for the observed difference in slopes
out using the following equation: will be considered in the Discussion.
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Ficure 5: Schematic depicting the dipole moment directions for the amino acid side chains of Tyr, Trp, His, Phe, and Leu.

It should be pointed that there are two possible dipole preparations of these enzymes since the wavelength for
moment directions depending on the side chain orientationsobservation is not readily interfered with by light scattering
of Trp and His. Based on the crystal structure, the two His from the membraned () in spectrophotometric assayhe
side chains orientations are equally possible and each of thenresults of this steady-state kinetic study of all four mutants
has two resonance structures (see Figure 5). Therefore, thén each enzyme as well as wild-type enzymes are shown in
net dipole moment of the imidazole side chain is ap- Figure 7 as a plot of I¢a/Km) of MAO A Y444 and MAO
proximated to be close to zero (Figure 5) with the assumption B Y435 mutant proteins. If these parallel mutations of the
that the enzyme environment does not favor one resonancdwo enzymes exhibit similar effects on catalysis, a linear
structure over the other. The orientations of the Trp indole correlation should be observed with a slope of 1.0. The data
side chain (relative to the flavin) do affect the torsion angle in Figure 7 support this expectation with a slope of 0488
of the two point charges in the calculation, and therefore 0.06 (2 = 0.82) on comparison of thek£/K,) values of
both dipole moment directions for the two possible orienta- the two enzymes and their mutant forms with only the MAO
tions were used separately in initial calculations of the A Y444H mutant enzyme exhibiting an activity departing
dipole—dipole interaction energy between this residue and significantly from the linear relationship. This result could
the substrate amine. Only the orientation where the indole be due to differences in structure of this MAO A mutant
dipole moment points away from the flavin ring fits the linear (relative to the MAO B mutant) or to differences in
plot. The X-ray crystal structure of the MAO B Y435W orientation and/or protonation of the imidazole side chain.
mutant protein shows that the indole ring orientation provid- Although the crystal structure of MAO A has recently been
ing the best fit in Figure 6A,B is the one observed solved to a 3.0 A resolutiord), further work is required to
experimentally (Figure 3D). These combined structure and determine the structures of the mutant forms with resolutions
function data support the idea that the dipetipole high enough to allow the detailed calculations presented here
interaction energy between the residue side chain at positionwith MAO B.

435 in MAO B and the substrate amino group can be
correlated with the rate of enzyme catalysis. DISCUSSION

Comparison of Catalytic Functions of MAO B Y435 and  Proposed Functional Role of the Aromatic Cage in MAO
MAO A Y444 Mutant Enzymek order to provide some  Catalysis The elucidation of the structures of several flavin-
insights into whether the “aromatic cage” plays similar roles dependent amine oxidizing enzymes demonstrates the pres-
in both MAO A and MAO B, the same substrate should be ence of aromatic residues approximately parallel to the face
utilized in order to compare the mutation effects of these of the flavin where substrate binds and therefore suggests a
two isozymes. Since the MAO A mutants could not be basic functional role in flavin-dependent amine oxidation.
solubilized and purified due to their instabilities, the MMTP  Although this aromatic cage structure has been proposed to
assay {1) was used to determine the catalytic properties of serve in a variety of roles such ascation interactions with
the membrane-bound forms of each of the respective mutantghe protonated amine substrate in trimethylamine dehydro-
so that the effects of such mutations could be readily genase ) or as a radical-forming intermediate in human
compared. This assay shows the same specificity for MAO MAO A (24), these proposed functions have not been
A and MAO B, and it is readily used with membrane definitively demonstrated experimentally.
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of the substrate. Positive and negative dipole interaction energies
are the result of attraction or repulsion between two dipole moments.
The ordinate A(AG)) is the experimental change in reaction free
energy for the four Y435 mutant enzymes compared with the wild-
type MAO B. The free energy is calculated using the equation (

(AGH) = —RTIn((VIK)™W(V/K)"). (A) The substrates benzylamine

(O) and phenylethylaminel) fit the equation A(AG)) = 2.7+
6.6AGyipole-dipole (B) Substratg-CFs-benzylamine fits the equation
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The structural data on the MAO B Y435 mutants presented /O/ + | \f
here demonstrate that alteration of this residue with either . . LN
|
H o
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aromatic or aliphatic residues does not structurally alter the s
catalytic site of the enzyme. Therefore, this “aromatic cage”
does not play a major structural role in maintaining the active amine moiety of the bound substrate is in its deprotonated
site architecture although the mutant enzymes do exhibit form and attacks the C(4a) position of the flavin to form a
lowered stabilities on solubilization from the membrane as flavin C4a adduct. The formation of this adduct results in
compared to WT enzyme (a feature even more apparent withthe generation of a basic N(5) position which subsequently
human MAO A Y444 mutant enzymes). Since the structural abstracts the pr&H from the substrate. Recent theoretical
integrity of the active site of MAO B is not compromised calculations 25) support this proposed mechanism. WT
by these mutations, the question now arises as to how toMAO B does not exhibit the electronic effects on catalysis
explain the decrease in catalytic activities of the mutant that WT MAO A does presumably due to a different
enzymes relative to that exhibited by WT enzyme. conformation of the aromatic ring of the bound substrate
In a previous publicationlQ), our laboratory has presented which prevents the transmission of electronic effects from
mechanistic evidence supporting a polar nucleophilic mech-the para position to the benzyl carbon. Our hypothesis is
anism for MAO A catalysis as outlined in Scheme 1. The that both enzymes follow the same mechanistic pathway. The
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Ficure 8: Schematic of the proposed function of the aromatic cage
in amine oxidation.

structural work on MAO B and on MAO A supports this
mechanistic scheme. The conformation of the flavin ring is
bent rather than planar in its resting, oxidized forg®)(
Previous NMR studies on flavoenzyme&7)( have shown
that the effect of bending the flavin ring results in the N(5)
exhibiting more spcharacter (a better nucleophile) and the
C(4a) position being more electrophilic (i.e. a better target
for a nucleophile). In addition, recent estimates of ti& p
of the N(5) H in reduced flavin28) (which is isoelectronic
with the flavin C(4a) adduct) show it to be in the range of
24—25. Thus, the formation of the flavin C(4a) amine adduct
generates a strong base at the active site fombstraction

of the proR H of the substrate as suggested hy\zlue of

Biochemistry, Vol. 45, No. 15, 2006783

reducesk../{Kn for catalysis in a linear dependence. Thus,
these dipolar effects of the “aromatic cage” Tyr side chains
may function in a manner similar to the presence of a strong
electron withdrawing group in the para position of the
substrate which has been calculat@®)(to decrease the
amine N-flavin C(4a) distance, favoring the enhancement
of charge transfer from the amine to the flavin and favoring
the formation of a flavin C(4a) adduct (Scheme 1). A linear
correlation is observed between the Hammettalue for
para substituents and the calculated dipole moment of the
amine moiety in a series of para-substituted benzylamine
analogues (see Supporting Information). Therefore, the
“aromatic cage” structure apparently influences catalysis by
its inductive effects on the amine nitrogen atom.

The dipole properties of Y398 and Y435 might also be
expected to have a role in substrate specificity for MAO B
catalysis. The data op-nitro substrate analogues suggest
that placing a substrate with a strong dipole moment in the
same orientation as the tyrosine dipoles is akin to placing
three magnets with their poles in the same direction and next
to one another; resulting in repulsive interactions with
substrates and therefore altering the orientation of the
substrate in the active site. This repulsive effect may be one
of the reasons why-nitrobenzylamine is a poor substrate
for MAO B although this analogue binds tightly to the active

+2 in MAO A studies (0) (no other basic residues are site. The kinetic data suggest that the amine moiety and the
located in the active site that could serve as active site bases)benzyl—CH, group cannot achieve a binding site structure
. Recent unpublished studies in this laboratory on a mutant close enough to the flavin for efficient catalysis as predicted

form of MAO B also show & value of+2, which supports
the above suggestion that MAO A and MAO B follow
similar mechanisms for amine oxidation.

by a polar nucleophilic mechanism. Simply increasing the
length of the side chainpfnitrophenylethylamine) by one
methylene group now allows the direct attack on the flavin,

Mechanistic Conclusiongrom consideration of the data and this substrate analogue functions well with all of the
presented in this paper, we propose that one of the functionsMAO B mutants. The dipole effects induced by O,
of the “aromatic cage” in MAO B is to provide an substituent partially compensates for the loss of dipole
environment necessary to polarize the substrate amine lonecoupling by the Y435 mutant forms of MAO B. A more
pair resulting in an increase in its nucleophilicity and quantitative assessment of the contributions of this aromatic
subsequently increasing the population of substrate moleculesage to catalysis awaits additional experimental and com-
sufficiently activated for catalysis (Figure 8). The distance putational investigations. The results presented in this paper
between the two phenolic rings (7.8 A) is optimal for provide, in our opinion, additional support for the proposed
polarization of the amine moiety as it passes between thempolar nucleophilic mechanism for MAO catalysis.
in the substrate binding site. Previous computational studies

of the active site of MAO B by GRID analysis usirgNH;

as a probeZ6) show the aromatic cage in front of the flavin
to be energetically favorable for amine binding. Structure
activity data on amine binding to either MAO A or MAO B

show the deprotonated form of the amine to be preferentially

bound to the active site9].
The data in Figure 5A show a linear relation betw&g

Km for benzylamine or phenethylamine oxidation and the
calculated dipolar coupling energy between the Y435X
mutation dipole and the amine dipole. A similar linear
relationship (with a~3-fold lower slope than with benzyl-
amine) is observed with-CFR-benzylamine (Figure 6B), and
the slope of a similar plot fop-nitrophenthylamine is near
zero (0.3 £ 0.2) (plot not shown). These correlations
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SUPPORTING INFORMATION AVAILABLE

Included are the list of primers used in construction of

demonstrate that a substrate with a dipole moment in thethe Y444 mutants of human MAO A and characterization
same direction as Tyr398 and Tyr435 decreases the dipolarof mutant proteins. The characterizations include activities
influence of the aromatic cage. The assumption here is thatwith different substrates, SDS PAGE Cooamassie-stained
other dipole-dipole effects from the other residues at the gels of expressed proteins, UV/vis absorption spectra of their
active site and the amine will remain constant. The structural respective Clorgyline inhibited forms. The correlation of
data on these mutant forms of MAO B support this calculated dipole moment intensities and Hammaetalues
assumption. Thus, a reduction of dipeldipole coupling for a series of para-substituted benzylamine analogues is also
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presented. This information is available free of charge via

the Internet at http://pubs.acs.org.
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