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ABSTRACT. A series of compounds derived from a previously identified substrate analogue of copper amine
oxidases (CUuAQOs) (Shepard et al. (20@&2)r. J. Biochem269, 3645-3658) has been screened against

six different CuAOs with a view to designing potent and selective inhibitors. The substrate analogues
investigated were 4-(1-naphthyloxy)-2-butyn-1-amine, 4-(2-methylphenoxy)-2-butyn-1-amine, 4-(3-meth-
ylphenoxy)-2-butyn-1-amine, 4-(4-methylphenoxy)-2-butyn-1-amine, and 4-phenoxy-2-butyn-1-amine.
These compounds were screened against equine plasma amine oxidase (ERA@)satium amine
oxidase (PSAO)Pichia pastorislysyl oxidase (PPLO), bovine plasma amine oxidase (BPAO), human
kidney diamine oxidase (KDAO), anfirthrobacter globiformisamine oxidase (AGAO) to examine the
effect of different substituent groups on potency. Despite the similar structures of the 4-aryloxy analogues
evaluated, striking differences in potency were observed. In addition, crystal structures of AGAO derivitized
with 4-(2-naphthyloxy)-2-butyn-1-amine and 4-(4-methylphenoxy)-2-butyn-1-amine were obtained at a
resolution of 1.7 A. The structures reveal a novel and unprecedented reaction mechanism involving covalent
attachment of thex,5-unsaturated aldehyde turnover product to the amino group of the reduced 2,4,5-
trinydroxyphenylalanine quinone (TPQ) cofactor. Collectively, the structural and inhibition results support
the feasibility of designing selective mechanism-based inhibitors of copper amine oxidases.

Amine oxidases catalyze the deamination of primary processing posttranslational modification of a conserved
amines to their corresponding aldehydes producing ammoniatyrosine within the sequence Ser/Tifa—Xaa—Asn—Tyr

and hydrogen peroxide (eq 1). (TPQ)—Asp/Glu—Tyr/Asn. Molecular oxygen and copper are
. required in order for this modification to occwe, (3). The
RCHNH;" + O, + H,O0— second class of quinone copper-containing amine oxidases

RCHO+ NH4+ +H,0, (1) use lysyl tyrqsquuinone as t.heir cofact(_)r and are referred
to as lysyl oxidases. Lysyl oxidases are involved in connec-
Amine oxidases can be divided into two groups based on {ive tissue maturation through the deamination of peptidyl
the cofactors they utilize, quinone and copper-containing lysine side chains that initiate lysine residue cross-linking
amine oxidases (CuAO&jnd flavin-dependent monoamine 1" collagen and elastin (for reviews see refs 4 and 5).
oxidases (MAOs). MAOs are located exclusively in the outer ~ COPPer-containing amine oxidases can be found through-
mitochondrial membrane of almost all cell types and can OUt nature and have been purified from many sources
oxidize primary, secondary, and tertiary amines either by a including plants, mammals, and microorganisiés ). In
concerted covalent catalysis or by a single electron-transferMicroorganisms, CuAOs play a nutritional role allowing
mechanism, both requiring FAD as a cofactdy. Quinone primary amines to be used_ as the sole so_urce_of carbon and
copper-containing amine oxidases generally oxidize primary Nitrogen. In higher organisms the physiological roles of
amines and can be subdivided based on the cofactor preserffUAOS are not yet fully clear. In plants, it is theorized that
in the active site. The first group contains 2,4,5-trihydroxy- amine oxidases aid in the biosynthesis of hormones, cell
phenylalanine quinone (TPQ) which is formed in a self-

1 Abbreviations: ABTS, 2, 2azino-bis(3-ethyl)-benzthiazoline-6-
sulfonic acid; AGAO Arthrobacter globiformisamine oxidase; BME,
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Scheme 1: Proposed Mechanism of Turnover for Amine Oxidases

@ RCH,NH,*

walls, and alkaloids10). In mammals, function seems to abstraction from the alpha carbon of the substrag Z3).

be tissue specific involving physiological response to injury, Subsequently the aldehyde product is released through
apoptosis, cell growth, signaling, and detoxificatidrO)( hydrolysis, yielding Cu(ll)-aminoresorcinol in equilibrium
Four types of TPQ copper amine oxidases have beenwith Cu(l)-semiquinoned < E). In the presence of O
described from mammalian sources: plasma amine oxidasepxidation to an iminoquinone species occurs, producing
diamine oxidase (DAO), retinal amine oxidase, and semi- H,O,. This species is then hydrolyzed, liberating Ntand
carbazide-sensitive amine oxidase (SSAQ))(SSAO has the resting cofactol§{ — A) (6). In addition, NH may be
multiple functions depending on its location, including released by a transimination reaction between the iminoqui-
glucose homeostasis, lymphocyte adhesion, and adipocytenine and substrate, thereby forming the “substrate Schiff
maturation £1—13). It was recently discovered that human base” £ — B) (24). It is possible that there are slight
kidney diamine oxidase (KDAO) has the highest substrate variations among CuAOs with respect to the mechanism for
specificity with 1-methylhistamine and histamine, indicating reoxidizing the reduced quinone species. In a proposed
that this enzyme could play an integral but as yet undeter- alternate mechanism for the reoxidation of TR® HPAO,

mined role in histamine metabolisrB)( the reduction of Cu(ll) to Cu(l) is not require@%—27).

Five CuAO structures have been experimentally deter- Given the imine shift accompanyingx(roton abstraction
mined: Escherichia colamine oxidase (ECAONH), Pisum (Scheme 1B — C), mechanism-based inhibitors for CUAOs
satiyum amine oxidase (PSAONB), Pichia pastorislysyl may be developed by incorporating either a halogen group

oxidase (PPLO)X6), Hansenula polymorphamine oxidase  or unsaturation at th@-position of a potential substrate
(HPAO, recently reclassified aichia angusta (17), and molecule. Examples arg-bromoethylamine 28—33) and
Arthrobacter globiformisamine oxidase (AGAO)G). These propargylamine 30). The former case results in anz
CuAOs are dimers with monomeric molecular masses activateda-haloaldehyde product, whereas the latter case
ranging from 70 to 90 kDa, with each monomer containing results in an electrophilia,f-unsaturated aldehyde product.
a single active site composed of TPQ and a Cu(ll) atb@-( These compounds have been effectively studied as inhibitors
20). Each monomer has a pair gfhairpin arms, which of plasma amine oxidas&@), SSAO @4, 35), and MAOs
extend from one subunit across the face of the other subunit.(36—38). In addition, we have successfully used this strategy
One of these arms partially defines the entrance to the activein designing a set of compounds, which were tested against
site channel in the other subunit. The residues of this armsix CuAOs @1). An important finding was that 4-(2-
vary among the CuAOs and may play a role in substrate naphthyloxy)-2-butyn-1-amin€y) is a particularly effective
recognition (7). Differences in amino acid composition in  inhibitor of AGAO. Given this result, we felt that an
this region introduce unique characteristics to a given CUAO evaluation of a series of 4-aryloxy analogueslomight
in terms of the electrostatic properties and dimensions of reveal insight to achieving potent and selective inhibition of
the active site channel, as well as the degree of substratehe various copper amine oxidases.
accessibility to TPQX6, 21). In this study, the analogues investigated in additioA to
Copper-containing amine oxidases oxidize primary amines were 4-(1-naphthyloxy)-2-butyn-1-amine)( 4-(2-meth-
through a ping-pong mechanism (Scheme 1). The key stepylphenoxy)-2-butyn-1-amine 3}, 4-(3-methylphenoxy)-2-
in catalysis is the conversion of the initial “substrate Schiff butyn-1-amine 4), 4-(4-methylphenoxy)-2-butyn-1-amine
base”, a quinoneimine, to the “product Schiff base”, a (5), and 4-phenoxy-2-butyn-1-aminé)((Figure 1). These
quinolaldimine B — C). This conversion is facilitated by a compounds have been screened against PSAO, PPLO,
conserved aspartate acting as a general base assisting protdfDAO, AGAO, EPAO (equine plasma amine oxidase), and
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~ 0 ‘ diluted to ~0.5 mg/mL with 0.1 M potassium phosphate
HN buffer, pH 7.2. Whenever possible, the same protein stock

HzN/\/O
O was used for all experiments. Benzylamine was used as a

control substrate in all experiments except with KDAO, for

4-(2-naphthyloxy)-2-butyn-1-amine (1) 4-(1-naphthyloxy)-2-butyn-1-amine (2) which 4_(dimethylaminomethyl)benzylamine (DAB) was
H,C CH,
o _ used 8).
HN™ — o HNT T OO Enzyme samples were incubated af@ with varying

excesses of inhibitor based on active-site concentration as
previously described2(). At various times, 36-80-uL
—_— —— aliquots were removed and diluted into a benzylamine assay
© C o AN O@ mixture (3 mL total volume) at 25C. Activities were

determined at least in triplicate by monitoring the production
o of benzaldehyde at 250 nm over 3 min using an extinction
Ficure 1. Inhibitor compounds. coefficient of 12 800 Micm™ (29, 46), and were reported

. . , in spectroscopic units (change in absorbance/min) per mg
BPAO (bovine plasma amine oxidase) for potency, revers- protein. Although excess inhibitor was not removed prior
ibility, and selectivity. For comparative purposes, partition 1, assaying, it was diluted at least 37-fold in the final assay
ratios and 1Go's were determined. Thorough analysis of the \qjyme. |oss of activity occurred over a short period of time,
behav_lor_wnh each pompound was perfo.rmed with AGAO, gnd had plateaued by 30 min in every case in which a
establishing a baseline for comparison with the other CUAO 5 ition ratio was calculated (or the activity reached zero).
enzymes studied. In addition, the structures of AGAO pyition ratios were calculated from these data by plotting
complexed with 4-(2-naphthyloxy)-2-butyn-1-amirig &nd the percent residual activity versus [inhibitor]/[active site].
4-(4-methylphenoxy)-2-butyn-1-aming)(have been deter-  The error associated with the partition ratio was obtained
mmed. These structures suggest a noyel mhlbltlon mecha-from the linear fit of this plot using Origin 7.0 software
nism .for. the 4-aryloxy compounds involving covalent (Microcal, MA). Furthermore, Ig values for 30-min
modification of the reduced TPQ cofactor. Furthermore, a jncyhations were obtained by plotting plateau activity against
possible correlation between inhibitor potency and active- ine concentration of inhibitor. For KDAO. the above
site fit is discussed. Collectively, these results help to procedure was modified in that protein/inhibitor solutions
establish the molecular foundations governing substrate,,ere incubated at 37C. DAB was used as substrate. a 1.5-
specificity/inhibitor potency for AGAO. Moreover, the results i, total assay volume was used, and protein/inhibitor
presented herein support the feasibility of designing selective 55 tions were kept at 25C between assays.

CUuAQ inhibitors. The ability of the enzymes to use the inhibitors as
substrates was measured using a horseradish peroxidase
MATERIALS AND METHODS (HRP)-ABTS (2,2-azino-bis(3-ethyl)-benzthiazoline-6-sul-

Enzyme Purification and IsolatioPPLO was purified fonic acid) coupled assay. HRP reacts with hydrogen
using minor modifications of a published protoc89]. A peroxide producing an activated form that in turn oxidizes
bead beater was used to break the cells, and the use of 8BTS to produce a product with &n.x at 414 nm 21, 47).
Concanavalin A column was eliminated. EPAO was purified Activities, determined from thé\A414 are reported inug
according to 40). KDAO was purified from Drosophila S2  product(min~*-mg?) of protein @8). Substrate concentra-
cells as previously describel)(PSAO, BPAO, and AGAO  tions were adjusted to 3Q@M in a total assay volume of 2
were purified using previously published protocol8, §1, mL. All assays were performed in 0.1 M potassium
42), respectively). phosphate buffer, pH 7.0 at 3C.

Inhibitor SynthesisThe six compounds used in this study, Phenylhydrazine TitrationTo examine the degree of
4-(2-naphthyloxy)-2-butyn-1-amind); 4-(1-naphthyloxy)- reversibility of inhibition, protein solutions were incubated
2-butyn-1-amineZ), 4-(2-methylphenoxy)-2-butyn-1-amine at 4 °C for 30 min with a sufficient quantity of inhibitor to
(3), 4-(3-methylphenoxy)-2-butyn-1-amind)( 4-(4-meth- inactivate the enzyme, as determined via direct assay. Gel
ylphenoxy)-2-butyn-1-aminey, and 4-phenoxy-2-butyn-1-  filtration chromatography (Sephadex G-25) was used to
amine @) were synthesized and characterized as previously remove unbound inhibitor from the protein-inhibitor com-
described 43). plex. Fractions containing protein were then pooled, con-

Steady-state Kinetics and Absorption Spectfnetic centrated, and their spectra and activities were recorded. The
assays and absorption spectra were collected using a Variartoncentrated protein was dialyzed against four 1-L buffer
Cary 6000i scanning UV/Vis/NIR spectrophotometer equipped exchanges of 0.1 M potassium phosphate buffer, pH 7.2 over
with a dual-cell peltier accessory for temperature control. a period of 36 h. Post-dialysis, spectra and activities were
All protein concentrations were based on previously pub- again measured, and phenylhydrazine titrations performed.
lished extinction coefficients at 280 nm: PPL®Y, EPAO The dialyzed enzymeinhibitor complexes were titrated with
(7), AGAO (42, PSAO Q), BPAO (45), and KDAO @). substoichiometric quantities of freshly prepared phenylhy-
All spectra were recorded at 28C. Stock solutions of  drazine in anaerobic 0.1 M potassium phosphate buffer, pH
inhibitor were prepared by adding the appropriate amounts 7.2 to a maximum of a threefold excess over the protein
of doubly deionized water and compound to yield a final concentration. Phenylhydrazine reacts with unmodified TPQ
concentration near 10 mM. When necessary, 1-mM solutionsby forming a stable adduct (yellow) with/gax at ~450 nm
of inhibitor were prepared by diluting the 10-mM stock with and an extinction coefficient of 32 000 Ntm(41). No
doubly deionized water. Freshly thawed protein stocks were reaction should be observed if either the inhibitor is co-

4-(2-methylphenoxy)-2-butyn-1-amine (3)  4-(3-methylphenoxy)-2-butyn-1-amine (4)

H,N

4-(4-methylphenoxy)-2-butyn-1-amine (5)  4-phenoxy-2-butyn-1-amine (6)
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valently bound to TPQ or if the inhibitor is bound in a
manner that prevents access of phenylhydrazine to TPQ.

To check for possible cofactor modification of PPLO by
5, a control sample of PPLO and one fully inhibited with
compound were diluted wih 8 M urea in 0.1 M potassium
phosphate buffer, pH 7.2 to a final concentrationafuM.

A spectrum was recorded. A 10-fold excess of phenylhy-
drazine in anaerobic 0.1 M potassium phosphate buffer, pH

O’Connell et al.

tectant (with compound) for 48 h and then transferred to
a 30% glycerol solution over the 30 min prior to flash
freezing.

Data were recorded on a laboratory X-ray source compris-
ing a Rigaku RU-200 rotating anode generator with Osmic
mirror optics and a copper anode (wavelength 1.5418 A)
with the crystal maintained at 100 K in a stream of nitrogen
gas. The images were recorded on a Mar345 imaging plate

7.2 was added, and spectra were taken until no furtherdetector. The X-ray diffraction data were integrated and

reaction was observed.

Nitroblue Tetrazolium Assaykhibited samples of AGAO
(7.4 uM), PPLO (7.8uM), and BPAO (2QuM) were tested
for TPQ redox competency using a nitroblue tetrazolium
(NBT) assay as described previousB1(43). This assay
tests the ability of the TPQ cofactor in the denatured
preparation (SDS ang+mercaptoethanol (BME)) to mediate
O,-dependent redox cycling oxidation of glycinate. Enzyme
samples were incubated with a sufficient quantity of inhibitor
to yield at least 97% inactivation, and were then denatured
using a standard denaturing buffer (10% SDS with 0.5 M
BME). The denatured samples were run in duplicate on a
polyacrylamide gel, which was cut in half and stained with
either Coomassie blue or NBT 2 M potassium glycinate.

Crystals and X-ray Diffraction Data for an AGA© 4-(2-
naphthyloxy)-2-butyn-1-amin&)(Complex Crystals of the

scaled using the programs MOSFLBOj and SCALA 61).

Crystal Structure Refinementhe starting model for the
refinement of each of the complexes was the structure of
native AGAO refined at 1.6 A resolution (D. B. Langley,
H. C. Freeman, J. M. Guss, unpublished results). The water
molecules, metal ions, sulfate ions, and glycerol were
removed from the starting model and the TPQ was modeled
as an Ala residue. The refinements proceeded in the
following steps: rigid body refinement at low resolution (3.5
A); restrained refinement using REFMAC52) with auto-
matic selection of solvent molecules using ARP/WARB)(
removal of any water molecules in the active site channel,
examination of electron-density difference maps using
program O $4), addition of the active-site copper atom,
manual adjustment of several residues in the active site
channel, additional restrained refinement with individual

complex were grown using the vapor diffusion method in atomic thermal parameters, examination of electron-density
hanging drops. A solution of AGAO (10 mg/mL in 50-mM  gifference maps, and addition of sulfate ions and glycerol
HEPES, pH 7.0) was incubated with a fivefold molar excess molecules. The entire structure and all solvent molecules
of compoundl for 4 h atroom temperature. Hanging drops  \yere manually checked for position, sensible geometry, and
were comprised of 4L of the protein-inhibitor mixture  cpemjcal interactions including hydrogen-bond formation in
added to an equal volume of the well solution (1.5 M ¢\H respective electron-density mapt this stage, the most
SOy, 260uM CuSQ, 100 MM MES, pH 6.5). Crystals grew  gjgnjficant remainingops — Feaid) €lectron-density in both

after several weeks at 2. Prior to recording diffraction  gctures were in the active sites (Figure 3). The electron-
data, the crystals were cryoprotected by successive transfergjensity was consistent with the presence of bound inhibitors,

through well solutions containing increasing amounts of | i 1 \vere constructed using PRODR&S) and the CCP4

glycerol (2.5% increments) to a final concentration of 30%
over a period of 2 h. The glycerol-doped well solutions also
contained 2.5 mM EGTA to remove excess copper from the

molecular library sketcheis@), included in the model and
refined. The restraint library used for the inhibitors included
bond lengths, bond angles and planarity, but not torsion angle

buffer. restraints. The structures were validated with MOLPROBITY
X-ray diffraction data were recorded at the Stanford (56) and PROCHECK 7). A summary of the X-ray data
Synchrotron Radiation Laboratory Beamline-¥ at a  collection and refinement is presented in Table 4. The entire
wavelength of 1.08 A from a crystal flash-frozen in a stream experiment and refinement were repeated using a crystal of
of nitrogen gas at 100 K. The images were recorded on aAGAO and 1 obtained by soaking rather than cocrystalli-
Mar345 imaging plate detector. The diffraction data were zation. The outcome was identical. The coordinates and
integrated and scaled using programs DENZO and strycture factors for the complexes of AGAO with com-
SCALEPACK (49). poundsl and5 have been deposited with the Protein Data
Crystals and X-ray Diffraction Data for an AGAS!-(4- Bank as entries 1Sl and 1SIH, respectively.
methylphenoxy)-2-butyn-1-aming) (Complex Crystals of
AGAO were grown using the hanging-drop vapor diffusion
method. Hanging drops were comprised gil2 of protein
solution (10 mg/mL in 50 mM HEPES, pH 7.0) mixed with
an equal volume of well solution (1.1 M (NHSQO,, 150
mM sodium citrate, pH 6.5). Crystals grew during several
weeks at 20C. The protein-inhibitor complex was prepared
by soaking crystals in compoutaduring the cryoprotection
procedure, which was similar to that described for the
AGAO-compoundl complex. However, in this case all

RESULTS

General Compound Effeetiness To investigate the
overall potency of inhibition, concentration-dependent data
were obtained by the aforementioned methods (Table 1). The
data represent only two inhibitor concentrations for each
enzyme-inhibitor couple, and do not show all of the data
obtained for the determination of partition ratios andolC
values reported in Table 2. Based on the data in Tables 1
glycerol-doped well solutions contained a tenfold molar and 2, the following trends in relation to inhibitor potency
excess of compoun8, but lacked the addition of EGTA  are observed: (a) compouzd AGAO > PPLO> BPAO
since these crystals were grown in the absence of additional> EPAO > KDAO > PSAO; (b) compoun®: AGAO >
copper. The crystals were left in the 20% glycerol cryopro- PPLO> BPAO > EPAO~ PSAO> KDAO; (c) compound
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Ficure 2: Typical data plots for inhibited CAOs. Panel (A) Classic
time-dependent inactivation of EPAO~4.6 uM active site
concentration) by 4274M compound3. (B) Activity for PPLO (3.82
uM active site concentration) with varying amounts of compound
6 over time: 4uM (left facing solid triangles), 794M (@), 146
uM (a), 193uM (W). See Materials and Methods for experimental
procedure. (C) Partition ratio plot for PPLO with compouhd

4. AGAO > PPLO; (d) compoun&: AGAO ~ BPAO >
PPLO > EPAO ~ KDAO > PSAOQO; (e) compounds:
AGAO > PPLO > BPAO > KDAO > PSAO > EPAOQO;
(f) potency of compounds in inactivating AGACQE > 2 >
4~5~6>3
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Although some inhibitor-enzyme combinations resulted in
time-dependent loss of activity over the period of several
minutes to 1 h, for example EPAO (see Figure 2, panel A),
in the majority of cases examined for compou2ds, this
time-dependent loss of activity was found to occur within
the first ~30 s following addition of inhibitor, with the
subsequent residual activity remaining constant (Figure 2,
panel B). As the concentration of inhibitor was increased,
the initial drop in activity was greater. This behavior indicates
a classical partitioning between turnover and inactivation,
with the constant residual activity signaling complete me-
tabolism of the inhibitor. From the plots of residual enzyme
activity versus the ratio of inhibitor concentration to active
site concentration, partition ratios were calculated (Figure
2, panel C) $8). In certain cases (such as PSAO with
compound? and EPAO with compoun@), the decrease in
residual enzyme activity achieved upon increasing concentra-
tions of inhibitor reached the same plateau activity so that
complete inhibition was never achieved, and partition ratios
were not determined. This behavior is typical of product
protection, suggesting that the turnover aldehyde product
protects the enzyme against further inactivation. In cases
where the observation of high partition ratios indicated
substantial normal substrate turnover, we expected to find
good substrate activity when this was measured directly, and
this was borne out by data listed in Table 3. Indeed, the
4-aryloxy compounds were discovered to be oxidized at
varying but substantial rates relative to benzylamine.

To investigate the degree of reversibility of inhibition,
phenylhydrazine titrations were performed on selected
inhibited samples (see Materials and Methods). In the cases
tested (see Table 2, compounédsand 3), only BPAO
displayed reactivity with phenylhydrazine, though this was
relatively low (~13% and 22%, respectively), suggesting that
phenylhydrazine may displace the bound inhibitors to a
limited degree. Additionally, samples of PPLO, BPAO, and
AGAO that were at least 98% inhibited by compolbswere
denatured and examined for redox integrity of the TPQ
cofactor through the redox cycling NBT assay. In the cases
of BPAO and AGAO, the redox activity was indistinguish-
able from the control activity (data not shown), indicating
either that inactivation arises from covalent modification of
an active site or channel residue that blocks access of the
substrate, or from covalent modification of the cofactor in a
manner that is reversible upon enzyme denaturation. In the
case of PPLO, no reaction with NBT was observed for either
the control enzyme or the inhibited sample, suggesting that
denaturing of PPLO with SDS/BME might modify the TPQ
cofactor. Therefore, to test reversibility of the modified TPQ
adduct in PPLO, samples were denaturedh\8itM urea and
titrated with phenylhydrazine. While the control PPLO
sample reacted quite rapidly with phenylhydrazine to a final
extent of 9.7uM TPQ (1.5 TPQ/dimer), the inhibited sample
reacted much more slowly. Over a period of 17 h, 3
TPQ (0.5 TPQ/dimer) was found to react with phenylhy-
drazine (data not shown), indicative of at least some
reversibility of cofactor modification.

Deviation from Trends in Reaatity. While general trends
in reactivity were consistent among all CuAOs tested, a few
notable deviations were observed. AGAO displayed interest-
ing behavior with compoun@ in that there was an initial
drop in activity within 30 s followed by a slow decrease in
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Ficure 3: Electron density and stereo overlay of the TPQ/inhibitor moieties. (Al) Stereoview of thg,#2@-naphthyloxy)-2-butenal
moiety. (A2) Stereoview of the TRQ-4-(4-methylphenoxy)-2-butenal moiety. Both structures have been solved to 1.7 A resolutio
Stereoview of the overlayed structures of native AGAO (grey), IRP@ (2-naphthyloxy)-2-butenal moiety (orange), and TR&-(4-

methylphenoxy)-2-butenal moiety (green).

Table 1: Inhibition of Select Amine Oxidases by Compounds in Figure 1

enzymeé compound excess inhibitor % activity? enzymeé compound excess inhibitor % activity?
AGAO 2 stoich 53 AGAO 5 stoich 94
5 2 10 25
PPLO 2 stoich 89 PPLO 5 stoich 92
25 0 30 0
EPAO 2 stoich 95 EPAO 5 stoich 86
72 51 29 17
PSAO 2 102 80 PSAO 5 stoich 93
BPAO 2 stoich 88 30 90
52 6 BPAO 5 stoich 65
KDAO 2 stoich 83 30 2
60 73 KDAO 5 stoich 29
30 30
AGAO 3 stoich 98 AGAO 6 stoich 98
31 2 13 0
PPLO 3 stoich 87 PPLO 6 stoich 94
61 0 51 0
EPAO 3 92 38 EPAO 6 101 59
PSAO 3 stoich 92 PSAO 6 96 43
102 20 BPAO 6 stoich 96
BPAO 3 stoich 89 97 17
78 23 KDAO 6 stoich 98
KDAO 3 stoich 83 30 79
28 80
AGAO 4 stoich 95
10 29
PPLO 4 stoich 92
30 16

aExcess inhibitor relative to active site concentration. “Stoich” indicates concentration of inhibitor is equal to that of the activecHitity
remaining relative to uninhibited enzyme after activity plateaued. Numbers are average of at least three assays (rounded to neareAttiteger).
site concentrations: AGAO, 5:77.1 uM; PPLO, 3.1-4.8 uM; EPAOQ, 3.6-5.2 uM; PSAOQ, 5.3-7.3uM; BPAO, 2.9-9.2 uM; KDAO, 4.3—5.6
uM. 4In these cases, classical time-dependent inactivation is observed.

n. (B)

activity until a plateau was reached after about 30 min, possibility of a biphasic reaction mechanism. Identical
whereas the activity of all other compounds tested with samples of AGAO were incubated with a 20-fold excess of

AGAO remained constant once the initial drop in activity

inhibitor. The first sample was subjected to gel filtration and

within the first 30 s of the assay had occurred. This unique dialyzed against 0.1 M potassium phosphate buffer, pH 7.2
behavior prompted additional experiments to examine the following a 30 min incubation with compourl (resulting
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Table 2: Potency of Inhibition toward Select Amine Oxidases for
the Compounds in Figure 1

enzyme inhibitor 1Go (uM) partition ratio
AGAO? 2 7 Joc
BPAC? 2 148 35+ 2
EPAO 2 170 84+ 8
PPLCG 2 39 23+ 2
AGAO? 3 97 28+ 5
BPAC? 3 358 80+ 26
EPAO 3 302 125+ 20
PPLC 3 118 61+ 7
PSAC 3 455 125+ 26
AGAO 4 47 124 2¢
PPLO 4 91 3H6°
AGAO 5 48 124+ 1°
BPAX 5 10 11+ 2
EPAO 5 83 38
PPLO 5 57 24+ 1°
AGAO? 6 50 12+1
BPAC! 6 348 107+ 21°
KDAO 6 381 153
PPLC 6 100 51+ 5°

an cases indicated a phenylhydrazine titration of the fully inhibited
protein was performed.Based on incomplete data (data fit for only
two concentrations of inhibitorf.Values determined from plateau
activity following 30-min incubation except where noted. In these cases,
partition ratios were calculated from the plateau activity observed
between 0 and 30 mif.For BPAO, phenylhydrazine result presented
in ref 43.

Table 3: Compound Turnover by CuATs

enzyme benzylaminerate °¢2 3 4 5 6
EPAO 1 028 037 ND 0.28 0.34
BPAO 1 4.7 10 ND 44 0.81
PPLO 1 091 0.87 ND ND 1
AGAO 1 0 0.72 045 0.74 054
PSAO 1 2.6 1.9 ND 22 2.4

a Protein concentratiorr 0.3uM. P Substrate concentration 3aM.

Biochemistry, Vol. 43, No. 34, 2004.0971

EPAO displayed interesting behavior with compouhd
in that time-dependent inactivation was observed at 60- and
90-fold excesses, but no time-dependence was observed at
a 30-fold excess or lower. At a 90-fold excess of inhibitor,
EPAO activity was~ 88% of the control after 30 s and 38%
after 1.5 h. EPAO also displayed a slow time-dependence
of inactivation with compound (59% activity remaining
after 1.25 h). Inhibition of PPLO witl® required between
0.5 and 5 min for the plateau in activity to be reached,
whereas the plateau was found to be immediate with all other
compounds tested against this enzyme.

Structures of the AGAO-inhibitor complex&esiduaFps
— Feac electron-density differences observed during the
refinement of the AGAO complexes of compouridand5
was interpreted in terms of the inhibitors being bound in the
active sites (Figure 3). The orientation of the inhibitors was
deduced from the distinctive electron-density corresponding
to the naphthyloxy- and methylphenoxy-groups of com-
poundsl and5, respectively. The TPQ cofactor was linked
covalently to an atom of each inhibitor. The new bond joined
what was originally the O5 atom of the TPQ to the third
carbon along the chain from the original amine group of the
inhibitor (Figure 1). Subsequently, the atom types of the
linking atom and the terminal atom of the inhibitor were
changed to nitrogen and oxygen, respectively, to be consistent
with the proposed mechanism of inhibition (see below). In
both complexes, the TPQ cofactors are in the “off’-copper
conformation. In both cases, the “gate” Tyr296 is in the
“open” conformation (Figure 4). The naphthyloxy- and
methylphenoxy-groups have identical orientations with re-
spect to the protein and the two inhibitors bind in an almost
identical fashion (Figure 4). If the structures of the two
complexes are superimposed, the chemically equivalent
atoms of the inhibitors and the TPQ cofactors have a root-

< Rates normalized based on the rate of benzylamine oxidation, reportedMean-square difference of 0.32 A (Figure 3, panel B). The

asumoles product per minute per mg of protein.

terminal amino (aldehyde) groups of the inhibitors make a
short contact 2.5 A) with one of the carboxyl oxygen

in 0% activity remaining). The second sample was treated atoms of the catalytic base, Asp298. If the inhibitors have

with compound6 for 30 s and then immediately subjected
to gel filtration to remove excess inhibitor prior to dialysis
(resulting in 50% activity remaining). Each sample was then
titrated with phenylhydrazine. The first sample showed no

detectable reaction with phenylhydrazine, whereas titration

of the second sample resulted#%0% reactivity with TPQ,

been converted to the equivalent aldehyde, as we propose
below, then the close contact is consistent with a hydrogen
bond. In this case, the carboxyl group of Asp298 must be
protonated.

The AGAO inhibitor structures can be compared with
various native AGAO structures. The structures of native

as expected. This result supports a biphasic reaction mech-and inactivated AGAO are nearly identical with the exception

anism for the inactivation of AGAO b, though there is
no evidence for two different inactivation products. Although
the nature of the biphasic inactivation of AGAO 6yemains

of differences at the active site. It should be noted that
different native structures themselves show variation at the
active site, particularly with respect to the conformation of

undefined, one possibility is that it represents an example the TPQ (which can be modeled as “on”- or “off’-copper)

of the well documented but cryptically elusive case of half-
site reactivity 69, 60).

Unlike other amine oxidases with compoud PSAO
displayed time-dependent inhibition with this compound
(100-fold excess). Activity was reduced to 82% after 30 min
and slowly declined thereafter. This fact together with the
time-dependent data suggests that comp@.iscn excellent
substrate, as well as an inactivator for PSAO, with inhibition
occurring infrequently. These results agree well with the
behavior described in our previous report for PSAO and
compoundl. PSAO also displayed a slow time-dependence
of inactivation with compoun@é (~ 40% activity remaining
after 2 h at a96-fold excess).

and the nearby “gate” Tyr296 (whose “open” or “closed”
conformations govern active-site accessibility to substrate).
The high resolution (1.6 A) (D. B. Langley, H. C. Freeman,
and J. M. Guss, unpublished results) structure used as the
starting model for these protein complexes has a disordered
TPQ and the gate tyrosine in the “closed” conformation
contrast, PDB entries 1AV4 and 1AVL6) have off- and
on-copper TPQs, respectively. While in both cases the gate
tyrosine is disordered, whereas PDB entries 11IVW and 1IVX
(61) have on- and off-copper TPQs, respectively; both are
modeled with closed gate tyrosine conformations. Variations
in the position of TPQ and the gate are the only significant
differences among the various native AGAO structures. In
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Table 4: Crystallographic Data and Structure Refinement StatisticArtbrobacter globiformisAmine Oxidase

structure AGAO1 AGAO-5

space group c2 Cc2

unit cell dimensions a=158.06 a=157.65
b=62.62 b=162.79
c=91.99 c=91.66
p=112.r p=112.2

resolution (A) 1.76-19.9 (1.70-1.74) 1.7322.8 (1.73-1.77)

redundancy ~10 5-6

Rmergd 0.034 (0.3 0.031 (0.20)

1/o(1) 13(2.3) 29 (7.4)

completeness (%) 92.7 (76.4) 92.3(71.2)

non-H atoms refined 5428 5368

no. reflections (working set) 81 489 (5635) 76 191 (4700)

no. reflections (free set) 4333 (323) 4013 (243)

Ruork 0.157 0.149

Riree (5% of data) 0.183 0.168

Rootal 0.159 0.150

rmsd bond lengths (A) 0.010 0.010

rmsd bond angles 1.35 1.37

averageB values (&) 22.7 23.2

2 Numbers in parentheses refer to the highest (20th) resolution 8Rallige = =|ln — HhIVERD ¢ R values= =|Fops— Fead/ZFobs Rota is the
R value following the final cycles of refinement, in which all the data were used.

the structures of the complexes of AGAO with compounds DISCUSSION
1 and5, presented in this work, it is sterically necessary that
the TPQ residues are off-copper and the gate tyrosines are The most common design of CuUAO mechanism-based
in the open conformation. inhibitors has incorporated unsaturation at fhposition of
Other more subtle movements with respect to the native the substrate amine38, 62, 63). For simple propargylic or
structures have occurred, being required to accommodatehaloallylic amines, turnover results in an electrophdig-
each of the covalently linked inhibitors. The position of unsaturated aldehyde product, which can bind covalently at
Phel05, which lines the active site channel, differs by a the active site (to TPQ or an active site residue). In some
movement of the €(~1 A) and by a rotation of its side  cases, metabolism of the suicide substrate results in chan-
chain (70 about the € C’ bond) to interact with the neling directly to a modified cofactor incapable of reoxidation
naphthyloxy- and methylphenoxy-groups of the inhibitors (64). Evidence for covalent modification of active-site
(Figure 4). The polypeptide backbone on either side of residues by an electrophilic turnover product has been
Phe105 (Leul00 through Val108) moves as a consequencepresented by Frebort et al., who studied the inhibition of
The side chain of Glul06, which is disordered in the Aspergillus nigeramine oxidase@5) and grass pea amine
unpublished 1.6 A native structure as evidenced by the oxidase 66) by 1,4-diamino-2-butyne. An additional example
absence of electron density, is well resolved in both inhibitor where inhibition can result from covalent modification of
complexes. Pro136, which is close to Phel05, moves) channel residues is the inactivation of AGAO by a lysine-

A (C”) to form a hydrogen bond from its peptide oxygen directed chemical modification ager&.
atom to the hydroxyl oxygen atom of Tyr302. TheOH

group of Tyr302 also moves1 A to form this new hydrogen
bond. In the native structure, the peptide oxygen atom o
Pro136 forms a hydrogen bond to a water molecule in the
substrate access channel. Leu137 also mov&s~G.9 A)
thus avoiding a steric clash with the gate tyrosine (Tyr296) . i o
and the inhibitors. The side chain of 1le379 moves slightly tions. In addmo_n, no oxidation of by AGAQ C.O!“d be
(C2 ~1.3 A) to a position where it is able to maintain detected. Desplt_e_the fact that AGAO ful!y inhibited ﬂ_)y_
hydrophobic packing with Tyr302, as well as to allow space Showed no reactivity toward phenylhydrazine, NBT staining
for the product aldehyde ends of each inhibitor. of fully inactivated enzyme was mt_;hstmgwshable fr_om_ t_he
Residues comprising the hydrophobic cleft, which accom- control enzyme preparatlon_, indicating that the_TPQ-|nh_|k_)|tor
modates the hydrophobic naphthyloxy and methylphenoxy adduct formed was reversible _u_nder denaturlng conditions.
moieties, can be classified according to their approximate /N contrast to AGAO, PSAO activity was virtually unaffected
position with respect to the common plane of the aromatic €ven by a large excess of compourd and 1 was
rings. Gly380, 11e379, and Trp168 lie on the “TPQ-side” of subsequently discovered to be an excellent substrate. This
this ring plane and Ala135, Pro136, Leu137, and Tyr296 lie Was consistent with computer modeling results that showed
on the other side. Tyr302 and Phe407 lie on the edges ofthat the active site channel of PSAO could accommodate
the aromatic rings (Figure 4). Phe105, and two hydrophobic without any unfavorable nonbonding interactio@#)( In the
residues Leu358 and Trp539 (from tBerm of the adjacent ~ case of the AGACE complex, computer modeling provided
subunit), lie at the end of the channel near the inhibitors. no indication of a specific mode of inhibition, though several
The positions of the residues on tfiearms of the native  residues comprising a hydrophobic pocket in AGAO were
and complex structures are identical within the limits of identified that could potentially interact with the naphthyl
precision. group of the inhibitor.

Relevant for understanding and interpreting the data
f presented herein are the inhibitory effects of 4-(2-naphth-
yloxy)-2-butyn-1-amine 1) with AGAO and PSAO as
reported by Shepard et &%). Compoundl was found to
inactivate AGAO completely at stoichiometric concentra-



Inactivation of copper amine oxidases

Biochemistry, Vol. 43, No. 34, 2004.0973

TPQ 382 ~ Asn 381

Tyr 284

Tyr 307 Pro 136 Pro 136
3 Ala 135 Phe 105 Ala 135 Phe 105
Phe 105
Tyr 302
lle 379 140
P | Surface
--.?-.s.f)-‘ P
L ol f \_‘_
Asp 298 pr (O Leu BI58
i “@,'Trp B359
Tyr 296

lle 379
TPQ 382

lle 379
TPQ 382

Asp 298 Asp 298

.".‘4‘1
Pro 136! Surface
Te379 (R,

. O
Asn 3:&’\{:,; 168
TPQ 382 '

Tyr 284

Cu (i)

His 592

His 431
Cu (Il)
His 431,.0 His 592 His 433
His 592
Tyr 307 Pro 136
Phe 105 5

Ficure 4: TPQ derivatized with two 4-(aryloxy)-2-butynamines. (A1) TR&:-(2-naphthyloxy)-2-butenal moiety positioned in the active
site of AGAO. (A2) Stereoview of the active site of the AGAO-TRA-(2-naphthyloxy)-2-butenal structure. (B1) TRQ4-(4-
methylphenoxy)-2-butenal moiety positioned in the active site of AGAO. (B2) Stereoview of the active site of the AGAR-FRG

methylphenoxy)-2-butenal structure. Views shown in panels A2 and B2 are oriented differently then the views shown in A1 and B1. In
panels Al and B1, the residues composing the hydrophobic pocket are colored yellow and the TPQ/inhibitor moiety is magenta. Distances
shown are from residues in the hydrophobic pocket to each respective substituent group of the 4-(aryloxy)-2-butenal moieties. In panels Al
and B1, “surface” indicates the interface between bulk solvent and the protein-derived substrate channel (see Figure 5). In panels A2 and
B2, residues are colored by atom (grey, carbon; blue, nitrogen; red, oxygen) with the exception of the TPQ/inhibitor moieties in which

carbon atoms are colored yellow and green, respectively. “B” indicates that the residue is derived ffbarrthef the other monomer.

In the current study, we explored the ability of a series of
4-(aryloxy)-2-butyn-1-amine analoguez6) of 1 to inhibit
AGAO, PSAO, and four other CUAO enzymes. Tde@aph-
thyl isomer2 was about half as potent against AGAO as the
p-naphthyl isomerl (Tables 1 and 2). As in the case of
compoundl, no detectable oxidation of compourdby
AGAO was observed. Thertho- (compound3), meta
(compound4), and para- (compound5) methylphenoxy
analogues and the unsubstituted phenoxy compéumere
all at least 10 times less effective than compo@rtdward
AGAO. However 4, 5, and6 were considerably more potent
than 3.

When examining the overall potency trends displayed by
all six compounds with each CuAO evaluated, it is interesting
to note that no single trend holds for all the enzymes. In the
cases of AGAO, BPAO, and PPLO, compouhdvas the
most effective inhibitor Z1). In the case of PSAQ] and?2
acted as excellent substrates. Compobndas the most
effective inhibitor of both EPAO and KDAO, and in both
cases was at least twice as effective as the other compounds
screened. Compoung was the least effective inhibitor of
BPAO and EPAO, but was more efficient against KDAO
than eitherl, 2, or 3. In no instance was inhibition found to
be reversible through dialysis, but BPAO inhibited with
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Scheme 2: Proposed Mechanism of Inhibition for 4-(2-naphthyloxy)-2-butyn-1-amjren¢l Related Compounds

compound® and3 exhibited slight phenylhydrazine reactiv-
ity. In addition, the redox integrity of the TPQ was found to
be restored with inhibited samples of BPAO, AGAO, and
PPLO upon denaturation (see below).

To gain an insight into the structural basis of the
inactivation of AGAO by this class of inhibitorsrystal
structures of AGAO derivatized by compouridand5 were

butenal derivatives observed in the respective crystal struc-
tures (Figures 3 and 4). Although the observed electron
density would also be consistent with adduction of dhe-
unsaturated aldehyde turnover product to the triol form of
the reduced cofactor rather than TRQwe cannot distin-
guish—O— from —NH-), it is not clear what scenario would
lead to such an alternative adduct.

refined at high resolution (Figures 3 and 4). These structures To permit the C3 of the product aldehyde to get within a
identify a novel and completely unexpected modification of reasonable distance for reaction with TPQ, some active-site
the TPQ cofactor. From the bent geometry of the electron rearrangement must occur. This might simply involve the
density corresponding to the TPQ-inhibitor moiety (Figure aldehyde product moving-3.5 A down the channel until

3) itis clear that the TPQ is covalently attached to the middle the nucleophile and its target are in suitable proximity (Figure

position of the inhibitor. Although the carberarbon triple
bond in the reactants and5 (Figure 1) is unreactive, the

5). Whatever the mechanism, it is particularly efficient for
compoundl, for which the product of every turnover event

observed electron density is consistent with an adduct thatthen forms an inactivation event adduct.

would result from nucleophilic attack by the amino group
of the reduced aminoresorcinol cofactor (TR@Pat C3 of
the propargyl aldehyde turnover products@ind5 (Scheme
2). The naphthyloxy and methylphenoxy groupsland5
are indeed similarly positioned within the hydrophobic
binding pocket suggested previousBi (Figures 3 and 4).
Comparing the AGACE and AGAOS structures shows that
there is no significant shift of any active-site residue.

Given the relationship of each 4-(aryloxy)-2-butenal
compound to the hydrophobic pocket in AGAO (Figure 4,
panels A and B), it is plausible that the extent of van der
Waals interactions between pocket and inhibitor may be the
main determinant of potency. The inhibitors that contain the
largest substituentd @nd2) are also the most potent against
AGAO. Compared with the phenoxy and methylphenoxy
substituents, the naphthyloxy group makes more extensive

A reaction mechanism that accommodates these findingsvan der Waals interactions with the hydrophobic pocket. The
is shown in Scheme 2. The initial steps in the catalysis of two-fold weakening of the-naphthyloxy relative t@-naph-
the inhibitor are the same as for a normal amine substrate.thyloxy inhibitor might simply reflect a better steric fit of
First, the “substrate Schiff base” is converted to the “product the more linearly extende@-naphthyl substituent (Figure

Schiff base” B — C) facilitated by a conserved aspartate

1). This suggests that the interactions of the substituent group

acting as a general base and abstracting a proton from the with residues in the active site channel, namely those in the

carbon of the inhibitor. Following hydrolysis of the “product
Schiff base”, the highly electrophilic (at C8)s-unsaturated

hydrophobic binding pocket, may play a key role in
determining overall potency of inhibition for AGAO by a

aldehyde is released into the active site. Subsequently,wide range of structurally diverse inhibitors.

nucleophilic attack by the amino group of TRRat the C3
position € — F) completed by proton transfer to CE {~
G) results in formation of the final TPQ-4-(aryloxy)-2-

While the phenoxy- and methylphenoxy- analogues (com-
pounds3—6) were not stoichiometric in their potency, they
displayed decreasing potency in the order 5 ~ 6 > 3.
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Presumably, the product aldehydes can diffuse from the explain why the 4-(aryloxy)-2-butynamine inhibitors induce
active site with varying degrees of success. The greateronly infrequent inhibition of PSAO. PSAQ inhibition is
potency of the unsubstituted phenoxy and theta and proposed to arise by turnover-product aldehyde modification
para-methylphenoxy analogues with respect to tréno- of surface-exposed Lys residues, obstructing access of the
methylphenoxy §) compound suggests that a more or less g psirate to the active sit®%, 66). Likewise, no such
linearly extend_ed methyl_substitue_nt group can project into hydrophobic binding pocket exists in PPLO, as the channel
the hydrophobic pocket in AGAO in a manner that makes in this enzyme is extremely open@) and any substrate
more favorable van der Waals contacts for the phenoxy . . . . :
analogue from this family of compounds interacting with

family of inhibitors. Yet, when comparingto 2, it appears o . .
that the phenyl ring interacts more favorably with residues '@ IS likely to be in contact with solvent, as opposed to

in the hydrophobic pocket (Trp168 and Trp359) than does Y residues in the active site channel. However, the lack of

the ortho-methyl substituent. a hydrophobic binding pocket in PPLO does not explain the
In terms of the other structurally characterized amine effectiveness of these compounds toward this enzyme in

oxidases, a similar hydrophobic pocket was not identified terms of the relatively low partition ratios and svalues

in the modeling studies of with PSAO @1). This may observed (Table 2).
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Along these lines, interactions between respective enzymes
and inhibitors may not be explained solely by contacts within
the active site channel. Despite the observations that for
AGAO there exists a likely correlation between an inhibitor's
capacity to fill the hydrophobic pocket and its potency, itis 3.
clear that these same distinctions do not apply to other
CuAOs. As observed in the cases of two amine oxidases 4
lacking this hydrophobic binding pocket, PSAO and PPLO '
behave very differently when treated with 4-(aryloxy)-2-
butynamines. The relatively potent inhibition of PPLO may
actually arise as alirect resultof its relatively solvent-
accessible TPQ cofactor, although the true nature of substrate
binding interactions within this enzyme remains unclear at
this time. Furthermore, if the same TRR4-(aryloxy)-2- 6.
butenal adduct observed in AGAO (Scheme 2) is responsible
for inactivation of PPLO, it is not clear why it is resistant to
either oxidation or hydrolysis (Scheme 3), given that it is
most likely directly exposed to solvent. The observation of
~35% phenylhydrazine reactivity of the fully inhibited
denatured PPLO may suggest a unique mode of inactivation
for this enzyme. 8

The covalent modification of TPQ by and5 supports
the lack of phenylhydrazine reactivity of fully inhibited
samples of AGAOQ, as well as the fact that extensive dialysis
did not result in any restoration of activity. However, it does
not explain why full redox competency of the TPQ moiety,
as indicated by the NBT assay, was restored when the 10-
inactivated enzymes were denatured. Two possible reaction
mechanisms could explain the reversibility of inhibition 11
observed upon enzyme denaturation (Scheme 3). Mechanism
A involves the oxidation of the TPQ-4-(aryloxy)-2-butenal
moiety to a Schiff base which is then hydrolyzed in a similar  ;,
manner as the TR, (Scheme 1F — A) yielding TPQy
and 3-amino-4-(aryloxy)-2-butenal. In contrast to Mechanism
A, where hydrolysis follows oxidation, Mechanism B
involves an initial enamine hydrolysis (releasing 4-(aryloxy)-
3-oxobutanal) followed by oxidation of the resulting TR
The similar structural evidence obtained with compouhds
and5 in AGAO suggests that the same mechanisms for both 14
inhibition and denaturation-dependent reversibility occur for
all the 4-(aryloxy)-2-butynamine compounds studied (Schemes
2 and 3). A possible source for stabilization of the modified
quinone in the native folded enzyme is the formation of a 15
hydrogen bond between the aldehyde functional group of
each TPQ-inhibitor adduct and the catalytic base (Figure 4).
Such stabilization might protect the modified cofactor against 16.
the mechanisms proposed in Scheme 3.

The observation that the TRQ species can itself act as
an effective nucleophile in the covalent adduct formation 17
described herein is unprecedented and suggests that the
enzyme inactivation by other inhibitors turned over to
electrophilic products may involve the TPQ cofactor rather
than nucleophilic side-chains of the active site or substrate
channel residues. Since the inactivation method defined here
is a consequence of the inherent chemical reactivites of
reduced TPQ and the aldehyde product, similar reactions with
amine oxidases and lysyl oxidases may be involved in the
physiological effects of toxic amines and aldehydes. 20.

13
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