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Abstract

Copper amine oxidases (EC 1.4.3.6) oxidatively deaminate a variety of aryl
and alkyl amines. The enzymic reaction products are ammonia, hydrogen peroxide,
and aryl or alkyl aldchyde, respectively. Enzymes isolated from different sources
have previousty been shown to catalyze the deamination of tyramine and dopamine
with abstraction cither of the pro-R hydrogen at C-1. the pro-S hydrogen, or with
nct non-stercospecific proton abstraction.

To probe enzyme stercochemistry further, R-deutero and S-
deuterobenzylamines were prepared by a combined chemical-enzymatic method.
The product benzaldehydes from the amine oxidase reactions were reduced in situ
by alcohol dchydrogenase and NADH, providing benzyl alcohols which were
analyzed by 'H NMR spectroscopy. Ten amine oxidases derived from plant,
animal, and bacterial sources all reacted with abstraction of the pro-S hydrogen of
benzylamine, irrespective of the stereochemical course for the oxidation of tyramine
or dopamine.

The copper amine oxidases contain topaquinone (TPQ) as an organic
cofactor which directly mediates substrate deamination via Schiff's base formation
at the active site. Bovine and porcine aortic amine oxidases, known as tissue-bound
semicarbazide-sensitive amine oxidases (SSAQO), were derivatized with p-
nitrophenylhydrazine. These displayed similar absorbance spectra as authentic TPQ
cnzymes. However, some differences were observed with the phenylhydrazine
derivatized SSAO enzymes.

To determine unambiguously TPQ as the redox cofactor in these enzymes,
these SSAOs were derivatized with p-nitrophenylhydrazine and proteolyzed with

pronase. The liberated peptides were purified by reverse-phase HPLC and the



major peak had a retention time which correlated with topaquinone-p-
nitrophenylhydrazone aspartate dipeptide derived from the known TPQ enzyme,
porcine kidney diamine oxidase. Subscquent mass spectrometric analvsis of this
major peak revealed a mass spectrum consistent with TPQ.

Resonance Ruman spectra of p-nitrophenylhydrazine derivatized bovine and
porcine SSAO were compared with i spectrum from the known TPQ enzyme from

pea seedling. These spectra contirmed the presence of TPQ in the SSAQ enzyines.
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Chapter One

General Introduction to the Amine Oxidases

1.1 Amine Oxidase Classification

Amine oxidases are a large and diverse family of enzymes that oxidatively
deaminate alkyl and aryl amines to yield ammonia, hydrogen peroxide and an alkyl

or aryl aldehyde, respectively (Equation 1.1)1.

RCHzNHZ + H20 + 02 — RCHO + NH3 + H202 (L.1)

There are three different classes of amine oxidases. They arc the
monoamine oxidases (MAO), lysyl oxidase (LO) and the copper aminc oxidases
(CuAO). The MAOs and CuAOs catabolize biogenic amines produced by animals,
plants, and microorganisms. Lysyl oxidase is responsible for cross-linking of
collagen and elastin.

Monoamine oxidases [amine: oxygen oxidoreductase (deaminating) (flavin
containing); EC 1.4.3.4] contain flavin adenine dinucleotide (FAD) as the prosthetic
redox cofactor (Figure 1.1)2. The first report of such an enzyme was in 1928 by
M.L.C. Hare, who demonstrated enzyme activity in rabbit liver3. The subcellular
location of MAO is in the outer mitochondrial membrane of many different tissuc
types4. These FAD-containing amine oxidases do not require copper and are rarely
inhibited by carbonyl reactive reagents>. All known MAOs catalyze the deamination
of primary, secondary and tertiary amines®. Only the pro-R C1 hydrogen is
abstracted from all known substrates?.

| The MAOs are important for the regulation of neurotransmitters such as

dopamine, noradrenaline and serotonin8. Inhibitors of MAOs are pharmacologicaily



2
significant as this inhibition alleviates the symptoms of Parkinson's disease (e.g.,

deprenyl) and depression (e.g., tranylcypromine)?:10.

\ NH NH2

- » i

CH
HO

Figare 1.1 Molecular structure of oxidized flavin adenine dinucleotide (FAD).

Lysy! oxidase (LO) [protein-lysine 6-oxidase; EC 1.4.3.13] is found in the
extracellular matrix and is physiologically important for proper connective tissue
development!!. Lysine or hydroxylysine residues in tropocollagen, or tropoelastin,
are oxidatively deaminated at the €-amino group to yield a-aminoadipic-8-
semialdehydes!2. Lysines, on separate tropocollagen molecules, cross-link with the
aldehydes through Schiff's base formation!3. Subsequent reduction of the Schiff's
base provides the high tensile strength of native collagen (Figure 1.2)14. Both
fibroblasts and smooth muscle cells secrete LO. Thus, the enzyme is important for
wound healing and proper maintenance of vasculature!3.

. The LO enzyme is similar to the CuAOs in that it contains copper but has a
smaller molecular weight of 29 kDa!6.17, The nature of the redox cofactor has not
been precisely established, but is believed to be a carbonyl-containing molecule

based on inhibitor studies!3.19. Resonance Raman studies of phenylhydrazine-
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derivatized enzyme indicate that the cofactor is not the same as the copper amine

oxidase cofactor, topaquinone (see section 1.2.3)20. Also, the reported cDNA
sequence of mammalian LO does not have the consensus sequence associated with

topaquinone-containing copper amine oxidases!7.

Tropocoll.ngen strand A Tropocollagen strand A Tropocollagen stand A
NANNS ANNANANNAN WVNANNAL NANNANNANNS
Lysyl Oxidase Schiff's h.m
NH
Rcduumn
VNNNNNSNNNNS NNNNNNANNAND MNNNNNNS NANNNS
Tropocollagen strand B Tropocollagen strand B Tropocollagen stand B
A B C

Figure 1.2 Formation of cross-linked collagen by lysyl oxidase (LO). Native
tropocollagen (A) is oxidatively deaminated by LO. Nucleophilic attack by a
neighbouring amine on the product aldehyde (B) results in Schiff's base formation.
Reduction of the Schiff's base yields a lysinonorleucine crosslink (C).

The copper amine oxidases [amine: oxygen oxidoreductase (deaminating)
(copper containing); EC 1.4.3.6] have been discovered in fungi, yeast, bacteria,
insects, plants, and animals!-21-23. A recent review (1993) by Davidson reports that
over 100 CuAO enzymes have been characterized in many different organisms23.
The CuAOs have several designations in the literature based on substrate specificity
and sensitivity to inhibitors. The term diamine oxidase (DAO) is used for those
CuAOs with preference for primary diamine substrates. Putrescine, spermine and

spermidine are physiologically important diamines and the heterocyclic amine,
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histamine is also an important substrate (Table 1.1)24. Since most of the CuAOs
metabolize benzylamine (Table 1.1) efficiently they are sometimes referred to as
benzylamine oxidases25. The CuAOs are sensitive to inhibition by carbonyl
reagents such as hydrazines and semicarbazide (Table 1.1)26. Therefore, they have
also been called semicarbazide-sensitive amine oxidases (SSAO), particularly in the
pharmacological literature?7. Enzymologists typically reserve the SSAO term for the

tissue-bound enzymes.
1.2 Copper Amine Oxidases
1.2.1 Function 2nd Physiology

The CuAO enzymes oxidize an extensive variety of amines and many
enzymes arc aciive iowards several different amine substrates28. In bacteria, yeast
and fungi, CuAOs provide carbon and/or nitrogen necessary for growth of the
organism by oxidative deamination of amines. Tyramine and phenethylamine (Table
1.1), derived from the amino acids, tyrosine and phenylalanine, are usually the
preferred substrates?9. The bacterial enzymes oxidize benzylamine with a rate that is
less than 1% of the rate for tyramine, whereas these rates are comparable for most
other copper amine oxidases30.

Plant amine oxidases have several different physiological roles. A potential
role is the oxidation of polyamines. Polyamines are known to control DNA
transcription which affects cell division and differentiation31. During seedling
development, amine oxidase synthesis peaks when seedlingé are growing most
rapidly32. Amine oxidases are detected histochemically at the cell wall where
hydrogen peroxide is required for lignin biosynthesis (Figure 1.3 A)33, Alkaloid

biosynthesis in some plants requires amine oxidases34.



Table 1.1 Structure and physical constants for amine oxidase substrates and

inhibitors.
NAME STRUCTURE MW
AMINES
methylamine = N 311
allylamine /\/NHZ’ 57.1
propylamine S~ NH2 59.1
aminoacetone 5)\\\/ NH. 73.1
NH,

3-methylbutylamine \(\' 87.1
putrescine H2N~/¢ NH. 88.2

spermidine HNT T ‘I:l"\/\’ NH. 145.2

H
spermine HN~ A N~ v ™, 202.3
H

benzylamine @ NH, 107.2
p-hydroxybenzylamine g NH2 123.2
HO

NH
p-methoxybenzylamine g 2 137.2
H,CO

NH,
phenethylamine @r\' 121.2
tyramine O/V 137.2
HO

pKa (20°C)

10.6

10.6

10.6

94

9.7



Table 1.1 CONTINUED

NAME STRUCTURE
AMINES
H
NH
histamine I': \§ 2

N
. NH2
tryptamine N
N
1
H
) HO NH,
5-hydroxytryptamine N\
(serotonin) N
U
H
7 NH2
. |
dopamine HO ’g\’
OH
OH
NH,
noradrenaline
HO
OH
OH |
NH
adrenaline
HO
OH
LENHIBIT ORS]
O
semicarbazide HZNJL NHNH,

phenythydrazine

p-nitrophenylhydrazine OzN—Q— NHNH,

M.W. pKa (20°C)

111.2 9.8

160.2 10.2
176.2 9.8

153.2 10.6
169.2 8.6

183.2 8.7

75.1

107.2

153.1



(o]
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H/O\Q/H N)J\ N)S‘/ /Y
H H
o]
A B C D

Figure 1.3 Amine oxidase reaction products: hydrogen peroxide (A), formaldehyde
(B), methylglyoxal (C) and acrolein (D).

In mammals the CuAOs (or SSAOs) are found in a varicty of tissues
including plasma, adipose tissue, vascular smooth muscle, heart, lung, intestine,
kidney, liver, spermatozoa, placenta and semen!.19.35.36, Despite their widespread
distribution it has proved difficult to determine the physiological roles for the CuAO

- enzymes?25. Benzylamine is a preferred substrate but is probably not an endogenous
mammalian substrate37.38,

Methylamine (Table 1.1) is a good substrate for both the solublc plasma
enzyme and the tissue-bound aorta smooth muscle cell enzyme39-4!. It is produced
endogenously through gut microfloral metabolism of creatinine, lecithin, and
choline and intracellularly through MAO metabolism of adrenaline (Tablc 1.1)40.41
Formaldehyde (Figure 1.3 B) is the cytotoxic product of mecthylamine
deamination?2. The cardiovascular damage that is observed in diabetics may be due
to the elevated levels of methylamine and increased SSAO activity37.

Aminoacetone (Table 1.1), another endogenous amine, is deaminated to
produze methylglyoxal (Figure 1.3 C). This has been shown to have in vitro
cytotoxic effects25. Methylglyoxal dehydrogenase converts methylglyoxal to
pyruvate. This potentially alleviates in vivo cytotoxicity under normal physiological
conditions25-

The plasma enzymes from ruminants deaminate polyamines. Putrescine,

spermine and spermidine are thus good substrates. This was first discovered in
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bovine plasma by Hirsch in 1953 and he called the enzyme "spermine oxidase"43.
Amine oxidases may thus regulate circulating levels of the polyamines, which are
known to control cell growth and differentiation44. Since oncogenic transformation
involves uncontrolled cellular growth, the CuAOs may have an important role in
cancer?3. During pregnancy (in several species) the level of circulating maternal
plasma amine oxidase increases approximately 1000-fold24! This may not be
surprising since the fetus releases large amounts of spermine and spermidine. In
non-ruminants, diamines are poorly metabolized but benzylamine, tyramine,
tryptamine, serotonin and histamine (Table 1.1) are better substrates46.

Vascular smooth muscle cells, particularly from the aorta, contain large
amounts of amine oxidase activity!9. This tissue-bound SSAO is a glycoprotein
located at the cell surface with the active site facing outwards47. The oxidative
deamination of allylamine (Table 1.1), an industrially important chemical, by aorta
SSAO yields acrolein (Figurel.3 D). This is an extremely cytotoxic compound that
has been shown to induce atherosclerotic-like lesions in the aorta48. While the
"genuine” physiological roles of the CuAOs remain obscure, it is certain that they
are important in human pathophysiology. This is especially true with regard to the

toxicology of xenobiotic amines25,

1.2.2 Amino Acid Homology and Three Dimensional Structure

The CuAOs are homodimeric ziycoproteins with a monomer molecular
weight of 70-97 kDa. Each monomer may contain as much as 5-7% N-linked
glycans and has a redox active cofactor that is covalently linked to the alpha-carbon
backbone of the protein®9. There is little primary amino acid sequence identity
between the amine oxidases from different organisms50. However, within species

the identity is higher3!-52. A pairwise identity comparison between Arthrobacter
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globiformis histamine oxidase and A. globiformis phenethylamine oxidase reveals

58% identity, whereas comparison with bovine serum amine oxidase reveals only
25% identity>1. There are 33 completely conserved amino acids seen in all reported
sequences with very high homology near the C-terminus21-52.53, The C-terminal
region of the known sequences, residues 592-632, contains 10 of the 33 conserved
residues>2. Several of the conserved residues are histidines involved in copper
binding. Some conserved residues are also located at the active site. The consensus
sequence Thr-X-X-Asn-Tyr-Asp/Glu (where X is any biological amino acid) has
been demonstrated in several amine oxidases>3-54. This tyrosine residue is the site
of autogeneration of the redox cofactor?3.

The first crystal structure of any copper amine oxidase was recently reported
by Knowles and coworkers33. The E. coli amine oxidase crystal structure was
solved at 2 A resolution. The enzyme is a mushroom-shaped homodimer consisting
mainly of B sheets. The arrangemer' of secondary structure for this enzyme
represents a new type of protein fold. Each monomer is 727 amino acids in size
with a molecular weight nf 81.24 kDa and a pl of 5.5. There is one active site per
monomer, containing one mole of topaquinone (Figure 1.4), derived from Tyr466,
and one mole of copper>9. The active sites of the monomers are separated by 30 A
and are deeply shielded from solvent33.

There is a prominent intersubunit interaction in which two B hairpins extend
from each monomer into the other>3. One of these hairpins from each monomer
links the active sites and contains the conserved His440 residue. The conserved
Asp467 and Thr462 residues in one.subunit hydrogen bond with the His440
residue from the other subunit. This suggests the possibility that the two active sites
in a functional homodimer "communicate" with one another33. The catalytic base is
suggested to be Asp383 and is conserved in all reported CuAQ amino acid

sequences>7.
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1.2.3 Determination of Topaquinone as the Redox Cofactor

Highly purified CuAOs are a peach-pink colour due to an absorbance at 470
nm that has been attributed to the essential organic cofactor, topaquinone
(TPQ)39:58. The TPQ cofactor (Figure 1.4) is generated from a conserved tyrosine

at the active site55.

Figure 1.4 Molecular siructure of topaquinone, the redox active cofactor of the
copper amine oxidases, is the p-quinone anion of 2.4,5-trihydroxyphenylalanine.

Bovine serum amine oxidase (BSAQO) was the first CuAO in which TPQ was
unambiguously demonstrated to be the cofactor?9. This was achieved by covalent
derivatization of the BSAO redox cofactor with radioactive phenylhydrazine (Table
1.1). Phenylhydrazine is an irreversible inhibitor of CuAQOs59. Proteolysis with
thermolysin released peptides that contained the derivatized cofactor. Reverse-phase
HPLC purificaticn of the radio- -tive peptides provided a pentapeptide that had a
molecular weight of 805. The amino acid sequence was determined as Leu-Asn-
blank-Asp-Tyr. All the radioactivity was associated with the blank cycle from the
amino acid sequencer. This established the unknown amino acid as the site of

phenylhydrazine and, thus, cofactor attachment. The visible absorbance spectrum
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of this pentapeptide was very similar to the spectrum of the derivatized BSAO

before proteolysis.

Extensive characterization by mass spectrometry confirmed the sequencing
results. Subtraction of the masses for the known amino acids from the pentapeptide
mass yieided a molecular weight of 283 for the unknown (blank). A computer
analysis provided seven empirical formulae fitting this mass. However, only one
formula was consistent with the mass spectral fragmentation data®?. The structure
derived from the cofactor-phenylhydrazone adduct was thus tentatively proposed to
be TPQ4S.

To confirm that TPQ was the authentic cofactor, a model compound was
synthesized. Replacement of the amine and carboxylic acid moieties with a
hydantoin, and derivatization with phenylhydrazine, provided a model TPQ

compound (Figure 1.5)49.

Figure 1.5 Topaquinone hydantoin phenylhydrazone (azo tautomer).

Comparison of the resonance Raman, NMR and visible spectra of the TPQ-
hydantoin phenylhydrazone with the spectra obtained from 50 nanomoles of the

pentapeptide validated the assignment of TPQ as the redox cofactor in BSAQ49.
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A recent modification of this procedure employs pronase, a non-specific protease

preparation, instead of trypsin or thermolysin, for the proteolysis of p-
nitrophenylhydrazine (Table 1.1) adducts of pig kidney diamine oxidase and E. coli
amine oxidaseS!. The released peptides were purified by reverse phase HPLC.
Visible absorbance, NMR and mass spectral characterization of the major
derivatized peptide (31 nanomoles, 47% yield) revealed the p-nitrophenylhydrazone

adduct of a topaquinone-aspartate dipeptide (Figure 1.6).

NH3+
3 H 0O
| 4
OH
o) OH
-0
(o)
N
Il
OH
O
v
N\Q\ N +/
\
O-

Figure 1.6 Topaquinone p-nitrophenylhydrazone C-terminal aspartate dipeptide.

This procedure provides a greater yield of TPQ-peptides (hydrazone) for some
CuAOs compared with tryptic or thermolytic digests. This is advantageous as
tryptic peptides may be produced in less than 0.1% yield61.62, The meager yield of
tryptic peptides in certain cases has been attributed to the formation of N-terminally
blocked cyclic peptides60. Amine oxidases from pea seedling, pig kidney, E. coli.,
pig plasma, sheep plasma and chick pea have been determined as TPQ enzymes
using these extensive physical-chemical characterization protocols4.60,61,
However, a complete physical-chemical characterization of TPQ requires

hundreds of nanomoles of high purity enzyme. This requirement precludes routine
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characterization of TPQ in many amine oxidases. Therefore, an abbreviated

procedure employing intact protein is now deemed sufficient60. TPQ is
conveniently demonstrated by derivatization of the amine oxidase with p-
nitrophenylhydrazine and measurement of the visible absorbance and resonance
Raman spectra63.64. At neutral pH the p-nitrophenylhydrazine-treated enzyme
displays a broad, intense absorbance at 460 nm that shifts to 580 nm at pH 14. This

120 nm pH-dependent shift is diagnostic for TPQ (Figure 1.7).

-0 pK,=12.2 -0,
N N
I Il
o A3 oy N
\ H\\\\‘
A R
pH=7 pH=14
A =440 nm R=H phenylhydrazine A =490 nm
A =460 nm R =NO, p-nitrophenylhydrazine A =580 nm

Figure 1.7 Topaquinone-hydrazine adducts display pH-dependent optical
properties.

Phenylhydrazine is also a carbony! reactive reagent and is used for
derivatization of amine oxidases®3. An absorbance at 440 nm is observed at neutral
pH but only shifts 50 nm, to 490 nm, at higher pH. Also, significant absorbance at
440 nm is still observed for intact proteins. Therefore, p-nitrophenylhydrazine is
preferred to phenylhydrazine as a derivatization reagent for characterization of TPQ

in intact enzymes. However, if peptide characterization by MS is desired, then
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phenylhydrazine is preferred because TPQ-phenylhydrazine adducts display

superior ionization in the MS instrument60,

Besides the visible spectral properties of derivatized amine oxidases,
resonance Raman spectroscopy can be used to determine the presence of TPQ in
intact proteins64. The enzyme is derivatized with phenylhydrazine or p-
nitrophenylhydrazine and cor+entrated to an optical density of 2-10 absorbance
units (1 cm path length). A 100-400 microlitre volume in a 5 mm tube cooled by
nitrogen gas is irradiated with an Argon laser operating at 457.9 nm. Typically a
photon flux of 20-50 milliwatts is sufficient64.

The physical basis of the resonance Raman effect is that some of the 457.9
nm photons selectively excite vibronic transitions of the TPQ-hydrazine adduct.
Energy has been removed from the incident photons and they shift to a longer
wavelength (lower frequency). A detector at right angles to the incident beam
records the resulting spectrum®5. The resonance Raman spectrum displays
vibrational modes of the TPQ-p-nitrophenylhydrazine adduct. This is to some
extent similar to an infra-red spectrum66. The spectrum can be considered a
"fingerprint” of the TPQ-hydrazine adduct. A comparison of this spectrum with
standard spectra provides a very reliable indication of TPQ in an enzyme64.

It should be noted that bovine and porcine aorta SSAOs have somewhat
peculiar resonance Raman and visible absorbance spectra (see chapter 4). Thus, a
more complete physical-chemical characterization is required to establish the nature

of their redox cofactor (see chapter 4).

1.2.4 Enzymatic Reaction Mechanism

The proposed enzymatic reaction mechanism is an aminotransferase

ping-pong type. An anaerobic half-reaction (Equation 1.2 A) is followed by



an aerobic half-reaction (Equation 1.2 B)67.
E=0 + R-CH-NH; + H>0 — E-NH; + R-CHO (1.2 A)

E-NH; + O — E=0O + NH3z + H;O» (1.2 B)

Topaquinone (TPQ) initially forms a Schiff's base with substrate amine (Figure 1.8
A)67. An active site base, recently proposed to be an aspartate residue, abstracts a
proton from the alpha carbon (Figure 1.8 B)34.67. Thus, a resonance-stabilized
carbanion is formed by electron delocalization into the rt-orbital system of the TPQ-
amine adduct, to yield TPQ-imine68. The TPQ-imine adduct is reprotonated at the
C4 oxyanion and then undergoes nucleophilic attack by a water molecule to yield
aminoquinone (aminoresorcinol) and free aldehyde (Figure 1.8 C)68.69_ [n the
aerobic half-reaction the aminoquinone is oxidized by molecular oxygen, mediated
by copper, to release hydrogen peroxide and ammonia (Figure 1.8 D). Electron
paramagnetic resonance spectroscopy has demonstrated a Cu(l)-semiquinone
generated from Cu(lIl) in the native holoenzyme under anaerobic conditions!.70,
Autogeneration of the redox cofactor, which is essential for catalytic function, also

requires copper and oxygen’1.72,

1.2.5 Enzyme Stereochemistry

Another aspect of CuAO enzymology that is investigated at the molecular
level is enzyme stereochemistry. In general, enzymes in the same class have
uniform stereochemistry since natural selection and the stereoelectronic constraints
of the chemical reaction preserve the orientation of catalytic residues relative to

bound suostrate’3. However, the CuAOs exhibit stereochemical heterogeneity in
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Figure 1.8 Mechanism of the copper amine oxidases. Schiff's base formation
between TPQ and benzylamine (A), abstraction of the pro-S hydrogen (B),
hydrolysis of product imine and release of benzaldehyde (C), copper mediated
oxidation of TPQ and release of ammonia and hydrogen peroxide (D).
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their reaction specificities. Source-dependent stereochemistry has been observed

for tyramine, dopamire and phenethylamine oxidation (Figure 1.9)74-79,

Ci pro-R hydrogen pro-S hydrogen

Figure 1.9 Stereochemical and configurational assignment of phenethylamine (1),
tyramine (2) and dopamine (3). These amines are shown with the pro-S and pro-R
hydrogens. This stereochemical classification is taken from the Cahn-Ingold-Prelog
system that ranks the four groups of an asymmetric carbon (Angew. Chem., 78,
413-447, 1964). The alkyl carbons are labelled, starting from the nitrogen, as C1
and C2.

The porcine and horse CuAOs remove the pro-R hydrogen from C1 of tyramine or
dopamine whereas pea seedling and porcine kidney CuAOs remove the pro-S
hydrogen. In contrast, the enzymes from bovine, rabbit and sheep plasma display
net nonstereospecific proton removal80. It should be noted that the
nonstereospecificity of the bovine, rabbit and sheep enzymes is due to a mirror-
image binding mode where substrate is bound in either of two absolute orientations.
Thus, either the pro-S hydrogen or the pro-R hydrogen is abstracted from C1 of
tyramine78.

This unique alkylamine C1 stereochemistry of the CuAOs is correlated with
solvent hydrogen exchange reactions at C2 of substrate amine”5. It has been shown
that the soluble enzymes that are pro-S specific at C1 of tyramine do not catalyze
hydrogen exchange at C2, whereas the pro-R and nonstereospecific enzymes do

catalyze exchange at C2 (Table 1.2)7.
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Table 1.2 Summary of the stereochemistry of proton abstraction and solvent

exchange with tyramine, dopamine or phenethylamine substrates by amine
oxidases”. -

Cl C2

Enzyme Proton Solvent

Source Abstraction Exchange:
Copper Amine Oxidases (EC 1.4.3.6)
Porcine Plasma pro-R Yes
Horse Plasma pro-R Yes
Beef Plasma nonstereospecific Yes
Sheep Plasma nonstereospecific Yes
Rabbit Plasma nonstereospecific Yes
Pea Seedling pro-S No
Soybean Seedling pro-S No
Chick Pea Seedling pro-S No
Pig Kidney pro-S No
Semicarbazide-Sensitive Amine Oxidases
Porcine Aorta pro-S Yes
Bovine Aorta pro-S Yes
Rat Aorta pro-S not determined

Beef Aorta pro-S Yes
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Tissue-bound SSAO enzymes from porcine and bovine aorta are pro-S

specific at C1 and catalyze C2 solvent exchange. They are therefore

stereochemically distinct from the other CuAOs. The SSAO enzymes and lysyl
oxidase have similar stereochemistry76. Solvent exchange at C2 of substrate amine
was first demonstrated with the bovine plasma amine oxidase. It was observed that
tritium was released from C2 of dopamine into bulk solvent?9. This has been
attributed to a reversible imine-enamine tautomerization side reaction that is
unrelated to the main catalytic pathway8!. All CuAO enzymes must hydrolyze
imine, but those which do so more slowly (relative to tautomerization) would be
expected to display this solvent exchange process (Figure 1.10). That is, if the rate
of imine hydrolysis is fast relative to tautomerization, then no solvent exchange
should be observed. An alternative explanation that has been suggested for the lack
of solvent exchange in some enzymes is th~* tautomerization does occur but the
abstracted proton is shielded from bulk solvent’5. The loss of hydrogen from C2
has been termed "wash-out" and the reprotonation reaction has been termed "wash-
in"75, Bovine plasma amine oxidase displays random wash-out of hydrogen from
€2 of dopamine, neither pro-S nor pro-R loss is preferred’9. However,
reprotonation (wash-in) only occurs to the pro-R side78. This finding iis very
surprising since this appears to violate the principle of microscopic reversibility.
This principle states that the forward and reverse directions of a reaction should be
equivalent (i.e., have the same transition state)82. Since no enzyme nor chemical
process has been shown to violate this principle and the bovine and porcine aorta
SSAOs display stereospecific pro-R wash-in and wash-out at C2 it is probable that
more than one process occurs in the bovine plasma enzyme. Stated another way,
enamine reprotonation is not the microscopic reverse of imine exchange78.

In contrast to the variable stereochemistry for tyramine and dopamine

oxidation, benzylamine reacts exclusively with loss of the pro-S hydrogen for all
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enzymes studied®0.83-85_ This is the expected result for enzymes with the same

cofactor catalyzing the same chemical reaction. Enzymes that are pro-S specific for
all substrates include bacterial (see chapter 3) and plant CuAOs as well as bovine

and porcine aorta SSAOs (Table 1.2)7.

1 [-H] 2
Re) 0
H
= N
LA
H,O0
[+H]
0 3 4
+ H
NH;

Figure 1.10 Reversible tautomerization of the phenethylamine-TPQ pre-hydrolysis
complex. Loss of either C2 hydrogen from imine (1) yields the enamine (2).
Reprotonation of enamine (2) occurs at the pro-R (Re face) position of C2.
Hydrolysis of the phenethylamine-TPQ imine (1) yields aminoquinone {3) and
phenylacetaldehyde (4).

BSAO is pro-S specific for benzylamine, p-hydroxybenzylamine and 3-
methylbutylamine (Table 1.1) but catalyzes net nonstereospecific hydrogen
abstraction from C1 of tyramine or dopamine83.86.87, However, it has been shown

that pro-S abstraction is favoured by the BSAO enzyme’8. Also, the CuAOs from
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bovine, rabbit and sheep plasma exhibit smaller kinetic isotope effects for IR-

[2H]tyramine than for 1S-[2H]tyramine?S. This was attributed to a partially rate
limiting step other than C-H (or C-2H) bond cleavage that is probably a
conformational reorganization for a pro-R mode catalytic intermediate?5.

These observations suggest that pro-S stereospecificity is preferred for most
CuAOs. Only the porcine and horse plasma enzymes display absolute pro-R
specificity for hydrogen abstraction from C1 of tyramine. Thus, they must have an
active site that prevents the formation of catalytically relevant intermediates from
pro-S mode oriented substrate80, A crystal structure with resolution approaching
1.5 A would provide the level of detail required to clarify active site geometric
constraints in the CuAOs.

CuAO stereochemical analysis requires observation of the loss or retention
of isotopic label subsequent to the enzymic oxidation of amine substrates74.79-80,85
Use of chiral deuterium labelling of the substrate amine is common. The advantage
of deuterium, compared with tritium, is that it is not radioactive and it completely
replaces hydrogen at a given position. This is not true of tritium, since only a small
fraction (< 1PPB) of the molecules have tritium substituted for hydrogen at a given
position. Thus tritium-labelled compounds require an analysis of the specific
activity of both product and substrate.

Since enzymes are chiral catalysts, introduction of deuterium into amine
substrate with high chiral selectivity is readily accomplished by enzyme-mediated
transformation83. It is prudent to determine subsequently the chiral purity of the
synthesized amine in order to draw correct conclusions regarding enzyme
stereochemistry80,

The retention or loss of deuterium from deuterium-labelled benzylamine or
tyramine, subsequent to coupled enzymatic oxidation, is conveniently accomplished

with TH NMR spectroscopy of the isolated product alcohols. In {H NMR the
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deuterium nuclei are not directly observable. Thus, a substitution of 1 mole of

deuterium for 1 mole of hydrogen results in a IH NMR peak integration (proton
inventory) that is "missing" 1 proton. Indirect detection of deuterons is possible
through observation of spin-spin (scalar) coupling. Typically, chemical shift
information, integration of proton resonances and detection of deuterium-proton
scalar coupling provide sufficient information to follow the deuterium content of
labelled amines during the enzymatic reaction80.

Experiments designed to determine the stereochemical course for the
oxidative deamination of chirally deuterated tyramine and benzylamine are described
in this thesis. Chapter 2 details the stereochemistry of benzylamine oxidation by six
CuAO:s. These enzymes represent the three different classes of stereochemistry for
hydrogen removal from C1 of tyramine exhibited by CuAOs. Chapter 3 presents
the stereochemistry of benzylamine and tyramine oxidation for four bacterial CuAO
enzymes. This chapter also includes an evaluation of hydrogen exchange reactions
at C2 of tyramine. In Chapter 4, the precise nature of the redox cofactor, proposed
to be a TPQ-like molecule, was investigated in the SSAOs isolated from bovine and

porcine aorta.
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Chapter Two
Stereochemistry of Benzylamine Oxidation by

Copper Amine Oxidases'

2.1 Introduction

The copper-containing amine oxidases (EC 1.4.3.6) oxidatively deaminate a
variety of primary amines yielding ammonia, hydrogen peroxide, and an aldehyde

(Equation 1)1,

RCH,NH5 + H,O + O —> RCHO + NH3 + H,O (1)
29802 2 2 3 2Y2

Highly purified amine oxidase preparations display a characteristic pink-peach color
due to a broad absorbance at 470 nml, attributed to an essential organic cofactor.
The cofactor has been identified as topaquinone in the amine oxidases isolated from
bovine and sheep plasma, pea seedlings, and porcine kidney and plasmaZ2.3,
Recognition of the nature of the organic cofactor has facilitated the elucidation of
mechanistic features of the copper amine oxidase reactions?. Topaquinone is
reduced by substrate, concomitant with substrate oxidation in an anaerobic half-
reaction, and is then reoxidized by molecular oxygen in a second aerobic reaction to
complete the catalytic cycleS. However, little is known about the active site of these
enzymes due to a lack of crystallographic structural information.

Previous studies on pea seedling and bovine plasma amine oxidases have

shown that the oxidative deamination of benzylamine occurs with stereospecific

I A version of this chapter has been published in the Archives of Biochemistry and
Biophysics, vol. 316 (1), 353-361 (1995). Authors: Gordon Alton, Taha H. Taher,
Richard J. Beever and Monica M. Palcic.
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removal of the pro-S hydrogen from the methylene carbon®-7. In contrast to
benzylamine, the stereochemical course of tyramine oxidation is source dependent.
The enzymes from pea seedling, soybean seedling, chick pea seedling, and porcine
kidney also react with abstraction of the pro-S hydrogen from C-1 of tyramine
whereas the enzymes from horse and porcine plasma remove the pro-R hydrogen?®-
10, The amine oxidases isolated from bovine, sheep, and rabbit plasma display rare
mirror-image binding and catalysis with net nonstereospecific proton abstraction at
C-1 of tyramine8-12,

In the present study we have used 'H NMR spectroscopy to determine the
stereochemical course for the oxidative deamination of benzylamine by six copper
amine oxidases. All six of the enzymes studied are stereospecific with the reaction
occurring with removal of the pro-S hydrogen, irrespective of the stereochemical

course for tyramine oxidation.
2.2 Experimental Procedures

Materials-The chemicals used were ACS reagent grade and used without
further purification. Organic reactions were performed under a flowing dry argon
stream in glassware that was oven dried at 150° C. Solvents were distilled and
dried prior to use. Distilled water was further purified with a Milli-Q system.
Column chromatography was carried out on silica gel 60 (EM Science) or C18
silica gel (Waters). C18 Sep-Pak cartridges were from Waters, DE-52 cellulose was
from Whatman, alpha-deuterobenzaldehyde was from Merck, Sharp, and Dohme
and deuterated NMR solvents were from Cambridge Isotope Laboratories.
Hydrazine hydrate (99%) was from BDH, benzaldehyde was from Fisher Scientific
and 2H6-deuteroethanol was from Aldrich. p-Nitrophenylhydrazine hydrochloride

and phthalimide-DBUJ were from Fluka. NADH, NAD, aminohexyl agarose (CNBr
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activated), and [1S]-3-0x0-4,7,7-trimethyl-2 oxabicyclo [2.2.1] heptone-1-
carbonyl chloride (camphanic acid chloride) were from Sigma. SDS-PAGE was
done with pre-cast 4-20% acrylamide gels from Bio-Rad.

Enzymes-Horse liver alcohol dehydrogenase (ADH), bovine liver catalase,
and bovine plasma amine oxidase were obtained from Sigma. Sheep and porcine
plasma enzymes were isolated from fresh citrated blood obtained from local
slaughterhouses; rabbit and horse amine oxidases were isolated from frozen serum
(Pel-Freez Biologicals). Enzyme activity was measured at 25° C using 3.33 mM
benzylamine as a substrate in 50 mM sodium phosphate buffer, pH 7.2 by
monitoring the increase in absorbance at 250 nm!3. One unit is defined as the
quantity of enzyme which catalyzes the production of 1.0 pumol/min of
benzaldehyde based on an extinction coefficient of 12.0 mM™! cm™!. Protein
concentration was estimated by the Bradford method using a Bio-Rad kit with
bovine serum albumin as a standard!4. All centrifugations and precipitations were
carried out at 17,000 x g at 4° C for 20 min. Concentration of enzymes was by
ultrafiltration under 40 psi nitrogen gas pressure using PM-30 membranes
(Amicon) in the ultrafiltration cells. Dialysis was done with 12,000 molecular
weight cutoff membranes (Spectra/Por) for equilibration times of 4 h or overnight.
Pea seedling amine oxidase with specific activity of 2 units/mg was available from
previous work3.

Plasma amine oxidases were isolated by a common methodology using
slight modifications of published procedures®.15. When frozen serum samples were
used as an enzyme source, 3 L of serum were centrifuged at 17,000 x g for 20 min
to remove plasma lipoproteins. For fresh citrated blood samples, 10 L were
centrifuged to remove red and white blood cells. The supernatants were fractionated
by the addition of solid ammonium sulfate to 30% saturation and slowly stirring for

2 h. The solution was centrifuged and the supernatant solution brought to 60%
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saturation with solid ammonium sulfate. The protein pellet precipitating at 30-60%
ammonium sulfate saturation was dissolved in 10 mM sodium phosphate buffer,
PH 7.0 (buffer A) and dialyzed extensively against this buffer. After dialysis the
enzyme solution was applied to a 5 X 25 cm DE-52 anion exchange column
equilibrated with buffer A. Protein was monitored in the column eluent by
measuring the solution absorbance at 280 nm, and the column was washed with
buffer A until the absorbance returned to baseline levels. Amine oxidase was then
eluted with a 1.0 L linear gradient starting with buffer A (500 mL) up to 500 mL of
200 mM sodium phosphate, pH 7.0 (buffer B). The fractions containing enzyme
were pooled, dialyzed against buffer A, and then concentrated by ultrafiltration to
approximately 200 mL. The concentrated enzyme sample was applied to a 2.5 X 15
cm aminohexyl agarose column and the column was washed with buffer A until
protein was no longer detected in the eluent. Then amine oxidase was eluted with a
500 mL linear gradient starting with 250 mL of buffer A up to 250 mL of buffer B.
Following the linear gradient, higher purity amine oxidase could also be eluted from
the affinity column with 20 mL buffer B containing 1.0 M NaCl. The partially
purified amine oxidase was dialyzed against 50 mM sodium phosphate buffer, pH
7.2, and stored at 4° C with no loss of activity for at least 4 weeks. For rabbit
plasma enzyme isolations, potassium phosphate buffers and potassium chloride
solutions were employed rather than sodium phosphate buffers and sodium
chloride. Ion-exchange chromatography was carried out at pH 7.0, however, pH
8.0 was used for the aminohexyl affinity chromatography column step. The final
specific activities of the oxidases were: bovine and horse 0.1 U/mL, rabbit 0.02
U/mL, sheep 0.2 U/mL, porcine, 0.01 U/mL, and pea seedling 2 U/mL.
p-Nitrophenylhydrazine Derivatization and Spectroscopy-Absorbance
spectra were recorded with a Hewlett Packard 8451A diode array

spectrophotometer using quartz cuvettes. An aqueous soluiion of p-



34

nitrophenylhydrazine hydrochloride (1.0 mM) was used for derivatizing the
enzymes. Aliquots of 5 uL. were added to a cuvette containing 1 mg of enzyme in
1.0 mL of 50 mM sodium phosphate buifer, pH 7.2 (buffer C). The length of time
between aliquot additions was determined by monitoring the increase in absorbance
at 464 nm until no further absorbance change was detected. The titration was
continued until a slight excess of p-nitrophenylhydrazine was added. When the
derivatization was complete the reaction mixture was applied to a Bio-Rad 10DG
desalting column equilibrated in 50 mM NH,HCO; to remove the excess p-
nitrophenylhydrazine. Absorbance spectra from 350 nm to 700 nm were recorded
for 0.2 mg/mL of enzyme in buffer C or 2.8 M KOH.

Benzylamine Oxidation by Amine Oxidases-Incubations were conducted in
a coupled system containing 3.5 pmol of R- or S-[methylem.'-zH]benzylamine
hydrochloride, 13.1 pmol NADH, 1.3 units ADH, 7000 units catalase, and 0.4 mL
of 50 mM sodium phosphate buffer, pH 7.26:9. Amine oxidase (1.0 mL) was
added to each incubation tube to initiate the reaction. After an 18 h incubation at 25°
C the reactions were diluted to 10 mL with saturated NaCl and loaded onto reverse-
phase C18 Sep-Pak cartridges. Each cartridge was rinsed with 5 mL saturated
NaCl, followed by § mL 2H20, and then the benzyl alcohol product was eluted
directly into 5 mm NMR tubes with 0.7 mL C2HCl,,

R-[ methylene-zH Jbenzylamine hydrochloride-A modification of Battersby's
procedure was used for the synthesis of this amine7-16. Briefly, [for yI-
2H]l:mnzaldehyde was reduced to S-[methylene-zl-l']benzyl alcohol with 79 units
ADH and 31 mg NAD in 450 mL of 10% (v/v) ethanol and 20 mM sodium
phosphat: buffer, pH 7.2, incubated at 37° C for 16 h. After chromatography on
silica gel, the S-[methylene-zH]benzyl alcohol was converted to S-[methylene-
2I—I]benzyl p-toluenesulfonate. N-(R-[methylene-zH]benzyl) phthalimide was

prepared through inversion of configuration of the S-tosylate by a Sn2
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displacement reaction (1.5 h, 25° C) with phthalimide—DBU. Heating the N-(R-
[methylene—zH]benzyl) phthalimide with hydrazine hydrate in 95% ethyl alcohol at
70° C overnight provided R-[methylene-zH]benzylanﬁne. After acidic workup from
ethyl ether, 29 mg of R—[methylene-ZH]benzylamine hydrochloride were obtained
in a final overall yield of 2%.

S-[methylene-zH Jbenzylamine hydrochloride-To 1.4 L of 20 mM sodium
phosphate buffer, pH 8.0, was added with rapid stirring 1.0 mL of benzaldehyde
followed by S g C2H3C2H202H (deuteroethanol). The stirring rate was reduced
and 195 mg NAD and 171 units ADH were added and the solution incubated at
37° C for 16 h. All other synthetic steps were similar to the synthesis of the R-
deuterated enantiomer using proportionally adjusted quantities of reagents. The final
overall yield was 3% representing 52 mg of S-[methyleneZH]benzylamine
hydrochloride.

Chiral derivatization of benzylamine with camphanic acid-The R- and S-
[methylene-zH]benzylamines and diprotonated benzylamine were reacted with the
chiral derivatization agent, camphanic acid chloride!7. In 1.5 mL pyridine, 9 mmol
of benzylamine and 51 mmol of camphanic acid chloride were stirred at 22° C.
After 20 h, 3 mL of water were added to the reaction mixture and the solution was
stirred vigorously for 1 h. The N-benzyl camphanamide was extracted into 5 mL
CH2C12 and washed successively with 10 mL each 1 M HC], twice with saturated
NaHCO,, and twice with water. After drying the solution over anhydrous N 2,80y,
filtration, and evaporation the NMR spectrum was obtained with the sample
dissolved in C62H6-

'H and ?H NMR spectroscopy-lH NMR spectra were recorded at 500 MHz
on a Varian Unity 500 instrument at 30° C, except for camphanamides (27° C). All
compounds were dissolved in 0.7 mL of C2HC13, except for amines (ZHZO) and

camphanamidgx (C62H6). NMR solvents were 99.9% deuterated or better. A T1
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analysis indicated that a 3 s acquisition time followed by a 2 s relaxation delay was
appropriate for compounds in CZHCI3 using a 60° (5 pus) pulse width. Chemical
shifis arc referenced to internal TMS, or residual 2HOH (4.81 ppm) for amines, or
residuai C62H5H (7.15 ppm) for camphanamides and are precise to 0.001 ppm.
Spin-spin coupling constants are reported as first-order and are precise to 0.2 Hz.
Digital resolution was 0.17 Hz/point. Resolution enhancement of spectra for benzyl
alcohols used a line broadening factor of -1.8 and a Gaussian factor of 0.7. The
2H-decoupled 'H NMR was recorded at 400 MHz and the lH-decoupled 2H NMR
was recorded at 61.4 MHz on a Bruker AM-400 instrument operated by the
Department of Chemistry NMR Service Laboratory, University of Alberta.

2.3 Results and Discussion

The purification of the copper amine oxidases followed well-established
procedures with minor modifications9-15. Isolation steps included ammonium
sulfate fractionation, anion exchange chromatography, and aminohexyl agarose
affinity chromatography. Each enzyme was partially purified (60-300 fold) in one
or two weeks with overall yields ranging from 12 to 21%. SDS-PAGE indicated
that the enzymes all had similar levels of purity with a major band for the expected
molecular weight of 91 + 6 kDa.

Prior to the investigation of the stereochemical course of benzylamine
oxidation, topaquinone was confirmed to be tl = cofactor in the horse plasma and
rabbit plasma amine oxidases using visible absorbance spectroscopy. This was
important for comparison of stereochemical results to ensure that all enzymes
studied contained the same cofactor.

The visible absorbance spectra of p-nitrophenylhydrazine derivatized horse

plasma amine oxidase are shown in Figure 2.1.
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Figure 2.1 Absorbance spectra of the p-nitrophenylhydrazine derivatized horse
plasma amine oxidase. Spectra were obtained with 0.2 mg of enzyme in 1 mL of 50
mM sodium phosphate buffer, pH 7.2 (—) or in 2.8 M KOH (---).
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The derivatized enzyme exhibits a peak at 464 nm in neutral solution (pH 7.2),
which undergoes a 116 nm redshift to 580 nm in basic solution. The derivatized
rabbit plasma enzyme also has a A, of 462 nm at pH 7.2 which redshifts to 584
nm in basic solution (A~mendix I). These results closely parallel the unique spectral
properties reported for other topaquinone containing amine oxidases and
topaquinone model compounds suggesting that the horse and rabbit plasma
enzymes also contain this cofactor3.

Horse liver alcohol dehydrogenase was used to synthesize stereospecifically
deuterated benzyl alcohols which were then converted to amines via chemical
procedures. The reduction of benzaldehyde catalyzed by alcohol dehydrogenase has
been studied in detail7-16, NAD?H is produced in situ by transfer of deuterium from
2l-lﬁ-de:uteroethanol to NAD. R—[methylene-zH]benzyl alcohol is generated by the
stereospecific transfer of the deuteron from NADZH to the Re face of
benzaldehyde!8. The opposite process, proton transfer to deuterobenzaldehyde
from NADH, yields S-[methylene-ZH}benzyl alcohol. The hydroxyl group is
converted to a leaving group by transformation to a p-toluenesulfonate. Inversion of
configuration is achieved by displacement of the toluenesulfonate with a
phthalimide. Deprotection of the phthalimide affords stereospecifically alpha-
deuterated benzylamine. The synthesis of S-[methylene-zH]benzylamine is outlined
in Scheme 2.1.

The '"H NMR spectrum (Figure 2.2 a) of R-[methylene-2H]benzylamine
shows a resonance at 4.175 ppm. Integration of this benzylic proton resonance vs.
the aromatic signals of the spectrum indicates 105% deuterium incorporation. A
small signal (1.5%) for the benzylic protons of the diprotonated amine was
observed at 4.189 ppm. The IH NMR spectrum (Figure 2.2 b) of S-[methylene-
2H]bem:ylamine was similar to the R-labelled benzylamine but only 92% deuterium
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was incorporated at the benzylic position. A signal for the diprotonated benzylamine
(8%) was observed at 4.190 ppm.

o Alzohol dehydrogenase
NAD
H

D

Benzaldehyde Deuteroethanol R-[methylensz]bcnzyl alcohol

i
Hs \1\ cl

| p-Toluensulfonyl chloride = TsCI'

R-[methylme-zH]benzyl p-toluensulfona

NPTh

"
+DBU N-(S-{methylenc-2H]benzyl) phthalimide

(o]

l Phthalimide DBU = PTh DBU'

NH2

S-(methylene-zH]benzylnminc

Scheme 2.1 Synthesis of S-[methylene-ZH]benzylamine.



- i

rT‘Y‘ITrI‘ITF'TTTT"rTTYrrT!‘Ill'VIrrI I’l[?tli‘
" 8.0 7.0 6.0 5.0 ppm

 S— Loyt
5.00

c |

_ g

||||||||||||l|l'll|l‘llll"l|llllf"l"‘lll'

8.0 7.0 6.0 5.0 ppm
e Loyt
5.00

1.09

40

Un \\.‘

b Y

— e e ——— -

‘""[ll"lllll'llll‘""l""ll'""l""'I'"I"I‘l]'m'm""ll"‘l’ff

4.25 4.22 4.19 4.16 ppm

1 — - 3

0.95

’mvpl|qml‘nn]1mrnnpmpmpm]rrrqwrr[rm[nﬂ]wn]
4.25 .22 4.19 4.16 ppm

(I E—
0.20
1.09

Figure 2.2 Partial 500 MHz "1l NMR spectra of R-Imclh_\'lww-zlIlhcnzylaminc. (a)

and (b). The spectra for S-lnwlh.\'lunc-zlllhcnzyl:nninc is shown in (¢) and (d).

Panels (a) and (¢) show the integration of aromatic protons vs benzylic protons.
. . 2

The large resonance at 4.81 ppm is residual HO'H. Panels (b) and (d) are

expansions of the spectra around the benzylic proton region.



41
Resolution enhancement shows a 1:1:1 triplet with a geminal deuterium-proton

coupling constant of 2.02 Hz. It is possible that the lower deuterium incorporation
for the S-enantiomer was due to a chemical exchange process prior to the ADH-
mediated reduction, as has been suggested by others12. The lower incorporation of
deuterium did not interfere with the subsequent stereochemical analysis. The
enantiomeric purity of the R- and S-deuterated amines can be evaluated by use of
chiral derivatization agents. Examples of such reagents are acetylmandelic acid!Y,
Mosher's reagent20, and camphanic acid chloride!7-24.22. By chiral derivatization
enantiotopic protons can be made magnetically nonequivalent by transformation to
the corresponding diastereotopomers. Direct integration of the diasterotopic
resonances provides a precise estimate of the relative amounts of each isomer and
hence of the original enantiomers. Camphanic acid chloride is a facile derivatization
agent for primary amines and provides significant chemical shift nonequivalence to
the diastereotopic protons of N-benzyl camphanaraide.

Figure 2.3 A shows the partial TH NMR spectra of camphanic acid chloride
derivatized benzylamine. The pro-S hydrogen of N-benzyl camphanamide resonates
to a higher frequency (4.250 ppm) as compared to the pro-R hydrogen which is
observed at 4.125 ppm?2!.22, Figure 2.3 B shows the partial spectrum for the R-
labelled compound. A 0.05 ppm upfield shift (to lower frequency) is observed due
to the geminal deuterium isotope effect. No S-deuterated material was observed.
The spectrum of derivatized S-[methylene-zH]-benzylamine is displayed in Figure
2.3 C and indicates 90% S-labelled, approximately 10% diprotonated, and no R-
labelled material. The diprotonated material does not affect subsequent
stereochem.ical analysis. The geminal deutzrium isotope effect for this diastereomer
provides an approximate 0.03 ppm upfield shift. Based on 'H NMR spectroscopy
the stereospecifically deuterated enantiomers of benzylamine possess a high degree

of chiral purity.
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geminal dewtesinm isotope effect on the chemical shift of the methylene proton.



43

The stereochemical outcome for the enzymic oxidation of the chiral
deuterium-labelled benzylamines can be determined by NMR spectroscopy to
establish if label has been retained or lost in the product benzy! alcohols. Proton
resonances as small as 1% (relative to the major compound observed) are easily
detected. Thus, we conservatively estimate the quantitative error as + 2%, and can
observe greater than 98% loss or retention of deuterium in the product benzyl
alcohols. Figure 2.4 A shows the 'H NMR of the benzyl alcohols isolated from the
ADH-coupled incubation of S-{methylene-2H]benzylamine with the pea seedling
amine oxidase. The left panel displays the aromatic region which is identical to a
commercial sample of benzyl alcohol (spectra not shown). The large singlet
resonance at 7.192 ppm is residual CHCl; from the NMR solvent. The centre panel
depicts a broad resonance at 4.628 ppm which integrates to 2.12 protons vs. the
aromatic region and is thus attributed to two benzylic protons. A small resonance (<
0.01 protons) at approximately 4.61 ppm is observed, but detailed expansions
indicate that it is probably not deuterated material.

The right panel of Figure 2.4 A presents the resolution enhanced signal for
the benzylic protons. The spin-spin coupling const-t of 0.9 Hz results from vicinal
deuterium coupling through the alcohol oxygen atom. The alcohol oxygen has a
deuteron attached to it due to the work-up conditions for the benzyl alcohol which
include 2H20 as a wash solvent for the C18 Sep-Paks. The pea seedling amine
oxidase coupled incubation produced diprotonated benzyl alcohol and therefore
demonstrates = 98% loss of deuterium during the enzymic oxidation of S-
[methylene—zH]benzylamine. The small amount of diprotonated benzylamine in the
original S-labelled material becomes diprotonated benzyl alcohol and, as such, does

not affect the conclusions regarding enzyme stereochemistry.
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Similarly, the isolated benzyl alcohols from coupled incubations of S-[methylene-
2H]benzylarnine with the other amine oxidases yield 'H NMR spectra similar to the
pea seedling incubation product NMR spectrum (Appendix II). Therefore, it can be
concluded that all six amine oxidases studied completely (> 98%) remove deuterium
from S-deuterated benzylamine consistent with stereospecific pro-S proton
abstraction. The overall reaction stereochemistry for the oxidative deamination of S-
[methylene-ZH]benzylamine is depicted in Figure 2.5 A. Figure 2.4 B shows the
'H NMR of the product isolated from the incubation of R-[methylene-
2H]be:nzylarnine with the pea seedling amine oxidase. The centre panel depicts a
broad resonance at 4.608 ppm which integrates to 0.96 protons vs. the aromatics
and is thus attributed to a single benzylic proton. A small resonance is observed at
4.628 ppm which represents approximately 1.5% diprotonated benzyl alcohol. This
is derived from the diprotonated benzylamine impurity in the original R-labelled
material. The right panel of Figure 2.4 B shows the resolution enhanced signal for
the benzylic proton. The spin-spin coupling pattern results from geminal and vicinal
deuterium-proton coupling with coupling constants of 1.8 Hz and 6.9 Hz
respectively.

Broadband 2H-decoupling results in the collapse of this heptaplet to a
singlet (data not shown). The broadband 1H-dec:oupled 2H NMR spectrum shows a
1:1:1 triplet (data not shown) attributed to vicinal deuterium-deuterium coupling.
Based on the NMR analysis it is clear that the pea seedling amine oxidase coupled
incubation produced monodeuterated benzyl alcohol and therefore demonstrates
complete (= 98%) retention of deuterium during the enzymic oxidatica of R-
[methylene-zH]benzylamine.

Isolated benzyl alcohols from coupled incubations of R-[methylene-
2H]benzylarnine with the other amine oxidases yielded TH NMR spectra similar to

the pea seedling incubation product NMR (Appendix II). Therefore, it can be
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concluded that all six amine oxidases studied do not remove deuterium from the R-
deuterated amine consistent with the overall reaction stereochemistry as depicted in

Figure 2.5 B. This is the expected result for enzymes which remove only the pro-S

hydrogen.
A CuAO .
ADH /NADH
CuAO
B -
ADH /NADH

Figure 2.5 Overall reaction for S-[methylene-zH]benzylamine producing
diprotonated benzyl alcohol (A), and R-[meth.ylene-zH]benzylamine producing
monodeuterated benzyl alcohol (B). Monodeuterated S-[methylene-zH]benzyl
alcohol is formed in (B) due to the stereospecific transfer of hydrogen to the Re face
of [formyl—zH]benzaldehyde by alcohol dehydrogenase.

For all six of the amine oxidases studied the pro-S hydrogen of benzylamine
is stereospecifically removed during the enzymic oxidation. With the exception of
the pea seedling enzyme, which exhibits pro-S stereospecificity for C-1 hydrogen
removal for all substrates studied, the specificity for benzylamine oxidation
contrasts with the stereochemical course of oxidation of tyramine and dopamine?.
For example, the bovine, sheep, and rabbit enzymes catalyze net nonstereospecific
removal of hydrogen from C-1 of either dopamine or tyramine?. The porcine8 and

horse'® plasma amine oxidases abstract the pro-R hydrogen from C-1 of tyramine
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and the porcine enzyme exhibits the same specificity for dopamine oxidation as
well.

Previous stereochemical studies on bovine plasma amine oxidase have
suggested that pro-S hydrogen abstraction from C-1 of substrates is favored.
Dopamine oxidation catalyzed by the bovine enzyme is nonstereospecific due to the
existence of alternate binding modes for this substrate!!. However, a larger steady
state kinetic isotope effect on k. /K, for lS-zH—dopamine suggests that dopamine
bound in the pro-S abstraction mode is preferentially positioned for subsequent
hydrolysis!2. Further support that the pro-S mode of proton abstraction is favored
for the bovine enzyme comes from the studies on p-hydroxybenzylamine and 3-
methylbutylamine for which substrate oxidation proceeds with pro-S hydrogen
abstraction24. 25, Our results for the six amine oxidases studied, which demonstrate
pro-S proton abstraction from benzylamine, further extend the idea that pro-S
specificity for proton abstraction is favored for the topaquinone amine oxidases.

Model building exercises portraying substrate-cofactor bound in a
catalytically competent manner might provide further insight concerning the
geometric constraints of the active site of copper amine oxidases. Figures 2.6-2.8
were generated with the commercial software package Chem3D Plus (Cambridge
Scientific Computing). The topaquinone adducts displayed in Figures 2.6-2.8 are
shown as a neutral species only for clarity of presentation. The most probable
structure from a mechanistic viewpoint is the zwitterionic species with the C4
oxyanion and the C5 iminium cation4. In Figures 2.7 and 2.8 the adducts are
shown without the tyramine phenolic OH group for clarity.

Figure 2.6 A is a top view of a partial structure for the benzylamine-
topaquinone adduct displayed in a planar conformation. Figure 2.6 B shows a side
view and clearly demonstrates that the pro-S hydrogen is below the plane of the

adduct whereas the pro-R hydrogen is situated above the molecule. The C1-H
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sigma bond of the pro-S hydrogen is presumed to be labilized when it becomes

perpendicular to the 7 electron system of the topaquinone ring. Therefore, if a
single active site base is responsible for pro-S hydrogen abstraction then, according
to the structure as depicted, it must be located below the plane of the molecule in
order to allow for correct orbital overlap to occur. There is both stereochemical
evidence and kinetic data which suggest a single catalytically important base for

amine oxidation!!. 26

Figure 2.6. Side view (A) and a top view (B) of the partial structure of a
topaquinone-benzylamine adduct. The relative orientation between views is 105
degrees. A potential active site base is depicted with a bold type B:. The pro-S
hydrogen of benzylamine is positioned for abstraction by the active site base.
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Figure 2.7 A and 2.7 B show the top and side view, respectively, of the

tyramine-topaquinone adduct with the C1 pro-S hydrogen positioned below the
plane of the molecule. This structure is very similar to that of benzylamine and
provides a potential picture of the active site alignment of tyramine in the amine

oxidases which are C1 pro-S specific.

Figure 2.7. Side view (A) and a top view (B) of the partial structure of a
topaquirone-tyramine adduct. The relative orientation between views is 105
degrees. The pro-S hydrogen of tyramine is positioned for abstraction by the active
site base. The phenolic OH moiety of tyramine has been omitted for clarity.

One consequence of the alignment of tyramine and benzylamine as shown in
Figures 2.6 B and 2.7 B is that a hydrophobic cavity must exist that is co-planar to
the aromatic ring of tyramine and benzylamine. A detailed series of structure-

function studies by Hartmann et al indicated that a hydrophobic pocket is present at
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the active site of the bovine amine oxidase4. This allows for docking of
benzylamine or tyramine at the active site with correct positioning of the pro-S
hydrogen for abstraction. If the relative orientation of the topaquinone ring system
and the active site base are preserved in enzymes which are C1 pro-R stereospecific
for tyramine, then a molecular reorganization of tyramine must occur to reposition
the pro-R hydrogen. Figure 2.7 B again shows the fully planar conformation of
tyramine bound at the active site, a 120° single bond rotation around the C1 carbon-
nitrogen sigma bond while holding the topaquinone ring system fixed in space
results in the tyramine conformer shown in Figure 2.8 A. The C1 pro-R hydrogen
is now correctly positioned relative to the active site base for hydrogen abstraction.
However, the aromatic ring of tyramine is now in an orientation very different than
the one depicted in Figure 2.7 B. Since the enzymes which are pro-R stereospecific
for C1 hydrogen abstraction from tyramine are still pro-S specific for benzylamine,
it is reasonable to assume a similar hydrophobic docking site for the aromatic rings
of these substrates. Therefore a 90° single bond rotation around the C2 carbon-aryl
carbon bond results in a conformer that does have the required co-planarity as
shown in Figure 2.8 B. Figures 2.6-2.8 provide a potential model to account for
both pro-R and pro-S hydrogen abstraction via a single active site base mechanism.
Enzymes exhibiting net nonstereospecific hydrogen abstraction might have active
sites that allow sufficient reorganization of substrate such that both modes are
expressed. Thus a single active site base can account for all observed modes of
hydrogen abstraction.

If two bases are located at the active site, one above and one below the plane
of the substrate-cofactor adduct then this might explain the results for the enzymes
which exhibit net nonstereospecificity for C1 hydrogen abstraction from tyramine.
However, the absolute pro-S stereospecificity for benzylamine cannot be reconciled

with a two base mechanism. Although a single active site base would seem more
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provable, crystallographic analyses are required to answer definitively questions

about the active site geometry of this class of enzymes.

A

\— /
B

( B

\. J

Figure 2.8. Top view of the partial structure of a topaquinone-tyramine adduct
drawn in a conformation that presents the pro-R hydrogen for abstraction (A). Top
view with the anticipated reorientation of the tyramine aromatic ring to
accommodate interaction with the putative active site hydrophobic pocket (B). The
phenolic OH moiety of tyramine has been omitted for clarity.

The EC 1.4.3.6 enzyme class of copper amine oxidases displays a uniquely
variable stereochemistry for tyramine and dopamine oxidation yet is uniform with
regard to benzylamine oxidation. Configurational characterization of products
derived from chiral substrate incubations has furnished information which allows

hypotheses to be formulated concerning the active site geometry of the copper
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amine oxidases. Further delineation of stereochemical preferences via kinetic
evaluation of isotope-labelled substrate oxidations can provide a yet more detailed

representation of the active site.
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Chapter Three

Stereochemistry of Bacterial Copper Amine Oxidase Reactions!-!!

3.1 Introduction

Enzymes are stereospecific and a knowledge of enzyme stereochemistry can
provide insight concerning reaction mechanisms!. The copper amine oxidases {EC
1.4.3.6] oxidatively deaminate primary amines with atypical stereochemistry?2.3.
Contrary to virtually all other classes of enzymes, there is little stereochemical
uniformity amongst the copper amine oxidases (CuAO)4. CuAO enzymes displzy
substrate- and source-dependent stereochemistry3.

The soluble CuAO enzymes isolated from pea seedling, soybean see:lling,
chick pea seedling, and pig kidney have been shown to be pro-S specific for C1
hydrogen abstraction from tyramine4-5. Tissue-bound semicarbazide-sensitive
amine oxidases (SSAO) from rat, pig and bovine aorta are also pro-S specific for
CI hydrogen abstraction from tyramine®.’. The CuAO enzymes from porcine and
horse plasma are pro-R specific for C1 of tyramine or dopamine4-8. Amine oxidase
enzymes that catalyze net nonstereospecific C1 hydrogen abstraction have been
characterized from the plasma of bovine, sheep, and rabbit4.9.

In contrast to tyramine C1 stereochemistry (Figure 3.1), the oxidative
deamination of benzylamine (Figure 3.2 A) occurs with stereospecific removal of

the pro-S hydrogen for all enzymes studied3.8.10.11, Also, the bovine enzyme has

I A version of this chapter is to be submitted to Archives of Biochemistry and
Biophysics. Authors: Gordon Alton, Ayse Hacisalihoglu, Johannis A. Duine, K.
Tanizawa and Monica M. Palcic.

II Additionally, the E. coli stereochemical results will be included in a crystal
structure publication with Knowles and coworkers (Leeds, U.K.), concerning the
position of the active site base relative to a covalently-bound inhibitor.
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been shown to be pro-S specific for p-hydroxybenzylamine and 3-

methylbutylamine!2.13,

Figure 3.1 Stereochemical and configurational nomenclature for tyramine. The pro-
R hydrogen of is behind the plane of the molecule (aromatic ring is coplanar with
the paper) and the pro-S hydrogen is in front. The carbon covalently bonded to the
amine is labelled C1 and the carbon one bond further away is labelled C2.

Figure 3.2 Molecular structure of S-[methylene-2H]benzylamine (A) and [1(R)-
2Hjtyramine (B).

A reversible imine-enamine tautomerization preceding imine hydrolysis has
been demonstrated in many amine oxidases which allows exchange of C2
hydrogens from tyramine or dopamine into bulk solvent (Scheme 3.1)!4.
Furthermore, the stereochemistry of C1 hydrogen abstraction from tyramine
(Figure 3.2 B) or dupamine is correlated with the hydrogen exchange reactions at
C2 of these substrates8.9. The soluble CuAO enzymes that are pro-S specific do not

catalyze hydrogen exchange at C2, whereas pro-R and net nonstereospecific
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CuAOs do catalyze C2 exchanged.14. The tissue-bound SSAO enzymes, which are

pro-S specific for all substrates, also catalyze hydrogen exchange at C27. In this
regard, the SSAQ enzymes are similar te lysyl oxidase [EC 1.4.3.13}15.

G LG

H H

1 +H 2

Scheme 3.1 Reversible tautomerization of the tyramine-TPQ pre-hydrolysis
complex. Loss of hydrogen from imine (1) yields the enamine (2). Reprotonation
of enamine can occur from bulk solvent.

We have used 'H NMR spectroscopy to determine the stereochemical
course for the oxidative deamination of benzylamine and tyramine by four bacterial
topaquinone-containing CuAOs. Two enzymes were obtained from the gram
negative bacteria, Escherichia coli and Klebsiella oxytoca, and two enzymes were
from the Coryneform gram positive bacterium, Arthrobacter globiformis.

All four enzymes studied are stereospecific with the reaction occurring with
removal of the pro-S hydrogen from all substrates. In addition, no tyramine C2

hydrogen exchange was observed for any of these enzymes.

3.2 Experimental Procedures

Materials-Chemicals were of ACS reagent grade and were used without

further purification. Distilled water was further purified with a Milli-Q system. C18
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Sep-Pak cartridges were from Waters. Deuterated NMR solvents were from

Cambridge Isotope Laboratories and 2-(4-hydroxyphenyl)ethyl-2,2-d3-amine (C2
dideuterated tyramine) hydrochloride was from MSD Isotopes. NADH and 4-
hydroxyphenethylamine were from Sigma.

Enzymes-Horse liver alcohol dehydrogenase (ADH) and catalase were
obtained from Sigma. E. coli (ATCC 25256) amine oxidase was obtained from
Professor P. Knowles (Leeds, U.K.)!6. K. oxytoca (ATCC 43863) amine oxidase
was a kind gift from A. Hacisalihoglu and Professor J.A. Duine (T.U. Delft, the
Netherlands). A. globiformis (ATCC 8010) histamine oxidase and phenethylamine
oxidase were from Professor K. Tanizawa (Osaka, Japan)!7. Enzyme activity was
measured at 25° C with 2 mM semicarbazide and 1 mM phenethylamine as a
- substrate in 100 mM sodium phosphate buffer, pH 6.8 by monitoring the
production of phenylacetaldehyde semicarbazone at 230 nm!3. One unit is defined
as the quantity of enzyme that catalyzes the production of 1.0 pmol/min of
phenylacetaldehyde semicarbazone based on an extinction coefficient of 16.0 mM™!
cm’!. The relative rate of benzylamine oxidation was approximately 1% of the rate
of phenethylamine oxidation, whereas tyramine and phenethylamine are oxidized at
similar rates!9. Protein concentrations were estimated by the Bradford method
using a Bio-Rad kit with bovine serum albumin as a standard20,

The enzymatic activity of the oxidases were: E. coli, 48 U/mL; K. oxytoca,
5U/mL; A. globiformis histamine oxidase, 150 U/mL; A. globiformis
phenethylamine oxidase, 1000 U/mL..

R- and S-[methylene-zH Jbenzylamine hydrochloride and [I{R)- and [ 1(S)-
2H]tyramine hydrochloride-These amines were available from previous work3.7.

Benzylamine Oxidation by Amine Oxidases-Tncubations were conducted in
a coupled system containing 10.0 umol of R- or S—[methylene-zﬂlbenzylamine

hydrochloride, 13.1 pmol NADH, 1.3 U ADH, 37,000 U catalase in a total volume
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of I mL with 100 mM sodium phosphate buffer, pH 6.8. Amine oxidase (5 U) was

added to each incubation tube to initiate the reaction3. After a 48 h incubation at 25°
C the reaction mixtures were diluted to 10 mL with saturated NaCl and loaded onto

reverse-phase C18 Sep-Pak cartridges. Each cartridge was rinsed with 5 mL
saturated NaCl, followed by 5 mL 2H20, and then the benzyl alcohol product was

eluted directly into 5 mm NMR tubes with 0.7 mL C2HC13.

Tyramine Oxidation by Amine Oxidases-For analysis of C1 stereochemistry
incubations were conducted in a coupled system containing 10.5 pmol of [1(R)- or
[1(S)->H]tyramine hydrochloride, 13.1 umol NADH, 4.0 U ADH, and 37,000 U
catalase in a total volume of 1 mL with 100 mM sodium phosphate buffer, pH
6.84.10, Amine oxidase (0.2 U) was added to each incubation tube to initiate the
reaction. After a 48 h incubation at 25° C the reaction mixtures were diluted to 10
mL with saturated NaCl and the p-hydroxyphenethyl alcohols extracted into 10 mL
ethyl acetate. The organic layer was taken to dryness and the resulting material was
dissolved in 0.7 mL 4:1 (2H3C)2CO:2H50 prior to lH NMR spectroscopy.

For C2 stereochemical analysis, incubations were conducted in a coupled
system containing 0.5 U amine oxidase, 24.5 umol of C2 dideuterated tyramine
hydrochloride (or tyramine hydrochloride), 50.4 umol NADH, 8.0 U ADH, and
28,000 U catalase in a total volume of 2 mL with 100 mM sodium phosphate
buffer, pH 6.8 (or deuterated sodium phosphate buffer for the incubation
containing tyramine hydrochloride). The p-hydroxyphenethyl alcohol extraction
conditions were as described for the C1 stereochemical analysis above.

'H NMR spectroscopy—lH NMR spectra were recorded at 500 MHz on a
Varian Unity 500 instrument at 30° C (benzyl alcohols) or 22° C (p-
hydroxyphenethyl alcohols). Benzyl alcohols were dissolved in 0.7 mL of C2HCl3
and p-hydroxyphenethyl alcohols were dissolved in 0.7 mL of 4:1
(3H3C)2C0:2H20. NMR solvents were at least 99.9% deuterated. A T1 analysis
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indicated that a 3 s acquisition time followed by a 2 s relaxation delay was
appropriate for benzyl alcohols in C2HCl3 using a 60° (5 ps) pulse width, whereas
a 10 s relaxation delay for p-hydroxyphenethyl alcohols in 4:1 (2H3C)2CO:2H,0
was required. Chemical shifts for benzyl alcohols were referenced to internal TMS
(0.000 ppm) and for p-hydroxyphenethyl alcohols, to residual acctone (2.190
ppm), and are precise to 0.001 ppm. Spin-spin coupling constants are reported as
first-order and are precise to 0.2 Hz. Digital resolution was 0.17 Hz/point.
Resolution enhancement of spectra for benzyl alcohols used a line broadening factor
of -1.8 and a Gaussian factor of 0.7. The spectra of p-hydoxyphenethyl alcohols
normally had a Gaussian factor of 0.5 and a squared Gaussian factor of 0.4 applicd

prior to Fourier transformation of the free induction decay.

3.3 Results and Discussion

The R-[methylene-zH]benzylamine was shown previously to be
enantiomerically pure and to contain 1.5% diprotonated benzylamine3. The S-
[methylene-zH]benzylamine was also enantiomerically pure but contained 8%
diprotonated benzylamine3. The lower incorporation of deuterium does not interfere
with the subsequent stereochemical analysis. Similarly, [I(R)- and [I(S)-
2H]tyramine were greater than 98% enantiomerically pure and contained less than
2% C1 diprotonated tyramine”. The C2 dideuterated tyramine was greater than 98%
deuterated at C2.

The amine oxidases produce aldehydes from the amine substrates (Equation

D2,

RCH,NH, + HpO + Oy —> RCHO + NH3 + Hy0, (1)
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Since undesirable Schiff's base formation might occur between the product

aldehydes and the amines, the stereochemical studies were conducted in a coupled
enzymaiic fashion. The aldehydes were converted to alcohols by ADH in the
presence of NADH (Scheme 3.2). The alcohols are inert and unreactive towards
any of the components of the coupled incubations and are easily extracted from the
solution. The use of ADH does not perturb the deuterium content of the aldehyde

intermediate.

NHe °© ADH

CuAO NADH

Scheme 3.2 Pro-S specific oxidative deamination of R-[methylene~2H]benzylamine
coupled to alcohol dehydrogenase (ADH).

The retention or loss of deuterium from deuterium-labelled benzylamine or
tyramine during the coupled enzymatic oxidation is conveniently followed by 'H
NMR spectroscopy of the isolated alcohol products. In 'H NMR, deuterium nuclei
are not directly observable. Thus, a substitution of 1 mole of deuterium for 1 mole
of hydrogen results in an NMR peak integration (proton inventory) that is
"missing” 1 proton. A conservative estimate for the quantitative precision of
integration is 0.05 protons for the reported spectra.

The magnitude of deuteron-proton coupling indicates whether the nuclei are
geminal or vicinal to one amether. Geminal spin-spin (scalar) coupling between
protons and deuterons is readily observable, with a typical value of 2 Hz3.
Additionally, when a carbon atom with two or more bound hydrogens has one of

these substituted by a deuterium then an upfield shift is observed for the remaining
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proton resonance(s). The deuterium isotope effect on proton chemical shifts is

approximately 0.02 ppm?3. Thus, chemical shift information, integration of proton
resonances and detection of deuterium-proton scalar coupling provide sufficient
information to follow the deuterium content of labelied amines during the course of
the reaction.

Figure 3.3 A shows the 'H NMR of the product isolated from the
incubation of R-[methylen e—zH]benzylamine with the A. globiformis
phenethylamine oxidase. The left panel displays the aromatic region that is identical
to a commercial sample of benzyl alcohol dissolved in C2HCl3. Neither the
resonance of the aromatic hydrogen, that is para relative to the benzylic carbon, nor
its integration, are included in this figure. A resonance at 4.608 ppm that integrates
to 1.05 protons vs. the aromatics is shown in the centre panel and is attributed to a
single benzylic proton. A small resonance is observed at 4.628 ppm that represents
approximately 1.5% diprotonated benzyl alcohol. This is derived from the
diprotonated benzylamine impurity in the original R-labelled material. The right
panel of Figure 3.3 A shows the resolution enhanced signal for the benzylic proton.
The spin-spin coupling pattern results from geminal and vicinal deuterium-proton
coupling with coupling constants of 1.8 Hz and 0.9 Hz, respectively.

The A. globiformis phenethylamine oxidase coupled incubation with R-
[methylene-zH]benzylaminc produced monodeuterated benzyl alcohol. Isolated
benzy! alcohols from coupled incubations of R-[methylene—zH]benzylaminc with
the other bacterial amine oxidases yielded 'H NMR spectra similar to the A.
globiformis phenethylamine incubation product NMR (Appendix III). Therefore, it
can be concluded that all bacterial amine oxidases studied do not remove deuterium
from the R-deuterated amine since complete (= 98%) retention is observed. This is
consistent with the overall reaction stereochemistry as depicted in Figure 3.4 A and

is the expected result for pro-S enzymes.
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Figure 3.3 Partial 500 MHz !H NMR spectra of benzyl alcohols derived from

coupled incubations of A. globiformis phenethylamine oxidase with R-[methylene-
2H]benzylamine (A) and S-{methyiene-iH]benzylamine (B).
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Figure 3.4 Overall reaction for R—[methylene-2H]benzylaminc producing
monodeuterated benzyl alcohot (A), and S-[melhylene—zﬂ]bcnzyluminc producing
diprotonated benzyl alcohol (B). Monodeuterated S—[methylene-zH]bcnzyl alcohol
1s formed in (A) due to the stereospecific transfer of hydrogen to the Re face of
[farmyl-zH]benzaldehyde by alcohol dehydrogenase.

Figure 3.3 B shows the 'H NMR of the benzy! alcohols isolated from the
ADH-coupled incubation of S-[methylene—zH]benzylamine with the A. globiformis
phenethylamine oxidase. The left panel displays the aromatic region that is identical
to a commercial sample of benzyl alcohol dissolved in C2ZHCI3. Neiiher the
resonance of the aromatic hydrogen, that is para relative to the benzylic carbon, is
included in this figure, nor its integration. The centre panel depicts a resonance at
4.628 ppm that integrates to 2.02 protons vs. the aromatic region and is thus
attributed to two benzylic protons. The right panel of Figure 3.3 B presents the
resolution enhanced signal for the benzylic protons. The spin-spin coupling
constant of 0.9 Hz results from vicinal deuterium coupling through the alcohol
oxygen atom. The alcohol oxygen has a deuteron attached to it due to the extraction

conditions for the benzyl alcohol that include 2H20 as a wash solvent for the C18

Sep-Paks. The A. globiformis phenethylamine oxidase coupled incubation



66
produced diprotonated benzyl alcohol and therefore demonstrates > 98% ioss of

deuterium dusing the enzymic oxidation of S—[methylene-zH]benzylamine.

Similarly, the isolated benzyl alcohols from coupled incubations of S-
[methylene-zl-llbenzylamine with the other three bacterial amine oxidases yield 'H
NMR spectra identical to the A. globiformis phenethylamine oxidase incubation
product NMR spectrum (Appendix IV). 7 nerefore, it can be concluded that all
bacterial amine oxidases studied completely (= 98%) remove deuterium from S-
deuterated benzylamine, consistent with stereospecific pro-S proton abstraction.
The overall reaction stereochemistry for the oxidative deamination of S-[methylene-
2H]bcnzylamine is depicted in Figure 3.4 B. For all four bacterial amine oxidases
studied the pro-S hydrogen of benzylamine is stereospecifically removed during the
enzymic oxidation (Appendix III).

In contrast to the uniform stereochemistry of benzyiamine oxidation the
CuAOs display heterogeneity for C1 hydrogen abstraction from tyramine or
dopamine2-3. Figure 3.5 A displays th.s partial 500 MHz !H NMR specteum for
[1(R)-2H]tyramine. The C1 mcihylene region shows a triplet integrating to 1.01
protons at 3.27 ppm with a deuterium-proton scalar coupling of 1.65 Hz. Figure
3.5 C displays th~ corresponding spectrum of [1(S)-2H]tyramine showing a triplet
that integrates as 1.09 protons vs. the C2 protons. These spectra indicate that the
deuterated tyramines are monodeuterated at the C1 methylene carbon.

Figure 3.5 B displays a spectrum of the p-hydroxyphenethyl alcohol
isolated from the coupled incubation of A. globiformis phenethylamine oxidase
with [1(R)-2H]tyramine. The C2 protons of the product alcohol are observed as a
doublet at 2.78 ppm. The C1 proton(s) are observed as a triplet at 3.72 ppm that
integrates as 0.91 protons. A deuterium-proton geminal coupling constant of 1.38
Hz can be discemned in resolution enhanced spectra. Within experimental error these

results show no loss of deuterium from [1(R)-2H]tyramine during the reaction.
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Figure 3.5 Partial 500 MHz 'H NMR spectra of [1(R)-2H]tyramine (A) and [1(S)-
2H]tyramine (C). Spectra of the p-hydroxyphenethyl alcohols derived from coupled
incubations of the deuterated amines with A. globiformis phenethylamine oxidase,

(B) and (D).
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Figure 3.5 D displays the spectrum of the p-hydroxyphenethy! alcohol

isolated from the coupled incubation of A. globiformis phenethylamine oxidase
with [1(S)-2H]tyramine. In this instance, triplets arz observed for both the C1 and
C2 protons. Integration of the C1 triplet at 3.74 ppm indicates 2.13 protons. Both
the integration and the scalar coupling pattern indicate that the isolated p-
hydroxyphenethyl alcohol is fully protonated. Thus, during the enzymic reaction of
[1(S)-2H]tyramine the deuterium was fully removed. These results, taken together,
indicate that the A. glebiformis phenethylamine oxidase displayed only pro-S
stereochemistry during the oxidative deamination of tyramine. Appendix V shows
the spectra for the E. coli, A. globiformis histamine oxidase and K. oxytoca
enzymes. These spectra show that the bacterial enzymes are also pro-S specific for
hydrogen absiraction from C1 of tyramine.

There is a correlation between C1 stereochemistry and C2 hydrogen
exchange reactions8.%. Soluble CuAO enzymes that are pro-S specific for hydrogen
abstraction at C1 do not catalyze hydrogen exchange at C2 of product. To
investigate the loss or retention of hydrogen from C2, duplicate coupled iricubations
were set up. One incubation was performed in protiated buffer containing C2
dideuterated tyramine and the other in deuterated buffer with fully protonated
tyramine. Figure 3.6 A shows the partial 500 MHz !H NMR spectrum for [2,2-
2H]tyramine and shows approximately 98% deuteration at C2. Figure 3.6 C shows
the spectrum of tyramine. The 'H NMR spectrum of the product p-
hydroxyphenethyl alcohol derived from dideuterated tyramine and A. globiformis
phenethylamine oxidase (in protiated buffer) is shown in Figure 3.6 B. A very
small increase of 0.04 protons at C2 is observed. Since this is smaller than the
estimated error for integration it can be concluded that there was no significant
"wash-out” of deuterium during the course of the enzymic reaction. Similarly the

other bacterial enzymes displayed ro wash-out (Appendix VI).
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Figure 3.6 Partial 500 MHz 'H NMR spectra of [2,2-2H]tyramine (A) and tyramine
(C). Spectra of the p-hydroxyphenethy! alcohols derived from coupled incubations
of the amines with A. globiformis phenethylamine oxidase, (B) and (D ).
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Figure 3.6 D demonstrates that the oxidative deamination of tyramine in deuterated

buffer by A. globiformis phenethylamine oxidase resulted in complete retention of
hydrogen and no wash-in of deuteriuin from the deuterated buffer. Again, a small
but insignificant decrease of 0.03 protons is observed at C2 of the product p-
hydroxyphenethyl alcohol. The other bacterial enzymes studied also displayed
similar spectra (Appendix VI) indicating no wash-in. Thus, all bacterial enzymes
studied do pot exchange C2 hydrogens with solvent. This conforms to the results
for all other known soluble CuAO enzymes that are C1 pro-S specific.

Our results for the four bacterial amine oxidases studied demonstrate pro-S
hydrogen abstraction from benzylamine and tyramine and no hydrogen exchange at
C2 of tyramine. Thus, the bacterial enzymes join a growing list of pro-S specific
soluble copper amine oxidases that includes pea, chick pea and soybean seedling

amine oxidases and pig kidney diamine oxidase.
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Chapter Four
Identification of Topaquinone as the Redox Cofactor in

Tissue-Bound Semicarbazide-Sensitive Amine Oxidases!

4.1 Introduction

Mammalian tissue-bound semicarbazide-sensitive amine oxidascs (SSAQ)
have been characterized in many different tissues, including white and brown
adipocytes, umbilical artery, aorta, vasculature, uterus, ureter, vaxs Jeferens,
chondrocytes and odontoblasts!-10. Vascular SSAO enzymes are found in the
smooth muscle cell layers (tunica media) of blood vessels3.6.1l_ Subcellular
localization studies indicate that the aorta enzymes are cell-surface-associated and
have an extracellular active site!2. These membrane glycoproteins are considered to
be homodimers with a subunit molecular weight of approximately 95 kDa!3.

The tissue-bound SSAO enzymes and the soluble copper amine oxidases
(EC 1.4.3.6) oxidatively deaminate primary amines to produce ammonia, hydrogen

peroxide and an aldehyde (Equation 4.1).

RCH,NH, + HpO + O — RCHO + NH3 + Hy0, (4.1)

The membrane-bound enzymes have a greater affinity for benzylamine than do the
soluble enzymes (Table 4.1). However, benzylamine has not been found
endogenously in mammals. Methylamine and aminoacetone may be the
physiologically relevant substratesi3:14. The rate of inhibition of +he tissue-bound

enzymes by semicarbazide is less than the rate for most soluble enzymes (Table

I A version of this chapter is to be submitted to Biochemistry. Authors: Gordon
Alton, Glen Loppnow, Andy Holt and Monica Palcic.
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4.1). However, both are irreversibly and completely inhibited by 1 mM

semicarbazide!3.

Table 4.1 Benzylamine affinaly and semicarbazide sensitivity of the amine oxidases.

Enzyme source Km Benzylamine Inactivation by Reference
Semicarbazide

Copper Amine Oxidases (EC 1.4.3.6)

Bovine plasma 1.7 mM 90%, 2 hr @ 10 uM 15, 16
Porcine plasma 90 uM no data 17
Human plasma 25 UM 35%, 20 min @ 10uM 8

Semicarbazide-Sensitive Amine Oxidases

Bovine aorta 16 yM 27%,2hr @ 10 uM 16
Porcine aorta 8 uM 37%, 2 hr @ 10 uM 16
Rat aorta 7uM 35%, 20 min @ 10 uM 5
Human umbilical 207 uyM 35%,20 min @ 10 uM 5
artery

These enzymes are also inhibited by other carbonyl-reactive reagents, such as
aromatic and alkyl hydrazines, but are insensitive to inhibition by ths acetylenic
aromatic amine inhibitors of MAO!3. The inhibition of the soluble copper amine
oxidases by carbonyl reagents has been attributed to irreversible covalent
derivatization of the essential redox cofactor, topaquinone (Figure 4.1).
Topaquinone was first determined in bovine plasma amine oxidase by

Janes and coworkers in 199018, 14C-Phenylhydrazine-derivatized enzyme was
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proteolyzed with thermolysin in 2M urea and the resultant peptides purified by

reverse-phase HPLC.

NH3+

Figure 4.1 Topaquinone, the redox active cofactor of the copper amine oxidases.
Shown as the p-quinone anion form of 2,4,5-trihydroxyphenylalanine.

A pentaﬁéﬁtige, shown to be L-N-X-D-Y, was rzcovered in 40% vyicld. The
unknown residl;é'-ag the third position (X) was determined by scintillation counting
to be the site of l“C-»idilrx_ganylhydrazine attachment. Structural characterization of this
pentapeptide and of a tc;paquinone-hydantoin model compound, by high-resolution
mass spectrometry, proto}! NMR and visible absorbance spectroscopy, confirmed
that topaquinone is the red(;'iv_( cofactor in bovine plasma amine oxidase. Resonance
Raman and visible absorv. stroscopy of intact phenylhydrazine (PHZ) or p-
nitrophenylhydrazine (pNPHZ)-derivatized enzyme is now deemed sufficient to
establish topaquinone as the redox cofactor in putative copper amine oxidases!9.
Enzymes isolated from the plasma of cattle, sheep, rabbit, horse and pig, from
gram positive and gram negative bacteria, from porcine kidney, from pea and chick
pea seedling and from yeast are known to contain topaquinone 8.20-25,

Although the soluble copper amine oxidases and the tissuc-bound SSAO
enzymes have similar reaction mechanisms and carbonyl-reactive inhibitor
sensitivity, no direct evidence has been reported surporting topaquinonec as the

redox cofactor in the tissue-bound enzymes!3:26. Also, the copper requirement for
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the tissue-bound enzymes has not been demonstrated conclusively27.28, This
paucity of information may be due to difficulties that are typically encountered
during the purification of membrane-bound proteins29. Bovine plasma amine
oxidase can be purified to a specific activity of 0 44 U/mg protein, whereas a
specific activity of 0.04 U/mg protein is the highest vet reported for bovine aorta
SSAO30,31,

In addition to subtle substrate and inhibitor differences, certain physical-
chemical features of the tissue-bound enzymes distinguish them from the soluble
copper amine oxidases. The pH-dependent visible absorbance spectra of PHZ
derivatized bovine aorta SSAO were somewhat different from spectra reported for
known copper amine oxidases26. Normally, the absorbance maximum undergoes a
50 nm red-shift as the pH is changed from neutral to approximately pH 14, but the
bovine spectrum bleaches at high pH. Furthermore, soluble eiizymes that display
pro-S hydrogen abstraction at C1 of tyramine do not exchange hydrogens at C2 of
product aldehyde, whereas the tissue-bound enzymes (pro-S at C1) do exchange
hydrogens at C216. It should be noted that lysyl oxidase is also pro-S specific and
exchanges hydrogens at C232. These stereochemical and visible absorbanc ¢ results
may suggest a different cofactor, or alternatively, a differen! active site
configuration.

To clarify further ‘he ii-wure of the redox cofactor in the tissue-oound amine
oxidaszs the pH-dependent visible absorbance spectra and resonance Raman spectra
of pNPHZ-derivatized enzymes were investigated. Active site peptides were
partially purified following proteolysis of derivatized enzymes with thermolysin or
trypsin. Additionally, the derivatized enzymes were proteolyzed with pronase to
liberate cofactor-containing peptides that were then characterized by mass
spectrometry. Topaquinone is thus shown to be the redox cofactor in bovine and

porcine aorta SSAO.
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4.2 Experimental Procedures

Materials-All chemicals were ACS reagent grade. Acetonitrile. methyl
alcohol and trifluoroacetic acid (TFA) were of HPLC grade and were obtained from
Fisher. Triton X-100, urea, ammonium bicarbonate, NapHPO4 and NaH»PO,4 were
also from Fisher. Pronase E was from Merck. Phenylhyirazine hydrochloride and
p-nitrophenylhydrazine hydrochloride were frein Fittkua, A ouffers were preparct
with Milli-Q water. Nitro blue tetrazolium, glycing, ..y ixiucoside, methyl-a-i)-
glucopyranoside, benzylamine hydrochloride and o yaias-4-hydroxycinnamic acid
were from Aldrich. Thermolysin (Bacillus thermoproteolyticus rokko) was from
Boehringer-Mannheim. DEAE fast flow, leniii izctin, butyl, octyl, phenyl and
alkylamino agaroses, 2-(N-Morpholino)ethanesulfonic acid (MES), TPCK-treated
bovine pancreatic trypsin and Brilliant Blue G colloidal concentrate were from
Sigma. The Bioscale Q2 column, 10DG desalting column, pre-cast 12% acrylamide
gels, DC protein assay kit and the Biologic FPLC system were from BioRad. The
Resource-S column, Hi-prep Sephacryl S100 (16/60) column and Superdex 200
(15/30) column were from Pharmacia. Whole aortas were obtained from a local
slaughterhouse (Gainers) or Pel-Freez Biologicals. C18 Sep-Pak cartridges were
from Millipore.

Enzymes-Pea seedling amine oxidase (PSAO) was available from previous
work?5. Porcine kidney diamine oxidase (PKDAO) was purified essentially as
described by Steinbach and coworkers33. The purification of tissue-bound SSAQ
from bovine and porcine aorta followed previously reported procedures with only
slight modification!6. Briefly, 600 g of aorta were cleaned of adhering adventitia
and ground with a 4 mm sieve meat grinder, washed with 4 L of 30 mM sodium
phosphate pH 7.6 (buffer A), minced in a blender with 3 L of buffer A and

centrifuged to pellet tissue-bound enzyme. The pellets were rehomogenized in 4 L.
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of buffer A and Triton X-100 was added to 1% (w/v) final concentration. After 4 hr
of rapid stirring the thick slurry was centrifuged. The resultant 3 L of supernatant
were filtered through Whatman number 2 filter paper and applied to a 5.0 X 50 cm
DEAE fast flow anion exchange column. After washing unbound protein trom the
column with 4 L of 30 mM sodium phosphate pH 7.6 containing 16 Triton X-100
(buffer B) the enzyme was eluted with a NaCl gradient in buffer B at 2.5 ml./min.
The active enzyme fractions eluted at approximately 0.5 M NaCl and were pooled
and applied to a 2.5 X 20 cm lentil lectin column at I mL/min. After washing
unbound protein from the column with 350 mL of buffer B the column was further
washed with 350 mL of buffer A until the absorbance at 280 nm did not change so
as to reduce the Triton X-100 concentration to a low level. The bovine or porcine
aorta SSAO was eluted as a faint yellowish solution with 500 mL. of 1 M «-
methylglucoside at 0.2 mL/min. This yellowish solution was dialy=ed against
buffer A and concentrated to provide 0.04 U/mg of enzyme with a typical rccovery
of 2 units (10% yield) for the bovine enzyme and 0.5 units (7% yield) for the
porcine enzyme. For some preparations of the aorta enzymes a protein with an
absorbance at 410 nm was partially removed by use of a 2 mL Q2 quatcrnary anion
exchange FPLC column using the Biologic FPLC system (BioRad). Enzyme was
applied to the column, washed with buffer A and eluted at 0.6 mbL/min witha 100
mL linear gradient of buffer A containing 1 M NaCl. This procedure did not
increase the specific activity. Superdex 200 size-exclusion chromatography was
performed in 50 mM sodium phosphate, pH 7.6 containing 0.5 M NaCl at a flow
rate of 0.1 mL/min. Other protein chromatographic procedures described in
"Results and Discussion” did nct improve the specific activity or clectrophorctic
purity of the enzymes, and no experimental details are reported for these
procedures. SDS-PAGE was performed on 12% pre-cast gels using the Lacmmli

procedure34. Protein bands were stained with colloidal Brilliant Blue G stain and
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quinoproteins were Jetected with a nitroblue tetrazolium redox cycling assay as
previously described3S. Enzyme activity was measured at 37° C with 0.2 mM
benzylamine hydrochloride as substrate in 50 mM sodium phosphate buffer, pH
7.6, by monitoring the increase in absorbance at 250 nm36. One unit is defined as
the quantity of enzyme that catalyzes the production of 1.0 pmol/min of
benzaldehyde, based on an extinction coefficient of 12.0 mM™! cm™!. Protein
concentration was estimated by a detergent compatible method using a Bio-Rad DC
protein assay kit (as directed by the supplier) with bovine serum albumin as a
standard.

Phenylhydrazine and p-Nitrophenylhydrazine Derivatization and
Spectroscopy-Absorbance spectra were recorded with a Hewlett Packard 8451A
diode array spectrophotometer using quartz cuvettes. An aqueous solution of 0.2
mM p-nitrophenylhydrazine (or phenylhydrazine) hydrochloride was used for
derivatizing the enzymes. Aliquots of 2 pl were added to a cuvette containing 0.1
U of enzyme in 1.0 mL of 50 mM sodium phosphate buffer, pH 7.6 (buffer C).
The increase in absorbance at 464 nm was monitored until no further absorbance
change was detected. The titration was continued until a slight excess of p-
nitrophenylhydrazine (or phenylhydrazine) had been added. When the derivatization
was cemplete, the reaction mixture was aﬁplied to a Bio-Rad 10DG column
equilibrated in 50 mM NH,HCO; to remove the excess hydrazine reagent.
Absorbance spectra from 350 nm to 650 nm were recorded for 2.0 mg/mL. of
enzyme in buffer C, 2 M KOH, or 2.8 M KOH, as noted in the relevant figure
legends.

Peptide spectra were recorded on fractions eluting from the HPLC column
(see Isolation of cofactor-p-nitrophenylhydrazine containing peptides).
Approximately 0.2 nanomoles of peptide, based on an extinction coefficient of 22

mM-! cm-! for the topaquinone-p-nitrophenylhydrazone adduct, were added to a
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quartz cuvette in a final volume of 0.8 mL. The eluant from the first HPLC column,
in 0.2 mM NH4HCOs3, had a pH of 7.8. The high pH spectra were recorded after
the addition of solid KOH to provide a KOH concentration of 2 M.

Resonance Raman Spectroscopy-Room-temperature resonance Raman
spectra of the p-nitrophenylhydrazine derivatives of PSAO, and bovine and porcine
SSAO were obtained with 150-300 pL sampic solutions of absorbance 0.3 - 0.7
OD/cm at 468 nm (PSAQ) or 456 nm (bovine or porcine SSAO). The extensive
concentration of derivatized enzyme necessary to provide these required absorbance
values resailted in solution turbidity that was removed by microfiltration with
Millex-GV 0.22 um filters (Millipore). Resonance Raman scattering was cxcited by
spherically focusing the laser onto a spinning 5 mm i.d. NMR tube containing the
sample solution in a 1359 backscattering geometry. Laser excitation at 457.9 nm
was obtained with an argon ion laser (Coherent, Santa Clara, CA). The laser power
was typically 30 mW at the sample. Multi-channel detection of the resonance
Raman scattering was obtained with a liquid nitrogen-cocled charged-coupled
device (CCD) (Princeton Instruments, Trenton, NJ) connected to the first halt of a
double monochromator (Spex Industries, Metuchen, NJ). Spectral slit widths were
5-7 cm-!. Frequency calibration was done by measuring the Raman scattering of
solvents of known frequencies (benzene, chloroform and carbon tetrachloride).
Reported frequencies are accurate to + 2 cm-!. The resonance Raman spectra were
analyzed by using a 486[3X2-66V computer (Gateway Computers, North Sioux
City, SD). A 50 mM NH4HCOj3 buffer solution background spectrum was
subtracted from all spectra. In addition, fluorescence was removed by subtracting
multiple joined line segments from the spectrum. Spectra were smoothed using a 5-
point Savitsky-Golay function. It should be noted that exposure of the p-
nitrophenylhydrazine-derivatized enzymes to the laser for times in excess of 30 min

resulted in photochemical degradation of the chromophore. Thus, the data were



81
acquired over a shorter period of time to minimize this degradation, despite the

reduction in the signal-to-noise of the acquired spectra.

Isolation of cofactor-p-nitrophenylhydrazine-containing peptides-A Waters
HPLC system consisting of model 501 and 590 pumps, automated gradient
controller and a S90E multiwavelength detector was used for all purifications. On-
line column injections were performed with a model 7010 Rheodyne valve fitted
with a 100 pL volume sample loop. Approximately 2 units of amine oxidase were
derivatized with p-nitrophenylhydrazine as previously described and concentrated to
a volume of 3 mL. Pronase E was added to provide a 1:1 (w/w) ratio of pronase to
protein. After 24 hr (PKDAO or bovine SSAO) or 42 hr (porcine SSAO) at 37°C
the solution was diluted to 10 mL with 0.1% trifluoroacetic acid (TFA) and applied
to a C18 Sep-Pak cartridge. The cartridge was washed with 10 mL of 0.1% TFA
and eluted with 5 mL of 90% CH3CN in 0.1% TFA. The yellowish eluted material
was freeze-dried and then dissolved in 0.2 mM NH4HCOs3. This was injected onto
a 0.39 X 15 cm CI18 Deltapak HPLC column (Waters, 5 ium particle size)
equilibrated in 0.2 mM NH4HCO3. Peptides were eluted with 0.2 mM NH4HCO3
containing 50% methyl alcohol at a flow rate of 0.8 mL/min with a 21 min linear
gradient. The major peak at 450 nm was concentrated to approximately 50 pl. and
diluted to 1 mL with 0.2% TFA. This fraction was injected onto the Deltapak C18
column, pre-equilibrated in 0.2% TFA. Peptide elution was achieved with a linear
gradient over 22 min with 0.2% TFA containing 55% CH3CN at a flow rate of 1
mL/min. C4 and C8 columns provide lower purity peptides and thus were not used.

Alternatively, derivatized bovine SSAO was digested at 37° C with either
thermolysin (11 mg), or trypsin (5 mg) in 2 M urea. The tryptic digestion mixture
was diluted to 15 mL with 50 mM NH4HCO3 prior to placing the reaction tube into
the 37° C incubator. The bovine thermolytic digestion (24 hr) or bovine tryptic

digestion (48 hr) was adsorbed to and eluted from C18 cartridges as previously
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described. The freeze dried eluants were applied to the C18 Deltapak HPLC column
equilibrated in 0.1% TFA.

For the tryptic digestion, elution of peptides occurred with a lincar gradient
of 0.19% TFA containing 85% CH3CN over 28 min at a flow rate of 1.1 mL/mun.
Various fractions absorbing at 400 nm were concentrated to a small volume. These
fractions were applied to a .39 X 15 cm Novapak C8 HPLC column (Waters, 4
fim particle size) equilibrated in 0.1% TFA. Elution of peptides was achieved with a
linear gradient of 0.1% TFA containing 55% CH3CN over 18 min at a flow rate of
1.0 mL/min.

For the thermolytic digestion, elution of peptides occurred with a lincar
gradient of 0.1% TFA containing 27% CH3CN over 20 min followed by a lincar
gradient from 27% CH3CN to 45% CH3CN over the next 30 min, at a flow rate of
1.1 mL/min. The major fraction with absorbance at 400 nm was freeze-dried and
redissolved in 0.2 mM NH4HCO3. This fraction was applied to a 0.39 X 15 cm
Novapak T8 HPLC column (Waters, 4 um particle sizej equilibrated in 0.2 mM
NH4HCO3. Elution of peptides was achieved with a linear gradicnt of 0.2 mM
NH4HCO3 containing 50% methyl alcohol over 50 min at a flow rate of 0.7
mL/min. All peptide retention times are precise to within 5%.

Mass spectrometry-Matrix-assisted laser desorption and ionization time-of-
flight (MALDI-TOF) mass spectra were acquired on a Hewlett-Packard G2025A
instrument. Peptides were dissolved in 50% CH3CN to a concentration of 5 uM.
One puL of 33 mM o-cyano-4-hydroxycinnamic acid (ACN) matrix in 50%
acetonitrile was applied to each sample zone on the MALDI probe tip and allowed to
evaporate. One pL of a 1:1 mixture of the peptide solution and the ACN matrix
solution was applied to the dried matrix spots and allowed to evaporate. At lcast
100 separate laser shots, at 1 uJ laser power, were accumulated and averaged to

provide the final MALDI-TOF mass spectra.
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4.3 Results and Discussion

Enzyme purification-The partial purificatien of bovine and porcine SSAO
followed previously established protocols that include DEAE and lentil lectin
chromatography!6. Analytical SDS-PAGE was used at all chromatographic steps to
evaluate enzyme purity. Quinone-positive bands at approximately 97 kDA showed
increased protein staining intensity as the specific activity of the enzyme increased
throughout the chromatographic procedures. A typical gel profile and a quinone
staining procedure have been reported previously26.35. The active enzyme fractions
eluting from the lentil lectin column were yellowish in colour. This is correlated
with a protein impurity, possibly a heme-containing protein, that absorbs at 410
nm. This impurity was found in variable amounts from one isolation to another but
could be partially removed by use of a Bioscale Q2 (quaternary amine) anion
exchange FPLC column by injecting small (<0.2 U) amounts of enzyme and eluting
with a shallow salt gradient.

Many different purification procedures were evaluated to improve the
specific activity of the enzymes after the lentil lectin column. Bovine SSAO eluted
in the void volume of a Superdex 200 size-exclusion column. The SDS-PAGE
profile of this fraction revealed the 97 kDA enzyme band and several smaller and
larger molecular weight protein bands. No increase in specific activity or
electrophoretic purity was obtained. Since the exclusion limit of this column is 600
kDa and the smaller molecular weight bands were observed, this implies that a
multimolecular aggregate of an active enzyme and the other proteins is found under
these chromatographic conditions. Size exclusion chromatography in sodium
phosphate buffer, pH 7.6 with denaturants (either 1% Triton X-100, 1%
octylglucoside, or 3 M urea) using a Sephacryl S-100 column, again resulted 'in "

elution of a multimolecular aggregate at the void volume (exclusion limit 150 kDa).
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Alkylamino agarose columns, which have proved so successful for other copper
amine oxidase purifications, failed to retain the tissue-bound SSAO. Butyl, phenyl
and octyl agarose columns were unable to improve the clectrophoretic purity and
inactivated the enzymes. Cation exchange with a Resource-S column at pH 5.5 (0.1
M MES) resulted in no improvement of specific activity.

A non-chromatographic procedure using a Rotofor free-solution isoclectric
focusing device (BioRad) resulted in the irreversible precipitation and loss of
activity of the enzymes at approximately pH 4.5. None of these procedures
increased the specific activity (0.04 U/mg) or enhanced the SDS-PAGE
electrophorctic purity cf the enzymes relative to that of the lentil lectin-cluted
material. This is certainly due to the tendency of intrinsic membrane proteins to
associate tightly with detergent micelles and to aggregate with other hydrophobic
proteins, thus reducing the efficacy of the purification techniques2?. Therefore,
all subsequent procedures described in this paper used partially purificd enzyme
(0.04 U/mg) resuiting from the lentil lectin eluate.

Visible absorbance spectroscopy-The identification of topaquinonc as the
redox cofactor in a copper amine oxidase enzyme is usually quite straightforward.
The pH-dependent visible absorbance properties of phenylhydrazine or p-
nitrophenylhydrazine-derivatized enzymes are recorded and compared to the spectra
of known topaquinone-containing copper amine oxidases37. Phenylhydrazone
derivatives of topaquinone show absorbance maxima near 445 nm at pH 7.0, with
an incomplete red-shift of 50 nm in 1-2 M KOH solutions (Figure 4.2)2!. The
pNPHZ-derivatized topaquinone-containing enzymes display absorbance maxima
near 462 nm at pH 7.0 with a characteristic 120 nm red-shift at high pH (Figure
4.2)21, Only topaquinone has been shown to have these pH-dependent spectral

properties. Neither pyrroloquinoline quinone (PQQ) nor tryptophan
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tryptophylquinone (TTQ), the redox cofactors in certain other quinoproteins,

display similar spectra38.39,

"o pKa= 12.2 "o

If
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A =440 nm R=H phenylhydrazine A =490 nm
A =460 nm R =NO, p-nitrephenylhydrazine A =580 nm

Figure 4.2 pH-Depende=} uig5éi&! properties of topaquinone. Topaquinone-
hydrazine adduct solutions are yeiiow at neutral pH. The (~-.:itrophenylhydrazine
adduct is purple at high pH. This pH-induced shift in the @«bserhapce maximum is
attributed to the deprotonation of the azo form (pK, =12.2) of the topaquinone-
hydrazone.

Figure 4.3 A shows the visible absorbance spectrum of phenylhydrazine-
derivatized bovine aorta SSAO at pH 7.6 and in 2.0 M KOH. The maximum
absorbance at neutral pH is at 428 nm. This wavelength is approximately 15 nm
lower than previously reported spectra for derivatized copper amine oxidases that
contain topaquinone?!. Interestingly, the maxima for the intact bovine aorta enzyme
at 428 nm is near the maxima (433-435 nm) reported for active site derived
phenylhydrazone adduct peptides2!. The high pH spectrum in Figure 4.3 A shows
a complete bleaching of the 428 nm absorbance and no other absorbances are
observed. This is very different from the high pH spectra of copper amine oxidases

that show a maximum absorbance near 483 nm?2!.
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Figure 4.3 Absorbance spectra of the phenylhydrazine-derivatized bovine aorta
SSAO (A). Absorbance spectra of the p-nitrophenylhydrazine-derivatized bovine
aorta SSAO (B) and PSAO (C). Spectra were obtained with 0.2 mg of enzyme in |
mL of 50 mM sodium phosphate bufter, pH 7.6 (—) or in 2.0 M KOl (---),
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Figure 4.3 B shows the neutral and high pH spectra of bovine aorta SSAO that has
been derivatized with pNPHZ and Figure 4.3 C shows the corresponding spectra
for PSAO. The neutral pH spectra (Figures 4.2 B and C) show absorbance maxima
at 456 nm (bovine SSAO) or 468 nm (PSAQ). These spectra are similar to those
derived from known topaquinone-containing copper amine oxidases. In 2 M KOH
a complete spectral shift to higher wavelength (586 nm) is observed 1in Figure 4.3 C
for the pea enzyme but an incomplete shift (580 nm) is seen in Figure 4.3 B for the
bovine enzyme. Most topaquinone-containing copper amine oxidases display a
complete spectral shift with no absorbance remaining at 460 nm in the high pH
solution2!. However, an incomplete shift has been reported for the derivatized
Hansenula polymorpha enzyme and for a thermolytic peptide derived from
PSAQ37:40, A spectrum of the pNPHZ-derivatized bovine aorta enzyme in 2.8 M
KOH shows a complete shift to 586 nm (data not shown). The significance of these
incomplete shifts for the bovine pNPHZ-treated enzyme, and the blcaching of the
PHZ-treated enzyme, at high pH, is not well understood but may reflect differences
in the pK of the hydrazine adducts37.

Figure 4.4 A shows the neutral and high pH spectra of pNPHZ-derivatizcd
porcine aorta SSAO. Figure 4.4 B shows the spectra for a pronase-liberated peptide
from the porcine SSAO enzyme (see page 101). At neutral pH (Figurc 4.4 A) the
absorbance maximum is at 466 nm and this shifts to 580 nm in 2 M KOH. This
spectrum demonstrates a complete shift with no residual absorbance at 466 nm. The
pH-dependent spectral properties of pNPHZ-derivatized porcine aorta SSAO are
similar to known topaquinone-containing enzymes. Since the properties of the
bovine enzyme were somewhat different, the pNPHZ-derivatized SSAO enzymes

were further characterized by resonance Raman spectroscopy.
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Figure 4.4 Absorbance spectra of the p-nitrophenylhydrazine-derivatized porcine
SSAO (A). Absorbance spectra of the isolated peptide released from p-

nitrophenylhydrazine-derivatized porcine SSAO with pronase (B). Spectra were
obtained at pH 7.6-7.8 (=) or in 2.8 M KOH (---).
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Figure 4.5 Resonance Raman spectra of the p-nitrophenylhydrazine derivatives of
PSAOQO., bovine SSAO and porcine SSAO. Spectra were excited with 30 mW of
laser light at 457.9 am. Total accumulation time was 400-450 sec. Frequencies
were calibrated using a mixture of carbon tetrachloride, chloroform and benzene,
and arc accurate to 42 e Except for slight difterences in relative intensities, the
spectra of bovine and porcine SSAO are identical and very similar to the PSAO

spectrum.
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significant difference among these three spectra is a downshift of the 1266 and
1331 cm! modes in PSAO to 1257 and 1321 cmrl, respectively, in the bovine and
porcine SSAOs. The resonance Raman spectra of the pNPHZ derivative of A.
globiformis histamine oxidase also exhibits 10 cm-! downshifts in these two modes
compared to the spectrum for a topaquinone hydantoin model compound#>.
Resonance Raman spectroscopy of PHZ-derivatized topaquino.. “-containing
amine oxidases has progressed little beyond the comparison of spectral frequencies
and relative intensities21.22.41,45.46_Recently, isotopic derivatives of E. coli amine
oxidase (ECAO) and a tert-butyltopaquinone anion model compound have been
prepared. Their resonance Ramna spectra have been taken in an effort to assign the
observed modes47. They assigned the 1200 to 1400 cm! region of the spectra to C-
C strectching, C-O stretching or C-H bending modes. ECAO exhibits intense
modes at 1269 cm-! and 1334 cm-1, that did not shift on isotopic substitution with
2H or 180. In contrast, the 1354 cm~! mode in the model compound shifted 10 cm}
with 2H substitution. The pNPHZ-derivatized PSAO exhibits a resonance Raman
band at approximately 1330 cm-! that is not seen in the PHZ derivative. Thus, we
assign the observed mode at 1331 cm™ in PSAO to the symmetric NO3 stretch that
is seen at 1347 cm! in pNPHZ. The mode at 1266 cm’! is more difficult to assign.
A mode at 1269 cm! is seen in the resonance Raman spectra of underivatized
ECAO and is also seen at 1249 cm! in the tert-butyltopaquinone model compound.
However, a mode at 1288 cm-! is one of the strongest modes in the Raman
spectrum of pNPHZ. No strong modes are observed in this region in p-
benzoquinone48. Because the derivatized SSAO enzymes exhibit an absorption
band at approximately 456 nm that is due primarily to the topaquinone moiety, we
tentatively assign the mode at 1269 cm! to the €*<2 stretch of topaquinone in the
pNPHZ-derivatized enzymes. The downshifts of both of these modes in comparing
the PSAO and the SSAOs suggests specific perturbations from the enzyme near the
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NQO; group of the pNPHZ derivative and near C2 of topaquinone. Since C2 of
topaquinone is near the proposed site of reaction, the different resonance Raman
frequencies of this mode may directly reflect the differences in active site

environment responsible for the different C2 hydrogen exchange characteristics for

the two different types of enzymes?6,

Peptide purification and cofactor characterization''-The topaquinone-
containing CuAQO enzymes have an active site consensus sequence, (T-X-X-N-Y-
D/E), where X is any amino acid, in which the tyrosine (Y) is the autocatalytic site
of topaquinone generation2!-49. The amino acid sequences derived from pNPHZ-
derivatized active site peptides are very hydrophobic, as judged by reverse-phase
HPL.C chromatography. In order to resolve one hydrophobic peptide from another,
two different solvent systems are typically used with the same HPLC column.
Usually, a neutral pH solvent system is used first with an organic modifier (e.g.,
methyl alcohol) to achieve elution of peptides. Peptides collected from this step are
reinjected onto the same reverse-phase column, but at a low pH and with elution by
a second organic modifier (e.g., acetonitrile). The rationale behind this two-step
procedure is that, since peptides have different pl values, peptides that co-clute at
one pH may be separated at a different pH. The different organic modifiers may
also affect some resolution of the peptides.

Thermolysin, trypsin and pronase have been used previously to release
cofactor-containing peptides from the active site of PHZ-derivatized copper amine
oxidases!8.21.33, Trypsin generally provides peptides that are 10-20 amino acids in

length whereas thermolysin provides shorter peptides of approximately 5 amino

I Pig kidney diamine oxidase (PKIDAO) and the chromatographic data for the
pronase digestion of pNPHZ-derivatized PKIDAO and porcine SSAO were kindly
provided by Dr. Andrew Holt, Department of Chemistry, University of Alberta.
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acids in length2!. Thermolysin, in contrast to trypsin, normally does not require
denaturing agents such as urea to digest the protein effectively. Trypsin would
normally be preferred as the longer peptide sequences generated would provide a
superior starting point for the design of oligonucleotide probes. Pronase, a
nonspecific protease, releases p-nitrophenylhydrazone-topaquinone aspartate
dipeptide (Figure 4.6) from the topaquinone-containing pig kidney diamine oxidase
(PKDAO) and E. coli. amine oxidase33. Although this short dipeptide does not
provide extensive sequence information it does facilitate physical-chemical

determination of the topaquinone adduct.

+H3N o

OH

OH

Figure 4.6 The azo tautomer of p-nitrophenylhydrazone-topaquinone aspartate.

Initial peptide isolation experiments focused on tryptic digestion of the p-
nitrophenylhydrazine-derivatized bovine aorta SSAO enzyme in 2 M urea. This
protocol has been shown previously to release cofactor-containing peptides from
bovine serum amine oxidase (BSAQO), porcine serum amine oxidase and
PKDAO!8.21_ The tryptic digestion mixture was applied to a C18 reverse-phase
cartridge and washed with water to remove buffer salts, hydrophilic peptides and

glycopeptides. The hydrophobic pNPHZ-labelled cofactor-containing peptides were
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eluted with acetonitrile and the solution concentrated to a small volume. This

solution was diluted with the HPLC column equilibration mobile phase (0.1%
TFA) and injected onto the column. Elution was achieved with increasing
acetonitrile concentration. Figure 4.7 A displays the 400 nm absorbance
chromatogram of the first HPLC column step (low pH) for the tryptic digestion of
the bovine enzyme. Major peaks were observed at 7.850, 11.916, 15.800 and
19.333 min, each representing approximately 2% of the chromophore relative to the
intact derivatized enzyme. The peak at 7.850 min was observed to have a slightly
larger peak area at approximately 36 hours but the chromatogram was more
reproducible with a 48 hour incubation. Each ©f these peaks were collected and
reinjected onto the HPLC column with modified elution conditions (see
Experimental Procedures). Figure 4.7 B displays the 400 nm absorbance
chromatogram for the purification of the 7.850 min fraction from the first column
with the new elution conditions. The major peaks at 1.400, 6.333, 7.133 and
10.950 min were collected and sent for amino acid sequencing. Only the peak at
6.333 min revealed any sequence and this was ambiguous. This ambiguity may be
related to the small amount of peptide (< 15 picomoles) such that each cycle of the
amino acid sequencer provided only background signals. Alternatively the peak
fraction may have been impure. The inability of the amino acid sequencer to obtain
any sequence from the other peptides may be due to N-terminal blockage that has
been observed by other researchers30. It has been determined that cyclic peptide
formation by condensation of the N-terminus with topaquinone-phenythydrazone
was responsible for this blockage30. No other peaks isolated from the tryptic digest
provided any sequence information. Figure 4.8 A displays the low pH
chromatogram of the peptides released from the thermolytic digestion of pNPHZ-

derivatized bovine aorta SSAO. The major peak with absorbance at 400 nm was
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Figure 4.7 The HPLC chromatograms of the chromophoric peptides derived from
the tryptic digestion of p-nitrophenylhydrazine-derivatized bovine SSAO. The peak
at retention time 7.850 min (arrow) in chromatogram (A) was rechromatographed
with different elution conditions as described in the text (B). Both traces show
absorbance at 400 nm.



98

22.900
A
lo: L | § L} L] L | 1 L LS L] L] L] ﬁe}eht;oh tlil‘r"e' (;rlillll;te's)l L} L] L] L | L 3 1] 1 ] L L] 3.7.l1j
7.583 11.250
IO.Ié ¥ L] L) L] LB 1 L L L L L L} S ] E- 2 L R L} L ¥ § ¥ F L] L L) | L 1 L | '3'7.l3 |

Figure 4.8 The HPLC chromatograms of the chromophoric peptides derived from
the thermolytic digestion of p—nitrophenylhydrazine-derivatized bovine SSAO. The
iow pH (A400 nm) chromatogram is shown at top (A). The peak at retention time
22.900 min (arrow) in the upper trace was rechromatographed at neutral pH, as
shown by the lower (A450 nm) chromatographic trace (B). The 7.583 min peak in
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observed at a retention time of 22.900 min and represents 750 picomoles of

peptide, assuming topaquinone-p-nitrophenylhydrazone as the chromophore. This
peak fraction, representing a 7% yield from the enzyme, was collected and injected
onto a reverse-phase C8 column, as described in Experimental Procedures. Figure
4.8 B displays the absorbance at 450 nm for the peptide elution and shows a broad
peak at a retention time of 7.583 min containing approximately 150 picomoles of
chromophore. Preliminary amino acid sequence analysis of this fraction suggests
that it is a pentapeptide. Another broad peak at a retention time of 11.250 min
contains approximately 100 picomoles of chromophore. The two major peaks
shown in Figure 4.8 B will be analyzed by high energy collision-induced-
dissociation tandem mass spectrometry.

The low yields from tryptic and thermolytic proteolysis have been observed
by other researchers and this has led to the development of higher yield
procedures38.50, Duine and coworkers have recently published such a protocol
using pronase digestion of either PHZ or pNPHZ-derivatized copper amine
oxidases33. Total proteolysis of pNPHZ-derivatized bovine and porcine SSAO and
PKDAO was achieved with pronase. The reverse-phase HPLC purification of the
released cofactor-containing peptides followed Duine's reported procedure quite
closely.

Figures 4.9 A-C show the neutral pH HPLC purification step
chromatograms {450 nm absorbance) for bovine SSAO, porcine SSAO and
PKDAO, respectively. This chromatographic step was performed with an
NH4HCO3 solvent system and elution achieved by increasing methyl alcohol
concentration. The major peak at 17.600 min was collected and rechromatographed
at low pH, as described in Experimental Procedures. Figures 4.9 D-F display the
chromatograms for the second HPLC purification step for bovine SSAO, porcine

SSAO and PKDAO, respectively. Clearly, all three enzymes release chromophoric
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Figure 4.9 HPLC purification of cofactor-containing peptides released by pronase
from pNPHZ-derivatized enzymes. The left-hand panels show the 450 nm
absorbance chromatograms (neutral pH) for bovine SSAO (A), porcine SSAO (B)
and PKDAO (C). The right-hand panels show the 400 nm absorbance

chromatograms (low pH) for the bovine (D), porcine (E) and PKDAC (F)
enzymes.
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peptides that display very similar chromatographic properties. The peptides

observed at 17.600 min from the first HPLC step (Figure 4.9 A-C) elute at
approximately 41% methyl alcohol concentration. Duine and coworkers reported a
peak eluting at a methyl alcohol concentration of 38% for a pNPHZ-derivatized
PKDAO pronase digest, representing a 41% recovery of chromophore (150
nanomoles)33.

The bovine SSAO pronase digestion provided a 17.600 min peak with 2.0
nanomoles (9% yield) of cofactor, assuming topaquinone-pNPHZ as the
chromophore. The porcine SSAO peak at 17.600 min provided 1.2 nanomoles (7%
yield) of cofactor-pNPHZ and the PKDAO peak provided 0.6 nanomoles (10%
yield) of cofactor-pNPHZ. These yields are smaller than the yield reported by
Duine and coworkers and may be due to the lower purity of the enzymes, although
it is possible that certain components of the HPLC system may be catalyzing
hydrolysis of the pNPHZ-cofactor. Figure 4.4 B shows the pH-dependent visible
absorbance spectra of the 17.600 min fraction from the porcine SSAO digestion
(Figure 4.9 B). This peptide fraction had an absorbance maximum, at neutral pH,
of 450 nm that shifts to 580 nm at high pH. This was very similar to the shifts
(457-584 nm) reported for topaquinone-pNPHZ peptides isolated from other
copper amine oxidases2!. The 17.600 min fraction for the bovine enzyme (Figure
4.9 A) had similar pH-dependent visible absorbance spectra.

Duine and coworkers showed a maximum absorbance at 450 nm for their
peak fraction from the first column, but failed to report if a high pH shift occurred.
They also indicated that the low pH of the second HPLC chromatography step
shifts the absorbance maximum to 418 nm and reduces the molar absorbance of the
pNPHZ-cofactor, but they di¢ not provide a quantitative estimate. Experiments in
our laboratory suggest that, in 0.1% TFA, the molar absorbance was 40% of the

value observed at neutral pH and that the maximum absorbance shifts to
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approximately 420 nm. The 10.050 min peak vbserved in Figure 4.9 D (bovine)

thus represents 1.1 nanomoles of cofactor-pNPHZ. This provides an overall
recovery of 5% for the pNPHZ-cofactor.

The peptide fraction eluting at 10.050 min for the bovine enzyme digestion
(Figure 4.9 D) was characterized by matrix-assisted laser desorption and ionization
time-of-flight (MALDI-TOF) mass spectrometry. Figure 4.10 A shows the positive
ion MALDI-TOF mass spectrum for this peptide obtained with a-cyano-4-
hydroxycinnamic acid (ACN) matrix. Figure 4.10 B shows the MALDI-TOF mass
spectrum of the ACN matrix alone. Despite the large matrix-associated peaks, a
molecular ion mass of 462.3 Da is observed for the 10.050 min peptide fraction.
The theoretical average mass for protonated topaquinone-pNPHZ aspartate
dipeptide is 462.4 Da. Duine and coworkers unequivocally determined the structure
of a topaquinone-pNPHZ aspartate dipeptide by nuclear magnetic resonance
spectroscopy and electrospray mass spectrometric fragmentation, providing a
molecular ion of 462 Da. The mass peak at 447 Da may be a fragment ion of TPQ.

The similarity of our HPLC chromatographic data and mass spectra, as
compared to Duine's findings, confirm the resonance Raman result that the cofactor
of bovine and porcine SSAO is topaquinone. Additionally, the dipeptide released by
the pronase treatment shows that the bovine and porcine SSAO enzymes contain
aspartate, which is part of the consensus sequence in other topaquinone-containing
copper amine oxidases. The bleaching of the bovine SSAO phenylhydrazine-
derivatized spectrum and the incomplete shift of the absorbance maximum for the p-
nitrophenylhydrazine-derivatized spectrum at high pH may simply reflect different
active site configurations for the membrane-bound SSAO enzymes. This correlates
with the spectral shifts observed in the Raman modes and may provide insight
concerning the different C2 hydrogen exchange characteristics of the tissue-bound

enzymes compared to the soluble amine oxidases.
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Figure 4.10 The MALDI-TOF mass spectrum of the major pNPHZ-derivatized
peptide isolated from pronase digestion of bovine SSAO (A). A mass spectrum of
ACN matrix is shown below (B). The ratio of the 380 (m/z) signal intensities was
set to one in order to normalize peak heights.
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Chapter Five

General Conclusions

5.1 Literature Relevance and Research Objectives

The amine oxidases comprise a large and ubiquitous family of
oxidoreductases. Two large (multienzyme) classes are the flavin-dependent
monoamine oxidases [EC 1.4.3.4] and the topaquinone-containing copper amine
oxidases [EC 1.4.3.6]. Lysyl oxidase is the only member of its class [EC 1.4.3.13]
and is somewhat similar to the copper amine oxidases. The monoamine oxidases
have been the focus of intense pharmacological research because inhibitors of these
enzymes are therapeutically efficacious in Parkinson's disease and depression.
Copper amine oxidases have received less attention pharmacologically, but perhaps
more attention from a physical-chemical and enzymological viewpoint. This is
illustrated by a Chemical Abstract Service (CAS) computer database search on
February 8, 1996, covering the period 1967-1996, that revealed 1102 research
publications concerning amine oxidases, with 741 articles that did not relate to
monoamine oxidases. This database search does not reflect the publications
associated with the pharmacological literature.

The bacterial copper amine oxidases have a well-defined role, providing
carbon and/or nitrogen for growth of the organism. Eukaryotic copper amine
oxidases have poorly defined roles. This is, in part, due to the broad substrate
specificity of these enzymes and to the fact that amine oxidases isolated from
different species, but identical tissue sources, display different substrate
selectivities. Additionally, several enzymes, such as the semicarbazide-sensitive
amine oxidases, are neither definitively characterized as copper-containing nor

topaquinone-containing. Both copper and topaquinone are important cofactors
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required during enzymatic catalysis by the copper amine oxidases. The lack of

information concerning several of the amine oxidase enzymes may reflect the
difficulty in obtaining sufficient amounts of pure protein for physical-chemical
characterization. The homodimeric glycoprotein nature of the eukaryotic copper
amine oxidases seems universal, but only one X-ray crystal structure and very few
amino acid sequences have been reported. Thus, it has been difficult to establish
definitive relationships among the different amine oxidases.

In contrast, the stereochemical classification of copper amine oxidase
reactions can provide specific information relative to active site mechanistic
interactions and configuration. Thus, one of the major goals of this thesis research
was to establish further the stereochemical relationships of the copper amine
oxidases. Copper amine oxidases isolated from similar tissue sources (e.g., bovine,
porcine, equine, ovine and leporine plasma) have been shown previously to belong
to different stereochemical classes (i.e., pro-R and net sionstereospecific for
hydrogen abstraction from C1 of alkyl amines). Furthermore, the stereochemical
specificity of the amine oxidases is correlated with hydrogen exchange reactions at
C2 of the corresponding product aryl and alkyl aldehydes. It is envisaged that these
stereochemical classifications reflect genuine differences in the enzymes' active site
configurations and that this may, in the future, be shown to be correlated with
specific amino acid sequences (i.e., gene products).

Some copper amine oxidase enzymes have previously been shown to
remove only the pro-S hydrogen of benzylamine, irrespective of their
arlyalkylamine stereochemical specificity. Thus, another significant objective of this
research was to evaluate the stereochemical specificity of several copper amine
oxidases for hydrogen abstraction from benzylamine. In contrast to the observed

aryl and alkyl amine stereochemical heterogeneity, the extensive nature of pro-S
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specific hydrogen abstraction from benzylamine for several eukaryotic and bacterial

copper amine oxidases was established in this thesis work.

As previously stated, the essential redox cofactor in several amine oxidases
has not been definitively characterized as topaquinone. The tissue-bound
semicarbazide-sensitive amine oxidases were considered to contain a redox cofactor
similar to, but distinct from, topaquinone, base+t on stereochemical data and visible
absorbance spectroscopy of derivatized enzymes. Therefore, the primary objective
of this thesis was to determine unequivocally the molecular structure of the redox
cofactor in these enzymes and to obtain active site amino acid sequence information
in proximity to the cofacior. Somewhat surprisingly, the redox cofactor of porcine
and bovine aorta semicarbazide-sensitive amine oxidases was shown to be
topaquinone. This is the first report defining the molecular structure of a redox

cofactor for a non-flavin, membrane-bound amine oxidase.

5.2 Research Results

Chapters two, three and four of this thesis relate to the investigation of a
specific research objective. The specific research findings are outlined below in a

point-form chapter summary format.

Chapter 2

®  Chirally deuterated R- and S-[methylene-2H]benzylamine were synthesized
by a combined chemical-enzymatic procedure and the enantiomeric purities of

these amine oxidase substrates were evaluated by high-field !H NMR of the

(1S)-(-)-Camphanamide diastereomers.
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* Bovine, leporine and ovine plasma amine oxidases (nonstereosecific for
C1 of alkyl amine), porcine and equine plasma amine oxidases (pro-R for C1 of
alkyl amine), and pea seedling amine oxidase (pro-S for C1 of alkyl amine)
were shown to be strictly pro-S specific for hydrogen abstraction from

benzylamine.

Chapter 3

®* Product benzyl alcohols, derived from the alcohol dehydrogenase coupled
incubations of deuterobenzylamine with amine oxidases, were examined for
deuterium coatent by the triply redundant 'H NMR analysis protocol described
in Chapter 2. The salient feature of this protocol was the unequivocal
determination of the fate of deuterium derived from chirally deuterated
benzylamine by analysis of micromolar quantities of the product benzyl alcohols

in an impure reaction mixture extract.

® Arthrobacter globiformis histamine oxidase and phenethylamine oxidase,
Escherichia coli amine oxidase and Klebsiella oxytoca amine oxidase were
shown to be pro-S specific for hydrogen abstraction froin enzylamine and
tyramine. Furthermore, no hydrogen exchange was observed at C2 of the
product p-hydroxyphenylacetaldehydes for any of the bacterial copper amine

oxidases.



Chapter 4

Bovine and porcine anrta semicarbazide-sensitive amine oxidases were

derivatized with p-nitrophenylhydrazine and characterized by visible absorbance

and resonance Raman spectroscopy.
® p-Nitrophenylhydrazine adducts of cofactor-containing peptides were

released by proteolysis, purified by sequential reverse-phase HPLC and

analyzed by visible absorbance spectroscopy and mass spectrometry.

® The tissue-bound aorta enzymes were shown to contain topaquinone as the

essential redox cofactor, based on the above analyses. These results
demonstrate that the semicarbazide-sensitive amine oxidases can be classified
with the copper amine oxidases (EC 1.4.3.6). It is anticipated that the Enzyme

Commission may proceed with re-classification of these enzymes at its' next

meeting.

Thus, the research outlined in this thesis extends the scientific knowledge
concerning the molecular mechanisms of these fascinating and extraordinary

proteinaceous catalysts, collectively designated as the Copper Amine Oxidases.

5.3 Future Research

Much remains to be studied concerning the copper amine oxidases and their
physiological roles within the organisms in which they are found. As more amino
acid, or cDNA, sequences become available it may be possible to determine the

degree of evolutionary relatedness among the various amine oxidases. Indeed, since
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most organisms contain copper amine oxidases then systematic comparisons of

gene nucleotide homology might be useful for standardization of the "evolutionary
clock".

Site-directed mutagenesis, enzymology and X-ray crystallography should
elucidate the detailec molecular transformations that occur at the active site during
catalysis. The oxidative half-reaction, which is only poorly understood, requires
particular attention, as does the putative role of copper in mediating electron
transfer. The interesting inter-subunit connection between the active sites in the
functional homodimer and the large number of secondary structural domains not
associated with the active site suggest that additional functions or non-substrate
molecular interactions (e.g., regulators?) remain to be discovered. This might be
investigated by heterologous expression of truncated or point mutants to address
structure-function relationships.

Selzctive inhibitors for each type of amine oxidase (soluble or tissue-bound)
may provide insight into the physiological function of these enzymes in xenobiotic
amine toxicology or maintenance of normal physiology. Additionally, the high
degree of glycosylation of the eukaryotic amine oxidases may be important for the
physiological function or targeting of the enzymes. Enzymatic or chemical
deglycosylation/modification may be useful fqr probing such functions. From a
mechanistic enzymology viewpoint, the molecular orbital and conformational
transitions that occur during the catalytic cycle can be investigated with quantum
chemical computational methods.

Although many interesting areas of fundamental and applied amine oxidase
research remain, the continuous reduction in research budgets is a significant
hurdle. Increasingly, only projects with direct and rapid results significant to human
welfare are funded. Despite this, many accomplished scientists continue to provide

interesting and valuable information concerning the anmiine oxidases.
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Appendix 1

Visible absorbance spectrum ol p-nitrophenyihydrazine derivatized abbit plasma

amine oxidase at pll 7.0 (—) and in 2.8 M KOIT (---).
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Appendix II

Partial 500 MHz 'H NMR spectra of benzyl alcohols, benzylic proton region,
derived from coupled incubations of plasma amine oxidases and S-[methylene-
2H Jbenzylamine (left panels) and R-[methy/ene-2H]benzylamine (right panels).
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Appendix 111

Partial 500 M7z 't NMR spectra of benzyl alcohols devived from coupled

incubations of bacterial amine oxidases and R-{methyviene-"H benzylamine.
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Partial 500 MHz 'H NMR spectra of benzyl alcohols derived from coupled
incubations of bacterial amine oxidases and S-[methylene-2H]benzylamine.
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Partial S00 MHz 'H NMR spectra of p-hydroxyphenethyl alcohols derived from
coupled incubations of hacterial amine oxidases with tyramine in deuterated buffer

(left) and [2.2-2H jtyramine in protiated buffer (right).
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