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Abstract:

Human kidney diamine oxidase has been overexpressed as a secreted protein in Drosophila S2 cell
culture. This represents the first heterologous overexpression and purification of a catalytically active,
recombinant, mammalian copper-containing amine oxidase. To date, the direct examination of
mammalian copper-containing amine oxidases has been difficult and limited, especially true for the
human enzyme. The availability of large quantities of highly purified enzyme makes it now possible to
investigate the spectroscopic, mechanistic, functional and structural properties of this human enzyme at
the molecular level. Visible absorption, circular dichroism, electron paramagnetic resonance and
resonance Raman spectroscopic results are presented. The recombinant enzyme contains the cofactors
2,4,5-trihydroxyphenylalanine quinone (TPQ) and copper at stoichiometries around 1.1 and 1.5 mol per
mol homodimer, respectively. In addition, tightly bound and stoichiometric calcium ions were
identified and are proposed to occupy the second metal binding site. Detailed kinetic studies indicate
the preferred substrates are, in order, histamine, 1-methylhistamine, agmatine and putrescine. Inhibition
by pharmaceutical compounds has been examined, and most notably, pentamidine has been
demonstrated to be a competitive inhibitor with an inhibition constant in low nanomolar range. Azide is
shown to be a competitive inhibitor against both substrate amine and dioxygen. Equine plasma
copper-containing amine oxidase has also been purified from the natural source and characterized.
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ABSTRACT

Human kidney diamine oxidase has been overexpressed as a secreted protein in
Drosophila S2 cell culture. This represents the first heterologous overexpression and
purification of a catalytically active, recombinant, mammalian copper-containing amine
oxidase. To date, the direct examination of mammalian copper-containing amine
oxidases has been difficult and limited, especially true for the human enzyme. The
availability of large quantities of highly purified enzyme makes it now possible to
investigate the spectroscopic, mechanistic, functional and structural properties of this
human enzyme at the molecular level. Visible absorption, circular dichroism, electron
paramagnetic resonance and resonance Raman spectroscopic results are presented. The
recombinant enzyme contains the cofactors 2,4,5-trihydroxyphenylalanine quinone
(TPQ) and copper at stoichiometries around 1.1 and 1.5 mol per mol homodimer,
respectively. In addition, tightly bound and stoichiometric calcium ions were identified
and are proposed to occupy the second metal binding site. Detailed kinetic studies
indicate the preferred substrates are, in order, histamine, 1-methylhistamine, agmatine
and putrescine. Inhibition by pharmaceutical compounds has been examined, and most
notably, pentamidine has been demonstrated to be a competitive inhibitor with an
inhibition constant in low nanomolar range. Azide is shown to be a competitive inhibitor
against both substrate amine and dioxygen. Equine plasma copper-containing amine
oxidase has also been purified from the natural source and characterized.




INTRODUCTION

Post-Translationally Modified Amino Acid Cofactors

Biological systems have developed the means to substantially extend the chemical
properties and thus functionality of the twenty common amino acids that make up
proteins via chemical modification. A special case is the post-translationally modified
amino acids that serve as cofactors in enzyme catalysis and thus supplement the “normal”
complement of enzyme cofactors and prosthetic groups, such as NAD(Hj, flavins,
pyridoxal phosphate, Fe-heme groups, metal ions, etc.

This recently discc;vered group of enzymes requires the post—translational
modification of an intrinsic, encoded amino acid residue for catalytic activity. The
number of these modified cofactors, curréntly 19, will likely soon outnumber the
naturally occurring amino acids used in protein biosynthesis. This group of enzymes has
representatives in every branch of life and includes enzymes of fundamental importance
to life on earth. For example, cytochrome ¢ oxidase, the terminal oxidase of the electron
transport chain, contains a tyrosine cross-linked to a histidine ligand of Cug. Ribulose-
1,5-bisphosphate carboxylase (rubisco), responsible for the first step of photosynthetic
CO, fixation, contains a carbamylated lysine residue that ligates a magnesium ion. A
recent review is by Okeley and Van der Donk {1].

A sub-group of post—transiationally modified amino acid cofactors is comprised of
those that contain a quinone cofactor (Figure 1). TPQ, 2,4-trihydroxyphenylalanine

quinone, is the organic tyrosine derived cofactor in the copper containing amine oxidases




(EC 14.3.6). LTQ, lysyl tyrosylquinone, is found in the copper containing lysyl oxidases
(EC 1.4.3.13), which oxidize peptidyl lysine residues for cross-linking of elastin and
collagen in connective tissue. Tryptophan tyrptophylquinone (TTQ), an oxidized cross-
link between two tryptophans is present in bacterial methylamine dehydrogenase (EC
1.4.99.3). CTQ, cysteine tryptophyl quinone, is a very recent addition to this group and
is formed from the oxidation of a cross-linked cysteine and tryptophan in the bacterial

qguinohemoprotein amine dehydrogenase.

A) TPQ B) LTQ
VWVW' 0
C) TTQ D) CTQ

Figure 1. Post-translationally modified quinone cofactors; A) 2,4-
trihydroxyphenylalanine quinone, TPQ; B) lysyl tyrosylquinone, LTQ; C) tryptophan
tyrphophylquinone, TTQ; D) cysteine tryptophyl quinone, CTQ



Copper Containing Amine Oxidases

The TPQ containing enzymes, copper contair_ling amine oxidases (CAOQs) are the
-focus of this -;[hesis. There is another distinct class of enzymes referréd to as amine
oxidase, monoamine oxidase, tyramine oxidase, adrenalin oxidase, or polyamine oxidaée.
This latter group, EC 1.4.3.4, contains a flavin cofactor and will not be dispussed herein.

CAOQ’s are homodimers, generally ranging in size from 140 to 200 kDa, with one
active site found in each monomer [2]. Each active site contains two cofactors: 1) a
single Type II copper ion, and 2) TPQ. The quinone cofactor is derived from the post-
translational modification of an invariant tyrosine residue [3]. TPQ has been shown to be
produced in a novel, self-processing reaction requiring only copper and dioxygen [4-7].
CAOs are unique in that they are homodimeric, contain one organic and one inorganic:<
cofactor in each of two active sites, and the organic cofactor is a quinone from the
autocatalytic oxidation of an intrinsic tyrosine.

TPQ containing enzymes are pink in color, with a broad absorption feature around
480 nm attributed to the quinone cofactor. In the active enzyme, TPQ is an oxoanion [8].

Resonance Raman spectra indicate the charge is delocalized over the C2 and C4 oxygens

(Figure 2) [9]. Differences in the TPQ Amax values among CAOs from different sources

are thought to reflect the degree of charge localization [10].




Figure 2. TPQ resonance structures
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CAOQs are widespread in nature, having been described from gram-poéitive and
gram-negative bacteria, yeast and fungi, plants and animals [2]. Recently the gene
encoding a copper amine oxidase has been sequenced from the archaea Sol]‘olobus
solfataricus. Figure 3 shows a phylogenetic tree constructed for the family of copper
containing amine oxidases, see Appendix B for aetails. An alignment of the amino acid

sequences for all CAOs sequenced to date is given in Appendix A.
Structure

The structures of four copper amine oxidases have been solved by x-ray
crystallography: two are bacterial (Escherichz‘a.colz‘ and Arthrobacter globiformis), one is
from the yeast Hansenula polymorpha (formally classified as Pichia angusta), and one is
from pea seedling (Pisum sativum) [11-14]. Collectively these four enzymes exhibit
considerable structural homology, although primary sequence identity is less than 40%
between any two. The enzymes ére “mushroom” shaped with an extensive intersubunit
contact, including a pair of “arms” extending from each subunit to embrace the other.
Figure 4 shows the ribbon structure of the Eschericia coli copper amine oxidase (ECAO).
Each monomer is comprised of four domains. Thé N-terminal domain (D1) forms the
“stalk” portion of the “mushroom” and is not present in all copper amine oxidases. A
large (440-amino acid) B-sandwich C-terminal domain contains the active site and forms
the majority of the dimer interface. Domains D2 and D3 have remarkably similar folds,
an a-helix and a four-stranded antiparallel B-sheet. A channel for substrate access and

product exit lies between domains D3 and D4.




Figure 4. Structure of the ECAO homodimer. One monomer is red, and the other
monomer has individual domains colored different shades of blue and indicated by DI-
D4. Copper ions are shown as green spheres. B, Schematic of ECAO active site, showing
the copper ion and TPQ cofactors. The water axial and equatorial ligands to the copper
ion are labeled Wa and We, respectively, (from Wilmot, C.M., et al. Science 1999, 286,
1724)

The crystallographically determined structures confirm the copper coordination
environment as predicted from spectroscopy [15-17]. The active-site copper ion is
coordinated in a distorted square pyramidal geometry by three conserved histidine
residues and two water molecules, one axial and the other equatorial. Also, the quinone
cofactor is in close proximity to the copper ion and can be observed in different

conformations, indicative of inherent side-chain flexibility. Figure 5 shows the view of

important features from active site of the pea seedling CAO (PSAO).



Figure 5. The active site ofPSAO. The copper ion is represented by a green sphere,
water molecules by red spheres. The three hisidine and the axial water ligands to copper
are shown. TPQ is at the top of the figure, and an invariant tyrosine residue that
hydrogen bonds to TPQ is to the right. On the left side is an invariant aspartate that
serves as a base during catalysis.

Mechanism

The copper-containing amine oxidases catalyze the two-electron oxidative
deamination of primary amines to the corresponding aldehyde, using dioxygen as the
oxidant, with the concomitant production of ammonia and hydrogen peroxide. Catalysis

proceeds through a Bi Ter Ping Pong mechanism divided into two half-reactions:



Eox + RCH,NH,; S E-RCH,NH; — Eoq + RCHO

Erea + Oy = Eox + H20, + NH3

Thg first half reaction is conventionally termed the “reductive half reaction”.
Substrate amine is oxidized to an aldehyde and the TPQ is reduced by two electrons. The
I“c;xidative half reaction” uses molecular oxygen to regene-rate the oxidized form of TPQ.
Recent reviews are found in references [10] and [18]. -

Figurg 6 diagrams the enzyme active site and steps in the catalytic cycle. Detailed
kinetic studies have elucidated many of the details of the reductive half reaction.
Substrate combines with the oxidized, resting form of the enzyme (A, Figure 6) to form a
covalent substrate Schiff base adduct at C-5 of TPQ (B, Figufe 6). Proton abstraction
from the a carboﬁ of substrate, using a conserved active site aspartate residue, yields a
product Schiff base adduct and reduced TPQ (C, Figure 6). Proton abstraction has been
shown to at least partially contribute to the rate-determining step in a few mammalian
enzymes. Product aldehyde is subsequently released by hydrolysis, leaving the

aminoquino! form of TPQ.




HO1H+

Q)

Figure 6. Proposed reaction mechanism for the oxidation of amines by copper-
containing amine oxidases.

The oxidized, resting enzyme (A) combines with amine substrate to give a substrate
Schiffbase (B). Proton abstraction by the conserved active-site aspartate from the
substrate’s a-carbon results in a product Schiff base and reduced fPQ (C). Product
aldehyde is release by hydrolysis, leaving the aminoquinol form of the enzyme (D). This
Cu(Il)-aminoquinol is in equilibrium with a Cu(l)-aminosemiquinone radical form(E).
The enzyme is then oxidized, with dioxygen serving as the electron acceptor. Oxidation
proceeds through a postulated aminoquinone intermediate (F), liberates ammonium and
regenerating the resting enzyme (A).
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The oxidative half reaction is less well understood. The substrate-reduced

enzyme has been shown to be an equilibrium mixture of tﬁe Cu(Il)-aminoquinol and
Cu(I)-aminosemiquinone radical forms(D, E in Figure 6) under anaerobic conditions, and
the Cu(l)-aminosemiquinone species would be expected to readily react with diokygen
[19]. A nobligatory mechanistic role for Cu(I) hasnotbeen e stablished, and a viable
alternative utﬂizing only the Cu(II) oxidation state has récéntly been proposed [20].
Dioxygen is reduced .t(;r pefoxide to give a postulated iminoquinone intermediate (F in_
- Figure 6), and hydrolysis regenerates the oxidized quinone.
The mechanism of dioxygen reduction remains a central question; how does the
© enzyme activate dioxygen for the two-electron reduction to hydrogen peroxide? The
anaerobic substrate-reduced enzyme has been shown by EPR spectroscopy to be aﬁ
equilibrium mixture of Cu(Il)-aminoquinol and Cu(l)-semiquinone radical forms, where
Cu(I) would be anticipated to reduce dioxygen [19]. The formation of the Cu(l)-
semiquinone has been shown to be kinetically competent in bacterial and plant enzymes -
[21]. Furthermore, considerable chemical precedence exists for the binding and
activation of oxygen by copper(I) ions [22-25].

Recent solvent isotope effect, O-18 isotope effect, and solvent viscosity effect
work using bovine serum amine oxidase indicates that the first-electron transfer to
dioxygen, and nqt oxygen binding, is the rate-determining step for the oxidative half-
reaction [20]. Because Su and Klinman expected a Cu(I) reduction of dioxygen to be
relatively fast, they proposed that dioxygen is prebound, and the rate-limiting, first-

electron transfer (to produce superoxide) occurs at a site other than the Cu(l) center. A
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hydrophobic pocketin the H ansenulap olymorpha C AO active site w as identified and
suggested to be the site of dioxygen binding and initial reduction. The second-electron
transfer, resulting in the reduction of sui)eroxide to peroxide, could either occur in the
hydrophobic pocket or after superoxide binds to Cu(II). More recent work of Mills and
Klinman using the cobalt-substituted H. polymorpha enzyme lends support to a nonredox

role for copper in TPQ reoxidation [26].

Mammalian Copper Amine Oxidases

Three general classes c;yf CAOs have been described from mammalian sources;
unfortunately, the nomenclature in the literature is frequently confusing. One type of
amine oxidase is found tightly associated with tissues, is active against monoamine
substrates, and is commonly designated semicarbazide-sensitive amine oxidase (SSAO).
It must be noted that all CAOs are inhibited by semicarbazide, so the designation of the
tissue-associated amine oxidases as SSAOs is _simply a convention. Sequence analysis
hasr ecenﬂy revealed t hese tissue-bound e nzymes p ossess a single p utative N -terminal
transmembrane helix [27]. Another variety of CAO is soluble, found in blood plasma,
and is active against a wide range of monoamines, diamines, and aromatic amines. These
enzymes are geﬁerally termed plasma amine oxidases, serum amine oxidases, or
benzylamine oxidases, and are thought to be synthesized in the liver {28]. The third type
of mammalian CAO is also soluble, but displays distinct .substrate spéciﬁcity for
diamines. This group is therefore terméq diamine oxidases (DAQOs). These are al‘so'

distinct in sequence homology from the soluble plasma and the membrane-bound CAOs’
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' [29,30]. The amino acid alignment for available mammalian copper amine oxidases is
given in Appendix A.

Barbry and coworkers identified the first complete nucleotide sequence for a
mammalian copper-containing diamine oxidase, that of the human kidney (previously
misidentified as a protein associated with the amiloride-sensitive Na® channei) [31]. The
translated ¢cDNA sequence encodes a 751 amino acid p olypeptide with a predicted 19
amino acid signal sequence for the classical secretory pathway. N-terminal sequencing
of human DAO purified ‘from kidney and placenta demonstrate‘d the mature protein
lacked these residues, confirming the predicted signal cleavage site. The amino acid
sequence contains the copper amine oxidase consensus sequence, T/SXXNYD/EY/N
(residues 457-463), in which the first tyrosine residue is modified to TPQ in the mature
enzyme. A heparin-binding consensus sequence, REKRRLPK, was also recognized
(residues 569 - 576). |

One unanticipated finding in the crystal structures of the E. coli and pea seedling
CAOs was the identification of an additional metal—binding site in each subunit, modeled
as being occupied by a calcium and a manganese ion, respectively. Three aspartate
carboxylates, two peptide carbonyl oxygens and one water molecule coordinéte this
second metal ion. These aspartate ligands are absolutely conserved in all ten sequenced
mammalian CAOs, and in more than 50% of all availrable séquences representing
bacteria, fungi, plants and animals. The second-metal site and the inferred location of the
heparin binding sequence are both on the solvent exposed upper surface of the

“mushroom cap” [14].
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Research Goals

Although considerable details for the copper-containing amine oxidases structure
and mechanism have beep elucidated, many questions remain, particularly with respect to
the mammalian enzymes. One major goal of this research project is to obtain large
quantities of highly ‘purified mammalian copper-containing amine oxidases that are
amendable to detailed and comprehensive spectroscopic, kiﬁetic, biochemical and
structural studies. This work describes the development of a heterologous overexpression
system for the recombinant human kidney diamine oxidase (thKDAO)." In addi‘;ion
highly purified equine plasma amine oxidase has been obtained from the natural source.

One outstanding and fundamental aspect c;f the mammalian copper-containing
amine oxidases is that the physiological fimctions have not yet been unambiguously
defined. Examination of the substrate specificities and catalytic kinetics for the
recombinant enzyme, using biogenic and exogenous amines, has provided impoﬁant
insight that can be used to infer in vivo details:. The biogenic amines histamine, 1-
methylhistamine, agmatine and putrescine have proven to be excellent substrate for the
recombinant enzyme. Investigations into thKDAO interactions with pharmaceutical
compounds has given some striking results that may facilitate the rational design of
highly specific diamine oxidase inhibitor and potentially drugs with reduced side effects
and toxicity. Furthermore, the overexpression of the recombinant enzyme will facilitate

experiments designed to investigate the molecular details of copper amine oxidase
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activity. Oné such exiaeriment, the interaction of the smali anion azide, is given here and
provides exciting.data specific for the controversial oxidative half reaction.

The deterr:nination' of a mammalian crystal structure from a copper-containing
amine oxidase Woﬁld represent a major breakthrouygh‘.‘ Attempts to obtain :éood quaﬁty
crysta'ls‘ weré perfo'rr‘nedv ,ﬁsing‘ the equine plasma ﬂar'nine-: oxidase. _ Additional
| crystallizatic;n trials with both of the mammalian enzymes utilized iﬁ this work remain a
high priority. While a crystal structure is not imminent, when available a structure would
provide s trtictural details that are k ey to understanding features such as the controlof

substrate and inhibitor recognition and insight into the chemical mechanism.
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EXPRESSION, PURIFICATION AND CHARACTERIZATION OF RECOMBINANT

HUMAN KIDNEY DIAMINE OXIDASE
Introduction

The detailed characterization and direct examination of mammalian copper amine
oxidases has been greatly hindered by the difficulty in obtaining the quantities of highly
purified enzyme required. Purifications from natural sources are long and tedious and
give highly variable pﬁrities and activities. Many researchers had no choice but to use
crude preparations, sometimes tissue homogenates. Prior to the results given herein,
there has been no reliable overexpression system for a' copper amine oxidase from any.
multicellular organism.

To further thé extent and depth of knowledge about diamine oxidase, an enzyme
implicated in fundamental and critically important biological processes, it is vital to halx‘le
a readily-available source of hémogenous protein.  Qur approach has been to
heterologously overexpress the human enzyme using a eukaryotic host, Drosophila S2
insect cell culture. This expression system was chosen for its relative ease in culturing,
potential for high expression levels, and apparent lack of an endogenous copper-
containing amine oxidase. We report herein the heterologous overexpression and
purification of human kidney diamine oxidase, the first successful overexpression of any
mammalian copper-containing amine oxidase. Furthermore, high levels of expression
and a developed purification protocol give the large quantities of highly-purified enzyme

required for detailed investigation of molecular properties.
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In this chapter, the overexpression system and puriﬁéation protocol are described.
Initial characterization of the recombinant enzyme includes molecular weight
determination, cofactor quantification, and measurement of its visible absorption, circular
. dichroism, electron paramagnetic resonance, and resonance Raman spectra. The nature
and quantification of the organic TPQ cofactor and metal analysis are discussed along
with elementary biochemical characterization of the recombinant enzyme. Additionally,

human tissue-specific expression data is presented.

Experimental Procedures

Construction of cell line

The initial molecular biology, Drosophila S2 transfection and expression were
performed by Dr. John Bollinger (MSU).

The coding sequence for mature human kidney diamine oxidase was amplified by
PCR from a c¢cDNA clone (kindly provided by Dr. ‘Barbry, Institut de Pharmacologie
Moléculaire et ‘Cellulaire, France) using Vent DNA Polymerase and appropriate primer
adapters. The forward primer (5'-GTGAGATCTCCGGGGACTCTGCCC) replaced the
N-terminal codons for glutamic acid and proline of mature kidney diamine oxidase with
the codon for arginine and introduced a Bg/l site. The reverse primer (5'-.
CCGGAATTCACGATGCCGGCCCTGGGCTGGGCC) introduced an EcoRI site just
downstream from the native stop codon. PCR product and the expression vector

pMT/BiP/V5-His A (Invitrogen) were digested with Bglll and EcoRl, agarose gel
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purified, recovered using Prep-A-Gene (Bio-Rad) and ligated with T4 DNA ligase. The
5" end of the resulting construct was confirmed by DNA sequencing (Silver Sequence,
Promega) through the fusion site to an internal Bs:I site, 350 base pairs into the coding
sequence. The remainder of the coding sequence was swapped with a Bs#I and EcoRI
fragment from the cDNA clone to generate the expression vector pMTDAO. All DNA
manipulations used enzymes from New England Biolabs. Constructs were maintained in
E. coli strain TOP10 and purified using either Perfect Prep (SPrime3Prime) or Quantum
Prep (Bio-Rad).

Transfection and cell culturing procedures were those outlined in the Drosophila
Expression System Manual (Invitrogen), except as noted. Plasmids pMTDAO and the
selection vector pCoHYGRO were cotransfected into Drosophila Schneider 2 (S2) cells
at a ratio of 19:1 (ug) using the Calcium Phosphate Transfection Kit (Invitrogen).
Selection for the stably transfected subpopulation used 500 pg/mL hygromycin B (Roche
Molecular Biochemicals). The resulting polyclonal cell line was adapted to and

maintained in a serum-free medium (Ex-Cell 400, JRH Biosciences) supplemeénted with

300 pg/mL hygromycin B at 27 °C.

Expression

The transfected cell line was expanded from a 5 mL culture in a 25 cm” tissue
culture flask to a single 130 mL culture in a 250 mL spinner flask. When the spinner
culture reached a density of 1 X 107 cells/mL, 25 mL of the culture was added to each of

four 500 mL baffled shake flasks (Bellco Glass) containing 150 mL serum-free medium.
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Flasks were incubated in a gyrotary water bath at HO rpm and 27 °C for about 24 hours.
At a density of 5 X 106 cells/mL, expression was induced by addition of copper sulfate to
a final concentration of 500 pM, and incubation was then continued for 48 hours.
Nontransfected Drosophila S2 cells and the uninduced expression cell line were used as

negative controls.

romoter ColEl Ampr
P P Human KDAO mcds

Expression Plasmid (pMT/BiP/V5-His) >

Linearized by appropriate restriction enzymes

Purification

Protein Secreted into Medium +

pCoHygro Selection

Plasmid
Induce with 500 (iM CuSO4
Drosophila S2 polyclonal cell line Transfection and
for expression of secreted human Selection

KDAO

Figure 7: Schematic of the expression of hKDAO in Drosophila S2 cells
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Purification

Cultures were harvested and cells spun out by centrifugation for 2 minutes at
1000 X g. The supernatant was spun for 10 minutes at 10000 X g to remove particulates .
and then loaded on a 5SmL HiTrap Heparin HP column (Aﬁersham Pharmacia Biotech)
using a peristaltic pump. The column was then washed with 100 mM potassium
phosphate buffer, pH 7.2, until Aggo of the ﬂow'through reached zero, and bound protein
was eluted with 100 mM potassium phosphate with 1 M sodium 6hloride, pH 7.2. The
eluant was extensively dialyzed against 100 mM potéssium phosphate, pH 7.2 and then
loaded on Macro-Prep Ceramic Hydroxyapatite (Type I, 40 um particle size, Bio-Rad) in
a HR 10/10 column using a FPLC system (Amersham Pharmacia Biotech). Buffers for
the ceramic hydroxyapatite column were 100 mM potassium phosphate, pH 7.2 (Buffer
A) and 400 mM potassium phosphate, pH 7.2 (Buffer B). Protein fractions were eluted
with a two column volume wash at 25% Buffer B, a single column volume wash at 35%
Buffer B, and a two column volume linear gradient from 35% to 100% Buffer B. The
most active fractions were pooled and concentrated in a 50 mL centrifugal concentrator
(Millipore) before being run over a 1.6 X 100 cm Ultrogel AcA 34 (BioSepra) gel
filtration column equilibrated in 100 mM potassium phosphate, pH 7.2. SDS/PAGE and
IEF gels were by a PhastSystem (Pharmacia). Substantial absorbance-at 280 nm in the
culture media necessitated that initial protein concentration be determination by the
Bradford protein assay (Bio-Rad) with bovine serum albumin standards. Subsequent
protein concentrations were determiﬁed spectrophotometrically by absorbance at 280 nm

using the predicted extinction coefficient for the mature, recombinant enzyme of 280.5
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mM'em™. [32] The extinction coefficient at 280 nm was later determined by magnetic

circular dichroism and calculated as 297.6 mM'em™ (data not shown) [33].

General Characterization

Amine oxidase activity was measured at 37 °C in a stirred, thermostatted cuvette
using a coupled assay with putrescine (dihydrochloride, Sigma) as the substrate.
Standard activity assays used 30 U horseradish peréxidase (Sigma), 10 mM putrescine,
and 2 mM ABTS (2,2'-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) in 100 mM
potassium phosphate, pH 7.2, in a final volume of 2 mL. Reaction progress was followed
spectrophotometrically by monitoring the change in absorbance at 414 nm (e = 24.6 mM’
fem™) [34]. Activities measured by dioxygen depletion using an Instech oxygen -
elegtrode and chamber were in close agreement to those measured by the coupled assay
(data not shown).

UV and visible absorption data were acquired with either a Hewlett-Packard
8452 A or 8453 diode-array spectrophotometer. CD spectra were obtained wi’Fh a Jasco J-
710 spectropolarimeter. Titrations with phenylhydrazine‘ (HCI, Sigma) were used to
quantify TPQ in the purified recombinant enzyme [35]. One mL of 10-20 uM protein in
100 mM potassium phosphate buffer was titrated with 2 pL aliquqts of fresh,
anaerobically-prepared .phenylhdrazine (~775 uM) at room temperature. Spectral
changes were monitored and recorded after the absorbance at 445 nm reached a constant
value following each addition (10 - 45 minutes). The derivatized enzyme was

subsequently concentrated in a Microcon 30 (Millipore) with buffer exchange to remove
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unreacted phenylhydrazine. The concentrated phenylhydrazine-derivati-zed enzyme was
then used for resonance Raman spectroscopy on a Spex Triplemate spectrometer vﬁth a
CCD detector, with excitation by a Coherent argon-ion laser. EPR spectra were recorded
on a Bruker 220D SRC interfaced with a personal computer. Simulation of EPR spectra
used the EPR XOP for Igor Pro by John Boswell (Oregon Graduate Institute), an
adaptation of “Program QPOW by Nilges and Belford [36-38]. Copper, zinc, calcium
and magnesium analysis were performed by ICP emission spectroscopy (Little Bear
Laboratories, Inc., Goldeﬁ, CO), or copper analysis by flame atomic absorption
spectroscopy using a Buck Scientific Model 210 VGP. Metal-free 'buffgr was prepared
by passage over Chelex-100 (ﬁio-Rad) and by using plasticware treated with 0.1 M
EDTA solution. Analytical ultracentrifugation and ES/MS services were kindly provided

by Andy Baron and Alison Ashcroft, respectively, at the University of Leeds, Leeds, UK.

Tissue-Specific Gene Expression

A Multiple Tissue Expression Array (Clontech) was used to determine the human,
tissue-specific expression profile of human diamine oxidase. The manufacturer’s
instructions were followed for generating >°P-labelled cDNA probes by random primer
labeling, hybridization and autoradiography. This experiment was performed by Dr. John

Bollinger (MSU).
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| .Results

Expression and purification

The expression vector pMTDAO contains the coding sequence for mature human
kidney diamine (hKDAO) oxidase fused to Drosophila BiP signal sequence for secretion
from Drosophila S2 cell culture. Expression is under the control of the Drosophila’
metallothionein promoter and induced by addition of copper sulfate to 500 pM. Mature
recombinant human kidney diamine oxidase (thKDAO) primary sequence, as deduced
from the DNA sequence, differs from that of the natural protein in only the replacement
of the N-terminal glutamic acid and proline Wifh an arginine residue.

Culture medium was harvested‘48 hours post-induction at a qell density of 1.45 X
107 cells per mL. Cells were greater than 99% viable as determined by-trypan blue
staining and exhibited normal morphology. No amine oxidase éctivity was detected in
either the uninduced expression cell lvin(% or in the parental S2 cell line.

The recombinant enzyme is readily purified by heparin affinity chromatography,
ceramic hydroxyapatite chromatography and gel filtration; the summary of a
representative purification is given in Table 1. Total enzymatic activity increases during
the protocol and likely reflects the loss of an inhibiting substance (of either the amine
oxidase or the coupled assay) that is pfésent in the growth medium. The purified protein
is estimated at greater than 98% hqmogenous; by SDS/PAGE, and the highest specific

activity obtained from any purification was 1.25 L.U./mg.
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Purified thKDAO is stable for several months when stored on ice. However,
freezing the enzyme at —20 °C gives a significant drop in specific activity; thawed
enzyme has about 40% the specific activity of that before freezing. Thawed protein can
recover 85% of the original specific activity after storing on ice for ten days. Bieganski
and coworkers have previously noted a 90% loss in activity with natural human' diamine

oxidase when stored at -20 °C [39].

Total Total
Step Volume Total Activity Specific Purificatio
(mL) Protein U Activity n
(mg) (I.U./mg) Factor
Culture medium 630 117 7.3 - 0.063 1
Hi-Trap Heparin 13.5 41 12.5 0.30 4.8
Ceramic 44 14 13.0 0.93 14.8
hydroxyapatite
Ultrogel AcA34 0.74 12 12.7 1.1 16.7

Table 1. Purification of recombinant human kidney diamine oxidase

Electrophoresis and analytical ultracentrifugation

Isoelectric focusing acrylamide gel electrophoresis gave an estimated plof 6.2,
and only a single protein band was observed. A pI of 6.7 is predicted from the primary
sequence of hKDAO [40]. Previous investigations reported isoelectric points of 6.0 and
7.1 for the natural human DAO [41-43].

SDS/PAGE of the purified enzyme gives a single protein band with an apparent
molecular weight of 94 kDa (Figure 8), although the primary sequence 6f rhKDAO

predicts 83.4 kDa for the mature monomer. No corresponding band is detected in
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negative controls. The ~10 kDa discrepancy between the predicted and observed
molecular weights suggests the expressed protein is substantially glycosylated (vide
infra). Literature values for the apparent molecular weight of the natural human DAO
have been reported as 70. 90 and 105 kDa by SDS/PAGE [44,45], As evident in Figure

8, the recombinant protein band represents the major protein in harvested media.

Figure 8. SDS/PAGE showing purification of recombinant human kidney diamine
oxidase.

1) Harvested Drosophila S2 media diluted 1:1 with gel loading buffer;
2) Molecular weight standards: 94, 67, 43, 30, 20.1 and 14.4 kDa,;

3) Protein after Hi-Trap Heparin affinity column, 3.6 pg;

4) Following ceramic hydroxyapatite chromatography;

5) Purified protein after gel filtration chromatography, 2.4 p;

6) 9.6 pg of purified rhKDAO. The distorted band is a consequence of the severe
overloading of the gel, however, this lane demonstrates the high degree of purity for the

recombinant enzyme.
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Several attempts to estimate the hative molecular weight by acrylamide gel
electrophoresis were unsuccessful. Gel filtration on a calibrated AcA 34 Ultrogel column
gave an apparent molecular weight of 113 kDa, unrealistically low for the homodimer
(data not shown). Interestingly, Crabbe et al. reported native molecular weights for the
purified human placental DAO as 70 kDa by Sephadex G-200 gel filtration and 69.5 kDa
by polyacrylami'de gel electrophoresis. However, sedimentation equilibrium
ultracentrifugation data in the same work indicated a native molecular weight of 235 kDa
[44]. Baylin and’Margolis reported the native molecular weight of human pregnancy
plasma DAO as close to 200 kDa, as determined with Sephadex G-200 [46].

Sedimentation equilibrium ultracentrifugation of rhKDAO gave an average
apparent molecular weight of 210 kDa (five runs with two protein concentrations at two
speeds, data not shown). Curvature of the Ajg versus radius plot suggests the
recombinant enzyme is in reversible equilibrium between dimers and higher order
complexes. The data could equally fit dimer-tetramer, dimer-hexamer or dimer-octamer
models, with an association constant of 1.2 Aggo'1 for the dimer-tetramer model.

Sedimentation velocity ultracentrifugation gave a sedimentation coefficient of 10
S and a diffusion coefficient of 4.4 Ficks (two rums, data not shown). The apparent
molecular weight calculated by the Svedberg equation is 200 kDa. Both sedimentation
velocity runs indicated a small shoulder of faster moving material, consistent with a very

small amount of higher-order protein association.
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Copper, calcium and TPQ

Copper, zinc, calcium and magnesium content in the recombinant enzyme were
investigated using either ICP emission spectroscopy or flame atomic absorption. Table 2
shows the results from three different enzyme prepa:fations. The data suggest a mixture
of copper and zinc occupying the active sites in the recombinant enzyme; the sum of
copper and zinc approaches 2 mol per mol dimeric enzyme. In contrast, purified
‘mammalian copper amine oxidases, as well as those from other organisms, are most often
characterized as having two copper ions per dimer [2]. Our results indicate a correlation
between copper content and specific activity for the recombinar;t enzyme; not
' surprisingly, samples with higher copper content correspond to an increased specific

activity.

SpecificActivity Cu Zn Ca Mg TPQ

(IU/mg) e i
0.85 1.03 079 184 091 072
1.21 1.42° ND. ND. ND. 1.04
1.25 148 040 320 00  1.08

Table 2. Metal ion and TPQ stoichiometry for recombinant human kidney diamine
oxidase as isolated from three enzyme purifications. Metal ion and TPQ values reported

as mol per mole dimeric enzyme.

@ Value determined by flame atomic absorption spectroscopy; all other metal ion
quantifications were by ICP emission spectroscopy.

® Not determined

Metal analysis and the lack of manganese signal in EPR spectra (Figure 9)

. strongly suggest calcium occupies the putative second metal site in recombinant human
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kidney diamine oxidase. Purified enzyme was dialyzed either against metal-free 100 mM
potassium phosphate buffer alone or against three changes of two liters metal-free 100
mM potassium phosphate, 2 mM EDTA, pH 7.2 followed by extensive dialysis against
metal-free phosphate buffer. The sample dialyzed against buffer alone was found by ICP
emission spectroscopy to contain 2.37 moles calcium and 0.17 moles magnesium per
mole of dimeric protein. Whereas the sanﬁple treated with EDTA contained 2.16 moles
calcium per homodimer, and magnesium levels were below the detection limit of the
instrument.

Figﬁre 9 shows the X-band EPR spectra of Cu(Il) in purified thKDAO. The
simulated spectrum was kindly provided by Dr. Melanie Rogers (MSU). EPR parameters
are derived from simulated spectra (g, = 2.04, g =2.265, 4 = 185 G) and are consistent
with published values for CAOs from various sources [2]. Crabbe et al. reported a gi
valueof2.05 f rom‘ Q-band EPR spectra o fpurified human p lacental diémine oxidase,
however, the presence of manganese prevented the determination of other copper
parameters. Manganese was not removed by passing the protein over a Chelex 100
column, leading those investigators to conclude tﬁe human placental diamine oxidase wés
a Cu(I)-Mn(II) metalloprotein, with an apparent stoichiometry of 2.0 mol copper and 2.4
mol manganese per mol enzyme dimer [43]. The lack of a characteristic six-line Mn(II)
signal in our spectra is convincing evidence ag@inst any manganese .associated with the

recombinant enzyme.
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Figure 9. X-band EPR of rhKDAO. Enzyme at-200 jaM in 100 m potassium phosphate
buffer (upper spectra). The simulated spectra is shown with gi =2.04, g n= 2.265 and

= 185 G . Experimental conditions: 77 K, 9.425 GHz, 0.796 mW, 20 G modulation
amplitude.

Purified protein is peach-colored with a broad visible absorption band having a
xmax at 470 nm (Figure 10). This spectral feature is associated with the TPQ and gives
copper amine oxidases their recognizable color. The shoulder in the absorption spectra at
400 nm is an unidentified feature, perhaps due to a modified (possibly incompletely
processed) form of the cofactor. The CD spectrum shown in Figure 11 exhibits a
negative band around 470 nm that is attributed to TPQ and a negative band around 800
nm from a Cu(ll) d-d transition. These electronic transitions are consistent with other

CAOs [2], and is consistent with a tetragonal Cu(ll) complex with N,0 donors.
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Wavelength (nm)

Figure 10. Absorption spectra of the purified recombinant human kidney diamine
oxidase, 16.4 mg/mL enzyme in 100 mM potassium phosphate buffer, pH 7.2.

Wavelength (nm)

Figure 11. Circular dichroism spectra of rhKDAO. Experimental conditions: 32 pM
protein in 100 mM potassium phosphate buffer, pH 7.2, I nm resolution, 20 mdeg
sensitivity, | sec response, 500 pm slit, 5 accumulations.
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Copper amine oxidases and the carbonyl reagent phenylhydrazine react to give a
characteristic, yellow phenylhydrazone adduct that is commonly used to identify and
quantify the TPQ cofactor [2], Recombinant enzyme was titrated with phenylhydrazine
and spectra were recorded after each addition when no further change in absorbance at
442 nm was noted. A typical titration demonstrating the formation of the intensely
colored covalent adduct is shown Figure 12 and the results of TPQ quantification for
three individual enzyme preparations are shown in Table 2. As described above for

copper, the quantified organic cofactor correlates with specific activity.

400 500
W avelength (nm)

Equivalents Phenylhydrazine

Figure 12. Phenylhydrazine titration of TPQ in purified rhKDAO. Plot shows the
change in absorbance at 442 nm versus equivalents phenylhydrazine added per enzyme
dimer. One mL of enzyme (11.8 pM enzyme in 100 mM potassium phosphate buffer, pH
7.2) titrated with 2 830 pM phenylhydrazine. The inset shows the increase in absorption
of the intensely yellow-colored adduct with successive phenyhydrazine additions.
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The resonance Raman spectrum of phenylhydrazine-derivatized recombinant
enzyme is shown in Figure 13, along with that of the phenylhydrazone of TPQ-
hydantoin, a model compound for the cofactor. Protein was concentrated after extensive
buffer exchange to remove unreacted phenylhydrazine. The two spectra are essentially
identical and thus conclusively identify TPQ as the quinone cofactor in the recombinant
enzyme. Neither the visible absorption nor the resonance Raman spectrum of the
phenylhydrazine adduct of rhKDAO suggests the visible absorption feature at -400 nm
reacts with this carbonyl reagent. Thus this unidentified absorption feature may be a
modified form of the TPQ cofactor which is conformationally inaccessible to

phenylhydrazine or one which is lacking a reactive carbonyl.

Raman Shift (cm )

Figure 13. Resonance Raman spectra of the phenyhydrazine-derivatized human
rhKDAO (upper spectrum). Lower spectrum is the phenylhydrazine-derivatized model
compound, TPQ-hydantoin. Experimental conditions: excitation 457.9 nm, power 40
mW, integration | min, 10 accumulations.
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Tissue-Specific Expression

A commercially available array of poly A” RNA representing 76 different human
tissues and cell lines was probed with **P-labelled kidney diamine oxidase cDNA probes.
The amount of poly A™ RNA dotted on the nylon membrane were normalized by the
manufacturer to give similar signal intensities for eight housekeeping genes and therefore
varies from 53-780 ng. Each dot is 1 mm in diameter. Exposed and developed x-ray film
is shown in Figure 14. Although the data are not quantifiable, 2 qualitative interpretation
is informative for comparative analysis of tissue-specific gene expression. The highest
levels of diamine oxidase gene expression are in placenta, followed by kidney tissue.
Exposure at these two mRNA spots has clearly over-saturated the photographic media.
Therefore actual mRNA levels may be orders of magnitude greater than that indicated by
examination of the film. Gene expression is detéctable in stomach tissue and quite
significant through the distal tissues of the gastrointestinal tract. Prostate and liver also
show fairly strong signals. A positive can be seen with E. coli DNA; however, kidney
diamine oxidase cDNA and the bacterial genome have no significant sequence homology,
and this is assumed to be a false positive. A similar false positive has previously been
reported [47]. Low, but detectable, positive results are seen in stomach, bone marrow,
lung, pancreas, testis, lymph node and the parietal lobe and pons of human brain.
Negative results for controls other than the E. coli DNA, as well as for the majority of
human tissues and cell lines, suggest that these are genuine positives. However, the weak
results for these tissues, as compared to strong signals from other tissues, are such that

actual gene expression levels in these tissues are normally quite low.
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Figure 14. Multiple human tissue expression array with polyA mRNA from 76 tissues
and cell lines (Clontech). Probed with randomly primed 12P-labeled oligonucleotides
generated by PCR from a cDNA clone of human kidney diamine oxidase.
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Discussion

The gené encoding human kidney diaminel oxidase,' under the control of the
metallothionein p romoter, has been expressed in a Drosophila S 2 p olyclonal cell line.
This work describes the first overexpression and purification of a copper-containing
amine oxidase from any animal source. Expression levels for the secreted, recombinant
énzyme are substantial, approaching 20 mg/L of cell culture. Almost certainly the
abundant thKDAO is a consequence of stably-transfected Drosophila S2 cell lines
generally containing multicopy genomic inserts of the expréession and seléction plasmids,
often with 500-1000 copies arranged in a head-to-tail fashion [48]. Very recently,
Koyanagi and coworkers reported the heterologous overexpression of a copper amine
oxidase from a multicellular organism, the plant P. sativum ‘[49]. Unfortunately, low
expression levels and considerable clonal variation mar this notable accomplishment (K.
Tanizawa, pers. comm.). Expression of the Arabidopsis thaliana enzyme has previously
been described in a baculovirus expression ‘systenll [50].

Expression in serum-free media avoids introduction of exogenous copper amine
oxidases [51,52] as well as the considerable amount of ‘undesired proteins naturally'
present in fetal calf serum. Furthermore, searches of the D. melanogaster genome have
not revealed any éequences with significant homology to CAOs, nor, to the best of our
knowledge, has a CAO been described from any insect source. However, one member of
the copper-containing amine oxidase family, lysyl oxidase (E.C. 1.4.3.13) has been

identified in the Drosophila genome [53]. Lysyl oxidase contains a lysine-
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tyrosylquinone cofactor and catalyzes the oxidative deamination of peptidyl lysine in
elastin and collagen—a crucial step for connective tissue cross-linking [54]. Therefore
the Drosophila Expression System, when used with serum-free media, is an excellent
source of secreted human diamine oxidase, with the inherent advantages of low levels of
unwanted proteins and apparently no contaminating CAOs, either exogenous or
endogerllous. Drosophila S2 cell have previously been used to express another copper
enzyme, human dopamine B-hydroxylase, at protein yields quite similar to those reported
in this work [55]. This expression system is thus a promising option for the convenient
expression of other eukaryotic metalloenzymes.

Interestingly, in insects histamine is a major neurotransmitter. Histamine is a
neurotransmitter in some mechanosensory neurons in Drosophila, lobster stomatogastric,
cardiac, and olfactory neurons, and has recently been shown to be the major
neruétransrﬁitter in arthropod photoreceptors. [56-61]. It will be shown later that
histamiﬁe is an excellent substrate for human KDAO. The mechanism for histamine
catabolisfn in arthropods remains to be delineated, but a copper amine oxidase does not
seem to be involved.

The natural hHKDAO heparin-binding site facilitated the development of a rapid
purification scheme resulting in the highly efficient recovery of greater than 99%
homogenous recombinant human KDAO. The protein yields are impressive, approaching
20 mg/L. |

Analytical ultracentrifugation results suggest thKDAO con‘t.ains‘ between 20 and

26% glycosylation by weight, a value not unreasonable for the natural mammalian
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enzyme. The results given by Crabbe et al. indicate approximately 40% glycosylation for
the natural human placental enzyme [43]. Gel filtration by Baylin and Margolis suggest
20% glycosylation for the natural human pregnancy plasma DAO [44]. For comparison,
the porcine kidney DAO has been estimated at 20% ana 11% carbohydrate by weight
[62,63]. Although the data on glycosylation in mammalian DAOs are limited—and it
must be noted that differences in glycosylation could very well be tissue-specific—the
extent of glycosylation by weight in thKDAO is within the range of values reported for
the natural enzymes.

SDS/PAGE and analytical uiltracentfifugation results are consistent with a
substantially glycosylated recombinant enzyme, as would be expected for a protein with
potential glycosylation sites and proaessed through the secretory pathway. Electrospray
mass spectrpmetry of the recombinant human kidney protein gave a large m/z “hump”
with no resolvable peaks, indicative of a population of heterogeneously glycosylated
proteins (data not shown). Four consensus N-glycosylation sequences (NXS/T) are
present ’in the peptide sequence of human kidney diamine oxidase. N-linked
glycosylation in Drosophila is much like that m other insect cells, with a high mannose
content, although O -linked g lycosylation 1s also p ossible[64,65]. G lycosylation o fthe
recombinant enzyme 1s expected to be different from the enzymes processed in
mammalian cells, and strategies to reduce the extent. of glycosylation iﬁ rhKDAO are
actively being pursued. |

The heterologously expressed enzyme contains substoichiometric copper and

displays some variability in copper levels from different purifications. The data shown in
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Table 2 indicate copper content ranges from 1 to 1.5 ions per dimer. The recombinant
enzyme most likely contains tightly bound zinc in the remaining.active siées; copper and
zinc together account for nearly full metal occupancy of the two active sites in each
protein homodimer. Zinc has previously been described in recombinant H. polymorpha
CAO overexpressed in Saccharomyces cerevisiae, and zinc was determined to have a
high affinity for the active site and to compete with copper for binding [66]. The crystal
structure of zinc-substituted H. polymorpha enzyme has recently been solved and reveals
zinc in the active site, coordinated by three histidine residues and a tyrosine residue
(copper ligands in the active enzyme and the tyrosine precursor o f TPQ) [67]. T hese
residues are remarkably similar in position as those described in the active site of
apoCAO from Arthrobacter globiformis [13]. |

It is proposed that active-site metal incorporation most likely occurs
intracellularly during rhKDAO processing in the Drosophila secretdry pathway, and not
following secretion into media loaded with 500 pM copper, in which case fully copper-
loaded protein could be expected. Rae et al. have made a convincing argument for
extraordinarily low levels of “free” intracellular copper, less than one per cell, and
suggested copper-dependent enzymes require accessory factors (i.e. metallochaperones)
[68]. However, their analysis is based upon cytoplasmic superoxide dismutase and would
not necessarily apply to the contents of membrane bound organelles, such as those of the
secretory pathway. Copper most likely enters the Drosophila secretory pathway via a P-
type ATPase, homologous to the human Menkes disease protein, localized in the trans-

Golgi network [69]. To date, no accessory protein for any CAO has been described.
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Furthermore, Drosophila S2 culture is quite likely a zero background expression host and
therefore would not be expected to possess a specific CAO metallochaperone. Copper
and zinc content in the overexpressed enzyme may be determined by the total metal ion
availébility‘ in the secretory pathway and the relative affinity of the active site for these
two tfansit’ion metals. Differences in metal loading between purifications might be the
consequence of subtle and as yet unrecognized factors during cell culturing and protein
expression.

This study indicates calcium occupies the putative second metal binding site in
recombinant human kidney diamine oxidase. The high specificity and affinity of this site
for calciumi, supported by the resistance to removal by EDTA (lo-g K =10.61 at 25 °C
| [70]), strongly sﬁggest calcium would be present in the natural enzyme. Stoichiometric
calcium is also present in highly purified equine plasma copper amine oxidase (vide
infra).

Although calcium sites in proteins vary considerably with regard to their
coordination structure, the second-metal site in copper amine oxidases is unusiuial when
compared to other structurally defined sites (see reference [71] for a recent review of the
diverse calcium binding sites in proteins). Five putative KDAO calcium ligands can be
deduced from sequence alignment and the crystal structures of the CAOs from E. coli and
P. sativum [11,12]. Three of these are aspartyl carboxylates and the backbone carbonyl
of a leucine in the sequence AspLeuAsp. These residues are located at the C-terminus of
one B strand. The other two protein-derived oxy.gen donors are an aspartyl carboxylate

and an adjacent backbone carbonyl (Leu), located at the N-terminus of another B strand.




39

Interestingly, the opposite ends of these two P strands (7-10 residues away) also provide
the active site copper ligands. One coordinating water molecule is resolved in the crystal
structures, giving an octahedral coordination geometry with calcium-oxygen distances

from 2.2 to 2.5 A (Figure 15).

Figure 15. View ofthe copper and second metal binding sites from pea seedling amine
oxidase. Copper is depicted as a cyan sphere and calcium as a yellow sphere. The
protein residues that ligate the metal ions are shown in white with red representing

oxygen atoms.

Most calcium ions in biology are heptacoordinate and associated with a helical
and loop regions [72]. The well-known and extensive family of helix-loop-helix (EF

hand) calcium sites is typically seven-coordinate with three carboxylates (one of which is
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bidentate) two carbonyls, and one water molecule in a pentagonal bipyramid. EF hand
ligands are all located in a short sequence at the end of one helix, a small loop, and the
beginning of another helix. In contrast, the calcium binding residués in CAOs are at the
~ ends of two P strands separated in sequence by more than 130 intervening amino acids.

Calcium ions are critical fof a variety of important biological processes, including
some involving extracellular proteins [73-78]. The function of the second metal site in
copper-containing amine oxidases remains to be elucidated. However, the bound calcium
ion likely serves to stabilize the structure of this extracellular enzyme, although a role in
modulating activity is also p-ossible but unlikély given the apparently high a ffinity for
calcium and the separation between the putative Ca si‘t'e and the active site.

Recombinant human kidney diamine oxidase is conclusively demonstrated to
possess the TPQ cofactor. Visible absorption, CD, titration with phenylhydrazine, and
resonance Raman of the phenylhydrazine-derivatized enzyme are entirely consistent with
previously characterized copper amine oxidases froﬁq various sources [2,79]. Similar
correlations between specific activity and titratable TPQ have been described by Klinman
and coworkers for the bovine plasma amine oxidase and the recombinant yeast
methylamine oxidase [35,80]. As shown in Table 2, the titratable TPQ from three

different preparations is consistently around 72% of that which could be expected given

the copper to protein stoichiometry, assuming that each active site contairﬁng copper

would readily convert the precursor tyrosine to TPQ. It is presently unclear whether low
TPQ-to-copper ratios reflect incomplete organic cofactor biogenesis or enzyme

conformations in which the quinone cofactor is inaccessible to phenylhydrazine. Low
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and variable TPQ content is not uncommon in CAQOs [2]. For example, recombinant
yeast methylamine oxidase has been described as containing 2.0 mol copper but only 1.5
mol phenylhydrazine-titratable TPQ per mol of enzyme dimer [80], a TPQ to copper ratio

strikingly close to the results presented herein.
Conclusions

Human kidney diamine oxidase has been heterologously overexpressed in
Drosophila S2 cell culture. The secreted enzyme is readily purified by three
chromatography steps and gives high yields of essentially pure protein.  This
accomplishment provides the first example of a recombinant copper amine oxidase from
any multicellular source. Although the enzyme does not contain a full complement of
copper and TPQ, it has proven to be well suited to characterization and analysis.

Spectroscopic and biochemical analysis has clearly established that recombinant
hKDAO contains the cofactors ‘copper and TPQ. The visible absorption, CD, EPR and
resonance Raman spectra of native thKDAO as well as the visible and resonance Raman
spectra of the phenylhydrazine-derivatized enzyme have been reported and are consistent
with the data for copper amine oxidases from other sources.

The recombinant enzyme has only now allowed the detailed characterization of a
human copper amine oxidase, a significant and long-awaited development in the field of

copper amine oxidase research. Furthemore, biochemical and kinetic analysis, such as
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the studies presentéd in the following chapters, provides key details required to
reasonably infer the in vivo functions of diamine oxidase in human amine metabolism

and homeostasis.
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STEADY STATE KINETICS AND SUBSTRATE PREFERENCE OF thKDAO
Introduction

A variety of biogenic and exogenous amines have been investigated as potential
substrates for the recombinant human kidney diamine oxidase. Steady state kinetic
parameters have been determined. These in vitro experiments are necessary to delineate
the reactivity of thKDAO and enable comparison with other copper amine oxidases. The
quantity and quality of the recombinant protein has made such detailed and extensive
studies feasible and substantially adds to the characterization of this human enzyme.
Substrate specificity determined in vitro allow one to infer the in vivo substrates and by
extension the possible roles of diamine oxidase in human physiology and its contribution
to the complete scheme of amine metabolism and homeostasis.

The non physiological and exogenous aromatic amines benzylamine, -
phenethylamine and p-dimethylaminomethylbenzylamine (DAB) are commonly used in
vitro substrates for copper amine oxidases[81,82]. Their corresponding product
aldehydes absorb light in the ultraviolet region, enabling 'spectrophotometric detection

and direct enzymatic assays.
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benzylamine

-NHa

2-phenylethanamine

N N3

p-dimethylaminomethylbenzylamine (DAB)

Figure 16. Structures of exogenous aromatic amine substrates for copper amine
oxidases.

Figure 17 shows the structures of exogenous and endogenous aliphatic diamines
and polyamines. Putrescine, cadaverine and the polyamines spermidine and spermine are
widespread in biology and have been described as substrates for the copper containing

diamine oxidases (vide infra).
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Figure 17. Structures of aliphatic diamines and polyamines

Histamine and 1-methylhistamine are metabolites of the amino acid histidine from
decarboxylation and the subsequent methylation catalyzed by the enzymes histidine
decarboxylase and histamine methyltransferase. Both are known. substrates for

mammalian diamine oxidases (vida infra). Histamine, in particular, is an extremely
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potent biological agent acting as an agonist for G-protein coupled receptors and inducing

a range of crucial physiological responses.

: ZMNHE

2-(1H-imidazol-5-yl)ethanamine

histamine

CH,

_N '
. NH+
N
2-(1 ;methyl—1 H-imidazol-5-yl)ethanamine

1-methylhistamine
Figure 18. Structures of histamine and 1-methylhistamine

Figure 19 shows.the structure of the remaining compounds investigated as part of
this study. Lysine and two ester derivatives were included in order to determine if this
amino acid alone or as part of @ peptidyl substrate could be a sul;strate for human DAO;
in other words, to determine if diamine oxidase has a lysyl oxidase function. Metabolic
derivates of the amino acids tryptophan, arginine and tyrosine were also included in this

work.
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Figure 19. Structures of derivatives of the amino acids lysine, arginine and tyrosine
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Experimental Procedures

Ky and kg, were determined spectrophotometrically in a 37 °C thermostatted cell
holder with magnetic stirring. Ionic strength of the assay buffer, 50 mM HEPES, pH 7.2,
was maintained at 150 mM by addition of potassium chloride. Oxidation of p-
dimethylaminomethylbenzylamine (DAB) and benzylamine were followed by the change
in absorbance at 250 nm, using an extinction coefficient of 11 mM'em™ for p-
dimethylaminomethylbenzaldehyde [82]. Assays with DAB or benzylamine used 890 uL
of assay buffer and 10 ulL enzyme in a 1 cm pathlength cuvette. This mixture was
allowed to equilibrate for a 2-3 minutes in the thermostatted cell holder before rapid
addition of 100 uL substrate stock solution. Data acquisition was initiated immediately.
All other assays used the coupled assay of Holt et al. [83] and an extinction coefficient
for the quinoneimine dye of 6.00 mMlem™ at 498 nm [84]. Chromogen stock solution
was prepared to give final concentrations of 1 mM 4-aminoantipyrine and 2 mM vanillic
acid. Coupled assays used 880 pL chromogen stock solution, 10 uL (14.5 U) horseradish
peroxidase, and 10 pL enzyme. Substrate, horseradish peroxidase and chromogen stock
solutions were freshly prepared in the assay buffer, and kept in a 37 °C water bath until
use. R ecombinant diamine oxidase was kept onice. T hermal e quilibration, s ubstrate
addition and data acquisition were as described above. Assays used 10 pL of 4.37 uM
recombinant human kidney diamine oxidase, except 4.09 uM enzyme with 1-
methylhistamine, and 4.67 uM with putrescine and agmatine. =~ Water bath and

thermostatted cell holder temperatures were monitored with an electronic thermocouple.
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Initial rates were determined by at least duplicate experiments (most often triplicate) at
six or more substrate concentrations with fitting to the Michaelis-Menten equation using
Origin 6.0 software (OriginLab Corp.). Those substrates demonstrating substrate

inhibition were fit as described below [85]:

(a) Substrates that indicated hyperbolic behavior were fit with the Michaelis-

Menten equation:

SV

— max

S+ K
M

(b) Where required fits used a simple model of substrate inhibition:

_ max
V="2

S
f+Km+S

1

- (c) In a few cases the fits to data used the following eqliation, for a model with

reversible substrate inhibition at two different forms of the enzyme:

SV
ma
2+ 5+ +
K3S S K2S K1

Figure 20 shows the schematics for the models that represent the kinetic equations

above. Appendix C gives detailed information on the derivation of these equations.
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Figure 20. Mechanistic models used to derive enzyme rate equations: A) Michaelis-
Menten model; B) Substrate inhibition; C) Substrate inhibition at two enzyme states

Substrates that oxidized either extremely slowly or at rates undetectable under
these conditions were assayed up to millimolar substrate concentrations. Potential
substrates were purch;ased commercially (highest grade available) and used without
further purification, except for DAB, which was synthesized by the method of Bardsley
et al. [82].

The pH dependence of Michaelis-Menten parameters for the oxidation of
| putrescine was determined using the coupled 4-aminoantipyrine/vanillic acid assay as

described above. Buffers used were 50 mM MES (pH 5.69 - 6.33), 50 mM HEPES (pH
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6.33 - 7.78), and 50 mM CHES (pH 8.12 and 8.85). Ionic strength was adjusted to a final
concentration of 150 mM with potassium chloride. After equilibration at 37 °C, the pH
was measured with an Orion perpHect LogR meter, model 310, equipped with an
Automatic Temperature Compensation Probe. At least two (usually three or four) initial
rates w ere d etermined _at six or more substrate concentrations for each pH value. & ca

values were plotted against proton concentration and fit to the following equation [86]:
kcat = (]Ccat)max[H+]Kal / (Kal Ka2 + Kal [HF] + [H+]2)

Enzyme stability in the pH range used was tested by incubation of enzyme in the
appropriate buffers for 15 minutes at 37 °C and then measuring activity. Possible effects
of pH on the quinoleimine dye generated during the assay were investigated by titrating
hydrogen peroxide into the chromogenic solution plus horseradish peroxidase at
appropriate pH Valués. Neither loss of enzyme activity nor change in quinoleimine dye
absorption features was detected in the buffers and pH range investigated.

Heparin effects on enzyme activity were investigated by incubating recombinant
kidney diamine oxidase with an approximately four-fold excess of heparin (from porcine
intestinal mucosa, average molecular weight of 3,000 Da, Sigma) over dimeric protein
for one hour on ice. Initial rat.e determinations for putrescine oxidation were as described
above. The enzyme-heparin mix was stored at 4 °C and assayed for activity with 250 uM
putrescine after 24, 48, and 72 hours. All assays used air saturated solutions and

‘dissolved oxygen levels were not varied in these experiments (about 233 uM).
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Results

The data and fits to the data are given in Figures 21 - 34. The results are
summarized in Table 3 and are listed in order of the substrate preference of thKDAO
indicated by kea/Knt

The data for histamine turnover clearly indicate partial substrate inhibition. The
fit using the model of substrate inhibition required masking of the data points at higher
concentrations of histamine, and as shown this model is inadequate for completely
describing the data (Figure 21). A model with substrate inhibition at two forms of the
enzyme was also fit to the data, and shown in Figure 22. This nﬁodel also proved
inadequate and required masking of the data for the higher concentrations of histamine.
Note that the apparent Ky and Vpax values for both of these models are approximately
equal and that the fit curves have identical shapes.

It became apparent that no model of partial substrate inhibition would fit all the
data points; partial substrate inhibition alone cannot account for the data points at the
higher concentrations of histamine. A model that can fit all the data requires an
additional mechanism for substrate oxidation, a process that becomes evident at higher
substrate concentrations. The data were accordingly fit to the model for substrate
inhibition plus an additional Michaelis-Menten model, that is:

SV
max + max
2
% K +5 S+ KM

!

V=

Figure 23 shows that this kinetic model can be used to reasonably fit all the data points.
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KM kcat kcat/KM

Compound M) C(min) (M min™)
Histamine® 3.4+0.08 159+1.1 47
1-Methylhistamine 3.0+0.1 100+ 1.0 33
Agmatine® 13£1.0 324 £17 25
Putrescine® 17+0.5 329+3.1 20
Cadaverine 22+0.3 411 +£4.1 19
DAB 113£2 532+5.3 4.7

1,3 - Diaminopropane 129+ 14 486 £ 22 3.8

1,6 — Diaminohexane 177+ 12 324+9 1.8
2-aminoethylamine 626+ 11 127+ 0.6 0.2
Spermidine 1092 +£8.3 187 £ 0.5 0.2

L - Lysine methyl ester 2978 +£114 346 £ 4.6 0.1

(-) — Arterenol + + +
Benzylamine + + +

3 — Hydroxytyramine + + +
Kynuramine + + +
B-Phenethylamine + + +
Spermine + + +

5 - Hydroxytryptamine
L- Lysine

Na-acetyl-L-lysine methyl ester -
Methylamine - - -

Table 3. Steady-state kinetic parameters and substrate specificity (kea/Kn) for
recombinant human kidney diamine oxidase. Errors are reported as standard error at the
95% confidence level. Partial substrate inhibition was observed with histamine, agmatine
and putrescine.

a The positive symbol (+) denotes substrate oxidation could be detected but at rates too
low to determine kinetic parameters.

® The negative symbol (-) indicates no rate was observed.

¢ Partial substrate inhibition was observed.
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Fits to the more complex model increases the error in each fit parameter.
Therefore to derive apparent Km and Vnax values the data were fit to the substrate
inhibition model with the data points at high substrate concentrations disregarded. The

data for agmatine oxidation were also interpreted in this manner.

Model: substrate inhib.Cleland

ChiA2/DoF =0.73927
RAR = 0.99968

Vm  694.4554 +4.73975
Km  3.44467 +0.07911
Ki 276.00818 +5.90273

Histamine (nM)

Figure 21. Histamine, fit to the substrate inhibition model
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200-
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Data: Data2_B
Model: subinhib.2stcp,simplifled

ChiA2/DoF = 171.85292
RAR = 099324

K3 0.00366
K2 0.02229
Kl 3.43844
Vmax 700.91529 +74269.0322

Histamine (pM)

Figure 22. Histamine fit to the substrate inhibition at two enzyme forms

500-

400-

200-

Model: ClelandSubInhib+MM

ChiA/DoF =6.73434
RAR = 099714

Vm  720.27847 +5.84344
Vma.x2 1.7489EI18 +2.2558E24
Km 3.6583 +0.0875

Km2 9.9481EI8 +1.2895E25
Ki 208.78663 +5.5643

600 800 1000 1200
Histamine (*M)

Figure 23. Histamine fit to the substrate inhibition model plus an additional

Menten model

Michaelis-
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400-

250 -

Model: Michaelis-Menton

1.58649

Vmax 411.25893 +3.66976
Km 2.98617 +0.11179

-Methylhistamine (JaM)

Figure 24. 1-methylhistamine fit to the Michaelis-Menten model

Model: substrate inhib.Clcland

ChiA2/DoF 22.42753
700- R = 0.9649

Vm 151540008  +77.78636
600- Km  13.30641 +1.05209

Ki 734662 +7.58876
500-
400-
300-

Agmatine (jaM)

Figure 25. Agmatine fit to the substrate inhibition model



S7

Model: ClelandSinhib+MM
ChiA2/DoF RA2

9.06437 0.9789
700-
Value Error
vm 2176.48953 981.58225
Vmax2 294.20601 6.6557
Km 23.69194 47.54257
Km2  23.09968 412.51291
Ki 19.82155 44.90779
S 400-
>° 300-

Agmatine (gM)
Figure 26: Agmatine fit to the substrate inhibition model plus an additional Michaelis-
Menten model.

1400-

1200-

Model: substrate inhib,Clcland

ChiA/DoF =2.05452
RAR = 0.99729

vm 1540.54419 +14.62796
Km 16.9073 +0.47155
Ki 2266.56904

Rutrescine (*M)

Figure 27. Putrescine fit to the substrate inhibition model
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1800-
1600-
1400-

1200-

600- Model: Michaelis-Menlon

ChiA2/DoF = 30.70904
400- Ra2 = 0.9953

Vmax 1798.35714 +17.6447
Km 22.00354 +0.30103

Cadaverine (|aV)

Figure 28. Cadaverine fit to the Michaelis-Menten model

2400-
2200 -
2000-
1800-
1600-
1400-
1200-
1000-
Model: Michaelis-Menlon
ChiA2/DoF = 1.75107
RA = 0.99872
400-
Vmax 2359.51688
200- Km  113.12663

DAB (nM)

Figure 29. DAB fit to the Michaelis-Menten equation
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Figure 31.
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1600-
1400-

1200-

Model: Michaelis-Menion

ChiA/DoF =2519.10865
RA2 = 0.99301

Vinax 2125.22369 +94.97932
Km 129.4414 +14.50299

1,3-diaminopropane (nM)

1,3-Diaminopropane fit to the Michaelis-Menten equation

400- Model: Michaelis-Menton

Chi//DoF =0.41911
RA2 = 099932

Vmax 1414.3135 +39.97638
Km 176.79137 +12.10511

1,6-diaminohexane (nm)

1,6 Diaminohexane fit to the Michaelis-Menten equation
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550 -

500-

450-

400 -

350 -

300 -

200-
Model: Michaclis-Mcnton
ChiA2/DoF = 1.00697

]m_ RAR = 0.99967
Vmax 554.10482 +2.65353
Km 626.3554 +11.00437

10000

2-aminoethylamine

Figure 32. 2-Aminoethylamine fit to the Michaelis-Menten equation

Model: Michaelis-Mcnton

ChiA/DoF =29.19652
RA2 = 099737

Vmax 815.56527 +2.00252
Km 1092.37508 +8.32496

10000
Spermidine (pM)

Figure 33. Spermine fit to the Michaelis-Menten equation
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1200-

600-

400- Model: Micliaelis-Menton

ChiA/DoF =3.83248
RAR = 099845

Vmax 1511.40859  +20.54671
Km 2978.47191  +113.58246

10000
L-Lysine methyl ester (nM)

Figure 34. L-Lysine methyl ester fit to the Michaelis-Menten equation

The dependence of the steady state parameters for putrescine oxidation on pH was
investigated and the results are shown in Figure 35. The data indicates an optimal pH of
about 7. The data for ~c against pH give a bell shaped curve and the two inflection

points represent apparent pKa values for two ionizable groups.
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Figure 35. pH dependence of steady state kinetic parameters for putrescine and
rhKDAO: A) A versus pH gives two apparent pKa values of 6.0 and 8.2; B) MKm
versus pH
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Discussion

Ky and ke were determined for several aliphatic diamines, the aromatic diamine
DAB, and.biologically important amines and polyamines. Initial rates were fit using the
Michaelis-Menten equation or an equation for substrate inhibition. The steady state
parameters were determined under the physiologically approximate conditions of 37 °C,
pH 7.2, and an ionic strength of 150 mM.

Recombinant human DAO shows a substrate preference, as indicated by the
specificity constant kc./Kwv, for the diamines histamine (2-[4-imidazolyl]ethylamine) and
1-methylhistamine (1-methyl-4[B-aminoethyl]imidazole), the metabolite of histamine N-
methyltransferase (E.C.2.1.1.8)). Agmatine, a metabolite of arginine, is next in the
series. Note that k., for agmatine is three times higher than the turnover number for 1-
methylhistamine.

The aliphatic diamines putrescine and cadaverine give kea/Ku Vglues close to, but
lower than, those of the agmatine. Histamine and 1-methylhistamine exhibit two of the
three lowest turnover numbers, but note the turnover constants for all ‘substrates
investigated are quite similar and differ by less than a factor of ten. However, the
determined Ky values vary by over three orders of magnitude, with the Ky for histamine
about seven times less than that of any aliphatic diamine. The results of these
experiments, namely that histamine and 1-methylhistamine are the preferred substrates,
were completely unanticipated given the body of available literature, which inferred that

the aliphatic diamines were the preferred substrates of human DAO (vide infra).
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It must be kept in mind that the recbmbinant protein used for this work does not
contain two copper ions and two organic cofactors per dimer; these experiments used
rhKDAO with 1.42 copper ions and 1.04 titratable TPQ per dimer. Therefore the actual
substrate turnover numbers for the natural hKDAO could be up to twice the values
reported herein.

Earlier literature reported the substrate preference of human DAO solely
determined by relative rates of oxidation, a necessary criterion given ’;he limited enzyme
available. Misleading conclusions regarding substrate preference were inevitable, given
the difficulty in obtaining highly purified mammalian DAO, partial substrate inhibition,
and the millimolar substrate concentrations used. Generally, cadaverine was reported as
the substrate with highest rate of oxidation, up to nearly 1.5 times the rate for putrescine.
Histamine was described as having only 17-50% the relative rate of oxidation as
compared to putrescine [41,87,88]. Unfortunately, this has resulted in a predisposition to
downplay or discount a possible role for diamine oxidase in the metabolism of histamine
in much of the literature.

This work establishes a Ky for histamine equal to 3.4 uM and a ke,/Ky of 47 M-
"min". Previously reported Ky values for diamine oxidase purified from human tissues
range from 1.5 uM for the enzyme isolated from pregnancy serum to 19 uM for the
intestinal D AO [39,89,90]. T he apparent K d etermined for 1 -methylhistamineis 3.0
uM, whereas earlier work reported 97 uM [39,90]. It is interesting to note that aliphatic

diamines and polyamines would be protonated at physiological pH and therefore be di- or
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polycationic. Histamine, however, would only be about 8% present as the doubly
charged species at pH 7.2.

The recombinant enzyme exhibits an apparent Ky for putrescine of 17 pM.
Previously reported values from pliriﬁed human diamine oxidases range from 13 pM to
83 uM [39,88,90]. Holttd er al. reported that human seminal plasma diamine oxidase
displays a Ky of 100 pM for spermine and 560 pM for spermidine [88]. In contrast, we
find an apparent Ky of 1.1 mM for spermidine, and that of spermine could not be
determined with our experimental conditions. This discrepancy is perhaps due to
contaminating enzymes in the seminal plasma enzyme purification or impurities in
commercially available polyamines, in fact, Holttd and coworkers described
contaminating spermidine and putrescine in purchased spermine.

Agmatine, interestingly, was one of the first co-mpounds described by Zeller in
1938 as a substrate for mammalian copper amine oxidases [91], but has received little
attention since then. The results presented here are the first reports of steady state kinetic
parameters for agmatine using a CAO from a mammalian source. This decarboxylated
metabolite or the amino acid arginine has been reported to be oxidized by. the pig kidney
diamine oxidase, pig kidney diamine oxidase and the amine oxidases from the plants
common pea and lentil [92,93].

Partial substrate inhibition was observed with histamine, agmatine and putrescine.
Bardsley et al. have previously described substrate inhibition with pig kidney DAO and
attributed this inhibition as a primary kinetic salt effect, suggesting enzyme and substrate

association might be partially rate-limiting [46]. Data for these three substrates were fit
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to the classical model for substrate inhibition, in which a second molecule of substrate
binds to the enzyme-substrate complex to give a catalytically inactive complex.
Histamine concentrations of up to 250 uM, rhKDAO closely fits this model of substrate
inhibition. However, at higher substrate concentrations the data deviate from this model.
A similar behavior is shown for agmatine, and agmatine data above 125 uM does not fit
the model well. As described, the complete data sets can be fit using a scheme that
incorporates the model of substrate inhibition and an addition pathway for enzymatic
turnover.

A reasonable physical explanation is that there are two forms of tThKDAO in the
protein sample, a high activity form and a low activity form that only becomes kinetically
apparent at higher concentrations of substrate. A contaminant capable of amine-oxidation
is extremely unlikely given the source of the enzyme and the high degree of purification.
Evidence has been given in the preceding chapter indicating that thKDAO can aggregate
to a small extent. Furthermore, in the final gel filtration step for purification of thKDAO
a small peak is sometimes noted that elutes at a higher molecular weight than the dimer
and shows a 1ow specific activity in regards to p utrescine o xidation ( data not shown).
Thus thKDAO aggregation provides an attractive hypothesis for a low activity form of
the enzyme.

The stril«_:ing difference in substrate kinetic behavior between histamine and 1-
methylhistamine is noteworthy. Methylation of the imidazole nitrogen apparently
abolishes the substrate inhibition observed with histamine. The Ky values for these two

substrates are essentially identical and indicate that thKDAO has a high affinity for these
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two substrates. The enzyme is evidently unable to bind two of the ring-methylated
derivates, ‘and therefore partial substrate inhibition is not observed.

The pH dependence of k., for putrescine is shown in Figure 35. The plot reveals
a bell-shaped curve with apparent pX, values of 6.04 * 0.06_ and 8.22 + 0.09. The lower
pK, is attributed to the ionization of the active site catalytic base in the enzyme-substrate
complex (Asp373 in hKDAOQO). The higher pK, likely represents the ionization of the
product Schiff base. Klinman and coworkers have described detailed work on the pH
dependence of steady-state parameters for the CAOs from bovine plasma and a yeast
[45], and our data are consistent with their interpretation [94]. A plot of 1/Ky versus pH
reflects ionization potentials in the free enzyme and free substrate [86]. The reciprocal
Michaelis constant for thKDAO is relatively constant from pH 5.7 to pH 7.0 and
increases at higher pH values. These data could not be used to determine apparent pK.,s,
although the data are in agreement with the interpretation of Klinman and coworkers of
the catalytic aspartate residue in the free enzyme with an unusually high apparent pK, (~
8) and dramatically decreasing by about two orders of Iﬁagnitude upoﬁ substrate binding.

Two recent reports have suggested porcine kidney DAO is inhibited by heparin,
either during p rolonged binding on a heparin affinity c olumn or through exposing the
enzyme to free heparin [95,96]. To investigate the possible effects of heparin on
thKDAQ and to determine whether this may be a general phenomenon of mammalian
DAOs, the purified recombinant enzyme was incubated with an approximately two-fold
excess of heparin over heparin-binding sites. Ky and ke, values were not noticeably

different from untreated protein for up to 72 hours (data not shown). Additionally, no




68

correlation between specific activity and length of time protein was bound to the heparin
affinity column during enzyme purification was discerned.

Recombinant human kidney diamine oxidase shows a clear substrate preference
for diami.nes, with the highest specificity constants (kc./Ky) for histamine and 1-
methylhistamine. It is also apparent that substrate specificity depends on the separation
between the substrate’s two amine groups, as well as other structural features. Although
diaminopropane is a good substrate, the polyamine spermine, also with three methylene
carbons between the primary amine nitrogen and the proximal secondary amine, is a very
poor substrate with an oxidation rate nearly undetectable under the assay conditions.
Spermidine, on the other hand, has four methylene carbons between one of the primary
amines and the secondary amine and is a fair substrate, but with a specificity cons7tant
two orders of magnitude less than that of putrescine. L-L lysine methyl ester is a poor
substrate, and no oxidation was observed with either L-lysine or No-acetyl- L-lysine
methyl ester. Therefore, it is extremely unﬁkelythat the D AO catalyzed oxidation of
peptidyl lysines would occur to a physiologically relevant extent in vivo.

To date, ’thruee structures for histamine binding proteins have been solved and may
provide insight into histamine binding in thKDAO. Two are a nitrophorin and a
histamine binding protein; both of these are secreted into the host by blood-sucking
insects an(i ticks [97,98]. Once injected into the host, these two proteins serve to
sequester histamine and block the host’s inflammatory and immune response. The

remaining crystal structure is for human histamine methyltransferase [99]; the role of this
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particular enzyme in histamine metabolism will be discussed in the following éhapter.
Figure 36 shows the histamine binding sites for each of these proteins.

The terminal amine of histamine is oxidized and thus would covalently bond with
TPQ to give the substrate-Schiff base. The imidazole ring would extend into the substrate
channel and the substrate-enzyme interactions here are expected to be critical in substrate
recognition. Nitrophorins contain a Fe(III)-heme prosthetic group to which the imidazole
ring of histamine ligates, and can be ruled out as a model histamine binding hKDAO. In
histamine binding protein both of the imidazole nitrogens are hydrogen bonded to two
acidic residues. In contrast, human histamine methyltransferase has no acidic groups in
the vicinity of the histamine’s imidazole ring, a sinéle water molecule hydrogen bonds to
one of the nitrogen atoms. All three structures show the imidazole ring of histamine
surrounded by hydrophobic residues.

Recombinant human kidney diamine oxidase can oxidize both histamine
and 1-methylhistamine, and the Ky values for both substrates are ~ 3 pM. A binding
mode with two acidic residues available to form hydrogen bonds can be ruled out.
Binding interactions for thKDAO can be deduced to involve either one acidic residue or
none at all. Agmatine is also a very good substrate for the copper amine oxidase with a
Ky value of 13 pM. Under physiological conditions the guanidino group of agmatine
would be completely ionized. One can then deduce with confidence that substrate
binding “pocket” of human diamine oxidase contains a single acidic residue which would

balance the positive charge on substrate and be available for hydrogen bonding.
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Nitrophorin 11BP HINIMIT
Cyim

Tvru7

Trp 179

ClinUJ

(0)

Hislaminv Lvu 130

Figure 36. Histamine binding in nitrophorin (a and b), histamine binding protein (c and
d), and human histamine methyltransferase (e and f). (Figure from Horton et al. (2001)
Structure 9,p843)
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Conclusions

Detailed substrate analysis for human kidney diamine oxidase has been presented
for a variety of biogenic amines such as aliphatic diamine, polyamines, histamine and 1-
methylhistamine, agmatine, and catacholeamines. Studies such as this 1s critical for any
attempts to infer the potential physiological roles of this human enzyme and are only
made possible by the availability of the highly expressed and highly purified recombinant
protein. - |

Sﬁbstrate preference, indicated by the speciﬁcity constant k.o Ky, has been
determined. Histamine and the 1-methylated metabolite are most preferred‘ and exhibit
very low Ky values of about 3 uM. Agmatine and the diamine putrescine and cadaverine
are also highly preferred substrates.
The low to undetectable enzymatic activity towards spermidine and spermine would
suggest that in vivo human diamine o xidase would most likely not be involved in the
metabolism of these polyamines. Nor does it éeem likely this enzyme would oxidize

lysine, peptidyl lysine or catacholamine to any significant extent.
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DIAMINE OXTDASE AND HUMAN METABOLISM

Introduction

Histaminase activity was first reported in 1929, when Charles Best noted the
disappearance of histamine (2-[4-imidazolyl]ethylamine) in minced lung, liver and
kidney tissues [100], noting the activity exhibited characteristics of an enzymatic system
and suggesting the mechanism was likely oxidative. Incidentally, the assay employed by
Best measured the blood pressure of anaesthetized cats to quantify histamine; quote ’In a
fairly sensitive cat it is possible to discriminate between doses of histamine which differ
from each other by 15 p.c.”. That wérk is generally accepted as the first description of a
copper containing amine oxidase. In 1938, Zeller reported that histaminase also
deaminated p utrescine, cadaverine, and a gmatine and therefore p roposed renaming the
enzyme diamine oxidase [91]. Since then copper amine oxidases have been described
from bacteria, yeast and fungi, plants and multicellular animals. Several subsequent
studies suggest cadaverine or puftrescine is the p}’eferred substrate for mammalian
diamine oxidase [39,41,42,88,101,102].

Seven decades later the recombinant human diamine oxidase is available and
allows detailed spectroscopic, biochemical and kinetic experiments. This chapter gives
an overview of the metabolism of the preferred in vitro substrates of thDAO, histamine,

1-methylhistamine, agmatine and putrescine.
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Histamine metabolism

Mast cells, enterochromaffin-like cells and nerve cells produce histamine. This
potent pharmacological agent has profound biological effects including smooth muscle
contraction, vasodilation, stimulation of adenylate cyclase éctivity in neurons, allergic
response, and gastric acid secretion, all of which are mediated by specific G-protein-
coupled receptors, H;, H, and Hj [103]. Histamine produced by nervous tissues is a
neurotransmitter [104]. Several studies have linked H, receptor activity to cell
proliferation in gastric carcinoma cell line and cultured melanoma cells [105,106]. One
recent report links histamine with inflammation around surgically implanted biomaterials
[107].

Circulating histamine is rapidly cleared with a #, of 0.5-2 minutes [108],
‘although no specific, high-affinity histamine transporter has been identified. Histamine
degradation occurs tﬁbugh the actions of diamine oxidase and histamine N-
methyltransferase (E.C.2.1.1.8); ring-methylation followed by side chain oxidation is
thought to be the major pathway [51,109]. The product of histamine N-methyltransferase,
1-methylhistamine (1-methyl-4[B-aminoethyl]imidazole), is a known in vitfro substrate
for diamine oxidase [39,90,102], as well as a potent | inhibitor of histamine N-
methyltransferase. It follows that diamine oxidase contributes to histamine metabolism
through oxidative chemistry‘ aﬁd alleviation of product inhibition in histamine N-

methyltransferase.
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Substantial evidence links gastrointestinal histamine to anaphylaxis and allergies,
inflammatory diseases including ulcerative colitis and Crohn’s disease, and histamine
poisoning. Rats orally administered histamine exhibit substantially increased excretion
of unmetabolized histamine when treated with diamine oxidase inhibitors, and pigs fed
histamine and diamine oxidase inhibitors exhibit severe symptoms of histamine
poisoning [110]. One recent study with human subjects describes a correlation between
food allergies and low gastrointestinal diamine oxidase activity, suggesting a reduced
capacity for histamine oxidation, in addition to the well-known increase in histamine
levels, might be a critical factor in the pathology of this condition. Thése studies suggest
histamine N-methyltransferase might not completely compensate for diminished diamine
oxidase activity in histamine catabolism.

Early investigations into mammalian histamine metabolism often relied on
identifying end products from urine and feces following injection of ['*C]-labeled
histamine [111]. In humans, methylimidazoleacetic acid is usually the major metabolite
detected, accounting for 19-53% of recovered radioactivity. A significant quantity, 9-
44%, of imidazoleacetic acid is also reported, along with 2-24% 1-ribosylimidazole-4-
acetic acid. The immediate aldehyde product of diamine oxidase is undoubtedly further
oxidized in vivo by an endogenous aldehyde oxidase or dehydrogenase [111,112].
Schayer mentions that injected radioactivity is not fully recovered, and
imidazoleacetaldehyde is not identified in urine; therefore it is possible the reactive
aldehyde undergoes nonoxidative r eactions i vivo and is subsequently retained. O ral

administration of radiolabelled histamine to one human subject resulted in 64% recovery
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of radioactivity, identified as methylimidazoleacetic acid. In contrast, a later work
suggests imidazoleacetic acid is the predominant end product of orally-administered
histamine in humans [113].

Mammalian diamine oxidases are found in several tissues, with the highest
activities reported in placenta, small intestine, and kidney, and also present in liver, lung,
fibroblasts, salivary glands, and seminal fluid. Low basal levels of diamine oxidase are
present in serum and thought to derive from the gastrointestinal tract [2]. However
during pregnancy, diamine oxidase in circulation increases by 500-1000 fold and is likely
placental in origin [114]. Intravenous injection of heparin increases circulating diamine
oxidase in humans and rodents [115-117]. The intestine is known to be the major source
of heparin-induced circulating diamine oxidase activity in the rat [118]. Thus diamine_:
oxidase in plasma represents a rare example of a circulating protein not originating from
liver.

Diamine oxidase localization in the intestinal tract mucosa layer, as expected for
an enzyme serving a protective function, was first described in 1942 and supported by
several later studies [39,119-121]. Enterocytes at the tips of intestinal villa exhibit the
highest concentrations of diamine oxidase, and those in the crypt regions apparently have
very little of the enzyme present [122-124]. The oxidase has been suggested to be
transported from enterocytes to intestinal vascular binding sites, from where it is
susceptible to b eing displaced by heparin and entering circulation [ 124]. D aniele and
Quaroni investigated human intestinal diamine oxidase secretion and cellular localization

[125]. Diamine oxidase activity is both constitutively and directionally secreted, likely
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via the default secretory pathway in this cell type, and the rate of secretion is rapidly and
significantly enhanced upon heparin freatment. Additionally, immunofluorescence
staining of human small intestine sections confirms diamine oxidase localization in the
basolateral aspects of énterocytes at the apical tips of villi, with no or little staining in
crypt regions, lamina propia, underlying muscular layers, blood vessels or serosa.
Punctate fluorescence observed in the lamina propia suggests low levels of diamine
oxidase associated with microvasculature. Daniele and Quaroni suggest heparin
increases release of intestinal diamine oxidase from epithelial cells, and the enzyme could
then enter the circulatory system. The cellular and subcellular localization of diamine
oxidase in porcine small intestine shows a distribution consistent with its being
sequestered in secretory vesicles of enterocytes [126]. Consequently the site or sites of
histamine metabolism by intestinal diamine oxidase is unclear; ingested histamine or its
methylated form may be metabolized in intracellular compartments, in extracellular
surfaces of epithelium, at microvascular structures inside villi, or even in more distal
vascular tissue.

Immunohistochemical staining has very recently been used to localize histamine
N-methyltransferase in’ guinea pig tissues, and its distribution is quite different from that
of diamine oxidase [127]. Intestinal tissue exhibits the highest methyltransferase density
in villi epithelial cells, and no obvious difference is noted between apical and crypt
regions. This enzyme is also widely distributed in deeper tissue layers. Furthermore,
histamine N-methyltransferase appears more or less evenly distributed in the cytoplasm

of endothelial cells. The methyltransferase, based on location, seem perfectly positioned
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for the initial degradation of ingested histamine following cellular uptake. However, the
in vivo evidence presented above suggests histamine N-methyltransferase cannot fully
replace diamine oxidase.

The human multiple tissue expression array shown previously suggests transcriptional
levels for this copper-containing amine oxidase are very high in kidney tissues. Cellular
and subcellular localization of diamine oxidase in porcine kidney is somewhat similar to
that in intestinal tissue; both are present in reabsorptive enterocytes and appear to be in
vesicular structures closely associated with the basal and lateral cell membrane [126].
The enzyme is co‘nﬁned to proximal tubules in the kidney, where the majority of
reabsorption occurs. The physiological role of this enzyme is quite likely for the
oxidative degradation of reabsorbed histamine, 1-methylhistamine, and perhaps
putrescine, in order to control circulating levels of these bioactive amines. Whether or
not this occurs intracellularly or extracellularly in kidney tubules is unknown.

Circulating diamine oxidase levels are normally low in humans, except during
pregnancy. Although considerable ev-idénce supports intestinal diamine oxidase actively
metabolizing ingested histamine, a role for this enzyme in the distal vasculature is still
largely speculative. Baenziger and coworkers, following up on their prior observation of
recovery of .Hl receptor activity being dose-dependent on amine oxidase activity present
in fetal calf serum, have investigated [H]histamine degradation through identification
and quantiﬁcation of cell-associated metabolites in tissue cultures of human fibroblasts
and vascular endothelial cells [51]. Serum-free cell cultures accumulate

1-methylhistamine, the product of endogenous histamine N-methyltransferase.
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Methylimidazoleacetic acid was mnot detected and therefore cell-associated
methylhistamine was not available for oxidation by the endogenous mitochondrial flavin-
containing monoamine oxidases (E.C. 1.43.4), which are known to oxidize
methylimidazole in vitro and implicated in rat brain in vivo oxidation [128,129]. The
specific portion of histamine uptake is only 30-50% of total uptake; non-specific means,
such as by pinocytosis, are considerable. In the presence of fetal calf serum diamine
oxidase, the cells exhibited a 10-fold increase in total histamine uptake, and the cell-
associated metabolite was identified as methylimidazoleacetic acid. Furthermore, a
significant increase in specific uptake was noted; up to 88% of total uptake was by
specific means. Partially purified diamine oxidase increases histamine uptake and
accumulation as methylimidazoleacetic acid in a dose-dependent manner, confirming
histamine metabolism in cell culture as a function of diamine oxidase activity. The
maximal rate of histamine uptake with exogenous human placental diamine oxidase is 2-
7 fold greater than with the bovine enzyme. Uptake and accumulation of histamine
metabolites was shown to be histamine concentration dependent, saturatable, and to have
half—méxima'l uptake at physiologically relevant concentrations of less than 3 pM
histamine [130]. Additionally, histamine metabolite uptake is saturatable with respect to
diamine oxidase activity. Baenziger and coworkers concluded histamine uptake is
directly coupled to its sequential enzymatic metabolism, ﬁréf ring-methylation by
histamine N-methyltransferase followed by the optional step of priniary amine oxidation
by copper-containing diamine oxidase. Both histamine and diamine oxidase are proposed

to bind specific and finite cell surface receptors. Evidence for sequential histamine
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metabolism is provided by the following: cell associated radiolabelled imidazoleacetic
acid was not detected; imidazoleacetic acid is not a substrate for histamine N-
methyltransferase [131]; and incubation with the histamine N-methyltransferase inhibitor
SKF91488 (homodimaprit, S-[4-(dimethylaminobutyl)]isothioruréa) decreased histamine
uptake in a dose-‘dependent manner and at 50 puM totally eliminated the specific
component of histamine uptake. It should be noted that although imidazoleacetic acid 1s
not a substrate for histamine N-methyltransferase, the direct pr(;duct of histamine
oxidation by diamine oxidase, imidazoleacetaldehyde, has not been investigated as a
possible substrate. Furthermore, SKF91488 also inhibits diamine oxidase, although with
a 7 0-fold higher reported K; [132,133]. H owever, these inhibition s tudies relied upon
histamine N—methyltransferasé from soluble extracts of ammonium sulfate precipitated
rat kidney homogenate and diamine oxidase from soluble fraction of rat ileum
homogenate.

Additional evidence for concerted histamine metabolism and uptake was provided
when Haddock et al. reported that neither excessive 1-methylhistamine nor
methylimidazoleacetic acid could block endothelial [PH]histamine uptake [134]. In the
same work, the authors report intracellular accumulation of 1-methylimidazole is
unaffected by Na* or CI” deprivation. In contrast, cell cultures with exogenous diamine
oxidase exhibit a strong Na'- and CI'- dependent accumulation of methylimidazoleacetic
acid. Furthermore, experiments with inhibitors indicate the specific degradative uptake
pathway is distinct from the well-characterized Na™-dependent or independent chloride-

bicarbonate exchanger, Na'/K -ATPase, or Na/K*/2Cl ion co-transporter systems.
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Baenziger et al. further investigated the p roposed diamine o xidase-specific ¢ ell
surface receptor [135]. Results suggest fhe diamine oxidase receptor is upregulated in
cultures grown in low diamine o xidase activity media, and histamine u ptake i ncreases
about 10-fold over controls, immediately after adding diamine oxidase. Diamine oxidase
binding kinetics is apparently biphasic with a rapid initial binding component followed
by a slower phase. The cell-associated diamine oxidase is heparin—displaceablve and
therefore most likely the heparin-binding consensus sequence interacts with cell surface
heparan sulfate proteoglycans. Interestingly, bound diamine oxidase in cell cultures at
low cell density is wholly displaceable by treatment with heparin, whereas cell culture at
high density retains approximately half of cell-associated oxidase activity. Thus high-
density cell cultures apparently sequester some portion of diamine oxidase from heparin
accessibility, possible via endocytotic uptake. The investigators demonstrated diamine
oxidase binding to cells in culture is stable to mild acid treatment and pH levels
encountered in early to mid endocytic organelles. Furthermore, cells treated with a
protein kinase C activator, known to modulate cell signaling and membrane trafficking
pathways, doubled histamine uptake in a cell—density dependent manner.

Copper-containing diamine oxidase very likely plays an important role in
histamine metabolism and fapid clearance from the vascular system. Potential sources of
this diamine oxidase include endothelial cells of the intestinal tract and neﬁtrophils [136].
Histamine degradation and associated uptake by vascular endothelial cells likely proceeds
via either methylation alone or a diamine oxidase rate-amplified pathway. The enhanced

rate of histamine uptake is remarkable. For example, Baenziger et al. calculated
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histamine uptake in endothelial cell culture without an exogenous diamine oxidase aé
29,000 molecules/min/cell. In the presence of diamine oxidase the rate can increase to
1.6 million molecules/min/cell. Substrate specificities presented in this work indicate
histamine and 1-methylhistamine .are more or less equally preferred by human kidney
diamine oxidase. This raises questions. about an obligatory sequential enzymatic process
of histamine methylation followed by oxidation coupled to uf)take, or at least indicating
further investigati'on of imidazolacetaldehyde metabolism is warranted.

Modulation of histamine degradation and uptake is apparently sensitive to and
regulated by various environmental factors, allowing fine-tuning of the system as
required in vasculature microenvironments. Study of this system is complicated by
multiple means of histamine uptake; both specific and non-specific pathways are in
operation, and components of the specific pathway other than histamine N-
methyltransferase and diamine oxidase remain to be identified. Furthermore, diamine
oxidase may not necessarily bind to only one specific cell surface recep‘.tor; the heparin
binding site c ould p ossibly bind to any available h eparan s ulfate p roteoglycan, further
confounding analysis.

Substrate specificity (kca/Km) presented in this work for histamine and 1-

methylhistamine gives apparent K., values near 3 uM. Partially purified human kidney

histamine N-methyltransferase has an apparent K, for histamine of 13-20 pM [137], in
close agreement with values reported for the mouse and ox brain enzymes [138,139]. No
signal sequence is present in the primary sequences of histamine N-methyltransferase and

specific staining or SDS/PAGE do not indicate glycosylation [137,139]. Thus there is no
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reason to believe histamine N-methyltransferase is an extracellular enzyme. In fact, one
source of this enzyme is human red blood cells, not plasma [140], and
immunohistochemical localization supports an intracellular localization [127]. Therefore
it is difficult to reconcile an obligatory sequential pathway of enzymatic histamine
degradation coupled to clearance from circulation proceeding via methylation by an
apparently intracellular enzyme followed by oxidation by a circulating or cell-surface
receptor-bound diamine oxidase. Furthermore, direct oxidation of circulating histamine
by diamine oxidase to methylimidazoleacetaldehyde is extremely likely, and the
subsequent fate of this metabolite remains to be elucidated.

Histamine present in mast cell granules is complexed to heparin [141], and
intravenous injection of heparin is known to release diamine oxidase into circulation
[117]. Although direct evidence is lacking, it is possible that histamine from mast cells is
linked via the co-release of heparin, which accounts for about 30% of the dry weight of
granules, to regulation of diamine oxidase levels in circulation and subsequent

availability for binding to distal tissues, thus providing an additional level of fine control

in histamine metabolism.

Agmatine

Agmatine is a recently discovered and an exciting new addition to mammalian
biochemical pathways. The decarboxylation of arginine by arginine decarboxylase to
agmatine has long been a recognized process in bacteria, plants and invertebrates [142].

In these organisms agmatine is hydrolyzed to putrescine which is then used to synthesize
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the polyamines spermidine and spermine. The enzyme responsible for the catalytic
hydrolysis is agmatine uryl hydrolase, common name agmatinase. In bacteria, plants and
invertebrates agmatine serves as a precursor for polyamine synthesis; the analogous
pathway in mammals uses ornithine decarboxylase to generate putrescine.

Agmatine was not considered to play a role in human metabolism until 1994
when it was conclusively identified from mammalian brain tissues [143]. Since then both
arginine decarboxylase and agmitinase have been found in the mammalian bramn [144].
Agmatine was also identified into several mammalian tissues [145]. Agmatine has been
proposed to be a ligand for imidazoline receptors but its mechanism of action still
remains undetermined [146]

In brain tissue agmatine is stored in synaptic vesicles in spatially defined areas, is
actively taken up by cells, is released by depolarization and is at concentrations in the
same range as common neurotransmitters. Thus agmatine is perhaps a newly discovered
neurotransmitter [147]. Furthermore, it induces the release of luteinizing hormone
releasing hormone from the hypothalmus and enhances morphine analgesia {148,149]. |

In peripheral tissues agmatine is thought to modulate the metabolism of insulin
and glucose, cause the release of adrenaline and noradrenaline, and block the
proliferation of vascular smooth muscle cells [150-152].

Diamine oxidase has been suggested to catabolize agmatine in renal tissues, but in
the brain agmatinase is thought to be the means of degradation [153,154]. The
expression profile described in this work indicated human diamine oxidase is expressed .

in certain regions of the human brain, and therefore diamine oxidase may also be
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important in agmatine metabolism in this organ. In peripheral tissues agmaﬁne would
certainly be a prospective substrate for diamine oxidase, especially in light of the in vitro

kinetic parameters determined herein.

Putrescine and Polyamines

Putrescine deamination is the rate-limiting step in catabolism of the polyamines
spermidine and spermine [155]. These polyamines are found in millimolar
concentrations in cells [156] and are important in cell proliferation and differentiation,
likely by affecting transcription and translation [2]. Total cellular polyamine levels are
regulated through biosynthesis, uptake, degradation and excretion [157], therefore
diamine oxidase may play an important role in regulating cell growth, differentiation,
tumor growth and programmed cell death.

Diamine oxidase is considered to be involved in polyamine metabolism and is
likely associated with rapidly proliferating cells, potenti:aHy influencing such critically
important processes as cell division and differentiation [155,158]. The remarkably
increased levels of circulating diamine oxidase levels during pregnancy [114] is thought
to be placental in origin and to function in preventing fetal putrescine, and perhaps .
histamine, from entering the maternal circulation [159]. Diamine oxidase expression is
inducible by renal and cardiac hypertrophy, in liver after par;[ial hepatectomy, and in
response to brain injury. In all these examples increased diamine oxidase activity follows
a local increase in putrescine levels [155]. Furthermore, administered putrescine or

spermidine in rats causes an increase in diamine oxidase activity, dependent on de novo
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protein synthesis [160]. The tissue source of diamine oxidase in the brain is uncertain.
Our results indicate very little mRNA is present in brain tissues, and that which is present
is confined to the pons and parietal lobes. Diamine oxidase gene expression might be
upregulated as needed or, alternatively, the enzyme may be delivered to the brain by the
vascular system.

Intestinal mucosa tissue undergoes rapid and continual cell proliferation;
conditions which would appear to require diamine oxidase for putrescine metabolism and
regulation of polyamine catabolism. However, intestinal endothelial cells proliferate in
the crypt regions and then migrate towards villa tip. As previously discussed, diamine
oxidase is localized almost exclusively on the apical tips of intestinal villi and not in the
crypt regions where rapid cell division occurs.

Polyamine levels are quite high in human seminal plasma, approaching 2 mM
putrescine, 1 mM spermidine, and 21 mM spermine [161]. In fact, Leeuwenhoek first
observed microcrystalline polyamines in seminal fluid during the 17th century, and the
common names spermine and spermidine reflect their abundénce. Considerable diamine
oxidase activity can also be found in seminal plasma [88]. Physiologically relevant
diamine oxidase-catalyzed oxidation of putrescine and spermidine in human seminal fluid
is strongly supported by the high local concentrations of these amines and the Ky, values
reported herein (20 uM and 1.1 mM, respectively). Our results suggest spermine
oxidation would be minor, consistent with the reported relative polyamine levels in
seminal plasma. Our results indicate the prostate gland expresses diamine oxidase

mRNA and is therefore the likely source of this enzyme in seminal fluid. Diamine
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oxidase is apparently not significantly expressed in testis, a tissue with rapid cell division,
again suggesting the oxidase may not be universally required for immediate putrescine
degradation in areas of rapid cell multiplication but rather required at a later time.

The biological consequences of polyamine oxidation in semen remain
controversial, although the immediate aldehyde _products are known cytotoxic agents.
Holttd et al. found a negative correlation between diamine oxidase activity and
spermatozoa motility, and suggested the products of polyamine oxidation may be
responsible for this observation [88]. Other investigators reported decreased spermatazoa
motility in the presence of high diamine o#idase activities, although giving conflicting
results for the enzyme’s relationship to total sperm counts [162]{Crabbe & Kavanagh
1977 #1529}. Interestingly, inhibitors of diamine oxidase have also been suggested to
adversely a ffect s pematézoa motility. P olyamine-o xidation in human s eminal p lasma
has been suggested to contribute to cytotoxicity against leukocytes and to result in
deleterious in vivo immunosuppression. However, the cytotoxic effects required the
addition of fetal bovine serum, an exogenous source of diamine oxidase [163,164].
Bartkus and Ablin have subsequently provided evidence and argued the observed

cytotoxicity is an artifact {163].
Conclusions

_ The available information suggests copper-containing diamine oxidases are quite likely
multifunctional enzymes in mammalian species, with specific physiological roles

depending on spatial and temporal expression. In general, diamine oxidase appears to
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function in the dégradation of endogenous and exogenous histamine and putrescine.
Furthe-r work is required to clarify a potential role in agmatine metabolism. Histamine
metabolism and regulation is obviously very complex, with multiple levels of control
available. Alternative pathways for histamine degradation are available, as one could
expect for the critical process of regulating this potent bioactive agent. Considerable -
evidence supports a link between diamine oxidas;e and putrescine, although the details of

diamine oxidase involvement in polyamine metabolism are not altogether clear.
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INHIBITION OF rhKDAO BY PHARMACEUTICALS
Introduction

The availability of thKDAO allows for the first time the detailed study of potential
inhibitors against the human enzyme. Especially attractive for kinetic analysis are
pharmaceutical compounds in use and compounds that are b eing developed as potential
pharmaceuticals. Prior investigations have been greatly disadvantaged by the difficult, or
more likely, impossible task of obtaining human copper amine oxidases in sufficient
quantities, and thus other animal species were often used as the enzyme source.
Furthermore many investigations relied on “dirty” enzyme, sometimes tissue homogenates,
due the difficulty in purification of copper amine oxidases from natural animal sources.

Many compounds currently used in human medicine or in the process of
development for potential therapeutic use have been shown to inhibit copper amine
oxidases. These compounds include antibiotics against bacteria, fungi and protozoa, and
inhibitors of amine metabolism for antiproliferative agents for tumors and leukemia [165-
172].

The modulation of polyamine metabolism is an attractive option for control of cell
proliferation and tumor growth, and diamine and polyamine derivativges show potential
for the development of therapeutics[173-177]. A recent report describes the progress
towards the synthesis and development of polyamine analogues that have further been
modified so that the compounds are specifically recognized by a trypanasomal transporter .

[178].
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Several diamidines and diguanidine compounds are potent inhibitors of amine
oxidases[166,167,179]. Schindler and Bardsley investigated the inhibition of aliphatic
guinidinium compounds with chain lengths from two to twelve carbons on human kidney
diamine oxidase purified from the natural source. All the guanidinium compounds were
demonstrated as potent noncompetitive inhibitors with inhibition constants ranging from
20 uM to 150 nM [180]. Bardsley and Ashford later reported porcine KDAO inhibition by
aliphatic bisguanidinium compounds with three to eight linking methylenes.
Noncompetitive inhibition was described, except for 1,4-butyldiguanidinium, which
exhibited competitive inhibition with a K value of 30 uM.

Antagonists of the three subtypes of histamine receptors have found widespread
clinical use and continue to be attractive targets for the pharmaceutical research. H;
receptors are involved in inflammation and allergic responses, thus specific antagonists
have considerable therapeutic value and are commonly used (antihistamines) [103,181]. H»
rec;aptors induce gastric acid secretion and selective antagonists are used in the treatment of
various types of ulcer [181-183]. Reports suggest that activation of H, receptors induce
cell proliferation, perhaps via c-jun and c-fos activation [105,106,184]. Interestingly, Hp
receptor antagonists have also been reported to increa;e cell proliferation [185]. The Hj
type receptor is found in the brain, and is involved in the regulation of histamine release in
brain tissues and regulates inflammation response [186]. Given the catalytic activity of
rthKDAO towards histamine, it is \not unreasonable to suspect some histamine receptor

antagonists, chemical mimics of histamine, may also bind specifically in the active site of

diamine oxidase and be potent inhibitors of the enzyme.
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Five compounds, described below, that are used pharmaceutically were selected for
the initial investigations into their inhibitory effects against recombinant human diamine
oxidase.

Isoniazid is an antibacterial, specifically used clinically as an antimycobacteria
agent. It is widely prescribed as an orally administered drug used to treat tuberculosis
infection and, occasionally, to prevent its reoccurrence. Side effects include liver
impairment and peripheral neuropathy [181].

Cases of histamine poisoning induced by consumption of foods high in histamine
content, such as bonito fish and cheese, are described in the literature for patients in the
course of isoniazid therapy [187,188]. Additionally, in rats the major metabolite of
administered radiolabelled histamine has been reported to be imidazoleacetic acid (60%
of the recovered radiolabel), and the coadministration of isoniazid substantially increased

the excretioﬁ of unmetabolized, radiolabelled histamine [110].
NH3 This evidence for isoniazid interfering with the first oxidative step

X of normal rat histamine catabolism, the oxidative deamination by

N/ DAO, makes isoniazid an attractive target for rhKDAO inhibition
isoniazid studies.

isonicotinohydrazide

Figure 37. Isoniazid




91

Cimetidine is a potent histamine H, receptor antagonist and a type I; imidazoline
receptor agonist. This compound is widely used in the treatment of ulcers [189-191].
The active ingredient in the anti-peptic ulcer drug Tagamet is cimetidine.

Binding to H, histamine receptors does in itself suggest cimetidine may also
compete with histamine for binding on thKDAQO. There are also suggestive indications
of hKDAO inhibition in the literature. A 25% decrease in human blood diamine oxidase
activity after incubated with cimetidine has been reported [192]. Metaye et al. reported

an ICsy of 380 micromolar for cimetidine against diamine oxidase activity in human

amniotic fluid [193].

HaC

<,
S

cimetidine

N"-cyano-N-methyl-N'-(2-{[(4-methyl-1H-imidazol-5-yl)methylJthic}ethyl)guanidine

Figure 38. Structure of cimetidine

Clonidine is an anti-hypertension drug used in the treatment of high blood
pressure. Its physiologic action is as an agonist of a2 and imidazoline receptors
[181,194-197]. Clonidine has been reported as a competitive inhibitor of porcine kidney
diamine oxidase and of the plant Lens culinaris copper amine oxidase, both enzymes give

Ki values of about 600 uM [198,199].
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Cl
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H

NH -
cl
clonidine

N-(2,6-dichlorophenyl)imidazolidin-2-amine

Figure 39: Structure of clonidine

Pentamidine, an aromatic diamidine, is an anti-protozoal agent effective against
Preumocystis carinii and clinically used as pentamidine isethionate in the treatment of P.
carinni pneumonia (PCP). The mechanism of action is not well understood, but in vitro
experiments suggest pentamidine interferes with protozoal DNA, RNA, phospholipid and
protein synthesis. PCP is a common and very serious complication in persons with
compromised immune s‘ystem‘s, such as cancer patients, transplant recipients and patients
with AIDS [179,181,197,200-202].Pentamidine is also occasionally used for the
treatment of the protozoal infections that cause Leishmaniasis (kala-azar, transmitted by
sandflies) and trypanosomiasis (African sleeping sickness, transmitted by the tse-tse fly). -
Pentamidine has also been characterized as a neuroprotective agent, an inhibitor of brain
nitric oxide synthase and a N-methyl-D-aspart-ate (NMDA) glutamate receptor antagonist

[203,204].
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NH

NH3

O/\/\/\O

Pentamidine
1, 5 -bis(p-amidinophenoxy)pentane

4-[(5-{4-[amino(imino)methyl]phenoxy}pentyl)oxylbenzenecarboximidamide

Figure 40. Structure of pentamidine

Berenil is chemically classified as a diamidine and, along with pentamidine,
belongs to the group of benzylamidine derivatives. Berenil is an effective anti-protozoal
agent and is used to treat Trypanosoma infections. T his compound is unique in this
work, by reason of being the only compound investigated that is not used in human
medicine — its use is found in the treatment of dogs, sheep, horses and cattle as a

trypanocide.

N NH
Xy
HN NH3
AN 3
NH NH
Berenil
Diminazene

4-((1E)-3-{4-[amino(imino)methyl]phenyl}triaz-1-enyl)benzenecarboximidamide

Figure 41. Structure of berenil
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Experimental Procedures

The assay method has previously been described in detail. Briefly, the
horseradish peroxidase coupled assay for diamine oxidase was used and the formation of
the quinoneimine dye was monitored at 498 nm. The buffer system used was 50 mM
HEPES, pH 7.2, with the ionic strength increased to 150 mM by the addition of KCL
Vanillic acid, 4-aminoantipyrine, and the potential inhibitors were incorporated into the
buffer, which was freshly prepared before each set of experiments. All potential inhibitor
compounds were purchase through Sigma-Aldrich. All assays were at 37 °C and used 10
uL of 46.7 uM thKDAO with a specific activity of 0.96 L.U./mg (determined by the
standard horseradish peroxidase-ABTS assay previously described). The reaction was
initiated by the addition of 100 uL of freshly prepared putrescine substrate stock
solutions, and the total reaction volume was one mL. None of the compounds tested
were turned over by rhKDAO under these conditions.

Data were collected for the first 45 seconds of the reaction and initial rates were
determined. A 11 data analysis used Origin 6.0 software (Origin Lab, Corp.). P lots o f
initial velocity against putrescine concentration were fit to either the Michaelis-Menten
equation or the equation for‘ simple, cdmpetitive substrate inhibition. | The fits to

data were then used to generate double reciprocal plots (Lineweaver-Burk plots).
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Results

Isoniazid.

The data and fit Michaelis-Menten equation are given in Figures 42. Figure 43
shows the double reciprocal plots. The apparent Kmvalues are 18.4 = 1.0 pM and 14.0 +
0.2 pM for 500 pM and ImM isoniazid, respectively. Vnax values are 0.96 + 0.01 LU.
mL *for 500 pM isoniazid and 0.72 + 0.002 LU mV 1for | mM isoniazid. The assays

were also done in the absence of isoniazid. Parallel lines shown in the Lineweaver-Burk

plot are indicative of uncompetitive inhibition [205].

——————— 0 Isoniazid
Km 16.9+/-0.5; VnexL54 +/-0.02
K. 2267 +/- 90

— 500 [.iM Isoniazid
Km 18.4 +/- 0.4; 0.96 +/- 0.01

1000 JiM Isoniazid
Km 14.0 +/- 0.2; Vnix0.72 +/- 0.002

[Putrescine], AiM

Figure 42. Isoniazid inhibition plot of initial reaction velocity against substrate
putrescine concentration.
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Figure 43. Lineweaver-Burk plot for isoniazid inhibition

Cimetidine.

Data collected with 0, 50 and 100 pM cimetidine are shown in Figures 44 and 45.
Putrescine concentrations were up to 500 pM and partial substrate inhibition can be seen.
This required the data to be fit to the model for simple substrate inhibition. At 50 pM
cimetidine the apparent Kmvalue is 23.9 £3.1 pM, and at 100 pM cimetidine the value is
32.7 £ 2.2 pM. The Vnax values at both inhibitor concentrations are more-or-less equal.
The double reciprocal plots (Figure 46) at 0, 50, and 100 pM cimetidine, intersect on the
y-axis and are typical of competitive inhibition, that is, the compound competes with

substrate for binding in the active site. Plots of apparent Km against inhibitor



97

concentration intersect the ordinate at a point equal to -Ki (Figure 47). For cimetidine the

inhibition constant is 108 pM.

12 -
X
—
_é 0.8 -
TE 50 uM ciretidine
0.6-1 Model: substrate inhib,Cleland
I ChC2/DoF =0.00107
04 -l RA = 0.9924
Vm 126927 +0.06506
0.2 Km 239195 +3.06763

Ki 262626521  +1111.24746

00- [
300 400 500

[Putrescine], |.iM

100 uM cirretidine
Model: substrate inhib.Cleland

ChiA/DoF  =2.93734

RA = 0.99305
Vm 135353 +0.04262
Km  32.73255 +2.15765

Ki 2010.26497  +455.51521

[Putrescine], uM

Figure 44. Cimetidine inhibition plots at A) 50 and B)100 pM
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Ocimetidine; Km 16.9+/-0.5
Vmax 1.54 +/- 0.01; Ki 22667 +/- 90

50 pM cimetidine; Km 23.9 +/- 3
Vmax 1.27 +/- 0.06; Ki 2626 +/- 1111

100 pM cimetidine; Km 32.7 +/- 2
Vmax 1.35 +/- 0.04; Ki +/- 2010 +/- 455

[Putrescine], (|iM)

Figure 45. Inhibition plot at 0, 50 and 100 pM cimetidine

0 cimedine
50 pM cimetidine
100 pM cimetidine

Figure 46. Lineweaver-Burk plot for cimetidine
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Linear Regression
Y=A+B*X
Weight given error bars.

Parameter Value Error

16.88882 0.14142
0.15632 0.0056

0.99936 0.28372 0.02281

K 108 nM

-120 -100 -80 -60 -40
[Cimetidine], (JiM)

Figure 47: Cimetidine Kidetermination

Clonidine.

Clonidine was examined at 100, 250, 500 and 1000 jaM. Competitive inhibition is
observed with apparent Km values of 26.1 + 3.5, 36.0 + 4.5, 61.0 = 2.0, and 98.6 = 0.6
pM, respectively (Figure 48). Quite surprising is the observation that rhKDAO does not
exhibit substrate inhibition with putrescine concentrations up to 1 mM (the data for 250
pM clonidine is ambiguous and can be fit equally well with either the Michaelis-Menten
model or the substrate inhibition model). As the data shows, Vnex does vary, from 0.86
to 0.99 LU mL, however, if one disregards the Vmax for the 250 pM data then the
variation is only from 0.86 to 0.92 1.U./mL.

The double reciprocal plot in Figure 49 clearly shows a competitive mode of

inhibition. Figure 50 gives an inhibition constant of 248 pM.



100

————— 100).iMClomdine

Km26.1+/- 35; 0.92 +-0.03
————— 250 |iMClonidine

Km36.0 +-45; v_ 0.99+/-0.03

500 nM Clonidine

Km61.0+/-2.0; Mrx0.89 +- 0.02
------ 1000 nM Clonidine

Km98.6 +/- 0.6; Vv 0.86+/-0.002

HINO

[Putrescine], juM

Figure 48. Inhibition plot for clonidine at 100, 250, 500 and 1000 pM.

______ 100 (iM Clonidine
250 |.iM Clonidine
500 nM Clonidine

1000 nM Clonidine

Figure 49. Lineweaver-Burke plot for clonidine
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clonidine

Linear Regression

Y=A+B*X

Weight given by Data6_C error bars.

Value Error
19.63522 2.28094
0.07903 0.0024
0.99908 0.89569 9.23889E-4
K 248

[clonidine] (|.iM)

Figure 50. Kj determination for clonidine

Pentamidine.

Pentamidine has proven to be an extremely effective competitive inhibitor for
recombinant human kidney diamine oxidase. The data and analysis shown below are for
250 nNM, s00 nM and | pM. Fits to the Michaelis-Menten equations give apparent Km
values of 17.8 £ 2.2 pM for the 250 nM pentamidine data, 32.9 + 8.0 pM for the 500 nM
data, and 67.4 + 11 for the | pM data. The Lineweaver-Burk plot exhibits competitive

inhibition and the determined Kj is 22 nanomolar.
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LInol

0.25uMpent
Km 17.8 +/- 2.2; Vimax 105 +/- 0.03

O.SuMpenr
Km32.9+/- 8; Vmax 0.90 +/- 0.04

I uMpent
Km67.4+/-11; Vmax 0.82 +/- 0.03

[Putrescine] (piM)

Figure 51. Inhibition plot for pentamidine at 250, 500 and 1000 nM.

250 nM pentamidine
500 nM pentamidine
1000 nm pentamidine

Figure 52. Lineweaver-Burk plot for pentamidine
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pentamidine

Linear Regression

Y=A+B*X

Weight given by DataS C error bars.

Value Error
14237 4.67879
0.06525 0.01394
3 40- 09994 0.16046 0.02181
K 22 nM

[pentamidine] (nM)

Figure 53. Kj determination for pentamidine.

Bereni l.

Given the similar benzamidine groups on the ends of berenil and pentamide, it is
not surprising to find that berenil is also a very strong competitive inhibitor. Data were
collected at 0, 125, and 250 nM berenil and given in Figure 54. Apparent Kmvalues are
68.7 £ 2.0 for 125 nM berenil and 104.6 =+ 4.0 for 250 nM. The double reciprocal plot

show the mode of inhibition is competitive. K1has been determined to be 80 nM.
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— 0 berenil
Km 25.4 +/- 0.6; Vimax 196 +/- 0.02
Ki 2255 +/-111
—- 125 nM berenil
Km68.7 +/- 2.0; Vimax 0.525 +/- 0.007
250 nM berenil
Km 104.6 +/- 4.0; Vimax 0 409+/-0.006

1Nl

nnor 1NN

[Putrescine] (pM)

Figure 54. Inhibition plot for berenil at 0, 125 and 250 nM.

0 berenil
125 nM berenil

250 nM berenil

Figure 55. Lineweaver-Burk plot for berenil
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Linear Regression
Y=A+B1X
Weight given by DataS C error bars.

Parameter Value Error

25.57739 0.6224
0.31638 0.00298

0.99985 1.81862 0.01089

K 80 liM

[Berenil] (nM)

Figure 56. Kj determination for berenil

Discussion

Isoniazid.

The apparent Km for putrescine oxidation by rhKDAO is 17 pM. In the
presence of 500 pM isoniazid the apparent Km =18.4 pM, and with | mM isoniazid, the
apparent Km = 18.4pM. Vnex values are 0.96 LU. mL  for 500 pM isoniazid and 0.72
LU mL"1 for I mM isoniazid. The Lineweaver-Burke plot at these two inhibitor
concentrations give essentially parallel lines, and thus isoniazid could be classified as an
uncompetitive inhibitor. However, uncompetitive inhibition is not very reasonable

mechanistically.
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At lower isoniazid concentrations the inhibition type appears to be mixed
inhibition, with changes in both Ky and Vi As explained by Cornish Bowden, mixed
inhibition is almost always due to a special type of product inhibition where the inhibitor
can bind to an‘ alternative form of the enzyme that is generated during the reaction
pathway. The Ping Pong mechanism of copper amine oxidases does generate an
alternative enzyme form, the reduced aminiquinol form, that could plausibly be the
enzyme state to which isoniazid binds. Obviously considerably more data would need to
be collected to clarify the mechanism of inhibition, and this may prove to be a rewarding
exercise. However, additional data was not collected in this work for the following
reasons: 1) the roughly equivalent Ky values indicate the competitive portion of
inhibition is minor and thus uninteresting, and 2) rhKDAO stocks were limited and
needed to be preserved for investigation of the other compounds.

Mondovi et al. have reported aromatic hydrazide compounds, similar to isoniazid,
act as non-competitive inhibitors of copper amine oxidase, and that prolonged incubation
with these compounds irreversibly inhibit amine oxidase activity [206]. In the
experiments presented herein, thKDAO was exposed to isoniazid for only a short period
of time, less than one minute, and no suggestion of irreversible inhibition was observed.
Additional experiments are required to determine if irreversible inhibition of human

diamine oxidase by isoniazid can occur.
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Cimetidine.

The data clearly indicates that cimetidine is a strong competitive inhibitor of
rhKDAOQO. The determinea inhibition constant is 108 M.

The average blood concentration of cimetidine in patients undergoing continual
infusion at 37 mg/hr using this drug is 0.9 mg/mL, or 3.6 mM. This commonly used
peptic ulcer drug may very well exhibit considerable in vivo inhibition of human diamine
oxidase. The most common means of treatment is orally. Cimetidine taken in this
manner reaches a maximum blood concentration in 45 to 90 minutes and inhibits gastric
acid secretion following eight hours. Circulating cimetidine has a halflife of about 2
hours, although there is considerable genetic variation [181]; Under these conditions

inhibition of diamine oxidase would presumably be fairly short lived.

Clonidine.

The double reciprocal plot indicates clonidine is a good inhibitor of thKDAO with

a determined K value of 248 pM.

Pentamidine.

Pentamidine hés proven to be an extremely potent competitive inhibitor of
recombinant human KDAQO. The data above indicates an inhibition constant (K;) of 22
nanomolar. Pig kidney DAO has been reported to be inhibited by pentamidine with a Kj
of 3 micromolar. Other chemically related aromatic diamidines have also been examined
with the porcine enzyme; all were .found to be reversible competitive inhibitors with

inhibition constants in the low micromolar range [207].
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Nearly 9% of patients administered pentamidine experience serious adverse side
effect that may including hypotension, acute renal failure, leukopenia, hypoglycemia, and
thrombocytopenia [181,197].  Fatalities from hypotension, hypoglycemia, acute
pancreatitis and cardiac arrhythmias have been reported; in fact a single dosage can result
in severe hypotension and death. Moderate side effects are reported in almost 50% of
patients, the most common is elevated serum creatinine, diagnostic for renal impairment.
More than twenty other diverse side reactions are described.

Plasma pentamidine concentrations in AIDS patients treated for PCP by the
intramuscular injection of pentamidine isethionate at 4 mg/kg were steady between 0.3
and 0.5 mg/mlL. These plasma levels are readily converted to 0.877 to 1.5 uM. This
concentration range would certainly inhibit diamine oxidase to the point of complete
inactivation and could be expected to severely disrupt normal metabolic pathwéys
involving DAO. Furthermore, the tissue distribution of pentamidine in mice indicates
this pharmaceutical accumulates in kidney tissue, a major source of diamine oxidase
expression.

As previously discussed, histamine catabolism remains to be corﬁpletely
elucidated, especially with regard to the role and importance of diamine oxidase. A
reasonable hypothesis is that during the course of pentamide administration (typically 14
to 21 days) diamine o xidase activity is essentially nil and histamine m ethyltransferase
may not be able to Compensa.te enough to clear circulating histamine. This leads to the
question of does an abnormally high level of circulating histamine contribute to, or

perhaps even cause, some of the serious side effects that accompany pentamidine
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treatment? The involvement of histamine in such fundamental processes as smooth
muscle contraction, vasodilation, allergic response and stimulation of adenylate cyclase
activity in neurons strongly suggests this may be the case. Intriguing clues can be found

in pentamidine’s side effects, notably hypotension, diarrhea and rash.

Berenil.

Structurally similar to pentamidine, berenil also exhibits competitive inhibition
with a remarkably low K; of 80 nM. Data at additional concentrations are desilrable.
Note that the apparent Ky for putrescine used in this analysis (data collected on the same
day) is 25 pM and is higher than values obtained previously (~ 17 uM).

Berenil has been investigated as a potential inhibitor of polyamine synthesis and
degradation, through its action on diamine oxidase, the first step in putrescine
degradation, and S-adenosylmethionine decarboxylase, which prevents spermidine and
spermine biosynthesis from putrescine [193]. It has been characterized as a strong
uncompetitive i nhibitor o f d iamine o xidase with a K;= 210 nM, however, this earlier

study used a crude source of diamine oxidase, the homogenate of rat small intestine.
Conclusions

The expression and purification of recombinant human kidney diamine o xidase
represents a major advancement in the study of this human enzyme, and for the field of
CAO research. The preferred substrates, histamine, p utrescine and a gmatine, s trongly

suggest human diamine oxidase acts in vivo as a component of fundamental metabolic
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pathways and processes, such as cell proliferation, inflammation, allergic response and
ischemia. A logical and desirable goal that is only now possible is the pursuit of
characterizing inhibition of the human enzyme by various compounds, especially those
compounds that have found a use in human rhedicine. Furthermore, the data presented
above differs significantly from the available literature, in describing the types and
degrees of inhibition.

It is not unreasonable to speculate that some pharmaceuticals may disrupt the
normal functions of human KDAO in the metabolism of biogenic amines, and thus may
contribute to or be responsible for deleterious side effects. Inhibition studies may aid in
the rational design of highly specific hDAQ inhibitors, which perhaps may one day show
promise as therapeutic agents, and in the development of compounds with minimal
inhibitory effects in order to lessen toxicity. For example, considerable efforts continue
towards the development of new and more effective treatments against microbial
infections, especially important with the continuing emergence of antibiotic resistant
pathogens. Such compounds can now be readily screened in vitro for interaction with
hDAO.

Particularly noteworthy are the data for the two diamidines, pentamidine and
berenil, which show extremely strong competitive inhibition with inhibitor constants in
the low nanomolar range. Berenil is often a treatment of last choice due severe and
sometimes fatal side effects. It is possible that disruption of normal amine metabolism
via hKDAO inhibition may be responsible for or contribute to the serious and sometimes

fatal side effects and toxicity associated with diamidine and related guanyl compounds.
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On the other hand, disruption of amine metabolism may prove to be a factor in the

mechanism of action that makes these compounds effective antibiotics.
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AZIDE INHIBITION OF thKDAO
Introduction

Copper proteins typically show a broad and varied susceptibility to ligand-
substitution chemistry. Spectroscopic and chemical investigations of this chemistry can
provide details of the copper coordination, environment and function in copper
metalloproteins.

The small anions azide, thiocyanate and cyanide, can bind to and act as effective
inhibitors of copper amine oxidase. These ligands substitute for a water molecule at the
equatorial position of copper [16,208-216]. The ligands have been described as either
mixed or uncompetitive inhibitors.

A major impetus for this investigation of azide inhibition has been the recent
report of Klinman and coworkers with the amine oxidase from the yeast, Hansenula
polymorpha, describing noncompetitive inhibition of azide during the oxidative half
reaction [217]. The authors interpret their results to indicate separate binding sites for
copper and dioxygen; azide is proposed to undergo ligand substitution chemistry on
copper, and dioxygen is proposed to bind in a distinct and proteinaceous site.

The experiments herein are designed to investigate the interagtion of azide and

rhKDAO in both the reductive and the oxidative half reactions. [218]
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Experimental Methods

All kinetic experiments used 50 mM HEPES, pH 7.2 buffer, and the ionic strength
was adjusted by the addition of potassium chloride. Where required sodium azide
(Sigma-Aldrich) was added to the buffer and the ionic strength corrected to 250 mM..
Kinetic data for putrescine oxidation were collected as previously described using the
horseradish peroxidase coupled spectrophotometric assay at 37 °C.

A Clark-type dioxygen electrode and reaction chamber from Instech Laboratories
was used for monitoring rates of O, consumption. The volume of the reaction chamber is
680 pL and all experiments were at 37 °C. Oxygen concentrations were varied by mixing
together air saturated and deoxygenated buffer, which was prepared by sparging with
argon gas. Data were collected using an interfaced PC, an analog-to-digital converter and
Intake software (Instech Laboratories, MA). Oxygen uptake experiments were initiated
by the rapid addition of 2 or 4 pL recombinant human kidney diamine oxidase.

Sodium azide titration of the human enzyme used a 100 uL masked cuvette. To
avoid protein precipitation data were collected on a Cary 1E scanning spectrophotometer
from 350 to 800 nm. Protein was in 100 mM KP;, pH 7.2 and the titration was at room

temperature. A stock solution of 250 mM sodium azide was freshly prepared.

Results

Azide and putrescine oxidation.

The effect of azide on the reductive half reaction (the reduction of TPQ and

oxidation of putrescine substrate) was investigated in order to determine the appropriate
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saturating levels of putrescine under the experimental conditions. The buffer’s ionic
strength was adjusted to 250 mM with KCI for these experiments, necessary to maintain a
constant ionic strength while varying the concentration of azide up to 200 mM. Figure 57
shows the data and the fits to the data using the Michaelis-Menten equation. Both Km
and Vax change with azide concentrations, with the former perturbed to a much greater
extent. This indicates mixed inhibition. The Lineweaver-Burk plot in Figure 58 clearly
shows the dominant mode of inhibition is competitive, and therefore the noncompetitve
contribution can be disregarded. Km values determined by the fits to the data are 24.5 +
1.8 pM for zero azide, 98.5 + 2.4 pM for 100 mM azide, and 145 + 7.6 pM for 200 mM

azide. Figure 59 shows the graphical determination of Kj = 36.7 mM.

1400-
1200-
1000-

E 800-

A lioNaN,; K 24.5+/- 1.8,V  1448+/- 19
I0OMM NaNt K, 98.5+/-2.4; V., = 1406+/-12

O 200 mM NaN% K, 145 +/- 7.6; V,,, 1360 +/- 29

Putrescine (JuM)

Figure 57. Azide inhibition of putrescine oxidation
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200 mM azide
0.002 - 100 mM azide
0.001 - 0 azide
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1/Putrescine (jaM )

Lineweaver-Burk plot for azide and putrescine oxidation

Linear Regression

Y=A+B*X

Weight given by KmvsN3_C error bars.
Parameter Value Error

140-

25.56021 1.76496
0.6917 0.02531

0.99403 2.99978 0.06961

K 36.7 mM

NaNj (mM)

Figure 59. Azide Kidetermination for putrescine oxidation
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The data indicates azide acts as a competitive inhibitior against putrescine, a
result unanticipated from a review of the literature. This triatomic anion of nitrogen is
structurally and chemically very different than the preferred substrates of rhKDAO
(keat/Kv) determined in this work. Histamine, 1-methylhistamine, agmatine and
putrescine are all at least partially dicationic species under physiological conditions.

Two millimolar putrescine was chosen for the dioxygen uptake experiments to
ensure substrate amine saturation for the ﬁrst’half of the Ping Pong reaction mechanism.

Data was collected at 2 mM putrescine but is not shown above.

Ionic streneth and substrate inhibition.

The data in Figure 57 does not show the previously observed pattern of partial
substrate inhibition observed in 150 mM ionic strength buffer and putrescine at
concentrations above than 250 micromolar. This suggested the experiment shown in
Figure 60—an examination into the effect of ionic strength on the partial substrate
inhibition of thKDAO. Buffers at two ionic strengths were used in determining the
dependence of initial reaction velocity on substrate concentra?cion, 50 mM HEPES, pH
7.2 supplemented with KCl to either 50 or 250 mM. The results are striking. At the
‘higher concentration of KCl, no substrate inhibition is discernible up to 2 mM putrescine.
In contrast, in low ionic strength buffer, substrate inhibition is appafent at putrescine
concentrations above 50 uM. The data for physiologically relevant ionic strength, 150
mM, is not shown here but can be found in a previous chapter, and that data appears to be

intermediate to the two plots given here. Note that at 50 mM ionic strength, the partial
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substrate inhibition model does not fit the data very well. In fact the data are reminiscent
of the marked substrate inhibition data exhibited by histamine at 150 mM ionic strength

{vide supra).

A 30 mMKCL, 50 mM HEPES, / =50 mM,

KX=20.3 [iM (se. 1.3); Vim2M41 (s.e. 69); K 645 (s.e. 65)
V230 mM KCI150 mM HEPES, / = 250 mM,

Km=245 |iM (s.e. 1.8); Vim 1448 (s.e. 19)

Putrescine (pM)

Figure 60. lonic strength effect on the oxidation of putrescine.

One plausible physical reason for the abrogation of substrate inhibition with
increasing ionic strength is that the salt ions may weakly bind to residues involved in
substrate binding or in the channel to the active site in a manner that prevent the binding
of a second substrate molecule. This would block the formation of a catalytically
inactive enzyme-substrate-substrate complex. In other words, K+ or ClI" ions may be
competitive inhibitors against the binding of a second putrescine molecule per rhKDAO

active site. The data is insufficient to specify which ionic species could be involved at
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such a proteinaceous site. Further experiments using a variety of salts would perhaps

delineate the interactions of various small ions with rhKDAO.

Azide inhibition of dioxygen reduction.
These experiments were performed in 250 mM total ionic strength buffer
supplemented with 2 mM putrescine to ensure saturation by the first substrate and thus a

non-limiting first half reaction in the Ping Pong mechanism of rhKDAO.

25 mM azide
Model: Michaelis-Menton

ChiA/DoF = 168.1267
RA = 0.60296

Vmax 131.5719 +6.31498
Km 518735 +1.63583

Figure 61. Rates of dioxygen consumption at 25 mM azide
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50 mM azide
Model: Michaeli-Menten

ChiR = 4243483
R = 094231

Km  22.79755 +2.51144
Vm 16448791 +4.73315

Figure 62. Rates of dioxygen consumption at 50 mM azide

100 mM azide
Model: Michaeli-Menten

ChiR = 4219262
RA = 0.93325

Km 3226952 +4.02519
Vm 15262119 +6.13316

Figure 63. Rates of dioxygen consumption at 100 mM azide
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200 mM azide
Model: Michaeli-Menten

ChiR = 22.11545
RAR = 09701

Km  38.04979 +3.84969
Vm  128.66078 +4.47752

Figure 64. Rates of dioxygen consumption at 200 mM azide

Figure 65 shows the double reciprocal plots of the Michaelis-Menten equation fits
to the data given above. Azide clearly is a competitive inhibitor against dioxygen in the
oxidative half reaction of rhKDAO. The plot of Kmversus azide concentration is shown

in Figure 66 and indicates an inhibition constant of 20.0 + 4.5 mM.
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25 mM azide
0.30-

50 mM azide
0.25-

100 mM azide
0.20- .

200 mM azide
0.15-
o.io-
0.05-
0.00-

Figure 65. Lineweaver-Burk plot of azide inhibition of dioxygen reduction

Linear Regression
Y=A+B*X
Weight given

Parameter Value Error

4.01384 1.74768
0.20036 0.02272

0.87054 3.52551 0.12946

K 20.0 +/-4.5 mM

Azide (jaM)

Figure 66. Kidetermination for azide inhibition of dioxygen reduction
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Recombinant human kidney diamine oxidase was titrated with sodium azide fof
the p urpose o f d etermining the b inding constant for azicie to the protein b ound Cu(ll)
ions. The equivalence of the copper binding constant and the inhibition constant would
provide strong evidence that the nature of competitive inhibition of the oxidative half
reaction is a direct consequence of azide binding to Cu(Il). Figure 67 shows the spectral
changes accompanying the tiﬁation and Figure 68 shows the changes in absorbance at
400 nm with at increasing azide concentrations.

rhKDAO did not give a clearly defined ligand-to-metal charge-transfer band
centered around 400 nm as was observed in the bovine plasma amine oxidase and the pig -
kidney diamine oxidase [212-214], as well as the equine plasma enzyme (data not
shown).

The experiment was conducted in 100 mM KP;, pH 7.2 at room temperature.
Additional experiments using conditions identical to the inhibition data (50 mM HEPES,
pH 7.2, ionic strength 150 mM, 37 °C) were confounded by protein precipitation. This
experiment is critical and will be repeated upon the availability_hof a fresh sample of

rhKDAO.




123

10
0.9
0.8

05

N\ Ct

04
03
0.2
01

0.0
350 400 450 500 550 600

Wavelength, nm

Figure 67. Azide titration of rhKDAO. The arrow indicates the progression of spectral

with increasing azide concentration.
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Figure 68. Azide titration curve for rhKDAO
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Discussion

The data indicate azide acts as a competitive inhibitor against putrescine
oxidation. This type of inhibition for azide in the reductive half reaction has not been
previously described. This could suggest that azide binds directly in the substrate binding
site. Alternatively, azide binding to copper might perturb the active site in such a way as
to disrupt substrate affinity. It can be hypothesized that azide binding to copper at the
equatorial sight may disrupt the hydrogen bonding network and thereby alter the
presentation of TPQ C5 carbonyl to substraté amine. Note that any proposed change in
the conformation of TPQ must be at equilibrium with a productive conformation,
otherwise noncompetitive inhibition would result. In light of the clear evidence for azide
binding to copper and the chemical differences between azide and normal amine
substrates, the latter situation is considered more likely.

Azide is also shown to competitively inhibit the oxidative half reaction under
conditions of amine substrate saturation. This result is contrary to the noncompetitive
inhibition reported by Klinman and coworkers [217], although it is possibility that
enzymes from different sources have inherently different interactions with azide and
oxygen. However, this would suggest that the yeast and human enzymes have evolved
separate means of binding dioxygen and-thus the reoxidation of TPQ would occur via
different mechanisms..

One possible reason for the difference in inhibition types from this study and

earlier work could be due to the advances in computer technology that now allow the fast
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and easy non-linear curve fitting functions on personal computers. The fits to raw data
can then be represented in commonly used and easy to interpret linear graphical
representations such as the double reciprocal Lineweaver-Burk plot. The errors inherent
to transforming non-linear to linear data before fitting functions are therefore eliminated.
It may prove a worthwhile endeavor to reanalyze the previously published data.

The definitive characterization of azide binding to copper in the recombinant
human kidney diamine oxidase is required for a complete interpretation of these
inhibition results. The preliminary azide titration in this work does suggest an
equilibrium binding constant may be determined that would correlate well with the K;
value for azide inhibition in the oxidative half reaction. Reported disassociation
constants are 24 mM for bovine plasma enzyme in phosphate buffer and 83 mM in
PIPES, and 55.5 mM for H. polymorpha [213,217]. These values suggest that a K; of 20
mM is not unreasonable for a copper amine oxidase. Circular dichroism and EPR
spectroscopy would also provide much needed information for the characterizing azide
binding to copper in thKDAO..

Note that the data presented here indicate a complex behavior that could not be fit
to a single equilibrium constant. There is precedence for this; Dooley and Coté described
similar behavior for bovine plasma amine oxidase and azide when titrated in phosphate
buffer [212], and, importantly, in 5 mM PIPES with 100 mM NaCl the titration cleanly
indicated a single equilibrium constant. Presumably, a titration of thKDAO with the

buffer used for the inhibition studies herein would also give conclusive data.
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Conclusions

Azide is shown to be a competitive inhibitor against thKDAO for both half
reactions in the Ping Pong mechanism of copper amine oxidases. In the reductive half
reaction (oxidation of substrate and reduction of TPQ) the inhibition constant has been
determined to be 37 uM. Azide has been demonstrated to compete with dioxygen for the
oxidative half reaction (reduction of molecular oxygen and reoxidation of TPQ) with an
inhibition constant of 20 mM. The data is most consistent with a mechanism inv'olving

dioxygen binding directly to copper.
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PURIFICATION AND CHARACTERIZATION OF EQUINE PLASMA AMINE
OXIDASE

Introduction

A major goal of this research into mammalian CAOs has been the purification and
characterization of the equine plasma amine oxidase (EPAO). The primary aim of this
project is to obtain a highly purified mammalian enzyme suitable for determining the
molecular structure via the tools of crystallization and x-ray diffraction. To date, no
structure has been determined for a copper amine oxidase from any animal source. A
detailed structure would be an extremely important advancement in this field of study.
Comparison with the crystal structures from “lower” life forms this may suggest the fine
structural details that make mammalian enzymes unique. For example, subtle changes in
the active site may lead to a rational propdsal for why the Cu(I)-semiquinone species is
present at lower concentrations in mammalian enzymes than the others [19], in fact the
visible spectrum of anaerobic substrate reduced EPAO (and rhKDAO) do not indicate a
semiquinone intermediate (vide infra) -- which does not mean the semiquinone is not a
viable catalytic intermediate, only that the equilibrium constant for the Cu(I)-
semiquinone and Cu(Il)-aminoquinol couple may not allow the semiquinone to
accumulate to levels detectable by visible spectroscopy. The structural basis for substrate
specificity and thus potential bicﬂogical roles is also very poorly understood, especially
among the mammalian enzyme. Furthermore, a structure would doubtless open up a

plethora of additional questions for further investigation and assist in directed
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experimental design using the tools of molecular biology, structural biology,
biochemistry and spectroscopy.

Additionally, a quantity of EPAO on hand provides an additional source of
enzyme for study and comparative analysis. For example, EPAO from this work is used
by Eric Shepard (MSU) in collaboration with Professor Lawrence Sayre (Case Western
Reserve University, OH) in the extensive investigation of mechanism-based inhibition of
CAOs, and data collected with this equine enzyme has been included in two publications
[219,220].

The bovine plasma amine oxidase is the most studied of all ﬁammalian CAOs
[15,15,45,212,221-228,228-231,231,232]. In contrast, the e quine enzyme has received
little attention in the literature. Early investigations for EPAO were performed by from
Yamada and Yasunobu in the early 1960’s and the 1980 Ph.D. thesis of Schallinger
[233,234]. |

More recently Dooley and coworkers reported an improved purification and the
characterization of the EPAO [235]. This work established EPAO as a copper containing
amine oxidase with two copper ions and two TPQ cofactors per dimer. Room

temperature EPR of anaerobically substrate reduced EPAO gave a sharp signal at g = 2,

which is attributed to the signal of the topa semiquinone [17,236]. Investigation into the
substrates of BEPAOQ is especially noteworthy. EPAO shows considerable enzymatic
activity with dopamine and norepinephrine ((—)-ai*terenol), which is unique among

mammalian copper amine oxidases. Histamine, serotonin (5-hydroxytryptamine) and.the
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polyamin‘e spermine and spermidine Wére also found to be oxidized although at lower
rates.

Although an efficient purification protocol has previously been developed and
published by Dooley and coworkers, a completely new protocol is described in this work.
This was desired to eliminate the ammonium sulfate fractionation previously used, due to
reports that residual ammonium sulfate might interfere with the crystallization and the
biochemical properties of amine oxidasc;, (Dooley, D.M., pers. comm.). The purification
herein uses a single horse as the source of equine plasma, which shouid minimize
heterogeneity from genetic differences between animals. Additional characterization by

visible, EPR and 1R spectroscopy and steady state kinetics are given.

Experimental Procedures

Purification.

The following protocol has been developed over ten enzyme purifications. A
complete preparation takes approximately 4 weeks.

A single horse, named Sunny (not named after his disposition), was used for all
the EPAO preparations. Blood drawings were performed by the owner, Dr. Gordon
Hardaway, D.V.M. (Hardaway and Catlin Veterinary Hospital, Belgrade, Montana).
Procedures invélving the horse were i1_1 accordance with the guidelines of the Montana
State University Institutional Animal Care and Use Committee and followed the

Approved Protocol 1011. No signs of discomfort or pain were noted in the horse.
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Equine blood is ‘drawn from the jugular vein using a 10 gauge sterile needle
conngcted to 3/16 inch int"ema-l_ diameter Tygon Clear Laboratory Tubing (Fisher
Scientific) and collected in a 10 L Nalgene plastic carboy (Nalge Nunc International)
containing 1 L 3.2% trisodium citrate as an anticoagulant. A total of 5 to 10 liters blood
has been collected per drawing (over 20 - 40 min), depending on the cooperation of the
horse. The carboy is immediately packed in ice. All further purification steps are
performed in a cold room at about 14° C.

Blood cells were removed by centrifugation in a GS3 rotor (Sorvall Centrifuges)
at 7000 rpm for 10 to 20 minutes at ~ 4° C. The equine plasma was then diluted with an
equal amount of cold 10 mM Tris-Cl buffer, pH 8.0, and protease inhibitors were added
to the majority of enzyme preparations (Phenylmethanesulfonyl fluoride (PMSF) to 1
mM, Pepstatin A to 100 nM, EDTA Na,, to 1 mM). Polyethylene glycol (PEG 8000,
Sigma-Aldriéh) was slowly added to a final concentration of 12% (w/v) and then stirred
overnight (at least 12 hours).

PEG-precipitated proteins are removed by centrifugation for five minutes at 7000
rpm in a GS3 rotor. The supernate is then loaded by gravity onto a 9 x 30 cm column
packed with 1 L DEAE-FF anion exchange media (Sigma-Aldrich) pre-equilibrated in 10
mM Tris-Cl, pH 8.0. The column is washed with > 2 L 10 mM Tris-Cl, 50 mM NaCl, pH
8.0 at a flow rate of about 16 mL min™. Protein 'bound to the column is eluted by a 1.6 L
linear gradient of50to 300 mM NaClin 10 mM Tris-Cl, pH 8.0. E PAO elutes just
before and along with a dark-blue band attributed to the copper-containing plasma

enzyme ceruloplasmin, a blue copper oxidase. All eluant capable of benzylamine
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oxidation significantly above that of equine plasma (typically with > 100 Spectroscopic
Units ml™") is pooled and dialyzed extensively against 15 mM KP; buffer, pH 6.8.

Anion exchange chromatographies usiﬁg an FPLC System with a HILOAD 26/10
Q-Sepharose HP c.o-lumn (Amersham-Pharmacia) comprise the next two steps of the
purification scheme. Protein (equilibrated in 15 mM KP;, pH 6.8) is loaded onto the
column using a 150 mL Superloop (Amersham-Pharmacia). A maximum of 1x 10’
Spectroscopic Units or 2 mg total protein, whichever is greater, is loaded per HILOAD
Q-Sepharose HP run, and multiple runs are typically required. Protein is eluted with a
computer-pro grammed method using a phosphate buffer gradient, where Buffer A is 15
mM KP;, pH 6.8, and Buffer B is 400 mM KP;, pH 6.8. The elution method is as follows:
1) 3 column volume (CV) wash with Buffer A; 2) an 8 CV gradient to 65% Buffer B; and
3) 2.5 CV wash with 100% buffer B. Flow rate is 6 mL min’', and the fraction collector
is programmed to collect 9 mL fractions. All fractions with an appropriate specific
activity (typically 2300 Spectroscopic Units mL™") are pooled and dialyzed extensively
against 15 mM KP;, pH 6.‘8.

Chromatography using the HILOAD 26/10 Q-Sepharose HP column is repeated
and is nearly identical to the preceding step, except the elution is by a sodium chloride
gradient; Buffer B is now 15 mM KP;, 300 mM NaCl, pH 6.8. Again, best results are
obtained when limiting the total protein loaded p er chromatographic run, and multiple
runs are generally necessary. Fractions are assayed and those with the highest specific .

[
activities are pooled and concentrated using Millipore Stirred Cells with Amicon YM30
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Ultrafiltration Membranes (Amicon Bioseparations). The concentrate is then dialyzed
extensively against 5 mM KP;, pH 6.8.

Using the FPLC System, the protein is then applied to an HR 10/10 column (1 cm
diameter, 10 cm length, Amersham-Pharmacia) packed with Type I Macro-Prep Ceramic
Hydroxyapatite, 40 pm particle size (Bio-Rad) and pre-equilibrated in 5 mM KP;, pH 6.8.
In this low ionic strength buffer, EPAO demonstrates a low binding affinity and is
collected in the unbound, flow-through fractions. The majority of contaminating proteins
have a higher affinity for the hydroxyapatite matrix and, although not tightly bound to the
chromatographic medium, separation from EPAO is possible. Fortunately, undesired
proteins can be followed visually by a bright yellow color, presumably from flavin-
containing proteins. Multiple loadings of the column are required, and the media is
washed clean with 400 mM KP;, pH 6.8 and equilibrated in 5 mM KP; between runs. The
fractions containing EPAQ are then concentrated using Millipore Ult;afree Centrifugal
Filter Device (Amicon Bioseparations) with a nominal molecular weight limit of 30 kDa.

The purification is completed by gel filtration and buffer exchange using Ultrogel
AcA34 (Biosepra) medium packed in a C 16/100 column (1.6 cm diameter, 100 cm
length, Amersham-Pharmacia) and equilibrated with 100 mM KP;, pH 7.2. Best results
are obtain when the protein sample is concentrated between 30 and 40 mg mL", a sample
volume of about 1% of the column volume (~ 1mL) is loaded and the flow rate is
approximately 0.13 mL min'. Three mL fraction volumes are collected and analyzed by
Ao determination, activity assays and SDS/PAGE using a 8-25% gradient gels and

Coomassie Brilliant B lue staining. Those fractions with the highest s pecific activities
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and best appearance by SDS/PAGE are pooled. Fractions with lower, but significant
specific activities, are also pooled. Both pools of protein are concentrated for a final

cleanup on the same column.

Analysis of EPAQO.

Experimental procedures for the majority of the characterization of the equine
enzyme has previously been described in detail in Chapters 1 and 2; only those that are
unique to this chapter are described.

Benzylamine oxidation is followed by monitoring the formation of the product
benzaldehyde at 250 nm. One spectroscopic unit (S.U.) is defined as giving and AA250
of 0.001 per minute, and 4250 spectroscopic units correspond to 1 International Unit [81].
The standard activity assay uses 3.33 mM benzylamine and a total volume of 3 mL in
100 mM KP; buffer at pH 7.2. Steady state kinetics for the oxidation of the exogenous
substrate benzylamine were conducted in 50 mM HEPES, pH 7.2 with the ionic strength |
adjusted to 150 mM by the addition of potassium chloride. Buffer and 10 uL of 4.8 pM
EPAO with a specific activity of 700 S.U./mL were equilibrated in a quartz cuveite with

stirring and the reaction was initiated by the addition of 100 pL of substrate in buffer.

Assays had a final volume of one milliliter and were at 37 °C.
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Results

EPAQ Purification.

A new purification scheme has been developed for equine plasma amine oxidase,
a protocol that specifically does not include ammonium sulfate fractionation. Equine
plasma amine-oxidase activity is low in freshly collected plasma; the oxidation of
benzylamine can be detected ‘spectrophotometri‘cally but quantification of activity is
generally not possible. The collected equine plasma is diluted 1:1 with 10 mM Tris-Cl
buffer, pH 8.0 and fractionated by polyethylene glycol precipitation. EPAO does not
precipitate with the concentrations of PEG used, nor do the majority of proteins present
in the plasma. However, this step is crucial in preventing the formation of particulates in
the plasma and in'eliminating the propensity of the plasma to turn chromatography media
into a hard jello-like mass, presumably by removal or inactivation of blood clotting
agents. Dilution of the plasma before PEG precipitation was found to appreciably
increase the recovery of amine oxidase activity.

The second step in the purification procedure is anion exchange chromatography
over DEAE-Fast Flow medium. Loading of this column takes between two and four
days, due to the high viscosity of the PEG solution; however PEG is generally considered
to act as a protein stabilizer and the extended timé EPAO spends with polyethylene
glycol has not appeared to be detrimental. This particular step is also the most visually

enjoyable part of the preparation because the bland, yellowish plasma partitions into very
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colorful layer — deep blue at the top of the column and multiple bands in various shades
of red, pink and yellow.

The next steps are two loadings on an anion exchange column and elution under
two different buffer condition. Figure 69 shows chromatograms from typical 26/10 Q-
Sepharose HP column runs, using a KP; gradient for the first run, and a sodium chloride
gradient for the second loading.

The elution profiles of EPAO from the HILOAD 26/10 Q-Sepharose HP column
can vary considerably among different purifications, and these differences can be more
pronounced in either the inorganic phosphate or the sodium chloride elution gradients.
For example, in one enzyme purification the EPAO activity may elute in a single,
symmetrical peak during the KP; gradient. Another batch of collected blood may show
EPAO activity eluting in up to three, distinct peaks. Therefore, prudent and appropriate
choices must be made for the pooling of chromatographic fractions, based upon the
specific activity of each fraction. It is common to have a couple of distinct protein pools
with similar specific activities that should be kept separate during §ubsequent steps of the
purification protocol. Additionally, a few preparations used a reversed order of elution,
that is the NaCl elution gradient followed by the inorganic phosphate elution (Figure 70)..
The chromatograms are quite different from the normal protocol, however, this ordering
also gives satisfactory results. The KP; gradient was selected as the first step because this
gradient cleanly separates ceruloplasmin from EPAO, which was particularly

troublesome in initial purifications.
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Figure 69. A nion exchange chromatography with a HiLOAD 2 6/10 Q-Sepharose HP
column.

A) First step with a gradient from 10 mM krj, pH6.8 (Buffer A) to 400 mM kprj, pH6.8
(Buffer B).

B) Second step with a gradient from 10 mM krj, pH6.8 (Buffer A) to 10 mM krj, 300
mM NacCl, pH6.8 (Buffer B).
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Figure 70: Anion exchange chromatography with a HILOAD 26/10 Q-Sepharose HP
column. EPAO activity is demarcated with horizontal dashed lines.
A) First step with a gradient from 10 mM kpj pH 6.8 (Buffer A) to 400 mM kp;, pH 6.8

(Buffer B).
B) Second step with a gradient from 10 mM krj. pH6.8 (Buffer A) to 10 mM krj, 300

mM NacCl, pH6.8 (Buffer B).
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Gel filtration on a 1.6 x 100 cm Ultrogel Aca34 column is both the penultimate
and the ultimate step in the purification protocol. Figure 71 shows a representative
chromatogram of the first run over the column. It is evident from the traces of specific
activity and absorbance at 280 nm that the highest EPAO activity comes off before the
peak in the UV absorbance, indicative of contaminant that nearly co-elutes with EPAO.
This suggested contaminant is not resolved by SDS/PAGE (vide infra) and does not
exhibit noticeable absorption features in the visible portion of the electronic spectrum
(data not shown). Fractions from the column are pooled on the basis of their specific
activities and subject to additional gel filtration loadings; thus EPAQO specific activity

(and therefore degree of purity) can be enriched by multiple runs over this column.
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Figure 71. Chromatogram of gel filtration on a 1.6 x 100 cm Ultrogel Aca34 column

Two EPAO purifications are summarized in Table 4. The highest specific activity

obtained was 925 Spectroscopic Units per milligram protein (0.22 EU. mg'].
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SDS/PAGE following the steps of the protocol and demonstrating the high degree of
purification are given in Figure 72. Calibrated SDS/PAGE gels indicate EPAO has an
apparent molecular weight of 96 kDa per monomer (data not shown). Native gels and
isoelectric focusing gels are shown in Figures 73 and 74. The apparent molecular weight
of the dimer is consistent with the SDS/PAGE monomer. The isoelectric point is low (pi

= 4.5), however, the pea seedling amine oxidase also has a similarly low pi value [237].
Schallinger reported several bands by isoelectric focusing with a pi range from 4.7 to 5.7

[234].

12 3 4567 8 Il 3 4 5 6 7 8 7 8 8 8 8
kDa kDa
94 - 94
67 # # * - 67
43 *43
T # 30
201 * 201
14.4 «*.14.4

Figure 72. SDS/PAGE of the purification for EPAO: 1) Equine plasma 2) PEG
precipitation 3) DEAE FF 4) Q Sepharose HP, KP1gradient 5) Q Sepharose HP, NacCl
gradient  6) Ceramic Hydroxyapatite 7) molecular weight markers (Amersham
Pharmacia, molecular weights of markers are indicated) 8) Ultrogel AcA34. Multiple
lanes with varying concentrations of EPAO following gel filtration are shown to

demonstrate the high purity of the enzyme.
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Figure 73. Native PAGE. Lanes 1) Purified EPAO 2) Native High Molecular Weight
Standards (Amersham-Pharmacia) 3) Post-Ceramic Hydroxyapatite. Molecular weights
of standards are indicated. The gel on the right demonstrates the degree of purity.
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Figure 74. 1EF gel. Lanes 1,3,5) EPAO 2,4) IEF standards (Amersham Pharmacia), pi
values of standards are indicated.
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Sept. 1998 Total Total Total Specific
Volume Protein Activity Activity Purification Yield
J.oSep o (mb)  (mg  GSU)  (SU/mg  Factor
Equine Blood 9000 N/D N/D N/D N/A N/A
Equine Plasma 6000 2.0x10° 29x10° 1.47 N/A 100%
PEG 12800 9.2%10* N/D N/D N/D N/D
DEAE FF 620 5.5x%10° 32x10° 49.8 34 110%
Q-Sepharose HP s
Kp; Gradient 191 1175 2.1x10 177 120 72%
Q-Sepharose HP , s
NaCl Gradient 64 774 1.7x 10 215 146 59%
. }
Ceramic 8.9 319 1.5 x 10° 471 320 52%
Hydroxyapatite
Ultrogel AcA34
Pool I 3 27 2.5 x 10 925 629 9%
Pool I 2.4 27 1.9 x 10* 706 480 - 7%
Pool IIT 8 80 6.6 x 10 820 558 22%
Oct. 1999 Total Total Total Specific
Volume Protein Activity Activity Purification Yield
Step (mL) (mg) (8.U.) (S.U./mg) Factor )
Equine Blood 9000 N/D N/D N/D N/A N/A
Equine Plasma 6300 2.0x%10° 2.7 % 10° 1.34 N/D 100%
PEG 13250 8.1 x 10 5.6 % 10° 6.94 5.2 204%
DEAE FF 408 5619 2.9 x 10° 52.3 39 107%
Q-Sepharose HP 5 00
Kp; Gradient 142 787 1.3 x 10 168 125 48%
Q-Sepharose HP s o
NaCl Gradient 62 532 1.0 x 10 197 147 37%
Ceramic 2.71 114 1.1x 10 787 587 41%
Hydroxyapatite
Ultrogel AcA34
Pool I 0.76 21.6 1.71 x 10* 791 590 6.3%
Pool II 1.76 41.1 2.88 x 10* 702 524 11%
Pool III 276 372 3.14 x10* 844 630 12%

Table 4. Summary of two EPAO purifications.
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Copper and Caicium

Divalent metal ion content for purified EPAO was analyzed by ICP emission
spectroscopy, flame atomic or absorption spectroscopy. Table 5 shows the results for
several enzyme preparations. Copper levels are consistent with two ions per EPAO
dimer. Unlike thKDAO, zinc levels were not above the buffer control samples, or in one
case at a low level, and similar results are shown for magnesium. These results were the
first to indicate stoichiometric levels of calcium. The presence of calcium in a
mammalian CAQ, and thus the likely identification of calcium as occupying the second
metal binding site, was later supported by analysis of the recombinant human kidney
diamine oxidase. HoWéver the stoichiometries differ; thKDAO data suggests two
calcium ions per dimer, and the EPAO data is most consistent with three ions per dimer.
The extra calcium may reflect adventitious and non-specific binding to the enzyme,
although it is also possible that the equine enzyme does have an additional calcium
binding site, perhaps at the dimer interface.

The last row in Table 5 shows the ICP-absorption spectroscopy results for two
samples from the same purification, one of which was extensively dialyzed against buffer
containing 2 mM EDTA followed by dialysis against Chelex-100 treated buffer. The
values for Zn and Mg are essentially the same between the sample as purified and the
sample treated by dialysis against EDTA. This suggests that the data for these two
dications may be an artifact. It is quite interesting that EDTA treatedment did remove ~
30% of the original calcium, however, calcium is still present at a ratio of 2.6:1 dimer.

Thus the calcium ions likely occupy specific and high affinity binding sites in EPAO,
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consistent with the results reported above for thKDAO. Note that calcium and zinc were
also detected in the Chelex-100 treated HEPES buffer, at 75 and 17 ppb (ug mL™)
respectively. For comparison, 1190 ppb calcium and 172 ppb zinc were determined for

EPAQ dialyzed against EDTA.

Spe%%"/ﬁfgt;“ty Cu Zn Ca Mg TPQ
700 18 e g 13
21 ' '
700 ‘ _ 17
900 | 2.3b
27 1.8°
925 2.4° 1.5¢
8208 1.6 02 41 04
EDTA treated 1.72 0.2 2.6 0.2

Table 5. Divalent metal and TPQ quantification for dimeric EPAO

* ICP-AES

® flame AAS

¢ Phenylhydrazine titration

4 anaerobic substrate titration, monitoring decrease in absorbance at 466 nm

® EPAO extensively dialyzed against EDTA containing buffer, followed by Chelex-100
treated buffer.

! determined by double integration of EPR signal.

& ICP-AAS

Copper was also quantified via EPR (data not shown). Spectra were recorded for
125 pL samples of 53.88 uM EPAO (~ 108 uM copper) and 50 and 100 uM copper
standard solutions (Cu(Il) triethylenetetramine) Conditions were: field center 3100 G,
sweep width 1200 G, frequency 9.426 GHz, power 0.399mW, modulation amplitude 20
G, eight scans at 77 °C. Double integration of the signals indicates 2.1 Cu(ll) per

homodimer.
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Figure 75 shows the X-band EPR spectrum of Cu(ll) in purified equine plasma
amine oxidase. The simulation was kindly provided by Dr. Melanie Rogers (Montana
State University). Parameters derived from the simulated spectra (gi = 2.045, gy = 2.265,
A\ = 169 G) are consistent with published CAO values from various sources [2]. These
are the first reported parameters from a simulated EPAO spectra. Previous values
estimated from a spectrum are g+ =2.06, g u= 2.30, A\ = 150 G. The spectrum suggests

equivalent copper binding sites in the dimer and no other paramagnetic signals were

observed.

3000 32
Field (gauss)

Figure 75. EPR spectrum of 48.6 pM EPAO in 100 mM kvrj, pH 7.1. The lower
spectrum is a simulation with g+ = 2.045, g y= 2.265, and A\ = 169 G. Experimental
conditions: frequency 9.425 GHz; power 0.502 mW; modulation amplitude 20 G; 77 k.
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Visible and CD Spectroscopy

The visible absorption spectrum is shown in Figure 76. The characteristic TPQ
band is present and centered at 466 nm. This Ay, is at a higher eﬁergy than that reported
for other amine oxidases; differences in Ama.x values are thought to reflect differences in
the degree of charge delocalization in oxidized TPQ [10]. The peak at 592 nm, the
shoulder around 550 nm and the shoulder around 380 nm have been reported by other

| investigators [233-235]. These spectral features have not been assigned. Figure 77 gives
the visible spectrum of anaerobic substrate reduced EPAO. As anticipated, the 466 nm
band is quenched, but the other spectral features are not affected.

Figure 78 shows the circular dichroism spectra of EPAO. The bands at 800 and
650 nm are assigned to Cu(II) d-d transitions as described in other amine oxidases and

the band around 466 nm is attributed to TPQ. [2,238].

TPQ quantification.

TPQ can be conveniently quantified by titration with phenylhydrazine, and this
technique is described in detail in Chapter 2. Figure 79 shows a representative titration.
TPQ quantified from several enzyme preparations are given in Table 5 and values range

from 1.3 to 1.8 TPQ moieties per EPAO dimer.
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Wavelength (nm)

Figure 76. Visible absorption spectrum of oxidized form of EPAO (14 mg/mL).

Wavelength (nm)

Figure 77.: Visible absorption spectrum of the anaerobically substrate reduced equine
plasma amine o xidase. T he upper spectrum is the oxidized e nzyme and is shown for
comparison.
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Wavelength (nm)

Figure 78. Circular dichroism spectrum of equine plasma amine oxidase.

0.18-
0.16-

0.14-

0.08-
0.06 -

0.04-

Equivalents Phenylhydrazine per Monomer EPAO

Figure 79. Phenylhydrazine titration of EPAO. This shows a cofactor to protein
stoichiometry of 0.85 TPQ per monomer or 1.7 per dimer.
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Resonance Raman Spectroscopy.

Resonance Raman spectra of the phenylhydrazine derivatives of amine oxidases
are definitive for identification of the TPQ cofactor in copper amine oxidases. The
resonance Raman spectrum of the phenylhydrazine adduct of EPAQO is given in Figure 80
and is essentially identical to the spectrum of Carter et al. [235], The visible and
resonance Raman spectra of the phenylhydrazine adduct indicate that this carbonyl
reagent reacts only with TPQ and not with the source of the other visible spectral features

of the native enzyme. Figure 81 shows the resonance Raman spectrum of highly

concentrated native EPAO.

Raman shift (cm )
Figure 80. Resonance Raman spectrum of the phenylhydrazine derivative of EPAO
(upper spectrum). The lower spectrum is of the model compound TPQ-hydantoin reacted
with phenylhydrazine. Experimental conditions: excitation 457.9 nm, power 40 mW,
integration | minute, 10 accumulations.
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Raman Shift (wavenumber)

Figure 81. Resonance Raman spectra of native EPAO. Experimental conditions:
excitation 476.5 nm, power 40 mW, integration | minute, 15 accumulations.
Steady State Kinetics for Benzylamine Oxidation.

The steady state parameters for benzylamine oxidation were determined with pH,
ionic strength and temperature approximating physiological conditions. The fit to the
Michaelis-Menten equation indicates a /Gn of 160 £ 10 pM and a Vrmax ofl714 + 39
International Units per liter (Figure 82). Division of Vnax by the enzyme concentration
gives kaa = 395 = 0.2 min'l Carter et al. [235] reported a Km of 130 pM for
benzylamine oxidation, in close agreement to the value reported here, Note that Carter et
al. used a different buffer, 100 mM KPi, pH 7.2, which could account for the difference in
Kmvalues. The Michaelis constant reported in this work is quite similar to that given for
the porcine plasma amine oxidase[239], but is about an order of magnitude less than that

reported for the bovine plasma amine oxidase, 1.4 mM [240]. The steady state
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parameters for benzylamine oxidation by BPAO have been derived and indicate a Km of
27 = 03 mM (data not shown). Interestingly, BPAO steady state kinetics for
benzylamine oxidation, when analyzed under the same conditions given for EPAO,

demonstrate substrate inhibition at benzylamine concentrations above 5 mM.

0.16-
E 0.12- Deta: Data2 D
Model: Michaelis-Menton
0.08- Chi&/DoF  =0.80718
R2 = 099368
0.04 Vimax  0.19043 +0.0043
e Km 016061 +0.00808

[Benzylamine] (mM)

Figure 82. Steady state kinetics of benzylamine oxidation by EPAO.

Crystallization and Diffraction.

EPAO from two preparations has yielded crystals and preliminary diffraction data
in a collaborative effort with Professor Hans Freeman (University of Sydney, Australia).
The space group is orthorhombic, C-centered with 001 = 2n, i.e. C2221. The unit cell is
enormous, 110.9 x 676.3 x 379.1 A3, with an asymmetric unit estimated as 18 molecules.

The volume of the unit cell is ~20 larger than the units cells for amine oxidases from
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Arthrobacter globiformis and Pisum sativum, with the resulting diffraction proportionally

weaker. On a rotating-anode X-ray generator a resolution of about 4 A is obtained.
Discussion

FPAQ Purification.

Polyethylene glycol precipitation was selected as the initial step of the deveoped
purification protocol because it is a commonly used and well-studied procedure for the
fractionation of blood plasma proteins [241-243]. Dilution of plasma with an equal part
of buffer results in better separation of plasma components, increased yield of EPAO
activity, and has the practical benefit of producing a less viscous solution for the
following chromatographic step. 12% PEG (w/v) precipitation conditions were
determined empirically to gi\}e a high recovery of total EPAO activity and to reduce
deleterious protein aggregation and precipitation.

The remaining anion exchange and size exclusion chromatography steps givé a
high yield of very pure EPAO. The total enzyme in the fraction with the highest specific
activity is similar to the yields in the published protocol of Carter et al. [235]. However,
the purification protocol given here also gives substantial quantities of EPAO with lower,
but still acceptable, specific activities.

The highest specific activities recovered by this method approach 1000
spectroscopic units per mg, markedly lower than the 1400 spectroscopic units per ﬁlg
reported by Carter et al. The reasons for this discrepancy are not yet understood.

Although the specific activities between the two protocols are comparable throughout
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much of the preparations, the published protocol feports a much greater increase in
specific activity following gel filtration than is observed in the purfications described
here. This remains puzzling, especially considering both protocols use the same column,
conditions, and gel filtration medium. It is also possible that genetic variation is a factor.

One drawback of the protocol developed here is the considerable time investment,
an average of about four week. In comparison, Carter’s method can be completed in two
week. One cause of the time difference is due to the high viscosity of the polyethylene
glycol-plasma solution, which increases the time required for the following anion
exchange step. After development of this protocol it was determined that the deleterious
effects attributed to ammonium sulfate fractionation in the purification of amine oxidases
were in fact an artifact from the use o f1ow quality ammonium s ulfate (D.M. D ooley,
pers. comm.). Therefore it may prove beneficially to incorporate ammonium sulfate
precipitation into subsequent purifications.. |

In my hands it was found to be necessary to divide the protein solutions into
aliquots for multiple chromatography runs over the same column and media in order to
give acceptable purification factors. This was not required by Carter et al. Furthermore,
Carter reported a significant increase in specific activity by the addition of an anion
exchange chromatography step on a Mono-Q column (Amersham—j?’hannacia) following
gel filtration. When tried here, EPAO eluted in a broad, diffuse peak with no increase in
specific activity.

The visible absorption spectra of EPAO is atypical for copper amine oxidase in

that addition peaks and shoulders are present. This suggests the presence of contaminants
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in the purified enzyme. However, no contaminants are discernible by Coomassie Blue
staining of SDS/PAGE, native AGE, and isoelectric focusing gels. Therefore any
contaminants would be present at very low levels. No correlation between sﬁeciﬁc
activity and the ratio of absorbance at 590 nm and 466 nm was observed (data not

shown).

Copper, calcium and TPQ.

Analysis o f metal ion content by ICP-AES, ICP-AAS, and quantitative EPR is
consistent with two Cu(Il) ions per EPAO dimer, as expected for a cbpper amine oxidase.
Although the molar extinction coefficient reported by Carter et al. is reasonable and has
been used throughout this work, it was determined by correlating the absorbance at 280
nm with protein concentration estimated from the Bradford assay. It is p ossible for a
more accurate value to be calculated through maghe‘éic circular dichroism [33], which
may result in more accurate cofactor quantification.

Calcium was determined to be present at an stoichiometry of 3 atoms per EPAO
dimer. The inability to remove calcium by dialysis against 2 mM EDTA leads to the
conclusion that the calcium ions are very tightly bound at a high affinity site. The equine
enzyme provided the first indication that calcium likely occupies the second metal
binding site of mammalian copper amine oxidases, and this result was later conﬁrmed by
analysis of thKDAO. Calcium binding in proteins and possible functions are discussed in

detail in the chapter devoted to expression and characterization of thKDAO.
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TPQ quantification by phenylhydrazine titration is consistent with two organic
cofactors per EPAO dimer. Unlike thKDAO, speéiﬁc activity d oes not correlate well

with either copper or TPQ quantification.

Visible absorption, circular dichroism, EPR and resonance Raman

Visible absorption and circular dichroism spectroscopy of purified EPAO are
consistent with copper amine oxidases although, as mentioned above, the features at 592,
550 and 380 nm rema‘in to be assigned. Most likely they indicate the presence of minor
contaminants that are quite difficult to remove during purification. In developing this
pur.iﬁcation protocol several different chromatographic techniques were applied under
several conditions, iﬁcluding alternative anion exchange, cation exchange, hydrophobic
interaction, and concanavalin A chromatographies. None of these decreased thé
intensities o f these anomalous spectral features nor significantly increased the s pecific
activity.

EPR of the native enzyme and resonance Raman of the phenylhydrazine adduct
for the enzyme purified by this protocol are entirely consistent with the characterized
amine oxidases and virtually identical to Carter et al.

Resonance Raman of the native enzyme gives a relatively clean spectrum, unlike
native thKDAO that was highly fluorescent. Thus native EPAO is an attractive target for
the characterization of trapped intermediates or covalently bound inhibitor compounds in
a mammalian CAQO. A recent article provides an example of the use of resonance Raman

on native amine oxidases, in which rates of solvent exchange with the C5 carbonyl and
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the C3 hydrogen of TPQ were measured . The data was then used to infer the orientation

and mobility of the cofactor [244]
Conclusions

Although the primary goal of this particular project, that is to oBtain equine
plasma crystal suitable for the collection of x-ray diffraction data and eventually a solved
molecular structure for a mammalian amine oxidase, has yet to be achieved, considerable
progress has been made. Two enzyme purifications have provided crystals, albeit
unsuitable for structure determination. The fact that EPAO does crystallize encouraging
one, and the crystallographers are optimistic that minor tweaking of the crystallization
conditions may result in suitable crystals. Crystallization trials are an ongoing effort.

A purification protocol has been developed that gives large quantities, up to 100
mg, of highly purified enzyme. Such quantities are very conducive to detailed
spectroscopic and biochemical investigations and provide an additional source of amine
oxidase, a mammalian source, for future study and comparative analysis

An unexplored and attractive alternative source of EPAO would be to attempt
development of a recombinant enzyme ﬁsing the Drosophila S2 cell. Several equine
cDNA libraries have been acquired in an attempt to deduce the amino acid sequence of
this enzyme. Unfortunately, the preliminary selection attempts by PCR usiﬁg degenerate
primers designed from the mammalian amino acid consensus sequeﬁces have failed. A
clone containing the mature coding sequence would be a major advancement and would

allow efforts to produce a recombinant enzyme.
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The purified enzyme has been used in studies which have so far resulted iﬁ two
publications in collaboration with Professor Lawrence Sayre (Case Western Reserve
University, OH) [219,220]. This work into irreversible aﬁine oxidase inhibition and the
logical design of specific inhibitors continues in the Dooley research group under the

capable hands of Eric Shepard, Ph.D. candidate.
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APPENDIX A

AMINO ACID SEQUENCE ALIGNMENT
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A search of databases was conducted using the program TBLASTN v2.2.2 [245].
The databases searched include the National Center for Biotechnology Information
nucleotide database (NCBI, http://ncbi.nlm.nih.gov), the NCBI microbial genomes
databases, The Institute for Genomic Research Microbial Genomes databases (TIGR,
http://tigr.org), the TIGR Unfinished Microﬁial databases, the TIGR Rice Genome
Project database, the TIGR Unique Gene Indexes database, The Genome Database for
Cyanobacteria (Cyanobase, http://www. kazusa.org.jp/cyanobase), The Sanger Center
databases (http//www .sanger.ac.uk), The Genome Database (http://gdb.org), The Fugu
Genomics Project (http://hgmp.mrc.ac.uk), and multiple databases available through the
National Science Foundation Plant Genome Research Program
(http://www .nsf.gov/biol/dbi/pgrsites.html). Input files for database searching were
constructed from amine oxidases amino acid sequence data from both a microbial (.
coli) and a mammalian source (H. sapiens KDAQ).The search of databases has been an
ongoing exercise, and the data herein represent searches up until July, 2002.

The goal of the selection criteria for sequences to include in the lineup was to
represent as many different sequences as available, to avoid duplicates, and to contain the
catalytic Domain IV. Three arbitrary criteria were used: 1) the sequences must contain
the TPQ consensus sequence, 2) the sequence must be at least fifty residues in length, and
3) sequences must differ from another sequence from the same organism in at least three
amino acid positioﬁs. For example, two different sequences for the common pea, Pisum

sativum, are included in this alignment although they are nearly identical, however, the
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sequences are from two different cultivars or strains of pea and differ sufficiently so that
both sequences were included in this lineup.

No attempt has been made to verify the accuracy of the sequences used herein,
and there are certainly sequenciﬁg and analysis errors present. To illustrate, it is
improbable that the carboxyl end of Medicago truncatula, common name barrel medic, is
extended for some 300 residues beyond most copper amine oxidase sequences. Nor is it
likely that Schizosaccharomyces pombg amine oxidase contains an eight residue histidine
“tag” near its C-terminus. F urthermore, H ordeum vulgare 1, A spergillus niger 1, and
Sorghum bicolor sequences actually lack one or more of histidines that ligate copper.

One sequence, from the megaplasmid MP1 of the bacterium Dienococcus
radiodurans, has a confirmed frameshift mutation that results in a prematurely terminated
sequence that would ceftainlyresult in a nonfunctional enzyme if the polypeptide was
expressed.

Presented below is a list of the organisms for which a copper amine oxidase
sequence has b een found, the c ommon name o f the organism w here a vailable, and its
taxonomic lineage. Following this is the complete amino acid sequence alignment. The
sequences were aligned using the CLUSTALW program included in the Vector NTI
software package (Informax, Inc.) [246], and were ordered according to taxonomy.
Multiple amine oxidase sequences from a single organism are distinguished by numbers
(e.g. Arabidopsis thaliana 1, Arabidopsis thaliana 2, etc.). Bach sequence in the
alignment also contains the NCBI Accession Number, TIGR Unique Gene Identifier

(UGI), or the database from which it originated.
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List of Organisms

1) Homo sapiens
Preferred common name: human
Lineage: Eukaryota; Metazoa; Chordata; Craniata; Vertebrata; Euteleostomi;
Mammalia; Eutheria; Primates; Catarrhini; Hominidae; Homo

2) Mus musculus
Preferred common name: house mouse
Lineage: Eukaryota; Metazoa; Chordata; Craniata; Vertebrata, Euteleostomi;
Mammalia; Eutheria; Rodentia; Sciurognathi; Muridae; Murinae; Mus

3) Rattus norvegicus
Preferred common name: Norway rat
Rattus sp. strain Wistar [equivalent name]
Lineage: Eukaryota; Metazoa; Chordata; Craniata; Vertebrata; Euteleostomi,
Mammalia; Eutheria; Rodentia; Sciurognathi; Muridae; Murinae; Rattus

4) Bos taurus
Preferred common name: cow
Lineage: Eukaryota; Metazoa; Chordata; Craniata; Vertebrata; Euteleostomi;
Mammalia; Eutheria; Cetartiodactyla; Ruminantia; Pecora; Bovoidea; Bovidae;
Bovinae; Bos

5) Takifugu rubripes
Other names: Fugu rubripes
Preferred common name: torafugu
Other common name: pufferfish
Lineage: Eukaryota; Metazoa; Chordata; Craniata; Vertebrata; Euteleostoml
Actinopterygii; Neopterygii; Teleostei; Euteleostei; Neoteleostei;
Acanthomorpha; Acanthopterygii; Percomorpha; Tetraodontiformes;
Tetraodontidae; Takifugu

6) Lycopersicon esculentum
Other names: Solanum lycopersicum[synonym]
Preferred common name: tomato
Lineage: Eukaryota; Viridiplantae; Streptophyta; Embryophyta; Tracheophyta;
Spermatophyta; Magnoliophyta; eudicotyledons; core eudicots; Asteridae;
euasterids I; Solanales; Solanaceae; Solanum; Lycopersicon
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7) Solanum tuberosum
Preferred common name: potato
Lineage: Eukaryota; Viridiplantae; Streptophyta; Embryophyta; Tracheophyta;
Spermatophyta; Magnoliophyta; eudicotyledons; core eudicots; Asteridae;
euasterids I; Solanales; Solanaceae; Solanum

8) Arabidopsis thaliana
Preferred common name: thale cress
Lineage: Eukaryota; Viridiplantae; Streptophyta; Embryophyta; Tracheophyta;
Spermatophyta; Magnoliophyta; eudicotyledons; core eudicots; Rosidae; eurosids
II; Brassicales; Brassicaceae; Arabidopsis

9) Cicer arietinum
Preferred common name: chickpea
Other common name: garbanzo
Lineage: Eukaryota; Viridiplantae; Streptophyta; Embryophyta; Tracheophyta;
Spermatophyta; Magnoliophyta; eudicotyledons; core eudicots; Rosidae; eurosids
I; Fabales; Fabaceae; Papilionoideae; Cicereae; Cicer

10) Canavalia lineata
Preferred common name: none (same genus as jack bean)
Eukaryota; Viridiplantae; Streptophyta; Embryophyta; Tracheophyta;
Spermatophyta; Magnoliophyta; eudicotyledons; core eudicots; Rosidae; eurosids
I; Fabales; Fabaceae; Papilionoideae; Phaseoleae; Canavalia

11) Glycine max
Preferred common name: soybean
Lineage: Eukaryota; Viridiplantae; Streptophyta; Embryophyta; Tracheophyta,
Spermatophyta; Magnoliophyta; eudicotyledons; core eudicots; Rosidae; eurosids
I; Fabales; Fabaceae; Papilionoideae; Phaseoleae; Glycine

12) Medicago truncatula
Preferred common name: barrel medic (Medicago sativum common name:
alfalfa)
Lineage: Eukaryota; Viridiplantae; Streptophyta; Embryophyta; Tracheophyta;
Spermatophyta; Magnoliophyta; eudicotyledons; core eudicots; Rosidae; eurosids
I; Fabales; Fabaceae; Papilionoideae; Trifolieae; Medicago
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13) Pisum sativum .
Other names: Pisum abyssinicum[synonym]
Preferred common name: pea
Other common name: garden pea
Lineage: Eukaryota; Viridiplantae; Streptophyta; Embryophyta; Tracheophyta;
Spermatophyta; Magnoliophyta; eudicotyledons; core eudicots; Rosidae; eurosids
I; Fabales; Fabaceae; Papilionoideae; Vicieae; Pisum

14) Lens culinaris
Preferred common name: lentil
Lineage: Eukaryota; Viridiplantae; Streptophyta; Embryophyta; Tracheophyta;
Spermatophyta; Magnoliophyta; eudicotyledons; core eudicots; Rosidae; eurosids
I; Fabales; Fabaceae; Papilionoideae; Vicieae; Lens

15) Oryza sativa
Preferred common name: rice
Lineage: Eukaryota; Viridiplantae; Streptophyta; Embryophyta; Tracheophyta;
Spermatophyta; Magnoliophyta; Liliopsida; Poales; Poaceae; Ehrhartoideae;
Oryzeae; Oryza

14) Triticum aestivum
Other name: Triticum vulgare
Preferred common name: bread wheat
Other common names: common wheat, Canadian hard winter wheat, wheat
Lineage: Eukaryota; Viridiplantae; Streptophyta; Embryophyta; Tracheophyta;
Spermatophyta; Magnoliophyta; Liliopsida; Poales; Poaceae; Pooideae; Triticeae;
Triticum

15) Hordeum vulgare subspecies vulgare
Preferred common name: barley
Lineage: Eukaryota; Viridiplantae; Streptophyta; Embryophyta; Tracheophyta;
Spermatophyta; Magnoliophyta; Liliopsida; Poales; Poaceae; Pooideae; Triticeae;
Hordeum; Hordeum vulgare

16) Zea mays subspecies mays
Preferred common name: maize _
Other common names: corn, Indian com
Lineage: Eukaryota; Viridiplantae; Streptophyta; Embryophyta; Tracheophyta;
Spermatophyta; Magnoliophyta; Liliopsida; Poales; Poaceae; PACC clade;
Panicoideae; Andropogoneae; Zea; Zea mays
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17) Sorghum bicolor
Other name: Sorghum vulgare
Preferred common name: sorghum
Other common names: broomcorn, milo
Lineage: Eukaryota, Viridiplantae; Streptophyta; Embryophyta; Tracheophyta;
Spermatophyta; Magnoliophyta; Liliopsida; Poales; Poaceae; PACC clade;
Panicoideae; Andropogoneae; Sorghum

18) Pichia angusta
Other name: Hansenula polymorpha
Lineage: Eukaryota; Fungi; Ascomycota; Saccharomycotina; Saccharomycetes;
Saccharomycetales; Saccharomycetaceae; Pichia

19) Pichia pastoris
Lineage: Eukaryota; Fungi; Ascomycota; Saccharomycotina; Saccharomycetes;
Saccharomycetales; Saccharomycetaceae; Pichia

20) Candida albicans
Other names: Candida stellatoidea
Lineage: Eukaryota; Fungi; Ascomycota; Saccharomycotina; Saccharomycetes;
Saccharomycetales; mitosporic Saccharomycetales; Candida

21) Schizosaccharomyces pombe
Other name: Schizosaccharomyces malidevorans
Preferred common name: fission yeast
Lineage: Eukaryota; Fungi; Ascomycota; Schizosaccharomycetes;
Schizosaccharomycetales; Schizosaccharomycetaceae; Schizosaccharomyces

22) Aspergillus niger
Lineage: Eukaryota;, Fungi; Ascomycota; Pezizomycotina; Eurotiomycetes;
Eurotiales; Trichocomaceae; mitosporic Trichocomaceae; Aspergillus

23) Aspergillus fumigatus
Lineage: Eukaryota; Fungi; Ascomycota; Pezizomycotina; Eurotiomycetes;
Eurotiales; Trichocomaceae; mitosporic Trichocomaceae; Aspergillus

24) Escherichia coli K12 _
Lineage: Bacteria; Proteobacteria; gamma subdivision; Enterobacteriaceae;

Escherichia; Escherichia coli .
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25) Klebsiella pneumoniae
Other names: Klebsiella pneumoniae, Bacterium pneumoniae crouposae,
Bacterium pneumoniae crouposae, Hyalococcus pneumoniae, Hyalococcus
pneumoniae, Bacillus pneumoniae
Lineage: Bacteria; Proteobacteria;, gamma subdivision; Enterobacteriaceae;
Klebsiella

26) Legionella pneumophila
Lineage: Bacteria; Proteobacteria; gamma subdivision; Legionellaceae group;
Legionellaceae; Legionella

27) Mesorhizobium loti
Other names: Rhizobium loti
Lineage: Bacteria; Proteobacteria; alpha subdivision; Rhizobiaceae group;
Phyllobacteriaceae; Mesorhizobium

28) Arthrobacter globiformis

Other names: Achromobacter globiforme, Bacterium globiforme, Mycobacterium
globiforme, Corynebacterium globiforme, Bacterium globiforme, Achromobacter

globiformis, Mycobacterium globiforme, Corynebacterium globiforme
Lineage: Bacteria; Firmicutes; Actinobacteria; Actinobacteridae;
Actinomycetales; Micrococcineae; Micrococcaceae; Arthrobacter

29) Arthrobacter sp. P1
Other names: Arthrobacter sp. (strain P1), Arthrobacter P1
Lineage: Bacteria; Firmicutes; Actinobacteria; Actinobacteridae;
Actinomycetales; Micrococcineae; Micrococcaceae; Arthrobacter

30) Deinococcus radiodurans
Other names: Micrococcus radiodurans, Deinococcus radiidurans
Lineage: Bacteria, Thermus/Deinococcus group; Deinococci; Deinococcales;
Deinococcaceae; Deinococcus

31) Mycobacterium smegmaltis
Other names: Bacillus smegmatis, Bacterium smegmatis, Mycobacterium
paratuberculosis smegmatis,
Lineage: Bacteria; Firmicutes; Actinobacteria; Actinobacteridae;
Actinomycetales; Corynebacterineae; Mycobacteriaceae; Mycobacterium

32) Anabaena sp.
Lineage: Bacteria; Cyanobacteria; Nostocales; Nostocaceae
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33) Nostoc punctiforme :
Lineage: Bacteria; Cyanobacteria; Nostocales; Nostocaceae; Nostoc

34) Sulfolobus solfataricus :
Lineage: Archaea; Crenarchaeota; Thermoprotei; Sulfolobales; Sulfolobaceae;
Sulfolobus
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Amino Acid Sequence Alignment

Key:

@ Completely conserved consensus residue

E Consensus residue from similar residues at a given position

Y Consensus residue ﬁoﬁ the occurrence of greater than 50% of a single residue at
a given position :

Y Residue weakly similar to consensus residue

H Tyrosine that forms a hydrogen bond to the C4 carbonyl of TPQ
¢ “Gate” residue, proposed to limit access to active site
g Catalytic base

Q Tyrosinyl residue that is post-translationally modified to TPQ

A Copper-coordinating histidinyl residue
o Second metal binding site, carboxylate ligand donor
o Second metal binding site, backbone carbonyl 1igand donor

() The three residues suggested to define a hydrbpho'bic, “pre-binding” site for

dioxygen [20].

2° structure  Secondary structure of pea seedling amine oxidase: alpha helices
represented by o, B-sheet by B, Domain II in light blue, Domain III in blue,
Domain IV in purple. The numbering of secondary structure elements are also
given [12].
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AQDHPNVTEFAVGP LPRPCYVQALSPR -PGH-HLSWSSRPISTAEYDLLYHMLNRAITPLHQFFLDTTGFS FLGCDDRF
GQPKPNVSELWGP LPHPSYMRDVTVERHGG -PLPYYRRPVLDREYQDIEEMIFHRELPQAS GLLHHCCFYKH - -QGQN
AQDYPNVTEFAVGP LPRPYYIRALSPR -PGH-HLSWSSRPISTAEYDLLYHTLKRATMPLHQFFLDTTGFS FLGCDDRC

GQPQPNVTELWGP LPQPSYMRDVTVERHGG - PLPYYRRPVLLREYLDIDQMIFNRELPQAA GVLHHCCSYKQ - - GGGN
GQPQPNVTELWGPLPQPSYMRDVTVERHGG -PLPYYRRPVLLREYLDIDQMIFNRELPQAA GVLHHCCSYKQ--GGQK
GQPQPNVTELWGP LPQPSYMRDVTVERHGG -PLPYYRHTVLLREYLDIDQMIFNRELPQAA GVLHHCCSYKQ - - GGGN

QLVYLTIMILLRKE LLLLITKFGSHLIMNLS -NGLLACLFIKVKVMILLLFGLDRDRAIENK DI VLWYTLG FHHIPCQE
IARDHGKTREIWD FASQAIVS --EKIHVGN -GYPMLTIDEQQATSELVLKFKPFRDSIRRR G LNVSEVWTTSTM
WRAGGQTYELIID LITSKIAS--SRIYTGH-GFPSFTFIELFKASKLPLTYPPFKKSILDR S LNISEVSCIPFTV
VAYWGGQTHEITVD LDSGRWS - -DVINRTS -GYP ILTLNDVFAASQVPLKSLEFNRSI EAR G VKFSDLACITPFA
SVWIVALSEVHAVTRGGHHRGRWSSQVIPD - VQPPMDAAEYAECEAIVKDFPPFIEAMKRR G-IEDMDLVMVDPWCVG
LAMSNGESHVLTVDLKSGRWS - -DLVNPTF -GYPILTMKDIIAVSQVPYKSVEFNRSIEAR G IPFSGLICITPFA
VAYWGGQTHEITVD LDSGRWS - -DVINRTS -GYPI LTLNDVFAASQVPLKSLEFNRSI EAR G VKFSDLACITPFA
VAIINSQNHEIVIDLRLKTIVS - -DNIHKGY -G FPILSADEQGVAIfCLPLKYPPFIASVNKR G LNLSEIVCSTFSM
I ARVNRVAYVLTVDLSTGEVTGGERDLGSVS -GYPTMTLEEMVGVLEVPLKSPEFNKTISKR G VNLADLTCIPVAS
STWIVELREVHATTRGGHHRGKVISSTWPD -VQPPMDAVEYAECEAWKDFPPFREAN EGRGGIEEMDLVMVDPWCAG

IHSADGTPSLLKNA ICVFEQYGNIMWRHTET -GIPNEFVEESRTEVNLIVRTWTVGNYDNVLDWEFKASGSIKPAIAL
VAIINSQTHEILINLRIRSIVS - -DNIHNGY-GFPILSVDEQSLAIKLPLKYPPFIDSVKKR G LNLSEIVCSSFTM
VAIINSQTHEILIDLRIRSIVS--DNIHNGY-GFPILSVDEQSLAIELPLKYPPFIDSVKKR G ---LNLSEIVCSSFTM
VAIINSQTHEILID LTIKSIVS - -DNIHNGY -GFPVLSAAEQFLAIDLPLKYPPFIASVNKR G LNISEIVCSSFTM
VAIINSQTHEILIDLTIKSIVS--DNIHNGY-GFPVLSAAEQFLAIDLPLKYPPFIASVNKR G LNISEIVCSSFTM

VLXKRGXVIDTXAPRVDAFEKSGPPXAAGFG - TRPAMDAMEYAECEATVKNYPAFVEAMKKR G-VDDMELVMVDAWCAG
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mays
bicolor
angusta
pastoris
albicans|
albicans 2
pombe |
pombe 2
niger |
niger 2
fumigatus |
fumigatus 2
coli
aerogenes
pneumoniae
pneumophila
loti
globiformis |

globiformis 2

strain Pl

radiodurans
smegmatis |
smegmatis 2

nabaena PCC7120

punctiforme
SO lIfataricus

VILEAGKPGVKEGL VDLAS -LSV IETRALET -VQPILTVEDLCSTEEVIRNDPAVIEQCVLS GIPANEMHKVYCDPWTI
EGEEGYFEELKVGPLPVSDETTIEPLSFYNTNGK SKLPFEVGHLDRIKSAAKSSFLNKNLNTTIMRDVLEG LI GVPYED
VWADGDSGVHEGF VDIGA-QELIEIKHTEG-VQPILTPHDLQVTEEIIRNDPEVQRQCELS GVPPNSMHQI YCDAWTI
LYYYTNTMEFNKALVNVTIGHII TKTQLPKG - VIGPLLPDDMMEWEEYCNNHPAVKAEI AKLKLP - - SGYSVRNDPWIY
VLLEKGVPGILEARVNLTK-AEVIQIEHITG -VCPILTADMLVNTEQIVRKDPAVIEQCILS GVPPDQMDHVYCDPWTI
IVLEKEVPGVFEGI VNLTT-GKIEKWEHSVD -TCPIITADLLAITDEIVRNDANVIEQCKIC GVPESGLSNVYCDPWTI
VIGNDRIPSFEESVVDVGTRQRVQHRWGKE -HHASLTLSEFDTLVERCFASPLFQKALADF DLP--EGFEW IEP--Y
VIGNDRIPSFEESVVDVGTRQRVQHRWGKE -HHASLTLSEFDTLVERCFASPLFQKALADF DLP--EGFEWIEPWPY
SWKDVKN-VMPTLTLDDLNIIEHIASKDSRIIEACREI GIT- - DMSRVYYDAWAI

DVIMLDGKH11EAV VDLQN - NKLLSWQPIK D - AHGMVLLDDFASVQN11NNSEEFAAAVKKR G--ITDAKKVITTPLTV
DWMLDGKHVIEAYV VDLON - KKILSWTPIKG - AHGMVLLDDFVSVQNI | NTSSEFAEVLKKH G--ITD PGKWTTPLTV
---------------- VTTPLTVGFFD-GKDGLQQDARL-LKWSYLDTRRRQLLAHPIENLVAWDLEAK --K U KIEEVTTPLTV
SA
NLFRIDRDGVWRLVVSLDENKVEKSE YLAS - - AKPMIQLEQFTAIEDAVRDAPDFIAACSRR GIND--MSQVCIDPWSA
WDAAQSRSLDVRLSLATGLWDRRELNPEAD -GQLPVLLEEFGIIEDILSEDPQWNAALTAR GLT---PAQVRVAPLSA
HDVSGARPQEVTVS VTNGTVISAVELDTAAT -GELPVLEEEFEWEQLLATDERWLKALAAR NLD- - -VSKVRVAPLSA
VLVDRAQARSFEAVVDLEAGTVDSWKLLAEN - IQPPFMLDEFAECEDACRKDPEVIAALAKR GLTN--LDLVCFEPWSV

PWPA

-------------------------- EGIVDLKTQKIASWQEKPH - VQPAIFNSEYELARNWKSDSRWQEAMKKR GITDFDQVQVSCWAAGI

VKYYNFQDRKVYEAIISLDNNWKEIRSIDA -AYPPITLDEFGECEKAVRNDKRVQEALTKR GILINDLNLLMVDCWAP

Consensus L P G \Y

PPPPPP  PPPPPPPP
pA2 PA3

2° structure PPPP--PPP adaaaaaaccacxaa aaaaaaaaa

PA4 h4 h5 h6

aa PPPPPP
PBI
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sapiens DAO
sapiens SSAO
sapiens SSAOb
sapiens SSAOa
musculus DAO
musculus SSAO
norvegicus
taurus DAO
taurus aorta
taurus BPAO
taurus lung
rubripes |
rubripes 2
esculentum
tuberosum
thaliana
thaliana
thaliana
thaliana
thaliana
thaliana
arietinum
lineata
max
truncatula |
truncatula 2
sativum |
sativum 2
culinaris |
culinaris 2
sativa
aestivum
vulgare |1
vulgare 2

o g b w N -

288 300 320
LAFTDVAPRGVASGQRRSWLIIQ --RYVEG-
LVTMTTAPRGLQSGDRATWFGLY - -YNISGA
LAAVHATPRGLRSRERTTWMALY - -HNISGV
LAAVHATPRGLRSRERTTWIGLY - -HNISGV
LTFTDVAPRGVESGQRRSWLIVQ - -RYVEG-
LLTMTTAPRGLQSGDRATWFGLY - -YNLSGA
LTFTDVAPRGVASGQRRSWFIVQ - -RYVEG-

LVTMTTAPRGLQSGDRATWEFGLY - -YNISGA
LLTMNSAPRGVQSGDRSTWFGIY - -YNITKG
LVTMTTAPPGLQSGDRATWFGLY - -YNISKA

GWFGEAKPER----------- L1 KKRPFEY - -LNGSV N --mmmmmmmmmmeeeeeee
GWYGETTTRR----------- ELKASCFY - -RDGSV N --mmmmmmmmmemmeeee
GWFGSEEEGR------- RVIRVQCFT--LQGTTN--
YHSEADAPSRRLAKPLIYCRTDS - -DSPMEN ----m-meemmmmemeee -
GWYGPDEEGR------- RVIKIQCFS - - KQDTVN---mmmeemmmmeemmmm v
GWFGSEEEGR--------- RVIRVQCFT - -LQGTTN e —mmmeeev
GWFGEEKNSR----------- TVRVDCFM - - KENTVN=mn-mmmmmmmmmnmmmeean
GWYGTQVEEEN - - GRLIKVQCYS - - HKGTVN---mmnmmmmmm oo
YHSEADAPSRRLAKPLIFCRTES - -DCPMEN -------m-mmmmemmmemeeee-

GWFGEEKNVR---------- TVRLDCFM - - KESTV N --mmmmmmmmmmcmecmeeeeee
GWFGEEKNVR---------- TVRLDCFM - - KESTV N -mmmmmmmmmmmmmcom e
GWFGEEKNSR---------- TVRVDCFM - - KESTV N--mmmmmmmmmemeeeee
GWFGEEKNSR---------- TVRVDCFM - - KESTV N-mmmmmmmemmmmemeeeeee

340 360 366
-YFLHPTGLELLVDHG-- STDAGHWAVEQVWYNGKF
GFFLHHVGLELLVNHK--ALDPARWTIQKVFYQGRY
GLFLHPVGLELLLDHR--ALDPAHWTVQQVFYLGHY
GLFLHPVGLELLLDHR--ALDPAHWTVQQVFYLGHY
- YFLHPTGLEILVDHS- - STDVQDWRVEQLWYNGKF
GFYPHPIGLELLIDHK--ALDPALWTI QKVFYQGRY
- YFLHPTGLEILLDHG-- STDVQDWRVEQLWYNGKF

GYYLHPVGLELLVDHK--ALDPAQWTIQKVFFQGRY
GPYLHPVGLELLVDHK--ALDPADWTVQKVFFQGRY
GYYLHPVGLELLVDHK--ALDPAQWTIQKVFFQGRY




Z. mays

S. bicolor
P. angusta
P. pastoris
C. albicans |
C. albicans 2
S. pombe |
S. pombe 2
A. niger |
A. niger 2
A. fumigatus |
A. fumigatus 2
E. coli

K. aerogenes
K. pneumoniae
L. pneumophila
M. lo ti

A. globiformis
A. globiformis
A. strain Pl
D. radiodurans
M. smegmatis |
M. smegmatis 2
A
N
S

nabaena PCC7120

. punctiforme
Consensus

2° structure

solfataricus

288 300 320 340 360 366

GYDERWGTGKRLQQALVYYRS DEDD SQYSHPLDFCPIVDTE--EKKVIFIDIPNRR -------- R
MGCHSAAPQLHDPATGATVDYGT -CNINTEND ---------m-memmmeee- AENLVPTGFFFKFDMTG--RDVSQWKMLEYIYNNKV
GYDERWGASRRLQQALMYWRS-—ememmeev (DY={0) » P SQYSHPLDFCPIVDMN--AKKW FIDIPQRR s R
ATDDANETRPLIQFYMYVLAG - V[T 1 — NHYSLPLKFSPVFECF- -TKKFIRIDY LPG ---rnemv G
GYDERYGNTRRMQQAMMYYRS NEDD SQYSHPLDFCPIIDTE--DQKWAIDIPPVR -------- R
GYDERYGSGRRLQQALMYYKP GDSG HLRSIPLDFCP11DVD--QKKVIAIDIPKVR -------- R
GGLDYVEEKRRYFQGLCFATDKR - - KNNPDA--------emmmmmmmemmemee e NFYSYPLPLIPVMDGA- - YPGDHSGRPSRHRCKGEG
GGLDYVEEKRRYFQGLCFATDKR - - KNNPDA---------mmmmmmmemmemee e NFYSYPLPLIPVMDAL--TQE11RVDRPATGGKGEG
GIDERWGFERRLQQALPYYRS SQHD NQYAHPLDFTWADTE--TQEILSVDVRRVNG - - ER
GYFDGKDGLKQDARLLKVISY - L - - DVGDGN--------=nmmmmmmmememee YWAHP IE NLVAWDLE - - QKKIVKIEEGPWPVPMT
GFFDGKDGLQQDARLLKVVSY - L - - DTGDGN--------mnmmmmmmmmememee YWAHP IENLVAWDLE - - AKKII KIEEGPVIPVPME
GFFDGKDGLQQDARLLKVVSY -L--DTRRRQ---------mmmmmmmmmeeeem LLAHPI ENLVAWDLE - - AKKII KIEEGPVIPVPME
GYFDEEEEREQ - - RIVKGISFYR - - DNLKDN-------=-nmmmmmoemeeeem GYARPIEGWAIVDLG- -NEKVLRVIDDGRNYV --------
GNFGVPDEEGR--YIAHVFAWLR - - LRENEN----------mmemm e FYAHP I GGLNAIVDIR --TNRVLRVDDHEIIP ---------
GVFEYGNEEGK - - RLLRGLGFRQ - - DHPADH-------=----mm e PWAHP | DGLVAFVDVE--NRRVNHLI DDGPVP--------
GVFEYAEERGR - - RI LRGLAFVQ - - DFPED S-----------mmmmm e AWAHPVDGLVAYVDW--SKEVTRVIDTGVFP -~
GYFGEDNEGRR----- LMRALVFVR - - DEADDS----------mmmmmmmmm e PYAHPIENFIVFYDLN--AGKVVRLEDDQAIP---------
GYYGAQDHYDNSPLVCRPLTFVR - -AAPSEN GYARPVEGLIVTFDLD- - KMEVLDI EDHGVVP- -

YK--STAGAN PYAHPVSGLHCVIDLN--AMEVLRVEDDGTNE- -
LSQEEAATGGRLCRTLLFYRG------------ ERWN YYGSPIEGVIATVDLN- - KGTVTNFIDQGIVPIS
--------------------- RLCRSLSYYQG-------------QNWN YYGSPIEGWATVNLN--TGKIVSFIDKGNVPFS
GHVDEELRGRR------- VAIGYMWVKKDIEDNG - YGRPVHGLMPWVDLD- - KMEVIRIDDHG ----------

Y I GL WDL \"A| D
PPPPPPPP exact PPPPPP PPPPPPP

(IR h7 pB3 PB4
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sapiens
sapiens
sapiens
sapiens
musculus DAO

DAO
SSAO

musculus SSAO

norvegicus
taurus DAO
taurus aorta
taurus BPAO
taurus lung
rubripes |
rubripes 2
esculentum
tuberosum

thaliana |
thaliana 2
thaliana 3
thaliana 4
thaliana 5
thaliana 6
arietinum
lineata
max

truncatula |
truncatula 2
sativum |
sativum 2
culinaris |1
culinaris 2
sativa
aestivum
vulgare |
vulgare 2

SSAObDb
SSAOa

367 380 400 420 440 445
YGSPEELARKYADGEVDVWLEDPLPGGKGHDSTEEPPLFSSHK PRGDFPSPIHVSGPR LVQPHGPRFRLEG- -NAVLY

YDSLAQLEAQ FEAGLVNW LIP ----mmmmmeememe DNGTGGSWSLKSPV PPG ------mmmmmmm- PAPPLQFYPQGPRFSVQG-- SRVAS
YADLGQLEREFKSGRLEWRVP----m-mmmemmee LPPPNGASSLRSRN SPG ------m-mmmmmm- PLPPLQFSPQGSQYSVQG--NLWS
YADLGQLERE FKSGRLEWRVP ------mmmemeee LPPPNGASSLRSRN SPG ------m-mmmmmm- PLPPLQFSPQGSQYSVQG--NLWS
YNSPEELAQKYAVGEVEAWLEEWLEDPLPGATEQPPLFSSYK PRGEFHTPVTVAGPHWQPSGPRYKLEG- - NVVLY
YESLTQLEDQ FEAGLVNWLVP----mmnmmmmemeee NNGTGGSWSLKSSV PPG ------mmmmmmm- PAPPLQFHPQGPRFSVQG-- SQVSS
YNNPEELARKYAVGEVDT---------- WLEDPLPNGTEKPPLFSSYK PRGEFHTPVNVAGPH VVQPSGPRYKLEG--NTVLY

YESLAQLEEQFEAGRVNVWIP =
YENLAQLEEQFEAGQVNVWIPm
YESLVQLEEQFEAGRVNVWIP-

MINGTGGSWSLKSQV PPG-
BDDGTGGFWSLKSQV PPG-
MINGTGGSWSLKSQV PPG-

W TPPLQFHPQGTRFSVQG-- SRVTS
*PTPPLQFHPQGPRFSVQG--NRVAS
*PTPPLQFHPQGTRFSVQG--SRVTS
QLFHPEGKRYSISD--NHVLY
KIVEPQGPRYRTDQ--NFVEY
----------- IEQPNGPSFTIENN-HLVKW

IP IPKAANTDYRYSRIKK- NKQKINLLKPIS-

SPLPNAKGTE FRISKLK

PPFGPSLQNAYV - BLFQSEGPGFKIDG--HTNRW
KPLPEKEGND FRKKHKP FPFSCNV S----mm- p) p— GFKILG--NRVKW

IPIPKASGTEYRFGVQNK PVHMDRINPIS- ®mV EQPDGPSFRVEDG-HLVKW
........................................................... E-------------oeee-----SRGGVDRSDVK PLQ - IIQPEGPSFRVRGY--FVEW
VPVPKSTGTE YRYGFLNE TVYMDRVN PMS - mVEQPDGPSFQVEDG-YLVKW
IPIPKASGTEYRFGVQNK PVHMDRINPIS- *MEQPDGPSFRVEDG-HLVKW

EAVPTAEKTDYRFSHQN PPFGPKLNSLV- BSHQPQGSGAHING--YSVSW
IPVSSGINTDYRYSI QKL NGELSLFNPIS- LEQPKGPSFTVDG--HLVKW
---------------- LPPADPLRNYTSGE----------eeeee—-- TQGGVDRSDVK PLQ - IIQPEGPSFRVNGH--FIEW

TTETQIAKTESDRCXSSAYCX SIVLLVINLKVLAFRSMV - TSVSW

EAVPTAENTEYQVSKQS-~—-  ——PPFGPKQH SLT ---rmorormormemommemoeeens SHQPQGPGFQING--HSVSW
EAVPTAENTEYQVSKQS--——- e PPFGPKQHSL T ---mrrmmmemmmmmemmmoeaes SHQPQGPGFQI EG --HSVSW
EAVPTAENTEYQVSKQS-------- --SHQPQGPGFQING--TSVSW
EAVPTAENTEYQVSKQS-——- e PPFGPKQHSL T -mmmmmmmmm oo oooee SHQPQGPGFQING--TSVSW
mLPPPDHSRNYTPGE-----------oe---TRGGVDRSDLKPLI - o INQPEGPSFRINGY--FVEW
BLPTPDHLRNYTPGE INQPEGPSFRINGY -- FVEW



mays
bicolor
angusta
pastoris
albicans |
albicans 2
pombe |
pombe 2
niger |
niger 2
fumigatus |

. coli

. aerogenes
pneumoniae

. pneumophila

. loti

. globiformis
globiformis
strain Pl

. radiodurans

. smegmatis |

. Smegmatis 2

Z.
S.
P.
P.
C.
C.
S.
S.
A.
A.
A.
A.
E
K
K.
L
M
A
A.
A.
D
M
M
A
N. punctiforme
S

Consensus

2° structure

fumigatus 2

nabaena PCC7120

solfataricus

367 380

KVSKHKHANFYPKHMIEKVG

400

PLSKHKHSNFNKKDIEAELG
P1 PQDVNSDNNLKKLEQEME

LTEQTFKRDI IGHCKDSDYVPE
LTEQTFKRDI IGHCKDSDYVPE

TPVPLDEHNYLPQFIKDQYR

ARPFDGRDRVAP

PRPYDGRDRNAP

AVKPLE

PRPYDGRDRNAP
PIPK EKINYDSDSYP

RNRWRP
EKRKDLKPLD

IPMK-—-—EANYEAEFI KE

VPEV-—-—NGNYTDPAIRG

PRQPYKPLN
ELRTDLLPIE

VPAE-—HGNYTDPELTG

PLRTTQKPIS

VPSA-—-—-RGNYLPKYVG

LPPK----- AGNYTEQFMFDADNR
RPDV ----- MGEYVPRHIPERIRA

EARTDLKPLN

PAFTEFRQDVKKIE

ASTREPLK PLE

K -E ------- NWNYDLQSLGKLLS PPKLLQ

K -E ------- NWNYDLKSLGKLLS APKALK

TSPLPLQDANYTPEKLG KIFGDDLKPIE
Y PL

P

AMRPEAPPIN
YTSAEELYEA MQKDDFVTLPKIDVDNLDWTVIQRNDSAPIRHLDDRK
KVSKHKHSNF HPKHVADKY GSK
FDHKTVPTGP WQEVPCVQYHPD

AVKPMQ

420

440 445

------------------------- VTQPEGVSFKMTGN--VMEW

------------------ SPRLVEPEGRRWAYDGEEEYFSW

-PP
pPX

ITQPEGVSFKLDNH--VMSW
I SQPEGPS FQIIDG-NKVLW

------------------------- VTQPEGVNFRMKGR--YIEW

ITQPEGVNFRIKGR--YIEW

------------------------- WQPEGPSFRITEE-SLVEW
------------------------- WQPEGPSFRITEE-SLVEW

ITQPEGVSFKMNGN--EIEW

I lEPEGKNYTITG--DMIHW
ITEPEGKNYTITG--DTIHW
NRKAKTTPLPAIP--FTGRT
I IQAEGPS FKVNG-- WEVNW
I AQPEGVS FNLDG-- HQLSW
IMQPEGPSFTLEG-- NHLSW
ITQPEGPSFTVTGG-NHIEW
ITQPEGASFTVTG--NHVTW

ITQPDGPSFTVDG-- WNVTW
ITQPHGPSFTLDG-- NLLQW
ILQPKGKSFQIQGN--EVTW
LLQPNGKSFQIKDN--EISW
IRQPLSSSIKING--WEISW
QP G F

1 G VW

PPP PPPP
Pci

(3C2
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446 460 480 500 520 524

sapiens DAO GGWSFAFRLRSSS-GLQVLNVHFGGER------------- IAYEVSVQEAVALYGGHTPAGMQTKYLDVGWGLGS-VTHELAPG--
sapiens SSAO SLWTFSFGLGAFS-GPRI FDVRFQGER------------- LVYEISLQEALAIYGGNSPAAMTTRYVDGGFGMGK-YTTPLTRG--
sapiens SSAOb SLWSFTFGHGVFS-GLRIFDVRFQGER------------ IAYEVSVQECVSIYGADSPKTMLTRYLDSSFGLGR-NSRGLVRG--
sapiens SSAOa SLWSFTFGHGVFS-GLRIFDVRFQGER----------- IAYEVSVQECVSIYGADSPKTMLTRYLDSSFGLGR-NSRGLVRG--
musculus DAO GDWSFSYRLRSSS-GLQIFNVLFGGER--- -VAYEVSVQEAVALYGGHTPAGMQTKYIDVGWGLGS-VTHELAPG--
musculus SSAO SLWAFSFGLGAFS-GPRIFDIRFQGER - VAYEISVQEAIALYGGNSPASMSTCYVDGSFGIGK-YSTPLIRG--
norvegicus GGWSFSYRLRSSS-GLQI FNVLFGGER------------- VAYEVSVQEAVALYGGHTPAGMQTKYIDVGWGLGS-VTHELAPG- -
taurus DAO PAGMQTKYMDVGWGLGS-VTYELAPG--
taurus aorta SLWTFSFGLGAFS -GPRIFDI RFQGER------------- LAYEISLQEAVAIYGGNTPAAMLTRYMDGCFGMGK-FATPLTRG--
taurus BPAO SLWTFSFGLGAFS-GPRVFDVRFQGER------------- LAYEISLQEAGAVYGGNTPAAMLTRYMDSGFGMGY-FATPLIRG --
taurus lung SLWTFSFGLGAFS- GPRI FDI RFQGER------------- LAYEISLQEAVAIYGGNTPAAMLTRYMDACFGMGK-FATPLTRG--
rubripes | MDWSFAFGLSSLT-GMRVFDVRFKDER ILYELSVQEAMSVYGSVTPGMGLTKFFDTSIGIGR-FAHQLVRG--
rubripes 2 AGWSFAYRVRSLS-GIQVFDLRYNGER IAYEISLQEAIAIYAGDTPAAMQTKYIDSGWAMGV-STHELAPG--
esculentum ANWEFHLKPDPRA-GVIISRVMFEDPDTGKMRNVMYKGFTSELFVPYMDPSDAWYFKTYMDAGEYGFGLQAMPLDPLN-
tuberosum AYIDGSR-GRRPVAHRLSFIEMWPYGDPNEPHYRKNAFDAGEDGLGKNAHSLKKG--
thaliana ANWEFHMSFDVRA-GLVISLASIFDMDVNKYRQVLYKGHLSEIFVPYMDPSEDWYFRTFFDCGEFGCGQYAVSLEPYT-

|

thaliana 2 ANWKFHVGFTARA-GVTISTASVLDPRTKRFRRVMYRGHVSETFVPYMDPTYEWYYRTFMDIGEFGFGRSAVNLQPLI-
thaliana 3 ANWVFHVKADQRA-GMIISQATVRDSETGEPRSVMYKGFPSELFVPYMDPEEGWYYKGYMDAGELGLGPTAMPLVPLN-
thaliana 4 QKWNFRIGFTPRE-GLVIHSVAYVDGSR-GRRPVAHRLSFVEMWPYGDPNEPHYRKNAFDAGEDGLGKNAHSLKKG--
thaliana 5 ANWKFHIKPDQRA-GMIISQATVRDSKTGEARSVMYKGFASELFVPNMDPGEGWYSKAYMDAGEFGLGPSSMPLVPLN-
thaliana 6 ANWVFHVKADQRA-GMIISQATVRDSETGEPRSVMYKGFPSELFVPYMDPEEGWYYKGYMDAGELGLGPTAMPLVPLN-
arietinum ANWRFHIGFDARA-GIVISLASIYDLEKHKSRRVLYKGYISELFVPYQDPTEEFYFKTFFDSGEFGFGLSTVSLIPNR-
lineata ANWEFHVKPDPRA-GTIISQVKVRDPDTSKLRNVMYKGFTSELFVPYMDPTEGWYFKTYMDAGEYGFGLQAMPLDPLN-
max QKWNFRIGFTPRE-GLVIHSVAYIDGSR-GRRPVAHRLSFVEMVVPYGDPNDPHYRKNAFDAGEDGLGKNSHSLKKG--
truncatula | F11YSVAYVDGSR-GRRPVAHRLSFVEMVVPYGDPTEPHYRKNAFDAGEDGLGKNAHSLKKG--
truncatula 2 ANWKFHIGFDVRA-GIVISLASIYDLEKHKSRRVLYKGYISELFVPYQDPTEEFYFKTFFDSGEFGFGLSTVSLIPN --
sativum | ANWKFHIGFDVRA-GIVISLASIYDLEKHKSRRVLYKGYISELFVPYQDPTEEFYFKTFFDSGEFGFGLSTVSLIPNR-
sativum 2 ANWKFHIGFDVRA-GIVISLASIYDLEKHKSRRVLYKGYTSELFVPYQDPTEEFYFKTFFDSGEFGFGLSTVSLIPNR-
culinaris |1 ANWKFHIGFDVRA-GIVISLASIYDLEKHKSRRVLYKGYISELFVPYQDPTEEFYFKTFFDSGEFGFGLSTVSLIPNR-
culinaris 2 ANWKFHIGFDVRA-GIVISLASIYDLEKHKSRRVLYKGYISELFVPYQDPTEEFYFKTFFDSGEFGFGLSTVSLIPNR-
sativa QKWNFRIGFTPKE-GLVIYSVAYADGSR-GRRPIAHRLSFVEMVVPYGDPNEPHYRKNAFDAGEDGLGKNAHSLKRG- -
aestivum

vulgare | QKWNFRIGSTPKE-GLVIYSVAYVDGSR-GRRPIAHRLTFVEMVVPYGDPSEPHYRKNAFDAGEDGLGKNAHSLKKG--

vulgare 2 G__
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mays
bicolor
angusta
pastoris
albicans |
albicans 2
pombe |
pombe 2
niger |
niger 2
fumigatus |
fumigatus 2
coli
aerogenes
pneumoniae
pneumophila
loti
globiformis |

globiformis 2

strain Pl

radiodurans
smegm atis |
smegmatis 2

nabaena PCC7120

punctiforme
solfataricus

Consensus
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AYVDGSR - GRRPIAHRLS FVEMWPYGDPSEPHYR KNAFDAGEDGLGKNAHS LKKG- -

SNFKFHIGFNYRE-GIVLSDVSYNDHG--NVRPIFHRISLSEMIVPYGSPEFPHQRKHALDIGEYGAGYMTNPLSLG--

MDWGFYTSWSRDT-GISFYDITFKGER ------------- IVYELSLQELIAEYGSDD-PFNQHTFYSDISYGVG-NRFSLVPG--
SNFNFHIGFNYRE-GIVLSDITYNDHG--NVRPLFHRISLCEMVVPYGAPDFPHQRKHALDIGEYGAGNMTNPLALG--
QGWEFRVSPNS RE- GFAIYDCWFKGRQ------------ TFYRISLS EMTVPYGDPRAPYHRKQAFDLGDCGFGVNGNKLALG- -

QNFRMHIGFNYRE-GIVLSDISYNDNG--H IRPLFYRMSIAEMWPYGNPEHPHQRKHAFDLGEYGAGYLTNPLALG--
QNFCFHIGFNYRE-G IVLSDWFNEDG--HLRPLFYRISLTEMAVPFGAKGHSHHRKHAYDLGEYGVGYRTNPLSFT--

QKWRFRVAFNPRRGCYHSQTSWYDGRS------------- VLYRLSVSEMTVPYADPRPPFHRKQAFDFGDGGGGNMANNLSIG--
QKWRFRVAFNPRE-GATIHDVWYDGRS------------- VLYRLSVSEMTVPYADPRPPFHRKQAFDFGDGGGGNMANNLSIG- -
AGLKMHIGFNYRE-GIVLSNVRIDDPYENRERKLFHRVSWEMVVPYGCPKPPHHKKHAFDVGEYGSGSMTNSLKLG--
----------------------- RE-GLTLHDI TYDGRS-------------VFYRLSLSEMFVPYGDSRAPYPRKAAFDLGSNLAGVNSNNLKLGRH

RNWDFHLSMNSRV-GPMISTVTYNDNGT-- KRKVMYEGSLGGMIVPYGDPDIGWYFKAYLDSGDYGMGTLTSPIARG--
QONWDFHLRLNSRV-GPILSTVTYNDNGT-- KRQVMYEGSLGGMIVPYGDPDVGWYFKAYLDSGDYGMGTLTSPIVRG --
---------------- ARCMKVPG RDDRPYGDP DVGWYFKAYLDSGDYGMGTLTSPIVRG--
QNWSFHVGFTPRE-GLVLHQIKYLDEGK--ERPIIYRASVTDMIVPYADPSVSHYWKSAFDAGEYGLGKLANELKLG--
————————————— RPWYRASLVEMVVPYGTPDRGHFRKNVFDIGEYGIGKLANSLKLG--
AGWDLRVGFDARE-GLVLHQLHHSHKGR--RRPVIHRASISEMVVPYGDPSPYRSWQNYFDSGEYLVGRDANSLRLG--
EKWSLDVGFDVRE-GWLHNIAFRDGDR--LRPIINRASIAEMVVPYGDPSPIRSWQNYFDTGEYLVGQYANSLELG--
ADWSFRVGFTPRE-GLVLHQLKFKDQGV--DRPVINRASLSEMVVPYGDTAPVQAKKNAFDSGEYNIGNMANSLTLG--

GIFICATRASGQS-SQRLTTITAQN

DKWAFRVGFNARE-GLTLHDISYDG

QKWSLRVGFNARE-GLTLHEITYNDRGT--VRPIMYRAALSEMVVPYGDSSPTHWNKNVFDMGEVGMGFSANPLTLG--
QNWSLRIGFNHRE-GMTLHTVRYRDGAV--NRSVAHRLSFAEMVVPYRDPSVDHYRRTAFDIGEWGLGFMTTSLDLG--
QGWKFRYVMHPRD-GLVLYQVNYKDGGN--VRPVLYRASLSEMVVPYGDPDPTWSFRNAFDVGEYNLGLLASTMELG--
QGWKFRYLMHPRS-GLALYQVTYDDGKN-- IRPVLYRASISEMVVPYGDPDPTWSFRNAFDVGEYNLGLLANTMELG--
YRWRLRIGYTPRE- GLVIYDVRYIDENN-RERMILYRASWDLMVPYGDPSPFHNKKMVLDAGDYGLGNFIVPLSHGNY

W F
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sapiens DAO

sapiens SssAo
sapiens ssAOb
sapiens SSAOa
musculus bao
musculus ssao

norvegicus
taurus DAO
taurusaorta
taurus BPAO
tauruslung
rubripes |
rubripes 2
esculentum
tuberosum
thaliana |
thaliana 2
thaliana 3
thaliana 4
thaliana 5
thaliana 6
arietinum
lineata
max
truncatula
truncatula
sativum |
sativum 2
culinaris
culinaris
sativa
aestivum
vulgarel
vulgare?2

2

525

540 560 580 603

IDCPETATFLDTFHYYDA-DDPVHYPRALCLFEMPTGVPLRRHFNSNFKGGFNFYAGLKGQVLV
VDCPYLATYVDWHFLLES - QAPKTIRDAFCVFEQNQGLPLRRHHSDLY S------ HYFGGLAETVLV
VDCPYQATMVDIHILVGK- GAVQLLPGAVCVFEEAQGLPLRRHHNYLQN- - - HFYGGLASSALV
VDCPYQATMVDIHILVGK- GAVQLLPGAVCVFEEAQGLPLRRHHNYLQN------ HFYGGLASSALV
IDCPETATFLDAFHYYDS - DGPVLYPRALCLFEMPTGVPLRRHFDSNFKGGFNFYAGLKGYV LV
VDCPYLATYVDWHFLLES-QAPKTLRDAFCVFEQNQGLPLRRHHSDFY S------ HYFGGWGTVLV
IDCPETATFLDAFHYYDS -DGPVHYPHALCLFEMPTGVP LRRHFNSNFKGGFNFYAGLKGYV LV
IDCPEMATFVDALHYYDD-DGPVLYPRALCLFEMPTGVPIRRHFNSNFNGGFNFYAGLKGQALV
VDCPYLATYVDWHFLLES-QAPRTLHDAFCVFEQNKGLPLRRHHSDFIS ------- QYFGGWETVLV
VDCPYLATYMDWHFWES -QTPKTLHDAFCVFEQNKGLPLRRHHSDFLS------- HYFGGVAQTVLV
VDCPYLATYVDWHFLLES -QAPKTLHDAFCVFEQNKGLPLRRHHSDFIS ------- QYFGGWETVLV
VDCPYEAAYITTYRYIDA-PNPIKFEDSI ClI FEHNLGQP LRRHFSDFFH - - - NSYGGMVNSA LV
| DCPEIATFIDLYHYYDT-DKPKRYRNALCIFEMTTAIPLRRHFNSNFKGGYNFYGGLDNTVLV

DCPRNAYYMDGVFVAAD-GTPYVRSNMICVFERYAGDIGWRHAECPITG-LPIREVRPKVT LV
CDCLGYIKYFDAHFTNFT - GGVETIENCVCLHEEDH -G I LWKHQDWRTGLA - EVRRS RRLT

DCPGNAAFMDGVFASQD -GTPIKITNVMCI FEKYAGDIMWRHTEIEI PGL - KVRP DVSLV

DCPQNAAFFDGHVAGPD-GTAQKMTNVMCVFEKNGYGASFRHTEINVPGQ-VITSGAAEISLV

DCPRNSYYIDGVFASPD-GKPIVQPNMICLFERYAGDISWRHSEILFANA-D IRESRPKVTLV
CDCLGSI KYFDAHFTNFT - GGVETIENCVCLHEEDH - G| LWKHQDWRTGLA - EVRRS RRLT

DCPRNAYYIDGFFASPE-GIPILQPNMICLFERYAGDTSWRHSEILLPGV-DIRESRAKVTLV

DCPRNSYYIDGVFASPD - GKPIVQPNMI CLFERYAGD | SWRHSEILFANA - DIRESRPKVT LV

DCPSHAQFIDTYIHSAD-GSPILLKNAICVFEQYG-NIMWRHTETGIPNE -FPEESRTEVNLI

DCPRNAYYMDGVFASAD-GTPYLQPNMICVFESYAGDVAWRHAECPITNM-KVTEARPKVTLV
CDCLGYI KYFDAHFTNFY - GGVETIENCVCLHEEDH -G | LWKHQDWRTGLA - EVRRS------- RTLT
CDCLGYIKYFDAHFTNFT - GGVLKLSKIVYVCMKR - - - IMGFSGSIKTGEL-AXQKSGGPED FQ
RDCPPHAQFIDTYIHSAD-GTPSLLKNAICVFEQYG-NIMWRHTETGIPN-EFVEESRTEVNLI

DCPPHAQFIDTYVHSAN-GTPILLKNAICVFEQYG-NIMWRHTENGIPNE-SIEESRTEVNLI

DCPPHAQFIDTYIHSAN-GTPILLKNAICVFEQYG-NIMWRHTENGIPNE-SIEESRTEVNLI

DCPPHAQFIDTYIHSAD-GTPIFLENAICVFEQYG-NIMWRHTETGIPNE-SIEESRTEVDLA

DCPPHAQFIDTYIHSAD-GTPIFLENAICVFEQYG-NIMWRHTETGIPNE - SIEESRTEVDLA
CDCLGFIKYFDAHFTNFT-GGVETIENCVCLHEEDH-G | LWKHQDWRTGLA-EVRRS RRLT

TGLA-EVRRS RRLT
CDCLGYIKYFDAHFTNFT - GHVETI ENCVCLHEEDH - G| LWKHQDWRTGLA - EVRRS------- RRLT
CDCLGYIKYFDAHFTNFT - GHVETIENCVCLHEEDH - G| LWKHQDWRTGLA - EVRRS------- RRLT



525 540 560 580 603

. omays e YFDAHFTNFT- GGVETIENCVCLHEEDH-GILWKHQDWRTGLA- EVFAV KEAT
. bicolor CDCLGYIKYFDAHFTNFT-GGVETIENCVCLHEEDH-GILWKHQDWRTGLA-EVRRS RRLT
angusta CDCKGVIHYLDAHFSDRA-GDPITVKNAVCIHEEDD-GLLFKHSDFRDNFA-TSLVTRA-TKLV
pastoris YDCPATAGYFTTDTFEYD- - EFYNRTLSYCVFENQEDYSLLRHTGASY S------------ AITQNPTLN

. albicans | CDCKGVIHYLDGHWDRS-GDAATIRNAICIHEEDD-GVLFKHSDFRDDFQ-TTVTTRG-KKLI
. albicans 2 CDCLGVIKYLDGHGIHAN-GEPFV IPNTVCMHEQDD - GLLYKHVNYRTDN AWARK-RIFI
. pombe | CDCKGVIHYLDAHFWWNNT-GEVETVKNAICIHEEDD-GVLFKHSDFRDKFR-TTISARG-IRLV
. pombe 2 CGCEGVIHYMDADFVNYR-GEITTIKNAISIHEEDD-GVLFKYSDLRDRN--ANISARS-IKLV
. niger |1 CDCLGVIKYFDAVMTGAD-GSAKKMPNAICLHEQDN-GIGWKHSNWRTGR AWTRH-RELV
. niger 2 CDCLGVIKYFDAVMTGAD-GSAKKMPNAICLHEQDN-GIGWKHSNWRTGR AWTRH-RELV
. fumigatus | CDCKGAIQYLDAVLATST-GEATVI ENAICIHEEDN- GLLYKHTDFRDGN V ISARD- RKLI
. fumigatus 2 | FKVGLMARECQGKGC DCLGYIKYFDGYHHTSA-GDPIVLPNWCCHEIDD-G ILWKHTNYRTQN AWTRS -RILV
. coli KDAPSNAVLLNETIADYT-GVPMEI PRAIAVFERYA-GPEYKHQEMGQPNV-STERR ------- ELV

aerogenes
pneumoniae

. pneumophila

. loti
globiformis |
globiformis 2
strain Pl
. radiodurans
. smegmatis |

smegmatis 2
nabaena PCC7120
punctiforme

solfataricus DLYN---mmmmmmmmmmoooooeeee
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Consensus

2° structure

KDAPSNAVLLDETIADYT-GKPTTIPGAVAIFERYA-GPEYKHLEMGKPNV-STERR ------- ELV
KDAPSNAVLLDETIADYT-GKPTTIPGAVAIFERYA-GPEYKHLEMGKPWV-STERR ------- ELV
CDCLGNIYYFDVPAADDF-GNSRLIKNAICMHEEDA-GTLWKHYETRNSTF-EVRRA RELV
CDCLGAIQYLDANLATMT-GDWTI ENAICIHEEDA- GLLWKHWDFRSNHV- ESRRA RKFV
CDCLGDITYMSPWADDF-GNPRTIENGICIHEEDA-GILWKHTDEWAGSD-EVRRN RRLV
CDCLGDITYLSPVISDAF-GNPREI RNGICMHEEDW- GILAKHSDLWSGIN- YTRRN- - - RRMV
CDCLGEI KYFDGHSVDSH-GNPWTIENAICMHEEDD- S| LWKHFDFREGTA- ETRRS - - - RKLV

CDCLGEIHYFDGTVNDSD-GNAVTI PNAICMHEEDY-G ISWKHTDFRTGEV- EVRRS RRLV

CDCLGEIRYLDAVLHNSK-GEPYTITNAICIHEEDN-AVLWKHVDHDAGAE-VRR-M ------- RRLT
KEIPQNGVLFDAVFANEE-GEPYVMPGVVGIYERDN-GILWKHYEYNTQRN-DVRRD ------ RQLV
KEIPENGLLLDAVFANEQ-GEPYKIPGVVGIYERDR-GMLWKHYDYNTQRN-DVRRS------- RELV

CDCFGEVIYHLDVTRVSSNGTPIKIKKAICVHEEDFG-VLWRHTDLRSGKS - EVRRN------- RRLV

DCP A YLDAH GP I NAICVFE ILWKH D LV
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PDI PD2 PD3
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sapiens DAO
sapiens SSAO
sapiens SSAOb
sapiens SSAOa
musculus DAO
musculus ssAO
norvegicus
taurus DAO
taurus aorta
taurus BPAO
taurus lung
rubripes |
rubripes 2
esculentum
tuberosum

thaliana |
thaliana 2
thaliana 3
thaliana 4
thaliana 5
thaliana 6
arietinum
lineata
max

truncatula |
truncatula 2
sativum |
sativum 2
culinaris |
culinaris 2
sativa
aestivum
vulgare |
vulgare 2

604 620 640 660 682

LRTTSTVYNYDYIWDFIFYPNGVMEAKMHATGYVHATFY TP-----mmmmmmemeem EGLRHGTRLHTHLIGNIHTHLVHYRVDLD
VRSMSTLLNYDYVWDTVFHPSGAIEIRFYATGYISSAFLFG --------m-mmmeeee- ATGKYGNQVSEHTLGTVHTHSAHFKVDLD
VRSVSSVGNYDYIWDFVLYPNGALEGRVHATGYINTAFLKGGE--------------- EGLLFGNRVGERVLGTVHTHAFHFKLDLD
VRSVSSVGNYDYIWDFVLYPNGALEGRVHATGYINTAFLKGGE--------------- EGLLFGNRVGERVLGTVHTHAFHFKLDLD
LRTTSTVYNYDYIWDFI FYPNGVMETKMHATGYVHATFYTP------ ----EGLRHGTRLQTHLLGNIHTHLVHYRVDLD
VRSVSTLLNYDYIWDMVFHPNGAIEVKFHATGY ISSAFFFG--------m--mmeeem AGEKFGNRVGAHTLGTVHTHSAHFKVDLD
LRTTSTVYNYDYIWDFIFYSNGVMEAKMHATGYVHATFY TP -----mmemmmeemeee EGLRHGTRLQTHLLGNIHTHLVHYRVDMD
LRTTSTVYNYDYIWDFI FYPNGVMEAKMHATGYIHATFY TP------mmmemmm - EGLRHGTRLHTHLIGNMHTHLVHYRVDLD
FRSVSTLLNYDYVWDMV FHPNGAIEVKFHATGY TSSAFFFG ----------mmmmmm- TAQKYGNQVRENTLGTVHTHSAHYKVDLD
FRSVSTMLNYDYVWDMVFYPNGAIEVKLHATGY ISSAFLFG --------mmmmmmmme AARRYGNQVGEHTLGPVHTHSAHYKVDLD
FRSVSTLLNYDYVWDMVFHPNGAIEVKFHVTGYISSAFFFG -------mm-mmmmmee TAQKYGNQVRENTLGTVHTHSAHYKVDLD
MRTITAIGNYDYMWDFIFYQSGSVEAKVHATGYISSSYMMEG ----------=-=-==---- SLNYGHQVAEKVLGNLHTHFINFKVDLD
LRTTSTVYNYDYIWDFLFYQNGVMEVKMSATGYIHSTFFTS------m-m--mmemee- NGLQYGTKVYENGLGNLHTHLIHYKVDLD
VRMAASVANYDYIVDWEFQNDGLIRPKVGLSGILMVKGSPYVNMNEVNQ-NEYLYGTLLSENIVGVIHDHYVTFHLDMD
VSFICTVANYEYGFYWHFYQDGKIEAXGQADWNSQLR CSSTGE -----------=----- VRKYGTTIAPGLYAPVHQHFFVARMDMA

VRMVTTVGNYDYIVDYEFKPSGSIKIGVGLTGVLEVKPVKYVNTSEIKED - -DIHGTIVADNTIGVNHDHFVTYRLDLD
VRMVATLGNYDYTVDWEFKKSGAIRVGVDLTGVLEVKATSYTSNEQITEN----- VYGTQVAKNTIAVNHDHYLTYYLDLD
ARMATSVGNYDYI FDWEFQTDGLI RVTVAASGMLMVKGTPYDNVDDLGDRED- DAGPLI SENVIGWHDHFI TFHLDMD
VSFLCTVANYEYGFYWHFYQDGKIEAEVKLTGILSLGALQPGE----------------- TRKYGTTIAPGLYAPVHQHFFIARMDMS
ARMACSVGNYDYIFDWEFQMDGVIRVTVAASGMLMVKGTAYENVEDLGEKED-DSGPLISENVIGWHDHFI SFHLDMD
ARMATSVGNYDYI FDWEFQTDGLI RVTVAASGMLMVKGTPYDNVDDLGDRED -DAGPLISENVIGWHDHFI TFHLDMD
VRTWTVGNYDNVLDWEFKTSGSI KPAIALSGILEIKGANIKHKDEIKED ----- QYGTLVSANSIGIYHDHFYMYYLDFD
VRMAAAVANYDYIVDWEFQTDGLIRSKVGLSGILMVKGSSYENMNQVPEQED -LYGTLLSENSIGVIHDHFLTYYLDID
VSFICTVANYEYGFFWHFYQDGKIEAEVKLTGILSLGALQPGE ---------=-=----- TRKYGTTIAPGLYAPVHQHFFVARMDMA
FLLYCTVANYEYAFFWHFYQDGKIEAEVKLTGILSLGALMPGE---------=------- VRKYGTMIAPGLYAPVHQHFFVARMDMS
VRTWTVGNYDNVLDWEFKASGSI KPAIALSGILEIKGTNIKHKDEIK ----- EDLHGKLVSANSIGIYHDHFYMYYLDFD
VRTIVTVGNYDNVIDWEFKASGSIKPSIALSGILEI KGTNIKHKDEI KED ----- LHGKLVSANSIGIYHDHFYIYYLDFD
VRTIVTVGNYDNVIDWEFKASGSI KPAIALSGILEIKGTNIKHKDEI KED ----- LHGKLVSANSIGIYHDHFYIYYLDFD
IRTWTVGNYDNVLDWEFKTSGWMKPSIALSGILEIKGTNIKHKDEIKEE --—--- IHGKLVSANSIGIYHDHFYIYYLDFD
IRTWTVGNYDNVLDWEFKTSGWMKPSIALSGILEIKGTNIKHKDEIKEE----- IHGKLVSANSIGIYHDHFYIYYLDFD
VSFICTVANYEYGFYWHFYQDGKIEAX
VSFICTVANYEYGFYWHFYQDGKIEAEVKLTGILSLGALMPGE----------------- SRKYGTTIAPSLYAPVHQHFFVARMDMA
VSFICTVANYEYGFYWHFYQDGQIEAEVKLTGILSLGALMPEE------------=---- STKYGTTIAPRLYAPFTSISFVARMDIA
VSFICTVANYEYGFYWHFYQDGKIEAEVKLTGILSLGALMPGE----------------- SRKYGTTIAPSLYAPVHQHFFVARMDMA




Z. mays
S. bicolor

P. angusta

P. pastoris

C. albicans |
C. albicans 2
S. pombe |

S. pombe 2

A. niger |1

A. niger 2

A. fumigatus |
A. fumigatus 2
E. coli

K. aerogenes
K. pneumoniae
L. pneumophila
M. loti

A. globiformis |1
A.
A.
D
M
M
A
N.
S

globiformis 2

strain Pl
radiodurans
smegmatis |
smegmatis 2
nabaena PCC7120
punctiforme
solfataricus

Consensus

2° structure

604 620 640 660 682
VSFI CTVANYEYGFYWHFYQ

VSFICTVANYEYGFYWHFYQDGKIEAEVKLTGILSLGALMPGE---- --SRKYGTTIAPGLYAPVHQHFFVARMDMA

VSQIFTAANYEYCLYWVFMQDGAIRLDIRLTGILNTYILGDDEE--------------- AGPWGTRVYPNVNAHNHQHLFSLRIDPR
VRFISTIGNYDYNFLYKFFLDGTLEVSVRAAGYIQAGYWNPET ----------------- SAPYGLKIHDVLSGSFHDHVLNYKVDLD
ISQIFTAANYEYCVYWI LRQDGTIKLEIRLTGILNTYI CADGED--------------- IGPWGTWYPNVNAHNHQHLFSLRIHPR
VQTIATVANYEYIINLKFVTDGSIDIEVRATGILSTMPIDENYV ------mnmnmmmeme KVPWGTIVGPNVMAAYHQHILGFRIDPA
ISQIFTAANYEYMVYWIFHMDGVIECELKLTGILNTYAMNEGED --------------- LKGWGTQVYPQVNAHNHQHLFCLRLNPM
VSQVFTAANYEYLVYWIFRMDGVI ECEIRLTGILNTNAINEDED --------------- LKGHGTQVYPKISAENHEHLFCLRINPM
VQFIITLANYEYIFAYKFDQSGGITGRVACHGYLERGQHRCW Q---------=-=-=--- GQRVRQRRQWRRVGPEPPAH FLCAHRPG
VQFITLANYEYIFAYKFDQSGGITVESRATGILNWNIDAGK --------m--mmmmo- VSEYGNWSGGVLAQNHQHIFCVRIDPA
ISQUITAANYEYAFYHTFTLDGTYKLEVKLTGMLNTYCLHPSEQ--------------- AAPFGTEIARGLDAQNHQHIFSLRVDPE
LQTHTVGNYEYIFAFQFTQDASVTYEVRATGILSTAPINLGQ ------m--mnmmmmm- TVPYGTIVAPGVMAPYHQHLFSLRIDPA

VRWISTVGNYDYIFDWIFHENGTIGIDAGATGIEAVKGVKAKTMHDETAKDDTR YGTLIDHNIVGTTHQHIYNFRLDLD

VRWISTVGNYDYIFDWVFHDNGTIGIDAGATGI EAVKGVLAKTMHDPSAKEDTR YGTLIDHNIVGTTHQHIYNFRLDLD
VRWISTVGNYDYI FDWFHN

VSFFTTIGNYDYGFYWRFGQDGSLKLEI KLTGIVQTAAIFP-EA --------------- QYEWGGKLTPELAAPTHQHFFNARLHMM
VSCICTVANYEYGI FWYLHTDGAIEFELKATGIINTTACQPGKP------m-mmeme- GR- YGKEVSPGVLGHIHQHIFCARLDMS
VSFFTTVGNYDYGFYWYLYLDGTIEFEAKATGIVFTAALP- - DK--------mmmm--- DYAYASEIAPGLGAPYHQHLFSARLDMM
ISF FTTIGNYDYGFYWYLYLDGTI EFEAKATGVVFTSAFP--EG ------------—-- GSDNISQLAPGLGAPFHQHIFSARLDMA
ISFIATVANYEYAFYWHLFLDGSIEFLVKATGILSTAGQLPGEK --------------- NPYGQSLNNDGLYAPIHQHMFNVRMDFE
------- LGNYDYGFYWYLYQDGTIQLEAKLTGIIQTAAIEP-GQ---- ---PYPYGGMVDEGLGGPTHQHFFNARLDMM
I|SMICTVGNYEYGFFWYLYNDAGIEMEVKLTGVLTTGSIPEGE ----------------- TPRWGKMVAPGMYGPNHQHFFNFRMDMS
LSFHVTVANYEYLVYWRLYQDGNI ECEVRATGI MVTTPLPAGAD--------------- AHPNGALVDERTYAPYHQHFLIARLDLD
ITITAAVDNYDYGINWIFHQDGTLEVENDLTGIVLVQGTEAETQP---------- EDNFYGRLLAKNIFGVNHQHFFNYRLDMD
MSMTTAVDNYDYSLNWIFHQDGTLEVQNELTGI VLAQGTVAQKQS--------- EDDSYGRLI AKNI FGVNHQHFFNYRLDFD
VSFWATLANYDYGFFWYFYQDGSIEFLVKLTGIINDDSISEKDP -----------=--- TPKYGTRVTPEVYAPIHIHFFNIRLNIN
VR | TVANYDYIF W FY DG IE V TGIL G YGT VA LIG HHF YRLDMD
4 = . a a eoe

PPPPPPP PPPPPPP PPPPPPP PPP aota PPPPP  PPPP  PPPPPPPPPPP

PD3 PD4 PD5 PEI h9 PE2 pE3 PC6
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sapiens DAO
sapiens SSAO
sapiens SSAOb
sapiens SSAOa
musculus DAO
musculus SSAO
norvegicus
taurus DAO
taurus aorta
taurus BPAO
taurus lung
rubripes |
rubripes 2
esculentum
tuberosum

thaliana |
thaliana 2
thaliana 3
thaliana 4
thaliana 5
thaliana 6
arietinum
lineata
max

truncatula |
truncatula 2
sativum |
sativum 2
culinaris |1
culinaris 2
sativa
aestivum
vulgare |
vulgare 2

683 700 720 740 761
VAGTKNSFQTLQMKLENITNPWSPRHRWQ - - PTLEQTQYSWERQAAFRFKRKLP KYLLFTSPQENP- - WGHKRSYRLQ
VAGLENWVWAEDMVFVPMAVPWSPEHQLQR - -LQVTRKLLEMEEQAAFLVGSATPRYLYLASNHSNK--WGHPRGYRIQ
VAGLKNWWAEDWFKPVAAPWNPEHWLQR - - PQLTRQVLGKEDLTAFSLGSPLP RYLYLASNQTNA - - WGHQRGYRIQ
VAGLKNWWAEDWFKPVAAPWNPEHWLQR - - PQLTRQVLGKEDLTAFSLGSPLP RYLYLASNQTNA - -WGHQRG-------

VAGTKNSFRTLKTKLENITNPWSPSHSLVQ --PTLEQTQYSH EHQAAFRFGQTLPKYLLFSSPQKNR - - WGHRRSYRLQ
VAGLKNWAWAEDMAFVPTIVPWQ PEYQOMQR - - LQVTRKLLETEEEAAFPLGGATP RYLYLASNHSNK- -WGHRRGYRIQ
VAGTKNSFQTLTMKLENLTNPWSPSHSLVQ - -PTLEQTQYSQEHQAAFRFGQTLPKYLLFSSPQKNC- -WGHRRSYRLQ
VAGTKNSFQTLQMKLENITNPWSPGHRLVH - - PALQQMRYSRERQAAFRFGQTLPKYLLFTSPEQNP- - WGHQRSYRVQ
VGGLENWVWAEDMAFVPTTVPWSPEHQIQR- -LQVTRKQLETEEQAAFPLGGASPRYLYLASKQSNK--WGHPRGYRIQ
VGGLENWVWAEDMAFVPTAIPWSPEHQIQR - -LOQVTRKQLETEEQAAFPLGGASPRYLYLASKQSNK--WGHPRGYRIQ
VGGLENWVWAEDMAFVPTTVPWSPEHQI QR - - LQVIRKQ LETEEQAAFPLGGGSPRYLYLASKQSNK- - WGHPRGYRIQ
VAGK
IAG
IDGPSNNSFLKVNLLKEMTSFGESPR RSYLKAVRNVAKTEKDAQIKLKLYDPSEFH VINSNKKS - RVGNPVGVTKL
VDCKSGESHNQWEVNARVEPPGENNYV -HNNAFYAEEKFLETELEAMRDCNPLTARHWIIRNTRTVN-RTGQLTGYKLV
| DGTDN- SFVRSELVTKRTPKSVNTP - - RKSYWTTKRLKAE ELLWNPSRKT-KHGNEVGYRLL

VDGNGN-SLVKAKLKTVRVTDVNKTSSRRKSY WTWKETAKTEADGRVRLGS -EPVELLIVNPNKKT-KIGNTVGYRLI
| DGPMNNSLVKVHLEKQRVPTGKSP R KSYLKVKKYIAKTEKDAQIKLSLYDPYEFH IVNPNRKS -RVGNPAGYRIV
VDCKPAEAFNQWEVNVRVDERGENNV -HNNAFYAEEKLLKSEAVAMRDCDPLSARHWIVRNTRTVN - RTGQLTGYKLV
IDGSANNSFVKVHLEKQRLPPGESRR--—--- KSYLKVKKYVAKTEKDAQIKMSLYDPYEFH LVNPNRLS-RLGNPAGYKLV
IDGPMNNSLVKVHLEKQRVPTGKSPR KSYLKVKKYIAKTEKDAQIKLSLYDPYEFH I VNPNRKS-RVGNPAGYRIV
VDGVNN-SFE KTSLKTVRITDGSSKR KSYWTTETQTAKTESDAKITIGL-SPAELVWNPNKKT-AVGNDVGYRLI
IDGSQN- SFVKVNLKKQETSPGESPR --—-- KSYLKAVRKVAKTEKDAQIRLKLYDPCEFH LVNPLKKT - KVGNPVGYKIV
VDCKPGEAFNQWEVNVKVEKPGDNNYV - HNNAFYAEEKLLKSEMEAMRDCDPLSARPWIVRNTRTVN-RTGHLTGYKLV
VDSRPGEALNQWEVNMKVEEPGEKNI-HNNAFYAEETLLRSELEAMRDCNPLTARHWIVRNTRTGN-RTGQLTGYKLV
IDGVQN-SFEKTSLKTVKITDGSSKR----- KSYWTTETQIAKTESD
I DGTHN-SFEKTSLKTVRI KDGSSKR KSYWTTETQTAKTESDAKITIGL -APAELVWNPNIKT -AVGNEVGYRLI
IDGTHN-SFEKTSLKTVRIKDGSSKR----- KSYWTTETQTAKTESDAKITIGL-APAELVWNPNIKT-AVGNEVGYRLI
IDGTQN-SFEKTSLKTVRIVDEVQE------- KSYWTTETQTAKTESDAKITIGL-APAELVWNPNIKT-AVGNEVGYRLI
IDGTQN-SFEKTSLKTVRIVDGGSKR----- KSYWTTETQTAKTESDAKITIGL-APAELVWNPNIKT-AVGNEVGYRLI

VDCKPNEAHNQWEVNVKVESAGTNNV - HNNAFYAEEKILKSELQAMEIVTLHLRDIGLLGTQXAVN-RTGQPTGFRLV
GDCNLTKLINQVGEGKVNVESAGSNNV - HYNAF I VNEKNRNFDFVAI ERLLPLFLLDI GLVRNP KG------mnmmmmmmmmmm oo
VDCKPNEAHNQWEVNVNVESAGTNNV - HNNAFYAEEKIL KSELQAMEI VTLHLR DI GLLGTXRAVN - RTGQPTGFR LV
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S
S
A
A
A
A
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K.
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L
M
A
A
A
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mays
bicolor
angusta
pastoris
albicans |
albicans 2
pombe |
pombe 2
niger |
niger 2
fumigatus |
fumigatus 2
coli
aerogenes
pneumoniae
pneumophila
loti
globiformis

globiformis 2

strain Pl

radiodurans
smegmatis |
smegmatis 2

nabaena PCC7120

punctiforme
solfataricus

Consensus

20

structure

683 700 720 740 761
----------------------- WEVNVKVESAGTHNV -HNNAFYAEEKLLKSELQAMRDCDPSSARHWIVRNTRTVN-RTGQptgygsy

VDCKPNEAHNHWEVNVKVESAGTHNV - HNNAFYAEEKLLKSELQAMRDCDPSSARHWIVRNTRTVN-RTGQPTGYRLV
IDG-DGNSAAACDAKSSPYPLGSPENM - YGNAFYSEKTTFKTVKDSLTNYESATGRSWDIFNPNKVNPYSGKPPSYKLV
VGGTKNRASKYVMKDVDVEYP WAPG - - TVYNTKQIAREV LEKEDFNGINWPENGQGILL | ESAEETN-SFGNPRAYNIM
| DG-DNNSAATSDAKPSPFPTGSTQNM -YGNAFYCEKTT FKTVKESITNFESATARTWDMYNPSSIHKYS GKPATYKLW
VDG-HMNSWYDDAIKLPR DEFNP-YGIGFVTDRHFVEKAGYIEQ--RPFDNRTYKIINENVINPISKT PVGYKIN
LDG-YSNSVAWDGVSGPGEPGSKENY - YGNAFTTERTVPKTVKEAICDYNSDTS RTWDICNPNKLHPYSGKPVSYKLV
LDG-LRNSVATVDALRDKN G --mmmmmemeeeee TLVSKYIIPETVTEAISNYDSSTGRTWDICNLNKLHPYS GKPVS YKLI

YYG-PNNSVQVEESHPVPMN--AVTNP-NGNFYKVNTETMERAGFFDA--APELNRTVKMVNPHKKNPISQKPVGY KFI
ID G -PNNSVQVEESHPVPMN - -AVTNP-NGNFYKVNTETMERAGFFDA- - APELNRTVKMVNPHKKNPISQKPVGY KFI
ID G-PGNTWQSDAVPMADPVGSPANP -YGNGFYAKKTPLRTALQGASDYCHETSRGWDIINPSRLNPSTRKPIAYKIL
IDG-HMNSLMVEESHAMPLNDPSVHNP - FGVGYTTVNHIVESETPLDL--DVTKGRVFKII NENVKNPMS GGPVGYKLV
VDG-------- ENNSLVAMDPWKPNTAGGP - RTSTMQVNQYNIGNEQDAAQKFDPGTI R- - LLSNPNKEN- RMGNPVSYQII

VDG-------- ENNTLVAMDPEVKPNTAGGP -RTSTMQVNQYTIDSEQKAAQKFDPGTIR --LLSNTSKEN-RMGNPVSYQI |

VDG------- EKNSFSEHEFYPIAMGGKNP - YGNAFGSSQKTFEHEGEAARSACAQTQ RTWKIFNPNSVN-GIGTAPAYKL-
VDG------- DRNSVVELNTYAAPEGPDNP - HGNAFYEEETVLPSELQACRRANLETH RAWKIASADRKN- HVGEPTAYKLE
IDG ------- DANRVEELDLVRLPKGPGNP -HGNAFTQKRTLLARESEAVRDADGAKGRVWHISNPDSLN-HLGHPVGYTLY
IDG ------- FTNRVEEEDVVRQTMGPGNE -RGNAFSRKRTVLTRESEAVREADARTGRTWIISNPESKN-RLNEPVGYKLH
LDG------- VKNAVYEVD MEYPEHNP - TGTAFMAVDRLLETEQKAIRKTNEAKH RFWKIANHESKN- LVNEPVAYRLI
VDG------- VONSVTEHEFQPAPWSDTNP - YGNVFHTTSRTLTRELDACREADGKTGRYWKII NPNVKN -SVGNPTGYKLI

VDG------- QANNVMEMNVASLPIGKNNP -IGNAIWKDTPLKTEKAAVRDLDIKHSREWMIANADKKN-ALGVAPAYMLM
VDG------- QANSVMEMNVKALPMDEKNP - LGNAIAVAETPLTKETAAIRDLDMKSS REWMI VSADKKN -P L GAAPGYMLM
VDG------- LRNRIYEVNLRGEPITEKNP-VGNAFFAEENLLENEADARRHVNPQTGRYWKIVNIQKKN-YLGL PVAYRLV

VDG N S F L TE A R I'N G P GYRLV

PPPPPPPPPPPP PPPPPPPPPP ccaact PPPPPPPPPPPPP
pFl PF2 h10 PF3 pF4
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762 780 800 820 840

sapiens DAO IHSM ---mnmemme ADQVLPPGWQEEQAIT WARYPLAVTKYRES ELCSSSI YHQNDPWHP-------m-meno- PWFEQFLHNN
sapiens SSAO  MLSF------AGEPLPQNSSMARGFS WERYQLAVTQRKEE EPSS SSVENQNDPWAP--mcmememememee TVDFSDFINN-
sapiens SSAOb IHSP ---mmmeee LGIQIPLESDMERALS WGRYQLVVTQRKEE ESQSSSIYHQNDIWTP-----mnmmmemaam TVTFADFINN-
sapiens ssAo0a YQLWTQRKEE ESQSSSIYHQND IW TP-wmremeemeeeees TVTFADFINN-
musculus DAO  IHSM--—mm AEQVLPPGWQEERA VTWARYPLAVTKYRES ERYSSSL YNQNDPWDP - _PWFEEFLRNN
musculus SSAO  ILSF - AGKPLPQESPIEKAFT WGRYHLAVTQRKEE EPSSSSIFNQNDPWTP-rmemmmememeer TVDFTDFI SN-
norvegicus IHSM ----nmmeeee AEQVLPPGWQEERAVTWARYPLAVTKYRES ERYSSSLYNQNDPWDP--------m-mme- PWFEEFLRNN
taurus DAO IHSM -----mmemm ADQVLPPGWQEERAVTWARYPLAVTKYRES ERYSSS| YNQNDPWDP----nmmmeemeev PWFEEFLRNN
taurus aorta TVSF -----meemmn AGRPLPQNSSTERAIS WGRYQLAVTQRKET EPSSSSVFNQNDPW TP e TVDFADFINN-
taurus BPAO TV SF--mmmmmeee AGGPMPQNSPMERAFS WGRYQLAITQRKET EPSSS SVFNQNDPW TP-----mmnmmmeem TVDFSDFINN-
taurus lung TV SF---mmmmeeee AGRPLPQNSSTERAIS WGRYQLAVTQRKET EPSSS SVFNQNDPWTP----------mm-- TVDFADFINN-
rubripes |

rubripes 2

esculentum FLVELQLVYLTIMILLRKELLLLI TKFGSHLI MNLSNGLLACLFI KVKVMILLLFGLDRDR AIlEN
tuberosum  PGSN----—-—--—--CLPLAGSEAKFLRRAAFLKHNLWVTPYSRE--------—--EIFPGGEFPNQNPRVG ------------ EGLATWVQONR- -
thaliana | D------- DTLAVWSQRNR- -
thaliana 2 D-—-—- DGLAVWSSRNR--
thaliana 3 D----- DTLQVWSDRDR--
thaliana 4 = PGSN-----------CLPLARPEAKFLRRAAFLKHNLWVTRYAPD-----------EKFPGGEFPNQNPRAG ------------ EGLATWVKQNR- -
thaliana 5 = PGGN------—--—--AASLLDHDDPPQMRGAFTNNQIWVTRYNRS---------- EQWAGGLLMYQSRG------E -------- DTLQVWSDRDR- -
thaliana 6 D----- DTLQVWSDRDR- -
arietinum D-——- DTLAVWTQKNR- -
lineata D----- DTLQVWSNRNR--
max PGSN-----—--CLPLAGSEAKFLR RAAFL KHNLWVTPYARD-----------EMHPGGEFPNQNPRVG------------ EGLATWVKQNR- -
truncatula I @ PGSN-----------CLPLAGSEAKFLRRAAFLKHNVWVTAYSRD-----------EMFPGGEFPNQNPRVG------------ EGLATWIKQNR--
truncatula 2

sativum | D---DTLAVWTKQNR- -

sativum 2
culinaris |

D---DTLAVWTKQNR--
D---DTLAVWTKKNR- -

culinaris 2 PAIP - - AHPLLTEDDYPQIRGAFTNYNVWVTPYNRT--- m-- EKWAGGLYVDHSRG----- D- - -DTLAVWTKKNR--
sativa

aestivum PGSN---- ----- CLPFALPEAKFLRRAGFLKHNLWVTPYKSD---m-- EKFPGGEFPNQNPRLH----- - - EGLATWVKKDR--
vulgare |

vulgare 2 PGSN-—- -—--- CLPFALPEAKFLRRAGFLKHNLWVTPYKSD--- --- EKFPGGEFPNQNPRLH----- - - EGLATWVKQDR--



780 800 820 840

Z. mays CLPLALPEAKFLR RAGFLKHNLWVTQYKRG----------- EMFPGGEFPNQNPRIH------------ EGLPTWVKNDR--
S. bicolor --- CLPLALPEAKFLRRAGFLKHNLWVTQYKRD-----------EMFPGGEFPNQNPRIH-- --EGLPTWVKKDR--
P. angusta PPLLAKEGSLVAK RAPWASHSVNVVPYKDN----------- RLYPSGDHVPQWSGDG--------- VRGMREWIGDG--S
P. pastoris VHRIVKNSRSGPETQNWARSNLFLTKHKDE----------- ELRSSTALNTNALYDP-----m--mmmmmmeeee- PVNFNAFLDD
C. albicans | SPLLAQEGSLVKK RAPWAASHTQWP YVDDKLGYGRLYPSGDHVPQWSGDG---------- LRGMREWIGDG--T
C. albicans 2 QMLLADPDSFNAK RAKFATQQVWVTKYQDH---------- QLFAAGEFTNQSKIDT------m--m---- GITEWANG |
S. pombe I SRET--- PRLMARPGSLVSNRAGFARHHIHVTPYKDG---------- QIYPAGDYVPQTSGEP--------- TKGLPEWIAEEP -D
S. pombe 2 PKGLSKWISDDP-N
A. niger | EIEGVSDAYV KRG
A. niger 2 --—-ELYAGGRYTLQSQ--E-----mm-mm-mm- EIEGVSDAVKRG
A. fumigatus I NNNC----m- PRLLAKPGSTVYKRAGFARHALWVLPYRDH---------- EIFPAGQYVCQSTGEENHPHNPT IVDWAARN- - -
A. fumigatus 2 QMVLAHPSSYHFKRSEFAEHAVWVTRYSDE----------- ERYSAGEHTMQSLGGE-------------- GIYSWIRSRPAP
E. coli PYAGGTHPVAKGAQFAPDEWIYH RLSFMDKQLWVTRYHPG--------- ERFPEGKYPNRSTHDTG ------------mmmmmeee- LGQYSKDN
K. aerogenes PYAGGTHPAATGAKFAPDEWIYH RLSFMDKQLWVTRYHPT--------- ERYPEGKYPNRSAHDTG----------n-mmmmmeee- LGQYAKDD
K. pneumoniae

L. pneumophila

M. lo ti ATHP VTPYVAAHSPSGRRSTFTSNHLWVTAFDPE ERYPAGEYMNHSDGSGG----mmmnm- VADFVKNDR

A. globiformis | PEGN PTLAMADDSSIASRAAFARHHLWVTRHAEE ELYAAGDFVNQHPGGAV----------- LPAYVAQDR

A. globiformis 2 AHNQ PTLLADPGSSIARRAAFATKDLWVTRYADD ERYPTGDFVNQHSGGAG----------- LPSYIAQDR

A. strain Pl PTNG | QLAARDDAYVSKRAQ FARNNLWVTAYDRT ERFAAGEYPNQATGADDG--------- LHIWTQKDR

D. radiodurans

M. smegmatis | P

M. smegmatis 2

Anabaena PCC7120 PGGN TVFFPVEGAKIRQ KAEFATHHVWVTRYKPH--------- ELYAGGDYPNQAPPGK------------- GLPEYIAD -
N. punctiforme P -----

S. solfataricus PGHN VLPPLPDDSYVRR RGAYINYHLWVTPYNEE--------- ERYASGDYPYLRANDG--------------- LPKYILKKR--
Consensus L RA F  YNLWVT Y E YAGYQ L wW R

2° structure accacca aaa PPPPPP aaaaaaa

h1l ht2 PC7 h13

&8
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sapiens
sapiens
sapiens
sapiens
musculus bao

DAO
SSAO

musculus ssao

norvegicus
taurus DAO
taurus aorta
taurus BPAO
taurus lung
rubripes |
rubripes 2
esculentum
tuberosum
thaliana
thaliana
thaliana
thaliana
thaliana
thaliana
arietinum
lineata
max
truncatula |
truncatula 2
sativum |
sativum 2
culinaris |1
culinaris 2
sativa
aestivum
vulgare |1
vulgare 2

o g w NN -

SSAOb
SSAOa

841 860 880 900 919
ENIENEDLVAWVTVGFLHIPHSEDIPNTATPGNSVGFLLRPFNFFPEDPSLASRDTVIVWPRDNG - --PNYVQRWIPED
ETIAGKDLVAWVTAGFLHIPHAEDIPNTVTVGNGVGFFLRPYNFFDEDPSFYSADSIYFRGDQDAGACEVNPLACLPQA
ETLLGEDLVAWVTASFLHIPHAEDIPNTVTLGNRVG FLLRPYNFFDEDPSIFSPGSVYFEKGQDAGLCSINPVACLPDL
ETLLGEDLVAWVTASFLHIPHAEDIPNTVTLGNRVG FLLRPYNFFDEDPSIFSPGSVYFEKGQDAGLCSINPVACLPDL
ENIENEDLVAWVTVGFLHIPHSEDVPNTATPGNCVGFLIRPFNFFEEDPSLASRDTVIVWPQDNG LNHVQRWIPEN
ETIAGEDLVAWVTAGFLHIPHAEDIPNTVTAGNSVG FFLRPYNFFDEDPSFHSADSIYFREGQDATACEVNPLACLSQT
ENIEDEDLVAWVTVGFLHIPHSEDVPNTATPGNSVGFLLRPFNFFPEDPSLASRDTVIVWPQDKG LNRVQRWIPED
ENIEDEDLVAWVTVGFLHIPHAEDIPNTTTPGNSVGFLLRPFNFFPEDPSLA
ETIAGKDLVAWVTAGFLHIPHAEDI PNTVTVGNGVG FFLRPYNFFDEDPSI NSADSI YFQKHQDAGSCEVNSLACLPKD
ETIAGKDLVAWVTAGFLHIPHAEDIPNTVTVGNGVG FFLR PYNFFDQE PSMDSADSIYFREGQDAGSCEI NPLACLPQA
ETIAGKDLVAWVTAGFLHI PHAEDIPNTVTVGNGVG FFLRPYNFFDQEPSMDSADSIYFREGQDAGSCEINPLACLPQA

---------- KDIVLWYTLGFHHIPCQEDFPIMPTVS - -SSFEIKPVNFFESNPILNIPPNSPKDLPQFAKLQL LLDHILIVLY
-SLEETQIVLWYIFGLIHVPRLEDWPVMPVE--HIGFMLQPHGFFNCSPAVDVPP-SMSDSDIKEN --------mmmmmmmmmmm e
-KIEKTDIVMWYTVGFHHVPCQEDFPTMPTL--FGGFELRPTNFFEQNPDLKTKPIKLNTTPTCTARND ---------mmmmmememe
-EIENKDIVMWYNVGFHHIPYQEDFPVMPTL--HGGFTLRPSNFFDNDPLIG
-SIENKDIVLWYTLGFHHVPCQEDYPVMPTV--AASFELKPANFFESNPILGSAPFFEKDLPVCRPFASS-------mm-mmmeeem
-SLEESDWLWYVFGITHVPRLEDWPVMPVE- -HIGFTLMPHGFFNCSPAVDVPP-NPCELETKESEVKEWAPKALQT
-SIENKDIVLWYTLGFHHVPCQEDFPVMPTI- -ASSFELKPVNFFESNPVLGISPFFEKDLPVC
-SIENKDIVLWYTLGFHHVPCQEDYPVMPTV--AASFELKPANFFESNPILGSAPFFEKDLPSQHTGCCFVEFASLNEA
-DIENKDIVLWHWGIHHVPAQEDFPIMPLL--STSFELRPTNFFERNPVLNTLSPRDVNWPGCSN -------mnmmmmmmmmmmmeeeeee
-PIENKDIVLWYTLGFHHIPCQEDYPIMPTV--SSSFDLKPVNFFERNPILRVPPNFEDDLPVCKAHGSA ---------m-mmmmmm
- SLEEADIVLWYVFGVTHIPRLEDWPVMPVE - - RIGFMLMPHGFFNCSPAVDVPP - NQSDLDDKEN------ GLPAKPIQN
-SLEETNIVLWYVFGITHFII YSVAYVDGSR - - GRRPVAHRLSFVEMWPYGDPTEPHYRKNAFDAG EDGLGKNAHSLK

-EIVNKDIVMWHWGIHHVPAQEDFPIMPLL- - STSFELRPTNFFERNPVLKTLSPRDVAWPGCSN
-EIVNKDIVMWHWGIHHVPAQEDFPIMPLL- - STSFELRPTNFFERNPVLKTLSPRDVAWPGCSN
-EIVNKDIVMWHWGIHHVPAQEDFPIMPLL - -STSFELRPTNFFERNPALKTLPPIDFTWPGCSN
-EIVNKDIVMWHWGIHHVPAQEDFPIMPLL--STS FELRPTNFFERNPVLKTLPPRD FTWPGCSN

- PLEETDIVLWYVFGLTHIPRLEDWPVMPVE- - HIGFMLMPHGFFNCS PAVDVPPGTSDAADVKEAESPKAIQXRQPCF

- PLEETDIVLWYVFGLTHIPRLEDWPVMPVE--RIGFMLMPHGFFNCS PAVDVPPGTSDAADVKEAESPKAIRTVALSP
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mays
bicolor
angusta
pastoris
albicans |
albicans 2
pombe |
pombe 2
niger |
niger 2
fumigatus |
fumigatus 2
coli
aerogenes
pneumoniae
pneumophila
loti
globiformis |

globiformis 2

strain Pl

radiodurans
smegmatis |
smegmatis 2

nabaena PCC7120

punctiforme
solfataricus

Consensus
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structure

841 860 880 900 919
- PLEETDIVLWYVFGLTHIPRLEDWPVMPVE- -HIGFMLMPHGFFNCSPAVDVPP-SSSDADVKEAESPKAIQNSLX -F
-PLEETDIVXLVRVRSHPY PQAGRLASHAG---- GAYRLHAHATWILQLLTCGRRASQLVRSDVKEADRPRPSKMASFRS

ENIDNTDILFFHTFGITHFPAPEDFPLMPAE- - PITLMLRPRHFFTENPGLDIQPSYAMTTSEAKRAVHKETKD KTSRL

ESLDGEDIVAWVNLGLHHLPNSNDLPNTIFSTAHAS FMLTPFNYFDSENSRDTTQQ VFYTYDDETEESNWEFYGNDWSS
DKVDNTDILLFHTFGITHFPAPEDFPVMPTE-- IFDLQLRPRNIHTENPVL
DPVRNEDIWWATMGFTHIPRVEDFPVMPVE--THNIQLAPANFFDRNPAL
ASVDNTDIWWHTFGITHFPAPEDFPLMPAE- -PIRLLLRPRNFFLRNPALDVPPSKNVTTSEVKQAHHHGNLHMMDMM
AQIKNTDIWWHTFGMIHFPAPEDFPIMPAE- - SIHLFLQPRNFFKHNPALDTSSSVNSTSEATSPNTHHENLRDTSQK
DSWDTDVWWSTFGITHNPRVEDWPVMPVE- - IFQLMIRPADFFTANPSLDVPSDKNISSRWGNRCCVNAH I----------
DSWDTDVWWSTFGITHNPRVEDWPVMPVE - - | FQLMIRPADFFTANPSLDVPSDKN
ESIENTDIVCYIQFGLTHFPRTEDFPIMPAE- -PVSVMLRASNFFQKNPAL
VSVRNEDIVIWHTFGTTHNPRVEDWPVMPAE--KMSVTLKPVNFFWRNPAL
ESLDNTDAWVfMTTGTTHVARAEEWPIMPTE- -WVHTLLKPWNFFDETPTLGALKKDK
ESLTNHDDWWITTGTTHVARAEEWPIMPTE-- WALALLKPWNFFDETPTLGEKKK

- PLVDEDLVLWHTFGVHHQVRPEDFPVQPCI - - FTGFKLMPSGFFDQNPGIDLVGETNAASCHASADR ------=--mnmmmmmmemee

-DIDGQDLWWHSFGLTHFPRPEDWPIMPVD--TTG FTLKPHGFFDEN PTLNVPSSAAGHCGTGSEREHAAPGGTAVGH
-DIDGQDIWWHTFGLTHFPRVEDWPIMPVD--TVGFKLRPEGFFDRSPVLDVPANPS - -Q-SGS

-NIVDTDLWWYTFGMHHWRLEDWPVMPRQ- -NIGFMLEPHGFFNQNPTLNLPTSTSTTQTGEADTCCHTDK ------------

-SIVDEDLVIWYTLGVEHWRIEDWPVMPVE--MAGFRLIPDGFFDKNPTIYLPRQLRINGQPLHREHKSH

I DIVLW TG HIP EDFPVMP F LRP NFF P L
eo a -
PPPPPPPPPPPP  aaa P_PPPP PPPP
PC8 hl4 PD6 PF5
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sapiens DAO
sapiens SSAO
sapiens SSAOb
sapiens SSAOa
musculus DAO
musculus SSAO
norvegicus
taurus DAO
taurus aorta
taurus BPAO
taurus lung
rubripes 1
rubripes 2
esculentum
tuberosum
thaliana
thaliana
thaliana
thaliana
thaliana
thaliana
arietinum
lineata
max
truncatula 1
truncatula 2
sativum 1
sativum 2
culinaris 1
culinaris 2
sativa
aestivum
vulgare 1

o WNhRP

. vulgare 2

920 940 " 960 980 998
RDCSMPPPEFSYNGTYRPV — - m o mm oo m oo oo m oo o oo e e e
AACAPDLPAFSHGGESHN —— - = — — = o m s e e
AACVPDL P PESYHGE -~ == - - - —— - — o e o o m e -
AACVPDLPPFSYHGE -~ - ——mmm e s m o o o o e
RDCLVSPPEFSY NG T Y KPPV — - - — - - — — s e e m o e e e e
ATCAPEI PAFSHGGE AYRDN — - -~ — = — — = m e e e e e e - ————
RRCLVSPPEFSYNGTYKPV — - m o m e s m e o o oo oo o oo e o e
PACAPDLPAFSHGGE TN ~ = - = mmm m o oo oo s s o e e e e e e e e o
ATCAPDLPVESHGAGY PEY = - mmm o oo oo oo o e o o o e e e e s
AT CAPDLPVESHGGY PR Y ~ - - - o m m o oo oo oo oo oo e e e e e e e o
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Anabaena PCC7120

mays
bicolor
angusta
pastoris
albicans 1
albicans 2
pombe 1
pombe 2
niger 1
niger 2
fumigatus 1
fumigatus 2
coli
aerogenes
pneumoniae
pneumophila
loti
globiformis 1
globiformis 2
strain P1
radiodurans
smegmatis 1
smegmatis 2

N. punctiforme

S. solfataricus
Consensus
S. pombe 2
M. truncatula 1
M. truncatula 1
M. truncatula 1

920 940 960 980 998
EAVSFAVILPRKKDQRAARA = = = = = = = = = = = = = = = = = = = o o o e el __
CELSKGET SARLL - = = = = = = = = = = = = = = = = = = = = o o e
AFEGSCCGK — = = = = = = = = = = = = = = = = = o e
CGLEVPEPNFEDYTYGRGTRINKKMTNSDEVY = = = = = = = = = = = - = m = o — — oo f o oo oommmee e

KS - - LTDATSEFAFGEKFCEKHKGDHFEF - - - = = = = = = = = = o o o o o o e o e
RESHSTPHDYEPHVSDKNDKSVEDKLHFVQKDESRPKEPVVDAAQKHEGRSETLAQPGOONANQSEEKQGGONGSNGGH

SGPDTGGQGHCGH = = = = = = = = = = = = = = = = = o e L
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IHNNAFYAEETLLRSELEAMRDCNPLTARHWIVRNTRTGNRTGQLTGYKLVPGSNCLPLAGSEAKFLRRAAFLKHNVWV
TAYSRDEMFPGGEFPNQNPRVGEGLATWIKQONRSLEETNIVLWYVFGITH
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Key:

194

Amino Acid Sequence Alignment of Mammalian CAP

Completely conserved consensus residue
Consensus residue from similar residues at a given position

Consensus residue from the occurrence of greater than 50% of a single residue at
a given position

Residue weakly similar to consensus residue
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Homo sapiens pAo

Rattus norvegicus DpAO

Mus musculus pao

Bos taurus bao

Homo sapiens ssao
Homo sapiens retinal
Homo sapiens retinal

Mus
Bos
Bos taurus
Bos taurus
Consensus

lung

=
N
o

sapiens bao

taurus DAO

taurus
taurus
taurus
onsensus

aorta

liver

OWWWSTITPLSAT

liver

sapiens ssAo

sapiens rssAOb
sapiens rssAOa
musculus ssao

musculus ssao
taurus aorta

SSAO
SSAO
BPAO

norvegicus DAO
musculus pao

SSAO

lung SSAO

BPAO

SSAODb
SSAOa

(24)
(24)

(243

(49)
(45)
(45)
(49)
(49)
(48)
(48)
(51)

| 10 20 30 40

(NP_001082) (n MPALGWAVAA.l LMLQTAMAEP S--P
(NP_075224) (1) MCLAFGWAAVILVLQTVDTAS A--V
(AAH21880) (1) MSLAFGWAAVILLLQTADTPS A--V

(TIGR TC108675)
(NP_003725)

n

(1) MNQKTILVLLILAVITIFALVCVLLVGRG--GDGGEPSQLPHCPSVSPSA

(NP_033720) (1) MHLKIVLAFLALSLITIFALAYVLLTSPG -----mmmemv GSSQPPHCPSVSHRA
(NP_001149) (1) MHLKIVLAFLALSLITIFALAYVLLTSPG ---mmmeemeen GSSQPPHCPSVSHRA
(AAD09199) (1) MTQKTTLVLLALAVITIFALVCVLLAGRS--GDGGGLSQPLHCPSVLPSV
(BAABBBIE) (1) MNQKTTLVLLALAVITIFALVCVLIAGRG--GDGGEASQPHYCPSGTPSV
(046406) (@) == MFIFIFLSLWTLLVMGREEGGVGSEEGVGKQCHPSLPPRCPSRSPSD
(Q29437) (@) R— MFIFIFLSLWTLLVMGREEGGVGSEEGVGKQCHPSLPPRCPSRSPSD
(1) L LALAVI | AL VLL S SP CPS S

51 60 70 80 90 100 HO

G --TLPRKAGVFSDLSNQELKAVHSFLWSKKELRLQPSSTTTMAKNTVFLIEMLLPKKYHVLRFLDKGER

R--TPYDKARVFADLSPQEI KAVHSFLMNREELGLQPSKEPTLAKNSVFLI EMLLPKKKHVLKFLDEGRK
T--TPHD KARIFADLSPQEIKAVHSFLMSRKELGLESSKNLTLAKNSVFLIEMLLPKKKNVLKFLDEGRK

QPWTHPGQSQLFADLSREELTAVMRFLTQRLGPGLVDAAQARPSDNCVFSVELQLPPKAAALAHLDRGSP
QPWPHPGQSQLFADLSREELTAVMRFLTQRLGPGLVDAAQAQPSDNCIFSVELQLPPKAAALAHLDRGSP
QPWPHPGQSQLFADLSREELTAVMRFLTQRLGPGLVDAAQAQPSDNCIFSVELQLPPKAAALAHLDRGSP
QPRTHPSQSQPFADLSPEELTAVMSFLTKHLGPGLVDAAQARPSDNCVFSVELQLPAKAAALAHLDRGGP
QPWTHPGQNQLFADLSREELTAVMSFLTQKLGPDLVDAAQARPSDNCIFSVELQLPPKAAALAHLDRRSP
QPWTHPDQSQLFADLSREELTAVMSFLTQKLGPDLVDAAQARPSDNCIFSVELQLPPKAAALAHLDRRSP
QPWTHPDQSQLFADLSREELTTVMSFLTQQLGPDLVDAAQARPSDNCVFSVELQLPPKAAALAHLDRGSP
QPWTHP QSQLFADLSREELTAVMSFLTQRLGPGLVDAAQA PSDNCVFSVELQLPPKAAALAHLDRGSP
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sapiens DAoO
norvegicus DAO
musculus bpao
taurus bao
sapiens SssAO
sapiens rssAOb
sapiens rssAoa
musculus ssao

taurus aorta
taurus lung SSAO
taurus liver

onsensus

sapiens DAO
norvegicus DAO
musculus bpao
taurus bao
sapiens ssAO
sapiens rssAoOb
sapiens rssAoa
musculus ssao

taurus aorta
taurus lung SSAO
taurus liver

onsensus

SSAO

BPAO

SSAO

BPAO

(92)
(92)
(92)
(n
(119)
(115)
(115)
(119)
(119)
(118)
(118)
(121)

(161)
(161)
(161)

(1
(189)
(185)
(185)
(189)
(189)
(188)
(188)
(191)

121 130 140 150 160 170 180
HPVREARAVTFFGDQEHPNVTEFAVGPLPGPCYMRALSPR-PGYQSSWASRPISTAEYALLYHTLQEATK
GPNREARAVIFFGAQDYPNVTEFAVGPLPRPYYIRALSPR-PGHHLSWSSRPISTAEYDLLYHTLKRATM

SPVREARAIIFFGAQDHPNVTEFAVGPLPRPCYVQALSPR-PGHHLSWSSRPISTAEYDLLYHMLNRAIT

PPAREALAIVFFGRQPQPNVSELWGPLPHPSYMRDVTVERHGGPLPYHRRPVLFQEYLDIDQMI FNREL
PPAREALAIVLFGGQPQPNVSELWGPLPHPSYMRDVTVERHGGPLPYHRRPVLRAEFTQMWRHLKDVEL
PPAREALAIVLFGGQPQPNVSELWGPLPHPS YMRDVTVERHGGPLPYHRRPVLRAEFTQMWRHLKDVEL
PPVREALAIIFFGGQPKPNVSELWGPLPHPSYMRDVTVERHGGPLPYYRRPVLDREYQDIEEMIFHREL
PPAREALAIVFFGGQPQPNVTELWGPLPQPSYMRDVTVERHGGPLPYYRRPVLLREYLDIDQMI FNREL
PPAREALAIVFFGGQPQPNVTELWGPLPQPSYMRDVTVERHGGPLPYYRHTVLLREYLDIDQMI FNREL

PPAREALAIVFFGGQPQPNVTELWGPLPQPSYMRDVTVERHGGPLPYYRRPVLLREYLDIDQMI FNREL
PPAREALAIVFFGGQPQPNVTELWGPLP PSYMRDVTVERHGGPLPYYRRPVL EY | MI EL

191 200 210 220 230 240 250

PLHQFFLNTTGFSFQDCHDRCLAFTDVAPRGVASGQRRSWLIIQRYVEG--YFLHPTGLELLVDHGSTDA

PLHQFFLDTTGFSFLGCDDRCLTFTDVAPRGVASGQRRSWFIVQRYVEG--YFLHPTGLEILLDHGSTDV
PLHQFFLDTTGFSFLGCDDRFLTFTDVAPRGVESGQRRSWLIVQRYVEG--YFLHPTGLEILVDHSSTDV

PQASGLLHHCCFYKH--RGRNLVTMTTAPRGLQSGDRATWFGLYYNISGAGFFLHHVGLELLVNHKALDP
PKAPIFLSSTFNY N ------- GSTLAAVHATPRGLRSRERTTWMALYHNISGVGLFLHPVGLELLLDHRALDP
PKAPIFLSSTFENYN------- GSTLAAVHATPRGLRSRERTTWIGLYHNISGVGLFLHPVGLELLLDHRALDP
PQASGLLHHCCFYKH- - QGQNLLTMTTAPRGLQSGDRATWFGLYYNLSGAGFYPHPIGLELLIDHKALDP
PQAAGVLHHCCSYKQ--GGGNLVTMTTAPRGLQSGDRATWFGLYYNISGAGYYLHPVGLELLVDHKALDP
PQAAGVLHHCCSYKQ--GGGNLVTMTTAPPGLQSGDRATWFGLYYNISKAGYYLHPVGLELLVDHKALDP
PQAAGVLHHCCSYKQ - -GGQKLLTMNSAPRGVQSGDRSTWFGIYYNITKGGPYLHPVGLELLVDHKALDP
P A L Y G L M APRGL SGDR TWFGLYYNISG GYFLHPVGLELLVDHKALDP
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sapiens pAo
norvegicus DAO
musculus bpAao
taurus bpAao
sapiens ssAo
sapiens rssAOb
sapiens rssAoa
musculus ssao
taurus aorta SSAO
taurus lung SSAO
taurus liver BPAO

onsensus

sapiens DAO
norvegicus DAO
musculus bpao
taurus bpAoO
sapiens ssAo
sapiens rSssAOb
sapiens rssAOa
musculus ssao
taurus aorta SSAO
taurus lung SSAO
taurus liver BPAO

onsensus

(229)
(229)
(229)

(n
(257)
(251)
(251)
(257)
(257)
(256)
(256)
(261)

(294)
(289)
(294)

(1
(307)
(301)
(301)
(307)
(307)
(306)
(306)
(331)

261 270 280 290 300 310 320

GHWAVEQVWYNGKFYGSPB ELARKYADGEVDV ---mnme- WLEDPLPGGKGHDSTEEPPLFSSHKPRGDFPS
QDWRVEQLWYNGKFYNNPEELARKYAVGEVDT------VVLEDPLPN GTEKPPLFSSYKPRGEFHT
QDWRVEQLWYNGKFYNSPEELAQKYAVGEVEAWLEEWLEDPLPG --------- ATEQPPLFSSYKPRGEFHT
ARWTIQKVFYQGRYYDSLAQLEAQFEAGLVNY ---mrceme VAR T=15] Vel fc] c o mmm— SWSLKSP--mmroemee v
AHWTVQQVFYLGHYYADLGQLEREFKSGRLEV -----cen- V2= 3VA-TI-T -1 ] N P —— ASSLRSR v N
AHWTVQQVFYLGHYYADLGQLEREFKSGRLEV ------en- V2= 3VA T -1 =TT N P ——— ASSLRSR ----mmv N
ALWTIQKVFYQGRYYESLTQLEDQFEAGLVNV e (VZRVZ] NI V[c] fc]c Tm— SWSLKSS--mmrmemee v
AQWTIQKVFFQGRYYESLAQLEEQFEAGRVNV --meceeee VYT N\ N[} fc]c Pom———— SWSLKSQ--mmrmemen v
AQWTIQKVFFQGRYYESLVQLEEQFEAGRVNV -memmv VA LINE el f Y c R —— SWSLKSQ--mmrmemen v
ADWTVQKVFFQGRYYENLAQLEEQFEAGQVNV e (VAVAL:I5) pYch fc] c R mm—— FWSLKSQ--mmmmv Y,
A WTVQ VFYQGRYY SL QLE F AG V V W IP GG S SLKS

331 340 350 360 370 380 390

PIHVSGPRLVQPHGPRFRLEGNAVLYGGWSFAFRLRSSSGLQVLNVHFGGERIAYEVSVQEAVALYGGHT
PVNVAGPHWQPSGPRYKLEGNTVLYGGWSFSYRLRSSSGLQIFNVLFGGERVAYEVSVQEAVALYGGHT
PVTVAGPHWQPSGPRYKLEGNWLYGDWSFSYRLRSSSGLQIFNVLFGGERVAYEVSVQEAVALYGGHT

PPGPAPPLQFYPQGPRFSVQGSRVASSLWTFSFGLGAFSGPRIFDVRFQGERLVYEISLQEALAIYGGNS
SPGPLPPLQFSPQGSQYSVQGNLWSSLWSFTFGHGVFSGLRIFDVRFQGERIAYEVSVQECVSIYGADS
SPGPLPPLQFSPQGSQYSVQGNLWSSLWSFTFGHGVFSGLRIFDVRFQGERIAYEVSVQECVSIYGADS
PPGPAPPLQFHPQGPRFSVQGSQVSSSLWAFSFGLGAFSGPRIFDI RFQGERVAYEI SVQEAIALYGGNS
PPGPTPPLQFHPQGTRFSVQGSRVTSSLWTFSFGLGAFSGPRIFDIRFQGERLAYEI SLQEAVAIYGGNT
PPGPTPPLQFHPQGTRFSVQGSRVTSSLWTFSFGLGAFSGPRIFDIRFQGERLAYEISLQEAVAIYGGNT
PPGPTPPLQFHPQGPRFSVQGNRVASSLWTFSFGLGAFSGPRVFDVRFQGERLAYEISLQEAGAVYGGNT
PPGP PPLQF PQGPRFSVQGN V SSLWSFSFGLGAFSG RIFDVRFQGERLAYEISVQEAVAIYGG T

4
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sapiens DAO
norvegicus bAo
musculus baAo
taurus DAO
sapiens SSAO
sapiens rssAOb
sapiens rssAoa
musculus ssAo
taurus aorta SSAO
taurus lung SSAO
taurus liver BPAO

onsensus

sapiens bpao
norvegicus DAO
musculus bpao
taurus baAo
sapiens ssAo
sapiens rssAOb
sapiens rssAo0a
musculus ssAo
taurus aorta SSAO
taurus lung SSAO
taurus liver BPAO

onsensus

(364)
(359)
(364)

(1
(377)
(371)
(371)
(377)
(377)
(376)
(376)
(401)

(434)
(429)
(434)

(71)
(447)
(441)
(441)
(447)
(447)
(446)
(446)
(471)

401 410 420 430 440 450 460

PAGM"QTKYLDVGWGLGSVTHELAPGIDCPETATFLDTFHYYDADDPVHYPRALCLFEMPTGVPLRRHFENS
PAGMQTKYIDVGWGLGSVTHELAPGIDCPETATFLDAFHYYDSDGPVHYPHALCLFEMPTGVPLRRHFENS
PAGMQTKYIDVGWGLGSVTHELAPGIDCPETATFLDAFHYYDSDGPVLYPRALCLFEMPTGVPLRRHFDS
PAGMQTKYMDVGWGLGSVTYELAPGIDCPEMATFVDALHYYDDDGPVLYPRALCLFEMPTGVPIRRHFENS
PAAMTTRYVDGGFGMGKYTTPLTRGVDCPYLATYVDWHFLLESQAPKTIRDAFCVFEQNQGLPLRRHHSD
PKTMLTRYLDSSFGLGRNSRGLVRGVDCPYQATMVDIHILVGKGAVQLLPGAVCVFEEAQGLPLRRHHNY
PKTMLTRYLDSSFGLGRNSRGLVRGVDCPYQATMVDIHILVGKGAVQLLPGAVCVFEEAQGLPLRRHHNY
PASMSTCYVDGSFGIGKYSTPLIRGVDCPYLATYVDWHFLLESQAPKTLRDAFCVFEQNQGLPLRRHHSD
PAAMLTRYMDGCFGMGKFATPLTRGVDCPYLATYVDWHFLLESQAPRTLHDAFCVFEQNKGLPLRRHHSD
PAAMLTRYMDACFGMGKFATPLTRGVDCPYLATYVDWHFLLESQAPKTLHDAFCVFEQNKGLPLRRHHSD

PAAMLTRYMDSGFGMGYFATPLIRGVDCPYLATYMDWHFWESQTPKTLHDAFCVFEQNKGLPLRRHHSD
PAAM TRYMD GFGLGK T L RGVDCPYLATYVD H LLES AP LP ALCVFE GLPLRRHH

471 480 490 500 510 520 530

NFKGGFNFYAGLKGQVLVLRTTSTVYNYDYIWDFIFYPNGVMEAKMHATGYVHATFYTP- - EGLRHGTRL
NFKGGFNFYAGLKGYVLVLRTTSTVYNYDYIWDFIFYSNGVMEAKMHATGYVHATFYTP--EGLRHGTRL
NFKGGFNFYAGLKGYVLVLRTTSTVYNYDYIWDFIFYPNGVMETKMHATGYVHATFYTP--EGLRHGTRL
NFNGGFNFYAGLKGQALVLRTTSTVYNYDYIWDFI FYPNGVMEAKMHATGYIHATFYTP - - EGLRHGTRL
LYS HYFGGLAETVLWRSMSTLLNYDYVWDTVFHPSGAIEIRFYATGYI SSAFLFG-- ATGKYGNQV
LQN HFYGGLASSALWRSVSSVGNYDYI WDFVLYPNGALEGRVHATGYINTAFLKGGEEGLLFGNRV
LQN HFYGGLASSALWRSVSSVGNYDYI WDFVLYPNGALEGRVHATGYINTAFLKGGEEGLLFGNRV
FYS HYFGGWGTVLWRSVSTLLNYDYI WDMVFHPNGAIEVKFHATGYI SSAFFFG- -AGEKFGNRV
FI1S QYFGGWETVLVFRSVSTLLNYDYVWDMVFHPNGAI EVKFHATGYI SSAFFFG - - TAQKYGNQV
F1S QYFGGWETVLVFRSVSTLLNYDYVWDMVFHPNGAIEVKFHVTGYISSAFFFG--TAQ KYGNQV
FLS HYFGGVAQTVLVFRSVSTMLNYDYVWDMVFYPNGAIEVKLHATGYISSAFLFG--AARRYGNQV

F NFYGGL TVLVLRSVSTV NYDYIWDFVFYPNGAIE KMHATGYlI SAFY G EGLRHGNRV



sapiens bao
norvegicus DAO
musculus pao
taurus bAo
sapiens ssAo
sapiens rssAOb
sapiens rssAOa
musculus ssao
taurus aorta SSAO
taurus lung SSAO
taurus liver BPAO

onsensus

sapiens bao
norvegicus DAO
musculus pao
taurus bao
sapiens ssAo
sapiens rssAob
sapiens rssAoa
musculus ssao
taurus aorta SSAO
taurus lung SSAO
taurus liver BPAO

onsensus

(502)
(497)
(502)
(139)
(512)
(508)
(508)
(512)
(512)
(511)
(511)
(541)

(572)
(567)
(572)
(209)
(582)
(578)

(578 )

(582)
(582)
(581)
(581)
(611)

541 550 560 570 580 590 600

HTHLIGNISTHLVHYRVDLDVAGTKNSFQTLOQMKLENITNPWSPRHRWQPTLEQTQYSWERQAAFRFKR
QTHLLGNIHTHLVHYRVDMDVAGTKNSFQTLTMKLENLTNPWSPSHSLVQPTLEQTQYSQEHQAAFRFGQ
QTHLLGNIHTHLVHYRVDLDVAGTKNSFRTLKTKLENITNPWSPSHSLVQPTLEQTQYSHEHQAAFRFGQ
HTHLIGNMHTHLVHYRVDLDVAGTKNSFQTLQMKLENITNPWSPGHRLVHPALQQMRYSRERQAAFRFGQ
SEHTLGTVHTHSAHFKVDLDVAGLENWVWAEDMVFVPMAVPWSPEHQLQRLQVTRKLLEMEEQAAFLVGS
GERVLGTVHTHAFHFKLDLDVAGLKNWWAEDWFKPVAAPWNPEHWLQRPQLTRQVLGKEDLTAFSLGS
GERVLGTVHTHAFHFKLDLDVAGLKNWWAEDWFKPVAAPWNPEHWLQRPQLTRQVLGKEDLTAFSLGS
GAHTLGTVHTHSAHFKVDLDVAGLKNWAWAEDMAFVPTIVPWQPEYQMQRLQVTRKLLETEEEAAFPLGG
RENTLGTVHTHSAHYKVDLDVGGLENWVWAEDMAFVPTTVPWSPEHQIQRLQVTRKQLETEEQAAFPLGG
RENTLGTVHTHSAHYKVDLDVGGLENWVWAEDMAFVPTTVPWSPEHQIQRLQVIRKQLETEEQAAFPLGG

GEHTLGPVHTHSAHYKVDLDVGGLENWVWAEDMAFVPTAIPWSPEHQIQRLQVTRKQLETEEQAAFPLGG
EHLLGTVHTHS HYKVDLDVAGLKNWYVY AEDM F PIT PWSPEH LQRPQLTR QL EEQAAF LG

611 620 630 640 650 660 670

KLPKYLLFTSPQENPWGHKRSYRLQIHSMADQVLPPGWQEEQAITWARYPLAVTKYRESELCSSSIYHQN
TLPKYLLFSSPQKNCWGHRRSYRLQIHSMAEQVLPPGWQEERAVTWARYPLAVTKYRESERYSSSLYNQN
TLPKYLLFSSPQKNRWGHRRSYRLQIHSMAEQVLPPGWQEERAVTWARYPLAVTKYRESERYSSSLYNQN
TLPKYLLFTSPEQNPWGHQRSYRVQIHSMADQVLPPGWQEERAVTWARYPLAVTKYRESERYSSSIYNQN
ATPRYLYLASNHSNKWGHPRGYRIQMLSFAGEPLPQNSSMARGFSWERYQLAVTQRKEEEPSSSSVFNQN
PLPRYLYLASNQTNAWGHQRGYRIQIHSPLGIQIPLESDMERALSWGRYQLWTQRKBEESQSSSIYHQN
PLPRYLYLASNQTNAWGHQRG YQLWTQRKEEESQSSSIYHQN
ATPRYLYLASNHSNKWGHRRGYRIQILSFAGKPLPQESPIEKAFTWGRYHLAVTQRKEEEPSSSSIFNQN
ASPRYLYLASKQSNKWGHPRGYRIQTVSFAGRPLPQNSSTERAISWGRYQLAVTQRKETEPSSSSVFNQN
GSPRYLYLASKQSNKWGHPRGYRIQTVSFAGRPLPQNSSTERAISWGRYQLAVTQRKETEPSSSSVFNQN
ASPRYLYLASKQSNKWGHPRGYRIQTVSFAGGPMPQNSPMERAFSWGRYQLAITQRKETEPSSSSVFNQN
LPRYLYLAS QSNKWGH RGYRIQI S AG LP S ERAISWGRYQLAVTQRKESE SSSIYNQN
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sapiens DAO
norvegicus DAO
musculus pao
taurus bao
sapiens ssAo
sapiens rssAOb
sapiens rssAOa
musculus ssao
taurus aorta SSAO
taurus lung SSAO
taurus liver BPAO

onsensus

sapiens bao
norvegicus DAO
musculus bpao
taurus bao
sapiens ssAo
sapiens rssAOb
sapiens rssAOa
musculus ssao
taurus aorta
taurus
taurus

SSAO
lung SSAO
liver BPAO

onsensus

(642)
(637)
(642)
(279)
(652)
(648)
(621)
(652)
(652)
(651)
(651)
(681)

(712)
(707)
(712)
(347)
(721)
(717)
(690)
(721)
(721)
(720)
(720)
(751)

681 690 700 710 720 730 740

DPWHPPWFEQFLHNNENIENEDLVAWVTVGFLHIPHSEDIPNTATPGNSVGFLLRPFNFFPEDPSLASR
DPWDPPWFEEFLRNNENIEDEDLVAWVTVGFLHIPHSEDVPNTATPGNSVGFLLRPFNFFPEDPSLASR
DPWDPPWFEEFLRNNENIENEDLVAWVTVGFLHIPHSEDVPNTATPGNCVGFLIRPFNFFEEDPSLASR
DPWDPPWFEEFLRNNENIEDEDLVAWVTVGFLHIPHAEDIPNTTTPGNSVGFLLRPFNFFPEDPSLA--
DPWAPTVDFSDFINN-ETIAGKDLVAWVTAGFLHIPHAEDIPNTVTVGNGVGFFLRPYNFFDEDPSFYSA
DIWTPTVTFADFINN-ETLLGEDLVAWVTASFLHIPHAEDIPNTVTLGNRVGFLLRPYNFFDEDPSIFSP
DIWTPTVTFADFINN-ETLLGEDLVAWVTASFLHIPHAEDIPNTVTLGNRVGFLLRPYNFFDEDPSIFSP
DPWTPTVDFTDFISN-ETIAGEDLVAWVTAGFLHIPHAEDIPNTVTAGNSVGFFLRPYNFFDEDPSFHSA
DPWTPTVDFADFINN-ETIAGKDLVAWVTAGFLHIPHAEDIPNTVTVGNGVGFFLRPYNFFDEDPSINSA
DPWTPTVDFADFINN-ETIAGKDLVAWVTAGFLHIPHAEDIPNTVTVGNGVGFFLRPYNFFDQEPSMDSA
DPWTPTVDFSDFINN-ETIAGKDLVAWVTAGFLHIPHAEDIPNTVTVGNGVGFFLRPYNFFDQEPSMDSA

DPWTPTV FADFINN ETI GEDLVAWVTAGFLHIPHAEDIPNTVTVGN VGFLLRPYNFFDEDPSL S

751 760 770 780 790

DTVIVWPRDNG---PNYVQRWIPEDRDCSMPPPFSYNGTYRPV--
DTVIVWPQDKG----LNRVQRWIPEDRRCLVSPPFSYNGTYKPV--
DTVIVWPQDNG----LNHVQRWI PENRDCLVSPPFSYNGTYKPV--

DSIYFRGDQDAGACEVNPLACLPQAAACAPDLPAFSHGGFSHN--
GSVYFEKGQDAGLCSINPVACLPDLAACVPDLPPFSYHGF----------
GSVYFEKGQDAGLCSINPVACLPDLAACVPDLPPFSYHGF----------
DSIYFREGQDATACEVNPLACLSQTATCAPEI PAFSHGGFAYRDN
DSIYFQKHQDAGSCEVNSLACLPKDPACAPDLPAFSHGGFFTN--
DSIYFREGQDAGSCEINPLACLPQAATCAPDLPVFSHGGYPEY --
DSIYFREGQDAGSCEINPLACLPQAATCAPDLPVFSHGGYPEY --
DSIYF QDAG C INPLACLP A CAPDLP FSHGGF

00¢
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APPENDIX B

GENERATION OF PHYLOGENETIC TREES
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Phylogenetic trees, commonly called evolutionary trees, were calculated in order
to generate a reasonable model of the evolutionary relationships among the copper amine
oxidases. These trees graphically show the range of amine oxidase distribution in
taxonomical groups, the relative difference in sequences in various taxa, and may be used
to infer physiochemical properties of some proteins (i.e. two protein sequences that are
quite similar and therefore show little distance on the phylogenetic tree may be predicted
to share certain physical and chemical characteristics). Nei and Kumar have an excellent
and recent introduction to phylogenetics [247].

PHYLIP v3.6a (Phylogeny Inference Package), the software package used in this
work, is one of the most used phylogenetic software p'ackages, and is available free of
charge on the Internet[248]. This package includes various statistic methods, including
parsimony, distance matrix, and likelihood methods, and accepts various data sets for
input, such as nucleic acid sequences, amino acid sequences, gene frequencies, distance
matrices, and 0/1 characters.

It is unreasonable to use the complete amino acid sequences from the lineup in
Appendix A for data input for the following reasons: 1) the sequences are ofwidely
varying lengths and are often incomplete, 2) the us very long input sequences would
greatly increase the required computation time, and 3) the phylogenetic software does not
handle insertions or deletions very well and treats characters that are not recognized as
representing any amino acid. Therefore, an input file has been created from a subset of
the complete amino acid sequences, which is assumed to reasonably represent the

complete sequences and allow for the inference of apparent phylogenetic relationships.
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The input file was constructed using the following criteria: 1) the residues are all
from the catalytic domain, Domain IV, 2) the input file contains the TPQ consensus
sequence, the three histidine residues that coordinate copper, and the residues that
correspond to the second metal binding site ligands, and 3) empty positions, either from
insertions or deletions, are not included. Thus the number of sequences suitable for
inclusion is 45 out of the 60 available sequences. Using the numbering scheme in the
amino acid sequence lineup shown in Appendix A, the following sets of residues were
selected for the input file: residues 609-642, 658-685, 775-801, 807-818, 847-871, and
875-891. The length of the input file is 138 amino acids, of which 62 % are in the
structurally conserved regions identified by Kumar et al [12]. The first line in the input
file gives the total number of sequences and the length of each sequence.

Distance matrix and maximum likelihood methods were chosen. Parsimony
programs were not used, although these statistical algorithms are the simplest and require
the least computational time, because the assumptions of parsimony programs were
deemed to be overly simplistic for this data set. Parameters for the PHYLIP programs
used are the default settings except that input sequences were randomized and global
rearrangements were allowed. Randomization and global rearrangement greatly increase
the computational time but result in more refined trees. No assumption of a molecular
clock was used.

The PHYLIP program PROTDIST was used to construct a distance matrix from
the input sequences. The distance value for each pair of sequences provides an

approximation of the total branch length between the two species. To construct the
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.distance matrix, I chose to use the Jones-Taylor-Thornton model of amino acid
substitution, a matrix based upon the empirical probability of a substitution of a specific
amino acid to any other amino acid [249]. The Jones-Taylor-Thornton matrix of
probability is quite similar to the earlier Dayhoff PAM matrix [ 250]butis an updated
matrix consisting of a much greater sample size of protein sequences. The output of
PROTDIST, a distance matrix, was then used as input into the program FITCH, which
uses the least-squares method of Fitch and Margoliash for fitting trees to distance
matrices and give a possible phylogenetic tree as the output [251].

ProML, the Protein Maximum Likelihood program, also utilized.the Jones-
Taylor-Thornton probability matrix. However, in maximum likelihood methods the
probability of a given set of sequence for a specific substitution model (Jones-Taylor-
Thornton) is maximized for each tree topology, that is, for each tree branching pattern.
The topology that gives the maximum probability is then chosen as the final tree.

The output phylogenetic trees from PHYLIP programs were then imported into
TRE]éVIEW software [252], which increases the graphic quality and simplifies the
manipulation and editing of the trees, although no editing was used for the trees shown
herein. The trees were then saved as enhanced metafiles (*.emf) and imported into
Microsoft PowerPoint, and then the ten letter headers for each row of sequences were

replaced with the correct binomial nomenclature and, if required, the amine oxidase gene

number used in Appendix A.
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Phylogenetic trees shown here are unrooted trees, and the number, #, of possible

branching patterns (topologies) for an unrooted tree of m taxa (in this case the taxa are

amino acid sequences) are given by the equation:
t=[2m -/ 2" (m —3)]

Thus, the number of possible topologies for the 45 sequences used in this input file is
approximately 4.56 x 10%. Thus the computation time required to derive the optimal tree
can be considerable.

The generated evolutionary trees are statistical models limited by the input data
set and the necessary assﬁmptions used to derive the models, and these models‘are only
approximations of the true and unknown evolutionary relationships. It is important to
note that the trees shown herein are not species tree (i.e. do not reflect the evolutionary
relationships or “family tree” am'ong species) but are only l“gene trees” that indicate the
relationships within the family of copper amine oxidase genes. Remember that these
trees are were constructed from a subset of the primary sequences from the sequenced

copper amine oxidase gene products.




Amino Acid Sequence Input File for PHYLIP Programs

45 138 )
Homo KDAO <
TVYNYDYIWDFIFYPNGVMEAKMHATGYVHATFHGTRLHTHLIGNIHTHLVHYRVDLDVAGVLPPGWQEEQATITWARYPLAVTKYELCSSSIYHQOND
LVAWVTVGFLHIPHSEDIPNTATPVGFLLRPFNFFPEDPSL
Homo SSAO
TLLNYDYVWDTVFHPSGAIEIRFYATGYISSAFYGNQVSEHTLGTVHTHSAHFKVDLDVAGPLPONSSMARGFSWERYQLAVTQREPSSSSVFNQND
LVAWVTAGFLHIPHAEDIPNTVTVVGFFLRPYNFFDEDPSF
Homo SSAODb
SVGNYDYIWDFVLYPNGALEGRVHATGYINTAFFGNRVGERVLGTVHTHAFHFKLDLDVAGQIPLESDMERALSWGRYQLVVTQRESQSSSIYHQND
LVAWVTASFLHIPHAEDIPNTVTLVGFLLRPYNFFDEDPST
Mus DAO
TVYNYDYIWDFIFYPNGVMETKMHATGYVHATFHGTRLOQTHLLGNITHTHLVHYRVDLDVAGVLPPGWQEERAVTWARYPLAVTKYERYSSSLYNQND
LVAWVTVGFLHIPHSEDVPNTATPVGFLIRPFNFFEEDPSL
Mus SSAO
TLLNYDYIWDMVFHPNGAIEVKFHATGYISSAFFGNRVGAHTLGTVHTHSAHFKVDLDVAGPLPQESPIEKAFTWGRYHLAVTQREPSSSSIFNQND
LVAWVTAGFLHIPHAEDIPNTVTAVGFFLRPYNFFDEDPSFE
Rattus DAO )
TVYNYDYIWDFIFYSNGVMEAKMHATGYVHATFHGTRLOQTHLLGNIHTHLVHYRVDMDVAGVLPPGWQEERAVTWARYPLAVTKYERYSSSLYNOND
LVAWVIVGFLEHIPHSEDVPNTATPVGFLLRPFNFFPEDPSL
Bos DAO
TVYNYDYIWDFIFYPNGVMEAKMHATGY THATFHGTRLHTHLIGNMHTHLVHYRVDLDVAGVLPPGWQEERAVTWARYPLAVTKYERYSSSTIYNQND
LVAWVTVGELHIPHAEDIPNTTTPVGFLLRPFNFFPEDPSL
Bos aorta
TLLNYDYVWDMVFHPNGAIEVKFHATGYISSAFYGNQVRENTLGTVHTHSAHYKVDLDVGGPLPQNSSTERAISWGRYQLAVTQREPSSSSVFNQND
LVAWVTAGFLHIPHAEDIPNTVTVVGFFLRPYNFFDEDPST ‘
Bos BPAO
TMLNYDYVWDMVFYPNGAIEVKLHATGY ISSAFYGNQVGEHTLGPVHTHSAHYKVDLDVGGPMPONSPMERAFSWGRYQLAITQREPSSSSVFNQND
LVAWVTAGFLEIPHAEDIPNTVITVVGFFLRPYNFEFDQEPSM
Bos lung
TLLNYDYVWDMVFHPNGAIEVKFHVTGYISSAFYGNQVRENTLGTVHTHSAHYKVDLDVGGPLPQNSSTERAISWGRYQLAVTQREPSSSSVFNQND
LVAWVTAGFLHIPHAEDIPNTVTVVGFFLRPYNFFDQEPSM

90¢




tomato
SVANYDYIVDWEFQNDGLIRPKVGLSGILMVKGYGTLLSENIVGVIHDHYVTFHLDMDIDGILLRKELLLLITKFGSHLIMNLSNKVKVMILLLFGL
IVLWYTLGFHHIPCQEDFPIMPTVSSFEIKPVNFFESNPIL

Solanum
TVANYEYGFYWHFYQDGKIEAXGQADWNSQLRCYGTTIAPGLYAPVHQHFFVARMDMAVDCLAGSEAKFLRRAAFLKHNLWVTPYEIFPGGEFPNQN
IVLWYIFGLIHVPRLEDWPVMPVEIGFMLQPHGFFNCSPAV

Athalianal
TVGNYDYIVDYEFKPSGSIKIGVGLTGVLEVKPHGTIVADNTIGVNHDHFVTYRLDLDIDGLLAQDDYPQIRAAFTNYNVWITPYEVWASGLYADRS
IVMWYTVGFHHVPCQEDFPTMPTLGGFELRPTNFFEQNPDL

Athaliana2
TLGNYDYIVDWEFKKSGAIRVGVDLTGVLEVKAYGTQVAKNTIAVNHDHYLTYYLDLDVDGLLTDDDYPEIRAGYTKYPVWVTAYERWAGGFYSDRS
IVMWYNVGFHHIPYQEDFPVMPTLGGFTLRPSNFFDNDPLI

Athaliana3
SVGNYDYIFDWEFQTDGLIRVTVAASGMLMVKGAGPLISENVIGVVHDHFITFHLDMDIDGLLDHDDPPQIRGAFTNNQIWVTPYEQYAGGVLIYQS
IVLWYTLGFHHVPCQEDYPVMPTVASFELKPANFFESNPIL

Athaliana4
TVANYEYGFYWHFYQDGKIEAEVKLTGILSLGAYGTTIAPGLYAPVHQHFFIARMDMSVDCLARPEAKFLRRAAFLKHNLWVTRYEKFPGGEFPNQN
VVLWYVFGITHVPRLEDWPVMPVEIGFTLMPHGFFNCSPAV

Athaliana5s
SVGNYDYIFDWEFQMDGVIRVTVAASGMLMVKGSGPLISENVIGVVHEDHFISFHLDMDIDGLLDHDDPPQMRGAFTNNQIWVTRYEQWAGGLILMYQS
IVLWYTLGFHHVPCQEDFPVMPTISSFELKPVNFFESNPVL

Athalianaé
SVGNYDYIFDWEFQTDGLIRVTVAASGMLMVKGAGPLISENVIGVVHDHFITFHLDMDIDGLLDHDDPPQIRGAFTNNQIWVTPYEQYAGGVLIYQS
IVIWYTLGFHHVPCQEDYPVMPTVASFELKPANFFESNPIL

Chickpea
TVGNYDNVLDWEFKTSGSIKPAIALSGILEIKGYGTLVSANSIGIYHDHFYMYYLDFDVDGLLTEDDYPQIRGAFTITNYNVWVTPYEKWAGGLYVDHS
IVLWHVVGIHHVPAQEDFPIMPLLTSFELRPTNFFERNPVL

C. lineata ‘
AVANYDYIVDWEFQTDGLIRSKVGLSGILMVKGYGTLLSENSIGVIHDHFLTYYLDIDIDGLLDAEDPPQKRAAFTNNQIWVTPYEQWAGGLFVYQS
IVILWYTLGFHHIPCQEDYPIMPTVSSFDLKPVNFFERNPIL . -

G. max
TVANYEYGFFWHFYQDGKIEAEVKLTGILSLGAYGTTIAPGLYAPVHQHFFVARMDMAVDCLAGSEAKFLRRAAFLKHNLWVTPYEMHPGGEFPNQN
IVLWYVFGVTHIPRLEDWPVMPVEIGFMLMPHGFFNCSPAV

Medicago 1
TVANYEYAFFWHFYQDGKIEAEVKLTGILSLGAYGTMIAPGLYAPVHQHFFVARMDMSVDSLAGSEAKFLRRAAFLKHNVWVTAYEMFPGGEFPNQN
IVIWYVFGITHFIIYSVAYVDGSRRRPVAHRLSFVEMVVPY

L0T




P.sativuml
TVGNYDNVIDWEFKASGSIKPSIALSGILEIKGHGKLVSANSIGIYHDHFYIYYLDFDIDGLLTEDDYPQIRGAFTNYNVWVTAYEKWAGGL YVDHS
IVMWHVVGIHHVPAQEDFPIMPLLTSFELRPTNFFERNPVL

P.sativum2
TVGNYDNVIDWEFKASGSIKPATIALSGILEIKGHGKLVSANSIGIYHDHFYIYYLDFDIDGLLTEDDYPQIRGAFTNYNVWVTAYEKWAGGLYVDHS
IVMWHVVGIHHVPAQEDFPIMPLLTSFELRPTNFFERNPVL

Lens 1
TVGNYDNVLDWEFKTSGWMKPSIALSGILEIKGHGKLVSANSIGIYHDHFYIYYLDFDIDGLLTEDDYPQIRGAFTNYNVWVTXNEKWAGGLYVDXS
IVMWHVVGIHHVPAQEDFPIMPLLTSFELRPTNFFERNPAL

Lens 2
TVGENYDNVILDWEFKTSGWMKPSTIALSGILEIKGHGKLVSANSIGIYHDHFYIYYLDFDIDGLLTEDDYPQIRGAFTNYNVWVTPYEKWAGGLYVDHS
IVMWHVVGIHHVPAQEDFPIMPLLTSFELRPTNFFERNPVL

T.aestivum
TVANYEYGFYWHFYQDGKIEAEVKLTGILSLGAYGTTIAPSLYAPVHQHFFVARMDMAVDCFALPEAKFLRRAGFLKHNLWVTPYEKFPGGEF PNON
IVLWYVFGLTHIPRLEDWPVMPVEIGFMLMPHGFFNCSPAV

H.vulgare2
TVANYEYGFYWHFYQDGKIEAEVKLTGILSLGAYGTTIAPSLYAPVHQHFFVARMDMAVDCFALPEAKFLRRAGFLKHNLWVTPYEKFPGGEFPNON
IVLWYVFGLTHIPRLEDWPVMPVEIGFMLMPHGFFNCSPAV

P. angusta
TAANYEYCLYWVFMODGAIRLDIRLTGILNTYIWGTRVYPNVNAHNHQHLFSLRIDPRIDGLAKEGSLVAKRAPWASHSVNVVPYRLYPSGDHVPQOW
ILFFHTFGITHFPAPEDFPLMPAEITLMLRPRHFFTENPGL

P.pastoris
TIGNYDYNFLYKFFLDGTLEVSVRAAGYIQAGYYGLKIHDVLSGSFHDHVLNYKVDLDVGGIVKNSRSGPETONWARSNLFLTKHELRSSTATNTNA
IVAWVNLGLHHLPNSNDLPNTIFSASFMLTPEFNYEFDSENSR

Candida 1 i
TAANYEYCVYWILRQDGTIKLEIRLTGILNTYIWGTVVYPNVNAHNHQHLFSLRIHPRIDGLAQEGSLVKKRAPWAASHTQVVPYRLYPSGDHVPQOW
ILLFHTFGITHFPAPEDFPVMPTEFDLQLRPRNIHTENPVL

Candida 2
TVANYEYIINLKFVTDGSIDIEVRATGILSTMPWGTIVGPNVMAAYHQHILGFRIDPAVDGLADPDSFNAKRAKFATQQVWVTKYQLFAAGEFTNQS
IVVWATMGFTHIPRVEDFPVMPVEHNIQLAPANFFDRNPAL

S. pombe 1
TAANYEYMVYWIFHMDGVIECELKLTGILNTYAWGTQVYPQVNAHNHQHLFCLRLNPMLDGMARPGSLVSNRAGFARHHIHVTPYQIYPAGDYVERQT
IVVWHTFGITHFPAPEDFPLMPAEIRLLLRPRNFFLRNPAL

S. pombe 2
TAANYEYLVYWIFRMDGVIECEIRLTGILNTNAHGTQVYPKISAENHEHLFCLRINPMLDGLSQPGTTNSDCSGFAENNIYVTPYQIFPTGDYAPQA
IVVWHTFGMIHFPAPEDFPIMPAEIHLFLQPRNFFKHNPAL
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A. niger 1
TLANYEYIFAYKFDQSGGITGRVACHGYLERGOVRQRROWRRVGPEPPAHFLCAHRPGYYGLADPNSIQARRAQFAQHHVWVTKYELYAGGRYTLQS
VVVWSTFGITHNPRVEDWPVMPVEFQLMIRPADFFTANPSL

A. niger 2
TLANYEYIFAYKFDQSGGITVESRATGILNVVNYGNVVSGGVLAQNHQHIFCVRIDPATDGLADPNSIQARRAQFAQHHVWVTKYELYAGGRYTLQS
VVVWSTFGITHNPRVEDWPVMPVEFQLMIRPADFFTANPSL

Afumigatus
TAANYEYAFYHTFTLDGTYKLEVKLTGMLNTYCFGTETARGLDAQNHQHIFSLRVDPEIDGLAKPGSTVYKRAGFARHEATLWVLPYEIFPAGQYVCQS
IVCYIQFGLTHFPRTEDFPIMPAEVSVMLRASNFFQKNPAL ’
fumigatus2

TVGNYEYIFAFQFTQDASVTYEVRATGILSTAPYGTIVAPGVMAPYHQHI FSLRIDPAIDGLAHPSSYHFKRSEFAEHAVWVTRYERY SAGEHTMQS
IVIWHTFGTTHNPRVEDWPVMPAEMSVTLKPVNFFWRNPAL

E. coli
TVGNYDYIFDWIFHENGTIGIDAGATGIEAVKGYGTLIDHNIVGTTHQHI YNFRLDLDVDGQFAPDEWI YHRLSFMDKQLWVTRYERFPEGKYPNRS
AVVWMTTGTTHVARAEEWPIMPTEVHTLLKPWNFFDETPTL

Kaerogenes

TVGNYDYIFDWVFHDNGTIGIDAGATGIEAVKGYGTLIDHNIVGTTHQHIYNFRLDLDVDGKFAPDEWI YHRLSFMDKQLWVTRYERYPEGKYPNRS
DVVWITTGTTHVARAEEWPIMPTEALALLKPWNFFDETPTL

M. loti
TVANYEYGIFWYLHTDGAIEFELKATGIINTTAYGKEVSPGVLGHIHQHIFCARLDMSVDGYVAAHSPSGRRSTFTSNHLWVTAFERYPAGEYMNHS
LVLWHTFGVHHQVRPEDFPVQPCITGFKLMPSGFFDONPGI

AGAO 1
TVGNYDYGFYWYLYLDGTIEFEAKATGIVFTAAYASETAPGLGAPYHQHLFSARLDMMIDGAMADDSSTASRAAFARHHLWVTRHELYAAGDFVNQH
LVVWHSFGLTHFPRPEDWPIMPVDTGFTLKPHGFFDENPTL

AGAO 2
TIGNYDYGFYWYLYLDGTIEFEAKATGVVFTSANISQLAPGLGAPFHQHIFSARLDMATIDGLADPGSSTARRAAFATKDLWVTRYERY PTGDFVNQH
IVVWHTFGLTHFPRVEDWPIMPVDVGFKLRPEGFFDRSPVL

A.strainPl
TVANYEYAFYWHLFLDGSIEFLVKATGILSTAGGQSLNNDGLYAPTHQHMFNVRMDFELDGAARDDAYVSKRAQFARNNLWVTAYERFAAGEYPNQA
LVVWYTFGMHHVVRLEDWPVMPRQIGFMLEPHGFFNONPTL

Solfolobus
TLANYDYGFFWYFYQODGSIEFLVKLTGIINDDSYGTRVTPEVYAPIHIHFFNIRLNINVDGPLPDDSYVRRRGAY INYHLWVTPYERYASGDYPYLR
LVIWYTLGVEHEVVRIEDWPVMPVEAGFRLIPDGFFDKNPTI

60¢C
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Parameters Used for the Program PROTDIST

Input data is the amino acid sequence file given above.

Protein distance algorithm, version 3.6a3

Settings for this run:
P UseJTT, PAM, Kimura or categories model? Jones-Taylor-

Thornton
matrix
G Gamma distribution of rates among positions? No
C One category of substitution rates? Yes
w Use weights for positions? No
M Analyze multiple data sets? No
I Input sequences interleaved? Yes
0 Terminal type (IBM PC, ANSI)? (none)
1 Print out the data at start of run No
2 Print indications of progress of run Yes

Are these settings correct? (type Y or the letter for one to change)




Qutput from PROTDIST: A Distance Matrix with Zero Elements Along the Diagonal

Homo KDAO 0.0000 0.6377 0.5565 0.0953 0.5032 0.0782 0.0698 0.5498 0.5963 0.5833

1.8683 1.8013 1.3573 1.5054 1.7138 1.8546 1.6621 1.7138 1.8179 1.5843 1.8367 2.5329
1.8440 1.8400 1.8043 1.8051 1.8391 1.8391 1.6637 1.1721 1.8603 1.6074 1.5048 1.6024
2.1282 1.7258 1.7653 1.7848 1.4186 1.4593 1.7370 1.6015 1.7604 1.7763 1.7539

Homo SSAO 0.6377 0.0000 0.4061 0.6110 0.1698 0.6265 0.5936 0.1236 0.1689 0.1499

2.0293 2.0543 1.4700 1.5318 1.6986 2.0321 1.7363 1.6986 1.9612 1.7742 2.0147 2.8450
2.0129 2.0160 2.0223 ,2.0474 2.0049 2.0049 1.9827 1.3892 2.2346 1.6743 1.9233 2.0288
2.2163 1.6836 2.1040 2.0298 1.4611 1.4956 1.7037 1.6332 1.8982 1.9573 1.6978

Homo SSAOb 0.5565 0.4061 0.0000 0.5770 0.3324 0.5799 0.5362 0.3654 0.3828 0.4077
2.0371 1.9513 1.5619 1.5823 1.7640 1.9740 1.7655 1.7640 2.0383 1.8815 1.9173 2.8067
2.0888 .0919 2.0680 2.0930 1.9592 1.9592 1.9465 1.3472 2.1180 1.7141 1.8441 2.0242
2.2317 1.8151 1.9378 1.8591 "'1.3760 1.4093 1.6001 1.6238 1.8314 1.7909 1.5858

Mus DAO 0.0953 0.6110 0.5770 0.0000 0.5107 0.0310 0.0867 0.5468 0.5818 0.5801
1.8255 1.8072 1.3221 1.4789 1.6840 1.8085 1.6323 1.6840 1.7497 1.5443 1.8363 2.4173
1.7756 .7717 1.7365 1.7384 1.7932 1.7932 1.7194 1.2077 1.9286 1.5834 1.5541 1.6246
2.0524 1.6310 1.7490 1.6970 1.38595 1.4153 1.5972 1.5898 1.6283 1.7402 1.6457

Mus SSAO 0.5032 0.1698 0.3324 0.5107 0.0000 0.5145 0.4729 0.1377 0.1818 0.1639
2.0515 .9499 1.5254 1.6005 1.7525 1.%9279 1.7700 1.7525 2.0322 1.7732 1.9109 2.6863
2.0913 .0869 2.1010 2.1265 1.9065 1.9065 1.9171 1.3323 2.0825 1.5636 1.8133 1.9499
2.3546 1.8348 2.0095 1.9414 1.4547 1.48590 1.7438 1.5939 1.8904 1.9231 1.6336

Rattus DAO 0.0782 0.6265 0.5799 0.0310 0.5145 0.0000 0.0699 0.5508 0.5861 0.5844

[\S}

[

N

1.8644 1.7330 1.3665 1.4963 1.6629 1.7354 1.6116 1.6629 1.7833 1.5545 1.7611 2.4269
1.8093 1.8053 1.7700 1.7713 1.7197 1.7197 1.6997 1.2194 1.9048 1.6168 1.5276 1.6294
2.0753 1.6571 1.7459 1.6935 1.4235 1.4497 1.5712 1.5643 1.6019 1.7380 1.6484

Bos DAO 0.0698 0.5936 0.5362 0.0867 0.4729 0.0699 0.0000 0.5181 0.5536 0.5514

1.9549 1.8090 1.3599 1.4754 1.6765 1.8040 1.6666 1.6765 1.7831 1.5885 1.8320 2.5326
1.8092 1.8052 1.76%97 1.7710 1.7885 1.7885 1.6802 1.1922 1.8811 1.5817 1.5099 1.6349
2.0480 1.6601 1.7349 1.6677 1.3757 1.4015 1.6701 1.64S91 1.6391 1.7428 1.6506

Bos aorta 0.5498 0.1236 0.3654 0.5468 0.1377 0.5508 0.5181 0.0000 0.1025 0.0304

1.9361 1.9455 1.4619 1.4364 1.6388 1.9235 1.6764 1.6388 1.9439 1.6485 1.9065 2.7833
2.0025 1.9983 2.0118 2.0369 1.9208 1.9208 1.9166 1.2780 2.0903 1.5941 1.8875 1.9269
2.3220 1.7490 2.0542 1.9780 1.4184 1.4512 1.6229 1.6024 1.8571 1.9090 1.6328

11¢




Bos BPAO 0.5963 0.1689 0.3828 0.5818 0.1818 0.5861 0.5536 0.1025 0.0000 0.0863
2.0201 1.8989 1.5034 1.5888 1.7493 1.8694 1.7862 1.7493 2.0713 1.7672 1.8529 2.6578
2.1312 2.1269 2.1407 2.1659 1.8437 1.8437 1.9986 1.2257 2.2004 1.6232 1.8856 1.9986
2.3551 1.8102 2.0537 1.9329 1.5250 1.5605 1.6707 1.5682 1.7764 1.8455 1.6691

Bos lung 0.5833 0.1499 0.4077 0.5801 0.1639 0.5844 0.5514 0.0304 0.0863 0.0000
1.9147 1.9778 1.4387 1.4654 1.6601 1.9127 1.6973 1.6601 1.9224 1.6331 1.8958 2.7445
1.9801 1.9759 1.98%92 2.0139 1.9100 1.92100 1.9409 1.2669 2.1160 1.6156 1.8680 1.8976
2.3490 1.7967 2.0454 2.0008 1.4600 1.4939 1.6598 1.6620 1.8560 1.9168 1.6561

tomato 1.8683 2.0293 2.0371 1.8255 2.0515 1.8644 1.9549 1.9361 2.0201 1.9147
0.0000 1.9802 0.9035 1.1121 0.6030 1.8962 0.6253 0.6030 1.0304 0:4804 1.8042 2.4774
1.0859 1.0831 1.0710 1.0905 1.7923 1.7%923 1.7758 2.1377 1.8188 1.5261 1.6987 1.7032
2.4393 1.8171 1.8570 1.7482 1.5404 1.4934 1.8233 1.9115 2.0820 1.9993 1.9249

Solanum 1.8013 2.0543 1.9513 1.8072 1.9499 1.7330 1.8090 1.9455 1.898% 1.9778
1.9802 0.0000 1.4856 1.5303 1.4030 0.1866 1.4779 1.4030 1.5090 1.4058 0.1576 0.5955
1.6162 .6162 1.6414 1.6068 0.1718 0.1718 1.3992 1.9590 1.5269 1.1083 1.1532 1.2017
1.5746 1.1212 1.0809 1.0661 1.2976 1.3686 1.1182 0.8585 0.7884 0.8075 1.0234

Athalianal 1.3573 1.4700 1.5619 1.3221 1.5254 1.3665 1.3599 1.4619 1.5034 1.4387
0.9035 1.4856 0.0000 0.3984 0.6117 1.4363 0.6322 0.6117 0.4462 0.5683 1.3984 1.8999
0.4359 0.4312 0.4659 0.4580 1.4524 1.4524 1.4729 1.8539 1.4288 1.0242 1.3710 1.2638
1.7410 1.2516 1.3591 1.2094 1.0847 1.0883 1.3980 1.4143 1.5137 1.3699 1.2076

Athaliana2 1.5054 1.5318 1.5823 1.4789 1.6005 1.4963 1.4754 1.4364 1.5888 1.4654
1.1121 1.5303 0.3984 0.0000 0.7643 1.3577 0.7798 0.7643 0.5948 0.6792 1.3835 1.8778
0.6076 0.6015 0.6495 0.6446 1.3461 1.3461 1.5469 1.9939 1.6667 1.1913 1.4316 1.4243
1.7707 1.3171 1.4549 1.3841 1.1879 1.1991 1.3736 1.4379 1.5978 1.4680 1.2112

Athaliana3 1.7138 1.6986 1.7640 1.6840 1.7525 1.6629 1.6765 1.6388 1.7493 1.6601
0.6030 - 1.4030 0.6117 0.7643 0.0000 1.4222 0.1132 0.0000 0.5975 0.2837 1.3962 1.9472
0.6329 0.6285 0.6436 0.6201 1.4387 1.4387 1.6436 1.7906 1.6456 1.0845 1.4890 1.4803
1.6883 1.3011 1.5225 1.2726 1.0869 1.0547 1.286%9 1.3002 1.3157 1.3322 1.3073

Athaliana4 1.8546 2.0321 1.9740 1.8085 1.9279 1.7354 1.8040 1.9235 1.8694 1.9127
1.8962 0.1866 1.4363 1.3577 1.4222 0.0000 1.4397 1.4222 1.3587 1.3219 0.0897 0.4307
1.4375 1.4256 1.4480 1.4527 0.0909 0.0909 1.2599 1.9755 1.3294 1.0171 1.0079 1.1311
1.5128 1.0515 1.0387 0.8799 1.1856 1.2562 0.9521 0.7365 0.7269 0.7200 0.8651

Athaliana5 1.6621 1.7363 1.7655 1.6323 1.7700 1.6116 1.6666 1.6764 1.7862 1.6973
0.6253 1.4779 0.6322 0.7798 0.1132 1.4397 0.0000 0.1132 0.6185 0.3176 1.4811 1.9798
0.6308 0.6263 0.6460 0.6335 1.5130 1.5130 1.6746 1.7622 1.6695 1.1032 1.5182 1.4660
1.7182 1.3239 1.5128 1.2426 1.0945 1.0861 1.2993 1.2917 1.2996 1.3993 1.4443
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Athalianaé 1.7138 1.6986 1.7640 1.6840 1.7525 1.6629 1.6765 1.6388 1.7493 1.6601

0.6030
0.6329
1.6883
Chickpea
1.0304
0.0716
1.7740

C. lineata

0.4804
0.5536
1.7424
G. max
1.8042
1.5037
1.4696
Medicago
2.4774
1.9558
. 2.2157

1

P.sativuml

1.0859
0.0000
1.7579

P.sativum2

1.0831
0.0077
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Lens 1
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1
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3104
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.3835
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9008
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0
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2
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.9852
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T.aestivum 1.8391 2.0049 1.9592 1.7932 1.9065 1.7197 1.7885 1.9208 1.8437 1.9100
1.7923 0.1718 1.4524 1.3461 1.4387 0.0909 1.5130 1.4387 1.4079 1.3134 0.0668 0.4804
1.5204 1.5082 1.5422 1.5129 0.0000 0.0000 1.2708 1.9642 1.3548 0.9948 0.9802 1.0843
1.5657 1.0945 0.9928 0.9365 1.2690 1.3308 0.9974 0.7941 0.7513 0.7576 0.8969

H.vulgare2 1.8391 2.0049 1.9592 1.7932 1.9065 1.7197 1.7885 1.59208 1.8437 1.9100
1.7923 0.1718 1.4524 1.3461 1.4387 0.0909 1.5130 1.4387 1.4079 1.3134 0.0668 0.4804
1.5204 1.5082 1.5422 1.5129 0.0000 0:0000 1.2708 1.9642 1.3548 0.9948 0.9802 1.0843
1.5657 1.0945 0.9928 0.9365 1.2690 1.3308 0.9974 0.7941 0.7513 0.7576 0.8969

P. angusta 1.6637 1.9827 1.9465 1.7194 1.9171 1.6997 1.6802 1.9166 1.9986 1.9409
1.7758 1.3992 1.4729 1.5469 1.6436 1.2599 1.6746 1.6436 1.4948 1.5391 1.2214 1.7175
1.6055 1.5910 1.6530 1.6008 1.2708 1.2708 0.0000 2.1655 0.2322 0.9960 0.4599 0.7163
1.5575 0.9567 0.7311 0.9280 1.5292 1.5591 1.2523 1.0834 1.1630 1.3024 1.3186

P.pastoris 1.1721 1.3892 1.3472 1.2077 1.3323 1.2194 1.1922 1.2780 1.2257 1.2669

2.1377 1.9590 1.8539 1.9939 1.7906 1.9755 1.7622 1.7906 2.0847 1.9852 1.8873 2.4294
2.0887 2.1240 2.0662 2.1002 1.9642 1.9642 2.1655 0.0000 2.4343 1.7814 2.0631 1.9185
2.4528 1.9447 1.8222 1.8910 2.0913 2.0593 1.8829% 1.6153 1.8019 1.6469 2.0572

Candida 1 1.8603 2.2346 2.1180 1.9286 2.0825 1.95048 1.8811 2.05903 2.2004 2.1160

1.8188 1.5269 1.4288 1.6667 1.6456 1.3294 1.6695 1.6456 1.5364 1.5066 1.3113 1.8333
1.6137 1.6003 1.7349 1.6454 1.3548 1.3548 0.2322 2.4343 0.0000 1.0095 0.5000 0.7123
1.7401 1.0374 0.8371 1.0291 1.5575 1.6195 1.2753 1.1188 1.1673 1.4007 1.3320

Candida 2 1.6074 1.6743 1.7141 1.5834 1.5636 1.6168 1.5817 1.5941 1.6232 1.6156
1.5261 1.1083 1.0242 1.1913 1.0845 1.0171 1.1032 1.0845 1.2343 1.0382 0.9839 1.4834
1.2871 .2766 1.3391 1.3531 0.9948 0.9948 0.9960 1.7814 1.0095 0.0000 0.8808 0.9578
1.1569 0.6610 0.9624 0.5566 0.9861 1.0383 1.0759 1.0081 0.9058 1.0128 1.2077

S. pombe 1 1.5048 1.9233 1.8441 1.5541 1.8133 1.5276 1.5099 1.8875 1.8856 1.8680
1.6987 1.1532 1.3710 1.4316 1.4890 1.0079 1.5182 1.4890 1.3714 1.3469 0.9856 1.3898
1.4472 1.4351 1.4733 1.4458 0.9802 0.9802 0.4599 2.0631 0.5000 0.8808 0.0000 0.3442
1.4429 0.9130 0.6677 0.8814 1.3080 1.3417 0.5943 0.8888 0.9501 1.0459 1.1625

S. pombe 2 1.6024 2.0288 2.0242 1.6246 1.9499 1.6294 1.6349 1.9269 1.9986 1.8976
1.7032 1.2017 1.2638 1.4243 1.4803 1.1311 1.4660 1.4803 1.3615 1.3278 1.1206 1.5442
1.3995 1.3879 1.4229 1.3980 1.0843 1.0843 0.7163 1.9185 0.7123 0.9578 0.3442 0.0000
1.6931 1.0688 0.8463 0.9309 1.3005 1.4116 1.1944 1.1407 1.1251 1.1417 1.3625

A. niger 1 2.1282 2.2163 2.2317 2.0524 2.3546 2.0753 2.0480 2.3220 2.3551 2.3490
2.4393 1.5746 1.7410 1.7707 1.6883 1.5128 1.7182 1.6883 1.7740 1.7424 1.4696 2.2157
1.7579 1.7605 1.76%94 1.7680 1.5657 1.5657 1.5575 2.4528 1.7401 1.1569 1.4429 1.6931
0.0000 0.3856 1.5172 1.0652 1.7801 1.8432 1.9491 1.6216 1.5359 1.5945 1.8155
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A. niger 2 1.7258 1.6836 1.8151 1.6310 1.8348 1.6571 1.e6601 1.7450 1.8102 1.7967
1.8171 1.1212 1.2516 1.3171 1.3011 1.0515 1.3239 1.3011 1.4253 1.3580 1.0112 1.4669
1.4427 1.4308 1.4489 1.4537 1.0945 1.0945 0.9567 1.5447 1.0374 0.6610 0.9130 1.0688
0.3856 0.0000 0.9336 0.6341 1.1785 1.2134 1.0768 1.0661 1.0379 1.1586 1.2840

Afumigatus 1.7653 2.1040 1.9378 1.7490 2.0095 1.7459 1.7349 2.0542 2.0537 2.0454
1.8570 1.0809 1.3591 1.4549 1.5225 1.0387 1.5128 1.5225 1.5161 1.3980 1.0106 1.4356
1.5939 1.5808 1.6161 1.5817 0.9928 0.9928 0.7311 1.8222 0.8371 0.9624 0.6677 0.8463
1.5172 0.9336 0.0000 0.7801 1.2897 1.3273 1.2868 0.9310 0.8084 1.0730 1.3910

fumigatus2 1.7848 2.0298 1.8591 1.6970 1.9414 1.6935 1.6677 1.9780 1.9329 2.0008
1.7482 1.0661 1.2094 1.3841 1.2726 0.8799 1.2426 1.2726 1.3104 1.2677 0.9008 1.3452
1.3579 1.3468 1.3952 1.4009 0.9365 0.9365 0.9280 1.8910 1.0291 0.5566 0.8814 0.9309
1.0652 0.6341 0.7801 0.0000 1.0852 1.0956 1.0961 0.9176 0.8623 0.9979 1.1693

E. coli 1.4186 1.4611 1.3760 1.3895 1.4547 1.4235 1.3757 1.4184 1.5250 1.4600
1.5404 1.2976 1.0847 1.1879 1.0869 1.1856 1.0945 1.0869 1.2447 1.1611 1.2705 1.7331
1.3075 1.2962 1.3423 1.3412 1.2690 1.2690 1.5292 2.0913 1.5575 0.9861 1.3080 1.3005
1.7801 1.1785 1.2897 1.0852 0.0000 0.0694 1.3078 1.1088 1.1197 1.1552 1.2317

Kaerogenes 1.4593 1.4956 1.4093 1.4153 1.4890 1.4497 1.4015 1.4512 1.5605 1.4939
1.4934 1.3686 1.0883 1.1991 1.0547 1.2562 1.0861 1.0547 1.2455 1.1515 1.3062 1.8050
1.3131 .3017 1.3440 1.3428 1.3308 1.3308 1.5591 2.0593 1.6195 1.0383 1.3417 1.4116
1.8432 1.2134 1.3273 1.0956 0.06%94 0.0000 1.3054 1.1063 1.1493 1.2049 1.2297

M. loti 1.7370 1.7037 1.6001 1.5972 1.7438 1.5712 1.6701 1.6229 1.6707 1.6598
1.8233 1.1189 1.3980 1.3736 1.2869 0.9521 1.2993 1.2869 1.3259 1.2846 0.9326 1.3697
1.3301 .3192 1.4294 1.3973 0.9974 0.9974 1.2523 1.8829 1.2753 1.0759 0.9943 1.1944
1.9491 1.0768 1.2868 1.0961 1.3078 1.3054 0.0000 0.7392 0.8380 0.9002 0.8800

AGAO 1 - 1.6015 1.6332 1.6238 1.5898 1.5939 1.5643 1.6491 1.6024 1.5682 1.6620
1.9115 .8585 1.4143 1.4379 1.3002 0.7365 1.2917 1.3002 1.4510 1.3884 0.7643 1.2899
1.4827 4706 1.4907 1.5114 0.7%941 0.7941 1.0834 1.6193 1.1188 1.0081 0.8888 1.1407
1.6216 1.0661 0.9310 0.9176 1.1088 1.1063 0.73%92 0.0000 0.3370 0.7055 0.8720

AGAO 2 1.7604 1.8982 1.8314 1.6283 1.8904 1.6019 1.6391 1.8571 1.7764 1.8560
2.0820 .7884 1.5137 1.5978 1.3157 0.7269 1.2996 1.3157 1.5744 1.3601 0.7229 1.2732
1.5787 .5659 1.6554 1.6086 0.7513 0.7513 1.1630 1.8019 1.1673 0.9058 0.9501 1.1251"
1.5359 1.0379 0.9084 0.8623 1.1197 1.14593 0.8380 0.3370 0.0000 0.8747 0.9979

A.strainPl 1.7763 1.9573 1.7909 1.7402 1.59231 1.7380 1.7428 1.9090 1.8455 1.9168
1.9993 0.8075 1.3699 1.4680 1.3322 0.7200 1.3993 1.3322 1.4430 1:3995 0.7669 1.2102
1.4106 1.4194 1.5126 1.4961 0.7576 0.7576 1.3024 1.6469 1.4007 1.0128 1.0459 1.1417
1.5945 1.1586 1.0730 0.9979 1.1552 1.2049 '0.9002 0.7055 0.8747 0.0000 0.8127
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Parameters Used for the Program FITCH

Input data is the distance matrix output from PROTDIST.

Fitch-Margoliash method version 3.6a3

Settings for this run:
D  Method (F-M, Minimum Evolution)? Fitch-Margoliash
Search for best tree? Yes
Power? 2.00000
Negative branch lengths allowed? No
Outgroup root? No, use as outgroup species 1
Lower-triangular data matrix? No
Upper-triangular data matrix? No
Subreplicates? No
Global rearrangements? Yes
Randomize input order of species? YES
Analyze multiple data sets? No
Terminal type (IBM PC, ANSI, none)? (none)
Print out the data at start of run No
Print indications of progress of run” Yes
Print out tree Yes
Write out trees onto tree file? Yes

Lw[\)»—nozt—«mmwbol "UC:

Y to accept these or type the letter for one to change
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Parameters Used for the Program ProML

Input data is the amino acid sequence file above.

Amino acid sequence Maximum Likelihood method, version 3.6a3

Settings for this run:
U Search for best free? Yes
P JTT or PAM amino acid change model? Jones-Taylor-Thornton model
One category of sites? Yes
Rate variation among sites? constant rate of change
Sites weighted? No
Speedier but rougher analysis? No
Global rearrangements? Yes
Randomize input order of sequences? Yes
Outgroup root? No, use as outgroup species 1
Analyze multiple data sets? No '
Input sequences interleaved? Yes
0 Terminal type (IBM PC, ANSI, none)? (none)
1 Print out the data at start of run No
2 Print indications of progress of run Yes
3 Print out tree Yes
4 Write out trees onto tree file? Yes
5 Reconstruct hypothetical sequences? No

HZOo=Qng RO

Y to accept these or type the letter for one to change




Phylogenetic Iree Generated bv a Distance Matrix Method

Medicago tnwcatula |

Arabidopsis thaliana 4
Glycine max

Hordeum vulgare 2
Triticum aestivum

Solanum tuberosum

Arabidopsis thaliana 4

Arthrobacter Strain Pl

Sulfolobus solfataricus

Mesorhizobium loti

Aspergillus niger |

Aspergillus niger 2

AspergillusJiimigatus 2
Candida albicans 2

Schizosaccharomyeespombe |

Schizosaccharomycespombe 2
Pichia angusta

Candida albicans

Pichia pastoris

Homo sapiens retina] SSAOb

Mus musculus SSAO
Homo sapiens SSAO
Bos taurus liver BPAO

Bos taurus aorta SSAO
Bos taurus Iung SSAO

Rattus norvegicus DAO

Mus musculus DAO

Homo sapiens DAO
Bos taurus DAO

Arabidopsis thaliana 2

Arabidopsis thaliana 2

Cicerarietinum

Lens cuhnaris | and 2
Pisum sativum | and2
Arabidopsis thaliana 5
Arabidopsis thaliana 6

Lycopersicon esculentum

6T¢C



Pichui pastoris
Phylogenetic Tree bv a Maximum Likelihood Method
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APPENDIX C

USE OF GROBNER BASES TO DERIVE STEADY STATE RATE EQUATIONS
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Several methods to derive steady state rate equations for enzyme-catalyzed
reactions are available, for example, the determinant method, the schematic method of
King and Altman and its several modifications, the use of graph theory by Volkenstein
and Goldstein, etc. [253] However, these methods often require the manipulation of very
large alggbraic equations, which invites the introduction of significant human error and
considerable consternation. I have utilized the Grébner Bases package included in the
symbolic algebra software package Maple 8 (Waterloo Maple, Inc). Note that “Grébner”
is often alternatively spelled as “Groebner” and is spelled as “grobner” in Maple.
Introductory information for the use of Groébner Bases can be found at
http://anstel.wins.uva.nl/~heck/ ATHENP96/ATHENP96.html and in reference [25_4], and
examples of use for biochemical kinetics can be  found  at
http://www.mapleapps.com/categories/science/biochemistry/html/Grobner.html.

Grébner B ases is a technique for s olving sy stems o f m ultivariable p olynomials
and is an algorithm based upon Polynomial Ideal Theory and was originally developed by

Buchberger in the mid 1960’s. [255]. It is used to solve systems of equations of the type:

fi(e1, X2y o0y %) =0
fz(xl, X2y vees x,l) =0

ﬁ;z(xlp X2y werp xn) =0

where f1, /2, ..., fm are polynomials in » unknowns.



http://anstel.wins.uva.nl/~heck/AIHENP96/AIHENP96.html
http://www.mapleapps.com/categories/science/biochemistry/html/Grobner.html
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This appendix will illustrate the use of Grébner Bases for solving steady state
enzymatic rate equations and demonstrate the specific applications to this thesis. In.
Maple syntax, the command prompt is “>”, user inputs and commands are given in red
font, and Maple outputs are in blue font.
Rate equations derived are:
1) Michaelis-Menten equation
2) Substrate inhibition
3) Bi Ter Ping Pong
4) Reversible substrate inhibition at two enzyme state in the mechanism
5) Reversible subétrate inhibition at two enzyme form and an additional

pathway for product formation
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Use of Gribner Bases to Derive the Michaelis-Menton Equation

Using the following enzyme reaction mechanism where E is Enzyme; S is
Substrate; ES is Enzyme-substrate complex and P is Reaction product

, k-
g

> restart:with (grobner) :

Rate equation for the formation (v0 of the product P
fl:=v=(diff(P(t) ,t)=k[2]*ES) :£f1;
>

y= (%P(f} =k, ES)

Rate equation for the change of the enzyme-substrate complex, ES
> £2:=diff (ES(t), (t))=k[1]*E*S~(k[-1]+k[2]) *ES:£2;

d
ZES() =k ES~(k, +k)ES

Equation for the total concentration of enzyme, Et
> £3 :=Et=E+ES:£3; ‘
Et=FE+ES

Rearrange equations to the form of polynomials equal to zero. Under the assumptions of
steady state, the concentration of the enzyme-substrate complex does not change.
>eql:=rhs (rhs (£1)) ~v:
eq?:=rhs (£2) :
eqg3:=rhs (£3) ~Et:eql;eq2 ;eq3;

k ES—v

k E S— (k_1 +k,) ES
E+ES-Er
Determine Groebner Bases
> Bases :=gbasis([eql,eq2,eq3], [E,ES,v] ,plex) ;
Bases := [Ek_1 +k2E+k1ES—k_] Et-szt, E'Sk_l +k2 ES+ES/Cl S—~kl S Et,
~k, k SEt+k v+k,v+k Sv]
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Solve for v
> aeqd =solve (Bases[3],v) req4;
' k2 kl S Et
k, +k+k S

Define the maximal rate of reaction as Vmax = k2 * Et
> egb:=algsubs (k[2] *Et=V[max] ,eqd) :eqgb;
kSV
1 max

k +k+k S

Simplify by division of numerator and denominator by k1
> eq6 :=numer (eq5) /k[1] :eqgb;

nax

> eq7:=denom(eqg5) /k[1] :eq7;
‘ k,S+k +k,

kl
Combine rate constants into a single constant -- the Michaelis constant, Ky
> eqgB :=expand (eq7) :eg8;

k—l kz

S+—+-—

kl kl

>eq9:=algsubs ((k[~1]+k[2]) /k[1]=K[M] ,eq8) :eq9;
S+ KM

Solve rate equation
. Combine numerator and denominator terms to give the complete rate equation, which

gives a common form of the Michaelis-Menten equation.
>eql0:=v=eqb6/eq9:eqll;

SVmax
p=——
S+KM .
Where:
> 'Km] '=(k[-11+k[2]1) /k[1];
>
kE +k
X = 1 7%
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Rate Equation for a Simple Model of Substrate Inhibition

A classical explanation of éubstrate inhibition is that two molecules of substrate
have parts of themselves stuck in the active site in such a way that prevents the reaction
from proceeding. The derivation below gives an equation identical in form to that given
by Cleland [85]. However, Cleland’s example is for the case of total substrate inhibition,
that is the ESS complex is a dead-end, irreversible state, and my rate equation is for the
partial substrate inhibition case, where the ESS complex formation is reversible;

therefore K; given herein is not equivalent to Cleland’s K.

k; ks
E+S ;_f E+s —> E+P
S
|
ESS -

where E is Enzyme; S is Substrate; ES is Enzyme-Substrate complex, ESS is Enzyme-
Substrate-Substrate complex, and P is reaction Product

> restart:with (grobner) :
Define the set of polynomials equal to zero.
Rate of formation for the product P
>eql :=v-k[3]*ES:eql;

: v—k, ES

Rate of formation of ES
>eq2:=k[1] *W*S+k [~2] *BSS—(k[-1]+k[3]+k [2]1*8)*ES:eqgl;
k ES+k, ESS - (k, +k + k) ES
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Rate of formation of ESS
>eq3:=k[2] *ES*S-k[-2] *ESS:eqQ3;
k,ESS—k, ESS

Equation for conservation of total enzyme
>eqgé:=Et-E-ES-ESS:eg4;
Et—FE—-ES - ESS

Determine Groebner Bases
> Bases:=gbasis ([eql, eq2,eq3,eq4l, [E,ES,ESS,v] ,plex);
Bases =k, S*E k+k,Ek, +kk,E+k,SEk —k, k,Et -k k,Et,

k, S*ES k+ESk, k,+k ESk,+SESk k,—k,Sk Et,

k, S* ESS k —k, S? k Et+k k,ESS+kk,ESS+k Sk,ESS,
2

~ky ko, Sk Et+k, S kvik k,v+kk,v+k Sk,v]

Solve for v

> egb:=golve (Bases [4],v) :eg5;
k, k_szl Et

2 ‘
k,S*k +k k,+kk,+k Sk,

Rearrangement and Simplification

Define Vmax as k3 multiplied by total enzyme

>eqg6:=algsubs (k[3] *Et=V[max] ,eq5) :eqgb;
kSk,V

max

2
kSPk +k, k,+kk,+k Sk,

Simplify by A) division of numerator by k1 * k-2
> eq7:=numer (eqg6) / (k[1]1 ¥k [-2]) :eq7;
SV

max

And B) division of denominator by k1 * k-2
>eq8:=denom{eqg6) / (k1] *k[-2]) :eqg8;
kySPk +k ke, +k k,+k Sk

k1 k_2

2

Expand the denominator polynomial
> eq9:=expand (eqg8) :eq9;
kS k, k
k k, k&

-2 1 1
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Substitution: Km = (k-1 +k3)/kl; Ki=k-2/k2
>eqgll:=expand (algsubs (k[2] /k[-2]1=1/K[i],eqg9)) :eqll;
2 kK

>eqgll:=expand(algsubs ((k[-1]1+k[3])/k[11=K[m],eql0)) :eqll;
2

%-+Km+S

)

Solve rate equation ‘
Combine numerator and denominator

>eql2:=v=eq7/eqll:eql2;

max

y= S2
-[zi—-i-](m-l-s
Where:
> R[M] '=(k[-11+k[3]) /kI[1];
k1+k3
Ky = k;
> 'KR[i]l'=k[-2]1/k[2];
k2
K =
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Rate Equation for a Bi Ter Ping Pong Mechanism

This section demonstrates the use of Grébner Bases to solve rate equations for
more complex reaction mechanisms. Copper-containing amine oxidases have a Bi Ter
Ping Pong type of mechanism, where the first substrate is a primary amine, the first
product is an aldehyde, the second substrate is dioxygen, and the products are ammonia
and hydrogen peroxide. The rate equation given here is identical to that given by

Cornish-Bowden [205].

k k;
E+A —— FA —— E2+X
k. k.,
ks ky
E2+B ? 'E2B ? E+Y+Z
-3 -4

Where E is the resting form of the Enzyme; A is the first substrate; EA is Enzyme-first
substrate complex,; E2 is the modified enzyme form; B is the second substrate; E2B is
the modified enzyme-second substrate complex; and X, Y, and Z are the reaction

products.

Define set of polynomials to represent reaction scheme

> restart:with (grobner) : '

Rate (v) of overall reaction

>eql:=v-k[4] *ES2+k [-4] *E*Y*Z:eql;

Formation of ES

>eq2:=k[1]*E*A+k [-2] *E2*X- (k[2]+k[-1]) *ES:eq2;
Formation of E2

>eqg3:=k[2] *ES+k [-3] *ES2~ (k [3] *B+k [-2] *X) *E2:eg3;
Formation of ES2

>eqgd:=k[3]*E2*B+k [-4]1 *E*Y*Z-(k[~3]+k[4]) *ES2:eq4;
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Conservation of enzyme
>egh:=Et-E-ES-E2-ES2:egb;
v—k ES2+k,EYZ

k EA+k,E2X~(k,+k,)ES
k, ES +k, ES2 — (kB +k,X)E2
k,E2B+k, EYZ~(k,+k,)ES2

Et—E—ES—E2~ES2

Determine Groebner Bases and solve for v
. >Bases:=gbasis ([eql, eq2,eq3,eqs4,eq5], [E,ES,E2,ES2,v],plex);
Bases =[XYZk k,Ek +XYZk, k,k,E-Xk,k k,Et+Xk,k kiE
+ Xk, k k E-Xk,k kEt+Xk,kEAk, +Xk, Ak, E+YZk, Kk E
+YZk, k)El,B+YZlk k k,E+YZk, k,Ek B+kk EA k,+k Ek Ak B
+k, Ak k,E+kk, Ek,B—k k kBEt—k kk BEt+k, k,Ek,B
+Ak k, Ek, B XYZk, k,ESk +XYZk, k,k;ES-XYZk, k., k., Etl
+Xk, k k,ES -i—Xk72 k k,ES—Xk,k k AEt+Xk,k,Ak ES
+ Xk, Ak k, ES-Xk,k Ak, Et+YZk, k,k, ES+YZk Fk, ES k, B
+YZlk,k k ES+YZk, k ESkB+kk, Ak ES+k A k k,ES +k,k ESk B
+k ESk Ak,B+k ESk, Bk —k Bk Ak El+4 k k,ESk B k,YZk k,E2X
+XYZk k,k,E2+Xk,k k,E2+Xk,k Fk E2 +Xk, Ak E2k,
+ Xk, Ak E2+YZk Kk k E2-YZk, k kiEt+k, YZk, k E2B
~YZk, k Kk, Et+YZk, k k) E2+k, YZkk,E2B+k k,E2Bk +k, kK AE2

372771

—ky kb AEt+ Ak, k k E2B+kk Ak E2 B~k k Ak Et+kkk E2B

+k k Ak E2,-XYZk, k,k Et+XYZk k,k ES2+XYZ k,k,k,ES2
+ Xk k k,ES2+Xk,k k ES2+Xk,Ak ES2k,+Xk,Ak k ES2
+k,YZk k,ES2 ~YZk,k kBEt+YZk, k kBES2+k,YZk k ES2

—YZk, kk BE+YZk, kk BES2+Bk k ES2k, +kk AES2k,

+k, Bk Ak, ES2 +k,k AES2k,+Bk, k k, ES2+k, k 4 k,BES2 —k,k Ak BEt
XYZlk ke k k,Et+k, YZk k,Xv+XYZk k,k;v +Xk, ko kv

+ Xk ke kv Xk, Ak, v+ Xk, k Ak v+k, YZkk,Bv+YZk, k kv
+k, YZk k,Bv+YZk, k k, vk k, Bk v+kk Ak, Bv+k kAk;v

+k2k1Ak4v—k2k33klfl/c4Et+k313k4k_1 vk, Bk Ak, v]
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>eqb:=s0lve (Bases [5],Vv) reqb;
> eq7:=expand (egb) :eq7;
~Et(k,YZk k,Xk,—k Bk k Ak )/(k YZk k, X+XYZk, k,k,+Xk k,k,

+Xk,k, k T X AR Rk, + XAk Kk vk, YZk K, B+k, Y2k k,

+k, YZkk,+k, YZkkB+Blkk bk, +k ke Ak, B+k;Bk Ak +Bk kK,
+l k Ak +lk AKk)

—Etk,YZFk Kk Xk3/(/c YZk bk, X+XYZk, k,k,+Xk k,k,+Xk,k, k,
+ XAk ke ke, + XAk k bk, +k,YZk kB+k,YZk k +k,YZk K,

277174

+k YZk k B+Bk k k +k kAk B+/c Bk Ak +B‘/c /c k +k kAk

+k k Ak)+Ez,‘k Bk k Ak /(k YZk k X+XY7/c k k +Xk /c /c

+ Xk k& +XAk2k1k4+XAk K,k +k YZk k, B+k YZk k,

+k, YZk2 k,+k,YZlk,B+Bkk k +kk Ak,B+k Bk Ak +B k, k, k,
+h ke Ak + 1k ke AKk,)

Simplification by reasonable assumption
Assume formation of E2 + product aldehyde( X) and E + products peroxide and ammonia

(Y, Z) are irreversible
>k[-2]1:=0;k[-4] :=0;eg7;

Etk,Bk ki Ak,
Bk, kk, +k bk Ak, +kk Ak;B+Bk kK, + kk Ak, +k,Bk Ak,

Simplifcation by rearrangement and substitution

Define Vmax as k4 * Et

>eq8:=algsubs (k[4] *Et=V [max] ,eq7) :eq8;
k,k Ak, BV

max

ke ke, Ak +ky ke, AkyB+(k k;B+k kB +Akk +k, Bk A)k,

Simplify by division of numerator and denominator by k1 * k2 * k3
> eq9:=numer (eq8) / (k[1] *k[2] *k [3]) :eqg9;
ABYV

max

>eql0:=denom(eqg8) / (k[1]1*k[2] *k [4]) :eql0;

Bk, +k k Ak, +k b Ak B+Bk Kk +kk Ak +k Bk A,

k2 k1 k4
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>eqll:=collect(eqll,A) reqgll;

(kb kg + Bl ks byt ly ki k + Bl k k) A Blkk, +Bh

/c2 kl /c4 * k2 /cl k4

>eqgl2:=collect(eqll,B) ::eql2;
[(/’c4 k, k3 +k ki k)A k k&, +k, k, k_lj (k Ky by +Ek, k k) A

/c2 /c]’ k .

162 k] k4 k2 k] k A

>eqll3:=subs ((k[2]*k[1]*kI[-

31+k[1]1*k[2] *k[4]) /k[1]/k[2] /k[4]*A=K[1]*A,eql2) :eql3;
(k,k k. +k k kYA kkk+kkk Y
{413132 473 43]}B+AK1

k2 k] k4 k2 /c1 k4

>eqlé:=subs ((k[4]1*k[3]*k[2]+k[4]*k[3]*k[-
11)/k[4]1/k[1]1/k[2]=K[2],eql3) :eqld;

(k kb, +k k k) A

[ 0 22 LK |B+AK,

/c2 kl k4

>
eql5:=subs ((k[3]1*k[2]1*k[1]1+k [3]1*k[4]*k[1]) /k[4]/k[2]/k[1]*A
=K[3]*A,eqgld) :egl5;
(K, A+K,)B+4K,
\

>eql6:=sort (expand (eqgl5), [K[1],K[2],K[3]1]) :eqlb;
AK +BK,+BAK,

Combine the numerator and denominator for complete rate equation:

>eql7:=v=eg9/eql6:eql7;
ABYV

max

TAK +BK,+BAK,

1%

Where:> K [11=(k[-3]1*k[2] *k[1]+k[4] *k[2] *k [11) /k[4]/k[2] /k[1];
>K[2]=(k[4] *k [3] *k[2] +k[4]1*k [3]*k([-1]1)/k[4]/k[1]/kl2];
>K[3]1=(k[3]1*k[2]*k[11+k[3]*k[4]*k[1])/k[4]/k[2]/k[1];
k &k, +k, k, k,

/czkl k4

K =

P k, k3 k, +k4 k3 k_1
2 k2 kl k4

k k ke +k kK,
K= k k. k
C2C1C4
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Reversible Substrate Inhibition at Two Steps in Mechanism

The simple model of substrate inhibition above is a greatly simplified scheme for
the 'catalytic cycle of copper amine oxidases, nor does it fit the substrate inhibition data
for thKDAO with histamine or agmatine. One can speculate that an excess of substrate
might result in substrate binding during additioﬁal steps during the catalytic cycle and
thus might inhibit the overall reaction at multiple steps. To investigate this I constructed
a model in which substrate inhibits two step in the mechanism. The rhKDAO steady

state data was then fit to the derived rate equation.

’ k/ kg kg
E+S kvﬁ ES —<k—-A EP —— E+P
-1 + -2 _|_ , )
S S
o oo
ESS EPS

Where E is the resting form of the Enzyme; S is the Subst.rate; ES is the Enzyme-
Substrate complex; ESS is the Enzyme-Substrate-Substrate complex; EP is a modified
form of the Enzyme; EPS is a modified form of the EnZ};me with bound Substrate; and P
is the Product.

> restart:with (grobner):

Define set of polynomials that represent reaction scheme

rate of reaction
>eql:=v-k[3]*EP:eqgl;
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ES at steady state
>eq2:=k[1] *E*S+k[-2] *EP+k [-4] *ESS~ (k-
11+k[2]+k[4] *S)*ES:eqg2;
EP at steady state :
>eqg3:=k[2] *ES+k [-5] *EPS- (k[-2]+k[3]+k[5]*8S) *EP:eqg3;
ESS substrate inhibited complex at steady state
>eq4:=k[4] *ES*S-k[-4] *ESS:eg4;
EPS substrate inhibited complex at steady state
>eq5:=k[5] *EP*S-k[-5] *EPS:eq5;
Conservation of enzyme
>eqgb:=Et-E-ES-ESS-EP-EPS:eqb;

v—k, EP

k ES+k, EP+k, ESS—(k,+k +k,S) ES
k BS + I, EPS - (k,+k,+k ) EP
k, ESS—k, ESS
k EP S~k EPS
Ei - E—ES — ESS — EP - EPS

Determine Groebner Bases
>Bases:=gbasis ([eqgl,eq2,eq3,eqgs,eqg5,eqgbl, [E, ES, ESS, EP,EPS, v]

;plex) ;
Bases = [k2 kl ES? k_4 k5 + kl ES? k_5 k4 k_2 + k3 k1 E§? k_5 k4 + /c3 E k_4 k_] k_5
+FE k-5 k_4 k_1 k_2 + k3 k2 E k_4 k_5 + /c2 k1 ES /c_5 k_4 + k1 E S/c_5 k_4 k_2 + k3 /c1 E S/c_4 k_5
—k ke kBt -k Kk Bt =l Kk, Btk ESk Jk S*k + ESk K S*k, K,
+k, ESk k S? key+ Kk, ESk K k+ESk kK k,+kk ESk, kg
+h, ESk k bk S+ESk k, kg Sk,+k ESk, k Sk~ kg kyk, k SEt
—k, k kS Et Kk ESSk Sk +ESSkk Sk, +Fk ESSkk Sk,
+l k ESSk kg+k,ESSkyk k,+k k) k, ESS k +k k, ESSk kS
+k ESSk k Sky+k k, ESSk Sk —k Sk kyk Et—k,S*k,k k Et,
EPk Kk k S* k,+EPkk S? k,k,+k, EPkk, S? k,+k, EPk, Kk, kg

-4 21

+EPk kK k,+k EPk, kk,+EPk k,k k S+EP kgk, k Sk,
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k k SEt,EPSk, k k S*k.+k EPSk Sk k,

+k3EPk_4k1Sk_5~k_5k_4 A | LKk

+k, k EPSEk, S? k,+k k EPSk, k, +k EPSk,k k,+k ksEPSk,FL,
+k EPSk, k k S+k EPSk, k Sk,+kk EPSk, k S—k S*k  k k, Et,

472771

k, kK S? kgv+k k S? k k,v+k k S kv+k ok ko vk ok, k k,v
+k ki ke, vk kK, ke SEt+k Kk Kk Sv+ik k, k Sk,v+k k, kkSv]

Solve Groebuner Bases for reaction rate, v
>eqg6:=solve (Bases[6],v) :egb;
kg ke do ke SEt /(K oyl Sk + T k) S2hy b, + ks SP I by + Rk ke kg

4™ ™M 2™
+h ok k kv k ke kg vk ok kR Sy ok k Sk, +kik k Sk)
Simplification

Define Vmax as k3 * Et
> eqg7:=algsubs (k[3] *Et=V [max], eqgb) :eq7;
kok,k kS Vmax/(/c_4 k k, S ks + &k S? kyk,+k ke b,k S+k k, ki Sk,

42 ™ 2™ g 4%

2
+h ok ke ke, (k ke kg k STk +k b k+k, k Sk k)

Simplify by dividing numerator and denominator by k-5 * k-4 * k2 * k1
> eq8:=numer (eq7) /(k[-51*k[-4] *k[2] *k[1]) :eq8;
>eq9:=denom{eq7) /(k[-5]*k[-4]*k[2] *k[1]) :eqS;

(k, k& s? ks+k gk 52 k ke, +k Kk S? k ok +i ke b b +k ok, k| k.; +h K K kg

ko ke Stk k ki Sk, +kk, K Sky) / (ky ke, &y ke )

Simplify by rearrangement and substitution
>eql0:=collect (expand(eq9),8) :eqll;

k k, N k, k, +§‘ . f +E+E . k. k, +k—3+ kk
kk, kik, kg k, k, k ko ko kE

>eqll:=algsubs (1/k[1]*k[31+1/k[2]/k[1]*k[-1]*k[~
21+1/k[21/k[1]1*k[3]1*k[-1]1=R[1],eql0) :eqll;

kk, kk Kk Kk, k
I IR R Y S
[kzk_4+kk +k_5JS +[1+k "k ]S”{l

274 2 2
>eql2:=algsubs (1/k[2]1*k[3]+1/k[2]*k[~-2]1=K[2],eqgll) :eql2;
2
S (k4K2k_5fk5k_4)
k., k

45

+S(1+K)+K,




236

>eql3l:=expand(eqgl2) :eql3;

S kK, Sk,
+ +S+S5K,+K

k-4 k-s

>eqgld:=collect (algsubs (k[4]1/k[-41=1/K[1A],eqgl3),8) teqls;
(K kb +k K )S* (K, k+K,K k)S
K * K £
iA C—S iA C.5

> eglb:=expand(collect (eql4,S)) reglh;
2 2
S°K, . S° kg
K k

iAd -5

+S+SK2+Kl

> eql6:=expand (algsubs (k[5] /k[-5]1=1/K[iB],eql5)) :eqlé;
K, 2 .
e +7<——+S+SK2+K1

i iB

Combine numerator and denominator-for complete rate equation
>eqgl5:=v=eq8/eqlé:eql5;
_ ‘ max
- $ K, g2
i +?+S+SK2+K1

iAd iB

v

>eql7:=K[1a]l =k [-4]/k[4] :eql7;
>eql8:=K[iBl=k[-5]/k[5]:eql8;
>eql9:=K[1]=1/k[1] *k[3]1+1/k[2] /k[11*k[-1]1*k[-
21+1/k[2] /k[11*k[3]1*k[-1]:eqlfd;
>eq20:=K[2]=1+1/k[2] *k [3] +1/k[2]1*k[-2] :eq20;

Where:
k
K =;4
id k4
k
5
KiB”—/g
k k k., kk
12 3 37
K = ==+
I k2 k1 k1 k2 k]
k., k
3 2
Ry=1+3 %%




237

Further simplification in which terms KiA and KiB are combined into a single
constant, K;
>eqg2l:=eqll:eqgl2l;

Kl +—k5—+ %45 S*+| 1 +E+E S+————k3 “ +—ki+ L
k,k, ko k,k, kK kyle, ko kK

-4 772 2 2 1

>eq22:=collect (algsubs (1/k[-4]1/k[21*k[4]*k[3]+k[5]/kI]-
51+1/k[-41/k[2]1*k[4]1*k[-2]=K[3],eq2l),8):eq22;

k. kN kk. k kK
S?K, + 1+—i+_'2 S+ 3 ']+_3+ 1
3 k2 ]Cz kz kl kl ]CZ k]

>eqg23:=collect(algsubs (1/k[2] /k[1]1*k[3]*k[-
11+1/k[11*k[3]1+1/k[2]1/k[1]1*k[~-1]1*k[-2]1=K[1],eq22),8) :eq23;
k., k
RS 2.
(1+k + T ]S+K]+S K3

2 2

> eq24:=sort (expand (algsubs (1/k[2]1*k[3]1+1/k[2] *k [-
2]1=K[2] ,expand(eg23))),8) :eq24;
K, §8+S+K,S+K,

Combine numerator and denominator to solve complete rate equation
>eqg25:=eq8/eqg24:eg25;
max

K, §*+S+K,S+K

>eq26:=K[11=1/k[2]/k[1]*k[3]*k[-
171+1/k[1] *k[3]+1/k[2]1/k[1]*k[-1]1*k[-2] :eq26;
>eq27:=K[2]=1/k[2] *k[3]+1/k[2] ¥k [-2] :eq27;
>eq28:=K[3]1=1/k[-4]1/k[2] *k[4] *k[3]+k[5]1/k[-5]+1/kI[-
41/k[2]1%k[4]*k[-2] :eq28;

Where:
k3 k—l k3 k—l k—2
Tk Tk T Ik,
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Substrate Inhibition at Two Enzyme Forms and an Alternative Path to Product

This mechanistic scheme was concocted in an effort fit the data of thKDAO
oxidation of histamine and agmatine. In this case, substrate acts as a reversible inhibitor
at two forms of the enzyme and also provides an alternative means of product formation.

Unfortunately the derived rate equatioﬁ proved to be too complex to fit to the
data. However, this exercise demonstrates the use of Grobner Bases and Maple software
to derive rate equations for fairly complex mechanistic schemes. Maple commands are

give, but the majority of Maple output is not shown.

k; k, ks
E+S —— EBS —— EP —— EQ _ g,
ks + ko2 + ks +
S S S E+P
S I
ESS EPS E ks

Where E is the resting form of the Enzyme; S is the Substrate; ES is Enzyme-Substrate
complex; ESS is the Enzyme-Subst‘rate-Substrate complex; EP is a modified form of the
Enzyme; EPS is a modified form of the Enzyme with bound Substrate; EQ is another
modified form of the enzyme, EQS is a modified form of the Enzyme with bound
Substrate, and P is the Product.' |
> restart:with (grobnex) :

Write polynomial equations to represent reaction scheme
Rate of formation of product P
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>eql:=-v+k[4] *EQ+k [8] *EQS:eqgl;
-v+k, EQ +k, EQS

ES at steady state

>eq2:=k[1]*EB*S+k[-2] *EP+k[-5]1*888- (k[-
11+k[2]+k[5] *#8) *ES:eqg2;

‘ k ES+k,EP+k ESS—(k +k +kS)ES

ESS at steady state
>eqg3:=k[5]*¥ES*S-k[-B]*ESS:eq3;
k ESS—k  ESS

EP at steady state
>eq4:=k[2] *ES+k[-3]*EQ+k[-6]1*EPS~ (k-
2]1+k[31+k[6] *¥28) *EP:eqg4;

k,ES +k, EQ+k, EPS —(k,+k +k S)EP

EPS at steady state
>eqg5: _k[6]*EP*S k[-6]*EPS:eq5;
k EPS -k EPS

EQ at steady state —
>eqg6:=k[3]1*EP+k [-7]1*EQS- (k[-31+k[4]+k[7]*8)*EQ:egb; -
ky EP +k, EQS — (k,+k, +k,S) EQ

EQS at steady state
>eqg7:=k[7]*EQ*S- (k[-7]1+k[8]) *EQS:eq7;
k EQS—(k,+k)EOS

Conservation of enzyme
> eq8:=Et-ES-ESS-EP-EPS-EQ-EQS:eq8;
Et—ES—ESS-EP—EPS—EQ—EQS

Determine Groebner Bases
> eq9:Bases:=gbasis([eql,eq2,eqg3, eg4, eqS eg6,eq7,eq8l,
[E,ES,ESS,EP,EPS,EQ,EQS,v] ,plex) ;
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Solve for v
>eqgll:=solve (Bases[8],Vv) :eqll;
> eqgll:=expand (eqll) :eqgll;

Simplification

Separate numerator and define Vmax1 = k4 * EQ, Vmax2 = k8 * EQS and Vmax =
Vmax1 +Vmax2

> eql2:=expand (numer (algsubs (k[4] *Et=V[maxl] ,eqll))) :eql2;
>eqll3:=algsubs (k[8] *Et=V[max2],eql2) :eql3;
>eqgl4:=algsubs (VIimaxl] +V [max2] =V [max] ,eql3) :eql4;
>eql5:=collect(eql4,Vimaxl]) :eql5;

Combine numerator and denominator. Define K1 and K2 as composite rate constants
>eqglé:=denom(eqll) :eql6; ‘
>eql7:=eqlb/eqlé:eql?;
>eql8:=algsubs(k[-61*k[3]*k[-7]*k[-5]*k[2]+k[-

6] *k[8]*k[3]*k[-5]1*k[2]=K[1],eql7) :eql8;
>eql9:=algsubs(k[-6]*k[3]*k([7]*S*k [~
5]1*k[2]=K[2] ,eql8) :eql9;

Now simplification of denominator
>eq20:=collect (expand (denom{eqgld)),S) :eq20;
>eg2l:=collect (algsubs (k[-6]*k([7]1*k[8]*k[3]*k[5]+k[-
61*k[7]1*k[8]1*k[B]*k[-2]+k[~

5]1*k[2]*k[6] *k[7]1*k[8]1=K[3],eq20),8):eq2l;
>eqg22:=expand(eg2l) :eg22; ’

>eq23:=collect (eq22,8) :eq23;

>eq24:=algsubs (k[3]1%k[-6]1*k([7]1*k[8]*k[-5]+k[~-

6] *k[4]1*k[8]*k[3]*k[5]+k[~-5]*k[2]*k[6]*k[-3]*k[8]+k][~

61 *k[7]*k[8]*k[-5]1*k[-2]+k[-6]1*k[4]*k[-7]*k[3]*k[5]+k{-
61*k[4]*k[8]1*k[5]*k[-2]+k[-6]1*k[8]*k[5]*k[-2]*k[-3]+k[~

51 *k[2] *k[6]1*k[4]1*k[8]+k[-6]1*k[7]*k[8]*k[-5]*k[2]+k[-
5]%k[2] *k [6] *k [4] *k [-7]+k[-6]1*k [4] *k [-7]1*k[5]*k[-2]1+k[-

6] *k[-7]1*k[5]*k[-2]*k[-31+k[-5] *k[2] *k[6] *k[-3]*k[-
71=K[4],eq23) :eq24;

>eqg25:=collect (algsubs (k[-6]*k[4]1*k[8]*k[-5]*k[-2]+k[3]*k[-
6] *k[4]1*k([8] *k[-5]+k[-6]1*k[4]*k[-7]*k[-5]*k[2]+k[-

61*k[4] *k[-7]1*k[-5]1*k[-2]1+k[3]1*k[-6]*k[4]*k[-7]1*k[~-5]l+k[~"
6]1*k[-71*%k[-5]1*k[-2]1*k[-3]+k[-6]1*k[-7]1*k[-5]1*k[2]*k[-3]1+k[~
61*k[8]*k[-5]*k[-2]*k[-3]1+k[-6]1*k[4]*k[8]*k[-5]*k[2]+k[-
61 *k[8]*k[-5]*k[2] *k[-3]1=K[5],eqg24),8) :eq25;
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Recombine numerator and denominator for complete rate equation
> eq26:=v=collect (numer (eql9) /eg25, 8) :eqg26;

v K-V K+V K,

max! "1 maxi max

2
SK4+K5+S K3+Kl +K2

Where: > eq27 :=V [max2] =k [8] *Et:eq27;
>eqg28:=V[max] =k [4] *Et+k [8] *Et:eg28;
>eqg28:=K[1]1=k[-6]1*k[3]*k([-7]1*k[-5]*k[2]
+k[-6]*k[8]*k[3]*k[-5]*k[2] :eq28;
>eq9:=K[2]1=k[-6]1*k[3]*k([7]*S*k[-5]*k[2]: eq29
>eq30:=K[3]=k[-61*k[7]*k[8]*k[3]*k[5]+k[-6]*
k[7]1*k[8]*k[5]*k[-2]+k[-5]*k[2]*k[6]1*k[7]*k[8] :eq30;
>eq3l:=K[4]=(k[3]1*k[-6]1*k[7]1*k[8]*k[-51+k[-6]1*k[4]*k[8]
*k [3]1*k [5]+k[-5]1*k[2] *k[6]*k[-3]1*k[8]+k[-6]*k[7]*k[8]
*k[-5] *k[-2]1+k[-6]*k[4]*k[-7]*k[3]1*k[5]1+k[-6]*k[4]*k[8]
*k [5] *k[-2]+k[-6]1*k [8]1*k[B]1*k[-2]*k[-3]1+k[-5]*k[2]*k[6]
*k[4] *k[8]+k[-61*k([7]*k[8]*k[-5]*k[2]+k[~-5]1*k[2]*k[6]
*k[4]1*k[-7]1+k[-6]1*k[4]*k[-7]1*k[5]1*k[-2]+k[-6]1*k([-7]
*k[5] *k [-2]*k[-3]1+k[-5]1*k[2]1*k[6]*k[-3]*k[-7]) :eq3l;
>eqg32:=K[5]1=k[-6]1*k[4]*k[8]*k[~-5] *k[-2]1+k[3]1*k[-6]*k[4]
*k[8]*k[-5]+k[-6]*k[4] *k[-7] *k[-5] *k[2] +k[-6]*k[4] *k[-7]
*k[-5]*k[-21+k[3]1*k[-6]1*k[4]*k[-7]*k[-51+k[-6]*k[-7]
*k[-5]*k[-2]*k[-3]1+k[-6]*k[-7]*k[-5]1*k[2]*k[-3]+k[-6]
*k[8]*k[-5]1*k[-2]1*k[-3]+k[-6]*k[4]*k[8]*k[-5]*k[2]
+ki{-6]1*k[8]*k[~-5]*k[2]*k[-3]:eq32;

14 =k8EZ

max2

V. =k Er+k Et
K =k k bk kv k kK k)
K,=k Kk k Sk k,

K=k kb bk + b by ke + B Iy e ey kg

K =k b by kg e+ ke o ke ey + gy ko deo g b o By R e Ry I Ky

+/c6/c4qu3k5+k k(k7kgk +k /c kk k +k k k k k +k k k /c k

+k k k k k +kskzk6k4/c +k5k2k6k4k8

K =k k ke by vl kg bk vk ko d ke vk ok kb, ko +hk b ko k

gl ko kg, tk kg kg ky ko kg kR k Skt kg k;5 kbl +k k bk kg k,
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