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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 o f 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, I-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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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(H), flavins, 

pyridoxal phosphate, Fe-heme groups, metal ions, etc.

This recently discovered group o f enzymes requires the post-translational 

modification of an intrinsic, encoded amino acid residue for catalytic activity. The 

number of these modified cofactors, currently 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 c oxidase, the terminal oxidase of the electron 

transport chain, contains a tyrosine cross-linked to a histidine ligand o f Cug. Ribulose- 

1,5-bisphosphate carboxylase (rubisco), responsible for the first step o f photosynthetic 

CO2 fixation, contains a carbamylated lysineresidue that ligates a magnesium ion. A 

recent review is by Okeley and Van der Donk [I].

A sub-group of post-translationally modified amino acid cofactors is comprised of 

those that contain a quinone cofactor (Figure I). TPQ, 2,4-trihydroxyphenylalanine 

quinone, is the organic tyrosine derived cofactor in the copper containing amine oxidases
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(EC 1.4.3.6). 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 

quinohemoprotein amine dehydrogenase.

A) TPQ B) LTQ

'VWVW' 0

C) TTQ D) CTQ

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

The TPQ containing enzymes, copper containing amine oxidases (CAOs) are the 

focus o f this thesis. There is another distinct class o f enzymes referred to as amine 

oxidase, monoamine oxidase, tyramine oxidase, adrenalin oxidase, or polyamine oxidase. 

This latter group, EC 1.4.3.4, contains a flavin cofactor and will not be discussed herein.

CAO ’ s are homodimers, generally ranging in size from 140 to 200 IcDa, with one 

active site found in each monomer [2], Each active site contains two cofactors: I) 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 Xmax values among CAOs from different sources 

are thought to reflect the degree of charge localization [10].
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Figure 2. TPQ resonance structures
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Figure 3. Phylogenetic tree for the copper amine oxidases
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CAOs are widespread in nature, having been described from gram-positive 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 Solfolobus 

solfataricus. Figure 3 shows a phylogenetic tree constructed for the family of copper 

containing amine oxidases, see Appendix B for details. 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 {Escherichia coli 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 are “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 o f four domains. The N-terminal domain (D l) forms the 

“stalk” portion of the “mushroom” and is not present in all copper amine oxidases. A 

large (440-amino acid) P-sandwich C-terminal' domain contains the active site and forms 

the majority o f the dimer interface. Domains D2 and D3 have remarkably similar folds, 

an a-helix and a four-stranded antiparallel [3-sheet. A channel for substrate access and 

product exit lies between domains D3 and D4.
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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 D l- 
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).
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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 o f ammonia and hydrogen peroxide. Catalysis 

proceeds through a Bi Ter Ping Pong mechanism divided into two half-reactions:
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Eox + RCH2NH2 ^  E-RCH2NH2 -► Ered + RCHO 

Ered + O2 -» Eox + H2O2 + NH2

The 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 

“oxidative half reaction” uses molecular oxygen to regenerate the oxidized form of TPQ. 

Recent reviews are found in references [10] and [18]'.

Figure 6 diagrams the enzyme active site and steps in the catalytic cycle. Detailed 

kinetic studies have elucidated many of the details o f the reductive half reaction.

Substrate combines with the oxidized, resting form of the enzyme (A, Figure 6) to form a 

covalent substrate Schiffbase adduct at C-5 of TPQ (B, Figure 6). Proton abstraction 

from the a  carbon of substrate, using a conserved active site aspartate residue, yields a 

product Schiffbase 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 

aminoquinol form of TPQ.
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H2O1 H+

Cu(U)

RCHO

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(II)-aminoquinol is in equilibrium with a Cu(I)-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 o f the Cu(II)-aminoquinol and 

Cu(I)-aminosemiquinone radical forms(D, E in Figure 6) under anaerobic conditions, and 

the Cu(I)-aminosemiquinone species would be expected to readily react with dioxygen 

[19]. A n o bligatorymechanistie r ole for C u(I) has n o t h een established, and a v!able 

alternative utilizing only the Cu(II) oxidation state has recently been proposed [20]. 

Dioxygen is reduced to peroxide 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 an 

equilibrium mixture of Cu(II)-aminoquinol and Cu(I)-Semiquinone radical forms, where 

Cu(I) would be anticipated to reduce dioxygen [19]. The formation of the Cu(I)- 

semiquinone has been shown to be kinetically competent in bacterial and plant enzymes ■ 

[21]. Furthermore, considerable chemical precedence exists for the binding and 

activation o f oxygen by copper(I) ions [22-25],

Recent solvent isotope effect, 0-18 isotope effect, and solvent viscosity effect 

work using bovine serum amine oxidase indicates that the first-electron transfer to 

dioxygen, and not 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(I) center, A
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hydrophobic pocket in  th e Hansenulapolymorpha 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 superoxide 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 Conner Amine Oxidases

Three general classes of 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 

has r ecently revealed t hese t issue-bound e nzymes p o'ssess a s ingle p utative N -terminal 

transmembrane helix [27]. Another variety o f CAO is soluble, found in blood plasma, 

and is active against a wide range of monoamines, diamines, and aromatic amines. These 

enzymes are generally termed plasma amine oxidases, serum amine oxidases, or 

benzylamine oxidases, and are thought to be synthesized in the liver [28]. The third type 

o f mam m alian CAO is also soluble, but displays distinct substrate specificity for 

diamines. This group is therefore termed diamine oxidases (DAOs). These are also 

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 o f the human kidney (previously 

misidentified as a protein associated with the amiloride-sensitive Na+ channel) [31]. The 

translated cDNA s equence encodes a 751 amino acid polypeptide w ith  a predicted I 9 

amino acid signal sequence for the classical secretory pathway. N-terminal sequencing 

of human DAO purified from kidney and placenta demonstrated 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, RFKRRLPK, was also recognized 

(residues 569 - 576).

One unanticipated finding in the crystal structures of the E. coli and pea seedling 

CAOs was the identification o f 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 coordinate this 

second metal ion. These aspartate ligands are absolutely conserved in all ten sequenced 

mammalian CAOs, and in more than 50% of all available sequences 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 been elucidated, many questions remain, particularly with respect to 

the m ammalian enzymes. One major goal of this research project is to obtain large 

quantities o f highly purified mammalian copper-containing amine oxidases that are 

amendable to detailed and comprehensive spectroscopic, kinetic, biochemical and 

structural studies. This work describes the development of a heterologous overexpression 

system for the recombinant human lddney diamine oxidase (rhKDAO). In addition 

highly purified- equine plasma amine oxidase has been obtained from the natural source.

One outstanding and fundamental aspect of the mammalian copper-containing 

amine oxidases is that the physiological functions have not yet been unambiguously 

defined. Examination o f the substrate specificities and catalytic kinetics for the 

recombinant enzyme, using biogenic and exogenous amines, has provided important 

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 rhKDAO 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. One such experiment, the interaction of the small anion azide, is given here and 

provides exciting data specific for the controversial oxidative half reaction.

The determination of a mammalian crystal structure from a copper-containing 

amine oxidase would represent a major breakthrough. Attempts to obtain good quality 

crystals were performed using the equine plasma amine oxidase. Additional

crystallization trials with both of the mammalian enzymes utilized in this work remain a 

high priority. While a crystal structure is not imminent, when available a structure would 

provide structural details t hat are key  to  understanding features such as the control o f  

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 o f 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 purities 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 the extent and depth of Icnowledge about diamine oxidase, an enzyme 

implicated in fundamental and critically important biological processes, it is vital to have 

a readily-available source o f homogenous protein. Our 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 o f  an endogenous copper- 

containing amine oxidase. We report herein the heterologous overexpression and 

purification o f human kidney diamine oxidase, the first successful overexpression of any 

m ammalian copper-containing amine oxidase. Furthermore, high levels of expression 

and a developed purification protocol give the large quantities o f highly-purified enzyme 

required for detailed investigation of molecular properties.
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In this chapter, the overexpression system and purification 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 o f 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 cDNA clone (kindly provided by Dr. Barbry, Institut de Pharmacologie 

Moleculaire 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 BgZII site. The reverse primer (5 

CCGGAATTCACGATGCCGGCCCTGGGCTGGGCC) introduced an AcoRI site just 

downstream from the native stop codon. PCR product and the expression vector 

pMT/BiP/V5 -His A (Invitrogen) were digested with BgZII and AcoRI, 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 TWII site, 350 base pairs into the coding 

sequence. The remainder o f the coding sequence was swapped with a Bstll and AcoRI 

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 TOPlO and purified using either Perfect Prep (5Prime3Prime) 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 o f 19:1 (pg) 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) supplemented with 

300 pg/mL hygromycin B at 27 °C.

Expression

The transfected cell line was expanded from a 5 mL culture in a 25 cm2 tissue 

culture flask to a single 130 mL culture in a 250 mL spinner flask. When the spinner 

culture reached a density of I X IO7 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 o f 5 X IO6 cells/mL, expression was induced by addition o f copper sulfate to 

a final concentration o f 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.

promoter CoIEl Ampr
Human KDAO mcds

+
►Expression Plasmid (pMT/BiP/V5-His) 

Linearized by appropriate restriction enzymes I
Purification

I
Protein Secreted into Medium +

I pCoHygro Selection 
Plasmid

Induce with 500 (iM CuSO4

I
Drosophila S2 polyclonal cell line 
for expression of secreted human

Transfection and 
Selection

KDAO

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



19

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 5mL HiTrap Heparin HP column (Amersham Pharmacia Biotech) 

using a peristaltic pump. The column was then washed with 100 mM potassium 

phosphate buffer, pH 7.2, until A2So of the flow through reached zero, and bound protein 

was eluted with 100 mM potassium phosphate with I M sodium chloride, pH 7.2. The 

eluant was extensively dialyzed against 100 mM potassium phosphate, pH 7.2 and then 

loaded on Macro-Prep Ceramic Hydroxyapatite (Type I, 40 pm 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 ran 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 determined spectrophotometrically by absorbance at 280 ran 

using the predicted extinction coefficient for the mature, recombinant enzyme of 280.5
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mTVr 1Cm-1. [32] The extinction coefficient at 280 rnn was later determined by magnetic 

circular dichroism and calculated as 297.6 UiM-1Cin"1 (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 peroxidase (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" 

1C m "1)  [34]. Activities measured by dioxygen depletion using an Instech oxygen 

electrode 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 

8452A or 8453 diode-array spectrophotometer. CD spectra were obtained with a Jasco J- 

710 spectropolarimeter. Titrations with phenylhydrazine (HC1, Sigma) were used to 

quantify TPQ in the purified recombinant enzyme [35]. One mL of 10-20 pM protein in 

100 mM potassium phosphate buffer was titrated with 2 jiL aliquots of fresh, 

anaerobically-prepared phenylhdrazine (-775 |_iM) 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-derivatized enzyme was 

then used for resonance Raman spectroscopy on a Spex Triplemate spectrometer with 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 o f “Program QPOW by Nilges and Belford [36-38], Copper, zinc, calcium 

and magnesium analysis were performed by ICP emission spectroscopy (Little Bear 

Laboratories, Inc., Golden, CO), or copper analysis by flame atomic absorption 

spectroscopy using a Buck Scientific Model 210 VGP. Metal-free buffer was prepared 

by passage over Chelex-100 (Bio-Rad) and by using plasticware treated with 0.1 M 

EDTA solution. Analytical ultracentrifugation and E$ZMS services were kindly provided 

by Andy Baron and Alison Ashcroft, respectively, at the University o f 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 35P-Iabelled 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 o f the Drosophila 

metallothionein promoter and induced by addition of copper sulfate to 500 pM. Mature 

recombinant human kidney diamine oxidase (rhKDAO) primary sequence, as deduced 

from the DNA sequence, differs from that o f the natural protein in only the replacement 

o f the N-terminal glutamic acid and proline with an arginine residue.

Culture medium was harvested 48 hours post-induction at a cell density of 1.45 X 

IO7 cells per mL. Cells were greater than 99% viable as determined by trypan blue 

staining and exhibited normal morphology. No amine oxidase activity was detected in 

either the uninduced expression cell line 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 I. Total enzymatic activity increases during 

the protocol and likely reflects the loss o f an inhibiting substance (of either the amine 

oxidase or the coupled assay) that is present in the growth medium. The purified protein 

is estimated at greater than 98% homogenous, by S D'S/PAGE, and the highest specific 

activity obtained from any purification was 1.25 I.U./mg.
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Purified rhKDAO 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].

Step
Total

Volume
(m l)

Total
Protein

(mg)

Total
Activity

(LU.)
Specific
Activity
(LUVmg)

Purificatio
n

Factor
Culture medium 630 117 7.3 0.063 I
Hi-Trap Heparin 13.5 41 12.5 03 0 4.8

Ceramic 44 14 13.0 0.93 14.8
hydroxyapatite

Ultrogel Ac A3 4 0.74 12 12.7 1.1 16.7

Table I. Purification of recombinant human kidney diamine oxidase

Electrophoresis and analytical ultracentrifugation

Isoelectric focusing acrylamide gel electrophoresis gave an estimated pi o f  6.2, 

and only a single protein band was observed. A pi of 6.7 is predicted from the primary 

sequence o f rhKDAO [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 IdDa (Figure 8), although the primary sequence of 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 o f 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.

1 2 3 4 5 6

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 o f purity for the 
recombinant enzyme.
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Several attempts to estimate the native molecular weight by acrylamide gel 

electrophoresis were unsuccessful. Gel filtration on a calibrated AcA 34 Ultrogel column 

gave an apparent molecular weight o f 113 IcDa, unrealistically low for the homodimer 

(data not shown). Interestingly, Crabbe et al. reported native molecular weights for the 

purified human placental DAO as 70 IcDa by Sephadex G-200 gel filtration and 69.5 kDa 

by polyacrylamide gel electrophoresis. However, sedimentation equilibrium 

ultracentrifugation data in the same work indicated a native molecular weight of 235 IeDa 

[44]. Baylin and Margolis reported the native molecular weight o f human pregnancy 

plasma DAO as close to 200 IeDa, as determined with Sephadex G4200 [46].

Sedimentation equilibrium ultracentrifugation of rhKDAO gave an average 

apparent molecular weight of 210 IeDa (five runs with two protein concentrations at two 

speeds, data not shown). Curvature of the Azgo 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 A 28O-1 for the dimer-tetramer model.

Sedimentation velocity ultracentrifugation gave a sedimentation coefficient of 10 

S and a diffusion coefficient of 4.4 Picks (two runs, 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 o f higher-order protein association.
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Copper, calcium and TPO

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 preparations. The data suggest a mixture 

o f 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 recombinant enzyme; not 

surprisingly, samples with higher copper content correspond to an increased specific 

activity.

SpecificActivity
(lU/mg)

Cu Zn Ca Mg TPQ

0.85 1.03 0.79 1.84 0.91 172
1.21 1.42" N.D.b N.D. N.D. 1.04
1.25 1.48 OAO 120 0.0 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.
a Value determined by flame atomic absorption spectroscopy; all other metal ion 
quantifications were by ICP emission spectroscopy. 
b 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



27

kidney diamine oxidase. Purified enzyme was dialyzed either against metal-free 100 mM 

potassium phosphate buffer alone or against three changes o f 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 o f dimeric protein. Whereas the sample treated with EDTA contained 2.16 moles 

calcium per homodimer, and magnesium levels were below the detection limit of the 

instrument.

Figure 9 shows the X-band EPR spectra of Cu(II) in purified rhICDAO. The 

simulated spectrum was kindly provided by Dr. Melanie Rogers (MSU). EPR parameters 

are derived from simulated spectra (g± = 2.04, gy = 2.265, A\\ = 185 G) and are consistent 

with published values for CAOs from various sources [2]. Crabbe et al. reported a g± 

value o f  2.05 from  Q -bandE P R s pectra o fpurifiedhum anplacen tal d iamine o xidase, 

however, the presence o f 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 the human placental diamine oxidase was 

a Cu(II)-Mn(II) metalloprotein, with an apparent stoichiometry o f 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 against 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 g i = 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(II) d-d transition. These electronic transitions are consistent with other 

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

Figure 10. Absorption spectra o f 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, I 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.

4 0 0  5 0 0
W a v e l e n g t h  ( n m  )

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 I min, 10 accumulations.
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Tissue-Specific Expression

A commercially available array of poly A+ KNA representing 76 different human 

tissues and cell lines was probed with 35P-Iabelled 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 I mm in diameter. Exposed and developed x-ray film 

is shown in Figure 14. Although the data are not quantifiable, a qualitative interpretation 

is informative for comparative analysis of tissue-specific gene expression. The highest 

levels o f 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 detectable 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-Iabeled oligonucleotides 
generated by PCR from a cDNA clone of human kidney diamine oxidase.
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Discussion

The gene encoding human kidney diamine oxidase, under the control o f the 

metallothionein p remoter, has b een expressed in  a D rosophila S 2 polyclonal c ell Iine. 

This work describes the first overexpression and purification o f a copper-containing 

amine oxidase from any animal source. Expression levels for the secreted, recombinant 

enzyme are substantial, approaching 20 mg/L of cell culture. Almost certainly the 

abundant rhKDAO is a consequence of stably-transfected Drosophila S2 cell lines 

generally containing multicopy genomic inserts of the expression and selection 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 system [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 sequences 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 o f 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 o f secreted human diamine oxidase, with the inherent advantages o f low levels of 

unwanted proteins and apparently no contaminating CAOs, either exogenous or 

endogenous. Drosophila S2 cell have previously been used to express another copper 

enzyme, human dopamine (3-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 

neruotransmitter in arthropod photoreceptors. [56-61]. It will be shown later that 

histamine is an excellent substrate for human KDAO. The mechanism for histamine 

catabolism in arthropods remains to be delineated, but a copper amine oxidase does not 

seem to be involved.

The natural KKDAO heparin-binding site facilitated the development of a rapid 

purification scheme resulting in the highly efficient recovery o f greater than 99% 

homogenous recombinant human KDAO. The protein yields are impressive, approaching 

20 mg/L.

Analytical ultracentrifugation results suggest rhKDAO contains 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 e stimated at 20% and 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 o f glycosylation by weight in rhKDAO is within the range o f values reported for 

the natural enzymes.

SDS/PAGE and analytical ultracentrifugatidh results are consistent with a 

substantially glycosylated recombinant enzyme, as would be expected for a protein with 

potential glycosylation sites and processed through the secretory pathway. Electrospray 

mass spectrometry o f the recombinant human kidney protein gave a large mlz “hump” 

with no resolvable peaks, indicative o f 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-Iinlced 

glycosylation in Drosophila is much like that in other insect cells, with a high mannose 

content, a !though O -linked g lycosylation i s a Iso p ossible[64,65]. G lycosylation o f  the  

recombinant enzyme is expected to be different from the enzymes processed in 

mammalian cells, and strategies to reduce the extent, of glycosylation in 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 I to 1.5 ions per dimer. The recombinant 

enzyme most likely contains tightly bound zinc in the remaining active sites; 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 Iigands in  the  active e nzyme and the  tyrosine p recursor o fT P Q ) [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 secretory 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 o f “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 o f the 

secretory pathway. Copper most likely enters the Drosophila secretory pathway via a P- 

type ATPase, homologous to the human Menlces 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 

availability in the secretory pathway and the relative affinity o f the active site for these 

two transition metals. Differences in metal loading between purifications might be the 

consequence o f 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 calcium, supported by the resistance to removal by EDTA (log K  = 10.61 at 25 °C 

[70]), strongly suggest 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 unusual 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 (3 strand. The other two protein-derived oxygen donors are an aspartyl carboxylate 

and an adjacent backbone carbonyl (Leu), located at the N-terminus of another (3 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 of the 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 o f helix-loop-helix (EF 

hand) calcium sites is typically seven-coordinate with three carboxylates (one of which is



40

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 o f another helix. In contrast, the calcium binding residues in CAOs are at the 

ends of two (3 strands separated in sequence by more than 130 intervening amino acids.

Calcium ions are critical for a variety o f important biological processes, including 

some involving extracellular proteins [73-78]. The function o f 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 i s also p ossible bu t unlikely given the apparently high affinity fo r 

calcium and the separation between the putative Ca site 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 from 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 

methyl amine, 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 containing 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 C AOs [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 o f 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 o f 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 o f native rhKDAO as well as the visible and resonance Raman 

spectra o f 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 o f 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 presented 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 rhKDAO

Introduction

A variety o f 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 o f rhKDAO and enable comparison with other copper amine oxidases. The 

quantity and quality o f the recombinant protein has made such detailed and extensive 

studies feasible and substantially adds to the characterization o f this human enzyme. 

Substrate specificity determined in vitro allow one to infer the in vivo substrates and by 

extension the possible roles o f 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, (3- 

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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b e n z y l a m i n e

- N H a

2 - p h e n y l e t h a n a m i n e

/
- M N * NH3

p - d i m e t h y l a m i n o m e t h y l b e n z y l a m i n e  ( D A B )

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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HgC-----NHg

methylamine

3-aminopropylamine

+

2-aminoethylamine

+

4-aminobutylamine

putrescine

+

5-aminopentylamine ^  6 - diaminohexane

cadaverine

A/-(3-aminopropyl)butane-1,4-diamine

spermidine

A/,A/'-bis(3-aminopropyl)butane-1,4-diamine 

spermine

Figure 17. Structures of aliphatic diamines and polyamines

Histamine and Hmethylhistamine 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.

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

histamine

CH3

2-G-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
I

amino acid alone or as part of a peptidyl substrate could be a substrate 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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O

NH3

NH2

h 2n +:

2,6-diaminohexanoate

L-Lysine

NH3

methyl 2,6-diaminohexanoate 

L-Lysine methyl ester

O
methyl 2-(acety Iami no)-6-ami nohexanoate 

N-Acetyl-L-Iysine methyl ester

NH

NH2

3-(2-am I noethy l)-1 H-indol-6-ol' 

5-hydroxytryptamine (serotonin)

A/-(4-aminobutyl)guanidine

agmatine

3-amino-1 -(2-aminophenyl)propan-1 -one 

kynuramine

HO

4-(2-a"mino-1 -hydroxyethyl)benzene-1,2-diol 

Arterenol (norepinephrine, noradrenaline)

OH
2- amino-3-(3,4-dihydroxyphenyl)propanoic acid

3- hydroxytyramine (dopamine)

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

Ku  and Zccat were determined spectrophotometrically in a 37 0C 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 o f 11 nhVf'cnf1 for p- 

dimethylaminomethyIbenzaldehyde [82]. Assays with DAB or benzylamine used 890 pL 

o f assay buffer and 10 uL enzyme in a I cm pathlength cuvette. This mixture was 

allowed to equilibrate for a 2-3 minutes in the thermostatted cell holder before rapid 

addition of 100 pL substrate stock solution. Data acquisition was initiated immediately. 

All other assays used the coupled assay o f Holt et al. [83] and an extinction coefficient 

for the quinoneimine dye o f 6.00 UbVf1Cm'1 at 498 nm [84]. Chromogen stock solution 

was prepared to give final concentrations of I mM 4-aminoantipyrine and 2 mM vanillic 

acid. Coupled assays used 880 pL chromogen stock solution, 10 pL (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 0C water bath until 

use. R  ecombinant d iamine o xidase w as k ept o n i ce. T hernial e quilibration, s ubstrate 

addition and data acquisition were as described above. Assays used 10 pL of 4.37 pM 

recombinant human kidney diamine oxidase, except 4.09 pM enzyme with 1- 

methylhistamine, and 4.67 pM 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:

S V
max

M

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

S V
v = C-2

Y  + k ^ s

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

reversible substrate inhibition at two different forms of the enzyme:

a y
---------------ma----------

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 purchased 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 determined a t six o r  m ore substrate concentrations for each pH v alue. /c cat 

values were plotted against proton concentration and fit to the following equation [86]:

/(cat =  (/(cat)max[H+] / f a l  /  (A aI A a2 +  A aI [ H +] +  [ H +] 2)

Enzyme stability in the pH range used was tested by incubation o f enzyme in the 

appropriate buffers for 15 minutes at 37 °C and then measuring activity. Possible effects 

o f 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 values. 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 rate determinations for putrescine oxidation were as described 

above. The enzyme-heparin mix was stored at 4 °C and assayed for activity with 250 pM 

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 pM).
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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 o f the substrate preference of rhKDAO 

indicated by kcJKu.

The data for histamine turnover clearly indicate partial substrate inhibition. The 

fit using the model o f 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 model also proved 

inadequate and required masking of the data for the higher concentrations of histamine. 

Note that the apparent Ku  and Vmax 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 o f 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:

S R

fJ+*"+s
+

S  V
max

3 +  f
M

Figure 23 shows that this kinetic model can be used to reasonably fit all the data points.
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Compound
Ku
(HM)

/feat
(min"1)

/Ccat/̂ MVl
(nM"1 min"1)

Histaminec 3.4 ±0.08 159 ± LI 47
I -Methylhistamine 3.0 ±0.1 100± 1.0 33
Agmatinec 13 ± 1.0 324 ± 17 25
Putrescinec 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 4 8 6 ± 2 2 3.8
1,6 -  Diaminohexane 177 ± 12 3 2 4 ± 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 +a + +
Benzylamine + + +
3 -  Hydroxytyramine + + +
Kynuramine + + +
(3 -Phenethylamine + + +
Spermine + + +
5 - Hydroxytryptamine b - -
L- Lysine - - -
Na-acetyl-L-lysine methyl ester - - -
Methylamine - - -

Table 3. Steady-state kinetic parameters and substrate specificity (IccJ K u) 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. 
b The negative symbol (-) indicates no rate was observed. 
c Partial substrate inhibition was observed.



54

Fits to the more complex model increases the error in each fit parameter. 

Therefore to derive apparent Km and Vmax 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 
RA2 = 0.99968

5 0 0 -
±4.73975
±0.07911
±5.90273

Vm 694.4554 
Km 3.44467
Ki 276.00818

Histamine (nM)

Figure 21. Histamine, fit to the substrate inhibition model
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Data: Data2_B
Model: subinhib.2stcp,simplif]ed6 0 0 -

ChiA2/DoF = 171.85292 
RA2 = 0.99324

5 0 0 -
K3 0.00366
K2 0.02229
Kl 3.43844
Vmax 700.915294 0 0 - ±74269.0322

3 0 0 -

20 0 -

Histamine (pM)

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

600-

500-

4 0 0 -

I
i

3 0 0 -

Model: ClelandSublnhib+MM

ChiA2/DoF = 6.73434 
RA2 = 0.99714

Vm 720.27847 ±5.84344
Vma.x2 I.7489EI8 ±2.2558E24
Km 3.6583 ±0.0875 
K m2 9.9481 EI8 ±I.2895E25
Ki 208.78663 ±5.5643

200 -

100-

200 400 600 800 1000 1200

Histamine (^M)

Figure 23. Histamine fit to the substrate inhibition model plus an additional Michaelis- 
Menten model
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4 5 0 -

4 0 0 -

250 -

20 0 -

Model: Michaelis-Menton

1.58649

±3.66976
±0.11179

Vmax 411.25893 
Km 2.98617

-Methylhistamine (|aM)

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

Model: substrate inhib.Clcland

22.42753ChiA2/DoF 
RA2 = 0.96497 00-

Vm 1515.40008 
Km 13.30641
Ki 73.4662

±77.78636
±1.05209
±7.58876

6 0 0 -

5 0 0 -

4 0 0 -

300-

Agmatine (jaM)

F igu re 25. Agmatine fit to the substrate inhibition model
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Model: ClelandSinhib+MM 
ChiA2/DoF RA2

9.06437 0.9789

700-
Value Error

Vm 2176.48953 
Vmax2 294.20601 
Km 23.69194 
Km2 23.09968 
Ki 19.82155

981.58225
6.6557
47.54257
412.51291
44.90779

S  400-

>° 300-

Agmatine (gM)

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

1400-

1200-

1000-

Model: substrate inhib,Clcland

ChiA2/DoF = 2.05452 
RA2 = 0.99729

±14.62796
±0.47155

Vm 1540.54419 
Km 16.9073 
Ki 2266.56904

Rutrescine (^M)

F igu re 27. Putrescine fit to the substrate inhibition model
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1800-

1600-

1400-

1200-

1000-

Model: Michaelis-Menlon6 0 0 -
ChiA2/DoF = 30.70904 
Ra2 = 0.99534 0 0 -

Vmax 1798.35714 
Km 22.00354

±17.6447
±0.30103

Cadaverine (|aM)

Figure 28. Cadaverine fit to the Michaelis-Menten model

2400-

2200 -

2000 -

1800-

1600-

1400-

1200-

1000-

Model: Michaelis-Menlon

ChiA2/DoF = 1.75107 
RA2 = 0.99872

4 0 0 -
Vmax 2359.51688 
Km 113.12663200 -

DAB (nM)

F igu re 29. DAB fit to the Michaelis-Menten equation
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1800-
1600-

1400-

1200-

1000-

Model: Michaelis-Menion

ChiA2/DoF =2519.10865 
RA2 = 0.99301

±94.97932
±14.50299

Vinax 2125.22369 
Km 129.4414

1,3-diaminopropane (nM)

Figure 30. 1,3-Diaminopropane fit to the Michaelis-Menten equation

1000-

4 0 0 - Model: Michaelis-Menton

ChiA2/DoF =0.41911 
RA2 = 0.99932

Vmax 1414.3135 
Km 176.79137

±39.97638
±12.10511

1,6-diaminohexane (nm)

F igure 31. 1,6 Diaminohexane fit to the Michaelis-Menten equation
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550 -

5 00 -

4 5 0 -

400 -

350 -

300 -

2 0 0 -
Model: Michaclis-Mcnton

ChiA2/DoF = 1.00697 
RA2 = 0.99967100-

±2.65353
±11.00437

Vmax 554.10482 
Km 626.3554

10000

2-aminoethylamine

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

Model: Michaelis-Mcnton

ChiA2/DoF =29.19652 
RA2 = 0.99737

Vmax 815.56527 
Km 1092.37508

±2.00252
±8.32496

10000

Spermidine (pM)

F igure 33. Spermine fit to the Michaelis-Menten equation
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1200 -

1000-

8 0 0 -

6 0 0 -

Model: Micliaelis-Menton4 0 0 -

ChiA2/DoF = 3.83248 
RA2 = 0.99845

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 ^cat 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) Arcat versus pH gives two apparent pKa values of 6.0 and 8.2; B) MKm 
versus pH
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Discussion

Ku  and Zccat 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 kcJ K M, for the diamines histamine (2-[4-imidazolyl]ethylamine) and 

I -methylhistamine ( I -methyl-4[(3-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 Zccat for agmatine is three times higher than the turnover number for 1- 

methylhistamine.

The aliphatic diamines putrescine and cadaverine give IicJ K u  values close to, but 

lower than, those o f the agmatine. Histamine and I -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 o f ten. However, the 

determined Ku  values vary by over three orders of magnitude, with the Ku  for histamine 

about seven times less than that of any aliphatic diamine. The results of these 

experiments, namely that histamine and I -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).



64

It must be kept in mind that the recombinant 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 HCDAO could be up to twice the values 

reported herein.

Earlier literature reported the substrate preference o f human DAO solely 

determined by relative rates of oxidation, a necessary criterion given the 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 o f oxidation, up to nearly 1.5 times the rate for putrescine. 

Histamine was described as having only 17-50% the relative rate o f 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 Km for histamine equal to 3.4 pM and a kcJK u  of 47 pM ' 

1 min'1. Previously reported Ku  values for diamine oxidase purified from human tissues 

range from 1.5 pM for the enzyme isolated from pregnancy serum to 19 pM for the 

intestinal D AO [ 39,89,90]. T he apparent iCM d etermined for I -methylhistamine is  3.0 

l_iM, whereas earlier work reported 97 pM [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 Ku for putrescine of 17 pM. 

Previously reported values from purified human diamine oxidases range from 13 pM to 

83 pM [39,88,90], Hdltta et al. reported that human seminal plasma diamine oxidase 

displays a Ku  of 100 gM for spermine and 560 pM for spermidine [88]. In contrast, we 

find an apparent ATm of L I mM for spermidine, and that o f 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, Hdltta and coworkers described 

contaminating spermidine and putrescine in purchased spermine.

Agmatine, interestingly, w as one o f the first compounds 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 o f 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 pM, 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 pM does not fit 

the model well. As described, the complete data sets can be fit using a scheme that 

incorporates the model o f substrate inhibition and an addition pathway for enzymatic 

turnover.

A reasonable physical explanation is that there are two forms of rhKDAO in the 

protein sample, a high activity form and a low activity form that only becomes ldnetically 

apparent at higher concentrations of substrate. A contaminant capable o f 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 rhKDAO can aggregate 

to a small extent. Furthermore, in the final gel filtration step for purification of rhKDAO 

a small peak is sometimes noted that elutes at a higher molecular weight than the dimer 

and s hows a low  specific activity in  r egards t o putrescine o xidation ( data not s hown). 

Thus rhKDAO aggregation provides an attractive hypothesis for a low activity form of 

the enzyme.

The striking difference in substrate kinetic behavior between histamine and 1- 

methylhistamine is noteworthy. Methylation o f the imidazole nitrogen apparently 

abolishes the substrate inhibition observed with histamine. The Ku  values for these two 

substrates are essentially identical and indicate that rhKDAO 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 o f Zccat for putrescine is shown in Figure 35. The plot reveals 

a bell-shaped curve with apparent pifa values o f 6.04 + 0.06 and 8.22 ± 0.09. The lower 

p/fa is attributed to the ionization of the active site catalytic base in the enzyme-substrate 

complex (Asp373 in hKDAO). The higher pAa 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 o f IZKm versus pH 

reflects ionization potentials in the free enzyme and free substrate [86], The reciprocal 

Michaelis constant for rhKDAO 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 pKas, 

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 pKa (~ 

8) and dramatically decreasing by about two orders of magnitude upon substrate binding.

Two recent reports have suggested porcine kidney DAO is inhibited by heparin, 

either duringprolonged binding on  a h eparin affinity column o r through e xposing t he 

enzyme to free heparin [95,96], To investigate the possible effects of heparin on 

rhKDAO 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. Km and Zccat values were not noticeably 

different from untreated protein for up to 72 hours (data not shown). Additionally, no
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correlation between specific activity and length o f 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 diamines, with the highest specificity constants (Ic0JK u )  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 consVtant 

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-Iysine or N a -acetyl- L-Iysine 

methyl ester. Therefore, it is extremely unlikely that the D AO c atalyzed oxidation of 

peptidyl lysines would occur to a physiologically relevant extent in vivo.

To date, three structures for histamine binding proteins have been solved and may 

provide insight into histamine binding in rhKDAO. Two are a nitrophorin and a 

histamine binding protein; both of these are secreted into the host by blood-sucking 

insects and 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 chapter. 

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)-Iieme prosthetic group to which the imidazole 

ring o f histamine ligates, and can be ruled out as a model histamine binding hEDAO. 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 single 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 I -methylhistamine, and the Ku 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 rhKDAO 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 

Ku  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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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 is 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.

Substrate preference, indicated by the specificity constant IccJK u , has been 

determined. Histamine and'the I -methylated metabolite are most preferred and exhibit 

very low Ku  values of about 3 pM. Agmatine and the diamine putrescine and cadaverine 

are also highly preferred substrates.

The low to undetectable enzymatic activity towards spermidine and spermine would 

suggest t hat in vivo hum an diamine o xidase w ould m ost Iikely n o t b e involved in  the 

metabolism of these polyamines. Nor does it seem likely this enzyme would oxidize 

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

Introduction

Histaminase activity was first reported in 1929, when Charles Best noted the 

disappearance o f histamine (2-[4-imidazolyl]ethylamine) in minced lung, liver and 

kidney tissues [100], noting the activity exhibited characteristics o f 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 o f histamine which differ 

from each other by 15 p.c.” That work is generally accepted as the first description o f a 

copper containing amine oxidase. In 1938, Zeller reported that histaminase also 

deaminated putrescine, cadaverine, and a gmatine and therefore p reposed r enaming 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 putrescine is the preferred 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 o f rhDAO, histamine, 

I-methylhistamine, agmatine and putrescine.



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 activity in neurons, allergic 

response, and gastric acid secretion, all of which are mediated by specific G-protein- 

coupled receptors, Hi, H2 and H3 [103]. Histamine produced by nervous tissues is a 

neurotransmitter [104]. Several studies have linked H2 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 tm  o f 0.5-2 minutes [108], 

although no specific, high-affinity histamine transporter has been identified. Histamine 

degradation occurs through 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 TV-methyltransferase, 

1-methylhistamine (l-methyl-4[(3-aminoethyl]imidazole), is a known in vitro 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 and alleviation of product inhibition in histamine N- 

methyltransferase.
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Substantial evidence linlcs 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 [HO]. 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 o f this condition. These studies suggest 

histamine iV-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 [l4C]-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% I -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 n onoxidative reactions in vivo and is  subsequently retained. O ral 

adm inistration 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 o f 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 o f 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 o f heparin increases circulating diamine 

oxidase in humans and rodents [115-117]. The intestine is Icnown to be the major source 

o f heparin-induced circulating diamine oxidase activity in the rat [118]. Thus diamine 

oxidase in plasma represents a rare example o f 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 o f 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  being displaced b y  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 o f secretion is rapidly and 

significantly enhanced upon heparin treatment. Additionally, immunofluorescence 

staining of human small intestine sections confirms diamine oxidase localization in the 

basolateral aspects of enterocytes 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 o f 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 o f 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 A-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 o f ingested histamine following cellular uptake. However, the 

in vivo evidence presented above suggests histamine TV-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 confined to proximal tubules in the kidney, where the majority of 

reabsorption occurs. The physiological role o f this enzyme is quite likely for the 

oxidative degradation o f reabsorbed histamine, I -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 evidence 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 Hi receptor activity being dose-dependent on amine oxidase activity present 

in fetal calf serum, have investigated ^Hjhistamine degradation through identification 

and quantification of cell-associated metabolites in tissue cultures o f human fibroblasts 

and vascular endothelial cells [51]. Serum-free cell cultures accumulate 

I -methylhistamine, the product of endogenous histamine W-methyltransferase.
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Methylimidazoleacetic acid was not detected and therefore cell-associated

methylhistamine was not available for oxidation by the endogenous mitochondrial flavin- 

containing monoamine oxidases (E.C. 1.4.3.4), which are !mown 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-maximal uptake at physiologically relevant concentrations o f 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, first ring-methylation by 

histamine A-methyltransferase followed by the optional step of primary 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 b y 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 iV-methyltransferase inhibitor 

SKP91488 (homodimaprit, d-[4-(dimethylaminobutyl)]isothiorurea) decreased histamine 

uptake in a dose-dependent manner and at 50 pM totally eliminated the specific 

component o f histamine uptake. It should be noted that although imidazoleacetic acid is 

not a substrate for histamine TV-methyltransferase, the direct product 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 A"/ [132,133]. H owever, these inhibition studies relied upon 

histamine iV-methyltransferase 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 a l reported that neither excessive I-methylhistamine nor 

methylimidazoleacetic acid could block endothelial [3H]histamine uptake [134]. In the 

same work, the authors report intracellular accumulation of 1-methylimidazole is 

unaffected by Na+ or Cl" deprivation. In contrast, cell cultures with exogenous diamine 

oxidase exhibit a strong Na+- and Cf- 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+ZK+-ATPase, or Na+ZK+ZlCf ion co-transporter systems.
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Baenziger eta  I. further investigated the proposed diamine oxidase-specific cell 

surface receptor [135]. Results suggest the diamine oxidase receptor is upregulated in 

cultures grown in  low  diam ine o xidase activity media, and histamine uptake increases 

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-displaceable 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, !mown 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 rapid clearance from the vascular system. Potential sources of 

this diamine oxidase include endothelial cells of the intestinal tract and neutrophils [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 o f 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 as 

29,000 molecules/min/cell. In the presence o f diamine oxidase the rate can increase to 

1.6 million molecules/min/cell. Substrate Specificities presented in this work indicate 

histamine and I -methylhistamine are more or less equally preferred by human kidney 

diamine oxidase. This raises questions, about an obligatory sequential enzymatic process 

o f histamine methylation followed by oxidation coupled to uptake, or at least indicating 

further investigation of imidazolacetaldehyde metabolism is warranted.

Modulation o f histamine degradation and uptake is apparently sensitive to and 

regulated by various environmental factors, allowing fine-tuning o f the system as 

required in vasculature microenvironments. Study of this system is complicated by 

multiple means o f histamine uptake; both specific and non-specific pathways are in 

operation, and components o f 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 receptor; the heparin 

binding s ite c ould p ossibly b ind to  any available heparan s ulfate p roteoglycan, further 

confounding analysis.

Substrate specificity (Jc0J K m) presented in this work for histamine and 1- 

methylhistamine gives apparent Km values near 3 pM. Partially purified human kidney 

histamine iV-methyltransferase has an apparent Km for histamine o f 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 Mmethyltransferase and 

specific staining or SDS/PAGE do not indicate glycosylation [137,139], Thus there is no
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reason to believe histamine 7V-methyltransferase is an extracellular enzyme. In fact, one 

source o f 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 o f 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 o f circulating histamine 

by diamine oxidase to methylimidazoleacetaldehyde is extremely likely, and the 

subsequent fate o f 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 

linlced via the co-release o f 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

Aprnatinp, is a recently discovered and an exciting new addition to mammalian 

biochemical pathways. The decarboxylation of arginine by arginine decarboxylase to 

aPTnatinfi 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 brain [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 agmatine 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, potentially influencing such critically 

important processes as cell division and differentiation [155,158]. The remarkably 

increased levels o f 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 partial 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 cle novo
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protein synthesis [160]. The tissue source o f diamine oxidase in the brain is uncertain. 

Our results indicate very little mKNA 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, I mM spermidine, and 21 mM spermine [161]. hr fact, Leeuwenhoek first 

observed micro crystalline polyamines in seminal fluid during the 17th century, and the 

common names spermine and spermidine reflect their abundance. 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 Km values 

reported herein (20 pM 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 

mKNA 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 o f rapid cell multiplication but rather required at a later time.

The biological consequences of polyamine oxidation in semen remain 

controversial, although the imm ediate aldehyde products are known cytotoxic agents. 

Holtta 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 oxidase 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 permatazoa m otility. P olyamine o xidation i n hum an 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 degradation o f endogenous and exogenous histamine and putrescine. 

Further 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 linlc between diamine oxidase and putrescine, although the details of 

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

Introduction

The availability of rhKDAO allows for the first time the detailed study of potential 

inhibitors against the human enzyme. Especially attractive for ldnetic analysis are 

pharmaceutical compounds in use and compounds that are being 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 derivatives show potential 

for the development o f 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. AU the guanidinium compounds were 

demonstrated as potent noncompetitive inhibitors with inhibition constants ranging from 

20 pM to 150 nM [180]. Bardsley and Ashford later reported porcine KDAO inhibition by 

aliphatic bisguanidinium compounds with three to eight linldng methylenes. 

Noncompetitive inhibition was described, except for 1,4-butyldiguanidinium, which 

exhibited competitive inhibition with a Kj value of 30 pM.

Antagonists of the three subtypes of histamine receptors have found widespread 

clinical use and continue to be attractive targets for the pharmaceutical research. Hi 

receptors are involved in inflammation and allergic responses, thus specific antagonists 

have considerable therapeutic value and are commonly used (antihistamines) [103,181], H2 

receptors induce gastric acid secretion and selective antagonists are used in the treatment of 

various types o f ulcer [181-183]. Reports suggest that activation O f H 2 receptors induce 

cell proliferation, perhaps via c-jun and c-fos activation [105,106,184]. Interestingly, H2 

receptor antagonists have also been reported to increase cell proliferation [185]. The H3 

type receptor is found in the brain, and is involved in the regulation o f histamine release in 

brain tissues and regulates inflammation r espouse [186]. Given the c atalytic activity of 

rhKDAO 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 o f 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 excretion of unmetabolized, radiolabelled histamine [HO]. 

"NH3 This evidence for isoniazid interfering with the first oxidative step 

of normal rat histamine catabolism, the oxidative deamination by 

DAO, makes isoniazid an attractive target for rhKDAO inhibition

isoniazid studies,

isonicotinohydrazide

Figure 37. Isoniazid
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Cimetidine is a potent histamine %  receptor antagonist and a type Ii imidazoline 

receptor agonist. This compound is widely used in the treatment o f ulcers [189-191]. 

The active ingredient in the anti-peptic ulcer drug Tagamet is cimetidine.

Binding to H2 histamine receptors does in itself suggest cimetidine may also 

compete with histamine for binding on rhICDAO. 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 IC5Q of 380 micromolar for cimetidine against diamine oxidase activity in human 

amniotic fluid [193].

A/"-cyano-/V-methyl-/V-(2-{[(4-methyl-1/-/-imidazol-5-yl)methyl]thio}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 pM [198,199].
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clonidine

/V-(2,6-dichlorophenyl)imidazolidin-2-amine

Figure 39: Structure of clonidine

Pentamidine, an aromatic diamidine, is an .anti-protozoal agent effective against 

Pneumocystis 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 systems, 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-aspartate (NMDA) glutamate receptor antagonist 

[203,204],



93

Pentamidine

1, 5 -bis(p-amidinophenoxy)pentane

4-[(5-{4-[amino(imino)methyl]phenoxy}pentyl)oxy]benzenecarbox|midamide

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 o f dogs, sheep, horses and cattle as a 

trypanocide.

NHg NH

Berenil 

Diminazene

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

Figure 41. Structure o f 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 KC1. 

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 

pL of 46.7 pM rhKDAO with a specific activity of 0.96 I.U./mg (determined by the 

standard horseradish peroxidase-ABTS assay previously described). The reaction was 

initiated by the addition of 100 pL of freshly prepared putrescine substrate stock 

solutions, and the  total r eaction 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 o f the reaction and initial rates were 

determined. A 11 d ata analysis u sed O rigin 6.0 s oftware ( Origin Lab, C orp.). P lots o f  

initial velocity against putrescine concentration were fit to either the Michaelis-Menten 

equation or the equation for simple, competitive 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 Km values are 18.4 ± 1.0 pM and 14.0 ± 

0.2 pM for 500 pM and ImM isoniazid, respectively. Vmax values are 0.96 ± 0.01 LU. 

mL "* for 500 pM isoniazid and 0.72 ± 0.002 LU mV1 for I 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; Vmex L54 +/-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; Vmix 0.72 +/- 0.002

[Putrescine], îM

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 Km value is 23.9 ±3.1 pM, and at 100 pM cimetidine the value is 

32.7 ± 2.2 pM. The Vmax 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
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concentration intersect the ordinate at a point equal to -Ki (Figure 47). For cimetidine the

inhibition constant is 108 pM.

1.2  -

-J 0.8 -
E

TeE 0.6-1

I
0.4 -I

0.2 -

0 .0 -

___X.I

50 uM cimetidine
Model: substrate inhib,Cleland

ChC2/DoF =0.00107 
RA2 = 0.9924

Vm 1.26927 ±0.06506
Km 23.9195 ±3.06763
Ki 2626.26521 ±1111.24746

I
300 400 500

[Putrescine], |.iM

100 uM cimetidine
Model: substrate inhib.Cleland

ChiA2/DoF =2.93734 
RA2 = 0.99305

±0.04262
±2.15765
±455.51521

Vm 1.35353 
Km 32.73255
Ki 2010.26497

[Putrescine], |uM

F igu re  44. Cimetidine inhibition plots at A ) 50 and B )100 pM
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O cimetidine; 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

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

Value ErrorParameter

16.88882
0.15632

0.14142
0.0056

0.022810.99936 0.28372

K 108 nM

-120 -100 -80 -60 -40

[Cimetidine], (|iM)

Figure 47: Cimetidine Ki determination 

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 I 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, Vmax 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 I.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.
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100

----- 100 ).iM Clomdine
Km 26.1 +/- 3.5; 0.92 +/- 0.03

----- 250 |.iM Clonidine
Km 36.0 +/- 4.5; V _  0.99 +/- 0.03
500 nM Clonidine
Km 61.0+/-2.0; Vmx 0.89 +/- 0.02

------1000 nM Clonidine
Km 98.6 +/- 0.6; Vmv 0.86+/-0.002

[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

F igu re 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
0.07903

2.28094
0.0024

9.23889E-40.99908 0.89569

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 

2 5 0  nM, 5 0 0  nM and I pM. Fits to the Michaelis-Menten equations give apparent Km 

values of 1 7 .8  ± 2 . 2  pM for the 2 5 0  nM pentamidine data, 3 2 . 9  ±  8 . 0  pM for the 5 0 0  nM 

data, and 6 7 . 4  ± 11 for the I pM data. The Lineweaver-Burk plot exhibits competitive 

inhibition and the determined Kj is 2 2  nanomolar.
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¥

0.25uMpent
Km 17.8 +/- 2.2; Vrnax 1.05 +/- 0.03

O.SuMpenr
Km 32.9 +/- 8; Vmax 0.90 +/- 0.04

I uMpent
Km 67.4 +/-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

F igu re 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

1.4237 4.67879 
0.06525 (0.01394

3  40- 0.021810.160460.99941

K 22 nM

[pentamidine] (nM)

Figure 53. Kj determination for pentamidine.

Bereni I.

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 Km values 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. K1 has been determined to be 80 nM.
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— 0 berenil
Km 25.4 +/- 0.6; Vmax 1.96 +/- 0.02 
Ki 2255 +/-111 

--- 125 nM berenil
Km 68.7 +/- 2.0; Vmax 0.525 +/- 0.007 
250 nM berenil
Km 104.6 +/- 4.0; Vmax 0 409+/-0.006

*

[Putrescine] (pM)

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

0 berenil

125 nM berenil

250 nM berenil

F igu re 55. Lineweaver-Burk plot for berenil
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Linear Regression 
Y = A + B 1̂X
Weight given by DataS C error bars.

Value ErrorParameter

25.57739
0.31638

0.6224
0.00298

0.010890.99985 1.81862

3  60 -

K 80 IiM

[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 I mM isoniazid, the 

apparent Km = 18.4pM. Vmax 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 Km and Vmax- 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: I) the roughly equivalent Km 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, rhKDAO 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 

rhKDAO. The determined inhibition constant is 108 pM.

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 o f 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 half life of about 2 

hours, although there is considerable genetic variation [181]. Under these conditions 

inhibition o f diamine oxidase would presumably be fairly short lived.

Clonidine.

The double reciprocal plot indicates clonidine is a good inhibitor o f rhKDAO with 

a determined K  value of 248 pM.

Pentamidine.

Pentamidine has proven to be an extremely potent competitive inhibitor of 

recombinant human KDAO. The data above indicates an inhibition constant (Ki) o f 22 

nanomolar. Pig kidney DAO has been reported to be inhibited by pentamidine with a K  

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, leulcopenia, 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/mL. These plasma levels are readily converted to 0.877 to 1.5 pM. This 

concentration range would certainly inhibit diamine oxidase to the point of complete 

inactivation and could be expected to severely disrupt normal metabolic pathways 

involving DAO. Furthermore, the tissue distribution of pentamidine in m ice indicates 

this pharmaceutical accumulates in kidney tissue, a major source o f diamine oxidase 

expression.

As previously discussed, histamine catabolism remains to be completely 

elucidated, especially with regard to the role and importance o f diamine oxidase. A 

reasonable hypothesis is that during the course o f pentamide administration (typically 14 

to 2 1 d ays) d iamine o xidase activity is  e ssentially n il andhistam ine methyltransferase 

may not be able to compensate 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 o f 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 Kj of 80 nM. Data at additional concentrations are desirable. . 

Note that the apparent Km for putrescine used in this analysis (data collected on the same 

day) is 25 pM and is higher than values obtained previously (~ 17

Berenil has been investigated as a potential inhibitor o f polyamine synthesis and 

degradation, through its action on diamine oxidase, the first step in putrescine 

degradation, and S-adenosy!methionine decarboxylase, which prevents spermidine and 

spermine biosynthesis from putrescine [193]. It has been characterized as a strong 

uncompetitive inhibitor o f  diamine oxidase w ith a Kj = 2 10 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 o f this human enzyme, and for the field of 

CAO r esearch. T h e p referred substrates, histamine, putrescine and a gmatine, strongly 

suggest human diamine oxidase acts in vivo as a component o f 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 medicine. Furthermore, the data presented 

above differs significantly from the available literature, in describing the types and 

degrees o f 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 o f highly specific hDAO 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 o f 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 rhKDAO 

Introduction

Copper proteins typically show a broad and varied susceptibility to ligand- 

substitution chemistry. Spectroscopic and chemical investigations o f this chemistry can 

provide details o f 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 o f 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 interaction 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 0% consumption. The volume o f 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 pL masked cuvette. To 

avoid protein precipitation data were collected on a Cary IE scanning spectrophotometer 

from 350 to 800 ran. Protein was in 100 mM KPi, 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 o f 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 KCl 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 Vmax 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 -

K 24.5+/- 1.8; V 1448+/- 19A IioNaN,;

•  IOOmM NaN1; K 98.5+/-2.4; V 1406+/-12
I M  IltlV

O 200 mM NaN1; K 145 +/- 7.6; V 1360 +/- 29I \1  IltlY

Putrescine (|uM)

Figure 57. Azide inhibition of putrescine oxidation
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Figure 58. 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 
0.6917 0.02531

1.76496

0.069612.999780.99403

K 36.7 mM

NaNj (mM)

F igure 59. Azide Ki determination 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 

(kcat/Kivi) determined in this work. Histamine, I -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 strength 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 o f ionic strength on the partial substrate 

inhibition of rhKDAO. Buffers at two ionic strengths were used in determining the 

dependence o f initial reaction velocity on substrate concentration, 50 mM HEPES, pH

7.2 supplemented with KCl to either 50 or 250 mM. The results are striking. At the 

higher concentration of KC1, no substrate inhibition is discernible up to 2 mM putrescine. 

In contrast, in low ionic strength buffer, substrate inhibition is apparent at putrescine 

concentrations above 50 pM. 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 mM KCL, 50 mM HEPES, / = 50 mM,
KX| = 20.3 |iM (s.e. 1.3); Vnm 2041 (s.e. 69); K 645 (s.e. 65) 

V 230 mM KCl1 50 mM HEPES, / = 250 mM,
Km = 24.5 |iM (s.e. 1.8); Vnm 1448 (s.e. 19)

Putrescine (pM)

Figure 60. Ionic 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 Cl" 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

ChiA2/DoF = 168.1267 
RA2 = 0.60296

Vmax 131.5719 
Km 5.18735

±6.31498
±1.63583

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

ChiA2 = 42.43483 
RA2 = 0.94231

Km 22.79755 
Vm 164.48791

±2.51144
±4.73315

Figure 62. Rates of dioxygen consumption at 50 mM azide

100 mM azide 
Model: Michaeli-Menten

ChiA2 = 42.19262 
RA2 = 0.93325

Km 32.26952 
Vm 152.62119

±4.02519
±6.13316

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

ChiA2 = 22.11545 
RA2 = 0.96701

±3.84969
±4.47752

Km 38.04979 
Vm 128.66078

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 Km versus azide concentration is shown 

in Figure 66 and indicates an inhibition constant of 20.0 ± 4.5 mM.
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Figure 65. Lineweaver-Burk plot of azide inhibition of dioxygen reduction

Linear Regression 
Y = A + B * X 
Weight given

Value ErrorParameter

1.74768
0.02272

4.01384
0.20036

3.52551 0 .129460.87054

K 20.0 +/- 4.5 mM

Azide (|aM)

F igure 66. Ki determination for azide inhibition of dioxygen reduction
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Recombinant human kidney diamine oxidase was titrated with sodium azide for 

th e purpose o f  determining the binding constant for azide to  the protein bound C u(II) 

ions. The equivalence o f the copper binding constant and the inhibition constant would 

provide strong evidence that the nature of competitive inhibition o f the  oxidative half 

reaction is a direct consequence of azide binding to Cu(II). Figure 67 shows the spectral 

changes accompanying the titration 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 KPi, 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 o f a fresh sample of

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 CS carbonyl to substrate amine. Note that any proposed change in 

the conformation of TPQ must be at equilibrium with a productive conformation, 

otherwise noncompetitive inhibition would result, hr 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 o f 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 Kj 

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 Ki 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 rhKDAO..

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 Cote 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 o f rhKDAO 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 rhKDAO 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 pM. Azide has been demonstrated to compete with dioXygen for the 

oxidative half reaction (reduction of molecular oxygen arid reoxidation o f TPQ) with an 

inhibition constant of 20 mM. The data is most consistent with a mechanism involving 

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

Introduction

A major goal o f this research into mammalian CAOs has been the purification and 

characterization o f 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 proposal 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(II)-aminoquinol couple may not allow the semiquinone to 

accumulate to levels detectable by visible spectroscopy. The structural basis for substrate 

specificity and thus potential biological roles is also very poorly understood, especially 

among the mammalian enzyme. Furthermore, a structure would doubtless open up a 

plethora o f additional questions for further investigation and assist in directed
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experimental design using the tools o f molecular biology, structural biology, 

biochemistry and spectroscopy.

Additionally, a quantity of EPAO on band 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 mammalian CAOs 

[15,15,45,212,221-228,228-231,231,232]. In contrast, the equine 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 EPAO is especially noteworthy. EPAO shows considerable enzymatic 

activity with dopamine and norepinephrine ((-)-arterenol), which is unique among 

mammalian copper amine oxidases. Histamine, serotonin (5-hydroxytryptamine) and.the
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polyamine spermine and spermidine were 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 o f amine oxidase (Dooley, D.M., pers. comm.). The purification 

herein uses a single horse as the source of equine plasma, which should minimize 

heterogeneity from genetic differences between animals. Additional characterization by 

visible, EPR and rR 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 involving the horse were in 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 

connected to 3/16 inch internal diameter Tygon Clear Laboratory Tubing (Fisher 

Scientific) and collected in a 10 L Nalgene plastic carboy (Nalge Nunc International) 

containing I L 3.2% trisodium citrate as an anticoagulant. A total o f 5 to 10 liters blood 

has been collected per drawing (over 20 - 40 min), depending on the cooperation o f 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 o f enzyme preparations (Phenylmethanesulfonyl fluoride (PMSF) to I 

mM, Pepstatin A to 100 nM, EDTA Na2, to I mM). Polyethylene glycol (PEG 8000, 

Sigma-Aldrich) 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 supemate is then loaded by gravity onto a 9 x 30 cm column 

packed with I 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 m in'1. Protein bound to the column is eluted by a 1.6 L 

linear gradient o f  5 0 to  300 m M N aCl in  I 0 m M  T ris-Cl, p H  8 .0. E PAO elutes j ust 

before and along with a dark-blue band attributed to the copper-containing plasma 

enzyme ceruloplasmin, a blue copper oxidase. All eluant capable o f benzylamine
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oxidation significantly above that of equine plasma (typically with > 1 0 0  Spectroscopic 

Units ml"1) is pooled and dialyzed extensively against 15 mM KPj buffer, pH 6.8.

Anion exchange chromatographies using an FPLC System with a HiLOAD 26/10 

Q-Sepharose HP column (Amersham-Pharmacia) comprise the next two steps o f the 

purification scheme. Protein (equilibrated in 15 mM KPj, pH 6.8) is loaded onto the 

column using a 150 mL Superloop (Amersham-Pharmacia). A maximum of lx  IO5 

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-programmed method using a phosphate buffer gradient, where Buffer A is 15 

mM KPj, pH 6.8, and Buffer B is 400 mM KPj, pH 6.8. The elution method is as follows:

I) 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'1, and the fraction collector 

is programmed to collect 9 mL fractions. All fractions with an appropriate specific 

activity (typically >300 Spectroscopic Units mL"1) are pooled and dialyzed extensively 

against 15 mM KPj, 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 KPj, 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 .
9

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 (I 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 KPj, 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 o f 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 KPi, pH 6.8 and equilibrated in 5 mM KPi between runs. The 

fractions containing EPAO are then concentrated using Millipore Ultrafree Centrifugal 

Filter Device (Amicon Bioseparations) with a nominal molecular weight limit of 30 IcDa.

The purification is completed by gel filtration and buffer exchange using Ultrogel 

Ac A3 4 (Biosepra) medium packed in a C 16/100 column (1.6 cm diameter, 100 cm 

length, Amersham-Pharmacia) and equilibrated with 100 mM KPj, 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 (~ ImL) is loaded and the flow rate is 

approximately 0.13 mL min'1. Three mL fraction volumes are collected and analyzed by 

Aigo determination, activity assays and SDS/PAGE using a 8-25% gradient gels and 

Coomassie B rilliant B Iue s taining. T hose fractions w ith t he h ighest s pecific a ctivities
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and best appearance by SDS/PAGE are pooled. Fractions with lower, but significant 

specific activities, are also pooled. Both pools o f  protein are concentrated for a final 

cleanup on the same column.

Analysis o f EPAO.

Experimental procedures for the majority of the characterization o f the equine 

enzyme has previously been described in detail in Chapters I 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 

o f 0.001 per minute, and 4250 spectroscopic units correspond to I International Unit [81]. 

The standard activity assay uses 3.33 mM benzylamine and a total volume of 3 mL in 

100 mM KPi 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 pL of 4.8 pM 

EPAO with a specific activity of 700 S.U./mL were equilibrated in a quartz cuvette with 

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

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



134

Results

EPAO 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 spectrophotometrically but quantification of activity is 

generally not possible. The collected equine plasma is diluted I : I with I O 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 o f 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 o f 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 o f 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 time EPAO spends with polyethylene 

glycol has not appeared to be detrimental. This particular step is also the most visually 

enjoyable part o f the preparation because the bland, yellowish plasma partitions into very
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colorful layer -  deep blue at the top o f the column and multiple bands in various shades 

o f 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 KPj gradient for the first run, and a sodium chloride 

gradient for the second loading.

The elution profiles o f 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 KPi 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 o f distinct protein pools 

with similar specific activities that should be kept separate during subsequent 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 KPi gradient was selected as the first step because this 

gradient cleanly separates ceruloplasmin from EPAO3 which was particularly 

troublesome in initial purifications.
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Figure 69. A nion e xchange chromatography w ith a H iLOAD 2 6/10 Q-Sepharose H P 
column.
A) First step with a gradient from 10 mM K Pj, pH6.8 (Buffer A) to 400 mM KPj, pH6.8 
(Buffer B).
B )  Second step with a gradient from 10 mM KPj, pH6.8 (Buffer A) to 10 mM K P j,  300 
mM NaCl, 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 K Pj pH 6.8 (Buffer A) to 400 mM KP;, pH 6.8 
(Buffer B).
B )  Second step with a gradient from 10 mM KPj. pH6.8 (Buffer A) to 10 mM K P j, 300 
mM NaCl, 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 EPAO specific activity 

(and therefore degree of purity) can be enriched by multiple runs over this column.

1200
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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'1).
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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].

8 7 8 8 8 8

Figure 72. SDS/PAGE of the purification for EPAO: I) Equine plasma 2) PEG
precipitation 3) DEAE FF 4) Q Sepharose HP, KP1 gradient 5) Q Sepharose HP, NaCl 
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 I) 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 o f purity.
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Figure 74. IEF 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
Volume

Total
Protein

Total
Activity

Specific
Activity Purification Yield

Step (mL) (mg) (s.u.) (S.U./mR) Factor

Equine Blood 9000 N/D N/D N/D N/A N/A

Equine Plasma 6000 2.0 x IO5 2.9 x IO5 1.47 N/A 100%

PEG 12800 9.2 x IO4 N/D N/D N/D N/D

DEAE FE 620 5.5 x IO3 3 .2 x 1 0 ' 49.8 34 110%

Q-Sepharose HP 191 1175 2.1 x IO5 177 120 72%Kpi uradient

Q-Sepharose HP 64 774 1 .7 x 1 0 ' 215 146 59%NaCl uradient

Ceramic
8.9 319 1.5 x 10' 471 320

)

52%Hydroxyapatite

Ultrogel AcA34 
Pool I 
Pool II 
Pool III

3
2.4
8

27
27
80

2.5 x IO4 
1.9 x IO4
6 .6 x 1 0 "

925
706
820

629
480
558

9%
- 7% 

22%

Oct. 1999 Total
Volume

Total
Protein

Total
Activity

Specific
Activity Purification Yield

Step (mL) (mg) (S.U.) (S.U./mg) Factor

Equine Blood 9000 N/D N/D N/D N/A N/A

Equine Plasma 6300 2.0 x 10' 2.7 x 10' 1.34 N/D 10094

PEG 13250 S T x lO 4 5.6 x 10' 6.94 5.2 204%

DEAE FF 408 5619 2.9 x 10' 52.3 39 107%

Q-Sepharose HP 142 787 1.3 x IO5 168 125 48%Kpj Gradient

Q-Sepharose HP 62 532 1.0 X 10' 197 147 37%
NaCl Gradient

Ceramic 2.71 114 1.1 x 10' 787 587 41%
Hydroxyapatite 

Ultrogel AcA34
PoolI 0.76 21.6 1.71 x 10" 791 5 9 0 6.3%

Pool II 1.76 41.1 2 .8 8  x  10" 702 524 11%
Pool III 2 .7 6 37.2 3.14 XlO4 844 6 3 0 12%

Table 4. Summary o f two EPAO purifications.
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Copper and Calcium

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 rhKDAO, 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 o f calcium in a 

mammalian CAO, 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. However the stoichiometries differ; rhKDAO 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-IOO 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 rhKDAO. Note that calcium and zinc were 

also detected in the Chelex-100 treated HEPES buffer, at 75 and 17 ppb (pg mL"1) 

respectively. For comparison, 1190 ppb calcium and 172 ppb zinc were determined for 

EPAO dialyzed against EDTA.

SpecificActivity
(SU/mg)

Cu Zn Ca Mg TPQ

700 1.8*
2 .I f Oa 2.9* 0 1.3*

700 1.7
900 2.3"

925 2.7* 1.8*
2.4* 1.5d

8208 1.6 0.2 4.1 0.4
EDTA treated 1.72 0.2 2.6 0.2

Table 5. Divalent metal and TPQ quantification for dimeric EPAO 
a ICP-AES 
b flame AAS
c Phenylhydrazine titration
d anaerobic substrate titration, monitoring decrease in absorbance at 466 nm 
e EPAO extensively dialyzed against EDTA containing buffer, followed by Chelex-100 
treated buffer.
f determined by double integration of EPR signal. 
g ICP-AAS

Copper was also quantified via EPR (data not shown). Spectra were recorded for 

125 pL samples of 53.88 pM EPAO (~ 108 pM copper) and 50 and 100 pM copper 

standard solutions (Cu(II) 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 o f the signals indicates 2.1 Cu(II) per

homodimer.
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Figure 75 shows the X-band EPR spectrum of Cu(II) in purified equine plasma 

amine oxidase. The simulation was kindly provided by Dr. Melanie Rogers (Montana 

State University). Parameters derived from the simulated spectra (g i = 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 K P j ,  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 run. This Xmax is at a higher energy than that reported 

for other amine oxidases; differences in Xmax values are thought to reflect differences in

the degree o f 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].

TPO 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 a mine o xidase. T he u pper s pectrum is  the o xidized e nzyme and is  s hown f or 
comparison.
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Wavelength (nm)

Figure 78. Circular dichroism spectrum of equine plasma amine oxidase.
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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 EPAO 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 I 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 I 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 /Cm of 160 ± 10 pM and a Vmax ofl714 ± 39 

International Units per liter (Figure 82). Division of Vmax by the enzyme concentration 

gives kcat = 3.95 ± 0.2 min'1. 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 

Km values. 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



150

parameters for benzylamine oxidation by BPAO have been derived and indicate a Km of 

2.7 ± 0.3 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 .2 0 -

0.16-

E 0.12- Data: Data2_D 
Model: Michaelis-Menton

ChiA2/DoF =0.80718 
RA2 = 0.99368

0.08-

Vmax 0.19043 
Km 0.16061

±0.0043
±0.008080.04-

[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 o f about 4 A is obtained.

Discussion

EPAO Purification.

Polyethylene glycol precipitation was selected as the initial step o f the deveoped 

purification protocol because it is a commonly used and well-studied procedure for the 

fractionation o f blood plasma proteins [241-243]. Dilution of plasma with an equal part 

of buffer results in better separation o f plasma components, increased yield of EPAO 

activity, and has the practical benefit o f producing a less viscous solution for the 

following chromatographic step. 12% PEG (w/v) precipitation conditions were 

determined empirically to give a high recovery of total EPAO activity and to reduce 

deleterious protein aggregation and precipitation.

The remaining anion exchange and size exclusion chromatography steps give a 

high yield o f 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 o f 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 mg 

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 reports a much greater increase in 

specific activity following gel filtration than is observed in the purifications 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 o f about four week. In comparison. Carter’s method can be completed in two 

week. One cause o f 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 f  low  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-Pharmacia) 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 o f contaminants
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in the purified enzyme. However, no contaminants are discernible by Coomassie Blue 

staining o f SDS/PAGE, native AGE, and isoelectric focusing gels. Therefore any 

contaminants would be present at very low levels. No correlation between specific 

activity and the ratio o f absorbance at 590 nm and 466 nm was observed (data not 

shown).

Copper, calcium and TPO.

Analysis o f  m etal ion  content b y  ICP-AES, ICP-AAS, and quantitative EPR is 

consistent with two Cu(II) ions per EPAO dimer, as expected for a copper 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. I t i s p ossible for a 

more accurate value to be calculated through magnetic 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 o f rhKDAO. Calcium binding in proteins and possible functions are discussed in 

detail in the chapter devoted to expression and characterization of rhKDAO.
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TPQ quantification by phenylhydrazine titration is consistent with two organic 

cofactors per EPAO dimer. Unlike rhKDAO,' specific activity does not correlate w ell 

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 remain to be assigned. Most likely they indicate the presence o f minor 

contaminants that are quite difficult to remove during purification. In developing this 

purification protocol several different chromatographic techniques were applied under 

several conditions, including alternative anion exchange, cation exchange, hydrophobic 

interaction, and concanavalin A chromatographies. None of these decreased the 

intensities o f  these anomalous spectral features no r significantly increased the  specific 

activity.

EPR of the native enzyme and resonance Raman o f 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 rhKDAO that was highly fluorescent. Thus native EPAO is an attractive target for 

the characterization o f trapped intermediates or covalently bound inhibitor compounds in 

a mammalian CAO. A recent article provides an example of the use o f resonance Raman 

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

and mobility o f 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 using 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 using degenerate 

primers designed from the mammalian amino acid consensus sequences 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 in two 

publications in collaboration with Professor Lawrence Sayre (Case Western Reserve 

University, OH) [219,220]. This work into irreversible amine oxidase inhibition and the 

logical design of specific inhibitors continues in the Dooley research group under the 

capable hands o f Eric Shepard, Ph.D. candidate.
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APPENDIX A

AMINO ACID SEQUENCE ALIGNMENT



159

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 Microbial 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/Avww.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 (E. 

coli) and a mammalian source (H. sapiens KDAO).The search o f databases has been an 

ongoing exercise, and the data herein represent searches up until July, 2002.

The g oal o f the selection criteria for sequences t o include in the lineup w as to 

represent as many different sequences as available, to avoid duplicates, and to contain the 

catalytic Domain IV. Three arbitrary criteria were used: I) 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 positions. For example, two different sequences for the common pea, Pisum 

sativum, are included in this alignment although they are nearly identical, however, the

http://ncbi.nlm.nih.gov
http://tigr.org
http://www..kazusa.org.jp/cyanobase
http://gdb.org
http://hgmp.mrc.ac.uk
http://www.nsf.gov/biol/dbi/pgrsites.html
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sequences are from two different cultivars or strains o f pea and differ sufficiently so that 

both sequences were included in this lineup.

No attempt has been made to verify the accuracy o f the sequences used herein, 

and there are certainly sequencing 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 pombe amine oxidase contains an eight residue histidine 

“tag” n ear i ts C -terminus. F urthermore, H  ordeum v ulgare I , A spergillus n iger ! , a n d  

Sorghum bicolor sequences actually lack one or more of histidines that ligate copper.

One sequence, from the megaplasmid M Pl of the bacterium Dienococcus 

radiodurans, has a confirmed ff ameshift mutation that results in a prematurely terminated 

sequence that would certainly r esult 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 f  ound, the  c ommon n ame o f  the  o rganism 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 I, Arabidopsis thaliana 2, etc.). Each 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) Homosapiens
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) Taldfugu rubripes
Other names: Fugu rubripes 
Preferred common name: torafugu 
Other common name: pufferfish
Lineage: Eukaryota; Metazoa; Chordata; Craniata; Vertebrata; Euteleostomi; 
Actinopterygii; Neopterygii; Teleostei; Euteleostei; Neoteleostei; 
Acanthomorpha; Acanthopterygii; Percomorpha; Tetraodontiformes; 
Tetraodontidae; Takifugu

6) Lycopersicon esculentum
Other names: Solanum lycopersicum[syiionym]
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: Eulcaryota; Viridiplantae; Streptophyta; Embryophyta; Tracheophyta; 
Spermatophyta; Magnoliophyta; eudicotyledons; core eudicots; Asteridae; 
euasterids I; Solanales; Solanaceae; Solanum

8) Arabidopsis thaliana
Preferred common name: thale cress
Lineage: Eulcaryota; 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) Glycinemax
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: Eulcaryota; 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[synaa.ym\
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) Oryzasativa
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: com, 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: broomcom, 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; S accharomycotina; S accharomyc etes; 
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 coll 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: Rhizobiumloti
Lineage: Bacteria; Proteobacteria; alpha subdivision; Khizobiaceae group; 
Phyllobacteriaceae; Mesorhizobium

28) Arthrobacter globiform.is
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. P l
Other names: Arthrobacter sp. (strain PI), Arthrobacter Pl  
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) Mycobacteriumsmegmatis
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) Nostocpunctiforme
Lineage: Bacteria; Cyanobacteria; Nostocales; Nostocaceae; Nostoc

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

Key:

§  Completely conserved consensus residue

§  Consensus residue from similar residues at a given position

Y Consensus residue from the occurrence o f greater than 50% o f 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 o f TPQ

O “Gate” residue, proposed to limit access to active site 

=5= Catalytic base

A 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 ligand donor

□ The three residues suggested to define a hydrophobic, “pre-binding” site for 

dioxygen [20].

2° structure Secondary structure of pea seedling amine oxidase: alpha helices
represented by a , (3-sheet by (3, 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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L e g io n e lla  pneum ophila  (N C B I)
M esorhizobium  l o t i  (N P _ 1 0 6 7 8 6 )
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YESLTQLEDQ FE A G L V N W LV P---------------- NNGTGGSWSLKSSV PPG --------------- PA PPLQ FH PQ G PR FSV Q G -- SQVSS
YNNPEELARKYAVGEVDT----------W L ED PL PN G T EK PPL FSSY K  PRGEFHTPVNVAGPH VVQPSGPRYKLEG- -  NTVLY

Y ESLA Q LEEQ FEA G RV N V W IP ■ 
Y EN LA Q LEEQ FEA G Q V N V W IP■ 
Y ESLV Q LEEQ FEA G RV N V W IP-

■ NNGTGGSWSLKSQV PPG -
■ DDGTGGFWSLKSQV PPG -
■ NNGTGGSWSLKSQV PPG -

I P IPKAANTDY RY SRIKK - N K Q K IN L LK PIS-

■ PTPPLQ FH PQ G TR FSV Q G -- SRVTS 
•PT PPLQ FH PQ G PR FSV Q G --NRVAS 
• PTPPLQ FH PQ G TR FSV Q G --SR V T S
------  Q LFH PEG K R Y SISD --N H V LY
------  K lV EPQ G PR Y RTD Q --N FV EY
-----------IEQ PN G PSFTIEN N -H LV K W

SPLPNAKGTE F R IS K L K -----------------------------------------PPFGPSLQNAV -
KPLPEKEGND FRKKHKP-----------------------------------------FPFSC N V S---------
IPIPK A SG TEY R FG V Q N K -------------------------------------- PV H M D R IN PIS-
............. ..............................................E -------------------------SRGGVDRSDVK PLQ -
VPVPKSTGTE YRYGFLNE-------------------------------------- TVYMDRVN PMS -
IPIPK A SG TEY R FG V Q N K -------------------------------------- PV H M D R IN PIS-
EAVPTAEKTDYRFSHQN-----------------------------------------PPFG PK LN SLV -
IP V S S G INTD YRYSI Q K L-------------------------------------- N G E L S L F N P IS -
---------------- LPPA D PLRN Y TSG E------------------------ TQGGVDRSDVK PLQ -

■ LFQ SEG PG FK ID G --H TN RW
D T--------- G FKILG --N RV K W

■ MEQPDGPSFRVEDG-HLVKW 
IlQ PE G PSFR V R G Y --FV E W

■ MEQPDGPSFQVEDG-YLVKW 
• MEQPDGPSFRVEDG-HLVKW 
■SHQPQGSGAHIN G --Y SV SW
LEQPKGPSFTVDG--HLVKW
IlQ P E G P S F R V N G H --F IE W

TTETQIAK TE SDRCXS SAYCX
EAVPTAENTEYQVSKQS-------
EAVPTAENTEYQVSKQS--------
EAVPTAENTEYQVSKQS--------
EAVPTAENTEYQVSKQS-------

■ LPPPD H SRN Y TPG E-----------------------TRGGVDRSDLKPLI -

EILITGFQNRVHH LDQN----------- SlVLLVINLKVLAFRSM V - TSVSW
------- P P FGPKQH S L T ---------------------------SH Q PQ G PG FQ IN G --HSVSW
------- PPFG PK Q H SLT---------------------------SHQPQGPGFQI E G - -HSVSW

-------- PPFG PK Q H SLT---------------------------SH Q PQ G PG FQ IN G --TSVSW
---------PPFG PK Q H SLT-------------------------- SH Q PQ G PG FQ IN G --TSVSW

-------------------IN Q PE G PSFR IN G Y --FV E W

■ LPTPD H LRN YTPGE-----------------------TRGGVDRSDVKPLI- IN Q P E G P S F R IN G Y -- FVEW

oo



367 380 4 0 0 4 2 0 4 4 0  4 45
Z . m a y s  
S . b i c o l o r  
P . a n g u s t a  
P .  p a s t o r i s  
C . a l b i c a n s  I
C . a l b i c a n s  2 
S . p o m b e  I
S .  p o m b e  2 
A . n i g e r  I  
A . n i g e r  2 
A . f u m i g a t u s  I  
A . f u m i g a t u s  2 
E . c o l i  
K . a e r o g e n e s
K. p n e u m o n i a e
L . p n e u m o p h i l a
M. l o t i
A . g l o b i f o r m i s  I  
A . g l o b i f o r m i s  2 
A . s t r a i n  P l
D . r a d i o d u r a n s  
M . s m e g m a t i s  I
M. s m e g m a t i s  2 
A n a b a e n a  P C C 7 1 2 0
N . p u n c t i f o r m e  
S . s o l f a t a r i c u s

KVSKHKHANFYPKHMIEKVG-------------------------------------- A M R PEA PPIN ------------------------- VTQPEGVSFKMTGN--VMEW
YTSAEELYEA MQKDDFVTLPKIDVDNLDWTVIQRNDSAPIR H L D D R K ------------------ SPRLVEPEGRRWAYDGEEEYFSW
KVSKH KHSNF HPKHVAD KYGSK-------------------------EN PSG Y R Q ED FPIN ------------------------- ITQ PEGVSFKLDNH--VM SW
FDHKTVPTGP WQEVPCVQYHPD-------------------------LNGETQMRDVKPLL------------------------- I SQ PEG PS FQ IID G -N K V LW
PLSKHKHSNFNKKDIEAELG-----------------------------------------K M REV KPIS------------------------- VTQPEGVNFRM KGR--YIEW
P I PQDVNSDNNLKKLEQEME--------------------------------------- AMKMLK P L R --------------------------IT Q P E G V N F R IK G R --Y IE W
LTEQ TFK RDI IGHCKDSDYVPE-------------------------LLPGGTRKDLKPLN------------------------- W Q P E G P S F R IT E E -SL V E W
LTEQ TFK RDI IGHCKDSDYVPE-------------------------LLPGGTRKDLKPLN------------------------- W Q P E G P S F R IT E E -SL V E W
TPVPLD EH NY LPQFIK D QY R------------------------------------------- P E R L K A IE ------------------------- ITQ PEG V SFK M N G N --E IE W

ARPFDGRDRVAP---------------------------------------------------------------- AVKPMQ
PRPYDGRDRNAP----------------------------------------------------  AVKPLE
PRPYDGRDRNAP-----------------------------------------------------------------RNRWRP
P I P K  E K IN Y D SD SY P-----------------------------------------E KR KDLK PLD
IPM K ---- EANYEAE F I K E ---------------------------------------------- PRQPYKPLN
V PEV ---- NGNYTD P A IR G --------------------------------------------E L R T D L L P IE
V PA E---- HGNYTDPELTG--------------------------------------------PL R T T Q K PIS
V PSA ---- RGNYLPKYVG---------------------------------------------- EARTDLKPLN

I IE PE G K N Y T IT G --D M IH W  
IT E P E G K N Y T IT G --D T IH W  
N R K A K T T P L P A IP --F T G R T  
I IQ A EG PS FK V N G -- WEVNW 
I AQPEGVS FN L D G -- HQLSW 
IM Q P E G P S F T L E G -- NHLSW 
ITQ PEG PSFT V T G G -N H IEW  
ITQ PEG A SFTV TG --N H V TW

L P P K -----AGNYTEQFMFDADNR------------------------- PAFTEFRQDVKKIE
RPDV----- M G EY V PR H IPER IR A ------------------------------ A STREPLK  PLE
K -E -------NWNYDLQSLGKLLS----------------------------------------------PPKLLQ
K -E -------NWNYDLKSLGKLLS--------------------------------------------- APKALK
TSPLPLQ DA NY TPEK LG -----------------------------------------KIFGDDLK P IE

IT Q P D G P S F T V D G -- WNVTW 
IT Q P H G P S F T L D G -- NLLQW 
ILQ PK G K SFQ IQ G N --E V T W  
L LQ PN G K SFQ IK D N --E ISW  
IR Q P L S S S IK IN G --W E IS W

<o
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H. sa p ie n s  DAO 
H. s a p ie n s  SSAO 
H. sa p ie n s  SSAOb 
H. sa p ie n s  SSA O a 
M. musculus  DAO 
M. musculus  SSAO
R. n o rv e g ic u s  
B . t a u r u s  DAO
B . t a u r u s  a o r t a  
B . t a u r u s  BPAO
B . t a u r u s  l u n g  
T . r u b r i p e s  I  
T . r u b r i p e s  2
L . e s c u l e n t u m
S . t u b e r o s u m  
A . t h a l i a n a  I  
A . t h a l i a n a  2 
A . t h a l i a n a  3 
A . t h a l i a n a  4 
A . t h a l i a n a  5 
A . t h a l i a n a  6
C . a r i e t i n u m  
C . I i n e a t a
G . m ax
M. t r u n c a t u l a  I  
M. t r u n c a t u l a  2 
P . s a t i v u m  I
P . s a t i v u m  2 
L . c u l i n a r i s  I  
L . c u l i n a r i s  2 
0 .  s a t i v a
T .  a e s t i v u m
H . v u l g a r e  I  
H . v u l g a r e  2

446 460 480 500 520 524
GGW SFA FRLRSSS-GLQVLNVHFGGER------------- lAYEVSVQEAVALYGGHTPAGMQTKYLDVGWGLGS-V TH E LA PG --
SLW TFSFG LG A FS-G P R I FDVRFQGER-------------L V Y E ISL Q E A L A IYGGNSPAAMTTRYVDGGFGMGK-YTTPLTRG--
SLWS FTFG H G V FS- G LR IFD V R FQ G ER ------------- IAYEVSVQ ECV SIY GA DSPK TM LTRYLD SSFGLG R-NSRGLV RG --
SLW SFTFG H G V FS-G L R I FDVRFQGER------------- IAYEVSVQ ECV SIY GA DSPK TM LTRYLD SSFGLG R-NSRGLV RG --
GDW SFSY RLRSSS-G L Q IFNVLFGGER-------------VAYEVSVQEAVALYGGHTPAGMQTKYIDVGWGLGS-VTHELAPG--
SLW AFSFG LG A FS-G P R I FD I RFQG ER-------------V A Y E ISVQEAIALYGGNSPASM STCYVDGSFGIG K -Y S T P L IR G --
GGWS F S Y R L R S S S -G L Q I  FNVLFGGER-------------VAYEVSVQEAVALYGGHTPAGMQTKYIDVGWGLGS-VTHELAPG- -
---------------------------------------------------------------------------------------------------------------  PAGMQTKYMDVGWGLGS-VTYELAPG--
SLWTFS FGLGAFS -G P R IF D I RFQGER-------------LAYEISLQEAVAIYGGNTPAAMLTRYMDGCFGMGK- F A T P L T R G --
SLW TFSFG LG A FS-G PRV FD V RFQ G ER-------------LAYEISLQEAGAVYGGNTPAAMLTRYMDS GFGMGY-F A T P L IR G --
SLW TFS FG LG A FS- G PR I FD I RFQGER-------------LAYEISLQEAVAIYGGNTPAAMLTRYMDACFGMGK-F A T P L T R G --
MDW SFAFGLSSLT-GMRVFDVRFKDER------------- ILY ELSV QEAM SVY GSV TPGM G LTK FFDTSIG IG R-FAH QLV RG --
AGWSFAYRVRSLS-G IQ V FD LR Y N G ER -------------IA YEISLQ EA IA IY AG DTPA AM Q TKY ID SGW A M GV -STH ELA PG--
ANWEFH LK PD PR A -G V IISRVMFEDPDTGKMRNVMYKGFTSELFVPYMDPSDAWYFKTYMDAGEYGFGLQAMPLDPLN-
--------------------------------------------- AYIDGSR-GRRPVAHRLSFIEM W PYGDPNEPHYRKNAFDAGEDGLGKNAHSLKKG--
ANWEFHMSFDVRA-GLVISLASIFDMDVNKYRQVLYKGHLSEIFVPYMDPSEDWYFRTFFDCGEFGCGQYAVSLEPYT- 
ANWKFHVGFTARA-GVTISTASVLDPRTKRFRRVMYRGHVSETFVPYMDPTYEWYYRTFMDIGEFGFGRSAVNLQPLI- 
ANWVFHVKADQRA-GMIISQATVRDSETGEPRSVMYKGFPSELFVPYMDPEEGWYYKGYMDAGELGLGPTAMPLVPLN- 
QKWNFRIG F T P R E -GLVIHSVAYVDGSR-GRRPVAHRLSFVEMW PYGDPNEPHYRKNAFDAGEDGLGKNAHSLKKG-- 
ANWKFHIK PD Q RA -G M IISQATVRDSKTGEARSVMYKGFASELFVPNMDPGEGWYSKAYMDAGEFGLGPSSMPLVPLN- 
ANWVFHVKADQRA-GMIISQATVRDSETGEPRSVMYKGFPSELFVPYMDPEEGWYYKGYMDAGELGLGPTAMPLVPLN- 
A N W R FH lG FD A R A -G IV ISLA SIY D L E K H K SRRVLYK GY ISELFVPY QD PTEEFY FKTFFDSG EFGFG LST V S L IP N R - 
ANWEFH V K PD PR A -G TIISQ V K V RD PD TSK LRNVMYKGFTSELFVPYMDPTEGWYFKTYMDAGEYGFGLQAMPLDPLN- 
QKW NFRIGFTPRE-GLVIHSVAYIDGSR-GRRPVAHRLSFVEMVVPYGDPNDPHYRKNAFDAGEDGLGKNSHSLK K G --
--------------------------------  F I I YSVAYVDGSR-GRRPVAHRLSFVEMVVPYGDPTEPHYRKNAFDAGEDGLGKNA HSLKK G--
ANWKFHIG FDV RA -G I V I S L A S I Y D LEKH KSRRVLYK G YISELFVPY QD PTEEFY FKTFFDSG EFGFG LSTV SLIP N - - 
A N W K FH IG FD V R A -G IV ISLA SIY D LEK H K SR RV LY K GY ISELFVPY QD PTEEFY FKTFFDSG EFGFG LST V S L IP N R - 
A N W K FH IG FD V R A -G IV ISLA SIY D LEK H K SRRVLYKGYTSELFVPYQDPTEEFYFKTFFDSGEFGFGLST V S L IP N R - 
A N W K FH IG FD V R A -G IV ISLA SIY D LEK H K SR R V LY K G Y ISELFV PY Q D PTEEFY FK TFFD SG EFG FG LSTV SLIPN R - 
A N W K FH IG FD V R A -G IV ISLA SIY D LEK H K SR RV LY K GY ISELFVPY QD PTEEFY FKTFFDSG EFGFG LST V S L IP N R - 
Q K W N FR IG FTPK E-G L V IYSVAYADGSR- G R R PIA H R L SFVEMVVPYGDPNEPHYRKNAFDAGEDGLGKNAHSLKRG- -

QKW NFRIGSTPKE-GLVIYSVAYVDGSR-GRRPIAHRLTFVEMVVPYGDPSEPHYRKNAFDAGEDGLGKNAHSLKKG-- 
----------------------------------------------------------------------------------------------------------------------------------------------------------------------  G__
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Z . m a y s  
S . b i c o l o r  
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C . a l b i c a n s  I
C . a l b i c a n s  2 
S . p o m b e  I
S . p o m b e  2 
A . n i g e r  I  
A . n i g e r  2 
A . f u m i g a t u s  I  
A . f u m i g a t u s  2 
E . c o l i  
K . a e r o g e n e s
K. p n e u m o n i a e
L . p n e u m o p h i I a
M. l o t i
A . g l o b i f o r m i s  I  
A . g l o b i f o r m i s  2 
A . s t r a i n  P l
D . r a d i o d u r a n s  
M. s m e g m a t i s  I
M. s m e g m a t i s  2 
A n a b a e n a  P C C 7 1 2 0
N . p u n c t i f o r m e  
S . s o l f a t a r i c u s

C o n s e n s u s

--------------------------------------------- A YVDGSR -  G RRPIA H RLS FVEM W PYGDPSEPHYR KNA FDAGEDGLGKNAHS LKKG- -
SN FK FH IG FN Y R E -G IV L SD V SY N D H G --N V R P IF H R IS L S EM IVPYGSPEFPHQRKHALDIGEYGAGYM TNPLSLG--
MDW G FY T SW SR D T-G ISFY D ITFK G ER -------------IV Y E L SL Q E L IA E Y G SD D -PFN Q H T FY SD ISY G V G -N R FSL V PG --
SN FN F H IG F N Y R E -G IV L S D IT Y N D H G --N V R P L F H R ISL C EMVVPYGAPDFPHQRKHALDIGEYGAGNMT N PL A L G --
QGWE FRVSPNS RE - G F A IYDCWFKGRQ------------T F Y R IS L S  EMTVPYGDPRAPYHRKQAFDLGDCGFGVNGNKLALG- -
QNFRM HIGFNYRE-G IV L S D ISY N D N G -- H I RPLFY R M SIAEMWPYGNPEHPHQRKHAFDLGEYGAGYLTNP L A L G -- 
Q NFCFH IG FN Y R E - G I VLSDW FNEDG--HLRPLFY RISLTEM A V PFGA KG HSH HRK HA YD LGEYG VG Y RTN PLSFT--
QKWRFRVAFNPRRGCYHSQTSWYDGRS-------------VLYRLSVSEMTVPYADPRPPFHRKQAFDFGDGGGGNMANNLSIG--
QKWR FRVAFNPRE-GATIHDVW YDGRS-------------VLYRLSVSEMTVPYADPRPPFHRKQAFDFGDGGGGNMANNLSIG- -
AGLKMHIGFNYRE-GIVLSNVRIDDPYENRERKLFHRVSW EMVVPYGCPKPPHHKKHAFDVGEYGSGSMTNSL K L G --
-----------------------R E -G L TL H D I TYDGRS------------- V FY R L SLSEMFVPYGDSRAPYPRKAAFDLGSNLAGVNSNNLKLGRH
RNWDFHLSMNSR V -G P M ISTVTY ND NG T-- KRKVMYEGSLGGMIVPYGDPDIGWYFKAYLDSGDYGMGTLTSPIARG-- 
QNWDFHLRLNSR V -G P ILSTV TY N D N G T-- KRQVMYEGSLGGMIVPYGDPDVGWYFKAYLDSGDYGMGTLTSPIV R G --
G IF IC A T R A S G Q S -S Q R L T T IT A Q N ---------------- ARCMKVPG RDDR PYGDP DVGWYF KAYLDS GDYGMGTLTS P I V R G --
QNWSFH V G FTPRE-G L V L H Q IK YLDEG K-- E R P I IYRASVTDMIVPYADPSVSHYWKSAFDAGEYGLGKLANEL K L G --
DKW AFRVGFNARE-GLTLHDISYDG-------------RPW YRASLVEM VVPYGTPDRGHFRKNVFDIGEYGIGKLANSLKLG--
AGWDLRVGFDARE-GLVLHQLHH SH K G R--RRPVIHRASISEM VVPYGDPSPYRSW QNYFDSGEYLVGRDANSLRLG-- 
EKW SLD V G FD V RE-G W LH N IA FR D G D R -- L R P I INRASIAEM VVPYGDPSPIRSW QNYFDTGEYLVGQYANSLELG-- 
ADW SFRVGFTPRE-GLVLHQLKFKDQGV--DRPVINRASLSEMVVPYGDTAPVQAKKNAFDSGEYNIGNMANSLTLG--

Q KW SLRVG FNA RE-G LTLH EITYN DRGT-- VRPIMYRAALSEMVVPYGDSSPTHWNKNVFDMGEVGMGFSANPLTLG-- 
QNW SLRIGFNHRE-GM TLHTVRYRD GA V--N RSV AH RLSFAEMVVPYRDPSVDHYRRTAFDIGEWGLGFMTTSL D L G -- 
QGWKFRYVMHPRD-GLVLYQVNYKDGGN--V R PV L YRASLSEMVVPYGDPDPTWSFRNAFDVGEYNLGLLASTMELG-- 
QGWKFRYLMHPRS-GLALYQVTYDDGKN-- IR P V L YRASISEMVVPYGDPDPTWSFRNAFDVGEYNLGLLANTMELG-- 
YRW RLRIGYTPRE- GLVIYDVRYIDENN-RERMILYRASWDLMVPYGDPSPFHNKKMVLDAGDYGLGNFIVPLSHGNY

H ♦  +
W F IG  R G LV I V Y D  R V  YRLSL EMW PYGDPT Y K FD GEYGLG A L G
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525 5 4 0  5 6 0  5 8 0  6 0 3
H. sapiens  DAO -------------------------------- IDCPETATFLDTFHYYDA-DDPVHYPRALCLFEMPTGVPLRRHFNSNFKGGFNFYAGLKGQVLV
H. sapiens  SSAO ------------------------------- VDCPYLATYVDWHFLLES - Q A PK T IRDAFCVFEQNQGLPLRRHHSDLYS------ HYFGGLAETVLV
H. sapiens  SSA Ob ------------------------------- VDCPYQATMVDIH IL V G K - GAVQLLPGAVCVFEEAQGLPLRRHHNYLQN-  -  -  HFYGGLASS A LV
H. sapiens  SSA O a -------------------------------VDCP YQATM VDIHILVGK- GAVQLLPGAVCVFEEAQGLPLRRHHNYLQN------ HFYGGLASSALV
M. musculus  DAO -------------------------------IDCPETATFLDAFHYYDS - DGPVLYPRALCLFEMPTGVPLRRHFDSNFKGGFNFYAGLKGYV LV
M. musculus  SSAO ------------------------------- VDCPYLATYVDW HFLLES-QAPKTLRDAFCVFEQNQGLPLRRHHSDFYS------ HYFGGW GTVLV
R. norvegicus  --------------------------------!DCPETATFLDAFHYYDS -D G  PVHYPHALCLFEMPTGVP LRRHFNSNFKGGFNFYAGLKGYV LV
B . t a u r u s  DAO --------------------------------IDCPEMATFVDALHYYDD-DGPVLYPRALCLFEM PTGVPIRRHFNSNFNGGFNFYAGLKGQALV
B . t a u r u s  a o r t a  ---------------------------------VDCPYLATYVDW HFLLES-QAPRTLHDAFCVFEQNKGLPLRRHHSDFIS ------- Q YFG GW ET V LV
B . t a u r u s  BPAO --------------------------------- VDCPYLATYMDWHFWES -QTPKTLHDAFCVFEQNKGLPLRRHHSDFLS------- HYFGGVAQTVLV
B . t a u r u s  l u n g  --------------------------------- VDCPYLATYVDWHFLLES -QAPKTLHDAFCVFEQNKGLPLRRHHSDFIS -------QYFGGW ETVLV
T . r u b r i p e s  I  --------------------------------VDCPYEAAYITTYRYIDA -P N P IK F E D S I  C l  FEHNLGQP LRRHFSDFFH - - -  NS YGGMVNSA LV
T . r u b r i p e s  2 --------------------------------I DCPEIATFIDLYHYYDT-DKPKRYRNALCIFEM TTAIPLRRHFNSNFKGGYNFYGGLDNTVLV
L . e s c u l e n t u m  ---------------------------------- DCPRNAYYMDGVFVAAD-GTPYV RSN M ICV FERY AG DIGW RHA ECPITG -LPIREVRPK VT LV
S . t u b e r o s u m  --------------------------------CDCLGYIKYFDAHFTNFT -  GGVETIENCVCLHEEDH - G I LWKHQDWRTGLA - EV RRS RRLT
A . t h a l i a n a  I  ---------------------------------- DC PGNAAFMDGVFASQD -G T P IK IT N V M C I  FE KYAGDIM W RHTEIE I PGL - KVRP DVSLV
A . t h a l i a n a  2 ---------------------------------- DCPQNAAFFDGHVAGPD-GTAQKM TNVMCVFEKNGYGASFRHTEINVPGQ-VITSGAAEISLV
A . t h a l i a n a  3 ---------------------------------- D CPRNSYYIDGVFASPD- G K PIV Q PN M ICLFERYA G DIS W RHSEILFANA- D I RESRPKVTLV
A . t h a l i a n a  4 --------------------------------CDCLGSI  KYFDAHFTNFT - GGVETI ENCVCLHEEDH -  G I LWKHQDWRTGLA - EV RRS RRLT
A . t h a l i a n a  5 ---------------------------------- D CPRN A Y Y ID G FFA SPE-G IPILQ PN M IC LFER Y A G D TSW R H SEILLPG V -D IR ESR A K V TLV
A . t h a l i a n a  6 ---------------------------------- DCPRNSYYI DGVFASPD -  GKPIVQPNM I CLFERYAGD I S WRHSEILFANA - D I RESRPKVT LV
C . a r i e t i n u m  ---------------------------------- D C PSH A Q FID TY IH SA D -G SPILLK N A IC V FEQ Y G -N IM W R H TETG IPN E -F P E E S R T E V N L I
C . I i n e a t a  ---------------------------------- DCPRNAYYMDGVFASAD-GTPYLQPNMICVFESYAGDVAW RHAECPITNM-KVTEARPKVTLV
G . m ax  --------------------------------CDCLGYI KYFDAHFTNFY -  GGVETIENCVCLHEEDH - G I  LWKHQDWRTGLA - EV RRS------- RTLT
M. t r u n c a t u l a  I  --------------------------------CDCLGYI KYFDAHFTNFT - GGVLKLS KIVYVCMKR - -  -  IM GFSGSIKTGEL-AXQKSGGPED FQ
M. t r u n c a t u l a  2 --------------------------------R D C PPH A Q FID TY IH SA D - G TPSLLKN AICV FEQY G-NIM W RH TETG IPN - EFVEESRTEVN L I
P .  s a t i v u m  I  ---------------------------------- D CPPH A Q FID TY V H SA N -G TPILLK N A ICV FEQ Y G -N IM W RH TEN G IPN E-S IE E S R T E V N L I
P . s a t i v u m  2 ---------------------------------- D C PPH A Q FID TY IH SA N -G TPILLK N A IC V FEQ Y G -N IM W R H TEN G IPN E- S IE E S R T E V N L I
L . c u l i n a r i s  I  -------------------------------- D C PPH A Q FID TY IH SA D -G T P IF L E N A ICVFEQYG-NIM W RHTETGIPNE-S IE E S R T E V D LA
L . c u l i n a r i s  2 ---------------------------------- D C PPH A Q FID TY IH SA D -G T P IF L E N A ICVFEQYG-NIMW RHTETGIPNE - S IE E S R T E V D LA
0 .  s a t i v a  --------------------------------CD CLG FI KYFDAHFTNFT-GGVETIENCVCLHEEDH- G I  LWKHQDWRTGLA-E V R R S  RRLT
T . a e s t i v u m  ---------------------------------------------------------------------------------------------------------------------------------------  TG L A -E V R R S RRLT
H . v u l g a r e  I  --------------------------------CDCLGYI KYFDAHFTNFT -  GHVETI  ENCVCLHEEDH -  G I LWKHQDWRTGLA - EVRRS------- RRLT
H . v u l g a r e  2 --------------------------------CDCLGYI KYFDAHFTNFT - GHVETI ENCVCLHEEDH -  G I LWKHQDWRTGLA - EVRRS------- RRLT
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A . f u m i g a t u s  I  
A . f u m i g a t u s  2 
E . c o l i  
K . a e r o g e n e s
K . p n e u m o n i a e
L . p n e u m o p h i l a
M. l o t i
A . g l o b i f o r m i s  I  
A . g l o b i f o r m i s  2 
A . s t r a i n  P l
D . r a d i o d u r a n s  
M. s m e g m a t i s  I
M. s m e g m a t i s  2 
A n a b a e n a  P C C 7 1 2 0
N . p u n c t i f o r m e  
S .  s o l f a t a r i c u s

5 4 0  5 6 0  5 8 0  6 0 3
---------------- YFDAH F T N F T - GGVETIENCVCLHEEDH-GILWKHQDWRTGLA- EVFAV KEAT
CDCLGY IKYFDAHFTNFT- GGVETIENCVCLHEEDH-GILWKHQDWRTGLA- EV RRS RRLT
CDCKGVIHYLDAHFSDRA-G D P ITVKN AV CIHEEDD -G LLFK HSD FRD N FA -T S L V T R A -TK LV
YDCPATAGYFTTDTFEYD- - EFYNRTLSYCVFENQEDYSLLRHTGASYS------------A l TQNPTLN
CDCK GV IH Y LD G H W D RS-G D A A TIRN A ICIH EED D -G V LFK H SD FRD D FQ -T T V T T R G -K K L I
CDCLGVIKYLDGHGIHAN -G E P F V IPNTVCMH EQDD -  GLLYKHVNYRTDN A W A R K -R IF I
CDCKGVIHYLDAHFrVNNT-G EVETV K N A ICIH EED D -G V LFK H SD FRD K FR-T T IS A R G -IR L V  
CGCEGVIHYMDADFVNYR-G E IT T IK N A IS IH E E D D -G V LFK Y SD LR D RN --A N IS A R S -IK L V
CDCLGV IKYFDAVMTGAD-GSAKKMPNAICLHEQDN-GIGWKHSNWRTGR A W T R H -R E L V
CDCLGV IKYFDAVMTGAD-GSAKKMPNAICLHEQDN-GIGWKHSNWRTGR A W T R H -R E L V
CDCKGAIQYLDAVLATST- GEATVI E N A IC IH E ED N - GLLYKHTDFRDGN V I SARD- RKLI

I FKVGLMARECQGKGC D CLG Y IKYFDGYHHTSA- G DPIV L P N W C C H E ID D - G I LWKHTNYRTQN A W T R S  -R IL V
KDAPSNAVLLNETIADYT-GVPM EI P R A IA V FERY A -G PEYKHQEMGQPNV-S T E R R ------- ELV
KDAPSNAVLLDETIADYT- GKPTTIPGAVAIFERYA-GPEYKHLEM GKPNV- ST E R R ------- ELV
KDAPSNAVLLDETIADYT- G K PT T IPG A V A IFE R Y A - GPEYKHLEMGKPWV- ST E R R ------- ELV
CDCLGNIYYFDVPAADDF- G N SR L IK N A ICMHEEDA-GTLWKHYETRNSTF-E V R R A  RELV
CDCLGAIQYLDANLATMT- G D W T I E N A IC IH E E D A - GLLWKHWDFRSNHV- ESRR A  RKFV
CDCLGDITYM SPW A D D F-G N PR TIEN G IC IH EED A -G ILW K H TD EW A G SD -EV R R N  RRLV
CDCLGDI T Y L S P V IS D A F - GNPREI RNGICMHEEDW- GILAKHSDLW SGIN- YTRRN- - - RRMV 
CDCLGEI KYFDGHSVDSH-GNPW TIENAICM HEEDD- S I LWKHFDFREGTA- ETRRS - - - RKLV

--------------------------------C D C LG EIHYFDGTVNDSD- GNAVTI P N A ICMHEEDY- G I SWKHTDFRTGEV- EV RRS RRLV
--------------------------------C D C LG EIR Y LD A V L H N SK -G E PY T IT N A IC IH E E D N -AVLWKHVDHDAGAE-V R R -M ------- RRLT
-------------------------------- KEIPQNGVLFDAVFANEE-GEPYVMPGVVGIYERDN-GILWKHYEYNTQRN-DVRRD------ RQLV
--------------------------------KEIPENGLLLDAVFANEQ-GEPYKIPGVVGIYERDR-GM LW KHYDYNTQRN-DVRRS------- RELV
DLYN-----------------------CDC F G E V IYHLDVTRVS SNGTPIKIKKAICVHEEDFG-VLW RHTDLRSGKS -  EVRRN------- RRLV

C o n s e n s u s DCP A YLDAH G P  I  NAICVFE ILWKH D
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H. s a p ie n s  DAO 
H. s a p ie n s  SSAO 
H. s a p ie n s  SSAOb 
H. s a p ie n s  SSA O a 
M. musculus  DAO 
M. m usculus  SSAO
R . n o r v e g i c u s  
B . t a u r u s  DAO
B . t a u r u s  a o r t a  
B . t a u r u s  BPAO
B . t a u r u s  l u n g  
T . r u b r i p e s  I  
T . r u b r i p e s  2
L . e s c u l e n t u m
S . t u b e r o s u m  
A . t h a l i a n a  I  
A . t h a l i a n a  2 
A . t h a l i a n a  3 
A . t h a l i a n a  4 
A . t h a l i a n a  5 
A . t h a l i a n a  6
C . a r i e t i n u m  
C . I i n e a t a
G . m ax
M. t r u n c a t u l a  I  
M. t r u n c a t u l a  2 
P . s a t i v u m  I
P . s a t i v u m  2 
L . c u l i n a r i s  I  
L . c u l i n a r i s  2 
0 .  s a t i v a
T . a e s t i v u m
H . v u l g a r e  I  
H . v u l g a r e  2

604 620 640 660 682
LRTTSTVYNYDYIWDFIFYPNGVMEAKMHATGYVHATFYTP------------------ EGLRHGTRLHTHLIGNIHTHLVH YRVDLD
VRSMSTLLNYDYVWDTVFHPSGAIE IR F Y A T G Y IS S A F L F G ------------------- ATGKYGNQVSEHTLGTVHTHSAHFKVDLD
VRSVSSVGNYDYIWD FVLYPNGALEGRVHATGYINTAFLKGGE--------------- EGLLFGNRVGERVLGTVHTHAFHFKLDLD
VRSVSSVGNYDYIWD FVLYPNGALEGRVHATGYINTAFLKGGE--------------- EGLLFGNRVGERVLGTVHTHAFHFKLDLD
LRTTSTVYNYDYIW DFI FYPNGVMETKMHATGYVHATFYTP--------------------EGLRHGTRLQTHLLGNIHTHLVHYRVDLD
VRSVSTLLNYDYIW DM VFHPNGAIEVKFHATGYISSAFFFG------------------- AGEKFGNRVGAHTLGTVHTHSAHFKVDLD
L R TTS TVYNYDYIW DFIFYSN GVME AKMHATG YVHAT F Y T P ------------------- EGLRHGTRLQTHLLGNIHTHLVHYRVDMD
LRTTSTVYNYDYIW DFI FYPNGVMEAKMHATGYIHATFYTP------------------- EGLRHGTRLHTHLIGNMHTHLVHYRVDLD
FRSVSTLLNYDYVWDMV FH PNG AIEV KFH ATG YTSSAFFFG------------------- TAQKYGNQVRENTLGTVHTHSAHYKVDLD
FRSVSTMLNYDYVWDMV FY PN G A IEV K LH A TG Y ISSA FLFG ------------------- AARRYGNQVGEHTLGPVHTHSAHYKVDLD
FRSVSTLLNYDYVWDMVFHPNGAIEVKFHVTGYI S S A F F F G ------------------- TAQKYGNQVRENTLGTVHTHSAHYKVDLD
MRTITAIGNYDYMWDFIFYQSGSVEAKVHATGYISSSYMMEG--------------------SLNYGHQVAEKVLGNLHTHFINFKVDLD
LRTTSTVYNYDYIW DFLFYQNGVMEVKM SATGYIHSTFFTS------------------- NGLQYGTKVYENGLGNLHTHLIHYKVDLD
VRMAASVANYDYIVDWEFQNDGLIRPKVGLSGILMVKGSPYVNMNEVNQ-NEYLYGTLLSENIVGVIHDHYVTFHLDMD
VSFICTVANYEYGFYWHFYQDGKIEAXGQADWNSQLR C SST G E ----------------- VRKYGTTIAPGLYAPVHQHFFVARMDMA
VRM VTTVGNYDYIVDYEFKPSGSIKIGVGLTGVLEVKPVKYVNTSEIKED - -DIHGTIVADNTIGVNHDHFVTYRLDLD
VRMVATLGNYDYTVDWEFKKSGAIRVGVDLTGVLEVKATSYTSNEQITEN----- VYGTQVAKNTIAVNHDHYLTYYLDLD
ARMATSVGNYDYI FDWEFQTDGLI RVTVAASGMLMVKGTPYDNVDDLGDRED- DAGPLI SE N V IG W H D H FI TFHLDMD
VSFLCTVANYEYGFYW HFYQDGKIEAEVKLTGILSLGALQPGE----------------- TRKYGTTIAPGLYAPVHQHFFIARMDMS
ARMACSVGNYDYIFDWEFQMDGVIRVTVAASGMLMVKGTAYENVEDLGEKED- D S G P L ISE N V IG W H D H FI SFHLDMD 
ARMATSVGNYDYI FDWEFQTDGLI RVTVAASGMLMVKGTPYDNVDDLGDRED - D A G PL ISE N V IG W H D H FI TFHLDMD
VRTWTVGNYDNVLDWE FK TSG SI K PA IA L SG IL E IK G A N IK H K D E IK E D ----- QYGTLVSANSIGIYHDH FYMYYLD FD
VRMAAAVANYDYIVDWEFQTDGLIRSKVGLSGILMVKGSSYENMNQVPEQED - LY G TLLSENSIGV IHD H FLTY YLDID
VSFICTVANYEYGFFW HFYQDGKIEAEVKL T G ILSLG  ALQ P G E ----------------- TRKYGTTIAPGLYAPVHQHFFVARMDMA
FLLYCTVANYEYAFFW HFYQDGKIEAEVKLTGILSLGALMPGE----------------- VRKYGTMIAPGLYAPVHQHFFVARMDMS
VRTWTVGNYDNVLDWEFKASGSI K P A IA L S G IL E IK G T N IK H K D E IK ----- EDLHGKLVSANSIGIYHDHFYMYYLDFD
V RTIVTVGNYDNVIDWE F K A S G S IK P S I A L S G IL E I KGTNIKHKDEI K ED ----- LHGKLVSANSIGIYHDHFYIYYLDFD
V R T IVTVGNYDNVIDWEFKASGSI  K P A IA L S G ILEIK G TN IK H K D EI K ED ----- LHGKLVSANSIGIYHDHFYIYYLDFD
IRTWTVGNYDNVLDWEFKTSGWMKPSIA L S G IL E IK G T N IK H K D E IK E E ----- IHGKLVSANSIGIYHDHFYIYYLDFD
IRTW TVGNYDNVLDW EFKTSGW M KPSIALSGILEIKGTNIKH K D E IK E E----- IHGKLVSANSIGIYHDHFYIYYLDFD
VSFICTVANYEYGFYWHFYQDGKIEAX----------------------------------------------------------------------------------------------------------------
VSFICTVANYEYGFYW HFYQDGKIEAEVKLTGILSLGALM PGE----------------- SRKYGTTIAPSLYAPVHQHFFVARMDMA
VSFICTVANYEYGFYWH FY QDGQIEAEVKLTGILSLGALM PEE----------------- STKY GTTIA PRLY APFTSISFV ARM D IA
VSFICTVANYEYGFYW HFYQDGKIEAEVKLTGILSLGALM PGE----------------- SRKYGTTIAPSLYAPVHQHFFVARMDMA

CO4̂



6 4 0 6 6 0 6 8 2
Z . m a y s  
S . b i c o l o r  
P .  a n g u s t a  
P .  p a s t o r i s  
C . a l b i c a n s  I
C . a l b i c a n s  2 
S . p o m b e  I
S .  p o m b e  2 
A . n i g e r  I  
A . n i g e r  2 
A . f u m i g a t u s  I  
A . f u m i g a t u s  2 
E . c o l i  
K . a e r o g e n e s
K . p n e u m o n i a e
L . p n e u m o p h i I a
M. l o t i
A . g l o b i f o r m i s  I  
A . g l o b i f o r m i s  2 
A . s t r a i n  P l
D . r a d i o d u r a n s  
M. s m e g m a t i s  I
M. s m e g m a t i s  2 
A n a b a e n a  P C C 7 1 2 0
N . p u n c t i f o r m e  
S . s o l f a t a r i c u s

6 0 4  6 2 0
V S F I CTVANYEYGFYWHFYQ
V S F IC T V  ANYE YGFYWH FYQDGKIEAEVKLTGILSLGALM PGE----------------- SRKYGTTIAPGLYAPVHQHFFVARMDMA
V S Q IFTAANYEYCLYWVFMQDGAIR L D IR L T G IL N T Y IL G D D E E ---------------AGPWGTRVYPNVNAHNHQHLFSLRIDPR
V RFISTIG N Y D Y N FLY K F FLDGTLEVSVRAAGYIQAGYWNPET----------------- SAPYGLKIHDVLSGSFHDHVLNYKVDLD
I S Q I  FT AANYE YC VY WI LRQDGTIK L E IR L T G ILNTYI  CADGED--------------- IGPW GTW YPNVNAHNHQHLFSLRIHPR
V Q TIA TV A N Y EY IIN L K FV T D G SID IE V R A T G IL ST M PID E N V ----------------- KVPWGTIVGPNVMAAYHQHIL G FR ID PA
IS Q IF T A A N Y E YMVYWIFHMDGVIECELKLTGILNTYAMNEGED---------------LKGWGTQVYPQVNAHNHQHLFCLRLNPM
VSQVFTAANYEYLVYWIF RMDGVI E C E IR L T G IL N T N A IN E D E D ---------------LKGHGTQVYPKISAENHEHLFCLRINPM
VQFIITLANYEYIFAYKFDQSGGITGRVACHGYLERGQHRCW Q----------------- GQRVRQRRQWRRVGPEPPAH FLCAHRPG
V Q FlIT LA N Y E Y IFA Y K FD Q SG G ITV E SR A  T G IL N W N ID A G K -----------------VSEYGNW SGGVLAQNHQHIFCVRID PA
ISQ IIT A A N Y E Y A FY H T  FTLDGTYKLEVKLTGMLNTYCLHPSEQ---------------AAP FGTEIARGLDAQNHQHIFSLRVDPE
LQ T IITV G N Y EY IFA FQ FT Q D A SV T Y E V R A T G IL ST A PIN L G Q ----------------- TVPYGTIVAPGVMAPYHQHLFSLRIDPA
VRW ISTVGNYDYIFD W IFHENGTIGIDAGATGIEAVKGVKAKTMHDETAKDDTR YGTLIDHNIVGTTHQHIYNFRLDLD 
VRWIS TVGNYDYIFDWVFHDNGTIGIDAGATGI EAVKGVLAKTMHDPSAKEDTR YGTLIDHNIVGTTHQHIYNFRLDLD
VRWISTVGNYDYI FDWFHN----------------------------------------------------------------------------------------------------------------------------------
VSFFTTIGNYDYGFYW RFGQDGSLKLEI K L T G IV Q T A A IF P -E A ---------------QYEWGGKLTPELAAPTHQHFFNARLHMM
V S C ICTVANYEYGI F WYLHTDGAIE FE L K A T G IIN T T A C Q PG K P---------------GR- YGKEVS PG VLGH IH QH IFCARLDMS
VS F FTTVGNYDYGFYWYLYLDGTIE FE AKATGI V FTA A LP- - DK---------------DYAYASEIAPGLGAPYHQHLFSARLDMM
I S F  FTTIGNYDYGFYWYLYLDGTI E FEAKATGVVFTSAFP- - E G ---------------GSDNISQLAPGLGAPFHQHIFSARLDM A
ISFIATVA NY EYA FYW H LFLD GSIEFLV KA TGILSTAG QLPG EK ---------------NPYGQSLNNDGLYAPIHQHMFNVRMDFE
----- --LGN YD YGFYW YLYQDGTIQLEAKLTGIIQTAAIEP-GQ-------------------- PYPYGGMVDEGLGGPTHQHFFNARLDMM
I S M ICTVGNYEYGFFWYLYNDAGIEMEVKLTGVLTTGSIPE G E ----------------- TPRWGKMVAPGMYGPNHQHFFNFRMDMS
L S FHVTVANYEYLVYWRLYQDGNI ECEVRATGI MVTTPLPAGAD---------------AHPNGALVDERTYAPYHQHFLIARLDLD
ITITA A V D N Y D Y G IN W IFHQDGTLEVENDLTGIVLVQGTEAETQP---------- EDNFYGRLLAKNIFGVNHQHFFNYRLDMD
MSMTTAVDNYDYS LNWIFHQDGTLEVQNELTGI VLAQGTVAQKQS--------- EDDS YGRLI AKNI FGVNHQHFFNYRLDFD
VSFWATLANYDYGFFWYFYQDGSIEFLVKL T G IIN D D S IS E K D P ---------------TPK Y G T R V T PE V Y A PIH IH FFN IRLN IN

C o n s e n s u s VR I TVANYDYIF W FY DG I E  V T G IL
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H. s a p ie n s  DAO 
H. s a p ie n s  SSAO 
H. s a p ie n s  SSA Ob 
H. s a p ie n s  SSA O a 
M. m usculus  DAO 
M. m usculus  SSAO
R . n o r v e g i c u s  
B . t a u r u s  DAO
B . t a u r u s  a o r t a  
B . t a u r u s  BPAO
B . t a u r u s  l u n g  
T . r u b r i p e s  I  
T .  r u b r i p e s  2
L . e s c u l e n t u m
S . t u b e r o s u m  
A . t h a l i a n a  I  
A . t h a l i a n a  2 
A . t h a l i a n a  3 
A . t h a l i a n a  4 
A . t h a l i a n a  5 
A . t h a l i a n a  6
C . a r i e t i n u m  
C . I i n e a t a
G . m ax
M. t r u n c a t u l a  I  
M. t r u n c a t u l a  2 
P . s a t i v u m  I
P . s a t i v u m  2 
L .  c u l i n a r i s  I  
L . c u l i n a r i s  2 
0 .  s a t i v a
T . a e s t i v u m
H . v u l g a r e  I  
H . v u l g a r e  2

6 8 3  7 0 0  7 2 0  7 4 0  7 6 1
VAGTKNSFQTLQMKLENITNPWSPRHRWQ - - PTLEQTQYSWERQAAFRFKRKLP K Y LLFTSPQ EN P- - WGHKRSYRLQ 
VAGLENWVWAEDMVFVPMAVPWSPEHQLQR -  -LQVTRKLLEMEEQAAFLVGSATPRYLYLASNHSNK- -WGHPRGYRIQ 
VAGLKNWWAEDWFKPVAAPWNPEHWLQR -  - PQLTRQVLGKEDLTAFSLGSPLP RYLYLASNQTNA - - WGHQRGYRIQ
VAGLKNWWAEDWFKPVAAPWNPEHWLQR - -  PQLTRQVLGKEDLTAFSLGSPLP RYLYLASNQTNA - -WGHQRG-------
VAGTKNSFRTLKTKLENITNPW SPSHSLVQ - -  PTLEQTQYSH EHQAAFRFGQTLPKYLLFSSPQKNR - - WGHRRSYRLQ 
VAGLKNWAWAEDMAFVPTIVPW Q PEYQMQR - -  LQVTRKLLETEEEAAFPLGGATP RYLYLASNHSNK- -WGHRRGYRIQ 
VAGTKNSFQTLTMKLENLTNPWSPSHSLVQ - - PTLEQTQYSQEHQAAFRFGQTLPKYLLFSSPQKNC- -WGHRRSYRLQ 
VAGTKNSFQTLQMKLENITNPWSPGHRLVH - - PALQQM RYSRERQAAFRFGQTLPKYLLFTSPEQNP- - WGHQRSYRVQ 
VGGLENWVWAEDMAFV PTTV PW SPEH Q IQ R - -LQVTRKQLETEEQAAFPLGGASPRYLYLASKQSNK--W GHPRGYRIQ 
VGGLENWVWAEDMAF V P T A IPW SPEHQIQR - -LQVTRKQLETEEQAAFPLGGASPRYLYLASKQSNK- -WGHPRGYRIQ 
VGGLENWVWAEDMAFVPTTVPWS PEHQI QR - -  LQVIRKQ LETEEQAAFPLGGGS P RYLYLAS KQSNK -  - WGH PRGYRIQ
VAGK--------------------------------------------------------------------------------------------------------------------------------------------------------------------
IA G ----------------------------------------------------------------------------------------------------------------------------------------------------------------------
ID GPSN N SFLK V N LLK EM TSFG ESPR RSYLKAVRNVAKTEKDAQIKLKLYDPSEFH VINSNKKS - RVGNPVGVTKL
VDCKSGESHNQWEVNARVEPPGENNV -HNNAFYAEEKFLETELEAMRDCNPLTARHWIIRNTRTVN-RTGQLTGYKLV
I DGTDN- S FVRSELVTKRTPKSVNTP -  - RKSYWTTKRLKAE--------------------------------ELLW NPSRKT-KHGNEVGYRLL
VDGNGN-SLVKAKLKTVRVTDVNKTSSRRKSY W TW KETAKTEADGRVRLGS -E P V E L L IVNPNKKT- KIGNTVGYRLI
I DGPMNNSLVKVHLEKQRVPTGKSP R  KSYLKVKKYIAKTEKDAQIKLSLYDPYEFH IVNPNRKS -RVGNPAGYRIV
VDCKPAEAFNQWEVNVRVDERGENNV -HNNAFYAEEKLLKSEAVAMRDCDPLSARHWIVRNTRTVN - RTGQLTGYKLV
IDGSANNSFVKVHLEKQRLPPGESRR----- KSYLKVKKYVAKTEKDAQIKMSLYDPYEFH LVNPNRLS-RLGNPAGYKLV
IDGPMNNSLVKVHLEKQRVPTGKSPR KSYLKVKKYIAKTEKDAQIKLSLYDPYEFH I VNPNRKS-RVGNPAGYRIV
VDGVNN -S F E  K TSLK TV RITDGS S K R  KSYW TTETQ TA KTESDA K ITIGL-SPA ELV W NPN K KT-A VG ND VG YRLI
ID G SQ N - S FVKVNLKKQETS PGES P R ----- KSYLKAVRKVAKTEKDAQIRLKLYDPCEFH LVNPLKKT -  KVGNPVGYKIV
VDCKPGEAFNQWEVNVKVEKPGDNNV - HNNAFYAEEKLLKSEMEAMRDCDPLSARPWIVRNTRTVN-RTGHLTGYKLV 
VDSRPGEALNQWEVNMKVEEPGEKNI-HNNAFYAEETLLRSELEAMRDCNPLTARHW IVRNTRTGN-RTGQLTGYKLV
ID G V Q N -SFE K TSL K TV K ITD G SSK R ----- KSYW TTETQIAKTESD--------------------------------------------------------------------------
I DGTHN - S FE KTSLKTVR I KDGS S K R  KSYW TTETQTAKTESDAKITIGL - A PA ELV W N PN IK T - AVGNEVGYRLI
ID G T H N -SFE K TSL K TV R IK D G SSK R ----- K SYW TTETQ TA K TESD A K ITIG L-A PA ELV W N PN IK T-A V G N EV G Y RLI
ID G T Q N -SFE K TSL K TV R IV D E V Q E------- K SYW TTETQ TA K TESD A K ITIG L-A PA ELV W N PN IK T-A V G N EV G Y RLI
ID G T Q N -SFEK TSLK TV R IV D G G SK R ----- K SYW TTETQ TA K TESD A K ITIG L-A PA ELV W N PN IK T-A V G N EV G Y RLI

VDCKPNEAHNQWEVNVKVESAGTNNV - HNNAFYAEEKILKSELQAM EIVTLHLRDIGLLGTQXAVN- RTGQPTGFRLV
GDCNLTKLINQVGEGKVNVESAGSNNV - HYNA F I VNE KNRNF D FVAI ERLL PLFLLD I G LVRNP KG------------------ --------
VDCKPNEAHNQWEVNVNVE SAGTNNV - HNNA FYAE E K IL  KS ELQAMEI VTLHLR DI GLLGTXRAVN - RTGQ PTGFR LV

oo
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Z . m a y s  
S . b i c o l o r  
P . a n g u s t a  
P .  p a s t o r i s  
C . a l b i c a n s  I
C . a l b i c a n s  2 
S . p o m b e  I
S . p o m b e  2 
A . n i g e r  I  
A . n i g e r  2 
A . f u m i g a t u s  I  
A . f u m i g a t u s  2 
E . c o l i  
K . a e r o g e n e s
K . p n e u m o n i a e
L . p n e u m o p h i I a
M. l o t i
A . g l o b i f o r m i s  I  
A . g l o b i f o r m i s  2 
A . s t r a i n  P l
D . r a d i o d u r a n s  
M. s m e g m a t i s  I
M. s m e g m a t i s  2 
A n a b a e n a  P C C 7 1 2 0
N . p u n c t i f o r m e  
S . s o l f a t a r i c u s

6 8 3  7 0 0  7 2 0  7 4 0  7 6 1
----------------------- W EVNVKVESAGTHNV -HNNAFYAEEKLLKSELQAMRDCDPSSARHWIVRNTRTVN-RTGQp t g y g s y

VDCKPNEAHNHWEVNVKVESAGTHNV - HNNAFYAEEKLLKSELQAMRDCDPSSARHWIVRNTRTVN-RTGQPTGYRLV 
IDG-DGNSAAACDAKSSPYPLGSPENM - YGNAFYSEKTTFKTVKDSLTNYESATGRSWDIFNPNKVNPYSGKPPSYKLV 
VGGTKNRASKYVMKDVDVEYP WAPG -  -  TVYNTKQIAREV LEKEDFNGINWPENGQGILL I ESAEETN -SFG NPRA YN IM  
I D G -DNNSAATSDAKPSPFPTGSTQNM -YGNAFYCEKTT FKTVKESITNFESATARTWDMYNPSSIHKYS GKPATYKLW
VDG-HMN S W Y D D A IK L P R  D EFN P-Y G IG FV TD R H FV E K A G Y IE Q --R P F D N R T Y K IIN E N V IN P IS K T  PVGYKIN
LDG-YSNSVAW DGVSGPGEPGSKENY - YGNAFTTERTVPKTVKEAICDYNSDTS RTWDICN PNK LH PYSGKPVSYKLV
LDG-LRNSVATVDALRDKN G ---------------- T L V S K Y IIPE TVTE A l SNYDSSTGRTWDICNLNKLHPYS GKPVS YKLI
Y Y G -PNNSVQVEESHPVPM N--AVTNP-NGNFYKVNTETM ERAGFFDA--APELNRTVKM VNPHKKNPISQKPVGYKFI 
I D G - PNNSVQVEESHPVPMN - -A V T N P -NGNFYKVNTETMERAGFFDA- - A PELN RTVKMVNPHKKNPISQKPVGYKFI 
I D G - PGNTWQSDAVPMADPVGSPANP -YGNGFYAKKTPLRTALQGASDYCHETSRGWDIIN P S R L N P S T R K P IA Y K IL  
IDG-HMNSLMVEESHAMPLNDPSVHNP -  FG VG YTTV N H IV ESETPLD L- -D V TK G R V FK II NENVKNPMS GGPVGYKLV
VDG--------ENNSLVAMDPWKPNTAGGP - RTSTMQVNQYNIGNEQDAAQKFDPGTI R - - LLSNPNKEN- RMGNPVSYQII
VDG--------ENNTLVAMDPEVKPNTAGGP -RTSTM QVNQYTIDSEQKAAQKFDPGTI R - -L L S N T S K E N -RMGNPVSYQI I

VDG-------EKNSFSEHEFYPIAMGGKNP - YGNAFGSSQKTFEHEGEAARSACAQTQ RTWKIFNPNSVN- G IG TA PA Y K L-
VDG-------DRNSVVELNTYAAPEGPDNP - HGNAFYEEETVLPSELQACRRANLETH RAWKIASADRKN- HVGEPTAYKLE
ID G -------DANRVEELDLVRLPKGPGNP -HGNAFTQKRTLLARESEAVRDADGAKGRVWHISNPDSLN-HLGHPVGYTLY
ID G -------FTNRVEEEDVVRQTMGPGNE -RGNAFSRKRTVLTRESEAVREADA RTG RTW IISNPESKN-RLNEPVGYKLH
LDG------- VKNAVYEVD MEYPEHNP - TGTAFMAVDRLLETEQKAIRKTNEAKH RFWKIANHESKN-  LVNEPVAYRLI
VDG-------VQNSVTEHEFQPAPWSDTNP - YGNVFHTTSR TL T R ELDACREADGKTGRYWKII NPNVKN -SVGNPTGYKLI
ID G -------PGNSVYEVDSIPEPDPELNP -HHNAW ITKDTLVASESEGARDWEFSTGRYWKWNPSKLN-EFGAPVGYKIM
ID G -------PDNTVYMTESYAAPIGPDNP - YGLSVW RNEALRTEADGIQDVNFATQRAW KW NTNW N- G L--------------------
VDG-------QANNVMEMNVASLPIGKNNP -IGNAIW KDTPLKTEKAAVRDLDIKHSREW M IANADKKN-ALGVAPAYMLM
VDG-------QANSVMEMNVKALPMDEKNP -  LGNAI AVAETPLTKETAAIRDLDMKSS REWMI VSADKKN - P L GAAPGYMLM
VDG-------LRNRIYEVNLRGEPITEKNP-VGNAFFAEENLLENEADARRHVNPQTGRYW KIVNIQKKN-YLGL PVA YRLV

C o n s e n s u s VDG N S F L TE A R I N G P GYRLV
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H. sapiens  DAO 
H. sapiens  SSAO 
H. sapiens  SSAOb 
H. sapiens  SSA O a 
M. musculus  DAO 
M. musculus  SSAO
R . n o r v e g i c u s  
B . t a u r u s  DAO
B . t a u r u s  a o r t a  
B . t a u r u s  BPAO
B . t a u r u s  l u n g  
T . r u b r i p e s  I  
T . r u b r i p e s  2
L . e s c u l e n t u m
S . t u b e r o s u m  
A . t h a l i a n a  I  
A . t h a l i a n a  2 
A . t h a l i a n a  3 
A . t h a l i a n a  4 
A . t h a l i a n a  5 
A . t h a l i a n a  6
C . a r i e t i n u m  
C . I i n e a t a
G . m ax
M. t r u n c a t u l a  I  
M. t r u n c a t u l a  2 
P .  s a t i v u m  I
P . s a t i v u m  2 
L . c u l i n a r i s  I  
L . c u l i n a r i s  2 
0 .  s a t i v a
T .  a e s t i v u m
H . v u l g a r e  I  
H . v u l g a r e  2

7 6 2  7 8 0  8 0 0
IH SM ----------- ADQVLPPGWQEEQAIT WARYPLAVTKYRES
M L SF----------- AGEPLPQNSSMARGFS WERYQLAVTQRKEE
I H S P ----------- L G IQ IPLESDMERALS WGRYQLVVTQRKEE
---------------------------------------------------------------YQL W T Q R K EE
IH SM ----------- AEQVLPPGWQEERA VTWARYPLAVTKYRES
I L S F ----------- A G K PLPQ ESPIEK A FT WGRYHLAVTQRKEE
IH SM ----------- AEQVLPPGWQEERA VTWARYPLAVTKYRES
IH SM ----------- ADQVLPPGWQEERA VTWARYPLAVTKYRES
T V SF ----------- A GRPLPQ N SSTERA IS WGRYQLAVTQRKET
T V S F ----------- AGGPMPQNSPMERAFS WGRYQLAITQRKET
T V S F ----------- A GRPLPQN SSTERAIS WGRYQLAVTQRKET

8 2 0  8 4 0
E L C S S S I YHQNDPWHP--------------- PW FEQ FLH N N
E PSS  S S VFNQND PWAP--------------- T V D FSD FIN N -
E S Q S S S IYHQNDIWTP--------------- TV TFA D FIN N -
ESQ SSSIY H Q N D IW TP--------------- TV TFA D FIN N -
ERYS S SL YNQND PWD P --------------- P W FE E FL R N N
E P S S S S IFNQNDPWTP--------------- TVD F T D FI SN -
ERYSSSLYNQNDPWDP--------------- P W FE E FL R N N
ER YS S S I YNQND PWDP--------------- PW FE E FL R N N
EPSSSSVFNQNDPW TP--------------- TVD FA D FIN N -
E P S S S  SVFNQND PWTP--------------- T V D FSD FIN N -
E P S S S  S VFNQNDPWTP--------------- TVD FA D FIN N -

FLVELQLVYLTIM I L LR K ELLLLI TK FG SH LI MNLSNGLLACLFI KVKVMILLLFGLDRDR--------------------A IE N ---------
PG SN ----------- CLPLAGSEAKFLRRAAFLKHNLW VTPYSRE-----------EIFPG G EFPN Q N PR V G ------------ EGLAT WVQQNR- -
H G PA S---------EGPLLAQDDYPQI RAAFTNYNVWITPYNNT-----------EVWASGLYADRSQG------D------- DTLAVWSQRNR- -
P E H L P ---------A TSLLTDDDYPEI RAGYTKYPVWVTAYDRS---------- ERWAGGFYSDRSRG------D ------- DGLAVWSSRNR--
PGGN----------- AASLLDHDDPPQI RGAFTNNQIWVTPYNRS---------- EQYAGGVLIYQSQG------D------- DTLQVWSDRDR--
PG SN ----------- CLPLARPEAKFLRRAAFLKHNLWVTRYAPD-----------EKFPGGEFPNQNPRAG------------ EGLATWVKQNR- -
PGGN----------- AASLLDHDDPPQMRGAFTNNQIWVTRYNRS---------- EQWAGGLLMYQSRG------E --------DT LQVW S DRD R - -
PGGN----------- AASLLDHDDPPQI RGAFTNNQI WVTPY N RS-----------EQYAGGVLIYQSQG------D------- DTLQVWSDRDR- -
P A I P ----------- AHPLLTEDDYPQI RGAFTNYNVWVTPYNRT-----------EKWAGGLYVDHSRG------D------- DTLAVWTQKNR- -
PG GT----------- AAS LLDAEDPPQKRAAFTNNQIWVTPYNKT-----------EQWAGGLFVYQSKG------D------- DTLQVWSNRNR--
PG SN ----------- CLPLAGSEAKFLR RAA FL KHNL WVT P YARD-----------EMHPGGEFPNQNPRVG------------ EGLATWVKQNR- -
PG SN ----------- CLPLAGSEAKFLRRAAFLKHNVWVTAYSRD-----------EMFPGGEFPNQNPRVG------------EGLATW IKQNR--

P A I P -----
P A I P -----
P A I P -----
P A I P -----

----- AHPLLTEDDYPQIRGAFTNYNVWVTAYNRT- - -
----- AHPLLTEDDYPQIRGAFTNYNV WVTAYNRT- - -
----- AHPLLTEDDYPQIRGAFTNYNVWVTXNNRT- - -
----- AHPLLTEDDYPQIRGAFTNYNVW VTPYNRT-- -

■ - -  EKWAGGLYVDHSRG D -
- - -  EKWAGGLYVDHSRG D -
■ - -  EKWAGGLYVDXSRG D -
■ -- EKWAGGLYVDHSRG----- D -

- - DTLAVWTKQNR- -  
- - DTLAVWTKQNR- -  
- - DTLAVWTKKNR- - 
- -DTLAVW TKKNR--

PG SN ----- ----- CLPFALPEAKFLRRAGFLKHNLW V TPY K SD --- ■ --  EKFPGGEFPNQNPRLH----- - - EGLATWVKKDR--

PG SN ----- ----- CLPFALPEAKFLRRAGFLKHNLW VTPYKSD-- - - - -  EKFPGGEFPNQNPRLH----- - - EGLATWVKQDR--

ooOO



Z . m a y s  
S . b i c o l o r  
P .  a n g u s t a  
P .  p a s t o r i s  
C . a l b i c a n s  I
C . a l b i c a n s  2 
S . p o m b e  I
S . p o m b e  2 
A . n i g e r  I  
A . n i g e r  2 
A . f u m i g a t u s  I  
A . f u m i g a t u s  2 
E . c o l i  
K. a e r o g e n e s
K . p n e u m o n i a e
L . p n e u m o p h i l a
M. l o t i
A . g l o b i f o r m i s  I  
A . g l o b i f o r m i s  2 
A . s t r a i n  P l
D . r a d i o d u r a n s  
M. s m e g m a t i s  I
M. s m e g m a t i s  2 
A n a b a e n a  P C C 7 1 2 0
N . p u n c t i f o r m e  
S . s o l f a t a r i c u s

C o n s e n s u s

2 °  s t r u c t u r e

7 6 2  7 8 0  8 0 0  8 2 0  8 4 0
LVXN----------- CLPLALPEAKFLR RAGFLKHNLWVTQYKRG-----------EM FPGGEFPNQNPRIH------------EGLPTWVKNDR--
PG SN ----------- CLPLALPEAKFLRRAGFLKHNLWVTQYKRD-----------EM FPGGEFPNQNPRIH------------EGLPTWVKKDR--
ST Q C ----------- PPLLAKEGSLVAK RAPWASHSVNVVPYKDN-----------RLYPSGDHVPQWSGDG--------- VRGM REW IGDG--S
PGGGG--------- VHRlVKNSRSGPETQNW ARSNLFLTKHKDE-----------ELRSSTALNTNALYDP-------------------PVNFNAFLDD
S T F C ----------- SPLLAQEGSLVKK RAPWAAS H T Q W P  YVDD KLGYG RLYPSGDHVPQWSGDG----------LRGMRE W IG D G --T
MPAR------------QMLLADPDSFNAK RAKFATQQVWVT KYQDH---------- QLFA AG EFTN QSK ID T--------------GITEWANG I
S R E T ------------ PRLMARPGSLVSNRAGFARHHIHVTPYKDG----------Q IYPAGDYVPQTSGEP--------- TKGLPEW IAEEP - D
SR D T----------- SPVLSQPGTTNSDC SGFAENNIYVTPYMDD-----------QIFPTGDYAPQASDDT----------PKGLSKW ISDDP-N
PL A T ----------- QRLLAD PN SIQA R RAQ FAQHH VWVT KYRDG-----------ELYAGGRYTLQSQ - - E -------------- EIEGVSDAV KRG
PL A T ----------- QRLLADPNSIQAR RAQ FAQHH VWVT KYRDG-----------E LY A G G R Y TLQ SQ --E-------------- EIEGVSDAVKRG
NNNC------------ PRLLAKPGSTVYKRAGFARHALWVLPYRDH----------ElFPAGQYVCQSTGEENHPHNPT IVDWAARN- - -
PH Y S----------- QMVLAHPSSYHFKRSEFAEHA VWVTRYSDE-----------ERYSAGEHTMQSLGGE--------------G lY SW IR SRPA P
PYAGGTHPVAKGAQFAPDEWIYH RLSFMDKQLWVTRYHPG--------- ERFPEGKYPNRSTHDTG---------------------LGQYSKDN
PYAGGTHPAATGAKFAPDEWIYH RLSFMDKQLWVTRYHPT--------- ERYPEGKYPNRSAHDTG---------------------LGQYAKDD

ATHP
PEGN
AHNQ
PTNG

P

PGGN
P -----
PGHN

VTPYVAAHSPSGRRSTFTSNHLW VTAFDPE 
P T L AMADDSSIASRAAFARHHLWVTRHAEE 
PTLLADPGSSIARRAAFATKDLWVTRYADD 
I QLAARDDAYVSKRAQ FARNNLWVTAYDRT

ERYPAGEYMNHSDGSGG----------- VAD FVKNDR
ELYAAGDFVNQHPGGAV----------- L PA YVAQD R
ERYPTGDFVNQHSGGAG----------- LPSYIAQDR
ER FAAGEYPNQATGADDG--------- LHIWTQKDR

TVFFPVEGAKIRQ KAEFATHHVWVTRYKPH--------- ELYAGGDYPNQAPPGK-------------G LPE Y IA D --------

VLPPLPDDSYVRR RGAYINYHLWVTPYNEE--------- ERYASGDYPYLRANDG---------------L P K Y IL K K R --

L RA F YNLWVT Y E YA G Y Q  L W  R

accacca a a a  PPPPPP a a a a a a a
h l l  h ! 2  PC 7 h ! 3
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H. sapiens  DAO 
H. sapiens  SSAO 
H. sapiens  SSAOb 
H. sapiens  SSA O a 
M. musculus  DAO 
M. musculus  SSAO
R . n o r v e g i c u s  
B . t a u r u s  DAO
B . t a u r u s  a o r t a  
B . t a u r u s  BPAO
B . t a u r u s  l u n g  
T . r u b r i p e s  I  
T . r u b r i p e s  2
L . e s c u l e n t u m
S . t u b e r o s u m  
A . t h a l i a n a  I  
A . t h a l i a n a  2 
A . t h a l i a n a  3 
A . t h a l i a n a  4 
A . t h a l i a n a  5 
A . t h a l i a n a  6
C . a r i e t i n u m  
C . I i n e a t a
G . m ax
M. t r u n c a t u l a  I  
M. t r u n c a t u l a  2 
P . s a t i v u m  I
P .  s a t i v u m  2 
L .  c u l i n a r i s  I  
L .  c u l i n a r i s  2 
0 .  s a t i v a
T .  a e s t i v u m
H . v u l g a r e  I  
H . v u l g a r e  2

E N IENEDLVAWVTVGFLHIPH SED IPNTATPGNSVGFLLRPFNFFPEDPSLASRDTVIVW PRDNG - --PN Y V Q R W IPED 
ETIAGKDLVAW VTAGFLHIPH A E D IPNTVTVGNGVGFFLRPYNFFDEDPSFYSADSIYFRGDQDAGACEVNPLACLPQA 
ETLLGEDLVAW VTASFLHIPHAEDIPNTVTLGNRVG FL L R P Y N F F D E D P S IFSPGSVYFEKGQDAGLCSINPVACLPDL 
ETLLGEDLVAW VTASFLHIPHAEDIPNTVTLGNRVG FLLRPYNFFDEDPSIFSPGSVYFEKGQDAGLCSINPVACLPDL
EN IEN ED LVA W V TV GFLH IPHSED VPN TATPGN CVG FLIRPFN FFEED PSLASRDTV IVWPQDNG LNHVQRWIPEN
ETIAGEDLVAW VTAGFLHIPHAEDIPNTVTAGNSVG FFLRPYNFFDEDPSFHSADSIYFREGQDATACEVNPLACLSQT
EN IED EDLVA W V TV GFLH IPHSED VPN TATPGN SVG FLLRPFN FFPED PSLASRDTV IVWPQDKG LNRVQRWIPED
ENIEDEDLVAW VTVGFLHIPH A E D IPN TTTPG N SV G FLLR PFN FFPED PSLA ----------------------------------------------------------
ETIAGKDLVAWVTAGFLHI PHAEDI PNTVTVGNGVG FFL R PY N FFD E D PSI NSADSI YFQKHQDAGSCEVNSLACLPKD 
ETIAGKDLVAWVTAGFLHI PH A E D IPNTVTVGNGVG FFLR  PYNFFDQE PSMDSADSIYFREGQDAGSCEI NPLACLPQA 
ETIAGKDLVAWVTAGFLHI PHAEDIPNTVTVGNGVG FFLRPYNFFDQEPSM DSADSIYFREGQDAGSCEINPLACLPQA

8 4 1  8 6 0  8 8 0  90 0  91 9

----------K D IV LW YTLGFHHIPCQ ED FPIM PTV S -  - S S F E I K PV N FFE SN PIL N IPPN SPK D L PQ FAKLQL LLD H ILIV LY
- S L E E T Q IVLW YIFGLIHVPRLEDW PVM PVE-- HIGFM LQPHGFFNCSPAV D V PP-SM SD SD IK E N ---------------------------
-KIEKTD IV M W YTV GFH HV PCQ EDFPTM PTL--FG G FELR PTN FFEQ N PD LK TK PIK LN TTPTC TA R N D --------------------
-EIEN K D IV M W Y N V G FH H IPY Q ED FPV M PTL--H G G FTLRPSN FFD N D PLIG ----------------------------------------------------------
-SIENKDIVLW YTLGFHHVPCQEDYPVM PTV- -A A SFE L K PA N FFE SN PIL G SA PFFE K D L PV C R PFA SS------------------
-SLEESD W LW YV FGITH V PRLEDW PV M PV E- -HIG FTLM PH GFFN CSPAV DV PP-N PCELETK ESEV KEW A PKA LQ T
-SIEN K D IV LW Y TLG FH H V PCQ ED FPV M PTI- -A SSFE L K PV N FFE SN PV L G ISPFFE K D L PV C -------------------------------
-SIEN K D IV LW Y TLG FH H V PCQ ED Y PV M PTV --AAS FELKPANFFESNPILGSAPFFEKDLPSQHTGCCFVEFASLNEA
-D IE N K D IV LW H W G IH H V PA Q E D FPIM PL L --STSFELRPTNFFERNPV LNTLSPRD VN W PG CSN ---------------------------
-P IE N K D IVLW YTLGFHHIPCQEDYPIM PTV- -SSSFD LK PV N FFER N PILR V PPN FED D LPV C K A H G SA ------------------
- SLEEADIVLWYVFGVTHIPRLEDWPVMPVE - - RIGFMLMPHGFFNCSPAVDVPP - NQSDLDDKEN------ GLPAKPIQN
-  SL E E T N IV L W Y V F G IT H F II YSVAYVDGSR - - GRRPVAHRLSFVEMWPYGDPTEPHYRKNAFDAG EDGLGKNAHSLK

-E IV N K D IVM W HW GIHHVPAQEDFPIM PLL- - STSFELRPTNFFERNPVLKTLSPRDVAW PGCSN 
-EIV N K D IV M W H W G IH H V PA Q ED FPIM PLL- -  STSFELRPTNFFERNPVLKTLSPRDVAW PGCSN 
-E IV N K D IVM W HW GIHHVPAQEDFPIM PLL - -STSFELR PTN FFER N PA LK TLPPID FTW PG CSN  
-E IV N K D IV M W H W G IH H V PA Q ED FPIM PL L --S T S  FELRPTNFFERNPVLKTLPPRD FTWPGCSN

-  PLEETDIVLW YVFGLTHIPRLEDW PVM PVE- - HIGFMLMPHGFFNCS PAVDVPPGTSDAADVKEAESPKAIQXRQPCF

-  PLEETDIVLW YVFGLTHIPRLEDW PVM PVE--RIGFM LM PHGFFNCS PAVDVPPGTSDAADVKEAESPKAIRTVALSP

<oO



Z . m a y s  
S . b i c o l o r  
P .  a n g u s t a  
P .  p a s t o r i s  
C . a l b i c a n s  I
C . a l b i c a n s  2 
S . p o m b e  I
S . p o m b e  2 
A . n i g e r  I  
A . n i g e r  2 
A . f u m i g a t u s  I  
A . f u m i g a t u s  2 
E . c o l i  
K . a e r o g e n e s
K. p n e u m o n i a e
L . p n e u m o p h i l a
M. l o t i
A . g l o b i f o r m i s  I  
A . g l o b i f o r m i s  2 
A . s t r a i n  P l
D . r a d i o d u r a n s  
M. s m e g m a t i s  I
M. s m e g m a t i s  2 
A n a b a e n a  P C C 7 1 2 0
N . p u n c t i f o r m e  
S . s o l f a t a r i c u s

8 4 1  8 6 0  8 8 0  9 0 0  9 1 9
-  PLEETDIVLW YVFGLTHIPRLEDW PVM PVE- -HIGFM LM PHGFFNCSPAV D V PP-SSSDADVKEAESPKAIQNSLX - F
-PLEETD lV X LV RV R SH PY  PQAGRLASHAG----- GAYRLHAHATWILQLLTCGRRASQLVRSDVKEADRPRPSKMASFRS
E N ID N T D IL FFH T FG IT H FPA PE D FPL M PA E - -  PITLMLRPRHFFTENPGLDIQPSYAMTTSEAKRAVHKETKD KTSRL 
ESLDGEDIVAW VNLGLHHLPNSNDLPNTIFSTAHAS FMLTPFNYFDSENSRDTTQQ VFYTYDDETEESNWEFYGNDWSS
D K V D N TD IL L FH T FG IT H FPA PED FPV M PTE -- IFD L Q L R PR N IH T E N PV L ------------------------------------------------------------
DPVRNED IW W ATM G FTHIPRV EDFPV M PVE- -TH N IQ LA PA N FFD R N PA L------------------------------------------------------------
A SV D N T D IW W H T FG IT H FPA PED FPL M PA E - -PIRLLLRPRNFFLRNPALDVPPSKNVTTSEVKQAHHHGNLHMMDMM 
A Q IK N T D IW W H TFG M IH FPA PE D FPIM PA E - -  SIHLFLQPRNFFKHNPALDTSSSVNSTSEATSPNTHHENLRDTSQK
D SW DTDVW W STFGITHNPRVEDW PVM PVE- -  IFQ LM IR PA D FFTA N PSLD V PSD K N ISSR W G N R C C V N A H I----------
DSW DTDVW W STFGITHNPRVEDW PVM PVE - - I FQ LM lRPAD FFTA N PSLD VPSD KN ---------------------------------------------
E S I E N T D IV C Y IQ FG L T H FPR T E D FPIM PA E - -PV SVM LRASNFFQKNPAL------------------------------------------------------------
VSVRNEDIVIW HTFGTTHNPRVEDW PVM PAE--KM SVTLKPVNFFWRNPAL-------------------------------------------------------------
ESLDNTDAWVfMTTGTTHVARAEEWPIMPTE- -WVHTLLKPWNFFDETPTLGALKKDK ---------------------------------------------
ESLTN H D D W W ITTG TTH V A R A EEW PIM PTE-- WALAL LKPWNFFDETPTLGEKKK-------------------------------------------------

- PLVDEDLVLWHTFGVHHQVRPEDFPVQPCI -  -  FTGFKLMPSGFFDQNPGIDLVGETNAASCHASADR-----------------------
-D ID G Q D LW W H SFG LTH FPR PED W PIM PV D --T T G  FTLKPHGFFDEN PTLNVPSSAAGHCGTGSEREHAAPGGTAVGH
- D ID G Q D IW W H TFG LTH FPR V ED W PIM PV D --TV G FK LRPEG FFD R SPVLDVPANPS - -Q -S G S -----------------------------
-NIVDTDLW W YTFGM HHW RLEDW PVM PRQ- -NIGFM LEPHGFFNQNPTLNLPTSTSTTQTGEADTCCHTDK------------

-SIVD ED LVIW YTLGV E H W R IED W PV M PV E --MAG FRLIPDGFFDKNPTIYLPRQLRINGQPLHREHKSH

C o n s e n s u s

2 °  s t r u c t u r e

I  DIVLW T G  H IP  EDFPVMP
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940 ' 960 980 998
H. sapiens  DAO 
i f .  sapiens  SSAO 
i f .  sapiens  SSAOb 
i f .  sapiens  SSA O a 
M. musculus  DAO 
M. musculus  SSAO
R . n o r v e g i c u s  
B . t a u r u s  DAO
B . t a u r u s  a o r t a  
B . t a u r u s  BPAO
B . t a u r u s  l u n g  
T . r u b r i p e s  I  
T . r u b r i p e s  2
L .  e s c u l e n t um
S . t u b e r o s u m  
A . t h a l i a n a  I  
A . t h a l i a n a  2 
A . t h a l i a n a  3 
A . t h a l i a n a  4 
A . t h a l i a n a  5 
A . t h a l i a n a  6
C . a r i e t i n u m  
C . I i n e a t a
G . m ax
M. t r u n c a t u l a  I  
M. t r u n c a t u l a  2 
P . s a t i v u m  I
P .  s a t i v u m  2 
L .  c u l i n a r i s  I  
L . c u l i n a r i s  2 
0 .  s a t i v a
T . a e s t i v u m
H . v u l g a r e  I  
H . v u l g a r e  2

9 2 0
RDCSMPPPFSYNGTYRPV 
AACAPDLPAFSHGGFSHN
A ACV PD LPPFSY H G F-----
A ACV PD LPPFSY H G F-----
RDCLVSPPFSYNGTYKPV 
ATCAPEIPAFSHGGFAYRDN 
RRCLVSPPFSY NG TYK PV - -

PACAPDLPAFSHGGFFTN
ATCAPDLPVFSHGGYPEY
ATCAPDLPVFSHGGYPEY

V Y D --
GTVAK

GLLSKL

EKALETKKGETFYSRKIILDVAEMAPDPFRLKYNLVKKLCYQDFQQERPERQQIKSLFCGKKTIISSD D

G L IA K L ---------------------------------------------------------------------------------------------------------------------------------------------------------------
KGCDCLGYIKYFDAHFTNFTGGVLKLSKIVYVCMKRIMGFSGSIKTGELAXQKSGGPEDFQFLLYCTVANYEYAFFWHF

QALKLRGSSKEQTGNKSYLLVV

SSEASRLSSKEQTGNKSYLLVV



9 6 0 9 8 0 9 9 8
Z . m a y s  
S . b i c o l o r  
P . a n g u s t a  
P . p a s t o r i s  
C . a l b i c a n s  I
C . a l b i c a n s  2 
S . p o m b e  I
S . p o m b e  2 
A . n i g e r  I  
A . n i g e r  2 
A . f u m i g a t u s  I  
A . f u m i g a t u s  2 
E . c o l i  
K . a e r o g e n e s
K . p n e u m o n i a e
L . p n e u m o p h i I a
M . l o t i
A . g l o b i f o r m i s  I  
A . g l o b i f o r m i s  2 
A . s t r a i n  P l
D . r a d i o d u r a n s  
M. s m e g m a t i s  I
M. s m e g m a t i s  2 
A n a b a e n a  P C C 7 1 2 0
N . p u n c t i f o r m e  
S . s o l f a t a r i c u s

9 2 0  9 4 0
EAVSFAVLPRKKDQRAAA -----------------------------
C E L S K G E IS A R L L -----------------------------------------
AFEGSCCGK-------------------------------------------------
CGLEVPE PNFEDYTYGRGTRINKKMTNSDEVY

KS--LTDA TSEFA FGEKFCEKH K GD HFF ---------------------------------------------------------------------------------------------------------------
RESHSTPHDYEPHVSDKNDKSVEDKLHFVQKDESRPKEPWDAAQKHEGRSETLAQPGQQNANQSEEKQGGQNGSNGGH

SGPDTGGQGHCGH 
---------------- -- HCHG

C o n s e n s u s

vbu>

S . p o m b e  2 
M. t r u n c a t u l a  I  
M. t r u n c a t u l a  I  
M. t r u n c a t u l a  I

HHHHHHHYITGHVYGGYHKHSGSGGHLVDMMKNISDVTHDFAMGNFRYHKYD ---------------------------------------------------------
YQDGKIEAEVKLTGILSLGALMPGEVRKYGTMIAPGLYAPVHQHFFVARMDMSVDSRP GEALNQWEVNMKVEEPGEKN 
IHNNAFYAEETLLRSELEAMRDCNPLTARHWIVRNTRTGNRTGQLTGYKLVPGSNCLPLAGSEAKFLRRAAFLKHNVWV 
TAYSRDEMFPGGEFPNQNPRVGEGLATWIKQNRSLEETNIVLWYVFGITH



194

Amino Acid Sequence Alignment o f Mammalian CAP

Key:

Completely conserved consensus residue

Y Consensus residue from similar residues at a given position

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

Y Residue weakly similar to consensus residue



I 10 20 30 40
50
Homo sa p ie n s  DAO ( N P _ 0 0 1 0 8 2 ) ( I )
R a t tu s  n o rv e g ic u s  DAO ( N P _ 0 7 5 2 2 4 ) ( I )
Mus m usculus  DAO (A A H 2 1 8 8 0 ) ( I )
Bos ta u ru s  DAO (T IG R  T C 1 0 8 6 7 5 ) ( I )
Homo sa p ie n s  SSA O ( N P _ 0 0 3 7 2 5 ) ( I )
Homo sa p ie n s  r e t i n a l  S S A O b ( N P _ 0 3 3 7 2 0 ) ( I )
Homo sa p ien s  r e t i n a l  S S A O a ( N P _ 0 0 1 1 4 9 ) ( I )
Mus m usculus  SSA O (A A D 0 9 1 9 9 ) ( I )
Bos ta u ru s  a o r t a  SSA O (B A A 8 8 8 9 6 ) ( I )
Bos ta u ru s  l u n g  SSA O ( 0 4 6 4 0 6 ) ( I )
Bos ta u ru s  l i v e r  BPAO ( Q 2 9 4 3 7 ) ( I )
C o n s e n s u s ( I )

M P  ALG W AVAA. I LMLQT AM AE P ------------------------------------------ S - - P
M CLA FG W A A V ILV LQ TV D TA S------------------------------------------ A -  -V
M SLA FGW A AV ILLLQ T A D T P S ------------------------------------------ A - -V

M N Q K T IL V L L IL A V IT IF A L V C V L L V G R G --G D G G E P S Q L P H C P S V S P S A
M H LK IV LA F LAL S L I T I F  ALAYVL L T S P G ------------G SSQ PPH C PSV SH R A
M H L K IV L A F L A L S L IT IF A L A Y V L L T S P G ------------G SSQ PPH C PSV SH R A
M T Q K T T L V L L A L A V IT IFA L V C V L L A G R S--G D G G G L SQ PL H C PSV L PSV  
MNQKTTLVLL A L A V IT IF A L V C V L IA G R G --G D G G E A SQ PH Y C PSG T PSV
------M FIFIFL SL W T L L V M G R E E G G V G SE E G V G K Q C H PSL PPR C PSR SPSD
------M FIFIFL SL W T L L V M G R E E G G V G SE E G V G K Q C H PSL PPR C PSR SPSD

L  L A L A V I I  A L V LL S S P  C P S  S

12 0
H. sa p ien s  DAO 
R . n o rv e g ic u s  DAO 
M. m usculus  DAO 
B . ta u ru s  DAO 
H. sa p ie n s  SSAO 
H. sa p ie n s  r S S A O b 
H. sa p ien s  rS S A O a  
M. m usculus  SSAO 
B . ta u ru s  a o r t a  SSA O  
B . ta u ru s  l u n g  SSA O  
B. ta u ru s  l i v e r  BPAO 
C o n s e n s u s

5 1  6 0  7 0  8 0  9 0  1 0 0  H O

( 2 4 )  G - -T L PRK A G V FSD LSN Q ELK A V H SFLW SK K ELR LQ PSSTTTM A K N TV FLIEM LLPK K Y H V LR FLD K G ER  
( 2 4 )  R - - TPY D K A R V FA D L SPQ E I K A V H SFLM N REELG LQ PSK EPTLA K N S V F L I EMLLPKKKHVLKFLDEGRK 

( 2 4 )  T - - T P H D K A R IFA D L SPQ E IK A V H SFLM SR K E LG L ESSK N L T L A K N SV FLIE M L LPK K K N V L K FL D EG R K
( ! )  -----------------------------------------------------------------------------------------------------------------------------------

( 4 9 )  Q PW TH PG Q SQLFA DLSREELTAV M RFLTQ RLG PGLV DA AQ ARPSDN CVFSV ELQ LPPKA AA LA H LD RGSP 
( 4 5 )  Q PW PH PG Q SQ LFA D LSR EELTA V M R FLTQ R LG PG LV D A A Q A Q PSD N C IFSV ELQ LPPK A A A LA H LD RG SP 
( 4 5 )  Q PW PH PG Q SQ LFA D LSR EELTA V M R FLTQ R LG PG LV D A A Q A Q PSD N C IFSV ELQ LPPK A A A LA H LD RG SP 
( 4 9 )  Q PRTH PSQ SQ PFA D LSPEELTA V M SFLTK H LG PG LV D A A Q A RPSD N CV FSV ELQ LPA K A A A LA H LD RG G P 
( 4 9 )  Q PW TH PG Q N Q LFA D LSREELTA V M SFLTQ K LG PD LV D A A Q A RPSD N CIFSV ELQ LPPK A A A LA H LD RRSP 
( 4 8 )  Q PW TH PDQ SQLFA D LSR EELTA V M SFLTQ K LG PD LV D A A Q A R PSD N C IFSV ELQ LPPK A A A LA H LD RR SP 
( 4 8 )  Q PW TH PD Q SQ LFA DLSREELTTV M SFLTQQ LG PD LV DA AQ A RPSD NCV FSVELQLPPKA AA LAH LDRGSP 
( 5 1 )  QPWTHP Q SQLFA D LSREELTA V M SFLTQ RLG PG LV D A A Q A  PSD NCVFSV ELQ LPPKA AA LA H LD RGSP



1 9 0
H. sa p ie n s  DAO ( 9 2 )
R. n o rv e g ic u s  DAO ( 9 2 )  
M. m usculus  DAO ( 9 2 )  
B . ta u ru s  DAO ( I )  
H . sa p ie n s  SSA O  ( 1 1 9 )  
H . sa p ie n s  r S S A O b  ( 1 1 5 )  
H . sa p ien s  rS S A O a  ( 1 1 5 )  
M. m usculus  SSA O  ( 1 1 9 )
S . ta u ru s  a o r t a  SSA O  ( 1 1 9 )  
B . ta u ru s  l u n g  SSA O  ( 1 1 8 )  
B . ta u ru s  l i v e r  BPAO ( 1 1 8 )  
C o n s e n s u s  ( 1 2 1 )

H PV R E A R A V T FFG D Q E H PN V TE FA V G PLPG PC Y M R A LSPR -PG Y Q SSW A SR PISTA E Y A LL Y H T L Q E A TK  
G PN R E A R A V IFFG A Q D Y PN V T E FA V G PL PR PY Y IR A L SPR -PG H H L SW SSR PIST A E Y D L L Y H T L K R A T M  
S P V R E A R A IIFFG A Q D H PN V T E FA V G PL PR PC Y V Q A L SPR -PG H H L SW SSR PIST A E Y D L L Y H M L N R A IT

1 2 1  1 3 0  1 4 0  1 5 0  1 6 0  1 7 0  1 8 0

PPA R E A L A IV FFG R Q PQ PN V SE L W G PL PH PSY M R D V T V E R H G G PL PY H R R PV L FQ E  YLDIDQM I FN R E L  
PPA REA LA IV LFG G Q PQ PN V SELW G PLPH PSY M RD V TV ER H G G PLPY H RR PV LR A EFTQ M W R H LK D V EL 
P P A R E A L A IV L F G G Q P Q P N V S E L W G P L P H P S  YMRD VTVE RHGGPLPYHRRPVLRAEFTQMWRHLKD V EL 
P P V R E A L A IIFFG G Q PK PN V SE L W G PL PH PSY M R D V T V E R H G G PL PY Y R R PV L D R E Y Q D IE E M IFH R E L  
PPA R E A L A IV FFG G Q PQ PN V T E L W G PL PQ PSY M R D V T V E R H G G PL PY Y R R PV L L R E YLDIDQM I FN REL 
PPA R E A LA IV FFG G Q PQ PN V T E L W G PL PQ PSY M R D V T V E R H G G PL PY Y R H T V L L R E YLDIDQM I FN REL 
P P A R E A L A I V F F G G Q P Q P N V T E L W G P L P Q P S  YMRD V TV ERH G G PLPY Y RRPV LLRE YLDIDQM I FN R E L  
P P A R E A L A IV F F G G Q P Q P N V T E L W G P L P  PSYM RDVTVERHGGPLPYYRRPVL EY I  M I E L

1 9 1  2 0 0  2 1 0  2 2 0  2 3 0  2 4 0  2 5 0
2 6 0
H. sa p ien s  DAO ( 1 6 1 )  
R . n o rv e g ic u s  DAO ( 1 6 1 )  
M. m usculus  DAO ( 1 6 1 )
B . ta u ru s  DAO ( I )  
H. sa p ie n s  SSA O  ( 1 8 9 )  
H. sa p ien s  r S S A O b  ( 1 8 5 )  
H. sa p ien s  r S S A O a  ( 1 8 5 )  
M. m usculus  SSA O  ( 1 8 9 )  
B . ta u ru s  a o r t a  SSA O  ( 1 8 9 )  
B . ta u ru s  l u n g  SSA O  ( 1 8 8 )  
B . ta u ru s  l i v e r  BPAO ( 1 8 8 )  
C o n s e n s u s  ( 1 9 1 )

PL H Q FFL N T T G FSFQ D C H D R C L A FT D V A PR G V A SG Q R R SW L IIQ R Y V E G --Y FLH PTG LELLV D H G STD A  
PL H Q FFL D T T G FSFL G C D D R C LT FT D V A PR G V A SG Q R R SW FIV Q R Y V E G --Y FL H P T G L E IL L D H G S T D V  

P L H Q F F L D T T G F S  FLG C D D R FLTFTD V A PR G V ESG Q R R SWLI VQRYVEG- - Y FL H PT G L E I LVDHS STDV

PQ ASG LLH HCCFYK H --RG RN LV TM TTA PRG LQ SG D RA TW FG LY Y N ISG A G FFLH H V G LELLV N H K A LD P
P K A P IF L S S T F N Y N ------- G STLA A  VHATPRGLRSRERTTW M A LY HN ISG VG LFLH PVG LELLLDH RA LD  P
PK A P I F L S  ST FN Y N ------- G STLA A  V H A TPR G LR SR ERTTW IG LY H N ISG V G LFLH PV G LELLLD H RA LD  P
PQ A SG LLH H CCFY K H - - QGQNLLTM TTAPRGLQSGDRATW FGLYYNLSGAGFYPHPI G LELLID H K A LD  P 
PQAAGVLHHCCSYKQ- -GGGNLVTM TTAPRGLQSGDRATW FGLYYNISGAGYYLHPVGLELLVDHKALDP 
PQAAGVLHHCCSYKQ- -GGGNLVTM TTAPPGLQSGDRATW FGLYYNISKAGYYLHPVGLELLVDHKALDP 
PQAAGVLHHCCSYKQ -  -G GQ KLLTM NSA PRGV QSG DRSTW FGIYY NITK GG PY LH PVG LELLVD HK A LD P 
P A  L  Y G L M  A PRG L SGDR TW FG LY Y N ISG  GYFLHPVGLELLVDHKALDP

SOOn



3 3 0
H. sa p ien s  DAO ( 2 2 9 )  
R . n o rv e g ic u s  DAO ( 2 2 9 )  
M. m usculus  DAO ( 2 2 9 )  
B .  ta u ru s  DAO ( I )  
H. sa p ien s  SSA O  ( 2 5 7 )  
H . sa p ien s  r S S A O b  ( 2 5 1 )  
H . sa p ien s  r S S A O a  ( 2 5 1 )  
M. m usculus  SSA O  ( 2 5 7 )  
B . ta u ru s  a o r t a  SSA O  ( 2 5 7 )  
B . ta u ru s  l u n g  SSA O  ( 2 5 6 )  
B . ta u ru s  l i v e r  BPAO ( 2 5 6 )  
C o n s e n s u s  ( 2 6 1 )

GHWA VEQVWYNGKFYGS PB ELARKY ADGE VDV----------W L E D P L P G G K G H D S T E E P P L F S S H K P R G D F P S
QDWRVEQLWYNGKFYNNPEELARKYAVGEVDT----------V V L E D PL PN ----------- G T E K P P L F S S Y K P R G E F H T
Q D W R V EQ LW Y N G K FY N SPEELA Q K Y A V G EV EA W LEEW LED PLPG ---------- A T E Q P P L F S S Y K P R G E F H T

2 6 1  2 7 0  2 8 0  2 9 0  3 0 0  3 1 0  3 2 0

ARW TIQKVFYQGRYYDS LAQL E AQF E AGLVNV----------V L IPD N G T G G ------------------------- SW S L K S P ----------V
AHW TVQQVFYLGHYYADLGQLEREFKSGRLEV----------V R V P L P P PN G ------------------------- A S S L R S R --------- N
AHW TVQQVFYLGHYYADLGQLEREFKSGRLEV----------V R V P L P P PN G ------------------------- A S S L R S R --------- N
A LW TIQ K V FY Q G RY Y ESLTQ LED Q FEA G LV N V --------- VLVPNNGTGG------------------------- SW S L K S S ----------V
A QW TIQ K V FFQ G RY Y ESLA Q LEEQ FEA G RV N V ----------W I P  NNGTGG------------------------- S W SLK SQ ----------V
A QW TIQ K V FFQ G RY Y ESLV Q LEEQ FEA G RV N V --------- W IP N N G T G G ------------------------- SW SLK SQ ----------V
ADW TVQKVFFQGRYYENLAQLEEQFEAGQVNV--------- V V IPD D G T G G ------------------------- FW SLK SQ --------- V
A WTVQ VFYQGRYY S L  QLE F AG V V W I P  GG S SL K S

4 0 0
H. sa p ien s  DAO ( 2 9 4 )  
R . n o rv e g ic u s  DAO ( 2 8 9 )  
M. m usculus  DAO ( 2 9 4 )  
B . ta u ru s  DAO ( I )  
H . sa p ien s  SSA O  ( 3 0 7 )  
H . sa p ien s  r S S A O b  ( 3 0 1 )  
H . sa p ien s  rS S A O a  ( 3 0 1 )  
M. m usculus  SSA O  ( 3 0 7 )  
B . taurus  a o r t a  SSA O  ( 3 0 7 )  
B . ta u ru s  l u n g  SSA O  ( 3 0 6 )  
B . ta u ru s  l i v e r  BPAO ( 3 0 6 )  
C o n s e n s u s  ( 3 3 1 )

3 3 1  3 4 0  3 5 0  3 6 0  3 7 0  3 8 0  3 9 0

PIH V SG PR LV Q PH G PR FR LEG N A V LY G G W SFA FR LR SSSG LQ V LN V H FG G ER IA Y EV SV Q EA V A LYGGHT 
PV N V A G PH W Q PSG PR Y K LEG N TV LY G G W SFSY R LR SSSG LQ IFN V LFG G ERV A Y EV SV Q EA V A L YGGHT 
PV TV A G PH W Q PSG PR Y K L E G N W L Y G D W SFSY R LR SSSG L Q IFN V L FG G E R V A Y E V SV Q E A V A L  YGGHT

PPG PA PPL Q FY PQ G PR FSV Q G SR V A SSL W T FSFG L G A FSG PR IFD V R FQ G E R L V Y E ISL Q E A L A IY G G N S 
S P G P L P P L Q F S P Q G S Q Y S V Q G N L W S S L W S F T F G H G V F S G L R IF D V R F Q G E R IA Y E V S V Q E C V S IYGADS 
SP G P L P P L Q F S P Q G S Q Y S V Q G N L W S S L W S F T F G H G V F S G L R IF D V R F Q G E R IA Y E V S V Q E C V S IYGADS 
P P G P A P P L Q F H P Q G P R F S V QG SQV SS S L W A F S F G L G A F S G P R IF D I RFQGERVAYEI S V Q E A IA L YGGNS 
P P G P T P P L Q F H P Q G T R F S V Q G S R V T S S L W T F S F G L G A F S G P R IF D IR F Q G E R L A Y E I S L Q E A V A IYGGNT 
P P G P T P P L Q F H P Q G T R F S V Q G S R V T S S L W T F S F G L G A F S G P R IF D IR F Q G E R L A Y E IS L Q E A V A IYGGNT 
PPG PT PPL Q FH PQ G PR FSV Q G N R V A SSLW T FSFG LG A FSG PR V FD V R FQ G E R LA Y E ISL Q EA G A VYGGNT 
P P G P  P P L Q F  PQ G PR F SVQGN V SSL W SFSFG L G A FSG  R IFD V R FQ G E R L A Y E I SV QEAVAIYGG T

<o-4



4 7 0
H. sa p ie n s  DAO ( 3 6 4 )  
R . n o rv e g ic u s  DAO ( 3 5 9 )  
M. m uscu lus  DAO ( 3 6 4 )  
B . ta u ru s  DAO ( I )  
H. sa p ie n s  SSAO ( 3 7 7 )  
H. sa p ie n s  r S S A O b  ( 3 7 1 )  
H. sa p ie n s  r S S A O a  ( 3 7 1 )  
M. m usculus  SSA O  ( 3 7 7 )  
B. ta u ru s  a o r t a  SSA O  ( 3 7 7 )  
B . ta u ru s  l u n g  SSA O  ( 3 7 6 )  
B. ta u ru s  l i v e r  BPAO ( 3 7 6 )  
C o n s e n s u s  ( 4 0 1 )

PA G ^Q TK Y LD V G W G LG SV TH ELA PG ID C PETA TFLD TFH Y Y D A D D PV H Y PR A LC LFEM PTG V PLR RH FN S 
PAGMQTKYIDVGWGLGSV T H E L A PG ID C PETA TFLD A FH Y Y D SD G PV H Y PH A LC LFEM PTG V PLR R H FNS 
PA G M Q TK Y ID V G W G LG SV TH ELA PG ID CPETA TFLD A FH Y Y D SD G PV LY PR A LC LFEM PTG V PLR RH FD S 
PAGM QTKYM DVGW GLGSVTYELAPGIDCPEM ATFVDALHYYDDDGPVLYPRALCLFEM PTGVPIR R H F N S  
PA AM TTRYVDGGFGM GKYTTPLTRGVDCPYLATYVDW HFLLESQAPKTIRDAFCVFEQNQGLPLRRHHSD 
PKTM LTRYLD SSFGLGRN SRG LVRGV DCPY QA TM VD IH ILVG KG A VQ LLPG AV CV FEEA Q GLPLRRHH N Y  
PKTM LTRYLD SSFGLGRN SRG LVRGV DCPY QA TM VD IH ILVG KG A VQ LLPG AV CV FEEA Q GLPLRRHH N Y  
PA SM STCY V D G SFG IG K Y STPLIRG V D C PY LA TY V D W H FLLESQ A PK TLRD A FC V FEQ N Q G LPLR R H H SD  
PAAM LTRYM DGCFGM GKFATPLTRGVDCPYLATYVDW HFLLESQAPRTLHDAFCVFEQNKGLPLRRHHSD 
PAAM LTRYM DACFGM GKFATPLTRGVDCPYLATYVDW HFLLESQAPKTLHDAFCVFEQNKGLPLRRHHSD 
PAAM LTRYM D SGFG M G YFA TPLIRG VD CPYLATY M D W HFW ESQTPK TLH DA FCV FEQN KG LPLRRHH SD  
PAAM TRYMD G FGLGK T L RGVDCPYLATYVD H L L E S  A P L P  A LCV FE GLPLRRH H

4 0 1  4 1 0  4 2 0  4 3 0  4 4 0  4 5 0  4 6 0

5 4 0
H. sa p ie n s  DAO 
R. n o rv e g ic u s  DAO 
M. m uscu lus  DAO 
B . ta u ru s  DAO 
H. sa p ie n s  SSA O  
H. sa p ie n s  r S SA O b 
H. sa p ie n s  rS S A O a  
M. m uscu lus  SSAO 
B . ta u ru s  a o r t a  SSAO 
B . ta u ru s  l u n g  SSAO 
B .  ta u ru s  l i v e r  BPAO 
C o n s e n s u s

4 7 1  4 8 0  4 9 0  5 0 0  5 1 0  5 2 0  5 3 0

( 4 3 4 )  NFKGGFNFYAGLKGQVLVLRTTSTVYNYDYIW DFIFYPNGVM EAKM HATGYVHATFYTP- - EGLRHGTRL 
( 4 2 9 )  N FK G G FN FYA GLK GY VLV LRTTSTV YN YD YIW DFIFYSN GV M EAK M H ATGY V HA TFY TP--EGLRHG TRL 
( 4 3 4 )  N FK G G FN FYA GLK GY VLV LRTTSTV YN YD YIW DFIFYPN GV M ETK M H ATG YV HA TFYTP--E G L R H G T R L  

( 7 1 )  N FNG GFN FYA GLK GQ ALV LRTTSTV YN YD YIW DFI FYPNGVMEAKM HATGYIHATFYTP -  -  EGLRHGTRL
( 4 4 7 )  L Y S  H YFG GLAETVLW R SM ST L L N Y D Y V W D T V F H P S G A IE IRFYATGYI S S A F L F G - - ATGKYGNQV
( 4 4 1 )  L Q N  HFYGGLAS S A L W R S  V S S VGNYDYI W DFVLYPNGALEGRVHATGYINTAFLKGGE EG LL FGNRV
( 4 4 1 )  L Q N  H F Y G G L A S S A L W R S V S  SVGNYDYI W DFVLYPNGALEGRVHATGYINTAFLKGGE EGLL FGNRV
( 4 4 7  ) F Y S  H Y F G G W G T V L W R S V S T L L N Y D Y I W DMVFHPNGAIEVKFHATGYI S S A F F F G -  -A G E KFGNRV
( 4 4 7 )  F I S  QYF G G W E  TV LV F R S V S T L  LN YD YVWDM V F HPN GA I EVKF HATGYI S S A F F FG  -  -  TAQ KYGNQV
( 4 4 6 )  F I S  Q Y FG G W E T V L V FR SV STL L N Y D Y V W D M V FH PN G A IE V K FH V T G Y ISSA FFFG - -T A Q  KYGNQV
( 4 4 6 )  F L S  HYFGGVAQTVLVFRSVSTM LNYD YVWDMVFYPNGAIEVKL H A T G Y IS S A F L F G --A A R R  YGNQ V
( 4 7 1 )  F  NFYGGL T V L V LR SV STV  N Y D Y IW D FV FY PN G A IE KMHATGYI  SA FY  G EGLRHGNRV



6 1 0
H. sa p ien s  DAO 
R. n o rv e g ic u s  DAO 
M. m usculus  DAO 
B . ta u ru s  DAO 
H. sa p ien s  SSA O  
H. sa p ien s  r S S A O b 
H. sa p ien s  r S S A O a 
M. m usculus  SSA O  
B . ta u ru s  a o r t a  SSA O  
B . ta u ru s  l u n g  SSA O  
B . ta u ru s  l i v e r  BPAO 
C o n s e n s u s

( 5 0 2 )  H TH LIG N ISTH LV H Y R V D LD V A G TK N SFQ TLQ M K LEN ITN PW SPR H R W Q PTLEQ TQ Y SW ER Q A A FR FK R  
( 4 9 7 )  QTHLLGNIHTHLVHY RVD M D VA GTKN SFQTLTM K LEN LTN PW SPSH SLVQ PTLEQ TQ YSQ EHQ AA FRFGQ  
( 5 0 2 )  Q TH LLG N IH TH LV H Y R V D LD V A G TK N SFR TLK TK LEN ITN PW SPSH SLV Q PTLEQ TQ Y SH EH Q A A FR FG Q  
( 1 3 9 )  HTHLIGNM HTHLVHYRVDLDVAGTKNSFQTLQM KLENITNPW SPGHRLVHPALQQM RYSRERQAAFRFGQ 
( 5 1 2 )  SEHTLGTVHTHSAHFKVDLDVAGLENW VW AEDM VFVPMAVPW SPEHQLQRLQVTRKLLEMEEQAAFLVGS 
( 5 0 8 )  G ERV LG TVH TH AFH FK LD LDVAGLKNW W AEDW FKPVAAPW NPEHW LQRPQLTRQVLGKEDL T A FSL G S 
( 5 0 8 )  G ERV LG TVH TH AFH FK LD LDVAGLKNW W AEDW FKPVAAPW NPEHW LQRPQLTRQVLGKEDL T A FSL G S 
( 5 1 2 )  GAHTLGTVHTHSAHFKVDLDVAGLKNW AW AEDM AFVPTIVPW QPEYQM QRLQVTRKLLETEEEAAFPLGG 
( 5 1 2 )  RENTLGTVHTHSAHYKVDLDVGGLENW VW AEDM AFVPTTVPW SPEHQIQRLQVTRKQLETEEQAAFPLGG 
( 5 1 1 )  RENTLGTVHTHSAHYKVDLDVGGLENWVWAEDMAFVPTTVPWS PE H Q IQ R LQ V IR K Q L E T EE Q A A FPLG G  
( 5 1 1 )  GEHTLGPVHTHSAHYKVDLDVGGLENW VW AEDM AFVPTAIPW SPEHQIQRLQVTRKQLETEEQAAFPLGG
( 5 4 1 )  EH LLGTV HTHS HYKVDLDVAGLKNWV AEDM F  P I T  PW SPEH LQ R PQ LTR  QL EEQAAF LG

5 4 1  5 5 0  5 6 0  5 7 0  5 8 0  5 9 0  6 0 0

6 1 1  6 2 0  6 3 0  6 4 0  6 5 0  6 6 0  6 7 0
6 8 0
H. sa p ie n s  DAO 
R . n o rv e g ic u s  DAO 
M. m usculus  DAO 
B . ta u ru s  DAO 
H. sa p ien s  SSA O  
H. sa p ien s  r S S A O b  
H. s a p ie n s  rS S A O a  
M. m usculus  SSA O  
B . ta u ru s  a o r t a  SSA O  
B . ta u ru s  l u n g  SSA O  
B . ta u ru s  l i v e r  BPAO 
C o n s e n s u s

( 5 7 2 )  K LPK YLLFTSPQ EN PW G H K R SY R LQ IH SM A D Q V LPPG W Q EEQ A ITW A R Y PLA V TK Y R ESELC SSSIY H Q N  
( 5 6 7 )  TLPK Y LLFSSPQ K N CW G H RRSY RLQ IH SM A EQ V LPPG W Q EERA VTW ARYPLAVTKYRESERYSSSLYNQN 
( 5 7 2 )  TLPK Y LLFSSPQ KN RW G HRRSYRLQIHSM A EQV LPPGW Q EERAV TW ARYPLAV TK Y RESERY SSSLY N Q N  
( 2 0 9 )  TLPKYLLFTSPEQNPW GHQRSYRVQIHSM ADQVLPPGW QEERAVTW ARYPLAV TK Y R E SE R Y SSSIY N Q N  
( 5 8 2 )  A TPR Y LY LA SN H SN K W G H PR G Y R IQ M LSFA G EPLPQ N SSM A R G FSW ER Y Q LA V TQ R K EEEPSSSSVFNQN 
( 5 7 8 )  P L P R Y L Y L A SN Q T N A W G H Q R G Y R IQ IH SPLG IQ IPL ESD M E R A L SW G R Y Q L W T Q R K B E E SQ SSSIY H Q N
( 5 7 8  ) PLPRYLYLASNQTNAW GHQRG--------------------------------------------------------------Y Q L W T Q R K E E E S Q S S S IY H Q N
( 5 8 2 )  A TPR Y LY L A SN H SN K W G H R R G Y R IQ ILSFA G K PL PQ E SPIE K A FT W G R Y H L A V T Q R K EE E PSSSSIFN Q N  
( 5 8 2 )  A SPRY LY LA SK Q SN K W G H PRG Y R IQ TV SFA G R PLPQ N SSTER A ISW G R Y Q LA V TQ R K E T EPSSSSV FN Q N  
( 5 8 1 )  G S PR Y L Y LA SK Q SN K W G H PR G Y R IQ TV SFA G R PLPQ N SSTERA ISW G R Y Q LA V TQ RK ETEPSSSSV FN Q N  
( 5 8 1 )  A SPRY LY LA SK Q SN K W G H PRG Y R IQ TV SFA G G PM PQ N SPM ER A FSW G R Y Q LA ITQ RK ETEPSSSSV FN Q N  
( 6 1 1 )  LPR Y L Y L A S QSNKWGH R G Y R IQ I S AG L P  S ERAISW GRYQLAVTQRKESE S S S IY N Q N

v-O



7 5 0
H. sa p ien s  DAO
R. n o rv e g ic u s  DAO 
M. m usculus  DAO 
B . ta u ru s  DAO 
H. sa p ien s  SSA O  
H. sa p ien s  r S S A O b 
H. s a p ie n s  rS S A O a  
M. m usculus  SSA O  
B . ta u ru s  a o r t a  SSA O  
B . ta u ru s  l u n g  SSA O  
B . ta u ru s  l i v e r  BPAO 
C o n s e n s u s

H. sa p ie n s  DAO 
JR. n o rv e g ic u s  DAO 
M. m usculus  DAO 
B . ta u ru s  DAO 
H. sa p ien s  SSA O  
H. sa p ien s  r S S A O b 
H. s a p ie n s  rS S A O a  
M. m usculus  SSAO 
B . ta u ru s  a o r t a  SSA O  
B . ta u ru s  l u n g  SSA O  
B . ta u ru s  l i v e r  BPAO 
C o n s e n s u s

6 8 1  6 9 0  7 0 0  7 1 0  7 2 0  7 3 0  7 4 0

( 6 4 2 )  D P W H P P W F E Q F L H N N E N IE N E D L V A W V T V G F L H IP H S E D IP N T A T P G N S V G F L L R P F N F F P E D P S L A S R  
( 6 3 7 )  D P W D PPW FE E FL R N N E N IE D E D L V A W V T V G FL H IPH SE D V PN T A T PG N SV G FL L R PFN FFPE D PSL A SR  
( 6 4 2 )  D PW DPPW F E E F L R N N E N IE N E D L V A W V T V G F L H IP H S E D V P N T A T P G N C V G F L IR P F N F F E E D P S L A S R  
( 2 7 9 )  D P W D P P W F E E F L R N N E N IE D E D L V A W V T V G F L H IP H A E D IP N T T T P G N S V G F L L R P F N F F P E D P S L A -- 
( 6 5 2 )  D PW A PTV D FSD FI N N - E T IA G K D LVA W V TA G FLH IP H A E D IPN TV TV G N G V G FFLR PY N FFD ED PSFY SA  
( 6 4 8 )  D I W T PTV T FA D FI N N - ETLLGEDLVAW VTASF L H IP H A E D IP N T V T L G N R V G FL L R PY N FFD E D PSIF S P  
( 6 2 1 )  D IW T P T V T F A D F IN N -E T L L G E D L V A W V T A SF L H I P H A E D IPN TV T L G N R V G FL L R PY N FFD E D PSI F S P  
( 6 5 2 )  D P W T P T V D F T D F ISN -E T IA G E D L V A W V T A G FL H IPH A E D IPN T V T A G N SV G FFL R PY N FFD E D PSFH SA  
( 6 5 2 )  D PW TPTV D FA D FI N N - E T I AGKDLVAW VTAGFLHIP H A E D IPN TV T V G N G V G FFL R PY N FFD E D PSIN S A  
( 6 5 1 )  D P W T PT V D FA D FIN N -E T lA G K D L V A W V T A G FL H IPH A E D IPN TV TV G NG VG FFLRPY NFFD QEPSM D SA  
( 6 5 1 )  D PW TPT V D FSD FIN N -E T IA G K D L V A W V TA G FL H IPH A E D IPN T V T V G N G V G FFL R PY N FFD Q E PSM D SA  
( 6 8 1 )  DPW TPTV F A D F IN N  E T I  G ED LVA W VTA GFLHIPH AED IPN T V T V G N  V G F L L R PY N FFD E D PSL  S

7 5 1  7 6 0  7 7 0  7 8 0  7 9 0
( 7 1 2 )  D TV IV W PRD NG----PN Y V Q R W IPE D R D C SM PPPFSY N G T Y R PV --
( 7 0 7 )  DTVIVW PQDKG----L N R V Q R W IP E D R R C L V SPPFSY N G T Y K PV --
( 7 1 2 )  DTVIVW PQDNG----LNHVQRWI PENRD CLV S PPFSY N G T Y K PV - -
( 3 4 7 )  ---------------------------------------------------------------------------------------------------------
( 7 2 1 )  D SIY FR G D Q D A G A C EV N PL A C L PQ A A A C A PD L PA FSH G G FSH N --
( 7 1 7 )  G SV Y FEK G Q D A G LC SIN P V A C L PD L A A C V PD L PPFSY H G F----------
( 6 9 0 )  G SV Y FEK G Q D A G LC SIN PV A C LPD L A A C V PD LPPFSY H G F----------
( 7 2 1 )  D S I Y FR EG Q D A TA C EV N PLA C LSQ TA TC A PEI PAFSHGGFAYRDN 
( 7 2 1 )  D S IY FQ K H Q D A G SC E V N SL A C L PK D PA C A PD L PA FSH G G FFT N --  
( 7 2 0 )  D S IY F R E G Q D A G S C E IN P L A C L P Q A A T C A P D L P V F S H G G Y P E Y -- 
( 7 2 0 )  D SIY F R E G Q D A G S C E IN P L A C L P Q A A T C A P D L P V F S H G G Y P E Y -- 
( 7 5 1 )  D S IY F  QDAG C IN P L A C L P  A CA PD LP FSH G G F
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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 (Phytogeny Inference Package), the software package used in this 

work, is one of the most used phylogenetic software packages, and is available free of 

charge on the Intemet[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 fo r data input for the following reasons: I ) the  sequences are o f  widely 

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 a m in o  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: I) 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 o f sequences suitable for 

inclusion is 45 out of the 60 available sequences. Using the numbering scheme in the 

piminn 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 o f the input file is 138 amino acids, o f 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 o f 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-Thomton model of amino acid 

substitution, a matrix based upon the empirical probability o f a substitution of a specific 

amino acid to any other amino acid [249]. The Jones-Taylor-Thomton matrix of 

probability is quite similar to the earlier Dayhoff PAM matrix [250]but is  an updated 

matrix consisting o f 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-Thomton probability matrix. However, in maximum likelihood methods the 

probability o f a given set of sequence for a specific substitution model ( Jones-Taylor- 

Thomton) 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 

TREEVIEW 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 (Lemf) and imported into 

Microsoft PowerPoint, and then the ten letter headers for e ach 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, t, of possible 

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

amino acid sequences) are given by the equation:

t = [ { 2 m - A ) \ \ l [ T - \ m - 3 ) \ ]

Thus, the number of possible topologies for the 45 sequences used in this input file is 

approximately 4.56 x IO64. 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 assumptions used to derive the models, and these models are only 

approximations of the true and unknown evolutionary relationships. I t  is important to 

note that the trees shown herein are not species tree (i.e. do not reflect the evolutionary 

relationships or “family tree” among species) but are only “gene trees” that indicate the 

relationships within the family o f copper amine oxidase genes. Remember that these 

trees are were constructed from a subset o f the primary sequences from the sequenced 

copper amine oxidase gene products.



Amino Acid Sequence Input File for PHYLIP Programs

4 5  1 3 8
H om o  KDAO

TV Y NY DY IW D FIFY PNG VM EA KM HA TG Y VH ATFHG TRLH TH LIG NIH THLV HY RV DLD VA GV LPPGW Q EEQ AITW A RYPLAV TKY ELCSSSIY HQ ND
LV A W V TV G FLH IP H S E D IP N T A T P V G F L L R P F N F F P E D P S L  
H om o SSA O

TLLNYD Y V W D TV FH PSG A IEIR FY A TG Y ISSA FY G N Q V SEH TLG TV H TH SA H FK V D LD V A G PLPQ N SSM A RG FSW ERY Q LA V TQ R EPSSSSV FN Q N D
LV A W V TA G FLH IP H A E D IP N T V T W G F F L R P Y N F F D E D P S F  
H om o S SA O b

SV G N Y D Y IW D FV LY PN G A LEG R V H A TG Y IN TA FFG N R V G ER V LG TV H TH A FH FK LD LD V A G Q IPLESD M ERA LSW G R Y Q LW TQ R ESQ SSSIY H Q N D  
L V A W V T A SFLH IPH A E D I PN T V T L V G FL L R PY N FFD E D P S I  
M u s  DAO
t v y n y d y i w d f i f y p n g v m e t k m h a t g y v h a t f h g t r l q t h l l g n i Ht h l v h y r v d l d v a g v l p p g w q e e r a v t w a r y p l a v t k y e r y s s s l y n q n d
LV A W V TV G FLH IP H S E D V P N T A T P V G F L IR P F N F F E E D P S L  
M u s  SSAO

TLLN YD YIW DM VFH PNG AIE V K F H A T G Y IS S A FFGN RV GA H TLG TV H TH SA H FK V D LD V A G PLPQ ESP I EKAFTW GRYHLAVTQREPSS S S I FNQND
LV A W V TA G FLH IP H A E D IP N T V T A V G FFL R PY N FFD E D PSF  
R a t t u s  DAO

TV Y N Y D Y IW D F IFYSNGVM EAKM HATGYVHATFHGTRLQTHLLGNIHTHL VHYR VDMDVAGVLPPGWQEERAVTWARYPLAVTKYERYSSSLYNQND
LV A W V TV G FLH IP H S E D V P N T A T P V G F L L R P F N F F P E D P S L  
B o s  DAO
TVYNYDYIW DFIFYPNGVM EAKM HATGYIHATFHGTRLHTHLIGNM HTHLVHYRVDLDVAGVLPPGW QEERAVTW ARYPLAVTKYERYSSSIYNQND
LVAW VTVGFLHI PH AED I P N T T T P V G F L L R P F N F F P E D P S L  
B o s  a o r t a
TLLNYDYVW DM VFHPNGAIEVKFHATGYI  SSAFYGNQVRENTLGTVHTHSAHYKVDLDVGGPLPQNS S T E R A IS  WGRYQL AVTQRE P S S  S S VFNQND 
LVAW VTAGFLHI PH AED I PN TV T W G F F L R P Y N F F D E D P  S I  
B o s  BPAO

TM LNYDYVW DM VFYPNGAIEVKLHATGYISSAFYGNQVGEHTLGPVHTHSAHYKVDLDVGGPM PQNSPM ERAFSW GRYQLAIT Q R E PS SSSVFNQND
LVAW VTAGFLHI P H A E D IP N T V T W G F F L R P Y N F F D Q E P S M  
B o s  l u n g

TLLN YD YV W DM VFHPNGAIEVKFHVTGYISSAFYGNQVRENTLGTVHTHSAHYKVDLDVGGPLPQNS S T E R A ISW GRYQLAVTQREPSSSSVFNQND
LVAW VTAGFLHI P H A E D I P N T V T W G F F L R P Y N F F D Q E P S M
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t o m a t o
SV A N Y D Y IV D W E FQ N D G L IR PK V G L SG IL M V K G Y G T L L SE N IV G V IH D H Y V T FH L D M D ID G IL L R K E L L L L IT K FG SH L IM N L SN K V K V M IL L L FG L
IV L W Y T L G F H H IP C Q E D F P IM P T V S S F E IK P V N F F E S N P IL
S o l a n u m
TVANYEYGFYW HFYQDGKIEAXGQADW NSQLRCYGTTIAPGLYAPVHQHFFVARM DM AVDCLAGSEAKFLRRAAFLKHNLW VTPYEIFPGGEFPNQN
IV L W Y IFG L IH V PR L E D W PV M PV EIG FM LQ PH G FFN C SPA V  
A t h a l i a n a l
TV G N Y D Y IV D Y EFK PSG SIK IG V G LTG V LEV K PH G TIV A D N TIG V N H D H FV TY R LD LD ID G LLA Q D D Y PQ IR A A FTN Y N V W ITPY EV W A SG LY A D R S
IV M W Y TV G FH H V PC Q ED FPTM PTLG G FELRPTN FFEQ N PD L
A t h a l i a n a 2
TLGNYDYIVDW EFKKSGAIRVGVDLTGVLEVKAYGTQVAKNTIAVNHDHYLTYYLDLDVDGLLTDDDYPEIRAGYTKYPVW VTAYERW AGGFYSDRS
IV M W Y N V G FH H IPY Q ED FPV M PT LG G FT L R PSN FFD N D PL I
A t h a l i a n a S
SV G N Y D Y IFD W E FQ T D G L IR V T V A A SG M LM V K G A G PL ISE N V IG W H D H FIT FH L D M D ID G LL D H D D PPQ IR G A FT N N Q IW V T PY E Q Y A G G V L IY Q S
IV LW Y TLG FH H V PCQ ED Y PV M PTV A SFELK PA N F F E S N P IL  
A t h a l i a n a 4
t v a n y e y g f y w h f y q d g k i e a e v k l t g i l s l g a y g t t i a p g l y a p v h q h f f i a r m d m s v d c l a r p e a k f l r r a a f l k h n l w v t r y e k f p g g e f p n q n
W L W Y V FG IT H V PR L E D W PV M PV E IG FT L M PH G FFN C SPA V
A t h a l i a n a S
S V G N Y D Y IFD W EFQ M D GV IRVTV AA SGM LM V K GSG PLISEN VIGW H DH FISFH LD M D ID GLLDH DD PPQM RG AFTN NQ IW V TRY EQ W AG G LLM Y QS
I VLW YTLGFHHVPCQEDF PV M PTI S S F E L K P V N F F E S N P V L
A t h a l i a n a G
SV G N Y D Y IFD W EFQ TD G LIR V TV A A SG M LM V K G A G PLISEN V IG W H D H FITFH LD M D ID G LLD H D D PPQ IR G A FTN N Q IW V TPY EQ Y A G G V LIY Q S
IV LW Y TLG FH H V PCQ ED Y PV M PTV A SFELK PA N F F E S N P IL  
C h i c k p e a
t v g n y d n v l d w e f k t s g s i k p a i a l s g i l e i k g y g t l v s a n s i g i y h d h f y m y y l d f d v d g l l t e d d y p q i r g a f t n y n v w v t p y e k w Ag g l y v d H s

IV L W H W G IH H V P A Q E D F P IM P L L T S F E L R P T N F F E R N P V L  
C . I i n e a t a
A V A N Y D Y IV D W EFQ TD G LIR SK V G LSG ILM V K G Y G TLLSEN SIG V IH D H FLTY Y LD ID ID G LLD A ED PPQ K RA A FTN N Q IW V TPY EQ W A G G LFV Y Q S
IV L W Y T L G F H H IP C Q E D Y P IM P T V S S F D L K P V N F F E R N P IL  

G . m a x
TVANYEYGFFW HFYQDGKIEAEVKLTGILSLGAYGTTIAPGLYAPVHQHFFVARM DM AVDCLAGSEAKFLRRAAFLKHNLW VTPYEM HPGGEFPNQN
IV LW Y V FG V TH IPR LED W PV M PV EIG FM LM PH G FFN C SPA V  
M e d i c a g o  I
TVANYEYAFFW HFYQDGKIEAEVKLTGILSLGAYGTM IAPGLYAPVHQHFFVARM DM SVDSLAGSEAKFLRRAAFLKHNVW VTAYEM FPGGEFPNQN 
IV LW Y V FG I T H F I I Y SVAYVDGSRRRPV AH RLS F V E M W P Y
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P . s a t i v u m l
TVG NY DN V IDW EFK ASG SI K P S IA L S G IL E IK G H G K L V S A N S I G I Y HDHFYIYYLDFDIDGLLTEDDYPQIRGAFTNYNVW VTAYEKW AGGL YVDHS 
IV M W H W G IH H V P A Q E D F P IM P L L T S F E L R P T N F F E R N P V L  
P . s a t i v u m 2
TVGNYDNVIDW EFKASGS IK P A I  A L S G IL E IK G H G K L V S A N S  I G I Y H D H FY IYYLDFDIDGLLTEDDYPQIRGAFTNYNVW VTAYEKW AGGL YVDHS
IV M W H W G IH H V P A Q E D F P IM P L L T S F E L R P T N F F E R N P V L
L e n s  I
t v g n Yd n v l d w e f k t s g w m k p s i a l s g i l e i k g h g k l v s a n s i g i y h d h f y i y y l d f d i d g l l t e d d y p q i r g a f t n y n v w v t x n e k w a g g l y v d x s

i v m w h w g i h h v p a q E d f p i m p l l t s f e l r p t n f f e r n p a l  
L e n s  2
t v g n y d n v l d w e f k t s g w m k p s i a l s g i l e i k g h g k l v s a n s i g i y Hd h f y i y y l d f d i d g l l t e d d y p q i r g a f t n y n v w v t p y e k w a g g l y v d h s  
i v m w h w g i h h v p a q e d f p i m p l l t s f e l r p t n f f e r n p v l  
T . a e s t i v u m
TV A N Y EY G FY W H FY Q D G K IEAEVK LTG ILSLGA YG TTIAPSLYA PV HQ HFFV ARM D M A VD CFA LPEA KFLRRAG FLK H NLW VTPY EK FPGG EFPNQ N
IV LW Y V FG LTH IPR LED W PV M PV EIG FM LM PH G FFN C SPA V  
H . v u l g a r e 2
TV A N Y EY G FY W H FYQ DG K IEAEVK LTG ILSLGA YG TTIAPSLYA PV HQ HFFV ARM D M A VD CFA LPEA KFLRRAG FLK H NLW VTPY EK FPGG EFPNQ N
IV LW Y V FG LTH IPR LED W PV M PV EIG FM LM PH G FFN C SPA V  
P . a n g u s t a
TA A N Y EY C LY W V FM Q D G A IR LD IRLTG ILN TY IW G TR V Y PN V N A H N H Q H LFSLR ID PRID G LA K EG SLV A K R A PW A SH SV N W PY R LY PSG D H V PQ W
IL F F H T F G IT H F P A P E D F P L M P A E IT L M L R P R H F F T E N P G L  
P . p a s t o r i s
T IG N Y D  Y N FLY K FFLD G TLEV SV R A A G Y IQ A G Y Y G LK IH D V LSG SFH D H V LN Y K V D LD V G G IV K N SR SG PETQ N W A RSN LFLTK H ELRSSTA LN TN A
IV A W V N L G L H H L PN SN D L PN T IFSA SFM L T PFN Y FD SE N SR
C a n d i d a  I
T A A N Y E Y C V Y W IL R Q D G T IK L EIR L T G ILN T Y IW G T W Y PN V N A H N H Q H L FSL R IH PR ID G L A Q E G SLV K K R A PW A A SH T Q W PY R L Y PSG D H V PQ W
IL L F H T F G IT H F P A P E D F P V M P T E F D L Q L R P R N IH T E N P V L  
C a n d i d a  2
T V A N Y E Y IIN LK FV TD G SID IEV R A TG ILSTM PW G TIV G PN V M A A Y H Q H ILG FRID PA V D G LA D PD SFN A K R A K FA TQ Q V W V TK Y Q LFA A G EFTN Q S
I W W  ATMGFTH I, PR V ED F P VMP V EH N I Q LA PA N FFD R N PA L 
S . p o m b e  I
TAANYEYM VYW IFHM DGVIECELKLTGILNTYAW GTQVYPQVNAHNHQHLFCLRLNPM LDGM ARPGSLVSNRAGFARHHIHVTPYQIYPAGDYVPQT 
IW W H T F G IT H F P A P E D F P L M P A E IR L L L R P R N F F L R N P A L  
S . p o m b e  2
TAANYE YL VYW IF R M D G V IE C E IR L T G IL N T N A H G T Q V Y PK ISA E N H E H L FC L R IN PM L D G L SQ PG T T N SD C SG FA E N N IY V T PY Q IFPT G D Y A PQ A
IW W H T F G M IH F P A P E D F P IM P A E IH L F L Q P R N F F K H N P A L
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A . n i g e r  I
TLA N YEYIFAY KFD QSG GITGRVACHGYLERGQVRQRRQW RRVGPEPPAHFLCAHRPGYYGLADPNSIQARRAQFAQHHVW VTKYELYAGGRYTLQS
V W W ST FG IT H N PR V E D W PV M PV E FQ L M IR PA D FFT A N PSL  
A . n i g e r  2
T L A N Y E Y IFA Y K FD Q SG G ITV E SR A T G ILN W N Y G N W SG G V LA Q N H Q H IFC V R ID PA ID G LA D PN SIQ A R R A Q FA Q H H V W V T K Y E L Y A G G R Y T LQ S
V W W ST FG IT H N PR V E D W PV M PV E FQ L M IR PA D FFT A M PSL
A f u m i g a t u s
TAA NY EYA FYH TFTLD GTYK LEV K LTG M LNTYCFG TEIA R G L D A Q N H Q H IFSL R V D PEID G LA K PG STV Y K R A G FA RH A L W V LPY E IFPA G Q  YVCQS
IV C Y IQ F G L T H F P R T E D F P IM P A E V SV M L R A S N F F Q K N P A L
f u m i g a t u s 2
t v g n y e y i f a f q f t q d a s v t y e v r a t g i l s t a p y g t i v a p g v m a p y h q h l f s l r i d p a i d g l a h p s s y h f k r s e f a e h a v w v t r y e r y s a g E h t m q s

IV IW H TFG TTH N PRV ED W PV M PAEM SV TLK PVN FFW RNPA L 
E . c o l i
TV G N Y D Y IFD W IFH EN G TIG ID A G A TG IEA V K G Y G TLID H N IV G TTH Q H IY N FR LD LD V D G Q FA PD EW IY H R LSFM D K Q LW V TR Y ER FPEG K Y PN R S
A W W M TTG TTH V A R A EEW PIM PTEV H TLLK PW N FFD ETPTL
K a e r o g e n e s
TV G N Y D Y IFD W V FH D N G TIG ID A G A TG IEA V K G Y G TLID H N IV G TTH Q H IY N FR LD LD V D G K FA PD EW IY H R LSFM D K Q LW V TR Y ER Y PEG K Y PN RS
D W W IT T G T T H V A R A E E W PIM PT E A L A L L K PW N FFD E T PT L  
M . l o t i
TV A N Y EY G IFW Y LH TD G A IEFELK A TG IIN TTA Y G K EV SPG V LG H IH Q H IFC A R LD M SV D G Y V A A H SPSG RR STFTSN H LW V TA FER Y PA G EY M N H S
LV L W H TFG V H H Q V R PE D FPV Q PC ITG FK L M PSG FFD Q N PG I
AGAO I
TVG NY DY G FYW Y LY LDG TIEFEA KA TGIVFTAAYASEIAPGLGAPYHQHLFSARLDM M IDGAM ADDSSIASRAAFARHHLW VTRHELYAAGDFVNQH 
L W W H S FG L T H FPR PE D W PIM PV D T G FT L K PH G FFD E N PT L  
AGAO 2
T IG N Y D Y G FY W Y L Y LD G TIEFE A K A TG W FT SA N ISQ LA PG L G A PFH Q H IFSA R L D M A ID G LA D PG SSIA R R A A FA T K D L W V T R Y E R Y PT G D  FVNQH
IW W H T FG L T H FPR V E D W PIM PV D V G FK L R PE G FFD R SPV L
A . s t r a i n P l
TVANYEYAFYW HLFLDGSIEFLVKATGILSTAGGQSLNNDGLYAPIHQHM FNVRM DFELDGAARDDAYVSKRAQFARNNLW VTAYERFAAGEYPNQA
L W W Y TFG M H H W R LED W PV M PR Q IG FM LEPH G FFN Q N PTL
S o l f o l o b u s
T L A N Y D Y G FFW Y FY Q D G SIEFL V K L T G IIN D D SY G TR V TPE V Y A PIH IH FFN IR L N IN V D G PLPD D SY V R R R G A Y IN Y H L W V T PY ER Y A SG D Y PY L R
L V IW Y T L G V E H W R IE D W P V M P V E A G F R L IP D G F F D K N P T I
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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 Use ITT, PAM, Kimura or categories model? Jones-Taylor- 

Thomton
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 o f run Yes

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



Output from PROTDIST; A Distance Matrix with Zero Elements Along the Diagonal

Homo KDAO 0 . 0 0 0 0  0 . 6 3 7 7  0 . 5 5 6 5  0 . 0 9 5 3
1 . 8 6 8 3 1 . 8 0 1 3 1 . 3 5 7 3 1 . 5 0 5 4 1 . 7 1 3 8 I
1 . 8 4 4 0 I . 8 4 0 0 I . 8 0 4 3 I . 8 0 5 1 1 . 8 3 9 1 I
2 . 1 2 8 2 1 . 7 2 5 8 1 . 7 6 5 3 I . 7 8 4 8 1 . 4 1 8 6 I

Homo SSAO 0 . 6 3 7 7 0 . 0 0 0 0 0 . 4 0 6 1 0 . 6 1 1 0
2 . 0 2 9 3 2 . 0 5 4 3 1 . 4 7 0 0 1 . 5 3 1 8 1 . 6 9 8 6 2
2 . 0 1 2 9 2 . 0 1 6 0 2 . 0 2 2 3  s 2 . 0 4 7 4 2 . 0 0 4 9 2
2 . 2 1 6 3 1 . 6 8 3 6 2 . 1 0 4 0 2 . 0 2 9 8 1 . 4 6 1 1 I

Homo SSAOb 0 . 5 5 6 5 0 . 4 0 6 1 0 . 0 0 0 0 0 . 5 7 7 0
2 . 0 3 7 1 1 . 9 5 1 3 1 . 5 6 1 9 1 . 5 8 2 3 I . 7 6 4 0 I
2 . 0 8 8 8 2 . 0 9 1 9 2 . 0 6 8 0 2 . 0 9 3 0 1 . 9 5 9 2 I
2 . 2 3 1 7 1 . 8 1 5 1 1 . 9 3 7 8 1 . 8 5 9 1  ' 1 . 3 7 6 0 I

Mus DAO 0 . 0 9 5 3 0 . 6 1 1 0 0 . 5 7 7 0 0 , 0 0 0 0

1 . 8 2 5 5 I . 8 0 7 2 1 . 3 2 2 1 I . 4 7 8 9 I . 6 8 4 0 I
1 . 7 7 5 6 1 . 7 7 1 7 1 . 7 3 6 5 1 . 7 3 8 4 1 . 7 9 3 2 I
2 . 0 5 2 4 1 . 6 3 1 0 I . 7 4 9 0 1 . 6 9 7 0 1 . 3 8 9 5 I

Mus SSAO 0 . 5 0 3 2 0 . 1 6 9 8 0 . 3 3 2 4 0 . 5 1 0 7
2 . 0 5 1 5 1 . 9 4 9 9 1 . 5 2 5 4 1 . 6 0 0 5 1 . 7 5 2 5 I
2 . 0 9 1 3 2 . 0 8 6 9 2 . 1 0 1 0 2 . 1 2 6 5 1 . 9 0 6 5 I
2 . 3 5 4 6 1 . 8 3 4 8 2 . 0 0 9 5 I . 9 4 1 4 1 . 4 5 4 7 I

R a t t U S  DAO 0 . 0 7 8 2 0 . 6 2 6 5 ; 0 . 5 7 9 9 0 . 0 3 1 0
1 . 8 6 4 4 I . 7 3 3 0 1 . 3 6 6 5 1 . 4 9 6 3 1 . 6 6 2 9 I
I . 8 0 9 3 I . 80 5 3 I . 7 7 0 0 1 . 7 7 1 3 I . 7 1 9 7 I
2 . 0 7 5 3 1 . 6 5 7 1 I . 7 4 5 9 1 . 6 9 3 5 1 . 4 2 3 5 I

B o s  DAO 0 . 0 6 9 8 I  0 . 5 9 3 6 ; 0 . 5 3 6 2 : 0 . 0 8 6 7
I . 9 5 4 9 1 . 8 0 9 0 1 . 3 5 9 9 1 . 4 7 5 4 I . 6 7 6 5 I
1 . 8 0 9 2 I . 8 0 5 2 I . 7 6 9 7 I . 7 7 1 0 1 . 7 8 8 5 I
2 . 0 4 8 0 1 . 6 6 0 1 1 . 7 3 4 9 I . 6 6 7 7 1 . 3 7 5 7 I

B o s  a o r t a 0 . 5 4 9 8 I 0 . 1 2 3 6  0 . 3 6 5 4 0 . 5 4 6 8
I . 9 3 6 1 I . 9 4 5 5 1 . 4 6 1 9 1 . 4 3 6 4 1 . 6 3 8 8 I
2 . 0 0 2 5 1 . 9 9 8 3 2 . 0 1 1 8 2 . 0 3 6 9 I . 9 2 0 8 I
2 . 3 2 2 0 1 . 7 4 9 0 2 . 0 5 4 2 1 . 9 7 8 0 1 . 4 1 8 4 I

0 . 0 7 8 2  0 . 0 6 9 8  0 . 5 4 9 8  0 . 5 9 6 3  0 . 5 8 3 3
. 6 6 2 1  1 . 7 1 3 8  1 . 8 1 7 9  1 . 5 8 4 3  1 . 8 3 6 7  2 . 5 3 2 9
. 6 6 3 7  1 . 1 7 2 1  1 . 8 6 0 3  1 . 6 0 7 4  1 . 5 0 4 8  1 . 6 0 2 4
. 7 3 7 0  1 . 6 0 1 5  1 . 7 6 0 4  1 . 7 7 6 3  1 . 7 5 3 9

0 . 6 2 6 5  0 . 5 9 3 6  0 . 1 2 3 6  0 . 1 6 8 9  0 . 1 4 9 9
. 7 3 6 3  1 . 6 9 8 6  1 . 9 6 1 2  1 . 7 7 4 2  2 . 0 1 4 7  2 . 8 4 5 0
. 9 8 2 7  1 . 3 8 9 2  2 . 2 3 4 6  1 . 6 7 4 3  1 . 9 2 3 3  2 . 0 2 8 8
. 7 0 3 7  1 . 6 3 3 2  1 . 8 9 8 2  1 . 9 5 7 3  1 . 6 9 7 8

0 . 5 7 9 9  0 . 5 3 6 2  0 . 3 6 5 4  0 . 3 8 2 8  0 . 4 0 7 7
. 7 6 5 5  1 . 7 6 4 0  2 . 0 3 8 3  1 . 8 8 1 5  1 . 9 1 7 3  2 . 8 0 6 7
. 9 4 6 5  1 . 3 4 7 2  2 . 1 1 8 0  1 . 7 1 4 1  1 . 8 4 4 1  2 . 0 2 4 2
. 6 0 0 1  1 . 6 2 3 8  1 . 8 3 1 4  1 . 7 9 0 9  1 . 5 8 5 8

0 . 0 3 1 0  0 . 0 8 6 7  0 . 5 4 6 8  0 . 5 8 1 8  0 . 5 8 0 1
. 6 3 2 3  1 . 6 8 4 0  1 . 7 4 9 7  1 . 5 4 4 3  1 . 8 3 6 3  2 . 4 1 7 3
. 7 1 9 4  1 . 2 0 7 7  1 . 9 2 8 6  1 . 5 8 3 4  1 . 5 5 4 1  1 . 6 2 4 6
. 5 9 7 2  1 . 5 8 9 8  1 . 6 2 8 3  1 . 7 4 0 2  1 . 6 4 5 7

0 . 5 1 4 5  0 . 4 7 2 9  0 . 1 3 7 7  0 . 1 8 1 8  0 . 1 6 3 9
. 7 7 0 0  1 . 7 5 2 5  2 . 0 3 2 2  1 . 7 7 3 2  1 . 9 1 0 9  2 . 6 8 6 3
. 9 1 7 1  1 . 3 3 2 3  2 . 0 8 2 5  1 . 5 6 3 6  1 . 8 1 3 3  1 . 9 4 9 9
. 7 4 3 8  1 . 5 9 3 9  1 . 8 9 0 4  1 . 9 2 3 1  1 . 6 3 3 6

0 . 0 0 0 0  0 . 0 6 9 9  0 . 5 5 0 8  0 . 5 8 6 1  0 . 5 8 4 4
. 6 1 1 6  1 . 6 6 2 9  1 . 7 8 3 3  1 . 5 5 4 5  1 . 7 6 1 1  2 . 4 2 6 9
. 6 9 9 7  1 . 2 1 9 4  1 . 9 0 4 8  1 . 6 1 6 8  1 . 5 2 7 6  1 . 6 2 9 4
. 5 7 1 2  1 . 5 6 4 3  1 . 6 0 1 9  1 . 7 3 8 0  1 . 6 4 8 4

0 . 0 6 9 9  0 . 0 0 0 0  0 . 5 1 8 1  0 . 5 5 3 6  0 . 5 5 1 4
. 6 6 6 6  1 . 6 7 6 5  1 . 7 8 3 1  1 . 5 8 8 5  1 . 8 3 2 0  2 . 5 3 2 6
. 6 8 0 2  1 . 1 9 2 2  1 . 8 8 1 1  1 . 5 8 1 7  1 . 5 0 9 9  1 . 6 3 4 9
. 6 7 0 1  1 . 6 4 9 1  1 . 6 3 9 1  1 . 7 4 2 8  1 . 6 5 0 6

0 . 5 5 0 8  0 . 5 1 8 1  0 . 0 0 0 0  0 . 1 0 2 5  0 . 0 3 0 4
. 6 7 6 4  1 . 6 3 8 8  1 . 9 4 3 9  1 . 6 4 8 5  1 . 9 0 6 5  2 . 7 8 3 3
. 9 1 6 6  1 . 2 7 8 0  2 . 0 9 0 3  1 . 5 9 4 1  1 . 8 8 7 5  1 . 9 2 6 9
. 6 2 2 9  1 . 6 0 2 4  1 . 8 5 7 1  1 . 9 0 9 0  1 . 6 3 2 8

0 . 5 0 3 2
8 5 4 6  I
8 3 9 1  I
4 5 9 3  I
0 . 1 6 9 8
0 3 2 1  I
0 0 4 9  I
4 9 5 6  I
0 . 3 3 2 4
9 7 4 0  I
9 5 9 2  I
4 0 9 3  I
0 . 5 1 0 7
8 0 8 5  I
7 9 3 2  I
4 1 5 3  I
0 .0 0 0 0
9 2 7 9  I
9 0 6 5  I
4 8 9 0  I
0 . 5 1 4 5
7 3 5 4  I
7 1 9 7  I
4 4 9 7  I
0 . 4 7 2 9
8 0 4 0  I
7 8 8 5  I
4 0 1 5  I
0 . 1 3 7 7
9 2 3 5  I
9 2 0 8  I

. 4 5 1 2  I



B o s  BPAO 0 . 5 9 6 3  0 . 1 6 8 9  0 . 3 8 2 8  0 . 5 8 1 8  0 . 1 8 1 8  0 . 5 8 6 1  0 . 5 5 3 6  0 . 1 0 2 5  0 . 0 0 0 0  0 . 0 8 6 3
2 . 0 2 0 1 I . 8 9 8 9 1 . 5 0 3 4 I . 5 8 8 8 1 . 7 4 9 3 1 . 8 6 9 4 1 . 7 8 6 2 1 . 7 4 9 3 2 . 0 7 1 3 I . 7 6 7 2 1 . 8 5 2 9  2 . 6 5 7 8
2 . 1 3 1 2 2 . 1 2 6 9 2 . 1 4 0 7 2 . 1 6 5 9 1 . 8 4 3 7 1 . 8 4 3 7 1 . 9 9 8 6 1 . 2 2 5 7 2 . 2 0 0 4 1 . 6 2 3 2 1 . 8 8 5 6  1 . 9 9 8 6
2 . 3 5 5 1 1 . 8 1 0 2 2 . 0 5 3 7 1 . 9 3 2 9 1 . 5 2 5 0 1 . 5 6 0 5 1 . 6 7 0 7 1 . 5 6 8 2 1 . 7 7 6 4 1 . 8 4 5 5 1 . 6 6 9 1

B o s  l u n g 0 . 5 8 3 3 0 . 1 4 9 9 0 . 4 0 7 7 0 . 5 8 0 1 0 . 1 6 3 9 0 . 5 8 4 4 0 . 5 5 1 4 0 . 0 3 0 4 0 . 0 8 6 3 0 . 0 0 0 0
1 . 9 1 4 7 I . 9 7 7 8 1 . 4 3 8 7 1 . 4 6 5 4 1 . 6 6 0 1 1 . 9 1 2 7 1 . 6 9 7 3 I . 6 6 0 1 1 . 9 2 2 4 I . 6 3 3 1 1 . 8 9 5 8  2 . 7 4 4 5
1 . 9 8 0 1 I . 9 7 5 9 1 . 9 8 9 2 2 . 0 1 3 9 1 . 9 1 0 0 I . 9 1 0 0 I . 9 4 0 9 I . 2 6 6 9 2 . 1 1 6 0 I . 6 1 5 6 1 . 8 6 8 0  1 . 8 9 7 6
2 . 3 4 9 0 1 . 7 9 6 7 2 . 0 4 5 4 2 . 0 0 0 8 1 . 4 6 0 0 1 . 4 9 3 9 1 . 6 5 9 8 1 . 6 6 2 0 1 . 8 5 6 0 I . 9 1 6 8 I . 6 5 6 1

t o m a t o 1 . 8 6 8 3 2 . 0 2 9 3 2 . 0 3 7 1 I . 8 2 5 5 2 . 0 5 1 5 1 . 8 6 4 4 I . 9 5 4 9 I . 9 3 6 1 2 . 0 2 0 1 I . 9 1 4 7
0 . 0 0 0 0 I . 9 8 0 2 0 . 9 0 3 5 I . 1 1 2 1 0 . 6 0 3 0 1 . 8 9 6 2 0 . 6 2 5 3 0 . 6 0 3 0 I . 0 3 0 4 0 ; 4 8 0 4 1 . 8 0 4 2  2 . 4 7 7 4
I . 0 8 5 9 I . 0 8 3 1 I . 0 7 1 0 I . 0 9 0 5 I . 7 9 2 3 1 . 7 9 2 3 1 . 7 7 5 8 2 . 1 3 7 7 I . 8 1 8 8 1 . 5 2 6 1 1 . 6 9 8 7  1 . 7 0 3 2
2 . 4 3 9 3 I . 8 1 7 1 1 . 8 5 7 0 I . 7 4 8 2 I . 5 4 0 4 1 . 4 9 3 4 I . 8 2 3 3 I . 9 1 1 5 2 . 0 8 2 0 I . 9 9 9 3 1 . 9 2 4 9

S o l a n u m 1 . 8 0 1 3 2 . 0 5 4 3 I . 9 5 1 3 I . 8 0 7 2 I . 9 4 9 9 1 . 7 3 3 0 1 . 8 0 9 0 I . 9 4 5 5 1 . 8 9 8 9 1 . 9 7 7 8
1 . 9 8 0 2 0 . 0 0 0 0 1 . 4 8 5 6 I . 5 3 0 3 1 . 4 0 3 0 0 . 1 8 6 6 1 . 4 7 7 9 1 . 4 0 3 0 1 . 5 0 9 0 1 . 4 0 5 8 0 . 1 5 7 6  0 . 5 9 5 5
1 . 6 1 6 2 I . 6 1 6 2 1 . 6 4 1 4 1 . 6 0 6 8 0 . 1 7 1 8 0 . 1 7 1 8 1 . 3 9 9 2 1 . 9 5 9 0 1 . 5 2 6 9 I . 1 0 8 3 1 . 1 5 3 2  1 . 2 0 1 7
1 . 5 7 4 6 1 . 1 2 1 2 I . 0 8 0 9 I . 0 6 6 1 1 . 2 9 7 6 1 . 3 6 8 6 I . 1 1 8 9 0 . 8 5 8 5 0 . 7 8 8 4 0 . 8 0 7 5 I . 0234

A t h a l i a n a l 1 . 3 5 7 3 1 . 4 7 0 0 1 . 5 6 1 9 1 . 3 2 2 1 1 . 5 2 5 4 1 . 3 6 6 5 1 . 3 5 9 9 1 . 4 6 1 9 I . 5 0 3 4 1 . 4 3 8 7
0 . 9 0 3 5 1 . 4 8 5 6 0 . 0 0 0 0 0 . 3 9 8 4 0 . 6 1 1 7 1 . 4 3 6 3 0 . 6 3 2 2 0 . 6 1 1 7 0 . 4 4 6 2 0 . 5 6 8 3 1 . 3 9 8 4  1 . 8 9 9 9
0 . 4 3 5 9 0 . 4 3 1 2 0 . 4 6 5 9 0 . 4 5 8 0 1 . 4 5 2 4 1 . 4 5 2 4 1 . 4 7 2 9 1 . 8 5 3 9 1 . 4 2 8 8 I . 0 2 4 2 1 . 3 7 1 0  1 . 2 6 3 8
I . 7 4 1 0 I . 2 5 1 6 1 . 3 5 9 1 1 . 2 0 9 4 1 . 0 8 4 7 I . 0 8 8 3 1 . 3 9 8 0 1 . 4 1 4 3 1 . 5 1 3 7 1 . 3 6 9 9 1 . 2 0 7 6

A t h a l i a n a 2 1 . 5 0 5 4 I . 5 3 1 8 1 . 5 8 2 3 1 . 4 7 8 9 1 . 6 0 0 5 1 . 4 9 6 3 1 . 4 7 5 4 1 . 4 3 6 4 I . 5 8 8 8 1 . 4 6 5 4
1 . 1 1 2 1 1 . 5 3 0 3 0 . 3 9 8 4 0 . 0 0 0 0 0 . 7 6 4 3 I . 3 5 7 7 0 . 7 7 9 8 0 . 7 6 4 3 0 . 5 9 4 8 0 . 6 7 9 2 1 . 3 8 3 5  1 . 8 7 7 8
0 . 6 0 7 6 0 . 6 0 1 5 0 . 6 4 9 5 0 . 6 4 4 6 1 . 3 4 6 1 1 . 3 4 6 1 1 . 5 4 6 9 I . 9 9 3 9 1 . 6 6 6 7 I . 1 9 1 3 1 . 4 3 1 6  1 . 4 2 4 3
I . 7 7 0 7 1 . 3 1 7 1 1 . 4 5 4 9 1 . 3 8 4 1 I . 1 8 7 9 I . 1 9 9 1 1 . 3 7 3 6 1 . 4 3 7 9 I . 5 9 7 8 1 . 4 6 8 0 1 . 2 1 1 2

A t h a l i a n a S 1 . 7 1 3 8 I 1 . 6 9 8 6 1 . 7 6 4 0 I 1 . 6 8 4 0 1 . 7 5 2 5 1 . 6 6 2 9 I . 6 7 6 5 1 . 6 3 8 8 I . 7 4 9 3 1 . 6 6 0 1
0 . 6 0 3 0 1 . 4 0 3 0 0 . 6 1 1 7 0 . 7 6 4 3 0 . 0 0 0 0 1 . 4 2 2 2 0 . 1 1 3 2 0 . 0 0 0 0 0 . 5 9 7 5 0 . 2 8 3 7 1 . 3 9 6 2  1 . 9 4 7 2
0 . 6 3 2 9 0 . 6 2 8 5 0 . 6 4 3 6 0 . 6 2 0 1 1 . 4 3 8 7 1 . 4 3 8 7 1 . 6 4 3 6 I . 7 9 0 6 I . 6 4 5 6 I . 0 8 4 5 1 . 4 8 9 0  1 . 4 8 0 3
I . 6 8 8 3 1 . 3 0 1 1 1 . 5 2 2 5 I . 2 7 2 6 1 . 0 8 6 9 I  . 0 5 4 7 1 . 2 8 6 9 I . 3 0 0 2 I . 3 1 5 7 1 . 3 3 2 2 1 . 3 0 7 3

A t h a l i a n a 4 1 . 8 5 4 6 ; 2 . 0 3 2 1 I . 9740I 1 . 8 0 8 5 I 1 . 9 2 7 9 I 1 . 7 3 5 4 1 . 8 0 4 0 ' 1 . 9 2 3 5 1 . 8 6 9 4 I . 9 1 2 7
I . 8 9 6 2 0 . 1 8 6 6 1 . 4 3 6 3 1 . 3 5 7 7 1 . 4 2 2 2 0 . 0 0 0 0 1 . 4 3 9 7 1 . 4 2 2 2 1 . 3 5 8 7 1 . 3 2 1 9 0 . 0 8 9 7  0 . 4 3 0 7
1 . 4 3 7 5 1 . 4 2 5 6 I . 4 4 8 0 1 . 4 5 2 7 0 . 0 9 0 9 0 . 0 9 0 9 1 . 2 5 9 9 I . 9 7 5 5 1 . 3 2 9 4 1 . 0 1 7 1 1 . 0 0 7 9  1 . 1 3 1 1
1 . 5 1 2 8 1 . 0 5 1 5 1 . 0 3 8 7 0 . 8 7 9 9 1 . 1 8 5 6 1 . 2 5 6 2 0 . 9 5 2 1 0 . 7 3 6 5 0 . 7 2 6 9 0 . 7 2 0 0 0 . 8 6 5 1

A t h a l i a n a S  1 . 6 6 2 1  1 . 7 3 6 3 I 1 . 7 6 5 5  1 . 6 3 2 3 . 1 . 7 7 0 C I 1 . 6 1 1 6 : 1 . 6 6 6 6 : 1 . 6 7 6 4 1 . 7 8 6 2 1 . 6 9 7 3
0 . 6 2 5 3 1 . 4 7 7 9 0 . 6 3 2 2 0 . 7 7 9 8 0 . 1 1 3 2 1 . 4 3 9 7 0 . 0 0 0 0 0 . 1 1 3 2 0 . 6 1 8 5 0 . 3 1 7 6 1 . 4 8 1 1  1 . 9 7 9 8
0 . 6 3 0 8 0 . 6 2 6 3 0 . 6 4 6 0 0 . 6 3 3 5 I . 5 1 3 0 I . 5 1 3 0 1 . 6 7 4 6 I . 7 6 2 2 I . 6 6 9 5 1 . 1 0 3 2 1 . 5 1 8 2  1 . 4 6 6 0
1 . 7 1 8 2 1 . 3 2 3 9 1 . 5 1 2 8 1 . 2 4 2 6 I . 0 9 4 5 1 . 0 8 6 1 I . 2 9 9 3 I . 2 9 1 7 I . 2 9 9 6 1 . 3 9 9 3 I . 4 4 4 3
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A t h a l i a n a S  
0 . 6 0 3 0  I .  
0 . 6 3 2 9  
I . 6 8 8 3  

C h i c k p e a  
I . 0 3 0 4  
0 . 0 7 1 6  
1 . 7 7 4 0  

C . I i n e a t a

1 . 7 1 3 8  
4 0 3 0  0

0 . 6 2 8 5  0
1 . 3 0 1 1  I

1 . 8 1 7 9  1 . 9 6 1 2
1 . 5 0 9 0  0 . 4 4 6 2  0
0 . 0 6 3 2  0 . 0 8 2 3  0
1 . 4 2 5 3  1 . 5 1 6 1  I

1 . 5 8 4 3  1 . 7 7 4 2

1 . 6 9 8 6  1 . 7 6 4 0  1 . 6 8 4 0
6 1 1 7  0 . 7 6 4 3  0 . 0 0 0 0  I .
6 4 3 6  0 . 6 2 0 1  1 . 4 3 8 7  I .
5 2 2 5  1 . 2 7 2 6  1 . 0 8 6 9  I .

2 . 0 3 8 3  1 . 7 4 9 7
5 9 4 8  0 . 5 9 7 5  I .
0 6 4 4  1 . 4 0 7 9  I .
3 1 0 4  1 . 2 4 4 7  I .
1 . 8 8 1 5  1 . 5 4 4 3

1 . 7 5 2 5  1 . 6 6 2 9  1 . 6 7 6 5  1 . 6 3 8 8
4 2 2 2  0 . 1 1 3 2  0 . 0 0 0 0  0 . 5 9 7 5  0.
4 3 8 7  1 . 6 4 3 6  1 . 7 9 0 6  1 . 6 4 5 6  I ,
0 5 4 7  1 . 2 8 6 9  1 . 3 0 0 2  1 . 3 1 5 7  I ,
2 . 0 3 2 2  1 . 7 8 3 3  1 . 7 8 3 1  1 . 9 4 3 9
3 5 8 7  0 . 6 1 8 5  0 . 5 9 7 5  0 . 0 0 0 0  0,
4 0 7 9  1 . 4 9 4 8  2 . 0 8 4 7  1 . 5 3 6 4  I .
2 4 5 5  1 . 3 2 5 9  1 . 4 5 1 0  1 . 5 7 4 4  I .
1 . 7 7 3 2  1 . 5 5 4 5  1 . 5 8 8 5  1 . 6 4 8 5

1 . 7 4 9 3  1 . 6 6 0 1
2 8 3 7  1 . 3 9 6 2  1 . 9 4 7 2
0 8 4 5  1 . 4 8 9 0  1 . 4 8 0 3
3 3 2 2  1 . 3 0 7 3
2 . 0 7 1 3  1 . 9 2 2 4
5 0 7 1  1 . 3 9 1 3  1 . 8 7 4 9
2 3 4 3  1 . 3 7 1 4  1 . 3 6 1 5
4 4 3 0  1 . 3 1 3 0
1 . 7 6 7 2  1 . 6 3 3 1

0 . 4 8 0 4 1 . 4 0 5 8 0 . 5 6 8 3 0 . 6 7 9 2 0 . 2 8 3 7 1 . 3 2 1 9 0 . 3 1 7 6 0 . 2 8 3 7 0 . 5 0 7 1 0 . 0 0 0 0 1 . 2 8 2 7  1 . 7 6 8 1
0 . 5 5 3 6 0 . 5 5 1 8 0 . 5 6 8 0 0 . 5 4 7 3 1 . 3 1 3 4 1 . 3 1 3 4 1 . 5 3 9 1 I . 9 8 5 2 I . 5 0 6 6 1 . 0 3 8 2 1 . 3 4 6 9  1 . 3 2 7 8
1 . 7 4 2 4 I . 3 5 8 0 1 . 3 9 8 0 1 . 2 6 7 7 1 . 1 6 1 1 1 . 1 5 1 5 I . 2 8 4 6 1 . 3 8 8 4 1 . 3 6 0 1 1 . 3 9 9 5 I . 3 0 1 3

G.  ma x 1 . 8 3 6 7 2 . 0 1 4 7 I . 9 1 7 3 I . 8 3 6 3 1 . 9 1 0 9 I . 7 6 1 1 I . 8 3 2 0 I . 9 0 6 5 I . 8 5 2 9 1 . 8 9 5 8
1 . 8 0 4 2 0 . 1 5 7 6 1 . 3 9 8 4 1 . 3 8 3 5 1 . 3 9 6 2 0 . 0 8 9 7 1 . 4 8 1 1 1 . 3 9 6 2 1 . 3 9 1 3 1 . 2 8 2 7 0 . 0 0 0 0  0 . 4 0 5 0
1 . 5 0 3 7 1 . 4 9 1 6 1 . 5 2 5 2 1 . 4 9 6 5 0 . 0 6 6 8 0 . 0 6 6 8 I . 2 2 1 4 I . 8 8 7 3 1 . 3 1 1 3 0 . 9 8 3 9 0 . 9 8 5 6  1 . 1 2 0 6
1 . 4 6 9 6 1 . 0 1 1 2 1 . 0 1 0 6 0 . 9 0 0 8 1 . 2 7 0 5 1 . 3 0 6 2 0 . 9 3 2 6 0 . 7 6 4 3 0 . 7 2 2 9 0 . 7 6 6 9 0 . 8 4 3 6

M e d i c a g o  I 2 . 5 3 2 9 2 . 8 4 5 0 2 . 8 0 6 7 2 . 4 1 7 3 2 . 6 8 6 3 2 . 4 2 6 9 2 . 5 3 2 6 2 . 7 8 3 3 2 . 6 5 7 8 2 . 7 4 4 5
2 . 4 7 7 4 0 . 5 9 5 5 1 . 8 9 9 9 I . 8 7 7 8 1 . 9 4 7 2 0 . 4 3 0 7 1 . 9 7 9 8 I . 9 4 7 2 1 . 8 7 4 9 I . 7 6 8 1 0 . 4 0 5 0  0 . 0 0 0 0
1 . 9 5 5 8 1 . 9 3 9 6 2 . 0 3 8 1 2 . 0 0 6 5 0 . 4 8 0 4 0 . 4 8 0 4 1 . 7 1 7 5 2 . 4 2 9 4 I . 8 3 3 3 1 . 4 8 3 4 1 . 3 8 9 8  1 . 5 4 4 2
2 . 2 1 5 7 1 . 4 6 6 9 1 . 4 3 5 6 1 . 3 4 5 2 1 . 7 3 3 1 1 . 8 0 5 0 1 . 3 6 9 7 1 . 2 8 9 9 1 . 2 7 3 2 1 . 2 1 0 2 1 . 4 2 6 5

P . s a t i v u m l 1 . 8 4 4 0 2 . 0 1 2 9 2 . 0 8 8 8 I . 7 7 5 6 2 . 0 9 1 3 1 . 8 0 9 3 I . 8 0 9 2 2 . 0 0 2 5 2 . 1 3 1 2 1 . 9 8 0 1
1 . 0 8 5 9 1 . 6 1 6 2 0 . 4 3 5 9 0 . 6 0 7 6 0 . 6 3 2 9 1 . 4 3 7 5 0 . 6 3 0 8 0 . 6 3 2 9 0 . 0 7 1 6 0 . 5 5 3 6 1 . 5 0 3 7  1 . 9 5 5 8
0 . 0 0 0 0 0 . 0 0 7 7 0 . 0 4 8 6 0 . 0 3 9 7 1 . 5 2 0 4 1 . 5 2 0 4 1 . 6 0 5 5 2 . 0 8 8 7 I . 6 1 3 7 1 . 2 8 7 1 1 . 4 4 7 2  1 . 3 9 9 5
1 . 7 5 7 9 1 . 4 4 2 7 1 . 5 9 3 9 1 . 3 5 7 9 1 . 3 0 7 5 1 . 3 1 3 1 I . 3 3 0 1 1 . 4 8 2 7 I . 5 7 8 7 1 . 4 1 0 6 I . 3 8 5 3

P . s a t i v u m 2 I . 8 4 0 0 2 . 0 1 6 0 2 . 0 9 1 9 1 . 7 7 1 7 2 . 0 8 6 9 I . 8 0 5 3 1 . 8 0 5 2 I . 9 9 8 3 2 . 1 2 6 9 I . 9 7 5 9
1 . 0 8 3 1 I . 6 1 6 2 0 . 4 3 1 2 0 . 6 0 1 5 0 . 6 2 8 5 1 . 4 2 5 6 0 . 6 2 6 3 0 . 6 2 8 5 0 . 0 6 3 2 0 . 5 5 1 8 1 . 4 9 1 6  1 . 9 3 9 6
0 . 0 0 7 7 0 . 0 0 0 0 0 . 0 5 6 8 0 . 0 4 7 7 1 . 5 0 8 2 1 . 5 0 8 2 1 . 5 9 1 0 2 . 1 2 4 0 I . 6 0 0 3 1 . 2 7 6 6 1 . 4 3 5 1  1 . 3 8 7 9
I . 7 6 0 5 1 . 4 3 0 8 1 . 5 8 0 8 I  . 3 4 6 8 1 . 2 9 6 2 I . 3 0 1 7 I . 3 1 9 2 1 . 4 7 0 6 1 . 5 6 5 9 1 . 4 1 9 4 1 . 3 9 3 9

L e n s  I I . 8 0 4 3 2 . 0 2 2 3 2 . 0 6 8 0 1 . 7 3 6 5 2 . 1 0 1 0 I . 7 7 0 0 1 . 7 6 9 7 2 . 0 1 1 8 2 . 1 4 0 7 1 . 9 8 9 2
I .  0 7 1 0 1 . 6 4 1 4 0 . 4 6 5 9 0 . 6 4 9 5 0 . 6 4 3 6 I . 4 4 8 0 0 . 6 4 6 0 0 . 6 4 3 6 0 . 0 8 2 3 0 . 5 6 8 0 1 . 5 2 5 2  2 . 0 3 8 1
0 . 0 4 8 6 0 . 0 5 6 8 0 . 0 0 0 0 0 . 0 1 5 9 1 . 5 4 2 2 1 . 5 4 2 2 1 . 6 5 3 0 2 . 0 6 6 2 1 . 7 3 4 9 1 . 3 3 9 1 1 . 4 7 3 3  1 . 4 2 2 9
1 . 7 6 9 4 1 . 4 4 8 9 1 . 6 1 6 1 1 . 3 9 5 2 1 . 3 4 2 3 1 . 3 4 4 0 I . 4 2 9 4 1 . 4 9 0 7 1 . 6 5 5 4 1 . 5 1 2 6 1 . 4 4 0 4

L e n s  2 I . 8 0 5 1 2 . 0 4 7 4 2 . 0 9 3 0 I 1 . 7 3 8 4 2 . 1 2 6 5 1 . 7 7 1 3 I . 7 7 1 0 2 . 0 3 6 9 2 . 1 6 5 9 2 . 0 1 3 9
I . 0 9 0 5 1 . 6 0 6 8 0 . 4 5 8 0 0 . 6 4 4 6 0 . 6 2 0 1 1 . 4 5 2 7 0 . 6 3 3 5 0 . 6 2 0 1 0 . 0 6 4 4 0 . 5 4 7 3 1 . 4 9 6 5  2 . 0 0 6 5
0 . 0 3 9 7 0 . 0 4 7 7 0 . 0 1 5 9 0 . 0 0 0 0 1 . 5 1 2 9 1 . 5 1 2 9 I . 6 0 0 8 2 . 1 0 0 2 I . 6 4 5 4 1 . 3 5 3 1 1 . 4 4 5 8  1 . 3 9 8 0
1 . 7 6 8 0 1 . 4 5 3 7 1 . 5 8 1 7 1 . 4 0 0 9 1 . 3 4 1 2 1 . 3 4 2 8 1 . 3 9 7 3 1 . 5 1 1 4 I . 6 0 8 6 1 . 4 9 6 1 1 . 4 1 9 4
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T . a e s t i v u m  1 . 8 3 9 1  2 . 0 0 4 9  1 . 9 5 9 2  1 . 7 9 3 2  I . 9 0 6 5  1 . 7 1 9 7  1 . 7 8 8 5  1 . 9 2 0 8  1 . 8 4 3 7  1 . 9 1 0 0
1 . 7 9 2 3 0 . 1 7 1 8 1 . 4 5 2 4 1 . 3 4 6 1 1 . 4 3 8 7 0 . 0 9 0 9 1 . 5 1 3 0 1 . 4 3 8 7 1 . 4 0 7 9 1 . 3 1 3 4 0 . 0 6 6 8  0 . 4 8 0 4
I . 5 2 0 4 1 . 5 0 8 2 1 . 5 4 2 2 1 . 5 1 2 9 0 . 0 0 0 0 0 . 0 0 0 0 1 . 2 7 0 8 1 . 9 6 4 2 1 . 3 5 4 8 0 . 9 9 4 8 0 . 9 8 0 2  1 . 0 8 4 3
1 . 5 6 5 7 I . 0 9 4 5 0 . 9 9 2 8 0 . 9 3 6 5 I . 2 6 9 0 I . 3 3 0 8 0 . 9 9 7 4 0 . 7 9 4 1 0 . 7 5 1 3 0 . 7 5 7 6 0 . 8 9 6 9

H . v u l g a r e 2  1 . 8 3 9 1 2 . 0 0 4 9 I . 9 5 9 2 I . 7 9 3 2 I . 9 0 6 5 I . 7 1 9 7 1 . 7 8 8 5 I . 9 2 0 8 I . 8 4 3 7 1 . 9 1 0 0
I . 7 9 2 3 0 . 1 7 1 8 1 . 4 5 2 4 1 . 3 4 6 1 1 . 4 3 8 7 0 . 0 9 0 9 1 . 5 1 3 0 1 . 4 3 8 7 1 . 4 0 7 9 1 . 3 1 3 4 0 . 0 6 6 8  0 . 4 8 0 4
1 . 5 2 0 4 I . 5 0 8 2 1 . 5 4 2 2 1 . 5 1 2 9 0 . 0 0 0 0 0 . 0 0 0 0 I . 2 7 0 8 1 . 9 6 4 2 1 . 3 5 4 8 0 . 9 9 4 8 0 . 9 8 0 2  1 . 0 8 4 3
I . 5 6 5 7 1 . 0 9 4 5 0 . 9 9 2 8 0 . 9 3 6 5 1 . 2 6 9 0 1 . 3 3 0 8 0 . 9 9 7 4 0 . 7 9 4 1 0 . 7 5 1 3 0 . 7 5 7 6 0 . 8 9 6 9

P . a n g u s t a  1 . 6 6 3 7 1 . 9 8 2 7 1 . 9 4 6 5 I . 7 1 9 4 1 . 9 1 7 1 1 . 6 9 9 7 1 . 6 8 0 2 I . 9 1 6 6 1 . 9 9 8 6 1 . 9 4 0 9
1 . 7 7 5 8 I . 3 9 9 2 1 . 4 7 2 9 1 . 5 4 6 9 1 . 6 4 3 6 1 . 2 5 9 9 1 . 6 7 4 6 I . 6 4 3 6 1 . 4 9 4 8 I . 5 3 9 1 1 . 2 2 1 4  1 . 7 1 7 5
I . 6 0 5 5 1 . 5 9 1 0 1 . 6 5 3 0 1 . 6 0 0 8 I . 2 7 0 8 1 . 2 7 0 8 0 . 0 0 0 0 2 . 1 6 5 5 0 . 2 3 2 2 0 . 9 9 6 0 0 . 4 5 9 9  0 . 7 1 6 3
1 . 5 5 7 5 0 . 9 5 6 7 0 . 7 3 1 1 0 . 9 2 8 0 I . 5 2 9 2 1 . 5 5 9 1 I . 2 5 2 3 I . 0 8 3 4 1 . 1 6 3 0 1 . 3 0 2 4 1 . 3 1 8 6

P . p a s t o r i s  1 . 1 7 2 1 1 . 3 8 9 2 1 . 3 4 7 2 1 . 2 0 7 7 1 . 3 3 2 3 1 . 2 1 9 4 I . 1 9 2 2 1 . 2 7 8 0 1 . 2 2 5 7 I . 2 6 6 9
2 . 1 3 7 7 I . 9 5 9 0 1 . 8 5 3 9 1 . 9 9 3 9 I . 7 9 0 6 1 . 9 7 5 5 1 . 7 6 2 2 I . 7 9 0 6 2 . 0 8 4 7 I . 9 8 5 2 1 . 8 8 7 3  2 . 4 2 9 4
2 . 0 8 8 7 2 . 1 2 4 0 2 . 0 6 6 2 2 . 1 0 0 2 I . 9 6 4 2 1 . 9 6 4 2 2 . 1 6 5 5 0 . 0 0 0 0 2 . 4 3 4 3 I . 7 8 1 4 2 . 0 6 3 1  1 . 9 1 8 5
2 . 4 5 2 8 I . 9 4 4 7 1 . 8 2 2 2 1 . 8 9 1 0 2 . 0 9 1 3 2 . 0 5 9 3 1 . 8 8 2 9 1 . 6 1 9 3 1 . 8 0 1 9 I . 6 4 6 9 2 . 0 5 7 2

C a n d i d a  I I . 8 6 0 3 2 . 2 3 4 6 2 . 1 1 8 0 I . 9 2 8 6 2 . 0 8 2 5 I . 9 0 4 8 I . 8 8 1 1 2 . 0 9 0 3 2 . 2 0 0 4 2 . 1 1 6 0
1 . 8 1 8 8 1 . 5 2 6 9 1 . 4 2 8 8 1 . 6 6 6 7 1 . 6 4 5 6 1 . 3 2 9 4 1 . 6 6 9 5 I . 6 4 5 6 1 . 5 3 6 4 I . 5 0 6 6 1 . 3 1 1 3  1 . 8 3 3 3
1 . 6 1 3 7 1 . 6 0 0 3 1 . 7 3 4 9 I . 6 4 5 4 1 . 3 5 4 8 I . 3 5 4 8 0 . 2 3 2 2 2 . 4 3 4 3 0 . 0 0 0 0 I . 0 0 9 5 0 . 5 0 0 0  0 . 7 1 2 3
1 . 7 4 0 1 I . 0 3 7 4 0 . 8 3 7 1 I . 0 2 9 1 1 . 5 5 7 5 1 . 6 1 9 5 1 . 2 7 5 3 I . 1 1 8 8 I . 1 6 7 3 1 . 4 0 0 7 I . 3 3 2 0

C a n d i d a  2 1 . 6 0 7 4 1 . 6 7 4 3 I . 7 1 4 1 1 . 5 8 3 4 1 . 5 6 3 6 I . 6 1 6 8 1 . 5 8 1 7 I . 5 9 4 1 1 . 6 2 3 2 I . 6 1 5 6
1 . 5 2 6 1 1 . 1 0 8 3 I . 0 2 4 2 I . 1 9 1 3 I . 0 8 4 5 I . 0 1 7 1 1 . 1 0 3 2 I . 0 8 4 5 1 . 2 3 4 3 1 . 0 3 8 2 0 . 9 8 3 9  1 . 4 8 3 4
I . 2 8 7 1 I . 2 7 6 6 1 . 3 3 9 1 1 . 3 5 3 1 0 . 9 9 4 8 0 . 9 9 4 8 0 . 9 9 6 0 I . 7 8 1 4 1 . 0 0 9 5 0 . 0 0 0 0 0 . 8 8 0 8  0 . 9 5 7 8
1 . 1 5 6 9 0 . 6 6 1 0 0 . 9 6 2 4 0 . 5 5 6 6 0 . 9 8 6 1 1 . 0 3 8 3 1 . 0 7 5 9 I . 0 0 8 1 0 . 9 0 5 8 I . 0 1 2 8 1 . 2 0 7 7

S . p o mb e I  1 . 5 0 4 8 1 . 9 2 3 3 I . 8 4 4 1 1 . 5 5 4 1 1 . 8 1 3 3 1 . 5 2 7 6 1 . 5 0 9 9 1 . 8 8 7 5 1 . 8 8 5 6 I . 8 6 8 0
I . 6 9 8 7 I . 1 5 3 2 1 . 3 7 1 0 1 . 4 3 1 6 1 . 4 8 9 0 1 . 0 0 7 9 I . 5 1 8 2 1 . 4 8 9 0 1 . 3 7 1 4 1 . 3 4 6 9 0 . 9 8 5 6  1 . 3 8 9 8
1 . 4 4 7 2 1 . 4 3 5 1 1 . 4 7 3 3 1 . 4 4 5 8 0 . 9 8 0 2 0 . 9 8 0 2 0 . 4 5 9 9 2 . 0 6 3 1 0 . 5 0 0 0 0 . 8 8 0 8 0 . 0 0 0 0  0 . 3 4 4 2
1 . 4 4 2 9 0 . 9 1 3 0 0 . 6 6 7 7 0 . 8 8 1 4 I . 3 0 8 0 1 . 3 4 1 7 0 . 9 9 4 3 0 . 8 8 8 8 0 . 9 5 0 1 I . 0 4 5 9 1 . 1 6 2 5

S . p o mb e 2 1 . 6 0 2 4 2 . 0 2 8 8 I  2 . 0 2 4 2 : 1 . 6 2 4 6 : 1 . 9 4 9 9 1 . 6 2 9 4 1 . 6 3 4 9 1 1 . 9 2 6 9 ' 1 . 9 9 8 6 1 . 8 9 7 6
1 . 7 0 3 2 I . 2 0 1 7 I . 2 6 3 8 1 . 4 2 4 3 1 . 4 8 0 3 1 . 1 3 1 1 1 . 4 6 6 0 1 . 4 8 0 3 1 . 3 6 1 5 1 . 3 2 7 8 1 . 1 2 0 6  1 . 5 4 4 2
1 . 3 9 9 5 1 . 3 8 7 9 1 . 4 2 2 9 1 . 3 9 8 0 I . 0 8 4 3 1 . 0 8 4 3 0 . 7 1 6 3 1 . 9 1 8 5 0 . 7 1 2 3 0 . 9 5 7 8 0 . 3 4 4 2  0 . 0 0 0 0
I . 6 9 3 1 I . 0 6 8 8 0 . 8 4 6 3 0 . 9 3 0 9 1 . 3 0 0 5 I . 4 1 1 6 1 . 1 9 4 4 1 . 1 4 0 7 1 . 1 2 5 1 I . 1 4 1 7 1 . 3 6 2 5

A.  n i g e r I  2 . 1 2 8 2 I 2 . 2 1 6 3 I 2 . 2 3 1 7  2 . 0 5 2 4 2 . 3 5 4 6 ; 2 . 0 7 5 3 2 . 0 4 8 0 I 2 . 3 2 2 0 I 2 . 3 5 5 1 2 . 3 4 9 0
2 . 4 3 9 3 1 . 5 7 4 6 I . 7 4 1 0 I . 7 7 0 7 I . 6 8 8 3 I . 5 1 2 8 1 . 7 1 8 2 1 . 6 8 8 3 1 . 7 7 4 0 I . 7 4 2 4 1 . 4 6 9 6  2 . 2 1 5 7
1 . 7 5 7 9 1 . 7 6 0 5 I . 7 6 9 4 1 . 7 6 8 0 1 . 5 6 5 7 1 . 5 6 5 7 1 . 5 5 7 5 2 . 4 5 2 8 I  . 7 4 0 1 I . 1 5 6 9 1 . 4 4 2 9  1 . 6 9 3 1
0 . 0 0 0 0 0 . 3 8 5 6 1 . 5 1 7 2 I . 0 6 5 2 I . 7 8 0 1 1 . 8 4 3 2 1 . 9 4 9 1 I . 6 2 1 6 I . 5 3 5 9 1 . 5 9 4 5 1 . 8 1 5 5

214



r

A.  n i g e r  2 1 . 7 2 5 8 1 . 6 8 3 6 I . 8 1 5 1 1 . 6 3 1 0  1 . 8 3 4 8 1 . 6 5 7 1 I . 6 6 0 1 I . 7 4 9 0 1 . 8 1 0 2 1 . 7 9 6 7
1 . 8 1 7 1 1 . 1 2 1 2 I . 2 5 1 6 1 . 3 1 7 1 1 . 3 0 1 1  1 . 0 5 1 5 1 . 3 2 3 9 1 . 3 0 1 1 I . 4 2 5 3 1 . 3 5 8 0 1 . 0 1 1 2  1 . 4 6 6 9
1 . 4 4 2 7 1 . 4 3 0 8 1 . 4 4 8 9 1 . 4 5 3 7 1 . 0 9 4 5  1 . 0 9 4 5 0 . 9 5 6 7 1 . 9 4 4 7 1 . 0 3 7 4 0 . 6 6 1 0 0 . 9 1 3 0  1 . 0 6 8 8
O. 3 8 5 6 0 . 0 0 0 0 0 . 9 3 3 6 0 . 6 3 4 1 1 . 1 7 8 5  1 . 2 1 3 4 1 . 0 7 6 8 1 . 0 6 6 1 1 . 0 3 7 9 I  . 1 5 8 6 1 . 2 8 4 0

A f u m i g a t u s I . 7 6 5 3 2 . 1 0 4 0 I . 9 3 7 8 1 . 7 4 9 0  2 . 0 0 9 5 I . 7 4 5 9 I . 7 3 4 9 2 . 0 5 4 2 2 . 0 5 3 7 2 . 0 4 5 4
1 . 8 5 7 0 1 . 0 8 0 9 1 . 3 5 9 1 1 . 4 5 4 9 1 . 5 2 2 5  1 . 0 3 8 7 I . 5 1 2 8 I . 5 2 2 5 1 . 5 1 6 1 I . 3 9 8 0 1 . 0 1 0 6  1 . 4 3 5 6
1 . 5 9 3 9 1 . 5 8 0 8 1 . 6 1 6 1 1 . 5 8 1 7 0 . 9 9 2 8  0 . 9 9 2 8 0 . 7 3 1 1 I . 8 2 2 2 0 . 8 3 7 1 0 . 9 6 2 4 0 . 6 6 7 7  0 . 8 4 6 3
1 . 5 1 7 2 0 . 9 3 3 6 0 . 0 0 0 0 0 . 7 8 0 1 1 . 2 8 9 7  1 . 3 2 7 3 I . 2 8 6 8 0 . 9 3 1 0 0 . 9 0 8 4 I . 0 7 3 0 1 . 3 9 1 0

f u m i g a t u s 2 I . 7 8 4 8 2 . 0 2 9 8 I . 8 5 9 1 1 . 6 9 7 0  1 . 9 4 1 4 1 . 6 9 3 5 I . 6 6 7 7 I . 9 7 8 0 I . 9 3 2 9 2 . 0 0 0 8
1 . 7 4 8 2 I . 0 6 6 1 I . 2 0 9 4 1 . 3 8 4 1 1 . 2 7 2 6  0 . 8 7 9 9 1 . 2 4 2 6 1 . 2 7 2 6 1 . 3 1 0 4 1 . 2 6 7 7 0 . 9 0 0 8  1 . 3 4 5 2
1 . 3 5 7 9 1 . 3 4 6 8 1 . 3 9 5 2 1 . 4 0 0 9 0 . 9 3 6 5  0 . 9 3 6 5 0 . 9 2 8 0 I . 8 9 1 0 I . 0 2 9 1 0 . 5 5 6 6 0 . 8 8 1 4  0 . 9 3 0 9
I . 0 6 5 2 0 . 6 3 4 1 0 . 7 8 0 1 0 . 0 0 0 0 1 . 0 8 5 2  1 . 0 9 5 6 I . 0 9 6 1 0 . 9 1 7 6 0 . 8 6 2 3 0 . 9 9 7 9 1 . 1 6 9 3

E . c o l i 1 . 4 1 8 6 1 . 4 6 1 1 I . 3 7 6 0 1 . 3 8 9 5  1 . 4 5 4 7 1 . 4 2 3 5 1 . 3 7 5 7 1 . 4 1 8 4 I . 5 2 5 0 I . 4 6 0 0
1 . 5 4 0 4 1 . 2 9 7 6 1 . 0 8 4 7 I . 1 8 7 9 1 . 0 8 6 9  1 . 1 8 5 6 1 . 0 9 4 5 I . 0 8 6 9 I . 2 4 4 7 I . 1 6 1 1 1 . 2 7 0 5  1 . 7 3 3 1
1 . 3 0 7 5 1 . 2 9 6 2 I . 3 4 2 3 I . 3 4 1 2 1 . 2 6 9 0  1 . 2 6 9 0 1 . 5 2 9 2 2 . 0 9 1 3 I . 5 5 7 5 0 . 9 8 6 1 1 . 3 0 8 0  1 . 3 0 0 5
1 . 7 8 0 1 I . 1 7 8 5 1 . 2 8 9 7 I . 0 8 5 2 0 . 0 0 0 0  0 . 0 6 9 4 I . 3 0 7 8 1 . 1 0 8 8 I . 1 1 9 7 I . 1 5 5 2 1 . 2 3 1 7

K a e r o g e n e s 1 . 4 5 9 3 1 . 4 9 5 6 1 . 4 0 9 3 1 . 4 1 5 3  1 . 4 8 9 0 I . 4 4 9 7 1 . 4 0 1 5 1 . 4 5 1 2 I . 5 6 0 5 1 . 4 9 3 9
1 . 4 9 3 4 1 . 3 6 8 6 I . 0 8 8 3 I . 1 9 9 1 1 . 0 5 4 7  1 . 2 5 6 2 1 , 0 8 6 1 I . 0 5 4 7 1 . 2 4 5 5 1 . 1 5 1 5 1 . 3 0 6 2  1 . 8 0 5 0
1 . 3 1 3 1 1 . 3 0 1 7 I . 3 4 4 0 1 . 3 4 2 8 1 . 3 3 0 8  1 . 3 3 0 8 I . 5 5 9 1 2 . 0 5 9 3 1 . 6 1 9 5 I . 0 3 8 3 1 . 3 4 1 7  1 . 4 1 1 6
1 . 8 4 3 2 1 . 2 1 3 4 1 . 3 2 7 3 1 . 0 9 5 6 0 . 0 6 9 4  0 . 0 0 0 0 1 . 3 0 5 4 I . 1 0 6 3 1 . 1 4 9 3 I . 2 0 4 9 1 . 2 2 9 7

M. l o t i 1 . 7 3 7 0 1 . 7 0 3 7 ' 1 . 6 0 0 1 1 . 5 9 7 2  1 . 7 4 3 8 1 . 5 7 1 2 I . 6 7 0 1 1 . 6 2 2 9 I . 6 7 0 7 1 . 6 5 9 8
1 . 8 2 3 3 1 . 1 1 8 9 I . 3 9 8 0 1 . 3 7 3 6 1 . 2 8 6 9  0 . 9 5 2 1 I . 2 9 9 3 I . 2 8 6 9 1 . 3 2 5 9 1 . 2 8 4 6 0 . 9 3 2 6  1 . 3 6 9 7
1 . 3 3 0 1 I . 3 1 9 2 1 . 4 2 9 4 1 . 3 9 7 3 0 . 9 9 7 4  0 . 9 9 7 4 1 . 2 5 2 3 I . 8 8 2 9 1 . 2 7 5 3 I . 0 7 5 9 0 . 9 9 4 3  1 . 1 9 4 4
1 . 9 4 9 1 1 . 0 7 6 8 I . 2 8 6 8 I . 0 9 6 1 1 . 3 0 7 8  1 . 3 0 5 4 0 . 0 0 0 0 0 . 7 3 9 2 0 . 8 3 8 0 0 . 9 0 0 2 0 . 8 8 0 0

AGAO I I . 6 0 1 5 I 1 . 6 3 3 2 I 1 . 6 2 3 8 I 1 . 5 8 9 8  1 . 5 9 3 9 1 . 5 6 4 3 I . 6 4 9 1 1 . 6 0 2 4 1 . 5 6 8 2 I . 6 6 2 0
1 . 9 1 1 5 0 . 8 5 8 5 1 . 4 1 4 3 1 . 4 3 7 9 1 . 3 0 0 2  0 . 7 3 6 5 1 . 2 9 1 7 1 . 3 0 0 2 1 . 4 5 1 0 1 . 3 8 8 4 0 . 7 6 4 3  1 . 2 8 9 9
1 . 4 8 2 7 1 . 4 7 0 6 1 . 4 9 0 7 I . 5 1 1 4 0 . 7 9 4 1  0 . 7 9 4 1 I . 0 8 3 4 1 . 6 1 9 3 1 . 1 1 8 8 I . 0 0 8 1 0 . 8 8 8 8  1 . 1 4 0 7
I . 6 2 1 6 1 . 0 6 6 1 0 . 9 3 1 0 0 . 9 1 7 6 1 . 1 0 8 8  1 . 1 0 6 3 0 . 7 3 9 2 0 . 0 0 0 0 0 . 3 3 7 0 O'. 7 0 5 5 0 . 8 7 2 0

AGAO 2 I . 7 6 0 4 1 . 8 9 8 2 : 1 . 8 3 1 4 1 . 6 2 8 3  1 . 8 9 0 4 1 . 6 0 1 9 I 1 . 6 3 9 1 1 . 8 5 7 1 1 . 7 7 6 4 I . 8 5 6 0
2 . 0 8 2 0 0 . 7 8 8 4 I . 5 1 3 7 I  . 5 9 7 8 1 . 3 1 5 7  0 . 7 2 6 9 1 . 2 9 9 6 1 . 3 1 5 7 1 . 5 7 4 4 1 . 3 6 0 1 0 . 7 2 2 9  1 . 2 7 3 2
1 . 5 7 8 7 1 . 5 6 5 9 1 . 6 5 5 4 1 . 6 0 8 6 0 . 7 5 1 3  0 . 7 5 1 3 1 . 1 6 3 0 1 . 8 0 1 9 I . 1 6 7 3 0 . 9 0 5 8 0 . 9 5 0 1  1 . 1 2 5 1
1 . 5 3 5 9 I . 0 3 7 9 0 . 9 0 8 4 0 . 8 6 2 3 1 . 1 1 9 7  1 . 1 4 9 3 0 . 8 3 8 0 0 . 3 3 7 0 0 . 0 0 0 0 0 . 8 7 4 7 0 . 9 9 7 9

A . S t r a i n P l  1 . 7 7 6 2 I 1 . 9 5 7 2 ! 1 . 7 9 0 9  1 . 7 4 0 2  1 . 9 2 3 1 1 . 7 3 8 C I 1 . 7 4 2 8 I 1 . 9 0 9 0 I 1 . 8 4 5 5 1 . 9 1 6 8
1 . 9 9 9 3 0 . 8 0 7 5 1 . 3 6 9 9 1 . 4 6 8 0 1 . 3 3 2 2  0 . 7 2 0 0 1 . 3 9 9 3 1 . 3 3 2 2 1 . 4 4 3 0 1 . 3 9 9 5 0 . 7 6 6 9  1 . 2 1 0 2
1 . 4 1 0 6 1 . 4 1 9 4 I . 5 1 2 6 1 . 4 9 6 1 0 . 7 5 7 6  0 . 7 5 7 6 1 . 3 0 2 4 I . 6 4 6 9 1 . 4 0 0 7 I . 0 1 2 8 1 . 0 4 5 9  1 . 1 4 1 7
1 . 5 9 4 5 1 . 1 5 8 6 I . 0 7 3 0 0 . 9 9 7 9 1 . 1 5 5 2  1 . 2 0 4 9  ' 0 . 9 0 0 2 0 . 7 0 5 5 0 . 8 7 4 7 0 . 0 0 0 0 0 . 8 1 2 7

215



S o l f o l o b u s  1 . 7 5 3 9  1 . 6 9 7 8  1 . 5 8 5 8  1 . 6 4 5 7  1 . 6 3 3 6  1 . 6 4 8 4  1 . 6 5 0 6  1 . 6 3 2 8  1 . 6 6 9 1  1 . 6 5 6 1
1 . 9 2 4 9 1 . 0 2 3 4 1 . 2 0 7 6 1 . 2 1 1 2 I . 3 0 7 3 0 . 8 6 5 1 1 . 4 4 4 3 1 . 3 0 7 3 1 . 3 1 3 0 I . 3 0 1 3 0 . 8 4 3 6 1 . 4 2 6 5
I . 3 8 5 3 1 . 3 9 3 9 1 . 4 4 0 4 1 . 4 1 9 4  - 0 . 8 9 6 9 0 . 8 9 6 9 1 . 3 1 8 6 2 . 0 5 7 2 1 . 3 3 2 0 1 . 2 0 7 7 1 . 1 6 2 5 1 . 3 6 2 5
1 . 8 1 5 5 1 . 2 8 4 0 I . 3 9 1 0 1 . 1 6 9 3 1 . 2 3 1 7 I . 2 2 9 7 0 . 8 8 0 0 0 . 8 7 2 0 0 . 9 9 7 9 0 . 8 1 2 7 0 . 0 0 0 0
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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 
U Search for best tree? Yes
P Power? 2.00000

Negative branch lengths allowed? No 
O Outgroup root? No, use as outgroup species I
L Lower-triangular data matrix? No
R Upper-triangular data matrix? No
S Subreplicates? No
G Global rearrangements? Yes
J Randomize input order o f species? YES 
M Analyze multiple data sets? No
0 Terminal type (IBM PC, ANSI, none)? (none)
1 Print out the data at start of run No
2 Print indications of progress o f ran' Yes
3 Print out tree Yes
4 Write out trees onto tree file? Yes

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 tree? Yes
P  JTT or PAM amino acid change model? Jones-Taylor-Thomton model 
C One category of sites? Yes
R Rate variation among sites? constant rate of change 
W Sites weighted? No
S Speedier but rougher analysis? No 
G Global rearrangements? Yes
J Randomize input order of sequences? Yes
0  Outgroup root? No, use as outgroup species I 
M Analyze multiple data sets? No
1 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 o f progress of ran Yes
3 Print out tree Yes
4 Write out trees onto tree file? Yes
5 Reconstmct hypothetical sequences? No

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



Phylogenetic Iree Generated bv a Distance Matrix Method P ic h ia  p a s to r i s

M e d ic a g o  t n w c a tu la  I

A r a b id o p s is  th a lia n a  4 
G ly c in e  m ax  
H o r d e u m  v u lg a r e  2  

T r it ic u m  a e s t iv u m  

S o la n u m  tu b e r o s u m

A r a b id o p s is  th a lia n a  4 
A r th r o b a c te r  strain Pl

S u l fo lo b u s  s o l fa ta r ic u s

M e s o r h iz o b iu m  lo ti

A s p e r g i l lu s  n ig e r  I 

A s p e r g i l lu s  n ig e r  2

H o m o  s a p ie n s  retina] SSAOb

M u s  m u s c u lu s  SSAO
H o m o  s a p ie n s  SSAO 

B o s  ta u r u s  liver BPAO 
B o s  ta u r u s  aorta SSAO 

B o s  ta u r u s  lung SSAO

R a ttu s  n o r v e g ic u s  DAO 
M u s  m u s c u lu s  DAO 

H o m o  s a p ie n s  DAO 
B o s  ta u ru s  DAO

A s p e r g i l lu s  J iim ig a tu s  2
C a n d id a  a lb ic a n s  2

S c h iz o s a c c h a r o m y e e s  p o m b e  I

S c h iz o s a c c h a r o m y c e s  p o m b e  2

P ic h ia  a n g u s ta

C a n d id a  a lb ic a n s

A r a b id o p s is  th a lia n a  2

A r a b id o p s is  th a lia n a  2

C ic e r  a r ie tin u m  

L e n s  c u h n a r is  I and 2 
P is u m  s a t iv u m  I and 2 

A r a b id o p s is  th a lia n a  5 
A r a b id o p s is  th a lia n a  6

L y c o p e r s ic o n  e s c u le n tu m

2
1

9



Pichui pastoris
Phylogenetic Tree bv a Maximum Likelihood Method

L y co p ersico n  e seu len tu m  len s  cuIitu iris I,
. L e n s  c u lim ir is  2

\  o'5l/ m  sa tiv u m  ’ J a  h e  U num  A ra h id o p sis  th a lia n a  2
\  P isu m  sa tiv u m  2 V  I

C a n a va lia
Iineaui

B os u iurus  aorta SSAO
B os Uiurus lung SSAO

/ —— Bos u iurus  liver BPAO

A ra h u lo p sis  th a lu m a  I

A ra h u lo p s is  th a lu m a  5

A ra h u lo p sis  th a lu m a  3, 
A ra h u lo p s is  th a lu m a  6

H o m o  sa p ien s  SSAO 

A/us m useu lus  SSAO

H o m o  sa p ie n s  retinal SSAO

B os u iurus  DAO
A/us m useu lus  DAO 

'  Buffus n o rveg ieus  DAO 

H o m o  sa p ien s  DAO

K le b s ie lla  a e ro g en es

E sch erieh u i e o li

C a n d id a  a lb ic a n s  2

A sp e ig il lu s  J u m ig a tu s  2
M ed icago  trunca tu la  IG lye in e  m ax

----------S o la n u m  tub ero su m
A ra b U lq is is  th a liana  4, 
T riticu m  aestivu m .
H o rd e u m  vu lg a re  2

A sp e ig il lu s  n ig er  2

S u lfo lo h u s  so lfau irieus

A sp e rg illu s  n ig e r  I A rth ro lk ie te r  strain Pl
A s/ierg illu s  Ju m ig a tu s  I

N. A r th ro h a e ter
N. g lo h ifo rm is  I

S c h to sa c c h a K n n y c e s  p o m h e  I

A r lh ro h a c tc r  
g lo h ifo rm is  2

M eso rh izo b iu m  lo ti

C a n d id a  a lb ica n s  I PichUi a n g u s ta
S e h izo sa eeh a ro m yces p o m h e  2
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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 algebraic equations, which invites the introduction o f significant human error and 

considerable consternation. I have utilized the Grdbner Bases package included in the 

symbolic algebra software package Maple 8 (Waterloo Maple, Inc). Note that “Grdbner” 

is often alternatively spelled as “Groebner11 and is spelled as “grobner” in Maple. 

Introductory information for the use o f Grdbner Bases can be found at

http://anstel.wins.uva.nl/~heck/AIHENP96/AIHENP96.html and in reference [254], and 

examples of use for biochemical kinetics can be found at

http://www.mapleapps.com/categories/science/biochemistry/html/Grobner.html.

Grdbner B ases is  a t echnique for s olving sy stems o f m ultivariablepolynomials 

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 o f equations of the type:

f \ ( X \ , X 2 , . . . ,  %,;) — O

Z i i x u X 2 , . . . , X n)  =  O

f m i x \ ,  X 2 , . . . ,  X /j)  O

where f \ , f 2, . . . , fn are polynomials in n 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 Grobner 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 substrate inhibition at two enzyme form and an additional

pathway for product formation
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Use of Grobner 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

kj
E + S : = ^  ES ------> E + P

L i

> r e s t a r t : w i t h ( g r o b n e r ) :
Rate equation for the formation (vO of the product P 
f l : = v = ( d i f f  ( P ( t )  , t ) = k [ 2 ]  *ES) : f  I  ;
>

v = U p ( t ) = *2£S

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

^  ES(Z) = E S -  ( ^  + ^

Equation for the total concentration of enzyme, Et 
> f 3 : = E t = E + E S : f 3 ;

Et = E + 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.
> e q l : = r h s ( r h s ( f I ) ) - v : 
e q 2 := r h s ( £ 2 ) :
e q 3 := r h s ( £ 3 ) - E t : e q l ; e q 2 ; e q 3 ;

k{E S  -  (k x + k^) ES 

E + E S - E t

Determine Groebner Bases
> B a s e s := g b a s i s ( [ e q l , e q 2 , e q 3 ]  , [ E , E S , v ]  , p l e x )  ;

Bases '.= [E k { + k2 E + kx E S  -  k } Et -  k2 Et, ES k_{ + k2 ES + ES /q S  -  k{ S Et,

-k2 kx S  Et + k ^ v  + k2v + ^  S  v]
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Solve for v
> e q 4 ; —s o l v e ( B a s e s [ 3 ] , v ) : e q 4 ;

£ j + iS

Define the maximal rate of reaction as Vmax = k2 * Et 
> e q 5 : = a l g s u b s ( k [ 2 ] * E t = V [ m a x j  , e q 4 )  : e q 5 ;

4  ^  ^
+ /ĉ  S'

Simplify by division of numerator and denominator by k l 
> e q 6 : = n u m e r ( e q 5 ) / k [ I ] : e q 6 /

> e q 7 := d e n o m ( e q 5 ) / k [ I ] : e q 7 ;
k^S + k   ̂+ A2

Combine rate constants into a single constant — the Michaelis constant, Km 
> e q 8 : = e x p a n d ( e q 7 ) : e q 8 ;

> e q 9  : = a l g s u b s  ( (k [ ™1 ] 4-k[ 2 ] )  / k  [ I ] = K [M] , e q 8 )  : e q 9 ;

Solve rate equation
Combine numerator and denominator terms to give the complete rate equation, which 
gives a common form of the Michaelis-Menten equation.
> e q l O := v = e q 6 / e q 9 : e q l O ;

v -
S E

Where:
. >  ' K [ m ] ' = ( k [ - 1 ] + k [ 2 ] ) / k [ 1 ] ;

>

K
m

A; + A2

Ai
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Rate Equation for a Simple Model o f Substrate Inhibition

A classical explanation of substrate 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 Kj given herein is not equivalent to Cleland’s Kj.

E + S
k.-i

h
ES ------> E + P
+
S

&-2 k2

ESS

where E is Enzyme; S is Substrate; ES is Enzyme-Substrate complex, ESS is Enzyme-

Substrate-Substrate complex, and P is reaction Product

> r e s t a r t :w i t h ( g r o b n e r ) :
Define the set of polynomials equal to zero.
Rate of formation for the product P 
> e q l := v - k [ 3 ] * E S : e q l ;

Rate of formation of ES
> e q 2 : = k [ I ] * E * S + k [ - 2 ] * E S S - ( k [ - 1 ] + k [ 3 ] + k [ 2 ] * S ) * E S : e q 2 ;

^  E  ^  ESS -  (&_, S) ES
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Rate o f formation of ESS
> e q 3 : = k [ 2 ] * E S * S - k [ - 2 ] * E S S : e g 3 ;

Equation for conservation of total enzyme
> e q 4 : = E t - E - E S - E S S : e q 4 ;

E t - E - E S - E S S

Determine Groebner Bases
> B a s e s : = g b a s i s ( [ e q l , e q 2 , e q 3 , e q 4 ] , [Er E S , E S S , v ] , p l e x ) ; 
Bases := [Ic2 S2 E  Icl + /c 2 E  Zq1 + Ie3 Ie1 E+ Ie2S E  Zq -  Zq1 Zq2 Et -  Ie3 Zq2 Et,

&2 ^  ES + ES ES A 2 + S ES A1 A2 -  A2 S A1 Er,

A2 S^ ESS A1 -  A2 S^ A1 E t + A1 A2 ESS + A2 A2 ESS + A1 S A2 ESS,

-A3 Zq2 S Zq Et + A2 S2 A1 v + Zq1 Zq2 v + A3 A 2 v + Zq S A 2 v ]

Solve for v
> e q 5 : = s o l v e ( B a s e s [ 4 ] , v )  : e q S ;

A3 A 2 S A1 Et

Zq S2 Zc1 + A1 A 2 + A3 Zq2 + Ze1 S Ze 7

Rearrangement and Simplification
Define Vmax as lc3 multiplied by total enzyme 
> e q 6 : = a l g s u b s ( k [ 3 ] * E t = V [ m a x ] , e q 5 ) : e q 6 ;

Zc2 S2 A1 + Ze j A 2 + A3 A 2 + A1 S A 7

Simplify by A) division of numerator by Icl * k-2 
> e q 7  : =Ziumer ( e q 6 ) /  ( k  [1]  * k  [ - 2 ]  ) : e q 7  ;

S E m ax

And B) division of denominator by k l * k-2 
> e q 8 : = d e n o m ( e q 6 ) / ( k [ 1 ] * k [ - 2 ]  ) : e q 8 ;

A2 S2 Ze1 + A1 Zc 2 + A3 A 2 + Zc1 S A 2

Expand the denominator polynomial 
> e q 9 : = e x p a n d ( e q 8 ) : e q 9 ;

+ S
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Substitution: Km = (k-1 + k3)/kl; Ki = k-2/k2
>  e g l O : = e x p a n d ( a l g s u b s ( k [ 2 ] / k [ - 2 ] = 1 / K [ i ] , e q 9 ) )  : e q l O ;

f ' H * ’

> e q l l : = e x p a n d ( a l g s u b s ( ( k [ - 1 ] + k [ 3 ] ) / k [ 1 ] = K [ m ] , e q l O ) ) : e q l l ;

Solve rate equation
Combine numerator and denominator 
> e q l 2 : = v = e q 7 / e q l l : e q l 2 ;

v = m ax

Ki

Where:
> 1 K [M] ! = ( k  [ - l ] + k [ 3 ]  ) / k  [1]  ;

&1+&3

4

> ’ K [ i ]  ' =k [ - 2 ]  / k  [2]  ;
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Rate Equation for a Bi Ter Ping Pong Mechanism

This section demonstrates the use of Grobner 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].

E + A EA = E2 + X

Aj A,
E2 + B E2B E + Y + Z

A5 k . 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
> r e s t a r t :w i t h ( g r o b n e r )  :
Rate (v) o f overall reaction
> e q l : = v - k [ 4 ] * E S 2 + k [ - 4 ] * E * Y * Z : e q l ;
Formation of ES
> e q 2 := k [ I ] * E * A + k [ - 2 ] * E 2 * X - ( k [ 2 ] + k [ - 1 ] ) * E S : e q 2 ;
Formation of E2
> e q 3 := k [ 2 ] * E S + k [ - 3 ] * E S 2 - ( k [ 3 ] * B + k [ - 2 ] * X ) * E 2 : e q 3 ;
Formation of ES2
> e q 4  : = k  [ 3 ]  * E 2 * B + k [ - 4 ]  * E * Y * Z -  ( k [ - 3 ]  -He [ 4 ]  ) *ES2  : e q 4  ;
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Conservation o f enzyme 
> e q 5 : = E t - E - E S - E 2 - E S 2 : e q 5 ;

k ^ E  A + k 2 E 2  JC — ( k 2 + Ic E S

^  ^  ^  ^  7  Z -  ES2

E l - E -  E S  -  E 2  -  E S 2

Determine Groebner Bases and solve for v
■ > B a s e s : = g b a s i s ( [ e q l , e q 2 , e q 3 , e q 4 , e q 5 ] , [ E , E S , E 2 , E S 2 , v ] , p l e x ) ; 

Bofef := [ Z Z Z ^  ^ ^  ^  ^  .̂3 ^  - ^ ^ .2  *-3 ^  + ^ ^ .2  .̂1 .̂3 ^

^ ^ ^  ^  ^ ^  ^  ^  4  ^4^  ^  2̂ &-3 ^

+ 7  Z /c  ̂^  ^  3̂ ^  ^  ̂  ̂ 4  .̂1 .̂3 ^  ^  ̂  ̂  ^  3̂ ^  + ^2 4  ^  ̂  -̂3 + ^2 ̂  ^  4  ^

+ ^  ̂  ^  ̂  ^  4̂ ̂  &3 #  -  &2 &4 4  ^  1 ^4 ^  ^  ^
+ Z  ^  ^  ^  ^  B ,Z  F Z ^  ^  ES 6_, + J T F Z ^  ^  .̂3 E^ - % F Z ^  ^  ^  E/

+% & % / c ^  E E +% A ̂  ^  EE -  &-3 ^  Et + % ̂ 2 .̂3 ^  4  ^

+ 4̂ ^ E E  A:^ Et + F Z ^  ^  ^3 EE + F Z  Ar, A2 EE ^  E

+ F Z  A:_, ^  EE + F Z  A:̂  EE A:, E + A:2 ^  /4 A;̂  EE + Â  v4 A:, ^  EE + ^  ^  EE ^  E 
+ A2 EE A:^ A;̂  E + ^  EE Â  E A  ̂ ^  E A, ^  Â  Et + vf A, ^  EE ^  E, ^  F Z A, Â  E2 Z

+ Z  F Z  A  ̂A 2 A3 E2 + Z A 2 A, Â  E2 +Z A g A, Â  E2  + ZA^ /4 A, E2  Â

+ Z A g ̂ 4 A, A, E2 + F Z  A  ̂A , Â  E2 -  F Z  A_j Â  A, Et + A_j F Z  A  ̂ Â  E2 E

-  F Z  A_j Ag Ag Et + F Z  A_j Ag AgE2 + A_j F Z  Ag Ag E2 E + Â  Ag E2 E Â  + Ag Ag A, zl E2

-  Ag Ag A ^  Et +  ̂  Â Â  Ag E2 E + Ag A,^ Ag E2 E -  Ag A ^  Â  Et + A, Ag Ag E2 E 

+ Ag A ^  Â  E2, - Z  F Z  Aj Ag Â  E t+ Z  F Z  A  ̂Ag A , EE2 + Z  F Z  A  ̂Ag Ag EE2 

+ Z A g A, AgEE2 +Z A g Â  AjEE2 + Z A g ^  A, EE2 Ag + Z A g ^  A, AjEE2

+ Aj F Z  Aj Ag EE2 -  FZ  A  ̂A, Ag E Et + F Z  A  ̂A, Ag E EE2 + Aj F Z  Ag Ag EE2
-  F Z  A_j Ag Ag E Et + F Z  A  ̂Ag Ag E EE2 + E Ag Aj ES2 A, + Ag A ^  EE2 Ag

+ Ag E A ^  Aj EE2 + Ag A, /I EE2 Aj + E Ag Ag Aj EE2 + Ag A ^  Ag E EE2 -  Ag A ^  Ag E Et 

, Z  FZ  A  ̂A g Aj Ag Et + A  ̂F Z  A , AgZ v + Z  F Z  A  ̂A g A 3 v + Z A g A g Aj v 

+ Z Ag Aj A4 v + Z Ag A1 l̂ A3 v + Z A 2 A1 ^ A4 v + A4 FZ A2 A3 E v + FZ A4 A2 A3 v 
+ A  ̂F Z A j  Ag E v + F Z Â  A g A j  v + Ag Ag E A4 v + Ag A1 /4 Ag E v + Ag A1^  A g v 

+ A2 A1 A k 4 V -  Ag Ag B  \  A  A4 E t  + A3 E A4 A1 v + A3 E A1 A  A4 V]
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> e q 6 : = s o l v e ( B a s e s [5]  , v )  : e q 6 ;
> e q 7 : = e x p a n d ( e q 6 ) : e q 7 ;
-  E t  { Zc4 Y Z  k_} /c2X Zc3 -  Zc3 B Ic2 Zcj Zc4 FZZc  ̂Zc2Z + ^ F Z ^  Zc2 A:_3 +ZZc, ^  B3

+ JSfIc2 IeA Ie4+X A  Zc_2Zc1 Ie4+ X A Iĉ Zc2Ze3 + Ze_4 7 ZZe1 Ze3B + Ze4 7 ZZĉ  Ze3 

+ Ie4 Y Z  Ie2 Ie3 + Ie4 Y Z Ie2 Ie3B + B  Ie3 Ie4 Ze ] + Ie2 Ze1 AJe3B + Ze3 B Ze1 A Ie4 +B Ze2 &3 Ie4 

+ Ie2 Zej vl Zc 3 + Ze2 Ze1 ^  Zc4)

F Z k , A2J ffJ fF Z k ^  Ze2 A3 + Z k , A2 A3 + Z k 2 A1 A4

+ Zvl A2 A1 Zc4 +Zv4 Ze1 A2 A3 + Ze4 F ZZc1 Ze3 B + Ie4 Y Z  Zej A3 + Ie4 Y Z  Ie2 A3

+ Â  FZA2 A3 B +B  A3 A4 A1 + A2 A, ^  A3 B + A3B A1 ^  A4 + B  Ze2 A3 A4 + A2 A, ,4 A3

+ Ze2 Ze1 Ze4 ) + Et Ze3 B A2 Ze1 Ie4 F Z A 1 A2Z fZ F Z Z e^  A2 A3 + Z A , A2 A3

+ Z A 2 A1 Ie4+ X  A A2 Ze1 A4 + Z ^  Ze1 A2 A3 +Ic4 Y Z  A1 A3 B + Ze4 F Z A 1 A3 

+ Â  F Z A2 A3 + Â  F Z A2 A3 B + B A3 A4 A,+  A, A,^ A, B + A, B A,v4 Â  + B A, A3 A,

+ A2 A1 A I c 3 + A2 Ze1 v l A4)

'2 1 2 3 4

Simplification by reasonable assumption
Assume formation of E2 + product aldehyde( X) and E + products peroxide and ammonia 
(Y, Z) are irreversible 
> k [ - 2 ]  : = 0 ; k [ - 4 ]  : = 0 ; e q 7 ;

-2 -

A4 :=

Et A3 B A2 A1 /4 A4

B A3 Zc4 Ze1 + Zc2Zc1 xt A3 + A2Zc1 AIe3B +B k2 Ie3 A4 + A2 A1A A4 + A3B Zc1 X Zc4

Simplifcation by rearrangement and substitution
Define Vmax as 1<4 * Et
> e q 8  : = a l g s u b s  ( k  [43l_*Et"V [max]  , e q 7 )  ; e q 8 ;

Ie2 Ze1 X Ze3 + Ze2 Ze1 A k 3B + (Zc1 Ze3 B + Zc2 Ze3B f X  Ie2 Zc1 + A3 BZe1X) Ze4

Simplify by division of numerator and denominator by k l * k2 * k3 
> e q 9  : = nu m e r  ( e q 8 ) /  ( k , [ l ]  * k  [2]  * k  [3]  ) : e q 9  ;

X B F

> e q l O  : = d e n o m ( e q 8  ) / ( k . [ l ] * k [ 2 ] * k [ 4 ] )  : e q l O  ;
B Zc3 A4 Zc1 + A2 A1X A3 + A2 Iel A k 3B +B A2 A3 A4 + A2 A1X A4 + A3 B A1X A4

A2 A1A4
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> e q l l : ^ c o l l e c t ( e q l O , A ) : e q l l ;
(^ l k2 k_3 +B k} k3 k2 + k2 k^k^ + B k4 Zcl k3) A B k3k4 &, + B k2 Zc3 k4

- +  ■

^ 4 ^ 4

> eql2:=Collect(eqll,B):eq!2;
------b------;—:—:---------  B + ■

^ 4 ^ 4

> e q ! 3 : = s u b s ( ( k [ 2 ] * k [ 1 ] * k [ -
3]  +k  [1]  * k  [2]  * k  [4]  ) / k  [13 / k  [2]  / k  [43 *A=K [1]  *A,  e q l 2 )  : e q l 3  ;

- +  ■

> e q l 4  : = s u b s  ( ( k  [43 * k  [33 * k  [2]  +k [43 * k  [3]  * k  [ 
13 ) / k  [43 / k  [1]  / k  [23 =K [23 / e q l 3  ) : e q ! 4  ;

r ^  A3 + A3 A3 A%) /4

V A
- + EL

>
e q ! 5  : = s u b s  ( ( k  [33 * k [ 2 ]  * k [ 1 3 + k [ 3 ]  * k [ 4 ]  * k [ l ]  ) / k [ 4 ]  / k [ 2 ]  / k [ l ]  *A 
= K [ 3 ] * A , e q ! 4 ) : e q ! 5 ;

X

> e q ! 6 : = s o r t ( e x p a n d ( e q ! 5 ) , [ K [ 1 3 / K [ 2 ] , K [33 3 ) : e q ! 6 ;
A + B K2 +BA K3

Combine the numerator and denominator for complete rate equation:
> e q ! 7 : = v = e q 9 / e q ! 6 : e q l 7 ;

F
v =

m ax

+ ^ + B z U i r 3

Where:> K [13 = ( k [ - 3 ]  * k [ 2 ]  * k [ l ]  + k [ 4 ]  * k [ 2 ]  * k [ l ]  ) / k  [4]  / k [ 2 ]  / k [ l ]  ;
>  K [2]  = ( k  [4]  * k [ 3 ]  * k [ 2 ]  + k [ 4 3  * k [ 3 ]  * k [ - l ]  ) / k [ 4 ]  / k [ l ]  / k [ 2 ]  ;
> K [3]  = ( k  [3]  * k [ 2 ]  * k [ l ]  + k [ 3 ]  * k [ 4 ]  * k [ l ]  ) / k [ 4 ]  / k [ 2 ]  / k [ l ]  ;

^ 1 =
A1 A2 A 3 + A2 A1 A4

A2 A1A4

K kI kI + K kI kA

V A
A4 A1 A3 + A1 A3 A2

A2 A3A4
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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 o f copper amine oxidases, nor does it fit the substrate inhibition data 

for rhKDAO with histamine or agmatine. One can speculate that an excess of substrate 

might result in substrate binding during additional 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.

E + S
k2

ES \
\  , EP

+ k -2 +
S S

/ /i
k- 4 k4  L 5

/
ESS EPS

k3
— > E + P

Where E is the resting form of the Enzyme; S is the Substrate; 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 Enzyme with bound Substrate; and P 

is the Product.

>  r e s t a r t : w i t h  ( g r o b n e r ) :
Define set of polynomials that represent reaction scheme 
rate of reaction
> e q l := v - k [ 3 ] * E P : e q l ;
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ES at steady state
> e q 2 : = k [ 1 ] * E * S + k [ - 2 ] * E P + k [ - 4 ] * E S S - ( k [ -  
1] +k [2]  + k [ 4 ]  *S)  * E S : e q 2 ;
EP at steady state
> e q 3 : = k [ 2 ]  * E S + k [ - 5 ]  * E P S -  ( k [ - 2 ] +k [3]  + k [ 5 ]  *S)  * E P : e q 3 ;  
ESS substrate inhibited complex at steady state
> e q 4 : = k [ 4 ] * E S * S - k [ - 4 ] * E S S : e q 4 ;
EPS substrate inhibited complex at steady state
> e q 5 : = k [ 5 ] * E P * S - k [ - 5 ] * E P S r e q B ;
Conservation of enzyme
> e q 6 : = E t - E - E S - E S S - E P - E P S r e q 6 ;

V-Ar3 EP

^  + Ar, + &, + EE

^  EE E E E E

E l - E - E S -  ESS - E P -  EPS

Determine Groebner Bases
>3 3 a s e s  : = g b a s i s  ( [ e q l ,  e q 2  ,  e q 3  , e q 4  , e q 5  , e q 6 ]  , [E,  E S , E S S ,  EP,  E P S , v ]  
, p l e x ) ;
B a s e s  :=  [Ar2 Ar1 E S 2 Ar 4 Ar5 + Ar1 E S 2 Ic 5 Ar4 Ar 2 + A3 A1 E S 2 A _ A4 + A3 E A 4 A1 A 5

+ E Â  A  ̂Â  A2 + A3 A2 E A4 A3 + A2 A1E E A3 Â  + A1E E A3 A4 A2 + A3 A1E E A4 A3

-  A1A 2 A 3 Â  Er -  A3 A1 A 3 A4 Ê  -  A3 A2 A 3 A  ̂Et, A2 EE A4 A1 Ê  A3 + EE A 3 A1 Ê  A4 A 2 

+ A3 E S  A5 A1 E2 A4 + A3 E S  A4 A1 A3 + EEA5 A4 A, A2 + A3 A2EE A4 A3

+ A2 EE A3 Â  A1 E + EE A3 Â  A1 E A2 + A3 EE Â  A1 E A3 -  A5 A3 A  ̂A1 E Et

-  A2 A3 A  ̂A1E Ef, A2 A4 EEE A1E2 A3 + EEE A3 A1 E2 A4 A2 + A3 EEE A3 A1 E2 A4 

+ A3 A4 EEE A1 A3 + Â  EEE A3 A1A2 + A3 A2 A4 EEE A3 + A2 Â  EEE A3 A1 E

+ A4 EEE A3 A1E A2 + A3 A4 EEE A1E Â  -  A4 E2 A3 A3 A1 Ef -  A4 E2 A2 A3 A1 Ef,

EE Â  A2 A1 E2 A3 + EE A3 A1 E2 A4 A2 + A3 EE A3 A1 E2 A4 + A3 EE A4 A1 A3 

+ EE A5 A4 A1 A2 + A3 EE A4 A2 A3 + EE A3 A4 A2 A1 S +  E P  A3 A4 A1 E A2
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+ ^  EP ̂  ^  E Ag -  Ag A  ̂Â  Â 5"E ,̂ EPS A_j Â  A, Ag + Ag EEE A, Ê  Â  Aj,

+ Ag AgEEE Â Ê  Â  + Ag AgEEE A  ̂A , + AgEEEA^ A, A  ̂+ Ag AgEEE A  ̂Â

+ Ag EEE A  ̂Ag A, E + Ag EEE A_j A, E Ag + Ag Ag EEEA^ A, E -  Ag Ê  A  ̂Ag A, Er,

A , Ag A, Ê  Ag v + Ag A; Ê  Aj Ag v + Ag Â Ê  Aj Ag v + Ag A  ̂Ag A , v + Ag A  ̂A , Ag v

+ Ag Ag Ag A4 v -  Ag Ag Aj A2 A1 S E t  + Ag A4 A2 A1 Ev + A5 A4 A1 E A 2 v + A5 A4 A3 A1 E v]

Solve Groebner Bases for reaction rate, v
> e q 6 : = S o l v e ( B a s e s [6]  , v )  : e q 6 ;

Ag Ag A_j Ag A1 E Er /  (A_j Ag A1 Ê  Ag + Ag A, Ê  A4 Ag + Ag A, Ê  A4 Ag + Ag A4 A , Ag 

+ Ag A_j A1 Ag + Ag A_j Ag Ag + Ag A_j Ag A1E + Ag A_j A1 E Ag + Ag A4 A1 E Ag)

Simplification
Define Vmax as k3 * Et
> e q V : = a l g s u b s ( k [ 3 ] * E t = V [ m a x ]  , e q 6 ) : e q 7 ;

Ag A_j Ag A1E /  (A_j Ag A1E' Ag + Ag A1 Ê  A4 Ag + Ag A  ̂Ag A1 E + Ag A_j A1E Ag

+ Ag A_j A1 Ag + (A_j Ag Ag + Ag A1 E' A4 + A  ̂A1 Ag + A_j A1E Ag) Ag)

Simplify by dividing numerator and denominator by k-5 * k-4 * k2 * kl
>  e q 8 : = n u m e r ( e q 7 ) / ( k [ - 5 ] * k [ - 4 ] * k [ 2 ] * k [ 1 ] )  : e q 8  ?

E Em ax

> e q 9 : = d e n o m ( e q 7 ) / ( k [ - 5 ] * k [ - 4 ] * k [ 2 ] *  k [ 1 3)  : e q 9 ?
(A^ Ag A1 E" Ag + Ag A1 Ê  A4 Ag + Ag A1 Ê  A4 Ag + Ag A_j A1 Ag + Ag A  ̂A1 Ag + Ag A  ̂Ag Ag

+ Ag Â , Ag A1 E + Ag A4 A1 E A2 + Ag A4 A1 E Ag) /  (Ag A4 A1 Ag)

Simplify by  rearrangement and substitution 
> e q l O : = c o l l e c t ( e x p a n d ( e q 9 ) , S)  : e q l O ;

/A4 A^ Ag^

V
A. A'2 -4

E2 + I +Ti  +
A, A. A, A. A,

•S+ T T i + T + T T 1 Ic2  /c, /c, Zc2 Zc1

> e q l l : = a l g s u b s  ( 1 / k  [1]  * k [ 3 ]  + l / k [ 2 ]  / k [ l ]  * k [ - l ]  * k [ -  
2]  + 1 / k  [2]  / k [ l ]  * k [ 3 ]  * k  [ - 1 ]  =K [1]  , e q l O )  : e q l l ;

A.  ̂ / A ^At4^g  _g

L k  . + L  A + A2 -4 2 -4 -5
S  +

v i + f + ¥
E + E,

>  e q l 2  : = a l g s u b s  ( 1 / k  [2]  * k [ 3 ]  + 1 / k  [2]  * k [ - 2 ]  =K [2]  , e q l l )  : e q l 2 ;
E2 (A. E , A ,+  A, A.)2 -5 + E ( l+ E _ )+ E ,
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> e q l 3 : = e x p a n d ( e q l 2 ) : e q l 3 ;

—  -------1—  ------1- iS1 + iS- + K
*4 '

> e q l 4 : = C o l l e c t ( a l g s u b s ( k [ 4 ] / k [ ~ 4 ] = 1 / K [ i A ]  , e q l 3 ) , S)  : e q l 4 ;

- + — -  ~ „  ;  -— + ^ 1

> e q l 5 : = e x p a n d ( c o l l e c t ( e q l 4 , S ) ) : e q l 5 ;

-— ^  + ̂ -  + S  + S K .+ K .  K., Kr 2 1

> e q ! 6 : = e x p a n d ( a l g s u b s ( k [ 5 ] / k [ - 5 ] = 1 / K [ i B ]  , e q l 5 ) )  : e q ! 6 ;

r a r ,  a?

x Z/] iB

C om bine num erator and denom inator for com plete rate equation  
> e q l 5 : = v = e q 8 / e q l 6 : e q l 5 ;

m ax

iA iB

>  e q l 7  : =K [ i A ]  = k [ - 4 ] / k [ 4 ]  : e q ! 7  ;
> e q l 8 : = K [ i B ] = k [ - 5 ] / k [ 5 ]  : e q ! 8 ;
> e q l 9  : =K [1]  = l / k [ l ]  * k  [ 3 ] + 1 / k  [ 2 ] / k  [1]  * k [ - l ]  * k [  
2]  + 1 / k  [2]  / k  [1]  * k [ 3 ]  * k [ - l ]  : e q l 9  ;
> e q 2 O : =K [2]  = l + l / k [ 2 ]  * k [ 3 ]  + 1 / k  [2]  * k [ - 2 ]  : e q 2  0 ;

^ = T

k . k r  L  L k . 
K . =  - y —t— +  7 “  +  ~j— T T

k ^ 1 + T 2 + ^

Where:
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Further simplification in which terms KiA and KiB are combined into a single 
constant, K3 
> e q 2 1 : = e q l O : e q 2 1 ;

/ . A -4 2

Z
S2 +

y V - H '

k . k .  /c, k . k .

^ 4

>eq22:=collect(algsub6(l/k[-4]/k[2]*k[4]*k[3]+k[5]/k[-
5] + 1 / k  [ - 4 ]  / k  [2]  *k[4] * k  [ - 2 ]  =K [3]  , e q 2 1 )  , S )  : e q 2 2 ;

/  L A:,/c, K

v1 + r C

V . ] J 1  k A  /C-2

> e q 2 3 : = c o l l e c t ( a l g s u b s ( 1 / k [ 2 ] / k [ 1 ] * k [ 3 ] * k [ -
1]  + l / k [ l ]  * k [ 3 ]  + 1 / k  [2]  / k [ l ]  * k [ - l ]  * k [ - 2 ]  =K [1]  , e q 2 2 ) , S )  : e q 2 3 ;

Z

. ' * h :

> e q 2 4 : = s o r t ( e x p a n d ( a l g s u b s ( 1 / k [ 2 ] * k [ 3 ] + 1 / k [ 2 ] * k [ -  
2 ] = K [ 2 ] , e x p a n d ( e q 2 3 ) ) ) , S ) : e q 2 4 ;

^  6^ +  5" + ̂ ^  + ̂

Combine numerator and denominator to solve complete rate equation 
> e q 2 5 : = e q 8 / e q 2 4 : e q 2 5 ;

m ax

>eq26:=K[l]=l/k[2]/k[l]*k[3]*k[-
1] + l / k [ l ]  *k[3] + 1 / k  [2]  / k  [1]  *kC-l] *k{-2] : e q 2 6 ;
> e q 2 7  : =K [2]  =l/k[2] *k[3] + 1 / k  [2]  *k[-2] : e q 2 7 ;
> e q 2  8 : =K [3 ] = l / k [ - 4 ]  /k[2] *k[4] *k[3] + k [ 5 ]  /k[-5] + l / k [ -  
4]/k[2]*k[4] *k[-2] : e q 2  8 ;

1 Zc2 A1 + A1 + A2 A1

V  4 j  ^4^2 
3"A^A2 ^  A ^  A^A2

Where:
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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 rhKDAO 

oxidation o f 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 equation 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.

E + P

Where E is the resting form of the Enzyme; S is the Substrate; ES is 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 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.

> r e s t a r t :w i t h ( g r o b n e r ) :
Write polynomial equations to represent reaction scheme
Rate of formation of product P
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> e q l : = - v + k [ 4 ] * E Q + k [ 8 ] * E Q S : e q l ;
-v  + EQ + EQS

ES at steady state
> e q 2  : =k  [1]  * E * S + k [ - 2 ]  * E P + k [ - 5 ]  * 2 8 8 - ( k [ -  
1] + k [ 2 ]  + k [ 5 ]  *S)  * E S : e q 2 ;

A: f  S' + A ; +

ESS at steady state
> e q 3 : - k [ 5 ] * E S * S - k [ - 5 ] * E S S : e q 3  ;

jkg S ' ESE

EP at steady state
> e q 4 : = k [ 2 ] * E S + k [ - 3 ] * E Q + k [ - 6 ] * E P S - ( k [ -  
2 ] + k [ 3 ] + k [ 6 ] * S ) * E P : e q 4 ;

^  EE + 1 ,, E g  + ^  EEE -  ^  ^  E) EE

EPS at steady state
> e q 5 : = k [ 6 ] * E P * S - k [ - 6 ] * E P S : e q 5 ;

& gEEE-& jEEE

EQ at steady state
> e q 5 : = k [ 3 ]  * EP+k [ - 7 ]  *EQS-  ( k  [ - 3 ]  +k  [4]  +k  [7]  * 8 )  * E Q : e q 6 ;  '

^  EE + ^  EgE -  (t_3 + ^  ^  E) E g

EQS at steady state
> e q 7  : =k  [7]  *E Q *S- ( k [ - 7 ]  +k [8] , )  *EQS s e q 7  ;

^ E g E - ( ^  + ^ ) E g E

Conservation o f enzyme
> eq8:=Et-ES-ESS-EP-EPS-EQ-EQS:eq8;

E f - E E -  EEE - E E -  EEE -  E g  -  EgE  

Determine Groebner Bases
>  e q 9 : B a s e s : = g b a s i s ( [ e q l , e q 2 , e q 3 , e q 4 , e q 5 , e q 6 , e q 7 , e q 8 3 ,  
[ E , E S , E S S , E P , E P S , EQ, EQS, v ] , p l e x ) ;
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Solve for v
> e q l O : = s o l v e ( B a s e s [ 8 ] , v) : e q lO ;
> e q l l : = e x p a n d ( e q l O ) : e q l l ;

Simplification
Separate numerator and define Vmaxl = k4 * EQ, Vmax2 = k8 * EQS and Vmax = 
Vmaxl +Vmax2
> e q ! 2 :=e x p a n d ( n r n n e r ( a l g s u b s ( k [ 4 ] *Et=V[maxi] , e q l l ) )) : e q ! 2 ;
> e q l 3 : = a l g s u b s ( k [ 8 ] *Et=V[max2], e q l 2 ) : e q ! 3 ;
> e q l 4 : = a l g s u b s ( V [ m a x i ] +V[max2] =V[max] , e q l 3 ) : e q l 4 ;
> e q l 5 : = C o l l e c t ( e q l 4 , V [m ax i ] ) : e q l 5 ;

Combine numerator and denominator. Define Kl and K2 as composite rate constants
> e q ! 6 : = d e n o m (eq l l )  : e q l 6 ;
> e q l 7 : = e q l 5 / e q l 6 : e q l 7 ;
> e q l 8 : = a l g s u b s  (k [-6] *k[3] * k [ -7 ]  * k [ -5 ]  *k[2] + k [ -
6] *k[8]  *k[3]  *k [-5] *k[2] =K [1 ]  , e q l 7 ) : e q l 8 ;
> e q l9  : = a lg s u b s  (k  [-6] *k[3] *k[7] *S*k[-  
5] *k[2] =K [2] , e q l 8 ) : e q l 9 ;

Now simplification of denominator
> e q 2  0 : = c o l l e c t ( e x p a n d ( d e n o m ( e q l 9 ) ) , S)  : e q 2  0 ;
> e q 2 1 : = C o l l e c t  ( a l g s u b s  ( k  [ - 6 ]  * k  [7]  * k  [8]  * k  [3]  * k  [ 5 ]  +k  [ -  
6 ] * k [ 7 ] * k [ 8 ] * k [ 5 ] * k [ - 2 ] + k [ -
5]  * k [ 2 ]  * k  [6]  * k [ 7 ]  * k  [8]  =K [3]  , e q 2 0 )  , S )  s e q 2 1 ;  
> e q 2 2 : = e x p a n d ( e q 2 1 ) : e q 2 2 ;
> e q 2 3 : = C o l l e c t ( e q 2 2 , S ) : e q 2 3 ?
> e q 2 4 : = a l g s u b s ( k [ 3 ]  * k [ - 6 ]  * k [ 7 ]  * k [ 8 ]  * k [ - 5 ] + k [ -
6]  * k [ 4 ]  * k  [8]  * k [ 3 ]  * k [ 5 ]  + k [ - 5 ]  * k [ 2 ]  * k [ 6 ]  * k [ - 3 ]  * k [ 8 ]  + k [ -  
6] * k [ 7 ]  * k [ 8 ]  * k [ - 5 ]  * k [ - 2 ]  + k [ - 6 ]  * k [ 4 ]  * k [ - 7 ]  * k [ 3 ]  * k [ 5 ]  + k [ -  
6] * k [ 4 ]  * k [ 8 ]  * k  [5]  * k  [ - 2 ]  + k [ - 6 ]  * k [ 8 J * k [ 5 ]  * k [ - 2 ]  * k [ - 3 ]  + k [ -  
5] * k [ 2 ]  * k  [6]  * k [ 4 ]  * k [ 8 ]  + k [ - 6 ]  * k [ 7 ]  * k [ 8 ]  * k [ - 5 ]  * k [ 2 ] + k [ -
5]  * k [ 2 ]  * k [ 6 ] ' * k [ 4 ]  * k [ - 7 ] + k [ - 6 ] * k [ 4 ] * k [ - 7 ] * k [ 5 ] * k [ - 2 ] + k [ -
6] * k  [ - 7 ]  * k  [5]  * k  [ - 2 ]  * k  [ - 3 ]  +k  [ - 5 ]  * k [ 2 ]  * k [ 6 ]  * k [ - 3 ]  * k [ -
7 ]  = K [ 4 ] , e q 2 3 ) : e q 2 4 ;
>  e q 2 5 : = C o l l e c t ( a l g s u b s ( k [ - 6 ] * k [ 4 ] * k [ 8 ] * k [ - 5 ] * k [ - 2 ] + k [ 3 ] * 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 [ - 2 ]  +k [3]  *k [ - 6 ]  *k [4]  *k  [ - 7 ]  * k [ ~ 5 ]  +k [ -  ■ 
6] *k [ - 7 ]  *k  [ - 5 ]  *k  [ - 2 ]  *k [ - 3 ]  +k [ - 6 ]  *k [ - 7 ]  *k ' [ - 5 ]  *k  [2]  *k [ - 3 ]  +k [
6]  * k  [8]  * k  [ - 5 ]  * k  [ - 2 ]  * k  [ - 3 ]  +k  [ - 6 ]  * k  [4]  *'k [8]  *k [ - 5 ]  * k  [2]  +k [ -  
6] * k [ 8 ]  * k [ - 5 ]  * k [ 2 ]  * k [ - 3 ]  =K [5]  , e q 2 4 )  , S)  : e q 2  5 ;
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Recombine numerator and denominator for complete rate equation 
> eq2 6 :=V=Collect(mxmer(eql9)/eq25, S) :eq2  6 ;

v
F  ,AT,- F  , J C , + F  JT

m a x!  I m a x !  2 m ax  2

6" ^  + JCg + ^ ^ + J C , + J ^

Where: >  e q 2 7 : =V [m a x 2 ] =k [8]  * Et : e q 2 7 ;
> e q 2  8 : =V [m ax] =k [4]  * E t + k  [8]  * E t : e q 2 8  ;
> e q 2 8  : =K [1]  = k [ - 6 ]  * k [ 3 ]  * k [ - 7 ]  * k [ - 5 ]  * k [ 2 ]
+k  [ - 6 ]  * k  [8]  * k  [3]  * k  [ - 5 ]  * k  [2]  : e q 2  8 ;
> e q 2  9 : =K [2 ] =k [ - 6 ] * k  [3 ] * k [ 7 ]  * S * k [ - 5 ]  * k [ 2 ]  : e q 2  9;
> e q 3 O : =K [3]  = k [ - 6 ]  * k [ 7 ]  * k [ 8 ]  * k [ 3 ]  * k [ 5 ]  + k [ - 6 ]  *
k  [7]  * k [ 8 ]  * k  [5]  * k  [ - 2 ]  +k [ - 5 ]  * k [ 2 ]  * k [ 6 ]  * k [ 7 ]  * k [ 8 ]  : e q 3 0 ;
> e q 3 1 : =K [4] = ( k  [3]  * k [ - 6 ]  * k [ 7 ]  * k [ 8 ]  * k [ - 5 ]  + k [ - 6 ]  * k [ 4 ]  * k [ 8 ]  
* k [ 3 ]  * k  [5]  +k  [ - 5 ]  * k [ 2 ]  * k  [6]  * k [ - 3 ]  * k [ 8 ]  + k [ - 6 ]  * k [ 7 ]  * k [ 8 ]
* k  [ - 5 ]  * k  [ - 2 ]  +k  [ - 6 ]  * k [ 4 ]  * k [ - 7 ]  * k [ 3 ]  * k [ 5 ]  + k [ - 6 ]  * k [ 4 ]  * k [ 8 ]  
* k  [5]  * k  [ - 2 ]  +k  [ - 6 ]  * k  [8]  * k  [5]  * k  [ - 2 ]  * k  [ - 3 ]  + k  [ - 5 ]  * k  [2]  * k  [6]  
* k [ 4 ]  * k  [8]  +k [ - 6 ]  * k [ 7 ]  * k  [8]  * k [ - 5 ]  * k [ 2 ]  + k [ - 5 ]  * k [ 2 ]  * k [ 6 ]  
* k [ 4 ]  * k [ - 7 ]  + k [ - 6 ]  * k [ 4 ]  * k  [ - 7 ]  * k [ 5 ]  * k [ - 2 ]  + k [ - 6 ]  * k [ - 7 ]
* k [ 5 ]  * k  [ - 2 ]  * k  [ - 3 ]  +k [ -  5 ]  * k [ 2 ]  * k [ 6 ]  * k [ - 3 ]  * k [ - 7 ]  ) : e q 3 1 ;
> e q 3 2  : =K [5]  = k [ - 6 ]  * k [ 4 ]  * k [ 8 ]  * k [ - 5 ]  * k [ - 2 ]  + k [ 3 ]  * 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  [ - 2 ]  +k  [3]  * k  [ - 6 ]  * k [ 4 ]  * k [ - 7 ]  * k [ - 5 ]  + k [ - 6 ]  * k  [ - 7 ]
* k  [ - 5 ]  * k  [ - 2 ]  * k  [ - 3 ]  + k  [ - 6 ]  * k  [ - 7 ]  * k  [ - 5 ]  * k  [2]  * k  [ - 3 ]  +k  [ - 6 ]
* k  [8]  * k  [ - 5 ]  * k  [ - 2 ]  * k  [ - 3 ]  +k [ - 6 ]  * k  [ 4 ]  * k  [8]  * k  [ - 5 ]  * k  [2]
+ k [ - 6 ]  * k [ 8 ]  * k  [ - 5 ]  * k [ 2 ]  * k [ - 3 ]  : e q 3 2 ;

^  4  ^.5 ^2 + ^  ^3 ^-7 ^.5 &2

JC2 = K 6 K  &7 s  K 5 K
JC3 = K 6 K  K  3̂ 5̂ + -̂6 7̂ JC8 5̂ -̂2 + -̂5 2̂ 8̂

JC4 =  K  K  ^-5 ^-2  +  ^-6 K  Jf-7 ^5 ^-2 +  ^-5 ^2 K  ^-3 -̂I +  ^-6 K  ^-7 ^3 ^5  +  ^-6 K  K  ^-2

+ & j ^2 ^6 ^-3 4 l + ^  ^2 ^6 ^-7 + ^ 5  ^2 ^4 ^8

JC5 = K 6 K  K  K 5 K 2 +  K  ^-6 K  ĉS -̂5 + ^-1 k-s K  + K 6 K 1 K 5 K 2 K ^+ K  K  K 5 
+ K 6 K  K 1 K 5 K  +  K 6 K  K 5 K  K 5 + K 6 K  K  K 5 K  +  K 6 K  K 5 Jf2 -̂3 + lc^  ^  Jf? ^-2
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