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Dissertation Abstract 

 Copper amine oxidases (CAOs) are a ubiquitous class of enzymes responsible for 

the oxidation of primary amines to their corresponding aldehydes with the concomitant 

reduction of O2.  Found in nearly every aerobic organism, CAOs take on a myriad of 

roles depending on source, cellular location, and physiological substrate.  In addition to 

their catalytic activity, CAOs also produce their own redox-active cofactor, called 2,4,5-

trihydroxyphenylalanine quinone (TPQ), from an endogenous tyrosine residue.  This 

process occurs without additional enzymatic activity and requires only oxygen and 

copper.   

 Two CAO paralogs from the yeast Hansenula polymorpha have been used for 

structural studies aimed at deciphering mechanistic details of metal binding in TPQ 

biogenesis as well as amine substrate specificity during catalysis.  The X-ray crystal 

structures of metal-free HPAO-1 (apoHPAO-1) as well as apoHPAO-1 in complex with 

Cu(I) and Co(II) have been solved and are described in Chapter 3 of this work.  Analysis 

of these complexes has shed light into how different coordination geometry may 

influence whether a metal is capable of initiating biogenesis in apoCAO. 

 In order to investigate amine substrate specificity in CAOs, the structure of a 

second CAO from H. polymorpha (HPAO-2) has been solved and is presented in Chapter 

2 of this work along with steady-state kinetic data for the reaction of HPAO-2 with 

methylamine and benzylamine.  HPAO-2 preferentially oxidizes benzylamine over 

methylamine, while HPAO-1 prefers methylamine.  Structural differences in the amine 

substrate channels of these two paralogs begin to account for their inverted substrate 

preferences.  Amine substrate specificity is further investigated in crystal structures of 

HPAO-1 in complex with methylamine, ethylamine, and benzylamine.  Substrate-protein 

interactions in these three complexes shed light into this CAO’s preference for aliphatic 

amines over the aromatic amines preferred by some of its homologs.   

 Finally, Chapter 5 of this work outlines two projects currently underway.  The 

first involves single site mutations in HPAO-1 and HPAO-2 at a position in the primary 

sequence thought to contribute to substrate selection.  An additional ongoing project 
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involves solving the crystal structures of two aniline-substituted HPAO-1 proteins to 

examine the factors governing the formation of a proposed Cu(I)/tyrosyl radical complex 

during biogenesis. 
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1.1 Background 

Amine oxidases are responsible for the oxidative deamination of amines to their 

corresponding aldehydes coupled with the reduction of O2 to H2O2.  Members of this 

ubiquitous group of enzymes can be further classified based on the chemical identity of 

the organic cofactor used during catalysis into either the flavin adenine dinucleotide-

containing amine oxidases (monoamine oxidase (MAO) (E.C. 1.4.3.4) and polyamine 

oxidase (E.C. 1.5.3.17)) or the copper/quinocofactor-containing amine oxidases.  MAO is 

found exclusively in the outer mitochondrial membrane of mammalian cells, and 

catalyzes the deamination of primary, secondary, or tertiary amines.  This flavoprotein 

has a firmly established role in the metabolism of aminergic neurotransmitters such as 

serotonin, norepinephrine, epinephrine, and dopamine (1).  Polyamine oxidase 

preferentially deaminates polyamines such as spermine and spermidine and has a role in 

the regulation of cellular growth (2).   

In contrast, the copper/quinocofactor-containing amine oxidases are active against 

only primary amines, and possess one of two quinone-containing cofactors: 2,4,5-

trihydroxyphenylalanine quinone (topaquinone or TPQ) or lysyl tyrosylquinone (LTQ).  

Although the TPQ- and LTQ-containing amine oxidases both oxidatively deaminate 

primary amines through the use of an organic quinone-containing cofactor and a copper 

ion, these two enzyme families are non-homologous.  LTQ is found in the lysyl oxidase 

(LOX)-like family of proteins (LOXL, E.C. 1.4.3.13), named for their ability to convert 

the ε-amino group of peptidyl lysine residues to an aldehyde.  This peptidyl aldehyde 

product can condense with a neighboring lysine residue or react with a second lysine-

derived aldehyde to form crosslinks important in the formation and stabilization of 
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collagen and elastin (3).  Amine oxidases containing TPQ (CAOs, for copper-containing 

amine oxidases, E.C. 1.4.3.21) were the first to be characterized in a growing number of 

bifunctional enzymes which contain “home-made” cofactors produced in situ by the post-

translational modification of endogenous amino acid side chains (4).  This work refers to 

features related to cofactor biogenesis and catalysis in two CAOs from the yeast 

Hansenula polymorpha. 

 

1.2 Physiological significance of CAOs 

 In the decades since the first discovery of amine oxidase activity in the blood 

plasma of sheep in 1929 (5), CAOs have been found to exist almost ubiquitously in 

aerobic organisms, taking on a myriad of functional roles depending on enzyme source, 

cellular location, and physiological substrate.  In bacteria and yeast, CAOs are thought to 

play mainly a catabolic role, allowing for the use of primary amines as a sole carbon 

and/or nitrogen source for cellular growth (6, 7).    

 In eukaryotes these enzymes have more poorly defined roles but are known to 

contribute to a variety of complex cellular activities.  CAO activity helps regulate several 

processes in plants due to the compartment-specific production of product H2O2, which 

affects plant germination, seedling establishment, and root growth (8).  Hydrogen 

peroxide production is also associated with cell wall maturation and lignification during 

growth, as well as wound healing and the reinforcement of cell walls during cellular 

stress due to pathogenic attack (9, 10).  Moreover, amine catabolism is known to 

influence the plant stress response upon exposure to cadmium or excess salt (11). 
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 Several CAO homologs are expressed in mammalian tissues.  In order to study their 

distribution amongst mammalian species, four complete genes (AOC1-4, for “amine 

oxidase, copper-containing”) were cloned and characterized from porcine genomic DNA.  

All of these encode a bona fide CAO which displays catalytic activity toward primary 

amines (12).  These were used to identify orthologs in other mammalian genomes; all 

four AOC genes have been identified in cows, horses, dogs, mice, rats, chimpanzees, 

macaques, and humans (12).  AOC1 encodes a soluble secretory enzyme called diamine 

oxidase (DAO) (13), AOC2 encodes a retina-specific amine oxidase (14), and AOC3 

encodes an endothelial vascular adhesion protein (known as VAP-1 in humans) (15).  

AOC4 was found to encode an additional serum/plasma CAO homologous to VAP-1 

which lacks the N-terminal transmembrane domain found in VAP-1.  However, the 

AOC4 gene in humans is truncated and nonfunctional due to an internal stop codon, and 

AOC4 protein encoded by rodent genomes is present only in small fragments (12).  In 

humans, a proteolytic cleavage product of AOC3 may function instead of the 

nonfunctional AOC4 gene product (12). 

 In mammals, nearly all biogenic primary amines can act as CAO substrates, 

including the neurotransmitters serotonin, norepinephrine, epinephrine, and dopamine.  A 

large number of additional amines have been identified as CAO substrates, including 

methylamine, ethylamine, aminoacetone, benzylamine, phenylethylamine, agmatine, 

spermine, spermidine, histamine, tyramine, mescaline, putrescine, and cadaverine (14, 

16, 17).   

 Members of the CAO protein family contribute to the regulation of a myriad of 
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complex processes in mammals due to the diversity in their substrates, their wide 

distribution throughout mammalian tissues (including the brain, blood plasma, kidneys, 

placenta, adipocytes, endothelial tissues, and throughout the cardiovascular and 

gastrointestinal systems), and changes in expression and activity during disease and 

throughout pregnancy (18).  For example, histamine, a pro-inflammatory amine produced 

by mast cells upon allergic reaction or cellular damage, is cleared in human tissues by 

DAO (19).  Tumor cells are known to contain higher concentrations of amines than cells 

from normally proliferating tissues, and the oxidation of spermine or spermidine by 

CAOs produces acrolein, a known cytotoxin which can induce cellular death in cancerous 

tissues (20).  Agmatine (produced from the decarboxylation of arginine) binds to α2 

adrenergic receptor and imidazoline binding sites; its regulation through CAO activity 

has been shown to modulate withdrawal anxiety in rats (21).   

 Changes in CAO activity are correlated with a variety of human diseases, including 

diabetes mellitus, Alzheimer’s disease, and additional inflammatory disorders (22).  A 

truncated soluble form of membrane-bound VAP-1 known as semicarbazide-sensitive 

amine oxidase (SSAO) is known to mediate glucose uptake in adipocytes via the 

recruitment of the glucose transporter GLUT4 from vesicles within the cellular interior to 

the cell surface (23).  VAP-1 also controls leukocyte extravasation to sites of 

inflammation through its activity against amine groups from solvent-exposed lysine 

residues of membrane-associated counter-receptors, including sialic acid binding Ig-like 

lectins (siglecs) (22, 24).  Mice deficient in AOC3 expression exhibit impaired immune 

responses, but notably present no other detectable phenotypic changes (25).  The highly 
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reactive aldehydes produced from the oxidation of methylamine and aminoacetone in 

human tissues contribute to protein cross-linking, β-amyloid aggregation, and advanced 

glycation end-product formation in patients with Alzheimer’s disease or diabetes mellitus 

(26, 27).  With CAO activity playing a critical role in such numerous and diverse 

physiological processes, ranging from basic metabolism in bacteria and yeast to roles in 

multifaceted disease states in humans, an understanding of TPQ production and catalysis 

in these enzymes is critical to the development of any potential pharmaceutical therapies 

that may regulate their activity (22).   

 

1.3 Post-translationally modified amino acid cofactors 

A large number of enzymes require low-molecular weight cofactors for catalytic 

activity, some of which are covalently attached to the protein component.  Most cofactors 

are non-proteinaceous and independently synthesized before their association with the 

protein component of the relevant enzyme; however, it is now well-established that some 

enzymes utilize the post-translational modification of endogenous amino acid side chains 

to form cofactors in situ (4).  This approach allows an enzyme to avoid the energetic 

costs of cofactor import both to and within the protein, and furthermore could help 

sequester potentially deleterious intermediates produced during cofactor formation.  For 

example, TPQ as a free molecule is a known neurotoxin; however its production from an 

endogenous tyrosine residue in the deeply buried CAO active site circumvents this 

problem (28).  Most importantly, this strategy increases the diversity of chemical 

properties available within an enzyme active site beyond that afforded by the twenty 
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canonical amino acids.   

Variations in both the physical properties of these modified amino acid cofactors 

as well as the mechanisms employed for their formation are widespread.  Many 

modifications involve the crosslinking of two amino acid side chains, for example 

cytochrome c oxidase and catalase (Tyr-His); tyrosinase, hemocyanin, and catechol 

oxidase (His-Cys); and galactose oxidase (Tyr-Cys) (29-35).  Cofactor biogenesis can 

also entail the modification of a single side chain (sulfatases (cysteine converted to 

formylglycine); rubisco, urease, and phosphotriesterase (carbamylation of a lysine 

residue); and NADH peroxidase, NADH oxidase, and nitrile hydratase (cysteine 

converted to cysteinesulfenic acid)) (36-42).   

Figure 1.1 Quinone-containing cofactors formed by the post-translational modification of 
tyrosine or tryptophan side chains. 

 

Several additional enzymes undergo post-translational modification of an 

endogenous tyrosine or tryptophan residue to form cofactors that contain a quinone 
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moiety.  To date, these include 2,4,5-trihydroxyphenylalanine quinone (topaquinone or 

TPQ) in CAO (Figure 1.1A) (28), lysine tyrosylquinone (LTQ) in LOXL (Figure 1.1B) 

(43), tryptophan tryptophylquinone (TTQ) in bacterial amine dehydrogenases (Figure 

1.1C) (44), and cysteine tryptophylquinone (CTQ) in bacterial quinohemoprotein amine 

dehydrogenase (Figure 1.1D) (45).  

The first of these four quinocofactors to be identified was TPQ, which is located 

in the deeply buried CAO active site.  The formation of a chromophoric complex 

between CAO protein and hydrazine derivatives had originally suggested pyridoxal 

phosphate (PLP) as a likely candidate for the CAO cofactor (Figure 1.2A) (46).  Two 

independent studies later reported the cofactor in Bos taurus serum amine oxidase 

(BSAO) to be covalently bound pyrroloquinoline quinone (PQQ) (47, 48) (Figure 1.2B), 

which was strengthened by resonance Raman experiments conclusively eliminating PLP 

as a possible CAO cofactor (49-51).  The true identity of the CAO cofactor was 

unequivocally confirmed to be TPQ (Figure 1.1A) by Janes et al. through the use of mass 

spectrometry, UV/visible spectroscopy, and proton NMR studies of a pentapeptide 

isolated from BSAO digests in comparison to a peptide analog of 6-hydroxydopa (28). 

Figure 1.2 Structures of initially proposed CAO cofactors (A) PLP and (B) PQQ.  
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1.4 Overall CAO fold 

The structures of CAOs isolated from a variety of organisms have been solved by 

X-ray crystallography (Table 1.1).  Despite sharing only 20-40% sequence homology, 

they all adopt an archetypal fold that brings together a number of conserved residues to 

form the CAO active site where both cofactor biogenesis and catalysis take place.  There 

is currently no crystal structure of the LTQ-containing LOXL proteins, which are non-

homologous to the TPQ-containing CAOs. 

Table 1.1 TPQ-containing CAOs with available X-ray crystal structures. 

Source 
 

Organism Reference 

Mammalian Homo sapiens 
Bos taurus 

VAP-1/SSAO: (52, 53), DAO: (19) 
BSAO: (54) 

Yeast Hansenula polymorpha 
Pichia pastoris 

HPAO-1: (55), HPAO-2: (56) 
PPLO: (57) 

Bacterial Arthrobacter globiformis 
Escherichia coli 

AGAO: (6) 
ECAO: (58) 

Plant Pisum savitum PSAO: (59) 
Fungal Aspergillus nidulans ANAO: (60) 

  

All CAOs structurally characterized thus far are homodimeric, with individual 

protein subunit masses ranging from ~70-80 kDa with eukaryotic CAOs having 

additional mass through glycosylation (61).  The CAO monomer can be divided into four 

domains (D1-D4) organized along its primary sequence.  The shape of the CAO dimer is 

similar to that of a mushroom cap, with the amino-terminal domain D1 (present only in 

the ECAO crystal structure) acting as a “stalk” (D1 not present in HPAO-1, Figure 1.3) 

(58).  D2 and D3 are small α/β-roll domains composed of ~100 residues each, and are 

thought to have arisen from a gene duplication event given their sequence homology and 
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near identical topology (in HPAO-1, alignment of equivalent D2 and D3 main chain 

atoms gives a root-mean-square deviation (rmsd) of ~1.1 Å) (purple (D2) and green (D3) 

in Figure 1.3) (55).   

Figure 1.3 Overall fold of HPAO-1 viewed along the molecular dyad axis.  One 
monomer is shown as a cartoon, and colored by domain (D2, purple; D3, green; D4, blue; 
connecting loop, yellow; β-hairpin arms, red).  The second monomer is shown as a semi-
transparent grey molecular surface.  TPQ side chains from both monomers are shown as 
space-filling spheres and colored by atom type (carbon, grey). 

 

 
 
 
The large carboxy-terminal domain D4 is composed of ~500 residues and 

contributes the majority of the conserved amino acids that form the enzyme active site 

(blue in Figure 1.3).  The topology of D4 is that of a complex antiparallel β-sheet 

sandwich structure.  Two β-hairpin arms protrude from the D4 domains of each monomer 

and interlock the protein dimer.  These arms also form a portion of the back wall of the 
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second monomer’s active site (red in Figure 1.3), and are thought to be important for the 

maintenance of dimer stability and the regulation of substrate specificity in CAOs.  The 

region between monomers encloses a solvent-filled cavity known as the “inland lake,” 

and the dimer interface is extensive with a buried surface area comprising ~50% of the 

total surface area (55) (Figure 1.3).  

All structurally characterized CAOs besides HPAO-1 and -2 contain two metal 

binding sites distinct from the active site copper, one of which is solvent exposed and one 

of which is less accessible (~36 Å and ~30 Å from the active site in ECAO, respectively) 

(62).  These metal sites primarily bind Ca(II), with the plant CAOs binding Ca(II) or 

Mn(II)  at the less accessible site depending on the availability of divalent metal ions (59, 

63).  The X-ray crystal structures of HPAO-1 and HPAO-2 indicate a salt bridge at the 

corresponding position (HPAO-1: Glu69 and Arg467, HPAO-2: Lys42 and Asp445) (55, 

56).  A study conducted using EDTA-treated ECAO found that calcium binding at these 

two sites is not essential for activity, but its removal decreases catalytic efficiency by 

~60-90%, which can be partially recovered by the addition of an exogenous divalent 

cation (62).  This effect has been attributed to long-range structural changes which either 

alter the conformation of TPQ, or affect the dynamics of a hydrophobic channel 

important for oxygen transport to the active site (62). 

 

1.5 Structure of the CAO active site 

The deeply buried CAO active site contains a mononuclear type 2 Cu(II) ion 

bound in a distorted square pyramidal geometry by the imidazole groups of three 
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conserved histidine residues at a distance of ~2.0 Å, a well-ordered axial water ligand at a 

distance of ~2.4 Å (Wa), and a more labile equatorial water ligand visualized in some 

CAO structures at a distance of ~2.0 Å (We) (Figure 1.4A).  TPQ can adopt two possible 

conformations that are named based on the relationship between TPQ and the bound 

copper ion.  The “off-copper” TPQ conformer does not act as a copper ligand; instead, its 

O2 atom interacts with the metal center via the conserved axial water molecule (Figure 

1.4A).  The oxygen atom at position 4 of the TPQ ring is involved in a short hydrogen 

bond (~2.3 Å) with the phenolic hydroxyl of a conserved active site tyrosine residue 

(Tyr305 in HPAO-1).  As this distance is less than 2.5 Å, it indicates a shared proton 

between Tyr305 and TPQ.  The side chain of Tyr305 also interacts with the axial water 

ligand (Wa) via an intervening water molecule (W in Figure 1.4A).  The carbonyl group 

at position 5 of the TPQ ring points away from the copper center and toward the amine 

substrate channel.  This “off-copper” species represents a catalytically productive CAO 

active site, as its C5 atom is the site of nucleophilic attack by amine substrates.  A 

conserved aspartate residue, which acts as a general base during catalysis, sits near the 

substrate binding pocket (Asp319 in HPAO-1) and interacts with the cofactor through an 

intervening water molecule (W2 in Figure 1.4A).  TPQ can also adopt an “on-copper” 

conformation, in which the ring has rotated about its Cα-Cβ and Cβ-Cγ bonds.  This 

represents an unproductive state because the C5 atom of TPQ is inaccessible for 

nucleophilic attack by substrate moieties (Figure 1.4B).  In this conformation, TPQ 

displaces the axial water molecule which is coincident with the “off-copper” TPQ 

conformer (Wa) and instead interacts directly with copper via its O4 atom.  
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Figure 1.4 Diagram of the HPAO-1 active site with TPQ in its (A) “off-copper” or (B) 
“on-copper” conformation.  Residues are shown in stick and colored by atom type 
(carbon, grey).  Copper ions are shown as gold spheres, and water molecules are shown 
as small red spheres.  Hydrogen bonds are indicated by dashed lines, and metal-ligand 
interactions are indicated by solid lines.  In (B), the “off-copper” TPQ conformer from 
panel (A) is shown in semi-transparent stick. 

 

 

 

1.6 Biogenesis of TPQ 

The mechanism by which fully-folded CAO synthesizes its own quinone-

containing cofactor in situ has been an intriguing question in the field.  A number of 

biochemical studies first established the process to be autocatalytic, requiring oxygen and 

copper but no auxiliary enzymatic activity or reducing equivalents (64, 65).  Two moles 

of O2 are consumed for every mole of TPQ and H2O2 produced (Scheme 1.1) (66).   
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Scheme 1.1 An endogenous tyrosine residue is converted to TPQ in an autocatalytic 
oxygen- and copper-dependent process.  E represents the enzyme polypeptide. 

 
 

Kinetic and structural investigations using metal-free precursor (apo) protein from 

Hansenula polymorpha (apoHPAO-1) and Arthrobacter globiformis (apoAGAO), the 

only metal-free precursor CAO proteins currently available, have led to a proposed 

mechanism for TPQ biogenesis.  This process in HPAO-1 is outlined in Scheme 1.2.  

ApoCAO is defined as amine oxidase protein that lacks both active site cofactors: a 

mononuclear copper ion and TPQ.  The tyrosine residue that undergoes modification is 

contained within the conserved active site consensus sequence Thr-X-X-Asn-Tyr-

Asp/Glu (precursor tyrosine residue underlined) (67).  TPQ biogenesis begins with 

apoCAO, in which the precursor tyrosine side chain is unmodified (A in Scheme 1.2) (6, 

68).  Copper binds at the active site and is ligated by three strictly conserved histidine 

residues (A�B in Scheme 1.2).  A kinetic study conducted using apoHPAO-1 with and 

without prebound copper reported a rate of TPQ formation which was unchanged with 

the prebinding of Cu(II), indicating that copper binding is a fast process relative to 

biogenesis overall (69).  

In HPAO-1, molecular oxygen then binds in a nearby off-copper hydrophobic 

pocket, which induces a conformational change in the precursor tyrosine side chain such 
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that its hydroxyl group becomes oriented toward the copper (B�C in Scheme 1.2).  

Structural work suggests that at this point, the tyrosine residue is present in its protonated 

form, as indicated by the long distance between the phenolic oxygen and bound copper 

(~2.5 Å) in a crystal structure of an anaerobic Cu(II)-apoAGAO complex (68).   

 

Scheme 1.2 Proposed TPQ biogenesis mechanism in HPAO-1.  Figure adapted from (6). 

 

 

Support for the oxygen-dependent formation of a tyrosine/copper complex comes 

from spectroscopic studies carried out using apoHPAO-1 (70).  The pre-incubation of 

apoHPAO-1 with copper followed by exposure to molecular oxygen resulted in a feature 

that absorbs at λmax = 350 nm (70).  This species decays isosbestically with the formation 

of TPQ, as indicated by a broad feature absorbing at 480 nm.  Importantly, oxygen was 
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found to be required but not consumed during this process, suggesting that oxygen 

binding results in a conformational change in the side chain of the precursor tyrosine 

residue.  This movement, followed by deprotonation of the tyrosine, results in the 

formation of a ligand-to-metal charge transfer (LMCT) species that gives rise to the 

feature at 350 nm (C in Scheme 1.2) (70).  A putative oxygen binding pocket composed 

of residues Met634, Tyr407, and Leu425 has been identified in HPAO-1, and the rate of 

TPQ biogenesis is linked to the volume of the hydrophobic residue at position 634 (71, 

72). 

The Cu(II)-tyrosine complex, along with its Cu(I)-tyrosyl radical resonance form 

(D in Scheme 1.2), is activated for monooxygenation at position 3 of the tyrosine ring by 

the prebound O2, which forms a bridged peroxo adduct (C/D�E in Scheme 1.2).  This 

species rapidly collapses to produce dopaquinone (DPQ) (E�F in Scheme 1.2).  The 

DPQ ring flips ~180° about its Cα-Cβ bond by an unknown mechanism (F�G in Scheme 

1.2), which leaves it positioned for the incorporation of a second oxygen atom from a 

copper-activated water/hydroxyl at position 6 of the ring (G�H in Scheme 1.2).  This 

produces TPQred (2,4,5-trihydroxyphenylalanine = 2-electron reduced TPQ) (H in 

Scheme 1.2), which is then oxidized to mature TPQ with the concomitant reduction of 

molecular oxygen to hydrogen peroxide (H�I in Scheme 1.2).  Lastly, TPQ moves to the 

catalytically productive “off-copper” position seen in structures of native CAO (I in 

Scheme 1.2). 

The preceding mechanism is strongly supported by a crystallographic 

investigation of TPQ biogenesis in apoAGAO (68).  The crystal structure of apoAGAO 
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has been solved to a resolution of 2.2 Å, and unambiguously shows the precursor tyrosine 

residue (Y382 in AGAO) in its unmodified form with its hydroxyl group pointed toward 

the vacant metal binding site (6) (Figure 1.5A).  This residue and the three conserved 

active site histidine residues which ligate copper in the native enzyme (His431, His433, 

and His592 in AGAO) are arranged around the empty metal binding site in a tetrahedral 

geometry.  His431 and His433 adopt the conformers seen in the native enzyme, but 

His592 is present as two conformers, indicating some positional flexibility at this site.  

The two water molecules normally observed in the native CAO active site which ligate 

the copper (Wa and We in Figure 1.4A) are absent in the apoAGAO structure.   

A series of crystal structures containing AGAO biogenesis intermediates were 

solved by exposing anaerobic apoAGAO crystals, which had been prebound with Cu(II), 

to O2 followed by freezing after different lenghts of time (68).  This study produced 

structures of an anaerobic complex between apoAGAO and Cu(II) (flash-frozen after 0 

min of O2 exposure), an early intermediate (flash-frozen after 10 min of O2 exposure), and 

a late intermediate (flash-frozen after 100 min of O2 exposure) of biogenesis (B, C, and D 

in Figure 1.5, respectively), which are consistent with the mechanism presented in 

Scheme 1.2.  Finally, exposure of apoAGAO crystals prebound with Cu(II) to O2 for a 

week before flash-freezing resulted in the structure of a species identical to holoAGAO, 

confirming that biogenesis can occur to completion in the crystal (E in Figure 1.5).  
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Figure 1.5 Structurally characterized TPQ biogenesis intermediates in AGAO: (A) 
apoAGAO (PDB code 1avk) (B) apoAGAO/Cu(II) complex (PDB code 1ivu) (C) 
dopaquinone (DPQ)-containing early intermediate (PDB code 1ivv) (D) 2-electron 
reduced TPQ (TPQred)-containing late intermediate (PDB code 1ivw) and (E) holoAGAO 
generated in the crystal (PDB code 1ivx).  Residues are shown in stick and colored by 
atom type (carbon, grey).  Copper ions are shown as gold spheres, and water molecules 
are shown as small red spheres.  Solid lines indicate metal-ligand interactions, and a 
dashed line indicates a hydrogen bond. 
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The structure of the anaerobic complex between apoAGAO and Cu(II) was solved 

to a resolution of 1.9 Å (Figure 1.5B).  The electron density clearly shows the unmodified 

side chain of Tyr382, consistent with the requirement of molecular oxygen for TPQ 

biogenesis.  The phenolic group of Tyr382 is thought to be protonated based on the 

distance between its hydroxyl group and the bound copper (~2.5 Å).  Aside from the 

bound copper ion, this structure is identical to that of apoAGAO (Figure 1.5A), and 

represents the first step prior to the formation of TPQ, activating the precursor tyrosine 

side chain for monooxygenation at position 3 of the phenyl ring.    

The structure of apoHPAO-1 in complex with Zn(II) (PDB code 1ekm) solved to 

2.5 Å resolution reinforces the importance of the tyrosyl/copper complex in activating the 

precursor tyrosine ring for the initial oxygenation reaction (73).  Zinc is known to bind 

tightly at the CAO active site and resist displacement by copper (74).  Because zinc 

cannot support TPQ production, the structure of the Zn(II)-apoHPAO-1 complex mimics 

the copper binding step (A�B in Scheme 1.2) prior to biogenesis.  Similar to the 

anaerobic Cu(II)-apoAGAO complex, zinc was found to bind at the copper binding site, 

ligated by the three conserved histidine residues and the unmodified precursor tyrosine 

residue in a tetrahedral geometry (73).    

A crystal structure containing the dopaquinone intermediate formed during TPQ 

biogenesis was solved to a resolution of 2.1 Å (C in Figure 1.5) (68).  The electron 

density confirmed that in this intermediate one oxygen atom had been inserted into the 

ring of Tyr382, and the residue had been modified to dopaquinone.  An additional feature 

of this structure is the presence of an equatorial water ligand at a distance ~2.1 Å from 
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the copper center (We in Figure 1.5C) that is absent in the anaerobic complex between 

apoAGAO and Cu(II) (Figure 1.5B).   

Exposure of apoAGAO crystals to O2 for 100 min trapped the TPQred  

intermediate formed during biogenesis, which was solved to a resolution of 1.9 Å (Figure 

1.5D) (68).  As indicated by the electron density, two oxygen atoms had been inserted 

into the Tyr382 ring, forming either TPQred or TPQ.  This intermediate is formed only 

after the rotation of the dopaquinone ring by ~180°, resulting in a species in which the O4 

atom acts as a direct ligand to the bound copper.  Single crystal microspectrophotometry 

experiments as well as the presence of a hydrogen bond between the O2 atom of the ring 

with the backbone carbonyl of Thr403 (indicating that the O2 atom is protonated), 

confirmed that this species is TPQred and not TPQ (68).       

Biogenesis requires precise control in terms of positioning the precursor tyrosine 

residue and the intermediates formed during biogenesis within the active site.  These 

species undergo rotations about their Cα-Cβ and Cβ-Cγ bonds to occupy both on- and 

off-copper positions.  A number of active site residues, including some within the 

consensus sequence which contains the precursor tyrosine residue, contribute to this high 

level of conformational regulation by stabilizing the emerging cofactor in conformations 

accessed during biogenesis (Figure 1.6).   

A strictly conserved active site tyrosine residue (Tyr305 in HPAO-1) is involved 

in a short hydrogen bond with the O4 atom of TPQ, helping to stabilize it in the 

appropriate position for catalysis of amine oxidation.  The mutation of Tyr305 to a 

phenylalanine residue interferes with normal O—O bond cleavage during biogenesis and 
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results in indiscriminant oxidative damage, indicating that this strictly-conserved residue 

plays a role in conformational stabilization of the precursor tyrosine residue during 

biogenesis as well (75).  In HPAO-1, the mutation of the strictly conserved residue N-

terminal to the precursor tyrosine (Asn404) to an alanine results in only 5-10% TPQ 

formation relative to the native enzyme, while the mutation of Asn404 to an aspartate 

results in a 2-fold decrease in kTPQ (70, 76).  The rate of TPQ biogenesis is also decreased 

by an order of magnitude when the residue C-terminal to the precursor tyrosine in 

HPAO-1 (Glu406) is mutated to a glutamine (70).  These effects illuminate the 

importance in balancing the chemical properties of active site residues during biogenesis 

such that they allow for flexibility of the precursor tyrosine side chain at appropriate 

times but stabilize it at others. 

Figure 1.6 Amino acid residues in HPAO-1 that are involved in stabilizing biogenesis 
intermediates.  Residues are shown in stick and colored by atom type (carbon, grey).  The 
active site copper ion is shown as a gold sphere, and a water molecule is shown as a small 
red sphere.  Dashed lines indicate hydrogen bonds. 
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After the 6-electron oxidation of tyrosine, the resultant TPQ cofactor serves as a 

chromophoric handle that allows for both biogenesis and changes in the electronic 

properties of TPQ during catalysis (discussed next) to be monitored.  ApoCAO protein is 

colorless with no UV/visible absorption peak, whereas the mature protein is yellow-pink 

in color (λmax = 480 nm) due to electronic transitions within the cofactor (77).  When 

apoHPAO-1 is aerobically reconstituted with Cu(II), an intermediate absorbing at 380 nm 

forms and decays before the formation of the species at 480 nm which indicates mature 

TPQ (Figure 1.7).  The rates of formation and decay of the 380 nm species are unaffected 

by pre-incubation with zinc or the addition of Cu(II) to the mature TPQ-containing 

HPAO-1.  Thus, this species is thought to arise from an off-pathway LMCT interaction 

(70).   

Figure 1.7 Solution UV/visible spectra showing the time course of the aerobic 
reconstitution of apoHPAO-1 with Cu(II) at pH 7.0.  The directions of change for 
UV/visible absorbance features over time are indicated by arrows.   
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The copper bound at the CAO active site is ligated by three N and one/two O 

ligands and thus is type 2 or “non-blue” copper.  Consequently, the intense spectral 

feature absorbing at ~600 nm associated with type 1 “blue” copper sites (ε = ~5000       

M-1cm-1) due to the presence of a cysteinic sulfur ligand is absent in CAO (78).  The 

coupling of X-ray crystallography with single crystal spectroscopy is a powerful tool, 

allowing chromophoric species formed during enzymatic reactions to be identified 

before, during, and after X-ray data collection.   

 

1.7 Catalysis in CAOs 

Catalysis in CAOs utilizes a ping-pong mechanism and therefore can be thought 

of as two distinct half-reactions: (1) the oxidation of primary amine substrates, generating 

product aldehyde and the 2-electron reduced aminoquinol form of the cofactor, in which 

the O5 atom is displaced by a substrate-derived amine group (known as the reductive 

half-reaction) and (2) the re-oxidation of TPQ with concomitant reduction of O2 to H2O2 

and the release of NH4
+ (known as the oxidative half-reaction) (Scheme 1.3).    

 
Scheme 1.3 The two half-reactions of CAO catalysis. RCH2NH3

+ is representative of all 
primary amines; TPQamq, aminoquinol.  
 
  reductive half-reaction:  E-TPQ + RCH2NH3

+ � E-TPQamq + RCHO 

  oxidative half-reaction: E-TPQamq + O2 + H2O � E-TPQ + H2O2 + NH4
+ 

 

 
The active site of resting native CAO contains oxidized TPQ and Cu(II) (A in 

Scheme 1.4).  Catalysis is initiated with a nucleophilic attack by a primary amine at the 
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C5 atom of TPQ, forming a covalent substrate Schiff base complex between the two 

(A�B in Scheme 1.4).  Proton abstraction by a conserved aspartate residue from the C1 

atom of the substrate, which is expected to have a decreased pKa, forms the 

corresponding product Schiff base species (D in Scheme 1.4) via the rapid rearrangement 

of a carbanionic intermediate (C�D in Scheme 1.4) (79, 80).  Hydrolysis of the product 

Schiff base releases the corresponding aldehyde product and leaves the cofactor as a 2-

electron reduced aminoquinol (D�E in Scheme 1.4) (80).    

Scheme 1.4 Proposed CAO catalytic mechanism.  RCH2NH3
+ is representative of all 

primary amine substrates. 
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The aminoquinol marks the conclusion of the reductive half-reaction, and acts as 

the initial intermediate during the oxidative half-reaction.  While the study of CAOs from 

several sources has led to a general consensus regarding the reductive half-reaction, 

details concerning the oxidative half-reaction have remained unclear, particularly 

concerning the nature of the first electron transfer from reduced cofactor to O2  (81). 

Reduced TPQ exists in an equilibrium between the aminoquinol/Cu(II) couple and a 

semiquinone radical/Cu(I) form (E and F, respectively, in Scheme 1.4) (82).  The 

distribution of the aminoquinol/semiquinone equilibrium is source-, pH-, and 

temperature-dependent (83-85).  At pH 7, CAOs derived from plant sources form as 

much as 40% semiquinone when anaerobically reduced with substrate, while other non-

plant eukaryotic CAOs contain very low levels of semiquinone near or below the limit of 

detection (83).  Bacterial CAOs contain semiquinone at levels somewhere in between 

those of the two eukaryotic groups. 

Two proposals to describe the first electron transfer to O2 have been put forth.  

The first utilizes an inner sphere electron transfer mechanism, in which O2 binds to the 

reduced copper in the semiquinone/Cu(I) couple.  This is followed by electron transfer 

from Cu(I) to O2 to form copper(II)/superoxide.  The transfer of another electron and two 

protons from the semiquinone to the superoxide yields the iminoquinone form of cofactor 

(G in Scheme 1.4) and hydrogen peroxide (82, 86).  Support for an inner sphere electron 

transfer mechanism derives from the detection of the semiquinone radical form of TPQ 

(82) and the demonstration of a catalytically competent electron transfer rate from the 

aminoquinol to Cu(II), which is greater than the rate-limiting step for catalysis with any 
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amine oxidase (85, 87).  Additionally, azide, which is expected to ligate copper, was 

found to exhibit competitive inhibition with respect to O2 in PSAO and a CAO isolated 

from pig plasma, as well as partially competitive inhibition in DAO (88, 89).  

An outer sphere electron transfer mechanism has also been proposed, in which an 

electron from aminoquinol is transferred directly to O2 bound in a nearby hydrophobic 

pocket, forming superoxide and the semiquinone (71, 90).  This mechanism does not 

involve an obligate change in the oxidation state of the copper, with its primary role 

being to stabilize the resultant superoxide.  A kinetic study using BSAO demonstrated 

that the single electron reduction of O2 is rate-limiting during the oxidative half-reaction 

(71).  Chemical intuition suggests that this should be a fast process if the electron is 

derived from reduced Cu(I); thus an outer sphere electron transfer mechanism consistent 

with the kinetic data was proposed.  Major support for an outer sphere electron transfer 

mechanism derives from work done with HPAO-1 (90, 91). The removal of copper from 

the HPAO-1 active site followed by reconstitution with Co(II) resulted in fully-functional 

protein with kinetic parameters indistinguishable from those of the native enzyme (91).  

In addition, copper-depleted lentil seedling amine oxidase (LSAO) that was fully 

reconstituted with Co(II) regained partial catalytic competency (92).  The reduction 

potential of the Co(II)/Co(I) couple is very low (for example -400 to -500 mV vs. 

standard hydrogen electrode (SHE) in methionine synthase) (93).  Co(II) is thus unlikely 

to be reduced during Co(II)-mediated catalysis, suggesting that a redox role for copper is 

unnecessary in the native enzyme.  The use of a hydrophobic oxygen binding site near the 

copper is supported by kinetic data indicating that oxygen binding in HPAO-1 is 
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noncompetitive with azide, which is predicted to bind at the active site copper (94).  In 

addition, the oxidation of a model compound for the reduced cofactor has been shown to 

occur in the absence of metal (90).   Finally, the semiquinone in some anaerobically 

reduced CAOs is virtually undetectable, which lends additional support to an outer sphere 

electron transfer mechanism.   

The issue of the first electron transfer from cofactor to O2 is being actively 

pursued, and it has been suggested that CAOs may be capable of using more than one 

mechanism to reduce O2, but that each different CAO has a clear preference for either 

inner or outer sphere electron transfer (95, 96).  Regardless, O2 ultimately accepts two 

electrons and two protons from the cofactor, yielding H2O2 and the oxidized 

iminoquinone (G in Scheme 1.4).  Hydrolysis of the iminoquinone releases product 

ammonium and regenerates oxidized TPQ (G�A in Scheme 1.4).  Alternatively, when 

substrate levels are high the iminoquinone can react with a second amine, releasing 

product ammonium and generating the substrate Schiff base (G�B in Scheme 1.4).   

Similar to biogenesis, catalysis in CAO can be monitored spectroscopically owing 

to changes in the electronic form of TPQ, both in solution and in crystallo (Table 1.2).   
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Table 1.2 λmax of spectroscopic intermediates formed during CAO catalysis. 

Catalytic Intermediate λmax 

TPQ (quinone)a 480 

substrate Schiff baseb 340 

product Schiff basec,d,e 380 

aminoquinolb 310 

semiquinonef 360, 435, 465 

iminoquinoneg,h 450 or 350 (if charge is delocalized, as in HPAO-1) 

Cu(II)-peroxyg 410 

From refs. a(97), b(98), c(76), d(99), e(100), f(82), g(101), h(102) 
 

A number of catalytic intermediates formed during both half-reactions have been 

structurally characterized.  The active sites from structures of native TPQ-containing 

CAOs from a variety of organisms (Table 1.1) are nearly identical and contain oxidized 

TPQ, copper ligated by the imidazole groups of three strictly conserved histidine 

residues, an aspartate residue that acts as the catalytic base during catalysis, and several 

conserved water molecules.  The active site structure of HPAO-1 is shown in Figure 1.8A 

(103).  As described previously, catalytically productive TPQ in the native enzyme is in 

an “off-Cu” conformation with its C5 carbonyl pointed toward the substrate amine 

channel, ideally positioned for attack by a primary amine substrate.  This conformation is 

stabilized by hydrogen bonding between the O2 atom of TPQ and an axial water 

molecule (Wa in Figure 1.8A), and between the O4 atom of TPQ and the hydroxyl of a 

conserved tyrosine residue.  Results from resonance Raman spectroscopy using AGAO 

indicate that underivatized TPQ exhibits significant electron delocalization between the 

C2 and C4 oxygen atoms, with only the C5 atom possessing significant C=O character 
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(104).  This is consistent with the formation of a covalent cofactor-substrate Schiff base 

complex following nucleophilic attack at the C5 position during catalysis as opposed to 

the C2 or C4 positions.   

Figure 1.8 Structurally characterized intermediates formed during the CAO reductive 
half-reaction: (A) native HPAO-1 active site (PDB code 2oov) (103) (B) ECAO 
containing a substrate Schiff base analog formed with the inhibitor 2-hydrazinopyridine 
(PDB code 1spu) (80)  (C) D298A AGAO containing the product Schiff base (PDB code 
2cwv) (105) (D) substrate-reduced ECAO containing the aminoquinol (PDB code 1d6u) 
(106).  Residues are shown in stick and colored by atom type (carbon, grey).  Copper ions 
are shown as gold spheres, and water molecules are shown as small red spheres.  Dashed 
lines indicate hydrogen bonding, and solid lines indicate metal-ligand interactions. 
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The structure of ECAO in a covalent complex with the inhibitor 2-

hydrazinopyridine has been solved to a resolution of 2.0 Å (80) (Figure 1.8B).  The 

inhibitor was found to bind to atom C5 of the cofactor, displacing the O5 atom and 

generating a Schiff base analog (B in Scheme 1.4).  Because 2-hydrazinopyridine 

contains a nitrogen atom instead of a carbon at the Cα position, the Schiff base analog 

formed with the inhibitor cannot be deprotonated and thus accumulates in the crystal.  

The pyridine and quinone rings are not coplanar, suggesting that the complex is an analog 

of the substrate Schiff base and not the product Schiff base.  A notable feature of this 

structure is the hydrogen bond between a nitrogen atom (corresponding to Cα in a 

physiological Schiff base) of the inhibitor/cofactor complex and a strictly conserved 

active site aspartate residue, which suggested this residue as the general catalytic base in 

the reductive half-reaction that abstracts a proton from the substrate Schiff base (106).  

This was unequivocally confirmed through the study of twelve amino acid variants at this 

site in ECAO, which established that only glutamate had catalytic activity, although its 

kcat was reduced by a factor of 6.4 x 104 compared to the native aspartate (79, 80). 

 The mutation of the active site aspartate residue (D298 in AGAO) to an alanine in 

AGAO results in a decrease in catalytic efficiency by ~106 orders of magnitude, with a 

low level of activity possibly due to water acting as a base (105).  The incubation of 

D298A AGAO crystals with the physiological substrate 2-phenylethylamine for one 

week before freeze-trapping and structure solution resulted in a 1.85 Å resolution crystal 

structure containing a product Schiff base intermediate (Figure 1.8C).  This assignment 

was confirmed by single crystal microspectrophotometry (105).  The product Schiff base 
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has not been observed in solution, presumably due to the fast rate of hydrolysis which 

produces aldehyde and the aminoquinol (D�E in Scheme 1.4).  In the crystal, however, 

the reaction is considerably slower and the product Schiff base is able to accumulate.  

The Cβ atom of the product is coplanar with the TPQ ring and the imine double bond in 

this structure, which is anticipated for the product Schiff base formed with 2-

phenylethylamine (Figure 1.8C).   

The 2-electron reduced aminoquinol is the final cofactor intermediate formed 

during the reductive half-reaction, and marks the initiation of the oxidative half-reaction.  

Crystals containing the aminoquinol at the active site were prepared by freeze-trapping 

crystals of ECAO after their anaerobic reduction with 2-phenylethylamine, and the 

structure of this species was solved to a resolution of 2.4 Å (Figure 1.8D) (106).  Single 

crystal microspectrophotometry indicated that the species was bleached, which is 

consistent with the aminoquinol (Table 1.2) (98).  Present in the “off-Cu” conformation, 

the aminoquinol interacts with the copper ion through the axial water molecule seen in 

native CAO structures.  A surprising feature in this structure was the presence of 

phenylacetaldehyde product bound at the back of the active site.  Crystal contacts 

appeared to inhibit interdomain movement such that the ping-pong kinetics seen in 

solution were disrupted and aldehyde remained trapped in the enzyme at the back of the 

active site (106). 

Intermediates formed during the oxidative half-reaction that have been 

structurally characterized are shown in Figure 1.9.  The oxidative half-reaction involves 

the re-oxidation of TPQ, and begins with TPQ in an equilibrium between the 
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aminoquinol/Cu(II) couple and a semiquinone radical/Cu(I) species.  A structure 

containing the aminoquinol has been solved, and is described in the preceding paragraph.  

Currently there is no published crystal structure of a reduced CAO containing 

semiquinone and Cu(I).   

Figure 1.9 Structurally characterized intermediates formed during the CAO oxidative 
half-reaction: (A) substrate reduced ECAO containing the aminoquinol (PDB code 1d6u) 
(106), (B) ECAO containing the iminoquinone (PDB code 1d6z) (106).  Residues are 
shown in stick and colored by atom type (carbon, grey).  Copper ions are shown as gold 
spheres, and water molecules are shown as small red spheres.  Hydrogen bonding 
interactions are indicated by dashed lines, and metal-ligand interactions are indicated by 
solid lines.  

 
 
A structure containing the iminoquinone intermediate formed during catalysis was 

solved after the prolonged aerobic exposure of an ECAO crystal to 2-phenylethylamine 

(Figure 1.9B) (106).  This steady-state structure contains not only the iminoquinone, but 

an oxygen species that has displaced the axial water molecule in the structure containing 

aminoquinol (Figure 1.9A).  Phenylacetaldehyde product remains bound in the back of 
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the active site in the same position it occupies in the aminoquinol-containing structure 

(Figure 1.9A).  The side-on geometry of the oxygen species and the presence of 

iminoquinone and product aldehyde suggested that this was most likely the product 

hydrogen peroxide. The presence of an oxygen species bound at the copper coincident 

with product aldehyde again demonstrates that in the crystal, the ping-pong kinetics seen 

in solution have been disrupted (106).  

Finally it is well documented that CAOs function as obligate dimers, and 

evidence suggests that some, but not all, CAOs exhibit cooperativity through long-range 

conformational changes  propagated through the CAO dimer from one active site to the 

other (80, 107-110).  BSAO and ANAO exhibit half-site reactivity with regard to 

hydrazine inhibitors (107, 108, 111).  In additional kinetic work using HPAO-1, 

heterodimers that contain zinc bound in one active site of the HPAO-1 dimer and copper 

in the second could not efficiently carry out the oxidative half-reaction at either active 

site, suggesting that communication between the two metal binding sites influences 

oxidative chemistry (112).  It has been suggested that metal binding in one CAO active 

site induces conformational changes through a network of interactions that cross the 

dimer interface (112).   

 

1.8 CAO channels and access to the active site 

The substrates consumed during CAO catalysis (a primary amine and O2) take 

different paths to the same deeply buried active site.  A distinct substrate amine channel 

leads from the enzyme surface to the C5 atom of TPQ, the site of nucleophilic attack 
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during catalysis (a distance of ~18 Å in HPAO-1) (Figure 1.10B).  Despite the well-

conserved structural homology of the overall CAO fold, the dimensions and shape of the 

amine substrate channel vary radically depending on enzyme source.  Amongst CAO 

homologs, only four amino acids within this channel display any sequence homology 

(besides the invariant aspartate residue which acts as the catalytic base and the consensus 

sequence containing the precursor tyrosine residue that is converted to TPQ).  Position 

323 (HPAO-1 numbering) corresponds to an aromatic residue, position 155 corresponds 

to either a proline or serine residue, position 305 corresponds to a tyrosine residue 

important in stabilizing TPQ, and position 156 corresponds to a bulky hydrophobic 

residue.  This channel not only allows substrate amine access to the site of catalytic 

turnover, but also functions as an egress for product aldehyde exiting the active site.   

Substrate preference in different CAOs is determined by the chemical properties 

of the residues lining the amine substrate/aldehyde product channel, as well as the general 

shape and size of this space.  These vary significantly depending on enzyme source, with 

channels ranging from nearly obstructed (ECAO, Figure 1.10A) to channels so broad that 

entire peptides can be accommodated and serve as a substrate ((I) ANAO and (J) PPLO, 

Figure 1.10).  
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Figure 1.10 Diagram of the amine substrate channel in different CAOs.  Each enzyme is 
shown as a grey molecular surface.  TPQ is shown in stick and colored by atom type 
(carbon, white).  Copper ions are shown as gold spheres.  (A) ECAO (B) HPAO-1 (C) 
HPAO-2 (D) VAP-1 (E) DAO (F) PSAO (G) AGAO (H) BSAO (I) ANAO (J) PPLO. 

 
 
 
An additional proposed role for the residues lining the amine substrate channel 

involves the stereospecificity of the proton abstraction step during the CAO reductive 

half-reaction.  Stereospecificity for this step varies depending on enzyme source and the 

identity of the amine substrate consumed (113, 114).  For example, PSAO selectively 

abstracts the pro-S proton from dopamine, tyramine, and benzylamine during the 

reductive half-reaction, while BSAO is non-stereoselective when dopamine or tyramine 

are used as a substrate, but abstracts the pro-S proton from Schiff base complexes formed 

with benzylamine, p-hydroxybenzylamine, and 3-methylbutylamine (113).  In contrast, 

AGAO is known to selectively abstract the pro-S proton from Schiff base complexes 

formed with all substrates tested thus far (115).  In all CAO homologs, the pro-S proton 
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from the Schiff base species formed with benzylamine is abstracted in favor of the pro-R 

proton.  Given the strong structural homology between CAO active site residues, it has 

been suggested that the conformation of the substrate Schiff base complex itself is more 

important than the positions of active site residues relative to the amine substrate in 

determining the stereospecificity of the proton abstraction step (116).  The residues lining 

the amine substrate channel are important for the accommodation of Schiff base 

intermediates and display relatively low sequence homology amongst CAOs compared to 

other regions of the protein.  The interactions between these residues and the Schiff base 

complexes consequently influence the stereospecificity of the proton abstraction step 

during catalysis in a species- and/or substrate-dependent manner (116).   

The second substrate consumed during catalysis, molecular oxygen, had 

previously been thought to travel to the CAO active site via the “inland lake” where the 

two monomers in the CAO dimer meet.  While it is possible that the inland lake may act 

as a reservoir for molecular oxygen (based on potential of mean force (PMF) maps which 

illustrate regions of low free energy for the placement of O2 inside the protein matrix) it 

has been proposed that the narrow polar channel connecting this region to the active site 

is more appropriate for exiting H2O2 (103).  This is consistent with both the short length 

and polar nature of H2O2.   

In order to visualize molecular oxygen movement through the protein matrix, 

crystal structures of the complex between CAO and xenon have been solved from several 

sources, including PSAO (117) , PPLO (117), ECAO (118), AGAO (117), and HPAO-1 

(103).  Xenon has the same volume as molecular oxygen and mimics oxygen binding in 
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hydrophobic pockets.  Several recurrent O2 binding sites have been identified from these 

xenon complexes, including in the β-sheet sandwich fold of the catalytic D4 domain, the 

amine substrate channel, and a channel from the inland lake. 

Figure 1.11 Overlay of xenon binding sites in xenon/CAO complexes.  Domain D4 from 
one HPAO-1 monomer is shown as a green cartoon, and active site residues are depicted 
in stick and colored by atom type (carbon, grey).  Xenon atoms are shown as spheres and 
colored by enzyme source (PSAO, red; PPLO, yellow; AGAO, blue; HPAO-1, magenta).  
Arrows indicate the direction of O2 movement toward the active site.  Figure from (103).   

 
Taken together, crystallographic and PMF data from these studies suggest several 

species-dependent O2 points of entry into the protein interior (two are shown as black 

arrows in Figure 1.11).  After its initial entry into the protein matrix, O2 is transiently 

held within the hydrophobic interior of domain D4, followed by migration closer to the 

active site where it is activated (Figure 1.11).  Though the interior of domain D4 is 

largely composed of hydrophobic residues in all CAO homologs, source-specific 
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differences in the primary amino acid sequence of D4 could account for the different 

points of entry utilized by O2 in different CAO homologs.              

 

1.9 Research Goals 

CAO is a bifunctional enzyme that catalyzes both the single-turnover production 

of its own “home-made” cofactor in situ as well as the multiple-turnover oxidative 

deamination of primary amines.  The CAO active site displays remarkable plasticity, with 

the same set of active site residues supporting monooxygenase, hydrolase, and oxidase 

activities.  In order to investigate mechanistic features related to both biogenesis and 

catalysis in CAO, X-ray crystallographic experiments were carried out using two CAOs 

from the yeast Hansenula polymorpha (HPAO-1 and HPAO-2).  Only two metal-free 

CAO systems exist in which biogenesis can be readily studied: HPAO-1 and AGAO.  

The bacterial and yeast systems differ in several respects in terms of both biogenesis and 

catalysis, and as a eukaryotic CAO, HPAO-1 represents a well-suited model to study 

issues related to chemistry carried out by human CAO homologs.  In addition, extensive 

biochemical and kinetic characterizations of both biogenesis and catalysis in HPAO-1 

have been conducted, placing crystal structures of HPAO-1 within a rich biochemical 

context.   

The crystal structure of a second CAO from the yeast Hansenula polymorpha 

(HPAO-2) that was identified from benzylamine-enriched media is reported in Chapter 2.  

A structural comparison of two CAO paralogs from Hansenula polymorpha (HPAO-1 

and HPAO-2) in conjunction with steady state kinetic data available for each enzyme 
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when reacted with methylamine and benzylamine provide insight into substrate 

specificity, and help explain their different and opposing preferences for small aliphatic 

vs. aromatic amines. 

Copper plays a critical role in the autocatalytic production of TPQ.  The metal 

specificity for the step preceding biogenesis (metal binding) has been investigated and is 

presented in Chapter 3.  The crystal structures of metal-free precursor HPAO-1 

(apoHPAO-1) as well apoHPAO-1 in complex with Cu(I) or Co(II) have been solved, 

and add insight into the physiological use of copper during biogenesis.  In addition, the 

features which determine whether alternate metals can initiate and support biogenesis are 

discussed.   

The X-ray crystal structures of HPAO-1 in complex with three different primary 

amine substrates (methylamine, ethylamine, and benzylamine) are presented in Chapter 

4.  A comparison of substrate binding in these three complexes provides insight into 

substrate specificity and the changes incurred in the amine substrate channel.  These 

structures represent the first structural study of substrate specificity using multiple 

physiological amines (all of which have been kinetically characterized) and their 

interactions in a single CAO.   

Lastly, Chapter 5 presents the progress and future directions for two projects 

currently underway.  The first involves attempting to reverse the small aliphatic vs. 

aromatic substrate preference of HPAO-1 and HPAO-2 proteins with mutations at a 

position in the primary sequence proposed to be a major contributor to substrate 

specificity (HPAO-1: Y323C; HPAO-2: C306Y).  The crystal structures of these two 
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mutants are currently being pursued.  An additional ongoing project utilizes the unnatural 

amino acid p-amino phenylalanine (pAF, aniline amino acid) incorporated at two 

positions in the HPAO-1 active site.  An aniline amino acid has replaced either the 

precursor tyrosine residue which is transformed into TPQ (Y405pAF) or a conserved 

tyrosine residue which stabilizes the cofactor during biogenesis and catalysis (Y305pAF).  

Crystal structures of these aniline mutants would investigate the impact of redox potential 

vs. pKa in the initial steps of biogenesis and are currently being pursued.   
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CHAPTER 2: THE PRECURSOR FORM OF Hansenula polymorpha COPPER 

AMINE OXIDASE-1 IN COMPLEX WITH CU(I) AND CO(II) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

Content in this chapter is reproduced with permission of the International Union of 
Crystallography (http://journalnals.iucr.org/). 
 
Klema, V.J., Johnson, B.J., Klinman, J.P., and Wilmot, C.M. (2012) The precursor form 

of Hansenula polymorpha copper amine oxidase 1 in complex with Cu(I) and Co(II), 
Acta Crystallogr., Sect. F: Struct. Biol. Cryst. Commun. 68, 501-510. 

 



42 
 

Copper amine oxidases (CAOs) catalyze the oxidative deamination of primary 

amines to their corresponding aldehydes, with the concomitant reduction of O2 to H2O2.  

Catalysis requires two cofactors: a mononuclear copper center, and the cofactor 2,4,5-

trihydroxyphenylalanine quinone (TPQ).  TPQ is synthesized through the post-

translational modification of an endogenous tyrosine residue, and requires only oxygen 

and copper to proceed.  TPQ biogenesis in CAOs can be supported with alternate metals, 

albeit at decreased rates.  A variety of factors are thought to contribute to the degree to 

which a metal can support TPQ biogenesis, including Lewis acidity, redox potential, and 

electrostatic stabilization capability.  The crystal structure of one of two characterized 

CAOs from the yeast Hansenula polymorpha (HPAO-1) has been solved in its metal-free 

(apo) form, which contains an unmodified precursor tyrosine residue instead of fully-

processed TPQ (HPAO-1 was denoted as HPAO in literature prior to 2010).  The 

structures of apoHPAO-1 in complex with Cu(I) and Co(II) have also been solved, 

providing structural insight into metal binding prior to biogenesis.      
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2.1 Background 

Copper amine oxidases (CAOs) are ubiquitous homodimeric enzymes responsible 

for the two-electron oxidative deamination of primary amines to their corresponding 

aldehydes.  Found in aerobic organisms ranging from bacteria to higher eukaryotes, the 

physiological roles of CAOs and their sources are diverse.  In bacteria and yeast, CAOs 

play a mainly metabolic role, enabling the use of primary amines as a sole source of 

carbon and/or nitrogen for growth (6, 7).  The functions of these enzymes in higher 

eukaryotes are not as well understood, with CAOs thought to contribute to a number of 

complex processes including wound healing and cell wall maturation in plants; and 

inflammatory leukocyte extravasation, glucose regulation, and cell signalling in 

mammals (10, 119, 120).  Aberrant human CAO activity has been linked to a number of 

disease states marked by protein crosslinking, including Alzheimer’s disease, diabetic 

complications, and congestive heart disease (22, 27, 121). 

Despite their wide variety of sources and biological functions, all CAOs catalyze 

the same chemistry: the oxidative deamination of primary amine substrates coupled to the 

reduction of O2 to H2O2 in the following overall reaction (28, 119, 122): 

RCH2NH3
+ + O2 +H2O � RCHO + NH4

+ + H2O2 

CAOs are a member of a growing number of bifunctional enzymes which 

synthesize their own organic cofactors de novo.  This increases the diversity of chemical 

properties available to an enzyme active site beyond that afforded by the twenty 

canonical amino acid side chains.  In the case of CAOs, the redox-active cofactor 2,4,5-
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trihydroxyphenylalanine quinone (TPQ) is produced autocatalytically by the oxidation of 

an endogenous tyrosine residue (Scheme 1.1) (28, 64, 65).  This process occurs without 

auxiliary proteins and requires only the presence of oxygen and copper. 

Understanding the role of copper is necessary for a complete picture of TPQ 

biogenesis in CAOs.  Previous spectroscopic, kinetic, and structural studies suggest a 

critical role for copper via its direct ligation with the precursor tyrosine residue.  In 

HPAO-1, this is thought to activate the phenolic ring for monooxygenation by prebound 

molecular oxygen in a nearby site (69, 70, 73).  It had previously been believed that only 

copper, the physiologically relevant metal in CAOs, could support the biogenesis of TPQ.  

Works done with metal-free precursor CAOs from the yeast Hansenula polymorpha 

(HPAO-1) and the bacterium Arthrobacter globiformis (AGAO) have challenged this, 

revealing that alternate metals can support TPQ formation in vitro, albeit at decreased 

rates (Table 2.1) (70, 123-125).   

 

Table 2.1 kTPQ for biogenesis in HPAO-1 and AGAO supported by various metals. 

 HPAO-1 (h-1) AGAO (h-1) 

Cu(II) 4.8 ± 0.2a 90 ± 12b,e 

Cu(I) 0.28 ± 0.06c Unmeasured 

Ni(II)   0.028 ± 0.006d (7.5 ± 0.12) × 10-2 b,e 

Co(II) not supported (7.92 ± 0.24) × 10-2 b,e 

Zn(II) not supported not supported 

Data from refs. a (70), b (125), c (124), d (123).  e Data originally reported in min-1 
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In HPAO-1, the biogenesis of TPQ can proceed with a Cu(II), Cu(I), or Ni(II) ion 

bound at the metal binding site, but is not supported by Co(II) (70, 123, 124).  In contrast, 

TPQ biogenesis in AGAO is supported by bound active site Co(II) as well as Cu(II) and 

Ni(II) (125).  Zn(II) is unable to promote TPQ biogenesis in CAOs, and furthermore 

resists displacement by copper when bound to the CAO active site (74, 126).   

The initial assumption that it was necessary to fully reduce Cu(II) to form a Cu(I)-

tyrosinate species for tyrosine ring activation has been challenged by studies using metal-

free precursor (apo) AGAO (apoAGAO) and HPAO-1 (apoHPAO-1) (124).  Although 

TPQ biogenesis is supported by Ni(II) and Co(II) in AGAO, the very low reduction 

potentials for both the Ni(II)/Ni(I) (-1.16V vs. standard hydrogen electrode (SHE) in 

complexes with N/O ligands) and Co(II)/Co(I) (for example, -0.4 to -0.5V vs. SHE in 

methionine synthase) couples would disfavor a mechanism that requires the reduction of 

metal by the TPQ precursor tyrosine (93, 127).  Kinetic measurements of TPQ biogenesis 

in apoHPAO-1 indicate that TPQ is produced in Cu(I)-supplemented apoHPAO-1 protein 

at a rate 17-fold slower than in Cu(II)-supplemented apoHPAO-1, which is ascribed to a 

prior requisite oxidation of Cu(I) to Cu(II) (124).  Additionally, in a study of Ni(II)-

initiated cofactor production in apoHPAO-1, electron paramagnetic resonance (EPR) 

spectroscopy revealed that the bulk of the bound nickel is EPR silent, consistent with a 

+2 oxidation state being maintained throughout biogenesis (123).  These studies disfavor 

a mechanism in which Cu(II) must first be fully reduced to Cu(I) for the initiation of 

cofactor biogenesis (123).  The fact that HPAO-1 is localized to the H. polymorpha 

peroxisome, together with the lack of free copper or copper transporters associated with 
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this organelle, suggests that copper is initially inserted into apoHPAO-1 in the reducing 

cytosol as Cu(I) before subsequent oxidation to Cu(II) and TPQ biogenesis (128-130).   

In light of these data, Lewis acidity has been proposed to contribute to the ability 

of a metal to support cofactor biogenesis as Cu(II) is a better Lewis acid than Co(II) and 

Ni(II) (123, 125).  This does not explain, however, the complete inactivity with the 

effective Lewis acid Zn(II) bound at the active site (73).  Thus, the inherent reduction 

potential of a metal appears to play at least some part in metal specificity during 

biogenesis.  Differences in the versatility of a metal’s coordination sphere may act as 

additional factors which influence a metal’s ability to support TPQ formation (73, 125, 

131).  The current data regarding the role of metal in TPQ biogenesis suggest that a 

combination of several factors, including redox properties, Lewis acidity, and 

electrostatic stabilization capabilities contribute to the degree to which a metal can 

initiate and support TPQ biogenesis in CAOs.   

To visualize the initial step of biogenesis, the X-ray crystal structure of precursor 

HPAO-1 in the absence of metal (apoHPAO-1) has been solved to a resolution of 1.7 Å.  

In addition, X-ray crystal structures of apoHPAO-1 in complex with Cu(I) and Co(II) 

have been solved to resolutions of 1.9 and 1.27 Å, respectively, which provide insight 

into the structural role of metal during biogenesis. 
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2.2 Methods 

Protein expression, purification, and characterization 

Metal-free apoHPAO-1 protein was expressed and purified in E. coli as 

previously described (70, 74, 123).  Zinc is known to bind tightly to the HPAO-1 active 

site and inhibit copper-mediated TPQ biogenesis (74).  Therefore, to prepare functional 

precursor HPAO-1 which forms TPQ upon its aerobic incubation with copper, the growth 

medium and buffers used for apoHPAO-1 expression and purification were kept free of 

all divalent transition metals.  All buffers and solutions were prepared using water with a 

resistance greater than 18 MΩ (Millipore Super-Q water purification system).  Plastic 

flasks and beakers used during E. coli growth and protein purification were soaked in an 

ethylenediaminetetraacetic acid (EDTA) bath (0.5 M) before thorough rinsing with 

metal-free water.  The precursor protein (at 40 µM) was assayed for TPQ formation 

activity in 50 mM HEPES, pH 7.0, by the addition of a CuSO4 solution to a final 

concentration of 0.04 mM.  Absorbance changes were monitored over the course of 1 

hour to visualize the appearance of a 480 nm absorbance feature indicating the formation 

of TPQ using a Cary 50-Bio (Varian).  ApoHPAO-1 protein at a concentration of 1.2 

mg/mL in 50 mM HEPES was subjected to inductively coupled plasma-mass 

spectrometry (ICP-MS) at the University of Minnesota Aqueous Geochemistry Lab.  
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ApoHPAO-1 crystallization and preparation of apoHPAO-1/metal complexes 

ApoHPAO-1 protein was buffer exchanged into 50 mM HEPES (pH 7.0) and 

concentrated to 13 mg/mL for crystallization.  Crystals of apoHPAO-1 were grown by 

hanging drop vapor diffusion using a 1:1 volume ratio (6 µL total) of purified protein and 

crystallization solution (8-9.5% w/v polyethylene glycol 8000, 0.28-0.30 M potassium 

phosphate, pH 6.0) which had been mixed and incubated with a small amount of Chelex 

(Biorad) for at least 1 hour to remove any divalent metal present in the crystallization 

solution.  After equilibrating for ~24 hours, drops were seeded using a streak seeding 

technique, with a mature native HPAO-1 crystal as seed donor (132).  Colorless crystals 

grew to full size within 7-9 days.  To eliminate the possibility of contamination from the 

native HPAO-1 protein seeds, a subsequent round of streak seeding was performed using 

apoHPAO-1 crystals as seed donors.  Cryoprotection for all crystals was performed by 

soaking in 25% high purity glycerol mixed with well solution for ~10 seconds before 

flash freezing in N2(l). 

The apoHPAO-1 crystal complex with Co(II) was prepared by soaking an 

apoHPAO-1 crystal in a crystallization solution containing 10 mM CoCl2 for 1 hour 

before cryoprotection and flash freezing in N2(l).  This soak was performed in ambient air 

as Co(II) does not support TPQ formation and it was not necessary to work anaerobically 

to prevent the initiation of biogenesis. 

To prepare crystals of an anaerobic complex of apoHPAO-1 with Cu(I), a solution 

of tetrakis(acetonitrile)copper(I) hexafluorophosphate was made anaerobic by passing 

high purity N2(g) over the solution headspace while stirring for >10 minutes in a septum-
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covered vessel.  This was immediately brought into an anaerobic glove box (Belle 

Technology).  Trays containing apoHPAO-1 crystals were brought into the anaerobic 

glove box and allowed to equilibrate for at least 1 week. ApoHPAO-1 crystals were 

soaked in a crystallization solution containing 5 mM tetrakis(acetonitrile)copper(I) 

hexafluorophosphate for 1 hour before cryoprotection and flash freezing in N2(l).   

 

Data collection, structure solution, and refinement 

X-ray diffraction data from single apoHPAO-1, Cu(I)-apoHPAO-1 and Co(II)-

apoHPAO-1 crystals were collected at 100 K at the Advanced Photon Source, Argonne 

National Laboratory (beamline 19-ID, SBC-CAT) and processed using HKL2000 and 

SCALEPACK (133).  Two different apoHPAO-1 crystal polymorphs belonging to space 

groups P21 and C2221 were found to grow from identical conditions (134).  Difference 

Fourier techniques were used to produce initial electron density maps for the Co(II)-

apoHPAO-1 structure in space group P21 using a previously deposited isomorphous 

HPAO-1 structure (PDB code 2oov with solvent molecules, metal, and the side chain of 

TPQ removed) and programs within the CCP4 suite (103, 135).  Structures in space 

group C2221 (apoHPAO-1 and Cu(I)-apoHPAO-1) were solved by molecular 

replacement using the program PHASER in the CCP4 suites with an HPAO-1 monomer 

from the structure of native HPAO-1 as a search model (PDB code 2oov with solvent 

molecules, metal, and the side chain of TPQ removed) (103, 135).  Manual model 

building was performed using COOT (136), and refinement was carried out using the 

program REFMAC in the CCP4 suite (137).  Test refinements and B-factor matching 
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were used to determine partial occupancies of alternate side chain conformations and 

bound metal ions.  This approach involves the systematic variation of the occupancy of 

the components by increments of 0.10 (keeping a combined occupancy of 1.0) and 

subsequent refinement.  The resulting B-factors for each set of contributing components 

were compared to those of surrounding well-ordered side chains.  The occupancies that 

best matched the B-factors were assigned to the alternate conformers or metal ions.  

Refinement continued until peaks in the Fo-Fc electron density map were at the level of 

noise.  The three apoHPAO-1 structures were validated with the programs PROCHECK, 

NUCHECK, SFCHECK, and MOLPROBITY (138-141).  The final model coordinates 

and structure factors have been deposited in the PDB (www.rcsb.org) as entries 3sx1 

(apoHPAO-1), 3t0u (Cu(I)-apoHPAO-1), and 3sxx (Co(II)-apoHPAO-1).   Hydrogen 

bonds were defined by the program CCP4MG (142), and structural figures were 

produced using the visualization program PyMOL (available at www.pymol.org).  
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2.3 Results 

ApoHPAO-1 protein analysis 

Purified apoHPAO-1 protein was assayed for TPQ biosynthetic activity by the 

aerobic addition of Cu(II)SO4.  UV/visible spectroscopic analysis showed an absorbance 

feature at 380 nm which formed initially and then disappeared with the subsequent 

formation of a broad absorbance feature at 480 nm, corresponding to TPQ formation 

(Figure 2.1).  Metal quantification by ICP-MS indicated that apoHPAO-1 protein 

contained 0.001 Cu2+, 0.005 Zn2+, 0.0001 Co2+, and 0.0003 Ni2+ ions per monomer of 

apoHPAO-1. 

 

Figure 2.1 UV/visible spectra showing the time course of the aerobic reconstitution of 
apoHPAO-1 with Cu(II) at pH 7.0.  The directions of change for UV/visible absorbance 
features over time are indicated by arrows. 
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X-ray crystal structure analysis: overall fold 

Table 2.2 contains X-ray crystallographic data collection, processing, and 

refinement statistics for apoHPAO-1 and apoHPAO-1 in complex with Cu(I) and Co(II).  
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Table 2.2 X-ray data collection, processing, and refinement statistics for apoHPAO-1, 
Cu(I)-apoHPAO-1, and Co(II)-apoHPAO-1 

 apoHPAO-1 Cu(I)-apoHPAO-1 Co(II)-apoHPAO-1 

PDB ID 3sx1 3t0u 3sxx 

detector type ADSC Quantum 315r ADSC Quantum 315r ADSC Quantum 315r 

beamline and source 19-IDD SBC-CAT, 
Advanced Photon 
Source  

19-IDD SBC-CAT, 
Advanced Photon 
Source 

19-IDD SBC-CAT, 
Advanced Photon 
Source 

temperature (K) 100 100 100 

space group C2221 C2221 P21 

unit cell dimensions 
(a × b ×  c (Å) ;β (°)) 

139.6 × 153.6 × 223.6; 
90 

139.4 × 153.7 × 223.5; 
90 

103.9 × 223.4 × 104.0; 
95.6 

no. of molecules in 
the unit cell, Z 

1.5 1.5 3 

wavelength (Å) 0.979 0.979 0.979 

resolution (Å)a 50.00-1.73 (1.76-1.73) 50.00-1.90 (1.97-1.90) 50.00-1.27 (1.32-1.27) 

no. of unique 
reflections 

240,796 187,095 1,169,541 

completeness (%)a 97.3 (88.1) 100.0 (99.8) 94.9 (85.3) 

Rmerge (%)a,b 0.074 (0.447) 0.110 (0.448) 0.073 (0.357) 

I/σ(I)a 32.3 (3.9) 17.9 (4.1) 23.5 (3.4) 

redundancya 10.0 (8.7) 7.1 (6.8) 3.7 (3.4) 

resolution range (Å)a 31.61-1.73 (1.77-1.73) 49.14-1.90 (1.95-1.90) 31.70-1.27 (1.30-1.27) 

no. of reflections in 
the working seta 

228,647 (15,773) 177,631 (12,933) 1,110,572 (72,499) 

no. of reflections in 
the test seta 

12,085 (869) 9388 (664) 58,671 (3,854) 

Rwork (%)a,c 13.4 (20.2) 12.5 (16.8) 10.8 (17.4) 

Rfree (%)a,d 16.3 (25.1) 17.5 (23.1) 13.8 (21.3) 

no. of non-hydrogen 
atoms 

18,574 18,804 39,005 

no. of amino acid 
residues 

1,970 1,990 3,974 

no. of protein atoms 15,895 15,949 32,469 

no. of solvent 
molecules 

2,584 2,734 6,250 

no. of metal ions 0 3 6 

no. of other atoms 95 119 280 
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Table 2.2, continued. X-ray data collection, processing, and refinement statistics for 
apoHPAO-1, Cu(I)-apoHPAO-1, and Co(II)-apoHPAO-1. 

 apoHPAO-1 Cu(I)-apoHPAO-1 Co(II)-apoHPAO-1 

residues modeled A16-V672 A16-H673, A682-G691 A15-V672, L683-G691 

rmsd from ideal 
geometry 

   

     Bond lengths (Å) 0.016 0.022 0.022 

     Bond angles (°) 1.53 1.96 1.96 

Ramachadran plot    

energetically favored    
regions (%) 

97.5 97.0 97.4 

allowed regions (%) 2.4 2.8 2.5 

outliers (%) 0.1 0.2 0.1 

average B factor (Å2) 16.7 15.1 13.1 

     main chain 13.2 11.4 8.7 

     side chain  16.3 14.1 11.6 

     ligands 40.8 36.6 26.9 

     solvent atoms 28.1 30.5 27.3 

Cruickshank’s DPI 
(Å) 

0.09 0.10 0.03 

aNumbers in parentheses refer to the highest resolution shell.  bRmerge = ∑hkl ∑I |Ihkl,i - Ihkl| / ∑hkl ∑I Ihkl,i, 
where I is the observed intensity and <I> is the average intensity for multiple measurements.  cRwork = ∑ 
||Fo| - |Fc|| / ∑ |Fo|, where |Fo| is the observed structure factor amplitude and |Fc| is the calculated 
structure factor amplitude for 95% of the data used in refinement.  dRfree based on 5% of the data 
excluded from refinement. 

 

 The structure of Co(II)-apoHPAO-1 contains six polypeptide chains, or three 

physiological HPAO-1 dimers, in the crystallographic asymmetric unit (ASU) in space 

group P21, while those in space group C2221 (apoHPAO-1 and Cu(I)-apoHPAO-1) 

contain three chains or 1.5 physiological dimers in the ASU.  The overall fold of all three 

structures is nearly identical to that of native HPAO-1 (PDB code 2oov), with 

superimposition of corresponding main chain atoms yielding root-mean-square deviations 
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(rmsd) of 0.29, 0.27, and 0.14 Å for apoHPAO-1, Cu(I)-apoHPAO-1, and Co(II)-

apoHPAO-1, respectively.  The structures of apoHPAO-1 and metal-bound apoHPAO-1 

adopt the canonical CAO overall fold, containing three domains (D2-D4) arranged along 

the primary sequence (Figure 2.2).  All significant structural differences between the 

metal complexes or apoHPAO-1 and the native HPAO-1 structure are localized to either 

the enzyme active site or the C-terminus. 

Figure 2.2 Arrangement of the domains and β-hairpin arms in apoHPAO-1.  The 
structure of apoHPAO-1 is shown in cartoon, with one chain colored by domain (D2, 
purple; D3, green; D4, blue; β-hairpin arms, red) and the other colored grey.  The 
precursor tyrosine residues (Y405) from both monomers are shown as space-filling 
spheres and colored by atom type (carbon, white). 

 

 

X-ray crystal structure analysis: apoHPAO-1 active site 

X-ray diffraction data were collected for crystals of apoHPAO-1 to a resolution of 

1.7 Å (Table 2.2).  Distances are reported as the range observed across the three 
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polypeptides of the ASU following refinement.  The HPAO-1 active site lies deeply 

buried within the protein interior.  The absence of copper leaves room for an ordered 

water molecule at the metal binding site (W in Figure 2.3A).  This water molecule is 

bound by His456 and His458 at distances of 2.8-2.9 Å as well as by the precursor 

tyrosine residue at a distance of 2.6-2.8 Å in a distorted tetrahedral geometry (Figure 

2.3A).  The side chains of histidine residues 456 and 458 adopt the orientations seen in 

the structure of native HPAO-1.  The third histidine residue (His624) is observed in two 

conformations. One is equivalent to that of native HPAO-1, but is only 2.1-2.3 Å from 

the water, suggesting that water can only occupy the site when His624 adopts the second 

conformation. The second conformer is oriented away from the empty metal site by a 

rotation of ~90° around its Cβ-Cγ bond, and is hydrogen bonded to the carboxylate of 

Asp630.  This alternate His624 conformer is present at varying occupancies within the 

three protein monomers located within the ASU (Chain A, occupancy = 1.0; Chain B, 

occupancy = 0.7; Chain C, occupancy = 0.5). 
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Figure 2.3 Stereoview of the active sites of (A) apoHPAO-1 (chain B) (B) Cu(I)-
apoHPAO-1 (chain A) and (C) Co(II)-apoHPAO-1 (chain A).  Residues are shown in 
stick and colored by atom type (carbon, grey).  Metal ions are shown as spheres and 
colored by atom type (Cu(I), gold; Co(II), pink).  Water molecules are shown as small red 
spheres.  Hydrogen bonds are indicated by dashed lines, and ligand-metal interactions are 
indicated by solid lines.   
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The side chain of Tyr405, the precursor amino acid residue that is converted to 

TPQ during biogenesis, adopts an orientation similar to that of TPQ in its “on-copper” 

conformation in the native enzyme (Figure 2.3A).  During CAO catalysis, this 

conformation represents an unproductive form of TPQ, as the C5 carbonyl, which is the 

site of nucleophilic attack by substrate amine, is not pointed toward the amine channel of 

the mature enzyme.  A second conformer of the catalytic base (residue Asp319), resulting 

from a ~70° rotation about its Cβ-Cγ bond, can also be seen at an occupancy of 0.5.  

Additional active site residues are virtually identical in position to those observed in the 

native HPAO-1 structure, which was also solved to a resolution of 1.7 Å but in space 

group P21. 

 

X-ray crystal structure analysis: Cu(I)-apoHPAO-1 active site 

X-ray diffraction data for apoHPAO-1 in an anaerobic complex with Cu(I) were 

collected to a resolution of 1.9 Å (Table 2.2).  Like the structure of apoHPAO-1, the 

active site of Cu(I)-apoHPAO-1 contains the precursor amino acid residue Tyr405 in an 

“on-copper” orientation with its hydroxyl group coordinated to the Cu(I) (Figure 2.3B).  

The Cu(I) is bound tetrahedrally, ligated by the three conserved histidine residues with 

Tyr405 serving as a fourth copper ligand at a distance of 2.8 Å.  The imidazole groups of 

the three conserved histidine ligands all sit 2.0-2.1 Å from the bound copper ion.  The 

tyrosine side chain is most likely protonated due to the long distance between the 

phenolic oxygen and the bound copper.   
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 Previous structural models of HPAO-1 have not included the residues at the 

enzyme C-terminus due to disorder in the electron density beyond residue 672 in the 

primary sequence (there are 692 total amino acid residues in native HPAO-1).  Electron 

density corresponding to residues 681-692 has been located in the Cu(I)-apoHPAO-1 

structure (Figure 2.4A).  This group of resolved residues is packed against the surface of 

the other monomer adjacent to one of two β-hairpin arms which form the extensive 

interface between the two protein chains within one dimer (Figure 2.4B).  The Cu(I)-

apoHPAO-1 structure also contains a second interchain disulfide bond in this region 

which was previously unmodeled in other HPAO-1 structures (Figure 2.4C).  The 

disulfide bond involves residue Cys690 from one HPAO-1 monomer and residue Cys122 

from its partner in the HPAO-1 dimer, forming a covalent connection between the two 

protein chains. 
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Figure 2.4 Stereoviews of newly modeled C-terminal residues in Cu(I)-apoHPAO-1  (A) 
Close-up view of the new residues.  One protein monomer from the HPAO-1 homodimer 
is shown as a grey surface, and the second is shown as a pink cartoon.  Newly modeled 
residues H673 and A684-K692 are shown in stick and colored by atom type (carbon, 
pink).  The 2Fo-Fc electron density map is shown as blue mesh and contoured to 1σ.  (B) 
Newly modeled residues in Cu(I)-apoHPAO-1 within the context of the HPAO-1 
homodimer.  An HPAO-1 dimer is shown with one monomer as a grey surface and the 
other as a pink cartoon.  New residues are shown in stick and colored by atom type 
(carbon, pink) (C) The second disulfide bond in Cu(I)-apoHPAO-1 with 2Fo-Fc electron 
density.  The HPAO-1 homodimer is shown in cartoon (chain A, grey; chain B, pink).  
Residues are shown in stick and colored by atom type (for Cys122 in chain A: carbon, 
grey; for Cys690 in chain B: carbon, pink).  The 2Fo-Fc electron density map is shown as 
blue mesh and contoured to 1σ. 
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X-ray crystal structure analysis: Co(II)-apoHPAO-1 active site 

X-ray diffraction data for an aerobic complex between apoHPAO-1 and Co(II) 

were collected to a resolution of 1.27 Å, which makes this the highest resolution CAO 

structure to date (Table 2.2. For the quality of the electron density, see Figure 2.5).   

Figure 2.5 Stereoview of Co(II)-apoHPAO-1 active site residues with the 2Fo-Fc electron 
density map.  Residues are shown in stick and colored by atom type (carbon, grey).  The 
cobalt ion is shown as a pink sphere.  Water molecules are shown as small red spheres.  
The 2Fo-Fc electron density map is shown as blue mesh and contoured to 1σ.  

 

 

 

Distances are reported as the range observed across the six polypeptides of the 

ASU in this crystal form following refinement.  The active site of Co(II)-apoHPAO-1 

contains cobalt bound at an occupancy of 0.5 (Figure 2.3C).  The unmodified precursor 

tyrosine side chain ligates the cobalt, with its phenolic hydroxyl 2.15-2.20 Å away.  The 

three histidine metal ligands sit with their imidazole groups 2.00-2.20 Å from the bound 

cobalt.  Electron density in the 2Fo-Fc and Fo-Fc maps indicated the presence of a water 

molecule acting as an equatorial ligand to the cobalt at a distance of 2.15-2.20 Å (We in 
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Figure 2.3C).  Peaks in the Fo-Fc electron density map indicated the presence of a water 

molecule at an occupancy of 0.5 between the three active site histidine residues that is 

present when Co(II) is not bound (W in Figure 2.3C).  This water molecule is nearly 

superimposable with that found occupying the metal binding site in the apoHPAO-1 

structure (Figure 2.3A) and reflects the partial occupancy of the cobalt.  One of the three 

histidine residues that ligate the active site metal (His624), adopts the alternate 

conformation seen in the apoHPAO-1 structure with its side chain rotated ~90° around its 

Cβ-Cγ bond at different occupancies depending on protein chain (chain A, occupancy = 

0.3; chain B: occupancy = 0.5; chain C, occupancy = 0.4; chain D, occupancy = 0.3; 

chain E, occupancy = 0.4; chain F, occupancy = 0.4).  The active site catalytic base 

(Asp319) and residue Glu637 also adopt second conformations in this complex in which 

their side chains have rotated around the Cβ-Cγ bond.  These alternate conformers are 

present at different occupancies depending on protein chain (for Asp319: all chains, 

occupancy = 0.30; for Glu637: chain A, occupancy = 0.5; chain B, occupancy = 0; chain 

C, occupancy = 0.4; chain D, occupancy = 0.5; chain E, occupancy = 0.4; chain F, 

occupancy = 0.5), and reflect the partial binding of cobalt.  This results in the presence of 

apoHPAO-1 active site features in the electron density as well.   

Electron density corresponding to a group of residues near the C-terminus 

(residues 683-691) was seen in the 2Fo-Fc and Fo-Fc maps of the Co(II)-apoHPAO-1 

structure.  These residues are modeled at an occupancy of 0.5, and are superimposable 

with those modeled in the Cu(I)-apoHPAO-1 structure (Figure 2.4A, B).   
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2.4 Discussion 

Cu(I)-apoHPAO-1 as a physiologically relevant biogenesis intermediate 

Copper in its +1 oxidation state can anaerobically bind to apoHPAO-1, and 

subsequent exposure of this complex to oxygen initiates TPQ formation at a rate 17-fold 

slower than Cu(II)-mediated biogenesis (124).  The rate-limiting step in Cu(I)-mediated 

TPQ biogenesis was determined by X-band electron paramagnetic resonance 

spectroscopy to be the dissociation of bound superoxide from the metal site formed via 

the oxidation of Cu(I) to Cu(II) (124).  After the oxidation of Cu(I) to Cu(II), Cu(I)-

mediated biogenesis mechanistically converges with biogenesis initiated by Cu(II), 

producing indistinguishable native protein both in terms of TPQ content and catalytic 

rates (124).     

The cellular location of HPAO-1 is the yeast peroxisome, which has implications 

for the electronic form of copper available to initiate TPQ biogenesis (129).  After 

translation by free cytosolic polyribosomes, proteins containing a peroxisomal targeting 

sequence are transported into the peroxisomal matrix after passing through a membrane-

associated protein complex.  The peroxisomal lumen is predicted to contain no free 

copper, and there are no known copper transporters associated with the organelle.  Given 

the apparent absence of copper in the peroxisome, it is thought that copper incorporation 

into apoHPAO-1 occurs in the cytosol while the protein is en route to its final cellular 

destination.  Copper uptake in yeast species such as Saccharomyces cerevisiae involves 

the reduction of Cu(II) to Cu(I) by the cell-surface reductases Fre1 and Fre2, so it is 
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likely that the copper available to bind to apoHPAO-1 in the yeast cytosol is in its 

cuprous form (130). 

Samuels et al. note that Cu(I) (as opposed to Cu(II)) binding to apoHPAO-1 in the 

cytosol could be beneficial for the yeast, as the slower Cu(I)-mediated biogenesis would 

reduce the amount of peroxide and free aldehyde generated by maturated HPAO-1 whilst 

in transit to the peroxisome (124).  Thus, the structure of apoHPAO-1 in an anaerobic 

complex with Cu(I) may represent the biologically-relevant initial intermediate in terms 

of metal incorporation and the initiation of TPQ biogenesis for this peroxisomal CAO.   

 

Identification of a second disulfide bond in HPAO-1 

The structures of Cu(I)- and Co(II)-apoHPAO-1 contain an additional disulfide 

bond involving Cys122 and Cys690 that was previously unmodeled in structures of 

HPAO-1, where the C-terminus that contains Cys690 is disordered.  HPAO-1 had 

previously not been modeled beyond residue Val672 in the primary sequence, with the C-

terminal 20 residues missing (55, 73, 103).  In the Cu(I)- and Co(II)-apoHPAO-1 

structures, the positions of residues 673-674 and 682-692 have been determined (Figure 

2.4).  No electron density corresponding to residues 675-681 was found during 

refinement, suggesting that these residues remain disordered and are part of a surface-

exposed loop.  HPAO-1 contains 12 cysteine residues per monomer and, based on the 

crystal structure of native HPAO-1 (residues 18-672), contains one buried disulfide bond 

involving Cys338 and Cys364 (55).  The new disulfide bond identified in the Cu(I)- and 

Co(II)-apoHPAO-1 structures is located at the interface between protein partners in the 
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physiological HPAO-1 dimer and serves as a covalent link between monomers (Figure 

2.4).  Given that the two structures containing this new disulfide bond have been solved 

in different space groups, it is likely that this interaction is not due to crystal contacts.  

There is precedent in CAO structures for disulfide bonds that covalently connect the two 

CAO monomers in the enzyme from Pisum sativum, human diamine oxidase, and the 

human vascular adhesion protein.  However, these are found in different areas of the 

CAO dimer (52, 143).  As the disulfide is on the surface it is likely reduced in the 

cytosol, but in HPAO-1 it could be physiological as the peroxisome is oxidizing (144).   

 

Comparisons with other apoCAO structures 

Two CAOs have been produced in their metal-free precursor (apo) form: HPAO-1 

and AGAO.  The structure of apoAGAO has been solved to 2.2 Å, and a comparison of 

apoAGAO and apoHPAO-1 reveals very similar active site architecture (Figure 2.6) (6).  

Both active sites contain the unmodified precursor tyrosine residue arranged with its side 

chain hydroxyl pointed toward the vacant metal binding site.  The active site of 

apoHPAO-1 contains a well-ordered water molecule where the copper is normally bound, 

which is stabilized by hydrogen bonding interactions with the precursor tyrosine residue 

and two histidine imidazole ligands.  In contrast, the metal binding site of apoAGAO is 

empty; instead, two of the three metal-binding histidine residues (His433 and 592) have 

each moved ~0.6 Å toward the vacant metal site (Figure 2.6) (6).  In both apoCAO 

structures, two of the three metal-binding histidine residues occupy positions identical to 

those in the native enzyme.  The third (His624 in HPAO-1, His592 in AGAO), however, 
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is present in two conformers, indicating that there is some flexibility in the positioning of 

this side chain.  In apoHPAO-1, the second conformer of His624 is rotated ~90° about its 

Cβ-Cγ bond, whereas in apoAGAO, the second conformer of His592 is rotated ~75° 

about its Cα-Cβ bond.   

Figure 2.6 Overlay of the apoHPAO-1 and apoAGAO (PDB code 1avk) active sites (6).  
Residues are shown in stick and colored by atom type (HPAO-1: carbon, grey; AGAO: 
carbon, green).  Residue numbering is that of HPAO-1, with equivalent residues in 
AGAO in brackets.  A water molecule from the apoHPAO-1 active site is shown as a 
small red sphere, and hydrogen bonding interactions in HPAO-1 are indicated by dashed 
lines.  The view is ~90° rotated from the angle used in Figure 2.3.   

 

 

In the presence of oxygen, biogenesis is initiated upon copper binding in the 

apoCAO active site (70).  X-ray crystal structures of apoHPAO-1 or apoAGAO in an 

anaerobic complex with copper have now been solved (68).  These two structures should 

contain copper in different oxidation states (although photoreduction was not tracked in 

the Cu(II)-apoAGAO structure determination), with the HPAO-1 structure containing 

cuprous copper and the AGAO structure containing cupric copper.  A comparison of the 

Cu(I)-apoHPAO-1 structure with the Cu(II)-apoAGAO complex (both solved to a 
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resolution of 1.9 Å) reveals that despite the difference in the oxidation state of the bound 

copper, the two structures exhibit very similar active site architecture (68).  Both active 

sites contain the unmodified precursor tyrosine residue oriented with its hydroxyl pointed 

toward the bound copper.  In Cu(II)-apoAGAO, the tyrosine side chain sits with its 

hydroxyl ~2.5 Å away from the Cu(II) ion (Figure 2.7) (68).  In Cu(I)-apoHPAO-1, the 

tyrosine hydroxyl is ~2.8 Å away from the bound Cu(I).  Both structures contain the 

precursor tyrosine residue in its protonated form, as inferred from the long distances 

between the hydroxyl of the tyrosine and bound copper.  Despite the presence of copper 

at full occupancy, one of the three histidine residues that ligate the copper is present in 

two conformers in Cu(II)-apoAGAO (His592).  These are identical in position to those 

seen in the structure of apoAGAO (Figure 2.6).  In contrast, the corresponding residue in 

HPAO-1 does not appear to be as mobile, as the electron density indicated that this side 

chain exists only in the major conformer observed in structures of the native enzyme 

(His624).  Neither of the two copper-bound active sites contains an ordered water 

molecule ligating the copper in an equatorial position, which has been observed in some 

polypeptide chains of the native HPAO-1 structure (103).  It appears that a change in the 

oxidation state of the bound copper does not significantly alter the active site architecture 

or the coordination geometry in copper-bound apoCAO.  However, as noted earlier, the 

copper ion oxidation state of the Cu(II)-apoAGAO crystal structure may have changed to 

Cu(I) during X-ray data collection, as photoreduction was not tracked. 
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Figure 2.7 Overlay of the Cu(I)-apoHPAO-1 and Cu(II)-apoAGAO (PDB code 1ivu) 
active sites (68).  Residues are shown in stick and colored by atom type (HPAO1: carbon, 
grey; AGAO: carbon, green).  Residue numbering is that of HPAO-1, with equivalent 
residues in AGAO in brackets.  Copper ions are shown as gold spheres, and water 
molecules are shown as small red spheres.  Hydrogen bonding interactions in HPAO-1 
are indicated by dashed lines, and ligand-metal interactions in HPAO-1 are indicated by 
solid lines.   

 

Like Cu(I), zinc is typically coordinated in buried enzyme active sites by four 

ligands in a tetrahedral geometry (145).  The structure of apoHPAO-1 in complex with 

Zn(II) (PDB code 1ekm) solved to 2.5 Å resolution contains bound zinc and active site 

residues which are nearly superimposable with those of the Cu(I)-apoHPAO-1 structure 

(Figure 2.8) (73).  Like Cu(I), Zn(II) binds to the apoHPAO-1 active site in a tetrahedral 

geometry, and is ligated by the precursor tyrosine residue as well as by the three 

conserved active site histidine residues.  Despite such similar coordination geometry, the 

binding of zinc in the active sites of CAOs renders the enzyme inert, while copper 

binding initiates biogenesis (131).  The specific factors which inhibit zinc-mediated 
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biogenesis in apoCAO are unclear, but may relate to its filled d-orbital electron 

configuration.          

Figure 2.8 Overlay of the Cu(I)-apoHPAO-1 and Zn(II)-apoHPAO-1 (PDB code 1ekm) 
active sites (73).  Residues are shown in stick and colored by atom type (Cu(I): carbon, 
grey; Zn(II): carbon, blue).  A Cu(I) ion is shown as a gold sphere, and a Zn(II) ion is 
shown as a grey sphere.  Water molecules are shown as small red spheres, and hydrogen 
bonding interactions in Cu(I)-apoHPAO-1 are indicated by dashed lines.   

 

The presence of cobalt in the AGAO active site initiates biogenesis under aerobic 

conditions, but in HPAO-1 cobalt does not support the production of TPQ.  The 

structures of apoHPAO-1 in complex with Co(II) and an anaerobic Co(II)-apoAGAO 

complex have been solved to resolutions of 1.27 and 2.0 Å, respectively (125).  In the 

case of HPAO-1, the Co(II) complex represents an inert structure, while in AGAO, the 

anaerobic Co(II) complex is the first intermediate in Co(II)-mediated biogenesis, which 

produces TPQ identical to that of the native enzyme (131).  Comparison of the two 
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cobalt-containing complexes indicates that in these two apoCAOs cobalt binds with 

distinct geometries (Figure 2.9).   

Figure 2.9 Overlay of the Co(II)-apoHPAO-1 and Co(II)-apoAGAO (PDB code 1wmp) 
active sites (125).  Residues are shown in stick and colored by atom type (HPAO-1: 
carbon, grey; AGAO: carbon, green).  Co(II) ions are depicted as pink spheres.  A water 
molecule from the Co(II)-apoHPAO-1 active site is shown as a small red sphere.  Ligand-
metal interactions in HPAO-1 are indicated by solid lines.  Residue numbering is that of 
HPAO-1, with AGAO numbering in brackets.   

 

In the case of Co(II)-apoHPAO-1, the cobalt ion is 5-coordinate, binding in a 

distorted square pyramidal geometry.  The species ligating the cobalt include the 

precursor tyrosine residue, the three conserved active site histidine ligands, and an 

equatorial water molecule (We in Figure 2.9).  The structure of apoAGAO in an anaerobic 

complex with cobalt, however, contains 4-coordinate cobalt in a distorted tetrahedral 

geometry, ligated by the three active site histidine residues and the precursor tyrosine 

residue.  In addition, the crystal structure of native AGAO in complex with Co(II) has 
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been solved to a resolution of 2.0 Å (PDB code 1iqx) (131).  The most pronounced 

change in the active site of native AGAO upon the replacement of Cu(II) with Co(II) is 

the conformation of one of the histidine residues which ligate the Co(II).  This residue 

rotates ~60° about the Cα-Cβ bond and occupies a position identical to that in the Co(II)-

apoAGAO structure.  In contrast to the four-coordinate tetrahedrally bound cobalt ion in 

Co(II)-apoAGAO, Co(II)-AGAO contains six-coordinate cobalt ligated by the three 

histidine residues, the axial and equatorial water ligands common to the native structure, 

and an additional water molecule in an octahedral geometry.  Such geometric differences 

may explain the inefficiency of Co(II)-PSAO to catalyse substrate oxidation in relation to 

the native Cu(II)-PSAO (96).  It appears that differences in metal coordination geometry, 

in conjunction with additional factors such as Lewis acidity and redox potential, 

coordinate to determine whether a metal can initiate biogenesis as well as sustain 

efficient catalysis in the mature CAO.  Given that cobalt can support TPQ biogenesis in 

AGAO but not in HPAO-1, differences in cobalt coordination likely influence this 

process.   
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CHAPTER 3: STRUCTURAL AND KINETIC ANALYSIS OF SUBSTRATE 

SPECIFICITY IN TWO COPPER AMINE OXIDASE PARALOGS FROM 

Hansenula polymorpha 
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The structural basis of enzyme substrate specificity is investigated in a pair of 

CAOs from Hansenula polymorpha (HPAO-1 and HPAO-2).  The X-ray crystal structure 

(to 2.0 Å resolution) and steady state kinetic data of the second copper amine oxidase 

(HPAO-2) are presented for comparison to those of HPAO-1.  Despite 34% sequence 

identity and superimposable active site residues implicated in catalysis, the enzymes vary 

considerably in their substrate entry channel.  The previously studied CAO, HPAO-1, has 

a narrow substrate channel.  In contrast, HPAO-2 has a wide funnel-shaped substrate 

channel that also contains a side chamber.  In addition, there are a number of amino acid 

changes within the channels of HPAO-2 and HPAO-1 that may sterically impact the 

ability of substrate to form covalent Schiff base catalytic intermediates and to initiate 

chemistry.  These differences can partially explain the greatly different substrate 

specificities as characterized by kcat/Km value differences.  In HPAO-1, the kcat/Km for 

methylamine is 330-fold greater than for benzylamine, whereas in HPAO-2, benzylamine 

is the better substrate by 750-fold.  In HPAO-2, an inflated Dkcat/Km(methylamine) in 

relation to Dkcat/Km(benzylamine) indicates that proton abstraction has been impeded 

more than substrate release.  In HPAO-1, Dkcat/Km(S) changes little with the slow 

substrate and indicates a similar increase in the energy barriers that control both substrate 

binding and subsequent catalysis.  In neither case is kcat/Km for the second substrate 

consumed during CAO catalysis, O2, significantly altered.  These results reinforce the 

modular nature of the active sites of CAOs and show that multiple factors contribute to 

substrate specificity and catalytic efficiency.  In HPAO-1, the enzyme with the smaller 

substrate binding pocket, both initial substrate binding and proton loss are affected by an 
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increase in substrate size, while in HPAO-2, the enzyme with the larger substrate binding 

pocket, the rate of proton loss is differentially affected when a phenyl substituent in the 

substrate is reduced to the size of a methyl group. 
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3.1 Background 

 Copper amine oxidases (CAOs) are virtually ubiquitous in aerobic organisms and 

catalyse the oxidative deamination of primary amines in the following overall reaction: 

RCH2NH3
+ + O2 + H2O � RCHO + H2O2 + NH4

+ 

While usually sharing only 20-40% amino acid sequence identity, features of the active 

sites are almost identical across CAOs from widely varying species.  These include the 

protein-derived enzymatic cofactor 2,4,5-trihydroxyphenylalanine quinone (TPQ), an 

active site copper, and its three histidine ligands (58, 146).  The CAO mechanism is ping-

pong and proceeds via Schiff base chemistry, which creates a covalent adduct between 

the amine substrate and the TPQ (Scheme 3.1).  A conserved aspartate residue acts as the 

catalytic base.  The release of aldehyde product at the end of the enzymatic reductive 

half-reaction leaves the cofactor as a two-electron reduced aminoquinol containing a 

substrate-derived nitrogen atom.  In the oxidative half-reaction, the reduced enzyme is 

converted to a one-electron reduced N-semiquinone and then an oxidized iminoquinone 

through the reduction of molecular oxygen to hydrogen peroxide.  This is followed by 

hydrolysis of the iminoquinone to regenerate the resting TPQ quinone and release 

ammonium.  

Despite these similarities, CAOs from different organisms and cellular locations 

preferentially react with primary amine substrates ranging from small aliphatic amines to 

whole peptides.  The CAO from E. coli (ECAO), for example, prefers aromatic 

monoamines (147), while the first characterized CAO from Hansenula polymorpha 

(HPAO-1) is most active against small aliphatic amines (122).  The structural basis for 
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this difference in substrate specificity has remained elusive. 

 Copper amine oxidases are not unique in their variable substrate specificity.  

Among other classes of enzymes, e.g., aminotransferases (148) and flavin-containing 

monoamine oxidases (MAOs) (149), the basis of isoenzyme specificity has been 

explored.  Protein conformational flexibility has been suggested as a source of substrate 

specificity in aspartate aminotransferase and aromatic amino acid aminotransferase (150), 

whereas differences in static hydrophobic and aromatic π-π interactions in the substrate 

binding pocket have been implicated in MAO-A (151).  It is rare for paralogous enzymes 

to demonstrate a strong yet inverted discrimination between two different substrates.  

Thus, most investigations have focused on understanding the relative rates of preferred 

over poor substrates in a single enzyme, rather than between isoenzymes. 

 The first described CAO from the methylotrophic yeast H. polymorpha (HPAO-1) 

was heterologously expressed in Saccharomyces cerevisiae and purified in 1994 (122) 

and subsequently studied by X-ray crystallography (55).  Although a peroxisomal protein 

in its native host organism, it was found in the cytosol of S. cerevisiae during 

recombinant expression (152).  Characterized as a “methylamine oxidase,” HPAO-1 

demonstrated much greater activity against methylamine than benzylamine.  However, 

extraction of CAO from H. polymorpha grown on benzylamine-enriched media had 

indicated the presence of a second CAO with a distinct catalytic activity toward 

benzylamine (122).  In the case of mammals, multiple CAO isoenzymes, annotated as 

AOC1, AOC2, and AOC3, have also been established in the human genome (153).  

Comparison of the enzymatic activities of human diamine oxidase (154) to human 
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vascular adhesion protein-1 (155) indicates broad though largely non-overlapping 

substrate specificities.  Although these two human enzymes have also been characterized 

structurally (19, 52, 53), their broad substrate specificities make it difficult to rationalize 

the features that control substrate discrimination. 

 In this work, a detailed kinetic and crystallographic characterization of a second 

copper amine oxidase from H. polymorpha (HPAO-2) is presented for comparison with 

HPAO-1.  In particular, kcat/Km data indicate a marked reversal of substrate selectivity 

between the two isoenzymes when their activities are interrogated with a small aliphatic 

vs. an aromatic amine.  Using the X-ray crystal structure of HPAO-2 reported here to 

compare to that of HPAO-1, the structural origins of this divergent substrate specificity 

can be deciphered.  Residue changes between HPAO-1 and HPAO-2 that likely play roles 

in determining substrate specificity have been identified close to the active site and are 

discussed in the context of the available kinetic parameters and corresponding isotope 

effects. 
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3.2 Methods 

Cloning; protein expression, purification, and characterization; and kinetic 

measurements 

Cloning of hpao-2 from H. polymorpha was performed by Minae Mure, and 

protein expression, purification, and kinetic measurements were carried out by Cindy 

Chang at the University of California, Berkeley.  Detailed methods for these are included 

in Appendix A of this work. 

 

HPAO-2 crystallization 

HPAO-2 in 50 mM potassium phosphate (pH 7.2) was buffer exchanged into 20 

mM HEPES (pH 7.0) and concentrated to 23 mg/mL for crystallization.  HPAO-2 

crystals were grown by sitting drop vapor diffusion using a 1:1 volume ratio (6 µL total) 

of purified HPAO-2 and a mother liquor solution (0.5-0.75 M potassium sodium tartrate 

tetrahydrate in 0.10 M phosphate (pH 6.0-7.5)) at 20°C.  Crystals grew as clusters, and 

physical manipulation was necessary to separate individual crystals.  Prior to be flash-

frozen in liquid nitrogen, crystals were soaked in 25% high-purity glycerol (Hampton 

Research) mixed with mother liquor taken directly from the crystallization well for 5 min. 

 

Diffraction data collection, structure determination, and refinement 

X-ray diffraction data were collected from a single crystal at 100 K using an 

undulator source (wavelength of 0.979 Å) and an ADSC Quantum 315r detector at the 

Advanced Photon Source, Argonne National Laboratory (beamline 19-ID, SBC-CAT).  
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Data were processed using HKL2000 and SCALEPACK (133).  Molecular replacement 

was conducted using PHASER and MOLREP from the CCP4 suite (135) with a 

polyalanine truncated search model based on a previously deposited HPAO-1 model 

(PDB entry 2oov) (103). 

 An initial model was built into the experimental electron density, and manual 

adjustments were made in COOT (136).  Model refinement was performed using 

REFMAC with 5% of the data excluded from the refinement to enable calculation of Rfree 

(137).  ARPWaters was used to place water molecules into the model at peaks greater 

than 3.0σ in the 2Fo-Fc electron density map (156).  Cycles of manual model building and 

refinement were performed until peaks in the Fo-Fc electron density map did not make 

structural sense and appeared to be within the level of noise. 
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3.3 Results 

Characterization of HPAO-2 and comparison to HPAO-1 

Cell extracts after induction for 24 h contained a band at ~72 kDa that is absent in 

the non-transformed control yeast cell extracts.  The size of the protein corresponds to the 

estimated size of HPAO-2 calculated from the primary sequence.  After purification, the 

resulting protein constituted >90% of the total protein, as observed by SDS-PAGE 

(Figure 3.1).   

 
Figure 3.1 10% SDS-PAGE gel of HPAO-2.  Lanes 1-4: 100 µg protein loaded per lane.  
(1) cell lysate, (2) post Q-sepharose, (3) post S-300, (4) Bio-Rad Broad range ladder 
(150, 100, 75, 50, 37, 25, 20 kDa fragments visible).  Substantial purification of HPAO-2 
is evident from the relative intensities of HPAO-2 to other minor contaminating bands in 
moving from lane 1 to lane 3. 
 
                                                         1       2      3       4 

 

 

The net effect of the purification protocol was to increase the amount of HPAO-2 

relative to the contaminant bands.  Some of the contaminant bands also stained on a 
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nitroblue tetrazolium blot, indicating probable breakdown products of HPAO-2 (data not 

shown).  HPAO-1 migrates slightly faster by SDS-PAGE, suggesting an overall smaller 

primary structure; however the DNA-derived primary protein sequence of HPAO-1 

predicts a protein slightly larger than HPAO-2.  Post-translational modifications may 

account for this difference as HPAO-2 has an additional predicted glycosylation site.  

Concentrated purified HPAO-2 was a vibrant peach color, characterized by a broad 

shoulder in the UV/visible region around 480 nm (Figure 3.2).   

 

Figure 3.2 UV/visible spectra of 20 µM HPAO-2 before (—-) and after (- - -) incubation 
for 5 min with 100 µM phenylhydrazine HCl in 100 mM potassium phosphate buffer (pH 
7.2) at 25°C.  The inset shows 20 µM HPAO-2 before incubation with phenylhydrazine 
HCl magnified to show a shoulder at 480 nm, as observed for other TPQ-containing 
enzymes. 

 
 

N-terminal sequencing of the protein matched the expected N-terminus from the 

HPAO-2 DNA sequence, except for the absence of the initial Met (Figure 3.3).  The N-
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terminus of HPAO-1 is longer by 20 amino acids and contains a peroxisomal targeting 

sequence (Figure 3.3). 

 

Figure 3.3 Comparison of the DNA-derived N-terminal sequences of HPAO-2 and 
HPAO-1, including a peroxisomal signaling sequence (underlined) in HPAO-1, and the 
experimental N-terminal sequence of HPAO-2. 
 

HPAO-1   MERLRQIASQATAASAAPARPAHPLDPLSTAEIKAA  
HPAO-2   --------------------MVHPYDPISDAELQLT  
N-Term Seq:  -----------------------VHPYDPISDAELQLT 

 
 
 

The presence of a quinone cofactor was tested by both quinone stain and 

phenylhydrazine assay.  Nitroblue tetrazolium staining resulted in a purple band similar 

to that observed with HPAO-1 (data not shown).  Reaction with phenylhydrazine resulted 

in the rapid formation of a peak in the region seen previously with other CAOs (~450 

nm) corresponding to the phenylhydrazone (Figure 3.2).  The rate of phenylhydrazone 

formation in HPAO-2 (87 ± 3 s-1) is >104-fold faster than that of HPAO-1 (7.8 × 10-3 ± 

7.0 × 10-4 s-1).  Typical yields of phenylhydrazone correspond to ~50% of the subunit 

concentration. 

The copper content of purified protein was measured by elemental analysis.  

Initial analyses indicated 2 moles of copper per monomer.  However, after overnight 

dialysis against 1 mM EDTA, followed by dialysis against 0.1 M potassium phosphate 

buffer (pH 7.2), the expected level of one copper atom per monomer was observed.  The 

presence of the loosely bound second copper did not affect enzyme turnover rates, as 

kinetic measurements performed with the dialyzed enzyme yielded rates that were the 
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same as those with non-dialyzed enzyme sample (Table 3.1).  Thus, there appears to be 

an adventitious metal binding site that plays no role in catalysis. 

 

Table 3.1 Comparison of kcat values in EDTA-dialyzed vs. non-dialyzed HPAO-2 
samples. 
 benzylamine (150 µM) methylamine (5 mM) 

HPAO-2 / (HPAO-2 + EDTA) 1.9 ± 1 × 101 / 1.9 ± 1 × 101 1.69 ± 0.07 / 1.9 ± 0.1 

 

 

Kinetic properties 

The near-unity Dkcat values observed for HPAO-2 with both substrates indicate 

that proton abstraction is not significantly rate-limiting with either substrate (Table 3.2).  

The lower limit for the rate constant reflecting the proton abstraction step is thus defined 

by the respective kcat values.  Conversely, HPAO-1 has an elevated Dkcat for the slower 

substrate benzylamine (Dkcat (benzylamine) equals 5.9, whereas Dkcat (methylamine) 

equals 1.7), pointing to a higher relative energy barrier for proton loss from the poor 

substrate relative to other steps following substrate binding.  The overall turnover rate 

(kcat) for benzylamine is also down 94-fold relative to that for methylamine.  Stopped-

flow kinetic studies of HPAO-1 have confirmed the oxidative half-reaction is the major 

determinant of rate during turnover with methylamine (112). 

Overall, the changes in kcat between the different amine substrates are smaller than 

the changes in kcat/Km(S) (Table 3.2).  The second-order rate constant reflects turnover 

under low substrate conditions and varies by 750-fold between the two substrates for 

HPAO-2.  The change in kcat/Km(S) between substrates observed with HPAO-1 is similar, 
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but somewhat smaller (330-fold).  As such, HPAO-2 shows a clear preference for bulkier 

aromatic amines, and HPAO-1 shows a preference for short aliphatic amines.  These 

differences in kcat/Km(S) originate from substrate-dependent rate differences in one or 

more steps that occur between binding of substrate to the enzyme up to and including the 

first irreversible step (Scheme 3.1). 

 

Scheme 3.1 Proposed reaction mechanism for HPAO-1, indicating intermediates along 
the pathway. 
 

 

 
In contrast, kcat/Km(O2) changes little between the two substrates and two 

isoenzymes (Table 3.2).  This suggests that steps from oxygen binding through the 

irreversible oxygen reduction step vary little between the two substrates, as expected for 

the ping-pong mechanism proposed for HPAO-1 (Scheme 3.1).  The small reduction in 

kcat/Km(O2) for methylamine turnover (as compared to that of benzylamine in HPAO-2) 

could suggest oxygen binding to an enzyme form that has retained formaldehyde and is 
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unreactive to O2 until the product is released.  Bound aldehyde product has been shown to 

significantly impede the oxidative half-reaction in ECAO crystals, where the restraints 

imposed by the lattice lead to very slow product release (106). 

 
Table 3.2 Steady state kinetic parameters for HPAO-1 and HPAO-2 at 25°C in 100 mM 
potassium phosphate (pH 7.2) with the ionic strength maintained at 300 mM with 
potassium chloride.  BeAm = benzylamine, MeAm = methylamine 
 

 kcat (s
-1) 

kcat/Km(S)a        

(M-1 s-1) 

kcat/Km(O2)
b        

(M-1 s-1) 
Dkcat 

Dkcat/Km(S) 

HPAO-2 

BeAm 8.1 ± 0.2 (9 ± 1) × 105 (4.7 ± 0.6) × 105 1.00 ± 0.04 2.0 ± 0.3 

MeAm 2.18 ± 0.06 (1.2 ± 0.1) × 103 (1.6 ± 0.3) × 105 1.36 ± 0.08 18.5 ± 0.1 

HPAO-1 

BeAm (6.6 ± 0.3) × 10-2 (9 ± 1) × 10 (8.1 ± 2.1) × 104 5.9 ± 0.7 3 ± 1 

MeAmc 6.2 ± 0.2 (3.0 ± 0.6) × 104 (4 ± 1) × 105 1.7 ± 0.1 4.3 ± 0.2 
 aAmine substrate. bMeasured at saturating amine substrate and varying oxygen levels.  
This led to some variation in ionic strength: HPAO-2, µ = 250 mM with benzylamine and 
µ = 300 mM with methylamine; HPAO-1, µ = 257 mM with benzylamine and µ = 250 
mM with methylamine. cData from ref (112); experimental conditions identical to those 
herein, except at pH 7.0 instead of pH 7.2. 

 

Comparison of isotope effects on kcat/Km(S) on the two isoenzymes with both 

substrates demonstrates that the extent of rate limitation by proton abstraction differs on 

steps in the reductive half-reaction.  Isotope effects on kcat/Km(S) with HPAO-2 indicate 

that proton abstraction is clearly more rate-limiting for methylamine than benzylamine, as 

Dkcat/Km(S) equals 2.0 for benzylamine and 18.5 for methylamine (Table 3.2).  The 

increase in the contribution of the proton abstraction step to kcat/Km is likely due to an 

increase in the free energy barrier for proton abstraction, rather than a decrease in the 
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barrier for methylamine binding (Scheme 3.2A), as this substrate is smaller than the 

preferred substrate benzylamine and thus should have no trouble accessing the active site.  

 
 
Scheme 3.2 Proposed free energy diagrams that represent kcat/Km(S) in (A) HPAO-2 or 
(B) HPAO-1. 
 

 

 

In the case of HPAO-1, the similar Dkcat/Km values (3.0 for benzylamine vs. 4.3 for 

methylamine (Table 3.2)) indicate that proton abstraction is similarly rate-limiting with 
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respect to substrate binding for both substrates, despite the large reduction in rate when 

using benzylamine as the substrate.  This implies that both substrate binding/release and 

proton abstraction are affected to a similar extent (Scheme 3.2B). 

The impact of pH on catalysis has also been examined for HPAO-2 (using 

benzylamine as the substrate) for comparison to that of HPAO-1 (using methylamine as 

the substrate) (100).  As summarized in Figure 3.4, the pH optima for both kcat/Km(S) and 

kcat are ~8-8.2 and similar to that of HPAO-1 (100).   

 

Figure 3.4 HPAO-2 pH profiles of (A) kcat/Km(benzylamine) (pKa1 = 6.6, pKa2 = 9.7), and 
(B) kcat (pKa1 = 6.0, pKa2 = 7.6, pKa3 = 8.9). 

 

 

The fact that these pH optima are elevated above pH 7 is consistent with the fact 

that HPAO-1 is found in the S. cerevisiae peroxisome, which has a pH of 8.2 (157).  The 

intracellular location of HPAO-2 is unknown; however, the absence of an extended N-

terminus in relation to HPAO-1 suggests the site of function may be cytosolic (Figure 

3.3). 
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Crystal structure of HPAO-2 in comparison to that of HPAO-1: overall fold and 

active site 

Table 3.3 contains the data collection, processing, and refinement statistics for 

HPAO-2 to a resolution of 2.0 Å.  Final Rwork and Rfree values are 14.5 and 19.1%, 

respectively (for the quality of the electron density, see Figure 3.5).   

 
 
Table 3.3 X-ray crystallographic data collection, processing, and refinement statistics for 
HPAO-2. 

Data collection and processing statistics 
detector type ADSC Quantum 3154 
beamline and source 19-ID SBC-CAT, Advanced Photon Source 
temperature (K) 100 
space group C2 
unit cell dimensions a = 288.5 Å, b = 91.1 Å, c = 151.1 Å,              

β = 117.2° 
no. of molecules in the unit cell, Z 6 
wavelength (Å) 0.9785 
resolution (Å)a 50.00-2.00 (2.07-2.00) 
no. of unique reflections 210228 
completeness (%)a 90.6 (69.3) 
Rmerge

a,b 0.089 (0.319) 
I/σIa 13.34 (3.0) 
redundancya 3.5 (3.1) 

Crystallographic refinement and model statistics 
resolution range (Å)a 37.4-2.00 (2.06-2.01) 
no. of reflections in the working seta 200161 (10684) 
no. of reflections in the test seta 10514 (539) 
Rwork (%)a,c 14.5 (21.9) 
Rfree (%)a,d 19.1 (27.3) 
no. of non-hydrogen atoms  
     no. of amino acid residues 1899 
     no. of protein atoms 15321 
     no. of solvent molecules 3199 
     no. of Cu(II) ions 3 
     no. of other atoms 91 
rmsd from ideal geometry  
     bond lengths (Å) 0.026 
     bond angles (°) 2.0 
Ramachadran plot  
     energetically favored regions (%) 89.2 
     additionally allowed regions (%) 10.4 
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Table 3.3, continued. X-ray crystallographic data collection, processing, and refinement 
statistics for HPAO-2. 
Ramachandran plot 
     generously allowed regions (%) 0.2 
     disallowed regions (%) 0.2 
average B factor (Å2)  
     main chain 24.4 
     side chain 26.3 
     ligands 43.8 
     solvent atoms 44.2 
aNumbers in parentheses refer to the highest resolution shell. bRmerge = ƩhklƩiǀIhkl,I  - 
‹Ihkl›Ʃ/ƩhklƩiIhkl,I , where I is the observed intensity and ‹I›  is the average intensity for multiple 
measurements. cRwork = ƩƩFoǀ - ƩFoǀ/ǀǀFoƩ, where ƩFoƩ is the observed structure factor 
amplitude and ƩFcǀ is the calculated structure factor amplitude for 95% of the data used in 
refinement. dRfree based on 5% of the data excluded from refinement. 
 

Figure 3.5 Stereoview of the 2Fo-Fc electron density quality (contoured at 1.5σ) within 
the HPAO-2 β-sheet core.  The model associated with the electron density is drawn 
explicitly in stick and colored green.  The rest of the HPAO-2 model is drawn as green 
ribbon.   
 

 

 

Three polypeptide chains, or 1.5 physiological HPAO-2 dimers, were seen in the 

crystallographic asymmetric unit (ASU) in space group C2.  The overall structure of the 

HPAO-2 dimer is identical in fold to that of HPAO-1 and other CAOs (Figure 1.3) (6, 19, 
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52-55, 57-60).  Superimposition of the HPAO-2 and HPAO-1 homodimers yields a root-

mean-square deviation (rmsd) for main chain atoms of 0.99 Å.   

HPAO-2 consists of three domains arranged along its primary sequence (D2-D4).  

The amine oxidase from E. coli contains an additional protruding “stalk” domain (D1) at 

the N-terminus that is not present in the other CAO crystal structures (58).  Two small 

α/β domains (D2 and D3) are formed by the N-terminal portion of HPAO-2, while the 

larger catalytic domain (D4) is composed of the C-terminal portion of the chain.  As seen 

in HPAO-1, the catalytic domain (D4) of HPAO-2 contains a complex antiparallel β-

sandwich fold (55).  Two β-hairpin arms protrude from each monomer and form part of 

the intricate interaction within the HPAO-2 homodimer.  Some CAOs from other sources, 

such as E. coli, pea seedling, and human kidney, bind a calcium or manganese ion at an 

additional site on the periphery of the protein (19, 58, 59, 154).  Like HPAO-1, no 

evidence of this second metal binding site was observed in the HPAO-2 crystal structure 

(55).  Unusually, an adventitious second copper ion is present in HPAO-2 samples 

following initial protein purification.  Even though the protein used in crystallization had 

not been dialyzed against EDTA, which removes this loosely bound copper, there was no 

evidence in the electron density to indicate where this site may be located within the 

protein.  HPAO-2 contains eight cysteine residues per monomer, but only two form a 

disulfide bond (Cys321 and Cys347).  In HPAO-1, the two equivalent cysteine residues 

(12 cysteine residues in total) also form one of two disulfide bonds seen in HPAO-1 

(Cys338 and Cys364) (55).   
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 The HPAO-2 active site is deeply buried within the protein interior.  The two 

active sites within the functional HPAO-2 homodimer each contain a TPQ cofactor (42.2 

Å between the Cα atom of each TPQ cofactor) and a cupric ion (34.7 Å between copper 

ions in the dimer) coordinated by three conserved histidine ligands in a distorted square 

pyramidal geometry (Figure 3.6).  Two well-ordered water molecules are ligated to the 

copper ion: one sits in an axial position (Wa) bridging the O2 atom of TPQ and the 

copper, and the other in an equatorial position (We) nearly planar with Cu(II) and the 

nitrogen atoms of its three histidine ligands (Figure 3.6).  This latter solvent position is 

variably occupied in different CAO crystal structures and when modeled has a higher 

average B-factor than the axial water.  We was clearly observed in all three subunits 

within the crystallographic ASU of the HPAO-2 electron density, whereas it was only 

modeled in two of the six subunits in the HPAO-1 structure ASU; thus, this water 

molecule appears to be more labile in HPAO-1 than HPAO-2 (103).   

The electron density for TPQ clearly indicates that >90% of the active sites in the 

crystal contain fully formed TPQ (Figure 3.6), even though treatment of the protein 

preparation used in crystallization with phenylhydrazine indicated only ~50% TPQ was 

present.  However, the observation of only 50% TPQ could arise from half-site reactivity, 

which is known to occur in other CAOs, and as indicated in the crystal structure, the true 

TPQ content could actually be closer to 100% (80, 107, 111).  Alternatively, enzyme with 

TPQ in both subunits may have selectively crystallized from the mother liquor.  The TPQ 

cofactor adopts a single orientation with its O2 atom closest to the copper center and O5 

atom closest to the conserved catalytic base, Asp302.  It is thus poised for substrate attack 
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at the C5 atom of TPQ to form the substrate Schiff base intermediate and represents a 

conformation competent for catalysis termed “off-copper”.  There is no evidence of the 

“on-copper” conformation in which the O4 atom of TPQ is directly ligated to the copper, 

displacing the axial water ligand (Wa).  This conformation is considered not competent 

for catalysis as the C5 is inaccessible to amine substrate but is often present in CAO 

crystal structures, including HPAO-1 where it forms ~30% of the TPQ conformers (103). 

 

Figure 3.6 Active site of HPAO-2 with 2Fo-Fc electron density.  Residues are shown in 
stick and colored by atom type (carbon, green).  Hydrogen bonds are indicated by dashed 
lines.  Ligand-metal interactions are indicated by solid lines.  The copper ion is shown as 
a gold sphere, and water molecules are depicted as small red spheres (Wa indicates the 
axial water ligand to the copper and We indicates the equatorial water ligand).  The 2Fo-
Fc electron density contoured at 1.5σ is shown as blue mesh. 
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Crystal structure of HPAO-2 in comparison to HPAO-1: substrate amine entry 

channel 

Although the residues important for chemistry are structurally identical between 

HPAO-2 and HPAO-1, their substrate channels differ considerably.  HPAO-2 has a 

broad, funnel-shaped substrate entry channel compared to HPAO-1 (Figure 3.7).  

 

Figure 3.7 Surface representation of the substrate entry channels in (A) HPAO-2 and (B) 
HPAO-1.  TPQ and the “gating” tryptophan residue are drawn in stick and colored by 
atom type ((A) carbon, green; (B) carbon, blue), and copper is depicted as a gold sphere.  
 

 

 

The widening of the HPAO-2 channel mouth is primarily due to a two-residue 

deletion in the loop of the β-hairpin arm from the other monomer that reaches across 

close to the active site (red in Figure 1.3).  This arm contains a conserved His (residues 

359 and 376 in HPAO-2 and HPAO-1, respectively) that forms a hydrogen bond to the 

conserved acidic residue following TPQ in the protein sequence.  In HPAO-1, the loop is 

A B 
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defined by the Arg380-Asp-Asn-Phe-Ala-Thr385 sequence, whereas in HPAO-2, the Phe 

and Ala residues are deleted to give a four-residue β-hairpin turn consisting of Arg363, 

Thr364, Asn365, and Val366 (orange in Figure 3.8).  Interestingly, HPAO-2 also has a 

side chamber just below the mouth of the main channel, which is sufficiently large to 

accommodate and retain a bulkier aromatic substrate like benzylamine or the outgoing 

product of its reaction, benzaldehyde (Figures 3.7 and 3.9). 

  

Figure 3.8 Stereo overlay between key residues in HPAO-2 and HPAO-1 that define the 
substrate channel.  Only HPAO-2 residues are numbered, and the side chains are colored 
as specified in the text.  The structurally corresponding residues in HPAO-1 are drawn as 
white sticks, except in the case of the red HPAO-2 side chains that define the side 
chamber, which is absent in HPAO-1.  The fold of HPAO-2 is depicted as a green ribbon. 
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 The chamber is accessed by a mouth that widens out to a diameter of 5.1 Å and is 

5.4 Å deep.  There are three small pockets at its deepest point which present backbone 

polar groups (Ile33, Gln34, and Ile35) that could form hydrogen bonds to a substrate 

amine group (red in Figure 3.8, and Figure 3.9).  One side of the chamber is hydrophobic, 

which is formed by the alkyl chain of Arg332, Val259, and Ala310, and would enable a 

favorable interaction with an aromatic moiety (red except Ala310 which is blue in Figure 

3.8, and Figure 3.10B).  Interestingly, the opposite wall contains a high density of oxygen 

atoms, which gives a slight negative electrostatic potential to this side of the chamber.   

 

Figure 3.9 Surface representation of the side-chamber located in the HPAO-2 entry 
channel.  View looking into the side-chamber from the substrate entry channel.  The 
protein surface is colored by atom type (carbon, light grey).  TPQ is shown in stick and 
colored by atom type (carbon, green). 
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Figure 3.10 Surface representation of the side chamber located in the HPAO-2 entry 
channel.  (A) Slice through the side-chamber. (B) Panel (A) with benzylamine modeled 
in the side chamber.  The protein surface is colored by atom type (carbon, light grey).  
TPQ and amino acid side chains are drawn in stick colored by atom type (carbon, green).  
The molecular surface is colored by atom type (carbon, grey).  The model of benzylamine 
is drawn in stick and colored by atom type (carbon, grey).  The view in panels (A) and 
(B) is rotated about the vertical approximately 90° from the view in Figure 3.9.  
 

 
  
 
Between the side chamber and the active site, there are two key sequentially 

adjacent residue side chain changes that widen the HPAO-2 channel from that of HPAO-

1 (Ala310 and Thr311 in HPAO-2, compared to Tyr327 and Met328 in HPAO-1) (Table 

3.4, blue in Figure 3.8). 

 
Table 3.4 Residue changes between HPAO-2 and HPAO-1 that likely impact the 
accommodation of substrate and catalytic intermediate structures. 
 

HPAO-2 HPAO-1 

Met140 Thr156 

Tyr155 Leu174 

Cys306 Tyr323 

Ala310 Tyr327 

Thr311 Met328 

Val383 Ala402 
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At the base of the substrate entry channel, where the substrate undergoes 

chemistry to form the product, there is a conserved tryptophan residue in HPAO-2 and -1 

(Trp139 and Trp156, respectively (Figure 3.7 and yellow in Figure 3.8)) that in other 

CAOs is generally a Tyr or Phe (6, 52-55, 57-59).  This residue has been termed a “gate” 

to the active site (6).  It has two major conformers: one blocking access to TPQ (normally 

observed in resting state CAO crystal structures, although the side chain can also be 

disordered) and the other rotated out of the way (observed in Schiff base intermediates 

generated in an active site base mutant and suicide inhibitor complexes that mimic Schiff 

base intermediates) (53, 80, 105, 158).  Interestingly, the gate hypothesis does not appear 

to pertain to mammalian CAOs.  The corresponding tyrosine residues in structures of 

CAO from bovine plasma, human diamine oxidase, and human vascular adhesion 

protein-1 are in an intermediate position halfway between the “open” and “closed” 

conformations (19, 52-54).  Due to HPAO-2 and HPAO-1 having the larger Trp amino 

acid at this position, the “gate” is always open in these structures, and has B-factors that 

are equivalent to those of surrounding residues indicating a lower mobility than in other 

CAOs.  However, the angle of the Trp side chain is different between the two enzymes, 

and the main chain is shifted such that the channel in HPAO-1 is more constricted than in 

HPAO-2 (Figure 3.7).  This appears to primarily result from the substitution of Leu174 in 

HPAO-1 for Tyr155 in HPAO-2 (Table 3.4 and yellow in Figure 3.8).  This residue does 

not directly form part of the channel wall but sits behind the five-membered ring of 

Trp156, pushing it into the channel in HPAO-1.  The conserved Pro residue that is N-

terminal to the Trp in both structures rigidifies the main chain, reducing the possibility of 
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compensating flexibility in the channel (yellow in Figure 3.8).  On the other side of the 

channel, the main chain is also moved inward in HPAO-1, constricting the channel 

compared to HPAO-2.  This is again a “knock-on” effect due to a two residue insertion 

into the tip of the β-hairpin that reaches across from the other monomer of the 

homodimer and was discussed above (orange in Figure 3.8).  HPAO-1 has a two-residue 

insertion (Phe383-Ala384) compared to HPAO-2, and it is the side chain of Phe383 that 

pushes the main chain containing Ala402 (Val383 in HPAO-2) into the substrate channel 

(Table 3.4 and colored dark gray in Figure 3.8).  Although Val383 is a larger side chain 

than Ala402, the displacement of the main chain places the end of these two residue side 

chains at the same place, but the effect N-terminal to these residues is an overall 

displacement constricting the HPAO-1 channel.  The coincident positioning of the end of 

the side chains of Val383 in HPAO-2 and Ala402 in HPAO-1 appears to have an 

important role, as TPQ is sequentially close to this position (HPAO-2, position 386; 

HPAO-1, position 405) and the structures become coincident immediately C-terminal to 

Val383 or Ala402. 

 Finally, there are two side chain changes between HPAO-2 and HPAO-1 within 

the substrate entry channel that would interact with bulky R groups during the reductive 

half-reaction; in HPAO-2, Met140 and Cys306 have replaced Thr157 and Tyr323, 

respectively, in HPAO-1 (Table 3.4 and magenta in Figure 3.8). 
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3.4 Discussion 

HPAO-2 is the second copper amine oxidase to be isolated and characterized from 

H. polymorpha.  The marked change in substrate specificity is largely manifested in 

kcat/Km, which is 750-fold greater for benzylamine than methylamine.  Complementarily, 

the kcat/Km values for the previously studied CAO from the same organism, HPAO-1, are 

opposite in specificity.  Hence, the isolation and characterization of two copper amine 

oxidases from the same organism with 67% sequence homology and 34% sequence 

identity, but inverted substrate specificities, begin to address the nature of substrate 

specificity in these kinetically diverse enzymes. 

 The substrate entry and binding pockets of the two enzymes are clearly very 

structurally different as determined by comparison of the X-ray crystal structures (Figure 

3.7).  The wider mouth of the entry channel of HPAO-2 would be more likely to capture 

and funnel the larger benzylamine from bulk solvent into the heart of the enzyme.  In 

HPAO-1, the channel is almost as narrow at its entrance as it is close to the active site.  

This would restrict the orientations in which bulky aromatic substrates could enter the 

channel, which is likely to reduce the probability of their capture. 

 In HPAO-2, there is a defined side-chamber off the mouth of the amine entry 

channel (Figure 3.9).  This chamber could easily accommodate benzylamine, and 

contains three pockets at its deepest part of the chamber with polar groups that could 

form hydrogen bonds with the amine group of substrate (Figure 3.10A).  This could be 

considered a holding area or “anteroom” that increases the local concentration of 

substrate near the active site.  It is also possible that binding of substrate into this side 
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chamber away from the main portion of the entry channel could facilitate movement of 

the product out of the enzyme.  Interestingly, there has been another anteroom identified 

in CAOs that is proposed to have a similar function, but in this case for substrate O2 (54, 

57, 103)).  This anteroom lies on the opposite side of the copper from the amine entry 

channel and is structurally conserved among CAOs.  In contrast, the amine anteroom 

appears to be a particular feature of HPAO-2 and is unlikely to play a significant role in 

the kinetics of the enzyme. 

 The large changes in kcat/Km between the substrates of both enzymes suggest that 

substrate binding at the site of chemistry plays a role in determining substrate preference.  

However, selection against the smaller substrate methylamine for HPAO-2 cannot 

depend on sterics alone, since the substrate binding pocket could accommodate both 

substrates.  During catalysis, the formation of tetrahedral intermediates is postulated 

through nucleophilic attack on C5 of cofactor, as in the initial attack of amine to form the 

substrate Schiff base (Scheme 3.1).  TPQ in its active “off-copper” conformation sits in a 

wedge-shaped environment in which the C2-C3 side of the ring forms tight packing 

interactions with the protein, while the C5-C6 side of the ring does not.  This additional 

space next to C5 is proposed to be important for the accommodation of tetrahedral 

intermediates during nucleophilic attack (79).  The C5 environment is controlled 

primarily by two invariant residues, the aspartate catalytic base and the asparagine 

residue N-terminal to TPQ (position 385 in HPAO-2 and position 404 in HPAO-1).  The 

headgroup of the Asn residue packs against one face of the TPQ ring, meaning that amine 
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attack can occur only from the other face of the ring that lies by the catalytic base (Figure 

3.11).   

Figure 3.11 The active site of HPAO-2 showing the protein residues (Asp302 and 
Asn385) which lie on either side of the TPQ ring.  Protein residues are colored by atom 
type (carbon, green).  Asp302 and Asn385 are drawn as space-filling spheres.  TPQ and 
the histidine residues ligating the copper are shown in stick, and the copper ion is shown 
as a gold sphere.  The fold of HPAO-2 is depicted as a green ribbon. 
 

 

The importance of Asn404 in orienting the TPQ cofactor has been demonstrated.  

Mutation of this residue to alanine in HPAO-1 leads to the accumulation of the product 

Schiff base upon reaction with methylamine (76).  However, for bulkier substrates such 

as benzylamine, the orientation of amine attack and the accommodation of subsequent 

Schiff base intermediates are controlled by the next sphere of residues that line the entry 

channel just outside the catalytic active site.  Two key residues are spatially positioned 

with a large/small side chain pattern being reversed in the two enzymes; Met140 and 

Cys306 in HPAO-2 are replaced with Thr157 and Tyr323, respectively, in HPAO-1 

(Table 3.4, magenta in Figure 3.8, and Figure 3.12).  This has the effect of moving the 

position of a small pocket such that bulkier R groups can access the HPAO-2 active site.  
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Benzylamine, as a substrate, is unusual in that its product Schiff base is fully conjugated 

and thus planar, and the shape of the HPAO-2 substrate channel by the active site is more 

complementary to this species than that of HPAO-1 (Figure 3.12). 

 

Figure 3.12 Model of the product Schiff base of benzylamine with TPQ.  Residues from 
the crystal structures are drawn in stick colored by atom (HPAO-2: carbon, green; 
HPAO-1: carbon, cyan).  The modeled product Schiff base is drawn in stick and colored 
by atom type (carbon, dark grey). 

 

 

In HPAO-2, the effect of substrate deuteration on kcat/Km is of particular value in 

understanding the reduced reactivity with methylamine, specifically the large Dkcat/Km for 

methylamine as compared to the more optimal substrate, benzylamine.  The magnitude of 

the methylamine Dkcat/Km (18.5 ± 0.1) is very close to the intrinsic isotope effect for 

CAOs (159), implying that proton abstraction has become rate-limiting for the poor 

substrate.  The origin of the reduced kcat/Km(S) value is thus attributed in part to an 

impaired proton abstraction step (Scheme 3.2A).  Considering the shape complementarity 

for benzylamine in the entry channel of HPAO-2, a preferential decrease in the rate of 
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proton abstraction is likely due to difficulty in achieving precise alignment between the 

methylamine substrate Schiff base and the active site base.  It was also possible that the 

faster benzylamine rate could reflect an increased level of conjugation in its resulting 

carbanion-product Schiff base complex.  However, a comparison of kcat/Km(S) for the 

oxidation of aromatic phenylethylamine (2.6 × 105 M-1s-1) at the nonconjugated C1 

position to the benzylamine value (Table 3.2) indicates a similar or elevated value. 

 Although the HPAO-1 and HPAO-2 structures overlay exactly with regard to the 

positions of the catalytic base (an aspartate), “off-copper” TPQ, and the ordered water 

molecules between them, TPQ appears to have a lower mobility in HPAO-2 than in 

HPAO-1.  This is supported by the fact that in the three subunits of the crystallographic 

ASU of HPAO-2 there is no evidence of the on-copper conformer of TPQ, whereas in 

four of the six subunits in the HPAO-1 structure, there is a substantial proportion of on-

copper TPQ.  The side chain B-factors for the cofactor and the surrounding residues, 

normalized to the overall B-factor of each structure, also support the idea that TPQ is less 

mobile in HPAO-2 than in HPAO-1.  This feature may exacerbate the ability of HPAO-2 

to orient the reactive carbon of the methylamine Schiff base with the aspartate catalytic 

base.  We note that there is some isotope effect on kcat/Km for benzylamine with HPAO-2, 

indicating that proton abstraction contributes to kcat/Km for this substrate as well as for 

methylamine.  It is, therefore, very likely that additional factors contribute to the 103-fold 

rate reduction with methylamine oxidation by HPAO-2. 

 In the case of HPAO-1, similar Dkcat/Km values are observed for both substrates, 

while the second-order rate constant is reduced ~330-fold for benzylamine.  The most 
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likely explanation is that both proton abstraction and substrate binding/release are slowed 

when the enzyme is challenged with the larger substrate (Scheme 3.2B).  The increase in 

rate limitation by proton abstraction for benzylamine is also reflected in Dkcat, which is 

elevated relative to that of methylamine (Dkcat (benzylamine) = 5.9, whereas Dkcat 

(methylamine) = 1.7).  In previous studies of HPAO-1 with methylamine, three partially 

rate-determining steps have been documented that include aldehyde release, transfer of 

the first electron to oxygen, and hydrogen peroxide and/or ammonium release (112).  The 

loss of a proton from the C1 atom of the substrate Schiff base must contribute 

significantly to the decreased rate of turnover with benzylamine, since all steps after 

oxygen binding are common to both substrates and therefore cannot account for the 

difference in turnover rates (Scheme 3.1).   

 Significantly, the differences in kcat/Km(S) are not mirrored in kcat/Km(O2).  The 

oxygen binding and reactivity sites, copper, and copper ligands on the two enzymes are 

structurally similar.  All the residues that define the O2 anteroom close to the copper are 

different between HPAO-1 and -2, but the nature of the area is still hydrophobic (Table 

3.5).   

Table 3.5 Residue changes which define the O2 anteroom. 
 

HPAO-2 HPAO-1 

Ala406 Leu425 

Phe595 Ile622 

His612 Ile639 

Val404 Ile423 

Phe460 Leu440 
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This is true in other CAOs, where the residues comprising the O2 anteroom are 

not conserved but the hydrophobic nature of the pocket is maintained (54, 103, 117, 118).  

Hence, the kinetic and structural data suggest a modular structure for both HPAOs, in 

which changes at the amine substrate site are not propagated to the pocket where oxygen 

undergoes reaction.  Furthermore, the similar kcat/Km(O2) values for both isoenzymes, 

regardless of substrate, support the ping-pong mechanism proposed for HPAO-1 (Scheme 

3.1).  The stark contrast between the substrate-dependent changes in kcat/Km(S) and the 

substrate-independent kcat/Km(O2) highlights the independence of the oxygen binding and 

reduction sites from the structural determinants affecting amine kinetics. 
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3.5 Conclusions 

In this study, the origins of substrate specificity in the copper amine oxidases 

from Hansenula polymorpha designated HPAO-1 and HPAO-2 have been investigated.  

From the newly determined crystal structure of HPAO-2 in comparison with that of 

HPAO-1, we can begin to see how the narrow binding channel of HPAO-1 may 

predispose that CAO isoenzyme to reaction with smaller aliphatic amines via changes in 

substrate binding energies.  However, selection against the smaller aliphatic substrate in 

the wide funnel-like substrate binding channel of HPAO-2 cannot be due to sterics alone.  

A significant increase in Dkcat/Km values for the poorer methylamine substrate relative to 

the preferred substrate indicates that proton abstraction has become rate-determining with 

methylamine.  Impairment in the positioning of the methylamine substrate Schiff base in 

HPAO-2 affords the most likely explanation for the increase in Dkcat/Km(S) while the 

reduction in the absolute magnitude of kcat/Km(S) likely arises from numerous factors.  

Conversely, in HPAO-1, both the binding of substrate and the release of product, as well 

as the proton abstraction step, appear to be hindered under catalysis with the bulkier 

aromatic amine.  This combination of kinetic and structural characterization reveals the 

multiplicity of factors that enter into the discrimination between large and small 

substrates at the active sites of a pair of paralogous enzymes which catalyze identical 

chemical reactions. 
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CHAPTER 4: UNDERSTANDING AMINE SUBSTRATE SPECIFICITY 

THROUGH STRUCTURAL ANALYSIS OF Hansenula polymorpha COPPER 

AMINE OXIDASE-1 SUBSTRATE COMPLEXES 
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The CAO catalytic mechanism is ping-pong, and can be divided into two half-

reactions: a reductive half-reaction, in which the active site TPQ cofactor is reduced with 

the oxidation of a primary amine, and an oxidative half-reaction, in which reduced TPQ 

is re-oxidized with the concomitant reduction of molecular oxygen to hydrogen peroxide.  

The reductive half-reaction proceeds via Schiff base chemistry, in which a primary amine 

substrate first attacks the C5 carbonyl of TPQ, forming a series of covalent intermediates.  

The X-ray crystal structures of copper amine oxidase-1 from the yeast Hansenula 

polymorpha (HPAO-1) in complex with methylamine, ethylamine, and benzylamine 

prepared in an anaerobic chamber have been solved to resolutions of 1.89, 2.18, and 2.25 

Å, respectively.  These structures reveal the three amine substrates bound at the back of 

the active site near the site of catalysis.  In the ethylamine- and benzylamine-HPAO-1 

complexes, the bound substrate is coincident with TPQ in its two-electron reduced 

aminoquinol form.  The structure of HPAO-1 treated with methylamine contains a 

complex mixture amongst the polypeptide chains of either (A) the substrate Schiff base 

intermediate and aminoquinol in conjunction with bound methylamine, or (B) 

formaldehyde and the protonated iminoquinone.  Rearrangements of particular amino 

acid side chains within the substrate channel and specific protein-substrate interactions 

provide insight into substrate specificity in HPAO-1.  These changes begin to account for 

this CAO’s kinetic preference for small, aliphatic primary amines over the aromatic 

amines or whole peptides preferred by some of its homologs. 
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4.1 Background 

The CAO family of enzymes, which are responsible for the oxidation of primary 

amines to their corresponding aldehydes, are found in nearly every aerobic organism, 

including bacteria, yeast, plants, fungi, and animals.  This ubiquity is echoed in the wide 

range of primary amines which can act as substrates, and consequently in the variety of 

biological functions attributed to these enzymes.  In prokaryotes, CAOs allow for the use 

of primary amines as a sole carbon and/or nitrogen source during metabolism (160-162).  

The functions of CAOs from eukaryotic sources are more complex, with proposed roles 

including the production of second messenger compounds involved in the cross-linking 

of cell wall components and wound healing in plants (163-165) as well as the regulation 

of glucose uptake and inflammatory lymphocyte extravasation in mammals (119, 166).  

The products generated during CAO catalysis can be highly cytotoxic, in particular 

formaldehyde, which has been implicated in protein crosslinking correlated with cellular 

damage in late-diabetic vascular complications and atherosclerosis (121).       

 Catalysis in CAOs proceeds by means of a ping-pong mechanism, which can be 

divided into two half-reactions (Scheme 4.1): a reductive half-reaction in which a 

primary amine substrate is oxidized to its corresponding aldehyde with the concomitant 

reduction of the organic quinocofactor TPQ, and an oxidative half-reaction in which TPQ 

is re-oxidized with the reduction of O2 to H2O2 and the release of an ammonium ion: 

Scheme 4.1 The two half-reactions of CAO catalysis.  E represents the enzyme, and 
RCH2NH3

+ represents all primary amine substrates. 

reductive half-reaction: Eox + RCH2NH3
+

 � Ered + RCHO 

oxidative half-reaction: Ered + O2 + H2O � Eox + H2O2 + NH4
+  
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 The CAO catalytic mechanism is described in detail in Chapter 1 of this work.  

Briefly, catalysis begins with a nucleophilic attack on the C5 atom of oxidized TPQ by a 

primary amine (A in Scheme 4.2).  This covalently links the two species through 

generation of a substrate Schiff base intermediate (B in Scheme 4.2).  An invariant 

aspartate residue abstracts a proton from the C1 atom of the substrate.  This produces a 

product Schiff base species (D in Scheme 4.2) by way of a carbanionic intermediate (C in 

Scheme 4.2).  The rapid hydrolysis of the product Schiff base releases the corresponding 

aldehyde, leaving TPQ in a two-electron reduced aminoquinol form (E in Scheme 4.2) 

and marking the end of the reductive half-reaction.   

The oxidative half-reaction involves the re-oxidation of reduced TPQ coupled 

with the reduction of molecular oxygen to hydrogen peroxide.  Following the release of 

the free aldehyde product at the end of the reductive half-reaction, the 

aminoquinol/Cu(II) couple exists in equilibrium with a semiquinone radical/Cu(I) couple 

(E and F in Scheme 4.2, respectively). The reduction of molecular oxygen generates an 

oxidized iminoquinone intermediate and hydrogen peroxide (G in Scheme 4.2).  Finally, 

hydrolysis of the iminoquinone releases an ammonium ion and regenerates oxidized TPQ 

(A in Scheme 4.2).  Alternatively, when substrate levels are high the iminoquinone can 

react with another amine substrate, liberating an ammonium ion and producing the 

substrate Schiff base (B in Scheme 4.2).   
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Scheme 4.2 Proposed CAO catalytic mechanism.  RCH3NH3
+ is representative of all 

primary amine substrates.   

 

 

 Despite well-conserved active site residues that carry out identical chemistry, 

members of the CAO family of enzymes are known to react with a great variety of 

primary amine substrates, ranging from methylamine to whole proteins.  Substrate 

preferences in CAOs vary by source and cellular location.  Work using CAOs isolated 

from Escherichia coli (ECAO) and Arthrobacter globiformis (AGAO), for instance, have 

established these enzymes’ preference for primary aromatic monoamines such as 
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phenylethylamine or tyramine (58).  Two CAO paralogs isolated from the yeast 

Hansenula polymorpha (HPAO-1 and HPAO-2) demonstrate strongly opposite 

preferences for small aliphatic amines such as ethylamine or methylamine (HPAO-1) as 

opposed to the bulkier aromatic amine benzylamine (HPAO-2), and are described in 

Chapter 3 of this work (56).  Vascular adhesion protein-1 (VAP-1), one of three 

functional CAO isoforms expressed in humans, is active against much larger amine 

substrates and regulates lymphocyte adhesion and rolling along vascular surfaces to sites 

of cellular inflammation through its activity against free amine groups from membrane-

bound VAP-1 counter-receptors (24).   

Lacking in the study of substrate specificity in CAOs thus far is a structural 

investigation of a single CAO reduced by multiple primary amines that have undergone 

kinetic characterization.  In order to explore the structural factors that influence substrate 

specificity in HPAO-1, crystals of the native protein have been reduced in an anaerobic 

chamber with methylamine, ethylamine, or benzylamine before flash-freezing, and 

structures of the resulting complexes have been solved by X-ray crystallography.  A 

comparison of HPAO-1 in complex with all three amine substrates with the structure of 

native HPAO-1 provides insight into specific substrate-protein interactions involving 

residues located within the amine substrate channel and active site.  These are considered 

within the context of steady state kinetic data available for the reaction with all three 

amines.  Additionally, the structures of the aminoquinol, substrate Schiff base 

intermediate formed with methylamine, and protonated iminoquinone are reported.   
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4.2 Methods 

Protein expression and purification 

Native HPAO-1 protein was heterologously expressed in Saccharomyces 

cerevisiae and purified as previously described (103).       

 

HPAO-1 crystallization and substrate soaks 

Following purification, HPAO-1 protein was buffer-exchanged into 50 mM 

HEPES, pH 7.0 and concentrated to 13 mg/mL for crystallization. Crystals were grown 

by the hanging drop vapor diffusion method as described previously (55). The ratio of 

protein to crystallization solution (8-9% w/v polyethylene glycol 8000 in 0.22-0.25 M 

potassium phosphate, pH 6) in the hanging drops was 1:1 (6 µL total). Drops were seeded 

after 24 hours of equilibration using a streak-seeding technique and mature HPAO-1 

crystals as seed donors (132).  Cube-shaped crystals that were pink in color formed 

within 3-4 days. 

 Trays containing crystals of native HPAO-1 were brought into an anaerobic glove 

box (Belle Technology) and allowed to equilibrate for at least one week.  Solutions used 

for crystal soaking and cryoprotection were brought into the glove box immediately after 

passing N2 gas over the container headspace while stirring for >30 min in septa-covered 

bottles.  Individual HPAO-1 crystals were soaked in an artificial crystallization solution 

containing methylamine HCl, ethylamine HCl, or benzylamine HCl.  A range of amine 

concentrations and soak times were used for substrate soaks in order to optimize the 
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diffraction quality of the crystals as well as the occupancy of the amine substrate in the 

complex.  All crystals were visually colorless after ~10 seconds following exposure to 

methylamine, ethylamine, or benzylamine; however crystals were left for longer periods 

than this to ensure that all residual O2 remaining in the crystallization drop had been 

consumed, and that HPAO-1 had stabilized and contained the aminoquinol.  The reduced 

HPAO-1 crystals were then soaked in a crystallization solution containing 25% glycerol 

mixed with well solution for ~5-10 seconds for cryoprotection before flash-freezing in 

N2(l).  The conditions used to form each of the complexes reported here were: 10 mM 

methylamine HCl for 1 hour, 10 mM ethylamine HCl for 2 hours, or 5 mM benzylamine 

HCl for 5 minutes. 

 

Single crystal UV/visible microspectrophotometry 

 HPAO-1 crystals which had been anaerobically reduced with methylamine, 

ethylamine, or benzylamine before flash-freezing were subjected to single crystal 

UV/visible microspectrophotometry before and after X-ray diffraction data collection 

using a UV/visible single crystal microspectrophotometer from 4DX-ray Systems 

(system AB). 
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X-ray diffraction data collection, processing, and structure solution 

X-ray diffraction data for the methylamine-, ethylamine-, and benzylamine-

HPAO-1 complexes (see Table 4.1 for data collection, processing, and refinement 

statistics) were collected from single crystals at 100K at the Advanced Photon Source, 

Argonne National Laboratory (methylamine-HPAO-1: beamline 19-ID, SBC-CAT; 

ethylamine- and benzylamine-HPAO-1: beamline 23-ID, GM/CA-CAT).  Diffraction 

data were collected to resolutions of 1.89, 2.18, and 2.25 Å for the methylamine-, 

ethylamine-, and benzylamine-HPAO-1 complexes, respectively, and processed using 

SCALEPACK and HKL2000 (133).   

The structure of the methylamine-HPAO-1 complex was solved by difference 

Fourier, using the structure of native HPAO-1 as a starting model (PDB code 2oov with 

solvent atoms, ligands, and the side chain of residue 405 removed from each of six 

polypeptide chains) (103).  The ethylamine- and benzylamine-soaked HPAO-1 crystals 

were found to be non-isomorphous with previously deposited structures of native HPAO-

1.  For phase determination of the benzylamine-HPAO-1 complex, molecular 

replacement was conducted using PHASER from the CCP4 suite with a search model 

based on a polypeptide dimer from the previously deposited native HPAO-1 structure 

(PDB code 2oov with solvent atoms, ligands, and the side chain of residue 405 removed 

from each protein chain) (103, 167).  The structure of HPAO-1 in complex with 

ethylamine was then solved by difference Fourier using programs in the CCP4 suite with 

the entire (six polypeptide chains) benzylamine-HPAO-1 complex (with solvent atoms, 
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ligands, and the side chain of residue 405 removed from each polypeptide chain) as a 

starting model (135). 

 

X-ray crystal structure refinement  

The initial coordinates for each structure were first subjected to rigid body 

refinement using REFMAC in the CCP4 suite (137).  Water molecules were incorporated 

into the coordinates of all three structures at positions with peaks >3.0σ in the 

corresponding 2Fo-Fc electron density maps.  Multiple cycles of manual model building 

using COOT followed by refinement using REFMAC were completed based on peaks in 

the corresponding 2Fo-Fc and Fo-Fc electron density maps (136, 137).  Copper ions were 

assigned to the strongest peaks in the electron density maps, which correspond with the 

well-established copper binding site in CAOs.   

When TPQ occupies an “off-copper” position in the native HPAO-1 structure (see 

Figure 1.4A), an ordered water molecule ligates the copper in an axial position.  In all 

chains of the three HPAO-1 substrate complexes, a water molecule was first modeled at 

this position based on strong peaks in the 2Fo-Fc and Fo-Fc electron density maps.  After 

refinement, persistent positive peaks in the Fo-Fc difference electron density map in 

conjunction with very low B-factors (~2 Å2) indicated that water was electronically 

insufficient to account for the density at this position in all polypeptide chains of the 

methylamine-HPAO-1 complex as well as chains A, B, E, and F of the ethylamine-

HPAO-1 complex and chains A, B, E, and F of the benzylamine-HPAO-1 complex.  Two 

additional ligands were systematically modeled at this position in the active site and 
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subjected to test refinements.  These were hydrogen peroxide, which has previously been 

visualized bound side-on to the copper in crystal structures of ECAO (106), and a Cl- ion 

after consideration of the chemical species with which HPAO-1 crystals were in contact 

during crystal growth, soaks, and harvesting.  Test refinements against these two alternate 

axial copper ligands and B-factor analysis were used to determine the identity of the 

appropriate species in each polypeptide chain of the three substrate complexes.   

In all polypeptide chains of the three substrate-HPAO-1 complexes, the active site 

cofactor could be clearly modeled in its “off-copper” conformation, with no electron 

density suggesting any “on-copper” component (see Figure 1.4A).  Based on single 

crystal UV/visible absorption spectra, which were bleached, the cofactor was modeled in 

its aminoquinol form in all polypeptide chains of the ethylamine- and benzylamine-

HPAO-1 complexes (PDB residue TYQ) (106).   

After inspection of the hydrogen bonding network in the active sites of the 

methylamine-HPAO-1 complex, the aminoquinol was modeled in chains C, D, and F at 

an occupancy of 0.5 (PDB residue TYQ), which reflects the presence of the substrate 

Schiff base form of cofactor at partial occupancy (discussed below), and in chain E at an 

occupancy of 1.  Careful inspection of the electron density corresponding to the cofactor 

in chains A and B revealed that the cofactor is likely present in its iminoquinone form at 

full occupancy, which was modeled into these two polypeptide chains (PDB residue 

TYY) (106).   

After initial refinement of the methylamine-HPAO-1 complex, the 2Fo-Fc and Fo-

Fc electron density maps clearly showed unaccounted connective electron density 
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extending from the C5 carbonyl of the cofactor in chains C, D, and F indicating a 

covalently linked species.  A model of the substrate Schiff base intermediate formed upon 

reaction with methylamine was built using Sketcher, and library files were generated 

using the program LIBCHECK within the CCP4 suite.  A previously deposited Schiff 

base species was used as a starting model (PDB residue ESB), which was manually 

edited to reflect the use of methylamine as the substrate (116).   

The structures of methylamine, formaldehyde, ethylamine, and benzylamine were 

built into the appropriate polypeptide chains based on peaks in the 2Fo-Fc and Fo-Fc, 

electron density maps which indicated substrate or product bound in the back of the 

active site.  The positions of the terminal functional groups of the substrate/product 

moieties (amine or aldehyde functional group, respectively) relative to nearby amino acid 

side chains, the cofactor, and the active site water network were used to assign the likely 

identity of the ligand through differences in allowable hydrogen bonds and geometry.  

Additional cycles of manual model building and refinement were carried out in all three 

structures until peaks in the Fo-Fc electron density maps were at the level of noise.       
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4.3 Results 

Overall fold of the HPAO-1 substrate complexes 

 X-ray diffraction data for HPAO-1 in complex with methylamine, ethylamine, 

and benzylamine were collected and refined to 1.89, 2.18, and 2.25 Å resolutions with 

final Rwork values of 0.120 (Rfree = 0.167), 0.156 (Rfree = 0.196) and 0.169 (Rfree = 0.231), 

respectively (see Table 4.1 for data collection, processing, and refinement statistics).  

  
Table 4.1 X-ray diffraction, processing, and refinement statistics for methylamine-, 
ethylamine-, and benzylamine-HPAO-1 complexes. 

substrate methylamine ethylamine benzylamine 

detector type ADSC Quantum 315r MARmosaic 300 CCD MARmosaic 300 CCD 

beamline 19-ID, SBC-CAT  23-ID, GM/CA-CAT  23-ID, GM/CA-CAT  

temperature (K) 100 100 100 

space group P21 P21 P21 

unit cell dimensions         
a × b ×  c, (Å); β (°) 

103.5, 223.0, 103.5; 
95.8 

104.4, 232.8, 105.1; 
96.7 

104.2, 233.7, 105.1; 
96.6 

no. of molecules in the 
unit cell, Z 

3 3 3 

resolution (Å)a 50.00-1.89 (1.96-1.89) 50.00-2.18 (2.22-2.18) 50.00-2.25 (2.29-2.25) 

no. of unique reflections 360,368 257,277 232,595 

completeness (%)a 98.0 (96.7) 100.0 (100.0) 98.8 (97.7) 

Rmerge (%)a,b 0.053 (0.159) 0.108 (0.457) 0.089 (0.324) 

I/σ(I) 22.9 (8.0) 10.0 (1.7) 9.8 (1.8) 

redundancya 3.2 (3.0) 3.8 (3.6) 4.3 (4.1) 

refinement resolution 
range (Å)a 

49.0-1.89 (1.94-1.89) 49.0-2.18 (2.24-2.18) 48.9-2.25 (2.31-2.25) 

no. of reflections in the 
working seta 

342,159 (24,025) 244,276 (16,892) 220,912 (16,116) 

no. of reflections in the 
test seta 

18,137 (1,244) 12,922 (875) 11,654 (793) 
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Table 4.1, continued. X-ray diffraction, processing, and refinement statistics for 
methylamine-, ethylamine-, and benzylamine-HPAO-1 complexes. 

substrate methylamine ethylamine benzylamine 

Rwork (%)a,c 0.120 (0.145) 0.150 (0.243) 0.169 (0.258) 

Rfree (%)a,d 0.167 (0.199) 0.201 (0.296) 0.230 (0.332) 

rmsd from ideal 
geometry 

   

bond lengths (Å) 0.020 0.016 0.023 

bond angles (°) 1.71 1.59 1.95 

Ramachadran plot    

energetically favored 
regions (%) 

95.6 95.2 94.6 

allowed regions (%) 4.1 4.2 4.7 

outliers (%) 0.3 0.6 0.7 

aNumbers in parentheses refer to the highest-resolution shell. bRmerge = ƩhklƩiǀIhkl,I - 
‹Ihkl›Ʃ/ƩhklƩiIhkl,I , where I is the observed intensity and ‹I›  is the average intensity for 
multiple measurements. cRwork = ƩƩFoǀ - ƩFoǀ/ǀǀFoƩ, where ƩFoƩ is the observed 
structure factor amplitude and ƩFcǀ is the calculated structure factor amplitude for 95% 
of the data used in refinement. dRfree based on 5% of the data excluded from refinement. 

 

Phases for the methylamine-HPAO-1 complex were determined using difference 

Fourier with the structure of native HPAO-1 as a starting model (PDB code 2oov with 

solvent atoms, ligands, and the side chain of residue 405 removed from each polypeptide 

chain) and programs within the CCP4 suite (103, 135).  The ethylamine- and 

benzylamine-HPAO-1 complexes are non-isomorphous with native HPAO-1 (Table 4.2).   

 
Table 4.2 Unit cell parameters for native HPAO-1 and substrate-HPAO-1 complexes. 

structure space group unit cell lengths (Å) β angle (°) 
native HPAO-1 P21 a = 104.15, b = 223.08, c = 104.25 95.77 
methylamine-HPAO-1 P21 a = 103.52, b = 223.03, c = 103.47 95.75 
ethylamine-HPAO-1 P21 a = 104.41, b = 232.83, c = 105.12 96.66 
benzylamine-HPAO-1 P21 a = 104.24, b = 233.71, c = 105.05 96.57 
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Consequently, molecular replacement was used to calculate phases for the 

benzylamine-HPAO-1 complex using a polypeptide dimer from the coordinates of native 

HPAO-1 as a search model (PDB code 2oov with solvent atoms, ligands, and the side 

chain of residue 405 removed from each of two polypeptide chains) (103).  The resulting 

benzylamine-HPAO-1 structure was then used to calculate phases for the ethylamine-

HPAO-1 complex using difference Fourier.  All three substrate-HPAO-1 complexes 

contain six polypeptide chains comprising three physiological dimers within the 

asymmetric unit (ASU) in space group P21.  The overall fold is nearly identical to that of 

the native enzyme, with superimposition of corresponding main chain atoms with those 

of native HPAO-1 (PDB code 2oov) yielding root-mean-square deviations (rmsd) of 

0.15, 0.36, and 0.43 Å for the methylamine-, ethylamine-, and benzylamine-HPAO-1 

complexes, respectively (103).  All three structures adopt the archetypal overall CAO 

fold, which can be described in terms of three domains arranged along the primary 

sequence (see Figure 1.3 and Chapter 1 for a discussion of the CAO overall fold).  Any 

significant structural differences between the three substrate-HPAO-1 complexes and the 

structure of native HPAO-1 are limited to specific regions of the enzyme.   

 

Substrate binding in the HPAO-1 active site 

 Peaks in the 2Fo-Fc and Fo-Fc electron density maps immediately following phase 

calculation and rigid body refinement indicated the presence of either substrate amine or 

product aldehyde bound in the back of the active site in all protein chains located in the 

ASU of all three structures.  In polypeptide chains C, D, E, and F of the methylamine-
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HPAO-1 complex and all six polypeptide chains of both the ethylamine- and 

benzylamine-HPAO-1 complexes, the terminal functional group of the substrate/product 

species is involved in hydrogen bonding interactions with an ordered water molecule (W2 

in panels A, C, and D of Figure 4.1) as well as with the side chain of Asp319 and the N5 

atom of the aminoquinol ((A) methylamine-HPAO-1, (C) ethylamine-HPAO-1, and (D) 

benzylamine-HPAO-1 in Figure 4.1).     

Because an aldehyde functional group possesses two lone pairs and thus cannot be 

involved in three hydrogen bonds, the species bound in the back of the active site was 

determined to be the corresponding amine substrate in chains C, D, E, and F of the 

methylamine-HPAO-1 complex and all protein chains of the ethylamine- and 

benzylamine-HPAO-1 complexes.  Additionally, after refinement the electron density 

indicated a species in the ethylamine-HPAO-1 complex with an angle between the three 

non-hydrogen atoms of ~104-111°, and a non-coplanar species in the benzylamine-

HPAO-1 complex with its terminal functional group rotated out of the plane of the phenyl 

ring by 18-40° (angles reported as the range across six polypeptide chains in the ASU).  

This supports the assignment of these peaks as ethylamine and benzylamine because in 

the case of acetaldehyde, the angle between the three non-hydrogen atoms is expected to 

be 120°, and in the case of benzaldehyde, the aldehyde functional group is expected to be 

coplanar with the phenyl ring. 
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Figure 4.1 Active sites of (A) methylamine-, (B) formaldehyde-, (C) ethylamine-, and 
(D) benzylamine-containing HPAO-1 complexes.  Residues and substrate/product species 
from polypeptide chains C, A, A, and E in panels (A), (B), (C), and (D), respectively, are 
shown in stick and colored by atom type (carbon, grey).  Water molecules are shown as 
small red spheres, copper ions are shown as gold spheres, and chloride ions are shown as 
green spheres.  Hydrogen bonding is indicated by dashed lines, and metal-ligand 
interactions are indicated by solid lines.  Electron density from the 2Fo-Fc electron 
density maps is shown as blue mesh and contoured to 1σ. 
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Chains A and B of the methylamine-reduced HPAO-1 structure do not contain 

electron density indicating a third hydrogen bonding partner for the substrate/product 

species, making the assignment of this species in the back of the active sites in these two 

polypeptide chains difficult.  The substrate/product species in these chains have been 

tentatively modeled as formaldehyde product, based on the assignment of protonated 

iminoquinone cofactor in those two chains, which is discussed later.  There is precedent 

for the presence of the iminoquinone form of cofactor in conjunction with aldehyde 

product bound in the back of the active site in a steady-state crystal structure of ECAO 

(106).   

Distances between the functional groups of the three amine 

substrates/formaldehyde and other active site components are reported as the range across 

the appropriate polypeptides in the ASU of each structure (see Table 4.3 for the 

composition of individual active sites).  The methylamine-HPAO-1 complex contains 

methylamine bound with its amine group 2.0-2.7 Å from the N5 atom of the 

aminoquinol, 2.4-3.4 Å from the carboxylate of Asp319, and 3.0-3.4 from an ordered 

water molecule in chains C, D, E, and F (Figure 4.1A), or formaldehyde bound with its 

aldehyde group 2.1-2.2 Å from the N5 atom of the iminoquinone in chains A and B 

(Figure 4.1B). The large range of interaction distances in the chains best modeled with 

methylamine likely reflects the aminoquinol disorder that is evident in the averaged 

electron density (Figure 4.1A), and the difficulty in accurately placing methylamine 

(effectively a diatomic in terms of visible electron density).   
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In all polypeptide chains of HPAO-1 in complex with ethylamine, the amine 

group of ethylamine sits 2.5-2.8 Å from the N5 atom of the aminoquinol, 2.6-2.9 Å from 

the carboxylate of Asp319, and 3.0-3.3 Å from an ordered water molecule (Figure 4.1C).  

The structure of HPAO-1 in complex with benzylamine contains benzylamine substrate 

bound with its amine group 2.3-2.7 Å from the N5 atom of the aminoquinol, 2.6-2.9 Å 

from the carboxylate of Asp319, and 2.5-3.3 Å from an ordered water molecule in all six 

polypeptide chains (Figure 4.1D).  Chains D and E of the methylamine-HPAO-1 complex 

and chains A and F of the benzylamine-HPAO-1 complex contain substrate bound <2.5 

Å from the aminoquinol, which indicates a shared proton.   

In all three substrate-HPAO-1 structures, the amine substrates are bound in a 

hydrophobic pocket adjacent to TPQ with their amine groups pointed toward atom C5 of 

the cofactor, which is the site of nucleophilic attack during catalysis.  Four polypeptide 

chains in the methylamine-reduced HPAO-1 complex contain methylamine in either one 

(chain D) or two (chains C, E, and F) alternate positions as indicated by peaks in the Fo-

Fc electron density map.  Methylamine has been modeled in the one binding position that 

is common to these four active sites, but the additional methylamine binding sites in 

chains C, E, and F are not systematic, and peaks in the electron density are too weak to 

support modeling this second methylamine position with confidence.   

All six polypeptide chains within the ASU of the ethylamine-HPAO-1 complex 

contain ethylamine modeled at a single binding site (Figure 4.1C).  In Chain E of the 

ethylamine-HPAO-1 complex, an ordered water molecule, which is not visualized in the 

native enzyme, is seen near the methyl group of ethylamine at a distance of 3.5 Å.  The 
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presence of negative peaks in the Fo-Fc electron density map coincident with the modeled 

ethylamine, in addition to positive peaks in the Fo-Fc electron density map present at 5.5-

7σ located adjacent to this species in all of the ethylamine-HPAO-1 active sites, suggests 

a partially-occupied second ethylamine binding site.  This indicates positional mobility 

associated with ethylamine binding in the active site; however the electron density is not 

clear enough to model this alternate position with confidence.  

The benzylamine molecules in all six polypeptide chains in the ASU of the 

benzylamine-HPAO-1 complex are present in only one position at the back of the active 

site (Figure 4.1D).  Low B-factors and the absence of difference electron density in the 

Fo-Fc map indicate that benzylamine is bound at full occupancy at only one site in all six 

polypeptide chains.  Benzylamine is positioned such that its phenyl ring is involved in a 

parallel displaced π-π stacking interaction with Tyr323, as well as a perpendicular π-π 

interaction with Trp156.  The distances between atoms in the phenyl rings of 

benzylamine and Tyr323 are ~3.5-4.0 Å, which is consistent with a stabilizing aromatic 

interaction (168, 169).  Likewise, the position of benzylamine relative to the side chain of 

Trp156 is similar to that seen in other examples of perpendicular aromatic stabilization, 

with the centers of the phenyl ring in benzylamine and the six-membered ring of Trp156 

located 5.4-5.9 Å apart (168, 169). 
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Table 4.3 Features in the substrate-HPAO-1 complex active sites.  SSB = substrate Schiff 
base, A = axial copper ligand, E = equatorial copper ligand, * = multiple possible binding 
sites.  Occupancies are listed in parentheses.  
 
substrate chain likely electronic 

form of cofactor 
chain copper 

ligands  
chain species bound in 

active site 
methylamine A 

B 
C 
 

D 
 

E 
F 

iminoquinone (1) 
iminoquinone (1) 
aminoquinol (0.5) 
SSB (0.5) 
aminoquinol (0.5) 
SSB (0.5) 
aminoquinol (1) 
aminoquinol (0.5) 
SSB (0.5) 
 

all A = Cl- 

E = H2O 
  
 

A 
B 
C 
 

D 
 

E 
F 

formaldehyde (1) 
formaldehyde (1) 
methylamine 
(0.5)* 
methylamine (0.5) 
 
methylamine (1)* 
methylamine 
(0.5)* 
 

ethylamine all aminoquinol (1) A 
B 
C 
 

D 
E 
 
F 

A = H2O2 

A = H2O2 
A = H2O 

E = H2O 
A = H2O 
A = H2O2 
E = H2O 
A = H2O2 
 

A 
B 
C 
 

D 
E 
 
F 

ethylamine (1)* 
ethylamine (1) 
ethylamine (1)* 
 
ethylamine (1)* 
ethylamine (1) 
 
ethylamine (1)* 

benzylamine all aminoquinol (1) A 
B 
C 
 

D 
E 
F 

A = H2O2 

A = H2O2 

A = H2O 
E = H2O 
A = H2O 
A = H2O2 

A = H2O2 

all benzylamine (1) 

 

Active site features of the substrate-HPAO-1 complexes 

Copper binding 

The HPAO-1 active site lies deeply buried within the protein interior, and is 

formed by residues from domains D3 and D4 (see Figure 1.3 for the arrangement of CAO 

domains within the protein dimer).  In all polypeptide chains within the ASU of the three 

substrate-HPAO-1 complexes, copper is bound at full occupancy by four ligands, 

including the imidazole groups from a conserved trio of histidine residues at distances of 
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2.0-2.1, 1.9-2.2, and 1.9-2.1 Å for His456, His458, and His624, respectively (Figure 4.1).  

Additionally, strong electron density indicating an equatorial water molecule acting as the 

fifth copper ligand can be seen in all chains of the methylamine-HPAO-1 complex at a 

distance of 2.5-2.9 Å, as well as in chains C and E of the ethylamine-HPAO-1 structure at 

distances of 2.5 and 3.0 Å, respectively, and chain C of the benzylamine-HPAO-1 

structure at a distance of 2.6 Å. 

In the structure of native HPAO-1, a water molecule ligates the bound copper in 

an axial position when TPQ is in the “off-copper” conformation and indirectly links the 

O2 atom of TPQ and the bound copper through hydrogen bonding.  A water molecule 

was first modeled at this position in all protein chains of the three substrate-HPAO-1 

complexes based on peaks in the 2Fo-Fc and Fo-Fc electron density maps.  Persistent 

positive peaks in the Fo-Fc difference electron density maps and very low B-factors (~2 

Å2) after refinement indicated that in all chains of the methylamine-HPAO-1 structure; 

chains A, B, E, and F of the ethylamine-HPAO-1 structure; and chains A, B, E, and F of 

the benzylamine-HPAO-1 structure, water is electronically insufficient and unable to 

account for the electron density at this position.  Test refinements were therefore 

conducted after modeling hydrogen peroxide or a Cl- ion at this position in the 

appropriate polypeptide chains.  Hydrogen peroxide has been seen bound at this position 

in other CAO structures, and its presence would indicate low levels of oxygen present in 

the anaerobic glove box most likely from the crystallization drop solution (106).  

Additionally, the chemical compounds used for substrate soaks with all three amines 

were hydrochloride salts, so Cl- was chosen for test refinements and modeled as a 
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potential axial copper ligand as well.  Analyses of the electron density maps after 

refinement as well as the resulting B-factors associated with each ligand were used to 

assign the identity of the axial copper ligand in each structure (Table 4.3; electron density 

associated with test refinements in chain A of the methylamine-HPAO-1 structure and 

chain E of the ethylamine-HPAO-1 structure is shown in Figure 4.2).   

The methylamine-HPAO-1 complex was found to contain a Cl- ion ligating the 

copper in an axial position in all protein chains at a distance of 2.5-2.7 Å from the copper 

(Figure 4.1A, Figure 4.2D, Table 4.3).  The ethylamine-HPAO-1 complex contains a 

mixture of water molecules or side-on hydrogen peroxide at this position within different 

polypeptide chains in the ASU (water, Wa in Figure 4.1B; H2O2 in Figure 4.2G; Table 

4.3).  Water is bound 2.6-2.7 Å from the copper in chains C and D, and a side-on 

hydrogen peroxide is bound with both oxygen atoms 2.5-3.0 Å from the copper in chains 

A, B, E, and F, which are typical for bound hydrogen peroxide (distances are reported as 

the range across the appropriate polypeptide chains in the ASU) (Table 4.3).  Finally, the 

benzylamine-HPAO-1 complex was found to contain a side-on hydrogen peroxide in 

chains A, B, E, and F with both oxygen atoms bound at a distance of 2.7-3.3 Å from the 

copper, and water ligating the bound active site copper in an axial position at a distance 

of 2.7-2.8 Å in chains C and D, which is similar to that of the native enzyme (Wa in 

Figure 4.1C, Table 4.3).  The presence of a side-on hydrogen peroxide in these 

polypeptide chains indicates that low levels of oxygen were present at some point during 

crystal handling, soaking, and/or freezing in the anaerobic glove box. The assignment of 

predominantly aminoquinol rather than iminoquinone is based on the featureless 
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UV/visible spectra of the crystals (protonated iminoquinone: λmax ~ 350 nm; deprotonated 

iminoquinone: λmax ~ 450 nm). Some turnover must have occurred but it appears that 

substrate amine has been able to react with the iminoquinone to generate aminoquinol 

with product H2O2 still present (Scheme 4.1). Hydrogen peroxide release is known to be 

rate-limiting in crystals of ECAO [21].   

 

Figure 4.2 Structures of the active site of chain A of the methylamine-HPAO-1 complex 
with (A) no ligand, (B) water (Wa), (C) H2O2, or (D) a Cl- ion modeled as the axial 
copper ligand; or chain A of the ethylamine-HPAO-1 complex with (E) nothing, (F) 
water (Wa), or (G) H2O2 modeled as the axial copper ligand.  Residues in all panels and 
the peroxide in panels (C) and (G) are shown in stick and colored by atom type (carbon, 
grey).  Copper ions in all panels are shown as gold spheres, a chloride ion in panel (D) is 
shown as a green sphere, and water molecules in panels (B) and (F) are shown as a small 
red spheres.  The 2Fo-Fc electron density maps after refinement against the corresponding 
species are shown as blue mesh and contoured to 1σ.  The Fo-Fc electron density maps 
after refinement are shown as green or red mesh and contoured to +3.5 or -3.5σ, 
respectively.  
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Electronic form of the cofactor in the substrate-HPAO-1 complexes 

The active site cofactor could be clearly modeled in its “off-copper” conformation 

in all six polypeptide chains of the three structures.  In the native enzyme, the “off-

copper” conformation, which represents a catalytically productive state, denotes TPQ 

with its C5 carbonyl directed toward the substrate entry channel.  In this position, TPQ is 

not a direct ligand to the copper but instead interacts with copper via an axial water 

molecule.  No electron density was found to indicate the presence of cofactor in its 

unproductive “on-copper” conformation, in which the O4 atom is a direct ligand to the 

copper.  This contrasts with the native HPAO-1 structure, in which four of six 

polypeptide chains in the ASU contain a mixture of “off-copper” and “on-copper” TPQ 

conformations (103).  Single crystal UV/visible spectroscopy using crystals which were 

anaerobically treated with methylamine, ethylamine, or benzylamine showed only a small 

shoulder feature at ~310 nm but were otherwise bleached as compared to spectra of the 

native enzyme, which is consistent with the presence of cofactor in its two-electron 

reduced aminoquinol form (for representative spectra for native and methylamine-

reduced HPAO-1, see Figure 4.3, Figure 4.4).   
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Figure 4.3 Single crystal UV/visible microspectrophotometry of a native HPAO-1 crystal 
(red) and a native HPAO-1 crystal which has been treated with methylamine (MeAm) 
(black).  A dashed lined indicates λ = 480 nm.  
 

 
 

In chains A and B of the methylamine-HPAO-1 complex, the cofactor is rotated 

~22° around its Cα-Cβ bond toward Asp319 as compared to the conformation of TPQ in 

native HPAO-1, and interacts directly with Asp319 at a distance of 2.8 Å.  These chains 

also contain unusually strong electron density for an equatorial water ligand (Figure 

4.1B).  The active sites of these two polypeptide chains, including the position of the 

cofactor and equatorial water, are nearly superimposable with another structure of 

methylamine-treated HPAO-1 known to contain the protonated iminoquinone based on a 

weak absorbance feature at 350 nm (Bryan Johnson, unpublished data) (Figure 4.4).  This 

structure was formed at higher O2 concentrations, and five out of the six active sites 

contain protonated iminoquinone. Although in this study there is no absorbance feature 

indicative of the protonated iminoquinone in the crystal UV/visible spectrum (Figure 

4.3), a tentative assignment of protonated iminoquinone has been made based on the 
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similarity between these structures and the pH of the crystals (6.0). The lack of a clear 

350 nm absorbance feature may be due to the much smaller fraction of cofactor (two out 

of the six active sites) proposed to contain this species.  Based on the assignment of the 

cofactor as the protonated iminoquinone, the species bound at the back of the active sites 

of chains A and B of the methylamine-HPAO-1 complex is likely formaldehyde, which 

contains two lone pairs and is capable of acting as a hydrogen bond acceptor.   

 

Figure 4.4 Different electronic forms of TPQ proposed to be in the methylamine-HPAO-
1 complex. 
 

 

Persistent peaks in the 2Fo-Fc and Fo-Fc electron density maps continuous with 

electron density at the N5 atom of the aminoquinol in the methylamine-HPAO-1 complex 

indicated the presence of a covalent Schiff base intermediate in chains C, D, and F which 

is coincident with methylamine bound at partial occupancy (Figure 4.5).  Based on the 

hydrogen bonding networks in chains C, D, and F of the methylamine-HPAO-1 structure, 

it was determined that the substrate Schiff base and not the product Schiff base is present 

(Figure 4.4).  The coordinates and library files for the structure of the substrate Schiff 

base formed with methylamine were manually built based on a Schiff base ligand (PDB 

residue ESB) and altered to reflect the correct identity of the substrate (116).  This 
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substrate Schiff base ligand was built into the appropriate chains of the methylamine-

HPAO-1 structure.  Subsequent test refinements determined the ratio of 

methylamine/aminoquinol to the substrate Schiff base to be ~50:50 (Figure 4.5). 

 
Figure 4.5 Structure of the substrate Schiff base in chain D of the methylamine-HPAO-1 
complex in conjunction with bound methylamine.  Residues are shown in stick and 
colored by atom type (carbon, grey).  The Fo-Fc electron density map after the initial 
round of rigid body refinement (before the substrate Schiff base or methylamine had been 
built into the structure) is shown as green mesh and contoured to +3.5σ. 

 
 

Changes in the HPAO-1 substrate channel associated with substrate binding 

 The structural changes in HPAO-1 following anaerobic treatment with the three 

amine substrates are localized to a conserved channel which leads from the enzyme 

surface to the deeply buried CAO active site (a distance of ~18 Å in HPAO-1) (55).  The 

CAO amine substrate channel is defined by a series of secondary structural elements at 

different depths relative to the enzyme surface.  The entrance to this channel is delineated 

by a surface-exposed helix which lies across its edge (60).  Ethylamine or benzylamine 

binding resulted in the movements of residues Leu116-Cys122 located within this helix 
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away from the center of the amine substrate channel (green (ethylamine) and blue 

(benzylamine) in Figures 4.6 and 4.7).  In contrast, residues from this helix in the 

methylamine-HPAO-1 complex have moved towards the channel when compared to 

those of the native enzyme (orange (methylamine-reduced) in Figures 4.6 and 4.7).    

 
Figure 4.6 Concerted helical movement following methylamine, ethylamine, or 
benzylamine treatment of HPAO-1 as compared to native HPAO-1.  Helices are shown as 
Cα traces and colored as follows: native HPAO-1, black; methylamine-HPAO-1, orange; 
ethylamine-HPAO-1, green; benzylamine-HPAO-1, blue.  TPQ and its three histidine 
ligands from the native structure are shown in stick and colored by atom type (carbon, 
grey).  The active site Cu(II) ion is shown as a gold sphere.   
 

 
 

Lying closer to the deeply buried HPAO-1 active site, the side chain of residue 

Met328 has rotated ~120° around its Cβ-Cγ bond in the ethylamine- and benzylamine-

HPAO-1 structures, which further expands the width of the substrate channel relative to 

that of the native enzyme (green (ethylamine) and blue (benzylamine) in Figure 4.7).  In 

the case of the methylamine-HPAO-1 structure, this residue adopts the conformation 
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visualized in the native enzyme, with its side chain positioned such that the substrate 

channel at this depth is narrower than that of the ethylamine- and benzylamine-HPAO-1 

structures (gold (methylamine) in Figure 4.7).  Additionally, the side chain of Tyr323, 

which has been proposed to influence substrate specificity in HPAO-1, is rotated ~30° 

away from the active site in the ethylamine- and benzylamine-HPAO-1 complexes 

relative to its position in native HPAO-1 (green (ethylamine) and blue (benzylamine) in 

Figure 4.7) (56).   

 
Figure 4.7 Stereoview of structural changes in the amine substrate channel following 
substrate binding.  Residues are shown in stick and colored by structure and by atom type 
(native HPAO-1: carbon, grey; methylamine-HPAO-1: carbon, gold; ethylamine-HPAO-
1: carbon, green; benzylamine-HPAO-1: carbon, blue).  TPQ from native HPAO-1 is 
shown in stick and colored by atom type (carbon, grey).  Asterisks indicate side chains 
which come from the other monomer of the homodimer. The overall fold of native 
HPAO-1 is shown as a semi-transparent grey cartoon. 
 
 

 
 

 



137 
 

The back wall of the active site of one CAO monomer is partially formed by 

residues from domain D3 of the other monomer in the protein dimer.  These residues are 

derived from a loop connecting a pair of β-strands that pack tightly against the other 

monomer to form a β-hairpin “arm” (red in Figure 1.3).  In the structures of HPAO-1 in 

complex with ethylamine and benzylamine, the side chains of residues Phe379*, 

Asp381*, Asn382*, and Phe383* from this loop (* = from the other polypeptide in the 

dimer) have shifted away from the center of the substrate channel (green (ethylamine) 

and blue (benzylamine) in Figure 4.7).  This movement, in conjunction with movements 

of the specific amino acid side chains mentioned previously, results in the general 

broadening of the amine substrate channel in the ethylamine- and benzylamine-HPAO-1 

complexes (panels (C) (ethylamine) and (D) (benzylamine) in Figure 4.8).  In contrast, 

residues Phe379*, Asp381*, and Phe383* have shifted closer to the active site in the 

methylamine-HPAO-1 complex (gold in Figure 4.7).  Also, residue Asn382* adopts an 

alternate conformation in the methylamine-HPAO-1 complex resulting from a ~60° 

rotation around the Cα-Cβ bond.  These motions, along with movements in the additional 

amino acid side chains shown in Figures 4.6 and 4.7, result in the constriction of the 

amine substrate channel upon methylamine binding in HPAO-1 (panel B in Figure 4.8). 
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Figure 4.8 Side view of the surface of the substrate entry channel in (A) native HPAO-1, 
(B) methylamine-HPAO-1, (C) ethylamine-HPAO-1, and (D) benzylamine-HPAO-1.  
Structures are shown as a molecular surface and colored grey.  TPQ, iminoquinone, and 
aminoquinol moieties are shown in stick and colored by atom type (carbon, grey). 
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4.4 Discussion 

Are the ping-pong kinetics of HPAO-1 in solution disrupted in crystallo? 

 The disruption of ping-pong kinetics has been observed in ECAO crystals 

aerobically undergoing turnover with 2-phenylethylamine, which revealed a steady-state 

structure in which product aldehyde was found at the back of the amine substrate channel 

in conjunction with H2O2 bound at the copper (PDB code 1d6z) (gold in Figure 4.9) 

(106).   

 

Figure 4.9 Overlay of the active sites of HPAO-1 in complex with benzylamine (chain 
D) and a steady-state structure of ECAO in complex with product phenylacetaldehyde 
and H2O2 (chain A, PDB code 1d6z) (106).  Residues are shown in stick and colored by 
atom type (HPAO-1: carbon, grey; ECAO: carbon, gold).  Hydrogen bonds in the HPAO-
1 structure are indicated by dashed lines.  Residues labels are those of HPAO-1, with 
labels for the ECAO structure in brackets. 
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It was proposed that in solution, dynamic motion of domains D3 and D4, which 

both contribute residues that form the amine substrate channel, is key to product 

dissociation from the ECAO active site.  Intermolecular contacts appear to slow aldehyde 

release in crystallo and disrupt the ping-pong kinetics normally seen in solution, resulting 

in the accumulation of product aldehyde and H2O2 in the active site.  The presence of 

hydrogen peroxide concurrent with cofactor in its two-electron reduced aminoquinol 

form, or the tentative assignment of aldehyde product formed during the reductive half-

reaction concurrent with the iminoquinone, suggests that the same could be true of the 

three substrate-HPAO-1 complexes (Figure 4.1).  However, although consistent with the 

data here it is not conclusive due to the differing conditions (anaerobic vs. aerobic) and 

tentative nature of the formaldehyde assignment.  

 

Structural determinants of substrate specificity in HPAO-1 

 The CAO family of enzymes possesses only ~20-40% sequence homology but 

displays a high level of structural similarity regardless of enzyme source, particularly in 

the overall fold as well as the residues which perform chemistry at the enzyme active site.  

These conserved residues include TPQ, a strictly conserved tyrosine residue that 

stabilizes the position of TPQ during both biogenesis and catalysis, three histidine 

residues that ligate the active site copper ion, and an invariant aspartate residue that acts 

as a general catalytic base.  Given the wide variety of functional roles played by CAOs 

depending on source and cellular location, substrate selectivity is critical and appears to 

be controlled by several factors.  Not surprisingly, the overall shape and size of the CAO 
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amine substrate channel correlates with its preferred substrates.  CAOs which display the 

highest activity against bulkier or branched amines contain a correspondingly broad and 

solvent-exposed substrate channel, while those that show a preference for smaller amines 

have a more restricted substrate channel.  The crystal structures of CAOs from 

Aspergillus nidulans (ANAO) and Pichia pastoris (PPLO), for example, reveal amine 

substrate channels so wide that there is unimpeded access to the active site from bulk 

solvent (see Figure 1.11) (57, 60).  This correlates well with the documented ability of 

these CAOs to deaminate peptidyl lysine residues.  The HPAO-1 substrate channel is 

relatively narrow compared to some of its CAO counterparts (see Figure 1.11).  This 

reduces the number of orientations with which a substrate can approach the active site, 

thus the likelihood of binding and subsequent catalysis with a bulky substrate such as 

benzylamine is reduced.   

A comparison of the steady-state kinetic parameters kcat and kcat/Km for the 

HPAO-1-catalyzed oxidation of methylamine, ethylamine, and benzylamine reveals that 

HPAO-1 is an effective methylamine and ethylamine oxidase but does not efficiently 

oxidize benzylamine (Table 4.4) (56, 100).  Ethylamine is the most efficient known 

substrate for HPAO-1 (Table 4.4).  The overall turnover rate and second order rate 

constant for the reaction with methylamine are similar to those obtained with ethylamine.  

However, the values of kcat and kcat/Km for reaction with benzylamine are reduced ~300-

fold and ~580-fold, respectively, relative to the oxidation of ethylamine.  Data describing 

the kinetic isotope effect for the reaction with benzylamine are available, and the values 

for Dkcat and Dkcat/Km (S) (5.9 ± 0.7 and 3 ± 1, respectively) indicate that proton 
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abstraction and substrate binding are similarly rate-limiting during the reaction with 

benzylamine (56).  In contrast, kinetic isotope effect data available for the reaction with 

methylamine report values for Dkcat and Dkcat/Km of 1.7 and 4.3, respectively, which 

suggest that methylamine binding, but not proton abstraction, is rate-limiting during 

HPAO-1 catalysis with methylamine. 

 
Table 4.4 Steady state kinetic parameters for the oxidation of methylamine, ethylamine, 
or benzylamine by HPAO-1. 

substrate kcat (s
-1) kcat/Km(S)  (M-1s-1) Dkcat 

 Dkcat/Km (S)  

methylamine 6.2 ± 0.2 a (3.0 ± 0.6) × 104 a 1.7 ± 0.1 a 4.3 ± 0.2 a 

ethylamine 20 b 5.2 × 104 b ND  ND 

benzylamine (6.6 ± 0.3) × 10-2 a (9 ± 1) × 101 a 5.9 ± 0.7 a 3 ± 1 a 

a Data from ref. (56); experimental conditions: 100 mM potassium phosphate (pH 7.2) 
with ionic strength maintained at 300 mM with potassium chloride; b Data from ref. 
(170); experimental conditions: 100 mM potassium phosphate, ionic strength 175 mM.   

 

The structures of HPAO-1 in complex with three amine substrates provide insight 

into specific substrate-protein interactions that precede the nucleophilic attack on atom 

C5 of TPQ that initiates catalysis.  Non-mammalian CAOs contain an aromatic residue 

(typically a Phe or Tyr) at the intersection of the enzyme active site and the amine 

substrate channel.  This residue has been proposed to adopt two conformations and either 

allow or block substrate access to the active site through the rotation of its Cβ-Cγ bond.  

In the two CAOs that have been structurally characterized from Hansenula polymorpha, 
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however, this so-called “gating residue” is a tryptophan, and has only been observed in an 

“open” conformation.  Furthermore, the HPAO-1 and HPAO-2 gating residues are 

derived from β-sheet 2.1 from domain D3, one of two small α/β domains N-terminal to 

the larger catalytic domain D4.  Despite the highly conserved overall fold amongst 

members of the CAO family of enzymes, all other structurally characterized aromatic 

gating residues originate from a loop that connects the two β-sheet sandwich motifs in 

domain D4.   

In CAOs like ECAO or AGAO which efficiently oxidize aromatic amines, the 

gating residue has been proposed to facilitate the reaction with aromatic amines such as 

2-phenylethylamine or tyramine through interactions between the aromatic rings (171).  

These interactions are thought to assist in aligning aromatic substrates such that their 

amine groups are poised for nucleophilic attack on the C5 atom of TPQ at an optimal 

distance and angle (gating residues: Tyr381, gold (ECAO) and Tyr296, purple (AGAO) 

in Figure 4.10).  In contrast, the corresponding residue in the HPAO-1 primary sequence 

is an alanine.  A comparison of the hydrophobic region near the C5 carbonyl of HPAO-1 

with that of ECAO and AGAO reveals that in HPAO-1 the location of this pocket is 

shifted relative to TPQ and the catalytic base where the initial nucleophilic attack and 

subsequent proton abstraction take place.  In addition to potential interactions with 

residue Trp156 in HPAO-1, which is situated for a perpendicular π-π interaction with an 

aromatic substrate, Tyr323 is well-positioned for a parallel displaced π-π interaction with 

an aromatic substrate as well (grey in Figure 4.10).   
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Figure 4.10 Overlay of the native HPAO-1 (PDB code 2oov), ECAO (PDB code 1qaf), 
and AGAO (PDB code 1ivx) active sites displaying the conformation of the aromatic 
“gating residue” relative to TPQ.  Residues are shown in stick and colored by enzyme 
source (HPAO-1: carbon, grey; ECAO: carbon, gold, AGAO: carbon, purple).  Copper 
ions are shown as gold spheres.  Residue numbering is for HPAO-1, with that of ECAO 
and AGAO, respectively, in brackets.  Hydrogen bonds in HPAO-1 are indicated by 
dashed lines, and ligand-metal interactions in HPAO-1 are indicated by solid lines. 
 

 
 

 
The interaction between two aromatic species, such as the phenyl ring of 

benzylamine with residues Trp156 and Tyr323 in HPAO-1, is associated with a small but 

favorable change in free energy (168).  These interactions could influence the efficiency 

of catalysis with an aromatic substrate depending on the angle and distance between the 

amine group of the substrate and TPQ.  In HPAO-1 the steps known to be rate-limiting 

imply that residues in the hydrophobic pocket in which the phenyl ring of benzylamine 

binds are not optimal for an efficient nucleophilic attack on the C5 atom, and that the 

substrate Schiff base formed with benzylamine is not well positioned relative to Asp319, 

hindering proton abstraction.  This is consistent with the observation that the electron 
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density for bound benzylamine supports the presence of only one substrate conformation.  

In contrast, peaks in the electron density of the Fo-Fc maps of methylamine- and 

ethylamine-HPAO-1 indicate that these two substrates bind in multiple positions within 

the active site, suggesting that bound benzylamine is more restricted in the positions it 

can adopt than methylamine or ethylamine.  In addition, the accommodation of 

tetrahedral intermediates postulated to form during catalysis would be more difficult with 

benzylamine as the amine substrate as opposed to methylamine (79).      

Following ethylamine or benzylamine binding, the HPAO-1 active site is made 

more accessible due to the movement of specific amino acid side chains at different 

depths relative to the enzyme surface which help widen the substrate entry channel.  

These include a surface-exposed helix (Leu116-Cys122); residues Tyr323 and Met328; 

and residues Phe379*, Asp381*, Asn382*, and Phe383*, which all move further from the 

active site following substrate binding (Figure 4.7).  A recent investigation of specific 

structural changes in AGAO associated with the formation of substrate Schiff base 

analogs with three hydrazine inhibitors has been conducted (172).  The structural changes 

associated with the binding of these inhibitors include movements in the side chains of 

residues Phe105, Tyr302, and Leu358* in AGAO, resulting in an “induced-fit” effect 

(172).  These residues are homologous with those found to move upon binding of the 

physiological substrates methylamine, ethylamine, and benzylamine in HPAO-1 (Phe105, 

Tyr302, and Leu358* in AGAO are equivalent to Leu121, Tyr323, and Arg380* in 

HPAO-1, respectively).  Additionally, docking studies conducted with a truncated, 

soluble form of VAP-1 (sVAP-1) have implicated residues Phe389 and Tyr384 as 
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important in determining substrate specificity due to predicted interactions with bound 

aromatic substrates (173).  Interestingly, Phe389 in sVAP-1 corresponds to Tyr323 in 

HPAO-1, and although it is derived form a different part of the primary sequence, the 

side chain of Tyr384 in sVAP-1 occupies the same space as Trp156 in HPAO-1.  

In contrast to ethylamine and benzylamine binding, methylamine binding in 

HPAO-1 results in the constriction of the amine substrate channel, demonstrating that the 

effect of substrate binding on the conformations of residues lining the substrate channel 

depends on the identity of the amine substrate.  Although methylamine and ethylamine 

are more structurally similar to one another than to benzylamine, there are likely 

differences in the way that these substrates interact with the HPAO-1 active site and 

subsequently differences in the stabilization of resultant intermediates.  For example, a 

kinetic study of catalysis in the E406N HPAO-1 mutant reported the mechanism-based 

inactivation of the mutant enzyme when reacted with methylamine, but not ethylamine or 

benzylamine (99).  The authors suggest that the product Schiff base formed with 

methylamine is able to rotate into an “on-copper” position in E406N HPAO-1, but is 

unable to do so when reacted with the larger ethylamine or benzylamine due to steric 

hindrance.  Although this study was conducted using mutant enzyme and there is no 

evidence in the methylamine-HPAO-1 complex for an on-copper species, these results 

illustrate that the addition of even a single methylene group in the amine substrate can 

have significant mechanistic consequences.  Interestingly, in the methylamine-HPAO-1 

complex, a Cl- ion is found to ligate the active site copper in an axial position in all 

polypeptide chains.  This has not previously been visualized in CAO structures, and is not 
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seen in the substrate-HPAO-1 complexes formed with ethylamine or benzylamine.  The 

small size of methylamine and its corresponding catalytic intermediates appear to allow 

enough conformational flexibility of the cofactor during catalysis for Cl- to bind at the 

active site, which is likely to occur at a time when the O4 atom of the cofactor is not 

negatively charged.  The presence of chloride as a metal ligand is predicted to arrest the 

catalytic reaction, as dioxygen species are known to bind at the same position relative to 

copper and it is unlikely that these species would displace the negatively charged chloride 

ion bound to the positively charged copper.  

A structural analysis of HPAO-1 in complex with three amine substrates has 

identified specific amino acid residues lining the amine substrate channel that move upon 

substrate binding.  These either widen or constrict the channel at different depths relative 

to the deeply buried CAO active site depending on the identity of the amine substrate.  In 

addition, the conformations of specific amino acid side chains that may interact directly 

with the amine substrate before its nucleophilic attack on TPQ appear to influence 

substrate specificity as well by altering the efficiency with which primary amines can 

interact with catalytically-relevant residues in the CAO active site.  Species-specific 

differences in the positions of these side chains likely play a role in substrate selection, 

helping to generate the broad substrate specificity seen across the CAO family of 

enzymes.  
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5.1 Hansenula polymorpha copper amine oxidase mutants that alter substrate 

specificity 

In Chapter 3 of this work, the crystal structure of a second CAO from the yeast 

Hansenula polymorpha (HPAO-2) in addition to an analysis of steady state kinetic data 

pertaining to the reaction of both HPAO-1 and HPAO-2 with two different amine 

substrates are presented.  HPAO-1 preferentially reacts with small aliphatic substrates 

such as methylamine, while HPAO-2 displays a kinetic preference for larger aromatic 

amines such as benzylamine (56).  Kinetic data available for the oxidation of both 

substrates by these two CAO paralogs, along with a comparison of the crystal structures 

of native HPAO-1 and HPAO-2, suggests that multiple features control substrate 

specificity.  These include the overall shape and size of the substrate channel and specific 

amino acid substitutions that impact the accommodation of intermediates formed during 

catalysis (Table 3.4).       

A model of the product Schiff base intermediate formed with benzylamine in 

HPAO-1 and HPAO-2 demonstrates that residues Cys306 and Met140 in HPAO-2 (green 

in Figure 5.1) appear better suited for reaction with benzylamine than the corresponding 

residues in HPAO-1 (Tyr323 and Thr157) (cyan in Figure 5.1).  For this reason, it was 

proposed that a switch in the identity of these residues may affect substrate preference in 

these two CAOs.   

Complementary single site mutants have been prepared in both CAOs from 

Hansenula polymorpha (Cindy Chang, University of California, Berkeley) (174).  In 

HPAO-1, Tyr323, which is thought to hinder the accommodation of catalytic 
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intermediates formed during reaction with aromatic amines, has been mutated to the 

corresponding amino acid in HPAO-2 (a cysteine) (Y323C HPAO-1).  In HPAO-2, the 

corresponding cysteine residue in HPAO-2 (Cys306) has been mutated to a tyrosine 

(C306Y HPAO-2).  This position in the primary sequence is thought to influence 

substrate specificity in these two CAO paralogs because it helps define a hydrophobic 

pocket postulated to bind amine substrates during catalysis, which is shifted relative to 

TPQ depending on the enzyme source.   

 
Figure 5.1 Model of the product Schiff base of benzylamine with TPQ in HPAO-1 and 
HPAO-2.  Residues from the crystal structures are drawn in stick and colored by atom 
type (HPAO-2: carbon, green; HPAO-1: carbon, cyan).  The modeled product Schiff base 
is drawn in stick and colored by atom type (carbon, dark grey).  Figure from (56). 
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Steady state kinetic data for the reaction of both mutants with benzylamine and 

methylamine have been collected (Cindy Chang, University of California, Berkeley) 

(174) (Table 5.1).  In the case of HPAO-1, the mutation of Tyr323 to a cysteine results in 

an increase in the second order rate constant by 30-fold or a decrease in the second order 

rate constant by 150-fold for reaction with benzylamine or methylamine, respectively.  

The reaction of HPAO-2 in which Cys306 has been mutated to a tyrosine residue reveals 

a decrease in the second order rate constant by 4-fold or 12-fold for the reaction with 

benzylamine or methylamine, respectively. 

 

Table 5.1 Steady state kinetic data for native HPAO-1, Y323C HPAO-1, native HPAO-2, 
and C306Y HPAO-2 when reacted with benzylamine or methylamine. 

  
kcat (s

-1) 
 

kcat/Km (amine) 
(M-1s-1) 

fold change in kcat/Km(amine) 
(M-1s-1) for mutant vs. native 

enzyme 
Benzylamine    
    
native HPAO-1a 0.055 ± 0.007 4 ± 1 × 101  
Y323C HPAO-1b 0.91 ± 0.04 1.2 ± 0.2 × 103 +30 
    
native HPAO-2a 4.5 ± 0.2 1.4 ± 0.1 × 105  
C306Y HPAO-2b 5.1 ± 0.2 3.8 ± 0.7 × 104 -4 
    
Methylamine    
    
native HPAO-1c 6.2 ± 0.2 3.2 × 104  
Y323C HPAO-1b 0.54 ± 0.02 2.2 ± 0.2 × 102 -150 
    
native HPAO-2a 0.72 ± 0.3 1.6 ± 0.2 × 102  
C306Y HPAO-2b 0.148 ± 0.006 13 ± 2 -12 
    
Data from refs. a (56), b (174), c (112) 

 
 

Given the multiple factors governing substrate specificity in CAOs, it is not 

surprising that the mutation of a single amino acid residue in HPAO-1 and HPAO-2 
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results in only modest changes in steady state kinetic parameters.  For both substrates, the 

change in kcat is larger for the Y323C HPAO-1 mutant than the C306Y HPAO-2 mutant, 

suggesting that this mutation has some (~10-fold) impact on chemistry.  In addition, 

modest changes in kcat/Km for the reaction of both mutants with both substrates suggest 

that while this position is involved in substrate binding and the accommodation of 

reaction intermediates formed with amine substrates possessing different R groups (a 

methyl group vs. a phenyl group), additional structural factors that confer substrate 

specificity are at work as well.    

In order to examine the structural basis for these modest changes in substrate 

specificity, the X-ray crystal structures of the two mutant enzymes, HPAO-1 Y323C and 

HPAO-2 C306Y, are currently being pursued.  Attempts to crystallize the two mutants 

using the crystallization conditions for both of the native enzymes did not yield crystals 

of either mutant.  Once suitable crystallization conditions have been established, the 

crystal structures of the two mutant HPAO proteins will be solved.  In addition, the 

structures of mutant proteins that have been anaerobically reduced with methylamine and 

benzylamine will be solved for comparison with the respective native enzymes.                     
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5.2 Hansenula polymorpha copper amine oxidase-1 aniline derivatives 

 TPQ is produced in a copper- and oxygen-dependent fashion from an endogenous 

tyrosine residue in a process termed biogenesis.  A proposed TPQ biogenesis mechanism 

is outlined in Chapter 1 of this work (see Scheme 1.1).  The ligation of a precursor 

tyrosine side chain to the bound active site copper ion is thought to activate the phenolic 

ring for monooxygenation by prebound O2.  A ligand-to-metal charge transfer (LMCT) 

species between the tyrosine and copper is proposed to form after a conformational 

change in the tyrosine side chain following O2 binding in a nearby hydrophobic pocket 

(B�C in Scheme 1.1).  This movement, followed by deprotonation of the tyrosine side 

chain, activates the phenolic ring for the initial monooxygenation event which produces 

dopaquinone (F in Scheme 1.1).     

 In order to study the factors governing the initial copper binding step in biogenesis, 

HPAO-1 proteins with the site-specific incorporation of an aniline amino acid (or p-

amino phenylalanine, pAF) at two active site tyrosine positions have been expressed and 

purified (Figure 5.2).  These residues include the strictly conserved precursor tyrosine 

residue that is converted to TPQ (Tyr405) as well as a conserved active site tyrosine 

residue known to regulate cofactor production by stabilizing the phenolic ring in a 

productive conformation during biogenesis (Y305) (75).   

 The aniline amino acid is a powerful tool for probing enzymatic reactions that 

involve redox-active tyrosine residues because its side chain cannot be deprotonated in a 

biologically-relevant pH range (pKa = 4.6 and 10.1 for aniline and tyrosine, respectively) 

yet it has a similar reduction potential at neutral pH (E° = 1.0 and 0.9 V vs. NHE for 
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aniline and tyrosine, respectively) (Figure 5.2) (175-178).  This difference in pKa allows 

for an investigation of the factors which control the formation of the LMCT species 

formed following copper binding.     

  

Figure 5.2 Structures of p-amino phenylalanine (aniline amino acid) and tyrosine. 
 

 

 
 The insertion of pAF into the primary sequence of HPAO-1 takes advantage of 

novel orthogonal aminoacyl-tRNA synthetase/tRNA pair technology developed to impart 

new or enhanced chemical properties to enzyme active sites (179).  This particular 

method involves the manufacturing of organisms or cell lines that encode not only the 20 

traditional amino acids but additional modified residues as well.  Several systems have 

been used to explore this technology, including E. coli, yeast, and mammalian cells.  A 

diverse set of unnatural amino acids have successfully been incorporated into yeast 

proteins, including a phenylalanine residue with acetyl, propargyloxyl, iodo, benzoyl, or 

azido groups substituted at the para position of the phenyl ring; o-methyltyrosine; o-

nitrobenzyl groups incorporated into cysteine and serine residues; dansylalanine; and 
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methylhistidine (180-183).  Because these unnatural amino acids are genetically encoded, 

they are incorporated into synthesized proteins with the same fidelity as the 20 canonical 

amino acids. 

 In order to incorporate p-amino phenylalanine into HPAO-1, directed evolution in 

Saccharomyces cerevisiae has been conducted by a two-step selection mechanism 

(Schultz lab, the Scripps Research Institute).  This process produced yeast clones which 

exclusively aminoacylate a tRNA designed to suppress a blank codon with p-amino 

phenylalanine, and thus can incorporate p-amino phenylalanine into a synthesized protein 

during translation (179). 

 HPAO-1 proteins with pAF incorporated into two strictly conserved positions in the 

primary sequence that encode a tyrosine residue have been expressed and purified using 

the native HPAO-1 purification protocol (Albert Lang, University of California, 

Berkeley) (103).  Upon the aerobic or anaerobic reconstitution of Y405pAF or Y305pAF 

HPAO-1 proteins with copper, a broad absorbance feature centered at λmax = 450 nm 

appears in the UV/visible spectrum (Albert Lang, personal communication) (Figure 5.3).  

This feature is present at a range of pH values but is strongest at more basic pHs with 

maximal levels at pH 9.0.  Additionally, preliminary electron paramagnetic resonance 

(EPR) data indicates a radical signal for both Y405pAF and Y305pAF when reconstituted 

with copper (Albert Lang, personal communication).  An extinction coefficient for 4-

methylaniline radical cation absorbing at ~450 nm has been observed at ~7,800 M-1cm-1 

(176).  Using this as an estimate for the extinction coefficient of the Y405pAF and 

Y305pAF species, a proportion of ~12% radical cation in Y405pAF and ~24% radical 
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cation in Y305pAF can be calculated.  This is roughly equivalent to the yield of TPQ 

produced when apoHPAO-1 is reconstituted with copper (~30-35%) (77).   

 

Figure 5.3 Solution UV/visible spectra of (A) Y405pAF HPAO-1 and (B) Y305pAF 
HPAO-1 before (black line) and after (red line) aerobic reconstitution with Cu(II) (Albert 
Lang, personal communication).   
 
   A. 

 
 

   B. 

 
 
 

 The incubation of Y405pAF or Y305pAF HPAO-1 proteins with phenylhydrazine 

does not result in the formation of a characteristic absorbance peak indicating the 



157 
 

presence of a hydrazone adduct, indicating that either (a) no TPQ is produced upon 

reconstitution with Cu(II) or (b) TPQ is not available for reaction with phenylhydrazine 

(Albert Lang, personal communication).  In addition, both proteins are unreactive with 

the amine substrates ethylamine or benzylamine (Albert Lang, personal communication).   

 In order to structurally investigate the species in Y405pAF and Y305pAF HPAO-1 

that gives rise to the absorbance feature at 450 nm, the X-ray crystal structures of 

Y405pAF and Y305pAF HPAO-1 in complex with Cu(II) are currently being pursued.  

The crystal structure of Y405pAF HPAO-1 in complex with Cu(II) has been solved to a 

resolution of 1.57 Å and is described below. 
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5.2.1 Methods 

Protein preparation and crystallization 

 Y405pAF HPAO-1 protein was expressed and purified in Saccharomyces 

cerevisiae as previously described by Albert Lang at the University of California, 

Berkeley (122).  Before reconstitution with Cu(II), Y405pAF HPAO-1 protein was buffer 

exchanged into 50 mM HEPES, pH 7.0.  The protein was incubated in a solution of 50 

mM HEPES, pH 7.0 containing a 1:1 molar ratio of CuSO4 (final protein concentration of 

10 mg/mL) for 1 hr before crystallization.   

 Crystals of Y405pAF HPAO-1 were grown by hanging drop vapor diffusion using 

a 1:1 volume ratio of purified protein and the crystallization solution (2-6 µL total 

volume; 7.0-8.5% w/v polyethylene glycol 8000, 0.25-0.28 M potassium phosphate, pH 

7.0).  These conditions are similar to those used for the crystallization of native HPAO-1 

and metal-free apoHPAO-1.  Although the absorbance feature in the aniline-substituted 

HPAO-1 proteins at 450 nm is strongest at higher pH values (9.0) (Albert Lang, personal 

communication), attempts to grow diffraction-quality crystals of Y405pAF HPAO-1 at a 

pH above 7.0 were unsuccessful.  After equilibrating for ~24 hrs, drops were seeded with 

a streak-seeding technique using a native HPAO-1 crystal as seed donor (132).  Colorless 

crystals grew to full size after 7-9 days.  Once formed, crystals were transferred every 

other day into a new drop of crystallization solution at an increasingly higher pH (pH was 

increased by 0.5 for each transfer) until a final pH of 9.0 was reached.  Y405pAF HPAO-

1 crystals at a variety of final pH values were soaked in 25% glycerol mixed with well 

solution for ~5-10 sec for cryoprotection before flash-freezing in N2(l).          
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Data collection and refinement   

 Diffraction data collection, processing, and refinement statistics for the structure of 

Y405pAF HPAO-1 in complex with Cu(II) from a crystal harvested at pH 7.0 are given 

in Table 5.2.  Diffraction data were collected at the Advanced Photon Source in Argonne, 

IL (beamline 23-ID, General Medical Sciences and National Cancer Institute 

Collaborative Access Team (GM/CA-CAT)) to a resolution of 1.57 Å and processed 

using HKL2000 and SCALEPACK (133).  Y405pAF HPAO-1 protein was found to 

crystallize in space group C2221, which is different than that of native HPAO-1, which 

crystallizes in space group P21.  Molecular replacement using the program PHASER in 

the CCP4 suite with an HPAO-1 monomer from the native structure as a search model 

(PDB code 2oov with solvent molecules, metal, and the side chain of TPQ removed) was 

used to solve the Y405pAF HPAO-1 structure (103, 135).  Manual model building was 

performed using COOT, and refinement was carried out using the program REFMAC in 

the CCP4 suite (136, 137).  The structure of pAF was incorporated into each polypeptide 

chain (PDB residue HOX) based on peaks in the 2Fo-Fc and Fo-Fc electron density maps. 

Cycles of manual model building continued until peaks in the Fo-Fc electron density were 

at the level of noise.   
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5.2.2 Preliminary results 

   X-ray diffraction data, processing, and refinement statistics for Y405pAF HPAO-

1 in complex with Cu(II) are listed in Table 5.2.  The structure of Y405pAF HPAO-1 

contains three polypeptide chains, or 1.5 physiological dimers, in the ASU in space group 

C2221.  It is nearly identical in overall fold to that of native HPAO-1, with 

superimposition of corresponding main chain atoms resulting in a root-mean-square 

deviation (rmsd) of 0.31 Å (103).  Y405pAF HPAO-1 adopts the archetypal CAO overall 

fold and is arranged in three domains located along the primary sequence, with all 

significant structural differences between it and the native HPAO-1 structure located at 

the active site. 

 Distances and occupancies are reported as the range observed across the three 

polypeptides in the ASU following refinement.  The active site of Y405pAF HPAO-1 

contains copper bound at an occupancy of 0.8-0.85 as determined by test refinements in 

an identical position to that of the native structure (Figure 5.4).  The copper ion is ligated 

by the imidazole groups of three conserved histidine ligands at distances of 2.1, 2.0, and 

2.0  Å (His456, His458, and His624, respectively) as well as by the amine group of pAF 

at a distance of 2.3-2.4 Å in a distorted square pyramidal geometry.  The pAF amino acid 

side chain adopts an orientation similar to that of TPQ in its “on-copper” conformation in 

the native enzyme (see Figure 1.4B), and is nearly superimposable with the unprocessed 

precursor tyrosine residue that is modified to produce TPQ during biogenesis found in the 

structure of apoHPAO-1 (see Figure 2.3).  The pAF side chain is also involved in a 

hydrogen bond with a well-ordered water molecule seen in many native CAO structures, 
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including HPAO-1 (W in Figure 5.4).  All other active site residues are identical in 

position to those in the native HPAO-1 structure.  

 

Table 5.2 X-ray crystallographic data collection, processing, and refinement statistics for 
Y405pAF HPAO-1. 

 

 

Data collection and processing statistics 
 Cu(II)-Y405pAF HPAO-1 

detector type MARmosaic 300 CCD 

beamline and source 
23ID-D GM/CA-CAT, Advanced Photon 

Source 
temperature (K) 100 
space group C2221 
unit cell dimensions a = 139.4 Å, b = 153.7 Å, c = 223.3 Å 
no. of molecules in the unit cell, Z 1.5 
wavelength (Å) 1.0332 
resolution (Å)a 50.00-1.57 (1.60-1.57) 
no. of unique reflections 328,577 
completeness (%)a 99.4 (87.7) 
Rmerge

a,b 0.092 (0.566) 
I/σIa 37.6 (3.3) 
redundancya 7.9 (7.0) 

Crystallographic refinement and model statistics 
resolution range (Å)a 29.12-1.57 (1.61-1.57) 
no. of reflections in the working seta 311,940 (22,113) 
no. of reflections in the test seta 16,564 (1,199) 
Rwork (%)a,c 0.13.1 (0.210) 
Rfree (%)a,d 0.160 (0.253) 
aNumbers in parentheses refer to the highest-resolution shell. bRmerge = ƩhklƩiǀIhkl,I  - 
‹Ihkl›Ʃ/ƩhklƩiIhkl,I , where I is the observed intensity and ‹I›  is the average intensity for 
multiple measurements. cRwork = ƩƩFoǀ - ƩFoǀ/ǀǀFoƩ, where ƩFoƩ is the observed 
structure factor amplitude and ƩFcǀ is the calculated structure factor amplitude for 95% 
of the data used in refinement. dRfree based on 5% of the data excluded from refinement. 
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Figure 5.4 Active site of Y405pAF (crystal harvested at pH 7.0).  Residues are shown in 
stick and colored by atom type (carbon, grey).  A copper ion is shown as a gold sphere, 
and a water molecule is shown as a small red sphere.  Metal-ligand interactions are 
shown as solid lines, and hydrogen bonds are shown as dashed lines.  The 2Fo-Fc electron 
density map is shown as blue mesh and contoured to 1.5σ. 
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 Single crystal UV/visible spectra collected from the Cu(II)-Y405pAF HPAO-1 

crystal after data collection revealed a broad absorbance feature centered at 450 nm that 

is similar to the feature observed in solutions of Y405pAF HPAO-1 protein reconstituted 

with Cu(II) (Figure 5.5).   

 
Figure 5.5 Single crystal UV/visible spectrum of Cu(II)-Y405pAF crystal after data 
collection revealing a broad absorbance feature centered at λmax = 450 nm. 
 

 

 Because CAO contains a type 2 or “non-blue” copper center, which lacks the strong 

absorbance feature at ~600 nm characteristic of type 1 copper centers, this 450 nm 

absorbance feature is not due simply to copper binding.  Taken together, the preliminary 

results from work using Y405pAF HPAO-1 both in solution and in crystallo suggest that 

the reconstitution of Y405pAF HPAO-1 protein with Cu(II) results in intramolecular 

electron transfer from the pAF side chain to the bound copper, forming a pAF radical 

species that gives rise to the absorbance feature observed at 450 nm.   

 Further work is needed to confirm this, particularly the use of solution and single 



164 
 

crystal X-ray absorption spectroscopy (XAS) to determine the oxidation state of the 

copper in Y405pAF HPAO-1 solution and crystalline samples before and after data 

collection.  Additionally, confirmation of the EPR signal indicating the pAF radical 

formed after copper binding is necessary.  The formation of a Cu(II)-tyrosine species in 

equilibrium with its Cu(I)-tyrosyl radical resonance form during TPQ biogenesis has 

been postulated (see Scheme 1.1), but a Cu(I)-tyrosyl radical species has not been 

directly observed either spectroscopically or through the use of radical-trapping agents 

(184).   

 Also intriguing is the fact that the incubation of Y305pAF HPAO-1 with Cu(II) 

gives rise to the same absorbance feature at 450 nm.  This suggests that residue Tyr305 in 

the HPAO-1 active site, which is strictly conserved across CAOs, plays a role in 

activating the precursor tyrosine residue for the initial insertion of oxygen during 

biogenesis.  Consequently, the X-ray crystal structure of Y305pAF HPAO-1 in complex 

with Cu(II) is being pursued.  This residue is already known to be important in stabilizing 

biogenesis intermediates (with the mutation of Tyr305 to a phenylalanine resulting in the 

uncontrolled oxygenation of the precursor tyrosine ring (75)), as well as catalytic 

intermediates, so it will be exciting to learn more about any additional roles Tyr305 may 

play during biogenesis through future biochemical and structural characterization of 

Y305pAF HPAO-1. 
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APPENDIX A: CHAPTER 2 SUPPLEMENTARY METHODS 

 Cloning 

 Because of the unavailability of the H. polymorpha genome at the start of the 

investigation, the hpao-2 gene (1967 bp) was cloned out of the H. polymorpha genome 

by “genome walking,” using iterations of primers to progressively amplify the entire 

gene.  Initially, mass spectrometry of trypsin-digested protein isolated from cell extracts 

of H. polymorpha grown on benzylamine-enriched growth media that demonstrated CAO 

activity yielded peptide sequences distinct from that of the original HPAO (HPAO-1).  

Degenerated primers were designed on the basis of the new peptide sequences, and 

subsequent PCR resulted in a 600 bp gene fragment of hpao-2.  The 5’- end and 3’- end 

sequences of the fragment were then used for upstream and downstream genome walking 

to yield 1967 bp of the full-length hpao-2 sequence.  The identity of the full-length gene 

was verified by comparison to the now available H. polymorpha genome (Rhein Biotech, 

personal communication).  The hpao-2 gene was inserted into the S. cerevisiae 

expression vector, pYES2 (Invitrogen), under inducible control by the GAL1 promoter, 

via cloned KpnI and XbaI restriction enzyme cut sites present in the multiple cloning site.   

 

Expression 

 Invitrogen’s INVSC-1 S. cerevisiae cells were transformed with selection for 

uracil-independent growth, conferred by the ura3 gene on pYES2.  Importantly, S. 

cerevisiae contains no CAO genes and thus no background CAO expression.  Starter 

cultures were grown in URA- minimal medium containing 6.7% yeast nitrogen base 
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without amino acids and 0.77 g/L complete supplemental mixture without uracil (MP 

Biomedicals) with 2% raffinose as a carbon source at 30°C and 225 rpm in a New 

Brunswick Scientific Innova 4300 temperature-controlled platform shaker.  At an OD600 

of ~5, cells were diluted to an OD600 of 0.4 into URA- minimal medium with 30 µM 

CuSO4, 1% raffinose, and 2% galactose for induction of expression.  Induced cultures 

were grown in 1.5 L volumes in 4 L flasks.  After being induced for 24 h, cells were 

pelleted by centrifugation in a Sorvall RC 5C Plus centrifuge at 5,000 rpm in an SLA-300 

fixed angle rotor for 5 min at 4°C.  Typically, 9 L of cell culture yields 60-70 g of cell 

pellet. 

 

Purification 

 Protein purification followed the previously developed purification strategy for 

HPAO-1 with some modifications (122).  Cells were lysed with glass beads (425-600 

µm, Sigma G8772) in the presence of four protease inhibitors: 0.5 mM 

phenylmethanesulfonyl fluoride, 5 mM 1,10-phenanthroline, 1 µM pepstatin A, and 5 µM 

E-64 (Sigma).  Approximately 150 mL of glass beads was combined with a ~250 mL 

suspension of cell pellet and cold 10 mM potassium phosphate (pH 7.2) in a bead beater.  

Cells were lysed by five cycles of grinding for 5 min and resting for 2 min, with changes 

in the ice and water surrounding the bead-beating chamber between cycles.  The cell 

extract was then separated from cellular debris by centrifugation in Sorvall RC 5C Plus 

centrifuge in ~40 mL aliquots at 12,000 rpm in an SS-34 fixed angle rotor at 4°C for 1 h. 
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 The lysate was loaded onto a ~200 mL (5 cm diameter, ~20 cm height) Q-

Sepharose column pre-equilibrated with 5 mM potassium phosphate (pH 7.2).  This 

column was washed with 1 L of 5 mM potassium phosphate (pH 7.2).  Protein was eluted 

as follows: 300 mL total volume of a linear gradient from 5 to 100 mM potassium 

phosphate (pH 7.2) followed by 200 mL of 100 mM potassium phosphate (pH 7.2), then 

a 300 mL total volume of a linear gradient from 100 to 400 mM potassium phosphate (pH 

7.2), and finally 300 mL of 400 mM potassium phosphate (pH 7.2).  Fractions (10 mL) 

were collected at a rate of 1 min/fraction (elution by gravity).  The column was washed 

with 1 L of 400 mM potassium phosphate and 1 M NaCl between preparations and then 

re-equilibrated with ~1 L of 5 mM potassium phosphate (pH 7.2). 

 Fractions 28-58 were pooled at 4°C and dialyzed (Pierce SnakeSkin Pleated 

Dialysis Tubing 10,000 MWCO, catalog no. 68100) into 4 L of 50 mM potassium 

phosphate (pH 7.2) overnight at 4°C.  Dialyzed pooled fractions were then centrifuged at 

12,000 rpm (1 h at 4°C) to separate out precipitated protein.  Cleared pooled fractions 

were concentrated to approximately 6 mL using Amicon concentrators with a 

polyethersulfone 50,000 NMWL ultrafiltration membrane. 

 Aliquots (2 mL) of the concentrated pool were centrifuged at 13,000 rpm for 5 

min at 4°C in a benchtop microcentrifuge to clear any precipitation prior to being loaded 

onto an S-300 column.  This was run overnight and eluted with 50 mM potassium 

phosphate (pH 7.2).  Fractions were collected every 10 min at a flow rate of 0.2 mL/min 

(for ~2 mL/fraction). 
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 Pooled fractions 46-58 were concentrated using an Amicon concentrator with a 

polyethersulfone 50,000 NMWL ultrafiltration membrane.  After a final volume of ~2-3 

mL had been reached, 50-100 µL aliquots of purified protein were made, snap-frozen in 

liquid nitrogen, and kept at -20°C for short-term storage or -80°C for long-term storage.  

Concentrated purified HPAO-2 samples were peach in color. 

 

Kinetic  Measurements 

 Methylamine, [1,1,1-2H3]methylamine, and benzylamine hydrochlorides were 

purchased form Sigma and used without further purification.  [1,1-2H2]Benzylamine 

hydrochloride was prepared as previously described (185).  The purity of synthesized 

[1,1-2H2]benzylamine hydrochloride and commercial [1,1,1-2H3]methylamine was 

verified by NMR with no evidence of contamination by protium substrate found.  In all 

cases with protio and deuterio substrates, NMR spectra also indicated no significant level 

of chemical contaminant. 

 Observation of the formation of benzaldehyde from benzylamine (159) served as 

a preliminary enzyme activity assay during the purification of HPAO-2 and in subsequent 

kinetic studies of benzylamine.  Benzaldehyde absorbs at 250 nm (ε = 12,800 M-1cm-1), 

and its production is easily followed on a Hewlett-Packard 8452A diode array 

spectrophotometer.  Enzyme activity with a varying level of methylamine was monitored 

by oxygen consumption with a Clark oxygen electrode.  Unless otherwise noted, all 

kinetic studies were conducted at 25°C in 100 mM potassium phosphate (pH 7.2), 

controlled for an ionic strength of 300 mM by the addition of potassium chloride (122).  
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In HPAO-2 assays, the range of concentration for amine substrates was 0.5-20 mM for 

methylamine and 1-200 µM for benzylamine.  In HPAO-1, 0.05-1.5 mM methylamine 

and 0.2-5 mM benzylamine were used for steady state kinetic rate parameter 

determination.  Buffers used for the pH studies were: 100 mM potassium phosphate, pH 

6.2-8.3; 25 mM sodium pyrophosphate, pH 8.6; and 0.1 M potassium carbonate, pH 9.2-

9.5 (Sigma).  Ionic strength was maintained at 300 mM with potassium chloride for 

potassium-based buffers, and sodium chloride for sodium-based buffer.  These were 

carried out at 1-150 µM benzylamine at 25°C.  Enzyme activity at varying levels of 

oxygen, at saturating amine concentrations, for determination of kcat/Km(O2) values was 

monitored by oxygen consumption with a Clark oxygen electrode.  The kinetic 

parameters, kcat and kcat/Km, were derived from data fit to the Michaelis-Menton equation 

by nonlinear regression using Kaleidagraph (Abelbeck Software).    

 


