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A B S T R A C T

Mammalian copper-containing amine oxidases (CAOs), encoded by four genes (AOC1-4) and catalyzing the
oxidation of primary amines to aldehydes, regulate many biological processes and are linked to various diseases
including inflammatory conditions and histamine intolerance. Despite the known differences in their substrate
preferences, CAOs are currently classified based on their preference for either primary monoamines (EC
1.4.3.21) or diamines (EC 1.4.3.22). Here, we present the first extensive phylogenetic study of CAOs that,
combined with structural analyses of the CAO active sites, provides in-depth knowledge of their relationships
and guidelines for classification of mammalian CAOs into AOC1-4 sub-families. The phylogenetic results show
that CAOs can be classified based on two residues, X1 and X2, from the active site motif: T/S-X1-X2-N-Y-D.
Residue X2 discriminates among the AOC1 (Tyr), AOC2 (Gly), and AOC3/AOC4 (Leu) proteins, while residue X1
further classifies the AOC3 (Leu) and AOC4 (Met) proteins that so far have been poorly identified and annotated.
Residues X1 and X2 conserved within each sub-family and located in the catalytic site seem to be the key
determinants for the unique substrate preference of each CAO sub-family. Furthermore, one residue located at
10 Å distance from the catalytic site is different between the sub-families but highly conserved within each sub-
family (Asp in AOC1, His in AOC2, Thr in AOC3 and Asn in AOC4) and likely contributes to substrate selectivity.
Altogether, our results will benefit the design of new sub-family specific inhibitors and the design of in vitro tests
to detect individual CAO levels for diagnostic purposes.

1. Introduction

Copper-containing amine oxidases (CAOs) are a large class of en-
zymes that catalyze the oxidation of primary amines to the corre-
sponding aldehyde associated with the reduction of molecular oxygen
to hydrogen peroxide (Reviewed in Klema and Wilmot, 2012). Because
of their wide distribution in mammalian tissues, the CAO family
members are involved in a range of complex processes, and changes in
their expression and catalytic activity have been connected with several
diseases e.g. histamine intolerance, rheumatoid arthritis, psoriasis,
atopic eczema, multiple sclerosis, diabetes, respiratory diseases and
cancer (Boomsma et al., 2003; Maintz and Novak, 2007; Dunkel et al.,
2008; Jalkanen and Salmi, 2017).

Mammals typically have either three (AOC1-3) or four (AOC1-4)
genes encoding CAOs (Schwelberger, 2006). Schwelberger (2010)
identified AOC1-4 genes in the genomes of cows, horses, dogs, chim-
panzees and macaques. The complete AOC4 gene was also found in the
human genome but it is disrupted by a stop codon and does not form a

functional protein. The genomes of rat and mouse only have a partial
AOC4 gene (Schwelberger, 2006). The AOC1 gene has five exons and it
is not linked with the other AOC genes, whereas the AOC2, AOC3 and
AOC4 genes are tandemly arranged on the same chromosome and each
gene has four exons (Schwelberger, 2006).

The AOC1 gene encodes diamine oxidase (DAO; hereafter called
AOC1), which is expressed e.g. in placenta, kidney, gut and lung
(Elmore et al., 2002). Decreased levels of human AOC1 (hAOC1) are
correlated with histamine intolerance (Maintz and Novak, 2007). In
accordance with the substrate preference for the aromatic diamines
histamine and 1-methylhistamine (Elmore et al., 2002), hAOC1 has
been suggested to have in vivo functions in cell proliferation, in-
flammation, allergic response and ischemia (McGrath et al., 2009).
There is also evidence that some pharmaceuticals might interfere with
the normal function of hAOC1 and, thus, cause harmful side effects
(McGrath et al., 2009).

The AOC2 gene encodes retina-specific amine oxidase (RAO; here-
after called AOC2), which was originally identified in the ganglion cell
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layer of the retina and has an N-terminal transmembrane segment. Its
physiological role is uncertain (Imamura et al., 1997; Kaitaniemi et al.,
2009) but human AOC2 (hAOC2) has been suggested to have a role in
hereditary retinal diseases (Imamura et al., 1997, 1998). hAOC2 oxi-
dizes aromatic monoamines like p-tyramine, tryptamine and 2-pheny-
lethylamine (Kaitaniemi et al., 2009).

The AOC3 gene encodes vascular adhesion protein-1 (VAP-1; here-
after called AOC3), which is primarily expressed on the endothelial cell
surface (Salmi et al., 1993; Smith et al., 1998), but also in smooth
muscle cells and adipocytes (Salmi et al., 1993; Zorzano et al., 2003). In
addition to its amine oxidase activity, human AOC3 (hAOC3) functions
as an adhesin (Smith et al., 1998; Salmi and Jalkanen, 2001). Upon
inflammation, the expression of hAOC3 is upregulated (Salmi et al.,
1993; Jaakkola et al., 2000) and it has an essential role in extravasation
of leukocytes from the blood into tissues (Tohka et al., 2001; Lalor
et al., 2002; Bonder et al., 2005; Merinen et al., 2005; Jalkanen et al.,
2007). The physiological substrates of hAOC3 include methylamine and
aminoacetone, it exhibits high activity towards the exogenous aromatic
amine, benzylamine, and it is weakly active with 2-phenylethylamine
(Smith et al., 1998; Kaitaniemi et al., 2009). Additionally, the Siglec-9
and Siglec-10 proteins on leukocyte surfaces have been identified as
physiological ligands for the adhesive function of hAOC3 (Kivi et al.,
2009; Aalto et al., 2011; Salmi and Jalkanen, 2014). The level of hAOC3
activity is low in healthy humans but it is elevated upon inflammation
due to hAOC3 translocation to endothelial cell surface. Thus, a Siglec-9
derived peptide binding to hAOC3 can be used as a tracer in positron
emission tomography (PET) to detect sites of inflammation in vivo
(Aalto et al., 2011).

The AOC4 gene encodes a soluble plasma amine oxidase (SAO;
hereafter called AOC4) (Schwelberger, 2006). Bovine AOC4 (bAOC4)
prefers the physiological polyamines spermidine and spermine (Di
Paolo et al., 2003; Bonaiuto et al., 2010). It is primarily expressed in the
liver from where it is secreted into the bloodstream, constituting the
major part of the serum amine oxidase activity in some mammalian
species (Schwelberger, 2006). Recently, delivery of bAOC4 to cancer
cells has been reported as a method for in situ killing of cancer cells
(Reviewed in Agostinelli et al., 2010). Cancer cells have elevated levels
of endogeneous polyamines, which are catalyzed to cytotoxic reaction
products that selectively reduce tumor growth upon the targeted de-
livery of bAOC4.

Some mammals e.g. humans, mice and rats, do not have an AOC4
gene product. Therefore, the detected CAO activity in the blood of these
three species is derived from AOC3, which is proteolytically released
from the endothelial cell surface (Kurkijärvi et al., 1998; Abella et al.,
2004; Stolen et al., 2004; Jalkanen and Salmi, 2008). In humans,

elevated levels of plasma AOC3 activity are associated with diabetes
mellitus, congestive heart failure and liver cirrhosis (Boomsma et al.,
2005). In adipocytes, AOC3 is involved in glucose metabolism
(Boomsma et al., 2005) and its activity in these cells has been shown to
be down-regulated by hypoxia (Repessé et al., 2015). Besides having a
role in various diseases and being suitable as drug-targets and ther-
apeutics, CAOs are also effective biomarkers for several diseases in-
cluding histamine intolerance, cancers and inflammatory diseases
(Agostinelli et al., 2010; Mušič et al., 2013; Pannecoeck et al., 2015).

The mammalian CAOs have a highly conserved T/S-X-X-N-Y-D
motif in the active site (Mu et al., 1994; Salminen et al., 1998) where
the tyrosine is post-translationally modified to 2,4,5-trihydrox-
yphenylalanine quinone (topaquinone; TPQ) (Janes et al., 1990). To
date, the crystal structures of hAOC1 (McGrath et al., 2009), hAOC3
(Airenne et al., 2005; Jakobsson et al., 2005; Elovaara et al., 2011;
Bligt-Lindén et al., 2013), and bAOC4 (Lunelli et al., 2005; Holt et al.,
2008) are known but no X-ray structure for AOC2 has been solved.
Based on the 68% sequence identity between hAOC2 and hAOC3, the
overall structure of hAOC2 is predicted to be very similar to that of
hAOC3 (Kaitaniemi et al., 2009). The CAOs as a family are all tightly
bound homodimers with a similar three-dimensional (3D) fold con-
sisting of the D2 and D3 domains, and the catalytic D4 domain (Fig. 1).
The buried active site is highly conserved and has several common
features: the TPQ cofactor and the conserved catalytic aspartic acid
residue are both involved in the catalytic reaction, and the three con-
served histidines coordinate the copper ion involved in TPQ biogenesis.
The catalytic reaction mechanism of the CAOs is divided into two half-
reactions and has been extensively studied in bacteria and yeast (Re-
viewed in Dawkes, 2001; Klema and Wilmot, 2012; Shepard and
Dooley, 2015). In the reductive half-reaction, the amine substrate binds
to TPQ of an oxidized enzyme forming a substrate Schiff base, and the
α-carbon proton of the substrate abstracted by the catalytic base to
form the product Schiff base, which is hydrolyzed to release the alde-
hyde product. In the oxidative half-reaction, the reduced TPQ is re-
oxidized by molecular oxygen with the release of ammonia and hy-
drogen peroxide.

CAOs are currently sub-classified by the Enzyme Commission (EC)
based on their substrate preference for either primary monoamines (EC
1.4.3.21) or diamine (EC 1.4.3.22). Due to the lack of an appropriate
classification to distinguish between AOC3 and AOC4, the majority of
AOC4 proteins are currently annotated as “membrane primary amine
oxidase-like” proteins in the sequence databases. In the earlier litera-
ture, bAOC4 and hAOC3 were often regarded as the same protein, al-
though they are products of different genes and present clear differ-
ences e.g. in the substrate preference and enzyme kinetics (Holt et al.,

Fig. 1. A, Overall view of the CAO homo-
dimer (PDB ID 4BTX). The D2 (red) and D3
(blue) domains surround the central cata-
lytic D4 (green) domains, which form ex-
tensive interactions in the dimer. The cata-
lytic sites in each monomer are boxed. B,
Close up view of the catalytic site showing
TPQ (off-copper), the catalytic aspartate (D)
and the three histidines (H) coordinating the
copper ion (orange sphere). (For inter-
pretation of the references to colour in this
figure legend, the reader is referred to the
web version of this article.)
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2008; Bonaiuto et al., 2010). Similarly, hAOC2 and hAOC3 have clear
differences in the substrate preference and respectively prefer aromatic
and aliphatic amines (Kaitaniemi et al., 2009). Despite the reported
differences of the EC 1.4.3.21 monoamine oxidases, there are currently
no guidelines to further classify them into AOC2-4 sub-families.

In this study, we have combined a phylogenetic study of vertebrate
CAOs with analyses of the variable X1 and X2 residues from the T/S-X1-
X2-N-Y-D active site motif and linked the results to known substrate
preferences of hAOC1-3 and bAOC4 in order to derive general rules that
aid in the classification of the CAOs to distinct sub-families of AOC1,
AOC2, AOC3 and AOC4. Most notably, our comprehensive analysis
allowed us to distinguish the poorly annotated AOC4 proteins from the
highly similar AOC3s. By associating similarities and differences in the
active sites of CAOs with the unique substrate preference of each CAO
sub-family, we were able to identify residues that contribute to the
substrate selectivity. The results from our work will benefit the design
of new AOC3 sub-family specific inhibitors, which would not bind to

the other CAOs, and the design of in vitro tests to detect specific CAO
levels for diagnostic purposes.

2. Materials and methods

2.1. Sequence data

The sequences for human AOC1 (hAOC1; UniProt ID: P19801),
AOC2 (hAOC2; UniProt ID: O75106), AOC3 (hAOC3; UniProt ID:
Q16853) and bovine AOC4 (bAOC4; UniProt ID: Q29437) proteins
(ranging from 756 to 763 residues) were obtained from UniProt
Knowledgebase (Jain et al., 2009). To identify vertebrate CAO se-
quences, the hAOC1, hAOC2, hAOC3 and bAOC4 sequences were used
as a query to search vertebrate genomes with protein BLAST (Altschul
et al., 1990) at the National Center for Biotechnology Information
(NCBI) (https://blast.ncbi.nlm.nih.gov/Blast.cgi). Only the full-length
sequences and the sequences, which had the conserved tyrosine that is

Fig. 2. (A) ML phylogenetic tree of vertebrate CAOs. The branches are scaled to show evolutionary distance and the bootstrap values are shown for the main branches
(green). The cartilaginous fishes form an out-group in the tree. (B) The HMMmotif logos for the main branches of the phylogenetic tree. Pictures of the representative
organisms within each branch are shown in black. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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post-transcriptionally modified to TPQ, the catalytic aspartic acid and
the three histidines that coordinate the copper ion, were used in the
analysis. Gene information for the selected protein sequences was col-
lected from NCBI gene database (https://www.ncbi.nlm.nih.gov/gene/
).

As the degree of conservation is higher at the 3D structural level
than at the sequence level (Illergård et al., 2009), we built a structure-
based alignment of hAOC1 (PDB: 3HI7) (McGrath et al., 2009), hAOC3
(PDB: 4BTX) (Bligt-Lindén et al., 2013), bAOC4 (PDB: 1TU5) (Lunelli
et al., 2005) 3D structures in BODIL (Lehtonen et al., 2004). This
alignment was then used as a starting point for aligning the sequences
from the BLAST search to ensure the correct positioning of gaps and the
conservation of structural features. All sequence alignments were done
using the MALIGN (Johnson et al., 1996) in BODIL (Lehtonen et al.,
2004) by first creating a separate multiple sequence alignments (MSAs)
for the sequences retrieved by each BLAST search. These alignments
were then combined in BODIL to generate a MSA with all studied se-
quences. The MSA was analyzed with special focus on the residue near
the active site and on other functionally important residues cited in the
literature to confirm that they are conserved in the final MSA. The
Hidden Markov Model (HMM) motifs were generated with Skylign
(Wheeler et al., 2014).

Signal peptide predictions were performed in the SignalIP 4.1 server
(Petersen et al., 2011) and transmembrane domain predictions were
performed in the TMHMM 2.0 server (http://www.cbs.dtu.dk/services/
TMHMM-2.0/) for all AOC3 and AOC4 sequences.

2.2. Phylogenetic reconstruction

Before performing the phylogenetic analysis, isoforms with the
same active site motif were removed from the alignments previously
generated in BODIL to avoid redundancies in the trees and to include
only one representative for each sequence of each species in the study.
The model that best fits the data was chosen and the phylogenetic re-
constructions were performed in MEGA-CC 7 (Kumar et al., 2012,
2016). Phylogenetic tree of vertebrate CAOs were estimated using
Maximum Likelihood (ML) and Neighbour-joining (NJ) (Saitou and Nei,
1987) methods. The NJ method is based on distance matrix calculated
from the MSA, whereas the ML method uses a random tree as a starting
point, which is then modified until it reaches the highest likelihood of
producing the alignment that was used. The NL trees were generated
with the Jones-Taylor-Thornton (JTT) (Jones et al., 1992) distance
matrix.

To generate the ML trees, the best fitting model for each alignment
was assessed using MEGA-CC 7 (Kumar et al., 2012, 2016) and chosen
based on the Bayesian Information Criteria. The Poisson model
(Zuckerkandl and Pauling, 1965) with gamma distributions with in-
variant sites (i.e. P+G+ I) was the best model for the vertebrate CAO
alignment. Since the ML and NJ phylogenetic trees were congruent, we
used the ML tree for further analysis (Fig. 2A; NJ in Supplementary Fig.
S1). JTT with gamma distributions (JTT+G) was chosen as the best
model for the mammalian AOC1 and AOC2 alignments while the JTT
model with gamma distributions and invariant sites (JTT+G+ I)
fitted best for the alignment of mammalian AOC3 and AOC4 sequences.
The areas with gaps were excluded from the phylogenetic analysis.
Statistical support for the topology of the tree was inferred from using
the bootstrap method (Felsenstein, 1985) with 500 replicates. In gen-
eral, bootstrap values of 70–100% indicate significant support for a
branch (Soltis and Soltis, 2003b). To generate the 3D multivariate plots,
the distance matrices from mammalian MSAs were generated in MEGA-
CC 7 (Kumar et al., 2012, 2016) using JTT substitution matrix. There-
after, the JTT distance data was supplied to a C-program to perform a
multivariate analysis (PCA, MS Johnson, unpublished). The program
displays coordinates for each sequence and their locations such that the
variance among the data is a maximum, and projections for various
numbers of dimensions are possible. The program returns the three

most informative dimensions as a pseudo-PDB coordinate file, which
can be visualized in BODIL (Lehtonen et al., 2004) as multivariate 3D
plots.

We first generated a phylogenetic tree containing all vertebrate CAO
sequences to aid a rough classification of the mammalian CAOs into the
AOC1-4 sub-families. In the resulting tree, we named the proteins as
AOC1 or AOC2 based on the similarity of their active site motif to
hAOC1 and hAOC2, respectively. The proteins with an active site motif
similar to either hAOC3 or bAOC4 were named as AOC3/4. Thereafter,
individual phylogenetic trees were constructed for the AOC1 and AOC2
gene products and a joint tree of the AOC3/4 gene products that
grouped on the same clade within the phylogenetic tree of vertebrate
CAOs.

With an aim to produce phylogenetic trees with improved bootstrap
values, we also constructed the phylogenetic trees for the conserved D4
domain using the nucleotide sequences corresponding to the proteins
listed in the Supplementary Tables S3 and S4. The nucleotide sequences
that fulfilled the same functional criteria as we applied for protein se-
quences were aligned with ClustalW in MEGA-CC 7 (Kumar et al., 2012,
2016). The ML trees were calculated similarly as previously (the best
fitting model for each alignment listed in the Supplementary Table S5).

2.3. Homology modeling

The original structure-based alignment was used as a starting point
to generate a model for hAOC2 and the crystal structure of hAOC3
(PDB: 4BTX) (Bligt-Lindén et al., 2013) was used as a template. Ten
models were generated using MODELLER (Sali and Blundell, 1993).
From the generated models, the one with the lowest value of the
MODELLER objective function was chosen for analysis. All structures
were compared by superimposition using VERTAA in BODIL (Lehtonen
et al., 2004) and quality of the model was evaluated using PROCHECK
(Laskowski et al., 1993) and QMEAN (Benkert et al., 2009). Visual
analysis of the model and crystal structures was performed in Pymol
(The PyMOL Molecular Graphics System, Version 1.23, Schrödinger,
LLC.).

3. Results and discussion

3.1. Evolution of vertebrate CAOs

In this study, we used a large number of sequences from a variety of
vertebrate species, which gives us the benefit of obtaining a more in-
depth knowledge of the phylogenetic relationship of the mammalian
and non-mammalian CAO sequences. No extensive phylogenetics ana-
lysis of the CAO family has been performed earlier, since Lai and co-
workers analyzed only ten mammalian CAO sequences (Lai et al., 2012)
and Schwelberger (2006, 2010) solely focused on the porcine genome.
To collect sequences homologous to CAOs for the phylogenetic tree of
vertebrate CAOs, we performed BLAST searches using hAOC1, hAOC2,
hAOC3 and bAOC4 as queries against vertebrate genomes. The se-
quences without (1) the tyrosine post-transcriptionally modified to
TPQ, (2) the catalytic aspartate or (3) the three histidines coordinating
the copper ion (Fig. 1) were excluded to ensure that the selected se-
quences are catalytically active. Isoforms with identical active site
motifs were not taken into account as highly similar sequences induce
redundancy in the trees. The final dataset for inferring the phylogenetic
relationships of the collected vertebrate CAOs consists of 369 sequences
originating from 143 vertebrate species and includes 283 sequences
from 90 mammalian species. The collected sequences share sequence
identities ranging from 29.9% to 99.9% (Supplementary Tables S1 and
S2). The AOC1, AOC2 and AOC3 proteins were found in Amphibians
and Amniotes but the AOC4 proteins were exclusively found in pla-
cental mammals. Additionally, bony fishes had AOC1s and Cartilagi-
nous fishes (out-group) had only AOC2s.

We used the CAO sequences from cartilaginous fishes Rhincodon
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typus (whale shark) and Callorhinchus milii (elephant shark) as an out-
group in the phylogenetic analysis. C. milii diverged from the bony
vertebrates ~ 450 million years ago and has the slowest evolving
genome of all known vertebrates, which makes it a good model for
inferring the state of ancestral genomes (Venkatesh et al., 2014). Of the
ancestral CAO proteins, CAO from C. milii annotated as “retina-specific
amine oxidase-like” also shares the highest sequence identity with
hAOC2 (43.8%) and has almost the same identity to hAOC3 (43.4%)
whereas its identity to hAOC1 (40.9%) is somewhat lower. Similarly, R.
typys CAO has the highest identities to hAOC2 and hAOC3 (42.5% and
41.8%, respectively) and somewhat lower identity to hAOC1 (39.2%).
Since the phylogenetic trees inferred using MEGA-CC 7 (Kumar et al.,
2012, 2016) with ML and NJ methods were congruent, we used the ML
tree for further analysis (Fig. 2A; NJ in Supplementary Fig. S1).

The phylogenetic tree of vertebrate CAO is divided into two major
branches of the AOC1 and AOC2-4 proteins (Fig. 2A). The distances of
the three branches, which are scaled to the relative evolutionary dis-
tance, show that the AOC2 and AOC3/AOC4 proteins are closely related
but AOC1s have a longer evolutionary distance to them. The analysis of
the gene information from the NCBI gene database (http://www.ncbi.
nlm.nih.gov/gene/) revealed that the AOC2-4 genes in the studied or-
ganisms are located in the same chromosome, whereas the AOC1 gene
is located in another chromosome, which is in accordance with previous
studies (Schwelberger, 2006, 2010).

In the phylogenetic tree of vertebrate CAOs, the mammalian and
non-mammalian AOC1 proteins share the same clade with a strong
bootstrap support of 100% (Fig. 2A). The phylogenetic tree suggests a
similar substrate preference for AOC1 from fish, amphibians, reptiles,
birds and mammals. Accordingly, Almeida and Beaven (1981) have
reported AOC1 activity towards histamine in the brain of lower verte-
brates.

Unlike for AOC1s, the non-mammalian AOC2-4s segregate from the
mammalian proteins with a bootstrap value of 86%. The non-mam-
malian AOC2 and AOC3 proteins form their own sub-branches with a
bootstrap support of 85% for the node, whereas mammalian AOC2-4s
are further divided into the AOC2 and AOC3/AOC4 sub-branches with
high bootstrap values (Fig. 2A). Within the non-mammalian AOC2
clade, the crocodilian CAO-like proteins (labeled AOCX) are found in a
separate clade (48% bootstrap value). The non-mammalian AOC3
branch is further divided with a low bootstrap support of 28% into the
major AOC3 branch and the Amphibian branch including both AOC2s
and AOC3s. The phylogenetic tree of vertebrate CAOs was also con-
structed using the nucleotide sequences and shows similar branching
topology as the tree based on protein sequences (Supplementary Fig.
S6).

3.2. Classification of mammalian CAOs to distinct AOC1-4 sub-families

Our earlier structural and sequence analysis of CAOs indicated that
variable residues X1 and X2 of the T/S-X1-X2-N-Y-D active site motif
might follow the substrate preference of mammalian CAOs (Salminen
et al., 1998; Airenne et al., 2005; Kaitaniemi et al., 2009). This led us to
propose that the residues at position X1 and X2 might be useful in
distinguishing the sub-families of mammalian CAOs. In the vertebrate
CAO tree, the three clades of the mammalian CAOs (Fig. 2A) agree with
their known substrate preference: (1) diamines for the AOC1 clade, (2)
aromatic monoamines for the AOC2 clade, and (3) aliphatic amines for
the AOC3/AOC4 clade. Therefore, we next focused our study at posi-
tions X1 and X2 and analyzed the collected vertebrate CAO sequences
with a special focus on the mammalian CAOs to find out if these two
residues are suitable for categorizing the mammalian CAO sub-families.

When we visualized the vertebrate CAO alignment using the Hidden
Markov Model (HMM) motifs (Wheeler et al., 2014) and analyzed the
X1-X2-N-Y-D motif in the mammalian CAOs, the results revealed that
residue X2 is always a Tyr in AOC1s, a Gly in AOC2s and a Leu in the
AOC3/AOC4 proteins (Fig. 2B). Thus, residue X2 coincides with both

the substrate preference and the phylogenetic classification of the three
CAO sub-families in Mammalia (Fig. 2A). Consistently, all vertebrate
AOC1s have a Tyr at position X2 and most of the AOC2s a Gly. The
additional CAO-like proteins in crocodilians (labeled AOCX) have a Ser
at position X2 indicating that they have a different substrate preference
than the other non-mammalian AOC2s. In non-mammalian AOC3s,
residue X2 is less conserved than the totally conserved Leu in mam-
malian AOC3/AOC4 proteins. It is always a hydrophobic residue but
more frequently an Ile than a Leu and even a Val in some of the non-
mammalian AOC3s.

As mammalian AOC3s and AOC4s both have a Leu at position X2
(Fig. 2B), and they are in the same AOC3/AOC4 clade of the phyloge-
netic tree (Fig. 2A), their classification needed further inspection.
Therefore, we limited the vertebrate CAO data set to mammalian se-
quences including 85 AOC1, 77 AOC2, 74 AOC3 and 47 AOC4 se-
quences from 90 different mammalian species (Supplementary Table
S1) and created a multiple sequence alignment (MSA). The average
sequence identity of AOC1s to AOC2 is 62% and to AOC3/AOC4s
60.2%, whereas the AOC2s and AOC3/AOC4 proteins share a higher
average sequence identity of 73.2%. Furthermore, the intra-species
sequence identities of AOC3/AOC4 proteins range from a high identity
of 84% to an extremely high value of 98%. As an alternative to the
phylogenetic reconstruction methods, principal components analysis
(PCA) was used to provide a multivariate analysis of the pairwise se-
quence distance data. The resulted 3D multivariate plot with three
clusters representing sequences similar to hAOC1, hAOC2 and hAOC3/
bAOC4 (Fig. 3A) is in accordance with the phylogenetic tree of verte-
brate CAOs (Fig. 2A). Since position X2 did not differentiate AOC3 and
AOC4, we next analyzed residues at position X1. Comparison of hAOC3
and bAOC4 sequences revealed that residue X1 was a Leu in hAOC3 and
a Met in bAOC4. Next we analyzed the origin of the AOC3 and AOC4
proteins using the information in the gene and sequence databases and
noticed, with few exceptions (see below), that the proteins having a Leu
at position X1 originated from a different gene than those with a Met.
Furthermore, the fact that a Leu is predominantly found at position X1
in the non-mammalian AOC3s gave further support for our hypothesis
that X1 might distinguish mammalian AOC3s from AOC4s. To test our
hypothesis, we named the mammalian CAOs with a L-L-N-Y-D motif as
AOC3 and those with a M-L-N-Y-D motif as AOC4 and generated a 3D
multivariate plot for them (Fig. 3B). In the resulting plot, the AOC3
cluster separates from the AOC4 cluster suggesting that the CAOs with a
Leu at position X1 should be classified as AOC3 and those with a Met as
AOC4.

Thereafter, we generated the Hidden Markov Model (HMM) motifs
for the AOC1-4 subfamilies of mammalian CAOs (Wheeler et al., 2014).
The HMM motifs (Fig. 3C) further confirmed that residue X2 of the X1-
X2-N-Y-D motif reveals the substrate preference of mammalian CAOs
while residue X1 classifies the mammalian AOC3 and AOC4 proteins
into distinct sub-families. As a summary, a Tyr at position X2 is con-
sistent with a preference for aromatic diamines (AOC1), a Gly for
aromatic monoamines (AOC2) and a Leu for aliphatic amines (AOC3
and AOC4). A Leu at position X1 allows preference for small aliphatic
monoamines (AOC3) and a Met for aliphatic polyamines (AOC4),
whereas AOC1 and AOC2 that prefer aromatic substrates both have a
Val at position X1.

3.3. Phylogenetic analysis of mammalian CAO sub-families

Our results concluded that mammalian CAOs can be classified into
sub-families according to the X1 and X2 residues in the active site motif,
which is (1) T-V-Y-N-Y-D in AOC1, (2) T/S-V-G-N-Y-D in AOC2s, (3) T-
L-L-N-Y-D in AOC3s and (4) T-M-L-N-Y-D in AOC4s (Fig. 3C). To ana-
lyze the evolution of the CAO sub-families, we now generated separate
trees for the AOC1, AOC2 and AOC3/4 subfamilies characterized by a
Tyr, a Gly and a Leu at position X2, respectively. In general, the phy-
logenetic trees of CAO sub-families are supported by low bootstrap
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values (Figs. 4–6), which reflect the short evolutionary distances of
CAOs in each sub-family. When the evolutionary time frame is short,
the number of substitutions supporting each node and the dataset as a
whole remain small and it is particularly sensitive to random fluctua-
tions in observed mutations and small differences, which leads to low
bootstrap values (Soltis and Soltis, 2003a). Indeed, CAOs were one of
the few protein families accepted into a study that explicitly searched
for proteins related by short evolutionary distances (Lai et al. (2012).

Among AOC1s, the inter-species sequence identity varies between
68.3 and 99.1% (the average identity is 80.0%). The AOC1 tree is di-
vided into two major branches (Fig. 4). One of the branches has the
majority of AOC1s and the other one consists of AOC1s from Myo-
morpha (mouse-like rodents; Fig. 4, green). Thus, the rodent proteins
are divided into two distinct branches, despite AOC1s from the same
taxonomic order generally group together. The other rodent branch
with AOC1s from the Hystricomorpha, Sciuromorpha and Castor-
imorpha suborders of rodents (Fig. 4, orange) is in the same sub-branch
as primate AOC1s. This rodent branch also includes AOC1s from La-
gomorpha, Scandentia and Dermoptera. In the phylogenetic tree con-
structed using the nucleotide sequences of the D4 domain of AOC1s
(Supplementary Fig. S7), the rodent proteins are distributed among
several branches and Pteropus alecto, Pteropus vampyrus and Rousettus
aegyptiacus did not group together with the other Chiroptera but the
topology of the tree was otherwise similar.

Interestingly, the tricyclic antidepressant amitriptyline had an

opposite effect on Rattus norvegicus (rat; Myomorpha) and Cavia por-
cellus (guinea pig; Hystricomorpha) AOC1s (Rajtar and Irman-Florjanc,
2007), which also belong to different branches of the AOC1 tree
(Fig. 4). Amitriptyline was reported to act as an inhibitor of R. norve-
gicus AOC1, whereas it increased the activity of C. porcellus AOC1
leading to faster histamine inactivation. Thus, the phylogenetic re-
lationship of the two proteins is also reflected at the molecular level in
their response to ligand binding.

The tree of the AOC2 proteins has two main branches (Fig. 5), which
in turn have diverged into seven sub-branches. The branch length in the
seven sub-branches is short and the bootstrap values supporting each
branch range from 17% to 98% and the bootstrap values of the tree of
AOC2 nucleotide sequences are not significantly higher for the main
sub-branches (Supplementary Fig. S8). All the AOC2 proteins are pre-
dicted to have a N-terminal transmembrane helix. The prediction could
not however be done for Orincus orca and Ictiodomys tridecemlinearus
AOC2s, since they lack part of the N-terminal sequence. The inter-
species sequence identity of AOC2s (67.1–100%, average 87.0%) is
higher than that of AOC1s and, similar to AOC1, the sequences group in
the phylogenetic tree according to the taxonomic rank of species
(Fig. 4). Unlike AOC1s, all rodent AOC2s group together in the same
sub-tree with O. cuniculus AOC2 (Lagomorpha). The AOC2 proteins
from rodents and O. cuniculus are closely related but differ from Pri-
mates; therefore studies conducted on the physiological function of
AOC2 from rodents and O. cuniculus should not be extended to Primates

Fig. 3. (A) 3D multivariate plot of mam-
malian CAO sequences. The plot shows the
relationship between the sequences for the
three most informative dimensions and
supports the grouping of mammalian CAOs
in the phylogenetic tree (Fig. 2A). The plot
shows three clusters: AOC1s as green
spheres, AOC2s as yellow spheres and
AOC3/4 as orange spheres. (B) 3D multi-
variate of mammalian AOC3/4 sequences.
The AOC3 proteins are represented as or-
ange spheres and the AOC4 proteins as
violet spheres. The plot shows that the
AOC3 and AOC4 proteins cluster based on
residue X1 with the exception of some out-
liers (blue), which are labelled. These out-
liers (blue) are all AOC4 proteins that group
closer to the AOC3 cluster than the AOC4
cluster. Bbi – Bison bison bison; Bta- Bos
taurus; Bbu- Bubalus bubalis; Ssc – Sus scrofa;
Ame- Ailuropoda melanoleuca; Clu – Canis
lupus familiaris. (C) HMM motif logos for
mammalian CAOs. The HMM motif logos
illustrate the classification of mammalian
CAOs based on their active site motif. (For
interpretation of the references to colour in
this figure legend, the reader is referred to
the web version of this article.)
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without careful comparison of the proteins at sequence and structural
level. Of the rodents, R. norvegicus lacks AOC2 due to a stop codon that
terminates the peptide at 127 amino acids (Zhang et al., 2003). The
function of AOC2 is still unknown and further characterization is
needed to gain insights into its contribution to the CAO activity in

mammals. As rats only have AOC1 and AOC3, detailed and comparable
studies of CAO activities in rats and mouse (AOC1-3 proteins) could
give hints for the function of AOC2.

The average sequence identity of 81.1% shows that the AOC3 and
AOC4 proteins are closely related. The identity of all AOC3 and AOC4

Fig. 4. ML phylogenetic tree of mammalian AOC1s. The HMM logo for AOC1 is shown in the upper left corner and pictures of the representative organisms on the
right side of the tree. The branches are scaled to show evolutionary distance and the bootstrap values shown for the main branches (green). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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proteins varies between 36.7% and 99.9% and is much higher for the
catalytic D4 domain (59.5–100%). Consistent with the AOC1 and AOC2
trees (Figs. 4 and 5), the main branches of the AOC3/AOC4 tree (Fig. 6)
have diverged over a relatively short evolutionary time frame. Although
the main branches have low bootstrap values, the bootstrap values are

on average higher within the sub-branches. For example, the bootstrap
of the sub-branch containing Artiodactyla and Cetacea proteins is low
(9%) but the bootstrap support for the node of the AOC3 proteins from
Cetacea is high (99%) and, similarly, the bootstrap support for grouping
the AOC3 and AOC4 proteins from Artiodactyla into different clades is

Fig. 5. ML phylogenetic tree of mammalian AOC2s. The HMM logo for AOC2 is shown in the upper left corner and pictures of the representative organisms on the
right side of the tree. The branches are scaled to show evolutionary distance and the bootstrap values shown for the main branches (green). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. ML phylogenetic tree of mammalian AOC3s (orange) and AOC4s (violet). The HMM logos for AOC3s and AOC4s are shown in the upper left corner and
pictures of the representative organisms on the right side of the tree. The branches are scaled to show evolutionary distance and the bootstrap values shown for the
main branches (green). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

L. Lopes de Carvalho, et al. Molecular Phylogenetics and Evolution 139 (2019) 106571

9



99% for the AOC3 clade and 67% for the AOC4 clade. In the case of
AOC3/AOC4, the same taxonomic order group together much better in
the tree of the nucleotide sequences (Fig. 7) than in the tree of the
protein sequences (Fig. 6).

Based on the phylogenetic trees (Figs. 6 and 7), the divergence

between AOC3 and AOC4 proteins has occurred in a species-specific
manner, probably due to different evolutionary pressure as no con-
sensus among all species was found. In some species, a recent diver-
gence has occurred, whereas in other species the divergence has hap-
pened earlier. For example, the AOC3 and AOC4 proteins from monkeys

Fig. 7. ML phylogenetic tree of mammalian AOC3s (orange) and AOC4s (violet) constructed using the nucleotide sequences. The HMM logos for AOC3s and AOC4s
are shown in the upper left corner and pictures of the representative organisms on the right side of the tree. The branches are scaled to show evolutionary distance
and the bootstrap values shown for the main branches (green). (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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do not share the same most recent last common ancestor, whereas
bovine AOC3 and AOC4 proteins do.

Previously, it has been suggested that those species that have an
AOC4 gene also have a high level of serum CAO (Schwelberger, 2006).
Much higher levels of CAO activity ha been measured in the serum of
Ovis aires (sheep), Bos taurus (cow), O. cuniculus, Capra hircus (goat),
Canis lupus familiaris (dog) and Sus scrofa (pig) than in the serum of
human, R. norvegicus (rat), M. musculus (mouse) and C. porcellus (Guinea
pig) (Boomsma et al., 2003; Schwelberger, 2006). The suggested re-
lationship is otherwise in accordance with our results but we could
identify only one AOC3/4 gene in the C. lupus familiaris and S. scrofa
genomes. The two AOC3/4 proteins from C. lupus familiaris are special
since they turned out to be isoforms from the same AOC3 gene. They
share a sequence identity of 97.8% but one of them has Leu (like AOC3)
and the other one Met (like AOC4) at position X1. In the multivariate
plot, the AOC4-like protein from C. lupus familiaris appears as an outlier
clustering together with the AOC3 proteins (Clu in Fig. 3B). Analysis of
the gene information of those species that have both AOC3 and AOC4
proteins revealed eight other species in which the AOC3/4 proteins are
isoforms from the same gene (Supplementary Table S6). Unlike C. lupus
familiaris proteins, these other proteins are not found in the same
branch of the phylogenetic trees (Figs. 6 and 7). In the S. scrofa genome,
we could identify only one protein in the AOC3/4 clade and it is also an
outlier in the multivariate analysis. The S. scrofa protein is currently
annotated as an AOC3 gene product and it consistently clusters with
AOC3s (Ssc in Fig. 3B) despite it having Met at position X1 (like AOC4).
In accordance with the multivariate plot, S. scrofa AOC3/AOC4 groups
into the main clade of the AOC3 proteins in the phylogenetic tree
(Fig. 7).

In addition to C. lupus familiaris and S. scrofa proteins, there are
some other similar outliers in the multivariate plot (Fig. 3B) but there is
no literature on CAO serum activity levels in these organisms. Of these
outliers, Ailuropoda melanoleuca (panda) protein (Ame in Fig. 3B)
should be classified as an AOC4-like protein, since it has Met at position
X1 despite it is encoded by AOC3 and has a predicted transmembrane
helix. The additional outliers in the multivariate plot are the AOC4
proteins from Bos taurus (cattle), Bison bison bison (plains bison) and
Bubalus bubalis (water buffalo), which group closer to AOC3s than
AOC4s (Bta, Bbi and Bbu in Fig. 3B). All these species also have an
AOC3 protein, which clusters together with the other AOC3 proteins
from Artiodactyla (Figs. 6 and 7). Thus, their AOC4 gene product might
still be differentiating from AOC3.

In accordance with previous research stating that the AOC3 gene
duplication is the origin of the AOC4 gene (Schwelberger, 2010), we did
not find any AOC4 encoded protein with an AOC3 motif (a Leu at po-
sition X1), whereas we found the above mentioned AOC3 encoded
proteins with an AOC4 motif (a Met at position X1). The predominant
codon for a Leu is TTG, which turns to a Met coding ATG by a single
nucleotide substitution. The need for a new protein with a unique CAO
activity in mammals probably results from environmental pressure. For
example, the AOC4 proteins from O. cuniculus and S. scrofa plasma have
relatively high activity towards mescaline, which is a hallucinogenic
plant-derived amine, suggesting a dietary influence on the selection of
the metabolized substrates (Lyles, 1996). Moreover, the fact that ex-
tracellular proteins, like AOC3 and AOC4, have a constant need to
adapt to new functions and niches and, therefore, evolve fast (Sojo
et al., 2016), supports the inferred phylogenetic tree and the relation-
ships between AOC3 and AOC4.

It is interesting that there is variation in the number of AOC genes
even between closely related species e.g. we found a protein-coding
AOC4 gene in chimpanzees and macaques, whereas human and gorilla
have a pseudo gene. In this study, we noticed that all species from
Cetacea (Supplementary Table S1) and the majority of rodents have
only the AOC3 protein and the AOC4 gene is missing or non-functional.
In fact, Ictidomys tridecemlineatus (thirteen-lined ground squirrel) and
Marmota marmota marmota are the only rodents that have both AOC3

and AOC4.
Furthermore, our results show that it is important to analyze the

genomic origin of the encoded protein. We suggest that a CAO with a
predicted AOC4 activity (X1=Met) but originating from AOC3 should
not be named as AOC3 but rather as an AOC4-like protein. The pro-
posed classification system could be used to correctly annotate new
mammalian CAO sequences and revise wrongly annotated sequences.

3.4. Active site differences and key residues for substrate preference in
mammalian CAOs

Next we extended our study from the phylogenetic analysis to the
level of the 3D structure with a particular focus on the catalytic region
near TPQ (Fig. 1). We used the following X-ray structures as the re-
presentative structures: hAOC1 (Protein Data Bank (PDB) Identification
code (ID) 3MPH; McGrath et al., 2010), hAOC3 (PDB ID 4BTX; Bligt-
Lindén et al., 2013), and bAOC4 (PDB ID 1TU5; Lunelli et al., 2005),
which are homodimers consisting of the D2, D3 and D4 domains
(Fig. 1). Since no crystal structure is available for hAOC2 we built a
homology model based on the hAOC3 structure (PDB: 4BTX) (Bligt-
Lindén et al., 2013). The high sequence identity of 68% between
hAOC2 and the hAOC3 template is much higher than 30%, which is
generally regarded as the sequence identity criteria for an accurate
homology model (John and Sali, 2003). The quality of the hAOC2
model is good, since 90% of the residues in the Ramachandran plot are
in the favored regions and the QMEAN quality score of 0.704 (range
0–1; where 1 is good) is within the range of scores for reference
structures of the same size. The folds of the hAOC2 model and the X-ray
structure of hAOC3 are very similar with a root mean square deviation
(RMSD) of 0.67 Å for the C-alpha atoms of the superimposed structures.

In the studied CAO structures, half of the residues near TPQ are fully
conserved (white in Fig. 8). Most of the conserved residues are involved
in TPQ biogenesis and/or in the catalytic mechanism (Airenne et al.,
2005; Ernberg et al., 2010; Klema and Wilmot, 2012). Of these residues,
the catalytic Asp (D373 in hAOC1) and a nearby Tyr (Y371 in hAOC1)
form the conserved Y-X-D motif. The corresponding Tyr has been
identified as a “gate” residue in all mammalian CAOs (Salminen et al.,
1998; Lunelli et al., 2005; Kaitaniemi et al., 2009; McGrath et al.,
2009). In the hAOC3 − 2-hydrazino-pyridine (2HP) complex, the cor-
responding Y384 stacks with the pyridine ring of 2HP (Jakobsson et al.,
2005) and docking studies also suggested that this residue interacts
with the aromatic ring of benzylamine (Kaitaniemi et al., 2009).
Therefore, it is likely that the conserved “gate” Tyr interacts with the
amine substrates of all mammalian CAOs. Two conserved Tyrs and an
Asn (Y359, Y463 and N460 in hAOC1) orient TPQ (TPQ461 in hAOC1;
(Airenne et al., 2005; Ernberg et al., 2010), whereas the conserved Ser
(S456 in hAOC1) forms hydrogen bonds that stabilize the active site
architecture (Fig. 8). The rest of the strictly conserved residues origi-
nate from the T/S-X1-X2-N-Y-D active site motif, where the first residue
is a Ser in most of the AOC2 proteins, but conservatively replaced by a
Thr in all the other mammalian CAOs. The Ser/Thr residue (T457 in
hAOC1) and the Asp (D462 in hAOC1) form a hydrogen bond that
stabilizes the tip of the β-hairpin formed by the active site motif. Both of
them are also involved in an extensive network of inter-monomeric
hydrogen bonds together with the fully conserved Arg (R429 in hAOC1)
and His (H430 in hAOC1) from the other monomer. A similar hydrogen
bonding network has been identified e.g. in the crystal structure of
Escherichia coli amine oxidase (Parsons et al., 1995) but its functional
significance is currently unknown.

Since the unique substrate preferences of each CAO sub-family is
likely determined by the active site residues, which are conserved
within a sub-family but variable between the sub-families, we next
investigated these residues in each CAO sub-family (Fig. 8; Table 1).
hAOC1 has a unique preference for aromatic diamines as substrates
(e.g. histamine; Elmore et al., 2002) and, accordingly, the AOC1 sub-
family does not group together with the other CAO sub-families (Fig. 2).
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In addition to the residues involved in the catalytic mechanism and
orienting TPQ, three other residues are strictly conserved only within
the AOC1 sub-family (V458, Y459 and D186 in hAOC1) (Fig. 8A;
Table 1). Of these residues, the totally conserved Val from the active
site motif (V458 in hAOC1; X1) is also conserved in the AOC2 sub-
family and, based on our results, it contributes to the preference for
aromatic substrates. The Tyr (Y459 in hAOC1; X2) and the other aro-
matic residue in the active site (W376 in hAOC1; Trp/Tyr in all AOC1s)
are suitably positioned to form stacking interactions with the aromatic
ring of the substrate (Fig. 8A). In addition, D186 in hAOC1 has been
predicted to be involved in histamine binding, since its position is
suitable for binding the second amine group of the diamine substrates
(McGrath et al., 2009). Our results support this prediction, as the cor-
responding residue is an Asp in all the studied AOC1s (Fig. 8A; Table 1).
In the crystal structure of the hAOC1-pentamidine complex (McGrath
et al., 2009), S380 forms a hydrogen bond with the amidinium group of
pentamidine. The longer diamine substrates of hAOC1, spermidine and

spermine, have nitrogen in the linker region between the primary and
second amines that could interact with D186, whereas the position of
S380 is perfect for binding the second amine of these longer diamines
(McGrath et al., 2009). The role of S380 in binding the second amine is
supported by the fact that the corresponding residue always has a hy-
droxyl group (Ser/Thr) in the studied mammalian AOC1s (Table 1).

AOC2 prefers the aromatic amine 2-phenylethylamine and also
binds the polar aromatic amines tryptamine and p-tyramine (Kaitaniemi
et al., 2009). The small variable Gly and Val residues in the active site
motif, make AOC2 optimal for aromatic amines by providing the space
required for binding the aromatic ring in the substrates (G463 and V462
in hAOC2; Fig. 8B; Table 1). Of these, the Gly has been shown to be
important for the p-tyramine activity since the replacement of the
corresponding Leu in hAOC3 by a Gly (L469G) acquired enzymatic
activity towards the aromatic p-tyramine, which cannot be oxidized by
wild-type hAOC3 (Elovaara et al., 2011). In the position corresponding
to the conserved Asp in AOC1s (D186 in hAOC1), AOC2s have a His

Fig. 8. Active sites residues in CAOs within 6 Å distance from TPQ. The fully conserved residues represented as white sticks and residues with conserved features as
grey sticks. (A) hAOC1. The conserved hydrogen bonding network in the active site of CAOs is shown with black dashes. The residues putatively important for the
diamine substrate preference of AOC1s are shown as green sticks. (B) hAOC2. The residues that putatively provide AOC2s the preference for aromatic substrates are
shown as yellow sticks. (C) hAOC3. The residues shown as orange and cyan sticks likely contribute to the preference of AOC3s for small aliphatic substrates. (D)
bAOC4. The residues that differ between AOC3 and AOC4 are shown as violet sticks. These residues allow AOC4 to use aliphatic polyamines as substrates. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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(H206 in hAOC2; Fig. 8B), which could interact with polar and/or
aromatic substrates. This His can be considered as an AOC2-specific
residue as it is exclusively conserved in AOC2s (Table 1), with the ex-
ception of the bat proteins where a Gln conservatively substitutes for
His. It is worth noticing that rats do not have a functional AOC2 and,
thus, mice are preferable model organisms for AOC2 studies.

The phylogenetic and sequence analysis of the ancestral CAOs from
C. milii and R. typys suggest that they could use both diamines and
monoamines as substrates. A Gly at position X2 classifies both C. milii
and R. typys CAOs as AOC2 proteins, which is in accordance with their
highest sequence identities to human AOC2 and their predicted N-
terminal transmembrane helices. Val at position X1 makes R. typys CAO
even more similar to hAOC2 than C. milii CAO, which has an Ile. Further
comparison of C. milii and R. typys CAOs with hAOC1 (Supplementary
Fig. S2) reveals that they might also have diamine oxidase activity since
they have a conserved Asp at the position of D186 in hAOC1 instead of
a highly conserved His (H206 in hAOC2).

AOC3 and AOC4 proteins both prefer aliphatic amines; AOC3 pre-
fers small aliphatic amines and AOC4 long polyamines (Kaitaniemi
et al., 2009; Bonaiuto et al., 2010; Elovaara et al., 2011). Based on the
active site comparison of hAOC3 and bAOC4 (Fig. 8C, D), both proteins
have a Phe (F389 in hAOC3) in the active site channel 6 Å from TPQ
towards the surface a Leu (Leu469 in hAOC3; X2), which are totally
conserved in all the studied proteins (Table 1). The Leu has been as-
sociated in blocking/allowing access to TPQ (Airenne et al., 2005;
Jakobsson et al., 2005; Kaitaniemi et al., 2009; McGrath et al., 2009),
and mutational studies have proven that it is involved in the substrate
preference of hAOC3 (Kaitaniemi et al., 2009; Elovaara et al., 2011).
Unlike hAOC1 and hAOC2, both AOC3 and AOC4 prefer aliphatic
amines, for which Leu and Phe provide a hydrophobic environment that
can well accommodate the carbon tails of the aliphatic substrates
(Fig. 8C, D). Residue X1 from the active site motif is the only active site
residue that is not conserved between the AOC3 (Leu) and AOC4 (Met)
sub-families but almost exclusively conserved in each of them. The Met
in AOC4s is slightly more polar and much more flexible than the Leu in
AOC3s. Similar amino acid difference was found in Arabidopsis thaliana
and Euphorbia lagascae sterol carrier protein-2 in which the Met/Leu
difference was respectively crucial for sterol sensitivity and insensitivity
(Viitanen et al., 2006). However, the exact role of the X1 residue in

CAOs has not been studied experimentally. Furthermore, it has been
indicated that the K393/Y392 residue difference of hAOC3/bAOC4
contributes to the substrate preference as the positively charged Lys in
hAOC3 could hinder binding of long polyamines (Bonaiuto et al.,
2010). The high conservation of the corresponding Lys in AOC3s ob-
served in our study lends support to this suggested role in selecting
preferred substrates.

Interestingly, the residue corresponding to D186 in AOC1 (Fig. 8A)
is a highly conserved Thr in AOC3s (T212 in hAOC3; Fig. 8C) and a
highly conserved Asn in most of the studied mammalian AOC4s (N211
in bAOC4; Fig. 8D). Mutational studies on hAOC3 (T212A) have shown
that T212 slightly contributes to substrate preference but merely has a
role as an additional gate residue (Elovaara et al., 2011). Intriguingly,
both AOC3 and AOC4 from I. tridecemlineatus (rodent) have an Asn in
this position, whereas all primate AOC3 and AOC4 proteins have a Thr.
It should also be noted that only human and gorilla lack AOC4 but most
of the studied Primates have it, whereas I. tridecemlineatus and M.
marmota marmota are the only rodent species with AOC4. Therefore,
based on our analysis, rats and mice are better model organisms for
studying AOC3 than those Primates that have both AOC3 and AOC4.

The substrate preference of CAOs has mainly been studied for
human and rodent proteins (Lyles, 1996; Elmore et al., 2002; Zhang
et al., 2003; Shen et al., 2012; Finney et al., 2014). Rodents have been
used as model organisms in human AOC3-related diseases, drug design
and in vivo imaging applications, whereas the research on AOC4 has
focused on bAOC4. Comparison of rodent and primate CAO proteins
suggests that for binding studies of small substrates and inhibitors
binding covalently to TPQ, rodents and other primate species can serve
as good model organisms for human CAOs. In drug design projects,
problematic species-specific differences in ligand binding between
human and mouse AOC3 have been demonstrated for a number of
AOC3 inhibitors (Foot et al., 2012; Bligt-Lindén et al., 2013; Inoue
et al., 2013a; Inoue et al., 2013b). These problems are mainly caused by
residue differences in the 15 Å long active site channel of CAOs, which
leads from TPQ to the surface of the protein. Therefore, our analysis
suggests that the active site channel in CAOs from model organisms
should be studied in detail when larger substrates and inhibitors are
designed. In addition to the species-specific binding properties, the
other CAO proteins expressed in the used model organism should also

Table 1
Comparison of the active site residues in CAOs within 6 Å distance from TPQ. Conserved residues are marked in bold and the residues in the active site motif with *.
The residues that form the basis for the classification into the CAO sub-families are shown with coloured background: Val with light orange (aromatic preference), Tyr
with green (diamine preference), Leu with orange (monoamine preference) and Met with violet (polyamine preference).
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be taken into consideration in the CAO-related research.

4. Conclusion

In this work, we combined the phylogenetic analysis of vertebrate
CAOs with the multivariate plots of mammalian CAOs to suggest a
novel way to classify mammalian CAOs based on their active site motif.
We conclude that residue X2 from the X1-X2-N-Y-D motif separates the
mammalian CAOs in the AOC1, AOC2 and AOC3/AOC4 sub-families
and residue X1 can be used to discriminate between the AOC3 and
AOC4 proteins. Moreover, we aimed to understand what makes each
mammalian CAO unique and, by relating phylogenetic analyses with
sequence and structural data, we gained new insights into the substrate
preference of mammalian CAOs. Residues X1 and X2, which are con-
served within each CAO sub-family and located in the vicinity of the
catalytic site, can be considered as the key determinants for selective
substrate binding. Both AOC1 and AOC2 that uniquely prefer aromatic
substrates have a Val at position X1. In AOC1, residue X2, which is a
conserved Tyr, might be the most important residue for its preference
for aromatic diamines. Additionally, two other key positions are con-
served in the AOC1 sub-family but variable in the other sub-families.
The totally conserved Asp (D186 in hAOC1) and the conservatively
replaced Ser/Thr (S380 in hAOC1) could bind the second amine group
in shorter and longer diamine substrates, respectively. The position
corresponding to the totally conserved Asp is also highly conserved in
the other sub-families (a His in AOC2, a Thr in AOC3 and an Asn in
AOC4) and, thus, it seems to have an effect on the substrate selectivity
in the other subfamilies as well. In AOC2, the highly conserved His
(H206 in hAOC2) and the totally conserved Gly (X2), which creates
space for large aromatic substrates, form the foundation for substrate
preference. The respective Thr and Asn residues in AOC3 (T212) and
AOC4 (N211) likely contribute to their substrate selectivity together
with the X1 residue (Leu in AOC3 and Met in AOC4) whereas the X2
residue (Leu) makes them distinctively prefer aliphatic rather than
aromatic substrates. Due to the species-specific expression profile of
CAOs, our results also highlight that it is important to be aware of the
presence of all CAO family members expressed in the studied organism,
even thought the research would focus on one of the sub-families.
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