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Abstract Semicarbazide-sensitive amine oxidases

(SSAOs) catalyze oxidative deamination of primary

amines, but the true physiological function of these

enzymes is still poorly understood. Here, we have studied

the functional and structural characteristics of a human

cell-surface SSAO, AOC2, which is homologous to the

better characterized family member, AOC3. The preferred

in vitro substrates of AOC2 were found to be 2-phenyl-

ethylamine, tryptamine and p-tyramine instead of

methylamine and benzylamine, the favored substrates of

AOC3. Molecular modeling suggested structural differ-

ences between AOC2 and AOC3, which provide AOC2

with the capability to use the larger monoamines as sub-

strates. Even though AOC2 mRNA was expressed in many

tissues, the only tissues with detectable AOC2-like enzyme

activity were found in the eye. Characterization of AOC2

will help in evaluating the contribution of this enzyme to

the pathological processes attributed to the SSAO activity

and in designing specific inhibitors for the individual

members of the SSAO family.
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Introduction

Semicarbazide-sensitive amine oxidases (SSAOs; EC

1.4.3.6) constitute a group of copper-dependent enzymes,

which oxidatively deaminate primary endo- and exogenous

amines into the corresponding aldehydes in a reaction:

R–CH2–NH2 ? O2 ? H2O ? R–CHO ? H2O2 ? NH3.

Although SSAO activity itself has been recognized for

several decades, relatively little has been known about

the physiological functions of these enzymes. In general, the

end-products of the reaction at high concentrations are

highly cytotoxic and implicated in playing a role in various

processes resulting in cellular damage, like atherosclerosis

and vascular complications in diabetes [1–3]. In addition,

SSAO activity has been shown to be involved in glucose

transport [4–6], adipocyte differentiation [7], and structural

organization of vascular smooth muscle [8, 9]. The physio-

logical substrates for the SSAOs are still poorly known, but it

is hypothesized that the soluble amines methylamine and/or

aminoacetone could be among the naturally occurring sub-

strates for the SSAOs [10–13].

AOC3 (amine oxidase, copper containing; also known

as vascular adhesion protein-1, VAP-1) was first described

as a 180-kD dimeric endothelial transmembrane glyco-

protein mediating leukocyte extravasation from blood to

the tissues [14, 15]. Cloning of VAP-1 revealed its

homology to the SSAO family, and further studies con-

firmed that it was indeed able to display SSAO activity

[16]. AOC3 is a heart-shaped dimer in which each

Electronic supplementary material The online version of this
article (doi:10.1007/s00018-009-0076-5) contains supplementary
material, which is available to authorized users.

S. Kaitaniemi � H. Elovaara � K. Grön � M. Salmi �
S. Jalkanen � K. Elima (&)

MediCity Research Laboratory, University of Turku, and

National Institute for Health and Welfare, Tykistökatu 6,
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monomer is composed of three domains, D2–D4 [17, 18].

The two tightly bound D4 domains form the interface of

the dimer and contain the deeply buried active sites. The

active site is only accessible through a cavity formed by the

D3 and D4 domains. The crystal structure of the human

AOC3 [18, 19] shows several amino acids with potential

key roles in substrate selectivity and binding.

The closely related SSAO, AOC2, was originally cloned

from human retina by Imamura et al. Based on northern

blot data they designated the clone human retina-specific

amine oxidase, hRAO, and showed, with in situ hybrid-

ization, that a corresponding RAO mRNA was expressed in

the ganglion cell layer of mouse retina [20, 21]. The mouse

homologue for AOC2 was recently cloned and the locali-

zation of this protein to the retinal ganglion cells was

confirmed with immunohistochemistry [22]. Human AOC2

mRNA has also been reported to be present in human

adipose tissue and to be up-regulated during in vitro adi-

pocyte differentiation [23, 24]. Apart from the above-

mentioned data on the localization of the mRNA and

protein, no functional or structural data have been available

before for AOC2. We have cloned the AOC2 cDNA from a

human lung cDNA library, and studied the functional and

structural characteristics of the corresponding protein using

enzyme assays, molecular modeling, and co-immuno-

precipitations. Here, we report that the mRNA for AOC2 is

more widely expressed than described before and that

AOC2 can function as a cell-surface SSAO but with dif-

ferent substrate specificity than AOC3. Moreover, we have

analyzed the structural differences between these closely-

related enzymes by homology modeling, tested the accu-

racy of the model by site-directed mutagenesis, and shown

the possibility of heterodimerization between AOC2 and

AOC3 in vitro.

Materials and methods

Antibodies, cells and reagents

The primary antibodies used to detect AOC2 and AOC3

are described in Table 1. The commercial polyclonal

AOC2 antibody was from Abnova Corporation (Taipei,

Taiwan). Normal rabbit serum, 3G6 (mouse anti-avian T

cell antibody, [25]) and MEL-14 (rat anti-mouse L-selectin

antibody, a kind gift from E. Butcher) were used as

negative controls. The secondary antibody, fluorescent-

isothiocyanate (FITC)-conjugated anti-rabbit Ig, was from

Sigma (St. Louis, MO) and the tertiary antibody, Alexa

Fluor 488-conjugated anti-FITC, was from Molecular

Probes (Leiden, The Netherlands). Alexa Fluor 405-con-

jugated anti-rabbit Ig, Alexa Fluor 546-conjugated anti-

mouse Ig (Molecular Probes), and HRP-conjugated

anti-rabbit Ig (Dako, Denmark) were used as secondary

antibodies. Human embryonic kidney fibroblast 293 cells

(HEK293) and HEK293-EBNA were cultured (5% CO2,

?37�C) in Dulbecco’s modified Eagle’s medium (DMEM)

(Gibco/Invitrogen, Paisley, UK) containing 10% fetal

calf serum (FCS), 2 mM L-glutamine, sodium pyruvate,

penicillin, and streptomycin. Chinese hamster ovary

(CHO) cells were maintained in modified Eagle’s medium

(MEM) supplemented with 10% FCS, 2 mM L-glutamine,

penicillin, and streptomycin. Ax cells (rat high endothelial

venule derived cells, a kind gift from M. Miyasaka) were

grown in RPMI-1640 supplemented with 20% FCS, 2 mM

L-glutamine, sodium pyruvate, non-essential amino

acids, 2-mercapthoethanol, penicillin, and streptomycin.

Geneticin was used when appropriate. Methylamine,

benzylamine, p-tyramine, tryptamine, 2-phenylethylamine,

histamine, spermidine, hydroxylamine, clorgyline, and

semicarbazide were from Sigma.

cDNA cloning and site-directed mutagenesis

A polymerase chain reaction (PCR) fragment of 771 base

pairs (bp) covering the nucleotides 38–808 of the AOC3

cDNA (GenBank accession number AF067406) was used

as a probe to screen a human lung cDNA library in Lambda

EMBL3 SP6/T7 vector (Clontech, Palo Alto, CA). The

positive plaques were screened by PCR using AOC3 spe-

cific primers from exon 1 (50-ACTCAGATCTCTACTCG

CACT-30) and exon 4 (50-ATATGCAGAAAACCAGCTG

TC-30) to exclude the plaques containing the previously

isolated AOC3 clone [16]. The amplification was carried

out in a Perkin-Elmer GeneAmp PCR Systems 2400, and

the protocol was: step 1: 94�C for 5 min; step 2: 94�C for

1 min; step 3: 50�C for 1 min; step 4: 72�C for 1 min; and

step 5: 72�C for 5 min. Steps 2–4 were repeated for 29

times. Six plaques produced a band differing from the size

of the expected band. The inserts of the isolated phages

were subcloned into pUC19 (Invitrogen, CA) for

sequencing and subsequently into pcDNA3.1 (Invitrogen)

for transfections or pIRES2-EGFP (BD Biosystems Clon-

tech, Palo Alto, CA) for adhesion assays. The clones were

sequenced on both strands by the sequencing service

Table 1 Antibodies recognizing AOC2 and AOC3

Antibody Isotype References AOC3 AOC2

poly-VAP Rabbit IgG [52] ? ?

TK 8-14 Mouse IgG2a [53] ? ?

2D10 Mouse IgG1 [53] ? -

TK10-79 Rat IgG [54] ? -

List of antibodies used in immunohistochemistry and how they dis-

criminate between AOC2/AOC3
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facilities of the Department of Medical Genetics, Univer-

sity of Turku (Turku, Finland). Standard molecular biology

techniques were used in plaque hybridization, transforma-

tion and plasmid and phage DNA purifications. Sequence

analyses and alignments were performed using the

Wisconsin Package version 10.1-UNIX of the Genetics

Computer Group (GCG; Madison, WI), SeqWeb of Bio-

Box and EMBOS at Scientific Computing Ltd (Center for

Scientific Computing, CSC; Espoo, Finland) and BLAST at

NCBI (http://www.ncbi.nlm.nih.gov/BLAST/).

Point mutations were introduced to the AOC3 cDNA by

PCR and using PhusionTM DNA polymerase (Finnzymes,

Helsinki, Finland) according to the supplier’s instructions.

The following phosphorylated primers (mutations in bold

and underlined) were used: 50-CAACTATGACTATGTG

TGGGATACGGTCTTCCA-30 (f-HE-5) and 50-GCCA

AGGTGGACATAGATCTGACGACCAGCACCGTT-30

(r-HE-6) for Leu469Gly, 50-GTGACCACGGCTCCCC

GTGGTCTGCAATC-30 (f-HE-7) and 50-TGTCACCAGG

TTCCGTCCCCGGTGCTTGTA-30 (r-HE-8) for Met211-

Val and, 50-TTGGCATGGGCAAGAACACCACGCC-30

(f-HE-10) and 50-AGCCTCCATCCACATAGCGGGTC

GTC-30 (r-HE-11) for Tyr394Asn. The mutations were

introduced sequentially to get the triple-mutant Met211-

Val-Tyr394Asn-Leu469Gly. The PCR products were

purified from agarose gel, ethanol precipitated, self-ligated

using T4 DNA ligase (New England BioLabs, MA) and

electroporated into DH5a Escherichia coli for propagation.

The success of the PCR was confirmed by sequencing.

RNA expression

Multiple tissue cDNA (MTCTM) panels (BD Biosystems)

of adult human tissues were used as templates in PCR. The

primers were located at exon 1 and exon 2 in AOC2: the

sequence for the forward primer was 50-AGGTCCTGG

GAAAGGAGGACCTGACAG-30 and that for the reverse

50-GCCCTTCTCAAAGTAGACACTGCCAGGG-30. GAPDH

primers provided by the manufacturer were used for nor-

malization of the template levels. The amplification was

carried out in a Perkin-Elmer GeneAmp PCR Systems

2400, using the method described by the cDNA panel

manufacturer. The protocol was: step 1: 94�C for 1 min;

step 2: 94�C for 30 s; steps 3–4: 68�C for 2 min; and step

5: 72�C for 5 min. Steps 2–4 were repeated 34 times.

Total RNA was prepared from human fetal skeletal

muscle, liver, lung, brain, heart, kidney, skin, cartilage, and

tonsil around age 20 weeks of gestation by using the

guanidinium isothiocyanate method [26]. The use of adult

and fetal tissues was approved by the Institutional Review

Board of Medicolegal Affairs (Helsinki and Turku, Fin-

land). Reverse transcription and PCR were performed in a

one step reaction by using GeneAmp� Gold RNA PCR

Reagent Kit (PE Applied Biosystems, Foster City, CA).

The thermal cycles of amplification were carried out in

a Perkin-Elmer GeneAmp PCR Systems 2400 and the

protocol was according to the manufacturer’s instructions

for one step reverse transcriptase-PCR (RT-PCR). One

microgram of total RNA and 20 pmol/ll of primers were

used in all reactions. The sequences for the specific sense

and antisense primers were the same as those used with the

MTC-panels (see above). b-actin primers used for nor-

malization were from Stratagene (#302055) (Stratagene, La

Jolla, CA). The Southern blot analysis was performed on

the RT-PCR reactions, which were separated on agarose

gels and blotted onto Hybond N filters. The probe recog-

nizing the amplified sequence of AOC2 was generated

from the original AOC2 cDNA by PCR using the same

primers as in the RT-PCR reactions. Standard methods in

molecular biology were used in Southern blotting,

hybridization and autoradiography.

Enzyme assays

HEK293, HEK293-EBNA or CHO cells were transiently

transfected using the calcium phosphate and Fugene HD

(Roche Applied Science, Indianapolis, IN) procedures. For

the calcium phosphate procedure, 5–20 lg of AOC3 or

AOC2 cDNA in pcDNA3.1 was used for a 90-mm plate,

and the cultures were incubated at 5% CO2, ?37�C for 24–

48 h. With Fugene transfection reagent, 2 lg of DNA was

used for a six-well plate with 3–8 ll of the reagent. After

the incubation, the cells were harvested by short trypsina-

tion and lysed in a lysis buffer (10 mM Tris–HCl, pH 7.2,

?1.5 mM MgCl2 ?0.1% Nonidet P-40 (Fluka Chemie,

Buchs, Switzerland) in PBS or 0.2% Nonidet P-40 in PBS)

for 2 h at ?4�C with shaking. The soluble cell lysate was

obtained by centrifugation (30 min at ?4�C, 12,000g) and

collecting the supernatant. The transfection efficiencies

were assayed by immunofluorescent staining (see later).

SSAO activity of the cell lysates was measured using the

Amplex Red reagent (10-acetyl-3,7-dihydroxyphenox-

azine; Molecular Probes Europe, Leiden, The Netherlands).

In brief, 15–20 lg of cell lysates were preincubated in

Krebs–Ringer phosphate glucose (KRPG) 30 min at 37�C

with inhibitors (see below). The same amount of non-

transfected or mock transfected cell lysate was used as a

background control and the values were normalized to the

transfection efficiency of AOC2/AOC3. For the initial

AOC2 activity screen, the catalytic reactions were initiated

by addition of an amine substrate (methylamine, benzyl-

amine, 2-phenylethylamine, p-tyramine, tryptamine,

histamine, and spermidine at 1 mM concentration) together

with the H2O2-detecting mixture containing horseradish

peroxidase and Amplex Red reagent. Fluorescence inten-

sity of the samples was measured with Tecan ULTRA or

Unique substrate specificity of human AOC2 2745
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Tecan Infinite fluoropolarometer (excitation, 545 nm;

emission, 590 nm) using the linear range of increase in the

fluorescence intensity. H2O2 concentration was calculated

from calibration curves generated by serial dilutions of

standard H2O2. To evaluate the amount of H2O2 formed in

the SSAO mediated reaction, specific SSAO inhibitors

semicarbazide (100–1,000 lM) and hydroxylamine (5 lM)

were included in the control wells subjected to the same

treatment and these values were subtracted from the total

amount of H2O2 formed. In order to determine kinetic

parameters for AOC2 nine concentrations (0–10,000 lM)

of methylamine, benzylamine, 2-phenylethylamine,

p-tyramine and tryptamine were used, for AOC3 only

methylamine and 2-phenylethylamine were used. Data

from 2 to 4 experiments were used for analysis.

The relative activities of the AOC3 and the AOC3 triple

mutant (Met211Val-Tyr394Asn-Leu469Gly) transfected

HEK293-EBNA cell lysates were measured using 100 lM

methylamine, 0.5 mM benzylamine, 0.5 mM p-tyramine

and 5 mM phenylethylamine. In addition, the MAO

inhibitor clorgyline (1 mM) was included. To determine

the kinetic parameters of AOC3 and the AOC3 triple

mutant in methylamine and phenylethylamine oxidation,

five different concentrations of these substrates were used

(0–10,000 lM) as duplicates. Since high concentrations

of tyramine and tryptamine reduce the fluorescence in

Amplex Red assay, a series of standard curves (fluore-

scence versus H2O2) were generated with 10–10,000 lM

of the two substrates in order to determine the degree to

which fluorescence is reduced at each concentration and to

correct the values obtained from the assays. The standard

curves were prepared from four parallel measurements

with five different time points.

The kinetic data were fitted to Michaelis–Menten equa-

tion with or without substrate inhibition (f(x) = Vmaxx/

(Km ? (1 ? x/Ki)x and f(x) = Vmaxx/(Km ? x), respec-

tively; Equation 5.44 in [27]) by non-linear regression with

Graph Pad Prism (version 4; GraphPad Software, San

Diego, CA, USA). The substrate inhibition equation was

used when the parameters converged. Standard errors pre-

sented for the kinetic parameters are from the curve fitting.

The enzyme assays of tissue lysates were performed as

described above and the semicarbazide concentration used

was chosen to be such that no cross-inhibition of MAO-A

or MAO-B should happen. The protein concentration of the

lysate was measured with Bio-Rad DC Protein Assay (Bio-

Rad Laboratories, Hercules, CA).

Adhesion assay

Adhesion assays were performed as described [16]. In

brief, Ax cells were transfected with either AOC3 in

pIRES2-EGFP or AOC2 in pIRES2-EGFP. Cells were

plated on wax-pen circles in gelatin-coated microscope

slides and cultured to confluency. Lymphocytes were iso-

lated from healthy volunteers and 2 million cells were

applied to each circle in slides. After incubation (30 min,

60 rpm, ?7�C), the slides were washed and fixed. The

adhesion was analyzed with microscope by counting

lymphocytes bound to fluorescent cells in predefined areas.

Immunostainings

Fluorescence stainings of coverslip plated cells

HEK293 cells were grown on coverslips in a 24-well plate

and transfected with 0.25 lg of AOC2 in pcDNA3.1 (see

‘‘Enzyme assays’’). Cells for intracellular stainnings were

permeabilized with acetone. All cells were stained with the

rabbit anti-VAP polyclonal antibody or normal rabbit

serum (negative control). The slides were mounted

with Fluoromount-G (Southern Biotechnology Associates,

Birmingham, AL) and analyzed with a fluorescence

microscope (Olympus BX 60).

Immunohistochemistry

Acetone fixed frozen sections (5 lm) of retina, tonsil,

appendix, lymph node, liver, skin, and small intestine were

incubated with mAb 2D10 (recognizing only AOC3) or

polyclonal anti-VAP (recognizing both AOC2 and AOC3)

as primary antibodies and Alexa Fluor 405-conjugated

anti-rabbit Ig or Alexa Fluor 546-conjugated anti-mouse Ig

as secondary antibodies. Fluoromount-G was used as a

mounting medium. Analysis was made with either fluo-

rescence microscope (Olympus BX 60) or confocal

microscope (Zeiss LSM510 META). Formalin-fixed and

paraffin-embedded sections of human retina, optic nerve,

and optic tract were dewaxed with UltraClear (J. T. Barker,

Deventer, The Netherlands) and rehydrated in a series of

decreasing concentrations of alcohol. Antigen retrieval was

done by boiling in 0.01 M citric acid for 10 min and

endogenous peroxidase activity was removed by incubating

in PBS containing 0.3% H2O2. The sections were then

stained with mAb TK10-79 (detecting only VAP-1) and

polyclonal anti-VAP antibody. Class-matched negative

control antibodies and normal rabbit serum were used as

negative controls in all stainings. HRP conjugated rabbit

anti-rat and swine anti-rabbit immunoglobulins (Dako)

were used as secondary antibodies. For developing perox-

idase-mediated reaction 3,3-diaminobenzidine in TBS

containing 0.03% H2O2 was used. Finally, the slides were

counterstained with hematoxylin, dehydrated, cleared in

HistoClear (J. T. Barker) and mounted in DePex (VWR

International, Poole, England). The sections were analyzed

with Olympus BX 60.
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Flow cytometry

AOC2 transfected HEK293 cells (see ‘‘Enzyme assays’’)

were harvested, half of the cells were permeabilized with

acetone, and all were stained with the rabbit polyclonal

anti-VAP antibody or normal rabbit serum (negative con-

trol). The acquisition was done with FACScan�, and Win

MDI 2.8. was used for the analysis. To confirm the success

and the transfection efficiency of the AOC3 or mutant

transfections, a portion of the cells were stained with FITC

conjugated anti-VAP-1 monoclonal antibody TK 8-14

(2 lg/ml). An equal amount of 3G6-FITC against chicken

T cells was used as a negative control.

Homology modeling

The sequences of human AOC3 (VAP-1, Swiss-Prot

accession number Q16853) and human AOC2 (hRAO,

O75106) were aligned with the program MALIGN [28]

in the Bodil visualization and modeling package [29].

The structural models of AOC2 and the heterodimer were

constructed with the program MODELLER [30] based on

the alignment and the crystal structure of human AOC3

(PDB code 1US1; [18]). The topaquinone residues in

both AOC3 and AOC2 were modeled to iminoquinone

residues and rotated to a position equivalent to the

inhibitor-binding state in the crystal structure of the

E. coli amine oxidase in complex with 2-hydrazinopyridine

(ECAO; PDB code 1SPU; [31]). Ten different models of

AOC2 were generated and, after visual examination, the

one with the lowest value of the MODELLER objective

function was chosen for further analysis. The program

PROSAII [32] was used to evaluate the folding of the

model. In the AOC2 model, the side-chains of the amino

acids Asn464, His206 and Lys372 were rotated to attain

better interactions in the active site. Tyr384 in AOC3 and

Tyr378 in AOC2 were adjusted to resemble the rotamer

of Tyr381 in the ECAO-2-hydrazinopyridine complex

structure (1SPU), in order to give access to the active

site. The final AOC2 model was compared to the AOC3

crystal structure after superimposing them with the pro-

gram VERTAA [33]. Hydrogens were added to the

model and the crystal structure with the program

REDUCE [34]. The ligands were built with SYBYL� 7.0

(Tripos, St. Louis, Missouri, USA) and docked to the

crystal structure of AOC3 and the structural model of

AOC2 with GOLD [35, 36]. The ligands were covalently

connected to the N5 atom of the iminoquinone to sim-

ulate the substrate Schiff base intermediate in the

enzymatic reaction. Ten dockings with each ligand were

made, and the results with the highest fitness value

derived by GOLD were chosen. The figures were made

with PyMOL [37].

Co-immunoprecipitations

The full-length AOC3 cDNA was subcloned into a flag-

tagged vector pRK5flag, and the corresponding AOC2

cDNA was subcloned into a myc-tagged vector

pTB399myc [38] as C-terminal fusion proteins for

co-precipitations. HEK293 cells were co-transfected with

the two constructs or the corresponding empty vectors

(control) using calcium phosphate transfection. After an

overnight culture, the cells were washed in PBS and lysed

in 700 ll of ice cold lysis buffer [50 mM Tris–HCl, pH

7.2, 150 mM NaCl, 5 mM CaCl2, 5 mM MgCl2, 0.5%

NP-40 and an incomplete protease inhibitor cocktail (Roche),

1 mM Na3VO4, 10 mM NaF, 1 mM b-glyserophosphate].

After 5 min, the cells were scraped off and sheared through

a 27G needle. The lysates were clarified by centrifugation,

and pre-cleared by rocking for 20 min with 17.5 ll Protein

G beads. Thereafter, the supernatants were divided into two

aliquots and incubated with 17.5 ll Protein G beads toge-

ther with 5 lg of either the anti-flag mAb M2 (Sigma) or

the anti-myc mAb 9E10 (CRL1729 from ATCC) for 1 h

at ?4�C. After three washings with the lysis buffer,

Laemmli’s sample buffer containing 5% 2-ME was added

to the beads. After boiling, the immunoprecipitates were

resolved in 6-12% SDS-PAGE gels, and subjected to

immunoblotting with anti-flag and anti-myc mAbs using

ECL.

Statistical analysis

Data are shown as mean values ± SEM. Statistics were

performed using Student’s t test. Values of P \ 0.05 were

chosen as statistically significant.

Results

AOC2 mRNA is expressed in several human tissues

When searching for additional AOC3-related transcripts, a

human lung cDNA library was screened with a probe

created with PCR corresponding to the sequence between

nucleotides 38 and 808 of AOC3 cDNA sequence. Six

clones were obtained that represented a cDNA differing

from that of AOC3: two of them were found to represent a

130-bp shorter splice variant of AOC3 (manuscript in

preparation), and four were similar to the previously doc-

umented hRAO [20]. Sequencing of the clones revealed the

presence of two alternatively spliced transcripts (as also

reported earlier by [21]) differing in size by 81 bps and

producing open reading frames (ORFs) of 2,271 bp (splice

variant 1, sv1) and 2,190 bp (splice variant 2, sv2). Sv 1

produces the full length AOC2 protein, whereas sv2 gives

Unique substrate specificity of human AOC2 2747



rise to a 27-amino acid shorter polypeptide. The deleted

region in sv2 corresponds to the end of exon 2 of the AOC2

gene (Fig. 1a), which does not contain any of the func-

tionally important conserved sites found in the SSAO genes

(Electronic supplementary material, ESM, Fig. 1; for

review, see [39]).

Since we had cloned AOC2 from a human lung cDNA

library, it was evident that this molecule was more widely

expressed than previously reported. Further characteriza-

tion of the expression pattern of this transcript was

performed with PCR using commercial first strand cDNA

panels of adult human tissues and with RT-PCR of human

fetal RNAs. The results revealed the presence of AOC2

mRNA in several human tissues: of the adult tissues

studied, only placenta, spleen, small intestine, and colon

appeared to be devoid of the AOC2 transcripts. In thymus,

only the shorter isoform is transcribed and in testis, only

the larger one. In most tissues, however, both of the

alternatively spliced transcripts are present (Fig. 1b).

Because the AOC2 mRNA levels in the fetal tissues were

even lower than those in the adult tissues, the RT-PCR gels

themselves were further Southern blotted in order to

amplify the signal and verify the specificity of the bands

produced. All the fetal tissues examined contained AOC2

mRNA, and after normalization with the control beta-actin

RT-PCR, only the lung RNA seemed to contain slightly

higher amounts of AOC2 mRNA than the other tissues

(Fig. 1c). The method used does not, however, allow

absolute quantification of the mRNA abundance. There-

fore, the expression levels between the different tissues are

not directly comparable.

AOC2 is an enzymatically active cell surface SSAO

with distinct substrate specificity

To study the cellular localization of AOC2, both the

alternatively spliced variants of AOC2 were cloned into

pcDNA3.1 and transfected into HEK293 cells. The

expressed polypeptides were detected with a polyclonal

anti-VAP antibody, both on coverslip-plated cells using

fluorescence microscopy (Fig. 2a–d) and in FACS stain-

ings of harvested cells (Fig. 2e, f). The sv1 isoform was

found to be present on the surface of the cells (Fig. 2b, e),

but the shorter sv2 isoform, even though detectable in the

cytoplasm, was either not translocated to the plasma

membrane or the amounts present were below the detection

level (Fig. 2c, f). The sv2 isoform was therefore excluded

from further studies.

Since the regions important for the monoamine oxida-

zing properties of AOC3 [39] are conserved in AOC2, the

enzymatic activity of AOC2 was studied using the AOC2

sv1 transfected cells and the Amplex Red Assay. For initial

screening, several amine substrates were used in the assay

to detect the putative SSAO activity, i.e., whether AOC2 is

able to catalyze the reaction in which an amine is oxida-

tively deaminated into the corresponding aldehyde. The

highest activities were detected when using 2-phenyleth-

ylamine, tryptamine, or p-tyramine as a substrate (Fig. 3a).

In addition, since AOC2 could use benzylamine to a lesser

degree as a substrate than AOC3 and had practically no

enzymatic activity towards methylamine, the substrate

preference of AOC2 seemed to be distinctly different from

that of the highly homologous SSAO, AOC3 (Fig. 3b).

Neither AOC2 nor AOC3, however, could oxidize the

polyamine spermidine (data not shown) or histamine,

which is one of the substrates for the intracellular SSAO

diamine oxidase (DAO) [40, 41].

In order to examine the kinetics of the AOC2-based

SSAO activity in more detail, we also measured the

activities using several concentrations of each substrate

(Fig. 3c, Table 2). In addition, to be able to compare the

properties of AOC2 to those of AOC3 in cell lysates, we

also measured the kinetic constants for AOC3 using

methylamine and 2-phenylethylamine, the two substrates

that differed significantly between the two proteins in the

Fig. 1 Expression of AOC2 mRNA in adult and fetal human tissues.

a Schematic representation of the exon–intron organization of the

human AOC2 gene. The boxes represent the four exons of the gene.

50- and 30-untranslated regions (white) and translated regions (grey) as

well as the alternatively spliced region in the end of exon 2 (black) are

shown. The splicing out of the indicated region in exon 2 produces the

shorter isoform Sv2. b Commercial first strand cDNA panels were

used to determine the expression of AOC2 and GAPDH (control) in

adult human tissues by PCR. c RT-PCR analysis of nine fetal human

tissues was performed using AOC2 and beta-actin specific primers.

To further confirm the specificity of the resulting amplicons the blot

was hybridized with 32P-labeled cDNA probe recognizing AOC2. The

two alternatively spliced mRNA species are marked with arrows (sv1

and sv2)
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primary screen, but which do not interfere with the Amplex

Red assay as tyramine and tryptamine do (see ‘‘Materials

and methods’’; Fig. 3a, b, Table 2). When the kinetics was

compared, AOC2 showed higher activity towards 2-phen-

ylethylamine than AOC3 did (Km 77 and 1,940 lM,

respectively), the maximal rate of reaction (Vmax) for 2-

phenylethylamine being 2.5-fold higher in the AOC2

transfectants. The affinity of AOC2 towards methylamine,

on the other hand, was low since the Km of AOC2 for this

substrate was almost three times higher than that of AOC3

(Km 1,700 and 670 lM, respectively) and the Vmax was

only 6% of the rate seen with the AOC3 lysates. The

maximal rates of reaction with the best substrates tested—

2-phenylethylamine and tyramine for AOC2 and methyl-

amine for AOC3—were, however, of similar level.

As already suggested by the initial substrate screen, the

kinetic analysis verified that AOC2 is highly active towards

p-tyramine and tryptamine (Table 2). In contrast, the

seemingly low activity detected towards benzylamine

(Fig. 3a) seems to result from the low Vmax (11 nmol/mg

per h) since the measured Km is as low as 167 lM for this

amine.

The calculated Vmax/Km values, which give an indication

of substrate specificity, gave the highest value for AOC2 in

2-phenylethylamine and tryptamine oxidation (0.6 and 0.5,

respectively). These values are only 15 and 30% lower than

the corresponding value for AOC3 in benzylamine oxida-

tion (0.7; determined with HEK-EBNA transfectants;

H. Elovaara, unpublished results) but are both an order of

magnitude higher than that of AOC3 methylamine oxida-

tion (0.06). This further demonstrates that AOC2 differs

from AOC3 in substrate specificity.

In addition to being a SSAO, AOC3 is known for its

ability to support adhesion [15]. To study this possibility

Fig. 2 Expression of AOC2 in

HEK293 cells. Fluorescence

microscopy of AOC2

transfected HEK293 cells on

coverslips. a AOC2 Sv1

transfected cells (after

permeabilization). b AOC2 Sv1

transfected cells (non-

permeabilized, surface

staining). c AOC2 Sv2

transfected cells (after

permeabilization). d AOC2 Sv1

transfected cells (after

permeabilization). The cells

were stained either with

polyclonal anti-VAP antibody

(a, b, c) or normal rabbit serum

(control, d). The cell surface

expression of the AOC2

isoforms was determined also

by flow cytometry. e AOC2 Sv1

transfected cells. f AOC2 Sv2

transfected cells. The grey
histograms show the staining

with the polyclonal anti-VAP

antibody and the black
histograms the corresponding

control staining with normal

rabbit serum. Scale bar 100 lm

Unique substrate specificity of human AOC2 2749



with AOC2, we performed adhesion assays using AOC2

transfected endothelial Ax cells and human lymphocytes.

The cells were transfected with pIRES-AOC2 and pIRES-

AOC3 expression plasmids, which also produce, in addi-

tion to the corresponding SSAO protein, green fluorescent

protein (GFP), whereby the transfection efficiency of the

individual cells could be evaluated using fluorescence

microscopy. In these experiments, the cells expressing

AOC2 could not support adhesion in contrast to the cells

harboring AOC3 (data not shown).

Homology modeling and ligand docking reveal

structural differences between AOC2 and AOC3

To find a possible structural basis for the differences

detected between AOC2 and AOC3 in substrate preference,

homology modeling and ligand docking were performed.

Based on the model (Fig. 4a), AOC2 forms a heart-shaped

dimeric structure similar to that of AOC3 [18, 19]. The

AOC2 model has a 68% sequence identity with AOC3, and

the monomers superimpose with a root mean square

deviation (RMDS) of 0.91 Å. The active site in AOC3

seems to be much smaller than in AOC2 (Fig. 4b, c) and

many of the active site residues are not conserved between

these SSAOs (ESM, Table). In particular, the large side

chains of Met211 and Tyr394 in AOC3, which correspond

to Val205 and Asn388 in AOC2, affect the size of the

active site cavity. The substrate channel leading to the

active site in AOC3 is ‘‘guarded’’ by Leu469 and the side

chain of this amino acid has to rotate to allow access for

substrates to the active site [18]. In the AOC2 model, the

entry is not blocked in a similar way, since Gly463 allows

free access to the active site of AOC2 (Fig. 4b, c).

The docking experiments show that the aromatic ring of

benzylamine is positioned between Tyr384 and Leu469 in

AOC3 (Fig. 4d). In the AOC2 model, on the other hand,

benzylamine stacks only with Tyr378 and the aromatic ring

is not stabilized on the other side, since Leu469 is replaced

by Gly463 and the hydrophobic entity is missing (Fig. 4e).

2-phenylethylamine, p-tyramine, and tryptamine cannot be

docked in the same position in the AOC3 active site since

their hydrocarbon chains are longer with an additional

-CH2- group (Fig. 4f) and the aromatic ring crashes with

the surroundings. However, 2-phenylethylamine might fit

generously into the modeled active site cavity of AOC2,

adopting another favorable position in the extra space

generated from Leu469 to Gly463 substitution (Fig. 4g).

Based on our docking results the aromatic rings in

2-phneylethylamine and tryptamine are positioned in a

similar way, but the tyramine ring is flipped 90� in respect

Fig. 3 Substrate specificities of AOC2 and AOC3. The substrate

specificities were determined in fluorometric assays. The substrates

used were: MA methylamine; BZ benzylamine; TYR p-tyramine;

TRYPT tryptamine; PEA 2-phenylethylamine; and HIST histamine (all

as 1 mM). Results are shown as mean percentage of relative SSAO

activities ? SEM of four experiments, where 100% is the SSAO

activity obtained for the substrate with the highest activity. a The

AOC2 transfected cells. b The AOC3 transfected cells. c Kinetic

curves of AOC2. The derived kinetic constants are in Table 2
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to the docked 2-phenylethylamine ring because the

hydroxyl group in tyramine forms a hydrogen bond with

Lys372 in AOC2 (data not shown). Methylamine, on the

other hand, fits well into the active sites of both AOC3 and

AOC2. The smaller active site of AOC3, however, makes it

possible for methylamine to interact with the hydrophobic

side chains of Leu468 and Leu469. In the larger active site

of the AOC2 model, the side chains of the corresponding

residues, Val462 and Gly463, are smaller and therefore

methylamine could not form favorable hydrophobic inter-

actions with them.

To test the validity of the AOC2 model and the results

obtained from the modeling and docking studies, we gen-

erated an active site mutant for AOC3. To ensure a

measurable difference in substrate preference, an AOC3

triple mutant was designed in which the three large non-

conserved amino acids—Met211, Tyr394, and Leu469—of

AOC3, were mutated to the corresponding ones in AOC2

(Met211Val–Tyr394Asn–Leu469Gly, Fig. 4b, c). The

effect of the mutations on the enzymatic activity was tested

with four of the substrates (benzylamine, methylamine,

2-phenylethylamine, and p-tyramine). The substrate spec-

ificity of the triple mutant was clearly different from that of

the wild type AOC3 demonstrating decreased activity

towards methylamine and benzylamine (9 and 49% of the

wild type activity, respectively), but increased activity

towards 2-phenylethylamine (435%) (Fig. 4h). In the case

of p-tyramine, the activity of both tested lysates remained

close to the background level. To study the activity of the

triple mutant in more detail, we measured the activity of

the mutant using methylamine and 2-phenylethylamine, the

substrates shown to differ significantly between AOC2 and

AOC3, in five different concentrations, and determined the

kinetic constants for them (Table 2). The values obtained

confirm the results from the primary assay with a single

concentration and thus verify the importance of the amino

acids Met211, Tyr394, and Leu469 in defining the substrate

preference.

AOC2 cannot be detected without AOC3 in the tissues

studied

Due to the lack of monoclonal antibody that would spe-

cifically recognize AOC2 and the fact that the commercial

polyclonal AOC2 antibody used failed to recognize AOC2

in our experiments, we used combinations of earlier pro-

duced antibodies for AOC3, some of which were able to

detect AOC2 as well (Table 1), to study the localization of

the protein in vivo. Frozen sections of several human tis-

sues (retina, tonsil, appendix, lymph node, liver, skin, and

small intestine) were stained with a polyclonal antibody

recognizing both AOC2 and AOC3, and with a monoclonal

Table 2 Kinetic constants for AOC2, AOC3 and the AOC3 triple mutant M211V-Y394N-L469G

Construct/substrate Km (M) Vmax

(nmol H2O2/mg per h)

Ki (mM) Vmax/Km Percentage of

AOC3 Vmax(MA)

R2

CHO transfectants

AOC3

Methylamine 670 ± 45 39 ± 0.76 – 0.06 100 0.99

2-Phenylethylamine 1,940 ± 260 17 ± 1.0 – 0.009 44 0.97

AOC2

Methylamine 1,700 ± 710 2.4 ± 0.4 – 0.001 6 0.84

2-Phenylethylamine 77 ± 15 44 ± 2.5 80 ± 144 0.6 113 0.91

Benzylamine 167 ± 132 11 ± 2.2 89 ± 280 0.06 28 0.62

p-Tyramine 178 ± 51 43 ± 2.4 – 0.2 110 0.89

Tryptamine 56 ± 34 28 ± 3.2 32 ± 29 0.5 72 0.79

HEK-EBNA transfectants

AOC3

Methylamine 1,020 ± 92 62 ± 1.6 – 0.06 100 0.99

2-Phenylethylamine 8,340 ± 3,550 15 ± 3.7 – 0.002 24 0.98

M211V-Y394N-L469G

Methylamine 1,990 ± 149 14 ± 0.3 – 0.007 23 0.99

2-Phenylethylamine 478 ± 58 18 ± 0.5 – 0.04 29 0.99

The Km and Vmax values were calculated using hyberbolic non-linear regression for Michaelis–Menten equationa and, when the Ki value is

shown, with a Michaelis–Menten equation with substrate inhibitionb

a f(x) = Vmax x/(Km ? x)
b f(x) = Vmax x/(Km ? (1 ? x/Ki)x)
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antibody recognizing only AOC3 (data not shown and

Supplemental Fig. 2). Deducing from the fact that all the

cell types stained with the polyclonal antibody were also

recognized by the monoclonal AOC3-specific antibody,

AOC2 was not found to be present independently in any of

the tissues studied.

Since the only previously published information on

AOC2 at the protein level describes its presence in the

ganglion cell layer of mouse retina [22], we stained par-

affin-embedded samples of human retina with poly- and

monoclonal antibodies for AOC3 as described above

(Fig. 5). In contrast to the report on mouse, we could not

detect any staining of the human ganglion cell layer with

any of the antibodies available to us. The retinal capillaries,

on the other hand, were clearly positive with the antibodies

used. Since retina shows AOC2-like enzymatic activity

(see below) and the polyclonal anti-VAP antibody recog-

nizes AOC2, it strongly suggests that in humans AOC2 in

retina is expressed in the same cells as AOC3 in the

endothelium of the local vasculature.

AOC2-like SSAO activity is found in human eye

As AOC2 was, however, widely expressed at the mRNA-

level and, based on the antibody stainings, there was a

possibility that AOC2 is expressed in the same cells as

AOC3 in vivo, lysates from human tonsils, adipose tissue,

smooth muscle, and retina were used in an initial screen to

Fig. 4 Molecular modeling and

substrate docking of AOC2.

a The model of AOC2.

Monomers are colored orange
and green and the topaquinone

cofactors in both monomers are

drawn as blue spheres denoting

the active site locations. The

active site cavities are shown as

surface representations. The

access sites of the substrate

from the solvent are marked

with arrows. The comparison of

AOC2 and AOC3 active sites:

AOC3 structure b and AOC2

model c. The residues that are

described in the text are

indicated and the cavity is

shown as a surface

representation. Ligand docking:

in d and e the benzylamine

ligand (green) is docked as a

reaction intermediate into

AOC3 and into AOC2 active

site, respectively; in f (AOC3)

and g (AOC2), the docked

substrate is 2-phenylethylamine

(yellow). h Substrate

specificities of AOC3 (wild

type, white) and AOC3 M211V-

Y394N-L469G triple mutant

(black). Activity is described as

nmol of formed hydrogen

peroxide per mg of total protein

in cell lysate per hour. The

columns represent the average

of five experiments, and the

error bars SEM. *P \ 0.05
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look for AOC2-like SSAO activity in human tissues. Since

p-tyramine is a poor substrate for AOC3 and methylamine

is in turn not used by AOC2, these two amine substrates

were used in Amplex assays to dissect the individual

contribution of the two AOC proteins to the overall SSAO

activity. In these assays, the only tissue exhibiting any

enzyme activity towards tyramine was retina (data not

shown), which suggested that low levels of AOC2 protein

are likely to be present in this tissue. Since the AOC2-like

SSAO activity in the two retina samples studied differed

considerably (835 vs. 85 pmol/mg per h), additional

experimentation was carried out. Although difficult to

acquire for ethical reasons, we managed to obtain samples

of different structures of the eye to repeat the assay with

four new retina samples and to study the presence of SSAO

activity in the other structures of the eye available to us. In

these enzyme assays, the same individual variation in

AOC2-like SSAO activity between the retina samples was

found (Table 3). Interestingly, of the three ocular structures

studied, the highest SSAO activities towards p-tyramine

were found in the iris samples. The only structure where

the AOC2-like activity was higher than the AOC3-like

activity was, however, retina.

AOC2 is able to form heterodimers with AOC3 in vitro

AOC3 is known to be present on the cell surface as a

homodimer [42]. If AOC2 is indeed co-expressed with

AOC3 in vivo, as the data presented above suggest, hetero-

dimerization of these homologous proteins might occur and

even lead to changes in the cell surface expression and/or

function of these proteins. To address this possibility,

structural modeling of the putative heterodimer was per-

formed. Based on the model (Fig. 6a, b), only 44 residues

in the heterodimer interface are different compared with

the homodimers, which account for 18% of all substitutions

between AOC2 and AOC3. Thus, the majority of the

substitutions occur at positions remote from the dimer

interface. Most of the substituted residues in the dimer

interface are located in two regions: in the large central

cavity between the catalytic D4 domains (cyan in AOC2

and purple in AOC3) and in the arm that extends from one

monomer to the entrance of the substrate cavity of the other

monomer (green in AOC2 and orange in AOC3).

To explore the possibility of such heterodimerization in

vitro, co-immunoprecipitations were performed from lysed

HEK293 cells transfected with tagged AOC2 and AOC3

full length cDNAs (Fig. 6c). When myc-tagged AOC2 was

Fig. 5 Expression of AOC2 and AOC3 in human retina. Paraffin

sections of human retina were stained with a polyclonal poly-VAP

antibody detecting both AOC2 and AOC3 a or TK10-79 antibody

which detects AOC3 on paraffin-embedded sections b. c Negative

control antibody. The arrows point to the vessels with positive

staining. The ganglion cell layer is indicated

Table 3 SSAO activities in structures of human eye

Structure SSAO activity (pmol/mg per h)

MA TYR

Iris (n = 4) 2,250 ± 770a 510 ± 190

Choroid (n = 4) 1,100 ± 310 340 ± 140

Retina (n = 4) 180 ± 20 260 ± 260

a Mean ± SEM
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immunoprecipitated, the flag-tagged AOC3 was seen to co-

immunoprecipitate. Conversely, immunoprecipitation of

flag-tagged AOC3 co-precipitated the myc-tagged AOC2.

Control co-precipitations with the flag- or myc-tag plas-

mids without the insert confirmed the specificity of the

observed AOC2-AOC3 interaction. The upper AOC3 flag

band detected in blotting with the anti-flag antibody may

represent some precursor form of the molecule that is not

yet able to dimerize. Due to the unavailability of a specific

antibody recognizing human AOC2, we are unable to study

the heterodimerization with the corresponding endogenous

proteins in vivo. Unfortunately, the enzymatic activity of

the in vitro formed heterodimers proved to be impossible to

test as well, since the harsh protocol used in immunopre-

cipitation rendered even the homodimers enzymatically

inactive.

Discussion

AOC2 was originally cloned from a human retina cDNA

library and designated human retina-specific amine

oxidase, hRAO [20]. Amongst the tissues studied with

northern hybridizations, hRAO mRNA was detected only

in retina. The cloning of mouse RAO/AOC2, also from

retina, has also been published and its expression pattern

studied with quantitative PCR: when the expression levels

were compared to that in retina, low levels of mouse

RAO/AOC2 mRNA were detected in brain, heart, liver,

and testis, and none in lung and spleen [22]. In our study,

AOC2 was, however, cloned from a human lung cDNA

library—as well as from mouse lung mRNA (data not

shown)—and detectable amounts of AOC2 mRNA were

found in most of the human tissues studied using

RT-PCR. The transcription of AOC2 outside retina has

also been reported by Heniquez et al. who showed

expression of this gene in human adipocytes [24]. Fur-

thermore, data mining using the expression data set

generated by Su et al. in a large-scale microarray analysis

of human and mouse transcriptomes reveals that AOC2

mRNA is expressed in certain human tissues and cell

lines other than retina [43]. The HEK293 cells used here

in the transfection experiments do not, however, contain

transcripts of this gene.

Fig. 6 Heterodimerization of

AOC2 and AOC3. The

structural model of the AOC2/

AOC3 heterodimer from side

a and top b. The AOC2

monomer is colored in grey and

the AOC3 monomer in pink.

The dimer interface regions

containing most of the

differences compared to the

homodimers are colored as

follows: the region lining the

central cavity is cyan (AOC2)

and purple (AOC3), and the arm

close to the entrance of the

substrate cavity is green
(AOC2) and orange (AOC3). c
Lysates of HEK293 cells co-

transfected with myc-tagged

AOC2 cDNA, flag-tagged

AOC3 cDNA or with the

corresponding tagged empty

vectors in different

combinations were

immunoprecipitated with either

the myc antibody (3 lanes on the

left) or the flag-antibody (3

lanes on the right). The samples

were separated in SDS-PAGE,

blotted to nitrocellulose and the

detection was performed with

either the flag-antibody (upper
panel) or the myc-antibody

(lower panel). The size of the

AOC monomer and the

molecular weight markers are

indicated. Ig Immunoglobulin
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The higher expression levels reported for AOC2 in ret-

ina suggest that the role of this gene product is especially

important in the structures of the eye. We have in this study

shown for the first time that AOC2 has SSAO activity, and

that it preferably oxidizes aromatic amines. Since this

substrate preference of AOC2 differs from that of the more

widely and abundantly expressed AOC3, it is conceivable

that the different amine substrates present in the eye

necessitate the expression of a SSAO species that is spe-

cific for these particular amines. It has been reported, for

example, that a SSAO in bovine retina and choroid uses

dopamine as a substrate, whereas no activity towards this

substrate is detected in the iris or the optic nerve, where,

however, SSAO activity towards benzylamine is present

[44]. This suggests a differential tissue-specific substrate

pattern and thereby a specific SSAO expression profile in

these anatomically closely located cell types. Which bio-

logical amines are the true physiological substrates for each

individual SSAO species remains still largely unknown.

Despite the broad mRNA expression profile of AOC2,

its expression and function at the protein level was under

the detection limit of our methods in other organs apart

from the structures of the eye, although we used the sen-

sitive Amplex assay for detecting the enzymatic activity.

Moreover, the use of a polyclonal anti-VAP antibody

(against AOC2 and AOC3) together with an AOC3-specific

monoclonal antibody would have allowed the recognition

of AOC2, if it were present separately from AOC3. Based

on these results, we may speculate that there is a specific

need for AOC2 expression and enzymatic activity in the

eye. However, the lack of AOC2 in human ganglion cell

layer and its presence in the corresponding retinal layer in

the mouse remains an enigma.

We modeled AOC2 and docked the experimentally

tested substrates to the active sites of AOC3 and AOC2 in

order to recognize the characteristics in the binding mode

that account for their substrate preferences. Based on our

model, the active site cavity in AOC3 is in general much

smaller than in AOC2, which correlates with the preference

of AOC2 for larger substrates than AOC3. The preferred

substrates for AOC3, in turn, are methylamine and ben-

zylamine, which do fit easily into its small active site.

According to the AOC3 structure, Leu469 has an important

dual function in AOC3: it limits the access of the substrate

to the active site and stabilizes the binding of substrates

by hydrophobic interactions. In E. coli amine oxidase

(ECAO), there is a glycine instead of a leucine at the

entrance of the substrate channel [45] and it prefers

2-phenylethylamine, p-tyramine, and tryptamine like

AOC2 does. Since in our model for AOC2 the same amino

acid difference was detected, it is conceivable that the

change in this gate-keeper amino acid has an important

role in defining substrate usage. For example, due to the

substitution, methylamine cannot form hydrophobic inter-

actions in the modeled active site of AOC2, and thus it

cannot be used as a substrate even though it fits well into

the active site itself. Regarding the larger substrates,

2-phenylethylamine, p-tyramine, and tryptamine, AOC2 is

able to bind them in a manner not possible in AOC3, where

the binding is hindered mainly by Met211. The importance

of the size of the active site was further supported by the

fact that the Met211Val–Tyr394Asn–Leu469Gly AOC3

mutant with a larger active site than wild type AOC3 was

impaired in methylamine oxidation but had gained the

ability to use 2-phenylethylamine as a substrate.

In the proposed AOC2/AOC3 heterodimer model, the

two active sites would still retain their characteristic sub-

strate preferences; one of them has AOC2 selectivity and

the other one AOC3 selectivity. However, the arm that

protrudes from the AOC2 subunit to the active site opening

of the AOC3 subunit and vice versa has been suggested to

have a role in the selective entry of the substrates to the

active site [46], and, therefore, the entry of the substrates to

the active sites of the possible heterodimer might be

affected by this difference compared to the homodimers.

SSAO activity has been implicated in many pathological

conditions such as diabetes, chronic liver disease, and

congestive heart failure, in which an elevated serum SSAO

level has been detected [47, 48]. Recently, it has been

shown with knock-out and transgenic mice that AOC3

is responsible for the serum SSAO activity and that the

vascular endothelium is the major source of soluble

AOC3 in physiological conditions [2]. Since humans—like

rodents—lack a functional gene for a secreted amine oxi-

dase that is found in the genome of some other mammals

[49], it is reasonable to assume that the source of human

serum SSAO activity is also derived from proteolytic

cleavage of the cell surface associated SSAO AOC3. Due

to the fact that the expression of AOC2 seems to be con-

centrated in the eye, it is not likely that it contributes to the

total serum SSAO activity found in these disease states but

has a more local effect whereby the over-expression of this

SSAO could result in tissue destruction seen in ocular

pathologies like those in diabetic retinopathy.

A recently published study on endotoxin-induced uveitis

in rat shows that inhibition of VAP-1 (AOC3) suppresses

P-selectin expression in retinal endothelium and leukocyte

recruitment to the anterior chamber, vitreous, and retina.

[50]. Furthermore, blockade of VAP-1 also suppressed

choroidal neovascularization (CNV) through affecting the

recruitment of macrophages to the CNV lesion [51].

The existence of another SSAO in the eye with a distinct

substrate repertoire may thus have implications on the

strategies of inhibiting SSAO activity for therapeutic pur-

poses. The importance of the enzymatic activity of AOC2 in

disease processes requires further studies, and the structural
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characteristics depicted here will help in development of

specific inhibitors of SSAO activity discriminating between

the AOC3 and AOC2 members of the SSAO family.
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