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Abstract Kinetic measurements of a novel copper-

dependent amine oxidase, purified from rat liver mitochon-

dria matrix, were carried out using various substrates in a

large pH (5.6–10.2) and ionic strength range (5–200 mM), in

order to study the docking of substrates to the enzyme and, as

a consequence, to verify the physicochemical characteristics

of the active site. Relatively small changes of Vmax values

(approx. 2.5-folds) over the substrates tested, suggest that the

rate determining step of the catalysis is only slightly affected

by amine chemical structure. In contrast, the strong change

of KM and kc/KM values (approx. two orders of magnitude)

indicates electrostatic control of the docking process, since

the changes of KM and kc/KM values appear due to the

presence of positively charged groups in the substrate mol-

ecules. These results suggest the presence in the enzyme

active site of two negatively charged amino acid residues

which seem to interact with positively charged groups of the

substrate molecules. Analogies and differences with bovine

serum amine oxidase are also described.
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Abbreviations

Cu-AO Copper containing amine oxidases

BSAO Bovine serum amine oxidase

MMAO Mitochondrial matrix amine oxidase

SPM Spermine

SPD Spermidine

TPQ 2,4,5–Trihydroxyphenylalaninequinone

HEPES 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic

acid

MES 2-Morpholinoethanesulfonic acid

MOPS 3-[N-Morpholino]propanesulfonic acid)

HEPPS 3-[4-(2-Hydroxyethyl)-1-

piperazinyl]propanesulfonic acid

PUT 1,4-Diaminobutane (putrescine)

DIOXA 4,9-Dioxa-1,12-diaminododecane

Introduction

Copper containing amine oxidases (Cu-AO) represent a

heterogeneous class of enzymes classified as EC 1.4.3.6

[amine:oxygen oxidoreductase (deaminating) (copper-con-

taining)], widely distributed in mammals, plants and

microorganisms (prokaryotic and eukaryotic) (Knowles and

Dooley 1994; Agostinelli et al. 2010). There is an increasing

interest on this class of enzymes as they are involved in

polyamine metabolism and on many physio-pathological

processes (Petterson 1985; Agostinelli et al. 2004, 2007).

Many Cu-AOs have been purified to homogeneity and

characterized. In general, they are glycosylated homodimers
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of subunit size of 70–95 kDa, depending on the source. Each

monomer contains one Cu(II) and one quinone cofactor that

has been identified as 2,4,5-trihydroxyphenylalanine qui-

nine (TPQ) (Klinman and Mu 1994).

The oxidation of aromatic and aliphatic primary amines

by Cu-AOs produces the corresponding aldehyde, ammo-

nia and hydrogen peroxide, according to the following

equation:

R�CH2�NH3
þ þ O2 þ H2O

�������!Amine Oxidase
R�CHO

þ NH4
þ þ H2O2 ð1Þ

Despite their wide distribution, the physiological role of

Cu-AOs is still unclear. Anyway, in mammals Cu-AOs

activity appears to be altered in some pathological

conditions (Luhova et al. 1996; Rinaldi et al. 1985).

In the last years many kinetic studies were carried out

(Farnun et al. 1986; Hartmann et al. 1993; Palcic and

Klinman 1983; Bellelli et al. 1991; Medda et al. 1995;

Su and Klinman 1998; Bellelli et al. 2000; Bisby et al.

2000; de Vries et al. 2000) and provided an excellent

foundation for understanding the chemical steps of the

catalytic mechanism, which are the steps involved in the

breaking of C–H and C–N bonds of the substrate, and

the insertion of an oxygen atom. In contrast, only few

reports have been focused on the factors involved in the

recognition process between the substrates and the active

site of AOs (Bardsley et al. 1970; Bardsley and Ashford

1972; Hartmann and Klinman 1991; Equi et al. 1992;

Stevanato et al.1994; Di Paolo et al. 1995, 2003; Luhova

et al. 1996). In particular, in the case of bovine serum

amine oxidase (BSAO), one of the most studied amine

oxidases, an isotopic effect on kc and on kc/KM values was

observed using benzylamine, which is a poor, non-physi-

ological substrate of this enzyme. This effect indicates the

cleavage of the C–H bond as partially rate determining

step of the catalytic process (Palcic and Klinman 1983;

Hartmann et al. 1993; Klinman and Mu 1994). However, a

relatively small change of the kc values (less than a factor

of three) (Palcic and Klinman 1983; Hartmann and Klin-

man 1991; Stevanato et al. 1994) and a strong change of

KM (over three orders of magnitude) were observed using

various physiological substrates of BSAO. This behavior

strongly supports the importance of physical interactions in

the binding of the substrate to the enzyme since the

changes of KM values appear due to positively charged

groups within the substrate molecule, not involved in the

chemical step. In particular, the time course of, at least,

BSAO-catalyzed processes appear controlled by physical

rather than chemical factors (Di Paolo et al. 2003). There

are many other examples in this field and one of these is

the copper–zinc superoxide dismutase, which acts on the

superoxide ion at a rate controlled by electrostatic inter-

actions and not by the electron transfer process between the

copper ion and superoxide (Argese et al. 1987).

In a previous paper we reported on the purification of a

novel copper-dependent amine oxidase from rat liver

mitochondrial matrix (Cardillo et al. 2009). The aim of the

present work is the physico-chemical characterization of

the active site of this new enzyme in order to verify

similarity and the differences with BSAO, another mam-

malian copper containing enzyme, which shows high

activity toward the same natural substrates, i.e. spermine

and spermidine (Di Paolo et al. 2003; Agostinelli et al.

2010).

Materials and methods

All chemicals were of the highest available quality and

were used without further purification. In particular, sub-

strates used in this work were from Sigma–Aldrich (St.

Louis, MO, USA). Spectrophotometric measurements were

carried out with a Varian Cary 50 instrument.

Purification of amine oxidase in the soluble

mitochondrial fraction

Amine oxidase from rat liver mitochondria matrix

(MMAO) was purified as previously reported (Cardillo

et al. 2009).

Enzyme activity measurements

Activity measurements were carried out according to a

peroxidase-coupled assay (Stevanato et al. 1990) to con-

tinuously monitor the hydrogen peroxide produced during

the oxidation of polyamines used as substrates.

Enzyme stability as a function of pH was determined in

Britton–Robinson buffer, prepared by mixing 0.1 M boric

acid, 0.1 M acetic acid and 0.1 M phosphoric acid. KOH

(1 M) was added to achieve the desired pH.

In order to test whether variations of enzyme activity as

a function of pH could be ascribed to inactivation or

denaturation of MMAO during the measurements, the

enzyme was incubated, at room temperature, in 33 mM

Britton–Robinson buffer, at various pH in the range

5.0–8.5. Aliquots of protein solutions were withdrawn at

various times and their activity was measured at pH 7.0 in

the presence of 1 mM spermine and the half time of the

enzyme was calculated.

Unless otherwise specified, all experiments were carried

out in air-saturated solutions at room temperature

(37 ± 1�C) in the presence of 0.1 mM EDTA. Enzyme
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activity measurements as a function of ionic strength were

carried out by addition of concentrated solutions of NaCl,

KCl, NaClO4 and KClO4.

Data analysis

First-order (Vmax) and second-order (Vmax/KM) rate con-

stants were calculated from the Vmax and KM values,

obtained by non-linear best-fit of experimental data on

Michaelis–Menton equation, by assuming a MMAO

molecular mass of 130 kDa (Cardillo et al. 2009).

Experimental data were fitted using the Sigma Plot 3.0

program (Jandel Scientific, San Rafael, CA, USA).

Results

Stability of mitochondrial matrix amine oxidase

(MMAO) as a function of pH

In Fig. 1, where room temperature stability of MMAO as a

function of pH is reported, it results that the enzyme

appears to lose stability in the function of decreasing of

the pH. In particular, the enzyme is relatively stable at

pH values above 7.0 (t1/2 & 13.5 days), while at lower pH

values a slow exponential decay was observed. In the pH

range 6.0–5.0, the t1/2 of the enzyme drops by two orders of

magnitude and at pH 5.5 the calculated t1/2 was about 21 h,

considering that activity measurements were conducted

within 5 min, the decay of enzyme activity due to enzyme

inactivation was considered negligible at pH values above

5.5. Due to the rapid enzyme inactivation, activity mea-

surements were not carried out at pH values below 5.5.

Dependence of activity of MMAO on pH

The dependences of activity parameters, Vmax, KM and

Vmax/KM, of MMAO as a function of pH, in the pH range

5.6–10.2, were studied using spermine and putrescine as

substrates.

Apparently, the experimental data referred to Vmax do

not describe a classical bell-shaped behavior (Fig. 2),

according to the simplified scheme reported by Tipton and

Dixon (Tipton and Dixon 1979) and verified in the case of

BSAO (Di Paolo et al. 2003). As shown in Fig. 2, the

behavior was similar for the two substrates investigated, a

slightly decreasing trend increasing pH values, which does

not permit the correct determination neither of the pH

value of maximum activity, nor of the pKa values con-

trolling the pH dependence of Vmax. In particular, for both

substrates, a variation of Vmax values less than 15% in the

pH range 6.0–8.5 was observed, while a more marked

decrease of the catalytic activity at pH values above 8.5

occurred.

Conversely, for the same substrates, KM and, as a con-

sequence, Vmax/KM values are strongly influenced by pH

variations. The KM values of MMAO toward the two

substrates tend to increase in the whole pH range investi-

gated. In the case of spermine, KM extends from 2 lM at

pH 6.0 to 300 lM at pH 9.5, while for putrescine KM

ranges from 60 lM at pH 6.0 to 1,100 lM at pH 9.5. In the
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Fig. 1 Stability of MMAO as a function of pH. Aliquots of enzyme

solution were incubated, at room temperature, in Britton and

Robinson buffer at different pH values, then they were withdrawn

at various times and their enzymatic activity was measured in 33 mM

Britton–Robinson buffer equilibrated with air, at pH 5.0, in the

presence of 0.1 mM spermine as substrate

pH
5 6 7 8 9 10 11

V
m

ax
 (

µ M
 m

g-1
m

in
-1

)

0

20

40

60

80

100

120

140

Fig. 2 Enzyme activity (Vmax) as a function of pH using spermine

and putrescine as substrates. Experiments were carried out with

different buffers: MES in the pH range 5.6–6.1, MOPS at pH 6.6,

HEPES at pH 7.5, HEPPS at pH 8.3, Borate in the pH range 8.6–9.2

and sodium carbonate in the pH range 9.6–10.2. Amine oxidase

activity was spectrophotometrically determined as described in

‘‘Materials and methods’’. Symbols: open circle spermine, closed
circle putrescine
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logarithmic form (Fig. 3), a linear dependence of log(KM)

as a function of pH was observed (R [ 0.98), characterized

by a slope of ?0.69 and ?0.20 log(KM)/pH unit for

spermine and putrescine, respectively (Fig. 4).

The catalytic efficiency, Vmax/KM, of MMAO extends

from 100 lM min-1 at pH 6.0 to 0.2 lM min-1 at pH 9.5,

using spermine as substrate, while for putrescine Vmax/KM

ranges from 0.2 lM min-1 at pH 6.0 to 0.01 lM min-1 at

pH 9.5. For both the substrates considered, log(Vmax/KM)

shows a linear decrease with pH (R [ 0.99), the slopes

being about -0.75 and -0.26 log(Vmax/KM)/pH unit for

spermine and putrescine, respectively (Fig. 4).

All these results suggest the involvement of proton-

ation–deprotonation processes in the recognition process

between the enzyme active site and the substrate, but fol-

lowing a opposite trend with respect to BSAO; in fact in

this last case, within the same pH range, the slopes of the

graph reporting log(Vmax/KM) versus pH show positive

values (Di Paolo et al. 2003).

Dependence of kinetic parameters on substrate structure

The dependence of MMAO activity on substrate structure

has been studied using the amines reported in Table 1,

where the kinetic parameters for each amine, from the

initial rate measurements, are also reported.

Among the amines studied, it appears that the best fitted

(the one presenting the lowest KM and the higher Vmax

values) is spermine, followed by spermidine, as already

reported for BSAO. Furthermore, KM values of MMAO
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Fig. 3 Apparent enzyme affinity (expressed as log KM) as a function

of pH using spermine and putrescine as substrates. Experiments were

carried out with different buffers: MES in the pH range 5.6–6.1,

MOPS at pH 6.6, HEPES at pH 7.5, HEPPS at pH 8.3, Borate in the

pH range 8.6–9.2 and sodium carbonate in the pH range 9.6–10.2.

Amine oxidase activity was spectrophotometrically determined as

described in ‘‘Materials and methods’’. Symbols: open circle sperm-

ine, closed circle putrescine
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Fig. 4 Enzyme activity [expressed as log(Vmax/KM)]as a function of

pH using spermine and putrescine as substrates. Experimental

conditions were same as in Fig. 3. Symbols: open circle spermine,

closed circle putrescine

Table 1 Structure and chain length of amines used as MMAO

substrates

4.6 10.9 15.50

1 5 10 14 Position of atoms

Chain length (A)

H3N N
H2

H2
N NH3

10.9 8.8 8.0 10.1 spermine (SPM) 

H3N
NH3

1,12-diaminododecane

H3N O
O NH3

4,9-dioxa-1,12-diaminododecane 

H3N N
H2

NH3

9.8 8.4 10.8 spermidine (SPD) 

H3N
NH3

1,8-diamino-octane

H3N

10.6 1-aminononane 

H3N
10.8 1-aminobutane 

H3N NH3

10.9 9.0 1,3-diamino-propane

H3N
NH3

1,4-diamino-butane (PUT)

H3N

9.3 benzylamine
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toward spermine and spermidine appear almost similar to

those reported for BSAO (Di Paolo et al. 2003). From

Table 2 it appears that Vmax values of the analyzed substrates

differ less than threefolds (from 37 to 109 lM min-1 mg-1),

indicating that the chemical steps controlling this parameter

are relatively independent of the substrate structure. The

higher values of Vmax of SPM with respect to SPD could be

due to the symmetry of the SPM molecule bearing two

potentially reactive amino groups, instead of one, as in the

case of SPD. In fact the amino-propyl end of SPD could be

characterized by a much higher activity with respect to that of

the amino-butyl end.

The Michaelis constant (KM), and therefore the catalytic

efficiency (Vmax/KM), appear sensibly dependent on the

substrate structure. The Vmax/KM values increase approx. two

magnitude orders from putrescine to spermine; on the other

hand, diamines such as putrescine, 1,3-diaminopropane, 1,8-

diaminooctane, 1,12-diaminododecane and 4,9-dioxa-1,12-

diaminododecane show very similar values of Vmax and KM.

Furthermore, the enzyme shows un-determinable catalytic

parameters toward monoamines of short (butylamine, ben-

zylamine) and long (n-nonylamine) aliphatic chain.

In brief, the activity data for the investigated amines

can be grouped into four classes:

• spermine, which shows the highest catalytic constant

and the lowest Michaelis constant and, as a conse-

quence, the highest catalytic efficiency;

• spermidine, showing a catalytic efficiency approx. one

order of magnitude lower than that of spermine;

• diamines, such as 1,3-diaminopropane, 1,4-diaminon-

obutane, 1,8-diaminooctane, 1,12-diaminododecane,

4,9-dioxa-1,12-diaminododecane, which show similar

values of catalytic efficiency, approx. two orders of

magnitude lower than that of spermine;

• monoamines, such as 1-aminobutane, benzylamine and

1-aminononane, which show an un-determinable activ-

ity independent of the aliphatic chain length.

Therefore, conversely with data reported for BSAO,

MMAO shows an activity with respect to diamines but not

towards monoamines, but similar to BSAO, MMAO also

shows the favorable effect of positively charged groups of

the substrate on the enzyme-substrate interaction.

Dependence of Vmax and KM on ionic strength

The dependence of the kinetic rate constants, Vmax or Vmax/

KM, on ionic strength (I) at pH 7.0, at 37� C, was studied

using the same substrate reported in Table 1. Experiments

were carried out, in the I range 10–200 mM, by addition in

the assay mixture of concentrated solutions of NaCl, KCl,

NaClO4 and KClO4. No effect of the nature of the salt used

on enzyme activity was observed. The kinetic data were

analyzed according to the Debye Hückel equation (Atkins,

1986):

log k¼ log k0þ2CZaZb I1=2 ð2Þ

where k is KM, Vmax or Vmax/KM, Za and Zb are the charges

of the species involved in the formation of the enzyme-

substrate complex and k0 is the value of the constant, k, at

I = 0 and the constant C is:

C ¼ 1:82� 106 � q1=2ðeTÞ�3=2 ð3Þ

where e and q represent the dielectric constant and the

density of the medium, respectively (Leidler and Bunting,

1973). The constant C, in water and at 37�C, is 0.523 M1/2.

From the analysis of the kinetic data, obtained at various

ionic strength values, it appears that the Vmax values of the

tested substrates are almost independent of ionic strength,

while a strong dependence of KM and Vmax/KM was found,

see Table 3 where the slopes of the dependences of the

kinetic parameters versus I1/2 are reported.

In particular, a linear dependence of log(KM) and

log(Vmax/KM) on I1/2 was found for all the substrate stud-

ied. From these plots, the value of 2CZaZb for each

Table 2 Kinetic parameters of

MMAO substrates

The kinetic measurements were

carried out in 20 mM Hepes, pH

7.0. For the other experimental

conditions see ‘‘Materials and

methods’’

All the set of measurements

were run in triplicate

n.d. not determinable

Substrate Kinetic parameters

KM

(lM)

Vmax

(lM min-1 mg-1)

Vmax/KM

(min-1 mg-1)

Spermine 23 ± 16 109 ± 47 4.74

Spermidine 108 ± 23 68 ± 23 0.63

1,3-Diaminopropane 695 ± 266 37 ± 4 0.053

1,4-Diaminobutane (putrescine) 749 ± 197 40 ± 25 0.053

1,8-Diaminooctane 674 ± 216 55 ± 2 0.082

1,12-Diaminododecane 303 ± 41 41 ± 29 0.14

4,9-Dioxa-1,12-diaminododecane 636 ± 260 47 ± 6 0.074

1-Aminononane n.d. n.d. n.d.

1-Aminobutane n.d n.d n.d

Benzylamine n.d. n.d. n.d.
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substrate was calculated and reported in Table 3. The

2CZaZb values referred not only to Vmax/KM, but also to

KM, with the only difference of the change of sign, can be

grouped into three classes:

– Spermine and spermidine: 2CZaZb & -6;

– 1,3-diaminopropane, 1,4-diaminobutane, 1,8-diamino-

octane: 2CZaZb & -4;

– 1,12-diaminododecane, 4,9-dioxa-1,12-diaminodode-

cane: 2CZaZb & -2.

The substantially identical value of 2CZaZb & -4 for

the diamines, 1,3-diaminopropane, 1,4-diaminobutane, 1,8-

diaminooctane, suggests the possibility of an interaction

between two negative charges of the active site with two

positive charges of substrate. This hypothesis fits well also

for spermine and spermidine (2CZaZb & -6), where two

negatively charged residues in the enzyme active site can

interact with three positive charges of spermidine and

spermine, considering in this last case that the amino group

in position 14 does not interact with the positively charged

pocket of the active site for distance reasons, as already

found in the case of BSAO (Di Paolo et al. 2003). This

considerations appear confirmed by the data obtained for

1,12-diaminododecane and 4,9-dioxa-1,12-diaminodode-

cane, where the product of interacting charges is near to -2,

indicating the possible interaction of two positive charges of

the active site with the only one positively nitrogen group in

position 1 of the substrate, being, also in this case, the

nitrogen atom in position 14 too far from N1 site, and then

not sensed by the enzyme positively charged active site.

Discussion

In the previous paper (Di Paolo et al. 2003) we reported a

hypothetic BSAO active site model deduced by activity

measurements under different experimental physico-

chemical conditions and using, as substrates, amines

structurally related to spermine and spermidine, having the

highest affinity for the enzyme. The active site model

proposed was later substantially confirmed by spectro-

scopic (Di Paolo et al. 2007) and X-ray diffraction inves-

tigations (Lunelli et al. 2005), thus demonstrating

that information on chemical and structural active site

characteristics can be correctly inferred from kinetic

measurements.

With respect to BSAO, rat liver MMAO shows analo-

gies and differences which suggest some structural diver-

sities at the active site level (Table 4).

The Vmax versus pH behavior of MMAO appears

strongly different from that of BSAO: in the first case the

highest activity is not precisely definable being confined at

pH values B6, where enzyme stability is very poor. Fur-

thermore, Vmax values decrease very slowly at alkaline pH:

using spermine as substrate, &78% residual activity at

pH 9 was found, while in the case of BSAO residual

activity at the same pH value was &13% of that deter-

mined at optimum pH. The Vmax versus pH behavior of

MMAO could be explained as a classical bell shaped curve

as well, but it is characterized by a very large outline, not

completely determinable as a consequence of the low

enzyme stability at pH values \6 and [10. The hypothetic

pKa values of the protonated groups controlling the pH

dependence of the catalytic constant can be indicatively

positioned at pH values \6 and [8.5. These values appear

substantially different from those found for BSAO (6.5 and

7.5, respectively). Furthermore, MMAO shows a negligible

activity towards monoamines with short (1-aminobutane,

benzylamine) or long (1-aminononane) aliphatic chains,

suggesting the lack of the hydrophobic region found in the

BSAO active site (Di Paolo et al. 2003). This hydrophobic

region, confirmed by X-ray diffraction studies (Lunelli

Table 3 Slopes (2CZaZb) of the plots of kinetic parameters versus I1/2

Substrate Slopes of the dependences of the kinetic parameters vs. I1/2

(2CZaZb)

KM Vmax Vmax/KM

Spermine (SPM) ?6.3 ± 1.5 -0.6 ± 0.8 -6.0 ± 0.4

Spermidine (SPD) ?5.8 ± 1.0 -0.5 ± 0.3 -6.3 ± 0.7

1,4-diaminobutane (putrescine, PUT) ?4.2 ± 0.6 -0.1 ± 0.2 -3.9 ± 0.4

1,3-diaminopropane ?4.4 ± 0.4 -0.1 ± 0.3 -4.2 ± 0.1

1,8-diaminooctane ?3.7 ± 0.4 -0.7 ± 1.0 -4.2 ± 1.6

1,12-diaminododecane ?1.9 ± 0.6 ?0.2 ± 0.1 -1.7 ± 0.6

4,9-dioxa-1,12-diaminododecane (DIOXA) ?1.6 ± 0.4 ?0.2 ± 0.2 -1.7 ± 0.5

Amine oxidase activity was spectrophotometrically determined in according to Stevanato et al. (1990) in 1 ml 20 mM Hepes, pH 7.5, containing

3 mM N,N-dimethyl-aniline, 3 mM amino-phenazone, 0.4 lM horseradish peroxidase. Determination was carried out at 555 nm

Ionic strength was determined using different salts (NaCl, NaClO4, KCl and KClO4) in the concentration range 5–200 mM
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et al. 2005) and characterized by a dielectric constant

er & 10 (Di Paolo et al. 2007) could justify the narrow

Vmax versus pH profile of BSAO in comparison with that

found for MMAO. It is known, in fact, that acidic disso-

ciation constants, Ka, decrease lowering the dielectric

constant of the medium for acidic functional groups, but

increase for basic functional groups. As verified for BSAO

(Di Paolo et al. 2003), the two functional groups control-

ling the pH dependence of Vmax could be the same in the

two enzymes (carboxylic groups), but with very different

pKa values in relation to the different micro-environmental

dielectric constants.

As already reported for BSAO (Di Paolo et al. 2003), the

independence of Vmax values on ionic strength in compar-

ison to the strong dependence of Vmax/KM values suggests

that the oxidative deamination of amines by MMAO occurs

in two main steps: an initial step controlled by physical

factors, which supports binding of the substrate to the

enzyme active site, followed by a chemical step, during

which the complex enzyme–substrate evolves to the end

products. So, as for BSAO, also for MMAO, the chemical

step appears relatively independent of the substrate struc-

ture since the values of the kinetic rate constants (Vmax)

controlling this step lye in a relatively narrow range

(37–109 lM min-1 mg-1).

With regards to physical step of the enzyme process, the

strong dependence of KM and Vmax/KM values (more than

two magnitude orders) on the amine structure appears due

to the presence of positively charged N atoms in position 1,

5, 10. In fact, the strong dependence of KM and Vmax/KM on

ionic strength suggests that substrate binding is controlled

by electrostatic interactions between charges of opposite

sign and, in particular, between positive amine groups of

the substrate and negatively charged groups, indicatively,

carboxylic groups of the enzyme. In the case of spermine,

we must consider the interaction between the positively

charged N atom in position 1, 5 and 10, i.e., the same

amino groups of spermidine, and two negatively charged

residue of the enzyme.

These considerations support a model of MMAO active

site more simplified with respect to that reported for

BSAO.

The main characteristics of this model can be briefly

summarized as follows:

1. Two negatively charged carboxylic groups in the

enzyme active site interact with positively charged

amino groups of the substrate, positioned, in the case

of spermine and spermidine, in N1, N5, N10.

2. Linear a-x-diamines interact with the active site in the

same manner, independent of the aliphatic chain

length, indicating that at least one of the hypothesized

interacting carboxylic groups into the active site is

positioned at the end of a flexible chain, to adapt its

position in relation to the chain length of the substrate.

It is plausible to hypothesize that this characteristic

concerns the carboxylic group more distant from the

TPQ, being the one closest to TPQ aimed to accom-

plish the catalytic step. The gap between the two

extreme positions is about 6.3 Å, ranging from 4.6 Å

of the second amino group of 1,3-diaminopropane to

the 10.9 Å of the second amino group of 1,8-

diaminoctane.

3. According to this model, 1,12-diaminododecane and

4,9-dioxa-1,12-diaminododecane should not show

catalytic activity, being their interactions into the

active site similar to those of monoamines (only the

first amino group should interact). We hypothesize

that a second interaction could happen between the

x-amino group of these long diamines and a non-

charged group belonging to the enzyme active site,

localized about 15 Å apart from the reactive TPQ

cofactor. This hypothesis would also justify the

higher affinity toward the active site of spermine

when compared with spermidine, as found in MMAO

and in BSAO as well. The interaction could involve a

hydrogen bond or a charge–dipole interaction, which

is not dependent on ionic strength, the product being

2CZaZb = 0.

4. The MMAO active site neither seem to contain the

hydrophobic pocket described for BSAO (Di Paolo

et al. 2007), nor the protonated group assuming an

‘‘on/off’’ role in the docking of substrates (Di Paolo

et al. 2003).

Table 4 Main differences

between MMAO and BSAO

a According to Bellelli et al.

(2000)

Characteristic MMAO BSAO

Source Liver mitochondrial

matrix

Bovine serum

Molecular weight (kDa) 130 170a

Activity on monoamines No Yes

pKa of the more acidic residue in the active site \6.0 6.5

pKa of the more basic residue in the active site [8.5 7.5

Presence of a flexible chain ending with a carboxylic group Yes No

Presence of a hydrophobic pocket in the active site No Yes

Mitochondrial copper amine oxidase kinetics 719
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About the physiological role of MMAO, it is to consider

that in a previous paper, it was reported that the biogenic

amine, agmatine, is oxidized in liver mitochondria by

inducing an oxidative stress, responsible of the transition

pore opening (Battaglia et al. 2007). This effect has been

observed in this type of mitochondria (Battaglia et al.

2010) and has been attributed to the activity of MMAO

(Cardillo et al. 2009). Taking into account that the phe-

nomenon of pore opening is related to the activation of the

pro-apoptotic pathway, it is possible to state that MMAO

plays an important role in this process and, consequently,

in protecting the liver against neoplastic proliferation.
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