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a b s t r a c t Copper containing amine oxidases (Cu–AO) represent a heterogeneous class of enzymes classiﬁed as EC 1.4.3.6. The present study reports preliminary results on the presence of a novel amine oxidase activity in rat liver mitochondria lysates. Such enzymatic activity was found in the soluble mitochondrial fraction, obtained by simple osmotic shock. The mitochondrial amine oxidase was isolated by afﬁnity chromatography on a newly synthesised spermine–Sepharose. SDS–PAGE showed a single band at about 60 kDa. Upon chromatographic puriﬁcation, the enzymatic activity was very labile. The crude enzyme activity was tested by spectrophotometric measurements, determining hydrogen peroxide production following oxidative deamination of different substrates, such as polyamines (spermine, spermidine, putrescine and cadaverine) and monoamines (dopamine and benzylamine). The activity, observed on polyamines and not on monoamines, was inhibited by semicarbazide and azide, but not by pargyline, clorgyline and Ldeprenil. Enzyme speciﬁcity was tested on several diamines characterized by different carbon atom chain length in the range 2–6 carbon atoms. The highest activity was found with 1,2-diamino-ethane and the highest afﬁnity with 1,5-diamino-pentane. The above reported results suggest the presence of a novel copper-dependent amine oxidase in liver mitochondria matrix. Ó 2009 Elsevier Inc. All rights reserved.



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-containing)], widely distributes in mammals, plants and microorganisms (prokaryotic and eukaryotic) [1]. There is an increasing interest in this class of enzymes as they are involved in the polyamine metabolism that of many physio-pathological processes [2,3]. Many Cu–AOs have been puriﬁed to homogeneity and characterized. In general, they are glycosylated homodimers of subunit size about 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 quinone [4]. All Cu–AOs are inhibited by semicarbazide, as a result of a cofactor’s carbonyl group in the active site, and this characteristics is frequently used to distinguish these enzymes from the ﬂavin containing monoamine oxidases (MAOs), EC 1.4.3.4 [amine:oxygen oxidoreductase (deaminating)]. However, the substrate speciﬁcities of both classes overlap to some extent. The oxidation of aromatic and aliphatic primary amines by Cu–AOs produces the corresponding * Corresponding author. Fax: +39 049 8073310. E-mail address: [email protected] (F. Vianello). 0003-9861/$ - see front matter Ó 2009 Elsevier Inc. All rights reserved. doi:10.1016/j.abb.2009.03.006



aldehyde, ammonia and hydrogen peroxide, according to the following equation:



RCH2 NH2 þ O2 þ H2 O ! RCHO þ NH3 þ H2 O2 Three general classes of Cu–AOs have been described in mammals. One is found tightly associated with tissues, is active against monoamine substrates, and is commonly designated as semicarbazide-sensitive amine oxidase (SSAO). It must be noted that all Cu–AOs are inhibited by semicarbazide, so the designation of the tissue-associated amine oxidases as SSAOs is just formal. Another variety of Cu–AO is soluble, found in blood plasma, and is active against a wide range of mono-, di-, and aromatic amines. These enzymes are generally termed plasma amine oxidases, serum amine oxidases, or benzylamine oxidases, and are likely synthesized in the liver [5]. The third type of mammalian Cu–AOs is also soluble, but displays substrate speciﬁcity for diamines, and it therefore termed diamine oxidases (DAOs). These are also distinct in sequence homology from the soluble plasma and the membranebound Cu–AOs [6–8]. Despite their wide tissue distribution, the physiological role of Cu–AOs is still unclear. Anyway, Cu–AOs activity appears to be altered in some pathological conditions. Lewinsohn described changes in plasma SSAO activity in ﬁbrotic liver and in patients suffering from burns [9]. A decreased membrane-bound SSAO
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activity has been reported in chemically-induced rat breast cancer [10]. Furthermore, formaldehyde generation by SSAO in vascular tissues could be a potential risk factor for stress-related angiopathy [11]. To our knowledge, no data on copper containing amine oxidase activity in mitochondria are available in the literature. The results reported in the present work suggest the presence of a novel copper-containing amine oxidase in rat liver mitochondria matrix. Materials and methods All chemicals were reagent grade and used without further puriﬁcation. Spectrophotometric measurements were carried out using a Varian Cary 50 instrument (Palo Alto, CA, USA). Protein concentration was measured according to Bradford [12] using bovine serum albumin as a standard. Enzyme assays Activity measurements were carried out with a peroxidase-coupled assay [13] to continuously monitor the hydrogen peroxide produced during the oxidation of polyamines substrate. Speciﬁc activity (lM oxidized substrate min1 mg1 of protein) was measured at room temperature (22 °C), in 20 mM HEPES, pH 7.0, containing 3 mM N,N-dimethyl-aniline and 4 mM 4-amino-antipyrine, 0.5 lM horseradish peroxidase. If not otherwise speciﬁed, spermine (1 mM) was used as substrate. Under the same experimental conditions horseradish peroxidise catalytic activity was determined using variable concentrations of hydrogen peroxide. Inhibition of amine oxidase activity was carried by incubation, before the spectrophotometric determination, of the enzyme solution at 37 °C for 30 min in the presence of the following speciﬁc inhibitors: 4.2 mM semicarbazide; 4.2 mM Pargyline; 16.7 mM sodium azide; 0.33 mM Clorgyline; 3.33 mM L-Deprenil. L-malate and L-lactate dehydrogenase activity were tested on both the soluble mitochondrial matrix and the detergent solubilized membrane fractions, according to Wiseman et al. [14] and Gutmann and Wahlefeld [15], measuring spectrophotometrically the NADH formation, at 340 nm, following the oxidation of L-malic acid and L-lactic acid, respectively. Preparation of spermine–Sepharose Spermine–Sepharose was prepared from ECH–Sepharose (GEHealthcare, Italy) using carbodiimide chemistry as follows: ECH– Sepharose slurry (1 ml) was extensively washed with water. The gel was incubated in the presence of 0.1 M 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride (EDC) and 0.1 M N-hydroxy-succinimide for 1 h at room temperature in order to activate the terminal carboxylic groups of ECH–sepharose. At the end of the incubation time, the gel was rapidly washed with cold water and 0.1 M spermine–4HCl in water was added. The coupling reaction was allowed to proceed for 14 h, at 4 °C. Finally the spermine–Sepharose was washed with water and equilibrated with 20 mM HEPES, 0.15 M NaCl, pH 7.0. Puriﬁcation of amine oxidase in the soluble mitochondrial fraction Rat liver mitochondria (RLM) were isolated and puriﬁed according to Salvi et al. [16] and resuspended in a medium containing 250 mM sucrose, 5 mM 4-(2-hydroxyethyl)-1-piperazine-ethanesulfonic acid (HEPES), pH 7.4, at a concentration of 50 mg protein ml1. RLM resulted to be pure by electron microscopy (see Fig. 1). RLM were lysed with 5 volumes 20 mM HEPES, 0.1 mM



Fig. 1. TEM image of puriﬁed rat liver mitochondria incubated in standard medium. Scale bar, 1 lm. The inset shows a magniﬁcation having a scale bar of 200 nm.



ethylenediamine-tetraacetic acid (EDTA), 0.5 mM dithiothreitol (DTT), 0.1 mM phenylmethylsulphonyl ﬂuoride (PMSF), pH 7.0. The lysate was centrifuged at 1200 rpm for 5 min and mitochondrial membranes were separated from the soluble mitochondrial fraction. Soluble mitochondrial fraction was used as straight or stored at 80 °C. When necessary, pellets were re-suspended in 20 mM HEPES, pH 7.0, containing 0.4% Triton X-100, 0.1 mM EDTA, 0.1 mM PMSF and 0.5 mM DTT, in order to solubilize the membrane bound proteins. The suspension was incubated at 4 °C for 30 min in an endover-end mixer and centrifuged at 12,000g for 15 min to eliminate insoluble material. The crude soluble mitochondrial lysates were applied to a spermine–Sepharose column for puriﬁcation by afﬁnity chromatography. The column was previously equilibrated with 20 mM HEPES, 0.15 M NaCl, 1% b-octyl-glucopyranoside, pH 7.0. The elution was carried out with 20 mM HEPES, containing 15 mM spermine, 1% b-octyl-glucopyranoside, pH 7.5. Active fractions were pooled, concentrated by lyophilization and dialyzed overnight at 4 °C against 5 L of 20 mM HEPES, 0.15 M NaCl, pH 7.0. Polyacrylamide gel electrophoresis SDS–polyacrylamide gel electrophoresis was performed according to the standard Laemmli method [17] using a 10% acrylamide separating gel and a 5% acrylamide spacer gel in Tris–HCl buffer. After electrophoresis, gels were stained for protein determination with Coomassie brilliant blue R-250. Electron microscopy Samples of mitochondrial suspension (1 mL) were centrifuged at 13,000g. The pellets were ﬁxed in 2.5% glutaraldehyde, postﬁxed in 1% OsO4 in 0.1 M cacodylate buffer, embedded in Epon 812 resin and then prepared according to standard procedures
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Fig. 2. SDS–polyacrylamide gel electrophoresis of amine oxidase activity of the rat liver soluble mitochondrial fraction. Lane 1: enzyme after afﬁnity chromatography on spermine–Sepharose; lane 2: crude extracts of mitochondrial membrane; lane 3: molecular weight markers.



for transmission electron microscopy (TEM). The images were obtained by a Hitachi H600 instrument. Results and discussion Puriﬁcation and characterization of mitochondrial matrix amine oxidase As described in the Methods section, rat liver mitochondria, isolated and carefully washed, were lysated by simple osmotic shock in a hypotonic solution, in the presence of PMSF and EDTA as protease inhibitors. Membranes were pelleted by centrifugation and the soluble fraction was used for further experiments. As mitochondrial matrix enzyme marker L-malate dehydrogenase was chosen [18]. Soluble mitochondrial fraction was checked for L-malate dehydrogenase activity, that resulted 221 lM min1 mg1. L-lactate dehydrogenase activity was determined as cytosolic marker, and it resulted 2.7 lM min1 mg1. Conversely solubilized membrane fraction did not show any L-malate and L-lactate dehydrogenase activity (85% (n = 3). Unfortunately the puriﬁed enzyme showed very low stability and the enzyme activity decreased to almost zero within 24 h (ﬁrst order kinetic constant = 6.2 ± 0.4 h1, n = 5). Work is in progress to identify the best experimental conditions to stabilize the enzyme in solution. Amine oxidase activity was checked also on the mitochondrial membrane fraction, previously solubilized in 20 mM HEPES, pH 7.0, containing 0.4% Triton X-100, 0.1 mM EDTA and 0.5 mM DTT, as described in the methods. This fraction showed an amine oxidase activity both on spermine and on putrescine, but not on spermidine (see Table 1). The activity on these substrates was 30–40-folds lower than that observed on the soluble mitochondrial fraction. Furthermore, the membrane fraction showed a higher enzymatic activity on monoamines, such as benzylamine and dopamine. A low activity was also observed on putrescine. Sensitivity to inhibitors In order to characterize the nature of the enzyme responsible for the amine oxidase activity on the water soluble mitochondrial fraction, experiments with typical inhibitors of copper-dependent amine oxidases (Cu–AOs) (semicarbazide and sodium azide) [2,3,20], and of ﬂavin dependent monoamine oxidases (MAOs)



Table 1 Kinetic parameters of the amine oxidase activity measured on the soluble and membrane fractions of rat liver mitochondria lysates. Substrate



Spermine Spermidine Putrescine Benzylamine Dopamine



Mitochondrial matrix



Membrane fraction



KM (lM)



Vmax (lM min1 mg1)



Vmax/KM (min1 mg1)



KM (lM)



Vmax (lM min1mg1)



Vmax/KM (min1 mg1)



110 ± 12 283 ± 30 5700 ± 920 n.d. n.d.



162.0 ± 12.2 4.8 ± 1.3 12.6 ± 3.2 n.d. n.d.



1.5 0.02 0.002 — —



37 ± 4 n.d. 108 ± 9 594 ± 61 740 ± 81



4.2 ± 1.1 n.d. 0.4 ± 0.1 240 ± 32 370 ± 27



0.11 — 0.003 0.4 0.5



Amine oxidase activity was spectrophotometrically determined according to Stevanato (Stevanato, 1990) in 1 mL of 20 mM HEPES, pH 7.5, containing 3 mM N,N-dimethylaniline, 3 mM amino-phenazone, 0.4 lM horseradish peroxidase. Determination were carried out at 555 nm. Data represent the means of 5 experiments ± standard deviation. The ratio Vmax/KM was calculated using the mean values of Vmax and KM.
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control pargyline semicarbazide clorgiline sodium azide L-deprenil



100



50



Table 2 Kinetic parameters of the amine oxidase activity of the mitochondrial soluble matrix as a function of the carbon atom chain length of diamines used as substrates. Substrate



KM (lM)



Vmax (lM min1 mg1)



Vmax/KM (min1 mg1  103)



H2N–(CH2)2–NH2 H2N–(CH2)3–NH2 H2N–(CH2)4–NH2 H2N–(CH2)5–NH2 H2N–(CH2)6–NH2



10400 ± 980 6800 ± 560 5700 ± 920 40 ± 5 750 ± 48



80.0 ± 11.1 14.0 ± 1.6 12.6 ± 3.2 5.4 ± 1.8 48.0 ± 6.2



7.7 2.1 2.2 135.0 64.0



Amine oxidase activity was spectrophotometrically determined according to Stevanato (Stevanato, 1990) in 1 mL of 20 mM HEPES, pH 7.5, containing 3 mM N,Ndimethyl-aniline, 3 mM amino-phenazone, 0.4 lM horseradish peroxidise. Determination were carried out at 555 nm. Data represent the means of 5 experiments ±standard deviation. The ratio Vmax/KM was calculated using the mean values of Vmax and KM.



0 Fig. 3. Effect of typical inhibitors of Cu–AOs and of MAOs on the amine oxidase activity present in the soluble fraction of rat liver mitochondria. Measurements were carried out by spectrophotometry as described in Methods using 1 mM spermine as substrate, in 20 mM HEPES, pH 7.0. Mitochondrial fraction was previously incubated in the presence of inhibitors at 37 °C for 30 min. Inhibitor ﬁnal concentrations were: 4.2 mM semicarbazide, 4.2 mM Pargyline, 16.7 mM sodium azide, 0.33 mM Clorgyline, 3.33 mM L-Deprenil. Data (relative activity %) were normalized with respect to the mean of 5 measurements. Error bars are standard deviations.



(pargyline, clorgyline and L-deprenil) [21] were carried out. Fig. 3 reports the relative effect, with respect to control experiments, of different inhibitors on the enzymatic activity. It appears that a small, if any, effect was observed in the presence of typical MAOs’ inhibitors, while a strong inhibitory effect was observed in the presence of semicarbazide and sodium azide. Further experiments with inhibitors were carried out to evaluate the amino oxidase activity of the solubilized membrane fraction of rat liver mitochondria. In this case, using spermine and benzylamine as substrates, amine oxidase activity decreased to 43% and 30%, respectively, when samples were previously incubated in the presence of 4.2 mM pargyline. These results suggest the presence of a copper-dependent amine oxidase in the soluble mitochondrial matrix and conﬁrm a mitochondrial membrane-bound MAO activity. Substrate speciﬁcity Polyamines, such as spermine, spermidine and putrescine, and monoamines, as dopamine and benzylamine, were used as substrates. Amine oxidase activity, following a saturation behaviour as a function of substrate concentration, was observed only with polyamines. While no enzymatic activity was observed with benzylamine and dopamine. The non-physiological amine benzylamine was chosen as it has been widely used as substrate in studies of Cu–AO enzymes from plasma and tissues of several organisms. Table 1 reports the kinetic parameters of this enzymatic activity. It should be observed that amine oxidase activity of the soluble mitochondrial fraction showed a substrate inhibition at polyamine concentration above 0.5 – 1.0 mM (data not shown). As shown in the Table, the highest enzymatic activity, under saturating conditions, was observed with spermine, while with spermidine the enzyme showed an activity about 30 times lower. Toward putrescine, the enzyme showed an activity about 2.5 times higher than that on spermidine, but the KM value was in the millimolar range. Furthermore, substrate speciﬁcity of the amine oxidase activity of the soluble mitochondrial fraction was studied using, as substrates, diamines with different carbon atom chain length. Table 2 reports KM, Vmax and catalytic efﬁciency values, Vmax/KM, toward these substrates. Substrate afﬁnity increases with diamine chain length up to the 5 atom diamine (KM values decreased from about 10 mM to 40 lM increasing the diamine chain length from 2 to 5 carbon atoms), but using 1,6-diamino-



hexane it increased to 750 lM. The same behaviour was observed for Vmax values. A decrease from 80 to 5.4 lM min1 mg1 was found increasing the substrate chain length from 2 to 5 carbon atoms, while Vmax increase to 48 lM min1 mg1 with 1,6-diamino-hexane. It is interesting to note that the catalytic efﬁciency, Vmax/KM, shows its maximum value using cadaverine (1,5-diaminopentane) as substrate, but also 1,6-diaminohexane appears to be a suitable substrate under ﬁrst-order kinetic conditions. Ionic strength effect Preliminary studies on the effect of ionic strength on amine oxidase activity of the mitochondrial soluble fraction were carried out using saturating concentration of substrate (1 mM spermine and spermidine). The ionic strength was varied by addition of 2 M NaCl and KCl, in the ﬁnal concentration range 0 - 100 mM, in 20 mM HEPES, pH 7.5. A strong effect of salt concentration was observed with both substrates and the enzyme activity decreased to almost zero at ionic strength >0.1 M. Experimental data were analyzed according to the Debye Hückel equation [22]:



log V max ¼ log V max o þ 2C  Z a  Z b  ðIÞ1=2 where Vmax o is the value of the Vmax at I = 0, the constant C is about 0.5 at 22 °C, and Za and Zb are the charges of the species involved in the rate-determining step of the catalyzed reaction [23]. Plotting log (Vmax) as a function of (I)1/2, a straight line was obtained (r > 0.98) for each of the two substrates checked, spermine and spermidine. From the slopes, which correspond to 2  C  Za  Zb, a value of 6 as product of interacting charges, Za  Zb, was calculated. These results suggest the involvement in the catalytic step of differently charged species on both the enzyme and the substrate. The comparison of this behavior with that of other mammalian amine oxidases, such as the bovine plasma enzyme [24] shows that, conversely, in the latter a negligible effect of ionic strength was observed on the catalytic constant (Vmax), while the effect is evident on the Michaelis constant, KM, and, as a consequence, on the catalytic efﬁciency, kc/KM. Furthermore, the amine oxidase activity of rat liver mitochondrial matrix appears more strongly dependent (about 2-fold) on ionic strength when compared with the behavior of bovine amine oxidase [24]. These preliminary data should suggest that, while in the case of the bovine plasma enzyme the charge interactions regulate the formation of the enzyme–substrate complex, the mitochondrial amine oxidase appears to be affected by salts in the rate determining catalytic step. As a consequence, the ketimine–aldimine step, reported by Mure as rate determining in the bovine plasma amine oxidase mechanism [25], should appear to be not rate determining in the mitochondrial enzyme. In fact, the ketimine–aldimine isomerization does not involve charge interactions.
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Further experimental work is needed to elucidate structure– function relationships of the mitochondrial enzyme and its substrates. Conclusions An amine oxidase activity suggesting the presence of a novel copper dependent amine oxidase was found in rat liver mitochondrial matrix. The enzymatic activity seems to be restricted to diand poly-amines. With respect to diamines, it depends on the substrate carbon atom chain length, being the highest values observed with 5 atoms. Activity measurements at different ionic strength values suggest enzyme–substrate interactions and catalytic mechanism different to those found in bovine plasma amine oxidase. Indeed these results allow a clearer explanation to data concerning the activity of a mitochondrial diamine oxidase. In fact, it has been reported in previous that the diamine agmatine is able to induce the phenomenon of mitochondrial permeability transition (MPT) in rat liver mitochondria through its derivative species [26]. To explain this observation the authors proposed the presence of an unknown diamine oxidase able to oxidize agmatine. The presence of this oxidase, never described before in mitochondria, would also help to elucidate the mechanism of mitochondrial-mediated apoptosis induced by agmatine in rat hepatocyte cultures [27]. Acknowledgments We would like to thank Dr. Estella Musacchio for support and fruitful discussions. References [1] C.W. Tabor, H. Tabor, Annu. Rev. Biochem. 53 (1984) 749–790. [2] P.F. Knowles, D.M. Dooley, Metal Ions Biol. Syst. 30 (1994) 362–403.
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