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Abstract 
The copper-containing quinoenzyme semicarbazide-sensitive amine oxidase (EC 
1.4.3.21; SSAO) is a multifunctional protein. In some tissues, such as the endothelium, it 
also acts as vascular-adhesion protein 1 (VAP-1), which is involved in inflammatory 
responses and in the chemotaxis of leukocytes. Earlier work had suggested that lysine 
might function as a recognition molecule for SSAO/VAP-1. The present work reports the 
kinetics of the interaction of L-lysine and some of its derivatives with SSAO. Binding 
was shown to be saturable, time-dependent but reversible and to cause uncompetitive 
inhibition with respect to the amine substrate. It was also specific, since D-lysine, L-lysine 
ethyl ester and ε-acetyl-L-lysine, for example, did not bind to the enzyme.  The lysine-
rich protein soluble elastin bound to the enzyme relatively tightly, which may have 
relevance to the reported roles of SSAO in maintaining the extra-cellular matrix (ECM) 
and in the maturation of elastin.  Our data show that lysyl residues are not oxidized by 
SSAO, but they bind tightly to the enzyme in the presence of hydrogen peroxide. This 
suggests that binding in vivo of SSAO to lysyl residues in physiological targets might be 
regulated in the presence of H2O2, formed during the oxidation of a physiological SSAO 
substrate, yet to be identified.  
 

Keywords: Semicarbazide-sensitive amine oxidase (SSAO), Vascular-adhesion protein 1 
(VAP 1), L-Lysine, Elastin, Hydrogen peroxide. 

Abbreviations: ECM, extracellular matrix; SSAO, semicarbazide-sensitive amine 
oxidase; VAP, vascular-adhesion protein. 
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1. INTRODUCTION 
 
Semicarbazide-sensitive amine oxidase (SSAO) is a common name for primary-amine 
oxidase (EC 1.4.3.21), which was previously classified with a group of other enzymes as 
EC 1.4.3.6 [1]. It is a copper-containing quinoprotein that catalyses the oxidative 
deamination of endogenous and exogenous primary amines, according to the overall 
reaction: 

     

RCH2NH2 + O2 + H2O              RCHO + NH3 + H2O2 
 
SSAO is known to be associated with cell membranes and blood vessels in mammalian 
species [2]. SSAO is a large, dimeric, type II transmembrane protein, with a very small 
intracellular domain and a large glycosylated extracellular domain containing the 
catalytic centre [3]. A soluble form of the enzyme also exists, circulating in plasma , 
which appears to be the result of proteolytic cleavage of membrane bound SSAO and it is 
likely that several tissues may contribute [4,5]. In humans SSAO is present in most 
organs and tissues, especially in vascular endothelial and smooth muscle cells, adipocytes 
and the umbilical cord, although it is absent from brain [6]. In addition to its amine 
oxidase functions, which include activities towards a number of endogenous and 
xenobiotic amines [7] SSAO appears to be involved in several different cellular processes 
[8]. In some tissues SSAO functions as a vascular adhesion protein, VAP-1, that mediates 
the slow rolling and adhesion of lymphocytes to endothelial cells [9]. The nature of the 
target site on lymphocytes to which endothelial SSAO/VAP-1 binds is unknown. Cell-
surface amino sugars might be possible candidates since they have been shown to interact 
with SSAO [10] in a process that required hydrogen peroxide, with that formed during 
substrate oxidation being most effective. However, cell-surface amino sugars are 
generally N-acetylated and the free amine group has been shown to be necessary for 
binding [11]. In preliminary studies, we have shown L-lysine to behave in a similar 
manner to the amino sugars, inhibiting SSAO/VAP-1 in the presence of the H2O2 
generated during benzylamine oxidation [12]. The present work was designed to extend 
those observations, using kinetic and binding assays. The behaviour of some lysine 
derivatives and lysine containing peptides was also investigated, in particular that of the 
lysine-rich protein soluble elastin. Cross-link synthesis in elastin and in collagen involves 
oxidative deamination of lysine residues by another copper-containing amine oxidase, 
lysyl oxidase (E.C. 1.4.3.13). SSAO, although a copper containing enzyme and having a 
TOPA-quinone as a cofactor, is distinct from lysyl oxidase as SSAO is extractable with 
detergents such as Triton X-100, has a molecular mass near 180 kDa, and it has not been 
reported yet to act on the soluble precursor of elastin, tropoelastin [13]. In a study by 
Langford et al. [14] rats were treated acutely or chronically with either semicarbazide or 
the more potent and selective SSAO inhibitors, such as allylamine derivatives. Treatment 
with these compounds produced acute and chronic lowering of SSAO activity in aorta 
and lung with little effect on the activity of lysyl oxidase, along with lesions consisting of 
striking disorganization of elastin architecture within the aortic media. This suggested a 
role for SSAO in connective tissue matrix development and maintenance, and specifically 
in the development of mature elastin [14]. cDNA studies on recombinant tropoelastin 

SSAO 
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confirmed that the structure of tropoelastin  consists of alternating hydrophobic and 
crosslinking domains. In the crosslinking regions, the lysine residues usually occur in 
pairs, or triplets (near the central part of the molecule) among clusters of alanine residues 
[15]. To better understand the mechanism through which SSAO is involved in the 
maturation of elastin, it was decided for the present work to undertake a series of kinetic 
and binding studies focused on the interactions between bovine plasma SSAO and 
commercially available soluble elastin. 
 

2. MATERIALS AND METHODS 
 
2.1 Materials 
Bovine plasma SSAO was purified by an adaptation [16] of the chromatographic 
procedure of Wang et al. [17]. For binding assays a preparation of SSAO by the supplier 
BioVar Ltd, Yerevan, Armenia, was also used. L-lysine, poly-L-lysine hydrobromide (Mr 

range =1000 to 5000) and soluble elastin, purified from bovine neck ligament by the 
method of Partridge et al. [18,19], were purchased from Sigma-Aldrich. Amplex Red 
reagent was purchased from Invitrogen. Other enzymes and chemicals used in this study 
were obtained from Sigma-Aldrich. 
 
2.2 Enzyme Assay procedures 
All assays were performed at 37 oC. SSAO activity towards benzylamine was assayed by 
a modification of the direct spectrophotometric method of Tabor et al. (1954) [13]. The 
standard reaction mixture contained 200 mM potassium phosphate buffer, pH 7.2, and 
0.010 mg/ml SSAO (final concentration). The reaction was initiated by the addition of 
the substrate benzylamine and the rate of change of absorbance, at 250 nm, was 
monitored, using a Cary 300-Bio spectrophotometer. The molar extinction coefficient for 
benzaldehyde is 13800 M-1 cm -1 [20].  

The oxidation of methylamine was determined spectrophotometrically by coupling 
the formation of formaldehyde to the reduction of NAD+ in the presence of formaldehyde 
dehydrogenase  (FDH) [21]. The reaction mixture contained, in a total volume of 1 ml, 
0.1 unit of formaldehyde dehydrogenase, 200 µM NAD+, 20 mM methylamine and in 1 
ml 200 mM potassium phosphate buffer, pH 7.2. The formation of NADH was followed 
on a Cary 300-Bio spectrophotometer at 340 nm.  

The formation of H2O2 was determined spectrophotometrically [22] or 
fluorimetrically [23] For the spectrophotometric method a chromogenic solution was 
prepared as previously described [22]. Reactions were followed using a SpectraMax 
340PC microplate reader at 498 nm. The molar extinction coefficient for the dye 
produced is 4654 M-1 cm-1. The fluorimetric assays were run in a Spectramax Gemini EM 
Fluorimeter, at a constant temperature of 37 oC, in 96-well plates, each well containing 
0.5 U/ml horseradish peroxidase and 50 µM Amplex Red, in 200 mM potassium 
phosphate buffer, pH 7.2 and a final assay volume of 200 µl. The wavelengths were set at 
550 nm (excitation) and 585 nm (emission). 

When L-lysine was assayed as potential SSAO substrate, by both the fluorimetric 
and the spectrophotometric H2O2 detection methods, six groups were assayed for each 
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run: one contained buffer plus SSAO (0.005, 0.010, 0.015 mg/ml, final concentration), a 
second contained buffer and L-lysine (0.25, 1, 2 and 4 mM), in group 3, 4 and 5 each of 
the three concentrations of the enzyme as indicated above were assayed in the presence of 
the four concentrations of lysine. The control contained 0.005 mg/ml SSAO and its 
substrate, benzylamine (1 mM). The detection limit for this assay has been reported to be 
about 5 nM H2O2 [23]. 
 

2.3 Inhibition studies 
Reversibility of inhibition was assessed by dilution. The enzyme (protein concentration, 
0.1 mg/ml) and the inhibitor were preincubated until inhibition was essentially complete 
(>90 %), using previous time-course experiments as a guide. 10 µl samples were then 
removed and diluted into the standard benzylamine assay mixture (final volume = 1 ml), 
to give a final protein concentration of 0.010 mg/ml, for activity determinations. A 
control sample was also taken through the same procedure where inhibitor was added to 
the corresponding final concentration, after dilution. A further test involved incubation of 
the enzyme (0.01 mg/ml)  plus substrate (5 mM benzylamine) and 1 mM L-lysine and 
monitoring the reaction at 250 nm. After 60 minutes, when benzaldehyde production had 
essentially ceased. additional enzyme (0.01 mg / ml, final concentration) or substrate (5 
mM, final concentration) was added. The progress of benzylamine oxidation was then 
further monitored. 

To quantify the time dependence of the inhibition by L-lysine, the enzyme (0.010 
mg/ml, final concentration) was preincubated at different times with the amino acid (0.5 
mM), in 0.2 M phosphate buffer, at pH 7.4 and at 37 o C.  Solutions of L-lysine and some 
of its derivatives were found to contain small, but variable, amounts of H2O2 determined, 
by the Amplex Red procedure, to be in the range of up to 1 µM. To avoid possible 
interference from this source, 0.001 units of catalase were added to the reaction mixtures 
for studies on the inhibition by L-lysine  alone. The reactions were then started by the 
addition of 5 mM benzylamine and their progress was monitored at 250 nm for 15 min. 

The effects of the products of the SSAO-catalysed reaction were studied by 
preincubating the enzyme (0.010 mg/ml, final concentration) for various times in  0.2 M 
phosphate buffer, 0.5 mM L-lysine and one of the following:  1 mM H2O2 (in the 
presence or in the absence of catalase, 0.1 units), 1 mM ammonium chloride or 1 mM 
benzaldehyde, before starting the assay with benzylamine (5 mM).  When the effects of 
H2O2 and ammonium chloride were studied, the reaction was assayed by following   the 
production of benzaldehyde at 250 nm. The high absorbance of the added benzaldehyde 
precluded the use of this assay when the effects of preincubation with that product were 
studied.  In this case the formation of H2O2 was monitored by the coupled photometric 
assay, as described above.  Controls in the absence of  SSAO were used to ensure that L-
lysine did not interfere with either detection system.  
 
2.4 Kinetics of inhibition  
The apparent value of Ki (the dissociation constant of the non-covalent complex) for the 
inhibition of SSAO by L-lysine was determined by two different approaches. The first 
involved analysis of the reaction progress curves, whereas in the second approach only 
the initial rates in the presence of 0.1 mM externally added H2O2 were considered. In the  
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first method, the value of Ki was obtained by fitting the reaction time courses, such as  
those shown in Fig. 1, to the model shown in Scheme 1,  which may be described by the  
first-order process, shown in equation (1) [10, 24]. 
 

INSERT SCHEME 1 HERE 
 

 Pt  = P∞ (1 - exp-k'.t )   (1) 

 
Where Pt is the product concentration at any time t, and P∞ is the final product 
concentration when the reaction has ceased.  

The relation between apparent first-order constant for loss of activity, k′, and Ki will 
depend on the type of non-covalent interaction with the enzyme. If this is competitive 
with respect to the amine substrate, as implied by Scheme 1, the relationship will be: 
 
    k′ = k{1 + (Ki / I)[ 1 + (S / Km)]} -1  (2) 
 
whereas uncompetitive inhibition will be described by the relationship: 
 
    k′ = k{1 + (Ki / I)[ 1 + (Km / S)]} -1  (3) 
 
 
S and I represent the substrate and inhibitor concentrations, respectively. Non-linear 
regression, using the software GraphPad Prism (version 5.0) was used to determine k′ and 
P∞ and, since the value of Km  for benzylamine is known, from separate experiments, to 
be 1210 ± 180 µM,  the values of k and Ki  could be determined according to equations 
(2) or (3). 

When the initial-rate approach was used, the enzyme activity was assayed in the 
presence of seven different concentrations of substrate (benzylamine; from 0.2 to 2 mM) 
and in the presence of 0.1 mM H2O2. Samples containing the concentrations of substrate 
indicated above were assayed in the presence of five different concentrations of L-lysine 
(0 to 1 mM). The initial rates of formation of benzaldehyde were then monitored at 250 
nm. The data obtained from four different experiments were then fitted to the Michaelis-
Menten equation by non-linear regession and the value of the value of Ki was determined 
from the dependence of the kinetic parameters on the inhibitor concentration. Where half-
maximal inhibitory concentration (IC50) values were used as a measure of inhibitor 
potency, these were determined from dose-response curves in which the values of 
enzyme activity were plotted against the logarithm of the molar concentration of the 
doses of inhibitor used. The resulting sigmoidal curves were fitted to a four-parametric 
model, with variable slope and the IC50 values, corresponding to the point of inflection of 
such curves, were obtained.  

 
2.5 Fluorimetric assays for quantification of protein binding 
The binding of ligands to SSAO was monitored by changes in the tryptophan 
fluorescence intensity, measured at emission and excitation wavelengths of 343 nm and 
270 nm, respectively. Samples of SSAO (3.33 nm) in 0.1 M phosphate buffer, pH 7.4, 
were titrated with increasing concentrations of ligand, at 37 0C and with continuous 
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stirring. The relative fluorescence values, correspondent to FSSAO_Ligand/F
0 SSAO (where 

FSSAO_Ligand is the fluorescence of the SSAO-ligand complex and F0
SSAO is the 

fluorescence of 3.33 nm SSAO in the absence of ligand), were then corrected by 
subtraction of background due to addition of ligand (if this contributed to the total 
fluorescence) and plotted as a function of the concentration of added ligand. The data 
were then fitted to to a hyperbolic binding curve by non-linear regresion to obtain an 
approximate values of the dissociation constant, Kd.  
 
2.6 Fitting and statistical procedures 
The program GraphPad Prism, version 5.0, was used for all curve-fitting procedures.  
Double-reciprocal plots are used for illustrative purposes only. Standard errors of mean 
were determined from at least 3 separate experiments. 
 
 
 

 
3. RESULTS 

 
3.1 Inhibition of SSAO by L-lysine 
The presence of L-lysine during the  oxidation of benzylamine (5 mM) resulted in a dose-
dependent inhibition of SSAO activity (Fig.1a). Similar results were obtained with 
methylamine (20 mM) as the substrate. As shown in Fig.1b the inhibition was greatly 
reduced by the presence of 0.15 units/ml of catalase, suggesting the involvement of H2O2, 
produced during substrate oxidation, in the process.  

The ability of L-lysine to act as a substrate for SSAO was assessed by incubation of 
the enzyme with the range of L-lysine concentrations used in the inhibition studies for 
periods of up to 2 h at 37 oC and determining H2O2 formation by the procedures described 
earlier.   There was no detectable formation of this product, suggesting that, within the  
detection limits of the assay, L-lysine is not oxidised by SSAO.  
 
3.2 Time dependence of the inhibition of SSAO by L-lysine and the effects of the 
products of the deamination of benzylamine on the inhibition 
Preincubation of SSAO with L-lysine (0.5 mM), at 37 oC, before adding substrate showed 
low levels of inhibition in some, but not all, experiments. However this was abolished by 
the inclusion of catalase (0.001 units), which had no effects on its own, suggesting that 
the effect was due to the variable contamination with H2O2, discussed above.  However, 
the inclusion of 1 mM hydrogen peroxide in the preincubation mixture resulted in 
essentially complete inhibition at all preincubation times, an effect that was prevented by 
the inclusion of catalase. Preincubation of SSAO with hydrogen peroxide (1 mM) on its 
own for 20 min  did not affect the rates of oxidation of benzylamine, but there was some 
significant inhibition after 40 min (ca. 30 %,  p < 0.05 with respect to controls), as shown 
in  Fig. 2. As might be expected, this inhibition was prevented by the inclusion of 
catalase (not shown).   

The other products of the of the SSAO-catalysed oxidation of benzylamine, 
ammonia, added as 1 mM NH4Cl,  and benzaldehyde (1 mM) had no significant effects 
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on the activity after  preincubation with the enzyme, either in the absence or presence of  
L-lysine.  
 
3.3 Reversibility of the inhibition of SSAO by L-lysine  
The inhibition of SSAO by L-lysine after preincubation for 20 min, both in the presence 
and absence of H2O2 was found to be largely reversible by dilution. The SAO activity 
was restored to around 75 + 5 %, compared to control, after dilution. After the enzyme 
and benzylamine had been incubated with L-lysine for up to 60 minutes, the addition of 
extra substrate did not reverse the inhibiton. Addition of fresh enzyme did, however, 
restore activity, which subsequently declined with time (data not shown). 
 
3.4 Kinetics studies of the inhibition of SSAO by L-lysine. 
Initial-rate determinations in the presence of 0.1 mM H2O2 showed that Km/Vmax for 
benzylamine was unaffected by the concentration of L-lysine (Fig. 3a) suggesting 
uncompetitive inhibition, where the inhibitor binds only to the complex formed between 
the enzyme and the substrate, or an intermediate product. The Ki value, obtained from the 
variation of Km or Vmax with L-lysine concentration was 166 ± 48 µM.  
Ki values were also determined by analysis of reaction progress curves such as shown in 
Fig. 1a. By fitting the data to equation 1, first order rate constants were obtained to use in 
equation 3, from which a Ki value of 103 ± 14 µM for inhibition of benzylamine 
oxidation by L-lysine by uncompetitive inhibition (Fig. 3b). 
 
3.5 Effects of the derivatives of L-lysine and of soluble elastin 
D-lysine (Fig. 1a), L-lysine ethyl ester, tosyl-L-lysine ethyl ester, ε-acetyl-L-lysine and 6-
aminocaproic acid all gave no significant inhibition at concentrations up to 1 mM, when 
added to the assay mixture, or in the presence or absence of 0.1 mM H2O2. The basic 
amino acid L-arginine (1 mM) was also without effect. 1 mM α-acetyl-L-lysine and poly-
L-lysine in the range of 1-5 mM both gave a low level of inhibition (a maximum of ca. 20 
%). Soluble elastin, was not oxidized by the enzyme, but inhibited SSAO with an IC50 of 
approximately 4.6 mg/ml, as shown in Fig.4. The major product contained in soluble 
elastin has a Mr of 70,000 [15], so 4.6 mg/ml corresponds to an IC50 of about 66 µM. 
 
 
3.6 Binding assays 
Addition of L-lysine caused a reduction of the tryptophan fluorescence of SSAO.  Fig. 5 
shows the relative decrease as a function of the concentration of L-lysine, in the presence 
of 0.1 mM H2O2 or 10-3 units/ml of catalase. L-lysine bound to SSAO in the presence of 
H2O2 with an apparent dissociation constant  (Kd) of  0.10 ± 0.01 mM, whereas there was 
little binding in the presence of catalase (ca. 5 % reduction in fluorescence intensity 
compared to unbound SSAO). Addition of D-lysine, instead of L-lysine, had no effect on 
the tryptophan fluorescence, either in the presence or in the absence of H2O2 (data not 
shown). The stepwise titration of 3.33 nM SSAO with increasing concentrations of 
soluble elastin, in the concentration range from 0 up to 0.25 mg / ml (approximately 3.54 
µM), is shown in Fig. 6. In the presence of  10-3 units/ml of catalase there was a non-
hyperbolic decrease of fluorescence, suggesting that there was some non-specific binding 
of soluble elastin. Subtraction of the non-specific binding from the binding curve 
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obtained in the presence of H2O2 resulted in a hyperbolic curve with a Kd of 0.05 ± 0.02 
mg /ml, corresponding to approximately 0.70 µM. 
 

4. DISCUSSION  
 
The endothelial-cell, membrane-bound, SSAO has been shown to mediate the adherence 
and migration of lymphocytes into tissue [9] and the plasma-soluble form increases in the 
presence of some inflammatory conditions [6] The nature of the target site on 
lymphocytes to which endothelial SSAO/VAP-1 binds is currently unknown, although, as 
discussed earlier, amino sugars and lysine-containing proteins have been suggested as 
possible candidates. Preincubation of the enzyme with free L-lysine plus H2O2 was found 
to result in time-dependent decreases in the initial rates of benzylamine oxidation. 
Furthermore this inhibition was prevented by the presence of catalase. The other products 
of the amine-oxidase catalysed oxidative deamination of benzylamine reaction, 
benzaldehyde and ammonia, had no significant effects on the inhibition of L-lysine, when 
present at concentrations very much higher than those that would be formed during the 
enzyme-catalysed reaction.  

In the presence of H2O2 L-lysine binding, as assessed by inhibition of substrate 
oxidation and perturbation of tryptophan fluorescence, follows saturation kinetics and 
appears to be specific since D-lysine neither bound nor inhibited. Wang et al. [17] 
reported L- and D-lysine to be very poor substrates for bovine plasma SSAO.  However, 
under the same conditions used in that work, but with a more sensitive assay procedure, 
we could not detect any significant oxidation of L-lysine. L-lysine ethyl ester, tosyl-L-
lysine ethyl ester, and 6-aminocaproic acid were not inhibitors and neither was the basic 
amino acid, L-arginine.  However, α-N-acetyl-L-lysine was an inhibitor, albeit a poor one, 
suggesting that a free ε-amine group might be important for the interaction.  Poly-L-
lysine was also found to be a weak inhibitor of SSAO (20 ± 1% at 5 mM).  
The kinetic studies indicated that L-lysine behaved as an uncompetitive inhibitor with 
respect to benzylamine, a type of inhibition where the inhibitor does not bind to the free 
enzyme but only to an intermediate complex formed during the reaction. SSAO from this 
source has been shown to operate through a double-displacement, or ping-pong,  
mechanism  in which amine oxidation results in the release of aldehyde product and the 
formation of a reduced form of the enzyme, which is subsequently reoxidised  by oxygen 
and the formation of H2O2 [25,26]. In such a system an inhibitor that bound to the free 
reduced form of the enzyme might be uncompetitive with respect to the amine substrate, 
however, that would not account for the requirement for H2O2. In this case it appears that 
the complex formed includes hydrogen peroxide or a related species is involved. It 
appears that several activated oxygen species are formed between the binding of O2 to the 
reduced enzyme and the release of H2O2 [25] and the possibility that L-lysine binds to one 
of these, rather than the enzyme.H2O2 complex cannot be excluded, since it is not known 
whether the high concentrations of externally added H2O2 might reverse the steps 
involved.  This may explain why the concentrations of added H2O2 necessary for 
significant inhibition when SSAO was preincubated with L-lysine were very much higher 
than those formed during the oxidation of benzylamine. However, poor accessibility of 
the site at which H2O2 is bound [27] may also contribute. 

Hydrogen peroxide is also necessary for the binding of amino sugars to SSAO 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

9 
 

[10,11] and others have suggested it might mediate the process of vascular adhesion  
[3,8]. It has been proposed that H2O2 may induce conformational changes in SSAO due 
to sulfydryl-group oxidation to form a vicinal disulfide bond, and that this may play an 
important role in modulating its actions [28]. However, the amount of H2O2 generated 
during the oxidation of benzylamine under the conditions used in the present work would 
be very small. It remains to be established whether the binding capacity of SSAO, acting 
as VAP-1, is modulated by the presence of substrate oxidation, during the inflammatory 
process. H2O2 formed during substrate oxidation is known to be involved in mediating 
some other functions of SSAO, including the promotion of glucose transport [see 1,8, 
29]. In that case it has been proposed that methylamine, formed by the intracellular 
metabolism of adrenaline by monoamine oxidase, may be the physiological substrate 
[30].  

The cell-surface acceptor for VAP-1 would be more complex than a free amino 
acid. The studies reported here show that some L-lysine derivatives also to interact with 
SSAO, although the simple substituted derivatives were considerably less potent as 
inhibitors. Steric factors may be important if interaction occurs at the active site, since 
substrates must penetrate a narrow entrance cavity in order to access the catalytic system 
[27,28]. Some small lysine-containing peptides have been reported to to inhibit SSAO 
[31,32]. Since the  elastin is rich in lysine [19, 33], and many have reported on the role of 
SSAO in the maturation of the ECM [14, 34] we investigated the possible effects of 
soluble elastin on the activity of SSAO. The peptide was found to cause inhibition of the 
initial rates of oxidation of methylamine and benzylamine by the enzyme. The IC50 value 
was 4.6 mg/ml with benzylamine as substrate, which corresponded to approximately 66 
µM. Fluorescence quenching assays showed that soluble elastin bound SSAO, in the 
presence of H2O2, with a Kd of approximately 0.1 mg/ml, a value that is nearly 50 times 
less than the corresponding IC50 value for inhibition of benzylamine oxidation. This 
contrasts with the behaviour of L-lysine, where the Ki value was similar to Kd. and would 
indicate that elastin also binds to sites that are different from the inhibitory binding site.  

 
5. CONCLUSION 

 
The binding in vitro of SSAO to lysyl residues might serve as a model of 

adhesion for SSAO/VAP-1. L-lysine and many of its derivatives are not oxidized by 
SSAO, but bind to the enzyme in the presence of the hydrogen peroxide produced as a 
result of the oxidation of benzylamine. Some lysine-containing peptides acting as 
inhibitors of SSAO have already been reported in some studies [35], [31], however the 
authors did not consider the effects of hydrogen peroxide, whose presence appears 
critical for the inhibition.  

It is possible that the binding of SSAO/VAP-1 to its cell-surface bound target, 
may be regulated by the presence of a physiological substrate. This, after being oxidized 
by the enzyme, would produce the H2O2 necessary for the adhesion process. In a similar 
fashion, the interaction of SSAO with lysyl residues on the elastin precursor, tropoelastin, 
might be regulated by the production of hydrogen peroxide. The binding of SSAO to 
tropoelastin might partly explain the role of SSAO in the maturation of elastin in the 
ECM. However further studies are needed to confirm the validity of the model in vivo 
and to identify the target(s) and substrate(s) involved. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

10 
 

 
 

ACKNOWLEDGEMENTS 
We are grateful to Trinity College Dublin for the support support of a Research 
Studentship for A.O., and to the European Erasmus/Socrates programme for supporting 
research periods for L.R.A.F. and I.L.V. Part of this work was supported by a grant from 
the Agriculture and Food Research Council of Ireland. 
 

 
References  
 
[1] S. Boyce, K.F. Tipton, M.I. O’Sullivan, G.P. Davey, M. Motherway Gildea, A.G. 

McDonald, A. Olivieri, J. O’Sullivan, Nomenclature and potential functions of 
copper amine oxidases., CRC Press, Boca Raton, Florida, USA, 2009, 5-17 pp. 

 
 

[2] R. Lewinsohn, Mammalian monoamine-oxidizing enzymes, with special 
reference to benzylamine oxidase in human tissues, Braz J Med Biol Res 17 
(1984) 223-256. 

 
[3]  D.J. Smith, M. Salmi, P. Bono, J. Hellman, T. Leu, S. Jalkanen, Cloning of 

vascular adhesion protein 1 reveals a novel multifunctional adhesion molecule, J 
Exp Med 188 (1998) 17-27. 

 
 
[4] C.M. Stolen, G.G. Yegutkin, R. Kurkijarvi, P. Bono, K. Alitalo, S. Jalkanen, 

Origins of serum semicarbazide-sensitive amine oxidase, Circ Res 95 (2004) 50-
57. 

 
[5]  J. Ekblom, Gronvall J.L, Garpenstrand H, Nillson  S, O. L., Is semicarbazide-

sensitive amine oxidase in blood plasma partly derived from the skeleton? , 
Neurobiology 8 (2000) 129-135. 

 
[6]   F. Boomsma, H. Hut, U. Bhaggoe, A. van der Houwen, A. van den Meiracker, 

Semicarbazide-sensitive amine oxidase (SSAO): from cell to circulation, Medical 
Science Monitor 11 (2005) RA122-RA126. 

 
 [7]  M. Strolin Benedetti, K.F. Tipton, R. Whomsley., Amine oxidases and 

monooxygenases in the in vivo metabolism of xenobiotic amines in humans: has 
the involvement of amine oxidases been neglected?,Fundam. Clin. Pharmacol. 21 
(2007) 467-480  

 
 
[8]  J. O'Sullivan, M. Unzeta, J. Healy, M.I. O'Sullivan, G. Davey, K.F. Tipton, 

Semicarbazide-sensitive amine oxidases: Enzymes with quite a lot to do, 
Neurotoxicology 25 (2004) 303-315. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

11 
 

 
[9] S. Jalkanen, M. Salmi, Cell surface monoamine oxidases: enzymes in search of a 

function, Embo Journal 20 (2001) 3893-3901. 
 
[10]  J. O'Sullivan, M. O'Sullivan, K.F. Tipton, M. Unzeta, M.D. Hernandez, G.P. 

Davey, The inhibition of semicarbazide-sensitive amine oxidase by 
aminohexoses, Biochimica Et Biophysica Acta-Proteins and Proteomics 1647 
(2003) 367-371. 

 
[11] J. O'Sullivan, G. Davey, M. O'Sullivan, K.F. Tipton, Hydrogen peroxide derived 

from amine oxidation mediates the interaction between aminosugars and 
semicarbazide-sensitive amine oxidase, J Neural Transm 114 (2007) 751-756. 

 
[12] A. Olivieri, K. Tipton, J. O'Sullivan, L-lysine as a recognition molecule for the 

VAP-1 function of SSAO, J Neural Transm 114 (2007) 747-749. 
 
[13] M.A. Shah, C.H. Scaman, M.M. Palcic, H.M. Kagan, Kinetics and 

stereospecificity of the lysyl oxidase reaction, J Biol Chem 268 (1993) 11573-
11579. 

 
[14] S.D. Langford, M.B. Trent, A. Balakumaran, P.J. Boor, Developmental 

vasculotoxicity associated with inhibition of semicarbazide-sensitive amine 
oxidase, Toxicology and Applied Pharmacology 155 (1999) 237-244. 

 
[15]  R.P. Mechan, Heuser J. E., The Elastic Fiber, Plenum Press, New York, 1991. 
 
 
[16]  C.W. Tabor, H. Tabor, S.M. Rosenthal, Purification of amine oxidase from beef 

plasma, J Biol Chem 208 (1954) 645-661. 
 
 
[17]  X.T. Wang, M.J. Dumoulin, O. Befani, B. Mondovi, M.A. Mateescu, Joint 

chromatographic purification of bovine serum ceruloplasmin and amineoxidase, 
Prep Biochem 24 (1994) 237-250. 

. 
 
[18]  S.M. Partridge, H.F. Davis, G.S. Adair, The chemistry of connective tissues. 2. 

Soluble proteins derived from partial hydrolysis of elastin, Biochem J 61 (1955) 
11-21. 

 
[19]  S.M. Partridge, H.F. Davis, The chemistry of connective tissues. 3. Composition 

of the soluble proteins derived from elastin, Biochem J 61 (1955) 21-30. 
 
[20]  M.D. Houslay, K.F. Tipton, A kinetic evaluation of monoamine oxidase activity 

in rat liver mitochondrial outer membranes, Biochem J 139 (1974) 645-652. 
 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

12 
 

[21]  J.M. Lizcano, M. Unzeta, K.F. Tipton, A spectrophotometric method for 
determining the oxidative deamination of methylamine by the amine oxidases, 
Analytical Biochemistry 286 (2000) 75-79. 

 
[22]  A. Holt, M.M. Palcic, A peroxidase-coupled continuous absorbance plate-reader 

assay for flavin monoamine oxidases, copper-containing amine oxidases and 
related enzymes, Nat Protoc 1 (2006) 2498-2505. 

 
[23]  M. Zhou and N. Panchuk-Voloshina, A one-step fluorometric method for the 

continuous measurement of monoamine oxidase activity, Analytical Biochemistry 
253 (1997) 169-174. 

 
[24]  W. Liu, and C. L. Tsou, Determination of rate constants for the irreversible 

inhibition of acetylcholine esterase by continuously monitoring the substrate 
reaction in the presence of the inhibitor. , Biochim. Biophys. Acta 870 (1986) 
185-190. 

 
 [25]  Q. Su., J.P. Klinman., Probing the mechanism of proton coupled electron transfer 

to dioxygen: the oxidative half-reaction of bovine serum amine oxidase. , 
Biochemistry 37 (1998) 12513-12525. 

 
[26]  A. Bellelli, Morpurgo, L., Mondovi, B., and Agostinelli, E. , The oxidation and 

reduction reactions of bovine serum amine oxidase. A kinetic study. , Eur. J. 
Biochem. 267 (2000) 3264-3269. 

 
[27]  H. Li, W.H. Luo, J.J. Lin, Z.X. Lin, Y. Zhang, Assay of plasma semicarbazide-

sensitive amine oxidase and determination of its endogenous substrate 
methylamine by liquid chromatography, Journal of Chromatography B-Analytical 
Technologies in the Biomedical and Life Sciences 810 (2004) 277-282. 

   
 
[28] E. Jakobsson, J. Nilsson, D. Ogg, G.J. Kleywegt, Structure of human 

semicarbazide-sensitive amine oxidase/vascular adhesion protein-1, Acta 
Crystallographica Section D-Biological Crystallography 61 (2005) 1550-1562. 

 
[29] A. Zorzano, A. Abella, L. Marti, C. Carpene, M. Palacin, X. Testar, 

Semicarbazide-sensitive amine oxidase activity exerts insulin-like effects on 
glucose metabolism and insulin-signaling pathways in adipose cells, Biochimica 
Et Biophysica Acta-Proteins and Proteomics 1647 (2003) 3-9. 

 
[30] A. McDonald, Tipton, K., O'Sullivan, J., Olivieri, A., Davey, G., Coonan, A.M., 

and Fu, W. , Modelling the roles of MAO and SSAO in glucose transport., J. 
Neural Transm. 114 (2007) 783-786. 

 
[31] G.G. Yegutkin, T. Salminen, K. Koskinen, C. Kurtis, M.J. McPherson, S. 

Jalkanen, M. Sallmi, A peptide inhibitor of vascular adhesion protein-1 (VAP-1) 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

13 
 

blocks leukocyte-endothelium interactions under shear stress, European Journal of 
Immunology 34 (2004) 2276-2285. 

 
[32] E.Y. Wang, H.F. Gao, L. Salter-Cid, J. Zhang, L. Huang, E.M. Podar, A. Miller, 

J.J. Zhao, A. O'Rourke, M.D. Linnik, Design, synthesis, and biological evaluation 
of semicarbazide-sensitive amine oxidase (SSAO) inhibitors with anti-
inflammatory activity, Journal of Medicinal Chemistry 49 (2006) 2166-2173. 

 
[33] T.J. Broekelmann, B.A. Kozel, H. Ishibashi, C.C. Werneck, F.W. Keeley, L. 

Zhang, R.P. Mecham, Tropoelastin interacts with cell-surface 
glycosaminoglycans via its COOH-terminal domain, J Biol Chem 280 (2005) 
40939-40947. 

 
[34] C. Gokturk, J. Nilsson, J. Nordquist, M. Kristensson, K. Svensson, C. Soderberg, 

M. Israelson, H. Garpenstrand, M. Sjoquist, L. Oreland, K. Forsberg-Nilsson, 
Overexpression of semicarbazide-sensitive amine oxidase in smooth muscle cells 
leads to an abnormal structure of the aortic elastic laminas, American Journal of 
Pathology 163 (2003) 1921-1928. 

 
[35] M. Salmi, Yegutkin GG, Lehvonen R, Koskinen K, Salminen T and Jalkanen S. , 

A cell surface amine oxidase directly controls lymphocyte migration. , Immunity 
14 (2001) 265-276. 

 
 

 

Figure Captions 

 
Scheme 1. Reaction of a specific enzyme inhibitor in the presence of a substrate. 
Two possible interaction modes for the inhibitor are shown. Binding to the free enzyme 
corresponds to a competitive effect, whereas binding to E.P (or E.S) represents an 
uncompetitive effect.  
 
Fig.1. Effect of L-Lysine on the time courses of the SSAO-catalysed oxidation of 
benzylamine. (a) All samples contained SSAO (final protein concentration 0.010 mg/ml) 
in phosphate buffer (0.2 M, pH7.2). The reactions were started by the addition of 
benzylamine (5 mM)  and their progress was monitored at 250 nm on a Cary 300-Bio 
spectrophotometer at 37 OC. Data points are representative of 4 different determinations 
and were fitted to first order exponential curves with the aid of GraphPad Prism, version 
5.00. (b) Either D-lysine or L-lysine at the final concentration of 0.5 mM were added as 
inhibitors. When present, catalase was added at the final concentration of  0.15 units/ml. 
The reactions were started by the addition of benzylamine (5 mM)  and their progress 
was monitored at 250 nm at 37 OC. All data points are the mean values from three 
different determinations. Error bars were omitted for clarity.   
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Fig. 2. The effects of preincubation with L-lysine in the presence or absence of 
hydrogen peroxide on SSAO activity. SSAO (0.010 mg/ml, final concentration) was 
preincubated, in a waterbath at 37 oC, for different times with or without L-lysine (0.5 
mM), in the presence or in the absence of 1 mM H2O2 and/or 0.15 units of catalase in 0.2 
M phosphate buffer, at pH 7.4. The reactions were then started by the addition of 5 mM 
benzylamine and their initial rates were determined by direct detection of benzaldehyde 
at 250 nm. Values are the means + S.E.M of  4 determinations; * corresponds to p < 0.05, 
** to p < 0.001, *** to p < 0.0001 in comparison with the control (Ctrl) at the 
corresponding preincubation times.  
 
Fig. 3. Determination of the kinetic parameters for the inhibition of SSAO by L-
lysine. (a) Samples contained 0.1 mM hydrogen peroxide and increasing concentrations 
of L-lysine (from 0 to 1 mM) and benzylamine (from 0 to 2 mM). The values of Km/Vmax, 
obtained fitting the data to the Michaelis-Menten equation, were invariant to the 
increasing of the concentration of inhibitor used (as evident from the parallel double 
reciprocal plots shown in the inset).  Data shown (ν = A250 / min)  are the mean values 
from four different experiments. (b) The time-courses data, such as those shown in Fig. 1, 
were fitted to equation (1) described in the text to determine the values of k’. The slope of 
the line obtained is then used to obtain an approximate Ki value (103 ± 14 µM) using 
equation (3).   
 
Fig. 4. Determination of IC50 for the inhibition of SSAO by soluble elastin. The 
initial rates of formation of hydrogen peroxide, derived by the oxidation of benzylamine 
by SSAO, in the presence of soluble elastin at concentrations ranging from 0 to 10 mg/ml 
were determined by the spectrophotometric method by Holt et al (2006), described in the 
text. Reactions were followed at 37 o C. The sigmoidal plot was obtained by fitting the 
response values, expressed as absorbance·min-1·10 -3 (ν in the figure) against the 
logarithm of the concentration of inhibitor used. The curve fit and the value of IC50 of 
4.60 + 0.04 mg/ml were obtained with the aid of the computer software GraphPad Prism, 
version 5.00.  
 
Fig. 5. Determination of the binding of L-lysine to SSAO. The fluorescence emission 
spectra maxima for SSAO, in the emission range 300-500 nm,  at the excitation 
wavelength of 270 nm, were obtained in a Perkin Elmer Spectrofluorimeter upon 
stepwise titration of 3.33 nM SSAO with increasing concentrations of L-lysine, from a 
concentration of 10 µM up to a total concentration of 6 mM, in the presence and in the 
absence of 0.1 mM of H2O2 . When lysine was present in the absence of externally added 
H2O2, 10-3 U of catalase were added, to avoid interference from the variable amounts of 
H2O2, contained in some batches of L-Lysine. The relative fluorescence quenching (∆F) 
values were corrected for background and plotted against the concentration of added L-
lysine. Data were fitted to a hyperbolic binding curve with the aid of Graphpad Prism, 
version 5.0. All points shown above are the mean values plus S.E.M. of at least six 
different determinations, error bars were less than the representation of the points.  
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Fig. 6. Determination of the binding of soluble elastin to SSAO 
Titration of 3.33 nM SSAO with increasing concentrations of soluble elastin, in the 
concentration range from 0 up to 0.25 mg /ml (approximately 3.54 µM) and in the 
presence of 0.1 mM H2O2, was performed as described in Fig. 6. All points shown above 
are the mean values plus S.E.M. of at least six different determinations, error bars were 
less than the representation of the points. The non-specific binding obtained in the 
presence of catalase was subtracted from the curve obtained in the presence of H2O2 

resulting in a hyperbolic curve with a Kd of 0.05 ± 0.02 mg /ml, corresponding to 
approximately 0.70 µM. 
 
 
 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

16 
 

 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

17 
 

 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

18 
 

 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

19 
 

 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

20 
 

 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

21 
 

 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

22 
 

 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

23 
 

 


