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Purification and Characterization of the Tissue-bound
Semicarbazide-sensitive Amine Oxidase (SSAO)
from Rat Lung

Semicarbazide-sensitive amine oxidase (SSAO), an enzyme
involved in detoxifying xenobiotics, regulating glucose uptake,
and effecting cell adhesion, leukocyte trafficking and angiogenesis,
was purified from the crude microsomal fractions of rat lung by
Cibacron Blue 3GA-agarose and Concanavalin A-Sepharose 4B
affinity chromatographies with a specific activity of 5.554
nmol/min/mg of protein. A 46-fold purification and a recovery
of about 15% were obtained. Purity was approved by
polyacrylamide gel electrophoresis (PAGE). The purified SSAO
appeared as a single band with a molecular mass of 184 kDa in
PAGE; however, sodium dodecyl sulfate (SDS)-PAGE under
reducing conditions yielded a band of 93 kDa, suggesting that
the enzyme is a homodimer which is composed of 93 kDa subunits
possibly attached by disulfide bridges. Optimum temperature and
pH were found as 45ºC and 7.5, respectively. Incubation at 60ºC
resulted in a complete loss of SSAO activity. Purified SSAO was
stable for at least one month at -80ºC.
Km and Vmax values towards its substrate benzylamine were
determined to be 3.65 µM and 5.6 nmol/min/mg, respectively.
The velocity of the reaction decreased with increasing substrate
concentration when benzylamine was used as substrate, indicating
that Michaelis-Menten enzyme behavior was obeyed at only low
concentrations of the substrate. Semicarbazide exhibited a suicide
type of inhibition on the oxidation of benzylamine by SSAO by
possibly interacting first with the enzyme to form a reversible
enzyme-inhibitor complex with a subsequent reaction and then
leading this complex to the covalently bound enzyme-inhibitor
adduct.
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INTRODUCTION
Semicarbazide-sensitive amine oxidases (SSAO, E.C.
1.4.3.6.) are a group of enzymes containing copper
*
°

and quinone. They are sensitive to semicarbazide and
widely distributed in many organs and tissues in
mammals including vascular smooth cells, adipocytes,
placenta, kidney, liver, spleen and plasma, showing
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tissue specificity in different species1. SSAOs are
present as a membrane-bound form in tissues and a
soluble form in plasma. Plasma SSAO appears to be
the result of proteolytic cleavage of membrane-bound
SSAO, and it has been suggested that the primary
source of plasma SSAO is the liver. Some plasma
SSAO is suggested to be derived from retina, placenta
and bone tissue2,3.
Most SSAOs are dimeric glycoproteins with molecular
masses of 140-180 kDa. Subunits are identical and as
co-factors, each subunit contains one copper ion [Cu
(II)] and an oxidized tyrosine residue, 6-hydroxydopa
quinone (TPQ), the latter of which interacts directly
with the substrate4. The deduced amino acid sequence
of rat SSAO showed a motif (hydrophobic residues:Asn-Topa-Asp/Glu-Tyr) at the active site of the
enzyme5. Tyrosine is always a precursor for the 2,4,5trihydroxyphenylalanine (TOPA) in the sequence.
There are three conserved histidines in SSAO to bind
the copper atom. Two of the histidines are in a HisX-His motif that is located about 50 residues in the
C-terminal direction from TPQ cofactor, while the
third is situated 20-30 residues toward the N-terminus
from the cofactor. Moreover, a conserved Asp residue
located about 100 residues in the N-terminal direction
from the TOPA is important, since it serves as a
catalytic base in the reductive half-reaction. Cu (II)
appears to be essential for the double hydroxylation
of a tyrosine residue in the polypeptide chain of SSAO,
by an autocatalytic reaction that yields the TOPA
cofactor6,7. Although copper centers are involved in
a number of oxidase reactions, it appears that its role
in amine oxidation by SSAO is restricted to providing
a suitably placed positive charge in the active site8,9.
It was shown that mammals contain two genes encoding SSAO, plus a pseudo-gene. One gene encodes
the tissue-bound SSAO, the other encodes only one
form that exists in retina10.
The physiological function of SSAO is not yet clear,
but it has been postulated that the enzyme may be
involved in detoxifying xenobiotics, regulating glucose
uptake, and effecting cell adhesion, leukocyte trafficking and angiogenesis11-13. Increased plasma SSAO
activities were reported in alcoholics, and in patients
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with diabetes, Alzheimer’s disease, and heart and
vascular diseases14-16. Although SSAO has been mostly regarded as being involved in the detoxification of
amines, the products of the reaction are more toxic
than the amine substrates themselves. Hydrogen
peroxide, formaldehyde and methylglyoxal, simultaneously formed during deamination of the substrates,
such as methylamine and aminoacetone by SSAO,
were reported to lead to increased oxidative stress,
protein cross-linkage and cytotoxicity17-20.
Although SSAO was discovered over three decades
ago, little is known about its molecular structure and
exact physiological functions in mammals. Increased
knowledge regarding the structure of SSAO, its substrate specificity toward the amines and its interaction
with the novel substances can facilitate the development of new inhibitors with high potency and selectivity which may be used in several disorders. Thus,
the aim of the present study was to purify the tissuebound SSAO from rat lung and to determine the basic
biochemical properties of the purified enzyme.
MATERIALS AND METHODS
Materials
Potassium phosphate (KP), Triton X-100, Octyl phenoxy polyethoxyethanol (Triton X-100), 3-[(3c h o l a m i d o p ro p y l ) d i m e t h y l a m m o n i o ] 1 propanesulfonate (CHAPS), Cibacron Blue 3GAagarose, Concanavalin A-Sepharose 4B, methyl-_mannopyranoside, 2-mercaptoethanol, Coomassie
blue R-250, potassium dichromate, silver nitrate,
formaldehyde, benzylamine, l-Deprenyl, Sodium
dodecyl sulfate (SDS), and Semicarbazide (SCZ) were
puchased from Sigma-Aldrich, Co. (Germany).
Methods
1. Preparation of rat lung microsomes
Male Wistar rats (6 rats, 280-300 g), obtained from
Laboratory Animal House of Hacettepe University, were
maintained on a 12 h light-dark cycle and allowed free
access to drinking water and a standard laboratory rat
diet (Ethics Committee of Laboratory Animals in Hacettepe University, Turkey, 2004/36, 1082). Those animals
were sacrificed, and their lungs rapidly removed.

FABAD J. Pharm. Sci., 30, 64-77, 2005

Rat lung microsomes were obtained according to the
method described by Lizcano et al.21 with some minor
modifications: after removing the connective tissue,
the lung was chopped into small pieces in a Waring
blender, washed with saline, homogenized 1:10 (w/v)
in 20 mM Tris-HCl buffer, pH 7.2 containing 0.25 M
sucrose, and filtered through two layers of cheesecloth.
This homogenate was centrifuged at 10,000 x g for 10
min. After centrifuging the supernatant at the same
velocity, the pellet was discarded and 10 mM CaCl2
was added to the supernatant, which was stirred at
4ºC for 15 min. Mixture was centrifuged at 25,000 x
g for 30 min, resuspended in 20 mM KP buffer, pH
7.2 containing 150 mM KCl and centrifuged at 25,000
x g for 30 min. The final pellet was resuspended in
20 mM KP buffer, pH 7.2, and was stored at -80ºC.
This was referred to as crude microsomes.
2. Solubilization of rat lung microsomes
For solubilization of SSAO from the microsomes,
different detergents with different final concentrations
prepared in 20 mM KP buffer, pH 7.2 were tested.
These were 1, 1.2 and 1.5% (w/v) Triton X-100; 0.5,
1.0 and 1.5% (w/v) sodium cholate and 0.5, 1.0 and
1.2% (w/v) CHAPS (3-[(3-cholamidopropyl) dimethylammonio] 1-propanesulfonate). The crude microsomal fraction was mixed with an equal volume of
detergent in 20 mM KP buffer, pH 7.2, and the mixture
was stirred for 30 min at 4ºC. The solubilized enzyme
was obtained by decanting the supernatant after
centrifugation at 105,000 x g for 1 h. Protein content
and SSAO activity were determined in the solubilized
microsomal fraction. Solubilized enzyme was stored
at -80ºC.
3. Purification of solubilized rat lung microsomes
All procedures were carried out at 4°C. The solubilized
enzyme was loaded onto a Cibacron Blue 3GA-agarose
column (12 x 1.5 cm), previously equilibrated with
0.1% (w/v) Triton X-100 in 20 mM KP buffer, pH 7.2
(buffer A). The resin was washed out with an ample
amount of equilibration buffer and, after passing 0.5
M KCl in buffer A, the SSAO activity was eluted with
1 M KCl in buffer A. Fractions containing SSAO
activity were collected, the protein content and the
enzyme activity were determined in each and they

were pooled. Enzyme was dialyzed overnight against
two changes of 2 liters of buffer A.
The dialyzed sample was applied to the Concanavalin
A-Sepharose 4B (22 x 1.6 cm) affinity column previously equilibrated with buffer A containing 0.1 mM
MnCl2, 0.1 mM CaCl2, 0.1 mM MgCl2 and 0.5 M NaCl
(buffer B). After applying the protein solution, the
column was washed with the same buffer until the
protein concentration dropped below 0.1 mg/ml.
Enzyme was eluted by 1 M methyl-αmannopyranoside dissolved in buffer B. Fractions
containing SSAO activity were pooled and dialyzed
overnight with two changes of 2 liters of buffer A.
4. Electrophoretic analyses
Polyacrylamide gel electrophoresis (PAGE) and sodium dodecyl sulfate (SDS)-PAGE analyses of the crude
homogenate and the chromatographic fractions were
determined according to the method of Laemmli22
under reducing and non-reducing conditions. PAGE
was performed in 7.5% resolving gel prepared in 1.5
M Tris-HCl buffer, pH 8.8 and in 4% stacking gel
prepared in Tris-HCl buffer, pH 6.8. In each run, 10
µl of sample was diluted as 1:1 with the sample buffer
consisting of 0.5 M Tris, pH 6.8, glycerol and 0.05%
bromophenol blue. 10 µl of diluted sample and standard molecular weight marker proteins were then
loaded into the wells. Electrophoresis was performed
at a current voltage of 200 V for 45 min at room
temperature in Bio-Rad Mini-Protean® II Dual Slab
Cell System.
Polyacrylamide gel in the presence of 7.5% SDS was
used to estimate the molecular weights of the peptides
and also as a criterion of purity. SDS-PAGE was carried
out in 7.5% separating gel and in 4% stacking gel. In
reducing conditions, samples diluted in sample buffer,
which contained 5% (v/v) 2-mercaptoethanol, were
heated at 95ºC for 3 min before being loaded into the
wells. After electrophoresis, gels were stained in 0.1%
Coomassie blue R-250 prepared in 40% methanol and
10% acetic acid for 1 h. Gels were destained in 10%
acetic acid and 40% methanol for 1-3 h to visualize
the protein bands.
Molecular weights of the samples were determined
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with the aid of the calibration curve, which was
obtained by plotting log molecular weight versus
relative mobility for a group of SDS-PAGE standard
proteins.

the enzyme samples in 20 mM KP buffer, pH 7.2 at
the corresponding temperatures for various lengths
of time before the SSAO activity was determined at
37ºC, toward BA.

In lieu of Coomassie blue R-250 staining, silver staining
was performed on gels (Bio-Rad). Proteins were fixed
in the gel in about 40 ml of 40% methanol and 10%
acetic acid (v/v) for 30 min. After fixing proteins
twice in 40 ml of 10% ethanol and 5% acetic acid (v/v)
for 15 min, the gel was soaked for 3 min in 20 ml of
fresh oxidizer solution (0.0034 M potassium dichromate, 0.0032 N nitric acid). The gel was washed three
times for 5 min in 40 ml water until the yellow color
was washed out. The gel was then soaked in 20 ml
fresh silver reagent (0.012 M silver nitrate) for 15 min.
After washing the gel with 40 ml water for 1 min, the
gel was washed with developer solution (0.28 M
sodium carbonate, 1.85% formaldehyde). In the last
step, the developer solution was replaced for the
second time and the reaction was stopped by 5%
acetic acid (v/v).

Stabilities of the crude and purified preparations of
rat lung SSAO were assayed by determining the SSAO
activities of the samples after lyophilization or following the preservation of the samples at -80, -20, 0,
4, and 25ºC in 20 mM KP buffer, pH 7.2 for 2, 6, 24,
and 48 hours, 1 week and 1 month.

5. Determination of SSAO activity
SSAO activity was measured when benzylamine (BA)
was used as substrate23. The reaction mixture contained 20 mM KP buffer, pH 7.2, and enzyme (100 µl)
in a final volume of 1 ml. Mixture was preincubated
with l-Deprenyl (1 µM) at 37ºC for 1h to inactivate
any monoamine oxidase (MAO) possibly present in
the supernatant. The reaction was initiated by the
addition of the substrate BA (10-750 µM) and the
absorbance change was monitored at 250 nm at 37ºC.
The molar extinction coefficient of benzaldehyde was
taken as 11,800 M-1 cm-1. SSAO activity was expressed
as nmol of benzaldehyde formed per hour per mg.
Time course assays were used to ensure that initial
rates of reaction were determined, and proportionality
to enzyme concentration was also tested in each set.
6. Determination of some biochemical characteristics
of rat lung SSAO
6.1. Effect of temperature on activity and stability
The optimal temperature for purified SSAO was
measured in the range of 20-80ºC in 20 mM KP buffer,
pH 7.2. Thermal stability was tested by incubating
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6.2. Effect of pH on activity
The optimal pH was determined by using KP buffer
(20-120 mM) at various pH (6.0-9.0) values. Enzyme
activity was measured at any corresponding pH value
toward BA in the assay mediums containing KP
buffers of different concentrations. Optimal pH was
obtained by extrapolation of the enzyme activities at
the 0 concentration of buffer versus pH.
6.3. Estimation of molecular weight
The approximate molecular weights of the SSAO
samples were determined by SDS-PAGE.
6.4. Inhibition studies
The inhibitory activity of semicarbazide (SCZ) and
selective SSAO inhibitor on purified SSAO was determined by using BA as substrate. The concentration
range of SCZ was 0-50 µM. SCZ was incubated with
solubilized SSAO at 37ºC for 0, 30 and 60 min prior
to adding to the assay mixture. Possible MAO activity
was inhibited by preincubating the enzyme with lDeprenyl (1 µM) for 60 min at 37ºC.
Reversibility of the inhibiton of SSAO by SCZ was
assessed by dilution method. Enzyme samples (10
times the final concentration) were incubated with
various concentrations (20-100 µM) of SCZ for 60 min
at 37ºC. These samples were then diluted 10 times
into the assay mixture containing BA and the buffer.
A parallel experiment was carried out wherein the
enzyme (10 times the final concentration) was incubated for 60 min at 37ºC with an equivalent amount
of water. Both sets were assayed for enzyme activities.
Kinetic data analysis was performed using non-linear
regression by Microsoft Excel package program. Ki
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values were determined by Lineweaver-Burk or Dixon
plots of the data obtained from four experiments.
6.5. Protein quantification
Protein was determined according to the method of
Bradford24 using bovine serum albumin as standard.
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1. Solubilization of SSAO from rat lung microsomes
Since SSAO is an integral membrane protein, detergents were used at various concentrations to solubilize
the enzyme. Optimal concentrations of 1%, 1.5% and
1.2% (w/v) were determined for Triton X-100, sodium
cholate and CHAPS, respectively. The yields of the
extracted enzyme activities were found as 41.90±3.60,
20.26±7.90 and 13.75±7.24%, respectively.
The presence of the detergents in all buffers was found
to be necessary for maintaining the enzyme activity.
1% Triton X-100 (w/v) was chosen as detergent for
the solubilization of SSAO from microsomal membranes according to its higher recovery value at this
concentration when compared to that of the others.
Solubilized enzyme was stored at -80ºC until further
use.
2. Purification of SSAO
Two chromatographic steps were used to obtain the
pure enzyme. Solubilized enzyme was first applied
to a Cibacron Blue 3GA-agarose column and the SSAO
activity was eluted with 40 ml of 1 M KCl in buffer
A (Figure 1). Fractions containing SSAO activity (tubes
of 113-118) were collected, pooled and dialyzed with
buffer A.
Dialyzed sample was then applied to a Concanavalin
A-Sepharose 4B affinity column previously equilibrated
with buffer A containing 0.1 mM MnCl2, 0.1 mM CaCl2,
0.1 mM MgCl2 and 0.5 M NaCl (buffer B). Enzyme was
eluted by 1 M methyl-α-mannopyranoside dissolved
in buffer B (Figure 2). Fractions containing SSAO activity
(Tubes of 64-68) were pooled and dialyzed overnight
with two changes of 2 liters of buffer A.
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0.5 M KCl in
Buffer A

0
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1 M KCl in
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Figure 1. Elution profile of rat lung SSAO from Cibacron Blue
3GA-agarose column. 0.8 ml fractions were collected
with a flow rate of 5 ml per hour.
(-♦-) A280, (
) Enzyme activity. Activity was
determined by using BA as substrate and expressed as
nmol/min. Buffer changes are depicted by braces.
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Figure 2. Elution profile of rat lung SSAO from Concanavalin ASepharose 4B affinity column. 1.1 ml fractions were
collected with a flow rate of 6 ml per hour.
(-♦-) A280, (
) Enzyme activity. Activity was
determined by using BA as substrate and expressed as
nmol/min. Buffer changes are depicted by braces.

The results of the purification procedure are summarized in Table 1. The purity of the enzyme was found
46.28-fold greater than that of the crude homogenate,
with an overall yield of about 15%. The specific activity
of the final enzyme preparation was 5.554
nmol/min/mg of protein under standard assay conditions.
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Table 1. Purification of the tissue-bound SSAO from
rat lung.

SSAO (II); solubilized SSAO (III); SSAO eluted from
Cibacron Blue 3GA-agarose column (IV) and SSAO
eluted from Concanavalin A-Sepharose 4B column (V).
In Lane STD: 1:aprotinin 6.5 kDa; 2:α-lactalbumin 14.2
kDa; 3:trypsin inhibitor 20 kDa; 4:trypsinogen 24 kDa;
5:carbonic anhydrase 29 kDa; 6:glyceraldehyde-3phosphate dehydrogenase 36 kDa; 7:ovalbumin 45 kDa;
8:glutamic dehydrogenase 55 kDa; 9:albumin 66 kDa;
10: fructose-6-phosphate kinase 84 kDa; 11:phosphorylase
b 97 kDa; 12:β-galactosidase 116 kDa; 13:myosine 205
kDa.
184 kDa

3. Molecular characteristics of the purified SSAO
Polyacrylamide gel electrophoresis (PAGE) under
non-denaturating conditions gave a single band with
a molecular mass of 184 kDa, when stained with
Coomassie blue R 250 (Figure 3, Lane V). SDS-PAGE
analysis of the purified enzyme also revealed a single
band with apparent molecular mass of 184 kDa (Figure
4, Lane V). However, when the solubilized and
purified enzyme samples were treated with βmercaptoethanol (2-ME), some of the bands collapsed
to give faster bands in SDS-PAGE and the pure enzyme revealed a single band with an apparent molecular mass of 93 kDa (Figure 5, Lane V). Similar bands
were observed in SDS-PAGE pattern of the solubilized
and purified samples of SSAO when the gel was silver
stained (Figure 6). According to this pattern, it was
suggested that rat lung SSAO may be a homodimer
composed of 93 kDa subunits possibly attached by
disulfide bridges. However, amino acid composition
of the corresponding peptide should be determined
to clarify its actual molecular structure.

Figure 4. Non-denaturating SDS-PAGE (7.5%) pattern of the crude
and purified rat lung SSAO. Lane STD corresponds to
the molecular weights of the known proteins whereas
the remaining lanes correspond to the crude homogenate
(I); microsomal SSAO (II); solubilized SSAO (III); SSAO
eluted from Cibacron Blue 3GA-agarose column (IV)
and SSAO eluted from Concanavalin A-Sepharose 4B
column (V). In Lane STD: 1:aprotinin 6.5 kDa; 2:αlactalbumin 14.2 kDa; 3:trypsin inhibitor 20 kDa;
4:trypsinogen 24 kDa; 5:carbonic anhydrase 29 kDa;
6:glyceraldehyde-3-phosphate dehydrogenase 36 kDa;
7:ovalbumin 45 kDa; 8:glutamic dehydrogenase 55 kDa;
9:albumin 66 kDa; 10: fructose-6-phosphate kinase 84
kDa; 11:phosphorylase b 97 kDa; 12:β-galactosidase 116
kDa; 13:myosine 205 kDa.

93 kDa

184 kDa

Figure 3. PAGE (7.5%) pattern of the crude and purified rat lung
SSAO. Lane STD corresponds to the molecular weights
of the known proteins whereas the remaining lanes
correspond to the crude homogenate (I); microsomal

69

Figure 5. SDS-PAGE (7.5%) pattern of the solubilized and purified
rat lung SSAO under reducing conditions. Lane STD
corresponds to the molecular weights of the known
proteins whereas the remaining lanes correspond to the
solubilized SSAO (III); SSAO eluted from Cibacron Blue
3GA-agarose column (IV) and SSAO eluted from
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93 kDa

enzyme lost 40% of its activity in 60 min under the
assay conditions used. At 50ºC, the enzyme lost 82%
of its initial activity in the first 15 min under the assay
conditions used. Incubation at 60ºC resulted in a
complete loss of SSAO activity toward BA in the first
2 min (Figure 8).
V (nmol/min/mg)

Concanavalin A-Sepharose 4B column (V). In Lane STD:
1:aprotinin 6.5 kDa; 2:α-lactalbumin 14.2 kDa; 3:trypsin
inhibitor 20 kDa; 4:trypsinogen 24 kDa; 5:carbonic
anhydrase 29 kDa; 6:glyceraldehyde-3-phosphate
dehydrogenase 36 kDa; 7:ovalbumin 45 kDa; 8:glutamic
dehydrogenase 55 kDa; 9:albumin 66 kDa; 10: fructose6-phosphate kinase 84 kDa; 11:phosphorylase b 97 kDa;
12:β-galactosidase 116 kDa; 13:myosine 205 kDa.
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4. Biochemical characteristics of rat lung SSAO
4.1. Effect of temperature on activity and stability
The optimum temperature for purified SSAO was
measured in the range of 20-80ºC in 20 mM KP buffer,
pH 7.2. The activity of the enzyme was found to be
highest at 45ºC (Figure 7). The activity of the enzyme
at 45ºC was about 2.5 times higher than that at 25ºC.
Figure 8 shows the thermal stability of the purified
SSAO at various temperatures. At 37ºC, the activity
of the enzyme increased with incubation for 60 min,
and the activity was found to be almost stable by 100
min. Although the optimal temperature of purified
SSAO was estimated as 45ºC, the enzyme activity
decreased over time at this temperature. At 45ºC, the

120
100
Relative enzyme activity (%)

Figure 6. SDS-PAGE (7.5%) pattern of the solubilized and purified
rat lung SSAO under reducing conditions. The gel was
silver-stained for protein. Lane STD corresponds to the
molecular weights of the known proteins whereas the
remaining lanes correspond to the solubilized SSAO
(III); SSAO eluted from Cibacron Blue 3GA-agarose
column (IV) and SSAO eluted from Concanavalin ASepharose 4B column (V). In Lane STD: 1:aprotinin 6.5
kDa; 2:α-lactalbumin 14.2 kDa; 3:trypsin inhibitor 20
kDa; 4:trypsinogen 24 kDa; 5:carbonic anhydrase 29
kDa; 6:glyceraldehyde-3-phosphate dehydrogenase 36
kDa; 7:ovalbumin 45 kDa; 8:glutamic dehydrogenase
55 kDa; 9:albumin 66 kDa; 10: fructose-6-phosphate
kinase 84 kDa; 11:phosphorylase b 97 kDa; 12:βgalactosidase 116 kDa; 13:myosine 205 kDa.

t, C
Figure 7. The optimum temperature for the purified rat lung
SSAO. The purified enzyme was incubated with BA in
20 mM KP buffer, pH 7.2, at different temperatures.
Results are averages of three replicate experiments.
Statistical analysis was performed by Student’s t-test.
p<0.05 was considered as statistically significant.
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Figure 8. Thermal stability of the purified SSAO at various
temperatures. The enzyme was incubated with BA in
20 mM KP buffer, pH 7.2, at different temperatures for
different periods and then cooled at an ice-bath. The
residual activity was determined under standard assay
conditions. The maximum activity of the enzyme has
been taken as 100%. Results are averages of three replicate
experiments. Statistical analysis was performed by
Student’s t-test. p<0.05 was considered as statistically
significant.

Storage at 25ºC and 4ºC for 24 hours led to a gradual
decrease in crude microsomal fraction and purified
SSAO, while storage at these temperatures for one
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week resulted in complete loss of SSAO activity both
in microsomal and purified fractions. The purified
SSAO lost 47% and 19% of its activities when kept at
0ºC and -20ºC for one week, respectively, whereas
storage at these temperatures for a month resulted in
almost a complete loss of the enzyme activities. At
-80ºC, both crude microsomal and purified enzyme
were found to be stable for a month. Lyophilization
resulted in inactivation of SSAO of microsomal and
purified fractions.
4.2. Effect of pH on activity and stability
The optimal pH was determined by using KP buffer
(20-120 mM) at various pH values. Optimum pH
obtained by extrapolating the enzyme activities at
the 0 concentration of buffer versus pH was found to
be 7.5 (Figure 9). The purified SSAO lost 38%, 10%
and 57% of its initial activity at pH 6.5, 8 and 8.5,
respectively.
pH 6.0

6

5. Basic kinetic properties of the purified SSAO
5.1. Substrate specificity of rat lung SSAO
The rat lung SSAO activity was determined toward
BA at the concentration ranges of the substrate as 10750 µM. The kinetic parameters for the metabolism
of BA by the purified SSAO was determined in the
presence of 1 mM l-deprenyl to inhibit any MAO
activity.
Time course of the product formation with BA as
substrate is presented in Figure 10 a and b ([BA]=0100 µM in Fig. 10a; 100-750 µM in Fig. 10b) (y = 0.001x
+ 0.2106, y = 0.0013x + 0.2098, y = 0.0014x + 0.2098,
y = 0.0015x + 0.2108, respectively, r2 ≥ 0.9869 for Figure
10a and y = 0.0015x + 0.2108, r2 = 0.9995 for Figure
10b).
0.32
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7

extrapolating of the enzyme activities at the 0
concentration of buffer versus pH. Results are averages
of four replicate experiments. Statistical analysis was
performed by Student’s t-test. p<0.05 was considered
as statistically significant.
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Figure 9. Effects of buffer concentration and pH on the activity
of purified SSAO.
The optimal pH was determined by using KP buffer
(20-120 mM) at various pH values. Enzyme activity was
measured at any corresponding pH value toward BA
in the assay mediums containing KP buffers of different
concentrations. Optimal pH was obtained by
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Figure 10. Time course of the product formation with BA as
substrate.
(a) BA concentration was kept in the range of 0-100 MM.
[BA] = (-•-) 10 µM, (-5-) 20 µM, (-n-) 50 µM, and (-♦-)
100 µM.
(b) BA concentration was kept in the range of 100-750
µM.
[BA] = (-•-) 100 µM, (-n-) 500 µM and (-5-) 750 µM.
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The velocity of the reaction decreased with increasing
substrate concentration, indicating that MichaelisMenten enzyme behavior was obeyed at only low
concentrations of the substrate (Figure 11), whereas
deviation from linearity was seen in the plots at higher
substrate concentrations (Figure 12, y = 0.6442x
+0.1764, r2 = 0.9716). Thus, the apparent Km was
estimated from the linear part of the graph plotted
by using BA at the concentration range of 0-100 µM.
Rat lung SSAO was found to deaminate BA with a
Km of 3.65 µM and a Vmax of 5.6 nmol/min/mg
protein at this concentration range. High substrate
inhibition was found to be reversible.
7

V max
Km [S ]
= 1+
+
[S ] Km '
V
with V being the velocity, [S] the BA concentration,
Km the dissociation constant for the substrate, and
Km` the apparent dissociation constant for BA as
inhibitor. The optimum substrate concentration, S0,
can then be expressed as:

S 0 = Km.Km '
The apparent Km for BA oxidation obtained from the
Lineweaver-Burk plot was 3.65 µM, while the apparent
Km` estimated from the Dixon plot of reciprocal
velocity against substrate concentration was 800 µM
(Figure 13, y = -0.0012x +0.2491, r2 = 0.9915). Thus,
the S0 value calculated from the equation was 54.03
µM, which coincides with the value calculated graphically.

6

V (nmol/min/mg)

substrate-enzyme complex. The general equation for
this inhibitory mechanism can be derived as 25 :
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Figure 11. Michaelis-Menten plot of BA oxidation by SSAO. BA
was used as substrate in the concentration range of 10100 µM. Results are averages of three replicate
experiments. Statistical analysis was performed by
Student’s t-test. p<0.05 was considered as statistically
significant.
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Figure 13. Dixon Plot of BA oxidation when BA was used as
substrate in the concentration range of 10-750 µM.
Km`= 800 µM.
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Figure 12. Lineweaver-Burk plot of BA oxidation. BA was used as
substrate in the concentration range of 10-750 µM. Km=
3.65 µM.

A possible mechanism for such substrate inhibition
may be explained by the possibility of binding of
more than one substrate molecule at the active site
of SSAO with the formation of a relatively inactive

Although S0 value for BA was found as 54.03 µM, 100
µM of BA was used in the determination of SSAO in
kinetic studies since no substrate inhibition has been
recorded at this BA concentration in practical.
The observed maximal velocity (6.25 nmol/min/mg)
was in agreement with the value calculated (6.33
nmol/min/mg) from equation 1:

V max
3.65 100
= 1+
+
= 6.33
5.5
100 800 '
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Thus, it seems that the active site of rat lung SSAO
may have more than one site for interaction with BA
as substrate.
0.6

0.5

1/V (nmol/min/mg) -1

Benzaldehyde, benzoic acid and NH4+, which are the
end products of BA oxidation by SSAO, were tested
as potential inhibitors of BA oxidation. Only NH4+
showed inhibitory activity on the oxidation of BA by
SSAO. Inhibition was found to be competitive in
nature with a Ki value of 21.0 ± 1.8 mM (mean ± SEM
of three experiments) (data not shown). However,
additional experiments should be carried out to clarify
such product inhibition seen in the BA oxidation by
SSAO.
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Without preincubation, mode of the enzyme inhibition
by SCZ was competitive with an approximate Ki
value of 12.8 µM (Figure 14a) (y = 0.6441x + 0.1764,
y = 1.5273x + 0.1828, y = 2.3533x + 0.1778, y = 3.1348x
+ 0.1782, respectively, r2 ≥ 0.97, and y = 0.0477x +
0.61, r2 = 0.9864). Inhibition was found to be reversible
(Figure 14b). After 2h of preincubation, the mode of
inhibition by SCZ changed into non-competitive
mode, and the approximate Ki value was determined
as 5.4 µM (Figure 15a) (y = 0.5389x + 0.1745, y =
0.9659x + 0.2424, y = 1.3198x + 0.2573, y = 1.7435x +
0.3506, respectively, r2 ≥ 0.9476, and y = 0.1206x +
0.6324, r2 = 0.9393). Inhibition was found to be irreversible (Figure 15b). This result suggested that SCZ
behaves as a suicide inhibitor of rat lung SSAO by
interacting with the enzyme first to form a reversible
complex with a subsequent reaction, and then leading
this complex to the covalently bound enzyme-inhibitor
adduct.

20

[SCZ], ? M

A250

5.2. Inhibition of the purified SSAO by SCZ
Since it has been recently reported that SCZ is a
selective and potent suicide inhibitor of SSAO26, the
inhibitory effect of SCZ on the oxidation of BA by rat
lung SSAO was investigated in the present study.
SCZ was used in the concentration range of 0-50 µM
and incubated with purified SSAO at 37ºC for 0, 30
and 60 min prior to adding to the assay mixture.
MAO activity was inhibited by preincubating the
samples with l-Deprenyl (1 µM) for 60 min at 37ºC.

km/Vmax

2,50
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Figure 14. (a) Lineweaver-Burk plot corresponding to the inhibition
of rat lung SSAO with 0-50 µM of SCZ without
preincubation. BA was used as substrate in the
concentration range of 10-100 µM. [SCZ] = (-•-) 0 µM,
(-n-) 20 µM, (-5-) 40 µM and (-♦-) 50 MM. , Ki=12.8
µM.
(b) Reversibility of the inhibition of SSAO with SCZ
when BA was used as substrate.
(-♦-) Control (without SCZ), (-5-) 40 µM SCZ without
preincubation and (-n-) 1:10 dilution without
preincubation.
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one. Thus, the k
possible
equation can be written as:
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The rate of inhibition of SSAO by SCZ followed the
pseudo-first-order kinetics when the residual SSAO
activity was plotted as a linear regression of a log10
scale of the percentage of the remaining activities
against preincubation periods (Figure 16, y = 0.234x
+ 13.796, r2 = 0.985). Inhibition following this mechanism was analyzed according to the equation below28:
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Inhibition of SSAO by SCZ was enhanced with increase in the incubation period up to 2 hours. After
2 hours, no further increase was detected, and this
finding supported the hypothesis suggesting that the
concentration of the inhibitor is depleted by the formation of the reversible and irreversible enzymeinhibitor complexes, which was also shown for the
suicidal MAO inhibitors27 . Since the mode of inhibition changed before and after preincubation, it can
be suggested that SCZ interacts with the enzyme
active center and forms a reversible intermediate
complex. This complex then changes to an irreversible
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Figure 15. (a) Lineweaver-Burk plot corresponding to the inhibition
of BA oxidation by SSAO with various concentrations
of SCZ by preincubation at 37°C for 2 hours. BA was
used as substrate in the concentration range of 10-100
µM. [SCZ] = (-l-) 0 µM, (-n-) 2 µM, (-5-) 4 µM and (♦-) 6 µM. Ki=5.4 µM.
(b) Reversibility of the inhibition of BA oxidation by
SSAO with SCZ. (-♦-) Control (without SCZ), (-5-) 1
µM SCZ with 2 h preincubation and (-;-) 1:10 dilution
with 2 h preincubation.
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Figure 16. Time-dependent inhibiton of BA oxidation by SCZ.
[SCZ] = (-n-) 0.2 µM, (-5-) 0.4 µM and (-♦-) 0.5 µM.
1/K` which is the apparent first-order rate constant for
the inhibition of SSAO by SCZ was obtained from the
first graphic.
Kinact and Kd (k-1/k+1) (apparent dissociation constant)
can be determined from a linear plot of 1/K` against 1/
[I]. The K d value was calculated as 4.27 µM.
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K` is the apparent first-order rate constant for the
inhibition of SSAO by SCZ. Kinact and Kd (k-1/k+1)
(apparent dissociation constant) can be determined
from a linear plot of 1/K` against 1/[I]. The Kd value
calculated in this way (about 4.27 µM, Figure 16,
second graphic) was found to be similar to the Ki
value of 5.4 µ M, which is the one for the reversible
phase of the inhibition with 2 h preincubation (Figure
15a). This finding suggested that SCZ is an activesite directed suicide inhibitor of rat lung SSAO.
DISCUSSION
SSAO was purified from the crude microsomal fractions of rat lung by Cibacron Blue 3GA-agarose and
Concanavalin A-Sepharose 4B affinity chromatographies. A 46-fold purification and a recovery of about
15% were obtained. Previously, SSAO was purified
from bovine lung microsomes using Cibacron Blue
3GA-agarose, hydroxylapatite Bio-gel HTP, Lens
culinaris-agarose and Resource-Q column
chromatographies29. In the present study, hydroxylapatite chromatographic step was by-passed since 79%
of SSAO activity did not bind to the resin and only
1.80-fold purification was achieved. This result was
in accordance with two recent findings demonstrating
that this behavior of the enzyme possibly results from
the differences in the carbohydrate contents of the
SSAOs of different sources29,30. Since it was suggested
that microsomal SSAO can bind to several immobilized lectin resins29, Concanavalin A-Sepharose 4B
resin was used as an affinity matrix in the present
study. The present purification procedure was presented as being efficient since the active fractions
eluted from Concanavalin A-Sepharose 4B chromatography gave a single band in PAGE analysis.
The native SSAO exhibited an apparent molecular
weight of 184 kDa (Figure 3, Lane V) by PAGE, whereas SDS-PAGE under reducing conditions yielded a
major band of 93 kDa (Fig 5, Lane V), suggesting that
the enzyme may be a homodimer composed of 93
kDa subunits possibly attached by disulfide bridges.
This result is not consistent with the previous findings
which suggested that SSAO is a tetramer composed
of 100 kDa subunits31. However, there are some reports suggesting that tissue-bound SSAO could be
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the precursor form of plasma SSAO, and purified
tissue-bound SSAO is comprised of two identical
subunits, with a molecular mass of 170-190 kDa32.
The enzyme was found to be most active at 37ºC.
Incubation at 60ºC resulted in a complete loss of SSAO
activity (Figure 8). According to the stability studies,
it was concluded that enzyme activity towards BA in
20 mM KP buffer, pH 7.2 is stable for one month at
-80ºC. Lyophilization was not recommended since it
resulted in inactivation of the SSAO of microsomal
and purified fractions. The optimum pH of purified
SSAO was determined to be 7.5 while the enzyme
lost 38%, 10% and 57% of its initial activity at pH 6.5,
8 and 8.5, respectively. The pH range for rat lung
SSAO towards BA was then recommended to be 7.27.6.
The velocity of the reaction decreased with increasing
substrate concentration, indicating that MichaelisMenten enzyme behavior was obeyed at only low
concentrations of BA (Figure 10a), thus a substrate
inhibition at high substrate concentrations was suggested in the case of BA. Rat lung SSAO was found
to deaminate BA with a Km value of 3.65 µM and a
Vmax of 5.6 nmol/min/mg protein at the concentration
range of 0-100 µM. In order to test the possibility of
product inhibition being responsible, benzaldehyde,
benzoic acid and NH4+, the end products of BA oxidation, were tested as potential inhibitors of BA
oxidation. Although NH4+ showed inhibitory activity
on the oxidation of BA by SSAO, it was concluded
that further kinetic studies with the end-products of
BA oxidation under different conditions may clarify
the high substrate inhibition seen with BA.
Since some of the earlier reports suggested the presence of two binding sites for the interaction of BA
with bovine lung SSAO21, this possible mechanism
was tested by using a general equation (Eq 1) derived
from Haldane. The experimental data were found to
be consistent with the equation, thus it seems possible
that the active site of rat lung SSAO may have more
than one site for the interaction with BA as substrate.
Although SCZ has been suggested to be an irreversible
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and probably a suicide SSAO inhibitor29, the mechanism of inhibition is not yet fully described. In the
present study, it was found that when 100 µM BA
was used as a substrate and without preincubation,
mode of the inhibition by SCZ was found to be competitive with approximate Ki value of 12.8 µM (Figure
14a), whereas the inhibition changed into the noncompetitive mode after 2 hours of incubation (Figure
15a), indicating that SCZ may inhibit rat lung SSAO
by a mechanism of mostly a suicide type.
Without preincubation, mode of the enzyme inhibition
with SCZ was competitive and reversible (Figure
14b). After 2 hours of preincubation, the mode of
inhibition by SCZ changed into the non-competitive
and irreversible mode (Figure 15b). This result suggested that SCZ behaves as a suicide inhibitor of rat
lung SSAO by interacting first with the enzyme to
form a reversible complex with a subsequent reaction,
and then leading this complex to the covalently bound
enzyme-inhibitor adduct. After 2 hours, no more
increase was detected and this finding supported the
hypothesis suggesting that the concentration of the
inhibitor is depleted by the formation of the reversible
and irreversible enzyme-inhibitor complexes, which
was also shown for the suicidal MAO inhibitors27.
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