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Summary 

It has been reported that bovine aorta amine oxidase oxidizes lysine resi- 
dues in tropoelastin to allysine (Rucker, R.B. and O'Dell, B.L. (1971) Biochim. 
Biophys. Acta 235, 32--43). Pure bovine aorta amine oxidase was isolated by 
DEAE-cellulose, hydroxylapati te ,  Bio-Gel A-1.5 m and concanavalin A-Sepha- 
rose 4B chromatography. Enzymatic,  chromatographic and immunochemical 
tests disclosed that  pure bovine aorta amine oxidase was not a lysyl oxidase 
capable of oxidizing the lysine residues of tropoelastin to allysine. The bovine 
aorta amine oxidase preparation used by Rucker and O'Dell appears to have 
been contaminated with lysyl oxidase which is the enzyme that  oxidizes some 
of the lysine residues in tropoelastin and tropocollagen to allysine. 

Introduct ion 

The biochemistry of the aorta is being actively investigated due to the 
current emphasis on cardiovascular diseases. A key structural protein present in 
the aorta is elastin and the great elasticity of the aorta is due to the presence of 
this structural protein [1,2]. However, the elastin is first biosynthesized in a 
precursor form, tropoelastin [3,4]. A copper-protein, lysyl oxidase [5],  then 
oxidizes certain lysine residues in tropoelastin to allysine. The allysine then 
undergoes condensation to form cross-links such as desmosine [6,7] by some 
unknown mechanism. 

Two different types of lysyl oxidase have been reported to be present in 
the aorta. One type was reported to be similar to the plasma amine oxidase [8] 
while the other type did not  oxidize benzylamine, a standard substrate for amine 

* To whom reprint requests should be a d d r e s s e d .  
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oxidase [9,10] .  In the present investigation, pure preparations of bovine aorta 
oxidase were required for the investigation of the lysyl oxidase activity of the 
enzyme.  A procedure was developed for the isolation of the pure enzyme and 
various experimental  data were obtained to show the aorta amine oxidase was 
no t  a lysyl oxidase as reported.  

Materials and Methods 

Bovine aorta 
Fresh bovine aorta was collected at the local abattoir ,  defat ted and then 

frozen until needed. Benzylamine was purchased from" the Sigma Chemical Co. 
Lysyl-vasopressin was purchased from Calbiochem. The remainder of peptides 
used in the investigation were obtained from Sigma Chem. Co. or were donated 
by Dr J. Stewart.  Concanavalin A and Sepharose 4B were purchased from 
Pharmacia. Bovine plasma amine oxidase was purified as previously reported by 
this laboratory [11] .  Highly purified chicken tropoelat in was a gift of Dr R. 
Rucker.  [6-3H] Lysine (42.74 Ci/mM) was purchased from New England Nu- 
clear. 

Partially purified bovine aorta lysyl oxidase was isolated by the procedure 
of Harris et al. [9 ] .  The enzyme had been purified through the tropoelastin- 
Sepharose 4B affinity chromatography step. 

Enzy m e  assay 
The spec t rophotometr ic  assay of Tabor  et al. [12] ,  in which the oxidation 

of bezylamine is followed at 250 nm, was used to assay the enzyme.  A unit of 
enzyme activity is the amount  of  enzyme which causes an absorbance change 
of 0.001 per min and specific activity is defined as the units per mg of enzyme.  
Lysyl oxidase activity was measured by the procedure of Pinnell and Martin 
[5] .  [6-3H]Lysine was incorporated into tropoelastin by the tissue culture 
procedure described by these workers. For  the lysyl oxidase assay, the sub- 
strate in each tube contained about  100 000 cpm. 

The relative rates of oxidation of  various lysine derivatives by aorta amine 
oxidase was assayed as follows. The reaction mixtures contained 1.0 pmol of 
lysine derivative, 0.06 mg o-dianisidine, 0.1 mg peroxidase, 0.20 pmol of so- 
dium phosphate buffer,  pH 7.4 and 33 units of  lysyl oxidase or plasma amine 
oxidase in a final volume of 3 ml. The rate of  reaction was measured at 460 nm 
and 25°C. This coupled amine oxidase-peroxidase assay was developed by 
McEwen et al. [13] .  

Protein determination 
Protein concentrat ions of solutions of the aorta amine oxidase were deter- 

mined spectrophotometr ical ly ,  the E 1% value of  20.8 nm was assumed. a m  

Otherwise, the protein concentrat ion was determined by the biuret procedure 
of Gornall et al. [14] .  

Molecular weight estimation 
The molecular weight of the enzyme was estimated by molecular seiving 

on a 1.2 cm × 116 cm column of  Biogel A-1.5 m by the procedure described 
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by Whitaker [15]. Standard proteins used to calibrate the column were bovine 
heart cytochrome c, bovine serum albumin, alcohol dehydrogenase, catalase 
and blue dextran. 

Preparation of affinity gels 
Concanavalin A-Sepharose 4B and tropoelastin-Sepharose 4B affinity sup- 

ports were prepared by coupling 80 mg of concanavalin A with 30 ml of 
Sepharose 4B and 10 mg of highly purified chicken tropoelastin with 10 ml of 
Sepharose 4B at pH 9.0 as described by Cuatrecasas and Anfinsen [16]. 

Disc gel electrophoresis 
About 100 pg of enzyme was tested by polyacrylamide gel electrophoresis 

as described by David [17].  Electrophoresis was carried out in a solution of 
glycine and diethylbarbiturate at pH 7.0 with a 7.5% total polyacrylamide gel. 
On completion of the electrophoresis run, the gel was strained with a solution 
of Coomassie Blue and destained in a methanol/acetic acid solution. The en- 
zyme, 8 mg per ml in 0.1 M sodium phosphate buffer, pH 7.4, was also ana- 
lyzed in the Beckman-Spinco Model E analytical ultracentrifuge at 20°C and 
59 870 rev/min. 

Results 

Purification procedure 
All operations were carried out at 4 °C. 
(a) Preparation of the homogenate. About 6000 g of cleaned and rinsed 

aorta was passed through a meat grinder. The minced aorta was then added to 
two volumes of 0.03 M sodium phosphate buffer solution, pH 7.4. The suspen- 
sion was then homogenized in a Waring blender for 5 intervals, each of one min 
duration. The suspension was then centrifuged for 12 min at 16 000 X g. The' 
precipitate was discarded and 9550 ml of supernatant was obtained. About 
23 779 units of enzyme with specific activity of 0.32 was found in the super- 
natant  solution. 

(b) Fractionation with (NH4)2S04. The supernatant solution from the 
previous step was fractionated with ammonium sulfate and the protein precipi- 
tating between 40 and 60% saturation was collected. (A saturated solution was 
taken as 760 g of (NH4)5 SO4 per l). The precipitate was dialyzed against 
0.01 M sodium phosphate buffer, pH 7.4, and was found to contain 13 350 
units of enzyme with a specific activity of 1.06. 

(c) Chromatography on DEAE-cellulose. The enzyme was placed on a 
column of DEAE-cellulose (3 1 bed volume) previously equilibrated with 
0.01 M sodium phosphate buffer, pH 7.4. The column was washed with about 
3.5 1 of the same buffer followed by about 3.5 1 of 0.03 M sodium phosphate 
buffer, pH 7.4. The enzyme which eluted from the column with 0.07 M 
sodium phosphate buffer, pH 7.4 was collected. The elution pattern of the 
enzyme is shown in Fig. 1. The enzyme extract was then brought to 40 and 
60% saturation with respect to the ammonium sulfate concentration. The re- 
sulting precipitate was dialyzed against 0.01 M sodium phosphate buffer, pH 
7.4, and was found to contain 9835 units with a specific activity of 15.4. 
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Fig .  1. D E A E - c e l l u l o s e  c h r o m a t o g r a p h y  o f  b o v i n e  a o r t a  a m i n e  o x i d a s e .  T h e  e n z y m e ,  1 2 . 7 1  g c o n t a i n i n g  
13 3 5 0  u n i t s ,  w a s  a d d e d  t o  a c o l u m n  o f  3 1 b e d - v o l u m e  a f t e r  i t  h a d  b e e n  p u r i f i e d  b y  a m m o n i u m  s u l f a t e  

f r a c t i o n a t i o n .  F r a c t i o n s  e l u t e d  b y  0 . 0 7  M s o d i u m  p h o s p h a t e  b u f f e r ,  p H  7 . 4  w e r e  p o o l e d .  

(d) Chromatography on hydroxylapatite. The enzyme from the previous 
step was applied to a 2.5 cm × 15 cm hydroxylapatite column [18] equili- 
brated with 0.01 M sodium phosphate buffer. The elution was followed by 0.01, 
0.3 and 0.07 M sodium phosphate buffer, pH 7.4. The elution pattern is shown 
in Fig. 2. The fractions eluted by 0.03 and 0.07 M buffer which contained most 
of the activity was fractionated with ammonium sulfate and the protein pre- 
cipitating between 40 and 60% ammonium sulfate saturation was collected. 
The precipitate was then dialyzed against 0.07 M sodium phosphate buffer, pH 
7.4, and it contained 5760 units with a specific activity of 32.1. 

(e) Chromatography on Bio-Gel. The sample was then chromatographed 
on a 1.5 cm X 90 cm Bio-gel A 1.5-column previously equilibrated with 0.07 M 
sodium phosphate buffer, pH 7.4. The eluate obtained with 0.07 M buffer was 
collected and precipitated with 70% ammonium sulfate (Fig. 3). The precipi- 
tate after dialysis against 0.1 M sodium phosphate buffer, pH 7.4, contained 
4554 units and the specific activity of  the enzyme was 109. 
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Fig .  2. H y d r o x y l a p a t i t e  c h r o m a t o g r a p h y  o f  p u r i f i e d  a o r t a  a m i n e  o x i d a s e .  T h e  e n z y m e ,  6 3 7  m g  c o n t a i n i n g  
9 8 3 5  u n i t s ,  w a s  a p p l i e d  t o  a c o l u m n  ( 4  c m  X 2 5  c m )  a n d  d e v e l o p e d  s t e p w i s e  w i t h  0 . 0 1 ,  0 . 0 3 ,  0 . 0 7  a n d  
0 . 1 5  M s o d i u m  p h o s p h a t e  b u f f e r ,  p H  7 .4 .  F r a c t i o n s  e l u t e d  b y  0 . 0 3  a n d  0 . 0 7  M b u f f e r  w e r e  p o o l e d .  
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Fig. 3. Bio-geI c h r o m a t o g r a p h y  of  pu r i f i ed  a o r t a  a m i n e  o x i d a s e .  T h e  e n z y m e  ( 1 7 9  m g ,  5 7 6 0  un i t s )  was  
a p p l i e d  to  a c o l u m n  (1 .5  cm X 9 0  cm)  a n d  e lu t ed  w i t h  0 . 0 7  M s o d i u m  p h o s p h a t e  b u f f e r ,  p H  7 .4 ,  

(f) Chromatography on concanavalin A-Sepharose 4B. The resulting 
enzyme from previous step was applied to a 1.2 cm X 25 cm column of 
concanavalin A-Sepharose 4B which had been equilibrated with 0.1 M sodium 
phosphate buffer, pH 7.4. Following the removal of unbound protein, the 
column was eluted with the same buffer containing 0.1 M a-methyl-D-glucoside 
(Fig. 4), The eluate was pooled and precipitated with 70% ammonium sulfate. 
The precipitate was dissolved in 0.1 M sodium phosphate, pH 7.4, and was then 
dialyzed against the same buffer. About 1335 units of enzyme with a specific 
activity of 267 was isolated. However, preparations with a specific activity of 
318 have been isolated. 

A summary of the purification data of lysyl oxidase is shown in Table I. 
The enzyme was purified about 800-fold and the yield was about' 5.6%. 

Purity checks 
The purified enzyme exhibited only one protein band after disc gel elec- 
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T A B L E  I 

P U R I F I C A T I O N  O F  A M I N E  O X I D A S E  F R O M  B O V I N E  A O R T A  

T h e  a m i n e  o x i d a se  was  e x t r a c t e d  f r o m  6 kg  of  b o v i n e  aor ta .  

P r o c e d u r e  V o l u m e  Tota l  To ta l  Speci f ic  Yield Purifi-  

(ml)  un i t s  p r o t e i n  ac t iv i ty  (%) c a t i o n  

( m g )  

E x t r a c t  9 5 5 0 . 0  23 779  74 868 .0  0 .318  100 .0  1.0 

A m m o n i u m  Sul fa te  f r a c t i ona -  2 5 4 0 . 0  13 350  12 7 0 8 . 0  1.06 56,1 3.3 

t i on  
DEAE-ce l lu lose  c h r o m a t o -  41 .5  9 8 3 5  6 3 7 . 0  15.4  41 .4  48 .5  

g r a p h y  

H y d r o x y l a p a t i t e  c h r o m a t o g r a p h y  8.0  5 7 6 0  179 .0  32 .14  24.2  1Ol .1  

Bio-gel c h r o m a t o g r a p h y  2.3 4 5 5 4  42 .0  108 ,5  19 .2  341.1  

Conca n av a l i n  A S e p h a r o s e  1 .0  1 3 3 5  5.0 267.1  5.6 840 .0  

c h r o m a t o g r a p h y  

trophoresis. In order to confirm that the protein band was due to the enzyme 
itself, the coupled amine oxidase-peroxidase assay of McEwen [13] was used. 
The results of the disc electrophoresis runs are shown in Fig. 5 and showed that 
the purified enzyme was in a monodisperse state. Analysis of the purified 
protein in the analytical ultracentrifuge showed the protein was monodisperse. 

Oxidation of lysine peptides 
Rucker and O'Dell [8] reported that bovine aorta amine oxidase oxidized 

the lysine residue in lysyl-vasopressin. In agreement with these investigators, 
the amine oxidase-peroxidase-o-dianisidine coupled assay indicated that  the 
homogeneous preparations of the enzyme oxidized the hormone at about a 
third of the rate of benzylamine at pH 7.2. However, none of the other lysine 
derivatives in which the lysine was substituted in various positions or was 
present in different parts of the peptide were oxidized. These derivatives in- 
clude Gly-Lys-HC1, Lys-p-nitroanilide, N-acetyllysine methyl ester, lysylglut- 
amyl acetate and Lys-Gly-sulfate. Other lysine peptides which were not oxi- 
dized by amine oxidases were: Lys-Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg, 
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Fig.  5, Disc-gel e l e c t r o pho re s i s  o f  a o r t a  a m i n e  oxidase .  The  ho r i z on t a l  a r r o w  ind ica t e s  the  pos i t i on  of  t h e  

ao r t a  a m i n e  ox idase .  T h e  d i r e c t i o n  of  m i g r a t i o n  was f r o m  c a t h o d e  to a n o d e .  E n z y m e  a c t i v i t y  was  
d e t e r m i n e d  by  the  assay  s y s t e m  desc r ibed  u n d e r  Resul ts .  In  the  disc 7, a m i x t u r e  of  ao r t a  a m i n e  ox idase  
( A A O )  and  p l a sma  a m i n e  ox idase  ( P A O )  was e x a m i n e d .  
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T A B L E  II 

L Y S Y L  O X I D A S E  A C T I V I T Y  O F  B O V I N E  A O R T A  A M I N E  O X I D A S E  

The  assay p r o c e d u r e  desc r ibed  by  Pinnel l  and  Mar t in  [5 ]  was  used.  The  to ta l  v o l u m e  in each case was  2.0 

ml  and  c o n t a i n e d  e n z y m e ,  s u b s t r a t e  ( 1 0 0  0 0 0  c p m )  and  1 m M  lys ine  in 0.1 M p o t a s s i u m  b u f f e r  con- 

t a in ing  0 .16  M NaCl,  pH  7.4.  The  t e m p e r a t u r e  was  3 7 ° C  and  the  r e a c t i o n  t i m e  was  8 h. 

Enzyme  Tritium release 
(cpm) 

1. Con t ro l*  157 

2. Aorta amine oxidase** 150  

3. Aorta amine o x i d a s e * * *  660  

4. Aorta lysy l  ox idase t  575 

* The  r e a c t i o n  m i x t u r e  i nc luded  the  i n d i c a t e d  c o m p o n e n t s  e x c e p t  e n z y m e .  
** 0 .4  m g  o f  h igh ly  p u r i f i e d  e n z y m e  w i t h  spec i f ic  ac t iv i ty  286  was  used fo r  t he  assay.  

** * 1.0 m g  of  par t ia l ly  p u r i f i e d  e n z y m  e w i t h  spec i f i c  a c t i v i t y  43 was  used .  
t 1 .25 m g  of  b o v i n e  a o r t a  lysy l  ox ida se  w h i c h  had  b e e n  pur i f i ed  t h r o u g h  the  t r o p o e l a s t i n - S e p h a r o s e  

4B was  used.  

Glu-Lys-Trp-Ala-Pro, Met-Lys-Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg, Thr-Thr- 
His-Tyr-Gly-Ser-Leu-Pro-Gln-Lys-Gly, pyrrol idone carboxyl-Trp-Pro-Arg-Phe- 
Lys-Trp-Ala-Pro. Thus the ability of the enzyme to oxidize lysine peptides in 
general appears to be ver~ limited. 

Action of tritiated tropoelastin 
The results with the purified aorta enzyme are summarized in Table II. No 

tri t ium was released when the aorta enzyme was incubated with the radioactive 
substrate. However, a partially purified preparation of the enzyme and a par- 
tially purified aorta lysyl oxidase preparation were active in the assay. 

Chromatography on tropoelastin-Sepharose 4B 
Harris et al. [9,10] reported a purification procedure for bovine aorta 

lysyl oxidase. In the second step of purification, an affinity column, tropoelas- 
tin-Sepharose 4B was used. The enzyme was retained by this column and 0.1 M 
potassium phosphate containing 6 M urea and 0.2 M NaC1, pH 8.4 was required 
to elute the enzyme from the column. When the bovine aorta amine oxidase 
was applied to the Sepharose 4B column, the enzyme was not  retained by the 
column (Fig. 6). However, a partially purified lysyl oxidase preparation was 
applied to the column. It was retained which demonstra ted that  the column 
was effective in absorbing lysyl oxidase. 

Effect of  tropoelastin on the benzylamine oxidase activity 
Mixed substrate experiments were performed.  When 4 mg of  highly puri- 

fied tropoelastin was added to 100 units of the aorta amine oxidase with and 
without  5 min preincubation,  no inhibition of benzylamine oxidation was ob- 
served which indicated that  tropoelast in was not  a substrate of the enzyme.  

Immunochemical investigations 
The Ouchter lony double immunodiffusion test indicated that  the aorta 

amine oxidase (50 pg) cross reacted with the rabbit anti-bovine plasma amine 
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a m i n e  o x i d a s e  in  0.1  M p h o s p h a t e  b u f f e r ,  p H  7 .4  w a s  a p p l i e d  t o  t h e  c o l u m n  ( 1 . 1  c m  × 7 c m )  a n d  t h e  
i n d i c a t e d  a m o u n t s  o f  t h e  t w o  b u f f e r s  w e r e  p a s s e d  t h r o u g h  t h e  c o l u m n .  

oxidase (0.5 ml) but not  with partially purified lysyl oxidase (50 pg). However, 
a spur appeared between adjacent outer wells which contained the bovine aorta 
and plasma enzymes with the spur pointing towards the aorta enzyme.  Thus, 
the aorta enzyme is deficient in some antigenic sites present in the plasma 
enzyme but both enzymes have some common antigenic sites. Advantages of 
this cross-reactivity of the aorta enzyme to the anti-plasma amine oxidase was 
utilized to show the purity of the highly purified bovine aorta amine oxidase. 
The antisera obtained by the injection of crude aorta extract in the rabbit 
showed a single precipitin band with the purified aorta amine oxidase in the 
double immunodiffusion test. 

Approximate molecular weight 
Molecular seiving on Bio-Gel A 1.5 mm was used to estimate the molecu- 

lar weight of the purified bovine aorta lysyl oxidase. It is estimated that the 
molecular weight of the enzyme is about 180 000.  

Discussion 

Our laboratory has embarked on a research program to investigate the 
lysyl oxidase present in different tissues. Lysyl oxidase was originally dis- 
covered by Pinnell and Martin [5] in chicken bone extracts. Since that time, 
Rucker and O'Dell reported that bovine aorta amine oxidase also possessed 
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lysyl oxidase activity [8].  Layman et al. also reported that  human skin extracts 
contain lysyl oxidase [19]. Nagatsu et al. did not  check the dental pulp amine 
oxidase for lysyl oxidase activity but suggested that  it probably was a lysyl 
oxidase [20]. Harris et al. have obtained chicken aorta lysyl oxidase in a highly 
purified form [9,10]. 

In order to investigate the lysyl oxidase activity of the bovine aorta amine 
oxidase, a pure preparation of the enzyme was needed. This objective was 
accomplished in the present study and the procedure for obtaining the homoge- 
neous enzyme is described. The enzyme was purified about 800-fold as com- 
pared to the previously reported purification procedure of Rucker and O'Dell 
who obtained about 180-fold purification of the enzyme. Two forms of the 
enzyme were detected in the hydroxylapati te  chromatography step. Since disc 
electrophoresis, ultracentrifugation and immunochemical  tests showed that  the 
enzyme was pure and our objective was to check the lysyl oxidase activity of 
the total amine oxidase present in the aorta, the two forms were not separately 
investigated in the present investigation. 

The purified enzyme was used to check the lysyl oxidase activity. The 
following experiments were conducted: (1) The bovine aorta amine oxidase 
was able to oxidize lysyl-vasopressin but  not  a number of other lysine pep- 
tides. (2) The enzyme did not  release trit ium from tropoelastin (tritium la- 
belled in 6C atom of the lysine residues) obtained from the aorta tissue culture 
experiments. (Partially purified aorta lysyl oxidase was active in releasing triti- 
um). (3) The enzyme did not  show affinity for a chicken tropoelastin-Sepharose 
4B affinity column. (4) Antibody to the bovine plasma amine oxidase cross- 
reacted with the bovine aorta amine oxidase but not with partially purified 
aorta lysyl oxidase. These experiments led to the conclusion that  bovine aorta 
amine oxidase does not  possess lysyl oxidase activity as reported by Rucker 
and O'Dell [8]. It appears that  their 150-fold purified enzyme contained some 
lysyl oxidase of the type described by Harris et al. [9,10]. We have also 
observed lysyl oxidase activity in bovine aorta amine oxidase preparations 
which were not pure. 

A few of the properties of lysyl oxidase and the amine oxidase are sum- 
marized below. As noted by Rucker and O'Dell [8],  the bovine plasma amine 
oxidase and bovine aorta amine oxidases have very similar properties. Both 
enzyme oxidize benzylamine, and have molecular weight of about 170 000-- 
180 000. However, the two enzymes differ in that  the aorta enzyme was capa- 
ble of oxidizing lysyl-vasopressin while the plasma enzyme was not. Also, they 
differ in the mode and sensitivity to inhibition by ~-aminopropionitrile [8].  
Lysyl oxidase on the other hand cannot oxidize benzylamine [9,10] but does 
oxidize certain lysine residues in the structural proteins, tropoelastin [21] and 
procollagen [22]. The aorta lysyl oxidase has been reported to have a molecu- 
lar weight of about 60 000 [10] and the bone lysyl oxidase to have a molecular 
weight of about 170 000 [23]. Thus, there may be two types of lysyl oxidases 
with different molecular weights. 

In summary,  from the various observations made with pure preparations 
of bovine aorta amine oxidase, it was concluded that  this enzyme was not a 
lysyl oxidase nor a plasma amine oxidase. 
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