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Extended Substrate Specificity of Serum Amine Oxidase: Possible
Involvement in Protein Posttranslational Modification
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The capacity of bovine serum amineoxidase (SAO) to oxidize free amino groups of nonconventional sub-
strates, such as polylysine (up to 50 kDa) and some proteins as lysozyme and ribonuclease A, is described. The
oxidation was quantified from the amount of H2O2 and NH3 enzymatically produced by SAO. Kinetic analysis
indicated a stereospecific preference for L-configuration. Maximal oxidation rate was obtained with poly-L-
lysine (9.6 kDa). After 10 h of incubation at 37°C, the poly-L-lysine was partially oxidized generating 1.5 moles
of H2O2 by one mole of polylysine. Denatured SAO presented very low oxidation rates with the mentioned
substrates. © 1996 Academic Press, Inc.

Bovine serum amine oxidase (SAO) is a copper enzyme (EC 1.4.3.6) involved in catalysis of
oxidative deamination of primary biogenic amines (spermine, spermidine, etc), following the
reaction (1):

R-NH2 + H2O
SAO

→ R-CHO+ H2O2 + NH3

There is a growing interest for this enzyme and important data have been accumulated concern-
ing its structural and kinetic properties (2,3), inhibitors (4,5) and possible use as an antitumoral
agent (6). During its purification on AH-Sepharose 4B column (7), a particularly high retention of
the enzyme (sometimes irreversible) was observed in several cases (Mateescu et al., unpublished
data), probably related to some modifications of separation conditions (running temperature, resin
manufacturing, etc). We have hypothesized that, in these particular conditions, SAO is able to
recognize the aminohexyl (AH) spacer as an affinity ligand and possibly as a modified substrate (in
a certain extent similar to the alkylamino-terminal groups of spermine and spermidine SAO natural
substrates).
Oda et al. (8) have found thate-amino groups of some small synthetic lysyl peptides (2 to 6

amino acid residues) were oxidized by SAO with oxidation rates depending on the amino acid
sequences. They have discussed the hypothesis that SAO, beyond its important role in regulation
of the biogenic amines metabolism (9), can be involved in intermolecular cross-linkages between
peptidic chains of elastin or collagen in aorta. It is known that elastin is oxidized by lysyl-oxidase
(10) which is a copper-enzyme, but not a Tri-hydroxyphenylalanine quinone (TPQ) dependent
enzyme (11). Recently, an indirect involvement of diamine oxidase (DAO) in protein modification
by oxidized putrescine spontaneous incorporation into proteins was reported (12). So far, modifi-
cation of soluble proteins by their direct oxidation catalyzed by TPQ depending amineoxidases,
was not described.
Based on these data and on recent observation of a strong chromatographic interaction of SAO

with Polylysine-Agarose (Mateescu et al., unpublished results), we have carried out this compara-
tive study on the SAO catalyzed oxidation of (poly)lysine with different molecular weight and of
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some proteins, which is the first, at our knowledge, to show that: a) the SAO substrate specificity
is not strictly limited to biogenic primary amines and small peptides and b) to reveal the ability of
SAO to oxidizee-amino groups of polypeptides and proteins. The stereospecificity and chain
length influences on the reaction rate are also described.

MATERIALS AND METHODS

Reagents.Poly-D-lysine and Poly-L-lysine (MW 10–50 kDa), D-lysine, L-lysine, ribonuclease A, lysozyme, bovine
serum albumin (BSA), bovine hemoglobin,a-amylase (Sigma, USA), horse-radish peroxidase (230 EU/mg) and Ammonia-
Test-Combination (Boëhringer Mannheim, Germany) and the other chemicals (reagent grade), were used without further
purification. The sodium salt of N,N-diethyldithiocarbamate (DDC) from Merck (Darmstadt) was recrystallized from
ethanol.
Amine oxidases purification.Purified electrophoretically homogeneous SAO was obtained as recently described (13),

with a specific activity of 0.26–0.33 EU/mg protein. The SAO activity was assayed spectrophotometrically with benzyl-
amine as substrate (Tabor et al. [14]).
Determination of H2O2 generated from(poly)peptide substrates as indicator of SAO catalyzed oxidation.a) Fast quali-

tative procedure: the release of H2O2 under SAO catalysis was evidenced by a fast peroxidase/benzidine test adapted from
Brad et al. (15) method. Volumes of 0.2 mL SAO (4 mg/mL) were added to test tubes containing 1 mL of poly-L-lysine
or poly-D-lysine (20 mg/mL) and incubated (0, 2, 4, 6 and 24 hours) for the enzyme reaction (sol. A). After each incubation
time, 0.2 mL of solution A were added to test tubes, each one containing 0.2 mL benzidine (25%) reagent (sol. B). H2O2

was detected by adding 0.05 mL peroxidase (0.5 mg/mL). The fast appearance of a blue colour (characteristic of oxidized
benzidine) was a proof of the H2O2 release by SAO. As negative controls, BSA, bovine hemoglobin and heat denatured
SAO (95°C for 4 min, exhibiting no more enzymatic activity) were tested instead of native SAO.
b) Quantitative determination of H2O2 was accomplished by the fluorimetric method of Makatoshi et al. (16), based on

the conversion rate of homovanillic acid (HVA) into a highly fluorescent compound by the released H2O2, under peroxidase
catalysis. The fluorimetric standard curve was prepared by first incubating for 10 min a reaction mixture of 0.1 mL of 30
mM potassium phosphate buffer (pH 7.2), 0.1 mL horse-radish peroxidase (0.5 mg/mL), 0.1 mL homovanillic acid (1
mg/mL), 0.1 mL polylysine (10mM) and 0.1 mL of H2O2 with serial concentrations from 0 to 20mM; then 2 mL of 0.1
N NaOH was added to the mixture. The fluorescence was excited at 324 nm and read at 426 nm on a “Jobin Yvon
Spectrofluo” /JY 3D/.
The effect of polylysine (9.6 kDa) on SAO enzymatic activity measured with benzylamine (14), was also studied. The

concentration of polylysine was equal to that of benzylamine in terms of amino groups concentration.
The influence of(poly)lysine substrate concentration on the SAO enzymatic oxidation rate.The initial oxidation rate of

(poly)lysine, incubated for one hour with SAO (0.04 mg/mL reaction medium), was established as a function of (poly)lysine
concentration. The Michaelis constant (Km) and maximal velocity (Vmax) values for lysine and polylysine substrates were
obtained by the double reciprocal plot method.
Evaluation of the oxidation extent of polylysine at optimized concentration catalyzed by SAO.The reaction time course

under SAO (final conc.: 0.04 mg/mL) catalysis was monitored at 37°C. The H2O2 was determined by the fluorimetric
method (16). The reaction mixtures containing 0.1 mL of 20 mM phosphate buffer (pH 7.4), 0.1 mL SAO (0.2 mg/ml) and
0.1 mL (poly)lysine substrate (0.5 mg/mL) were incubated at 37°C for various intervals in the range 0–10 h; after each
interval 0.1 mL HVA (1 mg/mL) and 0.1 mL peroxidase (0.5 mg/mL) were added and incubated again for 30 min. The
reaction was stopped with 2 mL of 0.1 N NaOH and the amount of H2O2 produced was determined from the standard curve.
Evaluation of the SAO ability to oxidize (poly)lysine of different molecular weights and configuration.Poly-D-lysine and

poly-L-lysine of two molecular weights (9.6 and 50 kDa), as well as D-lysine and L-lysine, were tested as SAO substrates,
all at the same concentration of 0.1 mg/mL. The oxidation rate was determined after one hour of incubation at 37°C. The
maximal oxidation rate was taken as 100%; the other oxidation rates were expressed as the percentage from the maximal
rate.
Modification of some native proteins by SAO.The production of H2O2 and NH3 was considered as indicator for the

oxidative deamination of the free amino groups of the proteins tested as possible substrates for SAO: BSA (67 kDa),
bacterial (Bacillus subtilis) a-amylase (50 kDa), lysozyme (14.6 kDa) and ribonuclease A (13.7 kDa). Each protein (20
mg/mL) was incubated with SAO (final concentration: 0.04 mg/mL) and the released H2O2 was determined as for
polylysine. The full scale (100) of the fluorimeter was calibrated with 2 nmoles of H2O2 in the presence of the protein to
be tested. Controls have been carried out with two forms of inactivated SAO: a) heat-denatured SAO (95°C for 4 min) which
exhibited no enzyme activity; b) SAO treated with excess chelating agent (20 mM DDC) with no activity (prepared as
Morpurgo et al. [17]). Separate assays were done with heat denatured substrates. The proteins (ribonuclease A and
lysozyme) were heated at 95°C for 4 min, prior to be used as substrate. The ribonuclease A with free amino group blocked
by citraconylation (treatment with citraconic anhydride [18]) was also tested as a substrate. The generation of NH3 was
spectrophotometrically determined following an enzymatic method of Bergmeyer and Beutler (19).
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RESULTS AND DISCUSSION

Both poly-L-lysine and poly-D-lysine can be recognized as substrates and oxidized by SAO with
production of H2O2. This oxidation should be specifically ascribed to native SAO, because no
H2O2 was formed with heat denatured SAO or with other proteins (BSA and hemoglobin).
The oxidation rate of (poly)lysine is relatively low compared with that of benzylamine substrate.

Unlike other substrates which can be oxidized by SAO in 0.1 M potassium phosphate buffer (pH
7.2), in case of polylysine a strong inhibitory effect on the enzymatic oxidation was produced by
this medium: even after 24 h of incubation, no H2O2 could be detected with either poly-L-lysine
or poly-D-lysine as substrate. This aspect fits well with Stevanato et al. (20) reports describing an
inhibitory effect on SAO activity imputable to high ionic strength. Therefore our experiments were
carried out in 0.01 M K-phosphate buffer, pH 7.2. We have also found that polylysine did not
significantly affect the SAO oxidation kinetics of benzylamine (data not shown).
The oxidation rate of polylysine varied with the D or L configuration and with the molecular

weight (Fig. 1). The highest oxidation rate (1.4 moles H2O2/mole polylysine-h) generated with
poly-L-lysine (9.6 kDa) was taken as 100%. At the same substrate concentration (0.1 mg/mL), the
oxidation rates of lysine monomers (both configurations) were lower than those of the correspond-
ing polymer of 9.6 kDa and comparable with those of the polymer of 50 kDa (except the D-
configuration, for which poly-D-lysine exhibits the lowest oxidation rate). For substrates with the
same steric configuration, the oxidation rate is maximal for 9.6 kDa and then decreases with the
increase of molecular weight. For polylysine, with the same increase of molecular weight from 9.6
kDa to 50 kDa, the oxidation rate decreased by 58% in case of poly-L-lysine and by 63% for
poly-D-lysine.
For polylysine chains of same molecular weight, SAO exhibited a steric preference for the L

configuration (Fig. 1). The oxidation rate of poly-D-lysine (9.6 kDa) was 57% from that of
poly-L-lysine (9.6 kDa). For poly-D-lysine (50 kDa) the rate was only 50% from that of poly-L-
lysine (50 kDa). The SAO sterical preference for the L configuration of non-classical substrates
appears normal, showing that the enzyme is adapted for a better transformation of L-polypeptides
(based on L-aminoacids) characteristic for natural systems, than of D-polypeptide series. These
results fit well with data showing SAO stereospecificity in oxidation of dopamine (21) and of
stereospecifically deuterated benzylamines (22).
The specificity constant (kcat/Km) gives an image of overall enzyme catalytic efficiency. For the

same configuration of polylysine, SAO shows preference for the lower molecular weight. For

FIG. 1. Relative oxidation rates for different (poly)lysine substrates: 1 h of incubation with SAO (final concentration of
0.04 mg/mL) at 37°C; Lys stands for lysine.
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instance, the specificity constant for poly-L-lysine (9.6 kDa) was 2.2 M−1s−1 while for poly-L-
lysine (50 kDa) the value was of 0.14 M−1s−1. For the same molecular weight (e.g. 50 kDa),
poly-L-lysine (kcat/Km 1.4 × 10−1 M−1s−1) is a better substrate than poly-D-lysine (kcat/Km 6.9 ×
10−2 M−1s−1), clearly showing a sterical preference for the L-form. Both configurations of poly-
lysine are definitely better substrates than L-lysine (kcat/Km4.4 × 10

−5M−1s−1) or D-lysine (kcat/Km

5.4×10−5M−1s−1), showing the enzyme preference for polymeric substrate. These data fit well with
the chromatographic retention of SAO on Polylysine-Agarose (Mateescu et al. unpublished data).
Since best oxidation rates were obtained with poly-L-lysine, the rest of kinetic analysis were done
with this substrate.
The influence of polylysine concentration on the oxidation rate is of Michaelis type (Fig. 2). The

oxidation rates increased with the increase of poly-L-lysine concentrations up to 0.4 mg/mL for
both molecular weights (9.6 kDa and 50 kDa). With poly-L-lysine (50 kDa) the oxidation rate was
stabilized at the saturating concentration, while with poly-L-lysine (9.6 kDa) a slight substrate-
inhibitory effect was observed at higher concentration (Fig. 2). Therefore a polylysine substrate
concentration of 0.1 mg/ml was used for all successive experiments.
The oxidation extent of polylysine has been evaluated from the oxidation reaction time course

(Fig. 3). The SAO concentration was 0.04 mg/mL (within the range of physiological concentration
[23]). The amount of H2O2 released with poly-L-lysine (9.6 kDa) was of about five times higher
(Fig. 3) than the amount generated with poly-L-lysine (50 kDa). When the oxidation extent was
expressed in terms of moles H2O2/mole polylysine, the final oxidation extent for both poly-L-lysine
(9.6 kDa and 50 kDa) was about the same: 1.5 moles H2O2/mole polylysine. This fact suggests that
only a limited number of amino groups per molecule of polylysine, probably in terminal positions,
are oxidized by SAO.
As far as the possible involvement of SAO in protein modification is concerned, it was observed

that not all proteins of different size tested as possible substrates could be oxidized by SAO. Only
the proteins with a relative low molecular weight as lysozyme (14.6 kDa) and ribonuclease A (13.7
kDa), were readily oxidized by SAO with the production of H2O2 and NH3. The other proteins with
larger size (BSA: 67 kDa, bacteriala-amylase: 50 kDa) were not oxidized by SAO. This aspect fits
well with the results of the influence of polylysine molecular weight on the oxidation rate: best
substrate was the peptide of 9.6 kDa, while the larger polymer (50 kDa) was clearly a poor substrate
(Fig. 1). Relatively small polylysine and proteins probably fit better with the size of hydrophobic
pocket (24) of the SAO active site. The ionized amine groups of lysyl residues (probably interacting

FIG. 2. Influence of poly-L-lysine (PLL 9.6 kDa and 50 kDa) substrate concentration on the oxidation rate (expressed
as the total amount of H2O2 generated after 1 h of incubation at 37°C). The concentration of SAO was of 0.04 mg/mL.
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with the anionic centers of the SAO active site [20]) and the sterical configuration (preference for
L- series) are also favorable factors for the polypeptide oxidation as substrates. Since both lyso-
zyme and ribonuclease have adequate size and enough lysyl residues (6/129 for lysozyme [25] and
10/124 for ribonuclease A [26]), they can relatively easy be recognized and oxidized by SAO. It
is worth to mention that among the proteins tested, only the lysosyme and the ribonuclease A were
found as possible substrate for SAO and only these two proteins have lysine as N-terminal residue.
Is this another factor explaining the SAO preference in their recognition and oxidation? This aspect
will be dealt with in another work.
The fact that L- and D-lysine monomers are poor substrates (based on specificity constant) is

probably related to the different distribution of charges (due to a free carboxyl) which limits its
recognition by the SAO active site anionic center.
In order to evaluate the role of molecular and conformational integrity for the polypeptide

enzymatic oxidation, a double-approach investigation was carried out by altering the structures of
both substrate (ribonuclease A) and enzyme (SAO). The results are shown in Fig. 4. In order to
exclude the possibility of undesirable contamination of ribonuclease A (13,6 kDa) with biogenic
amines or low MW polypeptides, experiments were carried out with ribonuclease preparations
submitted to dialysis (tubes retaining more than 90% compounds with more than 12,4 kDa after 15
hrs of dialysis). The oxidation rate of the native substrate with the native enzyme (0.1 nmole
H2O2/h) was taken as 100%. With heat-denatured substrate (ribonuclease A) an increase (by 26%)
of the oxidation rate was observed. Probably, its secondary structure is partially altered by heating,
making more free amino groups accessible to the SAO catalytic center. No H2O2 was produced by
SAO with blocked ribonuclease A (75% citraconylation). Heat-denatured SAO (with no benzyl-
amine activity) exhibited no activity for the oxidation of the protein substrate. Copper-chelated
SAO presented a negligible protein oxidation rate (less than 2% of the optimal rate with the native
SAO and native substrate [Fig. 4]).
As a confirmation of the oxidative deamination, NH3 (the other product of the SAO reaction),

was also found in amounts comparable with those of H2O2. Furthermore, the H2O2 production was
also confirmed by a recent method (27) based on 3-amino-1,2,4-triazole dependent irreversible
inhibition of catalase. With citraconylated ribonuclease A (free amino groups blocked), no NH3

could be detected when incubated with native SAO. With heat-denatured SAO no NH3 was
detected. Therefore, it appears that the ability of SAO to oxidize polypeptides and proteins as
substrate, depends not only on the existence of free amino groups but also on the molecular weight,

FIG. 3. Time course of the poly-L-lysine (0.1 mg/mL) oxidation by SAO (0.04 mg/mL). The oxidation extent was
expressed as the amount of H2O2 enzymatically generated as a function of incubation time, at 37°C.
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on the steric configuration and on the overall electrostatic environment of the amino groups of the
substrate. At the same time the molecular and conformational integrity of the active form of the
SAO enzyme is essential for the substrate oxidation.
In conclusion, the results here presented show that SAO, has a larger substrate specificity and

beyond its main function as modulator of biogenic amine concentration, can play a role in the
process of protein post-translational modification, like the lysyl oxidase (10). Further investigation
needs to be carried out to elucidate the mechanisms of the involvement of SAO in protein modi-
fication.

ACKNOWLEDGMENTS

This work was supported by a joint MRC (Canada) - CNR (Italy) research agreement (M.A.M. and B.M.) and by grants
from CNR project on “Biotecnologie e Biologia Molecolare” and from MURST (Italy).

REFERENCES

1. Pettersson, G. (1985)in Structure and Functions of Amine Oxidase (Mondovì, B., Ed.), pp. 105–120, CRC Press, Boca
Raton, FL.

2. Mu, D., Medzihradszky, K. F., Adams, G. W., Mayer, P., Hines, W. M., Burlingame, A. L., Smith, A. J., Cai, D. Y.,
and Klinman, J. P. (1994)J. Biol. Chem.269,9926–9932.

3. Morpurgo, L., Agostinelli, E., Mondovì, B., Avigliano, L., Silvestri, R., Stefancich, G., and Artico, M. (1992)Bio-
chemistry31, 2615–2621.

4. Artico, M., Corelli, F., Massa, S., Stefancich, G., Avigliano, L., Befani, O., Marcozzi, G., Sabatini, S., and Mondovì,
B. (1988)J. Medicinal Chem.31, 802–806.

5. Artico, M., Silvestri, R., Stefancich, G., Avigliano, L., Di Giulio, A., Maccarrone, M., Agostinelli, E., Modovì, B., and
Morpurgo, L. (1992)Eur. J. Med. Chem.27, 219–228.

6. Mondovì, B., Agostinelli, E., Przybytkowski, F., Mateescu, M. A., and Averill-Bates, D. A. (1994)Progr. Biotechnol.
9, 775–778.

7. Turini, P, Sabatini, S., Befani, O., Chimenti, F, Casanova, C., Riccio, P. L., and Mondovì, B. (1982)Anal. Biochem.
125,294–298.

8. Oda, O., Manabe, T., and Okuyama, T. (1981)J. Biochem.89, 1317–1323.
9. Mondovì, B., Riccio, P. L., Agostinelli, E., and Marcozzi, G. (1989)in Progress in Polyamine Research (Zappia, V.,

and Pegg, A. E., Eds.), 250, 177–201, CRC Press, Boca Raton, FL.
10. Kagan, H. M. (1986)in Biology of Extracellular Matrix (Mecham, R. P., Ed.), 1, pp. 321–394, Academic Press,

Orlando, FL.

FIG. 4. Relative oxidation rates with native and different denatured forms of enzyme (SAO) and substrate (ribonuclease
A). N-N refers to native enzyme with native substrate; N-H: native enzyme with heat-denatured substrate. H-N: heat-
denatured enzyme with native substrate. Cuc-N: Copper chelated enzyme with native substrate.

Vol. 223, No. 1, 1996 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

96



JOBNAME: BBRC 223#1 PAGE: 7 SESS: 7 OUTPUT: Tue Jun 18 21:58:43 1996
/xypage/worksmart/tsp000/71905j/23

11. Klinman, J. P. “Quinofactors in copper amineoxidases and lysyl oxidase” Communication at “Copper in Biological
Systems”, Santa Severa (Italy), Sept. 10–15, 1995.

12. Siepaïo, M. P., and Meunier, J.-C. F. (1995)J. Agric. Food Chem.43, 1151–1156.
13. Wang, X. T., Dumoulin, M. J., Befani, O., Mondovi, B., and Mateescu, M. A. (1994)Prep. Biochem.24, 237–250.
14. Tabor, C. A., Tabor, H., and Rosenthal, S. M. (1954)J. Biol. Chem.208,645–661.
15. Brad, J., Olteanu, G., and Marcu, Z. (1969)Stud. Cercet. Biochim.12, 323–327.
16. Makatoshi, T., Furuta, T., Nimura, Y., and Suzuki, O. (1982)Biochem. Pharmacol.31, 2207–2209.
17. Morpurgo, L., Agostinelli, E., Befani, O., and Mondovì, B. (1987)Biochem. J.248,865–870.
18. Singhal, R. P., and Atassi, M. Z. (1971)Biochemistry10, 1756–1762.
19. Bergmeyer, H. U., and Beutler, H.-O. (1985)in Methods of Enzymatic Analysis (Bergmeyer, H. U., Ed.), 3rd ed., Vol.

VIII, pp. 454–461, Verlag Chemie, Weinheim/Deerfield Beach, FL Basel.
20. Stevanato, R., Mondovì, B., Befani, O., Scarpa, M., and Rigo, A. (1994)Biochem. J.299,317–320.
21. Yu, P. H. (1987)Biochem. Cell. Biol.66, 853–861.
22. Alton, G., Taher, T. H., Beever, R. J., and Palcic, M. M. (1994)Arch. Biochem. Biophys.316,353–361.
23. Mondovi, B., Turini, P., Befani, O., and Sabatini, S. (1983)Methods in Enzymology94, 314–318.
24. Klinman, J. P., and Mu, D. (1994)Annu. Rev. Biochem.63, 299–344.
25. Canfield, R. E. (1963)J. Biol. Chem.238,2698–2707.
26. Smyth, D. G., Stein, W. H., and Moore, S. (1963)J. Biol. Chem.238,227–234.
27. Marcocci, L., Pietrangeli, P., Mavelli, I., and Rotilio, G. (1992)Biochem. Pharmacol.44, 1535–42.

Vol. 223, No. 1, 1996 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

97


