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Substrate activities of various linear polyamines to human spermine oxidase (hSMO) were investigated. 
The activities were evaluated by monitoring the amount of H2O2 released from sample polyamines by hSMO. 
H2O2 was measured by a HPLC method that analyzed fluorescent dimers derived from the oxidation of ho-
movanillic acid in the presence of horseradish peroxidase. Six triamines were tested and were found not to 
be hSMO substrates. Of sixteen tetramines tested, spermine (Spm) was the most active substrate, followed 
by homospermine and N-butylated Spm. Pentamines showed a characteristic pattern of substrate activity. Of 
thirteen pentamines tested, 3343 showed higher substrate activity than Spm, and 4343 showed similar activ-
ity to Spm. The activities of the other pentamines were as follows: 3443, 4443, 4344, 3344, 4334, 4444, and 
3334 (in decreasing order). Product amines released from these pentamines by hSMO were then analyzed by 
HPLC. Triamine was the only observed product, and the amount of triamine was nearly equivalent to that of 
released H2O2. A marked difference in the pH dependency curves between tetramines and pentamines sug-
gested that hSMO favored reactions with a non-protonated secondary nitrogen at the cleavage site. The Km 
and Vmax values for Spm and 3343 at pH 7.0 and 9.0 were consistent with the higher substrate activity of 3343 
compared to Spm, as well as with the concept of a non-protonated secondary nitrogen at the cleavage site 
being preferred, and 3343 was well degraded at a physiological pH by hSMO.
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The polyamines spermine (Spm), spermidine (34), and their 
precursor putrescine are important in cell proliferation, dif-
ferentiation, and survival.1) Recently, there has been increas-
ing interest in polyamine catabolism. Polyamine catabolism 
is mediated by three enzymes.2) Spermidine/spermine N1-
acetyltransferase (SSAT) acetylates Spm and 34 to produce 
N1-acetylated compounds, which are exported from cells or 
oxidized by the peroxisomal enzyme N1-acetylpolyamine 
oxidase (APAO) to yield 34 or putrescine, respectively, with 
H2O2 and 3-acetamidopropanal. The cytosolic enzyme Spm 
oxidase (SMO) can catalyze the oxidation of Spm directly to 
34, bypassing the necessity for acetylation. The human SMO 
(hSMO) cDNA was first cloned and characterized by Wang et 
al.,3) and the recombinant SMO protein has been used to eluci-
date the properties of this enzyme.4–7) The substrate specificity 
of SMO appears to be limited and distinct from APAO, which 
catalyzes a number of polyamines and their analogues, some 
of which are inhibitors of SMO. A few compounds have been 
reported to exhibit substrate activity for SMO. N1-Ethyl-Spm 
(Et343) is degraded very efficiently by SMO to produce 34, 
while N1-Acetyl-Spm (Ac343) is degraded weakly.4) (S,S)-
α,ω-Dimethyl-Spm served as an excellent substrate for SMO, 
compared to Spm, based on kcat/Km values.8) These findings 
using N,N′-dialkylated polyamines suggest SMO is capable 
of oxidizing other polyamine analogues. In this study, the 
substrate activities of a series of linear polyamines with a ter-
minal primary amine were examined.

Materials and Methods

Chemicals ​ Bis(3-aminopropyl)amine (33, norspermidine) 
and N,N′-bis(3-aminopropyl)-1,3-diaminopropane (333) were 
purchased from Aldrich (Tokyo, Japan) and their hydrochlo-
ride salts were prepared and used after recrystallization from 
aqueous ethanol. Spm tetrahydrochloride was purchased from 
Tokyo Chemical Industries (Tokyo, Japan). Spermidine (34) 
trihydrochloride was purchased from Aldrich. The following 
compounds were prepared according to previously described 
methods9–11): Homospermidine (44) trihydrochloride, 1,9-di-
amino-4-azanonae (35) trihydrochloride, 1,10-diamino-4-aza-
decane (36) trihydrochloride, 1,12-diamino-4-azadodecane 
(38) trihydrochloride, 1,13-diamino-4,10-diazatridecane (353) 
tetrahydrochloride, 1,14-diamino-4,11-diazatetradecane (363) 
tetrahydrochloride, 1,16-diamino-4,13-diazahexadecane (383) 
tetrahydrochloride, 1,18-diamino-4,15-diazaoctadecane (3103) 
tetrahydrochloride, 1,20-diamino-4,17-diazaeicosane (3123) 
tetrahydrochloride, Thermospermine (334) tetrahydrochlo-
ride, 1,13-diamino-4,9-diazatridecane (344, homospermine) 
tetrahydrochloride, 1,13-diamino-5,9-diazatridecane (434) tet-
rahydrochloride, 1,14-diamino-5,10-diazatetradecane (444) tet-
rahydrochloride, N1-acetylspermine (Ac343) trihydrochloride, 
diacetylspermine (DA343) dihydrochloride, N1-butylspermine 
(Bu343) tetrahydrochloride, N1,N12-diethylspermine (DiEt343) 
tetrahydrochloride, N1,N14-diethyl-1,14-diamino-5,10-diaza-
tetradecane (DiEt444) tetrahydrochloride, 1,15-diamino-
4,8,12-triazapentadecane (3333) pentahydrochloride, 1,16-di-
amino-4,8,12-triazahexadecane (3334) pentahydrochloride, 
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1,16-diamino-4,8,13-triazahexadecane (3343) pentahydrochlo-
ride, 1,17-diamino-4,8,13-triazaheptadecane (3344) penta-
hydrochloride, 1,17-diamino-4,9,13-triazaheptadecane (3434) 
pentahydrochloride, 1,17-diamino-4,9,14-triazaheptadecane 
(3443) pentahydrochloride, 1,17-diamino-5,9,13-triazahepta
decane (4334) pentahydrochloride, 1,18-diamino-4,9,14-triaza-
octadecane (3444) pentahydrochloride, 1,18-diamino-5,9,14-
triazaoctadecane (4344) pentahydrochloride, 1,19-diamino-
5,10,15-triazanonadecane (4444) pentahydrochloride, N1,N16-
diacetyl-1,16-diamino-4,8,13-triazahexadecane (DiAc3343) 
trihydrochloride, N1,N19-diethyl-1,19-diamino-5,10,15-triaza-
nonadecane (DiEt4444) pentahydrochloride, N1,N17-dieth-
yl-1,17-diamino-5,9,13-triazaheptadecane (DiEt4334) trihydro-
chloride, 1,19-diamino-4,8,12,16-tetraazanonadecane (33333) 
hexahydrochloride, 1,20-diamino-4,8,13,17-tetraazaeicosane 
(33433) hexahydrochloride, 1,21-diamino-4,9,13,18-tetraaza-
henicosane (34343) hexahydrochloride. All other reagents and 
organic solvents were of commercial analytical grade.

Preparation of hSMO Enzyme Solution ​ The BL21 
(DE3) strain of Escherichia coli containing the pET15b/
PAOh1/SMO plasmid5) was cultured. Following isopropyl-
β-d-1-thiogalactopyranoside (IPTG) induction of PAOh1/
SMO protein expression, the cells were sonicated in a 10 mm 
Tris–HCl buffer (pH 7.8) containing 1 mm ethylenediamine-
tetraacetic acid (EDTA) and 20 µm dithiothreitol (DTT). After 
105000×g centrifugation at 4°C for 1 h, the supernatant was 
dialyzed against the same buffer. Aliquots were stored at 
−80°C and used as the hSMO enzyme source. Protein was 
determined using Coomassie Brilliant Blue and bovine serum 
albumin for calibration.

Determination of hSMO Activity ​ hSMO activity was 
assayed by measuring the amount of H2O2 generated by the 
reaction. The standard incubation mixture (final volume, 
100 µL) contained the enzyme solution, 0.25 mm Spm, 0.56 mm 
aminoguanidine, 0.036 mm pargyline and 1 mm EDTA, 0.04 µg 
horseradish peroxidase, 0.1 mg homovanillic acid in 0.1 m 
Tris–HCl buffer (pH 9.0). Before the addition of homovanil-
lic acid and Spm, the mixtures were preincubated for 5 min 
at 37°C to remove endogenous substrates of H2O2-producing 
enzymes, and where used, MDL72527 was added at 0.25 mm. 
After preincubation, homovanillic acid and Spm were added, 
the mixtures were incubated (0–120 min) at 37°C and the reac-
tion was stopped by the addition of 100 µL of 20% trichloro-
acetic acid solution. The reaction mixtures were centrifuged 
and the resulting fluorescence of homovanillic acid dimer 
was analyzed by ion-pair reversed phase HPLC. The ion-pair 
reversed phase HPLC conditions were as follows: column, 
TOSOH ODS-80TM (4.6 mmϕ×150 mm); isocratic elution 
solution, acetonitrile–water (25 : 75) containing 5 mm tetrabu-
tylammonium bromide and 0.1% trifluoroacetic acid; flow rate, 
0.7 mL/min; post-column mixing solution, acetonitrile–water 
(5 : 95) containing 0.6% 2-aminoethanol; flow rate, 0.5 mL/
min and fluorescence detection, Ex 315 nm and Em 425 nm. 
Aliquots of sample solutions were injected, and quantitation 
was performed based on peak heights in comparison with the 
homovanillic acid dimer standard.

The measurement of product amines in the reaction mixture 
was performed according to a method for polyamine analy-
sis using o-phthalaldehyde (OPA)-post label ion-exchange 
HPLC.12) Measurement of substrate activity and pH depen-
dency were performed by the substitution of 0.25 mm tested 

compound with Spm and Tris–HCl buffer at pH 9.0, 8.5, 8.0, 
7.5, 7.0 in the standard reaction mixture described above. The 
Km and Vmax values for the enzyme with the indicated sub-
strates were estimated using the Lineweaver–Burk transforma-
tion of the Michaelis–Menten kinetic equation.

Results and Discussion

Measurement of hSMO Activity Using an HPLC-
Based Method ​ For the measurement of hSMO activity, the 
H2O2 stoichiometrically released by the polyamine-hSMO 
reaction was monitored. H2O2 is usually measured fluoro-
metrically using homovanillic acid.3) However, methods using 
fluorescence spectrophotometers often require relatively high 
amounts of sample and encounter interference by contamina-
tion with other fluorescent substances. In this study, the H2O2 
released by reactions with homovanillic acid and HRP, and the 
resulting fluorescent dimer, were separated and determined 
by HPLC. Temporal changes in the H2O2 released by hSMO 
oxidation of Spm are shown in Fig. 1. Only minimal amounts 
of activity were observed in the absence of Spm or after prein-
cubation with MDL72527, which inhibited the release of H2O2 
perfectly. Extracts from E. coli without the pET15b/PAOh1/
SMO plasmid had no hSMO-like activity (data not shown). 
These results demonstrate that this HPLC method is useful for 
screening potential hSMO substrates.

Substrate Activity of Polyamines for hSMO ​ A series of 
triamines, tetramines, pentamines, hexamines and their de-
rivatives, with different methylene chain intervals, were tested 
for their substrate activities for hSMO under the conditions 
described in Materials and Methods. The results are sum-
marized in Fig. 2. All triamines were found to be poor hSMO 
substrates, resulting in the release of scarce amounts of H2O2. 
With respect to tetramines, the natural substrate Spm was 
the most active substrate (100%), followed by homospermine 
(443) and N1-butylated Spm (Bu343), for which the activity 
was ≈60%. The other tetramines (434, 353, 444) exhibited 
low activity (<10%). Ac343 activity was very low compared 
to Spm, which is consistent with a previous report by Vujcic 
et al.4) N1,N12-DiacetylSpm (DiAc343) did not exhibit substrate 
activity for hSMO. Diethylated tetramines of terminal primary 

Fig.  1.  Measurement of H2O2 Release from Spm by hSMO
The experiment was performed in triplicate with the data presented as 

mean±standard deviation. The experiment was performed in the absence and pres-
ence of 0.25 mm Spm or preincubated with MDL72527.
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amines (DiEt343, DiEt444) also exhibited very low activity, 
similar to the report by Vujcic et al. In contrast, pentamines, 
with the exception of 3333, exhibited marked activity: 3343 
(>120%), 4343 (100%), 3443 (≈50%), 4443 (≈50%), 4344 and 
3344 (≈30%), 4334, 4444 and 3334 (≈20%). Diethylated or 
diacetylated pentamines of terminal primary amines exhibited 
very low activity. Of the three hexamines tested, only 34343 
exhibited a significant amount of activity (≈50%). In sum-
mary, hSMO appeared to recognize pentamines with terminal 
aminopropyl as well as aminobutyl groups, suggesting an un-
known pentamine cleavage reaction catalyzed by hSMO.

Measurement of Amines Released from Pentamines by 
hSMO ​ To elucidate the cleavage reaction, product amines 
were analyzed by OPA-post label ion-exchange HPLC method. 
Only triamines (no diamines or tetramine) were detected in 
enzyme reactions with pentamines, and the amounts of the 
resulting triamines were nearly equal to that of released H2O2. 
The results are summarized in Fig. 3. A larger amount of 34 
was liberated from 3343 than 34 from Spm itself, indicating 
the production of 34 through oxidative degradation at the 
central aza and probably an aminopropanal compound cor-
responding to 33. The amount of 34 liberated from 4343 was 
similar to that from Spm, indicating degradation at the central 
aza to produce 34 and probably an aminopropanal and/or an 
aminobutanal corresponding to 34. The amount of 34 liberated 
from 3443 was approximately half of that from Spm, indicat-
ing degradation at the central aza to produce 34 and probably 
a butanal corresponding to 34. The products from 4443 were 
34 and a small amount of 44, indicating cleavage at the central 

aza to preferentially form 34. The products from 4344 were 
nearly equal amounts of 34 and 44, and those from 3344 were 
mainly 44 with a small amount of 33. The similar amounts of 
34 from 4334 to 44 from 4444 suggest that hSMO recognized 
terminal 34 and 44 equally. Products from 3334 were 34 and a 
small amount of 33. The product from 34343 was a significant 
amount of 34 only. These results demonstrated that hSMO cat-
alyzed the oxidative degradation of pentamines at a preferred 
side bond of the central aza to produce triamines depending 
on the pentamine sequence. Pentamines with a sequence of 
xx43 preferentially released 34, with triamine release decreas-
ing in the following order: 34 from xx43, 44 from xx44 or 34 
from xx34, and 33 from 3344.

Significant Difference in pH Dependency of hSMO Deg-
radation of Tetramines and Pentamines ​ The effect of pH 
on H2O2 release by hSMO was examined using tetramines 
(Spm and 443) and pentamines (3343, 4343, 3443, 4443) (Fig. 
4). The two tetramines showed similar pH dependency curves, 
with the peak H2O2 release at pH 9.0 followed by a marked 
decrease until pH 7.0. On the other hand, the four pentamines 
exhibited similar pH dependency curves, with 3343 and 4343 
plateauing between pH 7.5 to 9.0 and moderately decreasing 
over this pH range. The differences in pH dependency curves 
are potential indicators of the basicity of the nitrogen at the 
hSMO cleavage site of polyamines. hSMO seemed to favor a 
non-protonated secondary nitrogen at the catalytic site. Addi-
tional information on the activity of hSMO towards Spm and 
3343, kinetic data at pH 7.0 and 9.0, is provided in Table 1. 
Both the Km and Vmax values for Spm were markedly different 

Fig.  2.  Substrate Activities of Polyamines
Polyamines (0.25 mm) were incubated with hSMO for 10 min under the conditions described in Materials and Methods. The experiment was performed in triplicate, the 

data were normalized to that of Spm, and presented as mean±standard deviation.
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at pH 7.0 and 9.0, whereas those for 3343 were largely un-
changed. The Km values for Spm were higher than those for 
3343 at both pH levels, and were consistent with 3343 being a 
better hSMO substrate than Spm. At pH 7.0, the ratio of Kms 
(Spm/3343) was about twice that observed at pH 9.0, suggest-
ing that the affinity of Spm for hSMO decreases more rapidly 
than 3343.

Limited data on pKa values for linear polyamines have been 
reported, however, there is no published data on the penta
mines used here. pKa1 values (the weakest basic amine) for a 
series of linear polyamines were reported as 4.23 for triamine 
22, 3.27 for tetramine 222, 2.92 for pentamine 2222, 7.69 for 

triamine 33, 7.21 for tetramine 333, 7 for hexamine 33333.13) 
The data indicated that there is an inverse relationship be-
tween polyamines size and pKa1. The pKa1 of the secondary 
amine of Spm has been reported to be 8.0,14,15) however, the 
pKa1 values of the pentamines used here may be lower than 
8.0. Adachi et al. reported that the optimal pH for the oxida-
tion of Spm by SMO was 8.3, based on the kcat/Km–pH profile, 
suggesting a tri-protonated form of Spm around the pH.16) 
These data are consistent with the contention that hSMO 
catalyzes the oxidative cleavage of the C–N bond at a non-
protonated nitrogen.

The cellular distribution of SMO was reported to be pres-
ent in the cytosol and nucleus.17) If 3343 exists in cells, hSMO 
can degrade 3343 at cytosolic pH and produce H2O2 and alde-
hydes, which may act as oxidative signaling molecules in the 
cells. The existence of 3343 in bacteria18) and spider venoms19) 
has been reported. It will be interesting to determine if 3343 
is present in mammalian cells in future studies.
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