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Molecolari del CNR, I-00185 Rome, Italy
b Servizio Biologico, Istituto Superiore di Sanità, I-00161 Rome, Italy
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Abstract

Spermine oxidase (SMO) is a recently described flavoenzyme belonging to the class of polyamine oxidases (PAOs) and partici-

pating in the polyamine metabolism in animal cells. In this paper we describe the expression, purification, and characterization of the

catalytic properties of a recombinant mouse SMO (mSMO). The purified enzyme has absorbance peaks at 457nm

(e = 11mM�1 cm�1) and 378nm, shows a molecular mass of �63kDa, and has Km and kcat values of 170lM and 4.8s�1, using

spermine as substrate; it is unable to oxidize other free or acetylated polyamines. The mechanism-based PAO inhibitor N,N1-

bis(2,3-butadienyl)-1,4-butanediamine (MDL72,527) acts as a competitive inhibitor of mSMO, with an apparent dissociation con-

stant Ki = 63lM. If incubated for longer times, MDL72,527 yields irreversible inhibition of the enzyme with a half-life of 15min at

100lM MDL72,527. The mMSO catalytic mechanism, investigated by stopped flow, is consistent with a simple four-step kinetic

scheme.

� 2004 Elsevier Inc. All rights reserved.
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Animal polyamine oxidases (PAOs, EC 1.5.3.11) are

flavin adenine dinucleotide (FAD) containing enzymes

involved in the inter-conversion metabolism of polyam-

ines, oxidizing N1-acetylderivatives of spermine (Spm)

and spermidine (Spd) into Spd and putrescine (Put), re-

spectively, and 3-acetamidopropanal and H2O2 [1–3].

Since this enzyme plays a crucial role in polyamine ca-

tabolism, the mammalian PAO has been considered an
important drug target and, in fact, it has been shown

that a number of polyamine analogues have an antitu-
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mor effect in different cell lines [4–7]. In particular,

PAO has been found in all vertebrate tissues [2] and

has been purified by chromatographic methods and

shown to be subcellularly localized in both cytoplasm

and peroxisomes [8–10]. Recently, Vujcic et al. [11] ap-

plied a functional genomics approach to identify murine

and human PAOs, and demonstrated that PAO expres-

sion is inducible by polyamine analogues.
Wang et al. [12,14], Vujcic et al. [13], and Cervelli

et al. [15] have reported the cloning and characterization

of a novel mammalian PAO capable of oxidizing prefer-

entially Spm and for this reason named spermine oxi-

dase (SMO). In particular, this enzyme was expressed

in an in vitro transcription/translation system [12], into

transiently transfected human kidney 293 cells [13] and
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into Escherichia coli BL21 DE3 cells [14,15]. On the ba-

sis of these studies, it was postulated that in addition to

the traditional inter-conversion pathway in which Spm

is first acetylated by spermidine/spermine N1-acetyl-

transferase and then oxidized by PAO, mammalian cells

contain an enzyme capable of directly oxidizing Spm to
Spd. The single copy murine SMO gene (mSMO) codes

for at least nine splicing variants and, as predicted from

the amino acid sequences, only two of them have been

proved to be active [16]. These two isoforms, described

as mSMOa (the major form) and mSMOl (possessing

a thirty amino acid extra domain), show identical bio-

chemical properties but different subcellular localization

[16]. In the present work we refer to the major form
mSMOa, herein simply named as mSMO. To enhance

knowledge of mSMO, the recombinant mature form

has been expressed in E. coli BL21 DE3 cells, purified

by three chromatographic steps, and characterized.

We carried out inhibition assay experiments on the

mSMO enzymatic activity in the presence of the PAO

inhibitor N,N1-bis(2,3-butadienyl)-1,4-butanediamine

(MDL72,527).
Furthermore, this paper describes the biochemical

features of the mSMO mature form, and its catalytic

mechanism, as investigated by steady state and rapid ki-

netic techniques. The experimental data proved consis-

tent with a minimal kinetic scheme involving four

enzyme intermediates, two oxidized and two reduced

(i.e., colorless).
Experimental

Chemicals. Spd, Spm, N1-acetylspermidine (N1-AcSpd), N1-acetyl-

spermine (N1-AcSpm), and Put were purchased from Sigma.

MDL72,527 was a generous gift from Dr. M. De Agazio (Consiglio

Nazionale delle Ricerche, Area della Ricerca di Roma—Montelibretti).

DNA methodology and construction of mSMO expression plasmid.

The methods described by Sambrook et al. [17] were used for the ex-

traction and manipulation of plasmid DNA and general DNA in vitro

methods.Nucleotide sequencingwas obtained for both strands using the

automated fluorescent dye terminator technique (Perkin–Elmer ABI

model 373A). In order to clone themurine cDNA(ImageClone2647695,

GenBank Accession No. BC004831) by PCR amplification, the full-

length cDNA was generated possessing modified 5 0 and 3 0 ends. In

particular, the two following synthetic oligonucleotides were used to

introduceNdeI andXhoI restriction sites at the 5 0 and 3 0 ends of mSMO

cDNA: SMO1-DIR, 5 0-TTTCATATGCAAAGTTGTGAATCCAG-

3 0 and SMO2-REV, 5 0-AAATATCTCGAGGGAACACATTTGGCA

GTGAGG-30, respectively. The amplified PCR product was restricted

by NdeI and XhoI and ligated with the restricted NdeI/XhoI pET17b

vector (Novagen), to obtain the genetic construct containing the mature

form of mSMO, named pET17b/mSMO. The recombinant cDNA

construct was resequenced to check the accuracy of the nucleotide se-

quence and then utilized to transform E. coli BL21 DE3 (Novagen)

competent cells.

Culture conditions and expression of mSMO in E. coli cells. Fer-

mentations were performed on a medium containing bacto tryptone

(1% w/v), yeast extract (0.5%, w/v), NaCl (1% w/v), ampicillin (50lg/
ml), and chloramphenicol (34lg/ml). Propylene glycol monolaurate

(0.006% v/v) was also added to the fermentor medium as an antifoa-
ming agent and the pH was adjusted to 7.0 after autoclaving. For

fermentor production, E. coli BL21 DE3 cells were transformed with

pmSMO plasmid and then grown for 18h with 120rpm orbital shaking

at 37�C in a 2L Erlenmeyer flask containing 1L medium and added to

the fermentor as a 2% (v/v) inoculum. Batch fermentations were car-

ried out using a 70-L B-Braun Fermentor (mod.Biostat UD-50) with a

working volume of 50L. Aeration, temperature, and agitation were

maintained at 1/1vol medium per minute, at 37�C and 200rpm (im-

peller 125-mm diameter), respectively. The pH was controlled with an

Ingold glass sterile electrode. When the optical density (OD, spectro-

photometrically measured at 600nm) reached the value of 0.700, the

temperature of the medium was lowered at 28�C and IPTG (0.4mM)

was added to the broth culture. The culture was stopped after 7h of

growth (OD value of 1.530). Cells were then centrifuged (Alpha-Laval

Sharples mod.T1P) at 50.000rpm and the biomass obtained (120-g)

was stored at �80�C.
Purification of mSMO. The E. coli BL21 DE3 cells were harvested

by centrifugation at 4 �C for 10min at 10,000g, washed with 0.4 culture

volumes of 30mM Tris–HCl, pH 8.0, 20% sucrose, and 1mM EDTA,

and incubated, for 5–10min at room temperature. A 20-g amount of

frozen bacterial pellet was added with 40g of alumina Type A.5

(Sigma) in 5 volumes of 50mM sodium phosphate (NaPi), pH 6.5,

containing 1mM PMSF and 5mM DTT, and manually lysed in a

mortar. The cell-alumina paste was centrifuged at 5000g for 30min and

the pellet was rehomogenized for 15min in 2 volumes of the same

buffer and centrifuged again at 5000g. The supernatants were com-

bined and cleared by centrifugation at 30,000g for 30min and loaded

onto a Hi Trap Q Sepharose HP (D = 0.5cm, V = 5ml, flowrate = 4ml/

min). The column was washed with 20 volumes of 50mMNaPi, pH 6.5

and bound proteins were eluted with a linear gradient of 0.1–0.4M

NaCl in 50mM NaPi, pH 6.5. mSMO containing fractions (around

0.3M NaCl) were combined, the pH was adjusted to 7.0 with 1M

NaOH, then added with (NH4)2SO4 to a final concentration of 1M,

and finally loaded onto a Hi Trap butyl Sepharose FF (D = 1.6cm,

L = 05cm, V = 10ml, flowrate = 5ml/min). The column was washed

with the same buffer until the A280 of the eluate lowered below 0.05 and

then eluted with a linear gradient of 1000–250mM (NH4)2SO4 in 0.3M

NaCl/50mM NaPi, pH 7.0. Fractions with the highest mSMO activity

[around 0.5M (NH4)2SO4] were pooled and concentrated in an ultra-

filtration cell (Amicon, Danvers, MA, USA) equipped with an XM 30

filter. Finally, the enzyme was loaded onto a size-exclusion chroma-

tography column on a Superdex 200 HR 10/30 (Pharmacia Biotech,

Uppsala, Sweden) and eluted with 50mM NaPi, pH 7.0, containing

0.3M NaCl at a flow rate of 1ml/min. Fractions with high enzymatic

activity were pooled and concentrated by ultrafiltration as described

above. All chromatographic steps were performed on a FPLC system

from Pharmacia at room temperature and fractions were immediately

chilled and stored at 2 �C.
Enzyme and cofactor spectra. FAD was released from a solution of

the mSMO enzyme (400lg) in 100ll of 0.2M potassium phosphate

(KPi) buffer, pH 7.0, with 9-fold volume of methanol. The solution was

boiled for 15min, cooled on ice, and centrifuged at 14,000g for 15min

at 4 �C. The absorption spectra of the native mSMO (400lg in 1ml of

0.2M KPi buffer, pH 7.0) and methanol cofactor solution were re-

corded in a Philips PU 8820 UV/VIS spectrophotometer.

Enzyme activity and inhibition assays. Enzyme activity was mea-

sured spectrophotometrically by following the formation of a pink

adduct (e515 = 26mM�1cm�1) as a result of the oxidation and con-

densation of 4-aminoantipyrine (Sigma) with 3,5-dichloro-2-hydroxy-

benzenesulfonic acid (Sigma) catalyzed by horseradish peroxidase [18].

The measurements were performed in either 0.2M NaPi buffer, pH 8.5,

or 0.2M glycine buffer, pH 9.5, or 0.083M sodium borate buffer, pH

9.0. Enzyme activities were expressed in International Units (IU),

whose definition is such that one unit converts 1lmol of sub-

stratemin�1. Protein content was estimated by the method of Bradford

[19] with bovine albumin as a standard. SDS–PAGE was performed

according to the method of Laemmli [20]. In the inhibition enzyme
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assay, the mSMO concentration ranged between 20 and 50nM and

that of Spm ranged between 20 and 200lM (i.e., [E] < [S] and [E] < [I],

where [E], [S], and [I] indicate the enzyme, the substrate, and the in-

hibitor concentrations; moreover, 0.1 · Km < [I] < 10 · KI, where KI is

the apparent dissociation equilibrium constant for the formation of the

reversible enzyme:inhibitor complex). The assay time was 30s; this is

important because over longer incubation times the inhibition by

MDL72,527 becomes irreversible. The KI for inhibition by

MDL72,527 was determined from the linear dependence of the

Kapp
m =K0

m ratio on the inhibitor concentration [I], according to Eq. (1):

Kapp
m =K0

m ¼ K�1
I � ½MDL72; 527� þ 1 ð1Þ

where Kapp
m is the apparent Michaelis constant determined at a fixed in-

hibitor concentration and K0
m is the intrinsic Michaelis constant deter-

mined in the absence of the inhibitor. Values of K0
m and Kapp

m (see Eq.

(1)) for the Spm oxidation by mSMO were determined from the depen-

dence of the initial velocity on the substrate concentration according to

the Michaelis–Menten equation in the absence and presence of the in-

hibitor, respectively. As expected for a simple competitive inhibition

system, values of Vmax were unaffected by the inhibitor.

Incubation of the enzyme with MDL72,527 for several minutes

results in irreversible inhibition; therefore, at least two enzyme-inhib-

itor complexes must be hypothesized, one reversible, the other irre-

versible. Although in principle the two may be unrelated to each other,

a plausible sequential reaction scheme is presented in Scheme 1. In this

scheme irreversible inhibition is an unlikely evolution of the reversible

complex, and the relationship between the apparent and intrinsic rate

constants of inhibition is as follows:

kapp ¼ ½I�kintr=ð½I� þ KIÞ ð2Þ
Rapid kinetic experiments were carried out using an Applied

Photophysics SX18 stopped flow apparatus (Applied Photophysics,

Leatherhead, UK), equipped with a photodiode array detector capable

of reading absorbance spectra over the UV–Vis range. Two types of

experiments were devised: (i) the oxidized enzyme, dissolved in air

equilibrated buffer, was mixed with different concentrations of Spm

dissolved in air equilibrated buffer; oxygen concentration after mixing

was 270lM; (ii) the enzyme, dissolved in degassed buffer containing

different concentrations of Spm, was mixed with air equilibrated buffer;

oxygen concentration after mixing was 135lM. In experiment (i) the

enzyme is oxidized before mixing and the first kinetic process is re-

duction by Spm; by contrast in experiment (ii) the enzyme is reduced

before mixing and the first kinetic process observed is oxidation by

dioxygen. Single turnover experiments were carried out by rapidly

mixing in the stopped flow apparatus the oxidized enzyme with Spm at

the desired concentration. Both solutions were carefully degassed and
Scheme 1. Minimal kinetic scheme capable of accounting for the

observed reactions. This scheme was used to fit a complex set of time

courses collected at 460nm; it also describes the two-step mechanism

of inhibition by N,N1-bis(2,3-butadienyl)-1,4-butanediamine (repre-

sented as I).
equilibrated under 1atm of pure N2. Moreover, to avoid contamina-

tion by atmospheric oxygen, 5mM glucose and trace amounts of

glucose oxidase and catalase (both from Sigma, St. Louis, MO, USA)

were added to both solutions.

Data were globally analyzed by means of a least squares non-linear

minimization routine capable of numerical integration of stiff differ-

ential equations developed using the Borland Pascal Compiler (version

7.0, Borland, Scotts Valley, CA, USA) [21]. Preliminary analyses were

carried out using the commercially available package Matlab (version

5.0, The Math Works, Natick, MA, USA); these involve the detection

of the minimal number of spectroscopically distinguishable interme-

diates.

Several kinetic mechanisms were explored, and the minimal cata-

lytic scheme capable of a satisfactory fit of the experimental data is

reported below (Scheme 1). The difference kinetic equations derived

from Scheme 1 are as follows:

d½Eox�=dt ¼ ½EoxS�k�1 þ ½Er�½O2�k4 � ½Eox�½S�kþ1 ð3Þ

d½EoxS�=dt ¼ ½Eox�½S�kþ1 þ ½ErP�k�2 � ½EoxS�ðk�1 þ kþ2Þ ð4Þ

d½ErP�=dt ¼ ½EoxS�kþ2 � ½ErP�ðk�2 þ k3Þ ð5Þ

d½Er�=dt ¼ ½ErP�kþ3 � ½Er�½O2�k4 ð6Þ

d½S�=dt ¼ �d½P�=dt ¼ ½EoxS�k�1 � ½Eox�½S�kþ1 ð7Þ

d½O2�=dt ¼ �d½H2O2�=dt ¼ ½Er�½O2�k4 ð8Þ
The kineticmodel assigns the observed optical density changes to the

conversion of the oxidized (Eox or EoxS) into the reduced enzyme (Er or

ErP), thus it requires only two extinction coefficients at each wavelength

submitted toanalysis, one for theoxidizedmSMO(sharedby speciesEox

and EoxS), the other for the reduced derivatives (Er and ErP).

In an enzyme requiring two substrates (in the present case O2 and

Spm), the steady state experiments are usually carried out at fixed

concentration of one substrate, by systematically varying the other;

thus, the values of Km and kcat for the varied substrate depend on the

concentration of the fixed substrate. In our opinion it is important that

the kinetic rate constants determined by stopped flow are used to

calculate the corresponding steady state parameters and that these are

compared with the values measured directly, since this procedure

provides a stringent test of the consistency of the model. This analysis

was carried out according to standard procedures (e.g. [20]); briefly,

Eqs. (3)–(6) were equated to zero (the steady state approximation),

then the concentration of Er was taken as a reference and all other

enzyme derivatives were expressed as a function of [Er] and the kinetic

constants, to obtain the catalytic rate equation:

v ¼ ½mSMO�½S�kþ1kþ2k3½O2�k4=ð½S�kþ1kþ2k3
þ kþ1kþ2½O2�k4 þ ½S�kþ1k�2½O2�k4 þ ½S�kþ1k3½O2�k4
þ kþ2k3½O2�k4 þ k�1k�2½O2�k4 þ k�1k3½O2�k4Þ ð9Þ

By assuming either [S] = 1 or [O2] = 1, we find the two kcat values:

kcat S;½O2 �¼constant ¼ kþ2k3k4½O2�=ðkþ2k3 þ kþ2k4½O2�
þ k�2k4½O2� þ k3k4½O2�Þ ð10Þ

kcat O2 ;½S�¼constant ¼ ½S�kþ1kþ2k3=ð½S�kþ1kþ2 þ ½S�kþ1k�2

þ ½S�kþ1k3 þ k�1k�2 þ k�1k3 þ kþ2k3Þ ð11Þ

The Km values were derived by equating the catalytic rate Eq.

(9) to 1/2 of the corresponding kcat and solving for either O2 or

S. All the relevant kinetic parameters for mSMO are reported

in Tables 2 and 3.



Fig. 1. Purified recombinant mSMO protein analysis. SDS–PAGE

analysis of the recombinant mSMO (1lg of the purified enzyme) after

Coomassie brilliant blue staining. MW, protein molecular weight

marker (MBI Fermentas).
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Results

Purification of E. coli expressed mSMO

High level expression of mSMO was obtained from

pET17b/mSMO transformed E. coli BL21 DE3 cells af-
ter incubation with 1mM IPTG as described under Ex-

perimental. Due to the relatively high level of mSMO

protein in the starting material, we developed a highly

efficient purification protocol. The frozen bacterial pellet

was mechanically homogenized, then the homogenate

was cleared by centrifugation and the supernatant was

purified in three chromatographic steps to obtain a ho-

mogeneous product consisting of mSMO protein. The
summary of the purification is presented in Table 1.

Starting with 20-g of frozen bacterial pellet from 8l cul-

ture broth a total of 12-mg homogeneous mSMO pro-

tein was purified. The final preparation had a specific

activity of 5U/mg, corresponding to a kcat of 4.8s�1,

the purification was 16.1-fold and the yield was about

21% of the total activity in the homogenate.

Molecular properties and substrate specificity of mSMO

The purified mSMO protein is yellow colored with

visible absorption maxima at 457 and 378nm. The

SDS–PAGE protein analysis shows a single band corre-

sponding to a molecular mass of ca 63kDa (Fig. 1). The

flavin coenzyme of the mSMO was non-covalently

bound to the enzyme since it was released after treat-
ment with hot methanol. Molar absorption coefficient

of 11mM�1cm�1 at 457nm was calculated taking into

account the molar absorption coefficient for FAD in

methanol (11.3mM�1cm�1), the molecular mass of

mSMO, and the absorbance values of the native oxi-

dized and methanol extracted enzyme.

The most canonical polyamines (Spm, Spd, Put) and

their acetyl-derivatives were tested as substrates of
mSMO. The unique substrate was Spm, indicating that

the murine mSMO is preferentially active on this sub-

strate and confirming previous results [13–15], but in

contrast with data recently reported by Wang et al.

[14] for the recombinant human PAOh1/SMO, which

is capable of oxidizing also the N1-AcSpm. Values of
Table 1

Summary of the procedure employed to purify mSMO

Purification step Total vol. (ml) Total activity (U) T

Crude extract 180 292 9

Hi Trap Q chromatography 116 180 1

Hi Trap butyl chromatography 52 96

Superdex 20HR chromatography 12 60

The enzyme activity and protein content of each sample were determined as d

is given in international units per milligram of total protein, and after the last

error, to the activity of the pure enzyme as calculated from the kcat values r

activity, and yield as the percentage of the total activity with respect to the
Km, Vmax, and pH optimum were determined using
Spm as substrate. The calculated values (Km = 170lM,

kcat = 4.8 s�1, and pH optimum 8.5) are in good agree-

ment with the ones previously reported for this enzyme

[15]. On the contrary, the values calculated for the

human PAOh1/SMO enzyme [14] are different, the Km

being 1.63lM and the Vmax 7.72lmol/mg protein/min

(corresponding to a kcat = 7.2 s�1) at pH 9.0.

The MDL72,527 is a specific inhibitor of PAO activ-
ities [22,23]. This inhibitor has been largely used as a

polyamine analogue and reversibly binds to the active

site of the enzyme; on longer incubation times, it reacts

with as yet unidentified chemical residues in the active

site and inhibition becomes irreversible. As a conse-

quence, two types of inhibition may be detected for

MDL72,527, competitive and irreversible, depending

on the incubation time. In living cells, as well as in ex-
perimental animals, MDL72,527 at micromolar concen-

tration specifically inactivates PAOs time-dependently,

without inhibiting other enzymes of polyamine metabo-

lism (for a review see Seiler et al. [24]). Since mSMO is

the last enzyme of the polyamine interconversion
otal protein (mg) Specific activity (U/mg) Purification Yield

46 0.31 1 100

60 1.12 3.6 62

42.8 2.24 7.2 33

12 5.00 16.1 21

escribed in the Experimental section. The specific activity of the extract

step of the purification procedure corresponds, within the experimental

eported in Table 3. Purification is calculated as the increase of specific

value found in the crude extract.



Fig. 2. Effect of MDL72,527 concentration on the Kapp
m =K0

m ratio for

the competitive inhibition of mSMO catalyzed oxidation of Spm. The

continuous line was calculated according to the Eq. (1) with the Ki

value of 63lM. All data were obtained at pH 8.5 (0.2M NaPi buffer).
Fig. 4. Time courses of the oxidation of spermine by mSMO as

followed at 460nm. Experimental conditions: 0.2M NaPi buffer, pH

8.5, T = 25�C, 13lM mSMO; substrate concentrations: trace 1,

160lM Spm, 270lM O2; trace 2: 400lM Spm, 270lM O2; trace 3:

1mM Spm, 270lM O2; and trace 4: 1mM Spm, 135lM O2 (all

concentrations after mixing). Traces 1 through 3 were recorded after

mixing oxidized mSMO with Spm (both solutions containing oxygen);

trace 4 was recorded after mixing substrate reduced mSMO with

oxygen containing buffer.
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pathway that awaits the detailed elucidation of its inter-

actions with the MDL72,527 inhibitor, we carried out

inhibition assay experiments.

As shown in Fig. 2, MDL72,527 competitively inhib-

ited Spm oxidation catalyzed by mSMO. The affinity of

MDL72,527 for mSMO was 63lM. The incubation of

the inhibitor with the purified mSMO resulted in a time

dependent irreversible loss of enzyme activity; the half-
time (t1/2) of the reaction at 100lM MDL72,527 was

15min. The mechanism proposed in Scheme 1 implies

that the apparent rate constant of irreversible inactiva-

tion is a function of the equilibrium dissociation con-

stant KI and the intrinsic half-time of the second

reaction step (Eq. (2) in Experimental) and leads to an

estimate of 9min for the latter parameter. Exhaustive di-

alysis of the inactivated enzyme does not restore activi-
ty, and substrate addition to the irreversibly inhibited

enzyme solution does not induce the MDL72,527 disso-

ciation (i.e., the recovery of mSMO activity).

Two spectroscopically distinguishable intermediates

can be identified during the catalytic cycle of this flavo-

enzyme, one oxidized, the other reduced. The steady

state mixture can be accurately represented as a linear

combination of the two (Fig. 3). Several kinetic schemes
were tested and, although three steps schemes were able

to describe each single time course, they showed signifi-

cant systematic deviations when applied to the global

analysis of the experiments reported in Fig. 4. The sim-

plest kinetic mechanism capable of an acceptable de-
Fig. 3. Spectra recorded during the oxidation of Spm by mSMO.

Experimental conditions as in trace 3 from Fig. 4.
scription of the whole set of experimental data is

reported in Scheme 1. The results of this analysis are
shown in Fig. 4 where the model was used to fit a com-

plex set of time courses collected at 460nm, a wave-

length where the oxidized flavine cofactor has a

characteristic absorbance peak. Since for technical rea-

sons more experiments were conducted starting from

the oxidized than from the reduced enzyme, the minimi-

zation routine tended to overweight the former experi-

ments at the expense of the latter. To correct this bias
the variance of the pertinent time course was assigned

twice the weight assigned to all other time courses; the

rate constants obtained from this procedure are report-

ed in Table 2.

Although the disappearance of the substrates and the

formation of the products are not measured directly in

this type of experiment, the values of the rate constants

determine unequivocally the steady state parameters (see
Experimental). These are reported in Table 3, together

with those directly determined. The agreement between

the calculated and measured values is not as strict as

we desired, but is acceptable, and suggests that Scheme

1, although simplified, provides a reasonable approxi-

mation of the catalytic cycle.

The analysis presented so far does not provide a good

description of the events occurring at the very end of the
time courses presented in Fig. 4. This is most probably

due to an intrinsic property of the enzyme, rather than

to artifacts or baseline shifts, and was consistently re-

produced in our experiments. The easiest explanation

of the discrepancy between the fit according to Scheme

1 and the experimental data is product inhibition, either

reversible (by the aldehyde product) or irreversible (by

hydrogen peroxide); this would progressively lower the
activity of the enzyme as products accumulate, resulting

in the slow exit from the steady state phase. Product



Table 2

Rate constants for the individual reactions of the catalytic cycle of mouse mSMO

k1 k�1 k2 k�2 k3 k4

9.6 · 104M�1 s�1 10s�1 (46s�1) (150s�1) 28s�1 7.8 · 104M�1 s�1

k1 and k4 describe second order processes, whereas k�1, k2, k�2, and k3 correspond to first order ones. The values of k2 and k�2 are undetermined

(hence they are reported in parentheses) since they are so much higher than all the others; however, their ratio is well determined, and the table

reports the lowest estimates for these parameters. Higher values of k2 and k�2 with the same ratio would describe the experimental data equally well;

the standard deviation of all other parameters is �30% of their value.

Table 3

Values of the steady state parameters for mSMO acting on Spm, as compared with the ones obtained from the individual rate constants reported in

Table 2 (in parentheses)

kcat SO2 = 270lM Km SO2 = 270lM kcat O2 S = 1mM Km O2 S = 1mM kcat

4.8s�1 0.17mM — — —

(4.6s�1) (0.12mM) (5.1s�1) (63lM) (67s�1)

The values of kcat and Km for spermidine were determined as described in the Experimental section in air equilibrated samples. The values in

parenthesis, for spermidine and for oxygen were calculated from the individual rate constants, as reported in Table 2. kcat is the maximal activity of

the enzyme, at infinite concentration of both substrates, and has a large uncertainty, due to the uncertainty in the determination of k2 and k�2.
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inhibition is magnified in stopped flow experiments, due

to the relatively high enzyme and substrate concentra-

tions employed. Indeed, three out of the four time cours-

es reported in Fig. 4 end up with the fully reduced

enzyme (i.e., with low absorbance), due to exhaustion

of the oxygen present in the reaction cell (either 270 or

135lM). The hypothesis of product inhibition is further

supported by the Km for Spm calculated from the kinetic
parameters being higher than that measured directly

(Table 3).

Single turnover experiments yielded exponential time

courses, whose dependence on the substrate concentra-

tion is compatible with an order lower than 2 (Fig. 5).

This result is expected for any complex kinetic mecha-

nism and simply demonstrates that the rate limiting step

changes as a response to the concentration of the sub-
Fig. 5. Time courses of the reduction of mSMO by Spm in the absence

of oxygen (single turnover experiments). Experimental conditions:

mSMO concentration 14lM throughout; all the experiments of this

series were carried out in the absence of O2; any possible contamina-

tion by the gas was removed by adding glucose (5mM), glucose

oxidase, and catalase; spermine concentration: trace A, 100lM; trace

B, Spm 200lM; trace C, Spm 400lM; and trace D, Spm 800lM. All

concentrations are after mixing; other conditions as in the multiple

turnover experiments (Fig. 4).
strate, second order steps being rate limiting at low

Spm concentration. The apparent pseudo first order rate

constants of 3.6s�1 at 0.1mM Spm and 6.5s�1 at 0.4–

0.8mM Spm are compatible with the known steady state

parameters and suggest that the catalytic mechanism

does not change as a response to wide variations in

the relevant experimental conditions.

A more refined analysis was carried out by asking the
minimization routine to consider at the same time single

turnover and steady state experiments, in order to en-

sure that the set of parameters obtained is internally co-

herent: indeed, as it often occurs with complex kinetic

schemes, minimization according to Scheme 1 may yield

multiple minima. This analysis confirmed that the pa-

rameters reported in Table 2 are compatible with the

single turnover experiments.
Discussion

Purification and biochemical features of the recombinant

mSMO

The mSMO recombinant enzyme was expressed at a
level of about 20U/L of culture broth. Further purifica-

tion of the mature form of this enzyme has been

achieved by three chromatographic steps (Table 1), ob-

taining a protein product virtually free of contaminants.

Due to the high yield of purified mSMO enzyme after

expression in E. coli, its substrate specificity has been

definitively determined using different polyamines and

acetyl-derivatives.
Spm is the only specific substrate for the murine

recombinant enzyme, confirming previously data pub-

lished by Vujcic et al. [11] and Cervelli et al. [15]. It is

worth mentioning that recently Wang et al. [14] have
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reported that the human recombinant PAOh1/SMO is

able to oxidize N1-AcSpm, albeit in less extent. Further-

more, the human enzyme shows a Km value 100 times

lower (Km = 1.6lM) [14] than the one found for mSMO

([15] and the present paper). We like to point out that

concerning the Km data of the human PAOh1/SMO en-
zyme, different values have been reported up to now

[12,14]. On the contrary, the Km and kcat values obtained

directly and calculated by rapid kinetic experiments in

the present paper for the murine recombinant enzyme

are congruent. The discrepancy observed in substrate

specificity and kinetic parameters for the human and

murine SMO enzymes remains to be elucidated.

Specific SMO inhibitors may represent important
tools in studying the catalytic mechanism of SMO. They

may also be valuable tools in unraveling the physiolog-

ical role of this class of enzymes in animal cell growth

and differentiation and in designing new antineoplastic

drugs. With this in mind, we carried out inhibition assay

experiments on the SMO enzymatic activity in the pres-

ence of the PAO inhibitor MDL72,527 [22–24]. We ob-

served that MDL72,527 competitively inhibited Spm
oxidation catalyzed by mSMO. However, the affinity

of MDL72,527 for mSMO (i.e., 63lM) was lower than

that observed for the pig liver PAO (�0.1lM) by Bey

et al. [22] and Federico et al. [25]. Incubation of the in-

hibitor with the purified mSMO resulted in a time- and

dose-dependent loss of enzyme activity. The mSMO

half-life calculated for saturating concentration of

MDL72,527 is lower than that reported by Bey et al.
[22] for pig liver PAO (t1/2 = 2.2min). This is not incon-

sistent with the lower affinity of mSMO, that indicates

reduced stability of the initial, reversible complex even

though the value is extrapolated for saturating inhibitor

concentration. The mSMO inhibition results presented

in this paper and data reported by Bey et al. [22] for

the pig liver PAO are congruent with the ones reported

by Vujcic et al. [11], describing that the enzymatic activ-
ities of murine SMO and PAO from crude extract were

inhibited when the inhibitor was added prior to the

addition of the substrates Spm and N1-AcSpm, respec-

tively, and that the MDL72,527 inhibits less efficient

mSMO than the PAO enzyme.

The analysis of rapid kinetic experiments reveals

some interesting features of mSMO, namely the rapid

second order oxidation reaction by dioxygen and the
slow exhaustion of substrate which follows the steady

state phase. The reoxidation of flavine-containing amine

oxidases from plants is characteristically fast and second

order and does not show evidence for the presence of the

semiquinone intermediate observed in other flavoen-

zymes; this property has often be an used to classify

these enzymes and is shared by mSMO. The exit of

the enzyme from the steady state, associated to the ex-
haustion of oxygen, poorly fitted in the experiments pre-

sented in Fig. 4, may be explained by the inhibition by
product; this is consistent with the observed difference

between the values of Km obtained directly and calculat-

ed from the kinetic parameters (see Tables 2 and 3). In

this respect it is also worth noting the good agreement

between the values of kcat, again consistent with the hy-

pothesis of product inhibition, since in this analysis kcat
is expected to be much less affected than Km.

Because of the absolute requirement of polyamines

for cell growth, mammalian polyamine metabolism has

been demonstrated to be an important target of antitu-

mor drug development. In fact, some of the most effec-

tive antineoplastic polyamine analogues, concerning

symmetrically and asymmetrically substituted polyam-

ines, are capable to dramatically modify the polyamine
metabolism [5,7,26,27]. Recent studies focused on the

role of mammalian SMO relied on the availability of

specific clones [12,14,15]. The heterologous expression

of the recombinant mSMO enzyme presented here pro-

vides a tool and offers some unique opportunity insights

into the regulation and importance of SMO. Moreover,

it will allow to test the specificity of many antitumor

polyamine analogues, which can be further utilized in
tumorigenic studies.
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