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a b s t r a c t

Lysine 315 of mouse polyamine amine oxidase corresponds to a lysine residue that is conserved in the
flavoprotein amine oxidases of the monoamine oxidase structural family. In several structures, this lysine
residue forms a hydrogen bond to a water molecule that is hydrogen-bonded to the flavin N(5). Mutation
of Lys315 in polyamine oxidase to methionine was previously shown to have no effect on the kinetics of
the reductive half-reaction of the enzyme (M. Henderson Pozzi, V. Gawandi, P.F. Fitzpatrick, Biochemistry
48 (2009) 1508–1516). In contrast, the mutation does affect steps in the oxidative half-reaction. The kcat

value is unaffected by the mutation; this kinetic parameter likely reflects product release. At pH 10, the
kcat/Km value for oxygen is 25-fold lower in the mutant enzyme. The kcat/KO2 value is pH-dependent for
the wild-type enzyme, decreasing below a pKa of 7.0, while this kinetic parameter for the mutant enzyme
is pH-independent. This is consistent with the neutral form of Lys315 being required for more rapid flavin
oxidation. The solvent isotope effect on the kcat/KO2 value increases from 1.4 in the wild-type enzyme to
1.9 in the mutant protein, and the solvent inventory changes from linear to bowed. The effects of the
mutation can be explained by the lysine orienting the bridging water so that it can accept the proton from
the flavin N(5) during flavin oxidation. In the mutant enzyme the lysine amine would be replaced by a
water chain.

� 2010 Elsevier Inc. All rights reserved.

Introduction

A large number of flavoproteins catalyze the oxidation of
amines, with molecular oxygen as the final electron acceptor [1].
Based on their sequences and the three-dimensional structures of
a growing number of flavoprotein amine oxidases, most of these
enzymes can be grouped into two distinct structural families.
D-Amino acid oxidase is the paradigm member of the structural
family that also contains sarcosine oxidase, glycine oxidase, and
dimethylglycine oxidase [2–5]. Monoamine oxidase is the most-
studied member of the family that also contains polyamine oxi-
dase, the histone lysine specific demethylase LSD1, and the L-ami-
no acid oxidases [6–10]. The general reaction of flavoprotein amine
oxidases can be divided into two half-reactions. The reductive half-
reaction consists of the transfer of a hydride equivalent from the
substrate to the flavin, producing reduced flavin and oxidized
amine. This step is typically irreversible; therefore, these enzymes

exhibit ping pong patterns in steady-state kinetic analyses [11].
While the mechanism of amine oxidation has been controversial
[12–14], mechanistic and structural results are most consistent
with direct transfer of a hydride from the amine substrate to the
flavin [2,15–20]. In the less-studied oxidative half-reaction, two
electrons are transferred from the reduced flavin to molecular
oxygen, forming H2O2 [21,22].

Polyamine and spermine oxidases are involved in the catabo-
lism of polyamines in a variety of eukaryotic cells. The mammalian
polyamine oxidases (PAOs)1 prefer N1-acetylated spermine and
spermidine as substrates, oxidizing the substrate on the exo side of
the secondary nitrogen (Scheme 1) [23]. Spermine oxidases catalyze
a similar reaction, but are more active with non-acetylated spermine
and spermidine [24,25]. In contrast, plant polyamine oxidases cata-
lyze the oxidation on the endo side of the secondary nitrogen [26],
a reaction also catalyzed by putrescine oxidases [27]. To date, no
structure of a mammalian polyamine or spermine oxidase has been
described. While there are structures of polyamine oxidases from
maize and yeast, the former is more accurately a spermine oxidase
based on its substrate specificity [28] and the latter is reported to
catalyze the oxidation of N1-acetylspermine and spermine equally
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efficiently [29]. All of the published structures of proteins in the
monoamine oxidase family show a conserved lysine residue in the
active site [6–8,30,31]. In several of these structures there is a water
molecule in an appropriate location to form hydrogen bonds to the
lysine amino group and the FAD N(5). This is illustrated in Fig. 1
for maize polyamine oxidase. When this lysine in that enzyme is
mutated to methionine, the rate constant for reduction of the flavin
by spermidine is reported to be 1400-fold slower than the value for
the wild-type enzyme, suggesting that this residue plays a critical
role in amine oxidation [32]. Mutation of the corresponding lysine
in LSD1, Lys661, to alanine yielded a mutant protein with no detect-
able activity in a gel-based assay [33], consistent with a critical role
in that enzyme also. While the lack of kinetic data for the LSD1
K661A enzyme precludes determination of which steps in the reac-
tion are affected by the mutation, amine oxidation is rate-limiting
for that enzyme, at least with peptide substrates [19]. Alignment
of sequences of mouse polyamine oxidase with other members of
the monoamine oxidase family, including maize PAO and LSD1
(Fig. 2), shows that Lys315 in mouse PAO corresponds to the

conserved lysine residue. Surprisingly, mutagenesis of this lysine
in mouse PAO to methionine has no effect on the rate constant for
flavin reduction at the pH optimum or on the pH dependence of
the reductive half-reaction [34], in contrast to the results with maize
PAO and LSD1. We report here that mutagenesis of Lys315 in mouse
PAO to methionine instead affects the oxidative half-reaction of the
enzyme.

Experimental procedures

Materials

Spermine was purchased from Acros Organics (Geel, Belgium)
and N1-acetylspermine was purchased from Fluka (Switzerland).
Deuterium oxide was purchased from Cambridge Isotope Laborato-
ries, Inc (Andover, MA). All other materials were of the highest pur-
ity commercially available. Wild-type and K315M PAO were
expressed and purified as previously described [34].

Assays

Steady-state kinetic assays were performed using a computer-
interfaced Hansatech (Hansatech Instruments) oxygen electrode
[35]. All assays were initiated by the addition of enzyme. All buf-
fers contained 10% glycerol; 50 mM PIPES, 50 mM Tris–HCl,
50 mM CHES and 50 mM CAPS were used for the pH ranges of
6.6, 7.1–8.6, 9.1–9.6, and 10, respectively. Solvent isotope effects
were performed in buffers containing 50 mM CHES (pH 9 or pD
9.4) or 50 mM CAPS (pH 10, or pD 10.4), 10% glycerol. Glycerol buf-
fers with a relative viscosity of 1.3 were prepared as described by
Segur and Oberstar [36]. A concentration of 1 mM N1-acetylsper-
mine was used in all assays. Due to the hygroscopic nature of
N1-acetylspermine, its concentration was determined enzymati-
cally [20].

Data analysis

Steady-state kinetic parameters were determined based on fits
to the Michaelis–Menten equation using the program Kaleida-
Graph (Synergy Software). Data for the kcat/KO2-pH profile of
wild-type PAO were fit to Eq. (1), which applies for a kinetic
parameter that decreases at low pH due to the protonation of a sin-
gle moiety; y is the kcat/KO2 value at the specific pH being mea-
sured, c is the pH-independent value of the kcat/KO2, and K is the
ionization constant for a residue that must be unprotonated. Eq.
(2) was used to fit the kcat-pH profile for the wild-type enzyme.
This describes a kinetic parameter that decreases to a limiting va-
lue at low pH; YL and YH are the values of the kinetic parameter at
the pH extremes and K is the ionization constant for the transition
[37]. Eqs. (3)–(5) were used to fit the proton inventories for wild-
type and K315M PAO. Eq. (3) describes a proton inventory arising
from a single proton. Eq. (4) describes a proton inventory when
two protons with identical fractionation factors contribute to the
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Scheme 1.

Fig. 1. The water-mediated interaction between the FAD and Lys300 in maize
polyamine oxidase. The structure was drawn using pdb file 1h81 [49].

Fig. 2. Multiple sequence alignment for mouse PAO, human MAO-B, human MAO-
A, maize PAO, and yeast Fms1. Conserved residues are in bold. The lysine
corresponding to Lys315 in mouse PAO is underlined.
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