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ABSTRACT 

 

Flavin Amine Oxidases from the Monoamine Oxidase Structural Family Utilize a 

Hydride Transfer Mechanism. (May 2010) 

Michelle Henderson Pozzi, B.S., Sam Houston State University 

Co-Chairs of Advisory Committee: Dr. Paul F. Fitzpatrick 
  Dr. Gregory D. Reinhart 

 

 The amine oxidase family of enzymes has been the center of numerous 

mechanistic studies because of the medical relevance of the reactions they catalyze. This 

study describes transient and steady-state kinetic analyses of two flavin amine oxidases, 

mouse polyamine oxidase (PAO) and human lysine specific demethylase (LSD1), to 

determine the mechanisms of amine oxidation. 

 PAO is a flavin adenine dinucleotide (FAD)-dependent enzyme that catalyzes the 

oxidation of N1-acetylated polyamines. The pH-dependence of the kcat/Kamine  indicates 

that the monoprotonated form of the substrate is required for catalysis, with the N4 

nitrogen next to the site of CH bond cleavage being unprotonated. Stopped-flow 

spectroscopy shows that the pH-dependence of the rate constant for flavin reduction, 

kred, displays a pKa of 7.3 with a decrease in activity at acidic pH. This is consistent with 

an uncharged nitrogen being required for catalysis. Mutating Lys315 to methionine has 

no effect on the kcat/Kamine-pH profile with the substrate spermine, and the kred value only 

shows a 1.5-fold decrease with respect to wild-type PAO. The mutation results in a 30-

fold decrease in kcat/KO2. Solvent isotope effects and proton inventories are consistent 
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with Lys315 accepting a proton from a water molecule hydrogen-bonded to the flavin 

N5 during flavin oxidation. 

 Steady-state and transient kinetic studies of para-substituted N,N’-dibenzyl-1,4-

diaminobutanes as substrates for PAO show that the kred values for each correlate with 

the van der Waals volume (VW) and the σ value. The coefficient for VW is the same at 

pH 8.6 and 6.6, whereas the ρ value increases from -0.59 at pH 8.6 to -0.09 at pH 6.6. 

These results are most consistent with a hydride transfer mechanism. 

 The kinetics of oxidation of a peptide substrate by human lysine specific 

demethylase (LSD1) were also studied. The kcat/KM pH-profile is bell-shaped, indicating 

the need for one unprotonated nitrogen next to the site of CH bond cleavage and another 

protonated nitrogen. The kcat and kred values are equal, and identical isotope effects are 

observed on kred, kcat, and kcat/KM, indicating that CH bond cleavage is rate-limiting with 

this substrate. 
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CHAPTER I 

INTRODUCTION 

 

POLYAMINE METABOLISM AND REGULATION 

Polyamines were originally isolated as “three-sided” crystals from human semen 

in 1678 by Antonie van Leeuwenhook (1), though the empirical formula of the crystals 

was not deduced until 1924 (2). Polyamines include N,N’-bis(3-amino-propyl)butane-

1,4-diamine and N-(3-aminopropyl)butane-1,4-diamine, commonly referred to as 

spermine and spermidine for the source of their discovery, and 1,4-diaminobutane, 

which derives its common name of putrescine from its offensive smell that is associated 

with putrefying flesh. Oftentimes polyamines are referred to as supercations due to the 

multiple positive charges carried on nitrogens within the aliphatic chain. Polyamines, 

specifically spermine and spermidine, have been shown to interact with DNA, bridging 

the major and minor grooves (3). Structural studies indicate that these “bridging 

interactions” occur within an individual DNA molecule (4), and that polyamines 

selectively bind pyrimidine residues (5). Polyamine interactions have been suggested to 

not only alter DNA structure, but also influence its function (6). For example, in the 

nucleosome, the concentration of polyamines has been correlated with partial unwinding 

of DNA resulting in exposure of potential transcriptional regulators binding sites (7).  

 

This dissertation follows the style of Biochemistry. 
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Though the positive charge associated with polyamines is a defining 

characteristic, polyamines in a cell vary in length, number of potential positive charges, 

flexibility and acetylation, indicating that cells requires multiple polyamines for differing 

functions. Polyamines include spermine, spermidine, their acetylated derivatives, and 

putrescine (Figure 1.1). Polyamine metabolism is a complex system that orchestrates 

biosynthesis, degradation and transport (Figure 1.2, modified from Ref (8)). In 

eukaryotic cells, the three polyamines spermine, spermidine and putrescine are 

synthesized from L-arginine and L-methionine. Putrescine is synthesized from L-

arginine via arginase and ornithine decarboxylase. Putrescine can be converted into 

spermidine and spermine by spermidine synthase and spermine synthase, respectively, 

using an aminopropyl group from decarboxylated S-adenosylmethionine. The 

aminopropyl group is generated from L-methionine in two consecutive reactions 

involving methionine adenosyltransferase and S-adenosylmethionine decarboxylase.  

Polyamine degradation begins with spermidine/spermine N1-acetyltransferase 

(SSAT) using acetyl-CoA to acetylate spermine and spermidine, producing N1-

acetylspermine and N1-acetylspermidine. Polyamine oxidase (PAO) oxidizes N1-

acetylspermine and N1-acetylspermidine to spermidine and putrescine, producing 3-

acetamidopropanal and H2O2 as byproducts. More recently, it was determined that an 

enzyme catalyzes the back-conversion of spermine to produce spermidine, 3-

aminopropanal, and H2O2. This enzyme has been named spermine oxidase to distinguish 

it from the aforementioned PAO. 
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Figure 1.1: Polyamine structures. 

 



 4 

Transport of polyamines into and out of the cell is part of polyamine 

homeostasis, though in mammalian cells the major production of polyamines occurs via 

biosynthesis (9). To date, a mammalian polyamine transporter has yet to be identified. 

Transport of polyamines in mammalian cells has been proposed to occur through two 

different models. The first involves transport of polyamines sequestered in vesicles into 

cells through unidentified transporters that operate via membrane potential (10). A 

second transport mechanism involves the uptake of spermine via heparin sulfate chains 

of glypican-1 (11). Polyamines are exported from the cell in a manner that is dependent 

on the cell’s growth status; export of polyamines is increased when cell growth is halted 

and decreased when cells growth occurs (12).  

The N1-acetylated polyamines are not found in normal cells because they are the 

main polyamines exported from the cell (13); however, higher concentrations are present 

in cancer cells indicating a direct link between changes in polyamine metabolism and 

carcinogenesis (14, 15). Furthermore, stoichiometric amounts of 3-acetamidopropanal 

and H2O2 produced during oxidation of acetylated polyamines have been shown to be 

involved in apoptosis (16, 17). The correlation with changes in polyamine metabolism 

and deviations from normal cell growth provide the opportunity for therapeutic 

intervention (18). Both ornithine decarboxylase and S-adenosylmethionine 

decarboxylase have been used as targets for inhibition, but in both instances inhibition 

has resulted in depletion of only two of the three polyamines (19, 20). In addition,
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Figure 1.2: Polyamine metabolism. 
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both of these enzymes have rapid turnover in mammalian cells (21), making long term 

inhibition difficult. Since therapeutically the goal is to deplete polyamine levels within a 

cell, SSAT and PAO, which play a direct role in the catabolism of polyamines, are 

receiving greater attention in drug design. To date, an inhibitor specific for SSAT has 

not been developed, though it has been shown that inhibitors of other enzymes in 

polyamine metabolism induce SSAT activity also (22). Inhibitors of PAO have shown to 

be promising, with a number of clinical trials underway (23, 24). Studies using a lung 

carcinoma cell line suggest that induction of PAO results in increased production of 

H2O2 linked with cytotoxicity and eventual apoptosis (25). These results taken 

cumulatively show the potential for the use of polyamine analogues as 

chemopreventative and anticancer drugs, necessitating the need to better understand the 

mechanisms of each of the enzymes involved in polyamine metabolism. 

 

POLYAMINE OXIDASE 

PAO contains a non-covalently bound flavin adenine dinucleotide (FAD) and is 

one of two enzymes that are involved in polyamine catabolism as previously described. 

Despite PAO having been implicated in cancer, ischemic tissue damage and apoptosis, 

little attention has been paid to the mechanism of this enzyme, necessitating the need to 

do so. The cloning, sequencing and expression of mouse PAO (26) presents the 

opportunity to study a mammalian PAO in an effort to gain important mechanistic 

information that can be used for better and more efficient drug design. 
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Mammalian PAOs are differentiated from plant PAOs based on the site of CH 

bond cleavage. In a mammalian PAO, N1-acetylated polyamines are oxidized on the 

exo-side of their N4-amino groups (Figure 1.3) producing an imine-intermediate that is 

non-enzymatically hydrolyzed. 3-Acetamidopropanal is formed, which can be 

enzymatically deacetylated to produce cytotoxic 3-aminopropanal (27). Mouse PAO 

exhibits a preference for polyamine substrates in the order N1-acetyl spermine ≈ N1-

acetyl spermidine >> N1,N12-diacetyl spermine >> spermine (28). With plant PAOs, the 

carbon on the endo-side of the N4-nitrogens of spermidine and spermine is oxidized, 

producing 4-aminobutyraldehyde and 3-(aminopropyl)-4-aminobutyraldehyde, 

respectively. 

The difference in substrate specificity of enzymes involved in polyamine 

metabolism raises questions about nomenclature to differentiate between such enzymes. 

Specifically, PAO’s preference for N1-acetylated polyamines distinguishes it from an 

amine oxidase that catalyzes the oxidation of spermine, more accurately defining the 

latter as a spermine oxidase. From this perspective, it could be argued that the preference 

for plant PAO`s to oxidize spermine and spermidine over their acetylated derivatives 

would more accurately classify these enzymes as being spermine oxidases.  

 



 8 

H
N

O

H2
N

N
H2

NH3

O2

H2O2

H
N

O

H
N

N
H2

NH3

+ H3N
N
H2

NH3

N1-acetylspermine

spermidine

H
N

O

O

Flox

Flred

 

 

Figure 1.3: PAO oxidation of N1-acetylspermine. 
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FLAVOPROTEIN AMINE OXIDASES 

PAO is a member of a family of enzymes known as flavin amine oxidases. The 

overall reaction of these enzymes can be divided into two half-reactions (Figure 1.4). 

The reductive half-reaction is characterized by the reduction of the flavin cofactor upon 

the oxidation of substrate. The oxidative half-reaction involves the oxidation of enzyme 

with reduced FAD by molecular oxygen, producing H2O2 and an imine intermediate that 

is non-enzymatically hydrolyzed. 

The flavin cofactor exists in three forms. The first form is riboflavin (vitamin 

B2), which can be converted to the other two forms flavin mononucleotide (FMN) and 

flavin adenine dinucleotide (FAD) as shown in Figure 1.5 (modified from ref (29)). 

Flavins possess a highly conjugated ring system that gives them a chemical reactivity 

that allows them to accept one electron, forming flavin semiquinone, or two electrons to 

form reduced flavin (Figure 1.6, modified from ref (29)). Figure 1.7 shows 

representative UV-visible absorbance spectra for the oxidized, semiquinone, and reduced 

states of flavin, with indicated wavelengths of maximum absorbance in each state (30). 

Flavin oxidation potentials are in the range of 0 to -200 mV, though -500 mV has been 

observed in flavodoxins (29). Flavins can be non-covalently bound in flavoenzymes, as 

is the case with PAO (26), or covalently bound as with MAO, which occurs via a 

thioether linkages between a cysteinyl residue and the 8α-methylene of the isoalloxazine 

ring (31).  
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Figure 1.4: General reaction mechanism for flavoprotein amine oxidases. 
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Figure 1.5: Conversion of riboflavin to FMN and FAD. 
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PAO belongs to the MAO structural family, which is distinguished by an easily 

identifiable N-terminal βαβ FAD-binding motif that interacts with the ADP portion of 

the FAD cofactor and a second conserved region in the C-terminus involved in FAD 

binding (26). In addition to MAO and PAO, other members of this family include the 

newly discovered human lysine-specific demethylase-1 (LSD1) involved in epigenetic 

regulation (32), Fms1, a yeast spermine oxidase (33), L-amino acid oxidase (34), and 

tryptophan 2-monooxygenase (35).  

The mechanism of these flavoproteins has been the source of controversy and 

debate. MAO A and B, which catalyze the oxidation of amine neurotransmitters, have 

been the center of intense study for years due to their important role in medical 

treatment. MAO A has been linked to depression arising from decreases of 

norepinephrine and serotonin levels in the brain (36), and MAO B has been shown to 

involved in the degeneration associated with Parkinson’s disease (37). To date, three 

prominent mechanisms for substrate oxidation by this family of enzymes exist, a single 

electron transfer (SET) mechanism, a polar nucleophilic mechanism, and a hydride 

transfer mechanism. 
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The SET mechanism, as shown in Fig 1.8 (adapted from ref (38)), is initiated by 

a single electron transfer from the substrate amine to the covalently bound flavin, 

producing a substrate aminium radical cation and a flavin semiquinone as transient 

intermediates.  The lowered pKa of the α-CH bond of the aminium radical cation can 

result in proton loss and a second electron transfer to the flavin semiquinone producing 

reduced flavin or can go through a radical recombination to give a covalent adduct that 

can undergo β-elimination to produce the iminium ion. This mechanism was proposed 

based on studies using amine analogues containing cyclopropyl substituents as reporters 

(39). Silverman took results of kinetic and spectroscopic studies of MAO with these 

mechanism-based inactivators as evidence for the formation of an amine radical cation 

and flavin semiquinone in the normal catalytic mechanism.  The SET mechanism has 

some potential flaws, including a lack of spectral data showing an intermediate flavin 

semiquinone or active site radical and the requirement for a flavin potential of 

approximately 1.5 V for the proposed one electron oxidation of primary amines (40). 

Further, the inactivation of methonal oxidase by cyclopropyl alcohol (41) and 

cholesterol oxidase with 2α,3α-cyclopropano-5α-cholestan-3β-ol (42) have been 

explained to occur through mechanisms not involving radical intermediates. 
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The polar nucleophilic mechanism shown in Figure 1.9 (adapted from ref (38)) 

involves the covalent attachment of the substrate amine to the C4a-position of the flavin, 

activating the N5-position for proton abstraction of the α-hydrogen. This mechanism was 

originally proposed by Hamilton (43), but has been supported by Edmondson (44). The 

evidence for this mechanism comes from quantitative structure-activity relationship 

studies of MAO A with a series of para-substituted benzylamine analogues in which 

Miller and Edmondson report a positive correlation of the rate constant for flavin 

reduction with the electronic parameter σ and a ρ value of 1.8 ± 0.3 (45). The sign and 

magnitude of this ρ value is indicative of reactions that are aided by electron-

withdrawing substituents. However, these results are not consistent with previous 

observations with substituted benzylamines as substrates for MAO B, where correlation 

between the rate constant for flavin reduction and the Taft steric parameter indicates that 

sterics are more important for flavin reduction (46). The reason for the difference in the 

ρ value for MAO-A versus MAO-B is unclear, especially since MAO-A and MAO-B 

are 70% identical.  
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Figure 1.9: The polar nucleophilic mechanism. 
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The hydride transfer mechanism is the generally accepted mechanism of the 

flavoprotein amine oxidase D-amino acid oxidase (DAAO), which has a different 

structure than the MAO structural family. This mechanism, as shown in Figure 1.10, 

involves the direct transfer of a hydride equivalent from the substrate to the flavin 

cofactor with no intermediate steps. This mechanism has received greater attention in 

recent years as the mechanism of flavoprotein amine oxidases in light of new kinetic 

data. Deuterium and 15N kinetic isotope effect studies of flavin amine oxidases, 

including DAAO (47, 48), tryptophan-2-monooxygenase (TMO) (49), and N-

methyltryptophan oxidase (MTOX) (50, 51), are most consistent with a hydride transfer 

mechanism. Furthermore, these results indicate that a common kinetic mechanism is 

shared between the DAAO structural family, which includes DAAO (52) and MTOX 

(50), and the MAO structural family that includes TMO (53).  

 

 

Figure 1.10: The hydride transfer mechanism. 
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PAO presents the opportunity to study a flavin amine oxidase in an effort to 

determine the chemical mechanism, assess the potential importance of residues within 

the active site, and to gain insight into substrate specificity. Results of this study with a 

mammalian PAO can serve to offer structural and mechanistic information that can be 

utilized in drug design for anti-cancer agents targeted for PAO. 
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CHAPTER II 

pH DEPENDENCE OF A MAMMALIAN POLYAMINE OXIDASE: INSIGHTS 

INTO SUBSTRATE SPECIFICITY AND THE ROLE OF LYSINE 315
∗∗∗∗ 

 

The polyamines spermine and spermidine are essential for cell proliferation, with 

higher levels being found in rapidly growing cells (4, 54). This observation suggests that 

compounds which decrease the levels of polyamines in cells have potential as 

antineoplastic agents. Indeed, the polyamine biosynthetic pathway has been heavily 

studied with the goal of developing enzyme inhibitors (24, 54, 55). The pathway begins 

with the formation of putrescine from ornithine catalyzed by ornithine decarboxylase. 

Putrescine is then converted to spermine by two sequential reactions catalyzed by 

spermidine synthase, forming first spermidine and then spermine, using decarboxylated 

S-adenosylmethionine as the propylamine donor in both steps. In the opposite direction, 

catabolism of spermine requires the sequential action of two enzymes (4). First, 

acetylation of spermine by spermidine/spermine N1-acetylspermine acetyltransferase 

forms N1-acetylspermine. This is then converted to spermidine by the flavoenzyme 

polyamine oxidase (PAO). The same two enzymes also catalyze the acetylation of 

spermidine to N1-acetylspermidine and the subsequent oxidation to putrescine. Very 

recently, several mammalian tissues have been found to contain a flavoenzyme capable 

of oxidizing spermine directly to spermidine (56-58); while referred to occasionally as 

PAO, it is more accurately a spermine oxidase.  
                                                 
∗ Reproduced with permission from Henderson Pozzi, M., Gawandi, V., and Fitzpatrick, 
P.F. (2009) Biochemistry 48, 1508-1516. Copyright 2009 American Chemical Society. 
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The reaction of mammalian PAO is shown in Figure 1.3. The enzyme cleaves the 

exo carbon-hydrogen bond of its substrate, forming spermidine and N-acetyl-3-

aminopropanaldehyde from N1-acetylspermine or putrescine and N-acetyl-3-

aminopropanaldehyde from N1-acetylspermidine. There are also plant PAOs, of which 

the maize enzyme is the best-characterized (59-62). While the mammalian enzymes 

oxidize spermine to 3-aminopropanaldehyde and spermidine, the plant enzymes oxidize 

the endo bond of spermine to form propane-1,3-diamine and N-(3-aminopropyl)-4-

aminobutyraldehyde (63). The structural bases for the difference in substrate specificity 

between polyamine and spermine oxidases and in the site of substrate oxidation between 

the plant and animal enzymes are not known. 

The general reaction of flavin amine oxidases such as PAO can be divided into 

two half reactions. In the reductive half reaction a hydride equivalent is transferred from 

the substrate to the flavin, while the oxidative half reaction involves the oxidation of the 

reduced flavin by molecular oxygen, producing H2O2. The steady-state kinetic 

mechanism has previously been determined for mouse PAO (26). Consistent with the 

results for most flavoprotein oxidases (64), the kinetic pattern is ping-pong due to the 

reductive half reaction being effectively irreversible. Consequently, the kcat/Km value for 

the amine substrate includes the steps in the reductive half-reaction from amine binding 

through flavin reduction, while the kcat/Km value for oxygen is the second order rate 

constant for reoxidation of the reduced flavin. This simplifies analysis of the individual 

kinetic parameters, since the kcat/Km value for the amine substrate is independent of the 
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oxygen concentration, while the rate constant for flavin reduction can readily be 

determined using rapid-reaction methods in the absence of oxygen.  

The chemical mechanism of the reductive half-reaction of flavoprotein amine 

oxidases has been quite controversial (65). Oxidation of an amine substrate by an amine 

oxidase necessarily involves the removal of two protons and two electrons as the carbon-

nitrogen single bond is converted to a double bond. The various mechanistic proposals 

for the flavin amine oxidases have included most of the possible combinations by which 

this can occur (65, 66). Cleavage of the carbon-hydrogen bond could occur by removal 

of the hydrogen as a proton, a hydrogen atom, or a hydride (44, 67, 68), with some 

mechanisms involving formation of an amine-flavin adduct as an intermediate (44). In 

contrast, the hydrogen is generally proposed to be removed from the nitrogen as a 

proton, with the disagreement over when this occurs in the reaction. Thus, the proton 

could be lost to solvent before the amine binds to the protein (48) or to an active site 

base either before (69-71) or concurrent with cleavage of the carbon-hydrogen bond 

(69). Thus, establishing the catalytic mechanism of an amine oxidase necessarily 

requires knowledge of the timing of removal of hydrogens from both the carbon and the 

nitrogen. In addition, in the case of the proton on the nitrogen, loss of the proton from 

the bound substrate would require an active site base.  

The flavin amine oxidases can be divided into two structural classes, the 

MAO/PAO family (34, 60) and the D-amino acid oxidase (DAAO)/sarcosine oxidase 

family (72). No structure of a mammalian PAO has been described to date. However, 

structures are available for maize PAO and for S. cerevisiae spermine oxidase (Fms1) 
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(73, 74). These enzymes both belong to the monoamine oxidase (MAO) family of 

flavoprotein amine oxidases (73). The sequences of mammalian PAOs align well with 

these and other members of this family (26, 73, 75). The available structures of members 

of the MAO family show that all contain a conserved lysyl residue in the active site (32, 

34, 73, 74, 76). This residue is part of a “Lys-H2O-N5” motif in which the lysyl side 

chain forms hydrogen bonds to the N5 of the isoalloxazine ring via an intervening water 

molecule. This lysyl residue has been proposed to be an active site base which accepts a 

proton from either the protonated amine of the substrate prior to its oxidation or from a 

water molecule to form hydroxide for hydrolysis of an imine intermediate (34, 59). 

This chapter describes the use of the effects of pH on the steady-state and 

reductive half-reaction kinetics of mouse PAO to probe substrate specificity and 

establish the protonation states of polyamines required for catalysis. In addition, the role 

the conserved lysyl residue plays in amine oxidation by this enzyme has been analyzed. 
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EXPERIMENTAL PROCEDURES 

Materials. Spermine was purchased from Acros Organics (Geel, Belgium), and 

1,8-diaminooctane and 1,12-diaminododecane were purchased from Aldrich 

(Milwaukee, WI). N1-Acetylspermine and N1-acetylspermidine were synthesized as 

previously described (77); N1-acetylspermidine was also purchased from Fluka 

(Switzerland). Substrates were synthesized by Dr. Vijay Gawandi of Texas A&M 

University (78). 

Expression and Purification of Recombinant Proteins. Mouse PAO was purified 

as previously described (79) with a few minor changes. The pellet resulting from the 

final 65% ammonium sulfate precipitation was resuspended in 50 mM potassium 

phosphate and 10% glycerol (pH 7.5) and dialyzed overnight with two buffer changes. 

The resulting protein sample was then centrifuged at 22,400xg for 30 min at 4 ºC to 

remove precipitated protein. The purified protein was stored at -80 ºC. The concentration 

of active enzyme was determined from the flavin visible absorbance spectrum, using an 

ε458 value of 10,400 M-1 cm-1. 

The K315M mutation was introduced using the Stratagene QuikChange site-

directed mutagenesis method and the mutagenic primer 5’-

GGCTTCGGTACCAACAACATGATCTTCCTCGAGTTC -3’, which contains the 

K315M mutation (shown in bold) and a silent mutation at Leu318 that results in the 

addition of an AvaI site (underlined) used in screening colonies. The DNA sequence of 

the entire gene was verified to ensure that no unwanted mutations occurred. Purification 

of the mutant enzyme was done using the same procedure as for wild type PAO. 
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Assays. Steady state kinetic assays were performed in air-saturated buffers on a 

computer-interfaced Hansatech (Hansatech Instruments) or YSI oxygen (Yellow Springs 

Instrument, Inc.) electrode. Assays were initiated by the addition of enzyme. All buffers 

contained 10% glycerol; 50 mM Tris-HCl, 50 mM CHES, and 50 mM CAPS were used 

for the pH ranges 7-8.5, 9.0-9.5, or 10-11 respectively.  

Rapid-reaction kinetic experiments were conducted at 20 ºC on an Applied 

Photophysics SX-18MV stopped-flow spectrophotometer. The night before the 

experiment, the instrument was flushed with anaerobic buffer followed by a solution of 

36 nM glucose oxidase in 5 mM glucose, 50 mM Tris-HCl, pH 7.5. For enzyme 

solutions, anaerobic conditions were established by applying cycles of vacuum and 

argon, while substrate solutions were bubbled with argon. All buffers contained 10% 

glycerol and 5 mM glucose; 200 mM PIPES, 200 mM Tris-HCl, and 200 mM CHES 

were used for the pH ranges 6.5-6.9, 7-8.9, or 9.0-9.5, respectively. Glucose oxidase was 

added to all anaerobic solutions at a final concentration of 36 nM before loading them 

onto the stopped-flow spectrophotometer.  

Data Analysis. Kinetic data were analyzed using the programs KaleidaGraph 

(Adelbeck Software, Reading, PA) and Igor (WaveMetrics, Lake Oswego, OR). Initial 

rate data obtained by varying the concentration of a single substrate were fit to the 

Michaelis-Menten equation. The effects of pH on kinetic parameters were fit to 

equations 2.1-2.3. Equation 2.1 applies for a kinetic parameter which decreases below 

pK1 due to the protonation of a single moiety. Equation 2.2 applies for a kinetic 

parameter which decreases above pK2 due to the protonation of a single moiety. 
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Equation 2.3 applies for a kinetic parameter which decreases below pK1 due to 

protonation of a single moiety and decreases above pK2 due to deprotonation of a single 

moiety. In all three equations, c is the pH-independent value. In each, y is the kinetic 

parameter being measured, c is the pH-independent value, K1 is the ionization constant 

for a residue which must be unprotonated, and K2 is the ionization constant for a residue 

which must be protonated. 

 

log y = log (c/(1 + H/K1)) (2.1) 

log y = log (c/(1 + K2/H)) (2.2) 

log y = log (c/(1 + H/K1 + K2/H)) (2.3) 

 

Analysis of stopped-flow data was done using both KaleidaGraph and SPECFIT 

(Spectrum Software Associates, Marlborough, MA). To determine the kinetic 

parameters for the reduction of wild type PAO by N1-acetylspermine, stopped-flow 

traces were fit to equation 2.4, which describes a triphasic exponential decay, where k1, 

k2, and k3 are first order rate constants, A1, A2, A3 correspond to the absorbance changes 

in each phase, and A∞ is the final absorbance. Equation 2.5 was used to fit the biphasic 

traces obtained for K315M PAO.  

 

At = A1e
-k1t + A2e

-k2t + A3e
-k3t + A∞ (2.4) 

At = A1e
-k1t + A2e

-k2t+ A∞ (2.5) 
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RESULTS 

kcat/Kamine- pH Profile. Previous steady-state kinetic studies at pH 7.6 indicated 

that the substrate preference for mouse PAO is N1-acetylspermine, N1-acetylspermidine, 

and then spermine, with spermine being a significantly slower substrate than the 

acetylated compounds (26). The effect of pH on the kinetic parameter kcat/Kamine was 

determined for each of these three substrates. The results are shown in Figure 2.1A, and 

the resulting pKa values are summarized in Table 2.1. The pH profiles for all three 

substrates exhibit decreases in activity at both low and high pH, consistent with a 

requirement for one moiety in the enzyme or substrate that must be protonated for 

substrate recognition and/or oxidation and one which must be unprotonated. Both 

acetylated substrates have bell-shaped curves with two distinguishable pKa values. In 

contrast, with spermine the pH profile exhibits a sharp optimum so that the two pKa 

values are too close together to resolve; consequently, only the average of the two pKa 

values could be determined with this substrate.  
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Figure 2.1: A, kcat/Kamine-pH profile of wild type PAO with N1-acetylspermine (□), N1-
acetylspermidine (●), and spermine (�), and K315M PAO (♦) with spermine. The lines 
are from fits of the data to eq 2.3. B, Theoretical protonation states of N1-acetylspermine 
with no proton, 1 proton, 2 protons, or 3 protons. 
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Table 2.1: pKa values for PAO substrates and inhibitors 

Kinetic parameter pKa1 pKa2 

Wild-type PAO   

kcat/Km for N1-acetylspermine 8.5 ± 0.1 11.2 ± 0.1 
kcat/Km for N1-acetylspermidine 9.8 ± 0.1 11.3 ± 0.3 
kcat/Km for spermine 10.3 ± 0.1 10.3 ± 0.1 
Ki for N1-acetyl-1,8-diaminooctane - 11.6 ± 0.1 
Ki for 1,8-diaminooctane 9.3 ± 0.1 10.8 ± 0.1 
Ki for N1-acetyl-N3-pentyl-1,3-diaminopropane 8.9 ± 0.1 - 
Ki for 1,12-diaminododecane 10.0 ± 0.1 10.0 ± 0.1 
Ki for N1-acetyl-1,12-diaminododecane - 11.6 ± 0.1 

K315M PAO   
kcat/Km for spermine 10.3 ± 0.1 10.3 ± 0.1 
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Protonation States of Polyamines as a Function of pH. A likely basis for one or 

both of the pKa values in the kcat/Kamine-pH profiles is the protonation state of the 

substrates. Figure 2.1B shows the effect of pH on the mole fractions of N1-

acetylspermine with zero, one, two, or three protons (78). The monoprotonated form is 

maximal at pH 10.1, in good agreement with the pH optimum in the kcat/Kamine-pH 

profile of 9.9, while the diprotonated form is maximal at pH 9.0. For spermine the pH 

maximum for the monoprotonated form is 10.4-10.5 (78, 80, 81), similarly closer to the 

pH optima of 10.3 than is the maximum for the diprotonated form of 9.4-9.5. The 

agreement with N1-acetylspermidine is not as good, in that the optimum in the 

kcat/Kamine-pH profile is 10.5 while the calculated maximum for the monoprotonated 

form is 9.9 (78). However, a requirement for the diprotonated form of N1-

acetylspermidine would contribute a single pKa of 9.1 for a group which must be 

protonated to the kcat/Kamine-pH profile, while a requirement for the uncharged form 

would contribute a single pKa value of 10.6 (78), in contrast to the observed bell-shaped 

profile. Thus, the kcat/Kamine-pH profiles are most consistent with the active form of the 

substrate having a single charge. 

PAO pH Dependence of Inhibition. While the kcat/Kamine-pH profiles are 

consistent with the monoprotonated forms of the substrate being preferred, they do not 

establish which nitrogen in each substrate must be charged. In addition, the kcat/Kamine-

pH profiles reflect both binding and catalysis. To determine the preferred protonation 

states of individual nitrogens in substrates for productive binding, analogues lacking one 

or more nitrogens (Figure 2.2) were characterized as inhibitors. 1,8-Diaminooctane, N1-
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acetyl-1,8-diaminooctane, and N1-acetyl-N3-pentyl-1,3-diaminopropane all mimic the 

substrate N1-acetylspermidine. Each is a competitive inhibitor versus the amine (data 

not shown). The pKi-pH profile for 1,8-diaminooctane is bell-shaped with the tightest 

binding at pH 10 (Figure 2.3A, Table 2.1), consistent with binding requiring that one 

nitrogen on the inhibitor be protonated and one be unprotonated. With N1-acetyl-1,8-

diaminooctane the only protonatable group is the amino group on carbon 8; in this case 

the pKi-pH profile shows a decrease at high pH with a pKa value of 11.6 ± 0.1, but no 

decrease at low pH (Figure 2.3A). This is most consistent with the acidic pKa in the pH 

profile for N1-acetylspermine being due to a need for N9 to be charged. N1-Acetyl-N3-

pentyl-1,3-diaminopropane also has only one protonatable nitrogen group, located at the 

4 position, the site of oxidation in N1-acetylspermidine. In this case, the pKi-pH profile 

shows a decrease at low pH with a pKa value of 8.9 ± 0.1, but no decrease at high pH, 

indicating that the N4 nitrogen must be unprotonated. These results are consistent with 

the active form of N1-acetylspermidine being the monoprotonated species in which the 

N9 nitrogen is protonated and the N4 nitrogen is unprotonated.  

Similar studies were conducted with analogues of N1-acetylspermine and 

spermine. 1,12-Diaminododecane shows a bell-shaped pKi-pH profile with an average 

pKa value of 10.0 ± 0.1 (Figure 2.3B). This matches well the kcat/Kamine-pH profile for 

spermine (Table 2.1), consistent with productive binding requiring a substrate with a 

single positive charge. The pKi-pH profile for the N1-acetylspermine analogue N1-

acetyl-1,12-diaminododecane shows a decrease at high pH with a single pKa value of 
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11.6 ± 0.1 (Figure 2.3B), confirming that a nitrogen not located next to the site of CH 

bond cleavage must be protonated for catalysis. 
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Figure 2.2: Structures of N1-acetylspermidine and N1-acetylspermidine analogues.
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Figure 2.3: pKi-pH profile of wild type PAO with (A) N1-acetyl-N3-pentyl-1,3-
diaminopropane (●), 1,8-diaminooctane (□), and N1-acetyl-1,8-diaminooctane (▲) and 
(B) N1-acetyl-1,12-diaminododecane (■) and 1,12-diaminododecane (○). The lines for 
N1-acetyl-1,8-diaminooctane and N1-acetyl-1,12-diaminododecane are from fits to eq 
2.1, for N1-acetyl-N3-pentyl-1,3-diaminopropane to eq 2.2, and for 1,8-diaminooctane 
and 1,12-diaminododecane to eq 2.3. 
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pH Dependence of Flavin Reduction. To address the effect of pH on catalysis 

rather than binding, stopped-flow spectroscopy was used to determine the rate constant 

for flavin reduction by N1-acetylspermine as a function of pH. Reactions were carried 

out at 20 ºC instead of 30 ºC because much of the reaction occurred in the dead time of 

the instrument at the higher temperature. Over the pH range 6.5-9.5, the flavin 

absorbance at 458 nm showed the same behavior: an initial decrease in absorbance, a 

slower, slight increase in absorbance, and finally a slow decrease in absorbance (Figure 

2.4A). Data could not be obtained at pH 10 and above due to enzyme instability. The 

same kinetic behavior was seen when the reaction was monitored from 320-600 nm by 

photodiode array spectroscopy; this approach also allowed the spectra of the 

intermediates to be obtained (Figure 2.4B). The initial fast phase of the reaction accounts 

for the majority of the change in amplitude and has a rate constant that is dependent on 

substrate concentration (Figure 2.4C). This phase can be attributed to the rapid and 

reversible binding of N1-acetylspermine with no detectable change in the flavin 

spectrum, followed by flavin reduction. The slowest two rate constants are independent 

of substrate concentration and slower than kcat (Figure 2.4C); therefore, they are not 

relevant to catalysis.  

The effect of pH on the rate constant for reduction of PAO at saturating 

concentrations of N1-acetylspermine (kred) is shown in Figure 2.5. The value of this 

kinetic parameter shows a decrease at acidic pH with a pKa of 7.3 ± 0.1, indicating that a 

group in the ES complex must be unprotonated for reduction. Flavin reduction is 
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significantly faster than kcat over the pH range investigated, so that the oxidative half 

reaction is rate-limiting for turnover with this substrate. 

K315M PAO. Figure 2.6 shows the relative positions of the FAD and the 

conserved active site lysine in the structures of several members of the MAO structural 

family. Based on sequence alignment, PAO Lys315 corresponds to this conserved 

residue. The location of this lysine with respect to the flavin makes it a potential source 

of a pKa in the kcat/Kamine- and kred-pH profiles. Consequently, the mutation K315M was 

introduced into PAO. The circular dichroism spectrum of the mutant protein did not 

reveal any significant changes compared to wild-type PAO, suggesting the K315M 

mutation does not affect the overall folding of the protein or the flavin environment (data 

not shown). The KM value for N1-acetylspermine is less than 10 µM for the mutant 

protein (data not shown), so the kcat/Kamine-pH profile for this mutant was only 

determined using the substrate spermine. The kcat/Kspermine value for K315M PAO is 

identical to that for wild-type PAO over the entire pH range (Figure 2.1A, Table 2.1), 

resulting in an identical pKa of 10.3. Thus, Lys315 is not critical for polyamine 

oxidation, and ionization of Lys315 does not contribute to the kcat/Kamine-pH profile.  
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Figure 2.4: The reduction of PAO by 1 mM N1-acetylspermine at pH 7.5, 20 ºC. (A) 
Absorbance changes at 458 nm upon reduction of 20 µM wild-type PAO by 1 mM N1-
acetylspermine. The line is from a fit to eq 2.4. (B) Absorbance spectra of flavin 
intermediates observed in the reductive half reaction of wild-type PAO. (C) The 
dependence of the individual rate constants on the N1-acetylspermine concentration for 
wild-type (first phase(●), second phase (■) and third phase (♦)) and K315M (first phase 
(○) and second phase (□)) PAO. The lines are from fits of the concentration dependence 
on the rate constant for the first phase to the Michaelis-Menten equation. (D) 
Absorbance spectra of the flavin intermediates observed in the reductive half reaction of 
K315M PAO. 
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Figure 2.5: pH dependence of kred for wild type (●) and K315M (□) PAO with N1-
acetylspermine at 20 ºC. The lines are from fits of the data to eq 2.2. 



 37 

 To further investigate the role of Lys315 in catalysis, the effect of pH on the 

value of kred with N1-acetylspermine was determined for the mutant protein. The 

changes in the flavin spectrum upon reduction of K315M PAO are biphasic, with a fast 

phase exhibiting a large change in absorbance and a slower phase exhibiting a smaller 

amplitude (Figure 2.4C). As with the wild-type enzyme, the rate constant for the fast 

phase shows a dependence on substrate concentration, while the rate constant for the 

slow phase is independent of substrate concentration and is slower than the kcat value for 

the mutant protein (Figure 2.4C). At pH 9.5, the value of kred is not decreased 

substantially from the value for the wild-type enzyme (240 s-1 versus 440 s-1), indicating 

that this mutation does not have a significant effect on the reductive half reaction. The 

kred-pH profile for K315M PAO is similar to that observed for the wild-type enzyme, 

with a basic shift in the pKa to 7.8 ± 0.1 (Figure 2.5). 
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Figure 2.6: Relative positions of the conserved active site lysine and the FAD in human 
MAO A (blue carbons), human MAO B (purple carbons), maize PAO (yellow carbons), 
S. cerevisiae spermine oxidase Fms1 (green carbons), Calloselasma rhodostoma L-
amino acid oxidase (gray carbons), and human LSD1 (light brown carbons). This figure 
was composed from PDB files 2BXS (MAO A), 1OJ9 (MAO B), 1H83 (maize PAO), 
1RSG (Fms1), 1F8S (L-amino acid oxidase), and 2HKO (LSD1). To generate the figure, 
the atoms of the central pyrazine rings of the FAD cofactors were overlaid. The water 
molecule shown is from maize PAO. 
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DISCUSSION 

The protonation state of the amine substrate required for productive binding has 

been a subject of controversy among those studying flavin amine oxidases. For example, 

Harris et al. (69) proposed for DAAO that a coupled deprotonation/dehydrogenation of 

the protonated substrate occurs in which a proton is transferred to the solvent. However, 

Denu and Fitzpatrick (47) reported that DAAO does not show a solvent isotope effect, 

leading to the conclusion that the amino group of the substrate must be uncharged. 

Further evidence for the amine being in the neutral form was provided by measurement 

of 15N isotope effects for DAAO, which indicated that the amino group must be 

unprotonated for catalysis (48). Zhao and Jorns (82) subsequently concluded from 

studies of monomeric sarcosine oxidase that the amine substrate within the enzyme-

substrate complex must be unprotonated for flavin reduction. The situation with the 

MAO/PAO family has been less clear. Jones et al. (71) concluded that uncharged 

inhibitors bind MAO A better, but the predominant species of the amine in the pH range 

of 7-9 is protonated and therefore must be the substrate. In contrast, Dunn et al. (83) 

concluded from kinetic isotope and pH studies with MAO A that deprotonation of the 

amine is required for catalysis. The studies reported here clearly show that mammalian 

PAO requires that the N4 nitrogen next to the site of CH bond cleavage be unprotonated 

for CH bond cleavage to occur. This is consistent with the results of Dunn et al. (83) 

with MAO, establishing that the enzymes of the MAO/PAO family all require an 

unprotonated nitrogen for amine oxidation, as do the members of the DAAO/sarcosine 

oxidase family. This requirement for a substrate with a neutral nitrogen extends the 
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mechanistic similarities of these two structural classes of flavin amine oxidases, a clear 

example of convergent evolution of enzyme mechanisms. 

Comparison of the effect of pH on the protonation state of each substrate with its 

kcat/Kamine-pH profiles establishes that the monoprotonated forms are required for 

catalysis. More specifically, the pKi-pH profiles for the inhibitors establish that these 

pKas can be attributed to specific nitrogens in the substrates. In N1-acetylspermidine, the 

nitrogen next to the carbon being oxidized must be unprotonated and the N10-nitrogen 

must be protonated. N1-Acetylspermine and spermine are more complicated due to the 

increased number of nitrogens. For N1-acetylspermine the N4-nitrogen must be 

unprotonated, but the data for the inhibitors do not establish whether it is the N10- or 

N14-nitrogen that must be protonated. However, the kcat/Kamine values for N1-

acetylspermine and N1-acetylspermidine are identical at the pH optimum, suggesting 

that it is the N10-nitrogen that is protonated, as is the case for N1-acetylspermidine. A 

similar case can be made for spermine. These results suggest that both protonated and 

unprotonated forms of the substrate can bind, but only the protonated form can react. 

Thus, the pKas in the kcat/Kamine-pH profiles are due to the substrate and not an ionizable 

residue within the active site of the enzyme.  

The requirement for the monoprotonated substrate provides a potential 

mechanism of discrimination against spermine by PAO, since an acetyl moiety would 

prevent the terminal nitrogen from ionizing and thereby result in a very large increase in 

the fraction of substrate in the correctly protonated form. Although the kcat/Kamine values 

are essentially identical at pH 10 for the two natural substrates N1-acetylspermine and 
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N1-acetylspermidine, at the physiological pH of approximately 8.2 (84), N1-

acetylspermine is the far better substrate at physiological pH. Compared with N1-

acetylspermidine, N1-acetylspermine has a broader pH profile (Figure 2.1A). This is 

most readily explained by a difference in the forward commitments of the two 

substrates, with N1-acetylspermine being a more sticky substrate. 

The kred-pH profile for wild type PAO shows a pKa of 7.3 with N1-

acetylspermine as substrate. The pH profile for kred reports on the protonation states of 

ionizable groups in the enzyme-substrate complex required for reduction. The decrease 

in activity at acidic pH can be attributed to the substrate bound to the enzyme. The 

incorrectly protonated form of the substrate must be able to bind but not to react. If one 

assumes that substrate binding is at equilibrium, a likely oversimplification, the 

difference between the pKa of the reactive nitrogen when bound to the enzyme and free 

in solution of 2.1 establishes that the correctly protonated form binds about 100-fold 

more tightly than the form with N4 protonated. Monomeric sarcosine oxidase and MAO 

A show similar perturbations of the amine pKa upon binding (82, 83), suggesting that the 

active sites of these enzymes also preferentially bind the form of the substrate with the 

critical nitrogen in its neutral form. 

Although numerous mechanisms have been put forth for flavin amine oxidases, 

most recent data support the mechanism as direct hydride transfer. Kinetic studies using 

15N isotope effects have ruled out the possibility of a polar nucleophilic addition 

mechanism (49, 51). The 15N isotope effects are consistent with a single electron transfer 

mechanism, but the failure to detect any intermediate with a natural substrate for any 
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flavin amine oxidase and the very unfavorable redox change for single electron transfer 

from an amine to an oxidized flavin provide arguments against such a mechanism. 

Reduction of wild-type PAO by N1-acetylspermine shows multiple phases, with the rate 

constant for the fastest phase reflecting amine oxidation, while the slower phases are 

likely due to product release from reduced enzyme, a step that is not significant during 

turnover in the presence of oxygen. More critically the flavin spectrum showed no 

intermediate between fully oxidized and fully reduced flavin during reduction of wild 

type PAO by N1-acetylspermine over the entire pH range studied, indicating that 

oxidation of the amine substrate to the imine occurs in a single step. This result is 

consistent with what has been observed with other flavin amine oxidases (45, 69, 85, 

86).  

The conserved active site lysyl residue in flavin amine oxidases provides a 

potential source of a pKa in the kcat/Kamine profile. The role of this residue has previously 

been examined in several members of this family. In maize PAO, when Lys300 is 

similarly mutated to a methionine, a 1400-fold decrease in kred is observed, suggesting 

an important but undefined role for this residue in substrate oxidation (59). The 

corresponding K661A mutation in human LSD1 completely abolished demethylase 

activity (87). In contrast, the substitution of methionine for this lysine in PAO results in 

no change in the kcat/Kspm value or the pH profile with spermine, and the rate constant for 

flavin reduction by N1-acetylspermine shows only a 1.8-fold decrease at pH 9.5. This 

rules out Lys315 acting as an active site base in mouse PAO or playing any other critical 

role in the reductive half-reaction. The kred-pH profile for K315M PAO shows a slight 
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basic shift in the pKa as compared to that for wild type PAO; this can be attributed to a 

change in the active site environment due to the loss of the charged lysine. The reasons 

for the differences in the effects of mutating this residue among the different flavin 

amine oxidases is not apparent. It may be that this residue plays a critical role in 

positioning the flavin or otherwise stabilizing the active site structure, and that different 

flavin amine oxidases simply tolerate the loss of this interaction more than others. 

In conclusion, the present study establishes the protonation state of the amine 

required for productive binding to PAO, and presumably for the other members of the 

MAO/PAO family. The results will be of use in further studies of the mechanism of 

amine oxidation, for interpretation of the effects of site-directed mutagenesis, for design 

of inhibitors, and for understanding the different substrate specificities and reactivities of 

polyamine and spermine oxidases. The results rule out a critical role for Lys315 in 

polyamine oxidation and further support hydride transfer from the neutral amine as the 

mechanism of flavin amine oxidases.  
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CHAPTER III 

LYS315 PLAYS A ROLE IN THE OXIDATIVE-HALF REACTION IN 

MAMMALIAN POLYAMINE OXIDASE 

 

Polyamine levels have been correlated to cell growth and differentiation and 

tumor growth (8, 15, 54) necessitating a better understanding of polyamine levels and 

the enzymes that regulate their corresponding levels. Polyamine oxidase (PAO) plays an 

important role in polyamine homeostasis, specifically by catalyzing the oxidation of N1-

acetylspermine (Figure 1.3) and N1-acetylspermine to produce spermine and putrescine, 

respectively. PAO is of particular interest because its N1-acetylated polyamine 

substrates are not found in normal cells because they are the main polyamines exported 

from the cell (13). However, cancer cells display higher concentrations of N1-acetylated 

polyamines indicating a direct link between changes in polyamine metabolism and 

carcinogenesis (14, 15), and leading to interest in exploring the role of PAO as an anti-

cancer drug target. 

PAO is a flavoprotein amine oxidase that contains a non-covalently bound FAD. 

The general mechanism for flavoprotein amine oxidases including PAO, can be divided 

into two half-reactions (Figure 1.4). 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 essentially irreversible; therefore, steady-state kinetic 

analysis is simplified since the kcat/Km value for the amine substrate is independent of the 

oxygen concentration. The oxidative half-reaction involves the oxidation of reduced 
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flavin by molecular oxygen forming H2O2; thus the kcat/KO2 value is the second order 

rate constant for the bimolecular reaction with reduced enzyme and oxygen. 

To date, no structures for mammalian PAOs have been described. As a result, 

site-directed mutagenesis provides the only approach to identify residues important for 

catalysis. Structures of other members of the MAO flavoprotein amine oxidase structural 

family, including MAO-A (76), MAO-B (75), maize PAO (73), lysine-specific 

demethylase 1 (LSD1) (32), and Fms1, a yeast spermine oxidase (74), serve as a basis to 

design PAO mutants. Alignment of sequences of members of the MAO structural family 

reveal a conserved lysine in the substrate binding domain of PAO that is highly 

conserved throughout this family (Figure 3.1), and structural alignments show that this 

residue is spatially conserved as part of a “Lys-H2O-N5” structural motif (Figure 2.6). 

Earlier studies of the role of Lys315 in mouse PAO indicated that the residue does not 

play a critical role in the reductive half-reaction (Chapter II), contrary to observations 

with maize PAO (59) and LSD1 (87). 

Though the members of the MAO structural family contain the conserved active 

site lysyl residue, flavoprotein amine oxidases that belong to the D-amino acid oxidase 

structural family do not. Though it is unclear why the loss of this lysyl residue is better 

tolerated in PAO (Chapter II) than maize PAO (59) or LSD1 (87), it could be postulated 

that residue plays a structural role rather than a catalytic one. The studies presented here 

are aimed at establishing the role of Lys315 in the mechanism of PAO.  
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Mouse PAO FEPPLPAKKAEAIKKLGFGTNNKIFLEFEEPFW 

Human SMO FRPGLPTEKVAAIHRLGIGTTDKIFLEFEEPFW 

MAO-B FNPPLPMMRNQMITRVPLGSVIKCIVYYKEPFW 

MAO-A FRPELPAERNQLIQRLPMGAVIKCMMYYKEAFW 

Maize PAO FKPKLPTWKVRAIYQFDMAVYTKIFLKFPRKFW 

Fms1 FQPPLKPVIQDAFDKIHFGALGKVIFEFEECCW 

 * * *                 *         *  
Figure 3.1: ClustalW multiple sequence alignments of the substrate binding domain for 
mouse PAO, human spermine oxidase, human MAO-B, human MAO-A, maize PAO, 
and Fms1. Conserved residues are in bold. 
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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 Laboratories, Inc (Andover, MA). 

Expression and Purification of K315M. Wild type and K315M PAO were 

expressed and purified as previously described (Chapter II). 

Assays. Steady-state kinetic assays were performed in air-saturated buffers 

conducted on a computer-interfaced Hansatech (Hansatech Instruments) electrode. 

Assays that required varying the concentration of oxygen was done by bubbling nitrogen 

in the Hansatech electrode chamber containing buffer and polyamine substrate. All 

assays were initiated by the addition of enzyme. All buffers 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) with a viscosity of 1.3 prepared in either H2O or D2O. Glycerol buffer 

with a viscosity of 1.3 was prepared as established by Segur and Oberstar (88). A 

concentration of 1 mM N1-acetylspermine was used in all assays. Due to the 

hygroscopic nature of N1-acetylspermine, the concentration of substrate was determined 

enzymatically. 

Data Analysis. Steady-state kinetic parameters were determined based on fits to 

the Michaelis-Menten equation using the program KaleidaGraph (Adelbeck Software, 

Reading, PA). Data for the kcat/KO2-pH profile of wild type PAO was fit to equation 3.1, 
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which applies for a kinetic parameter that decreases below pK1 due to the protonation of 

a single moiety, y is the kinetic parameter being measured, c is the pH-independent 

value, and K1 is the ionization constant for a residue which must be unprotonated. Eqs 

3.2 and 3.3 were used to fit the proton inventories for wild type and K315M PAO, 

respectively. Eq 3.2 describes a linear proton inventory arising from a single proton, in 

which (v/e)n is the rate in air saturated buffer with a mole fraction of D2O n, (v/e)0 is the 

rate in H2O, and KIE denotes the calculated isotope effect. Eq 3.3 describes a proton 

inventory of a solvent isotope effect that is due to the reactant. 

 

log y = log (c/(1 + H/K1)) (3.1) 

(v/e)n  = (v/e)0*(1-n+(n/KIE)) (3.2) 

(v/e)n = (v/e)0/(1-n+(n/KIE)) (3.3) 
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RESULTS  

kcat/KO2-pH profile. Table 1 shows the kinetic parameters for wild type PAO at 

pH 8 and 10. Steady-state kinetic assays were performed using 1 mM of N1-

acetylspermine while varying the concentration of oxygen over the pH range of 6.6-10. 

The resulting kcat/KO2-pH profile for wild type PAO is shown in Figure 3.2 and shows a 

pKa of 7.0 ± 0.1 with a decrease in activity at acidic pH. 

 Solvent Isotope Effects and Proton Inventory. Experiments to determine the 

solvent isotope effect on the kinetic parameter kcat/KO2 for wild type PAO were 

performed at pH 10 (Figure 3.3A) and result in a value of 1.43 ± 0.05. To test whether 

this is a true solvent isotope effect and not due to the viscosity of the D2O buffer, the 

effect of 10% (w/w) glycerol on the kcat/KO2 value was determined. This concentration of 

glycerol results in η equal to 1.3, the viscosity of D2O. The activity increased in the 

presence of glycerol, for an inverse viscosity effect of 0.85 ± 0.03. This establishes that 

the decrease in kcat/KO2 in D2O is not due to the viscosity of the D2O solution. Next, a 

proton inventory was conducted at pH 10 and pD 10.4 (Figure 3.4A) in an effort to 

determine the number of protons responsible for the observed isotope effect. Data from 

this experiment was best fit to a linear dependence of the rate on the mole fraction of 

D2O, indicating this solvent isotope arises from a single exchangeable proton. 
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Figure 3.2: The kcat/KO2-pH profile for wt (●) and K315M (□) PAO with N1-
acetylspermine. The line is from the fit of data to eq 3.1. 

 

 

Table 3.1: Steady-state kinetic parameters for wild type and K315M PAO with 1 mM 
N1-acetylspermine and varied concentrations of oxygen. 

 pH 8 pH 10 

PAO 
kcat/KO2 

(µM
-1

 s
-1

) 

KO2 

(µM) 

kcat 

(s
-1

) 

kcat/KO2 

(µM
-1

 s
-1

) 

KO2 

(µM) 

kcat 

(s
-1

) 

Wild 
type 

0.014 ± 0.001 318 ± 47 
4.3 ± 
0.2 

0.021 ± 0.003 990 ± 250 
20.5 ± 

2.6 

K315M 
0.0012 ± 
0.0001 

1000 ± 
120 

1.2 ± 
0.1 

0.00077 ± 
0.00012 

5960 ± 
5950 

4.5 ± 
3.8 

*Conditions: 0.05 mM TRIS (pH 8) or CAPS (pH 10), 10% glycerol, 20º C 
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Figure 3.3: Solvent isotope effects on kcat/KO2: (A) wild type and (B) K315M PAO in 
H2O (○) and D2O (■) at pH 10 or pD 10.4, 20ºC with 1 mM N1-acetylspermine. 
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Figure 3.4: Proton inventories of wild type and K315M PAO. The effect of the mole 
fraction of D2O, n, on the rate of N1-acetylspermine oxidation in air-saturated buffer at 
pH 10, pD 10.4 for (A) wild type and (B) K315M PAO. Lines are from fits to eq 3.2 for 
wild type and to eq 3.3 for K315M PAO. 
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K315M Mouse PAO. To determine the effect the K315M mutation has on the 

oxidative half-reaction, steady-state kinetic assays were performed using 1 mM of N1-

acetylspermine while varying the concentration of oxygen over the pH range of 6.6-10. 

The resulting kcat/KO2-pH profile for K315M PAO is shown in Figure 3.2. These results 

show that with K315M PAO, kcat/KO2 is pH –independent and reduced about 30-fold in 

value with respect to the wild-type enzyme. In assessing steady-state parameters shown 

in Table 3.1, the effect the K315M mutation has on kcat/KO2 is more significant and pH-

dependent, whereas on kcat the effect is only 4-to-5-fold and pH-independent. However, 

the kcat value cannot be measured accurately due to the inability to saturate the enzyme 

with oxygen at pH 10. 

The solvent isotope effect at pH 10 has a value of 1.84 ± 0.08. To ensure that 

data was collected in a pH-insensitive region, the solvent isotope effect was also 

determined at pH 9 giving a value of 1.98 ± 0.05. These values are within error of each 

other and give an average solvent isotope effect of 1.91 ± 0.06. The proton inventory for 

the rate of oxidation of N1-acetylspermine at pH 10 for K315M, in contrast to wild type 

enzyme, shows a bowl-shaped curve that is concave up and is best fit to eq 3.3 giving an 

R2 value of 0.99. Eq 3.3, which attributes the solvent isotope effect as being due to a 

reactant, gives a better fit than other equations which indicate a solvent isotope effect 

arising from a single proton, two protons with equal isotope effects, or a large number of 

protons, each of which give fits with an R2 of 0.98 or less. 
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DISCUSSION 

Structural information compiled from crystal structures of various flavin amine 

oxidases presents the opportunity to investigate the functional importance of structural 

motifs in PAO. One such motif is the hydrogen bond network that exists between a 

conserved lysyl residue in the active site to the N5 atom of the FAD cofactor via a water 

molecule. When the lysine of this “Lys-H2O-N5” structural motif was mutated to a 

methionine in maize PAO, the rate constant for flavin reduction was reduced 1400-fold 

(59). Similarly, the Lys661Ala mutation in LSD1 abolished demethylase activity (32). 

The effect of the K315M mutation in PAO on the reductive half-reaction has been the 

source of earlier study, showing modest effects in the rate of flavin reduction (Chapter 

II). 

In an effort to better understand the oxidative half reaction, results of wild type 

PAO studies show that kcat/KO2 is pH-dependent with an increase in activity observed at 

higher pH. This result indicates that deprotonation of a moiety within the enzyme 

enhances oxidation. To better understand the role of the conserved Lysine residue found 

in the active site of members of the MAO structural family, the mutant K315M was 

characterized. K315M PAO shows kcat/KO2 values that are depressed in comparison to 

wild type and are pH-independent (Figure 3.2, Table 3.1). From these results, two 

conclusions can be drawn. First, Lys315 plays a role in the oxidative half-reaction, 

though not a critical one. Second, the deprotonation in wild type PAO with a pKa of 7.0 

± 0.1 is due to the protonation of Lys315. The mutant still maintains the ability to 

oxidize substrate, a decrease that is greater than an order of magnitude is observed in the 
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kcat/KO2 rate constant, with a smaller 4-to-5-fold effect observed for kcat (Table 3.1). The 

results seen in the oxidative half-reaction are in contrast to the modest 1.5-fold decrease 

observed for the rate of flavin reduction with N1-acetylspermine (Chapter II). The 

importance positively charged residues have in establishing electrophilicity and polarity 

of the active site of flavoproteins is documented in the literature. In addition to the 

aforementioned conserved lysyl residue in members of the MAO structural family, 

glucose oxidase possesses His516 which plays an important role in the oxidation of 

reduced flavin by contributing a positive charge that facilitates the formation of O2
- (89). 

Results with the flavoprotein choline oxidase, which catalyzes the oxidation of choline 

to glycine betaine, indicates involvement of two histidines, His351 and His466, both of 

which must be protonated for optimal catalysis and aid in transition state stabilization of 

the alkoxide species (90, 91). What is different with PAO is that it is the loss of that 

positive charge that enhances activity. It appears that this lysyl residue in PAO must be 

uncharged to hydrogen bond to water as depicted in Figure 3.5. Thus, it is postulated that 

the role of the hydrogen bond network between the uncharged Lys315, a water molecule, 

and the N5 of the flavin within PAO is to enhance the rate of oxidation of the reduced 

flavin. The proton bonded to the N5 atom of the flavin must be removed during 

oxidation of reduced flavin. It could therefore be postulated that Lys315 in PAO 

removes a proton from the water molecule, activating it to remove the proton bound at 

the N5 position, thus facilitating reformation of oxidized flavin for the next round of 

catalysis. 
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Solvent isotope effects with wild type and K315M PAO reflect a significant 

change occurring within the active site by removal of this lysyl residue. The increase in 

the solvent isotope effect seen with K315M PAO suggests that the lysyl residue is 

replaced with water molecules. Further evidence of this comes from the change in proton 

inventory of wild type PAO, which shows that a single proton is exchangeable to 

solvent, compared to that of K315M PAO where a significant change is observed with 

the simplest explanation being the presence of an additional water molecule in the active 

site. Though another water molecule can bind within the active site in the absence of 

Lys315, the inefficiency of such a replacement is reflected in a decrease by an order of 

magnitude in kcat/KO2. With PAO, previous studies indicated that under single turnover 

conditions a slow step is observed that is slower than turnover (Chapter II). It is probable 

that this is product release in the absence of oxygen; thus reduced enzyme reacts with 

molecular oxygen before product is released, and product release is rate-limiting. The 

lesser effect of 4-5 fold observed for kcat with mutant enzyme reflects that the full effect 

of the mutation is partially masked due to another partially-rate limiting step such as 

product release.  

The results of this study with mammalian PAO establish the role of Lys315 as 

being involved in a hydrogen bond network (Figure 3.5), in which the deprotonated form 

of Lys315 serves to enhance the rate of oxidation of reduced flavin via a water molecule. 

The removal of this lysyl residue results in the presence of an additional water molecule 

in the active site as reflected in solvent isotope effects and proton inventory. It remains 

unclear as to why differences exist with K300M maize PAO (59) as compared to 
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K315M mouse PAO (Chapter II) with respect to the rate of flavin reduction. Perhaps, the 

simplest explanation is that in maize PAO, Lys300 does not play a direct role in 

substrate oxidation, but rather causes enzyme instability resulting from structural effects, 

whereas in mouse PAO, the loss of this residue is structurally less dramatic. What can be 

concluded is that in mammalian PAO, this conserved lysyl residue plays a direct, though 

not vital, role in the oxidative half-reaction. 
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Figure 3.5: Hydrogen bond network of “Lys-H2O-N5” motif in mammalian PAO. 
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CHAPTER IV 

MECHANISTIC STUDIES OF PARA-SUBSTITUTED N,N’-DIBENZYL-1,4-

DIAMINOBUTANES AS SUBSTRATES FOR A MAMMALIAN POLYAMINE 

OXIDASE 

 

Polyamine oxidase (PAO) is a flavoprotein that plays a pivotal role in polyamine 

metabolism by combining biosynthesis and degradation pathways with the regulated 

import and export of polyamines (92). The activity of PAO in maintaining polyamine 

homeostasis indicates it has an important role in facilitating apoptosis in cancer cells 

(93). Specifically, PAO catalyzes the oxidation of N1-acetylspermine and N1-

acetylspermidine to the products spermidine and putrescine, respectively, producing 

H2O2 as a by-product. Recent studies show the potential for targeting tumor cells by 

inducing PAO with specific polyamine analogues that leads to the cytotoxic production 

of H2O2 in a tumor specific manner, including solid tumors found in lung, breast, colon, 

and prostate (94, 95). PAO, not to be confused with a spermine oxidase, preferentially 

reacts with acetylated polyamines, though it can also oxidize spermine (26). The study 

presented here uses PAO from mouse, and as a distinction from plant PAOs where CH 

bond cleavage occurs on the endo-side of spermine (63), mammalian PAOs catalyze CH 

bond cleavage on the exo-side of the N4-nitrogen in N1-acetylspermine and N1-

acetylspermidine.  

PAO is a member of the flavin amine oxidase superfamily and belongs to the 

structural family that includes monoamine oxidase A and B (MAO-A/B) (60), lysine-
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specific demethylase (LSD1) (32), L-amino acid oxidase (34), and tryptophan 2-

monooxygenase (TMO) (53)  amongst others. Sequence alignments reveal low sequence 

identity of PAO with other flavoprotein amine oxidases (26), though no evidence has 

been found to suggest that these enzymes utilize different mechanisms. The reaction of 

PAO, like other flavoprotein amine oxidases, can be divided into two half-reactions. The 

reductive half-reaction consists of substrate binding and flavin reduction upon substrate 

oxidation, and the oxidative-half reaction involves the oxidation of reduced flavin via 

molecular oxygen. The steady-state kinetic mechanism for mouse PAO displays the 

ping-pong kinetic pattern (26), as is observed with most flavoprotein oxidases (64). Due 

to the irreversibility of the reductive half-reaction, analysis of the kcat/Km parameter for 

the amine substrate can be conducted in air saturated buffers since its value is 

independent of the oxygen concentration. To determine the rate constant for flavin 

reduction, anaerobic rapid-reaction methods are utilized to monitor changes in the 

observed flavin spectrum going from oxidized to reduced. 

There are multiple mechanisms that have been presented for the mode by which 

CH bond cleavage is achieved. Three mechanisms that have become more prominent in 

the discussion of flavoprotein amine oxidases include the single electron transfer 

mechanism (Figure 1.8) (39), the polar nucleophilic mechanism (Figure 1.9) (45), and 

the hydride transfer mechanism (Figure 1.10) (49, 51, 96, 97). In order to determine the 

mechanism by which PAO functions, the study described here investigates the charge  



 61 

development during the transition state of oxidation by a mammalian PAO using N,N’-

(4-X-benzyl)2-1,4-diaminobutanes as substrates. The influence of the different 

substituents on the rate of oxidation of polyamine analogues varies and can be assessed 

in terms of steric (VW and ES), hydrophobic (π), and electronic properties (σ, σ+
 and σ-). 

Analysis of these effects through correlations of steady-state and transient kinetic rate 

constants allows the opportunity to investigate the effects such groups have on the 

development of the charge in the chemical step during the transition state. Kinetic 

isotope effects as a function of pH were determined with N,N’-(4-X-benzyl)2-1,4-

diaminobutanes in order to gain information about the timing of CH bond cleavage 

during oxidation of the substrate, allowing further insight into the nature of the transition 

state. These results observed for PAO are compared with results of structure-activity 

relationships observed with MAO and are discussed in terms of the various mechanisms 

proposed for flavoprotein amine oxidases. 
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EXPERIMENTAL PROCEDURES 

Syntheses. All substrates used in this study were synthesized by Dr. Vijay 

Gawandi of Texas A&M University. 

Expression and Purification of Recombinant PAO Proteins. Cells were grown to 

an O.D. of 0.6 before being induced with 0.15 mM IPTG, and grown overnight at 20 °C. 

Cells were harvested by centrifugation at 22400 g for 30 min. Cell paste was 

resuspended in 50 mM potassium phosphate (pH 7.5), 10% glycerol, 2 µM leupeptin and 

pepstatin, and 100 µg/mL phenylmethanesulfonyl fluoride and lysozyme and lysed by 

sonication. After centrifugation at 22400 g for 30 min, the resulting supernatant was 

loaded onto a HisTrap FF precharged Ni Sepharose™ 6 Fast Flow (GE Lifesciences) 

column washed with ten column volumes of 50 mM potassium phosphate (pH 7.5), 10% 

glycerol, 0.4 M sodium chloride, 10 mM imidazole. The protein was eluted using a 20-

column volume gradient of 10 mM – 200 mM imidazole. The resulting protein was 

pooled and concentrated by a 65% ammonium sulfate precipitation, centrifuged at 22400 

g for 30 min, and resuspended in minimal volume of 50 mM potassium phosphate (pH 

7.5), 10% glycerol, and dialyzed overnight in the same buffer. After a final 

centrifugation at 22400 g for 30 min, the purified enzyme was stored at -80 °C in 50 mM 

potassium phosphate (pH 7.5), 10% glycerol. The concentration of active enzyme was 

determined from the flavin visible absorbance spectrum using an ε458 value of 10,400 M-

1 cm-1 (79). 

Steady-State Assays. Steady-state kinetic parameters for PAO were determined 

using a computer-interfaced Hansatech Clark oxygen electrode (Hansatech Instruments). 
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All assays were performed at 30 oC and were initiated by addition of enzyme. The 

buffers used for pH range 7.1-8.6 was 50 mM Tris-HCl, 50 mM CHES  at pH 9.1-9.6, 

and 50 mM CAPS at pH 10.1. All buffers contained 10 % glycerol. Enzyme was used to 

check the concentration of substrates; the concentration of substrate based on the oxygen 

consumption assay was twice that based on molecular weight, indicating an ability of 

PAO to recognize and oxidize both sides of N,N’-(4-X-benzyl)2-1,4-diaminobutanes.  

Rapid Reaction Kinetics. Rapid reaction kinetic measurements were performed 

on an Applied Photophysics SX-18MV stopped-flow spectrophotometer using both 

single wavelength and photodiode array detection.  To establish anaerobic conditions, 

the instrument was loaded with anaerobic buffer containing 5 mM glucose and 36 nM of 

glucose oxidase and left overnight. Enzyme solutions containing 5 mM glucose were 

made anaerobic by applying cycles of argon and vacuum; substrate solutions containing 

5 mM glucose were made anaerobic by bubbling with argon. Glucose oxidase was added 

to all anaerobic solutions at a final concentration of 36 nM.  
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Data Analysis. Data were analyzed using the programs Kaleidagraph (Adelbeck 

Software, Reading, PA) and Igor (WaveMetrics, Lake Oswego, OR). Initial rate data 

were fit to the Michaelis-Menten equation to determine steady-state kinetic parameters. 

The kcat/KDBDB-pH profile was fit to eq 4.1, where y is the value of the kinetic parameter, 

c is its pH-independent value, K1 is the ionization constant for a moiety that must be 

unprotonated for maximum activity and K2 is the ionization constant for a moiety that 

must be protonated for maximum activity. 

 

log y = log[c/(1+H/K1 + K2/H)] (4.1) 

 

Kinetic isotope effects on steady-state parameters were determined from fits to 

eq 4.2 or 4.3, where E is the isotope effect on the parameters kcat/KDBDB and kcat, s is the 

concentration of substrate, Fi is the fraction of heavy isotope in the substrate, and, in eq 

4.3, Kai is the substrate inhibition constant. Some of the substrates exhibited substrate 

inhibition and were consequently fit with eq 4.3. 

 

v = (V*s)/((KM+s)*(1+(E-1)*Fi) (4.2) 

v = (V*s)/((KM *(1+Fi*(E-1))+s*(1+Fi*(E-1))+s
2/Kai) (4.3) 

 

Rapid reaction kinetic traces were fit to single and double exponential decays 

(eqs 4.4 and 4.5); here, k1 and k2 are the first order rate constants, A1
 and A2 are the 
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absorbance changes associated with the two phases, At is the total absorbance change, 

and A∞ is the final absorbance. 

 

At = A1e
-k1t + A∞

 (4.4) 

At = A1e
-k1t + A2e

-k2t + A∞ (4.5) 

 

The kred-pH profile for PAO oxidation of N,N’-(4-H-benzyl)2-1,4-

diaminobutanes was fit to eq 4.6, where y is the value of the kinetic parameter, yL is the 

value of the low plateau in the sigmoidal curve, ∆yL is the change in rate between the 

high and low plateaus, and K1 is the ionization constant. 

 

log y = log (yL + (∆yL / (1 + H/K1)) (4.6) 
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RESULTS 

N, N’-dibenzyl-diamines As Substrates. Several N, N’-dibenzyl-diamines were 

previously shown to be substrates for partially purified polyamine oxidase from pig 

liver, producing benzaldehyde as product; the highest activity was seen with the 1,3-

diaminopropane and 1,4-diaminobutane derivatives (13). With purified recombinant 

mouse enzyme in hand, we determined the kinetics of oxidation of N, N’-dibenzyl-1,2-

diaminoethane, N,N’-dibenzyl-1,3- diaminopropane, and N, N’-1,4-dibenzyl-

diaminobutane in air-saturated buffer at pH 8.6. No activity was detected with the 

diaminoethane derivative. The apparent kcat, Km, and kcat/Km values for N, N’-dibenzyl-

1,3- diaminopropane were 6.1 ± 0.2 s-1, 40 ± 6 µM, and 0.15 ± 0.02 µM-1s-1, 

respectively. For N, N’-dibenzyl-1,4-diaminobutane, the values of these kinetic 

parameters were 0.80 ± 0.02 s-1, 15 ± 2 µM, and 0.06 ± 0.01 µM-1s-1. The latter Km value 

is within a factor of two of the value reported for the pig enzyme at 37 oC; the kinetic 

parameters for N, N’-dibenzyl-1,3-diaminopropane were not reported previously. The 

lower activity of N, N’-dibenzyl-1,4-diaminobutane suggested that chemistry is more 

likely to be rate-limiting with this compound. Consequently, analogs of this compound 

were selected for further study. 

Steady-State Kinetics. The steady-state kinetic parameters apparent kcat, kcat/KM, 

and KM were determined for PAO at pH 8.6 and 30 °C for seven N,N’-(4-X-benzyl)2-

1,4-diaminobutanes as substrates (Table 4.1). The enzyme displays ping pong kinetics so 

assays were conducted in air-saturated buffers; therefore, the kcat parameter calculated is 
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an apparent kcat. All the N,N’-(4-X-benzyl)2-1,4-diaminobutanes used in this study are 

slow substrates.  

kcat/KDBDB-pH Profile. The steady-state kinetic parameter kcat/KDBDB was 

determined over the pH range 7.1-10.1 at 30 °C for protiated and deuterated N, N’-

(benzyl)2-1,4-diaminobutane, N,N’-(4-CH3O-benzyl)2-1,4-diaminobutane, and N,N’-(4-

CF3-benzyl)2-1,4-diaminobutane as substrates for PAO. The resulting kcat/KM-pH 

profiles for all three substrates are bell-shaped curves (Figure 4.1A), decreasing below 

pK1 and above pK2. Fits to eq 1 indicate that the pKa values for all three substrates 

(Table 4.2) are within error of each other, with an average value of 8.0 for pK1 and of 

10.0 for pK2.  

 

 

 

Table 4.1: Kinetic parameters of PAO with N,N’-(4-X-benzyl)2-1,4-diaminobutanes as 
substrates at pH 8.6, 30 °C. 
4,4'-X-DBDB  Kinetic Parameter 

para-Substituent kcat (s
-1) kcat/KM (µM-1 s-1) KM (µM) kred (s

-1) 
-OCH3 4.5 ± 0.1 0.24 ± 0.01 19 ± 1 4.1 ± 0.6 
-H 0.80 ± 0.02 0.054 ± 0.004 15 ± 2 0.76 ± 0.04 
-CF3 2.3 ± 0.1 0.53 ± 0.10 4 ± 2 1.6 ± 0.1 
-N(CH3)2 10.1 ± 0.5 0.12 ± 0.02 87 ± 15 23.9 ± 0.3 
-CH3 3.8 ± 0.3 0.35 ± 0.06 11 ± 3 1.8 ± 0.1 
-Cl 1.4 ± 0.1 0.97 ± 0.30 1.4 ± 0.5 0.80 ± 0.01 
-Br 1.8 ± 0.1 1.0 ± 0.2 1.8 ± 0.4 1.1 ± 0.1 
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Figure 4.1: (A) kcat/Km-pH profiles of PAO with N,N’-(benzyl)2-1,4-diaminobutane (●), 
N,N’-(4-CH3O-benzyl)2-1,4-diaminobutane (�), and N,N’-(4-CF3-benzyl)2-1,4-
diaminobutane (�) as substrates. The lines are from fits of the data to eq 4.1. (B) pH 
distribution of N,N’-( -benzyl)2-1,4-diaminobutane with zero, one, and two protons.  
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Table 4.2: pKa values for kcat/KDBDB-pH profiles for N,N’-(4-X-benzyl)2-1,4-
diaminobutanes as substrates for PAO 
Substrate pKa1 pKa2 

4,4'-H-DBDB (protiated) 8.1 ± 0.1 9.8 ± 0.2 
4,4'-H-DBDB  (deuterated) 8.1 ± 0.1 10.0 ± 0.2 
4,4'-CH3O-DBDB (protiated) 8.2 ± 0.2 9.9 ± 0.2 
4,4'-CH3O-DBDB (deuterated) 8.2 ± 0.2 10.0 ± 0.3 
4,4'-CF3-DBDB (protiated) 7.8 ± 0.1 9.9 ± 0.1 
4,4'-CF3-DBDB (deuterated) 7.8 ± 0.1 10.1 ± 0.1 
conditions: experiments were performed in air saturated buffers at 30 °C 
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Steady-State Kinetic Isotope Effects. Deuterium kinetic isotope effects were 

determined using di-deuterated N,N’-(4-X-benzyl)2-1,4-diaminobutanes, which results in 

isotope effects that reflect both the primary and secondary effects. Data obtained from 

varying the concentration of N,N’-(4-X-benzyl)2-1,4-diaminobutanes in air-saturated 

buffer were best fit using eq 4.2, which assigns equal isotope effects on Dkcat/KDBDB and 

Dkcat. In instances where substrate inhibition was observed, eq 4.3 was used instead. For 

each of the three substrates used, the isotope effect on kcat/KDBDB and kcat is less than two 

and are pH independent (Table 4.3). These three substrates are representative of the 

different substituents from the series of the N,N’-(4-X-benzyl)2-1,4-diaminobutanes used 

for study here, and lack of any notable changes observed in the kinetic isotope effect did 

not necessitate further studies with other analogues. 

Flavin Reduction Kinetics. Stopped-flow experiments were conducted to 

determine directly the effects that para-substituents have on the rate of flavin reduction, 

kred. To obtain rate constants as a function of substrate concentration, reactions were 

monitored at 458 nm (Figure 4.2A, closed symbols); with the majority of the substrates, 

the spectral changes upon mixing enzyme and substrate could be fit to a single 

exponential decay. The exception was N,N’-(4-N(CH3)2-benzyl)2-1,4-diaminobutane; in 

this case the traces were fit better to a double exponential decay (Figure 4.2A, closed 

symbols), where the second rate constant is slower than turnover and therefore not 

catalytically relevant. These experiments were conducted at both pH 8.6, near the pH 

optimum, and at pH 6.6. Experiments at pH 9.6 were attempted, but enzyme instability 

at such a high pH prevented the acquisition of usable data. For each substrate, a 
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photodiode array detector was used to monitor the spectral changes during the course of 

the reaction (Figure 4.2B). Global analyses of the data showed that flavin reduction 

occurs in a single step, with no observable intermediates between fully oxidized and 

fully reduced flavin (Figure 4.2C). These results are summarized in Table 4. Similar 

analyses were carried out with the deuterated substrates; the resulting isotope effects on 

the kred values range from 1.3 to 2.9 for N,N’-(4-X-benzyl)2-1,4-diaminobutane 

substrates and are pH independent (Table 4.4). The isotope effects on kred are 

comparable to those on kcat/Km and kcat. 

The pH-profile of the rate of flavin reduction with the substrate N’-(benzyl)2-1,4-

diaminobutane is a sigmoid curve with an increase in activity at higher pH (Figure 4.3). 

Deprotonation of a group within the ES complex having a pKa of 8.2 ± 0.3 results in an 

increase in activity of approximately 4-fold. The rate constant at low pH is 0.20 ± 0.01 s-

1 and at high pH is 0.82 ± 0.13 s-1.  
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Table 4.3: Effect of pH on the D(kcat/Km) and Dkcat values for N,N’-(4-X-benzyl)2-1,4-

diaminobutanes as substrates for PAO 

pH Kinetic Isotope Effects 

 X = H X = CH3O X = CF3 
7.1 1.3 ± 0.1 1.7 ± 0.1 n.d. 
7.6 1.7 ± 0.1 1.8 ± 0.1 1.4 ± 0.1 
8.1 1.8 ± 0.1 1.7 ± 0.1 1.5 ± 0.1 
8.6 2.0 ± 0.1 1.7 ± 0.1 1.6 ± 0.1 
9.1 2.1 ± 0.2 1.7 ± 0.1 1.5 ± 0.1 

9.6 2.0 ± 0.2 1.6 ± 0.1 1.6 ± 0.1 
10.1 1.9 ± 0.1 1.6 ± 0.1 1.6 ± 0.1 

Average 1.8 ± 0.3 1.7 ± 0.1 1.5 ± 0.1 

 n.d. not determined 
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Figure 4.2: Spectral changes during reduction of PAO by N,N’-(4-X-benzyl)2-1,4-
diaminobutanes at pH 6.6, 30 °C. (A) time course of reduction by 2 mM N,N’-(4-CH3-
benzyl)2-1,4-diaminobutane (filled symbols) and 0.1 mM N,N’-(4-N(CH3)2-benzyl)2-
1,4-diaminobutane (open symbols); only 1/30th of the points are shown for clarity; (B) 
changes in the entire visible absorbance spectrum during reduction by 2 mM N,N’-(4-
CH3-benzyl)2-1,4-diaminobutane; (C) initial (─) and final (…) spectra upon flavin 
reduction from a global analysis of the data in B using a single-step kinetic model. The 
lines in A are from fits of the data to eq 4.4 for N,N’-(4-CH3 -benzyl)2-1,4-
diaminobutane and eq 4.5 for N,N’-(4-N(CH3)2 -benzyl)2-1,4-diaminobutane. 
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Figure 4.3: pH dependence of kred for PAO oxidation of N,N’-(benzyl)2-1,4-
diaminobutane at 30 °C. The line is from a fit to eq 4.6. 
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Table 4.4: Rate constants and deuterium kinetic isotope effects for reduction of PAO by 
substituted N,N’-(4-X-benzyl)2-1,4-diaminobutanes. 

 pH 6.6 pH 8.6  

Substituent  kred (s
-1

)  
D
kred  kred (s

-1
)  

D
kred  

-N(CH3)2
a  2.8 ± 0.3 1.4 ± 0.2 23.9 ± 0.6  1.7 ± 0.1 

-OCH3
b  1.19 ± 0.01 1.8 ± 0.1 4.1 ± 0.6  1.6 ± 0.2 

-CH3
 b 0.66 ± 0.01 1.7 ± 0.1 1.84 ± 0.01  1.8 ± 0.1 

-H b 0.21 ± 0.01 1.8 ± 0.1 0.42 ± 0.02  1.5 ± 0.1 
-Cl b 0.48 ± 0.01 2.2 ± 0.1 0.80 ± 0.02  2.9 ± 0.1 
-Br b 0.56 ± 0.02 1.7 ± 0.1 1.04 ± 0.06  1.5 ± 0.1 
-CF3

 b 1.05 ± 0.02 1.8 ± 0.1 1.58 ± 0.06  1.3 ± 0.1 
 

a Data fit to eq 4.5 
b Data fit to eq 4.4 
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Linear Correlation Analysis. The effect of the substituent at the para-position of 

the aromatic rings on the rate constant for flavin reduction can be analyzed using single- 

or multiple-parameter linear correlations with electronic (σ, σ+, σ-), hydrophobic (π), and 

steric parameters (VW and ES, where VW is the van der Waals volume and ES is the Taft 

steric parameter). Eq 4.7 describes a single-parameter linear correlation where ρ is the 

parameter coefficient for the σ parameter and C is a constant. Eq 4.8 describes a two-

parameter linear correlation where ρ and A are the coefficients for the two-parameters 

being analyzed.  

 

log kred = ρσ + C (4.7) 

log kred = ρσ + Aπ (or VW or ES) + C (4.8) 

 

The results of the analyses are summarized in Table 4.5. The best single-

parameter correlation is with the van der Waals volume at both pH 8.6 and 6.6 (Figure 

4.4, Table 4.5). However, a two-parameter linear correlation using the electronic 

parameter σ and steric parameter VW shows a lower χ2 value than the single-parameter 

correlation with just VW (Table 4.5). The ρ value is more negative at pH 8.6 by 0.5 as 

compared with pH 6.6, whereas the coefficient for VW is essentially unaffected by pH 

(Table 4.5).  

Analyses of the effects the substituents of N,N’-(4-X-benzyl)2-1,4-

diaminobutanes have on the steady-state kinetic parameters kcat/KM and kcat are 

summarized in Table 4.6. The best linear correlation for kcat/KM is obtained with the 
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single-parameter π giving a coefficient of 1.03 ± 0.27, though the χ2 value for this fit is 

only 0.35. Two-parameter correlations did not result in improved fits. These poor 

correlations can be attributed to the low KM values with these substrates (Table 4.1). 

With kcat, the best linear correlation is with the two-parameter fit consisting of VW and σ. 

This is the same result as observed with kred, and the ρ value for kcat of -0.34 ± 0.13 

(Table 4.6) is close to the ρ value of -0.59 ± 0.04 for kred (Table 4.5). 

 

 

 

Table 4.5: Correlation analysis of log kred for N,N’-(4-X-benzyl)2-1,4-diaminobutanes 
with hydrophobic, steric and electronic parameters. 
  pH 6.6 pH 8.6 
Parameter Coefficient χ

2
 Coefficient χ

2
 

σσσσ    -0.45 ± 0.30 0.53 -1.02 ± 0.36 0.77 
σσσσ++++    -0.31 ± 0.16 0.43 -0.64 ± 0.17 0.53 
σσσσ−−−−    -0.14 ± 0.50 0.75 -0.69 ± 0.76 1.69 
σσσσΙΙΙΙ    0.23 ± 0.86 0.75 -0.37 ± 1.38 1.94 
ππππ    -0.05 ± 0.40 0.76 -0.42 ± 0.62 1.80 
VW 0.39 ± 0.03 0.02 0.58 ± 0.12 0.32 
ES -0.20 ± 0.13 0.23 -0.13 ± 0.20 0.52 
VW * 0.36 ± 0.02 0.00881 0.40 ± 0.04 0.02 
 σσσσ+

 * -0.06 ± 0.03   -0.37 ± 0.04    
VW * 0.37 ± 0.02 0.00869 0.45 ± 0.02 0.01 
 σσσσ * -0.09 ± 0.05   -0.59 ± 0.04   
* Fits for single-parameter linear correlations were done using eq 4.7, and two-parameter 
linear correlations were done using eq 4.8.
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Figure 4.4: Correlation of the kred values for para-substituted N,N’-(4-X -benzyl)2-1,4-
diaminobutanes as substrates for PAO with the van der Waals volume (VW) of the 
substituents at (A) pH 6.6 and (B) pH 8.6. The lines are from fits to a single-parameter 
linear correlation with the steric parameter Vw shown in eq 4.7.
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Table 4.6: Correlation analysis of log kcat/KM (µM-1 s-1) and log kcat (s
-1) with N,N’-(4-X-

benzyl)2-1,4-diaminobutanes at 30 °C with hydrophobic, steric and electronic parameters 
at pH 8.6. 

  kcat/KM (µM-1 s-1) kcat (s
-1) 

Parameter Coefficient χ
2
 Coefficient χ

2
 

σσσσ    0.63 ± 0.39 0.87 -0.61 ± 0.24 0.36 

σσσσ++++    0.31 ± 0.23 1 0.39 ± 0.13 0.28 

σσσσ−−−−    0.76 ± 0.58 0.99 -0.49 ± 0.47 0.65 

σσσσI 2.00 ± 0.71 0.52 -0.32 ± 0.87 0.78 

ππππ    1.03 ± 0.27 0.35 -0.20 ± 0.40 0.76 

VW 0.06 ± 0.23 1.3 0.36 ± 0.08 0.17 

ES -0.35 ± 0.18 0.71 -0.11 ± 0.16 0.35 

VW 0.32 ± 0.23  0.68 0.26 ± 0.08 0.07 

σσσσ+
 0.52 ± 0.27   0.21 ± 0.09   

VW    0.23 ± 0.20 0.63 0.28 ± 0.06 0.06 

σσσσ    0.86 ± 0.41  -0.34 ± 0.13  
** Fits for single-parameter linear correlations were done using eq 4.7, and two-
parameter linear correlations were done using eq 4.8. 
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DISCUSSION 

These studies with N,N’-(4-X-benzyl)2-1,4-diaminobutane  present the 

opportunity to address the minimal substrate required for PAO recognition. Specifically, 

the ability of PAO to oxidize N,N’-(4-X-benzyl)2-1,4-diaminobutane indicates that PAO 

requires two nitrogens separated by four carbons, and hence the diaminobutane core with 

the appropriate protonation state is what is important for binding and catalysis. Previous 

studies of PAO with the natural substrates N1-acetylspermine and N1-acetylspermidine 

are consistent with the nitrogen at the site of CH bond cleavage being neutral and one 

other nitrogen being positively charged in the reactive form of the substrate (Chapter II). 

The kcat/KM-pH profiles described here are consistent with earlier observations using the 

natural substrates, that the monoprotonated form of N,N’-(4-X-benzyl)2-1,4-

diaminobutane is the active form of the substrate. Studies of PAO with N1,N12-

bisethylspermine (BESPM) and N1,N11-bis(ethyl)-nor-spermine (BENSPM) reveal that 

PAO also recognizes them as substrates and catalyzes their oxidation (26, 79). BESPM 

and BENSPM, like the N,N’-(4-X-benzyl)2-1,4-diaminobutanes, contain the 

diaminobutane core that exists in the appropriate protonation state for catalysis. 

However, spermidine and N8-acetylspermidine, are competitive inhibitors (26) despite 

containing the diaminobutane core. In comparing the structures of these polyamines, it 

appears as though having the diaminobutane core is the minimal substrate requirement 

for substrate recognition, but that length and volume play an important role in orienting 

the substrate in a manner compatible for catalysis. 
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The transient kinetic studies indicate that the rate constant kred is slightly lower 

than kcat for the N,N’-(4-X-benzyl)2-1,4-diaminobutanes. One explanation for the lower 

kred is that the enzyme is slightly less active at higher enzyme concentrations. The 

similar kred and kcat values establish that reduction is the rate-limiting step in catalysis 

(Table 4.1). Furthermore, the spectral changes observed for all seven N,N’-(4-X-

benzyl)2-1,4-diaminobutanes establish that flavin reduction occurs in a single step, with 

no observation of any intermediates. N,N’-(4-X-Benzyl)2-1,4-diaminobutanes are slow 

substrates in which chemistry is the rate-limiting step, thus allowing for the build-up of 

intermediates if such intermediates exist. The rate constant associated with flavin 

reduction for N1-acetylspermine is over 1000-fold greater (Chapter II) than those 

observed with N,N’-(4-X-benzyl)2-1,4-diaminobutanes. The kred-pH profiles observed 

for N1-acetylspermine displays a decrease in activity at acidic pH with a pKa of 7.3 ± 

0.1, consistent with the ability of substrate in the incorrectly protonated form to bind to 

the enzyme, but not react. The kred-pH profile for N,N’-(4-H-benzyl)2-1,4-diaminobutane 

is a sigmoid curve, indicating that both the protonated and deprotonated forms of the 

enzyme-substrate complex are active, but deprotonation enhances activity or that the 

proton can be lost from the ES complex at a rate of ~0.2 s-1. The change in activity 

between the protonated and deprotonated forms is only ~4-fold. Coupled with the fact 

that the isotope effect on kred is pH-independent, this suggests that the deprotonation that 

enhances the rate of reduction is a local perturbation that does not affect the chemistry 

step. It is feasible that the proton is lost to solvent since it is unlikely a base exists in the 

active site to accept the proton. Previous studies of K315M PAO show that this Lys315 
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does not behave as an active site base, and furthermore does not play a role in flavin 

reduction (Chapter II). Thus, the loss of a proton to solvent seems the most likely 

explanation. With natural substrates that display a rate constant for flavin reduction that 

is significantly faster, the rate constant of 0.20 s-1 associated with the loss of a proton 

during the transition-state is not observed, indicating that this deprotonation is not 

significant for catalysis with physiological substrates. A source of this deprotonation 

could be explained by the presence of water molecules that can pack inside the active 

site with the N,N’-(4-X-benzyl)2-1,4-diaminobutane substrates that are not present in the 

active site with N1-acetylspermine bound. 

The isotope effects on kcat/KDBDB and kcat for N,N’-(4-X -benzyl)2-1,4-

diaminobutanes in Table 3 are less than two for the three substrates analyzed and are pH-

independent, indicating that this may be the intrinsic effect. Similar pH-dependent 

isotope effects on kred (Table 4.4) are observed in the oxidation of N,N’-(4-X-benzyl)2-

1,4-diaminobutanes by PAO, indicating that there are no external commitments. These 

results cumulatively indicate that CH bond cleavage is the rate-limiting step in reduction. 

The small magnitude of the isotope effects can be indicative of either an internal 

commitment or a very early transition state. Similar small isotope effects have been seen 

with other flavoprotein amine oxidases including LSD1 (Chapter VI), DAAO (98), and 

TMO (99). 

Analysis of single- and two-parameter linear correlations of kred with electronic 

(σ, σ+, and σ-), hydrophobic (π), and steric (VW and ES) parameters at the pH optimum 

of 8.6 and at pH 6.6 allows for assessment of the charge development during the 
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transition state. Two-parameter linear correlations with VW and σ show the best fits. At 

both pH 6.6 and 8.6, the coefficient associated with VW is pH-independent, whereas the 

electronic parameter coefficient approaches zero away from the pH optimum. Going 

from the pH optimum of 8.6 to the pH value of 6.6 results in an increase in the ρ value 

from -0.59 to -0.09; thus, the effect of the substrate amine pKa could be to make the ρ 

value more positive at low pH by ~0.5. Therefore, it is likely that the pH-dependence of 

the correlation observed with kred and the σ factor at high pH but not a low pH is due to 

the pKa of N,N’-(4-X-benzyl)2-1,4-diaminobutanes in the ES complex and not charge 

development in the transition state. Another explanation could be the loss of a proton at 

a rate of 0.2 s-1 that results from additional water molecules hydrogen-bonded within the 

active site of PAO with N,N’-(4-X-benzyl)2-1,4-diaminobutane substrates.  

These results with PAO are consistent with studies of oxidation of para-

substituted benzylamine analogues by MAO-B, where a correlation between kred the Taft 

steric parameter indicating that steric orientation of the substrate is important for flavin 

reduction (46). However, with monoamine oxidase A (45), Miller and Edmondson report 

a positive correlation for kred and the electronic parameter σ with a ρ value of 1.8 ± 0.3. 

The reason for the differences in the ρ value observed for MAO-A versus MAO-B is not 

clear, especially in light of the fact that MAO-A and MAO-B are 70% identical. 

Furthermore, results from structure-activity relationships with MAO-A in the oxidation 

of phenethylamine analogues show that the kred value decreases with an increase in the 

VW parameter of the substituent in a linear manner and that binding affinities of a series 

of arylalkylamine analogues have the best linear correlation with the Taft steric 
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parameter of the alkyl side chain (100). No electronic contribution was observed. A 

difference between the linear correlations with electronic parameters in the oxidation of 

benzylamine and phenethylamine analogues is expected. The presence of the extra CH2 

group in phenethylamine would cause a 2-3 fold reduction in the ρ value (101). 

However, a significant ρ value is still expected. A possible explanation for the linear 

correlations with the electronic parameter σ observed for MAO-A with para-substituted 

benzylamine analogues is that the source of the linear correlation is due to the pKa of the 

benzylamine substrates, rather than the charge development of ES complex in the 

transition state, as is observed with PAO. This is a likely explanation since amine 

substrates are able to ionize at the pH value studied, and thus can contribute to 

correlations with electronic parameters. As with PAO, the ρ value increases going above 

the pKa, -0.59 to -0.09, so the argument that the ρ value may be pH sensitive and the 

experiment should be done in the pH-insensitive region is valid. 

The mechanism of flavin amine oxidases has been a source of debate for years 

with three prominant mechanisms at the center of the controversy including single 

electron transfer, polar nucleophilic addition, and hydride transfer mechanisms. The 

single electron transfer mechanism proposed by Silverman involves the formation of a 

radical intermediate of the flavin or a residue within the enzyme’s active site (Figure 1.8) 

(39). The polar nucleophilic mechanism as put forth by Edmondson is a concerted 

reaction involving the formation of a 4a-alkylated isoalloxazine ring that activates the 

N5 of the flavin for proton abstraction of the substrate α-hydrogen (Figure 1.9) (45).  

The hydride transfer mechanism is the simplest mechanism, involving the direct transfer 
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of a hydride from the α-C of the substrate to the N5 position of the flavin (Figure 1.10). 

This last mechanism has received greater attention for the MAO/PAO family only in 

recent years (47, 49-51, 97) despite the fact that it is and has been the accepted 

mechanism for D-amino acid oxidase (48, 66).  

A large amount of data has been generated in recent years concerning 

flavoprotein amine oxidases. To date, no flavin intermediates have been observed, which 

supports the hydride transfer mechanism. 15N kinetic isotope effects for N-

methyltryptophan oxidase (51), TMO (49), and DAAO (48) rule out the polar 

nucleophilic mechanism. The small ρ value presented here for PAO with N’-(4-X-

benzyl)2-1,4-diaminobutanes indicates a lack of charge development in the transition 

state, consistent with hydride transfer. Interpretation of all this data in terms of the three 

potential mechanisms proposed for flavoprotein amine oxidases provides an 

overwhelming amount of evidence in favor of the hydride transfer mechanism. 
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CHAPTER V 

USE OF pH AND KINETIC ISOTOPE EFFECTS TO ESTABLISH CHEMISTRY 

AS RATE-LIMITING IN OXIDATION OF A PEPTIDE SUBSTRATE BY LSD1
∗∗∗∗ 

 

Nucleosomes, the basic subunits of chromatin, are composed of 146 bp of DNA 

wrapped around an octamer of four core histones (H3, H4, H2A and H2B) (102).  Each 

octamer consists of an H3-H4 histone tetramer plus an H2A-H2B dimer and is connected 

to the adjacent octamers via an H1 linker histone (102).  Post-translational modifications 

of the N-terminal tails of histones, which extend freely beyond the nucleosome core, 

have been shown to affect chromatin structure and the accessibility to DNA of proteins 

essential for transcription, repair, and replication (103). Lysine-specific demethylase 

(LSD1) is an FAD-containing amine oxidase that catalyzes the demethylation of mono- 

and dimethylated lysyl residues in the N-terminal tails of histones, thereby playing a role 

in the epigenetic regulation of gene transcription in cells (76). LSD1 demethylates lysine 

residues 4 and 9 of histone H3 (H3K4 and H3K9) (104, 105); in addition, the enzyme 

can demethylate the tumor suppressor p53 (106). The discoveries of LSD1 and of the 

JmjC family of iron(II)-alpha-ketoglutarate-dependent histone demethylases (107) have 

demonstrated that methylation of histones is not permanent; instead, like other post-

translational modifications, it is part of a reversible process. The effects of histone 

methylation vary depending on the site of modification, the degree of methylation, the 

                                                 
∗ Reproduced with permission from Gaweska, H., Henderson Pozzi, M., Schmidt, D. M. 
Z., McCafferty, D. G., and Fitzpatrick, P.F. (2009) Biochemistry 48, 5440-5445. 
Copyright 2009 American Chemical Society. 
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sites and nature of adjacent modifications, and the protein complexes in proximity to the 

modification (108). LSD1 functions as both a repressor and activator of gene 

transcription; for example, demethylation of Lys4 of histone H3 results in gene 

repression (109), while androgen-dependent demethylation of mono- or dimethylated 

Lys9 results in an activated transcriptional state (105). LSD1 has been implicated in the 

maintenance of disease, such as neuroblastoma (110), its expression correlates with 

high-risk prostate tumors (111), and it plays regulatory roles in cell differentiation (112, 

113). 

Flavoprotein oxidases utilize a flavin cofactor to catalyze oxidation of a substrate 

CX bond, transferring a hydride equivalent to the flavin; the reduced flavin is then 

oxidized by molecular oxygen, producing H2O2 (114). LSD1 oxidizes the carbon-

nitrogen bond between the methyl group and the epsilon amine of lysyl residues, 

forming an imine intermediate that is nonenzymatically hydrolyzed to produce 

formaldehyde and the demethylated lysine (Figure 5.1). There are two structural families 

of flavoprotein amine oxidases; LSD1 belongs to the monoamine oxidase family (32). A 

number of mechanisms have been proposed for amine oxidation by flavoenzymes, 

including direct transfer of a hydride transfer from the substrate to the flavin, formation 

of a substrate carbanion that then transfers electrons to the flavin, and two single electron 

transfers to form an intermediate radical pair with a subsequent proton transfer (65). 

However, kinetic isotope effects on the reactions of a number of flavoprotein amine and 

alcohol oxidases support direct hydride transfer as the mechanism for members of both 

families of amine oxidases and for flavoprotein oxidases in general (48, 49, 51, 66, 115). 



 88 

While there have been many studies focusing on the role of LSD1 in gene 

transcription and protein expression and its interactions with other proteins, few have 

focused on the kinetics of the enzyme. Several mechanism-based inhibitors of 

monoamine oxidase and their derivatives have been shown to inhibit LSD1 (109, 116-

120), providing insights into the interactions with substrates and demonstrating the 

mechanistic similarity of the enzyme to monoamine oxidase. Forneris et al. have 

described a pH profile of LSD1 (121) and analyzed the reaction of the photo-reduced 

enzyme with oxygen, demonstrating that the oxidation is typical of a flavoprotein 

oxidase (122). Still, there has been no detailed analysis of the reaction with a normal 

peptide substrate that allows for conclusions regarding mechanism. LSD1 is highly 

specific for the N-terminus of histone H3. Indeed, the minimal substrate is a peptide 

composed of the N-terminal 21 amino acid residues of H3 (121). We describe here 

mechanistic studies of oxidation of such a peptide substrate by LSD1. 
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Figure 5.1: LSD1 oxidation of lysine in histone3. 
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EXPERIMENTAL PROCEDURES 

Materials. Horseradish peroxidase and Ampliflu Red were purchased from 

Sigma. Fmoc amino acids were from Novabiochem, Applied Biosystems, or Advanced 

ChemTech. 2H-Formaldehyde (20% solution in D2O) was from Cambridge Isotopes. 

Sodium cyanoborodeuteride was from CDN Isotopes. 

H3K4 21-mer Dimethylated Peptide Synthesis. A peptide corresponding to the 

first 21 amino acids of histone H3 with a dimethylated lysine at the fourth residue 

(ARTK(diMe)QTARKSTGGKAPRKQLA) was synthesized by Helena Gaweska of 

Duke University (123). Similarly, the deuterated dimethylated H3K4 peptide was also 

synthesized by Helena Gaweska. 

LSD1 Expression and Purification. A truncated form of human LSD1, lacking 

the first 150 amino acids (76), was expressed and purified by Helena Gaweska of Duke 

University (123). The concentration of LSD1 was determined using the absorbance at 

458 nm and an extinction coefficient based on that for free FAD (11,600 cm-1M-1). 

Assays. Steady state kinetic assays monitoring oxygen consumption were 

performed on a computer-interfaced Hansatech (Hansatech Instruments) or YSI (Yellow 

Springs Instrument, Inc.) oxygen electrode. All assays were conducted at 25 °C and were 

initiated by the addition of enzyme. A fluorescence assay, coupling hydrogen peroxide 

formation to oxidation of Ampliflu Red by horseradish peroxidase, was used to 

determine kcat/Km values due to the low concentrations of substrate required. The 

product resorufin was detected using a fluorescence plate reader (Molecular Devices 

SpectraMax Gemini EM) with an excitation wavelength of 560 nm and emission at 590 
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nm. Experiments done using the fluorescence assay were conducted by Helena Gaweska 

of Duke University. The coupled fluorescence assay resulted in initial rates that were 

twofold slower than those detected using the oxygen electrode. Consequently, the rates 

obtained with the coupled assay were corrected by this factor. The constant ionic 

strength buffer 0.1 M Aces, 52 mM Tris, and 52 mM ethanolamine (124) was used for 

assays at all pH values. Preincubation of enzyme in buffers of pH higher than 9.5 for 60 

minutes eliminated LSD1 activity. 

Rapid-reaction kinetic experiments were conducted at 25 ºC on an Applied 

Photophysics SX-18MV stopped-flow spectrophotometer. Anaerobic conditions were 

established by applying cycles of vacuum and argon to enzyme solutions, while substrate 

solutions were bubbled with argon. The buffer was again ACES/Tris/ethanolamine, plus 

5 mM glucose, at pH 7.5. Glucose oxidase was added to all anaerobic solutions at a final 

concentration of 36 nM before loading them onto the stopped-flow spectrophotometer.  

Data Analysis. Steady-state kinetic data were analyzed using the program 

KaleidaGraph (Adelbeck Software, Reading, PA). Initial rate data obtained by varying 

the concentration of a single substrate were fit to the Michaelis-Menten equation. The 

effects of pH on kinetic parameters were fit to eq 5.1, which applies for a kinetic 

parameter which decreases below pK1 due to protonation of a single moiety and 

decreases above pK2 due to deprotonation of a single moiety. Here, y is the kinetic 

parameter being measured, c is its pH-independent value, and K1 and K2 are the 

ionization constants for moieties which must be unprotonated or protonated, 

respectively. Eq 5.2 was used to determine kinetic isotope effects using the program Igor 
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(WaveMetrics, Lake Oswego, OR); E is the isotope effect on the parameters kcat/K21-mer 

and kcat, S is the concentration of H3K4 21-mer dimethylated peptide, and 
Fi is the 

fraction of heavy atom in the substrate. Analysis of stopped-flow data was done using 

both KaleidaGraph and SPECFIT (Spectrum Software Associates, Marlborough, MA). 

To determine the kinetic parameters for the reduction of LSD1, stopped-flow traces were 

fit to eq 5.3, which describes a monophasic exponential decay; k1 is the first order rate 

constant, A1 is the total absorbance change, and A∞ is the final absorbance. 

 

log y = log (c/(1 + H/K1 + K2/H)) (5.1) 

v = (kcat*S)/((KM + S)*(1 + (E - 1)*Fi) (5.2) 

At = A1e
-k1t + A∞ (5.3) 
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RESULTS 

Steady-State Kinetics. Steady-state kinetic parameters for LSD1 were determined 

at pH 7.5 and 25 °C with the dimethylated H3K4 21-mer as substrate. This peptide has 

the sequence of the N-terminal 21 residues of histone H3, the physiological substrate of 

LSD1, and contains N, N-dimethyllysine at residue 4. It represents the minimum length 

required for detectable activity (121). While the kcat/K21-mer values could be determined 

in air-saturated buffer because LSD1 exhibits ping pong kinetics (122), kcat values were 

determined with 1.1 mM oxygen and 50 µM peptide to ensure saturation with both 

substrates. In addition, the kcat/KO2 values were determined by varying the concentration 

of oxygen in the presence of 50 µM peptide. The results are summarized in Table 1. The 

kcat and kcat/K21-mer values are in reasonable agreement with the values previously 

reported by Forneris et al. (121). 

pH Profiles. The effect of pH on the kcat/K21-mer values was determined over the 

pH range 7.0–9.5 using a buffer system that maintained constant ionic strength over the 

entire pH range. At pH values above 9.5, the enzyme lost activity, while the activity was 

too low below pH 7 to be measured reliably. Because these assays are not carried out 

with saturating oxygen concentrations, the resulting kcat values were only apparent, and 

the kcat-pH profile need not reflect the actual pKa values. The kcat/K21-mer data yield a 

bell-shaped pH profile (Figure 5.2), decreasing above and below pH 8.5-9. This behavior 

is consistent with the involvement of two groups on the free enzyme or substrate, one of 

which must be protonated and one deprotonated for activity. When the data were fit 

assuming different pKa values for the two groups, the resulting pKa values were within 
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0.3 of one another (results not shown), too close to reliably discriminate. Consequently, 

only the average of the pKa values of the two groups can be determined. The data were 

therefore fit using eq 5.1, which assigns the same pKa value to the two groups, to obtain 

the average pKa value of 8.7 ± 0.1.  

Kinetic Isotope Effects Deuterium kinetic isotope effects were determined with 

the 21-mer in which both methyl groups on the dimethylated lysyl residue contained 

three deuteriums.  The results at pH 7.5 are summarized in Table 5.1. Data obtained by 

varying the concentration of the peptide in air-saturated buffer were best fit by eq 5.2, 

which assigns equal values to Dkcat/K21-mer and Dkcat, for an isotope effect of 3.2 ± 0.1. 

Alternatively, the Dkcat value was determined at fixed saturating concentrations of 

peptide and oxygen of 50 µM and 1.1 mM, respectively. The resulting value was 2.9 ± 

0.2. The kinetic isotope effect on kcat/K21-mer and kcat was then determined over the pH 

range 7-9.5, fitting the data in each case to eq 5.2. The isotope effect was pH-

independent, with an average value of 3.5 ± 0.3 (Table 5.2). The effect of pH on the 

kcat/K21-mer value for the deuterated peptide is shown in Figure 5.2; these data were fit to 

eq 5.1 to yield an average pKa value of 8.8 ± 0.1, within error of the value for the 

nondeuterated peptide. 
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Table 5.1: Kinetic parameters of LSD1 with the H3K4 21-mer dimethylated peptide as a 
substrate∗ 

Kinetic parameter Value 
kcat/K21-mer (mM-1 s-1)  38 ± 2a 
kcat/KO2 (mM-1 s-1) 1.0 ± 0.2b 
K21-mer (µM) 2.6 ± 0.2a 

KO2 (µM) 195 ± 40b 

kcat (s
-1)  0.199 ± 0.013c 

kred (s
-1) 0.231 ± 0.004e 

D(kcat/K21-mer)
 3.2 ± 0.1a,d 

Dkcat
  2.9 ± 0.2c 

3.2 ± 0.1a,d 
Dkred

 3.3 ± 0.1e 

∗Conditions: pH 7.5, 25 °C. 
aDetermined in air-saturated buffer. 
bDetermined using 50 µM H3K4 21-mer dimethylated peptide. 
cDetermined using 50 µM H3K4 21-mer dimethylated peptide and 1.1 mM oxygen. 
dCalculated using eq 5.2. 
eDetermined using 200 µM 21-mer dimethylated peptide. 
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Figure 5.2: kcat/KM pH profiles for LSD1 with protiated (closed circles) and deuterated 
(open squares) H3K4 21-mer dimethylated peptide. The lines are from fits of the data to 
eq 5.1. 

 

 

 

Table 5.2: Effect of pH on the deuterium kinetic isotope effects on the oxidation of the 
H3K4 21-mer dimethylated peptide by LSD1* 

pH  Kinetic isotope effect 
7.0 4.0 ± 0.2 
7.5 3.2 ± 0.1 
8.0 3.3 ± 0.1 
8.5 3.4 ± 0.1 
9.0 3.7 ± 0.2 
9.5 3.6 ± 0.1 

Average 3.5 ± 0.3 
*Determined in air saturated buffers and calculated using eq 5.2. 
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Flavin Reduction Kinetics. Stopped-flow spectroscopy was used to study 

reduction of the flavin in LSD1 by saturating concentrations (200 µM) of the 21-mer at 

pH 7.5. The changes in the absorbance of the enzyme-bound flavin after mixing LSD1 

anaerobically with the 21-mer are best fit as a single exponential decay (Figure 5.3). The 

rate constant for reduction (kred) with this substrate concentration is within error of the 

kcat value (Table 5.1), consistent with reduction being rate-limiting for turnover. The kred 

value was also determined with 200 µM deuterated peptide, yielding a Dkred value of 3.3 

± 0.1. This value is identical to the pH-independent isotope effect determined in the 

steady-state kinetic analyses. To more definitively confirm that reduction consists of a 

single kinetic phase, the reaction was repeated using a photodiode array detector to 

monitor the flavin spectrum from 325 to 600 nm. Over this wavelength range, there is no 

evidence for an intermediate between oxidized flavin and reduced flavin (Figure 5.3B). 

A global analysis of the spectral changes during flavin reduction as a single exponential 

decay allowed the spectra of the starting and final enzyme to be determined (Figure 

5.3C). These confirm that the oxidized and reduced enzyme are the only species that can 

be detected.  

 



 98 

0.06

0.07

0.08

0.09

0.1

0.01 0.1 1 10 100

A
A

4
5

8

Time (s)

0

0.02

0.04

0.06

0.08

0.1

350 400 450 500 550 600

C

A
b

s
o

rb
a

n
c

e

Wavelength (nm)

 
 

Figure 5.3: Spectral changes during reduction of LSD1 by the H3K4 21-mer 
dimethylated peptide. A, time course at 458 nm with protiated (closed circles) or 
deuterated (open circles) substrate (only 1/30th of the points are shown for clarity); B, 
Changes in the entire visible absorbance spectrum during reduction by the deuterated 
substrate; C, Initial (─) and final (…) spectra upon LSD1 flavin reduction by deuterated 
H3K4 21-mer dimethyl peptide obtained from a global analysis of the data in B using a 
single-step kinetic model. The lines in A are from fits of the data to eq 5.3. 
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DISCUSSION  

While the physiological substrate for LSD1 is the histone H3, mechanistic 

studies with the entire protein substrate present significant problems, including the 

difficulty of preparing the dimethylated substrate. Consequently, mechanistic insight 

requires the use of a minimal substrate which still retains the specificity determinants of 

the larger protein. LSD1 has no detectable activity with peptides containing fewer than 

16 of the N-terminal residues of histone H3, and a peptide containing the first 21 

residues, as was utilized here, is as active a substrate as a peptide containing the first 30 

residues (121). Epigenetic modifications of histone H3 that alter the reactivity of the 

intact protein with LSD1 cause similar decreases in activity when incorporated into a 21-

mer (122), establishing the latter as a valid model for the larger protein substrate. Indeed, 

incorporation of a propargyl moiety onto Lys4 of the 21-mer yields an efficient 

mechanism-based inhibitor (116). The three-dimensional structure of the inactivated 

enzyme shows extensive contacts with the first 7 residues, while the remainder of the 

peptide is not visible (118). This combination of solution and structural studies 

establishes the validity of the 21-mer as a model for mechanistic studies. 

The steady-state and transient kinetic studies presented here establish that the 

rate-limiting step in oxidation of the dimethylated H3K4 21-mer by LSD1 is CH bond 

cleavage. The kred value, the rate constant for flavin reduction, is identical to the kcat 

value for LSD1. Therefore, the reductive half reaction is rate-limiting for turnover with 

this peptide substrate. The identity of the primary deuterium isotope effects on kcat/K21-

mer, kcat, and kred further identifies CH bond cleavage as the rate limiting step. The pH-
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independence of the isotope effect on kcat/K21-mer is also consistent with fully rate-

limiting CH bond cleavage and suggests that this isotope effect is the intrinsic deuterium 

isotope effect (125). An isotope effect of 3.2 ± 0.1 is substantially smaller than the 

limiting semi-classical value of about 7 for a primary deuterium isotope effect (126); in 

the present case, the value also includes the secondary isotope effects from the two other 

deuterium atoms on each methyl group. The small magnitude of the isotope effect 

suggests that the oxidation of this substrate by LSD1 has an early transition state. A late 

transition state would also yield a small isotope effect, but a late transition state would 

be expected for an unfavorable reaction. In contrast, at all concentrations of substrate 

used here, the reductive half-reaction goes to completion rather than reaching an 

equilibrium suggesting that the oxidation of the 21-mer is favorable. Similarly small 

kinetic isotope effects have been reported for other flavin amine oxidases, including D-

amino acid oxidase with glycine as substrate (98) and tryptophan 2-monooxygenase with 

tryptophan as substrate (99).  

No intermediates between oxidized and reduced enzyme were observed in the 

oxidation of the 21-mer by LSD1. The lack of an intermediate with a substrate whose 

rate-limiting step is CH bond cleavage is not consistent with several mechanisms 

proposed for flavin amine oxidases, especially mechanisms involving easily detectable 

flavin radicals or covalent substrate-flavin adducts. The present results are fully 

consistent with direct hydride transfer as the mechanism of LSD1, in line with 

observations from other flavoprotein amine oxidases. LSD1 is inactivated by 

cyclopropyl substrates (120), and inactivation by such compounds is frequently taken as 
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evidence for radical intermediates (39). However, a number of flavoprotein oxidases for 

which hydride transfer is the accepted mechanism can be inactivated by cyclopropyl 

substrates (42, 127). 

The kinetic parameter kcat/K21-mer exhibits a pH optimum of 8.7 in the studies 

described here. While the kcat/Km value for a substrate can reflect the protonation states 

of both the enzyme and substrate required for productive binding and catalysis, recent 

studies with the related flavoprotein polyamine oxidase suggest that the kcat/Km-pH 

profile reflects the required protonation state of the substrate. With N1-acetylspermine, 

N1-acetylspermidine, and spermine as the substrate for mammalian polyamine oxidase, 

the kcat/Kamine-pH optimum matches the pH at which the substrate has only one 

positively charged nitrogen (Chapter II). The pH dependence of the inhibition by 

spermidine analogues further established that the nitrogen in the CN bond of the 

polyamine being oxidized by polyamine oxidase must be uncharged for oxidation, 

consistent with observations of other amine oxidases (48-50) and with the expectations 

for a hydride transfer mechanism. With both polyamine oxidase (Chapter II) and 

monoamine oxidase (83), the need for the nitrogen at the reaction site to be neutral is 

clearly seen in the pH dependence of the reductive half reaction of the enzyme, 

demonstrating the requirement for a neutral nitrogen for catalysis. The substrate used in 

the present study contains the first 21 residues of the N-terminus of histone H3. Based 

on the precedents of other amine oxidases, the dimethylated Lys4 must be uncharged for 

catalysis and therefore is responsible for the acidic limb of the pH profile. Protonation of 

Lys4 does not prevent binding since the trimethylated analog of this peptide binds tightly 
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to LSD1, although it is not a substrate (121). The basic limb of the kcat/K21-mer-pH profile 

can be attributed to one of the three other lysyl residues in the substrate.  

The members of the monoamine oxidase family, including LSD1, contain a 

conserved lysyl residue in the active site that is part of a “Lys-H2O-N5” structural motif 

(32, 34, 73-76). This residue clearly could be a source of a pKa in the kcat/K21-mer-pH 

profile. Mutation of this lysine in LSD1 to an alanine results in a complete loss of 

activity (87), and in maize polyamine oxidase the corresponding lysine to methionine 

mutation results in a 1400-fold decrease in kred (59). However, the same lysine to 

methionine mutation in mouse polyamine oxidase results in no change in the kcat/Kamine-

pH profile and only a slight decrease in the value of kred (Chapter II), suggesting that this 

residue plays a subtle structural rather than a catalytic role in these enzymes and 

therefore does not contribute to the pH dependence.  

The rate constant for the chemical step in LSD1 is 2-5 orders of magnitude 

slower than values reported for other flavoprotein amine oxidases (46, 59, 86, 128-130). 

This suggests that evolution has not optimized catalysis for this enzyme. Instead, it is 

likely that the requirements for rapid catalysis are secondary to high specificity in this 

case. Given the physiological role of LSD1 in regulation of gene expression, high 

catalytic activity would be much less critical than very high specificity. Moreover, while 

high catalytic activity is necessary for metabolic enzymes to maintain balance among 

metabolic pathways, epigenetic regulation such as DNA histone methylation operates on 

a very long time scale and would not require rate constants on the order of 102-104 s-1. 
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CHAPTER VI 

SUMMARY 

 

The purpose of this study is to determine the chemical mechanism by which 

mammalian polyamine oxidase (PAO) catalyzes the oxidation of polyamines. PAO 

catalyzes the oxidation of N1-acetylspermine and N1-acetylspermidine to produce N-

acetyl-3-aminopropanaldehyde and spermidine or putrescine. Structurally, PAO is a 

member of the monoamine oxidase family of flavoproteins. The three mechanisms 

proposed for flavin amine oxidases are a single electron transfer mechanism producing a 

radical intermediate, a polar nucleophilic mechanism forming a covalent adduct 

intermediate, and a direct hydride transfer.  

The effects of pH on kinetic parameters for mouse PAO were determined to gain 

insight into the protonation state of the polyamine required for catalysis and the roles of 

ionizable residues in the active site in amine oxidation. The kcat/Kamine-pH profiles are 

bell-shaped for N1-acetylspermine, N1-acetylspermidine, and spermine, with each of the 

profiles being consistent with the productive form of the substrate possessing a single 

positively charged nitrogen. The pKi-pH profiles for a series of polyamine analogs are 

most consistent with the reactive form of the substrate having a neutral nitrogen at the 

site of oxidation and one positively charged nitrogen. With N1-acetylspermine as the 

substrate, the value of the limiting rate constant for flavin reduction, kred, is pH 

dependent, decreasing below a pKa value of 7.3, offering further validation for the 

requirement of an uncharged nitrogen for substrate oxidation. In PAO, Lys315 
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corresponds to a conserved active site residue found throughout the monoamine oxidase 

family. Mutating of Lys315 to methionine does not affect the kcat/Kamine profile for 

spermine, the kred value with N1-acetylspermine is only decreased by 1.8-fold compared 

to wild-type enzyme, and the pKa of the kred-pH profile with N1-acetylspermine shows a 

basic shift to 7.8. These results rule out Lys315 as a source of a pKa in the kcat/Kamine or 

kcat/kred profiles and establish that this residue does not play a critical role in amine 

oxidation by PAO. 

Steady-state kinetic parameters and the pH-dependence of kcat/KO2 for wild-type 

and K315M PAO establish that Lys315 plays a role in the oxidative half-reaction. A 30-

fold decrease in kcat/KO2 is observed for the mutant enzyme.  The kcat/KO2-pH profiles for 

wild-type and K315M PAO indicate that the unprotonated form of Lys315 is required 

for optimal catalysis. Solvent isotope effects and proton inventories of wild-type and 

K315M PAO suggest that the absence of this lysyl residue can be overcome by 

replacement with a water molecule. The “Lys-H2O-N5” structural motif identified in 

members of the MAO structural family, in PAO must involve a hydrogen-bond network 

between unprotonated Lys315 and the active site water molecule. Thus it is conceivable 

that Lys315 enhances the rate of oxidation of reduced flavin by facilitating the removal 

of the proton from the N5 position of reduced FAD. 

The influence that substituents in the aromatic ring of N,N’-(4-X-benzyl)2-1,4-

diaminobutanes have on steady-state kinetic parameters and the kred value for PAO is the 

focus of Chapter IV. The kcat/KM-pH profiles for N, N’-dibenzyl-1,4-diaminobutane and 

the CH3O- and CF3-substituted compounds all show a bell-shaped curve, consistent with 
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the monoprotonated form of the substrate being required for binding and catalysis. The 

rate constants of flavin reduction are >1000-fold slower than those observed for natural 

substrates, and kinetics with all analogues reveal that the rate-limiting step in turnover is 

flavin reduction. The kred-pH profile displays a sigmoidal shape, with a pKa of 8.2 ± 0.3. 

Isotope effects on kcat, kcat/KM, and kred, are pH-independent, with an average value of 2, 

indicating an internal commitment or an early transition state. The kred values for N,N’-

(4-X-benzyl)2-1,4-diaminobutanes exhibit a correlation with the van der Waals volume 

(VW) of the substituent that is pH independent, and with the σ parameter. The ρ value is 

-0.059 at pH 8.6, and -0.09 at pH 6.6. The change in the ρ value as a function of pH can 

be attributed to changes in pKa of the N,N’-(4-X-benzyl)2-1,4-diaminobutane substrates 

in the ES complex. The data presented here are best interpreted as further support for the 

hydride transfer mechanism. 

The mechanism of oxidation of a peptide substrate by the flavoprotein lysine-

specific demethylase (LSD1) was examined using the effects of pH and isotopic 

substitution on steady-state and rapid-reaction kinetic parameters as presented in Chapter 

V. The peptide substrate is composed of the first 21 residues of the N-terminal tail of 

histone H3, with a dimethylated lysyl residue at position 4. At pH 7.5, kred equals kcat, 

indicating that the reductive half reaction is rate-limiting at physiological pH. 

Deuteration of the lysyl methyls results in identical kinetic isotope effects of 3.1 ± 0.2 on 

the kred, kcat and kcat/Km values for the peptide, establishing CH bond cleavage as rate-

limiting with this substrate. No intermediates between oxidized and reduced flavin are 

detectable by stopped-flow spectroscopy, consistent with the expectation for a direct 
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hydride transfer mechanism. The kcat/Km pH-profile for the peptide is bell-shaped, 

consistent with a requirement that the nitrogen at the site of oxidation be uncharged and 

that at least one of the other lysyl residues be charged for catalysis. The D(kcat/Km) value 

for the peptide is pH-independent, suggesting that the observed value is the intrinsic 

deuterium kinetic isotope effect for oxidation of this substrate. 
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