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Abstract 

 

FAD-linked oxidases constitute a class of enzymes which catalyze dehydrogenation as 

a fundamental biochemical reaction, followed by reoxidation of reduced flavin. Here, 

we present high-resolution crystal structures showing the flavoenzyme 6-hydroxy-L-

nicotine oxidase (6HLNO) in action. 6HLNO was trapped during catalytic degradation 

of the native substrate in a sequence of discrete reaction states corresponding to the 

substrate-reduced enzyme, a complex of the enzyme with the intermediate enamine 

product and formation of the final aminoketone product. The inactive D-stereoisomer 

binds in mirror symmetry with respect to the catalytic axis, revealing absolute 

stereospecificity of hydrogen transfer to the flavin. The structural data suggest 

deprotonation of the substrate when bound at the active site, an overall binary 

complex mechanism and oxidation by direct hydride transfer. The amine nitrogen has 

a critical role in the dehydrogenation step and may activate carbocation formation at 

the α-carbon via delocalization from the lone pair to σ* Cα-H. Enzymatically assisted 

hydrolysis of the intermediate product occurs at a remote (P site) cavity. Substrate 

entry and product exit follow different paths. Structural and kinetic data suggest that 

substrate can also bind to the reduced enzyme, associated with slower reoxidation as 

compared to the rate of reoxidation of free enzyme. The results are of general 

relevance for the mechanisms of flavin amine oxidases. 
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\body 

Introduction 

 

Flavin-dependent amine oxidases take part in a number of cellular processes ranging from 

degradative metabolism to chromatin remodeling. A large body of work has examined the 

common kinetic mechanism of flavoprotein oxidases, which includes a reductive half-reaction 

yielding the oxidized substrate bound to the reduced enzyme and subsequent reoxidation of 

the enzyme by oxygen in a binary or ternary complex scheme. The mechanism of individual 

steps remains controversial as discussed in a number of reviews (1-5). Hypotheses put 

forward for the dehydrogenation step of the catalytic reaction include radical mechanisms 

involving single-electron transfer from the substrate to the flavin as a first step (6), 

nucleophilic mechanisms involving an intermediate substrate-flavin adduct (7, 8), a carbanion 

mechanism (9) and a direct hydride transfer mechanism, which has been established for D-

amino-acid oxidase (DAAO) (4, 10, 11). For a number of flavin amine oxidases including 

DAAO (11), L-amino acid oxidase (LAAO) (12), monoamine oxidase (MAO) (1, 13, 14) and 

6HLNO (15), a carbanion mechanism may be excluded as the active sites do not contain 

residues capable of and properly placed for acid-base catalysis. Most of the investigations of 

structural mechanisms involved enzymes in unproductive complexes with substrate 

analogues or inhibitors. Crystallographic studies of amine oxidases under productive oxidizing 

conditions were reported for Rhodosporidium toruloides D-amino-acid oxidase (RgDAAO) 

(11), porcine kidney D-amino-acid oxidase (PkDAAO) (16) and Streptomyces coelicolor alditol 

oxidase (17). However, substrate and product were found to coexist in the active site and 

could not be distinguished, despite the high resolution reached in these studies. 

 

Here we describe discrete structural states populated during productive enzymatic turnover in 

crystalline 6HLNO. The flavoenzyme is a close structural neighbour (15) of human MAO-A 

and MAO-B. It is involved in the degradation of nicotine in the soil bacterium Arthrobacter 

nicotinovorans, which starts with 6-hydroxylation of the pyridine ring. In a second step, 

catalyzed by 6HLNO, the pyrrolidine ring of 6-hydroxy-L-nicotine (6HLN) is oxidized to 6-

hydroxy-N-methylmyosmine and cleaved to yield 6-hydroxy-pseudooxynicotine (18) (Fig. 1A). 

6HLNO acts with absolute stereospecificity on 6HLN and is competitively inhibited by the 

antistereomer 6-hydroxy-D-nicotine (6HDN). The present paper describes the functioning of 

6HLNO in action, based on high-resolution structures trapped during productive turnover of 

the L-substrate. The structural data and studies of steady-state kinetics provide an 

experimental basis for assessing the structural mechanism of 6HLNO and revisiting the 

reaction pathway in MAO. 
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Results 

 

Structures of 6HLNO trapped during enzymatic turnover 

Crystal structures of 6HLNO in different reaction states were obtained at high resolution 

following initiation of the catalytic reaction in the crystalline enzyme and cryo-trapping (Table 

S1). The structures E-S-P1 and E-S-P2 showed 6HLN bound with full occupancy at the active 

site, which is located at the interface between the FAD-binding domain and the substrate-

binding subdomains S1 and S2 of the 6HLNO subunit, and a further ligand bound with high 

occupancy at a second, remote site (Figs. 1B, 2-3). The additional ligand was structurally 

identified as the intermediate 6-hydroxy-N-methylmyosmine (P1) in E-S-P1 and as the final 

product 6-hydroxy-pseudooxynicotine (P2) in E-S-P2. The binding sites of P1 and P2 are 

located in a (“P site”) cavity, which is lined by residues from S1 (81-88, 99-100, 163-167, 195-

199) and S2 (300-302, 309-311). It is further lined by one of the acyl chains of the 

diglycerophospholipid (Fig. 2), which is non-covalently bound to the S1 subdomain of all 

6HLNO structures (15). Binding of P1 or P2 to the P site cavity is associated with a 

movement of the main chain segment 81-85 and a reorientation of the Phe85 ring (Fig. 3A), 

which opens the cavity toward the protein surface, enabling release of the final product to the 

solvent at a location close to the subunit-subunit interface of the 6HLNO dimer. A further 

structure, E-I-P2, was derived from the reaction of the enzyme with a racemic mixture of the 

L-substrate with 6HDN. E-I-P2 contains 6HDN bound at the active site and, in addition, the 

product P2 resulting from turnover of the contaminating L-substrate bound at the P site. 

 

 

Active site and substrate-binding geometry 

The conformation of 6HLN bound at the active site in E-S-P1 (Fig. S1) and E-S-P2, its 

orientation with respect to the isoalloxazine ring and the contacts with the protein environment 

are closely similar as in the previously described dithionite-reduced enzyme-substrate 

complex (E-S; 3K7Q) (15). The pyrrolidine moiety of the substrate is present in a slightly 

twisted envelope conformation (Fig. 4) with the amine nitrogen N1’ in the apex position 

pointing away from the isoalloxazine ring (distance N1’-C4a about 4.1 Å). Flavin and ligand-

binding geometry data are summarized in Table S2. The pyrrolidine C2’ carbon, from which 

the flavin may abstract a hydride, and N1’ adopt sp3 conformations. The bonds N1’-C2’ (bond 

length 1.46 ± 0.02 Å derived from an average over the bond lengths observed in the 

structures E-S, E-S-P1, E-S-P2 and E-S-I) and C2’-C3’ (1.51 ± 0.02 Å) have single-bond 

character. The distance of the α-carbon from the flavin N5 nitrogen under oxidizing conditions 

is 3.42 ± 0.05 Å when averaged over the distances observed in E-S-P1 and E-S-P2. The 

orientation of the substrate with respect to its immediate protein environment is identical, 

within about 0.1 Å, in E-S-P1 and E-S-P2. 

 



 5

6HLNO also binds the MAO substrates dopamine and serotonin in the active site pocket 

(Table S3). The observed unproductive binding modes (Fig. S2) are in agreement with the 

fact that 6HLNO does not catalyze degradation of these substrates (18) and reflect 

differences in the active site architecture assuring substrate specificity. 

 

Intermediate and final product states 

E-S-P1 shows the intermediate product bound with 70% occupancy at the P site (Fig. 3B). P1 

exhibits planar geometry of the aromatic pyrrole ring with a double bond between C2’ and C3’ 

(bond length 1.32 Å) and a partial double-bond character of the N1’-C2’ bond (1.32 Å). The 

N1’ nitrogen forms a fairly strong hydrogen bond with the side chain carboxylate group of 

Glu300 (bond length 2.6 Å), which further interacts with a water molecule, wat470. The 

pyrrole ring is in hydrophobic contact to protein residues and the sn-2 chain of the 

diacylglycerophospholipid (distance 3.6 Å between sn-2 C36 and C4’ of P1). The side chains 

of Leu198, Phe85 and Tyr311 form a similar hydrophobic cage around the pyridine moiety as 

the side chains of Leu198, Phe326 and Tyr59 at the substrate-binding site. The pyridine 

nitrogen N1 is in hydrogen-bonding contact with the main chain carbonyl oxygen of Leu198. 

The pyridine hydroxyl interacts with the hydroxyl group of Tyr59 via a bridging water, which is 

part of a network connecting P1 with the N5 nitrogen of the isoalloxazine ring via the side 

chain of Lys287 (Fig. 2). 

 

The P site cavity of E-S-P2 contains the final product (Fig. 3C), which is characterized by an 

opened pyrrole ring and an inserted oxygen. The pyridine moiety of P2 (70% occupancy) 

adopts a closely similar orientation as P1 in E-S-P1. The ketone moiety, Phe85 and Glu300 

each exhibit two alternate conformations. The inserted oxygen atom is in contact with a water 

network interacting with residues of the segment 196-199. 

 

Different channels for entrance and exit 

The reaction pathway from the substrate-binding pocket to the P site cavity and the protein 

surface runs along the S1-S2 interface (Figs. 1B, 2). The observed coexistence of catalytic 

turnover products bound at the P site with 6HLN bound at the active site reveals that entry of 

substrate and product exit employ different paths. Different channels for entrance and exit 

were already proposed for PAO (19). A number of transiently opening entrance pathways 

may be suggested for 6HLNO including one superimposing on the putative exit channel in 

PAO. 

 

Enzyme-inhibitor complexes 

Complexes of 6HLNO with 6HDN were studied under dithionite-reduced (E-S-I) and oxidizing 

(E-I-P2) conditions. In E-S-I, 6HDN is bound at the P site (Figs. 3A, D). When compared to 

the P1-binding geometry, the pyridine ring of 6HDN is rotated by about 110°, and the 

pyrrolidine ring is remote from the side chain of Glu300. The conformation of the loop 
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segment 81-85 is similar as in E-S and the structure of the native enzyme (Enat; 3K7M), in 

which the P site cavity is free of ligands. The contaminating 6HLN is present in the active site 

pocket exhibiting a closely similar binding geometry as in E-S-P1, E-S-P2 and E-S. 

 

E-I-P2 shows 6HDN bound at the active site (Fig. 4). The Cα-H function of the pyrrolidine 

moiety points toward the flavin N5 atom. The C2’-N5 distance, 3.6 Å, and the angle C2’-N5-

N10, 101°, are essentially identical as in E-S. The amine nitrogen of the inhibitor is located 

opposite the flavin N5 atom (distance 4.1 Å). The pyridine ring adopts a similar orientation 

and is engaged in similar hydrogen-bonding interactions as the pyridine ring of the L-

substrate in E-S. The trans orientation of the pyridine and pyrrolidine rings in 6HLN changes 

to cis in the bound D-stereoisomer, which constitutes the main difference between the 

observed geometry and a previous theoretical model of 6HDN binding (15). E-I-P2 further 

contains the product P2 bound with 50% occupancy at the same location in the P site cavity 

as in E-S-P2. 

 

Flavin geometry and global motions 

Binding of 6HLN or 6HDN at the Re-face of the FAD is associated with flattening of the 

isoalloxazine ring and with tilting towards the Si-side (Table S2, Fig. S3) accompanied by a 

displacement of the main chain segment 56-59. E-S-P1 and E-S-P2 closely agree in the 

conformation of the flavin and its orientation with respect to the protein environment. In both 

structures, the bending angle is 5°, which is half-way between the bent geometry in Enat, 9°, 

and the flat coplanarity in E-S. The inclination angle, ε, between the central ring and the bond 

connecting N10 to the ribitol C1* carbon (Fig. S3B) exhibits substantial variation between a 

value of 16° in the substrate-reduced complexes E-S-P1 and E-S-P2, 19-20° in the dithionite-

reduced complexes E-S and E-S-I, and 23-24° in Enat and E-I-P2 under oxidizing conditions. 

When the isoalloxazine rings are aligned on N10 and C1*, the change in ε is associated with 

displacements of N5 by 0.25 Å between Enat and E-S and by 0.52 Å between Enat and E-S-P2 

(Figs. S3A, C). For comparison, the isoalloxazine rings in E-S-P1 and E-S-P2 superimpose 

with RMSD 0.04 Å between the locations of all ring atoms, which provides an estimate of their 

reproducibility. The reorientational motion of the flavin associated with the change in the N10 

conformation appears to function as a molecular switch, which turns on rigid-body motions of 

the S1 and S2 subdomains relative to each other and to the FAD-binding domain. When E-S-

P1 and E-S-P2 (overall RMSD of 0.25 Å between main chain atoms) are compared to E-S-I 

and E-S (RMSD 0.34 Å), S1 is found to rotate by about 1.5° around an axis passing through 

the locations of the flavin N5 and N10 atoms, and S2 by about 0.7° around an axis that is 

perpendicular to the flavin plane and intersects near N10. 

 

Kinetic assays of enzyme activity 

Measurement of the catalytic activity of 6HLNO in a peroxidase-coupled fluorescence assay 

showed substantial deviation from Michaelis-Menten kinetics and a dependence on ionic 
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strength (Fig. S4). At high ionic strength, the activity decreases at 6HLN concentrations 

above 1 mM, displaying a pattern of substrate inhibition. At low ionic strength, the activity of 

6HLNO increases with increasing substrate concentration. A similar behaviour was observed 

for MAO-B and was interpreted on the basis of a two-activity kinetic model (20). Initial rate 

data for oxidation of 6HLN by 6HLNO in 0.1 M Tris buffer, pH 7.5, were fitted to an equation 

(20) describing substrate turnover following binding to oxidized (Eox) and reduced enzyme 

(Ered) (Fig. S4A). Effects of ionic strength on oxidation of 6HLN by 6HLNO were monitored in 

10 mM Tris buffer, pH 7.5, in the presence of 0, 5 mM or 50 mM NaCl and fitted to the same 

equation (Fig. S4B). Inhibition by 6HDN of the oxidation of 6HLN by 6HLNO was measured in 

0.1 M Tris buffer, pH 7.5 (Fig. S4C). Initial rate data were fitted by global nonlinear regression 

analysis to an equation (Equation S1 in SI Materials and Methods) for linear competitive 

inhibition by ligand binding to the active sites of both Eox and Ered. Mean kinetic constants (± 

SEM) were KMox = 50.8±3.5 μM; VMAXox = 2.14±0.03 nmol/ng/h; KMred = 6.72±6.41 mM; VMAXred 

= 1.98±0.098 nmol/ng/h; KIox = 443±71 μM; KIred = 13.8±7.8 mM; global r2 = 0.974. 

 

 

Discussion 

 

Enzymatic reaction states and redox-dependent conformational changes 

The crystallographic snapshots of the catalytic action of 6HLNO revealed that the overall 

reaction, which is summarized in a pictorial scheme in Figure S5, involves two different and 

spatially remote sites within the enzyme subunit. Following dehydrogenation of the tertiary 

amine substrate at the active site, the resulting intermediate P1 and the final product P2 were 

observed at the P site located in a cavity near the protein surface. Turnover of 6HLN also 

occurred when using a racemic mixture with the inhibitor 6HDN under oxidizing conditions. 

The affinity of the enzyme for binding at the active site appears to be substantially higher for 

6HLN as compared to 6HDN, which agrees with kinetic data presented here and elsewhere 

(18). The structural data suggest that 6HDN can also compete for the P site (E-S-I). However, 

fitting the kinetic data (Fig. S4C) by an equation considering mixed plus competitive inhibition 

resulted in a much lower affinity of 6HDN for the P site than for the active site. 

  

The enzymatic reaction is associated with changes in the flavin geometry, which include in 

particular systematic redox-dependent changes in the conformation of the flavin N10. The 

hybridization of N10 is predominantly sp3 under oxidizing conditions. The observed change to 

a more sp2-like character in the dithionite-reduced complex is in agreement with NMR 

chemical shifts (21). Formation of the enzyme-substrate complex in E-S-P1 and E-S-P2 is 

accompanied by a further change to an essentially planar sp2 geometry of N10. Hence, 

turnover to P1 and P2 is followed by binding of substrate to the reduced enzyme. The 

structures show coexistence of substrate bound to Ered at the active site with product bound at 

the P site, but no evidence for substrate binding at the P site. Taking the structural and kinetic 
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data together, the substrate inhibition pattern visible in the kinetics at high ionic strength, 

which probably corresponds to the conditions in the enzyme crystal, is explained by slower 

reoxidation when substrate binds to Ered as compared to the rate of reoxidation of free 

enzyme (Fig. S5). The incomplete populations observed for P1 and P2 are consistent with 

partial release of products to the solvent, indicating that substrate binding to Ered does not 

result in a dead-end complex. 

 

The structural data are of high quality, which is apparent from the electron density maps and 

the reproducibility of protein, FAD and ligand conformations derived from multiple 

observations. The unambiguous and accurate identification of structural states was facilitated 

by the occurrence of stepwise enzymatic turnover at two different sites, both exhibiting rather 

rigid geometries. 

 

Mechanism of substrate dehydrogenation by 6HLNO 

The orientation of the L-substrate with respect to the FAD cofactor in the substrate-reduced 

state of 6HLNO fulfills the geometrical requirements for efficient transfer of hydrogen from the 

α-carbon C2’ to the flavin N5. The C2’-N5 distance of 3.4-3.5 Å and the C2’-N5-N10 angle of 

about 99° are close to the corresponding values in substrate-bound complexes of DAAO (11, 

16), for which a direct hydride transfer mechanism has been established. 

 

Favorable orientation of the α-carbon with respect to N5, however, is not sufficient to explain 

the catalytic functioning of the enzyme. The Cα-H function of the inactive 6HDN, when bound 

at the active site in E-I-P2, points toward N5 in a similar orientation as observed for the L-

substrate (Fig. 4). The pyrrolidine rings of the stereoisomers and the locations of the amine 

nitrogen are mirrored with respect to a plane, which is perpendicular to the isoalloxazine ring 

and contains the catalytic axis C2’-N5. The strict stereoselectivity of the reaction catalyzed by 

6HLNO implies that dehydrogenation critically depends on correct alignment of the Cα-N1’ 

bond with respect to the flavin ring and specifically involves elimination of L-hydrogen from 

Cα. Absolute stereochemistry of the abstraction of a hydrogen atom was also observed for 

several MAO substrates including dopamine (22). The crystal structures of a number of 

complexes of amine oxidases with substrates or substrate analogues, including in particular 

MAO-A (2Z5X, 1O5W), DAAO (1C0P, 1EVI) and LAAO (2JB2), show the Cα-N bond 

undergoing oxidation in a similar orientation opposite the C4a-C4=O4 locus as in 6HLNO. As 

previously suggested (23), this structural feature may be a general crucial factor in achieving 

catalysis. 

 

We propose that the amine nitrogen group affects carbocation formation at the α-carbon of 

the L-substrate through delocalization of the nitrogen lone pair. The length of the Cα-H bond 

and the puckering of the pyrrolidine ring depend on the orientation of the bond with respect to 

the lone pair, which partially participates in an antibonding σ* C-H orbital (24-26). This 



 9

orientation is trans in the L-substrate bound to 6HLNO, stabilizing the conformer. Formation 

of the aromatic ring of the tertiary imine must be preceded by a movement of the pyrrolidine 

nitrogen into the pyramidal inversion transition state, which is a rapid process and 

inexpensive in energy as the carbon atoms remain in a puckered conformation (27). The 

inversion moves the nitrogen closer to the flavin, reducing the N1’-C4a distance from 4.1 Å to 

a similar value (about 3.3 Å) as in complexes of DAAO with active substrates (1C0P, 1EVI). 

The movement of the amine nitrogen brings the lone pair close to the flavin ring, enabling 

direct interaction with π-electron density, which may cause a decrease in the delocalization to 

the Cα-H bond. Changes in π-electron density upon substrate binding to 6HLNO were derived 

from NMR data (21). The flat aromatic ring of the intermediate product of the reductive half-

reaction forms on hydride transfer from Cα to the flavin N5 nitrogen, which is associated with 

a change in the hybridization of the carbon atom from sp3 to sp2, and a concomitant change 

of C2’-C3’ to a double bond, whereby wat1013 or another water in the network (15) may 

serve as a base accepting a proton from C3’. 

 

The methylpyrrolidine ring of nicotine is protonated in aqueous solution (28, 29). 

Deprotonation of the L-substrate may occur upon binding at the active site, which is shielded 

from access by water, and involve a tyrosine, Tyr407, forming the “aromatic cage” (30) 

together with Trp371 and the isoalloxazine ring. A tyrosine residue at the location of Tyr407 is 

conserved in the MAO family (Tyr444 in human and rat MAO-A, Tyr435 in human MAO-B and 

Tyr439 in PAO). The orientation of the L-substrate with respect to the protein environment 

places the amine nitrogen close to Tyr407, which is in hydrogen-bonding contact with the 

imidazole of His187 and via a bridging water, wat1015, with Oγ of Ser197 (Fig. 4). The 

pyrrolidine N+CH3-H group may interact with the ring hydroxyl of Tyr407 forming a charge-

relay system with His187 and Ser197. The D-stereoisomer cannot be deprotonated by such a 

mechanism, as its methyl group is remote from Tyr407 and points toward the Trp371 side 

chain. In the case of MAO, a cysteine residue (Cys201 in MAO-A and Cys192 in MAO-B) may 

be involved in deprotonation of the substrate when bound at the active site. Rotation of the 

side chain of the conserved tyrosine to a different rotamer state moves the ring hydroxyl to a 

location where it may pass the proton on to the cysteine side chain interacting with a bound 

water molecule. 

 

 

Enzymatically assisted hydrolysis and reoxidation of the flavin 

The structures of trapped enzymatic reaction states of 6HLNO do not show any evidence for 

a presence of the intermediate product P1 of the dehydrogenation step inside the substrate-

binding pocket. P1 appears to depart rapidly from the active site, probably due to a repulsive 

interaction with the reduced flavin, suggesting a binary complex (ping-pong) mechanism of 

the overall reaction, possibly with alternate pathways for reoxidation of the reduced enzyme 

(Fig. S5). Modeling of P1 into the active site pocket indicates a steric clash between the 
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hydroxyl groups of the pyridine moiety and Tyr311 (Fig. S6). The resulting reorientation of the 

Tyr311 side chain may trigger coordinated motions of the side chains of Tyr59 and Leu198 

opening a channel for transfer of P1 to the P site (Fig. 1B). The second step in the reaction, 

hydrolysis of the P1 intermediate, previously was expected to occur spontaneously and non-

enzymatically (18). The observation of both P1 and P2 in discrete and highly populated 

structural states (Figs. 3B, C) revealed that the opening of the pyrrole ring of the enamine and 

insertion of an oxygen atom to form the final ketone product P2 in fact take place in the P site 

cavity of the enzyme. The structural data suggest a principal role of a glutamate residue, 

Glu300, which may orient and activate a hydrogen-bonded water molecule, possibly wat470 

(distance 2.75 Å from the side chain carboxyl of Glu300 and 5.1 Å from C2’ of P1), for 

nucleophilic attack on the pyrrole ring of P1. The pKa of Glu300 may be raised in its 

hydrophobic environment formed by Phe85, Phe88, Trp163 and Val302. 

 

The presence of the reduced state of the enzyme in E-S-P1 and E-S-P2 may indicate that 

reoxidation of flavin occurs after product release to the solvent, implying that access of 

dioxygen upon substrate binding may involve the P site cavity. One of the xenon sites derived 

from diffraction analysis of 6HLNO under Xe pressure (15) indeed is located close to the site 

of the P1/P2 pyridine hydroxyl. A possible path runs from this site to a cavity lined by the side 

chains of Tyr59, Tyr313 and Ala58, which exhibit substantial conformational flexibility when 

comparing E-S-P1 and E-S-P2 to Enat, and continues to a site near the flavin atoms N5 and 

C4a. A further xenon site located in the vicinity of the Trp371 ring and the dimethylbenzene 

moiety of the flavin may be related to an alternate dioxygen access path, which might be 

employed when substrate is absent from the active site pocket. The C4a carbon has been 

suggested on the basis of MD calculations for alditol oxidase (31) and isotope effect studies 

performed on glucose oxidase (32) to be the locus directly involved in electron transfer from 

the reduced cofactor to O2. Wat1008, which bridges between Lys287 and the flavin N5 

nitrogen in 6HLNO (Figs. 2, S6), may have a role in oxygen activation involving replacement 

of the water molecule by oxygen and superoxide formation, similar to the process occurring in 

sarcosine oxidase (33).  

 

Structural interactions of active site residues with residues lining the P site cavity and a 

network of bound waters connecting both sites (Fig. 2) suggest regulation of the catalytic 

activity by ligand binding to the P site, in contrast to a ternary complex mechanism proposed 

for DAAO and MAO, whereby rate constants are increased by product binding at the active 

site (34). 

 

The structural similarity between MAO and 6HLNO raises the question of whether 

enzymatically assisted hydrolysis of the imine product may also occur in MAO. The P site 

cavity of 6HLNO superimposes on the “entrance cavity” of nearly identical volume, which is 

present in MAO-A and MAO-B (1, 35). Comparative modeling suggests that a cystine, formed 
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by Cys321 and Cys323, in MAO-A and Cys312 or a glutamate, Glu84, in MAO-B may have a 

role in activating water for nucleophilic attack and formation of the final product (Fig. S7). 

 

 

Conclusions 

 

The observation of discrete and well-defined structural states populated during enzymatic 

turnover catalyzed by 6HLNO provides new insight into the functioning of flavin-dependent 

amine oxidases of the MAO family, which share closely similar overall structures and active 

site architectures. A number of new aspects are introduced including the observation that 

dehydrogenation at the active site is followed by rapid transfer of the imine product to the 

remote P site cavity, where enzymatically assisted hydrolysis takes place yielding the final 

product. The corresponding (“entrance”) cavity in MAO may have a similar role. The docking 

models proposed for binding of imines at the P site cavity of MAO involve locations close to 

the observed imidazoline I2 binding site in MAO-B (20). A further unexpected result is the 

structural evidence derived from the conformation of the flavin N10 nitrogen as a marker for 

reduced/oxidized flavin, for binding of substrate to reduced enzyme. This observation is 

consistent with kinetic data for 6HLNO suggesting an alternate reoxidation scheme. The 

structural and kinetic data taken together further support previous proposals of similar 

schemes for MAO-A (36) and MAO-B (20). 

 

 A more general feature shared by amine oxidases of the MAO and DAAO families is the 

orientation of the vector defined by the α-carbon and the amine nitrogen with respect to the 

flavin N5 and C4a atoms. This geometry is related to the stereospecificity of hydrogen 

transfer and a critical role of the amine nitrogen as an activating group, possibly functioning 

by facilitating carbocation formation via a change in delocalization from the lone pair to the σ* 

Cα -H orbital. The present results confirm chemically enforced local symmetry between 

enantiomeric substrate binding geometries as a universal feature in flavoenzymes (12, 15, 

37). 

 

The role of the phospholipid bound to 6HLNO remains open to question. The acyl chains may 

restrain the amplitudes of relative domain motions associated with redox-dependent 

conformational changes. The known MAO structures contain open hydrophobic channels in 

the S1 subdomain and exhibit substantial domain motions. Stabilization of the interfaces in 

MAO may have a role in catalytic reactions and be achieved through interactions of the 

substrate-binding subdomains with the lipid bilayer. 

 

 

Materials and Methods 
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All experiments were carried out using His-tagged 6HLNO. Enzymatic turnover was initiated 

by soaking enzyme crystals with the substrate under anaerobic conditions and subsequent 

exposure to oxygen. The catalytic reaction was stopped by shock-freezing at 100 K in a 

nitrogen gas stream after time intervals ranging from about five to thirty seconds, immediately 

followed by diffraction data collection. The structures of 6HLNO complexes were determined 

using the structure of the native enzyme (3K7M), which was solved previously at 1.95 Å 

resolution on the basis of MAD phasing (15), as a starting model. Data collection and 

refinement statistics are listed in Tables S1, S3. Similar as in the case of 3K7M and 3K7Q 

(15), all presently described high-resolution structures show the protein and the FAD cofactor 

in well-defined electron density (Figs. S3, S8). Pictures were produced with PyMOL 

(http://pymol.sourceforge.net/). Substrate and inhibitor kinetics were measured in a 

continuous peroxidase-coupled assay of H2O2 generation. Please see SI Materials and 

Methods for more details. 
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Figure Legends 

 

Fig. 1. Reaction catalyzed by 6HLNO. (A) Dehydrogenation of the pyrrolidine moiety of 6HLN 

(S) results in the formation of the intermediate product 6-hydroxy-N-methylmyosmine (P1). 

Subsequent hydration of the intermediate opens the pyrrole ring to form the final product 6-

hydroxy-pseudooxynicotine (P2). (B) Crystal structure of 6HLNO subunit with substrate and 

product sites. 6HLN (teal) is bound at the active site and the intermediate product P1 (orange) 

at the P site. PHL denotes a non-covalently bound phospholipid. The insert shows the 



 16

solvent-inaccessible active site cavity (yellow; volume 195 Å3), the exit (P site) cavity (brown; 

290 Å3) opening toward the protein surface and the channel (red; 80 Å3) for gated transfer of 

the intermediate product. Arrows indicate possible paths for entry and exit. 

 

Fig. 2. Enzymatic reaction states populated during catalytic turnover in 6HLNO crystals. 

Stereoview of E-S-P1 (grey) showing the substrate 6HLN (yellow) bound at the active site 

and the intermediate product P1 (orange) in the P site cavity. The structure of the dithionite-

reduced complex E-S (teal) is superimposed. 

 

Fig. 3. Binding geometry at P site. (A) The structures E-S-P1 (orange), E-S-P2 (green), E-S-I 

(magenta), E-S (yellow) and Enat (grey) are superimposed. Ligand binding to the P site is 

associated with backbone motions of the segment 81-85. The orientation in the P site cavity 

is shown for (B) the intermediate P1 (orange), (C) the final product P2 (green) and (D) the 

inhibitor 6HDN (magenta). Simulated annealed omit (Fo-Fc) maps are contoured at 2.2 σ for 

P1, 1.8 σ for P2 and 3.0 σ for 6HDN. 

 

Fig. 4. L- and D-stereoisomers bound at active site. The structures E-S-P1 (yellow) and E-I-

P2 (teal) are superimposed. The pyrrolidine rings of 6HLN and 6HDN are related by an 

approximate mirror symmetry. The α-carbon hydrogens (grey) occupy closely similar 

locations. The pyrrolidine N+CH3-H group of 6HLN may interact with Tyr407 forming a charge-

relay system with His187 and Ser197. The amine nitrogen of 6HLN is located opposite the 

C4a-C4=O4 locus. The distance between Cα of 6HLN and the flavin N5 is 3.48 Å (pink broken 

line). 
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