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Monoamine oxidases (MAOs) are pivotal regulators of neurotransmitters

in mammals, while microbial MAOs have been shown to be valuable bio-

catalysts for enantioselective synthesis of pharmaceutical compounds or

precursors thereof. To extend the knowledge of how MAOs function at the

molecular level and in order to provide more biocatalytic tools, we set out

to identify and study a robust bacterial variant: a MAO from the thermo-

phile Thermoanaerobacterales bacterium (MAOTb). MAOTb is highly ther-

mostable with melting temperatures above 73 °C and is well expressed in

Escherichia coli. Substrate screening revealed that the oxidase is most effi-

cient with n-alkylamines with n-heptylamine being the best substrate.

Presteady-state kinetic analysis shows that reduced MAOTb rapidly reacts

with molecular oxygen, confirming that it is a bona fide oxidase. The crys-

tal structure of MAOTb was resolved at 1.5 Å and showed an exceptionally

high similarity with the two human MAOs, MAO A and MAO B. The

active site of MAOTb resembles mostly the architecture of human MAO A,

including the cysteinyl protein–FAD linkage. Yet, the bacterial MAO lacks

a C-terminal extension found in human MAOs, which explains why it is

expressed and purified as a soluble protein, while the mammalian counter-

parts are anchored to the membrane through an α-helix. MAOTb also dis-

plays a slightly different active site access tunnel, which may explain the

specificity toward long aliphatic amines. Being an easy-to-express, thermo-

stable enzyme, for which a high-resolution structure was elucidated, this

bacterial MAO may develop into a valuable biocatalyst for synthetic chem-

istry or biosensing.

Introduction

Biogenic amines are organic bases with one or more

nitrogen groups. They are often formed by the decar-

boxylation of amino acids [1]. Their biological roles

are numerous and they play important roles in various

processes such as antioxidants and as neurotransmit-

ters [2,3]. Besides their biological relevance, their detec-

tion is of economic importance as they are widely used

as a marker for the quality of food. Also, high levels

of biogenic amines are toxic for human consumption

[4,5]. The detection of biogenic amines, especially in

food, is often done by chromatography methods [6].

These methods, while highly accurate, are often time-

consuming and costly. Biosensors based on enzymes

offer a rapid and economical competitive alternative

for the detection of amines from microorganisms [7].

Amine oxidases are excellent tools for sensing of

amines and can be used for the detection of minute

amounts of amines. Apart from their use in
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biosensors, amine oxidases are also attractive biocata-

lysts. It has been demonstrated that amine oxidases

can be used for the generation of various high-value

pharma compounds, allowing the synthesis of enantio-

pure amines [8].

Amine oxidases can be divided into two superfam-

ilies, based on whether they utilize copper or flavin as

a tightly bound redox cofactor [9]. The metal-free

flavin-containing amine oxidases catalyze the oxidation

of primary and secondary amines by utilizing molecu-

lar oxygen as electron acceptor, thereby generating

hydrogen peroxide [10,11]. The initial product formed

is the respective imine, but this typically rapidly reacts

with water to form a ketone or aldehyde and

ammonia. The formation of the labile imine product

intermediate is crucial for the chemo-enzymatic desym-

metrization of chiral amines that involves an amine

oxidase as biocatalyst [8]. A recent bioinformatic study

further divided the flavoprotein amine oxidase super-

family into eight different subgroups based on sub-

strate preference [12], with perhaps the most well-

known subgroup being the monoamine oxidases

(MAOs) (EC1.4.3.4). The human proteome contains

two MAOs: MAO A and MAO B. These human

MAOs play vital roles in the regulation of neurotrans-

mitters and are linked with depression, obesity, cancer,

and a plethora of other diseases [13–16]. As a conse-

quence, specific MAO inhibitors are highly valued by

the pharmaceutical industry. A fungal MAO, MAO-N

from Aspergillus niger, has been thoroughly studied

and engineered for its biocatalytic properties [17]. It

has allowed the development of the above-mentioned

biocatalytic procedure to prepare enantiopure amines,

extremely useful building blocks for the pharma indus-

try [8,18].

Clearly, MAOs have considerable biotechnological

potential, and homologs are highly sought after for

their potential use. Interestingly, most known, studied,

and applied MAOs are from eukaryotic origin. Yet,

bacterial genomes also harbor genes encoding (puta-

tive) MAOs. While the precise biological function of

MAOs in prokaryotes is unknown, there are indica-

tions that they play a role in degradation pathways,

thereby utilizing amines as a nitrogen source. A bacte-

rial MAO from Corynebacterium ammoniagenes, was

recently described which acts on typical mammalian

MAO substrates [19]. Thus, bacteria form a potential

source for new homologs. Such bacterial homologs

may have an additional attractive feature when com-

pared with eukaryotic MAOs: the expression in bacte-

rial hosts provides easy access to these potential

biocatalysts and enables the use of effective enzyme

engineering approaches. Expression of human and

mammalian MAOs has been shown to be extremely

difficult in Escherichia coli. Currently, recombinant

human MAO is produced in yeast. Thus, thermophilic

bacteria, which are recognized for being exceptional

sources of robust biocatalysts, form a promising source

for thermophilic MAO homologs [20]. Herein, using

the sequence of putrescine oxidase from Rhodococcus

erythropolis (PuORh) [21] as query, a thermostable

MAO was discovered from a thermophilic Thermoa-

naerobacterales bacterium (MAOTb). Through elucida-

tion of its crystal structure, biochemical characterization,

and (pre-)steady-state kinetics, its biocatalytic potential

has been explored and its striking structural resemblance

with human MAO A has been exposed. These features

make this newly discovered flavin-containing amine oxi-

dase an attractive enzyme for future biotechnological

exploitation.

Results

Identification

Using the protein sequence of PuORh (EC1.4.3.10), a PSI-

BLAST search was performed on genomes of thermo-

philic bacteria. The structures of the best-scoring protein

sequences were predicted using ColabFold [22]. A puta-

tive monoamine oxidase (MAOTb) from a Thermoanaero-

bacterales bacterium (GenBank: MBO2502335.1, 453

amino acids) showed a relatively high sequence identity

(36%) when compared with putrescine oxidase. Structural

comparison of its predicted model with the crystal struc-

ture of PuORh gave a root mean square deviation

(RMSD) value of 1.3 Å. Further comparisons of the

AlphaFold structure of the putative MAO were done

using the Dali server [23]. Strikingly, the highest similarity

was observed with human MAO A (EC1.4.3.4) with a

RMSD value of only 0.9 Å. Also, when the sequences

were compared, a relatively high sequence identity (37%)

was observed between the bacterial and human proteins.

A multiple sequence alignment using ESpript [24] of

MAOTb with human MAO A and human MAO B

revealed the presence of some typical features of the

human MAOs. It suggests that MAOTb also contains (1)

a conserved aromatic cage that forms part of the amine

binding pocket, (2) a cysteine is found at a position to

form a covalent 8α-(S-cysteinyl)-flavin linkage, and (3)

several other conserved active site residues [25] (Fig. 1).

Clearly, all these features hint to MAOTb being a MAO.

Nonetheless, there is a clear difference when compared to

the human homologs; MAOTb lacks the membrane-

binding domain that is present in the human MAOs as C-

terminal extension. This suggests that the bacterial

enzyme may be a soluble protein which could make
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expression, purification, and application relatively easy

when compared to the mammalian counterparts.

Expression, purification, and UV–vis absorbance

characterization

The synthetic gene encoding MAOTb was cloned into

a pBAD vector for expression of the protein with a N-

terminal His-tag. The recombinant protein was overex-

pressed in E. coli NEB10β and purified by affinity

chromatography, resulting in a yellow-colored sample.

It resulted in a yield of 75 mg purified protein per liter

of culture. SDS/PAGE analysis showed that the puri-

fied protein could be obtained relatively pure after a

single His-tag purification step, revealing a protein

band of 51 kDa (the theoretical mass of the expressed

protein is 49 kDa). A fluorescent band at the same

position could be observed under UV light after a

short incubation in 5% v/v acetic acid indicating the

presence of a covalently bound flavin cofactor [26]

(Fig. 2A). This is in line with the predicted presence of

a cysteinyl-bound FAD cofactor. The UV–vis absor-

bance spectrum of MAOTb showed two characteristic

oxidized flavin absorbance bands with maxima at

462 nm and 380 nm. The A280/A462 ratio of 10.9

showed that the enzyme was obtained mainly in its

holo form and the molar extinction coefficient for

MAOTb (ε462 nm = 12.7 mM
�1 cm�1) could be

obtained by comparing its flavin absorbance spectrum

with that upon SDS-induced unfolding (Fig. 2B).

Dynamic light scattering suggests that MAOTb exists

as a native dimer (73 kDa), exhibiting even more simi-

larity to human and other eukaryotic MAOs [27]

(Fig. 3A). This result was confirmed by gel filtration,

performed in 50 mM KPi pH 7.5 buffer, which gave an

elution volume of 70 mL corresponding to 90–
100 kDa (Fig. 3B).

Biochemical characterization

The thermostability of MAOTb was explored using the

ThermoFAD assay, which reported a Tm of 73 °C at

pH 5.5, with a preference for acidic conditions and

notable resilience toward the probed solvents (Table 1),

while aggregation was observed at acidic pH’s of

below 5. The addition of up to 10% DMSO or MeOH

resulted in a marginal reduction in its melting tempera-

ture (reduction of ≤6 °C). To probe the substrate spec-

ificity of MAOTb, an activity assay using the

consolidated HRP-coupled protocol used for MAO

enzymes [28] was performed. Initially, some typical

substrates of MAO enzymes such as benzylamine,

kynuramine, MMTP (1-methyl-4-(1-methyl-1H-pyrrol-

2-yl)-1,2,3,6-tetrahydropyridine), and phenylethylamine

were screened, followed by some substrates of the

polyamine oxidase family including putrescine, spermi-

dine, and spermine. All substrates were tested at a con-

centration of 4.0 mM. As shown in Table 2, the

activity was barely detected. Due to the lack of activity

observed so far, the structural comparison of the

AlphaFold model of MAOTb by the Dali server was

revisited. The search reported a high structural similar-

ity with cyclohexylamine oxidase from Brevibacterium

oxydans (CHAO, PDB code 4I58), implying that the

enzyme may exhibit a similar substrate scope. Cyclo-

hexylamine and n-hexylamine were therefore tested,

resulting in MAOTb being inactive on the former but

highly active on n-hexylamine (kobs 14 s�1).

Fig. 1. Multiple sequence alignment of monoamine oxidase from Thermoanaerobacterales bacterium (MAOTb), MAO A, and MAO B

generated with ESpript [24]. Conserved residues are shown with a red background. The conserved FAD-biding cysteine is marked with a

yellow arrow and the aromatic cage with a blue arrow.
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Accordingly, an extended analysis of other aliphatic

monoamines was done and an increasing activity pro-

portionally to the chain length from n-butylamine to

n-heptylamine was observed (Table 2). n-Octylamine

and n-nonylamine proved substrates of MAOTb

although accurate kinetic analyses were impossible due

to limited solubility. To investigate MAOTb activity on

secondary and tertiary amines, methyl- and dimethyl-

hexylamine were tested which were active though at

about threefold and 10-fold less than n-hexylamine,

respectively. All these data indicate that MAOTb is a

flavin-dependent amine oxidase with a substrate speci-

ficity for long aliphatic monoamines, whereas is barely

active or inactive on cyclic aliphatic and aromatic

monoamines.

The thermal stability for MAOTb was also tested by

measuring the enzymatic activity at different tempera-

tures (Fig. 4A). The activity was tested by performing

the HRP-coupled assay in 50 mM HEPES/NaOH

buffer pH 7.5 with 1.0 mM n-heptylamine and increas-

ing the temperature from 25 to 85 °C. The activity of

MAOTb increases with temperatures, reaching the

maximum at 75 °C, and it drops drastically at 85 °C.
Next, the effect of ionic strength on MAOTb activity

was tested by performing the HRP-coupled assay in

the same buffer used for substrate screening (50 mM

HEPES/NaOH buffer pH 7.5) and adding increasing

concentration of different salts (Fig. 4B) with 1.0 mM

n-heptylamine. MAOTb activity drops to less than

25% at 10 mM of bivalent cations (MgCl2, CaCl2, and

MnCl2) and is almost undetectable at 100 mM. The

effect of monovalent cations (NaCl and KCl) is less

dramatic with little or no drop in activity at 10 mM,

while retaining almost 50% and 25% of activity at

50 mM and 200 mM salt, respectively. Similarly, a

screening of different buffer conditions to probe the

pH dependence of MAOTb activity by measuring the

kobs with 1 mM n-heptylamine at 25 °C was performed.

The optimal pH curve is bell-shaped centered at 7.5–
8.5 in 50 mM HEPES/NaOH (Fig. 4C). However, in

this pH range MAOTb activity is maximal also with

other buffers and kobs values are only slightly lower

probably due to differences in ionic strength that was

above shown to exert an effect.

Steady-state kinetics

To determine the steady-state kinetic parameters of

MAOTb with the substrates displaying kobs values equal

or higher than 0.5 s�1 (Table 2), the enzymatic activity

was followed by the consumption of oxygen during time

using an Oxygraph plus system (Hansatech Instruments

Ltd., Pentney, UK). This approach requires larger

amounts of enzyme than the HRP-coupled assay but

provides a direct method to probe MAOTb activity.

Although the optimal pH curve showed the highest kobs
value in HEPES buffer, these experiments were per-

formed in 50 mM potassium phosphate at pH 7.5

because MAOTb showed the best gel filtration profile

and homogeneity properties in these conditions

(Fig. 3B) and this buffer is more convenient for biocata-

lytic applications. Table 3 reports the steady-state

parameters and Fig. 5 shows the data fitted to the

Michaelis–Menten equation. n-Heptylamine is the best

substrate (kcat/KM = 25.5 mM
�1 s�1), followed by n-

hexylamine that features a 10-fold lower catalytic effi-

ciency. Methyl-hexylamine and n-pentylamine are also

good substrates with about half of the kcat/KM value

Fig. 2. (A) SDS/PAGE gel (4%–12%) of His-tagged purified mono-

amine oxidase from Thermoanaerobacterales bacterium (MAOTb)

observed around 50 kDa. The left image shows the gel Coomassie

stained and the right one acetic acid (5% v/v) stained for 5 min

under UV light. The M stands for the molecular weight markers

and his-tag-purified protein is marked with MAOTb (B) UV–vis
absorbance spectra of 90 μM MAOTb, before (solid black line) and

after treatment with 0.1% SDS (broken red line), in 50 mM KPi pH

7.5.
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with respect to n-hexylamine. n-Butylamine is a much

poorer substrate, as shown by the high KM value and

the Michealis–Menten profile (Fig. 5A). Determination

of the steady-state parameters with dimethylhexylamine

was hampered by the low solubility of the compounds

at the concentrations required to reach the kcat values at

the plateau.

Presteady-state kinetics

Mixing MAOTb anaerobically with substrate resulted

in a rapid decrease in flavin absorbance, yielding a

fully reduced flavin spectrum within 1 s. The forma-

tion of fully reduced MAOTb indicates that flavin

reduction is effectively an irreversible process. Decon-

volution of the spectral data revealed that reduction

proceeds via just one kinetic event, without any detect-

able intermediate. This is in line with the observed

kinetic behavior of human MAO A and MAO B, and

may hint to a hydride transfer mechanism. Using a

range of n-hexylamine concentrations allowed determi-

nation of the maximum rate of reduction (kred) of

14.1 � 1.1 s�1, together with a Kd of 0.80 mM

(Fig. 6A). Using substrate-reduced MAOTb, the rate of

reoxidation was monitored by mixing with aerobic

buffer. Again, a rapid and single kinetic event was

observed, now resulting in fully oxidized MAOTb

(Fig. 6B). The observed rate of reoxidation (14.6 s�1)

Fig. 3. (A) Dynamic light scattering analysis of monoamine oxidase from Thermoanaerobacterales bacterium (MAOTb). The inset shows the

predicted mass. (B) Chromatogram of MAOTb upon size-exclusion chromatography in 50 mM potassium phosphate buffer pH 7.5, using

Superdex200 16/60 and monitoring absorbance at 280 and 463 nm (black and red respectively).
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is underestimated when compared with atmospheric

aerobic conditions as aerobic buffer was mixed 1:1 in

the stopped-flow instruments with anaerobic enzyme

solution. Thus, with oxidases typically having no

apparent affinity constant for dioxygen, the rate of

reoxidation at atmospheric conditions is around

30 s�1. Clearly, MAOTb acts as a bona fide flavopro-

tein oxidase as it is efficient in using dioxygen as elec-

tron acceptor. Nevertheless, the KM value for oxygen

could not be determined. When measuring hexylamine

oxidase activity at dioxygen concentrations up to

240 μM, there is a nearly linear dependence between

activity and dioxygen concentration (Fig. 6C). It

shows that it has a poor apparent affinity toward

dioxygen as electron acceptor.

X-ray crystallography

The crystal structure of MAOTb was determined at

1.5 Å resolution by molecular replacement using the

AlphaFold model (Fig. 7 and Table 4). Two protein

molecules are contained in the asymmetric unit which

form a dimer (Fig. 7A) whose monomer-monomer

interface area (1584 Å2) corresponds to 24% of the

total protein surface. This dimeric architecture is likely

to represent the oligomeric form of the enzyme in solu-

tion as observed in the gel filtration profile (Fig. 3B).

Moreover, the dimer is the same as that found in the

human MAO B structure, which features a

monomer-monomer interface of 2095 Å2 (correspond-

ing to 15% of the total protein surface) [29]. The

RMSD for each pairwise of Cα atoms of chains A and

B is 0.47 Å; hence, hereafter, chain A will be referred

to for the purpose of structural description. Out of the

452 residues of MAOTb, only the first four N-terminal

amino acids in either chain lack clear electron density

and were hence omitted from the coordinate file of the

refined structure. In each monomer, the FAD cofactor

is covalently bound to Cys394 (Fig. 8) as inferred from

SDS/PAGE analysis (Fig. 2A) and predicted also by

the sequence alignment of the homologous human

MAO A and MAO B (Fig. 1).

The MAOTb active site consists of a cavity that orig-

inates from the flavin ring and has approximately a

constant diameter until residues 199–201, then

broadens reaching the protein surface (Fig. 7B). This

part includes a side appendix where a magnesium ion

is bound coordinated by five water molecules. Indeed,

magnesium was present in the crystallization solution

and divalent cations exert an inhibitory effect on

enzyme activity (Fig. 4B). The total volume of the cav-

ity is about 725 Å3 calculated with Voss Volume Vox-

elator [30]. The core of the active site in front of the

flavin is characterized by two tyrosine residues, Tyr432

and Tyr395, which form the ‘aromatic cage’ typically

found in FAD-dependent amine oxidases, including

the human MAOs. Other fully conserved elements of

MAOTb with respect to human MAOs include the

presence of a cis peptide bond between Tyr395 of

the aromatic sandwich and Cys394 (involved in the

covalent bond to FAD), and a tyrosine residue

(Tyr188) with its hydroxyl group pointing toward the

cage formed by the flavin and the aromatic sandwich

(Fig. 7B). Moreover, similarly to human MAOs the

isoalloxazine ring of the cofactor has a nonplanar con-

formation with its N5 atom H-bonded to a water mol-

ecule stabilized by the conserved lysine residue

(Lys296), whose function in dioxygen binding during

FAD reoxidation was demonstrated [31].

While the core of the active site around the flavin

cofactor is highly similar to human MAOs, differences

arise at the bottleneck of the cavity (Fig. 7B), which

nevertheless also MAO A and MAO B feature distinc-

tive elements. Besides Val172 (Asn181 in MAO A and

Cys172 in MAO B), the pair Thr199/Val324 corre-

spond to the gating residues that play a key role in

ligand binding specificity between the human enzymes

(Phe208/Ile335 in MAO A and Ile199/Tyr326 in MAO

B). Although the Dali search identified human

MAO A (PDB code 2Z5X) as the most similar struc-

ture (RMSD = 1.3 Å), these residues in MAOTb high-

light a midway situation with respect to the human

enzymes. The Thr/Val pair in MAOTb are both small-

size residues which creates a wider access to the active

site. Even more divergent is the conformation of the

polypeptide segment (residues 83–124 in MAOTb) on

the protein surface which folds into a loop followed by

a long α-helix delimiting the entrance of the cavity

Table 1. Thermal stabilities of monoamine oxidase from

Thermoanaerobacterales bacterium (MAOTb) in different buffers

and conditions.

Buffer (50 mM) Melting temperature (°C)

Citrate buffer pH 5.0 71

Citrate buffer pH 5.5 73

KPi pH 6.0 72

KPi pH 6.5 72

KPi pH 7.0 69

KPi pH 7.5 65

TRIS–HCl pH 8.0 63

TRIS–HCl pH 8.5 62

TRIS–HCl pH 9.0 58

5% DMSO, KPi pH 7.5 63

10% DMSO, KPi pH 7.5 60

5% MeOH, KPi pH 7.5 63

10% MeOH, KPi pH 7.5 59
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(Fig. 9A). This motif is found also in human MAO A

though with a different layout, mainly in the loop that

in MAOTb has a more folded conformation leaving

more space to the entrance of the cavity. Moreover,

analysis of the surface electrostatic potential revealed

that MAOTb is particularly negatively charged at the

base of the dimer that includes the substrate binding

domain (Fig. 7C), which may favor the binding of the

positively charged amine substrates. This aspect is

completely different from the human MAOs which dis-

play a more heterogenous charge distribution and

more hydrophobic character in this portion of the

dimer where the C-terminal membrane helices are

located.

An even more divergent conformation of the α-helix/
loop motif can be found in a recently identified bacterial

MAO from C. ammoniagenes (MAOca, PDB

code 8EEI, RMSD = 1.1 Å) [19], where the α-helix is

highly deviated with respect to MAOTb and human

MAO A and the loop is shorter (Fig. 9A). Interestingly,

MAOca has the conserved lysine residue interacting with

FAD while the aromatic sandwich flanking the flavin

ring is partly conserved with a tryptophan and a cyste-

ine replacing Tyr395 and Tyr432 of MAOTb,

Table 2. Substrate screening of monoamine oxidase from Thermoanaerobacterales bacterium (MAOTb) based on HRP-coupled assay at fixed

concentration of substrate of 4.0 mM. As described in the Methods section, the measurements were performed in 50 mM HEPES/NaOH

buffer pH 7.5 (25 °C). All assays were carried out in duplicate.

Compound Chemical structure kobs (s
�1)

Benzylamine 0.04 � 0.01

Kynuramine

0.04 � 0.01

Phenylethylamine 0

MMTP 0

Putrescine
0.03 � 0.01

Spermidine
0.1 � 0.02

Spermine
0

Methylbenzylamine
0

Cyclobutylamine 0

Cyclohexylamine 0

n-Butylamine 0.5 � 0.1

n-Pentylamine 1.2 � 0.5

n-Hexylamine 14.1 � 1.9

Methyl-hexylamine 4.2 � 0.4

n-Heptylamine 64.4 � 0.9

Dimethylhexylamine
1.2 � 0.1
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respectively. The comparative structural analysis was

extended also to Aspergillus niger MAO (MAO N, PDB

code 2VVM), which is known to feature the conserved

lysine residue mentioned above and a partly conserved

aromatic sandwich in which the classical Tyr/Tyr pair is

replaced by Phe/Trp. Nevertheless, the MAO N dimer

is different with respect to that found in human MAOs

and MAOTb, and also the overall structural homology

is lower (RMSD 2.4 Å). Interestingly, both in MAOca

and in MAO N, the FAD cofactor is not covalently

bound and both enzymes feature a Trp residue corre-

sponding to Tyr188 found in human MAOs/MAOTb

(Fig. 9A). The Dali search returned two bacterial amine

oxidases with significant overall structural similarity,

namely putrescine oxidase from R. erythropolis (PuORh,

PDB code 2YG4) and cyclohexylamine oxidase from

B. oxydans (CHAO, PDB code 4I58). In both cases, the

oligomeric organization does not follow the dimeric

Fig. 4. Effect of temperature, salt, and pH on the activity of monoamine oxidase from Thermoanaerobacterales bacterium (MAOTb). For

measuring activity, 1.0 mM n-heptylamine was used. All measurements were performed in duplicate. (A) Effect temperature (from 25 to

85 °C) on MAOTb activity in HEPES buffer pH 7.5. (B) Effect of different mono- and divalent cations (from 0 to 200 mM) on the activity of

MAOTb in HEPES buffer pH 7.5, at 25 °C. (C) Effect pH on MAOTb activity, at 25 °C. Different buffer types (indicated in different colors)

were used to cover a wide range of pH values. Error bars indicate SD and all points were taken in duplicates (n = 2).

Table 3. Steady state kinetic parameters of MAOTb with aliphatic monoamines. As described in the Materials and methods section, the

measurements were performed in 50 mM potassium phosphate buffer pH 7.5 (25 °C) by following oxygen consumption. All assays were

carried out in duplicate.

Substrate kcat (s
�1) KM (mM) kcat/KM (mM

�1�s�1)

n-Butylamine
NH2

1.8 � 0.2 40.1 � 9.1 0.05

n-Pentylamine
NH2

2.9 � 0.2 3.3 � 0.8 0.9

n-Hexylamine
NH2

9.9 � 0.5 4.1 � 0.6 2.4

n-Heptylamine NH2 25.5 � 0.9 1.0 � 0.2 25.5

Methyl hexylamine
N
H

3.2 � 0.1 2.9 � 0.4 1.1
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structure of MAOTb, but the overall fold of the mono-

mer is highly similar (Fig. 9B), including the α-helix/
loop motif wrapping the entrance of the active site cav-

ity (RMSD 1.6 Å and 1.9 Å with respect to PuORh and

CHAO, respectively). Being FAD-dependent amine oxi-

dases, both PuORh and CHAO contain the lysine inter-

acting with the flavin edge, whereas the aromatic

sandwich is only partly conserved with Tyr395 and

Tyr432 of MAOTb replaced respectively by Pro422 in

CHAO and His432 in PuORh (Fig. 9B). Moreover,

Tyr188 of MAOTb is conserved in CHAO, whereas it is

replaced by a methionine in PuORh.

Discussion

Herein, utilizing the sequence of PuORh (ABY74497.1),

a novel thermostable MAO, MAOTb was described

from a Thermoanaerobacterales bacterium. The enzyme

is endowed with favorable characteristics as its yield per

liter culture is 70 mg, it is easily storable for up to

2 months at 4 °C and has a melting temperature of

73 °C at pH 5.5. Even though MAOTb was found in an

obligated anaerobic bacteria order [32], its presteady-

state kinetics showed that the enzyme can act as a true

flavoprotein oxidase as it is efficient in using dioxygen

as electron acceptor at atmospheric conditions.

Interestingly, the affinity for molecular oxygen was

found to be very poor (high KM value). This suggests

that under natural conditions, it utilizes an alternative

electron acceptor, acting as an amine dehydrogenase.

The poor efficiency as oxidase at low oxygen concentra-

tions suggests that it is not used as enzyme for scaveng-

ing dioxygen. Structural elucidation of the enzyme with

a resolution of 1.5 Å showed high structural similarity

with human MAO A and MAO B. All three enzymes

form dimers, have a conserved tyrosine aromatic cage,

FAD-binding cysteine, and a conserved lysine residue

stabilizing the nonplanar conformation of the cofactor

with its N5 atom interacting with water for FAD reoxi-

dation by dioxygen. Despite this high similarity,

MAOTb differs from the human MAOs mainly by lack-

ing the C-terminal membrane-binding α-helix and hav-

ing a more open and wider accessible active site due to

differences in gating residues and a surface polypeptide

segment. This in turn can explain the difference in sub-

strate scope, as MAOTb prefers aliphatic monoamines

showing high catalytic rates on both n-hexylamine and

n-heptylamine, with only residual activity on cyclic

monoamines. Everything considered, MAOTb presents

itself as a robust candidate for the conversion of fishy

odor aliphatic amines to more odor-neutral products.

The covalent flavoprotein oxidase also has potential

Fig. 5. Michaelis–Menten fitted curves of monoamine oxidase from Thermoanaerobacterales bacterium (MAOTb) with the aliphatic

monoamine substrates performed at the Oxygraph in 50 mM potassium phosphate buffer pH 7.5 (25 °C). All points for the different

concentration of substrates were performed in duplicate. (A) n-butylamine. (B) n-pentylamine. (C) n-hexylamine. (D) n-heptylamine. (E) methyl

hexylamine. Error bars indicate SD, and all points were taken in triplicates (n = 3).
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to serve as an alternative for the difficulty to produce

mammalian MAOs for pharma-related research. The elu-

cidated crystal structure can be of help when the enzyme

needs to be engineered for a specific application.

Materials and methods

Chemicals and materials

Ni-Sepharose 6 Fast Flow for protein purification and

HiLoad Superdex 200 16/60 column for size-exclusion

chromatography runs were obtained from Cytiva (Marlbor-

ough, MA, USA). n-butylamine, n-pentylamine, n-

heptylamine were obtained from Thermo Fisher Scientific

(Waltham, MA, USA). All other chemicals were obtained

from Sigma-Aldrich (Merck, St. Louis, MO, USA).

Genome mining

To identify putative MAO homologs in thermophilic bacte-

ria, the PSI-BLAST tool of the National Center for Bio-

technology Information (NCBI) was utilized with the

sequence of PuORh (ABY74497.1) as input. Sequence align-

ments were performed using ESpript [24]. Promising

sequences were chosen and their structures were predicted

using the online AlphaFold tool ColabFold [22,33]. Using

the PyMOL software [34], AlphaFold structures were

aligned with crystal structures of MAO A, MAO B, and

PuORh. Further structural comparisons were done using

the Dali protein structure comparison server [23].

Cloning and transformation

The synthetic gene for expression of MAOTb in E. coli with

Bsa1 sites at its 50- and 30-termini was ordered from Twist

Biosciences (South San Francisco, CA, USA). The synthetic

gene was cloned into a pBAD-His vector using the Golden

Gate methodology [35]. Heat shock transformation was car-

ried out by mixing 2 μL of resulting PCR product with

40 μL CaCl2 competent E. coli NEB10β cells. The mixture

was kept on ice for 30 min after which the heat shock was

performed at 42 °C for 45 s. The cells were cooled for 5 min

on ice and mixed with 250 μL LB-media for a 1 h recovery

period at 37 °C. Subsequently, 50 μL of the mixture was

plated on LB-agar plates containing 50 μg/mL ampicillin

(amp) and left overnight in a 37 °C stove. Obtained colonies

were grown in LB containing 50 μg/mL amp at 37 °C over-

night. After which plasmid isolation could be performed and

cloning was verified with sequencing.

Fig. 6. (A) Michaelis–Menten fitted plot of reduction rates of monoamine oxidase from Thermoanaerobacterales bacterium (MAOTb) with

different concentrations of n-hexylamine. (B) Some selected UV–vis absorbance spectra when 40 μM anaerobically reduced MAOTb is mixed

(1:1) with 240 μM molecular oxygen in 50 mM KPi (pH 7.5). The time at which each spectrum was collected is indicated in seconds. (C) Oxi-

dase activity with hexylamine (40 mM) at various oxygen concentrations in 50 mM KPi, pH 7.5 (25 °C). Error bars indicate SD, and all points

were taken in duplicates (n = 2).
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Protein expression, purification, and

characterization

For expression of MAOTb, overnight cultures grown in

5 mL LB containing 50 μg/mL amp at 37 °C were resus-

pended into 200 mL Terrific Broth medium supplemented

with 50 μg/mL amp and incubated at 37 °C in a non-

baffled flask. Once an OD600 of �0.6 was reached, the

culture was induced by supplementing a final concentra-

tion of 0.02% L-arabinose. After which the culture was

incubated at 24 °C. After �16 h, the cells were pelleted

by centrifuging (3700 r.p.m., 15 min, 4 °C) and stored at

-20 °C.
For purification, cell pellets were resuspended into

20 mL lysis buffer (50 mM TRIS–HCl, 150 mM NaCl, pH

Fig. 7. Three-dimensional structure of monoamine oxidase from Thermoanaerobacterales bacterium (MAOTb). (A) Ribbon diagram of the

overall MAOTb dimeric structure (chain A and B are colored in light sea green and cornflower blue, respectively). In each monomer, the FAD

cofactor bound (represented with carbon, oxygen, nitrogen, and phosphorus atoms in yellow, red, blue, and magenta, respectively), and the

active site cavity (drawn as semitransparent surface) are shown. (B) Zoomed view of the MAOTb active site (the molecule is rotated of about

180° with respect to the representation in (A)). Active site residues shown as sticks (represented with carbon, oxygen, nitrogen atoms in

light sea green, red, and blue, respectively). A magnesium ion and water molecules are represented as orange and red spheres, respec-

tively. Hydrogen bonds are shown as dashed lines. Refined 2Fo-Fc electron density drawn is drawn as gray chicken wire representation con-

toured at 1.5 σ for the FAD cofactor. (C) Surface electrostatic potential of MAOTb dimer, showing the positively and negatively charged

patches in blue and red, respectively. The structure is oriented as in (A). Structures were visualized using USCF ChimeraX [42].
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8.0) and disrupted by sonication (5 s on, 7 s off, 70%

amplitude for 10 min). The supernatant was harvested by

centrifuging at 11 000 r.p.m. for 50 min at 4 °C and

loaded onto gravity columns containing 2 mL lysis buffer

equilibrated Ni-Sepharose. The column was incubated at

4 °C while rotating for 30 min. Subsequently, the column

was washed with three column volumes of lysis buffer

and 3 column volumes of wash buffer (50 mM TRIS–
HCl, 150 mM NaCl, 20 mM imidazole, pH 8.0). MAOTb

was eluted of the column by using 3.5 mL elution buffer

(50 mM TRIS–HCl, 150 mM NaCl, 500 mM imidazole,

pH 8.0). Using a PD10 buffer exchange column, the elu-

tion buffer was exchanged for 50 mM KPi (pH 7.5)

buffer, which was used as storage buffer. For crystalliza-

tion experiments, the protein was gel-filtered using

HiLoad Superdex 200 16/60 column (GE Healthcare,

Chicago, IL, USA) equilibrated with 50 mM KPi (pH

7.5) buffer using a ÄKTA pure™ (Cytiva, Marlborough,

MA, USA).

MAOTb could be stored at 4 °C for up to 2 months

without loss of activity. Concentrations were determined

using its 462 nm extinction coefficient, which was

determined by comparing its UV–vis absorption before and

after denaturation with 0.1% SDS, using a JASCO V-660

spectrophotometer (Hachioji, Tokyo, Japan).

The oligomeric state of MAOTb was determined by

dynamic light scattering. For this, a 2.0 μL sample was

analyzed in a DynaPro NanoStar instrument (Wyatt Tech-

nology, Santa Barbara, CA, USA) and data analysis was

performed using the DYNAMICS software.

The melting temperature of MAOTb was determined in

duplicates using the ThermoFAD assay [36]. One hundred

micromolar enzyme in 50 mM KPi (pH 7.5) was diluted

fivefold in different buffers with different pH values, rang-

ing from pH 5 to pH 9 or different solvent concentrations.

The assay was measured starting from 20 to 99 °C with

steps of 1 °C/30 s in a RT-PCR thermocycler (CFX96,

Bio-Rad, Hercules, CA, USA).

Table 4. Data collection and refinement statistics for monoamine

oxidase from Thermoanaerobacterales bacterium (MAOTb).

PDB code 8P84

Space group P 212121

Unit cell dimensions (Å) a = 67.93, b = 94.17, c = 127.28

Resolution (Å) 1.5 Å

Rmerge
a,b 0.054 (1.158)

CC1/2
b,c 0.999 (0.689)

Completenessb (%) 100.0 (99.9)

Redundancyb 6.7 (6.9)

I/σb 17.6 (1.7)

Unique reflectionsb 131 032 (6419)

N° of protein/FAD atoms 6722/2 × 53

N° of water atoms 676

N° of Mg/glycerol atoms 3/6

Average B value (Å2) 19.0

Ramachandran outliers 0

Clash scores 2

Rcryst
d (%) 15.9

Rfree
d (%) 18.5

RMSD bond length (Å) 0.014

RMSD bond angles (°) 1.8

aRmerge ¼ ∑ j I i�< I> j =∑Ii , where Ii is the intensity of ith obser-

vation and < I >is the mean intensity of the reflection; bValues in

parentheses are for reflections in the highest resolution shell; cA

cut-off criterion for resolution limits was applied on the basis of the

mean intensity correlation coefficient of half-subsets of each data-

set (CC1/2);
dRcryst ¼ ∑ j Fobs�F calc j =∑ j Fobs j where Fobs and

Fcalc are the observed and calculated structure factor amplitudes,

respectively. Rcryst and Rfree were calculated using the working and

test (randomly chosen reflections) sets, respectively; RMSD, root

mean square deviation.

Fig. 8. Cys-FAD refined 2Fo-Fc electron density contoured at 1.5 σ.
The FAD part is shown with carbon, oxygen, nitrogen, and phos-

phorus atoms in yellow, red, blue, and magenta, respectively. The

covalently linked Cys394 is represented with carbon, oxygen, nitro-

gen, and sulfur atoms in light sea green, red, blue, and green,

respectively. Structure was visualized using USCF ChimeraX [42].
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Activity assays and steady-state kinetics

Activity assays were carried out by the horse radish peroxi-

dase (HRP)-coupled assay in 50 mM HEPES/NaOH buffer

pH 7.5, following the protocol used for human MAOs [28].

The assay mixture contained 0.10 mM 4-aminoantipyrine,

1.0 mM 3,5-dichloro-2-hydroxybenzenesulfonate, and

0.013 mg mL�1 HRP. Initial assays were carried out to

screen different amines as substrates at a final concentration

of 4 mM (Table 2). The reaction was started by adding

1.0 μM MAOTb except for the most active compounds

methyl-hexylamine, n-hexylamine, and n-pentylamine (10 nM

MAOTb) and n-heptylamine (3 nM MAOTb) to avoid signal

overflow. Absorbance changes at 25 °C were monitored at

515 nm (ε515 = 26 mM
�1 cm�1) using a Cary 100 UV–visible

spectrophotometer (Agilent, Santa Clara, CA, USA). This

assay (in 50 mM HEPES/NaOH pH 7.5) was also used to test

the optimal temperature (ranging from 25 to 85 °C) by mea-

suring the kobs with 1.0 mM n-heptylamine and 3 nM

MAOTb. In the same enzyme/substrate conditions, the opti-

mal pH curve was determined in different buffer conditions

(50 mM solutions of sodium citrate, potassium phosphate,

TRIS/HCl, HEPES/NaOH, and CHES/NaOH) at pH values

ranging from 4 to 10. Moreover, the effect of ionic strength

on enzyme activity was tested with 1.0 mM n-heptylamine

and 3 nM MAOTb in 50 mM HEPES/NaOH buffer pH 7.5 by

adding different concentrations (10, 50, 100, and 200 mM) of

salts (MgCl2, MnCl2, CaCl2, KCl, and NaCl).

Steady-state parameters for MAOTb were determined

with the best substrates by monitoring the oxygen con-

sumption using an Oxygraph plus system (Hansatech

Instruments Ltd., Pentney, UK). Measurements were per-

formed in 50 mM potassium phosphate buffer pH 7.5, using

between 0.10 and 1.0 μM enzyme, depending on the sub-

strates, while varying the substrate concentration between

0.10 and 150 mM. The reaction chamber had a total volume

of 1.0 mL, and the sample was constantly stirred

(60 r.p.m.). The reactions were initiated by adding the sub-

strate and subsequently monitored for the initial linear

decrease in oxygen concentration. Data collected were ana-

lyzed by nonlinear regression curve with GraphPad Prism

8.0 software (La Jolla, CA, USA) using Michaelis–Menten

curve model.

Presteady-state kinetics

The rate at which the flavin cofactor of MAOTb was

reduced by substrate was monitored in a nitrogen-purged

Fig. 9. Comparison of monoamine oxidase from Thermoanaerobacterales bacterium (MAOTb) structure with other FAD-dependent amine

oxidases that display structural similarities. (A) Superposition of the Cα trace of MAOTb (light sea green) with human MAO A and MAOca col-

ored in red and blue, respectively. The loops of MAOTb, human MAO A and MAOca (residues 83–124, 91–134, and 82–118, respectively)
delimiting the cavity entrance are highlighted as cartoons. Residues in the core of the active site (numbering of MAOTb is shown) are drawn

as sticks colored according to the Cα trace. FAD is in yellow. The N terminus of MAOTb is indicated by ‘N’ (the C terminus of the protein is

on the back and for the sake of clarity it was not reported). (B) Superposition of the Cα trace of MAOTb (light sea green) with putrescine oxi-

dase from Rhodococcus erythropolis (PuORh) and cyclohexylamine oxidase from Brevibacterium oxydans (CHAO) colored in black and purple,

respectively. As in panel (A), key residues in the active site are shown. Structures were visualized using USCF Chimera [41].
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anaerobic chamber of a SX20 stopped-flow instrument

(Applied Photophysics, Surrey, UK). To assure anoxic

conditions, 625 nM glucose and 1.8 mg/mL glucose oxidase

were added in the enzyme and substrate solutions, after

flushing with nitrogen. The reduction was initiated by mix-

ing 5.0 μM enzyme with n-hexylamine solution with sub-

strate concentrations ranging from 50 μM to 25 mM in

50 mM KPi (pH 7.5) buffer. Upon mixing in the stopped-

flow instrument, changes in flavin absorbance were moni-

tored using the photodiode array detector. Reduction in

MAOTb with each substrate concentration was performed

in triplicate with spectral scans being collected every milli-

second. The obtained data were analyzed using Pro-

Kinetics v1.0.13 (Applied Photophysics, Surrey, UK), and

the determined reduction rates were subsequently analyzed

in GraphPad Prism 6.05 (La Jolla, CA, USA). The reoxi-

dation of MAOTb was measured using the same equipment

where substrate-reduced MAOTb was first prepared by

mixing anaerobically 40 μM MAOTb with 40 μM n-

hexylamine. In the stopped-flow instrument, reduced

MAOTb was mixed with aerobic buffer (50 mM KPi, pH

7.5), resulting in a final oxygen concentration of �120 μM.
The KM of oxygen was probed by monitoring the deple-

tion of molecular oxygen in solution under atmospheric

pressure (240 μM) by the reaction between an excess of

hexylamine (40 mM) with 0.1 μM MAOTb in KPi pH 7.5

(25 °C) using an Oxygraph plus system (Hansatech Instru-

ments Ltd., Pentney, UK).

Protein crystallization and structure elucidation

Crystals of MAOTb were obtained using the sitting drop

vapor diffusion technique by mixing equal volumes of pro-

tein sample (6.5 mg mL�1 in 50 mM potassium phosphate

pH 7.5) and a reservoir solution consisting of 22%–30%
PEG4000, 100 mM TRIS/HCl buffer pH 8.5, 200 mM

MgCl2. Yellow spear-shaped crystals grew in 7–10 days at

20 °C. X-ray diffraction data were collected at the beam-

time X06SA (SLS, Villigen, Switzerland). For data collec-

tion, crystals were transferred into a mother liquor solution

containing 20% (v/v) glycerol and flash-cooled in a stream

of gaseous nitrogen at 100 K. Data processing and scaling

were carried out using XDS [37] and programs of the

CCP4 package [38]. The AlphaFold coordinates of MAOTb

obtained during the genome mining work described above

were employed for molecular replacement using MolRep

from the CCP4 package [38]. Model building and structure

analysis were performed by the program COOT [39],

whereas refinement was carried out by REFMAC5 [40].

Tight noncrystallographic symmetry restraints were applied

in the first refinement calculation. Data collection and

refinement statistics are reported in Table 4. Figures were

created by Chimera and ChimeraX [41,42]. Atomic coordi-

nates and structure factors were deposited with the Protein

Data Bank (PDB code 8P84).
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