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OUTLINE 

My doctoral thesis describes the work carried out in the Structural Biology laboratory at 
University of Pavia, under the supervision of Prof. Mattevi Andrea and Prof. Binda Claudia. 
The core of my research activities was the study of two enzymes by a combination of X-
ray crystallography and enzymology approaches: the human biomedical target Monoamine 
Oxidase (MAO; Chapter 1) and the biocatalytically-relevant UDP-Glucuronic acid 4-
epimerase (BcUGAepi; Chapter 2). Along the thesis, the Chapters will mainly summarize 
the results achieved during my PhD and their scientific implications, while a detailed 
analysis of the experimental work is reported in the articles attached at the end of each 
Chapter. The work on MAOs was organized in three distinct projects that are described in 
sections 1.2, 1.3 and 1.4, as detailed below. 

Human Monoamine Oxidases A and B (MAO-A and MAO-B) are mitochondrial enzymes 
involved in the regulation of catecholamines and other biogenic amines. They have been 
widely studied for their role in neurological diseases but, in the last years, an increasing 
number of studies highlighted the involvement of MAO-A and hydrogen peroxide 
(secondary product of oxidases during the catalytic turnover) in heart diseases and cardiac 
senescence. The aim of the project was the biochemical characterization of engineered 
“oxygen inert” variants of human MAO-A, which were concomitantly tested in cellular 
studies by the group of Prof. Angelo Parini at the Institute of Metabolic and Cardiovascular 
Diseases (Toulouse, France) to probe their effects on ageing mechanisms. The aim of this 
project was to explore the correlation of altered enzyme levels, imbalanced metabolism, 
and reactive oxygen species (ROS) generation with mitochondrial damage, cell 
degeneration, and ageing.  

Human MAOs are established neurological targets and many studies are focused on the 
development of new and selective MAO-A and MAO-B inhibitors. In collaboration with 
Prof. Stanislav Gobec at the University of Ljubljana (Slovenia) and his team, we studied a 
new class of MAOs inhibitors with the general scaffold of 1-propargyl-4-styrylpiperidines. 
Based on cis/trans stereoisomers we aimed at selectively targeting the two isoforms of the 
MAOs. Interestingly, while the cis isomers have shown MAO-A selectivity, the trans 
analogues were potent MAO-B inhibitors. The reaction mechanism of these compounds 
was studied by kinetic analysis, UV-Vis spectrum measurements and X-ray crystallography. 
This represented a unique case of stereoselective activity of cis/trans isomers able to 
discriminate between structurally related enzyme isoforms. 

Diphenylene iodonium (DPI) is a potent inhibitor of a large number of heme- and 
flavoenzymes, widely employed in cellular experiments as a probe for ROS-depending 
processes. In our laboratory, we performed a structural and biochemical analysis of DPI 
with both MAO-A and MAO-B, as these enzymes play an active role in ROS systems. We 
proved that DPI is a reversible and competitive inhibitor of both isoforms of MAOs, these 



 

findings should be carefully considered whenever DPI is used as a modulator of ROS 
signalling and oxidative stress.   

The second part of my PhD was focused on the elucidation of the reaction mechanism of 
UDP-Glucuronic acid 4-epimerase from Bacillus cereus (BcUGAepi). Besides their 
importance in cell biology, the sugar nucleotide syntheses from UDP-Glucuronic acid 
(UDP-GlcA) are of considerable interest for mechanistic enzyme research. This enzyme 
belongs to the well-known Short Chain Dehydrogenases/Reductases (SDR) protein 
superfamily. Despite the protein members of this family share important catalytic features, 
the reaction mechanism of BcUGAepi has never been explored in detail so far. The aim of 
this project was based on the identification and analysis of the catalytic residues involved 
in the substrate and product recognition and a structural comparison with other epimerases 
and decarboxylases of the same SDR family. In this context, Prof. Bernd Nidetzky of the 
University of Graz and his team performed mutagenesis, kinetic studies and synthesis of 
ligands, while in our laboratory we carried out the crystallographic analysis of BcUGAepi. 
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1. Monoamine Oxidases  

1.1 INTRODUCTION 

In 1928 the biochemist Mary Bernheim during her doctorate research at the University of 

Cambridge conducted the first experiment on tyramine oxidases. These enzymes will be 

known in the future as monoamine oxidases (MAOs). Her discovery has been referred to 

as “one of the seminal discoveries in twentieth century neurobiology" (Slotkin 1999). 

MAOs and their role in the metabolism of neurotransmitters and neuroactive molecules 

have been extensively studied in the central nervous system (CNS). The distribution of the 

two isoforms MAO-A/MAO-B is tissue-specific and immunohistochemical studies 

demonstrated that MAO-A is mostly expressed in noradrenergic and dopaminergic 

neurons, while MAO B is more abundant in serotoninergic ones and in glia cells (Westlund, 

Denney et al. 1985, Shih, Chen et al. 1999). During aging, MAO-B levels in the human 

brain increase ∼4−5-fold. Pharmacologically, inhibition of MAOs lead to a global increase 

of neurotransmitter levels, resulting in improved brain activities.  

MAOs represent an important pharmaceutical target widely studied in neurological 

disorders (Binda, Mattevi et al. 2011, Müller, Riederer et al. 2017). In particular, MAO 

inhibitors are clinically used for depression and Parkinson’s disease. (Youdim, Edmondson 

et al. 2006). The latter is prevented by the maintenance of adequate levels of dopamine, 

which allows to delay the L-3,4-dihydroxyphenylalanine (L-DOPA) treatment and its long-

term effects. Extending the rationale to Alzheimer’s disease (AD), MAOs have been used 

in association with cholinesterase inhibitors (licensed treatment for AD) due to their 

neuroprotective effect. In addition, MAOs regulate the levels of neurotransmitters also in 

peripheric districts. Recent papers highlight a new emerging role of MAOs also in non-

neurological diseases. For instance, MAOs are highly expressed in prostate cancer and are 

supposed to be involved in other tumorigenesis events (Gaur, Gross et al. 2019). All these 

aspects underline that a new branch of research is looking for potential lead compounds 

suitable into MAOs non-correlated neurological diseases. In this regard, the isoform-

selective modulation of neurotransmitters still represents a medicinal chemistry challenge. 
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1.1.1 Monoamine Oxidases in Parkinson’s disease 

Neurodegenerative diseases (ND) are disorders in the central nervous system (CNS) 

characterized by the progressive loss of brain cells. The inability of neurons to regenerate 

on their own after severe damage results in abnormal function and, ultimately, cell death. 

ND such as Alzheimer’s (AD), Parkinson’s (PD) and Huntington’s disease, are associated 

with misfolding and dysfunctional trafficking of proteins. In addition, mitochondrial 

dysfunction, oxidative stress, and/or environmental factors have also been implicated in 

neurodegeneration (Sheikh, Safia et al. 2013). In spite of the considerable efforts to define 

the molecular mechanisms underlying neurodegeneration, many features of these 

pathologies remain unclear.  

Current therapies for ND are only palliative and fail to modify and/or halt disease 

progression. Accordingly, the discovery of new and effective drugs with disease-modifying 

capacity is a pressing and unmet clinical need for ND. Originally described in 1817 by the 

English physician James Parkinson, PD is the second-most common neurodegenerative 

disorder (Pfeiffer 2013). PD is clinically characterized by bradykinesia, tremor, rigidity, 

flexed posture, postural instability and freezing of gait. Additionally, PD is also associated 

with many non-motor features such as cognitive deficits, ranging from memory impairment 

to dementia and emotional changes such as depression, anxiety and sleep disturbance. 

These symptoms contribute to the reduced quality of life and the disability associated with 

PD (Chaudhuri, Healy et al. 2006, Langston 2006, Chaudhuri and Schapira 2009). 

Moreover, PD is pathologically characterized by the loss of dopaminergic neurons in the 

substantia nigra (SN), leading to loss of dopamine in the striatum. Symptoms are only 

clinically noticeable when approximately 50-60% of the nigral neurons are lost and about 

80-85% of the dopamine content of the striatum is depleted (Marsden 1996, Fahn, Oakes 

et al. 2004).  

Epidemiologically, age, gender, occupation, residence and family history are important risk 

factors for PD (Pfeiffer 2013). Moreover, the disease is uncommon before age 50 and 

affects 1% of the population above 60 years old (de Lau and Breteler 2006, Tysnes and 

Storstein 2017). European studies based on populations above 55 or 65 years old showed 

relatively little incidence variation, with overall rates between 410 and 529 per 100,000 

person-years (Wirdefeldt, Adami et al. 2011). A study which reports data from six European 

prevalence studies estimated the number of individuals above the age of 50 with PD at 

between 4.1 and 4.6 million in 2005. By 2030 the number was projected to increase up to 

8.7 and 9.3 million (Wirdefeldt, Adami et al. 2011).  Furthermore, several studies have 

reported the existence of a lower prevalence of PD in Africa, Asia and South America, 

when compared to Europe (Wirdefeldt, Adami et al. 2011). Genetic factors are known to 
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cause PD in small numbers of patients with a familial form of the disorder, however two 

theories are often considered in order to explain the sporadic form of PD, namely the 

environmental theory and the genetic theory (Schapira 2007). 

Neuropathological hallmarks of PD include the presence of Lewy bodies (FH 1912) 

(proteinaceous insoluble bodies) containing α-synuclein (α-syn) aggregates (Spillantini, 

Schmidt et al. 1997). α-Syn is a presynaptic neuronal protein that seems to contribute to 

PD pathogenesis, particularly in its abnormal soluble oligomeric conformations, termed 

protofibrils. These toxic aggregates disrupt cellular homeostasis by interference with 

various intracellular targets, ultimately causing neuronal death. Furthermore, α-syn may 

exert harmful effects on neighbouring cells, thus contributing to disease propagation 

(Stefanis 2012). 

Another hallmark of the disease consists of the loss of melanin-containing neurons in the 

midbrain (Oertel 2017). The number of neuromelanin is reduced by about 20% in the 

elderly when compared with age-matched controls, and in PD there is a greater reduction 

in the amount of melanin in the cells of the SN (less than 15%). As a result, the 

neurodegeneration of melanin-containing dopaminergic neurons in the SN leads to a 

marked dopamine deficit in the striatum (Mann and Yates 1983, Oertel 2017). Moreover, 

oxidative stress plays a role in the loss of dopaminergic neurons in PD (Linert, Herlinger 

et al. 1996, Kienzl, Jellinger et al. 1999, Kim, Koh et al. 1999), with hydrogen peroxide 

(H2O2) degrading neuromelanin (Zecca, Tampellini et al. 2001), and reactive oxygen species 

increasing α-syn aggregation (Levin, Högen et al. 2011). However, and despite the 

significant progresses, the exact process that triggers the loss of neuromelanin-containing 

dopaminergic neurons in the SN remains unknown. Nonetheless, it is consensual that 

mitochondrial dysfunction, α-syn aggregation, dysfunction of protein degradation, 

endoplasmic reticulum stress, neuroinflammation, excitotoxicity, apoptosis and oxidative 

stress (Figure 1) are all involved in neurodegenerative processes.(Carlsson 1959, Kienzl, 

Jellinger et al. 1999, Herrera, Muñoz et al. 2017) 
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Dopamine (DA) is a precursor of noradrenalin and adrenaline (Beaulieu and Gainetdinov 

2011). The main function of DA is the transmission of signals between brain cells (Emerit, 

Edeas et al. 2004). Neurons communicate with other cells through a synaptic cleft via 

transmission of electric signals, in which neurotransmitters such as DA are involved. After 

neurotransmitter molecules are released from the presynaptic dopaminergic neuron into 

the synaptic cleft, they consequently diffuse to the postsynaptic neuron, where they can 

then bind to a special receptor on the membrane of the postsynaptic neuron (Figure 2) 

(Mason 2011). After its reuptake by presynaptic neurons, DA can be recycled and stored 

in vesicles, or converted to 3,4-dihydroxyphenylacetaldehyde (DOPAL) by the action of 

monoamine oxidase-B, followed by the formation of dihydroxyphenylacetic acid 

(DOPAC), by aldehyde dehydrogenase (ALDH) (Figure 2). On the other hand, within glial 

cells, DA is converted into homovanillic acid (HVA) by the action of catechol-O-

methyltransferase (COMT), MAO-B and ALDH (Figure 2). The reabsorption of DA is 

achieved through a high-affinity transporter, named dopamine transporter. 

 

 

Figure 1. Etiology and pathogenesis in Parkinson’s Disease. (Adapted from Harrison's Principles of 

Internal Medicine) 
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1.1.2 Monoamine Oxidase A in cardiac physiology and oxidative stress  

Monoamine oxidases play an active role in the degradation of the neurotransmitters 

serotonin, dopamine and norepinephrine. In particular, serotonin is mainly oxidized by 

MAO-A, dopamine by MAO-B whereas catecholamines are metabolized by both isoforms. 

Besides their functions in the central nervous system, a growing interest aroused on the 

role of these enzymes in the regulation of neurotransmitters in the peripherical tissues, in 

particular in the heart. Cardiovascular diseases (CVDs) are the major causes of death in the 

western world and a lot of efforts are invested to discover new druggable targets for the 

cardiovascular drug market that raised more than $92.5 billion in 2019. Although both 

isoforms are present in the heart, it is reported that the expression of MAO-A in 

cardiomyocytes increases in different pathological situations including cardiac hypertrophy 

or hypertension (Pino, Failli et al. 1997, Manni, Zazzeri et al. 2013). MAO-A might 

contribute triggering these cardiac diseases through two principal mechanisms: the first is 

represented by the regulation of norepinephrine and serotonin concentration, the second 

is the intracellular production of reactive oxygen species (ROS).   

The release of norepinephrine by cardiac sympathetic nerve has a positive chronotropic 

and inotropic effects, thus the increase in the sympathetic nervous system (SNS) activity 

has been reported in heart failure (HF) combined with a reduced re-uptake by neuronal 

Figure 2. Dopamine metabolism and neurotransmission. 
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norepinephrine transporter (NET) (Eisenhofer, Friberg et al. 1996). Even serotonin can be 

produced by coronary endothelial cells and mouse cardiomyocytes (Pönicke, Gergs et al. 

2012, Rouzaud-Laborde, Hanoun et al. 2012) regulating different cardiac functions. 

Remarkably, it is reported that the concomitant increase of serotonin and 5-hydroxyindole 

acetic acid (5-HIAA) levels was corelated with different pathological events in the heart. 

The relationship between increase in substrate concentrations and MAO-A activity is 

particularly evident in the case of cardiac ischemia–reperfusion where both MAO-A 

substrates norepinephrine (Akiyama and Yamazaki 2001) and serotonin (Du, Zhan et al. 

2017) and their respective products 5-HIAA and dihydroxyphenylglycol (DHPG) increased 

significantly. The overexpression of MAO-A represents a mechanism of compensation due 

to higher levels of these neurotransmitters. However, this phenomenon might be 

responsible for the overproduction of hydrogen peroxide (H2O2) and subsequent oxidative 

stress. Substrate concentration and/or MAO-A overexpression could promote an increase 

of the hydrogen peroxide levels and these situations can coexist in the same pathology.  

In physiological situations, H2O2 acts as a molecular signalling but the overproduction can 

trigger a variety of adverse effects. Only recently it has been demonstrated that MAO-A 

activity and subsequent ROS overproduction is associated with cardiac aging. (Maurel, 

Hernandez et al. 2003, Villeneuve, Guilbeau-Frugier et al. 2013, Manzella, Santin et al. 

2018). The physiologic changes of human cardiac aging mainly include left ventricular 

hypertrophy, diastolic dysfunction, increased cardiac fibrosis and this condition is strongly 

associated with mitochondrial disfunction. All these effects were observed with high levels 

of MAO-A activation and H2O2 generation leading to cell death or heart failure. 

Alternatively, cells exposed to sublethal doses of oxidative stress can undergo another type 

of response called “senescence”(Childs, Baker et al. 2014). Cell senescence is a process 

characterized by irreversible cell-cycle arrest, resistance to apoptosis, and release of 

bioactive factors (cytokines, chemokines and proteases) known as the senescence-

associated secretory phenotype (SASP). Thus, depending on the level of ROS production, 

MAO-A can initiate different types of cellular responses in cardiomyocytes (Manzella, 

Santin et al. 2018) (Fig. 3). The p53 protein seems to be a major mediator of MAO-A-

dependent response in these contexts, being at the hub of many signalling pathways, p53 

could either drive senescence or necrosis, based on the intensity of MAO-A activation. 
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1.1.3 The crystal structure of Monoamine Oxidases   

In general, the FADox oxidizes the amine substrate by hydride transfer and the resulting 

FADred is then re-oxidized by molecular oxygen which represents the final electron 

acceptor, converted into hydrogen peroxide. The resulting imine is non-enzymatically 

hydrolysed into the corresponding aldehyde after its release from the enzyme. Thus, the 

final products of the reaction are the aromatic aldehyde, NH4+ and H2O2 (Fig. 4).   

 

Monoamine oxidases are 60-kDa monotopic flavoenzymes anchored to the outer part of 

the mitochondrial membrane. MAO-A and MAO-B share the 70% of sequence identity, 

both enzymes catalyze the oxidation of primary, secondary and tertiary amine substrates 

Figure 3. MAO-A activity effects in physiological and pathological situations (Mialet-Perez, Santin et al. 

2018) 

 

Figure 4. Scheme of the enzymatic reaction catalyzed by MAOs. Benzylamine is showed as substrate 

model. 
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through an FAD-dependent mechanism where the final electron acceptor is oxygen which 

is converted into hydrogen peroxide (Ramsay and Albreht 2018). When the substrate is 

located in the active site within the “aromatic cage” of the two tyrosine located 

perpendicularly to the FAD co-factor (Li, Binda et al. 2006), the amine group is perfectly 

oriented toward the N5 atom of the flavin cofactor. The latter is covalently bound through 

an 8α-thioether linkage to Cys397 (MAO-B) or Cys406 (MAO-A). Compared to other 

flavoenzymes, the MAO flavin ring exists in “bent” conformation rather than the more 

common planar configurations about the N(5)−N(10) axis (Edmondson, Binda et al. 2009). 

This peculiar conformation has a higher redox potential enabling the oxidation of the low-

reactive C-N bond.  

In 2002 the first crystal structure of human MAO-B was determined, and much progress 

has been made to identify the main catalytic features of these enzymes. In the review 

attached at the end of section 1.1 (“The structure of monoamine oxidases: past, present, 

and future” published on Journal of Neural Transmission) we describe in detail the 

structural properties of MAOs. In addition to the active site, a thorough analysis is reported 

on MAO dimeric organization and on the interaction with the membrane. This aspect is 

also discussed in relation to the usage of detergents not only for the protein extraction but 

also for the crystallization conditions. We also analysed how the development of new 

detergents has had a huge impact in the resolution of membrane protein crystallographic 

structures. 

 

 

 

 

 

 

 

 

 

 



Biochemical and structural studies on Monoamine Oxidases and UPD-Glucuronic acid 4-

epimerase 

 

9 

 



Luca Giacinto Iacovino 

 

 

10 

 



Biochemical and structural studies on Monoamine Oxidases and UPD-Glucuronic acid 4-

epimerase 

 

11 

 



Luca Giacinto Iacovino 

 

 

12 

 



Biochemical and structural studies on Monoamine Oxidases and UPD-Glucuronic acid 4-

epimerase 

 

13 

 



Luca Giacinto Iacovino 

 

 

14 

 



Biochemical and structural studies on Monoamine Oxidases and UPD-Glucuronic acid 4-

epimerase 

 

15 

 



Luca Giacinto Iacovino 

 

 

16 

 



Biochemical and structural studies on Monoamine Oxidases and UPD-Glucuronic acid 4-

epimerase 

 

17 

 



Luca Giacinto Iacovino 

 

 

18 

 



Biochemical and structural studies on Monoamine Oxidases and UPD-Glucuronic acid 4-

epimerase 

 

19 

 



Luca Giacinto Iacovino 

 

 

20 

 



Biochemical and structural studies on Monoamine Oxidases and UPD-Glucuronic acid 4-

epimerase 

 

21 

 



Luca Giacinto Iacovino 

 

 

22 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Biochemical and structural studies on Monoamine Oxidases and UPD-Glucuronic acid 4-

epimerase 

 

23 

1.2 MONOAMINE OXIDASE A AND CARDIAC SENESCENCE 

As previously described in the Introduction Chapter, the oxidative de-amination of MAOs 

substrates involves the production of ammonia and hydrogen peroxide as secondary 

product of the reaction. The latter is physiologically important for governing life processes 

through redox signalling as it acts as second messenger in different pathways. However, 

when hydrogen peroxide levels go beyond a certain limit, they may represent a dangerous 

source of reactive species of oxygen (ROS) through the Fenton reaction triggering 

deleterious mechanisms for the cell, including mitochondrial damage and cell death. ROS 

are extremely reactive species that might irreversibly interact with biomolecules important 

for cell life. The over-expression of MAO-A in heart cells occurring during ageing is 

correlated to cardiac senescence in the elderly population and it represents one of the major 

sources of H2O2 in cardiomyoblasts. By a combination of enzymology and cell biology, we 

analysed the impact of MAO-A enzymatic activity and H2O2 production on the 

cardiomyocytes dysfunction and senescence. To do that, we exploited the structural 

features of the enzyme to develop different MAO-A mutants unable to produce hydrogen 

peroxide and use them as “molecular tools” probing MAOs role in the oxidative stress. In 

particular, we have selectively mutated the Lys305 of MAO-A that is directly involved with 

O2 reactivity (Fig. 5). This work is reported in the article “Rational redesign of Monoamine 

Oxidase A into a Dehydrogenase to probe ROS in Cardiac Aging” published on the ACS 

Chemical Biology journal (attached at the end of this section). 

 

Figure 5. Crystal Structure of human MAO-A in complex with Harmine inhibitor (PDB code 2Z5X). A 

water molecule represented as red sphere is hydrogen bonded with K305 and the flavin N(5) ring. FAD 

and Harmine carbons are in yellow and green, respectively. The backbone trace is shown as wheat ribbon. 
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Lys305 is a highly conserved residue of flavoprotein amino oxidases superfamily. In several 

structures, this lysine forms a hydrogen bond with a water molecule that is hydrogen 

bonded in  turn to the flavin N5 atom (Henderson Pozzi and Fitzpatrick 2010). This 

represents the putative binding site of the oxygen molecule involved in the FAD 

reoxidation. As shown in Fig. 5, Lys305 is lying on the top of the flavin, far from the active 

site cavity. Thus, mutation of this residue was not supposed to affect substrate recognition. 

The ratio behind was to selectively act on the FAD reoxidation half reaction without 

altering the binding of the amine substrate. Previous studies showed that mutation of this 

lysine residue abolishes the catalytic activity of this class of amine oxidases (Zhao, Bruckner 

et al. 2008, Henderson Pozzi and Fitzpatrick 2010), but the exact effects of this alteration 

were not analyzed in detail. 

Different Lys305 MAO-A mutants were cloned, expressed and purified in our structural 

biology laboratory. To investigate the reactivity of these mutants and the production of 

hydrogen peroxide, the Horseradish Peroxide (HRP) Amplex Red coupled assay was used 

(Fig. 6). This coupled reaction exploits the hydrogen peroxide produced by MAOs which 

in turn triggers the HRP activity, whose product (Resorufin) can be spectrophotometrically 

detected at 515 nm (ε515 = 24000 M-1 cm-1) (Vojinović, Azevedo et al. 2004). 

 

 

 

 

We focused our attention on the methionine mutant K305M that was fully characterized 

through biochemical and cellular experiments in aerobic and anaerobic conditions. This 

variant was selected as methionine is structurally similar to lysine (including the length of 

the side chain), though it lacks the amino group H-bonded to the water molecule and, 

Figure 6. Reaction scheme of the Horseradish Peroxide. 
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possibly, the positive charge that favours oxygen binding (Chaiyen, Fraaije et al. 2012). 

Steady-state experiments in aerobic conditions on K305M variant showed that Km (which 

indicates substrate binding affinity) was not affected by the mutation, but the enzyme 

activity (kcat) was 200-fold lower compared to wild type, due to the lower reactivity with the 

oxygen. In collaboration with Prof. Maria Antonietta Vanoni (University of Milan), the 

FAD reactivity of K305M was also tested in anaerobiosis conditions removing any trace of 

molecular oxygen in the MAO-A solution. This isolated system allowed to measure UV-

vis spectra of the enzyme during FAD reduction by substrate and coenzyme reoxidation 

by oxygen (or other electron acceptors). The time course of FAD reduction/oxidation was 

monitored at the maximum absorption at 456 nm (ε456 = 12000 M-1 cm-1) and the results 

are reported in Fig. 7. 

 

 

Figure 7. Spectrophotometric measurements of MAO-A wt and K305M mutant activity under 

anaerobiosis conditions. (adapted from Iacovino et al. 2020) (A) Flavin reduction was obtained by 

anaerobically addition of tyramine substrate; reoxidation by molecular oxygen was monitored for 

the K305M mutant (red) compared to the wild-type enzyme (black). (B) K305M flavin reoxidation 

by benzoquinone (left panel) and coenzyme Q0. UV−vis spectra of the oxidized, photoreduced, and 

reoxidized K305M mutant are depicted as continuous black, dashed black, and gray lines, 

respectively (adapted from Iacovino et al. 2020). 
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In the presence of tyramine as substrate, enzyme reduction (Fig. 7A left panel) was fully 

achieved by both wild type and K305M mutant in a few minutes whereas a complete 

reoxidation of the coenzyme by oxygen was 10-fold slower for the mutant compared to 

the wild time (Fig. 7A right panel). These results highlighted that the mutant is able to bind 

and oxidize amines similarly to wild type but it is impaired in FAD reoxidation by oxygen.   

We also tested the reactivity of K305M mutant with electron acceptors different from the 

molecular oxygen, specifically benzoquinone and Coenzyme Q0. In this case, the FAD 

reduction was photoinduced to avoid multiple turnovers and also to avoid unspecific 

interactions of amine substrate (highly prone to a direct electron transfer) with these 

alternative electron acceptors. The profile of the photoreduced enzyme is consistent with 

a mixture of the anionic semiquinone and hydroquinone flavin forms that were previously 

observed for MAOs (Arslan and Edmondson 2010). It was already known that quinones, 

widely diffused in the mitochondrial environment, display binding affinity for MAO A 

(Ramsay, Dunford et al. 2007, Paudel, Seong et al. 2019). We found that in anaerobic 

conditions quinones are able to regenerate the FAD in its oxidized form, which is thus 

ready for another catalytic cycle. Given the interesting biochemical features of K305M, this 

mutant represented the main candidate to be tested in cellular assays to probe the effects 

of an enzymatically active MAO-A that does not produce hydrogen peroxide. K305M 

variant was over-expressed in cardiomyoblasts through adenoviral vectors and the enzyme 

activity was compared with MAO-A wild type. The cellular experiments were carried out 

by the group of Prof. Angelo Parini at INSERM Toulouse (France). Consistently with the 

results obtained on the purified enzyme, in cardiomyoblasts this mutant showed an 

enzymatic activity similar to MAO-A wild type (measured by radiolabelled serotonin assay), 

but lower production of ROS and reduced senescence markers.  

These results highlighted a potentially new pharmacological role of MAOs, until now 

limited to neurological diseases. Indeed, a specific therapy targeting MAO-A in heart may 

be used to mitigate cardiac aging and heart failure in some frailty conditions of aged 

patients. 
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1.3 STEREOSELECTIVE INHIBITION OF MAO-A AND MAO-B BY 1-PROPARGYL-4-

STYRYLPIPERIDINE ANALOGUES 

Monoamine Oxidase B inhibitors represent an established pharmaceutical treatment for 

neurological diseases such as Parkinson’s disease. Given the high structural similarity 

among the two MAOs isoforms, a lot of effort has been made to develop new specific 

MAO-B inhibitors. To this aim, Prof. Stanislav Gobec and his team at the University of 

Lubijana synthetized and screened a wide library of irreversible inhibitors based on the 

scaffold of 1-propargyl-4-styrylpiperidines with different affinities between MAO-A and 

MAO-B. Compound 1 (Fig. 8A) was identified as a potent and selective MAO-B inhibitor 

(IC50 = 0.34 µM) with very low affinity for MAO-A (IC50 = 100 µM). These ligands 

incorporate a propargyl-amine function prone to generate an irreversible adduct with the 

N5 atom of the flavin ring (Fig. 8A) (Binda, Hubálek et al. 2004) which can be detected 

spectrophotometrically. After incubation with compound 1, the typical FAD absorbance 

spectrum characterized by a double peak at 370 nm and 456 nm is modified into a single 

peak at 415 nm (Fig. 8B). IC50 determination of the hit compound 1 and the respective 

analogues (as well as the measurement of Ki values performed during my PhD as described 

in the next pages) was carried out on both MAO-A and MAO-B using the HRP coupled 

assay (Fig. 6). 

 

A 

B 

Figure 8. (A) Chemical structure of compound 1 and UV-vis spectra of MAO-B flavin before (black 

line) and after (grey line) incubation with compound 1. (adapted from Knez, Colettis, Iacovino et al. 

2020) (B) General reaction scheme of propargyl-amines with FAD leading to the covalent adduct to 

the N(5) atom of the flavin ring. 
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The most important structure activity relationships (SAR) of the screening campaign 

performed by Prof. Gobec’s group are summarized in Figure 9.  

 

While the cis double bond isomers are potent MAO-A inhibitors, the trans analogues 

selectively target only MAO-B. This arises from the differences of active site size and shape, 

and the different amino acid residues involved for the ligand stabilization. In particular, 1,4 

disubstituted piperidines with the double bond in trans conformation resulted 5-fold more 

potent than 1,3 disubstituted piperidines and MAO-B selective. Remarkably, the reduction 

of the trans double bond into the ethyl linker does not affect the selectivity of the target. 

The presence of either halogen atoms or small aliphatic chain on the phenyl ring position 

4 increased further the MAO-B inhibition. On the other hand, the 1,4 disubstituted 

piperidines with the double bond in cis conformation are potent and selective MAO-A 

inhibitors. The presence of H, F or CF3 substituents on the phenyl ring in position 4 is 

tolerated for MAO-A selectivity. 

In the framework of this project, our laboratory was involved to investigate in more detail 

the inhibition properties of the most promising compounds identified from this screening. 

We performed the structural and biochemical characterization of this new class of MAO 

inhibitors, which was published in the article “Stereoselective Activity of 1‑Propargyl-4-

styrylpiperidine-like Analogues That Can Discriminate between Monoamine Oxidase 

Isoforms A and B” in Journal of Medicinal Chemistry attached at the end of this section.  

First, steady-state experiments in presence of benzylamine (MAO-B) and kynuramine 

(MAO-A). Compound 1 (Fig. 10A), 84 (Fig. 10B) and 97 (Fig. 10C) showed selectivity 

against MAO-B with inhibition constant (Ki) of 1.92 µM, 1.25 µM and 1.36 µM, 

Figure 9. Structure activity relationships of the stilbene-like scaffold MAOs inhibitors (adapted from 

Knez, Colettis, Iacovino et al. 2020). 
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respectively. MAO-A inhibitors analysis was limited to the compound 69 with comparable 

activity to clorgyline (Ki = 0.23 µM), irreversible MAO-A selective inhibitor (De Colibus, 

Li et al. 2005) (Fig. 10D). To investigate the binding mode of these compounds, 

crystallization experiments were carried out with compounds 1, 84 and 97 according to 

previous protocols (Binda, Hubálek et al. 2004). The crystallographic analysis allowed to 

inspect in detail the SARs of stilbene-like scaffold MAO-B inhibitors and increase the 

inhibitor potency stabilizing protein-ligand interactions. As reported in Figure 10 A-C, the 

electron density map clearly shows that the compound 1, 84 and 97 are bound into the 

active site of the enzyme supporting the competitive inhibition mechanism provided by 

steady state experiments. Moreover, the electron density highlighted the covalent adduct 

with the N5 atom of the flavin ring. The trans double bond of compound 1 and 84 perfectly 

fits the flat and elongated cavity of MAO-B, whereas the ethyl linker in 97 determines a 

more folded conformation of the inhibitor, though orienting the compound similarly to 

the other inhibitors. The hydrophobic pocket designed by Ile316, Leu164, Phe103, Trp119, 

is able to host halogen atoms (compound 1, 84) and small aliphatic chains (compound 97) 

bound to the position 4 of the phenyl ring. The presence of these small hydrophobic 

substituents further increases the inhibition effect on MAO-B. The selective inhibition of 

these compounds was tested ex-vivo in mouse brain homogenates whereas the therapeutical 

potential of 1-propargyl-4-styrylpiperidines was evaluated with additional in vivo 

experiments in mice. The biological analysis was carried out by prof. Mariel Marder of the 

University of Buenos Aires and her team. 
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In summary, we gave the first characterization of these 1-propargyl-4-styrylpiperidines as 

potential scaffold in the design of pharmaceutical compounds that can be used to 

selectively target MAOs. Several examples of stereoselective activity with optical isomers 

are present in literature (Kasprzyk-Hordern 2010, Brooks, Guida et al. 2011). Remarkably, 

this studio represented a very peculiar case where it was possible to discriminate among 

two enzyme isoforms based on the cis/trans stereoselective activity of this series of  

inhibitors.   

D 

97 84 1 

69 

Figure 10. Crystal structures of the active site of hMAO-B-inhibitor complexes. The hMAO-B active site 

cavity is shown as a gray surface, whereas the protein residues are depicted in cyan. Water molecules are 

red spheres whereas hydrogen bonds are represented with dashed lines. The FAD cofactor is drawn as 

yellow sticks. The inhibitor molecule bound in the hMAO-B active site cavity is shown as sticks, with 

carbon, nitrogen, and fluorine in magenta, blue, and black, respectively. The refined 2Fo − Fc electron 

density map is shown in blue mesh for the inhibitor and the FAD molecules. (A) Active site of hMAO-B 

in complex with 1 (2.3 Å). (B) Active site of hMAOB in complex with 84 (1.7 Å). (C) Active site of hMAO-

B in complex with 97 (2.3 Å). (D) Chemical structure of compound 1, 84, 97 and 69 (adapted from Knez, 

Colettis, Iacovino et al. 2020). 
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1.4 MONOAMINE OXIDASE-B AND DIPHENYLENE IODONIUM 

Diphenylene iodonium (DPI) is an antioxidant and reactive oxygen species (ROS) 

scavenger compound with very interesting biochemical features, widely used as 

flavoenzyme inhibitor in cellular studies (Holland and Sherratt 1972, Mandriota, Pyke et al. 

2000, Paudel, Lewis et al. 2019) (Figure 11).  

 

 

DPI is endowed with a pan-flavoenzyme inhibitory activity, several biochemical studies 

elucidated the irreversible radical mechanism by which DPI binds the reduced form of the 

FAD leading to a covalent adduct with the flavin ring (Chakraborty and Massey 2002, Lu, 

Risbood et al. 2017). Due to this high reactivity, DPI has also been described as inhibitor 

of several heme-containing enzymes such as NADPH oxidases (NOXs) (Ogrunc, Di Micco 

et al. 2014, Ju, Ying et al. 2017, Paudel, Lewis et al. 2019) and cytochrome P-450 reductase 

(Chakraborty and Massey 2002), irreversibly reacting with the reduced form of the heme 

group. Considering the main relevance of this compound in ROS-biology and the 

functional similarity of MAOs and NOXs in different ROS systems, we probed the 

reactivity of DPI with both MAO-A and MAO-B through biochemical and crystallographic 

experiments. This work is reported in the article “Diphenylene Iodonium Is a Noncovalent 

MAO Inhibitor: A Biochemical and Structural Analysis” published in ChemMedChem 

journal and attached at the end of this section. 

Monitoring the FAD UV-vis spectra of the DPI-bound MAO-A and MAO-B 

unequivocally clarified that this compound represented a non-covalent inhibitor of MAOs 

as in anaerobic conditions no evidence of covalent adducts were shown in the FAD spectra. 

Moreover, steady-state experiments showed that MAO-A and MAO-B were inhibited by 

DPI without evident selectivity with Ki values of 1.7 and 0.3 µM, respectively. To this aim, 

we used 1-methyl-4-(1-methyl-1H-pyrrol-2-yl)-1,2,3,6-tetrahydropyridine (MMTP) whose 

oxidation can be monitored spectrophotometrically (ɛ420= 24000 M-1cm-1) (Yu and 

Figure 11. Chemical structure of DPI. 
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Castagnoli 1999). The reaction pathway of the MMTP oxidation proceeds via MAO 

catalysed α-carbon oxidation of the MMTP amino group, followed by autoxidation of the 

intermediate 1 and subsequent solvent deprotonation yielding the MMTP oxidized (Fig. 

12) that is detected spectrophotometrically.  

 

MMTP is an analogue of the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), a 

compound that causes permanent symptoms of Parkinson’s disease in humans and animal 

models destroying dopaminergic neurons in the substantia nigra of the brain (Chiba, Trevor 

et al. 1984, Heikkila, Hess et al. 1984, Langston, Irwin et al. 1984). In this studio, we used 

MMTP as unspecific substrate for both MAOs monitoring the enzyme reaction in the 

presence of the DPI inhibitor. The advantage of this direct assay is to avoid non-specific 

interference of the inhibitor with other enzymes compared to the more widely used HRP 

coupled assay, where the hydrogen peroxide produced by MAOs is exploited (Reis, Massari 

et al. 2020). To complete our analysis, we also performed X-ray crystallographic studies of 

DPI in complex with MAO-B (1.8 Å). High-resolution crystal structure showed that DPI 

is bound into the MAO-B active site in front of FAD with no evidence of a covalent adduct 

with the flavin ring (Fig. 13). As a classic reversible and competitive MAO-B inhibitor, DPI 

is oriented perpendicularly to FAD within the “aromatic cage” Tyr398 and Tyr435, without 

perturbing the well-known position of the residues involved in substrate recognition. DPI 

is mainly stabilized by hydrophobic interactions (Van der Vaals bonds and π-π stacking) 

with the residues shaping the active site. Strikingly, the electron density highlights that one 

of the two carbon-iodine bond is missing, potentially caused by radiation damage 

accumulated during the X-ray data collection (Garman and Weik 2019).  

1 2 

Figure 12. MMTP substrate oxidative reaction catalyzed by MAO. 
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This study showed that DPI inhibition mechanism clearly diverges between NOXs (and 

other flavoenzymes) and MAOs. In the first case, DPI inhibition proceeds through an 

uncompetitive mechanism in which the reduced state of FAD is necessary, whereas in 

MAOs DPI competes with substrate in the active site without any direct covalent binding 

to the FAD. These findings suggests that whenever DPI is used as a modulator of ROS 

signalling with NOXs or other flavo/heme systems susceptible to its activity, it should also 

be taken in consideration that it represents a good MAO inhibitor. 

 

 

 

 

 

Figure 13. DPI binding to the active site of MAO B (protein residues shown in cyan). The weighted   

2Fo-Fc electron density for FAD and DPI is shown in blue mesh representation. The iodine atom of 

DPI can be unambiguously located by its strong electron density peak visible also at the contour level 

of 20 σ (red). The iodine of DPI is localized between Tyr398 and Tyr435 (adapted from Iacovino, Reis 

et al. 2020). 
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2. UDP-Glucuronic acid 4-epimerase 

2.1 INTRODUCTION  

Uridine 5’-diphosphate α-D-glucuronic acid (UDP-GlcA) represents a common substrate 

for C4-epimerases and decarboxylases releasing UDP-galacturonic acid (UDP-GalA) and 

UDP-pentose products, respectively. In particular, it acts as precursor of three important 

monosaccharides (D-galacturonic acid, D-xylose, D-apiose) required in cell wall 

polysaccharides biosynthesis (Reiter 2008, Reboul, Geserick et al. 2011). Besides their 

importance in cell biology, the sugar nucleotide syntheses from UDP-GlcA are of 

considerable interest also in biocatalysis (Meng, Du et al. 2019).   

UDP-Glucuronic acid 4-epimerase (UGAepi), UDP-xylose synthase (UXS) and UDP 

apiose/xylose synthase (UAXS) are three enzymes yielding different products using UDP-

GlcA as substrate (Fig. 14). They all belong to the Short Chain Dehydrogenase/Reductase 

(SDR) protein superfamily. Despite the low sequence identity between the SDR members 

(about 15-30%), the 3D structures show a conserved Rossmann-fold with highly similar 

α/β folding pattern and a central β-sheet. The general mechanism of reaction of SDR 

members superfamily involves a very conserved catalytic triad of Ser, Tyr, Lys residues and 

the nicotinamide ring (NAD+) as cofactor. This triad forms the framework for a proton 

relay transfer including the 2’-OH of the NAD+. UGAepi, UXS and UAXS’s first catalytic 

step promotes the UDP-substrate oxidation catalysed by the proton abstraction of the Tyr 

at hydroxyl group at the position C4’, and subsequent hydride transfer from UDP-GlcA to 

NAD+. The UDP-4-keto-hexose-uronic acid generated is extremely instable and undergoes 

different pathways depending on the enzyme reaction. Among these, UGAepi is the only 

one able to prevent the substrate decarboxylation (Fig 14). Further, this enzyme catalyses 

the hydride re-addition at the C4’ to achieve the UDP-Galacturonic acid switch in 

stereochemistry. While the mechanistic properties of UXS and UAXS have been studied 

in detail (Eixelsberger, Sykora et al. 2012, Eixelsberger, Horvat et al. 2017, Savino, Borg et 

al. 2019), the reaction catalyzed by UGAepi was still unexplored. 
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The hypothesis that the UGAepi reaction occurs through the 4-keto-intermediate was 

supported by the inference to UDP-galactose 4-epimerase (GALE) reaction. GALE 

represents mechanistically the best characterized epimerase of SDR superfamily, the 

enzyme reaction promotes the interconversion of UDP-Glucose into UDP-Galactose. The 

epimerization mechanism occurs through a 180° degrees rotation of the 4-keto 

intermediate that shows the opposite face of the sugar for the second step of reduction by 

NADH (Thoden and Holden 1998). A similar rotation of the 4-keto intermediate was 

assumed also for UGAepi, but this has not been demonstrated so far.  

Except for Ser/Tyr/Lys catalytic triad that are conserved residues of both UGAepi and 

UXS/UAXS decarboxylases, the other residues involved in substrate recognition are highly 

variable, despite sharing the same substrate. These enzymes have to face the challenge of 

combining substrate specificity with plasticity in properly positioning the 4-

ketointermediate, thus implying a fine coordination of each chemical step of the enzymatic 

reaction to generate the different products. Another issue is to understand how UGAepi is 

able to preserve the very unstable 4-keto uronic acid intermediate from decarboxylation. 

Indeed, UGAepi substrate affinity analysis reveals that the C5’ carboxylate group of UDP-

GlcA is extremely important for substrate recognition. This observation represents an 

important point of divergency with GALE because it exhibits roughly the same binding 

Figure 14. Reactions carried out by UDP-glucuronic acid epimerase (labelled UGAepi), UDP-xylose 

synthase (UXS) and UDP-apiose/xylose synthase (UAXS) using UDP-GlcA as substrate. The same 4-

ketohexose-uronic acid intermediate yields different products that are specific for every enzyme 

(adapted from Iacovino et al. 2020).  
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affinity with a variety of substrate analogues. Instead, UDP-sugar substrates without this 

carboxylate group are either inactive or give a strong decrease in the enzyme activity of 

UGAepi (Muñoz, López et al. 1999, Gu and Bar-Peled 2004, Broach, Gu et al. 2012).  

Production of recombinant UDP-Glucuronic acid epimerases from plants and bacteria 

showed several difficulties (Feingold, Neufeld et al. 1958, Muñoz, López et al. 1999, 

Frirdich and Whitfield 2005), thus complicating their enzymatic characterization. Prof. 

Bernd Nidetzky at the University of Graz and his research group identified a new UDP-

GlcA epimerase from Bacillus cereus HuA2-4 (BcUGAepi). Compared to other epimerases, 

this enzyme could successfully expressed in E. coli and represented the perfect candidate 

for a thorough biochemical characterization (Borg, Dennig et al. 2020). In our lab, we 

determined the crystal structure of BcUGAepi with different substrate analogs bound, 

which highlighted the enzymatic mechanism of the reaction. This work is described below 

and reported in detail in the article “Crystallographic snapshots of UDP-glucuronic acid 4-

epimerase ligand binding, rotation and reduction” published in Journal of Biological 

Chemistry and attached at the end of this Chapter. 

2.2 ELUCIDATION OF THE UDP-GLUCURONIC ACID 4-EPIMERASE MECHANISM OF 

REACTION 

This work highlighted many aspects of UDP-glucuronic acid epimerases through a detailed 

crystallographic analysis of BcUGAepi elucidating the different steps of the reaction. The 

first crystal structure was solved in presence of NAD+ (2.2 Å) (Fig. 15), tightly bound to 

the enzyme during the entire purification process, that acts as non-dissociable prosthetic 

group (Liu, Vanhooke et al. 1996, Kavanagh, Jörnvall et al. 2008, Eixelsberger, Sykora et 

al. 2012). As for other SDR family member, BcUGAepi is assembled as a homodimer 

stabilized by a hydrophobic patch of four adjacent α-helices (Gatzeva-Topalova, May et al. 

2005, Savino, Borg et al. 2019). The N-terminal domain shows a typical Rossmann fold 

motif where NAD+ is fully embedded within the protein, whereas the C-terminal domain 

provides the binding site for the UDP-GlcA substrate (Fig. 15). The active site is located 

at the interface between the NAD+ and UDP-GlcA domains (Thoden, Frey et al. 1996, 

Thoden, Frey et al. 1996, Thoden, Frey et al. 1996). 
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In the free enzyme (i.e. no ligand bound), two loops (86-91 and 269-276) that belong to 

the C-terminal catalytic domain are totally disordered (Fig. 16 A). With its many hydrogen 

bonds, the UDP motif triggers the re-organization of these two loops and reveals the cavity 

where the sugar substrate will be hosted. This feature underlines that UDP is not only an 

accessory part of the substrate but it is fundamental in substrate recognition. Indeed, 

BcUGAepi is totally inactive with glucuronic acid as substrate. To inspect the binding mode 

of UDP-GlcA in the active site, BcUGAepi was co-crystallized in presence of an excess of 

the substrate (1.8 Å). The electron density clearly shows that the sugar motif laying on top 

of the nicotinamide ring., the fine geometry and the distance of 3.2 Å promotes the hydride 

transfer from NAD+ to the C4’ of UDP-GlcA (Fig. 16 A). Remarkably, the BcUGAepi 

active site is characterized by an extensive network of hydrophilic residues that have found 

the perfect counterpart with the 2’-OH, 3’-OH, 4’-OH hydroxyl groups and the 5’ carboxyl 

group (Fig. 16 B-C). In particular, the 4’-OH is hydrogen bonded with Tyr149 that catalyses 

the proton abstraction and subsequent 4-keto-intermediate generation. Tyr149 mutation 

into phenylalanine (Y149F) causes a drastic drop of the epimerization activity (Liu, Thoden 

et al. 1997, Berger, Arabshahi et al. 2001) whereas it has a little impact on the sugar binding. 

Figure 15. The overall structure of the dimeric UDP-glucuronic acid 4-epimerase from Bacillus cereus. 

The NAD+ and UDP-GlcA carbons are in yellow and cyan, respectively. The backbone trace is shown 

as grey ribbon and semi-transparent protein surface (adapted from Iacovino et al. 2020). 
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In this mutant, the tyrosine hydroxyl group is replaced by a water molecule. The negative 

charge of the 5’ carboxyl group plays an active role in UDP-GlcA substrate recognition, 

indeed, other UDP-sugars like UDP-glucose, UDP-galactose, UDP-N-acetylglucosamine, 

and UDP-xylose are poorly active substrates or inactive against UDP-glucuronic acid 4-

epimerases (Muñoz, López et al. 1999, Frirdich and Whitfield 2005, Borg, Dennig et al. 

2020).     

 

A 

B C 

Figure 16. (A) Superposition between the Cα traces of the epimerase structures bound to NAD+ 

(purple) and NAD+/UDP (cyan).  The loops 86-91 and 269-276 are disordered in the NAD+ complex 

(dashed lines). (B-C) Binding of the sugar moiety of the substrate (cyan carbons) in two orientations. 

The orientation of panel A outlines the binding of the substrate C4’ at 3.2 Å distance from C4 of the 

nicotinamide (red dashed line) and the hydrogen bond between the sugar O4’ and Tyr149 (black 

dashed line). All hydroxyl groups and the carboxylate of the glucuronic acid are engaged in hydrogen 

bonding interactions as shown in panel C (adapted from Iacovino et al. 2020).  
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After UDP-GlcA substrate oxidation (and subsequent NAD+ reduction into NADH), the 

4-ketointermediate is supposed to rotate within the active site, and the hydride transfer 

from NADH to the intermediate opposite face promotes the UDP-GalA production. To 

investigate further on the mechanism of the rotation induced by the 4-ketointermediate, 

BcUGAepi was co-crystallized in presence of an excess of UDP-GalA (1.5 Å). Remarkably, 

during the crystallization experiment, UDP-GalA was partially converted into UDP-GlcA, 

and the electron density shows a mixture of both substrate and product in chair 

conformation with ratio 1:1. This complex was defined “equilibrium” structure and 

interestingly shows the start and end points of the reaction (Fig. 17 A-B), highlighting two 

important aspects: substrate and product are bound with opposite orientations and the 

ligand rotation can take place almost without conformational changes since the 

“equilibrium” structure can be perfectly superimposed with the UDP-GlcA structure.   

 

  

 

To better characterized the UDP-GalA binding mode, we performed several crystallization 

experiments trying to solve the crystal structure with the product alone. It turned out that 

a lower pH (6.5 instead of 8.0) and temperature (4°C instead of 20°C) represented very 

important parameters to modulate the enzyme reactivity and reduce the substrate/product 

A B 

Figure 17 A-B. The equilibrium structure shows how the same active-site conformation accommodates 

substrate and product with their opposed chirality.  Fitting of galacturonic (green carbons) and 

glucuronic (cyan carbons) moieties into the electron density shown with the same orientation as in 

Figure 16 B-C (adapted from Iacovino et al. 2020). 
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interconversion, isolating the UDP-GalA (1.85 Å) (Fig. 16 A-B). The UDP-GalA binding 

mode perfectly matches that observed in the equilibrium structure and the same active site 

configuration of the substrate complex is retained in the product complex. Strikingly, the 

C4’ atom of UDP-GalA and UDP-GlcA holds exactly the same distance of 3.2 Å from 

NAD+ and despite the rotation, the positions of the 3’-OH, 4’-OH, and 5’-carboxylate 

substituents of the glucuronic acid substrate overlap with those of the 5’-carboxylate, 4’-

OH, and 3’-OH substituents of the galacturonic acid product. In other words, the extensive 

network of hydrogen bonds between these substituents and the surrounding residues are 

similar.  This feature would explain why the enzyme can also catalyse the reverse reaction, 

namely the epimerization of UDP-galacturonic acid to UDP-glucuronic acid. These 

isolated structures clarified the mechanism behind the rotation of the 4-ketointermediate: 

a small torsional rotation of the β-phosphate (around 20-30° degrees) is coupled with 160° 

degrees rotation about the O1’-C1’ bond that flips the sugar ring. This movement called 

“swing & flip” promotes the sugar rearrangement within the active site.  

   

 

A B 

Figure 18 A-B. The crystal structure of BcUGAepi in complex with NAD+ and UDP-galacturonic 

acid shown in two different orientations. Figure 18 A highlights the position of the C4’ in 

proximity of the nicotinamide (red dashed line) and the hydrogen bond between the sugar O4’ 

and Tyr149 (black dashed line). As shown in Figure 18 B, all hydroxyl groups and the carboxylate 

of the glucuronic acid are engaged in hydrogen bonding interactions with the protein. The 

orientations are the same as in Figure 16 B-C (adapted from Iacovino et al. 2020). 
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In summary, our work provided a detailed analysis of the BcUGAepi mechanism of 

reaction. All the crystallographic structures isolated of this enzyme gave a “crystallographic 

snapshot” of each reaction step. NAD+ is anchored inside the N-terminal domain of the 

protein and represents a non-dissociable prosthetic group. In absence of the substrate, the 

active site is totally disordered and only the UDP binding promotes localized structural 

changes in the C-terminal domain where the substrate sugar ring will react with the NAD+ 

cofactor. UDP-GlcA binding is favoured by a crown of hydrogen bonds with the 

surrounding hydrophilic residues of the active site. In this scenario, the C4’ of the sugar 

ring is perfectly oriented towards the NAD that catalyses the hydride transfer and 

subsequent UDP-GlcA oxidation into 4-ketointermediate. With its trigonal carbon, the 

latter is ready to rotate in the active site. The rotation is promoted by the suboptimal 

interactions of the 4-ketointermediate with the active site residues and the spacious cavity 

accessible. Through a “swing & flip” movement the 4-ketointermediate shows the opposite 

face to the NADH which is ready to return the hydride and reduce the intermediate yielding 

UDP-GalA as product. Moreover, it is remarkable how the extensive network of hydrogen 

bonds interactions is able to protect the 4-ketointermediate from the decarboxylation, 

differently from decarboxylases of the same family as UXS and UAXS. 
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ABBREVIATIONS 

5-HIAA : 5-Hydroxyindole Acetic Acid  
 
AD: Alzheimer’s Disease   
  
ALDH: Aldehyde Dehydrogenase 
  
BcUGAepi: UDP-Glucuronic Acid 4-epimerase from Bacillus cereus  
  
CNS: Central Nervous System 
  
COMT: Catechol-O-Methyltransferase 
 
CVD: Cardiovascular Diseases  
 
DA: Dopamine 
 
DHPG: Dihydroxyphenylglycol 
 
DOPAC: Dihydroxyphenylacetic Acid  
 
DOPAL: 3,4-Dihydroxyphenylacetaldehyde  
 
DPI: Diphenylene Iodonium 
  
GALE: UDP-Galactose 4-Epiemerase 
  
H2O2: Hydrogen peroxide 
  
HF: Heart Failure 
 
HRP: Horseradish Peroxide 
 
HVA: Homovanillic Acid 
  
L-DOPA: Levodopa 
  
MAO: Monoamine Oxidase 
  
MMTP: 1-methyl-4-(1-methyl-1H-pyrrol-2-yl)-1,2,3,6-tetrahydropyridine  
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MPTP:  1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 
 
NAD+:  Nicotinamide Adenine Dinucleotide 
 
ND: Neurodegenerative Disease 
 
NET: Norepinephrine Transporter  
 
NOX: NADPH Oxidase 
  
PD: Parkinson’s disease 
 
ROS: Reactive species Oxygen 
  
SAR: Structure activity relationship 
  
SASP: Senescence-Associated Secretory Phenotype  
 
SDR: Short Chain Dehydrogenase/Reductase  
 
SN: Substantia Nigra 
 
SNS: Sympathetic Nervous System 
  
UAXS:  UDP-Apiose/UDP-Xylose Synthase 
 
UDP-GalA: UDP-Galacturonic acid 
  
UDP-GlcA: UDP-Glucuronic acid 
  
UGAepi:  UDP-Glucuronic acid 4-epimerase 
  
UXS: UDP-Xylose Synthase 
  
α-syn: α-synuclein  


