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ABSTRACT 

 

Microbiome is a significant contributor to the homeostasis of the human organism and 

it is responsible for the biosynthesis of several compounds that the human organism cannot 

by itself. The impact of such metabolites is various – there are beneficial, neutral and harmful 

examples.  Trimethylamine (TMA) has been identified as one such bacterial metabolite with 

a potential negative impact on health. High levels of trimethylamine-N-oxide (TMAO), an 

oxidized form of TMA, have been associated with cardiovascular and other pathological 

conditions. Modifying the activity of bacterial TMA producing enzymes could have value in 

medicine. Therefore more detailed functional and structural characterization of such TMA 

producing enzymes is necessary. 

Several bacterial TMA producing enzymes has been identified so far – CutC choline 

lyase and CntA carnitine oxygenase being among ones known best. The aim of this study was 

to characterize these enzymes by solving 3D structure, determining specific activities and 

studying the properties of associated supra-molecular structures. In this study we solved the 

3D crystal structure of CutC choline lyase from Klebsiella pneumoniae and discovered that it 

exists in two different conformations dependent on the presence or absence of substrate, a 

feature not described for other closely related enzymes. Klebsiella pneumoniae CutC is a part 

of a GRM2 type bacterial microcompartment (BMC) system polyhedral or quasi-icosahedral 

bacterial organelles consisting of a protein shell and encapsulated enzymatic core. We 

therefore continued with a closer investigation of the assembly and encapsulation 

mechanisms of this BMC. We discovered that the core enzymes are encapsulated in a 

hierachial manner, with the CutC choline lyase playing a central adaptor role in this process. 

We present a cryo-EM structure of a pT=4 quasi symmetric shell particle at 3.3 Å resolution 

and study the requirements for recombinant shell formation. We also analyze the substrate 

panels of CntA oxygenase from four different hosts and confirm that in general the CntA 

enzymatic activity is high for carnitine and gamma-butyrobetaine, medium for betaine and 

very low for choline, thus clearing some previous controversies. We also demonstrated that 

the TMA could be produced from carnitine by Providencia rettgeri bacteria and by purified 

CntA enzyme at very low oxygen concentrations, thus suggesting that CntA, despite being an 

aerobic enzyme, could still give a contribution in the total pool of TMA production in 

anaerobic gastrointestinal system. 
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ABSTRAKTS 

 

Mikrobioms ir svarīgs cilvēka homeostāzes uzturēšanai un tas ir spējīgs producēt 

vairākus savienojumus, kurus cilvēka organisms pats par sevi nespēj. Šādu metabolītu 

ietekme ir daudzveidīga – tie var būt labvēlīgi, neitrāli un kaitīgi. Trimetilamīns (TMA) ir 

ticis identificēts kā viens no baktēriju metabolītiem ar potenciāli negatīvu ietekmi uz cilvēka 

veselību. Augsts trimetilamīna oksīda (TMAO) līmenis organismā ir ticis saistīts ar augstāku 

risku saslimt ar sirds-asinsvadu un citām saslimšanām. Bakteriālo trimetilamīnu producējošo 

enzīmu aktivitātes izmainīšanai varētu būt nozīmīgs pielietojums medicīnā. Tādējādi ir 

nepieciešams detalizētāks funkcionāls un strukturāls šādu enzīmu raksturojums. 

Vairāki bakteriāli TMA producējoši enzīmi ir tikuši identificēti – CutC holīna liāze un 

CntA karnitīna oksigenāze ir vislabāk pazīstamās. Šī darba mērķis bija raksturot šos enzīmus, 

noteikt to trīsdimensionālās struktūras, detektēt specifisko aktivitāti un pētīt asociētu 

lielmolekulāru kompleksu īpašības. Šajā darbā tika noteikta Klebsiella pneumoniae CutC 

holīna liāzes trīsdimensionālā kristālstruktūra un tika atklāts, ka, atkarībā no substrāta 

klātbūtnes, šis enzīms eksistē divās dažādās konformācijās – unikāla īpašība starp 

radniecīgiem enzīmiem. Klebsiella pneumoniae CutC ir daļa no GRM2 tipa bakteriālā 

mikrokompartmenta (BMC) sistēmas, kvazi-ikosahedrālas vai ikosahedrālas baktēriju 

organellas, kura sastāv no proteīnu čaulas un enzimātiskas serdes. Pētījums atklāja, ka 

enzimātiskā serde tiek iepakota hierarhiālā veidā, kurā CutC holīna liāze funkcionē kā 

centrālais adaptorproteīns. Mēs prezentējam ar krio-elektronmikroskopiju iegūtu pT=4 

kvazisimetrisku bakteriāla mikrokompartmenta čaulas daļiņas struktūru 3.3 Å izšķirtspējā un 

pētījām rekombinantu čaulu izveidošanai nepieciešamos priekšnosacījumus. Mēs arī testējām 

substrātu profilu CntA oksigenāzēm no četriem dažādiem saimniekorganismiem un 

secinājām, ka CntA oksigenāze ir visaktīvākā ar karnitīna un gamma-butirobetaīna 

substrātiem, vidēji aktīva ar betaīna substrātu un mazaktīva ar holīna substrātu. Mēs arī 

demonstrējam, ka Providencia rettgeri baktēriju kultūra un attīrīts CntA enzīms spēj producēt 

TMA zemās skābekļa koncentrācijās, kas norāda, ka CntA enzīms, par spīti tam, ka tas ir 

aerobs, nelielā mērā varētu piedalīties TMA producēšanā anaerobiskā vidē zarnu traktā. 
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INTRODUCTION 

 

Microbes play significant roles in the life of all higher organisms, including humans. 

They are everywhere in biosphere, and we are in a constant and uninterrupted contact with 

them every day. Human organism is a host for a wide spectrum of bacteria, archaea, fungi 

and viruses, generally designated microbiota. The microbiota has various impacts on human 

organism. There are mutualistic examples, such as microbiota synthesizing important 

nutrients or vitamins in exchange for living environment. Many species of microbiota can 

also be commensals without any direct positive or negative influence on its host. A certain 

fraction of microbiota can also be pathogens in certain situations. All roles of microbiome are 

not fully understood yet and its influence may have far reaching consequences in 

immunological processes, brain development, pathogenesis of diseases and other areas.  

One way how the microbiota can exercise its influence is by secreting unique 

metabolites fulfilling particular functions in human organism. Such bacterial metabolites as 

short chain fatty acids, secondary bile acids and trimethylamine (TMA) has been identified as 

potential causes of pathological conditions. TMA is a simple organic compound produced by 

bacterial degradation of organic compounds, and this is done by both free environmental 

bacteria and microbiota bacteria in digestive systems. TMA and its metabolite 

trimethylamine-N-oxide (TMAO) has been an object of a notable interest in recent years, 

because the later has been positively associated with the development of cardiovascular 

diseases. Therefore development of methods for TMA/TMAO reduction or elimination could 

have value in therapy and prevention. If the aim would be reducing the bacterial production 

of TMA/TMAO, more information about bacterial TMA producing pathways would be 

valuable.  

At the time of the start of this study several bacterial enzymes capable of producing 

trimethylamine from nutrients such as carnitine, gamma-butyrobetaine (GBB) and choline 

were already identified. Two most relevant of these are CutC choline lyase producing TMA 

from choline and CntA carnitine oxygenase producing TMA from carnitine and GBB. 

Characterization of CutC and CntA enzymes may give new fundamental insights into 

functioning of glycyl radical enzymes (GRE) and Rieske type oxygenases and also could be 

valuable for design of specific targeted inhibitors and evaluation of the contribution that these 

enzymes give to the total pool of TMA/TMAO in organism. Since CutC is a bacterial 

microcompartment (BMC) associated enzyme, a characterization of this supra-molecular 
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system would give new fundamental insights in the functioning of bacterial organelles that 

could be useful for synthetic biology and biotechnological applications. 

The aim of this study was to investigate two most relevant and well-known TMA 

producing enzymes, CutC and CntA, and to give deeper fundamental insight into their 

properties, functioning and structure. The specific tasks for achieving this were: 

1) Perform functional and structural characterization of CutC choline lyase from 

Klebsiella pneumoniae; 

2) Examine the properties, assembly and structure of GRM2 type CutC 

associated bacterial microcompartments; 

3) Examine the substrate specificity and oxygen dependency of CntA oxygenase. 
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1. LITERATURE OVERVIEW 

 

1.1 TMA and TMAO in Animalia organisms 

Trimethylamine (TMA) is a simple organic compound, a tri-methylated derivative of 

ammonia. It was predicted and chemically synthesized in 1851 (Hofmann, 1851). A gas in 

room temperature, it is volatile and therefore has to be stored under pressure as liquid or as a 

40% solution in water. The most notable property of TMA is its intensive, strong odor, 

similar to one created by fish and decomposing biomass. Indeed, TMA has one of the lowest 

human odor detection thresholds found in nature, with studies reporting thresholds as low as 

0.21 ppb (Leonardos et al., 1969, Amoore & Hautala et al., 1983, Stephens, 1971). These 

thresholds for related chemicals such as methylamine (32000 ppb), dimethylamine (340 ppb) 

or triethylamine (480 ppb) are several orders of magnitude higher (Amoore & Hautala, 1983). 

This high detection sensitivity is ensured by trace amine-associated receptor 5 (TAAR5), a 

GCPR receptor functioning as a vertebrate olfactory receptor with a high specific affinity for 

TMA and N-methylpiperidine (Liberles et al., 2006). TMA can induce different responses 

among diferent species: while for humans and rats TMA is repellent at any concentrations, 

for mouse it is an attractive pheromone at low and repellant at large concentrations (Liberles 

et al., 2006; Li et al., 2013).  

Not surprisingly, after TMA chemical synthesis and characterization, it was soon 

discovered in herring-brine (Hofmann, 1853). It was later identified in other biological fluids 

such as urine (Dessaignes, 1856), blood and cerebrospinal fluid (Dorée and Golla 1911) and 

bile (von Zeynek 1899). TMA presence has also been detected in fungi (Hanna et al., 1932) 

and plants (Cromwell et al., 1966). Despite TMA presence in such diverse group of living 

organisms, all TMA producing enzymatic pathways discovered so far are bacterial, although 

for marine animals there are some evidence about endogenous production of TMA (Goldstein 

& Funkhouser, 1972; Seibel & Walsh, 2002).  

Since TMA is a small molecule, soluble both in water and fat, it can easily cross 

biological membranes and spread into organism. So far there is no evidence about 

mammalian enzymes being capable of producing TMA, so it is assumed that in mammals it 

comes either directly from food or it is synthesized by microbiota bacteria from precursors in 

gastrointestinal system. Choline, L-carnitine and γ-butyrobetaine have been demonstrated as 

such precursors in humans (Koeth et al., 2013, Tang et al., 2013, Koeth et al., 2014). Products 

rich in choline such as eggs have been showed to increase TMAO amounts in human 
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organism (Miller et al., 2014) and the presence of TMA-producing microbiota species 

correlate with higher TMAO amounts in mice (Romano et al., 2015).  

In mammals, TMA is further metabolized by hepatic flavin containing 

monooxygenase 3 (FMO3) into trimethylamine oxide (TMAO), an odorless compound (Lang 

et al., 1998).  On average in Western diet about 50 mg of TMA is generated in human 

organism daily and almost all is eventually excreted with urine. More than 90% of this 

excreted TMA is usually in its metabolized TMAO form (Al-Waiz et al., 1987a, Zhang et al., 

1996). Not every mammalian species oxidize TMA into TMAO with equal efficiency. For 

example, mice have significant FMO3 expression differences between male and female livers 

– while in females FMO3 expression is high, and most of the TMA is converted into TMAO 

(like in humans), in males FMO3 expression is repressed by testosterone (Falls et al., 1997) 

and is 1000-fold lower if compared to females (Li et al., 2013). As a result, most of the TMA 

in male mice remains unconverted and in urine reach milimolar concentrations. It has been 

recently demonstrated that a human molybdenum-containing mitochondrial reductase can 

reduce TMAO into TMA (Schneider et al., 2018). This suggests that a counter reduction of 

TMAO could also contribute to the overall TMA/TMAO balance in human organism. 

For marine fish and cephalopods accumulation of TMAO in the tissue is thought to be 

a vital adaptation for protein stabilization against denaturation from hydrostatic pressure and 

osmolytes (Yancey et al., 1982; Yancey et al., 2001; Treberg et al., 2002). There is a positive 

correlation of the depth of the fish habitation with the amount of TMAO in tissue – in the 

shallow-living marine species the content of TMAO is as low as 40 mM/kg, while in deep-

living fish species it can increase almost tenfold up to 386 mM/kg (Yancey et al., 2014). This 

is also supported by in vitro studies, demonstrating protein-stabilizing capabilities of TMAO 

(Yancey et al., 1982; Yancey et al., 1999; Zou et al., 2002; Sarma et al., 2013). The source of 

TMAO in marine animals is unknown. While capability to oxidize TMA to TMAO has been 

showed in various animals, this still gives no answer about the source of the precursory 

TMA. A food chain accumulation of TMA/TMAO from plankton to higher organisms could 

be an explanation, but there are some evidences that fish can keep homeostasis of TMAO in 

check even without nutritional supplementation of TMA or TMAO (Cohen et al., 1958; 

Goldstein & Palatt, 1974). Considering TMAO importance, relying only on external 

TMA/TMAO sources would be a risky strategy for keeping homeostasis. This points to a 

possibility of endogenous TMA production in fish, although direct evidences to support this 

are few (Goldstein & Funkhouser, 1972; Seibel & Walsh, 2002). 
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Fig 1. TMA and TMAO production and impact in animal and human organisms. 

 

1.2 TMA and TMAO role in pathological processes 

1.2.1 TMA and trimethylaminouria  

The majority of TMA in human organism is usually oxidized into TMAO by hepatic 

FMO3 (Fig 1). However, insufficient activity of FMO3, caused by genetic mutations in 

FMO3 gene, can upset this balance (Dolphin et al., 1997; Treacy et al., 1998). Impaired 

oxidation of TMA results in its accumulation in the organism, and, since TMA can cross skin 

easily (Kenyon et al., 2004), the excess is excreted through skin. This is the cause of a genetic 

condition known as trimethylaminouria or fish odor syndrome, manifesting itself as a very 

unpleasant, fishy aroma of the body. Although this condition is not life-threatening and seems 

to have no direct negative impact on health, the psychological and social impacts can be 

major – those affected are often depressed, socially isolated and even suicidal (Christodoulou, 

2012). True prevalence of trimethylaminouria is largely unknown, since the symptoms may 

vary among individuals and many, perhaps, even most cases are not reported; one estimate of 

the amount of heterozygous carriers in white British population is 0.5-1%, resulting in a 

frequency of 1 per 40000 births (Al-Waiz et al., 1987b). Trimethylaminouria is a 

polymorphic trait – more than 30 different missense and nonsense variations in FMO3 gene 

responsible for this condition have been described (Shephard et al., 2015). This accounts for 

the large difference of severity of symptoms among individual cases. 

 

 

1.2.2 TMAO and associated conditions 

TMA and especially its metabolite TMAO has been in intense spotlight during the last 

few years since a metabolomics study of clinical data revealed an association of elevated 
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TMAO with cardiovascular diseases (Wang et. al., 2011). Since then, numerous studies of 

clinical data have associated TMAO with several conditions (Fig 1) such as pathogenesis of 

cardiovascular diseases (Tang et. al., 2013; Trøseid et. al., 2015; Organ et. al., 2016; 

Randrianarisoa et. al., 2016), kidney failure (Tang et. al., 2015; Kim et. al., 2016; Missailidis, 

2016), insulin resistance (Dambrova et. al., 2016; Tang et. al., 2017) and colorectal cancer 

(Bae et. al., 2014). Meta-studies have confirmed consistent correlation between TMAO and 

cardiovascular diseases, demonstrating its usefulness as a biomarker (Heianza et. al., 2017; 

Schiattarella et. al., 2017). Animal studies in mice (Wang et. al., 2011; Koeth et. al., 2013; 

Chen et. al., 2017; Geng et. al., 2018) and rat (Li et. al., 2017) have demonstrated 

development of atherosclerosis, endothelial damage and cholesterol accumulation in 

endothelium caused by TMAO. There are also data from mice studies suggesting TMAO 

involvement in development of diabetes (Gao et. al., 2014; Dambrova et. al., 2016). pyruvate 

and fatty acid oxidation impaired by TMAO has also been reported in mice cardiac 

mitochondria (Makrecka-Kuka M. et. al., 2017). 

There are several suggested mechanisms for how TMAO could exercise its influence 

on mammalian organism. A direct upregulation of atherogenic macrophage scavenger 

receptors and stimulation of foam cell formation by TMAO was historically first reported 

pathway (Wang et. al., 2011). In this study an association between dietary choline 

degradation by microbiota to TMA, subsequent TMA conversion into TMAO by FMO3 in 

liver and atherosclerotic lesion development in mice was demonstrated. Analogous results 

were observed in another study with another TMA precursor – L-carnitine, where TMAO 

produced from L-carnitine in mice also promoted atherosclerosis and inhibited the reverse 

cholesterol transport from foam cells (Koeth et. al., 2013). Since then, other studies have also 

showed TMAO as being capable of inducing scavenger receptors (Geng et. al., 2018; 

Mohammadi et. al., 2016) and supporting the dysfunction of endothelium (Li et. al., 2017; 

Ma et. al, 2017). 

Another suggested mechanism would be TMA/TMAO influence on the activity of 

FMO3, the TMA metabolizing enzyme and a key regulator of cholesterol metabolism. 

Upregulation of FMO3 cause increased reabsorption of cholesterol in intestines (Warrier et. 

al., 2015). Furthermore, FMO3 knockdown impairs glucose tolerance and prevents 

hypercholesterolemia and atherosclerosis in mice model (Miao et. al., 2015). Since TMA is a 

substrate of FMO3, it could be possible that TMA/TMAO increase the expression or activity 

of FMO3 and therefore could be both pro-atherogenetic and pro-diabetic agent.  
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TMAO has been also observed as capable of causing calcium release in platelets, 

creating hyperreactivity and increasing the risk of thrombosis (Zhu et. al., 2016). This 

mechanism has been showed to be dependable on the composition of microbiota species in 

mice – transplantation of species capable of choline degradation into TMA had the 

observable effect of transferring the increased platelet reactivity as well (Skye et. al., 2018). It 

is possible that FMO3 can also influence the platelet reactivity (Zhu et. al., 2018), suggesting 

the possibility of two different TMA/TMAO effects exercised through FMO3.  

 

1.2.3 Managing the amounts of TMA and TMAO in organism 

Since high amounts TMA/TMAO has been involved in development of 

trimethylaminouria and possibly other medical conditions as well, creating strategies for 

lowering the amount of TMA/TMAO have medical significance. There are several potential 

strategies. Dietary management (Busby et. al., 2004) and low dosage wide-spectrum 

antibiotic treatment (Treacy et. al., 1995; Chalmers et. al., 2006) has been used in 

management of the symptoms of trimethylaminouria. They both have their drawbacks – 

limiting dietary choline and carnitine can have repercussions, since they are important 

nutrients, and antibiotics can be used only in short term in order to avoid dysbiosis. Another 

proposed strategy is targeting microbiota in a non-lethal way – either by remodeling the 

composition of gastrointestinal microbiota species or targeting particular bacterial enzymes 

with specific inhibitors. Resveratrol has been showed to modify the composition of gut 

microbiota and lowering the produced TMA amounts (Chen et. al., 2016). Specific inhibitors 

targeting choline degrading enzyme CutC have been showed as capable of preventing TMA 

production in bacterial cultures and mouse models (Wang et. al., 2015; Roberts et. al., 2018). 

In these studies this inhibitory effect was also protective against development of 

atherosclerotic lesions in mice. Meldonium, a chemical analogue of carnitine and GBB, has 

also been showed as capable of influencing production of TMA/TMAO in humans and rats 

(Dambrova et. al., 2013; Kuka et. al., 2014). 

 

1.2.4 Criticism of TMA and TMAO as pathological agents 

A certain amount of criticism has also been directed towards hypothesis of TMAO as 

a pathogenic agent (Fennema et. al., 2016, Cho & Caudill, 2016). A major missing part in this 

hypothesis is the fact that the exact effector receptor for TMA/TMAO has not been properly 

identified and confirmed, so it is unknown what pathways are underneath the observed 

TMAO effects. Meta-analysis of clinical data does not confirm direct causation between 
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TMAO and cardiovascular diseases, since higher TMAO levels in these studies were 

associated with generally increased mortality independently of the cause (Heianza et. al., 

2017; Schiattarella et. al., 2017). Therefore, higher TMAO levels could be merely a 

consequence and just a marker of general health complications. Also, if TMA/TMAO is 

regarded as a cause of cardiovascular diseases, then there is a paradox of the generally 

accepted beneficiary effect of marine fish on human health and the high levels of TMAO in 

such foods. There is also a study showing TMAO having a beneficial effect against 

atherosclerosis (Collins et. al., 2016) and other studies showing that higher consumption of 

such TMA precursors as choline and betaine are not associated with elevated risks of 

cardiovascular diseases (Nagata et. al., 2015, Bidulescu et. al., 2007; Dalmeijer et. al, 2008). 

So whether TMA/TMAO in real-world, low dosage, long exposure conditions can 

substantially affect the development of any pathological condition in humans is still not 

proven or disproven convincingly.  

 

1.3 Bacterial TMA producing enzymes 

1.3.1 CutC choline lyase 

CutC choline lyase is a typical member of glycyl radical enzyme (GRE) class, with a 

common trait of having a glycyl radical in the active site. GRE are metabolically diverse. 

Most are catabolic – pyruvate formate-lyase (Knappe & Wagner, 1995; Becker et. al., 1999), 

glycerol dehydratase (O'Brien et. al., 2004), choline lyase (Craciun & Balskus, 2012), 

propane-1,2-diol dehydratase (LaMattina et. al., 2016), trans-4-hydroxy-l-proline dehydratase 

(Levin et. al., 2017), anaerobic ribonucleotide reductase (Sun et. al, 1996, Logan et. al., 1999) 

and isethionate sulfite lyase (Peck et. al., 2019). There is also an example of an anabolic GRE 

– benzylsuccinate synthase (Leuthner et. al., 1998; Funk et. al., 2014). Glycyl radical 

enzymes are dimeric proteins (Fig 2A), having a 10-β/α barrel fold – the monomer core is 

made of a β barrel consisting of 10 strands and it is surrounded by outside α helices. 

Anaerobic bacterial choline degradation into TMA and acetaldehyde has been 

demonstrated already in the 1960s (Hayward & Stadtman, 1960), but the exact enzyme behind 

this process was identified only in 2012, when Craciun and Balskus (2012) demonstrated that 

this reaction in Desulfovibrio desulfuricans is performed by a GRE, designated as CutC (EC 

4.3.99.4).  This discovery was later confirmed with in vitro studies of purified CutC enzyme 

and mutagenic active site-mapping (Craciun & Balskus, 2012; Craciun et. al., 2014). CutC is 

a relatively widespread bacterial enzyme, with representatives of Proteobacteria, Firmicutes 

and Actinobacteria having the corresponding gene (Rath et. al., 2017).  
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Fig 2. A: Crystal structure of glycerol dehydratase dimer (PDB 1R9D), a closely related 

enzyme of CutC. B: Proposed catalytic mechanism of CutC (according to Thibodeaux & van 

der Donk, 2012). 

Like all GRE, CutC requires an activating enzyme for the initial generation of the 

radical in the active site. This reaction is performed by a special class of enzymes – glycyl 

radical enzyme activating enzymes (GRE-AE), containing a 4Fe-4S cluster, coordinated via 

three cysteines (Shisler & Boderick, 2014).  The [4Fe–4S]2+ cluster can be reduced by NADH 

and the fourth uncoordinated iron atom in the cluster then becomes capable of coordinating 

the S-adenosylmethionine molecule and cleaving it into methionine and the highly reactive 

5′-deoxyadenosyl radical. This radical then further abstracts hydrogen atom from glycyl 

radical enzyme glycine C2 atom, generating the glycyl radical (Fig 2B). The glycyl radical 

itself then further abstracts hydrogen atom from active site cysteine sulfur atom, creating a 

thyil radical. The thyil radical then abstracts the hydrogen atom from the substrate molecule, 

causing a molecular rearrangement of the substrate molecule. The nature of this 

rearrangement is not exactly clear, but there are evidence indicating that the TMA in CutC is 

eliminated directly, since there are several amino acids serving as proton donors and 

acceptors in the active site and TMA elimination pathway requires proton transport 

(Thibodeaux & van der Donk, 2012; Bodea et. al., 2016). After this step the glycyl radical is 

then regenerated and the reaction cycle can start again without any additional steps. It has to 

be noted that the catalysis is strictly anaerobic – both GREs and GRE-AE are inactivated by 

the presence of oxygen, because oxygen degrades the partially coordinated GRE-AE 4Fe-4S 

cluster and by interacting with GRE glycyl-radical it cuts the main protein chain in GRE 

(Wagner et. al., 1992; Yang et. al., 2009).  
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1.3.2 CutC associated bacterial microcompartments 

CutC enzyme is not a free cytoplasmic enzyme, but rather a bacterial 

microcompartment (BMC) associated enzyme. Bacterial microcompartments are prokaryotic 

organelles consisting of a protein shell and enzymatic core performing concerted metabolic 

functions (Cheng et. al., 2008; Jorda et. al., 2013; Kerfeld et. al., 2018). According to their 

functions BMC can be divided in two large groups: metabolosomes and carboxysomes. The 

carboxysomes contain carbonic anhydrase and RuBisCo and their function is to perform 

carbon fixation. Metabolosomes are more diverse and are involved in breakdown of such 

compounds as choline, glycerine, 1,2-propanediol and ethanolamine. The metabolosomes 

typically contain signature enzyme performing the breakdown of the initial substrate and 

producing an aldehyde intermediate. This aldehyde intermediate is then further processed by 

an aldehyde dehydrogenase and alcohol dehydrogenase pair, producing alcohol and R-CoA 

products. The R-CoA is then finally processed by phosphotransacetylase (PTAC), producing 

free CoA and phosphorylated compound (acyl-P or propionyl-P). The latter is then 

transported to cytosol and converted by acyl kinase (AcK) into one carboxylic acid and one 

ATP molecule (Fig 3A; Zarzycki et. al., 2015). 

The BMC is formed of three types of BMC proteins (Fig 3B): hexameric BMC-H 

(Kerfeld et. al., 2005; Sutter et. al., 2016), trimeric BMC-T (Heldt et. al., 2009; Klein et. al., 

2009) and pentameric BMC-P (or BMV; Tanaka et. al., 2009; Wheatley et. al., 2013). The 

BMC shells are quasi icosahedral or icosahedral, with the BMC-H and BMC-T proteins 

forming the surfaces of BMC shells (Sinha et. al., 2014; Sutter et. al., 2016; Sutter et. al., 

2017) and penatameric BMC-P capping the 5-fold icosahedron vertices (Wheatley et. al., 

2013). The transport of metabolites and cofactors across the shell are thought to be ensured 

by pores formed inside the centers of BMC-H hexamers and BMC-T trimers (Klein et. al., 

2009; Chowdhury et. al., 2015). The pore sizes vary – the BMC-H hexamers have smaller 

and consistently open 4-7 Å large pores, while for BMC-T trimers up to 14 Å larger pores 

both in open and closed states have been observed (Takenoya et. al., 2010; Thompson et. al., 

2015).  

The enzymatic core is encapsulated by encapsulations peptides (EP) – short, N or C-terminal 

amphiphilic helices ensuring both shell-core interaction and also crosslinking and stabilizing 

the core itself (Fan et. al., 2010; Fan et. al., 2012; Lawrence et. al., 2014; Jakobson et. al., 

2017). The encapsulation of enzymatic pathyways inside the BMC shell has several benefits. 

First, the intermediate substrate local concentrations are higher inside the BMC and this 
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speeds up the whole enzymatic pathway as a result. The enzyme encapsulation inside shell 

also has the benefit of helping to contain volatile or toxic metabolites, such as CO2 and 

aldehydes, respectively. It is also possible that the shell gives additional protection against the 

oxygen damage in some anaerobic BMCs. 

 

Fig 3. Structure and functioning of bacterial microcompartment. A: Scheme of general 

mechanism of a choline-metabolizing metabolosome. Blue – shell components, green – core 

enzymes. Image adapted from Zarzycki (2015). B: A generalized model of BMC. In dark 

blue – trimeric BMC-T proteins, in blue and light blue – hexameric BMC-H proteins, in 

purple – pentameric BMC-P proteins, in green – encapsulated enzymatic core proteins. Image 

adapted from Yeates (2013). 

Several glycyl-radical enzymes, including CutC, are signature enzymes of BMC. 

Such BMC are designated glycyl-radical enzyme associated bacterial microcompartments 

(GRM) (Axen et. al., 2014; Zarzycki et. al., 2015). The GRM loci can be divided into 

subgroups based on the structure of the BMC loci and the identity of the signature enzyme. 

CutC choline lyase is a signature enzyme of two different GRM subgroups – GRM1 and 

GRM2. The GRM1 type BMC loci are contained by Actinobacteria, Firmicutes and 

Deltaproteobacteria while GRM2 type can be found almost exclusively in 

Gammaproteobacteria (Fig 4, Axen et. al., 2014).  



19 
 

 

Fig 4. Klebsiella pneumoniae GRM2 locus. Structural shell BMC-H proteins cmcA, cmcB, 

cmcC and cmcE are colored in green, BMC-P protein cmcD is colored in yellow. Core 

enzymes CutF (aldehyde dehydrogenase), CutO (alcohol dehydrogenase), CutC (choline 

lyase), CutD (glycyl-radical activating enzyme) and CutH (phosphotransacylase) are colored 

in blue. Regulatory and transporter genes are colored in gray. 

There are some notable differences between these two BMC loci types, with the 

GRM2 type having only five shell proteins versus eight for GRM1, GRM2 type CutC having 

an unusual, around 340 amino acids long N-terminal extension of unknown function and 

GRM1 locus having a BMC-T while GRM2 lacking it. The CutC N-terminal extension is 

unique among BMC signature enzymes and it has been proposed that its function is 

associated with either ensuring the encapsulation of enzymatic core or playing a role in core 

multimerization (Zarzycki et. al., 2015). The formation of GRM2 type BMC has been 

demonstrated with TEM analysis of cross-sections of Escherichia coli and Proteus mirabilis 

cells (Jameson et. al., 2016, Herring et. al., 2018). 

 

1.3.3 CntA Rieske non-heme oxygenase 

Rieske non-heme oxygenases are iron containing metalloenzymes with a coordinated 

iron atom in the active site and an additional 2Fe-2S cluster. Rieske oxygenases are mostly 

known for the capability of breaking aromatic rings (Barry & Challis, 2013), but there is also 

a variety of other substrates such as cholesterol (Van der Geize, 2007), stacchydrine 

(Daughtry et. al., 2012) and caffeine (Summers et. al., 2011). Not all Rieske oxygenases are 

prokaryotic – the choline monooxygenase can be found in plants (Rathinasabapathi et. al., 

1997) and DAF-36/Nvd cholesterol oxygenase can be found in nematodes and insects 

(Yoshiyama-Yanagawa et. al., 2011). Rieske non-heme oxygenases form trimeric assemblies 

(Fig 5A). The 2Fe-2S clusters and mononuclear iron coordination sites are at the opposite 

ends of the monomers, and the catalytic site is formed between two adjacent monomers.  

A particular two component Rieske oxygenase/reductase system, designated CntA 

(EC 1.14.13.239) and CntB was identified in Acinetobacter baumannii and demonstrated as 

capable of cleaving L-carnitine and GBB into trimethylamine and semialdehyde products 
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(Zhu et. al, 2014).  In this study a lower TMA-producing CntA activity was also detected for 

glycine betaine and none was detected for choline.  

 

Fig 5. A: Crystal structure of Stc2 stacchydrine demethylase trimer (PDB 3VCA), a closely 

related enzyme of CntA. B: catalytic mechanism of Stc2 stacchydrine demethylase proposed 

by Daughtry (2012). Figure adapted from Daughtry (2012). 

In contrast to CutC, the CntA/CntB genes are not widespread among different taxons 

of bacteria, and are mostly limited to Gammaproteobacteria, especially Escherichia coli 

strains (Rath et. al., 2017). Interestingly, this CntA/CntB oxygenase-reductase pair was 

already discovered earlier and designated as YeaX/YeaW, but without identifying the 

substrates (Boxhammer et. al., 2008). Another study analyzed CntA activity from 

Escherichia coli and discovered that the substrate panel was different, with a high activity for 

choline being the main contrast if compared with studies of Acinetobacter baumannii CntA 

(Koeth et. al., 2014).  So the information about the exact substrate panel of CntA is somewhat 

controversial, and it could be also possible that it varies among different hosts. Since choline 

is an important contributor to the pool of TMA precursors, it is important to know how much 

CntA can contribute to its production from choline.  

The exact catalytic mechanism of CntA is not known, but it is probably similar to 

other Rieske oxygenases. Stc2 stacchydrine demethylase can be mentioned as an example 

(Daughtry et. al., 2012). Stc2 is a Rieske oxygenase that is capable of performing a breaking 

of C-N bond by oxidative demethylation of stacchydrine (Figure 5B). For the catalytic cycle 

to start, the Rieske 2Fe-2S cluster of oxygenase has to be reduced by the reductase 

component that uses NADH as an electron donor. The reaction cycle is started when the 

substrate bounds to the Fe2+ active site. In the next step oxygen is bound to the active site iron 

atom, forming a high-valent iron-oxo species. Then the substrate carbon atom in the 

cleavable C-N atom pair undergoes oxidative hydroxylation and the resulting product 

spontaneously decomposes, producing tertiary amine and aldehyde products.  
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1.3.4 Other TMA producing bacterial enzymes 

In the literature there are two other TMA producing bacterial enzymes described: 

TMAO reductase and ergothionase. TMAO reductase (EC 1.7.2.3) or TorA is a molybdenium 

containing metalloenzyme that is a part of bacterial TMAO respiratory (Tor) system (Méjean 

et. al., 1994; Dos Santos et. al., 1998). TorA uses TMAO as a terminal acceptor of electron 

transport chain and reduces it to TMA in anaerobic conditions when oxygen is not available. 

Another TMA producing enzyme is ergothionase which has been isolated from Burkholderi 

sp. HME13. This enzyme cleaves ergothioneine, a thiourea derivative of histidine, into TMA 

and thiolurocanic acid (Muramatsu et. al., 2013). Ergothioneine has antioxidant properties, 

and this is thought to be its main function in living organisms. 

The contributions of these two enzymes to the total pool of TMA/TMAO are probably 

not major, because the TorA affects only the proportion of TMA and TMAO in the 

gastrointestinal system, but not the combined amount of these two compounds; and the 

ergothioneine is a relatively uncommon metabolite produced by only few bacterial and fungal 

species. There are also suggestions that there could be other bacterial enzymes responsible for 

TMA production not discovered yet, so the range of TMA-producing enzymes may be 

extended in the future (Rath et. al., 2017). 
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2. MATERIALS AND METHODS 

 

2.1 Plasmid construction and protein expression 

The DNA coding sequences for recombinant proteins used in this study were initially 

amplified with PCR from genomic DNA extracted from bacterial cultures. The CutC, CutD, 

CutF, CutO, cmcA-E and CntA genes were amplified with Phusion high-fidelity DNA 

polymerase and Pfu DNA polymerase (Thermo Fisher Scientific) according to manufacturer 

protocols. Escherichia coli BL21-DE3 were purchased from Sigma. Klebsiella pneumoniae 

MSCL535, Serratia marcescens MSCL1476 and Providencia rettgeri MSCL730 cultures 

were obtained from The Microbial Strain Collection of Latvia. GenBank entries 

ARRZ01000032.1 and CP018676.1 (Klebsiella pneumoniae), CP017671.1 (Providencia 

rettgeri), CP018930.1 (Serratia marcescens) and CP001509 (Escherichia coli BL21-DE3) 

were used for primer design. The amplified genes were cloned in pET-Duet 1 and pRSF-Duet 

1 vectors in NcoI/HindIII and NdeI/XhoI restriction enzyme sites.  

pET-Duet 1 and pRSF-Duet 1 vectors were chosen for our experiments because these 

are high copy plasmids and have two T7, isopropyl β-D-1-thiogalactopyranoside (IPTG)-

inducible promoters with multiple cloning sites. Since these two vectors contain different 

antibiotic resistance genes and origin regions, they can also be co-expressed, increasing the 

amount of available promoters to four. If more promoters were necessary, it was possible to 

amplify with PCR the whole Duet region with the particular proteins and clone it into the 

desirable vector using XhoI site, therefore increasing the total amount of available promoters 

from two to four in one plasmid. 

The plasmids and amplified PCR fragments were digested with appropriate restriction 

enzymes, and analyzed by agarose gel electrophoresis in 1% agarose gel in standard TAE 

buffer. The obtained vector DNA was also additionally treated with FastAP thermosensitive 

alkaline phosphatase (Thermo Fisher Scientific) according to manufacturer protocol. The 

digested fragments were illuminated in agarose gel using ethidium bromide and ultraviolet 

light, cut out from gel and eluted by using GeneJET Gel Extraction Kit (Thermo Fisher 

Scientific) according to manufacturer protocol. The digested fragments were then ligated into 

vectors by using T4 DNA Ligase (Thermo Fisher Scientific) according to manufacturer 

protocol. 

The ligated plasmids were then transformed in chemically competent Escherichia coli 

XL-1 Blue cells and seeded on agarized plates containing antibiotics (50 μg/ml kanamycin or 

100 μg/ml ampicillin). Individual colonies were seeded in 5 ml of LB medium with 25 μg/ml 
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kanamycin for pRSF-Duet 1 and 50 μg/ml ampicillin for pET-Duet 1 vectors and grown 

overnight with shaking at +37°C. The plasmid DNA was then extracted by using the 

GeneJET Plasmid Miniprep Kit (Thermo Fisher Scientific) according to manufacturer 

protocol. The correct plasmids were selected by agarose gel electrophoresis after analytical 

digestion and confirmed by Sanger sequencing using BigDye Terminator v3.1 Cycle 

Sequencing Kit (Thermo Fisher Scientific) according to manufacturer protocol.  

The proteins were typically expressed in Escherichia coli BL21-DE3 cells. The 

seeding stock was made by seeding several colonies from agarized plates into LB medium 

containing antibiotics and incubating it overnight at +37°C. The seeding stock was then 

added to 2xTY medium in volume ratio of 1:20. The 2xTY medium was supplemented with 

25 μg/ml kanamycin and/or 50 μg/ml ampicillin for corresponding plasmids. The expression 

was induced with addition of 1 mM IPTG upon reaching mid-log phase (typically 0.6-0.7 

OD540). The temperature was lowered to 20°C and proteins were expressed for 16-18 hours 

with shaking at 200 rpm. 

  

2.2 Protein purification 

For the purification of 6xHis tagged proteins (CutC, CutD, CntA, CntB, CutO, CutF 

and CutH) a conventional Ni2+ affinity chromatography was used. The cells were lysed with 

ultrasound in lysis buffer typically containing 40-100 mM Tris-HCl (pH 8.0), 200 mM NaCl, 

1% Triton X-100, 1 mM PMSF and 1 mM dithiothreitol (DTT). The lysate was cleared after 

centrifugation at 12000-14000g and passed through 1 or 5 ml HisTrap columns (GE 

Healthcare). The proteins were eluted with 300 mM imidazole. The purity of eluted proteins 

was confirmed with sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 

stained with Coomasie blue. For additional purification proteins were purified on Superdex 

200 gel filtration columns. CutD was purified in denaturizing conditions in presence of 7 M 

urea and refolded further. 

For the purification of bacterial microcompartment derived shell particles (BDPs) a 

sedimentation based method was developed according to other cases mentioned in literature 

(Havemann & Bobik, 2003; Cai et. al., 2016). Cell lysis was performed enzymatically in a 

lysis buffer containing 20-40 mM Tris-HCl (pH 8.0), 300 mM NaCl, 20 mM MgCl2, 1 mM 

PMSF, 1 mM DTT, 1 mg/ml lysozyme and 0.1 mg/ml deoxyribonuclease. The suspension 

was incubated at +4-7 C° with shaking for 1 hour. The lysate was then purified from larger 

debris by centrifugation at 10000g for 10 minutes. The supernatant was then collected and 

centrifuged for 3 hours at 50000g. The glassy pellet containing BDPs were then suspended in 
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a buffer containing 20 mM Tris-HCl (pH 8.0) and 300 mM NaCl, centrifuged at 10000g for 

10 minutes and then loaded on 16/900 Superose 6 gel filtration column equilibrated in 20 

mM Tris-HCl (pH 8.0) and 300 mM NaCl. 2 ml fractions were collected and analyzed with 

SDS-PAGE and transmission electron microscopy (TEM). The BDPs were usually present in 

fractions from 60 to 100 ml.  

 

2.3 MALDI-TOF-MS analyses 

For analysis of CutC degradation, confirmation of CutO and CutF identities and 

identification of protein content in GRM2 BDPs matrix-assisted laser desorption/ionization 

time-of-flight mass spectrometry (MALDI-TOF-MS) was used. This method enables to 

determine exact molecular masses of proteins and positively identify unknown proteins by 

peptide mass fingerprint. 

For analysis of the suspected zones of CutO and CutF the corresponding protein band 

was cut out of PAGE gel. The gel fragments were then washed twice for 1 hour with 500 μl 

of 0.2 M ammonium bicarbonate and 50% acetonitrile to remove the Coomasie stain. 

Afterwards the gel fragments were washed twice with 200 μl of 100% acetonitrile for 15 

minutes and incubated with trypsine (Sigma-Aldrich, cat. No T6567) solution in 40 mM 

ammonium bicarbonate and 10% acetonitrile for 3 hours at +37 °C. 

The peptide or protein solution (1 μl) was then mixed with 1 μl of 0.1% TFA and 1 μl 

of matrix solution containing 15 mg/ml 2,5-dihydroxyacetophenone in 20 mM diammonium 

citrate and 75% ethanol. 1 μl of the obtained mixture was loaded on the target plate and dried. 

Samples were analysed using a Bruker Daltonics Autoflex mass spectrometer.  

 

2.4 X-ray crystallography analysis of CutC 

X-ray crystallography is the most popular method for protein 3D structure 

determination. Because in earlier studies several GRE has been successfully crystallized 

(Becker et. al., 1999; O'Brien et. al.,, 2004; Funk et. al., 2014), it was reasonable to assume 

that CutC could also be crystallized.  

The initial screening of CutC crystallization conditions were performed with 

commercial JCSG+, Structure screen 1&2 and Pact Premier screens (Molecular Dimensions). 

We used standard MRC plates with sitting drop setup. The drops were made by mixing 0.4 μl 

or 1 μl  mother liquid and CutC solution drops. For crystallization trials CutC was 

concentrated to 16 mg/ml in 20 mM Tris-HCl (pH 8.0). Small crystals grew within a week. 

The best results for CutC were from PactPremier screen: H9 well for CutC with an addition 
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of 5 mM choline and F9 well for CutC without choline. The crystallization conditions were 

further optimized by adjusting the concentrations of PEG and salts, and the final 

crystallization conditions for CutC in the presence of choline were 20% v/w PEG 3350, 20–

60 mM potassium/sodium tartrate, and 100 mM Bis-Tris (pH 8.5). Most optimal 

crystallization conditions for choline-free CutC were 20% (v/w) PEG 3350, 100–160 mM 

potassium/sodium tartrate and 100 mM Bis-Tris (pH 6.5).  

For cryoprotection the crystals were soaked in 30% v/w glycerol in mother liquid and 

frozen in cryoloops in liquid nitrogen. The diffraction data were collected on MAX-lab 

MAXII synchrotron beamline I911-3 in Lund, Sweden. 

The diffraction data were indexed with MOSFLM (Leslie, 1992) and scaled with 

SCALA (Evans, 1997) in CCP4 pipeline. The phases were determined with molecular 

replacement in MOLREP (Vagin & Teplyakov, 1997) by using a CutC homology model built 

from glycerol dehydratase (Protein Data Bank ID 1R9D, O'Brien et. al., 2004). The CutC 

choline bound and choline free crystals formed different crystals – the former had an 

orthorhombic lattice and space group P212121 with 8 molecules in the asymmetric unit and 

the later had a monoclinic lattice and space group P21 with 4 molecules in the asymmetric 

unit. Models were further built and refined with COOT (Emsley & Cowtan, 2004) and 

REFMAC5 (Murshudov et. al., 1997). 

 

2.5 Transmission electron microscopy analysis 

 A negative staining method with uranyl acetate was used for the visualization of 

purified BDPs particles. Formvar coated Cu 200 grids were used. 5 μl of sample were put on 

the grid and incubated for 3 minutes. The grids were dried, briefly washed with 1 mM EDTA 

solution and stained with 1% uranyl acetate for 1 minute. Grids were dried and analysed by 

using JEM-1230 TEM electron microscope at 100 kV.  

 

 

2.4 Cryo-EM single particle analysis of BDPs 

 BDPs containing encapsulated CutC336-1128 C-terminal domain were analyzed by 

cryogenic electron microscopy (cryo-EM) single particle analysis (SPA). In last few years a 

significant improvement of cryo-EM resolution limits has been achieved by introduction of 

direct electron detectors and phase plates, thus enabling to achieve 3D reconstructions in 

near-atomic resolution range. In SPA analysis the sample is vitrified and the 3D 

reconstruction is calculated from 2D projections of different particles in TEM images. The 
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cryo-EM method can illuminate asymmetric features impossible to see in crystal structures. 

An additional benefit of cryo-EM SPA is the possibility of sorting the particles in 3D or 2D 

classes, thus enabling to illustrate different states or objects. BDPs are especially suitable for 

cryo-EM analysis since these particles are large and easy to pick and they have icosahedral or 

quasi-icosahedral symmetries, enabling to make 3D reconstructions in high symmetry point 

groups. 

 The BDPs were concentrated with ultrafiltration to 1 mg/ml in a buffer solution 

containing 100 mM NaCl and 20 mM Tris-HCl (pH 8.0). Vitrobot Mark IV (Thermo Fisher 

Scientific) was used for automated sample freezing. 4 μl of BMC sample were applied to a 

Cu 200 R2/1 grid (Quantifoil), blotted for 4 seconds at 18°C temperature and plunge-frozen 

in liquid ethane-propane. The samples were stored in liquid nitrogen until further use.  

Cryo-EM data were collected with Talos Arctica microscope (Thermo Scientific) 

equipped with Falcon 3EC direct electron detector (Thermo Scientific) operating at 200 kV. 

A total amount of 1316 images were collected in automated manner using EPU software 

(Thermo Scientific). The micrographs were recorded at 120000× magnification with defocus 

range between -1.4 and -3.0 μm and the pixel size of 1.23 Å/px. The images were stored as a 

stack of 40 frames. The exposure of one frame stack was 60 e/Å2 and the exposure time was 

1 second. 

The motion-correction and dose-weighting of frames were done with MotionCor2 

(Zheng et. al., 2017) and the contrast transfer function (CTF) were evaluated with Gctf 

(Zhang, 2016). The whole single particle analysis process was performed in RELION 3.0 

pipeline (Zivanov et. al., 2018). RELION 3.0 offers a single pipeline for all basic cryo-EM 

applications and the most resource intensive tasks are optimized for GPU computing, thus 

enabling to use for calculations a high end home computer instead of a server cluster. Log- 

and reference based autopicking and manual inspection resulted in 62533 selected particles. 

A subsequent 2D classification revealed significant heterogeneity among particles and, 

accordingly, five different initial groups of 2D classes could be distinguished (Fig 6). Two 

initial 3D models were made, one in I symmetry and second in D5 symmetry.  

Using the initial I model two 3D classifications were performed – one in I symmetry and one 

in C1 symmetry. The I symmetry classes were very similar and both were used for final high 

resolution refinement with additional Bayesian polishing and CTF refinement steps, resulting 

in a map with a resolution of 3.3 Å. The C1 3D classification revealed a class with one 

missing pentameric unit, for whom a high resolution map could be refined to 8.8 Å 

resolution. Second initial model in D5 symmetry was used for 3D classification and 3D 
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refinement steps in D5 symmetry, resulting in a map with a resolution of 9.6 Å (Fig 6). 

 

Fig 6. Scheme of cryo-EM analysis of BDPs. 

 

Since high similarity X-ray crystallographic structures were available both for cmcD 

(PDB ID 4N8X) and cmcC` (PDB ID 4QIV), we used homology models as initial models. 

Initial fitting of models into maps were done in UCSF-Chimera (Pettersen et. al., 2004). The 

models were then built further using Coot (Emsley & Cowtan, 2004) and refined with 

REFMAC5 in CCP-EM package (Burnley et. al., 2017) and PHENIX (Adams et. al., 2011). 
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2.5 Enzymatic in vitro activity assays of CutC and CntA 

 In order to confirm the activity of the purified TMA producing enzymes, methods for 

dertermination of CutC and CntA enzymatic activities were developed. 

 CutC activating enzyme CutD is necessary for the generation of a glycyl radical in the 

active site of CutC; it is indispensable for CutC activity. The CutD, as often is the case for 

GRE-AE, is insoluble when overexpressed and it is also oxygen sensitive, thus requiring a 

reactivation procedure (O'Brien, 2004). We developed a method for reactivation of CutD 

where it was solubilized in 7 M urea, purified in denaturated state by a Ni2+ affinity 

chromatography and refolded anaerobically by dialyzing it against a refolding buffer 

containing 50 mM KCl, 25 mM MOPS/KOH (pH 7.5), 5 mM dithiothreitol, 0.2 mM Na2S, 

and 0.25 mM (NH4)2Fe(SO4)2. Then CutC and CutD activity assay was performed in an 

argone atmosphere in a buffer containing 25 mM Tris-HCl (pH 8.0) and 50 mM NaCl. The 

final concentration of proteins was 5 mg/ml for CutC and 4 mg/ml for CutD, and the reaction 

mix was supplemented with 3 mM S-adenosyl methionine, 1 mM choline and 5 mM sodium 

dithionite. The mixture was incubated for 15 hours at room temperature and the reaction was 

stopped by addition of formic acid to 50% v/v concentration. The amount of the produced 

TMA was measured by using UPLC-MS/MS. 

CntA is a Rieske oxygenase and for its activation it requires for its 2Fe-2S cluster to 

be in a reduced state. This can be achieved both by the reductase component that uses NADH 

as an electron donor or by a direct reduction of CntA 2Fe-2S cluster by sodium dithionite 

(Daughtry et. al., 2012). The activities of CntA were tested with both methods. CntA was 

concentrated to a concentration of 0.1 mg/ml and transferred to a buffer containing 20 mM 

Tris-HCl (pH 8.0) and 50 mM NaCl. Substrates were added to 2 mM concentrations. Sodium 

dithionite was added to 0.5 mM concentration. Alternatively, instead of sodium dithionite, 

CntB was added to a concentration of 0.1 mg/ml and NADH was added to a concentration of 

0.5 mM. The reaction was stopped by addition of formic acid to 5% v/v concentration. The 

amount of the produced TMA was measured by using using ultra performance liquid 

chromatography - tandem mass spectrometer (UPLC-MS/MS).  

The activities of CutC/CutD and CntA were tested also by expression of the particular 

enzymes in Escherichia coli BL21-DE3 cells. Night cultures of transformed cells harboring 

pRSF-CutC, pET-CutD and pRSF-CntA plasmids were seeded in small volumes (1-15 ml) of 

LB or 2xTY medium, supplemented with 1 mM choline (for detection of CutC activity) or 5 

mM carnitine (for detection of CntA activity). The cultures were induced with 0.5-1 mM 

IPTG after reaching A540> 0.3 overnight. The bacterial culture was centrifuged at 5000g for 
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10 minutes and the supernatant was collected. Formic acid was added to the obtained solution 

to 5% v/v concentration. The amount of the produced TMA was measured by using ultra 

performance liquid chromatography - tandem mass spectrometer (UPLC-MS/MS).  
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3. RESULTS 

 

3.1 Structure and function of CutC choline lyase 

 

 Isolation, recombinant expression and purification of CutC from Klebsiella 

pneumoniae 

 In vitro and in vivo tests of CutC activity  

 Solving of CutC crystal structure 

 Two conformations of CutC in choline free and choline bound states reveal 

conformational changes triggered by binding of choline to its active site 
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3.2 Encapsulation mechanisms and structural studies of GRM2 BMC shell particles 

 Isolation, recombinant expression and purification of GRM2 core enzymes and 

shell proteins 

 Testing the influence of particular shell gene sets on the formation of bacterial 

microcompartment shell derived particles (BDPs) and their size distribution 

 The encapsulation mechanisms of GRM2 core is hierarchical and CutC choline 

lyase most likely plays a secondary role as an adaptor protein 

 Calculated cryo-EM structure of smaller, pT=4 BDP particles at 3.3 Å resolution 

 Various minor BDP forms with additional hexameric rings, larger triangulation 

numbers or fusion of smaller icosahedrons could be identified in the cryo-EM 

analysis 

 

 



41 
 



42 
 



43 
 



44 
 



45 
 



46 
 



47 
 



48 
 



49 
 



50 
 

 



51 
 



52 
 



53 
 

 



54 
 

3.3 CntA oxygenase substrate profile comparison and oxygen dependency of TMA 

production in Providencia rettgeri 

 

 Isolation, recombinant expression and purification of four CntA oxygenases 

from different hosts 

 Substrate profile comparison of CntA from different hosts 

 Oxygen dependency tests of TMA production of Providencia rettgeri culture and 

purified CntA 
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4. DISCUSSION 

 

4.1 Structure of CutC choline lyase 

Glycyl radical enzyme CutC choline lyase is a significant contributor to the TMA 

pool in mammal organism (Roberts et. al., 2018). Since inhibition of this enzyme has 

potential therapeutic and preventive effect, structural characterization of this enzyme could be 

useful for rational drug design. As both our results and later structural studies of GRM1 type 

CutC from Desulfovibrio alaskensis (Bodea et. al., 2016) has demonstrated, the choline 

molecule is located in a very tightly fitting pocket. A rational drug design benefits from large-

sized active sites where a large variety of chemical compounds can easily be localized; 

however, for CutC such opportunities are therefore few. Still, some promising inhibitors has 

nevertheless been identified – 3,3-dimethylbutanol  (Wang et. al., 2015), halomethylcholine 

and halomethylbetaine analogues (Roberts, et. al. 2018) and betaine aldehyde (Orman et. al., 

2019). These inhibitors are all highly similar to choline, having only small additional 

modifications. Iodomethylcholine even could be an irreversible inhibitor of CutC, binding 

covalently to a nucleophilic residue in the active site (Roberts, et. al. 2018). This illustrates 

that there could be some future prospects designing synthetic ligands targeted to the CutC 

active site. 

The conformational shift driven by the substrate binding discovered in Klebsiella 

pneumoniae CutC is unique among GRE. A very similar shift was noticed for 

benzylsuccinate synthase, but in this particular case the switching from open to closed form 

was driven by the binding of accessory subunits (Funk et. al., 2014). Curiously, this was not 

the case for GRM1 type CutC (Bodea et. al., 2016) – both choline-bound and choline-free 

mutant forms are matching the GRM2 type choline bound closed structure. In that case it was 

actually impossible to purify a native choline-free GRM1 type CutC since the substrate was 

collected by the enzyme from the cell environment. The role of the GRM2 type CutC 

conformational shift is not clear – it could be associated with making the GRE active site 

accessible to GRE-AE or it could be also a mechanism for increasing the affinity for 

substrate. It could be possible that advantage could be taken of this conformational shift – by 

designing an appropriate compound binding to the open, choline free CutC form it could be 

possible to lock the whole enzyme in a permanent open state.  
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4.2 CutC-associated GRM2 type bacterial microcompartment structure and 

encapsulation mechanisms 

Bacterial microcompartments are proteinaceous self-assembling organelles that are 

widespread among prokaryotes. These organelles are built with a specific purpose of 

enclosing enzymatic pathways and increasing their efficiency and protecting the cell from 

toxic intermediates. Since CutC is a BMC-associated enzyme, this supramolecular assembly 

itself is a critical factor for functioning of this enzyme in bacteria. 

There are two general ways the assembly process is thought to occur: core-first or 

concomitant assembly (Kerfeld et. al., 2018). In a core-first mechanism the enzymatic core is 

built first and the shell is then formed around it. In concomitant assembly, the shell and the 

core are formed simultaneously. A core-first mechanism seems to characteristic to β‐

carboxysomes and concomitant assembly to α‐carboxysomes. A computational study has 

suggested that these building modes are dependent on the binding efficiency of components – 

weak core interactions results in concomitant assembly and strong core interactions results in 

a core-first assembly (Perlmutter, et. al., 2016). The properties of shell also have to be noted 

– different spontaneous curvature of the shell components could result in different BMC 

particle sizes and different building modes (Mohajerani & Hagan, 2018). 

Our data shows that even highly similar BMC-H proteins can have different shell-

forming properties. cmcA and cmcB, having properties matching low spontaneous curvature 

components are unable to form any particles as such or together with pentameric subunits. 

cmcC`, cmcCtrunc, cmcE and, to a lesser extent, native cmcC would correspond to high 

spontaneous curvature components. It is possible that some synergic effects could also be 

involved in the determination of curvature – cmcAB+D are able to form small type particles 

in contrast to individual cmcA+D and cmcB+D unable to do so. We propose that a large type 

BDP shell, up to 200-300 nm in size, is a balanced combination of components with both 

high and low spontaneous curvature properties and that their proportion is a critical factor for 

the particle size.  

Our results also show that in the GRM2 core encapsulation process CutC is most 

likely playing a central adaptor role. It turned out that the two domains of CutC have different 

functions – while the N-terminal extension of 336 residues were responsible for binding of 

CutF aldehyde dehydrogenase and increasing the resulting complex size, the C-terminal part, 

in addition to its catalytic functions, was responsible for encapsulation of it in the BDPs and 

binding of CutO alcohol dehydrogenase. Interestingly, CutF still contains an EP-like 

sequence at the C-terminal end and CutH has an analogical sequence at the N-terminal end, 
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but their functions in our recombinant BDP system, if any, are limited purely to crosslinking. 

This illustrates that the core is built in a hierarchical manner. For proper recycling of 

NAD+/NADH it is necessary to ensure that the aldehyde intermediate is more or less equally 

divided between alcohol and aldehyde dehydrogenases, and locating both enzymes in a close 

proximity to the signature enzyme could be a good way how to achieve this.  

Data about the assembly of the BDP shell is consistent with previous studies. These 

particles are formed similarly to previously reported larger pT=9 pseudosymmetric particles 

from Haliangium ochraceum (Sutter et. al., 2017), pT=4 particles comprised of double-fused 

Haliangium ochraceum BMC-H proteins (Sutter et. al., 2019a), mixed icosahedral and 

elongated pT=4 and pT=3 particles from Halothece sp. (Sutter et. al., 2019b) and smaller 

pT=1 particles comprised of circularly permutated BMC-H proteins (Jorda et. al., 2016) – in 

all cases convex side of BMC-H and BMC-P proteins are directed towards lumen. 

 

4.3 CntA oxygenase substrate profile and oxygen dependency 

TMA production from carnitine by the gut microflora has been convincingly 

demonstrated several times (Wang et. a., 2011; Kuka et. al., 2014; Weinert et. al., 2017), but 

the identity of the responsible bacterial enzyme is less clear. CntA Rieske oxygenase is a 

Rieske 2Fe-2S cluster-containing enzyme capable of producing TMA from carnitine, and so 

far it is the best candidate for this process. 

In vitro CntA characterization has been scarce so far, with only two studies 

investigating the substrate panel (Zhu et. al, 2014; Koeth et. al., 2014). While these two 

studies are in agreement on a high TMA-producing capability for carnitine and gamma-

butyrobetaine, and a somewhat lower activity for glycine betaine, the results for choline were 

markedly different. Study by Zhu (2014) reported no detected activity for choline at all, but 

study by Koeth (2014) reported a higher TMA producing activity from choline than from 

carnitine. We investigated CntA oxygenase activities from four different organisms and 

concluded that our results are in a better agreement with Zhu (2014) study, since our results 

demonstrated a high activity for carnitine and gamma-butyrobetaine, medium for betaine and 

very low for choline. The CntA activity in bacteria most likely is targeted towards carnitine 

and gamma-butyrobetaine, since Providencia rettgeri culture was unable to produce any 

TMA in aerobic conditions from choline or glycine betaine. 

Since CntA requires oxygen for proper functioning and the gastrointestinal tract is 

mostly anaerobic, we tested the capability of Providencia rettgeri cultures and purified CntA 

enzyme to produce TMA in different oxygen concentrations. We discovered that there is a 



66 
 

trend for lower TMA amounts produced in decreasing oxygen concentrations in the presence 

of carnitine, but even at very low oxygen concentrations comparable to ones in 

gastrointestinal tract – 1%, 0.2% and <0.01% – it was still possible to detect some TMA 

production. This suggests that the oxygen availability as such in gastrointestinal system is not 

a principal obstacle for CntA and it could indeed contribute to a degree to TMA production 

from carnitine and gamma-butyrobetaine in the intestines. This does not exclude the 

possibility that this contribution is small or that there are other pathways involved in bacterial 

carnitine degradation – a recent study, actually, has found no correlation of fecal CntA gene 

abundance with TMAO production in mice (Wu et. al., 2018). 
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5. CONCLUSIONS 

 

1. GRM2 type CutC has a typical GRE fold of 10-β/α barrel. 

2. GRM2 type CutC choline lyase exists in two different conformations: more 

structured, choline bound form and more disordered, choline free form. 

3. The conformational CutC differences between choline bound and choline free states 

exist in solution as well as in crystal. 

4. The minimal gene set required for production of recombinant GRM2 type BDPs in 

Escherichia coli expression system is cmcC and cmcD. 

5. Adding C-terminally elongated BMC-H proteins cmcC` and cmcE and C-terminally 

truncated cmcCtrunc to the BDP shell gene set can cause formation of larger BDPs. 

6. CutC is the only GRM2 core enzyme capable of encapsulation in BDPs in detectable 

amounts as such and it mediates the encapsulation of CutO alcohol dehydrogenase 

and, possibly, also CutF aldehyde dehydrogenase. 

7. Small type, 25 nm large cmcABC`+D+CutC336-1128 GRM2 BDPs are pT=4 quasi 

symmetric. 

8. Rieske type CntA oxygenase has high specific TMA-producing activity for carnitine 

and GBB, medium for betaine and very low for choline. 

9. Availability of oxygen has a significant impact on the TMA production by 

Providencia rettgeri in the presence of carnitine, but this process could still be 

feasible at oxygen concentrations comparable to ones in gastrointestinal tract. 

 

  



68 
 

6. MAIN THESIS OF DEFENSE 

 

1. CutC choline lyase have a typical GRE fold of 10-β/α barrel and binding of choline to 

its active site triggers conformational shift from open to closed state. 

2. GRM2 signature enzyme CutC plays a central adaptor role in the encapsulation of 

GRM2 type enzymatic BMC core and the BMC-H proteins in the GRM2 locus have 

specialized roles in the formation of BMC shell. 

3. Rieske type non-heme CntA oxygenase can produce TMA with high efficiency from 

carnitine and gamma-butyrobetaine, with medium efficiency from betaine and in with 

very low efficiency from choline and, despite low oxygen concentrations in 

gastrointestinal system, CntA could nevertheless contribute to a certain amount to 

TMA production in mammalian intestines.  
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