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I Abstract 

Oligomeric protein assemblies play a pivotal role in metabolism. The advantages of 

such complexes are increased stability, protection from degradation and additional 

options for regulation through allostery. The two enzymes discussed in this thesis 

utilize oligomerization as a central mechanism, to shield from damaging conditions 

and control their activity.  

Urease is a nickel-metalloenzyme with varying assembly structures expressed in 

all branches of life except animals and is an essential part of the nitrogen cycle. It 

catalyzes the breakdown of urea into ammonia, which is used as a nitrogen source. 

Oligomerization of urease leads to the local increase of ammonia in a concentrated 

area and contributes to urease stability in extreme environments. Ureases have a 

huge impact on agricultural practices, but their function as virulence factors in 

pathogens also makes them important drug targets.  

Acetyl-CoA Carboxylase (ACC) catalyzes the first and rate limiting step in the 

production of fatty acids. Acetyl-CoA is carboxylated by ACC in two consecutive 

and distinct reactions, forming malonyl-CoA. Fatty acid synthase (FAS) uses 

malonyl-CoA as a precursor for the formation of fatty acids. Eukaryotic ACCs are 

multienzymes, which contain all the catalytic domains in a single polypeptide chain. 

Human ACC is a dimer and oligomerizes into a filament in its most active state.  

Upregulation of ACC activity has been linked to cancer, metabolic syndrome and 

viral infections. 

The aim of this thesis is the investigation of the mechanisms leading to 

oligomerization of these essential enzymes by using cryo-electron microscopy 

(cryo-EM). 

In chapter two, the nickel –metalloenzyme urease of Yersinia enterocolitica is 

revealed to form a tetramer-of-trimers. A similar assembly has only been observed 

for the pathogen Helicobacter pylori, where it is described as a crucial factor in 

survival of acidic environments.  Including higher order aberration correction in data 

processing of cryoEM movies, a reconstruction of Y. enterocolitica urease at 1.98 

Å resolution was obtained. The structural data revealed an oligomerization loop and 

a specific alpha-helix as central elements involved in the oligomerization. At better 

than 2.0 Å resolution, so far only reached by single-particle analysis for four others 

proteins, salt bridges, alternate conformations and protonation are visualized for the 

entire protein, and in particular the active site. The two nickel ions in the active site 
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are at a distance of only 3.2 Å, much closer than in other urease active sites 

described so far by X-ray crystallography. Frame-wise analysis of cryoEM movies 

indicates the onset of radiation-damage in the environment of the Ni2+ ions during 

electron-beam exposure as the cause of a distorted overall bimetal center structure.    

The mechanism of allosteric regulation of ACC is discussed in chapter three, 

uncovering the mechanism behind citrate-induced filament formation. Prior and 

newly collected cryoEM data of ACC filaments were processed using advanced 

algorithms. Corrections for higher order aberrations resulted in a 3.84 Å resolution 

reconstruction, which supported identification of a potential citrate interaction 

region. Site specific point mutants of residues in the suspected citrate binding 

pocket showed decreased activity in in vitro activity assays. Citrate acts on a pocket 

of positively charged residues in the central domain of the multienzyme. This central 

domain region has no catalytic properties, but was observed to function as a hinge 

where large conformational changes occur. Binding of citrate influences the 

conformational ensemble of the central domain region, creating an interface for 

other dimers of ACC to dock and form a filament. This filament locks ACC in an 

active conformation and is the most active state of the protein. 

The findings of this thesis show how different proteins employ oligomerization to 

preserve or augment their function. Ureases grant protection from acidic 

environments through their assembly while citrate-induced filament formation 

increases ACC activity. 
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Introduction 

1 Introduction  

1.1 Oligomeric enzymes in metabolism 

The metabolism of an organism is the total sum of the synthesis of cellular 

components from energy and chemicals (anabolism) and the breakdown of organic 

material (catabolism). These chemical transformations are catalyzed by specific 

proteins called enzymes, which lower the activation energy needed for a chemical 

reaction and permit chemical turnover under the conditions of life. Enzymes, and all 

other proteins, are extended linear chains of 20 different types of amino acids. They 

are involved in metabolism, but also in many other cellular process, such as signal 

transduction. A subset of all proteins functions as intrinsically disordered proteins 

without a permanent three-dimensional structure. Most proteins, however, adopt a 

folded three-dimensional structure linked to their biological function and determined 

by the sequence of amino acids. 

A series of successive chemical reaction steps in metabolism leading to one product 

or a group of products is known as a metabolic pathway. Controlling the flux through 

different metabolic pathways is essential for cell survival and proliferation. 

Oligomerization in the biological context, is the ordered and specific non-covalent 

binding of multiple proteins in one complex. Homo-oligomers consist of copies of 

the same protein [1-5] and assemblies of different proteins are hetero-oligomers [5, 

6]. Both types of complexes can be either permanent or transient. 80% of 

Escherichia Coli proteins and two thirds of all identified human enzymes are 

oligomeric, demonstrating their distinctively favorable properties for an organism [7, 

8]. The functional advantages for such assemblies are potential for allosteric 

regulation and stabilization of proteins [9]. An increase in stability of the protein 

protects against degradation and denaturation [7, 10]. 

1.2 Urease is a crucial enzyme in ecology and health 

Ureases are ubiquitous enzymes responsible for the breakdown of urea into 

ammonia, which is used as a nitrogen source by many organisms. The oligomeric 

assemblies of ureases have been suggested to protect the enzyme from 

degradation and increase its stability. Structural analysis has revealed distinct 

urease complexes across different species. Ureases were the first enzymes to be 
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crystallized [11] and the first enzymes to be identified as a nickel-metalloenzymes 

[12]. 

1.2.1 Nickel ions as cofactors in redox- and non-redox metalloenzymes  

A third of all reported enzymes so far are metalloenzymes, but only a small portion 

of them contain nickel ions [13]. There are 15 entries for enzymes containing nickel 

ions on the ExPASy database when searching for enzymes with cofactor Ni2+ [14]. 

Nickel can be present as a mono-, bi- or multimetal centers or as part of a mix of 

metal ions in an enzyme. Nickel containing enzymes are present in all branches of 

life except mammals and impact the environment around them [15].  

Nickel-metalloenzymes are divided into redox and non-redox enzymes [16]. Ni2+ 

ions have only limited redox chemistry. The redox properties of nickel-enzymes are 

determined by the ligand and/or surrounding coordinating side chains. Redox 

nickel-enzymes usually have a sulfide as a ligand or a sulfur containing sidechain 

(Cys) coordinating the metallocenter [16]. The ligands of non-redox nickel-enzymes 

contain O and N atoms and use Ni2+ as a Lewis acid [15].  

 

1.2.2 Urease is highly efficient and increases the pH of the environment 

Ureases are non-redox nickel-enzymes and were the first enzymes to be shown to 

contain a nickel in their active site [12]. They are ubiquitous in plants, fungi, some 

bacteria and archaea [13] and are crucial players in environmental (or biological) 

nitrogen fixation [17]. The substrate of urease is urea, which is a waste product 

necessary to excrete accumulated surplus of toxic ammonia from an organism [18]. 

The breakdown of urea occurs in a two-step reaction where the first one is catalyzed 

by urease [19]. Urea is split into one molecule of ammonia and carbamate at a rate 

estimated to be 1014 to 1015 times higher than the non-catalyzed reaction [20]. The 

second step is the spontaneous hydrolyzation of carbamate into another molecule 

of ammonia and bicarbonate (Figure 1.2.1) [21]. 

A consequence of this reaction is a local increase of pH, which has emerged as a 

problem in agriculture [22]. Ureases are abundant in the soil within bacteria but also 

as extracellular ureases. Cell-free ureases alkalinize the soil inducing calcium 
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carbonate precipitation, which affects availability of minerals. This is detrimental to 

agriculture and makes added fertilizers less effective. Up to 70 % of nitrogen from  

urea fertilizers is used up by the ureases in the soil rather than by the plants. 

Therefore, research to identify effective urease inhibitors is of high agricultural 

interest [23]. The increase in local pH caused by the urease reaction is also used 

by many pathogens to survive in acidic environments [24].  

 

1.2.3 Urease is a virulence factor for different types of pathogens 

Bacterial and fungal ureases have emerged as a virulence factors in pathogens and 

therefore, as important drug targets [25]. The fungal infections cryptococcosis [26] 

and coccidiomycosis have been connected to the activity of ureases [27]. The 

bacterium Proteus mirabilis causes urinary stones through urine alkalization by the 

activity of its urease, which can lead to pyelonephritis and catheter encrustation 

[28].  

The impact of bacterial ureases on human pathology is best studied for Helicobacter 

pylori, the causal agent of many gastric ulcers leading to stomach cancer. In H. 

pylori, urease constitutes 10% of all its proteins leading to the neutralization of the 

acidic environment of the stomach, thereby promoting survival of H. pylori [29]. 

However, there are also other effects on the host which may occur independent of 

Figure 1.2.1 Schematic overview of urea cycle and urease catalytic reaction 
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enzymatic activity, like the delay of apoptosis in neutrophils and gastric epithelial 

cells [30]. These non-enzymatic influences might cause extra-gastric disease 

phenotypes like cardiovascular diseases[31]. The ureases of E. Coli [31], Klebsiella 

pneumonia [32], Brucella abortus [33], Haemophilus influenza [34] and Yersinia 

enterocolitica [35] have all been described as virulence factors[31]. 

 

1.2.4 Yersinia enterocolitica uses urease to survive in acidic conditions 

Y. enterocolitica is a small rod-shaped, Gram-negative coccobacillus and the 

causative agent of yersiniosis. This pathogen causes the majority of all zoonotic 

illnesses contracted through consumption of contaminated food. It causes 

mesenteric adenitis, terminal ileitis and gastroenteritis. Y. enterocolitica has a high 

potential to develop multi-drug resistance and several multi-resistant strains have 

been isolated [36]. Ureases enable Y. enterocolitica to passage through the 

gastrointestinal tract and to survive in the phagosome by protecting the bacterium 

against the acidic environment [37, 38]. The catalysis of ammonia by urease is 

notably faster under low pH conditions than in neutral environments. This provides 

the pathogen with a mechanism by which urease activity is directly stimulated by a 

drop in pH [35]. Y. enterocolitica urease prevents the cytosol from acidifying, but 

does not affect the pH outside the bacterium, in contrast to observations of 

acidification for H. pylori urease [35]. For H. pylori, the ability of urease to preserve 

activity in acidic environment was attributed to its dodecameric enzyme assembly, 

demonstrating an impact of the quaternary structure of ureases on physiological 

activity [39]. The oligomeric structure of Y. enterocolitica urease is currently 

unknown. 

 

1.2.5 Ureases assemble distinct types of oligomers  

Plant and fungal ureases present as single polypeptide chains while bacterial and 

archaeal ureases can contain two (ureA, ureB) or three polypeptide chains (ureA, 

ureB, ureC) (Figure 1.2.2 a). The chains can also be denoted as alpha, beta and 

gamma, but do not always refer to the same orthologue in different organisms. 

Therefore, for the purpose of this thesis we will not use this naming scheme. 

Conserved domains of ureases from different species share around 50% sequence 

similarity irrespective of the number of polypeptide chains (see Table 1). The three 
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dimensional fold adopted by ureases is homologous (see section below) across all 

species and protein architectures. The two hypothesis on the evolution of ureases 

are that either a fusion or a splitting event occurred in a common ancestral protein 

[40]. Phylogenetic inference concluded that it likely consisted in a single 3-to-1 

fusion event. This suggests that bacterial three-chained ureases existed before 

single chained plant and fungal ureases. Fusion could occur by a read-through of 

the genes, bypassing the stop codons. Notably, two-chained ureases likely 

emerged from a separate event from the 3-1 fusion and are not evolutionary 

intermediates [41]. 

All ureases assemble into oligomeric structures with similar protomer folds, but 

different species form different higher-order structures [15]. The assembly most 

commonly found in bacteria is a homo-trimer of the urease with threefold rotational 

Figure 1.2.2 Architecture of ureases of different domains of life. 
a) shows cartoon representation of different ureases with single two and three polypeptide 

chains encoding the protein. Protein names indicated in color code below cartoon structure. 

Klebsiella aerogenes (PDB ID: 1EJW); Canavalia ensiformis (PDB ID: 3LA4); Helicobacter 

pylori (PDB ID:1E9Z) b) surface representation of the same three ureases in their full 

oligomeric assembly. Same color scheme as in a). Steel and light grey represent the other 

protomers in one trimer. Dark grey shows the other trimers indicated with roman numerals. 

Ellipse two-fold symmetry, triangles indicate threefold symmetry axis, tetrahedron indicates 

tetrahedral symmetry. Assembly type indicated below structure. 
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(C3) symmetry, containing three active sites [42]. A hexamer with threefold dihedral 

(D3) symmetry is mostly found in plants and fungi [43] (Figure 1.2.2 b). H. pylori  

urease was the first to be described as a dodecamer formed by a tetramer of trimers 

with tetrahedral (T) symmetry [39]. This oligomeric organization has been 

hypothesized to increase survival in acidic environments. Low pH can cause the 

dissociation of Ni2+ ions from the active site resulting in subsequent loss of activity 

[44]. A higher oligomeric state increases the number of active sites in one urease 

complex to 12. The products accumulate around the complex effectively increasing 

the local ammonia concentration. The subsequently higher pH microenvironment 

around the complex ensures the ions are kept in the active site even in acidic 

conditions [39].  
 
Species compared ureA ureB ureC 

C. ensiformis/ Y. enterocolitica 51% 33% 55% 

Y. enterocolitica/ H. pylori 52% 52% 58% 

H. pylori /C. ensiformis 57% 49% 59% 

Table 1.2.1 Global sequence alignment of ureases 
Urease sequences were aligned based on their domain boundaries and individually 

compared. Sequence identity is given in percent. Canavalia ensiformis (Jack bean); Yersinia 

enterocolitica; Helicobacter pylori. 

 

1.2.6 Nickel bimetal center coordinated by modified lysine is central to 
urease activity 

All ureases have the active site located in their largest domain (ureC or ureB in 

bacteria), which needs to be accessible for urea. A helix-turn-helix motif called 

“mobile flap” covers the active site during catalysis and opens to mediate substrate 

and product diffusion. Urease has a nickel bimetal center coordinated by six side 

chains: one carbamylated lysine, four histidines and one aspartate. Ni1 is ordered 

by three of the histidines and Ni2 by the two other histidines and the aspartate. The 

carbamylated lysine coordinates both Ni ions, which in turn are bridged by a 

hydroxide ion[31].  

When urea enters the active site, it replaces three coordinated waters. First the 

carbonyl oxygen of urea binds Ni1, which makes it more susceptible to nucleophilic 

attack. One of the amino nitrogen atoms binds Ni2 forming a bidentate bond, which 
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is stabilized by an alanine and two histidines brought into proximity through the 

closing of the mobile flap. A nucleophilic attack by the hydroxide on the carbonyl 

carbon results in a tetrahedral intermediate and the proton is transferred to one of 

the amino nitrogens. This yields one molecule of ammonia and, through the binding 

of the oxygen from the hydroxide, a molecule of carbamate. Finally, the mobile flap 

opens and releases ammonia and carbamate and the active site fills again with 

water [31, 45-47]. For this reaction to occur urease need two post-translational 

modifications: carbamylation of the lysine and addition of Ni2+, which are mediated 

by accessory proteins of urease. 

 

1.2.7 Post-translation modification and co-factor integration are mediated 
by accessory proteins  

In bacteria, four accessory proteins are tasked with the maturation of apo-urease to 

fully active enzyme, ure D, E, F and G. The expression of these genes is regulated 

together with ureA, B, C [21]. The activity of the GTPase ureG has been linked to 

carbamylation of urease [48] and ureE is a metallochaperone delivering the Ni2+ 

ions [31]. A structure of the H. pylori ureDFG (ureD is ureH in H. pylori) complex 

was a breakthrough for the understanding of how hydrogen carbonate for 

carbamoylation and Ni2+ ions get delivered to apo-urease [49]. Molecular dynamics 

simulations of ureDFG suggest the presence of a set of tunnels within the complex, 

which would allow for the diffusion of the ions to the active site [50].  

 

The oligomeric assembly of urease allows it to function under a variety of conditions. 

Stability is protecting it from denaturation while multiple active sites ensure high 

throughput. Urease catalyzes a single reaction extremely efficiently, but other 

metabolic pathways require more complex sequences of reactions and tight 

regulation of the enzyme activity. 
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1.3 Human ACC is regulated by oligomerization 

ACC is an enzyme present in all domains of life and catalyzes the first committed 

step in fatty acid synthesis. Carboxylation of acetyl-CoA forms malonyl-CoA, which 

is the substrate for FAS. Activation of ACC from higher eukaryotes is correlated with 

formation of large filament-like oligomers [51]. ACC is a central and tightly regulated 

component of the lipogenic metabolic pathway. 

1.3.1 Carrier proteins are crucial for the function of multienzymes 

The multiple reactions required for a metabolic pathway can be catalyzed by 

complexes of enzymes or single enzymes. An assembly of enzymes can be 

transient or permanent and is called a multi-subunit enzyme. Multienzymes are 

single polypeptides containing several catalytic domains, which execute multiple 

reactions. Multienzyme complexes consist of multiple enzymes where at least one 

is a multienzyme [52, 53]. Multienzymes are more frequently found in eukaryotes 

than in prokaryotes. A multi-subunit enzyme of prokaryotes and a multienzyme of 

eukaryotes can catalyze the exact same reaction (Figure 1.3.1, adapted from [54]). 

The tryptophan synthase in E. coli is a heterotetramer made of two protein chains, 

whereas in fungi the proteins are fused and form a homodimer. The advantage of 

multienzymes over multi-subunit enzymes could be that it ensures a fixed 

stoichiometry of proteins. In prokaryotes the parallel transcription and translation of 

proteins regulates their ratio [52]. 

Analogous to an assembly line, each enzyme catalyzes one step in a sequence of 

reactions. Prime examples of such enzymes are polyketide synthases (PKSs), 

which catalyze the formation of secondary metabolites including important 

antibiotics by condensation of carboxylic acid building blocks [55]. Catalysis of a 

sequence of reactions within one enzyme complex leads to concentration of 

metabolites in one location. Intermediates benefit from short diffusion distances or 

are covalently linked to a protein of the complex[56]. 

These carrier proteins shuttle intermediates between catalytic sites and are present 

in a subsection of multienzyme complexes and multienzymes. Carrier proteins can 

be separate proteins as part of a multi-subunit enzyme or a domain in a 

multienzyme. Within multienzyme, they are connected via long flexible linkers that 

allow them to reach the different active sites. Carrier proteins can confer substrate 

specificity, enhance substrate solubility and protect them from sequestration by 

other enzymes [57].  
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Carrier proteins typically need post-translational modifications with a co-factor to 

bind their respective target intermediate. These co-factors are covalently linked to 

residues on the opposite side of the linkers to ensure full range of motion. Three 

co-factors, pantetheine acid, lipoic acids and biotin, define three classes of 

enzymes [57]. Pantetheine-dependent enzymes have a pantetheine moiety on their 

carrier protein, called an acyl-carrier protein (ACP). FAS is a pantetheine-

dependent enzyme with a phosphopantetheine co-factor attached at the ACP [58]. 

The pyruvate dehydrogenase complex (PDC) has a lipoic acid moiety on its lipoyl  

domain. It enables binding of the substrate pyruvate and is in the class of lipoic acid 

dependent enzymes [59]. The biotin-dependent carboxylases have a biotin moiety 

attached to their carrier protein, the biotin carboxyl carrier protein (BCCP), at a 

highly conserved Met-Lys-Met motive [60]. The moiety allows the BCCP to transport 

carboxyl groups between the different reaction sites [61].  

 

1.3.2 Biotin-dependent carboxylases have a conserved reaction mechanism 

Biotin-dependent carboxylases are ubiquitous enzymes which are involved in fatty 

acid, amino acid and carbohydrate metabolism, as well as urea utilization and 

polyketide biosynthesis [62-66]. All biotin-dependent carboxylases have the same 

three components: biotin carboxylase (BC), BCCP and carboxyl transferase (CT). 

They can be organized as multienzymes or multi-subunit enzymes. Biotin-

dependent carboxylases catalyze a conserved two-step reaction: in the first step, a 

Figure 1.3.1 Multi-subunit enzyme, multienzyme complex and multienzymes 
Multi-subunit enzymes (top) consist of multiple proteins functioning as together as one 

complex. Multienzyme complexes (middle) are composed of single proteins and 

multienzymes. Multienzymes (bottom) encode all catalytic domains on a single polypeptide 

chain. Adapted from [53]. 
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carboxyl group of a bicarbonate molecule is transferred by the BC to the biotin 

moiety of the BCCP in a ATP-dependent manner. The BCCP then carries the 

carboxyl group to the CT, which transfers the carboxyl group onto the substrate as 

the second step [67, 68].  

Biotin-dependent carboxylases are classified by their substrate, which leads to 

three main classes: Urea carboxylases (UC), pyruvate carboxylases (PC) and acyl-

CoAs carboxylases [61] (Figure 1.3.2, adapted from [69]). The PC carboxylates 

pyruvate to form oxaloacetate to resupply the tricarboxylic acid cycle (TCA). In 

mammals, PC also catalyzes the first committed reaction in gluconeogenesis. PC 

is therefore crucial in intermediary metabolism and is localized in the mitochondria 

in mammals and in the cytosol in fungi [62, 70]. There is some evidence that PC 

has a role in virulence during infection with Listeria monocytogenes [71]. As an 

alternative to the urease reaction described in the previous chapter, some bacteria, 

fungi and algae use urea amidolyase (UA) to access nitrogen. UA contains UC to 

carboxylate urea to allophanate and allophanate hydrolase (AH) to convert it into 

ammonium. They can organize as multienzymes or multi-subunit enzymes [72, 73].  

Acyl-CoA carboxylases are further classified according to the specific acyl-CoA they 

carboxylate. Propionyl-CoA carboxylase (PCC), 3-methylcrotonyl-CoA carboxylase 

(MCC), geranyl-CoA carboxylase (GCC) and acetyl-CoA carboxylase (ACC, 

Figure 1.3.2 Domain arrangement of biotin-dependent carboxylases 
Linear representation of domain arrangements in biotin-dependent carboxylases. The 

carboxylases are divided by their families and labeled according to enzyme and class. The 

domain color scheme will be used throughout the introduction. Adapted from [68]. 
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covered in the next chapter) [61]. Propionyl-CoA is carboxylated to D-

methylmalonyl-CoA and is found across many organisms from bacteria to humans. 

PCC is central for the catabolism of β-branched amino acids, cholesterol side 

chains and fatty acids with odd number of carbon atoms [66, 74]. MCC converts 3-

methylcrontonyl-CoA to 3-methylglutaconyl-CoA, which is essential for the 

catabolism of leucine and isovalerate [75]. GCC like MCC also carboxylates the γ 

carbon of an unsaturated acid and are therefore often grouped together. 

Carboxylation of geranyl-CoA yields γ-carboxygeranyl-CoA, which is involved in 

bacterial metabolism of geranyl group and other acyclic terpenes. GCC can also 

accept the MCC substrate 3-methylcrontonyl-CoA, but not vice versa [76]. 

 

1.3.3 Human ACC has two isoforms with distinct functions in the cell 

Bacterial ACC is organized as a multi-subunit enzyme or a multienzyme complex, 

where the BC and BCCP are fused. There is genomic evidence that some 

prokaryotes have multienzyme ACC plus an additional BC-CT interaction domain 

(BT). Eukaryotic ACC is a multienzyme and contains a BT domain as well as an 

additional non-catalytic domain called central domain (CD) not found in other biotin-

dependent carboxylases [61]. 

ACC1 and ACC2 are the two isoforms of higher eukaryotic ACC. They are encoded 

by the genes ACACA and ACACB, which share 74% sequence identity [77]. While 

both isoforms function as 500 kDa dimers, ACC1 can assemble higher order 

oligomers [60]. Both produce malonyl-CoA from acetyl-CoA, but in different tissues 

and with different downstream uses. 

ACC2 is found in heart and skeletal muscle and is anchored to the mitochondrial 

outer membrane with a unique N-terminal region [78]. Production of malonyl-CoA 

inhibits carnitine palmitoyltransferase 1 (CPT1) and therefore fatty acid oxidation 

[79]. ACC1 is mostly found in adipose tissue, mammary glands and lipogenic tissue 

where de novo fatty acid production is required. The produced malonyl-CoA is the 

substrate for FAS, therefore ACC1 catalyzes the first committed step in fatty acid 

production [65].  Fatty acids can be used as precursors for lipids and membrane 

anchors, energy storage and as secondary messengers [58]. The oxidation and 

production of fatty acids are essential functions for all domains of life, making the 

regulation of ACC is crucial to the metabolism. 
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1.3.4 ACC is regulated by an interplay of transcription, phosphorylation and 
metabolites 

ACC of higher eukaryotes is regulated at transcriptional and post-translational level 

to tie production of fatty acids to metabolic demand. Transcriptional regulation 

involves sterol regulatory element binding proteins (two isoforms, SREBP1a and 

SREBP1c) and carbohydrate response element binding protein (ChREBP) as 

transcription factors [80-82]. The master regulators of metabolism, mechanistic 

target of rapamycin complex 1 and 2 (mTORC1 and 2), regulate expression of 

SREBP based on nutrient availability [83, 84]. ACC is a 265 kDa monomer and 

functions as a dimer of over 500 kDa. Given the large size of the active ACC dimer, 

regulation through transcription only would be extremely costly for the cell.  

Citrate functions as a feedforward activator increasing ACC activity [85]. As 

observed more than five decades ago, citrate activation leads to the formation of 

filaments of ACC in higher eukaryotes of up to one micron in length [51]. Citrate is 

a product of the TCA cycle and is converted into acetyl-CoA by the ATP-citrate 

lyase (ACYL) in the cytosol. Acetyl-CoA is the substrate of ACC and citrate 

functions as an allosteric activator of catalysis. However, how citrate binds ACC 

and how it exerts its function is still unclear. 

The product of ACC, malonyl-CoA and the downstream intermediate of FAS, 

palmitoyl-CoA are feedback inhibitors, signaling the surplus of fatty acids [63, 77]. 

Palmitoyl-CoA has detergent like properties, which leads to unspecific binding of 

proteins and could be part of a more general inhibition of metabolic pathways [86]. 

However, blocking of unspecific binding sites by the addition of BSA does not 

prevent palmitoyl-CoA binding and ACC inhibition. Addition of citrate, 

palmitoylcarnitine and decanoylcarnitine can also reverses inhibition by palmitoyl-

CoA [87] (Figure 1.3.3).  

Inhibition of ACC is also induced by phosphorylation of specific residues. In ACC1 

AMP-activated kinase (AMPK) phosphorylates Ser80, Ser1201 and Ser1206, while 

cAMP-dependent kinase (PKA) phosphorylates Ser78 and Ser1201. 

Phosphorylation of the conserved residues Ser80 and Ser1201 cause an especially 

strong reduction of activity in ACC1 [88, 89]. Ser222 in ACC2, the Ser80 equivalent, 

is phosphorylated by AMPK in order to decrease catalysis [90]. Ser80 and Ser222 

are located in the BC domain of ACC1 and ACC2, respectively. Phosphorylation of 

these residues localizes them to a binding pocket, which is also the target of 

inhibitors (see next section). Yeast ACC is regulated through phosphorylation of 

Ser1157 by Snf1, a homologue of AMPK [91-93].  
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ACC is regulated by several protein interaction partners. Mig12 is a cytosolic protein 

of 22 kDa size and can lower the citrate threshold for activation and induce filament 

formation by binding to ACC1 and ACC2 [94]. Mig12 and the paralog Spot14, can 

form a complex which attenuates filament formation of both ACC1 [95] and ACC2 

[96]. If ACC2 forms filaments in physiological conditions in presence of the N-

terminal membrane anchor is unclear. Prolyl hydrolase domain protein 3 (PHD3) is 

part of the metabolic response to changing cellular conditions. It hydroxylates a 

proline of ACC2 increasing its activity and inhibiting fatty acid oxidation [97]. 

Increased levels of proyl isomerase 1 (PIN1) are associated with malignant tumors 

and upregulation of ACC1. Pin1 can bind and stabilize the C-terminal domain of 

ACC1 and, by preventing protein degradation, lead to an increase in protein levels 

of ACC1. Pin1 also inhibits AMPK and prevents phosphorylation and further 

activation of ACC [98]. 

Breast Cancer Susceptibility gene 1 (BRCA1) is one of the most important tumor-

suppressor genes in breast cancer. BRCA1 functions in DNA repair, transcription 

and ubiquitination. The tandem domain (BRCT) in the C-terminal region of BRCA1 

binds ACC1 and the interaction is abrogated by mutations associated with breast 

cancer [99]. The binding of monomeric BRCT to a specific phosphopeptide (1258-

Figure 1.3.3 Regulation of acetyl-CoA carboxylase 
Scheme of regulation of human acetyl-CoA carboxylase. PDC: pyruvate dehydrogenase 

complex; TCA: tricarboxylic acid cycle; ACYL: ATP-citrate lyase; ACC: acetyl-CoA 

carboxylase; CPT1: carnitine palmitoyltransferase 1; FAS: fatty acid synthase; mTORC: 

mechanistic target of rapamycin; ChREBP: carbohydrate response element binding protein; 

SREBP: sterol regulatory element binding protein. 
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DSPPQ-pS-PTFPEAGH-1271) of ACC1 in a 1:1 ratio was revealed in a crystal 

structure [100]. The tight control of ACC activity is necessary for the whole 

metabolism and any dysregulation leads to detrimental outcomes. 

 

1.3.5 ACC is a drug target for treatment of different metabolic diseases 

The effect of ACC on the organism as a whole has been demonstrated in knock out 

(KO) studies. ACC1 KO in mice is embryonically lethal, but KO of ACC1 in liver 

showed no obvious phenotype. De novo fatty acids synthesis was reduced, while 

fatty acid oxidation was unaffected [101]. KO in adipose tissue caused prenatal 

growth impairment and postnatal issues in skeletal growth in mice [102]. The 

induction of fatty acid synthesis by ACC1 is essential to proliferation of cells in 

growth and development. ACC2 KO mice were described to have a normal life span 

and fertility, but depending on KO strategy and genetic background additional 

phenotypes were observed. Some mice displayed reduced fat mass, increased 

energy expenditure and improved insulin sensitivity and were protected against 

obesity on a high-fat/high-carbohydrate diet [103-106]. The inhibition of fatty acid 

oxidation by ACC2 is a crucial factor in maintaining fatty acid homeostasis in the 

cell. 

ACC is implicated in two major health disorder: metabolic syndrome and cancer. 

Metabolic syndrome includes type 2 diabetes, obesity, cardiovascular diseases and 

arteriosclerosis [107-109]. ACC1 and ACC2 are both attractive drug targets for 

metabolic syndrome, however no drug has made it to the market yet. There are 

promising studies of inhibitors targeting both isoforms, which decreased de novo 

fatty acid synthesis and upregulation of fatty acid oxidation. A new inhibitor 

improved insulin sensitivity, reduced weight gain and reduced hepatic steatosis 

[110]. ACC2 selective inhibitors mimicking the ACC2 KO, showed serious side 

effects and significantly affected metabolic pathways outside of ACC2. Reduction 

of off-target effects improves performance of ACC2 selective inhibitors [111]. 

Soraphen A was first discovered as a potent antifungal drug. It has also inhibitory 

effects on other eukaryotic ACCs [112]. Soraphen A was able to inhibit de novo 

lipogenesis and improve insulin sensitivity in rats, but poor water solubility and 

bioavailability limited its use as a drug[113].  

Lipid metabolic pathways have been heavily implicated in the progression of 

different cancers for a long time. This includes ACC overexpression found in types 

of lung, liver, breast and prostate cancer [83, 114-116]. The lipogenic pathway is a 
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very attractive drug target for tumors. Cancer cells depend on lipid anabolism for 

proliferation to a greater extent than healthy cells [115, 117]. RNA interference 

mediated knock down of ACC1 and FAS resulted in apoptosis of breast cancer cells 

[116]. Downregulation of ACC2 by tumors increases fatty acid oxidation, which 

provides acetyl-CoA for the TCA cycle and energy in acidic conditions. Most cancer 

cells are in a low pH environment and can reach a state where both fatty acid 

synthesis and fatty acid oxidation are concomitantly active [97, 118]. Soraphen A 

was able to inhibit proliferation of a type of prostate cancer cells [113] and an ACC1 

selective inhibitor was recently reported as a potential cancer treatment [119]. An 

ACC inhibitor developed initially for cancer treatment had an unforeseen effect: it 

reduced de novo lipogenesis in sebaceaous glands and reduced acne [120]. The 

ACC inhibitor GS0976 is in clinical trials as part of a combination treatment for non-

alcoholic fatty liver disease (NAFLD) and non-alcoholic steatohepatitis (NASH) 

[113].  

In recent years more evidence has emerged that ACC plays a crucial role in 

infectious diseases. Zika virus, Porcine reproductive and respiratory syndrome 

virus, West Nile virus and dengue virus all showed potential for treatment with ACC 

inhibitors [121-123]. Plasmodium falciparum, the causative agent of malaria, 

upregulates host ACC to acquire essential lipids it cannot produce itself [124].  

Two Alzheimer drug candidates were shown to increase the acetyl-CoA 

concentration in cells by inhibiting ACC, which was neuroprotective and increased 

acetylation of critical histones [125]. Two ACC inhibitors in plants have been used 

as herbicides for a long time [126, 127]. There are also several drugs being studied, 

indirectly affecting ACC through AMPK or PKA activation [128-130]. 

Balancing the trade-offs between efficient inhibition and off-target effects on the 

metabolism will be crucial for the future development of ACC inhibitors. Essential to 

the understanding of potential inhibitors are detailed structural descriptions of ACC. 

 

1.3.6 Structural characterization of ACC highlights the relevance of 
dynamics for function 

Even though the research field of eukaryotic ACC has garnered much attention for 

its role in disease, solving a complete structure of the full multienzyme has been 

challenging. ACC is too large to investigate via NMR and highly dynamic, which is 

challenging for crystallization. Structures of single domains have furthered our 

understanding of how ACC and its inhibitors work. Only recently, full length 
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structures of ACCs were solved to high enough resolution to unambiguously identify 

all the domains. 

The BC domain of E. Coli was the first solved x-ray structure of an ACC domain 

and crystallized as a dimer [131] (Figure 1.3.4 a). A structure of BC with ADP, biotin 

and bicarbonate gave insight into the mechanism for biotin carboxylation [132] 

(Figure 1.3.4 b). Structural analysis of BC bound by Soraphen A and ND-630 

inhibitor compounds revealed their binding sites in the dimer interface, incompatible 

with activity [110, 133, 134] (Figure 1.3.4 c, d). Eukaryotic and prokaryotic BC 

domains are structurally very similar and have three subdomains A, B and C, with 

B being the most flexible. BC domains of S. cerevisiae and human ACC have only 

been isolated as monomers and are catalytically inactive as such. This is due to the 

interface in the monomer being incompatible with dimerization, as was seen in the 

structure of full length S. cerevisiae ACC [135]. This demonstrates conformational 

flexibility as a necessary part of ACC activity. 

Figure 1.3.4 BC domains of ACC 
a) Dimeric BC domains with two-fold symmetry indicated by an oval. BC domain has A, B 

and C subdomains indicated for red protomer. b) Inset shows enlarged active site with biotin, 

ADP and bicarbonate (PDB ID:3G8C). c) 90° rotation from view of top protomer in a) for BC 

monomer from S. cerevisiae bound with inhibitor soraphen A (PDB ID:1W96). d) Inhibitor 

ND-646 inhibiting human BC domain (PDB ID:5KKN). View same as in c).    
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The BT domain has a rarely observed backbone fold and was first described in the 

structure of a PCC. The central helix of the BT is surrounded by an antiparallel eight 

stranded β-sheet [74] (Figure 1.3.5 a). The BCCP core structure is a β-hairpin, 

which consists of four antiparallel β-strands. The β-strands are folded around a 

hydrophobic core. The conserved biotinylation motif Met-Lys-Met is located at the 

tip of the hairpin. At the opposite end are the linkers connecting BCCP to the rest 

of the multienzyme [136-138] (Figure 1.3.5 b). 

The CD is only present in eukaryotic ACCs and there are interesting differences 

between regions of human CD and fungal ACC central domain (AC). The domain 

region consists of subdomains of similar fold: the CDN (N-terminal)/AC1 and AC2, 

CDL (linker)/ AC3, CDC1 (C-terminal 1)/AC4 and CDC2 (C-terminal 2)/ AC5, 

respectively. CDN is composed of a four-helix bundle connected by six helices to a 

helical hairpin, all ordered in a horseshoe shape. CDL is a small irregular four-helix 

bundle bridging CDN to CDC1. CDC1 and CDC2 adopt the same fold of a six-stranded 

β-sheet, flanked by two bent helices. Comparison of human CDs and fungal ACs 

show that, even if the folds of the subdomains are highly similar, the overall 

architecture of the central domain region is very different. The subdomains rotate 

and move relative to each other, influencing the conformational ensemble, 

identifying the CD as a highly dynamic region of ACC [135, 139] (Figure 1.3.5 c).   

There is low sequence identity of CT among different acyl-CoA carboxylases, 

because it specifies the substrate. However, the overall fold of CT domains is very 

similar across all types of acyl-CoAs, but can present as different higher oligomeric 

Figure 1.3.5 BT, BCCP and CD domains of ACC 
a) BT domain of ACC with central helix indicated (PDB ID:6G2D). b) BCCP domain with 

flexible linker and conserved lysine indicated (PDB ID:6G2D). c) CD domain with 

subdomains indicated (PDB ID: 5I87). 
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assemblies [74, 75]. The CT forms a dimer where each protomer has a N and C 

domain (Figure 1.3.6 a). Dimerization is necessary for activity, because the active 

site is located in the highly hydrophobic interface [140]. Many of the small molecule 

inhibitors bind the active site of CT domain [113] (Figure 1.3.6 b).  

X-ray structure of full length yeast ACC revealed that the dimer adopts a very 

different structure from the other biotin-dependent carboxylases. The CD region is 

crucial in positioning the CT and BC domains relative to each other so both catalytic 

sites can be reached by the BCCP (Figure 1.3.7 a). Overlay of full length ACC 

crystal structure with CD structures, shows that there are substantial rotations of 

the CD subdomains, allowing for dimerization of the BC. There are also extensive 

conformational changes in the BC domain itself, making dimerization and therefore 

activity, possible. This dimerization is not compatible with binding of Soraphen A 

and similar compounds [135].  

Human ACC has not been crystallized and negative stain EM, showed a highly 

heterogeneous mixture of conformational states of inactive ACC1 [141].  The 

revolution in cryo-electron microscopy (cryo-EM, see next section) has allowed for 

the structure determination of many large oligomeric proteins, including ACC 

filaments. 

Citrate-induced filaments of human ACC (ACC-Cit) assemble a helix of ACC 

dimers, which have a highly similar structure to full length yeast ACC. The helix has 

a 120° twist and 154 Å rise and is formed by the dimers stacking together via 

interaction through their CD domains. The conformation of the CDN in the filament 

Figure 1.3.6 CT domain of ACC 
a) Dimer of human CT domain of ACC one protomer in blue and one in grey. N and C 

domain indicated for blue protomer. (PDB ID:4ASI). b) 90° rotated dimer with inhibitor 

CP-640186 shown in black. N and C domains are indicated for blue protomer (PDB 

ID:3FF6). 
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interface is different from fungal yeast ACC, explaining why fungal ACC cannot form 

filaments. The BC domains are dimerized and the BCCP is able to reach both 

catalytic sites (Figure 1.3.7 b). Phosphorylation of Ser80 in the BC domains would 

not be compatible with this dimerization. The filament state locks ACC in a 

perpetually active and closed conformation.  

The binding of the BRCT tandem domain to full length ACC induces a filament 

(ACC-BRCT) distinct from ACC-Cit. The BRCT binds a phosphorylated loop of the 

CD domain and prevents its movement. This locks ACC in an inactive and open 

conformation within a filament. The BC domains are monomeric and BCCP is not 

able to reach both BC and CT domains (Figure 1.3.7 c). These two filaments 

highlight once again the dynamic nature of ACC and how crucial large 

conformational changes are to its regulation and function [141].  

 

Citrate-induced filament formation is tightly linked to increasing activity. However, 

the mechanism by which citrate induces the necessary conformational 

rearrangements in ACC is still not resolved. 

 

 

 

Figure 1.3.7 Structure of full length fungal ACC and human ACC filaments 
a) Crystal structure of full length S. cerevisiae ACC. Domains are labeled and colored 

according to original publication (PDB ID: 5CSL). b) ACC dimer shows domains colored and 

labeled with color code. ACC filament with one dimer in domain colors and rest in grey. Rise 

(154 Å) and twist (120°) are indicated. c) ACC dimer bound by BRCT domain of BRCA1. 

Domains are colored and labeled with color code. ACC-BRCT filament with one dimer in 

domain colors and rest in grey. Rise (154 Å) and twist (120°) are indicated. 
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1.4 CryoEM as a tool to study macromolecular assemblies 

Electron microscopy has long been used to image and study large protein 

complexes. Since the ‘resolution revolution’, cryo-EM has become essential for 

structure determination of macromolecular assemblies [142]. The advantages of 

cryo-EM are low amount of sample required, the physiological state in which 

proteins are imaged and the ability to separate heterogeneous samples into their 

components. The impact cryo-EM has made on science was recognized in 2017 

with the Nobel prize in chemistry being awarded to Jaques Dubochet, Joachim 

Frank and Richard Henderson ‘for developing cryo-electron microscopy for the high 

resolution structure determination of biomolecules in solution’. 

The number of structures solved by cryo-EM started exponentially increasing 

around 2010. At the time of writing this thesis, there are over 10’000 deposited 

cryoEM maps according to the electron microscopy data bank. The average 

resolution has significantly decreased from 15 Å in 2010 to 5.6 Å in 2019 [143]. 

While writing this thesis several <2Å structures came out and as of May 2020 the 

highest resolved reconstruction is apoferritin at 1.22 Å [144].  There are also now 

structures available of proteins and oligomers, which have been historically difficult 

to resolve using x-ray crystallography [142]. This includes membrane proteins, large 

assemblies and filaments.  

A large driver in the surge of structures of large oligomeric complexes is the 

constant development in the optimization of sample preparation, image acquisition 

and computing. The first giant leap occurred with commercially available direct 

electron detectors (DEDs), that enabled fast data collection while preserving high 

resolution information [142, 145]. DEDs enables counting of single electrons by 

using large pixels to ensure only one electron excites one pixel.  A very thin 

radiation-hard camera chip prevents scattering of electrons within the detector, 

which prevents image blurring.  

New cryo-EM algorithms have improved calculation and refinement of 3D 

reconstructions. Beam-induced motion of particles during recording blurs the final 

image. Motion correction software realigns the particles within a series of images of 

the same particles to account for their movement [146-148]. Observation of 

additional anisotropic image motion and better modelling of particle trajectories 

aided in the development of more robust motion correction algorithms [149, 150].  

The contrast transfer function (CTF) describes which information of the sample is 

in the recorded image. It also reflects optical aberrations of the microscope system. 

The more accurately the CTF can be estimated, the more information can be 
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extracted from the data [151]. To improve calculation of the CTF, there are several 

new and complementary algorithms. Ice thickness can vary across one micrograph 

and affects the local CTF values. A new approach calculates a variable CTF 

landscape instead of a uniform CTF correction across one micrograph. Particles 

distributed in ice at different heights have different defocus values and the accurate 

approximation of defocus per particle directly influences the accuracy of the CTF 

[152].  

The increase in achievable resolution through cryo-EM has led to the limitations of 

the optical systems coming into focus. There are three proposed optical effects: 

symmetrical aberration, anti-symmetrical aberration and magnification anisotropy. 

In the newest releases of some of the cryo-EM programs these higher-order 

aberrations can be taken into consideration in the calculation of the CTF [153]. The 

cryo-EM refinement algorithms are still under constant development to improve 

quality of reconstructions and get more information out of collected data [150, 154]. 

Software capable of separating different conformational states of a protein complex 

are further pushing the limits of cryo-EM [155-157].  

The development in cryo-EM remains ongoing with new DEDs having better signal-

to-noise ratios (SNR), larger fields of view and faster data collection. Together with 

more efficient computing and advanced algorithms, cryo-EM will further deepen our 

insight into structure and function of previously unobserved macromolecular 

assemblies. Major challenges for cryo-EM are still macromolecular complexes with 

relatively small heterogeneity and flexibility in single regions or domains.  
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1.5 Aims of the thesis 

 
The aim of this thesis is to investigate oligomerization as an evolutionary asset of 

enzymes for enhanced stability and advanced regulation. Oligomerization of the 

two systems studied here, urease and ACC plays an important role for human 

health. Their giant protein assemblies are attractive drug targets for infectious 

diseases and cancer, respectively. 

The oligomeric assembly of urease in other bacteria has been linked to enhanced 

stability and virulence, but the structure of the three-chain urease of the pathogen 

Y. enterocolitica is unknown. 

Citrate-induced formation of filamentous oligomers was recognized as a critical 

component of the regulation of the essential ACC enzyme over 50 years ago, but 

the mechanistic link between allosteric activation, filament formation and enzymatic 

turnover remained enigmatic.  

In my thesis, I address these questions using state-of-the-art tools of structural 

biology in combination with functional analysis. Specific aims of these thesis work 

are:  

Aim 1.1:  Reveal how Y. enterocolitica urease assembles oligomers at atomistic 

level. 

Aim 1.2: Understand the sequence and structural determinants for oligomer 

formation and stabilization in Y. enterocolitica urease. 

Aim 1.3: Explore potential for structure-based drug discovery for bacterial 

pathogens by single particle cryoEM. 

Aim 2.1: Reveal the binding mechanism of citrate that induce activated acetyl-CoA 

carboxylase filaments. 

Aim 2.2: Validate and analyze the process of allosterically-induced filament 

formation by mutational functional analysis.  

 

The central approach that proved successful for addressing the questions raised 

above is cryo-electron microscopy single particle analysis, in combination with 

biochemical analysis.
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High resolution cryo-EM structure of urease from the pathogen Yersinia 
enterocolitica 

 

 

2 High resolution cryo-EM structure of urease from 
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2.1 Contribution to the manuscript 

 
I build the model based on available crystallographic models and refined them 

against the cryo-EM map. I did sequence alignments and analyzed the 

conservation. I analyzed the interfaces, quality of the model and the active site 

residues and metal ions. I wrote the parts of the manuscript pertaining to model, 

interfaces and active site. I made the corresponding figures and the movie showing 

radiation damage on the active site. Contributions of the other authors is indicated 

in author contribution section. 
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2.2 Abstract 

Urease converts urea into ammonia and carbon dioxide and makes urea available 

as a nitrogen source for all forms of life except animals. In human bacterial 

pathogens, ureases also aid in the invasion of acidic environments such as the 

stomach by raising the surrounding pH. Here, we report the structure of urease from 

the pathogen Yersinia enterocolitica at 2 Å resolution from cryo-electron 

microscopy. Y. enterocolitica urease is a dodecameric assembly of a trimer of three 

protein chains, ureA, ureB and ureC. The high data quality enables detailed 

visualization of the urease bimetal active site and of the impact of radiation damage. 

The obtained structure is of sufficient quality to support drug development efforts. 

2.3 Introduction 

Ureases are nickel-metalloenzymes produced in plants, fungi, and bacteria, but not 

in animals. They facilitate nitrogen fixation by metabolizing urea, but in some 

pathogenic bacteria they serve a dual function and consume ammonia to promote 

survival in acidic environments. This function is vital during host infection where the 

bacteria have to survive the low pH of the stomach1, and of phagosomes in host 

cells[15, 35, 158]. The relevance of ureases in early stages of infection renders 

them attractive targets for novel anti-microbials. 

Ureases catalyze the breakdown of urea into ammonia and carbamate at a rate 

1014–1015 times faster than the non-catalyzed reaction (Figure 2.3.1 a), and are 

arguably the most efficient hydrolases[15, 159]. In a second non-catalyzed step, 

carbamate is spontaneously hydrolyzed to yield another molecule of ammonia as 

well as one molecule of bicarbonate[159]. Jack bean urease was the first enzyme 

to be crystallized, offering evidence that enzymes are proteins[11] and was the first 

metalloenzyme to be shown to use nickel in its active site[12, 160]. All ureases 

characterized to date share the architecture of their active site[31, 159]. Two Ni2+ 

ions in the active site are coordinated by a carbamylated lysine, four histidines, and 

one aspartate. The two metal ions are bridged by a hydroxide ion, serving as a 

nucleophile[161, 162]. Urea first interacts with Ni(1) through its carbonyl oxygen, 

and following a conformational change of a mobile flap covering the active site, one 

of the amino nitrogens then binds to Ni(2), making the resulting metal-chelate urea 

molecule more available for nucleophilic attacks. Subsequently, the bridging 

hydroxide acts as the nucleophile attacking the urea C atom, and a proton is then 

transferred from the hydroxide ion to the distal NH2 group, yielding a nascent 
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ammonia molecule. The latter is released upon breaking of the C–NH3+ bond, 

yielding carbamate as the byproduct, the latter spontaneously undergoing 

hydrolysis. The active site is closed off during the reaction by a conformationally 

variable helix-turn-helix motif, referred to as the mobile flap. Despite their common 

catalytic mechanism, ureases display different chain topologies and higher order 

oligomeric assemblies (Figure 2.3.1 b, c). Jack bean urease assembles into an 

oligomer of a single type of polypeptide chain with D3 symmetry ([[α]3]2 D3) (Figure 

2.3.1 b, c)[15, 159]. The urease of the human pathogen Helicobacter pylori is 

composed of two types of polypeptide chains (ureA, ureB) and assembles into a 

dodecamer (tetramer-of-trimers) with tetrahedral symmetry ([[αβ]3]4 T) (Figure 2.3.1 

b, c). The ability of ureases to raise the pH of their environment benefits H. pylori in 

colonizing the stomach and downstream gut, causing gastric ulcers[31]. The urease 

of the opportunistic pathogen Klebsiella aerogenes[163] assembles into a 

heterotrimer of three proteins ureA, ureB, and ureC, which in turn oligomerizes into 

a trimer ([αβγ]3 C3)11 (Figure 2.3.1 b, c). This oligomeric assembly is common also 

to most other structurally characterized bacterial ureases[15, 159]. 

Yersinia enterocolitica is the causative agent of yersiniosis, a gastrointestinal 

infection, reactive arthritis, and erythema nodosum. The infection spreads to 

Figure 2.3.1 Protein architectures and oligomeric assemblies of ureases. 
a) Schematic of biochemical reaction catalyzed by urease. b Protein architecture of urease 

functional unit from full length C. ensiformis (Jack bean urease)[160], K. aerogenes, H. 

pylori, and Y. enterocolitica. c Surface representation of oligomeric assembly of urease in 

C. ensiformis (PDB: 3LA4), K. aerogenes (PDB: 1EJW), H. pylori (PDB: 1E9Z), respectively. 

Proteins are color-coded as in b. Oligomeric state of urease assembly is indicated at the 

bottom and the trimeric assemblies are indicated in roman numerals. 
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humans through consumption of contaminated food with pigs being one of the 

largest reservoirs of Y. enterocolitica. The symptoms of yersiniosis are fever, 

abdominal pain, diarrhea, and/or vomiting and is one of the most reported enteritis 

in some countries, although outbreaks are rare[36]. Y. enterocolitica is a facultative 

intracellular bacterium and can survive in very different environments. In the 

presence of urea Y. enterocolitica can tolerate extremely acidic conditions of pH 

1.52. Y. enterocolitica urease comprises three polypeptide chains (ureA, ureB, and 

ureC), an architecture similar to that of K. aerogenes urease (Figure 2.3.1 b) and 

has been biochemically characterized previously[164]. 

Here we present the structure of Y. enterocolitica urease at an overall resolution of 

2 Å, which was achieved using recent advances in cryo-EM data collection and 

processing. The structure shows that Y. enterocolitica urease assembles into a 

dodecameric hollow sphere with a [[αβγ]3]4 oligomeric assembly structure of 

tetrahedral symmetry. A tightly embedded kinked loop is interacting with 

neighboring domains and is potentially responsible for the assembly of the 

oligomer. The data allows model building of the active site carbamylated lysine, and 

visualization of radiation damage to the nickel-metal center as well as of hydration 

networks throughout the protein. 

 

2.4 Results 

2.4.1 Structure determination of Y. enterocolitica urease by cryo-EM 

We have used single particle cryo-EM to determine the structure of the fully 

assembled Y. enterocolitica urease. We acquired 4,494 movies of urease particles 

using a Titan Krios transmission electron microscope (TEM) equipped with a K2 

direct electron detector and an energy filter (see Methods for details). 

Approximately half of the movies (2,243) were acquired by illuminating three 

locations (shots) per grid hole using beam-image shift in order to speed up the data 

collection [165], whereas the remaining movies were recorded without this feature 

i.e. just a single shot at the center of the hole. This allowed us to measure and 

assess the extent of beam tilt and other optical aberrations, as well as the behavior 

of sample drift between each condition and beam-image shift position. Typical 

micrographs from the imaged grids are shown in Supplementary Figure 2.10.1 a 

and a summary of data collection information is given in Table 2.4.1. 
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Each dataset was processed separately for 3D reconstruction following the strategy 

depicted in Supplementary Figure 2.10.2. The first obtained 3D map, at an overall 

resolution of 2.6 Å, revealed that this urease assembly is a dodecamer of 

tetrahedral (T) symmetry with a diameter of approximately 170 Å. The separate 

processing of each dataset yielded refined 3D maps at nominal resolutions of 2.10 

Å and 2.20 Å for the multi-shot and single-shot cases, respectively (see Methods).  

For comparison, we also processed the merged set of particles from both datasets 

altogether. We observed on the 2D class averages a preferential orientation for the 

three-fold symmetric view of urease and also the presence of isolated monomers 

and broken assemblies (Figure 2.10.1). The presence of such incomplete 

assemblies was further confirmed by performing 3D classification without imposing 

symmetry, as shown in Supplementary Figure 2.10.1. The 3D class corresponding 

to the complete dodecameric assembly of urease contained 119,020 particles, of 

which 69,512 (58.4%) came from the multi-shot and 49,518 (41.6%) from the single-

shot dataset. With respect to the number of particles picked from each dataset, 

64.7% of the particles from the multi-shot and 56.8% from the single-shot datasets 

were retained at this stage and throughout the final reconstruction. While coma-free 

alignment was performed and active beam-tilt compensation in SerialEM [166] was 

used on our data collections, after performing beam tilt refinement in RELION-3 

[150] we observed that the single-shot case has a residual beam-tilt higher than the 

smallest residual observed in the multi-shot case (Supplementary Table 2.12.2). 
These two values are however very close to zero and are possibly within the error 

margin of the post hoc beam tilt refinement procedure. 

The reduced need to move the specimen stage in beam-image shift mode not only 

speeds up data collection but also minimizes stage drift. The second and third shots 

from the multi-shot dataset have comparatively less drift than both the first multi-

shot and the single shot, as suggested by the parameter values obtained from the 

Bayesian polishing training [167] on each beam-tilt class separately (Table 2.12.3). 

As all the three multi-shots are taken in nearby areas within the same foil hole, this 

observation is consistent with the annealing of the vitreous ice layer and its carbon 

support after pre-irradiating the specimen as reported previously [146]. 

At this point, the nominal resolution of the map after 3D refinement was 2.05 Å. 

Finally, correcting for residual higher-order aberrations in CTF refinement [153]  

(Supplementary Figure 2.10.3) yielded a map at a global resolution of 1.98 Å (Figure 

2.10.4 a). Local resolution estimation reveals that the core of the map is indeed at 

this resolution level or better (Figure 2.4.1 2a and Supplementary Figure 2.10.4b), 

and the local resolution-filtered map was then used for model building as explained 
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in the next section. Despite the twelve-fold symmetry of the urease assembly, a 

limiting factor in the resolution of the map is the strong presence of preferential 

orientation, as confirmed by the plot of the final orientation assignments 

(Supplementary Figure 2.10.4 c). The estimated angular distribution efficiency is 

0.78[168]. An overview of the cryo-EM map and its main features are depicted in 

Supplementary Movie 1. 

Figure 2.4.1 Cryo-EM analysis of the Y. enterocolitica dodecameric urease assembly 
a) The cryo-EM map (left) filtered and colored by local resolution and a slice cut through 

the map (right) to show the internal details. b) The assembly architecture highlighted on the 

map. The three chains that form the basic hetero-trimer are shown in different colors, with 

the other hetero-trimers shown in shades of gray. Two different views are shown to indicate 

the location of the small and larger holes at the interfaces, as well as the active site. 

Scale bars: 20 Å. 
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2.4.2 Y. enterocolitica urease assembles as a tetramer of trimers  

Model building was initiated from available crystallographic models with subsequent 

fitting and refinement against the cryo-EM map. The model was built and refined for 

one asymmetric unit containing one copy of the ureA, ureB and ureC protein each. 

The model was then expanded using NCS (see Methods). The complete model 

  
Data Collection and processing  

   Magnification 78,247 (215,000 nominal) 

   Voltage (kV) 300 

   Electron exposure (e-/Å) 42 

   Defocus range (µm) −0.2 to −1.5 

   Pixel size 0.639 

   Symmetry imposed T 

   Initial particle images (no.) 194,603 

   Final particle images (no) 19,020 

   Map resolution (Å) 1.98 

     FSC threshold 0.143 

   Map resolution range (Å) 1.94–2.40 

Refinement  

   Initial model used (PDB Code) 4Z42 

   Model resolution 2.02 

      FSC threshold 0.5 

   Model resolution range (Å) - 

   Map sharpening B factor (Å2) -38 

Model composition  

   Non-hydrogen atoms 77076 

   Protein residues 9552 

   Ligands (Ni2+) 24 

B factors (Å2)  

   Protein 14.5 

   Ligand 22.9 

R.M.S. deviations  

   Bonds (Å) 0.066 

   Angles (°) 3.665 

Validation  

   MolProbity score 1.93 

   Clashscore 4.37 

   Poor rotamers (%) 2.74 
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Ramachandran plot  

   Favored (%) 94.35 

   Allowed (%) 5.27 

   Disallowed (%) 0.38 

Table 2.4.1 Data Acquisition, model building and refinement. 
Statistics shown for full assembly calculated from the asymmetric unit using NCS. 

 
covering the whole oligomeric assembly contains 9,552 residues, 3,672 waters and 

24 nickel ions (two per active site, twelve active sites) (Table 2.4.1). The quality of 

the model was assessed with the cryo-EM validation tools in the PHENIX package 

[169]. The map allowed for the building of all residues of ureA (1-100), and residues 

31-162 of ureB and 2-327/335-572 of ureC (Figure 2.10.5). The hetero-trimer 

formed by the three protein chains (ureA, ureB, ureC) (Figure 2.3.1 b) oligomerizes 

into a homo-trimer. The homo-trimer is arranged in a tetramer-of-trimers making the 

full complex a dodecamer of the hetero-trimer (Figure 2.4.1 b). There are four large 

oval shaped holes between the trimers (64 Å long, 12 Å wide, high electrostatic 

potential) and four smaller holes at the center of the trimer with a diameter of 6 Å 

(low electrostatic potential), as shown in Figure 2.4.1 b, and the center of the 

enzyme assembly is hollow (Figure 2.4.1). The holes provide ample opportunity for 

diffusion of the uncharged substrate and product, and the hollow inside potentially 

leads to local increase of reaction product. The assembly has the same symmetry 

as the urease homologue in H. pylori, which was postulated to increase stability 

and/or resistance to acidic environments [39].  

 

For analysis of the protein sequences, the ConSurf Server [170, 171] was used with 

the sample list of homologs option to get a diverse set of 150 sequences. The 

protein chains of Y. enterocolitica urease are highly conserved across different 

organisms. The ureA chain is split after a LVTXXXP motif and is 99-100 amino acids 

long in most cases, with a sequence identity of 55.7%. The ureB chain of Y. 

enterocolitica has between 20 and 30 N-terminal amino acids more compared to 

the other sequences (except Kaistia sp. SCN 65-12), which share an identity of 

51.5%. This N-terminal extension is located on the outside of the holoenzyme where 

ureA and ureB chain split occurs and are too disordered to be modeled in the 

structure (Figure 2.10.5). The charges and properties of this stretch of amino acids 

vary and if they still serve a function remains unclear. The last 20 amino acids of 

the C-terminus of ureB are only represented in half of the compared sequences and 

accurate sequence conservation could not be determined in this part. This stretch 
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contains a loop and a C-terminal helix (Supplementary Figure 2.10.5). The ureC 

protein of the compared sequences has a shared sequence identity of 60.3%. All 

amino acids involved in catalysis are highly conserved (Figure 2.10.5). The ureA 

and ureB chains show lower conservation compared to ureC. They are not involved 

in catalysis but in scaffolding, so the differences could stem from their role in 

different types of oligomeric assembly (Figure 2.4.2).  

To investigate this aspect further, we compared the presented structure to the 

ureases of H. pylori, S. pasteurii and K. aerogenes. Sequence identity scores 

among these ureases are provided in Supplementary Table 2.12.4. The H. pylori 

urease is made up of two protein chains ureA (that contains the equivalent of ureA 

and ureB in Y. enterocolitica) and ureB (that is the equivalent of ureC in Y. 

enterocolitica) (Figure 2.3.1 c and Figure 2.4.2 c). It assembles into a T-symmetric 

oligomer like in Y. enterocolitica and the crystal structure was solved to 3 Å. S. 

pasteurii and K. aerogenes ureases both assemble into a trimer from the hetero-

trimeric unit (Figure 2.3.1 c and Figure 2.4.2 b).  

S. pasteurii urease has been solved by X-ray crystallography in different conditions 

(for example, PDB IDs: 2UBP, 3UBP, 4CEU)[45, 172]. Here we use the highest 

resolution urease structure, that was solved in the presence of the inhibitor N-(n-

Butyl)thiophosphoric Triamid (NBPT) to 1.28 Å, for comparison (PDB ID: 

5OL4)[158]. The crystal structure of K. aerogenes used for comparison in this paper 

Figure 2.4.2 Comparison of Y. enterocolitica urease chain architecture with ureases 
with different modes of assembly from other pathogens. 
Hetero-trimers are shown in tube representation with each chain in the same colors of the 

sequences in Figure 2.3.1 b. The black star indicates the central helix of the β subunit. The 

Y. enterocolitica and H. pylori ureases form the same dodecameric assembly despite having 

different types of chain splitting, while K. aerogenes urease has the same type of chain 

splitting as in Y. enterocolitica but forms only a trimeric assembly. 
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has a similar resolution range and was solved to 1.9 Å in absence of substrate or 

inhibitors (PDB ID: 1EJW)[42]. 

There are two main regions with high root mean square deviations (RMSDs) when 

comparing these three ureases to the Y. enterocolitica model (Supplementary 

Figure 2.10. 6 and Supplementary Table 2.12.5). The first region with high deviation 

is the mobile flap, which opens and closes over the active site (residues 312 to 355 

of ureC). Both the open and the closed conformations of the mobile flap have been 

observed in crystal structures, stabilized at pH values lower and higher than the 

pKa of the conserved His323, respectively[161]. The residues of its connecting loop 

could not be built with confidence in the cryo-EM model (residues 326 to 333 of 

ureC). The other region with large differences is on the edges of ureA and ureB 

where the interactions with the next protomer occur. The H. pylori assembly 

contains an additional C-terminal loop (residues 224-238 of ureA) after the top 

alpha helix (residues 206-223 of ureA). This helix (central helix) forms the three-

fold axis of three neighboring trimers and the loop binds in a head-to-tail fashion to 

the next trimer forming the tetramer (Figure 2.4.2 a, c) [39]. The core of the 

assembly is identical in its structure. For whole-chain superposition scores and 

RMSD values between the compared models please see Supplementary Table 

2.12.5. 
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In the dodecameric assembly seven different interfaces are formed between the 

hetero-trimers (Figure 2.4.3 a, b and Supplementary Figure 2.10.7). Intra-trimer 

interactions occur between the three basic hetero-trimers in one assembled trimer, 

forming a three-fold symmetry axis (Figure 2.4.3 a). The interactions between these 

trimers to form the tetramer then make up a different three-fold symmetry axis 

(Figure 2.4.3). The three largest interfaces (interfaces 1-3) are formed intra-trimeric 

between ureC of one hetero-trimer and ureC, ureA and ureB of the next trimer 

(Figure 2.4.3 a). The three ureA proteins make up the intra-trimer-core (first three-

fold axis) with interface 4 (Figure 2.4.3 c and Supplementary Figure 2.10.7). 

Comparison of the interface areas formed in the trimer assembly shows no 

Figure 2.4.3 Interfaces in dodecameric assembly of Y. enterocolitica. 
a) surface model in front view of trimer of Y. enterocolitica urease with intra-trimeric 

interfaces 1-4 indicated with color-coded lines and numbers. b) Same model shown from 

the top (view indicated with eye) and the inter-trimeric interfaces. c) Front view with intra-

trimeric-core highlighted and three-fold axis indicated with black triangle. Inset for e) in 

dashed box. d) same as c) but from the top view. e) Interface 6 with loop from ureB 

(magenta) binding into pocket of ureC of neighboring trimer. Upper inset shows ureB in 

cartoon and transparent surface and ureC in surface representation. Lower panel shows 

ureC as surface and ureB loop as cartoon with density. 
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substantial differences between the four organisms (Supplementary Figure 2.10.7). 
Inter-trimer interfaces (interfaces 5, 6, 7) formed in the dodecameric Y. 

enterocolitica and H. pylori ureases have similar areas (Figure 2.4.3 b and 

Supplementary Figure 2.10.7). Part of the interactions occur between ureB and 

ureC forming interfaces with each other (interface 4, 6). The other interaction is 

between the three ureB proteins and forms interface 7 and the inter-trimer-core 

(second three-fold axis) with their central helices (Figure 2.4.3 b). Y. enterocolitica 

does not have the same oligomerization loop after the central helix proposed for H. 

pylori. However, there is a short loop before the central helix, which is extended in 

Y. enterocolitica. It binds into a pocket of ureC of the neighboring trimer in interface 

6 (Figure 2.4.3 e). These types of loops or extensions are missing from S. pasteurii 

and K. aerogenes ureB proteins. S. pasteurii has the central helix, but there is no 

extended loop before or after it (Supplementary Figure 2.10.6 b). K. aerogenes 

urease does not have a helix nor a loop in this region (Figure 2.4.2 b). This suggests 

that the presence of oligomerization loops in ureB is crucial for determining the 

oligomeric state of the enzyme.  

The dodecameric holoenzyme structure of ureases might aid in stabilizing the 

protein at acidic pH, and in combination with 12 active sites producing ammonia 

enables the formation of a pH-neutralizing microenvironment around the assembly 

[39]. This ensures the continued function of the enzyme and makes this type of 

oligomeric assembly essential to survival of Y. enterocolitica in the host. It is 

remarkable that Y. enterocolitica is the first organism outside the Helicobacteraceae 

family to have a known dodecameric urease. Considering the different subunit 

organization between these ureases, it raises the question of what particular events 

in the evolutionary history of Y. enterocolitica could have led to this type of 

assembly[41]. 

2.4.3 The empty active site is filled with water 

At the global resolution of 1.98 Å, detailed structural features can be observed. All 

throughout the highly resolved areas of the protein, salt bridges, backbone and side 

chain hydration and alternative side chain conformations can be visualized 

(Supplementary Figure 2.10.8 a-c). Furthermore, the high resolution allows for a 

detailed description of the nickel-metallo-center and the active site. The active site 

is located on the ureC protein at the edge of the hetero-trimer and is wedged in 

between the ureA and ureB proteins of the next hetero-trimer in the homo-trimeric 

assembly (Figure 2.4.4 a).  
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The catalysis of ammonia and carbamate from urea occurs in two steps (Figure 

2.3.1 a). Urea first interacts with the nickel ions through its carbonyl oxygen and 

amino nitrogens. The active site contains two Ni2+ ions which are coordinated by six 

different amino acids (Figure 2.4.4 b). Both Ni2+ ions are coordinated by the 

carbamylated LYS222*. Ni(1) is additionally coordinated by HIS224, HIS251 and 

HIS277 and Ni(2) by HIS139, HIS141 and ASP365. Close to the active site is a 

methionine (MET369), which can be modelled in different alternative conformations. 

One conformation could potentially reach the active site. There is no described 

function for this amino acid (Figure 2.4.4 c and Supplementary Figure 2.10.9).  

Figure 2.4.4 Active site of Y. enterocolitica urease. 
a) Overview of urease assembly with the active site location indicated. Inset shows in top 

panel side view of urease crystal structures from S. pasteurii mobile flap shown in open 

conformation in salmon (PDB: 2UBP) and in closed position as light purple (PDB: 3UBP). 

In gray the cryo-EM structure of Y. enterocolitica is overlaid and the green spheres 

represent the Ni2+ ions of the active site. Bottom panel shows top view of the three 

structures. Arrows indicate movement of helix and catalytic HIS325 is shown as stick. b) 

Model of active site residues and Ni2+ ions with the cryo-EM map of Y. enterocolitica at 1.98 

Å nominal resolution. Yellow line indicates distance between Ni2+ ions in Å; c) shows the 

water molecules in the active site. d) Crystal structure of K. aerogenes urease at 1.9 Å 

resolution (PDB: 1EJW). Yellow line indicates distance between Ni2+ ions in Å.  e) Crystal 

structure of S. pasteurii at 1.28 Å with inhibitor NBPT (PDB: 5OL4). 
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The active site is protected by a helix-turn-helix motif, called the mobile-flap. Its 

function is to coordinate the access of substrate to the catalytic site and the release 

of the product from it [15, 159]. The protonation state of a conserved histidine on 

the mobile flap (His325) is essential for catalysis by determining opening and 

closing of the mobile flap and strongly depends on the solution pH[159, 161](Figure 

2.4.4 a). By closing of the mobile flap His325 moves closer to the active site, 

stabilizing the distal amine of urea in the active site pocket[15, 159, 161, 162]. After 

closing of the mobile flap, the urea molecule chelates the two Ni ions in the active 

site, and following the nucleophilic attack by the bridging hydroxide onto the urea C 

atom, a proton is transferred to the distal amine group from the metal-bridging C–

OH group, yielding an ammonia molecule after breakage of the resulting C-NH3+ 

bond. Flap opening then releases ammonia and carbamate, where the latter 

spontaneously hydrolyzes into another molecule of ammonia and bicarbonate. The 

mobile flap of the cryo-EM structure presented here is modeled in an open position, 

however the local resolution is lower than in the surrounding areas, indicating 

flexibility. The sample was frozen in a buffer of pH 7.0, where the mobile flap of 

urease can adopt both open and closed conformations[161]. The twelve active sites 

of each particle adopting different conformations are averaged by single particle 

reconstruction with symmetry imposition into a mainly open conformation. In the 

absence of substrate or inhibitors in the sample, the mobile flap cannot be stabilized 

in one conformation (Figure 2.4.4 a). Coordinated water molecules can be seen in 

the empty pocket of the active site, which do not only form hydrogen bonds with 

side chains or the protein backbone, but also with each other constituting a 

hydration network (Supplementary Figure 2.10.8 d). 

The resolution in the active site is sufficient for complete atomic description of the 

coordinated Ni2+ ions, including the carbamylated lysine. The protonation states of 

the active site residues are also represented in the map (Figure 2.4.4 b). One of the 

hydroxide molecules in the active site is essential as it performs the nucleophilic 

attack on urea while other molecules are displaced by urea and the closing of the 

mobile flap[15, 159, 161, 162].  

Comparison to the crystal structure of K. aerogenes of similar nominal resolution 

(1.9 Å) shows differences in the visualization of these features. This crystal structure 

was solved in absence of inhibitors or substrate such that the active site is also 

empty and the mobile flap in an open conformation (Figure 2.4.4 a). The details of 

the map provide finer details around the Ni2+ ions in the cryo-EM map than in the 

crystallographic data. The protonation of the histidines is clearly visible in the cryo-

EM density (Figure 2.4.4 b). The positions of the side chains and the Ni2+ ions in 
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the active site are very similar to the Y. enterocolitica urease structure with a RMSD 

of 0.270 Å (Table 2.12.5). The highest resolution S. pasteurii crystal structure was 

solved in presence of the inhibitor NBPT, which displaces the essential water 

molecules needed for the reaction from the active site. The closing of the mobile 

flap displaces the rest of the waters and brings the catalytic HIS323 closer to the 

active site. The tight packing of side chains prevents urea from entering the active 

site, efficiently blocking it (Figure 2.4.4 b, e). The active site residues and Ni2+ ions 

have a RMSD of 0.293 Å between S. pasteurii and Y. enterocolitica.  

2.4.4 Nickel atoms come closer together 

The distance between the Ni2+ ions is 3.7 Å in X-ray structures of K. aerogenes and 

S. pasteurii, but only 3.2 Å in the Y. enterocolitica cryo-EM model (Figure 2.4.4 b, 

d). Short distances of 3.1-3.3 Å were described for S. pasteurii and K. aerogenes 

at high resolutions for structures in presence of β-Mercaptoethanol (β-ME) [173]. 

Knowing that metallic cores are particularly sensitive to radiation [174], we tried to 

determine the extent to which radiation damage can explain the shorter distance 

between the Ni2+ ions. For this purpose, we generated per-frame reconstructions 

for the first 25 frames of our data collection and refined the model on each of them 

(see Methods) and measured the distances between the residues involved in ion 

coordination, shown in Figure 2.4.5. Bayesian particle polishing[167] was run again 

before calculating each per-frame reconstruction. At the beginning of the exposure, 

in which the frames contribute more to the full reconstruction due to dose-weighting 

[167, 175], there is a trend of the ions coming closer together (Figure 2.4.5 a-i). 

While we cannot determine exactly how this arises from radiation damage, it is likely 

a result of several interactions in the active site changing simultaneously along the 

exposure. For example, both Ni(1) and Ni(2) tend to come closer to the 

carbamylated LYS222 (Figure 2.4.5 a-iv, v) as ASP365 vanishes (Figure 2.4.5 a-

vi), which can be seen in the Supplementary Movie 2. Aspartic acid is known to 

have its side chain damaged very early on [176]. The dynamic interplay between 

residues along the exposure (Figure 2.4.5 b) is likely due to the different rates at 

which specific types of bonds and residues are damaged [177]: first negatively 

charged residues, then positively charged ones followed by aromatic side chains, 

as also observed in Supplementary Movie 2. A possible explanation of how these 

events may account for the shorter distance between the Ni2+ ions is then that their 

bridging hydroxide molecule becomes deprotonated into the oxide form, either by 

radiation damage directly or by local pH changes arising from it.  
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The oxide form is known to have a more favorable ferromagnetic interaction with 

the two nickel ions[45], although not found in ureases under native conditions[178]. 

Furthermore, the B-factors suggests that some residues in the active site, and in 

particular the Ni2+ ions, are indeed damaged more strongly than the rest of the 

protein, right from the beginning of the irradiation as shown in Figure 2.4.5 c. We 

note however that, in the present analysis, radiation damage cannot be completely 

disentangled from other effects such as residual sample movement, which is 

Figure 2.4.5 Radiation damage affects the distance between residues in the active 
site 
a) Distances between the Ni2+ ions and selected residues involved in their coordination are 

plotted against the accumulated exposure. For each reconstruction calculated along the 

exposure, the model was refined, and distances measured. Dots indicate the average and 

error bars show +/- one standard deviation across five refinement runs with different random 

seeds. Horizontal dashed line in panel a-i) shows the distance in the model obtained from 

the full reconstruction with all frames. Vertical dashed lines show approximately the 

exposure at which the density for charged residues completely vanishes (see Supp. Mov. 

2). b) Correlation coefficients between distance changes along the exposure for selected 

residues involved in ion coordination. Distance plots shown in a) are indicated with a star. 

c) Average B-factors of selected residues plotted against the accumulated exposure. 
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especially difficult to correct in the initial frames of the exposure. The later part of 

the exposure must also be interpreted with caution, as atomic coordinates become 

less reliable, which is verified by the overall increase in B-factors in Figure 2.4.5 c 

and the error bars in Figure 2.4.5 a. 

2.5 Discussion 

Large urease assemblies have been historically difficult to study by X-ray 

crystallography [39]. We have determined the structure of a dodecameric urease 

assembly, a metalloenzyme from the pathogen Y. enterocolitica at an overall 

resolution of 1.98 Å using cryo-EM. The collection of datasets with and without 

beam-image shift demonstrates the advantages of using this feature of modern 

TEMs and invites further investigations on the behavior of optical aberrations and 

specimen drift.  

Our results demonstrate the feasibility of cryo-EM as a technique for obtaining 

structures of clinically relevant enzymes with sufficient quality for de novo model 

building and drug design. The cryo-EM map has allowed a detailed description of 

the active site and the oligomeric assembly. More specifically, we could observe 

the putative oligomerization loop that enables the dodecameric assembly, which 

was hypothesized to be responsible for the enhanced survival of Y. enterocolitica 

in highly acidic environments [35]. This urease is the first outside the 

Helicobacteraceae family, and therefore without an αβ subunit organization, to have 

a dodecameric assembly reported. What evolutionary events have led to this 

intriguing combination of subunit organization and quaternary structure are 

unknown. 

Furthermore, in comparison to the K. aerogenes structure, which is at 

approximately the same nominal resolution, the cryo-EM map offers an improved 

representation of protons and Ni2+ ions. A possible explanation is that the error in 

the phases derived in the X-ray structure determination grows faster towards the 

limit of observed diffraction. Another aspect to be considered is that X-rays and 

electrons probe different properties of matter, respectively the electron density and 

the integrated Coulomb potential. Our results prompt a more detailed investigation 

of these effects and how they affect the representation of features at high resolution. 

Finally, we noticed that radiation damage can partially explain the shorter distance 

observed between the nickel atoms in the active site. Given that ions and charged 

residues are damaged very early on in the exposure [174, 176], this effect cannot 
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be neglected in structures derived from cryo-EM reconstructions. Novel direct 

electron detectors with higher frame rates may allow time-resolved experiments to 

investigate these effects in more detail. 

2.6 Data availability 

The model has been deposited at the PDB under accession code 6YL3. The map 

has been deposited at the EMDB under accession code EMD-10835. Raw electron 

microscopy data is deposited in EMPIAR, accession code EMPIAR-10389. All other 

data supporting the findings of this study are available from the authors upon 

request. 
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2.9 Methods 

2.9.1 Protein expression and purification 

The Y. enterocolitica urease was purified for cryo-electron microscopy according to 

the protocol of [179]. The strain was precultured overnight at 37°C for 18 hours in a 

http://scicore.unibas.ch/
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medium containing 37 g/l of brain/heart infusion (Oxoid, CM0225), 50 μg/ml 

streptomycin sulfate (Applichem, A1852.0100), 35 μg/ml nalidixic acid (Applichem, 

A1894.0025), 50 μg/ml meso-diaminopimelic acid (Sigma, D1377) and 100 μM 

nickel(II) chloride hexahydrate (Sigma, N6136). 6 x 600ml of expression cultures 

were inoculated at OD of 1 at 28°C for 23 hours.  Cells were harvested by 

centrifugation and the cell pellet resuspended in 0.15M NaCl, 50mM Tris pH 8.0. 

The cell lysate was applied directly to a Sephacryl S-300 HR 26/60 column 

equilibrated with 150 mM NaCl, 50mM TrisHCl pH 8.0. The active fractions as 

identified by a phenol-hypochlorite assay [180] were buffer-exchanged to 50mM 

Tris pH 7.0 within a centrifugal filter unit (Sartorius, Vivaspin MWCO 50kDa) and 

applied to a Mono Q HR 5/5 column pre-equilibrated with 50mM TrisHCl, pH 7.0. 

The protein was eluted in 50mM Tris pH 7.0 by a gradient to 1M NaCl, concentrated 

on a centrifugal filter unit (Sartorius, Vivaspin MWCO 50 kDa) and purified by SEC 

as before. The purity of the urease sample of the two preparations was verified on 

a 4%/12% SDS-PAGE and by mass spectroscopy. 

2.9.2 Sample preparation 

Approximately 3 µl of the 0.39 mg/ml urease solution were applied to glow-

discharged Quantifoil holey carbon grids. After 3-second blotting, the grids were 

flash-frozen in liquid ethane, using a FEI Vitrobot IV (Thermo Fisher Scientific) with 

the environmental chamber set at 90% humidity and 20 °C temperature. 

2.9.3 Data acquisition 

Cryo-EM data were collected on a FEI Titan Krios (Thermo Fisher Scientific) 

transmission electron microscope, operated at 300 kV and equipped with a 

Quantum-LS imaging energy filter (GIF, 20 eV zero loss energy window; Gatan Inc.) 

and a K2 Summit direct electron detector (Gatan Inc.) operated in dose fractionation 

mode. Data acquisition was controlled by the SerialEM [166] software, performed 

in counting mode, with a 42 e-/Å2 total exposure fractioned into 40 frames over 8 

seconds. The physical pixel size was 0.639 Å at the sample level. The data was 

pre-processed via the FOCUS package [181], including drift-correction and dose-

weighting using MotionCor2 [149] (grouping every 5 frames and using 3x3 tiles) and 

CTF estimation using CTFFIND4 [182] (using information between 30 Å and 5 Å 

from the movie stacks). With these settings, we collected two datasets: one using 

beam-image shift [165], with three shots per grid hole, comprising 2,243 movies, 

and a second one taking a single shot per hole, with 2,252 movies. A summary of 
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data collection information is given in the Table 2.12.1. 

2.9.4 Image processing 

The two datasets were initially processed separately as shown in the flowchart of 

Supplementary Figure 2.10.2. We excluded all movies whose resolution of CTF 

fitting was worse than 4 Å according to CTFFIND4, leaving 2,197 movies in the 

multi-shot dataset or 2,115 in the single-shot dataset for further processing. Using 

the template-free LoG-picker algorithm [150] we picked an initial set of 157,699 

particle coordinates on the multi-shot dataset. These particles were extracted and 

subjected to one round of 2D classification with the aim of removing “bad” or false-

positive particles. Best results in 2D classification were observed when enabling the 

RELION option “Ignore CTFs until first peak?”. Selecting only the classes displaying 

views of urease with high resolution features, a new subset containing 60,271 

particles was obtained. Using this subset, a first 3D map was obtained by the ab 

initio stochastic gradient descent (SGD) algorithm [150, 152] with and without 

tetrahedral symmetry imposed. The symmetric map was consistent with previously 

determined structures of ureases [39, 183]. The particles were then subjected to 

3D refinement using the map from the ab initio procedure as starting reference, 

resulting in a map at 2.6 Å resolution. We then generated new templates for particle 

picking by low-pass filtering the unsharpened map from this first 3D refinement to 

20 Å and calculating evenly oriented 2D projections from it. These templates were 

then used for picking with Gautomatch [184], detecting 107,399 particle coordinates 

on the multi-shot dataset or 87,204 particle coordinates on the single-shot dataset. 

Visual inspection of randomly selected micrographs indicated this set of coordinates 

was better than that previously found by the LoG-picker, in the sense that it 

contained fewer false positives and more true particles. The newly extracted 

particles were then subjected to 2D and 3D classification procedures to get rid of 

false positive, damaged or broken particles, which yielded cleaner subsets with 

62,884 (multi-shot) or 51,173 (single-shot) particles. Using the current best map 

from the multi-shot dataset as a starting reference, we then performed masked 3D 

refinements on the two datasets separately, interleaved with rounds of CTF 

refinement and Bayesian particle polishing [167]. More specifically, we refined 

defocus per particle, astigmatism per micrograph and beam tilt globally in CTF 

refinement. In the multi-shot dataset, each of the three relative “shooting targets” 

were assigned a different class for separate beam tilt refinement. The parameters 

for Bayesian particle polishing were trained separately on ~5,000 particles from 
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each dataset at this stage. Each dataset yielded refined maps at 2.10 Å (multi-shot) 

and 2.20 Å (single-shot) resolution. Best results, however, were obtained when 

merging the particles picked by template-matching on each dataset (194,603 

particles in total) and processing them altogether. After 2D classification, 141,069 

particles remained (Figure 2.10.1 b), and after 3D classification, there were 119,020 

particles (Figure 2.10.1 c). CTF refinement was then performed using four beam tilt 

classes, with the particles from the single-shot dataset belonging to a new, fourth 

class (Table 2.12.2). Defocus and astigmatism were both refined per particle this 

time, resulting in a map resolution of 2.05 Å. We compared polishing the full merged 

dataset at once and each beam tilt class separately, to verify if there were 

differences in the patterns of particle motion. For training the polishing parameters 

~10,000 particles were used in each case this time. Although we did observe 

different statistics of particle motion (Table 2.12.3), resolution and overall quality of 

the map did not improve further by performing either merged or separate polishing 

of the different shots. Finally, correction of third-order aberrations in RELION-3.1 

[153] (Figure 2.10.3) followed by local 3D refinement resulted in a global map 

resolution of 1.98 Å. 

All resolution estimates reported were obtained by considering the 0.143 threshold 

[185] on the Fourier shell correlation (FSC) curve [186] between independently 

refined half-maps [187]. A solvent-excluding mask was generated by low-pass 

filtering the maps to 12 Å, binarizing the filtered map and adding a soft edge 

consisting of a cosine-shaped falloff to zero. The FSC curve was corrected for 

artificial correlations introduced by the mask [188]. Local resolution was estimated 

using the approach implemented in RELION [189]. 

2.9.5 Model building, refinement and analysis 

After refinement of the map to high resolution it had to be flipped in UCSF Chimera 

[190] to match the correct handedness. The biological assembly from the crystal 

structure of Y. enterocolitica urease (Note 2.13) was rigid-body fitted to the map in 

Chimera. The non-crystallographic symmetry (NCS) was calculated with PHENIX 

v1.17 [191] from the crystal structure. Only using the hetero-trimer of the three 

proteins, backbone and side chains were built, corrected or confirmed in Coot [192]. 

After several rounds of manual refinement of the model in Coot, applying NCS and 

real-space refinement in PHENIX, the model comprised side chains of residues 1-

100 of ureA, 31-162 of ureB and 2-327, 335-572 of ureC. Residues 328-334 are 

disordered and could not be modeled with confidence. NCS constraints were not 
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used during final refinements as to include alternative side chain conformations. 

Waters were built manually and refined in PHENIX and were added to the closest 

chain by the program phenix.sort_hetatoms. The quality of the refinement was 

assessed by cryo-EM Validation tool (Table 2.10.1) [169]. 

2.9.6 Structure analysis 

The electrostatic potential was calculated using the APBS plugin in PyMOL [193]. 

The ConSurf server [170, 171] was used to find 150 sequences per urease protein 

for alignment with ClustalW [194] and calculate conservation per residue. The 

“sample the list of homologs” option was used to get a diverse representation across 

all species. The sequence identity of the 150 sequences was determined using 

BLSM62 in Geneious [195]. The PDBePISA server 

(https://www.ebi.ac.uk/pdbe/pisa/) was used to find and calculate interface areas 

[196].  

2.9.7 Radiation damage analysis 

Bayesian particle polishing in RELION [150, 167] was carried out on a sliding-

window basis along the exposure, including 5 frames at a time, starting from frame 

1 up to frame 25. Half-set reconstructions were then created from each polished 

particle stack and post-processed using the same mask as that applied to the 

reconstruction from all frames. On each post-processed reconstruction, real space 

refinement of chain C (α-subunit containing the active site) from the full 

reconstruction was carried out in PHENIX [197] for 5 macro-cycles. This procedure 

was repeated 5 times with different random seeds. Distance between residues in 

the resulting refined models were calculated using BioPython [198] and plotted 

using the NumPy (https://www.numpy.org) and Matplotlib 

(https://www.matplotlib.org) Python modules. 

 

2.9.8 Structural representations and figure generation 

 

Protein structural representations were generated using the following software: 

UCSF Chimera [190], ChimeraX [199], and PyMol (Schrödinger, LLC), with the aid 

of the Inkscape, Adobe Illustrator and Adobe Photoshop (Adobe Inc.) programs for 

creating figures. 

https://www.ebi.ac.uk/pdbe/pisa/
https://www.numpy.org/
https://www.matplotlib.org/
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2.10 Supplementary Data 

Figure 2.10.1 Cryo-EM data of Y. enterocolitica urease. 

a) Two representative micrographs from the dataset, acquired at -0.64 and -1.36 

µm defocus, respectively. Scale bar: 200 Å. b) 2D class averages obtained from 

194’603 particles in the merged dataset. These averages were obtained with 

RELION’s “Ignore CTF until first peak” option enabled and are sorted by decreasing 

order of number of particles in each class. Views of urease with missing subunits 

are observed. The bottom right average shows a contamination by GroEL. c) 3D 

class averages obtained from 141’069 particles in the merged dataset. These 

averages were obtained without symmetry imposition in RELION. The 3D classes 

are sorted by the indicated fraction of particles assigned to it. The first class is a 

complete dodecameric urease assembly, while the other classes represent urease 

structures with at least one trimer missing from the tetrahedron. 
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Figure 2.10.2 Data processing flowchart for the urease cryo-EM map. 
Masking and postprocessing jobs have been omitted for clarity. All CTF refinement jobs 

included beam tilt and per-particle defocus refinement (see Methods for details). All 

resolution estimates given correspond to the corrected FSC curves between masked half-

maps obtained from postprocessing jobs in RELION. 
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Figure 2.10.3 Fits of the anti-symmetrical aberrations arising at the four different 
beam-shift positions. 

The left column shows phase shifts measured independently for each Fourier pixel, 

while the center column shows their parametric fits using third-order Zernike 

polynomials. The first position (top row, the third beam-shifted multi-shot) 

corresponds to an essentially untilted beam (Supp. Tab. 2), while the other two 

multishots and the single-shot dataset exhibit tilts to different extents. Note that 

even the untilted dataset shows a significant trefoil aberration. In the right column, 

the parametric fit of the first position has been subtracted, yielding residuals roughly 

consistent with the axial coma produced by a tilted beam. 
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Figure 2.10.4 Resolution estimates of the urease cryo-EM map. 

a) FSC curves between the half-maps when unmasked (solid blue line), masked 

(dashed orange), corrected by high-resolution noise substitution after masking 

(solid green), phase-randomized (dashed red) and between the atomic model and 

the full experimental map (dashed violet). b) Histogram of local resolution assigned 

to each voxel. c) Angular distribution of particles in the urease cryo-EM 

reconstruction overlaid on the unsharpened map. 



High resolution cryo-EM structure of urease from the pathogen Yersinia 
enterocolitica 

 62 

 

Figure 2.10.5 Alignment of 150 ureA, ureB and ureC sequences 

Alignment of 150 ureA, ureB and ureC sequences, chosen by sampling from all 

homologs found for each protein. ClustalW was used for sequence alignment and 

the ConSurf server for conservation analysis. Conservation is shown on a gradient 

from dark purple to white to turquoise (arbitrary units). The light blue bar indicates 

model completeness. Regions of interest are highlighted: The N-terminal extension 

in dark blue, the oligomerization loop and its following helix are indicated in 

magenta, the mobile flap is indicated in grey and the blue asterix indicates residues 

belonging to the active site. 
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Figure 2.10.6 Distance comparison between residues of Y. enterocolitica urease 
against ureases with different modes of assembly. 

Tubes are colored by the pairwise distance of Cα atoms to the corresponding 

residue in Y. enterocolitica urease. Residues without equivalence after sequence 

alignment are shown in gray color. Segments with particularly high deviations are 

indicated. 

Figure 2.10.7 Y. enterocolitica interfaces 

Area (Å2) of interfaces 1-7 (numbering as in Figure 4) plotted by organism. Left: 

intra-trimer interfaces; right: inter-trimer interfaces. The intra-trimer areas of 

interfaces 2 and 3 in H. pylori are higher because they are part of the same chain. 
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Figure 2.10.8 High resolution structural features 

High-resolution structural features can be readily seen in the cryo-EM map. a) Salt 

bridge between D69 and R63. b) Side chain hydration of S17 and back bone 

hydration of the oxygen and the nitrogen, respectively. c) alternative side chain 

conformations of L406 and K2. d) network of waters between two ureC proteins 

(grey, blue). 
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2.11 Supplementary Information 

 

Supplementary Movie 1 Overview and feature highlights of the Yersinia 

enterocolitica urease cryo-EM structure. 

 

Supplementary Movie 2 Morphing between maps and models obtained from 

different sets of frames along the exposure. 

 
 
 
 
 

Figure 2.10.9 MET369 can adopt different conformations 

MET369 can adopt different conformations in the absence of the substrate or an 

inhibitor. Y. enterocolitica urease (grey), S. pasteurii urease (blue), K. aerogenes 

urease (green). One conformation could potentially reach the active site. There is 

no described function for this amino acid in the catalysis. The conformation close to 

the active site is only possible because the pocket is empty, which can be seen with 

an overlay of the active site from K. aerogenes urease (PDB: 1EJW) at 1.9 Å and 

S. pasteurii urease (PDB: 5OL4) at 1.28 Å resolution, respectively (Figure 5d,e). 
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2.12 Supplementary Tables 

 
 
 Single shot Multi shot 
Data collection 

Microscope  Titan Krios Titan Krios 
Voltage [kV]  300 300 
Direct electron detector  Gatan K2 Gatan K2 
Zero-loss energy filter  GIF (20 eV slit 

width) 
GIF (20 eV slit width) 

Physical pixel size [Å]  0.639 0.639 
Super-resolution mode  No No 
Total exposure [e-/Å²]  42 42 
Exposure time [s]  8 8 
Number of frames  
[per movie] 

 40 40 

Movies acquired  2,252 2,243 
Beam-image shift?  No 3 shots per hole 

Image processing (before merging) 
Movies processed  2,115 2,197 
Pixel size [Å]  0.639 0.639 
Box size [pixels²] 512 512 
Particles picked 
(Gautomatch w/ 
templates) 

87,204 107,399 

Particles after 2D 
classification 

87,032 80,239 

Particles after 3D 
classification 

51,173 62,884 

Unmasked resolution 
[Å] 
(FSC 0.143) 

2.52 2.39 

Masked resolution [Å] 
(FSC 0.143) 

2.20 2.10 

Image processing (after merging) 
Particles in final 
reconstruction 

 119,020 

Unmasked resolution 
[Å]   
(FSC 0.143) 

 2.20 

Masked resolution [Å] 
(FSC 0.143) 

 1.98 

Table 2.12.1 Cryo-EM data collection and image processing summary 
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 Multi-shot #1 Multi-shot #2 Multi-shot #3 Single-shot 
Beamtilt x 
(mrad) 

0.008 -0.218 -0.028 -0.078 

Beamtilt y 
(mrad) 

-0.091 -0.127 -0.000 -0.065 

Table 2.12.2 Beam tilt estimation after merging the two datasets. 
 
 
 
 

 
 
 Multi 

Shot 
(before 
mergin
g) 

Single 
Shot 
(before 
mergin
g) 

Merge
d 

Multi 
Shot 
#1 

Multi 
Shot 
#2 

 Multi 
Shot 
#3 

Singl
e 
shot 

Number of 
particles  
in training 
(approximate) 

5,000 5,000 10,00
0 

10,00
0 

10,00
0 

 10,00
0 

10,00
0 

Sigma for 
Velocity (Å/do
se) 
(smaller = 
shorter 
tracks) 

0.531 0.819 0.779 0.810 0.693  0.636 0.681 

Sigma for 
Divergence 
(Å) 
(higher = more 
homogeneous 
tracks across 
micrograph, 
i.e. "rigid 
block") 

3,600 10,455 10,62
0 

10,26
0 

7,350  5,220 8,355 

Sigma for 
Acceleration 
(Å/dose) 
(smaller = 
straighter 
tracks) 

2.175 3.735 1.620 1.485 1.425  1.500 0.795 

Table 2.12.3 Bayesian polishing training results. 
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Organism PDB 
code 

Nr. Of 
Gene

s 

Stoichiomet
ry 

 α-(β)-(γ) 

ureA 
(%) 

ureB 
(%) 

ureC 
(%) 

S. pasteurii 5O4L 3 3-3-3 60.6 46.7 57.5 

K. aerogenes 1EJW 3 3-3-3 60.6 52.9 58.7 

H. pylori 1E9Z 2 12-12 52.0 50.4 57.6 

Table 2.12.4 Sequence identity between different ureases and Y. enterocolitica 
urease.  
 

 

 
Table 2.12.5 Comparison of RMSD values of each chain 

RMSD values between each chain of our Y. enterocolitica urease model versus 

structures deposited at the PDB. Values are given in Ångstroms. Values in 

parenthesis indicate the number of Cα atom pairs matched with and without 

pruning. The program matchmaker from UCSF Chimera was used to calculate 

sequence alignments and RMSD values between each chain in respective models. 

 
 
 
 
 
 
 
 
 
 
 
 

 Chain A Chain B Chain C Active site 

1E9Z 0.860/0.942 
(98/100) 

0.702/4.424 
(107/124) 

0.642/1.248 
(537/561) 

0.634 

Alignment Score 339.8 376.8 1874.2 - 

5OL4 0.706/0.706 
(100/100) 

0.756/2.999 
(108/120) 

 0.673/1.171 
(542/563) 

0.293 

Alignment Score 369.3 327.5 2002.7 - 

1EJW 0.607/0.607 
(100/100) 

0.622/1.054 
(97/101) 

0.611/0.916 
(538/559) 

0.270 

Alignment Score 637.2 269.4 1957.0 - 



High resolution cryo-EM structure of urease from the pathogen Yersinia 
enterocolitica 

 69 

2.13 Supplementary Note 

 

2.13.1 Supplementary Methods 

For X-ray crystallographic analysis of the Y. enterocolitica urease, Y. enterocolitica 

was differently purified than described in the Methods for cryo-EM. The protein was 

precipitated using 40-60% w/v ammonium sulfate, resuspended and dialyzed in 

0.15M NaCl, 50mM Tris pH 8.0. It was further purified using a 45 ml self-packed 

DEAE FF XK26/20 (Sigma, DFF100) and a Superdex 200 10/300 GL column. The 

SEC was also used for buffer exchange to 20 mM HEPES, 100 mM NaCl pH 7. 

Urease crystals grew at 20°C at 10 mg/ml in 0.1M CHES pH 9.5; 50% (v/v) PEG 

200. Urease crystals belonged to space group H32 with unit cell parameters of a= 

157.2 Å, b = 157.2 Å and c= 774.6 Å, with four molecules per asymmetric unit. The 

structure was determined by molecular replacement with PHASER [200] using the 

urease crystal structure from Klebsiella aerogenes (PDB: 1FWB) [201]. Model 

building and structure refinement were performed with Coot [192] and Buster-TNT 

[202]. The atomic coordinates for this model have been deposited in the Protein 

Data Bank under the accession code 4Z42. 

Figure 2.13.1 Low resolution crystal structure of Y. enterocolitica urease. 

Structure determination by X-ray crystallography yielded a 3.01 Å resolution 

density, which was sufficient to see the higher oligomeric state of Y. enterocolitica 

urease, but not for detailed analysis of the assembly mechanism and active site. 

Comparison of the model based on the high-resolution cryo-EM data vs. the 

previous crystal structure shows a few differences. The previous X-ray model did 

not include residue 100 of ureA and residues 31-33, 148-162 of ureB. Residues 

148-162 form a helix, which was previously not observable. This helix sits right at 

the interface between three ureB proteins and constitutes the interaction between 

the trimers. 
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3.1 Contributions to the manuscript 

I cloned, expressed and purified the point mutants and did all experiments 

pertaining to their folding and stability. I did sequence alignments and analyzed the 

conservation. I conducted all radiolabeled activity and mass photometry assays. I 

prepared grids for cryo-EM, screened for best grid candidates, assisted in data 

collection and processed and refined all the data in cryoSPARC and RELION. I 

placed the citrate in the model and refined it against the cryo-EM map. I wrote the 

manuscript and prepared the figures. Contributions of the other authors is indicated 

in author contribution section. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



The mechanism of citrate-induced filamentation of acetyl-CoA carboxylase 1 

 73 

3.2 Abstract 

Acetyl-CoA carboxylase (ACC) catalyzes the first and rate-limiting step in fatty acid 

biosynthesis. Acetyl-CoA is carboxylated in two distinct and consecutive reactions 

resulting in malonyl-CoA, the committed substrate of fatty acid synthase. ACC is a 

multienzyme, which contains both catalytic sites on a single polypeptide chain and 

assembles a dimer. Over 50 years ago, it was observed that the feed-forward 

allosteric activator citrate leads to filament formation of higher eukaryote ACC 

(ACC-Cit). However, the mechanism behind the citrate-dependent assembly of 

ACC filaments has remained an enigma. A 3.8 Å resolution cryo-EM reconstruction 

of ACC-Cit enabled the identification of a positively charged pocket in the non-

catalytic central domain (CD) as the place of allosteric activation by citrate. Point 

mutants in the pocket disrupt citrate-dependent ACC activation and filament 

formation. Presence of citrate causes a cascade of domain rearrangements in the 

CD, creating a docking platform for the next ACC dimer to bind, resulting in ACC-

Cit filament formation. 

3.3 Introduction 

Eukaryotic acetyl-CoA carboxylase (ACC) is a dimeric multienzyme catalyzing the 

committed and rate-limiting first step in fatty acids synthesis. Under the 

consumption of ATP, ACC carboxylates acetyl-CoA to produce malonyl-CoA in a 

two-step reaction [63]. The first reaction is the transfer of a carboxyl group from 

bicarbonate to the biotin cofactor of the biotin carboxyl carrier protein (BCCP) 

domain by the biotin carboxylase (BC) domain of ACC. The BCCP domain shuttles 

the carboxy-biotin intermediate to the carboxyl transferase (CT) domain, which 

transfers the carboxyl group onto acetyl-CoA producing malonyl-CoA [67, 68]. 

Besides the catalytic domains, eukaryotic ACC also contains a central domain (CD). 

The CD connects the BC and CT domains and is comprised of four domains CDN 

(N-terminal), CDL (linker), CDC1 (C-terminal 1), CDC2 (C-terminal 2) (Figure 3.3.1 a). 

Human ACC exists in two isoforms (ACC1 and ACC2), which share a sequence 

identity of 74.6%. ACC1 is the main metabolic enzyme and is expressed in lipogenic 

tissues, including adipose tissue and mammary glands. The malonyl-CoA produced 

by ACC1 is a substrate of fatty acid synthase (FAS), which produces long chain 

fatty acids. ACC2 acts as a regulator of beta-oxidation in oxidative tissues, such as 

heart and skeletal muscle, by producing malonyl-CoA for inhibition of carnitine 

palmitoyl-transferase (CPT1) [78, 203]. 
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ACC1 expression in humans has been associated with manifestations of the 

metabolic syndrome such as obesity, type 2 diabetes, cardiovascular disease and 

arteriosclerosis [108, 109] and a knockout of the coding ACACA gene is 

embryonically lethal [103]. ACC is overexpressed in liver, breast and prostate 

tumors and is a cancer drug target [83, 115, 116, 204]. 

Regulation of human ACC1 occurs transcriptionally and post-translationally. The 

transcriptional regulation is controlled by the master regulators of metabolism, the 

mTOR complex 1 and 2, [83, 84] through SREBP1 (Sterol Regulatory Element 

Binding Proteins) and ChREBP [80-82]. The AMP-activated kinase (AMPK) and 

cAMP-dependent kinase (PKA) have been shown to phosphorylate ACC1. AMPK 

phosphorylates Ser80, Ser1201 and Ser1216, while PKA phosphorylates Ser78 

and Ser1201. Phosphorylation of Ser80 and Ser1201 have a strong inhibitory effect 

on activity of ACC1 [88, 89]. ACC1 is further regulated by direct protein-protein 

interactions. One study reported that Mig12 can promote ACC activation by 

lowering the threshold for required citrate [94]. Another study shows that in complex 

with its paralog Spot14, they attenuate filament formation [95, 96]. A distinct type of 

filament is formed by ACC1 when interacting with BRCT, the C-terminal tandem 

domains of tumor-suppressor BRCA1. Binding of BRCT locks ACC in an open and 

inactive conformation (Figure 3.3.1 c) [141].  

Figure 3.3.1 Filament formation of ACC upon activation and inhibition. 
a) Conformation of ACC dimer upon allosteric activation by citrate. Surface representation 

of one protomer is shown in grey and the other color coded according to domains. b) ACC-

Cit filament with one dimer in color. Rise and twist are indicated. Regulation scheme of ACC 

by feedforward activators and feedback inhibitors. c) Regulation by phosphorylation and 

protein interaction partners. ACC-BRCT filament with one dimer in color and all BRCT 

domains in color. Focus on ACC-BRCT dimer with domain names indicated. Linear domain 

architecture of ACC at the bottom 
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Feedback inhibition by long acyl-CoA chains is an essential regulatory mechanism 

of ACC, signaling a surplus of fatty acids [205]. It is not clear how the inhibition is 

mediated and for the inhibitor palmitoyl-CoA the specificity of this inhibition is a topic 

of debate [86, 87] (Figure 3.3.1 b).  

The allosteric activator citrate induces filament formation in ACC1, which 

significantly increases activity [63, 77]. The formation of ACC filaments upon 

addition of citrate was first observed over 50 years ago [51]. However, only recently, 

progress towards the understanding of ACC1 activity and filament formation has 

been made. The cryo-EM structure of the ACC1 filament (ACC-Cit) was previously 

reported by our group and shows a helical assembly of dimers in a closed and 

perpetually active conformation (Figure 3.3.1 b) [141]. This assembly locks BC 

domains in dimer form, which is essential for activity [134]. The closed arrangement 

also ensures accessibility of the BCCP to both catalytic sites leading to high activity 

[141]. While this reconstruction at 5.4 Å-resolution allowed unambiguous placement 

of crystal structures of all domains, identification of small molecules and their 

binding sites was not possible. Until now the mechanism with which citrate induces 

these massive conformational changes is unknown. 

S. cerevisiae ACC (SceACC) adopts a similar closed conformation when 

crystallized in presence of citrate [135]. SceACC is not activated by citrate and 

filaments formation has not been reported, however the closed conformation is 

stabilized by citrate [206]. Comparison of the CD interfaces of SceACC and human 

ACC from ACC-Cit filaments, shows that the CD conformation of SceACC is 

incompatible with filament formation [141]. Several regulatory phosphosites have 

been identified in SceACC in phosphoproteomic studies. Ser1157 gets 

phosphorylated (pSer1157) by Snf1, a homologue of AMPK, which leads to a stark 

reduction in activity [91-93]. Structural analysis showed that pSer1157 is located in 

the CD and is coordinated by Arg1173 and Arg1260 in a positively charged pocket 

between the CDC1 and CDC2. Mutational studies of these residues showed reduced 

capacity to inhibit SceACC activity [206]. 
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3.4 Results and discussion 

3.4.1 3.8 Å resolution of ACC filament enables visualization of positively 
charged pocket 

Previously, we have determined the cryo-EM structure of citrate-induced ACC 

filaments at a resolution of 5.4 Å using a single particle-approach [141] (PDB 

ID:62GD). Collecting additional data, as well as employing recent algorithms for the 

correction of aberrations introduced by the optical system, resulted in an overall 

resolution of 3.84 Å (Figure 3.9.1). The highest resolution is present in the highly 

ordered CT domain and the resolution decrease towards the edges of the map 

(Figure 3.9.1). The biotin moiety attached to a lysine in the BCCP is buried at the 

active site of the CT, which shows the potential of the map to visualize small 

molecules (Figure 3.9.2 a). 3D classification revealed that the angles between the 

dimers within the filament are not identical, which is in part responsible for the 

strongly decreased resolution of the CD (Figure 3.9.1; Figure 3.9.2). The difference 

in angles can be caused by the filament being inherently flexible and dynamic at 

the interfaces. The varying angles could also represent static states of filaments 

that adopt distinct conformations. The partial or full occupancy by citrate, can be an 

influencing factor as well. 

Large conformational changes are necessary to go from an open inactive 

conformation to a closed active conformation. The CD has already been described 

as capable of undergoing large-scale hinge-like motions, capable of rotating (CDN 

can be in positions at least 160° rotated from each other [139]) to accommodate BC 

dimerization (Figure 3.4.1 a). Citrate could directly bind somewhere in the CD 

domains, bind at the interface between two dimers in a filament or bind between 

two domains of one dimer to fix them in place. Comparison of CD domains of ACC-

Cit and ACC-BRCT show highly similar folds for CD subdomains, but their relative 

arrangement changes (Figure 3.4.1 b).  

Citrate is a negatively charged molecule, suggesting it could be recognized via a 

cluster of positive charges. The pocket identified for the binding of pSer1157 in 

SceACC meets these requirements (Figure 3.4.1 c). Closer inspection of the same 

positively charged cluster in the full length SceACC X-ray structure reveals a large 

unassigned electron density in between the arginines, which could potentially 

correspond to citrate (Figure 3.9.3). This cluster is highly conserved among 

eukaryotes including human ACC (Figure 3.9.4). Residues Arg1232 and Arg1326 

in human ACC are Arg1173 and Arg1260 in yeast, respectively. 
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An X-ray structure of the human CD fused to the BT (HsBT-CD) was previously 

solved to 3.7 Å resolution in presence of citrate and was interpreted as a poly-

alanine model [139]. Further rounds of iterative model-building and refinement now 

provide an all-atom model and allow more detailed investigation of the conserved 

pocket, where extra electron density in a cluster of positive residues is observed 

(Figure 3.4.1 d). Because of the low resolution in the HsBT-CD crystal structure, 

the electron density cannot be unambiguously identified as citrate. Notably, 

crystallization of this construct was only possible in the presence of citrate and the 

other components of the crystallization buffer seem unlikely candidates for binding. 

Investigating the same pocket in cryo-EM reconstruction of ACC-Cit filament, extra 

density is seen in the same location (Figure 3.4.1 e, Figure 3.9.4). However, like for 

the crystal structure of the BT-CD construct, the resolution does not allow for 

unequivocal placement and orientation of citrate. Besides citrate, the sample buffer 

additionally contains also β-mercapoethanol (β-ME), n-Dodecyl β-D-maltoside 

(DDM) and HEPES. While DDM and β-ME can be excluded as binding in the 

Figure 3.4.1 Conserved positively charged pocket is located in CDC1 domain. 

a) Surface rendering of aligned ACC-Cit and ACC-BRCT protomers, both colored according 

to domains. Protomers have been aligned by their CT domains, which is indicated by a star 

in color of CT. Black triangles indicate location of conserved pocket. Arrows indicate the 

domain movements needed for the other conformation to be adopted. b) Overlay of ACC-

Cit and ACC-BRCT CD aligned at the CDC1 domain in cartoon with cylindrical helices. c) 

Conserved pocket of SceACC with phospholoop. Part of the loop is omitted for clarity (PDB 

ID:5I6E). d) Shows conserved pocket in all-atom model of HsBT-CD crystal structure with 

the electron density as mesh. e) Same pocket as in d), but in ACC-Cit filament and with 

cryo-EM density shown as mesh. 
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positively charged pocket, HEPES at pH 8 is anionic and could bind the positively 

charged sidechains. Additional experiments are necessary to confirm that it is in 

fact citrate acting on the pocket. 

3.4.2 Citrate affects a conserved pocket in the central domain region  

Six residues of the cluster are highly conserved across species, indicating 

evolutionary pressure to maintain this pocket. Specifically, residues Arg12, 

Arg1326, Tyr1158, Tyr1161, Arg1325 and Pro1375 show high conservation (Figure 

3.9.4). To test for a role of this pocket in citrate mediated activation, Arg1232 and 

Arg1326 were mutated to alanines (R1232A/R1326A) (Figure 3.4.2 a). 

 

Figure 3.4.2 Point mutations impair citrate-dependent activation and filament 
formation. 
a) Manually modelled citrate in the positive cluster with conserved residues labeled and 

shown as sticks. Mutated residues are indicated with a star. b) Results of four separate 

activity assays done in triplicates. Error bars show standard deviation. c-e) Mass photometry 

results displayed as bar graphs. Polymer length refers to number of dimers. Color legend 

for graphs indicated at the bottom right. PP=phosphorylated. 
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Purified wild-type (WT) and mutant ACC are all present as more than 70 % dimers 

in inactivated state as can be seen by mass photometry (Figure 3.9.7) and run as 

a single band on a SDS-PAGE gel (Figure 3.9.5). Thermal shift assay of all proteins 

resulted in equivalent curve shapes of raw fluorescence. Melting points were 

calculated from the first derivative and were at 48°C for WT ACC, 47.5°C and 

48.5°C for R1232A and 46 and 45 °C for R1326A. The two melting points refer to 

phosphorylated and dephosphorylated sample, respectively. It was concluded that 

the mutations do not affect expression and folding of the protein (Figure 3.9.5). 

To evaluate the impact of the mutations on citrate-induced activation, an assay 

measuring the incorporation of radiolabeled carboxyl groups into malonyl-CoA was 

used. In four independent experiments with three repeats each, a reduction of 

activity for the mutants was seen (Figure 3.4.2 b). Dephosphorylated WT ACC in 

presence of citrate had the highest activities at 2.4 µmol min-1 mg-1. The activities 

of phosphorylated WT ACC with citrate and dephosphorylated WT ACC without 

citrate were lower, while phosphorylated WT without citrate had almost no activity. 

R1232A and R1326A had very low activity in all conditions, with between 0 and 

0.09 µmol min-1 mg-1 (Figure 3.4.2 b). These results indicate, that mutations in the 

described pocket lead to low activity also in the presence of citrate.  

To investigate whether the mutations also affect filament formation we used mass 

photometry to assess the particle size distribution based on single molecule 

measurements of ACC variants in the presence of citrate and phosphorylation. The 

ACC dimer has a molecular mass of about 520 kDa and polymer length is indicated 

by calculated number of dimers per particle (Figure 3.4.2 c, d, e).  

WT ACC displays 77 % dimers for phosphorylated condition without citrate 

compared to 47% dimers in dephosphorylated/with citrate. All conditions show 

progressively lower percentage of binding events per polymer length until polymer 

lengths of 6-20 dimers. Phosphorylated and dephosphorylated ACC in presence of 

citrate show 6 and 13% binding events at high polymer lengths, respectively (Figure 

3.4.2 c). R1232A shows 85-90% polymers of single dimer weight, 5-8% with two 

dimers and <1 % for the other polymer lengths in all conditions. The mutation of 

R1232 to alanine appears to completely abrogate citrate-induced filament formation 

(Figure 3.4.2 d). 18% of dephosphorylated citrate induced R1326A are present as 

polymers of 3 dimer length compared to the 10% in WT. The mutant also assembles 

polymers of 6-20 dimers length, but only 3% of the total. This could hint at the 

filament formation being impaired but not completely abrogated as for R1326A and 
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the mutant could still assemble shorter filaments (Figure 3.4.2 e) (For all plots see 

Figure 3.9.7, Figure 3.9.8). More repetitions of the mass photometry experiments 

are needed to confirm these findings. 

In summary, the results of the activity and filamentation assays demonstrate that 

mutant R1232A is indeed insensitive to activation by citrate. R1326A shows 

reduced sensitivity to citrate but is still able to assemble shorter polymers.  

3.4.3 Repositioning of loop leads to rearrangement of domains in CD  

The key factors contributing to ACC activity are the dimerization of BC domains and 

allowing the BCCP to reach both catalytic sites [141]. In yeast ACC as well as 

human ACC, the CD domain acts as the hinge allowing for flexible movement of the 

BC domains [139, 141, 206]. To analyze the effect of putative citrate binding on 

structural rearrangements, the open ACC-BRCT dimer and the closed ACC-Cit 

dimer are overlaid [141] (Figure 3.4.3 a-c). The CDN is an alpha-helical domain with 

11 helices with a four-helix bundle and a helical hairpin. and the CDL is a linker 

domain containing a 4 helix bundle. The CDC1 and CDC2 adopt an alpha-beta fold 

with a six stranded beta-sheet with two long helices on one side. CDC2 is C-

terminally extended by a b-strand and b-hairpin (Figure 3.9.6) [139]. The six 

stranded beta-sheet (beta 1-6) of CDC1 contains the positively charged pocket 

coordinating citrate. When overlaying the CDC1 domains of ACC-Cit and ACC-

BRCT filament there is a 33° turn of the CDC2 relative to the CDC1 (Figure 3.4.3 a). 

This rotation occurs at the small helix after the loop connecting the domains. Binding 

of citrate could potentially interfere with the helix and reposition it inducing the 

rotation (Figure 3.4.3 a). CDC1 and CDC2 rotating against each other changes the 

position of the CD relative to CT. CDN is now close to the CT and BT and needs to 

rotate another 37° to interact with the domain and close the dimer (Figure 3.4.3 b, 

c). The BC domains would be close enough to each other to dimerize. The 

repositioning of the whole CD creates the interface needed for filament formation 

(Figure 3.4.3 d).  

The CD domain creates a platform for docking of another ACC dimer in a similar 

conformation. It is also possible that the citrate alone does not yet lead to a 

completely closed dimer but pushes the conformational change far enough so that 

another ACC dimer can bind and complete the dimerization.  

One of the hurdles in the investigation of ACC is the separation of activity and 

filamentation. With a suggested binding site for citrate and a 3.8 Å reconstruction, 



The mechanism of citrate-induced filamentation of acetyl-CoA carboxylase 1 

 81 

future studies can be designed to uncouple those events. Direct citrate binding 

assays are required to confirm the cluster as the responsible site for citrate-

mediated activation. To exclude other potential sites, mutated ACC must also be 

investigated for its ability to directly bind citrate. Protein constructs of the CDC1 and 

CDC2 domains can be used to uncouple the binding event from its effects on activity 

and filamentation. A CDC1CDC2 protein construct in presence of citrate is potentially 

more stable than BT-CD and merits another crystallization trial. Based on the 

higher-resolution cryo-EM data, mutations of the interface can be designed to 

Figure 3.4.3 Citrate binding induces domain rearrangements. 
a) ACC-Cit (color) and ACC-BRCT (grey) CDC1 and CDC2 aligned at CDC1. Shown in cartoon 

representation with cylindrical helices. Repositioned helix indicated with a red star. 

Rotational movement shown with arrow. b) Transparent ACC-Cit protomer with surface 

representation aligned at CDC1 with ACC-BRCT CD in grey cartoon style with cylindrical 

helices. Domain rotation indicated with arrow. c) Close up of CDN with cylindrical helices and 

the interaction with CT and BT domains as transparent surface rendering. ACC-BRCT is in 

grey. d) Interface between two CD domains in filamentation competent state indicated with 

colored lines. 
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disrupt filament formation revealing the contributions of filament formation to 

increased activity.   

Because of limitations in resolution the citrate could not be unambiguously oriented 

in the pocket. The proposed location is a conceivable model, but molecular 

dynamics simulations, in absence of higher resolution experimental data, will be 

ideal to gain deeper insights into the dynamics of the CD region in dependence of 

citrate binding. The changes for the CDC1 and CDC2 and the whole ACC dimer could 

be simulated. 

3.5 Conclusion 

Improved cryo-EM reconstructions from 5.4 Å to 3.8 Å enable the visualization of a 

conserved pocket in the non-catalytic CD region of human ACC filaments. 

Mutations of residues forming the cluster lead to abrogated activity and reduced 

filament formation in presence of citrate. In SceACC, this positive cluster can be 

Figure 3.4.4 Mechanism of citrate-induced filament formation. 
Citrate allosterically activates ACC by binding to the conserved pocket in the CD. This 

causes large scale domain rearrangements making ACC dimers competent to stack into a 

filament. The filament locks ACC in a perpetually active and closed conformation. 
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tightly bound by a pSer on a loop, which leads to inhibition of SceACC activity. pSer 

prevents movement of the CDC1 and CDC2, adopting a conformation very similar to 

CDC1 and CDC2 in the inactive ACC-BRCT filament. Potential citrate binding in the 

same pocket could change the position of the adjacent helix. The repositioning of 

the helix then causes a cascade of domain rearrangements. The resulting ACC 

dimers adopt a closed and active conformation where the CD domains are 

compatible with filament assembly (Figure 3.4.4). 

After 50 years of research into the mechanism of citrate-induced filament formation, 

we present the first tangible model for the assembly of ACC higher oligomers. This 

mechanistic model allows for the design of future studies with the goal of furthering 

our understanding of enzyme regulation through oligomerization and the potential 

of the allosteric site as a drug target. 

3.6 Author contributions 

L.A. collected and processed cryo-EM data and performed biochemical and biophysical 

assays. M.H. cloned and purified ACC WT protein. A.H. collected cryo-EM data sets. E.S 

solved the X-ray crystal structure and built an all-atom model of human CD. T.M. 

conceptualized the project. L.A. and T.M. wrote the manuscript and prepared figures. 

3.7 Acknowledgement 

We would like to thank the staff from the Swiss Light source beamline and 

Biozentrum BioEM facility for their excellent support. Cryo-EM data processing 

calculations were performed at sciCORE (http://scicore.unibas.ch/) scientific 

computing center at the University of Basel. L.A. and A.H. acknowledge funding 

from the Fellowships for Excellence program sponsored by the Werner-Siemens 

Foundation and the University of Basel.  

We would like to thank the Biozentrum proteomics core facility for their support and 

help with measurement and analysis of phosphorylation states of ACC. We would 

also like to thank Katharina Häussermann from Refeyn and all of Refeyn staff for 

the demonstration and use of the instrument. 

Molecular graphics and analyses performed with UCSF ChimeraX, developed by 

the Resource for Biocomputing, Visualization, and Informatics at UCSF.  

http://scicore.unibas.ch/


The mechanism of citrate-induced filamentation of acetyl-CoA carboxylase 1 

 84 

3.8 Materials and Methods 

3.8.1 Cloning and protein purification 

The published ACC vector was used for site directed mutagenesis using primers 

containing the desired mutation followed by blunt end ligation. Primers used to 

clone R1232A mutation: forward (fw) TCACTCCACCTTGTCAGGCAATG 

GGCGGAATGGTCTC, reverse (rv) GAGACCATTCCGCCCATTGCCTGACAAG 

GTGGAGTGA; R1326A mutation: fw GTTGACCATGGGATCCGGGCACTTACTTT 

CCTGGTTGCA; rv TGCAACCAGGAAAGTAAGTGCCCG GATCCCATGGTCAAC. 

Mutants were confirmed by sequencing. 

Purification, in vitro biotinylation and dephosphorylation was conducted as 

described [141]. Biotinylation was confirmed by using streptavidin antibody from 

abcam. Dephosphorylation was confirmed by mass spectrometry (Method 3.10). 

3.8.2 Sample preparation and cryo-EM collection 

ACC WT protein was dialyzed overnight against a buffer containing 50 mM 

Hepes/KOH pH 7.5, 10 mM K3citrate, 0.1 mM EDTA, 5 mM β-ME. Protein was 

diluted in the buffer without β-ME to a concentration of 400 µg/ml and 17 µM DDM 

were added. C-Flat 1.3/1.2 200 mesh grids from Electron Microscopy Sciences 

were prepared using a FEI Vitrobot MarkIV with 4 µl of protein solution (4°C, 100% 

humidity, double blotting paper, 10 sec wait time, 3 sec blot time). Samples were 

imaged using an FEI Titan Krios equipped with a Gatan image filter (Quantum-LS 

GIF, 20 eV zero loss filtering) and a post-GIF K2 summit direct electron detector 

(Gatan). Movies were recorded at 300 kV with a pixel size of 1.05 Å and 50 frames 

at ~1 e− Å−2 per frame (yielding a total dose of 50 e− Å−2). Sample preparation and 

collection parameters of the previous 13,671 movies (here called datasets 1-4) can 

be found in publication [141]. 

3.8.3 Data processing 

Collection parameters of the previous 13,671 movies (datasets 1-4) can be found 

in publication [141]. For the new data collection 3’746 movies were recorded using 

SerialEM (dataset 5) [166]. Processing for all datasets (DS) was done in 

cryoSPARCV2 and the same strategy was used unless indicated otherwise [152]. 

Using cryoSPARCs patch motion beam-induced motion was corrected for and 

patch CTF was used to correct for differing defocus values across one micrograph. 
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Poor quality micrographs were discarded at this step. Particles were picked using 

a 2D template made from previous ACC-Cit reconstructions and employing the 

cryoSPARC template picker. The picked particles were classified into 2D classes 

and low quality particles were sorted out, which resulted in a total of 467’027 useful 

particles (DS1: 146’013; DS2: 154’994; DS3: 43’698; DS4: 30’153; DS5: 92’169). 

Previous ACC-Cit reconstruction (EMD-4342) was as used as a starting model for 

refinement. DS1-4 were strongly affected by optical aberrations of the microscope 

[141]. In recent publications, algorithms for the correction of the symmetrical and 

antisymmetrical aberrations and magnification anisotropy were described [153, 

167]. These algorithms were implemented in cryosparcV2.1[207]. Through iterative 

local and global CTF refinements the resolutions of the 4 datasets were improved 

by 0.2-0.8 Å (Figure 3.9.1). DS1-5 were merged together and refined as one data 

set. 3D classifications showed heterogeneity in the angles of filaments (Figure 3.9.2 

b). Number of particles in the separated classes were too low, to separately 

calculate another reconstruction. Using all particles non-uniform refinement and 

local masking of one dimer, an overall resolution of 3.84 Å was reached, based on 

the FSC 0.143 threshold criterion [185]. 

3.8.4 Model refinement cryo-EM 

Phenix_real_space_refine (version 1.17) was used to refine the model against the 

new map. Citrate molecule was manually place into the binding pocked and 

oriented based on the best fit into the density and our assumed interactions with 

sidechains. This new model containing citrate was again refined in phenix. The final 

model of ACC-Cit contains residues 102–511; 524–543; 556–1188; 1230–1256; 

1284–1333; 1352–1518 and 1525–2338. 

3.8.5 Crystallization and X-ray structure  

Purification, crystallization and data collection of HsBT-CD can be found in 

publication [139]. 

3.8.6 Activity assay 

The catalytic activity of ACC was measured by following the incorporation of 

radioactive 14C into acid-stable non-volatile product. The assay was preformed 

according to protocol from [141]. Measurement was carried out four times in three 
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replicates each and catalytic activities were calculated using a standard curve 

derived from measurements of varying concentrations of NaH14CO3 in reaction 

buffer (established in [141]). 

3.8.7 Mass Photometry 

In mass photometry the size of the molecule or complex is determined by the 

scattered light of a molecule at the moment of impact on a glass slide. The scattered 

light correlates linearly with mass and can therefore be used to weigh complexes 

[208]. The impact on the glass slide is called a binding event and they can be 

separated by their different masses. The limit of accuracy of the instrument at the 

moment is around 3 MDa, therefore from 6 dimers onwards there are still binding 

events detected but they cannot be properly separated anymore. The highest 

recorded masses were around 10 MDa corresponding to 20 dimers in one molecule 

so all binding events from 6 to 20 dimers are reported in one category.  

ACC WT and mutant proteins were diluted to 1 µM in buffer containing 20 mM bicine 

pH 8, 150 mM NaCl, 5% Glycerol, 5 mM TCEP and 8 mM K3citrate if indicated. 

Samples were incubated for 30 min-2h and the diluted 1:50 for measurement. 

Except dephosphorylated WT with citrate, which could only be diluted 1:10. This 

was to get comparable amounts of binding events per sample. The number of 

binding events should be similar between different samples to better compare them. 

Too many binding events crowd the glass slide and limit accuracy of the detection. 

Too few binding events will limit the amount of information you get out of the sample. 

The Refeyn OneMP instrument was used for measurements [209]. The presented 

data is from a single experimental set up (see Figure 3.9.7 and Figure 3.9.8). 

3.8.8 Data analysis and presentation 

Structural figures were prepared using ChimeraX [199] and PyMol [210], and 

graphs were made in GraphPad Prism version 8 for Windows, GraphPad Software, 

La Jolla California USA, www.graphpad.com. 

 

 

 

http://www.graphpad.com/
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3.9 Supplementary Data 

 

 

 

 

Figure 3.9.1 Processing scheme for ACC-Cit. 
All processing was done in cryoSPARCV2.1-2.15. 
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Figure 3.9.2 Visualization of biotin and filament heterogeneity. 
a) Biotin moiety (red) visualized in the CT of the ACC-Cit filament. b) 3D-classification 

shows heterogeneity in classes and distinct angles between two ACC dimers with the 

filament. 
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Figure 3.9.3 Extra density in conserved pocket in yeast ACC crystal structure. 
a) Overlay of ACC-Cit dimer (color) and SceACC dimer (black) aligned at the CT domain 

(indicated with blue star) in cartoon representation with cylindrical helices. b) Cartoon 

representation of CDC1 and CDC2 domains aligned at CDC1 indicated by the green star. c) 

Image from coot from red highlighted region in b). Electron density map (blue) and model 

(yellow) of SceACC crystal structure (PDB ID:5CSK). Positive difference density shown in 

green. Contour level is 0.12 e/A3. 
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Figure 3.9.4 Sequence alignment shows highly conserved citrate binding 
pocket. 

a) Sequence alignment with domains indicated in color coded lines. Stars 

indicate mutation sites. b) Conservation mapped onto ACC protomer with 

domains indicated. Bar shows level of conservation with 1 being highly 

conserved and inset of citrate binding pocket. 
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Figure 3.9.5 Expression and folding of ACC WT and point mutants. 
a)  Coomassie stain of SDS-PAGE of WT and mutants. b) Fluorescence readout of thermal 

shift assay plotted into temperature axis. RFU = raw fluorescence. c) Melting points 

determined by the first derivative of thermal shift assay plotted as bar graphs for 

visualization (PP=phosphorylated). 
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Figure 3.9.6 Human ACC-Cit CDC1 and CDC2 domains with labeled α-helices and β-
sheets. 
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Figure 3.9.7 Mass photometry of samples without citrate show low amount of high 
molecular weight species. 
Number of binding events plotted as a function of molecular weight from start of first 

peak. Label: top: Mean peak value or integral of region (grey box); middle: Width of the 

fitted Peak (σ represents the standard deviation); bottom: Sum of the number of counts 

under the fitted peak/region (expressed as the number of counts and the proportion of 

counts– compared to the total number of events). 
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Figure 3.9.8 Mass photometry of WT with citrate show high molecular weight 
species. 
Number of binding events plotted as a function of molecular weight from start of first 

peak. Label: top: Mean peak value or integral of region (grey box); middle: Width of 

the fitted Peak (σ represents the standard deviation); bottom: Sum of the number of 

counts under the fitted peak/region (expressed as the number of counts and the 

proportion of counts– compared to the total number of events). 
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3.10 Supplementary method 

3.10.1 Assessment of phosphorylation by mass spectrometry 

To assess levels of phosphorylation before and after in vitro dephosphorylation we 

preformed mass spectrometry. Dephosphorylation was preformed independently 

three times for WT and both mutants using λ-phosphatase (see Methods, Cloning 

and protein purification).  

Proteins were diluted to 50 ug total and were prepared for digestion with 1 ug of 

trypsin and digested overnight at 37°C. Solid phase extraction was done by using 

C18 columns. 2.5ug where removed from the sample as Input and was vacuum 

dried. Resuspension in 20 ul LC-MS buffer (0.1 % formic acid in H2O) was followed 

by concentration measurement by nanodrop. 4 ul of sample were injected into Q 

Exactive HF orpitrap LC-MS/MS (QE-HF) system by Thermo Fisher.  

The remaining sample was subjected to phosphopeptide enrichment by AssayMAP 

Bravo Platform (Agilent). Eluted sample was vacuum dried and peptides dissolved 

in 20 ul LC-MS buffer and 4ul injected into QE-HF. 

Analysis of results was done using Scaffold4 (Scaffold 4.11.0, Proteome software) 
 

 

 

Figure 3.10.1 Mass spectrometry workflow. 
Strong reduction in phosphopeptides in dephosphorylated samples.  
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4 Discussion 

In this thesis, we explored the role of oligomerization of urease and acetyl-CoA 

carboxylase in metabolism. The assembly state of urease, a virulence factor in 

Y. enterocolitica, has been linked to increased survival of pathogens. For more than 

50 years, the mechanism behind citrate-induced filament formation of ACC and the 

coupling to increased activity was an unsolved enigma.  

After a general summary of the results in this discussion, the topics of 

oligomerization interfaces as drug targets, regulation of filament formation as an 

intervention strategy and the potential of cryo-EM in drug development will be 

analyzed. 

 

4.1 Summary of Results 

The aim 1.1 was to understand how Y. enterocolitica urease assembles, by 

collecting cryo-EM data and processing them with state-of-the-art single particle 

analysis algorithms. While half of the data was acquired by recording a single movie 

per grid hole, the other half resulted from collection at three movies from one grid 

hole, the advantage of which includes shorter acquisition time and reduced image 

drift. Data processing revealed that the particles displayed preferential orientation 

and the presence of a small fraction of monomers and broken assemblies. The 

presence of strong preferential orientation was a limiting factor in resolution, which 

could not be compensated by applying tetrahedral symmetry. The final resolution 

of 1.98 Å was achieved using the higher-order aberration corrections for CTF 

estimation. The reconstruction revealed a tetramer-of-trimers assembly structure 

for Y. enterocolitica urease. Model building was initiated from urease crystal 

structures. The assembly is similar to H. pylori urease which also forms a 

dodecamer with tetrahedral symmetry.  

To understand the determinants for oligomeric assembly of urease, as described in 

aim 1.2, structure-guided sequence alignments of different ureases were crucial. 

Through analysis of per residue conservation combined with the atomistic model, 

relevant differences could be identified. All ureases share a similar overall fold, but 

detailed investigation of the interfaces revealed variances that may be connected 

to the various oligomeric assemblies. The areas contributing to oligomerization 
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show low sequence identity between species, while the active site is highly 

conserved. A central helix and oligomerization loop identified at the inter-trimer 

interface have a potential role in assembly of oligomeric urease in Y. enterocolitica. 

The loop binds into a pocket of the neighboring trimer and the helix interacts with 

another part of the next trimer. Comparison to other ureases show that these 

structural features are rather unique to Y. enterocolitica urease. The helix and loop 

are absent in some trimeric bacterial urease assemblies and plant ureases seem to 

have a similar helix but no loop. H. pylori, the only other urease known to assemble 

a dodecamer, has a similar helix and loop. Structural features like these could be 

determining the oligomeric capacity of a urease. 

The broader aim 1.3 of exploring cryo-EM potential in drug discovery was heavily 

dependent of the first aim. Building of a complete atomistic model allowed for the 

assessment of previously poor resolved regions at the interfaces between 

protomers. The interfaces were crucial for the understanding of how oligomerization 

is mediated. The high level of structural detail allowed for visualization of the active 

site residues and ions, water networks, salt bridges, alternative side chain 

conformations and hydration of residues and backbone. For drug discovery and 

design, these high-resolution features are essential. The coordination of metal ions 

in the active site is crucial for describing the catalytic mechanism, but also to design 

targeted intervention. Active site waters are involved in the catalyzed reaction and 

their exact position is pivotal. Alternative side chain conformation can inform about 

local flexibility or different states of the protein. The protonation of residues can 

indicate the hydrogen bonds that are being formed and which atoms interact with 

each other. This further establishes the capacity of cryo-EM as a tool for structure-

based drug discovery for bacterial virulence factors. 

 

A limiting factor in the previous cryo-EM reconstruction of ACC filaments was a low 

number of particles. To understand the binding mechanism of citrate as outlined in 

aim 2.1, additional data was acquired and merged with the previous. Through the 

increase in cryo-EM movies and using automated picking software, the number of 

particles was increased two-fold, a decisive factor for reconstruction of large 

dynamic assemblies. Previous cryo-EM maps of ACC were strongly affected by the 

heterogeneity of the filament, but also by the conditions of sample prep and 

microscope alignment. ACC filaments can be up to one micron in length and tend 

to extend from the carbon into the middle of the grid hole. As a consequence, the 

different regions of the filament are located in varying ice thickness, which 

influences CTF. By employing the new CTF refinement algorithms, the CTF of each 
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particle in the filament could be estimated. For the first three data collections, the 

microscope was not well aligned, which was known at that time. Higher order 

corrections accounting for aberrations introduced through misalignment lead to 

further improved CTF estimations. Improved CTF refinements and aberration 

correction yielded a reconstruction with high enough resolution where visualization 

of small molecules is possible. The biotin moiety of the BCCP can be seen clearly 

at the CT. In the CD domain, between the CDC1 and CDC2, a region with positive 

residues was observed to stretch into the center of a pocket. The reconstruction 

showed an additional density in the center, which is consistent with the presence of 

a citrate molecule but the current resolution prevents and unambiguous 

assignment. 

To validate the potential binding site as per aim 2.2, the candidate residues involved 

in the binding of citrate were mutated. Two arginines in the presumptive binding 

pocket were mutated to alanines. Further experiments with a mutant not affecting 

citrate binding are ongoing. The proper folding and behavior of mutants was 

analyzed using thermal shift assays and gel filtration. The mutants were then 

compared to WT ACC in activity assays with and without citrate. In the activity assay 

the formation of malonyl-CoA is quantified through incorporation of a C14 labelled 

carboxyl group. The mutants showed either lower activity than WT ACC or complete 

abrogation of production of malonyl-CoA. To analyze the impact of the mutants on 

filamentation, we used mass photometry to distinguish different sizes of oligomers 

assembled by WT and mutant ACC. WT ACC forms larger oligomers than the 

mutants. One mutant showed almost no higher oligomeric assemblies, while the 

other had a reduced potential to form oligomers. Both mutants clearly affect activity 

of ACC, but to estimate the degree to which they abolish citrate binding more data 

is required. 

 

In this thesis we show the potential of cryo-EM to further the understanding of large 

oligomeric assemblies. Detailed description of the oligomeric state and active site 

of Y. enterocolitica urease was achieved by using the latest in cryo-EM methods. 

Additionally, the high resolution enabled us to visualize the effects of radiation 

damage on negatively charged side chains and nickel ions in the active site. Frame-

wise analysis revealed the dynamic movement of the residues during image 

acquisition.  

The improved 3D reconstruction of ACC in combination with biochemical assays 

revealed a potential citrate binding site in the CD of ACC. However, limitations in 

resolution do not allow for unequivocal placement of citrate. Further refinements 
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using different masking to improve resolution of the CD and the citrate binding 

pocket itself have so far not been successful. Focusing on a part of the complex 

that is too far away from the center of mass during refinement, which is the case for 

the CD region, can lead to a distortion of the reconstruction. A possible solution 

would be to place the fulcrum close to or at the CD domain. Using symmetry to 

improve resolution of ACC dimers within the filament, has not yet yielded any 

insightful reconstructions. Using helical reconstruction and applying helical 

symmetry could help in improving representation of the CD and the filament 

interface. Classification of 3D reconstruction visualized the different angles adopted 

by the filaments, but there were not enough particles in the separated states to 

again obtain a high-quality reconstruction showing the citrate binding pocket clearly. 

Establishing an assay to directly quantify the binding of citrate to WT and mutant 

ACC has not been possible thus far and needs to be investigated further. The size 

of full-length ACC and the filament formation associated with citrate binding poses 

a challenge for many methods normally used for such binding assays.  Truncations 

of the protein containing only the CDC1 and CDC2 domains and the mutations, could 

be extremely useful for standard binding assays like isothermal titration calorimetry. 

 

4.2 Oligomerization interfaces as drug targets 

Bacterial urease is a potent virulence factor in pathogens and therefore an attractive 

drug target. They are very suitable for treatment of infections in humans, because 

animals don’t have ureases. The structure of the bacterial urease active site has 

been known for some time, but so far, no efficient and low side-effect inhibitory 

antibiotic drug has been developed. Urease’s oligomeric assemblies could present 

possibilities for a new intervention strategy. While further investigation using 

mutagenesis studies into the interfaces is needed, a potential mechanism for 

inhibition can be envisioned. The interaction within the trimers have large interfaces 

and would probably be more difficult to disrupt. However, the interface between 

trimers in the tetrahedral assembly are much smaller. The dodecameric assembly 

of Y. enterocolitica urease shows a central helix and oligomerization loop as 

possible drivers of oligomerization. The loop binds into a specific pocket of the 

neighboring trimer. The interaction is mediated by few residues and could be 

targeted with a chemical compound. As we see from comparison with H. pylori 

urease, this loop is not conserved. Therefore, a molecule designed to out-compete 

binding of the loop for Y. enterocolitica urease may not be effective against H. pylori 
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urease. In the case of H. pylori, the loop directly interacts with the central helix of 

the neighboring trimer, so the helix could be a more general target. The search for 

similar motifs in urease sequences could also potentially lead to the identification of 

additional higher oligomeric ureases. Investigation of other pathogens where 

urease is associated with virulence, could potentially identify a more universal 

mechanism for the oligomerization of urease and provide new avenues for 

therapeutic interventions. The disruption of interfaces could have a lower potential 

for antibiotic resistance, as it would require parallel mutation of two regions of the 

protein under strong selective pressure.  

Protein-protein interfaces (PPI) have been a proposed target for inhibition for a long 

time, as approval rates of novel molecules affecting the active sites of enzymes 

decrease [211]. The challenges associated with development of PPI inhibitors are 

still large. There needs to be detailed structural information for the complete 

description of an interface and not all PPI are suitable for interference [212, 213]. 

Peptides mimicking the interaction partners may provide high target specificity but 

are usually not stable enough to be used as drugs [214]. PPIs usually have large 

buried surface areas, but a small molecule would not have to cover the entire 

interface to perturb the interaction. These interfaces have grooves and patches with 

high binding energy, so only few residues would need to be covered by an inhibitor 

[212]. So far there are only few examples of successful interference with PPI by 

small molecules. The most prominent example of PPI inhibitors are nutlins, which 

prohibit binding of the oncogene murine double minute 2 (MDM2) to p53. By 

prohibiting this interaction p53 can continue its tumor suppressing function in DNA 

repair, cell, cycle regulation, angiogenesis and apoptosis [214]. 

 

Figure 4.2.1 Interfaces in dodecameric ureases as drug targets. 
Surface representation of a) Y. enterocolitica urease (PDB ID:6YL3) and b) H. pylori (PDB 

ID: 1E9Z) assemblies with region of interfaces highlighted. Insets show zoomed in 

interfaces. 
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4.3 Regulation of filament formation as a therapeutic 
intervention strategy 

Human ACC is intimately connected with obesity and cancer, two of the most 

widespread ailments in society. High activity of the enzymes is associated with 

disease states. Therefore, the interface of filamentation in ACC presents an 

alternative target for therapeutic intervention instead of the more commonly 

explored active sites. Inhibition of filament formation has the potential to prevent the 

associated increase in activity, although more research is needed. In similar fashion 

to the peptides mentioned in the previous section, a bulky strongly binding peptide 

could make filamentation impossible. However, for the design of such a peptide, 

residue level resolution is necessary, which is not yet available. Directly targeting 

the citrate binding site also presents a potential site for blocking increase in activity. 

Designing a compound that prevents the domain rearrangements within the CD, 

would prevent a closed and active conformation. The phospholoop of fungal ACC 

binds in the same pocket as citrate in human ACC, but inhibits activity. It is highly 

likely that the phospholoop achieves a stabilization of the domains, preventing the 

conformational changes needed for efficient catalysis. Mimicking the inhibition by 

the phospholoop presents a potential path to an inhibitor.  

A further possibility is to modulate the oligomer equilibrium by stabilizing the inactive 

state over the active one [5]. BRCT domains of BRCA1 completely change ACC 

conformation and assemble a distinct inactive type of filament. The isomerase Pin1 

stabilizes ACC1 and prevents the lysosomal pathway by binding to the CT of ACC, 

but the structural basis for this stabilization is unclear. Both proteins lock ACC in a 

conformation, either promoting or inhibiting activity. These examples show an 

already evolved strategy to regulate ACC, which could be harnessed as a drug 

target. The mechanism by which Mig12 reduces citrate threshold for ACC activity 

and how Spot14 then reverses that effect is unclear. Further structural 

characterization of the protein interactors is required to understand how they can 

stabilize inactive rather than active ACC.  

 

More than 60 filament forming enzymes have been identified thus far and there are 

likely many more [215]. New examples of such enzymes will probably increase as 

the availability and quality of in-cell visualization of proteins advances [216, 217]. 

For most of these enzymes, high-resolution structural information is not yet 

available. The structural and functional investigation of these large assemblies will 

provide crucial insights in to the role of filaments in regulation [218]. While some 
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enzymes seem to be activated by filament formation, others are inhibited [219]. In-

depth knowledge of the regulatory mechanism of these enzymes will be required to 

identify potential sites for chemical and therapeutic intervention. 

 

4.4 The potential of cryo-EM in drug development 

We outline a possible path to high-resolution structure determination for drug target 

discovery in bacteria. Conditions for this were a stable, largely static sample and 

the use of state-of-the-art cryo-EM acquisition and processing algorithms. Urease 

has high symmetry which also aided in the processing of the data. For cryo-EM to 

be established as a tool for routine structure determination, several steps in the 

process need more automatization. New developments are being made in terms of 

grip preparation and realignment of microscopes after switching of samples [220, 

221]. Processing of data during image collection has recently become available, as 

well as algorithms assessing data quality [222, 223]. Like X-ray crystallography 

now, cryo-EM is on track to become a fully automated technique and become a 

routine method for structure determination and drug target discovery in the near 

future. 

While writing this thesis two cryo-EM structures of apoferritin at atomic resolution of 

below 1.3 Å were released. Newly developed electron sources, energy filters and 

detectors permit to go beyond the previous resolution limit of 1.5 Å for cryo-EM 

[144, 224]. The reconstructions enable visualization of separated atoms including 

hydrogen atoms. Because cryo-EM maps represent a coulomb potential, the 

information on atom bonds, charged states and hydrogens is available at lower 

resolutions compared to X-ray crystallography [225]. So far this information could 

only be extracted from electron density maps and is crucial for drug design. Precise 

location information of individual atoms is essential to understand catalytic reactions 

and develop small molecules to interfere with them. 

Understanding the behavior of protein complexes in their physiological context is 

crucial to move forward with drug development. As for all structural methods 

available, the inherent properties of the sample in terms of size, symmetry and 

flexibility pose challenges for cryo-EM. For large and static protein assemblies, near 

atomic resolution can be achieved. Resolving heterogeneity in smaller regions of 

larger and more dynamic proteins is still difficult. Using user-designed masks to 

focus 3D refinement on single regions has already lead to improved interpretation 

of these data [155, 156]. However, if the flexibilities occur on a continuum rather 
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than discrete states, currently established programs cannot resolve this. This 

problem has been recognized and algorithms tackling this problem are being 

developed. However, they are still in their early stages [226, 227]. The possibility of 

analyzing structures moving on a continuum would open up the potential for time-

resolved cryo-EM. 

Electron microscopy has a long history of imaging large samples like cells and 

tissues. Cryo-electron tomography can also be used to image large cellular 

complexes, but high-resolution reconstructions from tomograms are still beyond 

reach. Single-particle cryo-EM has the ability to computationally separate 

information from different complexes from the same grid gives rise to a potential 

alternative approach to structure determination. Instead of the often-laborious 

process of protein purification needed for X-ray crystallography and NMR, whole 

cell lysates could be imaged. This would make identification of new and rare 

complexes, which only occur transiently under certain cellular conditions, possible. 

Algorithms using this kind of approach are already available, but still depend heavily 

on prior knowledge of the sample [228]. Targeting oligomerization needs near 

atomic resolution structure description to understand the interface and design drugs 

accordingly. 
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In this thesis, we show that enzyme oligomerization is an essential part of metabolic 

pathways in all branches of life. As more and more enzymes are revealed to form 

higher order assemblies, it becomes evident that the evolutionary advantage of 

such complexes must be significant. Oligomeric enzymes can also be the source of 

diseases, which furthers the need to investigate these assemblies. To be able to 

develop efficient treatment, the enzyme, its interactions with itself and other 

proteins, and their impact on metabolism need to be understood.   

Metabolism involves all chemical reactions occurring in an organism and is 

responsible for extracting energy from food, producing building blocks for the cell to 

grow and divide, and excreting toxic waste. Any type of cell receives a myriad of 

chemical cues from their surroundings, indicating the metabolic state of the 

organism or the environmental conditions. These inputs need to be analyzed and 

integrated into an appropriate output to maintain cell homeostasis. Metabolic 

pathways need strict regulation and need to be able to react to changing 

environments at a moment’s notice. By evolving different regulatory check points at 

the enzyme level, the cell can manage the interplay between its catabolism and 

anabolism. The way enzymes are usually thought about, as rather static units adrift 

in the cell, does not reflect reality. Enzymes not only depend on their amino acid 

sequence and three-dimensional structure, but also on the transient or permanent 

interactions they form with other proteins. 
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