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I Abstract 

Many biological carboxylation reactions are catalyzed by ubiquitous biotin-
dependent carboxylases. Their mechanism involves three conserved functional 
components; First, a biotin moiety, covalently linked to the biotin carboxyl carrier 
protein (BCCP) is carboxylated under ATP consumption at the biotin carboxylase 
(BC). Then the BCCP translocates to the CT active site where the carboxyl group 
is transferred to the substrate. Most prokaryotic biotin-dependent carboxylases 

are multi-subunit complexes, with functional components distributed over multiple 
protein subunits. The eukaryotic acetyl-CoA carboxylases (ACCs), however, are 
multienzymes, which combine all functional components as domains into one 
polypeptide chain, which further dimerizes. They catalyze the committed step in 
fatty-acid biosynthesis: the carboxylation of acetyl-CoA to malonyl-CoA. ACCs are 
highly regulated and their activity has been linked to diseases such as cancer and 
the metabolic syndrome. Mechanisms of ACC regulation involve allostery, 
phosphorylation and filament formation. The aim of this thesis is to reveal the 
architecture of biotin-dependent carboxylase multienzymes and the structural 
basis for the regulation of eukaryotic ACCs. 
Chapter two reveals the dynamic organization of a prokaryotic biotin-dependent 
carboxylase multienzyme, the hexameric long-chain acyl-CoA carboxylase YCC of 
Deinococcus radiodurans, based on crystallographic structure determination of 
isolated domains, negative stain electron microscopy (EM) and small-angle X-ray 
scattering (SAXS).  
In chapter three, the architecture of fungal ACCs is elucidated by crystal structures 
of different fragments of the enzyme in combination with negative stain EM and 
SAXS. Fungal ACC regulation is mediated by a phosphorylated loop, which 
wedges into the non-catalytic central domain (CD), restricting ACC to a 
catalytically non-competent conformation.  
Using cryo-EM, in chapter four, the architecture of the activated human ACC 

filament (ACC×Cit) and a thus far unknown, inhibited ACC filament type, which 

forms upon binding of BRCT domains of BRCA1 (ACC×BRCT) is revealed. 

Interactions between protomers of both filaments are mediated by the non-
catalytic CD and provide the basis for regulation of ACC activity by polymerization.  
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Altogether, the findings of this thesis reveal the structural organization of biotin-
dependent carboxylase multienzymes, in particular of eukaryotic ACCs. In fungal 
and human ACC regulation is governed by locking of conformational states either 
via phosphorylation dependent dynamics or via the formation of activated and 
inhibited forms of filaments. These insights facilitate novel approaches for 
inhibition of ACC overactivation in disease by targeting non-enzymatic regions 
involved in conformational locking. 
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1 Introduction  

1.1 Enzymes and Multienzymes  

Every organism depends on chemical transformations, which are catalyzed by 
enzymes. They lower the activation energy to allow progression of the required 
chemical reaction under cellular conditions. All enzymes consist of 20+2 different 
types of amino acids, which are arranged into distinct sequences of around 100 to 
more than 5000 amino acids, each specific for the respective enzyme. The 
polypeptide chains of enzymes fold into three-dimensional structures and as of the 
23rd of April 2018, 1,391 structurally distinct folds are characterized, according to 
the CATH database1. One protein fold can be present in enzymes of different 
function, to date 7,341 enzymes are classified according to their function by 
enzyme commission (EC) number by the Nomenclature Committee of the 
International Union of Biochemistry and Molecular Biology (NC-IUBMB). The six 
main classes are oxidoreductases, transferases, hydrolases, lyases, isomerases 
and ligases, which are then further subclassified. 
 
To degrade and synthesize complex metabolites and biomolecules, a series of 
consecutive reactions and thus multiple catalytic entities are needed. Three ways 
of carrying out such a multistep reaction are found in biological systems (Figure 
1.1): The first, very simple one is to have single enzymes, which do not interact, 
yet sequentially act on freely diffusing intermediates of a series of reactions. One 
example of such a chain of reactions executed by single enzymes is glycolysis2. 
The second is the formation of a complex of single enzymes, which then carries 
out the series of reactions. Such a multi-subunit complex can be transient or 
permanent and complex formation might be required for activity. The E. coli acetyl-

CoA carboxylase (ACC) consists of three subunits, which interact in a complex3. 
The third way is to have all necessary catalytic domains encoded on one 
polypeptide chain. This so-called multienzyme is then capable of carrying out a 
complex, multistep reaction independently.  
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Figure 1.1 Multienzymes, multi-subunit enzymes and multienzyme complexes 
Schematic representation of the definitions of different enzyme types described in this 
thesis. Multienzymes (top) encode all catalytic domains on one polypeptide chain. Multi-
subunit enzymes (middle) consist of single genes, which upon translation form complexes 
to execute their functions. Such a complex can be permanent or transient. Multienzyme 
complexes (bottom) refer to complexes in which at least one of the involved enzyme is a 
multienzyme. These complexes can be transient or permanent as well.  
 
A multienzyme can function as a monomer in isolation, form higher-order homo-
oligomers or even complexes with other enzymes or multienzymes. The 
mammalian fatty acid synthase, for example, is a multienzyme, which operates as 
a dimer4. Intermediates between the two cases of multienzymes and multi-subunit 
enzymes, where some of the required domains are present on one polypeptide 
chain but then interact with additional proteins are also possible. The E. coli 
pyruvate dehydrogenase complex is such an example of a multienzyme complex5. 
Multienzymes are ubiquitous and occur in all domains of life, however they are 
more prevalent in eukaryotes6,7.  
 
Throughout this thesis the term ‘multienzyme’ will strictly refer to enzymes, which 
carry multiple catalytic domains on one polypeptide chain while ‘multi-subunit 
enzyme’ refers to single enzymes, which interact in a transient or permanent 
fashion. The term ‘multienzyme-complex’ shall refer to enzyme complexes 
containing at least one protein, which carries more than one enzymatic domain. 

Multienzyme

Multi-subunit enzyme

transientpermanent

transientpermanent

Multienzyme complex
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1.2 Carrier Proteins Shuttle Reaction Intermediates  

When catalyzing a multistep reaction, the challenge of not losing the substrate 
intermediately arises. One elegant way of preventing diffusion of substrate 
intermediate and thus loss is to employ a carrier protein for shuttling the reaction 
intermediate8. A carrier protein is a small protein domain with a covalently linked 
cofactor, with the substrate intermediate bound. The substrate intermediate is 
transported between active sites by diffusion, however in the context of a 
multienzyme, the carrier protein is part of the full multienzyme and flexibly tethered. 
In carrier protein-containing multienzymes the carrier protein is limited in its range 
of motion through linkers  
 
There are four functional types of carrier proteins (Figure 1.2). The first carrier 
protein of the four, which will be discussed in much more detail throughout this 
thesis is the biotin carboxyl carrier protein (BCCP). The BCCP contains the 
covalently linked cofactor biotin. The second is contained in a multienzyme 
complex, the pyruvate dehydrogenase complex (PDC). This multienzyme complex, 
which consists of three subunits, produces acetyl-conezyme A (CoA), a reactant 
of the citric acid cycle. The cofactor lipoic acid is covalently attached to the carrier 
protein, the lipoyl domain5. BCCP and lipoyl domain both share the cofactor 

attachment site, a lysine positioned in a b-turn between b-strands 4 and 5. The 

cofactor is attached at the opposite end to the N and C-terminus of the domains. 
Another metabolic multienzyme, the fatty acid synthase (FAS) also employs a 
carrier protein9. The acyl-carrier protein (ACP) also acts as the carrier protein in 
polyketide synthases (PKS) and its homologue, the peptidyl carrier protein (PCP) 
is part of the nonribosomal peptide synthases (NRPS)10,11. Both, ACP and PCP 
have a covalently linked 4’-phosphopantetheine group. The cofactor is attached 
to a serine at the very N-terminus of helix 2 in a conserved Asp-Ser-Leu motif8. As 
in BCCP and the lipoyl domain, also in ACP and PCP, the modified residue is 
located at the opposite site of the termini of the domains. Fungal FAS ACP employs 
a so-called switchblade mechanism to mechanically protect the substrate 
intermediate by burying the phosphopantetheine into the domain and only flipping 
the arm out upon binding to the catalytic site of the enzyme12.  
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Figure 1.2 Different cofactors and carrier proteins 
(a) Chemical structure of biotin, lipoic acid and phosphopantetheine. (b) Cartoon 
representation of Structures of carrier proteins under the corresponding cofactor. The 
conserved residue, which is modified by the cofactor is shown as stick representation and 
indicated with a dashed square. N- and C-termini are indicated. From left to right: Homo 
sapiens ACC2 BCCP domain solved by solution NMR (PDB ID: 2KCC). NMR solution 
structure of E. coli pyruvate dehydrogenase complex lipoyl domain (PDB ID: 1QJO). 
Escherichia coli FAS ACP crystal structure (PDB ID: 2FAE). PCP structure from Bazillus 
parabrevis tyrochidine A synthetase, solved by solution NMR (PDB ID: 2GDW). Structural 
similarity in fold can be seen between ACP and PCP, as well as the lipoyl domain and 
BCCP, respectively13-16. 
 
The ACP and PCP containing enzymes contain domains, which are capable of 
catalyzing the same reactions but they also contain domains, which do not occur 
in the other enzyme. FAS is involved in the synthesizes of fatty acids while both 
PKS and NRPS are involved in production of different secondary metabolites, such 
as antibiotics, anti-cancer agents and immunosuppressants17-19. 

1.3 The Family of Biotin-Dependent Carboxylases 

Biotin-dependent carboxylases occur in all domains of life and catalyze an ATP-
dependent two-step carboxylation reaction. They are involved in fatty acid, 
carbohydrate and amino acid metabolism, urea utilization and microbial polyketide 
biosynthesis 20-24. The biotin-dependent carboxylases are classified into three 
groups according to their substrate: The urea carboxylase (UC), the pyruvate 
carboxylase (PC) and the third class, the acyl-CoA carboxylases (Figure 1.3 a and 
b)25-27. The UC and PC use, urea and pyruvate, respectively, as substrate while the 
acyl-CoA carboxylases accept acyl-CoA derivatives, amongst them acetyl-CoA, 
3-methylcrotonyl-CoA, propionyl-CoA and geranyl-CoA. 
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Figure 1.3 Biotin-dependent carboxylase substrates and reaction mechanism 
(a) Chemical structures of biotin-dependent carboxylase substrates. A red arrow indicates 
the carboxylation site. (b) Chemical structure of CoA. (c) Reaction mechanism of biotin-
dependent carboxylases. The reaction is divided into two half-reactions. In the first reaction 
(top half) the biotin cofactor, which is covalently linked to a conserved lysine on the BCCP 
domain is carboxylated under ATP-consumption at the BC domain, which is shown in red. 
With BCCP translocation, the BCCP shuffles the carboxybiotin to the CT active site, where 
the substrate (R) is carboxylated. The CT domain is shown in blue and the BCCP domain 
is shown in magenta. Active site distances differ between carboxylases and range from 40-
80 Å.  
 
As mentioned above, the biotin-dependent carboxylases contain the BCCP 
domain, a carrier protein of roughly 8 kDa. The biotin cofactor is covalently linked 
to the lysine in a conserved Met-Lys-Met motif. The conserved reaction 

mechanism employing the carrier protein is carried out over two steps (Figure 1.3 
c)28,29. In a first step, biotin is carboxylated under ATP consumption at the N1’ atom. 
This half-reaction is carried out at the biotin carboxylase (BC) active site. Then, the 
carrier protein translocates to the carboxyl transferase (CT) domain active site. 
There, the carboxyl group is transferred from the carboxybiotin intermediate to the 
substrate.  
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Figure 1.4 Domain arrangement of biotin-dependent carboxylases 
Linear domain arrangement of biotin-dependent carboxylases. The carboxylases are 
shown divided as families and labeled according to enzyme and class. All domains are 
shown in color, which will be used throughout the introduction. Amino acid numbers are 
indicated. Figure adapted from Moritz Hunkeler30. 
 
All biotin-dependent carboxylases carry the three same domains: all contain a BC, 
BCCP and CT domain. Some members of the biotin-dependent carboxylases also 
contain additional, non-conserved domains. The domains of these proteins are in 
some members present on one single polypeptide chain or on multiple polypeptide 
chains. For UC, both versions occur in bacteria, whereas in eukaryotes only 
multienzyme UCs are present. PC on the other hand is expressed as multienzyme 
in bacteria and eukaryotes, however, the enzyme occurs in multiple subunits in 
archaea.  

1.4 Acyl-CoA Carboxylases 

Acyl-CoA carboxylases are subdivided according to their substrate into different 
groups. Acetyl-CoA carboxylases (ACC), propionyl-CoA carboxylases (PCC), 3-
methylcrotonyl-CoA carboxylases (MCC) and geranyl-CoA carboxylase (GCC – 
sometimes also referred to as geranoyl-CoA carboxylase)22,31-35. Another group, 
referred to as YCC (for acyl-CoA carboxylase) include a family of poorly 
characterized bacterial enzymes, for which the substrates are ill-defined36.  
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Acyl-CoA carboxylases are ubiquitous and occur in bacteria, archaea and 
eukaryotes36,37. MCC, PCC and GCC occur as multi-subunit proteins, while ACC 
occurs as multi-subunit proteins and as multienzyme. YCC is the only family 
member, which is only present as multienzyme and occurs only in bacteria. The 
BC-CT (BT) interaction domain is present in prokaryotic MCC and GCC and all 
eukaryotic PCC, MCC and GCC. Prokaryotic PCC occur with and without BT 
domain. Eukaryotic ACC also contains a BT domain, however, prokaryotic and 
archaeal do not contain this extra domain. The eukaryotic ACC also contains a 
central domain (CD), which is poorly characterized structurally and functionally. 
Phosphorylation of single residues contribute to ACC regulation and in the human 
ACC, a phosphorylated serine in the CD interacts with breast cancer type 1 
susceptibility protein (BRCA1), a tumor suppressor protein, which is associated 
with an increased risk of breast and ovarian cancer38-40. 

1.4.1 PCC, MCC and GCC 

PCC, MCC and GCC are all multi-subunit proteins. The PCC, which in mammals 
is localized in the mitochondrial matrix, converts propionyl-CoA to D-
methylmalonyl-CoA, which is vital in the catabolism of Threonine, Valine, 
Isoleucine and Methionine as well as fatty acids with an odd number of carbon 

atoms. Propionyl-CoA is carboxylated at the a-carbon. D-methylmalonyl-CoA is 

then converted to succinyl-CoA, which is eventually used in the Krebs cycle41,42. 
PCC is active in CO2 fixation, as well as acetyl-CoA assimilation, 3-
hydroxypropionate assimilation and methanol assimilation in archaeal and 
bacterial organisms43-48. In addition, PCC contributes to mycolic acid and methyl-
branched fatty acid biosynthesis24. Malfunction of PCC can have severe 
consequences. Patients with deficiencies in PCC, which is linked to propionic 
acidemia, present with symptoms starting in the neonatal phase, which include 
lethargy, delayed growth, cardiomyopathy, intellectual disability. In severe cases it 
can even lead to death49,50. PCC has been linked to neurodevelopment as PCC 
deficiency leads to neuronal symptoms such as seizures and epilepsy51,52.  
 
A crystal structure of the full PCC enzyme shows a α6β6 stoichiometry with an 
overall architecture resembling a compact cube. The β subunit containing the CT 
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forms the hexameric core of the cube, consisting of a trimer of dimers, and the α 
subunit, containing BC, BT and BCCP is located at each end of the core (Figure 
1.5 a)31. The α subunit is monomeric and the BC domains do not interact with each 
other. The BCCP domains are located to the sides of the CT core. The active sites 
of the BC and the CT are separated by 55 Å, which underlines the large movement 
the carrier protein undergoes to reach both active sites.  

 
Figure 1.5 Architectures of PCC, MCC and GCC 
(a) Crystal structure of the a6b6 hetero-dodecameric R. pomeroyi and R. denitrificans PCC 
hybrid (PDB ID: 3N6R). (b) P. aeruginosa MCC crystal structure shows an a6b6 hetero-
dodecameric architecture as well (PDB ID: 3U9S). (c) GCC from P. fluorescence is also a 
a6b6 hetero-dodecameric with a similar architecture to MCC. Electron microscopy (EM) 
density is depicted with fitted crystal structure (data not available, figure adapted from53). 
Color scheme of whole figure according to Figure 1.4, except for c, where color scheme 
from original paper is depicted. 
 

The human PCC and MCC a-subunits share 37% and the human b-subunits share 

29% identical sites, even though their function differs. MCC carboxylates 
3-methylcrotonyl-CoA at the γ-carbon to 3-methylglutaconyl-CoA, which is 
essential for leucine and isovalerate catabolism54. The product 3-methylglutaconyl-
CoA is eventually turned over to acetyl-CoA, which enters the Krebs cycle. In 
eukaryotes, MCC is mitochondrially localized. In humans, deficiencies in MCC are 
linked to 3-methylcrotonylglycinuria, which manifests in a wide spectrum of 
symptoms ranging from asymptotic course to neurological disorders and death55-

58. Interestingly, MCC expression is higher in male zebra finches in brain regions of 
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the song system indicating a possible role of MCC in song and sexually dimorphic 
neuronal regions in these birds59. 
 
The crystal structure of MCC shows α6β6 stoichiometry with the CT domain core 
as a hexamer made up of a trimer of dimers, as seen in PCC32. However, the α 
subunit is stacked on the top and bottom of the CT ring, giving the overall 
architecture a rather elongated look (Figure 1.5 b). The BC domains form a trimer 
and do not interact with the CT domains. The interaction of BC and CT is mediated 
by the BT domains. Only one BCCP domain has been resolved in the structure and 
it is placed to the side of the CT domain. As in PCC the active sites are far apart, 
in MCC, the distance is 80 Å, again highlighting the need of a flexible carrier protein 
for substrate intermediate translocation.  
 
The GCC is commonly classified together with MCC as they both carboxylate at 
the γ-carbon. GCC converts geranyl-CoA to γ-carboxygeranyl-CoA, which is 
involved in the bacterial metabolism of the geranyl group and other acyclic 
terpenes60. In a process similar to β-oxidation, some Pseudomonas strains have 

been shown to be able to use such compounds as their only carbon source. In this 
process, the γ-carboxygeranyl-CoA is converted to 3-methylcrotonyl-CoA, which 
is then used by the MCC for further processing. The reaction releases two acetyl-
CoA and one acetate moieties, which can be utilized in the Krebs cycle. GCC also 
possesses MCC activity, thus accepting 3-methylcrotonyl-CoA as a substrate, 
however, MCC does not possess GCC activity61.  
 
As PCC and MCC, GCC is also a α6β6 dodecamer and consistent with the 
sequence homology to MCC, the overall architecture is highly similar to MCC53. 
The CT domain also forms a hexamer with the BC domains clustered at the top 
and bottom (Figure 1.5c). The BCCP domains are located to the sides of the CT 
domain at the CT active sites. As in MCC, the distance between the BC and CT 
active sites is roughly 80 Å. 

1.5 YCC – A Novel Family of Acyl-CoA Carboxylases 

Recently, a novel group of acyl-CoA carboxylases was identified though sequence 
homology in bacteria36. In the national center for biotechnology information 
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database (NCBI) these enzymes are annotated as carbamoyl-phosphate 
synthetase or as PC (www.ncbi.nlm.nih.gov – accessed September 2013), 
however through sequence alignment it becomes evident that these sequences 
are wrongly annotated and belong to the family of acyl-CoA carboxylases. These 
carboxylases were denoted as YCC and contain all domains on a ~1200 amino 
acids polypeptide arranged in the same order as in eukaryotic ACC, however 
without the large CD. The multienzymatic nature of YCC is unique with them being 
the only bacterial multienzyme in the family of acyl-CoA carboxylases. YCC occurs 
in a variety of bacteria without apparent connection and most enzymes have 
neither been characterized structurally nor functionally. The substrate specificity 
has not been studied extensively either. 

 
Figure 1.6 M. avium subspecies paratuberculosis LCC structure 
Hexameric crystal structure of M. avium subspecies paratuberculosis LCC showing a disk-
like arrangement with a CT core and BC domains to the sides (PDB ID: 4RCN). Color 
scheme according to Figure 1.4. 
 
Recently, the first crystal structure of a YCC from M. avium subspecies 
paratuberculosis was reported62. According to the substrate preference, the 

enzyme was named long-chain acyl-CoA carboxylase (LCC). Even though the 
domain arrangement is similar to MCC, PCC and GCC, the architecture is strikingly 
different. The CT domain architecture is conserved with LCC CT also being a 
hexameric ring. However, while MCC, PCC and GCC present cubic forms, LCC 
overall looks disc-like, with the BC domains to the side of the CT ring. Another 
remarkable difference is the oligomeric state of the BC domains. In LCC, they are 
dimers while in PCC they are monomeric and trimeric in MCC and GCC. More 
insight into the structure and function of the YCC family could give new insights 
into this novel family and also into dynamics and function of all multienzyme 
carboxylases.  
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1.6 Acetyl-CoA Carboxylase  

60 years ago, as of writing this thesis, ACC activity was first observed in correlation 
to fatty acid biosynthesis in avian liver63. The discovery was made due to the 
involvement of the cofactor biotin. ACC catalyzes the key committed step of fatty 
acid biosynthesis by converting acetyl-CoA to malonyl-CoA21. ACC occurs as 
multi-subunit enzyme in bacteria and archaea with different numbers of subunits 
ranging from two to four36,37. In Streptomyces coelicolor, ACC-produced malonyl-
CoA is used in polyketide synthesis additionally to fatty acid synthase64.  
 
In the archaeal organism Metallosphera sedula, ACC is involved in CO2 fixation65. 
In fungi, ACC is a dimeric multienzyme of roughly 500 kDa. In Saccharomyces 

cerevisiae, a mitochondrial isoform of ACC, called HFA1 has been discovered66. 
This isoform controls fatty acid synthesis in yeast mitochondria. ACC is essential 
in Saccharomyces cerevisiae with ACC deletion mutants arresting growth in G2/M 

phase67. 
 
In higher eukaryotes, ACC is present as two isoforms, encoded by two genes, 
ACACA and ACACB, denoted as ACC1 and ACC268. ACC1 and ACC2 share 74% 
identical sites with the main difference being an N-terminal stretch of amino acids 
in ACC2, which anchors this isoform to the mitochondrial membrane. ACC1 is 
mainly expressed in adipose tissue, mammary glands and other lipogenic tissues, 
while ACC2 is mostly expressed in oxidative tissue such as heart and skeletal 
muscle69. ACC1 provides malonyl-CoA for the production of long chain fatty acids, 
while the malonyl-CoA produced by ACC2 acts as an inhibitor of the carnitine 
palmitoyltransferase 1 (CPT1). CPT1 converts long chain fatty acids into 
acylcarnitines, which enables them to cross the mitochondrial membrane. Thus 
ACC2 produced malonyl-CoA acts as a regulator of β-oxydation70. Recently a 
splicing variant of ACACA has been discovered, which localizes to the 
mitochondrial matrix and produces the malonyl-CoA necessary for mitochondrial 
fatty acid synthesis71.  
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1.6.1 Regulation of Eukaryotic ACC  

ACC catalyzes a rate limiting step of fatty acid synthesis and is tightly controlled. 
Activity of ACC is regulated at the transcriptional and post-translational level. 
Regulation of ACC differs between higher eukaryotes and fungi and both will be 
discussed below. 
 
Fungal ACC is regulated at the transcriptional level by the phospholipid precursors 
inositol and choline72. When yeast is grown in the presence of inositol, ACC activity 

is reduced by about 50%, when adding both precursors the activity drops to 
25%73. Phosphorylation is also a major regulator of fungal ACC activity. Snf1, the 
yeast homologue of AMP-activated protein kinase (AMPK), phosphorylates the 
highly conserved Ser1157, which leads to drastically reduced ACC activity in vivo 
and in vitro (Figure 1.7a)38,74,75. Phosphoproteomic studies additionally identified 
phosphosites at Ser2, Ser735, Ser1148 and Ser116274,75.  
 

 
Figure 1.7 Regulation of mammalian and fungal ACC 
(a) Scheme of regulation of fungal ACC. (b) Schematic representation of transcriptional 
regulation of ACC of higher eukaryotes. (c) Regulation of ACC of higher eukaryotes on a 
posttranslational level as well as interactions with molecules and other proteins. Layout 
adapted from Stefan Imseng. 
 
At the transcriptional level, ACC of higher eukaryotes is regulated by several 
transcription factors, which include sterol regulatory element binding proteins 
(SREBP1a and SREBP1c, two isoforms of SREBP1) as well as carbohydrate 
response element binding protein (ChREBP) (Figure 1.7b)76-78. Overexpression of 
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both SREBP1a and SREBP1c in mouse liver induces increased expression of 
proteins involved in fatty acid synthesis, amongst them ACC. SREBP1c is 
upregulated in mice after fasting and refeeding them on a high carbohydrate diet, 
indicating upregulation induced by high levels of insulin77. Lowered expression of 
SREBP1 is observed at high levels of polyunsaturated fatty acids in cells76. 
SREBP1 is regulated by mechanistic target of rapamycin complex 1 and 2 
(mTORC1 and mTORC2), the master regulators of metabolism79-81. ChREBP is also 
upregulated by high insulin levels and upregulates expression ACC78. Peroxisome 

proliferator-activated g coactivator 1 a and Peroxisome proliferator-activated g 

coactivator 1 b (PGC-1a and PGC-1b) further increase the effects of the 

transcriptional control by co-activating SRBP82,83.  
 
ACC1 and ACC2, as fungal ACC are also regulated by phosphorylation. Two 
kinases have thus far been implied in ACC1 regulation: AMPK and cAMP-
dependent protein kinase (PKA) (Figure 1.7c). PKA phosphorylates Ser78 and 
Ser1201 while AMPK is responsible for phosphorylation of Ser80, Ser1201 and 
Ser120684,85. Regulatory effects of phosphorylation at these sites have only been 
confirmed for Ser80, which is highly conserved in higher eukaryotes, as well as 
Ser1201, which is conserved, however not as highly as Ser80. Both 
phosphorylations have an inhibitory effect. In ACC2, the Ser80 equivalent, Ser222 
is also phosphorylated by AMPK, leading to inhibition86. The phosphorylated 
Ser222 binds into a binding pocket, which Soraphen A, an antifungal and antibiotic 
compound also binds into. This suggests a similar mechanism of the two inhibitory 
effects. Soraphen A will be discussed further in the next section on ACC as a drug 
target. Most recently, ACC has also been shown to be highly important for the liver 
stage development in plasmodium falciparum, the parasite causing malaria. In this 
organism, ACC activity is regulated by timed biotinylation87. 
 
The earliest electron microscopy analysis of ACC1 purified from bovine and avian 
liver in 1969 showed long, filamentous structures88. It had been known then already 
that ACC is activated by citrate, however, the filamentous nature of the enzyme 
was unanticipated. Today it is clear that ACC1 is regulated by a feedforward and 
feedback inhibition regulation. Citrate is an activator while long chain acyl-CoAs 
inhibit the enzyme89. Citrate induces the most active form, the very filaments 
purified natively from animal livers21,68,89. ACC1 and ACC2 are both activated by 
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citrate, however, their activation differs with ACC1 being less activated than ACC2, 
suggesting a different mechanism or binding site in the two enzymes90. A small 
protein of 22 kDa, Mig12, also regulates ACC activation91,92. It has been proposed 
to lower the citrate concentration needed to achieve filament formation in both 
ACC isoforms. In ACC2, a Mig12/Spot14 complex hinders polymerization92. Both 
studies however used an N-terminally truncated version of ACC2, which lacks the 
membrane anchor. ACC2, in vivo is anchored to the mitochondrion, which could 
interfere with filament formation. 
 

Another interaction partner of ACC is the tumor suppressor protein, BRCA1. 
Heterozygous germline mutations in BRCA1 are associated with increased risk of 
breast and ovarian cancer, women with a mutated BRCA1 gene have a roughly 
60% risk of developing breast cancer by the age of 70. BRCA1 is a protein of about 
220 kDa consisting of a really interesting new gene (RING) domain at its N-
terminus, three nuclear localization signals in the center of the protein and two 
BRCA1 C-terminus (BRCT) domains at the C-terminus of the protein93. BRCA1 is 
involved in multiple cellular processes, such as DNA damage response, 
transcription regulation, protein ubiquitination and cell cycle checkpoint control40. 
More recently, BRCA1 has been proposed to regulate lipogenesis in a cell cycle-
controlled manner, through inhibition of ACC activity by binding to and preventing 
dephosphorylation of Ser8040,94,95 . A crystallographic study showed the interaction 
of human BRCA1 BRCT domain in complex with a phosphopeptide from human 
ACC CD containing a phosphorylated Ser126396. The interaction is conserved 
across different BRCA1 interaction partners97. To date no full-length structure of 
BRCA1, ACC nor a complex of the two has been presented. More structural as 
well as functional studies into these two vital proteins are needed to understand 
their interaction. 
 

1.6.2 ACC in Disease and as Target for Drug Development 

ACC is involved in a set of diseases, which are collectively known as the ‘metabolic 
syndrome’. They include obesity, type 2 diabetes, cardiovascular diseases and 
arteriosclerosis98,99. Knockout of ACACA is embryonically lethal in mice, however 
tissue specific knockouts in liver and adipose tissues are not100-102. Knockout in the 
liver leads to hepatic lipid accumulation but does not disturb glucose homeostasis. 
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ACACA-knockout in adipose tissue reduces lipid accumulation. However, it also 
causes prenatal growth retardation and impaired bone development in mice. 
ACACB knockout mice present a vastly different phenotype. The knockout is not 

embryonically lethal, on the contrary, the mice have a normal life span and fertility 
even though their heart size is smaller than wild type. They present with elevated 
fatty acid oxidation, increased energy expenditure, reduced body fat and body 
weight as well as improved insulin sensitivity69,103-106. Recently, the findings of 
ACACB-knockout mice have been questioned and were not reproducible. 
Reasons for the discrepancies that were brought up include differences in the 
backgrounds of the knockout mice or variations in strategy to obtain them36,107,108.  
 
ACC is also an interesting target for drug discovery in cancer, as it is 
overexpressed in different cancers, such as liver, breast and prostate cancer79,109-

111. A multitude of ACC inhibitors have been discovered112-116. Most of these 
inhibitors act against both isoforms, however some are more selective towards 

ACC2. Rodents treated with these inhibitors show increased b-oxidation, 

decreased body fat and improved insulin sensitivity117. However, prolonged 
exposure of cells to non-specific ACC inhibitors leads to the opposite effect: 

increased b-oxydation118. Chronic ACC1 inhibition also resulted in impairment of 

glucose-stimulated insulin secretion suggesting ACC1 might not be an ideal target 
for treatment of diabetes, however ACC2 selective inhibitors could prove 
worthwhile. RNAi knockdowns and chemical inhibition of ACC in cancer cells lead 
to growth arrest as well as cell apoptosis and decreased tumor cell invasion119-121. 
This illustrates the importance of ACC as a drug target in cancer. In plants, ACC 
can also be inhibited, a fact that has been used commercially in the form of two 
herbicides, which act on grass plastid ACC122,123. Most known inhibitor binding 
sites are located in the CT domain. One notable exception is Soraphen A, which 
binds in the BC domain. Soraphen A is a potent antifungal polyketide, originally 
isolated from culture of Sorangium cellulosum. It inhibits specifically eukaryotic 
ACCs by binding into the BC domain dimer interface, which disrupts ACC 
activity124,125.  
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1.6.3 Structural Studies of Eukaryotic ACC 

Structural studies of full eukaryotic ACC have been hindered by their flexible 
nature. They are giant polypeptides of roughly 250 kDa, however, they are present 
in the cell as dimers of 500 kDa. The filamentous structure of the activated animal 
enzyme as well as the dimeric structure of any eukaryotic ACC has been elusive 
thus far. Nevertheless, several structures of single domains of the enzyme have 
been solved by X-ray crystallography or nuclear magnetic resonance (NMR).  
 

 
Figure 1.8 Structures of ACC BC domains 
(a) Crystal structure of monomeric human ACC1 BC domains. A, B and C domain are 
indicated (PDB ID: 2YL2). (b) Dimeric E. coli ACC BC, one protomer is shown in red, the 
other in gray. Zoom-in is indicated and shows ADP as well as biotin located in the active 
site (PDB ID: 3G8C). (c) Two rotated views of crystal structure of the S. cerevisiae ACC BC 
in complex with inhibitor Soraphen A. Soraphen A binds in the dimer interface (PDB ID: 
1W96). (d) Human ACC2 BC with inhibitor ND-646, which binds in the same location as 
Soraphen A (PDB ID: 5KKN). 
 
ACC BC domain consists of three subdomains. The A and C domain form the core 
with the B domain being the flexible ‘lid’, which closes onto the active site. The 
eukaryotic BC domains are overall structurally similar to the prokaryotic BC 

domains as well as to other acyl-CoA carboxylase BC domains (Figure 1.8). A 
structure of an ACC BC with substrates elucidated the placement of ADP, biotin 
and bicarbonate126. Soraphen A as well as a novel inhibitor, ND-646, have also 
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been shown in different crystal structures125,127,128. All reported eukaryotic ACC BC 
structures have been monomeric, whereas the E. coli BC domains have been 
dimeric so far129. The BC dimer interface of E. coli ACC is different from the 

potential eukaryotic dimer interface, meaning that the eukaryotic ACC BC would 
have to undergo conformational changes to dimerize in the same way as E. coli37. 
The dimer interface is also where Soraphen A and ND-646 bind, underlining the 
fact that ACC BC is only active as a dimer.  
 
The BCCP component is 8 kDa in size and the E. coli BCCP crystal structure has 

been reported as early as 1995 and in 2008 the NMR structure of the human variant 
was reported14,130. They have a similar overall architecture with rmsd of 1.7 Å 
(Figure 1.2 b)8.  
 

 
Figure 1.9 CT domain structures of eukaryotic ACCs 
(a) Crystal structure of human ACC1 CT domain. One protomer is shown in blue, the other 
is shown in gray (PDB ID: 4asi). C-terminal helical region, which has been described to be 
incompatible with hexamer formation is indicated with a dashed square. (b) Overall 
structure (left) and zoom in of active site (right) of S. cerevisiae ACC CT domain. Coenzyme 
A is shown in black as sticks (PDB ID: 1OD2).  
 
The CT domain of ACC consists of two subdomains, the N and C lobes37. CT 
domains of ACC are present as head-to-tail dimers with the active site located at 
the dimer interface making the dimerization necessary for activity (Figure 1.9). In 
other acyl-CoA carboxylases the CT domain is present as a trimer of dimers, as 
well as in the transcarboxylase, which also shares a homologous CT domain31,32,131. 
The C-terminal helical part of eukaryotic ACC CT has been proposed to be 
incompatible with hexamer formation, possibly explaining the difference in 
oligomeric state between ACC and other acyl-CoA carboxylases (Figure 1.9 a)132. 
The yeast ACC CT structure shows the active site placement of a bound CoA 
moiety (Figure 1.9 b)133.  
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The three conserved domains, BC, BCCP and CT have all been structurally 
elucidated, however, the CD still lacks structural information. Information on this 
domain however is crucial as it contains many phosphorylation sites and interacts 
with BRCA1. The overall architecture of the most active form, the filament has also 
not yet been characterized. Structural information on this form of the enzyme is 
also crucial to understand the mechanism of enzyme activation and as a possible 
drug target.  

1.7 Biological Role of Filaments and EM as Tool to Study 
Filament Formation 

Oligomerization is a frequent phenomenon in biology. About half of all structures 
deposited in the PDB are oligomeric, about 40% of those are strict homo-
oligomers. Oligomeric states can range from dimers, two copies of the molecule, 
up to giant filaments. Several mammalian enzymes, including mammalian ACC 
have been described to form functional mega-assemblies, however, filamentation 
is not restricted to higher eukaryotes and has been described in bacteria and yeast 
as well134,135. Examples of metabolic filamentous enzymes are: cytidine 
triphosphate (CTP) synthase, phosphofructokinase-1 (PFK1), glutamine synthase, 

b-glucosidase and glutamate dehydrogenase. Some of these enzymes have been 

known to form filaments for many years and structural information on the 
protomeric form of such filaments has been reported 136-145. 
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Figure 1.10 Crystal structures and EM images of filament forming enzymes 
Top row: Crystal structures of T. aestivum b-glucosidase, H. sapiens PFK1, H. sapiens CTP 
synthase, S. typhimurium glutamine synthetase and C. symbiosium glutamate 
dehydrogenase (PDB IDs from left to right: 2DGA, 4XYK, 5U03, 2DGA 1F52 and 1AUP). 
Bottom row: Negative stain EM images of the filamentous state of the same enzymes. Scale 
bars or magnification are indicated as well as source organism of the enzyme.  
 
ACC of higher eukaryotes is a textbook example for enzyme regulation by filament 

formation. Also b-glucosidase has been described to be at least partially regulated 

by filament formation. There are different types of b-glucosidases but to my best 

knowledge only for an A. sativa b-glucosidase filament formation of the pure 

enzyme has been reported. There are two isoforms in A. sativa, type I can form 
filaments by itself, however type II is only capable of forming filaments when in a 

hetero-multimeric complex with type I. Oat b-glucosidase is located in the plastid 

and involved in a defense mechanism against fungal infection of the plant144. The 
enzyme has been discovered to form fibers in plant cells more than 50 years ago 
and has since been shown by negative stain EM of the purified enzyme as 

well144,146. Recently, a study showed that the fiber formation of b-glucosidase in A. 

sativa, could be a tool for selectivity of substrate and resistance against 

inhibitors147. If other b-glucosidases could form filaments remains to be 

determined. The ‘gatekeeper’ of glycolysis, PFK1, catalyzing the committed step 
in glucose degradation is also a filament forming enzyme. In humans, the liver 
isoform of PFK1 forms filaments in a substrate dependent way, whereas muscle 
or platelet isoforms do not148. For PFK1, the filament-forming properties of the liver 
enzyme have been known for almost 40 years138. Now, the authors of a recent 
study provide new insights into the filament forming properties of the enzyme148. 
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Liver PFK1 tetramers form into filaments upon addition of the substrate fructose 
6-phosphate. Tetramer formation precedes filament formation and could be an 
additional regulatory step. Amino acid alterations of the enzyme showed that 
substrate binding is essential for filament formation. Why only the liver isoform is 
forming filaments has unfortunately not been addressed yet. The CTP synthase is 
universally conserved and catalyzes the last committed step pyrimidine nucleotide 
biosynthesis. The enzyme has been known for a long time, however only in 2010, 
the filament forming properties were reported149. In human CTP synthase, the 
filament formation is substrate driven and product inhibited and represents an 
activated form. Intriguingly, in E. coli, the filament has lower activity than the 

protomeric form. Two other filament forming enzymes are the glutamine 
synthetase and the glutamate dehydrogenase. Both of them are complex 
metabolic enzymes which form filaments and for both of them functional 
implications of filament formation are still unclear134.  
 
For a long time, structural characterization at intermediate to atomic resolution of 
large filamentous assemblies has been challenging due to the limitations in the 
available methods. Recently, advances in EM detectors, cameras, microscopes 
and processing algorithms have allowed this technique to yield structural 
information at atomic resolution, alongside the well-established X-ray 
crystallography150. In 2017, the Nobel prize for chemistry has recognized the 
importance and advances in cryo-EM, awarding Jaques Dubouchet, Joachim 
Frank and Richard Henderson the most prestigious awards of all ‘for developing 
cryo-electron microscopy for the high-resolution structure determination of 
biomolecules in solution’. The advances in cryo-EM have often been called ‘the 

resolution revolution’. And a revolution it has been indeed. Statistics of the electron 
microscopy data bank (EMDB) show, that not only are the number of deposited 
maps rising fast, the average as well as highest resolutions of these maps are also 
increasing. Currently, the highest resolution achieved with cryo-EM is 1.8 Å, 
making it crystallography’s equal in this regard151. 
 
For some filaments, cryo-EM has proven to be the crucial factor to achieve a 
characterization of the filamentous state. The human PFK filament as well as the 
human CTP synthase and the E. coli CTP synthase filament have been structurally 
characterized and reveal new insight into the function of the respective 
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enzymes136,148. These two filaments are fantastic examples of the emerging 
importance to study proteins in their native cellular contexts to really understand 
their function. With the novel techniques available to us, such as EM, tomography 
or high-speed atomic force microscopy (HS-AFM) this will in the future be more 
and more implemented134,152. 

1.8 Aims of this Project 

Over the course of the last 60 years ACC and other biotin dependent carboxylases 
has been characterized functionally and many members of the family have been 
characterized structurally, such as MCC, PCC and GCC. However, a full-length 
structure of human ACC, the architecture of the filamentous state as well as 
insights into regulation are still missing.  
 
The first aim of this PhD project was the structural and functional characterization 
of a member of the YCC family. A member of this poorly characterized family of 
acyl-CoA carboxylases was to be characterized structurally and I aimed to 
examine its substrate specificity. The YCCs are the only bacterial acyl-CoA 
multienzyme and knowledge about these enzymes could transfer to eukaryotic 
ACCs as their domain arrangements are similar. This work was a continuation of 
my Master Thesis project and was finalized during the time of my PhD.  
 
A second aim was to characterize the architecture of the human ACC filaments 
and regulation via filament formation. I aimed to elucidate the conformation human 
ACC adopts in the activated ACC filament described over 50 years ago and how 
this filament is formed. The activation and polymerization mechanism controlled 
by citrate and inhibitory factors, such as palmitoyl-CoA was also to be studies.  
 
The third aim was to gain insight into regulation of eukaryotic ACC by 
phosphorylation. For this aim, fungal as well as human ACC were to be studied. I 
aimed to characterize phosphorylation dependent conformational changes as well 
as activity in the context of phosphorylation. I also wanted to elucidate how 
phosphorylation plays a role in filament formation. 
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2.1 Summary 

Biotin-dependent acyl-Coenzyme A (CoA) carboxylases (aCCs) are involved in key 
steps of anabolic pathways and comprise three distinct functional units; biotin 
carboxylase (BC), biotin carboxyl carrier protein (BCCP) and carboxyl transferase 
(CT). YCC multienzymes are a poorly characterized family of prokaryotic aCCs of 
unidentified substrate specificity, which integrate all functional units into a single 
polypeptide chain. We employed a hybrid approach to study the dynamic structure 
of Deinococcus radiodurans (Dra) YCC: crystal structures of isolated domains 
reveal a hexameric CT core with extended substrate binding pocket and a dimeric 
BC domain. Negative stain electron microscopy provides an approximation for the 
variable positioning of the BC dimers relative to the CT core. Small-angle X-ray 
scattering yields quantitative information on the ensemble of Dra YCC structures 
in solution. Comparison to other carrier protein-dependent multienzymes 
highlights a characteristic range of large-scale interdomain flexibility in this 
important class of biosynthetic enzymes. 

2.2 Introduction 

Biotin-dependent carboxylases are ubiquitous enzymes catalyzing ATP-
dependent carboxylation in fatty acid, carbohydrate and amino acid metabolism, 
as well as in urea utilization and microbial polyketide biosynthesis20-24. Based on 
their substrate specificity, biotin-dependent carboxylases are classified into three 
families: urea carboxylases (UCs), pyruvate carboxylases (PCs) and the general 
family of acyl-CoA carboxylases (aCCs)25-27. The aCC family includes acetyl-CoA 
carboxylase (ACC), which catalyzes the key committed step in fatty acid 
biosynthesis, propionyl-CoA carboxylase (PCC) and 3-methylcrotonyl-CoA 
carboxylase (MCC)22,31-33,35. Despite their diverse substrate specificities, all biotin-
dependent carboxylases share a common enzymatic mechanism and domain 
organization. Carboxylation is carried out in two half reactions and involves three 
functional components. First, a biotin carboxylase (BC) catalyzes the ATP-
dependent carboxylation of a biotin cofactor, which is covalently linked to a 
conserved lysine of the biotin carboxyl carrier protein (BCCP). Then, BCCP 
translocates to the carboxyl transferase (CT), where the carboxyl group of the 
carboxybiotin intermediate is transferred to the respective substrate28,29. In this 



2 Hybrid Structure of a Single-Chain Carboxylase from Deinococcus radiodurans 
 

 36 

reaction scheme, the BC and BCCP are conserved components, while the CT 
varies in active site structure depending on the substrate.  
 

 
Figure 2.1 Dra YCC domain organization and hexameric CT domain structure 
A) Schematic domain organization of eukaryotic ACC, PCC, E. coli ACC, Map LCC, and 
Dra YCC. Domain boundaries of Dra YCC are indicated. BC is shown in blue, BCCP in 
yellow, CT in orange and BT and CD domains in gray. B) Top view of the hexameric CT 
domain organized as trimer of dimers. One dimer is depicted in orange and red, the 
remaining structure in gray, the D3 symmetry is indicated. N- and C-termini of the colored 
dimer are indicated with black spheres. C) Side view of one CT dimer. The dimer exhibits 
an antiparallel arrangement with a central 2-fold axis and active sites located distally at its 
interface. Disordered regions are indicated in dotted lines and N- and C-lobe are indicated 
by brackets. D) Dra YCC CT dimer with stabilizing C-terminal extensions highlighted as 
bold loops. Beginning of extensions and C-terminus are indicated by spheres. View is the 
same as in C, only one dimer is shown for clarity. E) Interactions of the conserved C-
terminal DXW motif. View as indicated by a rectangle in D, top protomer is clipped for 
clarity. Salt bridges are shown as black dashed lines. See also Figure 2.7 and Figure 2.8. 
 
The structural organization differs vastly between various aCCs, despite their 

conserved reaction logic. They either occur as multi-subunit enzymes, where the 
enzymatic functions are provided by distinct protein subunits, or as single-chain 
multienzymes, which integrate all enzymatic domains into one polypeptide chain 
(Figure 2.1A). The group of multi-subunit aCCs comprises most prokaryotic forms, 
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which consist of two, three or four subunits as exemplified by Streptomyces 
coelicolor PCC, Metallosphaera sedula ACC or Escherichia coli ACC, respectively, 

as well as the eukaryotic PCC and MCC. Single-chain aCCs are represented by 
eukaryotic ACCs, which comprise a large, non-catalytic central domain in addition 
to the canonical enzymatic domains. Strikingly different oligomeric assemblies are 
observed for aCCs: Bacterial PCC and MCC are hetero-dodecamers with (BC-
BCCP)6(CT)6 stoichiometry31,32. Bacterial ACCs have a (BC)2(BCCP)4(CTαCTβ)2 
stoichiometry36 and the archaeal ACC holoenzyme forms a (BC)4(BCCP)4(CT)4 
hetero-dodecamer65. Eukaryotic ACCs function as dimers or higher oligomeric 
filaments14,91,153,154. 
 
Recently, in bacteria, a group of single-chain aCCs of yet unknown substrate 
specificity was identified. These enzymes, denoted as YCCs, encompass all 
functional domains in a single polypeptide chain of ~1200 amino acids. They share 
the domain order with eukaryotic ACCs but lack the large central domain (Figure 
2.1A). YCCs occur in a diverse set of unrelated bacterial species, including 
Pseudomonas aeruginosa, Cupriavidus metallidurans and Deinococcus 
radiodurans. For most YCCs, neither the substrates nor their physiological function 

or structure have been identified. The only exceptions are Mycobacterium avium 
LCC (Map LCC) and Rhodopseudomonas palustris LCC (Rpa LCC), for which a 
crystal structure and an initial substrate characterization, respectively, have been 
obtained recently62. Based on high-resolution crystal structures of the CT and BC 
subunits and solution structural data, we report a hybrid model of the 

D. radiodurans YCC (Dra YCC), which provides insights into active site 
architectures, domain interactions and the dynamic organization of a complex 
YCC multienzyme. 

2.3 Results 

Dra YCC was overexpressed in Sf21 insect cells and purified in biotinylated form 
with a yield of ~30 mg per liter of culture. It forms a hexamer of ~680 kDa in 
solution, as confirmed by size exclusion chromatography coupled to multi-angle 
light scattering (SEC-MALS) (Figure 2.7A). Size exclusion chromatography and 
SDS-PAGE analysis of the protein confirmed homogeneity and purity of the sample 
(Figure 2.7A and C). We employed a hybrid approach of determining high-
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resolution crystal structures of the individual enzymatic domains in combination 
with analyzing the overall assembly structure and flexibility in solution by small-
angle X-ray scattering (SAXS) and electron microscopy (EM). 

2.3.1 Crystal Structure of a Ring-Shaped Hexameric CT Domain 
Assembly 

We overexpressed the CT domain of Dra YCC (amino acids 556 – 1091) in Sf21 
cells. The protein forms a hexamer of ~330 kDa in solution based on SEC-MALS 
analysis (Figure 2.7AD). The CT domain was crystallized in space group P212121 
and its structure was determined by molecular replacement using the 
transcarboxylase 12S subunit155 as search model. The final model comprising 
residues 573 – 1091 was refined to Rwork/Rfree at 20.2%/24.1% at 2.4 Å 

resolution (Table 2.1). The CT domain consists of two subdomains, the N-lobe 
(residues 554 - 832) and the C-lobe (residues 833 – 1091). Consistent with the 
oligomeric state in solution, the CT domain forms a hexameric ring with D3 
symmetry, consisting of a trimer of dimers with an outer diameter of ~140 Å and a 
height of ~67 Å (Figure 2.1B and C). Dimerization of CT is mediated by head-to-
tail interaction of two protomers with an interface area of ~3900 Å2. Both 
subdomains contribute to trimerization of CT dimers via an interface area of 
~2800 Å2 per dimer. 
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Table 2.1 Crystallographic data collection and refinement statistics for Dra YCC CT 
and BC 
 
 Dra YCC CT Dra YCC BC 

Wavelength (Å) 
Resolution range (Å) 
Space group 
Unit cell 
α, β, γ (°)  
Total reflections 

Unique reflections 
Multiplicity 
Completeness (%) 
Mean I/sigma 

Wilson B-factor (Å2) 

Twin operator/Twin fraction (%) 
R-meas 
CC 1/2 
R-work 
R-free 

Number of atoms 
Macromolecules 
Ligands 
Waters 
Protein residues 
RMS (angles) 
RMS (bonds) 
Ramachandran favored (%) 
Ramachandran outliers (%) 
Clashscore 

 

1.00003 
69.5-2.49 (2.58-2.49) 

P 21 21 21 

111.47, 149.57, 189.3 
90, 90, 90 
1,497,948 (237,650) 
110,205 (17,213) 

13.6 (13.8) 
99.64 (97.4) 
13.34 (1.90) 
40.78 
- 
0.22 
0.997 (0.676) 
0.202 
0.241 

46,326 
45,564 
80 
682 
3,089 
0.83 
0.0034 
96.3 
0.91 
1.9 

 

1.0000 
75.74-1.70 (1.8-1.70) 

P 65 

138.02, 138.02, 97.81 
90, 90, 120 
1,181,171 (180642) 
116,236 (18405) 

10.1 (9.8) 
99.87 (97.8) 
15.61 (1.18) 
32.17 
K, H, -L / 30.6 
0.10 
0.999 (0.461) 
0.149 
0.184 

7,346 
6,529 
28 
789 
856 
2.46 
0.0262 
96.3 
0.71 
3.3 

 

Values in parenthesis correspond to the highest resolution shell.  

2.3.2 A Conserved C-Terminal Peptide Extends the CT Dimer Interface  

A comparison of the Dra YCC and Map LCC CT structures62 shows conservation 
of oligomeric interaction and overall assembly shape. However, a major difference 
is observed in the inter-subunit dimer interface: Dra YCC features a 15 amino acid 
C-terminal extension (Figure 2.1D), which enlarges the dimer interface by ~700 Å2 
relative to Map LCC. The C-terminal extension protrudes into the dimer interface 
from the inside of the hexameric ring, while Map LCC already terminates at the end 
of a conserved helix (Figure 2.8A). Based on sequence alignment, a C-terminal 
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extension of ~10 to 20 amino acids with a highly conserved aspartate-X-
tryptophan (DXW) motif at the very C-terminus is present in 20 out of 29 YCC 
sequences (Figure 2.8B). The C-terminal DXW motif mediates Dra YCC 
intersubunit interactions: the motif’s aspartate 1089 and the C-terminal carboxyl 
group are both engaged in bidentate interactions with the conserved arginine 957 
of the neighboring protomer (Figure 2.1E). Arginine 957 is also found in Map LCC, 
which lacks a C-terminal extension, and there forms a salt bridge to aspartate 919 
in a neighboring helix from the same subunit. The tryptophan of the DXW motif, 
stacks with histidine 955, which is conserved in all but one of the examined YCCs. 
C-terminal core fold extensions of similar length and with distinct conserved 
C-terminal motifs are also present in the two other families of structurally 
characterized hexameric CT domains, namely PCCs and MCCs (Figure 2.8C and 
D)32,156. In PCC, these extensions extend into the same region of the hexameric CT 
assembly and terminate at the equivalent position of the Dra YCC C-terminal 
extension. However, in PCC the extensions are not crossed over (Figure 2.8C). In 
MCC, which is characterized by a domain-swapped organization of the CT N- and 
C-lobe relative to YCC and PCC, the C-terminal extensions adopt a completely 
different topology and protrude into the interface responsible for dimer 
trimerization (Figure 2.8D)32. As in YCC and PCC, the extension only spans about 
2/3 of the interface. Overall, C-terminal core fold extensions are observed in all 
structurally characterized hexameric CT domains, except for the Map LCC-like 
subclass of YCCs. In these systems, the C-terminal extensions are located in 
intersubunit or interdomain interfaces. However, their topology and the 
interactions of their distinct conserved C-terminal motifs are strikingly divergent. 

2.3.3 The Active-Site Cleft in Dra YCC CT Is Extended  

The CT active site is formed at the dimer interface between the N-lobe of one 
protomer and the C-lobe of its dimer partner (Figure 2.1C). It consists of a biotin- 
and a substrate specific binding pocket. The substrate binding pocket of Dra YCC 
is an elongated and narrow cleft of ~20 Å length (Figure 2.2A) and a volume of 
~2000 Å3, which is lined by conserved residues and sufficient in length for 
enclosing a C16 acyl chain with possible space for accommodation of longer or 
branched substrates. The binding groove is much more extended than in ACCs 
with their small acetyl substrate, e.g. M. tuberculosis ACC CT (Figure 2.2B and 

Figure 2.9A157. The active site region of Dra YCC is rather conserved at the 
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sequence level to Rpa LCC, which is active towards C2 to C16 substrates, but with 
a preference for long-chain acyl chain substrates62. However, in the crystal 
structure of the related Map LCC, the substrate binding cleft is occluded by a loop 
formed by residues 715 - 732 (Figure 2.2B Figure 2.9B), such that a requirement 
for conformational changes during substrate accommodation has been 
suggested62. The corresponding loop glycine 716 - proline 732 in Dra YCC adopts 
a different conformation, which results in an opening of the substrate binding 
groove. Dra YCC may thus represent a substrate-binding competent form of the 
active site. In Map LCC, a helix spanning residues 781-787 occludes the CoA 
binding region of the active site62. Although the positioning of the corresponding 
helix (residues 781 – 788) is well conserved in the Dra YCC CT structure, already a 
slight shift of the CoA moiety relative to its position observed in the crystal structure 
of MCC, would be sufficient for accommodating CoA in an equivalent pocket also 
in Dra YCC CT. The respective regions are not constrained by crystal contacts in 
either the Dra YCC CT or Map LCC CT crystal structures. A helical hairpin flap 
(amino acids 1005 - 1046) with increased flexibility is positioned above the active 
site of Dra YCC. In the structure of the homologous P. aeruginosa MCC CT domain 

in complex with CoA, the corresponding flap acts as a lid helix by closing down 
onto the bound CoA moiety32, suggesting a similar role in CoA and substrate 
accommodation also in Dra YCC (Figure 2.1C). 
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Figure 2.2 Active site of Dra YCC CT 
A) The extended substrate binding cleft of the Dra YCC CT domain is lined with conserved 
residues. Color gradient from blue to red indicates increasing conservation; for 
visualization, a CoA moiety is modeled according to its positioning in the related MCC 
holoenzyme (PDB ID: 3U9R32) and the carboxybiotin and palmitoyl are docked into active 
site pockets. B) Overlay of the CT active sites of M. tuberculosis (Mtb) ACC, Map LCC and 
Dra YCC. Dra YCC CT is shown surface representation (red and orange for two protomers), 
loops occluding the binding site tunnel of Mtb ACC and Map LCC are shown in yellow and 
blue, respectively62,157. See also Figure 2.9.  
 

2.3.4 Limited Proteolysis Enables Structure Determination of Dimeric 
BC  

Initial expression screening failed to yield a solubly expressed construct of the Dra 
YCC BC domain. However, a stable BC domain fragment was obtained by limited 
proteolysis of full-length Dra YCC. Initial crystals of the fragment were affected by 
merohedral twinning with a twin fraction close to 50%, which precluded structure 
determination. Through extensive screening, a crystal with a twin fraction of ~30% 
in space group P65 with two molecules in the asymmetric unit was obtained and 
the Dra YCC BC domain structure solved using molecular replacement with the 
BC domain of PC158. The final model consists of two almost identical monomers 
(RMSD of 0.14 Å) (Figure 2.10A) including residues 1 - 464 and was refined to 
Rwork/Rfree of 14.9%/18.4% at 1.7 Å resolution using twin refinement in 

REFMAC5159. The BC domain consists of the rigid A and C subdomains and the 
small interspersed B subdomain (Figure 2.3A)39. The B subdomain is flexibly 
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tethered by two irregular peptide linkers and exhibits increased disorder in the 
crystal (Figure 2.10B). Based on homology to the BC domains of E. coli or 
Haemophilus influenzae ACC, this B subdomain may undergo a hinge-bending 

motion during substrate binding to act as a lid to the BC active site160,161. 
Particularly the highly conserved glycine-rich loop (lysine 157 – methionine 167) in 
the B subdomain might be involved in direct ligand contacts, with lysine 157 
presumably interacting with one of the α-phosphoryl oxygens of MgATP (Figure 
2.3A). 
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Figure 2.3 Dimerization and active site structure of the BC domain. 
A) Cartoon representation of the dimeric BC domain structure, one protomer is shown in 
blue, the other in green, the two-fold symmetry dimer axis is indicated. The three 
subdomains are shown in shades of blue in one protomer. The lid in the B subdomain is in 
an open conformation and partially disordered. The active site location is marked in one 
protomer. B) The active site structure of the Dra YCC BC domain superimposed onto E. 
coli ACC (PDB ID: 3G8C126) in gray and R. pomeroyi PCC (PDB ID: 3N6R31) in black. 
Catalytic residues are labeled; residue numbering is according to Dra YCC BC. 
Conservation of the BC active site indicates a conserved reaction mechanism of Dra YCC. 
See also Figure 2.10A.  
 
The BC active site is located at the interface of the A and C subdomains. Active 
site residues are well conserved between YCC, ACC39 and PCC BC31 (Figure 2.3B). 
Structural homology suggests that residues glutamic acid 273 and glutamic acid 
286 in Dra YCC BC coordinate magnesium ions, which are presumably involved in 
binding of the ATP substrate. Arginine 290, glutamic acid 294 and arginine 342 are 
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directly implicated in binding of biotin and ATP31,39,161. Carboxybiotin-interacting 
residues have been identified in the crystal structure of the H. influenzae ACC BC161 
and are structurally conserved in Dra YCC (lysine 235, arginine 290 and arginine 
342; (Figure 2.3B), in agreement with a generally conserved BC mechanism.  
 
The BC domains form dimers with an interface area of ~900 Å2 and a maximum 
extent of 100 Å, analogous to the E. coli and H. influenzae ACC BC as well as the 

BC domain of the Map LCC62,126,161. Contrastingly, the BC domains of eukaryotic 
ACC are monomers in isolation, but they may form a permanent or transient dimer 
in context of the full-length ACC multienzyme124,153,154. 

2.3.5 Negative stain electron microscopy reveals variable BC domain 
positioning.  

Figure 2.4 Negative Stain EM analysis of BC domain mobility  
A) Cropped raw negative stain EM micrograph. Three Dra YCC particles are indicated with 
white arrows. Scale bar is 500 Å. B) Representative negative stain EM 2D class averages 
of Dra YCC in top view (left), tilted view (middle) and side view (right). In the top view, the 
hexameric CT ring is clearly visible; the BC dimers are positioned laterally to the ring. C) 
Projections of the Dra YCC CT crystal structure, filtered to 20 Å resolution, as well as 
images of the structure, corresponding to the class averages in B, are shown. D) Histogram 
of measured BC-CT distance in distance classes of 5 Å increments demonstrating the 
variable positioning of the BC domains relative to the CT domain hexamer. See also Figure 
2.11.  
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To gain insight into the overall Dra YCC assembly, we employed negative stain 
electron microscopy (EM). Dra YCC particles are characterized by a central 
triangular shape, which corresponds to the hexameric CT domain (Figure 2.4A). 
9477 particles were picked and used for the generation of 24 2D class averages 
(Figure 2.11). 16 of these 24 classes represent top views of the CT hexamer with 
laterally positioned dimeric BC domains (Figure 2.4B), only one class provides a 
side view along a twofold symmetry axis, the remaining classes are projections 
showing the CT domain tilted to ~45°. Projections of the CT crystal structure 
correspond well to the respective class averages (Figure 2.4C). Whilst the CT 
hexamer is preserved in all classes, significant variability is observed in positioning 
of the BC domains. To further analyze BC positioning, we measured the pixel 
distances between the center of the CT hexamer and the respective BC dimers in 
particles of top view classes as an approximation of CT-BC distance. ~1600 
distance measurements were sorted into classes of 5 Å increments (Figure 2.4D). 
The resulting distance histogram demonstrates that BC dimer positioning is highly 
variable and covers the total range from less than 80 Å, which corresponds to the 
BC dimer resting on the CT ring as observed in the Map LCC crystal structure62, to 
more than 135 Å from the center of the CT ring, which roughly corresponds to 
maximally extended interdomain linker conformation. Only about 12% of all BC 
domains were detected in close proximity with the CT domains at distances to the 
CT center of < 85 Å. The distance distribution has a maximum at an intermediate 
distance of 105 Å. However, due to measurement in projection images, this value 
probably still underestimates the real BC-CT distance.  

2.3.6 Small-Angle X-Ray Scattering Provides an Ensemble Model of 
Dra YCC  

Negative stain EM indicates a considerable flexibility of the BC domains relative to 
the CT ring in Dra YCC (Figure 2.11). To assess this flexibility under physiological 
conditions in solution, we subjected Dra YCC to SAXS measurements (Table 2.2). 
Interatomic distance distributions derived from raw scattering data yielded 
Dmax=256 Å, while the corresponding value for a Dra YCC model with the BC 
domains in close proximity of the CT hexamer would only be ~200 Å. A theoretical 
scattering curve calculated for a symmetrical Dra YCC assembled based on the 
crystal structure of Map LCC does not provide a good fit to the experimental data 
(χ2=3.7, Figure 2.5A). The solution scattering ensemble data thus reinforce the 
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results of the single-particle EM analysis, which suggested a highly variable BC 
positioning. It was therefore unlikely that a single, symmetrical Dra YCC model 
would be sufficient to fit the SAXS data. Therefore, we applied the ensemble 
optimization method (EOM) for SAXS data interpretation162,163: First, a pool of 
10 000 random models was generated by keeping the CT domain fixed while BC 
dimers were allowed to move freely, only restrained by the approximate linker 
length. This was achieved by assembling a hexameric Dra YCC model from rigid 
CT and BC domain dimers linked by a single artificial linker. This linker represents 
the N- and C-terminal BCCP linkers and was allowed to adopt random, native-like 
conformations. Then, a minimal ensemble of models with optimal fit to the 
experimental data was selected162,164. This ensemble comprised three models 
(Figure 2.5B) and yields an improved quality of fit to experimental data as 
documented by a χ2 value of 1.45. The Dmax of 255 Å for the calculated combined 
scattering curve corresponds well to experimental data. Each of the three models 
individually exhibits asymmetric BC positioning with variable distances and angles 
between BC dimers and the CT hexamer. 
 

 
Figure 2.5 SAXS Analysis of Dra YCC 
A) Comparison of experimental scattering curve (red), with calculated scattering curves for 
a symmetrical Dra YCC model based on Map LCC (green), the EOM-derived three model 
Dra YCC ensemble (blue) and of a single reconstituted asymmetric Dra YCC model (black, 
as shown in C). B) Ensemble of Dra YCC models generated by EOM. C) Reconstructed Dra 
YCC model featuring asymmetric placement of BC domains. The BCCP domains were 
modeled according to the crystal structure of the MCC BCCP (PDB ID: 3U9S32). The BC 
dimer is colored in blue and green, the CT monomers in orange and red. The BCCP 
domains are colored in yellow and the linkers in gray. See also Table 2.2 
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The EOM derived models only contain an artificial single-stranded linker between 
a BC dimer and the CT. To obtain a most realistic representation of Dra YCC, we 
reconstructed a complete Dra YCC model with all linkers and BCCP based on the 
asymmetric model with largest weight in EOM (Figure 2.5C): The linkers were 
modeled in stereochemically plausible conformations incorporating the native 
domain swap suggested for Map LCC (Figure 2.5C)62, although also non-swapped 
linker arrangements would be plausible. The BCCP domain was modeled 
according to the crystal structure of MCC BCCP (PDB ID: 3U9S32). Scattering 
curves calculated from the resulting model provided a good fit to experimental 
data at a χ2 value of 0.65 (Figure 2.5A). In the reconstituted Dra YCC full-length 
model, two of the three BC dimers are in distal positions outside the plane defined 
by the CT hexamer, while one lies in the same plane. One of the dimers is located 
inside the ring diameter, outside of the ring plane, while the other two are located 
at center-to-center distances of 103 Å and 125 Å to the CT hexamer. Altogether, 
the EOM-based SAXS model is highly consistent with individual particles and class 
averages visualized in EM and demonstrates that a single symmetric model is not 
sufficient to provide an adequate representation of the solution conformation of 
Dra YCC. 

2.4 Discussion 

The structural analysis of Dra YCC establishes a classification of bacterial single-
chain carboxylases into two subfamilies based on the presence of a C-terminal 
extension that contributes to inter-subunit interactions. Although the cognate 
physiological substrate of Dra YCC remains unknown, the CT extended active site 
cleft hints towards a long-chain acyl substrate. This hypothesis is further 
substantiated by the specific genomic organization of the Dra YCC coding gene 
Dra_A0310 into one operon with gene Dra_A309, annotated as a long-chain fatty 
acid CoA ligase. When examining the genetic context for 21 identified YCCs, ten 
of them also contain a related ligase in their operon, amongst them M. avium, of 

which the Map LCC structure is known62. These organisms are not phylogenetically 
related, however, the genetic synteny of the YCC and the ligase points towards a 
common specialized, yet unidentified substrate and metabolic pathway. Genetic 
and functional linking between a biotin-dependent carboxylase (AccD4) and a 
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protein from the long-chain fatty acid CoA ligase family (FadD32) is for example 
also observed in operon mtu-Rv3801c of Mycobacterium tuberculosis. There, 
AccD4, a putative carboxyltransferase, carboxylates acyl-CoA substrates in 
cooperation with AccD3, a biotin carboxylase, not localized on the operon. FadD32 
is required for the activation of a meromycolic acid165. The third enzyme on the 
operon, Pks13, then catalyzes the condensation of the meromycolic acid and the 
carboxylated long-chain fatty acid into a mycolic acid membrane lipid. 
Speculatively, the YCC or LCC in cooperation with the ligase could be part of a 
system for activation of long-chain fatty-acid precursors for condensation in the 

course of the biosynthesis of complex membrane lipids. 
 

 
Figure 2.6 Dynamics and flexibility of carrier protein-dependent multienzyme families 
Rigid regions are shown in orange and red, while variable regions are shown in blue and 
green. Transparent domains show the approximate range of motion of the domains. Arrows 
represent example modes of domain motion. A) Schematic representation of Dra YCC 
showing only a single instance of BCCP and BC dimer. B) Schematic representation of the 
E. coli. Only three E3 subunits are shown for clarity. Distances according to Murphy et al5. 
C) Schematic representation of the mammalian FAS with acyl carrier protein (ACP), 
thioesterase (TE) domain and the linker connecting them to the enzyme166. Only one ACP 
and TE are shown for clarity. 
 
By combining negative stain EM to analyze individual particles and SAXS as an 
ensemble technique, we have obtained a consistent quantification of the 
remarkable mobility of the Dra YCC BC domain. Large-scale conformational 
dynamics have been observed in other carrier protein-based enzymatic systems, 
such as animal fatty acid synthase (FAS), microbial modular polyketide synthases 
(PKS), and the pyruvate dehydrogenase complex (PDHC) (Figure 2.6)9,11,167. Still, 
substrate transfer in these even more complex systems has commonly been 
discussed only in terms of the mobility of a flexibly tethered carrier protein. The 
recognition of the conformational dynamics of BC in single-chain carboxylases 
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with only two types of enzymatic subunits suggests a more general role of overall 
assembly dynamics for carrier protein-mediated substrate transfer. 
 
The mode of carrier linkage of the Dra YCC BCCP resembles those of other carrier 
protein-dependent enzymes: The BCCP-CT linker has a length of 21 amino acids 
and no preferential sequence composition, it resembles linkers in animal FAS and 
PKS, with lengths of 12 amino acids in FAS and 15 to over 40 residues in PKS168. 
The BC-BCCP linker is 22 amino acids long and rich in alanine and proline 
residues. Similar linker compositions are observed in PDHC169 and fungal FAS9,170 
and results in an increased linker stiffness8,169,171, which may prevent linker 
entanglement or guide motion paths of carrier proteins. The efficiency of substrate 
transfer by a carrier protein results from the interplay of its own motion with the 
conformational dynamics of its enzymatic target sites. Considerable 
conformational dynamics have been observed in most other carrier protein-based 
multienzyme systems and are now well-characterized for Dra YCC (Figure 2.6A), 
PDHC (Figure 2.6B) and animal FAS (Figure 2.6C)166,172. A comparison of these 
systems reveals that in all of them domain motions on the 100 Å scale complement 
the mobility of carrier proteins, whose linkers have maximal lengths below 45 Å. 
Electron cryo-tomography demonstrates that in the E. coli PDHC the E2 core stays 

rigid, while the surrounding E1 and E3 subunits, bound to the E2 core, adopt a 
variety of conformations, with a maximal range of motion of ~150 Å 5. For animal 
FAS, cryo-electron microscopy confirmed a rotation, twisting and bending around 
a central hinge, which leads to domain displacement of more than 120 Å and an 
almost unrestrained motion of the C-terminal thioesterase domain, which is linked 
via a 30-residue linker to the acyl carrier protein166. 
 
Altogether, although many aspects of the interplay between catalysis and 
dynamics remain unknown, these data indicate a crucial and general role of large-
scale dynamics in multienzyme systems employing tethered carrier proteins. Such 
systems include highly relevant assembly lines for the production of bioactive 
compounds and drug candidates, such as non-ribosomal polypeptide synthetases 
and PKS. Understanding and considering general principles of substrate transfer 
aided by structural dynamics in systems ranging from YCC to PKS is a crucial 
prerequisite for efficiently engineering versatile carrier protein-based biosynthetic 
factories. 
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2.5 Experimental Procedures 

2.5.1 Protein Expression and Purification 

Full-length (Genebank accession: NP_285633) and CT domain (residues 554-1091) 
of YCC were amplified from genomic Dra R1 DNA (DSMZ205309 obtained from 
DSMZ) by PCR and cloned into vector pAB1GN-his10, a Gateway® (Thermo 
Fisher Scientific) compatible derivative of the MultiBac™ insect cell expression 
plasmid pACEBACI (Geneva Biotech) coding for an additional N-terminal 10 x His-
tag. Protein was overexpressed in Sf21 insect cells at 27°C according to the 
baculovirus expression system manual. Cells were lysed by sonication in 50 mM 
TrisHCl (pH: 7.5); 200 mM NaCl; 5 mM MgCl2; 20 mM imidazole; 10% (w/v) 
glycerol; 5 mM β-mercaptoethanol (BME). Soluble protein was purified by metal 
affinity chromatography using a Ni-NTA column and elution with a linear gradient 
to 500 mM imidazole. Full-length YCC was diluted with dilution buffer (50 mM 
TrisHCl (pH: 7.5); 10% (w/v) glycerol; 5 mM BME) to 70 mM NaCl and subjected 
to anion exchange chromatography using PL-SAX 4000 Å resin (Agilent) and eluted 
with a linear gradient to 500 mM NaCl in the same buffer. Both, the full-length Dra 
YCC and Dra YCC CT domain were subjected to size exclusion chromatography 
on a Superose 6 and Superdex 200 (GE Healthcare) column, respectively, 
equilibrated in crystallization buffer (30 mM TrisHCl (pH: 7.5); 150 mM NaCl; 5% 
(w/v) glycerol; 10 mM dithiothreitol (DTT)). Proteins were concentrated to 10 mg/ml 
using centrifuge concentrators (Millipore) and flash frozen in liquid nitrogen. 

2.5.2 Protein Characterization by SEC-MALS  

For size exclusion chromatography coupled with multi-angle light scattering (SEC-
MALS) measurements, 20 μl or 100 μl samples of 4 mg/ml protein were applied to 
a GE Healthcare Superdex 200 5/150 GL SEC column equilibrated overnight in 
crystallization buffer at 4 °C, using an Agilent 1100 series HPLC system. Light-
scattering and differential refractive index measurements were made using Wyatt 
miniDawn TriStar detector and a Wyatt Optilab rRex detector, respectively. The 
inter-detector delay volumes, band broadening, and the light-scattering detector 
normalization, were calibrated according to the manufacturer’s protocol using a 2 
mg/ml BSA solution (Thermo Pierce) run in the same buffer. The absolute refractive 
index of the buffer was measured using the refractive index detector. The data 
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were collected and processed using the Wyatt Astra software. The molar mass 
was calculated from a global fit of the light scattering signals from three detectors 
at different angles, and the differential refractive index signal, using algorithms in 
the Astra 5 software. 

2.5.3 Limited Proteolytic Digest to Obtain a Stable BC Domain  

Full-length Dra YCC (10 mg/ml) was treated with 1:1000 subtilisin protease 
(Sigma), reaction was incubated for 2 hours at 20 °C and quenched with 
phenylmethylsulfonylfluoride. The BC containing fragment was purified on a 
Superdex 200 (GE Healthcare) column equilibrated in crystallization buffer. Protein 
was concentrated to 10 mg/ml using centrifugal concentrators (Millipore) and flash 
frozen in liquid nitrogen. 

2.5.4 Crystallization and Crystallographic Data Collection  

The Dra YCC CT domain was crystallized at 25 °C using the sitting drop vapor 
diffusion method at 9 mg/ml and a reservoir (26% polyethylene glycol 3350; 0.08 
M DL-malic acid) to protein ratio of 2:1 in a total drop volume of 1.5 µl. Crystals 
appeared after 7 days and continued to grow for 42 days to size of 130 x 130 x 25 
µm. Crystals were transferred into cryoprotecant (reservoir solution containing 32% 
polyethylene glycol 3350 and 20% ethylene glycol) and vitrified in liquid nitrogen. 

BC domain was crystallized at 17 °C using the sitting drop vapor diffusion method 
at 10 mg/ml and a reservoir (0.03 M MgCl2; 0.1 M HEPES (pH 7.5); 24% w/v 
poly(acrylic acid sodium salt) 5,100) to protein ratio of 1:1 in a total drop volume of 
1.5 µl. Crystals appeared after 1 day and continued to grow for 7 days to a size of 
170 x 170 x 100 µm. Crystals were transferred into cryoprotecant (reservoir solution 
containing 30% w/v Poly(acrylic acid sodium salt) 5,100 and 20% ethylene glycol) 

and vitrified in liquid nitrogen. All crystallographic data were collected at the Swiss 

Light Source (Paul Scherrer Institute) at beam line X06DA at 100 K using a Pilatus 
2M detector (Dectris). Dra YCC CT data were collected at a wavelength of 1.0 Å 
with an exposure time of 0.25 seconds, a rotation angle of 0.25° and a detector 
distance of 0.245 m. YCC BC data were collected at a wavelength of 1.0 Å with an 
exposure time of 0.15 seconds, a rotation angle of 0.1° and a detector distance of 
0.17999 m. 
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2.5.5 Structure Determination of Dra YCC CT and Twinned Dra YCC 
BC  

Dra YCC CT data were processed using XDS173,174. Phases were obtained by 
molecular replacement using PHASER (CCP4 suite)175-177. The initial model was 
refined by iterative cycles of manual model building and real space refinement in 
Coot and refinement in phenix.refine178-180. The final model includes residues 574-

1091 for chain A, 573-1091 for chain B, 572-1091 for chain C, 556-1091 as well as 
7 residues of the TEV-cleavage site for chain D, 575-1091 for chain E and 572-
1091 for chain F. Residues 1011-1032 show increased disorder and could only be 
modeled in chain B and D. Density around the loop from residue 720-730 is 
indicative of disorder or partial binding of a non-natural ligand. The Dra YCC BC 
data were processed using XDS. Molecular replacement was done using Molrep181. 
The model was rebuilt using Coot and refined in REFMAC5 in iterative cycles159. 
Twin refinement, as implemented in REFMAC5, was used. MolProbity was used to 
assess final model quality182. The final model includes residues 2-464 for chain A 
and B. The B subdomain shows increased disorder and residues ranges 156-167 
and 184-197 in chain A and residue ranges 159-168 and 183-194 in chain B have 
not been modeled. The loop 346-355 in chain A and 346-358 in chain B shows 
increased disorder or flexibility and could not be modeled.  

2.5.6 Negative Stain Electron Microscopy and Image Processing  

Dra YCC samples used for EM were thawed on ice and diluted in crystallization 
buffer to 0.05 mg/ml. 200 μm copper grids were glow discharged for 20 s, sample 
was adsorbed for one minute and blotted using Whatman filters. The grid was 
washed three times using crystallization buffer, two times using H2O and once 
using 2% uranyl acetate, followed by a 20 s staining with 2% uranyl acetate. Grids 
of Dra YCC were imaged on a CM-100 microscope (Philips) equipped with a Veleta 
2k x 2k camera (Olympus) at 80 kV and a magnification of 130000 x. The pixel size 
was 0.37 x 0.37 nm. 9819 Particles were picked from 82 images using standard 
procedures in XMIPP 183. All particles were normalized and bad particles from the 
semi-automated particle picking procedure were discarded manually. The 
remaining particles were windowed in 120 x 120 pixel images. After extraction, 
particles with a z-score of >3 were discarded and 9477 particles were aligned and 
classified into 24 2D class averages using maximum-likelihood target function in 
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Fourier space (MLF2D) using 100 iterations184. Distances were measured manually 
from single picked particles out of top view 2D class averages in ImageJ185. Only 
distances of clearly visible BC domains were measured and binned into classes of 
5 Å increments. 2D projections of Dra CT domain were generated using EMAN2186. 

2.5.7 Small-Angle X-Ray Scattering  

Dra YCC was thawed on ice and dialyzed against 20 mM HEPES (pH 7.4), 150 mM 
NaCl, 5% Glycerol, 2 mM TCEP. Samples were measured at the Swiss Light 
Source (Paul Scherrer Institut) at the X12SA beamline at 3 mg/ml. Measurements 
were done in a 1 mm capillary at 10 positions, for 0.04 sec exposure per position 
and 10 acquisitions with 8 scan repeats. Data were processed, scaled and merged 
using the ATSAS package163. The ensemble analysis was done using ensemble 
optimization method (EOM)162. The three models contribute ~38, ~38 and ~25% to 
the ensemble and the model with highest contribution was selected for 
reconstitution of native-like linkers in Coot. Scattering curves of Dra YCC models 
were calculated using CRYSOL187. The BCCP model was generated using SWISS-
MODEL188.  

2.5.8 Structure Analysis 

Interfaces of proteins were analyzed by PISA189; alignments of sequences were 
done using MUSCLE190. Active site of Dra YCC CT was analyzed using 
SiteMap191,192. Conservation was plotted using AL2CO, with the entropy-based 
algorithm193 and figures were generated using The PyMOL Molecular Graphics 
System, Version 1.7 Schrödinger, LLC. 

2.5.9 Accession numbers 

The atomic coordinates and structure factors have been deposited in the Protein 
Data Bank. www.pdb.org (Dra YCC BC: PDB ID code: 5H80; Dra YCC CT: PDB ID 
code: 5FIF). 
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2.6 Supplemental Information 

Table 2.2 (related to Figure 2.5): SAXS data statistics for Dra YCC 
 

  
Instrument X12SA at SLS 
Beam size (µm) 200 x 200 
Wavelength (Å) 1.0000 

q range (Å-1) 0.06-0.21 

Detector distance (m) 2.1368 
Temperature (K) 293 
Protein concentration (mg/ml) 3 
Total exposure time (s) 240 
Single exposure time (s) 0.04  
Capillary diameter (mm) 1 
Rg (Å) [from P(r)]  84.31 ± 3.02 

Rg (Å) (from Guinier)  80.03 ± 3.80 

Porod volume estimate (Å3)  1274980.00 

I(0) (cm-1) (from Guinier)  3.10 ± 1.09 

Dmax (Å)  256 
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Figure 2.7 (related to Figure 2.1) SEC-MALS analysis of Dra YCC constructs and 
quality of full-length Dra YCC.  
A) SEC-MALS analysis of full-length Dra YCC. Measured molecular weight of Dra YCC is 
680 kDa. Raleigh ratio is shown in red, differential refractive index in blue. B) Size exclusion 
chromatogram of Dra YCC. Absorption at 280 nm is shown in blue, showing a symmetric 
peak, indicating a homogeneous sample. C) SDS-PAGE analysis of peak fractions of Dra 
YCC size exclusion chromatography showing purity of over 95%. D) SEC-MALS analysis 
of Dra YCC CT. Experimentally determined molecular weight of Dra YCC CT is 360 kDa. 
Raleigh ratio is shown in red, differential refractive index in blue. 
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Figure 2.8 (related to Figure 2.1) C-terminal extension and alignment o 29 YCCs 
A) Superposition of Dra YCC (orange and red) onto Map LCC (gray). C-termini of both 
proteins are indicated. Relative to Map LCC, Dra YCC contains a C-terminal extension 
shown as bold loop. B) Alignment of 29 YCC sequences shaded according to identity level. 
C-terminal core fold helices in Dra YCC CT and Map LCC structures are indicated in blue, 
the C-terminal extension with conserved DXW motif is indicated in red. C) Left panel: 
Ribbon representation of S. coelicolor PCC156. Right panel: Alignment of 21 PCC 
sequences. D) Left panel: Ribbon representation of P. aeruginosa MCC32. Right panel: 
Alignment of 20 MCC sequences. In C) and D), C-terminal extensions are shown as bold 
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loops. The C-terminal core fold helix is indicated in blue, further C-terminal extensions are 
indicated in red. Sequence alignments are shaded according to identity level. 
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Figure 2.9 (related to Figure 2.2) active site cleft of ACC and LCC 
Surface representation of the active site of A) Mtb ACC and B) Map LCC62,157. Coloring 
according to conservation from blue to red. Biotin and CoA moieties are modeled 
according to their positioning in the MCC holoenzyme (PDB ID: 3U9R31). 
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Figure 2.10 (related to Figure 2.3 ) Superposition of BC protomers and B-factor plot 
of BC domain 
A) Overlay of the two BC protomers of the asymmetric unit. One protomer is shown in blue, 
the other in green, RMSD is indicated. B) B-factor plot of BC dimer. Increased B-factor 
values are observed in the B-subdomain, while the dimer interface exhibits low B-factor 
values. 
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Figure 2.11 (related to Figure 2.4) Negative stain EM 2D class averages of Dra YCC 
9477 particles were classified into 24 2D class averages using the MLF2D method184. 
Classes are shown with decreasing number of particles per class, from top left (592 
particles) to bottom right (179 particles). Scale bar is 200Å. 
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3.1 Abstract 

Acetyl-CoA carboxylases (ACCs) catalyze the committed step in fatty acid 
biosynthesis, the ATP-dependent carboxylation of acetyl-CoA to malonyl-CoA. 
They are important regulatory hubs for metabolic control and relevant drug targets 
for the treatment of the metabolic syndrome and cancer. Eukaryotic ACCs are 
single-chain multienzymes characterized by a large, non-catalytic central domain 
(CD), whose role in ACC regulation remains poorly characterized. Here we report 
the crystal structure of the yeast ACC CD, revealing a unique four-domain 
organization. A regulatory loop, which is phosphorylated at the key functional 
phosphorylation site of fungal ACC, wedges into a crevice between two domains 
of CD. Combining the yeast CD structure with intermediate and low-resolution data 
of larger fragments up to intact ACCs provides a comprehensive characterization 
of the dynamic fungal ACC architecture. In contrast to related carboxylases, large-
scale conformational changes are required for substrate turnover, and are 
mediated by the CD under phosphorylation control.  

3.2 Introduction 

Biotin-dependent acetyl-CoA carboxylases (ACCs) are essential enzymes that 
catalyze the ATP-dependent carboxylation of acetyl-CoA to malonyl-CoA. This 
reaction provides the committed activated substrate for the biosynthesis of fatty 
acids via fatty acid synthase21,63. By catalyzing this rate-limiting step in fatty acid 
biosynthesis, ACC plays a key role in anabolic metabolism. ACC inhibition and 
knock-out studies show the potential of targeting ACC for treatment of the 
metabolic syndrome103,104,194. Furthermore, elevated ACC activity is observed in 
malignant tumors195,196. A direct link between ACC and cancer is provided by 
cancer-associated mutations in the breast cancer susceptibility gene 1 (BRCA1), 
which relieve inhibitory interactions of BRCA1 with ACC96,97. Thus, ACC is a 
relevant drug target for type 2 diabetes and cancer23,197. Microbial ACCs are also 
the principal target of antifungal and antibiotic compounds, such as Soraphen 
A125,198,199. 
 
The principal functional protein components of ACCs have been described already 
in the late 1960’s for Escherichia coli (E. coli) ACC200,201: Biotin carboxylase (BC) 
catalyzes the ATP-dependent carboxylation of a biotin moiety, which is covalently 
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linked to the biotin carboxyl carrier protein (BCCP). Carboxyltransferase (CT) 
transfers the activated carboxyl group from carboxybiotin to acetyl-CoA to yield 
malonyl-CoA. Prokaryotic ACCs are transient assemblies of individual BC, CT and 
BCCP subunits22. Eukaryotic ACCs, instead, are multienzymes, which integrate all 
functional components into a single polypeptide chain of approx. 2300 amino 
acids21. Human ACC occurs in two closely related isoforms, ACC1 and 2, located 
in the cytosol and at the outer mitochondrial membrane, respectively69,202. In 
addition to the canonical ACC components, eukaryotic ACCs contain two non-
catalytic regions, the large central domain (CD) and the BC-CT interaction domain 
(BT) domain. The CD comprises one third of the protein and is a unique feature of 
eukaryotic ACCs without homologs in other proteins. The function of this domain 
remains poorly characterized, although phosphorylation of several serine residues 
in the CD regulates ACC activity38,68,203. The BT domain has been visualized in 
bacterial carboxylases, where it mediates contacts between α- and β-subunits31,32. 

 

Structural studies on the functional architecture of intact ACCs have been hindered 
by their huge size and pronounced dynamics, as well as the transient assembly 
mode of bacterial ACCs. However, crystal structures of individual components or 
domains from prokaryotic and eukaryotic ACCs, respectively, have been 
solved36,129,130,133,204. The structure determination of the holoenzymes of bacterial 
biotin-dependent carboxylases, which lack the characteristic CD, such as the 
pyruvate carboxylase (PC)205, propionyl-CoA carboxylase (PCC)31, 3-methyl-
crotonyl-CoA carboxylase (MCC)32 and a long-chain acyl-CoA carboxylase (LCC)62 
revealed strikingly divergent architectures despite a general conservation of all 
functional components. In these structures, the BC and CT active sites are at 
distances between 40 Å and 80 Å, such that substrate transfer could be mediated 

solely by the mobility of the flexibly tethered BCCP. 

 
Human ACC1 is regulated allosterically, via specific protein-protein interactions 

and by reversible phosphorylation. Dynamic polymerization of human ACC1 is 
linked to increased activity and is regulated allosterically by the activator citrate 
and the inhibitor palmitate68,203, or by binding of the small protein MIG-1291. Human 
ACC1 is further regulated by specific phosphorylation-dependent binding of 
BRCA1 to Ser1263 in the CD. BRCA1 binds only to the phosphorylated form of 
ACC1 and prevents ACC activation by phosphatase-mediated 
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dephosphorylation96,206. Furthermore, phosphorylation by AMP-activated protein 
kinase (AMPK) and cAMP-dependent protein kinase (PKA) leads to a decrease in 
ACC1 activity. AMPK phosphorylates ACC1 in vitro at Ser80, Ser1201 and Ser1216 
and PKA at Ser78 and Ser1201. However, regulatory effects on ACC1 activity are 
mainly mediated by phosphorylation of Ser80 and Ser1201, respectively84,85. 
Phosphorylated Ser80, which is highly conserved only in higher eukaryotes, 
presumably binds into the Soraphen A binding pocket86. The regulatory Ser1201 
shows only moderate conservation across higher eukaryotes, while the 
phosphorylated Ser1216 is highly conserved across all eukaryotes. However, no 

effect of Ser1216 phosphorylation on ACC activity has been reported in higher 
eukaryotes. For fungal ACC, neither spontaneous nor inducible polymerization has 
been detected despite considerable sequence conservation to human ACC1. The 
BRCA1-interacting phosphoserine position is not conserved in fungal ACC, and no 
other phospho-dependent protein-protein interactions of fungal ACC have been 
described. In yeast ACC1, phosphorylation sites have been identified at Ser2, 
Ser735, Ser1148, Ser1157 and Ser116274. Of these, only Ser1157 is highly 
conserved in fungal ACC and aligns to Ser1216 in human ACC1. Its 
phosphorylation by the AMPK homologue SNF1 results in strongly reduced ACC 
activity38,75. 
 
Despite the outstanding relevance of ACC in primary metabolism and disease, the 
dynamic organization and regulation of the giant eukaryotic, and in particular 
fungal ACC, remain poorly characterized. Here, we provide the structure of 
Saccharomyces cerevisiae (Sce) ACC CD, intermediate- and low-resolution 
structures of human (Hsa) ACC CD and larger fragments of fungal ACC from 

Chaetomium thermophilum (Cth) (Figure 3.1a). Integrating these data with small-
angle X-ray scattering (SAXS) and electron microscopy (EM) observations yields a 
comprehensive representation of the dynamic structure and regulation of fungal 
ACC. 

3.3 Results 

3.3.1 The organization of the yeast ACC central domain 

First, we focused on structure determination of the 82 kDa CD. The crystal 
structure of the CD of SceACC (SceCD) was determined at 3.0 Å resolution by 
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experimental phasing and refined to Rwork/Rfree= 0.20/0.24 (Table 3.1). The overall 
extent of the SceCD is 70 by 75 Å (Figure 3.1b and Figure 3.5a and b), and the 
attachment points of the N-terminal 26-residue linker to the BCCP domain and the 
C-terminal CT domain are separated by 46 Å (the N- and C-termini are indicated 
with spheres in Figure 3.1b). SceCD comprises four distinct domains, an N-

terminal α-helical domain (CDN), and a central four-helix bundle linker domain (CDL) 
followed by two α-β-fold C-terminal domains (CDC1/CDC2). CDN adopts a letter C 
shape, where one of the ends is a regular four-helix bundle (Nα3-6), the other end 
is a helical hairpin (Nα8,9) and the bridging region comprises six helices 
(Nα1,2,7,10-12). CDL is composed of a small, irregular four-helix bundle (Lα1-4) 
and tightly interacts with the open face of CDC1 via an interface of 1300 Å2 involving 
helices Lα3 and Lα4. CDL does not interact with CDN apart from the covalent 
linkage and forms only a small contact to CDC2 via a loop between Lα2/α3 and the 
N-terminal end of Lα1 with an interface area of 400 Å2. CDC1/CDC2 share a common 
fold; they are composed of six-stranded β-sheets flanked on one side by two long, 
bent helices inserted between strands β3/β4 and β4/β5. CDC2 is extended at its C-
terminus by an additional β-strand and an irregular β-hairpin. Based on a root mean 
square deviation of main chain atom positions of 2.2 Å, CDC1/CDC2 are structurally 
more closely related to each other than to any other protein (Figure 3.1c); they may 
thus have evolved by duplication. Close structural homologs could not be found 
for the CDN or the CDC domains. 
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Figure 3.1 The phosphorylated central domain of yeast ACC  
(a) Schematic overview of the domain organization of eukaryotic ACCs. Crystallized 
constructs are indicated. (b) Cartoon representation of the SceCD crystal structure. CDN is 
linked by a four-helix bundle (CDL) to two α-β fold domains (CDC1 and CDC2). The regulatory 
loop is shown as bold cartoon and the phosphorylated Ser1157 is marked by a red triangle. 
The N- and C-termini are indicated by spheres. (c) Superposition of CDC1 and CDC2 reveals 
highly conserved folds. (d) The regulatory loop with the phosphorylated Ser1157 is bound 
into a crevice between CDC1 and CDC2, the conserved residues Arg1173 and Arg1260 
coordinate the phosphoryl-group. (e) Structural overview of HsaBT-CD. The attachment 
points to the N-terminal BCCP domain and the C-terminal CT domain are indicated with 
spheres. All coloring is according to scheme (a). 
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3.3.2 A regulatory loop mediates interdomain interactions 

To define the functional state of insect-cell expressed ACC variants, we employed 
mass spectrometry (MS) for phosphorylation site detection. In insect-cell 
expressed full-length SceACC, the highly conserved Ser1157 is the only fully 

occupied phosphorylation site with functional relevance in S. cerevisiae. Additional 
phosphorylation was detected for Ser2101 and Tyr2179, however these sites are 
neither conserved across fungal ACC nor natively phosphorylated in yeast. MS 
analysis of dissolved crystals confirmed the phosphorylated state of Ser1157 also 
in SceCD crystals. The SceCD structure thus authentically represents the state of 

SceACC, where the enzyme is inhibited by SNF1-dependent phosphorylation.  
In the SceCD crystal structure, the phosphorylated Ser1157 resides in a regulatory 
36-amino acid loop between strands β2 and β3 of CDC1 (Figure 3.1b and d), which 
contains two additional less conserved phosphorylation sites (Ser1148, Ser1162) 
confirmed in yeast207, but not occupied here. This regulatory loop wedges between 
the CDC1 and CDC2 domains and provides the largest contribution to the 
interdomain interface. The N-terminal region of the regulatory loop also directly 
contacts the C-terminal region of CDC2 leading into CT. Phosphoserine 1157 is 
tightly bound by two highly conserved arginines (Arg1173, Arg1260) of CDC1 (Figure 
3.1d). Already the binding of phosphorylated Ser1157 apparently stabilizes the 
regulatory loop conformation, the accessory phosphorylation sites Ser1148 and 
Ser1162 in the same loop may further modulate the strength of interaction between 
the regulatory loop and the CDC1 and CDC2 domains. Phosphorylation of the 

regulatory loop thus determines interdomain interactions of CDC1 and CDC2 
suggesting that it may exert its regulatory function by modifying the overall 
structure and dynamics of the CD. 
 
The functional role of Ser1157 was confirmed by an activity assay based on the 
incorporation of radioactive carbonate into acid non-volatile material64. 
Phosphorylated SceACC shows only residual activity (kcat = 0.4 ± 0.2 s-1, standard 
deviation based on five replicate measurements), which increases 16-fold (kcat = 
6.5 ± 0.3 s-1) after dephosphorylation with λ protein phosphatase. The values 
obtained for dephosphorylated SceACC are comparable to earlier measurements 

of non-phosphorylated yeast ACC expressed in E. coli153. 
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Table 3.1 Crystallographic data collection and refinement statistics 

 

3.3.3 The variable CD is conserved between yeast and human 

To compare the organization of fungal and human ACC CD, we determined the 
structure of a human ACC1 fragment that comprises the BT and CD domains 
(HsaBT-CD) but lacks the mobile BCCP in between (Figure 3.1a). An 
experimentally-phased map was obtained at 3.7 Å resolution for a cadmium-
derivatized crystal and was interpreted by a poly-alanine model (Figure 3.1e and 
Table 3.1). Each of the four CD domains in HsaBT-CD individually resembles the 

corresponding SceCD domain; however, human and yeast CDs exhibit distinct 
overall structures. In agreement with their tight interaction in SceCD, the relative 
spatial arrangement of CDL and CDC1 is preserved in HsaBT-CD, but the human 

CDL/CDC1 didomain is tilted by 30° based on a superposition of human and yeast 
CDC2 (Figure 3.5c). As a result, the N-terminus of CDL at helix Lα1, which connects 
to CDN, is shifted by 12 Å. Remarkably, CDN of HsaBT-CD adopts a completely 
different orientation compared to SceCD. With CDL/CDC1 superposed, CDN in 

HsaBT-CD is rotated by 160° around a hinge at the connection of CDN/CDL (Figure 
3.5d). This rotation displaces the N-terminus of CDN in HsaBT-CD by 51 Å 
compared to SceCD resulting in a separation of the attachment points of the N-

terminal linker to the BCCP domain and the C-terminal CT domain by 67 Å (the 
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attachment points are indicated with spheres in Figure 3.1e). The BT domain of 
HsaBT-CD consists of a helix that is surrounded at its N-terminus by an anti-
parallel eight-stranded β-barrel. It resembles the BT of PCC31, only the four C-
terminal strands of the β-barrel are slightly tilted. 
 
Based on MS analysis of insect-cell expressed human full-length ACC, Ser80 
shows the highest degree of phosphorylation (90%). Ser29 and Ser1263, 
implicated in insulin-dependent phosphorylation and BRCA1 binding, respectively, 
are phosphorylated at intermediate levels (40%). The highly conserved Ser1216 

(corresponding to S. cerevisiae Ser1157), as well as Ser1201, both in the regulatory 
loop discussed above, are not phosphorylated. However, residual phosphorylation 
levels were detected for Ser1204 (7%) and Ser1218 (7%) in the same loop. MS 
analysis of the HsaBT-CD crystallization sample reveals partial proteolytic 
digestion of the regulatory loop. Accordingly, most of this loop is not represented 
in the HsaBT-CD crystal structure. The absence of the regulatory loop might be 

linked to the less restrained interface of CDL/CDC1 and CDC2 and altered relative 
orientations of these domains. Besides the regulatory loop, also the 
phosphopeptide target region for BRCA1 interaction is not resolved presumably 
due to pronounced flexibility. At the level of isolated yeast and human CD, the 
structural analysis indicates the presence of at least two hinges, one with large-
scale flexibility at the CDN/CDL connection, and one with tunable plasticity between 
CDL/CDC1 and CDC2, plausibly affected by phosphorylation in the regulatory loop 
region. 

3.3.4 The integration of CD into the fungal ACC multienzyme 

To further obtain insights into the functional architecture of fungal ACC, we 
characterized larger multidomain fragments up to the intact enzymes. Using 
molecular replacement based on fungal ACC CD and CT models, we obtained 
structures of a variant comprising CthCT and CDC1/CDC2 in two crystal forms at 
resolutions of 3.6 Å and 4.5 Å (CthCD-CTCter1/2), respectively, as well as of a CthCT 
linked to the entire CD at 7.2 Å resolution (CthCD-CT) (Figure 3.1a, Figure 3.2 and 

Table 3.1). No crystals diffracting to sufficient resolution were obtained for larger 
BC-containing fragments, or for full-length Cth or SceACC. To improve 
crystallizibility, we generated ΔBCCP variants of full-length ACC, which based on 
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SAXS analysis preserve properties of intact ACC (Table 3.2 and Figure 3.6a, b and 
c). For CthΔBCCP, crystals diffracting to 8.4 Å resolution were obtained. However, 
molecular replacement did not reveal a unique positioning of the BC domain. Due 
to the limited resolution the discussion of structures of CthCD-CT and CthΔBCCP 

is restricted to the analysis of domain localization. Still, these structures contribute 
considerably to the visualization of an intrinsically dynamic fungal ACC. 
 

Figure 3.2 Architecture of the CD-CT core of fungal ACC  
Cartoon representation of crystal structures of multidomain constructs of CthACC. One 
protomer is shown in color and one in gray. Individual domains are labeled, the active site 
of CT and the position of the conserved regulatory phosphoserine site based on SceCD 
are indicated by an asterisk and a triangle, respectively. 
 
In all these crystal structures, the CT domains build a canonical head-to-tail 
dimer36, with active sites formed by contributions from both protomers (Figure 3.2 
and Figure 3.6a. The connection of CD and CT is provided by a 10-residue peptide 
stretch, which links the N-terminus of CT to the irregular β-hairpin/β-strand 
extension of CDC2 (Figure 3.6b). The connecting region is remarkably similar in 
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isolated CD and CthCD-CTCter structures, indicating inherent conformational 
stability. CD/CT contacts are only formed in direct vicinity of the covalent linkage 
and involve the β-hairpin extension of CDC2 as well as the loop between strands 
β2/β3 of the CT N-lobe, which contains a conserved RxxGxN motif. The 
neighboring loop on the CT side (between CT β1/β2) is displaced by 2.5 Å 
compared to isolated CT structures (Figure 3.6c). Based on an interface area of 
around 600 Å2 and its edge-to-edge connection characteristics, the interface 
between CT and CD might be classified as conformationally variable. Indeed, the 
comparison of the positioning of eight instances of the C-terminal part of CD 

relative to CT in crystal structures determined here reveals flexible interdomain 
linking (Figure 3.3a): The CDC2/CT interface acts as a true hinge with observed 
rotation up to 16°, which results in a translocation of the distal end of CDC2 by 8 Å. 
 

Figure 3.3 Variability of the connections of CDC2 to CT and CDC1 in fungal ACC  
(a) Hinge properties of the CDC2-CT connection analyzed by a CT-based superposition of 
eight instances of the CDC2-CT segment. For clarity, only one protomer of CthCD-CTCter1 is 
shown in full color as reference. For other instances, CDC2 domains are shown in 
transparent tube representation with only one helix each highlighted. The range of hinge 
bending is indicated and the connection points between CDC2 and CT (blue) as well as 
between CDC1 and CDC2 (green and gray) are marked as spheres. (b) The interdomain 
interface of CDC1 and CDC2 exhibits only limited plasticity. Representation as in (a), but the 
CDC1 and CDC2 are superposed based on CDC2. One protomer of CthΔBCCP is shown in 
color, the CDL domains are omitted for clarity and the position of the phosphorylated serine 
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based on SceCD is indicated with a red triangle. The connection points from CDC1 to CDC2 
and to CDL are represented by green spheres. 
 
The interface between CDC2 and CDL/CDC1, which is mediated by the 
phosphorylated regulatory loop in the SceCD structure, is less variable than the 
CD-CT junction, and permits only limited rotation and tilting (Figure 3.3b). Analysis 
of the impact of phosphorylation on the interface between CDC2 and CDL/CDC1 in 
CthACC variant structures is precluded by the limited crystallographic resolution. 
However, MS analysis of CthCD-CT and CthΔBCCP constructs revealed between 

60 and 70% phosphorylation of Ser1170 (corresponding to SceACC Ser1157). The 
CDN domain positioning relative to CDL/CDC1 is highly variable with three main 
orientations observed in the structures of SceCD and the larger CthACC 

fragments: CDN tilts, resulting in a displacement of its N-terminus by 23 Å (Figure 
3.4a, observed in both protomers of CthCD-CT and one protomer of CthΔBCCP, 
denoted as CthCD-CT1/2 and CthΔBCCP1, respectively). In addition, CDN can 
rotate around hinges in the connection between CDN/CDL by 70° (Figure 3.4b, 
observed in the second protomer of CthΔBCCP, denoted as CthΔBCCP2) and 

160° (Figure 3.4c, observed in SceCD) leading to displacement of the anchor site 
for the BCCP linker by up to 33 Å and 40 Å, respectively. 
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Figure 3.4 The conformational dynamics of fungal ACC  
(a)-(c) Large-scale conformational variability of the CDN domain relative to the CDL/CDC1 
domain. CthCD-CT1 (in color) serves as reference, the compared structures (as indicated, 
numbers after construct name differentiate between individual protomers) are shown in 
gray. Domains other than CDN and CDL/CDC1 are omitted for clarity. The domains are 
labeled and the distances between the N-termini of CDN (spheres) in the compared 
structures are indicated. (d) Schematic model of fungal ACC showing the intrinsic, 
regulated flexibility of CD in the phosphorylated inhibited or the non-phosphorylated 
activated state. Flexibility of the CDC2/CT and CDN/CDL hinges is illustrated by arrows. The 
Ser1157 phosphorylation site and the regulatory loop are schematically indicated in 
magenta. 
 
Conformational variability in the CD thus contributes considerably to variations in 
the spacing between the BC and CT domains, and may extend to distance 
variations beyond the mobility range of the flexibly tethered BCCP. Based on the 
occurrence of related conformational changes between fungal and human ACC 
fragments, the observed set of conformations may well represent general states 
present in all eukaryotic ACCs.  

3.3.5 Large-scale conformational variability of fungal ACC  

To obtain a comprehensive view of fungal ACC dynamics in solution, we employed 
SAXS and EM. SAXS analysis of CthACC agrees with a dimeric state and an 

elongated shape with a maximum extent of 350 Å (Supplementary Table 1). The 
smooth appearance of scattering curves and derived distance distributions might 
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indicate substantial interdomain flexibility208 (Figure 3.6a, b and c). Direct 
observation of individual full-length CthACC particles, according to MS results 
predominantly in a phosphorylated low activity state, in negative stain electron 
microscopy reveals a large set of conformations from rod-like extended to U-
shaped particles. Class averages, obtained by maximum-likelihood-based 2D 
classification, are focused on the dimeric CT domain and the full BC-BCCP-CD 
domain of only one protomer, due to the non-coordinated motions of the lateral 
BC/CD regions relative to the CT dimer. They identify the connections between 
CDN/CDL and between CDC2/CT as major contributors to conformational 

heterogeneity (Figure 3.8a and b). The flexibility in the CDC2/CT hinge appears 
substantially larger than the variations observed in the set of crystal structures. The 
BC domain is not completely disordered, but laterally attached to BT/CDN in a 
generally conserved position, albeit with increased flexibility. Surprisingly, in both 
the linear and U-shaped conformations, the approximate distances between the 
BC and CT active sites would remain larger than 110 Å. These observed distances 
are considerably larger than in static structures of any other related biotin-
dependent carboxylase. Furthermore, based on an average length of the BCCP-
CD linker in fungal ACC of 26 amino acids, mobility of the BCCP alone would not 
be sufficient to bridge the active sites of BC and CT. Consequently, increased 
flexibility or additional modes of conformational changes may be required for 
productive catalysis. The most relevant candidate site for mediating such 
additional flexibility and permitting an extended set of conformations is the 
CDC1/CDC2 interface, which is rigidified by the Ser1157-phosphorylated 
regulatory loop as depicted in the SceCD crystal structure.  

3.4 Discussion 

Altogether, the architecture of fungal ACC is based on the central dimeric CT 
domain (Figure 3.4d). The CD consists of four distinct subdomains; it acts as a 
tether from the CT to the mobile BCCP and an oriented BC domain. The CD has 
no direct role in substrate recognition or catalysis but contributes to the regulation 
of all eukaryotic ACCs. In higher eukaryotic ACCs, regulation via phosphorylation 
is achieved by combining the effects of phosphorylation at Ser80, Ser1201 and 
Ser1263. In fungal ACC however, Ser1157 in the regulatory loop of the CD is the 
only phosphorylation site that has been demonstrated to be both phosphorylated 
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in vivo and involved in the regulation of ACC activity. In its phosphorylated state, 
the regulatory loop containing Ser1157 wedges between CDC1/CDC2 and 
presumably limits the conformational freedom at this interdomain interface. 
However, flexibility at this hinge may be required for full ACC activity, as the 
distances between the BCCP anchor points and the active sites of BC and CT 
observed here are such large, that mobility of the BCCP alone is not sufficient for 
substrate transfer. The current data thus suggest that regulation of fungal ACC is 
mediated by controlling the dynamics of the unique CD, rather than directly 
affecting catalytic turnover at the active sites of BC and CT. A comparison between 

fungal and human ACC will help to further discriminate mechanistic differences 
that contribute to the extended control and polymerization of human ACC. 
 
Most recently, a crystal structure of near full-length non-phosphorylated ACC from 
S. cerevisae (lacking only 21 N-terminal amino acids, here denoted as flACC) was 
published by Wei and Tong153. In flACC, the ACC dimer obeys two-fold symmetry 
and assembles in a triangular architecture with dimeric BC domains (Figure 3.9a). 
In their study, mutational data indicate a requirement for BC dimerization for 
catalytic activity. The transition from the elongated open shape, observed in our 
experiments, towards a compact triangular shape is based on an intricate interplay 
of several hinge-bending motions in the CD (Figure 3.4d). Comparison of flACC to 
our CthΔBCCP structure reveals the CDC2/CT hinge as a major contributor to 
conformational flexibility (Figure 3.9b and c). In flACC, CDC2 rotates approximately 
120° with respect to the CT domain. A second hinge can be identified between 
CDC1/CDC2. Based on a superposition of CDC2, CDC1 of the phosphorylated SceCD 

is rotated by 30° relative to CDC1 of the non-phosphorylated flACC (Figure 3.9d), 
similar to what we have observed for the non-phosphorylated HsaBT-CD (Figure 
3.5d). When inspecting all individual protomer and fragment structures in their 
study, Wei & Tong also identify the CDN/CDC1 connection as a highly flexible hinge, 
in agreement with our observations. 
 
The only bona-fide regulatory phophorylation site of fungal ACC in the regulatory 
loop is directly participating in CDC1/CDC2 domain interactions and thus stabilizes 
the hinge conformation. In flACC, the regulatory loop is mostly disordered, 
illustrating the increased flexibility due to the absence of the phosphoryl-group. 
Only in three out of eight observed protomers a short peptide stretch (including 
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Ser1157) was modeled. In those instances the Ser1157 residue is located at a 
distance of 14 – 20 Å away from the location of the phosphorylated serine observed 
here, based on superposition of either CDC1 or CDC2. Applying the conformation of 
the CDC1/CDC2 hinge observed in SceCD onto flACC leads to CDN sterically 
clashing with CDC2 and BT/CDN clashing with CT (Figure 3.10a and b). Thus, in 
accordance with the results presented here, phosphorylation of Ser1157 in 
SceACC most likely limits flexibility in the CDC1/CDC2 hinge such that activation 

through BC dimerization is not possible (Figure 3.4d), which however does not 
exclude intermolecular dimerization. In addition, EM micrographs of 
phosphorylated and dephosphorylated SceACC display for both samples mainly 
elongated and U-shaped conformations and reveal no apparent differences in 
particle shape distributions, (Figure 3.11). This implicates that the triangular shape 
with dimeric BC domains has a low population also in the active form, even though 
a biasing influence of grid preparation cannot be excluded completely. 
 
Large-scale conformational variability has also been observed in most other carrier 
protein-based multienzymes, including polyketide209 and fatty acid synthases (with 
the exception of fungal-type fatty acid synthases)4,172, non-ribosomal peptide 
synthetases210 and the pyruvate dehydrogenase complexes167, although based on 
completely different architectures. Together, this structural information suggests 
that variable carrier protein tethering is not sufficient for efficient substrate transfer 
and catalysis in any of these systems. The determination of a set of crystal 
structures of SceACC in two states, unphosphorylated153 and phosphorylated at 

the major regulatory site Ser1157, provides a unique depiction of multienzyme 
regulation by post-translational modification (Figure 3.4d). The phosphorylated 
regulatory loop binds to an allosteric site at the interface of two non-catalytic 
domains and restricts conformational freedom at several hinges in the dynamic 
ACC. It disfavors the adoption of a rare, compact conformation, in which 
intramolecular dimerization of the BC domains153 results in catalytic turnover. The 
regulation of activity thus results from restrained large-scale conformational 
dynamics rather than a direct or indirect influence on active site structure. To our 
best knowledge, ACC is the first multienzyme for which such a phosphorylation-
dependent mechanical control mechanism has been visualized. However, the 
example of ACC now demonstrates the possibility of regulating activity by 
controlled dynamics of non-enzymatic linker regions also in other families of 
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carrier-dependent multienzymes. Understanding such structural and dynamic 
constraints imposed by scaffolding and linking in carrier protein-based 
multienzyme systems is a critical prerequisite for engineering of efficient 
biosynthetic assembly lines.  

3.5 Methods 

3.5.1 Protein Expression and Purification 

All proteins were expressed in the Baculovirus Expression Vector System. The 
MultiBac™ insect cell expression plasmid pACEBACI (Geneva Biotech) was 
modified to host a GATEWAY® (LifeTechnologies) cassette with an N-terminal 
10xHis-tag, named pAB1GW-NH10 hereafter. Full-length HsaACC (Genebank 

accession #Q13085), SceACC (#Q00955), CthACC (#G0S3L5) were cloned into 
pAB1GW-NH10 using GATEWAY® according to manufacturers manual. Truncated 
variants were constructed by PCR amplification, digestion of the template DNA 
with DpnI, phosphorylation of the PCR-product and religation of the linear 
fragment to a circular plasmid. The following constructs were used for this study: 
SceACC (1-2233), CthACC (1-2297), CthΔBCCP (1-2297, Δ700-765), CthCD-CT 

(788-2297), CthCD-CTCter (1114-2297), SceCD (768-1494), HsaBT-CD (622-1584, 
Δ753-818). Bacmid and virus production was carried out according to MultiBac™ 
instructions211. Baculovirus generation and amplification as well as protein 
expression were performed in Sf21 cells (Expression Systems) in Insect-Xpress 
medium (Lonza). The cells were harvested 68 – 96 h post infection by centrifugation 
and stored at -80 °C until being processed. 
 
Cells were lysed by sonication and the lysate was cleared by ultracentrifugation. 
Soluble protein was purified using Ni-NTA (Genscript) and size exclusion 
chromatography (Superose 6, GE Healthcare). The affinity tag was removed by 
tobacco etch virus (TEV) protease cleavage overnight at 4°C. TEV protease and 
uncleaved protein were removed by orthogonal Ni-NTA purification prior to size 
exclusion chromatography. SceACC, CthACC and CthΔBCCP were further 

purified by high-resolution anion exchange chromatography prior to size exclusion 
chromatography. Purified SceCD, CthCD-CTCter, CthCD-CT, CthΔBCCP, CthACC, 
SceACC were concentrated to 10 mg ml-1 in 30 mM MOPS pH 7, 200 mM 
ammonium sulfate, 5% glycerol and 10 mM dithiothreitol. Purified HsaBT-CD was 
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concentrated to 20 mg ml-1 in 20 mM bicine pH 8.0, 200 mM NaCl, 5% glycerol, 
and 5 mM TCEP. Proteins were used directly or were stored at -80°C after flash-
freezing in liquid nitrogen. 

3.5.2 Protein Crystallization 

All crystallization experiments were conducted using sitting drop vapour diffusion. 
SceCD crystals were grown at 19 °C by mixing protein and reservoir solution (0.1 
M BisTrisPropane pH 6.5, 0.05 – 0.2 M di-sodium malonate, 20 – 30% polyethylene 
glycol (PEG) 3350, 10 mM trimethylamine or 2% benzamidine) in a 1:1 or 2:1 ratio. 
Crystals appeared after several days and continued to grow for 20 to 200 days. 
Crystals were cryo-protected by short incubation in mother liquor supplemented 
with 22% ethylene glycol and flash-cooled in liquid nitrogen. For heavy metal 
derivatization the crystals were incubated in stabilization solution supplemented 
with 1 mM Thimerosal or 10 mM EuCl2, respectively, and then backsoaked for 15 
seconds in stabilization solution without heavy metal. 
 
Initial crystals of HsaBT-CD grew in 0.1 M Tris pH 8.5, 0.35 M tri-potassium citrate 

and 2 – 3.5% PEG10000 at 19 °C. After several rounds of optimization, good 
quality diffraction crystals were obtained at 20 °C in 0.1 M MES pH 6, 0.25 – 0.35 
M tri-potassium citrate, 2 – 5% PEG10000, 0.01 – 0.04 M cadmium chloride. The 
protein drop contained a 1:1 ratio of protein and reservoir solution. Crystals grew 
immediately and stopped growing after 3 days. They were dehydrated and 
cryoprotected in several steps in artificial mother liquor containing incrementally 
increasing concentrations of tri-potassium citrate, PEG10000 and ethylene glycol 
and then flash-cooled in liquid nitrogen. The final solution was composed of 0.1 M 
MES pH 6, 0.5 M tri-potassium citrate, 6.75% PEG10000, 0.01 M cadmium 
chloride and 22% ethylene glycol. 
 
CthCD-CTCter crystals were grown at 19 °C by mixing protein and reservoir solution 
(0.1 M Hepes pH 7.5, 2 – 7% Tacsimate pH 7, 7.5 – 15% PEG monomethyl ether 
(MME) 5000) in a 1:1 ratio. Crystals appeared after several days and continued to 
grow for up to two weeks. Crystals were cryo-protected by short incubation in 
mother liquor supplemented with 22% ethylene glycol. 
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CthCD-CT ACC crystals were grown at 19 °C by mixing protein and reservoir 
solution (0.1 M Bicine pH 8.5 – 9.5, 4 – 8% PEG8000) in a 1:1 or 1:2 ratio. Crystals 
grew 8 to 10 days and were cryo-protected by short incubation in mother liquor 
supplemented with 22% ethylene glycol prior to flash-cooling in liquid nitrogen. 
CthΔBCCP ACC crystals were grown at 19 °C by mixing protein and reservoir 

solution (0.1 M Morpheus® buffer 3 (Molecular Dimensions, MD2-100-102), 7 – 
12% Morpheus® ethylene glycols mix (MD2-100-74), 8 – 12% PEG4000, 17 – 23% 
glycerol) in a 1:1 or 1:2 ratio. Crystals grew up to three weeks and were cryo-
protected in reservoir solution before flash-cooling in liquid nitrogen. 

3.5.3 Structure Determination and Analysis of Phosphorylation 

All X-ray diffraction data were collected at beamlines X06SA (PXI) or X06DA (PXIII) 
at the Swiss Light Source (SLS, Paul Scherrer Institute, Villigen, Switzerland) 
equipped with PILATUS detectors. The wavelength of data collection was 1.000 Å 
for native crystals, and 1.527 Å and 1.907 Å for crystals derivatized with europium 
and cadmium, respectively. Raw data were processed using XDS174. Molecular 
replacement was carried out using Phaser 2.5.7 and 2.6.0, density modification 
was done using Parrot176,212 and resolve, multi crystal averaging180 was carried out 
using phenix. All model building was conducted using Coot179 and figures were 
prepared using PyMOL (Schrödinger LLC). 
 
Diffraction of initial SceCD crystals in space group P43212 with unit cell dimensions 
of a = b = 110.3 Å and c = 131.7 Å was limited to 3.5 Å. The resolution was 
improved to 3 Å by addition of trimethylamine or benzamidine to the reservoir 

solution without significant changes in unit cell dimensions. Crystals derivatized 
with thimerosal and europium were used for initial SAD phase determination using 
the SHELXC/D package213. Two mercury and four europium sites were located and 
an initial model was placed in the resulting maps. Since crystals derivatized with 
europium were slightly non-isomorphous with a c-axis length of 127 Å, multi crystal 
averaging was used for density modification and provided directly interpretable 
maps. Iterative cycles of model building and refinement in Buster (version 2.10.2; 
Global Phasing Ltd.) converged at Rwork/Rfree of 0.20/0.24. The final model lacks the 
disordered N-terminus (amino acids 768 – 789), an extended loop in the CDC1 
domain (1203 – 1215), a short stretch (1147 – 1149) preceding the regulatory loop 
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and the two very C-terminal residues (1493 – 1494). Based on temperature factor 
analysis, the start and end of the regulatory loop show higher disorder than the 
region around the interacting phosphoserine 1157. MS analysis of dissolved 
crystals detected quantitative phosphorylation of the regulatory Ser1157, as also 
found for full-length SceACC, and additionally albeit with much lower occurrence, 
phosphorylation of Ser790, Ser1137, Ser1148 and Ser1159. A modeled 
phosphoryl-position for Ser1159 could overlap with the one of Ser1157 and might 
be represented in the crystal. For all other phosphorylation sites, no difference 
density could be observed, probably due to very low occupancy. PDBeFold214 was 

used to search for structural homologs. The thresholds for lowest acceptable 
percentage of matched secondary structure elements were 70% for the search 
query and 20% for the result. 
 
Initial HsaBT-CD crystals were obtained in space group I4122 with a = b = 240.1 Å 
and c = 768.9 Å and diffracted to 7.5 Å. Optimized and dehydrated crystals also 
belonged to space group I4122 but with unit cell parameters a = b = 267.3 Å and c 
= 210.6 Å and diffracted to a resolution of 3.7 Å. Phase information was obtained 
from SAD based on bound cadmium ions from the crystallization condition. Six 
cadmium positions were located in a 4.0 Å resolution dataset at 1.9 Å wavelength 
using SHELXC/D213 via the HKL2MAP interface215. Density modification and 
phasing based on this anomalous dataset, a 3.7 Å resolution data set at 1.0 Å 
wavelength, and additional non-isomorphous lower resolution datasets led to a 
high-quality electron density map. At the intermediate resolution obtained, the map 
was interpreted by a poly-alanine model, which was guided by predicted 
secondary structure as well as sequence and structural alignment with SceCD. The 

final model contains five cadmium ions and refines using phenix180 against 
experimental data with Rwork/Rfree of 0.35/0.38, as expected for a poly-alanine 
model. Two HsaBT-CD monomers are packed in the asymmetric unit via the CDN 
and BT domains. Density on top of the β-barrel of one BT most likely representing 
parts of the BT-CD linker guided the assignment of this BT to its linked CD partner 
domain. This BT-to-CD assignment was further supported by the analysis of an 
additional lower resolution crystal form. Cadmium ions were found to participate 
in crystal packing. 
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In HsaACC phosphorylation at regulatory sites was detected as provided in the 
main text. No phosphorylation was detected for other phosphosites previously 
identified in large-scale phosphoproteomics studies, namely serines 5, 23, 25, 48, 
53, 78, 488, 786, 1273216-218. 
 
Two different crystal forms were obtained for CthCD-CTCter, diffracting to 3.6 Å and 

4.5 Å, respectively. Both forms packed in space group P212121 with unit cell 
constants of a = 97.7 Å, b = 165.3 Å and c = 219.2 Å or a = 100.2 Å, b = 153.5 Å 
and c = 249.2 Å, respectively. Phases were determined by molecular replacement 
using a homology model based on SceCT (pdb 1od2) as search model in 
Phaser176,177,219, multi crystal averaging was applied in density modification. The CT 
domain was rebuilt and an initial homology model based on the SceCD structure 

was fitted into difference density for CthCD-CTCter1. Iterative cycles of rebuilding 
and refinement in Buster converged at Rwork/Rfree of 0.20/0.24. The refined CD 
fragment served as a starting model for rebuilding CthCD-CTCter2 at lower 
resolution. Coordinate refinement in Buster was additionally guided by reference 
model restraints and converged at Rwork/Rfree of 0.24/0.24. Residues 1114 – 1185, 
1213 – 1252, 1380 – 1385, 1465 – 1468 and 2188 – 2195 were disordered in both 
crystal forms and are not included in the models. Helical regions C-terminal to 
Glu2264 of both protomers of CthCD-CTCter1 and C-terminal to Leu2259 and 

Arg2261 of the two protomers of CthCD-CTCter2, respectively, could not be built 
unambigously and were therefore interpreted by placing poly-alanine stretches. 
Conservation was mapped onto the CthCD-CTCter1 crystal structure using al2co193 

based on a sequence alignment of 367 fungal ACC sequences calculated by 
Clustal Omega220. MS analysis of purified protein detected 7% phosphorylation at 
Ser1170 (corresponding to Ser1157 in SceCD). 
 
CthCD-CT crystallized in space group P31212 with unit cell constants of a = b = 
195.0 Å and c = 189.5 Å and crystals diffracted to a resolution of 7.2 Å. The 
structure was solved by molecular replacement using a model composed of CthCT 
and CDC2 as search model in Phaser. CDC1 and CDN were placed manually into the 
resulting maps and the model was refined using rigid-body, domain-wise TLS and 
B-factor refinement and NCS- and reference model restrained coordinate 
refinement in Buster to Rwork/Rfree of 0.23/0.25. Due to the low resolution, the 
maximum allowed B-factor in Buster refinement was increased from the default 
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value of 300 Å2 to 500 Å2, minimizing B-factor clipping to 5% of all atoms. Residues 
1033 – 1035, 1134 – 1152, 1213 – 1252, 1380 – 1385, 1465 – 1468 and 2188 – 
2195 were not included in the models. Helical regions C-terminal to Leu2259 and 
Arg2261 on the two protomers, respectively, were interpreted as described for 
CthCD-CTCter. Loop conformations, including the regulatory loop, were modeled 
as observed in SceCD. MS analysis of purified protein detected 60% 

phosphorylation at Ser1170 (corresponding to Ser1157 in SceCD). Conservation 
was mapped onto the CthCD-CT crystal structure as for CthCD-CTCter. 
 
CthΔBCCP ACC crystallized in space group P6422 with unit cell constants of a = 

b = 462.2 Å and c = 204.6 Å, resolution was limited to 8.4 Å. Structure 
determination and refinement was performed as for CthCD-CT, with a maximum 
allowed B-factor of 500 Å2, minimizing B-factor clipping to 3% of all atoms. 
Although substantial difference density is observed, no defined positions of the BT 
and BC domains could be derived due to disorder or partial in situ proteolysis or 
combinations thereof. Additionally, residues 1032 – 1039, 1134 – 1152, 1213 – 
1252, 1380 – 1385, 1465 – 1468 and 2188 – 2195 were not included in the model. 
The MissingAtom macro implemented in Buster was employed to account for 
missing atoms, the final Rwork/Rfree were 0.30/0.32. A region C-terminal to Leu2259 
on one protomer was interpreted as poly-alanine. Loop conformations, including 
the regulatory loop, were modeled as observed in SceCD. MS analysis of purified 
protein detected 70% phosphorylation at Ser1170 (corresponding to Ser1157 in 
SceCD). 

3.5.4 Small-angle X-ray Scattering 

Proteins were thawed on ice and dialyzed overnight against 30 mM MOPS pH 7, 
200 mM ammonium sulfate, 5% glycerol and 10 mM dithiothreitol. Raw scattering 
data were measured at SAXS beamline B21 at Diamond Light Source. The samples 
were measured at concentrations of 2.5, 5 and 10 mg ml-1. Data were processed 
using the ATSAS package163 according to standard procedures221,222. A slight 
increase in scattering in the very low-resolution range was observed with 
increasing protein concentrations, which may be due to interparticle attraction or 
minor aggregation. Scattering intensities were thus extrapolated to zero 
concentration using point-wise extrapolation implemented in Primus223. Direct 
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comparison of raw scattering curves demonstrates the similarity of CthACC and 
CthΔBCCP, and the derived values such as Rg and Porod Volume match within 

expected error margins. Molecular mass estimations based on the SAXS-MOW 
method224 derive values of 534.7 kDa and 534.0 kDa for CthACC and CthΔBCCP, 
respectively. The relative discrepancies to the theoretical weights of 516.8 kDa 
(CthACC) and 503.0 kDa (CthΔBCCP) are 3.5% and 6.2%, which is in a typical 
range for this method224. 

3.5.5 Electron Microscopy 

Full-length CthACC was diluted to 0.01 mg ml-1 in 30 mM MOPS pH 7.0, 200 mM 

ammonium sulfate, 5% glycerol, and 10 mM dithiothreitol. Protein sample was 
adsorbed to a 200 µm copper grid and stained with 2% uranyl acetate. Grids of 
CthACC were imaged on a CM-200 microscope (Philips) equipped with a TVIPS 
F416 4k CMOS camera (Tietz Video and Image Processing Systems). The voltage 
used was 200 kV; and a magnification of 50000 x results in a pixel size of 2.14 Å. 
Initial image processing and particle picking was carried out using Xmipp183,225. 
22309 particles were picked semi-automatically from 236 micrographs with a box 
size of 300x300 pixels. After extraction, particles with a z-score of >3 were 
discarded and 22257 particles were aligned and classified into 48 2D class 
averages using the maximum-likelihood target function in Fourier space (MLF2D). 
After 72 iterations, 4226 additional particles were discarded and the remaining 
18031 particles were re-aligned and classified into 36 classes using MLF2D with a 
high-resolution cutoff of 30 Å. After 44 iterations the alignment converged and 
class averages were extracted. 

3.5.6 In vitro Biotinylation and Activity Assay 

To ensure full functionality, SceACC was biotinylated in vitro using the E. coli biotin 
ligase BirA. The reaction mixture contained 10 µM ACC, 3.7 µM BirA, 50 mM Tris-
HCl, pH 8, 5.5 mM MgCl2, 0.5 mM biotin, 60 mM NaCl, 3 mM ATP, 10% glycerol 
and the reaction was allowed to proceed for 7 h at 30 °C. The catalytic activity of 
phosphorylated and dephosphorylated SceACC was measured by following the 

incorporation of radioactive 14C into acid-stable non-volatile material64. 
Dephosphorylated ACC was prepared by over-night treatment with λ protein 
phosphatase (New England Biolabs) of partially purified ACC before the final gel 
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filtration step. The removal of the phosphoryl group from Ser1157 was confirmed 
by MS. The reaction mixture contained 0.5 µg recombinant ACC in 100 mM 
potassium phosphate, pH 8, 3 mM ATP, 5 mM MgCl2, 50 mM NaH14CO3 (specific 
activity 7.4 MBq mmol-1) and 1 mM acetyl-CoA in a total reation volume of 100 µl. 
The reaction mixture was incubated for 15 min at 30 °C, stopped by addition of 
200 µl 6 M HCl and subsequently evaporated to dryness at 85 °C. The non-volatile 
residue was redissolved in 100 µl of water, 1 ml Ultima Gold™ XR scintillation 
medium (Perkin Elmer) was added and the 14C radioactivity was measured in a 
Packard Tricarb 2000CA liquid scintillation analyzer. Measurements were carried 
out in five replicates and catalytic activities were calculated using a standard curve 
derived from measurements of varying concentrations of NaH14CO3 in reaction 
buffer. 

3.5.7 Author Contributions 

MH cloned, expressed, purified and crystallized fungal ACC constructs, 
determined their structure, and carried out SAXS analysis. ES cloned, expressed 
and crystallized human ACC CD and determined its structure. EM analysis was 
carried out by ES, MH and AH. SI contributed to structural analysis and figure 
preparation. TM designed and supervised work and analyzed crystallographic 
data, all authors contributed to manuscript preparation.  

3.5.8 Accession Codes 

Atomic coordinates and structure factors have been deposited in the Protein Data 
Bank with accession codes 5I6E (SceCD), 5I87 (HsaBT-CD), 5I6F/5I6G (CthCD-
CTCter1/2), 5I6H (CthCD-CT), and 5I6I (CthΔBCCP). 
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3.6 Supplementary Information 

 

Figure 3.5 Structure of SceCD and comparison to HsaBT-CD  
(a) Stereo view of SceCD accompanying Fig 1b. (b) Stereo view of a representative part of 
the electron density in CDC2 of SceCD. Shown is a 2Fo-Fc map contoured at 1 σ. (c) 30° 
rotation of CDC1 between structures of SceCD and HsaBT-CD visualized based on CDC2 
superposition. SceCD is shown in color and HsaBT-CD is shown in gray. Both CDN 
domains and the HsaBT domain were omitted for clarity. The α-helix Lα1 of both structures, 
the domain rotation and the distance between N-termini (shown as spheres) is indicated. 
(d) A 160° rotation relates CDN in SceCD to HsaBT-CD based on a superposition of 
CDL/CDC1. HsaBT domain was removed for clarity. Spheres indicate the N-termini and the 
coloring is as in (c). 
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Figure 3.6 SAXS analysis of fungal ACC  
Scattering curves (a), distance distribution (b) and Kratky plots (c) of full-length CthACC 
(orange) and CthΔBCCP (black) demonstrating that BCCP-deletion has no impact on the 
overall solution structure. For clarity, scattering curves are shown with a y-axis offset. 
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Figure 3.7 Conservation analysis of CthACC  
(a) Cartoon representation of CthCD-CT with one protomer colored according to 
conservation in a gradient from high (red) to low (blue). The second protomer is colored in 
gray. Contact regions of CDN and CDL/CDC1 (asterisk), CDC1 and CDC2 (triangle) and CDC2 
and CT (square) are surrounded by regions of higher conservation. (b) Close-up on the 
edge-like hinge between CDC2 and CT. Highly conserved residues of the RxxGxN motif are 
indicated as well as important strands of CDC2 and CT. The second CT protomer is omitted 
for clarity. (c) Superposition of nine isolated CT crystal structures (gray) onto the CT domain 
of CthCD-CTCter1 (red). The loop preceding the conserved RxxGxN motif is displaced in the 
CD-CT contact by 2.5 Å compared to isolated crystal structures. PDB accession codes of 
structures used for superposition: 1od2, 1uys, 1uyt, 1w2x, 3h0j, 3h0q, 3k8x, 3pgq, 3tv5. 
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Figure 3.8 Negative stain electron microscopy class averages of CthACC illustrating 
its flexibility  
(a) 18031 particles were 2D-classified into 36 classes using the MLF2D method. Classes 
are sorted by number of particles per class, with the highest number at the top left and the 
lowest number at the bottom right. Scale bar: 200 Å. (b) 2D-class averages from negative 
stain EM analysis depict the ensemble of solution conformations of the intrinsic flexibility 
of CthACC. Scale bar: 200 Å. 
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Figure 3.9 Conformational variability in fungal ACC  
(a) Cartoon representation of triangular flACC (PDB accession code: 5csl). In (a) and (b) 
domains are colored according to the linear sequence scheme in (b). (b) Cartoon 
representation of Cth∆BCCP. The orientations of (a) and (b) are based on a superposition 
of the CT domains. Fields of view for panels (c) and (d) are indicated with boxes and eyes. 
(c) Left: Detailed view of the CDC2/CT 120° hinge motion viewed along the rotation axis. 
Cth∆BCCP is colored and flACC is shown in gray for clarity. Corresponding ends of CDC2-
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helices are colored in yellow and magenta. The rotation axis is indicated and the view for 
the right subpanel is indicated with an eye. Right: View onto the rotation axis. (d) 
Conformational states of the CDC1-CDC2 hinge in the non-phosphorylated flACC and in the 
phosphorylated SceCD crystal structures when superimposed on CDC2 domains. Lα1, the 
first N-terminal helix of the CDL domain, is labeled to illustrate the conformational 
differences. The left panel shows the view along the rotation axis, the right panel 
corresponds to a view onto the axis. The position of the phosphorylated Ser1157 in the 
regulatory loop is indicated by a magenta triangle. 
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Figure 3.10 Conformation of phosphorylated CDC1-CDC2 hinge is incompatible with 
BT/CDN conformation in flACC  
(a) Detailed view on flACC (PDB accession code: 5csl) with CT and CDC2 domains shown 
as surface and BT, BCCP, CDN, CDL and CDC1 domains shown as cartoon (b) flACC model 
with the CDC1-CDC2 hinge conformation as observed in the SceCD crystal structure. 
Clashes of BT/CDN with CT and CDN with CDC2, that are caused by the 30° rotation of CDC1 
relative to CDC2 (rotation axis shown in (a)), are indicated with white circles. For orientation, 
the first helix of CDL is labeled in both panels. 
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Figure 3.11 Negative stain electron microscopy of phosphorylated and 
dephosphorylated Sce ACC shows similar degree of conformational flexibility  
Micrographs of phosphorylated (left) and dephosphorylated SceACC (right) are shown side 
by side. Selected particles representing elongated and U-shaped molecules are indicated 
with black and orange arrows, respectively. The scale bar is 200 nm. 
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Table 3.2 Small angle X-ray scattering data collection and processing 
  full-length CthACC CthΔBCCP 

Instrument B21 at 
Diamond Light Source 

B21 at 
Diamond Light Source 

Beam size (mm) 1 x 5 1 x 5 
Wavelength (Å) 1 1 

q range (Å-1) 0.005 - 0.4 0.005 - 0.4 
Detector distance (m) 3.92 3.92 

Temperature (K) 293 293 
Protein concentration (mg/ml) 2.5, 5, 10 2.5, 5, 10 

Scan repeats 30 30 
Total exposure time (s) 300 300 
Capillary diameter (mm) 1.6 1.6 

I(0) (Å-1) [from P(r)] 0.023 0.024 
Rg (Å) [from P(r)] 94 97 

Rg (Å) (from Guinier) 89 ± 2 92 ± 3 
Porod volume estimate (Å3) 1176290 1174390 

Dmax (Å) 350 350 

 

 



 

 

4 Structural Basis for Regulation of Human Acetyl-
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I placed crystal structures in the ACC×Cit filament density and refined the model. I 

did negative stain 2D analysis of non-polymerized ACC in presence and absence 

of citrate. I conducted the streptavidin shift assay to determine biotinylation. I 
prepared figures and aided in manuscript preparation.  
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4.1 Introduction 

Acetyl-CoA carboxylase catalyzes the ATP-dependent carboxylation of acetyl-
CoA, a rate-limiting step in fatty acid biosynthesis36,63. Eukaryotic acetyl-CoA 
carboxylases are large, homodimeric multienzymes. They comprise the biotin 
carboxylase (BC), the biotin carboxyl carrier protein (BCCP) and the carboxyl 
transferase (CT) domain, as well as a BC-CT interaction domain (BT) and a non-
catalytic central domain (CD), which bridge the BC and CT domains (Figure 4.1a)36. 
Acetyl-CoA carboxylation is a two-step reaction: First, a BCCP-linked biotin moiety 
is carboxylated under ATP consumption by BC. Second, the resulting 
carboxybiotin is shuttled to CT and the carboxy-group is transferred onto acetyl-
CoA. Human acetyl-CoA carboxylase occurs in two isoforms: the metabolic, 
cytosolic ACC1 and ACC2, which is anchored to the outer mitochondrial 

membrane and controls fatty acid b-oxidation36,202. Human ACC1, hereafter 

referred to as ACC, is controlled by a complex interplay of phosphorylation, 
binding of allosteric regulators and protein-protein interactions, altogether linked 
to filament formation36,84,88,203,226,227. Filaments were discovered in vitro and in vivo 
50 years ago88,228,229, yet the structural basis for ACC polymerization and regulation 
remains unknown. Here, we identify distinct activated and inhibited ACC filament 
forms. We obtained cryo-electron microscopy (cryo-EM) structures of an activated 

filament allosterically induced by citrate (ACC×Cit) and an inactivated filament form, 

resulting from binding of the BRCT domains of the breast cancer type 1 
susceptibility protein (BRCA1). While non-polymeric ACC is highly dynamic, 
filament formation locks ACC in different, either catalytically competent or 
incompetent conformational states. ACC provides a unique example for enzyme 
regulation via large-scale conformational changes, with potential use for 
engineering of switchable biosynthetic systems. ACC acts as a key regulator of 
lipid biosynthesis; its overactivation is linked to obesity-related diseases36,194,230 
and tumor growth79,196,231; ACC is also a target of antimicrobials125. Dissecting the 
regulation of ACC opens new paths towards counteracting upregulation of fatty 
acid biosynthesis in disease.  
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4.2 Results and Discussion 

In fungal ACC, site-specific phosphorylation in the CD regulates activity by 
controlling the transition between an inactive, open state and an active, closed 
form, which is characterized by BC domain dimerization153,154. Human ACC (Figure 
4.1b) is inactivated via phosphorylation at Ser80, 1201, and 1216 by AMP-
activated protein kinase (AMPK) and at Ser78 and 1201 by cAMP-dependent 
protein kinase (PKA); the Ser80 and 1201 sites have the strongest impact on 
activity84. ACC is further inhibited by its product malonyl-CoA and the fatty acid 
derivative palmitoyl-CoA5. The allosteric activator citrate induces ACC 
polymerization into unbranched filaments of up to one micron in length88, which 
are the most active form of ACC88,226. Additionally, ACC regulation by the tumor-
suppressor BRCA1 has been proposed40. BRCA1 binds to ACC through its C-
terminal tandem BRCT domains (Figure 4.1a)94, which recognize phosphorylated 
Ser1263 in the ACC CD96. Ser1263 is phosphorylated in a cell cycle-dependent 
manner, presumably by a cyclin-dependent kinase (CDK)40,96. BRCA1-binding 
prevents pSer80 dephosphorylation and thus inhibits ACC activation40. Mutations 
in the BRCT domains abolish BRCA1 binding to ACC, resulting in elevated 
lipogenesis, which is a prerequisite for cancer cell growth40,94. 
 

 
Figure 4.1 Domain organization and regulation of ACC  
(a) Domain organization of ACC and BRCA1; colors are used throughout the manuscript. 
Selected ACC phosphosites are indicated. The BRCA1 BRCT domain has been reported 
to interact with ACC via pSer1263. (b) Overview of ACC regulation. Activation and 
polymerization are shown in green, inhibition in red, and BRCA1 binding in blue. Sterol 
regulatory element-binding protein (SREBP) controls ACC expression, other effects are at 
the protein level. (c) Specific activity of phosphorylated and dephosphorylated ACC in 
presence and absence of citrate. (d) Negative stain electron micrographs of three types of 
ACC filaments, scale bar is valid for all panels. (e) Activity of ACC in presence of citrate and 
palmitoyl-CoA. Three individual measurements each are shown for (c) and (e). 
 
ACC was produced in insect cells; mass spectrometry confirmed phosphorylation 
on Ser80 (76 %) and Ser1263 (94 %). Dephosphorylated protein was obtained by 

a

b

BCCP

2346BT CDC1CDN CDC2CDL

RING BRCT

1863
PP

Ser80 Ser1263

ACC

BRCA1

Dephospho-
rylation

Polymerization

Ser80

Ser1263

BC CT

c

Citrate - + - +

Ac
itiv

ity
 [µ

m
ol

 m
in

-1
m

g-1
]

Phosphorylated Dephosphorylated

e

ACC·BRCT ACC·CitPalmACC·Cit

50 nm

d

1:0 1:1 1:1
0

1:2
0

1:1
00

1:1
00

0
0

2

4

6

8

ACC:Palmitoyl-CoA

6.4
4
6.3

9
6.4

7

4.6
1
4.9

3
4.6

7

2.5
5
2.5

5
2.7

8

1.8
0
1.8

8
1.7

7

0.4
0
0.4

9
0.4

9

0.0
0
0.0

3
0.0

0

0

2

4

6

8

10

1.6
5

1.6
5

1.5
4

0.0
8

0.0
5

0.0
5 0.3

2
0.2

6
0.2

9

7.4
6

7.6
4

7.0
0

FAS

SREBP

CDK

BRCA1

P

AMPK

ACCACCACCACCACCACCACC

P

binds
Citrate

Acetyl-CoA

Malonyl-CoA

Palmitoyl-CoA

Ac
itiv

ity
 [µ

m
ol

 m
in

-1
m

g-1
]

ACC

binds



4 Structural Basis for Regulation of Human Acetyl-CoA Carboxylase   

 100 

l-phosphatase treatment, and it is five times more active than phosphorylated 

protein (Figure 4.1c). Addition of citrate to dephosphorylated ACC induces 

formation of the previously described ACC×Cit filaments (Figure 4.1d). Addition of 

palmitoyl-CoA to preformed ACC×Cit filaments at ten-fold molar excess, sufficient 

for ACC inhibition (Figure 4.1e), induces a transition to another, apparently related 

filament form (ACC×CitPalm) (Figure 4.1d). BRCT binding to phosphorylated ACC 

yields a novel type of ACC filament (ACC×BRCT), which is distinct in architecture 

from ACC×Cit or ACC×CitPalm filaments (Figure 4.1d and Figure 4.6). 

  
ACC filaments are highly flexible and form a clustered meshwork on EM grids 
(Figure 4.7a). Extensive screening yielded suitable samples for cryo-EM studies of 

ACC×Cit and ACC×BRCT filaments. Helical symmetry was evident from raw images; 

however, helical processing was not applied due to the large repeating unit and 
the pronounced curvature of filaments. Single-particle analysis yielded 
reconstructions at resolutions between 4.6 Å and 5.9 Å as judged by Fourier shell 
correlation (0.143 threshold criterion) for different filaments and filament regions 
(Table 4.1, Figure 4.7 and Figure 4.8). Map quality was locally improved using post-
map symmetry averaging (Figure 4.9). Except for the peripheral BRCT and BC 

regions in the ACC×BRCT filament, all secondary structure elements were clearly 

resolved. Crystal structures for individual domains were fitted into EM maps. 
Dimeric BRCT domains were unambiguously placed based on their interaction with 
pSer1263 located on a flexible loop (amino acids 1257 - 1283) in the ACC CDC1 
domain, despite lower local resolution (Figure 4.8c). 

 

Upon addition of citrate, dephosphorylated ACC assembles into filaments of 0.5 
to 1 µm length with a helical twist of approximately 120° and a rise of 154 Å (Figure 
4.2a and b and Supplementary Video 1). In the cryo-EM maps all domains, 
including the flexibly tethered carrier protein, are resolved. The filament assembles 
by lateral stacking of ACC dimers, which resemble the triangular, closed 
conformation previously observed for yeast ACC (Figure 4.2c): Two BC domains 
form a dimer, which has been recognized as a prerequisite for BC activity153. 
Citrate-induced filament formation thus locks ACC into an active conformation, 
which is neither considerably populated for non-filamentous ACC in conditions 
lacking citrate (Figure 4.10a), nor for residual non-polymerized ACC in citrate-
containing conditions (Figure 4.10b and c). 
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Figure 4.2 ACC×Cit filament structure  
(a) ACC×Cit filaments (surface representation) assemble from closed ACC dimers. Rise, 
twist, width and ACC dimer extent are indicated. Left: filament with one dimer in domain 
colors, right: filament colored by domains. (b) Top view of ACC×Cit filament, helical curls 
marked by asterisks. (c) Closed ACC dimer in ACC×Cit filaments shown with EM map at 
contour level 0.0172. Yellow stars mark active sites. Domains of one protomer are labelled. 
(d) BCCP is positioned at the CT active site. One ACC×Cit dimer (cartoon representation) is 
shown together with the EM map at contour level 0.0158. CT and BC active sites are 
marked by blue and red stars, the distance between is indicated. BCCP linkers are shown 
as bold tubes. The 120° rotation moving BCCP to the BC is indicated. 
 
In the two-step ACC reaction, the biotin moiety on BCCP is carboxylated by BC 
and then shuttled to the CT. Notably, in the EM map, BCCP is unambiguously 
located at the CT active site with ordered flanking BCCP-linkers (Figure 4.2d), 
strongly indicating that CT acts as a docking platform for BCCP in the resting state 

of ACC×Cit filaments. Additional density for the biotin moiety linked to BCCP is 

observed (Figure 4.10d, e and f). The BC active site is located at a distance of 80 
Å to the CT active site. A simple 120° rotation of BCCP around hinges in the 
connecting linkers is sufficient to switch position between the two active sites 
(Figure 4.2d). 
 

Inter-dimer interactions in ACC×Cit filaments are mediated by the CD. The CDN 

domain of molecule A contacts CDL/CDC1 of molecule A+1, and vice versa (Figure 
4.2a and Figure 4.11a). This interface is based on the docking of a loop between 

helices Na4 and Na5 of CDN into a cradle formed by strand b1 of the b-sheet of 

CDC1 and helices La2 and La4 of CDL (Figure 4.11a, b and c). The patches involved 

in this interface are highly conserved amongst metazoans, with ACC polymers 
observed for avian, murine and bovine ACC88,91, but are less conserved for fungal 
ACCs (Figure 4.11d). Superimposition with the structure of yeast ACC (SceACC, 
PDB ID: 5csl) indeed suggests that the yeast enzyme is incompatible with the 

CDC2

CDL

CDC1

CT

CDN

BC

BT BCCP

c

b
*

*

*

A+1

A-1

A-2

A

A+2

a 180Å

twist 
~120°

twist ~120°

AC
C

 d
im

er
 1

96
 Å

ris
e 

15
4 

Å
d

BT

CDN

BCCP

CT

BC

80Å 120°

Curl



4 Structural Basis for Regulation of Human Acetyl-CoA Carboxylase   

 102 

observed mode of filament formation (Figure 4.11b and c). It cannot be excluded, 
however, that flexibility of involved loop regions or slight variations in helical 
symmetry might allow ACC polymerization in fungi. To our best knowledge, no 
polymeric forms of purified fungal ACCs have been reported. Two recent studies 
visualized fungal ACC in vivo in elongated foci using wide field or confocal 
microscopy135,232, however, without providing further support for direct 
polymerization of ACC. 
 

The activated ACC×Cit filament selects for a dimeric BC arrangement, although the 

BC domains are not directly involved in filament assembly. Conformational 
restriction of the CD is apparently sufficient for stabilizing BC dimerization. 
Nevertheless, disturbed BC dimer interfaces, e.g. in response to Ser80 
phosphorylation, as proposed previously 153, could still be compatible with this 
filament form (Figure 4.6). 
 
Addition of a 10-fold molar excess of the feedback-inhibitor palmitoyl-CoA 
reduces activity of citrate-activated ACC by approximately 60% (Figure 4.1e). It 

also disturbs the architecture of preformed ACC×Cit filaments resulting in another 

filament form, which we have termed ACC×CitPalm (Figure 4.1d). ACC×CitPalm forms 

within minutes from ACC×Cit and is stable for hours. Only at considerably higher 

palmitoyl-CoA concentrations, ACC×CitPalm filaments start to dissociate, possibly 

due to palmitoyl-CoA acting as detergent (Figure 4.12a). In ACC×CitPalm, the helical 

backbone is thinned, and globular satellites flank the sides of filaments. We 
assume that the two filament forms are related and that the inter-protomeric 

backbone of ACC×Cit is also present in ACC×CitPalm. The most likely candidate for 

the globular satellites is the BC domain, which has been observed in monomeric 
and dimeric form for fungal125 and human ACC2127, and is not part of the filament 
spine. We hypothesize that binding of palmitoyl-CoA leads to conformational 
changes, possibly in the CD or the BC dimer interface, resulting in BC dimer 
destabilization (Figure 4.12b) and, therefore, reduced catalytic activity. 
Upon binding of BRCT, phosphorylated ACC forms previously uncharacterized 
two-stranded filaments with triangular cross-section and, for each strand, a helical 
twist of approximately 120° and a rise of 190 Å (Figure 4.3a, b and c and and 
Supplementary Video 2).  
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Figure 4.3 ACC×BRCT filament structure  
(a) The two strands in ACC×BRCT filaments (surface representation) are shown in blue and 
yellow. Rise and twist for one strand, width, and ACC dimer extent are indicated. (b) The 
BRCT dimer (coral, indicated) is positioned at the periphery of the filament. Filament in gray 
with one ACC dimer colored by domains. (c) Filament top view illustrating the triangular 
shape and central positioning of the a-helical curl. Helical twist is indicated. (d) Inverse Z-
shaped ACC dimer shown with EM map. Yellow stars mark active sites. Domains of one 
protomer are indicated. Map contour level (0.007) was chosen to reveal density of all 
domains.  
 
Each strand assembles from open Z-shaped ACC dimers that are aligned along 
the filament axis (Figure 4.3d). Dimeric BRCT domains are laterally decorating the 
filament (Figure 4.3b) and interlink adjacent ACC dimers. The filament consists of 
protein-dense nodes interconnected by arm-like protrusions (Figure 4.12c, d and 
e). Due to the extended Z-shape, each dimer contributes to three consecutive 
nodes, and a single node is composed of the two CT domains of molecule A, one 
copy each of the CDC1, CDL, CDN, BT, BCCP and BC domains of molecules B and 
B-1, as well as a dimer of BRCTs interlinking the CDC1 domains of molecules B and 
B-1 (Figure 4.4 and Figure 4.12f and g). The connecting arms are formed by CDC2 
domains (Figure 4.12e), which contact the same protomer’s CDN and CDC1 in one 
node and CT in the preceding node with interface areas of 430 Å2, 870 Å2, and 450 
Å2, respectively. 
 
The inter-strand interactions are formed in the center of the nodes, where four-

helix bundles of the a-helical CDN domains from molecules B and B-1 form an 

interface of approximately 900 Å2 with the C-terminal a-helical curl and the 

preceding a-helical extensions of the CT domain of molecule A (Figure 4.4a). The 

helical curl had previously been linked only to CT dimer stabilization and 
compound binding233, but apparently plays a central role in organizing the 

ACC×BRCT filament. The C-terminal 85 amino acids of CT are indeed highly 
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conserved between human and other mammalian ACCs with 52-75% pairwise 
sequence identity, while the sequence identity to the C-terminus of yeast ACC CT 
is only 13%233. The four-helix bundle of the CDN domain is involved in both the 

inter-strand interactions in the ACC×BRCT as well as in the inter-dimer interfaces 

of ACC×Cit. The BC in ACC×BRCT is monomeric, thus ACC×BRCT filaments 

represent an inhibited form of ACC125,153,154. Within one node (Figure 4.4a) the 
distance between the active sites of the BC domains of molecules B and B-1 is 
143 Å and the distance to the active site of CT of molecule A is only 70 Å, which is 

shorter than the corresponding distance in the active ACC×Cit filament. However, 

even if the BCs were in a catalytically competent state despite being monomeric, 
the BCCP domains would sterically not be able to reach any of the active sites. 
 

Figure 4.4 Inter- and intro-strand interactions in ACC×BRCT filaments  
(a) (top) ACC×BRCT filament with protomers from two strands labeled and cross-section 
plane indicated. (middle) Cross-section reveals binding of the CDN four-helix bundle to the 
a-helical extension and the curl as main inter-strand interaction. One instance of each 
domain is labeled, colored outlines indicate protomer connectivity. (bottom) Zoom-in 
(rotated) on interaction area. (b) (top) ACC×BRCT filament with protomers from one strand 
labeled. (middle and bottom) Zoom-in onto the CDC1-BRCT interaction. Each protomer of 
dimeric BRCTs binds to one phosphosite loop. Outlines show connectivity, dashed lines 
indicate non-modelled residues. The phosphosite loop is shown in bold. Figure 4.12g 
provides an enlarged view. 
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The inverse Z-shape of ACC dimers in ACC×BRCT is an intermediate between the 

open, inactive conformation of Chaetomium thermophilum (CthACC)154 and yeast 

ACC234 and the closed, active form of non-polymeric yeast ACC or the human 

ACC×Cit filaments (Figure 4.13a). The distinct conformations of human ACC dimers 

arise from hinge bending in the CD (Figure 4.13b, c and d). In ACC×BRCT, the BC 

domain is placed such that its B-domain cap resides in the letter C-shaped CDN 
domain (Figure 4.13e) with increased conformational variability based on map 
quality. Notably, the positions of BT and BCCP relative to CDN are largely 

conserved between ACC×Cit and ACC×BRCT (Figure 4.13f). However, the BCCP in 

ACC×BRCT, analogous to the BC, is more flexible and not docked to the CT active 

site as in ACC×Cit (Figure 4.2d and Figure 4.13g).  

 

The intra-strand connections in ACC×BRCT are mediated by CDC1 domains of 

successive ACC molecules. These domains form only a minimal contact area of 

100 Å2. ACC×BRCT filaments are not observed in the absence of the BRCT 

domains (Figure 4.6), indicating that the CDC1 contact is not sufficient to 
independently establish stable polymerization (Figure 4.4b). The CDC1 domain 
comprises the phosphosite loop (amino acids 1257 – 1283), which was disordered 
in the crystal structure of the ACC BT-CD region154 and contains the regulatory 
pSer1263. The phosphosite loop provides the binding site for BRCT, as previously 
demonstrated by the structure of a monophosphorylated peptide mimic (1258-
DSPPQ-pS-PTFPEAGH-1271) bound to monomeric BRCT96. 
 

In ACC×BRCT, however, a dimer of BRCT domains binds to the (partially 

disordered) phosphosite loops of the CDC1 domains of successive ACC dimers in 
one strand. The BRCT domains interact with an interface area of approximately 
800Å2 in the BRCT dimer, which is held in place mostly by interaction with the 
protruding phosphosite loops (Figure 4.4b and Figure 4.12f and g), and only 
marginally contacts the ACC filament core (~100 Å2 interface area). An equivalent 
mode of BRCT dimerization has been observed for BRCT interactions with 
peptides of the abraxas protein: Monophosphorylated abraxas peptides interact 
with monomeric BRCT, while peptides that contain a second pSer preceding the 
first phosphosite form dimeric BRCT-phosphopeptide complexes235. In ACC, 
Ser1259 precedes the canonical BRCT pSer1263 recognition site. Phosphorylation 
of the Ser1259-equivalent residue was observed in vivo in murine ACC236, and 
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Ser1259 is partially phosphorylated also in insect cell-expressed human ACC used 
here. Size-exclusion chromatography coupled to multi-angle laser light scattering 
of BRCT in the presence of mono-phosphorylated (1255-CFSDSPPQ-pS-
PTFPEAG-1270) and di-phosphorylated (1255-CFSD-pS-PPQ-pS-PTFPEAG-
1270) ACC peptides supports formation of a dimeric BRCT-di-phosphopeptide 
complex (Figure 4.13h). This propensity for the formation of dimeric complexes 
enables BRCT to act as a molecular clamp for interlinking ACC dimers in 

ACC×BRCT and explains the dependence of formation of this filament type on 

BRCT. Interaction with full-length BRCA1 inhibits dephosphorylation of pSer80 in 
ACC40. This effect is not directly explained by the binding of dimeric BRCT, which 
comprises only 213 out of 1863 amino acids of BRCA1. However, the minimal 

distance between BRCT and the pSer80-containing BC domains in ACC×BRCT is 

only 40 Å, compatible with a sequestration of pSer80 by other regions of BRCA1 
after BRCT recruitment. 
 
The EM reconstructions reveal the regulation of ACC activity by formation of 
distinct filament types (Figure 4.5), although the binding of the activator citrate itself 
cannot be visualized at the current resolution. Non-polymeric ACC dimers sample 
catalytically competent and incompetent states. Citrate locks ACC in a catalytically 

competent state by formation of ACC×Cit filaments (Figure 4.5). Notably, also the 

non-polymerizing yeast ACC is regulated via conformational locking: 
Phosphorylation at Ser1157 and subsequent binding of the pSer1157 to a 
positively charged crevice in CD disfavors formation of the active, closed 
dimer153,154,234. Citrate binding in human ACC might as well exert its effect via CD, 
although also binding at the BC dimer interface has previously been suggested237. 
The inhibitor palmitoyl-CoA modifies citrate-induced filaments, presumably 
resulting in reversible release of BC dimerization. AMPK-mediated Ser80 
phosphorylation has also been proposed to disturb BC dimerization153,234. 
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Figure 4.5 ACC polymerization integrates regulatory signals  
AMPK phosphorylates Ser80 of dimeric ACC in response to the cellular energy state, while 
Ser1263 is phosphorylated in a cell cycle-dependent manner. Upon binding of citrate, ACC 
with unphosphorylated Ser80 forms activated ACC×Cit filaments with dimeric BC domains. 
ACC yields malonyl-CoA for fatty acid biosynthesis. The feedback inhibitor palmitoyl-CoA 
modifies ACC×Cit filaments, potentially by disrupting BC dimerization. Binding of BRCA1 
BRCT domains at pSer1263 results in formation of inactivate ACC×BRCT filaments with 
monomeric BC domains. Gray circles provide zoom-ins onto BC organization. Binding of 
full-length BRCA1 inhibits dephosphorylation of pSer80 and pSer1263. 
 
BRCA1 contributes to cell cycle-dependent regulation of fatty acid biosynthesis 
and lipogenesis in adipose tissue by interaction with ACC40. Our results 
considerably extend prior work on the interaction of cytosolic ACC with BRCT 
domains of BRCA1, which is primarily localized to the nucleus, but also occurs in 
the cytosol238. The interaction of dimerizing BRCT domains with ACC phosphosite 
loops induces polymerization of open, extended ACC dimers into double-stranded 

ACC×BRCT filament with a distinct CD conformation and monomeric BC domains 

(Figure 4.5). BRCA1 has been reported to keep ACC in an inactivated state via 

protection of pSer80 against dephosphorylation95. In the ACC×BRCT filament, the 

corresponding interaction is not visualized, yet it may well be explained by the 
resultant proximity of full-length BRCA1 to an exposed Ser80 in the monomeric 
BC domain. Further studies will be required to confirm and define the in vivo 

interplay of the ACC-BRCA1 complex and consequences for the regulation of both 
proteins. 
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ACC is a textbook example for the formation of regulatory filaments of metabolic 
enzymes134. It plays a central role in metabolism and its up-regulation is linked to 
cancer and obesity-related diseases. By identifying distinct interactions in ACC 
filaments our data also provide a structural basis for manipulating ACC 
polymerization in vitro and in vivo, e.g. to interfere with ACC overactivation.  
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4.4 Methods 

4.4.1 Protein Expression and Purification 

Full-length ACC1 (amino acids 1-2346, Genebank accession #Q13085) was cloned 
into a modified pACEBACI (Geneva Biotech) expression vector containing a 
GATEWAY (LifeTechnologies) cassette with N-terminal His10-Myc-FLAG tag 
according to the manufacturer’s manual. Bacmid and virus generation was carried 
out in Sf21 cells (Expression systems) in Insect-Xpress medium (Lonza), following 
the MultiBac instructions. No mycoplasma contamination was detected using the 
MycoAlert™ Mycoplasma Detection Kit (Lonza). The cells were harvested three 
days after infection by centrifugation and stored at –80 °C until further use. The 
cell pellets were dissolved in lysis buffer (50 mM Tris-HCl pH 8.0, 150 mM NaCl, 

40 mM imidazole, 2.5 mM MgCl2, 5% glycerol, 5 mM b-mercapto-ethanol (b-ME)) 

with addition of a spatula tip of DNaseI, lysed by sonication and the lysate was 
cleared by ultracentrifugation. Soluble protein was purified by immobilized metal 
affinity chromatography using Ni-charged resin (Genscript, Ni-IMAC). After elution 
from the Ni-IMAC, the buffer was exchanged to gel filtration buffer (20 mM Bicine 
pH 8, 150 mM NaCl, 5% Glycerol, 5 mM TCEP) using a SephadexTM G-25 (GE 
Healthcare) column. To ensure highest biotinylation levels, ACC was biotinylated 
in vitro over-night in a reaction containing 50 mM Tris-HCl, pH 8.0, 16 mM Bicine 

pH 8, 5.5 mM MgCl2, 180 mM NaCl, 3 mM ATP, 14% glycerol, 4 mM TCEP, 0.5 
mM biotin and 3.7 µM BirA. The degree of biotinylation was assessed by gel shift 
upon streptavidin binding (Figure 4.10d): 0.5 µg ACC were incubated at ratios of 
2:1, 1:1, 1:2 and 1:5 with streptavidin (Sigma) for 30 min at room temperature. 
Samples were analyzed by SDS-PAGE using a 4-15% Mini-PROTEAN® TGXTM 

Precast Gel (Biorad). The buffer was exchanged again, and ACC was concentrated 
using a 100’000 MWCO centrifugal concentrator (Amicon) and polished by size-
exclusion chromatography (Superose 6, GE Healthcare). Dephosphorylated ACC 
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was obtained after over-night incubation with l-protein phosphatase (New 

England Biolabs) prior to the last gel filtration step. The removal of the phosphoryl 
groups to 92% completion was confirmed by mass spectrometry. Purified ACC 
was concentrated to 4 mg/ml and 2.7 mg/ml for phosphorylated and 
dephosphorylated protein, respectively, in gel filtration buffer. Coding sequences 
for human BRCA1 BRCT domains (Genebank accession #BC115037), delivered in 
pCR-BluntII-TOPO vector, were sub-cloned into pETG-10A (EMBL) and expressed 
in arabinose-inducible One Shot® BL21-AI™ E. coli (ThermoFisher, C607003) 

overnight at 16 °C. Cells were harvested, dissolved in lysis buffer (50 mM Tris-HCl 

pH 8.5, 150 mM NaCl, 25 mM imidazole, 2 mM MgCl2, 5% glycerol, 5 mM b-ME) 

and lysed by sonication. The protein was purified by Ni-IMAC and size-exclusion 
chromatography (Superdex200, GE Healthcare) and concentrated to 7.8 mg/ml in 
ACC gel filtration buffer. Proteins were stored at -80 °C after flash-freezing in liquid 
nitrogen. 

4.4.2 ACC Polymerization and Negative Stain Electron Microscopy 

The small protein modifier MIG12 has been has been reported to be involved in 
ACC filament formation22, however in our in vitro experiments with purified 
components, the presence of MIG12 is not necessary for the formation of the 

ACC×Cit or other filament forms in this study. To form ACC×Cit filaments, 

dephosphorylated ACC was dialyzed over-night against 50 mM Hepes/KOH pH 

7.5, 10 mM K3Citrate, 0.1 mM EDTA, 5mM b-ME and diluted to 20-40 µg/ml in the 

same buffer without b-ME. The same treatment was applied to phosphorylated 

protein, which yielded aberrant filaments and rings (Figure 4.6). In order to obtain 

ACC×BRCT filaments, phosphorylated ACC was mixed with an 8-fold molar excess 

of BRCT domains and incubated at room temperature for 1 hour, before dilution 
using gel filtration buffer to 25 µg/ml. The same treatment was applied to 
dephosphorylated protein, which did not result in filament formation (Figure 

4.6).For ACC×CitPalm filaments, ACC×Cit were prepared and palmitoyl-CoA was 

added in 10-fold molar excess. Phosphorylated and dephosphorylated ACC was 
diluted using gel filtration buffer to 25 - 40 µg/ml to obtain the ACC protomer 
samples. All negative stain grids were prepared by applying 5 µl of protein solution 
to 200-mesh carbon-coated copper grids (prepared in-house). The sample was 
allowed to adsorb for 5 s. Subsequently, the grids were washed three times with 
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the corresponding buffer and once with water, before two rounds of staining using 
2% uranyl acetate for five and 20 seconds, respectively. Negative stain 
micrographs were acquired on a Philips CM-100 TEM at a nominal magnification 
of 92k x.  

4.4.3 Negative stain electron microscopy data collection and 
processing 

Grids of human ACC protomers were prepared as described above and imaged 
on an FEI Talos TEM at 200 kV equipped with an FEI Ceta 16M Pixel CMOS 
camera. Data was collected at a nominal magnification of 73k x resulting in a pixel 
size of 2.01 Å. 251 images were collected and contrast transfer function (CTF) was 
estimated using gCTF34. 22,005 Particles were picked semi-automatically using 
boxer implemented in EMAN235. Iterative 2D classification was carried out using 

Relion36 to yield 2D class averages containing 9,920 particles. Grids of ACC×Cit 

filaments were prepared as described above and imaged on an FEI Talos TEM at 
200 kV equipped with an FEI Ceta 16M Pixel CMOS camera. Data was collected 
at a nominal magnification of 57k x resulting in a pixel size of 2.59 Å. 702 images 
were collected and CTF was estimated using gCTF. 14,392 Particles were picked 
manually using Relion. Iterative 2D classification was carried out using 
cryoSPARC37 to yield 2D class averages consisting of 2,379 particles. 

4.4.4 Cryo-EM grid preparation and data collection 

For ACC×Cit filaments, dephosphorylated ACC was dialyzed over night against 50 

mM Hepes/KOH pH 7.5, 10 mM K3Citrate, 0.1 mM EDTA, 5mM b-ME. For initial 

grids, the protein was diluted to 300 µg/ml using the same buffer without b-ME, 

and Lacey grids (Carbon Cu 300 mesh, TED PELLA INC) were prepared using a 
FEI Vitrobot Mark IV (4 °C, 3 s blotting time) with 4 µl sample. Optimized grids were 
prepared as described above, however, the protein was diluted to 400 µg/ml; n-

Dodecyl-b-D-maltoside (DDM) was added to 17 µM and the mixture was incubated 

for 1 h at room temperature. To obtain ACC×BRCT filaments, phosphorylated ACC 

(4 mg/ml) was mixed with an 8-fold molar excess of BRCT and dialyzed against 
gel filtration buffer without glycerol. Filaments were diluted to 0.75 mg/ml directly 
before applying to the grids. Lacey grids (Carbon Cu 300 mesh, TED PELLA INC) 
were prepared using a FEI Vitrobot Mark IV (4 °C, 3.5 s blotting time). Samples 
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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). Images were recorded at 300 kV at a nominal magnification of 130k x in 
super-resolution mode with a pixel size of 0.529 Å per super-resolution pixel on 

the specimen level, applying a defocus range of -1 µm - -2.5 µm for ACC×Cit and -

1 - -3.5 µm for ACC×BRCT in dose fractionation mode. For ACC×Cit filaments, 40 

frames, at ~1 e−/Å2/frame (yielding a total dose of 40 e−/Å2) were recorded; for 

ACC×BRCT filaments 80 frames, at ~1 e−/Å2/frame with a total dose of 80 e−/Å−2 

were recorded.  

4.4.5 Image processing 

For ACC×Cit filaments, 13,671 movies were recorded using SerialEM38. Recorded 

movies were pre-processed online with FOCUS39. Movies were Fourier-cropped 
from 8k to 4k, resulting in an effective pixel size of 1.058 Å, aligned and corrected 
for beam-induced motion using Motioncor240. CTF was estimated using 
CTFFIND4.141. Poor quality micrographs were rejected by CTF resolution 
estimation (> 10 Å), sample drift (> 80 Å) and by defocus values (< -0.5 and > -3.5) 
in FOCUS. 247,337 particles were boxed manually using Relion 2.0.3 from 13,671 
micrographs42, and all further processing steps were conducted in Relion 2.1b1, 
unless mentioned otherwise (Figure 4.7). 2D classification was performed using 
cryoSPARC and the resulting 174,224 particles were used for an ab-initio 
reconstruction. This model was then used as starting model for 3D classification 
in Relion. The model with the highest population was used for placement of ACC 
domain crystal structures (BC: PDB ID 2yl2, CD: 5i8717, CT: 4asi) and subsequent 
mask creation. A masked 3D classification was performed and the two classes 
with the highest population were selected for a focused 3D refinement with 
147,822 particles yielding a map at 6.6 Å resolution. Movie refinement, particle 
polishing, and subsequent additional 3D classification yielded a population of 
131,062 particles, which were used for a final focused 3D refinement. Post 
processing yielded a map at 5.4 Å resolution as judged by Fourier shell correlation 
using the 0.143 threshold criterion43. Local resolution was determined by ResMap 
using half-map reconstructions44. Applying global C2 symmetry during 
reconstruction did not improve the overall map quality or resolution considerably. 

For ACC×BRCT filaments, 3,233 movies were recorded, aligned and corrected for 
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beam-induced motion using Motioncor240 (Figure 4.8). Poor quality micrographs 
were rejected by CTF resolution estimation (gCTF34, > 6 Å), sample drift (> 80 Å) 
and by defocus values (< -0.5 and > -3.5). Particles were boxed semi-automatically 
using Relion 2.0.1, and all further processing steps were conducted in Relion 2.0.1, 
unless mentioned otherwise (Figure 4.8). Unsupervised 2D classification was 
performed using 67,903 particles from 2,924 micrographs, and particles that did 
not contribute to high-resolution class averages were excluded from further 
refinement steps. An initial model was generated using e2initialmodel.py 
implemented in EMAN235, filtered to 50 Å and used for 3D classification into 4 
classes. Particles from the two classes with highest population (44,997) were used 
for 3D refinement, yielding a map at 9.7 Å. The quality of the map was significantly 
increased during post processing and movie refinement to 7.7 Å. This map was 
used to unambiguously dock the individual crystal structures listed above, yielding 
a first model that was used to create two masks. The first mask contained the core 
particle consisting of CT, CD and BT. The second mask contained four full nodes. 
The particles were re-classified with imposed C2 symmetry and a focused 
refinement using the core mask yielded a map at 6.6 Å. After post processing using 
the two different masks and movie refinement, the resolution of the maps was 
increased to 4.6 Å and 5.9 Å, respectively, at a Fourier shell correlation using the 
0.143 threshold criterion43. The local resolution was determined by ResMap using 
half-map reconstructions44. 

4.4.6 Model building and refinement 

Using the highest resolution maps of both filaments, crystal structures of ACC as 
well as BRCA1 BRCT domains (PDB ID: 4y1828) were manually placed and then 
rigid body fitted into the maps using Chimera45 and Coot46. Post-map averaging 
based on additional local two-fold symmetry combined with adjusted B-factor 
sharpening further increases map quality (Figure 4.9), and has been used in model 
building, but not for final map representation. Local FSC calculations were done 
using the localfsc Chimera plugin47. Applying complete domain-wise local 
symmetry operators during refinement in Relion did not yield substantially better 
maps or resolution. 
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An atomic model of human ACC was created, first for the higher resolution 

ACC×BRCT filament, based on the available high-resolution crystal structures of 

human ACC domains and a homology model of human ACC BCCP based on yeast 
ACC BCCP generated by SWISSMODEL48. Loop regions were excised from or 
added to the model based on EM maps. The phosphorylated Ser1263 and the 
surrounding loop directly bound to the BRCT domains were modeled according to 
the ACC phosphopeptide-BRCT co-crystal structure (PDB ID 3COJ21). All models 
were protonated and refined using rigid body refinement, gradient-driven 
minimization and simulated annealing refinement implemented in 
phenix.real_space_refine49, employing NCS- and reference model restraints, 

followed by a final round of ADP refinement. The final model of ACC×Cit comprises 

residues 102-511; 524-543; 556-1188; 1230-1256; 1284-1333; 1352-1518 and 

1525-2338. ACC in the final ACC×BRCT filament model (mask 2) comprises 

residues 102-267; 278-511; 524-543; 554-617; 625-707; 714-748; 752-821; 832-
839; 848-1188; 1230-1256; 1261-1270; 1284-1333; 1352-1430; 1436-1549; 1554-
1560 and 1564-2335. The BRCT domains of BRCA1 comprise residues 1648-

1859. The final ACC×BRCT model (mask 1) comprises residues 625-707; 714-748; 

832-839; 848-1188; 1230-1256; 1258-1333; 1352-1430; 1436-1550; 1554-1560 
and 1565-2337. Data collection parameters and refinement statistics are 
summarized in Table 4.1. 
 
Interface areas were computed using PDBePisa server50; the values obtained are 
only approximate values and provided as such, due to the uncertainty of side chain 
positioning at the given resolution. Twist and rise of the filaments was determined 
using lsqkab implemented in the CCP4 suite51 and are provided as approximate 
values due to the inherent bending and twisting along assembled filaments 
observed in the EM micrographs. The ACC-BRCT filament could alternatively be 
described also as a right-handed single-stranded helix with a helical twist of ~120° 
and a rise of 95 Å. Protein alignment was calculated using Muscle align52. Figures 
of models and EM maps were generated using PyMOL (Schrödinger), Chimera and 
ChimeraX45,53. 
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4.4.7 Size-exclusion chromatography coupled to multi-angle light 
scattering 

SEC-MALS measurements were performed for samples of 2 mg/ml BRCT without 
phosphopeptide, with mono-phosphorylated peptide (ACC_p1, 1255-
CFSDSPPQpSPTFPEAG-1270) and di-phosphorylated peptide (ACC_p2, 1255-
CFSDpSPPQpSPTFPEAG-1270), at room temperature (26 °C) in gel filtration buffer 

using a GE Healthcare Superdex 75 increase 5/150 GL column on an Agilent 1260 
HPLC; (phospho)peptides were obtained commercially by chemical synthesis 
(Genscript). Elution was monitored using an Agilent multi-wavelength 
absorbance detector, a Wyatt Heleos II 8+ multiangle light scattering detector and 
a Wyatt Optilab rEX differential refractive index detector. The column was 
equilibrated overnight in running buffer to obtain stable baseline signals from the 
detectors before data collection. Inter-detector delay volumes, band broadening 
corrections, and light-scattering detector normalization were calibrated using an 
injection of 2 mg/ml BSA solution (ThermoPierce) and standard protocols in ASTRA 
6. Weight-averaged molar mass (Mw), elution concentration, and mass 
distributions of the samples were calculated using the ASTRA 6 software (Wyatt 
Technology). 

4.4.8 Activity assays 

The catalytic activity of ACC was measured by following the incorporation of 
radioactive 14C into acid-stable non-volatile product54. The reaction mixture 
contained 0.125 μg recombinant ACC (4.7 nM) in 50  mM Hepes-KOH, pH 7.5, 3 

 mM ATP, 6  mM MgCl2, 50  mM NaH14CO3 (specific activity 7.4  MBq mmol−1), 1 mM 
acetyl-CoA, 8 mM K3Citrate, 150 nM MCR55 and 0.5 mM NADPH. The specific 
activity of MCR towards the ACC product malonyl-CoA, under expense of NADPH, 
was exploited to sequester malonyl-CoA (a potent inhibitor of ACC) from the 
reaction mixture. The total reaction volume was 100 μl. The reaction mixture was 
incubated for 10 min at 32 °C, stopped by addition of 80 μl 6  M HCl and 
subsequently evaporated to dryness at 85 °C. The non-volatile residue was 
redissolved in 100 μl of water, 1 ml Ultima Gold XR scintillation medium (Perkin 
Elmer) was added, and the 14C radioactivity was measured in a Packard Tricarb 
2000CA liquid scintillation analyzer. Measurements were carried out in three 
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replicates and catalytic activities were calculated using a standard curve derived 
from measurements of varying concentrations of NaH14CO3 in reaction buffer. 

4.4.9 Data Availability 

The cryo-EM map of ACC×Cit has been deposited in the EM Databank as EMDB-

4342 and the corresponding model in the Protein Data Bank as PDB ID 6g2d. The 

cryo-EM maps of ACC×BRCT have been deposited in the EM Databank as EMDB-

4343 and EMDB-4344 and the corresponding models in the Protein Data Bank as 
PDB ID 6g2h and 6g2i. 

4.4.10 Statistics and Reproducibility 

Polymerization of ACC into the distinct filaments was fully reproducible in all 
attempts. The streptavidin shift assay was conducted four times and the SEC-
MALLS experiment was conducted twice, after preceding SEC analysis, with 
similar results. 
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4.5 Extended Data 

Table 4.1 Cryo-EM data collection, refinement and validation statistics 
 ACC·Cit  

(EMDB-4342) 
(PDB 6g2d) 

ACC·BRCT 1 
(EMDB-4343) 
(PDB 6g2h) 

ACC·BRCT 2 
(EMDB-4344) 
(PDB 6g2i) 

Data collection and 
processing 

   

Magnification    130kx 130kx 130kx 
Voltage (kV) 300 300 300 
Electron exposure (e–/Å2) 40 80 80 
Defocus range (μm) -1 – -2.5 -1 – -3.5 -1 – -3.5 
Pixel size (Å)* 1.058 1.058 1.058 
Symmetry imposed C1 C2 C2 
Initial particle images (no.) 174224 67903 67903 
Final particle images (no.) 131062 48483 48483 
Map resolution (Å) 
    FSC threshold 

5.4 
0.143 

4.6 
0.143 

5.9 
0.143 

Map resolution range (Å) 3 – 8 3 - 10 3 - 15 
    
Refinement    
Initial model used (PDB code)† Ab initio Ab initio Ab initio 
Model resolution (Å) 
    FSC threshold 

<5.4‡ 
0.5 

4.7 
0.5 

6.1 
0.5 

Model resolution range (Å) 5.4 - 476.1 4.6 - 397.8 5.9 – 397.8 
Map sharpening B factor (Å2) -266 -180 -202 
Model composition 
    Non-hydrogen atoms 
    Protein residues 
    Ligands 

 
44178 
5501 
- 

 
52044 
6526 
- 

 
145444 
18352 
§ 

B factors (Å2) 
    Protein 
    Ligand 

 
204.2 
- 

 
155.1 
- 

 
325.6 
§ 

R.m.s. deviations 
    Bond lengths (Å) 
    Bond angles (°) 

 
0.0 
2.0 

 
0.0 
2.0 

 
0.0 
2.2 

 Validation 
    MolProbity score 
    Clashscore 
    Poor rotamers (%) 

 
2.35 
3.5 
3.1 

 
2.40 
4.5 
2.0 

 
2.20 
5.6 
1.0 

 Ramachandran plot 
    Favored (%) 
    Allowed (%) 
    Disallowed (%) 

 
89.1 
10.2 
0.6 

 
90.9 
8.3 
0.7 

 
92.5 
6.9 
0.6 

* Final pixel size after Fourier-cropping 
† Following models were used for initiating model building: ACC·Cit: 2yl2; 5i87; 4asi; 
ACC·BRCT 1: 5i87; 4asi; ACC·BRCT 2: 2yl2; 5i87; 4asi; 4y18 
‡ Masked cc in shell 5.41 – 5.35 is 0.61 
§ Phosphoserine 1263 is treated as a residue in refinement and not as ligand, therefore B 
factors are not calculated independently 
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Figure 4.6 Effect of citrate and BRCT on phosphorylated and dephosphorylated ACC  
Negative stain EM micrographs of phosphorylated and dephosphorylated ACC in presence 
of citrate and BRCT. Addition of citrate to dephosphorylated ACC induces ACC×Cit filament 
formation, while its addition to phosphorylated ACC results in aberrant filaments and rings. 
Addition of BRCT to phosphorylated ACC results in ACC×BRCT filaments, while adding 
BRCT to dephosphorylated ACC has no effect and ACC is present in its dimeric form. 
Phosphorylated and dephosphorylated ACC without any of the described additives show 
its dimeric, flexible form. Scale is identical across all images and scale bar is included. 
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Figure 4.7 EM Data processing of ACC×Cit filaments and validation 
(a) Flowchart of data processing showing initial and optimized raw micrographs, 2D 
classes, 3D classes and refinement. Initial cryo-EM grids showed a meshwork of ACC×Cit 
filaments, exemplifying their flexible nature. After optimization, ACC×Cit filaments attach to 
carbon and protrude into holes. Some interaction between filaments can still be seen at 
the edge of the holes; however, single ACC×Cit filaments can clearly be recognized. 2D 
classification and ab initio reconstruction were done in cryoSPARC, all other steps of 
processing were conducted in Relion. (b) Overview of map quality for the BT, CT and CDN 
domains. Protein is shown in color, according to scheme in Figure 4.1a, with transparent 
EM map. (c) FSC curves for masked and unmasked as well high-resolution phase-
randomized reconstructions and final corrected FSC curve. Map colored according to local 
resolution, color scale is provided. All EM maps are shown at contour level of 0.0172.  
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Figure 4.8 EM data processing of ACC×BRCT filaments and validation  
(a) Flowchart of data processing showing a raw micrograph, 2D classes, 3D classes and 
refinement. (b) Overview of map quality for the CDC2, CT and CDN domains. Protein is 
shown in color according to scheme in Figure 4.1a, with transparent EM map. Maps are 
shown at contour level of 0.009. (c) FSC curves for masked and unmasked as well high-
resolution phase-randomized reconstructions and final corrected FSC curve. Maps colored 
according to local resolution, color scale is provided. EM maps are shown at contour level 
of 0.019 and 0.105 for mask 1 and mask 2, respectively. 
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Figure 4.9 Map improvement by local symmetry averaging  
(a) Overview map of ACC×Cit filament obtained after post processing in Relion (this map 
type is used throughout the manuscript for other figures) at an overall resolution of 5.4 Å at 
the 0.143 sigma cutoff. Labels indicate local resolution estimates for a box of 40 Å radius 
around the indicated positions calculated using localfsc in chimera using either directly the 
unfiltered half-maps (left value) or the unfiltered half-maps after local averaging as input 
(right value). Local resolution differentially improves after local averaging. Map is shown at 
contour level of 0.0172. (b) Map around a helix in the CT domain in the ACC×Cit filament 
with density of unfiltered half-map as obtained directly from refinement in Relion. (c) Image 
of the same helix in the CT with density of the same unfiltered half-map but after local 
averaging for the CT domain. Here, additional B factor sharpening by -120 Å-2 was applied 
prior to local averaging for visualizing additional detail (additional sharpening was not 
applied in (a) for localfsc comparison). Maps in (b) and (c) are shown at contour level of 
0.012. (d) Overview map of ACC×BRCT filament, resolution values as obtained in (a) are 
indicated. Map is shown at contour level of 0.019. (e) Map around a helix in the CT domain 
in the ACC×BRCT filament with density of unfiltered half-map as obtained directly from 
refinement in Relion. (f) Image of the same helix in the CT with density of the same unfiltered 
half-map but after local averaging for the CT domain. Here, additional B factor sharpening 
by -40 Å-2 was applied prior to local averaging for visualizing additional detail (additional 
sharpening was not applied in (d) for localfsc comparison). Maps in (d) and (f) are shown at 
contour level of 0.013. 
 



4 Structural Basis for Regulation of Human Acetyl-CoA Carboxylase   

 122 

 
Figure 4.10 Conformational variability of ACC dimers and density of the covalently 
linked biotin cofactor  
(a) Negative stain EM 2D class averages of dephosphorylated human ACC in the absence 
of citrate shows the protein in a variety of conformations without considerable populations 
of closed dimers. Scale bar is included. (b) Negative stain image of ACC×Cit filaments 
obtained from dephosphorylated ACC in a buffer with 8 mM citrate. Arrows indicate rarely 
observed, residual, non-polymerized ACC (further analyzed in (c)). Scale bar is included. (c) 
Negative stain EM 2D class averages of residual, non-polymerized ACC dimers observed 
in the presence of citrate on micrographs of polymerized ACC×Cit filaments (see (b)). ACC-
like classes are marked in red. A variety of elongated conformations can be observed. 
Scale bar is included. (d) SDS-PAGE analysis of a streptavidin (SA) shift assay to determine 
biotinylation level of ACC. ACC and SA were mixed in different ratios and the shift upon 
SDS-resistant binding of SA to biotin was observed via SDS-PAGE. At higher excess of 
SA, no unbound ACC is observed, indicating complete biotinylation of ACC. Two 
degradation products of ACC (*) are observed, one of which also shows a band shift (*-SA) 
and thus contains the biotinylated site. Due to the tetrameric nature of SA, higher-order 
complexes are formed, which can be observed on the gel as well. For an uncropped image 
of the gel see Figure 4.14. (e, f) Density of the covalently linked biotin cofactor in the two 
active sites of the CT dimer. The main chain Ca position of the biotinylated Lysine (residue 
786) is indicated. Due to limited resolution, the cofactor was not modelled; its orientation 
is shown schematically. For clarity, parts of BCCP are not shown. Map is shown at contour 
level of 0.0238. 
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Figure 4.11 Alignment of CD sequences and ACC×Cit filament interface  
(a) The intermolecular interface for in ACC×Cit filaments is shown in cartoon representation 
with the transparent EM map shown in gray. Local two-fold symmetry is indicated, and 
domains of the lower dimer are labeled. The map is shown at contour level of 0.0189. (b) 
Close-up of the interface as indicated in (a). ACC×Cit is shown in color as cartoon 
representation. SceACC is shown as cartoon in gray and superimposed for one side of the 
interface. For the other side, an additional surface representation is shown for ACC×Cit. The 
loop between Na4 and Na5 of the four-helix bundle of ACC×Cit CDN binds into the cradle 
formed by La2, La4 and b1. This loop is substantially shorter in SceACC, demonstrating 
incompatibility of SceACC with formation of the interface. (c) Same depiction as in (b), but 
the surface of the top ACC×Cit dimer is shown and SceACC, shown in gray, is 
superimposed on the bottom dimer. The extended loop in SceACC between La1 and La2 
is not compatible with filament formation. (d) Alignment of 20 ACC CD sequences of 
metazoan and fungal organisms. Residue numbers according to human ACC are indicated 
as well as the helices, the loops and the strand labeled in (b) and (c). Darker color indicates 
increased conservation. Pairwise identity over all aligned sequences is 61.5%, pairwise 
identity over metazoan and fungal sequences is 97.0% and 54.0%, respectively. Accession 
numbers: Homo sapiens (Q13085); Bos Taurus (Q9TTS3); Canis lupus familiaris (E2RL01); 
Capra hircus (XP_017919660); Danio rerio (F1QH12); Drosophila melanogaster (Q7JV23); 
Felis catus (XP_011287256); Gallus gallus (P11029); Gorilla gorilla gorilla (XP_018881836); 
Mus musculus (Q5SWU9); Rattus norvegicus (P11497); Sus scrofa (D2D0D8); Aspergillus 
nidulans (AN6126.2); Candida glabrata (Q6FKK8); Candida albicans (C4YNG3); 
Chaetomium thermophilum (G0S3L5); Kluveromyces lactis (Q6CL34); Saccharomyces 
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cerevisiae (Q00955); Schizosaccharomyces pombe (P78820); Trichophyton verrucosum 
(D4DIV5). 
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Figure 4.12 Impact of palmitoyl-CoA addition on ACC×Cit filaments and architecture 
of ACC×BRCT 
(a) Negative stain EM micrographs of ACC×Cit filaments treated with increasing 
concentrations of palmitoyl-CoA. At a 1:1 molar ratio of ACC×Cit monomer to palmitoyl-
CoA, filaments show no difference to ACC×Cit filaments. At 1:10 molar ratio, ACC×CitPalm 
filaments are observed. At 1:100 molar ratio, filaments dissolve. Scale bar is included. (b) 
Top: Domain organization of human ACC. Bottom left: Enlarged negative stain EM 
micrograph of ACC×Cit filament with surface representation of the model colored according 
to domains. Bottom right: EM micrograph of ACC×CitPalm filament and interpretation by a 
plausible model derived from ACC×Cit filaments by disrupting the BC domain dimers and 
flipping out of BC. (c) Surface representation of ACC×BRCT with components of a single 
node colored as in Figure 3a. Domains of three molecules (A, B and B-1) add parts to the 
node. (d) Same view as in (c), but the domains are colored according to the domain color 
scheme in (b). (e) Same view as in (c), with the CDC2 domains colored according to domain 
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color scheme. These domains constitute the connecting arms between adjacent nodes. (f) 
Surface representation of two succeeding dimers within one helix strand. (left) View without 
BRCT domains, the phosphosite loops are labeled. (right) View with dimeric BRCT domains 
establishing the connections between two dimers. (g) Enlarged view of the phosphosite 
loop-BRCT interaction area, illustrating minimal contacts between the two CDC1 domains 
and between the filament strands and the BRCT domains. The interaction is governed by 
binding of the phosphosite loop to the dimeric BRCT. 
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Figure 4.13 Analysis of the architecture of ACC×BRCT filaments  
(a) Surface representation of dimers of ACC×BRCT, CthACC CD-CT, and ACC×Cit, in the 
same relative orientation and colored according to the sequence scheme shown below. (b) 
CT-based overlay of the three structures, illustrating the rotations (indicated by arrows) of 
the ACC×Cit and CthACC CDC2 domains relative to CDC2 of ACC×BRCT. ACC×BRCT, 
ACC×Cit, CthACC CD-CT are shown in full color, light gray and dark gray, respectively. 
Helix C2a1 is labeled. (c) CDC2-based overlay of the three structures, representing the 
displacement (indicated) of ACC×Cit and CthACC CDC1 relative to CDC1 of ACC×BRCT. 
Coloring as in (b). CDL was omitted for clarity, and helix C1a1 is labeled. (d) CDL-based 
overlay of the three structures, illustrating the displacement of ACC×Cit and CthACC CDN 
relative to CDN of ACC×BRCT. Coloring as in (b). The four-helix bundle with helices Na3-
Na6 is labeled. The range of displacements of the ends of the bundle are indicated by 
arrows. (e) BC, BT and CDN domains of ACC×BRCT filament together with the EM map at 
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a low contour level to visualize less well-ordered regions and to illustrate the placement of 
the B-domain cap of the BC domain in the clamp-like CDN domain. (f) Overlay of CDN, BT 
and BCCP domains from ACC×BRCT and ACC×Cit, revealing a conserved conformation. (g) 
CDN, BT and BCCP domains in the ACC×BRCT filament are shown together with the EM 
map at low contour level to visualize the poorly ordered BCCP domain. Maps in (e) and (g) 
are shown at contour level of 0.007. (h) The SEC-MALS elution profiles show the molecular 
weight (right axis) and the scattering intensity (Rayleigh ratio) at the 90° detector (left axis) 
of BRCT domains bound to the indicated ACC peptides. Elution for BRCT and BRCT-
ACC_p1 correspond to a mostly monomeric species with a dimeric subpopulation in fast 
equilibrium with an averaged molecular weight of 31.8 kDa and 34.8 kDa, respectively. The 
elution of BRCT-ACC_p2 with a molecular weight of 51.1 kDa indicates a strong increase 
in the population of dimeric BRCT-peptide species. 
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4.6 Supplementary Information 

Supplementary Information is linked to the online version of the paper at 

www.nature.com/nature.  
 
Supplementary Video 1: Architecture of ACC×Cit filaments 
Overview of the ACC×Cit filament as well as zoom-in onto an individual, excised ACC dimer, 
which is in a closed, catalytically active form. The protomers in the filament as well as the 
domains in the dimer are indicated. Color scheme according to Figure 4.1a.  
 
Supplementary Video 2: Architecture of ACC×BRCT filaments  
Overview of the ACC×BRCT filament indicating the two-stranded helical architecture, 
followed by highlighting of an individual ACC dimer in the filament as well as the BRCT 
domains. Zoom-in shows an individual excised ACC dimer, which is in the extended form, 
with bound BRCT dimer. The protomers in the filament as well as the domains in the dimer 
are indicated. Color scheme according to Figure 4.1a.  
 

Figure 4.14 Uncropped gel image related to Figure 4.10d 
Uncropped gel directly as obtained by scanning shows size marker with molecular weights 
indicated. The cropped region is indicated by a black square in dashed lines. The gel 
contains three molecular weight markers and two sets of the same samples, the right set 
contains half of the amount of protein of the left set. The contrast was enhanced for the gel 
shown in Figure 4.10d for better visibility, contrast was applied uniformly over the whole 
gel. 
 

 

Extended Data Fig. 5d

250

kDa

100

150

75

37

50



  5 Discussion 

 130 

5 Discussion 

5.1 Summary of Results 

The first aim of this PhD project was to characterize a member of the YCC family 
structurally and functionally. We have characterized the bacterial YCC from D. 
radiodurans, structurally. The two main catalytic domains, the BC and the CT 

domain were structurally elucidated to reveal a dimeric and hexameric 
architecture, respectively. The overall architecture of the bacterial multienzyme 
was studied using negative stain electron microscopy and multi-ensemble SAXS 
fitting. D. radiodurans YCC has been revealed to be a highly flexible and dynamic 
molecule. This characterization furthers the insight into the molecular mechanisms 
of biotin-dependent carboxylases and the novel family of YCCs, however, more 
functional studies into substrate selectivity and preference are needed on more 
variants of the enzyme to fully understand function.  
 
A second aim of this work was the structural and functional characterization of the 
activated human ACC filament. ACC filaments have been known for a long time, 
however no structural characterization has been achieved of the filament form. We 
present a cryo-EM map at intermediate resolution of the activated human ACC 

filament, termed ACC×Cit. Using published crystal structures at high resolution we 

were able to provide a complete picture of this activated filaments. We also 
characterized a thus far completely novel type of ACC filament, which we termed 

ACC×BRCT. In this filament, the ACC interacts with the BRCT domains of BRCA1. 

In the here reported EM map at intermediate resolution we were able to place 
crystal structures of all domains and propose a model of regulation. We also 

observed a third, also novel filament, which we termed ACC×CitPalm. This filament 

allowed for explanation of one way of negative feedback regulation of ACC. 
 
The third aim of this PhD project was to elucidate the role of phosphorylation in 
regulation of eukaryotic ACCs. To this end we have structurally characterized the 
fungal ACC through a series of crystal structures from high to intermediate 
resolutions of different parts of the enzyme. Using negative stain EM and SAXS we 
revealed an extended, very flexible shape of the enzyme. We identified a regulatory 



5 Discussion 

 131 

loop that is phosphorylated on a conserved serine and acts in an inhibitory manner 
by wedging into the CD and restricting movement of the enzyme. In human ACC, 
phosphorylation at two sites has been characterized to be important for regulation. 
Phosphorylation at Ser80 inactivates the enzyme, dephosphorylation of ACC 

enables it to form the activated ACC×Cit filaments. Phosphorylated Ser1263 

interacts with the BRCT domains of BRCA1 to form the inhibited ACC×BRCT 

filament. 

5.2 D. radiodurans YCC – Dynamic Architecture and Linkers 

The YCCs are a novel, still poorly characterized family of biotin-dependent 
carboxylases. They are the only known bacterial acyl-CoA carboxylase 
multienzyme, meaning they encode all domains necessary for function on a single 
polypeptide chain. Their domain organization is reminiscent of that of eukaryotic 

ACC, however, they lack the large, uncharacterized CD. The bacterial origin and 
smaller size of YCCs make them a worthwhile target for structural and functional 
studies. New insights into YCC architecture and function will broaden our 
knowledge not only on this family but also on carboxylases in general as well as 
on dynamic multienzymes in particular. To achieve this insight, a hybrid approach 
was applied, where multiple complementing techniques were used. The two 
catalytic domains, the BC and CT domain were purified and crystallized separately 
and their structures revealed a dimeric and hexameric architecture, respectively. 
Negative stain EM 2D class averages and SAXS showed the extraordinary dynamic 
nature of this multienzyme. 
 
When examining the negative stain 2D class averages (Figure 2.4) differential 
placement of the BC domains in relation to the CT ring is evident. SAXS analysis 
confirms this in 3D. BC domains do not have a fixed placement in solution relative 
to CT domain and are able to move freely, only restrained by the length of the 
linkers connecting BC-BCCP and BCCP-CT (Figure 5.1). There is no defined 
resting site of the BC domains at the CT core, nor does the BCCP have a defined 
resting position, however the BC must approach the CT domain sufficiently for the 
linkers to not be completely stretched, so that the BCCP domain can access one 
of the active sites. In the published LCC crystal structure, the BC domains are 
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close to the sides of the CT core ring, which might represent a catalytically 
competent conformation, which we however do not observe in solution62. 
 
The pyruvate dehydrogenase complex also operates using flexible linkers5. Murphy 
and colleagues used electron cryotomography to show that the E2 core stays 
inflexible while the surrounding E1 and E3 subunits, which are bound to the E2 
core, adopt a variety of flexible and dynamic conformations. E1 and E2 subunits 
seems to be randomly distributed, a feature, which we also see in the negative 
stain 2D class averages of D. radiodurans YCC. The linker, which connects BC and 

BCCP is rich in prolines, which increases the stiffness of a polypeptide, a feature, 
which has also been observed in other enzymes8,169,171. As in fungal fatty acid 
synthase, the linker stiffness could be crucial to prevent entanglement of linkers 
and domains and provide guidance of the carrier protein to the active sites9,170. 
Characterization of D. radiodurans YCC is a step further in understanding the full 
implications of linkers in the context of full enzyme assemblies. 

5.3 Fungal ACC, it’s Proposed Mechanism and Regulation 

Fungal ACC shares domain arrangement and size of all eukaryotic ACCs (Figure 
1.4). To achieve structural characterization of this giant multienzyme, constructs of 
different sizes from S. cerevisiae and C. thermophilum were crystallized and their 
structures solved. The structure of the unique CD was presented at 3.0 Å resolution 
and offered insights into this novel, unknown domain. In combination with larger 
fragments, negative stain EM 2D class averages and SAXS, the highly dynamic 
and flexible architecture of the fungal ACC has been characterized. The CT acts 
as a core dimer, where it is a hexameric core, while the CD acts as a highly flexible 
connecting region with distinct hinges, which allow the adoption of a multitude of 
conformations. Such conformational flexibility has already been shown in many 
multienzymes and multienzyme complexes and has been discussed in this thesis 
in light of YCC as well (Figure 5.1)8,169,171. 
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Figure 5.1 Schematic representation of dynamic multienzymes 
From left to right: Schematic representation of S. cerevisiae ACC, D. radiodurans YCC, E. 
coli PDHC and mammalian FAS. Example modes of domain motions are indicated by 
arrows, color of ACC and YCC according to Figure 1.4.  
 
Recently, the structure of the full-length yeast ACC, missing only the first 21 
residues, was reported153. The crystal structure shows the enzyme in the compact, 
triangular shape, which is catalytically competent, featuring dimeric BC domains. 
To achieve this dramatic conformational change, the CD hinges undergo 
largescale movements. The main hinge motion occurs at the CDC2-CT hinge at the 
very core of the enzyme and alters the conformation of the CDC2 to the CT domain 
by about 120°. This movement alone would be sufficient to dislodge the BC dimer 
and render the molecule inactive. The other hinge regions identified are between 
CDC1 and CDC2 as well as CDN and CDL. The CDC1-CDC2 hinge is blocked by the 
phosphorylated regulatory loop, which wedges into the interface of these two 
domains. In the compact yeast ACC structure this loop is not phosphorylated, nor 
is it wedged into the interface. Consistent with the proposed mechanism of 

activation, this hinge is flexible when the regulatory loop is not phosphorylated. 
The CDC1-CDC2 hinge motion differs between the two studies to about 30° and 
further displaces the BC domains and elongates the enzyme. The last identified 
hinge is between the CDN and CDL. When comparing positions of the CDN with 
fixed CDL domains a displacement of 13 Å can be observed. Taken together, these 
flexible hinges allow adoption of flexible conformations as seen SAXS and 2D 
classes of negative stain EM.  
 
Inhibition of fungal ACC is mediated by a phosphorylated serine on the so-called 
regulatory loop. Ser1157 is highly conserved and phosphorylated by Snf1 in yeast. 
In our structures the loop is ordered and participates in CDC1-CDC2 interactions. 
With this fixed conformation the enzyme is incapable of adopting the catalytically 
competent, compact conformation. This observation is supported by the full-
length yeast ACC crystal structure, where the loop is disordered. Most recently, a 
paper unifying the regulatory mechanisms of all ACCs has been published234. The 

D. radiodurans YCC Mammalian FAS E. coli PDHCS. cerevisieae ACC
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authors report a crystal structure of phosphorylated yeast CD and confirm our 
structural results. Fungal ACC appears to adopt either a compact shape in the 
presence of citrate or is present in a variety of different, elongated conformations, 
which are not catalytically competent, in the absence of citrate seen in negative 
stain EM. 2D class averages of citrate containing yeast ACC exhibit the compact, 
triangular, active shape. However, there is no effect of citrate on yeast activity in 
their hands. The mechanism of citrate binding in yeast ACC and the reason for the 
difference in conformational state, despite the uniformity of activity remains to be 
determined. The authors claim to present a ‘unified mechanism’ of ACC regulation 
by phosphorylation, however they do not touch on the subject of filament formation 
of ACC in higher eukaryotes. While it is certainly true that all eukaryotic ACCs are 
one some level regulated by phosphorylation, this is unquestionably not the only 
way of regulating ACC in higher eukaryotes and should therefore not be neglected 
in further studies.  

5.4 60 Years in the Making – Structure of the ACC Filaments 

Human ACC is a crucial metabolic enzyme and thus it comes as no surprise that it 
has been studied for more than half a decade63. Using cryo-EM we have resolved 
two maps of different ACC filaments at intermediate resolution and been able to 
dock existing crystal structures into the density and are thus able to present the 
first full human ACC pseudo-atomic model. Additionally, we were able to de novo 

build some loop parts that have not been resolved in existing crystal structures.  

5.4.1 The Citrate-Activated ACC Filament 

In the ACC×Cit filament, the ACC dimer is in the catalytically competent state similar 

to the published yeast ACC crystal structure (Figure 5.2)153. The protomers in 

ACC×Cit filaments are stacked with a twist of roughly 120° on top of each other 

with the interface made up of the CD domain. Many ways of arranging a filament 
out of such a hyper flexible and dynamic enzyme are possible. Nevertheless, the 

way the ACC×Cit filament is arranged, with the protomers stacked in their compact, 

catalytically competent form is possibly the simplest yet most elegant way.  
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Figure 5.2 Comparison of H. sapiens and S. cerevisiae ACC dimers 
(a) Human ACC dimer from ACC×Cit filament shows the enzyme in the compact form. 
Domains of one dimer are labeled, active sites are indicated with yellow stars. Color in both 
panels according to (Figure 1.4). (b) Crystal structure of S. cerevisiae ACC (PDB ID: 5CSL) 
shows ACC dimer in a very similar compact form as human ACC. Differences are visible in 
the C-terminal curl, which is indicated in (a). The helices were not fully resolved in the yeast 
ACC crystal structure. The BC domains in yeast ACC are in a slightly more compact 
conformation and the CD domain, although in a similar conformation could be non-
competent for filament formation (Figure 4.11).  
 

In the ACC×Cit filament, the BT-BCCP and BCCP-CDN linkers are fully ordered and 

clearly visible even at the limited resolution of 5.4 Å. The BCCP domain is located 
at the CT domain active site. The fact, that the linkers connecting the BCCP 
domain are fully ordered could suggest that the linkers interact with the enzyme to 
fix the carrier protein at a specific location. While we observe proximity and 
possible interactions at several locations we unfortunately lack the resolution to 
comment on specific amino acid interactions. The BCCP domain was biotinylated 
in vitro and the biotin was observed in the EM density. The carrier protein 

translocates to the CT domain after carboxylation of the biotin at the BC domain 
only in the second half-reaction of biotin-dependent carboxylases. The position at 

the CT domain of the BCCP in the ACC×Cit filament could suggest two things. i) 

the biotin is carboxylated or ii) even without carboxybiotin, in the absence of 
substrate this position is the natural resting state of the carrier protein. The 
biotinylation was done in vitro, however, a certain degree of biotinylation was 
observed already after expression in insect cells. It can therefore not be excluded 
that the biotin in ACC is loaded with a carboxygroup and is therefore translocated 
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to the CT active site. The possibility that the BCCP domain is permanently located 
at the CT active site in the absence of substrates can however also not be excluded 
especially. An interesting experiment would be to check the loading state of the 

BCCP biotin via mass spectrometry and then analyze ACC×Cit filaments via cryo-

EM while adding a defined substrate mix. This would enable the study of a 
complete reaction cycle in distinct states.  
 
Citrate, this activator of human ACC is a small compound, which is a product of 
the Tricarboxylic acid (TCA) cycle. Upon presence of citrate, human ACC is active 

and forms ACC×Cit filaments. Two important questions immediately arise when 

considering this situation. i) Where is the citrate binding site and ii) what is the 
mechanism of activation by citrate. Provided the reconstructed map reaches 
sufficient resolution of better than 3 Å, the citrate should be identifiable. At the 

current resolution however, this is not possible. The resolution of ACC×Cit filaments 

is limited by two main factors. First there is the limited number of particles on a 
single micrograph. In traditional single particle cryo-EM, between 100-200 

particles per image are not uncommon. In the case of the ACC×Cit filaments this 

number ranges from 10-30. Even though data collection of ACC×Cit filaments was 

continued for 9 days and a total of 13,671 movies were collected, only 247,337 
particles were picked. This equals an average of 18 particles per micrograph. One 
could just brute force collect more data, however during reconstruction a second 

limitation for resolution became apparent. The curvature in ACC×Cit filaments is 

continuous, flexible and variable. Through classification and sorting out of different 
curving conformations we were able to improve resolution and map quality, 
however with a continuum of conformations combined with the low particle 
number we will struggle to reach atomic resolution. Ice thickness, determined in 
this case by sample thickness and general microscope state could also influence 

achievable resolution, but in the case of ACC×Cit filaments, the two main factors 

are the limitation in data and the biological flexibility of the sample.  
 
To characterize the mechanism of activation by citrate one needs to detangle the 
catalytic activation of the enzyme from the filamentation. Immediately one 
recognizes the challenge in this task. As soon as citrate is added to human ACC, 
the enzyme is active but also present in its filamentous state. If one wants to study 
the active enzyme, citrate must be present, which again induces filamentation. One 
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way to detangle these effects could be to make filament formation impossible by 

amino acid alteration. Unfortunately, at the current resolution of the ACC×Cit 

filament reconstruction this is not possible. Even if full atomic resolution is reached, 
the interface, which comprises large parts of the CD could prove challenging to 
destabilize. One way to disrupt the interface could be to add a bulky loop or even 
a full, stable protein such as GFP to the interface. Such a modified ACC could still 
be flexible and catalytically competent but unable to form filaments. The caveat 
with this approach is that the binding site of citrate is still unknown. If, through 
amino acid alteration, the citrate binding site is broken or altered, one could not 
draw conclusions from such an experiment. Citrate could potentially also bind in 
the very interface one wants to introduce a bulky protein into. In this case, the 
modification of the interface is futile. Overall, at the current resolution all amino 
acid variations or interface modifications would be speculative and need extensive 
screening and validation to be trusted. It is tempting to speculate on the citrate 

binding site when comparing ACC×Cit filaments to ACC×CitPalm filaments. The 

ACC×CitPalm filaments arise from ACC×Cit filaments by addition of Palmitoyl-CoA 

and show a thinner also helical-looking backbone with globular satellites flanking 
the sides of filaments (Figure 4.12). We proposed these satellites to be BC 
domains. With the backbone still intact one could speculate that citrate does not 
bind in the flexible BC domains. Until definite data is presented on the citrate 
activation and binding mechanism all of these speculations are unfortunately just 
that, speculations. 
 

Addition of the ACC inhibitor palmitoyl-CoA causes ACC×Cit filaments to change 

into a new filament, which we have termed ACC×CitPalm. To gain insight into how 

palmitoyl-CoA influences inhibits ACC on a structural level, a cryo-EM 

reconstruction of ACC×CitPalm filaments is needed. Visualization of palmitoyl-CoA 

will further our understanding of the inhibitory effect and its binding pocket could 
provide a template for novel inhibtors of ACC. Palmitoyl-CoA is a larger molecule 
than citrate and could therefore be identified at lower resolution than citrate. In the 

ACC×Cit filament map we see the bound biotin moiety at a resolution of 5.4 Å. 

Palmitoyl-CoA is larger than biotin and provided that palmitoyl-CoA is stably bound 
and the binding site is fully occupied and in a well-resolved area we could see it 
as well at a comparable resolution. This work has already been started and 
promising cryo-EM grid conditions have been identified. 
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Figure 5.3 Cryo-EM grid optimization of ACC×CitPalm filaments 
Cryo-EM micrograph of ACC×CitPalm filaments showing promising grid condition. For 
visualization, a negative stain image of an ACC×CitPalm filament and the model have been 
added. Scale bar is indicated.  
 
Palmitoyl-CoA is not the only regulator of ACC activity and filament formation. 
Mig12 and the Mig12/Spot14 heterocomplex have been described to activate and 
inhibit ACC activity, respectively91,92. It will be very interesting to use Mig12 and 
Mig12/Spot14 to modulate ACC activity and observe possible changes in filament 
formation on a structural level.  
 
Another interesting topic is the visualization of ACC filaments in cells. Using 
fluorescently labeled ACC one could observe filament formation and degradation 
in live cell imaging provided the filaments are dynamic. The second ACC isoform, 
ACC2 is anchored to the mitochondrial membrane. It will be interesting to learn if 
this isoform is also forming filaments when anchored to the membrane and if not, 
how activation is regulated for the second isoform. Again, fluorescence 
microscopy could yield answers to the question of in vivo filament formation. If the 
filaments indeed form on the mitochondrion. Recently, two studies presented ACC 
filaments in yeast cells135,232. Using fluorescence microscopy, the authors study 
what they claim to be yeast ACC filaments. These have never been observed 
before in vitro and overall the studies do not provide clear evidence of filamentation 

of only purified ACC. One could explain these filaments as well in the context of 
enzyme compartmentalization or association of different metabolic enzymes. 
While these studies provide an interesting starting point more research needs to 
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be done into fungal ACC filaments to achieve the full picture of filament formation 
of fungal ACC.  

5.4.2 BRCA1 and ACC Interaction is Cell Cycle Dependent 

Upon BRCT domains binding to phosphorylated ACC we observe the ACC×BRCT 

filaments. The ACC dimer is in an extended conformation as seen in the absence 

of citrate of ACC×Cit filaments. The BRCT domains bind laterally to the filament 

and interlink the double-helix strands. The BRCT domains bind to the phosphosite 
loops of the CDC1 domains in a binding mechanism which has been observed 
before96,97. The BC domains are monomeric in this filament and thus the enzyme is 
inactive.  
 

 
Figure 5.4 Comparison of ACC dimers in ACC×Cit and ACC×BRCT filaments 
(a) Human ACC dimer from ACC×Cit filament. Enzyme is shown in compact form. Domains 
of one dimer are labeled, active sites are indicated with yellow stars. Dimeric BC domain 
is indicated. Color in both panels according to (Figure 1.4). (b) Human ACC dimer from 
ACC×BRCT filament shows the enzyme in open conformation. Phosphopeptide and 
monomeric BC domain are indicated, active sites are shown with yellow stars.  
 
The ACC-BRCA1 in vivo and in vitro interaction has only been reported recently94. 
The authors of said first study also showed that known, tumorigenic amino acid 
alterations in the BRCT domains abolish interaction to ACC. Such disease-

associated BRCA1 mutations result in a truncated protein, lacking one or both C-
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terminal BRCT domains. The ACC-BRCA1 interaction could, in vivo have severe 
implication in the tumor suppressor role of BRCA1. ACC is involved in cancer and 
is a promising target for cancer drug development109. By abolishing the interaction 
of the BRCT domains to ACC, lipogenesis can be severely upregulated, a hallmark 
of different cancers. A study showed that overexpression of BRCA1 efficiently 
represses lipogenesis, giving further weight to the interaction of ACC and BRCA195.  
 
Through pull-downs the interaction of phosphorylated ACC Ser80 with BRCT 
domains with in vitro and with full-length BRCA1 in vivo was shown95. Our structure 

of ACC×BRCT filaments and an isolated crystal structure of BRCT domains with an 

ACC peptide shows however, that the BRCT domain also interact with 
phosphorylated Ser126396. As none of the two structures contain the full-length 
BRCA1 it is possible that ACC Ser80 still interacts with the BRCT domains or with 
the full-length BRCA1 protein. Phosphorylated Ser80 interacts with the BC 

dimerization interface, binding into the Soraphen A pocket86. In the ACC×BRCT 

filaments the BRCT domains are positioned laterally to the filament in close 
proximity to the BC domains. It is plausible that the full-length BRCA1 is large 
enough to reach the BC domains and thus interact with Ser80. But it can also not 
be excluded that Ser80, which is present on a stretch of flexible amino acid linker, 
could interact with the BRCT domains, which also interact with Ser1263. Even 

though the ACC×BRCT filament represents an inhibited state already without the 

full-length BRCA1, the interaction of BRCA1 with Ser80 could represent an even 
tighter inhibition with sequestration and control of monomeric state of BC domains.  
 
Recently, the connection between the cell cycle and ACC-BRCA1 interaction was 
made40. Phosphorylation of Ser1263, the residue interacting with the BRCT 
domains is phosphorylated in a cell cycle dependent manner. Cell cykline 
dependent kinase (CDK) inhibition reduced this phosphorylation. BRCA1-ACC 
interaction is not stable through the cell cycle but increased in G2/M phase, which 
also showed highest Ser1263 phosphorylation. It has also been shown, that ACC 
undergoes distinct localization shifts throughout cell cycle phases239. The Ser80 
phosphorylated ACC localizes to centrosomes when the cell enters mitosis and 
interestingly BRCA1 has also been shown to localize to the centrosomes to prevent 
centrosome overduplication240. The regulation of ACC and thus fatty acid 
biosynthesis during cell cycle is consistent with cells’ needs during different 
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phases. The phospholipid biosynthesis is greatest during G1 and S phase, when 
membranes are generated in preparation for cell division. Inhibition of ACC during 
G2 and M phase is also consistent with the cellular pattern of growth and division. 
The loss or mutation of BRCA1 causes not only abnormal mitotic spindle 
assemblies in cancerous cells but also loss of ACC inhibition and could therefore 
add to the uncontrolled growth and does indeed fit with the erratic and 
unrestrained growth and division pattern of cancerous cells. To be really certain of 
ACC and BRCA1 colocalization in vivo, in a cell cycle dependent manner this 
interaction needs to be shown in cells while following the proteins through the cell 

cycle. How the interaction is exactly regulated and how the full-length BRCA1 
interacts with ACC remains to be determined and will be the work of future studies.  

5.5 Enzyme Regulation by Conformational Locking and 
Filament Formation 

Enzymes undergo conformational changes in response to activation, inhibition, 
substrate binding or other regulatory cues. These conformational changes range 
from single amino acid or secondary structure element movements to 
conformational changes of full domains or even the whole protein. Protein 
movement in response to allosteric binding of a ligand is common, however, 
stabilization of active or inactive states by filament formation has only recently 
been in the spotlight of research241. 
 
In active yeast ACC the enzyme is flexible and undergoes a continuum of large 
scale domain movements. Upon phosphorylation of Ser1157, which is part of a 
regulatory loop, the enzyme becomes inactive. The phospholoop wedges into the 
CD domain, where it restricts movement of one flexible hinge. This restriction of 
conformational freedom causes the active conformation to not be accessible 
anymore and the protein remains catalytically incompetent. In human ACC 
stabilization of active and inactive conformations are not only governed by 
phosphorylation but also by filament formation. In solution, human ACC is a flexible 
molecule, which adopts a multitude of conformations. Upon citrate binding, the 
active conformation is adopted and stabilized through filament formation. While 
ACC is stabilized in this conformation high dynamics are still necessary for activity. 
To achieve catalysis, the carrier protein, the BCCP domain, traverses roughly 80 Å 

between active sites, which includes turns of up to 120°. In the ACC×BRCT 
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filament, an open, inactive conformation is stabilized. The BCCP domain is 
observed at a distinct position, which could represent its resting state.  
 
The fact that enzymes reform into larger structures ranging in size from association 
of several enzymes, so-called foci, to giant filamentous structures is most certainly 
not a new concept. For animal ACC this has been visualized 50 years ago already88. 
In recent years, however, technological advances have made it possible to identify 
more and more enzymes, which associate into foci or filaments and characterize 
the underlying regulatory mechanisms. For some of these filament-forming 
enzymes, filamentation has been identified to be a regulation step, in others, the 
relation between filament formation and activation or inhibition is less clear134. To 
really understand enzyme regulation in light of conformational stabilization by 
filament formation one must analyze the reasons as to why filament formation, be 
it for activation or inhibition, is beneficial. It is not uncommon for metabolic 
enzymes to oligomerize and thus already increase local concentration. By forming 
filaments however, the local enzyme concentration is enhanced. This means that 
more product can be synthesized at a possibly predetermined location. If the 
filament is formed from multiples enzymes or multienzymes, the distances 
between active sites for substrate transfer are reduced and possibly toxic or 
unstable substrate intermediate loss is diminished. The role of regulation through 

filament formation is substantial. In ACC×Cit filaments the active conformation is 

only present in the filament, adding filament formation as an additional regulation 
step conveys one more layer of enzymatic control. In the case of inhibitory 
filaments, the regulation is equally as elegant. As seen in CTP synthase filaments 
of E. coli, a filament could also stabilize an inactive conformation, thus negatively 
regulating and sequestering the enzyme if product is not needed136.  
 
One interesting speculation that has been brought up is if metabolic enzymes are 
intrinsically likely to form filaments134. We lack conclusive data on this and it might 
be a few years until one can definitely address this question, however, certain facts 
point toward metabolic enzymes having a predisposition for filament formation. 
Metabolic enzymes are often abundant and therefore have the sheer biological 
mass needed to form filaments, but they are also often present in oligomeric 
symmetric states, which provide several identical stacking sites making filament 
formation geometrically easier134. Another clue towards this theory is the fact that 
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metabolic enzymes are highly regulated. Filament formation represents such a 
regulation step and adds another layer of control.  

5.5.1 Discovery of Filament Forming Enzymes 

Several examples of filament forming enzymes have already been discovered but 
regulation by stabilization of an active or inactive state or prevention of ligand or 
partner protein binding could be much more widespread than known today. To 
discover more filament forming enzymes, in yeast GFP tagged variants of proteins 
are easily achievable, libraries are even available135. High throughput imaging by 
cell microarrays adds a layer of automatization to the experiment and reduces the 
timeline242. The discovery of the CRISPR-Cas9 system has given way to a powerful 
tool for genetic manipulation of cell lines of higher eukaryotes or humans243. 
Fluorescent protein fusions might however not be the ideal way to study filament 
formation. Even tough considerable advances, such as monomeric and brighter 
variants as well as fluorescent proteins less prone to photobleaching, have been 
made, fluorescent proteins remain large and bulky at a size of roughly 25 kDa244. 
Incorporation of a bulky fluorescent protein might hinder activity of a protein or 
polymerization into filaments. A novel approach is the incorporation of unnatural 
amino acids into proteins245. Selective, tailored chemical probes can be added to 
the labeled protein in cells246. Labeling using unnatural amino acids has the clear 
advantage over fluorescent proteins that the labeling can be specific to a single 
amino acid position and the added chemical dyes are of a smaller size than 
fluorescent proteins. The method certainly has its own challenges. By modifying 
an amino acid, the protein chemistry is changed and the protein potentially 
rendered nonfunctional. Another challenge is the fact that the translational 
machinery is slowed down by the incorporation of the unnatural t-RNA, which 
lowers the yield of modified protein. When an unnatural amino acid can be 
incorporated and labeled successfully it could be a powerful tool for the discovery 
of yet unknown filamentous enzymes. 

5.5.2 Filaments as Drug Targets 

Through technological advances and the simple accumulation of knowledge we 
now understand enzyme regulation through filament formation better than ever. To 
utilize this knowledge, we have to go a step further. Many of the presented filament 
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forming enzymes, not least ACC are central to human metabolism and 
unsurprisingly involved in pathologies. Can we utilize structural knowledge for 
targeted drug design, which will not inhibit enzymatic activity but regulate filament 
formation? Could it be possible to design an inhibitor, which selectively binds the 
human ACC CD and inhibits filament formation? ACC inhibitors have shown great 
potential in drug treatment and recently the pharmaceutical company Gilead has 
acquired an ACC based drug discovery program for treatment of obesity-related 
diseases and cancer with upfront and total possible payment of 400 Mio and 1.2 

billion USD23,247. For human ACC×Cit filaments, we unfortunately lack the resolution 

in the interface to predict if such an approach could work. But it is intriguing to 
think of inhibition or stimulation of filament formation as a target for drug design 
and novel therapeutic strategy.  

5.5.3 Synthetic Biology using Filaments as Scaffold 

Synthetic biology is another field, where knowledge of filament forming properties 
of enzymes could be valuable. Chemical reactions catalyzed by enzymes are 
unrivalled in efficiency and research as well as industry have been trying to harness 
this power by making synthetic enzymes, which catalyze a desired reaction and 
synthesize a natural or even non-natural product. Such artificial enzymes are 
however extremely difficult to construct from scratch. Therefore, often, natural 
enzymes are used as scaffolds and engineered to catalyze a desired reaction. As 
many desired products require multiple reactions, full artificial pathways have been 
designed and introduced into host cells for production248. It is advantageous to link 
activities in naturally occurring pathways, for example through complex formation 
or integration of different catalytic subunits into one protein, a multienzyme. To link 
artificial enzyme, a scaffold of a multienzyme could be used. However, a scaffold 
of a filament might provide an even better scaffold than a multienzyme itself249. In 

ACC×Cit filaments, the enzymatically active domains are not involved in filament 

formation itself. The CD, which is not catalytically active so solely responsible for 
filament formation. These properties could be harnessed to link two or more 
activities and form an artificial filament with desired activities. The artificial 
enzymes could work more productively when linked as a filament, as substrate 
diffusion distances are short and the necessary enzymes are all linked closely.  
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6 Outlook 

The work presented in this thesis clearly demonstrates that fully understanding 
function and regulation of protein assemblies cannot be achieved by only looking 
at static snapshots. It is rather essential to also address conformational variability 
and to resolve structures of transient or weakly populated states. X-ray 
crystallography has been the most successful method to study proteins at high 
resolution and, as of 2018, has delivered more than 120.000 structures at a 

resolution below 3.5 Å, sufficient for obtaining detailed atomistic and mechanistic 
insights. Crystal structures however only present snapshot of biomolecular system 
typically in states that are highly populated under the crystallization condition. In 
cryo EM we observe individual particles in thin layers of vitreous ice. Through 
classification of a large number of particle projections we are able to also observe 
different conformations. However, also with the possibility of in silico classification 
in EM, weakly populated or transient states are often ignored and may be 
overlooked because of their infrequence. In ACC and YCC we observe that any 
single snapshot of the enzyme fails to fully capture the dynamic properties of either 
enzyme. In human ACC, the catalytically competent state is so rare in solution that 
we don’t observe it in negative stain EM 2D classification in the non-filamentous 
state; the same holds true for yeast ACC. The catalytically competent, closed 
conformation is not populated to an observable degree when studied with negative 
stain EM, however, a crystal structure showed this exact state153. 
 
Combining crystallographic structures with EM analysis is powerful, however, 
novel methods at single protein level could yield more insight into dynamics and 
function of proteins. Observing proteins in cells in their native environment will yield 
new insight into location and possible compartmentalization. To study proteins in 
cells, labeling is required. Using unnatural amino acids, one can label proteins at 
one or more select desired positions. Observation of these modified proteins in 
cells can be conducted using fluorescence microscopy, but such modified 
proteins can also be purified and further analyzed in vitro. Incorporation of 

unnatural amino acids has been well-established for applications in E. coli, 
however, in mammalian cells it has not been used extensively250. Incorporation of 
unnatural amino acids is challenging as the modified amino acid might destabilize 
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the protein or render it inactive. The yield of modified protein produced is lower 
than of the unmodified variant. Most recently, HS-AFM has been used to study 
dynamics at single molecule level152. It is a novel approach to study dynamics and 
structure of proteins simultaneously251. Unfortunately, the spatiotemporal 
resolution is low and therefore only large-scale dynamics can be observed. 
Technical advances might however push this technique further to higher 
resolution. Sorting of conformations seen in HS-AFM, analogous to EM could also 
further the resolution. By combining techniques such as those mentioned here and 
striving for a complete understanding of a system, not just deducing regulatory 
and functional aspects from a snapshot we will further our knowledge of structure, 
function and regulation of transient states in enzyme complexes and their 
dynamics as well as dynamics of cellular compartments and components and their 
interactions.  
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