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Abstract 
 

Errors in the metabolism of amino acids are often associated with diseases with severe 

outcomes. The human enzyme branched-chain amino acid transaminase 2 (BCAT2) has a 

critical role in degradation of branched-chain amino acids, which are also associated with the 

inherited metabolic disorder maple syrup urine disease (MSUD) through a defect in the 

downstream BCKD enzyme. Untreated MSUD can eventually lead to hypoglycemia and 

neurological damage among other things, and in the most severe cases, to death. Inhibition of 

BCAT2 is hypothesised to be of significance in temporary prevention of MSUD through 

reduced build-up of toxic intermediates by amino acid degradation, thus it is of interest to 

develop potential inhibitor compounds specifically for this enzyme. Furthermore, 

overexpression of BCAT2 is frequently found in certain cancer types, including pancreatic 

cancer, which makes the enzyme an attractive therapeutic target for treatment of cancer as 

well.  

 

The main goal of this master thesis project was to identify and characterize compounds with 

the ability to inhibit the BCAT2 enzyme. This was accomplished through a structure- and 

activity-based analysis of selected compounds. 12 compounds were the starting point of the 

project, which were selected from a previous high-throughput screen of 28.500 initial 

compounds. The study was later extended with 24 analogues of 3 of the selected compounds 

from the original set. In our study, we have been able to obtain high-resolution structures of 

BCAT2 in complex with four inhibitor compounds by the use of X-ray crystallography. The 

structures reveal that inhibitors of BCAT2 contain two planar ring systems connected by a ca 

8.5 - 12.5 Å linker region, with aromatic stacking as a common mode of interaction. 

Additionally, there are surprisingly few polar hydrogen bond interactions between the 

enzyme and the inhibitors.  Through a dose-response investigation, we present IC50 values for 

a selected subset of the compounds. The best inhibitor, compound 3, has an apparent IC50-

value of 2.3 ± 0.3 µM, with compound 6 being second best with an IC50 of 6.3 ± 0.8 µM. A 

total of 8 compounds with an IC50 of less than 36 µM have been identified in this project.  

 

The data obtained in this project may guide the search for nM inhibitors of BCAT2, 

particularly by identifying several novel ring systems that form strong interactions with 

hydrophobic patches in the active site of BCAT2. 
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1 INTRODUCTION 
 

1.1 Protein and amino acid catabolism  
Proteins are complex molecules composed of one or more chains of amino acids in a highly 

specific order. The amino acids constructing the proteins are often referred to as building 

blocks of proteins 1,  and they are connected by peptide bonds. There are 20 different amino 

acids required for the human body to function properly. Nine of these amino acids are 

classified as essential, meaning they cannot be synthesized in higher organisms like humans2. 

Thus, essential amino acids have to be obtained through diet. Amino acids resulting from 

degradation of proteins can subsequently be broken down or converted for various purposes. 

17 of the 20 amino acids in humans utilize mitochondrial enzymes in their metabolic 

pathway3. However, the three remaining amino acids are eventually transported into 

mitochondria as well, with the intention of entering the tricarboxyl cycle (TCA). It turns out 

that even though mitochondria are primarily known as the energy centres of the cell, they 

also have crucial roles in the metabolism of several biological macromolecules including 

proteins and amino acids 4.  

 

Some of the essential amino acids one need to obtain through diet are the branched-chain 

amino acids (BCAAs) valine, leucine and isoleucine. BCAAs constitute approximately 35% 

(by mass) of essential amino acids in most mammals 5. The catabolic pathway of BCAAs 

usually has two common steps; the first step is deamination, which is catalyzed by the 

enzyme branched-chain amino acid transaminase (BCAT), and the second step is oxidative 

decarboxylation mediated by a branched-chain α-keto acid dehydrogenase enzyme complex 

(BCKD) 5, 6 (figure 1.1). The latter act as a precursor for formation of compounds such as 

acyl-CoA, acetyl-CoA and succinyl-CoA 6. Since BCAAs are critical components in the 

human physiology, dysfunctions in enzymes involved in their catabolism, like BCAT and 

BCKD, are often associated with diseases with severe outcomes.  
 

 
Figure 1.1. BCAA catabolism. Deamination of BCAAs by BCAT generating branched-chain α-keto acids 

(BCKAs), and further oxidative decarboxylation of BCKAs by BCKD.  
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1.2 Branched-chain amino acid transaminase (BCAT) 
Branched-chain amino acid transaminase (BCAT) is an aminotransferase enzyme existing in 

human cells, which is involved in the catabolism of BCAAs. There are two different genes 

encoding BCATs in humans, consequently giving rise to two main isoforms of the protein: 

cytosolic BCAT (BCAT1) and mitochondrial BCAT (BCAT2). Both isoforms are expressed 

in cytosol; however, BCAT2 contains an N-terminal mitochondrial targeting sequence of 27 

amino acids 7. Consequently, the protein eventually ends up in mitochondria. According to 

the UniProt Knowledgebase (UniProtKB), the two isoforms share 55.33% homology in their 

amino acid sequences, and amino acids associated with their active sites are highly 

conserved. Their mechanism of action is the same, however they differ in both subcellular 

location and tissue specificity 8.  

 

During this master project, the majority of the experimental time was spent on the 

mitochondrial isoform BCAT2. Nevertheless, both isoforms are of high interest, as evidences 

have surfaced linking both of them to a set of different diseases. In addition, it is crucial to 

develop a medical drug that is specifically targeting only one of the isoforms and not both.   

 

1.2.1 Function and mechanism of BCAT 
 

As previously mentioned, BCAT acts upon the branched-chain amino acids (BCAAs) 

leucine, isoleucine and valine. Hence, the main biological function of BCAT is to catalyze 

the first step in the degradation of BCAAs. BCAAs set for degradation are initially 

transaminated by BCAT in order to form the corresponding branched-chain α-keto acids 

(BCKAs) 5. During this reaction, deamination occurs, leading to removal of the amino group 

of the amino acid. Additionally, BCAT requires the cofactor pyridoxal 5´-phosphate (PLP) to 

catalyze the transamination of BCAAs. First, the amino group is transferred from the amino 

acid onto the PLP cofactor, and the PLP is converted into pyridoxamine phosphate (PMP) 6. 

The amino group is then transferred from PMP to an external nitrogen acceptor, and the most 

common nitrogen acceptor in this process is α-ketoglutarate, yielding glutamate when 

accepting the amino group 5. 

 

The general mechanism of BCAT is demonstrated in figure 1.2, and as one can see it is a 

reversible reaction. In theory, this means that BCAT is able to catalyze the last step in the 
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biosynthesis of BCAAs from their corresponding keto acids as well. This is apparent in 

bacteria, plants and fungi 5. Regarding organisms like humans, this is not the case due to the 

fact that humans are lacking the enzymes necessary for de novo synthesis of BCKAs 5.  
 

 
Figure 1.2. BCAT´s mechanism of action. The amino group of the branched-chain amino acid (BCAA) is 

transferred to α-ketoglutarate to form a corresponding branched-chain α-keto acid (BCKA). The α-ketoglutarate 

is converted into the amino acid L-glutamate.  

 

1.2.2 BCAT2  
 

BCAT2 is located in the mitochondria of the cell, and the enzyme has ubiquitous tissue 

specificity, as it is present in most tissues in the human body 8. According to UniProtKB, 

BCAT2 is a homodimer composed of two polypeptide chains, chain A and B 9 (figure. 1.3). 

Both chains consist of 392 amino acid residues, forming a structure with a mix of alpha 

helices and beta sheets. The monomeric chain has a molecular weight of 44.288 kDa. 

Structurally, BCAT2 belongs to the fold type IV class of PLP enzymes 9. Accordingly, the 

protein requires the cofactor PLP in order to catalyze the transamination of BCAAs.  

 

 
Figure 1.3. 3D structure of BCAT2. Cartoon representation of BCAT2 (1ekf.pdb) displaying alpha helices and 

beta sheets in chain A (light purple) and in chain B (light green). The PLP cofactors are highlighted in dark blue.  
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Both chain A and B has an active site, to which the PLP cofactor is associated. The active site 

is located at the domain interface of each chain, with entry point at opposite sides of the 

dimer, and it is characterized as a well-defined pocket where a potential drug is able to bind. 

X-ray crystallographic studies show that the PLP cofactor resides at the bottom of the active 

site, and it is covalently attached to Lys202 6 (figure 1.4). An additional, unique feature of 

BCAT2 is a conserved Cys-x-x-Cys motif that is located approximately 10 Å from the active 

site 6. The same study presented that the short distance between the cysteine residues in the 

motif, Cys315 and Cys318, allows for formation of disulfide bonds with oxidizing 

conditions. Based on their research, they further suggested that the Cys-x-x-Cys motif is 

involved in redox-linked regulation of BCAT2 activity 6. 
 

 
Figure 1.4. 3D structure of BCAT2. (A) Surface representation of BCAT2 (1ekf.pdb) displaying the active site 

of chain A (light purple). (B) Zoomed in on the active site of chain A (light purple), displaying the localisation 

of the PLP cofactor (dark blue) in the pocket and its covalent linkage to Lys202 (light purple).   

 

1.2.3 BCAT1  
 

The subcellular location of BCAT1 is in the cytosol, and it is predominantly found in nervous 

tissue in the human body 8. Consequently, the protein is mainly expressed in the brain. 

However, it has been shown that BCAT1 is expressed in tissue present in stomach, kidney, 

pancreas and salivary glands as well 8. According to UniProtKB, BCAT1 is also a 

homodimer composing of two chains, A and B, very similar to BCAT2 with respect to both 

alpha helices, beta sheets and surface loops 7 (figure. 1.5). The isoform has a total of 386 

amino acids, making it a few amino acids shorter than the other human isoform. Obviously, 

this results in a slightly lighter protein with a molecular weight of 42.966 kDa. BCAT1 is a 
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part of the fold type IV class of PLP enzymes too, relying on the presence of PLP for its 

catalytic activity. Similar as for BCAT2, the PLP is associated with the active site of BCAT1, 

however it is attached to a different lysine residue; Lys222 7.  
 

 
Figure 1.5. 3D structure of BCAT1 aligned with BCAT2. Cartoon representation of BCAT1 dimer in light 

green (2cog.pdb) aligned with BCAT2 dimer in light purple (1efk.pdb), displaying strong similarities and only 

minor differences between the two isoforms. The PLP cofactors are highlighted in dark blue.  

 

 

1.3 BCAT and diseases 
The catabolism of BCAAs, and the amino acid metabolism in general, is a fundamental 

process that is necessary for the human body to function properly. Consequently, 

dysfunctions in enzymes involved in the degradation of BCAAs are often manifested as 

serious inborn metabolic diseases. Diseases that may arise due to error in the amino acid 

metabolism can for instance be phenylketonuria (also known as Følling´s disease 10) and 

tyrosinemia, associated with errors in the processing of phenylalanine and tyrosine, 

respectively 11. These conditions are quite rare, but critical, as late detection leads to 

irreversible neurological damage, possibly mental retardation and in the most severe cases, to 

death. Another inborn metabolic disease is maple syrup urine disease (MSUD), in which 

there is an error in the catabolism of BCAAs specifically 11.  The name of the disease is due 

to the sweet, maple syrup-like smell caused by large amounts of α-keto acids in the urine of 

the patient. All of these disorders are associated with severe outcomes, such as liver and 

kidney failure, unfavorable pH in the blood, hypoglycemia and stroke 12. For the long run one 

may also get progressive and irreversible neurological disorders, as previously mentioned. 

The first clinical symptoms of inborn errors in the metabolism leading to neurological 
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damage usually manifest in infancy, but in a proportion of cases they appear in adulthood 13. 

One of the common problems for these patients is acute alteration of consciousness 

(confusion or coma), which can also be accompanied with movement disorders 13. At present, 

there are no pharmacological products for blocking or treatment of these metabolic disorders, 

and people with mutations in these critical genes must live the rest of their lives on a strict, 

low-protein diet.  

 

Furthermore it has been observed that the level of BCAAs in the blood increases for humans 

being obese or diagnosed with type 2 diabetes 14. There is also a study reporting this, in 

which they disrupted the BCAT2 gene in mice, and the resulting outcome were elevated 

plasma BCAAs, decreased body weight and remarkable improvements in insulin tolerance 15.    

 

In addition to metabolic and lifestyle-associated diseases, recent studies show that BCAT 

often seem to be overexpressed in patients suffering from different types of cancer as well. 

For instance, BCAT2 displays overexpression in pancreatic ductal adenocarcinoma, whereas 

BCAT1 appears to be overexpressed in glioblastoma 16, 17. Fast dividing cancer cells rely on a 

high metabolic level, explaining why enzymes such as BCAT can play an important role in 

the upkeep of cancer cell metabolism 16, 17. 

 

In this master thesis, we focus on the role of BCAT2 in MSUD, pancreatic ductal 

adenocarcinoma and type 2 diabetes/obesity, as well as the role of BCAT1 in glioblastoma. 

 

1.3.1 BCAT2 and maple syrup urine disease  
 

Maple syrup urine disease (MSUD) is an inherited metabolic disorder in which the body is 

unable to catabolize BCAAs properly. The disease is caused by dysfunction in the huge 

BCKD complex (4 MDa 18), as a consequence of genetic mutations in the genes encoding the 

subunits of BCKD 19. In order to understand this disease, it is essential to know that within 

the human body there are three sources of energy: carbohydrate, lipid and protein. The 

carbohydrate and lipid are consumed first. When there is no more carbohydrates and lipids 

left, the body eventually starts to break down protein to obtain energy 20. This generates 

single amino acids, like BCAAs, that are further catabolized and converted into metabolites. 

The amino groups of the catabolizing BCAAs are first removed by BCAT2 to generate 
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BCKAs, which then act as substrates for the BCKD complex. Dysfunctional BCKD 

subsequently leads to accumulation of BCKAs in the blood, produced by BCAT2 in the first 

step of the BCAAs catabolism. A previous study reveals that increased levels of keto acids 

may cause severe harm to the patient, such as DNA damage, mitochondrial dysfunction and 

neurological damage 19. They demonstrated in their study that BCKD-E2 insufficiency, 

consequently increased BCKA level, results in accumulation of DNA damage and a 

corresponding reduction in mitochondrial markers 19.  

 

As BCAAs are essential amino acids, they cannot be synthesized de novo, but are rather 

obtained through diet. Thus, an otherwise healthy MSUD patient living on a strict diet 

avoiding BCAAs overload should be fine. However, if an MSUD patient for instance gets the 

influenza virus or another condition leading to low appetite, experience extensive physical 

stress or exertion with low calorie intake, the body will naturally switch from carbohydrate 

and lipid metabolism into protein metabolism. As a consequence, this person may start to 

unintentionally produce BCAAs via protein degradation, which will further be converted into 

BCKAs 21. As previously mentioned, the subsequent outcome of the metabolic crisis of a 

dysfunctional BCKD complex is high level of BCKAs in the blood. Thus, it is of interest to 

discover a drug that can temporarily knock down keto acid production by BCAT2 inhibition, 

to prevent accumulation of BCKAs during such events (figure 1.6).    

 

 
Figure 1.6. Hypothesis for temporary prevention of MSUD by BCAT2 inhibitors. Upper part: normal 

BCAT2 and BCKD function. Middle part: dysfunctional BCKD complex in MSUD patient. Lower part: 

BCAT2 knockdown as potential means of down-regulation of BCKA production in MSUD patients during 

metabolic crisis.  
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1.3.2 BCAT2 and pancreatic ductal adenocarcinoma 
 

Pancreatic cancer is a highly aggressive tumor that arises in the pancreas. Pancreatic ductal 

adenocarcinoma (PDAC) is the most common malignant pancreatic tumor, and treatment 

options remain largely ineffective with a 5-year survival rate of < 8 % 22. No indications or 

symptoms are apparent in the early stages of PDAC, which is why the cancer is normally 

detected after metastasis has occurred at a later stage. At this point it is too late with a surgery 

procedure, which is the most effective treatment today in the early stage of pancreatic cancer 
23. Due to the delayed diagnosis of PDAC, the prognoses are poor. Thus, it is necessary to 

find ideal candidates for therapeutic targeting.  

 

One of the basic requirements of cancer cells is to sustain rapid and continuous growth 24. In 

order to achieve this, cancer cells often tend to alter different metabolic pathways to fulfil the 

required amount of nutrients. Consequently, targeting specific enzymes involved in the 

human metabolism could potentially improve cancer treatment. Recent findings suggest that 

the metabolic pathway of BCAAs may provide as a novel therapeutic target for PDAC 16. 

Based on previous knowledge in which certain types of cancer appear to have overexpression 

of BCAT, as well as increased uptake of BCAAs 25, a new study further examined the role of 

BCAT2 in PDAC cells 16. Knockdown of either one of the two key enzymes in BCAA 

catabolism, BCAT2 or the BCKD complex, resulted in significant suppression of PDAC cell 

proliferation. In addition, the knockdown had no impact on the level of TCA cycle 

intermediates nor did it affect the redox homeostasis 16. Consequently, both BCAT2 and the 

BCKD complex may be attractive drug targets in pancreatic cancer therapy. This makes our 

study on development of inhibitors that may suppress and reduce the activity of BCAT2 

highly relevant in PDAC treatment.  

	  

1.3.3 BCAT2, obesity and type 2 diabetes mellitus  
 

Obesity may be defined as abnormal or excessive fat accumulation that eventually will have a 

bad impact on humans health 26. According to the World Health Organization (WHO), at 

least 4 million people die each year as a result of being overweight. Being overweight 

constitutes a health risk and it is frequently associated with several severe diseases, including 
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type 2 diabetes mellitus (T2DM). In fact, both obesity and unhealthy lifestyle are considered 

to be a strong risk for later development of T2DM 14. T2DM is a chronic disease 

characterized by reduced insulin sensitivity or even insulin resistance, which furthermore 

appears to be linked to obesity 27. However, the mechanism by which increased adiposity 

causes insulin resistance is unclear 27.  

 

In a recent mouse BCAT2 knockdown study they suspected that increased level of BCAAs, 

which can be obtained by inhibition of BCAT2, are believed to increase expenditure of 

energy and stimulate satiety 15. In their study they demonstrated that absence of BCAT2 

indeed resulted in increased energy expenditure as a result of futile protein turnover cycle, as 

well as increased insulin sensitivity and glucose tolerance 15. In addition, the mice were 

protected from obesity when exposed to a high fat diet. In other words, the mouse did not get 

overweight when eating lots of fat. These observations indicate that loss of BCAA catabolism 

is essential in regulating insulin sensitivity as well as energy expenditure. Due to these 

remarks, it seems like inhibition of BCAT2 may reduce problems with obesity and T2DM, as 

this subsequently will result in increased level of BCAAs.  

 

1.3.4 BCAT1 and glioblastoma 
 

The cytosolic isoform of BCAT, BCAT1, is highly implicated in cancer growth 28. Current 

knowledge indicates that several types of cancer have an abnormal high expression of 

BCAT1, including glioblastoma 17. Glioblastoma is a particularly aggressive tumor, which 

can occur in the brain or in the spinal cord 28. Even after removal of the tumor through 

surgery and further treatment with chemotherapy and/or radiation, the mean progression-free 

survival is just over 6 months 29. Thus, there is need for more focus on the fundamental 

understanding of the molecular basis of the tumor, as well as alternative drugs for treatment.  

 

Recently it has been discovered that BCAT1 expression in glioblastoma tumors is specific to 

those patients that are carrying wild type isocitrate dehydrogenase 1 and 2 17. In this study 

they found that inhibition of BCAT1 in glioblastoma cells resulted in blocked excretion of 

glutamate, as well as reduced proliferation and invasiveness of cancer cells in vitro and in 

vivo. This is an important observation, as cancer cells are often relying on excessive amount 

of glutamate during their progression. In addition, they observed a significant decrease in 
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tumor growth. However, the mechanism of how suppression of BCAT1 truly affects 

proliferation of glioblastoma cells is unknown 17. Nevertheless, there are reasons to believe 

that the reduced amount of intermediates fed into the TCA cycle, may limit cancer cells´ 

access to nutrients required for tumor progression 17. The reduction of TCA intermediates 

will emerge due to the fact that inhibition of BCAT1 subsequently results in blockage of 

further BCAA catabolism. This suggests that expression of BCAT1 is crucial for continuous 

glioblastoma tumor growth, which makes the enzyme a potential candidate as a therapeutic 

target in improved treatment of glioblastoma. Importantly, potential inhibitors of BCAT2 

may be relevant for inhibition of BCAT1 as well, due to the similarity in the active sites of 

the two isoforms.  

 

 

1.4 Drug design  
Drug design is the process of discovering and developing drugs that can be used in medical 

treatment, diagnosis or in prevention of diseases. It is a time-consuming and expensive 

process, and companies have to earn their money back quickly after the drug has been 

approved, and before the patents expires 30. For these reasons, pharmaceutical companies 

usually choose to spend their time and money on discovering drugs that are of interest for a 

larger part of the population and/or for chronic diseases with patients having to use the drug 

on a regular basis. Consequently, diseases that are rarer, like MSUD, tend to be left behind. 

However, in the last few years, rare diseases have actually seen an increased interest from the 

industry as well as governmental and research funding bodies. One example of this is 

repurposing of already approved drug for new indications 31.  

 

The drug design process includes several stages that can be divided into the overall five steps 

listed below, which is also demonstrated in figure 1.7. During this master project, the 

majority of the time was spent on characterization and optimization of hits with the aim to 

identify one or more lead compounds (step 3), as group members in the MBK lab already 

accomplished the first part (step 1 and 2) in the early drug discovery process.  
 

1. Target identification and 
2. Hit discovery 
3. Hit to lead development 
4. In vivo studies 
5. Clinical phases  
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Figure 1.7. The process of discovering and developing drugs. The drug design process involves target 

identification, hit discovery, hit to lead development (optimization), in vivo studies and clinical phases. The 

dotted lines in black suggest methods frequently used in the different steps of the process. Figure inspired by: 

https://www.slideteam.net/drug-discovery-and-development-process.html 

 

1.4.1 Target identification  
 

Identifying a proper drug target would be a typical starting point of the drug discovery 

process. Macromolecules associated with diseases and which are depending on the binding of 

a small molecule in order to function is an ideal drug target. Another important feature is a 

well-defined pocket, like for instance the active site of an enzyme, in which the drug is able 

to bind. Proteins with such features are often referred to as “druggable”, but it is also 

possible, albeit normally harder, to design drugs that bind to larger patches of protein 

surfaces, e.g. to disrupt protein-protein interactions. Many good drug targets are proteins 

present in the human body, and the goal is to modulate the function of the protein without 

actually killing the cell 32. One possible way to test the validity of an inhibitor is to study the 

effect of knockdown or knockout cell or animal models. Knockout models are normally made 

by disrupting the genetic sequence of the protein so no functional protein can be produced, 

while knockdown effects are created using silencing RNA (siRNA) preventing translation of 

the target mRNA. A drawback of knockout/knockdown models is that the lack of the protein 

might induce secondary effects that do not mimic how a blocking drug will work. 
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1.4.2 Hit discovery 
 

The discovery of hits for a target can be achieved by starting off with a broad screen of a 

compound/fragment library. This approach can either be computational-aided or 

experimental-aided. Computational-aided techniques include de novo generation and virtual 

screening (docking), the latter requiring a known 3D structure of the target protein 33. 

Fragment-based screening is an example of an experimental-aided method, in which smaller 

molecules in the range of 120-250 kDa are screened 34. Screening of larger molecules in the 

range of 250-600 kDa can be approached by a more traditionally used method called high-

throughput screening (HTS). HTS enables for screening of large compound libraries for 

activity against the target of interest by the use of robotics, assays and large-scale data 

analysis 34. The different approaches have different advantages and disadvantages. The 

virtual methods can produce very novel drug candidates, but the later synthesis of the 

molecule might be challenging. HTS on the other hand use real compounds, which can be 

purchased or synthesised, but the libraries might cover a smaller part of ‘chemical space’ than 

what is possible by computing. 

 

Group members in the MBK lab conducted a HTS campaign to obtain hits for the BCAT2 

target, by the use of an enzymatic assay screen at the NorOpenscreen platform hosted by the 

Norwegian Centre for Molecular Medicine (NCMM). An initial screen of 28.500 compounds 

gave 44 candidates that were re-screened to check for a proper dose-response profile. At the 

end of this re-screen, 12 candidates were selected. These 12 compounds were the starting 

point of the work in this thesis.   

 

1.4.3 Hit to lead development 
 

Following hit discovery, a small number of the hits are selected for further validation. This is 

a process in which the interaction between the target protein and the hit compound is 

confirmed, normally through a dose-response investigation. In addition, a set of 

characteristics of the specific interaction is established, for instance binding affinity or 

inhibitory effect. Examples of approaches to validate the binding event are biophysical 

technologies such as thermal shift assay (TSA), microscale thermophoresis (MST), surface 
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plasmon resonance (SPR), differential scanning fluorescence (DSF) and isothermal titration 

calorimetry (ITC) 35. Furthermore, structure determination of complexes between target 

protein and hit compounds, e.g. by X-ray diffraction or Nuclear Magnetic Resonance (NMR) 

as explained below, provide valuable information at this stage. During this project, a 

biochemical enzyme assay was utilized to obtain information about the ability of the hit 

compounds to inhibit the protein, and X-ray crystallography was used to determine enzyme-

ligand complex structures. These two methods will be described in more detail in the method-

related theory section (section 1.5). 

 

3D structures of the designated hits in complex with the protein of interest may provide 

information about possible improvements. It enables one to evaluate specific interactions 

between the hit compound and the protein, consequently allowing for further optimization of 

the binding affinity. Of particular interest is to identify essential functional groups to keep 

and parts of the molecule that allows for further development. Structures of complexes might 

also reveal critical information about induced fit and conformational changes in the protein, 

which is hard to decipher from only knowing a set of ligands. Two well-known methods to 

obtain 3D structures are X-ray crystallography and NMR 32. NMR is based on signals from 

atoms in a strong magnetic field, and provides information about distances between atoms as 

well as the flexibility/dynamics of the protein. X-ray crystallography gives information about 

the positions of the atoms in a crystal made of the protein, and is a highly accurate method. 

As previously mentioned, X-ray crystallography was used to determine experimental 3D 

structures in this master thesis, as this method is preferable for larger proteins (>200 residues) 
32.  

 

Validated hits are further developed in order to obtain a lead compound that can proceed to in 

vivo experiments, and this can be accomplished through chemical lead optimization. The 

purpose is to improve the potency, affinity and efficacy of the compound, among other 

qualities. Commonly, analogues of the best hits are designed and investigated to see if they 

have enhanced interaction with the protein. Furthermore, different substituents on a 

compound can be modified to improve the potential lead. X-ray crystallography and activity 

assays can be utilized once again to acknowledge if the modified compounds have enhanced 

interaction with the protein or not. Sometimes, functional groups or specific features from 

different series of hit compounds can successfully be combined to form new series of 

compounds with improved properties. Validation and optimization generally have to be 
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repeated several times in order to achieve the ultimate lead compound 32. After several cycles 

of in vitro studies, one may proceed to the last part of the preclinical stage.  

 

1.4.4 In vivo studies  
 

The last part of the preclinical stage involves in vivo studies, in which animal models are 

included. In vivo testing is important to establish if a drug is safe and effective for further 

clinical trials. This part is essential to drug development as it provides the ability to 

understand the characteristics and effects of a drug within a living organism 36. Thus, it is 

important to use an animal model with biochemical and physiological processes that 

resembles the ones in the human body. Typical animals used are mouse, rat, dog, pig or 

monkey. The choice of species also depends on the type of drug that is being tested – the 

various animal models are similar to humans at different levels (e.g. oral delivery or 

responses in the gut). In addition, the results from in vivo testing provide information about 

potential toxicities, which is significant to ensure the safety of the drug before further clinical 

trials 36. Thus, in vivo part is sometimes termed ADME-tox, as it covers investigations of 

properties such as compound Administration, Distribution, Metabolism, Excretion and 

toxicological profiling 37. 

 

1.4.5 Clinical phases  
 

Clinical phases are studies of drug effects performed in people, and these are the studies that 

provide information about how the drug will ultimately interact with the human body. Such 

studies are divided into phases that will briefly be described here according to the US 

regulatory body - the Food and Drug Administration (FDA). A phase I study has 20 to 100 

healthy volunteers as participants, and the study lasts for several months. The purpose of the 

phase I study is to establish safety and dosage. During phase II there are up to several 

hundred people with the disease participating in the study for a period of several months to 2 

years. The overall aim of phase II is to evaluate efficacy of the drug as well as potential side 

effects. Clinical phase III studies are large-scale clinical trials in large patient populations, 

and the length of the study is from 1 to 4 years, with the intention of monitoring unfavorable 

reactions as well as the efficacy of the drug 38. Drugs that are successfully passing through 

the 3 clinical phases are usually approved for use in the general population.  
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1.5 Method-related theory  
Two main methods applied as a part of this master thesis were X-ray crystallography and 

biochemical enzyme assays. Both methods are widely used in the process of developing 

drugs, and will be briefly described in this section.  

  

1.5.1 X-ray crystallography 
 

X-ray crystallography is a powerful technique that can resolve three-dimensional structures 

of molecules at atomic resolution. This includes complex biological macromolecules such as 

proteins. Structural knowledge obtained from X-ray crystallography provides detailed 

information about the active site of the molecule, as well as its mechanism for recognition 

and binding of substrates and drugs etc 39. This makes X-ray crystallography highly relevant 

in the process of drug design, as one may obtain structural information of protein-inhibitor 

complexes for further development of drugs. The workflow for solving three-dimensional 

molecular structures by X-ray crystallography is briefly illustrated in figure 1.8. 

 

    
Figure 1.8. Workflow for solving 3D structures by X-ray crystallography. In the last decade or so, the MIR 

and MAD phasing methods, here shown in the centre part of the figure, are frequently replaced by the single-

wavelength versions SIR and SAD as a result of improvements in synchrotron radiation and software. Figure 

taken from “Crystallography, Max Perutz, July (1996) (Churchill College, Cambridge)” 
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Purification and crystallization  

Protein crystallography is based on studying X-ray diffraction of crystals; consequently, 

protein crystallization is required 39. Protein purification is a crucial part in order to achieve 

successful crystallization. The protein should ideally be highly soluble and pure, as impurities 

in the protein solution may interfere with crystallization and disrupt crystal growth. One 

single molecule does not provide enough scattering power, thus there is need of a protein 

crystal in order to amplify the signal through crystal diffraction. The signal will be amplified 

as the crystal is composed of repeating identical units, referred to as unit cells 39. 

 

Crystals are able to grow if the solution surrounding the initial crystal nuclei is saturated, as 

this will reduce protein solubility and favour crystal growth 40. Each protein requires 

individual conditions to be able to crystallize, and knowledge about the protein of interest 

might be useful in order to find good crystallization conditions. Typical crystallization 

methods frequently used are vapor diffusion techniques (hanging- and sitting-drop), batch 

and seeding 40.  

 

During this master project, the hanging drop method was used to co-crystallize the protein 

with potential inhibitor compounds. Hanging drop is based on having a droplet containing the 

biological macromolecule, the potential inhibitor of interest, a buffer, crystallization agents 

and additives, which is equilibrated against a reservoir 40. The reservoir contains a solution of 

the crystallization agents of a higher concentration than the droplet 40. The difference in 

concentration will be reduced through evaporation of water from the droplet, with a 

concomitantly increase in the protein concentration (and also all other components in the 

drop). If the conditions are right, crystal nucleation will occur and they will eventually grow 

as the droplet continues to shrink in volume to reach an equilibrium with the reservoir. The 

solubility of the protein can be represented in a phase diagram (figure 1.9). If the 

crystallization setup is successful, the system will slowly enter the nucleation zone (left part 

of arrow, figure 1.9) and form crystallites before the protein concentration decreases as 

crystals starts to grow (right part of arrow). Consequently, the system “moves” in the 

metastable zone in such a way that crystallites grow into large crystals, as the system reaches 

equilibrium (end of arrow).   
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Figure 1.9. Phase diagram for crystal growth. The solubility of a protein demonstrated in a phase diagram. 

The lower curve represents the maximal solubility of the protein as a function of the concentration of a 

crystallizing agent (typically a salt, PEG or alcohol). The black arrow illustrates the process leading to crystal 

growth. Both the metastable-, nucleation- and precipitation zones are above the solubility curve and hence 

represent supersaturated states of the system. 

 

X-ray diffraction, data collection and data processing  

Well-formed crystals can be exposed to an X-ray beam available at synchrotrons, or 

alternatively at a weaker home-source. The X-ray beam is being scattered by the protein 

atoms in the crystal, and due to the regularity in the crystal lattice, generate a diffraction 

pattern of “reflected” X-ray photons on a detector 39. This pattern can be used to reconstruct 

the electron density in the crystal. The intensities of the reflections are being measured 

throughout the data collection, and each reflection contains information about the entire unit 

cell. The crystal is rotated during the data collection, and a series of non-overlapping 

images/frames of the diffraction pattern is collected.  

 

Furthermore, the collected data are processed, which includes indexing of the diffraction 

pattern, beam line and crystal parameter refinement, as well as integration, scaling and 

merging of the reflections 41. As a part of the indexing process, the crystal symmetry is 

established, unit cell dimension are estimated and hkl indices are assigned to each reflection 

in the diffraction pattern 41. The measurements of the intensities of the reflections are 

obtained by integration, whereby each set of hkl indices throughout the data set is given an 

intensity value 41. The final part of data processing is data reduction, and it includes scaling, 

merging and truncation. The scaling process puts measured intensities or symmetry-

related/repeated reflections collected at different time points on the same scale, to minimize 
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the difference between the symmetry-related reflections by determining a scaling factor for 

each frame/image in the data set 41. Once the reflections are provided on a common scale, 

symmetry-related reflections and reflections observed multiple times are merged. Finally, the 

last step of data processing, truncation, converts intensities into amplitudes (also known as 

structure factors, F´s) 39.  

 

Phasing 

X-rays are electromagnetic waves, and information about the waves is described as 

amplitudes and phases. As the amplitudes are proportional to the square-root of the 

intensities, they can be directly calculated from the diffraction pattern. However, since there 

is no lens available which is able to focus X-rays, the scattered X-ray beam cannot be 

converted directly into an image by refocusing, as in a light-based microscope 39. 

Consequently, the phases of the waves are lost during the experiment. Amplitudes and phases 

are the main elements necessary to calculate the electron density map, thus several methods 

have been developed to solve the problem of lost phases. One such method is molecular 

replacement (MR), which requires the existence of a previously solved structure that is 

similar to the unknown protein structure, at least in part. Subsequently, one can use the 

phases calculated from the model structure as a first approximation, and together with the 

amplitudes from the experimental data, use a Fourier transform to calculate an initial electron 

density map 39. Additional phasing methods include multiple- or single isomorphous 

replacement (MIR/SIR) and multiple- or single wavelength anomalous diffraction 

(MAD/SAD) 42. MIR/SIR involves comparison of data from a native protein crystal with one 

or more data sets from a protein crystal into which there has been introduced heavy atoms. 

MAD/SAD on the other hand, is based on introducing one “heavy” atom element into a 

native protein crystal and collecting one or more data sets at several different wavelengths, 

taking advantage of dispersion of the X-ray photons as they are absorbed by the “heavy” 

atom 42.  

 

Refinement and model building  

The approximate phases, from MR, MIR/SIR or MAD/SAD, are hopefully good enough to 

display a rough electron density map. However, computational refinement including side-

chain and main-chain corrections, and addition of solvent water molecules, is necessary to 

maximize the agreement between the model and the experimental data 43. Thus, several 

iterative cycles of refinement and model building concludes the final part of solving a 3D 
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structure by X-ray crystallography. Model building involves adding missing amino acid 

residues, adjustment of the best rotamer configuration, as well as manually fitting of 

cofactors and ligands, depending on the 3D structure being solved. One of the two resulting 

electron density maps, the Fo – Fc difference map, is particular important in the modelling 

process, as it displays both missing parts and errors in the map 39.  

 

In order to validate the structure, one can evaluate different agreement values including the 

R-factor (Rwork). The Rwork value is a measure of how well the structure factors calculated 

from the model agree with the experimentally observed structure factors 43. Usually, 5 % of 

the data is not included in the refinement, and acts as an unbiased indicator in order to 

monitor the refinement progress. This cross-validation factor is referred to as the Rfree factor 
43. Refinement and rebuilding are repeated until the criteria values converge, and one is 

satisfied with the model, as judged by the analysis of the electron density maps (observed and 

difference maps).  

 

1.5.2 Enzyme assay    
 

Enzyme assay is a method frequently used for measuring enzymatic activity, which is vital in 

the study of enzyme kinetics and inhibition. Essential factors effecting assaying of enzymes 

are temperature, pH-value, ionic strength and proper concentrations of components 

(concentration of substrates and the enzyme(s) itself in particular) 44. These factors are 

significant as enzymes display their highest activity when their conditions are optimal.  

 

There are different methods for observing the enzymatic reaction, including measurement of 

absorbance by the use of spectrophotometers. The enzyme activity can be estimated from 

spectrophotometric data by determining the slope of a linear part of the curve that describes 

the rate of change in the product that is being monitored. In other words, the enzyme velocity 

is derived from a linear part of the reaction progress curve, and is obtained by calculating the 

amount of substrate converted during a given time unit 44. Additional methods for observing 

the enzyme reaction are determination of color intensity with the use of a colorimeter or a 

photometer 44. If the enzyme reaction cannot be observed photometrically, there are other 

methods such as fluorimetry or radiometry in which the substrates/products emit fluorescence 

or radioactive radiation, respectively 44.  



	  
20	  

 

Several parameters are used when characterizing the biological activity of a drug, including 

IC50, which is established for the inhibitor compounds investigated in this thesis. The IC50 

value is referred to as the total concentration of the inhibitor compound that is needed to 

reduce the activity of the enzyme by 50% 45. An additional value frequently used is the KD 

value, which is a dissociation constant used to describe the binding affinity the inhibitor 

compound or ligand has for an enzyme 45.  The Michaelis constant KM is also a commonly 

used parameter, which indicates the concentration of the compound at half saturation during a 

steady-state experiment 44.  

 

Coupled enzyme assay utilizing leucine dehydrogenase (LDH) 

A coupled enzyme assay is a method in which the enzyme activity can be determined by 

coupling one enzymatic reaction with another, more easily detectable, reaction 44. In these 

cases, optimal reaction conditions cannot always be achieved simultaneously for both 

enzymes involved. The enzyme being measured only needs to be present in low, catalytic 

amounts, whereas the secondary enzyme working as the reporter should never be the limiting 

factor. Thus, the indicator enzyme determines the conditions of the assay 44. Such a coupled 

assay was designed for use in this master thesis, in which the mechanism of the enzyme 

leucine dehydrogenase (LDH) is utilized. LDH is an enzyme present in Bacillus cereus, 

among other bacteria, which catabolizes oxidative deamination of L-leucine to generate α–

ketoisocaproate (α–KIC) 46 (figure 1.10). The reaction is reversible, meaning that the reaction 

conditions can be adjusted to also favour synthesis of L-leucine by amination of α –KIC.  

 

 
Figure 1.10. LDH´s mechanism of action. LDH converts L-leucine into α –ketoisocaproate (α–KIC) in the 

presence of the oxidized form of NAD (NAD+). The enzyme can also catalyse the reversible reaction in which 

α–KIC is converted into L-leucine in the presence of excess amounts of the reduced form of NAD (NADH) and 

NH4
+.  

 

LDH being able to use either L-leucine or α–KIC as substrates in its mechanism of action, 

enables us to couple its mechanism to the activity of BCAT, as BCAT is producing α–KIC 

during transamination of L-leucine (figure 1.2). Thus, we can use LDH as a secondary 

enzyme in an enzyme assay. Transamination of L-leucine with α-ketoglutarate by BCAT 
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results in formation of α–KIC. The α–KIC product of BCAT activity is transaminated back to 

L-leucine by the enzyme LDH in presence of ammonia and NADH, hence continuously 

feeding L-leucine back into the BCAT reaction. The required presence of NADH in the 

mechanism of LDH is utilized when designing the coupled assay. Continuous oxidation of 

NADH consequently results in reduced absorbance at 340 nm (as NADH absorbs light at this 

wavelength), which is monitored by the use of spectrophotometer. An overview of the 

coupled enzyme assay designed for use in this thesis is illustrated in figure 1.11.  

 

 
Figure 1.11. Coupled enzyme assay. Designed spectrophotometric assay connecting the mechanisms of action 

of BCAT and of LDH. The reaction progress is monitored via the consumed NADH, which will decrease as a 

result of BCAT convering L-leucine into α-KIC.  
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2 AIMS OF STUDY 
 

The overall aim of this study is to characterize and perform a structure- and activity-based 

analysis of selected inhibitors for human BCAT2, where co-crystallization of inhibitor 

compounds in complex with BCAT2 play a significant part. 12 promising compounds were 

the starting point of this master thesis, which were selected from a high-throughput screen of 

28.500 compounds and a following re-screen of the resulting 44 candidates. We also 

extended the data set by including analogues of co-crystallized compounds to obtain a better 

understanding of protein-inhibitor interactions.  

 

The study of potential inhibitors for human BCAT2 involves the following secondary aims: 

 

Ø Expression and purification of BCAT2 and LDH  

Express and purify human BCAT2 and bacillus cereus LDH in sufficient amounts 

for crystallization trials and/or enzyme assays.  

 

Ø Co-crystallization of BCAT2 with potential inhibitors 

Co-crystallize BCAT2 in complex with potential inhibitor compounds. 

 

Ø 3D structure determination  

Solve 3D structures of BCAT2 in complex with potential inhibitor compounds, by 

the use of X-ray crystallography. 

 

Ø Enzyme assay 

Design a coupled BCAT/LDH assay to measure BCAT2 activity and determine 

IC50 values for the potential inhibitor compounds.  
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3 MATERIALS AND METHODS  
 

The content of the different buffers and solutions are listed in the appendix.  

 

3.1 Protein preparation  
The three enzymes used in this project, BCAT2, BCAT1 and LDH, were expressed and 

purified using the same materials and methods. All enzyme solutions were stored on ice 

during purification to protect the enzymes from possible degradation and/or denaturation. 

BCAT2 was prepared for both crystallographic trials and enzymatic assays, whereas BCAT1 

and LDH were prepared for enzymatic assays only.  

 

3.1.1 Plasmid transformation  
 

Before expression of human BCAT1 and bacillus cereus LDH, the expression plasmid pET-

28b was used to generate BCAT1 and LDH constructs. The constructs were produced by 

General Biosystems Inc following our instructions. Each protein sequence (residues 1-386 for 

BCAT1 and 1-366 for LDH) was cloned using the NdeI and BamHI cloning sites, to give N-

terminal hexa-histidine tags for affinity purification. The nucleotide sequences were codon 

optimized for E. coli expression. Furthermore, the constructs were transformed into separate 

E. coli BL21 (DE3) RIL Codon plus (Stratagene) cells for overexpression. Transformations 

were achieved by adding 1 µL of 50 ng/µL plasmid construct to 25 µL chemically competent 

E. coli cells on ice, which were subsequently heat-shocked at 42 °C for 20 seconds. After 

resting for 1-2 minutes on ice, 1 mL SOC medium was added to the cells, and the cell culture 

was incubated for approximately 1 hour at 37 °C with shaking. For each transformation, the 

bacteria cultures were plated onto two different LB agar plates containing 50 ng/µL 

kanamycin. One was plated with 50µL culture, whereas the other was plated with 500 µL 

culture. The expression plasmid carries a gene encoding kanamycin resistance, which enabled 

only bacteria that contained the plasmid to grow. The plates were incubated overnight 

(approximately 12 hours) at 37 °C, and one colony for each protein construct was selected for 

further work, including preparation of a pre-culture for protein expression and preparation of 

a glycerol stock for storage at -80 °C. 
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Regarding human BCAT2, a glycerol stock of E. coli BL21 (DE3) RIL Codon plus 

(Stratagene) cells transformed with the expression construct pET-28b BCAT2 was already 

prepared and available in the lab. This construct was designed to produce BCAT2 residues 1-

392 with an N-terminal hexa-histidine tag.  

 

3.1.2 Protein expression  
 

Expression 

Recombinant protein expression in bacteria, like E. coli, is often used to produce large 

quantities of a specific protein. In addition to high yields of recombinant protein, the bacterial 

expression systems are popular as bacteria are easy to culture and they grow fast 47. In order 

to achieve protein expression, the transformed cells were inoculated in 100 mL LB medium 

supplemented with 50 µg/mL kanamycin, and incubated overnight (approximately 12-15 

hours) in a rotary shaker at 37 °C and 120 rpm. 10 mL of the overnight culture was added to 

an Erlenmeyer flask, which contained 1 L fresh LB medium supplemented with 1 mL of 50 

µg/mL kanamycin. In our case, the total amount of 6 flasks with 1 L LB medium harboring 

the transformed E. coli cells were prepared, and further incubated in a rotary shaker at 37°C 

and 180 rpm. When the optical density at 600 nm reached approximately 0.8, the temperature 

was lowered to 18 °C and protein expression was induced by adding 1 mL of 0.5 mM 

isopropyl β-D-1-thiogalactopyranoside (IPTG) to each Erlenmeyer flask. The induced cell 

cultures were grown overnight (approximately 15 hours) in a rotary shaker at 18 °C and 180 

rpm. Cells were harvested by centrifugation at 5500 rpm for 20 minutes at 4 °C, and the 

supernatant was discarded whereas the bacterial pellets were stored at -20 °C. 

 

Lysis of bacteria cells 

In order to purify the protein, the frozen cell pellets were resuspended in 15 mL ice-cold lysis 

buffer A per liter cell culture, and homogenised by vortexing The cells were sonicated on ice 

three times for 30 seconds, with an additional one-minute rest in between the three pulses. 

The treatment caused the cell membranes to break down and the cell contents to be released 
48. Furthermore, the sonicated cell suspension was centrifuged at 15000 rpm for 20 minutes at 

4 °C to clarify the lysate. The resulting supernatant, containing the protein, was collected and 

stored on ice.  
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3.1.3 Protein purification  
 

Immobilized metal affinity chromatography (IMAC) 

IMAC is the most widely used method to purify proteins according to their affinity to specific 

metal ions. The metal ions are immobilized to an insoluble matrix/resin, which enables 

proteins with metal-binding ability to be captured to the resin 49. Purification of the proteins 

in this project were accomplished by the use of Ni-NTA affinity chromatography, using 

nickel ions (Ni2+) as immobilized metal. Ni2+ is the preferred metal ion for purification of 

recombinant His-tagged proteins, which was convenient as all enzymes used in the thesis 

were expressed using the plasmid pET-28b containing a 6xHis-tag. The 6 histidine residues 

at the N-terminal will bind to the positively charged Ni2+-ions in the NTA resin, particularly 

at a pH above 7.5.  

 

1 mL Ni-NTA resin per liter cell culture was applied to an Econo-column (Bio-Rad) to 

generate a Ni-NTA column. 20 mL H2O was added to remove ethanol from the resin, before 

the Econo-column was further equilibrated with 10 mL lysis buffer A. Finally, the 

supernatant containing the protein was added to the Ni-NTA column. Proteins lacking a His-

tag will not bind to the column and were collected as flow through (one fraction). In order to 

ensure that all proteins unable to bind to the column were properly removed, 20 mL of lysis 

buffer A was added and collected as wash (one fraction). The immobilized protein of interest 

was eluted from the column using two elution buffers with 50 and 300 mM imidazole, 

respectively. The stepwise elution was accomplished by first adding 15 mL of elution buffer 

B (collected as 3 x 5 mL fractions), followed by adding 10 mL of elution buffer C (collected 

as 2 x 5 mL fractions). All fractions were kept on ice during the whole process.  

 

SDS-PAGE  

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was used to 

analyze samples from the previous purification step. SDS is a strong anionic detergent that 

will form negatively charged complexes when reacting with proteins 50. Thus, the negatively 

charged proteins can be separated according to their size as they migrate through the 

polyacrylamide gel 50. Consequently, SDS-PAGE enables one to analyze which fraction(s) 

contains the purified protein of interest. In addition, the method can reveal presence of 

impurities. 5 µL NuPage loading buffer was first added to 15 µL of each fraction that was 
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collected in the affinity chromatography process. The samples were heated to 70 °C for 5 

minutes in order to denature the protein, before loaded onto a 12% NuPAGE gel (Invitrogen). 

10 µL SeeBlue Plus2 was used as a protein ladder to assess the molecular sizes of the 

proteins separated by the electrophoresis. The gel chamber was filled with NuPAGE MOPS 

SDS running buffer, and the electrophoresis ran for 30 minutes at 200 V. The gel was stained 

with Coomassie Blue staining solution to visualize proteins present in the fractions, and a 

destaining solution was used in to remove leftover staining (see section B in the appendix for 

buffer compositions). 

 

Dialysis  

Following IMAC and SDS-PAGE, the fractions that contained the protein of interest were 

dialysed. The procedure was mainly carried out with the intention of removing smaller 

entities to lower the salt concentration and remove imidazole. 100 U thrombin, from an in-

house stock solution, was added to the protein solution for enzymatic cleavage of the 6xHis-

tag. The protein-thrombin mixture was inserted into a dialysis tubing (Spectra/Por) made of a 

6–8 kDa cut-off membrane before dialyzed against 2 L of pre-chilled dialysis buffer D. After 

approximately one hour, the buffer was replaced with 2 L of freshly made cold dialysis buffer 

D, and the protein solution was further dialyzed overnight (approximately 15 hours) at 4 °C 

with gently stirring. Removal of the His-tag was important for later crystallization trials, and 

the cleavage was confirmed by analysis on an SDS-PAGE gel.  

 

Concentration and storage 

The purified protein solution was concentrated by ultra-filtration using Amicon Ultra-15 

centrifugal filter unit (Millipore) with a cut-off value of 10 kDa. The concentrations of the 

different protein solutions were measured by the use of a NanoDrop UV-Vis 

spectrophotometer (Fisher Scientific) using the respective extinction coefficients calculated 

from the protein sequences. The final protein concentrations for crystallization trials were 

between 2–4 mg/mL, whereas the protein stock solutions used for enzymatic assays had 

concentrations between 4–7 mg/mL. Protein solutions for crystallographic trials were stored 

at 4 °C prior to use, while protein stock solutions for enzymatic assay were mixed 1:1 vol/vol 

with 100% bio-grade quality glycerol and stored at -20 °C. Thus, purified BCAT2 was 

concentrated and stored for both further crystallographic screening and enzymatic assay, 

whereas BCAT1 and LDH were concentrated and stored for later use in enzymatic assays 

only. 
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3.2 X-ray crystallography  
X-ray crystallography was used to determine 3D structures of BCAT2 in complex with 

potential inhibitor compounds. The method was first used to investigate the 12 hit 

compounds that were identified by the high-throughput screen (HTS), and later also for 24 

derivates of the initial 3 compounds that were successfully identified in the first 

crystallographic screening round. This second round was an attempt to further optimize the 

hits as part of the process of developing a lead compound. Data for these two separate rounds 

of screening and optimization were collected at both the ESRF synchrotron in Grenoble, 

France, and the MaxIV synchrotron in Lund, Sweden, during a total of 5 rounds of data 

collection.  

 
3.2.1 Preparation of inhibitors 
 

A set of 12 compounds was selected from a HTS as potential inhibitors of BCAT2. As 

previously mentioned, the HTS was performed as an enzymatic assay screen at the 

NorOpenscreen platform at NCMM/UiO. This screening was designed by Bjørn Dalhus, Lars 

Eide and Lene S. Kittelsen. In addition, analogues of the most successful outcomes of these 

12 compounds were later purchased and further investigated as a part of this thesis. During 

this master project, a total of 36 compounds were investigated as potential inhibitors of 

BCAT2. The compounds were provided in solid state from different chemical vendors via the 

MolPort chemical marketplace and ordering service (see section C in appendix for details). 

Due to the expected hydrophobic nature of the compounds, they had to be dissolved in 

dimethyl sulfoxide (DMSO) before additional use. Each compound was stored at -20 °C for 

later use in enzymatic assay, with a concentration of either 200mM, 100mM or 50mM, based 

on how well they dissolved in DMSO. For crystallographic trials, the compounds of interest 

were further diluted in DMSO to a final concentration of 20mM, and for enzymatic assays, a 

stock solution of 5 mM in DMSO was prepared for each ligand.  
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3.2.2 Preparation of protein crystals  
 

Protein-inhibitor compound mixture 

To obtain crystals of BCAT2 in complex with the inhibitor compounds of interest, co-

crystallization was performed. Co-crystallization allows the protein to form a potential 

complex with the inhibitor before formation of crystals. A mixture of 95 µL purified BCAT2 

(2.2 mg/mL = 50µM in dialysis buffer D) and 5 µL of an inhibitor compound (20mM in 

100% DMSO) was prepared for each crystallization trial. The protein-inhibitor mixture was 

incubated for approximately 20 minutes in order for BCAT2 to properly interact with the 

inhibitor compound before being mixed with the crystallization buffer.  

 

Hanging drop crystallization 

The hanging drop method was used to obtain high quality co-crystals of BCAT2 complexed 

with inhibitor compounds. This was accomplished based on crystallization conditions 

specifically designed for BCAT2, which was previously screened for and optimized by 

members in the lab. The reservoir solutions (RS1-RS6) described in table 3.1 were mixed in 

separate 15 mL falcon tubes and distributed in their respective reservoir wells with a volume 

of 500 µL in a 24-well crystallization plate. The six solutions form a gradient with increasing 

concentration of the PEG1450 precipitant (from 20 – 32.5 %).  

 
Table 3.1. Preparation of crystallization solutions for BCAT2 crystallization. Each column shows the 

volume of the respective stock solution (left) to prepare 10 mL batches of the reservoir solutions (RS1-RS6). 

The final concentrations of the components are given in parenthesis.  

Stock solution RS1 RS2 RS3 RS4 RS5 RS6 
 

1M HEPES pH 7.0 
1 mL 

(100 mM) 

1 mL 

(100 mM) 

1 mL 

(100 mM) 

1 mL 

(100 mM) 

1 mL 

(100 mM) 

1 mL 

(100 mM) 
 

1M DTT 
200 µL 

(20 mM) 

200 µL 

(20 mM) 

200 µL 

(20 mM) 

200 µL 

(20 mM) 

200 µL 

(20 mM) 

200 µL 

(20 mM) 
 

50 % PEG1450 
4 mL  

(20%) 

4.5 mL 

(22.5%) 

5 mL 

(25%) 

5.5mL 

(27.5%) 

6 mL 

(30%) 

6.5 mL 

(32.5%) 
 

MQ H2O 
 

4.8 mL 
 

4.3 mL 
 

3.8 mL 
 

3.3 mL 
 

2.8 mL 
 

2.3 mL 
 

Total volume 
 

10 mL 
 

10 mL 
 

10 mL 
 

10 mL 
 

10 mL 
 

10 mL 
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Drops of 1:1 protein-inhibitor solution and reservoir solution were prepared on silica-coated 

glass. 3.5 µL protein-inhibitor solution and 3.5 µL reservoir solution were mixed directly 

onto the cover glass as one large droplet, which was then divided into 4-5 separate drops on 

each cover glass. The crystallization plates were placed and stored at room temperature for 

approximately one week. For each ligand, at least 2 identical rows were prepared in order to 

produce enough crystals for analysis.  

 

3.2.3 Cryo-protection and crystal freezing  
 

An efficient way to suppress radiation damage and increase crystal life-time during later 

exposure of crystals to X-rays is by cryogenic cooling 51. The cryogenic data collection also 

reduces thermal vibrations of the protein 51. This can be achieved through rapid flash freezing 

of crystals in liquid nitrogen. In order to prevent formation of ice crystals during the cooling 

process, crystals are first transferred into a cryo-solution containing a cryoprotectant 51. 

Typical cryoprotectants include glycerol, ethylene glycol and low-MW PEGs. 4-8 high 

quality crystals of each inhibitor co-crystallized with BCAT2 were transferred into the cryo-

solution, before flash frozen in liquid nitrogen. The cryo-solution contained 75% reservoir 

solution (RS3) and 25% ethylene glycol, the latter representing the cryo-protectant in this 

experiment. The flash-frozen protein crystals were stored in pucks in a liquid nitrogen tank. 

 

3.2.4 X-ray diffraction, data collection and processing  
 

Data were collected once at beamline ID29 at the European Synchrotron Radiation Facility 

(ESRF) in Grenoble and four times at beamline BioMAX at the MAX IV Laboratory in 

Lund. Between 150 and 200 datasets for 36 different protein-inhibitor combinations were 

collected during this master thesis. In order to solve the protein structures, the collected data 

(with resolution higher than 2.0 Å in general) were either auto-processed by computer 

software on the different beamlines, or manually processed at home. We used these data sets 

for calculation of initial electron density maps, and in the case of positive hits, for model 

building and final refinement of complete structural models. Data obtained at ESRF in 

Grenoble were manually processed using the software package CCP4 (CCP4i), which 

included indexing and integration with iMosflm52 and further scaling and merging with 

Aimless 53. Data collected at MAX IV was automatically processed using the software 
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package autoPROC 54. AutoPROC comprises a set of tools and programs that automates 

different steps that were involved in the data processing 54, including XDS 55 for integration 

and CCP4/Aimless for scaling and merging.   

 

3.2.5 Structure determination, refinement and model building 
 

Molecular replacement was used in order to solve the structures, with one protein chain from 

1EKF.pdb as a search model. The search model was obtained from the Protein Data Bank 

(PDB), and it was a previously solved human BCAT2 structure. The program Phaser in the 

software package Phenix 56 was used to perform the phasing. Processed reflections (MTZ 

file), search model (PDB file) and the BCAT2 sequence (TXT file) were the necessary input 

files for the Phaser program. Resolved structures were further refined using phenix.refine 

refinement in Phenix. 5 % of the experimental data were set aside and used to calculate the 

Rfree factor for cross-validation. Both the Rwork and the Rfree values were recalculated and 

monitored throughout the refinement process. All refined structures were then manually 

inspected in the software Coot 57 to check for signs of a bound inhibitor. This was 

accomplished by looking at the largest unmodeled regions in the Fo - Fc difference map. 

Once detected in the difference electron density, the inhibitor compound was included in the 

refinement via eLBOW in Phenix, which prepares a 3D model of the ligand with proper 

stereochemistry and geometric constraints. eLBOW used an additional input file in a 

SMILES string format (taken from the MolPort web site for the respective compound), which 

encodes the 2D molecular (connectivity) structure of the compound.  

 

The software package Coot was also used to model and validate the protein structures after 

each cycle of refinement. The PLP cofactor, missing amino acid residues and the inhibitor 

compounds were built-in manually by the use of Coot. In addition, negative and positive 

peaks in the electron density map that indicated errors were corrected for (typically errors in 

side chain conformations). Solvent water molecules were added automatically using the built-

in “Add waters” functionality in phenix.refine. When satisfied with the model, the electron 

density maps (2Fo - Fc and Fo - Fc) and the different criteria values, including convergence of 

the Rwork and Rfree factors, PyMOL (Schrödinger Inc.) was used to create presentations of the 

three-dimensional protein structures.  
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3.3 Enzyme assay 
A coupled biochemical enzyme assay was designed in order to measure the activity of 

BCAT2 when mixed with potential inhibitor compounds (figure 1.11 in section 1.5.2 or 

figure 1.12 in section 3.3.2). LDH was used as a secondary enzyme in the assay, as the α–

KIC product of BCAT activity can be aminated to form L-leucine by LDH in the presence of 

ammonia and NADH. Continuous oxidation of NADH consequently resulted in reduced 

absorbance at 340 nm, which was monitored spectrophotometrically.  

 

In addition, for positive hits, the assays enabled determination of the IC50-values for the set of 

BCAT2 inhibitors. We used 96-well format plates to test two-and-two compounds with a 

total of four independent parallel experiments for each, as described in detail below. 

 
3.3.1 Preparation of inhibitors 
 

Potential inhibitor compounds had previously been dissolved in 100 % DMSO and stored at  

-20 °C (section 3.2.1). The compounds selected for enzymatic assaying, were further diluted 

in 100 % DMSO using an ASSIST PLUS pipetting robot. The robot was programmed to 

pipette 4 parallel 1:1 dilution series of each compound in the range of 5 mM – 10 µM. We 

used Armadillo High Performance 96-well PCR Plate (Thermo Scientific) and each well 

contained either 50 µL 100 % DMSO (for positive and negative control columns) or 50 µL of 

the respective compounds in 100 % DMSO. Each final plate thus contains 100 % DMSO in 

rows A – H in columns 1 (negative control) and 2 (positive control) as well as the compound 

dilution series in 100 % DMSO in columns 3 – 12, with rows A – D for parallels of the first 

compound and rows E – H for the second compound to be tested.  

 

First, we prepared dilution series of the 12 primary hits that were identified through HTS. 

Later in the project, we prepared additional dilution series for 24 analogues of compound 3, 6 

and 9, as these were the ones we were able to crystallize in complex with BCAT2 in the first 

round with the 12 primary compounds.  
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3.3.2 BCAT2 enzyme assay  
 

Dilution series of the inhibitor compounds were tested in enzyme assays with a total reaction 

volume of 200µL. We selected this rather large volume in order to be able to measure the 

absorption with high accuracy and avoiding differences between parallels due to meniscus 

curvature. We used the 96-well Falcon plate (Fischer Scientific) for the assay reaction. After 

some trial and error in order to find optimal conditions and concentrations for the assay 

components, plates were prepared using the ASSIST PLUS pipetting robot. The 

concentrations of stock solutions used and of the different components in the assay are listed 

in table 3.2. Three different reaction solutions (RM1-3, table 3.3) were prepared and mixed 

(and transferred to a deep-well block) to obtain the final assay concentration of interest, and 

to ensure that the different components were added in the proper order. Enzymatic 

conversion of L-leucine to α-KIC starts as RM3 is added. The total volume prepared of each 

of the three mixtures was enough to cover 4 parallels, and they were diluted in phosphate-

buffered saline (PBS) in order to get sufficient amount of phosphate to act as a buffer.  

 
Table 3.2. Concentrations of stock solutions and final concentrations of the components used in the 

BCAT2 activity assay. 

 Stock (concentration) Assay (concentration) 

NADH 100 mM 400 µM 

Ammonium sulfate 1 M 50 mM 

α-ketoglutarate 1 M 5 mM 

L-leucine 100 mM 10 mM 

LDH  93.75 µM 2.25 µM 

BCAT2 27 µM 0.330 µM 

Ligands 5 mM - 10 µM 250 - 0.5 µM 

 
Table 3.3. Volume of the different components in reaction mixture 1, 2 and 3 (RM1-3).  

RM1 Volume  RM2 Volume  RM3 Volume 

NADH (100 mM) 125 µL  BCAT2 (27 µM) 240 µL  α-ketoglutarate 

(1 M) 

96 µL 

Ammonium sulfate 

(1 M) 

960 µL  PBS x1 

 

1960 µL  L-Leucine  

(100 mM) 

1920 µL 

PBS x1 11.7 mL     LDH (93.75 µM) 480 µL 

Total 12.8 mL  Total 2200 µL  PBS x1 2304 µL 

      Total 4.8 mL 
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The assay plates were prepared using an ASSIST PLUS pipetting robot, which was 

programmed to do as follows:  

 

 

Step 1  135 µL RM1 with NADH and NH4
+ were transferred from deep-well block  

to the assay plate 

Step 2  20 µL RM2 with BCAT2 enzyme were transferred from deep-well block  

to the assay plate, except for column 2; the negative control. Here, an 

additional 20 µL of RM1 was added.  

Step 3  10 µL diluted inhibitor compound, or pure DMSO (for positive and negative  

controls), were transferred to the assay plate 

Step 4   10 minutes incubation 

Step 5  35 µL RM3 with LDH, L-leucine and α-ketoglutarate substrates 

were transferred from deep-well block to the assay plate 

 

 

By following this protocol, the final concentrations of the compounds in the assay were in the 

range 250 – 0.5 µM.  

 

As soon as step 5, with appropriate mixing, was completed by the robot the plates were 

moved to a plate reader for measurement of absorbance. An Epoch microplate 

spectrophotometer (BioTek) was used to measure the absorbance every second minute for a 

time period of 2 hours. In our case, the instrument measured the absorbance at 340 nm, with a 

decrease in absorbance indicating a reduction in the amount of NADH as the reaction shown 

in figure 1.11 (or in figure 1.12 on the following page) proceeds and converts L-leucine to the 

corresponding L-keto-acid. In order to ensure that LDH did not act as a limiting factor 

affecting our read-out of any reduced BCAT2 activity, a test assay was performed as an 

initial control. The test assay contained a higher concentration of LDH. No change in the 

turnover-rate was observed; hence the amount of LDH in the assay is enough to 

counterbalance the full turnover of BCAT2. The assay was run at different time points in the 

project, using different batches of BCAT2 and LDH proteins. Thus, to enable comparison of 

the results for all compounds tested, each enzyme activity was normalized relative to the 

internal positive and negative control on the same assay plate.  



	  
36	  

 

 
Figure 1.12. Coupled enzyme assay. Designed spectrophotometric assay connecting the mechanisms of action 

of BCAT and of LDH. The BCAT reaction progress is monitored via the consumed NADH.  

 

3.3.3 Analysis of BCAT2 enzyme assay 
 

Raw data obtained from the enzyme assays were analyzed by the software package Origin 

(OriginLab Corporation). An example of a single data set of the raw data for compound 3 is 

shown in section D in the Appendix. The enzymatic turn-over is represented by the negative 

slope of the absorbance curves. The negative control (red curve; substrate without BCAT2 

enzyme) and the positive control (cyan curve; BCAT2 enzyme with substrate) show the 

minimal and maximal expected values for the slope (i.e. enzymatic turn-over). These extreme 

values were used to normalize all data, by setting the negative control to 0 % and the positive 

control to 100 % activity, respectively. 

  

Linear regression was applied on the linear part of the slope, which enabled calculation of the 

rate of change as a measure of the enzyme activity. The slope for each curve was calculated 

using data in the range 0 – 40/60/120 minutes, depending on the activity of the particular 

batch of protein used in the assay. Furthermore, the slopes, calculated for each of the four 

parallels of an inhibitor, were normalized relative to the internal negative and positive 

controls present on the very same assay plate. The negative control, lacking BCAT2 enzyme, 

signified no BCAT2 enzyme activity. Thus, the average slope of these data was set to 0 % 

BCAT2 activity (100 % inhibition by the compound). The positive control, lacking an 

inhibitor compounds, indicated full BCAT2 activity; subsequently, the average value for the 

slope was set to 100 % BCAT2 activity (0 % inhibition by the compound). 
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All slopes for the remaining samples on the plate were normalized using the following 

formula: 

  

 𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒  𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 = 100%   !"#$%$#&!!"#$%!"#
!"#$%!"#!!"#$%!"#

  

 

where Activity is the slope of the sample, and Slopemin and Slopemax are the average slopes of 

the negative and positive controls, respectively. Each compound had 4 parallels of the 

dilution series, and the average activity with error estimate was calculated for each data point. 

 

The average, normalized activities for each ligand concentration were used to construct dose-

response curves in Origin, where the BCAT2 activity was plotted as a function of inhibitor 

concentration. Finally, a sigmoidal dose-response curve was fitted to a selection of the best 

inhibitors to get estimates for the IC50 values. 
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4 RESULTS AND DISCUSSION  
 

The development of a new drug is a time consuming process, and with the aim of eventually 

developing a lead compound for further clinical trials, it is important to utilize methods that 

make the process as efficient as possible. In this master thesis we used X-ray crystallography 

and enzyme assays in order to obtain structural and biochemical characterization of BCAT2 

in complex with inhibitor compounds (potential drugs). 12 inhibitor compounds were the 

starting point of the work in this thesis, which were selected from the previous HTS of 

28.500 compounds and a subsequent re-screen of 44 candidates, conducted by group 

members in the MBK lab. Novel information about enzyme-ligand complex structures, 

involving the 12 selected compounds and several of their analogues, will be presented and 

discussed in this section, along with information about the ability of the compounds to inhibit 

BCAT2.  

 

4.1 Protein expression and purification 
Expression and purification of the proteins of interest are critical steps that need to be 

successfully accomplished in order to use the proteins in succeeding experiments. A 

purification protocol for the main proteins used in this thesis, BCAT2 and LDH, was already 

established in the lab. Consequently, we did not have to spend time on optimizing these 

procedures to obtain proteins with the required purity for crystallization and enzyme assays, 

as expected.  

 

4.1.1 Expression and purification of BCAT2 
 

The already prepared glycerol stock of E. coli cells transformed with the expression construct 

pET-28b BCAT2, was used to express and purify BCAT2 several times throughout this 

study. With the objective of obtaining pure protein for further crystallographic trials and 

enzyme assays, the protein was purified in reasonable amounts following the protocol 

described in section 3.1.3. BCAT2 at the milligram scale was typically obtained per litre of 

cell culture. The pET-28b BCAT2 construct was designed to produce BCAT2 possessing an 

N-terminal hexa-histidine tag, making the protein suitable for immobilized metal affinity 

chromatography (IMAC). Hence, the BCAT2 protein was expected to bind to the Ni-NTA 



	  
40	  

resin in the chromatography column, and eventually elute during step-wise addition of 

buffers with high concentrations of imidazole.  

 

Following Ni-NTA affinity chromatography, SDS-PAGE analysis of the purified protein was 

performed in order to identify BCAT2 and assess purity. A polyacrylamide gel from one of 

the SDS-PAGE analysis is demonstrated in figure 4.1, and it is clear that the IMAC affinity 

chromatography procedure was well suited for this protein.     
 

 
Figure 4.1. Identification of BCAT2 by SDS-PAGE following Ni-NTA affinity chromatography. Lane 1: 

SeeBlue Plus2. Lane 2: flow through. Lane 3: 10 mM imidazole wash. Lane 4-6: 50 mM imidazole elutions 

(3x5 mL). Lane 7-8: 300 mM imidazole elutions (2x5 mL). Arrow points to bands with BCAT2 at ca 44 kDa.  

 

SeeBlue Plus2 in lane 1 enables one to assess the molecular weights of the potential protein 

bands. Lane 2 displays protein unable to bind to the nickel-NTA resin (flow through), 

whereas lane 3 exhibits unspecifically bound proteins that were removed by a lower 

concentration of imidazole (wash, 10 mM imidazole). The stepwise elution of the 

immobilized protein is demonstrated in the remaining lanes; 50 mM imidazole elution (lanes 

4-6) and 300 mM imidazole elution (lanes 7 and 8). The expected molecular mass of BCAT2 

is 44 kDa, which corresponds well with the four strong bands appearing at approximately 42 

kDa in lane 5-8 (black arrow in figure 4.1). This indicates a clear presence of BCAT2 in these 

fractions, meaning BCAT2 eluted at both 50 and 300 mM imidazole concentration. As seen 

in the gel, there are traces of contaminations present, particularly in the last two 50 mM 

imidazole fractions (lanes 5 and 6). The majority of BCAT2 eluted with 300 mM imidazole, 

and the purity for the two fractions with 300 mM imidazole (lanes 7 and 8) were assumed to 
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be sufficient for crystallization and enzymatic assays. The purity is estimated to be > 95 % by 

eye. These fractions were pooled and dialyzed overnight against buffer D along with removal 

of the His-tag by addition of the protease thrombin at a ratio of 1:100. The released His-tag is 

consequently removed during dialysis, which has been shown in previous in-house 

experiments to be important for successful crystallization. Finally, the dialysed protein 

solution was concentrated to 2.2 mg/mL.  

 

4.1.2 Expression and purification of LDH 
 

Following successful transformation of LDH into E. coli cells, the LDH protein was 

expressed and purified for enzyme assays. Similar as for BCAT2, the pET-28b LDH 

construct was designed to produce LDH possessing an N-terminal hexa-histidine tag. Thus, 

IMAC affinity chromatography is convenient for the purification of LDH as well.  

 

 
Figure 4.2. Identification of LDH by SDS-PAGE following Ni-NTA affinity chromatography. Lane 1 and 

9: SeeBlue Plus2. Lane 2: flow through. Lane 3: 10 mM imidazole wash. Lane 4-6: 50 mM imidazole elutions 

(3x5 mL). Lane 7-8: 300 mM imidazole elutions (2x5 mL). Arrow points to bands with LDH at ca 45 kDa.  

 

SDS-PAGE analysis allowed for identification of the purified LDH protein following the Ni-

NTA affinity chromatography, and one of the resulting polyacrylamide gels is shown in 

figure 4.2. SeeBlue Plus2 in lane 1 and 9 indicate the molecular weights of potential protein 

bands in the gel, whereas lane 2 displays protein unable to bind to the nickel-NTA resin (flow 

through). Unspecifically bound proteins were removed by a lower concentration of imidazole 

(wash, 10 mM imidazole), and are shown in lane 3. Similar as for BCAT2, there is a stepwise 
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elution of the immobilized LDH protein, which is shown in the remaining lanes; 50 mM 

imidazole elution (lanes 4-6), and 300 mM imidazole elution (lanes 7 and 8). The expected 

molecular mass of LDH is ca 40 kDa, which corresponds well with the stronger bands 

appearing at approximately 45 kDa in lane 5-8. As seen in the gel, some LDH was already 

eluted during the first elution step at 50 mM imidazole concentration (lanes 5 and 6). 

Nevertheless, there is no doubt that the majority of LDH was eluted at 300 mM imidazole 

concentration (lanes 7 and 8), which is why the bands occurring in these lanes are smeared 

out. Ultimately, the protein solution in fractions 7 and 8 were pooled and dialyzed overnight 

against buffer D, and furthermore concentrated to 3.75 mg/mL. The collected fractions were 

assumed to be sufficiently pure for use in the enzymatic assay, and the purity is estimated to 

be > 99 % by eye.  
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4.2 X-ray crystallography 
X-ray crystallography was initially utilized to solve 3D structures of BCAT2 crystals co-

crystallized with the 12 primary compounds from the high-throughput experiment, aiming to 

obtain information about possible improvements of specific interactions between the protein 

and the hits. Later in the project, the method was additionally used to screen analogues of a 

selection of the 12 original hits, to check if they could display enhanced interaction with the 

BCAT2 protein or not.  

 
4.2.1 Protein crystallization  
 

Relevant for X-ray crystallography is formation of crystals, which were successfully obtained 

by co-crystallization of freshly purified BCAT2 protein and inhibitor compounds by the 

hanging drop method. Due to the previously established crystallization conditions for BCAT2 

by members in the lab (table 3.1, section 3.2.2), optimization of the conditions and 

consideration of other crystallization methods were not necessary in this project.  

 

The majority of well-shaped crystals grew in the droplets equilibrated against the reservoir 

solutions comprising 22.5 % or 25 % PEG1450, 100 mM HEPES (pH 7.0) and 20 mM DTT, 

after approximately one week. Most crystals grew as rectangular-shaped crystals (figure 4.3), 

whereas some of them were also hexagonal plate-like. Previous crystallographic studies of 

BCAT2 9, 58 have reported the orthorhombic space group P212121, thus appearance of 

rectangular-shaped crystals were expected. An additional characteristic we observed in a 

substantial number of the crystals was a slightly yellow color. It appears that the yellow color 

is characteristic of an active site in which the PLP cofactor is covalently linked to the 

catalytic lysine 9.  

      
Figure 4.3. Snap shots of flash-frozen BCAT2 protein crystals prior to exposure to an X-ray beam. The 

crystals were obtained by the hanging drop crystallization method, soaked in cryo-solution and mouted in litho-

loops as shown. The dimension of the loops in these pictures is 0.15-0.20 mm (loop diameter).  
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In order to solve the protein structures at the highest possible resolution, it was essential to 

obtain X-ray diffraction data at synchrotrons. As proteins, and organic material in general, 

are sensitive to X-ray radiation damage, the crystals were flash-frozen in liquid nitrogen to 

suppress the amount of radiation damage. Furthermore, ethylene glycol was used as cryo-

protector to avoid formation of ice-crystals during the flash-freezing process. We used 25 % 

ethylene glycol and 75 % reservoir solution to make an appropriate cryo solution. A 

successful cryo-cooling process was demonstrated as we obtained X-ray diffraction patterns 

free from “powder diffraction rings” (“ice rings”) in all investigated samples.  

 

4.2.2 X-ray diffraction, data collection and processing 
 

X-ray data of BCAT2 crystals co-crystallized with the 12 primary inhibitor compounds were 

collected during the first round of data collection at the ESRF synchrotron (Grenoble, 

France), whereas X-ray data of BCAT2 crystals in complex with analogues of the primary 

inhibitor compounds were collected during several rounds at the synchrotron at MAX IV 

Laboratory (Lund, Sweden). Data were collected in the same manner, at cryogenic 

temperatures of 100K, at both synchrotrons. All of the resulting X-ray diffraction patterns we 

investigated where free from “powder diffraction rings”, suggesting the cryo-cooling process 

went well.  

 

The majority of the crystals grown according to the established protocol yielded data with a 

resolution higher than 1.90 Å. They belonged to the orthorhombic space group P212121, and 

the crystal asymmetric unit comprised of two molecules (chain A and B). Data for crystals 

that diffracted better than ca 2.0 Å were collected and processed. Following a brief evaluation 

of the Fo – Fc difference electron density maps of the processed data sets, the data sets in 

which we could see indications of a bound compound, hence binding of a potential inhibitor, 

were selected for a more detailed analysis. The initial evaluation of the electron density maps 

was accomplished during structure determination, which will be described in more detail in 

section 4.2.3. Parameters of the data sets in which an inhibitor compound appeared to be 

present in the electron density map for the 12 original compounds and the analogues, are 

presented in table 4.1 and table 4.2, respectively, and will be briefly discussed on the 

following pages. 
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Data collection and processing of BCAT2 in complex with compounds 3, 6 and 9 

Following the first round of X-ray data collection, inhibitor compounds 3, 6 and 9 were 

identified in the Fo – Fc difference electron density maps of BCAT2, and their processed data 

sets were thus further evaluated. The data collection parameters are listed in table 4.1, and 

some of them are particularly important when assessing the quality of the data, including 

resolution, completeness of the data, I/σ(I) (signal to noise-ratio) and Rmerge. All three data 

sets display high quality, with resolution higher than 1.90 Å and a completeness of more than 

99 %. BCAT2 in complex with compound 9 in particular, has a resolution as high as 1.58 Å. 

The internal agreement of the data, Rmerge, for the overall data is also acceptable for all three 

sets (range 6 – 20 %) 59. Furthermore, the signal to noise-ratio (I/σ(I)) value is > 2 for all data 

sets, and in the range 1.2 – 2.6 for the highest resolution shell.  
 

 

Table 4.1. Crystallographic data collection for BCAT2 in complex with compounds 3, 6 and 9. Data for the 

highest resolution shells are shown in parenthesis. 
  

BCAT2 – comp. 3 
 

BCAT2 – comp. 6 
 

BCAT2 – comp. 9 
Crystal data    
    
Space group P212121 P212121 P212121 
    
a / b / c (Å)  
 
α / β / γ (°)  

69.45/104.29/106.43 
 
90.00/90.00/90.00 

69.18/105.49/107.01 
 
90.00/90.00/90.00 

69.40/105.11/106.66 
 
90.00/90.00/90.00 
 

Data collection     
 
X-ray source 

 
ID29, ESRF 

 
ID29, ESRF 

 
ID29, ESRF 

    
Wavelength (Å) 0.946444 0.946444 0.946444 
    
Resolution range (Å) 29.84-1.89 (1.94-1.89) 47.72-1.85 (1.91-1.85) 47.56-1.58 (1.64-1.58) 
    
Observed reflections 787398 (37646) 856937 (55247) 708040 (60905) 
    
Unique reflections 61952 (5780) 67436 (6410) 106587 (9958) 
    
Completeness (%) 99.4 (92.1) 99.7 (98.0) 99.3 (93.7) 
    
Multiplicity 12.7 (9.0) 12.7 (8.6) 13.2 (13.1) 
    
I/σ(I) 15.1 (2.6) 19.1 (1.5) 3.8 (1.2) 
    
Rmerge (%) 10.1 (71.8) 6.3 (142.3) 20.1 (218.0) 
    
Wilson B-factor (Å2) 29.25 37.19 27.17 
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Data collection and processing of BCAT2 alone and in complex with compound 3B 

Succeeding the second round of X-ray data collection, one analogue of inhibitor compound 3, 

named compound 3B, was identified in the Fo – Fc difference electron density map of 

BCAT2. In addition, we collected data on a crystal of BCAT2 without any inhibitor 

compound bound, and the quality parameters from the two data sets are listed in table 4.2. 

Similar as for the previous data sets, the three following parameters are emphasized; 

resolution, completeness, I/σ(I) and Rmerge. Both sets exhibit high quality with a completeness 

of more than 99.8%, at a resolution as high as 1.76 Å. The signal to noise-ratio (I/σ(I)) is 

satisfactory in both cases being > 2 in high-resolution shells, as well as the Rmerge of the 

overall data in which the values are in the range 8  - 10 %. Interestingly, the protein without 

inhibitor crystallized in space group P21, while all the inhibitor complexes are P212121. 

However, we have also seen a mix of P21 and P212121 for data sets of co-crystallized 

inhibitors, but this phenomenon has not been investigated further. 
 

Table 4.2. Crystallographic data collection for BCAT2 alone and in complex with compound 3B. Data for 

the highest resolution shells are shown in parenthesis. 
  

BCAT2   
 

BCAT2 – comp. 3B 
Crystal data   
   
Space group P1211 P212121 
   
a / b /c (Å)  
 
α / β / γ (°)  

58.69/109.46/59.51 
 
90.00/95.71/90.00 

69.30/104.98/106.62 
 
90.00/90.00/90.00 
 

Data collection    
 
X-ray source 

 
BioMAX, MAX IV 

 
BioMAX, MAX IV 
 

Wavelength (Å) 0.968019 0.968019 
   
Resolution range (Å) 54.73-1.76 (1.79-1.76) 74.81-1.76 (1.78-1.76) 
   
Observed reflections 501878 (22733) 1040815 (45851) 
   
Unique reflections 73652 (7352) 78094 (7716) 
   
Completeness (%) 99.9 (99.9) 99.9 (99.9) 
   
Multiplicity 6.8 (6.2) 13.3 (11.9) 
   
I/σ(I) 11.9 (2.1) 16.7 (2.2) 
   
Rmerge (%) 8.5 (86.0) 9.4 (125.0) 
   
Wilson B-factor (Å2) 28.45 26.84 
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4.2.3 Structure determination, refinement and model building 
 

The structure of all processed data sets were solved by molecular replacement (MR), and the 

MR program Phaser found a solution for the structures using a single molecule from efk1.pdb 

as a search model.  With the objective of determine the structure of BCAT2 in complex with 

inhibitor compounds, we started off by investigating the resulting electron density maps 2Fo – 

Fc and Fo – Fc calculated after MR, the Fo – Fc difference map in particular. Three of the 

processed data sets from the first round of X-ray data collection (compounds 3, 6 and 9) and 

one of the data sets obtained during the second round (compound 3B) exhibited clear positive 

electron density close to the amino acid residues located in the active site of BCAT2, 

suggesting that a compound was present. With the impression of compounds missing in the 

structural models of the proteins only, we fitted the proper inhibitor compound satisfactorily 

into the positive peaks in the difference electron density maps. The 2D-connectivity 

descriptions of the compounds were retrieved as SMILES string from the Molport vendor 

(Molport ID are listed in section C in the appendix), and the SMILES strings were converted 

to 3D structures by using the eLBOW module in Phenix. 

 

The successfully solved structures of BCAT2 alone and in complex with compound 3, 3B, 6 

and 9, were subsequently refined and modelled. In the electron density maps calculated after 

MR, a majority of the polypeptide backbone was already present due to the high 

completeness of the model. Thus, the first part of manually modelling of the protein involved 

proper fitting of protein residues in some surface loops and adjustment of the best rotamer 

configuration of some side chains. Furthermore, the PLP cofactor was successfully modelled 

into the Fo – Fc difference density maps.  

 

After the protein part of the model was complete, a solvent structure was constructed, which 

involved automatically and manually adding of water molecules to the maps. The automatic 

solvent modelling was performed using the built-in functionality in phenix.refine, while the 

manual adjustment was done within the Coot modelling system.  

 

To maximize the agreement between observed (Fo) and calculated (Fc) structure factors, 

refinement of the structures in phenix.refine was performed in cycles in combination with 

manual adjustment/modelling in Coot. Refinement settings applied during the refinement 
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process included: xyz (reciprocal space and real-space), occupancies, individual B-factors as 

well as optimized X-ray/stereo-chemistry weight. The quality of the refinement progress was 

monitored by the change of the Rwork and the Rfree value, and both R-factors exhibited a 

continuous decrease throughout the process for all structures. Final refinement statistics for 

the five structures we were able to solve are presented in table 4.3 and 4.4, and the most 

significant values are discussed on the following pages.  
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Refinement statistics of BCAT2 in complex with compounds 3, 6 and 9 

The quality values of the three refined structures obtained during the first round of X-ray 

diffraction, when investigating the 12 original inhibitors, are satisfactory (table 4.3). The 

resolutions of the models are in the range 1.89 – 1.58 Å, which is well-suited for a reliable 

modelling of the inhibitors in the active site. Some of the more important parameters that are 

emphasized are the R-factors. The Rwork values are pleasing for all three models being lower 

than 0.19, indicating that the refined structures predict the observed data well 59. Regarding 

the difference between the Rwork and the Rfree values, this should normally be below 5 % 60. 

The difference is satisfactory for compound 6 and 9 with a difference of about 4 % for both 

structures, as well as for compound 3, which actually has a difference of only 3 %.  

 

Analysis of the stereochemistry of the three structures shows that 96 % of the atoms fall 

within the favoured regions in the Ramachandran plot, and the amount of outliers are in the 

range of 0.14-0.42 % only. In addition, the root-mean-square deviation (RMSD) for bond 

lengths and angles are low, meaning the models are characterized by satisfactory geometrical 

parameters. The average B-factors are in the expected range regarding compound 3 and 9, 

based on previous solved structures of BCAT2 with ligands 61, while compound 6 has a 

slightly higher value without any apparent explanation for that.  
 

Table 4.3. Refinement statistics for BCAT2 in complex with compounds 3, 6 and 9. Numbers for Rwork and 

Rfree for the highest resolution shells are listed in parenthesis. 

  

BCAT2 – comp. 3 
 

BCAT2 – comp. 6 
 

BCAT2 – comp. 9  
Refinement statistics 
 

   

Resolution 29.84-1.89 (1.94-1.89) 47.72-1.85 (1.87-1.85) 47.56-1.58 (1.60-1.58) 
Rwork 0.1729 (0.2588) 0.1853 (0.2917) 0.1769 (0.2883) 
Rfree 0.1948 (0.2924) 0.2186 (0.3252) 0.1993 (0.3127) 
    
No. of non-hydrogen atoms 6461 6262 6419 
     macromolecules 5740 5853 5732 
     ligands 76 62 74 
     solvent 645 347 613 
    
RMSD (bonds, Å) 0.007 0.016 0.016 
RMSD (angles, °) 1.13 1.19 1.63 
    
Ramachandran favored (%) 96.47 96.33 96.19 
Ramachandran allowed (%) 3.24 3.24 3.67 
Ramachandran outliers (%) 0.28 0.42 0.14 
Rotamer outliers (%) 0.00 0.31 0.00 
    
Average B-factor (Å2)  31.61 44.00 31.04 
     macromolecules 30.77 43.72 30.12 
     ligands 29.93 48.88 32.90 
     solvent 39.26 47.84 39.43 
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Refinement statistics of BCAT2 alone and in complex with compound 3B 

Similar as for the three first structures, the two refined structures obtained during the second 

round of X-ray diffraction display acceptable quality values as well (table 4.4). The final 

Rwork values for both structures are lower than 0.18, and the difference between the Rwork and 

the Rfree values is pleasingly 3 % concerning the model of BCAT2 alone. Regarding BCAT2 

in complex with compound 3B, on the other hand, the difference is even < 3 %, which is 

similar to its primary analogue compound 3 (table 4.3).  

 

By evaluating the stereochemistry of the two structures, 96 % of the atoms fall within the 

favoured regions in the Ramachandran plot, and the amount of outliers in the plot are 0.14 %. 

Similar as for the previously solved structures in this thesis, the root-mean-square deviation 

(RMSD) for bond lengths and angles are low, indicating that the two models have well-

defined molecular geometries. In addition, the average B-factors are in the expected range for 

BCAT2 alone and in the structure in which compound 3B is bound, according to former 

crystallographic studies of liganded BCAT2 61. 

 
Table 4.4. Refinement statistics for BCAT2 alone and in complex with compound 3B. Numbers for Rwork 

and Rfree for the highest resolution shells are listed in parenthesis. 

	   	  

BCAT2	  	  
	  

BCAT2	  –	  comp.	  3B	  

Refinement	  statistics	  
	  

	   	  

Resolution 54.73-1.76 (1.79-1.76) 74.81-1.76 (1.78-1.76) 
Rwork 0.1851 (0.2770) 0.1732 (0.2586) 
Rfree 0.2188 (0.3014) 0.1901 (0.2892) 
   
No. of non-hydrogen atoms 6232 6405 
     macromolecules 5740 5732 
     ligands 30 78 
     solvent 462 595 
   
RMSD (bonds, Å) 0.008 0.008 
RMSD (angles, °) 1.22 1.19 
   
Ramachandran favored (%) 96.61 96.90 
Ramachandran allowed (%) 3.24 2.96 
Ramachandran outliers (%) 0.14 0.14 
Rotamer outliers (%) 0.00 1.28 
   
Average B-factor (Å2) 34.57 31.86 
     macromolecules 34.05 31.08 
     ligands 31.50 31.73 
     solvent 41.30 38.98 
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Final structures of BCAT2 alone and in complex with compounds 3, 3B, 6 and 9 

The resulting overall, refined structures of BCAT2 alone and in complex with inhibitor 

compounds 3, 6, 9 and 3B are presented as cartoon representations (generated in PyMOL) in 

figure 4.4 on the following page.  

 

As seen in figure 4.4, the PLP cofactor (dark blue) and the different inhibitor compounds 

were able to bind to the active site in both chain A (light purple) and in chain B (light green). 

Thus, it is naturally to investigate if there are any differences between the two chains 

regarding the ability to bind a ligand. An interesting observation we made when inspecting 

the refined electron density maps of the two chains, was a flexible loop associated with the 

active site of BCAT2, which had generally better density in chain A compared to chain B. 

This was seen in all five structures; suggesting that the conformation of chain A and B differ 

from each other in a systematic, and possibly functional way. The conformational change did 

not seem to be affected by a bound ligand, as BCAT2 alone exhibited the same asymmetry 

with regards to chain A and B. Such a difference may have an impact on the binding of the 

substrate or an inhibitor compound, as dissimilar conformational states of a protein may 

interact with a ligand with different affinities 62. 

 

All four inhibitor compounds (B, C, D and E in figure 4.4) seem to be occupying the active 

site of BCAT2 somehow in the same region, closely associated with the PLP cofactor. This 

corresponds well with results from a previous study, in which they were identifying inhibitors 

of BCAT2 using fragment screening 61. Several of their hit compounds occupied the binding 

pocket adjacent to the PLP cofactor, with a rather similar orientation in relation to the 

cofactor as for our structures. An additional remark worth mentioning in regards to the 

inhibitor compounds in our study, is their orientation towards the active site entrance. 

Compound 3, 3B and 9 appear to be flipping their “tail” (the part furthest away from the 

PLP) towards the entrance of the active site, whereas compound 6 is slightly bending in the 

direction “away” from the opening. This is also apparent in the previously mentioned 

fragment screening study 61. Two of their hit compounds (named 4 and 5) resemble the 

orientation of compounds 3, 3B and 9 in our study, whereas another one of their hits (named 

12) is slightly bending in the direction “away” from the active site entrance as the case for 

our inhibitor compound 6.  
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Figure 4.4. 3D structures of BCAT2 alone and in complex with inhibitor compounds. Cartoon 

representation of five structures of BCAT2 where four of the structures have an inhibitor compound bound to 

the active site. X-ray crystallography was utilized to obtain the structures, in which BCAT2 was co-crystalized 

with inhibitor compounds. The PLP cofactor is highlighted in dark blue in all five panels. (A) Structure of 

BCAT2 alone. (B) Structure of BCAT2 and compound 3 in orange. (C) Structure of BCAT2 and compound 3B 

in blue. (D) Structure of BCAT2 and compound 6 in brown. (E) Structure of BCAT2 and compound 9 in pink. 

Figures generated in PyMOL (Schrödinger Inc.). 
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4.2.4 Structure quality  
 

In addition to refinement statistics, the overall structure quality of the five structures is 

evaluated by analysing the density surrounding the inhibitor compounds and side chains in 

general in the refined electron density maps. Different parameters obtained from the 

refinement process, enable one to assess how well the model reflects the diffraction pattern in 

the first place. However, when evaluating complexes with a bound ligand, it is important to 

be extra careful as the ligands usually have a relatively small contribution to the overall 

statistics 60 . Thus, verifying the presence of the inhibitor compounds by actually looking at 

the electron density surrounding it, both in the Fo - Fc and 2Fo - Fc maps, is a crucial point.  

 

Inhibitor compounds and their surrounding electron density  

Visual inspection of the electron density surrounding the inhibitor compounds is essential 

when evaluating the quality of the liganded protein structures, and the resulting 2Fo – Fc 

electron density map, at a sigma level of one, around the manually built compounds 3, 3B, 6 

and 9 are presented in figure 4.5 on the following page. The surrounding electron density is 

satisfactory for all four compounds; supporting their presence as well as the quality of the 

structure. Particularly compound 3 and 3B have well-defined electron densities, which 

corresponds well with their low B-factors of ca 30-32 Å2. In addition, the density 

acknowledges the orientation and conformational details, such as ring pockets, of the 

compounds well.  

 

Among all four compounds, compound 6 exhibits the weakest supporting electron density, in 

which some regions are not properly fitted. This involves parts of the pyridine ring and two 

of the carbon atoms of the thiazole ring. This is also reflected in the much higher B-factor of 

49 Å2. During refinement of the structure of this compound, there were indications of residue 

Phe30 having two conformations, with one conformation conflicting with the bound 

inhibitor. Thus, the occupancy of the ligand was set to 50 % in the final round of refinement 

due to this presumed flipping mechanism for residue Phe30. The final refinement converged 

with an occupancy factor of 64 % for compound 6. Interestingly, compound 6 is also the 

smallest (by volume) of the co-crystallized ligands, sharing a smaller surface with BCAT2, 

and it is also the compound that pointed partly away from the BCAT2 surface in the opening 

of the active site. 
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Figure 4.5. Density surrounding compound 3, 3B, 6 and 9 in the final refined 2Fo – Fc electron density 

map. Four inhibitor compounds represented as sticks surrounded by electron density showing the presence of 

each compound in the respective crystal structures. The refined electron density maps, at sigma level 1, are 

obtained by X-ray diffraction of co-crystals. The resolutions of the maps are in the range 1.58 – 1.89 Å. (A) 

Electron density for compound 3 at 1.89 Å. (B) Electron density for compound 3B at 1.76 Å. (C) Electron 

density for compound 6 at 1.85 Å. (D) Electron density for compound 9 at 1.58 Å. Color codes: oxygen (red), 

nitrogen (blue), sulphur (yellow) and chlorine (green).  

 

 

 

4.2.5 Interactions between BCAT2 and inhibitor compounds 
 

Relevant for this study is a description of the specific interactions between the inhibitors and 

BCAT2, as this reveals structural and chemical characteristics of the compounds one should 

emphasize during further optimization. Following analysis of the successful hits obtained in 

the beginning of the project, we investigated and considered several of their analogues as 

well. Thus, knowledge about the interactions between the obtained structures of BCAT2 and 

the primary compounds in the first place, was advantageous in the process of trying to find 

one or more potential lead compounds later in the project.   
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Certain binding interactions with BCAT2 are observed for all the crystallized compounds, 

which is expected, as the four compounds have some general features in common. All 

compounds are composed of a linear core connecting one planar, lipophilic ring system 

located at each end. Consequently, a few binding “hot-spots” are identified in all four 

structures, including a lipophilic pocket involving BCAT2 residues Tyr207, Tyr70 and 

Phe75, allowing for hydrophobic interactions. In fact, all of the hits satisfy this interaction, as 

will be demonstrated soon. Hydrophobic interactions with the amino acid residues Tyr141 

and/or Tyr173 are also apparent for all compounds. At least one hydrogen bond is present for 

each inhibitor, and they are usually associated with the centre of the ring-connecting linear 

core. Hydrogen bonds are among the most important specific interaction for driving potent 

binding and selectivity, thus these should particularly be prioritised in further optimization. 

With respect to polar groups forming hydrogen bonds, a high penalty in enthalpy is paid for 

every hydrogen bond donor/acceptor not involved in bonding 63. Although hydrophobic 

interactions are individually weak, the overall contribution of several such interactions is also 

often crucial to binding. Interestingly, despite all four compounds being located adjacent to 

the PLP factor, no direct interaction with the cofactor is observed for any of the compounds.  

 

The detailed structures of the four hits in the active site of BCAT2 are presented separately in 

the next four paragraphs with associated figures. Compounds are displayed in white (carbon 

atoms) as well as blue (nitrogen), red (oxygen), yellow (sulphur) and green (chlorine). The 

interactions between the protein residues and the compounds are bonds/interactions in which 

the length does not exceed 3.7 Å, and most of them are in the range of 3.0 – 3.5 Å. They are 

color-coded according to the type of interaction; yellow for hydrogen bonds and green for 

hydrophobic interactions/aromatic stacking. 
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Interactions between BCAT2 and compound 3 

Three distinct amino acid residues in the active site of BCAT2, Tyr207, Tyr70 and Phe75, are 

involved in formation of hydrophobic interactions with the thiophene ring of compound 3 

(figure 4.6). This is achieved through aromatic stacking, and a similar stacking is occurring 

for the adjacent tetrazole ring with amino acid Tyr141 as well. At the other end of the 

molecule, the thiazole ring is forming similar interactions with Phe30 and Tyr173. These two 

residues are positioned in a way in which they are generating a “gate” like area for the 

thiazole ring system. Furthermore, we were able to detect two potential hydrogen bonds 

between BCAT2 and compound 3. First of all, the carbonyl group of the inhibitor compound 

appears likely to form hydrogen bond with the hydroxyl group of Tyr70. In addition, the 

same carbonyl group seems to act as a hydrogen acceptor in a hydrogen bond with the side 

chain amino group of Arg143. These strong interactions are particularly important regarding 

the binding affinity.  

 

Surprisingly, there are several polar groups in the molecule that are not involved in any 

hydrogen bonding with the protein, including the carbonyl and the nitrile groups in the 

connecting core. 

	  
	  
Figure 4.6. Interactions between BCAT2 and compound 3. Stick illustration of BCAT2 side chains (light 

blue) and their interactions with compound 3 (white). Hydrogen bonds are indicated as dotted lines in yellow 

and hydrophobic interactions are indicated as dotted lines in green. The PLP cofactor is shown as partly 

transparent sticks (white). Figure generated in PyMOL (Schrödinger Inc.).  
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Interaction between BCAT2 and compound 3B 

Compound 3B is an analogue of compound 3, which enabled binding to the active site of 

BCAT2 (figure 4.7). Replacement of the thiophene ring with a benzene ring is what 

distinguishes the two compounds; otherwise, their compositions are identical. As for its 

analogue, the three amino acid residues, Tyr207, Tyr70 and Phe75 are involved in formation 

of hydrophobic interaction with the benzene ring of compound 3B, through aromatic 

stacking. Interestingly, and also unexpectedly, compound 3B has a different conformation in 

the active site compared to its analogue 3, in which the tetrazole ring is flipped around with 

the carboxyl group pointing in the direction away from Arg143. Instead of the carboxyl-

amide hydrogen bond in the structure of compound 3, this interaction is replaced with a 

tetrazole-amide interaction. This conformation affects the thiazole	   ring	   system	   as well, 

which is forming the same hydrophobic interactions/aromatic stacking with Tyr173 and 

Phe30 as compound 3, but the thiazole ring in 3B is flipped 180 degrees relative to compound 

3, with the methyl group pointing in the opposite direction. In addition, there is a second 

hydrogen bond apparent in this case as well. The hydroxyl group of Tyr70 acts as a hydrogen 

donor in its interaction with the hydrogen accepting nitrogen atom in the tetrazole ring.  

Again, the carbonyl and nitrile groups in the connecting core are not involved in direct 

interactions with the protein. 

	  
Figure 4.7. Interactions between BCAT2 and compound 3B. Stick illustration of BCAT2 side chains (light 

blue) and their interactions with compound 3B (white). Hydrogen bonds are indicated as dotted lines in yellow 

and hydrophobic interactions are indicated as dotted lines in green. The PLP cofactor is shown as partly 

transparent sticks (white). Figure generated in PyMOL (Schrödinger Inc.). 
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Interaction between BCAT2 and compound 9 

One of the hits obtained during the first round of data collection, compound 9, differs from 

the others regarding the distribution of some of the interactions with BCAT2 along the 

compound (figure 4.8). For the other hits, hydrophobic interactions dominate at both ends of 

the compound, whereas the hydrogen bonds are associated with the middle part, the 

connecting core. Considering compound 9 on the other hand, there are no hydrogen bonds 

involving the connecting core. Lys79 seems to be the only BCAT2 residue participating in 

formation of one single hydrogen bond with the compound, and it interacts with the carboxyl 

group linked to the isoquinoline ring system of compound 9. The same ring system is 

involved in aromatic stacking and hydrophobic interactions with Tyr173 and Phe30 as well, 

where the ligand is “sandwiched” between the two residues. Thus this particular ring system 

seems like a significant part of the compound’s interaction with BCAT2. The familiar 

hydrophobic interactions with Tyr207, Tyr70 and Phe75 are also appearing with compound 

9, in which a benzene ring is positioned into this lipophilic pocket of BCAT2, very much in 

the same way as for compound 3B, which also contains a phenyl group.  

 
	  

	  
 

Figure 4.8. Interactions between BCAT2 and compound 9. Stick illustration of BCAT2 side chains (light 

blue) and their interactions with compound 9 (white). Hydrogen bonds are indicated as dotted lines in yellow 

and hydrophobic interactions are indicated as dotted lines in green. The PLP cofactor is shown as partly 

transparent sticks (white). Figure generated in PyMOL (Schrödinger Inc.). 
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Interaction	  between	  BCAT2	  and	  compound	  6 

Inhibitor compound 6 is the smallest compound (by volume) of the hits we obtained during 

this project, due to the shorter “core” connecting the two aromatic rings (figure 4.9). 

Nevertheless, there are several interacting points connecting it to the active site of BCAT2, 

and the compound consists of several different functional groups. The amino group in the 

linking part of compound 6 is involved in formation of two distinct hydrogen bonds with the 

hydroxyl groups of Tyr70 and Tyr141, and it appears to act as a hydrogen acceptor for both 

residues. The interaction between Tyr70 and the amide group in compound 9 mimics the 

situation for compounds 3 and 3B, where it forms hydrogen bonds with the tetrazole ring. In 

addition, Tyr141 contributes to aromatic stacking with the chlorine-substituted pyridine ring 

of compound 6 as well. Interestingly, the two chlorine groups attached to the pyridine ring do 

not appear to be involved in any specific interactions with BCAT2, even if it is known that 

halogens are able to form favourable interactions with aromatic systems 64. This was a bit 

surprising, as chlorine is a quite electron-rich substituent that could potentially contribute to 

high affinity.   

 

Similar as for the other hits, the aromatic rings of Tyr207, Phe75 and Tyr70 are forming 

hydrophobic interactions with the thiazole ring of compound 6.  
	  

	  
Figure 4.9 Interactions between BCAT2 and compound 6. Stick illustration of BCAT2 side chains (light 

blue) and their interactions with compound 6 (white). Hydrogen bonds are indicated as dotted lines in yellow 

and hydrophobic interactions are indicated as dotted lines in green. The PLP cofactor is shown as partly 

transparent sticks (white). Figure generated in PyMOL (Schrödinger Inc.). 
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Furthermore, compound 6 is the only compound lacking aromatic stacking with Phe30. As 

seen in the figures for the other hits, this aromatic ring system is oriented horizontal in 

relation to Phe30. Regarding compound 6, on the other hand, the chlorine-substituted 

pyridine ring is rotated in a way resulting in a vertical orientation towards Phe30. This may 

support the notion of this residue having two conformations (discussed in section 4.2.4), with 

one conformation conflicting with the bound inhibitor.  
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4.3 Enzyme assay 
A biochemical enzyme assay was utilized to obtain information about the ability of the hit 

compounds to inhibit the activity of BCAT2, and furthermore to estimate the IC50 value of 

the set of compounds. This was accomplished by the use of the coupled, spectrophotometric 

assay connecting the mechanism of action of BCAT and of LDH, as explained in section 

3.3.2 (figure 1.11), in which the reaction progress was monitored via the consumed NADH.  

 
4.3.1 Preparation of inhibitors  
 

Dilutions series of inhibitor compounds selected for enzymatic assaying were successfully 

prepared by the use of an ASSIST PLUS pipetting robot (left, figure 4.10). This included the 

12 initial compounds, as well as a total of 24 analogues of the hits we were able to obtain 

structures of in complex with BCAT2 (compounds 3, 6 and 9). We prepared four parallel 1:1 

dilution series of each compound, with concentrations in the range 5 mM – 10 µM, with a 

total of 10 different concentrations. The decreasing color intensity supports successful 

dilution for the two compounds shown in figure 4.10. Columns 1 and 2 were prepared as 

negative and positive controls, hence, they contained 100 % DMSO only. 

 

 

       
Figure 4.10. Preparation of dilution series of BCAT2 inhibitor compounds. Left: preparation of dilution 

series of the selected compounds by the use of the ASSIST PLUS pipetting robot. Right: the resulting, 

successful dilution series of two inhibitor compounds. Columns 1 and 2 contain 100 % DMSO only (for 

negative and positive control). Columns 3 – 12 contain inhibitor compounds with concentrations in the range 5 

mM – 10 µM 
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4.3.2 BCAT2 activity assay       
 

The coupled enzyme assay designed in this master project (figure 1.11) enabled a dose-

response investigation of BCAT2 mixed with increasing concentrations of inhibitor 

compounds. Assay plates were prepared by the ASSIST PLUS pipetting robot, and the final 

concentrations of the inhibitor compounds in the assay were in the range 250 – 0.5 µM. 

Essentially, the 12 primary compounds as well as 24 analogues of compounds 3, 6 and 9 

(thus, a total of 36 compounds) should be tested in the assay. However, due to time 

limitations, we were able to test 33 compounds only.  

 

The spectrophotometer measured the absorbance at 340 nm in time series up to 2 hours, and 

we expected to see no or only a slight decrease in absorbance as the reaction in the coupled 

enzyme proceeded, at higher inhibitor concentrations in particular. A horizontal slope would 

reflect lack of enzymatic turn-over, as a consequence of inhibition of the BCAT2 enzyme. 

The negative controls exhibited constant absorbance signifying 0 % BCAT2 enzyme activity, 

whereas positive controls displayed a gradual decrease in absorbance, representing 100 % 

BCAT2 activity. While evaluating the raw data, as exemplified in section D in the appendix, 

we observed that surprisingly few of the analogue compounds displayed curves representing 

promising results, and rather exhibited relatively low ability to inhibit BCAT2 in the assay. 

Nevertheless, several of the 12 primary compounds displayed more auspicious profiles, as 

will be shown below.  

 

The dose-response relationship between BCAT2 and the tested inhibitors were furthermore 

analysed as dose-response curves, where the BCAT2 activity was plotted as a function of 

inhibitor concentration. This was done after all data were normalized using the internal 

positive and negative controls (described in section 3.3.3). The resulting curves, as well as a 

sigmoidal dose-response function fitted to a selection of the best inhibitors, will be 

demonstrated and discussed on the following pages. The fitting of a dose-response function 

enabled us to estimate the IC50 values of the most promising inhibitor compounds.  
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Dose-response analysis for the 12 primary compounds 

The dose-response curve decreased with increased inhibitor concentrations for all primary 

inhibitor compounds except from compounds 2, 10 and 11 (figure 4.11). These three 

compounds displayed almost no ability to inhibit BCAT2, as their corresponding curves 

reveal BCAT2 enzymatic activity in the range of 80 – 100 % regardless of the concentration 

of these compounds (in the range 0.5 – 250 µM). Furthermore, compounds 5 and 12 required 

relatively high concentrations of ca 125 µM in order to inhibit the enzyme by around 50 %, 

which makes them less attractive as potential drugs. Also, a high concentration will likely 

increase chances of unwanted secondary effects. The remaining compounds had a more 

favourable outcome requiring a lower concentration to inhibit the BCAT2 activity by 50 %. 

Compound 3, in particular, was the best inhibitor with a steep dose-response curve having the 

lowest IC50 value below 10 µM, as judged by eye.  

  

 
 

	  
 

Figure 4.11. Dose-response curves for the 12 primary compounds. The Y-axis displaying BCAT2 activity, 

whereas the X-axis displays increasing concentrations of inhibitor compounds (logarithmic scale, µM). The 

different compounds are displayed using a combination of symbols and color as shown in the figure legend. The 

three compounds that were solved in complex with BCAT2 using X-ray diffraction (compounds 3, 6 and 9) are 

highlighted in green. 
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There is an unexpected decrease of activity for the lowest compound concentration for 

several curves in figure 4.11. Also, for some compounds, there is an unexpected increase in 

activity for the highest compound concentration as well. These quite unlikely responses 

suggest a possible systematic error in the data, but the source of this anomaly is not known. A 

plausible explanation is that this effect, seen at the extreme values of the dilution series only, 

might be due to effects of pipetting, as these columns in the plate represent the first and last 

pipetting steps in the program.  A possible solution to this problem could have been to 

prepare a much larger dilution series and only use the middle part.  

 

Ultimately, we decided to further investigate analogues of compounds 3, 6 and 9, as these 

were the hits we were able to obtain structures of in complex with BCAT2 in the 

crystallographic part of this study.  
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Dose-response analysis for compound 3 and analogues 

Four analogues of compound 3 were tested using the BCAT2 assay, and the resulting dose-

response curves are shown in figure 4.12. Compound 3B exhibited the most promising 

results, appearing to be the only one of the analogues with significant ability to inhibit 

BCAT2 activity. Interestingly, this is the only compound for which we obtained a structure in 

complex with BCAT2 during the second round of X-ray data collection. However, compound 

3B shows less inhibition than compound 3, which is a bit surprising as there is only a 

thiophene ring of compound 3 and a benzene ring of compound 3B distinguishing the two 

inhibitors. The thiophene ring is obviously a better functional group in the hydrophobic 

pocket, as discussed in section 4.2.5, even if the structures reveal that both ring systems are 

involved in the same type of interactions (figure 4.6 and 4.7). 

 

The three remaining analogues, 3A, 3D and 3E, displayed virtually no ability to inhibit 

BCAT2 activity, with a possible exception for compound 3A. However, the assay needs to be 

repeated as the values corresponding to the two highest concentrations of compound 3A 

seems uncertain and with an elevated standard deviation for the 125 and 250 µM samples, 

reflecting errors in these estimates Nonetheless, the IC50 value for 3A still seems to be in the 

order of 250 µM. 

	  

	  
Figure 4.12. Dose-response curves for compound 3 and analogues. The Y-axis displaying BCAT2 activity, 
whereas the X-axis displays increasing concentrations of inhibitor compounds (logarithmic scale, µM). The 
different compounds are displayed using a combination of symbols and color as shown in the figure legend. The 
two compounds that were solved in complex with BCAT2 using X-ray diffraction (compounds 3 and 3B) are 
highlighted in green. 
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Dose-response analysis for compound 6 and analogues 

A total of 11 analogues of compound 6 were tested in the BCAT2 assay, to investigate their 

ability to inhibit BCAT2. To our surprise, none of the compounds appeared to reduce the 

activity of BCAT2 (figure 4.13). This was somewhat unexpected, based on the minor 

differences between the analogues and the primary compound with regards to composition 

(see section C in the appendix). The crystal structure of compound 6 binding to BCAT2  

(discussed in section 4.2.4) showed that the residue Phe30 has two conformations, one of 

which is in conflict with the bound inhibitor. Also the occupancy of compound 6 was only 

around 50% This might suggest that analogues of compound 6 can be outcompeted by the 

substrate in the BCAT2 assay.  

 

	  
Figure 4.13. Dose-response curves for compound 6	  and	  analogues. The Y-axis displaying BCAT2 activity, 

whereas the X-axis displays increasing concentrations of inhibitor compounds (logarithmic scale, µM). The 

different compounds are displayed using a combination of symbols and color as shown in the figure legend.	  The	  

compound that was solved in complex with BCAT2 using X-ray diffraction (compound	  6) is highlighted in 

green. 
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Dose-response analysis for compound 9 and analogues 

A total of six analogues of compound 9 were tested in the assay. Similar as for the analogues 

of compound 6, none of the compounds appeared to inhibit BCAT2 activity to any extent 

below 250 µM. However, the curves seem to gradually decrease at the highest inhibitor 

concentrations, suggesting the compounds may be able to inhibit the protein at mM 

concentrations. Nevertheless, we want the concentration of any potential inhibitor to be as 

low as possible to reduce the likelihood of off-target effects, as previously mentioned. Thus, 

the analogues of compound 9 are not very promising.  

	  
	  

	  
Figure 4.14. Dose-response curves for compound 9	  and	  analogues. The Y-axis displaying BCAT2 activity, 

whereas the X-axis displays increasing concentrations of inhibitor compounds (logarithmic scale, µM). The 

different compounds are displayed using a combination of symbols and color as shown in the figure legend.	  The	  

compound that was solved in complex with BCAT2 using X-ray diffraction (compound	  9) is highlighted in 

green. 
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Determination of IC50 values 

A sigmoidal dose-response curve was fitted to the 8 best inhibitors (figure 4.15), enabling us 

to estimate their corresponding IC50 values. This included all compounds we were able to 

analyse in complex with BCAT2 by X-ray diffraction.  

 

In order to fit the sigmoidal curve to compound 3, we had to fix the parameter describing 

maximal activity at 80 % for this inhibitor. Without this restraint, the least-squares fit 

converged at an unreasonably low IC50. Essentially, this reveals that compound 3 ideally 

should have been titrated to a lower concentration to achieve a flat plateau for low 

concentrations of the inhibitor, as seen for the other compounds. The Origin software 

estimated the IC50 values for the selected inhibitors, and the results are shown in table 4.5. 

Compound 3 exhibits the most promising result, with an estimated IC50 value of 2.3±0.3 µM. 

The second best inhibitor is compound 1 with an estimated IC50 of 6.1±0.8 µM, whereas the 

rest of the compounds have IC50 value in the range 11.9 – 35.7 µM. 
 

	  
Figure 4.15. Sigmoidal dose-response curves for the most promising inhibitors. The Y-axis displaying 

BCAT2 activity, whereas the X-axis displays increasing concentrations of inhibitor compounds (logarithmic 

scale, µM). The different compounds are displayed using a combination of symbols and color as shown in the 

figure legend, and the fitted sigmoidal curves are indicated in blue. The	  compounds that were solved in complex 

with BCAT2 using X-ray diffraction (compound	  3,	  3B,	  6	  and	  9) are highlighted in green. 
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Table 4.5. Estimated IC50 values for the most promising inhibitors. Determined by least-squares fit of a 

dose-response function to the data in figure 4.15. The reported standard deviations are shown in parentheses.  
 

Inhibitor compound  
 

IC50 (µM) 

Compound 1 6.1 (+/- 0.8)  

Compound 3 2.3 (+/- 0.3) 

Compound 3B 13.5 (+/- 0.8) 

Compound 4 25.2 (+/- 4.2) 

Compound 6 14.8 (+/- 1.4) 

Compound 7 16.9 (+/- 2.0) 

Compound 8 11.9 (+/- 1.4) 

Compound 9 35.7 (+/- 5.9) 

 

 

4.3.3 Improvements of inhibitors – a pharmacophore?  
 

Considering the final results from the activity assays, the majority of the selected 24 

analogues displayed relatively low ability to inhibit BCAT2, to our surprise, given that they 

were analogues of 3 compounds that we were able to capture in the active site pocket of 

BCAT2 by co-crystallization. Thus, it is of interest to investigate and compare our 

compounds with compounds in previous studies of BCAT2 inhibitors. Two particular studies 

have reported inhibitor compounds with features in their composition resembling the ones in 

our study 61, 65. As previously mentioned, the four hits obtained in this thesis are generally 

composed of a linear core connecting one planar, lipophilic ring system located at each end. 

This lipophilic ring system is indeed present in inhibitors presented in both these studies as 

well. Aromatic stacking with Phe30 is one particular interaction occurring for a substantial 

amount of their identified inhibitor compounds, which is also present in our compound 3, 3B 

and 9. The combined data in these two studies with our new compounds suggests that a 

potential pharmacophore for inhibitors of BCAT2 should include two lipophilic, heterocyclic 

ring systems with a particular distance (in the range of 8.5 - 12.5 Å) in-between. Our 

structures revealed a low number of direct contacts for the linker region between the ring 

systems, suggesting a large flexibility in this region for the design of improved inhibitors. A 

low IC50-value of 4.6 µM was found for one of the hits in the fragment- and HTS-based study 
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(compound 2) 65, and this particular inhibitor resembles our most promising compound 3. 

They both comprise of two lipophilic ring systems, as well as a substituent involved in 

formation of a hydrogen bond. However, the BCAT2 amino acid residue involved in this 

hydrogen bond differs between the two compounds (compound 3 in our study forms 

hydrogen bond with Arg143, whereas their compound 2 interacts with Tyr173 65). This 

furthermore supports the theory of a more flexible middle core. Taken together, these two 

studies and our present data strengthen the pharmacophore hypothesis that interconnected 

lipophilic ring systems is a preferred feature of BCAT2 inhibitors. 

 

As a final note, the finding that the ring systems might be of more importance than the linker 

region, suggests that we may have been focusing on the wrong features of the primary 

compounds when we selected potential analogues of the best hits. In the process of 

optimizing the best hits obtained from the first round of the crystallographic screening, we 

mainly focused on purchasing analogues of compound 3, 6 and 9 with variations in the 

lipophilic ring systems. For instance, varying the positions and number of substituents, 

number and type of atoms in the rings. However, a better approach could have been to keep 

the original ring systems of compound 3, 6 and 9, and rather explore variations in the linear 

core instead. Another possible approach would have been to combine different ring systems 

of compounds 3, 6 and 9 as well. This would require a software able to design 3D 

pharmacophores for searching in more general molecule libraries. 
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5 FINAL CONCLUSIONS AND FUTURE 
PERSPECTIVES 

 

In this master thesis we presented a structure- and activity-based analysis of selected 

compounds in complex with BCAT2, enlightening their ability to inhibit the BCAT2 enzyme. 

The selected compounds included 12 primary inhibitors obtained from a high-throughput 

screen and a following re-screen, as well as 24 analogues of the three hits from the original 

set that were solved in complex with BCAT2 by co-crystallization.  

 

The two main enzymes used in this project, BCAT2 and LDH, were successfully expressed 

and purified for succeeding crystallographic studies and/or enzyme assays. Suitable 

crystallization conditions resulted in formation of well-shaped co-crystals of BCAT2 in 

complex with four inhibitor compounds, which ultimately enabled us to solve four structures 

of liganded BCAT2 by X-ray crystallography. The four structures comprised BCAT2 in 

complex with inhibitor compounds 3, 6, 9 and 3B, the latter being an analogue of inhibitor 3. 

Additionally, a total of 33 inhibitor compounds were tested in the coupled BCAT2/LDH 

enzyme assay we designed for this thesis, in order to evaluate their ability to reduce the 

activity of BCAT2. Eight compounds displayed promising results in the following dose-

response investigation, with estimated IC50-values lower than 36 µM in the assay. Compound 

3 and 1 in particular, with an apparent IC50 of 2.3 ± 0.3 µM and 6.1 ± 0.8 µM, respectively. 

 

The structure-based part of our study provided detailed insight of specific interactions 

between our hit compounds and BCAT2, which can be of significance in further development 

of a potent drug. The high-resolution structures revealed that the inhibitors are composed of 

two planar, lipophilic ring systems that interact with two clusters of hydrophobic residues in 

the enzyme. In all investigated compounds, the two rings are connected by a linker region 

that formed a few polar interactions with the enzyme. Thus, following the first round of 

crystallographic screening, we investigated analogues with a particular focus on variations of 

these ring systems. However, the activity-based part of the project revealed that a majority of 

the selected analogues exhibited surprisingly low ability to inhibit BCAT2 in the enzyme 

assay. This suggests that we might have been focusing on the wrong features when trying to 

optimize the primary hits. In future experiments one may consider other approaches, like 
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keeping the ring systems and rather modify the linker region instead. Combining ring systems 

from different compounds in our subset is another approach. The variation in size between 

e.g. compound 3 and 6 suggests that there is a wide range of linear linkers that can be 

combined with the appropriate ring systems in BCAT2 inhibitors. 

 

Furthermore, an interesting approach in the future would be to accomplish a thorough 

comparison of the two human isoforms of BCAT, in regards to inhibition. As BCAT2 and 

BCAT1 are associated with different types of cancer, it is important to develop a drug that 

specifically targets only one of the isoforms and not both. We did a brief investigation of the 

ability of the 12 primary compounds to inhibit BCAT1 as a part of a summer project, and raw 

data revealed that compounds 3, 4, 6 and 9 also were BCAT1 inhibitors. However, the 

enzyme assay set-up differed from the one used in this master thesis, which is why the 

inhibitors should be tested against BCAT1 once again using the exact same assay as 

presented in this thesis.  

 

We are still in the early part of the drug design process, with regards to eventually developing 

suitable drug candidates for temporary prevention of MSUD and/or treatment of PDAC, 

obesity and T2DM. In the near future, one should continue the study of optimizing the most 

promising hits. For the long run, investigation of toxicity and uptake by mammalian cells is a 

valuable step in the process of ultimately developing a potent drug for BCAT2 knock down. 

We also have access to cell lines from MSUD patients, and the hypothesis that drug-based 

down regulation of BCAT2 in BCKD-defect cells is a strategy to avoid accumulation of toxic 

intermediates from protein degradation should also be tested. 
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Appendix 
 

Section A: Materials 
 

Table A1. Chemicals 
 

Chemical 

 

Manufacturer 

Ammonium sulfate Sigma Aldrich 

Beta-mercaptoethanol Sigma Aldrich 

Dimethyl sulfoxide (DMSO) Sigma Aldrich 

Dithiothreitol (DTT) Apollo scientific  

Glycerol VWR prolabo chemicals  

HEPES Sigma Aldrich 

Imidazole Sigma Aldrich 

Kanamycin Sigma Aldrich 

LB Broth, Miller Luria.bertani  

L-leucine Sigma Aldrich 

NADH Sigma Aldrich 

Ni-NTA agarose Goldbio 

NuPAGE loading buffer ThermoFisher Scientific 

Potassium phosphate Sigma Aldrich 

SeeBlue Plus2 standard Invitrogen  

Sodium dodecyl sulphate (SDS) Bio-rad 

Alpha-ketoglutarate Sigma Aldrich 
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Table A2. Hardware 
 

Hardware 

 

Manufacturer 

ASSIST PLUS pipette robot Integra 

Sorvall LYNX 6000 Centrifuge Thermo Scientific 

Epoch microplate spectrophotometer BioTek 

Incubator (Multiron standard) Infors HT  

Eppendorf BioPhotometer VWR International  

 

 

Table A3. Software 
 

Software 

 

Manufacturer 

PyMOL 2.2.2 Schrödinger Inc 

Origin 2020 OriginLab Corporation 

ChemDraw 19.0 PerkinElmer 
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Section B: Solutions, buffers and media 
 

Running buffer for PAGE gel, staining and de-staining solutions  

 

 

1 x MOPS       

8.38 g MOPS     

1.36 g NaAc     

2 mL 0.5 M EDTA pH 7.2   

MQ H2O to final volume of 1 L 

 

Coomassie Blue staining solution   De-staining solution  

40 % Methanol    40 % Methanol 

10 % Acetic Acid    10 % Acetic Acid 

0.1 % Coomassie Blue   4 % Glycerol 

 

 

Buffers used in lysis of bacteria cells and in protein purification  

 

 

10 mM imidazole lysis buffer A   50 mM imidazole elution buffer B 

10 mM Imidazole    50 mM imidazole 

50 mM Tris pH 8.0    50 mM Tris pH 8.0 

300 mM NaCl     300 mM NaCl 

10 mM β-ME     10 mM β-ME 

 

 

300 mM imidazole elution buffer C   Dialysis buffer D   

300 mM Imidazole    150 mM NaCl  

50 mM Tris pH 8.0    10 mM Tris pH 7.5  

300 mM NaCl     MQ H2O to final volume of 2 L 

10 mM β-ME      
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Media 

 

 

LB medium       

25 g Broth-Miller     

1 L MQ H2O      

 

 

Reservoir solutions (RS) used in protein crystallization  

 

 

20 % precipitant - RS     22.5 % precipitant - RS 

0.1 M HEPES pH 7    0.1 M HEPES pH 7 

0.02 M DTT     0.02 M DTT 

20 % PEG1450    22.5 % PEG1450  

MQ H2O to final volume of 10  mL   MQ H2O to final volume of 10  mL 

 

25 % precipitant - RS     27.5 % precipitant - RS 

0.1 M HEPES pH 7    0.1 M HEPES pH 7 

0.02 M DTT     0.02 M DTT 

25 % PEG1450    27.5 % PEG1450  

MQ H2O to final volume of 10  mL   MQ H2O to final volume of 10  mL 

 

30 % precipitant - RS     32.5 % precipitant - RS 

0.1 M HEPES pH 7    0.1 M HEPES pH 7 

0.02 M DTT     0.02 M DTT 

30 % PEG1450    32.5 % PEG1450  

MQ H2O to final volume of 10  mL   MQ H2O to final volume of 10  mL 
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Stock solutions and reaction mixtures used in BCAT2 enzyme assay 

 

 

Concentrations of stock solutions   Reaction mixture 1 

100 mM NADH     125 µL     NADH (100 mM) 

1 M Ammonium sulphate   960 µL     Ammonium sulphate (1 M) 

1 M α-ketoglutarate   11700 µL     PBS (1x) 

100 mM L-leucine 

93.75 µM LDH 

27 µM BCAT2 

5-10 µM Ligands 

  

 

Reaction mixture 2      Reaction mixture 3 

240 µL BCAT2 (27 µM)   96 µL α-ketoglutarate (1 M) 

1960 µL PBS (1x)    1920 µL L-leucine (100 mM) 

       470 µL LDH (93.75 µM) 

       2304 µL PBS (1x) 
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Section C: Dilutions and structures of inhibitor compounds 
 

Table C1. 12 primary inhibitor compounds 

Compound 

number 

MolPort ID Manufacturer Molecular 

weight 

Unit 

(mg) 

Concentration of 

stock solution (mM) 
 

1 
Molport-005-

625-361 

 

ENAMINE Ltd. 
 

324 
 

5 
 

200 

 

2 
Molport-044-

268-430 

 

ENAMINE Ltd. 
 

353 
 

5 
 

200 

 

3 
Molport-007-

354-140 

 

ENAMINE Ltd. 
 

345 
 

5 
 

100 

 

4 
Molport-009-

276-156 

 

ENAMINE Ltd. 
 

364 
 

5 
 

200 

 

5 
Molport-004-

069-247 

 

ENAMINE Ltd. 
 

366 
 

5 
 

100 

 

6 
Molport-004-

316-387 

 

ENAMINE Ltd. 
 

274 
 

5 
 

50 

 

7 
Molport-007-

336-087 

 

ENAMINE Ltd. 
 

457 
 

5 
 

25 

 

8 
Molport-005-

545-584 

 

ENAMINE Ltd. 
 

330 
 

5 
 

200 

 

9 
Molport-005-

661-352 

 

ENAMINE Ltd. 
 

294 
 

5 
 

200 

 

10 
Molport-009-

506-474 

 

ENAMINE Ltd. 
 

309 
 

5 
 

25 

 

11 
Molport-005-

705-299 

 

UkrOrgSynthesis 

Ltd. 

 

446 
 

5 
 

200 

 

12 
Molport-004-

085-285 

 

ENAMINE Ltd. 
 

393 
 

5.25 
 

10 
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Table C2. 5 Analogues of inhibitor compound 3  

Compound 

number 

MolPort ID Manufacturer Molecular 

weight 

Unit 

(mg) 

Concentration of stock 

solution (mM) 
 

3A 
Molport-004-

069-247 

 

ENAMINE Ltd. 
 

366 
 

20 
 

100 

 

3B 
Molport-009-

271-619 

 

ENAMINE Ltd. 
 

340 
 

20 
 

100 

 

3C 

Molport-004-

525-479 

 

ENAMINE Ltd. 

 

356 

 

20 

 

50 

 

3D 

Molport-044-

586-249 

 

ENAMINE Ltd. 

 

354 

 

20 

 

200 

 

3E 

Molport-045-

974-876 

 

ENAMINE Ltd. 

 

288 

 

20 

 

200 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	  
86	  

Table C4 – analogues of inhibitor compound 6 

 

Compound 

number 

MolPort ID Manufacturer Molecular 

weight 

Unit 

(mg) 

Concentration of 

stock solution (mM) 
 

6A 
Molport-002-

048-462 

 

ENAMINE Ltd. 
 

233 
 

20 
 

50 

 

6B 
Molport-002-

886-481 

 

ENAMINE Ltd. 
 

240 
 

10 
 

200 

 

6C 
Molport-004-

274-352 

 

ENAMINE Ltd. 
 

240 
 

20 
 

200 

 

6D 
Molport-004-

275-569 

 

ENAMINE Ltd. 
 

254 
 

10 
 

50 

 

6E 
Molport-004-

319-321 

 

ENAMINE Ltd. 
 

288 
 

20 
 

50 

 

6F 
Molport-009-

058-797 

 

ENAMINE Ltd. 
 

282 
 

20 
 

200 

 

6G 
Molport-009-

161-380 

 

ENAMINE Ltd. 
 

233 
 

20 
 

100 

 

6H 
Molport-004-

575-241 

 

UkrOrgSynthesis 

Ltd. 

 

324 
 

20 
 

50 

 

6I 
Molport-007-

225-526 

 

UkrOrgSynthesis 

Ltd.  

 

247 
 

20 
 

100 

 

6J 
Molport-000-

845-136 

 

Vitas-M 

Laboratory, Ltd. 

 

274 
 

20 
 

200 

 

6K 
Molport-019-

643-784 

 

ENAMINE Ltd. 
 

263 
 

20 
 

200 

 

6L 
Molport-009-

171-409 

 

ENAMINE Ltd. 
 

242 
 

20 
 

200 
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Table C3. 7 analogues of inhibitor compound 9 

Compound 

number 

MolPort ID Manufacturer Molecular 

weight 

Unit 

(mg) 

Concentration of 

stock solution (mM) 
 

9A 
Molport-009-

378-783 

 

ENAMINE Ltd. 
 

266 
 

20 
 

200 

 

9B 
Molport-005-

614-752 

 

ENAMINE Ltd. 
 

294 
 

20 
 

200 

 

9C 
Molport-009-

432-080 

 

UkrOrgSynthesis 

Ltd. 

 

308 
 

20 
 

200 

 

9D 
Molport-004-

223-172 

 

ENAMINE Ltd. 
 

278 
 

20 
 

200 

 

9E 
Molport-004-

218-260 

 

ENAMINE Ltd. 
 

294 
 

20 
 

200 

 

9F 
Molport-009-

422-861 

 

ENAMINE Ltd. 
 

306 
 

20 
 

200 

 

9G 
Molport-009-

262-852 

 

ENAMINE Ltd. 
 

284 
 

20 
 

200 
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Structures of the 12 primary inhibitor compounds, generated in ChemDraw.   
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Structures of the 5 analogues of compound 3, generated in ChemDraw.   

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

!

!

!

!



	  
91	  

The structures of the 12 analogues of compound 6, generated in ChemDraw.   
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Structures of the 7 analogues of compound 9, generated in ChemDraw.   
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Section D: Raw data from enzyme assay  

 

  
Figure D.1. Single data set of the raw data for compound 3, obtained from the enzyme assay. Absorbance 

at 340 nm measured at 2 minutes intervals for 2 hours. The negative control (indicated in red) does not contain 

BCAT2 enzyme, and shows the minimal value for the slope, representing a non-enzymatic slow decay/oxidation 

of NADH. The positive control (indicated in cyan) contains BCAT2 with substrate, and shows the maximal 

value for the slope, and thus maximal enzyme turn-over. These maximal and minimal values were set to 100% 

and 0% activity, respectively, in order to normalize all data. The remaining curves (indicated in black) show 

BCAT2 with substrate and different concentrations of inhibitor compound 3 (from 0.49 to 250 µM), as specified 

to the right in the figure. Linear regression was applied to calculate the slope for each curve, using data in the 

range 0 – 40/60/120 minutes, depending on the batch of protein used. Calculated slopes for all four parallels of 

compound 3 (obtained from a total of four such graphs) were normalized relative to the internal positive and 

negative controls on the same assay plate, and the average was calculated to obtain error estimates. Finally, 

these values for each inhibitor concentration were used to construct dose-response curves, in which BCAT2 

activity was plotted as function of inhibitor concentration.  
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