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Abstract  

Cancer cells have a higher rate of glycolysis. Even in aerobic conditions, they exploit 

glycolysis as their main source of energy. The Warburg effect is the name for this phenomenon. 

As a result, efficient suppression of the glycolytic pathway is an important part of cancer treatment. 

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is an important enzyme that participates 

in numerous cellular functions and has been found to promote cancer growth and metastasis in 

several cancer types. As a result, inhibiting GAPDH contribution in glycolysis is critical for GAPDH 

functional research and cancer therapy yet, there have only been a few GAPDH inhibitors 

described.  

Since crystallographic information is essential to understand the molecular basis of hGAPDH 

inhibition by covalent inhibitors, we establish an expression system bearing at the N-terminal 

region, a Strep-tag II fused to a TEV cleavage site using a typical expression strain, E. coli 

BL21(DE3), for the production of the recombinant human GAPDH. Here we report the full 

biochemical and biophysical characterization of human GAPDH alone and in complex with a 

monosubstituted cyclopropenone (CPO). CPOs have recently been shown to react selectively 

with N-terminal cysteine residues in proteins containing multiple cysteine residues. Evaluation of 

the protein sample and the hGAPDH-CPO complex quality was performed before crystallization 

trials, using SDS-PAGE, Western Blot, Dynamic Light Scattering, Circular Dichroism, Differential 

Scanning Fluorimetry and LC-MS. Moreover, we set up crystallization trials to generate crystals 

for X-ray diffraction analysis. 

The X-ray crystal structure of hGAPDH in complex with NADH was determined to 2.11 Å 

resolution. hGAPDH crystallized in space group I222 with three independent molecules in 

asymmetric unit. Despite many attempts, the structure of hGAPDH with the CPO-probe has not 

been determined. 

Hopefully, the determination of the 3D-dimensional structure of the hGAPDH in complex with 

this CPO-probe may represent a major advance in future cancer therapy. 

 

Keywords: Strep-tag II, human recombinant GAPDH, monosubstituted cyclopropenones,   

biochemical and  biophysical assays, X-ray crystallography structure determination
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Resumo 

As células cancerígenas são caracterizadas por uma maior taxa glicolítica. Mesmo em 

condições aeróbicas, utilizam a glicólise como principal fonte de energia. Este fenómeno é 

conhecido como efeito de Warburg. Consequentemente, a inibição da via glicolítica é uma parte 

importante para o tratamento do cancro. A gliceraldeído-3-fosfato desidrogenase (GAPDH) é 

uma enzima importante que participa em várias funções celulares e promove a formação de 

metástases em vários tipos de cancro. Como resultado, a inibição desta enzima na glicólise é 

fundamental para a terapia do cancro. Porém, até ao momento, existem poucos inibidores 

descritos para a GAPDH. 

Uma vez que a informação cristalográfica é essencial para compreender a base molecular 

da inibição da GAPDH por inibidores covalentes desenvolvemos um sistema de expressão que 

contém na região N-terminal uma Strep-tag II ligada a um local de clivagem TEV, usando um 

sistema de expressão comum E. coli BL21 (DE3), para a produção GAPDH recombinante 

(hGAPDH). Aqui descrevemos a caracterização bioquímica e biofísica completa da GAPDH 

recombinante humana, assim como em complexo com uma ciclopropenona monossubstituída 

(CPO). Recentemente, foi demonstrado que as CPOs reagem seletivamente com resíduos de 

cisteína N-terminal em proteínas contendo múltiplos resíduos deste resíduo. Avaliámos a 

qualidade da amostra purificada  e do complexo hGAPDH-CPO previamente à cristalização, 

utilizando SDS-PAGE, Western Blot, Dynamic Light Scattering, Circular Dichroism, Differential 

Scanning Fluorimetry e LC-MS. Posteriormente, foram efetuados ensaios de cristalização de 

modo a gerar cristais para a análise de difração de raios-X.  

A estrutura cristalina obtida por raios-X da hGAPDH em complexo com NADH foi 

determinada com uma resolução de 2.11 Å. A hGAPDH cristalizou no grupo espacial I222 com 

três moléculas independentes na unidade assimétrica. Apesar de muitas tentativas, a estrutura 

de hGAPDH com a CPO não foi determinada. 

Este conhecimento servirá como base para estudos que visam o desenvolvimento de 

moléculas terapêuticas, de modo a superar as limitações existentes nas terapias atuais. 

 

Palavras-chave:  Strep-tag II, GAPDH recombinante humana, ciclopropenona 

monossubstituída, ensaios bioquímicos e biofísicos, determinação de estrutura  por cristalografia 

de raio-X
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Chapter 1 

1. Introduction 

 

1.1. Cancer – Epidemiology and molecular basis  

 Cancer is a wide class of diseases that can begin in practically any organ or tissue of the 

body and spread to other organs when abnormal cells proliferate intensely, invade adjacent 

regions of the body, and/or move to other organs.1 It is considered to be a biological ilness that is 

characterized by a complex interaction of genetic and enviromental variables that coordinate 

carcinogenesis.2 Cancer is a leading cause of death worldwide, accounting for nearly 10 million 

fatalities in 2020.1 Lung, prostate, colorectal, stomach and liver cancer are the most common 

types of cancer in men, while breast, colorectal, lung, cervical and thyroid cancer are the most 

common among women (Figure 1.1).1,3 

Figure 1.1. Number of deaths in 2020, both sexes, all ages. Data source: GLOBOCAN 2020, 
World Health Organization. (Adapted from 4). 

 

Cancer develops when normal cells are transformed into tumor cells in a multi-stage process 

that usually evolves from a pre-cancerous lesion to a malignant tumor. Physical carcinogens, 

such as ultraviolet and ionizing radiation; chemical carcinogens, such as asbestos and 

components of tobacco smoke and biological carcinogens, such as infections from certain 

viruses, bacteria, or parasites, can cause these changes.1 Mutagenic events that modify a cell's 

genetic material have been shown to disrupt the pathways that control the cell's most basic 

functions.2 The development of malignant conditions is caused by a build-up of numerous genetic 

abnormalities that result in the dysregulation of signaling pathways controlling cell proliferation, 

apoptosis, and DNA repair.5 Cells with damaged DNA are generally eliminated by the body before 
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they become malignant. However, as we become older, our bodies' ability to do so decreases. 

This is one of the reasons why people are more likely to develop cancer later in life. Each person's 

cancer is made up of a unique set of genetic alterations and additional alterations will occur as 

the malignancy progresses. Different cells within the same tumor may have different genetic 

alterations.6 

Proto-oncogenes, tumor suppressor genes, and DNA repair genes are all affected by the 

genetic alterations that contribute to cancer. These changes are commonly referred to as cancer 

"drivers". Proto-oncogenes play a role in normal cell division and proliferation. These genes can 

become cancer-causing genes (or oncogenes) if they are mutated in specific ways or are more 

active than usual, allowing cells to grow and survive when they shouldn't.6 Tumor suppressor 

genes are also engaged in cell division and growth control. Certain mutations in tumor suppressor 

genes can cause cells to divide uncontrollably.6 DNA repair genes are responsible for repairing 

damaged DNA. Cells with mutations in these genes are more likely to generate mutations in other 

genes and chromosome alterations, such as chromosome duplications and deletions. These 

alterations may lead the cells to become cancerous if they occur together.6  Scientists have 

discovered that certain mutations are frequent in many types of cancer as they learn more about 

the molecular changes leading to cancer. Many anti-cancer medicines are now available that 

target cancer-causing gene alterations and these treatments are suitable for anyone with a cancer 

possessing the targeted mutation, regardless of where the tumor started developing.6 

Globally, the incidence of cancer is increasing, placing enormous physical, emotional, and 

financial strain on individuals, families, communities, and health systems. Many health systems 

in low- and middle-income nations are unprepared to handle this burden, and many cancer 

patients around the world lack timely access to high-quality diagnosis and treatment. Many types 

of cancer survival rates are improving in countries with strong health systems, thanks to early 

detection, quality treatment, and survivorship care.1,3   

 

1.2. Metabolic malignancy 

Over the past few decades, the number of studies dealing with cancer have grown 

considerably, leading to a better understanding of this disease overall. Among the numerous 

discoveries made, some are worth mentioned here, namely that cancer is not a condition that can 

only be caused by genetic and epigenetic changes or that cancer cells are characterized by 

abnormal energy metabolism.7 Indeed, cancer cells re-adjust their energy metabolism, an 

important step that helps them survive, evolve, and proliferate. Glucose absorption and lactic acid 

fermentation also increase as a result of this modification. Even in the presence of unimpaired 

mitochondrial integrity and aerobic conditions, glycolysis is a significant source of energy for 

cancer cells.8 
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1.2.1. Warburg Effect 

 The first steps towards unraveling cancer metabolism were taken more than 80 years ago, 

when Otto Warburg 9 discovered the so-called Warburg effect, in which cancer cells, both in 

anaerobic and aerobic environments, can generate adenosine triphosphate (ATP) that is biased 

toward lactic fermentation rather than mitochondrial oxidative phosphorylation (Figure 1.2).  

Figure 1.2. The Warburg effect is depicted as a schematic diagram. The Warburg effect, also 
known as aerobic glycolysis, turns glucose to lactate without causing oxidative phosphorylation 
in the mitochondria. It’s regulated by proteins such as pyruvate kinase M2 (PKM2), lactate 
dehydrogenase A (LDHA), hypoxia-inducible factor-1, and p53. (Adapted from 7). 

 

In the presence of oxygen, the full oxidation of one glucose molecule (oxidative 

phosphorylation) in a cell creates 38 molecules of ATP, which is the primary cellular fuel.10 The 

initial step of glucose cellular respiration (glycolysis, which occurs in the cytoplasm) generates 

only two ATP molecules and results in the production of two molecules of pyruvic acid. If a cell 

has access to oxygen, pyruvic acid is converted to acetyl-coenzyme A, which then enters the 

Krebs cycle (a citric acid cycle that takes place within mitochondria), followed by the electron 

transport chain process (which takes place on the inner mitochondrial membrane) that produces 

the majority of ATP molecules. On the other hand, if the cells are exposed to low oxygen levels, 

pyruvic acid is transformed into lactic acid rather than acetyl-coenzyme A, a process known as 

anaerobic cellular respiration (lactic acid cycle).10 The net energy balance in the latter scenario is 

only two ATP molecules, making anaerobic glucose metabolism an extremely inefficient process 

energetically.11 
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While a deficit of oxygen at the cellular level can develop as a result of excessive physical 

activity (resulting in muscle soreness), it is also a hallmark of tumors that are highly invasive and 

rapidly proliferating.10 As cancer cells expand, their rapid multiplication rate outpaces 

angiogenesis to the point where, while glucose supply to fast-growing cells may be sufficient, the 

absence of blood vessels prevents the full oxidation of glucose. Based on the differences between 

aerobic and anaerobic glucose metabolism, cancer cells (as well as healthy cells) in hypoxic 

conditions would require a 19-fold higher glucose intake to maintain the same metabolic state as 

well-oxygenated cells.7,11 Cancer cells have a different energy profile than normal cells. They rely 

mostly on cytoplasmic glycolysis for energy generation, whereas normal cells rely more on 

oxidative phosphorylation and the Krebs cycle.12 Lactate is generated aerobically in cancer cells 

and extruded, while no lactate is formed in normal cells undergoing aerobic glycolysis (Figure 

1.3).10,11 

Figure 1.3. The dependency of cancer cells on glycolysis as a significant source of energy, even 
in the presence of oxygen, is one of the fundamental metabolic divergences between cancer cells 
and normal cells (Warburg effect). In the Warburg effect, glucose is catabolized to lactate, which 
is expelled into the microenvironment of cancer cells via monocarboxylate transporters, whereas 
glucose is metabolized to pyruvate, which is not expelled. 

 

Even in the presence of oxygen, cancer cells exhibit glycolysis, lactate production, and 

mitochondrial respiration at the same time (Warburg effect).13 Given that aerobic glycolysis 

produces significantly less ATP (only 2 moles of ATP per mole of glucose) than mitochondrial 

respiration (36 moles of ATP per mole of glucose), this mixed metabolic phenotype appears 

illogical.14,15 For the preservation of this seemingly wasteful catabolic condition, several 

hypotheses have been presented. The Warburg effect appears to be a favorable catabolic 

condition for all rapidly growing mammalian cells with high glucose absorption capacity, according 

to Vasquez et al. in 2010.14 It arises because, whereas aerobic glycolysis is less effective in terms 

of ATP output per glucose absorption than mitochondrial respiration, it is more efficient in terms 

of the needed solvent capacity.14 
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The complex nature of glycolysis, as well as the variations in its regulation between normal 

and cancer cells, offer methods for finding new anti-cancer targets and a wide range of options 

for developing highly selective anti-cancer drugs.8 Because cancer cells require a lot of energy to 

survive, it's critical to understand energy metabolism based on the Warburg effect in order to 

design effective anti-cancer therapies that target cancer cells' energy generation route. 

 

1.2.2. Tumorigenic glycolysis  

As described in the previous section, cancer cells are characterized by an abnormal energy 

metabolism. In contrast to normal differentiated cells, which predominately depend on 

mitochondrial oxidative phosphorylation to generate energy, cancer cells rely on aerobic 

glycolysis, a phenomenon coined Warburg effect.9 Cancer cells can survive, thrive, and proliferate 

in hypoxic conditions, which are frequent in tumors, thanks to a metabolic adaptation that includes 

rapid glucose intake coupled with lactate output. This overdependence on glycolysis, on the other 

hand, provides a chance to target cancer cells specifically.16  

High glycolytic rates confer selective advantage by promoting uncontrolled growth and 

resistance to chemotherapy, so Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), a 

glycolytic key-enzyme will be discussed in further detail. 

 

1.3. Glyceraldehyde-3-phosphate dehydrogenase and glycolysis  

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is a tetrameric enzyme that has long 

been known to have a role in energy metabolism and the synthesis of ATP and pyruvate in the 

cytoplasm via anaerobic glycolysis.17  

Once its function was believed to have been unveiled to the last detail, GAPDH was thrown 

in the “housekeeping gene” list, and it was dismissed as having no substantial research influence. 

Recent research has discovered that GAPDH can perform a variety of tasks that are unrelated to 

its role in glycolysis, which include membrane fusion, cytoskeleton dynamics, DNA repair and 

RNA export.18,19 These functions are thought to be regulated, at least in part, by post-translational 

modifications, oligomerization and subcellular localization, according to Tristan et al.18 GAPDH 

has been discovered to be a sensor of intracellular and extracellular cell stress, capable of 

triggering either recovery or cell death signaling pathways.18,20 Under normal physiological 

settings, active GAPDH stimulates the transition from anaerobic to pentose phosphate respiration 

in the cytoplasm. This enzyme, however, can be reversibly inactivated by S-thiolation of its 

sulfhydryl groups under oxidative stress, allowing cells to flip between metabolic tasks and 

maintain a balanced oxidation/reduction state.21 Increased levels of GAPDH in the mitochondria, 

on the other hand, can trigger apoptotic processes, resulting in mitochondrial membrane 

permeabilization after the release of apoptosis-inducing factor and cytochrome c.22 These new 
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numerous GAPDH functions, particularly those involving cell death mechanisms20, may imply that 

this enzyme is involved in some illnesses when produced at abnormal levels.18 There is some 

evidence to back this up, especially in the case of neurodegenerative diseases. GAPDH levels 

are observed to be higher in the post-mortem brains of patients with Parkinson's disease and 

Alzheimer's disease23,24  and it has been tentatively suggested that GAPDH can interact with 

mutant huntingtin and β-amyloid peptides, respectively.25,26 

However, its primary role is catalyzing the sixth step of glycolysis. In the presence of 

nicotinamide adenosine dinucleotide (NAD+) and inorganic phosphate, GAPDH reversibly 

catalyzes the first step of the pathway, in which glyceraldehyde-3-phosphate (G3P) is converted 

into a high-energy phosphate compound 1,3-bisphosphoglycerate (BPG), as described in Figure 

1.4.27,28 

Figure 1.4. Glycolysis metabolic pathway in which Glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) catalyzes the conversion of glyceraldehyde3-phosphate (G3P) into 1,3-
bisphosphoglycerate (BPG). 

 

This step is at the center of glycolysis within cancer cells and is the convergence point of 

feeder and alternative ATP-generating pathways from carbohydrates. This contrasts with normal 

differentiated cells, where glycolysis is predominately regulated by other upstream rate-limiting 

enzymes. GAPDH expression is also enhanced in several cancer types and can be used as 

prognostic marker, since it is correlated with increased aggressiveness, drug resistance and poor 

progonisis.29 Consequently, this enzyme is a putative therapeutic target, despite its widespread 

distribution in vivo.30 

There have been a few GAPDH inhibitors reported so far (Figure 1.5), with koningic acid (KA) 

being one of the most studied.8 KA, which binds covalently to the cysteine in the GAPDH active 

site, has been demonstrated to inhibit cancer cell proliferation.31,32 Off-target reactivity with DNA 

and DNA polymerase, on the other hand, has limited its use in cancer therapy.33 The alkylating 

chemical 3-bromopyruvate is another well-studied GAPDH inhibitor. Although capable of 

inhibiting GAPDH, the lack of selectivity for the thiols within GAPDH implies that side reactivity 

with other important enzyme thiols is common, limiting its utility.34 DC-5163, 3,4-

dihydroxyphenylacetaldehyde (DOPAL), and 2-phenoxynaphthalene-1,4-dione are some other 

GAPDH inhibitors.34 However, insufficient inhibition combined with strong side reactions has 

limited the applicability of these compounds, requiring the development of novel GAPDH 

inhibitors.  
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Figure 1.5. Chemical structures of previously reported GAPDH inhibitors. 

 

In response to this, the selective modification of GAPDH by monosubstituted 

cyclopropenones (CPO) was investigated further in more detail. Future directions for specific 

GAPDH molecular targeting in cancer will depend critically on the availability of an efficient yet 

selective GAPDH inhibitor. In this context, it is important to establish minimum target sites that 

are sensitive but crucial for the enzymatic function to design and produce an effective and specific 

small molecule inhibitor of GAPDH. Knowledge of the high resolution three-dimensional structure 

of human GAPDH with specific inhibitors would facilitate the development of new anti-apoptosis 

drugs and, hopefully, may also represent a major advance in future cancer therapy.27,35 

 

1.4. Site-Selective Protein Modification 

 Proteins function as one of nature’s most valuable biomolecules.36 Understanding the 

mechanisms of action that regulate their structure–function relationship is critical for key 

pharmacological targets.37 Complex tertiary structures, which are designed for specialized 

purposes, make proteins great candidates for studying natural systems and developing new 

biological tools.38 Proteins control a variety of basic biological activities with great specificity, both 

intra- and extracellularly, thanks to the combination of a highly regulated primary sequence and 

a complex tertiary structure.39 As a result, proteins have been a popular target for scientists 

interested in studying and controlling biological processes. Due to difficulties in both three-

dimensional structure prediction, labeled the "protein folding problem," and synthetic protein 

folding, early efforts in de novo protein synthesis were mostly unsuccessful.40 Regardless of the 

fact that computational technologies and massive protein structure databases have significantly 



8 
 

improved protein structure predictions, the use of probes and chemical techniques such as 

modification of natural or unnatural (UAAs) amino acids41, to modify pre-existing proteins found 

in nature have shown to be the most promising so far.38,42  This approach is referred to as protein 

bioconjugation. 

 Protein bioconjugation, or the process of coupling a protein to another molecule via a 

covalent bond to generate a modified protein, is an emergent field of study with potential 

applications ranging from basic scientific discoveries to diagnostics and treatments. To make 

these applications a reality, the conjugation must first take place without compromising the protein 

function. To avoid protein denaturation, changes must take place under moderate aqueous 

conditions, at physiological pH, and at room temperature.43 Furthermore, given the sensitive 

connection between a protein's tertiary structure and its capacity to function, modifications should 

lead in no alteration in the protein's tertiary structure, preserving its functional integrity.44 Finally, 

bioconjugations should generate homogenous products to minimize ambiguity and increase the 

chances of success in their domains of application. This is particularly relevant in medical 

applications, where a combination of species with variable drug loading leads to changing 

pharmacokinetic characteristics and, as a result, a limited therapeutic window.45  

Figure 1.6. Schematic representation of the difference between chemoselective and site-
selective protein modifications. 

 

Given that the size and number of alterations have the greatest impact on product 

homogeneity and functional integrity, it is preferable to perform a single, minor protein 

modification. Considering there are often multiple instances of the same amino acid in a protein 

sequence, chemoselectivity alone is frequently insufficient. Therefore, during the last two 

decades, researchers have focused on developing chemoselective and regioselective techniques 

in a field known as site-selective protein modification (Figure 1.6).44 The strategies employed to 

achieve site-selective modification can be split into two major categories: direct modification of 

native proteins and protein modification via genetic manipulation.46 Genetic engineering is now 

the technique of choice for incorporating a new amino acid (canonical or noncanonical) within the 

structure of a protein for subsequent functionalization, and it is one of the most successful 

strategies for generating homogenous products. Direct native protein modification, on the other 
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hand, appears to be a potential developing technique, with many more cases being 

documented.25,32,33 

1.4.1. Cyclopropenone-based probes  

The ability to investigate the functions of specific proteins in cellular programmability and 

development fate through site-specific alterations of proteins or peptides is a powerful tool.48 

Targeting highly nucleophilic residues on protein surfaces is a common method of protein 

modification. The most commonly used functional groups for bioconjugation are nucleophilic 

functional groups such as the N-terminal α-amino group of peptides and proteins, the thiol group 

of cysteine, and the ε-amino group of lysine. 48 

Chemical probes are useful tools for studying N-terminal alterations, protein-protein 

interactions, protein localization, and protein dynamics, as well as other structural and functional 

aspects. Because of their strong nucleophilicity, cysteine and lysine residues are the most 

commonly modified. However, because these residues might appear numerous times in a protein 

at the same time, regioselective labelling can be challenging. 49 N-terminal cysteine appears to 

be a one-of-a-kind practical solution for overcoming regioselectivity and site-specificity issues. 

50,51 

Due to their small size and unique mode of reactivity, cyclopropenones (CPO), are considered 

appealing motifs for bioorthogonal chemistry. However, their application has remained largely 

unexplored in the field. Since its discovery in 1959, CPO has been used in a wide range of 

synthetic organic applications.52 Comprising a highly strained 3-membered ring and a strong 

dipole moment induced by a carbonyl group, monosubstituted cyclopropenones have recently 

been shown to react selectively with N-terminal cysteine residues in proteins containing multiple 

cysteine residues under mild, biocompatible conditions.49 

 However, the precise understanding of the CPO reactivity is yet to be fully 

explored and there is potential for the reaction scope and utility of CPO to be expanded. 

If successful, the novel CPO-specific motif could be genetically incorporated into proteins 

and therefore provide a generic, protecting-group-free strategy for protein modification. 

 

1.5. Three-dimensional structures of GAPDH  

In the past two decades, GAPDH, a glycolytic enzyme that was long thought to be a simple 

“housekeeping” protein, has been shown to be engaged in a variety of cellular activities other 

than glycolysis. GAPDH is typically found in the cytoplasm as a tetrameric isoform made up of 

four identical ~ 37 kDa subunits, each with a single catalytic thiol group.18 

Since there is a rising interest in GAPDH as a target for developing chemotherapeutics, the 

determination of the three-dimensional structure of GAPDH was an important contribution to 
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structure-based drug design. The first human GAPDH crystal structure was reported by Watson 

and colleagues at 3.5 Å in 1976, determined from twinned crystals of the human skeletal muscle 

enzyme.53 Since then, many other structures of human GAPDH have been reported, namely by 

Ismail & Park at 2.5 Å in 2005 (PDB code 1znq)35 or by Jenkins and Tanner at 1.75 Å in 2006 

(PDB code 1u8f)54, which is the highest resolution to date of a GAPDH crystallographic structure. 

Figure 1.7. An overview of the human liver GAPDH homotetramer. Subunits O, P, Q, and R are 
depicted in cyan, yellow, red, and gray, in that order. Each monomer is attached to a NAD+ 
molecule (blue). Symmetry axes are depicted as dashed arrows, and the Q axis is perpendicular 
to the paper's plane. (Adapted from 35; PDB code 1znq). 

 

The overall structure of the homotetrameric human GAPDH consists of four subunits 

designated O, P, Q and R where each subunit is bound to a NAD+ molecule. Each subunit 

consists of an N-terminal NAD+-binding domain (residues 1-150) and a C-terminal catalytic 

domain (residues 149-313). The N-terminal NAD+-binding domain has an α/β dinucleotide-

binding fold, while the C-terminal catalytic domain consists of an eight-stranded mixed parallel β-

sheet, where the strands are connected by either short α-helices or turns (Figure 1.7).35 The active 

site of each subunit is located in a large cleft between the NAD+ -binding and catalytic domains. 

The Cys nucleophile (Cys152) resides at the N-terminus of the first helix in the catalytic domain.35 

The creation of GAPDH antagonists for the treatment of cancer or cancer-related 

disorders has recently become the focus of many structure-based drug design 

investigations. Over the years, the search for new GAPDH antagonists has been 

growing, and as a consequence, a crystallographic structure of these antagonists in 

complex with the protein has become extremely important. 
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So far, there are two structures of GAPDH in complex with inhibitors that are worth mentioning 

(see Figure 1.8). The first one was reported by Guido et al. in 2009, and demonstrates the binding 

mode of iodoacetate (IAA), an alkylating agent of several amino acid residues, to the active site 

of GAPDH. It inactivates a variety of enzymes by acting on their catalytic cysteine residues. 

Accordingly, the crystallographic data shows that the cofactor molecule (NAD+) plays a central 

role in the binding of the inhibitor within the GAPDH active site (PDB code 3DMT)55.  The other 

study was reported by Park et al. in 2019 (PDB code 6IQ6)56, in which they investigated the 

differences between IAA and di- or monomethyl fumarate (DMF or MMF) inhibitord. DMF is a 

well-known oral immune-modulator used to treat relapsing-remitting multiple sclerosis (RRMS) 

and psoriasis. It works by limiting hGAPDH-related aerobic glycolysis and inhibiting the catalytic 

activity of hGAPDH. Furthermore, DMF covalently modifies the catalytic cysteine (Cys152) of 

hGAPDH via succination, irreversibly inactivating the enzyme. While the inhibitory mode of IAA 

allowed the binding of NAD+, MMF, due to its bulkier size (compared to IAA), inhibited the access 

of NAD+.56 

Figure 1.8. Differences of binding modes to GAPDH between MMF and iodoacetate. (A) 
Iodoacetate and MMF chemical structures. The red and purple round-squares represent the 
inhibitors' similar and distinct chemical structures, respectively. (B) The difference in inhibitory 
modes between iodoacetate and MMF. (Adapted from 56). 

 

The crystallographic structures are extremely important for the study of the detailed inhibitory 

mode of different antagonists of GAPDH and it’s necessary to explain the differences between 

inhibitory efficacies. These structural data provide insights for the design and development of new 

structure-based drug design that can be used for the treatment of cancer or cancer-related 

disorders.   
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1.6. Production of recombinant hGAPDH 

1.6.1. Expression of  hGAPDH in E. coli and purification using a Strep Tag  

 Over the years, the relevance of the study of GAPDH in cancer therapy and in the 

development of new drugs has led to more and more new production and purification protocols 

for this protein. 

Escherichia coli (E. coli) is commonly used to express a wide range of heterologous proteins. 

Efforts have been undertaken to increase the desired protein expression level. However, 

difficulties with protein expression regulation persist, necessitating the development of novel ways 

to address these concerns.57 Despite the many possible hosts for the production of human 

GAPDH, the most used and the most efficient is the production in E. coli.35,54  

In contemporary protein research, efficient purification, detection, and immobilization or 

separation procedures—possibly in complex with cognate macromolecules—are critical. Strep-

tag II is an eight-residue peptide sequence (Trp-Ser-His-Pro-Gln-Phe-Glu-Lys) with inherent 

streptavidin affinity that may be fused to recombinant proteins in a variety of ways.58 As a result, 

the Strep-tag II peptide, which is short, physiologically inert, proteolytically stable, and does not 

interfere with membrane translocation or protein folding, is a useful tool for both quick separation 

of a functional gene product and detection or molecular interaction analysis.58 

 

1.7. Scope of the thesis  

The main goal of this thesis is to obtain a functional and structural characterization of GAPDH 

in complex with a CPO-based probe. The growing relevance in the impact of GAPDH in cancer 

cells has encouraged the design of more potent and selective inhibitors with improved 

pharmacological properties to overcome the already existed ones. Thus, the Gonçalo Bernardes 

group, located at the University of Cambridge, has developed an irreversible GAPDH inhibitor, 

utilizing cyclopropenones (CPOs) as selective inhibitors and as components for performing 

bioorthogonal reactions on proteins. In an exciting development, preliminary unpublished work by 

the Bernardes group demonstrated that monosubstituted CPOs can selectively modify N-terminal 

cysteines on a protein that also contains internal cysteine residues.59 Since the molecular basis 

underlying CPO-based probe inhibition is still not fully understood, further elucidation of the 

functional and structural characteristics of GAPDH alone or in complex with these irreversible 

inhibitors are necessary for feasibility testing of therapeutic efficacy. X-ray crystallography can 

also provide additional information regarding a molecular view of the GAPDH-NAD+ binding 

pocket and how it binds to different inhibitors. 
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To fulfill these requirements, the work of this master thesis aimed at: 

❖ producing recombinant human GAPDH in E. coli,  

❖ establishing a protocol for protein purification using a Strep-tag, 

❖ undertaking a biochemical and biophysical characterization of the purified protein, 

alone or in complex with the CPO-probe,  

❖ Undertaking in parallel crystallization trials to determine the 3D structure of the protein 

alone and in complex with the CPO-probe.  

 In order to obtain sufficient material to perform crystallization trials it’s of most importance 

to develop an expression vector with the structural gene for human GAPDH (Uniprot p04406). 

The synthetized construct will be used for bacterial expression using a N-terminal Strep-tag to 

facilitate protein purification. Next, different biochemical and physical approaches such as UV-

spectroscopy, polyacrylamide-based gel electrophoresis (SDS and Native-PAGE), Western Blot, 

Dynamic Light Scattering, Circular Dichroism and LC-MS will be carried out to assess the quality 

of the protein sample for crystallization. Differential Scanning Fluorimetry will be used to 

characterize GAPDH in complex with the CPO-probe. In a final step, purified hGAPDH will be co-

crystallized with the CPO-probe inhibitor and crystallization experiments will be optimized in an 

attempt to obtain high-quality crystals for X-ray diffraction. 

This Master plan intends to explore CPO-probes as selective inhibitors of GAPDH and 

elucidate the binding mode of these inhbitors to the target protein. Hopefully, this may also 

represent a major advance in future cancer therapy.  
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Chapter 2  

2. Methodology  

 

2.1. Genetic constructions  

The synthetic human GAPDH gene construct was designed and ordered from 

TwistBiosciencesTM. The insert included a ribosome binding site and ATG start codon, an N-

terminal StrepTag II, a Tobacco Etch Virus (TEV) protease cleavage site fused to the gene 

sequence of human GAPDH (StrepTag II-TEV-hGAPDH). The plasmid was a pET-21(+) also 

contained one antibiotic resistance gene (ampicillin), two cloning sites of EcoRI and NotI 

restriction enzymes, and a T7 promoter for high-level gene expression in bacterial strains (see 

Figure 2.1). 

Figure 2.1. Recombinant plasmid map from pET21(+) (A) containing the StrepTag II-TEV-
hGAPDH gene construct sequence (B). 

For DNA cloning or plasmid amplification purposes, NZ5alpha cells (NZYTech) were routinely 

used. Cultures were grown in Luria’s broth (Miller’s formulation) low salt medium (Sigma, Cat# 

L3397) with (solid) or without (liquid) 10 g/L agar. All plasmids used in this work coded for an 

Ampicillin resistance cassette. Either ampicillin (solid cultures) or carbenicillin (liquid cultures) 

were incorporated in the culture medium at 100 μg/mL and used as selective agents. Cultures 

were routinely incubated at 37 ºC, in a standard bacteria oven (solid cultures), or different orbital 

shakers, according to the experiment. 
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2.2. Transformation of competent E. coli cells 

Plasmids were used to transform chemically competent cells using the heat-shock method. 

Briefly, DNA  was incubated with cells (<10% v/v of DNA solution in DNase/RNase-free MilliQ 

water). Tubes were swirled gently and incubated on ice for 30 min. After incubation, cells were 

heat-shocked at 45 °C in a block heater for 45 sec and then immediately placed on ice for 2 min. 

Then, Luria-Bertani medium (LB) was added to the cells and incubated at 37 °C for 30 min with 

shaking at 225-250 rpm. Tubes were pelleted and the resuspended pellet was plated on LB agar 

plates containing ampicillin and incubated at 37 °C.   

 

2.3. Cell growth 

A single colony of previously transformed cells was pre-inoculated into LB-medium 

supplemented with carbenicillin. The culture was left growing at 37 °C to an optical density (OD600) 

of 0.6. Subsequently, fresh LB-medium supplemented with the appropriate antibiotic was 

inoculated with 1.5 % of pre inoculum. The culture was left growing at 37° for approximately 4 h, 

to a final OD600 of 0.8. 

 

2.4. Expression and protein purification  

For protein expression purposes, BL21(DE3) cells were routinely used. After the hGAPDH 

gene construct was introduced into the expression strain BL21(DE3) using the same method as 

described in the previous section, the protein was expressed by induction with 0.4 mM of isopropyl 

β-d-thiogalactopyranoside (IPTG), and the culture was left to incubate with shaking at 37 °C till it 

achieved an optical density of 0.8. Induction with IPTG lasted for 16 h at 18 °C, 120 rpm. 

Collection of bacterial cells was performed on 250 mL centrifuge-appropriate flasks, at 4 °C, 

on a J2-21M/E High-Speed Centrifuge, equipped with a JA-14 rotor, at 8000 x g, for 20 min. 

Pelleted E. coli cells were resuspended in lysis buffer (50 mM Tris-HCl, pH 7.5; 300 mM NaCl; 

1 mM EDTA, 1 mM DTT; DNase and Protease inhibitor (Roche, cOmpleteTM, Mini Protease 

Inhibitor Cocktail)). The resuspended cells were disrupted by sonication, on a Soniprep 150, in 

an ice-chilled container for 4 min (20’’ ON + 20’’ OFF). After centrifugation for 15 min, at 18 000 

x g and 4 ºC (Avanti J-25 High Speed, Rotor JA 25-50) we obtained the soluble fraction (SF) and 

a pellet. Then, the pellet that consisted of inclusion bodies (IB) was again washed with lysis buffer 

adding 1% Triton X-100. The resuspended pellet was  sonicated for 4 min (20’’ ON + 20’’ OFF) 

and was centrifuged for 25 min, at 18 000 x g, at 4 ºC. After centrifugation, the supernatant was 

collected (Washes) and the pellet containing the IB again was resuspended again in lysis buffer 

+ 0.5% Triton X-100, mixed by vortexing for 1 min and centrifuged as described above. Finally, 

we discarded the pellet (IB), collected the second supernatant, and added it to the previously 
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isolated Washes. At the end, two fractions were obtained: a soluble faction (SF) and the IB 

washes (Washes), that were filtered via a 0.45 μm syringe filter and kept on ice for further 

purification.   

The purification process was carried out first with the SF. The SF fraction was loaded into an 

affinity-flow column for Strep-Tactin®, following the protocol provided.60 Four column volumes of 

wash buffer (150 mM NaCl, 100 mM Tris-HCl, 1 mM EDTA, pH=8) were applied to the packed 

column and the protein was eluted with 150 mM NaCl, 100 mM Tris-HCl, 1 mM EDTA, pH 8 with 

2.5 mM desthiobiotin. The same procedure was applied to the Washes fraction. All fractions from 

both purification processes were analyzed by SDS–PAGE gel. 

After purification, all fractions eluted were loaded on a PD-10 desalting column (GE 

Healthcare). These prepacked Desalting columns are designed for rapid, convenient sample 

clean-up of proteins and other large biomolecules (>5000 Mw). In this particular case, the PD-10 

desalting column was used to exchange the protein buffer from Tris-HCl pH 7.5 and 30 mM NaCl 

to 20 mM Phosphate buffer pH 7.4 and 30 mM NaCl. Buffer exchange of hGAPDH was performed 

following the GE Healthcare protocol.61 

 

2.5. SDS-polyacrylamide gel electrophoresis 

SDS-polyacrylamide gel electrophoresis (SDS-PAGE) was carried out in order to separate 

the proteins according to their electrophoretic mobility.62 Concentration of the resolving gel 

(between 10 % and 15 %) was chosen according to the size of the protein. The resolving gel 

contained the separating buffer, composed of 1.5 M Tris pH 8.8 and 30% 

acrylamide/bisacrylamide solution, (Invitrogen, Karlsruhe) whose volume depended on 

concentration of the gel, 10% SDS (w/v), ddH2O, 10 % APS (ammonium persulfate, Merck, 

Dresden) and 5 µL TEMED (Sigma-Aldrich, Deisenhofen). 5 mL of the resolving gel mixture was 

poured between gel plates (10.5 cm x 9.8 cm, 1 mm spacer) and was polymerized in the presence 

of isopropanol. After 30 minutes isopropanol was removed, 2 ml of stacking gel mixture at 4% (30 

% acrylamide/bisacrylamide solution, 0.5 M Tris, 10 % SDS (w/v), ddH2O, 10 % APS and 5 µL 

TEMED, was poured, silicon combs inserted, and gel left to polymerize. Depending on the protein 

concentrations, 5 µl to 15 µl of the samples were loaded per lane. In addition, 5 µl of the NZYBlue 

Protein Marker (NZYtech) loading buffer were loaded for size estimation. Electrophoresis was 

performed in SDS running buffer at 100 mA for about 45 min. Proteins were visualized by 

Coomassie staining with InstantBlueTM (Expedeon). 

 

2.6. Western blot analysis  

Following separation of proteins by SDS-PAGE, proteins were transferred onto a PVDF 

membrane as described next. Transfer cassettes contained the following layers: a sponge, 
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Whatman 3MM blotting paper, PVDF membrane (Pall corporation), SDS-PAGE gel, Whatman 

blotting paper and a sponge (all equipment was pre-immersed in methanol-free transfer buffer 

(25 mM Tris base, 190 mM glycine, pH 8.3). The transfer cassette was then placed in a transfer 

tank filled with transfer buffer for 1 hour at 350mA. Following the transfer, PVDF membranes were 

blocked with 5% milk powder in Tris-buffered saline with 0.1% Tween20 for 1h and 

immunodetection was performed with an antibody for StrepTag II, following to the manufacturer 

protocol. 

 

2.7. Dynamic light scattering  

Dynamic light scattering (DLS), is one of the most important experimental techniques 

currently available to determine the size distribution, stability, and aggregation state of small 

particles in suspension.63 Detection of light scattering from matter is a useful technology, with 

countless applications in research. According to the light source and detector, specific properties 

of molecules can be studied.  

DLS has become a routine method in crystallography, mostly used to evaluate the possibility 

of protein crystallizability due to the fact that is easy to implement, is quick to perform, and is least 

destructive to the sample.64 

DLS was performed to obtain a characterization of particle size measurements and to detect 

aggregates in purified samples. This experiment was performed on a SpectroLight™ 600 

(XtalLight ™200/210, Xtal concepts). Two 20 µL samples were prepared, at concentrations of 1.5 

mg/mL and 0.75 mg/mL. 1 µL of each  solution was added to a 96-well plate. Measurements were 

set to run for 2 hours and were carried out at 4°C. Data collected by the DLS software was 

provided in terms of hydrodynamic radius distribution along time along with a statistical analysis. 

 

2.8. Differential scanning fluorimetry 

Differential Scanning Fluorimetry (DSF), also known as ThermoFluor or Fluorescence 

Thermal Shift Assay (FTSA) is a simple, fast, inexpensive, and widely applicable biophysical 

method that is typically used to study the thermal stability of proteins under various conditions.65 

In DSF, protein stability is determined by gradually increasing the temperature and measuring 

the activation of a fluorescent dye that binds to the hydrophobic parts of the protein as it unfolds. 

66,67 
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2.8.1. RUBIC Buffer Screen 

DSF Rubic Buffer Screen experiments were carried out to measure the change in protein 

stability in a range of temperatures. The assay was performed in MicroAmp™ EnduraPlate™ 

Optical 96-Well Clear Reaction Plates with Barcode (Applied Biosystems, Life Technologies, 

California, USA) using a QuantStudio 7 Flex Real-Time PCR System (Applied Biosystems). The 

final reaction mixture (20 µL of total volume) contained 4 µg of GAPDH, 4-fold of Protein Thermal 

Shift™ Dye (Applied Biosystems) diluted in protein buffer solution. The temperature was 

increased from 25ºC to 90ºC with an increment rate of 0.016ºC/s. Excitation and emission filters 

were applied for Protein Thermal Shift™ Dye (470nm and 520nm, respectively) and for ROX 

reference dye (580nm and 623nm, respectively). The melting temperatures were obtained by 

taking the midpoint of each transition. 

2.8.2. Thermo Shift Assay with GAPDH-CPO complex   

DSF experiments were carried out to measure the change in protein stability upon binding 

with inhibitor compounds. The assay was performed in MicroAmp™ EnduraPlate™ Optical 96- 

Well Clear Reaction Plates with Barcode (Applied Biosystems, Life Technologies, California, 

USA) using a QuantStudio 7 Flex Real-Time PCR System (Applied Biosystems). Pre-incubation 

of the protein with CPO-probe for 2 hours at 4ºC was required prior to DSF experiments. The final 

reaction mixture (20 µL of total volume) contained 4 µg of hGAPDH, 4-fold of Protein Thermal 

Shift™ Dye (Applied Biosystems) diluted in protein buffer solution, and three different 

concentrations of the CPO-probe; 0.250 mM, 0.5 mM and 2 mM. The temperature was increased 

from 25ºC to 90ºC with an increment rate of 0.016ºC/s. Excitation and emission filters were 

applied for Protein Thermal Shift™ Dye (470nm and 520nm, respectively) and for ROX reference 

dye (580nm and 623nm, respectively). The melting temperatures were obtained by taking the 

midpoint of each transition. 

 

2.9. Circular Dichroism Spectropolarimetry 

Circular dichroism (CD) spectropolarimetry is an optical spectroscopic method that refers to 

the differential absorption between the two circular components of plane-polarized light – one 

rotating counter-clockwise (left-handed, L) and the other clockwise (right-handed, R) – by optically 

active molecules, in order to determine their absolute configurations.68,69   

The CD spectra of the protein were acquired using a J-815 CD spectrometer (Jasco, Easton, 

USA) in a 200-250 nm wavelength range. Protein buffer exchange to PBS was carried out prior 

to the CD experiment, using a PD-10 column. Samples of Apo-GAPDH and GAPDH in 

conjugation with CPO-probe (in ACN and DMSO at 2-fold) were diluted to 0.3 mg/mL, and 200 

μL were transferred to absorption cells of 1 mm path length (Hellma Analytics, Mülheim, 

Germany). Experiments were made at 25 ºC and the final spectrum was an average of three 



20 
 

consecutive scans, subtracted by a blank spectrum. Collected data was normalized by adjusting 

the values of ellipticity (θ) to molar concentrations. 

 

2.10. GAPDH activity assay 

The activity of pure GAPDH protein was assessed according to the instruction of the GAPDH 

activity assay kit.70 To obtain a NADH Standard for colorimetric detection, we start by adding 0, 

2, 4, 6, 8 and 10 μL of 1.25 mM NADH Standard into a 96 well plate to generate 0 (blank), 2.5, 

5.0, 7.5, 10 and 12.5 nmol/well of NADH Standard. Well volume was set to 50 μL with GAPDH 

Assay Buffer. The reagent background for the assay is the value obtained for the 0 (assay blank) 

NADH Standard. A new standard curve must be set up each time the assay is carried out. 

Two GAPDH activity assays were performed. The first one in which two different 

concentrations of CPO-probe were tested, 35 µM and 350 µM, using three different incubation 

times: 15, 30, and 60 min. The second assay (control) was intended to verify the effect of DMSO 

on GAPDH activity, using probe concentration of 35 µM and incubation times of 30 and 60 min. 

For both assays, we added 50 µL of hGAPDH to each well and then added the probe at the 

desired concentration and respective incubation times. For the control, DMSO was added instead 

of the probe, at the same concentration (v/v) and same incubation times. Finally, we added 50 μL 

Reaction Mix (which contained 46 μL GAPDH Assay Buffer, 2 μL GAPDH Developer and 2 μL 

GAPDH Substrate) to each sample and standard control well.  

Final mixture was incubated at 37 °C for 60 min, absorbance of each sample at 450 nm was 

measured at 0 min and 60 min, and thence, the GAPDH activity was calculated according to the 

absorbance values and NADH Standard Curve. 

 

2.11.  Sturcture determination by X-ray crystallography 

 

2.11.1. hGAPDH crystallization and hGAPDH co-crystallization with CPO-probe 

High-throughput screenings were set up to test two of commercial crystallization screens, the 

Structure 1 and 2  and BCS (both from Molecular dimensions Ltd., Suffolk, UK). The trials were 

carried out using the sitting-drop vapor diffusion method with  the mosquito® LCP crystallization 

robot (TP Labtech Ltd, Hertfordshire, UK). The purified hGAPDH was used for crystallization at a 

final concentration of 10 mg/mL (according to ref. 71). The drops consisted of 0.100 µL of the 

reservoir solution mixed with an equal volume of the protein sample and equilibrated against a 45 

µL reservoir. Plates were incubated at 20ºC. Promising conditions that favored crystal formation 

were used for scale-up and the best-shaped crystals were analyzed at the European Synchrotron 

Radiation Facility (ESRF) in Grenoble, France and at ALBA Synchrotron in Barcelona, Spain.  
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The same protocol described above was repeated with the hGAPDH-CPO complex. The 

purified hGAPDH was used for crystallization at a final concentration of 10 mg/mL (according to 

ref. 71) and pre-incubated for 2 hours at room temperature with a 2-fold concentration of CPO-

probe in DMSO.  

 

2.11.2. Model building and refinement  

An X-ray diffraction data set to 2.11 Å was collected at ESRF beamline ID30A-3 with a Dectris 

EIGER X 4M detector from a cryocooled crystal at 100 K. The diffraction data were processed 

with AutoPROC72 and XDS72, and the data processing and refinement statistics are summarized 

in Table 2.1. Two diffraction datasets were obtained: in the first, a spherical region of reciprocal 

space to 2.2 Å resolution was defined, and in the second a triaxial ellipsoidal region to a maximal 

resolution of 1.95 Å was selected with the STARANISO module of AutoPROC72. The structure of 

hGAPDH was determined by molecular replacement with PHASER73 as implemented in the CCP4 

program suite74,75 using the PDB entry 1znq35 as a search model, without including ligands and 

water molecules. Three independent copies of the search model were located in the crystal 

structure, and model rebuilding was carried out with BUCANEER76 and COOT77. Initial structure 

refinement was undertaken with REFMAC78. 

Refinement was continued with PHENIX79, alternating with manual model editing in COOT 

between refinements against A-weighted 2|Fo|-|Fc| and |Fo|-|Fc| electron density maps. Hydrogen 

atoms were added in calculated positions, water molecules were added automatically, and the 

final refinement was carried out to 2.11 Å against the STARANISO dataset, where positional and 

isotropic thermal motion parameters of the non-hydrogen model atoms were refined. The 

statistics are included in Table 2.2. Figures were prepared with PYMOL80.  
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Table 2.1. Data processing statistics for the crystallographic structure of hGAPDH. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a Values in parentheses refer to the highest resolution shell; b R-merge = merging R-factor, (hkl 

i |Ii(hkl) - <I(hkl)>|) / (hkl i I(hkl))  100 %; c R-p.i.m. = precision-independent R-factor, Σhkl 

[1/(N-1)]1/2 Σi |Ii(hkl) - <I(hkl) >| / (Σhkl Σi Ii(hkl))  100 %.81 For each unique Bragg reflection with 
indices (hkl), Ii is the i-th observation of its intensity and N its multiplicity; d Nr. molecules in the 
asymmetric unit; e According to 82.  

 

 

 

 

Data Collection hGAPDH 

Beamline ESRF ID30A-3 

Detector Eiger X 4M 

Wavelength (Ǻ) 0.96770 

Space Group I 222 

Unit cell parameters:  

a, b, c (Ǻ) 90.89 130.25 220.71 

Data Processing AutoPROC / STARANISO 

Resolution limits of ellipsoid fitted to 
resolution cut-off surface (Å) 

2.36, 2.06, 2.78 

Resolution, spherical limits (Å) 74.5– 2.11 (2.33-2.12) 

Nr. Observations 264508 (13189) 

Unique reflections 49416 (2472 ) 

Multiplicity 5.4 (5.3) 

Completeness, spherical (%) 66.3 (13.4) 

Completeness, ellipsoidal (%) 93.5 (66.1 ) 

R-merge (%) b 9.4 (110) 

R-p.i.m. (%) c 4.5 (51.3) 

<I/σ (I)> 13.1 (1.6) 

CC 1/2 0.998 (0.607) 

Wilson B (Å2) 54.3 

Z d 3 

Estimated VM 
e 3.00 

Estimated Solvent Content (%) e 59.0 
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Table 2.2. Refinement statistics for the crystallographic structure of hGAPDH.  

 

 

a Values in parentheses refer to the highest resolution shell; b Rwork = (hkl ||Fobs(hkl)| - |Fcalc(hkl)||) 

/ (hkl |Fobs(hkl)|)  100 %; c Rfree is calculated as above from a random sample containing 5% of 
the total number of independent reflections measured; d Maximum-likelihood estimate by 
PHENIX83; e Chains B, D, F and H correspond to the large subunit HysA; chains A, C, E and G 
correspond to the small subunit HysB; f Including atoms in the alternate conformations of 
disordered groups of residues; g Calculated from isotropic or equivalent isotropic B-values; 

h Calculated with MolProbity84.  

 

 

 

 

 

Dataset hGAPDH 

Resolution limits (Å)a 74.54 – 2.12 (2.16 – 2.12) 

% Rwork b 16.4 (29.7) 

% Rfree 
c 21.2 (34.4) 

ML coordinate error estimate (Å) d 0.23 

Model composition and completeness  

Regions omitted e 1A-5A 

Non-hydrogen protein atoms f 7688 

Ligand/ion atoms 132 

Solvent molecules 270 

Mean B values (Å2) g  

Protein 47.0 

Ligand/ion 47.8 

Solvent 43.1 

Model r.m.s. deviations from ideality  

Bond lengths (Å) 0.012 

Bond angles (°) 1.216 

Chiral centers (Å3) 0.063 

Planar groups (Å) 0.009 

Model validation h  

% Ramachandran outliers 0.3 

% Ramachandran favored 95.9 

% Rotamer outliers 2.08 

% C outliers 0 

Clash score 4.05 
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2.12. Cell biology 

 

2.12.1. Cell lines 

MCF7 cells and MDA-MB-231 cells (human breast cancer cells), A549 cells (human lung 

cancer cells), HepG2 cells (human liver cancer cells) and HEK-293 cells (human embryonic 

kidney cells) were cultured in DMEM containing 4.5 g/L glucose, 10% FBS, HEPES, Non-

essential amino acids (NEAA), 5% CO, Glutamax and penicillin/streptomycin (Sigma). All cells 

were cultured at 37 °C. 

 

2.12.2. Cell proliferation and IC50 determination 

One hundred microliters of culture medium containing 10 x 103  of each cell line, MCF7 cells, 

A549 cells, MDA-MB-231 cells, HEPG2 cells or HEK cells, was added to 96-well plate wells.  The 

plates were incubated at 37 °C for 24 h for seeding, and then cells were treated with different 

concentrations of CPO-probe (DMSO 100% was used as a control). Triplicates were made. After 

treating for 48 h, the medium was discarded and replaced with fresh medium containing CellTiter-

Blue® (CellTiter-Blue® Cell Viability Assay, Promega) (10 µL of CellTiter-Blue® per 190 µL of 

medium). After incubation for 1 – 2 h at 37 °C, the fluorescence value was recorded at 560 

Excitation and  590 Emission (560Ex/590Em). 

 

2.12.3. Intracellular GAPDH activity assay  

MCF7 cells, A549 cells, MDA-MB-231 cells, HEPG2 cells and HEK cells were plated in 24-

well plates with 5 × 104 cells per well and cultured for 24 h. 5 µL of CPO-probe in DMSO at 35 

µM, were then added to each well. Cells were incubated at 37 °C for 48 h, after this time they 

were washed three times with PBS, rapidly homogenized with 100 µl GAPDH Assay Buffer, and 

kept on ice for 10 min. Next, cells were centrifuged at 10,000 x g, 4 °C for 5 min and 5 μL 

supernatant per well for the assay was added. 0, 2, 4, 6, 8 and 10 μL of 1.25 mM NADH Standard 

was added into a series of wells in a 96-well plate to generate 0, 2.5, 5.0, 7.5, 10 and 12.5 

nmol/well of NADH Standard. Volume was set to 50 μL/well with GAPDH Assay Buffer followed 

by the addition to each well of 50 μL Reaction Mix, which contains 46 μL GAPDH Assay Buffer, 

2 μL GAPDH Developer and 2 μL GAPDH Substrate. The final mixture was incubated at 37 °C 

for 60 min. Absorbance at 450 nm was measured at 0 and 60 min from each sample, and the 

inhibition rates were calculated according to the absorbance values and NADH Standard Curve.70 
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Chapter 3  

 
3. Results and discussion  

 

3.1. Expression and purification process 

 The recombinant hGAPDH was expressed with a Strep-tag® II (WSHPQFEK) fused to its N-

terminal for high selective binding to an engineered streptavidin ligand, called Strep-Tactin® 

Sepharose. This technology allowed one-step purification of hGAPDH under physiological 

conditions, thus preserving its biological activity. The fractions from all purification steps (Flow-

through – FT – Wash 1 and Wash 2 – W1 and W2 – and Elution 1 and 2 – E1 and E2) were 

analyzed by denaturing SDS-PAGE gel (Figure 3.1). The fractions were also analyzed by Western 

Blot (Figure 3.2) and the fractions that displayed the highest purity were pooled and concentrated 

for subsequent experiments.   

Figure 3.9. SDS-PAGE gel was run on a 15% acrylamide gel in parallel with NZTBlue Protein 
Marker (M). 

Figure 3.2. Western Blot analysis. Eluted fractions (from Washes and SF) were quantified, and 
30 μg from each fraction were loaded on a 15 % sodium dodecyl sulfate−polyacrylamide (SDS) 
gel for electrophoresis, as indicated. The SDS gel was transferred to a PVDF and imaged. 
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In Figure 3.1, a single band is present in all eluted fractions, both resulting from the SF and 

the Washes. This band is in the 35-45 kDa range, in agreement with the molecular weight of the 

recombinant protein (38 KDa). After one purification step, we obtained a total of 7.72 mg of 

purified protein per liter of cell culture. Of these 7.72 mg of total protein, 4.0 mg were from the IB 

Washes eluted fractions, and 3.7 mg were from the SF eluted fractions. These results justify the 

extra washing step of the IB since a considerable amount of protein was recovered from this 

fraction. Expression of human GAPDH with a N-terminal Strep-tag II bearing a Tobacco Etch 

Virus (TEV) cleavage site in the linker region was successful, even using the standard E. coli 

BL21(DE3), at 16h post-induction, at 18 °C and low-agitation, in LB (Luria’s formulation) medium. 

Longer induction times did not substantially improve soluble protein expression levels. 

In all the produced batches of the fusion protein, purification from the soluble fraction using 

one single affinity-column was enough to obtain purified protein. Even if tag-removal would be 

required, the whole purification process could be performed using only one type of purification 

column. It has been previously described that the fusion of a N-terminal His-tag to hGAPDH 

complicates the purification process as more steps are needed. 54,85 In combination with high 

density mammalian protein expression, the His-tag system can lead to poor purification results, if 

conditions are not optimized. In order to achieve pure proteins for downstream applications from 

the coupling of the His-tag system and high density mammalian systems, further adjustments like 

dialysis of the supernatant becomes necessary. Such adaptions require additional optimization 

time and effort; however, these challenges can be avoided by using the Strep-tag® system. 

 

3.2. Purified sample quality assessment by DLS  

The reason why protein crystal formation is a major challenge is related with the large number 

of physicochemical and biochemical variables that impact the thermodynamics of this process. 

Some of the characteristics that may impact protein crystallization include homogeneity, chemical 

purity, stability, aggregation, and the structural state of a protein in solution. Methods like DLS 

and CD can offer helpful information on these factors and can aid in determining when a protein 

becomes more stable or begins to denature. 86 

The first DLS measurement was performed on a purified sample of hGAPDH to evaluate the 

dispersion level of the particles in solution and their aggregation state. The sample was previously 

filtered, and the experiment was carried out at 4ºC for 2 hours. The correlation function (Figure 

3.3 A) displayed a typical curve for monodisperse samples and the size distribution (Figure 3.3 

B) of the particles in solution was consistent with the size of the protein, meaning that the protein 

is stable in solution, without the presence of aggregates. 

Only a population with hydro-dynamic diameter DH= 3.99 ± 0.25 nm Å was observed, 

according to Figure 3.3. This observation is compatible to a DH value for a dimer with a Mw of 

78.86 KDa (Figure 3D). A Dmax value of 100 nm was determined for the tetrameric GAPDH.87 The 
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CONTIN88 program, autocorrelation functions such as those seen in Figure 3.3 A, for example, 

were analyzed to obtain the distribution of particle radii, as seen in Figure 3.3 B. To study the 

temporal development of the reaction in the droplet requires taking a regular series of 

measurements over a few hours. Each series can consist of several hundred individual 

measurements. In Figure 3.3 C, an example is given in which the distribution of radii (horizontal 

axis) is seen as a function of time (vertical axis). The comparative abundance of each radius 

fraction is depicted in a color scale (from blue to red). 

 

Figure 3.3. Summary hydrodynamic radius display of a measurement series: (A) a representative 
autocorrelation function; (B) a representative radius distribution obtained by CONTIN88 analysis; 
(C) the synthesis of many radii distribution to show the temporal evolution of particle sizes in the 
protein droplet. (D) Radial distribution histograms characterizing the hGAPDH oligomerization. A 
purified sample of hGAPDH was used. 

 

3.3. Protein and protein-probe complex characterization  

 

3.3.1. Circular Dichroism 

The conformational and folding states of hGAPDH, either alone or in complex with the CPO-

probe, were determined by CD in the far UV region (200-250 nm). The apo-GAPDH spectrum 

(black line) is indicative of -sheet secondary structure in their composition (Figure 3.4),  

displaying a more pronounced minimum at 218 nm. 

Moreover, the hGAPDH + CPO probe in ACN at two different incubation times (green line for 

15 min of incubation and purple line for 30 min of incubation) showed no significant changes in 
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the secondary structure of the enzyme. Additionally, we estimated quantitatively the helix content 

and twist angle distribution for the antiparallel and parallel β-sheets using the BeStSel server89,  

showing that there is a considerable percentage of disordered structure (Others) (see Table 3.1). 

This means that when the CPO-probe (in ACN) binds to hGAPDH, the content of α-helix (~ 9 %), 

antiparallel β-sheet (~ 34 %), turns (~ 13%) and random coil (~ 43 %) remained unchanged.  

Figure 3.4. Characterization of hGAPDH, either alone or in complex with CPO-probe, by circular 

dichroism. The apo-hGAPDH displays a curve typical of predominantly  antiparallel secondary 
structure.  

 

Table 3.1. Estimated secondary structure content (%) using the BeStSel server89.  

 Apo-hGAPDH hGAPDH – CPO 

(ACN) 15’ 

hGAPDH – CPO 

(ACN) 30’ 

α – helix 9.1 9.3 4.9 

Antiparallel -sheet 34.3 32.0 35.0 

Parallel -sheet 0.0 0.8 0.0 

Turn 13.2 12.5 13.9 

Others 43.4 45.3 46.3 

 

 

3.3.2. Mass spectrometry – LC-MS  

Liquid chromatography combined with mass spectrometry (LC–MS) is a valuable and widely 

recognized technique applied in protein and peptide characterization. MS has become integral 

part of any proteomics investigation due to its versatility, accuracy, and reproducibility. After 

expression and purification of the protein, it was necessary to verify the molecular weight of the 

recombinant GAPDH (predicted to be 38.0 KDa by ProtParam tool)90. Thus, an analysis by LC-

MS was performed in order to check the molecular weight of the protein (Figure 3.5). The spectra 

obtained from LC-MS analysis of the recombinant GAPDH shows a predominant peak with a 
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mass of approximately 38 kDa, confirming the expected molecular weight for this recombinant 

protein, in agreement with the previous results from SDS-PAGE gel.  

Figure 3.5. Mass spectra of recombinant GAPDH. 

Subsequent LC-MS analysis of commercial GAPDH (Mw= 35.9 KDa), either alone or in 

complex with CPO-probe was performed, in order to probe the conjugation between them (Figure 

3.6). These experiments were performed by our colleague Toby Journeaux, at Cambridge 

University.  

Figure 3.6. Deconvoluted mass spectra of commercial GAPDH before and after conjugation 
with CPO-Benzyl.  

 

Through the analysis of the spectra obtained we were able to conclude that there was a 

complete conversion to a singly modified CPO-GAPDH product, after one hour of incubation with 

CPO-benzyl. This result was confirmed through molecular mass variation, since the variation 

between the peaks observed in the two spectra is 232 Da (expected Δ Mass-CPO-Benzyl = 229 Da). 
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Figure 3.710. MS/MS spectrum of the m/z 1003.5 doubly charged ion of the peptide 
IISNASCTTNCLAPLAK from hGAPDH containing the CPO-probe modification at the underlined 
cysteine and serine residues. Work done by Toby Journeaux at Cambridge University. 

Figure 3.7 displays the spectra obtained from the modified product's LC-MS/MS analysis, 

which indicates no fragmentation between the cysteine in the active site (C155) and the 

neighboring serine residue. This indicates that CPO conjugation takes place between these two 

residues (Figure 3.8). 

Figure 3.8. GAPDH active site for CPO-probe conjugation. 

 

3.3.3. Differential scanning fluorimetry with the RUBIC Buffer Screen  

The RUBIC Buffer Screen91 is a set of 96 buffers commonly used in structural biology 

experiments and is designed in such a way that it is possible to discern global stability trends 

according to pH, salt concentration, buffer type and concentration. These screens are aimed at 

helping determine protein sample stability, and ideal purification and storage conditions.91 The 

DSF data interpretation is based on a melting curve plot describing relative values of the 

fluorescence intensity observed. The melting temperature (Tm) value of the protein in each state 

of the RUBIC Buffer Screen needs to be compared with the reference Tm to define a buffer 

condition that stabilizes the protein.91 To get a sigmoidal curve that indicates the fraction of the 

unfolded protein, the fluorescence signal is plotted as a function of temperature. The point of 

inflection is the melting temperature, at which 50% of the protein is unfolded.  
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After performing the RUBIC Buffer Screen, it was possible to compare the effect of Tris buffer 

(the original buffer of the protein after purification) with Phosphate buffer. The different melting 

points extracted from the melting curves for the more stabilizing and destabilizing conditions are 

given in the insert. Compared to Tris-HCl (Tm of 52.7 °C), Phosphate Buffer (Tm of 61.5 °C), is 

shown to be the most stabilizing condition increasing the Tm by 8.8 °C. As a consequence, after 

this assay, it was decided to make a buffer exchange after purification to 20 mM Sodium 

Phosphate + 20 mM NaCl, to have a better stabilizing condition for hGAPDH crystallization. 

Figure 3.9. Effect of two different buffers on hGAPDH thermal stability. (A) Representative 
melting curve for Tris Buffer and Phosphate Buffer and the respective melting points extracted 
from the melting curves, (B) Thermal melting derivative curves of hGAPDH for Tris Buffer and for 
Phosphate Buffer. The ΔTm represents the shift in the melting temperature curve caused by the 
buffer exchange.  

 

3.3.4. Differential scanning fluorimetry – hGAPDH-CPO probe  

Biophysical approaches based on affinity are useful tools for detecting and analyzing 

molecular interactions between proteins and small molecules. This makes it possible to find and 

characterize better drug candidates that can modify the activity of a target protein in therapeutic 

applications. 

A 

B 
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With the purpose of characterizing the hGAPDH-CPO probe complex, DSF can be valuable 

to help find the best probe concentration at which hGAPDH maintains its stability.  

As a first approach, three different probe concentrations to incubate with hGAPDH (2 mM, 

0.5 mM, and 0.25 mM, in Phosphate Buffer) were analyzed by DSF, including hGAPDH apo form 

for comparison (Figure 3.10).   

 

Figure 3.1011. Effect of three different probe concentrations on hGAPDH thermal stability: (A) 
hGAPDH + 2 mM CPO; (B) hGAPDH + 0.5 mM CPO; (C) hGAPDH + 0.25 mM CPO. The ΔTm 
represents the shift in the melting temperature curve caused by the presence of a binder 
molecule. 

 

From this experiment, we conclude that the presence of the probe destabilizes hGAPDH, as 

there is a decrease in Tm. However, this decrease is most significant when the probe 

concentration is higher: ΔTm for 2 mM and 0.25 mM of CPO-probe is -20.6 °C and -5.7 °C, 

respectively. These results allow the conclusion that the protein is less destabilized with lower 

probe concentrations. 

 

3.3.5. GAPDH activity assay with CPO-probe  

To further clarify the inhibitory effect of CPO-probe on GAPDH activity, enzyme activity 

experiments were performed and GAPDH activity was measured. 

As a first approach, we tested two different probe concentrations of CPO, 35 µM and 350 µM 

and the probe was incubated with GAPDH for 15 min, 30 min and 1 h, to see the effects of 

concentration over time in GAPDH activity. The calculations were done following the 

manufacturer’s protocol 70, using the Equation 3.1., where B is the amount (nmole) of NADH 

generated, T is the time reaction incubated in minutes and V is the pretreated sample volume 

(mL) added to each well. 
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GAPDH Activity (milliunit/ mL)= 
Bx Sample Dilution Factor

T x V
           Eq. (3.1) 

 

Table 3.2. summarizes the calculated values of GAPDH activity, expressed in milliunits per 

mL, for all the conditions described above (two different concentrations of CPO at three different 

incubation times), as well as the positive control given by the manufacturers.  

 

Table 3.2. Effect of CPO-probe concentration and different incubation time on GAPDH Activity, 
expressed in milliunit/mL. The Positive Control was measured at the same time as the other 
samples.  

Concentration of CPO-
probe (µM) 

GAPDH Activity (milliunit/mL) 
Positive Control 

(milliunit/mL) Time of incubation (min) 

15 30 60 

35 42.22 ± 10.8 40.14 ± 9.63 18.09  ± 0.25 
51.24 ± 3.37 

350 45.76  ± 11.5 46.63 ± 12.1 21.2  ± 0.41 

 

 

If we analyze the graphs depicted in Figure 3.11 A, we can observe that when we incubated 

GAPDH with the CPO-probe at a concentration of 35 µM, the enzymatic activity of GAPDH 

progressively decreases across the entire period of incubation with the CPO probe. This behavior 

of reduction in activity for the GAPDH + CPO-probe sample is more obvious throughout longer 

incubation times. If we compare GAPDH activity after 60 mins of incubation with the CPO-probe 

(18.09 milliunits/mL) with GAPDH activity of the positive control (51.24 milliunits/mL), we can see 

that they are in the same activity range. 

It can also be observed that between 15 mins and 30 mins, ΔGAPDH Activity is similar (- 2.08 

milliunits/mL), which suggests that the CPO-probe has a much greater inhibitory effect the longer 

the incubation time. 

The results obtained with 350 µM CPO-probe concentration did not differ significantly from 

the assay where 35 µM was used. The maximum ΔGAPDH Activity was once again obtained at 60 

mins of incubation time (- 30.04 milliunits/mL). While these observations don’t allow the 

establishment of a relationship between the CPO-probe concentration and an inhibitory effect, 

they are indeed sufficient to determine that the incubation time of the CPO-probe with the enzyme 

does have an inhibitory impact on GAPDH activity.  
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Figure 3.11. Graphic illustration of the effect of CPO-probe on GAPDH Activity; (A) 35 µM of 
CPO-probe, incubated with GAPDH at 15, 30 and 60 min; (B) 350 µM of CPO-probe, with GAPDH 
at 15, 30 and 60 min of incubation. 
 

 

As a second approach, we tested DMSO effect (present in CPO-probe as main solvent) on 

GAPDH activity and its effect as a function of incubation time. Two different incubation times were 

analyzed, 30 min and 60 min in a fresh sample of purified GAPDH, and 60 min of incubation with 

an old sample of GAPDH. The probe concentration chosen was 35 µM and a new positive control 

was calculated for this assay. Calculations were done following the manufacturer’s protocol 70 by 

using the Equation 3.1. 
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Table 3.3. Effect of DMSO on GAPDH Activity, in different incubation times with CPO-probe, 
expressed in milliunit/mL. The Positive Control was measured at the same time as the other 
samples. 

 

The graph depicted on Figure 3.12, clearly illustrates the effect of DMSO on GAPDH activity. 

First, if we compare the values of GAPDH activity under the 3 conditions (CPO-30 min fresh, 

CPO-60 min fresh and CPO-60 min old). These results are in agreement with the results obtained 

previously, demonstrating the inhibitory effect of CPO-probe on enzyme activity. 

Figure 3.12. Graphic illustration of the effect of DMSO on GAPDH Activity (35 µM CPO-probe). 
Different conditions are represented: DMSO and CPO with an incubation time of 30 min and 60 
min on a fresh sample of purified GAPDH and DMSO and CPO effect on an old sample of 
GAPDH, at 60 min of incubation. 

  

Next, the variations in GAPDH activity between the DMSO and the probe were analyzed. 

From the graph, it can be seen that when a fresh sample of GAPDH is incubated with DMSO or 

CPO for 30 min, there is a variation in activity of 1.67 milliunit/mL. When the incubation time is 

doubles, the variation increases to 5.16 milliunit/mL. However, if DMSO and CPO-probe are 

incubated with an older sample of GAPDH, no differences are observed. 

Sample 

Time of 

incubation 

(min) 

GAPDH Activity 

(milliunit/mL) 

+ DMSO 

GAPDH Activity 

(milliunit/mL) 

+ CPO 

Positive 

Control 

(milliunit/mL) 

Fresh 
30 4.15 ± 0.37 2.48 ± 0.15 

18.23 ± 2.4  60 8.73 ± 0.03 3.57 ± 0.4 

Old 60 5.91 ± 0.88 6.24 ± 0.88 
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With this analysis it can be concluded that DMSO has in fact an influence in GAPDH activity. 

Therefore, even though the CPO-probe has a substantial inhibitory power, it must always be 

assumed that some of that inhibitory power comes from the DMSO. Another of the conclusions 

drawn from this experiment is that, when an older purified GAPDH sample is used, it completely 

loses its activity, becoming invalid for long-term uses. 

 

3.4. Protein structure determination by X-ray crystallography  

3.4.1. GAPDH and GAPDH-CPO complex crystallization assays 

To date, many structures of human GAPDH have been deposited on PDB and one of the 

main thesis objectives was, in addition to obtaining the crystallographic structure of hGAPDH in 

complex with the CPO-probe, to obtain a structure of the apo form of hGAPDH with higher 

resolution than those already deposited by Ismail & Park in 2005 (PDB code 1znq, 2.5 Å)35 and 

Jenkins and Tanner in 2006 (PDB code 1u8f, 1.75 Å54). 

An initial crystallization trial was set up with purified hGAPDH alone using the conditions 

reported in White et al., in 201571. From this first trial, the crystals presented on Figure S1 were 

obtained. However, after crystal optimization, X-ray diffraction tests showed that these were in 

fact salt crystals. 

Therefore, it was decided to carry out crystallization screens using two commercial 

crystallization screen kits (Screen 1+2 and BSC Screen) on a crystallization robot. Crystallization 

trials were set up with hGAPDH alone or pre-incubated with CPO-probe in ACN and in DMSO. 

The most promising results are shown in Figure S2. To make sure that the crystals obtained were 

in fact protein crystals, the Izit crystal dye assay92 was performed. Izit is a small molecule dye 

which will fill the solvent channels in protein crystals, coloring the crystals blue. Salt crystals do 

not possess these large solvent channels, therefore, Izit cannot enter salt crystals, thus leaving 

them colorless. In this way it was possible to verify which conditions gave rise to salt crystals, and 

thus discard them, and which conditions formed protein crystals and thus optimize them (Figure 

S3). 

After several attempts to crystallize the apo form of GAPDH by optimizing the most promising 

screen conditions, crystals suitable for X-ray diffraction were obtained. The condition 

corresponded to 1.6 M of Sodium Citrate, pH 7 and the crystals appeared after 7 days (Figure 

3.13). The apo-GAPDH crystal was cryoprotected with a crystallization solution to which 25% v/v 

glycerol were added, flash-cooled in liquid nitrogen, and sent to the ESRF for X-ray data 

collection.  
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Figure 3.13. Optical microscopy image of apo-hGAPDH crystals. Sitting-drop vapor diffusion 
method; [GAPDH] = 263.2 µM; Condition: 1.6 M Sodium Citrate, pH 7.  

 

After obtaining crystals of the apo form of GAPDH, work continued to crystallize the GAPDH-

CPO complex, and crystallization trials with GAPDH pre-incubated with CPO-probe in DMSO 

were set up using a crystallization robot with Screen 1+2 and BSC Screen. The most promising 

results are shown in Figure S4. The best conditions were optimized and this time, 1 hit condition 

was obtained, consisting of 0.2 mM Tris pH 8.5, 21% PEG 3350. The crystals appeared after 4 

days and reached their full size in 1 week (Figure 3.14). The GAPDH-CPO crystals wwere 

cryoprotected with a crystallization solution containing an additional 30% v/v glycerol, flash-cooled 

in liquid nitrogen, and sent to the ESRF for X-ray data collection.  

Figure 3.14. Optical microscopy image of hGAPDH crystals in complex with CPO-probe in 
DMSO. 

 

Despite the fact that all the crystallization trials were prepared with hGAPDH previously 

incubated with the CPO-probe, the obtained crystal structure was in fact of the apo form of the 

protein, without the presence of cofactor NADH. The diffraction data were collected to a resolution 

of 1.7 Å, however, the crystal structure was not refined, due to lack of time.   
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3.4.2. Overall structure of hGAPDH in complex with co-factor NADH   

The X-ray crystal structure of hGAPDH in complex with NADH has been determined to 2.11 

Å resolution (Figure 3.15).  

Figure 3.15. Diffraction image of a hGAPDH crystal.  The black spots on the image are the result 
of the cooperative scattering (diffraction) from the electrons of all atoms contained in the crystal. 
Analysis of the pattern yields information about the structure of the protein.  

 

hGAPDH crystallized in space group I 222 with three independent molecules in asymmetric 

unit, are arranged in two different tetramers, generated by crystallographic symmetry: the first is 

formed by two monomers related by a 2-fold non-crystallographic symmetry axis and their 

crystallographic symmetry equivalents; the second is formed by a single monomer sitting on a 

site with 222 crystallographic symmetry (Figure 3.16). Chain A includes residues from 6 to 338 

and chain B and chain C includes the residues from -1 to 338. Residues -1 and 0 in chain B and 

C belong to the TEV cleavage site. The superposition of the three monomers (A, B and C) in the 

asymmetric unit of hGAPDH (Figure 3.17) demonstrated that the three chains have a nearly 

identical fold. The r.m.s.d. determined between the three chains was very low, 0.34 Å for the chain 

B to chain A superposition, and 0.25 Å for the chain C  to chain A superposition, with 333 aligned 

residues in both alignments.  
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Figure 3.16. Overall view of the hGAPDH homotetramer. Subunits A, B, C and D are shown in 
green, magenta, yellow and cyan respectively. Each monomer is bound to an NADH molecule 
(dark blue, highlighted in figure with black circles). This figure was produced with PyMOL.  

Figure 3.17. Superposition of the three independent hGAPDH chains in the crystal structure. 
Chain A is colored green, chain B in cyan and chain C in yellow. The co-factor NADH is marked 
in the figure (black circle). Residues shown in red correspond to residues -1 to 5, only present in 
the B and C chains (red circle). This figure was produced with PyMOL.  
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hGAPDH occurs as a homotetramer (~144 kDa), composed of four identical subunits A, B, C 

and D, each approximately 37 kDa in molecular mass, and each harboring an active site. (Figure 

3.16). Each monomer contains two major domains, the NADH-binding domain which includes 

most of the polypeptide chain, and the catalytic glyceraldehyde-3-phosphate (G3P)-binding 

domain which contains the C-terminal helix (Figure 3.17). 

The NADH-binding domain, comprising amino acids 1-155, displays the characteristic 

Rossmann fold 93, with a central parallel β-sheet flanked on both sides by α-helices (αβα), with 

catalytic cysteine (Cys155). This area is responsible for binding dinucleotides. The catalytic 

domain of GAPDH (residues 156-338) folds into an eight-stranded antiparallel β-sheet and four 

α-helices. This area is responsible for the specific catalytic activities of the reaction sequence, 

and substrate specificity. 

The active center of the enzyme is located in a large slot between the catalytic domain and 

the coenzyme binding domain. This area is a large recess, in order to accommodate G3P with a 

phosphate ion and the coenzyme NADH. The amino acids which are directly involved in binding 

NADH and G3P are Cys155, His182, Asp38, Arg237, Thr185, Thr214, Tyr317, and Tyr323.94 

Each of the four subunits of human GAPDH contains 3 cysteine residues (Cys155, Cys159, 

and Cys250), two of them located in the active site of the enzyme and easily subjected to oxidation 

and other modifications. The electron density shown in Figure 18 indicates that the active-site 

cysteine (Cys155) residue is oxidized to sulfenic acid or S-oxyl Cys. 

 

Figure 3.18. NADH electron-density map. The 2|Fo| – |Fc| electron density of NADH (gray) is 
contoured at 1.5σ (cyan) and the |Fo| – |Fc| electron density is contoured at 3.0σ (green) and -
3.0σ (red). The oxidized active-site cysteine 155 is represented in yellow. The figure was 
produced with PyMOL.  
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Despite many attempts, the structure of hGAPDH with the CPO-probe has not been 

determined. There is a possibility that the produced hGAPDH does not bind 100% to the CPO-

probe, thus hindering the crystallization of the complex. Future efforts will be made to obtain a 

crystal from the complex, and thus determine its structure. 

 

3.5. Cell Biology 

 

3.5.1. Intracellular GAPDH activity assay and inhibition with the CPO-probe 

To investigate whether the CPO-probe can effectively inhibit cancer proliferation, several cell 

lines were selected in which GAPDH was overexpressed. MCF7 cells, HepG2 cells and A549 

cells were incubated with CPO-probe, and GAPDH enzyme activity was measured after 48 h of 

treatment. CPO-probe was found to inhibit the proliferation in most cancer cell lines, with the 

greatest effect observed for HepG2 cells, where an IC50 value of 35 µM was recorded (Figure 

3.19). CPO-probe had no effect on the proliferation of triple-negative breast cancer MDA-MB-231 

cells and minimal effect on HEK293T cells, where a larger standard deviation was observed 

(Figure 3.20). This behavior was likely caused by the semi-adherent characteristics of HEK293T 

cells.  

Figure 3.19. Cell viability analysis, showing the effect of CPO reagent on the proliferation of a 
range of cancer cell lines (MCF7 cells, A549 cells and HepG2 cells). IC50 values were calculating 
using variable slope fitting function. 

 

Since CPO-probe had the greatest effect on HepG2 cell proliferation, the mechanism of action 

of CPO-probe in HepG2 cells will be investigated in the future. This will involve performing 

GAPDH activity assays, as well as glucose and lactate assays on CPO and KA treated cells. 

These experiments will verify whether the reduced cell proliferation was caused by the inhibition 

of GAPDH by CPO and will provide a comparison to the best-known inhibitor.8 Once complete, 
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this work hopes to highlight both the utility of CPO as a potential cancer therapeutic but also 

demonstrate the capacity of CPO to selectively modify and probe native proteins. 

 

 

Figure 3.20. Cell viability analysis of HEK293T and MDA-MD-231 cell lines, highlighting the effect 
of CPO reagent on cell proliferation. 
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Chapter 4  

4. Conclusions and future perspectives 

This master thesis plan was aimed at obtaining a functional and structural characterization of 

the glyceraldehyde 3-phosphate dehydrogenase in complex with a CPO-probe to understand the 

molecular basis of the complex and to explore CPO-probes as selective inhibitors.  

To summarize, in this work we described a method for producing a widely known protein, the 

human GAPDH, bearing in the N-terminal region a Strep-tag II fused to a TEV cleavage site, 

using the common bacterial expression system E. coli BL21(DE3). Purification gave rise to a 

satisfactory yield of 7.72 mg of protein per liter of culture. The purified samples were submitted to 

biochemical and biophysical characterization by SDS-PAGE, Western-Blot, Dynamic Light 

Scattering, and Circular Dichroism, allowing the protein quality assessment before crystallization. 

DLS measurements were performed to evaluate the dispersion level of the particles in 

solution and their aggregation state, and the results confirmed that the purified sample was 

monodisperse and stable in solution. The conformational and folding states of hGAPDH, either 

alone or in complex with CPO-probe, were determined by CD and showed the protein to have a 

predominantly β-antiparallel secondary structure. The hGAPDH in complex with the CPO-probe 

in ACN was like its native fold state. The spectra obtained from LC-MS analysis for the 

recombinant GAPDH showed a predominant peak with a mass of approximately 38 kDa, 

confirming the expected molecular weight for this protein, in agreement with the SDS-PAGE gel 

results. Subsequent LC-MS analysis of commercial GAPDH, either alone or in complex with CPO-

probe proved, through molecular mass variation, that the CPO-probe binds to hGAPDH. A DSF 

assay with the RUBIC Buffer Screen demonstrated the best buffer conditions for hGAPDH to be  

phosphate buffer at pH 7.4. By DSF experiments it was also possible to conclude that the 

presence of the probe destabilizes hGAPDH, as there is a decrease in Tm. Furthermore, this 

decrease is most significant for higher probe concentrations. 

Several cell biology assays, such as measuring the intracellular GAPDH activity in cancer 

cells, were also carried out with the aim of verifying cell viability upon CPO-probe incubation. The 

CPO was found to inhibit the proliferation of most cancer cell lines, with the greatest effect 

observed for HepG2 cells, with an IC50 value of 35 µM. 

The final stage of this thesis plan included crystallization trials with the hGAPDH alone and in 

complex with the CPO-probe. The X-ray crystal structure of hGAPDH in complex with NADH has 

been determined to 2.11 Å resolution. hGAPDH crystallized in space group I 222 with three 

independent molecules in the asymmetric unit. The biological unit of hGAPDH is a homotetramer 

(~ 144 kDa), composed of four identical subunits. 
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Despite many attempts, the structure of hGAPDH with the CPO-probe has not been 

determined. Soaking of hGAPDH crystals did not yield the crystal structure of the complex, and 

incubation of GAPDH with the CPO-probe prior to crystallization very likely resulted in a 

heterogeneous mixture in which only the part of the hGAPDH molecules do not contain the bound 

CPO-probe crystallized. These results were corroborated by a new LC-MS analysis, where we 

verified that the recombinant hGAPDH did not completely bind to the CPO-probe (results not 

shown). 

With regards to further experiments, new efforts will be made to obtain the 3D structure of the 

complex. To achieve this, our efforts will be focused on obtaining a 100% binding between 

hGAPDH and the CPO-probe by modifying the probe solvent, optimizing the CPO-hGAPDH 

incubation protocol or by cleaving the tags present at the N-terminal. Moreover, we also plan to 

perform glucose and lactate assays with cells treated with CPO and koningic acid (KA). These 

experiments will indicate whether the reduced cell proliferation is caused by the modulation of 

GAPDH by the CPO and if this CPO-probe could serve as GAPDH inhibitor. 

Hopefully, this work will highlight both the utility of CPO-probes as potential cancer 

therapeutics through GAPDH inactivation, but also demonstrate the capacity of CPO to selectively 

modify and probe native proteins. CPO reacts selectively and almost exclusively with native 

proteins containing internal cysteines adjacent to a serine or threonine residue. This discovery 

prompted investigations into native protein labelling as well as the development of a CPO motif 

which can theoretically be incorporated into any protein. The modification of the native protein 

GAPDH was of particular interest due to the role it plays in cancer cell proliferation. 

 The determination of the 3D-dimensional structure of the hGAPDH in complex with this CPO-

probe will play a key role for directing further studies aiming to develop therapeutically active 

molecules and might represent a major advance in future cancer therapy. 
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Supplementary Information  
 

Figure S.1. First crystals obtained, later found to be salt crystals. The drop consisted of 0.1 µL of 
GAPDH protein (10 mg/mL) and 0.1 µL of screen solution: 20% (w/v) PEG 3350, 0.02 M ZnCl2. 

Figure S.2. Crystals obtained from the first Screen 1 and 2 and BCS screen by carrying out the 
experiments on a crystallization robot. Crystallization trials with hGAPDH (10 mg/mL) alone – apo 
form – or pre-incubated with CPO-probe in ACN and in DMSO. 

 

 

Figure S. 1 
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Figure S.3. Izit crystal dye assay performed in the crystals obtain by S1 and 2 and BCS, shown 
previously. The protein crystals are colored blue and salt crystals are colorless. 

Figure S.4. Crystals obtain from the first Screen 1 and 2 and BCS screen by carrying out the 
experiments on a crystallization robot. Crystallization trials with hGAPDH in complex with CPO-
probe in DMSO. The most promising result is marked in figure by a circle.  

0.1 M Tris pH 8.5, 22% v/v PEG Smear Broad 


