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Characterization of the oligomeric interface of Lactate Dehydrogenase-B (LDH-B) 

through crystallographic and molecular dynamics approaches 

by Mégane Van Gysel 

Abstract 

Cancer cells acquired specific characteristics, called Hallmarks, such as cell metabolism 

dysregulation.  It is in this context that we study Lactate Dehydrogenase (LDH), an active 

tetrameric enzyme involved in lactate metabolism.  LDH catalyzes the interconversion of 

pyruvate into L-lactate, in the presence of the NAD cofactor, at the end of the glycolytic pathway.  

Lactate, previously considered as a waste product, has been shown to be essential for the anabolic 

growth and proliferation of cancer cells.  Thus, LDH is involved in several processes, such as 

metabolic cooperation, autophagy, angiogenesis, invasion, and metastasis.  Based on these 

considerations, LDH has been identified as a promising target for cancer treatment.  Despite the 

development of many inhibitors targeting its active site, LDH remains a challenging therapeutic 

target.  A second strategy targeting the self-association of LDH homo-tetramer can be considered.  

It aims at destabilizing the protein complex with disruptors interacting at the tetrameric interface 

of the protein.  Therefore, the main objective of this work consists in a better understanding of 

the tetramerization process for one of the two main isoforms of LDH, LDH-B.  For this purpose, 

a multi-step strategy has been established. 

The first part of this work is dedicated to the LDH-B tetrameric interface, via the study of two 

tetramerization sites.  For this purpose, different forms of LDH-B were used: a truncated form 

(LDH-Btr), as well as single-point mutants.  The protein systems were produced, purified, and 

studied by crystallography to determine their three-dimensional structures.  The second 

tetramerization site was also characterized by molecular dynamics simulations, using the Steered 

Molecular Dynamics method.  This consists in studying the tetramer self-disassembly of LDH-B.  

This approach has allowed the identification of five hotspots, corresponding to residues essential 

for the tetramerization of the protein.  The second part of this work was dedicated to the 

characterization of the binding mode of molecules interacting at the tetrameric interface of 

LDH-B.  The LDH-B-ligand complexes were studied by crystallography.  The structural data has 

allowed to highlight two distinct binding sites. 
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(LDH-B) via des approches cristallographique et de dynamique moléculaire 

par Mégane Van Gysel 

Résumé 

Les cellules cancéreuses sont dotées de caractéristiques spécifiques, appelées Hallmarks.  L’une 

d’entre elle consiste en la dérégulation du métabolisme cellulaire.  C’est dans ce contexte que 

nous étudions la Lactate Déshydrogénase (LDH), une enzyme active sous forme tétramérique 

impliquée dans le métabolisme du lactate.  Elle catalyse la réaction d’interconversion du pyruvate 

en L-lactate en présence du co-facteur NAD à la fin de la voie glycolytique.  Le lactate, longtemps 

considéré comme un produit résiduel, a été mis en évidence comme essentiel pour la croissance 

anabolique, ainsi que la prolifération des cellules cancéreuses.  Ainsi, la LDH est impliquée dans 

plusieurs processus, tels que la coopération métabolique, l’autophagie, l’angiogenèse ou encore 

l’invasion et la métastatisation.  Basée sur ces évidences, la LDH a été définie comme une cible 

prometteuse dans le traitement du cancer.  Malgré la conception de nombreux inhibiteurs ciblant 

son site actif, la LDH reste un défi de taille en tant que cible thérapeutique.  Une seconde stratégie 

visant à cibler l’auto-association de la LDH (homo-tétramère) peut être envisagée.  Elle a pour 

but de déstabiliser le complexe protéique à l’aide de disrupteurs interagissant à l’interface 

tétramérique de la protéine.  Dès lors, l’objectif principal de ce travail consiste en une meilleure 

compréhension du processus de tétramérisation d’un des deux principaux isoformes de la LDH, 

la LDH-B.  Pour ce faire, une stratégie en plusieurs étapes a été établie. 

La première partie de ce travail est consacrée à la caractérisation de l’interface tétramérique de la 

LDH-B, via l’étude de deux sites de tétramérisation.  Pour ce faire, différentes formes de la 

LDH-B ont été utilisées : une forme tronquée (LDH-Btr), ainsi que plusieurs mutants ponctuels.  

Les différents systèmes protéiques ont été produits, purifiés et étudiés par cristallographie en vue 

de déterminer leurs structures tridimensionnelles.  Le second site de tétramérisation a également 

été caractérisé par simulations de dynamique moléculaire, via la méthode de Steered Molecular 

Dynamics qui consiste à étudier le processus de dissociation des différentes sous-unités de la 

LDH-B.  Cette étude a permis de mettre en évidence cinq « hotspots », correspondant à des résidus 

essentiels à la formation d’un tétramère stable de LDH-B.  La seconde partie de ce travail a été 

consacrée à la caractérisation du mode de liaison de molécules se liant à l’interface tétramérique 

de la LDH-B.  Les complexes LDH-B-ligand ont été étudiés par cristallographie.  Les données 

structurales ont permis de mettre en évidence deux sites distincts de liaison des molécules. 
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Preface 

This work is funded by Télévie through a “Projet De Recherche (PDR)” that involves the 

collaboration between teams from different universities (UCLouvain, ULiège and 

UNamur).  The PDR research project aims to study the LDH protein family to design new 

therapeutic drugs via a multidisciplinary approach.  This PhD thesis focuses on the 

structural characterization of the LDH-B system, corresponding to one of the two main 

isoforms, using both X-ray crystallography and Molecular Dynamics. 

 

Therefore, this work is organized into different chapters.  The first chapter corresponds 

to the introduction and addresses several topics useful for the understanding of this work.  

The introduction first discusses the protein-protein interaction topic as a challenge and 

relevant therapeutic target in drug design, and particularly for cancer treatment.  

Therefore, the energy metabolism of normal and cancer cells (metabolic dysregulation by 

cancer cells) is discussed.  This part focuses on the biological function of LDH which is 

a protein identified as an interesting therapeutic target in cancer treatment.  LDH is then 

described from a structural point of view before describing the two strategies proposed to 

target the LDH protein in cancers.  The second strategy, targeting the self-association of 

LDH homo-tetramer via its tetrameric interface, is further developed.  Finally, the 

introduction discusses the project context. 

The second chapter corresponds to the presentation of the results.  This chapter is divided 

into three parts (parts I, II and III).  Parts I and II are dedicated to the LDH-B tetrameric 

interface, via the study of the tetramerization sites 1 and 2, respectively.  For this purpose, 

different forms of LDH-B were used: a truncated form (for the study of the 

tetramerization site 1), as well as single-point mutants (for the study of the tetramerization 

site 2).  These protein systems are produced, purified, and studied by crystallography to 

determine their three-dimensional structures.  The second tetramerization site is also 

characterized by molecular dynamics simulations, using Steered Molecular Dynamics 

method.  This approach consists in studying the tetramer self-disassembly of LDH-B via 

a computational approach.  Part III is dedicated to the characterization of the binding 

mode of molecules interacting at the tetrameric interface of LDH-B.  For this purpose, 

crystallography is used to study LDH-B-ligand complexes. 

Finally, the third chapter describes the conclusions for each part of the work and presents 

several perspectives that could be envisaged for further characterizing the LDH-B system. 
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The reference LDH-B structure that has been used in this work is the PDB structure 

“1I0Z” (from the Protein Data Bank).  All results presented within this work, follow the 

same residue numbering as the reference LDH-B structure. 
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1. The human proteome 

The human proteome contains a multitude of proteins, ~20 000 non-modified proteins if 

we consider that one gene codes for one single protein1,2.  Nevertheless, if we consider 

phenomena such as alternative splicing, single amino acid polymorphism and post-

translational modifications, the number of different human proteins can reach a few 

billion1.  Proteins are polypeptide entities organized in four different structural levels 

(Fig. I.1)3–5. 

- The primary structure refers to the amino acid sequence of the protein.  This one 

determines the three-dimensional (3D) structure of the protein and consequently 

its function. 

- The secondary structure corresponds to the local spatial arrangement of a 

polypeptide backbone, such as α-helix or β-sheet (sidechains are not considered). 

- The tertiary structure is defined as the global 3D arrangement of full protein 

atoms, formed by the different elements of secondary structure. 

- The quaternary structure corresponds to a higher-structural level wherein several 

subunits (polypeptide chains) interact to form the protein complex.  These 

subunits, or monomers, can be identical (homo-oligomer) or different (hetero-

oligomer) (amino acid composition).  The final oligomeric state governs the 

function of the protein. 

 

Figure I.1: Representation of the four structural levels of a protein: primary, secondary, tertiary, and 

quaternary structures 

2. The human interactome: protein-protein interactions as a target in 

drug design 

Because of their function, proteins are at the core of the cellular machinery.  Through 

protein-protein interactions (PPIs), proteins have a specific biological function allowing 

them to regulate the cellular response/mechanisms.  All these interactions define the 
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human interactome.  The specific biological activity of proteins can be dysregulated in 

many diseases.  Therefore, targeting the PPIs is an interesting strategy in drug design6–8. 

2.1. Targeting PPIs as a challenge? 

Targeting PPIs may seem challenging compared to targeting the active site of a protein 

for several reasons, such as9–13: 

- The nature of the protein-protein interface: the size of this interface is larger 

(between 1 000 Å2 and 10 000 Å2) compared to the size of the active site (between 

100 Å2 and 600 Å2) that is usually targeted for drug development. Then, the 

surface tends to show some flatness, making it more difficult to highlight potential 

binding sites (cavities).  In addition, these binding sites composed by residues 

involved in the protein-protein interaction are non-contiguous.  Finally, the 

interface generally presents some lipophilic characteristics. 

- The size of the available chemical space: due to the nature of the protein-protein 

interface, the molecules used to target this interface may not respect Lipinski’s 

rule of five (molecular weight (MW) ≥ 400 Da and logP > 4 of a PPI modulator 

compared to MW between 200 and 500 Da and LogP < 5 of a druggable 

molecule).  Therefore, this makes it more difficult to identify PPI modulators from 

the available chemical libraries (mainly composed of druggable molecules). 

Nevertheless, to overcome these constraints, the development of computational tools 

allows the highlighting of binding pockets and the assessment of the hotspots.  Hotspots 

are defined as residues involved in the interactions of the protein-protein interface, and 

thus in the stabilization of the protein complex.  These hotspots can be identified and 

evaluated from an energetic point of view by Ala-scan. This constitutes a good starting 

point in the design of PPI modulators10,12,14.  In addition, different types of modulators 

exist to target PPIs as described in the next section. 

2.2. PPI modulators 

Three classes of modulators can be used to target PPIs, such as small molecules, protein 

modulators, and peptides/peptidomimetics12,15.  Some examples (non-exhaustive list) of 

PPI modulators (in clinical trials or launched on the market) developed as cancer 

treatment are presented for each class of modulators. 

Small molecules can be used to target PPIs.  Nevertheless, their use is best suited for 

smaller and more compact protein-protein interfaces, where hotspots are close to each 
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other.  The molecules selected as modulators have generally some different characteristics 

(MW ≥ 400 Da, LogP > 4) than the usual druggable molecules used to target a protein 

active site.  Moreover, small molecule modulators can be designed by fragment-based 

screening (FBS)9,11,12,14.  Affinity and selectivity can be potentially increased by 

designing targeted covalent  inhibitors16–19.  An example of a small molecule modulator 

is Venetoclax (Venclexta® and Venclyxto®) inhibiting the binding of prosurvival protein 

Bcl-2 to the proapoptotic Bcl-2-Associated X protein (Bcl-2/BAX complex) to restore 

the proapoptotic activity of the protein in cancer cells20–22.  A second example is Paclitaxel 

(Taxol®, used in cancer chemotherapy) which acts as a microtubule-stabilizing drug, by 

binding and stabilizing the β-tubulin filament7,23. 

When protein-protein interfaces are larger, peptide/peptidomimetic modulators can serve 

as an alternative to small molecules.  Indeed, they present a high selectivity due to their 

large surface of interaction.  In addition, peptides present other advantages such as lower 

toxicity and ease of synthesis12,24,25.  However, their lack of permeability to cell 

membranes, as well as their sensitivity to proteases in vivo could be problematic.  

Nevertheless, some chemical modifications on side chains, e.g. the insertion of D-amino 

acids in peptides or the use of cyclized and stapled peptides allow overcoming these 

problems12.  Peptides can also be conjugated with cell-penetrating peptides26,27.  

Moreover, they can be used as starting materials for the design of peptidomimetic and 

small molecule modulators12.  For example, the stapled α-helix peptide (ALRN-6924) is 

able to target the protein-protein interface of the protein complex MDM2/p53 or 

MDMX/p53 by inhibition of the Mouse Double Minute 2 or X (MDM2 or MDMX).  

Therefore, the p53-dependent tumor suppressor activity is recovered20,28,29. 

The last approach includes different types of proteins, such as monoclonal antibodies, 

nanobodies (found in camelids) or synthetic (artificial) antibodies.  They can be used to 

target a PPI by competing with the protein binder or by binding to an allosteric site of the 

protein.  In general, antibodies are used for targeting extracellular proteins (e.g. receptors) 

due to their poor cell barrier permeability12,15.  An example of a protein modulator used 

as a drug is the monoclonal antibody Cetuximab (Erbitux®, used in combination with 

cancer chemotherapy) directed against the Epidermal Growth Factor Receptor (EGFR), 

i.e., a tyrosine kinase receptor involved in the growth of cancer cells.  Cetuximab interacts 

with the soluble extracellular region of EGFR avoiding receptor dimerization (mandatory 

for proper cell signal transduction) and preventing the binding of ligands (such as 
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Epidermal Growth Factor (EGF))7,30,31.  Another example is the monoclonal antibody 

Durvalumab (Imfinzi®, used in cancer treatment such as non-small-cell lung cancer) 

directed against Programmed cell Death-Ligand 1 (PD-L1).  The binding of PD-L1 to 

Programmed cell Death-1 (PD-1) receptor avoids the T-cell function20,32,33. 

2.3. Mode of action of modulators and focus on mechanisms of homomeric 

disruption 

To target the PPIs, different types of modulators exist and are classified according to their 

mode of action: the PPI disruptors and stabilizers that induce the destabilization or the 

stabilization of the PPI, respectively.  Moreover, each of these modulator groups can be 

divided into orthosteric and allosteric PPI modulators (Fig. I.2)12,14,20,34. 

 

Figure I.2: PPI modulators – Orthosteric (in blue) or allosteric (in orange) PPI modulators leading to the 

PPI stabilization or destabilization.  Figure adapted from Fischer et al.34  

The formation of the protein complex via a PPI can be destabilized in presence of PPI 

disruptors.  The allosteric disruptors bind to an allosteric site of the protein, i.e., they do 

not interfere with the protein-protein interface itself.  This binding causes a change of 

affinity (via a conformational change of the protein), preventing the proteins to form a 

complex via establishing the protein-protein interactions.  Moreover, orthosteric 

disruptors, have the same function as allosteric disruptors, but follow a different 

mechanism of action.  These modulators bind at the protein-protein interface, competing 

directly with the protein binder.  These mechanisms can be also used for stabilizing the 

PPIs with allosteric and orthosteric stabilizers12,14,20,34.   
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PPIs can be established between two identical proteins (identical primary structure) to 

form homo-oligomers, but also between two different proteins (different primary 

structure), forming hetero-oligomers8.  In this work, we will focus on PPIs in homo-

oligomers allowing the protein homo-association. The mechanisms of homomeric 

disruption by modulators are presented in the next section7.  More details and examples 

of hetero-oligomer systems can be found in the scientific literature or in the review of 

Lu et al.20. 

Different mechanisms of homomeric disruption are presented in Figure I.3 and described 

below7: 

o Direct homo-oligomeric disruption (A): the mechanism corresponds to the 

intercalation of a modulator at the protein-protein interface of the complex.  This 

leads to the dissociation of the homo-oligomer into several subunits. 

o Subunit intercalation (B): as for the previous mechanism, it consists in the 

intercalation of a modulator at the protein-protein interface of the complex.  

Nevertheless, this does not lead to the dissociation of the homo-oligomer, but to 

a conformational change of the protein, resulting in a loss of function of the 

complex. 

o Capture of an inactive monomeric conformation (C): this corresponds to the 

interaction of the modulator with a monomer.  This interaction blocks the 

monomer into an inactive conformation, preventing the protein homo-association.  

The mechanism is possible when an important concentration of monomer is 

available in the solution. 

o Promotion of inactive multimeric complexes (D): it consists in the interaction of a 

modulator with an allosteric site of the protein, leading to the stabilization of the 

protein into an inactive multimeric conformation. 
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Figure I.3: Mechanisms of homomeric disruption – (A) Representation of the direct homo-oligomeric 

disruption mechanism – (B) Representation of the subunit intercalation mechanism – (C) Representation 

of the capture of an inactive monomeric conformation mechanism – (D) Representation of the promotion 

of inactive multimeric complexes mechanism – Figure adapted from Thabault et al.7  

2.4. Techniques and focus on X-ray crystallography 

Unlike inhibitors targeting the active site of proteins, the homomeric disruptors cannot be 

identified by conventional High Throughput Screens (HTS), such as via catalytic activity 

assays.  It is necessary to adapt the techniques used to monitor the oligomerization states, 

and in particular in this work for identifying modulators targeting protein self-

assembly7,12.  The adapted methods include7,11,12: analytical centrifugation, thermal shift 

assay, Föster Resonance Energy Transfer (FRET), Enzyme-Linked ImmunoSorbent 

Assay (ELISA), Intrinsic Tryptophan Fluorescence (ITF), native Mass Spectrometry 

(MS), PolyAcrylamide Gel Electrophoresis (PAGE) and Size Exclusion Chromatography 

(SEC).  Some of these methods may be subject to false positives, due to protein 

aggregation or allosteric binding.  Therefore, other techniques, such as IsoThermal 

Calorimetry (ITC), Nuclear Magnetic Resonance (NMR) and X-ray crystallography, can 

be used to validate and characterize the modulators12.  X-ray crystallography is one of the 

main techniques used in this work to provide structural data about protein-disruptor 

complexes. 
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The use of crystallography provides a three-dimensional structure of the studied protein-

ligand complex7,11,12.  Different methodologies can be used to obtain the complexes, such 

as co-crystallization and soaking technique.  Co-crystallization consists in incubating the 

ligand with the purified protein, usually at 4°C (the incubation time depends on the 

system).  Crystallization assays are then performed using this protein-ligand solution.  

The soaking uses a protein crystal (without studied ligand) transferred in a crystallization 

solution containing the desired ligand to let it diffuse in the crystal lattice35,36. 

When many ligands must be tested, the soaking technique is more adapted to obtain the 

complex structure.  However, for ligands causing a large conformational change of the 

protein, such as disruptors, co-crystallization is more appropriate36.  A large 

conformational change could lead to a weakening of the crystal while soaking.  In 

addition, soaking requires an accessible binding site for the ligand, and this last must not 

be too large to diffuse within the crystal35,36. 

3. Cell metabolism and biological function of LDH 

As mentioned before, targeting PPIs is an interesting approach in drug design.  This 

approach constitutes an emerging and promising strategy in the development of new 

cancer therapies.  Indeed, many PPIs are involved in the dysregulation of the oncogenic 

pathways, which can promote tumorigenesis, tumor progression, invasion, or 

metastasis9,37,38.  It is in this context that we study L-Lactate Dehydrogenase, a tetrameric 

enzyme involved in the energy metabolism of normal and cancer cells and identified as a 

promising therapeutic target in cancer treatment.  In the next sections, the metabolism of 

normal and cancer cells, as well as the biological function of LDH are presented. 

3.1. Normal cells 

In aerobic conditions, normal cells metabolize glucose via the cell respiration pathway 

(Fig. I.4).  Glucose enters the cell via the GLUT-1 transporter and then is converted into 

pyruvate through the glycolysis pathway.  Pyruvate is decarboxylated into acetyl-CoA by 

the Pyruvate Dehydrogenase (PDH) in mitochondria.  Then, the acetyl-CoA is 

metabolized through the Krebs cycle, also called the tricarboxylic acid cycle (TCA cycle).  

The oxidation of reduced NADH and FADH2 coenzymes, generated during the TCA 

cycle, by the electron transport chain (ETC) allows the phosphorylation of ADP into ATP 

molecules via the oxidative phosphorylation (OXPHOS)5,39,40.  In the end, 38 molecules 

of ATP, six molecules of carbon dioxide (CO2) and six molecules of water (H2O) are 

produced per glucose molecule41. 
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Figure I.4: Representation of glucose metabolism in normal cells in aerobic and anaerobic conditions.  

Figure adapted from Vander Heiden et al.39 

Nevertheless, under anaerobic conditions, pyruvate produced through the glycolysis 

pathway is reduced to L-lactate by the lactate dehydrogenase in presence of NADH 

cofactor (Fig. I.4)5,39,40.  This pathway is called anaerobic glycolysis and two molecules 

of ATP, two molecules of lactate and two molecules of H2O are produced per glucose 

molecule41.  The main role of the LDH enzyme is to reduce pyruvate into lactate.  This 

reaction will be accompanied by the reoxidation of the cofactor NADH into NAD+ (see 

section 4.2 for details), essential to maintain the glycolytic flux.  Moreover, the lactate 

produced through the anaerobic glycolysis can be transported out of the cell (via 

monocarboxylate transporters (MCT)) and used as a source of energy for parenchymal 

cells or as a precursor for the gluconeogenesis42. 

The cytosolic LDH enzyme is involved in glucose metabolism through the anaerobic 

glycolysis pathway as previously described.  Nevertheless, the enzyme can also have 

other biological functions while located in the peroxisome, the mitochondria or the nuclei 

of the cell42.  One of the functions of the peroxisome is to degrade the long chains of fatty 

acids (carbon atoms > 22) via the β-oxidation reaction.  This reaction will be accompanied 

by the reduction of NAD+ into NADH.  Therefore, to maintain the redox balance in the 

peroxisome, NADH is oxidized again to NAD+ with LDH enzyme42–44.  Regarding LDH 
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function in mitochondria, the lactate produced through the anaerobic glycolysis can be 

reoxidized into pyruvate to be used as a source of energy or as a precursor for 

gluconeogenesis42.  Finally, it has been shown that LDH located in the nucleus plays a 

role in the regulation of gene transcription, such as the histone 2B (H2B).  Indeed, LDH 

is in complex with glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and allows to 

maintain an optimal ratio NAD+/NADH for the gene transcription42,45. 

3.2. Cancer cells 

Cancer cells are cells that have undergone several mutations and have acquired specific 

characteristics, called Hallmarks, such as unregulated proliferation46,47.  Reprogramming 

energy metabolism (dysregulation of glucose metabolism) is a well-known Hallmark of 

cancer.  Cancer cells show an increase in glucose uptake compared to normal cells 

(Fig. I.5)39,48,49.  Indeed, the high glycolytic flux reflects their adaptation to a hypoxic 

environment via the anaerobic glycolysis (as observed for normal cells – Fig. I.4), or to 

their unregulated proliferation via the aerobic glycolysis50. 

 

Figure I.5: Representation of glucose metabolism in cancer cells in aerobic and anaerobic conditions.  

Figure adapted from Vander Heiden et al.39 

Thus, cancer cells adapt their energy metabolism via the reduction reaction of pyruvate 

to lactate, regardless of the oxygen supply in the cell (the mitochondria remain functional 

and a small percentage (~5%) of pyruvate is metabolized through cell respiration).  This 
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phenomenon is called the Warburg effect39,48,49.  The energy yield is two ATP molecules 

formed per molecule of glucose consumed41.  Therefore, the high glycolytic flux (via the 

increase of glucose uptake in the cell) compensates for the low ATP yield (compared to 

the respiration pathway).  This provides the energy and the biomass necessary to maintain 

the anabolic growth of cancer cells39,48–50.  Moreover, the lactate product of the glycolysis 

pathway obtained through the reduction of pyruvate with LDH is considered as an 

essential product for the anabolic growth and proliferation of cancer cells50.  This 

promotes several phenomena such as metabolic cooperation51–53, autophagy52,54, 

sustaining of intracellular redox equilibrium42,55, angiogenesis56,57, invasiveness and 

metastasis53,58. 

a) Metabolic cooperation and autophagy 

Within the same tumor, a fluctuation in the availability of resources (O2 and glucose) 

exists.  Therefore, cancer cells show adaptability to substrates depending on the available 

resources. The cells close to the blood vessels, called oxidative cancer cells, are in 

normoxic conditions and have more access to glucose compared to the cancer cells in 

hypoxic conditions (inside the tumor and far away from blood vessels), called glycolytic 

cancer cells.  To compensate for the fluctuation of available resources, cancer cells can 

establish metabolic cooperation (Fig. I.6). 

 

Figure I.6: Representation of the metabolic cooperation between oxidative and glycolytic cancer cells in 

the tumor and the V-ATPase-dependent acidification of lysosome-promoting autophagy.  Figure adapted 

from Brisson et al.52 

Although the oxidative cancer cells can use glucose to generate ATP via cell respiration, 

those cells will not promote this metabolic pathway.  Therefore, the available glucose 

diffuses within the tumor and is taken up by glycolytic cancer cells via the GLUT-1 
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transporter.  Glucose is converted to pyruvate which is reduced to lactate via anaerobic 

glycolysis.  This reaction is catalyzed by the LDH-A enzyme in presence of the cofactor 

NADH.  Lactate is then transported via monocarboxylate transporters (MCT-4 and 

MCT-1) into the oxidative cancer cells and oxidized in pyruvate.  This reaction is 

catalyzed by the LDH-B enzyme in presence of the cofactor NAD+.  Then, the pyruvate 

will be used in the TCA cycle to generate ATP.  In short, the oxidative cancer cells recycle 

the lactate generated by the glycolytic cancer cells.  The uptake of lactate into oxidative 

cells is possible via the MCTs transporters.  Finally, the oxidation of lactate into pyruvate 

is catalyzed by the presence of LDH-B enzyme51,52. 

Another strategy used by cancer cells to cope with the fluctuation of available resources 

is to promote autophagy (Fig. I.6).  This phenomenon aims at degrading various damaged 

proteins and organelles, in order to provide the biosynthetic precursors necessary for the 

anabolic growth of cancer cells and thus promote cancer cell growth52.  Indeed, the 

oxidation of lactate in pyruvate in glycolytic and oxidative cancer cells is accompanied 

by the reduction of NAD+ cofactor in NADH + H+.  The protons generated by the 

reduction of the cofactor allow the acidification of lysosomes via the V-ATPase (a proton 

pump of lysosomes), promoting autophagy52,54. 

b) Sustaining of intracellular redox equilibrium 

Different signaling pathways are NAD+ dependent that can regulate, among others, the 

cancer cell metabolism.  Therefore, due to the constant degradation of NAD+ within the 

different signaling reactions, it is necessary to resynthesize NAD+ to maintain the 

NAD+/NADH ratio within the cancer cell and allow its proliferation.  The increased 

lactate production through the anaerobic glycolysis pathway induces the regeneration of 

NAD+ via the reduction of pyruvate in lactate accompanied by the reoxidation of NADH 

in NAD+.  It allows sustaining the intracellular redox equilibrium necessary for the 

functioning of the cell42,55,59,60. 

c) Angiogenesis 

Again, to cope with the heterogeneous distribution of nutrients within the tumor, cancer 

cells promote angiogenesis (Fig. I.7).  This corresponds to a phenomenon that aims to 

expand the vascular network in order to increase the supply of oxygen and nutrients to 

hypoxic tumor cells56. 
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Figure I.7: Representation of angiogenesis phenomenon in oxidative cancer cells.  Figure adapted from 

Sonveaux et al.56 

The main regulator of angiogenesis is the Hypoxia-Inducible Factor-1 (HIF-1) 

corresponding to a heterodimer constituted by two subunits HIF-1α and HIF-1β 

(constitutive nuclear protein)56,61.  In normoxic endothelial cells, HIF-1α is hydroxylated 

by the Prolyl Hydroxylase-2 (PHD-2) in presence of the 2-oxoglutarate substrate.  

Hydroxylated HIF-1α is inactive and will be degraded by the proteasome. 

HIF-1 is a transcription factor inducible by hypoxia.  Nevertheless, in oxidative cancer 

cells (normoxic conditions), its activity can be stimulated by exogenous lactate (produced 

through anaerobic glycolysis of glycolytic cancer cells – see Fig. I.6).  Lactate is oxidized 

in pyruvate through the reaction catalyzed by LDH-B.  Therefore, the concentration of 

pyruvate in oxidative cancer cells increases and the pyruvate competes with the 

2-oxoglutarate (substrate of PHD-2).  The hydroxylation reaction of HIF-1α is inhibited 

and HIF-1α remains in its active form.  At this stage, HIF-1α binds to HIF-1β and other 

cofactors in the nucleus.  The formed multiprotein complex initiates the transcription of 

different genes, such as the Vascular Endothelium Growth Factor (VEGF), promoting 

angiogenesis56,57. 
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d) Invasiveness and metastasis 

One of the characteristics of malignant tumors is their propensity for invasion and 

metastasis.  This is promoted by the acidosis of the primary tumor, inducing in particular 

the degradation of the extracellular matrix (ECM)53,58.  The extracellular pH (pHe) of 

cancer cells is between 6.5 and 6.9, while pHe of normal cells is between 7.2 and 7.458.  

Therefore, the acidification of the tumor environment may be correlated with the 

abnormal metabolic activity of cancer cells (increased glycolytic flux), resulting in the 

lactic acid release via the MCT transporters62,63 and proton extrusion53. 

4. Structural characterization of Lactate Dehydrogenase 

4.1. Primary structure of LDH 

Three main genes encode for proteins belonging to the L-lactate dehydrogenase (LDH) 

family in human: ldh-a, ldh-b, and ldh-c.  Each of these genes encodes for one of the three 

different subunits: LDH-M, LDH-H and LDH-X subunit, respectively42,64,65.  Their 

primary structure is composed of 332 amino acids (for LDH-M (Uniprot entry P00338) 

and LDH-X (Uniprot entry P07864)) and 334 amino acids (for LDH-H (Uniprot entry 

P07195)).  Moreover, the three LDH forms have a high percentage of sequence identity 

and similarity. The values were calculated using Emboss Needle66 and presented in 

Table I.1. 

Table I.1: Percentage of sequence identity and similarity between the three LDH forms (LDH-M, LDH-H 

and LDH-X).  Values are calculated with Emboss Needle66 (BLOSUM62 similarity matrix) from the LDH 

subunit amino acid sequences.  The lower value corresponds to the percentage of sequence identity and the 

value in brackets to the percentage of sequence similarity 

 LDH-M LDH-H LDH-X 

LDH-M / 75.1% (88.6%) 75.3% (88.9%) 

LDH-H / / 69.2% (83.2%) 

The ldh-c is a testis-specific gene and encodes for LDH-X subunit that is expressed in 

testis64,65.  We will mostly focus on the two main LDH isoforms (LDH-A and LDH-B) 

constituted by LDH-M and LDH-H subunits, respectively (see section 4.3). 

4.2. Secondary and tertiary structures of LDH 

The primary structure of the different LDH forms determines their tertiary structure, i.e., 

the 3D arrangement of the full protein containing different secondary structure elements5.  

LDH is a protein that has been studied for over 50 years.  While the first complete 
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structure of LDH dates from 197067, the first crystallographic structures of both main 

human isoforms were solved in 2001 (Protein Data Bank (PDB) entries: 1I01 and 1I0Z)65.  

As of today, 56 crystallographic structures of both human LDH isoforms have been 

deposited in the PDB (52 and four structures for LDH-A and LDH-B, respectively).  

Table I.2 describes the crystallographic structures of the human LDH-B isoform which is 

the subject of this work. 

Table I.2: Description of hLDH-B crystallographic structures available in the Protein Data Bank 

PDB entry Description Resolution (Å) 

1I0Z65 (2001) Structure of hLDH-B in complex with NADH 

and oxamate  

2.1 

1T2F68 (2004) Structure of hLDH-B in complex with NAD+ 

and 4-hydroxy-1,2,5-oxadiazole-3-carboxylic 

acid 

3.0 

7DBJ69 (2021) Structure of hLDH-B in complex with NADH, 

oxamate and AXKO-0046 

1.5 

7DBK69 (2021) Structure of hLDH-B in complex with NADH 1.8 

All the data obtained from the crystallographic structures of LDH allowed to further 

characterize the protein from a structural point of view.  LDH subunits are organized in 

two domains: the first domain is characterized by a “Rossmann”-type fold and the second 

is the mixed α/β “substrate binding” domain (Fig. I.8A).  The “Rossmann”-type fold is a 

common structural motif found in a large proportion of protein (~20% in the protein 

structures from PDB).  This first domain is composed of a 6-stranded parallel β-sheet 

flanked by 3 helices on each site (Fig. I.8A-B in green).  One of its main structural features 

is the cavity formed at the junction of the β-strands 3 and 4, allowing the binding of 

nucleotides such as NAD(P) or FAD cofactor70,71. 
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Figure I.8: Representation of LDH tertiary structure.  The model used for the representation is the monomer 

A (reference monomer) from LDH-B structure (PDB entry: 1I0Z) – (A) Representation of the two domains 

composing LDH subunit: the “Rossmann”-type fold domain in green and the mixed α/β “substrate binding” 

domain in light pink – (B) Schematic representation of the “Rossmann”-type fold domain (C) Highlighting 

of different secondary structure elements in LDH subunit: tetramerization arm in blue, antigenic loop in 

green, active site loop in pink.  Zoom on active site (red box): the substrate analog (OXM) and cofactor 

(NADH) in the active site are represented in light pink sticks and the essential residues constituting the 

active site are in red sticks 

The second domain corresponds to 4 β-strands and 3 α-helices (Fig. I.8A in light pink)65.  

The interface between this domain and the “Rossmann”-type fold domain provides a 

binding site for the substrate.  These two binding sites constitute the active site of LDH 

and its open/closed conformation is mediated by the active site loop (defined as a flexible 

part of the protein) (Fig. I.8C in pink)65.  L-lactate dehydrogenase belongs to the 

2-hydroxy acid oxidoreductase family and catalyzes the interconversion of pyruvate to 

L-lactate in presence of the reduced NADH cofactor at the end of the glycolytic pathway 

(Fig. I.9) 
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Figure I.9: Interconversion reaction of pyruvate to L-lactate in presence of NAD cofactor catalyzed by LDH 

enzyme 

The active site is defined by essential residues including Asp166, Arg169, His193, 

Thr248 and Ile252 (Fig. I.8C – red box).  The reaction occurs within the catalytic site of 

the protein following an ordered mechanism: the cofactor binds first the end of a central 

β-sheet of the “Rossmann”-type fold domain.  Then, the substrate can bind to the substrate 

binding site located at the interface of the two protein domains.  Finally, once the substrate 

is bound, it can interact via a hydrogen bond with Arg106 (part of the active site loop).  

This interaction leads to the closing of the active site loop.  Therefore, in absence of the 

cofactor and/or the substrate, the active site loop will adopt an open conformation42,65,69,72. 

Another flexible part is the antigenic loop (Fig. I.8C in green).  The loop has been 

identified as a region with large variability in the amino acid composition between the 

different forms of LDH65,73.  Moreover, the 19 N-terminal amino acids are defined as the 

tetramerization arm due to their involvement in the assembly of the LDH quaternary 

structure (Fig. I.8C in blue). 

4.3. Quaternary structure 

The LDH protein is catalytically active when it assembles as a tetramer64.  Indeed, the 

quaternary structure of LDH has a significant impact on the structure of the active site, 

by maintaining its geometry and its hydrogen bonds network72,74.  The tetrameric 

oligomerization state prevents water from entering the active site (hydrogen bond 

network and electrostatic environment are not affected) and also provides rigidity to an 

adjacent α-helix72. 

The LDH protein is assembled into a tetramer thus constituted by four subunits.  Using 

M and H subunits as building blocks, different oligomers can be formed: three hetero-

oligomers and two homo-oligomers can be obtained via the combination of M and H 

subunits (Fig. I.10).  The three hetero-oligomers MH3, M2H2 and M3H are called LDH-2, 

LDH-3 and LDH-4, respectively.  The two homo-oligomers H4 and M4 are called LDH-1 

or LDH-B and LDH-5 or LDH-A, respectively.  The LDH-B isoform is found mainly in 
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aerobic tissues (e.g. cardiac muscle), while the LDH-A isoform is found mainly in 

anaerobic tissues (e.g. skeletal muscle, liver)64,65. 

 

Figure I.10: Representation of the LDH tetrameric oligomers: three hetero-oligomers (LDH-2, LDH-3 and 

LDH-4) and two homo-oligomers (LDH-1 and LDH-5) are obtained via the combination of LDH-H and 

LDH-M subunits.  Figure adapted from Valvona et al.64 

The two main isoforms of LDH, LDH-A and LDH-B, assemble into homo-tetramers.  

These ones correspond to the association of two dimers into a tetramer (dimer of dimer)75–

77.  The works of Thabault et al.50 and Jafary et al.78 suggest that the tetramer is formed 

by the association of the dimers AC and BD (see Fig. I.12A).  The assembly of LDH 

proteins as tetramers is mediated by the presence of the tetramerization arm, 

corresponding to the 19 N-terminal amino acids.  Indeed, the tetramerization arm of each 

monomer interacts and wraps around the two adjacent monomers59,65.  In addition, there 

is a 22-amino acid α-helix ended by a short loop identified as essential for the tetramer 

stabilization of LDH proteins79.  These two structure elements will be detailed in section 

5.2.  Therefore, the tetrameric assembly of the LDH protein has a molecular weight of 

about 140 kDa. 

5. LDH as a therapeutic target for cancer 

LDH is an enzyme at the core of lactate metabolism, essential for the anabolic growth 

and the proliferation of cancer cells.  Based on this evidence, LDH was highlighted as an 

interesting therapeutic target for cancer treatment.  Therefore, different strategies can be 

used to target LDH protein, such as targeting its active site or its oligomeric interfaces.  
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5.1. Strategies to target LDH protein 

a) Active site 

LDH has been identified as a key enzyme in the glycolytic pathway with the conversion 

of pyruvate into lactate, preferentially catalyzed by LDH-A.  Due to the implication of 

this isoform in the metabolic switch promoting cancer cell survival and tumor growth, 

studies were initially interested in further targeting LDH-A80–84.  To inhibit its catalytic 

activity, many selective inhibitors of LDH-A targeting its active site were designed, such 

as the GNE140 compound (Genentech company)83,85,94,95,86–93.  Nevertheless, the 

involvement of LDH-B has also been demonstrated in cancer pathogenesis as described 

before.  LDH-B promotes lactate-fueled oxidative cancer cell respiration via the 

metabolic cooperation between glycolytic and oxidative cancer cells51–53.  In addition, 

LDH-B controls lysosome activity and autophagy in cancer52,54.  Therefore, the design of 

inhibitors targeting the two isoforms of LDH seems interesting96.  Several non-specific 

inhibitors to LDH-A, such as Galloflavin, are also described in the literature80,97–99. 

Nevertheless, the nature of the active site of LDH leads to some drawbacks42,50.  First, 

there exists a loss of selectivity for the LDH enzyme with other NAD-dependant enzymes.  

Indeed, as described in section 4.2, LDH protein is composed of two domains: the mixed 

α/β “substrate binding” domain and the “Rossmann”-type fold domain where the cofactor 

links65.  Because of the close proximity of the two binding sites, inhibitors competing 

with the active site (via the cofactor and/or substrate binding sites) may decrease their 

specificity toward the LDH enzyme42,50.  Secondly, LDH active site has a high polar 

amino acid content that can be explained by the large solvent exposure.  Therefore, 

inhibitors designed to target the active site have challenging ADME (Absorption, 

Distribution, Metabolization and Excretion) properties42,50.  Finally, the concentration of 

LDH in cancer cells is high (in the micromolar range), preventing the complete inhibition 

of the protein, even in the presence of the most potent inhibitors50.  To overcome these 

drawbacks, another strategy can be considered.  It consists of targeting allosteric sites, 

such as the oligomeric interfaces of LDH. 

b) Oligomeric interface 

As mentioned before, LDH-A and LDH-B are homo-tetramers formed by the assembly 

of two dimers (dimer of dimer) (Fig. I.12A)75–77.  Therefore, due to the difficulties that 

can be encountered when designing selective and potent inhibitors targeting the active 

site of the protein, another strategy can be used50,59.  This consists in targeting an allosteric 
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site, such as the protein-protein interactions (PPIs) at the dimer-dimer interface (defined 

as the tetrameric interface) of the LDH enzyme, with the aim of disrupting its active 

tetrameric state.  The PPIs at the monomer-monomer interface (forming a dimer) are 

defined as the dimeric interface. 

Currently, several reports have highlighted new allosteric inhibitors of LDH protein.  The 

team of Shibata et al. has identified a small molecule (AXKO-0046) as a selective 

inhibitor of LDH-B (EC50 = 42 nM) by targeting the dimeric interface (Fig. I.11A).  They 

have suggested an uncompetitive inhibitory mechanism69.  Moreover, three other works 

described new allosteric inhibitors of LDH proteins, by targeting PPIs at the tetrameric 

interface.  The team of Friberg et al. has identified selective inhibitors of LDH-A: 

phthalimide (IC50 = 308.0 nM) and dibenzofuran (IC50 = 757.0 nM) derivatives 

(Fig. I.11B)100.  The team of Jafary et al. worked on the design of LDH-A linear peptide 

inhibitors that mimic the tetramerization arm, highlighting the ability of peptides to 

destabilize the LDH-A interacting subunit in solution78.  In addition, the team of Nadal-

Bufi et al. has also worked on the design of a LDH-A β-hairpin peptide inhibitor (cGmC9 

with an IC50 = 2.5 µM) targeting a β-sheet region (Fig. I.11C – orange box) involved in 

PPIs at the tetrameric interface of LDH-A24.  This peptide is designed from the gomesin 

antimicrobial peptide.  It has a β-hairpin structure (two antiparallel β-strands joined by a 

β-turn that looks like a hairpin) with two disulfide bonds and is cyclized (Fig. I.11C)24,101. 
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Figure I.11: (A) Crystallographic structure of LDH-B in complex with AXKO-0046 inhibitor (PDB entry: 

7DBJ) and representation of the AXKO-0046 structure42 – (B) Superposition of crystallographic structures 

of LDH-A in complex with phthalimide (PDB entry: 6SBU) and dibenzofuran (PDB entry: 6SBV) 

derivatives and representation of the phthalimide (1) and dibenzofuran (2) derivatives structures89 – (C) 

Representation of the crystallographic structure of LDH-A (PDB entry: 1I1065) with the suggested binding 

site of the β-hairpin peptide (orange box) and representation of the cGmC9 β-hairpin peptide close to the 

tetramerization arm24 

5.2. Project context 

The project in which this work is included uses the same strategy of targeting PPIs at the 

tetrameric interface of LDH.  For this purpose, two sites were already highlighted, by the 

UCLouvain collaborators, to be essential for the tetramerization of the protein50,59.  The 

description of tetramerization sites will focus on the LDH-B isoform, which is the subject 

of this work (Fig. I.12). 
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Figure I.12: (A) Representation of the two dimers (AC dimer in light purple and BD dimer in grey) 

composing the LDH-B tetramer (PDB entry: 1I0Z) and highlighting of tetramerization site 1 (blue box) and 

2 (green box) – (B) Zoom on the tetramerization arm (in dark blue) interacting with the tetramerization site 

1 (in light blue surface) – (C) Zoom on the 22-amino acid α-helix (in green) interacting with the 

tetramerization site 2 (in yellow surface) 

• Tetramerization site 1 

LDH-B tetramer assembly is mediated by the tetramerization arm, corresponding to the 

19 N-terminal amino acids (residue Ala1 to residue Pro19 – 

ATLKEKLIAPVAEEEATVP).  The N-terminal arm is formed by a short α-helix, 

followed by a β-strand and ends up with a loop.  The tetramerization arm of each 

monomer interacts and wraps around the two adjacent monomers.  It binds two different 

pockets on the two adjacent monomers, via (non)polar interactions59,65.  This interacting 

site with the tetramerization arm is defined as the tetramerization site 1 in this work and 

is described in the work of Thabault et al.59 (Fig. I.12B). 

The work of Thabault et al.59 aims to design stapled peptides mimicking the 

tetramerization arm to disrupt the oligomeric state of LDH.  For this purpose, a truncated 

form of LDH-B (LDH-Btr), i.e., by deleting the 19 N-terminal amino acids corresponding 

to the tetramerization arm, has been produced and purified.  This form was further 

characterized (Table I.3). 
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Table I.3: Characterization of the two LDH-B forms (LDH-Btr and LDH-B) via different properties - The 

Molecular Weight (MW) (determined by Size Exclusion Chromatography (SEC); the first value 

corresponds to the experimental MW, and the value in brackets is the theoretical MW), the affinity for 

NADH (by Microscale Thermophoresis (MST)), the catalytic properties (following the formation of NADH 

by fluorescence) and the thermal stability (melting temperature (Tm) determined by nano Differential 

Scanning Fluorimetry (nanoDSF))59 

 MW 

(kDa) 

Kd – NADH 

(µM) 

Catalytic properties Tm (°C) 

 SEC MST NADH fluorescence nanoDSF 

LDH-Btr 78 (73) 28.8  

(CI95%: 25.1 

to 33.1) 

KM (NAD+) = 0.587 ± 0.057 

mM 

KM (Lactate) = 33.77 ± 6.17 

mM 

Vmax = 0.0122 ± 0.003 µM.s-1 

58 

LDH-B 130 (146) 23.2 

(CI95%: 19.5 

to 27.6) 

KM (NAD+) = 0.208 ± 0.005 

mM 

KM (Lactate) = 1.686 ± 0.284 

mM 

Vmax = 0.190 ± 0.012 µM.s-1 

75 

In contrast to the full-length form of LDH-B (LDH-B) which is a stable and active 

tetramer in solution, LDH-Btr is a well-folded dimer in solution with low catalytic activity 

and lower thermal stability in comparison with LDH-B (Table I.3).  Indeed, the LDH-Btr 

protein was characterized by SEC and was in a native dimeric state (MWexp = 78 kDa, 

MWth = 73 kDa).  The affinity of the truncated LDH-B for NADH was assessed by MST, 

highlighting a similar affinity of the two forms of LDH-B (LDH-B and LDH-Btr) for the 

cofactor.  This suggests that the “Rossman”-type fold domain is well folded.  In addition, 

the catalytic properties of LDH-Btr highlighted a low activity when compared with 

LDH-B protein (the Michaelis-Menten constant (KM) is 3-fold and 20-fold larger for the 

NAD+ cofactor and the substrate lactate, respectively and a large decrease of the maximal 

velocity (Vmax) is also observed).  Finally, the thermal stability of LDH-Btr was 

investigated by nanoDSF and showed a destabilization of the truncated form, with a ΔTm 

of 17°C (corresponding to the difference between the Tm of LDH-B and LDH-Btr).  The 

truncation of the tetramerization arm in LDH-Btr has allowed gaining accessibility to the 

tetramerization site 1 of the protein. 

Based on the LDH-B crystallographic structure, the pharmacological properties of a first 

linear peptide (LB19), corresponding to the 19 N-terminal amino acids, were evaluated 
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on the LDH-Btr protein.  The interaction between LB19 and LDH-Btr was characterized 

by MST and Nuclear Magnetic Resonance Water-Ligand Observed via Gradient 

Spectroscopy (NMR WaterLOGSY).  These two biophysical methods highlighted that 

LB19 interacts with the LDH-Btr protein (Kd = 1.78 mM [1.14 – 2.77 mM]).  Data from 

both spectra of NMR WaterLOGSY and two-dimensional Nuclear Magnetic Resonance 

Total Correlation Spectroscopy (NMR TOCSY) suggested that LB19 N-terminal residues 

are more involved in the interaction of the peptide with the LDH-Btr protein. 

Starting from the LB19 linear peptide, other peptides have been designed, such as LB8, 

by trimming the residues of the C-terminal part while keeping those (from the N-terminal 

part) mainly involved in the interaction with the LDH-Btr protein.  Therefore, the LB8 

peptide is composed of the eight N-terminal residues of LB19 (ATLKEKLI), 

corresponding exactly to the α-helix of the tetramerization arm of LDH-B protein.  LB8 

also interacts with LDH-Btr (Kd = 1.05 mM [0.55 – 2.01 mM]).  Thereafter, the structure-

activity relationship (SAR) of the eight residues (LB8) interacting with the 

tetramerization site 1 was assessed by testing 12 structural analogs of LB8 (single amino 

acid substitutions).  Furthermore, these data were correlated with the Ala-scan performed 

on the eight N-terminal residues of LDH-B protein.  This highlighted that the lipophilic 

residues, i.e., Leu3, Leu7 and Ile8, appear to be key in the interaction between the LB8 

peptide and the tetramerization site 1 via their aliphatic side chains which are oriented 

towards the hydrophobic cavities of the tetramerization site 1 (Fig. I.13). 

 

Figure I.13: Structure-activity relationship of LB8 interacting with the tetramerization site 1.  Figure 

adapted from Thabault et al.59 
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By circular dichroism, LB8 presents a poor helical propensity which could be the origin 

of the low affinity of the peptide for LDH-Btr (Kd = 1.05 mM [0.55 – 2.01 mM]).  

Therefore, to stabilize its active helical conformation, the adopted strategy consisted of 

constraining the peptide via a macrocyclization approach using cysteine stapling with an 

α-helix-promoting agent.  After optimization, the best cyclic peptide was macrocycle 7 

constrained in positions i and i+4 with p-tetrafluorophenyl (Fig. I.14). 

 

Figure I.14: Structure of macrocycle 759 

The designed macrocycle 7 can compete with the tetramerization arm of the two isoforms 

of LDH (LDH-A and LDH-B), resulting in the destabilization and the disruption of the 

protein complex in solution.  Indeed, macrocycle 7 has a higher affinity for the LDH-Btr 

protein (Kd = 11 µM [CI95% = 9 – 14 µM]).  Furthermore, it also interacts with LDH-A 

and LDH-B at higher concentrations with a Kd = 117 µM [CI95% = 94-144 µM] and 

Kd = 380 µM [CI95% = 315 – 457 µM], respectively.  The interaction of macrocycle 7 

with both isoforms suggests a shift of the tetramerization arm through macrocycle 7 to 

reach the tetramerization site 1. 

• Tetramerization site 2 

The work of Thabault et al.50 has revealed the existence of a second allosteric site that is 

defined as the tetramerization site 2 in this work.  This site was found via the study of the 

LDH-Btr protein which is present as a tetramer at high concentration in solution (self-

interaction of the LDH-Btr dimer protein: Kd = 1.25 µM [0.96 – 1.62 µM]), despite the 

truncation of the tetramerization arm previously described.  Indeed, it was highlighted 

there exists an equilibrium between the dimeric and tetrameric forms thanks to the second 

tetramerization site. 
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Therefore, the stability of the tetrameric form of LDH-B is also mediated by the presence 

of the 22-amino acid α-helix ended by a short loop (residue Leu54 to residue Pro75 - 

LEDKLKGEMMDLQHGSLFLQTP) interacting with the second tetramerization site 

(Fig. I.12C)50.  The tetramerization site 2 is defined by the following residues: N164, 

A168, R169, R171-L173, E176, H181-S183, S237, E240, V241, K243-K245, Y247-

A251, D258, E261, K265-L267, and R269.  Therefore, this second site will be divided 

into three parts in the following work: 

• Tetramerization site 2 (part-1): N164, A168, R169, R171-L173, E176, H181-

S183 

• Tetramerization site 2 (part-2): S237, E240, V241, K243-K245, Y247-A251, 

D258 

• Tetramerization site 2 (part-3): E261, K265-L267, R269 

The work of Thabault et al.50 aimed to further characterize the tetrameric interface of 

LDH protein through this new allosteric site (tetramerization site 2) using epitope 

mapping techniques and peptides.  For this purpose, the pharmacological properties of 

the LP22 peptide, corresponding to the 22-amino acid α-helix interacting with the 

tetramerization site 2, were evaluated.  The interaction between LP22 and 

LDH-Btr/LDH-B was characterized by MST and NMR WaterLOGSY.  These two 

biophysical methods highlighted that LP22 does not interact with LDH-B, while it 

interacts with the LDH-Btr protein (Kd = 156 µM).  Furthermore, the effect of LP22 on 

the thermal stability of LDH was assessed.  In presence of LP22, a stabilization of dimeric 

LDH-Btr was observed (ΔTm = 2.8°C at 500 µM of LP22), while the tetrameric LDH was 

destabilized in a concentration-dependent manner (EC50 = 47 µM [32 – 68 µM]).  All 

these data allowed the team of R. Frédérick to highlight that LP22 interacts at the 

tetrameric interface of LDH and destabilizes the tetrameric protein form. 

Then, they identified the essential part of LP22 responsible for the binding: the peptide 

GP16, corresponding to the 16 C-terminal amino acids (GEMMDLQHGSLFLQTP) 

when the six N-terminal of LP22 are trimmed (LEDKLK).  The properties of GP16 were 

also evaluated: the peptide interacts in a similar way to LP22 (similar WaterLOGSY 

spectrum and Kd = 240 µM).  Moreover, GP16 was shown to destabilize the tetrameric 

protein in a concentration-dependent manner (EC50 = 262 µM [142 – 383 µM]). 



44 | I n t r o d u c t i o n  

 

Finally, they assessed the contribution of each of the 16 residues in the LDH-B protein 

(GEMMDLQHGSLFQTP) to identify hotspots, i.e., the residues contributing to the 

stability of the LDH-B oligomeric state.  For this purpose, they have performed an alanine 

scanning of LDH-B for each of these 16 residues and evaluated the properties of these 

mutants (Table I.4). 

Table I.4: Characterization of LDH-B mutants50 

Protein MW (kDa) EC50 (M) 

(Gdn.HCl) 

Tm (°C) Ratio 350/330 

nm 

LDH-B 155 ± 17 0.953 ± 0.012 74.5 ± 0.1 1.04 

LDH-Btr 88 ± 13 < 0.1 57.5 ± 0.1 0.87 

G60A 142 ± 10 0.735 ± 0.018 69.8 ± 0.1 1.05 

E61A 77 ± 18 < 0.1 58.9 ± 0.1 0.95 

M62A 141 ± 14 0.891 ± 0.012 71.6 ± 0.1 1.04 

M63A 149 ± 18 0.845 ± 0.010 68.7 ± 0.1 1.04 

D64A 143 ± 12 0.521 ± 0.012 56.4 ± 0.1 1.03 

L65A 137 ± 23 0.630 ± 0.011 61.1 ± 0.1 1.03 

Q66A 134 ± 16 0.893 ± 0.010 73.1 ± 0.1 1.04 

H67A 154 ± 15 0.619 ± 0.016 67.2 ± 0.1 1.05 

G68A 153 ± 18 0.722 ± 0.015 73.5 ± 0.1 1.05 

S69A 144 ± 13 0.580 ± 0.009 66.0 ± 0.1 1.04 

L70A 148 ± 17 < 0.1 67.1 ± 0.1 0.90 

F71A 70 ± 17 < 0.1 53.9 ± 0.1 0.94 

L72A 137 ± 10 0.348 ± 0.008 62.0 ± 0.1 1.03 

Q73A 143 ± 10 0.636 ± 0.020 71.3 ± 0.1 1.05 

T74A 145 ± 17 0.439 ± 0.012 64.9 ± 0.1 1.04 

P75A 142 ± 17 0.752 ± 0.011 72.2 ± 0.1 1.05 

Table I.4 includes different values allowing the characterization of the LDH-B mutants.  

The molecular weight of particles in solution was calculated by Mass Photometry (MP) 

and allows to determine the oligomerization state(s) of LDH-B protein in solution.  The 

chemical stability was assessed by the dissociation of the homotetrameric form of LDH-B 

upon the addition of guanidinium hydrochloride (Gdn.HCl).  The EC50 value can be 

determined by following the tryptophan fluorescence intensity (λexc = 286 nm; λem = 350 

nm) to check the tetrameric integrity of LDH.  Furthermore, the protein thermal stability 

was investigated by nanoDSF via determining the melting temperature and the 

350/330 nm ratio was used to monitor the unfolding events of the mutants (tryptophan 

fluorescence intensity ratio (λexc = 286 nm; λem = 350/330 nm)).  For mutants having 

denaturation patterns similar to the one of LDH-Btr, the 350/330 nm initial ratio is lower 

and followed by a red shift, while for mutants with a similar pattern to the tetrameric 

LDH-B, the initial ratio is higher and followed by a blue shift. 
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Based on this information, authors have identified four residues (Glu61, Asp64, Leu70 

and Phe71) essential for the stability of tetrameric LDH-B (Table I.4 in green).  Indeed, 

when these residues are mutated into alanine, the resulting mutant proteins present 

features similar to the LDH-Btr protein (dimeric form, chemical and thermal stabilities). 

 



 

 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Objectives and strategy 
 

  



 

 



O b j e c t i v e s  a n d  s t r a t e g y  | 49 

 

Aim of the study and strategy 

Because LDH is an enzyme at the core of lactate metabolism, essential for the anabolic 

growth and the proliferation of cancer cells, the protein was highlighted as an interesting 

therapeutic target for cancer treatment.  Despite the design of many active site inhibitors, 

LDH remains a challenging therapeutic target.  Hence, it remains necessary to consider 

other mechanisms of inhibition, such as targeting the active oligomeric state of the 

protein. 

Based on the information presented in the introduction, the main goal of this work consists 

in a better characterization of the LDH-B tetramerization process.  For this purpose, a 

general strategy was proposed (Fig. O.1). 

 

Figure O.1: Representation of the general strategy of the project 

Using the LDH-B enzyme, the two first parts of the work consist in further characterizing 

the two tetramerization sites previously identified50,59.  Part I will characterize the 

tetramerization site 1 by the structural study of a truncated form of LDH-B (LDH-Btr), 

where the 19 N-terminal amino acids were deleted.  First, this chapter will present the 

methodology used to obtain protein crystals from which the structure of LDH-Btr will be 
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solved by X-ray crystallography.  Then, the chapter will describe the LDH-Btr structure 

in a draft form for scientific publication. 

Part II will study the tetramerization site 2 via the characterization of LDH-B mutants.  

The mutants will be studied by crystallography, and by molecular dynamics using the 

steered molecular dynamics methodology.  Parts I and II will allow a better 

characterization of the tetrameric interface of LDH-B. 

The third part of the work consists in characterizing the binding mode of small molecules 

previously identified, interacting at the tetrameric interface79.  LDH-B-ligand complexes 

will be studied by X-ray crystallography using both full-length and truncated forms of the 

protein. 
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Part I 

Structural study of truncated LDH-B (LDH-Btr) - 

Characterization of the tetramerization site 1 

1. Macromolecule crystallization: definition 

The crystallization of a macromolecule can be defined as the self-assembly of molecules 

into a regular periodic 3D network102,103.  The crystallization process requires the 

fulfilment of several conditions that can be classified into three categories (Fig. 1.1). 

• Macroscopic processes being 

governed by thermodynamics, the 

formation of a crystal must be 

thermodynamically possible, i.e., by 

the existence of an equilibrium between 

a protein-rich phase (where crystal 

forms) and its growth solution.  These 

macroscopic conditions are necessary 

but not sufficient102. 

•  Microscopic processes, such as 

nucleation and crystal growth, are 

controlled by kinetics.  These conditions must be favorable to allow the 

macroscopic processes102. 

• A final requirement to consider is the crystallizability of the protein (specific to 

each system), i.e., the tendency for the protein molecules to self-assemble into a 

periodic network resulting in a protein crystal.  If any of the three requirements 

are not met, no protein crystal can be obtained102,103. 

Regarding the crystallizability of the protein, several factors influencing the stability of 

the protein may be responsible for the success of growing protein crystals.  Stability can 

be divided into two types: compositional and conformational stability103.  The 

compositional stability refers to the homogeneity within the protein solution used to 

perform the protein crystallization assays.  The second factor, conformational stability, 

is linked to the protein flexibility or disordered regions that may be less likely to form 

protein crystals. 

Figure 1.1: Conditions required to achieve protein 

crystallization – figure from Rupp et al.102 
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Many parameters can be optimized to improve the compositional and conformational 

stabilities of a given protein, i.e., its crystallizability.  The first part of this chapter 

describes the strategy implemented to obtain a structure of the truncated form of LDH-B 

(LDH-Btr) and the results obtained by acting on different parameters (homogeneity, tag, 

stability and plasmid design).  The second part of the chapter is dedicated to the structural 

characterization of the LDH-Btr protein from the structure that has been obtained.  This 

part is included as a scientific paper draft. 

2. Plasmid description 

The amino acid sequence of LDH-Btr is based on the sequence of human LDH-B (Uniprot 

entry P07195), where the N-terminus part was truncated (residues 2 to 20) leading to a 

315 residues protein.   

6xHis-LDH-Btr – pET-28a(+) plasmid construction: this plasmid was provided by 

Prof. R. Frédérick from UCLouvain (Fig. 1.2A).  The DNA sequence coding for LDH-Btr 

was cloned into a bacterial overexpression vector pET-28a(+).  This vector allows the 

expression of N-terminal 6xHis-tag linked to a thrombin cleavage site. The cloning was 

performed using NdeI and Bpu1102I restriction sites.  The sequence of 6xHis-LDH-Btr 

is composed of 337 amino acids. 

LDH-Btr-6xHis – pET-24a(+) plasmid construction: this second plasmid was designed 

and ordered from Genscript© (Fig. 1.2B).  Codon optimization was performed to improve 

the production of the protein in bacteria.  The sequence was cloned into a bacterial 

overexpression vector pET-24a(+).  This vector allows the expression of C-terminal TEV 

cleavage site followed by a 6xHis-tag.  The restriction sites used for the cloning are NdeI 

and XhoI.  The full sequence of LDH-Btr-6xHis is composed of 330 amino acids.  
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Figure 1.2: Representation of the two plasmid constructions coding for LDH-Btr – (A) pET-28a(+) plasmid 

construction – (B) pET-24a(+) plasmid construction 

3. Crystallization assays of 6xHis-LDH-Btr protein 

3.1. First crystallization assays  

Results in this section were obtained using the 6xHis-LDH-Btr protein from the 

pET-28a(+) plasmid construction.  First crystallization trials of LDH-Btr were performed 

using the protein purified by Immobilized Metal Affinity Chromatography (IMAC), 

allowing the separation of impurities from the protein of interest.  On the elution profile 

(Fig. 1.3A), the first peak, named FT, is the flow through (FT), corresponding to all 

impurities that do not bind to the column.  Once the FT is washed, an imidazole gradient 

is applied to elute the protein of interest from the column.  At low imidazole 

concentration, a “shoulder” appears first on the chromatogram, corresponding to 75 kDa 

impurities with low affinity for the column.  Then at higher imidazole concentration, the 

peak corresponding to the 6xHis-LDH-Btr protein is observed on the chromatogram.  The 

LDH-Btr monomer has a MW of ~36 kDa.  Each fraction reported on the chromatogram 

(a to c) corresponds to the fractions analyzed by SDS-PAGE (Fig. 1.3B). 

After this first purification step, the protein presents high purity: fraction c was kept for 

the first crystallization assays. 
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Figure 1.3: (A) Chromatogram of 6xHis-LDH-Btr purification using IMAC; elution gradient (30 to 

250 mM imidazole – 45 min – 1 mL.min-1); UV 280 nm (AU) in blue; conductivity (mS.cm-1) in orange – 

(B) SDS-PAGE (10% acrylamide); impurities at 75 kDa are circled in red.  The complete gel is reported in 

Appendix 1.A 

Thereafter, two crystallization condition screens were performed. Data are shown in 

Table 1.1. 

Table 1.1: Crystallization assays of LDH-Btr – screening of crystallization conditions 

Screening Protein 

conc. 

(mg.mL-1) 

Kit Drop* T 

(°C) 

Protein 

buffer 

Ligands Method Results 

1 8.5 HR2-110 / 

HR2-112 

1/1 RT 50 mM 

phosphate 

buffer pH 

7.5, 0.1 M 

NaCl, 10% 

(v/v) 

glycerol, 

1 mM DTT 

/ Sitting 

drop 

No crystal 

2 5.2 Sitting 

& 

hanging 

drop 

Salt crystals, 

“fibrous” 

pattern, no 

diffraction 

* Mother liquor/protein ratios 

Table 1.1 shows the conditions used for the two screenings with the crystallization 

screening kits HR2-110 and HR2-112 (from Hampton Research*).  The first one was 

performed with a protein concentration of 8.5 mg.mL-1 and no crystals were obtained.  At 

this protein concentration, a precipitate was observed in most of the wells from the 

crystallization plate, which can be explained by a too-high concentration of protein.  A 

second screening was performed using a protein concentration of 5.2 mg.mL-1.  At lower 

protein concentration, crystals were obtained in several wells of the screening plate.  

These conditions were then repeated and optimized with the hanging drop method to 

 
*
https://hamptonresearch.com/
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refine the crystallization conditions.  Nevertheless, the analysis of these crystals by X-ray 

diffraction (Soleil Synchrotron, Paris) has shown that they do not correspond to protein 

crystals. 

At this stage, the addition of purification steps for 6xHis-LDH-Btr protein would increase 

the purity and homogeneity of the protein solution used for the next crystallization assays, 

improving the compositional stability parameter.  The influence of protein purity and 

homogeneity is tested in the next section. 

3.2. Influence of the purity and homogeneity of the 6xHis-LDH-Btr protein 

Two more purification steps were added to the first IMAC.  The first purification step is 

an anion exchange chromatography (Fig. 1.4A).  During purification, a NaCl gradient 

was applied, and several protein populations elute at different elution times depending on 

the salt concentration.  Those populations are represented by the different overlapping 

peaks on the chromatogram.  Peaks resolution could not be improved despite changing 

salt elution gradient conditions.  To obtain the most homogeneous protein mixture, only 

the main peak was kept (green box).  Although the protein already exhibits high purity 

(Fig. 1.4C (b)), a gel filtration step was added afterward (Fig. 1.4B).  All fractions (a to 

e) collected during the two purification steps were analyzed by SDS-PAGE (Fig. 1.4C).  

At the end of the purification steps, a yield of about 30% is obtained. 
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Figure 1.4: (A) Chromatogram of 6xHis-LDH-Btr purified by anion exchange chromatography; elution 

gradient (10 to 350 mM NaCl – 30 min – 1 mL.min-1); UV 280 nm (AU) in blue; conductivity (mS.cm-1) 

in orange – (B) Chromatogram of 6xHis-LDH-Btr purified by size exclusion chromatography; UV 280 nm 

(AU) in blue; conductivity (mS.cm-1) in orange – (C) SDS-PAGE (10% acrylamide); colored with Gelcode 

Blue Stain Reagent.  The complete gel is reported in Appendix 1.A 

Three crystallization condition screenings were then performed using protein obtained 

after size exclusion chromatography.  Conditions are listed in Table 1.2: 

Table 1.2: Crystallization assays of 6xHis-LDH-Btr – screening of crystallization conditions 

Screening Protein 

conc. 

(mg.mL-1) 

Kit Drop* T 

(°C) 

Protein buffer Ligand Method Results 

3 5.4 HR2-110 / 

HR2-112 

1/1 RT 50 mM 

phosphate 

buffer pH 7.5, 

0.1 M NaCl, 

10% (v/v) 

glycerol, 1 mM 

DTT 

/ Sitting 

drop 

 

Salt 

crystals 

4 5.1 MD1-01 / 

MD1-02 

1/2 – 

1/1 – 

2/1 

RT Salt 

crystals 

5 5.1 Wizard I / 

Wizard II 

1/1 – 

2/1 

4°C Salt 

crystals 

* Mother liquor/protein ratios 

The protein concentration used is in the same range as the concentration determined 

during the screening 2 (Table 1.1).  Several crystallization condition commercial kits were 

used to diversify the type of crystallization conditions to be screened (HR2-110 and 
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HR2-112 from Hampton Research†, MD1-01, MD1-02, Wizard I and Wizard II from 

Molecular Dimensions‡).  In addition, the diffusion rate between the protein-containing 

drop and the crystallization solution well can be modified by changing the protein/mother 

liquor ratios in the drop, or by incubating the crystallization plate at 4°C (screening 5).  

Crystals were obtained in all screenings under several crystallization conditions.  

Nevertheless, the analysis of these crystals by X-ray diffraction shows they are not protein 

crystals. 

3.3. Influence of the presence of 6xHis-tag 

The presence of a tag must be assessed to check if it can influence the crystallizability of 

the protein.  As mentioned in Figure 1.2, pET-28a(+) construct is expressed with a 

6xHis-tag linked to a thrombin cleavage site at the N-terminus of the protein.  For 

6xHis-LDH-Btr, this part, formed by 20 amino acids (cleavage site + 6xHis-tag), tends to 

be flexible and thus could decrease the conformational stability of the protein by 

interfering with crystal packing.  Therefore, the tag may be unfavorable to the 

crystallization of this specific protein103,104.  In the case of LDH-Btr, previous 

crystallization assays (with tagged protein) did not result in protein crystal formation.  For 

that reason, it seems interesting to perform the cleavage of the tag via the thrombin 

cleavage site.  This part was performed with LDH-Btr protein purified by IMAC.  An 

optimization of thrombin cleavage was performed by testing several conditions: different 

ratios between thrombin units/mg protein and different incubation times.  Each sample 

was analyzed by SDS-PAGE (see Appendix 1.B).  Based on this optimization, the 

condition corresponding to five units of thrombin per mg of protein and 20 hours of 

incubation was selected for thrombin cleavage. 

Using the optimized conditions, thrombin cleavage of 6xHis-LDH-Btr could be achieved 

(Fig. 1.5). 

 
†https://hamptonresearch.com/ 
‡https://www.moleculardimensions.com/ 
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Figure 1.5: (A) Purification steps for thrombin cleavage; sample used with benzamidine column (orange 

box) – (B) SDS-PAGE (10% acrylamide); analysis of the different steps of purification (a to e; Fig. 1.5A).  

The complete gel is reported in Appendix 1.A 

From IMAC-purified LDH-Btr (a), cleavage was performed using optimized conditions 

(b).  Two purification steps (c to e) are required to separate the cleaved protein from the 

remaining uncleaved protein and thrombin.  At the end of step e, a yield of about 20% is 

obtained.  Before performing further crystallization assays using LDH-Btrcleaved, the 

thermal stability of the protein was studied. 

3.4. Thermal stability investigation of LDH-B by Differential Scanning 

Fluorimetry (DSF) 

In addition to already studied parameters aiming to improve the crystallizability of the 

protein, thermal stability was also investigated.  Consequently, this parameter can be 

evaluated by the DSF method105,106.  DSF consists in applying a temperature scan to the 

protein incubated in the presence of a dye (SYPROTM Orange in our case).  This one will 

interact with the exposed hydrophobic core of the protein as it denatures over temperature 

increase.  The interaction between the dye and the protein can be followed by 

fluorescence.  A sigmoid curve is obtained, and the melting temperature (Tm) can be 
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evaluated. It is defined as the temperature where 50% of the protein is unfolded and 

corresponds to the inflection point of the sigmoidal curve (Fig. 1.6).   

 

Figure 1.6: Representation of a DSF sigmoidal curve.  The inflection point is represented in pink and the 

melting temperature (Tm) corresponds to the intersection of the inflection point with the x-axis 

Therefore, the stability of both truncated forms of LDH-B (cleaved and uncleaved) could 

be compared with the full-length form of LDH-B (LDH-B).  The first derivative has been 

calculated from the sigmoidal curves and the maxima correspond to the Tm (Fig. 1.7). 

 

Figure 1.7: DSF profiles for different forms of LDH-B (LDH-B full length (LDH-B) in orange; truncated 

LDH-B (6xHis-LDH-Btr) in green and cleaved truncated LDH-B (LDH-Btrcleaved) in pink) (n=4).  

Representation of the first derivative of fluorescence as a function of temperature (°C) – melting 

temperatures are determined from the maximum of the first derivatives of fluorescence 

A difference of about 20°C is observed between truncated forms of LDH-B and the full-

length form.  This destabilization comes from the truncation of the tetramerization arm, 

known as essential in the tetramerization process of the protein59,65.  However, 
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considering both melting temperature values for LDH-Btr and LDH-Btrcleaved, cleavage 

of the N-terminal 6xHis-tag does not significantly affect the thermal stability of the 

truncated protein. 

This loss of stability by the truncation of the tetramerization arm could explain the 

difficulty to crystallize the LDH-Btr protein.  Therefore, thermal stability looks 

interesting as a parameter to consider to influence the protein crystallization103,107.  

Increasing the thermal stability of the truncated form by optimizing the buffer conditions 

(variable pH, buffer composition), as well as the addition of additives for crystallization 

assays can prevent protein unfolding or aggregation105. 

a) Buffer condition optimization by DSF 

Buffer conditions were optimized by testing 30 different buffers (varying buffering agent, 

pH and salt concentration)108.  Figure 1.8 represents the difference in melting temperature 

(ΔTm) for each tested condition.  This corresponds to the difference between the Tm when 

the protein is incubated in the tested buffer conditions and the control Tm, i.e., when the 

protein is incubated in the buffer after purification (50 mM phosphate buffer pH 7.5, 

150 mM NaCl). 

 

Figure 1.8: Buffer screening by DSF on LDH-Btrcleaved – representation of ΔTm.  The tested buffers 

(composition and variable pH) in presence of variable salt concentration (no salt in pink; 150 mM NaCl in 

green and 500 mM NaCl in blue) are presented 
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Only one buffer condition (100 mM Bicine pH 8.3, 500 mM NaCl) stabilizes the protein 

(ΔTm > 0) compared to the initial phosphate buffer. 

b) Additives screening by DSF 

The screening of additives was carried out using the protein in the buffer condition 

described in the previous section (Fig. 1.9). 

 

Figure 1.9: Additive screening (Hampton research kit (HR2-428)) using DSF on the LDH-Btrcleaved (n=4) – 

representation of ΔTm 

96 additives were tested by DSF on LDH-Btrcleaved to identify compounds that could 

stabilize the protein and potentially favor protein crystal formation.  The additives that 

stabilized the protein in the first screening were tested a second time (see results Fig. 1.9).  

Figure 1.9 represents the ΔTm obtained for the 17 selected additives (the list of additives 

is available in Appendix 1.C), corresponding to the difference between the Tm of the 

protein in the presence or in absence of tested additive.  Those having a stabilization effect 

of at least 0.8°C were selected for the next crystallization tests.  Indeed, binding of several 

ligands to a protein improves the conformational stability and thus the propensity of the 

protein to crystallize103.  The five selected additives include the enzyme cofactor 

(NADH), NDSB-195 (corresponding to a non-detergent sulfobetaine preventing the 

aggregation of proteins and promoting their folding, renaturation, and crystallization109–
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112) and,  finally, trimethylamine N-oxide dihydrate (TMAO) known to stabilize proteins 

by acting as a surfactant at the interface of folded protein surfaces113. 

Based on these optimized buffer conditions and the selected additives, new crystallization 

assays were performed with LDH-Btrcleaved (Table 1.3). 

Table 1.3: Crystallization assays of LDH-Btr – screening of crystallization conditions with LDH-Btrcleaved 

in optimized buffer conditions in presence of selected additives 

Screening Protein 

conc. 

(mg.mL-1) 

Kit Drop* T (°C) Protein 

buffer 

Additives Method Results 

6 4.1 HR2-110 

/ HR2-

112 

1/1 RT 100 mM 

Bicine pH 

8.3, 500 mM 

NaCl 

C34 / C45 / 

C46/ C63 / 

C73 

Sitting 

drop 

 

Salt 

crystals 

* Mother liquor/protein ratios 

For the last screening, the LDH-Btrcleaved concentration (~4 mg.mL-1) used was lower than 

previously (~5 mg.mL-1), because the protein precipitated at higher concentrations.  In 

this screening, crystals were obtained under several crystallization conditions.  

Nevertheless, the analysis of these crystals by X-ray diffraction showed they are not 

protein crystals. 

Cleavage of the His-tag, as well as optimization of buffer conditions and addition of 

additives, did not result in protein crystals for LDH-Btr.  By comparing the thermal 

stability for the LDH-Btrcleaved used for crystallization assays (See Table 1.3, screening 6) 

and the 6xHis-LDH-Btr (Fig. 1.7), it can be observed that the peak for the cleaved protein 

is broader than for the 6xHis-LDH-Btr.  This indicates that the initial sigmoidal curve is 

less sharp and thus the transition between the folded and unfolded state of the 

LDH-Btrcleaved protein is slower and covers a wider range of temperature106,108.  As a 

result, the conformational homogeneity could decrease and thus decreases the chances of 

crystallizing the LDH-Btr107. 
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3.5. Summary table of crystallization assays 

Table 1.4: Summary table of 6xHis-LDH-Btr crystallization assays 

 

 creenin  rotein

concentration

         

 it  ro   e  erat re

  C 

 rotein     er  i ands  et od  es lts

1 8.5 HR2-110 / 

HR2-112

1/1 RT 50 mM 

phosphate buffer 

pH 7.5, 0.1M 

 aCl, 10  (v/v) 

glycerol, 1 mM 

DTT

/ Sitting drop  o crystal

2 5.2 HR2-110 / 

HR2-112

1/1 RT / Sitting drop / 

hanging drop

Salt crystals, 

 fibrous   

pattern, no 

diffraction

 5.4 HR2-110 / 

HR2-112

1/1 RT 50 mM 

phosphate buffer 

pH 7.5, 0.1M 

 aCl, 10  (v/v) 

glycerol, 1 mM 

DTT

/ Sitting drop Salt crystals

4 5.1 MD1-01 / 

MD1-02

1/2  1/1  

2/1

RT / Sitting drop Salt crystals

5 5.1 Wizard 1 / 

Wizard 2

1/1  2/1 4 C / Sitting drop Salt crystals

6 4.1 HR2-110 / 

HR2-112

1/1 RT 100 mM Bicine

pH 8. , 500 mM 

 aCl

C 4 / C45 / 

C46 / C6  / 

C7 

Sitting drop Salt crystals
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The first part of this chapter was dedicated to optimizing the compositional and 

conformational stabilities of the protein to improve the crystallizability of the 

6xHis-LDH-Btr. 

Different screenings of crystallographic conditions were performed using the LDH-Btr 

(see Table 1.4).  The first two screenings were performed using 6xHis-LDH-Btr purified 

by IMAC and varying the protein concentration.  Those screenings didn’t lead to protein 

crystals.  Therefore, two purification steps were added to increase the purity of 

6xHis-LDH-Btr, as well as its compositional stability by improving the homogeneity of 

the protein used for the crystallization assays.  Moreover, these three screenings 

(screenings 3, 4 and 5) were performed with different commercial screening kits and the 

crystallization conditions were different (ratio, T).  Nevertheless, these screenings did not 

result in obtaining protein crystals.  Finally, the last screening was performed with the 

LDH-Btrcleaved protein.  In order to improve the conformational stability of the protein, 

the His-tag was cleaved via the thrombin cleavage site and an optimization of the buffer 

conditions, as well as an additive screening, were performed.  Again, this screening did 

not result in protein crystals. 

4. Crystallization assays of LDH-Btr-6xHis 

In order to increase the chance of getting LDH-Btr protein crystals, a second plasmid 

construct (pET-24a(+)) was designed by adding the 6xHis-tag to the C-terminus of the 

protein (LDH-Btr-6xHis) (see Fig. 1.2).  These two constructs were then compared via 

an online protein crystallization prediction server. 

4.1. Crystallization prediction: XtalPred-RF server 

a) Method 

XtalPred114 is a server available online, providing an algorithm to predict the 

crystallizability of a protein, that is the “probability of yielding well-diffracting crystals 

that allow structure determination”115.  The original version of XtalPred (Expert Pool 

method) allowed crystallization probabilities to be determined from eight different 

physicochemical features: length (protein size), isoelectric point, gravy index, the longest 

disorder region, instability index, percentage of coil structures, coiled coils and insertion 

score.  Therefore, from these features, the proteins can be classified into five 

“crystallization classes”.  Each class represents a different crystallization success and 

failure rate observed from the Protein Structure Initiative (PSI) targetDB database115,116. 
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An updated version of XtalPred (XtalPred-RF)115, based on the Random Forest classifier 

to predict crystallizability class, is also available online.  This version considers the eight 

features from the original version, but also three additional physicochemical surface 

features of the protein, by predicting the relative surface accessibility (RSA): surface 

ruggedness, surface hydrophobicity and surface entropy115.  Moreover, an update of the 

training and testing sets has been done considering data until 2011-2012 (2005 in the 

initial version).  Therefore, from these features, the proteins can be classified into 11 

“crystallization classes”.  This version of XtalPred-RF will be used in the following 

section to predict the crystallizability of the LDH-Btr protein produced from the two 

plasmid constructs. 

b) Results 

Eleven features were considered to assign a crystallization class to 6xHis-LDH-Btr and 

LDH-Btr-6xHis with the 6xHis-tag in the N-terminal or C-terminal position, respectively 

(Fig. 1.10). 

 

Figure 1.10: Crystallization class generated with XtalPred-RF115 based on the sequence of the two 

plasmid constructs for LDH-Btr 

A score of eight is obtained for the crystallization class of 6xHis-LDH-Btr, whereas a 

score of three is obtained for the second protein LDH-Btr-6xHis.  Higher scores 

correspond to a lower probability to crystallize the protein.  At this stage, XtalPredRF 

results highlight the real interest to change the purification tag position to favor the 

chances of crystallization of the LDH-Btr protein.  The different features considered to 

establish the crystallization class are listed in Table 1.5. 
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Table 1.5: Features considered for the determination of the crystallization class of the two forms of LDH-Btr 

– more favorable characteristics for C-terminal 6xHis-tag construct are colored in orange 

 6xHis-LDH-Btr LDH-Btr-6xHis 

Length 337 330 

Isoelectric point (pI) 6.39 6.11 

Gravy index -0.04 -0.02 

The longest disorder 

region 

24 13 

Instability index 25.74 23.27 

Coil structures (%) 39 36 

Coiled coils 0 21 

Insertion score 0.03 0.03 

Surface ruggedness 1.00 0.98 

Surface entropy -1.14 -1.14 

Surface hydrophobicity -0.39 -0.38 

 

Highlighted features can give an explanation to better understand the difference in 

crystallization class for the 6xHis-LDH-Btr and the LDH-Btr-6xHis. 

The length of the protein (number of residues composing the polypeptide chain of the 

protein) is directly related to the two protein constructs from which proteins were 

obtained.  Indeed, for the LDH-Btr-6xHis, the part composed of the 6xHis-tag and the 

TEV-protease cleavage site is shorter (15 residues) than the one for the 6xHis-LDH-Btr 

(20 residues).  This one is composed of the 6xHis-tag and the thrombin cleavage site.  The 

chain length can, in our case, be directly related to another feature to consider for 

predicting protein crystallizability, namely the longest disordered region 

(Fig. 1.11A-B).  It differs for each of the two LDH-Btr proteins directly resulting from 

the differences in plasmid construction. 

Figure 1.11 (A-B) shows two plots with the number of proteins from the database (left 

y-axis) and the probability of crystallization (right y-axis) as a function of the longest 

disorder region (x-axis).  Blue sticks represent the observed crystallization successes, 

while grey sticks are the observed crystallization failures.  This feature can be predicted 

using the DISOPRED2 classifier117 based on a training set of protein chains from PDB 

crystallographic structures (resolution (R) ≤ 2Å). 

When considering the longest disorder region feature, 6xHis-LDH-Btr (Fig. 1.11A) has a 

crystallization probability lower than 0.3, whereas it is higher than 0.4 for LDH-Btr-6xHis 
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(Fig. 1.11B).  This observation highlights the importance of reducing the length of the 

protein as much as possible by modifying the chosen plasmid construction. 

A second feature that may explain a higher crystallizability of LDH-Btr-6xHis compared 

with 6xHis-LDH-Btr is the instability index118 (Fig. 1.11C-D).  From reference groups 

of stable and unstable proteins, the occurrence of dipeptides is studied, allowing the 

assignment of a weighted value of instability to each dipeptide.  Based on these values, 

as well as on the length of the sequence of the protein of interest, an instability index can 

be calculated.  Lower values correspond to higher crystallization probability.  The 

6xHis-LDH-Btr has an instability index of 25.74 (Fig. 1.11C), corresponding to a 

crystallization probability of about 0.45.  The LDH-Btr-6xHis has an instability index of 

23.27 (Fig. 1.11D), increasing the theoretical probability of crystallization around 0.5. 

Finally, the updated version of XtalPred (XtalPred-RF), based on the Random Forest 

classifier calculates some features of the predicted protein surface using the NetSurfP 

algorithm115,119.  One of these characteristics is the surface ruggedness (Fig. 1.11E–F).  

The latter is defined as “the ratio between surface area calculated as the sum of absolute 

solvent accessibilities of individual residues (predicted by NetSurfP) to the total 

accessible area expected for a protein of a given molecular mass”115.  Indeed, the number 

of protrusions and cavities on the surface of the protein can have an impact on its 

crystallizability115.  The 6xHis-LDH-Btr has a value of 1.00 for surface ruggedness while 

the LDH-Btr-6xHis has a value of 0.98.  By having a slightly lower surface ruggedness 

value, the probability of crystallization increases from about 0.55 (Fig. 1.11E) to 0.60 

(Fig. 1.11F).  Moreover, it can be noticed that for values lower than 1, the number of 

observed successes is higher than the number of observed failures.  This is not the case 

when the surface ruggedness value is higher than 1. 
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Figure 1.11: Features predicted by XtalPred server for 6xHis-LDH-Btr (A-C-E) and LDH-Btr-6xHis 

(B-D-F) – Plot of the number of proteins from the database (left y-axis) and the probability of crystallization 

(right y-axis) as a function of the studied features (x-axis) 

The crystallizability of a protein depends on many characteristics such as those 

highlighted by the XtalPred prediction server.  Since LDH-Btr-6xHis (new plasmid) gives 

better theoretical scores when using XtalPred, that construct will be used to perform the 

next crystallization assays.  
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c) Evaluation of the cleaved 6xHis-LDH-Btr crystallizability 

The crystallizability of the cleaved form of 6xHis-LDH-Btr (LDH-Btrcleaved) was also 

assessed via the XtalPred server.  The cleavage of the 6xHis-tag allows to improve the 

crystallizability class: a score of three is obtained for the cleaved form while a score of 

eight was obtained for the uncleaved 6xHis-LDH-Btr.  Among the characteristics 

considered, it is mainly the longest disorder region parameter that is responsible for the 

score improvement (Fig. 1.12).  In the case of the cleaved form, it corresponds to seven 

residues and 24 for the 6xHis-LDH-Btr. 

 

Figure 1.12: The longest disorder region feature predicted by XtalPred server for cleaved (A) and uncleaved 

(B) 6xHis-LDH-Btr.  Plot of the number of proteins from the database (left y-axis) and the probability of 

crystallization (right y-axis) as a function of the studied features (x-axis) 

Despite a predicted favorable score for LDH-Btrcleaved crystallization, no protein crystal 

was obtained.  As described before, several factors can cause this.  First, a low protein 

concentration is used for LDH-Btrcleaved crystallization assays (~4 mg.mL-1).  In addition, 

by thermal shift analysis, it seems that the conformational homogeneity has decreased 

following the cleavage of the 6xHis-tag.  Therefore, the use of the new plasmid construct 

(pET-24a(+)) encoding for the LDH-Btr-6xHis was chosen and the produced and purified 

protein is used for the next  LDH-Btr crystallization assays. 

4.2. Crystallization assays of LDH-Btr-6xHis 

The LDH-Btr-6xHis protein was produced from the new plasmid construct (Fig. 1.2B).  

It was then purified by IMAC under the same conditions as the 6xHis-LDH-Btr (see 

section 3.1).  In addition, a second purification step by size exclusion chromatography 

was also performed for some crystallization assays.  
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Table 1.6: Crystallization assays of LDH-Btr-6xHis – screenings of crystallization conditions with 

LDH-Btr-6xHis purified by IMAC (1-2) and size exclusion chromatography (3-4).  Composition of the 

protein buffers: Tris – 50 mM Tris-HCl pH 7.6, 150 mM NaCl, 5%(v/v) glycerol / Hepes - 25 mM Hepes 

pH 7.5, 150 mM NaCl, 5% (v/v) glycerol 

Screening Protein 

conc. 

(mg.mL-1) 

Kit Drop* T 

(°C) 

Protein 

buffer 

Ligands Method Results 

1 7, 10, 13, 17 JCSG-

plusTM 

(MD1-37) 

1/1 RT Hepes / Sitting drop 

 

Salt crystals, 

no 

diffraction, 

protein 

crystals (too 

low 

resolution) 

2 9, 13 JCSG-

plusTM 

(MD1-37) 

1/1 RT Tris OXM (3x) 

& NADH 

(3x**) 

Sitting drop 

 

Protein 

crystals 

3 9, 13, 18, 26 JCSG-

plusTM 

(MD1-37) 

1/1 RT Hepes / Sitting drop 

 

Salt crystals, 

no 

diffraction 

4 9, 13, 18, 26 JCSG-

plusTM 

(MD1-37) 

1/1 RT Hepes OXM 

(1.5x**) & 

NADH 

(1.5x**) 

Sitting drop 

 

Salt crystals, 

no 

diffraction 

* Mother liquor/protein ratios 

** Ligand concentration (ligand/protein ratios) 

 

Several screenings of crystallization conditions were performed with the LDH-Btr-6xHis 

protein.  A protein concentration ranging from 7 to 26 mg.mL-1 was used.  In addition, 

the different assays were performed with the JCSG-plus (MD1-37 from Molecular 

Dimensions††) commercial kit with a mother liquor/protein ratio of 1/1 in the drop at room 

temperature.  Two different protein buffers were also used: Hepes (25 mM Hepes pH 7.5, 

150 mM NaCl, 5%(v/v) glycerol) and Tris (50 mM Tris-HCl pH 7.6, 150 mM NaCl, 

5%(v/v) glycerol).  Finally, in screenings 2 and 4, the NADH cofactor and a substrate 

analog, oxamate (OXM), were incubated in the presence of the protein (1.5 and 3 times 

the protein concentration). 

All the information concerning LDH-Btr-6xHis protein crystals, as well as the structure 

of the protein, are given in section 5, which is presented in draft form for scientific 

publication in the Acta Crystallographica journal (section F). 

 
††https://www.moleculardimensions.com/ 
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5. Structural characterization of truncated LDH-B (LDH-Btr) – Acta F 

publication 

 

Crystallographic structure of a truncated form of hLDH-B in 

complex with NADH and oxamate 

Abstract LDH proteins have been highlighted as interesting targets for cancer therapy 

due to their involvement in cancer cell metabolism.  One strategy to inhibit these proteins 

is to target protein self-assembly.  This work reports the structural analysis of a truncated 

form of LDH-B (LDH-Btr) for which the 19 N-terminal amino acids were deleted.  This 

truncated part has been identified to be essential for the active tetrameric state of the 

protein.  The protein structure was solved and refined in complex with its cofactor and a 

substrate analog at a resolution of 2.98 Å. 

Keywords: human LDH-B; truncated form; cancer 

1. Introduction 

L-Lactate dehydrogenase (LDH) is active as a tetramer and belongs to the 2-hydroxy acid 

oxidoreductase family.  The protein is involved in lactate metabolism.  The function of 

the enzyme is to catalyze the interconversion of pyruvate + NADH + H+ to L-lactate + 

NAD+.  Human LDH has two major subunits: the M form found mainly in anaerobic 

tissues (skeletal muscle, liver) and the H form found mostly in aerobic tissues (cardiac 

muscle).  By assembly, these can form five different isoforms: three hetero-tetramers 

(M3H, M2H2, MH3) and two homo-tetramers, M4 and H4, also called LDH-5 or LDH-A 

and LDH-1 or LDH-B, respectively.  The first homo-tetramer catalyzes preferentially the 

pyruvate reduction to lactate, while the second favors the lactate oxidation to 

pyruvate59,65. 

From a structural point of view, each monomer of LDH protein is composed of two 

domains: the first one is a “Rossmann”-type fold domain and the second one is a mixed 

α/β “substrate-binding” domain.  In a first time, the cofactor binds to the Rossmann fold 

domain, and then the substrate can bind to the interface of the second domain65.  Once the 

substrate binds, the active site switches to a closed conformation via a flexible loop.  

Therefore, it can interact with the C-terminal α-helix of the protein by vdW interactions 
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(Fig. 1).  Nevertheless, this loop remains in an open conformation in the absence of 

substrate69. 

 

Figure 1 (A) Structural representation of human LDH-B (PDB entry: 1I0Z).  Highlighting of different 

elements from the full-length hLDHB structure: tetramerization arm in blue, active site loop and 

cofactor/substrate analog in magenta and pink, respectively and the C-terminal α-helix in cyan – (B) Zoom 

on the active site.  The loop, near the C-terminal α-helix, is in a closed conformation, due to the presence 

of cofactor and oxamate in the active site. 

Moreover, the LDH protein assembles as a tetramer.  The N-terminal tetramerization arm 

of each monomer, composed by residues 1-19 for LDH-B (in blue, Fig. 1), interacts and 

wraps around the two adjacent monomers allowing the assembly of the quaternary 

structure65.  Currently, four structures of hLDH-B are available in the Protein Data Bank 

(PDB) (Table 1). 

Table 1   Description of hLDH-B structures available in the PDB 

1I0Z65 Structure of hLDH-B in complex with NADH and oxamate 

1T2F68 
Structure of hLDH-B in complex with NAD+ and 4-hydroxy-

1,2,5-oxadiazole-3-carboxylic acid 

7DBJ69 
 Structure of hLDH-B in complex with NADH, oxamate and 

AXKO-0046 

7DBK69  Structure of hLDH-B in complex with NADH 

 

LDH enzymes have been identified as interesting targets for cancer therapy due to their 

implication in cancer cell metabolism.  In fact, LDH promotes phenomena such as 
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angiogenesis56,57, metabolic cooperation51–53, and autophagy52,54.  Different strategies can 

be used to target LDH proteins, such as the development of active site-directed 

inhibitors90,91,97.  A second strategy consists in targeting the protein self-assembly.  For 

this purpose, the tetramerization site can be studied, particularly by characterizing a 

truncated form of LDH-B (LDH-Btr) lacking 19 N-terminal amino acids (called 

tetramerization arm).  Thabault and coworkers have shown that this truncation leads to 

protein dimerization in solution59.  It is in this context that this truncated form of LDH-B 

is studied.  In this paper, the structure of a truncated form of LDH-B (LDH-Btr) is 

presented. 

2. Materials and methods  

2.1. Macromolecule production and purification 

LDH-Btr was expressed in E. coli BL21 (DE3) bacteria transformed with a pET-24a(+) 

plasmid coding for the protein of interest.  The protein is expressed with a TEV cleavage 

site followed by a 6xHis-tag at the C-terminus.  Bacteria were grown at 37°C until 

reaching an optical density (OD) of 0.6.  The expression of LDH-Btr was induced with 

Isopropyl β-D-1-thiogalactopyranoside (IPTG) (Cf = 0.5 mM) at 20°C for 20 hours while 

shaking.  After centrifugation, the pellet was resuspended in lysis buffer (50 mM Tris-HCl 

pH 8.5, 300 mM NaCl, 5 mM imidazole, 10 mM MgCl2, 5% (v/v) glycerol, anti-proteases 

(cOmpleteTM, EDTA-free Protease Inhibitor Cocktail Tablets, Roche – one tablet/50 mL 

solution)) and bacteria were disrupted by sonication (10 x 30 seconds spaced with 30 

seconds resting time). 

The His-tagged LDH-Btr was purified by Immobilized Metal Affinity Chromatography 

(IMAC).  After loading, the column is washed with buffer A (50 mM Tris pH 8.5, 

300 mM NaCl, 30 mM imidazole, 10 mM MgCl2, 5% (v/v) glycerol).  The protein is then 

eluted using an imidazole gradient over 45 min (buffer B: 50 mM Tris pH 8.5, 300 mM 

NaCl, 250 mM imidazole, 10 mM MgCl2, 5% (v/v) glycerol).  The protein buffer was 

then exchanged using a desalting column with buffer C (50 mM Tris-HCl pH 7.6, 

150 mM NaCl, 5% (v/v) glycerol).  Finally, LDH-Btr was flash-freezed in liquid nitrogen 

and stored at -80°C. 

2.2. Crystallization  

The crystallization assays were performed using the sitting-drop vapor-diffusion method 

using a crystallization condition screening kit (JCSG-plusTM MD1-37) in 96-well plates 
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(Table 2).  The protein was concentrated at 9 and 13 mg.mL-1 (in buffer C).  The protein 

was previously incubated with NADH and oxamic acid (ratio protein/ligand: 1/3) for at 

least one hour on ice.  Crystals were obtained after 10 days in 0.2 M lithium sulfate, 0.1 M 

sodium acetate pH 4.5 and 50% (v/v) PEG 400.  Crystals were flash-freezed in liquid 

nitrogen. 

Table 2   Crystallization conditions 

Method Sitting-drop 

Plate type  96-well plates 

Temperature (K) 293 

Protein concentration (mg.mL-1)  9 

Buffer composition of protein 

solution 
 50 mM Tris-HCl pH 7.6, 150 mM NaCl, 5% (v/v) glycerol 

Composition of reservoir 

solution 

0.2 M lithium sulfate, 0.1 M sodium acetate pH 4.5, 50% (v/v) 

PEG 400 

Volume (µL) of drop and mother 

liquor/protein ratio 
 2, 1/1 

Volume of reservoir (µL)  50 

 

2.3. Data collection, processing, and refinement 

Data collection was performed at Soleil synchrotron (Gif-sur-Yvette, France) on 

PROXIMA-1 beamline at 100 K, using a Dectris EIGER X 16M detector at a single 

wavelength of 0.97857Å.  Data were processed with XDS120 and the structure was solved 

by molecular replacement with Phaser121 with a monomer of hLDH-B in absence of 

ligand (PDB entry: 1I0Z)65.  Model building and refinement were performed with 

Phenix122 and Coot123.  Ligands in the structure were added to the structure using 

eLBOW124.  Statistics for data collection and processing are presented in Table 3.  

Moreover, statistics for the final structure are summarized in Table 4. 
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Table 3   Data collection and processing for LDH-Btr 

Values for the outer shell are given in parentheses.  

Diffraction source PROXIMA-1 beamline, Soleil 

Wavelength (Å) 0.97857 

Temperature (K) 100 

Detector Dectris EIGER X 16M 

Space group P 21 21 21 

a, b, c (Å)  71.53, 85.66, 207.10 

α, β, γ ( )  90.00, 90.00, 90.00 

Resolution range (Å) 44.31 – 2.98 (3.09 – 2.98) 

Total No. of reflections 360 566 (36 218) 

No. of unique reflections 26 768 (2 626) 

Completeness (%) 99.91 (100.00) 

Multiplicity 13.5 (13.8) 

〈 I/σ(I)〉  10.69 (1.76) 

Rrmeas.  0.339 (1.697) 

CC1/2 0.995 (0.613) 

Overall B factor from Wilson plot (Å2)  63.72 
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Table 4   Structure solution and refinement for LDH-Btr 

Values for the outer shell are given in parentheses.  

Resolution range (Å) 44.31 – 2.98 (3.09 – 2.98) 

Completeness (%) 99.91 (100.00) 

No. of reflections, working set 26 758 (2 627) 

No. of reflections, test set 1 337 (130) 

Final Rcryst  0.2260 (0.2821) 

Final Rfree  0.3153 (0.3801) 

No. of non-H atoms  

 Protein 9 747 

 Ligand  360 

 Water 153 

 Total 10 193 

R.m.s. deviations    

 Bonds (Å) 0.004 

 Angles (°) 0.37 

Average B factors (Å2)    

 Protein 60.55 

 Ligand  63.42 

 Water 48.80 

Ramachandran plot    

 Most favoured (%)  93.92 

 Allowed (%)  5.76 
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3. Results and discussion  

3.1. Overall structure 

The crystals of LDH-Btr were obtained in the orthorhombic space group P212121.  The 

asymmetric unit (ASU) is composed of four monomers (A, B, C and D) (Fig. 2A).  Chain 

A of the protein was completely refined (from residue Asn20 to Leu333), while chains B, 

C and D were partially refined.  Indeed, for these three chains, a variable part of the active 

site loop has not been refined (between residues Gln100 and Glu104 for chain B, Arg99 

and Leu109 for chain C, and Val98 and Val110 for chain D).  Moreover, the length of the 

chains varies due to the partial refinement of the C-terminal extremity (TEV cleavage site 

+ 6xHis-tag): chain A was completed from residue Asn20 to Phe338, Asn 20 to Leu341 

for chain B, Asn20 to Gly340 for chain C and Asn20 to His343 for chain D.  Each 

monomer contains an NADH cofactor molecule and an oxamate substrate analog 

molecule in their active site.  Furthermore, one glycerol and five Polyethylene Glycol 

(PEG) molecules are present in the structure of LDH-Btr. 

The collected diffraction data has allowed solving the structure of LDH-Btr at a resolution 

of 2.98Å (Rwork: 0.2260 and Rfree: 0.3153).  A general loss of secondary structure is 

observed for the LDH-Btr structure and is notably reflected in the Root-Mean-Square 

Deviation (RMSD) values presented in Table 4 (left column) when the four monomers of 

LDH-Btr are compared to monomer A (reference monomer) of full-length LDH-B (PDB 

entry: 1I0Z65).  Moreover, the structure has an average B factor of 60.45Å2.  In general, 

three regions of the LDH-Btr protein are found to possess higher B factor values: the 

active site loop (residues 97-108) due to its flexibility to adopt an open/closed 

conformation, the antigenic loop known as a flexible region65 and the C-terminal part of 

the protein. 

3.2. Structural features of LDH-Btr protein 

3.2.1. Substrate binding in the active site 

The LDH-Btr protein was crystallized in the presence of the cofactor NADH and oxamate 

which is a substrate analog of the protein.  One molecule of cofactor and one of oxamate 

are found in the active site of each of the four monomers.  As mentioned in the 

introduction, their presence in the active site should lead to a switch of the active site loop 

(residues 97-108) to a closed conformation.  The loop can then interact with the 

C-terminal α-helix, causing its displacement69.  Nevertheless, only the active site loop 

from monomer A is in a closed conformation, while for the three other monomers, the 
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loop could not, or only partially, be refined (see section 3.1.).  Indeed, no clear electron 

density was obtained at this region, probably because of the flexibility of this part of the 

protein, making it impossible to visualize it during the refinement of the structure of 

LDH-Btr protein.  Moreover, the displacement of the C-terminal α-helix is not observed 

for any of the four monomers and is highlighted by high RMSD values between the 

C-terminal α-helix of the four monomers from LDH-Btr structure and the α-helix of the 

reference monomer A from full-length LDH-B structure (PDB entry: 1I0Z) (Table 5 – 

right column). 

Table 5   Deviation between conformation of monomers as illustrated by the Root-Mean-Square 

Deviation (RMSD) values (nm). Left column: RMSD values between each of the four monomers from the 

LDH-Btr structure (monomer A to D) and monomer A (reference monomer) from the full-length hLDH-B 

structure (PDB: 1I0Z).  Right column: RMSD values between the C-terminal α-helix (residues 307-332) 

from each of the four monomers from LDH-Btr structure (monomer A to D) and the C-terminal α-helix 

(residues 307-332) from the monomer A (reference monomer) from the full-length hLDH-B structure 

(PDB: 1I0Z).  Each value was calculated with the “align” option of Pymol software125 and considering only 

the backbone of the protein. 

 Reference monomer (1I0Z) C-terminal α-helix (reference monomer) 

Monomer A 0.38 0.68 

Monomer B 0.43 0.64 

Monomer C 0.52 0.64 

Monomer D 0.48 1.15 

 

It has been shown that LDH-B protein associates as a dimer when its tetramerization arm 

is truncated (LDH-Btr).  Moreover, LDH-Btr is less active compared to the full-length 

LDH-B.  Indeed, the truncated form is ~three times less affine for the cofactor (KM NAD+: 

0.587 ± 0.057 mM and 0.208 ± 0.005 mM for LDH-Btr and LDH-B, respectively) and 

~20 times less for the substrate (KM lactate: 33.77 ± 6.17 mM and 1.686 ± 0.284 mM for 

LDH-Btr and LDH-B, respectively)59.  Nevertheless, it is not surprising to find the 

cofactor and a substrate analog in the active site of the LDH-Btr monomers, since it has 

an affinity for NADH similar to the one in the full-length LDH-B (Kd (LDH-Btr): 

28.8 µM and Kd (LDH-B): 23.2 µM)59. 

3.2.2. Oligomerization state 

Experimentally, it has been shown that tetramerization arm deletion led to a native 

dimeric state of the protein in solution.  Indeed, the 19 N-terminal residues have been 
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identified to be essential for the tetramerization of the protein59,65.  Nevertheless, from the 

structure of LDH-Btr presented in Figure 2A, a crystallographic tetramer is found in the 

asymmetric unit.  Indeed, a second tetrameric interface has been discovered and 

highlighted to be involved in the tetramerization process. This interface is made with a 

22-amino acid α-helix ended by a short loop (residues 54-75) interacting with the opposite 

dimer (Fig. 2B).  At higher concentrations in solution, the dimeric LDH-Btr can self-

assembly (Kd=1.25 µM), allowing the formation of a “weak” tetramer or also called 

“dimers of dimers” via this new tetrameric interface50. 

 

Figure 2   (A) Structural representation of truncated LDH-B (LDH-Btr).  Highlighting of different 

elements from the LDH-Btr structure: active site loop and cofactor/substrate analog, in magenta and pink, 

respectively, C-terminal α-helix in cyan and 22-amino acid α-helix in green – (B) Zoom on the second 

tetramerization site: representation of this site in surface (yellow) with the interacting 22-amino acid α-helix 

(green) 

Our crystal structure of LDH-Btr confirms that at high protein concentration, like in this 

crystal, this protein forms tetramers while dimers can be observed in solution at lower, 

more physiological, concentrations.  This underlines one limit of using crystallography to 

study the oligomerization of proteins and calls for additional biophysical experimental 

(and theoretical) approaches. 

Acknowledgements The authors would like to thank the SOLEIL synchrotron 
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during the experiments. 
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6. Discussion and conclusions 

The first part of this chapter described the strategy implemented to obtain a structure of 

LDH-Btr and proceeded in two sub-parts.   

The first one is the part related to the pET-28a(+) plasmid construction coding for the 

6xHis-LDH-Btr protein.  At this stage, the strategy applied was to improve the 

crystallizability of the protein by acting on its stability, in particular on the compositional 

and conformational stabilities.  The methods used to improve the stability are shown in 

Table 1.7103. 

Table 1.7: Summary of the methods used to improve compositional and conformational stabilities and their 

aims 

 Adding 

purification 

steps 

Removal  

6xHis-tag 

Buffer 

screening 

Additive 

screening 

Compositional 

stability 

Yes Yes No No 

Conformational 

stability 

No Yes Yes Yes 

Aim Increase purity 

and homogeneity 

Reduce 

disordered 

protein part 

Optimize 

buffer 

conditions 

Highlight 

protein 

stabilizing 

additives 

Nevertheless, the use of this strategy did not lead to LDH-Btr protein crystals.  Therefore, 

to have a chance to crystallize the truncated form of LDH-B, another strategy was used, 

i.e., gene construct optimization.  The two major changes in the new plasmid construction 

are: 

- The change in position of the 6xHis-tag (+ cleavage site) at the C-terminal 

extremity of the protein.  This position is preferred to avoid the tag and the 

cleavage site interfering in the environment where the N-terminal tetramerization 

arm was truncated. 

- The modification of cleavage site nature.  A TEV site has been chosen for this 

new plasmid construction to reduce the number of purification steps when the 

tagged protein is cleaved.  Moreover, the choice of this cleavage site allows to 

reduce the length of the disordered part at the C-terminal extremity, promoting 

the conformational stability of LDH-Btr. 
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In addition, another change is the addition of cofactor and substrate analog in 

crystallization assays of the LDH-Btrx6His. 

In conclusion, the change in plasmid construction, as well as the addition of cofactor and 

substrate analog, led to protein crystals formation.  These were analyzed by X-ray 

diffraction (Soleil Synchrotron, Paris) and the data allowed to solve the structure of 

LDH-Btr protein presented in the second part of this chapter.  This part of the chapter also 

highlights that there are different approaches to promote obtaining crystallizable protein 

systems.  Indeed, the diversity of the available experimental methods, but also the 

development of IT tools (such as  XtalPred) allow to improve the chances of protein 

crystallization126,127.  Nevertheless, protein crystallization remains an empirical 

phenomenon. 

The second part of the chapter is dedicated to the structural characterization of the 

LDH-Btr structure.  Based on the obtained structure, different information can be 

highlighted, such as about the active site, and about the oligomerization state of LDH-Btr. 

- The unrefined part of the active site loop for three of the four monomers in the 

structure highlights the flexibility of this part.  This could be typical of an open or 

intermediate conformation for the active site loop.  At this stage, crystallographic 

data alone do not explain this observation. 

- The ASU of LDH-Btr structure is composed of a tetramer, although the truncation 

of the tetramerization arm leads to a dimeric form of LDH-Btr in solution.  The 

crystallographic tetramer can be explained because, at higher concentrations, it 

has been shown that the dimer can be self-assembled into a “weak tetramer” in 

solution50.  There exists an equilibrium between the dimeric and tetrameric forms 

of LDH-Btr.  Therefore, it seems unlikely to obtain a dimer by crystallography, 

since the protein concentrations used for crystallization assays are high 

(> 240 µM).  The equilibrium is thus in favor of the tetrameric form.  This 

observation underlines one limit of using crystallography to study the 

oligomerization of proteins and calls for additional biophysical experimental 

approaches. 

Therefore, it seems interesting to characterize this second tetramerization site 

(tetramerization site 2).  In this work, it will be characterized by crystallography and 

molecular dynamics simulations.  These studies will be the subject of the results of part II.
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Part II 

Structural study of LDH-B mutants - Characterization 

of the tetramerization site 2 

1. Structural analysis of LDH-B mutants 

The second tetramerization site is investigated by a structural study of LDH-B mutants: 

LDH-BD64A, LDH-BH67A, and LDH-BF71A.  These mutants correspond to the mutation of 

aspartate 64 (Asp64), histidine 67 (His67) and phenylalanine 71 (Phe71) to an alanine 

(Ala) residue in the sequence of LDH-B protein.  The three mutants have been chosen 

among the 16 mutants already studied in solution by Prof. R. Frédérick’s group 

(UCLouvain)50 (see Table I.4 in the introduction (section 5.2) for more details).  Table 2.1 

presents the characterization in solution of these three mutant proteins that are studied by 

X-ray crystallography in this section (Table 2.1).  

Table 2.1: Characterization of different forms of LDH (LDH-B, LDH-Btr, LDH-BD64A, LDH-BH67A, 

LDH-BF71A) by Mass Photometry (MP) and nanoscale Differential Scanning Fluorimetry (nanoDSF)50 

Protein MW (kDa) EC50 (M) 

(Gdn.HCl) 

Tm (°C) Ratio 350/330 

nm 

LDH-B 155 ± 17 0.953 ± 0.012 74.5 ± 0.1 1.04 

LDH-Btr 88 ± 13 < 0.1 57.5 ± 0.1 0.87 

LDH-BD64A 143 ± 12 0.521 ± 0.012 56.4 ± 0.1 1.03 

LDH-BH67A 154 ± 15 0.619 ± 0.016 67.2 ± 0.2 1.05 

LDH-BF71A 70 ± 17 < 0.1 53.9 ± 0.1 0.94 

 

Table 2.1 includes different values allowing the characterization of the mutants.  As a 

reminder, the molecular weight of particles in solution was calculated by Mass 

Photometry (MP) and allows to determine the oligomerization state(s) of LDH-B protein 

in solution.  The chemical stability was assessed by the dissociation of the homotetrameric 

LDH-B upon the addition of guanidinium hydrochloride (Gdn.HCl).  The EC50 value can 

be determined by following the tryptophan fluorescence intensity (λexc = 286 nm, λem = 

350 nm) to check the tetrameric integrity of LDH-B.  Finally, the protein thermal stability 

was investigated by nanoscale Differential Scanning Fluorimetry (nanoDSF) via 

determining the melting temperature (Tm) and the 350/330 nm ratio was used to monitor 

the unfolding events of the mutants50. 
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Based on their observation, LDH-BD64A and LDH-BH67A form a tetramer, while 

LDH-BF71A behaves mainly as a dimer in solution and presents a chemical stability similar 

to the one of LDH-Btr.  Moreover, the mutation in LDH-BD64A and LDH-BF71A leads to a 

large thermal destabilization in comparison with LDH-B: ΔTm ~ 18 and 20°C, 

respectively.  Finally, LDH-BF71A presents a denaturation pattern comparable to the 

dimeric LDH-Btr observed by a 350/330 nm ratio being lower than for the tetrameric 

proteins presented in Table 2.150.  Therefore, through their distinct profile 

(oligomerization states, chemical and thermal stability profiles), these three mutants seem 

to be perfect candidates for structural investigations. 

1.1. Structural study: LDH-BH67A 

a) Expression and purification 

A protocol for the expression and purification similar to the one for LDH-Btr-6xHis is 

used.  From a pET-24a(+) plasmid construct coding for LDH-BH67A mutant, the protein 

is expressed with a TEV cleavage site followed by a 6xHis-tag at the C-terminus.  Then, 

the mutant was purified by Immobilized Metal Affinity Chromatography (IMAC) with 

the addition of a fixed concentration of imidazole. 

b) Overall structure 

The structure of LDH-BH67A was solved and refined at a resolution of 2.38 Å (data 

completeness: 99.22 %) in the orthorhombic space group P212121.  The other structure 

statistics are reported in Appendix 2A.  The asymmetric unit (ASU) is composed of four 

monomers (A, B, C, and D) forming a tetramer.  Each chain composing the protein was 

completely refined (Ala1 to Leu333).  Nevertheless, the length of observed chains varies 

due to the partial refinement of C-terminal extremity (TEV cleavage site + 6xHis-tag): 

Ala1 to Tyr337 (chain A); Ala1 to Asn335 (chains B and D) and Ala1 to Leu336 (chain 

C).  Four molecules of glycerol are present in the structure.  The mutant LDH-BH67A has 

some structural features similar to LDH-B (see part I – section 5(1)).  Furthermore, the 

protein was crystallized without substrate and cofactor, resulting in an open conformation 

of the active site loop as already described in the litterature65,69.   

Each monomer of the structure was superimposed with the monomer A (reference 

monomer) of the LDH-B structure (PDB entry: 1I0Z).  The generated RMSD values are 

shown in Table 2.2. 
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Table 2.2: RMSD values (nm) between each of the four monomers from LDH-BH67A structure (monomer 

A to D) and monomer A from the LDH-B structure (PDB entry: 1I0Z) (reference monomer).  Each value 

was calculated with the “align” option of Pymol software117 and considering only the Cα of the protein 

 RMSD (nm) - Reference monomer 

Monomer A 0.42 

Monomer B 0.38 

Monomer C 0.39 

Monomer D 0.36 

Similar RMSD values are obtained for all monomers from the structure when 

superimposed with the reference monomer.  The open conformation of the active site loop 

of LDH-BH67A protein can explain the RMSD values with the reference monomer.  

Indeed, the LDH-B protein (PDB entry: 1I0Z) was crystallized in presence of an analog 

of substrate and cofactor, resulting in a closed conformation of the active site loop and 

the shift of the C-terminal α-helix of the protein (Fig. 2.1).  No other major changes are 

observed in the structure of the mutant compared to LDH-B structure. 

 

Figure 2.1: Superimposition of reference monomer (monomer A from LDH-B structure) (pink) with 

monomer B from LDH-BH67A structure (grey).  Zoom on the active site loop colored in dark pink.  Arrows 

indicate the shift of structural elements between the two monomers (from open to closed conformation) 
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c) Interactions formed by His67 / Ala67 

The environment of His67 residue was investigated when this residue is mutated to 

alanine (Fig. 2.2). 

 

Figure 2.2: (A) Representation of residues interacting with His67 in wild-type LDH-B structure (PDB entry: 

1I0Z (reference monomer)) – (B) Representation of residues interacting with Ala67 in LDH-BH67A structure 

(monomer A) – Hydrogen bonds are represented by blue dotted lines and water molecules by red crosses 

The two hydrogen bonds established with the backbone of His67 are preserved when 

mutated in an alanine residue.  Moreover, a hydrogen bond between the histidine side 

chain and a water molecule (H2O 421) stabilizes the 22-amino acid α-helix (Fig. 2.2A).  

When the histidine is mutated to an alanine, this hydrogen bond disappears (Fig. 2.2B).  

Nevertheless, it does not lead to a major conformational change in the environment of the 

mutated residue.  Details regarding the interactions presented in Figure 2.2 are reported 

in Appendix 2B. 

1.2. Structural study: LDH-BD64A 

a) Expression and purification 

A protocol for the expression and purification similar to the one for LDH-Btr-6xHis is 

used.  From a pET-24a(+) plasmid construct coding for LDH-BD64A mutant, the protein 

is expressed with the TEV cleavage site followed by a 6xHis-tag at the C-terminus.  Then, 

the mutant was purified by IMAC using an imidazole gradient for the elution of the 

protein of interest. 

b) Overall structure 

The structure of LDH-BD64A was solved and refined at a resolution of 2.00 Å (data 

completeness: 72.90 %) in the monoclinic space group P21.  Data collected from the 

crystals show high mosaicity and anisotropy.  Therefore, some images of the dataset were 

removed and a correction for anisotropy was applied.  The other statistics obtained for 
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the structure are reported in Appendix 2A.  The ASU is composed of four monomers (A, 

B, C, and D) forming two different dimers.  The tetramers of the protein are generated by 

symmetry. Moreover, protein chains were partially refined.  Indeed, the part from Glu236 

(chain B), Ser237 (chains A and C), or Ala238 (chain D) to Leu244 (chains A, B, and D), 

or Lys245 (chain C) is not refined (no density observed).  Moreover, the length of the 

chains varies due to the partial refinement of the C-terminal extremity (TEV cleavage site 

+ 6xHis-tag): Ala1 to Leu336 (chain A); Ala 1 to Asn335 (chain B); Ala 1 to Tyr337 

(chain C) and Ala 1 to Leu336 (chain D).  Five molecules of Polyethylene Glycol (PEG) 

are present in the structure.  The LDH-BD64A mutant has some structural features similar 

to LDH-B (see part I – section 5(1)).  Furthermore, the protein was crystallized without 

substrate and cofactor, resulting in an open conformation of the active site loop. 

c) Interactions formed by Asp64 / Ala64 

As mentioned in the previous section, a part of an α-helix (named “D64-interacting 

α-helix”) has not been refined for all monomers.  The unrefined part corresponds to a part 

of the α-helix interacting with the aspartate 64 (Asp64) when the residue is not mutated 

(Fig. 2.3A).  Each monomer of the LDH-BD64A has been superimposed with the reference 

monomer of the LDH-B structure (PDB entry: 1I0Z) (Fig. 2.3B). 

 

Figure 2.3: (A) Representation of LDH-B structure (PDB entry: 1I0Z).  Non-refined part of D64-interacting 

α-helix in LDH-BD64A is visualized in purple in LDH-B structure and Asp64 residue is represented in blue 

stick – (B) Superimposition of the four monomers (grey) of LDH-BD64A structure with reference monomer 

(pink) of LDH-B structure (PDB entry: 1I0Z).  The unrefined part of the D64-interacting α-helix is 

represented in purple (reference monomer) and the agitated residues surrounding the unrefined part are 

colored in blue for the four monomers of LDH-BD64A 
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The residues surrounding the unrefined part of the D64-interacting α-helix present a 

higher B factor (between 25.0 and 50.0 Å2) compared to the average B factor of the 

protein (22.3 Å2), highlighting the destabilization of mutated residue environment caused 

by the mutation of Asp64 to Ala.  Moreover, the interactions established with Asp64 or 

Ala64 were analyzed (Fig. 2.4). 

 

Figure 2.4: (A) Representation of residues interacting with Asp64 in LDH-B structure (PDB entry: 1I0Z 

(reference monomer)).  Hydrogen bonds are represented by blue dotted lines and water molecules by red 

crosses – (B) Superimposition of residues (purple) interacting with Asp64 (green) from LDH-B structure 

and residues (grey) interacting with Ala64 (grey) from LDH-BD64A structure 

The Asp64 establishes a hydrogen bond network with its surrounding residues and two 

water molecules (H2O 421 being the same water molecule involved in the hydrogen bond 

with His67 and H2O 418) (Fig. 2.4A).  When the residue is mutated to an alanine, the 

hydrogen bond network is disrupted which causes a rearrangement of several surrounding 

residues (Arg169, Asn249 to Ala251) (Fig. 2.4B).  Upon Asp64 mutation, the number of 

interactions between residues decreases, making them more agitated and by consequence 

impossible to refine in the structure.  Details of the interactions presented in Figure 2.4 

are reported in Appendix 2B. 

1.3. Structural study LDH-BF71A 

a) Expression and purification 

A protocol for the expression and purification similar to the one for LDH-Btr-6xHis is 

used.  From a pET-24a(+) plasmid construct coding for LDH-BF71A mutant, the protein is 

expressed with a TEV cleavage site followed by a 6xHis-tag at the C-terminus.  Then, the 

mutant was purified by IMAC using an imidazole gradient for the elution of the protein 

of interest.  
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b) Overall structure 

The structure of LDH-BF71A was solved and refined at a resolution of 3.22 Å (data 

completeness: 99.6 %) in the trigonal space group R32.  Other statistics obtained for the 

structure can be found in Appendix 2A.  The ASU is composed of six monomers (A, B, 

C, D, E, and F) forming a tetramer and a dimer.  The second tetramer is generated by 

symmetry from the dimer of the ASU.  The chains were completely refined (Ala1 to 

Leu333), except for chain F (Ala1 to Leu330).  Nevertheless, the length of the other 

chains varies due to the partial refinement of the C-terminal extremity (TEV cleavage site 

+ 6xHis-tag): Ala1 to Glu337 (chain A); Ala1 to Asn335 (chain B); Ala1 to Glu334 

(chains C and D).  Five molecules of glycerol and 10 molecules of PEG are present in the 

structure.  The mutant LDH-BF71A has some structural features similar to LDH-B (see 

part I – section 5(1)).  Furthermore, the protein was crystallized without substrate and 

cofactor, resulting in an open conformation of the active site loop. 

Each monomer of the structure was superimposed with the reference monomer from the 

LDH-B structure (PDB entry: 1I0Z).  The generated RMSD values are shown in 

Table 2.3. 

Table 2.3: RMSD values (nm) between each of the six monomers from LDH-BF71A structure (monomer A 

to F) and the reference monomer from the LDH-B structure (PDB entry: 1I0Z).  Each value was calculated 

with the “align” option of Pymol software117 and considering only the Cα of the protein 

 RMSD (nm) - Reference monomer 

Monomer A 0.55 

Monomer B 0.61 

Monomer C 0.61 

Monomer D 0.54 

Monomer E 0.52 

Monomer F 0.41 

The RMSD values are similar for all monomers within the structure when superimposed 

on the reference monomer of the wild-type LDH-B structure, except for monomer F.  As 

mentioned before, the open conformation of the active site loop of LDH-BF71A protein 

can explain the RMSD values with the reference monomer of LDH-B.  Moreover, RMSD 

values are higher than values calculated for the other mutants (see Table 2.2).  That can 

be explained by a general loss of secondary structure, due to the lower quality of the 

crystal.  Indeed, the mutant LDH-BF71A is the least stable of the three studied mutants in 
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solution (see Table 2.1) and could therefore explain the difficulty to obtain good 

diffracting protein crystals.  For monomer F, the RMSD value is lower because the active 

site loop for this monomer is in closed conformation despite the absence of substrate and 

cofactor in the active site.  This highlights the high flexibility of this loop when it is not 

stabilized by interactions with the substrate and the C-terminal α-helix.  Moreover, the 

environment of Phe71 was investigated when this residue is mutated to an alanine 

(Fig. 2.5). 

 

Figure 2.5: Superimposition of LDH-B (PDB entry: 1I0Z – reference monomer) and LDH-BF71A 

(monomer A) structures. Representation of residues in purple (LDH-B) or grey (LDH-BF71A) interacting 

with hydrophobic residues (Leu70, Phe71, and Leu72) in green (LDH-B) or grey (LDH-BF71A). 

The superimposition of the structures (LDH-B (PDB entry: 1I0Z) and LDH-BF71A) does 

not show any significant structural changes.  The mutation of Phe71 to Ala preserves the 

hydrophobic core (Leu-Phe/Ala-Leu) interacting with the surrounding residues, despite 

the loss of vdW interactions (amide π-stacked) between Leu254/Ser255 residues and the 

side chain of Phe71.  Nevertheless, it does not lead to a conformational change in the 

environment of the mutated residue.  Details of the interactions presented in Figure 2.5 

are reported in Appendix 2B. 

1.4. Discussion 

Structural information obtained from the structures presented above can be linked to the 

results obtained in solution for these mutants (see Table 2.1). 

• LDH-BH67A: the ASU is composed of four monomers forming a crystallographic 

tetramer and the mutation of His67 to Ala does not lead to a conformational 
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change in the environment of the mutated residue.  These data can be correlated 

with those in solution.  Indeed, the mutant also forms a tetramer in solution and 

the mutation of His67 leads to a small destabilization (ΔTm (LDH-B – 

LDH-BH67A) ~ 7°C)50. 

• LDH-BD64A: the ASU is composed of four monomers forming two dimers.  

Tetramers are generated by symmetry.  Moreover, it can be observed in the 

structure that the hydrogen bond network disappears when Asp64 is mutated to 

Ala, leading to a rearrangement of the surrounding residues.  Moreover, when the 

residue is mutated, a part of the D64-interacting α-helix is not refined in the 

mutant structure, highlighting this destabilization.  These structural data can also 

be correlated with those in solution.  Indeed, the mutant forms a tetramer in 

solution, as observed in the crystal structure and the mutation of Asp64 to Ala 

does lead to a large destabilization in solution (ΔTm (LDH-B – LDH-BD64A) ~ 

18°C)50.   

• LDH-BF71A: the ASU is composed of six monomers forming a tetramer and a 

dimer.  The second tetramer is generated by symmetry from the dimer of the 

ASU.  Despite the loss of interactions with the Phe71 sidechain upon mutation 

into an alanine residue, no major conformational change was observed in the 

structure of LDH-BF71A. Nevertheless, the protein forms mostly a dimer in 

solution, although a small population of tetramers (19%) is also observed50, which 

may explain the results obtained in crystallography.  Indeed, a high protein 

concentration is used for crystallization assays, the tetramer has more chance to 

crystallize (because of the higher stability) than the dimeric form of LDH-BF71A.  

Moreover, the mutation of Phe71 to Ala has been highlighted as one of the most 

destabilizing mutations (ΔTm (LDH-B – LDH-BF71A) ~ 20°C)50.  However, no 

conformational changes were observed when comparing the structures LDH-B 

and LDH-BF71A. 

The analysis of the mutants has allowed to highlight structural characteristics that could 

be correlated with the results obtained in solution, e.g., for the LDH-BH67A and D64A 

mutants.  Nevertheless, for the mutant LDH-BF71A, the crystallographic data do not allow 

to understand the effect of the mutation on the behavior of the protein in solution.  For 

this purpose, Molecular Dynamics simulations have been performed starting from the 

crystallographic coordinates of each mutant presented above, to complete the data 

obtained by structural analysis. 
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2. Characterization of LDH-B mutants by Molecular Dynamics 

simulations 

2.1. Molecular Dynamics simulations based on solved crystallographic 

structures 

Using the LDH-B mutant structures presented above, 300 ns-production Molecular 

Dynamics (MD) simulations have been performed at 300 K and 1 bar.  These simulations 

aimed to highlight potential conformational changes or protein destabilization (using 

RMSD and Root-Mean-Square Fluctuation (RMSF) values) that occur as a result of 

residue mutations (Asp64, His67, and Phe71 mutated to Ala) within the different proteins.  

A RMSD analysis is used to compare two structures via the atom-positional root-mean-

square deviation (in our case the comparison between the structure before and after 300 ns 

of MD simulations)128.  A RMSF analysis is used to characterize the fluctuation within a 

structure, by identifying the more flexible parts of the protein128.  The RMSF profiles for 

the crystallographic structures are generated from the experimental B-factors (see 

Materials and methods section for more details).  The study of these potential 

conformational changes focuses on the 22-amino acid α-helix (containing the mutated 

residues) interacting with the tetramerization site 2. 

The analysis of the RMSD and RMSF profiles of the mutants LDH-BH67A and LDH-BF71A 

did not reveal any conformational change along the MD trajectories (see Appendices 2C 

– 2D).  Therefore, for LDH-BH67A, this corroborates the data obtained in solution and by 

crystallography.  The LDH-BF71A mutant occurs predominantly as a dimer in solution, 

while a small tetramer population is also observed50.  As for the results obtained in 

crystallography, the MD simulation does not explain the dimeric behavior of LDH-BF71A 

in solution.  One explanation could be that the simulation time is too short to observe any 

conformational change in LDH-BF71A mutant.  Moreover, a MD simulation using a dimer 

of the LDH-BF71A mutant (not obtained in crystallography) could give more information 

about how the mutation affects the oligomeric behavior of the protein. 

Since the RMSD profile for the 22-amino acid α-helix does not show significant deviation 

(see Appendix 2C), the RMSD profile for the tetramerization site 2 (interacting with the 

α-helix) during the 300 ns MD simulation is presented in Figure 2.6 (B-C).  The site is 

defined as before (see Introduction part, section 5.2) and has been divided into three parts: 

• Tetramerization site 2 (part-1): N164, A168, R169, R171-L173, E176, H181-

S183 
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• Tetramerization site 2 (part-2): S237, E240, V241, K243-K245, Y247-A251, 

D258 (containing residues of D64-interacting α-helix) 

• Tetramerization site 2 (part-3): E261, K265-L267, R269 

It is highlighted that the presence of D64A mutation in LDH-B protein results in a larger 

amplitude of the RSMD profile for the tetramerization site 2 when compared with RMSD 

profile of LDH-B (Fig. 2.6B).  The RMSD profiles for each part of the tetramerization 

site 2 were also generated (Fig. 2.6C). This highlights that the part-2 (including S237, 

E240, V241, K243-K245, Y247-A251 and D258 residues) has the highest contribution to 

the observed deviation. 

 

Figure 2.6: (A) RMSD profiles of the tetramerization site 2 of LDH-B (cyan) and LDH-BD64A (orange) 

during the 300 ns MD simulation at 300 K and 1 bar – (B) RMSD profiles of the three parts of the 

LDH-BD64A tetramerization site 2 during the 300 ns MD simulation at 300 K and 1 bar 

These results can be complemented by a RMSF analysis of the LDH-BD64A Cα atoms 

(Fig. 2.7).  Data of LDH-BD64A protein structure obtained by crystallography 

(LDH-B (D64A) crystallography) show that the entire protein is stable, except for the 

tetramerization arm which appears to be more agitated.  The experimental and MD RMSF 

profiles of LDH-BD64A can be compared.  In this case, the agitation of several parts of the 

protein (tetramerization arm, active site loop, antigenic loop, and C-terminal extremity) 

is higher due to their high flexibility.  Moreover, a fluctuation is observed for the residues 

194 to 196, corresponding to a coil in the protein structure.  This is also observed for some 

monomers of LDH-B protein.  In addition, a large fluctuation of a part of the 

D64-interacting α-helix (some common residues with those constituting the 

tetramerization site 2 (part-2)) is observed.  The fluctuation of this region is not visible 

on the experimental RMSF profile of LDH-BD64A (Fig. 2.7 in green) because this part 

could not be refined.  Also, no fluctuation has been observed for this region regarding the 

MD RMSF profile of LDH-B (Fig. 2.7 in cyan).  Therefore, when Asp64 is mutated, the 

part-2 of the tetramerization site 2 is more flexible. 
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Figure 2.7: Experimental (from crystallographic structure – in green) and MD (in yellow) RMSF profiles 

of LDH-BD64 Cα and MD RMSF profile of LDH-B Cα (in cyan) 

Regarding LDH-BD64A protein, the mutation of Asp64 to Ala leads to the destabilization 

of a part of the D64-interacting α-helix composing the tetramerization site 2 (part-2).  

These data are in agreement with the results obtained by crystallography.  Indeed, in the 

structure of LDH-BD64A, a part of the D64-interacting α-helix could not be refined. 

To complete these data, a second MD approach was used, i.e., Steered Molecular 

Dynamics (SMD), which allows for studying the protein self-disassembly of the LDH-B 

protein. 

2.2. Steered Molecular Dynamics (SMD) 

a) Methodology 

Steered Molecular Dynamics (SMD) simulation is a computational approach inspired by 

experimental methods such as atomic force microscopy (AFM), optical tweezers, 

biomembrane force probe, or surface force apparatus129,130.  These experimental 

approaches aim at the study of protein-ligand or protein complex interactions and provide 

a macroscopic view of the protein structure-function relationships.  SMD simulations 

provide information from an atomic point of view and can therefore be complementary 

to the experimental approaches mentioned above129. 
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The principle of the SMD approach is the application of a time-dependent external force 

in a given direction, through a damped virtual harmonic spring, on an (group of) atom(s) 

from a ligand or a protein129–133.  The external force corresponds to131: 

�⃗�𝑒𝑥𝑡 = 𝑘(�⃗�0 + �⃗�𝑝𝑢𝑙𝑙𝑡 − �⃗�) 

where k corresponds to the stiffness of the applied harmonic spring, �⃗�𝑝𝑢𝑙𝑙 is the velocity 

vector along which the restraint point moves (the pulling velocity), �⃗�0 is the initial 

position vector of the restraint point, and �⃗� corresponds to the reaction coordinate vector. 

The SMD method can be used to study a variety of systems, such as a ligand-protein 

system or a protein-protein system131,134.  In this work, the LDH-B tetramer protein self-

disassembly is investigated via the application of an external force (along the y-axis) on 

the center of mass (COM) of one dimer (BD in blue), while the second dimer (AC in 

orange) is fixed (Fig. 2.8). 

 

Figure 2.8: Application of a pulling velocity vector (v⃗⃗𝑝𝑢𝑙𝑙) along the y-axis on the center of mass of BD 

dimer (blue).  The AC dimer (orange) is fixed in space.  The two dimers form the tetramer of LDH-B 

protein.  Figure generated from LDH-B structure (PDB entry: 1I0Z) 

b) SMD optimization on LDH-B system: equilibration steps 

The SMD results presented below are generated for the LDH-B structure (PDB entry: 

1I0Z).  Before performing a SMD simulation, a conventional Molecular Dynamics (MD) 

simulation was carried out at 300 K and 1 bar for 20 ns to reach a stable conformation of 
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LDH-B structure.  It can be evaluated by calculation of the Root-Mean-Square Deviation 

(RMSD) (Fig. 2.9). 

 

Figure 2.9: RMSD profiles of the LDH-B protein (PDB structure entry: 1I0Z) for Cα (orange) and all (cyan) 

atoms as a function of MD simulation time (20 ns) 

The LDH-B protein reached an equilibrated state after ~4 ns of MD simulation.  The 

RMSD values stabilize at ~0.15 nm for all atoms (cyan) and ~0.11 nm for Cα atoms 

(orange).  The final LDH-B conformation obtained after this equilibration step was used 

as the starting point of the SMD simulation. 

c) SMD optimization: selection of pulling velocity (vpull) and spring constant 

(k) parameters 

Different pulling velocities were tested (0.002, 0.005, and 0.01 nm.ps-1).  The selected 

velocity should be as small as possible to avoid generating disequilibrium and causing 

significant errors in simulation results130,132.  Based on the separation trajectories, a 

pulling velocity of 0.005 nm.ps-1 was chosen for the next SMD simulations. 

On the other hand, the spring constant should be high enough to reach the breaking point 

corresponding to the separation of the two dimers, but not too high so that the measured 

force is not masked by the background noise130,132,135.  In this work, different spring 

constants were tested (500, 1000, 2000, and 3000 kJ.mol-1.nm-1) while keeping the pulling 

velocity to the value of 0.005 nm.ps-1 as selected previously (Fig. 2.10).  The smaller the 

spring constant, the later the breaking point is reached and distinct.  In this work, different 

position and angle constraints were applied on the system.  Therefore, there is very little 

background noise observed on the graph.  Based on the separation trajectories, a spring 

constant of 500 kJ.mol-1.nm-1 was chosen for the next SMD simulations. 
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Figure 2.10: Influence of spring constant on rupture force (kJ.mol-1.nm-1) profiles as a function of time (ps) 

2.3. Results 

The SMD approach has been applied to the LDH-B structure (PDB entry: 1I0Z), with the 

following parameters: vpull = 0.005 nm.ps1 and k = 500 kJ.mol-1.nm-1. 

a) Force and COM position profiles 

As shown in Figure 2.11A, the force increases linearly with time until the breaking point 

is reached around 2670 ps.  It corresponds to the separation of the two LDH-B dimers.  

This force profile can be correlated with the profile of the center of mass (COM) position 

as a function of time (Fig. 2.11B).  The COM position of the pulled BD dimer of LDH-B 

vs the fixed AC dimer remains stable until ~2250 ps, where a slight variation is observed.  

From 2670 ps, the COM position strongly varies, corresponding to the separation of the 

two dimers.  Figure 2.11D shows LDH-B states during the simulation: at t = 0 ps, the 

tetramer is in equilibrium.  At t = 2500 ps, LDH-B is still assembled as a tetramer, just 

before the two dimers separate around t = 2670 ps.  Finally, at t = 2970 ps, the two dimers 

are totally separated. 
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Figure 2.11: SMD simulation with LDH-B system from LDH-B structure (PDB entry: 1I0Z) – (A) Profile 

of the force (kJ.mol-1.nm-1) as a function of time (ps) – (B) Profile of the COM position (BD dimer) (nm) 

as a function of time (ps) – (C) Energy profile of BD dimer interacting with AC dimer during the SMD 

simulation.  Total interaction energy (kJ.mol-1) is presented in grey, short-range Lennard-Jones and short-

range Coulomb energy contributions are in light grey and black, respectively – (D) Different states of 

LDH-B during the SMD simulation at t = 0 ps, t = 2500 ps and t = 2970 ps.  The AC dimer (fixed) is 

represented in grey and BD dimer (mobile) in pink 

b) Energy analysis of LDH-B during SMD simulation 

The interaction energy profile between the dimers during the separation is presented in 

Figure 2.11 (C).  At time t = 0 ps, the LDH-B system is in equilibrium with a low total 

interaction energy.  Once SMD simulation starts, i.e., when the external force is applied 

on the COM of BD dimer to disassemble the tetramer, the system is no longer in 

equilibrium.  Therefore, the energy fluctuates slightly at the beginning of the simulation.  

Thereafter, the fluctuation is more important between ~1700 ps and 2500 ps.  The energy 

variation is due to the disappearance of the weakest interactions at the tetrameric interface 

of the protein, while the main interactions between the 22-amino acid α-helix and BD 

dimer allow to maintain the tetrameric state of LDH-B protein.  Finally, the total 

interaction energy increases strongly during the separation of the two dimers, until 

reaching ~0 kJ.mol-1 when the tetramer is completely disassembled (Fig. 2.11D, 

t = 2970 ps).  This highlights that despite the application of an external force on the 

LDH-B system, the presence of interactions maintains for a while the assembly of the two 
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dimers into a tetramer.  The decomposition of the total interaction energy into short-range 

Lennard-Jones (Fig. 2.11C in light grey) and short-range Coulomb (Fig. 2.11C in black) 

energy contributions allows a better understanding of the nature of the interactions present 

at the tetrameric interface of LDH-B protein.  The contribution of the Coulomb energy 

term (representative of the electrostatic interactions) is larger than the Lennard-Jones 

energy term (including the vdW interactions) to the total interaction energy.  The 

interactions established at the tetrameric interface will be investigated later. 

As mentioned before, two different tetramerization sites, sites 1 and 2, have been 

highlighted to be essential for the tetramerization of LDH-B.  To complete the 

characterization of the tetramerization site 2, which is the object of this chapter, an energy 

analysis of the residues constituting the 22 amino-acid α-helix is presented in Table 2.4.  

The values correspond to the average and standard deviation (SD) of the interaction 

energy between each residue of monomer A (from the fixed AC dimer) and the mobile 

BD dimer during the SMD simulation.  The energy values for residues of monomer C are 

reported in Appendix 2E-1 and present the same trend as for monomer A. 
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Table 2.4: Mean interaction energy of the residues from the 22-amino acid α-helix with BD dimer calculated 

over the first 2000 ps of the SMD trajectory.  The different contribution to the total interaction energy 

(kJ.mol-1) for monomer A is presented: short-range Coulomb energy contribution (kJ.mol-1) and short-range 

Lennard-Jones energy contribution (kJ.mol-1).  The total interaction energy (kJ.mol-1) corresponds to the 

sum of Coulomb and Lennard-Jones energy contributions 

 Coulomb contribution 

(kJ.mol-1) 

Lennard-Jones 

contribution (kJ.mol-1) 

Total interaction 

energy (kJ.mol-1) 

Leu54 -0.11 ± 0.01 -0.56 ± 0.02 -0.67 ± 0.02 

Glu55 -0.73 ± 0.02 -1.47 ± 0.03 -2.20 ± 0.03 

Asp56 -4.79 ± 0.64 -12.93± 0.32 -17.72 ± 0.72 

Lys57 4.33 ± 0.65 -14.75 ± 0.82 -10.42 ± 1.05 

Leu58 -0.41 ± 0.03 -1.62 ± 0.04 -2.03 ± 0.05 

Lys59 2.43 ± 0.18 -10.67 ± 0.09 -8.24 ± 0.20 

Gly60 -5.03 ± 0.22 -19.29 ± 0.12 -24.32 ± 0.25 

Glu61 -186.52 ± 4.6 -4.97 ± 0.61 -191.49 ± 4.60 

Met62 -0.79 ± 0.02 -2.54 ± 0.05 -3.33 ± 0.05 

Met63 0.66 ± 0.16 -21.07 ± 0.62 -20.41 ± 0.64 

Asp64 -281.12 ± 0.99 -21.38 ± 0.54 -302.50 ± 1.13 

Leu65 -0.75 ± 0.03 -16.45 ± 0.24 -17.20 ± 0.24 

Gln66 -0.51± 0.87 -14.68 ± 0.52 -15.19 ± 1.01 

His67 -51.24 ± 1.20 -43.24 ± 1.70 -94.48 ± 2.08 

Gly68 0.16 ± 0.04 -13.07 ± 0.16 -12.91 ± 0.16 

Ser69 -4.74 ± 0.63 -13.77 ± 0.64 -18.51 ± 0.89 

Leu70 0.28 ± 0.44 -39.98 ± 0.44 -39.70 ± 0.62 

Phe71 -8.31 ± 0.36 -45.93 ± 0.30 -54.24 ± 0.47 

Leu72 -6.93 ± 0.39 -9.96 ± 0.15 -16.89 ± 0.42 

Gln73 -8.63 ± 3.10 -22.15 ± 0.45 -30.78 ± 3.13 

Thr74 -1.71 ± 0.11 -3.61 ± 0.25 -5.32 ± 0.27 

Pro75 -4.02 ± 0.15 -17.93 ± 0.56 -21.95 ± 0.58 

The total interaction energy values allow to highlight the most important residues of the 

22-amino acid α-helix involved in the assembly of the two dimers (Table 2.4 in green).  

Indeed, Glu61, Asp64, His67, Leu70 and, Phe71 largely contribute to the interaction 

energy.  The decomposition of this energy into Coulomb and Lennard-Jones terms reveals 

the variable contribution of these residues: the Coulomb energy contribution of the 

charged Glu61 and Asp64 to the total interaction energy is larger, while the Lennard-

Jones term contributes predominantly to the total energy for the neutral and apolar Leu70 

and Phe71 residues. Concerning the His67 residue, the Coulomb and Lennard-Jones 

terms contribute in a similar way to the total energy.  Therefore, Glu61 and Asp64 

residues are more involved in stabilizing electrostatic interactions, including salt bridge 

and hydrogen bond established with the opposite BD dimer.  Leu70 et Phe71 residues are 

more involved in stabilizing vdW interactions with BD dimer.  Finally, His67 is involved 

in stabilizing hydrogen bond and vdW interactions. 
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Based on crystallographic data presented previously, and the chemical environment of 

the five residues identified in Table 2.4, the list of interactions in which the residues are 

involved is reported in Table 2.5 and Figure 2.12.  The energy profiles and mean 

interaction energy for these interactions involving Glu61, Asp64, His67, Leu70 and 

Phe71 of monomer C are reported in Appendix 2E-2 and 2E-3 and present the same trend 

than for the interactions presented in this section. 

 

Figure 2.12: Energy profiles for interactions established between Glu61 (A), Asp64 (A), His67 (A), Leu70 

(A), and Phe71 (A) residues and the BD dimer – (A) Energy profiles (total interaction energy (kJ.mol-1)) 

for interactions between Asp64 (A) and the BD dimer – (B) Energy profiles (total interaction energy 

(kJ.mol-1)) for interactions between Glu61 (A) and the BD dimer – (C) Energy profiles (total interaction 

energy (kJ.mol-1)) for interactions between Phe71 (A) and the BD dimer – (D) Energy profiles (total 

interaction energy (kJ.mol-1)) for interactions between Leu70 (A) and the BD dimer – (E) Energy profiles 

(total interaction energy (kJ.mol-1) in grey, Coulomb energy contribution in orange (kJ.mol-1) and Lennard-

Jones energy contribution (kJ.mol-1) in blue) for the interaction between His67 (A) and the BD dimer 
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Table 2.5: Mean interaction energy for different interactions between Glu61 (A), Asp64 (A), His67 (A), 

Leu70 (A), and Phe71 (A) from the 22-amino acid α-helix and residues of the BD dimer.  The energy values 

were calculated over the first 2000 ps of SMD trajectory 

 Coulomb contribution 

(kJ.mol-1) 

Lennard-Jones 

contribution (kJ.mol-1) 

Total energy 

(kJ.mol-1) 

Glu61 (A) – Lys245 (B) -140.72 ± 0.73 3.51 ± 0.29 -137.21 ± 0.79 

Glu61 (A) – Trp250 (B) -41.67 ± 0.53 -2.49 ± 0.45 -44.16 ± 0.70 

Asp64 (A) – Lys245 (B) -109.97 ± 0.77 5.59 ± 0.27 -104.38 ± 0.82 

Asp64 (A) – Asn249 (B) -40.23 ± 0.78 0.80 ± 0.40 -39.43 ± 0.88 

Asp64 (A) – Trp250 (B) -47.61 ± 0.49 -6.90 ± 0.34 -54.51 ± 0.60 

Asp64 (A) – Ala251 (B) -30.99 ± 0.22 -4.52 ± 0.18 -35.51 ± 0.28 

His67 (A) – Arg169 (B) -45.97 ± 0.68 -11.46 ± 0.47 -57.43 ± 0.83 

Leu70 (A) – Pro182 (B) 0.42 ± 0.13 -8.62 ± 0.03 -8.20 ± 0.13 

Leu70 (A) – Arg171 (B) 4.14 ± 0.15 -9.83 ± 0.46 -5.69 ± 0.48 

Leu70 (A) – Ala168 (B) -0.17 ± 0.03 -5.05 ± 0.18 -5.22 ± 0.18 

Phe71 (A) – Ala168 (B) 0.69 ± 0.01 -3.42 ± 0.11 -2.73 ± 0.11 

Phe71 (A) – Leu254 (B) 1.06 ± 0.06 -11.53 ± 0.06 -10.47 ± 0.09 

Phe71 (A) – Ser255 (B) -0.74 ± 0.04 -8.14 ± 0.03 -8.88 ± 0.05 

The total interaction energy profiles for the interactions involving Glu61 (A), Asp64 (A), 

Leu70 (A), and Phe71 (A) residues are shown in Figure 2.12 A-D.  For the His67 (A)-

Arg169 (B) interaction, the total interaction energy observed during the SMD simulation, 

as well as the contributions of the electrostatic and vdW interactions, is shown in 

Figure 2.12E.  As mentioned before, Glu61 and Asp64 are mainly involved in stabilizing 

electrostatic interactions, such as hydrogen bonds or salt bridges.  The energy for the two 

interactions with Glu61 residue increases from 2670 ps to reach ~0 kJ.mol-1 at ~2760 ps.  

The profiles for the two interactions Asp64 (A)-Asn249 (B) and Asp64 (A)-Ala251 (B) 

are similar.  The energy increases from ~2690 ps to reach ~0 kJ.mol-1 at 2760 ps.  The 

energy profiles for the two other interactions involving Asp64 (Asp64 (A)-Lys245 (B) 

and Asp64 (A)-Trp250 (B)) are also similar (the energy reaches a value of about 

0 kJ.mol-1 at ~2780 ps).  Interestingly, there is a decrease in the interaction energy 

between 2690 and 2750 ps (Fig. 2.12A – red boxes).  This decrease can be explained by 

the loss of interactions between Glu61 (A) and Lys245 (B) or Trp250 (B).  Therefore, it 

is assumed that a rearrangement occurs at the level of the part-2 of tetramerization site 2 

(residue Lys245 (B) to Trp250 (B)) which interacts with Asp64 (see Appendix 2F). 

Regarding the stabilizing vdW interactions between Leu70 (A)/Phe71 (A) and the BD 

dimer, two interaction clusters have been identified according to their disappearance time 

during the SMD simulation (Table 2.6).  The interactions of cluster 1 tend to disappear 

first during the SMD simulation.  These interactions are involved in the maintenance of 

the LDH-B tetramer but do not induce its disassembly when they disappear (see 
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Fig. 2.11D, t=2500 ps), in comparison with the interactions of cluster 2.  Indeed, the vdW 

interaction between Phe71 (A) and Leu254 (B)/Ser255 (B) tend to maintain the tetramer 

of LDH-B over larger times together with the interactions involving Glu61 and Asp64.  

The classification of the vdW interactions between Leu70 (C)/Phe71 (C) and the BD 

dimer in two clusters is reported in Appendix 2E-4. 

Table 2.6: Characterization of vdW interactions between Leu70 (A)/Phe71 (A) and BD dimer 

 Interactions tinteraction disappears (ps) tenergy reached 0 (ps) 

Cluster 1 Leu70 (A) – Pro182 (B) 2100 2730 

Leu70 (A) – Arg171 (B) 2086 2704 

Leu70 (A) – Ala168 (B) 2470 2720 

Phe71 (A) – Ala168 (B) 2446 2700 

Cluster 2 Phe71 (A) – Leu254 (B) 2656 2778 

Phe71 (A) – Ser255 (B) 2652 2760 

Moreover, when analyzing the energy profile of His67 (A) (Fig. 2.12E), involved in 

hydrogen bond and vdW interaction with Arg169 (B), the energy starts to increase from 

2460 ps to reach ~0 kJ.mol-1 at 2718 ps.  As described previously, these interactions are 

involved in the maintenance of the LDH-B tetramer but do not induce its disassembly 

when they disappear. 

c) Energy analysis of LDH-B mutants during SMD simulation 

To further characterize the effect of the five residues (Glu61, Asp64, His67, Leu70, and 

Phe71) on the rupture force during the SMD simulation, the corresponding mutant 

proteins are studied.  Starting from the LDH-B structure (PDB entry: 1I0Z), the mutation 

for each of the five residues was inserted using Pymol software125.  After energy 

minimization and equilibration steps, the SMD simulations were performed with the 

mutants LDH-BE61A, LDH-BD64A, LDH-BH67A, LDH-BL70A, and LDH-BF71A.  SMD 

simulations were also performed on LDH-B (PDB entry: 1I0Z) and LDH-Btr (also 

obtained from LDH-B structure) as controls.  

As shown in Figure 2.13 (A), the force increases linearly with time until the breaking 

point is reached.  It corresponds to the separation of the two LDH-B dimers.  Depending 

on the mutant studied, the rupture force varies (FLDH-Btr < FLDH-B (D64A) < FLDH-B (E61A) ~ 

FLDH-B (F71A) < FLDH-B (H67A) < FLDH-B (L70A) < FLDH-B).  This force profile can be correlated 

with the profile of COM position as a function of time (Fig. 2.13B).  The energy profile 

between dimers during the separation trajectory is presented in Figure 2.13 (C).  As for 

Figure 2.11 (C), a similar analysis of the energy profiles can be performed for the different 
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LDH-B mutants.  Depending on the mutated residue, the interaction energy between the 

two dimers of the system differs from the energy of LDH-B system and reached 

~0 kJ.mol-1 at different times during the simulation.  All these data highlight the 

importance of residues that have been mutated and their involvement in maintaining the 

tetrameric state of the protein.  Indeed, the mutations of Glu61, Asp64 and Phe71 will 

further facilitate the disassembly of the tetramer in comparison with the residue His67 

and Leu70. 

 

Figure 2.13: SMD simulation with LDH-B, LDH-B mutant and LDH-Btr systems (LDH-B, LDH-BE61A, 

LDH-BD64A, LDH-BH67A, LDH-BL70A, LDH-BF71A and LDH-Btr) – (A) Profile of the measured force 

(kJ.mol-1.nm-1) as a function of time (ps) – (B) Profile of the COM position (BD dimer) (nm) as a function 

of time (ps) – (C) Energy profile of BD dimer interacting with AC dimer during the SMD simulation: the 

total interaction energy is presented (kJ.mol-1) 

2.4. Conclusions – SMD 

The Steered Molecular Dynamics method has allowed to better characterize the self-

disassembly of LDH-B into dimers, and more particularly the 22-amino acid α-helix 

interacting with the tetramerization site 2.  Based on these SMD simulations, different 

information is highlighted. 

The contribution of the short-range Coulomb energy term to the total AC/BD interaction 

energy for the entire LDH-B system is larger than the short-range Lennard-Jones energy 

term.  This highlights that the electrostatic interactions contribute more than vdW 
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interactions in maintaining the tetrameric state of LDH-B protein.  This oligomerization 

state is allowed by the existence of the tetrameric interface composed of two 

tetramerization sites: the tetramerization site 1 with which the tetramerization arm 

interacts and the tetramerization site 2 interacting with the 22-amino acid α-helix. 

The SMD simulations have been performed to better characterize the second 

tetramerization site interacting with the 22-amino acid α-helix.  The analysis of 

interaction energy (between AC and BD dimers) allowed to identify five residues (Glu61, 

Asp64, His67, Leu70, and Phe71) being more important for the assembly of the two 

dimers into a tetramer.  These results correlated well with the experimental ones in 

solution, i.e., Glu61, Asp64, Leu70, and Phe71 which have been identified as hotspots, 

defined as essential for the tetramerization of the protein50. 

Even if the electrostatic interactions are stronger and disappear later during the 

simulation, the Lennard-Jones energy contribution (including vdW interactions) must not 

be neglected, especially for the Phe71 residue.  These interactions break down at the same 

time as the electrostatic interactions, highlighting the contribution of Phe71 in tetramer 

assembly.  Moreover, from an energy point of view, the interactions established between 

Glu61 (A)/Asp64 (A) with Lys245 (B) seem essential for the tetramer assembly.  This 

correlates with crystallographic data.  Indeed, when Asp64 is mutated in Ala, a part of the 

D64-interacting α-helix is not stabilized. 

Finally, the study of mutated LDH-B systems by SMD simulations allowed to confirm 

the importance of the mutated residue in the LDH-B tetramer stability.  The results 

suggested that Glu61, Aps64 and Phe71 residues are more involved in the tetramer 

stability than the residues His67 and Leu70 (in agreement with experimental data).  

Indeed, when the residues Glu61, Aps64 and Phe71 are mutated to Ala, the mutant 

LDH-B protein is mainly in a dimeric form in solution (LDH-BE61A and LDH-BF71A) and 

very destabilized (for the three mutants).  In addition, the mutation of His67 in LDH-B 

protein has a lower effect on the protein quaternary structure (lower chemical and thermal 

destabilization).  Nevertheless, analysis of L70A mutation shows to have a higher effect 

in solution compared to what is observed in Molecular Dynamics simulation. 
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3. Conclusions 

The first part of this chapter (section 1) consists in crystallographic studies of three 

mutants identified as promising candidates for characterizing the tetramerization site 2.  

This study allowed to confirm some data obtained in solution and presented in Table 2.1 

(such as for  LDH-BD64A and LDH-BH67A mutants)50.  Nevertheless, this approach is not 

sufficient to understand the influence of mutations on the LDH-B system, such as 

conformation change and oligomerization state.  Indeed, the crystallography requires 

working at high protein concentrations, which is not always representative of the native 

protein oligomerization state in solution. 

Therefore, the crystallographic study can be complemented by a Molecular Dynamics 

approach.  First, the LDH-B protein and LDH-B mutants (LDH-BD64A, LDH-BH67A and 

LDH-BF71A) have been studied from a 300 ns-production.  These data allowed to confirm 

some data shown by crystallography (such as the unstabilized part of D64-interacting 

α-helix for LDH-BD64A and no major conformational change for LDH-BH67A).  

Nevertheless, the effect of the F71A mutation on the behavior of LDH-BF71A has not been 

elucidated.  Finally, the study of the LDH-B system by SMD allowed a better 

understanding of the self-disassembly of tetrameric LDH-B.  Five residues have been 

highlighted to be essential for the tetramer stability of LDH-B protein.  Four of them 

correspond to hotspots that have been highlighted in solution50. 
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Part III 

Structural study of LDH-B - ligand complexes - 

Identification of molecules interacting at the tetrameric 

interface 

1. Identification of small molecules interacting at the tetrameric 

interface of LDH proteins 

This chapter is a collaborative work with Prof. R. Frédérick’s team (UCLouvain) which 

aims at identifying small molecules interacting at the tetrameric interface of LDH 

enzymes.  Therefore, this chapter will consist in the analysis of crystallographic structures 

of protein-small molecule complexes.  Structural data will provide more information on 

the binding mode of identified compounds. 

The strategy used for the identification of small molecules, from a chemical library and 

interacting at the tetrameric interface of LDH enzymes, is described in the publication of 

UCLouvain collaborators79.  The screening strategy consists of three steps: 

- Screening by nanoDSF: this first step determines the effect of compounds on the 

thermal stability profile on both dimeric truncated (LDH-Btr) and tetrameric 

(LDH-A and LDH-B) LDH proteins.  Selected compounds destabilize the full-

length proteins and have no effect or increase the thermal stability of the dimeric 

LDH-Btr. 

- Hit validation by MicroScale Thermophoresis (MST) and Saturation-Transfer 

Difference Nuclear Magnetic Resonance (STD NMR): the second step consists of 

evaluating if compounds (at 1 mM) can bind the LDH-Btr. 

- Hit characterization: 

1) Ligand affinity determination (Kd) for both tetrameric and dimeric 

LDH using MST.  Ligands that would interact at the tetrameric 

interface should have a lower affinity for the tetrameric enzyme 

compared to the dimeric. 

2) Assessment of ligand that prevents LDH tetramer association 

using a protein renaturation experiment24 (acidic conditions) of 

LDH-B. 
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3) Epitope mapping of ligands by STD-NMR using LDH-Btr.  This 

experiment aims to identify important parts of ligand for 

interaction with protein. 

4) Competition experiments by STD-NMR: identification of ligands 

that compete with macrocycle 7 and LP-22 peptides that have been 

previously identified to interact with first and second 

tetramerization sites, respectively (see Introduction 

section 5.2)50,59.  This experiment aims to identify on which protein 

site the ligand interacts. 

Each step of this screening allows to refine hit selection and finally to identify the best 

candidates. 

Four promising ligands have been identified by the UCLouvain collaborators, i.e. 

maprotiline, imipramine, triprolidine and fluoxetine, using the previously described 

strategy and were used for crystallization assays (see details in Appendix 3A).  The 

structure of compounds, for which a crystallographic structure with LDH-B has been 

obtained by co-crystallization, are presented in Figure 3.1. 

 

Figure 3.1: Structure of triprolidine (A) and fluoxetine (B) (* corresponds to the asymmetric carbon). 

Triprolidine (TRI) showed a low affinity for LDH-B and LDH-A tetrameric proteins 

(Kd > 1 mM and 760 µM ± 357 µM, respectively), while a higher affinity is observed for 

LDH-Btr (Kd = 79 ± 37 µM).  In addition, in presence of triprolidine, a destabilization of 

the tetrameric LDH-A and LDH-B is observed (ΔTm = -3.3°C (LDH-A) and ΔTm = -3.1°C 

(LDH-B)), while a stabilization of the dimeric LDH-Btr is observed (ΔTm = 0.2°C)79.  

The ability of the compound to prevent the LDH tetramer association is also assessed via 

a renaturation assay as described in the work of Nadal-Bufi et al.24.  In a first time, the 

tetrameric protein is partially denatured in acidic conditions (pH = 2.5), before recovering 

the physiological pH (pH = 7.4) in presence or absence of selected ligands (allowing the 
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subunits to refold and to reassociate into a tetramer).  Subsequently, an IC50 value can be 

determined by evaluating the enzymatic activity of the tetrameric protein in the presence 

or absence of the compound (IC50 = 7.6 mM)79.  Concerning the fluoxetine compound, 

experiments are ongoing, and data are not published.  Nevertheless, this compound 

presents a similar profile (similar properties) to the triprolidine molecule. 

2. Crystallization of LDH-B-small molecule complexes: structural 

analysis 

2.1. LDH-B-triprolidine 

a) Overall structure 

The structure of LDH-B in complex with triprolidine (TRI) was solved and refined at a 

resolution of 2.68 Å (data completeness: 99.78 %) in the orthorhombic space group 

P212121.  Other statistics obtained for the structure can be found in Appendix 3B.  The 

asymmetric unit (ASU) is composed of four monomers (A, B, C and D) forming a 

tetramer.  Each chain composing the protein was completely refined (Ala1 to Leu333).  

Nevertheless, the length of the chains varies due to the partial refinement of the 

C-terminal extremity (TEV cleavage site + 6xHis-tag): Ala1 to Glu334 (chains A, B and 

C); Ala1 to Asn335 (chain D).  LDH-B-triprolidine complex presents the same main 

structural features as LDH-B (see Part I – section 5(1)).  Therefore, the apoprotein was 

crystallized (without substrate and cofactor), resulting in an open conformation for the 

active site loop.  Moreover, one molecule of PEG and 13 molecules of glycerol from the 

crystallization solution are present in the structure, as well as two molecules of 

triprolidine. 

b) LDH-B-triprolidine interactions 

Two molecules of triprolidine are present in the newly solved structure.  The first (TRI1) 

is located in the active site.  This is probably due to the absence of substrate and cofactor. 

The second (TRI2) is interacting close to the tetramerization arm of monomer A 

(Figure 3.2).  TRI2 has an occupancy of 77%, a B factor of 53.99 Å2 (protein average B 

factor: 44.26 Å2) and a CC-value (Correlation Coefficient) of 0.774.  These parameter 

values support the presence of TRI2 in the structure.  Indeed, the B factor value for a 

ligand should be as close as possible to the protein average B factor.  In addition, the 

CC-value represents whether the ligand correlates with electron density.  This value 

should be as high as possible: a minimum value of 0.6 is expected for a ligand. 
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Figure 3.2: Structure of LDH-B in complex with triprolidine (TRI).  Tetramerization arms are represented 

in blue, 22-amino acid α-helix in green, active site loop (monomer A) in magenta and triprolidine molecules 

are in orange sticks (TRI1 and TRI2) – zoom on TRI2 (orange box): superposition of the 2Fo-Fc map in 

magenta mesh (σ = 0.7 and carve = 1.6) with the Fo-Fc polder map (σ = 3.0 and carve = 2.3) 

As mentioned before, TRI2 is located close to the tetramerization arm of monomer A 

(Fig. 3.3A).  In addition to van der Waals (vdW) interactions established between TRI2 

and the tetramerization arm, one hydrogen bond is observed between the pyridine group 

of ligand and Lys155 from monomer C.  The ligand also interacts via a pi-cation 

interaction with the amine group of Lys155 (C) sidechain.  The interaction site of TRI2 

with LDH-B is shown in Figure 3.3(B) using the surface representation.  Details of 

interactions presented in Figure 3.3(A) are shown in Appendix 3C. 

 

Figure 3.3: (A) Representation of LDH-B residues that interact with TRI2 in LDH-B-triprolidine complex 

structure.  Hydrogen bond and pi-cation interaction between Lys155 (C) and pyridine group and phenyl 

ring are represented by blue and yellow dotted lines respectively, water molecules are in red and the 

tetramerization arm in blue – (B) Surface representation for LDH-B protein with TRI2 shown as spheres 
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2.2. LDH-B-fluoxetine 

a) Overall structure 

The structure of LDH-B in complex with fluoxetine (FX) was solved and refined at a 

resolution of 2.07 Å (data completeness: 98.39 %) in the monoclinic space group P21.  

Other statistics obtained for the structure can be found in Appendix 3B.  The asymmetric 

unit (ASU) is composed of 12 monomers (A to L).  Only one tetramer is found in the 

ASU and the others (four in total) are formed by symmetry (see Appendix 3D).  Each 

chain composing the protein was completely refined (Ala1 to Leu333).  Nevertheless, the 

length of the chains C, F, H, J and K varies due to the partial refinement of the C-terminal 

extremity (TEV cleavage site + 6xHis-tag): Ala1 to Glu334.  The LDH-B-FX complex 

presents the same main structural features as LDH-B (see Part I – section 5(1)).  

Therefore, the protein was crystallized in presence of an analog of the substrate and with 

the cofactor, resulting in a closed conformation of the active site loop.  Moreover, eight 

molecules of Bis-Tris, eight molecules of PEG and 21 molecules of glycerol from the 

crystallization solution are present in the structure, as well as eight molecules of 

fluoxetine.  Compared to LDH-B-TRI complex crystallized in P212121, the structure with 

FX was crystallized in the monoclinic P21 space group.  The loss of crystal symmetry is 

probably related to the presence of FX in the crystal lattice. 

b) LDH-B-fluoxetine interactions 

LDH-B-FX is composed of 12 monomers, and we can observe one FX molecule in eight 

of them.  The representation of a tetramer (A-B-G-H) allows to locate FX ligands (FX-A, 

FX-B, FX-C, FX-D, FX-F, FX-G, FX-I and FX-K) close to the tetramerization arm 

(Fig. 3.4).  The presence of each of FX ligands could be assessed based on different 

parameters presented in Table 3.1.  B factor values for each FX ligand (ranging from 45 

to 60 Å2) were compared with the average B factor of the structure (43.01 Å2).  Occupancy 

of FX ligands is between 60 et 70%.  Moreover, fluoxetine has an asymmetric carbon, 

and the complex was crystallized in presence of a racemic mixture of fluoxetine.  

Therefore, during the refinement process and when adding FX ligands to the structure, 

both enantiomers were tested and the data for the two enantiomers are presented in 

Table 3.1.  Nevertheless, the quality of the structure did not allow for discrimination 

against one enantiomer from the other. 
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Figure 3.4: Structure of LDH-B in complex with fluoxetine – representation of tetramer composed by 

monomers A, B, G and H.  Tetramerization arms are represented in blue, 22-amino acid α-helix in green, 

active site loop in magenta, substrate analog (OXM) and cofactor (NADH) in salmon and fluoxetine (FX) 

molecules are in orange sticks (FX-A, FX-B and FX-G) – zoom on FX-B (orange box): representation of 

the 2Fo-Fc map in magenta mesh (σ = 0.7 and carve = 1.6) 
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Table 3.1: Evaluation of the presence of ligands in the structure LDH-B-FX.  A value for each parameter 

was assigned for each FX ligand.  Fluoxetine is found in the following monomers: monomer A (FX-A), 

monomer B (FX-B), monomer C (FX-C), monomer D (FX-D), monomer F (FX-F), monomer G (FX-G), 

monomer I (FX-I) and monomer K (FX-K).  Parameter values for enantiomers S and R are shown from 

structure refinement 97 and 78, respectively 

 B factor (Å2) Occupancy CC-value Enantiomer 

Structure 43.01 / / / 

FX-A 51.53 0.64 0.707 S 

 54.48 0.65 0.570 R 

FX-B 46.55 0.65 0.788 S 

 49.65 0.64 0.755 R 

FX-C 52.84 0.68 0.713 S 

 56.42 / 56.45 0.60 / 0.40 0.760 / 

0.756 

R 

FX-D 54.19 0.62 0.723 S 

 56.39 0.61 0.633 R 

FX-F 52.12 0.69 0.734 S 

 54.24 0.64 0.641 R 

FX-G 54.44 0.66 0.710 S 

 53.47 0.66 0.640 R 

FX-I 53.56 0.68 0.723 S 

 52.35 0.68 0.743 R 

FX-K 59.63 0.67 0.735 S 

 61.62 0.69 0.729 R 

 

When superimposing monomers containing a FX molecule, we were able to observe two 

FX ligand clusters in the structure (Fig. 3.5(B-C)).  Indeed, it has been shown that 

different orientations of FX ligands were possible, depending on the electron density 

observed.  The first cluster (in orange in Fig. 3.5(A)) includes FX ligands oriented with 

their amine group pointing to Glu13 and the fluorinated ring directed to Glu286.  The 

second one (in cyan in Fig. 3.5(A)) includes FX ligands that are oriented with their 

fluorinated ring towards Glu13. 
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Figure 3.5: Representation of the two FX ligand clusters in LDH-B-FX structure – (A) The clusters 

correspond to different orientations adopted by FX ligands (FX (cluster 1) in orange sticks and FX (cluster 

2) in cyan sticks) – (B) Superposition of FX ligands composing cluster 1 – (C) Superposition of FX ligands 

composing cluster 2 

Therefore, after identifying the two major orientations that FX ligands can adopt, 

interactions for both FX ligand clusters (clusters 1 and 2) with LDH-B protein were 

highlighted in Figure 3.6.  All the interactions are listed for each of the ligand clusters.  

Since the ligands within the same cluster show a similar but not identical orientation 

(Fig. 3.5(B-C)), different interactions are observed.  More details about interactions are 

given in Appendix 3C. 

For cluster 1 (Fig. 3.6(A1)), a halogen bond can occur between the fluor atom and Glu286 

or Pro10.  Moreover, other interactions take place between FX ligand and LDH-B protein, 

such as a salt bridge between the amine group of FX and Glu13, and a pi-cation interaction 

between the fluorinated ring of FX and Lys155.  Finally, FX is also stabilized by a pi-pi 

stacking (T-shape) interaction between the fluorinated ring of FX and Trp148. 

Regarding cluster 2 (Fig. 3.6(A2)), some of the interactions described for cluster 1 are 

also present, such as a pi-cation interaction between FX and Lys155 and a pi-pi stacking 

interaction between FX and the side chain of Trp148.  Moreover, other interactions are 

observed between FX ligand and LDH-B protein: FX ligand is stabilized by different 

hydrogen bonds with Gly152, Lys155, His156 and water molecules and also by a salt 

bridge between the amine group of FX and Glu15. 

The surface representation of FX in complex with LDH-B for cluster 1 (Fig. 3.6(A2)) and 

cluster 2 (Fig. 3.6(B2)) highlights the position in which the ligand is inserted and interacts 

with LDH-B. 
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Figure 3.6: (A1-B1) Representation of residues interacting with FX molecules from clusters 1 (A1) and 2 

(B1) in LDH-B-fluoxetine complex structure – (A2-B2) Surface representation of FX from clusters 1 in 

orange (A2) and 2 in cyan (B2) in complex with LDH-B 
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3. Characterization of triprolidine and fluoxetine binding sites 

Figure 3.7 illustrates the location of triprolidine and fluoxetine ligands in the two LDH-B 

crystallographic structures that have been solved and described in the previous sections. 

 

Figure 3.7: Representation of the binding sites of TRI and FX ligands in LDH-B.  TRI ligand is shown in 

pink, FX ligand (cluster 1) in orange and FX ligand (cluster 2) in cyan.  Tetramerization arms are 

represented in blue and 22-amino acid α-helix in green 

As observed in Figure 3.7, both ligands are positioned close to the tetramerization arm 

(blue surface), triprolidine close to the residues Ala9 and Val 11 and fluoxetine close to 

Glu13.  The LDH-B-TRI complex structure is composed of four monomers in the ASU, 

with one TRI molecule found in monomer A.  The LDH-B-FX structure is composed of 

12 monomers in the ASU with eight FX molecules present in the complex.  The absence 

of ligands in some monomers of the LDH-B-TRI and LDH-B-FX structures, as well as 

the occupancy for these ligands (77% for TRI2 and between 60 and 70% for FX) can be 

explained by the low affinity of ligands for LDH-B (Kd (TRI) > 1 mM79 and Kd (FX) > 1 

mM (data not published)).  Moreover, each protein complex was crystallized in the 

presence of ligands (TRI or FX) at a concentration of 1.2 mM (ligand/protein ratio: 3/1), 

corresponding to three times the protein concentration.  Therefore, it may turn out that 

the protein may not have been saturated with ligands, resulting in a partial occupation in 

the protein.  Some crystallization assays with a higher ligand/protein ratio (6 times and 

100 times for TRI and FX, see Appendix 3A for details) were performed but did not result 
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in protein crystals.  Indeed, the use of a higher ligand concentration, previously identified 

to have a destabilizing effect on LDH-B, could disrupt the crystal packing of the protein. 

TRI and FX ligands have a low affinity for tetrameric LDH, compared to the dimeric 

LDH-B.  Indeed, the screening strategy aims at identifying compounds interacting at the 

tetrameric interface of LDH.  Therefore, the selected compounds should have a lower 

affinity for the tetrameric enzyme compared to the dimeric LDH-Btr. 

In presence of triprolidine ligand, tetrameric LDH presents a destabilization profile (in 

nanoDSF) similar to the one observed with macrocycle 779.   Macrocycle 7 is a stapled 

peptide designed and highlighted for competing with the N-terminal part of LDH 

tetramerization arm (residue Ala1 to Ile8)59.  Therefore, it has been suggested that the 

TRI ligand could interact in the same way.  Crystallographic results correlate with in vitro 

data regarding the binding site of triprolidine.  Indeed, the structure of the LDH-B-TRI 

complex revealed that the ligand binds near the N-term part of the tetramerization arm 

(Figs. 3.3 and 3.7). 

Concerning the fluoxetine ligand, experiments are ongoing.  Nevertheless, a competition 

assay between triprolidine and fluoxetine has been performed and shows no competition 

between the two ligands (data not published).  Crystallographic results correlate with this 

data: two distinct binding sites have been identified for TRI and FX ligands. 

To further characterize the binding site of the TRI and FX ligands, structures of 

LDH-Btr-TRI and LDH-Btr-FX complexes are necessary.  Crystallization assays were 

performed but did not result in protein crystals formation, although TRI and FX ligands 

have a stabilizing effect for LDH-Btr.  Details of LDH-Btr crystallization assays in 

presence of TRI and FX ligands are given in Appendix 3A. 

 

 



 

 

 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

General discussion, conclusions & 

outlooks 
 

 

  



 

 

 



G e n e r a l  d i s c u s s i o n ,  c o n c l u s i o n s  &  o u t l o o k s  | 123 

 

1. General discussion and conclusions 

This work focused on the study of the Lactate Dehydrogenase B (LDH-B), one of the two 

main isoforms of LDH, catalyzing the interconversion of pyruvate into L-lactate in the 

presence of the cofactor NAD at the end of the glycolytic pathway.  LDH is at the core of 

lactate metabolism and was highlighted as a promising therapeutic target for the 

development of novel cancer therapies.  A common approach to target a protein is through 

the active site.  However, because of its active site nature, inhibition of LDH remains 

challenging.  An emerging strategy, based on the active tetrameric quaternary structure 

of LDH, has been proposed by targeting the oligomeric interface to induce the tetramer 

disruption.  In order to design PPI modulators targeting this interface, more insights 

regarding the quaternary structure of LDH are required. 

1.1. Structural characterization of the tetramerization sites 1 and 2 

One of the main objectives of this work consisted in a better understanding of the 

tetramerization process of LDH-B, via the structural characterization of its tetrameric 

interface, for which two tetramerization sites (tetramerization sites 1 and 2) have been 

previously identified50,59. 

For this purpose, part I consisted in characterizing the tetramerization site 1 via the 

structural analysis of a truncated form of LDH-B (LDH-Btr) where the 19 N-terminal 

residues, corresponding to the tetramerization arm, were deleted.  First, using the 

6xHis-LDH-Btr protein, a crystallization strategy was implemented, based on improving 

the crystallizability of the protein by acting on the compositional and conformational 

stabilities of the recombinant protein.  Nevertheless, this strategy did not lead to LDH-Btr 

protein crystals.  To overcome the crystallization problem, cofactor and substrate analog 

were added in crystallization assays and a new plasmid construct coding for 

LDH-Btr-6xHis was designed, with the following two major changes: 

• The position of the 6xHis-tag at the C-terminal extremity of the protein 

• Modification of the cleavage site nature, by preferring a TEV site for this second 

plasmid construct 

The modifications made to perform the new crystallization assays, led to protein crystals 

formation and the solving of the first LDH-Btr structure at a resolution of 2.98 Å 

(Fig. D.1).  This has highlighted that different approaches can be used for promoting the 

obtention of crystallizable protein systems.  The diversity of the available experimental 
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approaches, as well as the development of IT tools (for predicting the crystallizability of 

a protein system from the amino acid sequence), allow to improve chances of protein 

crystallization.  Nevertheless, protein crystallization remains still an empirical method 

based on a trial-and-error procedure. 

 

Figure D.1: Representation of the crystallographic structure of LDH-Btr 

One of the main pieces of information highlighted from the crystallographic structure of 

the truncated protein concerns the oligomerization state of LDH-Btr.  The asymmetric 

unit of LDH-Btr structure is composed of a tetramer, although the truncation of the 

tetramerization arm leads to a dimeric protein in solution.  The tetramer obtained by 

crystallography confirmed the presence of an equilibrium between the dimeric and 

tetrameric forms of LDH-Btr, previously identified in solution50.  Indeed, the dimeric 

protein can be self-assembled into a “weak tetramer” in solution at higher concentrations.  

Therefore, it seems more likely to obtain a tetramer by crystallography, since the protein 

concentrations used for crystallization assays are high ( > 240 µM).  The equilibrium is 

shifted toward the tetrameric form.  The assemblage of LDH-Btr into a tetramer is still 

possible due to the presence of a second tetramerization site (tetramerization site 2) that 

was discussed in part II. 

In addition, obtaining a crystallographic structure of the LDH-Btr protein is an interesting 

tool for the design and study of new modulators targeting the tetrameric interface of LDH.  
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Indeed, with the tetramerization arm being truncated, the tetramerization site 1 is 

accessible for interaction with potential PPI modulators (peptides or small molecules). 

In the continuity of characterizing the LDH-B tetrameric interface, part II consisted in 

studying the tetramerization site 2.  First, a structural study of selected LDH-B mutants 

(LDH-BD64A, LDH-BH67A and LDH-BF71A) was performed by X-ray crystallography to 

further understand the effect of the mutation on the protein system, and consequently the 

role of each mutated residue in the LDH-B tetramer stability.  The different mutants were 

chosen because of their distinct profiles (oligomerization state, thermal and chemical 

stabilities) based on the work of Thabault et al.50.  Their work highlighted the presence 

of four hotspots (defined as residues essential for the stability of the tetrameric LDH-B 

protein), Glu61, Asp64, Leu70 and Phe71, at the tetrameric interface of LDH-B in 

solution.  Secondly, this structural study was complemented by a molecular dynamics 

(MD) approach, i.e., with Steered Molecular Dynamics (SMD) method, which aims to 

better characterize the tetrameric interface through the tetramer self-disassembly of 

LDH-B into dimers.  This approach focused on the 22-amino acid α-helix interacting with 

the tetramerization site 2. 

At the end of this part II, the molecular dynamics simulations have confirmed the four 

hotspots, previously identified in solution.  Indeed, this MD approach suggested that 

Glu61, Asp64, Leu70, Phe71, but also His67 are more involved in the stability of the 

tetramer.  The role of these residues in the assembly of the LDH-B tetramer has been 

assessed from an energetic point of view, but also via the SMD dissociation trajectories 

of the tetramer when the hotspots are mutated into alanine.  Furthermore, the 

crystallographic data, in combination with the molecular dynamics results, suggested that 

Asp64 (D64) is involved in the formation of a stable tetramer via the stabilization of the 

D64-interacting α-helix. 

Results of parts I and II, presented in this work, highlighted that the two approaches, i.e., 

molecular dynamics and crystallography, are complementary techniques for the structural 

characterization of the tetramerization site 2.  Steered Molecular Dynamics is an 

appropriate approach for in silico drug design, despite some limitations.  Indeed, the 

choice of the force field, the direction of the applied external force vector or even the 

magnitude of the force can introduce some errors in simulation results129.  However, SMD 

remains a good technique that can be used as a high throughput screening for hotspot 
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identification to guide mutant selection for experimental characterization. In addition, this 

technique is interesting for auto-association studies of protein systems. 

Concerning protein crystallography, X-Ray Diffraction (XRD) is an approach widely 

used for the determination of three-dimensional structures of protein.  Although dimers 

of LDH-B were observed in solution for some mutants and the truncated LDH-B 

(LDH-Btr and LDH-BF71A), tetramers of proteins were obtained during crystallization. 

This underlines one limit of using crystallography to study protein oligomerization and 

calls for additional biophysical experimental approaches.  Obtaining new structural data 

through other techniques than XRD, such as cryogenic Electron Microscopy (cryo-EM) 

would allow a better characterization of the LDH-B oligomerization states (dimeric form) 

that was observed in the solution.  Cryo-EM is a technique that relies on the use of a 

protein solution that is flash-frozen on a support (grid) in liquid ethane.  Frozen protein 

particles are then pictured by electron microscopy.  Bi-dimensional images of particles 

are classified following the different orientations of the protein (2D classification).  At 

the end, the classification of all these particles allows to generate a 3D volume map to 

construct the final protein structure136,137. 

Crystallography and cryo-EM could be used in a complementary way.  Table D.1 presents 

some usage advantages/drawbacks of XRD and cryo-EM. 

Table D.1: Comparison of X-Ray Diffraction (XRD) and cryogenic Electron Microscopy (cryo-EM) 

techniques for the resolution of three-dimensional protein structures 

Techniques Advantages Drawbacks Resolution 

XRD - High resolution 

- Large range of 

molecular weight (MW) 

- Well developed 

- Sample purity 

- Crystallizable system 

- Solid crystalline state 

- Conditions optimization 

High 

Cryo-EM - Sample amount 

- Close to the native state 

- Medium/low resolution 

- High MW system 

- Costly 

- Conditions optimization 

Medium/low 

 

XRD is a widely used and well-developed method.  It allows the determination of 3D 

structures at high resolution.  Nevertheless, it requires high-purity protein samples, as 

well as identifying the conditions for protein crystallization138,139.  In addition, XRD 
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requires high protein concentrations, which are not always representative of the native 

protein oligomerization state in the solution. 

Unlike XRD, cryo-EM allows studying protein systems in solution using a lower sample 

concentration.  Those conditions are closer to the native states of protein (lower 

concentration required).  It allows obtaining structures at medium to low resolution, even 

if some high-resolution structures have been resolved in some particular cases.  One of 

the main difficulties of cryo-EM is its applicability to systems with a MW < 100 kDa, 

which represents most of the proteins known so far in the proteome (75% of proteins have 

a MW < 50 kDa).  Nevertheless, these difficulties have recently been overcome using 

nano-, macro- or mega- bodies, which allowed to study protein systems with a 

MW < 100 kDa140.  Therefore, dimeric forms of LDH-B, such as LDH-Btr and 

LDH-BF71A could be studied by cryo-EM. 

• The equilibrium between the dimeric and tetrameric forms would be shifted 

towards the dimer due to the low protein concentration required. 

• To solve the problem of having a monodispersed sample for cryo-EM, Size 

Exclusion Chromatography (SEC) can be used to isolate one protein population 

(tetramer/dimer). 

• To overcome the cryo-EM size limitation for protein systems < 100 kDa, LDH-B 

targeting nanobodies could be generated140.  A nanobody (Nb) is a 15 kDa protein 

derived from Llama antibodies.  Nanobodies targeting the LDH protein can be 

fused to a scaffold protein, such as Maltose-Binding Protein (MBP) or the adhesin 

domain of Helicobacter pylori (HopQ) or even the Escherichia coli K12 

glucosidase (YgjK) to produce Macrobody or Megabody (Mb), respectively (~50-

100 kDa).  The MW of the newly formed protein complex is then increased and 

can be suitable for cryo-EM. 

1.2. Structural study of LDH-B-small molecule complexes 

The main objective of part III was the characterization of the binding mode of small 

molecules interacting at the tetrameric interface of LDH-B via the study of 

LDH-B-small molecule complexes using X-ray crystallography.  The tested molecules 

were previously identified by the UCLouvain collaborators and have shown an interesting 

profile to prevent the tetramer formation of LDH-B protein79. 
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This work allowed to obtain two crystallographic structures of LDH-B in complex with 

triprolidine (TRI) and Fluoxetine (FX) compounds: LDH-B-TRI and LDH-B-FX.  

Therefore, based on these structural data, two distinct binding sites close to the 

tetramerization site could be identified (Fig. D.2). 

 

Figure D.2: Representation of the binding site of TRI and FX ligands in LDH-B.  TRI ligand is shown in 

pink, FX ligand (cluster 1) in orange and FX ligand (cluster 2) in cyan.  Tetramerization arms are 

represented in blue and 22-amino acid α-helix in green 

The structure of the LDH-B-TRI complex revealed that the ligand binds near the N-term 

part of the tetramerization arm (close to the residues Ala9 and Val11) (Fig. D.2 in pink).  

This result can be correlated with the experimental data.  Indeed, in presence of TRI 

compound, tetrameric LDH presents a thermal destabilization profile similar to the one 

observed with macrocycle 779.  As mentioned in the introduction (see section 5.2), 

macrocycle 7 is a stapled peptide designed and highlighted for competing with the 

N-terminal part of the tetramerization arm (residue Ala1 to Ile8)59.  In addition, a 

competition assay between triprolidine and macrocycle 7 on LDH-Btr has been 

performed and shows a competition between the two molecules.  Therefore, it has been 

suggested that the TRI compound could interact in the same way as macrocycle 7. 

The structure of the LDH-B-FX complex revealed that the compound binds near the 

tetramerization arm (close to Glu13).  Two clusters of FX have been identified through 

the two different orientations adopted by the compound (Fig. D.2 in orange and cyan).  

Concerning the experimental data generated by the UCLouvain collaborators, 
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experiments are ongoing.  Nevertheless, a competition assay between triprolidine and 

fluoxetine has been performed and didn’t show competition between the two compounds 

(data not published).  Again, crystallographic results correlate with this data since two 

distinct binding sites have been identified for TRI and FX molecules. 

The binding sites of TRI and FX ligands could be further characterized by obtaining 

crystallographic structures of LDH-Btr-TRI/FX complexes.  Indeed, the presence of the 

tetramerization arm could potentially compete for the binding of these molecules (binding 

sites close to the arm) and obtaining structures of complexes with LDH-Btr could reveal 

the real interaction sites of these molecules.  In addition, the cryo-EM technique could be 

used to reveal some potential conformational changes in the quaternary structure of the 

protein in presence of the compound.  Nevertheless, XRD remains the method of choice 

to identify the binding site of the molecule at the tetrameric interface of LDH-B from an 

atomic point of view. 

2. Outlooks 

At the end of this work, several outlooks can be foreseen.  First, the crystallographic 

conditions of the LDH-Btr protein could be optimized aiming to have easier access to 

LDH-Btr crystals, as well as to improve the crystallographic structure resolution.  Indeed, 

the analysis of LDH-Btr crystals has allowed solving a structure at a medium resolution 

(2.98 Å).  Therefore, obtaining a crystallographic structure at higher resolution will allow 

to obtain more precision on the LDH-Btr structure, which can be used as an interesting 

tool for the design and study of new modulators.  Moreover, these optimized 

crystallization conditions can provide a good starting point for the co-crystallization 

conditions of LDH-Btr-small molecule complexes (molecules binding at the tetrameric 

interface of LDH-B). 

In addition, it would be interesting to further characterize the dimeric state of LDH-B 

using cryo-EM.  This technique should allow studying the three-dimensional structure of 

LDH-B in a close to native dimeric state (using mutants or LDH-Btr protein which are 

dimeric in solution) and will provide information leading to a better understanding of the 

LDH-B tetramerization process. 

Concerning the characterization of the tetrameric interface of LDH-B, it could be 

interesting to complete the analysis of the tetramerization site 2 by studying the Glu61 

and Leu70 residues as hotspots by obtaining crystallographic structures of corresponding 
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mutant proteins (LDH-BE61A and LDH-BL70A).  The structural analysis of the mutants 

could provide further insight into the role of Glu61 et Leu70 residues in the formation of 

a stable LDH-B tetramer.  In this work, the tetramerization site 1 has been characterized 

via the study of the LDH-B truncated form (LDH-Btr).  This study could be 

complemented via the analysis of three hotspots that have been observed in solution by 

the collaborators (Leu3, Leu7 and Ile8)59.  Therefore, the same methodology used for the 

characterization of tetramerization site 2 (using X-ray crystallography and molecular 

dynamics approaches) can be applied to tetramerization site 1. 

Finally, for part III consisting in the structural study of LDH-B-small molecule 

complexes, several perspectives can be envisaged.  First, to further characterize the 

binding site of molecules (such as fluoxetine and triprolidine) interacting at the tetrameric 

interface of LDH-B, it would be interesting to obtain small molecule-LDH-Btr complexes 

by XRD.  Indeed, the truncation of the tetramerization arm of LDH-Btr makes the 

tetramerization site 1 more accessible for small molecules.  In addition, these complexes 

can be also studied by Steered Molecular Dynamics to further characterize the binding 

mode of the compounds to LDH-B.  This study could also be extended to other small 

molecules or peptides identified in solution by the UCLouvain collaborators as promising 

compounds to target the tetrameric interface of LDH protein. 
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1. Recombinant LDH-B expression and purification 

1.1. Transformation of competent bacteria 

Transformed bacteria (E. coli Rosetta BL21 (DE3)) with pET-28a(+) (coding for 

6xHis-LDH-Btr) was provided by Prof. R. Frédérick’s group (UCLouvain).  An aliquot 

of competent E. coli BL21 (DE3) bacteria was thawed on ice, and one µL of plasmid 

(pET-24(+) concentrated to 200 ng.µL-1) was added to 50 µL of bacteria.  The 

bacteria/plasmid mixture was then incubated on ice for 30 minutes.  The transformation 

was carried out by heat shock for one minute and 15 seconds at 42°C in a water bath.  

Thereafter, bacteria were incubated for two minutes on ice.  One mL of Lysogeny Broth 

(LB) Lennox medium was added to bacteria, and cells were incubated for one hour at 

37°C under agitation.  Then, bacteria were spread on a LB-agar plate (without antibiotics) 

using beads.  The plate was incubated over-night (o/n) at 37°C to let bacteria grow in 

colonies.  Finally, from a bacteria colony, a preculture of 10 mL was carried out and 

transformed bacteria were conserved in 20% (v/v) of glycerol (= glycerol stock) at -80°C. 

1.2. Bacteria culture and protein induction  

10 mL of LB medium, supplemented with plasmid-specific antibiotic, were inoculated 

with 50 µL of transformed bacteria (kanamycin (KAN): final concentration (Cf) = 

50 µg.mL-1 and chloramphenicol (CAM): Cf = 34 µg.mL-1).  KAN was used for bacteria 

transformed with pET-24a(+) plasmid construction and KAN + CAM were used for 

bacteria transformed with pET28a(+).  Preculture was incubated o/n at 37°C under 

agitation. 

The bacterial culture was performed by inoculating 300 mL LB medium with 10 mL of 

preculture supplemented with specific antibiotics (as mentioned before).  The culture 

medium was incubated at 37°C under agitation (175 RPM).  Bacterial growth was 

followed by an optical density (OD) measure at 600 nm.  When an OD of 0.6 was reached, 

the protein of interest was induced by adding Isopropyl β-D-1-thiogalactopyranoside 

(IPTG) (Cf = 1 or 0.5 mM for bacteria transformed with pET-28a(+) and pET-24a(+) 

plasmid construction, respectively).  The bacterial culture was then incubated at 20°C for 

20 hours under agitation (175 RPM).  Bacterial pellets were recovered by centrifugation 

(30 minutes, 4°C, 5 000 RPM – rotor JA-20, Beckman Coulter Avanti J-E centrifuge).  

Bacteria were then resuspended in lysis buffer (50 mM Tris pH 8.5, 300 mM NaCl, 

10 mM MgCl2, 5 mM imidazole, 5% (v/v) glycerol, anti-proteases (cOmpleteTM, EDTA-

free Protease Inhibitor Cocktail Tablets, Roche – 1 tablet/50 mL solution)) and cells were 
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disrupted by sonication (10 x 30 seconds spaced with 30 seconds resting time – Branson 

Sonifier®, power 7: 20 W).  The supernatant containing the protein of interest was 

recovered after centrifugation (30 minutes, 4°C, 10 000 RPM – rotor JA-14, Beckman 

Coulter Avanti J-E centrifuge) and was then filtered through 0.45 µm and 0.20 µm filters.  

Finally, one µL of B-mercaptoethanol was added per mL of supernatant solution. 

1.3. Macromolecule purification 

a) Immobilized Metal Affinity Chromatography (IMAC) 

The His-tagged proteins (6xHis-LDH-Btr, LDH-Btr-6xHis, LDH-B, LDH-BD64A, LDH-

BH67A, LDH-BF71A) were first purified by IMAC (His-Trap FF crude column – GE 

Healthcare).  After loading the protein, the column was washed with buffer A (50 mM 

Tris pH 8.5, 300 mM NaCl, 30 mM imidazole, 10 mM MgCl2, 5% (v/v) glycerol).  The 

protein was then eluted with buffer B containing 250 mM imidazole using a gradient over 

45 minutes for 6xHis-LDH-Btr, LDH-Btr-6xHis, LDH-BD64A and LDH-BF71A proteins 

(buffer B: 50 mM Tris pH 8.5, 300 mM NaCl, 250 mM imidazole, 10 mM MgCl2, 5% 

(v/v) glycerol).  The protein buffer was then exchanged with buffer C using a desalting 

column (PD10 SephadexTM G-25 – GE Healthcare) or by dialysis (o/n), before being used 

for other experiments or flash-freezed and stored at -80°C.  This buffer depends on the 

protein used, as well as on the experiment performed afterward.  A list of used buffers is 

reported in Table M.1.  
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Table M.1: List of buffers used for proteins purified by IMAC 

Protein Next step Buffer Buffer exchange 

method 

6xHis-LDH-Btr Crystallization assays 50 mM phosphate buffer pH 7.5, 

100 mM NaCl, 10% (v/v) 

glycerol, 1 mM DTT 

Dialysis 

Thrombin cleavage 50 mM Tris pH 8.5, 300 mM 

NaCl, 10 mM MgCl2, 5% (v/v) 

glycerol 

PD10 

Ion exchange 

chromatography 

25 mM Tris-HCl pH 7.5, 10 mM 

NaCl, 1 mM DTT, 5% (v/v) 

glycerol 

Dialysis / PD10 

LDH-Btr-6xHis/ 

LDH-Bmutants/ 

LDH-B 

Crystallization assays 50 mM Tris-HCl pH 7.6, 150 

mM NaCl, 5% (v/v) glycerol 

or 

25 mM HEPES pH 7.5, 150 mM 

NaCl, 5% (v/v) glycerol 

PD10 

Size exclusion 

chromatography 

b) Ion exchange chromatography 

Once purified by IMAC, a second purification step by affinity chromatography (HiTrap 

Q HP column – GE Healthcare) can be performed (for 6xHis-LDH-Btr protein).  After 

loading of protein on the column (buffer A: 25 mM Tris-HCl pH 7.5, 10 mM NaCl, 5% 

(v/v) glycerol), the protein was eluted using a salt gradient in NaCl over 30 minutes 

(buffer B: 25 mM Tris-HCl pH 7.5, 350 mM NaCl, 5% (v/v) glycerol).  The protein buffer 

was then exchanged with buffer C (50 mM phosphate buffer pH 7.5, 100 mM NaCl, 10% 

(v/v) glycerol) using a desalting column (PD10). 

c) Size exclusion chromatography 

This purification step was performed after ion exchange chromatography (for 

6xHis-LDH-Btr) or IMAC (for LDH-Btr-6xHis, LDH-BD64A) using a gel filtration 

column (HiLoad 16/60 Superdex 200 pg – GE Healthcare).  10 mg of protein were loaded 

onto the column per run.  Protein recovered after purification was concentrated with an 

amicon (cut-off: 10 kDa) by centrifugation (4°C, 6 300 RPM – rotor FA-35-6-30, 

Eppendorf 5430 R centrifuge).  The protein buffer was then exchanged (see Table M.1) 

using a desalting column or by dialysis (o/n), before being used for other experiments or 

flash-freezed and stored at -80°C.  



136 | M a t e r i a l s  a n d  m e t h o d s  

 

1.4. Thrombin cleavage 

a) Thrombin cleavage optimization 

An optimization of the thrombin cleavage was performed to determine the optimal 

cleavage conditions.  The test was carried out using 6xHis-LDH-Btr purified by IMAC 

concentrated at 1.5 mg.mL-1 in buffer 25 mM Tris-HCl pH 7.5, 10 mM NaCl, 10 mM 

MgCl2 and 10% (v/v) glycerol.  The protein was incubated at 4°C with thrombin (different 

tested concentrations: 1U, 5U, 10U and 25U/mg of protein) for different incubation times 

(2h, 5h, 6h, and 20h).  For each incubation time, 10 µg of protein were collected. Samples 

were then analyzed on SDS-PAGE (10% acrylamide). 

b) Thrombin cleavage and purification of cleaved LDH-Btr (LDH-Btrcleaved) 

The thrombin cleavage was performed using the optimized conditions (5U thrombin/mg 

of protein with 20h of incubation time) with 6xHis-LDH-Btr purified by IMAC (IMAC 

1) concentrated at 1.5 mg.mL-1 in buffer 50 mM Tris pH 8.5, 10 mM MgCl2, 300 mM 

NaCl and 5% (v/v) glycerol.  Once the cleavage was done, a second IMAC (IMAC 2) 

was performed.  The protein buffer was exchanged with buffer A (50 mM Na phosphate 

pH 7.5, 150 mM NaCl, 30 mM imidazole and 5% (v/v) glycerol).  The LDH-Btrcleaved (in 

presence of thrombin) was recovered in Flow Through (FT), while the uncleaved protein 

and 6xHis-tag were eluted with buffer B (50 mM Na phosphate pH 7.5, 150 mM NaCl, 

250 mM imidazole and 5% (v/v) glycerol).  After IMAC 2, the cleaved protein was 

exchanged again with buffer C (50 mM Na phosphate pH 7.5, 150 mM NaCl and 5% 

(v/v) glycerol) and a last purification step using benzamidine column (HiTrap® 

Benzamidine Fast Flow column – GE Healthcare) was performed to separate 

LDH-Btrcleaved from thrombin.  The cleaved protein was eluted with buffer D (isocratic 

elution) (50 mM Na phosphate pH 7.5, 1 M NaCl and 5% (v/v) glycerol).  Thrombin was 

eluted with buffer E (buffer D supplemented with 20 mM p-aminobenzamidine).  The 

final protein buffer corresponds to buffer F (50 mM phosphate buffer pH 7.5, 100 mM 

NaCl). 

2. Crystallization 

2.1. Crystallization assays of LDH-B proteins 

Crystallization of different LDH-B proteins was performed (6xHis-LDH-Btr, 

LDH-Btr-6xHis, LDH-BD64A, LDH-BH67A, and LDH-BF71A).  Concerning the 

crystallization assays of 6xHis-LDH-Btr and LDH-Btr-6xHis, the details are shown in the 
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results section (see Table 1.4 for 6xHis-LDH-Btr and Table 1.6 for LDH-Btr-6xHis).  

Crystallization assays of the three mutants of LDH-B are reported in Table M.2. 

Table M.2: Crystallization assays of LDH-BD64A, LDH-BH67A, and LDH-BF71A – screenings of 

crystallization conditions with mutants purified by IMAC (screenings 1-2, 4-6) and size exclusion 

chromatography (screening 3).  Composition of the protein buffer Hepes: 25 mM Hepes pH 7.5, 150 mM 

NaCl, 5% (v/v) glycerol 

Protein Screening Protein 

conc. 

(mg.mL-1) 

Kit Drop* T 

(°C) 

Protein 

buffer 

Ligands Method 

LDH-

BD64A 

1 8, 18, 26, 

35 

JCSG-

plusTM 

(MD1-37) 

1/1 RT Hepes / Sitting 

drop 

 

 2 9, 18, 22, 

25.5 

PACT 

premierTM 

(MD) 

1/1 RT Hepes / Sitting 

drop 

 3 9, 13, 18 JCSG-

plusTM 

(MD1-37) 

1/1 RT Hepes Without 

or 

OXM (1.5x**) 

& NADH 

(1.5x**) 

Sitting 

drop 

LDH-

BH67A 

4 8, 18.5, 

24, 30 

JCSG-

plusTM 

(MD1-37) 

1/1 RT Hepes / 

 

Sitting 

drop 

LDH-

BF71A 

5 5, 8, 12.5, 

15 

JCSG-

plusTM 

(MD1-37) 

1/1 RT Hepes / 

 

Sitting 

drop 

 6 8, 13.5, 

18, 22 

PACT 

premierTM 

(MD1-29) 

1/1 RT Hepes / Sitting 

drop 

* Mother liquor/protein ratios   ** Ligand concentration (ligand/protein ratio) 

Different screenings of crystallization conditions were performed for the three mutants 

(LDH-BD64A, LDH-BH67A, and LDH-BF71A) by varying several parameters and using 

different screening kits (MD1-37 and MD1-29 from Molecular Dimensions††).  Crystals 

were obtained in some screening conditions in 96-well plates.  Some of them were 

repeated and optimized with the hanging-drop vapor-diffusion method to refine the 

crystallization conditions. 

2.2. Crystallization of LDH-B proteins 

Different forms of LDH-B were crystallized (LDH-Btr-6xHis, LDH-BD64A, LDH-BH67A, 

and LDH-BF71A).  The crystals of LDH-B proteins were obtained using the sitting-drop 

vapor-diffusion method in different crystallization conditions: 

 
††https://www.moleculardimensions.com/ 
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- LDH-Btr-6xHis: the crystals were obtained from a protein solution concentrated 

at 9 mg.mL-1 (protein buffer: 50 mM Tris-HCl pH 7.6, 150 mM NaCl, 5% (v/v) 

glycerol).  The protein was previously incubated with NADH and oxamic acid 

(ratio protein/ligand: 1/3) for at least one hour on ice.  The method used was the 

sitting-drop vapor-diffusion method in 96-well plates at 293 K.  Crystals were 

obtained after 10 days in 0.2 M lithium sulfate, 0.1 M sodium acetate pH 4.5 and 

50% (v/v) PEG 400. 

- LDH-BD64A: the crystals were obtained from a protein solution concentrated at 

8 mg.mL-1 (protein buffer: 25 mM HEPES pH 7.5, 150 mM NaCl, 5% (v/v) 

glycerol).  The method used was the hanging-drop vapor-diffusion method in 

96-well plates at 293 K.  Crystals were obtained in 24% (w/v) PEG 1500 and 20% 

(v/v) glycerol. 

- LDH-BH67A: the crystals were obtained from a protein solution concentrated at 

8 mg.mL-1 (protein buffer: 25 mM HEPES pH 7.5, 150 mM NaCl, 5% (v/v) 

glycerol).  The method used is the sitting-drop vapor-diffusion method in 96-well 

plates at 293 K.  Crystals were obtained after 12 days in 24% (w/v) PEG 1500 and 

20% (v/v) glycerol. 

- LDH-BF71A: the crystals were obtained from a protein solution concentrated at 

12.5 mg.mL-1 (protein buffer: 25 mM HEPES pH 7.5, 150 mM NaCl, 5% (v/v) 

glycerol).  The method used is the sitting-drop vapor-diffusion method in 96-well 

plates at 293 K.  Crystals were obtained in 0.2 M lithium sulfate, 0.1 M Tris pH 8.5 

and 40% (v/v) PEG 400. 

The different crystals were flash-freezed in liquid nitrogen.  Data collection was 

performed at Soleil synchrotron (Gif-sur-Yvette, France) on PROXIMA-1 and 

PROXIMA-2A beamlines at 100 K, using a Dectris EIGER X 16M detector at a single 

wavelength of 0.98011 (for LDH-BD64A and LDH-BH67A) or 0.97857 (for LDH-BF71A).  

Data were processed with XDS120 and the structures were solved by molecular 

replacement with Phaser121 with a monomer of LDH-B (PDB entry: 1I0Z)65.  Model 

building and refinement were performed with Phenix122 and Coot123. 

2.3. Co-crystallization of LDH-B-ligand complexes 

Co-crystallization of different LDH-B-ligand complexes were performed (LDH-B-MAP, 

LDH-B-TRI, LDH-B-IMI, LDH-B-FX, LDH-Btr-FX and LDH-Btr-TRI).  The 

crystallization assay details are reported in Appendix 3.A.  Crystals were obtained in some 



M a t e r i a l s  a n d  m e t h o d s  | 139 

 

screening conditions in 96-well plates.  Some of them were repeated and optimized with 

the hanging-drop vapor-diffusion method to refine the crystallization conditions. 

- LDH-B-TRI: the crystals were obtained from a protein solution concentrated at 

15 mg.mL-1 (protein buffer: 50 mM Tris-HCl pH 7.5, 150 mM NaCl).  The protein 

was previously incubated with triprolidine (TRI) (ratio protein/ligand: 1/3), 

NADH (2.5 mM) and oxamic acid (1 mM) for at least one hour on ice.  The 

method used was the sitting-drop vapor-diffusion method in 96-well plates at 

293 K.  Crystals were obtained in 24% (w/v) PEG 1500 and 20% (v/v) glycerol. 

- LDH-B-FX: the crystals were obtained from a protein solution concentrated at 

15 mg.mL-1 (protein buffer: 50 mM Tris-HCl pH 7.5, 150 mM NaCl).  The protein 

was previously incubated with Fluoxetine (FX) (ratio protein/ligand: 1/3), NADH 

(2.5 mM) and oxamic acid (1 mM) for at least one hour on ice.  The method used 

was the sitting-drop vapor-diffusion method in 96-well plates at 293 K.  Crystals 

were obtained in 0.2 M ammonium acetate, 0.1 M Bis-Tris pH 5.5 and 25% (w/v) 

PEG 3350. 

The different crystals were flash-freezed in liquid nitrogen.  Data collection was 

performed at Soleil synchrotron (Gif-sur-Yvette, France) on PROXIMA-1 and 

PROXIMA-2A beamlines at 100 K, using a Dectris EIGER X 16M detector at a single 

wavelength of 0.97857 (for LDH-B-TRI complex) or 0.98011 (for LDH-B-FX complex).  

Data were processed with XDS120 and the structures were solved by molecular 

replacement with Phaser121 with a monomer of LDH-B in presence of NADH and OXM 

(PDB entry: 1I0Z)65.  Model building and refinement were performed with Phenix122 and 

Coot123.  TRI and FX ligands were added to the structure using eLBOW124. 

3. Differential Scanning Fluorimetry (DSF) 

The thermal stability of LDH-B in different conditions was evaluated by DSF using the 

Protein Thermal Shift Dye kit (ThermoFisher Scientific).  The experiments were 

performed in a 96-well plate (incubated on ice to avoid the denaturation of the protein) 

and each well (Vf: 20 µL) was composed as follows: 5 µL DSF buffer, 12.5 µL protein 

solution (Cf: 5 µg of protein/well) and 2.5 µL diluted dye (8x concentrated).  The DSF 

buffer and the SyproTM Orange dye (1 000x concentrated) were provided in the 

commercial kit.  Once the wells were filled and homogenized, the plate was sealed and 

centrifuged (3 minutes, 4°C, 3 000 RPM – rotor A-2-MTP, Eppendorf 5430 R centrifuge).  

Then, a temperature gradient was performed: the plate was heated up to 98°C (increment: 
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1°C/minute and stabilization at 25°C and 98°C (2 minutes)) with a StepOnePlusTM Real-

Time PCR system (Applied Biosystem) and the ROX filter is applied for fluorescence 

measure.  The data were then processed using Excel and GraphPad Prism (version 5.04, 

GraphPad Software). 

For the characterization of LDH-B forms (LDH-B, 6xHis-LDH-Btr, and LDH-Btrcleaved), 

the Tm was determined by the first derivative calculated from the sigmoidal curve.  

Concerning the buffer condition optimization, the protein solution (Vf: 12.5 µL) is 

composed as follows: 2.5 µL of protein (5 µg), 5 µL tested buffer (4x concentrated), and 

5 µL salt solution (4x concentrated).  The ΔTm is calculated as the difference between the 

Tm (tested buffer) and the Tm (control buffer – 50 mM phosphate buffer pH 7.5, 100 mM 

NaCl).  Concerning the additive screening, the protein solution (Vf: 12.5 µL) is composed 

as follows: 2.5 µL of protein (5 µg), 8 µL of buffer (100 mM Bicine pH 8.3, 500 mM 

NaCl), and 2 µL of additive (10x concentrated).  The ΔTm is calculated as the difference 

between the Tm (protein with test additive) and the Tm (protein without additive).  All 

DSF data were processed using Excel and GraphPad Prism (version 5.04, GraphPad 

Software). 

4. Molecular dynamics simulations 

4.1. Molecular Dynamics simulations of crystallographic structures 

Molecular Dynamics (MD) simulations were performed starting with the crystallographic 

structures of LDH-BD64A, LDH-BH67A, LDH-BF71A (without any ligand), and LDH-B 

(PDB entry: 1I0Z).  The unrefined part of LDH-BD64A structure was built by homology 

using Prime in Maestro software (version 12.9)141,142.  The MD simulations were 

performed using GROMACS 2016 (version 5.1.4)143 with the CHARMM27 force field144 

and CMAP corrections.  The protein system was placed in a cubic box with a distance of 

at least 2.0 nm between the protein and the box.  Then, the protein was solvated with a 

hybrid solvent, using all-atom TIP3P water molecules (shell of 1.0 nm around the protein) 

while the rest of the box was filled with coarse-grained SIRAH water molecules145–147.  

Chloride and sodium ions were added to neutralize the total charge of the protein system 

and reach a concentration of 0.1 M in NaCl.  The MD trajectories were generated under 

Periodic Boundary Conditions (PBC) using the Particle Mesh Ewald (PME) method and 

a distance cut-off of 1.2 nm was applied for the Coulomb and the vdW interactions.  The 

V-rescale and Parrinello-Rahman algorithms were used to fix the temperature and the 

pressure, respectively.  All MD calculations were carried out with a time step of 2 fs.  A 
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first minimization was carried out using the steepest descent algorithm with an energy 

step size of 0.01 nm and a force convergence criterion of 1000 kJ.mol-1.nm-1.  The 

equilibration stage was designed so as to progressively increase the temperature, as shown 

in Table M.3. 

Table M.3: Description of the different equilibration steps 

Temperature (K) Time (ps) System 

50 10 NVT 

150 20 NVT 

300 20 NVT 

Then, the final equilibration step (110 ns) was performed at 300 K and 1 bar.  Finally, a 

300 ns-production stage was carried out. 

From the MD simulations generated for the protein systems LDH-BD64A, LDH-BH67A, 

LDH-BF71A, and LDH-B, RMSD profiles of the 22-amino acids α-helix and the 

tetramerization site 2 during the 300 ns-production were analyzed.  In addition, 

experimental (from crystallographic structure) and MD Cα RMSF profiles were studied.  

The experimental RMSF profiles were generated from the B-factor of each residue128: 

𝑅𝑀𝑆𝐹𝑖
2 =  

3𝐵𝑖

8𝜋2
 

4.2. Steered Molecular Dynamics 

Steered Molecular Dynamics (SMD) simulations were performed for the available 

LDH-B crystallographic structure (PDB entry: 1I0Z) in the presence of ligands (NADH 

and OXM).  Several mutated protein systems were generated from the LDH-B structure 

where the single-point mutation is inserted using the Pymol software125.  The same 

software as described above was used as well as the solvation procedure.  To allow the 

separation of the two dimers, the protein system was aligned along the y-axis and the box 

length along the same axis was enlarged by 5.0 nm.  The ligand topology files were 

generated with SwissParam software148.  Position constraints were applied on the Cα 

atoms of the fixed AC dimer, except for the residues constituting the tetramerization arm 

and the 22-amino acid α-helix and those at the interface of the two dimers.  In addition, 

angle constraints were applied for the mobile BD dimer, except for the same residues 

cited previously for position constraints. A first minimization was processed using the 

steepest descent algorithm with an energy step size of 0.01 nm and a force convergence 

criterion of 1000 kJ.mol-1.nm-1.  The equilibration stage was designed so as to 
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progressively increase the temperature, as mentioned in Table M.3, and an additional 

equilibration step (20 ns) was performed at 300 K and 1 bar.  Finally, the SMD simulation 

was performed at 300 K and 1 bar by applying an external force on the center of mass of 

BD dimer (k = 500 and kJ.mol-1.nm-1 and vpull = 0.005 nm.ps-1)
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Appendix 1 

 tr ct ral st dy o  tr ncated     B      Btr  – C aracteri ation o  t e 

tetra eri ation site   

 

Appendix 1.A: Representation of full SDS-PAGE presented in part I - (A) Gel presented in Figure 1.3 – 

(B) Gel presented in Figure 1.4 – (C) Gel presented in Figure 1.5 

 

Appendix 1.B: Thrombin cleavage optimization of LDH-Btr.  SDS-PAGE (10% acrylamide) – LDH-Btr 

samples after thrombin cleavage under the different tested conditions: thrombin concentration (1U to 

25U/mg protein) and incubation time (2 hours to 20 hours – green lines) – selected condition: 5U/mg protein 

and 20 hours of incubation (orange box) 
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Appendix 1.C: List of the 17 selected additives (Hampton Research kit (HR2-428)) screened by DSF 

 Additives Test concentration 

C34 Glycine 0.1 M 

C44 Urea 0.01 M 

C45 Β-Nicotinamide adenine dinucleotide hydrate 0.01 M 

C46 Adenosine- ’-triphosphate disodium salt hydrate 0.01 M 

C49 Ethylenediaminetetraacetic acid disodium salt 

dihydrate 

0.01 M 

C54 D-(+)-Glycose monohydrate 3% (w/v) 

C55 Sucrose 3% (w/v) 

C56 Xylitol 3% (w/v) 

C57 D-Sorbitol 3% (w/v) 

C59 D-(+)-Trehalose dihydrate 3% (w/v) 

C60 D-(+)-Galactose 3% (w/v) 

C62 Glycerol 3% (v/v) 

C63 NDSB-195 0.3 M 

C73 Trimethylamine N-oxide dihydrate 3% (w/v) 

C88 Acetonitrile 4% (v/v) 

C91 Ethyl acetate 0.5% (v/v) 

C93 Dichloromethane 0.025% (v/v) 
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Appendix 2 

 tr ct ral st dy o      B   tants – C aracteri ation o  t e 
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Appendix 2.A: Data collection and refinement statistics for LDH-BD64A, LDH-BH67A and LDH-BF71A 

structures.  Values for the highest-resolution shell are given brackets 

 LDH-BD64A LDH-BH67A LDH-BF71A 

Wavelength 0.98011 0.98011 0.97857 

Resolution range (Å) 47.95 – 2.00 (2.07 – 

2.00) 

46.31 – 2.39 (2.48 – 

2.39) 

46.20 – 3.22 (3.34 – 

3.22) 

Space group P21 P212121 R32 

a, b, c (Å) 98.06, 68.27, 111.81 88.95, 130.21, 131.77 194.49, 194.49, 384.32 

α, β, γ ( ) 90, 103.319, 90 90, 90, 90 90, 90, 120 

Total reflections 519131 (50041) 831569 (76368) 937257 (83932) 

Unique reflections 97234 (1843) 61223 (4985) 45342 (4350) 

Multiplicity 5.3 (5.2) 13.6 (12.7) 20.7 (19.3) 

Completeness (%) 73.06 (19.09) 93.34 (82.37) 99.58 (96.69) 

Mean I/σ(I) 5.58 (0.77) 12.74 (1.70) 16.34 (1.95) 

Wilson B factor (Å2) 19.63 31.26 95.42 

Rmerge 0.2229 (1.818) 0.2608 (1.653) 0.1911 (1.716) 

Rmeas 0.2473 (2.022) 0.2709 (1.722) 0.1959 (1.762) 

Rpim 0.1053 (0.8731) 0.07289 (0.4780) 0.04285 (0.3941) 

CC1/2 0.992 (0.385) 0.996 (0.667) 0.999 (0.681) 

CC* 0.998 (0.745) 0.999 (0.895) 1.000 (0.900) 

Reflections used in 

refinement 

71183 (1843) 57192 (4985) 45321 (4348) 

Reflections used for Rfree 3421 (84) 1860 (153) 2266 (217) 

Rwork 0.2435 (0.2602) 0.1653 (0.2519) 0.2208 (0.3040) 

Rfree 0.2936 (0.3132) 0.2281 (0.3322) 0.2714 (0.3790) 

CCwork 0.881 (0.761) 0.959 (0.738) 0.953 (0.725) 

CCfree 0.849 (0.672) 0.911 (0.585) 0.956 (0.504) 

Number of non-

hydrogen atoms 

   

Total 10565 10903 15654 

Macromolecules 10072 10307 15369 

Ligands 85 56 156 

Solvent 458 572 129 

Protein residues 1312 1343 2003 

R.m.s. deviations    

Bonds (Å) 0.004 0.008 0.003 

Angles (°) 0.62 0.96 0.66 

Ramachandran plot    

Favored (%) 97.45 96.10 95.53 

Allowed (%) 2.47 3.75 4.17 

Outliers (%) 0.08 0.15 0.30 

Rotamer outliers (%) 0.79 1.12 0.00 

Clashscore 16.59 12.17 8.52 

Average B factors (Å2)    

Overall 22.27 36.42 86.35 

Macromolecules 22.17 36.30 86.51 

Ligands 38.21 44.54 89.05 

Solvent 23.19 38.22 62.94 
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Appendix 2.B: Interactions details for the LDH-B (PDB entry: 1I0Z) and mutant (LDH-BH67A, LDH-BD64A 

and LDH-BF71A) structures.  Interactions are reported for monomer A of each structure.  Distances (Å) 

reported in the table is measured between the donor and acceptor atoms.  The interactions were generated 

with Discovery Studio Visualizer149 

 Partner 1 Partner 2 Type d (Å) 

LDH-B Asp64 (A) [NH] Gly60 (A) [C=O] Hydrogen bond 2.94 

 Gly68 (A) [NH] Asp64 (A) [C=O] Hydrogen bond 3.37 

 H2O (421) Asp64 (A) [C-O-] Hydrogen bond 2.86 

 H2O (418) Asp64 (A) [C-O-] Hydrogen bond 2.97 

 Lys245 (B) [NH3
+] Asp64 (A) [C-O-] Hydrogen bond 2.85 

 Asn249 (B) [NH] Asp64 (A) [C-O-] Hydrogen bond 2.86 

 Ala251 (B) [NH] Asp64 (A) [C-O-] Hydrogen bond 3.18 

 Lys245 (B) [NH3
+] Asp64 (A) [C-O-] Salt bridge 2.85 

 His67 (A) [NH] Met63 (A) [C=O] Hydrogen bond 2.87 

 H2O (457) His67 (A) [C=O] Hydrogen bond 2.65 

 H2O (421) His67 (A) [N] Hydrogen bond 2.83 

 Phe71 (A) [NH] Gly68 (A) [C=O] Hydrogen bond 2.90 

 Leu254 – Ser255 (B) Phe71 (A) [phenyl] Amide-Pi stacked 4.29 

LDH-BH67A Ala67 (A) [NH] Met63 (A) [C=O] Hydrogen bond 2.93 

 H2O (85) Ala67 (A) [C=O] Hydrogen bond 2.71 

LDH-BD64A Ala64 (A) [NH] Gly60 (A) [C=O] Hydrogen bond 2.89 

LDH-BF71A Ala71 (A) [NH] Gly68 (A) [C=O] Hydrogen bond 3.25 

 

 

Appendix 2.C: (A) RMSD profiles of the 22-amino acid α-helix (monomer A) of LDH-B (cyan), 

LDH-BD64A (green), LDH-BH67A (brown) and LDH-BF71A (orange) during the 300 ns MD simulation at 300 

K and 1 bar – (B) RMSD profiles of the tetramerization site 2 of LDH-B (cyan), LDH-BH67A (brown) and 

LDH-BF71A (orange) during the 300 ns MD simulation at 300 K and 1 bar 
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Appendix 2.D: (A) Experimental (from crystallographic structure – in orange) and MD (in grey) RMSF 

profile of LDH-BH67A Cα and MD RMSF profile of LDH-B Cα (in cyan) – (B) Experimental (from 

crystallographic structure – in brown) and MD (in blue) RMSF profile of LDH-Bf71a and MD RMSF profile 

of LDH-B Cα (in cyan) 
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Appendix 2.E-1: Mean interaction energy of the residue from the 22-amino acid α-helix with BD dimer calculated over 

the first 2000 ps of the SMD trajectory.  The different contributions to the total interaction energy (kJ.mol-1) for 

monomer C are presented: short-range Coulomb energy contribution (kJ.mol-1) and short-range Lennard-Jones energy 

contribution (kJ.mol-1).  The total interaction energy (kJ.mol-1) corresponds to the sum of Coulomb and Lennard-Jones 

energy contributions 

 Coulomb contribution 

(kJ.mol-1) 

Lennard-Jones 

contribution (kJ.mol-1) 

Total interaction 

energy (kJ.mol-1) 

Leu54 -0.04 ± 0.01 -0.30 ± 0.03 -0.34 ± 0.03 

Glu55 -0.47 ± 0.03 -1.01 ± 0.03 -1.48 ± 0.04 

Asp56 -5.63 ± 0.40 -13.33 ± 0.16 -18.96 ± 0.43 

Lys57 6.24 ± 0.58 -9.95 ± 0.97 -3.71 ± 1.13 

Leu58 -0.26 ± 0.01 -1.19 ± 0.04 -1.45 ± 0.04 

Lys59 1.85 ± 0.09 -10.18 ± 0.32 -8.33 ± 0.33 

Gly60 -10.08 ± 1.40 -18.91 ± 0.26 -28.99 ± 1.42 

Glu61 -176.78 ± 2.50 -3.75 ± 1.40 -180.53 ± 2.87 

Met62 -0.86 ± 0.08 -2.27 ± 0.01 -3.13 ± 0.08 

Met63 0.13 ± 0.10 -26.44 ± 0.31 -26.31 ± 0.33 

Asp64 -282.43 ± 0.86 -23.69 ± 0.08 -306.12 ± 0.86 

Leu65 -0.81 ± 0.05 -16.72 ± 0.31 -17.53 ± 0.31 

Gln66 -0.10 ± 0.69 -15.63 ± 0.51 -15.73 ± 0.86 

His67 -48.95 ± 0.53 -43.51 ± 0.38 -92.46 ± 0.65 

Gly68 -0.04 ± 0.04 -13.37 ± 0.08 -13.41 ± 0.09 

Ser69 -3.64 ± 0.47 -14.11 ± 0.71 -17.75 ± 0.85 

Leu70 0.28 ± 0.23 -38.94 ± 0.75 -38.66 ± 0.78 

Phe71 -9.24 ± 0.49 -42.68 ± 0.38 -51.92 ± 0.62 

Leu72 -6.38 ± 0.74 -9.63 ± 0.21 -16.01 ± 0.77 

Gln73 -16.25 ± 2.50 -22.31 ± 1.60 -38.56 ± 2.97 

Thr74 2.32 ± 0.82 -4.94 ± 0.38 -2.62 ± 0.90 

Pro75 -2.89 ± 0.26 -18.01 ± 0.93 -20.90 ± 0.97 
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Appendix 2.E-2:  Energy profiles for interactions established between Glu61 (C), Asp64 (C), His67 (C), 

Leu70 (C), and Phe71 (C) residues and the BD dimer – (A) Energy profiles (total interaction energy 

(kJ.mol-1)) for interactions between Asp64 (C) and the BD dimer – (B) Energy profiles (total interaction 

energy (kJ.mol-1)) for interactions between Glu61 (C) and the BD dimer – (C) Energy profiles (total 

interaction energy (kJ.mol-1)) for interactions between Phe71 (C) and the BD dimer – (D) Energy profiles 

(total interaction energy (kJ.mol-1)) for interactions between Leu70 (C) and the BD dimer – (E) Energy 

profiles (total interaction energy (kJ.mol-1) in grey, Coulomb energy contribution in orange (kJ.mol-1) and 

Lennard-Jones energy contribution (kJ.mol-1) in blue) for the interaction between His67 (C) and the BD 

dimer 
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Appendix 2.E-3: Mean interaction energy for different interactions between Glu61 (C), Asp64 (C), His67 

(C), Leu70 (C), and Phe71 (C) from the 22-amino acid α-helix and the BD dimer.  The energy values were 

calculated over the first 2000 ps of SMD trajectory 

 Coulomb contribution 

(kJ.mol-1) 

Lennard-Jones 

contribution (kJ.mol-1) 

Total energy 

(kJ.mol-1) 

Glu61 (C) – Lys245 (D) -134.51 ± 2.40 2.90 ± 0.89 -131.61 ± 2.56 

Glu61 (C) – Trp250 (D) -44.98 ± 0.56 -1.52 ± 0.56 -46.50 ± 0.79 

Asp64 (C) – Lys245 (D) -106.81 ± 1.20 4.60 ± 0.21 -102.21 ± 1.22 

Asp64 (C) – Asn249 (D) -39.63 ± 0.57 0.40 ± 0.34 -39.23 ± 0.66 

Asp64 (C) – Trp250 (D) -47.99 ± 0.22 -8.23 ± 0.24 -56.22 ± 0.33 

Asp64 (C) – Ala251 (D) -35.51 ± 0.79 -4.37 ± 0.17 -39.88 ± 0.81 

His67 (C) – Arg169 (D) -45.39 ± 0.38 -11.25 ± 0.14 -56.64 ± 0.40 

Leu70 (C) – Pro182 (D) 0.31 ± 0.10 -8.53 ± 0.07 -8.22 ± 0.12  

Leu70 (C) – Arg171 (D) 4.05 ± 0.18 -9.83 ± 0.43 -5.78 ± 0.47 

Leu70 (C) – Ala168 (D) -0.29 ± 0.03 -5.02 ± 0.16 -5.31 ± 0.16 

Phe71 (C) – Ala168 (D) 0.69 ± 0.02 -3.38 ± 0.06 -2.69 ± 0.06 

Phe71 (C) – Leu254 (D) 1.69 ± 0.11 -11.49 ± 0.10 -9.80 ± 0.15 

Phe71 (C) – Ser255 (D) -0.45 ± 0.06 -7.34 ± 0.08 -7.79 ± 0.10 

 

Appendix 2.E-4: Characterization of vdW interactions between Leu70 (C)/Phe71 (C) and BD dimer 

 Interactions tinteraction disappears (ps) tenergy reached 0 (ps) 

Cluster 1 

 

Leu70 (C) – Pro182 (D) 2200 2722 

Leu70 (C) – Arg171 (D) 2144 2696 

Leu70 (C) – Ala168 (D) 2134 2708 

Phe71 (C) – Ala168 (D) 2168 2702 

Cluster 2 Phe71 (C) – Leu254 (D) 2652 2768 

Phe71 (C) – Ser255 (D) 2466 2736 

 

 

Appendix 2.F: Rearrangement of the Glu61 (A) and Asp64 (A) residue environment during the SMD 

simulation (t = 0 ps in cyan and t = 2726 ps in pink) 

  

        

         

        

         



170 | A p p e n d i c e s  

 

Appendix 3 

 tr ct ral st dy o      B li and co  lexes –  denti ication o   olec les 

interactin  at t e tetra eric inter ace 

  



A p p e n d i c e s  | 171 

 
Appendix 3.A: Summary table of LDH-B(tr)-ligand complex crystallization assays – Crystallization assays for LDH-B are shown in orange in the table and for LDH-Btr in green.  

* LDH-B crystallization conditions (PDB entry: 1I0Z) correspond to 21% (w/v) PEG 8000, 100 mM Na-HEPES pH 7.5.  ** Values in brackets are ligand concentration 

(ligand/protein ratio).  Abbreviations used for ligands: maprotiline (MAP), triprolidine (TRI), imipramine (IMI), fluoxetine (FX), nicotinamide adenine dinucleotide (NADH) and 

oxamate (OXM) 

 

Screening Protein 

concentration 

(mg.mL-1) 

Kit Ratio 

(condition/protein) 

Temperature 

(°C) 

Protein 

buffer 

Ligands Method 

1 15 - 17 LDH-B 

crystallization 

conditions 

(PDB entry: 

1I0Z)* 

1/1 RT 50 mM 

HEPES pH 

7.5 

MAP/TRI (3x**) + 2.5 mM 

NADH and 1 mM OXM 

or 

MAP/TRI (100x**) + 2.5 mM 

NADH and 1 mM OXM 

or 

MAP/TRI (100x**) 

Hanging 

drop 

2 14 - 15 JCSG-plusTM 

(MD1-37) 

1/1 RT 50 mM Tris-

HCl  

pH 7.5, 150 

mM NaCl 

MAP/TRI/IMI/FX (3x**) + 2.5 

mM NADH + 1 mM OXM 

or 

MAP/TRI/IMI/FX (3x**) 

Sitting drop 

3 10 1/1 RT FX (6x**) + 1.7 mM NADH + 

0.7 mM OXM or 

FX (6x**) 

Sitting drop 

4 15 JCSG-plusTM 

(MD1-37) 

1/1 RT 50 mM Tris-

HCl pH 7.5, 

150 mM NaCl 

FX (x3**) + 2.5 mM NADH + 1 

mM OXM or 

FX (3x**) 

Sitting drop 

5 10 1/1 RT FX/TRI (6x**) + 1.6 mM NADH 

+ 0.7 mM OXM or 

FX/TRI (6x**) 

Sitting drop 
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Appendix 3.B: Data collection and refinement statistics for LDH-B-TRI and LDH-B-FX complex 

structures.  Values for the highest-resolution shell are given in brackets 

 LDH-B - TRI LDH-B - FX 

Wavelength 0.97857 0.98011 

Resolution range (Å) 46.22 – 2.56 (2.653 – 2.562) 48.68 – 2.08 (2.149 – 2.08) 

Space group P212121 P21 

a, b, c (Å) 89.28, 130.34, 131.10 66.53, 413.96, 85.30 

α, β, γ ( ) 90, 90, 90 90, 109.57, 90 

Total reflections 683583 (66139) 1835441 (173084) 

Unique reflections 49797 (4801) 259434 (25018) 

Multiplicity 13.7 (13.8) 7.1 (6.9) 

Completeness (%) 99.75 (97.92) 99.35 (94.64) 

Mean I/σ(I) 13.84 (2.42) 9.23 (1.30) 

Wilson B factor (Å2) 46.78 34.37 

Rmerge 0.2501 (1.191) 0.4705 (1.504) 

Rmeas 0.2599 (1.237) 0.5076 (1.623) 

Rpim 0.06997 (0.33) 0.1894 (0.6036) 

CC1/2 0.994 (0.78) 0.956 (0.778) 

CC* 0.999 (0.936) 0.989 (0.936) 

Reflections used in refinement 49786 (4800) 258863 (24633) 

Reflections used for Rfree 2488 (240) 12943 (1232) 

Rwork 0.1759 (0.3658) 0.2099 (0.3141) 

Rfree 0.2458 (0.4670) 0.2637 (0.3771) 

CCwork 0.965 (0.845) 0.953 (0.874) 

CCfree 0.923 (0.676) 0.927 (0.764) 

Number of non-hydrogen 

atoms 

  

Total 10976 33256 

Macromolecules 10284 30768 

Ligands 133 1133 

Solvent 559 1355 

Protein residues 1337 4000 

R.m.s. deviations   

Bonds (Å) 0.008 0.008 

Angles (°) 1.01 0.95 

Ramachandran plot   

Favored (%) 96.16 95.77 

Allowed (%) 3.76 4.07 

Outliers (%) 0.08 0.15 

Rotamer outliers (%) 1.55 1.30 

Clashscore 6.73 7.64 

Average B factors (Å2)   

Overall 44.26 43.01 

Macromolecules 44.01 42.96 

Ligands 54.77 44.37 

Solvent 46.38 43.00 
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Appendix 3.C:  Interactions details for LDH-B-TRI and LDH-B-FX complex structures.  Interactions for 

FX ligands from cluster 1 in orange and cluster 2 in cyan.  Distances (Å) reported for the hydrogen bonds 

in the table are measured between the donor (D) and acceptor (A) atoms.  Distances (Å) reported for the 

halogen bonds correspond to the distance between Fluor and A atoms.  Distances influenced by the thermal 

displacement and the rotation of -CF3 group.  Angles (°) are defined by D, Fluor, and A atoms.  Distances 

(Å) reported for the pi-pi stacking interactions correspond to the distance between the centroids of the 

aromatic rings.  Angles (°) (γ and θ2) are defined as the angle between the planes of the two aromatic rings 

and the deviation to the normal to the aromatic plane of the ligand, respectively.  The interactions were 

generated with Discovery Studio Visualizer149

 Partner 1 Partner 2 Type d 

(Å) 

Angle (°) 

TRI2 Lys155 (C) 

[NH3
+] 

TRI2 [pyridine 

cycle] 

Hydrogen bond 2.95  

 Lys155 (C) 

[NH3
+] 

TRI2 Pi-cation 4.47  

FX-A Trp148 (A) FX [cycle F] Pi-pi stacking 

(T-shape) 

5.24 75.33 (γ) 

8.66 (θ2) 
 FX [NH2

+] Glu13 (H) [C-O-] Salt bridge 5.25  

 FX [F] Glu286 (A) [C-O-] Halogen bond 1.93 166.56 

FX-B FX [NH2
+] Glu13 (G) [C-O-] Salt bridge 3.98  

 FX [F] Glu 286 (B) [C-O-] Halogen bond 1.94 155.34 

FX-F FX [NH2
+] Glu13 (I) [C-O-] Salt bridge 2.36  

 Lys155 (F) 

[NH3
+] 

FX [cycle F] Pi-cation 3.92  

 Pro10 (I) [C=O] FX [F] Halogen bond 3.62 146.94 

FX-G FX [NH2
+] Glu13 (B) [C-O-] Salt bridge 3.59  

 Lys155 (G) 

[NH3
+] 

FX [cycle F] Pi-cation 3.50  

FX-C Lys155 (C) 

[NH3
+] 

FX [cycle F] Pi-cation 4.50  

 Lys155 (C) [NH] FX [O] Hydrogen bond 2.36  

 FX [NH2
+] Gly152 (C) Hydrogen bond 2.83  

 H2O (1232) FX [F] Hydrogen bond 2.17  

FX-D FX [NH2
+] Glu15(F) [C-O-] Salt bridge 5.30  

 FX [NH2
+] Gly152(D) [C=O] Hydrogen bond 2.74  

 Trp148(D) FX [cycle] Pi-pi stacking 3.79 

4.29 

20.19(γ) 

19.04 (θ2) 

20.35 (γ) 

32.61 (θ2) 

 His156 (D) [NH] FX [F] Hydrogen bond 3.59  

FX-I FX [NH2
+] Glu15 (C) [C-O-] Salt bridge 5.51  

 H2O (995) FX [F] Hydrogen bond 2.36  

FX-K Lys155 (K) 

[NH3
+] 

FX [cycle F] Pi-cation 4.86  

 FX [NH2
+] Gly152(K) [C=O] Hydrogen bond 3.23  

 Lys155 (K) 

[NH3
+] 

FX [F] Hydrogen bond 2.73  
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Appendix 3.D: (A) Representation of asymmetric unit of LDH-B-FX complex structure – (B) 

Representation of LDH-B-FX complex structure (in grey) and crystallographic neighbors generated by 

symmetry (colored) 

 

 

Appendix 3.E: Representation of the 2Fo-Fc map in grey mesh (σ = 0.7 and carve = 1.6) for FX ligands 

(cluster 1 in orange and cluster 2 in cyan) 

 

 

 

 

    

    

        

            



 

 

 

  



 

 

 


