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Abstract 

 
FLT3 or fms-like tyrosine kinase-3 is a class III receptor tyrosine kinase (RTK-III) pivotal to 
early hematopoiesis and different aspects of the immune system. Binding of the dimeric 
ligand FL to FLT3 induces receptor dimerization and activation, which initiates downstream 
signaling cascades. Unfortunately, overexpression or constitutive activation of FLT3 is also 
implicated in several hematopoietic malignancies, for instance acute myeloid leukemia 
(AML). The RTK-III family harbors five members: FLT3, KIT, CSF-1R, PDGFRα and PDGFRβ. 
Common receptor activation mechanisms were demonstrated for KIT, CSF-1R and, very 
recently, PDGFRβ. For those, it has been shown that ligand-induced receptor activation 
evokes homotypic receptor interactions between the extracellular membrane-proximal 
domains. However, for FLT3, no such ligand-induced homotypic receptor interaction sites 
were identified. We are also left to wonder about any possible ligand-induced domain 

rearrangements, because of the absence of structural information for FLT3 as an 
uncomplexated entity.  

In clinical samples of AML patients, two point mutations have been identified in domain 4 
and 5 of FLT3 that have been shown to induce ligand-independent receptor activation. 
However, the current activation paradigm for FLT3 fails to explain their oncogenic effect 
mechanistically.  

During this thesis, a monomeric FL variant was developed that can be employed to dissect 
both these wildtype and oncogenic FLT3 complexes. By mutation of the hydrophic residue 
leucin 27, located at the heart of the FL dimeric interface, to a charged aspartic acid (FL-
L27D), dimerization was expected to be prevented. Indeed, size exclusion chromatograhy 
multi-angle laser light scattering (SEC-MALLS) analysis of FL-L27D  verified that this ligand 
remains monomeric. Moreover, the crystallographic structure of this monomeric FL variant 

was succesfully determined, allowing to visualize the mechanistic effects of the mutation on 
the global structure of the ligand.  

The monomeric FL variant was already used in this research project as a crystallization tool 
by formation of a binary complex with the FLT3-WT ectodomains. Hereby, a better crystal 
packing might be obtained, allowing to obtain a structural model for the FLT3 ectodomains 
at a higher resolution than currently available. Only a low-resolution structural model for the 
binary complex was obtained, though the model indicated possible homotypic receptor 
contacts between neighboring extracellular domain 4 in the crystal packing. Nonetheless, it 
needs to be mentioned that this might be a crystallographic artefact.   

Finally, the monomeric FL variant might also be used in future isothermal titration 
calorimetry (ITC) studies for detection of possible homotypic interactions, by analyzing the 

cooperativity of ligand binding. Unfortunately, these studies could not be performed within 
the time frame of this thesis.   
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Samenvatting 

 
FLT3 of fms-like tyrosine kinase-3 is een klasse III receptor tyrosine kinase (RTK-III) met een  
cruciale rol in vroege hematopoëse en verschillende aspecten van het immuun systeem. 
Binding van het cytokine FLT3 ligand (FL) op FLT3 veroorzaakt een receptor dimerisatie en 
activatie, wat leidt tot de initiatie van intracellulaire signaal cascades. Overexpressie of 
constitutieve activatie van FLT3 is geassocieerd met verscheidene hematopoëtische 
maligniteiten, zoals acute myeloïde leukemie (AML). Zo blijken AML patiënten met FLT3 
mutaties een slechte prognose te hebben.De RTK-III familie bestaat uit vijf leden: FLT3, KIT, 
CSF-1R, PDGFRα en PDGFRβ. Gemeenschappelijke receptor activatie mechanismes werden 
reeds aangetoond voor KIT, CSF-1R, en zeer recent ook voor PDGFRβ. Bij deze receptoren 
geeft ligand-geïnduceerde receptor activatie aanleiding tot homotypische receptor 
contacten tussen de extracellulaire membraan-proximale domeinen. Voor FLT3  werden 

dergelijke ligand-geïnduceerde homotypische receptor interacties daarentegen niet 
geïdentificeerd. Ook kunnen we bij gebrek aan structurele informatie voor FLT3 als niet-
gecomplexeerde entiteit, niet aantonen of er mogelijke ligand-geïnduceerde 
conformationele wijzingen van de extracellulaire domeinen optreden.    

In klinische stalen van AML patiënten werden twee activerende puntmutaties aangetroffen 
in domein 4 en 5 van FLT3, die aanleiding geven tot ligand-onafhankelijke receptor activatie. 
Het oncogeen effect van deze mutaties kan echter niet verklaard worden door het huidige 
activatie paradigma voor FLT3. 

Gedurende deze thesis werd een monomere FL variant ontwikkeld die gebruikt kan worden 
om deze wildtype en oncogene FLT3 complexen te analyseren. Door mutatie van het 
hydrofobe residue leucine 27, gelegen in het hart van de FL dimeer interface, naar een 
geladen aspartaat (FL-L27D), zou dimerisatie van het ligand verhinderd worden. Inderdaad, 

SEC-MALLS analyse  van FL-L27D bevestigde dat het ligand monomeer blijft. Verder werd 
ook de kristallografische structuur van de monomere FL variant met succes bepaald, wat 
toelaat om de mechanistische effecten van de mutatie op de globale structuur van het ligand 

te visualiseren.  

De monomere FL variant werd reeds gebruikt in dit onderzoeksproject als kristallisatie tool 
door het vormen van een binair complex met de FLT3 ectodomeinen. Een betere kristal 
packing kan hierdoor bekomen worden, wat ons zou toelaten om de structuur van de FLT3 
ectodomeinen bij een hogere resolutie te bepalen dan op dit moment beschikbaar is. Een 
structureel model voor het binair complex kon bepaald worden bij lage resolutie, toch 
werden mogelijke homotypisch interacties waargenomen tussen naburige extracellulaire 
domeinen 4 in de kristal packing van dit binair complex model. Deze bevinding zou echter 
een kristallografische artefact kunnen zijn.  

Isothermale titratie calorimetrie (ITC) experimenten kunnen ook gebruik maken van deze 
monomere FL variant voor detectie van mogelijke homotypische receptor contacten, door 
analyse van de coöperativiteit van ligand binding. Deze studies konden echter niet 
uitgevoerd worden binnnen de tijdsduur van deze thesis.  
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Figure 1| Classical view of hematopoiesis. Hematopoiesis, the production of new blood cells, originates from 
pluripotent hematopoietic stem cells (HSCs) in a hierarchical fashion. HSCs are characterized by their potential 
of self-renewal, but in response of differentiation factors they start to differentiate into multipotent 
progenitors (MPPs). MPPs themselves can differentiate into oligopotent progenitors of several myeloid or 
lymphoid cell lineages. LT-HSC: long-term HSC, ST-HSC: short-term HSC, CLP: common lymphoid progenitor, 
CMP: common myeloid progenitor, MEP: megakryocyte-erythroid progenitor, GMP: granulocyte macrophage 
progenitor, pro-DC: progenitor of dendritic cell,  NK: natural killer. Figure adapted from Passegué et. al, 2003.  

Part I: Introduction 

I.1 Hematopoiesis  

I.1.1 The generation of new blood cells 

Hematopoiesis, the process of making blood cells, is a tightly regulated system through 
which various blood cell types differentiate and proliferate, originating from a self-renewing 
population of pluripotent hematopoietic stem cells (HSCs) (Metcalf, 2008). Following the 
classical view, hematopoiesis occurs in a hierarchical manner starting from pluripotent HSCs 
(Figure 1). These HSCs are characterized by their capacity for self-renewal enabling the 
maintenance of a stable blood cell population (Parcells et al, 2006). Development of HSCs 
and their cell progenies is synergistically coordinated by several cell-bound and soluble 
hematopoietic growth factors. These growth factors, or cytokines, are known to bind the 

extracellular domains of their cognate receptors (Passegué et al, 2003). In response, HSCs 
differentiate into multipotent progenitors (MPP). Subsequently, those MPPs can 
differentiate into either common lymphoid progenitors (CLPs) or into common myeloid 
progenitors (CMPs). CLPs give rise to T-cells, B-cells and NK cells, whereas CMPs lead to  
erythrocytes, platelets, monocytes/macrophages and granulocytes (Passegué et al, 2003; 
Warr et al, 2011). Dendritic cells (DCs) can originate from both CMPs and CLPs (Geissmann et 
al, 2010).   
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Several recent studies have demonstrated that this classical view of hematopoiesis holds 

some severe flaws, thereby causing a conceptional revolution in our understanding of 
hematopoiesis (Mezey, 2016). Especially the view on development of cells of the 
mononuclear phagocyte sytem, such as macrophages and DCs, has changed tremendously. 
For example, it has been demonstrated that most tissue-resident macrophages are 
maintained in their so-called niches by self-renewal, independent from hematopoiesis 
(Van de Laar et al, 2016).  

Also several revisions were made regarding DC development. DCs are now divided in three 
clusters: cDC1, cDC2 and pDC. Moreover, it has been shown that the specific surface markers 
they express is dependent on the tissue in which they reside (Guilliams et al, 2014). In recent 
years, DCs were thought to develop from monocytes using granulocyte-macrophage colony-
stimulating factor (GM-CSF). Though, recent studies demonstrated that the DC-like 
characteristics of the obtained cell population originate from a minor contaminating cDC2 

population (Guilliams & Malissen, 2015; Helft et al, 2015). Most importantly, various 
arguments are advanced to consider DCs as a seperate cell lineage, as they originate from 
precursors different from those of monocytes/macrophages (Guilliams & van de Laar, 2015).  

These findings show that the classical view of hematopoiesis and more specifically the 
mononuclear phagocyte system is genuinely outdated and has become unclear considering 
the underestimated complexity of cellular surface markers. As a result, a delineation of the 
mononuclear phagocyte system was proposed, determined by the expression of surface 
markers and assumed functional specialization, rather than phagocyte morphology 
(Guilliams et al, 2014; Guilliams & van de Laar, 2015; Mezey, 2016). 

I.1.2 Acute myeloid leukemia 

Hematopoiesis is the process by which most mature blood cells are generated from HSCs. 
Under steady state conditions, the number of quiescent and differentiating HSCs in the bone 

marrow is tightly regulated. Unfortunately, several accumulating pathogenic events, leading 
to both mutations and epigenetic changes, can give rise to aberrant hematopoiesis which is 
initiated by so-called leukemic stem cells (LSCs) (Warr et al, 2011). LSCs are characterized by 
their capacity for unlimited proliferation, thus disrupting the delicate balance between 
production of mature blood cells and maintaining the HSC population. Improper 
homeostasis of the HSC maintenance is therefore causally linked to the development of 
several blood-related cancers or leukemias (Warr et al, 2011; Passegué, 2005).   

In adults, the most prevailing form of all leukemias is acute myeloid leukemia (AML) (Siegel 
et al, 2015). AML is an aggressive and very heterogeneous clonal disorder (Estey & Döhner, 
2006) of the myeloid progenitor cells in the bone marrow, giving rise to so-called myeloide 
blasts not only in the bone marrow, but also in the peripheral blood. Uncontrolled and 
growth factor-independent proliferation of those blasts, combined with their inability to 

differentiate normally is clinically characterized by multilineage dysplasia, an increased 
number of leukemic blasts in the bone marrow (Figure 2) (Saultz & Garzon, 2016; Deschler & 
Lübbert, 2006). Sequacious, symptoms of AML can mostly be directly attributed to the 
hampered differentiation and the aberrant proliferation of the myeloid progenitor cells. 
Thus the arrest in differentiation of the myeloid progenitor cells can, for example, result in 
anemia, thrombocytopenia or ganulocytopenia (Lowenberg et al, 1999; Estey & Döhner, 
2006; Lazarchick, 2005). 
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Figure 2| Acute myeloid leukemia (AML) characterized by multilineage dysplasia. Wright-Giemsa staining of 
bone marrow aspirate from an AML patient demonstrates an increased number of leukemic blasts (blue-
purple color). Figure adapted from Lazarchick, 2005. 

 

 

 

 

 

 

 
 

 

 

 

 

Diagnosis of AML involves the demonstration of accumulation of the myeloid progenitor 
cells, with a blast minimum criterion of 20% in the bone marrow (Khaled et al, 2016). Due to 
the heterogeneity of the disorder, AML is further categorized in various subtypes. The World 
Health Organization (WHO) classification of AML, based on etiology, morphology, immune-
phenotype and genetics, has become the golden standard. Determination of the AML 
subtype can strongly affect the prognosis and treatment of a patient (Estey & Döhner, 2006; 
Saultz & Garzon, 2016).  

Several specific gene mutations or changes in gene expression are associated with AML 
(Yohe, 2015). For example, internal tandem duplications (ITD) in the fms-like tyrosine kinase 

3 (FLT3) receptor are genetic abnormalities present in approximately 25% of the AML cases 
(Grunwald & Levis, 2015). These abnormalities give rise to constitutive FLT3 signaling, which 
in turn results in an uncontrolled proliferation of hematopoietic precursors. AML patients 
carrying FLT3-ITD mutations tend to have a poor prognosis. Indeed, AML patients with FLT3-
ITD mutations have been associated with a 5-year overall survival of 32% and a relapse rate 
of 74% (Swords et al, 2012; Grimwade et al, 2010). As a result, FLT3 currently serves as a 
major drug target for AML (Saultz & Garzon, 2016; Stirewalt & Radich, 2003; Parcells et al, 
2006; Kindler et al, 2010). 

FLT3 is a member of the class III receptor tyrosine kinases (RTK-III), which in turn belong to 
the receptor tyrosine kinase family. Aberrant RTK-III signaling is implicated in several 
diseases scenarios, such as hematological malignancies and chronic inflammation (Stirewalt 
& Radich, 2003). Therefore, the RTK family and more specifically the RTK-III will be discussed 

below.   
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I.2 The class III receptor tyrosine kinase family 

I.2.1 Receptor tyrosine kinases 

Receptor tyrosine kinases (RTKs) are transmembrane and cell-surface expressed receptors 
that play a key role in coordinating cellular processes that require intercellular 
communication, such as proliferation, differentiation, migration and survival (Robinson et al, 
2000; Hubbard & Till, 2000; Choura & Rebaï, 2011). The human RTK family harbors 58 known 
members, classified in 20 subfamilies or classes (Figure 3). All RTKs exhibit a modular 
architecture that generally comprises an extracellular ligand-binding region, a single 
membrane-spanning domain and finally a conserved intracellular tyrosine kinase (TK) 
domain. These intracellular domains are further decorated with a C-terminal tail and 
juxtamembrane (JM) region, implementing a regulatory function (Lemmon & Schlessinger, 
2010; Ullrich & Schlessinger, 1990).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3| Receptor tyrosine kinase families. The receptor tyrosine kinase (RTK) family contains 20 different 
subfamilies. Members of each subfamily are listed below each receptor. Structural domains are marked 
according to the legend. Figure adapted from Lemmon & Schlessinger, 2010.  
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In general, these receptors reside in the cell membrane as autoinhibited monomers or 

exceptionally as preformed dimers (Ward et al, 2007). Activation of is initiated by binding of 
their cognate bivalent cytokine(s). Typically, this binding induces receptor dimerization, 
followed by an intracellular cross-phosphorylation of the tyrosine kinase domains. Those 
phospho-tyrosines are subsequently recognized by different adaptor proteins, such as SH2- 
or PTB-domain containing proteins, and are thereby nucleating the formation of various 
signaling complexes (Lemmon & Schlessinger, 2010; Ullrich & Schlessinger, 1990). 

I.2.2 The class III receptor tyrosine kinase family  

Class III of the receptor tyrosine kinases (RTK-III) is one of the 20 subfamilies within the RTK 
family (Robinson et al, 2000; Lemmon & Schlessinger, 2010). This class contains five 
members: KIT, colony-stimulating factor 1 receptor (CSF-1R), Fms-like tyrosine kinase 3 
receptor (FLT3), Platelet derived growth factor receptor α (PDGFRα) and PDGFRβ (Grassot et 
al, 2006). The RTK-III family is characterized by a modular architecture featuring an 

extracellular part consisting of 5 immunoglobin (Ig)-like domains, a single transmembrane 
(TM) helix, a cytoplasmic juxtamembrane domain (JM) and conserved split TK domain 
(Figure 4) (Lemmon & Schlessinger, 2010). 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

In their inactive condition, these receptors typically reside at the cell membrane as 
autoinhibited monomers. Auto-inhibition of RTK-IIIs is mainly regulated by the JM domain, 
as this domain occupies the active site cleft between the N-kinase and C-kinase lobes of the 
TKD. The activation loop is thereby prevented from moving to its active conformation 
(Griffith et al, 2004). Upon binding of their cognate ligand on the membrane-distal 
extracellular domains, receptor dimerization is induced. Subsequent transphosphorylation of 
tyrosine residues in the intracellular JM domain alleviates the inhibitory intramolecular 
interactions (Figure 4) (Ullrich & Schlessinger, 1990). A more detailled account of this 
activation mechanism will be provided for FLT3 in section I.3.1.  

Figure 4| Modular architecture of RTK-IIIs and their activation mechanism. RTK-IIIs feature 5 immunoglobin 
(Ig)-like domains (D1-D5), a transmembrane helix, a cytoplasmic juxtamembrane domain (JM) and a tyrosine 
kinase domain (TKD). Binding by a bivalent ligand causes receptor dimerization, followed by transactivation of 
the intracellular tyrosine kinase domains. The inhibitory intramolecular interactions between the 
juxtamembrane domains are thereby alleviated. Figure adapted from Verstraete & Savvides, 2012.  
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Aberrations in RTK-III activation and signaling are causally linked with many pathologies like 

cancer, diabetes and inflammation (Stirewalt & Radich, 2003; Hume & MacDonald, 2012; 
Lennartsson & Rönnstrand, 2006; Demoulin & Montano-Almendras, 2012). Several 
mechanisms, such as chromosomal translocations, RTK overexpression, autocrine activation 
or gain-of-function (GOF) mutations, can cause oncogenic transformation (Toffalini & 
Demoulin, 2010). For example, GOF mutations in members of the RTK-III have been traced 
back in various human cancers, such as gastro-intestinal-stromal tumors (GISTs), AML and 
melanomas (Corless & Heinrich, 2008; Lemmon & Schlessinger, 2010). The usage of RTK-III as 
clinical prognostic factors for these diseases, arguably underlines the importance of these 
mutagenic forms with those pathologies.  

Due to this strong correlation, a large variety of new drugs were developed to either block or 
attenuate RTK-III signaling and RTK-IIIs serve as important clinical prognostic factors (Hume 
& MacDonald, 2012; Demoulin & Montano-Almendras, 2012; Stirewalt & Radich, 2003; 

Lennartsson & Rönnstrand, 2006). Both small-molecule inhibitors (e.g Imatinib, Sunitinib) 
(Reichert & Valge-Archer, 2007), targeting the ATP-bindingsite of the TKD, and monoclonal 
antibodies (e.g. Trastuzumab, Cetuximab) (Shawver et al, 2002), interfering with RTK-III 
activation, were already developed. Drug resistance and side effects, however, remain the 
key difficulties in treatment of several cancers by application of TK inhibitors (Engelman & 
Settleman, 2008; Kindler et al, 2010; Stein, 2015). 

The hematopoietic receptor FLT3 is arguably one of the most interesting members within 
the RTK-III family. Besides the important physiological role of FLT3 in early hematopoiesis, 
oncogenic forms of the receptor are also implicated in several hematopoietic malignancies, 
such as AML (Sanz et al, 2009; Stirewalt & Radich, 2003). As a result, FLT3 serves as an 
important clinical prognostic factor (Eklund, 2010) and is a major therapeutic target (Saultz & 
Garzon, 2016; Stirewalt & Radich, 2003; Parcells et al, 2006).  
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I.3 FLT3 signaling is implicated in normal and leukemic hematopoiesis 

I.3.1 FLT3 signaling plays a key role in early hematopoiesis 

The hematopoietic fms-like tyrosine kinase 3 receptor (FLT3), also called CD135, plays a key 
role in the normal hematopoietic system. FLT3 is activated by its cognate ligand FLT3 ligand 
(FL), expressed by several tissues, including stromal fibroblasts and T-lymphocytes (Figure 5) 
(Voronov & Manolson, 2016). Activation of FLT3 on HSC and early myeloid and lymphoid 
progenitors affects the early steps of hematopoiesis in the bone marrow. Thus it has been 
shown that FLT3 activation is crucial for the proliferation and development of HSCs and B-
cell progenitors. Also, targeted knock-out of the FL gene in mice demonstrated a reduction in 
the number of both myeloid and lymphoid progenitors and a significant detoriation of the 
immune system (Gilliland & Griffin, 2002). 

Moreover, FLT3 and its ligand have shown to play a fundamental role in the development 

and homeostasis of DCs (Liu et al, 2009; Waskow et al, 2008), and DC-mediated natural killer 
cell activation (Eidenschenk et al, 2010). By this means, FLT3 gains an important role at the 
interface of acquired and innate immunity, but also in cancer immunotherapy (Dong et al, 
2002; Wu & Liu, 2007; Lau et al, 2016). As DCs play an important role in inflammation, 
aberrant FLT3 signaling might also be causal for different autoimmune and inflammatory 
conditions, such as rheumatoid arthritis (Ramos et al, 2014, 2015). 

 

 

 

 

 

 

 

 

 

 

 

FLT3 is activated upon binding of its cognate ligand FL, thereby inducing the formation of a 
FLT3 homodimer. As a member of the RTK-III family, the dimerization of the Ig-like 
extracellular domains leads to pairing of the cytoplasmic domains. Subsequently, this pairing 
evokes transphosphorylation of several tyrosine residues on the JM domain, such as Y589 

and Y591. The presence of those negatively charged phosphates induces a conformational 
change in the JM domain, alleviating the inhibition of the TKD and thus enabling their 
autophosphorylation capacity (Griffith et al, 2004). The resulting phosphotyrosines are 
recognized by various cytoplasmic adaptor molecules. Several downstream signaling 
pathways, such as PI3K/AKT and RAS/RAF/MEK/ERK cascades, are thereby initiated. These 
pathways are shown to be involved in proliferation, differentiation and apoptosis of 
hematopoietic precursors (Stirewalt & Radich, 2003; Parcells et al, 2006). 

Figure 5| FLT3-FL interactions in the 
environment of the bone marrow.  
Activation of the FLT3 receptor on 
hematopoietic stem cells (HSCs) by  FL 
in the bone marrow microenvironment 
affects early hematopoiesis. Figure 
adapted from Wodnar-Filipowicz, 2003. 
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FL belongs to the family of hematopoietic cytokines, also harboring the RTK-III specific 

ligands stem cell factor (SCF) and macrophage-colony stimulating factor (CSF-1) (Metcalf, 
2008). FL and SCF discern themselves from other hematopoietic cytokines by acting directly 
on stem cells, rather than being involved in later steps in hematopoiesis. They are, in 
combination with other growth factors, characterized by overlapping and synergistic 
activities in the stimulation of hematopoietic precursor proliferation and mobilization 
(Fichelson, 1998; Wodnar-Filipowicz, 2003).  

Most hematopoietic and non-hematopoietic tissues express FL mRNA, although the FL 
protein is only detected in T-lymphocytes and stromal fibroblasts in the bone marrow (Figure 
5) (Lyman et al, 1994; Hannum et al, 1994). Furthermore, simultaneous expression of FL and 
FLT3 in these cells suggests that paracrine and autocrine signaling mechanisms are of 
importance for the FLT3 response (Zheng et al, 2004). 

I.3.2 FLT3 is a drug target in acute myeloid leukemia 

Because of the pronounced physiological role of FLT3 in early hematopoiesis, constitutive 
FLT3 signaling of oncogenic receptor variants is at the basis of several hematopoietic 
malignancies, such as acute myeloid leukemia (AML). AML is the most common acute 
leukemia in adults, which is in about 30% of all AML patients owing to GOF mutations in the 
FLT3 receptor (Grunwald & Levis, 2015; Levis & Small, 2003).  

In approximately 25% of the cases, AML is characterized by constitutive activation of FLT3 
due to so-called internal tandem duplications (ITDs) in the juxtamembrane (JM) domain 
(Gallogly & Lazarus, 2016; Grunwald & Levis, 2015). These ITDs affect the conformation of 
the JM domain and thus disrupt the kinase autoinhibition function of this domain. 
Constitutive FLT3 signaling is thereby induced (Wodnar-Filipowicz, 2003; Berenstein, 2015).  

Generally, AML patients with FLT3-ITD mutations tend to have a poor long-term prognosis, 

characterized by an impaired overall survival and an increased risk of relapse  (Santos et al, 
2011). Medical Research Council studies in the United Kingdom found that patients with 
FLT3-ITD AML had a 5-year overall survival (OS) rate of 32% and a relapse rate (RR) of 74%, 
compared to an OS rate of 44% and RR of 48% for patients with FLT3-wildtype AML (Swords 
et al, 2012; Kottaridis et al, 2001). 

Point mutations, insertions and deletions in the activation loop in the C-terminal lobe of the 
kinase domain account for about 7% of all AML cases (Fröhling et al, 2005; Bacher et al, 
2008). As a result, mutational fingerprints in the JM and TK domains of the FLT3 receptor 
serve as an important prognostic factor and attractive drug target for AML (Eklund, 2010; 
Kindler et al, 2010).  

Besides the commonly found mutations in the JM and kinase domain, also other alterations 
outside these regions can result in AML and other hematopoietic malignancies. For example, 

high-throughput sequencing of the FLT3 gene of AML patients led to the discovery of several 
nonsynonymous sequence variants located in the extracellular domains. Some of them, such 
as the S451F variant, were shown to lead to constitutive kinase activation and are therefore 
considered as a leukemogenic mutation (Levis, 2011; Fröhling et al, 2007).  
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Currently, therapeutic options for AML are entirely  focused on the inhibition of the FLT3 

intracellular kinase and JM domains (Swords et al, 2012). Monotherapy targeting these 
domains was shown to be unsuccessful, mainly due to general lack of potency of the 
available FLT3 inhibitors as well as primary and secondary resistance developed after several 
rounds of therapy (Engen et al, 2014; Sato et al, 2011). Several selective FLT3 inhibitors are 
currently at various phases of clinical development: lestaurtinib (Levis et al, 2011), 
tandutinib (Cheng & Paz, 2008) and sunitinib (Fiedler et al, 2015). This year, however, 
midostaurin (PKC412, Novartis) became the first approved drug for targeted treatment of 
FLT3-positive, newly diagnosed AML patients (Gallogly & Lazarus, 2016).   

Another common strategy combines conventional chemotherapy with targeted therapy, 
although chemotherapy has shown to increase FL levels which might thereby impair the 
efficacy of FLT3 inhibitors (Sato et al, 2011). This finding evokes the hypothesis that the 
extracellular interfaces, crucial for the FL-mediated activation of the receptor, can possibly 

be targeted. Such an approach might constitute to a parallel treatment strategy with the 
already available FLT3 inhibitors, since it has been shown that the degree of cytotoxicity of 
these inhibitors is closely correlated with the degree of FLT3 inhibition (Levis, 2011; Sato et 
al, 2011). Moreover, it has been demonstrated that oncogenic FLT3 receptors (e.g. 
FLT3/ITD), are hyperresponsive towards their cognate ligand, resulting in an even stronger 
activation of the oncogenic receptor in presence of FL (Zheng et al, 2011; Levis, 2011).  

The aforementioned findings created a large clinical interest in the rational design of FLT3 
antagonists targeting the extracellular domains. Insights into the structural basis of the FLT3 
extracellular assembly are therefore indispensable. An overview of the current structural 
knowledge on the RTK-III extracellular assemblies is provided below. 
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I.4 Structural basis of  the RTK-III extracellular assemblies 

The RTK-III family is one of the 20 RTK families, harbouring five members: FLT3, KIT, CSF-1R, 
PDGFRα and PDGFRβ (Grassot et al, 2006). RTK-IIIs are characterized by their modular 
architecture featuring five extracellular Ig-like domains, a transmembrane helix, a JM 
domain and a conserved TKD. Binding of RTK-III receptors by their cognate ligands induces 
the formation of a dimeric receptor assembly, resulting in the activation of various 
intracellular signaling pathways (Lemmon & Schlessinger, 2010).  

All RTK-IIIs, except for the PDGFRs, are activated by dimeric, α-helical bundle cytokines 
featuring a short-chain 'up-up-down-down' topology. PDGFRs, on the other hand, are 
activated by cytokines that feature the all-β-strand cystine-knot fold. In CSF-1R and PDGFRs, 
the membrane-distal D2-D3 module is employed for ligand binding (Shim et al, 2010; 
Elegheert et al, 2011; Chen et al, 2015), while the ligand binding epitope of KIT also 
comprises domain 1 (Yuzawa et al, 2007). Moreover, binding of FLT3 by its cognate ligand is 

exclusively mediated by domain 3 (Verstraete et al, 2011b).  

For many years, only structural studies on the intracellular TKDs were performed in context 
of structure-based inhibitor development (Swords et al, 2012). However, several recent 
structural and biophysical studies of all RTK-III members have led to better insights in the 
extracellular assemblies of RTK-IIIs with their cognate ligand. These studies have revealed 
that common receptor activation mechanisms are present in KIT (Yuzawa et al, 2007), CSF-
1R (Elegheert et al, 2011; Felix et al, 2013, 2015b) and PDGFRβ (Chen et al, 2015; Yang et al, 
2008). A mechanistic paradigm for RTK-III activation was proposed, involving the binding of 
the receptor membrane-distal extracellular domains to the dimeric ligand and homotypic 
receptor contacts between the membrane proximal domains. In contrast, FLT3 seems to be 
the odd man out in RTK-III receptor activation, as demonstrated below (Verstraete et al, 
2011b; Verstraete & Savvides, 2012).  

I.4.1 KIT, CSF-1R and PDGFRβ display  a common activation mechanism 

KIT:SCF complex  

The KIT receptor in complex with its cognate ligand SCF was the first RTK-III extracellular 
assembly and activation mechanism to be structurally characterized. KIT is activated by 
binding of SCF, a dimeric short-chain α-helical bundle cytokine. The SCF dimer interacts 
symmetrically with the three most membrane-distal extracellular domains (D1, D2 and D3) 
of each of the KIT monomers (Yuzawa et al, 2007).  

A very intriguing feature of KIT is the presence of homotypic receptor contacts between the 
membrane proximal domains 4 and 5 upon SCF binding (Figure 6). Comparisons between 
structures of bound and unbound KITD1-D5 demonstrate a drastic movement in the 

orientation of D4 and D5 when SCF is bound. This reorientation originates from a rotation 
along the D3-D4 and D4-D5 linkers upon SCF binding, enabling D4-D4 and D5-D5 homotypic 
receptor contacts between the two neighbouring KIT receptors. By this means, the D3-D4 
and D4-D5 interface are shown to be of major importance for coupling the ligand-binding 
event to the activation of the receptor (Yuzawa et al, 2007; Reshetnyak et al, 2013, 2015).   
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Figure 6| The KIT:SCF extracellular assembly features homotypic receptor contacts. (A) Cartoon 
representation of the KIT:SCF (2:2) extracellular assembly (PDB entry 2E9W). D1 is colored in blue, D2 in green, 
D3 in yellow, D4 in brown, and D5 in purple. (B) Ribbon diagram of the D4-D4 interface of the KIT:SCF 
extracellular assembly. Hydrogen bonds between Arg381 and Glu386 are formed at the D4-D4 interface. 
Residues involved in the interaction are shown as a stick model. (C) Ribbon diagram of the D5-D5 interface of 
the KIT:SCF extracellular assembly. Interactions between Tyr418 and Asn505 at the D5-D5 interface are 
probably maintained through ion(s) or water. Residues involved in the interaction are shown as a stick model. 
Figures created with Pymol.  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Interestingly, structure-based sequence alignments have revealed that a conserved 
sequence fingerprint in D4 is shared among all RTK-IIIs but FLT3 (Figure 7). This sequence 
fingerprint maps to the dimerization motif in D4, suggesting that homotypic receptor 
contacts between the membrane-proximal extracellular domains might be a feature 
common among the RTK-III complexes (Yuzawa et al, 2007). 
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Figure 7| Conservation of the D4-D4 
dimerization motif among RTKIII/V. 
Structure-based sequence alignment of D4 
demonstrates the conservation of the D4-D4 
dimerization motif in the RTKIII/V. 
Conserved arginine (R, blue) and 
glutamic/aspartic acid (D/E, red) residues 
participate in the formation of the D4-D4 
interface  by the generation of salt bridges. 
Figure adapted from Felix, 2015. 
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The KIT:SCF extracellular assembly was proposed as a model for other extracellular RTK-III 

signaling complexes, whereby binding of the cytokine on the membrane-distal extracellular 
domains induces homotypic receptor contacts of the membrane-proximal extracellular 
domains. By this means, the tyrosine kinase domains are orientated in their active state. 
Both CSF-1R and PDGFRβ have been shown to follow the KIT:SCF model, whereas the FLT3 
extracellular assembly seems to stand out from the other RTK-IIIs (Felix et al, 2013; Yuzawa 
et al, 2007; Yang et al, 2008; Verstraete et al, 2011a). 

CSF-1R:CSF-1 and CSF-1R:IL-34 complexes 

Activation of CSF-1R can be initiated by the binding of two cytokines, interleukin-34 (IL-34) 
and CSF-1. IL-34 and CSF-1 are dimeric, short-chain α-helical bundle cytokines that adopt a 
similar fold, despite their dissimilar sequences. Moreover, CSF-1 features an intersubunit 
disulfide-bridge at the dimer interface (Pandit et al, 1992; Ma et al, 2012).  

After determination of the crystallographic structure of a binary complex between mouse 
CSF-1 (mCSF-1) and mCSF-1RD1-D3, it was postulated that the formation of this binary 
complex is accompanied by a so-called negative cooperativity. The study premised that in 
absence of membrane proximal domains 4 and 5 of the mCSF-1R, mCSF-1 was unable to 
dimerize its cognate receptor (Chen et al, 2008). However, these findings were disproved by 
two independent studies, showing that human CSF-1 and IL-34 bind CSF-1RD1-D5 and CSF-
1RD1-D3 bivalently (Ma et al, 2012; Elegheert et al, 2011).   

Several strutural studies by small-angle X-ray scattering (SAXS), negative-stain electron 
microscopy (EM) of the human CSF-1R ectodomains in complex with CSF-1 (Felix et al, 2013; 
Elegheert et al, 2011), and eventually the crystallographic structure of the CSF-1:CSF-1R 
extracellular assembly demonstrated that binding of CSF-1 to CSF-1R is mediated by the 
extracellular membrane-distal domains D2 and D3, utilizing a largely preformed and 

extensive binding site (Figure 8) (Felix et al, 2015b).  

Analogous to the KIT:SCF complex, the CSF-1R:CSF-1 extracellular assembly features 
homotypic receptor contacts between domain 4 of the neighbouring CSF-1 receptors. This is 
consistent with the conservation of the dimerization motif in domain 4 of all RTK-IIIs, but 
FLT3. Furthermore, comparison of the CSF-1RD1-D3:CSF-1 and CSF-1RD1-D5:CSF-1 assembly 
demonstrated a strong contribution of the membrane-proximal domain module to the 
stability of the complex (Elegheert et al, 2011, 2012).  

Earlier interaction studies using an engineered monomeric variant of CSF-1, dimeric CSF-1 
and truncated variants of the CSF-1R extracellular domains pointed towards a positive 
cooperativity in the CSF-1R:CSF-1 extracellular assembly formation, mediated by the 
homotypic receptor contacts between the membrane-proximal domains of the CSF-1R 
(Elegheert et al, 2012). The mechanism of CSF-1R activation by CSF-1 is expected to be 

congruent with IL-34 mediated CSF-1R activation (Felix et al, 2013, 2015b).   
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PDGFRα: PDGFα and PDGFRβ:PDGFβ complexes 

Unlike other RTK-IIIs, PDGFRα and PDGFRβ are activated by growth factors featuring a  
cystine-knot fold instead of the α-helical bundle fold. However, despite this structural 
discrepancy, these ligands seem to activate their receptors following the KIT:SCF model for 
RTK-III receptor activation nevertheless. Noteworthy, the D4 dimerization motif for 
homotypic receptor interactions is also conserved, both in PDGFRα and -β (Figure 7). As with 
the KIT receptor, cellular studies of PDGFRβ variants with a disrupted dimerization motif 
clearly demonstrated the importance of homotypic receptor contacts for receptor activation 
(Yang et al, 2008). Recently, negative-stain electron-microscopy of the PDGFRβ:PDGFβ 
complex has demonstrated that dimerization of the PDGFRβ receptor consists of two types 
of interactions: binding of the dimeric PDGFβ to domain 2 and 3, and homotypic receptor 

contacts between membrane-proximal domains 4 and 5 of PDGFRβ (Chen et al, 2015).  

Figure 8| The hCSF-1R:hCSF-1 extracellular assembly displays salt bridges at the D4-D4' interface. Cartoon 
representation of the hCSF-1R:hCSF1 (2:2) extracellular assembly (SASBDB entry: SASBDB). D1 is colored in 
blue, D2 in green, D3 in yellow, D4 in brown, and D5 in purple. The inset zooms into the D4-D4' interface, 
which features salt bridges between Arg370 and Glu 386 in D4 of the neighbouring CSF-1 receptors. Residues 
involved in these homotypic receptor contacts are shown as spheres. Figures created with Pymol.  
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I.4.2 FLT3, a structural outlier in the RTK-III family 

Hematopoietic receptor FLT3 is activated upon binding of its cognate ligand FL, giving rise to 
a FLT3:FL signaling complex. Structural studies by X-ray crystallography and negative-stain 
EM of the FLT3D1-D5:FL and FLT3D1-D4:FL extracellular assemblies revealed several surprising 
features that establish FLT3 as a structural outlier within the RTK-III family (Verstraete et al, 
2011b, 2011b).  

For instance, the structure of the FLT3D1-D4:FL extracellular assembly has shown that the high 
affinity interaction between FLT3 and its ligand is exclusively mediated by domain 3 
(Verstraete et al, 2011b). This is in contrast to other RTK-IIIs, such as KIT (Figure 9) and 
PDGFRs, which have a binding epitope covered by domain 2 and 3, and, in the case of KIT, 
also domain 1. The binding epitope of the other RTK-IIIs is therefore almost twice as 
extensive compared to that of FLT3 (Verstraete et al, 2011b). 

 

 

 

 

 

 

 

 

 

 

 
 

 

 
Moreover, FL seems to differ from the other RTK-III cytokines by its ligand plasticity. 
Structural comparison of receptor bound (Verstraete et al, 2011b) and unbound FL (Savvides 
et al, 2000) has revealed that no significant conformational changes are induced in FL upon 
receptor binding (Verstraete et al, 2011b). This is in sharp contrast to the complex formation 
of the prototypical KIT:SCF complex, where a cascade of structural rearrangements in SCF 
are observed upon interaction with its receptor (Liu et al, 2007; Yuzawa et al, 2007).    

Strikingly, no indications for homotypic receptor contacts were found in the 
crystallographically determined structures of the FLT3D1-D4:FL and FLT3D1-D5:FL complexes, 
whilst those are already demonstrate to be crucial for the activation of KIT (Yuzawa et al, 
2007), CSF-1R (Elegheert et al, 2011; Felix et al, 2015a, 2013) and PDGFRβ (Chen et al, 2015; 
Yang et al, 2008). Indeed, both FLT3:FL complexes showed that the membrane proximal 
domains D4 and D5 remain separated by about 20 Å at the D4-D5 junction (Figure 10) 
(Verstraete et al, 2011b).  

Figure 9| Comparison of the FL and SCF binding epitope accomodation. Interaction of FLT3 with its cognate 
ligand FL is accomodated only by the tip of domain 3, covering a binding epitope of about 900 Å². In contrast, 
interaction of KIT with its cognate ligand SCF is mediated by a binding epitope twice as extensive (2,060 Å²), 
which is covered by domain 1 to 3. D1 is colored in yellow, D2 in blue and D3 in green. The receptor binding 
epitopes are colored in red. Figures created with Pymol.  
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This observation is further supported by the absence of the characteristic dimerization motif 

in domain 4 (Figure 7) (Yuzawa et al, 2007). Comparative isothermal titration calorimetry 
(ITC) data also showed no significant contribution of the membrane-proximal domains 4 and 
5 (Verstraete et al, 2011b).   

 

 

 

 

 

 

 

 

 

 

 

 

I.4.3 Oncogenic mutations located in FLT3 extracellular domains   

High-throughput DNA sequencing of clinical samples of AML patients has revealed 
nonsynonymous mutations in the FLT3 coding sequence (Fröhling et al, 2007). However, an 
important distinction between driver and passenger mutations needs to be pointed out. 
Driver mutations affect receptor activation, thereby conferring a clonal growth advantage 
and thus causally linked to cancer development. In contrast, passenger or non-transforming 
mutations are biologically neutral and do not contribute to oncogenesis (Greenman et al, 
2007). The driver mutations, identified in the FLT3 coding sequence, were mainly located in 
the TKD and JM domain, but mutation screening also revealed the presence of driver 
mutations in the extracellular domains of FLT3 (Fröhling et al, 2007). 

Two interesting oncogenic mutations have been identified in the FLT3 extracellular domains 
D4 and D5 that have been shown to induce ligand-independent receptor activation (Fröhling 
et al, 2007; Jiang et al, 2005).  

One of those is a point mutation in D5, whereby the polar amino acid serine is substituted by 
a hydrophobic phenylalanine (S451F) (Fröhling et al, 2007). In analogy with oncogenic 
mutations in D4 and D5 of KIT (Yuzawa et al, 2007), this mutation might enhance the binding 
affinity and give rise to homotypic receptor contact between neighboring D5 domains of two 
receptor monomers (Figure 11, A) (Verstraete & Savvides, 2012).  

 

Figure 10| Cartoon representation of the 
FLT3D1-D5:FL extracellular assembly. The crystal 
structure of FLT3D1-D5:FL extracellular assembly 
(PDB entry 3QS9) shows that the high-affinity 
interaction of FL with FLT3D1-D5 is mediated by a 
compact binding epitope on FLT3D3. Unlike 
other RTK-IIIs, FLT3D4 and FLT3D5 of 
neighbouring FLT3 monomers remain 
seperated by about 20 Å upon complexation 
with FL. Figure created with Pymol.  
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The second mutation is a substitution of the polar amino acid threonine to a hydrophobic 

isoleucine (T343I) (Jiang et al, 2005), located at the hydrophobic interface between D3 and 
D4, known as the D3-D4 elbow. Structure-based sequence analysis has shown that this 
hydrophobic interface is conserved among all RTK-IIIs (Verstraete et al, 2011b). Comparative 
structural studies of KIT bound and unbound by SCF revealed a drastic movement in 
orientation of D4 and D5 upon binding its cognate ligand SCF, a conformational change 
facilitated by rotation of this elbow-like region. This conformational change is expected to be 
indispensable for coupling ligand binding to activation of the receptor (Yuzawa et al, 2007). 
By analogy with KIT, the T343I mutation at the D3-D4 interface of FLT3 could possibly 
stabilize the intramolecular domain reorientation, by which the receptor remains in a 
constitutive active form (Figure 11, B) (Verstraete & Savvides, 2012; Jiang et al, 2005). 

Unfortunately, possible domain rearrangements in FLT3 upon FL binding are unidentified, 
because of the absence of structural information for unbound FLT3. However, the FLT3 

ectodomains D2 to D4 are expected to be too rigid to undergo such severe domain 
rearrangements because of the extensive hydrophobic interface between D2 and D3, and 
between D3 and D4 (Verstraete et al, 2011b).  

Taken together, the hypothesized mechanism of these two oncogenic mutations cannot be 
explained by the current activation paradigm of FLT3, unless we reconsider the possibility of 
ligand induced receptor-receptor interactions. Additional mechanistic studies are therefore 
necessitating.  

 

 

 

 

 

 

 

 

 

 

Figure 11| Possible structural consequences of oncogenic FLT3 mutations. (A) The S451F mutation in the 

membrane-proximal domain 5 of FLT3 has oncogenic effects. This might be due to the promotion of homotypic 

receptor interactions.  (B) The T343I mutation is located at the D3-D4 interface of the FLT3 receptor. Possibly, 

the mutation stabilizes the interdomain orientation. Figure adapted from Verstraete & Savvides, 2012. 

I.4.4 Structural characteristics of the FLT3 ligand 

FL is a cell surface transmembrane protein type I, occurring as a non-covalently linked 
homodimer. Both a transmembrane form, as a soluble form are produced, with the latter 
generated by proteolytic cleavage of the extracellular domains of the transmembrane 
protein by the tumor necrosis-factor-alpha converting enzyme (TACE) (Horiuchi et al, 2009; 
Lyman et al, 1994; Hannum et al, 1994). These extracellular domains have shown to be 
sufficient for biological activity of the ligand (Savvides et al, 2000, 200; Brasel et al, 1995). 

A B 
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Figure 12| Structure of soluble homodimeric FLT3 ligand (FL). (A) Soluble FL (PDB entry 1ETE) is a homodimer 
composed of subunits featuring a short chain α-helical cytokine fold. Each FL monomer forms 3 intramolecular 
disulfide bridges, colored in orange. N: N-terminus, C: C-terminus. (B) Dimerization of FL involves the burial of 
a large hydrophobic surface, with leucin at position 27 (Leu27) at the heart of the dimeric interface. One of the 
FL protomers is shown as a surface rendered model. Leu27 is shown as a stick model. Figures created with 
Pymol. 

The structure of the extracellular domain of human FL was determined by Savvides et al, 

2000 (PDB entry 1ETE) to a resolution of 2.2 Å (Figure 12, A). The homodimeric soluble FL 
displays a short chain α-helical cytokine fold, characterized by an up-up-down-down 
topology (Savvides et al, 2000). Each FL monomer contains three intramolecular disulfide 
bridges that play a structural role: Cys 4 - Cys 85, Cys 44 - Cys 127 and Cys 93 - Cys 132. The 
first two are also required for bioactivity, whereas the Cys 93 - Cys 132 disulfide bridge is 
dispensable (Brasel et al, 1995).  

The formation of a FL dimer involves the burial of a largely hydrophobic surface of about 
1000 Å, mainly covered by residues 63-68 and 25-30. Moreover, at the heart of this dimer 
interface, leucine 27 of one monomer stabs into a hydrophobic pocket of the other 
monomer, and vice versa (Figure 12, B) (Savvides et al, 2000). The high affinity binding of the 
FL dimer on FLT3D3 is mediated by the N-terminal loop, which is composed by residue 8 to 13 
(Verstraete et al, 2011b).  
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Part II: Aim of the research project 

 
The RTK-III family member FLT3 plays a key role in early hematopoiesis, dendritic cell (DC)  
and DC-dependent NK development. Unfortunately, oncogenic forms of the receptor are 
implicated in several hematopoietic malignancies, such as AML. Current pharmacological 
targeting of FLT3 is entirely focused on the inhibition of the FLT3 intracellular kinase and JM 
domains, though up to now most attempts turned out to be disappointing. Structural 
insights in the FLT3 activation mechanism are therefore really necessitating, because they 
might give rise to new therapeutic strategies.  

Common receptor activation mechanisms were demonstrated for all RTK-IIIs, except for 
FLT3. Unlike for the other RTK-III members, no homotypic receptor contacts between 
neighboring membrane-proximal domains were observed in the FLT3:FL extracellular 
assembly. Also possible ligand-induced domain rearrangements could not yet be identified, 

due to the absence of structural information for FLT3 as an uncomplexated entity. 
Therefore, the project aims to elucidate the relevance of potentially observed homotypic 
interaction sites or alternative conformations in context of wildtype ligand-induced receptor 
activation. 

Secondly, in the current paradigm of FLT3 receptor activation, the oncogenicity of two 
clinically observed  point mutations in FLT3 (S451F and T343I), both located in the 
extracellular region, cannot be explained unless we reconsider the possibility of ligand-
induced receptor-receptor interactions. Therefore, the general goal of this research project 
is to gain better insights in the FLT3 activation mechanism of both the wildtype and mutated 
receptor forms.   

In order to achieve these goals, a monomeric form of the FLT3 ligand, still able to bind FLT3 

with high affinity, will be generated. By mutating the hydrophobic key residue leucin 27 at 
the heart of the dimeric interface to a charged aspartic acid (FL-L27D), dimerization of FL is 
expected to be prevented. 

In the first place, the efficacy of the mutation to prevent dimerization and the ability of FL-
L27D for high-affinity receptor binding will be verified by size exclusion chromatography 
multi-angle laser light scattering (SEC-MALLS).  Next, the effect of the mutagenesis on the 
general structure of the ligand will be detetermined by X-ray crystallography. 

FL-L27D will also be used as a crystallization tool by formation of a binary complex with the 
FLT3 extracellular domains. A better crystal packing might thereby be obtained, allowing to 
model the extracellular domains of FLT3 to a higher resolution than is available at the 
moment (Verstraete et al, 2011a). Furthermore, by comparison of the structure the FLT3:FL-
L27D binary complex with the FLT3:FL ternary complex, possible domain rearrangements 

upon formation of a ternary complex can be visualized.  

Cooperativity of complex formation would imply that FLT3 activation might employ 
homotypic receptor contacts, presumably between the membrane-proximal domains. In 
analogy to the monomeric CSF-1 variant (Elegheert et al, 2012), FL-L27D will therefore be 
employed in isothermal titration calorimetry (ITC) studies to detect possible homotypic 
interactions by analyzing the cooperativity of ligand binding. To confirm the possible 
outcomes of this experiment, titration with a covalently linked FL dimer with one of the 



  Part II: Aim of the research project 

19 
 

monomers unable to bind FLT3D1-D5 (FL-dim KO) will be used. A covalently linked FL dimer 

(FL-dim WT) will be used as a positive control. Cooperativity of complex formation would 
imply that FLT3 activation might employ additional homotypic receptor contacts, probably 
between the membrane-proximal domains.  

In a later stage, ITC studies will be performed to determine binding affinities, 
thermodynamic profiles and binding kinetics of three mutated receptor constructs: FLT3-
S451FD1-D5, FLT3-T343ID1-D5 and a double mutant comprising both mutations (FLT3-DMD1-D5). 
For all receptor forms, ITC experiments with the different FL variants will be performed, and 
all thermodynamic parameters will be compared towards each other in order to 
mechanistically explain the possible differential activation mechanism of the two 
extracellular point mutations. For example, an overall gain in binding affinity might originate 
from induced homotypic receptor contacts, whilst the differences in enthalpy and entropy of 
the oncogenic interaction and wildtype interaction might provide more insights into the 

oncogenic receptor activation mechanism.  

One of the main research topics of the Unit for Structural biology focuses on extracellular 
assembly and activation principles of cytokine receptors with biomedical importance. An in-
depth elucidation of the activation mechanism of FLT3 is therefore an important additional 
step towards structural and mechanistic insights into signaling assemblies of RTKs. Most 
importantly, new insights into the structural basis of the FLT3 activation mechanism might 
open new doors towards the treatment of AML and change the current AML therapeutic 
landscape. 
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Part III: Results  

III.1 Expression of recombinant FL-L27D in E. coli, in vitro refolding        
     from inclusion bodies and purification 

III.1.1 Generation of the FL-L27D expression construct 

The bacterial pET15b expression vector containing the hFL ectodomain cDNA was already 
available at the start of the project. At position 27, a leucine was mutated to an aspartic acid 
using polymerase chain reaction (PCR)-driven overlap extension (Heckman & Pease, 2007). 
Such a mutation at the heart of a hydrophobic pocket in the dimer interface of FL would be 
expected to disrupt FL dimerization, thereby generating a monomeric FL variant. The FL-
L27D coding sequence was introduced into the pET15b vector and subsequently transformed 
in the  Rosetta-gami B (RGB) E. coli strain (Material and Methods VI.1). The resulting pET15b- 

FL-L27D expression plasmid is shown in Figure 13. Prior to employing the expression 
construct in expression tests, the FL-L27D coding sequence was verified by Sanger 
sequencing.  

 

 

 

 

 

Figure 13| The pET15b-FL-L27D expression 

plasmid. The cloning strategy allows the 

expression of FL-L27D as a fusion protein 

with a cleavable N-terminal hexahistidine 

tag. Amp
R
: ampecillin resistance gene. LacI: 

LacI coding sequence. Figure created by 

SnapGene software (from GSL Biotech; 

available at snapgene.com).   

 

 

 

 

 

III.1.2 Expression test and large-scale expression of FL-L27D 

Previous work in the host laboratory on several other human cytokines produced in E. coli 
showed that these proteins accumulate in the bacterial cytosol as inclusion bodies (IBs) 
(Verstraete et al, 2009; Elegheert et al, 2011; Felix et al, 2013). Thus we expected at the 
outset that FL-L27D would follow suit. An expression test was performed to verify this 
(Material and Methods VI.2.1).  
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Overexpression of FL-L27D was evaluated by SDS-PAGE by loading samples of the culture 

before and after induction, of the soluble supernatants fraction, and the washed IB fractions  
(Figure 14, A). No clear overexpression of FL-L27D could be detected on the gel. Therefore, a 
more sensitive analysis of the different fractions was performed by Western blotting (Figure 
14, B). Western blotting demonstrated an overexpression of FL-L27D in the IB fraction, 
although a clear discrepancy in molecular weight was observed. In a similar manner as the 
FL-L27D expression test, large-scale expression of FL-L27D was obtained by induction of 3 
liters expression culture (Material and Methods VI.2.2). 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 14| SDS-PAGE and Western blot analysis of the FL-L27D expression test. (A) SDS-PAGE analysis of FL-
L27D expression. Samples of a RGB cell culture before (Pre) and after (Post) induction with 1mM IPTG, the 
soluble supernatant fraction (SN) and two consecutive washed inclusion body fractions (w1 and w2) were 
loaded on a 17 % SDS-PAGE gel. (B) Western blot analysis of the FL-L27D expression. Identical samples as for 
(A) were used for Western blotting. The black arrow indicates FL-L27D at approximately 25 kDa. Expected 
molecular weight of FL-L27D_HIS: 17.74 kDa  (Attachment 4).  

 

III.1.3 Solubilisation of IBs, in vitro refolding and purification of FL-L27D 

As FL-L27D has shown to be expressed as IBs, the obtained FL-L27D IBs were solubilized and 
subsequently purified by immobilized metal ion affinity chromatography (IMAC) (Material 
and Methods, VI.2.3). A representative chromatogram of the purification of solubilized FL-
L27D is shown in Figure 15. The peaks observed in the chromatogram upon washing the Ni-
sepharose column with GuHCl buffer at pH 8.0 and pH 5.8 indicate that possible nonspecific 
binding contaminants or unbound FL-L27D were  removed from the column.  
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Figure 15| Representative IMAC purification chromatogram of unfolded FL-L27D. Solubilized FL-L27D 

inclusion bodies were loaded onto a nickel sepharose column [1], equilibrated with GuHCl buffer at pH 8.0. The 

nickel sepharose matrix was washed with GuHCl buffer at pH 8.0 [2] and pH 5.8 [3],  followed by elution of the 

FL-L27D with GuHCl buffer at pH 4.5 [4].   

 

At every step, the course of the purification was followed by SDS-PAGE analysis of samples 
taken before loading on the column, after each washing step and after elution (Figure 16).  
SDS-PAGE analysis suggested that purification of denatured FL-L27D was rather efficient: 
several contaminants were removed by the affinity purification and subsequent wash steps. 
Still the IMAC eluate contained some contaminants, thereby dictating further purification.  

FL-L27D was refolded overnight by drop-wise addition of the denatured FL-L27D to refolding 
buffer (100 mM Tris, 1 M L-arginine, 5 mM GSH, 0.5 mM GSSG, pH 8.5), a method known as 
rapid dilution. The refolding buffer contains both reduced and oxidated glutathion (1:10 
ratio), which allows correct disulfide bridge formation. Because arginine in the refolding 
buffer is incompatible with the affinity chromatography columns and to improve the 
refolding efficiency, the refolding mixture was dialyzed (Material and Methods, VI.2.4).  
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Figure 16| Representative SDS-PAGE analysis of the purification of denatured and refolded FL-L27D. 

Denatured FL-L27D_HIS was purified by IMAC, using a Ni-sepharose column. Samples were taken of the washed 

inclusion bodies (pre-IMAC), the IMAC flow-through (FT), two wash steps (pH 8.0 and pH 5.8) and the IMAC 

elution (pH 4.5). After in vitro refolding and dialysis, FL-L27D was purified consecutively by IMAC and SEC. 

Samples were taken before IMAC, of the wash step (5 mM imidazole), the IMAC elution (500 mM imidazole), 

the peak fraction of the SEC void and the pooled FL-L27D SEC fractions. All samples were loaded on a 17% SDS-

PAGE gel. The gel was stained with Coomassie Blue. The black arrow indicates FL-L27D at approximately 14 

kDa. Expected molecular weight of FL-L27D_HIS: 17.74 kDa  (Attachment 4).   

 

After refolding, the dialyzed solution was again loaded on a nickel sepharose column and 
eluted using elution buffer containing imidazole. A representative chromatogram is shown in 
Figure 17. A baseline drift can be observed in the chromatogram after elution, as the 
imidazole in the elutionbuffer also absorbs UV at 280nm.    

 

 

 

 

 

 

 

 

 

 

Figure 17| Representative IMAC elution chromatogram of refolded FL-L27D.  Refolded FL-L27D was eluted 

from the Ni-sepharose column using equilibration buffer complemented with 500 mM imidazole. 
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Finally, a last polishing step was performed by size exclusion chromatography (SEC). A 

representative chromatogram is shown in Figure 18. The purification course of the folded FL-
L27D was also followed by SDS-PAGE analysis (Figure 19). Whereas the eluate of the nickel 
sepharose column still seemed to contain contaminants, SEC purification resulted in one 
predominant and seemingly monodisperse peak, presumably containing folded FL-L27D.   

Several large-scale expression cultures of FL-L27D were set up for both crystallization 
purposes and ITC studies. Variable yields of FL-L27D were obtained, going from 0.25 mg to 6 
mg per liter of expression culture. 

For crystallization purposes, the flexible thrombin cleavable N-terminal hexahistidine tag 
might hinder crystal packing. Therefore, the FL-L27D fractions were pooled and incubated 
overnight with thrombin. Next, FL-L27D was separated from the His-tag and thrombin by 
SEC. A representative chromatogram is shown in Figure 18. FL-L27D eluted later compared 
to FL-L27D_HIS, which is probably caused by the decrease in hydrodynamic radius of FL-

L27D_HIS upon cleavage of the his-tag. SDS-PAGE analysis of the thrombin digest verified 
that the His-tag was efficiently removed, as FL-L27D runs at a lower molecular weight 
compared to FL-L27D_HIS (Figure 19).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 18| Overlay of representative SEC chromatograms of FL-L27D_HIS and FL-L27D. IMAC eluate 

containing FL-L27D_HIS was concentrated to 1 ml and injected onto a SEC column. FL-L27D_HIS was eluted 

using HBS as running buffer. The FL-L27D_HIS fractions were pooled and incubated overnight with thrombin. 

The digest was concentrated and again injected onto a SEC column. FL-L27D was eluted using HBS buffer as 

running buffer.  
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Figure 19| SDS-PAGE analysis of the FL-L27D thrombin digest. 

Samples of FL-L27D before (pre) and after thrombin (post) digest 

were loaded on a 17% SDS-PAGE gel. The black arrows indicate 

FL-L27D pre and post thrombin digest. The gel was stained with 

Coomassie Blue. Expected molecular weight of FL-L27D_HIS and 

FL-L27D: 17.74 kDa and 15.86 kDa (Attachment 4).  
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III.2 Expression and purification of recombinant FLT3 ectodomains  

Stable tetracycline inducible HEK293S MGAT1-/- TR+ cell lines, expressing each of the 
different FLT3 ectodomain constructs (pcDNA4TOke-FLT3D1-D5) were already generated, 
based on previously established approaches (Verstraete et al, 2011b).  

Several large-scale expressions of FLT3-WTD1-D5 were carried out as they were planned to be 
used for both SEC-MALLS analyses, crystallization in complex with FL-L27D and ITC studies. 
FLT3-S451FD1-D5, FLT3-T343ID1-D5 and FLT3-DMD1-D5 were only produced in view of ITC studies. 
The expression yields of these mutant ectodomains were found to be rather low (~1.5mg per 
15.4 dm² cell culture), compared to the FLT3-WTD1-D5 yields (~8mg per 7.7 dm² cell culture). 
As expression of each of the ectodomain constructs was carried out in a similar manner, only 
FLT3- WTD1-D5 will be discussed below. 

Large-scale expression of FLT3-WTD1-D5 was obtained by induction of the HEK293S MGAT1-/- 
TR+ cell line with tetracycline and valproic acid (Material and Methods VI.3.1). FLT3 

ectodomains were purified from the medium by a combination of IMAC and SEC (Material 
and Methods VI.3.2). A representative IMAC elution chromatogram is shown in Figure 20.  
The purification course was followed by SDS-PAGE analysis of samples taken before loading 
on the column, the column flow-through, after each wash step and the IMAC elution (Figure 
22). Next to FLT3-WTD1-D5, also bovine serum albumin (BSA) was detected in the medium and 
column flow-through fraction. This contaminant originates from the use of fetal calf serum 
(FCS) in the culture medium.  

 

 

 

 

 

 

 

 

 

 

Figure 20| Representative IMAC elution chromatogram of FLT3-WTD1-D5. FLT3-WT ectodomains were  eluted 

from the Ni-sepharose column using equilibration buffer complemented with 500 mM imidazole.  

Analysis of the IMAC elution fraction showed that the BSA, running at approximately 55 kDa, 

was largely eliminated by the IMAC purification. The neutralized IMAC eluate was taken for a 
final polishing step by SEC. A representative SEC chromatogram is shown in Figure 21. 
Fractions 1 and 6 of the SEC elution were also analyzed by SDS-PAGE to verify the presence 
of FLT3-WTD1-D5. The SDS-PAGE gel clearly showed that FLT3-WTD1-D5 is present in both the 
IMAC elution fraction and the two SEC fractions as a band at approximately 60 kDa (Figure 
22). Fractions corresponding to the FLT3 ectdomains were pooled and stored at -80°C untill 
further notice.  
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Figure 21| Representative SEC purification chromatogram of FLT3-WTD1-D5. IMAC eluate containing FLT3-WT 

ectodomains was concentrated to 1 ml and injected onto a SEC column. The FLT3 ectodomains were eluted 

using HBS buffer as running buffer. Indicated fractions 1 and 6 were analysed by SDS-PAGE (Figure 22). 

.  

 

Figure 22| Representative SDS-PAGE analysis of the FLT3-WTD1-D5 purification. Samples were taken before 

IMAC, of the column flow-through (FT), the two wash steps (0 and 5 mM imidazole), the IMAC elution (500 mM 

imidazole) and two SEC fractions, and were loaded on a 15% TGX SDS-PAGE gel. The black arrow indicates FLT3-

WTD1-D5  at approximately 60 kDa. Expected molecular weight of FLT3-WTD1-D5_HIS: 62.53 kDa (Attachment 4).   
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III.3 SEC-MALLS analysis of FL-L27D and the FLT3-WTD1-D5:FL-L27D  
    complex 

III.3.1 Characterization of FL-L27D and the FLT3-WTD1-D5:FL-L27D complex 

Multiangle laser light scattering combined with size-exclusion chromatography (SEC-MALLS) 
was used to verify the efficacy of the L27D mutation to prevent ligand dimerization and the 
ability of FL-L27D for receptor binding. This analysis was performed by E. Pannecoucke.  

Protein samples of FL-L27D, FL, FLT3-WTD1-D5, the FLT3-WTD1-D5:FL complex and the FLT3-
WTD1-D5:FL-L27D complex were injected at different concentrations (Material and Methods 
VI.4). An overlay of the resulting elution profiles and calculated molar masses is shown in 
Figure 23. The profile peaks were annotated accordingly in the table below the elution 
profile and the  molar masses determined by MALLS were compared to the theoretically 
calculated molar masses (Attachment 4).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 23| Biochemical characterization of FL-L27D and the FLT3-WTD1-D5:FL-L27D complex by SEC-MALLS. 

Protein samples of FL-L27D, FL, FLT3-WTD1-D5, the FLT3-WTD1-D5:FL complex and FLT3-WTD1-D5:FL-L27D complex 

were injected at different concentrations. An overlay of the obtained elution profiles and calculated molar 

masses is shown at the top. The molar mass of the different protein species was determined by MALLS, but 

MALLS conjugate analyses were required for molar mass determination of the glycosylated FLT3 ectodomains 

and complexes therewith.  

Peak Protein 
Concentration 

(mg/ml) 

Theoretical 

mass (kDa) 

MALLS  

(kDa) 

MALLS conjugate 

(kDa) 

1 FLT3-WTD1-D5:FL_HIS 2 153.2462 n/a 152.4 

2 FLT3-WTD1-D5:FL-L27D_HIS 1 76.634 n/a 70.29 

3 FLT3-WTD1-D5 1 58.9118 n/a 60.09 

4 FL_HIS 1 35.4585 34.78 n/a 

5 FL-L27D_HIS 1.7 17.7402 17.11 n/a 
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The obtained elution profiles and molar mass calculations verify that FL-L27D remains 

monomeric, even at a concentration of 1.7 mg/ml (Figure 23, peak 5). The molar mass of the 
monomeric ligand (17.74 kDa), as determined by the MALLS analysis, was close to the 
theoretical FL-L27D molar mass (17.11 kDa) and a clear decrease in elution time was 
observed compared to the wildtype FL. Moreover, the MALLS analysis shows that FL-L27D is 
able to form a binary complex with FLT3-WTD1-D5. A shift in elution time and calculated molar 
mass is observed for this binary complex (Figure 23, peak 2) compared to the unbound FLT3-
WT ectodomains (Figure 23, peak 3).  

III.3.2 Competition between FL and FL-L27D for FLT3-WTD1-D5 binding 

SEC-MALLS was also used to analyze the competition between FL and FL-L27D for binding to 
the FLT3-WT extracellular domains. Therefore, FL, FL-L27D and  FLT3-WTD1-D5 were mixed in 
a 1:2:2 molar ratio and injected at a final concentration of 1 mg/ml (Material and Methods 
VI.4). The resulting elution profile and calculated molar masses are shown in Figure 24. Each 

elution profile was compared with the previously obtained elution profiles for FLT3-WTD1-D5, 
FL, FL-L27D, FLT3-WTD1-D5:FL, FLT3-WTD1-D5:FL-L27D (Figure 23), and the elution peaks were 
annotated accordingly in the table below the elution profile. 

The MALLS analysis shows that almost all of the FLT3-WTD1-D5 has formed a ternary complex 
with wildtype FL (Figure 24, peak 6). Only a small amount of binary FLT3-WTD1-D5 complexes 
appears to be formed (Figure 24, peak 7), though a clear difference between the MALLS 
calculated molar mass (68 kDa) and the theoretical molar mass (75 kDa) for the FLT3-WTD1-

D5:FL-L27D complex was observed. This suggests that FLT3-WTD1-D5 binds with a higher 
affinity to wildtype FL, compared to the monomeric ligand variant. However, accurate 
determination of the binding affinity of FLT3-WTD1-D5 for wildtype FL and FL-L27D can only be 
obtained by interactions studies, such as ITC.   
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Figure 24| Analysis of the competition between FL and FL-L27D for receptor binding by SEC-MALLS. A protein 

sample containing FL and FL-L27D competing for FLT3-WTD1-D5 binding (1:2:2 molar ratio) was injected at a final 

concentration of 1 mg/ml. The elution profile and molar mass calculations were compared to those of the 

protein species characterized in Figure 23 (gray). The molar mass of the different protein species was 

determined by MALLS, but MALLS conjugate analyses were required for molar mass determination of the 

glycosylated FLT3 ectodomains and complexes therewith.  

  

Peak Protein 
Theoretical mass 

(kDa) 

MALLS  

(kDa) 

MALLS conjugate 

(kDa) 

6 FLT3-WTD1-D5:FL_HIS 153.2462 n/a 152.9 

7 FLT3-WTD1-D5:FL-L27D 74.7519 n/a 68.01 

8 FL_HIS 35.4585 31.90 n/a 

9 FL-L27D 15.8581 15.89 n/a 
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III.4 Crystallization and structure determination of  FL-L27D 

III.4.1 Crystallization trials 

The pre-crystallization test (PCT) (Hampton Research) was used to estimate the appropriate 
FL-L27D concentration for initial screening of crystallization conditions. Step-wise 
concentrating of the proteins sample followed by PCT testing indicated that an FL-L27D 
concentration of 22 mg/ml should be appropriate to start sparse matrix sampling for 
crystallization conditions. 

The concentrated protein solution was used to set up initial crystallization trials using the 
following commercially available sparse-matrix screens: Index™, ProPlex™, Crystal Screen 
Lite™ and PEG/Ion™ (Material and Methods VI.5). Crystals were observed within 24 hours in 
four conditions of the Index™ screen, all comprising 2.0 M ammonium sulfate as precipitant 
and 0.1 M buffer, however at different pH (pH 5.5, pH 6.5, pH 7.5 and pH 8.5) (Figure 25). 

Based on these hits, an optimization screen was set up in a grid screen fashion, by varying 
the precipitant concentration and pH around the initial hit conditions in the rows and 
columns of the grid. 

  

Index™ screen - Condition 3 

2.0 M Ammonium sulfate, 0.1 M BIS-TRIS pH 5.5* 

Index™ screen - Condition 4 

2.0 M Ammonium sulfate, 0.1 M BIS-TRIS pH 6.5* 

 

 

 

 

 

 

 

 

Index™ screen - Condition 5  

2.0 M Ammonium sulfate, 0.1 M HEPES pH 7.5* 

Index™ screen - Condition 6 

2.0 M Ammonium sulfate, 0.1 M Tris pH 8.5* 

Figure 25| Initial FL-L27D crystal hits. Crystals were observed within 24 hours in four conditions of the Index™ 

screen (Hampton Research). The composition of each condition is mentioned below each picture. *pH analysis 

of the used Index screen conditions, using MColorpHast™ pH indicator strips (Millipore), demonstrated a clear 

deviation in pH  for each of these hit conditions. 
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In the first optimization screen, the pH was varied from pH 5.0 to pH 9.0 and the ammonium 

sulfate concentration from 1.6 M to 2.0 M. However, crystals were only observed at pH 5.0 
and 1.9 and 2.0 M ammonium sulfate, suggesting that the pH of the initial crystal hit 
condition or optimization condition deviated. Analysis of the pH of the initial hit conditions 
was carried out using MColorpHast™ pH indicator strips. In contrast to the expected pH 
values of 5.5, 6.5, 7.5 and 8.5, the pH of the crystallization conditions was shown to be much 
lower: pH 5.0 - 6.0. Therefore, subsequent optimization screens were performed by varying 
the pH around pH 5.0.  

After three days, more initial crystal hits could be observed in the Crystal Screen Lite™ 
screen. The first condition was characterized by the presence of 0.1M sodium citrate tribasic 
dihydrate at pH5.6, 0.5M NaCl, 2% ethylene imine. The second condition contained 0.1M 
sodium citrate tribasic dihydrate at pH 5.6 and 35% tert-butanol. Several attempts to 
replicate these crystallization hits failed.  

The crystallization optimization trials resulted in large amounts of crystals of variable size, 
though predominantly larger crystals with overall dimensions of 100 µm x 100 µm x 20-50 
µm were obtained. However, the edges of the crystals were irregular and rough, suggesting 
that the crystals were not single (Figure 25). Attempts to improve the crystal morphology 
were made by hanging-drop crystallization and crystal seeding set-ups. Both streak seeding, 
using a natural fiber to transfer crystal seeds, as well as bead to generate seed stocks of 
crystals, were employed (Material and Methods VI.5.1). Smaller crystals, though not with 
single crystal morphology, were obtained.    

III.4.2 Determination of crystal identity by SDS-PAGE and silver staining 

Crystals were obtained in conditions containing 1.8 to 2.1M ammonium sulfate as 
precipitant at pH 5.0. High concentrations of precipitant can misleadingly result in the 
formation of precipitant crystals, while the protein stays in solution. Therefore, an SDS-PAGE 

protein separation, followed by silver staining of the SDS-PAGE gel, was carried out to 
determine the crystal identity (Material and Methods VI.5.2). The silver-stained SDS-PAGE 
gel clearly demonstrated that the crystals contained FL-L27D (Figure 26). Though, the band 
corresponding to FL-L27D appears to be composed of two distinct bands. This is probably 
due to incomplete denaturation of FL-L27D, as next to SDS no additional reducing agent (e.g. 
beta-mercaptoethanol) was added upon sample preparation. 

Figure 26| Determination of the FL-

L27D crystal identity. A silver-stained 

SDS-PAGE gel determines the content 

of dissolved crystals of FL-L27D. As a 

positive control, a condition without 

crystals was used. The positive control, 

the two wash fractions, the dissolved 

crystals and the remaining drop were 

loaded on a 17% SDS-PAGE gel, 

followed by silver staining of the SDS-

PAGE gel. Expected molecular weight of 

FL-L27D: 15.86 kDa (Attachment 4).  
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III.4.3 X-ray data collection and processing 

Since large numbers of crystals were obtained for FL-L27D, a selection had to be made to 
perform initial diffraction experiments. The crystals were selected based on their 
appearance: singleness, size and shape. The selected crystals were cryoprotected (Material 
and methods VI.5.3) and subsequently cryo-cooled in liquid nitrogen. As a test, several 
crystals were directly frozen without any cryoprotection. 

Initial diffraction experiments were carried out at PROXIMA 1 beamline of the synchrotron 
of SOLEIL (Gif-sur-Yvette, France) (Material and Methods VI.5.4). Test diffraction images 
were taken for each of the cryo-cooled crystals. In general, strong diffraction was obtained, 
but the first inspection of the diffraction images indicated a strong twinning of the crystal 
lattice.  

Despite the strong twinning, initial indexing could be succesfully carried out by a 360° 
diffraction dataset collected from a crystal grown in condition 17 of the initial Crystal Screen 

II: 0.1 M Sodium citrate tribasic dihydrate pH 5.6 and 35% v/v tert-butanol. The crystal was 
cryoprotected by 20 % glycerol. Based on the obtained dataset, the space group and unit cell 
parameters were determined using the XDS suite. As the space group was determined to be 
P1 and therefore lacs redundancy of the reflection spots, full data collection required 
rotation over 360°.     

Diffraction to a resolution of 1.65 Å was observed for a crystal grown in condition 5 of the 
initial Index™ screen: 2.0 M Ammonium sulfate, 0.1 M HEPES, pH 7.5*. Though, it has 
previously been shown that the pH for this condition clearly deviates (pH 5.0- 6.0). No 
cryoprotectant was used for freezing this crystal. Analysis of the diffraction spots indicated 
strong twinning of the crystal lattice, as shown in Figure 27. A full dataset was collected of 
this crystal by rotating over 360° with oscillation range of 0.2°, 5% transmission and 0.2 s 
exposure time.  

The obtained dataset was processed in the XDS suite (Kabsch, 2010) but unfortunately  
showed poor dataset statistics, indicated by the Rmeas, CC1/2 and I/σ(I) value. In-depth 
statistic analysis of the diffraction frames showed that including the frames between 180° 
and 240° resulted in a severe drop of Rmeas, CC1/2 and I/σ(I) values for frames in between the 
range 900 to 1200. Therefore, two wedges of the complete frame range, 0° to 180° and 240° 
to 360°, were seperatly indexed. A reflection data file was generated for each of the wedges. 
The XSCALE module of the XDS suite (Kabsch, 2010) was used to scale and merge the 
reflection data of both wedges into a newly generated reflection file. The dataset collection 
and processing statistics are listed in Table 1.  

The theoretical number of molecules in the asymetric unit (ASU) was estimated by the 
Matthews probability calculator (Kantardjieff & Rupp, 2003). Based on the unit cell constants 

(28.30Å, 43.59Å, 46.36Å and 82.82°, 85.41°, 85.10°), the space group (P1), the data 
resolution (1.65Å) and the molecular weight of FL-L27D (15860 Da), a Matthews probability 
distribution was obtained (Figure 28). The distribution suggests the presence of one or two 
molecules in the ASU, though the probability for two molecules was higher (61.8 %) at a 
resolution of 1.65Å. If two FL-L27D molecules are present in the ASU, the crystal would have 
a solvent content of 31 % and a Matthews coefficient of 1.77 Å³ Da-1.  
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Figure 27| Test diffraction image from the FL-L27D crystal that led to a 1.65Å dataset used for modeling.  The 

diffraction image was obtained at the PROXIMA I beamline of SOLEIL (Gif-sur-Yvette, France). The beam center 

is marked with a red cross and the beam stop is observed as a white shadow. Resolution shells are displayed as 

circles. A close-up of the diffraction image shows broadening of the diffraction spots, suggesting crystal 

twinning.  Figures were  generated with adxv (Adxv, 2013).   
 

 

 

 

 

 

 

 

 
 

 

 

  

 

Figure 28| Matthews probability distribution of the FL-L27D crystallographic unit cell.  Figure obtained by the 

Matthews probability calculator (Kantardjieff & Rupp, 2003; Matthews, 1968). 
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 Data Collection  

X-ray source PROXIMA  1, Soleil (Gif-sur-Yvette, France) 

Detector Pilatus 6M 

Wavelength (Å) 0.97625 

Temperature (K) 100 

Detector distance (mm) 322 

Resolution range (Å) 18.42 - 1.65 (1.71 - 1.65) 

Data processing  

Space Group P1 

Unit cell parameters  

a, b, c (Å) a= 28.3, b= 43.49, c= 46.36 

α, β, γ (°) α= 82.82, β= 85.41, γ= 85.1  

Wilson B factor (Å²) 16.89 

Total reflections 70191 (5919) 

Unique reflections 24918 (2403) 

Multiplicity 2.8 (2.5) 

Matthews coefficient (Å³ Da-1)* 1.77  

Solvent Content (%)* 31 

Molecules in asymmetric unit cell 2 

Completeness (%) 94.9 (89.2)  

Rmeas (%)  7.7 (56.7) 

Average I/σ(I) 10.60 (2.47) 

CC1/2 value 0.996 (0.753) 

 
Table 1| X-ray data collection and processing statistics of FL-L27D. Values in parentheses refer to the highest 

resolution shell. The data collection and processing statistics were obtained from PHENIX. *Estimates of the 

solvent content and Matthews coefficients were determined by the Matthews Probability Calculator, based on 

the molecular weight of FL-L27D (15.86 kDa) (Matthews, 1968; Kantardjieff & Rupp, 2003).  

III.4.4 Molecular replacement 

Phasing information for the crystal structure of FL-L27D was determined at 1.65Å by 
maximum-likelihood molecular replacement, as implemented in the Phaser module (McCoy 
et al, 2007) of the program suite CCP4 (Collaborative Computational Project, Number 4, 
1994). The structure of one FL protomer, derived from the structure of human FL (PDB entry 
1ETE), was used as a homology model (Savvides et al, 2000).  
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By molecular replacement, it was possible to place two monomeric FL-L27D molecules in the 

crystal asymmetric unit, as predicted by the Matthews probability calculator. An initial 
electron density map (mtz-file) and FL-L27D structural model (pdb-file) was obtained as 
output from Phaser. The molecular replacement statistics are displayed in Table 2. 

The obtained statistics indicated that the automated molecular replacement by Phaser had 
confidently phased the FL-L27D dataset. Though, two crystal packing clashes were 
encountered, associated with the low solvent content and thus dense packing of FL-L27D in 
the unit cell. The FL-L27D unit cell and dense crystal packing after molecular replacement are 
illustrated  in Figure 29. 

 

Molecular replacement scores   

Log-likelihood gain (LLG) 309 

Rotation function Z-score (RFZ) 9.7 

Translation function Z-score (TFZ) 14.5 

Packing clashes 2 

 
Table 2| Molecular replacement statistics of FL-L27D. The statistics were obtained from Phaser (McCoy et al, 

2007).  

 

 

 

 

 

   

 

 

 

 

 

 

Figure 29| FL-L27D unit cell and crystal packing after molecular replacement. (A) Molecular replacement 

solution for FL-L27D shows the presence of two FL-L27D molecules in the crystal asymmetric unit. Unit cell 

dimensions: a= 28.3Å, b= 43.49Å, c= 46.36Å, α= 82.82°, β= 85.41°, γ= 85.1°. (B) Crystal packing of FL-L27D 

molecules viewed along the a-axis. Symmetry mates within 20Å radius are shown. Figures created with Pymol 

(DeLano, 2002).    

 

A B 
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III.4.5 Refinement and validation 

Initial refinement of the FL-L27D model, obtained from molecular replacement, was carried 
out with AUTOBuster (Blanc et al, 2004). Several iterations of model refinement were 
performed (Material and Methods VI.5.4), guided  by structure validation tools (mentioned 
below). Since a high-resolution electron density map was used for refinement, hydrogens 
could be added to the FL-L27D model. Finally, also several cycles of refinement were carried 
out using PHENIX. Eventually, reasonable Rfree and Rwork values of 0.2026 and 0.1696 were 
obtained and refinement was stopped. The final refinement statistics for FL-L27D were 
obtained from PHENIX and are displayed in Table 3. 

The structural model of FL-L27D was validated after each refinement by Molprobity, 
implemented in the PHENIX suite (Adams et al, 2010). Molprobity provides a quality 
validation of the refined crystal structure by Ramachandran and geometry analysis. No 
Ramachandran outliers and only a small, acceptable amount of geometrical errors (0.39%) 

was detected in the final refined structural model for FL-L27D.     

 

Refinement statistics  

Refinement programs PHENIX and autoBUSTER 2.10.2 

Resolution (Å) 18.64 - 1.65 (1.72 - 1.65) 

Reflections working set/test set 23633/1246 (2403/120) 

Rwork 0.1696 (0.2673) 

Rfree 0.2026 (0.2807) 

RMSD  

Bonds (Å) 0.008 

Angles (°) 1.03 

Average B-factor (Å²) 21.93 

Clashscore 6.73 

Rotamer outliers (%) 0.39 

Ramachandran analysis (%)  

Favorable 97.5 

Allowed  2.5 

Outliers 0 

 
Table 3| Refinement statistics of FL-L27D. Values in parentheses refer to the highest resolution shell. RMSD: 

Root-Mean-Square Deviation. Refinement statistics were obtained from PHENIX. 
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Furthermore, validation of the structural model for FL-L27D was carried out by comparison 

of several key refinement statistics to a reference set of other structures from the Protein 
Database (PDB) with similar resolution (1.65Å). This analysis, graphically represented by a 
polygon graph, was carried out using PHENIX (Adams et al, 2010). The refinement statistics 
are plotted against the ones from the other PDB structures as a point on a ruler. The 
different part of the rulers are colored according to the frequency of the refinement statistic 
value in the PDB reference set. The rulers are plotted as lines with the same origin. 
Interconnection of the points on the rules results in the formation of a polygon 
(Urzhumtseva et al, 2009).   

A well-refined structure is typically associated with a small and roughly equilateral polygon 
(Urzhumtseva et al, 2009). The polygon displayed in Figure 30, shows that the final obtained 
structure of FL-L27D is well, though rather moderately refined compared to other structures 
with a similar resolution (1.65 Å). The final FL-L27D structural model and insets of the dimer 

interface loop and aspartic acid at position 27 in their corresponding electron density are 
shown in Figure 31. A well resolved electron density is observed for both the dimer 
interaction loop and more specifically the introduced aspartic acid at position 27.      

 

 

Figure 30| Polygon graph for the FL-L27D 

structural model. Polygon displaying the 

refinement statistics compared to a 

reference set of PDB entries with similar 

resolution (1.65Å). Colour of the different 

parts of the rulers reflects the frequency of 

the refinement statistic in the reference 

set: red = low frequency, blue = high 

frequency (Urzhumtseva et al, 2009). 

Figure obtained from PHENIX (Adams et al, 

2010). 
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Figure 31| Refined FL-L27D structural model. (A) Cartoon representation of the refined FL-L27D model (blue). 

Figure created with Pymol (DeLano, 2002). (B) Dimer interface loop in the corresponding 2Fo-Fc map (blue), 

contoured at 1 RMSD. Figure created with COOT (Emsley et al, 2010). (C) Asp27 in the corresponding 2Fo-Fc 

map (blue), contoured at 1 RMSD. Figure created with COOT (Emsley et al, 2010). 
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III.5 Crystallization and structure determination of the FLT3-WTD1-D5: 
    FL-L27D complex 

III.5.1 Formation and purification of the FLT3-WTD1-D5:FL-L27D complex 

FLT3-WTD1-D5:FL-L27D complexes were generated by the addition of a molar excess 
recombinant FL-L27D to purified FLT3-WTD1-D5. For crystallization purposes, FLT3-WTD1-D5:FL-
L27D complexes were incubated overnight with thrombin, to remove the flexible C-terminal 
hexahistidine tag, and with Endo Hf, to trim the N-glycans of the FLT3 ectodomains. Next 
day, the Endo Hf and thrombin treated complex was separated from the excess of FL-L27D 
and both enzymes by SEC (Material and Methods VI.5.1). A representative SEC purification 
chromatogram is shown in Figure 32. The fractions corresponding to the FLT3-WTD1-D5:FL-
L27D complex were pooled and concentrated to a final concentration of 3 mg/ml.   

 

 

 

 

 

 

 

 

 

 

Figure 32| Representative SEC purification chromatogram of the FLT3-WTD1-D5:FL-L27D after complexation, 

thrombin and Endo Hf digest. Thrombin- and Endo Hf-treated FLT3-WTD1-D5:FL-L27D complex was purified by 

SEC, using HBS as runnning buffer.  

III.5.2 Crystallization trials 

FLT3-WTD1-D5:FL-L27D at 3 mg/ml was used to set up several initial crystallization trials using 
the following commercially available sparse-matrix screens: Index™, ProPlex™, Crystal 
Screen Lite™, PEG/Ion™, SaltRx™, JCSG+™ (Material and Methods VI.5.1). Various hits were 
identified for the FLT3-WTD1-D5:FL-L27D complex in the SaltRx™ and JCSG+™ screen at 4°C, 
37°C and room temperature. Most of the obtained hits showed a large number of crystals, 
which were scored based on their size, shape and singleness. The most promising hit 
conditions were characterized by the presence of 1M sodium phosphate monobasic 
monohydrate/potassium phosphate dibasic at pH 6.9 and pH 8.2 (Figure 33). The crystals 

grew within 5 days as single rods or cubes, with overall dimensions not bigger than 30 x 30 x 
10-30 µm. Based on these hits, an optimization screen was set up in a grid screen fashion. 
The sodium phosphate monobasic monohydrate/ potassium phosphate dibasic 

concentration and pH were thereby varied around these initial hit conditions. In general, less 
but slightly larger crystals were obtained by this grid screen.    
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SaltRx 2™ screen - Condition 7 

1.0 M NaH2PO4.H2O, K2HPO4 / pH 8.2 

1:1 ratio reservoir/protein solution  

4°C 

SaltRx 2™ screen - Condition 6  

1.0 M NaH2PO4.H2O, K2HPO4 / pH 6.9 

1:1 ratio reservoir/protein solution  

Room temperature 

 

Figure 33| FLT3-WTD1-D5:FL-L27D crystal hits. Promising FLT3-WTD1-D5:FL-L27D crystal hits were observed within 

5 days in conditions of the SaltRx™ screen (Hampton Research). The composition of each condition, the ratio of 

reservoir solution to protein solution and set-up temperature is mentioned below each picture.  

III.5.3  Determination of crystal identity by SDS-PAGE and silver staining 

By analogy to the crystals of FL-L27D, the content of the FLT3-WTD1-D5:FL-L27D crystals was 
analyzed by SDS-PAGE, followed by a silver stain of the gel (Figure 34) (Material and 
Methods VI.5.2). The SDS-PAGE analysis showed that FLT3-WTD1-D5 was present in the 
dissolved crystals, but no signal for FL-L27D was observed. Although, the same result was 
obtained for the positive control, suggesting that the gel was not stained long enough for 

detection of FL-L27D. No repetition of the experiment was performed, to avoid that possible 
high-quality diffracting crystals were wasted. Clear evidence for the crystal content was only 
obtained after X-ray data collection and molecular replacement (Results III.5.4 and III.5.5).     

 

 

 

 

 

 

 

 

 

 

 

Figure 34| Determination of FLT3D1-D5-WT:FL-L27D crystal identity. A silver-stained SDS-PAGE gel to analyze 

whether the content of dissolved crystals contained FLT3D1-D5-WT and/or FL-L27D. As a positive control, a 

condition was used that showed no crystals. Several crystals were washed twice and eventually pooled and 

dissolved in water. The positive control, the two wash fractions, the dissolved crystals and the remaining 

drop were loaded on a 15% SDS-PAGE gel, followed by silver staining of the SDS-PAGE gel. Expected 

molecular weight of FLT3D1-D5 and FL-L27D: 58.91kDa and 15.86 kDa (Attachment 4).  
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III.5.4  X-ray data collection and processing 

The obtained crystals from the various initial screens and optimization screen were selected 
for diffraction experiments based on their size, shape and singleness. The selected crystals 
were cryoprotected (Material and methods, VI.4.3) and subsequently cryo-cooled in liquid 
nitrogen. Because many of the cryprotectants seemed to be inappropriate, several crystals 
were directly cryo-cooled without any cryoprotection. 

Initial diffraction experiments were carried out at PROXIMA 1 beamline at the synchrotron of 
SOLEIL (Gif-sur-Yvette, France). Analogous to the diffraction experiments of FL-L27D, test 
diffraction images with an offset of 90° were taken for each of the frozen crystals. In general, 
weak diffraction was obtained. A crystal obtained from the SaltRx™ screen at RT, in a 
condition with 1.0M sodium phosphate monobasic monohydrate/potassium phosphate 
dibasic at pH 6.9 and frozen without any cryoprotection, seemed to diffract to 6.5Å 
resolution (Figure 35). A diffraction dataset was collected from this crystal by rotating over 

180° with oscillation range of 0.1°, 10% transmission and 0.2s exposure time.  

 

 

    

 

 

 

 

 

 

 

 

 

 

Figure 35| Test diffraction image from the FL-L27D crystal that led to a  6.5Å dataset used for modeling.  The 

diffraction image was obtained at the PROXIMA 1 beamline at SOLEIL (Gif-sur-Yvette, France). The beam center 

is marked with a red cross and the beam stop is observed as a white shadow. Resolution shells are displayed as 

circles. Figure was generated with adxv (Adxv, 2013). 

 

Next, the obtained dataset was processed in the XDS suite (Kabsch, 2010). The space group 
was identified as being P4322, but unfortunately poor indexing statistics were obtained. 
Therefore, several wedges of diffraction images were tested for initial indexing, in order to 
get the most optimal dataset. Eventually, the wedge of diffraction frames between 70° to 
180° was found to give the best result, as addition of more frames resulted in a clear drop of 
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indexing statistics. Still, the dataset quality was found to be rather poor with a low-

resolution Rmeas of 286.4 % and I/σ(I) of 0.72 in the highest resolution shell (Karplus & 
Diederichs, 2012). Though, overall dataset statistics with a Rmeas of 11.8% and I/σ(I) of 11% 
were deemed to be not optimal but still sufficient to proceed the structure determination of 
the FLT3-WTD1-D5:FL-L27D complex. The dataset collection and processing statistics are listed 
in Table 1. 

 

Data Collection  

X-ray source PROXIMA  1, Soleil (Gif-sur-Yvette, France) 

Detector Pilatus 6M 

Wavelength (Å) 0.97625 

Temperature (K) 100 

Detector distance (mm) 905 

Resolution range (Å) 44.86 - 6.49 (6.72 - 6.49) 

Data processing  

Space Group P 43 2 2 

Unit cell parameters  

a, b, c (Å) a= 133.48, b= 133.48, c= 135.99 

α, β, γ (°) α= β= γ= 90  

Wilson B factor (Å²) 493.16 

Total reflections 19176 (1869) 

Unique reflections 2666 (256) 

Multiplicity 7.2 (7.3) 

Completeness (%) 99.0 (98.0)  

Rmeas (%) 11.42 (286.4) 

Average I/σ(I) 11.32 (0.72) 

CC1/2 value 99.8 (8.75) 

 

Table 4| X-ray data collection and processing statistics of FLT3-WTD1-D5:FL-L27D. Values in parentheses refer to 

the highest resolution shell. The data collection and processing statistics were obtained from PHENIX (Adams et 

al, 2010).  
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III.5.5  Molecular replacement  

Phasing information for the crystal structure of FLT3-WTD1-D5:FL-L27D was obtained at 6.5Å 
resolution by maximum-likelihood molecular replacement, as implemented in the Phaser 
module (McCoy et al, 2007) of the program suite CCP4 (Collaborative Computational Project, 
Number 4, 1994). A homology model for FLT3-WTD2-D4 in complex with a FL protomer (FL-
prot) was derived from the FLT3D1-D4:FL complex structure (PDB entry 3QS7) (Verstraete et 
al, 2011a). D1 and D5 were not included in the homology model, as the dataset resolution 
was poor and strong domain plasticity was already observed at the two extremities of the 
FLT3-WTD1-D5:FL ternary assembly (Verstraete et al, 2011b).  

Molecular replacement resulted in a solution consisting of one FLT3-WTD2-D4:FL-prot binary 
complex in the asymmetric unit. The molecular replacement scores were only moderatly 
good and suggest that Phaser possibly solved the structure of the FLT3-WTD2-D4:FL-prot 
structure (Table 5). However, adding a second complex to this intitial solution failed, 

indicating that there might be indeed only one complex in the ASU. An initial electron 
density map (mtz-file) and structure of the FLT3-WTD2-D4:FL-prot binary complex (pdb-file) 
was obtained as ouput from Phaser. As domain 1 and 5 were not yet modelled, crystal 
packing of the FLT3-WTD2-D4:FL-prot complex showed the presence of large solvent channels 
(Figure 36). 

Molecular replacement scores   

Log-likelihood gain (LLG) 43 

Rotation function Z-score (RFZ) 3.5 

Translation function Z-score (TFZ) 6.9 

Packing clashes 0 

 

Table 5| Molecular replacement statistics of  the FLT3-WTD2-D4:FL-prot complex . The statistics were obtained 

from Phaser (McCoy et al, 2007).  

 

 

 

 

 

 

 

 

Figure 36| The FLT3-WTD2-D4:FL-prot complex unit cell and crystal packing after molecular replacement. (A) 

Molecular replacement solution for the FLT3-WTD2-D4:FL-prot complex, with FLT3-WTD2-D4 coloured in gray and 

FL-prot in blue. Unit cell dimensions: a= 133.48Å, b= 133.48Å, c= 135.99Å, α=β=γ= 90°. (B) Crystal packing of 

the FLT3-WTD2-D4:FL-prot binary complex molecules viewed along the c-axis. Symmetry mates within 100Å 

radius are shown. Figures created with Pymol.    

A B 
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III.5.6  Refinement and validation 

Density modification of the initial electron density map, obtained from molecular 
replacement, was performed in PHENIX (Adams et al, 2010). The resulting electron density 
map was used for several iterations of model building, refinement and structure validation. 
These steps were performed by E. Pannecoucke.  

The refinement strategy in autoBUSTER (Blanc et al, 2004) consisted of rigid body 
refinement, using each domain as a rigid body, and grouped B-factor refinement. After each 
refinement, model building and validation of the structure was carried out in COOT (Emsley 
et al, 2010). Small parts of domain 1 and 5 were built in the FLT3-WTD2-D4:FL-prot model, but 
at one point the model could not be improved any further. In general, refinement statistics 
of insufficient levels were obtained, due to the low resolution and poor quality of the 
dataset. The final refinement statistics for the FLT3-WTD2-D4:FL-prot complex were obtained 
from PHENIX (Adams et al, 2010) and are displayed in Table 6. The final FLT3-WTD2-D4:FL-prot 

structural model and the electron density for D1 and D5 are shown in Figure 37.   
 

Refinement statistics  

Refinement program autoBUSTER 2.10.2 

Resolution (Å) 44.86 - 6.49 (6.72 - 6.49) 

Reflections working set/test set 2666/214 (256/28) 

Rwork 0.359 (0.402) 

Rfree 0.367 (0.396) 

RMSD  

Bonds (Å) 0.031 

Angles (°) 3.42 

Average B-factor (Å²) 66.1 

Clashscore 136.37 

Rotamer outliers (%) 16 

Ramachandran analysis (%)  

Favorable 77 

Allowed  8.9 

Outliers 14 

 

Table 6| Refinement statistics of FLT3-WTD2-D4:FL-prot. Values in parentheses refer to the highest resolution 

shell. RMSD: Root-Mean-Square Deviation. Refinement statistics were obtained from PHENIX (Adams et al, 

2010). 
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Figure 37| Refined FLT3D2-D4-WT:FL-prot structural 

model. (A) Cartoon representation of the refined 

FLT3D2-D4:FL-prot model (blue). Small parts of 

domain 1 (D1, yellow) and domain 5 (D5, red) were 

also built in the model. (B) The parts of D1 and D5 

built in the FLT3D2-D4-WT:FL-prot model are shown 

in the corresponding difference electron density 

(2FO-FC) map (lightblue), contoured at 1.0 RMSD. 

Figures created with Pymol (DeLano, 2002).  
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III.6 Expression of recombinant dimeric linked FL variants in E. coli, in  
    vitro refolding from inclusion bodies and purification 

An attempt was made to produce two dimeric linked FL variants, FL-dimWT and FL-dimKO, 
to use as a positive and negative control for the ITC studies with the monomeric FL variant. 
Both FL-dimWT and FL-dimKO are translationally linked FL dimers, although FL-dimKO carries 
two point mutations at the receptor binding interface of one of the linked monomers (H8R 
and S14P). This dimeric linked FL variant should therefore be unable to induce receptor 
dimerization, and can thus be used as negative control. In contrast, FL-dimWT could be used 
as a positive control, as it is expected to form a ternary complex with the receptor. 

Expression of the two dimeric linked FL variants was already performed in mammalian cells, 
but yields were found to be rather low. Therefore, a bacterial expression of both dimeric 
linked FL variants was set up. pET15b-FL-dimWT and pET15b-FL-dimKO bacterial expression 
constructs were already available. The FL-dim variants were expressed as a fusion protein 

with a cleavable N-terminal hexahistidine tag in Rosetta Gami B strains.  

III.6.1  Expression test and large-scale expression of FL-dimWT & KO 

In an analogous manner as for the monomeric FL variant, an expression test was carried out 
to determine whether FL-dimWT and FL-dimKO are expressed as inclusion bodies (Material 
and Methods VI.2.1). Samples of the induced cell culture (total fraction, TF), the soluble 
supernatans fraction and the resolubilized pellets were loaded on a SDS-PAGE gel. Detection 
of FL-dim WT & KO overexpression was performed by Western blot analysis (Figure 38). 
Clear overexpression of both dimeric linked FL variants was observed in the resolubilized 
pellets, suggesting they were expressed as IBs. Therefore, it was decided that a large-scale 
expression of both dimeric linked FL variants, followed by in vitro refolding of the proteins, 
was amendable (Material and Methods VI.2.2). 

 

 

Figure 38| Western blot analysis of the 

dimeric linked FL expression test.  Samples 

of  FL-dimWT and FL-dimKO cell cultures 

after induction (total fraction, TF), the 

soluble supernatans fraction (SN) and two 

consecutive washed inclusion body fractions 

(wash 1 and 2) were loaded on a 17 % SDS-

PAGE gel. The protein bands were blotted 

on a nitrocellulose membrane and a 

fluorescently labeled anti-HIS tag antibody 

was used for detection of FL-dimWT & KO. 

The black arrow indicates the 

overexpression of FL-dimWT and FL-dimKO 

at approximately 35 kDa. The expected 

molecular weight of FL-dimWT and FL-

dimKO: 34.44 and 34.47 kDa (Attachment 4).  

 



  Part III: Results 

49 
 

III.6.2  Solubilization, in vitro refolding and purification of FL-dimWT & KO 

For both FL-dimWT and FL-dimKO, the obtained IBs were solubilized under denaturing 
conditions using a buffer containing 6M GuHCl. Non-solubilized material was removed by 
high speed centrifugation and the clarified supernatant was purified by IMAC, using a nickel-
sepharose column (Material and Methods VI.2.3). FL-dimWT and FL-dimKO were refolded 
overnight by rapid dilution and subsequently dialyzed to remove arginine from the refolding 
mixture and to finalize protein refolding (Material and Methods VI.2.4). A lot of precipitation 
was observed upon dialysis, suggesting that refolding was inefficient. After dialysis, the 
proteins were purified by IMAC, again using a nickel sepharose column, followed by a final 
polishing step by SEC. The purification course of the folded FL-dimWT and FL-dimKO was 
followed by SDS-PAGE analysis. The obtained SEC chromatograms and SDS-PAGE gels are 
shown in Figure 39 and Figure 40, respectively for FL-dimWT and FL-dimKO.     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 39| SEC chromatogram and SDS-PAGE analysis of the FL-dimWT purification.  (A) SEC-chromatogram of 

the FL-dimWT elution. The peak fractions, used for SDS-PAGE analysis, are annotated accordingly.  (B) SDS-

PAGE analysis of the purification course of FL-dimWT. The gel was stained with Coomassie Blue. Expected 

molecular weight of FL-dimWT: 34.44 kDa (Attachment 4). 
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Figure 40| SEC chromatogram and SDS-PAGE analysis of the FL-dimKO purification.. (A) SEC-chromatogram of 

the FL-dimKO elution. The peak fractions, used for SDS-PAGE analysis, are annotated accordingly.  (B) SDS-PAGE 

analysis of the purification course of FL-dimKO. The gel was stained with Coomassie Blue. Expected molecular 

weight of FL-dimKO: 34.47 kDa (Attachment 4). 

 

SDS-PAGE analysis of the purification of both FL-dim variants demonstrated that purification 

of denatured proteins by nickel affinity purification was rather efficient, though still some 
contaminants were present. Moreover, after nickel affinity purification of the folded FL-dim 
variants these contaminants were still present in the protein sample. The elution profile of 
the subsequent SEC purification of both FL-dim variants showed a low yield and the 
presence of several peaks (Figure 39 & Figure 40). 
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Based on the SDS-PAGE analysis of the peak fractions and the molecular weight of the FL-

dim variants (FL-dimWT: 34.44 kDa and FL-dimKO: 34.47 kDa), two peaks could possibly 
correspond with dimeric linked FL. For both FL-dim variants, analysis of peak fractions 15 
and 20 showed a band at approximately 30 and 35 kDa, respectively, on the SDS-PAGE gel. 
Fraction 18, of the interface between the two peaks, displayed both bands for each of the 
FL-dim variants.   

A more sensitive detection of the FL-dim variants in the different elution fractions was 
performed by Western blotting (Figure 41). For both FL-dim variants, two bands at 
approximately 30 and 35 kDa, were detected in the IMAC eluate and SEC fractions 9, 15, 18 
and 20, suggesting that two FL-dimWT and FL-dimKO species are formed after refolding. 
Bands were also observed around 15kDa, suggesting a possible degradation of the linker 
connecting the two FL monomers.  

An additional SDS-PAGE analysis of samples of the elution fractions was carried out under 

reducing conditions, using Laemmli sample buffer complemented with β-mercaptoethanol 
(Figure 42). β-mercaptoethanol in the sample buffer reduces the intramolecular 
disulfidebridges of the proteins.  In contrast to the initial SDS-PAGE analysis, a single band 
was observed at approximately 35 kDa for fraction 15, 18 and 20. Therefore, the two FL-
dimWT and FL-dimKO species were expected to be the result of aberrant folding.      

Further characterization of the two different FL-dimWT and FL-dimKO species was required 
to employ the correct species in subsequent ITC studies. Hence, SEC-MALLS was used to 
analyze the binding of each of the obtained species to FLT3-WTD1-D5.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 41| Western blot analysis of the FL-dimWT & KO peak fractions. Samples of the FL-dimWT and FL-

dimKO peak fractions and IMAC eluate were loaded on a 17 % SDS-PAGE gel. The protein bands were blotted 

on a nitrocellulose membrane and a fluorescently labeled anti-HIS tag antibody was used for detection of FL-

dimWT & KO. The black arrows indicate the presence of two FL-dimWT and FL-dimKO species at approximately 

30 and 35 kDa. The expected molecular weight of FL-dimWT_HIS and FL-dimKO_HIS: 34.44 and 34.47 kDa 

(Attachment 4).  
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Figure 42| SDS-PAGE analysis of the FL-dimWT & KO peak fractions under reducing conditions. Samples of 

the FL-dimWT and FL-dimKO peak fractions and IMAC eluate were mixed with Laemmli sample buffer 

containing β-mercaptoethanol, boiled for 5 minutes at 96°C and loaded on a 17% SDS-PAGE gel. The gel was 

stained with Coomassie Blue. The expected molecular weight of FL-dimWT and FL-dimKO: 34.44 and 34.47 kDa 

(Attachment 4). 
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III.7 SEC-MALLS analysis of the FL-dimWT and FL-dimKO species 

In vitro refolding of the dimeric linked variants expressed in E. coli gave for each variant rise 
to two distinct species, which is presumably the result of aberrant refolding. A SEC-MALLS 
analysis was carried out to determine which of these FL-dimWT and FL-dimKO species was 
correctly folded, able to bind FLT3-WTD1-D5, and could thus be used for subsequent 
interaction studies. 

FL-dimWT in SEC fractions 15 and 19, and FL-dimKO in SEC fractions 15 and 20 (Results 
III.6.2) were analyzed by SEC-MALLS for their ability to bind FLT3-WTD1-D5. Therefore, each of 
the FL-dim fractions were substoichiometrically mixed with FLT3-WTD1-D5 and were injected 
at a final concentration of 1 mg/ml. The resulting elution profiles and calculated molar 
masses are displayed in Figure 43. Each elution profile was compared with the previously 
obtained elution profiles for FLT3-WTD1-D5, FL, FL-L27D, FLT3-WTD1-D5:FL, FLT3-WTD1-D5:FL-
L27D (Figure 23), and the elution peaks were annotated accordingly in the table below the 

elution profile (Material and Methods VI.4). The molar masses were determined by MALLS 
and compared to the theoretical molar masses (Attachment 4).  

SEC-MALLS analysis of the complexation of FL-dimWT in fraction 15 with FLT3-WTD1-D5 
(Figure 43, A) showed that most of the FLT3-WTD1-D5 shifted to an elution volume 
corresponding to the ternary FLT3-WTD1-D5:FL complex, whereas only few FLT3-WTD1-D5:FL-
dimWT complexes could be detected upon complexation with FL-dimWT in fraction 19 
(Figure 43, B). This suggests that the FL-dimWT fraction 15 predominantly contains a FL-
dimWT species that is able to bind the FLT3-WT ectodomains. Western blot analysis of this 
FL-dimWT fraction 15 (Figure 41) indicated an enrichment of the FL-dimWT species running 
at a higher molecular weight compared to the other FL-dimWT species (Results III.7). The FL-
dimWT species corresponding to the band at approximately 35 kDa on the Western blot is 
therefore expected to be able to form a ternary FLT3-WTD1-D5:FL-dimWT complex with the 

FLT3-WT ectodomains.  

FL-dimKO was expected to form a binary complex with FLT3-WTD1-D5, though SEC-MALLS 
analysis of the complexation of FL-dimKO in fraction 15 with FLT3-WTD1-D5 indicates that 
ternary complexes are formed (Figure 43, C). This suggests that the two mutations (H8R and 
S14P) in one of the linked protomers might be insufficient to prevent receptor binding. It 
should be noted, however, that this might be a concentration-dependent effect. In contrast 
to the second species of FL-dimWT, SEC-MALLS analysis of the complexation of FL-dimKO in 
fraction 20 with FLT3-WTD1-D5 (Figure 43, D) shows that ternary complexes are formed, 
although binary complexes seemed to be formed as well. However, the calculated molar 
mass (80.82 kDa) strongly deviates from the theoretical molar mass for the FLT3-WTD1-D5:FL-
dimKO binary complex (93.36 kDa).            

Taken together, the SEC-MALLS analysis allowed us to identify the FL-dimWT species which is 

able to bind FLT3-WTD1-D5 and results in the formation of a ternary complex. Unfortunately, 
no clear distinction between the FL-dimKO species could be made based on their ability to 
form binary complexes with FLT3-WTD1-D5. Therefore, these dimeric linked ligand variants 
were not used for subsequent binding studies. 
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Peak Protein 
Theoretical mass 

(kDa) 

MALLS  

(kDa) 

MALLS conjugate 

(kDa) 

6 FLT3-WTD1-D5:FL-dimWT_HIS 152.2309 n/a 159.7 

7 FLT3-WTD1-D5 58.9118 n/a 63.00 

8 FL-dimWT_HIS 34.4433 45.35 n/a 

Peak Protein 
Theoretical mass 

(kDa) 

MALLS  

(kDa) 

MALLS conjugate 

(kDa) 

6 FLT3-WTD1-D5:FL-dimWT_HIS 152.2309 n/a 159.7 

7 FLT3-WTD1-D5 58.9118 n/a 63.00 

8 FL-dimWT_HIS 34.4433 45.35 n/a 

FL-dimWT fraction 15 

FL-dimWT fraction 19 

A 

B 
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Peak Protein 
Theoretical mass 

(kDa) 

MALLS  

(kDa) 

MALLS conjugate 

(kDa) 

6 FLT3-WTD1-D5:FL-dimKO_HIS 93.3662 n/a 152.5 

7 FLT3-WTD1-D5 58.9118 n/a 60.78 

8 FL-dimKO_HIS 34.4724 43.46 n/a 

Peak Protein 
Theoretical mass 

(kDa) 

MALLS  

(kDa) 

MALLS conjugate 

(kDa) 

6 FLT3-WTD1-D5:FL-dimKO_HIS 93.3662 n/a 146.8 

7 FLT3-WTD1-D5:FL-dimKO_HIS 93.3662 n/a 80.82 

8 FLT3-WTD1-D5 58.9118 n/a 60.19 

9 FL-dimKO_HIS 34.4724 33.0 n/a 

FL-dimKO fraction 15 

FL-dimKO fraction 20 

C 

D 
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Figure 43| SEC-MALLS analysis of the FL-dimWT & KO species. Protein samples of the complexation of FLT3-

WTD1-D5 and four different FL-dim fractions (FL-dimWT 15 & 19, FL-dimKO 15 & 20) were injected at a final 

concentration of 1 mg/ml. The elution profile and molar mass calculations were compared to those of the 

protein species characterized in Figure 23 (gray). The molar mass of the different protein species was 

determined by MALLS, but a MALLS conjugate analysis was required for molar mass determination of the 

glycosylated FLT3 ectodomains and complexes therewith. 
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Part IV: Discussion 

IV.1 Expression of recombinant FL-L27D in E. coli, in vitro refolding and    
     purification 

A variant of wildtype human FL was developed by mutating the key residue leucin 27, 
located at the heart of a hydrophobic pocket in the FL dimer interface, to a charged aspartic 
acid (FL-L27D). Such a mutation would be expected to disrupt FL dimerization, thereby 
generating a monomeric FL variant.  

Milligram amounts of this FL-L27D were required for use in SEC-MALLS analyses and 
crystallization trials of FL-L27D alone and in complex with FLT3-WTD1-D5. Since an efficient 
protocol for recombinant expression of wildtype FL in E. coli was already available 
(Verstraete et al, 2009), it was tested if expression of the monomeric FL variant could be 

carried out in a similar manner. An expression test demonstrated that, analogous to 
wildtype FL, FL-L27D is expressed as IBs. Large-scale expression of FL-L27D was thus followed 
by solubilisation of the FL-L27D IBs, in vitro refolding by rapid dilution and subsequent 
purification. Overall, the production and purification of FL-L27D was shown to be efficient, 
with final protein yields between 0.25 mg and 6 mg FL-L27D per liter of expression culture. 

IV.2 Expression and purification of recombinant FLT3 ectodomains 

Milligram amounts of the FLT3 ectodomains were required for use in both SEC-MALLS 
analyses and crystallization trials in complex with the monomeric FL variant. Therefore, the 
different FLT3 ectomain constructs (FLT3-WTD1-D5, FLT3-S451FD1-D5, FLT3-T343ID1-D5, FLT3-
DMD1-D5) were expressed in tetracycline inducible HEK293S MGAT1-/- TR+ cell lines (Reeves et 
al, 2002). Due to a knock-out of mannosyl (α-1,3-)-glycoprotein β-1,2-N-
acetylglucosaminyltransferase 1 (MGAT1) in these cell lines, the FLT3 ectodomains are 

expressed with homogeneous and limited N-linked glycosylation. As a second consequence, 
the produced carbohydrate structures are more sensitive to Endo H treatment. This is 
especially advantageous for crystallization purposes, as glycosylation might impede proper 
crystal packing.  

Variable yields were obtained for the different FLT3 ectodomain constructs. FLT3-WTD1-D5 
expressed well with final yields of around 8 mg per 7.7 dm² cell culture. In contrast, 
expression yields for the mutant FLT3 ectodomain constructs were much lower, around 1.5 
mg per 15.4 dm² cell culture. Unfortunately, insufficient amounts of these mutant FLT3 
ectodomains were obtained within the time frame of this thesis. Efforts to increase the 
expression levels of these mutant FLT3D1-D5 are being made, for example by application of 
viral transduction. Sufficient amounts of FLT3-WTD1-D5 were obtained for use in subsequent 
SEC-MALLS analyses and crystallization trials in complex with the monomeric FL variant.   

IV.3 SEC-MALLS analysis of FL-L27D and the FLT3-WTD1-D5:FL-L27D 
complex 

An important first question that needed to be answered, was whether the L27D mutation at 
the dimer interface was sufficient to prevent ligand dimerization, while still allowing high-
affinity receptor binding. That is why a SEC-MALLS analysis of FL-L27D and the complexation 
of FL-27D with FLT3-WT ectodomains was carried out. This analysis showed that FL-L27D 
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remains monomeric, even at a concentration of 1.7 mg/ml, indicating that the mutation is 

efficient in preventing dimerization of the ligand. Moreover, FL-L27D also seemed to be able 
to form a binary complex with the FLT3-WT ectodomains, suggesting that the introduced 
mutation does not affect its receptor binding ability.   

Hereby we then asked ourselves how efficient FL-L27D is in binding FLT3-WTD1-D5, compared 
to wildtype FL. Therefore, a SEC-MALLS analysis was performed in which the setup allowed 
to analyze the competition between FL and FL-L27D for receptor binding. The analysis 
indicated that wildtype FL binds with a higher affinity to FLT3-WTD1-D5 compared to the 
monomeric ligand variant, despite the compensation in molecular ratio. However, with this 
result we would expect to observe an excess of FL-L27D in the elution profile, yet no clear 
difference in signal was detected for FL-L27D compared to wildtype FL. A replication of this 
competition assay is required to validate this result and in parallel, a SEC-MALLS analysis of 
only FL-L27D (equimolar amount as used in the competition-assay) should be carried out. By 

this means, it would be possible to detect a difference in signal for FL-L27D and thereby 
determine if FL-L27D is used for formation of binary FLT3-WTD1-D5:FL-L27D complexes. 

This SEC-MALLS analysis provided an indication for the affinity of the FLT3-WT ectodomains 
for FL-L27D, compared to wildtype FL. Though, accurate determination of the affinity of 
FLT3-WTD1-D5 for FL and FL-L27D can only be obtained by biophysical binding studies, for 
example ITC. Unfortunately, these ITC studies could not be performed within the time frame 
of this thesis.   

IV.4 Crystallization and structure determination of FL-L27D 

SEC-MALLS analysis already verified that FL-L27D remains monomeric, which proves that the 
introduced L27D mutation was effective. However, we were left to wonder about the effect 
of this mutation on the general structure of FL-L27D. Determination of the structure of FL-

L27D is particularly useful for comparison to wildtype FL, as this might reveal insights into 
mechanistic effects of the L27D mutation. 

Therefore, several crystallization trials were set up, resulting in a large amounts of crystals 
predominantly in conditions composed of 1.8-2.1M ammonium sulfate and 0.1 M buffer at 
pH 5.0. Interestingly, the pH of the initial crystal hit conditions strongly deviated from the 
prescribed pH value (Index™ screen). We might wonder if these crystal hits would also been 
obtained if the pH would have been exactly as prescribed, which also demonstrates the 
stochastic nature of protein crystallization and the serendipity that goes with it. 

Overall, rough and morphologically twinned crystals were obtained, suggesting twinning of 
the crystal lattice. Indeed, inspection of the diffraction images showed broadening and 
overlap of diffraction spots. Despite the strong crystal twinning, we succeeded to index a 
diffraction dataset to 1.65 Å resolution. Phasing of the FL-L27D structure was performed by 

molecular replacement, followed by several iterations of model building, structure 
refinement and validation. Eventually, a final refined structural model for FL-L27D could be 
obtained. 
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To reveal possible mechanistic effects of the introduced mutation, the refined structural 

model for FL-L27D can be compared to wildtype FL. Structural alignment of the receptor 
binding epitope of one wildtype FL protomer and FL-L27D indicated a conformational change 
of the loop composed of residue 25 to 30, of importance for dimerization of wildtype FL 
(Figure 44). Indeed, dimerization of wildtype FL involves the burial of a largely hydrophobic 
surface, with leucine 27 of both monomers protruding from this loop into a hydrophobic 
pocket of the other monomer (Figure 12). By mutation of the leucine at position 27 to an 
aspartic acid, this interaction is disrupted and the hydrophobic pocket is expected to become 
solvent exposed. 

 

 

Figure 44| Structural comparison of 

wildtype FL and FL-L27D. Structural 

alignment of the receptor binding 

epitope (residue 8-13) of FL-L27D and 

a wildtype FL protomer shows a 

conformational change in dimer 

interface loop (indicated with the 

black arrow), whereas the rest of the 

structure is well aligned (RMSD= 

0.628). The FL protomer is colored in 

red, FL-L27D in blue. Figure created 

with Pymol (DeLano, 2002). 

 

 

Suprisingly, for one of the two FL-L27D molecules in the crystal ASU this hydrophobic pocket 
is shielded from the solvent. The tyrosine at position 30 (Tyr30) appears to be the key 
residue responsible for this sealing of the hydrophic pocket. In wildtype FL, this residue plays 
a role in delineating the hydrophobic pocket, but a significant conformational change of this 
Tyr30  is observed in FL-L27D and this conformation appears to be stabilized by the aspartic 
acid that was introduced at position 27 (Asp27) (Figure 45, A).  

On the other hand, Tyr30 of the other FL-L27D molecule in the ASU is oriented away from 
the  hydrophobic pocket and does not seem to interact with the Asp27. The tyrosine appears 
to be involved in the crystal packing, as it interacts with the proline at position 31 of the 
other FL-L27D in the crystal ASU (Figure 45, B). Notably, the hydrophobic pocket of this FL-
L27D molecule thus remains solvent exposed throughout the whole crystal.  

In contrast to the FL dimer interface loop, no severe conformational changes are observed 
for the receptor binding epitope of FL-L27D (Figure 44). This finding provides an additional 
indication, next to the results obtained by SEC-MALLS, that the monomeric FL variant should 
be able to bind its cognate receptor. This monomeric FL variant might thus be used as a valid 
tool to gain insights into the activation mechanism of both wildtype and mutated FLT3 
receptor forms. 
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Figure 45| Structural consequences of the L27D mutation. (A) Superimposition of a FL protomer (surface 

rendered) and one of the two FL-L27D molecules (blue) in the crystal asymmetric unit. The tyrosine at position 

30 (Tyr30) of FL-L27D undergoes a conformational change which leads to sealing of the hydrophobic pocket. 

The aspartic acid at position 27 (Asp27) appears to stabilize this conformation. (B) Tyr30' of the other FL-L27D 

molecule appears to be involved in the crystal packing by interaction with proline at position 31 (Pro31). 

Figures created with Pymol (DeLano, 2002).  
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IV.5 Crystallization and structure determination of the FLT3-WTD1-D5: 
     FL-L27D complex 

Structures of the FLT3D1-D4:FL and FLT3D1-D5:FL complex were already determined to a 
resolution of 4.3 and 7.8 Å, respectively (Verstraete et al, 2011a). However, the different 
domains of these complexes are not modeled to the same resolution. Therefore, the 
monomeric FL variant was used as a crystallization tool to form a binary complex with the 
FLT3-WT ectodomains. By this means, a better crystal packing might be obtained, which 
might allow us to model the FLT3-WT ectodomains to a higher resolution than is available at 
the moment. Also possible domain rearrangements might be observed by comparison of the 
structure of this binary complex with the ternary FLT3D1-D4:FL or FLT3D1-D5:FL complex. 
Furthermore, by obtaining a higher resolution structure of the FLT3 ectodomains in complex 
with FL-L27D, the receptor-ligand binding epitope might be visualized in more detail. This is 
particularly relevant for targeted drug design, for example in treatment of AML.   

Crystals of the FLT3-WTD1-D5:FL-L27D complex were mainly obtained in conditions composed 
of 1.0 M sodium phosphate monobasic monohydrate/potassium phosphate dibasic at pH 6.9 
and pH 8.2. In general, weak diffraction of these crystals was observed, yet we were able to 
collect and index a diffraction dataset to 6.5 Å. The dataset quality was found to be poor, but 
deemed sufficient to proceed the structure determination of the binary complex.       

Interestingly, the crystal packing of the refined FLT3-WTD2-D4:FL-prot complex structure 
showed close contact between domain 4 of two neighboring symmetry mates (Figure 46), 
suggesting that homotypic receptor interactions are present between these neighboring 
domains. Such D4-D4 homotypic receptor contacts were already observed for all RTK-III 
members (Yuzawa et al, 2007; Felix et al, 2015a; Chen et al, 2015), except for FLT3 and 
PDGFRα. Nonetheless, the physiological relevance of these possible homotypic receptor 
interactions is undetermined, as this might be a crystallographic artefact. Moreover, due to 

the low resolution and map quality, these contacts might be the result of homology model 
bias. However, comparison of domain 4 between the model obtained after molecular 
replacement and the final refined structure, clearly shows that the rigid-body refinement 
resulted in  a change in the orientation of domain 4 relative to domain 2 and 3 (Figure 47). 
This finding, together with the observation that the electron density map at this region is 
visually of a higher quality compared to the rest of the map (Figure 48), strengthens the 
suggestion of domain 4-mediated receptor contacts.  

 

 

 

 

 

 

 

Figure 46| Crystal packing of FLT3-WTD2-D4:FL-prot shows close contact between neighboring D4.  Cartoon 

representation of the refined FLT3-WTD2-D4:FL-prot complex model, together with a symmetry mate shows that 

the neighboring D4 come into close contact in the crystal packing. Figures created with Pymol (DeLano, 2002).   
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Figure 47| Conformational change of D4 after refinement of 

FLT3-WTD2-D4-WT:FL-prot. Superimposition of the refined 

structure of FLT3-WTD2-D4:FL-prot (blue) and the FLT3-WTD2-

D4:FL-prot homology model (yellow) clearly shows a change in 

conformation of D4 after several iterations of  refinement. 

Figure created with Pymol (DeLano, 2002). 

 

 

 

 

 

 

 

 

 

Figure 48| Electron density for 

D4 of FLT3-WTD2-D4:FL-prot 

neigboring symmetry mates. 

D4 of two neighboring 

symmetry mates of FLT3-WTD2-

D4:FL-prot are represented as 

lines (gray). The 2Fo-Fc map 

(blue) is contoured at 1 RMSD 

cut-off. Figure obtained from 

COOT (Emsley et al, 2010).

  

 

IV.6 Expression of recombinant dimeric linked FL variants in E. coli, in    
     vitro refolding and purification 

As a positive and negative control for ITC studies with FL-L27D, an attempt was made to 

produce two dimeric linked FL variants: FL-dimWT and FL-dimKO. FL-dimWT is a covalently 
linked FL dimer that might be used as positive control, as it is presumed to form a ternary 
complex with the receptor. FL-dimKO, on the other hand, is characterized by two point 
mutations, H8R and S14P, in one of the two FL protomers. These mutations map to the 
receptor binding interface and are thus supposed to abolish the binding of this FL protomer 
to the receptor (Graddis et al, 1998). Therefore, this ligand is expected to be unable to 
induce receptor dimerization and could be used as a negative control for the ITC studies.  
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As the expression yield of the dimeric linked FL variants in mammalian cells was found to be 

rather low, the E. coli Rosetta-Gami B strain was chosen as an alternative expression system. 
An expression test indicated that the dimeric linked FL variants were expressed as inclusion 
bodies, as was already the case for both FL and FL-L27D. Therefore, large-scale expression of 
both dimeric linked FL variants was followed by in vitro refolding and subsequent 
purification of the proteins.  

In vitro refolding of the dimeric linked FL variants was found to be inefficient, since a lot of 
precipitation was observed upon dialysis of the refolding mixtures and rather low yields 
were obtained upon purification of the dimeric linked FL variants from the clarified refolding 
mixtures. Moreover, SDS-PAGE and Western blot analysis of purification samples of the 
clarified refolding mixture showed that two different species for both FL-dimWT and FL-
dimKO were obtained. These different species were hypothesized to be the result of 
aberrant refolding, since they were only observed after refolding and only one species was 

obtained by SDS-PAGE analysis of the purification samples under reducing conditions.  

It is hypothesized that the linker connecting the two FL protomers is not sufficiently long to 
allow efficient refolding of the dimeric linked ligands. Future attempts to express this FL-dim 
variants in E. coli should take this into consideration. However, as the yield of each dimeric 
variant was sufficient to perform some experiments, a SEC-MALLS analysis was performed as 
a proof of principle for the formation of binary (FL-dimKO) or ternary (FL-dimWT) complexes 
with FLT3-WT ectodomains. 

IV.7 SEC-MALLS analysis of the FL-dimWT and FL-dimKO species 

Two different species were obtained for both FL-dimWT and FL-dimKO after in vitro 
refolding. To determine which of the two FL-dim species could possibly be used in 
subsequent ITC studies, the different species were analysed for their ability to bind the FLT3-

WT ectodomains by SEC-MALLS.  

SEC-MALLS analysis revealed that the FL-dimWT species that corresponds to the band at 
approximately 35kDa on the SDS-PAGE gel, is able to form a ternary complex with the FLT3-
WT ectodomains. In contrast, the other FL-dimWT species seems to be unable to bind FLT3-
WTD1-D5, supporting the hypothesis that this species is not properly folded.              

FL-dimKO is expected to form a binary complex with the FLT3-WT ectodomains. However, 
SEC-MALLS analysis showed that this dimeric linked ligand is still able to form a ternary 
complex with FLT3-WTD1-D5, suggesting that the two point mutations are probably 
insufficient to prevent receptor binding. Furthermore, no clear difference in receptor binding 
capacity was observed between the two FL-dimKO species.  

Therefore, the produced dimeric linked FL variants were not used for ITC studies. Future 
attempts to produce these ligands could consider an optimization of the linker region, the 

expression condition and the mutations in FL-dimKO.   
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Deel V: Discussie 

V.1 Expressie van recombinant FL-L27D in E. coli, in vitro    
    heropvouwing en  opzuivering  

Een variant van wildtype humaan FL werd ontwikkeld door mutatie van het residue leucine 
27, gesitueerd in het hart van de hydrofobe holte aan de FL dimeer interface, naar een 
geladen aspartaat (FL-L27D). Milligram hoeveelheden van dit FL-L27D waren vereist voor 
SEC-MALLS analyses en kristallisatietesten van zowel FL-L27D alleen alsook in complex met 
FLT3-WTD1-D5. Een efficiënt protocol voor de expressie van recombinant wildtype FL in E. coli 
was reeds voorhanden (Verstraete et al, 2009) en dus werd getest of expressie van de 
monomere FL variant op een gelijkaardige manier zou kunnen uitgevoerd worden. Een 
expressietest toonde aan dat, net zoals wildtype FL, FL-L27D wordt geëxpresseerd als 
inclusielichaampjes. Grootschalige expressie van FL-L27D werd dus gevolgd door solubilisatie 

van de FL-L27D inclusielichaampjes, in vitro heropvouwing en opzuivering van het 
heropgevouwen FL-L27D. De expressie en opzuivering van FL-L27D bleek efficiënt te zijn, 
met finale opbrengsten tussen 0.25 mg en 6 mg FL-L27D per liter expressie cultuur.  

V.2 Expressie en opzuivering van recombinante FLT3 ectodomeinen 

Milligram hoeveelheden van de FLT3 ectodomeinen waren nodig voor SEC-MALLS analyses 
en kristallisatietesten in complex met de monomere FL variant. Bijgevolg werden de 
verschillende FLT3 ectodomein constructen (FLT3-WTD1-D5, FLT3-S451FD1-D5, FLT3-T343ID1-D5, 
FLT3-DMD1-D5) geëxpresseerd in tetracycline induceerbare HEK293S MGAT1-/- TR+ cellijnen 
(Reeves et al, 2002). Door de uitschakeling van mannosyl(α-1,3-)-glycoproteïne β-1,2-N-
acetylglucosaminyltransferase 1 (MGAT1) in deze cellijnen, worden de FLT3 ectodomeinen 
geëxpresseerd met homogene en beperkte N-gebonden glycosylering. Daarnaast worden 

hierdoor de geproduceerde carbohydraat structuren ook gevoeliger voor Endo H 
behandeling. Dit is van bijzonder belang voor kristallisatie doeleinden, aangezien 
glycosylering goede kristal packing kan belemmeren.  

Variabele opbrengsten werden bekomen voor de verschillende FLT3 ectodomein 
constructen. FLT3-WTD1-D5 expresseerde goed met finale opbrengsten van ongeveer 8 mg 
per 7,7 dm² celcultuur, terwijl de opbrengsten veel lager waren voor de mutante FLT3 
ectodomein constructen met ongeveer 1,5 mg per 15,4 dm² celcultuur. Onvoldoende 
hoeveelheden van de mutante FLT3 ectodomein constructen werden bekomen binnen de 
tijdsduur van deze thesis. Pogingen om de expressie niveaus van deze mutante FLT3D1-D5 te 
verhogen werden reeds ondernomen, bijvoorbeeld door toepassing van virale transductie. 
Van FLT3-WTD1-D5 werden er echter wel voldoende hoeveelheden bekomen voor gebruik in 
SEC-MALLS analyses en kristallisatietesten in complex met de monomere FL variant.      

V.3 SEC-MALLS analyse van FL-L27D en het FLT3-WTD1-D5:FL-L27D 
complex 

Een eerste belangrijke vraag die beantwoord moest worden, was of de mutatie aan de 
dimeer interface voldoende is om dimerisatie te verhinderen en FL-L27D nog steeds met 
hoge affiniteit met de receptor kan binden. Een SEC-MALLS analyse van FL-L27D en de 
complexatie van FL-L27D met FLT3-WTD1-D5 werd daarom uitgevoerd. De analyse bevestigde 
dat FL-L27D monomeer blijft, zelfs aan een concentratie van 1,7 mg/ml. Dit geeft aan dat de 
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mutatie efficiënt is in het verhinderen van ligand dimerisatie. Verder leek FL-L27D ook in 

staat te zijn om een binair complex te vormen met de FLT3-WT ectodomeinen, wat 
suggereert dat de geïntroduceerde mutatie geen invloed heeft op het receptor bindend 
vermogen van het ligand. 

Hierbij vroegen we ons af, hoe efficiënt FL-L27D kan binden met FLT3-WTD1-D5 in vergelijking 
met het wildtype FL. Een SEC-MALLS experiment werd daarom opgesteld dat de competitie 
tussen FL en FL-L27D voor receptor binding analyseerde. De analyse toonde aan dat wildtype 
FL met een hogere affiniteit bind met FLT3-WTD1-D5 in vergelijking met de monomere FL 
variant, ondanks de compensatie in moleculaire ratio. Bij dit resultaat verwachten we echter 
een duidelijke overmaat FL-L27D te observeren in het elutieprofiel, maar geen duidelijk 
verschil in signaal werd waargenomen voor FL-L27D in vergelijking met wildtype FL. Een 
replicatie van deze competitie assay is vereist om dit resultaat te kunnen valideren. In 
parallel zou dan een SEC-MALLS analyse van enkel FL-L27D uitgevoerd worden, aan 

equimolaire hoeveelheden als in de competitie assay. Op die manier kan het signaal voor FL-
L27D vergeleken worden en dus bepaald worden of FL-L27D gebruikt wordt voor het vormen 
van binaire complexen met FLT3-WTD1-D5. 

Door de SEC-MALLS analyse werd een indicatie verkregen voor de affiniteit van de FLT3-WT 
ectodomeinen voor FL-L27D in vergelijking met wildtype FL. Toch kan een accurate bepaling 
van deze affiniteiten van enkel bekomen worden door biofysische binding studies, 
bijvoorbeeld door ITC. Deze ITC experimenten konden niet uitgevoerd worden binnen de 
tijdsduur van deze thesis.  

V.4 Kristallisatie en structuurbepaling van FL-L27D 

SEC-MALLS analyse bevestigde reeds dat FL-L27D als monomeer voorkomt, wat aantoont dat 
de geïntroduceerde L27D mutatie doeltreffend was. Toch is het nog niet duidelijk wat het 

effect is van de mutatie op de globale structuur van FL-L27D. Het bepalen van de structuur 
van FL-L27D is dan ook bijzonder bruikbaar voor vergelijking met het wildtype FL, aangezien 
dit inzichten in mechanistische effecten van de L27D mutatie op de structuur van FL-L27D 
kan onthullen.  

Verscheidene kristallisatietesten werden opgezet, die resulteerden in een grote hoeveelheid 
kristallen, voornamelijk in condities bestaande uit 1,8 tot 2,1 M ammonium sulfaat en 0,1 M 
buffer aan pH 5,0. Verassend genoeg bleken de pH-waardes van de initiële kristallisatie 
condities sterk af te wijken van de voorgeschreven  pH waardes (Index™ screen). Hierbij 
kunnen we ons afvragen of deze kristallen ook zouden bekomen zijn indien de pH exact was 
zoals verwacht. Dit toont ook de stochastische natuur van eiwit kristallisatie aan en de 
serendipiteit die ermee gepaard gaat. 

Ruwe en morfologisch gepaard kristallen werden steeds bekomen, wat twinning van het 

kristal rooster suggereert. Inderdaad, inspectie van de diffractiebeelden toonde een 
verbreding en overlap van de diffractie spots. Toch zijn we, ondanks de sterke twinning, er in 
geslaagd een diffractie dataset tot 1.65Å resolutie te indexeren. Fase-informatie voor de FL-
L27D structuur werd verkregen door moleculaire verplaatsing. Hiervoor werd een wildtype 
FL protomeer, afgeleid van de structure van humaan FL (PDB 1ETE), gebruikt als homologie 
model (Savvides et al, 2000). Verscheidene iteraties van verfijning en validatie van het FL-
L27D model resulteerden uiteindelijk in een finale, verfijnde structuur voor FL-L27D.  
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Om mogelijke mechanistische effecten van de geïntroduceerde mutatie te kunnen 

opmerken, kan het verfijnde structureel model voor FL-L27D vergeleken worden met de 
structuur van wildtype FL. Structurele alignering  van de structuur van één wildtype FL 
protomeer en de verfijnde structuur van FL-L27D wees op een conformationele wijziging van 
de lus opgebouwd uit residue 25 tot 30, van belang voor dimerisatie van wildtype FL (Figure 
44). Inderdaad, dimerisatie van wildtype FL gaat gepaard met het bedekken van een groot 
hydrofoob oppervlak, met leucine 27 van beide monomeren die uitsteken vanop de lus in de 
hydrofobe holte van de andere monomeer (Figure 12). Door mutatie van de leucine op 
positie 27 naar een aspartaat wordt deze interactie verbroken en de hydrofobe holte zou 
daardoor blootgesteld worden aan het solvent. 

Verassend genoeg is voor één van de twee FL-L27D moleculen in de asymmetrische eenheid 
(ASU) van het kristal de hydrofobe holte afgeschermd van het solvent. De tyrosine op positie 
30 (Tyr30) blijkt hierbij verantwoordelijk te zijn voor het afsluiten van de hydrofobe holte. In 

wildtype FL is Tyr30 van belang voor het aflijnen van de hydrofobe holte, maar een 
significante conformationele wijziging van dit residue werd opgemerkt in FL-L27D en deze 
conformatie lijkt gestabiliseerd te worden door het aspartaat dat werd geïntroduceerd op 
positie 27 (Asp27) (Figure 45, A).  

Daarentegen, Tyr30 van de andere FL-L27D molecule wijst weg van de hydrofobe holte en 
lijkt niet te interageren met Asp27. Deze tyrosine blijkt echter betrokken te zijn in de kristal 
packing, aangezien het interageert met de proline op positie 31 van de andere FL-L27D 
molecule in de ASU (Figure 45, B). Verassend genoeg blijft de hydrofobe holte van deze FL-
L27D molecule doorheen het volledige kristal blootgesteld aan het solvent. 

In tegenstelling tot de FL dimeer interface lus, werden er geen ernstige conformationele 
wijzigingen opgemerkt voor de receptor binding epitoop (Figure 44). Deze bevinding 
verstrekt een additionele indicatie, naast de resultaten bekomen door SEC-MALLS, dat de 

monomere FL variant in staat zou moeten zijn om met de FLT3 receptor te binden. De 
monomere FL variant kan dus gebruikt worden als tool om inzichten te verkrijgen in het 
activatiemechanisme van zowel wildtype als mutante FLT3 receptor vormen. 

V.5 Kristallisatie en structuurbepaling van het FLT3-WTD1-D5:FL-L27D
 complex 

Structuren van het FLT3D1-D4:FL en FLT3D1-D5:FL complex werden reeds bepaald tot een 
resolutie van 4,3 en 7,8 Å, respectievelijk (Verstraete et al, 2011a). De structuur van de 
verschillende FLT3 ectodomeinen werd echter niet tot dezelfde resolutie bepaald. De 
monomere FL variant werd daarom gebruikt als kristallisatie tool door een binair complex te 
vormen met de FLT3-WT ectodomeinen. Op die manier kan er een betere kristal packing 
bekomen worden, dat ons mogelijks toelaat om de structuur van de FLT3-WT ectodomeinen 

bij een hogere resolutie te bepalen. Ook kunnen eventuele domein herschikkingen 
gevisualiseerd worden door vergelijking van dit binaire complex met het ternaire FLT3-WtD1-

D4:FL of FLT3D1-D5:FL complex. Verder kan door een hoge resolutie structuur van de FLT3 
ectodomeinen in complex met FL-L27D mogelijks de FLT3:FL bindingsepitoop in meer detail 
gevisualiseerd worden. Dit is bijzonder relevant voor doelgerichte drug ontwikkeling, 
bijvoorbeeld voor behandeling van AML.  
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Kristallen van het FLT3-WTD1-D5:FL-L27D complex werden voornamelijk bekomen in condities 

bestaande uit 1,0 M natriumfosfaat monobasisch monohydraat/kaliumfosfaat dibasisch aan 
pH 6.9 en pH 8.2. In het algemeen werd zwakke diffractie van de kristallen waargenomen, 
maar toch konden we een diffractiedataset tot 6.5 Å collecteren en indexeren. De dataset 
kwaliteit was eerder slecht, maar toch voldoende bevonden om verder te gaan met de 
structuurbepaling van het binaire complex.  

Interessant is dat de kristal packing van de verfijnde FLT3-WTD2-D4:FL-L27D complex structuur 
nauw contact vertoonde tussen domein 4 van twee naburige symmetrie partners, wat 
suggereert dat er homotypische receptor interacties aanwezig zijn tussen deze naburig 
domeinen. Dergelijke D4-D4 homotypische receptor contacten werden reeds geobserveerd 
voor alle RTK-III leden (Yuzawa et al, 2007; Felix et al, 2015a; Chen et al, 2015), behalve FLT3 
and PDGFRα. Toch is de fysiologische relevantie van deze mogelijke homotypische receptor 
interacties onbepaald, aangezien dit een kristallografische artefact zou kunnen zijn. 

Bovendien kunnen, door de  lage resolutie en kwaliteit van de elektronendensiteit map, deze 
contacten het resultaat zijn van vooringenomenheid opgelegd door het homologie model. 
Vergelijking van domein 4 tussen het model verkregen na moleculaire vervanging en de 
finaal verfijnde structuur toont echter duidelijk aan dat de rigid-body verfijning resulteert in 
een wijziging van de relatieve oriëntatie van domein 4 ten opzichte van domein 2 en 3. Deze 
bevinding, samen met de observatie dat de elektronendensiteit map in deze regio duidelijk 
van een hogere kwaliteit is ten opzichte van de rest van de map, versterkt de 
veronderstelling van domein-4-gemedieerde receptor contacten.  

V.6 Expressie van recombinante dimeer-gekoppelde FL varianten in E.  
    coli, in vitro heropvouwing en opzuivering 

Als een positieve en negatieve controle voor de ITC studies met FL-L27D, werd er een poging 
ondernomen om twee dimeer-gekoppelde FL varianten te produceren: FL-dimWT en FL-

dimKO. FL-dimWT is een covalent gekoppelde FL dimeer dat kan gebruikt worden als 
positieve controle, aangezien dit ligand verondersteld wordt een ternair complex te vormen 
met de FLT3 receptor. FL-dimKO is gekenmerkt door twee punt mutaties (H8R en S14P) in 
één van de twee FL protomeren. Deze mutaties ter hoogte van de receptor binding interface 
worden dus verondersteld de binding van dit FL protomeer met de FLT3 receptor te 
verhinderen (Graddis et al, 1998). Dit ligand zou hierdoor niet in staat zijn om receptor 
dimerisatie te induceren en kan dus gebruikt worden als negatieve controle voor de ITC 
studies. 

Aangezien de expressie opbrengsten van de FL-dim varianten in zoogdiercellen eerder laag 
waren, werd voor de E. coli Rosetta-Gami B cellijn gekozen als alternatief expressiesyteem. 
Een expressietest toonde aan dat de dimeer-gekoppelde FL varianten, net zoals wildtype FL 
en FL-L27D, geëxpresseerd worden als inclusielichaampjes. Grootschalige expressie van 

beide FL-dim varianten werd dus gevolgd door in vitro heropvouwing en opzuivering van de 
dimeer-gekoppelde FL varianten. 

De in vitro heropvouwing van de FL-dim varianten bleek inefficiënt te zijn, daar er veel 
precipitatie werd opgemerkt bij dialyse en eerder lage opbrengsten werden bekomen bij 
opzuivering van de dimeer-gekoppelde FL varianten uit de geklaarde opzuiveringsmengsels. 
Verder toonde SDS-PAGE en Western blot analyse van de opzuiveringsstalen aan dat twee 
verschillende species werden bekomen voor zowel FL-dimWT als FL-dimKO. Deze species 
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worden verondersteld het resultaat te zijn van aberrante heropvouwing, aangezien ze pas 

geobserveerd werden na heropvouwing en SDS-PAGE analyse van de opzuiveringsstalen bij 
reducerende condities resulteert in slechts één species bij ongeveer 35kDa.         

Er wordt verondersteld dat de linker die de twee FL protomeren aan elkaar koppelt 
mogelijks onvoldoende lang is om een efficiënte heropvouwing  van de dimeer-gekoppelde 
FL varianten toe te laten. Toekomstige pogingen  om deze FL-dim varianten te produceren in 
E. coli zouden hier rekening mee moeten houden. Aangezien de opbrengst van de dimeer-
gekoppelde FL varianten toch voldoende was om enkele experiment uit te voeren, werd een 
SEC-MALLS analyse gebruikt om te bepalen of de verschillende FL-dim species een binair (FL-
dimKO) of ternair (FL-dimWT) complex kunnen vormen met FLT3-WT ectodomeinen.  

V.7 SEC-MALLS analyse van de FL-dimWT en FL-dimKO species 

In vitro heropvouwing van zowel FL-dimWT als FL-dimKO gaf aanleiding tot twee 

verschillende species, die waarschijnlijk het resultaat zijn van aberrante heropvouwing. Om 
te bepalen welk van de twee species kan gebruikt worden voor ITC studies, werd een SEC-
MALLS analyse uitgevoerd die het vermogen van de verschillende species om met  FLT3 
ectodomeinen te binden, analyseert.  

De SEC-MALLS analyse toonde aan dat het FL-dimWT species dat overeenstemt met het 
bandje bij ongeveer 35 kDa op de SDS-PAGE gel, in staat is om een ternair complex the 
vormen met de FLT3 ectodomeinen. Het ander FL-dimWT species lijkt daarentegen niet in 
staat om met FLT3D1-D5 te binden, wat de hypothese dat dit species niet goed is opgevouwen 
verder onderbouwt. 

Van FL-dimKO wordt verwacht dat het een binair complex vormt met de FLT3 ectodomeinen, 
aangezien één van de twee FL protomeren twee mutaties draagt ter hoogte van de receptor 
binding interface. De SEC-MALLS analyse toonde echter aan dat dit ligand nog steeds in staat 

is om een ternair complex te vormen met FLT3-WTD1-D5, wat suggereert dat de twee punt 
mutaties waarschijnlijk onvoldoende zijn om receptor binding te verhinderen. Ook werden 
er geen duidelijke verschillen in het vermogen om de receptor te binden geobserveerd 
tussen de twee FL-dimKO species. 

De geproduceerde dimeer-gekoppelde FL varianten werden niet gebruikt voor verdere ITC 
studies. Bij nieuwe pogingen om deze liganden te produceren, zou een optimalisatie van de 
linker regio, de expressie conditie en de mutaties in FL-dimKO overwogen kunnen worden.  
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Part VI: Materials and Methods 

 
A detailed account of the protocols and composition of buffers and solutions relevant to the 
research project is provided in attachment 1 and 2.  
  

VI.1 Generation of the monomeric FL expression plasmid 

V.1.1 Site-directed overlap extension PCR and expression plasmid construction 

The pET15b expression vector containing the wildtype human FL sequence was already 
available at the start of the project. In order to obtain a monomeric FL, PCR-driven overlap 
extension (Heckman & Pease, 2007) was performed to introduce a leucine-to-aspartic acid 
mutation at position 27. 

Two  subsequent PCR amplifications with Q5 HF polymerase were carried out. Parallel PCRs 
were performed using two flanking primers (pET15b_Fw or A, and pET15b_Rev or D) and 
two mutagenic primers (FL-L27D_Fw or B, and FL-L27D_Rev or C) (Attachment 3), carrying 
the mutation of interest, thereby generating two intermediate PCR products (AB and CD). 
The PCRs were performed by denaturation for 30 seconds at 98°C, annealing for 30 seconds 
at 65°C and extension for 20 seconds at 72°C for 25 cycles and a final extension step for 2 
minutes at 72°C. The obtained intermediate PCR products were subsequently purified using 
a silica-based anion exchanger. 

A second PCR, using the two flanking primers A and D, utilizes the overlap between the 
intermediate PCR products and extends them, thereby generating the AD product. The PCR 
was performed by denaturation for 30 seconds at 98°C, annealing for 30 seconds at 65°C and 
extension for 38 seconds for 10 cycli without primers added, followed by 15 cycli with 

primers at 72°C and a final extension step for 2 minutes at 72°C. The obtained AD fragment, 
containing the FL-L27D coding sequence flanked by two restriction sites, was  subsequently 
purified using a silica-based anion exchanger. 

Next, the FL-L27D fragment was digested with NdeI and BamHI, followed by ligation of the 
gel-purified fragment in a NdeI/BamHI digested pET15b vector, using T4 DNA ligase. This 
cloning strategy allows the expression of FL-L27D as a fusion protein with a thrombin 
cleavable N-terminal hexahistidine tag to enable subsequent purification of the protein by 
Immobilized metal-affinity chromatography (IMAC). Furthermore, high-level expression of 
recombinant FL-L27D is controlled by the isopropyl-β-ᴅ-thiogalactoside (IPTG) inducible T7 
promotor.  

V.1.2 Transformation and colony PCR 

The resulting pET15b-FL-L27D plasmid was used to transform the chemocompetent MC1061 
E. coli strain. By the presence of the β-lactamase gene on the pET15b-FL-L27D plasmid, 
efficiently transformed cells were selected on a plate containing Luria-Bertani (LB) medium 
and carbenicillin. 

Positive colonies were sampled  for colony PCR, followed by analytical gel electrophoresis, to 
confirm the presence of the FL-L27D coding sequence. The pET15b_Fw and pET15b_Rev 
primers and hot start Taq DNA polymerase were used for this amplification. The PCR was 
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performed by denaturation for 30 seconds at 95°C, annealing for 1 min at 65°C and 

extension for 1 min 16 seconds for 25 cycli and a final extension step for 5 minutes at 68°C. 
Positive colonies containing the pET15b-FL-L27D plasmid were used to inoculate a preculture 
and next day, the plasmid was purified. Eventually, the correctness of the construct was 
verified by Sanger sequencing (GATC Biotech).  

VI.2 Expression of recombinant FL-L27D and FL-dim in E. coli, in vitro 
 refolding from inclusion bodies and  purification 

Overexpression of wildtype hFL in E. coli has to shown to occur in inclusion bodies (IBs) 
(Verstraete et al, 2009).  Expression tests were carried out to determine if the monomeric FL 
variant (FL-L27D) and dimeric linked FL species (FL-dim WT and FL-dim KO) are also 
expressed as IBs as well. Rosetta-gami strains (RGB) transformed with either the pET15b-FL-
dimWT or pET15b-FL-dimKO expression plasmids were generated by E. Pannecoucke. This 
RGB strain carries the pRARE plasmid, which encodes for 5 additional tRNAs that can 

potentially correct for eukaryotic codon bias.   

VI.2.1  Expression tests 

A preculture of these strains was grown and the next day used to inoculate a larger volume 
of LB medium. The expression culture was grown at 37°C, containing 100 µg/ml carbenicillin, 
and was induced at OD600nm = 0.6 by a final concentration of 1 mM IPTG. The culture was 
allowed to grow for another 4 hours. Bacterial cells were harvested by centrifugation (6000g, 
4°C, 20 min) and the pellet was stored at -80°C. The frozen bacterial cells were subsequently 
thawed and resuspended in lysis buffer. Lysis of the cells was performed by sonication, using 
a Q500 Qsonica sonifier (4 min, 30 s pulses interspersed with 30 s of down time, 70% 
amplitude). Membrane material and possible inclusion bodies were harvested by 
centrifugation (20000g, 4°C, 30 min).  The membrane pellet was washed twice: resuspension 

of the pellet in lysis buffer, 30 seconds sonication, 30 minutes incubation on a rotator and 
harvesting by centrifugation (20000g, 4°C, 30 min).  

Samples of the culture before and after induction, the soluble protein material and the 
resolubilised pellets, washed twice, were analysed on a 17% SDS-PAGE gel. The his-tagged 
proteins were specifically detected by a fluorescently labeled anti-His antibody. 

VI.2.2  Large-scale recombinant expression 

The FL variants were shown to be produced in E. coli as inclusion bodies (IBs). Large-scale 
expression of the proteins in E. coli was performed in an analogous manner as the 
expression test (V.2.1).  

Production of bioactive FL variants requires solubilization of the IBs and subsequent in vitro 
refolding of the proteins by rapid dilution. Next, the refolded proteins were purified by 

immobilized metal ion affinity chromatography (IMAC) followed by size-exclusion 
chromatography (SEC). For crystallization purposes, purified FL-L27D was digested with 
thrombin to remove the N-terminal his-tag. Finally, the thrombin-cleaved FL-L27D was 
purified by SEC.  

VI.2.3  Solubilization of inclusion bodies 

Inclusion bodies were solubilized in denaturing guanidine hydrochloride (GuHCl) buffer (pH 
8.0) by stirring at 37°C for 2 hours. Subsequent high speed centrifugation (100000g, 4°C, 30 
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min) of the solubilized inclusion bodies removed the insoluble material. Next, the 

supernatant was filtered (0.22 µm) and loaded onto a HisTrap HP column (GE Healthcare), 
connected to an ÄKTA purifier (GE Healthcare)  system and equilibrated with GuHCl buffer 
(pH 8.0). The column was washed with GuHCl buffer at pH 8.0 and pH 5.8, followed by 
elution of the denatured FL-L27D with GuHCl buffer at pH 4.5. Eventually, the eluate was 
neutralized with 1M Tris (pH 8.0). 

VI.2.4  In vitro refolding and purification of FL-L27D 

In vitro refolding of the denatured FL variants was performed by rapid dilution, meaning that 
neutralized eluate was added drop-wise to refolding buffer at 4°C under continous stirring. 
The refolding solution was stirred overnight at 4°C, followed by dialysis with 10-fold diluted 
dialysis buffer to remove the arginine from the refolding mixture. The refolding solution was 
filtered using a 0.22 µm bottle-top filter (Millipore) to remove aggregates. Subsequently, the 
refolding solution was loaded on a HisTrap FF column (GE Healthcare), connected to an 

ÄKTApurifier system and equilibrated with equilibration buffer.  After loading, the column 
was washed with equilibration buffer containing 5 mM imidazole. Equilibration buffer 
containing 500mM imidazole was used to elute the refolded FL variant. The protein was then 
concentrated to 1 ml using a 10 kDa cut-off Amicon Ultra (Millipore) concentrator. Next,  the 
refolded was injected onto a Superdex™ 75 column (GE Healthcare), connected to an 
ÄKTApurifier system and using HBS (HEPES-buffered saline, pH 7.4) as running buffer. The 
obtained fractions were pooled, analyzed and frozen at -80°C.  

For crystallization purposes, the pooled FL-L27D fractions were incubated overnight with 
thrombin (1 unit/mg FL) to remove the N-terminal his-tag.  Thrombin-treated FL-L27D was 
again concentrated to 1 ml using a 10 kDA cut-off Amicon Ultra (Millipore) concentrator and 
injected onto a Superdex™ 75 column, connected to an ÄKTApurifier system. The obtained 
FL-L27D fractions were pooled, sampled and stored at -80°C (Verstraete et al, 2009). 

To check the efficiency of the purification, samples of fractions throughout the purification 
were analysed on a 17% SDS-PAGE gel. As GuHCl forms a precipitate  with sodiumdodecyl 
sulfate, it is required to remove the GuHCl from the unfolded FL samples for SDS-PAGE 
purposes. Therefore, ethanol precipitation of these samples was performed (Pepinsky, 
1991).  

VI.3 Expression and purification of recombinant FLT3 ectodomains  

VI.3.1  Expression of recombinant FLT3 ectodomains 

Stable tetracycline inducible HEK293S MGAT1-/- TR+ cell lines, expressing different FLT3D1-D5 

constructs (WT, S451F, T343I and double mutant), were already available at the start of the 
project. The cell cultures (in DMEM medium) were stored at -80°C in a freezing solution (1:1 

ratio), containing 80% fetal calf serum (FCS) and 20% DMSO.  For large scale expression of 
FLT3D1-D5, frozen cell cultures were cultured in a 175 cm² tissue culture flask (Greiner Bio-
One) in DMEM+10% FCS and step-wise expanded to finally 50 x 154 cm² TPP tissue culture 
dishes (Sigma).  

At 90% confluency, expression was induced by replacing the DMEM + 10% FCS medium with 
stimulation medium (DMEM, 2 mg/l tetracyclin, 3.6 M valproic acid). Valproic acid (VPA) is a 
histon deacetylase inhibitor, thereby promoting a more transcriptionally active chromatin 
structure and thus inhibites cell division and promotes protein expression. Five days post-
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induction, the conditioned medium was collected and clarified by centrifugation. Eventually, 

the medium was stored at -20°C. 

VI.3.2  Purification of FLT3 ectodomains 

The conditioned medium was thawed and filtered through a 0.22 µm bottle-top filter. Next, 
the medium was loaded on a 5 ml cOmplete His-Tag Purification Column (Roche), 
equilibrated with equilibration buffer and connected to an ÄKTApurifier system. The column 
was washed with equilibration buffer containing 5 mM imidazole and eventually eluted with 
equilibration buffer containing 500 mM imidazole (elution buffer). The eluted protein was 
neutralized with equilibration buffer and then concentrated to 1 ml using a 30 kDa cut-off 
Amicon Ultra (Millipore) concentrator.  

The concentrated FLT3 ectodomains were injected onto a Superdex™ 200 column, 
connected to an ÄKTApurifier system and using HBS (pH 7.4) as running buffer. Finally, the 

obtained FLT3D1-D5 fractions were pooled and stored at -80°C (Verstraete et al, 2011a). To 
check the efficiency of the purification, samples of fractions throughout the purification 
were analysed on a 15% SDS-PAGE gel.  

VI.4 Size exclusion chromatography - multi-angle laser light scattering  

Multi-angle laster light scattering combined with size-exclusion chromatography (SEC-
MALLS) was used for biochemical characterization of various protein species by accurate 
determination of their molecular mass.  

SEC-MALLS experiments were performed by injection of 150 µl protein sample (1-2 mg/ml) 
into a module composed of a Superdex™ 200 10/300 GL column (GE Healthcare), in-line with 
an online UV detector (Shimadzu), an 18-angle light scattering detector (DAWN HELEOS), 
and a refractive index (RI) detector (Optilab T-rEX) (Wyatt Technology). 

Data analysis was performed using the ASTRA V software. Molecular weights of the different 
protein species were estimated using a RI increment value of 0.185 ml/g and the specific UV 
absorbances listed in Attachment 4. For the glycosylated FLT3-WT ectodomains and 
complexes therewith, a MALLS conjugate analysis was carried out to take into account that 
glycosylation increases the molar mass, but does not contribute to the scattering. A modifier 
dn/dc value (ml/g) of 0.15 was used for this protein conjugate analysis. 

In the first instance, MALLS was used for determination of the absolute molecular mass of 
FLT3-WTD1-D5, FL, FL-L27D, the FLT3-WTD1-D5:FL and the FLT3-WTD1-D5:FL. This analysis allowed 
to determine the efficiency of the L27D mutation to disrupt ligand dimerization and the 
ability to form a complex with FLT3-WTD1-D5. The FLT3-WTD1-D5:FL-L27D complex was formed 
by mixing equimolar amounts of FLT3-WTD1-D5 and FL-L27D, whereas the FLT3-WTD1-D5:FL 
complex was formed by mixing substoicheometric amounts of FL with FLT3-WTD1-D5. The 

different protein species were injected at different concentrations: 

 FLT3-WTD1-D5:FL complex: 2 mg/ml 
 FL-L27D: 1.7 mg/ml 
 FL, FLT3-WTD1-D5 and the FLT3-WTD1-D5:FL-L27D complex: 1 mg/ml. 

A second set-up analysed the competition between FL and FL-L27D for binding to FLT3-WTD1-

D5. Therefore, FL, FL-L27D and subsequently FLT3-WTD1-D5 were mixed in a 1:2:2 molar ratio 
and  injected at a final concentration of 1 mg/ml.  



  Part VI: Material and Methods 

73 
 

Furthermore, the different FL-dimWT and FL-dimKO fractions were analysed for their ability 

to form complexes with FLT3-WTD1-D5. For each of the fractions, substoicheometric amounts 
of FL-dim were mixed with FLT3-WTD1-D5 and injected at a final concentration of 1 mg/ml.  

VI.5 Crystallization and structure determination of FL-L27D and the  
 FLT3:FL-L27D complex 

VI.5.1  Crystallization trials 

Recombinantly expressed and thrombin digested FL-L27D (in HBS) was concentrated using a 
10 kDa cut-off Amicon Ultra (Millipore) concentrator. A pre-crystallization test (PCT) 
(Hampton Research) was used to determine an appropriate protein concentration to start 
with crystallization screening. Protein concentrations were estimated by absorbance at 
280nm using a NanoDrop spectrophotometer and the extinction coefficient for FL-L27D 
(Attachment 4). A final protein concentration of 22 mg ml-1 was found to be appropriate to 

start the screening start the screening. At this point, the concentrated protein solution was 
aliquoted and flash frozen in liquid nitrogen.  

Initial crystallization screening of FL-L27D was performed at room temperature (RT) using 
the following commercial crystallization screens:  

 Index™ (Hampton Research) 
 ProPlex™ (Hampton Research)  
 Crystal Screen Lite™ (Hampton Research)  
 PEG/Ion™ (Hampton Research) 

The FLT3-WTD1-D5:FL-L27D complexes were formed by mixing a 10% molar excess of FL-L27D 
with FLT3-WTD1-D5. The flexible hexahistidine tag of FLT3-WTD1-D5 was removed by incubation 
overnight with thrombin (1 U/mg) and glycans were removed by incubation overnight with 
Endo Hf (40 kU/mg). The Endo Hf and thrombin digested complexes were separated from 

the excess of FL-L27D and the enzymes by injection onto a Superdex™ 200 column, 
connected to an ÄKTApurifier system and using HBS (pH 7.4) as running buffer.  The 
obtained fractions were pooled and further concentrated using a 30 kDa cut-off Amicon 
Ultra (Millipore) concentrator to a final concentration of 3 mg ml-1. Protein concentrations 
were estimated by absorbance at 280nm using a NanoDrop spectrophotometer and the 
extinction coefficient for the FLT3-WTD1-D5:FL-L27D complex (Attachment 4). Eventually, 
the concentrated protein solution was aliquoted and flash frozen in liquid nitrogen.  

Initial crystallization screening of FLT3-WTD1-D5:FL-L27D was performed at RT, 4°C and 37°C 
using the following commercial crystallization screens:  

 Index™ (Hampton Research)  
 ProPlex™ (Hampton Research) 

 Crystal Screen Lite™ (Hampton Research)  
 PEG/Ion™ (Hampton Research)  
 SaltRx™ (Hampton Research)  
 JCSG+™ (Molecular Dimensions) 

For both projects, drops were set up at RT by mixing 100 nl protein solution with 100 nl 
reservoir solution, in 96-well sitting-drop vapour diffusion crystallization plates (Swissci, 
Hampton Research), using a Mosquito Crystal robot (TPP LabTech). The plates were checked 
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for promising conditions and protein crystals on a regularly basis, resulting in the 

identification of several lead conditions. Pictures were taken from the protein crystal hits, 
using a Leica M165 C microscope and Leica IC80 HD camera.    

Based on initial crystal hits, optimization of the crystallization conditions was performed by 
the use of a grid screen. In this grid screen, both pH and precipitant concentration were 
varied systemically around the initial hit condition. Furthermore, initial hits were 
reproduced. The drops were set up at RT by mixing 100 nl protein solution with 100 nl 
reservoir solution, in 96-well sitting-drop crystallization plates, by the use of a Mosquito 
Crystal robot.   

For FL-L27D, additional hanging drop vapour diffusion crystallization and crystal seeding 
crystallization  experiments attempted to obtain more single crystals. These screens were 
set-up in 24-well sitting-drop crystallization plates (MiTeGen). Two types of crystal seeding 
were tested: streak seeding (Hampton Research, using a natural fiber to transfer crystal 

seeds, and  the seed bead kit (Hampton research), using a bead to generate seed stocks of 
crystals.    

VI.5.2  Determination of the crystal identity by SDS-PAGE and silver staining 

To determine the identity of the protein crystals, SDS-PAGE analysis of protein crystals was 
performed. Several crystals were washed twice in reservoir solution and eventually dissolved 
in distilled water. The obtained  samples of FL-L27D were loaded on a 17% SDS-PAGE gel, 
whereas a 15% SDS-PAGE gel is used for FLT3-WTD1-D5:FL-L27D. Detection of the proteins in 
the gel was obtained using the Pierce™ Silver Stain Kit (ThermoFisher).  

VI.5.3  Crystal freezing and cryoprotection 

Protein crystals were scored based on the absence of macromolecular twinning, size and 
shape. The best crystals were scooped out of the drop using a CryoLoop (Hampton Research) 

and subsequently washed in reservoir solution. Next, the crystals were brought 
consecutively into drops of reservoir solution with increasing concentrations of 
cryoprotectant. FL-L27D crystals were cryoprotected in reservoir solution containing 25% 
glycerol, 25% ethylene glycol (EG) or 3.2M ammonium sulfate. Next, the crystals were cryo-
cooled in liquid nitrogen. Also several crystal were frozen immediately after a washing step, 
without any cryoprotectant.  

Many attempts were made for cryoprotection the FLT3-WTD1-D5:FL-L27D complex crystals as 
many of them seemed to be incompatible: 

 20 and 25% glycerol in reservoir solution. 
 25% PEG400 in reservoir solution. 
 25% EG in reservoir solution. 

 12.5% EG, 25% 2-methyl-2,4-pentanediol (MPD), 25% glycerol, 12.5% 
dimethylsulfoxide (DMSO) and 25% dH2O, diluted 1:1 in reservoir solution (Vera & 
Stura, 2014). 

 25% MPD, 25% glycerol, 25% DMSO and 25% dH2O, diluted 1:1 in  reservoir solution 
(Vera & Stura, 2014). 

 1.5 NaH2PO4, 3M NaMalonate pH 7.5 

Next, the crystals were cryo-cooled in liquid nitrogen. Also several crystal were frozen 
immediately after a washing step, without any cryoprotectant. 
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VI.5.4  X-ray data collection and analysis 

Initial diffraction experiments of the FL-L27D and FLT3-WTD1-D5:FL-L27D complex crystals 
were conducted at the PROXIMA 1 beamline at SOLEIL (Gif-sur-Yvette, France). Data 
collection was performed using an X-ray wavelength of 0.97625 Å and a Pilatus 6M detector. 
An initial test set of 4 diffraction images (offset 90°) was collected and the images were 
analyzed using adxv (Adxv, 2013). Crystal positions giving the best test images were used for 
full data collection. Next, the data was indexed, integrated and scaled using the XDS (X-ray 
detector Software) suite (Kabsch, 2010). Calculation of the number of molecules in the 
asymmetric unit, solvent content and Matthews coefficient was carried out by the online 
Matthews probability calculator (Matthews, 1968; Kantardjieff & Rupp, 2003; 
Weichenberger & Rupp, 2014). 

The structure of FL-L27D was determined to 1.65 Å resolution by maximum-likelihood 
molecular replacement, using the program PHASER (McCoy et al, 2007), a module in the 

program suite CCP4 (Collaborative Computational Project, Number 4, 1994). One of the 
protomers of hFL (PDB entry 1ETE) was used as homology model. A structural model for the 
FLT3-WTD1-D5:FL-L27D complex was determined to 6.5 Å resolution by the same strategy as 
for FL-L27D. An homology model for FLT3-WTD2-D4 in complex with a FL protomer was 
derived from the FLT3D1-D4:FL complex structure (PDB entry 3QS7) (Verstraete et al, 2011a). 

Various rounds of refinement and model building were performed for both structures. 
Model building was carried out manually, using the program COOT (Crystallographic Object-
Oriented Toolkit) (Emsley et al, 2010). Crystallographic refinement and structure validation 
of FL-L27D was carried out using autoBUSTER 2.10.2 (Blanc et al, 2004), PHENIX (Adams et 
al, 2010) and MolProbity (Chen et al, 2010). The refinement strategy in PHENIX consisted of 
XYZ, TLS, real-space, occupancy and individual B-factors refinement. Moreover, the X-
ray/stereochemistry and X-ray/ADP weights were optimized each iteration. For the FLT3:FL-

L27D complex, refinement and validation was carried out by autoBUSTER 2.10.2 and COOT 
(Emsley et al, 2010). The refinement strategy consisted of rigid-body refinement, using each 
domain as rigid body, and grouped B-factor refinement. For further visualization and analysis 
of the structures PyMol (DeLano, 2002) and CCP4 (Collaborative Computational Project, 
Number 4, 1994, 4) were used. 

Additional diffraction experiments of both FL-L27D and FLT3-WTD1-D5:FL-L27D crystals were 
conducted at the P13 (FL-L27D) and P14 (microfocus, FLT3-WTD1-D5:FL-L27D) beamlines at 
PETRAIII (Hamburg, Germany). A test set of four diffraction images was collected for all 
crystals. 
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Attachments 

Attachment 1: Protocols 

1.1 Generation of the monomeric FL expression plasmid 

 PCR with Q5 polymerase 

 
Per 50µl reaction 

 10 µl 5x Q5 reaction buffer 
 1 µl 10 mM dNTPs 
 0.5 µl 100µM Fw primer 
 0.5 µl 100µM Rev primer 

 Variable volume of DNA (genomic DNA: 1ng-1µg, plasmid/viral DNA: 1pg-1ng) 
 0.5 µl Q5 HF polymerase 
 Nuclease free water until 50 µl 

PCR thermo cycling condition 

 Initial denaturation: 98°C for 30 seconds 
 25 cycles: Denaturation at 98°C for 30 seconds 

                  Annealing at Tm  for 30 seconds 
                  Elongation at 72°C for 20-30 seconds/kb                                                                                                                                                                                                                                

 Final extension at 72°C for 2 minutes  
 Hold at 4°C 

Colony PCR with Hot Start Taq DNA polymerase 

 
Per 50µl reaction 

 A single bacterial colony 
 5 µl 10x Standard Taq reaction buffer 
 1 µl 10 mM dNTPs 
 1 µl DMSO 
 0.5 µl 100µM Fw primer 
 0.5 µl 100µM Rev primer 
 0.25 µl Hot Start Taq DNA polymerase 
 Nuclease free water until 50 µl 

PCR thermo cycling conditions 

 Initial denaturation: 95°C for 30 seconds 
 25 cycles: Denaturation at 95°C for 30 seconds  

                  Annealing at Tm  for 30 seconds  
                  Elongation at 68°C for 1 minute/kb                                                                                                                                                                                         

 Final extension at 68°C for 5 minutes 
 Hold at 4°C 
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Agarose gel electrophoresis 

 
Analytical agarose gel electrophoresis 

 Melt 30 ml of 1% agarose in TBE buffer. 
 Add 1.8 µl GelRed (0.6 µl/10 ml). 
 Pour the gel solution in a tray, insert a comb and wait until hard. 
 Add loading dye to the samples: 10 µl loading dye + 50 µl sample. 
 Remove the comb and put the gel in the electrophoresis tank filled with TBE buffer. 
 Load 7-10 µl of marker (Eurogentec DNA smart ladder) and max. 20 µl of the 

samples. 
 Run for 15-30 minutes at 70-150V. 
 Visualize the gel by an UV Bio-Rad imager.  

 

Preperative  agarose gel electrophoresis 
 Melt 60 ml of 1% agarose in TBE buffer. 
 Add 3.6 µl GelRed (0.6 µl/10 ml). 
 Pour the gel solution in a tray, insert a comb and wait until hard. 
 Add loading dye to the samples: 150 µl loading dye + 150 µl sample. 
 Remove the comb and put the gel in the electrophoresis tank filled with TBE buffer. 
 Load 10 µl of marker (Eurogentec DNA smart ladder) and 150 µl of the samples. 
 Run for 20- 40 minutes at 70-150V. 
 Visualize the gel under a UV lamp and cut out the bands of interest.   

 

DNA restriction digest 

 

For a 50µl digest 

 1 µl of restriction enzyme 1 
 1 µl of restriction enzyme 2 
 5 µl (10x) Cutsmart buffer 
 Variable volume of DNA (+- 5 µg) 
 Nuclease free water until 50 µl 

Resuspend and incubate for 4 hours at 37°C. 

DNA ligation 

 
For a 20 µl ligation 

 2 µl 10x T4 DNA ligase buffer 
 1 µl T4 DNA ligase 
 50 ng vector DNA 
 37.5 ng insert DNA 
 Nuclease free water until 20 µl 

Resuspend and incubate for at least 20 minutes at room temperature. 
 



  Attachments 

85 
 

Transformation of chemically competent bacteria 

 
 Add 1 to 5 µl DNA solution to the cell culture and resuspend. 
 Incubate on ice for 30 minutes. 
 Hold the cell culture in a warm water bad at 42°C for 30 seconds.  
 Put the cell culture on ice for 5 minutes. 
 Add 500 µl LB medium (37°C). 
 Incubate for 1 hour at 37°C. 
 Plate out 200 µl of the bacteria on LB+Cb plates. 
 Incubate O/N in a 37°C oven. 

 

LB plates with Cb 

 
For 16 LB+Cb plates 

 Melt ± 400 ml LB medium in a microwave oven. Let it  cool down for a moment. 

 Add 160 µl of a 250 mg/ml carbenicillin solution to the LB medium (4µl/10ml LB). 
 Pour ± 25 ml LB+Cb medium into each of the plates. 
 Let the medium congeal and store the plates at 4°C.   

Transformation of electrocompetent bacteria 

 

 Add 1 to 5 µl of DNA solution to the cell culture and resuspend. 

 Transfer the cells to an ice-cold electroporation cuvette. 
 Electroporate the cels at 2,5 kV, 25 µF and 200 Ohm. 

 Add very quickly 500 µl warm LB medium to the cells and resuspend.  
 Transfer the cells to a 1,5 ml eppendorf. 
 Incubate for 1h at 37°C and shaking. 
 Plate out 20 to 100 µl of the cell culture on a LB+Cb plate. 
 Incubate O/N at 37°C.   

Preculturing bacterial colonies 

 
Per colony 

 Put 10 ml LB in a Birnbaum flask. 
 Add 4 µl of a 250 mg/ml Cb solution. 
 Pick up a colony and inoculate the LB+Cb medium. 

 Let the bacterial culture grow over night in 37°C shaker.  
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1.2 Expression of recombinant FL variants in E. coli 

High-level recombinant expression in E. coli 

 
For 3 l expression culture 

 Inoculate 100 ml LB+Cb medium with a frozen bacterial cell culture.  
 Incubate the culture O/N shaking at 37°C. Also pre-warm O/N 4 x 750 ml LB+Cb at 

37°C. 
 Inoculate every 750 ml LB+Cb with 25 ml of the bacterial cell culture. 
 Grow the culture until OD600nm = 0.6 while shaking at 37°C. 
 Induce expression by addition of 750 µl 1M IPTG per 750 ml cell culture (final 

concentration of 1mM). 
 Allow the culture to grow for 4 hours while shaking at 37°C. 
 Harvest the bacterial cells by centrifugation for 20 min, 6000g, 4°C. 

 Store the cell pellets at -80°C. 
 

Isolation of inclusion bodies 

 
 Resuspend the bacterial cell pellets in lysisbuffer and transfer the suspension to an 

ice-cooled erlenmeyer. 
 Lyse the cells by sonication (Q500 Qsonica sonifier): 4 min, 30/30 seconds, 70% 

amplitude (macrotip). 
 Transfer the lysate to 30 ml centrifuge tubes. 
 Isolate the membrane material and inclusion bodies by centrifugation for 30 min, 

20000g, 4°C. 

 Wash the inclusion bodies twice: 
Solubilize the inclusion body pellet in lysis buffer (30ml/centrifuge tube). 
Sonicate the suspension: 30s, 70% amplitude. 

Incubate the suspension for 30 minutes on a 'head-over-head' rotator. 
Isolate the washed inclusion bodies by centrifugation for 30 min, 20000g, 4°C. 

 Store the centrifugetubes containing the washed inclusion bodies at -80°C. 
    

Solubilization of inclusion bodies and purification of unfolded proteins 

 
 Solubilize the washed inclusion bodies in GuHCl buffer (pH 8.0). 
 Transfer the suspension in a beaker and stir for 2 hours on a heatplate at 40°C. 

Cover the beaker with parafilm. 

 Remove insoluble material by high-speed centrifugation for 30 min, 100000g, 4°C. 
 Filter the supernatant using a syringe-filter (0.22 µm). 
 Connect a 5ml HisTrap HP column (GE Healthcare) to an Äkta Purifier system (GE 

Healthcare).  
 Equilibrate the column using GuHCl buffer at pH 8.0 (5 ml/min). 
 Blank the UV detector. 
 Load the supernatant, containing the solubilized inclusion bodies, on the column (5 
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ml/min). Collect the flowthrough. 

 Carry out a first wash step with GuHCl buffer at pH 8.0 (5 ml/min).  
Collect the flowthrough. 

 Carry out a second wash step with GuHCl buffer at pH 5.8 (5 ml/min).  
Collect the flowthrough. 

 Elute the unfolded proteins with GuHCl at pH 4.5 (1 ml/min).  
Collect the eluate in a 50 ml falcon.  

 Neutralize the eluate with 1M Tris (pH 8.0). 
 Put the column on azide solution for storage. 

 

In vitro refolding and purification of the refolded FL variants 

 
 Add the neutralized eluate (unfolded proteins) drop wise to refolding buffer (use a 

syringe) at 4°C under rapid stirring. 
 Let the refolding buffer stirr O/N. 
 Dialyse the refolding buffer against dialysis buffer by using a 6-8 kDa cut-off dialysis 

tubing (SpectrumLabs). Change the dialysis buffer 3 times.  
 Filter the refolding mixture by a 0.22 µm bottle-top filter (Millipore). 

Immobilized metal affinity chromatography (IMAC) 

 Connect a 5ml HisTrap FF column (GE Healthcare) to an Äkta Purifier system (GE 
Healthcare).  

 Equilibrate the column using equilibration buffer (5 ml/min). 
 Blank the UV detector. 
 Load the filtered refolding mixture, containing the refolded proteins, on the column 

(5 ml/min). Collect the flowthrough. 
 Carry out a first wash step with equilibration buffer containing 5 mM imidazole (5 

ml/min). Collect the flowthrough. 
 Elute the proteins with elution buffer (1 ml/min). Collect the eluate in a 50 ml falcon.  
 Concentrate the neutralized eluate to 1 ml using a 10 kDa cut-off Amicon Ultra 

(Millipore) concentrator. 
 Wash the column with equilibration buffer (5 ml/min). 
 Put the column on azide solution for storage. 

 Size exclusion chromatography (SEC) 

 Connect a HiLoad Superdex™ 75 column (GE Healthcare) to an Äkta Purifier system 
(GE Healthcare). 

 Equilibrate the column with HBS (1 ml/min).  

 Inject the concentrated protein sample in the sample loop with a syringe. 
 Change the valve to inject. 
 Collect 1ml fraction of the void (± 40ml) and  refolded FL (75-80 ml)  at a flow of 1 

ml/min. 
 Put the column on azide solution for storage. 
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1.3 Expression of recombinant FLT3 ectodomains in HEK293S 

Freezing mammalian cell cultures 

 

 Prewarm DMEM+10% FCS medium and EDTA/Trypsin in the hot water bath at 37°C.  
 Aspirate the medium of one 175cm² culture flask containing the mammalian cells 

with a pasteur pipet. 
 Add 5 ml EDTA/Trypsin, distribute and wait for 1 minute. Rap the cells. 
 Add 5 ml DMEM+10% FCS to neutralise and pour the cell solution in a 15 ml tube. 
 Centrifuge the tube for 5 minutes, 900g, 37°C. 
 Take off the medium and resuspend the cells in 2.5 ml DMEM medium + 10% FCS. 
 Add 0.5 ml FCS+20% DMSO and 0.5 ml of the cell suspension to a (or multiple) 

cryotube vial(s) and mix by pipetting. 
 Put the cryotube vial(s) in the isopropanol chamber O/N. 

 Freeze the cell cultures at -80°C.  
 

Culturing frozen mammalian cell cultures 

 

 Prewarm DMEM+10% FCS medium in the hot water bath at 37°C. 
 Fill a 15ml tube with 7 ml DMEM +10% FCS medium 

 Add 600 µl of this medium to a cryovial containing the frozen cells. 
 Resuspend and transfer the cells to the 15 ml tube.  
 Centrifuge the 15 ml tube (with cells) for 5 minutes, 900 g, 37°C. 
 Pour 50 ml DMEM+ 10%FCS  in a new labeled 175 cm² culture flask . 
 Take off the supernatant and resuspend the pellet gently in 5 ml DMEM+10% FCS. 

 Transfer the resuspended cells in the new culture flask.  
 Turn the screw cap in their ventilation position and distribute the cells by an 8-wise 

movement. 

 Incubate the culture flask in the CO2 incubator. 
 The cell culture can be expanded after 4-5 days. 

 

Expanding mammalian cell cultures 

 

From 1  to 2 culture flasks and  2 to 10 culture flasks (1:5 dilution):  
 Prewarm DMEM+10% FCS+zeocin medium and EDTA/Trypsin in the hot water bath 

at 37°C.  

 Pour 40 ml warm medium into 2 or 10 new labeled 175cm2 culture flasks (Greiner 
bio-one). 

 Aspirate the medium from the initial culture flask(s) with a pasteur pipet. 
 Add 5 ml EDTA/Trypsin to the flask(s), distribute and wait for 1 minute. Rap the cells. 
 Resuspended the cell suspensions and add 1 ml to each new culture flask. 
 Turn the screw caps in their ventilation position and distribute the cells by an 8-wise 

movement. 
 Incubate the culture flasks in the CO2 incubator (5% CO2, 37°C).  
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From 10 culture flasks to 50 culture dishes (1:5 dilution): 

 Prewarm DMEM+10% FCS medium (2 x 1 liter bottle) and EDTA/Trypsin in the hot 
water bath at 37°C.  

 Aspirate the medium from the initial culture flasks with a pasteur pipet. 
 Add 5 ml EDTA/Trypsin to the flasks, distribute and wait for 1 minute. Rap the cells. 
 Resuspended the cell suspensiosn and transfer them to the bottles DMEM+10% FCS. 
 Add 40 ml of the diluted cell culture to 50 labeled 100 cm² TPP culture dishes 

(Sigma).    
 Incubate the culture dishes in the CO2 incubator (5% CO2, 37°C).  

 

Induction of protein expression in stable HEK293S TetR cell line 

 

 Prewarm stimulation medium (DMEM + 2mg/ml tetracycline + 3.6M valproic acid) in 
the water bath at 37°C. 

 Aspirate the medium of the 50 culture dishes with an aspirating pipet. 
 Add 40 ml of the warm stimulation medium to the culture dishes.  
 Put the cultures dishes again in the CO2 incubators (5% CO2, 37°C).  
 Collect the medium, containing the secreted proteins, 5 days post-induction. 
 Centrifuge the medium for 15 minutes, 6000g, 4°C. 
 Filter the medium using a 0.22 µm bottle-top filter (Millipore) and store at -20°C.  

 

Purification of the FLT3 ectodomains 

  
Immobilized metal affinity chromatography (IMAC) 

 Connect a 5ml cOmplete™ His-Tag Purification column (Sigma) to an Äkta Purifier 
system (GE Healthcare).  

 Equilibrate the column using equilibration buffer (5 ml/min). 
 Blank the UV detector. 
 Load the thawed medium, containing the secreted FLT3 ectodomains, on the column 

(5 ml/min). Collect the flowthrough. 
 Carry out a first wash step with equilibration buffer containing 5 mM imidazole (5 

ml/min). Collect the flowthrough. 
 Elute the proteins with elution buffer (1 ml/min). Collect the eluate in a 50 ml falcon.  
 Concentrate the neutralized eluate to 1ml using a 30 kDa cut-off Amicon Ultra 

(Millipore) concentrator. 
 Wash the column with equilibration buffer (5 ml/min). 

 Put the column on azide solution for storage. 

 Size exclusion chromatography (SEC) 

 Connect a HiLoad Superdex™ 200 column (GE Healthcare) to an Äkta Purifier system 
(GE Healthcare). 

 Equilibrate the column with HBS (1 ml/min).  
 Inject the concentrated FLT3D1-D5  sample in the sample loop with a syringe. 
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 Change the valve to inject. 

 Collect 1ml fraction of the void (± 40ml) and  FLT3D1-D5 (65-70 ml) at a flow of 1 
ml/min. 

 Put the column on azide solution for storage. 
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1.4 SDS-PAGE and Western blotting 

SDS-PAGE 

 

 Prepare an  SDS-PAGE gel (15 % or 17%) as described in attachment 2. 
 Place the gel in the holder. 
 Put the holder in a tank and fill the tank with SDS-PAGE running buffer. 
 Add 10 µl Laemlli sample buffer to 15 µl protein sample.  
 Load 10-20µl of these samples on the gel together with a unstained protein marker 

(Biorad). 
 Run the gel at 80V until samples are through stacking gel and then continue on 

120V.  
 Stain the gel in Coomassie Blue solution. 

 Destain the gel in Destain-solution. 
 Take an image using the Bio-Rad imager. 

 

Preparation of samples containing GuHCl for SDS-PAGE  

 
  Transfer 15 µl protein sample to a 1.5 ml tube. 
 Add 135 µl  cold 100% ethanol (4°C). 
 Mix by vortexing and chill the tube for 5-10 minutes at -20°C. 
 Centrifuge the sample for 5 min, 15000g, 4°C.  
 Take off the supernatant. 
 Resuspend the pellet in 150 µl cold 90% ethanol (4°C). Mix by vortexing. 

 Centrifuge the sample for 5 min, 15000g, 4°C. 
 Take off the supernatant. 
 Resuspend the pellet in 15 µl Laemlli sample buffer. 

 

Western blotting  

 

 Run an SDS-PAGE, using a prestained protein marker (BioRad). 
 Soak in protein transfer buffer (PTB) for 5 minutes: 

- 2 sponges per blot 
- 6 wattman papers per blot 
- nitrocellulose membrane  
- SDS-PAGE gel 

 Make the setup: 
Black side – sponge – 3 wattman – gel – nitrocellulose paper – 3 wattman – sponge –  
Red side 

 Put the cassette in the holder and put the holder in a tank.  

 Put the box on ice (make sure that the box will get cooled as much as possible). 

 Fill the tank with PTB and blot overnight at 30 V or at 100 V for  1h at 4°C. 
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 Decompose the assembly and take out the nitrocellulose membrane. 

 Cut out the nitrocellulose membrane so that it gets the size of the gel. 

 Rinse the membrane with dH2O. 

 Block overnight at 4°C or 4h at 20° C using the blocking buffer (BB) 
 

 Wash the membrane: 5 x 20”, 1 x 5’ and 1 x 5’ in PBS + 0.1 % Tween20 (PBST) 

 Add 0.5 µl of the anti-HIS tag antibody to 7 ml BB + 0.1 % Tween20 (BBT).  

 Immerse the membrane in BBT containing the Ab and incubate 1h at room 
temperature. 

 Wash the membrane: 5 x 20” and 1 x 5’ in PBST.  

 Image the blot with the LICOR Odyssey imager. 
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Attachment 2: Buffers and solutions 

1% agarose gel 1x TBE-buffer 

1% agarose 

APS (20ml) 1.6 g APS 

dH2O until 20 ml 

Azide solution (10x) (1l) 1.54 g NaN3 

dH2O untill 1l 

0.22 µm filtered 

BBT-buffer BB + 0.1 % Tween20 

Blocking buffer (BB)  PBS + 5 % milk powder 

Carbenicillin  250 mg/ml 

0.22 µm filtered 

Coomassie Blue staining solution (1l) 2 g Coomassie Blue in 400 ml dH2O 

500 ml methanol 

100 ml glacial acetic acid  

Destain solution (1l) 400 ml methanol 

100 ml acetic acid 

500 ml dH2O 

Dialysis buffer 20 mM Tris 

300 mM NaCl 

pH 8.0 

DMEM + 10 % FCS (500ml) 450 ml DMEM 

50 ml FCS 

DMEM + 10 % FCS + zeocin (500ml) 450 ml DMEM 

50 ml FCS 

200 µl zeocine (1mg/ml) 

DMEM medium (self-made) (1l) 13.36 g  DMEM powder  

2.2 g NaHCO3 

dH2O until 1l 

pH 7.2 

EDTA solution (5l) 40 g NaCl 

2  g Na2.EDTA 

14 g Na2HPO4.12H2O 

1 g NaH2PO4.2H2O 

1 g KCl 

1  g Glucose 

dH2O until 5l  

Sterilization by autoclaving 
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EDTA/Trypsin solution (500ml) 400 ml EDTA solution 

100 ml Trypsin solution 

Elution buffer (IMAC) 50 mM NaH2PO4 

300 mM NaCl 

500 mM imidazole 

pH 7.0 

0.22 µm filtered 

Equilibration buffer (IMAC) 50 mM NaH2PO4    

300 mM NaCl 

pH 7.0 

0.22 µm filtered 

HEPES buffer (HBS) 20 mM HEPES 

150 mM NaCl 

pH 7.4 

0.22 µm filtered 

Guanidine hydrochloride (GuHCl) buffer 6M Guanidine hydrochloride 

100 mM NaH2PO4  

10 mM Tris 

10 mM β-mercaptoethanol 

pH 8.0 / pH 5.8 / pH 4.5 (elution) 

0.22 µm filtered 

Isopropyl-β-D-thiogalactopyranoside (IPTG) 1M IPTG 

0.22 µm filtered 

Laemmli sample buffer Tris pH 6.8 

25% glycerol 

8M urea 

4% SDS 

Loading dye 30 % Glycerol in 1x TBE buffer 

Adequate amount of orangeG 

Luria-Bertani (LB) medium 10 g bacto-tryptone 

5 g bacto yeast extract 

10 g NaCl 

dH2O until 1l 

pH 7.0 

Sterilisation by autoclaving 

Lysis buffer 50 mM Tris 

100 mM NaCl 

1% (v/v) Triton X-100 

1 mM EDTA 

pH 8.0 
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Neutralization buffer 1M Tris 

pH 8.0 

PBT-buffer PBS + 0.1 % Tween20 

PenStrep (1000x) (1l) 0.5 x 108 units penicilline G 

50 g streptomycine 

dH2O until 1l 

Phosphate buffered saline (PBS) 137 mM NaCl 

2.7 mM KCl 

12 mM Na2HPO4.12H2O 

1.76 mM KH2PO4 

pH 7.4 

Refolding buffer 100 mM Tris 

1 M L-arginine 

5 mM GSH 

0.5 mM GSSG 

pH 8.5 

Running Buffer (500ml) 45.43 g TRIZMA base 

dH2O until 500 ml 

pH 8.3 

SDS-PAGE 15% resolving gel (1 mm) (4 gels) 10 ml 30% acrylamide/bisacrylamide 

10 ml running buffer pH 8.3 

100 µl 20% (w/v)  SDS  

200 µl APS (fresh) 

12.5 µl TEMED 

SDS-PAGE 17% resolving gel (1 mm) (4 gels) 11.7 ml 30 % acrylamide/bisacrylamide 

8.6 ml running buffer pH 8.3 

100 µl 20% (w/v)  SDS  

200 µl APS (fresh) 

10 µl TEMED 

SDS-PAGE 6% stacking gel  (1 mm) (4 gels) 1.5 ml acrylamide/bisacrylamide 

0.75 ml stacking buffer pH 6.8 

dH2O (5.25 ml) 

20% SDS (37.5 µl)  

APS (fresh) (75 µl) 

TEMED (3.75 µl) 

SDS-PAGE running buffer (4l) 400 ml 10x Tris Glycine SDS (TGS) 

3.6 l dH2O 

Stacking buffer (500ml) 75.73 g TRIZMA base 

dH2O until 500 ml  

pH 6.8 
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Stimulation medium (1l) 1 l DMEM medium 

0.6 mg  valproic acid (sodium salt) 

2 mg tetracyclin hydrochloride 

Trypsin solution (2l) 16 g NaCl 

16 g Tris 

0.2 g Na2HPO4 

0.4 g KCl 

5 g trypsin 

0.01 g phenol red 

dH2O until 2l 

pH 7.6 

Sterilization by autoclaving 
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Attachment 3: Primers 

FL-L27D PCR-driven overlap extension 

pET15b_Fw 5'-CACATTCACCACCCTGAATTGACTCTCTTC-3' 

47% GC 

Tm = 62°C 

pET15b_Rev   5'-TTCTCATGTTTGACAGCTTATCATCGATAAGCTTTAATGCGGTAG-3' 

38% GC 

Tm = 65°C 

FL-L27D_Fw 5'-CCGTGAGCTGTCTGACTACCTGGATCAAGATTACCCAGTC-3' 

53% GC 

Tm = 64°C 

FL-L27D_Rev 5'-GACTGGGTAATCTTGATCCAGGTAGTCAGACAGCTCACGG-3' 

53% GC 

Tm = 63°C 
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Attachment 4:   
Molecular weights, extinction coefficients  and absorbances 

 
Molecular 

Weight (kDa) 

Extinction coefficient  

(M-1 cm-1) 

Absorbance E*  

(ml mg-1 cm-1) 

FLT3-WTD1-D5    

FLT3-WTD1-D5 58.9118 76.21 1.293629 

FLT3-WTD1-D5_AVI-HIS 62.5346 81.71 1.306637 

FL    

FL 31.6944 39.71 1.252903 

FL_HIS 35.4585 39.71 1.119901 

FL-L27D    

FL-L27D 15.8581 19.86 1.252207 

FL-L27D_HIS 17.7402 19.86 1.119504 

FL-dimWT    

FL-dimWT 32.5612 39.71 1.219550 

FL-dimWT_HIS 34.4433 39.71 1.152909 

FL-dimKO    

FL-dimKO 32.5903 39.71 1.218461 

FL-dimKO_HIS 34.4724 39.71 1.153020 

 
Molecular 

Weight (kDa) 

Extinction coefficient  

(M-1 cm-1) 

Absorbance E (complex)†  

(ml mg-1 cm-1) 

FLT3-WTD1-D5:FL    

FLT3-WTD1-D5:FL 149.4821 192.12 1.284996 

FLT3-WTD1-D5_AVI-HIS:FL 156.7278 203.12 1.295773 

FLT3-WTD1-D5:FL_HIS 153.2462 192.12 1.253441 

FLT3-WTD1-D5_AVI-HIS: 

FL_HIS 

160.4919 203.21 1.265389 

FLT3-WTD1-D5:FL-L27D    

FLT3-WTD1-D5:FL-L27D 74.7519 94.31 1.284843 

FLT3-WTD1-D5_AVI-HIS: 

FL-L27D 

78.3748 101.56 1.300511 

FLT3-WTD1-D5: 

FL-L27D_HIS 

76.634 94.31 1.270843 
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FLT3-WTD1-D5_AVI-HIS: 

FL-L27D_HIS 

80.2568 101.56 1.265282 

FLT3-WTD1-D5:FL-dimWT    

FLT3-WTD1-D5: 

FL-dimWT_HIS 

152.2309 192.12 1.261798 

FLT3-WTD1-D5 AVI-HIS: 

FL-dimWT_HIS 

159.4766 203.12 1.273443 

FLT3-WTD1-D5:FL-dimKO    

FLT3-WTD1-D5: 

FL-dimKO_HIS 

93.3662 115.92 1.241323 

FLT3-WTD1-D5 AVI-HIS: 

FL-dimKO_HIS 

96.989 121.42 1.251662 

 

Molecular weight (Mw, in kDa) and extinction coefficients  (M-1 cm-1) were calculated by 
ProtParam, under the assumption that all pairs of cysteines form disulfide bridges (Artimo et 
al, 2012).  

*Absorbance E = /Mw  

†Absorbance E (complex) = (n.R + L)/(n.MwR+MwL),   
with R=Receptor, L=Ligand and n= the number of receptors in the complex. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


