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Abbreviation Description 

3'UTR 3 prime untranslated region 

5'UTR 5 prime untranslated region 

A  

ACTB β-Actin 

ADP Adenosine diphosphate 

AK Adenylate kinase 

AK2A Adenylate kinase 2 isoform A 

AK2B Adenylate kinase 2 isoform B 

AMP Adenosine monophosphate 

amp+ With ampicillin 

ANOVA Two-way analysis of variance 

APC Allophycocyanin 

APS Ammonium persulfate 

Arg Arginine 

Asp Aspartic acid 

ATCC American Type Culture Collection  

ATP Adenosine triphosphate 

B  

BFU-E Erythroid burst-forming unit 

bp Base pairs 

BSA Bovine serum albumin 

C  

cam+ With chloramphenicol 

Cat # Catalogue number 

cDNA Complementary DNA 

CFU-G Granulocyte colony-forming unit 

CFU-GEMM Granulocyte, erythroid, macrophage, and megakaryocyte colony-forming unit 

CFU-GM Granulocyte and macrophage colony-forming unit 

CFU-M Macrophage colony-forming unit 

CMP Common myeloid progenitor 

ctrl. Control 

Cy7 Cyanine 7 

Cys Cysteine 

D  

dbSNP Short Genetic Variations database 

DDK tag Synonyme for FLAG® tag which is a registered trademark of Sigma Aldrich 

DMEM Dulbecco's Modified Eagle's Medium 

DMSO Dimethyl sulfoxide 
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DPBS Dulbecco's phosphate-buffered saline 

DSMZ Deutsche Sammlung von Mikroorganismen und Zellkulturen 

DTT Dithiothreitol 

E  

EBV Epstein-Barr virus 

E. coli Escherichia coli  

EDTA Ethylenediaminetetraacetic acid 

EGFP Enhanced green fluorescent protein 

ES cell Embryonic stem cell 

ESTs Expressed sequence tags 

F  

FACS Fluorescence-activated cell sorting 

FAM 6-Carboxyfluorescein 

FCS Foetal calf serum  

FITC Fluorescein 

FLAG® tag Protein epitope of amino acids DYKDDDDK 

FSC Forward scatter 

G  

GAPDH Glyceraldehyde 3-phosphate dehydrogenase 

GDP Guanosine diphosphate 

Gln Glutamine 

Gly Glycine 

GMP Granulocyte-macrophage progenitor 

GRC Genome Reference Consortium 

GST Glutathione S-transferase 

GTP Guanosine triphosphate 

H  

HCl Hydrochloric acid 

HEPES N-2-Hydroxyethylpiperazine-N-2-ethane sulfonic acid 

His-tag Hexa histidine tag 

HPC1 Haematopoietic progenitor cells 1 

HPC2 Haematopoietic progenitor cells 2 

HPRT Hypoxanthine-guanine phosphoribosyltransferase 

HSC Hematopoietic stem cell 

I  

IL-7 Interleukin 7  

IMDM Iscove's Modified Dulbecco's Medium  

IUPAC International Union of Pure and Applied Chemistry 

IVC Individually ventilated cages 

K  

KCl Potassium chloride 
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L  

LB medium Lysogeny broth medium 

LDH Lactate dehydrogenase  

LID domain Protein domain of adenylate kinases, named after the english word „lid“ 

LIF Leukemia Inhibitory Factor 

lin- Lineage negative 

LSK cells  Lineage
-
 Sca-1

+
 c-Kit

+
 cells 

M  

MBP Maltose-binding protein 

MCS Multiple cloning site 

MEF Murine embryonic fibroblasts 

MEP Megakaryocyte-erythroid progenitor 

MP Myeloid progenitor 

MPP Multipotent hematopoietic progenitors 

mRNA Messenger RNA 

N  

Na2HPO4 x 2 H2O Disodium hydrogen phosphate dihydrate  

NaCl Sodium chloride 

NADH Nicotinamide adenine dinucleotide, reduced 

NaH2PO4 x H2O Sodium dihydrogen phosphate monohydrate  

NCBI National Center for Biotechnology Information, National Library of Medicine, Bethesda 

NEAA Non-essential amino acids 

NGS Next-generation sequencing 

Ni-NTA Nickel-nitrilotriacetic acid  

NMP Nucleoside monophosphate 

O  

OD600 Optical density at 600 nm 

ORF Open reading frame 

P  

PAGE Polyacrylamide gel electrophoresis 

PCR Polymerase chain reaction 

PE Phycoerythrin 

PEP Phosphoenolpyruvate 

PK Pyruvate kinase  

Pro Proline 

Q  

qPCR Quantitative polymerase chain reaction 

qRT-PCR Quantitative reverse transcription polymerase chain reaction 

R  

RD Reticular Dysgenesis 

RefSeq Reference sequence from NCBI 

RNA Ribonucleic acid 
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S  

s.d. Standard deviation of the mean 

SAM S-adenosylmethionine 

SDS Sodium dodecyl sulphate 

SLAM Signaling lymphocyte activation molecule 

SNP Single-nucleotide polymorphism 

SPF Specific pathogen-free  

SSC Side scatter 

STR Short tandem repeat 

SV40 Simian Virus 40  

T  

TBST Tris-buffered saline with Tween 20 

TEA Triethanolamine hydrochloride 
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Tyr Tyrosine 
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1 Introduction 

1.1 Severe Combined Immunodeficiencies (SCIDs) 

Severe combined immunodeficiencies (SCIDs) are X-linked or autosomal-

recessively inherited primary immunodeficiencies with an incidence of 1:40,000 to 

1:75,000 newborns (Cossu, 2010; Kwan et al., 2014). Due to a lack of T- and B- 

cell function, the impaired cellular and humoral immune response leads to life-

threatening invasive or atypical bacterial, viral, mycotic or opportunistic infections 

within the first year of life. Without adequate treatment patients die. 

Table 1: Genetic causes of SCIDs and affected functionalities based on Picard et al., 2015. 
SCID: Severe combined immunodeficiencies 

 

Depending on the presence or absence of B cells in combination with the absence 

of T cells, SCIDs are classified as T-B- or T-B+ SCID according to the International 

Union of Immunological Societies (IUIS) (Picard et al., 2015). The additional 

classification by the presence or absence of NK cells can be misleading and is 

therefore outdated (Notarangelo et al., 2009). Table 1 shows the variety of 

presently known genetic defects with the corresponding affected functionalities 

causing human SCIDs. 

Functionality Affected gene (Encoded protein)
Mode of 

inheritance

IL2RG  (Interleukin 2 receptor subunit gamma) X-chromosomal

JAK3  (Janus kinase 3)

IL7R  (Interleukin 7 receptor)

CD3D, CD3E  und CD3Z  (Delta, epsilon and  zeta chain of T-cell co-receptor CD3)

PTPRC (Protein tyrosine phosphatase, receptor type C)

Thymus 

development

FOXN1 (forkhead box N1 transcription factor, also known as winged-helix 

transcription factor nude)

Actin cytoskeleton 

regulation
CORO1A  (Actin-binding protein coronin 1A)

RAG1  (Recombination activating gene 1)

RAG2  (Recombination activating gene 2)

DCLRE1C , also known as ARTEMIS  (DNA cross-link repair protein 1C)

PRKDC  (DNA-dependent protein kinase catalytic subunit)

LIG4  (DNA ligase 4)

NHEJ1 , also knows as XLF (Non-homologous end joining factor 1, also known as 

Cernunnos or XRCC4-like factor)

Mitochondrial 

metabolism
AK2  (Adenylate kinase 2)

ADA  (Adenosine deaminase)

PNP  (Purine nucleoside phosphorylase)

T-B+ SCID

T-B- SCID

Interleukin 

signaling pathway

Pre-T-cell receptor 

signaling

V(D)J-

recombination / 

DNA repair

Purine metabolism

autosomal-

recessive

autosomal-

recessive
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The exact definition of SCID varies between countries and institutions. Sometimes 

the definition of “severe combined immunodeficiencies” can also include patients 

with normal T- and B-cell numbers but a functional T-cell defect which leads to a 

similar severe clinical phenotype like T- SCIDs. Such a T+B+ SCID can be caused 

by mutations in the genes affecting the MHC class II antigen presentation (e.g. 

CIITA, RFXANK, RFX5 and RFXAP), an impaired T-cell activation due to defects 

in the NF-κB pathway (e.g. IKBKB), or a defective regulation of intracellular ion 

currents of Mg2+ and Ca2+ (e.g. ORAI1, STIM1 or MAGT1). 

1.2 Reticular Dysgenesis 

The congenital disorder Reticular Dysgenesis (RD) is the most severe form of a 

SCID and is characterised by the phenotype of a T-B- SCID combined with 

agranulocytosis (Figure 1) and sensorineural deafness (de Vaal and Seynhaeve, 

1959; Friedrich et al., 2014; Small et al., 1999) in addition to the immunological 

defects. Within a few days after birth, RD patients develop life-threatening 

infections and die without early diagnosis and appropriate treatment in form of a 

haematopoietic stem cell transplantation (HSCT) which is the only curative therapy 

available (de Santes et al., 1996; Friedrich et al., 1985; Levinsky and Tiedeman, 

1983). 

 
Figure 1: Consequences of an AK2 deficiency on human haematopoietic development. 
Cell subsets mainly affected by an AK2 deficiency are indicated by grey font colour and red lightning 
symbols indicate the suspected developmental block. Haemoglobin levels and numbers of thrombocytes 
are affected in less than 50 % of all RD patients. CMP: common myeloid progenitors, MLP: multipotent 
lymphoid progenitors, MEP: megakaryocyte-erythrocyte progenitors, GMP: granulocyte-macrophage 
progenitors, ETP: early thymic progenitors, ErP: erythrocyte progenitors, MkP: megakaryocyte progenitors. 
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In RD patients, T cells and granulocytes are either lacking or the numbers are far 

below normal limits. However, B cells and NK cells can occasionally be within the 

normal range. The myeloid differentiation is blocked at the pro-myelocytic stage in 

the bone marrow. The thymus and secondary lymphoid organs are hypoplastic. 

Additionally, almost half of the RD patients show decreased haemoglobin levels 

and/or reduced numbers of thrombocytes at birth (Henderson et al., 2013; Hoenig 

et al., 2017; Lagresle-Peyrou et al., 2009; Pannicke et al., 2009). 

With only 32 patients presently described in the literature, corresponding to less 

than 2 % of all SCIDs, RD is a very rare severe combined immunodeficiency 

(Hoenig et al., 2017; Lagresle-Peyrou et al., 2009; Pannicke et al., 2009). 

Mutations in the adenylate kinase 2 (AK2) gene are the molecular cause of RD. 

This was identified in 2009 by Lagresle-Peyrou et al. and Pannicke et al. 

(Lagresle-Peyrou et al., 2009; Pannicke et al., 2009). Until now, 22 different AK2 

mutations are known which lead to an absent or truncated AK2 protein or to the 

non-synonymous exchange of single amino acids (Henderson et al., 2013; Hoenig 

et al., 2017; Lagresle-Peyrou et al., 2009; Pannicke et al., 2009). 

1.3 Adenylate Kinases 

Adenylate kinases play an important role in the energy metabolism of cells. They 

catalyse the reversible reaction ATP + AMP ↔ 2 ADP by transferring the gamma- 

or beta-phosphate group between two adenine nucleotides (Figure 2). 

 
Figure 2: Adenylate kinases catalyse the reversible transfer of the γ-phosphate group (blue) from ATP to 
AMP to generate two ADP. 
ATP: adenosine triphosphate, ADP: adenosine diphosphate, AMP: adenosine monophosphate. 
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Accordingly, adenylate kinases are able to influence local concentrations of 

adenosine triphosphate (ATP) and adenosine diphosphate (ADP). ATP is the most 

important cellular energy equivalent. Metabolic processes of cells generate energy 

which is directly stored in form of ATP by phosphorylating ADP or the energy is 

used to generate an electrochemical gradient at the inner mitochondrial 

membrane. The mitochondrial ATP synthase uses this electrochemical gradient to 

generate ATP from ADP and inorganic phosphate. ATP is the source of energy for 

anabolic and mechanical processes, phosphorylation of enzymes or the active 

transport of molecules against a gradient in cells. 

The diffusion of small molecules like ATP within cells is very slow (Goodsell, 1991) 

but high-energy phosphoryl groups can be transported very fast by AK-catalysed 

chain reactions. Figure 3 shows a model for high-energy phosphoryl transfer from 

ATP producing sites to ATP consuming sites via adenylate kinase chain reactions 

(Noma, 2005). 

 
Figure 3: Model for high-energy phosphoryl transfer via AK chain reaction. A～PPP and A～PP indicate 
ATP and ADP, respectively. 
The underlined and italic phosphates indicate γ-and β-position, respectively. The model shows an efficient 
high-energy β-phosphoryl transfer from ATP producing sites to ATP consuming sites by AK-catalyzed chain 
reaction. Reprinted figure 7 with permission from Takafumi Noma, Dynamics of nucleotide metabolism as a 
supporter of life phenomena, Vol. 52, pp.127 - 136, copyright (2005) by the Journal of Medical Investigation 

The cytoskeleton associated adenylate kinase 1 (AK1) transfers the high-energy 

phosphoryl groups from ADP and ATP to ADP and AMP. Hereby only the high-

energy phosphoryl groups are transported to energy consuming sites and not the 

whole high-energy phosphoryl compound. This process is much faster than simple 

diffusion (Dzeja et al., 2007). 

The adenylate kinase 2 (AK2) is located in the mitochondrial intermembrane space 

and supplies the substrat ADP to the mitochondrial ATP synthase by converting 
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ATP and AMP to 2 ADP. The adenine nucleotide translocator (ANT) imports ADP 

into the mitochondrial matrix and exports ATP which is generated by the ATP 

synthase. In that way, adenylate kinases connect energy conserving processes of 

the mitochondrial matrix with energy consuming processes occurring in the 

cytoplasm (Figure 4). The ubiquitously expressed adenylate kinase 3 (AK3) of the 

mitochondrial matrix is a GTP:AMP phosphotransferase and phosphorylates AMP 

by using guanosine triphosphate (GTP) as a substrate which is produced during 

the citric acid cycle in the mitochondrial matrix. 

 

Figure 4: Energy transfer between mitochondrial matrix and cytoplasm via an adenylate kinase mediated 
phosphoryltransfer system. 
AK1: adenylate kinase 1, AK2: adenylate kinase 2, AK3: adenylate kinase 3, ANT: adenine nucleotide 
translocator, ATP: adenosine triphosphate, ADP: adenosine diphosphate, AMP: adenosine monophosphate, 
GTP: guanosine triphosphate, GDP: guanosine diphosphate. 

Additionally, adenylate kinases are involved in AMP signalling by altering the 

cellular and mitochondrial AMP levels and play therefore an important role in 

monitoring the energy status of cells (Dzeja and Terzic, 2009). 

So far nine different adenylate kinases are known in humans. The three major 

isoenzymes, AK1, AK2, and AK3, are expressed in most tissues and have distinct 

subcellular localisations (Dzeja and Terzic, 2009; Noma, 2005) as shown in Figure 

4. The isoenzymes AK4 – AK9 have more tissue-specific expression profiles and 

lower catalytic rates (Table 2) (Noma et al., 2001; Van Rompay et al., 1999). AK4 

is mainly expressed in the mitochondrial matrix of the kidney and weakly in the 

liver, heart and brain (Panayiotou et al., 2010). AK5 is solely expressed in the 

brain while AK6 was found in the adrenal gland and AK7 in bronchial epithelium 
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(Drakou et al., 2012; Fernandez-Gonzalez et al., 2009; Hu et al., 2000; Panayiotou 

et al., 2011). The AK8 and AK9 were discovered in cDNA libraries and their tissue 

expression has not been further analysed until now (Amiri et al., 2013; Panayiotou 

et al., 2011). 

Table 2: Molecular weight, catalysed reaction and subcellular localisation of all known adenylate kinase 
isoenzymes. 
ATP: adenosine triphosphate, ADP: adenosine diphosphate, AMP: adenosine monophosphate, GTP: 
guanosine triphosphate, GDP: guanosine diphosphate, KM: Michaelis constant, Vmax: catalytic rate, n.d.: not 
determined. * calculated catalytic activity per µg without GST tag. 

 

All adenylate kinases have a common structure of a core domain, a nucleoside 

monophosphate binding domain (NMPbind) and a LID domain (Schulz et al., 1990; 

Vonrhein et al., 1995) (Figure 5). Five parallel β-sheets form the core domain with 

the P-loop which plays an important role in ATP-binding (Saraste et al., 1990). The 

residues of the nucleoside monophosphate binding domain (NMPbind) are 

important for AMP substrate binding. Long-type adenylate kinases, like AK2, AK3, 

and AK4, have a flexible LID domain, the short-type adenylate kinases, AK1, AK5, 

and AK6, have only a short loop instead (Fukami-Kobayashi et al., 1996). During 

the catalytic cycle the highly conserved LID domain of long-type adenylate kinases 

moves towards the NMPbind and the core domain and closes the catalytic site at 

the time point of the phosphoryl group transfer (Schlauderer and Schulz, 1996). 

Adenylate 

kinase
Isoform

Molecular 

weight

Catalysed reaction 

(reference)
Km [µM]

Vmax 

[pmol/µg 

per min]

Subcellular 

localisation

Tissue specifity 

(reference)

AK1 21.6 kDa
ATP + AMP--> 2 ADP 

(Panayiotou et al., 2011)
2,400 156,000 cytoplasm

most tissues           

(Noma et al., 2005)

1 (A) 26.5 kDa

2 (B) 25.6 kDa

AK3 25.6 kDa
GTP + AMP--> GDP + ADP 

(Noma, 2001)
n.d. 3,200

mitochondrial 

matrix

ubiquitous                   

(Noma et al., 2001)

AK4 25.3 kDa

ATP/GTP + AMP-->                          

2 ADP/GDP + ADP 

(Panayiotou et al., 2009)

5.3 / 1.4 90 / 80
mitochondrial 

matrix

predominantly in kidney 

and weakly in liver, heart 

and brain                  

(Noma et al., 2001)

AK5 63.3 kDa
ATP/GTP + AMP--> 2 ADP 

(Van Rompay et al., 1999)
85 / 167

the same 

for ATP and 

GTP

cytoplasm

brain                                 

(Solaroli et al., 2009,               

Van Rompay et al., 1999)

2 (B) 20.1 kDa

3 (C) 20.0 kDa

AK7

transcript 

variants are 

suspected

~74 kDa
ATP + AMP--> 2 ADP 

(Panayiotou et al., 2011)
1.0 1,130 cytoplasm

bronchial epithelium                 

(Fernandez-Gonzales          

et al., 2009)

AK8 54.9 kDa
ATP + AMP--> 2 ADP 

(Panayiotou et al., 2011)
4.1 2,400 cytoplasm n.d.

AK9 48.5 kDa
ATP + AMP--> 2 ADP 

(Amiri et a., 2013)
48 n.d.

cytoplasm and 

nucleus
n.d.

adrenal gland                   

(Hu et al., 2000)

most tissues                  

(Noma et al., 2005)

30,000 

(60,000*)
n.d.

ATP + AMP--> 2 ADP          

(Lee, 1998)
AK2

AK6

mitochondrial 

intermembrane 

space

nucleus45 18
ATP + AMP--> 2 ADP 

(Drakou et al., 2011)
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Figure 5: Structure and domains of the human short-type adenylate kinase 1 and the human long-type 
adenylate kinase 2. 
Depicted is the artificial substrate diadenosine tetraphosphate in the active site between LID domain and P-
loop. Molecular Modelling Database (MMDB, (Madej et al., 2014)) ID: 86922 (AK1, (Bunkoczi et al., 2005b)) 
and 37222 (AK2A, (Bunkoczi et al., 2005a)). 

1.4 Immunodeficient Mouse Models 

The early onset of severe combined immunodeficiencies, the rareness of patients, 

and the life-threatening condition of patients together with the early realisation of 

haematopoietic stem cell transplantation, limits the availability of patients’ material 

for biomedical research. 

Animal models are an established alternative to overcome these obstacles and 

may recapitulate the pathology of human diseases. Higher evolutionary proximity 

and anatomical and physiological similarities favour mice as model organism 

compared to zebrafish and fly. Mouse models have been successfully established 

for most SCIDs such as CD3ε- (Malissen et al., 1995), FOXN1- (Flanagan, 1966; 

Nehls et al., 1994; Pignata et al., 1996), Coronin1A- (Shiow et al., 2008), RAG1- 

(Mombaerts et al., 1992), RAG2- (Shinkai et al., 1992), ARTEMIS- (Li et al., 2005; 

Rooney et al., 2002), DNA-PKcs- (Bosma et al., 1983; Gao et al., 1998; 

Hendrickson et al., 1988; Kirchgessner et al., 1995; Rooney et al., 2002) and PNP-

deficiency (Snyder et al., 1997). All these deficiencies mimic the human phenotype 

in mice. But other defects, for example in the interleukin signalling pathways lead 

to T-cell deficiency in humans with normal or increased numbers of B cells, while 

mice show a modified phenotype with the same impaired T cell development but 

decreased B-cell numbers for IL2RG- (Cao et al., 1995), JAK3- (Nosaka et al., 

1995; Thomis et al., 1995) or IL7R- deficiency (Maki et al., 1996; Peschon et al., 

1994). Like human patients, CD45-deficient mice show T-cell deficiency and 
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impaired B-cell signalling, but in addition, mice show an extended phenotype with 

increased B- and NK-cell numbers. 

Mice lacking ligase 4 (LIG4) or adenosine deaminase (ADA) develop a much more 

severe phenotype than humans and die perinatally between embryonic day 16.5 - 

17.5 and 18.0 - 18.5 due to p53-dependent apoptosis (LIG4) or severe liver 

damage (ADA). The embryonic lethality of LIG4-deficient foetuses is p53-

dependent and can be rescued by p53-deficiency. The rescued p53-deficient and 

LIG4-deficient mice are viable and suffer from a combined B- and T-cell deficiency 

and radiosensitivity like human LIG4-deficient patients (Frank et al., 2000, 1998). 

ADA expression in trophoblasts of the placenta is essential for prenatal survival in 

the mouse and restored ADA expression in the trophoblast is sufficient to prevent 

liver damage and to rescue ADA-deficient foetuses. Rescued ADA-deficient mice 

suffer from a combined B- and T-cell deficiency with reduced levels of serum 

immunoglobulins like human ADA-deficient patients (Blackburn et al., 1998, 1995; 

Migchielsen et al., 1995; Wakamiya et al., 1995). 

1.5 Aim of the Study 

Nowadays, the most common approach of diagnosing primary immunodeficiencies 

(PID) is a phenotypic and functional characterization followed by Sanger 

sequencing of one or more candidate genes. But next-generation sequencing 

(NGS) methods are becoming increasingly accessible and allow high-throughput 

approaches to get a genetic diagnosis. Thereby new genetic defects are identified 

but also novel disease-causing mutations in already known primary 

immunodeficiency genes of patients with atypical phenotypes are uncovered 

(Erman et al., 2017; Gallo et al., 2016; Stoddard et al., 2014). These unbiased 

NGS approaches lead to the detection of a myriad of genetic variants which must 

be functionally evaluated. The development of functional assays even for known 

PID genes becomes more and more important. Until now, no functional assay is 

available to test mutations detected in the AK2 gene and to evaluate whether a 

novel mutation leads to AK2 deficiency and causes RD, a SCID. Therefore, one 

aim of this thesis is the expression and purification of recombinant AK2 protein 

and the establishment of an enzymatic assay to determine the enzymatic activities 

of different published disease-causing AK2 mutations. The results of this assay will 
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be helpful to better explain the phenotype-genotype correlation in already known 

and future RD patients (Hoenig et al., 2017). 

The pathophysiology of RD, especially the reason why an adenylate kinase 2 

deficiency leads to the observed cell type specific effects, is unknown. A previous 

study (Pannicke et al., 2009) indicated that human leukocytes might be 

susceptible to genetic defects of mitochondrial AK2, as they do not express the 

cytosolic adenylate kinase 1 (AK1) in sufficient amounts to compensate for 

functionally impaired AK2. Therefore, the second aim of this thesis is to investigate 

the expression and regulation of AK1 in haematopoietic cell lines compared to 

non-haematopoietic cell lines to characterise the expression of AK1 and AK2 in 

haematopoiesis. 

As a third aim, an Ak2 knockout mouse shall be established and characterised to 

provide a model system for further studies on the molecular biology and 

pathophysiology of RD since patients’ materials are very limited due to the low 

number of RD patients and the very early and life-threatening manifestation of RD. 
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2 Material and Methods 

2.1 Material 

2.1.1 Chemicals 

Chemical Manufacturer Cat. # 

7-Aminoactinomycin D (7-AAD), powder  Sigma-Aldrich A9400 

β-Mercaptoethanol, for synthesis Merck 805740 

β-Mercaptoethanol, for molecular biology Sigma-Aldrich 63689 

A   

Acrylamide/Bis-acrylamide, 30 % solution Sigma-Aldrich A3699 

Adenosine 5′-monophosphate (AMP) sodium salt from yeast Sigma-Aldrich A1752 

Adenosine 5′-triphosphate (ATP) disodium salt hydrate Sigma-Aldrich A6419 

Agar-Agar, Kobe I, powdered, for microbiology Carl Roth 5210.2 

Agarose, SeaKem LE Agarose Lonza Rockland 50004 

Ammonium chloride (NH4Cl), Salmiac, ≥ 99.5 % Fluka (Sigma-Aldrich) 09700 

Ammonium persulfate (APS), for molecular biology Sigma-Aldrich A3678 

Ampicillin sodium salt Sigma-Aldrich A9518 

B   

Boric acid for analysis EMSURE Merck 100165 

Bromophenol blue indicator Merck 108122 

Buffer N3, Neutralization Buffer QIAGEN 19064 

Buffer P1, Resuspension Buffer QIAGEN 19051 

Buffer P2, Lysis Buffer QIAGEN 19052 

Buffer PB, Binding Buffer  QIAGEN 19066 

Buffer PE, 5x Wash Buffer Concentrate QIAGEN 19065 

C   

Chloramphenicol ≥ 98 % (HPLC) Sigma-Aldrich C0378 

Coomassie Brilliant Blue G250, for microscopy Fluka (Sigma-Aldrich) 27815 

CutSmart Buffer New England Biolabs B7204 

 

D   

Dimethyl sulfoxide (DMSO) ROTIPURAN Carl Roth 4720 

Disodium hydrogen phosphate dihydrate, Na2HPO4 · 2 H2O Riedel-de Haen 30412 

DL-Dithiothreitol (DTT), ≥ 98 % (HPLC), ≥ 99.0 % (titration) Sigma-Aldrich D0632 

Dulbecco's Modified Eagle's Medium (DMEM), + GlutaMAX Gibco 61965026 

E   

Ethanol absolute for analysis EMSURE Merck 100983 

Ethidium bromide solution 0.025 %, 250 µg/ml Carl Roth HP47 

Ethylenedinitrilotetraacetic acid (EDTA) disodium salt dihydrate Merck 108418 
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F   

Fetal calf serum (FCS), Fetal Bovine serum EU GE Healthcare CH30160.03 

G   

Gelatin from porcine skin (powder), suitable for cell culture Sigma-Aldrich G1890 

Gelatin solution, 2 % in H2O, suitable for cell culture Sigma-Aldrich G1393 

Gentamicin solution 50 mg/mL in deionized water Sigma-Aldrich G1397 

L-Glutamine (200 mM) Gibco 25030081 

Glycerol ROTIPURAN ≥ 99.5 %, anhydrous, 1,2,3-Propanetriol Carl Roth 3783.1 

Glycine PUFFERAN ≥ 99 %, α-Aminoacetic acid, Glycocoll, Gly Carl Roth 3908.2 

H   

Hydrochloric acid (HCl) fuming 37 % for analysis EMSURE EMD Millipore 1.00317 

I   

Isopropyl alcohol, Isopropanol ROTIPURAN Carl Roth 6752.2 

K   

KnockOut DMEM basal medium Gibco 10829018 

KnockOut Serum Replacement, FBS-free medium supplement  Gibco 10828010 

L   

Leukemia Inhibitory Factor (LIF), ESGRO, 10 million units per ml EMD Millipore ESG1107 

M   

Magnesium chloride, for PCR and enzymatic activity QIAGEN 1005482 

Magnesium chloride hexahydrate, for reaction buffers Merck (10)5832 

MEK-1 inhibitor Cell Signaling PD98059 

Methanol for analysis, EMSURE Merck 106009 

MethoCult GF M3434 medium Stemcell Technologies 03434 

MethoCult M3630 medium Stemcell Technologies 03630 

Monothioglycerol, 1-Thioglycerol liquid Sigma-Aldrich M6145 

N   

NEBuffer 1.1 New England Biolabs B7201 

NEBuffer 2 New England Biolabs B7002 

NEBuffer 2.1 New England Biolabs B7202S 

NEBuffer 3 New England Biolabs B7003 

NEBuffer 3.1 New England Biolabs B7203S 

Nicotinamide adenine dinucleotide red. (NADH) disodium salt hydrate Sigma-Aldrich 43420 

Non essential amino acids (NEAA) solution (100X) Gibco 11140035 

Nonidet P 40 Substitute BioXtra, mixture of 15 homologues Fluka (Sigma-Aldrich) 74385 

P   

Dulbecco's Phosphate-buffered saline (PBS), no Ca
2+

, no Mg
2+

 Gibco 14190094 

Phospho(enol)pyruvic acid monopotassium salt ≥ 97 % (enzymatic) Sigma-Aldrich P7127 

Potassium bicarbonate (KHCO3), 99.7 %, granular Sigma-Aldrich 237205 

Potassium chloride (KCl, Roth), ≥ 99.5 %, for molecular biology Carl Roth 6781.3 

Potassium chloride (KCl, Sigma), for molecular biology, ≥ 99.0 % Sigma-Aldrich P9541 
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S   

Sodium Acetate Trihydrate Riedel-de Haen 32318 

Sodium chloride (NaCl), 99.5 - 100.5 % AnalaR NORMAPUR VWR 27810.364 

Sodium deoxycholate, for microbiology Merck 106504 

Sodium dihydrogen phosphate monohydrate (NaH2PO4 · H2O) AppliChem A3559 

Sodium dodecyl sulphate (SDS), Roti-Stock 20 % Carl Roth 1057.1 

Sodium Pyruvate (100 mM) Gibco 11360070 

SYTOX® Blue Dead Cell Stain, for flow cytometry (1 mM) Life Technologies S34857 

SYTOX® Green Nucleic Acid Stain, 5 mM Solution in DMSO Life Technologies S7020 

T   

N,N,N′,N′-Tetramethylethylenediamine (TEMED) Sigma-Aldrich T8133 

Triethanolamine hydrochloride (TEA) ≥ 99.5 % (titration) Sigma-Aldrich T1502 

Tris(hydroxymethyl)aminomethane, for analysis, buffer substance Merck 108382 

Trypan Blue Solution, 0.4 % Gibco 15250061 

Trypsin-EDTA (0.05 %), phenol red Gibco 25300096 

Trypsin (2.5 %), no phenol red Gibco 15090046 

Tryptone/Peptone ex casein pancreatic digest, for microbiology Carl Roth 8952.3 

TWEEN 20, for electrophoresis Sigma-Aldrich P5927 

W   

Water (H2O), Aqua ad iniectabilia B. Braun Melsungen AG 3703452 

Water, RNase-free, Ultrapure Water, sterile, nuclease-free EMD Millipore H20MB0501 

Y   

Yeast Extract powdered, for bacteriology Carl Roth 2363.2 

 

2.1.2 Enzymes 

Enzyme Manufacturer Cat. # 

Factor Xa Protease 1 mg/ml New England Biolabs P8010 

KpnI 10,000 U/ml New England Biolabs R0142 

Lactic Dehydrogenase, recombinant from E. coli ≥ 90 U/mg Sigma-Aldrich 59747 

NotI 10,000 U/ml New England Biolabs R0189 

PmeI 10,000 U/ml New England Biolabs R0560 

Proteinase K, buffered aqueous glycerol solution ≥ 800 U/ml Sigma-Aldrich P4850 

PstI 15,000 U/ml Pharmacia Biotech 27-0886-04 

Pyruvate Kinase, ammonium sulphate suspension, 350-600 U/mg Sigma-Aldrich P1506 
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2.2 Molecular Biology Methods 

2.2.1 Extraction of Genomic DNA 

Genomic deoxyribonucleic acid (DNA) was isolated from 5 x 106 suspension cells, 

from adherent cells of one 175 cm² cell culture flask (cell lines) or from murine ES 

cells of one 10 cm tissue culture dish with the Wizard Genomic DNA Purification 

Kit (Promega, cat. # A1120) according to the manufacturer's instructions. The 

isolated genomic DNA was eluted in 100 µl DNA-Rehydration Solution and stored 

at 4 °C. 

2.2.2 Extraction of RNA 

Ribonucleic acid (RNA) was isolated from 5 x 106 suspension cells or from 

adherent cells of one 175 cm² cell culture flask with the RNeasy Mini Kit (QIAGEN, 

cat. # 74104) according to the QIAGEN protocol. Optional on-column DNase 

digestion with the RNase-Free DNase Set (QIAGEN, cat. # 79254) was done to 

eliminate genomic DNA. The isolated RNA was eluted in 50 µl RNase-free water 

and stored at -20 °C. 

2.2.3 Determination of DNA and RNA Concentrations 

The concentration of DNA or RNA in aqueous solutions was determined with a 

microvolume spectrophotometer (NanoDrop 8000, Thermo Scientific) according to 

the manufacturer's instructions. 

2.2.4 cDNA Synthesis (Reverse Transcription) 

Complementary DNA (cDNA) was synthesised from 1.2 µg single stranded RNA 

with the SuperScript II Reverse Transcriptase kit (Invitrogen, cat. # 18064-014) 

and random hexamer primers (Pharmacia Biotech, cat. # 27-2166-01) in a reaction 

volume of 20 µl according to the manufacturer's instructions. The cDNA was 

stored at -20 °C. 

2.2.5 cDNA Amplification by Polymerase Chain Reaction (PCR) 

The cDNA was amplified by Polymerase Chain Reaction (PCR) with the 

HotStarTaq DNA Polymerase Kit (QIAGEN, cat. # 203205) and a DNA 

Polymerization Mix from GE Healthcare (cat. # 28-4065-58, 

desoxyribonukleosidtriphosphat (dNTP) set, 20 mM each). The composition of the 
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reaction mix is listed in Table 3 and Table 4 shows all primers used for cDNA 

amplifications with the corresponding annealing temperatures and elongation 

times. 

Table 3: HotStar Taq reaction mixture. 

 

To check for correct amplification, 10 % of the PCR reaction volume were loaded 

on a 1 % tris-borate-ethylenediaminetetraacetate (TBE) buffered (TBE buffer: 89 

mM Tris-borate, 2 mM ethylenedinitrilotetraacetic acid (EDTA), pH 8.0) agarose 

gel containing one drop of a 0.025 % ethidium bromide solution. 

Table 4: PCR primers for cDNA amplifications. 

 

Volume Component

4.0 µl Q-Solution

2.0 µl PCR buffer

0.2 µl HotStar Taq

0.2 µl dNTPs (20 mM)

1.0 µl Forward primer (10 pmol/µl)

1.0 µl Reverse primer (10 pmol/µl)

1.5 µl cDNA

10.1 µl H2O

20.0 µl Reaction volume

Forward primer

Reverse primer

ACTB/F 5'-CCAACACAGTGCTGTCTG-3'

ACTB/R 5'-CAACUAAGUCAUAGUCCGCC-3'

AK1cDNA/F 5'-TGCGGTCCGAGGTCAGCTCAGG-3'

AK1cDNA/R 5'-GCGTCCACATACAGCAGCAGTGTG-3'

RD60/F 5'-GTGAGGCGTGCGAACTGGTGG-3'

RD60/R_IsoA 5'-ATTCCCACCCATTGCCTCACAGG-3'

RD60/F 5'-GTGAGGCGTGCGAACTGGTGG-3'

RD60/R 5'-TGCCCAGCACCTAAGAGCAGG-3'

AK1cDNA100/F 5'-ACTGGCCCCGGCGCCCACC-3'

AK1cDNA/R 5'-GCGTCCACATACAGCAGCAGTGTG-3'

AK1cDNAEx2/F 5'-AGCACTGACACGGCTCCC-3'

AK1cDNA/R 5'-GCGTCCACATACAGCAGCAGTGTG-3'

AK1Ex0A/F 5'-GGCCGGACGAATGTGTCAC-3'

AK1cDNA300/R 5'-TGAGCTGACCTCGGACCGCAG-3'

AK1Ex0B/F 5'-GGCTCCCAGTAAAGCGATCCTC-3'

AK1cDNA300/R 5'-TGAGCTGACCTCGGACCGCAG-3'

AK1Ex0C/F 5'-GGCTCCCAGTAAAGCGATCCTC-3'

AK1cDNA300/R 5'-TGAGCTGACCTCGGACCGCAG-3'

AK1Ex1A/F 5'-AACCCAGGTGGATGGGAGGG-3'

AK1cDNA300/R 5'-TGAGCTGACCTCGGACCGCAG-3'

cDNA target
Elongation 

time

PCR 

product

ACTB 30 sec 264 bp

Annealing 

temperature

60 °C

Primer sequence

AK1                       

(Ex4 - Ex6)
30 sec 232 bp

AK2A                      

(Ex1 - Ex6)
60 sec 816 bp

58 °C

66 °C

815 bp

AK1           

(Ex1 - Ex6)
30 sec 425 bp

60 °C

58 °C

30 sec

AK1            

(Ex0A - Ex4)
58 °C 30 sec

AK2B                      

(Ex1 - Ex7)
60 sec

AK1               

(Ex1A - Ex4)
58 °C 30 sec

391 bp

440 bp

230 bp

275 bp

221 bp

AK1            

(Ex0B - Ex4)
58 °C 30 sec

AK1           

(Ex0C - Ex4)
58 °C 30 sec

AK1                  

(Ex2 - Ex6)
56 °C
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2.2.6 Quantitative Real-time Polymerase Chain Reaction (qPCR) 

The expression of human AK1 RNA and the expression of five reference genes 

(ACTB, GAPDH, HPRT1, RPL13A and UBC) was analysed by quantitative real-

time polymerase chain reaction (qPCR) of cDNA (chapter 2.2.4) with SYBR Green 

(Rotor-Gene SYBR Green PCR Kit, QIAGEN, cat. # 204074) on the real-time PCR 

cycler Rotor-Gene Q (QIAGEN). All primers used are shown in Table 5. 

Table 5: PCR primers for quantitative real-time polymerase chain reactions with a SYBR 
Green assay. 

 

The quantification cycle (Cq) was determined in triplicate for each sample in three 

independent experiments and a standard curve was used to determine the 

efficiency of each qPCR reaction. The relative expression ratio (R) of each sample 

was calculated by using equation (1) which is based on the mathematical model 

for relative quantification published by Pfaffl et al. (Pfaffl, 2001). 

(1) 𝑅 = 𝑙𝑛 (𝐸(𝐶𝑞(𝑐𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑜𝑟)−𝐶𝑞(𝑝𝑟𝑜𝑏𝑒))) 

 R = relative expression ratio 
 E = qPCR reaction efficiency 
 Cq = quantification cycle 
 calibrator = AK2 positive control 1 

The two reference genes HPRT and RPL13A were used for AK1 expression data 

normalisation according to equation (2). 

Forward primer

Reverse primer

AK1cDNA600/F 5'-GCUGGAGACCUAUUACAAGGCCAC-3'

AK1Ex7/R 5'-GUGCAGACCUGGGAGAAGAC-3'

qRT-ACTB/F 5'-TGTGGCATCCACGAAACTAC-3'

qRT-ACTB/R 5'-GGAGCAATGATCTTGATCTTCA-3'

hGAPDH/F 5'-GAAGGTGAAGGTCGGAGTC-3'

hGAPDH/R 5'-GAAGATGGTGATGGGATTTC-3'

not known

not known

hRPL13A/F 5'-CGGACCGTGCGAGG-3'

hRPL13A/R 5'-CACCATCCGCTTTT-3'

hUBC/F 5'-CTAGTTCCGTCGCAGCCGGGA-3'

hUBC/R 5'-TGGTGTCACTGGGCTCAACCTCG-3'

117 bpAK1

Target 

cDNA

PCR 

product
Primer sequence

ACTB 182 bp

GAPDH 226 bp

HPRT1 QuantiTect 

Primer Assay (QIAGEN, 

cat. # QT00059066)

136 bpUBC

HPRT1
not 

known

RPL13A 114 bp
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(2) 𝑅𝑛𝑜𝑟𝑚 = 𝑅𝑠𝑎𝑚𝑝𝑙𝑒 − (
𝑅𝐻𝑃𝑅𝑇+𝑅𝑅𝑃𝐿13𝐴

2
) 

For the graphical presentation the normalised expression ratios were transformed 

to percentages (equation (3)). 

(3) 𝑅% = 𝑒𝑅𝑛𝑜𝑟𝑚 

2.2.7 Purification of PCR Products for Sanger Sequencing 

PCR products were purified by gel extraction before Sanger sequencing. 

Therefore the whole reaction volume of the cDNA PCR reaction was loaded on a 

2 % TBE buffered (TBE buffer: 89 mM Tris-borate, 2 mM ethylenedinitrilotetra-

acetic acid (EDTA), pH 8.0) agarose gel containing one drop of a 0.025 % 

ethidium bromide solution to remove oligonucleotide primers and dNTPs and to 

separate the different PCR products by size if a PCR reaction resulted in more 

than one PCR product. The various PCR products were purified by gel extraction 

(QIAquick Gel Extraction Kit, QIAGEN, cat. # 28704) according to the 

maufacturer’s protocol and eluted in 40 µl Elution Buffer. 

2.2.8 Methylation Analyses of Genomic DNA 

DNA methylation is an important cellular mechanism to influence the activity of 

promoter regions and occurs primarily at the C5 position of cytosines in the 

context of CpG dinucleotides, forming 5-methylcytosine (see Figure 6). 

 

Figure 6: DNA methylation at the C5 position of cytosines by DNA 
methyltransferases leads to the formation of 5-methylcytosine. 
SAM: S-adenosyl methionine (methyl group donor), SAH: S-adenosyl-L-homocysteine 

DNA methylation does not affect the base-pairing of cytosine and guanine and 

therefore cannot be detected directly by sequencing. Sodium bisulphite conversion 

followed by sequencing enables the detection and quantification of DNA 

methylation. Treating DNA with sodium bisulphite followed by hydrolytic 

deamination and alkali desulphonation chemically modifies all non-methylated 

cytosines and leads to the conversion of non-methylated cytosines into uracil 
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(Figure 7). Only methylated cytosines remain unaffected and can still be identified 

by sequencing after bisulphite treatment. 

 

 

 

Figure 7: Bisulphite conversion of non-methylated cytosine to uracil. 
A) Bisulphite conversion reaction of non-methylated cytosine to uracil via sulphonation, hydrolytic 
deamination and alkali desulphonation. B) Methylation at the C5 position of cytosines prevents cytosine 
from conversion to uracil and can therefore be detected by sequencing after PCR amplification of 
bisulphite- treated genomic DNA.  

The EZ DNA Methylation-Lightning Kit (Zymo Research, cat. # D5030) was used 

according to the manufacturer’s instructions to treat 500 ng genomic DNA or 500 

ng Human Premixed Calibration Standard (EpigenDx, cat. # 80-8060H-PreMix) 

with sodium bisulphite. The experimental setup and the evaluation algorithm was 

verified with a premixed calibration standard containing genomic DNA which was 

enzymatically fully methylated (100 % ) or completely demethylated (0 %) and 

premixed samples with an average CpG methylation amount of 5 %, 10 %, 25 %, 

50 %, and 75 %. After the conversion reaction the promoter region of AK2, the 

promoter region of AK1 with exon 1 and intron 1, as well as the genomic region of 

AK1 exon 0A of the bisulphite treated DNA was amplified. The PCR amplification 

was done in a reaction volume of 25 µl with ZymoTaq Polymerase (Zymo 

Research, cat. # E2002), a polymerase for hardly amplifiable templates, according 

to the manufacturer’s instructions. All PCR reactions were performed with an 

elongation time of 1 min. The annealing temperature for each primer pair and the 

primer sequences are listed in Table 6. 

 

A) 

B) 
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Table 6: PCR primers and PCR conditions for methylation analyses after sodium bisulphite 
conversion reactions. 

 

After the PCR amplification, the PCR products were purified with magnetic beads 

(25 µl PCR reaction + 45 µl Agencourt AMPure XP magnetic beads, Beckman 

Coulter, cat. # A63881) according to the Illumina MiSeq library preparation 

protocol (Nextera XT DNA Library Preparation Kit (Illumina, cat. # FC-131-1096). 

The purified PCR products of each sample were pooled and 2 ng of each pool 

were used for NGS library preparation. The libraries were labelled with the Nextera 

XT Index Kit v2 Set D (Illumina, cat. # FC-131-2004) and normalised according to 

the Nextera XT DNA Library Preparation protocol. The sequencing of these 

libraries was done by the department “Transplantationsimmunologie” of the 

“Institut für Klinische Transfusionsmedizin und Immungenetik, Ulm gGmbH” on a 

MiSeq sequencer (Illumina) with a V3 flow cell. The sequencing data was 

analysed with the CLC Genomics Workbench software (QIAGEN). Paired reads 

were trimmed using a quality score limit of 0.001 and the Nextera XT transposase 

adaptor sequences (5’-TCGTCGGCAGCGTCAGA TGTGTATAAGAGACAG-3’ 

and 5’-GTCTCGTGGGCTCGGAGATGTGTATAAGA GACAG-3’) were removed 

on both strands. The trimmed reads were mapped to the reference sequence. This 

reference sequence was based on the human reference sequence (GRCh37, 

Genome Reference Consortium, February 2009) and the murine reference 

gDNA target Primers Primer sequence
Annealing 

temp.

PCR 

product

AK1 BisulfitEx0A/F
5'-GAAATYGAGGTTTTAGGAG 

GTATGGGG-3'

AK1 BisulfitEx0A/R2
5'-TACATCCTCCTCAAAACCC 

TAATTAAC-3'

AK1 BisulfitvorProm/F
5'-TTTTTGTTGTGTTTAAGGAT 

TTATAGATG-3'

AK1 BisulfitvorProm/R
5'-CAAAATACACTCCAAAATA 

CAAAACC-3'

AK1 BisulfitProm/F2
5'-GGGATTGTGGTTAGTAAAG 

TTTTTGAG-3'

AK1 BisulfitProm/R
5'-AACACRCACTAACCTAAAA 

AAAAATAC-3'

AK1 BisulfitEx1/F
5'-TGYGGGGTTTTTTGGGGG 

TTGTG-3'

AK1 BisulfitEx1/R
5'-ATTAATATCCCCTCTCTAA 

ACCTATCCTACTAC-3'

AK2 BisulfitProm/F
5'-AATTTAATAGGATTTTAATG 

TTGTTGTTGGTG-3'

AK2 BisulfitProm/F
5'-TCCTACCGCTCACCTAAA 

TCCCTTTAC-3'

muAK1 Bisulfit/F1
5'-AGTTGATTTAGTTAAAGAAT 

TTTTGTTTGTGGAG-3'

muAK1 Bisulfit/R1
5'-CATAAATACAAACATTCAAA 

ACACACAAAACCC-3'

500 bp

454 bp

483 bp

465 bp

518 bp

490 bp

58 °C

58 °C

murine AK1 

promoter
60 °C

AK1 promoter 

part B
56 °C

AK1 promoter 

part A
56 °C

AK1 exon 1

AK1 exon 0A

AK2 promoter

60 °C
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sequence (GRCm38, Genome Reference Consortium, December 2011) and it was 

generated by in silico conversion of all non-CpG cytosines to thymines. Depending 

on the methylation status, CpG cytosines were detected as thymines after the 

bisulphite conversion reaction or remained cytosines, so the CpG cytosines of the 

reference sequence were annotated according to the International Union of Pure 

and Applied Chemistry (IUPAC) notation as “Y” which stands for pyrimidine and 

therefore represents cytosine and thymine. The low complexity of bisulphite 

treated DNA facilitated the mapping of short reads beyond the targeted regions 

and reference masking was used to increase the number of mapped reads in the 

amplified genomic regions. After the mapping a low frequency variant detection 

was performed to determine the percentage of thymines and remaining cytosines 

at each analysed CpG dinucleotide. CLC standard settings were used for this 

analyses but the coverage for positions which should be ignored was increased to 

108, which was above the highest coverage at all positions. No read direction 

filters were used to avoid biases at the edges of the amplified regions. The 

percentage of remaining cytosines represented the percentage of CpG-

methylation at each analysed CpG dinucleotide. 

2.2.9 Cloning of Different Adenylate Kinase cDNAs in pcDNA6/myc-HisA or 

pMALc5X Vectors 

The mammalian expression vector pcDNA6/myc-HisA (Invitrogen, cat. # V221-20) 

with human AK1 or AK2 cDNA inserts was used for in vitro RNA synthesis of AK1 

messenger RNA (mRNA) and AK2A mRNA with different 5’ and 3’ untranslated 

regions (UTRs). The bacterial expression vector pMAL-c5X vector (New England 

Biolabs, Cat # N8108S) was used to express fusion proteins of human adenylate 

kinase 2 (AK2) with the maltose-binding protein (MBP) in Escherichia coli (E. coli) 

to be able to determine the enzymatic activity of both adenylate kinase 2 isoforms 

AK2A and AK2B and six different AK2A mutants, each with one point mutation of a 

RD patient. 

In the context of a previously finished bachelor thesis by Sabine Kuch (Kuch, 

2015) the six AK2A mutations c.[139G>C]/p.[Gly47Arg], c.[307C>T]/p.[Arg103Trp], 

c.[494A>G]/p.[Asp165Gly], c.[524G>A]/p.[Arg175Gln], c.[524G>C]/p.[Arg175Pro], 

and c.[556C>T]/ p.[Arg186Cys] had been introduced into pcDNA6 vectors 

containing AK2A cDNA. These pcDNA6 vectors with the different mutated AK2A 
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cDNA inserts and three pcDNA6 vectors with wild type AK1 (NCBI reference 

sequence NM_000476.2), AK2A (NCBI reference sequence NM_001625.3) and 

AK2B (NCBI reference sequence NM_013411.4) cDNAs were used as templates. 

Table 7: Cloning primers and PCR conditions. 
Restriction sites (blue), start or stop codons (red), GSG-spacer (green) and His-tag (yellow) are labelled as 

indicated, AK1: adenylate kinase 1, AK2: adenylate kinase 2, ORF: open reading frame, UTR: untranslated 
region. 

 

Oligonucleotides containing restriction sites (see Table 7) were used to amplify the 

open reading frames (ORFs) of AK1 (with and without 5’UTR exons), AK2A and 

AK2B in a 50 µl PCR reaction with the Phusion High-Fidelity DNA Polymerase 

(Thermo Fisher, Cat # F530) using HF buffer or the Cloned Pfu DNA Polymerase 

Kit (Stratagene, cat. # 600154) according to the manufacturer’s instructions. The 

correct amplification of the PCR targets was verified by loading 10 % of the PCR 

reaction volume on a 1 % TBE buffered (TBE buffer: 89 mM Tris-borate, 2 mM 

ethylenedinitrilotetraacetic acid (EDTA), pH 8.0) agarose gel containing one drop 

of a 0.025 % ethidium bromide solution. The amplified PCR fragments were 

cDNA target Cloning primers Primer sequences
Annealing 

temp.

Elongation 

time

PCR 

product

Poly-

merase

Kpn1AK1cDNAwt 

KOZAK/F

5'-GGGGTACCTCGGCAGGATGGAA 

GAGAAGCTGAAG-3'

Not1AK1cDNA3' 

w/oStop/R

5'-ATAGTTTAGCGGCCGCCACTTTAG 

GGCGTCCAGGTGGG-3'

Kpn1AK1cDNAEx

1/F

5'-GGGGTACCCATGCCGCGCGCTG 

ACAG-3'

Not1AK1cDNA3'w

/oStop/R

5'-ATAGTTTAGCGGCCGCCACTTTAG 

GGCGTCCAGGTGGG-3'

Kpn1AK1Ex0A 

cDNA/F

5'-GGGGTACCCGCATGCCCTACCA 

CTACTAC-3'

AK1cDNA300/R
5'-TGAGCTGACCTCGGACCGCAG            

-3'

Kpn1AK2cDNA_F
5'-GGGGTACCGCGGACATGGCTCC  

-3'

Not1AK2AcDNA3' 

w/oStop/R

5'-ATAGTTTAGCGGCCGCCAGATAAA 

CATAACCAAGTCTT-3'

Not1AK2cDNA/F
5'-ATAAGAATGCGGCCGCATGGCTC 

CCAGCGTGCCAG-3'

Pst1AK2AcDNA 

His/R

5'-AACTGCAGTCAATGGTGATGGTGA 

TGATGGCCCGAGCCGATAAACATAA

CCAAGTCTTTACATGTGGC-3'

Not1AK2cDNA/F
5'-ATAAGAATGCGGCCGCATGGCTC 

CCAGCGTGCCAG-3'

Pst1AK2BcDNA 

His/R

5'-AACTGCAGTCAATGGTGATGGTGA 

TGATGGCCCGAGCCGGATGTGGCTT

TGGAGAAGGCTG-3'

AK1-

3'UTR/F_neu
5'-CAACGCTGGAGCCGCTTCCC-3'

1/2Pme1AK1cDN

A2200/R

5'-AAACCCAAUGGAAAUGAAAAACC 

AGCC-3'

AK2-3'UTR/F 5'-TGTTGGGTCCAAGAAGGAATT-3'

1/2Pme1AK2A-

3'UTR/R

5'-AAACCACCCAGAGAAGGATCCC 

AG-3'

Pfu

Pfu

Phusion

Phusion

AK1 with 

5'UTR exons 

0A and 0B

45 sec

Pfu

Phusion

AK1 ORF

AK2A ORF

63 °C

68 °C

58 °C

60 °C

AK2A           

wild type ORF 

and mutated

AK2B ORF

66 °C

66 °C

AK1 ORF with 

5'UTR exon 1
56 °C

80 sec

60 sec

582 bp

1482 bp

616 bp

749 bp

30 sec

30 sec

771 bp

750 bp

90 sec 743 bp

Phusion

AK2A 3'UTR 64 °C 60 sec 1926 bp Phusion

60 secAK1 3'UTR
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purified with the peqGOLD Cycle-Pure Kit (peqlab, Cat # 12-6492-01) according to 

the manufacturer’s instructions. The purified PCR fragments, eluted in 50 µl H2O 

and 6 µg of each vector (pcDNA6/myc-HisA and pMAL-c5X) were digested in a 60 

µl reaction volume (1x NEBuffer 3.1, 20 U NotI, 30 U PstI or NEBuffer 2.1, 20 U 

KpnI, 20 U NotI) at 37 °C overnight. 

After the digestion the PCR fragments and the linearised vectors were purified by 

gel extraction using a 1 % TBE agarose gel and the peqGOLD MicroSpin Gel 

Extraction Kit (peqlab, cat. # 12-6294-01) according to the manufacturer’s 

instructions. The purified vectors and the DNA fragments were eluted with 10 µl 

Elution Buffer and ligated at a 1.5 µl (vector) to 8.0 µl (insert) ratio with the Fast-

Link DNA Ligation Kit (epicentre, cat. # LK6201H) for 1 h at room temperature. 

This resulted in the following new plasmids: pcDNA6/AK1wtKozakmycHis, 

pcDNA6/AK1Ex1mycHis, pcDNA6/AK2AmycHis, pMAL/AK2AHis, pMAL/AK2BHis, 

pMAL/AK2Amut.139His, pMAL/AK2Amut.307His, pMAL/AK2Amut.494His, pMAL/ 

AK2Amut.524AHis, pMAL/AK2Amut.524CHis, and pMAL/AK2A mut.556His. 

 

Figure 8: pcDNA6 vectors with AK1 open reading frame (ORF) inserts for in vitro synthesis of AK1 mRNAs 
with different 5’UTRs and a pcDNA6 vector with the AK2A ORF. 
The pcDNA6/AK1wtKozakmycHis and the pcDNA6/AK2AmycHis vector were the source material for pcDNA6 
vectors containing AK1 and AK2A with different 3’UTRs. AK1: adenylate kinase 1, AK2: adenylate kinase 2, c-
myc: protein tag derived from the c-myc gene product, UTR: untranslated region, 6 x His: hexa histidine 
protein tag. 
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The alternative AK1 5’UTR with Exon 0A and 0B was cloned into the 

pcDNA6/AK1wtKozakHis plasmid with KpnI and EcoNI (NEBuffer 1.1, 20 U KpnI, 

20 U EcoNI) as described for the other vectors to obtain the vector 

pcDNA6/AK1Ex0ABmycHis. cDNA from the MO59K cell line was used as PCR 

template. The nucleotide sequence of the alternative AK1 5’UTR exons 0A2 and 

0B of AK1 are attached in Appendix B. 

Figure 8 shows the pcDNA6 vectors for the in vitro RNA synthesis of human AK1 

mRNA with different 5’UTRs and the pcDNA6 vector containing the AK2A open 

reading frame, which was used together with the pcDNA6/AK1wtKozakmycHis 

vector to generate vectors for the in vitro synthesis of AK1 and AK2A mRNAs with 

different 3’UTRs. 

 

Figure 9: pcDNA6 vectors with AK1 or AK2 open reading frame (ORF) inserts for in vitro synthesis of AK1 
and AK2A mRNAs with different 3’UTRs. 
AK1: adenylate kinase 1, AK2: adenylate kinase 2, c-myc: protein tag derived from the c-myc gene product, 
UTR: untranslated region, 6 x His: hexa histidine protein tag. 

After the PCR amplification of the 3’UTRs of AK1 and AK2, the PCR fragments 

were phosphorylated at the 5´-hydroxyl terminus with 30 U T4 Polynucleotide 

Kinase (USB Corporation, cat. # 70031Y) for 30 min at 37 °C in a total reaction 

volume of 35 µl with 1x T4 DNA Ligase Buffer (New England Biolabs, cat. # 

B0202). The PmeI digested (6 µg plasmid, 6 U PmeI, CutSmart Buffer (New 

England Biolabs, cat. # B7204), 37 °C overnight) and gel purified (peqGOLD 
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MicroSpin Gel Extraction Kit, peqlab, cat. # 12-6294-01) vectors 

pcDNA6/AK1wtKozakmycHis and pcDNA6/AK2AmycHis were dephosphorylated 

with 18 U calf intestinal alkaline phosphatase (Roche Diagnostics, cat. # 

10108138001) in NEBuffer 3 (New England Biolabs, cat. # B7003) in 50 µl 

reaction volume for 1h at 37 °C to improve blunt end ligation efficiency. The 

phosphorylated PCR products and the dephosphorylated vectors were purified 

using the peqGOLD Cycle-Pure Kit (peqlab, cat # 12-6492-01) according to the 

manufacturer’s instructions (elution volume: 30 µl H2O). Ligation of the PmeI 

digested, dephosphorylated vectors with the phosphorylated PCR products (vector 

to insert ratio 1:4) was done overnight at room temperature according to the blunt 

end ligation protocol of the Fast-Link DNA Ligation Kit (epicentre, cat. # LK6201H). 

Four vectors named pcDNA6/AK1+3’UTR, pcDNA6/AK1+AK2A-3’UTR, 

pcDNA6/AK2A+3’UTR, and pcDNA6/AK2A+AK1-3’UTR were obtained (Figure 9). 

The transformation of XL2-Blue cells with the described plasmids after the ligation, 

the plasmid preparation, and the quality control by diagnostic digestion and 

Sanger sequencing are described in chapters 2.2.10, 2.2.11, 2.2.12, and 2.2.13. 

2.2.10 Transformation of Chemically Competent XL2-Blue Cells 

After the ligation the plasmids were multiplied in Escherichia coli (E. coli). All 

transformations were carried out with 60 µl XL2-Blue ultracompetent cells (Agilent 

Technologies, cat. # 200150) and 2.5 µl of the ligation reaction according to the 

manufacturer’s instructions. After the transformation the cells were plated on LB 

agar plates (10 g/l tryptone, 5 g/l yeast extract, 10 g/l sodium chloride, 14 g/l agar) 

containing ampicillin at a concentration of 200 µg/ml to select for plasmid-

containing cells. 

2.2.11 Plasmid Preparation 

The BioSprint 15 workstation (QIAGEN) was used with BioSprint 15 Plasticware 

(QIAGEN, cat. # 1030058), magnetic beads (MagAttract Suspension G, QIAGEN, 

cat. # 1026901), Resuspension Buffer P1 (QIAGEN, cat. # 19051), Lysis Buffer P2 

(QIAGEN, cat. # 19052), Neutralization Buffer N3 (QIAGEN, cat. # 19064), Binding 

Buffer PB (QIAGEN, cat. # 19066), and Wash Buffer PE (QIAGEN cat. # 19065) to 

isolate plasmids from E. coli according to the manufacturer’s instructions. 2 ml LB 

medium (10 g/l tryptone, 5 g/l yeast extract, 10 g/l sodium chloride) containing the 

appropriate antibiotic(s) were inoculated with a colony from an agar plate and 
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incubated at 37 °C overnight. 1.5 ml of this bacterial overnight culture was used for 

plasmid preparation with the BioSprint 15 workstation. Purified plasmids were 

eluted in 50 - 100 µl H2O. 

2.2.12 Diagnostic Digestion of Plasmids 

The correct insertion of the insert into the vector backbone was analysed by 

diagnostic digestion after plasmid isolation. 5 µl of the eluted plasmid were 

digested with two restriction enzymes in a reaction volume of 20 µl for 1 h at 37 

°C. 

The pcDNA6 vectors with AK1 open reading frame (ORF) inserts and different 

5’UTRs were digested with 1U KpnI and 1 U NotI in 1x NEBuffer 2.1. The 

pMALc5-derived vectors were digested with 1 U NotI and 30 U PstI in 1x NEBuffer 

3.1 and the correct insertion of the blunt end ligated 3’UTRs of AK1 and AK2A was 

analysed by diagnostic digestion with 1 U NotI and 1 U PmeI in 1x NEBuffer 2.1. 

After the digestion the complete reaction volume was loaded on a 1 % TBE 

agarose gel to check for a correct insert. Only plasmids which passed this check 

were further analysed by Sanger sequencing. 

2.2.13 Sanger Sequencing 

The integrity of each new vector and PCR products were validated by Sanger 

sequencing on an ABI 3100 Genetic Analyzer (Applied Biosystems). The reaction 

setup and the thermocycling conditions are listed in Table 8. After the sequencing 

reaction, the samples were processed by staff members of the sequencing unit of 

the department “Molekulare Diagnostik, Institut für Transfusionsmedizin, 

Universität Ulm”.  

Table 8: Reaction setup and thermocycling conditions for Sanger sequencing. 

 

 

For the MBP-AK2His fusion proteins, the complete coding sequence of the fusion 

protein and the junction between insert and vector were verified with the 

Volume Component

1 µl
BigDye® Terminator v1.1 Ready Reaction Mix 

(Applied Biosystems, order # 4337451)

1.5 µl
5x Sequencing Buffer                                                

(Applied Biosystems, order # 4337451)

0.5 µl sequencing primer (10 pmol/µl)

variable 20 fmol plasmid or purified PCR product

ad 10 µl
H2O (Aqua ad iniectabilia, B. Braun 

Melsungen AG, cat. # 3703452)

Temperature Time

95 °C 2 min

95 °C 10 sec

60 °C 5 sec x 35

60 °C 4 min

12 °C ∞
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sequencing primers listed in Table 9. No sequence variation was tolerated and 

additional clones were tested if a sequence variation was detected. The following 

single-nucleotide polymorphisms (SNPs) annotated by the dbSNP build 146 (The 

Short Genetic Variations database, National Center for Biotechnology Information, 

Bethesda, USA) were accepted in the AK1 3’UTR: rs4226 A/C, rs2249308 G/T, 

rs913987 A/C. 

Table 9: Sequence and position of sequencing primers for the verification of pMAL/AK2His plasmids. 

 

The identity of the cDNA PCR products was confirmed by sequencing with the 

corresponding forward and reverse PCR primers (see Table 4). 

2.2.14 In Vitro Synthesis of RNA 

RNA with a 7-methyl guanosine cap structure at the 5' end and a poly(A) tail at the 

3’ end was synthesised in vitro to mimic eukaryotic mRNAs found in vivo. 

Linearised pcDNA6 vectors with AK1 and AK2 cDNA inserts were used as 

templates. The linearisation was achieved by PmeI digestion of 40 µg plasmid in 

300 µl reaction volume with 40 U PmeI and 1x CutSmart Buffer (New England 

Biolabs, cat. # B7204) at 37 °C overnight. The purification of the linearised vectors 

was done by ethanol precipitation with 1/20 volume EDTA (0.5 M, pH 8.0), 1/10 

volume sodium acetate (3 M, pH 4.6) and 2 volumes ethanol for 15 min at -20 °C. 

After the precipitation, the plasmids were collected by centrifugation (15 min full 

speed) and washed with 70 % ethanol followed by 5 min full speed centrifugation. 

The dried plasmids were dissolved in 50 µl DNA Rehydration Solution (Wizard 

Genomic DNA Purification Kit, Promega, cat. # A1120) for 1 h at 65 °C. 

Capped in vitro RNA was synthesised with the mMESSAGE mMACHINE T7 

Transcription Kit (Ambion, cat. # AM1344) from 1µg linearised plasmid. Poly(A) 

tails were added with the Poly(A) Tailing Kit (Ambion, cat. # AM1350) according to 

the manufacturer’s instructions. The length of the poly(A) tail was estimated by the 

comparison of the RNA length before and after the tailing reaction via gel 

electrophoresis (1 % TBE buffered agarose gel). After the purification of the in vitro 

synthesised RNA according to the cleanup protocol of the RNeasy Mini Kit 

Primer name 5' - 3' primer sequence Location

pMAL-c5X Seq F1 CAACTCTCTCAGGGCCA 500 bp upstream of malE expression cassette

pMAL-c5X Seq R1 CGCTCTTACCTTTCGCTTT malE expression cassette

pMAL-c5X Seq F2 GCTGATTGCTTACCCGAT malE expression cassette

pMAL-c5X Seq F3 GGTCGTCAGACTGTCGATGAAGCC malE expression cassette

AK2cDNA300F GTGAGTGATGAAATGGTAGTGG AK2A und AK2B
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(QIAGEN, cat. # 74104) and the elution of the RNA in 60 µl RNase-free water, the 

absorption of the RNA solution was determined photometrically at 260 nm (see 

chapter 2.2.3). The theoretical concentration of the RNA without the poly(A) tail 

was calculated based on the measured concentration of the whole RNA, the 

length of the poly(A) tail and the presumption that the absorbance of 1 at 260 nm 

corresponds to 40 ng/µl RNA or 23 ng/µl poly(A). To be able to transfect the same 

number of RNA molecules for each setting, the measured RNA concentration was 

corrected regarding the different absorption of the poly(A) tail compared to RNA 

with all four nucleobases. 

2.2.15 In Vitro Methylation of the Vector pGL3/Prom1 

The vector pGL3/AK1Prom1 which contained the promoter region of adenylate 

kinase 1 upstream of the firefly luciferase was methylated in vitro with the CpG 

Methyltransferase M.SssI (New England Biolabs, cat. # M0226). In a reaction 

volume of 500 µl, 10 µg plasmid were methylated for 4 h at 37 °C with 10 U 

M.SssI and 160 µM S-adenosylmethionine (SAM) in NEBuffer 2 (New England 

Biolabs, cat. # B7002) The methylated plasmid was purified with the peqGOLD 

Cycle-Pure Kit (peqlab, cat # 12-6492-01) according to the manufacturer’s 

instructions and was eluted in 2 x 30 µl H2O. 

Afterwards, the CpG methylation of the pGL3/AK1Prom1 vector was verified by 

diagnostic digestion with the methylation-sensitive restriction enzyme HpaII 

(Pharmacia Biotech, cat. # 27-0864-02) compared to the digestion with the 

methylation-resistant restriction enzyme MspI (Pharmacia Biotech, cat. # 27-0988-

02) at 37 °C for 4 h (200 ng vector, 0.2 µl enzyme each (1.4 U HpaII, 2.5 U MspI), 

1x CutSmart Buffer in 20 µl reaction volume). 

2.2.16 MBP-AK2His Fusion Protein Overexpression in E.coli 

The overexpression of the MBP-AK2A and MBP-AK2B wild-type proteins and the 

mutated MBP-AK2His fusion proteins was carried out in the E.coli strain Rosetta 2 

which is a BL21 derivative designed to enhance the expression of eukaryotic 

proteins that contain codons rarely used in E. coli. This strain supplies tRNAs for 

seven rare codons on a compatible chloramphenicol-resistant plasmid and 

provides for “universal” translation and is not limited by the codon usage of E. coli. 

The transformation of 20 µl chemically competent Rosetta 2 cells was carried out 

with 50 ng plasmid. Plasmid-harbouring cells were selected on LB agar plates 
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containing ampicillin (200 µg/ml) and chloramphenicol (34 µg/ml). Plasmids from 

single colonies were isolated (see chapter 2.2.11) and the whole coding sequence 

was verified by Sanger sequencing (see chapter 2.2.13). 

Single colonies were grown in overnight cultures and 19 ml LB medium with 

ampicillin (200 µg/ml), chloramphenicol (34 µg/ml) and 0.5 % glucose were 

inoculated with 1 ml of the fresh overnight culture to obtain a starter culture. The 

starter culture was incubated with shaking at 300 rpm until an optical density at 

600 nm (OD600) between 0.5 and 1.0 was reached. For the expression analyses of 

the fusion protein over time 1 ml starter culture was removed, the cells were spun 

down, the supernatant was discarded and the cell pellet was resuspended in 50 µl 

2x SDS loading buffer (130 mM Tris-HCl pH 6.8, 20 % glycerol, 20 % 1M 

dithiothreitol (DTT), 10 % sodium dodecyl sulphate (SDS), 2 % 2-mercaptoethanol, 

0.2 % bromophenol blue) and stored at -20 °C. Glycerol stocks were prepared 

from the remaining starter culture by adding 188 µl glycerol to 1062 µl starter 

culture. Stocks were stored at -75 °C. 

To induce the expression of the MBP-AK2 fusion proteins, the Overnight 

Express™ Autoinduction System (Novagen, cat. # 71757-3) was used according 

to the manufacturer’s instructions. Ampicillin (50 µg/ml) and chloramphenicol (34 

µg/ml) were added to the Overnight Express medium to keep up selection 

pressure in favour of plasmid-harbouring cells. Two glycerol stocks served as an 

inoculum for 250 ml Overnight Express medium and the expression culture was 

incubated at 30 °C for 24 h with shaking at 300 rpm in an incubator shaker (New 

Brunswick Scientific, model G-25). After that the cells were pelleted (4700 x g, 15 

min, 4 °C) and stored at -20 °C. The subsequent protein extraction and purification 

is described in chapter 2.4.1. 

2.2.17 Promoter Activity Determination  

The transcription factor mediated promoter activity of the genomic region upstream 

of AK1 exon 1 was measured via firefly luciferase mediated luminescence with the 

Dual-Glo Luciferase Assay System (Promega, cat. # E2920). Therefore, parts of 

the promoter region upstream of AK1 exon 1 were cloned upstream of the firefly 

luciferase in the promoterless vector pGL3-Basic (Promega, cat. # E1751) by 

Sabine Kuch under guidance in the course of her practical semester (bachelor 

degree course Pharmaceutical Biotechnology, Biberach University of Applied 
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Sciences). The pGL3 plasmids contained six fragments (Prom 1: -1837 bp to +18 

bp, Prom 2: -1312 bp to +18 bp, Prom 3: -1111 bp to +18 bp, Prom 3B: -877 to 

+18 bp, Prom 4: -399 to +18 bp and Prom 5: -92 bp to +18 bp) of the AK1 

promoter region from -1837 to +18 bp relative to the transcription start site (+1) of 

adenylate kinase 1 published by Matsuura et al. (Matsuura et al., 1989). The 

promoter fragments Prom 2, Prom 4 and Prom 5 corresponded to the previously 

analysed AK1 promoter regions CAT1, CAT2 and CAT3 (Matsuura et al., 1989). In 

addition to the six pGL3 vectors, the promoter activity of an in vitro fully methylated 

pGL3 vector (see chapter 2.2.15) with the longest AK1 promoter fragment Prom 1 

was analysed. 

The luciferase vectors were transfected in HeLa, K-562, Jurkat and HL-60 cells as 

described in chapter 2.3.7. After 20 - 22 h, the cells of each transfection reaction 

were transferred to two wells of a 96 well plate (Nunc MicroWell 96-Well Optical-

Bottom Plates, Thermo Fisher Scientific, cat. # 165305) with 75 µl medium each 

and the luciferase dependent luminescence was measured according to the 

protocol of the Dual-Glo Luciferase Assay System with a spectrophotometer 

microplate reader (POLARstar® Omega, BMG Labtech). The luminescence signal 

of each well was measured for 5 sec at 25 °C. The transfection efficiency was 

assayed for each sample by co-transfection of the vector pRL-CMV (Promega, cat. 

# E2261) which contained the Renilla reniformis luciferase under the control of the 

cytomegalovirus (CMV) promoter. The Renilla luminescence signal was detected 

directly after the firefly luminescence signal and was used to normalise the firefly 

luminescence signal. 

The pGL3-Basic vector without any promoter was used for baseline detection and 

the pGL3/Control vector (Promega, cat. # E1741) with the Simian virus 40 (SV40) 

promoter and enhancer was used as a positive control. 

2.2.18 Digital PCR Analyses 

The haematopoiesis-specific recombination activity of the vav-iCre recombinase at 

the floxed murine Ak2 locus was analysed by digital PCR. Therefore the ratio of 

floxed Ak2 exon 3 to reference exon 2 was analysed by specific TaqMan® Assays 

to monitor the Cre-mediated recombination of floxed Ak2 alleles in sorted 

haematopoietic and non-haematopoietic cells. 
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The QuantStudio 3D Digital PCR Master Mix v2 kit (ThermoFisher Scientific, cat. # 

A26358) was used according to the manufacturer’s instructions and genomic DNA 

at a concentration of 12 ng/µl (see chapters 2.2.1 and 2.6.3) or cell lysates of 

1,000 sorted cells per µl (using the KAPA Mouse Genotyping Hot Start Kit, peqlab, 

cat. # 07-KK735, according to the manufacturer’s instructions) was used as 

template. The reference exon (Ak2 exon 2) was detected with a VIC-labelled 

TaqMan® Assay (ThermoFisher Scientific, cat. #4400291, Assay-ID: 

Mm00112530_cn, custom design with VIC instead of FAM), while a FAM-labelled 

TaqMan® Assay (ThermoFisher Scientific, cat. # 4400291, Assay-ID: 

Mm00112533_cn) was used to analyse the presence or absence of the floxed Ak2 

exon 3. Figure 10 shows the localisation of the TaqMan® Assays. 

 

Figure 10: Localisation of the VIC-labelled TaqMan
®

 Copy Number Assay (reference assay) and the 
FAM-labelled TaqMan

®
 Copy Number Assay in the murine Ak2 gene for digital PCR analyses. 

FAM = 6-carboxyfluorescein, VIC = 2'-chloro-7'phenyl-1,4-dichloro-6-carboxyfluorescein. 

The digital PCR reaction mixes were loaded on QuantStudio 3D Digital PCR 20K 

Chips (ThermoFisher Scientific, cat. # A26316) with the QuantStudio™ 3D Digital 

PCR Chip Loader (ThermoFischer Scientific). The thermal cycling was done with 

the GeneAmp PCR System 9700 (ThermoFischer Scientific) according to the 

suggested standard cycling protocol. After the thermal cycling the chips were 

analysed with the QuantStudio 3D Digital PCR Instrument and the data analysis 

was done online with the QuantStudio 3D AnalysisSuite Cloud Software (version: 

3.1.2-PRC-build-03, Applied Biosystems by ThermoFischer Scientific, 

https://www.thermofisher.com/de/de/home/life-science/pcr/digital-pcr/quantstudio-

3d-digital-pcr-system/quantstudio-3d-software.html). Each sample was analysed 

twice on two chips. The FAM and the VIC thresholds were set for each run as 
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shown in Figure 11 and defined the FAM and VIC positive calls. The percentage of 

Ak2 exon 3 compared to Ak2 exon 2 was calculated by dividing the calculated 

number of FAM positive copies per µl by the calculated number of VIC positive 

copies per µl. 

 

Figure 11: Definition of the FAM and the VIC threshold for digital PCR analyses. 
The thresholds define the positive calls and were applied to all samples of one run. One heterozygous and 
one Ak2 knockout sample are shown as example. FAM: 6-carboxyfluorescein, 
VIC: 2'-chloro-7'phenyl-1,4-dichloro-6-carboxyfluorescein, NO-AMP: no amplification. 

The mating of Ak2fl/fl female mice with Cre+Ak2+/- male mice resulted in embryos 

with one Ak2 wild-type or one knockout allele and always one floxed allele. So the 

efficiency of the Cre-mediated recombination of the floxed allele could be 

calculated based on the percentage of Ak2 exon 3, determined by digital PCR and 

the genotype of the sample according to equation (4). 

(4) 𝑟𝑒𝑐𝑜𝑚𝑏𝑖𝑛𝑎𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 = 100 − (
𝑃%𝐴𝑘2𝐸𝑥3−𝑃%𝑤𝑡 𝑎𝑙𝑙𝑒𝑙𝑒

50 %
× 100) 

 P%Ak2Ex3 = percentage of Ak2 exon 3 based on reference exon 2 

 P%wt allele = theoretical percentage of wild-type alleles without loxP 

recombination sites based on genotyping results (0 % or 50 %) 

2.3 Cell Culture 

2.3.1 Human Cell Lines 

26 different human cell lines were used from the stock of the workgroup 

“Molekulare Diagnostik, Institut für Transfusionsmedizin, Universität Ulm”. The 

identities of 18 haematopoietic cell lines and eight non-haematopoietic cell lines 

were previously verified by short tandem repeat (STR) analyses. Cell type and 

origin of the cell lines are listed in Table 10 together with culture conditions. 
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Table 10: Human haematopoietic and non-haematopoietic cell lines used. 
STR profiles of the tested cell lines correspond to STR profiles of the indicated cell line published by the 
American Type Culture Collection (ATCC) or the Deutsche Sammlung von Mikroorganismen und 
Zellkulturen (DSMZ). 

Continued on following page 
 

Cell line Cell type Origin Culture type Medium
STR profile 

reference

AK2 positive 

control 1
Fibroblasts

Neonatal human dermal 

fibroblast
Adherent

IMDM +                

10 % FCS

Cambrex Bio 

Science # CC-2509

AK2 positive 

control 2
Fibroblasts Human skin biopsy Adherent

IMDM +                

10 % FCS
-

AK2 negative 

control
Fibroblasts

Human skin biopsy of RD 

patient with homozygous 

AK2 mutation at position 

c.[636_*2601del]

Adherent
IMDM +                

10 % FCS
-

CCRF-CEM T cell
T-acute lymphoblastic 

leukemia
Suspension

RPMI +       

10 % FCS
ATCC # CCL-119

Daudi B cell
Human B cell lymphoblast 

(Burkitt`s lymphoma)
Suspension

RPMI +       

10 % FCS
ATCC # CCL-213

DND-41 T cell
T-acute lymphoblastic 

leukemia
Suspension

RPMI +       

10 % FCS
DSMZ # ACC 525

EBV-B 1 EBV-B cell
EBV transformation of B 

cells
Suspension

RPMI +       

10 % FCS
-

EBV-B 2 EBV-B cell
EBV transformation of B 

cells
Suspension

RPMI +       

10 % FCS
-

HEK-293
Epithelial 

kidney cell

Tumorigenic  embryonic 

kidney
Adherent

IMDM +                

10 % FCS
ATCC # CRL-1573

HeLa
Cervical 

epithelial cells

Cervical epithelial 

adenocarcinoma
Adherent

IMDM +                

10 % FCS
ATCC # CCL-2

HEP-G2
Hepatic 

epithelial cell
Hepatocellular carcinoma Adherent

IMDM +                

10 % FCS
DSMZ # ACC 180

HL-60 Promyelocyte
Acute promyelocytic 

leukemia
Suspension

RPMI +       

10 % FCS
ATCC # CCL-240

HPB-ALL T cell
T-acute lymphoblastic 

leukemia
Suspension

RPMI +       

10 % FCS
DSMZ # ACC 483

Jurkat       

Clone E6-1
T cell

T-acute lymphoblastic 

leukemia
Suspension

RPMI +       

10 % FCS
ATCC # TIB-152

K-562

Highly 

undifferentiated 

myeloid cell 

Chronic myelogenous 

leukemia
Suspension

RPMI +       

10 % FCS
ATCC # CCL-243

KG-1 Myeloid cell 
Acute myelogenous 

leukemia
Suspension

RPMI +       

10 % FCS
ATCC # CCL-246

M059J

glial cell, 

lacking DNA-

PKcs activity

Malignant glioblastoma Adherent
IMDM +                

10 % FCS
ATCC # CRL-2366

M059K glial cell Malignant glioblastoma Adherent
IMDM +                

10 % FCS
ATCC # CRL-2365

ML-2 Myelomonocyte Acute myeloid leukemia Suspension
RPMI +       

10 % FCS
DSMZ # ACC 15

MOLT-3 T cell
T-acute lymphoblastic 

leukemia
Suspension

RPMI +       

10 % FCS

ATCC # CRL-1552 

DSMZ # ACC 84

NALM-6 B cell precursor
Acute lymphoblastic 

leukemia
Suspension

RPMI +       

10 % FCS
DSMZ # ACC 128

NB-4 Promyelocyte
Acute promyelocytic 

leukemia
Suspension

RPMI +       

10 % FCS
DSMZ # ACC 207

PEER T cell
T-acute lymphoblastic 

leukemia
Suspension

RPMI +       

10 % FCS
DSMZ # ACC 6
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Table 11: Human haematopoietic and non-haematopoietic cell lines used. 
STR profiles of the tested cell lines correspond to STR profiles of the indicated cell line published by the 
American Type Culture Collection (ATCC) or the Deutsche Sammlung von Mikroorganismen und 
Zellkulturen (DSMZ). (Continued) 

 

2.3.2 Cell Culture of Adherent Human Cell Lines and Suspension Cells 

All adherent cell lines were cultured in Iscove's Modified Dulbecco's Medium 

(IMDM medium, Life Technologies, cat. # 21980-065) with 10 % foetal calf serum 

(FCS, PAA Laboratories, cat. # A15-101, lot # A10111-1098) and suspension cells 

were cultured in Roswell Park Memorial Institute medium 1640 (RPMI medium 

1640, Gibco, cat. # 21875-034) with 10 % FCS. Cryopreserved stocks with 

freezing medium (70 % medium, 20 % FCS, 10 % Dimethyl sulfoxide (DMSO)) 

were available for all cell lines and after thawing the adherent cell lines were 

cultured in cell culture flasks with a growth area of 25 cm² (greiner bio-one, cat. # 

690175) to near confluence before they were detached with Accutase (PAA 

Laboratories, cat. # L11-007) and transferred to 75 cm² and 175 cm² cell culture 

flasks (greiner bio-one, cat. # 658175 and cat. # 660175). The adherent cells were 

always passaged at a 1:3 ratio before they reached confluence. The density of 

suspension cells was maintained between 1 x 105 and 8 x 105 cells/ml. All cells 

were incubated at 37 °C with 7.5 % CO2. 

2.3.3 Culture of Mouse Embryonic Fibroblast Feeder Cells 

Murine embryonic fibroblasts (MEFs) from embryos at embryonic day 14.5 were 

used as feeder cells for embryonic stem cell culture (see chapter 2.3.5) and they 

were generously provided by the workgroup of Prof. Dr. Hans Jörg Fehling, 

Institute of Immunology, University Clinics Ulm. 

The MEFs were cultured on gelatin coated tissue culture dishes with a diameter of 

10 cm (BD Falcon, cat. # 353003) in DMEM+GlutaMAX medium (Gibco, cat. # 

61965) with 10 % FCS (GE Healthcare), 0.1 mg/ml gentamicin, 1 mM sodium 

pyruvate, 1 x non-essential amino acids and 150 µM monothioglycerol at 37 °C 

with 10 % CO2. To improve cell adherence, the tissue culture dishes were coated 

with 10 ml gelatin buffer (4 mM sodium dihydrogen phosphate monohydrate 

Cell line Cell type Origin Culture type Medium
STR profile 

reference

Raji B cell
Human B cell lymphoblast 

(Burkitt`s lymphoma)
Suspension

RPMI +       

10 % FCS
ATCC # CCL-86

Ramos B cell
Human B cell lymphoblast 

(Burkitt`s lymphoma)
Suspension

RPMI +       

10 % FCS
ATCC # CRL-1596

Reh B cell precursor
Acute lymphoblastic 

leukemia
Suspension

RPMI +       

10 % FCS
ATCC # CRL-8286
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(NaH2PO4 x H2O), 16 mM disodium hydrogen phosphate dihydrate (Na2HPO4 x 2 

H2O), 150 mM NaCl, 1.5 % gelatin powder) for 10 min at room temperature. 

Confluent MEFs were detached with 2 ml trypsin (0.05 % trypsin) and split at a 1:5 

ratio to maintain feeder cell supply or the trypsinised cells were transferred to 8 ml 

medium and spun down for 5 min at 300 x g to harvest cells for subsequent 

irradiation (see chapter 2.3.4) and to use them as feeder cells for embryonic stem 

cell culture. 

2.3.4 Irradiation of Murine Embryonic Fibroblasts 

Murine embryonic fibroblasts (MEFs) were treated with gamma irradiation to stop 

cell proliferation, because MEFs were needed as feeder cells for embryonic stem 

(ES) cell culture. 

The MEFs from one confluent 10 cm tissue culture dish were harvested (see 

chapter 2.3.3) and resuspended in 10 ml feeder medium. A Gammacell 2000 

(Nuclear Data) irradiator with an actual dose rate of 3.24 Gy/min was used to 

irradiate the detached MEFs for 12 min with 39 Gy. After irradiation, the cells were 

plated on gelatin coated tissue culture plates from nunc (Thermo Scientific): 96-

well plate (cat. # 163320), 12-well plate (cat. # 150628), 6-well plate (cat. # 

140675), or 10 cm tissue culture dishes (BD Falcon, cat. # 353003). The next day, 

the adhered irradiated MEFs were used as feeder cells for ES cell culture (see 

chapter 2.3.5). 

2.3.5 Isolation and Culturing of Embryonic Stem Cells 

Embryonic stem (ES) cells were isolated from embryonic day 3.5 blastocysts (see 

chapter 2.5.6). The isolated and washed blastocysts were transferred to single 

wells of a 12-well cell culture plate with irradiated feeder cells (day 0) (see 

chapters 2.3.3 and 2.3.4). For three days the blastocysts were cultured in 1 ml ES 

cell medium at 37 °C with 10 % CO2 on the feeder cells. When the blastocysts had 

attached to the feeder cells, 500 µl of the ES cell medium in each well were 

carefully replaced with fresh ES cell medium. The ES cell medium contained 

KnockOut DMEM medium with 20 % KnockOut Serum Replacement, 0.1 mg/ml 

gentamicin, 2 mM L-glutamine, 1 x non-essential amino acids (Gibco, cat. # 

11140), 100 µM β-mercaptoethanol and 1000 U/ml Leukemia Inhibitory Factor 

(LIF). 
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Dependent on the size of the blastocyst and the inner cell mass, the ES cell 

containing inner cell mass was isolated 6 to 8 days after the isolation of the 

blastocysts. A modified glass micropipette (see chapter 2.5.6), was used to 

remove the surrounding MEFs and the cells of the trophoblast. The exposed cells 

of the inner cell mass were then transferred with a modified glass micropipette and 

as little medium as possible to a well of a 96 well plate with 20 µl prewarmed 

trypsin (2.5 %). The cells were dissociated for 10 to 20 min at 37 °C and by 

periodical pipetting until single cells were obtained. The trypsin reaction was then 

stopped by adding 100 µl prewarmed ES cell medium and the cells were collected 

by centrifugation (5 min, 300 x g). The cells were washed with 100 µl ES cell 

medium (5 min, 300 x g) and transferred with 100 µl ES cell medium containing 

0.1 % MEK-1 inhibitor to one well of a 96-well plate with irradiated feeder cells. 

The next day, half of the medium was replaced with fresh ES cell medium + 0.1 % 

MEK-1 inhibitor. The isolated ES cells proliferated and formed ES cell colonies on 

the feeder cells. For ES cell passaging, the cell culture medium was removed, the 

cells were washed once with phosphate buffered saline (PBS), then the cell were 

detached with trypsin (0.05 % trypsin) and transferred to new feeder cells. The day 

after splitting, and every second to third day the culture medium was replaced by 

fresh ES cell medium with 0.1 % MEK-1 inhibitor. 

For gDNA isolation and protein extraction, ES cells were passaged for up to four 

passages on gelatin coated 10 cm tissue culture dishes without feeder cells. The 

cells of one 10 cm tissue culture dish were used for gDNA extraction or protein 

extraction (see chapters 2.2.1 and 2.4.1). 

2.3.6 Harvesting Cells for DNA, RNA and Protein Extraction 

Adherent cells were cultured in cell culture flask with a growth area of 175 cm² 

(greiner bio-one, cat. # 660175) and before they reach confluency, cells were 

detached with Accutase (PAA Laboratories, cat. # L11-007). The detached 

adherent cells from one cell culture flask or 5 x 106 suspension cells were pelleted 

by centrifugation at 300 x g for 5 min. Any traces of FCS and Accutase were 

removed by washing the cells twice with PBS (Life Technologies, cat. # 14190-

169). After that, the cell pellets were flash frozen in liquid nitrogen and stored at  

- 75 °C. 
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2.3.7 Transfection of Cells with RNA or Plasmid DNA 

The transfection of cells with RNA or plasmid DNA was done by nucleofection, 

using the 4D-Nucleofector X Unit (Lonza) according to the Amaxa 4D-Nucleofector 

protocol. Table 12 contains the cell numbers per transfection reaction, the cell type 

specific transfection programmes and the amount of transfected substrates (RNA 

or plasmid DNA) for each cell type. All cells were split two days before transfection 

and were transfected in the logarithmic growth phase. After the transfection, the 

cells were incubated at 37 °C and 7.5 % CO2 in 6-well or 12-well plates containing 

2 - 3 ml culture medium. 

The efficiency of RNA transfections was determined on the day after transfection 

by flow cytometry. The percentage of EGFP positive cells in 200 µl aliquots of the 

transfected cells was determined by FACS analyses with a FACSort Cell Sorter 

(Becton Dickinson Biosciences) using the analysis software Cell Quest (Becton 

Dickinson Biosciences). The transfection efficiency of each single sample was 

used to adjust the protein amount which was loaded on the SDS polyacrylamide 

gel for Western Blot analyses (see chapter 2.4.4 and 2.4.6). 

Table 12: Transfection conditions for HeLa, HL-60, Jurkat and K-562 cells. 
The 4D-Nucleofector X Unit (Lonza) was used according to the Amaxa 4D-
Nucleofector protocol. 

 

2.3.8 Colony Assays 

The ability of Ak2-deficient haematopoietic progenitors to differentiate into mature 

cells of the three different haematopoietic lineages was not only analysed by flow 

cytometry but also by colony assays. Murine foetal liver cells were cultured in a 

semi-solid methylcellulose matrix with appropriate cytokines and supplements to 

promote the proliferation of colony-forming unit (CFUs) progenitors to colonies or 

Cell line
Cell number/ 

reaction
Kit

Transfection 

programm

Transfected RNA or 

plasmid DNA amount

HeLa 3x10
5 SE CN-114

500 fmol Renilla vector + 

500 fmol Firefly vector

HL-60 1x10
6 SF CM-138

500 fmol Renilla vector + 

500 fmol Firefly vector

Jurkat 1x10
6 SE CL-120

160 fmol Renilla vector + 

160 fmol Firefly vector

Jurkat 2x10
6 SE CL-120

2 pmol RNA + 0.4 µg EGFP 

RNA (transfection control)

K-562 3x10
5 SF FF-120

100 fmol Renilla vector + 

100 fmol Firefly vector

K-562 1x10
6 SF FF-120

2 pmol RNA + 0.4 µg EGFP 

RNA (transfection control)
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clusters containing recognisable progeny. The colonies were evaluated and 

counted by light microscopy (Nikon, inverted microscope Eclipse TE 300). 

The colony assays were performed in duplicate with foetal liver cells isolated from 

embryos at embryonic day 13.5 (see chapter 2.5.7). To detect granulocyte colony-

forming units (CFU-G), macrophage colony-forming units (CFU-M), granulocyte 

and macrophage colony-forming units (CFU-GM), as well as erythroid burst-

forming units (BFU-E) and granulocyte, erythroid, macrophage, and 

megakaryocyte colony-forming units (CFU-GEMM) the MethoCult GF M3434 

medium (Stemcell Technologies, cat. # 03434) was used according to the 

manufacturer’s instructions with 3 x 104 foetal liver cells per 35 mm dish (Greiner 

bio-one, cat. # 627102). Pre-B-cell colony assays were done with MethoCult 

M3630 medium (Stemcell Technologies, cat. # 03630) and 1.5 x 105 foetal liver 

cells per 35 mm dish to detect pre-B colony-forming units (CFU-pre-B). 

The Pre-B-cell colonies were evaluated and counted by light microscopy (Nikon, 

inverted microscope Eclipse TE 300) and were additionally verified by flow 

cytometry. Therefore the culture medium in each petri dish was diluted with 1 ml 

PBS containing 5 % FCS after seven days incubation time and the cells were 

isolated by centrifugation for 5 min at 300 x g. To remove residual culture medium, 

the cells were washed once with 5 ml PBS + 5 % FCS before they were 

transferred in 200 µl PBS + 5 % FCS to a 96-well round bottom plate (Brand, cat. 

# BR701330) on ice for staining. The cells were pelleted for 5 min at 300 x g at 4 

°C to discard the supernatant. Unspecific antibody-binding was blocked with 100 µl 

blocking solution (Mouse IgG: Jackson, cat. # 015-000-003, 1:20; Anti-

CD16/CD32: BD, cat. # 553142, 1:100) per well. After 10 min on ice, 100 µl PBS + 

5 % FCS were added to each well and the diluted blocking solution was removed 

after centrifugation. The staining of the cells was done with 100 µl staining solution 

per well for 20 min on ice. The PBS-based staining solution contained 5 % FCS, 

PE-coupled anti-CD19 antibodies (BD, cat. # 553786, lot # 72092, 1:200 diluted) 

and APC-coupled anti-B220 antibodies (BD, cat. # 553092, lot # 73008, 1:100 

diluted). After the staining, the cells were resuspended in 200 µl PBS + 5 % FCS 

containing the viability dye SYTOX® Green at a concentration of 0.5 µM for 

live/dead discrimination. The stained cells were filtered through a nylon mesh 

(Sefar, cat. # 3A03-0150-102-00) before flow cytometric analysis of viable 

CD19/B220 double positive cells (FACSAria, BD Bioscience). 
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2.4 Protein Biochemistry 

2.4.1 Total Protein Extraction from Cultured or Sorted Cells 

To extract total protein, 5 x 106 suspension cells or adherent cells of one 175 cm² 

cell culture flask, harvested as described in chapter 2.3.6, were thawed on ice and 

then lysed for 30 min on ice by adding 100 µl protein lysis buffer (50 mM Tris-HCl 

pH 8.0, 62.5 mM EDTA, 1 % Nonidet P40, 0.4 % sodium deoxycholate). Sorted 

cells of small size like B cells, T cells, and erythrocytes were lysed with 1 µl protein 

lysis buffer per 100.000 cells. Sorted monocytes and granulocytes were lysed with 

1 µl lysis buffer per 20.000 cells and LSK cells were lysed with 1 µl lysis buffer per 

4.500 cells. Cells transfected with RNA were lysed 18 h after transfection with 60 

µl protein lysis buffer for 30 min on ice. After cell lysis, the debris was removed by 

centrifugation (5 min at 16,000 x g) and cleared protein extracts were stored at  

-20°C. 

2.4.2 Purification of His-tagged MBP-fusion Proteins from E.coli 

The His-tagged MBP-fusion proteins were purified with the QIAexpress Ni-NTA 

Fast Start Kit (QIAGEN, cat. # 30600) under native conditions according to the 

manufacturer’s instructions. After incubating the cells with lysis buffer, all samples 

were sonicated twice on ice for 10 sec to improve cell lysis. Cell debris was 

pelleted for 30 min at 4,000 x g and 4 °C to clear the lysate. Fusion proteins were 

cleaved at the factor Xa cleavage site between the maltose-binding protein and 

the His-tagged AK2 protein by adding 0.2 % (w/w) factor Xa protease (New 

England Biolabs, cat. # P8010L) to the cleared lysate. The approximate protein 

amount of the lysate was priorly determined by measuring the absorption at 280 

nm with a microvolume spectrophotometer (NanoDrop 8000, Thermo Scientific) 

and the protein amount was calculated on the basis of the molar attenuation 

coefficient of ε = 73800 for AK2A and AK2B and a molecular weight of 70.95 kDa 

(AK2A) and 70.09 kDa (AK2B) respectively. According to the protein amount of the 

lysate the factor Xa amount was adjusted. 

After factor Xa digestion for 18 h at room temperature, the purification of the His-

tagged AK2 proteins via nickel-nitrilotriacetic acid (Ni-NTA) metal-affinity 

chromatography matrices on Ni-NTA columns was performed according to the 

QIAGEN protocol. To increase the yield of eluted protein, the columns were 
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regenerated after the first cycle two-times with 2 ml sodium hydroxide (0.5 M) and 

washed with 2 ml and 4 ml Native Lysis Buffer followed by a second cycle of 

protein purification by applying the flow-through from cycle one on the same 

column again. All eluates from one sample were pooled. At each step of the 

protein extraction and purification samples were taken to monitor the stability of 

the proteins, the factor Xa cleavage efficiency and the purification success. Table 

13 shows the sample collection scheme. The sample volumes were adjusted 

according to the total volume at each purification step and represented 0.02 % of 

the whole protein amount. The collected samples were analysed by SDS 

polyacrylamide gel electrophoresis (SDS-PAGE) and Coomassie Blue staining as 

described in chapter 2.4.5. 

Table 13: Sample collection scheme to monitor the expression and purification of MBP-AK2 fusion 
proteins. 
The collected sample volume was adjusted to the total volume at each step of the purification and 
represents 0.02 % of the whole protein amount. 2x SDS loading buffer was added and the samples were 
stored at -20 °C until SDS polyacrylamide gel electrophoresis was performed. * cells were spun down, 
supernatant was discarded and the cell pellet was resuspended in 50 µl 2x SDS loading buffer 

 

The Elution Buffer of the eluate contained imidazole and was not suitable for long-

term storage of proteins so it was replaced by AK2 storage buffer (25 mM Tris-HCl 

pH 7.3, 100 mM glycine, 10 % glycerol). Centrifugal filter units (Amicon Ultra-4 10 

K, Merck Millipore, cat. # UFC801008) were used to change buffers by adding 4 

ml storage buffer and centrifuging for 40 min at 4,000 x g. This was repeated four 

times for each sample. The membrane with a nominal molecular weight limit of 10 

kDa retained all proteins. The retentate was adjusted to 400 µl with storage buffer 

and non-cleaved fusion proteins with 71 kDa were removed from the 28.5 kDa 

AK2AHis proteins by a centrifugal filter unit with a nominal molecular weight limit of 

50 kDa (Amicon Ultra-4 50 K, Merck Millipore, cat. # UFC805008) at 4,000 x g for 

# Sample Total volume 100 % [ml] Sample volume [µl] 2x SDS Loading buffer [µl]

1 Starter culture 1000* 50.0

3 Lysate 10.0 2.0 8.0

4 Lysate after factor Xa digestion 10.0 2.0 8.0

5 Flow-through 1 10.0 2.0 8.0

6 Wash fraction 1/1 4.0 0.8 9.2

7 Wash fraction 1/2 4.0 0.8 9.2

8 Eluate 1/1 1.0 1.0 49.0

9 Eluate 1/2 1.0 1.0 49.0

10 Flow-through 2 10.0 2.0 8.0

11 Eluate 2/1 1.0 1.0 49.0

12 Eluate 2/2 1.0 1.0 49.0
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30 min. At the end the permeates were split up into two aliquots and stored at  

- 75 °C. 

2.4.3 Determination of Protein Concentration 

Determining the exact quantity of proteins was necessary for Western Blot 

analyses of protein extracts and the adenylate kinase activity assay. The protein 

concentrations were quantified by bovine serum albumin (BSA) standard curves 

and the Detergent Compatible (DC) Protein Assay (BioRad, cat. # 500-0113, 500-

0114, and 500-0115) a colorimetric assay based on the Lowry protein assay. The 

BSA standard curves were made either with protein lysis buffer or AK2 storage 

buffer adjusted to the buffer of the samples. The assay was carried out in 

duplicates according to the BioRad protocol and the absorption at 750 nm was 

measured by a spectrophotometer microplate reader (POLARstar® Omega, BMG 

Labtech). The protein concentration of each sample was calculated with reference 

to a BSA standard curve by the MARS Data Analysis Software (BMG Labtech). 

2.4.4 SDS Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

A SDS polyacrylamide (PAA) gel electrophoresis (SDS-PAGE) was used to 

separate and analyse proteins according to their molecular weight. All protein 

samples were adjusted to the same volume and 2x SDS loading buffer (130 mM 

Tris-HCl pH 6.8, 20 % glycerol, 20 % 1 M dithiothreitol (DTT), 10 % sodium 

dodecyl sulphate (SDS), 2 % β-mercaptoethanol (Merck, cat. # 805740), 0.2 % 

bromophenol blue) was added to denature the proteins at 95 °C for 5 min. A 5 % 

stacking gel (5 % acrylamide/bis-acrylamide, 0.13 M Tris-HCl (1 M pH 6.8), 0.1 % 

SDS, 0.1 % ammonium persulfate (APS), 0.1 % tetramethylethylenediamine 

(TEMED)) and a 15 % resolving gel (15 % acrylamide/bis-acrylamide, 0.375 M 

Tris-HCl (1.5 M pH 8.8), 0.1 % SDS, 0.1 % Ammoniumpersulfat, 0.04 % TEMED) 

were used to separate the protein samples with a premixed running buffer 

(Rotiphorese® 10x SDS-PAGE running buffer, Carl Roth, cat. # 3060.2). The 

electrophoresis was done at 120 V until all proteins reached the resolving gel then 

voltage was increased to 180 V. A prestained protein standard (Precision Plus 

Protein All Blue Standards, BioRad, cat. # 161-0373) was used to monitor the 

migration of the proteins. After SDS-PAGE the proteins were transferred to a 

polyvinylidene fluoride membran (see chapter 2.4.8) or the proteins were stained 

with Coomassie Brilliant Blue (see chapter 2.4.5). 
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2.4.5 Coomassie Brilliant Blue Staining 

Proteins can be visualised in polyacrylamide gels by Coomassie Brilliant Blue 

staining. Directly after SDS-PAGE, the polyacrylamide gel was heated for 20 sec 

in 30 ml H2O with a microwave oven (800 W) followed by 5 min shaking at room 

temperature to eliminate the SDS. This washing step was repeated three times. 

Then the gel was heated for 20 sec in 30 ml staining solution (80 mg/l Coomassie 

Brilliant Blue, 35 mM HCl) at 800 W followed by 15 min shaking at room 

temperature to stain the proteins. Excessive dye was removed by repeated 

washing steps as explained above. 

2.4.6 Western Blot Analyses and Immunodetection 

Western Blot analyses in combination with immunodetection were used to analyse 

the expression of AK1 and AK2 in various samples. Proteins separated by SDS-

PAGE were transferred to polyvinylidene fluoride membranes (PVDF membrane, 

Millipore, cat. # IPVH00010). The PVDF membranes were wetted in methanol 

according to the manufacturer’s instructions and equilibrated in transfer buffer (48 

mM Tris, 39 mM glycine, 20 % methanol). A semi-dry transfer unit (TE77ECL, 

Amersham Biosciences) was used to transfer the proteins from the polyacrylamide 

gel to the PVDF membrane at 1.2 mA/cm² for 2 h. After the protein transfer the 

membrane was wetted in methanol and subsequently air-dried to fix the proteins 

on the membrane. 

For immunodetection the dried membrane was blocked for 5 min at room 

temperature with 5 % skimmed milk powder in Tris-buffered saline with Tween 20 

(TBST: 100 mM Tris-HCl, 1.5 M NaCl, 0.5 % Tween 20) on a horizontal shaker. 

Then the membrane was incubated in 15 ml TBST with 5 % skimmed milk powder 

and the primary antibody at 4 °C overnight. This step and all following wash and 

incubation steps were performed on a horizontal shaker at 75 rpm. 

The next day, the membrane was washed with TBST for 5 min at room 

temperature. This wash step was repeated four times. After that, the membrane 

was incubated for 2 h at room temperature with the horseradish peroxidase 

labelled secondary antibody in 15 ml TBST containing 5 % skimmed milk powder. 

The secondary antibody was also removed by 5 wash steps as previously 

described for the primary antibody. All antibodies used are listed in Table 14. 
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Table 14: Primary and secondary antibodies used for Western Blot analyses. 
IgG: Immunoglobulin G, HRP: horseradish peroxidase, H+L: heavy and light chain 

 

The horseradish peroxidase labelled secondary antibodies were detected by a 

chemiluminescent substrate (SuperSignal® West Pico Chemiluminescent 

Substrate, Thermo Scientific, cat. # 34080) according to the manufacturer’s 

instructions. Pictures of the chemiluminescence signals were visualised by the 

chemiluminescence imaging system Fusion SL (Vilber Lourmat). 

2.4.7 Western Blot Quantification 

The chemiluminescence signals of the detected protein bands were quantified 

after the Western Blot analyses with the Bio-1D analysis software from Vilber 

Lourmat. The pictures taken by the chemiluminescence imaging system Fusion SL 

(Vilber Lourmat) were analysed with the optical density modus of the Bio-1D 

software and the automated background correction “rolling ball” was applied to all 

manually defined lanes. The volume of each signal peak was normalised to the 

corresponding β-Actin signal to compensate for loading variations. Each Western 

Blot for quantification was repeated once or twice according to the 

recommendations by Schilling et al. because the major source for correlated errors 

are inhomogeneities of the gel and the transfer procedure (Schilling et al., 2005). 

2.4.8 Adenylate Kinase Activity Assay 

The enzymatic activity of adenylate kinases was determined by coupling the AK 

catalysed reaction of AMP + ATP  2 ADP with the enzymatic activity of pyruvate 

kinase (PK) which generates ATP and pyruvate from ADP and 

phosphoenolpyruvate (PEP) and the enzymatic activity of lactate dehydrogenase 

(LDH), resulting in the reduction of pyruvate to lactate and the oxidation of NADH 

to NAD+ which can be measured by a decreased NADH-dependent absorption at 

340 nm (Figure 12). 

Antibody 

specifity
Dilution Antibody type Manufacturer

Catalogue 

number

AK1 1:2,000
Rabbit polyclonal IgG and                                     

mouse monoclonal IgG

Santa Cruz 

Biotechnology

sc-28785 and 

sc-365316

AK2 1:20,000 Rabbit polyclonal IgG Proteintech Europe 11014-1-AP

β-Actin 1:40,000 Rabbit polyclonal IgG Abcam ab8227

EGFP 1:40,000 Rabbit polyclonal IgG Clontech 632460

GAPDH 1:40,000 Rabbit monoclonal IgG Abcam ab181602

Rabbit IgG 1:3,000 Goat anti-rabbit IgG (H+L)-HRP conjugate BioRad 170-6516

Mouse IgG 1:3,000 Goat anti-mouse IgG (H+L)-HRP conjugate BioRad 170-6515
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Figure 12: Determination of adenylate kinase activity. 
Adenylate kinases transfer one phosphate group from ATP to AMP, resulting in 2 ADP. The pyruvate kinase 
(PK) catalyses the reaction of phosphoenolpyruvate (PEP) and ADP to pyruvate and ATP. In the presence of 
NADH, pyruvate is reduced to lactate by lactate dehydrogenase (LDH) resulting in the oxidation of NADH to 
NAD

+
, which leads to a decreased NADH-dependent absorption at 340 nm. If the adenylate kinase is the 

limiting factor, the NADH absorption correlates with the adenylate kinase activity. 

The reaction mix contained 100 mM triethanolamine hydrochloride pH 8.5 (TEA 

buffer), 75 mM potassium chloride (KCl), 2.5 mM magnesium chloride (MgCl2), 

0.85 mM phosphoenolpyruvate (PEP), 2.5 mM ATP, 0.004 U/µl pyruvate kinase 

(PK) and 0.0055 U/µl lactate dehydrogenase (LDH). The storage conditions and 

the concentrations as well as the solvent of the stock solutions are listed in Table 

15. To determine the baseline absorption of the reaction mix and the multiwell 

plate, 163.8 µl reaction mix was mixed with 16.2 µl 10 mM TEA buffer. 

Table 15: Concentrations and storage conditions of the stock solutions used for the 
determination of adenylate kinase activity. 

 

To all other samples, the reduced nicotinamide adenine dinucleotide (NADH) was 

added to the reaction mix to a final concentration of 0.4 mM. For each sample 172 

µl reaction mix was mixed in a flat bottom multiwell plate (UV-Star® 96 well plates, 

Reagents Stock solution [mM] Solvent Storage condition

TEA buffer pH 8.5 1000 H2O 4 °C

KCl 1000 H2O 4 °C

MgCl2 25 H2O -20 °C

NADH 10 10 mM TEA buffer pH 8,5 -75 °C

PEP 10 H2O -75 °C

ATP 50 H2O -75 °C

AMP 10 H2O -75 °C

Enzymes [U/µl] Solvent Storage condition

Pyruvate kinase 5.34
ammonium sulfate 

suspension
4 °C

Lactate 

dehydrogenase 
1.29

10 mM Triethanolamine-HCl 

pH 8,5 + 50 % glycerol
-20 °C
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Greiner Bio-One, cat. # 655801) with 8 µl protein sample which was adjusted to 

0.05 pmol/µl for wild type AK2A and B and to 0.5 pmol/µl for AK2A mutants. 

The addition of 20 µl AMP to each well was timed with a time lag of 5 sec between 

the samples. Exactly 5 minutes after the first sample was mixed with AMP, the 

measurement of the NADH-dependent absorption at 340 nm (A340) with a 

spectrophotometer microplate reader (POLARstar® Omega, BMG Labtech) was 

started for the first sample and with a time lag of 5 sec all samples were measured 

exactly 5 min after the individual addition of AMP. The NADH-dependent 

absorption at 340 nm was measured every 5 min or every 6 min over 80 min. For 

the calculation of the enzymatic activity the baseline absorption at each time point 

was subtracted from the absorption values of the samples at this time point. All 

A340 values were corrected by the time-dependent A340 decrease of the NADH 

containing reaction mix without any enzyme with the following equation (5). 

(5) 𝑨𝒔𝒂𝒎𝒑𝒍𝒆𝒄𝒐𝒓𝒓.
= 𝑨𝒔𝒂𝒎𝒑𝒍𝒆𝑻𝒙

∗ (
𝑨𝑵𝑨𝑫𝑯𝑻𝟎

𝑨𝑵𝑨𝑫𝑯𝑻𝒙

) 

 A = absorption at 340 nm 
 T0 = beginning of the measurement 
 Tx = time point of the measurement for which the correction should be determined 

The corrected absorption values at the different time points were then plotted 

versus time for each sample and linear regression analysis was applied to 

determine the A340 decrease per min which is represented by the slope of the 

regression line. For the linear regression analysis with Excel 2007 (Microsoft), only 

time points with A340 values above 80 were used to exclude negative effects of 

substrate shortage. The enzymatic activity of each enzyme, represented by the 

A340 decrease per min was compared to wild-type AK2A. 

2.5 Mouse Methods 

2.5.1 Generation of AK2-deficient Mice 

Ak2-knockout mice were generated by homologous recombination of a target 

vector with the endogenous Ak2 locus in murine embryonic stem cells (ES cells) 

as shown in Figure 13. The target vector contained loxP recombination sites 

flanking exon 3 and exon 4 of the murine adenylate kinase 2 gene. The generation 

of this floxed (fl) Ak2 mouse line was done by TACONIC (New York/Köln) on a 

C57BL/6NTac background. 
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Figure 13: Generation of Ak2-floxed (Ak2
fl
) and Ak2-knockout (Ak2

-
) alleles in mice after homologues 

recombination of a target vector with the wild-type allele in embryonic stem cells. 

A constitutive Ak2 knockout was generated by mating mice with one floxed and 

one wild-type Ak2 allele (Ak2fl/+ mice) with Cre-deleter mice. The obtained 

heterozygous Ak2+/- mice and mice with two floxed Ak2 alleles (Ak2fl/fl) from 

matings of Ak2fl/+ mice were used for the following experiments to analyse an Ak2 

knockout in mice in a constitutive and a conditional setting. For the genomic 

sequence of the floxed murine Ak2 gene see Appendix A. 

2.5.2 Housing and Husbandry of Mice 

All mice were maintained and bred at the animal facility of Ulm University 

(Tierforschungszentrum Ulm) in a specific pathogen-free (SPF) environment using 

individually ventilated cages (IVC) under approved conditions of the animal facility 

and the regional administrative council (Regierungspräsidium Tübingen) with the 

project license z./o.168. Food and drinking water were available ad libitum during 

a 14/10 h day and night rhythm. The handling of all animals was in accordance 

with the local regulations of the animal welfare committee and mice were 

sacrificed by carbon dioxide (gradual filling) according to the EU directive 

2010/63/EU. 

Heterozygous Ak2+/- mice were maintained by crossing with C57BL/6J wild-type 

mice. For the constitutive AK2-knockout model, heterozygous Ak2+/- mice with a 
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codon-improved Cre recombinase (iCre) under the control of the haematopoiesis-

specific Vav promoter (vav-iCre+) were mated with homozygous Ak2fl/fl mice to get 

Cre- Ak2fl/+ “wild-type” mice with two intact Ak2 alleles, heterozygous Cre-Ak2fl/- 

mice with one intact Ak2 allele, haematopoiesis-specific heterozygous Cre+Ak2fl/+ 

animals and haematopoiesis-specific Cre+Ak2fl/- knockouts. 

C57BL/6J wild-type mice and vav-iCre mice were generously provided by Prof. Dr. 

Hans Jörg Fehling, Institute of Immunology, University Clinics Ulm. 

2.5.3 Isolation of Mouse Splenocytes 

Mouse splenocytes were used as source material for sorting B cells, T cells, NK 

cells, granulocytes, and monocytes and subsequent Western Blot analyses (see 

chapters 2.4.1, 2.4.4 and 2.4.6.). 

Mice were sacrificed by filling the cage gradually with carbon dioxide. The dead 

mice were submerged in 70 % ethanol and were then pinned to a cork pad. The 

abdominal cavity was opened and the spleen was removed and transferred to a 

sterile 60 mm petri dish (BD Falcon cat. # 353004) on ice containing PBS with 5 % 

FCS. Then the spleen was squeezed and grinded between two microscope slides 

above an empty petri dish. The slides were rinsed with 2 ml PBS + 5 % FCS and 

the obtained cells were filtered through a nylon mesh (Sefar, cat. # 3A03-0150-

102-00) to obtain a debris-free single-cell solution. The isolated cells were pelleted 

for 5 min at 300 x g and 4 °C and were then resuspended in 1 ml erythrocyte lysis 

buffer (155 mM ammonium chloride, 10 mM potassium bicarbonate, 100 µM 

ethylenediaminetetraacetic acid (EDTA), pH 7.2 - 7.4) to eliminate the red blood 

cells. After erythrocyte lysis the remaining cells were washed with 1 ml PBS + 5 % 

FCS before they were stained for cell sorting (see chapter 2.6.3). 

2.5.4 Isolation of Mouse Peripheral Blood Cells 

Mouse peripheral blood cells were used as source material for erythrocyte-, 

granulocyte-, and monocyte-sorting and subsequent Western Blot analyses (see 

chapters 2.4.1, 2.4.4 and 2.4.6). 

A mouse was sacrificed by filling the cage gradually with carbon dioxide and the 

dead mouse was submerged in 70 % ethanol. The abdominal cavity and the 

thoracic cavity were opened quickly after the dead mouse had been pinned to a 

cork pad and the heart was punctured using a needle (Braun, cat. # 4657853) and 
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a 1 ml syringe (BD Plastipak, cat. # 303172). The collected blood was transferred 

to an EDTA-coated tube (Sarstedt, cat. # 201278) mixed by inversion and diluted 

1:2 with PBS containing 5 % FCS. Peripheral blood mononuclear cells (PBMCs) 

were separated from granulocytes and erythrocytes by Ficoll gradient. 800 µl 

Ficoll-Paque PLUS (GE Healthcare, cat. # 17-1440-02) were overlaid with 400 µl 

diluted blood in a 2 ml reaction tube and the cells were separated for 30 min at 

400 x g (soft modus = no break) at room temperature. The isolated PBMCs and 

the granulocyte/erythrocyte pellet were washed twice with 10 ml PBS + 5 % FCS 

each (8 min, 300 x g, 4 °C). After the washing step the granulocyte/erythrocyte 

pellet was resuspended in 2 ml PBS + 5 % FCS and 200 µl were used directly to 

stain for erythrocytes (see chapter 2.6.3), or the granulocyte/erythrocyte pellet was 

resuspended in 1 ml erythrocyte lysis buffer (155 mM ammonium chloride, 10 mM 

potassium bicarbonate, 100 µM ethylenediaminetetraacetic acid (EDTA), pH 7.2 - 

7.4) to eliminate the red blood cells. After erythrocyte lysis the remaining 

granulocytes were washed in 10 ml PBS + 5 % FCS before they were pooled with 

the PBMCs and stained for cell sorting (see chapter 2.6.3). 

2.5.5 Timed Pregnancies 

Timed pregnancies in mice were set up at the animal facility of Ulm University to 

be able to analyse murine embryos at defined developmental stages. One male 

animal was put together with two female animals and the females were checked 

early the following morning for vaginal plugs by qualified staff members. If a plug 

was detected, the day was counted as day 0.5 of gestation. The plug is made of 

coagulated secretions from the coagulating and vesicular glands of the male and 

persists for 8-24 hours after breeding but the presence of a vaginal plug does not 

guarantee pregnancy it only indicates that mating occurred. So at embryonic days 

13.5 and 18.5, only female animals with visible signs of pregnancy and nest-

building behaviour were sacrificed to isolate embryos. 

2.5.6 Isolation of Murine Embryos 

Embryos were isolated at embryonic days 8.5, 10.5, 13.5 and 18.5 to analyse the 

genotype distribution and the development of AK2-deficient embryos compared to 

wild type and to isolate foetal liver cells for flow cytometry (see chapter 2.5.7). 

Timed pregnancies were set up as described in chapter 2.5.5 and pregnant 

females were sacrificed by filling the cages gradually with carbon dioxide (EU 
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directive 2010/63/EU). The dead mice were submerged in 70 % ethanol and then 

pinned to a cork pad. The abdominal cavity was opened (Hogan et al., 1994) and 

the uterus horns with the embryos were removed with scissors and forceps and 

transferred to sterile 10 cm petri dishes on ice with PBS containing 5 % FCS. The 

embryos were removed from the uterus, washed once in PBS + 5 % FCS and 

transferred to 60 mm petri dishes (BD Falcon cat. # 353004) on ice containing 

PBS + 5 % FCS. The embryos from embryonic day 18.5 were sacrificed by 

decapitation as fast as possible to ensure the death of all individuals. 

Tails of E18.5 embryos and heads of E13.5, E10.5 and E8.5 embryos were 

transferred to 1.5 ml reaction tubes and stored at -20 °C for genotyping (see 

chapter 2.5.9). 

2.5.7 Isolation of Foetal Liver Cells from Murine Embryos 

Foetal livers cells were isolated from embryos at embryonic day 13.5 for colony 

assays (chapter 2.3.8) and flow cytometric analyses (chapter 2.6.2). Forceps were 

used to remove the foetal liver from the embryo and to transfer it to a reaction tube 

containing 1 ml PBS with 5 % FCS. The foetal liver tissue was dissociated by 

pipetting and the cell suspension was filtered through a nylon mesh (Sefar, cat. # 

3A03-0150-102-00) to obtain a debris-free single-cell solution. The number of 

viable cells per foetal liver was determined for each embryo using a 

haemocytometer. Trypan Blue staining of a 1:5 diluted cell suspension (10 µl 1:5 

diluted cell suspension + 10 µl Trypan Blue solution, 0.4 %) was used to exclude 

dead cells. Cell suspensions from knockout embryos were not diluted and were 

directly mixed with Trypan Blue staining solution. 

2.5.8 Isolation of Murine Blastocysts 

Blastocysts from pregnant female mice were isolated according to a protocol 

established by Franziska Beckel (Institute of Immunology, Ulm University) as part 

of her project “Etablierung muriner embryonaler Stammzellen zur Tamoxifen-

induzierbaren Inaktivierung des Dppa4-Gens” (Studiengang Medizintechnische 

Wissenschaften, Duale Hochschule Baden-Württemberg) based on a protocol 

published by Bryja et al. (Bryja et al., 2006). 

Female mice were sacrificed 3.5 days after vaginal plug detection by carbon 

dioxide. The uterus was immediately isolated and remaining fatty tissue was 
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removed on sterile gauze pads (Johnson & Johnson Wound Management, cat. # 

TS1102) with forceps and scissors before the uterus was transferred to a sterile 

petri dish containing prewarmed Dulbecco's Modified Eagle's Medium (DMEM 

(high glucose, GlutaMAX) Gibco, cat. # 61965) with 1 % N-2-

hydroxyethylpiperazine-N-2-ethane sulfonic acid (HEPES) buffer (Gibco, cat. # 

15630) at 37 °C. The two uterine horns were separated at the caudal part and 

blastocysts were flushed out with a syringe and blunt needles under a 

stereomicroscope (Nikon SMZ 800). Glass micropipettes with small diameters 

were used for handling blastocysts. The diameter of 5 µl glass micropipettes 

(Brand, cat. # 7087 33) was reduced by stretching them over a flame until they 

broke off and each isolated blastocyst was serially washed by transferring it with 

such a modified glass micropipette from one drop of 20 µl medium to another. This 

was repeated twice. The washed blastocysts were directly genotyped (see chapter 

2.5.9) or transferred to feeder cells for embryonic stem (ES) cell isolation (see 

chapter 2.3.5). 

2.5.9 Genotyping of Mice and Embryonic Stem Cells 

Tail biopsies and ear punch tissue of adult mice and E18.5 embryos or heads of 

E13.5 embryos were used for genotyping using the KAPA Mouse Genotyping Hot 

Start Kit (peqlab, cat. # 07-KK7352) according to the manufacturer’s instructions. 

The volume of the extraction buffer was reduced to only 50 µl per sample for tail 

biopsies and ear punch tissue. For the heads of E13.5 embryos 100 µl extraction 

buffer was used as recommended. The PCR reaction was done in a reduced 

reaction volume of 20 µl for all samples as listed in Table 16. 

Table 16: PCR reaction mix for the genotyping of the 
murine Ak2 locus and the detection of the vav-iCre 
transgene. 

 

Table 17 shows the primers used for genotyping. The murine Ak2 locus was 

analysed with three primers (Oligo 1, 2 and 3) to distinguish between wild-type, 

Oligo 1 (100 µM) vm57hCre (100 µM)

0.05 µl Oligo 2 (100 µM)

0.05 µl Oligo 3 (100 µM)

Reaction volume20 µl

Reagent

KAPA2G Fast Genotyping Mix (2x)

H2O

Extracted DNA

vm58hCre (100 µM)

Volume

10 µl

0.1 µl

9.0 µl

0.8 µl

0.1 µl
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floxed and deleted Ak2 alleles. The vav-iCre transgene was detected by the primer 

pair vm57hCre and vm58hCre which resulted in a 670 bp PCR fragment. PCR 

amplification was done with a GenAmp Thermocycler PCR System 9700 (Applied 

Biosystems) and the following programm: 95 °C for 3 min, 35 cycles of 95 °C for 

15 s, 60 °C for 15 s and 72 °C for 10 sec, a final extension step of 72 °C for 2 min 

and a 12 °C hold. 

Table 17: Genotyping primers for the genomic Ak2 locus and the vav-iCre transgene. 

 

After the PCR amplification, the PCR fragments were verified by size by loading 7 

µl of the PCR reaction on a 1 % tris-borate-ethylenediaminetetraacetate (TBE) 

buffered (TBE buffer: 89 mM Tris-borate, 2 mM ethylenedinitrilotetraacetic acid 

(EDTA), pH 8.0) agarose gel containing one drop ethidium bromide solution. 

2.5.10 Genotyping of Blastocysts 

For the determination of the genotype each blastocyst was transferred with a 

minimum of HEPES/DMEM (1:100) medium (Gibco, cat. # 61965 and Gibco, cat. # 

15630) into PCR stripes containing 5 µl 2x lysis buffer (50 mM KCl, 10 mM Tris-

HCl (pH 8.3), 2.5 mM MgCl2, 0.1 mg/ml gelatin (gelatin solution) 0.45 % Nonidet 

P40, 0.45 % Tween 20 and 0.53 % Proteinase K) and the cells were lysed for 1 h 

at 56 °C. After that, the Proteinase K was inactivated for 15 min at 95 °C and 1 µl 

of the inactivated lysate was directly used for PCR analyses as described for tail 

biopsies and ear punch tissue in chapter 2.5.2. 

The lysis buffer used was originally developed for the detection of mycoplasma 

contamination (Hopert et al., 1993) and showed improved lysis performance 

compared to the commercial lysis buffer of the KAPA Mouse Genotyping Hot Start 

Kit (peqlab, cat. # 07-KK7352) which was used for the genotyping of samples with 

many cells like tail biopsies and ear punch tissue. 

PCR 

target
Primer Primer sequences PCR product

Oligo 1 (F) 5'-TGCAGAAGACAAGGTAGAGC-3'

Oligo 2 (R) 5'-TGAAGCCTATGTGTGGAAGG-3'

Oligo 3 (R) 5'-TCTCACCCATGCTTTCGTC-3'

vm57hCre 5'-CTCCAACCTGCTGACTGTGCACCAA-3'

vm58hCre 5'-CCATCTCTCCACCAGCTTGGTAAC-3'

murine 

Ak2

vav-iCre

wild-type allele: 260 bp (1754 bp) 

floxed allele: 379 bp (1967 bp) 

knockout allele: 427 bp

670 bp
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2.5.11 Statistics 

2.5.11.1 Chi-square Test for Goodness of Fit 

The genotype distribution of offspring from timed pregnancies and normal matings 

were statistically analysed to evaluate whether the obtained distribution of 

genotypes represents the expected Mendelian ratio or not. The Mendelian ratios 

were expected to be 1:2:1 for wild type, heterozygous and knockout genotype for 

Ak2+/- x Ak2+/- matings and 1:1:1:1 for the Cre- Ak2fl/+ “wild type”, the heterozygous 

Cre-Ak2fl/-, the haematopoiesis-specific heterozygous Cre+Ak2fl/+ and the 

haematopoiesis-specific Cre+Ak2fl/- knockout genotype for Ak2fl/fl x vav-iCre Ak2+/- 

matings. The ratio of the obtained genotypes was analysed for significant deviation 

from the expected ratio by a chi-square test for goodness of fit with an interactive 

online calculation tool for chi-square tests (http://www.quantpsy.org/ 

chisq/chisq.htm) (Preacher, 2001). Equation (6) represents the chi-square test 

statistic. 

(6) 𝜒2 = ∑
(𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑−𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑)2

𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑
 

The null hypothesis was rejected if the probability of the calculated chi-square 

value was less than 0.05 (significance level α = 0.05) meaning that the calculated 

chi-square value was above the critical chi-square value for the corresponding 

degree of freedom and a significance level of 0.05. The null hypothesis assumes 

that chance alone is responsible for the observed result. 

2.5.11.2 Cumulative Binomial Probability 

The significance of a reduced number or the complete absence of knockout 

animals was evaluated by calculating the cumulative binomial probability of finding 

the observed number of knockout animals or less under the null hypothesis. The 

binomial probability was calculated according to equation (7). 

(7) 𝑃(𝑘,𝑛,𝑝) = 𝑃(𝑋=𝑘) =
𝑛!

𝑘!(𝑛−𝑘)!
𝑝𝑘(1 − 𝑝)𝑛−𝑘 

 P = binomial probability 
 k = number of observed knockouts 
 n = number of analysed animals 
 p = probability of observing a knockout animal on an individual trial (0.25) 
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The cumulative binomial probability was calculated by adding the binomial 

probabilities for the number of observed knockout animals and all probabilities to 

get less knockout animals (see equation (8)). 

(8) 𝑃𝑐(𝑋≤𝑘) = ∑ 𝑃(𝑋=𝑖)
𝑘
𝑖=0 = 𝑃(𝑋=0) + 𝑃(𝑋=1)+. . . +𝑃(𝑋=𝑘) 

 Pc = cumulative binomial probability 
 k = number of observed knockouts 

The null hypothesis, assuming that chance alone is responsible for the observed 

result was rejected if the calculated probability was 0.05 or less (significance level 

α = 0.05). 

2.5.11.3 Boxplots 

The boxplots used for data illustration, were generated with the programming 

language R, using the boxplot() function. The black lines in the middle of the boxes 

are the median values for each data set and the box edges are the 25th and 75th 

percentiles. The range for the whiskers was set to 0, so that the whiskers 

represent the minimum and maximum values of each visualised data set. Single 

data points were added by using the beeswarm() function. 

2.6 Flow Cytometry 

2.6.1 Red Blood Cell Lysis 

Red blood cells were lysed before flow cytometric analyses of foetal liver cells to 

reduce unspecific background fluorescence and to improve the sensitivity of non-

erythroid stainings. 

Therefore, one million cells were spun down for 5 min at 300 x g in a 1.5 ml 

reaction tube and erythrocytes were lysed by incubating the cells for 4 min at room 

temperature in 40 µl erythrocyte lysis buffer (155 mM ammonium chloride, 10 mM 

potassium bicarbonate, 100 µM ethylenediaminetetraacetic acid (EDTA), pH 7.2 - 

7.4). After 4 min, the lysis reaction was stopped by adding 1 ml PBS + 5 % FCS. 

The remaining cells were collected for 5 min at 300 x g, the supernatant was 

removed and the cell pellet was resuspended in 210 µl PBS + 5 % FCS. The 

number of viable cells after red blood cell lysis was determined with a 

haemocytometer. 10 µl cell suspension was stained with 10 µl Trypan Blue 

staining solution and viable cells were counted manually. The remaining cells (200 

µl) were stained as described in the next chapter. 
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2.6.2 Flow Cytometric Analyses of Murine Foetal Liver Cells 

Table 18: Antibodies used for flow cytometric analyses. 
LSK:lineage

-
 Sca-1

+
 c-Kit

+
, APC: allophycocyanin, FITC: fluorescein, PE: phycoerythrin, Cy7: cyanine 7. 

 

Cell populations were analysed by fluorescent-labeled antibody stainings. For 

each staining one million foetal liver cells were transferred directly or after red 

blood cell lysis (see chapter 2.6.1) to a 96-well round bottom plate (Brand, cat. # 

BR701330) on ice and the cells were pelleted for 5 min at 300 x g and 4 °C. After 

that, the plate was inverted to discard the supernatant. 

Unspecific antibody-binding was blocked with 100 µl blocking solution per well. 

After 10 min on ice, 100 µl PBS + 5 % FCS were added to each well and the 

diluted blocking solution was removed by centrifugation. The cells were stained in 

the dark on ice for 20 min with 100 µl primary antibody solution. All antibodies 

used for the different stainings and the dilution factors are listed in Table 18. The 

staining solution was removed and when biotin-labeled antibodies were used, the 

staining procedure was repeated with 100 µl Qdot 605 streptavidin conjugate 

(Invitrogen, cat. # Q10001MP, lot # 1743120, diluted 1:400) as described for the 

antibody solutions. 

Staining
Dilution 

factor
Antibody

Coupled 

Dye
Manufacturer Cat. # Lot # Isotype

1:20 Mouse IgG - Jackson 015-000-003 128233 Mouse IgG

1:100 Anti-CD16/CD32 - BD 553142 3135956 Rat IgG2b, κ

1:800 Anti-CD4 Biotin BD 553728 4010712 Rat LEW IgG2b, κ

1:500 Anti-Gr-1 Biotin eBioscience 13-5931-85 E03075-1632 Rat IgG2b, κ

1:400 Anti-Ter-119 Biotin eBioscience 13-5921-85 E03071-1632 Rat IgG2b, κ

1:200 Anti-CD8a Biotin eBioscience 13-0081-85 E02386-1633 Rat IgG2a, κ

1:200 Anti-B220 Biotin BD 553086 2279903 Rat IgG2a, κ

1:100 Anti-CD3e Biotin BD 553239 5202690 Hamster IgG2, κ

1:100 Anti-CD5 Biotin eBioscience 13-0051 E02374-1632 Rat IgG2a, kappa

1:200 Anti-c-Kit APC BD 553356 4084660 Rat WI IgG2b, κ

1:100 Anti-Sca-1 PE-Cy7 BD 558162 5329775 Rat LEW IgG2a, κ

1:100 Anti-CD150 PE eBioscience 12-1502-80 E09989-1634 Rat IgG2b

1:100 Anti-CD48 FITC eBioscience 11-0481-82 E021043 Hamster IgG

1:100 Anti-CD16/32 PE eBioscience 12-0161-81 4274519 Rat IgG2a, λ

1:25 Anti-CD34 FITC eBioscience 11-0341-85 E00265-1633 Rat IgG2a, κ

1:800 Anti-CD11b PE eBioscience 12-0112-82 E01073-207 Rat IgG2b, k

1:400 Anti-CD41 PE BD 558040 4141653 Rat IgG1, κ

1:400 Anti-B220 PE BD 553090 6701 Rat IgG2a, κ

1:400 Anti-Gr-1 PE BD 553128 75542 Rat IgG2b, κ

1:25 Anti-CD3e PE BD 555275 3277640 Rat SD IgG2b, κ

1:100 Anti-CD71 FITC BD 561936 5243811 Rat WF IgG1, κ

1:100 Anti-Ter-119 APC BD 557909 42622 Rat WI IgG2b, κ

1:800 Anti-CD11b PE-Cy7 eBioscience 25-0112-82 E07514-1249 Rat IgG2b, κ

1:400 Anti-CD41 PE BD 558040 4141653 Rat IgG1, κ

1:200 Anti-Gr-1 FITC BD 553126 26563 Rat IgG2b, κ

LSK cell staining +

Haematopoietic 

progenitor cells

LSK cell staining +

Blocking 

solution

LSK cells

Haematopoietic 

stem cells

Erythroid 

progenitors

Myeloid cells
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Figure 14: Basic gating strategy for the flow cytometric analysis of viable single cells. 
First of all cell debris (P1), cell doublets (P2 and P3) and dead cells were excluded to analyse only viable 
single cells for each staining. The viable single cells were than further analysed. FSC: forward scatter, SSC: 
side scatter, -A: area, -W: width, -H: height. 

After the staining, the cells were resuspended in 200 µl FACS buffer containing the 

viability dye SYTOX® Blue (SYTOX® Blue Dead Cell stain in PBS + 5 % FCS, 

1:20.000). For LSK cell staining, the cells were additionally stained with the 

viability dye propidium iodide and FITC conjugated Anti-Annexin V antibodies 

according to the manufacturer’s staining protocol of the FITC Annexin V Apoptosis 

Detection Kit II (BD Biosciences, cat. # 556570), instead of SYTOX® Blue staining. 

All stained cells were filtered through a nylon mesh (Sefar, cat. # 3A03-0150-102-

00) before they were analysed with the FACSCanto II Flow Cytometer (BD 

Biosciences) at the Institute of Immunology (Ulm University). 

Figure 14 shows the basic gating strategy for all flow cytometric analyses. Cell 

debris, cell doublets and dead cells were excluded and only viable single cells 

were further analysed for each staining. The positions of the gates for the different 

cell populations were verified by single stainings and fluorescence minus one 

(FMO) controls containing an isotype control. The antibodies used as isotype 

controls are listed in Table 19. 
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Table 19: Antibodies used as isotype controls for flow cytometric 
analyses. 
APC: allophycocyanin, FITC: fluorescein, PE: phycoerythrin. 

 

2.6.3 Fluorescence-activated Cell Sorting (FACS) 

Fluorescence-activated cell sorting (FACS) was used to isolate the cell types listed 

in Table 20 for digital PCR or Western Blot analyses from the indicated source 

material. 

Table 20: Cell populations sorted for digital PCR and Western Blot analyses. 
The different cell populations were identified according to their surface marker 
expression as indicated. a) lin: B220, CD3e, CD11b, CD41, and Gr-1; b) lin: B220, 
CD3e, CD4, CD5, CD8a, Gr-1, and Ter-119; c) lin: B220, CD3e, and NK1.1. 

 

The cells of one spleen, six foetal livers, or 600 µl blood were isolated as 

described in chapter 2.5.3, 2.5.4, and 2.5.7 and stained according to the staining 

protocols for flow cytometric analyses (see chapter 2.6.2). The volume of the 

staining solutions was adjusted to the cell numbers. The cells of one murine 

spleen pooled with or without blood cells were stained in 2 ml, while 800 µl were 

used for foetal liver cell and erythrocyte staining. Table 21 contains the antibodies 

and dilution factors used for the different stainings. 

 

Isotype control
Coupled 

Dye
Manufacturer Cat. #

Armenian Hamster IgG FITC eBioscience 11-4888-81

Mouse IgG2a, κ APC eBioscience 17-4724-81

Rat IgG1, κ FITC BD Pharmingen 553924

Rat IgG1, κ PE eBioscience 12-4301-81

Rat IgG2a, κ APC BioLegend 400511

Rat IgG2a, κ FITC eBioscience 11-4321-81

Rat IgG2a, κ PE eBioscience 12-4321-80

Rat IgG2b, κ APC eBioscience 17-4031-81

Rat IgG2b, κ PE BD Pharmingen 556925

Cell type Marker Source

B cells CD19
+ 

B220
+ Spleen

Erythrocytes (adult) Ter-119
+ Blood

Erythrocytes (foetal) lin
- a)

 Ter-119
+
 (CD71

+/-
) Fetal liver

LSK cells lin
- b)

 Sca-1
+ 

c-Kit
+ Fetal liver

Monocytes lin
- c)

 CD11b
+
 Gr-1

low/int.
 SSC

low Spleen + blood

Neutrophil granulocyte lin
- c)

 CD11b
+
 Gr-1

high
 SSC

high Spleen + blood

NK cells CD3e
- 
NK1.1

+ Spleen

T cells CD3e
+ 

NK1.1
- Spleen
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Table 21: Antibodies used for fluorescence-activated cell sorting. 
LSK: lineage- Sca-1+ c-Kit+, MEF: murine embryonic fibroblasts, APC: allophycocyanin, FITC: fluorescein, PE: 
phycoerythrin, Cy7: cyanine 7. 

 

The LSK (lineage- Sca-1+ c-Kit+) cell population was sorted with a FACSAria II (BD 

Biosciences) cell sorter of the Core Facility FACS (medical faculty, Ulm University) 

at the Institute of Immunology (Ulm University). Dead cells were excluded with the 

viability dye SYTOX® Blue which was diluted 1:10,000. Ter-119 positive and CD45 

negative murine embryonic fibroblasts (MEFs) were sorted with a FACSAria (BD 

Biosciences) cell sorter and the viability dye SYTOX® Green was used at a 

concentration of 0.5 µM for live/dead discrimination. 

All other cell populations were sorted with the FACSAria (BD Biosciences) cell 

sorter and the viability dye 7-AAD was used at a concentration of 2.5 µg/ml for 

live/dead discrimination. 

Staining
Dilution 

factor
Antibody

Coupled 

Dye
Manufacturer Cat. # Lot # Isotype

1:200 Anti-CD19 PE BD 553786 72092 Rat IgG2a, κ

1:100 Anti-B220 APC BD 553092 73008 Rat IgG2a, κ

1:100 Anti-CD161 PE-Cy7 eBioscience 25-5941-82 E032744 Mouse IgG2a, κ

1:25 Anti-CD3e APC-Cy7 BD 557596 6063851 Hamster IgG1, κ

1:800 Anti-CD11b PE eBioscience 12-0112-82 E01073-207 Rat IgG2b, k

1:400 Anti-CD41 PE BD 558040 4141653 Rat IgG1, κ

1:400 Anti-B220 PE BD 553090 6701 Rat IgG2a, κ

1:400 Anti-Gr1 PE BD 553128 75542 Rat IgG2b, κ

1:25 Anti-CD3e PE BD 555275 3277640 Rat SD IgG2b, κ

1:100 Anti-CD71 FITC BD 561936 5243811 Rat WF IgG1, κ

1:100 Anti-Ter-119 APC BD 557909 42622 Rat WI IgG2b, κ

Adult 

erythrocytes
1:100 Anti-Ter-119 APC BD 557909 42622 Rat WI IgG2b, κ

1:800 Anti-CD4 Biotin BD 553728 4010712 Rat LEW IgG2b, κ

1:500 Anti-Gr-1 Biotin eBioscience 13-5931-85 E03075-1632 Rat IgG2b, κ

1:400 Anti-Ter-119 Biotin eBioscience 13-5921-85 E03071-1632 Rat IgG2b, κ

1:200 Anti-CD8a Biotin eBioscience 13-0081-85 E02386-1633 Rat IgG2a, κ

1:200 Anti-B220 Biotin BD 553086 2279903 Rat IgG2a, κ

1:100 Anti-CD3e Biotin BD 553239 5202690 Hamster IgG2, κ

1:100 Anti-CD5 Biotin eBioscience 13-0051 E02374-1632 Rat IgG2a, kappa

1:200 Anti-c-Kit APC BD 553356 4084660 Rat WI IgG2b, κ

1:100 Anti-Sca-1 PE-Cy7 BD 558162 5329775 Rat LEW IgG2a, κ

MEF 1:100 Anti-CD45.2 APC eBioscience 17-0454-82 E029964 Mouse IgG2a, κ

1:800 Anti-CD11b PE-Cy7 eBioscience 25-0112-82 E07514-1249 Rat IgG2b, κ

1:400 Anti-B220 PE BD 553090 6701 Rat IgG2a, κ

1:200 Anti-Gr-1 FITC BD 553126 26563 Rat IgG2b, κ

1:100 Anti-CD161 PE eBioscience 12-5941-83 E034026 Mouse IgG2a, κ

1:25 Anti-CD3e PE BD 555275 3277640 Rat SD IgG2b, κ

B, T, and NK 

cells

Foetal liver 

erythrocytes

Monocytes and 

granulocytes

LSK cells
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The “Purity” cell sorting mode was used to sort the different cell types in reaction 

tubes containing PBS + 5 % FCS according to the gating strategies shown in 

Figure 15 and Figure 16. 

 
Figure 15: Gating schemes for fluorescence-activated cell sorting of foetal liver erythrocytes (A), mono-
cytes and granulocytes (B), B cells, T cells and NK cells (C) and CD45

-
 murine embryonic fibroblasts (D). 

7-AAD: 7-Aminoactinomycin D, APC: allophycocyanin, FITC: fluorescein, PE: phycoerythrin, Cy7: cyanine 7, 
FSC-A: forward scatter area. 
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Figure 16: Gating scheme for fluorescence-activated cell sorting of foetal liver LSK cells (lineage
- 

Sca-1
+
 c-Kit

+
 cells). 

The lineage-negative (lin-) gate of the sorting scheme (A) was defined by the c-Kit positive cell 
population and the lineage positive cell population (B). LSK: lineage

-
 Sca-1

+
 c-Kit

+
, APC: 

allophycocyanin, PE- Cy7: phycoerythrin cyanine 7 conjugate, FSC-A: forward scatter area. 
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3 Results 

The aim of this thesis was to further the knowledge of the pathophysiology of 

human Reticular Dysgenesis (RD), caused by an adenylate kinase 2 (AK2) defect 

and to develop a murine model system. 

To accomplish this objective, three aspects were investigated: 

 the effects of patients` point mutations in the AK2 gene on the enzymatic 

activity of AK2 (section 3.1) 

 the expression and regulation of AK1 and AK2 in the haematopoietic 

system (section 3.2) 

 the manifestation of an Ak2-knock out in mice (section 3.3) 

3.1 Determination of the Enzymatic Activity of Six AK2 Point 

Mutations of RD Patients 

At the beginning of this thesis, six point mutations of 12 patients were known 

(Henderson et al., 2013; Hoenig et al., 2017; Lagresle-Peyrou et al., 2009; 

Pannicke et al., 2009) and the enzymatic activities of all these AK2 missense point 

mutations were determined. 

 

Figure 17: Human AK2 gene with functional domains (Vonrhein et al., 1995), substrate binding residues 
(Berry and Phillips, 1998) transition state stabilising residues (Tsai and Yan, 1991) and published point 
mutations of Reticular Dysgenesis patients (Henderson et al., 2013; Hoenig et al., 2017; Lagresle-Peyrou 
et al., 2009; Pannicke et al., 2009). 
AMP: Adenosine monophosphate, NTP: Nucleoside triphosphate 
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All six mutations are located in known functional domains like the nucleoside 

monophosphate-binding domain (NMPbind domain) and the LID domain or they 

affect substrate binding or transition state-stabilising residues. Figure 17 shows 

the exact positions of the investigated mutations in the AK2 gene, indicating the 

amino acid changes caused by the patients’ mutations. A protein alignment of 

human, murine, drosophila, and yeast adenylate kinases 1 and 2 revealed that all 

amino acids, affected by the patients’ mutations, are highly conserved in all 

analysed species and both adenylate kinase isoenzymes, except for aspartic acid 

165. This amino acid is also strongly conserved but as a part of the LID domain it 

was only found in the long-type isoenzymes. 

 

Figure 18: Protein alignment of adenylate kinases 1 and 2 from different organisms to identify conserved 
amino acid residues. 
Amino acids affected by the six patients’ point mutations examined in this thesis are framed in red and are 
numbered according to human AK2A. The nucleoside monophosphate-binding domain (NMPbind) is framed 
in purple and the LID domain is framed in green. Reference sequences were obtained from the UCSC 
Genome Browser or the UniProt database. The alignment was generated with the standard alignment tool 
of the CLC Main Workbench (QIAGEN). 

3.1.1 Expression and Purification of Wild Type and Mutated AK2 Enzymes 

The six different point mutations were introduced via site-specific mutagenesis into 

pcDNA6 vectors containing AK2A cDNA and were confirmed by Sanger 

sequencing (Kuch, 2015). Starting from these validated vectors, all six mutated 

AK2A cDNA inserts and the wild-type cDNAs of AK2 isoforms A and B were 

subcloned with a hexa-histidine-tag (His-tag) into the bacterial expression vector 

pMAL-c5x in frame with the maltose binding protein (MBP) expression cassette 
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and a factor Xa cleavage site (Figure 19). Following this, all plasmids were 

multiplied in XL2-Blue E. coli cells, isolated and sequenced. The correct insertion 

of the inserts and the nucleotide sequence of the whole coding sequence were 

confirmed by Sanger sequencing for all plasmids. 

 

Figure 19: Bacterial expression vector pMAL-c5x with an AK2AHis insert used for overexpression of 
maltose-binding protein-AK2A fusion proteins in E. coli. 

 

     

Figure 20: Expression and purification of MBP-AK2AHis-tagged protein. 
A) Induction of target protein expression after 18 h and 24 h culture in expression medium. 10 µl starter 
culture at OD600 0.5 (LB amp

+
 cam

+
 + glucose medium) and 10 µl expression culture after 18 h and 24 h 

(overnight expression medium) were loaded. B) SDS-PAGE with Coomassie Brilliant Blue staining of the 
protein sample composition after cell lysis, factor Xa cleavage and two runs of column-based His-tag 
purification. 0.02 % of the whole sample volume was loaded in each lane. 

A) B) 
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Overexpression of the wild type and mutated MBP-AK2His fusion proteins was 

performed in the E.coli strain Rosetta 2, using an autoinduction culture medium for 

high-level protein production (expression medium). The fusion proteins were not 

expressed in the starter culture containing LB amp+ cam+ + glucose medium below 

an OD600 of 0.5. After 18 h / 24 h with Overnight Express medium (expression 

culture), the fusion proteins were synthesised with the expected molecular weight 

of 71 kDa (Figure 20 A). After 24 h of expression culture, the cells were harvested, 

lysed and the cleared lysate was digested with factor Xa protease to separate the 

MBP from AK2AHis. As shown in Figure 20 B, the MBP-AK2AHis fusion protein 

was not completely cleaved by the factor Xa protease and a small amount of the 

fusion protein remained in the eluate. Two runs of column-based His-tag 

purification eliminated all other proteins from the lysate and the cleaved MBP. 

The uncleaved 71 kDa fusion protein in the eluates of each sample was removed 

by using a 50 kDa filter. The purity of the obtained protein lysates was estimated 

by SDS-PAGE and Coomassie Brilliant Blue staining and compared to a 

commercially available purified recombinant AK2A enzyme with myc-DDK tag 

(Origene, Rockville) (Figure 21 A). No contaminating proteins were detectable in 

our samples. In comparison, an equal amount of the commercial AK2A 

preparation showed faint additional protein bands of unknown identity. With one 

exception (p.Asp165Gly), all purified AK2 enzymes were intact and of the 

expected size. 

In repeated experiments, the p.Asp165Gly mutant of AK2A was not detected at 

the expected size of 28.5 kDa, but a much smaller protein band was visible. A 

closer look at the different steps of the purification of AK2A p.Asp165Gly revealed 

that the mutated fusion protein was stable in E.coli (starter culture), but after the 

cells had been lysed, an unknown protein band at approximately 13 kDa was 

revealed (Figure 21 B). The factor Xa digestion enhanced this effect and the fusion 

protein was cleaved into the maltose-binding protein with 42.5 kDa and two 

proteins of unknown identity of approximately 13 kDa and 15 kDa. Only little AK2A 

p.Asp165Gly mutant protein was obtained and could be eluted after the column-

based His-tag purification. Due to the fact that there was practically no purified 

target protein AK2A p.Asp165Gly but in addition two smaller proteins (possibly 

AK2 fragments) in the protein lysate, this sample was not used for enzymatic 

activity measurements. 
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Figure 21: SDS-PAGE with Coomassie Brilliant Blue staining of purified His-tagged AK2 enzymes. 
A) Purified AK2 enzymes after factor Xa cleavage and His-tag-based purification. 0.5 µg purified enzymes 
were loaded per lane. Positive control: commercially available AK2Amyc-DDK (Origene, Rockville). B) 
Composition of the mutated fusion protein MBP-AK2AHis p.Asp165Gly sample after cell lysis, factor Xa 
cleavage and two runs of column-based His-tag purification. 0.02 % of the whole sample volume was loaded 
per lane. 

3.1.2 Adenylate Kinase Assay of Wild Type AK2 Isoforms and Mutated Enzymes 

The enzymatic adenylate kinase activity was determined by coupling the catalysed 

reaction of AMP + ATP  2 ADP to the enzymatic activities of pyruvate kinase 

(PK) and lactate dehydrogenase (LDH). This results in the oxidation of NADH to 

NAD+ which can be measured by absorption at 340 nm (Tanabe et al., 1993). If 

the adenylate kinase is the limiting factor, the NADH absorption correlates with the 

adenylate kinase activity. 

The enzyme production and purification and the measurement conditions were 

validated by different concentrations of the wild type AK2A and AK2B enzymes 

and a purchased control AK2Amyc-DDK (Origene, Rockville). Up to 4 pmol of 

AK2BHis enzyme per 200 µl reaction, the rate-determining factor was the 

adenylate kinase concentration (data not shown). More than 4 pmol enzyme per 

reaction, could not be tested, because the limiting factor in this setting was the 

temporal resolution of the photometer (data not shown). Therefore, 0.4 pmol 

enzyme was used for the comparison of the enzymatic activities of the two wild-

type AK2 isoforms A and B. The AK2A patient mutants were tested using the 

maximum of 4 pmol enzyme. 

A) B) 
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The enzymatic activities of the wild type AK2 isoforms A and B were determined 

three times in technical duplicates. The NADH-dependent absorption at 340 nm 

(A340) was measured every 5 minutes and the A340 decrease per minute was 

calculated by linear regression. Figure 22 shows one representative experiment 

(A) and the summary of all three experiments (B). On average, the AK2 isoform B 

has a 2-fold higher enzymatic activity compared to isoform A (Figure 22 C). 

  

 

Figure 22: Determination of the enzymatic activities of wild-type AK2 isoforms A and B. 
A) Adenylate kinase activity-dependent decrease of NADH absorption at 340 nm over time. Representative 
experiment 2 of three experiments with 0.4 pmol of AK2AHis (red) and AK2BHis (blue). The absorption at 
340 nm was measured every 5 minutes. Assay mix without enzyme (NADH) was used for baseline 
determination at each time point and maltose-binding protein (MBP) was used as a negative protein 
control. The decrease of the absorption at 340 nm per minute was determined by linear regression. B) 
Decrease of the absorption at 340 nm (slope m) of three experiments for 0.4 pmol AK2AHis, AK2BHis, and 
MBP per reaction. Each experiment was done as technical duplicate (m1 and m2). C) Calculation of the 
relative enzymatic activities of AK2BHis and the maltose-binding protein in relation to AK2AHis based on the 
mean decrease of the absorption at 340 nm (mean slope) and the calculation of the relative enzymatic 
activity for each individual experiment (1 - 3). 

For the determination of the enzymatic activities of the AK2A mutants, the eluates 

of each mutated enzyme and of the AK2A wild-type control were divided into two 

aliquots (1 & 2), immediately after the purification. Technical duplicates were run 

for both of these aliquots. The maximum of 4 pmol enzyme per reaction was used 

to potentially detect low residual enzymatic activity. As a consequence of this 

setting, only two time points were recorded for the wild type AK2A enzyme due to 

its very fast substrate conversion. 

m1 m2 m1 m2 m1 m2

AK2AHis 4.49 4.65 16.14 13.82 14.26 14.03

AK2BHis 13.24 14.87 24.07 23.01 20.77 20.89

MBP - - 0.05 0.08 0.12 0.03

Experiments 1 - 3

0.4 pmol 

protein
Experiment 

1

Experiment 

2

Experiment 

3

Decrease of absorption at 340 nm             

x 1000 / min (slope)

Experiment 

1

Experiment 

2

Experiment 

3

Experiment 

1

Experiment 

2

Experiment 

3
mean

AK2AHis 4.57 14.98 14.14 100.00 100.00 100.00 100.00

AK2BHis 14.06 23.54 20.83 307.64 157.18 147.26 204.03

MBP - 0.07 0.07 - 0.45 0.53 0.49

0.4 pmol 

protein

Decrease of absorption at 340 nm               

x 1000 / min (mean slope)
AK activity relative to AK2 isoform A [%]

A) B) 

C) 
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Figure 23: Determination of the relative enzymatic activities of five different AK2A mutants compared to 
wild type AK2A. 
A) Adenylate kinase activity-dependent decrease of the absorption at 340 nm over time. Representative 
experiment 2 of two experiments with 4 pmol enzyme. The absorption at 340 nm was measured every 5 
minutes. Assay mix without enzyme (NADH) was used for baseline determination at each time point, 
maltose-binding protein (MBP) was used as a negative control and wild-type AK2AHis (red) was the positive 
control. The decrease of the absorption at 340 nm per minute was determined by linear regression. B) 
Decrease of the absorption at 340 nm (slope m) of two experiments for 4 pmol protein per reaction. Each 
experiment was done as technical duplicate (m1 and m2). C) Calculation of the relative enzymatic activities 
of the tested mutant AK2AHis proteins in relation to wild-type AK2AHis based on the mean decrease of the 
absorption at 340 nm (mean slope) and the calculation of the relative enzymatic activity for each individual 
experiment (1 + 2). 

The mutants p.[Gly47Arg] and p.[Arg186Cys] constantly caused a slight reduction 

of the absorption at 340 nm. The absorption at 340 nm of all other tested AK2A 

mutants did not differ from the negative control (Figure 23 A). The relative 

enzymatic activity of each enzyme was calculated using the slope of the linear 

regression of the decreased absorption at 340 nm in relation to wild-type AK2A 

enzyme. 

The calculated relative enzymatic activities of the AK2 mutants p.[Arg103Trp], 

p.[Arg175Gln], and p.[Arg175Pro] were in the range of the negative control (Figure 

m1 m2 m1 m2

AK2AHis 106.79 108.08 53.93 76.92

AK2AHis p.[Gly47Arg] 0.43 0.48 0.59 0.75

AK2AHis p.[Arg103Trp] 0.18 0.19 0.06 0.23

AK2AHis p.[Arg175Gln] 0.16 0.16 0.17 0.17

AK2AHis p.[Arg175Pro] 0.05 0.06 0.09 0.11

AK2AHis p.[Arg186Cys] 0.37 0.37 0.56 0.62

MBP 0.13 0.09 0.17 0.07

Experiments 1 + 2

4 pmol protein

Decrease of absorption at 

340 nm x 1000 / min (slope)

Experiment 1 Experiment 2

Experiment 1 Experiment 2 Experiment 1 Experiment 2 mean

AK2AHis 107.44 65.43 100.00 100.00 100.00

AK2AHis p.[Gly47Arg] 0.45 0.67 0.42 1.02 0.72

AK2AHis p.[Arg103Trp] 0.19 0.14 0.17 0.22 0.20

AK2AHis p.[Arg175Gln] 0.16 0.17 0.15 0.26 0.20

AK2AHis p.[Arg175Pro] 0.05 0.10 0.05 0.15 0.10

AK2AHis p.[Arg186Cys] 0.37 0.59 0.35 0.90 0.62

MBP 0.11 0.12 0.10 0.18 0.14

Decrease of absorption at 340 nm 

x 1000 / min (mean slope)4 pmol protein
AK activity relative to wild-type AK2A [%]

A) B) 

C) 



Results 

 
 

65 

23 C). The relative enzymatic activities of the two mutants p.[Gly47.Arg] and 

p.[Arg186Cys] differed slightly but reproducibly from the negative control. 

Compared to the AK2A wild type enzyme a residual activity of 0.7 % was 

calculated for the AK2 mutant p.[Gly47Arg] and a residual activity of 0.9 % was 

determined for the p.[Arg186Cys] mutant. 

The integrity of all tested enzymes was confirmed after the determination of the 

enzymatic activity by Western Blot analyses to exclude reduced enzymatic activity 

due to protein degradation, as a result of repeated freeze and thaw cycles and 

storage conditions (data not shown). 

3.2 Regulation of AK1 and AK2 Protein Expression in the Human 

Haematopoietic System 

A study of Pannicke et al. hypothesised that human leukocytes may be susceptible 

to defects caused by the lack of mitochondrial AK2 since they do not express the 

cytosolic adenylate kinase 1 (AK1) in sufficient amounts to compensate for 

functionally impaired AK2 (Pannicke et al., 2009). The aim of this part of the thesis 

was to investigate the expression and the expression regulation of AK1 in human 

haematopoietic cell lines compared to non-haematopoietic cell lines in order to 

characterise the possible functional interdependence of AK1 and AK2 in 

haematopoiesis. 

3.2.1 AK1 and AK2 Protein Expression in Various Human Haematopoietic Cell 

Lines 

The protein expression of AK1 and AK2 was analysed by Western Blot analyses in 

eight human non-haematopoietic cell lines including fibroblasts, epithelial cells and 

glioblastoma cells, as well as 18 human haematopoietic cell lines of pro-myeloid, 

myeloid, pre-B, B-cell, and T-cell origin (Figure 24). 

All cell lines analysed express AK2 protein, except for the fibroblasts of the 

negative control cell line from an AK2-deficient patient. All non-haematopoietic cell 

lines do also express AK1 protein. Out of the haematopoietic cell lines, only the 

highly undifferentiated haemoglobin producing myeloid cell line K-562, with 

erythroleukaemic and granulocytic features, expresses AK1 protein in addition to 

AK2. The AK1 expression in the two pre-B-cell lines NALM-6 and Reh, as well as 

in the myeloid cell line ML-2, is very weak. All post-follicular B-cell lines, the T-cell 
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lines, the pro-myeloid cell lines, and the myeloid cell line KG-1 only express AK2 

protein but not AK1. 

 

Figure 24: Protein expression of AK1 and AK2 in human haematopoietic and non-haematopoietic cell 
lines. 
Western Blot analyses of 15 µg protein per lane. Cell lines without AK1 protein expression are depicted in 
red. Loading control: β-actin (ACTB). 

3.2.2 AK1 and AK2 cDNA Analyses 

 

Figure 25: RT-PCR amplification of AK1 and AK2 cDNA fragments. 
NTC: no template control. Reverse transcription of all samples was validated by β-actin (ACTB) 
amplification. Cell lines which do not express AK1 protein are depicted in red. 
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To confirm the Western Blot results, cDNA was synthesised from isolated total 

RNA and analysed for AK1 as well as for AK2 isoform A and isoform B transcripts 

by endpoint reverse transcription polymerase chain reaction (RT-PCR). All cell 

lines showed AK2A and AK2B PCR signals of the predicted size. Surprisingly, all 

cell lines exhibited AK1 cDNA signals of the correct size and in equal amounts, 

even those cell lines which do not express AK1 protein (Figure 25). 

3.2.2.1 Quantification of AK1 cDNA 

To determine the amount of AK1 RNA in the different cell lines and to test whether 

the presence or absence of AK1 protein in the Western Blot analyses correlates 

with the amount of AK1 RNA, a quantitative polymerase chain reaction (qPCR) of 

cDNA (qRT-PCR) was performed using a SYBR Green assay. 

 

Figure 26: Coefficient of variation of common reference genes for qRT-PCR results from 18 
haematopoietic and 8 non-haematopoietic cell lines. 
The calculation was done with Excel (Microsoft, Redmond) from the natural logarithm of the relative 
expression ratios of each cell line based on three independent experiments. Each experiment was done in 
technical triplicates. Outliers have been identified by Grubbs' test. The two-way analysis of variance 
(ANOVA) was performed by Prof. Dr. Josef Högel, Institute of Human Genetics, Ulm University.  

Due to the heterogeneity of the cell lines, the selection of suitable reference RNAs 

for data normalisation was necessary. The commonly used reference RNAs β-

Actin (ACTB), Glyceraldehyde 3-phosphate dehydrogenase (GAPDH), 

Hypoxanthine-guanine phosphoribosyltransferase (HPRT), 60S ribosomal protein 

L13a (RPL13A) and Polyubiquitin-C (UBC) were quantified three times in 

triplicates. Using the natural logarithm of the relative expression ratios of each cell 

line, the coefficient of variation for each reference gene was calculated with Excel 

2007 (Microsoft) and compared to the coefficients of variation calculated by two-

way analysis of variance (ANOVA) by Prof. Dr. Josef Högel (Institute of Human 

Genetics, Ulm University). The calculation methods resulted in congruent results. 

The reference RNAs of HPRT and RPL13A showed the smallest variations among 
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all cell lines tested (Figure 26) and were chosen as reference RNAs for 

normalisation in the following experiments. 

qRT-PCR analyses of the AK1 RNA expression relative to the AK2 positive control 

1 showed, that in general, AK1 protein-producing cell lines have more AK1 mRNA 

than cell lines which do not produce AK1 protein. However, there are some 

exceptions. The HL-60 and KG-1 cell lines have almost the same amount of AK1 

RNA as HEK-293, ML-2, NALM-6, and Reh, which produce different levels of AK1 

protein (compare Figure 27 and Figure 24). In contrast, the HEK-293 cell line had 

very low amounts of AK1 RNA, compared to ML-2, but produces much more AK1 

protein (Figure 24). 

 

Figure 27: qRT-PCR analyses of AK1 RNA expression in different haematopoietic and non-haematopoietic 
cell lines relative to fibroblasts (AK2 positive ctrl. 1). 
The data represent the mean of 3 independent experiments, each done by technical triplicates. The 
reference genes HPRT and RPL13A have been used for data normalisation. AK1 protein-producing cell lines 
are depicted in black, cell lines without AK1 protein expression are indicated in red. AK2 positive ctrl. 1 & 2: 
wild-type fibroblasts, AK2 negative ctrl.: AK2-deficient fibroblasts from an RD patient. 

3.2.2.2 Sequencing Analyses of AK1 cDNA 

To exclude effects of accumulated mutations in the analysed cancer cell lines, 

Sanger sequencing of full-length AK1 cDNA was initiated for all cell lines. When 

trying to amplify full-length AK1 cDNA, it was conspicuous that all cell lines without 

AK1 protein expression miss the common 5‘UTR exon 1 in their AK1 RNA. Only 

fragments starting with the start codon containing exon 2 were amplified and could 

be sequenced in these cell lines (Figure 28). Nine common single-nucleotide 

polymorphisms (SNPs) were identified according to dbSNP build 146 (The Short 

Genetic Variations database, National Center for Biotechnology Information, 

Bethesda, USA) but no unknown mutation was identified. 
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Figure 28: RT-PCR amplification of exons 1 to 6 and exons 2 to 6 of AK1 cDNA. 
A) RT-PCR amplification of exons 1 to 6 and exons 2 to 6 of AK1 cDNA in cell lines without AK1 protein 
expression (red) and cell lines with AK1 protein expression (black). B) Positions of the primer pairs used for 
RT-PCR amplification. 5’UTR: 5’ untranslated region, 3’UTR: 3’ untranslated region. 

An online search of UCSC Genome Browser (human hg19 database) revealed 

annotated human AK1 expressed sequence tags (ESTs) (AL523932, 

CR975542.1, BI598988), with alternative 5’UTR exons instead of exon 1. PCR 

amplification and sequencing of AK2 cDNA fragments with these alternative exons 

confirmed the existence of five alternative AK1 exons named exon 0A, 0B, 0C, 0D 

and exon 1A upstream of exon 2 in AK1 RNAs (Figure 29 A and C). For the exons 

0A and 0D, two differently spliced variants with different lengths were identified 

(exon 0A1, 0A2, 0D1 and 0D2). Different combinations of these alternative exons 

upstream of exon 2 resulted in the identification of at least 6 alternative AK1 

cDNAs in addition to the regular one with exon 1 followed by exon 2 (Figure 29 B). 

All alternative AK1 cDNAs were expressed in more or less all analysed cell lines 

and did not correspond to the AK1 protein expression. Only the presence of the 

regular cDNA with exon 1 upstream of exon 2 correlated with the protein 

expression of AK1 (Figure 29 B). 

A) 

B) 



Results 

 
 

70 

 

 
 

 

 

Figure 29: RT-PCR amplification and identification of alternative 5’UTR exons upstream of exon 2 of AK1 
RNAs. 
A) RT-PCR amplification of AK1 cDNA fragments from exon 0A, 0B and 0C to exon 2 in cell lines with and 
without AK1 protein expression. AK1 protein-producing cell lines are depicted in black, cell lines without 
AK1 protein expression are indicated in red. B) Summary of all AK1 cDNA variants identified by Sanger 
sequencing for each cell line in comparison with the presence or absence of AK1 protein. C) Genomic 
arrangement of alternative AK1 5’UTR exons. 
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3.2.3 Regulation of AK1 Protein Expression 

The discovery of alternatively spliced AK1 mRNAs in cell lines without AK1 protein 

expression led to the question, whether B- and T-cell lines do not express AK1 

RNA with the 5’UTR exon 1 or whether RNA containing exon 1 is degraded in 

those cell lines. To address this question, an AK1 protein producing cell line (K-

562) and a T-cell line without endogenous AK1 protein (Jurkat) were transfected 

with in vitro synthesised AK1 RNAs with different 5‘ and 3’UTRs. 

 

 

 

Figure 30: Western Blot analysis of AK1 protein expressing cells (K-562) and cells without endogenous 
AK1 protein (Jurkat) transfected with different AK1 mRNA constructs. 
A) Schematic view of transfected mRNAs with different 5’ and 3‘ UTRs. B) Western Blot analysis of protein 
lysates from K-562 and Jurkat cells transfected with in vitro synthesised AK1 mRNA with different 5’ and 3‘ 
UTRs. 10 µg protein lysate was loaded per lane. Loading control: β-actin (ACTB); Transfection control: co-
transfection with enhanced green fluorescent protein (EGFP) mRNA was used for transfection efficiency 
determination. The amount of protein lysate loaded per lane was adjusted according to the transfection 
efficiency of each sample. 

A) 

B) 



Results 

 
 

72 

AK1 protein expression of cell lines transfected with in vitro synthesised AK1 

mRNA containing the alternative 5’UTRs exon 0A and exon 0B was compared to 

AK1 protein expression of cell lines transfected with in vitro synthesised AK1 

mRNA containing exon 1. Additionally, AK1 protein expression of cell lines 

transfected with in vitro synthesised AK1 mRNA containing no 5’UTR exon and 

therefore starting with the start codon ATG was analysed and AK1 protein 

expression of cell lines transfected with in vitro synthesised AK1 mRNA containing 

no 5’UTR exon but the 3’UTR part of AK1 exon 7 (Figure 30 A). 

In both cell lines tested, the transfection of in vitro synthesised AK1 RNA with the 

alternative 5’UTR exons 0A and 0B resulted in no protein expression (Figure 30 

B). However, mRNAs with the 5’UTR exon 1 or starting directly at the known 

initiation codon were not degraded in either cell line irrespective of endogenous 

AK1 protein expression. Both cell lines, K-562 and Jurkat, were able to produce 

AK1 protein from transfected mRNA. The native AK1 3’UTR seemed to have a 

negative effect on AK1 protein production in Jurkat but not in K-562 cells. To verify 

this effect, a swap experiment was done by reciprocally exchanging the 3’UTRs 

from AK1 and AK2 mRNAs as shown in Figure 31 A. 

In vitro synthesised AK1 mRNA either containing the endogenous AK1 3’UTR or 

containing the AK2A 3’UTR preceded by a mycHis-tag were transfected in K-562 

and Jurkat cells, as well as AK2A mRNA containing the endogenous AK2A 3’UTR 

or containing the AK1 3’UTR downstream of a mycHis-tag. The AK1mycHis and 

AK2AmycHis protein expression of the transfected cell lines was examined by 

Western Blot analyses (Figure 31 B). 

The negative effect of the AK1 3‘UTR on AK1 protein translation in Jurkat cells 

was not transferable to AK2, because AK2A mRNA with the AK1 3’UTR resulted in 

the same or only marginally reduced protein amounts compared to AK2A mRNA 

with its own 3’UTR. This was the case for 5 (2+3) quantification blots from two 

independent transfection experiments. The protein translation of AK1 and AK2 in 

K-562 was not influenced by the different 3’UTRs. The results of the quantification 

experiments are shown in Figure 32. 
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Figure 31: AK1 and AK2 protein expression of AK1 and AK2 mRNA with their own 3’UTR compared to 
swapped 3‘UTRs in AK1 protein expressing (K-562) and non-expressing (Jurkat) cells. 
A) Schematic view of transfected AK1 and AK2 mRNAs and the different 3’UTR combinations. B) Western 
Blot analysis of protein lysates from K-562 and Jurkat cells transfected with in vitro synthesised AK1 mRNA 
with their own and swapped 3‘ UTRs. One representative Western Blot of 5 quantification blots from two 
independent experiments with 10 µg protein lysate in each lane. Loading control: β-actin (ACTB). 
Transfection control: co-transfection with enhanced green fluorescent protein (EGFP) mRNA was used for 
transfection efficiency determination. The amount of protein lysate loaded per lane was adjusted according 
to the transfection efficiency of each sample. 

Taken together, cDNA analyses showed that human haematopoietic cell lines 

which do not express AK1 protein, transcribe no AK1 mRNA with exon 1, however 

they can express AK1 protein if AK1 mRNA with exon 1 is transfected. 

Additionally, all analysed cell lines have low levels of AK1 mRNA with alternative 

5‘UTR exons which do not enable AK1 protein expression. 

A) 

B) 
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Figure 32: Quantification of protein expression after transfection of in vitro synthesised AK1 and AK2A 
mRNA with wild-type or swapped  3’UTRs in an endogenously AK1 producing cell line (K-562) and a cell 
line without AK1 protein expression (Jurkat). 
The expression of each protein from mRNA with a swapped 3’UTR (blue) was quantified with reference to 
the protein amount from the wild-type mRNA with its own 3’UTR (AK1 pink, AK2A yellow). Co-transfection 
of EGFP mRNA was used to determine the transfection efficiency of each sample. The amount of protein 
lysate loaded per lane for Western Blot analyses was adjusted according to the transfection efficiency of 
each sample. β-Actin was used to normalize the Western Blot quantification results. 

3.2.4 AK1 Promoter Analyses 

The previous experiments have shown that the AK1 protein expression depends 

on the transcription of AK1 mRNA with the non-coding exon 1. However, it is 

unknown how the promoter upstream of AK1 exon 1 is regulated in 

haematopoietic cells. 

3.2.4.1 Transcription Factor Mediated Promoter Activity 

The transcription factor mediated promoter activity of the genomic region upstream 

of AK1 exon 1 was measured with an in vitro luciferase assay. Different parts of 

the promoter region upstream of AK1 exon 1 were cloned upstream of the firefly 

luciferase in a promoterless reporter vector. Those different firefly reporter vectors 

were transfected in haematopoietic cell lines and firefly luciferase-dependent 

luminescence was measured. The transfection efficiency was assayed by co-

transfection of a renilla luciferase vector. 
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Figure 33: Promoter activity of the genomic region upstream of AK1 exon 1 in haematopoietic cell lines. 
A) Localisation and length of the six different promoter regions upstream of AK1 exon 1 relative to the 
transcription start site published by Matsuura (Matsuura et al., 1989). Promoter fragment 5 contained the 
TATA box and was equivalent to the NCBI reference sequence NM_000476.2 exon 1. Promoter fragment 4 
contained the TATA box, two GC boxes, and one enhancer box (E box) element. All other promoter 
fragments contained variable numbers of additional E box elements as indicated. B) Results of the 
luciferase-based promoter assay. Promoter activities are given in relation to the TATA-box containing 
minimal Prom 5 fragment tested in two cell lines either with active transcription of AK1 mRNA with exon 1 
(Hela and K-562, black) or without (HL-60 and Jurkat, red). Results of three independent experiments, with 
technical duplicates each. Bars represent mean values. Positive control (pos. ctrl.): SV40 promoter, negative 
control (neg. ctrl.): no promoter; Prom 1 methyl.: in vitro CpG methylated Prom 1 containing plasmid. 

The localisation and length of the various promoter regions are depicted in Figure 

33 A. The positions are given relative to the transcription start site (TSS) as 

published by Matsuura et al. (Matsuura et al., 1989). Promoter fragment 5 

contained a TATA box and was equivalent to the anterior part of the NCBI 

reference sequence NM_000476.2 exon 1. Promoter fragment 4 contained the 

TATA box, two GC boxes and one enhancer box (E box) element. 

A) 

B) 
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The shortest promoter fragment, Prom 5, contained the TATA box and enabled 

basal promoter activity in all four tested cell lines (Figure 33 B). The promoter 

activity of Prom 5 was set to 100 % in each cell line and the activities of all other 

promoter fragments were calculated in relation to the activity of this essential 

promoter fragment. In Hela cells, one of two tested cell lines with endogenous AK1 

exon 1 transcription, the promoter fragments 1 - 4 enhanced the basal promoter 

activity of promoter fragment Prom 5 3 - 5 fold. The other AK1 exon 1 expressing 

cell line K-562 showed no increase of the basal promoter activity except for 

promoter fragment 4. In the HL-60 cell line without AK1 exon 1 RNA, none of the 

tested fragments showed an increase of basal promoter activity. Contrary, in 

Jurkat cells, the promoter activity of promoter fragments 1 to 4 was supressed 

compared to the basal promoter activity of promoter fragment 5. 

Due to the fact that the genomic region upstream of AK1 exon 1 resulted in 

contrasting effects both in HeLa versus K-562 cells and in Jurkat vesus HL-60 

cells, the promoter activity of the tested genomic fragments could not be correlated 

to the transcription of AK1 mRNA with exon 1. 

By testing an in vitro fully CpG methylated plasmid with the long promoter region 

Prom 1, it was demonstrated in all four tested cell lines that CpG methylation of 

this region inhibits any promoter activity (Figure 33 B). Therefore, the next step 

was to check if the endogenous CpG methylation status of this region correlates 

with the AK1 protein expression. The in vitro methylation of the plasmid 

pGL3AK1Prom1 was confirmed by methylation sensitive restriction digestion (data 

not shown). 

3.2.4.2 Promoter Methylation 

The methylation status of cytosine nucleotides followed by a guanine nucleotide 

(CpG) in the promoter region of AK1 was analysed by NGS of sodium bisulphite 

treated genomic DNA. The experimental setup was established and validated with 

enzymatically methylated Human Premixed Calibration Standard gDNA for 

methylation analyses obtained from EpigenDX (Hopkinton). 

As expected, all CpG sites of the 0 % standard were detected as unmethylated 

and all CpG sites of the 100 % standard were detected fully methylated (Figure 

34). The absolute values of the intermediately methylated standards alternated in 

a site-dependent manner but the gradient of methylation was always retained. The 
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rate of not converted non-CpG cytosines was in the range of 0.16 % to 0.44 % 

with a mean of 0.28 %. 

                

Figure 34: CpG methylation of enzymatically methylated Human Premixed Calibration Standard gDNA for 
methylation analyses obtained from EpigenDX (Hopkinton). 
The methylation status of each CpG site was analysed two times independently by next-generation 
sequencing (NGS) of sodium bisulphite treated genomic DNA The positions of the analysed CpG sites are 
indicated relative to the transcription start sites (TSS) of AK1 (Matsuura et al., 1989) and AK2 (NCBI 
reference sequence NM_001625.3). The color gradient represents the average percentage of methylation 
from three experiments at each analysed CpG site ranging from green (0 %) via yellow (50 % ) to red 
(100 %). 
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The genomic region of AK1 exon 0A and the active promoter region of AK2 were 

analysed in all cell lines as positive and negative control regions. All CpG sites in 

the area of the AK1 exon 0A were fully methylated in all cell lines tested, whereas 

the AK2 promoter region was completely unmethylated (Figure 35). The MOLT-3 

cell line was the only one with some moderately methylated CpGs in the AK2 

promoter region. 

 

Figure 35: CpG methylation of the genomic region of AK1 exon 0A and the AK2 promoter region as 
control regions for methylation analyses in cell lines with active AK1 exon 1 transcription (black) and cell 
lines without (red). 
The methylation status of each CpG site was analysed three times independently by next-generation 
sequencing (NGS) of sodium bisulphite treated gDNA. The positions of the analysed CpG sites are indicated 
relative to the transcription start sites (TSS) of AK1 (Matsuura et al., 1989) and AK2 (NCBI reference 
sequence NM_001625.3). The color gradient represents the average percentage of methylation from three 
experiments at each analysed CpG site ranging from green (0 %) via yellow (50 % ) to red (100 %). 
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Figure 36: CpG methylation status of the AK1 promoter region and parts of exon 1 and intron 1 in cell 
lines with active AK1 exon 1 transcription (black) and cell lines without (red). 
The methylation status of each CpG site was analysed three times independently by next-generation 
sequencing (NGS) of sodium bisulphite treated genomic DNA. The positions of the analysed CpG sites are 
indicated relative to the transcription start sites (TSS) of AK1 (Matsuura et al., 1989) and AK2 (NCBI 
reference sequence NM_001625.3). The color gradient represents the average percentage of methylation 
from three experiments at each analysed CpG site ranging from green (0 %) via yellow (50 % ) to red 
(100 %). 
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The methylation analyses of the AK1 promoter region with parts of exon1 and the 

following intron 1 identified a differentially methylated region of 250 bp up- and 

downstream of the transcription start site of AK1 (Figure 36). The amount of 

methylated CpG sites in this area correlated negatively with the AK1 protein 

expression. In general, cell lines which do express AK1 protein were completely 

unmethylated in this region, while cell lines without AK1 protein had highly 

methylated CpG sites. The three cell lines ML-2, NALM-6 and Reh with low levels 

of AK1 protein showed an intermediate methylation status. The two EBV-B 

transformed cell lines were the only ones which did not fit into this general 

scheme. They were both not methylated in this region but no AK1 protein 

expression and no AK1 mRNA with exon 1 had been detected in this EBV-B 

transformed cell lines. 

3.3 A Mouse Model of AK2 Deficiency 

The aim of this part of the thesis was the development and characterisation of an 

Ak2 knockout mouse to provide a model system for further studies on the 

molecular pathophysiology of RD. 

3.3.1 Constitutive Ak2 Knockout Mouse 

Heterozygous mice with an Ak2 exon 3 - 4 deletion at one allele (Ak2+/- mice) were 

mated, to mimic the human disease RD in mice. 

3.3.1.1 Statistics of Live-born Mice and Embryos from Timed Pregnancies 

Genotyping of live-born mice and embryos from Ak2+/- x Ak2+/- matings revealed a 

highly significant (p ≤ 0.001) deficiency of homozygous AK2 knockout mice from 

embryonic day 10.5 to postnatal mice (Figure 37). 117 live-born mice, 29 embryos 

at embryonic day 18.5 (E18.5), 56 E13.5 embryos and 29 E10.5 embryos were 

analysed and no homozygous Ak2-/- animal was identified. The viability of 

heterozygous animals was not affected and there were no significant differences in 

the weight and the physical appearance of heterozygous embryos compared to 

wild type animals (data not shown). The ratio of wild type to heterozygous animals 

was 1:2 as expected. 
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Figure 37: Genotype distribution of offspring from Ak2
+/-

 x Ak2
+/-

 matings. 
The ratio of wild type (Ak2

+/+
) to heterozygous (Ak2

+/-
) animals or the ratio of wild-type to heterozygous and 

knockout animals was analysed for significant deviation from the expected 1:2 or 1:2:1 ratio by Chi-square 
test for goodness of fit. The significance of a deficiency of homozygous Ak2 knockout animals was evaluated 
by calculating the cumulative binomial probability of observing the indicated number of Ak2

-/-
 animals or 

less under the null hypothesis. Highly significant p-values ≤ 0.001 are shaded in red. 

For embryos at embryonic day 8.5 and embryonic blast cells (E3.5) all genotypes 

were obtained in normal Mendelian ratios (p > 0.05, Chi-square test of 1:2:1 

distribution) and the number of homozygous knockout embryos was not 

significantly reduced (cumulative binomial probability p > 0.05; Figure 37). 

   
Ak2+/+ Ak2+/- Ak2-/- 

 

 

 

 

Theiler stage 12 
(E7.5-8.75) 

Theiler stage 9 
(E6.25-7.25) 

 

Figure 38: A) wild type, B) heterozygous and C) knockout embryos from AK2
+/-

 x Ak2
+/-

 matings at 
embryonic day 8.5. 
D) + E) Reference pictures of Theiler stage 12 and 9. Source: EMAP eMouse Atlas Project 
(http://www.emouseatlas.org) (Richardson et al., 2014) These pictures are licensed under the CC BY 3.0 
license (https://creativecommons.org/licenses/by/3.0/). 

At embryonic day 8.5, the wild type and heterozygous embryos were normally 

developed and matched Theiler stage 12 (Theiler, 1989). The homozygous 

knockout embryos were characterised by growth retardation and their morphology 

Ak2 

+/+

Ak2 

+/-

Ak2 

-/-

Liveborn (n = 117) 48 69 0 p = 0.078 - p ≤ 0.001

E18.5 (n = 29) 9 20 0 p = 0.791 - p ≤ 0.001

E13.5 (n = 56) 21 35 0 p = 0.509 - p ≤ 0.001

E10.5 (n = 29) 7 22 0 p = 0.293 - p ≤ 0.001

E8.5  (n = 16) 5 7 4 - p = 0.829 p = 0.630

E3.5  (n = 36) 10 17 9 - p = 0.920 p = 0.588

χ²-test              

(1:2:0)

χ²-test               

(1:2:1)

Binominal 

probability 

(Ak2 -/- )

Age

Genotype

D) E) 

A) B) C) 
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corresponded to Theiler stage 9 (Theiler, 1989) (Figure 38). Until E10.5, all Ak2-/- 

embryos were resorbed and no resorption bodies were detectable anymore. 

3.3.1.2 ES Cell Lines 

              
 Ak2+/+ Ak2+/- Ak2-/-

 

Figure 39: ES cell morphology of wild type (A), heterozygous (B) and knockout (C) ES-cell lines after 4 
passages under feeder-free conditions. 

Ak2-/- embryonic blast cells from E3.5 were viable and embryonic stem cell lines 

(ES cell lines) were established from one wild type, 8 heterozygous and 5 

knockout blastocysts. All cell lines showed identical morphologies on feeder cells 

but under feeder-free conditions, the knockout cell lines retained the 

undifferentiated morphology while heterozygous and wild type cell lines started to 

differentiate (Figure 39). 

 

Figure 40. Protein expression of AK2 in murine Ak2 knockout ES cell lines. 
Western Blot analysis of 10 µg protein per lane. MEF: murine embryonic fibroblasts, pos. ctrl.: NIH3T3 cell 
line, Loading control: β-Actin (ACTB) 

The obtained ES cell lines were characterised after 4 passages under feeder-free 

conditions by Western Blot analysis. Murine AK2 protein expression correlated 

with the Ak2 genotype of the ES cell lines (Figure 40). Wild-type ES cells 

expressed more AK2 protein than heterozygous ES cells. Two of three knockout 

ES cell lines showed a faint band of the size of AK2 protein, although the 

A) B) C) 
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genotyping of these ES cells and a digital PCR analysis showed no remaining 

wild-type Ak2 alleles in these knockout cell lines (Figure 41). 

           
 

 

Figure 41: Characterisation of Ak2 knockout ES cell lines. 
A) Genotyping analysis of ES cell lines after four passages without feeder cells. B) Positions of the primers 
Oligo 1, 2, and 3 used for genotyping. C) Quantification of murine Ak2 exon 3 compared to the reference 
exon 2 by digital PCR. Each sample was analysed twice. MEF: murine embryonic fibroblasts, NTC: no 
template control. 

3.3.2 Conditional AK2 Knockout Mouse 

To obtain a conditional AK2 knockout model, heterozygous Ak2+/- mice with a Cre 

recombinase transgene under the control of the haematopoiesis-specific Vav 

promoter (vav-iCre mice) were mated with homozygous Ak2fl/fl mice to get Cre- 

Ak2fl/+ “wild type” mice with two intact Ak2 alleles, heterozygous Cre-Ak2fl/- mice 

with one intact Ak2 allele, haematopoiesis-specific heterozygous Cre+Ak2fl/+ 

animals and haematopoiesis-specific Cre+Ak2fl/- knockouts. This enabled the 

analysis of the haematopoietic effects of an AK2 deficiency without the early 

embryonic lethality due to the early non-haematopoietic effects of the constitutive 

Ak2 knockout. 

A) 

B) 

C) 
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3.3.2.1 Validation of the Haematopoiesis-specific Recombination Activity of 

the vav-iCre Recombinase at the Murine Ak2 Locus 

The specifity and efficiency of Cre-mediated recombination of the floxed Ak2 

allele, resulting in a deletion of Ak2 exons 3 and 4, was determined in sorted CD45 

negative murine embryonic fibroblasts (MEFs) and sorted lineage negative, Sca-1 

and c-Kit positive (LSK) foetal liver cells from embryonic day 13.5. The sorted cells 

were lysed and the ratio of murine Ak2 exon 3 to exon 2 was determined by digital 

PCR. 

 

 

Figure 42: Digital PCR analyses of the haematopoiesis-specific recombination of the floxed Ak2 allele in 
sorted CD45- murine embryonic fibroblasts (MEFs) and foetal liver haematopoietic stem cells (lineage 
negative, sca-1 and c-Kit positive (LSK) cells) from embryonic day 13.5. 
A) Numbers of sorted cells for each cell population and genotype. B) Quantification of murine Ak2 exon 3 
compared to the reference exon 2. Sorted cells were lysed and digital PCR analysis was done for Cre

-
Ak2

fl/+
 

(wild type, green), Cre
-
Ak2

fl/-
 (heterozygous control) and Cre

+
Ak2

fl/+
 cells (heterozygous in haematopoietic 

cells) both of them depicted in blue and Cre
+
Ak2

fl/-
 cells (conditional knockout, red). 

No recombination of the loxP sites was detected in non-haematopoietic, Cre-

positive MEFs because Cre-positive cells with one wild type and one floxed allele 

had as much exon 3 as exon 2 signal (98,0 % compared to 99,7 %) and Cre-

Cell type Genotype Sorted cells

LSK Cre - AK2 fl/+ 10,091

Cell type Genotype Sorted cells LSK Cre - AK2 fl/- 14,423

MEF Cre - AK2 fl/+ 40,000 LSK Cre + AK2 fl/+ 8,045

MEF Cre + AK2 fl/+ 40,000 LSK Cre + AK2 fl/+ 10,417

MEF Cre + AK2 fl/- 40,000 LSK Cre + AK2 fl/+ 6,035

MEF Cre + AK2 fl/- 40,000 LSK Cre + AK2 fl/- 14,038

LSK Cre + AK2 fl/- 14,437

LSK Cre + AK2 fl/- 14,138

LSK Cre + AK2 fl/- 15,674

A) 

B) 
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positive cells with one deleted and one floxed allele were still heterozygous (Figure 

42). 

In haematopoietic LSK cells, the floxed alleles were almost completely deleted. All 

Cre-positive LSK cells with one wild type and one floxed allele were heterozygous 

with 50 % ± 3 % of exon 3 signal compared to exon 2 signal like the heterozygous 

Cre-negative Ak2fl/- control cells. All Cre-positive LSK cells with one deleted and 

one floxed allele became complete knockouts with less than 1 % of Ak2 exon 3 

remaining. This represented an average recombination efficiency of 99 % in 

haematopoietic cells and below 1% in non-haematopoietic MEFs. 

3.3.2.2 Statistics of Live-born Mice and Embryos from Timed Pregnancies 

No conditional Ak2 knockout could be detected by genotyping 72 live-born mice 

mimicking the situation of the constitutive knockout (Figure 43). The absence of 

Cre+Ak2fl/- mice was highly significant (p ≤ 0.001). The viability of the heterozygous 

(Cre-Ak2fl/-) and the haematopoiesis-specific heterozygous animals (Cre+Ak2fl/+) 

was not affected and no significant difference from the 1:1:1 ratio of Cre- AK2fl/+, 

Cre+Ak2fl/+, and Cre-Ak2fl/- animals was detected. 

 

Figure 43: Genotype distribution of offspring from Ak2
fl/fl

 x vav-iCre Ak2
+/-

 matings. 
The ratio of Cre

-
AK2

fl/+
 to Cre

+
Ak2

fl/+
 and to Cre

-
Ak2

fl/-
 animals or the ratio of all four possible genotypes to 

each other was analysed for significant deviation from the expected 1:1:1:0 or 1:1:1:1 ratio by Chi-square 
test for goodness of fit. The significance of a deficiency of homozygous Ak2 knockout animals was 
evaluated by calculating the cumulative binomial probability of obtaining the indicated number of Ak2

-/-
 

animals or less under the null hypothesis. Significant p-values ≤ 0.05 are shaded in red. 

Three days before birth, at embryonic day 18.5, haematopoiesis-specific knockout 

embryos were detected, but only about 10 % instead of 25 % of all genotyped 

embryos were Cre+Ak2fl/-. This reduced frequency was significant compared to the 

frequencies of the other genotypes (p ≤ 0.05, Chi-square test for goodness of fit of 

1:1:1:1 ratio) as well as the binomial probability to get five or less Cre+Ak2fl/- 

embryos out of 50 embryos analysed (p ≤ 0.001). The conditional Ak2 knockout 

embryos at E18.5 were smaller than wild-type or heterozygous embryos with 

Cre - 

Ak2 

fl/+

Cre + 

Ak2 

fl/+

Cre - 

Ak2 

fl/-

Cre + 

Ak2 

fl/-

Liveborn (n = 72) 27 25 20 0 p = 0.582 - p ≤ 0.001

E18.5 (n = 50) 12 19 14 5 - p = 0.044 p = 0.007

E13.5 (n = 32) 6 7 11 8 - p = 0.626 p = 0.594

Age

Genotype

χ²-test              

(1:1:1:0)

χ²-test              

(1:1:1:1)

Binominal 

probability 

(Cre +            

Ak2 fl/- )
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varying sizes and were macroscopically identifiable by their pale appearance 

(Figure 44 A) and their soft and sticky tissue consistence. 

                    

                         
 

 
Figure 44: Physical appearance of wild-type (green), heterozygous (blue), and haematopoiesis-specific 
knockout embryos (red) from embryonic day 18.5 (A) and embryonic day 13.5 (B). 
C) Weight of E13.5 embryos showed no significant difference between wild-type, heterozygous, and Ak2 
knockout embryos. P-values were calculated by two-tailed Welch‘s t-test compared to wild type, n.s. = not 
significant (p-value> 0.05). Embryos at E18.5 have been decapitated. 

At embryonic day 13.5, the frequency of conditional knockout embryos was normal 

and there was no difference in size between knockout and heterozygous or wild 

type animals but the liver of Cre+Ak2fl/- embryos was paler than the liver of 

heterozygous or wild type embryos (Figure 44 B). 

3.3.2.3 Viability of Foetal Liver Cells 

Foetal livers (FL) were isolated at E13.5 and roughly 1 x 107 cells were isolated on 

average from FL of wild type and heterozygous embryos. The foetal livers of 

conditional Ak2 knockout embryos contained only 2.7 million cells on average, 

which represents 26 % of the wild-type cell number as shown in Figure 45 A. From 

those 2.7 million isolated foetal liver cells of conditional knockout embryos almost 

60 % were dead, compared to only 30 % in wild-type and heterozygous embryos. 

Cre+ 

Ak2fl/+ 

 

Cre+ 

Ak2fl/- 

 

Cre+ 

Ak2fl/- 

 

Cre- 

Ak2fl/+ 

 

Cre- 

Ak2fl/- 

 

Cre+ 

Ak2fl/- 

 

Cre+ 

Ak2fl/- 

 

A) B) 

C) 
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This led to an average of 1 million viable foetal liver cells for conditional Ak2 

knockout embryos and corresponded to 15 % of the viable foetal liver cell numbers 

of wild type and heterozygous animals. The differences in cell number and the 

percentage of viable and dead cells between wild type and the conditional Ak2 

knockout were significant (Welch‘s t-test, p-value ≤ 0.05). No significant 

differences could be detected for total number and viability of foetal liver cells of 

wild-type and heterozygous embryos (Welch‘s t-test, p-value > 0.05). 

      

Figure 45: Numbers and viability of isolated foetal liver cells from wild-type, conditional heterozygous 
and conditional knockout embryos at embryonic day 13.5. 
A) Number of total, viable and dead cells from foetal livers of wild-type compared to heterozygous 
respectively conditional heterozygous and conditional knockout embryos. B) Percentage of viable and 
dead cells was determined by FACS analysis of foetal liver cells stained with SYTOX® Blue viability dye. P-
values were calculated by two-tailed Welch‘s t-test compared to wild type, n.s. = not significant (p-value 
> 0.05), * = significant (p-value ≤ 0.05), ** = very significant (p-value ≤ 0.01), *** = highly significant (p-
value ≤ 0.001). Cre

-
Ak2

fl/+
 mice were determined as wild type (wt), all Cre

-
Ak2

fl/-
 and Cre

+
Ak2

fl/+
 embryos 

were classified as heterozygous (het) and the conditional knockout embryos (ko) were Cre
+
Ak2

fl/-
. 

3.3.2.4 Haematopoietic Stem and Progenitor Cells 

At E13.5, the foetal liver is the main organ for haematopoiesis in mice. The 

haematopoietic capacity of foetal livers from wild-type and conditional Ak2 

knockout embryos was analysed at the stem cell and progenitor level by flow 

cytometry to investigate whether Ak2-deficiency affects theses cell types in mice. 

Foetal liver cells were isolated and stained for the lineage surface markers CD3e, 

CD4, CD5, CD8a, B220, Gr-1 and Ter-119. Lineage negative (lin-) cells were 

analysed to exclude all mature haematopoietic cells (Figure 46). The surface 

A) B) 
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markers c-Kit and Sca-1 were used to identify all multipotent cells, called lineage-

Sca-1+c-Kit+ cells (LSK) and the lineage-Sca-1+c-Kit- myeloide progenitors 

(MP).The cytometric analysis indicated a higher proportion of ≈ 50 % lin- and ≈ 15 

% LSK cells on average for the Ak2 knockout compared to wild-type samples with 

≈ 20 % lin- cells and ≈ 5 % LSK cells on average (Figure 46). Heterozygous 

samples showed no difference compared to wild-type samples (data not shown). 

 

Figure 46: Gating strategy and FACS analyses of multipotent lineage
-
Sca-1

+
c-Kit

+
 cells (LSK) from foetal 

livers of Ak2 knockout embryos compared to wild type at E13.5. 
Representative cytometric analysis of one wild-type (Cre

-
Ak2

fl/+
) and one Ak2 knockout (Cre

+
Ak2

fl/-
) sample. 

Erythrocytes were lysed and dead cells and doublets were excluded prior to analysis. Lineage surface 
markers: CD3e, CD4, CD5, CD8a, B220, Gr-1 and Ter-119; Viability dye: SYTOX® Blue or propidium iodide. 

The calculation of total cell numbers revealed that the number of viable (Sytox® 

Blue or propidium iodide negative) LSK cells per foetal liver was slightly increased 

from 1.1 x 104 ± 0.4 x 104 (mean ± standard deviation (s.d.)) viable LSK cells per 

foetal liver of wild type embryos to 2.1 x 104 ± 1.0 x 104 viable LSK cells per FL for 

Ak2 knockout embryos. Heterozygous embryos had 1.4 x 104 ± 0.5 x 104 viable 

LSK cells per FL and showed no significant difference in the number of viable LSK 

cells per FL compared to wild type embryos (Figure 47). 

The number of viable lin- cells per FL was independent of the Ak2 genotype with 

2.7 x 105 ± 1.4 x 105, 3.6 x 105 ± 1.7 x 105 and 1.6 x 105 ± 0.6 x 105 (mean ± s.d.) 

viable lin- cells per FL of wild type, heterozygous and knockout embryos. 
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Figure 47: Total amounts of lineage negative (lin
-
) and LSK cells per foetal liver at E13.5 determined by 

FACS analyses. 
Genotype classification: wild type (Cre

-
Ak2

fl/+
), heterozygous (Cre

-
Ak2

fl/-
 or Cre

+
Ak2

fl/+
) and knockout 

(Cre
+
Ak2

fl/-
).Lineage surface markers: CD3e, CD4, CD5, CD8a, B220, Gr-1 and Ter-119; LSK: lineage

-
Sca-1

+
c-

Kit
+
 cells. P-values were calculated by two-tailed Welch‘s t-test compared to wild type. n.s. = not significant 

(p-value > 0.05), * = significant (p-value ≤ 0.05) 

The viability and apoptotic state of LSK cells was determined by propidium iodide 

(PI) and annexin V staining. Spectral overlap of the viability stain PI with the 

fluorescence channel of the lineage fluorophore Qdot® 605 was not compensable 

and the PI fluorescence spillover into the lineage channel led to a loss of dead 

cells for lineage negative cell analyses (Appendix C). The viability of the 

detectable LSK cells and the percentages of apoptotic and dead cells were 

independent of the Ak2 genotype (Figure 48). 

The LSK cell subset was split up into haematopoietic stem cells (HSC), multipotent 

haematopoietic progenitors (MPP), and haematopoietic progenitor cells (HPC1 + 

HPC2) according to their expression of the signalling lymphocyte activation 

molecule (SLAM) markers CD150 and CD48 (Kim et al., 2006; Oguro et al., 2013) 

to analyse the composition of the LSK cell subset. The lineage-Sca-1+c-Kit- 

myeloid progenitors (MP) were split up according to their CD34 and CD16/32 (Fcγ-

receptor) expression into common myeloid progenitors (CMP), granulocyte-

macrophage progenitors (GMP) and megakaryocyte-erythrocyte progenitors 

(MEP) (Traver et al., 2001) as shown in Figure 49. 
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Figure 48: Viability and apoptotic state of LSK cells. 
A) Gating strategy and FACS analysis of the viability and apoptotic state of lin

-
Sca-1

+
c-Kit

+
 (LSK) cells from 

foetal livers of Ak2 knockout embryos compared to wild-type embryos at E13.5. Representative cytometric 
analysis of one wild-type (Cre

-
Ak2

fl/+
) and one Ak2 knockout (Cre

+
Ak2

fl/-
) sample. Heterozygous samples 

showed no difference compared to wild-type samples. Erythrocytes were lysed and doublets were excluded 
prior to analyses. Lineage surface markers: CD3e, CD4, CD5, CD8a, B220, Gr-1 and Ter-119; viability dye: 
propidium iodide (PI). B) Percentage of viable, apoptotic and dead LSK cells. Genotype classification: wild 
type (Cre

-
Ak2

fl/+
), heterozygous (Cre

-
Ak2

fl/-
 or Cre

+
Ak2

fl/-
) and knockout (Cre

+
Ak2

fl/-
). P-values were calculated 

by two-tailed Welch‘s t-test compared to wild type. n.s. = not significant (p-value > 0.05). 

 
Figure 49: Gating strategy and FACS analyses of haematopoietic stem and progenitor cells from foetal 
livers of Ak2 knockout embryos compared to wild-type embryos at E13.5. 
Cells were separated into lin

-
Sca-1

+
c-Kit

+
 (LSK) cells, lin

-
Sca-1

+
c-Kit

-
 MP cells, lin

-
Sca-1

+
c-Kit

+
CD150

+
CD48

-
 

HSC, lin
-
Sca-1

+
c-Kit

+
CD150

-
CD48

-
 MPP cells, and lin

-
Sca-1

+
c-Kit

+
CD150

-/+
CD48

+
 haematopoietic progenitor 

cells (HPC1 + HPC2) as well as lin
-
Sca-1

+
c-Kit

-
CD34

+
CD16/32

-/low
 CMP cells, lin

-
Sca-1

+
c-Kit

-
CD34

+
CD16/32

+
 

GMP and lin
-
Sca-1

+
c-Kit

-
CD34

-
CD16/32

-
 MEP. Representative cytometric analysis of one wild-type (Cre

-

Ak2
fl/+

) and one Ak2 knockout (Cre
+
Ak2

fl/-
) sample. Heterozygous samples showed no differences compared 

to wild type. Erythrocytes have been lysed and dead cells and doublets were excluded prior to analysis. 

A) B) 
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The relative composition of the LSK cell compartment was equivalent for wild-type, 

heterozygous and conditional Ak2 knockout animals and also the absolute 

numbers of HPC1, HPC2, MPP and HSC per foetal liver showed no significant 

difference (Figure 50). The slightly but significantly increased number of LSK cells 

of Ak2 knockout embryos compared to wild-type and heterozygous embryos 

(Figure 47) could not be confirmed for the LSK cell subsets. The mean cell number 

of the four LSK cell subsets HPC1, HPC2, MPP and HSC of Ak2 knockout 

embryos was above the average cell number of wild-type and heterozygous 

samples, but this was not significant (Figure 50). 

 

Figure 50: Relative and absolute numbers of foetal liver haematopoietic stem and progenitor cells in 
conditional Ak2 knockout mice, analysed by flow cytometry at E13.5 
Percentage of LSK cells and total numbers per foetal liver of haematopoietic progenitor cells (HPC1 + HPC2), 
multipotent haematopoietic progenitors (MPP) and haematopoietic stem cells (HSC) in the LSK 
subpopulation of wild type (Cre

-
Ak2

fl/+
) compared to heterozygous (Cre

-
Ak2

fl/-
 and Cre

+
Ak2

fl/+
) and 

conditional Ak2 knockout (Cre
+
Ak2

fl/-
) mice. P-values were calculated by two-tailed Welch‘s t-test compared 

to wild type. n.s. = not significant (p-value > 0.05). 

The flow cytometric analyses of conditional Ak2 knockout foetal liver cells showed 

a significantly reduced number of MP per foetal liver when compared to wild-type 

foetal liver cells. Heterozygous embryos showed no alterations in the number of 

MP per foetal when compared to the wild type. A closer look at the CMP, GMP 

and MEP cell subsets revealed, that CMP and GMP were independent of the Ak2 

genotype, but MEP numbers per foetal liver were significantly reduced to only 20 

% of the wild-type cell number in conditional Ak2 knockout embryos at E13.5 

(Figure 51). The viability of the Ak2 knockout CMP, GMP and MEP was slightly 

reduced to 95 % compared to 97 % - 99 % of wild-type and heterozygous 



Results 

 
 

92 

progenitors. This reduction was significant for GMP and MEP but not for CMP 

(Figure 52). 

 

Figure 51: Absolute cell numbers of the myeloid progenitor (MP) subpopulations: common myeloid 
progenitors (CMP), granulocyte-macrophage progenitors (GMP), and megakaryocyte-erythrocyte 
progenitors of foetal livers at E13.5. 
Genotype classification: wild type (Cre

-
Ak2

fl/+
), heterozygous (Cre

-
Ak2

fl/-
 or Cre

+
Ak2

fl/+
) and knockout 

(Cre
+
Ak2

fl/-
). P-values were calculated by two-tailed Welch‘s t-test compared to wild type. n.s. = not 

significant (p-value > 0.05), * = significant (p-value ≤ 0.05), *** = highly significant (p-value ≤ 0.001). 

 

   

Figure 52: Viability of common myeloid progenitors (CMP), granulocyte-macrophage progenitors (GMP) 
and megakaryocyte-erythrocyte progenitors of foetal livers at E13.5 determined by FACS analyses with 
Sytox® Blue (viability dye). 
Genotype classification: wild type (Cre

-
Ak2

fl/+
), heterozygous (Cre

-
Ak2

fl/-
 or Cre

+
Ak2

fl/+
) and knockout 

(Cre
+
Ak2

fl/-
). P-values were calculated by two-tailed Welch‘s t-test compared to wild type. n.s. = not 

significant (p-value > 0.05), * = significant (p-value ≤ 0.05), *** = highly significant (p-value ≤ 0.001). 
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3.3.2.5 Erythroid Development 

The development of erythroid progenitors and mature erythrocytes in foetal livers 

of Cre-Ak2fl/+ wild-type embryos and Cre-Ak2fl/- or Cre+Ak2fl/+ heterozygous 

embryos compared to Cre+Ak2fl/- conditional knockout embryos was investigated 

by analysing the expression of CD71 and Ter-119 on lineage negative foetal liver 

cells at E13.5 by a flow cytometry. According to their maturation level, represented 

by their CD71 and Ter-119 expression, the cells were subdivided into six subsets 

named S0 to S5 (Pop et al., 2010) (Figure 53). 

 

Figure 53: Gating strategy and FACS analyses of erythroid progenitor cells from foetal livers of Ak2 
knockout embryos and heterozygous embryos compared to wild-type at E13.5. 
Viable, lineage negative cells were separated into six subsets (S0 – S5) according to their Ter-119 and CD71 
expression in the absence of lineage markers: B220, CD3e, CD11b, CD41 and Gr-1. Live/dead discrimination 
was done by SYTOX® Blue staining. Representative cytometric analysis of one wild-type (Cre

-
Ak2

fl/+
), one 

heterozygous (Cre
-
Ak2

fl/-
), and one Ak2 knockout (Cre

+
Ak2

fl/-
) sample. Doublets were excluded prior to 

analysis. 
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The analyses of the early S0 subset which contains all hematopoietic progenitor 

populations showed a slightly, but not significantly increased number of dead cells 

for Ak2 knockout embryos. The number of viable cells in the S0 subset was 

independent of the Ak2 genotype (Figure 54 A). Even if no significant differences 

were detected for the absolute number of viable and dead cells in the S0 subset, 

the ratio of viable and dead cells within the S0 subset was significantly different for 

Ak2 knockout samples with approximately 80 % dead cells and 20 % viable cells 

compared to approximately 60 % dead cells and 40 % viable cells for wild-type 

and heterozygous samples (Figure 54 B). 

          

Figure 54: Erythroid progenitors of the S0 subset of foetal livers at E13.5. 
A) Number of viable, dead, and total cells in the S0 subset per foetal liver. B) Percentages of viable and dead 
cells in the S0 subset. Genotype classification: wild type (Cre

-
Ak2

fl/+
), heterozygous (Cre

-
Ak2

fl/-
 or Cre

+
Ak2

fl/+
) 

and knockout (Cre
+
Ak2

fl/-
). P-values were calculated by two-tailed Welch‘s t-test compared to wild type. n.s. 

= not significant (p-value > 0.05), ** = very significant (p-value ≤ 0.01). 

For the erythroid progenitor subsets S1 to S5, a highly significant lack of erythroid 

progenitor cells was revealed in the foetal livers of conditional Ak2 knockout 

embryos (Figure 55). In the early S1 – S3 subsets, the total amount of erythroid 

progenitor cells of Ak2 knockout embryos corresponded to only 10 % of the total 

amounts of wild-type and heterozygous embryos and for the more mature subsets 

S4 –S5 the total cell numbers of Ak2 knockout embryos corresponded to 20 % of 

wild-type and heterozygous embryos. 

The viability of these few cells that were detected in the S1 to S5 subsets of 

knockout samples was > 80 % as observed for wild-type and heterozygous 

samples (data not shown). 

 

A) B) 
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Figure 55: Number of viable cells per foetal liver of the erythroid progenitor subsets S0 – S5 in conditional 
Ak2 knockout embryos analysed by flow cytometry at E13.5. 
Classification of erythroid progenitor cells was done according to their CD71 and TER-119 expression (see 
Figure 53). Genotype classification: wild type (Cre

-
Ak2

fl/+
), heterozygous (Cre

-
Ak2

fl/-
 and Cre

+
Ak2

fl/+
) and 

knockout (Cre
+
Ak2

fl/-
). P-values were calculated by two-tailed Welch‘s t-test compared to wild type, n.s. = 

not significant (p-value > 0.05), *** = highly significant (p-value ≤ 0.001). 

The specifity and efficiency of Cre-mediated recombination of the floxed Ak2 allele 

was determined by digital PCR in sorted erythroid progenitor cells of the S0 and 

S3 subset. The digital PCR analyses revealed that 13 % – 17 % of all tested 

alleles of conditional Ak2 knockout cells contained the floxed exon 3 (Figure 56 B). 

This means that approximately 25 % – 30 % of all Cre+Ak2fl/- S0 cell were still 

heterozygous. In the S3 subset approximately 75 % - 80 % of all Cre+Ak2fl/- cells 

were still heterozygous and the floxed alleles had not been deleted (37 % - 40 % 

of all tested alleles contained the floxed exon 3). The Cre+Ak2fl/+ cells were all 

heterozygous in both analysed subsets like the Cre-Ak2fl/- heterozygous controls. 

 

 

Figure 56: Digital PCR analyses of the 
percentage of Ak2 alleles with exon 3 (floxed) 
compared to the reference exon 2 in sorted 
foetal liver cells of the erythroid subsets S0 
and S3 from embryonic day 13.5. A) Number of 
sorted cells for each cell population. B) 
Quantification of Ak2 exon 3 compared to the 
reference exon 2. Sorted cells were lysed and a 
digital PCR analysis was done for Cre

-
Ak2

fl/-
 and 

Cre
+
Ak2

fl/+
 cells (heterozygous, blue) and 

Cre
+
Ak2

fl/-
 cells (conditional knockout, red). 

# genotype S0 S3

1 Cre
-
Ak2

fl/- 16,500 40,000

2 Cre
+
Ak2

fl/+ 16,600 40,000

3 Cre
+
Ak2

fl/- 6,000 16,500

4 Cre
+
Ak2

fl/- 7,200 16,500

B) A) 
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3.3.2.6 Myeloid Cells 

In the myeloid compartment, the CD41+ cells, CD11b+Gr-1-, and CD11b+Gr-1+ 

cells of foetal livers were quantified at embryonic day 13.5 by flow cytometry. 

 

Figure 57: Gating strategy and FACS analysis of CD41
+
, CD11b

+
Gr-1

-
 and CD11b

+
Gr-1

+
 cells from foetal 

livers of Ak2 knockout embryos at E13.5. 
Live/dead discrimination was done by SYTOX® Blue staining. Representative cytometric analysis of one wild-
type (Cre

-
Ak2

fl/+
) and one Ak2 knockout (Cre

+
Ak2

fl/-
) sample. Doublets were excluded prior to analysis. 

All three cell populations were detected in the foetal livers of wild-type and 

heterozygous embryos as well as in the foetal livers of Ak2 knockout embryos 

(Figure 57). The calculation of the absolute cell numbers of each cell type per 

foetal liver showed no significant differences between the wild-type and 

heterozygous or Ak2 knockout samples (Figure 58). 
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Figure 58: Total numbers of CD41

+
, Mac1

+
Gr-1

-
, and Mac1

+
Gr-1

+
 cells per foetal liver at E13.5 analysed by 

flow cytometry. 
Genotype classification: wild type (Cre

-
Ak2

fl/+
), heterozygous (Cre

-
Ak2

fl/-
 and Cre

+
Ak2

fl/+
) and knockout 

(Cre
+
Ak2

fl/-
). P-values were calculated by two-tailed Welch‘s t-test compared to wild type, n.s. = not 

significant (p-value > 0.05). 

To validate whether the floxed Ak2 alleles were deleted in Ak2 conditional 

knockout cells, digital PCR was applied for sorted myeloid subpopulations (Figure 

59). Due to the very limited number of CD11b+Gr-1+ cells per foetal liver, the digital 

PCR analyses resulted in too low signal to noise ratios and were therefore not 

quantifiable (heterozygous control sample: 5 to 8 positive wells of 20,000 wells for 

Ak2 exon 3 and approximately 16 positive wells for the reference exon 2; Ak2 

knockout samples: no signal for the analysed exon 3 and 56 – 58 positive wells of 

20,000 for the reference exon 2). 

All CD41+ and CD11b+Gr-1- samples led to > 300 positive wells on the 20K chip for 

the reference exon 2 and were quantified. In the CD41+ and the CD11b+Gr-1- cell 

populations, 3 % to 11 % of all analysed alleles from cells of Ak2 knockout 

embryos, were still intact Ak2 alleles containing Ak2 exon 3 (Figure 59 B). In the 

LSK progenitor cell population of conditional Ak2 knockout embryos the 

percentage of intact Ak2 alleles was below 1 % (see chapter 3.3.2.1). Therefore 

an enrichment of intact Ak2 alleles was shown for myeloid cells of conditional Ak2 

knockout embryos. 
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Figure 59: Digital PCR analyses of the 
percentages of Ak2 alleles with exon 3 
(floxed) compared to the reference exon 2 
in sorted foetal liver cells of CD41

+
, 

CD11b
+
Gr-1

-
 and CD11b

+
Gr-1

+
 cell 

populations at E13.5. 
A) Number of sorted cells for each cell 
population. B) Quantification of Ak2 exon 3 
compared to the reference exon 2. Sorted 
cells were lysed and a digital PCR analysis 
was done for Cre

-
Ak2

fl/-
 cells (heterozygous 

controls, blue) and Cre
+
Ak2

fl/-
 cells 

(conditional Ak2 knockouts, red). 

3.3.2.7 Colony Assays 

The capacity of foetal liver cells from E13.5 to form colonies of different 

haematopoietic cell types was tested using commercially available Colony-

Forming Unit (CFU) Assays. One assay supported the growth of granulocyte, 

macrophage, erythroid and multi-potential progenitor cells in a single assay. 

Therefore granulocyte colony-forming units (CFU-G), macrophage colony-forming 

units (CFU-M), granulocyte and macrophage colony-forming units (CFU-GM), as 

well as erythroid burst-forming units (BFU-E) and granulocyte, erythroid, 

macrophage, and megakaryocyte colony-forming units (CFU-GEMM) were 

detectable. 

The B-cell potential was analysed with a pre-B-cell colony assay which promoted 

the growth of B-lymphocyte progenitor cells so that pre-B-colony-forming units 

(CFU-pre-B) were quantified. 

3.3.2.7.1 Detection of CFU-G, CFU-M, CFU-GM, CFU-GEMM and BFU-E in 

Foetal Liver at Embryonic Day 13.5 

Foetal liver cells were isolated and incubated with semi-solid methylcellulose-

based media. The colonies were classified by morphology and counted after 10 – 

12 days of incubation time. The samples of wild-type and heterozygous foetal 

livers showed all types of colonies, but the knockout samples lack CFU-GEMM 

and BFU-E (Figure 60). 

B) A) 

# genotype CD41
+ Mac-1

+ 

Gr-1
-

Mac-1
+ 

Gr-1
+

1 Cre
-
Ak2

fl/- 6,000 10,000 885

2 Cre
-
Ak2

fl/- 7,700 9,500 1,300

3 Cre
+
Ak2

fl/- 13,400 16,800 2,600

4 Cre
+
Ak2

fl/- 10,350 22,400 2,100
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Figure 60: Colony-forming units per 3 x 10
4
 viable foetal liver cells of Ak2 knockout embryos at E13.5. 

Genotype classification: wild type (Cre
-
Ak2

fl/+
), heterozygous (Cre

-
Ak2

fl/-
 and Cre

+
Ak2

fl/+
) and knockout 

(Cre
+
Ak2

fl/-
). P-values were calculated by two-tailed Welsh’s t-test compared to wild type, n.s. = not 

significant (p-value > 0.05), ** = very significant (p-value ≤ 0.01), *** = highly significant (p-value ≤ 0.001). 

The numbers of CFU-G, CFU-M and CFU-GM of the knockout samples were not 

significantly different compared to wild type (Figure 60), but these colonies were 

less compact, contained less cells and the morphology of individual knockout cells 

was more divergent (Figure 61). 

 

Figure 61: Morphology of wild-type and conditional Ak2 knockout CFU-M and CFU-GM colonies after 12 
days incubation time in semi-solid methylcellulose-based medium. 
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3.3.2.7.2 Pre-B-cell Colony Assays 

Pre-B-cell colonies were counted after seven days of incubation with interleukin 7 

(IL-7). The wild-type and heterozygous samples showed on average five Pre-B-

cell colonies per 1.5 x 105 foetal liver cells. For the knockout samples, no Pre-B-

cell colonies could be detected by viewing the dishes microscopically (Figure 62 

A). FACS analysis of B220+CD19+ cells collected from the Pre-B-cell colonies 

verified the absence of Pre-B cells in all knockout samples (Figure 62 B). 

 

 

Figure 62: CFU-pre-B potential of E13.5 foetal liver cells. 
A) Number of colony-forming units per 1.5 x 10

5
 viable foetal liver cells. B) FACS analysis of B220

+
CD19

+
 Pre-

B cells after 7 days of incubation with IL-7. Genotype classification: wild type (Cre
-
Ak2

fl/+
), heterozygous (Cre

-

Ak2
fl/-

 and Cre
+
Ak2

fl/+
) and knockout (Cre

+
Ak2

fl/-
). P-values were calculated by two-tailed student`s t-test 

compared to wild type, n.s. = not significant (p-value > 0.05), *** = highly significant (p-value ≤ 0.001). 

3.3.3 AK1 and AK2 Protein Expression and Ak2 Promoter Methylation in 

Haematopoietic Cells from Mice 

The protein expression of murine AK1 and AK2 and the methylation of the Ak1 

promoter region was analysed in different murine haematopoietic and non-

B) 

A) 
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haematopoietic cell lines and primary cells in order to compare these results with 

the results obtained from human haematopoietic and non-haematopoietic cells in 

order to find similarities and differences. 

Western Blot analyses were performed with protein lysates of three murine non-

haematopoietic cell lines including fibroblasts and stromal cells as well as three 

murine haematopoietic cell lines of pro-B and T-cell origin. In addition, extracts of 

sorted primary cells from murine blood and spleen were analysed. 

Non-haematopoietic cell lines, like stromal cells and fibroblasts of different origin, 

expressed AK2 protein as well as AK1 protein, but all murine haematopoietic cells 

of B-cell and T-cell origin as well as macrophages, granulocytes, erythrocytes, and 

LSK cells did only express AK2 and no AK1 protein. NK cells were an exception, 

because neither AK1 nor AK2 protein was detectable (Figure 63). 

    

Figure 63: Protein expression of AK1 and AK2 in murine haematopoietic and non-haematopoietic cell 
lines (A) and sorted primary cells from murine spleen and blood (B). 
Western Blot analysis of 20 µg protein per lane (cell lines) and 8 µg protein per lane (primary cells). AK1 in 
vitro protein: 2 µl wheat germ extract were loaded to distinguish between the specific AK1 signal and an 
antibody-specific signal of unknown origin. Loading controls: β-actin (ACTB) and glyceraldehyde 3-
phosphate dehydrogenase (GAPDH), murine GAPDH: 36 kDa, wheat GAPDH: 39 kDa. 

Surprisingly, the absence of AK1 protein in murine foetal erythrocytes and the 

expression of AK2 protein was just the opposite result of the AK1 protein 

expression and the absence of AK2 protein in human adult erythrocytes (Pannicke 

et al., 2009). 

B) A) 
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Therefore, protein lysates of human adult erythrocytes, murine adult erythrocytes 

and murine foetal erythrocytes were compared, to check whether this was a 

species-depending finding or a developmental effect. Western Blot analyses 

confirmed that human erythrocytes express only AK1 protein whereas murine 

foetal erythrocytes express only AK2 protein. For adult erythrocytes of mice 

neither AK1 nor AK2 protein expression was detected, even at higher protein 

amounts of 10 µg and 30 µg protein per lane (Figure 64). 

To check for murine AK1 expression regulation in comparison to human cells a 

methylation analysis of the murine Ak1 promoter, a region of 200 bp up- and 

downstream of the transcription start site of the murine AK1, was done. The 

density of CpG sites in this region was much lower compared to the human Ak1 

promoter. 

The CpG sites of the murine cell lines with AK1 protein expression (NIH3T3, MS-

5) were not or only weakly methylated compared to murine cell lines which do not 

express AK1 protein (BAF/3, EL-4, L-5178-Y). The average percentage of 

methylated CpG was between 60 % and 90 % for those cell lines without AK1 

protein expression (Figure 65). Thus as in human cell lines, AK1 protein 

expression seems to correlate with the methylation status of the Ak1 promoter. 

    

Figure 64: Protein expression of AK1 and AK2 in human and murine erythrocytes. 
Western Blot analysis of 8 µg protein per lane (A) or 10 µg and 30 µg protein per lane as indicated (B). 
Loading control: glyceraldehyde 3-phosphate dehydrogenase (GAPDH). 

B) A) 
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Figure 65: CpG methylation status of the murine Ak1 promoter region in cell lines with AK1 protein 
expression (black) and cell lines without (red). 
The methylation status of each CpG site was analysed by next-generation sequencing (NGS) of sodium 
bisulphite treated genomic DNA. The positions of the analysed CpG sites are indicated relative to the 
transcription start site (TSS) of Ak1 (NCBI reference sequence NM_001198791). The color gradient 
represents the average percentage of methylation from three experiments at each analysed CpG site 
ranging from green (0 %) via yellow (50 % ) to red (100 %). 
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4 Discussion 

4.1 Kinase Activities of the AK2 Isoforms A and B and of AK2 

Proteins Containing Different Point Mutations of RD Patients 

The effect of different published disease-causing AK2 point mutations on the 

enzymatic activity of AK2 should be determined to better explain the phenotype-

genotype correlation of already known and future Reticular Dysgenesis (RD) 

patients. At the beginning of this thesis six point mutations of 12 patients were 

known (Henderson et al., 2013; Hoenig et al., 2017; Lagresle-Peyrou et al., 2009; 

Pannicke et al., 2009). Recombinant AK2 proteins, each containing one of these 

six mutations p.[Gly47Arg], p.[Arg103Trp], p.[Asp165Gly], p.[Arg175Gln], 

p.[Arg175Pro], and p.[Arg186Cys], were expressed in E.coli and purified via His-

tag purification. The enzymatic activity of these AK2 mutants was determined 

based on a previously published but slightly modified enzymatic assay (Lee et al., 

1998; Tanabe et al., 1993). 

4.1.1 Assay Validation 

The assay performance was validated with wild-type enzymes and the activity of 

the two AK2 wild-type isoforms A and B was determined. The shorter AK2 isoform 

B with 232 amino acids (AS) had a 2-fold higher enzymatic activity compared to 

the longer isoform A with 239 AS. This result was unexpected, because the 

enzymatic activity of glutathione S-transferase- (GST) AK2A and GST-AK2B 

fusion proteins was previously determined by Lee et al. (Lee et al., 1998) for both 

isoforms to be 30 units per mg protein. Different post translational modifications of 

the enzymes as an explanation for the different results of the two studies can be 

excluded, because the expression system was the same (E.coli) in both studies. 

The main difference between the two studies was that Lee et al. determined the 

enzymatic activity of AK2 fusion proteins with an N-terminal glutathione S-

transferase protein tag of 26 kDa, while in this study C-terminally His-tagged 

maltose binding protein- (MBP) AK2 fusion proteins were used and the N-terminal 

MBP part was removed prior to enzymatic activity determination by factor Xa 

cleavage to reduce the amount of non-genuine amino acids that may influence 

enzymatic activity. In our study, only a small 1.0 kDa C-terminal hexa histidine-tag 

with a GSG-linker (glycine-serine-glycine) and nine N-terminal amino acids coded 
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by remnants of the multiple cloning site, remained at the adenylate kinase 

enzymes. However, even a small His-tag can influence the activity, the stability, 

and the folding of proteins (Dickson et al., 2013; Ledent et al., 1997). It cannot be 

excluded that the few remaining non-genuine N- and C-terminal amino acids had 

an impact on enzymatic activity or protein stability. As a consequence, the activity 

of mutant AK2 enzymes was always compared to identically purified and 

measured wild type enzymes in the same run. The protein stability was always 

confirmed by Western Blot analyses before and after enzymatic activity testing. 

At least 4 pmol enzyme had to be used per reaction to detect the very low 

enzymatic activities of the analysed AK2 mutants. As a consequence, the 

decrease of the NADH absorption at 340 nm which represents the enzymatic 

activity of the tested AK enzyme was so fast for the highly active AK2AHis wild-

type reference enzyme that only two time points could be recorded until all NADH 

was converted to NAD+. Therefore, the technical duplicates of 4 pmol wild-type 

enzyme showed a higher variance than at a concentration of 0.4 pmol enzyme per 

reaction, because for the calculation of the linear regression of the decrease of the 

NADH absorption at 340 nm only two recorded values were available compared to 

7 – 11 recorded values at 0.4 pmol per reaction. So it has to be kept in mind that 

the determination of very low enzymatic activities with this method is less accurate 

if high enzyme concentrations need to be measured. The enzyme concentration 

should therefore be adjusted to the enzymatic activity of the tested proteins to 

obtain optimal results. 

4.1.2 Enzymatic Activity of AK2 Proteins with p.[Gly47Arg], p.[Arg103Trp], 

p.[Asp165Gly], p.[Arg175Gln], p.[Arg175Pro], or p.[Arg186Cys] Mutation 

The enzymatic activity of the AK2 mutation p.[Asp165Gly] could not be determined 

because the mutated fusion protein with maltose binding protein was stably 

expressed in E.coli, but decayed after cell lysis in the extracellular environment. 

Even before factor Xa cleavage, a protein fragment of approximately 13 kDa was 

split off of the C-terminus of the fusion protein. After factor Xa incubation for 18 h 

at room temperature, this effect was amplified and fragments of approximately 13 

kDa and 15 kDa, representing most likely the decayed AK2AHis, could be 

detected. A retry showed the same results, so technical failure can be excluded. 

The breaking point was estimated to be approximately 30 amino acids N-terminal 
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of the mutation site. Nevertheless low amounts of intact AK2AHis with the 

p.[Asp165Gly] mutation were isolated, however under standard purification 

procedure, this was not enough for enzymatic activity determination. Western Blot 

analyses published by Lagresle-Peyrou et al. showed no or only few amounts of 

p.[Asp165Gly] AK2 protein in patient-derived fibroblasts and patient-derived EBV-

transformed B cells (Lagresle-Peyrou et al., 2009). Whether this reduced amount 

of the mutated AK2 protein is the result of mRNA degradation, intracellular protein 

instability, or instability of the mutated protein in the extracellular buffer 

environment, as seen in this study, is not known. In further experiments this should 

be clarified by mRNA analyses. Western Blot analyses of patient-derived cells 

should be performed to examine if degradation products at 13 kDa and 15 kDa 

were detectable. If these experiments lead to the conclusion, that patient’s cells 

harbour intact mutated AK2 protein, it should be tried to determine the enzymatic 

activity of this mutated AK2 protein by optimising the extraction buffer with regard 

to a more physiological condition and by scaling up the expression and purification 

of the mutated protein, to get sufficient amounts of purified protein to analyse the 

enzymatic activity with the assay established in this study. 

Reduced AK2 protein amounts of patient-derived fibroblasts and patient-derived 

EBV-transformed B cells are also described for the AK2 mutation p.[Arg103Trp] 

(Lagresle-Peyrou et al., 2009). In this study no intra- or extracellular instability of 

the mutated protein was detectable and the enzymatic activity could be 

determined. The mutation p.[Arg103Trp] affects the highly conserved substrate 

binding residue arginine 103, which is involved in the binding of the purine of the 

nucleoside-monophosphate (Berry and Phillips, 1998; Yan and Tsai, 1999) so a 

negative effect on the enzymatic activity was expected. The measurements 

supported this hypothesis and showed that the mutation p.[Arg103Trp] disables 

enzymatic activity. 

Four patients with an amino acid replacement of the highly conserved arginine to 

either glutamine or proline at the amino acid position 175 of the AK2 protein have 

been published. Two patients with the mutations p.[Arg175Gln] and p.[Arg175Pro] 

had “classical” aleukocytosis (Hoenig et al., 2017) but the other two patients with 

the p.[Arg175Gln] mutation had B-cell numbers within the normal range (Hoenig et 

al., 2017). Additionally, one of them had also more T cells than RD patients on 

average and showed an Omenn phenotype (Henderson et al., 2013; Hoenig et al., 
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2017). Considering these phenotypes, a residual enzymatic activity of the 

p.[Arg175Gln] mutant AK2 protein was suspected. However, neither the mutation 

p.[Arg175Pro] nor the mutation p.[Arg175Gln] of AK2AHis showed any enzymatic 

activity. Arginine 175 is described as one of four residues critical for the closure of 

the LID domain and for the stabilisation of the transition state during the catalytic 

reaction of the E.coli adenylate kinase (Müller et al., 1996; Müller and Schulz, 

1992; Müller-Dieckmann and Schulz, 1994; Tsai and Yan, 1991) and it was 

shown, that the mutation of this highly conserved arginine disabled any enzymatic 

function. 

The two AK2 mutations p.[Gly47Arg] and p.[Arg186Cys] showed minimal residual 

kinase activity. The affected glycine 47 is a highly conserved amino acid at the N-

terminus of the nucleoside monophosphate-binding domain of AK2 (Vonrhein et 

al., 1995) but no direct substrate interaction is known. The highly conserved 

arginine at position 186 is known to be involved in substrate-binding (Berry and 

Phillips, 1998) and transition state stabilisation (Tsai and Yan, 1991). Compared to 

the wild-type AK2A the enzymatic activity of p.[Gly47Arg] is only 0.7 % and 0.9 % 

for the mutation p.[Arg186Cys]. The enzymatic activity of these two AK2 mutants 

is barely above the detection limit of the applied assay and it is questionable 

whether this minimal residual activity is physiologically relevant. 

Taken together, these results imply that the general clinical phenotype of RD is 

caused by the absence of the enzymatic kinase activity of AK2. Yet, the 

hypothesised correlation between residual enzymatic activity and normal numbers 

of B cells, monocytes, or NK cells (Jedelhauser, 2011) was disproved. Whether 

kinase activity independent features of AK2, like its anti-growth function (Kim et al., 

2014) or the mediation of mitochondrial apoptosis (Lee et al., 2007) enables the 

development of B cells, monocytes, or NK cells remains to be proven. 

Up to now RD patients were diagnosed solely by their clinical phenotype and/or 

their family history. The diagnosis was verified by sequencing the AK2 gene. 

However, new sequencing technologies like whole exome, or whole genome 

sequencing, or targeted next generation sequencing of broad gene panels, are 

used more and more often and reveal a panoply of non-synonymous 

variations/mutations on various genes. The method established in this thesis 

allows the analysis of the enzymatic activity of any unknown AK2 mutation or 

variation, even of patients with atypical clinical phenotypes. Thus the evaluation of 
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the relevance of novel AK2 mutation or variation no longer depends on functional 

prediction software tools. It will be interesting to determine the enzymatic AK2 

activity of the recently published AK2 mutation p.[Ala182Asp]. This variant was 

detected by targeted NGS in 4 patients with only hypogammaglobulinemia but no 

typical clinical RD phenotype with agranulopoiesis or severe loss of T-cell function 

(Al-Mousa et al., 2016). In addition, the enzymatic activity of the AK2 variant 

p.[Gly100Ser], detected by whole-exome sequencing in a patient with common 

variable immunodeficiency (Hoyos et al., 2016) will be revealing. 

4.2 Expression and Regulation of AK1 and AK2 in the Human 

Haematopoietic System 

The pathophysiology of RD, especially why an AK2 deficiency leads to the 

observed cell-type specific effects, is unknown. A previous study (Pannicke et al., 

2009) indicated that human leukocytes might be susceptible to the consequences 

of genetic defects of mitochondrial AK2, as they do not express the cytosolic 

adenylate kinase 1 (AK1) in sufficient amounts to compensate for functionally 

impaired AK2. It was also shown that the creatine kinase, as part of the alternate 

phosphotransfer pathway can compensate for adenylate kinase-dependent 

energetic deficits (Dzeja et al., 2011). Regarding these aspects, the aim of the 

following experiments was to investigate the expression and regulation of AK1 in 

haematopoietic cell lines compared to non-haematopoietic cell lines to 

characterise the expression of AK1 and AK2 in haematopoiesis. 

4.2.1 Protein Expression and Post-transcriptional Regulation 

The results of the protein expression analyses of AK1 and AK2 in 18 

haematopoietic and 8 non-haematopoietic human cell lines confirmed that AK2 

protein is expressed almost ubiquitously while AK1 protein only is expressed in 

non-haematopoietic cells and in cells with erythroid characteristics or cells of pre-

B-cell origin which are not affected in patients with RD. The analysed human cell 

lines showed the same expression patterns of AK1 and AK2 as primary cells and 

were judged to be suitable for investigations on the regulation of AK1. 

In addition, it was shown that the expression of AK1 protein does not correlate with 

the amount of total cellular AK1 mRNA. Different AK1 mRNA isoforms containing 

alternative 5’UTRs were identified in all cell lines analysed and those mRNAs with 
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alternative 5’UTRs do not enable AK1 protein expression. Due to the low 

abundance of AK1 mRNA with alternative exons, even more variants with different 

combinations of the detected alternative 5’UTR exons or additional exons may 

have been missed in the PCR amplification. Thus, even more AK1 mRNA variants 

with different combinations of alternative exons cannot be excluded. 

AK1 protein expression depends in all cell lines tested on the presence of AK1 

mRNA with exon 1 upstream of the AK1 start codon containing exon 2. This is a 

major point to consider when expression data based on mRNA expression 

databases like the human protein atlas, BioGPS, or bloodspot are addressed and 

analysed. 

The post-transcriptional regulation of protein expression by noncoding RNA and 

RNA-binding proteins plays an important role in the development and function of 

the immune system (Kafasla et al., 2014; Turner et al., 2014). The absence of AK1 

mRNA with exon 1 and its encoded AK1 protein due to a suppression of protein 

translation or RNA degradation was excluded since the transfection of in vitro 

synthesised AK1 mRNA enables the expression of AK1 protein in cells without 

endogenous AK1 expression. In swapping experiments, the endogenous 3’UTR of 

AK1 mRNA only leads to a slightly reduced AK1 protein expression compared to 

AK1 mRNA with no 3’UTR or with an AK2 3’UTR. This effect could not be 

transferred to non-AK1 mRNAs, so a regulatory mechanism via noncoding RNA or 

RNA-binding proteins was deemed unlikely. 

4.2.2 Transcription Factor Mediated Promoter Regulation 

To clarify how the transcription of AK1 mRNA with exon 1 is regulated in 

haematopoietic cell lines as compared to non-haematopoietic cell lines, the activity 

and the methylation status of the promoter region upstream of exon1 was 

analysed. 

The human AK1 promoter is a TATA-box containing promoter with two GC-boxes 

and E-box elements in an CpG-rich region (CpG-island) (Matsuura et al., 1989; 

Noma et al., 1999). In neuronal cells of rats, the human AK1 promoter is activated 

by the interaction of the basic helix-loop-helix transcription factor NeuroD with E-

box elements (Noma et al., 1999). Matsuura et al. determined the transcription 

start site (TSS) and the start of exon 1 by primer extension at a position 35 bp 

downstream of the TATA box. Based on cDNA library sequencing (Kimura et al., 
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2006), the NCBI (National Center for Biotechnology Information, U.S. National 

Library of Medicine, Bethesda) reference sequence NM_000476.2 postulates the 

transcription start site of AK1 exon 1 11 bp downstream of the second GC box and 

81 bp upstream of the TSS determined by Matsuura et al.. In this project, the 

experimentally derived annotation published by Matsuura et al. was used but the 

NCBI predicted promoter region was also included in all experiments because 

CpG-islands and GC boxes, as present in the AK1 promoter region, are able to 

initiate mRNA transcription independently of a TATA box and display dispersed 

initiation patterns (Butler, 2002; Juven-Gershon and Kadonaga, 2010; Reynolds et 

al., 1984). Therefore, a priori it could not be excluded that the transcription 

initiation of AK1 is a mixture of the focused transcriptional initiation of a TATA box 

promoter and the dispersed initiation pattern of a CpG island promoter (Butler, 

2002; Juven-Gershon and Kadonaga, 2010) and thus both variants were 

considered in the promoter analyses. 

The shortest promoter fragment contained only the RefSeq exon 1 with the TATA-

box and enabled luciferase expression in all four tested cell lines independent of 

endogenous AK1 mRNA expression. The activities of the control promoters tested, 

such as SV40 or CMV promoters, were completely different in the analysed cell 

lines. Therefore, these were not used for data normalisation of the different cell 

lines. The activity of the short promoter fragment was defined as 100 % and the 

activities of all other promoter fragments tested, were calculated in relation to this 

“basal” promoter activity in each cell line analysed. 

The two cell lines with AK1 protein expression Hela (cervical cancer cells) and K-

562 (erythroleukemic cell line) showed stable promoter activity for the different 

promoter fragments with various promoter length compositions. As expected the 

promoter activity was repressed for all promoter fragments in the Jurkat cell line 

without AK1 protein. Unexpectedly, HL-60 cells, which also do not express AK1 

protein, showed unaffected basal promoter activity of the TATA-box containing 

promoter, as it was seen in K-562. A NeuroD mediated promoter activation via E-

box elements only, as Noma et al. showed for the AK1 promoter regulation in 

neuronal cells (Noma et al., 1999), cannot explain the promoter activity in our 

setting, because the enhancing effect of promoter fragment 4 containing one E-

box element, was not increased by additional 8 E-box elements (fragment 1), as 

has been shown in the neuronal PC12 cells (Noma et al., 1999). It is thus more 
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likely that this enhancing effect of the promoter fragment 4 was mediated by the 

GC-boxes and not the E-box element. 

The promoter region of fragment 3B caused a repression of the basal promoter 

activity in one of the two cell line with AK1 protein expression (K-562 cells) and in 

one of the two cell lines without (Jurkat cells). Thus, no correlation between 

promoter repression and AK1 protein expression was found. 

The results of the different promoter fragments showed, that different 

combinations of enhancing and repressing effects led to the observed strong 

promoter activity of the longest promoter fragment 1 in one cell line with AK1 

protein expression (Hela), a promoter activity similar to the basal promoter activity 

of the TATA box in one cell line with AK1 protein expression and one without (K-

562 and HL60), and a completely repressed promoter in the second cell line 

without AK1 protein expression (Jurkat). 

Taken together, in transient expression assays the AK1 promoter region enhances 

or represses the basal promoter activity of the TATA-box in a cell type dependent 

manner but the differential transcription of AK1mRNA with exon 1 cannot be 

explained by transcription factor mediated effects. 

4.2.3 CpG Methylation Dependent Promoter Regulation 

The methylation status of cytosine residues in the context of CpG dinucleotides is 

another important mechanism which influences the activity of promoter regions 

apart from transcription factor mediated promoter regulation. The hypermethylation 

of CpG islands at transcription start sites (TSS) is associated with gene silencing 

(Dong et al., 2001; Kang et al., 1999). This epigenetic effect was simulated and 

validated with a fully in vitro methylated pGL3/AK1prom1 plasmid which showed 

no promoter activity in all four cell lines tested. Following this, the methylation 

status of all CpG dinucleotides in the endogenous AK1 promoter region was 

analysed to elucidate whether the difference in AK1 protein expression between 

cell lines was caused by differential CpG methylation. 

Genomic DNA of cell lines was treated with sodium bisulfite to convert all non-

methylated cytosins to uracil. Subsequently PCR amplification resulted in PCR 

products with thymines at the positions of originally non-methylated cytosines and 

only methylated cytosines were still represented by cytosines. Due to the high 

amount of thymines in the AK1 promoter region, the PCR products were not 
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suitable for Sanger sequencing. Therefore NGS was performed on a MiSeq 

sequencer. The reads obtained were aligned to reference sequences and the 

percentage of cytosines, corresponding to the percentage of methylation, was 

calculated for each individual CpG position. 

The whole experimental workflow was validated with commercially available 

human premixed calibration standards containing various amounts of artificially 

methylated CpG sites. The analyses of the calibration standards revealed a site-

dependent overestimation of partially methylated CpG sites, but the gradient of 

methylated CpG at each CpG site was always retained. Therefore the method was 

judged suitable for comparing the methylation status of the cell lines at different 

CpG sites. 

The genomic DNA quality, the integrity of the CpG methylation and the bisulfite 

conversion reaction was confirmed for each cell line tested by the analyses of the 

completely methylated AK1 exon 0A region and the unmethylated AK2 promoter 

region. All cell line samples satisfied these requirements. The rate of not converted 

non-CpG cytosines was below 0.5 %, therefore negligible. 

The methylation analyses of the AK1 promoter region identified a differentially 

methylated region of 250 bp up- and downstream of the transcription start site of 

AK1. The intensity of methylation in the cell lines analysed correlated negatively 

with their AK1 protein amount. Cell lines with high AK1 protein content were 

completely unmethylated in this region, while cell lines without AK1 protein 

expression had highly methylated CpG sites. Cell lines with low levels of AK1 

protein showed an intermediate methylation status. The two EBV-B-cell lines 

tested did not fit within this scheme. They were both not methylated in this region, 

but no AK1 protein expression had been detected. The immortalisation of B cells 

with Epstein-Barr virus leads to massive genome-wide demethylation, affecting 

one third of all cellular genes (Hansen et al., 2014). Why the correlation of 

promoter demethylation and AK1 protein expression in EBV-B-cell lines deviates 

from that seen in all other cell lines remains to be elucidated. Due to the massive 

genome-wide demethylation a transcription/translation program may be initiated by 

the EB virus that deviates from other cell lines. 

The results of the AK1 protein expression together with the results of the luciferase 

promoter assays and the methylation analyses lead to the following conclusions: 
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The expression of AK1 mRNA with exon 1 and, as a consequence, the expression 

of AK1 protein is regulated by the demethylation of the CpG island in the AK1 

promoter region and the down-regulation of one or more repressive transcription 

factors. Both aspects are important, because a methylated promoter region 

prevents any expression of AK1 mRNA in cells which are otherwise able to 

produce AK1 protein endogenously, as it was seen for Hela and K-562 cells with 

the in vitro methylated plasmid in the luciferase assay. On the other hand, the 

activity of the demethylated promoter was supressed in cells which do not express 

AK1 protein endogenously, as shown for Jurkat and EBV-B cells. 

Promoter methylation is a common epigenetic mechanism regulating gene 

expression within the hematopoietic system. For example the globin, lysozyme, G-

CSF receptor, and FOXP3 genes are controlled by the demethylation of the 

promoter DNA (Enver et al., 1988; Felgner et al., 1999, 1992; Floess et al., 2007; 

Klages et al., 1992; Ley et al., 1984). The organisation found in the AK1 promoter 

with a TATA box and a putatively additional CpG island promoter is uncommon. In 

general, promoters contain either core promoter elements like the TATA box or 

they are CpG island promoters lacking these elements. Exceptions are known as 

shown for the α-globin, MyoD1 and erythropoietin genes (Deaton and Bird, 2011), 

which all have GpC island promoters and TATA boxes like AK1. 

These complex results have to be considered if the AK1 protein expression will be 

manipulated in future experiments. During this thesis a study was published in 

which it was postulated that AK1 could not restore lymphoid or granulocyte 

differentiation of AK2-knocked-down CD34+ cells from cord blood transduced with 

an AK1-GFP lentiviral construct (Six et al., 2015). However, there is still no 

explanation why an adenylate kinase 2 deficiency leads to the observed cell-type 

specific effects of RD in AK2-deficient cells also lacking AK1-protein expression. 

Further investigations in this field are needed to understand the complex 

interaction of the different kinases and the results discussed above are another 

piece of this enigmatic puzzle. 

4.3 The AK2 Knockout Mouse 

The life-threatening congenital disorder RD is caused by mutations in the human 

AK2 gene (Lagresle-Peyrou et al., 2009; Pannicke et al., 2009). The low number 

of patients described, the very early manifestation within a few days after birth, 
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and the life-threatening leukopenia have represented significant obstacles to 

defining the pathophysiology of RD. To overcome these limitations, an animal 

model was established by knocking out the Ak2 gene in mice. 

4.3.1 Constitutive AK2 Knockout Mouse 

After the elimination of exons 3 and 4 of Ak2, the viability of heterozygous Ak2+/- 

animals was not affected and heterozygous embryos developed normally when 

compared to wild-type animals. Homozygous Ak2 knockout mice (Ak2-/-) are not 

viable and showed severe growth retardation at E8.5. Their morphology 

corresponded to Theiler stage 9 (Theiler, 1989) of embryonic day 6.5. The fact that 

at E10.5 all Ak2-/- embryos had been completely resorbed led us to conclude that 

homozygous Ak2 knockout embryos die in utero shortly after nidation, around 

embryonic day 6.5. This observation corresponds to previous reports which also 

showed embryonic lethality of homozygous Ak2 knockout mice in utero before 

embryonic day 7 (Kim et al., 2014; Zhang et al., 2015). 

The mortality of Ak2-/- embryos cannot be due to a haematopoietic defect, because 

the first haematopoietic progenitors and the first primitive erythroid and 

macrophage progenitors emerge at embryonic day 7 (Palis et al., 1999). Very 

early mortality of a homozygous Ak2 defect was also reported for Drosophila 

melanogaster (Fujisawa et al., 2009). The report showed that homozygous Ak2 

mutated common fruit fly embryos develop without any visible defects until their 

growth ceases and they die before reaching the third instar larval stage. Maternal 

Ak2 mRNA was detected in fertilized fruit fly eggs, and weak AK2 activity was 

observed in first and second instar larvae of homozygous Ak2 mutants (Fujisawa 

et al., 2009). This effect called maternal-to-embryonic transition (MET) can mask 

the phenotype of deficiencies during the early mammalian embryonic development 

and has also been described for example for mitochondrial dihydrolipoamide 

dehydrogenase and cytosolic glucose-6-phosphate isomerase in mice (Gilbert and 

Solter, 1985; Johnson et al., 2009; West et al., 1986). The phenotype of 

preimplantation embryos is largely influenced by the maternal genotype due to the 

persistence of maternal proteins in the embryo passed on from the oocyte. This 

leads to the hypothesis that murine homozygous Ak2 knockout embryos develop 

until maternal AK2 protein activity vanishes. 
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4.3.2 AK2-deficient Murine Embryonic Stem Cells 

The results of the constitutive Ak2 knockout mouse model implied general lethality 

of Ak2-/- cells of mice but the isolation of AK2-deficient murine embryonic stem 

(ES) cells showed that they are viable and can be cultured with or without feeder 

cells. Wild-type, heterozygous, and Ak2 knockout cell lines showed the same 

morphology on feeder cells but under feeder-free conditions, the knockout cell 

lines retained an undifferentiated morphology while heterozygous and wild-type 

cell lines started to differentiate under the chosen conditions. Whether AK2-

deficient ES cells are able to respond to other differentiation stimuli and whether 

they still express markers of pluripotency has to be determined in future 

experiments. 

The amount of AK2 protein in murine ES-cells lines showed a direct correlation 

with the Ak2 genotype. Wild-type ES cells had about twice the amount of AK2 

protein than heterozygous ES cells. Knockout ES cells were expected to express 

no AK2 protein but in two out of three knockout ES cell lines a faint signal at the 

size of AK2 protein could be detected in Western Blot analyses. Genotyping and a 

digital PCR analysis of isolated genomic DNA taken from the same time point as 

the protein sample for Western Blot analyses (after 4 passages without feeder 

cells) showed no remaining wild type alleles in these knockout ES cell lines. An 

incomplete knockout or a contamination with feeder cells was thus excluded. No 

literature data is available on the persistence of maternal Ak2 mRNA and AK2 

protein in murine ES cells isolated from blastocysts but such an effect seems to 

play an important role in the development of Ak2-/- embryos as discussed above 

and the effect of maternal AK2 protein persistence cannot be excluded for ES 

cells. 

4.3.3 Haematopoiesis-specific AK2 Knockout Mouse 

The early embryonic lethality of the constitutive Ak2 knockout mice precluded the 

analysis of potential haematopoietic effects. Consequently, a haematopoiesis 

specific knockout model was established. The conditional knockout was achieved 

by mating female animals with two intact but floxed Ak2 alleles with male 

heterozygous Ak2+/- animals expressing a codon-optimised Cre recombinase 

under the control of the haematopoiesis-specific vav promoter (vav-iCre) (de Boer 

et al., 2003). 
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Conditional Ak2 knockout mice were not viable either. The embryos died later as 

compared to the constitutive Ak2 knockout. The physical appearance of 

conditional Ak2 knockout embryos at embryonic day 18.5 was pale and a soft and 

sticky tissue consistence hinted at already ongoing tissue decomposition. The 

frequency of Cre+ Ak2fl/- embryos was significantly reduced at this time point. At 

embryonic day 13.5 the livers of conditional knockout embryos appeared paler as 

compared to wild-type and heterozygous animals, but the frequency and the body 

size of the conditional knockout embryos were normal. No signs of decomposition 

were detected. Regarding this, knockout embryos were expected to be viable at 

E13.5. The heterogeneous size of the conditional knockout embryos at E18.5 and 

the reduced numerical frequency indicated that the conditional knockout embryos 

may not die at a distinct time point but rather in a time range between embryonic 

days 13.5 and 18.5. 

4.3.3.1 Erythropoiesis 

In the time period in which conditional Ak2 knockout mice die, the foetal liver 

becomes the main site of haematopoiesis (Christensen et al., 2004) and is 

primarily an erythropoietic tissue (Pop et al., 2010). Definitive erythropoiesis in 

mice is established from embryonic day 13 on and small enucleated erythrocytes 

with adult globin emerge in large numbers and take over oxygen transportation 

from the primitive yolk sac erythroblasts synthesising embryonic globins (Barker, 

1968; Steiner and Vogel, 1973). The pale appearance of conditional Ak2 knockout 

embryos indicated a lack of haemoglobinised cells. 

FACS analyses of erythroid progenitor cells from foetal livers at embryonic day 

13.5 revealed a reduced cell number in the more mature erythroid progenitor 

subsets S4 and S5, with only 20 % of wild-type embryos. The erythroid progenitors 

of the S4 and S5 subset are definitive erythroid cells with adult globins capable of 

oxygen transportation (Pop et al., 2010) (Figure 66 A). The evaluation of the more 

primitive erythroid progenitor subsets S0 – S3 revealed that the reduced number 

of haemoglobinised erythrocytes in conditional Ak2 knockout embryos is a 

consequence of a transition block from S0 progenitors to the S1 subset. The 

erythroid progenitor subsets S0 to S5 form a developmental sequence. At E12 the 

majority of cells are in the early S0 and S1 subsets and the more mature subsets 

S3 to S5 are gradually populated during E13 to E15 (Koulnis et al., 2011; 

Socolovsky et al., 2007). A block of the S0 to S1 transition (Figure 66 B) and 
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therefore an impaired definitive erythropoiesis results in embryonic lethality of mice 

between E13 and E15 due to severe anaemia, as shown for erythropoietin 

receptor (EpoR)-deficient mice (Pop et al., 2010; Wu et al., 1995). This 

developmental block is recapitulated in haematopoiesis-specific AK2-deficient 

mice. 

 
Figure 66: A) Fetal liver subsets S0 to S5 form an erythroid developmental sequence. Freshly isolated E14.5 
fetal liver was mechanically dissociated and labeled for cell-surface CD71 and Ter119. Cytospin preparations 
from each subset (right panel) were stained with Giemsa and diaminobenzidine. Scale bar  =  20 µ B) 
CD71/Ter119 profiles for E12.5 EpoR−/− and wild-type littermate fetal livers. Erythroid differentiation of 
EpoR−/− cells is blocked at the transition from S0 to S1. Ter119+ cells in EpoR−/− liver are nucleated yolk-sac 
erythrocytes. 
Figure and legend by Pop, R., Shearstone, J.R., Shen, Q., Liu, Y., Hallstrom, K., Koulnis, M., Gribnau, J., and 
Socolovsky, M. (2010). A Key Commitment Step in Erythropoiesis Is Synchronized with the Cell Cycle Clock 
through Mutual Inhibition between PU.1 and S-Phase Progression. PLoS Biol. 8, e1000484. 

The majority (65 % - 70 %) of cells in the S0 subset are erythroid progenitors with 

colony-forming potential (Colony forming unit erythroid, CFU-E). The down- 

regulation of PU.1, a repressor of GATA1 function, and the down-regulation of 

GATA2, together with the activation of the erythroid master transcriptional 

regulator GATA1, play an important role in the S0 to S1 transition and precede the 

induction of erythroid-specific genes, the DNA demethylation of the β-globin locus 

and the CD71 expression (Pop et al., 2010). Transition from S0 to S1 phase marks 

the onset of erythropoietin dependence of erythroid progenitors and requires S-

phase progression. Presently, the role of AK2 in this transition is unknown but 

since S-phase progression is essential and tightly regulated, a negative effect of 

mitochondrial malfunction, caused by AK2 deficiency, on cell cycle progression 

and survival, is plausible. An analogous effect has been published for cardiac 

differentiation of embryonic stem cells into cardiomyocytes (Dzeja et al., 2011). 

Dzeja et al. showed that at cell cycle initiation, AK1 translocated into the nucleus 

during the energy-consuming metaphase and a knockdown of the three adenylate 

kinases AK1, AK2 and AK5 resulted in disrupted cardiogenesis (Dzeja et al., 

2011). The hypothesis of a cell cycle/survival effect is supported by the fact that 
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conditional Ak2 knockout embryos have the same absolute number of viable cells 

in the S0 subset as wild-type/heterozygous embryos but these cells represent only 

around 20 % of all knockout S0 cells compared to 40 % of wild-type/heterozygous 

S0 cells. Thus, AK2-deficient embryos may have twice the number of dead cells 

as compared to wild-type or heterozygous embryos. However, this trend was not 

statistically significant due to large standard deviations of the dead cell counts and 

needs further validation. It may be assumed that AK2-deficient cells of the 

erythroid S0 subset have problems to meet the metabolic requirements at the 

restriction point of the cell cycle and die, instead of entering the synthesis phase 

(S-phase). 

A closer look at the progenitor cell subsets of foetal livers at E13.5 revealed an 

early onset of the erythroid development failure in conditional Ak2 knockout 

embryos since megakaryocyte-erythrocyte progenitor (MEP) numbers were 

already significantly decreased to only 20 % of the wild-type cell number. The 

viability of Ak2 knockout MEP was significantly reduced by 4 % when compared to 

wild type. This slightly reduced viability does not explain the decrease of the MEP 

cell number to only 20 % of the wild-type cell number, so impaired proliferation is 

expected. However, this decrease was not as dramatic as that scored for the cell 

numbers of the erythroid subsets S1 – S5. This indicates that AK2 plays a role in 

the fate decision of MEP towards the erythroid lineage mediated by MYC and the 

miR-150 dependent down regulation of the transcription factor MYB (Guo et al., 

2009; Lu et al., 2008) or the megakaryocytic lineage. Further experiments are in 

preparation to assay the proliferative capacity of the MEP cell subsets and to 

confirm this hypothesis of a developmental block in the transition of MEP to 

erythroid progenitors. 

The flow cytometry findings were confirmed by colony assays. No CFU-GEMM 

and BFU-E were detected among AK2-deficient FL cells. The absence of CFU-

GEMM and BFU-E colonies confirmed that AK2 is required for the development of 

murine haemoglobinised erythroid cells. Since the CFU-GEMM colonies without 

haemoglobinised erythroid cells were indistinguishable from CFU-GM, they were 

most likely scored as CFU-GM. 

The small number of Ter-119+ cells in EpoR-/- foetal livers are nucleated primitive 

erythrocytes of the yolk-sac (Pop et al., 2010). This primitive yolk-sac derived 

population is overlaid in conditional Ak2 knockout foetal livers by a small 
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population of S3 and S4 cells which escaped Cre-mediated deletion of the floxed 

allele and thus remained heterozygous for Ak2. It is suggested that those non- 

deleted definitive erythroid cells are able to retard the death of conditional 

knockout embryos by one or two days when compared to EpoR-/- embryos which 

die between E13 and E15. Thus some Cre+Ak2fl/- embryos may survive almost 

until day E18.5. 

Since the majority of foetal liver cells at E13.5 are Ter-119+ erythroid cells, the lack 

of these cells in conditional Ak2 knockout embryos resulted in a decreased 

number of absolute FL cell numbers. The foetal livers of haematopoiesis-specific 

Ak2 knockout embryos contain only 25 % of total foetal liver cell numbers 

observed in wild-type/heterozygous embryos, the percentage of dead cells is 

doubled. Thus a lack of proliferation and increased cell death, both account for the 

reduced number of FL cell numbers. 

4.3.3.2 Myelopoiesis and Thrombopoiesis 

Analysed by flow cytometry in the myeloid compartment, neither the number of 

CD41+ cells nor the number of CD11b+Gr-1- or CD11b+Gr-1+ cells were affected 

by AK2 deficiency. 

The platelet glycoprotein α-IIb (CD41) is a phenotypic marker for the 

megakaryocyte-platelet lineage (Phillips et al., 1988) but CD41 was also identified 

as the earliest marker of primitive erythroid progenitor cells and definitive 

haematopoietic progenitors of yolk-sac in mice (Ferkowicz, 2003; Xu M et al., 

2001). Since it was shown that the numbers of CD41+ cells were not affected by 

the loss of AK2, a more precise characterisation was omitted. A negative effect of 

the low MEP cell number on the number of megakaryocytes at later developmental 

stages cannot be excluded and needs to be investigated further (see also below). 

At E13.5 CD11b+Gr-1- monocytes and macrophages and a few CD11b+Gr-1+ 

granulocytes (Rose et al., 2012) were detected in the foetal livers of wild-type, 

heterozygous and conditional Ak2 knockout embryos with no significant 

differences regarding absolute cell numbers. Digital PCR analyses of CD41+ and 

CD11b+Gr-1- cells confirmed that the majority of Cre+ Ak2fl/- conditional knockout 

cells had undergone Cre-mediated Ak2 deletion; intact Ak2 alleles were below 11 

%. This showed that a majority of the analysed cells were AK2-deficient. However, 

the numbers of cells which failed Cre-mediated recombination was increased 
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when compared to the stem cell subset with only 1 % of non-deleted alleles. 

Therefore, similar to erythroid cells, myeloid cells which escaped Cre-mediated 

recombination have either an enhanced survival or a proliferative advantage 

compared to deleted cells. The digital PCR analyses of CD11b+Gr-1+ conditional 

knockout cells resulted in no Ak2 signal but the reference signal was too low to get 

reliable results due to the very low number of CD11b+Gr-1+ cells. Altogether it 

could be shown that the numbers of CD11b+Gr-1- monocytes and CD11b+Gr-1+ 

granulocytes of AK2-deficient embryos at E13.5 were not affected. 

FACS analyses and colony assays of FL cells from E13.5 revealed that neither the 

absolute numbers of CD11b+Gr-1- monocytes and CD11b+Gr-1+ granulocytes nor 

the number of CMP and GMP or the number of CFU-M, CFU-G, and CFU-GM are 

altered. Nevertheless, AK2-deficient CFU-M, CFU-G, and CFU-GM colonies 

microscopically exhibited a much smaller size and were less compact than wild-

type or heterozygous CFU colonies. Therefore, a negative effect of an AK2-

deficiency on the further development and possibly on the function of monocytes, 

macrophages, and granulocytes must be expected and has to be scrutinised in 

additional experiments. 

The absence of haemoglobinised erythroid cells in colonies from AK2-deficient 

embryos (see chapter 4.3.3.1) resulted in the fact that potential CFU-GEMM 

without haemoglobinised erythroid cells were practically indistinguishable from 

CFU-GM and were thus counted as CFU-GM. The low number of this colony type 

got lost in the shuffle of the highly abundant CFU-GM colonies. No significant 

increase in the CFU-GM of Ak2 knockout foetal livers was detected when 

compared to wild type. Therefore, no conclusion can be drawn about the ability of 

FL cells to give rise to megakaryocytes containing CFU-GEMM. 

The early death of conditional AK2-deficient mice did not allow evaluating the 

functions of megakaryocytes, monocytes, macrophages and granulocytes. These 

may be examined prospectively in a non-anaemic environment at later 

developmental stages. To achieve this, competitive transplantation experiments 

are in preparation. 

4.3.3.3 Lymphopoiesis 

As expected from the human phenotype of RD, pre-B-cell colony assays of murine 

FL cells from E13.5 revealed a strong AK2 dependency of the pre-B-cell 
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development in mice. Neither pre-B-cell colonies nor single B220+CD19+ pre-B-

cells were detectable in any Ak2 knockout sample after IL-7 stimulation. 

A complete characterisation of the B-, T- and NK-cell development and function 

was not possible due to the early embryonic death of AK2-deficient mice. 

Transplantation experiments, as mentioned above, are in preparation to test the 

development and function of lymphocytes under non-anaemic conditions. 

4.3.3.4 Haematopoietic Stem Cells and Progenitor Cells 

The stem cell compartment of conditional Ak2 knockout embryos was numerically 

unaffected and identical numbers of haematopoietic stem cells (HSC), multipotent 

haematopoietic progenitors (MPP) and haematopoietic progenitor cells (HPC1+2) 

were detected independent of the genotype in foetal livers at E13.5. Viability and 

apoptosis rate of the multipotent lineage-Sca-1+c-Kit+ (LSK) cell subset were also 

not affected by an AK2 deficiency. The slight increase of the absolute number of 

LSK cells from 1.1 x 104 ± 0.4 x 104 (mean ± s.d.) viable LSK cells per FL of wild-

type embryos to 2.1 x 104 ± 1.0 x 104 viable LSK cells per FL of knockout embryos 

was at first sight significant in terms of numbers, but this difference might be due 

to an unfavourable distribution of the genotypes per litter. Three of 10 wild-type 

embryos were from a single litter with smaller embryos and no knockout embryo. 

Without accounting for the three wild-type embryos from the indicated litter with 

small embryos, the difference between wild-type and knockout LSK cell numbers 

was not significant. A more detailed analysis of the LSK subset revealed no 

significant differences in the numbers of HSC, MPP and HPC. Consequently, it is 

assumed that the LSK cell number is independent of the genotype and not 

affected by AK2 deficiency. Furthermore, the absolute numbers of 1.1 x 104 ± 0.4 x 

104 LSK cells per wild-type FL and 2.1 x 104 ± 1.0 x 104 LSK cells per knockout FL 

were within the previously published range for LSK cells of 1.0 – 2.2 x 104 cells per 

FL at E12.5 – E15.5 (Karamitros et al., 2015; Li et al., 2011) (personal 

communication Dr. Dr. Alpaslan Tasdogan, UTSW Dallas, USA). 

4.3.3.5 Specifity and Efficiency of Cre-mediated Recombination in 

Haematopoietic Cells 

The efficiency and specifity of vav-iCre-mediated recombination of the floxed allele 

exclusively in haematopoietic cells and their progenitors was previously proven for 

β-galactosidase (Georgiades et al., 2002) and EYFP (de Boer et al., 2003). It had 
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to be verified for the Ak2 locus. We chose to test this by digital PCR analyses of 

sorted haematopoietic progenitor cells (LSK cells) of foetal livers at E13.5 and 

CD45- murine embryonic fibroblasts. No recombination was detected in non-

haematopoietic cells and the high recombination efficiency in LSK cells, with an 

average of 99 % deleted alleles, confirmed that the phenotype of conditional Ak2 

knockout embryos was exclusively caused in early haematopoietic cells. 

Nevertheless it has to be kept in mind that a few single haematopoietic stem cells 

in conditional knockout mice remained heterozygous for the Ak2 allele. These cells 

were able to proliferate and to partially compensate the negative effects of an Ak2 

knockout. This was the case for the erythroid S3 subset of knockout embryos as 

well as for the S0 population, for the mainly megakaryocytic CD41+ population, 

and the CD11b+Gr-1- monocytes and macrophages. The percentages of cells with 

failed Cre-mediated recombination were increased as compared to the LSK cell 

subset from 1 % to 3 % - 20 %. 

Elegantly, this endogenous mosaicism indicates that AK2-deficient cells in a 

competitive environment are developmentally disadvantaged compared to 

heterozygous cells. 

4.3.4 Comparison of the Phenotype of AK2 Deficiency in Mice with the 

Phenotypes of AK2 Deficiency in Other Animals and Humans 

The Ak2 knockout mouse model was developed in order to provide a suitable 

model system for further studies on the pathophysiology of human RD and 

potentially for testing novel therapies. Unfortunately, homozygous Ak2-/- mice are 

not viable. They die shortly after nidation around embryonic day 6.5 most likely 

because maternal AK2 activity vanishes as has been shown for the Ak2 deficiency 

model of Drosophila melanogaster (Fujisawa et al., 2009). This early mortality of 

an AK2 deficiency due to a non-haematopoietic effect is seen in mice and fruit flies 

but not in zebrafish and humans (Figure 67). 

One hypothesis might be that human AK2-deficiency leads also to embryonic 

lethality and the few AK2-deficient patients might have genetic variations which 

are able to compensate for an AK2-deficiency. Another hypothesis might be that 

the pathomechanism of AK2-deficiency is the same in all species tested, but the 

still unknown cellular state, which leads to the cell-type specific fatal effects of an 

AK2-deficiency, might be species-specifically regulated. This would mean that the 
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same cell populations of different species might have different cellular states which 

result in different susceptibilities to AK2 deficiency and therefore leading to 

different phenotypes. This last hypothesis might be supported by the differential 

AK1 protein expression in human and murine erythroid progenitors. 

 

Figure 67: Comparison of AK2 deficiency model systems with the phenotype of human Reticular 
Dysgenesis. 
n/s: not specified, Mus musculus: house mouse, Danio rerio: zebrafish, Drosophila melanogaster: fruit fly, 
iPSCs: induced pluripotent stem cells, CMP: common myeloid progenitors, GMP: granulocyte-macrophage 
progenitors, MEP: megakaryocyte-erythrocyte progenitors. 

Species-specific effects can be better controlled by analysing only distinct cell 

populations with conditional knockout models. The haematopoiesis specific murine 

Ak2 knockout model (conditional Ak2 knockout model) was used to avoid the early 

embryonic lethality. However, significantly decreased megakaryocyte-erythrocyte 

progenitor cells and an early block in the S0 to S1 transition of definitive erythroid 

progenitors results in embryonic lethality between E13.5 and E18.5 due to severe 

anaemia. 

An erythroid maturation defect caused by AK2 deficiency has also been described 

for the zebrafish model (Rissone et al., 2015), but less than half of the human RD 

patients are anaemic at birth (Hoenig et al., 2017). Thus erythropoiesis in humans 

is only marginally affected by an AK2 deficiency. The protein expression of 

adenylate kinase 1 and 2 in murine haematopoietic cells, as compared to human 

haematopoietic cells (Pannicke et al., 2009), revealed that human and murine 
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haematopoietic cells which are negatively affected by an AK2 deficiency (human 

and murine B, granulocytes and monocytes and murine erythrocytes) express only 

AK2 and no AK1 protein. Non-affected fibroblasts and human erythrocytes 

additionally or exclusively express AK1 (Figure 68). Thus, the murine data is still 

concordant with the previously postulated hypothesis that only cells which do not 

express AK1 are susceptible to an AK2 deficiency (Pannicke et al., 2009). 

 

Figure 68: Overview of AK1 and AK2 protein expression in human and murine fibroblasts compared to 
haematopoietic cells. 
hAK1/hAK2: human AK1/AK2 protein; muAK1/muAK2: murine AK1/AK2 protein; * expression only in foetal 
liver erythrocytes from E13.5; haematopoietic stem cells represent expression data from human CD34

+
 cells 

and murine LSK cells; grey = very weak expression; red and blue crosses indicate which cell types are 
affected by an AK2 deficiency in humans and mice. 

Considering this hypothesis, an AK2 deficiency causes an erythroid defect in mice 

but not in humans as depicted in Figure 69. Accordingly it is hypothesised that 

human erythrocytes are not susceptible to an AK2 deficiency because erythroid 

progenitors express AK1 and do not need AK2 to develop properly. This can be 

tested by analysing various stages of erythropoiesis in human foetal samples. 

A similar result has been shown for cardiogenesis where a combined knockdown 

of AK1, AK2 and AK5 activities disrupted cardiogenesis and the induction of 

creatine kinase compensated for the adenylate kinase-dependent energy deficits 

(Dzeja et al., 2011). 

Red cell precursors derived from RD patient-derived iPSCs showed severely 

compromised potential to give rise to CFU-E and BFU-E (Rissone et al., 2015). 

Why patient derived iPSCs show these abnormalities in the erythroid 

differentiation while RD patients’ erythropoiesis is only mildly compromised must 

be elucidated in the future. A spatio-temporal analysis of AK1 and AK2 protein 
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expression during erythroid differentiation of iPSCs might be helpful to evaluate if 

the up- and down regulation of AK1 in this process is regulated as in vivo. 

 
Figure 69: Working hypothesis for the different effects of an AK2 deficiency on erythroid maturation in 
humans and mice. 
Human erythrocytes might not be susceptible to an AK2 deficiency because erythroid progenitors express 
AK1 protein (hAK1) and do not need AK2 to develop. Murine erythroid progenitors do not express AK1 
protein and depend on AK2 protein (muAK2) expression. 

One weak point in the hypothesis that only cells with AK1 protein expression can 

overcome AK2 deficiency is the circumstance that human and murine 

hematopoietic stem cells express only AK2 and no AK1 protein. Yet they are not 

affected by an AK2 deficiency. On the one hand, this can be explained by the fact 

that sparsely dividing, low-energy requiring hematopoietic stem and progenitor cell 

heavily rely on anaerobic glycolysis while the transition into lineage committed 

progenitors and proliferation requires more energy and is associated with more 

efficient mitochondrial oxidative phosphorylation (Ito and Suda, 2014; Jang and 

Sharkis, 2007; Kim et al., 1998; Parmar et al., 2007). Mature murine erythrocytes 

again rely only on anaerobic glycolysis while erythroid progenitors use oxidative 

phosphorylation (Kostić and Zivković, 1994; van Wijk and van Solinge, 2005). On 

the other hand, the mitochondrial creatin kinase (CKMT1) is able to compensate 

for a combined AK1, AK2 and AK5 deficiency in cardiogenesis (Dzeja et al., 2011) 

and is suspected to be able to compensate for AK2 deficiency in the macrophage 

development of the HL-60 cell differentiation model (Tanimura et al., 2014). 

The early embryonic death of constitutive Ak2-knockout embryos precludes the 

analysis of AK2 dependent effects on non-erythroid lineages. The number of 
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haematopoietic stem and progenitor cells (HSPC) is not affected by murine AK2 

deficiency. This has also been shown in bone marrow samples from human RD 

patients (Six et al., 2015). The viability and apoptotic rate of haematopoietic stem 

cells was also not affected, but the progenitor compartment showed an increase of 

dead cells corresponding to the data published for zebrafish (Rissone et al., 2015). 

Leukopoiesis was not analysed in its entirety at that early time point of 

embryogenesis but pre-B-cell colony assays showed a complete lack of B-cell 

development and CFU-G, CFU-M, and CFU-GM colonies were smaller and less 

dense compared to wild type. The erythroid maturation defect of AK2-deficient 

murine embryos was unexpected but may be explained by the differential AK1 

protein expression in human and murine erythroid progenitors (Figure 69). 

None of the assays detected differences between heterozygous and wild-type 

embryos and there was no evidence, that heterozygous Ak2 cells exhibit 

enhanced cell proliferation or that reduced AK2 levels in heterozygous cells had 

any anti-apoptotic effects as postulated by Lee et al. and Kim et al. (Kim et al., 

2014; Lee et al., 2007). 

Competitive lymphopoiesis, myelopoiesis and thrombopoiesis of AK2-deficient 

mice will be analysed further by transplantation experiments in a non-anaemic 

environment. This will clarify the influence of an AK2 deficiency on mature 

leukocytes in adult mice. 

In summary, the AK2-deficient mouse model leads to very early embryonic 

lethality due to a non-haematopoietic effect and therefore shows a completely 

different phenotype when compared to human AK2-deficient patients. 

Even a haematopoiesis-specific AK2-deficient mouse model shows a much more 

severe phenotype than human AK2-deficiency. In our opinion, the murine AK2-

deficient model and the murine haematopoiesis-specific AK2-deficient model are 

not suitable to model human RD as matters stand. However, the models offer the 

potential to discover and understand the cellular and molecular pathomechanism 

of AK2-deficieny by analysing common features and differences of affected and 

unaffected cell populations in both systems. 
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5 Summary 

By establishing biochemical, molecular and animal models, this thesis generated 

data for the understanding of AK2-deficiency. 

One aim of this thesis was the expression and purification of recombinant 

adenylate kinase 2 (AK2) protein and the establishment of an enzymatic assay to 

determine the enzymatic activities of different published disease-causing AK2 

missense mutations. An enzymatic adenylate kinase assay was established and 

validated which now enables the functional testing of adenylate kinase missense 

mutations. The determination of the enzymatic activity of five previously published 

AK2 mutations p.[Gly47Arg], p.[Arg103Trp], p.[Arg175Gln], p.[Arg175Pro], and 

p.[Arg186Cys] showed for the first time that the clinical phenotype of Reticular 

Dysgenesis (RD) is caused by the absence of the enzymatic kinase activity of 

AK2. The hypothesised correlation between residual enzymatic activity and normal 

numbers of B cells, monocytes, or NK cells was disproven. The method 

established in this thesis allows the future analysis of the enzymatic activity of any 

unknown adenylate kinase mutation or variation, even of patients with atypical 

clinical phenotypes and will be helpful to decide if a novel AK2 mutation may be 

the cause of the disease or not. 

The pathophysiology of RD, especially why an adenylate kinase 2 deficiency leads 

to the observed cell-type specific effects, is unknown. The second aim of this 

thesis was to investigate the expression and regulation of AK1 in haematopoietic 

cell lines compared to non-haematopoietic cell lines. The expression of AK1 and 

AK2 in haematopoiesis was characterised in order to support or disprove the 

previously published hypothesis, that leukocytes might be susceptible to genetic 

defects of mitochondrial AK2, as they do not express the cytosolic adenylate 

kinase 1 (AK1) in sufficient amounts to compensate for functionally impaired AK2 

(Pannicke et al., 2009). Protein and RNA expression analyses of AK1 and AK2 in 

human and murine cell lines and in murine primary cells confirmed that AK2 is 

ubiquitously expressed in almost all haematopoietic and non-haematopoietic cells. 

AK1 is only expressed in cells which are not affected by an adenylate kinase 2 

deficiency. This supports the previously published hypothesis that AK1 is able to 

compensate for an AK2 deficiency and shows that this hypothesis, established in 

the human system, is still concordant with the murine system. In addition it was 
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shown that there are some cell types, like low-energy requiring hematopoietic 

stem and progenitor cells and mature murine NK cells, which need neither AK2 

nor AK1 protein expression to survive. However, proliferation and maturation of 

cells seems to depend on AK2 or AK1 protein expression. 

Further investigations on the regulation of the AK1 expression revealed that 

human AK1 protein expression does not directly correlate with total AK1 mRNA 

amount because several splice variants with alternative 5’UTR exons upstream of 

exon 2 were identified which do not enable protein translation. It was shown that 

AK1 protein expression correlates with an AK1 mRNA with exon 1 upstream of 

exon 2. This AK1 mRNA with exon 1 is regulated mainly epigenetically by CpG 

methylation of the Ak1 promoter region upstream of exon 1. In addition, AK1 

mRNA expression depends on the availability of non-ubiquitous transcription 

factors. It was also shown that AK1 mRNA can be stably introduced in cells which 

do not express AK1 protein endogenously and this results in robust protein 

expression. These new findings are important for AK1 protein regulation in the 

future and for testing whether AK1 protein is able to compensate for a functional 

AK2 deficiency. This will lead to a better understanding of the pathophysiology of 

RD with the aim to eventually improve patients’ treatment. 

As a third aim, an Ak2 knockout mouse model was established and characterised 

to provide a model system for further studies on the molecular biology and 

pathophysiology of RD. A homozygous knockout of Ak2 in mice leads to early 

embryonic lethality shortly after nidation around embryonic day 6.5 due to a non-

haematopoietic defect. A haematopoiesis-specific AK2-deficient mouse model 

shows also a much more severe phenotype than human AK2-deficiency with 

embryonic lethality between E13 and E15 due to severe anaemia. Flow cytometry 

analyses and colony assays revealed an early onset of erythroid development 

failure in conditional Ak2 knockout embryos. Megakaryocyte-erythrocyte 

progenitor (MEP) numbers were significantly decreased and a developmental 

block of early erythroid progenitors from erythropoietin independent progenitors to 

erythropoietin dependent progenitors leads to an impaired definitive erythropoiesis 

and results in severe anaemia. It was shown that a main difference between 

human and murine erythrocytes is the adenylate kinase protein expression. 

Human erythrocytes express AK1 protein but no AK2 protein and are therefore 

expected to be AK2-independent, whereas murine erythroid progenitors only 
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express AK2 protein and may be sensitive to an AK2 deficiency. The number of 

stem cell and progenitor cells (except for MEP cells) is independent of the Ak2 

genotype, but the viability of the progenitor cells is slightly reduced. The numbers 

of CD11b+Gr-1- monocytes and CD11b+Gr-1+ granulocytes, are not altered by 

murine AK2-deficiency. Nevertheless, murine AK2-deficient CFU-M, CFU-G, and 

CFU-GM colonies exhibited an abnormal morphology and a negative effect of an 

AK2-deficiency on the further development and possibly on the function of 

monocytes, macrophages, and granulocytes may be predicted. A complete 

characterisation of the B-, T- and NK-cell development and function was not 

possible due to the early embryonic death of AK2-deficient mice and no pre-B-cell 

colonies nor single B220+CD19+ pre-B-cells were detectable in Ak2 knockout 

samples after IL-7 stimulation of foetal liver cells. 

As matters stand, the AK2-deficient mouse model and the haematopoiesis-specific 

AK2-deficient mouse model are not suitable to model human RD in mice, but the 

models offer the potential to discover and understand the cellular and molecular 

pathomechanism of AK2-deficieny by analysing common features and differences 

of affected and unaffected cell populations in the human and the murine system. 
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Appendix 

Appendix A) Genomic sequence of floxed murine Ak2 exon 3 – 4 with loxP recombination sites: 5’loxP and 
3’loxP. Genotyping primers: Oligo 1, 2 and 3. 
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Appendix B) Sequence and genomic localisation of alternative 5’UTR exons (blue) and the regular exons 
(green) of human adenylate kinase 1 (AK1) on chromosome 9 according to the NCBI RefSeq NM_000476.2 
as well as the overlapping ST6GALNAC6 exon 7 (yellow). 
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Appendix C) The correct staining of viable and dead cells with Annexin V FITC antibody and propidium 
iodide (PI) for the analyses of the viability and apoptotic state of LSK cells was validated by analysing the 
lineage positive (lin+) cells population. Spectral overlap of PI with Qdot® 605 was not compensable and led 
to a loss of dead cells for lineage negative cell analyses. Foetal livers cells of Ak2 knockout embryos were 
compared to wild type at E13.5. Representative cytometric analyses of one wild-type (Cre

-
Ak2

fl/+
), one 

heterozygous (Cre
-
AK2

fl/-
) and one Ak2 knockout (Cre

+
Ak2

fl/-
) sample. The single staining was done with cells 

from wild-type and heterozygous embryos. Erythrocytes have been lysed and doublets were excluded prior 
to analyses. Lineage surface markers: CD3e, CD4, CD5, CD8a, B220, Gr-1 and Ter-119; viability dye: PI. 
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