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Abstract 
Enzymes are crucial for speeding up cellular chemical reactions that otherwise are far 
too slow to commensurate with life. However, only limited information is known 
about why enzymes have evolved specific turnover-rates. To investigate this question, 
adenylate kinase was used as a model enzyme to determine how mutations which 
affect its turnover-rate were influencing the growth rate of Saccharomyces 
cerevisiae. Knocking out the ADK1 gene prohibits cell growth whereas the presence 
of the gene in a low copy vector restores cell growth. The same result is obtained if 
the gene for bacterial Adk is provided instead. In this project, a relationship between 
the turnover-rate of Adk and cell growth rate was found. Mutations reducing the 
enzyme activity by a factor of about up to ten resulted in wild-type like cell growth. A 
stronger decrease in the turnover-rate led to significant growth defects, whereas an 
inactive variant did not lead to cell growth at all. The results help to get an idea about 
the tolerance of cells for an activity decrease of adenylate kinase.  
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List of abbreviations & Terminology 
 
5-FOA  5-fluoroorotic acid 
ADK1  adenylate kinase 1 [Saccharomyces cerevisiae] 
E.Adk  adenylate kinase [Escherichia coli] 
E. coli  Escherichia coli 
EDTA  ethylenediaminetetraacetic acid 
HSQC  heteronuclear single quantum coherence 
kcat  catalytic turnover-rate 
KM  Michaelis-Menten constant 
LB  Luria broth (rich medium) 
LDH/PK  lactic dehydrogenase / pyruvate kinase enzyme mixture 
NADH  reduced form of nicotinamide adenine dinucleotide 
NMR  nuclear Magnetic Resonance 
OD600  optical density, measured at 600 nm 
ON  overnight 
PCR  polymerase chain reaction 
RT  room temperature 
SC-LEU  synthetic complete medium lacking leucine 
SC-URA  synthetic complete medium lacking uracil 
SC-LEU-URA  synthetic complete medium lacking leucine and uracil 
SEC   size exclusion chromatography 
TE  buffer containing TRIS and EDTA 
TRIS  tris(hydroxymethyl)aminomethane 
v/v  volume/volume 
YNB  Yeast Nitrogen Base 
Å  Ångström (≙ 100 pm) 
 
In this project, variants of E.Adk are used and the mutation of a variant is indicated 
by a star (*). The number next to the star indicates the mutation site, and the letters 
before and after the number show the amino acid of the wild-type and the variant at 
that position, respectively. The letters refer to the one letter for amino acids. The 
letters used in this thesis are abbreviations for arginine (R), lysine (K), glutamic acid 
(E), serine (S), threonine (T), glutamine (Q), cysteine (C), glycine (G), alanine (A) and 
isoleucine (I). 
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1. Introduction 
Enzymes regulate cellular processes in living systems and because malfunctions can lead to 
severe diseases, they are targets of biochemical studies on a molecular level. By using X-ray 
diffraction, structures of a large number of enzymes have been determined and many 
correlations between their structure and their function have been found.1 As structural data 
cannot be used to fully explain the function of an enzyme, additional techniques were 
required. NMR came up as one of the key methods for studies of enzyme functions. This 
technique allowed the observation of fluctuations, single amino acid residues were doing 
during catalysis on an atomic resolution. It was possible to understand which residues were 
important for catalysis. Thereby, it was possible to create much more detailed models for 
mechanisms of enzyme catalysed reactions and to reveal the different steps included in the 
catalytic process. By using additional biophysical methods, it was possible to measure how 
much time each single step takes, resulting in a detailed scheme of enzyme dynamics in vitro.  
 
To apply these findings to medical approaches, they have to be correlated to cellular 
processes. Many enzymes have been found to be essential for cell viability and mutations 
which inactive an enzyme are lethal for cells. However, these are only qualitative correlations 
between function and in vivo studies. There is still a lack of experiments which deal with this 
problem in a quantitative manner and can show what happens to cells if an enzyme has a 
reduced activity but is not completely inactive. How much reduction of enzyme activity can 
be tolerated by cells? How much reduction is required to create a change of the cells’ 
phenotype? How active does an enzyme at least need to be to ensure cell growth? Only little 
information is known about such questions so far although their relevance is indisputable. 
The knowledge about correlations between enzyme activity and cell growth will give us a 
better understanding of how evolution was evolving enzyme functionality and how tolerable 
our enzyme system is.  
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1.1. Adenylate kinase 

Adenylate kinase (Adk) is a well-studied protein which is essential for cell growth and a large 
number of amino acid residues is conserved in Adks of different organisms, leading to similar 
structures of these Adks. It catalyses the reversible reaction of AMP and ATP to ADP in the 
presence of magnesium ions.2 The reaction is shown in equation (1). 
 

AMP + Mg2+·ATP ⇋ Mg2+·ADP + ADP (1) 
 

Bacterial Adk has a catalytic turnover-rate of roughly 300-350 s-1.3-6 A large number of crystal 
structures for Adks from different organisms is known.7-10 Interestingly, the structures of 
Adks are even comparable of organisms which grow at very different temperatures. Adk of 
the psychrophilic Bacillus globisporus has a very similar structure in comparison to both, 
Adk from the mesophilic Bacillus subtilis and the thermophilic Bacillus 
stearothermophilus.11 

 
 

 
Figure 1: Structures of Adks from different organisms: A) Bacillus globisporus B) Bacillus subtilis C) 
Bacillus stearothermophilus. The structures are very similar although these organisms have very 
different growth conditions.11 

 
For Adk from Escherichia coli (E.Adk), the most extensive studied Adk, a lot of structures in 
the presence of different binding partners are known. Most important was the achievement 
that the structure of the ligand-free protein (resolution: 2.2 Å)10 was determined as well as the 
structure of the ligand-bound conformation (resolution: 1.9 Å), which was available for 
crystallography by using the inhibitor Ap5A, a molecule which mimics AMP and ATP.12 It was 
shown that the protein undergoes a large structural change from an open form to a closed 
form, which is necessary for catalysis.13 
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Figure 2: Conformational change of E.Adk. The protein undergoes a structural change from an open 
form (4AKE.pdb; left side)10 to a closed form (1AKE.pdb; right side)12, which is essential for the 
catalytic function of the protein. In the closed state, the ATP lid is much closer to the AMP binding 
domain, which consists of two α-helices. 

The enzyme consists of several domains which are important for its function. The interaction 
of an α-helix based AMP binding domain (residues 30-59 in E.Adk) with an ATP lid (residues 
113-176 in E.Adk) is responsible for the catalytic function of the enzyme. These domain build 
a sandwich around the substrates during catalysis. A major part of the enzyme belongs to the 
less flexible CORE domain which connects the binding domains and is responsible for the 
stability of the enzyme.14 

1.1.1. Dynamics of adenylate kinase 
In the last years, it was possible to get more detailed information about the kinetics of Adk 
during catalysis. The whole catalytic reaction consists of a number of different steps. First of 
all, the protein needs to be in the open state to allow binding of the reactants, AMP and 
Mg2+·ATP. For the catalysis, the protein needs to undergo a structural change to its closed 
conformation which is shown in figure 2. This conformation is required to bring the key 
amino acids which are involved in the catalysis closer to each other in space. Furthermore, 
water is restricted from the reaction.6 After the reactants are converted into the products, the 
protein can only release the products, Mg2+·ADP and ADP, after undergoing a conformational 
change towards the open state again. The turnover-rate is therefore not only dependent on 
the speed of the chemical reaction but also on the speed of all other mentioned steps and it is 
limited by the slowest of these steps. 

 
Figure 3: Schematic overview of the different steps involved in the catalytic reaction. The catalysis of 
AMP + Mg2+·ATP ⇋ Mg2+·ADP + ADP in the presence of Adk consists of a number of different steps. 
For E.Adk, the lid-opening before the release of the products is the rate-limiting step.4 Here, the 
reversed reaction is shown, which has a three times lower turnover-rate.3 

ATP lid 

AMP binding 
domain 

ATP lid 

AMP binding 
domain 
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For wild-type E.Adk, this step is the lid opening of the protein, as shown in figure 3. It is 
independent of the presence of products and the protein undergoes this structural change 
even in the absence of substrates.4  

1.1.2. Adenylate kinase variants used in this project 
By introducing a mutation into Adk, a better understanding of its residue dependant15 and 
structure dependant16 function can be obtained. Here, the literature-known variants of E.Adk 
which were used in the project will be introduced.  
 
E.Adk*G10V 
Glycine 10 is part of the binding loop, which is very flexible due to the presence of many 
glycine residues in it. By mutating glycine 10 into valine, this flexibility might decrease and 
therefore also the speed of the lid-opening, which would cause a reduced turnover-rate. 
Proton NMR studies showed that the mutation leads to a structural change of the protein as 
the peaks of many aromatic residues were shifted. These change might be responsible for the 
fact that its kcat is reduced to 25 % in comparison to kcat of E.Adk. The KM value increases by a 
factor of 7.5.5 This change could be explained by the perturbation of the binding loop, which 
might have influenced the binding affinity of the enzyme. As the catalytic activity is less 
dramatically affected than KM, it is suggested that the mutation rather perturbed the 
structure of the open conformation. The closed conformation of the variant has even been 
crystallised by using the inhibitor Ap5A at a resolution of 2.4 Å.17 
 
E.Adk*K13Q 
Lysine 13 is also part of the flexible binding loop of Adk and its mutation into glutamine 
results in a structural change of Adk. Its kcat is at most 0.01 % in comparison to kcat of E.Adk.6 
This is due to the fact that lysine 13 plays an essential role in the catalysis as this residue 
transfers a proton between different phosphate groups of ATP.18 Figure 4 shows a detailed 
scheme of its role. 

 
Figure 4: Catalytic mechanism of human ADK1 on a molecular level. Lysine 21 (corresponds to Lys13, 
in E.Adk) transfers a proton from the β-phosphate group to the γ-phosphate group of ATP.18 Without 
this lysine, Adk is nearly inactive. 

The importance of lysine 13 is underlined by the fact that it is conserved in all known Adks of 
other organisms. 
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E.Adk*R36A 
During catalysis, arginine 36 is coordinated to the α- and the β-phosphate group of ATP and 
therefore important to coordinate the substrates in the right position within the active 
centre.18 As it is not involved in proton transfers during the chemical step of the catalysis, its 
mutation into alanine does not decrease the activity of the enzyme as much as it was the case 
for K13Q. Its kcat is 5.2 % of the kcat of wild type Adk, and its KM is increased by a factor of 3-4 
[unpublished data, provided by Jörgen Ådén]. 
 
E.Adk*R88G 
Arginine 88, which corresponds to arginine 97 in human ADK1, is a highly conserved residue 
and lies within one of the binding sites for ATP. It is one of the key players for catalysis as it 
stabilises the carbene of the pentavalent intermediate shown in figure 4.18 By substituting this 
residue with glycine, the intermediate is energetically destabilized, resulting in a lower 
reaction speed. The consequence is a two orders of magnitude reduced catalytic turnover-
rate. Its thermodynamic parameters do not differ a lot from the wild-type which supports the 
assumption that the activity reduction is related to a disruption of the chemical step only. The 
protein destabilization caused by the mutation is therefore negligible.19 Another task of 
arginine 88 is to bind AMP through a hydrogen bond. By removing the residue, this hydrogen 
bond is disrupted, leading to a weaker binding affinity of the enzyme.13 The KM of the protein 
is increased by a factor of five. 
 
E.Adk*I116G 
Isoleucine 116 is located in an α-helix which is part of the ATP lid of the enzyme. Mutating 
isoleucine 116 into glycine leads to local structural perturbations within the ATP lid. 
Nevertheless, the protein is still well-folded and the chemical environment of residues which 
are not located within the ATP lid, does not change significantly. Interestingly, the binding 
affinity for ATP of this variant is despite of the perturbations in the binding domain 50-fold 
increased. This is explained by a shift of the equilibrium between the two conformations of 
the enzyme towards the closed state. As the lid opening is the rate-limiting step, the activity 
of the variant is only 2.8 % in comparison to the wild-type.20 
 
E.Adk*E170A 
Glutamic acid 170 forms a hydrogen bond to leucine 58 which stabilises the closed 
conformation of Adk. The mutation of glutamic acid 170 to alanine removes this hydrogen 
bond. This leads to a shift of the conformational equilibrium towards the open conformation 
and as the opening step is the rate-limiting step of the catalysis, this mutation should 
increase the activity of the enzyme. Indeed, a 1.3 times higher kcat in comparison to E.Adk was 
observed, confirming these assumptions. The chemical shift perturbations are in general 
small and rather in the local environment of the mutation site. However, these perturbations 
lie within the ATP lid and have an influence on its dynamics. Nevertheless, this does not 
affect the stability of the protein as its melting temperature is barely lower for both 
conformations in comparison to the wild-type. The KM is increased by a factor of 1.2, so that 
this variant might have an increased catalytic efficiency. Though, no significant difference 
could have been pointed out.21 
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1.2. Relation between protein functionality and cell growth 
It is rather difficult to relate in vitro determined properties of enzymes to cell growth. The 
number of parameters in living cells is far too high to allow reliable predictions.22 Dynamics 
of enzymes have intensively been studied and temperature dependant motions have been 
correlated to catalytic steps.23 It is thought that evolution designed enzymes in a way that the 
catalytic efficiency of a wild-type enzyme is optimised at the growth temperature of the 
corresponding organism. However, other studies have shown that it is possible by using 
protein engineering to increase the catalytic parameters of a protein for a larger temperature 
range.24 That means, that specific parameters of wild-type enzymes are not necessarily 
optimised and hence, it is tough to judge the consequence of a mutation for cell growth, even 
if it is well-studied in vitro. 
Ubiquitin is one of the first proteins, where a large number of variants was used to identify 
correlations between protein functionality and cell growth.25-28 By performing single 
mutations and comparing the growth behaviour of yeast with in vitro determined 
parameters, it was possible to get ideas about the importance of different parameters for cell 
growth. An alanine scan showed the tolerance of each residue for a mutation. By comparing 
these tolerances to the structure of the protein, it was possible to identify important regions 
of ubiquitin.25 Furthermore, it was possible to identify important protein properties for cell 
growth. Specific residues located at the surface of ubiquitin are less tolerable for mutations 
than most of the buried core residues. The less tolerable residues are located in binding sites 
so that the lethality of mutants at these positions demonstrates the importance of binding 
affinity for cell viability.26 

 
Figure 5: Overview of an alanine scan of ubiquitin and its consequences for the cell growth of 
Saccharomyces cerevisiae. On top, colony sizes of yeast cells with different ubiquitin variants are 
shown, below, the results of a growth rate experiment are shown.27 

Figure 5 shows results of such an approach where the growth behaviour of yeast cells with 
different ubiquitin variants was shown. With the help of growth rate experiments, it was also 
possible to obtain quantitative data, so that variants could have been identified which reduce 
the cell growth rate but are not lethal.27 The property of ubiquitin how well it can be activated 
by the enzyme E1 is supposed to be critical for cell growth. Thus, a large number of variants 
with known E1 induced activation levels has been used for cell growth assays.28 The 
correlations were used to create an elasticity function29 which describes in this study the 
correlation between ubiquitin activation and the corresponding growth rate. 
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Figure 6: For a large number of ubiquitin variants, the E1 induced activation ability was correlated to 
the growth rate of yeast cells with these variants. The assumed elasticity function, which correlates 
these properties with each other, is shown in red.28 

In the case of ubiquitin, it is difficult to describe the growth behaviour of yeast cells by only 
one property of the protein as shown in figure 6. There is a large number of outliers where 
other parameters than the activation by E1 have a major influence on cell growth.28 
 
 

1.3. Aim of the master thesis 
In this project, the enzyme adenylate kinase is used as a model enzyme and the yeast species 
Saccharomyces cerevisiae is used as a model eukaryotic system to study the correlations 
between enzyme activity and cell growth. By using yeast cells where the ADK1 gene in the 
genome is knocked out and provided by a low copy vector instead, a system is available which 
easily allows changes of the adenylate kinase gene. These changes will be done by performing 
mutations on the vector and using a plasmid shuffling technique to insert a vector of interest 
into the cells. Using variants with different activities shall point out which minimum activity 
is required to allow cell growth and how much activity reduction is required to observe a 
significant growth defect. A quantitative way of measuring cell growth shall be used to figure 
out whether there are any relationships between enzyme activity and cell growth. In parallel, 
the used adenylate kinase variants need to be purified and their activity needs to be measured 
in case they were not considered in previous studies.  
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2. Popular scientific summary including social and 
ethical aspects 
2.1. Popular scientific summary 
 
ATP is the fuel of our cells. Without it or with too little amounts of it, the cellular motors 
could not work so that we would not be able to live. The reaction time to build ATP takes 
about 8,000 years which would be far too slow to allow any life. Adenylate kinase is an 
enzyme in our bodies that helps us to produce ATP faster, and each enzyme molecule can 
provide hundreds of ATP molecules per second. A malfunction of the enzyme can lead to 
severe diseases like cancer, so it is important to know as much as possible about how it works 
and how cells react if it works slower. In this study, we studied how yeast cells grow if the 
enzyme is working slower. When we inactivated the enzyme, cells were not able to grow. 
When we made the enzyme about 30 times less active, the cells were growing much slower 
and seemed to be sick. In contrast, cells did not care when we changed the enzyme less 
dramatically. When the enzyme produced up to ten times less ATP molecules, the cells were 
still in a healthy state. From these findings we can conclude that our enzyme is working much 
faster than required.  
Enzymes have many more properties which are important for their function. We used many 
different modifications of it to show that it is really the working speed of it what influences 
cells. Another important feature of the enzyme is its ability to be able to bind to the molecules 
out of which ATP is produced. In this project it was for the first time shown, that this feature 
of adenylate kinase is not so important for cell growth. 

2.2. Social and ethical aspects 
 
Although this study only provides a small piece of information in the large, complex protein 
world, it is one of the few studies that relate biophysical knowledge to cell life in a 
quantitative manner. This is a key aspect in the field of biophysics, as it gives biophysical 
properties of proteins a meaning, e.g. how important a specific turnover-rate of an enzyme is 
for life. The study is not limited to the used setup, its idea can be transferred to an almost 
endless amount of other enzymes and biological systems. It can help to connect the 
numerous findings of biophysical basic research to molecular biology and medical research, 
giving us a better understanding about reasons for malfunctions of our cells and resulting 
diseases.  
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3. Experimental 
3.1. Plasmid preparation  
 
Vectors pRS315-ADK1, pRS315-E.Adk and pRS315 were used for the in vivo experiments and 
were provided by Hasan Tükenmez. For overexpression, vectors pEAk91 and pET24 were 
used. pET24 was used for the overexpression of ADK1 and E.Adk*R36S+11AA and provided 
by the Protein Expertise Platform (PEP) of Umeå University. To insert the desired mutations 
into pEak91 vectors containing the gene for E.Adk, point mutations were done by performing 
PCR (polymerase chain reaction). Therefore, the QuikChange Lightning Multi Site-Directed 
Mutagenesis Kit (#210514) from Agilent Technologies was used and the samples were 
prepared according to the instruction manual (revision D.01). For reactions concerning 
pRS315, 0.75 µL QuikSolution were added to the reaction mixture. The primer pairs were 
designed by using the QuikChange® Primer Design Program and ordered from Eurofins, 
their sequences are listed in Table 1. 
 
Table 1: Sequences of the primer pairs which were used to introduce point mutations into E.Adk. 
They were designed with the QuikChange® Primer Design Program, which was recommended by the 
instruction manual of the Mutagenesis kit. 

Mutation Sequences of I) forward primer and II) reverse primer 
G10V I) CTGCTTGGCGCTCCGGTCGCGGGGAAAGGGACTC 

II) GAGTCCCTTTCCCCGCGACCGGAGCGCCAAGCAG 
K13Q I) GCTCCGGGCGCGGGGCAAGGGACTCAGGCTCAG 

II)CTGAGCCTGAGTCCCTTGCCCCGCGCCCGGAGC 
R36A I) AGATTTGACCGCAGCAGCCAGCATATCGCCAGTG 

II)CACTGGCGATATGCTGGCTGCTGCGGTCAAATCT 
R36S I) GATTTGACCGCAGCACTCAGCATATCGCCAGTG 

II)CACTGGCGATATGCTGAGTGCTGCGGTCAAATC 
G56C I) AGCAAAAGACATTATGGATGCTTGCAAACTGGTCACCG 

II)CGGTGACCAGTTTGCAAGCATCCATAATGTCTTTTGCT 
R88G I) GCGGAATGGTACCCGGGAAGCCGTC 

II)GACGGCTTCCCGGGTACCATTCCGC 
I116G I) GACGATACGGTCAACGCCCAGTTCGTCCGGTACG 

II)CGTACCGGACGAACTGGGCGTTGACCGTATCGTC 
T163C I) CAACCAGACGTTTACGTACGCACTCTTCCTGATCATCTTTAC 

II)GTAAAGATGATCAGGAAGAGTGCGTACGTAAACGTCTGGTTG 
E170A I) CGTAAACGTCTGGTTGCTTACCATCAGATGACA 

II)TGTCATCTGATGGTAAGCAACCAGACGTTTACG 
 
The digestion and the transformation into XL10-Gold Ultracompetent Cells were done 
according to the instruction manual for the mutagenesis. Cells containing the PCR products 
were spread on LB+carbenicillin plates. After 16 h, single colonies were grown in 3 mL LB for 
5-8 h and 100 µL were grown in 50 mL Falcon tubes in 10 mL LB ON. The plasmids were 
isolated by using the QIAprep® Spin Miniprep Kit (QIAGEN GmbH). 

3.2. In vitro experiments 
 
All used chemicals were obtained from VWR if not mentioned otherwise. 

3.2.1. Purification 
100-150 ng of the overexpression vector pEAk91 or pET24 containing the gene for the desired 
Adk variant were transformed into 100 µL BL21(DE3) cells on ice. After incubation on ice for 
30 min, the cells were heated to 42 °C for 30 s and stored on ice for 120 s again. 100 µL LB, 
preheated to 42 °C, were added to cells and they were shaken at 175 rpm and 37 °C for 1 h. 
The cells were streaked on LB-carbenicillin plates (cells containing pEAk24 were spread on 
LB-kanamycin plates) and grown at 37 °C for 16 h. A couple of colonies were grown in 10 mL 
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LB medium containing the corresponding antibiotic for 4-7 h and pulled into 1 L M9 medium 
(38 mM Na2HPO4, 22 mM KH2PO4, 9 mM NaCl, 28 mM D-Glucose, 19 mM NH4Cl, 0.1 mM 
CaCl2, 2 mM MgSO4, 1 mL/L trace elements). The cells were shaken in an innovaTM 4300 
incubator shaker (New Brunswick) at 175 rpm and 37 °C ON. After centrifuging them for 
20 min at 6,000 rpm in an Avanti J-26 XP with rotor JA-10 (Beckman Coulter ®), they were 
resuspended in 20 mL 50 mM TRIS, pH 7.5 and cooled down to -20 °C to increase the lysis 
efficiency. After thawing, the cells were lysed by sonicating them ten times a 10 s with a 
Digital Sonifier (Branson®). They were centrifuged at 16,000 rpm for 30 min (4 °C) and the 
supernatant was filtered through a 0.2 µM before it was applied to a column. Fractions which 
were used for a next purification step were merged and the samples were concentrated by 
using prewashed Amicon® Ultra Centrifugal Filters Ultracel® – 10K from Merck Millipore 
Ltd. The columns listed in table 2 were used for the purification and inserted into an 
ÄKTApurifier with pumps P-900 and P-960 (GE Healthcare Life). For the purification of 
E.Adk*G56C and E.Adk*T163C, 2 mM DTT were added to the buffers to avoid the formation 
of intermolecular disulphide bridges. 
 

Table 2: Used columns and buffers for the purification of Adk. The buffers were filtered through a 
0.2 µM filter before they were used. 

Separation method Column name Buffer composition 
Affinity chromatography BlueSepharose A) 50 mM TRIS, pH 7.5 

B) 50 mM TRIS, 1 M NaCl, pH 7.5 
Anion exchange chromatography QSepharose (V = 20 mL) A) 10 mM TRIS, pH 7.5 

B) 10 mM TRIS, 400 mM KCl,  
pH 7.5 

Size exclusion chromatography HiPrepTM 26/60  
SephacrylTM      S-100 HR 

30 mM MES, 50 mM KCl, pH 6.0 

3.2.2. SDS-PAGE 
SDS-PAGE gels were used to identify fractions containing the protein after each purification 
step. Therefore, Laemli buffer was added to the respective protein sample and the mixture 
was heated to 95 °C for 10 min. Denatured gels were run by using 4-20 % Mini-PROTEAN® 
TGXTM Gels (Bio-Rad Laboratories). The gels were stained in Coomassie Blue for one hour 
and afterwards incubated in a destaining solution (10 v/v % acetic acid, 10 v/v % methanol) 
for at least one hour. To each gel, 3 µL of a prestained protein ladder from Thermo Scientific 
(#26616) was added. 

3.2.3. Storage of proteins 
All proteins were diluted to 100 µM for storage. After freezing with liquid nitrogen they were 
stored at -80 °C. 

3.2.4. NMR measurements 
For recording 1H-15N-HSQC spectra, 7 v/v % D2O were added to 100-150 µM protein. The 
spectra were recorded for 1 h with a Bruker 850 MHz spectrometer equipped with a 
cryoprobe. Spectra of ADK1 (700 µM) and E.Adk*R88G (100 µM) were recorded for 1.5 h 
with a Bruker 500 MHz spectrometer equipped with a room-temperature probe, instead. 

3.2.5. Structure comparisons 
Spectra of different Adk variants were compared by using the programme Ansig for Windows 
v 1.02. This was done by superimposing 1H-15N-HSQC spectra of the variants with a 1H-15N-
HSQC spectrum of the wild-type enzyme, where in total 180 out of 214 residues were 
assigned. 
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3.2.6. Activity measurements 
The activity measurements were done by performing an enzyme coupled assay.30 The assay 
buffer was composed of 0.2 mM NADH, 0.4 mM PEP, 0.3 mM AMP, 2 mM MgCl2, 100 mM 
TRIS and 80 mM KCl, pH 7.5. 10-15 mM ATP stock solutions in assay buffer were used and 
two 1:10 dilutions with assay buffer were done to finally have three ATP solutions (0.10-
0.15 mM, 1.0-1.5 mM and 10-15 mM). 13 µL pyruvate kinase / lactic dehydrogenase (Sigma-
Aldrich, P0294) were added to 448 µL assay buffer, containing the desired amount of ATP. 
10 µL of protein were added, the samples were shaken by gently pipetting up and down and 
turning the cuvette several times. The absorbance decrease at 340 nm was immediately 
measured in a Varian Cary® 50 Bio UV-Visible Spectrophotometer (Agilent Technologies) for 
60 s. The final protein concentration in the cuvette was adjusted to the activity of the used 
variant: E.Adk wild-type (1 nM), ADK1 (2 nM), E.Adk*T163C (3 nM), E.Adk*G56C (11 nM), 
E.Adk*G10V (11 nM), E.Adk*R88G (130 nM). Three replicates at eleven different ATP 
concentrations were recorded. The slope of the absorbance decrease, which corresponds to 
the speed of the enzyme-catalysed reaction shown in equation (1), was fitted by linear 
regression. The Michaelis-Menten equation (2) was used to describe the dependence of the 
reaction speed on the ATP concentration. 

v  = 
vmax  ·  [S]
KM  +  [S]

 (2) 

The Michaelis-Menten equation is a common equation to describe enzyme kinetics. It relates 
the velocity v of the reaction to the substrate concentration [S]. The Michaelis-Menten 
constant KM is defined as the substrate concentration at which the reaction rate is half of the 
maximum reaction rate vmax. To be able to compare reaction rates with each other in the 
presence of different variants, the catalytic turnover-rate kcat is used, instead (3). 

kcat  = 
vmax
cenzyme

 (3) 

3.3. In vivo experiments 

3.3.1. Media and plates 
For all media and plates, Yeast Nitrogen Base (YNB) was used, 50 mL/L 40 % glucose and 
2 g/L Dropout mix lacking leucine (for SC-LEU medium and plates), uracil (for SC-URA 
medium and plates) or both (for SC-LEU-URA medium and plates), were added. To SC-
LEU+5-FOA plates, 1 g/L 5-fluoroorotic acid (5-FOA) and a 2.2 times higher amount of uracil 
were added. 50 v/v % Bacto Agar was added to all plate media. 

3.3.2. Transformation of pRS315 
MATa leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1 his3-11,15 SSD1v-1 adk1::kanMX + pRS316-
ADK1 yeast cells (Saccharomyces cerevisiae) were streaked on SC-URA plates and incubated 
at 30 °C for two days. A small number of colonies were grown in SC-URA medium for several 
hours. They were diluted to 0.0003 OD600 in SC-URA and 150 mL were grown in a 500 mL 
Eppendorf flask to reach a concentration of 0.4-0.6 OD600. The cells were centrifuged at 
2000 rpm for 5 min, resuspended in 30 mL 0.1 M LiAc in TE buffer and centrifuged at 
2000 rpm for 5 min. This step was repeated once and the obtained pellet was resuspended in 
1.5 mL 0.1 M LiAc in TE buffer. It was divided into aliquots of 150 µL and 10 µL ssDNA (10 
mg/mL) were added to all samples. 150-350 ng of the vector pRS315 carrying the desired 
mutation were added. Additionally, a negative control was done, where no pRS315 was 
added. After shaking several times, 700 µL PEG4000 in 0.1 M LiAc in TE buffer were added 
and the tubes were mixed. They were slowly shaken at 30 °C for 30 min. Then, they were put 
into a water bath at 42 °C for 20 min. The samples were centrifuged for 30 s, the supernatant 
was discarded. They were centrifuged again to remove the remaining supernatant. The pellets 
were washed with 80 µL MQ water and the pellets were finally resuspended in 150 µL MQ 
water. They were spread on SC-LEU-URA plates and incubated at 30 °C. After two days, 
three colonies of each sample were restreaked on SC-LEU-URA plates. This was done to have 
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identical copies available for further experiments, if the results of the next step were 
unexpected. 

3.3.3. Plasmid shuffling & Frequency assay 
A bunch of colonies from the SC-LEU-URA plates of each restreaked sample was grown in 
SC-LEU medium at 30 °C ON. This gave the cells the opportunity to lose the pRS316 vector 
because the medium contains uracil. The cells could only lose this plasmid if the pRS315 
vector encoded the gene for a functional Adk enzyme. The OD600 of the ON cultures was 
measured and all samples were diluted to 0.5 OD600 with SC-LEU. Then, a serial dilution 
down to 10-5 · 0.5 OD600 was done. A fixed amount of each non-diluted or up to 10-4 times 
diluted sample, depending on the expected number of colonies, was spread on SC-LEU+5-
FOA plates and the same amount of each 10-5 times diluted sample was spread on SC-LEU 
plates as a positive control. The difference in the colony number between both types of plates 
is an indication for how likely the cells were losing the pRS316 plasmid which should be 
dependent on the functionality of the Adk variant provided by the pRS315 vector. The more 
likely a cell can lose the pRS316 plasmid, the more functional is the Adk variant supposed to 
be. After three days of incubation at 30 °C, the grown colonies were counted. Single colonies 
grown on SC-LEU+5-FOA plates were restreaked on both, SC-LEU-URA and SC-LEU plates. 
This was done to verify that the colonies grown on SC-LEU+5-FOA plates did not contain 
pRS316 anymore. Therefore, they should not be able to grow on SC-LEU-URA plates 
anymore as they cannot produce uracil. 

3.3.3. Growth assay on plates 
Before cell growth behaviours of different colonies were compared, they were all restreaked 
on SC-LEU plates at 30 °C before to ensure that all colonies were treated similar prior to the 
assay. Growth assays were performed on SC-LEU plates at different temperatures ranging 
from at 18 °C to at 37 °C in air-conditioned incubators. For a serial dilution assay, a bunch of 
colonies from SC-LEU plates was grown in SC-LEU medium ON. The samples were diluted to 
0.5 OD600 and a serial dilution down to 0.5 · 10-5 OD600 was done. 5 µL of each sample from 
0.5 OD600 to 0.5 · 10-5 OD600 were spread on SC-LEU plates and grown at the desired 
temperature. 

3.3.4. Growth rate assay in liquid medium 
A bunch of colonies was taken and grown in approximately 10 mL SC-LEU for 5-7 h at 30 °C. 
The cells were diluted to 0.001-0.010 OD600 and 70 mL were cells were grown in 250 mL 
Erlenmeyer flasks. They were incubated in a water bath at the desired temperature and 
shaken with 125 rpm. The OD600 was measured regularly and for the growth rate 
determination, at least six measurement points were done when the OD600 was between 0.1 
and 0.5. The OD600 increase over time was fitted with an exponential function, from which 
the generation time was calculated. 

3.3.5. Storage of plates 
After incubation, yeast cells were stored at 4 °C. If they were used for further growth 
experiments, they were restreaked at 30 °C first as yeast cells can show growth defects after 
storage at 4 °C. 
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4. Results and Discussion  
4.1. Plasmid preparation  
For protein overexpression, the following plasmids were successfully obtained by doing 
mutagenesis: pEAk91*G10V, pEAk91*K13Q, pEAk91*G56C, pEAk91*R88G, pEAk91*T163C 
and pEAk91*E170A. For the in vivo studies, the following plasmids were obtained: pRS315-
E.Adk*G10V, pRS315-E.Adk*K13Q, pRS315-E.Adk*R36A, pRS315-E.Adk*G56C, pRS315-
E.Adk*R88G, pRS315-E.Adk*I116G, pRS315-E.Adk*T163C and pRS315-E.Adk*E170A. The 
introduction of the mutation R36S the adk gene on pRS315-E.Adk by mutagenesis was 
successful as well. Though, in addition to the point mutation, the following eleven residues 
covering insertion between residues 41 and 42 of Adk was inserted as well: Thr-Gly-Asp-Met-
leucine-serine-alanine-alanine-valine-lysine-serine. All sequences were confirmed by single 
read sequencing (Value Read) performed by Eurofins Genomics GmbH in 
Ebersberg/Germany. 

4.2. In vitro part 

4.2.1. Purification 
The E.Adk wild-type enzyme was provided by Per Rogne. The variants used for in vitro 
studies in this project were obtained by overexpression in Escherichia coli. The cells were 
lysed by sonication and after centrifugation, a cell lysate was obtained from which the 
enzyme needed to be isolated. In a first step, an affinity column was used to remove most of 
the impurities. Therefore, a BlueSepharose column was taken which only binds a limited 
amount of enzymes, including Adk. The column was used in the first purification step due to 
its great capacity and the advantage, that proteases could be removed in an early step of the 
purification. This is important from a practical point of view, as the enzyme is already fairly 
stable after this purification step so that the use of protease inhibitors becomes unnecessary. 
In figure 7, two of the chromatograms are shown exemplary, together with SDS-PAGE gels of 
several fractions of the elution. The chromatograms of the other variants are shown in 
appendix I. 
 

   

Figure 7a: Left: Chromatogram of the first purification step using BlueSepharose (affinity 
chromatography) for E.Adk*G56C, a variant which binds to the column. It eluted at around 350 mM 
NaCl. The blue colour represents the absorbance at 280 nm, which indicates the presence of protein, in 
dependence of the elution volume. The NaCl gradient is shown in orange. The fractions from 90-
114 mL elution volume were merged and used for SEC. Right: 4-20 % SDS-PAGE gel, PL: page ladder. 
FT: flow-through. The numbers above the lanes represent the start point of the corresponding fraction 
within the elution volume (in mL). 
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Figure 7b: Left: Chromatogram of the first purification step using BlueSepharose (affinity 
chromatography) for E.Adk*R88G, a variant which does not bind to the column. The blue colour 
represents the absorbance at 280 nm, which indicates the presence of protein in dependence of the 
elution volume. The NaCl gradient is shown in orange. Right: 4-20 % SDS-PAGE gel, PL: page ladder. 
FT: flow-through. The flow-through was used for the next purification step. 

The gels shown in figure 7 and in appendix I demonstrate the efficiency of the affinity 
chromatography. A large number of proteins with different molecular weights did not bind to 
the column and could therefore only be found in the flow-through. The presence of an 
intensive band around 25 kDa indicates the presence of Adk (23.6 kDa). Except E.Adk*K13Q, 
E.Adk*R88G and E.Adk*R36S+11aa, all variants were eluting during the gradient. They even 
showed similar binding affinities to the column as they all eluted in the presence of around 
350 mM NaCl. Only ADK1 showed a higher binding affinity, as it eluted around 550 mM 
NaCl instead. 
It was already known, that E.Adk*K13Q6 and E.Adk*R88G19 do not bind to the 
BlueSepharose column, but this purification step was nevertheless important to remove the 
small amounts of chromosomal E.Adk, which binds to the BlueSepharose column. In the gel, 
a band around 25 kDa can be seen during the gradient even for these variants, but the 
intensity of the bands in comparison to the intensity of a band at the same position within the 
flow-through is lower in comparison to the gels of binding variants. This is an indication that 
the bands within the gradient show the presence of wild-type E.Adk. The removal of wild-
type E.Adk was necessary because the non-binding variants were supposed to have a very low 
activity which would misleadingly have been higher with a small impurity of the very active 
wild-type E.Adk. It was not possible to separate the variants which bound to the 
BlueSepharose column from chromosomal Adk as they all had similar properties in 
comparison to the wild-type enzyme. However, this was negligible as these variants were all 
active enough, so that a small impurity of the wild-type enzyme did not change the results of 
the activity measurement significantly. 
The variants which did not bind to the BlueSepharose column were not pure enough to 
directly purify them with SEC (size exclusion chromatography). Therefore, anion exchange 
chromatography was used before, which is an established step for purifying E.Adk*K13Q.5,6 
The results of the anion chromatography step are shown in figure 8. 
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Figure 8: Left: Chromatograms of the second purification step using QSepharose (anion exchange 
chromatography). All three variants were eluting at a concentration of 120-140 mM KCl, indicating 
that their overall structure is comparable. The blue colour represents the absorbance at 280 nm, which 
indicates the presence of protein in dependence of the elution volume. The KCl gradient is shown in 
orange. For all variants, the fractions from 76-94 mL elution volume were merged and used for SEC. 
Right: 4-20 % SDS-PAGE gel, PL: page ladder. FT: flow-through.  

All three variants which were applied to the anion exchange column eluted at around 120-
140 mM KCl. This purification step could also have been applied before the affinity 
chromatography, as it is the step which removes most of the impurities, including proteases. 
For the purification of E.Adk*R88G, affinity chromatography was used in the last out of three 
steps.19 In this project, affinity chromatography was used first because of practical aspects. 
Although Adk is known to be a fairly stable protein, it is useful to keep the time for the whole 
purification as low as possible. The flow-through of the affinity chromatography step could 
directly be used for the anion exchange, without the need of doing a buffer exchange before. 
If the purification was done the other way round, a dialysis would have been necessary to 
remove KCl, as the variants eluted during the gradient in the anion exchange. The Adk peak 
for the variants was sharp and uniform, which indicates that the protein was already fairly 
pure after the anion exchange. With SDS-PAGE, the success of this purification step was 
confirmed.  
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The variants were pure enough for purifying them by using SEC. For E.Adk*G10V and 
E.Adk*G56C, the results of the SEC step are exemplary shown in figure 9. 
 

 

 

Figure 9: Left: Chromatograms of SEC with HiPrepTM 26/60 SephacrylTM S-100 HR. The Adk 
variants eluted around 140-160 mL, as confirmed by SDS-PAGE. The blue colour represents the 
absorbance at 280 nm, which indicates the presence of protein in dependence of the elution volume. 
Right: 4-20 % SDS-PAGE gel, PL: page ladder. BE: sample before purification with SEC. For 
E.Adk*G10V, the fractions from 130-158 mL elution volume were merged, for E.Adk*G56C the 
fractions from 132-164 mL. 

By using size exclusion chromatography, shown in figure 9, all impurities with a different 
molecular weight were successfully removed. For E.Adk*G56C and E.Adk*T163C, a strong 
peak around 100 mL was obtained. This peak cannot be explained by the formation of 
intermolecular disulphide bridges, as this protein had a molecular weight of 72 kDa, shown 
by SDS-PAGE, which would correspond to the molecular weight of an Adk trimer. As the aim 
of this project was to investigate catalytic parameters of the functional monomer, the 72 kDa 
protein was not further considered. SDS-PAGE gels (data not shown) showed only one 
intensive band around 25 kDa, indicating a successful purification. It has to be mentioned 
that denatured gels cannot show how large the amount of impurities is with a similar 
molecular weight as E.Adk because the gel separates the proteins only according to their 
molecular weight. However, possible impurities do not only need to have a similar size. They 
also need to elute at similar salt concentrations in the purification steps before, so that it is 
rather unlikely that another protein beside the chromosomal E.Adk would not be removed 
during the whole purification.  

4.2.2. NMR spectra comparison 
1H-15N-HSQC NMR spectra were recorded for two reasons. On one hand this technique 
allows to observe possible impurities. This is important to guarantee that the relative amount 
of chromosomal E.Adk in the sample is so low, that it is below the detection limit of the NMR 
spectrometer and can therefore be neglected for further studies. Furthermore, these spectra 
show whether the variant is properly folded or not. Only with this information, it is possible 
to measure its activity correctly as it could also show a low activity due to a high fraction of 

0 

200 

400 

600 

800 

1000 

60 80 100 120 140 160 180 

A 2
80

nm
 [m

AU
] 

Elution volume [mL] 

E.Adk*G10V 

0 

200 

400 

600 

800 

1000 

1200 

60 80 100 120 140 160 180 

A 2
80

nm
 [m

AU
] 

Elution volume [mL] 

E.Adk*G56C 

 

130 kDa- 
 

95 kDa- 
 

72 kDa- 
 

55 kDa- 
 

43 kDa- 
 

34 kDa- 
 

26 kDa- 
 

17 kDa- 
 
 

88
 

10
2 

   
 

10
9 

 
 13

0 
   

 

13
7 

14
4 

 

15
1 

BE
 

PR
 

84
 

92
 

10
0 

10
8 

11
6 

12
4 

13
2 

14
0 

14
8 

15
6 



21 
 

unfolded protein. The spectrum of E.Adk*G10V is shown in figure 10, the remaining spectra 
are shown in appendix II. 

 
Figure 10: 1H-15N-HSQC NMR spectrum of E.Adk*G10V after purification with SEC (shown in red), 
superimposed with the wild-type (shown in blue). The x-axis shows 1H chemical shifts, the y-axis 15N 
chemical shifts. The variant is well-folded, but some shifts are perturbed.  

In the red coloured part of the spectrum in figure 10, only peaks of the corresponding variant 
can be see, which means that possible impurities are in concentration ranges for which NMR 
is not sensitive enough. As every peak in the spectrum belongs to the N-H correlation of the 
backbone amide groups of the single residues, it gives detailed information about the 
chemical environment the single residues. There is one peak for every residue beside proline, 
which does not have a backbone amide group. A spectrum of the purified ADK1 was also 
recorded. Due to its sequence difference in comparison to E.Adk, these spectra were not 
superimposed. In figure 11, the HSQC NMR spectrum of ADK1 is shown. 
 

 
Figure 11: 1H-15N-HSQC NMR spectrum of yeast ADK1. The x-axis shows 1H chemical shifts, the y-
axis 15N chemical shifts. The protein is well-folded and the number of peaks seems to be similar to the 
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number of peaks, which are visible for E.Adk. Thus, the purity of the enzyme is high enough that 
impurities cannot be detected with NMR. 

The HSQC NMR spectrum shown in figure 11 shows a well-folded protein. The number of 
residues of E.Adk and ADK1 is similar, and the number of peaks in the spectra is also similar, 
so that it can be assumed that all peaks show in the spectrum belong to ADK1. Thus, it can be 
concluded that the concentration of impurities is below the detection limit of NMR.  
 
Previously, the group of Magnus Wolf-Watz recorded an HSQC spectrum of wild-type E.Adk 
and assigned 180 out of its 214 residues. By overlaying spectra of the variants with the wild-
type enzyme, structural changes can be analysed. If a mutation causes a structural change, 
the chemical environments of all residues which are affected by the mutation will change. In 
this study, each residue of wild-type E.Adk with an assigned peak was compared to the 
spectra of the variants. Figure 12 shows the chemical shifts of the residues in all variants. 
E.Adk*R88G was not yet compared to the wild-type in detail, but an overlay with the wild-
type spectrum as shown in appendix II did not show a lot of shift perturbations. ADK1 was 
not included because it has a completely different amino acid sequence beside a few 
conserved residues, which are key residues for the functionality of the enzyme. 

 
Figure 12: Structure comparisons of E.Adk variants with the wild-type based on superimposition of 
the 1H-15N-HSQC NMR spectra. Residues with a 1H chemical shift >0.1 ppm or a 15N chemical shift 
>0.5 ppm are marked in red, residues with a 1H chemical shift <0.03 ppm and a 15N chemical shift 
>0.1 ppm are marked in green. Residues with intermediate chemical shifts are marked in yellow and 
residues which could not have been compared are marked in black. The mutation side is marked in 
blue and shown by arrows. The shown structure resembles the open state of wild-type E.Adk, the 
structures of the variants are unknown. 

Figure gives an insight into how the mutations were affecting the structure of the enzyme. 
Beside the ten proline residues, several residues with overlapping peaks in the spectrum of 
the wild-type enzyme could not be compared. The disappearance of one peak in an area of 
overlapping peaks could not doubtless be correlated to a specific residue, so that these 
residues were generally not considered. Exceptions were done, when adjacent residues gave a 
clear indication to which residue a disappearing peak belongs. All residues which were not 
compared are coloured in black. The remaining residues were divided into three groups: 
Residues without changes in chemical shifts were coloured in green, residues with large 
changes were coloured in red. To illustrate if a residue was only slightly shifted, all residues 
experiencing a 1H shift between 0.03-0.1 ppm or a 15N shift between 0.3-0.5 ppm were 
coloured in yellow. The results show the different impacts of the mutations. E.Adk*G56C, 
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E.Adk*T163C and E.Adk*E170A only cause local peak shifts, which is an indication that the 
tertiary structure of these variants is comparable to the wild-type enzyme. The few changes 
were most likely only caused by the mutated residue itself, as this changes the chemical 
environment of all residues which are close in space to the mutation side. E.Adk*G10V and 
E.Adk*K13Q lead to more drastically changes of chemical shifts. This is due to the fact that 
both mutations are located in a loop in the active centre of the enzyme. As loops do not have a 
defined secondary structure, but are instead more flexible than helices and β-sheets, they will 
be affected much more by the introduction of a mutation. It is noticeable, how far away from 
the mutation side residues are shifted by both, the G10V and the K13Q mutation. 
Finally, the analysis of the NMR spectra shows that all variants are well folded, a pre 
requirement for catalysis. It is also clear, that the overall structure of the enzyme is preserved 
as none of the mutations caused a chemical shift of the majority of the residues. 

4.1.3. Activity measurements 
The activities of the variants were measured by using an enzyme-coupled assay. The 
determination of the catalytic parameters, the turnover-rate kcat, and the Michaelis-Menten 
constant KM, depends on the speed of the enzyme at different substrate concentrations. It is 
based on the Michaelis-Menten curve, which was discussed in the introduction part. As KM is 
the substrate concentration where the speed is half of kcat, the substrate concentrations used 
for the Michaelis-Menten curve should be chosen that KM lies in the centre of the data points. 
Furthermore, the highest chosen substrate concentration should be at least 2.5 fold of the 
concentration at which kcat is reached to ensure that this point was already reached.31 For 
wild-type E.Adk3-6 and the variants E.Adk*G10V5 and E.Adk*E170A21, the catalytic 
parameters were already known. Nevertheless, they were determined again to get comparable 
results because the previous results were obtained by different groups with different 
experimental assays. Based on these results, the used ATP concentrations were chosen in a 
way that they were equally distributed around KM to get an optimised curve fit. The results 
are shown in figure 13 and the calculated catalytic parameters are listed in table 3. 
 

 
Figure 13: Michaelis-Menten curve for the purified E.Adk variants. The velocity of the reaction is 
shown in dependence on the ATP concentration. The curve was fitted by using the Michaelis-Menten 
equation. For ADK1 and E.Adk*R88G, only initial single measurements have been done so far so that 
no standard deviations could have been calculated. 
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Table 3: Results of the activity assay for the purified Adk variants. Beside the catalytic parameters, 
the coefficient of determination is shown which judges the quality of the curve fit. 

Enzyme kcat [s-1] KM [µM] R2 (for curve fitting) 
E.Adk 305±12 72±8 0.98608 
E.Adk*G10V 60±3 417±61 0.99246 
E.Adk*G56C 36±1 34±1 0.99875 
E.Adk*T163C 143±3 37±2 0.99816 
E.Adk*E170A 508±13 52±4 0.99272 

 
The curve fit for all variants was good enough to use the obtained data. The results for the 
wild-type enzyme and for the variants E.Adk*G10V and E.Adk*E170A are similar to the 
values of previous studies. All obtained data were considered in the in vivo part of the 
project. For E.Adk*R88G and ADK1, no final activity assay has been done so far. The 
calculation of the catalytic parameters by using preliminary results suggests a kcat of 453±7 s-1 
and a KM of 71±4 µM for ADK1. For E.Adk*R88G, a preliminary kcat of 1.54±0.03 s-1 and a KM 
of 132± µM was calculated. As these results are only based on nine singles measurements and 
have not yet been confirmed, they are not further used in this thesis. However, it seems that 
the catalytic parameters of ADK1 are comparable with those of E.Adk, which is of high 
importance for any discussions about enzyme functionality correlation with cell growth. As 
the kcat value of ADK1 has not yet been confirmed, all activity levels of the used Adk variants 
are related to wild-type E.Adk, instead. 
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4.3. In vivo part 
To investigate whether the functionality of Adk has an influence on the growth of yeast cells, 
variants with different activity levels were used in the in vivo part. It was already shown by 
Hasan Tükenmez, that the deletion of the chromosomal gene for ADK1 is lethal, whereas the 
introduction of the gene on a low-copy vector can restore the activity. Even if the gene for 
E.Adk is introduced instead, yeast cells can grow and do not show any difference in the 
phenotype. 

 
Figure 14: Yeast cells, where the gene for ADK1 is knocked out and provided by the low-copy vector 
pRS315 instead, are able to grow. They can even grow if the vector contains the gene for E.Adk instead, 
and there is no difference in the phenotype. 

This was the basis to deal with the question how the growth behaviour of cells will be, if 
E.Adk is mutated. The reason why variants of the bacterial Adk were investigated is that this 
enzyme much more detailed studied than ADK1 and a lot of variants have been biophysically 
characterized. As a starting point, three literature-known variants were chosen which cover a 
large range of turnover-rates in a logarithmic scale. The variants E.Adk*E170A, E.Adk*G10V 
and E.Adk*K13Q were taken which have a relative turnover-rate of 1.3, 0.20 and 0.0002, 
respectively, in comparison to the wild-type enzyme. 
A plasmid shuffling assay was used to insert pRS315 vectors with the desired Adk variant into 
yeast cells. These yeast cells contained the low-copy vector pRS316 as well, which contained 
the gene for ADK1. Furthermore, the vectors provided the genes for the production of leucine 
(pRS315) and uracil (pRS316), so that it was possible to select for cells containing the 
plasmids by growing them on media which lack of leucine and uracil. By using media 
containing uracil, but lacking leucine, it was possible to allow the cells to lose the pRS316 
vector. However, since this vector contains the gene for ADK1, they can only lose it if the 
pRS315 vector contains an Adk variant which is functional enough to allow cell growth. The 
probability how likely cells where able to lose the pRS316 vector, was followed by a 
“frequency assay”. 
In this assay, cells were streaked on SC-LEU plates after growing them in SC-LEU medium. 
On these plates, yeast cells were able to grow, independent on if they contained the pRS316 
vector or not. In parallel, the cells were grown on SC-LEU+5-FOA plates. 5-FOA is a toxic 
compound which kills cells producing uracil and therefore cells containing the pRS316 
vector. To be able to grow on these plates, yeast cells need to contain the gene for a functional 
Adk variant on the pRS315 vector. The ratio between the numbers of colonies on both types 
of plates equals to the frequency how likely they were able to lose the pRS316 vector, which 
should depend on the functionality of the Adk variant on the pRS315 vector. The calculated 
ratios are shown in figure 15. 
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Figure 15: Number of cells out of 1,000,000 losing the pRS316 vector. The negative control contained 
a pRS315 vector without a gene for Adk. For ADK1 and the negative control, no standard deviation 
could be calculated. Even cells containing the variant E.Adk*G10V with a relative activity of 0.20 in 
comparison to the wild-type had a high chance to lose the pRS316 vector, whereas the inactive variant 
E.Adk*K13Q forced almost all cells to keep pRS316. 

The frequency assay shows that approximately one out of four cells can lose the pRS316 
vector if pRS315 also contains the gene for ADK1. If it provides the gene for the bacterial 
enzyme instead, the frequency is almost the same. Even by using a variant with a relative 
activity of 0.20, the frequency only drops marginally. If the gene for the catalytic inactive 
variant E.Adk*K13Q is provided instead, the frequency drops down drastically and is in the 
same order of magnitude as a negative control which does not provide any Adk. Only three 
out of one million cells can lose the pRS316 vector if they contain an empty pRS315 vector. As 
Adk is essential, they probably found a way to withstand the toxic 5-FOA, so that they are 
able to keep the pRS316 vector even on anti-selective plates. Sequencing of the isolated 
plasmids showed that these cells still had the gene for ADK1 on a plasmid, but it was not 
furthermore investigated, which of the two plasmids they contained. The reason was that the 
frequency was so low, that it was treated as background noise of the assay. Random 
sequencing of the plasmids of three E.Adk*E170A and three E.Adk*G10V samples showed 
that the plasmids still contained the gene for these variants and not for ADK1. Sequencing of 
the plasmids of seven samples containing E.Adk*K13Q showed that all of these cells 
contained ADK1 on a plasmid. The conclusion of this experiment was that E.Adk*K13Q is not 
functional enough to allow cell growth. 
To figure out if cells containing a variant of E.Adk show a different growth behaviour than 
cells containing the wild-type enzyme, growth assays were done. These assays were also done 
at 37 °C, which is a stress condition for yeast cells and could probably show clearer 
differences if cells were showing a growth defect. The results of the growth assay are shown in 
figure 16. 
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Figure 16: Serial dilutions and single cell streaking of yeast cells containing ADK1, E.Adk, 
E.Adk*E170A and E.Adk*G10V at 30 °C and 37 °C. No growth differences were visible, which leads to 
the conclusion that a variant with a relative activity of 0.20 is functional enough to allow wild-type like 
cell growth. For each assay, triplicates were done which showed comparable results. 



28 
 

In a next step, variants with relative activity between 0.0002 and 0.20 were used to figure out 
the threshold for cell growth. Therefore, the variants E.Adk*R36A (relative activity: 0.052) 
and E.Adk*I116G (relative activity: 0.028) were used. The variant E.Adk*T163C with a 
relative activity of 0.47 was used in addition to strengthen the previously made hypothesis 
that a relative activity of 0.20 is enough to allow wild-type like cell growth. First, a frequency 
assay was done to get a general idea about the influence of these mutations on cell growth, 
the result is shown in figure 17. 
 
 

 
Figure 17: Number of cells out of 1,000,000 losing the pRS316 vector. The negative control contained 
a pRS315 vector without a gene for Adk. The probability to lose pRS316 drops one order a magnitude 
lower for E.Adk*R36A, which has a relative activity of 0.052, and two orders of magnitude for 
E.Adk*I116G, which has a relative activity of 0.028. 

 
Figure 17 shows that the losing probability drops down by a factor of 10 and 100 if the activity 
of the Adk variant decreases to a relative value of 0.052 and 0.028, respectively. 
E.Adk*T163C showed a similar losing probability than the used variants with a relative 
activity of at least 0.20 and supports the assumption that variants with in this activity range 
do not affect cell growth. The results also underline the weakness of the assay as a 
quantitative tool, as E.Adk*G10V had a two times higher losing probability than in the 
previous frequency assay shown in figure 15. For this reason, it is obvious that further assays 
are required. A growth assay was done at 30 °C and at RT which is a stress condition for the 
cells. The results are shown in figure 18. 
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Figure 18: The growth of yeast cells containing wild-type E.Adk was compared to those with Adk 
variants with an activity between 0.028 and 0.47. E.Adk*R36A, which has a relative activity of 0.052, 
shows slight growth defects and the even less active variant E.Adk*I116G shows an even higher growth 
defect in comparison to the wild-type. These differences become clearer if the cells are grown at RT, 
whereas the variant with a relative activity of 0.20 does still show a wild-type like growth behaviour at 
this stress condition. 
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The growth results shown in figure 18 show for the first time qualitative growth differences 
between yeast cells containing Adk variants with different activity levels. The less active 
variant E.Adk*I116G causes a severe growth defect which becomes even clearer visible if the 
cells are grown at RT, which is a stress condition for yeast. Even E.Adk*R36A shows a growth 
defect, although it is much less pronounced as for E.Adk*I116G. This means that the Adk 
activity needs to be reduced by a factor of about five to 20 to cause growth defects in the 
phenotype of cell colonies. To get a more detailed insight into the correlations between Adk 
activity and cell growth, quantitative growth results are required. For this aim, cells were 
grown in liquid medium and by following the OD600 over time, growth curves were obtained 
from which the growth rate of the cells was determined. The results of an initial growth rate 
experiment are shown in figure 19. 

 
 

Variant Generation time [min] 
Replicate I Replicate II 

E.Adk 87 88 
E.Adk*G10V 92 96 
E.Adk*R36A 105 107 
E.Adk*I116G 107 112 

Figure 19: Growth curves for yeast cells with different Adk variants at 30 °C. It was mainly recorded 
during the exponential phase of the cell growth by measuring the OD600. The curves were fitted by an 
exponential function, which was used for the calculation of the generation time. The results suggest 
that the generation time is correlated to the functionality of the Adk variant of the cells. 

The growth rate experiment provides numbers for the observations made in figure 19. The 
tendency is the same, as E.Adk*I116G shows the largest growth defect in both assays, 
followed by E.Adk*R36A. By comparing the generation time of E.Adk*G10V with the wild-
type enzyme, it could be suggested that it grows slightly slower as the wild-type, which was 
not visible on the growth assay shown in figure 19. In that assay, growth differences became 
clearer by reducing the temperature, so that the growth rate experiment was also done at 
20 °C. The variant E.Adk*T163C was included to see if this variant causes a small growth 
defect like it might have been the case for E.Adk*G10V. The results are shown in table 4. 



31 
 

Table 4: Growth rate results for yeast cells with different Adk variants at 20 °C. Growth curves were 
mainly recorded during the exponential phase of the cell growth by measuring the OD600. The curves 
were fitted by an exponential function, which was used for the calculation of the generation time. The 
growth defect of the cells with a less active Adk variant does not seem to be enlarged due to the 
temperature decrease. E.Adk*T163C, which has a two times lower activity than the wild type, does not 
seem to cause any growth defects. 

Variant Generation time [min] Relative growth decrease 
in comparison to 30 °C Replicate I Replicate II 

E.Adk 198 204 2.3-fold 
E.Adk*G10V 210 217 2.3-fold 
E.Adk*R36A 224 231 2.1-fold 
E.Adk*I116G 301 301 2.7-fold 
E.Adk*T163C 198 204 - 

 
The growth rate experiment at 20 °C is shown in table 4 shows comparable results as the 
experiment at 30 °C. While growth defects in the plate assay shown in figure 18 became 
clearer by a temperature reduction, this tendency was not proved true by the growth rate 
assay. The fact that the slowest growing cells, which contain E.Adk*I116G, suffered from a 
slightly larger growth decrease, does rather seem to be related to an experimental variance. 
Otherwise, E.Adk*R36A should have shown a similar tendency as it also showed enlarged 
growth defects by reducing the temperature in the plate assay. To check whether the obtained 
growth rates are significantly different from each other or not, experimental triplicates had to 
be set up. For this assay, three other variants were introduced. E.Adk*R88G, which is almost 
three times less active than E.Adk*I116G, was used to figure out how much the enzyme 
activity can be decreased to still make cell growth possible. The same aim was followed with 
the variant E.Adk*R36S+11aa, which was mentioned in chapter 3.1. Although its activity was 
unknown, it was assumed that this variant is catalytic inactive or leads due to the large 
insertion at least to a more extended activity decrease than the mutation R36A, which led to a 
20-fold activity decrease. The fact that this variant was unable to bind to the BlueSepharose 
column supports this assumption. Finally, the variant E.Adk*G56C was used to address the 
question how much the activity needs to be decreased to observe a significant growth defect. 
A first indication for the growth behaviours of these variants was obtained by doing a 
frequency assay which is shown in figure 20. 
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Figure 20: Number of cells out of 1,000,000 losing the pRS316 vector. The negative control 
contained a pRS315 vector without a gene for Adk. E.Adk*G56C has a similar probability of losing the 
vector like the wild-type. Cells containing E.Adk*R88G do not have a higher chance to lose the plasmid 
than the negative control so that this variant might be inactive. E.Adk*R36S+11aa has a lower chance 
to lose the plasmid than E.Adk*I116G. However, due to a concentration problem, no absolute value 
could have been obtained, so that the red bar only shows a relative comparison to E.Adk*I116G and 
E.Adk*R88G. 

The frequency assay results shown in figure 20 hypothesise that E.Adk*R36S+11aa is a 
functional variant, as it resulted in a much larger frequency number than the negative 
control. It might show a larger growth defect than E.Adk*I116G, which has been the slowest 
growing variant so far. No frequency number could have been obtained due to a too high cell 
concentration to get a countable number of colonies. The assay was not repeated as it only 
gives initial ideas about the growth behaviour of cells. To obtain more reliable results, growth 
experiments should be done. Before the growth rates of all functional variants were 
measured, a plate assay was done ensure that the triplicates of each variant which will be 
used for the growth rate determination do not show any unexpected growth behaviours. The 
results of the plate assay for one of the three replicates is shown in figure 21, the results for 
the other two replicates are listed in appendix III. 
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Figure 21: The growth of yeast cells containing ADK1 was compared to yeast cells containing wild-
type E.Adk and in total eleven different variants at four different temperatures. Variants with a relative 
activity ≤0.052 showed a growth defect, which was clearer visible at stress conditions. At 18 °C, the 
growth rate is strongly decreased for all cells. For E.Adk*R36S+11aa, three times more replicates were 
used. Each set contained the same transformant at all temperatures for optimal comparability. This 
assay also contains the growth behaviour of the variants E.Adk*K23I and E.Adk*R36W, which are not 
further discussed in this project.  

The growth assay shown in figure 21 summarises the results of this project by comparing the 
growth behaviour of all used variants at four different temperatures. It was already known 
before, that the cell growth was weaker at 37 °C and at RT. Here, it is shown that this 
tendency is even much more pronounced at 18 °C. Nevertheless, the different variants were 
similarly affected by a temperature change so that a variant which grew slower than another 
variant at 30 °C was also growing slower at any other tested temperature. The growth 
behaviour of E.Adk*R88G differed in the three replicates. While it was showing a strong 
growth defect in set A, it behaved wild-type like in sets B and C, show in appendix III. 
Replicates B and C were supposed to contain wild-type ADK1, so that they were not 
considered in further quantifying assays. Their plasmids were nevertheless isolated and sent 
for sequencing to verify that their behaviour was really based on the presence of ADK1. The 
sequencing results have not yet been obtained when this thesis was written. Finally, a growth 
curve was recorded, which is shown in table 5. 
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Table 5: Growth rate results for yeast cells with different Adk variants at 20 °C. Growth curves were 
mainly recorded during the exponential phase of the cell growth by measuring the OD600. The curves 
were fitted by an exponential function, which was used for the calculation of the generation time.  

Variant Generation time [min] 
ADK1 196±7 
E.Adk 200±3 
E.Adk*G10V 200±12 
E.Adk*R36A 218±21 
E.Adk*R36S+11aa 289±12 
E.Adk*G56C 206±9 
E.Adk*R88G 515±74 (technical replicate) 
E.Adk*I116G 294±19 

 
The results shown in table 5 demonstrate that some variants have a significantly higher 
generation time than yeast cells containing ADK1 or E.Adk. However, E.Adk*G10V and 
E.Adk*G56C do not show significant growth rate differences like it could have been assumed 
from the assay results shown in figure 19 and table 4. E.Adk*R36A shows a higher generation 
time although it is not significantly different due to the high standard deviation of the 
replicates. For variants which were less active than E.Adk*R36A, a significant growth defect 
is indisputable. The least active variant E.Adk*R88G showed the highest generation time. It 
is not represented in the graph because the incubation time had to be tripled to be able to 
record enough data within the exponential phase. Although only one biological replicate 
could have been tested in this project, its generation time correlates with the results for the 
other variants. Finally, it was checked whether the results can be reproduced. Therefore, 
yeast cells containing ADK1 were used for another growth rate assay with an identical setup. 
E.Adk*R36A was used again to figure out the reason for the comparably high standard 
deviation in the first growth rate assay. Additionally, E.Adk*T163C was included in this 
experiment after it had to be excluded in the first assay due to a limited number of samples 
that could be investigated in parallel. The results are shown in table 6. 
 
Table 6: Growth rate results for yeast cells with different Adk variants at 20 °C. Growth curves were 
mainly recorded during the exponential phase of the cell growth by measuring the OD600. The curves 
were fitted by an exponential function, which was used for the calculation of the generation time. For 
all variants, three different transformants were used. For ADK1 and E.Adk*R36A, the previously 
obtained results were successfully reproduced. 

Variant Generation time [min] 
ADK1 202±7 
E.Adk*R36A 221±4 
E.Adk*T163C 198±0 

 
By repeating the growth rate assay for two different samples, the previously obtained results 
were successfully repeated. Furthermore, the standard deviation for the generation time of 
E.Adk*R36A was much lower in this experiment. Most likely the high standard deviation in 
the previous assay was due to an experimental error during the measurements of the OD600. 
It can be concluded that this variant was the most active enzyme which caused a growth 
defect in yeast cells. The growth rate, which describes the numbers of generations per hour, 
was plotted against the turnover-rate of the corresponding enzyme. The result is shown in 
figure 22. 
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Figure 22: The growth rate of yeast cells containing different Adk variants in dependence on the 
turnover-rate of these variants. The growth rate drops down with the activity decrease of Adk. In this 
project, no outlier from this tendency could have been found. For E.Adk*R88G, the average of both 
growth rate assay results was used. The used colours are the same as in the growth rate curves: Red 
(E.Adk), blue (E.Adk*T163C), green (E.Adk*G10V), orange (E.Adk*G56C), purple (E.Adk*R36A), pink 
(E.Adk*I116G), blue (E.Adk*T163C). For E.Adk*K13Q blue (shown in grey), the growth rate was set to 
0 because this mutant did not grow. 

From figure 22, it can clearly be seen that there is a correlation between the growth rates of 
yeast cells in dependence on the turnover-rate of the Adk variant inside these cells. Another 
important catalytic parameter is KM; its dependence on the growth rate is shown in figure 23. 

 
Figure 23: The growth rate of yeast cells containing different Adk variants in dependence on the 
Michaelis-Menten constant of these variants. Differences in the binding affinity cannot explain the 
growth behaviour of the different variants. The same colour coding as in figure 22 was used. 

KM does not mainly seem to dictate the growth behaviour of the cells. Perhaps, the nucleotide 
concentration inside the cells is high enough to reduce the importance of this property. When 
enzymes are compared to each other, their catalytic efficiency is often taken into account 
which is the quotient of the turnover-rate and the Michaelis-Menten constant. The 
correlation between the catalytic efficiency and the growth rate is shown in figure 24. 
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Figure 24: The growth rate of yeast cells containing different Adk variants in dependence on the 
catalytic efficiency of these variants. It is hardly possible to predict the growth rate of a cell only based 
on the catalytic efficiency of its Adk variant. The same colour coding as in figure 22 was used. 

According to figure 24, there might be a correlation between the catalytic efficiency and the 
growth behaviour of cells. In general, the growth rate drops if the catalytic efficiency of the 
enzyme decreases.  Though, there are two outliers which could do not follow this tendency. 
Thus, it seems to be that it is only the kcat of Adk which affects the cell growth of yeast. To 
figure out if KM can still have an influence on the cell growth, a variant needs to be found 
which has a sufficient turnover-rate but a dramatically different Michaelis-Menten constant. 
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5. Conclusions  
In this project, a correlation between the functionality of the enzyme adenylate kinase and 
growth of yeast cells was successfully shown. Various Adk variants with turnover-rates 
ranging from an almost inactive enzyme to a variant with a 30 % higher activity than the 
bacterial wild-type enzyme were used in different cell assays. Yeast cells with a knock out of 
the gene for ADK1 were used where a gene for this essential enzyme was provided by the low 
copy vector pRS316+URA instead. The used E.Adk variants were provided by a second low 
copy vector, pRS315+LEU.  
With the help of a plasmid shuffling assay, it was investigated how likely cells were losing the 
pRS316 vector, so that their growth was only depending on the variant inserted with the 
pRS315 vector. It turned out, that around 250,000 out of one million cells were losing the 
plasmid if the pRS315 vector contained the gene for ADK1. If the vector contained the gene 
for the bacterial Adk instead, around 200,000 cells were able to survive with only that 
plasmid. The less active a variant was, the lower was the number of surviving cells. For a 
variant with 20 % activity in comparison to E.Adk, this value dropped down to 60,000-
120,000 and for a variant with 5 % activity, it dropped down to 20,000. Cells containing an 
inactive variant were not able to survive. Since this assay did not provide any information 
about the fitness of the cells, they were grown on selective plates and their growth behaviours 
were compared. Only variants which were at least 10 times less active than the wild type 
showed a growth defect in the phenotype. This growth defect became clearer by using stress 
conditions. By varying the temperature from 30 °C to 18 °C or to 37 °C, the differences in 
colony sizes increased, but the general tendencies were still the same.  
In addition to the plate assays, the growth rate of yeast cells in liquid medium was 
determined. It was required to use a variant with a 20 times lower activity than the bacterial 
wild-type to observe significant growth defects. The lower the activity of the variants was, the 
lower was the growth rate of the yeast cells. The 100 times less active variant E.Adk*R88G 
was barely growing and due to the low number of obtained transformants, no final growth 
rate could have been determined for this variant. In total, eight different E.Adk variants with 
known catalytic parameters were used for growth rate assays. No variant with a lower 
turnover-rate than another variant led a higher growth rate of yeast cells.  
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6. Outlook  
First of all, final measurements for the catalytic parameters of yeast ADK1 need to be done so 
that the activity levels of the discussed bacterial Adk variants can be related to the wild-type 
enzyme of yeast. To figure out where the enzyme activity threshold for cell growth is, a higher 
number of variants needs to be tested with activity levels between 1 % and 5 % in comparison 
to wild-type E.Adk because these variants caused a significant growth defect. E.Adk*R88G 
was the less active variant that led to cell growth, but due to the very low survivability rates, 
more biological replicates have to be tested to ensure that the cells did not grow because of an 
unexpected mutation. E.Adk*R36S+11aa was the variant with the lowest growth rate, where a 
sufficient amount of biological replicates was obtained. It will be interesting to purify this 
variant to determine its turnover-rate, which should be between 1.1 % and 2.8 % in 
comparison to wild-type E.Adk, as the corresponding variants, E.Adk*R88G and 
E.Adk*I116G, were growing slower or faster, respectively. 
Another important experiment is the determination of Adk concentrations in cells with 
different variants. Perhaps an activity decrease of a variant is compensated by 
overproduction so that the reaction speed of the conversion of ADP into AMP and ATP is still 
the same. Therefore, Western Blots can be performed by using antibodies against Adk. This 
experiment includes running a gel of the cell lysate, so that it could be figured out if the 
different Adk variants were changing the protein compensation inside the cells. It could also 
happen that the copy number of the plasmid pRS315, which covers the gene for the tested 
Adk variants, differs inside the cells. To avoid the usage of a vector with a varying copy 
number, the desired Adk mutations can be inserted into the genome instead. This makes the 
use of vectors unnecessary and gives more reliable results. 
Another interesting experiment can be a screening for suppressor mutations. In this case, a 
less or nonfunctional variant like E.Adk*K13Q could be randomly mutated to see if the 
activity can be restored by a second mutation in a way that cells are able to grow. This idea 
can for example be implemented by performing an error-prone PCR which gives a large 
library of different mutations with a small effort. 
The idea of the project can also in general be used as a screening tool for any approach 
involving mutations of Adk. It can for example be used if a variant with a specific property 
should be designed which could be introduced by a mutation at different positions. In such 
an approach, it can be difficult to predict whether a specific mutation leads to unfolding or a 
severe activity reduction. By performing an in vivo assay like in this project, all of these 
variants can be tested in parallel, which is much less time-consuming than to purify each 
protein.  
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9. Appendices  
Appendix I: Chromatograms of the affinity chromatography (BlueSepharose). 
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BE = before the centrifugation step 
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Appendix II: 1H-15N-HSQC NMR spectra. 
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Appendix III: Set B and C of the cell growth experiment shown in figure 21.  
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