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SUMMARY 

Tuberculosis (TB) is a widespread human infectious disease caused by deadly pathogen called 
Mycobacterium tuberculosis, which is responsible for approximately 1.7 million deaths each 
year. The current available treatment regimen for tuberculosis lasts for six to nine months, which 
is not effective against fast emerging multi-drug resistant tuberculosis strains. Because of this, 
there is a global demand for novel anti-tuberculosis drugs, which will target and efficiently treat 
both wildtype and multi-drug resistant tuberculosis.  
 
Ribonucleotide reductase (RNR) has been identified as a potential drug target for treatment of 
tuberculosis, due to its essential rate-limiting role in Mycobacterium tuberculosis. RNR is 
involved in cell-division steps by providing the four deoxyribonucleotides necessary for DNA 
replication. The active form of RNR consists of two homodimeric proteins; large subunit (R1), 
and small subunit (R2). The large subunit is responsible for regulatory and catalytic activities, 
whereas the small subunit is the radical formation site. It has been shown that it is possible to 
inactivate the RNR enzyme by inhibiting the R1-R2 complex formation with peptides similar to 
the C-terminus of R2 subunit. Hence, information on the 3D structure of RNR R1 is important 
for design of novel inhibitory drugs.  
 
One of the obstacles for crystallization of RNR R1 protein is its solubility problems as a 
consequence of exposure of hydrophobic patches on the surface of the protein. Two point 
mutations were introduced aiming at reduction of hydrophobicity, increase of solubility and 
increase of potential crystal packing properties. The new construct of RNR R1 protein could be 
crystallized in three different morphologies; diamond shaped, rhombohedral and needle shaped. 
The diamond shaped crystals diffracted to 7 Å resolution, and processing of diffraction data 
indicated that the space group was I23. The large cell parameters indicated a possible hexameric 
arrangement of the RNR R1 molecules.  
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ABBREVIATIONS 

aa     amino acid 
bp     base pair 
DTT      dithiothreitol 
Da     Dalton 
E.coli     Escherichia coli 
EtBr     ethidium bromide 
EtOH     ethanol 
FPA     fluorescence polarization assay 
HAc     acetic acid 
IMAC     immobilized metal affinity chromatography 
LA      Luria agar 
LB      Luria Bertani 
LMW     low molecular weight marker 
MDR     multi drug resistant 
Ni-NTA     nickel nitrilo triacetic acid 
OD      optical density 
PEG      polyethylene glycol 
PMSF      phenylmethylsulphonyl fluoride 
SDS-PAGE    sodium dodecyl sulfate polyacrylamide gel electrophoresis 
SEC     size exclusion chromatography 

μl      microliter 
Å     Ångström 
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1. INTRODUCTION 

1.1 The epidemiology of tuberculosis  

Mycobacterium tuberculosis (Mtb) is the pathogen responsible for causing a serious human 
disease called Tuberculosis (TB). It infects the human respiratory system and causes 
granulomatous lesions [6]. Mtb is the forefront pathogen by causing the highest amount of deaths 
among people when compared with other life-threatening human infectious diseases. Mtb is 
responsible for approximately 1.7 million of total deaths each year globally [21]. An 
approximate calculation by WHO shows that one third of human population is currently infected 
with tuberculosis [21], and 10 % of them will experience the lethal disease during their lifetime.  
The synergy between AIDS and tuberculosis, as well as the emergence of multi-drug resistant 
tuberculosis are considered a growing public health threat [16], which explains the urgent need 
for novel and more efficient anti-TB drugs. It is estimated that half a million new multi-drug 
resistant TB cases occur each year [24], which is very difficult to treat with currently available 
anti TB drugs in the market.  

1.2 Mycobacterium tuberculosis 

Mycobacterium tuberculosis is an obligate aerobe, slander rod shaped slow-growing bacterium 
with high GC content genome [1, 7], which belongs to Actinobacteria phylum. One of the main 
characteristics of Mtb is its hydrophobic waxy cell wall, which contains approximately sixty 
percent lipids, and it is responsible for its “acid-fast” staining characteristics [6]. After infection, 
Mtb can become dormant bacilli and stay for decades in human tissues without affecting the 
infected person, but it can be reactivated to cause the lethal disease [20].  
The recommended treatment regimen for pulmonary tuberculosis usually lasts for 6-9 months 
[2], which consists of two months of intensive phase chemotherapy with mixture of anti TB 
drugs, and four to six months of sterilizing phase chemotherapy to prevent recurrence of the 
disease [24].   
There is an urgent worldwide need for novel anti-TB drugs in order to decrease the treatment 
duration of TB [24], and to overcome the drug shortage and current complications for treatment 
of both multi-drug resistant TB strains and latent tuberculosis infection [12]. Ribonucleotide 
reductase is considered a potential drug target against Mtb because of its important role in DNA 
replication steps [11].  

1.3 Ribonucleotide reductase 

Ribonucleotide reductase (RNR) is responsible for the biosynthesis of deoxyribonucleotides by 
reducing its corresponding ribonucleotides, which represents the building blocks for DNA 
synthesis [17]. There are three classes of RNRs. The class I RNR uses a separate subunit with a 
tyrosine free radical and binuclear iron center for generation of free radicals. Meanwhile, class II 
and III RNRs employ adenosylcobalamine and S-adenosylmethionine for free radical generation, 
respectively [13]. The biologically active form of class I RNR from E.coli (as a prototype for 
class I RNRs) [13] is a hetereotetramer with two large (R1) and two small (R2) subunits [18], as 
shown in Figure 1.1.  
Each R1 subunit contains two different allosteric control sites and a catalytic activity site. The 
allosteric control sites consist of an enzyme activity site and a substrate specificity site, which 
ensure balanced synthesis of all deoxyribonucleotides for DNA synthesis [15]. The overall 
activity site (on/off switch) is responsible for the protein‟s overall activity [13], which is 
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regulated by binding either ATP or dATP for activation or deactivation, respectively. The 3D 
structure of class I RNR R1 protein structure together with its allosteric control sites and 
catalytic activity site are shown in Figure 1.2.  
 

 
Figure 1.1: The 3D structure for class I Ribonucleotide reductase holoenzyme. The upper red and blue parts 
represent the large subunit which consists of two R1 monomers. The lower yellow and green parts represent the 
small subunit, which consists of two R2 monomers. [The structure for class I RNR holoenzyme (PDB code: 2BQ1) 
was made using Swiss-pdb Viewer].  
 
The specificity of substrate binding to the catalytic site is regulated by specific effectors (ATP, 
dATP, dTTP and dGTP), which is bound to the substrate specificity site. Each effector is 
responsible for reduction of specific substrate (CDP, UDP, GDP and ADP) at one time [5]. The 
three classes of RNRs allosteric effectors together with their preferred substrates [10] are shown 
in Table 1.1.  
The R2 subunit contains a tyrosyl radical (Tyr122) and a binuclear iron center [9], which is 
responsible for generation and transfer of free radicals into the R1 cysteine residues in the 
catalytic site [17]. The class I RNR is further divided into Ia and Ib subclasses [8]. The main 
difference between Ia and Ib is that the activation site (on/off switch site) is not available in class 
Ib RNRs [17, 5]. 
 

Table 1.1 The allosteric regulation in RNR R1 subunit 

 
       Preferred substrate 

 
Specificity site    Class I   Class II  Class III 

 
dTTP     GDP   GDP   GTP 
dGTP     ADP   ADP   ATP 
dATP     CDP/UDP  CDP/UDP  CTP 
ATP     CDP/UDP  CDP/UDP  CTP 
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Figure 1.2: The 3D structure for E.coli Class I RNR R1 homodimer together with allosteric regulation sites, 

the catalytic site and R2 binding site. [The class I RNR R1 homodimer structure (PDB code: 2R1R)].  

1.4 Ribonucleotide reductase from Mycobacterium tuberculosis 

Mycobacterium tuberculosis contains class Ib and class II Ribonucleotide reductases [4], in 
which the class Ib RNR is the active class for providing the building blocks for DNA synthesis 
under normal aerobic conditions [3]. 
In Mycobacterium Tuberculosis, the class Ib RNR R1 subunit is encoded by nrdE gene 
(Rv3051c) with molecular mass of 82,441 Da and 725aa [23]. Two different R2 subunits of class 
Ib RNRs are encoded by two different genes: nrdF1 (Rv1981c) with 36,590 Da molecular mass 
and 322aa, nrdF2 (Rv3048c) with 36,957 Da and 324aa [1, 22]. The nrdF1 encoded R1 subunit 
(R2F-1) and nrdF2 encoded R2 subunit (R2F-2) genes have 71% sequence identity; the main 
identified differences are located in the C-terminus [18]. The three genes are not located on one 
operon, and they are all expressed in vivo with different concentrations [22]. It has been shown 
that the biologically active RNR enzyme in Mtb is formed by binding RNR R1subunit with 
nrdF2 encoded R2 subunit (R2F-2). The nrdF1 encoded R2 subunit (R2F-1) binds with 
R1subunit only when it is available in higher concentrations than nrdF2 [22]. The C-terminal 
seven residues of R2F-2 (EDDDWDF) and R2F-1 (TDTDWDF) are responsible for identifying 
and binding with R1 binding site. The binding of R1 and R2 subunits can be inhibited by seven 
residues inhibitory peptides, which corresponds to the C-terminus seven residues of R2F-2 
subunit [22, 11]. This shows the potential target of RNR for designing new and efficient anti-
tubercular drugs in the future.  
The structure of radical generating subunit (R2F-2) from Mycobacterium tuberculosis consists of 
11 helices with the tyrosyl free radical (Tyr110) buried inside a hydrophobic pocket far from the 
catalytic site [18], but located 6.8 Å close to the binuclear iron center as shown in Figure 1.3.     
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Figure 1.3: The 3D structure for class Ib RNR R2F-2 monomer from Mycobacterium tuberculosis with 

reduced binuclear iron center and Tyrosyl free radical (Tyr 110). [The class Ib R2F-2 structure PDB code: 
1UZR].   

1.5 Aims and objectives 

The aim of this project was to determine crystal structures for the RNR R1 subunit together with 
effectors and inhibitory peptides suitable for X-ray diffraction and data collection. The crystal 
engineering of RNR R1 protein is necessary to improve the crystal packing conditions, and to 
obtain soluble and stable RNR R1 protein constructs. Crystallization conditions were screened 
and optimized in order to get crystals with diffraction to high resolution.  
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2. MATERIALS AND METHODS  

2.1 Materials 

All the laboratory instruments and chemicals used during the entire project are represented in 
Table 2.1 and Table 2.2.  
 
Table 2.1 Laboratory instruments

 
Analytical Use    Device / Instrument    Company 

 
Polymerase chain reaction  MyCycler, Thermal cycler   BIO RAD 
Cell disruptor   One shot model    Constant Systems LTD 
SDS-PAGE analysis  Phast System    Pharmacia 
Microscope   MZ 16     LEICA 
pH meter   PHM210, MeterLab   Radiometer analytical  
UV/Vis Photometer  Bio Photometer    Eppendorf 
Platform shaker   Innova 2300    New Brunswick Scientific 
Protein Purification  ÄKTA prime     Amersham PharmaciaBiotech 
Gel filtration column  Superdex 200    GE Healthcare 
Micro centrifuge   Biofuge Pico    Heraeus Instruments 
Super speed centrifuge  Sorvall RC6    Thermo Electron Corporation 
High capacity centrifuge  Sorvall RC3C plus   Thermo Scientific 
Tabletop centrifuge  Multifuge 3SR    Heraeus Instruments 
Autoclave   Certoclav    Tisch-autoklav 
FPA    EnVision® Multilabel Reader  Perkin Elmer
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Table 2.2 Chemicals, enzymes, gels and others  

 
Materials      Supplier

 
Agar bacteriological    Scharlau microbiology 
Ammonium sulfate    SIGMA-ALDRICH 
ATP      SIGMA 
Bis-Tris propane     SIGMA 
DTT      Thermo Scientific 
DpnI digestion enzyme    New England biolabs 
EasyXtal Tool     QIAGEN 
Hepes      Serva 
Imidazole     Fluka 
L-arabinose     Carl Roth GmbH 

Lithium chloride     Merck 
Ni-NTA      GE Healthcare 
PEG-4000     Hampton Research 
Phast Gel (gradient 10-15)    GE Healthcare 
PMSF      SIGMA 
Pfu Ultra polymerase    Stratagene 
QIAprep Spin Miniprep Kit   QIAGEN 
Sodium Chloride     Merck 
Sodium citrate     Merck 
Sodium Sulfate     SIGMA-ALDRICH 
Taq polymerase     Invitrogen 
Triton X-100     Merck 
Tryptone     Scharlau microbiology 
Vivaspin 15 (10 000 MWCO)   Sartorius Stedim Biotech GmbH 
Yeast extracts     Scharlau microbiology
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2.2 Methods in molecular biology 

2.2.1 Template Vectors and primers  

The pEXP5 vector containing the elongated version of Rv3051c – nrdE gene was used in site 
directed mutagenesis. The expressed protein contained six histidine residues and 21 amino acids 
at the N-terminus of RNR R1. The N-terminus of the expressed protein contained a six-histidine 
affinity tag and 21 extra amino acids coded by the upstream sequence in front of the predicted 
starting methionine suggested by Tuberculist (http://genolist.pasteur.fr/TubercuList/). 
The two point mutations (mutA and mutB) were located near to the N-terminus of the protein, 
such as; Val 65 and Phe 66 into Pro 65 and Gln 66 (mutA), Ala 154 and Leu 155 into Gln 154 
and Ser 155 (mutB). Figure 2.1 shows the part of the RNR R1 template gene together with the 
intended mutation sides and primer binding sides. The designed primer sequences for generation 
of two point mutations are shown in Table 2.3.  
 
Table 2.3 Primers used for mutA and mutB site specific mutagenesis

Name    Sequence

gr15_mut1 (forward)  CATGTCAATCAGAACACGCCGCAGTTCCATAATCAGGACGAG  

gr15_mut2 (reverse)  CTCGTCCTGATTATGGAACTGCGGCGTGTTCTGATTGACATG 

  

gr15_ana1 (analytical)  CATGTCAATCAGAACACGCCGCAG 

 
gr15_mutb (forward)  CTAACGTTGGCCGCCGGCGATACCCAGTCTGCCGAGC 

TGCTGGTCGAC 
gr15_mutc (reverse)  GTCGACCAGCAGCTCGGCAGACTGGGTATCGCCGGCG 

GCCAACGTTAG 
gr15_ana1 (analytical)  CTAACGTTGGCCGCCGGCGATACCCAGTC

 
 

 
Figure 2.1: A part of RNR R1 template gene sequence containing its two point mutation sites 
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2.2.2 Site directed mutagenesis  

Site directed mutagenesis is a common molecular biology technique, which is used to create 
mutations in a particular place within the DNA molecule. Site directed mutagenesis was 
performed in order to introduce the two point mutations. For this reason, two different samples 
of PCR mixtures were prepared in parallel; each sample contained one of the two point mutation 
primers only. The PCR program parameters for site specific mutagenesis are shown in Table 2.6. 
The content of PCR mixtures, which was used in PCR machine, is shown in Table 2.4 and Table 
2.5 for mutations mutA and mutB, respectively. 
 
Table 2.4 The content of PCR mixture 1 including primers for mutA 

 
Reagents      Quantity  

10X Pfu Ultra reaction Buffer     2.5 μl 
dNTPs (10 mM of each)     0.5 μl 
Template       0.5 μl 
Forward primer /mut1/     0.4 μM     
Reverse primer /mut2/     0.4 μM     
DMSO        0.5 μl 
Pfu DNA polymerase (2.5 U/ μl)    0.5 μl 
Water       19.5 μl 
Total reaction volume      25 μl 

 
 
Table 2.5 The content of PCR mixture 2 including primers for mutB 

 
Reagents      Quantity 

10X Pfu Ultra reaction Buffer     2.5 μl 
dNTPs (10 mM of each)     0.5 μl 
Template      0.5 μl 
Forward primer /mutb/     0.4 μM     
Reverse primer /mutc/     0.4 μM     
DMSO        2.5 μl 
Pfu DNA polymerase (2.5 U/ μl)    0.5 μl 
Water       17.5 μl 
Total reaction volume      25 μl 

 
 

Table 2.6 The PCR program parameters for Site directed mutagenesis 

 
Program  Denaturation   Annealing  Extension 

 
One cycle   95 °C for 5 min    -   - 

 
30 cycles  95 °C for 1 min    58 °C for 1 min   68 °C for 5 min 

 
Hold 4°C   -    -   - 
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2.2.3 DpnI digestion  

After each PCR reaction, the parental double stranded DNA was digested with DpnI enzyme 
which is specific for methylated DNA. An amount of 0.4 μl DpnI enzyme was added and the 
content was mixed by tapping the PCR tube, and then the content was transferred into an 
eppendorf tube and incubated at 37 °C room for 1 hour.  

2.2.4 Agarose gel electrophoresis 

Agarose gel electrophoresis is a common analytical method for analysis and preparation of DNA. 
An applied electric current in the system makes the negatively charged DNA fragments migrate 
through the gel matrix towards the positively charged electrode, resulting in separation of DNA 
fragments with respect to their sizes.    
After DpnI digestion, each PCR product was analyzed by Agarose gel electrophoresis to identify 
the mutated DNA fragments. The preparation of 0.8% agarose gel was carried out by adding 0.8 
g agarose (BDH quality) to 100 ml 1x TAE buffer, the mixture was heated in a microwave until 
it dissolved, then it was cooled to 50°C and casted after addition of 6 μl EtBr. DpnI-treated PCR 
products were prepared for agarose gel electrophoresis by adding 2 μl DNA loading dye. The 
gels were loaded with 20 μl DNA samples, 2.5 μl size marker and 0.5 μl wildtype template as a 
negative control. The gels were placed in electrophoresis tank filled with 1 x TAE and run at 120 
V for 30 minutes. The gels were checked under the UV lamp.  

2.2.5 Colony PCR  

After transformation of DNA into Top10 cells and incubation overnight, a colony PCR was used 
for quick checking of the mutations of interest. Six colonies were picked from LA plates and 
transferred into different eppendorf tubes filled with 500 μl LB media and 0.5 μl Amp 
(50mg/ml). The cultures were incubated on a shaker for 3 hours at 37 °C room. A 20 μl from 
each sample were taken and heated at 95 °C for 10 minutes, and then immediately incubated on 
ice. Then they were centrifuged at 9520 xg for 1 minute, and the pellet was separated. The 
supernatant was used for colony PCR by mixing 1 μl from each sample with 24 μl of already 
prepared colony PCR master mix as shown in Table 2.7. The PCR machine program parameters 
for colony PCR are shown in Table 2.8.  
 
Table 2.7 Colony PCR Master Mix content

 
Reagents      Quantity

 
10 x Taq buffer      25 μl 
dNTPs (10 mM of each)     5.0 μl 
Forward primer      5.0 μl     
Reverse primer      5.0 μl     
Taq DNA polymerase (2.5 U/ μl)    2.0 μl 
Water       203 μl 
Total reaction volume      245 μl 
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Table 2.8 The PCR program parameters for colony PCR 

 
Program  Denaturation   Annealing  Extension 

 
1 cycle    94 °C for 2 min    -   - 
 
25 cycles  94 °C for 1 min    58 °C for 1 min   72 °C for 5 min 
 
1 cycle    -    -  72 °C for 2 min 
 
Hold 4°C   -    -   - 

 

2.2.6 Analytical PCR 

For isolation of mutant plasmids, six colonies were selected for overnight culturing. The plasmid 
miniprep preparation was performed by using QIAprep Spin Miniprep Kit and by using the same 
company protocols. The resulting solution was used for analytical PCR by mixing 1 μl of each 
sample with analytical PCR master mix as shown in Table 2.9. The PCR machine program 
parameters for analytical PCR are shown in Table 2.10. 
 
Table 2.9 Analytical PCR Master Mix content 

 
Reagents      Quantity 

 
10 x Taq buffer      25 μl 
dNTPs (10 mM of each)     5.0 μl 
Forward primer      5.0 μl     
Reverse primer      5.0 μl     
Taq DNA polymerase (2.5 U/ μl)    2.0 μl 
Water       203 μl 
Total reaction volume      245 μl 

 
 
Table 2.10 The PCR program parameters for Analytical PCR 

 
Program  Denaturation   Annealing  Extension 

 
1 cycle    95 °C for 4 min    -   - 
 
25 cycles  95 °C for 1 min    60 °C for 1 min   72 °C for 5 min 
 
1 cycle    -    -  72 °C for 2 min 
 
Hold 4°C   -    -   - 
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2.3 Methods in microbiology 

2.3.1 Plasmid transformation into competent cells 

For transformation to Top10 cells, one tube containing Top10 cells was taken from -80 °C 
freezer and thawed on ice for 3 minutes, then 3 μl DNA was added and incubated on ice for 10 
minutes, afterwards a heat shock was given at 42 °C for 30 seconds and directly incubated on ice 
for 2 minutes without shaking the tube. Later, a 100 μl LB media was added and the cell 
suspension was spread on LA-Amp (50mg/ml) plates. Incubation was done at 37 °C overnight.   
 
For transformation to BL21-AI cells, one eppendorf tube containing BL21-AI cells was taken 
from -80 °C freezer and thawed on ice for 3 minutes, then 3 μl DNA was added and incubated on 
ice for 5 minutes, afterwards a heat shock was given at 42 °C for 50 seconds and directly 
incubated on ice for 2 minutes without shaking the tube. Later, the cells were spread on LA-Amp 
(50mg/ml) plates and incubated at 37 °C room overnight. 

2.3.2 Test expression of Ribonucleotide reductase  

Six colonies were picked from previously cloned BL21-AI cells and inoculated in culture tube 
containing 1 ml LB media and 1 μl Amp (50mg/ml). The culture was incubated at 37 °C room 
for 2.5 hours on a shaker until OD ~0.5. Before induction, a 100 μl of cell culture was saved for 
further inoculum preparations. The induction of protein expression was done by adding L-
arabinose to a final concentration of 0.2%, and subsequent incubation at 37 °C for 3 hours. After 
induction, 250 μl samples was withdrawn and centrifuged at 11519 xg for 1 min. The pelleted 
cells were prepared for SDS-PAGE analysis by resuspension in 50 μl 1 x SB, denaturing at 95 °C 
for 5 min and vortexing for 30s to break DNA. After centrifugation of the sample for 1 min at 
16000 xg, it was ready for SDS-PAGE analysis. The LB medium and LA plate content are 
shown in Table 2.11. 
 
Table 2.11 LB media and LA plate content 

 
Name     Content 

 
LB media    5.0g NaCl 
     10.0g Tryptone 
     5.0g Yeast extract 

1.0 L ddH2O 
 
LA plates    8.0g NaCl 
     12.0g Agar 
     8.0g Tryptone 
     4.0g Yeast extract 
     0.8 L ddH2O 

 

2.3.3 Large scale expression 

The preparation of inoculum for large scale expression was performed by mixing 100 μl saved 
culture from test expression with 20 ml LB media and 20 μl Amp (50mg/ml). The culture was 
incubated on a shaker at 37 °C room for 3.5 hours until OD600 ~ 1. For large scale expression, the 
inoculum was added to 1 L LB + 1ml Amp (50mg/ml), and incubated on a shaker at 37 °C room 
for 2.5 hours. The cell culture was induced with 0.2 g L-arabinose and incubated at 37 °C room 
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for 3 hours. The cell pellet was collected by centrifuging it at 5800 xg for 20 min (Sorvall RC-3C 
plus). The pellet was washed with 20 ml 1 x SSP and transferred to falcon tube and centrifuged 
at 4000 xg for 20 min (Multifuge 3-SR). The cell pellet was stored at -20 °C freezer.  

2.4 Protein Purification and analysis methods 

2.4.1 Preparation of cleared lysate 

The cell pellet was re-suspended with 12 ml lysis buffer (see Table 5.2) and incubated on a 
shaker for 15 min, then added 50 mg lysozyme, 50 mg RNase A, 25mg DNase I, and 60 μl 200 
mM daily prepared fresh PMSF. The cells were disrupted using a cell disruptor. All further steps 
were carried out on ice. After disrupting the cells, the lysate was centrifuged in SS-34 rotor at 
30700 xg for 15 min. After the centrifugation step, the supernatant was separated from cellular 
debris and used for further purification steps. 

2.4.2 Immobilized metal affinity chromatography   

Immobilized metal affinity chromatography (IMAC) is a protein purification technique based on 
covalent binding between proteins and metal ions. RNR R1 cleared lysate was incubated with 2 
ml of 50% Ni-NTA slurry gel beads in a plastic column for 30min at 4 °C.  The sedimented Ni-
matrix was washed with 21 ml of washing buffer, and finally the R1 protein sample was eluted 
with 5 ml elution buffer. The collected protein fractions were analyzed by SDS-PAGE. The 
collected protein fractions were precipitated immediately by adding 0.4 g/ml (NH4)2SO4 and 
incubated at room temperature for 15 min. The sample was centrifuged with SS-34 rotor at 
30700 xg for 15 min, and the protein containing pellet was collected for second purification step. 
The purification buffers content are shown in Table 2.12.   
 
Table 2.12 Protein purification buffers  

 
Name     Content 

 
IMAC buffer    50 mM NaH2PO4 

     50 mM Na2SO4 
     100 mM Hepes 
     200 mM NaCl 
     pH 8.0 
 
Lysis buffer    IMAC buffer + 10 mM imidazole + 0.5% Triton X 100 
 
Washing buffer    IMAC buffer + 20 mM imidazole 
 
Elution buffer     IMAC buffer + 250 mM imidazole 
 
Superbuffer    0.1 M Hepes 
     0.1 M Na2SO4 

50 mM Bis Tris Propane 
2 mM ATP 
pH 9.0 
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2.4.3 Size exclusion chromatography 

Size exclusion chromatography (SEC) is an efficient method for separation and purification of 
biomolecules based on their size. The method is based on migration of the molecules to be 
separated through a chromatography column packed with porous gel beads. The smaller 
molecules penetrate into the gel beads deeper than the larger molecules, so they spend more time 
inside the beads and eventually, they elute later than the molecules with larger sizes.  
For purification of RNR R1 protein sample, a Superdex 200 column was used. After 
equilibrating the gel chromatography column with 80 ml Superbuffer,  3 ml protein containing 
superbuffer solution was injected into the Äkta machine. Elution of the column was done at a 
flow rate of 1.6 ml/min. Protein fractions were collected corresponding to the peak fraction. The 
collected protein fractions were analyzed with SDS-PAGE. The purification buffers content are 
shown in Table 2.12.  

2.4.4 SDS-PAGE analysis  

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) is a protein separation 
technique based on size of denatured proteins. SDS is an anionic detergent which binds evenly to 
the protein and denatures it. The resulting negatively charged protein monomers migrate with a 
speed proportional to their length through the polyacrylamide gel cross-linked matrix towards the 
positively charged electrode, when applying an electric current.  
SDS-PAGE was used for determining the solubility of RNR R1 protein with two point 
mutations. It was also used for identification of the desired protein and purity of the sample after 
each purification method. Samples for SDS-PAGE were prepared by mixing 20 μl of protein 
samples with 5 x SB and heated at 95 °C for 5 min, then centrifuged at 16060 xg for 1 min. A 1.5 
μl droplets were arranged on a parafilm and an 8-well comb was used to transfer it to the gel and 
electrophoresis was started immediately. The staining of the gel was performed by adding 10 ml 
fix solution and heating it with microwave for 10s, then 50 ml coomassie blue solution was 
added and incubated for 10 min. The gel was rinsed with water several times and kept on a 
shaker. The final gel photo was captured by camera and stored. The SDS-PAGE analysis related 
buffers and solutions content are shown in Table 2.13. 
 
Table 2.13 SDS-PAGE analysis buffers and solutions 

 
Name     Content 

 
5 x SB (1000 μl)   500 μl 10% SDS 
     100 μl β-mercaptoethanol 
     250 μl 80% glycerol 
     50 μl 0.5M EDTA 
     100 μl 1.0 M Tris pH 8.0 
 
Fix solution    30% EtOH 
     10%HAc 

 
 

2.4.5 Fluorescence polarization assay   

Fluorescence polarization assay (FPA) is a widely used technique to analyze the interaction of 
molecules by measuring the differences in the orientation of the plane polarized light as a 



19 
 

consequence of the interaction. As a result of specific molecular interactions, a change in 
rotational speed of fluorescence molecule can occur, which is detected as a signal.    
The fluorescence polarization assay was used to assess the binding of inhibitory peptides with 
the new construct of RNR R1protein. A 40 μl of buffer B was used together with 5 μM of 
fluorescence peptide for blank measurement. Then, 5 μl of 3.5mg/ml RNR R1 protein was added 
to the mixture for evaluation of protein binding with fluorescence labeled inhibitory peptide. The 
polarization signal (mP) was calculated according to the equation mP = 1000 x I2-I1/ I2+I1, where 
I2 and  I1 represent the intensities measured with parallel and perpendicular polarizing filters, 
respectively. The Table 2.14 shows the content of the buffer B used for fluorescence polarization 
assay.   
 

Table 2.14 The fluorescence polarization assay buffer B content 

 
Name      Content 

 
Buffer B     50 mM Hepes 
     1 mM ATP 

0.05% Triton X-100 
pH 7.0 

 

2.5. Crystallization methods 

2.5.1 Protein quantification and concentration   

After size exclusion chromatography, protein quantification was performed by using Bradford 
protein assay in Biophotometer. The protein solution was concentrated by using Vivaspin 15 (10 
000 MWCO) concentrator and centrifuged at 3800 xg for 20 min. The final protein solution 
volume was decreased from 12 ml to 1.2 ml.  

2.5.2 Crystallization trials using hanging drop method 

The crystallization trials for RNR R1 protein was carried out manually in EasyXtal Tool hanging 
drop crystallization plates. Different pH values (4.0-9.0) were used throughout the crystallization 
trials. The precipitants used in crystallization were PEG-4000, PEG-1000, and ammonium 
sulfate. The RNR R1 protein at a concentration of 8 mg/ml was incubated with 1 mM of 
inhibitory peptide, and subjected to the crystallization experiment. Four different inhibitory 
peptides were tested in the crystallization trials. Droplets were prepared by mixing 2 μl of protein 
solution with 2 μl of precipitation buffer mixture. The reservoir solution A was used throughout 
the crystallization screening with PEG precipitant, and reservoir solution B was used in the case 
of ammonium sulfate precipitant. Before freezing and mounting in loops, crystals were soaked in 
cryo solution. The inhibitory peptides content are shown in Table 2.15. The reservoir and cryo 
solutions content are shown in Table 2.16.  
 
  



20 
 

Table 2.15 Inhibitory peptides used in crystallization   

 
Name     Content 

 
Peptide A    Dansyl -GSGEDDDWDF 
 
Peptide B    Dubsyl -GSGEDDDWDF 
 
Peptide C    Acetylated -GSGEDDDWDF 
 
Peptide D    lysamine -GSGEDDDWDF 

 
 

Table 2.16 Reservoir solutions & cryo solution content 

 
Name     Content 

 
Reservoir solution A    50 mM Hepes 
     50 mM Na-citrate 
     100 mM Na2SO4 
     8% PEG-4000 
 
Reservoir solution B   50 mM Hepes 
     50 mM Na-citrate 
     100 mM Na2SO4 
     0.9 M (NH4)2SO4 
 
Cryo Solution    50 mM Hepes 
     25 mM Bis-Tris propane 
     75 mM Na2SO4 
     5% PEG-4000 
     25% Glycerol 
     25 mM Citric acid 
     50 mM Tris 
     1 mM ATP 
     1 mM Peptide A 

pH 8.0    
 

 
 
 

 
 

 

 

 

 

 

 

 



21 
 

3. RESULTS 

3.1 Mutation sites 

Modeling of the mutation sites were done based on the structure of the Salmonella protein. 
Figure 3.1 shows the mutA and mutB mutation positions in the hydrophobic cluster at the surface 
of the protein. 
 

 
Figure 3.1 The model of RNR R1 with mutA & mutB mutation sites indicated.  

3.2 Cloning the mutated form of Ribonucleotide reductase R1  

The two point mutations were introduced in parallel by performing site directed mutagenesis. 
The PCR products after each step were analyzed by agarose gel electrophoresis. Figure 3.2 
shows the agarose gel electrophoresis results for both mutA and mutB mutations (Figure 3.2 A). 
The analytical PCR was successful only for mutB (Figure 3.2 B). The mutations were further 
verified with DNA sequencing. 
 

    
Figure 3.2 The analysis of PCR products by agarose gel electrophoresis. The gel [A] represents the analysis of 
mutA site-directed mutagenesis PCR product, lanes (1, 2) two samples of PCR product, and lanes (3, 4) wildtype 
plasmids for negative control. The gel [B] represents agarose gel electrophoresis of mutB analytical PCR products, 
lanes (1-6) different colony samples of analytical PCR, lane 7 wildtype. The arrow indicates the size analytical PCR 
product for mutation at residues 155&156. [O'RangeRuler 200 bp DNA Ladder was used]. 

B A 

M     1     2      3       4 M    1     2      3      4      5     6   7 

  bp 1000 ـــــــ 
  bp 1000 ـــــــ   bp 2000 ـــــــ 

  bp 3000 ـــــــ 
  bp 3000 ـــــــ 
  bp 2000 ـــــــ 
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3.3 Test expression and protein solubility test 

The test expression was performed with potentially positive clones containing both mutations. 
Figure 3.3 shows the expression of the RNR R1 protein after induction with 0.2% L-arabinose 
for 3 hours. The solubility of expressed proteins was tested by SDS-PAGE analysis of 
supernatant and inclusion body fractions after cell disruption. Figure 3.4 verifies the solubility of 
the mutated RNR R1 protein with both point mutations. 
 

 
  8    7   6   5   4    3    2    1 LMW 
 
 

          
        5      4         3       2        1 LMW 
Figure 3.4 The SDS-PAGE of RNR R1 protein solubility check at medium scale expression. The arrow shows 
the positive results for protein solubility test. Lanes 1-4 represent the soluble protein samples taken from 
supernatant. Lane 5 represents the insoluble protein sample taken from the inclusion body fraction. The molecular 
weight for expected RNR R1 protein was 82 kDa .    
  

Figure 3.3 The SDS-PAGE analysis of expression of RNR R1. 
The arrow shows the positive expression of the RNR R1 protein 
(lanes 1, 2, 3, 5, 6, 7) after induction with 0.2% L-arabinose. Lane 
(8) is the negative control without induction. 
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3.4 Purification of RNR R1 protein 

3.4.1 IMAC chromatography 

IMAC chromatography was used as a first purification step for isolation of RNR R1 from the 
soluble fraction after disruption of the cells. A 20 μl sample from eluted protein fractions was 
used for SDS-PAGE analysis. As shown in Figure 3.5, the RNR R1 protein was approximately 
90% homogeneous after the IMAC step. The eluted proteins were immediately precipitated by 
ammonium sulfate and prepared for the second purification method.   
 

 
                    2     1  LMW 

Figure 3.5 The SDS-PAGE analysis for RNR R1 after IMAC chromatography and gel filtration 

chromatography. Lane 1 represents SDS-PAGE analysis of RNR R1 protein after IMAC chromatography, and lane 
2 represents SDS-PAGE analysis of RNR R1 protein after size exclusion chromatography.  

3.4.2 Size exclusion chromatography 

The precipitated material from IMAC chromatography was dissolved in 3 ml super-buffer and 
subjected to size exclusion chromatography on a superdex 200 column. The protein-containing 
fractions (25-29) were collected according to the peak fraction shown in Figure 3.6. The SDS-
PAGE analysis of the peak fraction showed close to 100% homogeneous material as shown in 
Figure 3.5. The pooled protein-containing fractions were concentrated up to 7 mg/ml and 
prepared for crystallization trials. 
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Figure 3.6 SEC chromatogram for RNR R1 protein. The five fractions (25-29) containing the RNR R1 were 
pooled and used in crystallization trials.  

3.5 Crystallization and data collection 

3.5.1 Crystallization of RNR R1 protein 

The purified protein material was concentrated to 3 mg/ml, 7 mg/ml and 10 mg/ml. The optimal 
crystallization conditions were observed with PEG-4000 and in pH 7.0-8.0 range. After several 
crystallization trials, crystals were obtained with three different morphologies. The 
crystallization conditions are shown in Table 3.1.  The sizes of the crystals were around 0.1-0.2 
mm. The crystals were observed after overnight incubation at room temperature. Figure 3.7 
shows the different crystal morphologies.  
 
Table 3.1 The crystallization conditions for different morphologies 

 
Crystal morphology     condition 

 
Diamond shaped      3% PEG-4000 
       40 mM M Bis-Tris propane 
       30 mM Sodium citrate 
       50 mM Hepes 
       2 mM ATP 
       50 mM Na2SO4 
       Peptide B 

pH 7.5 
 
Rhombohedral      1% PEG-4000 
       25 mM M Bis-Tris propane 
       50 mM Sodium citrate 
       50 mM Hepes 
       2 mM ATP 
       50 mM Na2SO4 
       Peptide B 
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pH 6.5 
 
Needle shaped      2% PEG-4000 
       20 mM M Bis-Tris propane 
       50 mM Sodium citrate 
       50 mM Hepes 
       2 mM ATP 
       50 mM Na2SO4 
       Peptide A 

pH 6.3 
 

 
 

 

 
Figure 3.7 The ribonucleotide reductase R1 protein crystals with three different morphologies. [A]- 
Rhombohedral crystals, [B] - Needle shaped crystals, [C] & [D] Diamond shaped crystals. 

 
 

  

D C 

A B 
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3.5.2 X-ray diffraction and data collection 

X-ray diffraction properties of the diamond shaped crystals were tested at MAX-lab beamline 
I911-2. X-ray diffraction was observed to 7 Å resolution (Fig. 3.8). A full diffraction dataset 
(110 degrees in steps of 0.5 degrees) was collected. Each image was exposed for 10 seconds. 
Processing of the data with imosflm program indicated space group I23 with a=b=c=271.6 Å cell 
dimensions. The large cell dimensions indicate a „trimer of dimers‟ arrangement of the RNR R1 
molecules.  
 

 
Figure 3.8 Diffraction image of RNR R1 diamond shaped crystals. The highest resolution diffraction data were 
at 7 Å resolution.  

3.6 Fluorescence polarization assay for evaluation of RNR R1 binding with 

dansylated peptide  

The specific interaction between RNR R1 and inhibitory peptides were assessed with fluorescent 
polarization assay. Strong specific binding between dansylated peptide and RNR R1 protein was 
observed, as shown in Figure 3.9 A. The signal from the dansylated heptapeptide could be 
competed out with the acetylated heptapeptide as shown in Figure 3.9 B.  
In the assay, the R1 concentration was 5 μM and the dansylated heptapeptide was at 
concentration of 10 μM. The signal was reduced by 70% in presence of 150 μM of the acetylated 
heptapeptide, which indicate that the dansylated peptide binds stronger to the R1 binding site.   
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Figure 3.9 Fluorescence polarization assay for evaluation of binding activity between dansylated-peptide and 

RNR R1 protein. The [A] diagram represents the binding of RNR R1 protein with dansylated peptide. Diagram [B] 
represents the competitive binding of dansylated and acetylated peptide with RNR R1 protein. The Y axis represents 
the degree of polarization (mP), while the X axis represents the time after addition of the protein to the mixture of 
buffer and dansylated heptapeptide. 
 

  

A B 
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4. DISCUSSION 

The wildtype RNR R1 monomer from Mycobacterium tuberculosis (Mtb) has solubility 
problems and is not suitable for crystallization (T. Unge, unpublished observations). It is 
therefore necessary to apply protein engineering techniques to improve the solubility 
characteristics of the protein, and also to stabilize the protein in order to get crystals suitable for 
X-ray diffraction and data collection. I decided to introduce two point mutations close to the N-
terminal site of the protein based on the 3D structure of RNR R1 from Salmonella Typhimurium, 
which had 71% sequence similarity with RNR R1 from Mtb. 
 
The rationale explanation behind those two point mutations was based on my theory to reduce 
the hydrophobic surface tension of the protein by mutating two of those hydrophobic amino 
acids located in big clusters on the surface of the protein into hydrophilic ones. The identification 
of surface hydrophobic patches for RNR R1 from Mtb was done by analysis of a model based on 
the RNR R1 protein structure from Salmonella Typhimurium. Then, the amino acid sequences 
corresponding to the observed surface hydrophobic patches of RNR R1 from Salmonella 

Typhimurium were analyzed by sequence alignment with RNR R1 from Mtb. The differences 
between those sequences were recognized as potential targets for point mutations. Eventually, I 
mutated two of those hydrophobic amino acids into hydrophilic amino acids, which helped to 
improve the crystal packing disorders to get reliable crystals for X-Ray diffraction and data 
collection.        
 
The first few rounds of site directed mutagenesis for mutA and mutB mutations were not 
successful. This was due to the high GC content of nrdE gene encoding for RNR R1. The 
problem was solved by increasing the denaturing time of PCR machine from 2 to 5 min, the 
annealing temperature form 55 °C to 58 °C, and by adding excess amount of DMSO. After 
successful expression of new RNR R1 construct in BL21-AI cells, the SDS-PAGE analysis was 
performed to verify the solubility of RNR R1 protein. Interestingly, the protein samples 
containing only the mutB mutation, as well as the protein samples containing both mutations 
were the only soluble proteins, suggesting that the mutB mutation was responsible for the overall 
solubility of the protein. On the other hand, the mutA mutation was important for proper crystal 
packing, and both mutations were needed to produce crystals under the conditions tried.   
 
Since RNR R1 contains substrate specificity site which is regulated by various effectors, I 
thought it was crucial to add certain amount of ATP or other effectors in order to increase the 
stability of the protein during the crystallization trials. So far, all three observed crystal 
morphologies were formed at the presence of ATP only. The cubic crystals were the only 
diffracting crystals among the observed crystal morphologies, but diffracted only to 7 Å 
resolution. The collected data showed that the diamond shaped crystals had I23 symmetry. It‟s 
been shown that in the presence of ATP the RNR R1 subunit forms hexamers [14], and the large 
cell dimensions suggest that this arrangement is present in our crystals. In addition, the large cell 
dimensions indicate the arrangement of trimers of dimers. The data obtained from 7 Å X-ray 
diffraction of RNR R1 diamond shaped crystals indicate that crystal packing disorders has to be 
solved by employing different effectors and substrates, or by designing new construct of RNR 
R1 which will not interfere the monomeric packing form of the crystals. I observed that the 
inhibitory peptides bound to RNR R1 protein had great influence on crystal packing. The 
different kinds of modifications of the inhibitory peptides had affected the crystal packing 
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quality, thus, the dansylated heptapeptide created better crystals than the other inhibitory 
peptides. 
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