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Summary 
 
Tuberculosis (TB) is a common and often deadly disease caused by the bacteria 
Mycobacterium tuberculosis (M.tb). This disease is responsible for millions of deaths 
every year. Although it is efficiently treated with drugs, there has been an increase in 
drug resistance, which has led to the need for better drugs to be developed in the fight 
against tuberculosis. Several proteins have been identified as possible targets for drug 
development against this disease. Most notably, studies of the non-mevalonate 
pathway has elucidated the proteins 4-Diphosphocytidyl-2-C-Methyl-D-Erythritol 
synthase (IspD) and 1-Hydroxy-2-methyl-buthenyl-4-diphosphate reductase (IspH) as 
possible drug targets, given their importance in the pathway and the development of 
the bacteria. Other proteins which have been identified as possible drug targets are 
Ribonucleotide reductase (RNR), and Cysteinyl-tRNA Synthetase (CysRS), which are 
essential for DNA and amino acid synthesis respectively. In the attempt to study these 
proteins several constructs were generated via PCR, some of which were mutated 
forms of the desired proteins. Recombinant forms of IspH and RNR were generated 
via mutagenesis PCR; while, isolation constructs of CysRS and IspD were also 
attained via PCR.  The resulting cysRS, IspD, and recombinant IspH proteins were 
concentrated to 10 mg/ml and used in crystallization experiments in order to 
determine the three dimensional structure of those proteins. The RNR recombinant 
proteins were used to determine the binding and inhibition properties of the molecule 
with several compounds. We were able to crystallize Cysteinyl-tRNA synthetase 
protein, however no structure has been determined as of yet. Further studies are still 
necessary in this matter. 
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Introduction 
 
Tuberculosis (TB) is a common and often deadly disease caused by the bacteria 
Mycobacterium tuberculosis (M. tb). This disease is responsible for approximately 1.6 
million deaths every year, and infecting one-third of world’s population 1, 2, 6, 8. 
Currently, tuberculosis is treated with several drugs as isoniazid, rifampin, and 
pyrazinamide3, 8. Despite the high effectiveness of these drugs and the current 
improvement in therapeutic administration of these drugs, the disease is still very 
prevalent due to lack of patient compliance as a result of the long period of treatment, 
which is of approximately 6 months 2, 8. Therefore, such conditions have allowed for 
the emergence of multidrug-resistant TB strains, which in turn has created and 
increased the need for the development of new drugs which are specifically targeted 
to the multidrug-resistant TB 1, 8, 16, 24, 28. 
 
Mycobacterium tuberculosis (M. tb) was first discovered in 1882 by Robert Koch, and 
is the causative agent of tuberculosis 23. M. tb is a gram-positive, rod-shaped, 
bacterium characterized by its unusual slow growth, its complex cell envelope and the 
fact that it has the ability to remain latent for a prolonged period of time, which 
accounts for its formidable pathogenic ability 4, 13, 23. Also, it contains an unusual cell 
wall which is rich in mycolic acid, thus creating a waxy coating on the cell surface 
which could be responsible for certain types of resistance, and is also a key virulence 
factor as it  acts as an extra permeability layer 13, 18. It has been shown that 
isoprenoids, which are the largest group of natural products found in organisms, are 
involved in the formation of this barrier and other metabolic functions 1, 14, 26. Given 
its importance, the isoprenoid biosynthesis has been studied with the purpose of 
identifying possible drug targets 7, 8. In pathogenic bacteria, such as M. tb, isoprenoid 
compounds are fabricated exclusively through the non-mevalonate pathway 1, 11, 14, 20. 
 
The non-mevalonate pathway, shown in Figure 1, is an alternative metabolic pathway, 
which results in the formation of isopentenyl pyrophosphate (IPP) and dimethylallyl 
pyrophosphate (DMAPP) 7, 14, 20, 21, 27. These two molecules are the precursor units to 
all isoprenoids, thus the study of the biosynthesis pathway has elucidated possible 
drug targets21. Several enzymes of the pathway have been intensively studied such as 
4-Diphosphocytidyl-2-C-Methyl-D-Erythritol synthase (IspD) and 1-Hydroxy-2-
methyl-buthenyl-4-diphosphate reductase (IspH).  IspD is an enzyme responsible for 
the transfer of cytidine monophosphate (CMP) to 2-C-methylerythritol-4-phosphate 
(MEP) and forming 4-diphosphocytidyl-2-C-methylerythritol (CDP-MEP) 7, 8. IspH is 
the enzyme for the last step of the metabolic pathway, which converts 1-hydroxy-2-
methyl-2-(E)-butenyl-4-diphosphate into IPP and DMAPP 7, 11, 20, 21.  Both of these 
enzymes have been shown to be of enormous importance for organism survival, given 
its metabolic importance, thus makes them optimal targets for drug development. 
Additionally, the fact that these enzymes, along with other non-mevalonate pathway 
enzymes, have no mammalian orthologs provides further attractiveness to the study of 
these enzymes7, 8, 11, 20. However, other target enzymes have been identified outside of 
the non-mevalonate pathway. 
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Figure 1.  Image shows a schematic representation of the non-mevalonate pathway of isoprenoid 
biosynthesis (Eisenreich 2004). The proteins marked in red are the ones which were studied in this 
report.  

 
Another important enzyme which is an attractive target for drug development is the 
Ribonucleotide reductase (RNR). RNR is an enzyme essential for cell viability, as it is 
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responsible for DNA biosynthesis, and the conversion of ribonucleotide diphosphates 
into the deoxyribonucleotides (dNTP), which are required in DNA repair and 
replication 4, 15, 17. RNR is a tetrameric protein with 2 subunits α and β, which are 
referred to as the R1 and R2 subunits respectively (Figure 2) 25. The R1 subunit is 
where the enzymatic and allosteric active site for this protein are located; while the R2 
subunit is responsible for metal binding and generation of radicals necessary for 
enzymatic activity 4, 15, 17, 25. The R1-R2 interaction, responsible for tetrameric 
formation, is caused by the C-terminal EDDDWDF sequence of R2 binding to a 
specific pocket in the R1 subunit, (Figure 3). It has been shown that interfering with 
the R1-R2 interaction can inhibit enzyme activity. 

 
Figure 2. A Schematic representation of the class I ribonucleotide reductase. Larger R1 
subunit is on top, and smaller radical generating R2 subunit at the bottom (Uppsten 2004) 
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Figure 3. View of the binding of the R2 C-terminus EDDDWDF sequence and the R1 site of 
B. salmonella. Image was acquired using Swiss PDB viewer. 
 

Cysteinyl-tRNA synthetase (cysRS) is another protein of interest as a possible target 
for drug development. This enzymatic protein is a monomeric protein member of the 
class I aminoacyl-tRNA synthetase, which catalyze the attachment of amino acids to 
its related transfer RNA molecule 9, 19, 22. It has been shown that its specificity for the 
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substrate cysteine is due to the presence of a zinc ion positioned at the active site 
(Figure 4) 22. It has also been shown, through multiple sequence alignment that this 
enzyme is a highly conserved and essential enzyme in an organism’s development as 
it is a key component in the protein biosynthesis. Therefore, it is speculated that it 
could be a possible target for drug development. 

Figure 4. Coordination of Zn in CysRS the structure. The chelating residues are conserved in the M. 
smegmatis sequence. Zn binding site is highly conserved, and present in the M. tuberculosis, M. 
smegmatis and other organisms. Image acquired through the use of Swiss PDB viewer. 
 
The aim of this project was to produce recombinant M. tb enzymes in order to 
perform functionality studies, inhibition studies and crystallization experiments. More 
specifically the purpose was to elucidate the structural composition of Cysteinyl-
tRNA synthetase, IspD and mutant constructs of IspH enzymes. Additionally, the aim 
of this report was to analyze the functionality and inhibition of the recombinant forms 
of the RNR enzyme. Mutation studies of RNR were done in order to be able to 
confirm the binding and inhibiting properties of a series of compounds. Also, we 
report here the successful crystallization of cysteinyl-tRNA synthetase enzyme. 
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Results 
 
IspH 
Mutations in IspH. 1-Hydroxy-2-methyl-buthenyl-4-diphosphate reductase (IspH) is 
an Iron (III) containing protein which quickly after isolation looses its brown color 
with a simultaneous destabilization and precipitation of the protein. Therefore, 
engineering efforts were directed to resolve this problem. The IspH gene is 1005 base-
pairs (bp) in lengths and it encodes a protein of 363 amino acids, approximately 36 
kDa. A 3D prediction with I-tasser, a program that uses the primary structure as a 
basis to create asecondary structure, indicated the presence of an acid rich cluster 
close to the iron binding site (Figure 5). Therefore mutations were designed to relax 
the supposed repulsion between the negative charges (Table 1). 

Figure 5. As no structure is present in PDB databank for IspH from M. tuberculosis, a 3D model 
prediction of IspH was generated by I-tasser. I-tasser is a program that predicts secondary structure 
from the amino acid sequence of the enzyme.  On the right of the structure is the location of the acid 
rich gluster. 
 
Mutations and test expression. Single point mutations were performed in the 
expression vector pEXP5-CT-TOPO - TA – IspH. This vector contained a truncation 
at amino acid 306 in the C-terminal. Mutations were performed via mutagenesis PCR 
and using specifically designed mutation primers, which anneal to the complimentary 
strand of the desired mutation point; and thus, it introduces the mutation (Table 1). 
Results of mutation PCR were analyzed on a 1% agarose gel (Figure 6). The smears 
of the mutagenesis PCR products presented on the gel image suggest the presence of 
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the desired mutation.  Clones were analyzed with analytical PCR (Figure 7). Positive 
clones were identified as expressing single strong bands of the desired length of 1005 
bp. Then were then tested for expression levels and analyzed by SDS-PAGE. 

A)  

B)  
Figure 6. Gel electrophoresis analysis of mutagenesis PCR results of IspH mutation constructs. A) Gel 
shows the mutagenesis results for IspH 147 construct. B) Gel shows the mutagenesis results for IspH 
constructs 150, 151, and 158. Control used was the original unaltered template plasmid DNA. Smears 
on the gel indicate probable presence of the desired mutation. 
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Figure 7. Image is a representation of IspH analytical PCR analysis on a 1% agarose gel. Negative 
control used was the original unaltered plasmid DNA. The product of the PCR analysis showed show 
single strong bands, which are present along with smears. The bands shown (arrow) are of the 
approximate 1005 bp length indicating the correct orientation and insert of the mutation. 
 
The positive clones were transformed to BL 21-AI cells (Invitrogen), and were later 
tested for expression of the desired IspH mutated protein, as described in the 
experimental methods (Figure8). The SDS-PAGE analysis of the test expression 
performed showed that all IspH mutants were expressing the desired protein, as it was 
visible by a band at approximately 36kDa in Figure 8. Additionally, as a control to the 
IspH protein production, a wild type sample was transformed and tested for 
expression of the protein. 
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Figure 8. Image shows a SDS-PAGE analysis of test expression for IspH mutants. Negative control (-
VE) was uninduced cells from test expression, which should not be expressing the protein. Positive 
control (+VE) was a previous positive expressing clone, which should be expressing the protein. Gel 
image clearly shows that all mutations are actively expressing the cells. 

 
Large-scale fermentation and purification. One positive expression clone for each 
mutation was used for 1 L fermentation. The cell pellet from the 1 L fermentation 
harvesting was weighed, and it showed that the yield was of approximately 2-4 mg/L 
from that cell culture. The protein was separated through Immobilized Metal Affinity 
Chromatography (IMAC), and size exclusion chromatography. Only one mutant 
eluted during the IMAC separation, but did not elute during the size exclusion 
chromatography. The eluted mutant was IspH 147 as can bee seen in Figure 9. The gel 
analysis showed that the protein migrated with as expected, by showing a band 
approximately 36 kDa. However, given that no elution was acquired from the IMAC 
from the other constructs, no further experiments were performed with these 
constructs. Additonally, there was no elution from the size exclusion chromatography 
of the 147 mutant, thus investigation of this protein was suspended. Homogeneity of 
the protein samples were analyzed on a SDS-PAGE and it was found to be that the 
protein samples were around 90-93% pure after IMAC purification. 
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Figure 9. SDS-PAGE IMAC elution analysis of IspH mutants and wild type. Negative control (-VE) 
was uninduced cells from test expression. Only mutation construct 147 and the wild type showed the 
elution of the desired protein. It is unclear as to why the other samples (150, 151, and 158) did not elute 
the protein, even though it was actively expressing it (Figure 8). 

 
 

IspD 
DNA isolation. The 4-Diphosphocytidyl-2-C-Methyl-D-Erythritol synthase, (IspD), 
gene was isolated from M. smegmatis total DNA. The gene is 696 bp long, and it 
codes for a 22.4kDa protein, which has, for bacterial expression and crystallization, an 
attractive property: it contains no Cysteine (cys). The 5’ terminal of the sequence was 
very GC rich, which could interfere with expression levels. Therefore, the isolation 
was performed in three steps. The steps were the original isolation of the desired DNA 
sequence, followed the replacement of certain nucleotides to diminish the high GC 
content, and concluded with the addition of the desired histidine tag. The DNA 
isolation was performed via PCR as describe in the experimental procedures (Figure 
10). Through 2 extra PCRs, a sequence coding for a N-terminal, and a C-terminal 6 
Histidine, and affinity tag were added. 
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Figure 10. A 1% Agarose gel analysis of IspD gene Isolation, observed band is approximately 696 bp.  
Shown is also, an agarose gel electrophoresis analysis of CysRS gene Isolation. The visible cysRS 
isolation band shown is approximately 1500bp which corresponds to the actual 1434bp size of the 
cysRS gene. 

 
Additionally a secondary structure prediction by Jpred revealed that truncation 

at amino acid 22 could be an attractive alternative option. Therefore, a truncated 
construct was generated and attached with a His-tag at the N-terminal. Thus, for the 
IspD study three constructs were created (Table 1).  

Figure 11. Image shows a secondary structure prediction of the IspD original N-terminal Sequence. The 
prediction indicates that alternative starting positions for truncated forms could be at aa 22 or aa 28. 
 
Expression vector construction and test expression. The isolated DNA fragments were 
ligated into the expression vector pEXP5-TOPO-TA, and transformed to Top 10 cells. 
Clones were obtained from the transformation to Top10 cells. Plasmid DNA was 
isolated from 6 clones of each construct and insert was verified by analytical PCR. 
Once the plasmids were confirmed to have the correct sequence (Figure 12), three 
positive clones for each construct were selected and tested for expression of gene 
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product after transformation to the E. coli strain BL21-AI. As shown in Figure 13, all 
the clones were also positive in the test expression test. One noticeable difference was 
that the truncated version of IspD migrated at a different rate and appears at an 
approximate level of 39-40 kDa, which was expected as IspD tends to form a dimer 
(Figure 13). One clone of each construct was selected for the large-scale 
fermentations. 

 
Figure 12. Image is a 1% agarose gel analysis of the analytical PCR product of the IspD truncated 
construct. Agarose gel electrophoresis analysis of cysRS analytical PCR products. Negative control (-
VE) used was the original template plasmid. The image shows a strong single band for cysRS 
analytical at approximate 1434bp, which the expected length. Also it shows a strong visible band for 
IspD truncated, which is the same as for the two full length constructs (C-terminal and N-terminal His-
tag), at approximate 696bp, which is the expected length.  
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Figure 13.  Image represent a SDS-PAGE analysis of full length C-terminal and truncated N-terminal 
His-tag IspD protein. Negative control (-VE) was uninduced cells from test expression. The full length 
C-terminal His-tag showed expression of the protein of the estimated size of 22.4 kDa. The IspD 
trucanted construct, however showed that the protein migrated differently and the band appears at 
approximately 39-40 kDa. 

 
Large scale fermentation and purification. Two full-length clones and one truncated 
enzyme were fermented at 1 L scale. The protein was isolated with IMAC and size 
exclusion chromatography as described in experimental methods. The two full-length 
construct forms migrated with expected elution volumes, but the truncated enzyme 
migrated as dimer and there were also indications on the presence of tetramers (Figure 
14). The protein yield was 5, 5 and 7 mg/L cell culture respectively for the two full-
length and truncated enzymes. The homogeneity was analyzed with SDS-PAGE, 
which showed that the purity of the protein samples were about 95-99% pure. Despite 
the high level of purity, the concentration of the proteins was low. That was 
concluded through the SDS-PAGE analysis (Figure 14), due to the fact that the 
elution bands were not as sharp and brightly defined as in the test expression samples. 
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Figure 14. Image shows a SDS-PAGE analysis of large-scale fermentation samples of IspD C-, N-
terminal and truncated constructs. Negative control (-VE) was uninduced cells from test expression.  
The two full length constructs again showed expected migration and illustrated a band at the desired 
22.4 kDa. Again, as confirmation of the test expression result the truncated form migrated as a dimer 
and is shown presently at approximately 39-40 kDa. 
 
Crystallization. The protein material was concentrated to 10 mg/ml and subjected to 
crystallization trials. Also, CDP and NSB195 were used as additives at 3 and 10 mM 
concentrations. The crystallization trials were performed with the JCSG+, Cryo I/II, 
and Morpheus screens but without success (Appendix A). 
 
Cysteinyl-tRNA Synthetase 
DNA isolation. Cysteinyl-tRNA synthetase (CysRS) gene was isolated from total M. 
smegmatis DNA via PCR. CysRS gene is 1434 bp in length and encodes a 48 kDa 
protein. Only one construct was prepared for this protein (Table 1). PCR isolation was 
analyzed via an agarose gel electrophoresis. A subsequent PCR reaction was done to 
add a Histidine affinity tag to the N-terminal of the protein (Figure 10).  
 
Expression vector construction and test expression. The isolated DNA fragment was 
ligated into the pEXP5-TOPO-TA vector, and then transformed to E. coli Top 10 
cells. DNA plasmids were isolated from 6 colonies. The DNA fragments were later 
used to confirm that the fragment inserted was in the appropriate orientation through 
analytical PCR (Figure 12). At least three positive clones were used to test the 
expression of the desired protein, as seen in Figure 15, after transformation to BL 21–
AI cells as described in the experimental procedures sections.  
 
. 
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Figure 15. Image demonstrates a SDS-PAGE analysis of Cysteinyl-tRNA synthetase clonal test 
expression. Positive expression clones are visible in analysis above of the cysRS protein. Gel image 
shows strong bands at the desired size of 48 kDa, which indicated strogn expression of the desired 
protein. Negative control (-VE) used in this analysis was uninduced cells from test expression. 
 
Large scale fermentation and purification. One positive clone for the CysRS protein 
was fermented at 1 L scale, after which the protein was isolated via IMAC and size 
exclusion chromatography. The SDS-PAGE analysis of the IMAC samples clearly 
illustrates that the protein was eluted, as a band is present in the correct size, however 
the expression is not as strong as in the test expression (Figure 16). The protein yield 
was 2-4 mg/L cell culture. The enzyme migrated with expected elution volumes. 
However, it was clear that the test expression showed a stronger expression than the 
IMAC elution. The homogeneity was analyzed with SDS-PAGE, and purity of the 
protein samples were about 95-99% pure. Despite the high level of purity, the 
concentration of the proteins was low. The elution bands were not as sharp and 
brightly defined as in the test expression samples. However, the concentration was 
high enough to continue with crystallization experiments. 
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Figure 16. Image represents a SDS-PAGE analysis of IMAC elution for Cysteinyl-tRNA synthetase. 
Negative control (-VE) was an uninduced cells from test expression. Positive control was an induced 
test expression sample.  IMAC elution indicates the presence of the protein, but in smaller levels than 
the test expression sample, which was used as the positive control (+VE). 
 
Crystallization The protein material was concentrated to 10 mg/ml and subjected to 
crystallization trials. In order to ensure crystallization, adenosine and cysteine were 
used as additives at 3 and 10 mM concentrations. The crystallization trials were 
performed with the JCSG+, Cryo I/II, and Morpheus screens. Crystals were visible in 
the Morpheus screen under conditions F5, which was composed of 0.12 M 
monosaccharides and buffer 2 solution, and H10, which was composed of 0.10 M 
amino acids and buffer 3 solution (Appendix A). The crystals formed under the F5 
condition showed elongated crystals with sort of broken ends (Figure 17 a), while 
crystals formed in the H10 conditions were sort of amorphous crystals (Figure 17b), 
since they were of round shape with out clear cut edges. However, despite these 
unique features of crystal formations these crystals are hypothesized to be protein 
crystal and not salt crystals. That hypothesis is based on the examination of the 
crystals with a polarizer on top of the microscope lens. Thus, a crystal which contains 
high polar activity would be seen as given off several bands of colors while being 
illuminated with white light, while a protein crystal would not. 
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a) b)  
Figure 17. Crystallization results from Morpheus screen. Left picture, (a), are crystals formed under F5 
conditions. Crystals are elongated with broken ends. Right picture, (b), are crystals formed under H10 
conditions, which have no definite shape as they are round and amorphous. 
 
RNR 
Mutations in RNR. Mutations of the Ribonucleotide reductase (RNR) were aimed at 
confirming the properties of binding and inhibition of a series of compounds, as well 
as the R1-R2 complex interaction. Therefore, in order to aid in fluorescence analysis 
of inhibitory compounds we designed 4 mutations via mutagenesis PCR, and using 
specifically designed mutation primers (Table 1). The mutations were single point 
mutations to change: Arg327 – Ala, Ile660 – Ala, Thr664 – Ala, and Arg669 - Ala.  
These mutations were located in the vicinity, as well as in the sites of interest, those 
being the active site and the R1-R2 binding site. 
 
Mutations and test expression. The desired single point mutations were performed in 
the expression vector pEXP5-TOPO-TA-RNR. Results of mutation PCR were 
analyzed on a 1% agarose gel. The smears of the PCR products presented on the gel 
image suggest the presence of the desired mutation (Figure 18). The mutagenesis 
products were transformed to Top 10 cells. DNA plasmids were isolated from 6 
colonies acquired from the Top 10 cells transformation. Clones were analyzed with 
analytical PCR (Figure 19) to identify positive inclusion of mutation. The results were 
visualized on a 1% agarose gel electrophoresis. The image of the gel showed a single 
band for the analytical results as well as smears (Figure 19). In the analysis of the 
analytical PCR results it was shown that not all clones presented the mutations. The 
clones found to contain the supposed mutations were: 327 – clones 1, 3, 5; 660 – 
clone 1; 664 – clone 3; 669 – clones 1-6. The positive clones were transformed to BL 
21-AI cells. Additionally, the clones were used to undergo test expression to ensure 
safe expression of the protein. Positive clones tested for expression levels and were 
analyzed via SDS-PAGE. It was observed that all the tested clones showed expression 
of the RNR protein (~92 kDa.) 
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A)

 
B)

 
Figure 18. 1% Agarose gel electrophoresis analysis of RNR mutagenesis products. Negative control (-
VE) use was the original unmutated plasmid. Top gel (a): first attempt at RNR mutagenesis, with one 
successful mutation. Bottom gel (b): Second attempt with 3 successful mutations. 
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a)  

b)  
Figure 19. Analytical PCR analysis of RNR mutagenesis after Top 10 cells transformation. Negative 
control (-VE) used was the original unmutated plasmid.  Top gel (a): analytical PCR results of RNR 
327 clones and RNR 660 clones (1-3). Bottom gel (b): analytical PCR results of RNR 660 clones (4-6), 
and RNR 669 clones. 
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a)  

b)  
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c)

 
Figure 20. SDS-PAGE analysis of RNR mutant test expression. The bands corresponds with the 
appropriate size of the RNR protein at ~92 kDa.. Negative control (-VE) used was an uninduced test 
expression sample. Positive control (+VE) used was a previously performed induced RNR sample.  A) 
Top left gel: RNR clones from 327 and 660. B) Top right gel: RNR clones from 669. C) Bottom gel: 
RNR 664 test expression sample, again expression seems to be stronger in the test expression compared 
to large scale expression. 
 
Large-scale fermentation and purification. One positive expression clone for each 
mutation was used for 1 L fermentation. The protein yield was between 2-4 mg/L cell 
culture. The protein was separated through Immobilized Metal Affinity 
Chromatography (IMAC), and size exclusion chromatography. The IMAC elutions 
were analyzed on a SDS-PAGE gel, as shown on Figure 21. As the gel image does not 
show it clearly, but only one mutant did not elute during the IMAC separation, which 
was RNR 660 sample. The eluted samples were then further isolated via size-
exclusion chromatography. The collected fragments were concentrated to 10 mg/ml 
via Vivaspin centrifuge membrane. 
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a)  

b)  
Figure 21. SDS-PAGE analysis of RNR mutant IMAC elution. The visible bands correspond with the 
estimated RNR protein size ~92 kDa. Left gel (a): Shows the IMAC elution results of RNR mutants 
327 and 669. Right gel (b): Shows the IMAC elution results of RNR mutant 669. Negative result (-VE) 
used was an uninduced RNR mutant sample. The positive result (+VE) used was a previous induced 
RNR mutant sample acquired from the test expression analysis. 
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Discussion 
 
As stated before, the aim of this study was to perform functionality and inhibition 
studies for recombinant RNR protein. Additionally, the purpose was to perform 
crystallization experiments for IspD, Cysteinyl-tRNA synthetase (cysRS), and 
recombinant forms of the IspH proteins. Therefore, 12 constructs were generated, 
expressed, and purified. The reason why Cysteinyl-tRNA synthetase, and IspD 
proteins were isolated from Mycobacterium smegmatis, was that while they are high 
similarity the solubility properties for the M .smegmatis strain of these proteins are 
more favorable for crystallization studies. It should be noted that a structure of IspD 
from M. smegmatis has been submitted to the RCSB database; however, the sequence 
seems to be completely different than the one studied in this project. The project was 
successful in the fabrication of mentioned constructs; however the remaining goals 
could not be achieved. Therefore, its overall goal was only concluded for one of the 
constructs. 
 
The results of this experiment indicate that crystallization of CysRS protein was 
successful through the procedures performed, and described in the experimental 
methods section. Despite the successful generation of cysRS crystals, these crystals 
are not yet suitable to undergo x-ray crystallography. Therefore in order to attain 
better crystals in order to determine the structural composition of the protein, a better 
crystallization condition needs to be determined. Also, as it has been clearly shown 
that a zinc cofactor is necessary for the stabilization of the structure of CysRS, then 
perhaps a better expression system which allows for the presence of more zinc ions 
could improve the crystallization experiment results 22. Since the presence of zinc is 
needed for the coordination of the appropriate cysteine amino acid and the overall 
stabilization of the protein, a reduced level of zinc ions during the fermentation 
process would allow for proteins to be denatured resulting in fewer amounts of the 
protein being produced. Therefore, the unstable protein would react with the 
crystallization conditions and either precipitate or not be able to create enough 
contacts to form a stable crystal. Also, the addition of more zinc would counter act a 
hypothesized, loss of some zinc ions in the IMAC purification process. The progress 
for the study of this protein, however, looks promising. The same, however, was not 
the case for the crystallization experiments for the constructs of IspD and IspH.  
Though the fabrication of these proteins was successful, some problems arose in later 
steps of this study.  
 
Recombinant forms of IspH were generated and expressed, however during IMAC 
purification it appeared that some protein was lost in the process. It was thought that 
perhaps some of the mutations performed, in particular mutations at amino acids 150-
158, were of significant importance for the structure of the protein, as proteins with 
these mutations were not separated successfully. This indicates that mutation of one of 
these residues results in the destabilization of the protein, which accounted for the 
results acquired. Most intriguing was the mutation at amino acid 147, which presented 
itself as a viable mutation given the fact that it was eluted from the IMAC procedure. 
However, given the fact that it did not elute from the size-exclusion chromatography 
procedure suggest that it is of structural importance to the protein. However, it is 
unsure exactly how these residues, and their ensuing mutations, really affect the 
overall structure of this protein as no structure for IspH from Mycobacterium 
tuberculosis has been solved. The original hypothesis was that the conversion of these 
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glutamic acid residues into glutamine would stabilize the protein, and it was based on 
a computer generated secondary structure of the protein based solely on its primary 
structure. However, given that the successful separation of these constructs was not 
achieved it may suggest their structural importance to the structure. An alternative 
explanation as for the problems observed during the studies of IspH would possibly a 
buffer interaction problem, meaning that the buffers used for IMAC were not 
appropriate for the IspH protein. Additionally, the perhaps the buffer contained the 
wrong pH for the proteins specific pI, or it’s salt content was to great for the protein. 
These are question which will have to be addressed in this next IspH investigation. 
For the IspD constructs (Table 1), again their production and purification was 
achieved, but their crystallization experiments resulted in no crystal formation. The 
most likely explanation was due to the lack of an optimal crystallization condition. 

 
The recombinant RNR proteins were also successfully produced and purified in this 
study. These constructs were to be subjected to functionality and inhibition assays due 
to the location of their designed mutations as the purpose was to determine how the 
mutations affected their activity profile. The location of such mutations was important 
because two occurred in the active site of the protein amino acids 664 and 669, while 
mutation at amino acid 327 occurred at the entrance of the active site and 660 was 
located in the R1-R2 junction site. Despite their fruitful expression of these 
recombinant proteins some problems arose during the purification. The results of the 
IMAC purification for the RNR mutants showed that no protein was eluted for 
construct RNR 660. This could indicate that the residue was essential for protein 
stability. Therefore, a mutation at that specific site would allow for the destabilization 
of the protein allowing it to be denatured, which would result in no elution of the 
protein during IMAC. The case however was much different for the remaining 
constructs which were successfully eluted from both IMAC and size-exclusion 
chromatography. Still, the concentration for constructs RNR 664 and RNR 327 was to 
low to perform functionality and inhibition assays. While, construct RNR 669 which 
resulted in a concentration of 5 mg/ml did not undergo the remaining assays due to the 
fact that there was no more time to perform these studies. 

 
Crystallization studies of proteins has been a vital component of drug development, 
and it is thought that the use of such methodology on the proteins acquired here (IspH, 
IspD, and CysRS) will allow for better treatment and more potent ways to combat the 
spread of tuberculosis, as it will allow for more specifically targeted drugs. The same 
is applicable for the functionality and inhibition assays used in the characterization of 
the RNR recombinant proteins. However, more time is needed to complete this study 
and determine the validity, and benefit of these studies. 
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Experimental Methods 
 
General. Oligonucelotide sequences (primers) were custom synthesized and 
purchased from Invitrogen. 100 µM stock solutions of primers were prepared with the 
addition of 10mM Tris at pH 8.5. Additionally, 20 µM working solutions of the 
primers was also prepared, again by adding 10mM Tris pH 8.5. The TOPO-TA 
cloning kit was also obtained from Invitrogen.  Additionally, E. coli cells Top 10, XL-
10, and BL 21-AI were purchased from Invitrogen. 
 
Plasmid Constructs. Several plasmid constructs were generated in this study, and they 
are summarized in Table 1. Plasmids were created through PCR reactions utilizing the 
primers designed, shown in table 2, and the protocol for Mutagenesis or DNA 
isolation PCR. 
 
Table 1. Constructs produced and investigated in this study. 

*CysRS is the abbreviation of Cysteinyl t-RNA Synthetase. 

Constructs Characteristics 
IspH 147  Mutant: Glu147 – Gln  
IspH 150 Mutant: Glu 150 – Gln 
IspH 151 Mutant: Glu 151 – Gln 
IspH 158 Mutant: Glu 158 – Gln 
RNR 327 Mutant: Arg327 – Ala  
RNR 660 Mutant: Ile660 – Ala 
RNR 664 Mutant: Thr664 – Ala   
RNR 669 Mutant: Arg669 - Ala 
CysRS* Full length, with a C-terminal His-tag** 
IspD1 Full length, with a C-termianl His-tag** 
IspD2 Full length, with a N-termianl His-tag** 
IspD3 Truncated till amino acid 22, and N-terminal His-tag** 

**His-Tag is the abbreviation of Histidine Tag. 
 
Primer Design. Oligonucelotide sequences were designed with the intent of either 
generating a mutant construct, or simply isolating and inserting a 6x Histidine Tag. 
The description and sequence of the designed oligonucleotides are described on Table 
2. Primers were designed to introduce a single point mutation, or isolate a specific 
gene by annealing with the complementary strand of the template DNA. They were 
acquired from Invitroegn. 
 
Table. 2. The oligonucleotides used in this project 
Designation 5’-3’ Sequence 
IspH  
IspH 147 ATCTTGCTGATCGGTCATCAGGGCCACGAGGAAGTCGTC 
IspH 147a ATCTTGCTGATCGGTCATC 
IspH 150 ATCGGTCATGAGGGCCACCAGGAAGTCGTCGGTACTGCTG 
IspH 150a ATGAGGGTCATGAGGGCCACC 
IspH 151 CGGTCATGAGGGCCACGAGCAAGTCGTCGGTACTGCTGGG 
IspH 151a CGGTCATGAGGGCCACGAGC 
IspH 158 GAAGTCGTCGGTACTGCTGGGCAAGCTCCCGATCATGTGCAG 
IspH 158a GAAGTCGTCGGTACTGCTGGGC 
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RNR  
RNR 327 CACCAAGATCAAGGCAGCTGAGTTCTTCCAGACGCTG 
RNR 327ana CACCAAGATCAAGGCAGCT 
RNR 660 GACGTGAACAAGGCGCAGGCTTACGCCTGGCGCAAGG 
RNR 660ana_rev CCTTGCGCCAGGCGTAAGC 
RNR 664 GCGCAGATTTACGCCTGGGCTAAGGGGATCAAGACGCTG 
RNR 664ana_rev CAGCGTCTTGATCCCCTTAGC 
RNR 669 CTGGCGCAAGGGGATCAAGGCTCTGTACTACATCCGGCTG 
RNR 669a CAGCCGGATGTAGTACAGAGC 
CystRS  
Cys 1 ATGGCTACCGATCGCGCTCAAGCTGTC 
Cys 2 ATGGCTCATCATCATCATCATCATACCGATCGCGCTCAAGCTGTC 
Cys 3 (rev) CTATTACTTGTCCCGCTCTATCAG 
IspD  
Smispd 1 GGCTCTGGTGAGCGGCTGCG 
Smispd 2 GTAGTTCCAGCTGCTGGCTCTGGTGAGCGGCTG 
Smispd 3 ATGGCTACTGTTGCTGTAGTTCCAGCTGCTGGCTC 
Smispd 4 ATGGCTCATCATCATCATCATCATGCTACTGTTGCTGTAGTTCC 
Smispd 5 ATGGCTCATCATCATCATCATCATCCGAAAGCATTCGTGACACTG 
Smispd 6 (rev) CTCGGCGAGCACGAGATCCAGCGGTGTG 
Smispd 7 (rev) CTAAGCTCCACGAGCAAGAACAGCCTCGGCGAGCACGAGATCC 
Smispd 8 (rev) CTAATGATGATGATGATGATGAGCTCCACGAGCAAGAACAG 
  
Mutagenesis PCR. Mutant constructs were generated via mutagenesis PCR, using a 
Invitrogen QuickChange Mutation Kit. A 25 µl reaction was composed of 0.5 µl of 
template sample, and mutation primers. Additionally, the reaction consisted of 1 µl of  
100 mM dNTP, and of the QuickChange Multi enzyme blend, along with 2.5 µl 10x 
QuickChange Multi reaction Buffer, and water. The reaction was a standard 
mutagenesis protocol with a 2 minute denaturation period at 95oC, which was 
followed by a 30 cycle repeat of denaturing, annealing, and extension at 95oC, 60oC, 
and 65oC. The length of each step was 1 minute, with the exception of the extension 
step which was held at 65oC for 2 min/kb of plasmid. In a mutagenesis PCR reaction, 
a single point mutation is introduced via designed mutation primer which anneals to 
the complimentary strand of the desired mutation, and the new sequence is then 
replicated through the cycles by the polymerase. PCR products were digested with 
DpnI to digest paternal DNA.  
 
Isolation PCR. DNA fragments were isolated via PCR. The reaction was composed of 
200 µM dNTP, 0.04 µM forward and reverse primer, 2.5 U/µl of PfuUltra 
(Invitrogen), 2.5 µl 10x PfuUltra bufer, and water to a final 25 µl reaction volume. 
The PCR program was similar the mutagenesis PCR program, with two 
modifications: a reduction in number of cycles from 30 to 25, and the addition of an 
extra extension at 72oC for 10 minutes. After isolation, products, which were strong 
single bands seen on the gel, were cut from the agarose gel, and ligated to pEXP5-
TOPO-TA vector. 
 
Analytical PCR. Analysis of correct insertion was performed via analytical PCR. The 
protocol was standard for a 25 µl reaction. The reaction was composed of 200 µM 
dNTP, 0.4 µM of forward and reverse primer. The primers used were in accordance to 
the desired identification (Table 2). Also, 25 µl reaction included 2.5 µl of 10x Taq 
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buffer, 20.3 µl water, and 0.04 U/µl Taq. The PCR program was a standard program 
with an initial denaturing step of 2 minutes at 94oC. This was followed by a 
denaturing and annealing for 1 minute, and extension steps for 2 minutes at 94oC, 
60oC, and 72oC respectively, additionally, a final extension at 72oC for 2 minutes. 
 
Transformations. 1-3 µl of the desired DNA was added to the thawed chemically 
competent E. coli cells, and incubated on ice for 5 minutes. DNA-cell mixture was 
heat shocked at 42oC for, either, 40, 30 or 25 seconds depending if the cells were Top 
10 cells, XL-10 gold or BL 21-AI cells, respectively. 100 µl LB was added in order to 
enable to spread on a LA-Ampicillin (50 mg/ml) plates, and then incubated at 37oC 
over night. 
 
Gel Electrophoresis. Isolation, mutagenesis, and analytical PCR products were 
analyzed on a 1% Agarose gel, with a current of 100 w/v. The 1% Agarose gel was 
the most commonly used concentration, and it was composed of 1 g of agarose 
dissolved in 100 ml 1x TAE, which is composed of Tris-acetate buffer of pH 8.0 and 
EDTA, along with 6 µl of Ethidium Bromide (EtBr). 
 
Test expression and Large scale expression. Test expression consisted of a 5 ml LB + 
Amp (50 mg/ml) inoculate incubated at 37oC until the optical density at wavelength 
600 nm (OD600) ~ 1. A 500 µl sample was saved. Expression was induced by the 
addition of L - arabinose to a final concentration of 0.2% (2 mg/ml), and incubated for 
2-3 hours at 37oC shaking at 50 rpm. A 250 µl sample was saved and analyzed on a 
SDS-PAGE. Large scale expression consisted of a 1 L Media ( 0.2 ml LB + 0.8 ml 
M9), and it was complemented with 20 ml 20% glucose, 2 ml 1M MgSO4, 100 µl 1M 
CaCl2, and 1 ml 50 mg/ml Ampicillin. The inoculum composed of 20 ml LB, 20 µl 
50 mg/ml Ampicillin and 100 µl culture from test expression at an OD600 ~1, was then 
added to the expression media. The expression media was incubated at 37oC until 
OD600 ~0.5-1. A 500 µl sample was used for SDS-PAGE analysis. Expression was 
induced with 2 g of L - arabinose. Additionally, necessary cofactors were added to 
their respective proteins: Iron (III) for IspH, and zinc for Cysteinyl-tRNA synthetase. 
Expression was induced for 3-4 hours after induction at 37oC, shaking at 85 rpm, and 
a 250 µl sample was taken for SDS-PAGE analysis. Approximately, 2-4 mg per liter 
of cells was harvested. Cell harvesting required for the 1 L culture to be centrifuged at 
4000 rpm for 20 minutes, and re- suspended in 20 ml 1xSSP then centrifuged at 
2600xg and stored at -20oC. 
 
Purification of constructs. Harvested cells were suspended in 2-5 ml lysis buffer: 50 
mM NaH2PO4, 300 mM NaCl, 10 mM imidazole, and 10% (v/v) glycerol and a pH of 
8,0. The solution was complemented with 50 mg/ml lysozyme, 0.02 mg/ml Dnase I 
and 0.01 mg/ml Rnase A. Cells were disrupted via Constant Cell Disruptor (Constant 
System Ltd.), which was operated at 250 MPa.  Centrifugation at 10,000xg for 20-30 
minutes provided a cleared lysate, of approximately 10 ml, which was then used to 
separate the enzyme with Ni-NTA agarose (Quiagen) affinity chromatography, 
through the interaction of the His-tag and the chelated Ni2+ in the column. Size-
exclusion chromatography was performed on a Hi-Load 16/60 Superdex 75 column  
for IspH, IspD, and cysRS; while, RNR constructs were purified on a Hi-Load 16/60 
Superdex 200 column. This procedure was performed using the Äkta prime system. 
The columns had been equilibrated with a Superbuffer, which consited of 100 mM 
Hepes, 200 mM Na2SO4, 10 mM NDSB, 14 mM BME, 1 mM EDTA, 0. 2% azide, 
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and had a pH of 9.0-9.2.  The elution was collected in  2 ml fractions, of which the 
ones containing the proteins were pooled together and concentrated to 20 mg/ml by 
filtration in a Vivaspin concentrator (Vivascience).  The concentration of the elutions 
was measured in a nano-drop. 
 
SDS-PAGE. Analysis was performed with a Phast Electrophoresis system from 
Amersham Pharmacia using a 12.5% homogenous polyacrylamide gel. Cell pellets 
were resuspended in 50 µl 1x SB, heated to 95oC for 5 minutes, vortexed for 20 
seconds to break the DNA, and centrifuged at 13xg, on a table top micro centrifuge, 
for a minute. IMAC elution were mixed with 5x SB, and heated at 95oC for 5 minutes, 
and centrifuged at 13xg, on a table top micro centrifuge, for a minute. Gels were fixed 
in with 10 ml of fix solution 30% Ethanol, 10% Acetic acid for approximately 12 
seconds, and stained with Coomasie Blue and destained with deionized water.  
 
Crystallization of CysRS and IspD constructs. Crystallization screens were setup in a 
96-well plate, using a robotic machine to deliver the correct mixture of solution and 
protein. Additionally the screens were incubated at 25oC with a protein solution (20 
mg/ml) and precipitant from 3 crystalliztion screens:  JCSG+ suite (Qiagen), 
Morpheus, and CryoI/II (Emerald BioSystems). The drops for the crystallization 
screening were set to be approximately 1 µl at a ratio of 1:1 (buffer to protein), which 
were acquired form a reservoir of 70 µl. 
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Appendix A 
Crystallization Screen Conditions: 
JCSG+ (Qiagen) 
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Morpheus 
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Buffer solutions: Buffer 1: 1.0 M Imidazole; Sodium Cacodylate; MES (acid); Bis-tris, pH 6.5. Buffer 2: 1.0 M 
Sodium Hepes; MOPS (acid), pH 7.5. Buffer 3: 1.0 M Tris (base), Bicine, pH 8.5 
Cryo I/II (Emerald BioSystems) 

Cryo I 
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Cryo II 

 37



 

 38


	exjobbsframsida-ibg2
	oliveira.felipe.report1

