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ABSTRACT 

Purine and pyrimidine bases are central precursors of DNA and RNA and their intracellular 

concentration is balanced by three pathways- de novo, salvage and catabolic pathways. Uracil 

catabolism pathway has been found in several bacteria and in some fungi (including yeast). 

Seven genes, URC1-7 have been found to be involved in this novel pathway. There are two 

“unknown genes” in the yeast Saccharomyces (Lachancea) kluyveri, namely URC1 and 

URC4, which play a central role in this pathway and their exact function remains a mystery.  

In this project, two S. kluyveri genes, URC1&URC4, were over-expressed in the bacterial 

system and successfully purified. Our preliminary functional assay showed that uridine 

monophosphate (UMP) is a likely substrate for Urc1p at pH 7, 25ºC. It was shown clearly that 

both uracil and uridine were not the substrate for Urc1p.We tried to phosphorylate chemically 

synthesized ribosylurea (RU) using Drosophila melanogaster deoxyribonucleoside kinase and 

compared the activity between phosphorylated and non- phosphorylated RU at different 

conditions. Phosphorylated ribosylurea seemed to be a likely substrate for Urc4p at pH 7, 

37ºC. 

Keywords: Uridine monophosphate (UMP), ribosylurea (RU), uracil catabolism. 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Study on yeast enzymes Urc1p and Urc4p in a novel uracil catabolic 

pathway (URC) 

Popular science summary 

Dineshkumar Kandasamy 

 

Purines and pyrimidines are important constituent of nucleic acids and they are called 

building blocks of DNA and RNA. The cell has to maintain proper balance among nucleotides 

for normal growth and metabolism. The nucleosides or nucleotides are made continuously 

inside the cell and recycled by three interacting pathways, 1) de novo 2) salvage and 3) 

degradation pathways. My study focused on uracil catabolic pathway, one of the four 

catabolic pathways for pyrimidine known so far. Uracil catabolism pathway is found in 

several fungi (including yeast) and bacteria. 

The yeast Saccharomyces (Lachancea) kluyveri has been used as the model organism to study 

pyrimidine degradation via URC pathway. It is one of the several yeasts that degrade purines 

and pyrimidines. However, the baker’s yeast Saccharomyces cerevisiae cannot degrade 

pyrimidines. Seven genes have been identified, URC1-7 to be involved in this pathway. The 

functions of several genes in this pathway have been characterized before. There are two 

crucial genes in this pathway, URC1 and URC4, which is highly up regulated when grown in 

uracil as the only nitrogen source. These two genes are regulated by a transcriptional factor, 

Urc2p. However, the exact functions of these genes are not clearly known. The function of 

Urc4p is completely unknown whereas Urc1p shares some similarity to GCHII (guanine 

cyclohydrolase II) which cleaves guanine ring in riboflavin biosynthesis. 

The main objective of this research work was to identify the function of these two genes in the 

URC pathway. To do this, two genes were first sub-cloned in different vectors containing two 

different affinity tags; His- tag and GST- tag for protein purification. The E.coli host system 

was used to produce soluble recombinant proteins. From the preliminary functional assay 

results, Urc1p was shown to cleave uridine monophosphate (UMP). Also, phosphorylated 

ribosylurea (RU) could be the likely substrate for Urc4p.  
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1. INTRODUCTION 

Purine and pyrimidine bases are supplied continuously to the growing cell via different 

metabolic pathways. The flux is controlled by proper balance in the three interacting 

pathways, 1) de novo, 2) salvage and 3) degradation pathways. The enzymes involved in the 

anabolic and the salvage pathways seem to be well conserved and universal. However, there 

are several genes and enzymes in the degradation pathway yet to be characterized (1). 

 

Figure 1: Pyrimidine metabolism in general. The de novo synthesis of UMP is carried out by glutamine, ATP 

and CO2. The synthesized UMP is converted into UTP, TTP& CTP and used in building of DNA and RNA 

molecules. Extracellular uptake of uracil is a source for salvage pathway. The catabolism of uracil takes place 

via reductive, oxidative, rut and URC pathways, described so far. The end product is the release of NH3, CO2 

and other small molecules. 

Several microorganisms cannot catabolize pyrimidines and they depend on other available 

nitrogen sources. So far, four degradation pathways have been reported to date- reductive, 

oxidative, rut and URC. The degradation of pyrimidines in majority of microbes is carried out 

primarily by reductive pathway while oxidative pathway is limited to a very few strains. Both 

these pathways use uracil and thymine as its initial substrate. Reductive pathway is found in 

most prokaryotes and eukaryotes. This pathway is the most studied because of its importance 

in human disease (2). It involves sequential action of three enzymes, namely- 

dihydropyrimidine dehydrogenase (DHPDHase), dihyropyrimidinase (DHPase) and β-

ureidopropionase (BUPase). The first enzyme DHPDHase or Pyd1p converts uracil into 

dihydrouracil and is missing in yeasts (3). Pyd2p or DHPase converts dihydrouracil (DHU) 

into β-ureidopropionate, which is then hydrolyzed by Pyd3p (BUPase) into β- alanine, 

ammonia and CO2 (1, 4). It has been shown that the yeast Saccharomyces (Lachancea) 

kluyveri can degrade DHU and other intermediates of the reductive pathway (4). Interestingly, 

the baker’s yeast S. cerevisiae which is a distant relative of S.kluyveri cannot use uracil and 

other intermediates of reductive pathway as the sole nitrogen source for its growth (4).  
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Figure 2: Reductive catabolic pathway of uracil. Three enzymes DHPDHase, DHPase, BUPase convert uracil 

into β- alanine, ammonia and CO2. PYD1, PYD 2 and PYD 3 are the corresponding genes, respectively. 

Oxidative pathway has been reported to be limited to a few bacteria where uracil is first 

oxidized to barbituric acid and then hydrolyzed into ureidomalonic acid by barbiturase. The 

hydrolysis by ureidomalonase gives urea and malonate which can be further hydrolyzed into 

ammonia and CO2 (5).  

 

Figure 3: Oxidative uracil degradation.  

 

The third, rut pathway is found in E. coli K12 where b1012 operon consists of seven ORFs 

coding for enzymes involved in this pathway. It has been shown that E. coli genome lacks 

genes for oxidative and reductive catabolic pathways. Uracil is catabolized into 3- 

hydroxypropionate which is then excreted as the waste product from the cell. Ammonia is 

released in this pathway through several spontaneous and enzymatic reactions (6). 
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1.1. S. kluyveri – THE MODEL ORGANISM 

The studies on the URC pathway have been done in the yeast S. kluyveri. It is a distant 

relative to S. cerevisiae and these two lineages separated 100 million years ago (7). Unlike 

other Saccharomyces species, S. kluyveri can use uracil and other intermediates of reductive 

pathway as the sole nitrogen source and it can degrade uracil via “the novel” URC pathway. 

Many genetic methods for S. cerevisiae can also be used in S. kluyveri with little or no 

modifications. Also, plasmids from S. cerevisiae can be replicated and maintained in S. 

kluyveri. Additionally, several protocols have been designed in our lab enabling genetic 

manipulation of S. kluyveri. All these properties make S. kluyveri, a useful model to study 

nucleic acid precursor metabolism. 

 The absence of DHPDHase, the enzyme necessary for the first step in reductive pathway, and 

the absence of the oxidative pathway genes in S. kluyveri genome, strongly suggests that there 

exists a new pathway for uracil degradation (1).  

1.2. URC PATHWAY 

Through several EMS (ethane methyl sulfonate) mutagenesis and complementation 

experiments performed in our lab, seven genes, URC1-7, were identified. URC genes are also 

found in fungi and in a variety of bacteria as well (1). 

In the URC pathway, the final product is reported to be 3- hydroxypropionic acid and 

ammonia. The starting substrate is unclear and could be either uracil or uridine. However, 

URC6 coding for uracil phosphoribosyl transferase indicates that the first substrate is likely 

phosphorylated. URC3,5 which is homologous to S. cerevisiae urea amidolyase involved in 

the last step cleavage of urea into ammonia and CO2. Two genes, URC1 and URC4 are highly 

induced in the presence of uracil and they are believed to play a central role in the URC 

pathway. Their exact function is still unclear.Urc2p is the likely transcriptional factor and 

strongly regulates the expression of URC1 and URC4 (8). It has been shown that URC6 is 

always found next to URC1 and URC4 in the genome (1). 

Figure 4: The proposed URC pathway for uracil degradation. The final product is released as ammonia and CO2. 

3-hydroxypropionate is excreted as a waste product from the cell.  Urea and ribosylurea have been reported as 

intermediates. The exact function of URC1 and URC4 is unclear. Urc1p is believed to open the ring structure. 

Urc4p might be involved in degradation of the product of Urc1p. 

*- phosphorylated or not, R- ribose  
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1.3. URC1 and URC4 

URC1 and URC4 have been found in many fungal and bacterial species (1). Interestingly, no 

organism has been reported containing only one of the two genes. This indicates that their 

functions are connected. However, these genes have not been identified in higher eukaryotes 

and archaea (1).  

The sequence alignment result shows that part of Urc1p exhibits a similarity with the catalytic 

domain of GTP cyclohydrolase II (GCHII). GCHII uses GTP as the substrate and catalyzes 

the first step in the synthesis of riboflavin. The structure of GCHII contains Zn
2+

 and Mg
2+

 

atoms in the active site along with GTP analog (9). Comparison of GCHII and Urc1p clearly 

shows that the most conserved residues are located in the active site. But still, the large 

portion of the two proteins differs a lot. The C-terminal homology gives a hint that Urc1p 

substrate is phosphorylated. UTP predicted to be the likely substrate as the residues stabilizing 

the triphosphate are conserved in Urc1p (2).  

 

 

Figure 5: Comparison of the active sites of simulated model of Urc1p and E. coli GCHII. E. coli GCHII is shown 

here and GTP analog, GMPCPP is shown in the middle. Purple: conserved residues in both Urc1p and EcGCHII, 

involved in substrate binding. Green: non- conserved residues but involved in substrate binding. White: Mg
2+

 

atom. Cyan: Zn
2+

 atom. The top view is shown on left hand side and side view on right hand side. The analysis 

shows that most residues in active site are conserved thus opening the possibility that phosphoribosylated uracil 

derivative as a putative substrate. This picture is taken from Gorm Andersen Ph.D. Thesis (2). 

URC4 codes for an “unknown” enzyme with no similarity with any known functional protein. 

An attempt has been made previously in our lab to identify the substrate of SkUrc4p in urc4 

mutants. Two S. kluyveri urc4 mutants were grown in medium containing uracil, labeled with 
14

C2 and the supernatant from the lysed cells has been analyzed by HPLC. Two peaks have 

emerged, not identical to any of the reference compounds (uracil, uridine, uridine 

monophosphate (UMP), uridine diphosphate (UDP), uridine triphosphate (UTP), urea and 
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other known intermediates. In addition, chemically synthesized ribosylurea (RU) has also 

been analyzed as a reference. The result has shown the presence of ribosylurea in urc4 cells. 

But the experiment did not say much about the phosphorylation state of the identified 

ribosylurea. Ribosylurea could be a true intermediate or spontaneously formed from a true 

intermediate as a result of several successive transformations (10). 
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2. AIM 

The aim of my Master degree project was to over-express and purify the gene products of two 

“orphan” genes, namely URC1 and URC4, in order to determine their structure and function. 

For this purpose, two different systems were used; the common E. coli system and the S. 

kluyveri system recently developed in our group. Different vectors (containing His-tag and 

GST-tag) were tested for optimal conditions for large scale protein production and structure 

determination. SkUrc1p and SkUrc4p were checked for their activity with several putative 

substrates. Also, an attempt was made to phosphorylate chemically synthesized ribosylurea 

using Drosophila melanogaster deoxyribonucleoside kinase (DmdNK) for testing the Urc4p 

activity.  
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3. MATERIALS AND METHODS 

3.1 MEDIA AND BUFFERS USED 

LB medium: NaCl 4g, Yeast extract 5g, peptone 10g, pH was adjusted to 7.4 

YPD (1l): Yeast extract 5g, peptone 10g, Glucose 20g, Bactoagar 20g (for solid plates), pH 

6.2 

SD minimal media (1l): Succinic acid 10g, NaOH 6 g, Glucose 20 g, Bactoagar 20g, YNB+ 

(NH4)2 SO4  (5g/l) 

M9 minimal media (1l): 200 ml M9 salt solution (56.4 g/l), 20 ml 20% glucose, 1ml MgSO4 

1M, 0.3ml CaCl2 1M, 1ml biotin (1mg/ml), 0.1 ml thiamine (10mg/ml), 10 ml trace element 

solution 

Trace element (100 X): EDTA 13.4 mM, FeCl3-6H2O 3.1 mM, ZnCl2 0.62 mM, CuCl2-2H2O 

0.076 mM, CoCl2-2H2O 0.042 mM, H3BO3 0.162 mM, MnCl2-4 H2O 0.008 mM- EDTA was 

first dissolved in 800 ml of water, pH 7.5 and other components were added  

STM buffer: Sucrose 270 mM, Tris-HCl 10mM pH 7.5, MgCl2 1mM, stored at 4ºC 

Tris-glycine buffer: Tris base 15.14 g, glycine 93.84g, pH 8.3 

1 X PBS/ binding buffer (GST column): NaCl 140 mM, KCl 2.7 mM, Na2HPO4 10 mM, and 

KH2PO4 1.8 mM, pH 7.3. 

Elution buffer (GST column): Tris-Cl 100 mM, reduced glutathione 10 mM, pH 8. 

Binding buffer for His-tag protein: Tris-Cl 20 mM, Imidazole 10 mM, NaCl 150 mM, pH7.4 

Elution buffer for His-tag protein: Imidazole 300 mM, Tris-Cl 20 mM, NaCl 150 mM, pH 7.4 

Thrombin cleave buffer: for 4 ml buffer 3800 µl 1X PBS, 200 µl of 1U/µl thrombin protease 

Solvent for TLC: Butanol, Acetone, H2O in ratio 2:1:2 

Detection spray: 8 ml of methanol, 1 ml of 96% ethanol, 0.5 ml concentrated H2SO4, 0.5 ml 

anisaldehyde 
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Table 1: Yeast, plasmids and different competent cells used in my work 

Strains Comments 

 

Origin 

Y057 Diploid, prototroph 

 

Lab collection 

Y090 MATα, thr 

 

Lab collection 

Y1156 MATα, urc1, thr 

 

Y090 

 

Vectors Comments 

 

Origin 

pGEX 2T (P239) 

N-terminal Glutathione S 

transferase (GST) tag 

with thrombin cleavage 

site 

 

Lab collection 

P924 
Legionella URC1fused to 

N-terminal His-tag 

 

pET151/TOP10 

P928 
SkURC4 with N-terminal 

His-tag 

 

pET151/TOP10 

P926 
SkURC1 fused with N-

terminal GST tag 

 

pGEX2T 

P1023 

SkURC1 with C-terminal 

His-tag fused to TPI1 

promoter 

 

P300 with SkTPI1 

‘Y’ stands for lab yeast strain collection and ’P’ for plasmid 

The genes URC1 & URC4 were amplified from the genomic DNA of sequenced strain 

Y057.pET151/ D-TOPO
®vector was used to add polyhistidine-tag to URC1 & URC4. The 

cloned vector was later transformed into Oneshot
®
TOP10 chemically competent cells and 

pGEX2T was selected to tag URC1 with glutathione S-transferase (GST). One Shot® BL21 

Star™ (DE3) was used to over- express proteins of all vectors containing URC1 & URC4.  

Y1156 which is urc1 was used to transform P1023 containing His-tagged SkURC1 fused to 

SkTPI1 promoter. Overall, several vectors containing URC1&4 from S.kluyveri and 

Legionella were transformed in One Shot
®

BL21 Star™ (DE3) and checked for over- 

expression.  

https://wasatch.biochem.utah.edu/chris/links/pet151dtopo_map.pdf
https://wasatch.biochem.utah.edu/chris/links/pet151dtopo_map.pdf
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3.2. AMPLIFICATION OF URC1 & URC4 

The genes URC1&URC4 from Saccharomyces kluyveri were amplified from the genomic 

DNA of Y057 for heterologous protein expression. The primers P1, P2 & P5, P6 (Table 3) 

were used for amplifying URC1 gene with EcoR1 restriction site for pGEX-GST and CACC 

overhang for pET151/ D-TOPO
®
(N-terminal His-tag) cloning respectively. Primers P3 & P4 

(Table 3) were used for amplifying URC4 with CACC over hang for directional cloning in 

pET151/ D-TOPO
®

. The PCR products were purified by using GeneJET
TM

 PCR Purification 

Kit. 

 

The PCR program in table 2 was used for all gene amplification reactions. 

 

Table 2: PCR programs used for gene amplification and colony PCR. 

 

PCR type Reaction mix PCR program/ 30 cycles 

Gene 

amplification 

Primers (FW &BW)- 10+10 µl 

HF buffer- 10 µl 

Phusion® DNA Polymerase 

(Thermo scientific)- 0.2 µl 

dNTPs- 0.4 µl 

Template- 0.1 µl 

dH2O- 19.3 µl 

Initial denaturation- 98º, 30 s 

Denaturation- 98º, 10 s 

Annealing- Tm+5ºC 

Extension- 72º, 30s/kb 

Final extension- 72º,10 min 

Colony PCR Primers (FW &BW)- 10+10 µl 

10X dream taq buffer - 10 µl 

DreamTaq™  DNA Polymerase- 

0.2 µl 

dNTPs- 0.4 µl 

Template- 3 µl 

dH2O- up to 50 µl 

Initial denaturation- 94º, 10 min 

Denaturation- 94º, 50s 

Annealing – Tm-5ºC 

Extension- 72º, 1 min/kb 

Final extension- 72º, 7 min 

For yeast colony PCR, cells were pre-treated with 0.02 M NaOH and for E. coli cells were added directly to the 

PCR mix as a template. 

3.3. CLONING OF URC4& URC1 in pET151/pGEX2T VECTORS 

The freshly purified PCR products of URC1 & URC4 were added to the ligation mix 

containing TOPO vector (molar ratio 2:1 respectively) and incubated at room temperature for 

5 minutes. The reaction mix was placed immediately on ice. For transformation in 

Oneshot
®
TOP10 chemically competent cells, 3 µl of TOPO cloning reaction mix was used 

and added to one vial of TOP10 competent cells. The reaction was mixed gently and 

incubated in ice for 30 minutes. To facilitate transformation, heat shock treatment was given 

at 42˚C for 30 seconds and was transferred immediately to ice without shaking. Later, 250 µl 

of S.O.C medium was added to each vial and incubated at 37ºC for 1 hour. After that cells 

were spread on LB containing 100µg/ml of ampicillin and grown at 37º C. The cloning of 

SkURC1 with GST tag was done using P239 vector. The vector was first linearized with 

EcoR1 and fresh PCR product was also digested with the same restriction enzyme. 

 

https://wasatch.biochem.utah.edu/chris/links/pet151dtopo_map.pdf
https://wasatch.biochem.utah.edu/chris/links/pet151dtopo_map.pdf
https://wasatch.biochem.utah.edu/chris/links/pet151dtopo_map.pdf
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Table 3: List of primers used in cloning experiments 

Primers Name Sequence 5´------ 3´ 

P1 SkURC1 FW-

GST 

CCGGAATTCATATGTCCCCTATTGCTGTTA

CC 

P2 SkURC1 BW-

GST 

CCGGAATTCTTAGACGTCATTCCACGTTC 

P3 SkURC4 FW CACC ATGACAGTTGATAACCCAGTATCC 

P4 SkRC4 BW TCAAAAAACTGTACC 

P5 SkURC1 FW-His CACC ATGTCCCCTATTGCTGTTACC 

P6 SkURC1 BW- His TTATTATTTGACGTCATTCCACGTTC 

*primers P1 & P2, restriction site GAATTC was introduced for EcoR1 digestion for pGEX2T cloning.         

*primers P3, P5 CACC overhang was created for directional cloning in pET151 vector.  

The linearized vector and blunt end purified PCR product were ligated and transformed in 

One Shot® BL21 Star™ (DE3) chemically competent cells. Overnight grown cells were later 

picked for analysis by colony PCR and restriction digestion. 

3.4. CONFIRMATION BY COLONY PCR AND RESTRICTION DIGESTION 

Single big colonies were picked randomly from LB plates and analyzed via colony PCR as 

described in Table 2. The colony PCR employed different combination of primers like 

forward cloning primer with reverse plasmid primer and vice versa for checking directional 

clones. All PCR products were checked for the correct size of insert in 0.8% agarose gel 

electrophoresis. For E.coli, ‘dip colony’ was generally used as a template without pre-

treatment. 

Restriction analysis of plasmids isolated from the colonies confirmed by colony PCR was 

done to double check the correct insert and also to see the rest of the plasmid was complete. 

For this, FastDigest® restriction enzymes (Fermentas) were used and reaction components 

were mixed according to the user manual. The reaction was verified by running in 0.8% 

agarose gel. After colony PCR and restriction analysis, the plasmids were sent for sequencing 

in Euorfins MWG operon, Germany. ‘P’ number was later assigned to all plasmids and freeze 

culture was made by adding sterile glycerol to a final concentration of 25% and stored at        

-80ºC. 
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3.5. TRANFORMATION OF VECTORS INTO One Shot® BL21 Star™ (DE3) 

The plasmids containing URC1 & URC4 were isolated form Oneshot
®
TOP10 cells by using 

GeneJET™ Plasmid Miniprep Kit from Thermo scientific. The isolated plasmids were used 

for heterologous protein expression in One Shot® BL21 Star™ (DE3) chemically competent 

expression system. Approximately 10 ng of plasmid DNA was added to one vial of competent 

cells for each transformation. The reaction mix was tapped gently and incubated in ice for 30 

minutes. The reaction was proceeded in series of steps described on page 6 of Invitrogen user 

manualMAN0000662.  

3.6. TRANSFORMATION OF P1023 INTO Y1156 

The shuttle vector P1023 containing SkURC1 fused to SkTPI1 promoter was also used for 

over-expression of gene of interest (Appendix 2C). Y1156 (urc1) was chosen as an expression 

system. Over-night grown Y1156 in 5 ml of YPD was diluted to three different concentrations 

to get OD600 equal to 1 the next day. The cells were harvested twice in 2 ml Eppendorf tubes 

at 3500 rpm for 5 minutes. The pellets were re-suspended in a freshly made 25/50mM of 

DTT/KP and incubated for 30 minutes at 37ºC. From then samples were placed in ice until the 

end. The pellets were washed twice with ice-cold STM and spun down. Finally, 200 µl of ice-

cold STM was added and volume was divided in to half for two transformations- control and 

with plasmid. 300 ng of purified plasmid was added to one of the tubes containing Y1156 

competent cells. The reaction mix was then transferred to sterile ice-cold electro cuvettes. The 

cuvettes were electroporated under the following conditions- 1.5 kV, 100Ω and 25 µF (time 

constant= 1.6-2.1). 800µl of sterile YPD was added immediately to the cuvette and mixed 

well. The cells were allowed to grow at 25ºC for 2 hours. After incubation, cells were washed 

with sterile water to remove YPD and spread on SC+URA drop out plates. The plates were 

checked for transformants after 5 days grown at 25ºC.  

3.7. TRIAL PROTEIN EXPRESSION 

To perform a trial protein expression, a single colony is propagated in 5 ml of LB+ 100 µg/ml 

ampicillin from a freshly transformed plate containing URC1 & 4 in BL21 Star™ (DE3) cells. 

The cultures were diluted to OD600 equal to 0.1 in 20 ml of LB+ 100 µg/ml ampicillin and 

grown at 37ºC, 200 rpm. When OD was approximately 0.6, different concentrations of IPTG 

(1, 0.5, 0.1 mM) were added in small flasks. In addition, un-induced cultures were also 

included as a control. Then the flasks were moved to different temperatures- 37ºC, 25ºC and 

20ºC and time samples were taken. The samples were harvested at 5000 rpm for 20 minutes 

and pellets were frozen at -20ºC for later analysis 

The frozen pellets were re-suspended in 10mM Tris-Cl pH 7 or 1X PBS pH 7.3, 5mM DTT, 

0.2 mg/ml Lysozyme, 0.5 µg/ml of DNase and incubated in ice for 30 minutes. The cells were 

broken by sonication (output control- 40 watts, 6*5 sec pulse) and centrifuged for 30 minutes, 

13,000 rpm at 4ºC. Supernatant was transferred to a new tube and the pellets were re-

suspended with the same lysis buffer. SDS-PAGE assay was done with the samples by 

running at 90 V for 20 minutes and then to 150 V for 45 minutes.  

 

 

 

 

https://wasatch.biochem.utah.edu/chris/links/pet151dtopo_map.pdf
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3.8. LARGE SCALE PROTEIN EXPRESSION 

The large scale protein expression was made by diluting 50 ml of over- night grown cultures 

in to 4* 500 ml of LB+ ampicillin (100µg/ml) in 2 liter culture flask. The flasks were shifted 

to a shaking water bath maintained at 37ºC, 200 rpm. When OD600 was approximately 0.6, 

flasks were removed and cooled to room temperature before adding IPTG. For Urc1p and 

Urc4p over-expression, 0.1& 0.5mM IPTG were added and corresponding expression 

temperatures were 20ºC & 25ºC respectively. After 16 hours, cells were harvested in large 

centrifuge tubes at 5,000 rpm for 20 minutes in JA10 rotor from Beckman Coulter. The 

supernatant was carefully discarded and pellets were stored at -80ºC. 

3.9. PURIFICATION 

The over-expressed proteins contained in BL21 Star™ (DE3) were extracted using French 

press cell lysis method. The pellets from 2 liter culture were usually dissolved in 50 ml of 

binding buffer with a tablet of protease inhibitor from Roche. The re-suspended cells were 

passed through French press twice at 1000 psi maximum. The slightly brown extract was 

centrifuged at 13,000 rpm for 30 minutes in JA 25:50 rotor from Beckman Coulter. The 

supernatant containing protein of interest was transferred to a falcon tube and sterile filtered 

using 0.45µm filter from VWR before loading in to chromatographic column. 

Glutathione Sepharose™ 4 fast flow purchased from GE healthcare was used to purify GST 

tagged Urc1p from the crude extract whereas Ni Sepharose™ 6 Fast Flow was used to purify 

His-tagged Urc4p. The column was packed as per the instructions from the manufacturer and 

pre- washed with 20 % ethanol and sterile Milli-Q water before running with equilibrium 

buffer. The operation and purification procedure described in manuals 71-5016-96 AK (GST-

tag) & 11-0008-87 AE (His-tag) were followed. The sample was loaded through at a flow rate 

0.1 ml/min while column was washed and eluted at a maximum volumetric flow rate (1.5 

ml/min for C-10 column). The entire purification step was done in GE ÄKTA™ Explorer 

with UNICORN version5. The eluted protein was collected in a fraction of 3 ml and those 

fractions which showed absorbance at 280 nm were pooled and analyzed in SDS-PAGE. The 

protein sequence was also verified by mass spectrometry. 

GST (glutathione S-transferase) –tag from Urc1p was removed by re- circulating thrombin 

protease buffer to the bound GST-tagged Urc1p to the column. This was done using 

peristaltic pump manually.  

3.10. EXPRESSIONOF Se-Met LABELED SkURC1 

In order to overcome “the phase problem” in solving the crystal structure, Seleno methionine 

was introduced instead of methionine in Urc1p. This was done by inhibition of methionine 

biosynthesis. P929 vector in BL21 Star™ (DE3) grown overnight in 5 ml of YPD was washed 

with M9 minimal medium and diluted into 2*50 ml of M9+ ampicillin 0.1 mg/ml. After 

approximately 16 hours, the cells were again scaled up in 4*500 ml in 2 liter flasks at 37ºC. 

When OD600 was around 0.5 amino acid mix containing 0.1 mg/ml lysine, threonine, 

phenylalanine and 0.05 mg/ml of leucine, isoleucine, valine & L- seleno methionine were 

added. After 15 minutes, the flasks were cooled to room temperature and 0.1mM IPTG was 

added in each flask. The expression conditions and the purification protocol were same as 

native SkUrc1p. 

 

 

https://www.gelifesciences.com/gehcls_images/GELS/Related%20Content/Files/1314787424814/litdoc11000887AE_20110831150251.pdf
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3.11. FUNCTIONAL ASSAY FOR URC1 

From the previous studies for Urc1p in our lab and also from bioinformatics analysis, it was 

predicted that the possible substrates could be Uridine, UMP, UDP, and UTP. In order to test 

this hypothesis, we had done a simple assay by checking the decrease in absorbance with the 

above potential substrates plus Urc1p at 260 nm. The principle was, if there was an enzyme 

activity, Urc1p would cleave the uracil base (of the substrate which absorbs light at 260nm) 

with clear decrease in absorbance with respect to time and concentration of Urc1p added. 2 

mg/ml (stock) of substrates were prepared and diluted with different buffers to starting A260~ 

0.8 to 1.2 in a cuvette. Then, Urc1p was added to the substrate mix and a decrease in A260 was 

observed in spectrophotometer. In addition, 10 mM ZnSO4 and MgSO4 were also added to the 

assay mix some minutes later. Several different buffers at different pH, different 

concentrations of substrates and Urc1p were tried to find the optimal conditions for the 

activity.  

3.12. FUNCTIONAL ASSAY FOR URC4 

Urc4p was believed to catalyze the cleaving of either ribosylurea or the phosphorylated form 

of ribosyl-urea, since this product was accumulated in urc4 mutants. A coupled assay was 

designed to test the hypothesis where urea formed in the reaction is converted into free 

ammonia by added urease which in turn reacts with α- ketoglutarate with the help of 

glutamate dehydrogenase and NADH to form glutamate and NAD
+
. In this reaction, 

disappearance of NADH was recorded via spectrophotometer at 340 nm. Initially, 1.1 mg/ml 

of ribosyl urea dissolved in 50 mM HEPES pH7, Urc4p (14mg/ml), 50mM HEPES pH 7 were 

incubated together to total volume of 1 ml and samples were taken out at different time 

intervals and mixed with reaction mix- 15 µl NADH (0.8 mM), 10 µl α-KG (250 mM α-KG 

in 0.1 M KP, pH 8), 20 µl glutamate dehydrogenase (10 mg/ml), 845µl 50mM HEPES pH 7, 

10 µl urease (1000U/ml) at 37ºC. A decrease in A340 was noted. Phosphorylation of RU were 

attempted using 20 µl Drosophila melanogaster deoxyribonucleoside kinase (1 mg/ml) with 

50 µl of RU(1.1 mg/ml), 20 µl ATP mix, 10 µl BSA, 100 µl 50mM HEPES pH 7 at 25ºC and 

analyzed at regular time intervals. Phosphorylation of RU and Urc4p reaction were later 

analyzed by using thin layer chromatography.   

Thin layer chromatography technique was used in our experiment to identify the products 

formed from the enzyme reaction and their purity. TLC silica gel 60 from Sigma was chosen 

as the stationary phase and butanol, acetone, water mix in the ratio of 2:1:2 as the mobile 

phase. A line was drawn with a pencil at the bottom of silica plate and equal volume of 

samples were spotted and labeled. After the spots were dried, the silica plate with samples 

was placed in a closed beaker containing solvent mix. When the solvent reached the top line 

in the silica plate, the plate was air dried and detection solution was sprayed gently. Rf 

(retardation factor) value was calculated by the formula, 

Rf = Distance travelled by a component / Distance travelled by solvent 
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4. RESULTS 

The main purpose of cloning URC1& URC4 in a heterologous system was to over-express, 

purify, test for activity and crystallize the functional proteins in order to determine their role 

in the URC pathway. The previous attempts in our lab to over-express SkURC1 were not so 

successful except in a new S. kluyveri based expression system. However, the yield of the 

protein was enough for functional assays but not for crystallization experiments. So, we 

decided to test several different constructs namely P924 (LgUrc1p+ His-tag), P926 

(SkUrc1p+GST), P1023 (shuttle vector with SkUrc1p+ His-tag) and a plasmid with SkURC1 

fused to N-terminal His-tag to get maximum yield. The purification attempt for Urc4p was 

made using a single construct, namely P928 (SkUrc4p+ His-tag). 

The results from trial expression of SkURC4 in pET151 and SkURC1 in pGET-2T with GST 

tag clearly showed that their gene product was soluble at several tested conditions. Large 

scale purification was done with the selected conditions as shown in Table 4. 

Table 4: The selected constructs and expression conditions for large scale protein production 

Construct 
Affinity 

tag 

Induction 

temperature 

IPTG 

conc. 

Induction 

time 

 

Protein 

concentration 

 

Total 

volume 

 

     P928 

 

SkURC4 + 

His-tag 
25ºC 0.5mM 16 hours 

 

14 mg/ml 

 

16 ml 

 

P926 

 

SkURC1+ 

GST-tag 
20ºC 0.1mM 12 hours 

 

3.5 mg/ml 

 

8 ml 

 

 

4.1. SkURC4 EXPRESSION AND PURIFICATION 

SDS-PAGE image showed single band around 49 kDa which corresponds to theoretical 

molecular mass (monomer) of Urc4p (figure 6). The concentration of purified protein was 14 

mg/ml. the protein sequence was also verified by mass spectrometry.  

 



23 
 

 

Figure 6: 10% SDS-PAGE demonstrating Urc4p purification. The calculated molecular weight is around 49 kDa. 

Ni Sepharose™ 6 Fast Flow column was used to separate Urc4p from the crude sample. From right to left, 

multicolor ladder Fermentas SM 1849 for size verification, C=crude sample before purification, FT=flow 

through from the Ni-NTA column, W= wash with 20 mM imidazole to remove unspecifically bound proteins, 

elution with 300 mM Imidazole with different concentrations of the fractions with molecular weight around 49 

kDa which corresponds to Urc4p, p= broken cell pellets after French press 

 

4.2. SkURC1 EXPRESSION AND PURIFICATION 

Several attempts to use P1023 to over–express SkURC1 were not really successful as the yield 

of Urc1p was very low and there were some difficulties in transforming P1023 into Y1156. It 

was then decided to try over- expression of Urc1p again in the bacterial system with 

Legionella and S. kluyveri based Urc1p. 

LgUrc1p+ His tag (P924) from the lab freeze stock was tried again for Urc1p over- expression 

at different expression conditions. There was a clear over-expressed band in SDS-PAGE 

which was contradictory to the expected size of original protein which is around 46.4 kDa. 

The size of the protein seen in SDS-PAGE was around 35 kDa. However, gene sequencing 

result showed a lot of point mutations in LgURC1. This could explain the truncated Urc1p as 

a result of non- sense mutation. 

SkUrc1p was fused with His-tag and GST-tag in parallel experiments and plasmids from 

TOP10 were isolated and transformed in BL21 Star™ (DE3). This time genes were 

sequenced before and found to be correct. SDS-PAGE for His-tag skURC1 showed more 

insoluble proteins to soluble one in all different conditions. This might be due to insufficient 

sonication of over- expressed cells. The experiment was repeated and cells after sonication 

were examined under microscope for complete lysis. At the end, there were more of insoluble 

proteins even after the complete lysis of cells. 

Interestingly, GST fused SkUrc1p showed more soluble proteins in all different conditions. 

The cell supernatant that were expressed for 12 hours at 20ºC with 0.1 mM IPTG had more 

soluble Urc1p compared to insoluble proteins. This optimized condition was used for large 

scale over-expression of Urc1p. The expected size of GST+Urc1p was around 75 kDa. The 

expected molecular mass of Urc1p alone after removing GST tag by thrombin was 

approximately 49.3 kDa (monomer MW) which is close to purified Urc1p band size in SDS-

https://www.gelifesciences.com/gehcls_images/GELS/Related%20Content/Files/1314787424814/litdoc11000887AE_20110831150251.pdf


24 
 

PAGE (figure 7). The purified Urc1p was sequence verified by mass spectrometry and 

concentration was found to be 3 mg/ml by Bradford assay. 

 

 

Figure 7: 10% SDS-PAGE image for S.kluyveri Urc1p purification. Glutathione Sepharose™ 4 fast flow column 

was used for Urc1p purification. From left to right, different molecular range marker (M), crude extract after 

centrifuging broken cell pellets by French press (crude), flow through from Glutathione™ sepharose column 

from GE (FT), wash solution 1&2 with 1X PBS buffer (W1 & W2), GST tagged Urc1p after elution with 100 

mM reduced glutathione buffer (GST+Urc1p), cleaved Urc1p with thrombin buffer (Urc1p), GST tag after 

cleavage (GST). 

 

4.3. EXPRESSION AND PURIFICATION OF SeMet SkURC1 

Selenomethionine was introduced in to Urc1p instead of methionine by inhibiting methionine 

biosynthesis. The clear band around 49 kDa showed the purification was successful (figure 8) 

and the percentage of Selenomethionine substitution was measured by mass spectrometry. 

There are several ways of checking heavy atom replacement but we looked for mass 

differences between the peptide fragments of both labeled and un-labeled proteins. Also intact 

mass of two versions of the proteins were also analyzed without trypsin digestion. 

The peptide-fragment analysis by mass spectrometry showed that native Urc1p peptide 

fragments containing methionine did not show up in SeMet Urc1p peptide fragments. This 

was an indication that Methionine in SeMet Urc1p was replaced by Selenomethionine. 

However, fragmentation analysis was not sufficient for measuring total percentage of 

substitution. In order to calculate total incorporation, intact mass of both labeled and un-

labeled proteins were analyzed by mass spectrometry. The signals obtained from the m/z 

spectrum were too low to determine the intact mass of the proteins. Also, there were some 

contaminations in the samples that actually suppress the original signals from the protein 

samples. 
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Figure 8: 8% SDS-PAGE showing SeMet S kluyveri Urc1p purification. The expected mass of completely 

substituted SeMet Urc1p is 49.9 kDa from Protein calculator V3.3. The protocol for purifying SeMet Urc1p was 

same as wild type Urc1p except that M9 minimal media was used for protein expression. The clear thick band 

shows the purified SeMet Urc1p and their substitution was verified by mass spectrometry. 

 

4.4. UMP- THE LIKELY SUBSTRATE FOR Urc1p 

The functional analysis of Urc1p was carried out with uracil, uridine, UMP and UTP at 

various buffer conditions and decrease in A260 was noted. When Urc1p was incubated with 

UMP at pH 5, 1X PBS, there was an increase in absorbance in contrast to the expected 

decrease in absorbance (figure 9, B). Later, it was found that the increase was due to the 

protein aggregation as the pH was below the pI of Urc1p. Also, UMP with Urc1p at pH 9, 

50mM CHES and 50mM Tris-Cl, pH 8 showed no significant difference in slope. But, the 

incubation of Urc1p & UMP with 50mM HEPES, pH 7 gave a significant decrease in A260 

compared to the blank run (buffer + substrates, no enzyme). A slight decrease was seen after 

adding 10mM MgSO4 to the same mix after 5 minutes but no decrease in A260 was seen after 

adding 10mM ZnSO4 (figure 9, C). The author believed that 5mM DTT in Urc1p storage 

buffer could very well interfere with the activity of SkUrc1p. So, it was decided to prepare 

DTT free Urc1p by using PD10 column and follow the A260 with 50mM HEPES, pH 7 and 

UMP. The result was not very significant as expected but the decrease in A260 was larger than 

Urc1p with 5mM DTT (figure 9, D-1).  

On the other hand, uridine & uracil showed no change in A260 when incubated at different 

buffer pH even after adding 10mM MgSO4 & ZnSO4 (figure 9, E). The reaction of Urc1p 

with UTP showed some activity in the beginning but later it was identified to be an artifact in 

measurements. Our preliminary results showed some promising activity when SkUrc1p was 

incubated with UMP, 50mM HEPES, pH 7 compared with other tested substrates.  
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 Figure 9: Kinetics of Urc1p at different reaction conditions. The decrese in A260 was followed real-time in 

spectrophotometer by plotting time in seconds on X-axis and A260 on Y-axis. Graph A : the blank run with out 

SkUrc1p. Graph B: Increase in A260 due to aggregation of Urc1p at pH 5.Graph C: Activity of Urc1p+ 5 mM 

DTT with UMP. There was a decrease in A260until 150 seconds. Graph D-1: Activity plot of DTT free Urc1p 

with UMP, pH 7. Clearly, there was a difference in the slope of DTT free Urc1p than in Urc1p with 5mM DTT. 

Graph D-2: A slight decrease even after adding 10mM MgSO4 to the same reaction mix after 5 minutes. Graph 

E: A flat line shows no change in A260 when Urc1p was incubated with uridine, uracil (not shown). The 

fluctuations in the graph C, D-1, 2 at the start point might be due to difference in temperature as ice cold Urc1p 

was added into cuvette at room temperature.  
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4.5 PHOSPHORYLATED RIBOSYLUREA – THE LIKELY SUBSTRATE FOR Urc4p 

Our hypothesis that Urc4p could cleavage one of the products of Urc1p reaction i.e. ribosyl-

urea or its phosphorylated form was examined by a coupled assay for ammonia formation. 

The chemically synthesized RU incubated with Urc4p + 50mM HEPES pH 7 at 25ºC was 

taken at different time intervals and the reaction mix for coupled assay was added in the order 

described before. The disappearance of NADH at A340 was followed in spectrophotometer at 

25ºC. The two curve pattern (not shown here) was seen in all Urc4p reaction. According to 

the author, the first decrease could be from contaminant ‘ammonia’ in any of the solutions 

added. This would explain the decrease in A340 without adding urease (the enzyme that 

converts urea formed in the reaction into ammonia). The A340 was allowed to stabilize before 

adding urease. The real decrease in A360 due to Urc4p activity is seen in figure 10.  

The activity plot showed that there was a decrease in A340 at pH 7 compared to the curve at 

pH 6. It was then decided to continue the reaction further at pH 7 and the disappearance of 

NADH was seen after different time intervals. There was no significant difference in the slope 

of different time curves (figure 11). 

Also, an attempt was made to phosphorylate chemically synthesized RU with Drosophila 

kinase (DmdNK). The activity was followed at different time intervals. Initially, ribosyl-urea 

was phosphorylated with DmdNK at 25°C and Urc4p reaction with phospho-ribosylurea was 

carried out at 37°C.  When the phosphorylation mix was used as substrate in Urc4p assay 

after 1 hour and 24 hours incubation, it was found that the 24 hour phosphorylation mix gave 

a greater decrease in absorbance, indicating that more urea was formed after 24 hours 

incubation (figure 12). The slope was higher for 24 hour incubation curve at 37ºC. (Note that 

the formation of urea was monitored here) 

The phosphorylation of RU by DmdNK was verified by thin layer chromatography (figure 

13). The controls ribose and urea were the anticipated products of Urc4p reaction. The 

phosphorylated ribosylurea was seen clearly in lane 2 with Rf value around 0.25. In lane 3, 

one spot could be ribosylurea because Rf value 0.49 was very close to RU. The other spot was 

unknown with Rf value 0.30. 

Phosphorylation attempt at 37°C was not successful as the reaction mix precipitates after 24 

hours of incubation. 

 

   Table 5: Rf values of some standard substances used in TLC analysis. 

S no Substances Rf values (average 

of 4 values) 

1 Ribose 0.56 

2 Ribosylurea 0.47 

3 Urea 0.62 
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Figure 10: SkUrc4p activity at different buffer pH at 25ºC. The decrease in A340 of control at pH 7 was due to the 

reaction between left over urea from chemically synthesized RU and urease. The slope was higher for the blue 

curve (pH 7) compared to the red curve (pH 6). The slope was similar for the green curve (control) and the red 

curve (pH 6). 

 

Figure 11: Different time samples curve after incubating SkUrc4p with RU at 25ºC. The slope (-0.02) of three 

curves was similar indicating that there was no difference or same in activity with time. 
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Figure 12:  Slope of SkUrc4p activity with Phosphorylated ribosyl urea at 37ºC. It was clearly seen that slope of 

red line (24 hour incubation, 37ºC) was more pronounced than blue line (1 hour incubation, 37ºC).  

 

 

Figure 13:  TLC analysis of  DmdNK phosphorylation effficiency at 25ºC and Urc4p activity at 37ºC.The lane 1 

& 4 were ribose and urea respectively. In lane 2, RU with DmdNK at 25ºC, sample from RU+ DmdNK was 

incubated with SkUrc4p at 37ºC for 24 hours and loaded in lane 3 
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  5. DISCUSSION 

The degradation of uracil in S.kluyveri takes place via the novel URC pathway. Several genes 

involved in this pathway have been identified and named as URC1-8 (1). Some of these genes 

have been characterized before and their functions are well known for their homologous 

partners. However, there are two crucial enzymes in this pathway, namely Urc1p and Urc4p, 

and their exact function is still unknown. In this project, I tried to over-express and purify 

Urc1p and Urc4p in suitable hosts. Also, SeMet Urc1p was prepared by partially inhibiting 

methionine biosynthesis in M9 minimal media. Several attempts were made in this project to 

test the activity of the two purified enzymes with their putative substrates. Several expression 

plasmids, carrying different URC1 and URC4 genes had also been constructed previously in 

the lab. I tested them for protein production at various conditions. 

Successful E. coli transformants with SkURC1 and SkURC4 showed that the genes are not 

toxic to the cells. Their insertion into vectors is verified by colony PCR and restriction 

analysis. The sequencing results further proved the directional gene insertion without any 

mutations. The small scale protein expression analysis is not successful for all constructs 

(Table 1). LgUrc1p was soluble at all tested conditions but the protein size was smaller than 

the expected size of 46.4 kDa. The point mutations in LgURC1 sequence might be a reason 

for such truncated protein. Also, SkURC1 in pET151 with N terminal His-tag showed more 

insoluble protein in SDS-PAGE. 

SDS-PAGE image of SeMetUrc1p shows that the selected protocol for incorporating 

Selenomethionine worked but the analysis of the total incorporation seems to be tricky. The 

peptide fragment analysis of the two protein versions shows that there are Selenomethionine 

replacements but for checking the percentage replacement, intact mass of the two proteins has 

to be identified. It is not always possible to find intact mass of the protein by mass 

spectrometry because there are some degradation products in the stored protein in our case 

that might interfere with the signals. The experiment has to be repeated several times with 

new protein samples to get the intact mass. The purified proteins were sent for crystallization 

in an attempt to elucidate the structure- function relationship. 

The sequence alignment data shows that GTP cyclohydrolase II (an enzyme that cleaves GTP, 

a first step in riboflavin biosynthesis) is similar to C-terminal of Urc1p. Several catalytically 

important amino acids are conserved, among these those that interact with the Zinc and 

Magnesium ions in GCHII, indicating that also Urc1p contains these ions. From the similarity 

to the catalytic domain of GCH-II, one could argue that the substrate for Urc1p might be the 

phosphorylated form of uridine i.e. UMP, UDP and UTP. There are also several of the 

phosphate pocket interacting amino acids which are not conserved, which goes along with the 

theory that it is not the tri-phosphate substrate for Urc1p. But one cannot neglect the 

possibility of uridine as the possible substrate since it is energy expensive for the cell to 

convert uridine into UTP and then degrading it instead of cleaving uridine directly. The 

growth phenotype of urc6, urh1&urk1 and accumulation of ribosylurea in urc4 strain ignore 

the possibility of uracil as a possible substrate (1, 10).  Our result shows that UMP absorbance 

at 260nm decreases when incubated with Urc1p, indicating that the pyrimidine ring is 

destroyed, i.e. opened by Urc1p. However, the decrease is not so significant even after adding 

Mg
2+

 and Zn
2+

 to confirm its full activity. A260 stops decreasing approximately after 2 minutes 

and the observed change is too small (figure 9 C & D). Activity assays using uridine, uracil 

and UTP show no change in absorbance at 260nm (figure 9 E).  
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Our preliminary activity assay tells that UMP might be a possible substrate for Urc1p in 

accordance with the previous studies (1). The reason for the little change in absorbance could 

be related to less activity of Urc1p. Also, the enzyme might need some other co-factor(s) to be 

active. It is so far unclear what cofactor is missing for Urc1p. UTP might also be tested again 

because Urc1p homolog (GCHII) cleaves guanosine triphosphate. So, one could speculate 

that Urc1p might also function in the same way, hydrolytically opening uracil ring between 

N1& C6 position in the conserved domain and the other non-conserved domain could 

hydrolyze between N3&C4 position releasing 3-hydroxy propionic acid and ribosylurea. In the 

latter case, Mg
2+

 is more likely a cofactor for Urc1p and the energy released from the 

breakdown of pyrophosphate might help in cleaving the pyrimidine ring.  

Unlike Urc1p, Urc4p has no similarity with any known functional proteins. HPLC analysis of 

extract from urc4 strain shows accumulation of ribosylurea indicating to be the possible 

substrate for Urc4p (10). It is unclear whether ribosylurea or its phosphorylated form is the 

substrate. Ribosylurea is not readily available commercially and had to be synthesized in our 

laboratory (by a visiting Professor K. Schnackerz). The obtained compound was later 

phosphorylated by a kinase. The attempt to phosphorylate ribosylurea using DmdNk was 

quite successful at 25ºC although not all ribosylurea was phosphorylated (Figure 13, lane 2). 

The coupled assay results showed a little activity when phosphorylated ribosylurea is used as 

a substrate at 37ºC, pH 7 (Figure 12). However, Urc4p reaction with ribosylurea shows no 

change in absorbance at different incubation time intervals. Even though the result from the 

assay with phosphorylated ribosylurea is preliminary, it still indicates that this is a likely 

substrate for Urc4p, which goes in line with the results above, making UMP the most likely 

substrate for Urc1p. 

TLC analysis showed two spots with different Rf values (0.49 and 0.30) compared to the 

standards. The first spot with Rf value 0.49 might be ribosylurea since its Rf value is close to 

the Rf value for the standard RU (Table 5). The second spot could be phosphorylated ribose, 

the expected product of Urc4p reaction along with urea. Unfortunately, urea in TLC cannot be 

detected for some reason. The above interpretation is more meaningful when phosphorylated 

ribosylurea is the real substrate for Urc4p. In order to get a clear idea, more assays have to be 

done with Urc4p and its putative substrates. Furthermore, an alternative to TLC should be 

considered to increase the sensitivity of the analytical approach. 
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APPENDIX 1 

Gene sequence of S. kluyveri URC1 

ATGTCCCCTATTGCTGTTACCTCTCAAACTCCTGCTACTGAGGTGCCTTCCGTGAA

AGAAATTCCACAAGTTATCACTAAATCTTCCCCAGTGGAGAATTTAATTTTAACC

ACGTATCCAGAAGACTCTTCCCCAATCCCTTTGCAATGGGGTGCTCCTTCCACTG

ATTCTAGAGGACCAATCATTGCCACAAGATACAAAGAAGGATTGGCCAAACATA

ACGCTATTGGTGCTCACTCCGGCTCTTACTGTGTCTACCATGCTTTAGCAGTGGG

CACGAAGCAGTTGGATCCTGAACACGTTGCCGACTATACCAACTCTCAACCAGCT

TTTGCAGTTCCAGAACAAAAAACCTGGTACAACGATGAAGATATCGTTGCTATG

GATCCATTTGGTCACTTGACTCCATATTTATTTGATGAAGTTTCTACTAAAGAAA

ACGTTGAAATTAGACCAACTATCGCTGTCACTAAGGCTACTATGCAACTGTTTGA

AATGAAAGATGCTGTCGAAAAAGGTAGATTAGAAGTCGATGGTGAAGTTGTCAT

CAATAAAAATGGTGACTTGAATGTTTCTAAAGTTGCCGTTGAACCAGTTTGGTAC

TTGCCAGGTGTTGCCAAGAGGTTTGGTGTCACCGAAGAGGAGTTAAGAAAAGCT

CTGTTTGAAGATACCAATGGTATGTACCCCGAATTGGTCACCAGACCTGATATTA

AGGTCTTCTTACCACCAATTGGTGGTCTTACCGTCTACATCTTTGGCAACCCAGA

CTTCGTCTCCGACCCTTCGAAAAAACTAGCTTTGAGAGTCCACGATGAGTGTAAT

GGGTCCGATGTTTTTGGGTCTGATATTTGTACCTGTCGTCCATACTTAATGTTTGG

TATTGAAGAAGCTGTCAAGGAAGCTCAAAACGGCGGCTCTGGTGTTGTTGTTTAC

TTTAGAAAGGAAGGCCGTGCATTGGGTGAAGTCACCAAGTACTTAGTTTACAAT

GCTCGTAAGAGAGGCGGTGACACCGCCGACGAATACTTCCACAGAACTGAATGT

ATTGCAGGTGTTAGAGACATGAGATTCCAACAATTGATGCCGGATGTTTTGAAGT

GGTTGGGTATCTCAAAAATTGACAGAATGCTATCTATGTCCAATATGAAGCATGA

TGCTATTGTCGATCAGGGTATTCCAATTATTGAGAGAATCCCAATCCCAGATGAA

TTGGTTCCACCTGACTCCAGAGTTGAAATTGATGCAAAGATTAACTCTGGTTACT

TCACTAATGGTAAAGTGATGGACAAAAATGAATTGAAATCTGTTCAAGGTAGAA

CGTGGAATGACGTCAAATAA 

 

S. kluyveri Urc1p amino acid sequence 

M S P I A V T S Q T P A T E V P S V K E I P Q V I T K S S P V E N L I L T T Y P E D S S P I P L 

Q W G A P S T D S R G P I I A T R Y K E G L A K H N A I G A H S G S Y C V Y H A L A V G T 

K Q L D P E H V A D Y T N S Q P A F A V P E Q K T W Y N D E D I V A M D P F G H L T P Y L 

F D E V S T K E N V E I R P T I A V T K A T M Q L F E M K D A V E K G R L E V D G E V V I 

N K N G D L N V S K V A V E P V W Y L P G V A K R F G V T E EE L R K A L F E D T N 

G M Y P E L V T R P D I K V F L P P I G G L T V Y I F G N P D F V S D P S K K L A L R V H D 

E C N G S D V F G S D I C T C R P Y L M F G I E E A V K E A Q N G G S G V VV Y F R K E G 

R A L G E V T K Y L V Y N A R K R G G D T A D E Y F H R T E C I A G V R D M R F Q Q 

L M P D V L K W L G I S K I D R M L S M S N M K H D A I V D Q G I P I I E R I P I P D E L V P 

P D S R V E I D A K I N S G Y F T N G K V M D K N E L K S V Q G R T W N D V K Stop 

Length of the gene - 1335 bp and theoretical molecular weight - 49.3 kDa 

 

http://web.expasy.org/cgi-bin/translate/dna_sequences?/work/expasy/tmp/http/seqdna.7656,1,1
http://web.expasy.org/cgi-bin/translate/dna_sequences?/work/expasy/tmp/http/seqdna.7656,1,128
http://web.expasy.org/cgi-bin/translate/dna_sequences?/work/expasy/tmp/http/seqdna.7656,1,161
http://web.expasy.org/cgi-bin/translate/dna_sequences?/work/expasy/tmp/http/seqdna.7656,1,166
http://web.expasy.org/cgi-bin/translate/dna_sequences?/work/expasy/tmp/http/seqdna.7656,1,227
http://web.expasy.org/cgi-bin/translate/dna_sequences?/work/expasy/tmp/http/seqdna.7656,1,291
http://web.expasy.org/cgi-bin/translate/dna_sequences?/work/expasy/tmp/http/seqdna.7656,1,354
http://web.expasy.org/cgi-bin/translate/dna_sequences?/work/expasy/tmp/http/seqdna.7656,1,360
http://web.expasy.org/cgi-bin/translate/dna_sequences?/work/expasy/tmp/http/seqdna.7656,1,375
http://web.expasy.org/cgi-bin/translate/dna_sequences?/work/expasy/tmp/http/seqdna.7656,1,378
http://web.expasy.org/cgi-bin/translate/dna_sequences?/work/expasy/tmp/http/seqdna.7656,1,381
http://web.expasy.org/cgi-bin/translate/dna_sequences?/work/expasy/tmp/http/seqdna.7656,1,427
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Gene sequence of S. kluyveri URC4 

ATGACAGTTGATAACCCAGTATCCTATTTCAAATCCATCTCTTCTGTTCGTGAAACGACCA

AGCAGGTCTTCGATTATGTTGAACAAAACGATGGTCAAGGCAATCACTTTAAAATGGAGC

TGTCTAAAATGGACGACGTTGTTGATTTTTTGTGCTCAATAATTGCCCGTGATTACGGAAC

GGATTATTCTTCGATCCCACCTCATGGCCGTTGGCAACACTTGAACTGTGGAAATGTTCTC

CGTGTCGAAAGCTTGATCGAGCAATGGTCTGGTGCCGGTATAGACGAAGTAGAAATTTCC

CGCAAGCTAATTGATTTGTTCGTGTTTAGCGTATTGGTCGATGCCGGTGCGGGGAATACCT

GGAAGTACACCACTACGGAAGAGGGTAATAAGGCCTTTGACAGATCGGAAGGGTTAGCA

GTAGCTTCTTACTACTTGTTTGTCCAGGGCGCATTGTCTCAAGACACCAACGACAAGTTTA

AGGTCAACGGCAAAAAATTGACGGAGCTTACCATGGATGAGTTTTGCCAAGGGTTTCAGG

TCAGCGACGCCAACCCACTAAACGGTACTGAAGGTAGATTGAAGTTGATCCAAAACCTG

GGCGTTGCACTATCGACTAACCCAGCCATATTCGGCAAAGAGGGTAGACCAGGTTGTTTG

GTGGATTATTTGTACTCAAAATGCACTAAGGATAATGGAACAGCAGTTGTCGATTTAAAT

GACGTATGGAACGCGTTGATGGACGGGTTTACCTCCATCTGGCCTGCCGGTAGAACCTCA

ATCGATGGCGAACCTTTGGGAGATGCATGGGTCTTGGACACCAAGGCCAAGGCTAGTGG

CAGTGATGCCTTCTTGGACAGCATTGTCACCTTCCATAAGTTAACGCAATGGTTATGCTAC

TCCCTACTTGTCCCATTGGAAAACTACGGCTACAAGTTCACTATTAAGAACAAGGATATG

CAAACCGGGTTGCCAGAATATAGAAACGGTGGCCTCTTTTACGATTTTGGCGTACTGACA

TTGACAGACGGTGCTTACAAACGTGGGTTGGCACTGACCCAAAAGCTAGGCGACAACTCC

TCCAAAATTCCAACTTTCACCCCTGAAGATGGTGCCATTGTCGAGTGGAGGTGCTTGACT

ATTGGATTGTTGGACTATTTGCTACCACTGGTAAACAAAAAGCTGGACTACGATTTGGTG

CTGCCACAGTTGATAGAAGCTGGTAGCTGGAAAGCCGGTAGAGAAATTGCAGCTATCAA

AAGACCTGACACCAAGGGTCCACCAATCGAATTACACAGCGACGGTACAGTTTTTTGA 

 

S. kluyveri Urc4p amino acid sequence 

M T V D N P V S Y F K S I S S V R E T T K Q V F D Y V E Q N D G Q G N H F K M E L S 

K M D D V V D F L C S I I A R D Y G T D Y S S I P P H G R W Q H L N C G N V L R V E S L I E 

Q W S G A G I D E V E I S R K L I D L F V F S V L V D A G A G N T W K Y T TT E E G N K A F 

D R S E G L A V A S Y Y L F V Q G A L S Q D T N D K F K V N G K K L T E L T M D E F C Q 

G F Q V S D A N P L N G T E G R L K L I Q N L G V A L S T N P A I F G K E G R P G C L V D 

Y L Y S K C T K D N G T A V V D L N D V W N A L M D G F T S I W P A G R T S I D G E P L G 

D A W V L D T K A K A S G S D A F L D S I V T F H K L T Q W L C Y S L L V P L E N Y G Y K 

F T I K N K D M Q T G L P E Y R N G G L F Y D F G V L T L T D G A Y K R G L A L T Q K L G 

D N S S K I P T F T P E D G A I V E W R C L T I G L L D Y L L P L V N K K L D Y D L V L P Q 

L I E A G S W K A G R E I A A I K R P D T K G P P I E L H S D G T V F Stop 

Length of the gene - 1320 bp 

Theoretical molecular weight - 48.9 kDa 

 

 

http://web.expasy.org/cgi-bin/translate/dna_sequences?/work/expasy/tmp/http/seqdna.13367,1,1
http://web.expasy.org/cgi-bin/translate/dna_sequences?/work/expasy/tmp/http/seqdna.13367,1,39
http://web.expasy.org/cgi-bin/translate/dna_sequences?/work/expasy/tmp/http/seqdna.13367,1,44
http://web.expasy.org/cgi-bin/translate/dna_sequences?/work/expasy/tmp/http/seqdna.13367,1,173
http://web.expasy.org/cgi-bin/translate/dna_sequences?/work/expasy/tmp/http/seqdna.13367,1,248
http://web.expasy.org/cgi-bin/translate/dna_sequences?/work/expasy/tmp/http/seqdna.13367,1,321
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Gene sequence of Legionella URC1 

ATGTTACCAGATGATTCAAAGAAAAAATCAAAAGGACACATTGTCTTGTCTTCAC

ACCCGGCAAGCCATACACAAGCACCATTAAAAATCAAATGGGGTGAAAAAAACC

CTAAAGAGAGGGGACCTGTTATTGCCTCTCTCACCAATATCAAAAATCGAAATGC

AGTTGGAACTCACTCAGGGTCTTACTCTGTTTACAGGGCCTTGGCAGTGGCAGCT

GGTCTGCTGGATCCCGAACACGTTCCTGATCTAACCGACACCCTGCCCCCTGTTA

ACATAGGGCCTCATAGGCAATGGGGTGAAGCAGGTAAAATTGTCTCCCTCGATCC

CTGGGGGCATCTTGTAGCTTCTGTTTTCTCAGAGGAAATAAAAGCCGGGTATGAC

ATCAGACCAACCATTGCCGTCACAAGGGCACATATTAATATCCCGGAATTGCATA

TCGCCATGCAAAAAGGCAGATTAAAACCTGATGGAAAAATTTTAAGTGAAACAG

GGGATGTCGTGGTGACTAAGGCCGCGATTGAACCAGTATGGTACTTGCCTGGAAT

TGCGGAACGCTTTCAGGTTTCAGAAGCATTGCTCAGACGCACTCTTTTTGAACAA

ACAGCTGGAATGTTCCCAGAACTGGTGACCCGGAGCGACTTGGATGTCTTTTTGC

CACCCATTGGGGGATTAACTGCTTATTTCTTTGGTGATGTGACTACCATCCATAAT

CCGGAAATCGAATTAACTTGCCGTATCCATGATGAATGTAATGGCTCCGATGTCT

TTGGTTCTGACATATGCACCTGCAGGCCATATTTGGTCCATGGAATCGAATTATCC

ATCGAATCCGCACAAAAAGGAGGCGCAGGCCTTATCGTTTATAATCGCAAAGAA

GGAAGAGCTCTTGGGGAGGTCACTAAATTTCTGGTTTATAACGCCAGAAAAAGAC

AGAAAGGTGGTGACACTGCCGCCAAGTACTTTGAAAGAACGGAATGCGTTGCCG

GTGTTCAGGATATGCGTTTCCAGGAATTAATGTCCGATATTCTTCATTGGCTGGGG

ATCACTAAAATTCATCGCTTCGTTTCAATGTCCAATATGAAATACGATGCCTTGCT

CAAATCTGGAATCAATGTTATTGAACGGGTAAAAATACCGGATGAGTTGATTCCT

CCAGATGCCCGGGTAGAAATAGATGCCAAGCGTGCAGCAGGATATTACTCACCC

GAAGGAATTATTGATATCAACGAATTGGCTAAACCGAAAGGACGTGCCCTTCATG

AATAA 

Amino acid sequence 

M L P D D S K KK S K G H I V L S S H P A S H T Q A P L K I K W G E K N P K E R G P 

V I A S L T N I K N R N A V G T H S G S Y S V Y R A L A V A A G L L D P E H V P D 

L T D T L P P V N I G P H R Q W G E A G K I V S L D P W G H L V A S V F S E E I K A 

G Y D I R P T I A V T R A H I N I P E L H I A M Q K G R L K P D G K I L S E T G D V 

VV T K A A I E P V W Y L P G I A E R F Q V S E A L L R R T L F E Q T A G M F P E L 

V T R S D L D V F L P P I G G L T A Y F F G D V T T I H N P E I E L T C R I H D E C N 

G S D V F G S D I C T C R P Y L V H G I E L S I E S A Q K G G A G L I V Y N R K E G 

R A L G E V T K F L V Y N A R K R Q K G G D T A A K Y F E R T E C V A G V Q 

D M R F Q E L M S D I L H W L G I T K I H R F V S M S N M K Y D A L L K S G I N V I 

E R V K I P D E L I P P D A R V E I D A K R A A G Y Y S P E G I I D I N E L A K P K G 

R A L H E 

Gene length- 1269 bp 

Theoretical molecular weight- 46.5 KDa 

 

http://web.expasy.org/cgi-bin/translate/dna_sequences?/work/expasy/tmp/http/seqdna.28192,1,1
http://web.expasy.org/cgi-bin/translate/dna_sequences?/work/expasy/tmp/http/seqdna.28192,1,149
http://web.expasy.org/cgi-bin/translate/dna_sequences?/work/expasy/tmp/http/seqdna.28192,1,205
http://web.expasy.org/cgi-bin/translate/dna_sequences?/work/expasy/tmp/http/seqdna.28192,1,334
http://web.expasy.org/cgi-bin/translate/dna_sequences?/work/expasy/tmp/http/seqdna.28192,1,340
http://web.expasy.org/cgi-bin/translate/dna_sequences?/work/expasy/tmp/http/seqdna.28192,1,358
http://web.expasy.org/cgi-bin/translate/dna_sequences?/work/expasy/tmp/http/seqdna.28192,1,361
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APPENDIX 2 

Various plasmids used in my work 

A. pET151/TOPO with N-terminal His tag (Invitrogen -with permission). 

 

B. pGEX2T with thrombin cleavage site between GST and multiple cloning sites (Invitrogen- 

with permission) 

 

 

 



37 
 

 

C. S. kluyveri based new expression vector (lab collection -with permission). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 




