
 

 

BUDAPEST UNIVERSITY OF TECHNOLOGY AND ECONOMICS 
FACULTY OF CHEMICAL TECHNOLOGY AND BIOTECHNOLOGY 

GEORGE OLÁH PhD SCHOOL 

 

 

 

INVESTIGATION OF PROCESSES INVOLVED IN  

STAPHYLOCOCCUS AUREUS URACIL-DNA METABOLISM 

 

 

 

 

Thesis Booklet 

 

Author: 

Veronika Papp-Kádár 

 

Supervisor:  

Prof. Beáta G. Vértessy 

 

 

Hungarian Academy of Sciences Research Centre for Natural Sciences,  

Institute of Enzymology 

 

 

 

 

 

2018 

 



2 

 

1 INTRODUCTION 

Staphylococcus aureus is a human pathogenic bacterium, with numerous antibiotic 

resistant strains that cause many refractory diseases. The gene transfer between bacteria 

enables rapid spread of resistance genes. Hence discovery of new drugs are indispensable for 

effective treatment of S. aureus infection. 

In my dissertation, I examined several proteins linked to repair of the uracil-DNA error 

mechanisms in the S. aureus bacterium. These processes have been suggested to be linked to 

transfer of several mobile genetic elements, involved in S. aureus toxicity and resistance to 

antibiotics. My dissertation covers three related topics. First, I aimed to identify the exact 

DNA binding sequence of the Stl protein on the SaPIbov1 gene segment. Second, I wanted to 

investigate the effects of naturally occurring SAUGI mutations on the SAUDG:SAUGI 

protein complex binding affinity. Third, my aim was also to compare the genomic uracil 

content of dut- genotype S. aureus strains with control strains containing other repair 

enzymes. 

2 BACKGROUND 

The therapy of diseases caused by the Staphylococcus aureus bacterium is a major 

challenge for modern medicine, and the number of diseases associated with healthcare has 

increased over the last decades. Clinical infections are still widespread and constitute severe 

consequences (inflammation, dermatitis, blood poisoning, toxic shock syndrome), although 

the resistance level and the spectrum of clinical illnesses are constantly changing. The 

treatment is further complicated by the development of multidrug-resistant strains resistant to 

multiple antibiotics. Clearly, a better understanding of the molecular biology of the pathogen 

is required in order to identify novel promising drug targets
1
. 

Transfer of genetic elements involved in S. aureus pathogenicity include the so-called S. 

aureus pathogenicity islands (SaPI) that are 14 to 17 kilobases long toxin-carrier mobile 

genetic units integrated into the bacterial chromosome
2
.  

 

1
 Tong, S. Y. C.; Davis, J. S.; Eichenberger, E.; Holland, T. L.; Fowler, V. G. Staphylococcus Aureus 

Infections: Epidemiology, Pathophysiology, Clinical Manifestations, and Management. Clin. Microbiol. Rev. 

2015, 28 (3), 603–661. 
2
 Tormo-Más, M. A.; Mir, I.; Shrestha, A.; Tallent, S. M.; Campoy, S.; Lasa, I.; Barbé, J.; Novick, R. P.; 
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Christie, G. E.; Penadés, J. R. Moonlighting Bacteriophage Proteins Derepress Staphylococcal Pathogenicity 

Islands. Nature 2010, 465 (7299), 779–782. 

Toxins are responsible for the development of food poisoning, tendon inflammation and 

toxic shock syndrome. SaPIs do not encode the proteins required for horizontal gene transfer, 

helper phages are used for their transduction
3
. SaPIs form a coherent genetic family with 

highly conserved central genes, including coding sequences of integrase, excision, primase, 

replication initiator, and terminase
4
. In the absence of helper phage, Stl repressor protein 

encoded by SaPI stl (SaPI transcription leftward; ORF20) inhibits the excision. The lack of stl 

results the spontaneous autonomous replication of the SaPI gene segment
5
. The helper phage 

encodes the so-called derepressor protein, which associate with the St1which leads to Stl 

dissociation from the SaPI promoter region. The derepressor protein separates Stl-DNA 

complex, which is shown by in vitro experiments
2,6

. As a result of phage induction the SaPI 

DNA excised, replicated and packed into the newly formed phage capsids
7
. It has been shown 

that in the case of SaPIbov1 and SaPIbov5 pathogenicity islands, the derepressor protein is the 

deoxyuridine triphosphate nucleotide hydrolase (dUTPase) enzymes of Φ11 and 80α helper 

phage respectively
2
. The expression of SaPI is associated with the inhibition of dUTPase 

enzyme function. Our previous in vitro experiments suggest that dUTPase first binds and 

hydrolyses dUTP, then secondly binds to Stl. After the dUTP pool sanitation, the dUTPase 

bind to Stl thereby derepressing the SaPI expression
6
. 

The preservation of DNA damage can promote the instability of the genome and may 

directly lead to various human diseases, particularly cancer, neurological disorders, 

immunodeficiency and premature aging. To avoid these harmful effects, cells have developed 

a series of DNA repair pathways. One of these, base excision repair (BER, Fig. 1) corrects the 

mistakes caused by oxidation, deamination and alkylation, which does not significantly distort 

the helix structure of DNA. During the BER, damaged bases are recognised and removed by 

DNA glycosylases, of which uracil DNA glycosylases (UNG) are responsible for the removal 

of uracil.  

 

3
 Novick, R. P.; Christie, G. E.; Penadés, J. R. The Phage-Related Chromosomal Islands of Gram-Positive 

Bacteria. Nat. Rev. Microbiol. 2010, 8 (8), 541–551. 
4
 Novick, R. P.; Ram, G. The Floating (Pathogenicity) Island: A Genomic Dessert. Trends Genet. 2016, 32 (2), 

114–126. 
5
 Ubeda, C.; Maiques, E.; Barry, P.; Matthews,  a; Tormo, M. a; Lasa, I.; Novick, R. P.; Penades, J. R. SaPI 

Mutations Affecting Replication and Transfer and Enabling Autonomous Replication in the Absence of 

Helper Phage. Mol. Microbiol. 2008, 67 (3), 493–503. 
6
 Szabó, J. E.; Németh, V.; Papp-Kádár, V.; Nyíri, K.; Leveles, I.; Bendes, A. Á.; Zagyva, I.; Róna, G.; 

Pálinkás, H. L.; Besztercei, B.; et al. Highly Potent DUTPase Inhibition by a Bacterial Repressor Protein 

Reveals a Novel Mechanism for Gene Expression Control. Nucleic Acids Res. 2014, 42 (19), 11912–11920. 
7
 Novick, R. P.; Subedi, A. The SaPIs: Mobile Pathogenicity Islands of Staphylococcus. Chem. Immunol. 

Allergy 2007, 93 (1), 42–57. 
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Uracil can appear in the genome in two ways, during the hydrolytic deamination of 

cytosine and when dUTP is added instead of dTTP. There are currently three different uracil 

DNA glycosylase inhibitors (UGI
8
, p56

9
 and SAUGI

10
) described in the literature. The amino 

acid sequences of the inhibitors differ significantly, however, the surface charge distribution 

and form of each protein imitates the negatively charged helical structure of the DNA
11

. 

SAUGI is the first described case where the inhibitor is encoded by the cell genome (SCCmec 

cassette), not the infectious phage
10

. 

Therefore dUTPase is a preventative DNA-repair enzyme that is capable of preventing 

uracil incorporation instead of thymine during polymerization.  

 

Figure 1: Initial steps of BER when uracil is removed. (1) uracil appears in the DNA; (2a) UNG enzyme 

recognize uracil and then cleave (human UNG-DNA complex, PDB 1EMH); (2b) SAUGI binds to SAUDG's 

active pocket to prevent its connection to DNA (SAUDG: SAUGI complex, PDB 3WDG); (3) SP endonuclease 

cleaves the DNA strand at the abasic site (E. coli endonuclease IV: impaired DNA complex, PDB 1QUM) 

 

8
 DPutnam, C.; NShroyer, M. J.; JLundquist, A.; DMol, C.; SArvai, A.; WMosbaugh, D.; ATainer, J. Protein 

Mimicry of DNA from Crystal Structures of the Uracil-DNA Glycosylase Inhibitor Protein and Its Complex 

with Escherichia Coli Uracil-DNA Glycosylase. J. Mol. Biol. 1999, 287 (2), 331–346. 
9
 Baños-Sanz, J. I.; Mojardín, L.; Sanz-Aparicio, J.; Lázaro, J. M.; Villar, L.; Serrano-Heras, G.; González, B.; 

Salas, M. Crystal Structure and Functional Insights into Uracil-DNA Glycosylase Inhibition by Phage Phi29 

DNA Mimic Protein P56. Nucleic Acids Res. 2013, 41 (13), 6761–6773. 
10

 Wang, H. C.; Hsu, K. C.; Yang, J. M.; Wu, M. L.; Ko, T. P.; Lin, S. R.; Wang, A. H. J. Staphylococcus 

Aureus Protein SAUGI Acts as a Uracil-DNA Glycosylase Inhibitor. Nucleic Acids Res. 2014, 42 (2), 1354–

1364. 
11

 Dryden, D. T. F. DNA Mimicry by Proteins and the Control of Enzymatic Activity on DNA. Trends 

Biotechnol. 2018, 24 (8), 378–382. 



5 

 

 

As a result of the catalysed reaction - hydrolysis of dUTP to dUMP and inorganic 

pyrophosphate - the enzyme regulates the level of dUTP on the one hand and, on the other 

hand, ensures the production of dUMP, the precursor of dTTP biosynthesis
12

.  

DNA polymerases generally do not distinguish between dUTP and dTTP, so the 

incorporation ratio of these bases depends on the intracellular dUTP/dTTP ratio
13

. 

Incorporated uracil is detected by UNG as an error, which begins to remove it, but due to the 

high level of dUTP in the nucleotide pool, uracil is reintroduced into the newly synthesized 

DNA strand. The BER error correction pathway becomes overwhelmed, leading to genome 

instability and double stranded DNA breaks. This process can provide an explanation for the 

lethality in the absence of dUTPase (thymine-free cell death)
14

. Previously, it was found that 

all freely-living organisms, as well as various DNA and RNA viruses (including retro 

viruses), encode dUTPase
15

. Recent discoveries by our research team have revealed that in 

some Staphylococcus strains, dUTPase is present in integrated phage-encoded prophage form 

in the bacterial chromosome. During the bioinformatics study of Staphylococcus strains, we 

also found strains that are viable and infectious in the absence of the dut gene
6
. Some of these 

bacteria, from which even the prophage-encoded dUTPase is absent, also carry methicillin 

resistance
16,17

 which increases the biomedical importance of our observations. 

Among the dUTPase enzyme families described in the literature, most of the two major 

structural groups include homo-oligomeric proteins. In one family, the oligomeric 

organization results in symmetrical proteins with three active binding sites in which the core 

of the subunits are β-sheets (so-called trimer dUTPase). In the other family, the oligomeric 

organization produces homodimers in which the secondary structure of the subunits is α-

helical (so-called dimer dUTPase). 

 

 

12
 Vertessy, B. G.; Toth, J.; Vértessy, B. G.; Tóth, J. Keeping Uracil out of DNA: Physiological Role, Structure 

and Catalytic Mechanism of DUTPases. Acc. Chem. Res. 2009, 42 (1), 97–106. 
13

 Mosbaugh, D. W. Purification and Characterisation of Porcine Liver DNA Polymerase y:Utilisation of DUTP 

and DTTP during in Vitro DNA Synthesis. Nucleic Acid Res. 1988, 16 (12), 5645–5659. 
14

 Muha, V.; Horváth, A.; Békési, A.; Pukáncsik, M.; Hodoscsek, B.; Merényi, G.; Róna, G.; Batki, J.; Kiss, I.; 

Jankovics, F.; et al. Uracil-Containing DNA in Drosophila: Stability, Stage-Specific Accumulation, and 

Developmental Involvement. PLoS Genet. 2012, 8 (6). 
15

 Baldo, A. M.; McClure, M. A. Evolution and Horizontal Transfer of DUTPase-Encoding Genes in Viruses 

and Their Hosts. J. Virol. 1999, 73 (9), 7710–7721. 
16

 Chen, C.-J.; Unger, C.; Hoffmann, W.; Lindsay, J. A.; Huang, Y.-C.; Götz, F. Characterization and 

Comparison of 2 Distinct Epidemic Community-Associated Methicillin-Resistant Staphylococcus Aureus 

Clones of ST59 Lineage. PLoS One 2013, 8 (9), e63210. 
17

 Golding, G. R.; Bryden, L.; Levett, P. N.; McDonald, R. R.; Wong, A.; Graham, M. R.; Tyler, S.; Van 

Domselaar, G.; Mabon, P.; Kent, H.; et al. Whole-Genome Sequence of Livestock-Associated St398 
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Methicillin-Resistant Staphylococcus Aureus Isolated from Humans in Canada. J. Bacteriol. 2012, 194 (23), 

6627–6628. 

There are two mechanisms complement each other against uracil in DNA, whom two key 

enzymes are UNG and dUTPase
14

. Both enzymes have specific protein inhibitors, in the case 

of UNG, the UGI, p56 and SAUGI; and in the case of dUTPase, the Stl. 

3 EXPERIMENTAL METHODS 

To create point mutations in the SAUGI protein, the Quikchange (Agilent) method was used, 

the sequence of DNA constructs were verified by sequencing at MWG Eurofins Genomics. The 6-

His labelled SAUGI, SAUDG and Stl recombinant proteins were produced in Escherichia coli 

BL21 (DE3) Rosetta strains, and after cell extraction, the SAUGI and SAUDG proteins were 

purified by nickel affinity chromatography, Stl protein was purified by glutathione agarose 

affinity chromatography. In the electrophoretic mobility shift assay, the Stl protein and the 

oligomers were separated by polyacrylamide gel electrophoresis, gel scans were performed 

using a Uvi-Tec gel coding system (Cleaver Scientific Ltd., Rugby, UK), GelRed was used 

for DNA dyeing (Biotium). For in silico analysis of the Stl binding site, MEME (Multiple 

Expectation Maximization for Motif Elicitation), BPROM and NCBI Blast software were 

used. Determination of genomic uracil levels was done by dot blot. The characterization of 

SAUDG and SAUGI wild type and mutant construct complexes was carried out by using 

microscale thermophoresis (NanoTemper Monolith NT.115 (Nanotemper Technologies 

GmbH, Germany)), isothermal titration calorimetry (using MicroCal ITC200 titration 

calorimeter (GE Healthcare) native mass spectrometry (Waters QTOF Premier (Waters, 

Milford, MA, USA) mass spectrometer).  
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4 RESULTS 

4.1 Determine the exact binding site for Stl protein  

Our aim was to identify the DNA sequences that are the exact binding site of Stl. To find 

this, several oligonucleotides were designed by using in silico predictions and literary data 

analysis on protein binding sites. 

First, we proved with the EMSA tests, that the Stl protein can bind to the intergenic region 

between stl-str and str-xis. We aimed to reduce the size of the DNA segment to the smallest 

size that Stl is still able to bind. Thus we designed shorter oligonucleotides and we tested the 

interaction with EMSA experiments. For the rational design of these oligonucleotides, we 

used in silico prediction-based approach. Based on the BLAST sequence alignment and 

promoter prediction, the str-stl intergenic region was divided into two equally long pieces 

(inter-R and inter-L). Based on the result of the EMSA test, Stl specifically bound to the inter-

R sequence, but did not bind to the inter-L sequence. According to the previous logic, the 

inter-R oligonucleotide was divided into two equal parts (inter-RR and inter-RL), of which Stl 

did not bound either. Taking these data together, we concluded that the binding site is located 

in the middle of the inter-R segment, which was ruined by the division into two parts. At this 

point, we used the motif search engine algorithm of the MEME that found a 17-mer long 

motif that contained an inverted repeat. These variants were found in upstream position to stl, 

str és a xis genes, so motif variants were named Motifstl, Motifstr and Motifxis respectively.  

 

Figure 2: Schematic representation of the three Stl binding sites and their relative positions relative to 

the genes involved. The inverted repeat sequence for the binding was highlighted in capital letters 

According to our hypothesis, a 3 bp long non-specific overhanging sequence is required 

for the binding in both sides of the binding sequence. For verification this assumption, we 

designed and tested two oligonucleotides (inter-L+tt, Stl site-L-tt).  
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Additional oligonucleotides have been designed to investigate the importance of the 

inverted repeat sequence in binding ability. We modified the bases between the inverted 

repeats, and also the inverted repeat motifs in two distinct locations (Stl site-R polyA, Stl site-

R G17T and Stl site-R C7G). We found that the middle and overhanging sequence may not 

participate in Stl binding, so they can be replaced by a polyA sequence, but the palindromic 

nature of the oligonucleotide plays an important role in the formation of the Stl-DNA 

complex. In summary, the Stl binding motif consists of two 6 bp long inverted repeat 

separated by a 5 bp non-specific spacer sequence (Fig. 2). Stl binding requires three base pair 

long overhanging sequences in both sides, resulting in a binding site of a total length of 23 bp. 

4.2 Effect of particular SAUGI mutations on SAUGI: SAUDG 

complexation 

We aligned several SAUGI sequences from different S. aureus bacterial strains, and we 

investigated the conservation of amino acids on the interacting surface. We found several 

amino acid difference that were on the interacting surface. We selected five positions, where 

the substitution lead to the change in amino acid character (acid-base, apolar-polar), then we 

synthesized and analysed five point mutant SAUGI proteins with complex analytical methods. 

First, the SAUDG: SAUGI
WT

 and SAUDG: SAUGI
E24H

 complexes were tested by ITC. It 

has been found that the salt composition of the buffer and the stirring resulted in high protein 

precipitation, so only a few evaluable sets of data were obtained. The thermodynamic nature 

of SAUGI
WT

 and SAUGI
E24H

 was different based on the results. The SAUDG:SAUGI
WT

 

complex showed favourable enthalpy and entropy components, while in SAUDG:SAUGI
E24H 

complex the entropy was dominate, which is opposed to the low unfavourable binding 

enthalpy. 

The SAUDG: SAUGI
WT

 and SAUDG: SAUGI
E24H

 complexes were then tested by MST 

method, the curves were similar in appearance, only slight differences were observed, and the 

deviation of the measurement points was large. In the following, we wanted to investigate 

whether there is a SAUGI mutant variant that can show significant difference in the binding 

affinity compared to the wild type SAUGI by the MST method. All five SAUGI mutant 

variants showed similar results but the difference between the obtained KD values was not 

significant. Finally, native mass spectrometry (Fig. 3) was used to investigate the complexing 

ability of SAUDG and naturally occurring SAUGI mutants. 
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Figure 3: Mass spectrum of the protein complex, where the concentration of SAUDG and SAUGIE
24H 

is 2 μM and 1.25 μM 

 

Comparing the dissociation constant values of the complexes of the wild type and point 

mutant SAUGIs with SAUDG, it was apparent that the substitution of E24H could lead to a 

stronger binding, while the other mutations could weaken or did not affect the strength of the 

complex formation. Three SAUGI mutants showed an increase in the dissociation constant 

(SAUGI
D59Y

, SAUGI
H87N

, SAUGI
M89K

). For SAUGI
H87N

, it is well understood that the 

histidine in the wild-type SAUGI has an aromatic interaction with SAUDG 187-tyrosine, 

because of the mutation, this interaction is not created, so the interaction may be weakened. 

In the case of SAUGI
D59Y

, the 59-aspartic acid in the wild type SAUGI established an 

ionic interaction with the amino group of SAUDG 79-lysine. As a result of the amino acid 

exchange, this strong ionic bond disappeared, also weakening the interaction. 

In SAUGI
M89K

, a charged lysine was replaced by methionine in the hydrophobic pocket of 

SAUDG, which interfered with the interaction and weakened the complexation. Finally, for 

SAUGI
I50T

 we measured similar affinity to wild-type SAUGI. In summary, the naturally 

occurring SAUGI mutant variants still had a strong interaction with SAUDG. 
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4.3 Content of genomic uracil level in various bacteria strains 

Interestingly, in all investigated cases, the dUTPases found in S. aureus strains are 

encoded by phages integrated into the S. aureus genome
18

. On this bases, we investigated and 

found that a gene encoding functional dUTPase is not present on the bacterial genome of S. 

aureus. Therefore, we aimed to expand genomic investigations of all bacteria and Archea. In 

co-operation with bioinformatics colleagues we investigated whether the genomes of different 

bacteria include enzymes that affect genomic uracil levels (dUTPase, UNG and inhibitor of 

UNG). Based on our results, a number of evolutionary lines were created where some or more 

species did not encode the dUTPase protein (dut-), some of which lacked the ung gene too 

(dut- ung-). The dut- genotype was expected to be related to the increased genomic uracil 

content. To test this hypothesis we analysed the genomic uracil content of five bacteria, 

namely the S. aureus, the Enterococcus faecalis, the Staphylococcus epidermidis, the E. coli 

and the Aeromonas hydrophila. Significant differences were found between S. epidermidis, A. 

hydrophilia and E. coli compared to S. aureus RN450. Based on our results, the S. aureus 

strains exhibited a higher uracil content than the bacterial strains measured as controls. In S. 

aureus samples, the genomic DNA isolated from bacteria in the logarithmic growth phase 

showed higher uracil levels than isolated from the stationary phase as the DNA rapidly 

replicates in the logarithmic phase and thus may possibly better accumulate uracil. 

 

 

 

 

 

 

 

 

 

18
 Ladner, R. D. The Role of DUTPase and Uracil-DNA Repair in Cancer Chemotherapy. Curr. Protein Pept. 

Sci. 2001, 2 (4), 361–370.  
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5 THESES 

1. We identified the exact binding site of Stl repressor protein on the physiologically 

relevant SaPIbov1 gene segment. We found that the Stl binding motif consists of two 6 

bp long reverse repeats separated by a 5 bp long non-specific spacer sequence. We 

identified the positions of bases relevant to the Stl binding
19

 

 

2. We selected and purified several naturally occurring SAUGI mutant variant proteins 

based on protein structural basis. The affinity of these variants to SAUDG protein was 

quantitatively characterized by microscale thermophoresis, isothermal titration 

calorimetry and native mass spectrometry
20,21

 

 

3. We have optimized the mass spectrometry method for quantitative analysis of protein 

complex formation
21

 

 

4. Using a novel uracil DNA detection method, we found that several Staphlococcus 

aureus strains showed increased uracil content in genomic DNA
22

 

 

 

 

 

 

  

 

 

 

 

 

 
19

 Papp-Kádár, V.; Szabó, J. E.; Nyíri, K.; Vertessy, B. G. In Vitro Analysis of Predicted DNA-Binding Sites 

for the Stl Repressor of the Staphylococcus Aureus SaPIBov1 Pathogenicity Island. PLoS One 2016, 11, 

e0158793. 
20

 Papp-Kádár, V.; Balázs, Z.; Nagy, G. N.; Juhász, T.; Liliom, K.; Vértessy, B. G. Functional Analysis on a 

Naturally Occurring Variant of the Staphylococcus Aureus Uracil DNA Glycosylase Inhibitor. Period. 

Polytech. Chem. Eng. 2017, 62 (1), 51–56. 
21

 Papp-Kádár V.; Balázs Z.; Vékey K.; Ozohanics O.; Vértessy B. G., Mass Spectrometry Based Analysis of 

Macromolecular Complexes of SAUDG and SAUGI Reveals Specific Variations Due to Naturally Occurring 

Mutations. FEBS Open Bio 2018, doi: 10.1002/2211-5463.12567 
22

 Kerepesi, C.; Szabó, J. E.; Papp-Kádár, V.; Dobay, O.; Szabó, D.; Grolmusz, V.; Vértessy, B. G. Life without 

DUTPase. Front. Microbiol. 2016, 7 (1768), 1–10.  
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6 APPLICATION 

The S. aureus DNA repair enzyme set has many unique features. The uracil metabolism of 

the bacterium is a special mix of bacterial and viral enzymes (Fig. 4). As medicine has a 

major problem causing S. aureus disorders, so it is a relevant and timely topic to know DNA 

repair procedures and to look at them as a potential drug target. 

 

 

Figure 4: Schematic representation of enzymes and enzyme complexes involved in S. aureus uracil-

DNA metabolism 

 

S. aureus cause widely spread pathogenic diseases, which are difficult to threat, thus the 

examination of its molecular mechanisms is relevant and timely. By using specific substrate 

analogue antagonists or dUTPase inhibitors, the enzyme may be inhibited, thus producing 

thymine-free cell death. This enzyme can be a new target in the design of anticancer drugs
23

. 

A recent publication has described a potential way about transformation of SAUGI into an 

antiviral agent using site-directed mutagenesis
24

. Continuing along with the initial successful 

steps, they are planning to create point mutant SAUGIs that will have more affinities to viral 

UNG, than human UNG
24

. 

 

23
 Ladner, R. D. The Role of DUTPase and Uracil-DNA Repair in Cancer Chemotherapy. Curr. Protein Pept. 

Sci. 2001, 2 (4), 361–370. 
24

 Wang, H.-C.; Ho, C.-H.; Chou, C.-C.; Ko, T.-P.; Huang, M.-F.; Hsu, K.-C.; Wang, A. H.-J. Using Structural-

Based Protein Engineering to Modulate the Differential Inhibition Effects of SAUGI on Human and HSV 

Uracil DNA Glycosylase. Nucleic Acids Res.  
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