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Abstract 

The work performed herein describes three proteins: Uracil DNA glycosylase 

(UDG) from Archaeoglobus fulgidus, MutY, and Endonuclease III (EndoIII) from 

Escherichia coli.  They are DNA repair glycosylases that contain [4Fe-4S] clusters.  While 

the catalytic mechanisms of many BER enzymes have been studied in detail, questions 

remain about how these enzymes search the vast amount of cellular DNA to find their 

substrates, and why some require a [4Fe-4S] cluster.  The iron-sulfur cluster is not 

necessary for catalysis, and it only displays a physiologically relevant midpoint potential 

when bound to DNA.  We have proposed that UDG, MutY, and EndoIII use their [4Fe-4S] 

clusters to participate in DNA-mediated charge transport (CT), and that these proteins 

mediate long-range electrochemical signaling in order to detect DNA damage. 

This scheme for DNA damage detection assumes that CT occurs efficiently 

between the DNA helix and the [4Fe-4S] cluster of the bound protein.  In order for efficient 

CT to occur, a pathway of amino acids must be present that facilitates CT between the 

DNA and the iron-sulfur cluster.  For each of the enzymes mentioned, this pathway was 

explored through mutagenesis.  In UDG, MutY, and EndoIII, several amino acids thought 

to be important for CT were mutated and the resulting proteins were characterized 

biochemically.  Their CT capabilities were analyzed by cyclic voltammetry on DNA-

modified electrodes.  In these experiments, the mutants’ signal intensities were quantified 

and compared to those of wild-type enzyme.  An attenuated signal relative to wild-type 

protein may indicate that the mutant is deficient in CT and that the targeted amino acid is 

part of the protein-DNA CT pathway in the native enzyme.  Many mutants were also 
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screened by enzymatic assays and circular dichroism spectroscopy to further 

characterize their DNA-binding properties and structural stability. 

The A. fulgidus UDG mutants examined, C17H, C85S, and C101S, all contained 

mutations in the cysteine residues that ligate the [4Fe-4S] cluster.  These mutants were 

designed to determine how the iron-sulfur cluster coordination environment affects protein-

DNA CT.  The mutants exhibited varying signal strengths relative to WT UDG on DNA-

modified electrodes.  C85S produced a weaker signal, indicating a CT deficiency.  The 

signal intensity from C101S was within error of that of WT, and the signal from C17H was 

larger than that of WT, possibly indicating that this mutant is less structurally stable than 

WT UDG. 

In E. coli MutY, position Y82 aligns with Y165 in MUTYH, a residue in which 

mutations have been found in many colorectal cancer patients.  To better understand the 

correlation between protein-DNA CT and colorectal cancer, the MutY mutants Y82C and 

Y82L were prepared and characterized.  Y82C exhibited a CT deficiency relative to WT 

MutY, whereas Y82L did not.  These data indicate that Y82 forms part of the CT pathway 

in native E. coli MutY, but that other long-chain amino acids, such as leucine, can also 

mediate CT efficiently at this position. 

Several different mutants of E. coli EndoIII were examined.  First, the Y82 position 

was targeted, since the aligning MUTYH residue has been found mutated in colorectal 

cancer patients and because this residue is located near the protein-DNA interface.  Five 

mutations were made at or near the Y82 position, and their cyclic voltammetry signals 

demonstrated that aromatic amino acids best mediate CT at this position.  Other residues 

towards the interior of the protein, Y75, Y55, and F30 were also mutated to alanines.  
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These mutants exhibited CT deficiencies, implicating the residues as part of a potential 

CT pathway.  Residues W178 and Y185, located near the [4Fe-4S] cluster of EndoIII, were 

also mutated to alanines.  The resulting mutants produced larger signals than that of WT 

EndoIII.  These mutants were later shown by circular dichroism spectroscopy to be less 

stable structurally than WT EndoIII.  All of the mutants mentioned exhibited enzymatic 

properties similar to those of WT, suggesting that they are able to bind DNA and excise 

damage nucleobases as well as the native enzyme.  Several of these mutants were also used 

in a mutagenesis-based experiment to assay how EndoIII variants help MutY search for 

DNA lesions, although data from these experiments showed no significant differences in 

mutation rate between strains expressing different EndoIII variants. 

In total, the mutagenesis studies performed here helped determine the 

characteristics of BER enzymes that enable them to mediate DNA-protein CT.  All these 

enzymes must contain a stable, well-protected metallocluster that charge can access 

through a series of CT-facilitating amino acids.  In discovering several residues important 

for protein-DNA CT in UDG, MutY, and EndoIII, we have strengthened support for the 

hypothesis that these enzymes facilitate DNA-mediated CT in vivo.  These enzymes may in 

fact be part of a much larger array of redox-active DNA-binding proteins that communicate 

electrochemically to help each other detect and repair DNA lesions inside the cell. 
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Introduction 

Cells constantly undergo an onslaught of potentially mutagenic processes 

that include exposure to ultraviolet light, reactive oxygen species, and intracellular 

alkylating agents [1−3].  If cells cannot detect and repair the DNA damage that 

these processes create, then the genomic mutations that ensue could have a 

profound effect on the cells’ ability to faithfully replicate and survive [4].  

Consequently, most organisms have evolved a stunning array of enzymes that 

detect and repair damaged DNA [3], including the E. coli glycosylases 

endonuclease III (EndoIII) and MutY and Archaeaglobus fulgidus Uracil DNA 

glycosylase (UDG) (Figure 1.1).  These enzymes are part of the base excision repair 

(BER) pathway, meaning that they repair damaged DNA by cleaving the N-

glycosidic bond of a damaged nucleotide and excising it from the helix [5−8]. 

Endonuclease III repairs damaged pyrimidines [9, 10], MutY removes adenine from 

mismatches between adenine and 7,8-dihydro-8-oxo-2’-deoxyguanosine (8–oxo-G) 

[8, 11, 12], and UDG excises uracil present in DNA [13].  The molecular 

mechanisms by which these proteins excise their substrates are fairly well-

understood, but less attention has been devoted to understanding how BER 

glycosylases detect DNA damage in the first place [2].  

We have proposed that BER enzymes may detect DNA damage through 

DNA-mediated charge transfer [14, 15].  The base pair π-stack of duplex DNA is 

capable of mediating charge transport (CT) through distances of over 200 Å 
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[16−18].  Importantly, alterations in the π-stack, such as those produced by DNA 

lesions, can disrupt the flow of CT through the helix [19−22].  BER enzymes may 

sense these CT disruptions, and are thus alerted to the presence of a DNA lesion.  In 

this model for lesion detection, the [4Fe-4S] clusters of BER enzymes are crucial to 

their in vivo function because they are the redox-active moieties that mediate CT 

interactions with the DNA helix.  Several lines of evidence suggest that the [4Fe-

4S] clusters of BER enzymes function as CT mediators.  The clusters do not 

catalyze the base excision reaction [5], and they are not readily oxidized or reduced 

within a physiologically relevant range of potentials [9].  This apparent lack of 

activity has led some authors to suggest that the [4Fe-4S] clusters have a structural 

role [5, 23, 24].  However, there is some biochemical evidence that MutY can fold 

properly without the [4Fe-4S] cluster [25].  Furthermore, physiologically relevant 

midpoint potentials can be measured when the proteins are bound to DNA [14, 26], 

arguing that the iron-sulfur clusters confer redox capabilities rather than structural 

stability.  These data have led to the development of the following model for DNA 

damage detection: 1) The [4Fe-4S] cluster of a BER enzyme typically resides in the 

2+ state [9].  Oxidative stress activates the enzyme to the 3+ state, causing it to and 

bind DNA more tightly [27].  This oxidative stress may be funneled to the protein 

through DNA-mediated CT after having formed at guanine residues [28].  2) The 

newly oxidized protein loses an electron that gets transmitted through the DNA 

helix and ultimately reduces a second, distally located DNA-bound repair protein.  

3) Reduction reduces the DNA binding affinity of this second enzyme, which then 
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dissociates from the DNA and re-binds to a different portion of the genome [27].  If 

part of the DNA helix is damaged, then this damage will impair CT in step 2 so that 

the BER enzymes will remain bound to DNA and continue to search for the 

damaged nucleotide. 

We have tested this model for DNA damage detection through DNA-

mediated CT though a variety of experiments.  These include in vivo assays of 

cooperativity between BER enzymes [29], AFM assays of whether BER enzymes 

redistribute onto mismatch-containing DNA strands [29], and experiments that 

detected an increase in DNA binding affinity upon oxidation of EndoIII [27].  

However, one important component of this model remains to be examined: the 

mechanism by which charge is transported between the DNA helix and the 

metallocluster of the bound repair enzyme.  In other charge-transfer active proteins, 

CT between redox active moieties often occurs through a pathway of amino acids 

that can act as “stepping stones” though which electrons or holes pass as they 

traverse the protein [30−33].  These CT-active residues can be discovered through 

mutagenesis experiments in which CT candidate residues are mutated, and the 

resulting protein sample is assayed for a deficiency in CT activity.  Here, assays of 

electrochemical activity were performed on site-directed mutants of three different 

redox-active BER glycosylases: Uracil DNA Glycosylase (UDG), MutY, and 

Endonuclease III (EndoIII).  These individual proteins are described in detail 

below. 
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Uracil DNA Glycosylase 

Uracil DNA Glycosylases (UDG) remove uracil and related compounds 

from DNA [2], (Figure 1.2).  Uracil can be misincorporated into DNA by synthesis 

enzymes [34].  However, more commonly, it is formed by hydrolytic deamination 

of cytosine [2].  If not repaired, G:U base pairs will result in G:C  A:T 

transversion mutations [35].  Indeed, E. coli cells in which UDG has been 

inactivated show an increase in G:C  A:T transversion rates [35].  UDG enzymes 

are found in all three domains of life, although differences in substrate, structure, 

and active site residues have caused them to be divided into six different families 

[36].  Family I, II, and III UDG enzymes are found in eukaryotes and some bacteria 

[36].  UDG proteins from families IV, V, and VI have, thus far, only been isolated 

from extremophilic organisms.  They are distinguished from other UDG families in 

that they contain a [4Fe-4S] cluster.  Given its distance from the putative substrate 

binding site, this [4Fe-4S] cluster is unlikely to be catalytic in UDG.  We have 

proposed that extremophilic UDG enzymes use their [4Fe-4S] clusters to participate 

in electrochemical long-range signaling for DNA damage detection.  The ability to 

detect lesions electrochemically may prove particularly useful for extremophilic 

organisms because rates of cytosine deamination increase with temperature [37].  

Many family IV, V, and VI UDGs have been isolated from thermophilic 

prokaryotes [38−40].  In order to better understand the role of the [4Fe-4S] clusters 

in thermophilic UDGs, C17H, C85S, and C101S mutants of Archaeoglobus 

fulgidus UDG were prepared.  The mutations target residues that ligate the [4Fe-4S] 
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cluster.  A. fulgidus is a thermophilic archaeon, and the mutants that are examined 

here were tested to determine how changes in the iron-sulfur cluster coordination 

environment affect the charge-transfer properties of the protein. 

MutY 

MutY homologues are found in all three domains of life and are part of a 

repair system that helps cells respond to oxidative stress.  When excess reactive 

oxygen species form in vivo, these species can damage DNA, particularly at 

guanine residues since guanine has the lowest oxidation potential of all the 

nucleobases [41, 42].  When guanine is oxidized, it forms 7,8-dihydro-8-

oxoguanine (8-oxo-G, Figure 1.2) [43].  Excess intracellular 8-oxo-G is removed by 

the enzyme MutT [11].  If it gets incorporated into DNA, it is excised by MutM 

[11, 12].  However, if 8-oxo-G remains misincorporated, then subsequent rounds of 

DNA replication will mistakenly pair an adenine molecule with it [44].  The next 

round of DNA replication will then place a thymine across from this adenine, 

resulting in a G:C  T:A transversion.  MutY is the “final defense” against these 

transversions, as it removes adenine mispaired with 8-oxo-G [11, 44, 45].  The 

enzymes that repair 8-oxo-G-based lesions were first discovered by genetic 

mapping of cells with a strong G:C  T:A mutator phenotype.  The resulting 

experiments identified the mutY locus as being among those responsible [45].   

In human cells, MutY also plays an important role in maintaining genomic 

integrity.  The human homologue of MutY, MUTYH, has recently drawn the 
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attention of colorectal cancer researchers.  Patients with mutations in MUTYH are 

predisposed towards developing colorectal cancer [47].  These patients tend to 

acquire mutations in the Adenomatous Polyposis Coli (APC) gene, which governs 

the proliferation of colonic cells [47, 48].  If APC gene mutations accumulate, and 

MUTYH is unable to detect and repair them, then colorectal tissue may become 

cancerous.  Several different cancer-relevant MUTYH mutations have been 

discovered [47], and two of their E. coli counterparts Y82C and Y82L were 

prepared and examined for electrochemical activity herein. 

Endonuclease III 

Endonuclease III (EndoIII) acts upon a variety of substrates, excising 

several oxidative damage products of cytosine and thymine from the DNA 

backbone [2] (figure 2).  Cells lacking EndoIII exhibit only a weak mutator 

phenotype, suggesting that many of its substrates may also be repaired by other 

enzymes.  EndoIII contains a [4Fe-4S] cluster which, we argue, allows it to 

communicate electrochemically with other DNA-bound proteins such as MutY [14] 

and SoxR [49, 50] in order to detect DNA lesions.  For the experiments discussed in 

this report, eleven mutants of EndoIII were prepared targeting residues suspected to 

form part of the CT pathway between the DNA and the [4Fe-4S] cluster in EndoIII.  

These mutants were then characterized biochemically to determine whether their 

CT capabilities were decreased relative to those of WT EndoIII.  Because EndoIII 
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bears structural and amino acid sequence homology to MUTYH, several of the 

EndoIII mutants examined are also relevant to colorectal cancer research. 

In total, the research performed in this thesis uses three proteins as model 

systems to better understand the biological relevance of DNA-mediated charge 

transfer.  For each of these three proteins, UDG, MutY, and EndoIII, several site-

directed mutants were prepared with four questions in mind:  1) How do 

perturbations near the [4Fe-4S] cluster affect the CT properties of redox active 

DNA repair enzymes?  2) Which types of amino acid residues best mediate protein-

to-DNA CT? 3) What possible amino acid pathways may exist through which 

charge flows? 4) What are the biological consequences of having an impaired CT 

pathway?  These questions were addressed though a variety of biochemical 

techniques including enzymatic activity assays, cyclic voltammetry on DNA-

modified electrodes, circular dichroism spectroscopy, and in vivo assays of 

cooperativity between select BER proteins.  In total, these experiments present how 

biological systems could exploit DNA CT in vivo in order to detect and repair 

damaged DNA. 
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Figure 1.1: Crystal structures of the base excision repair proteins to be 
investigated.  Each contains a [4Fe-4S] cluster. EndoIII (E. coli), MutY (B. 
stearothermophilus), and UDG (T. thermophilus) structures were adapted from 
references [5, 23, 51, 52], respectively, and formatted in PyMol [53]. 
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Figure 1.2: Substrates of BER enzymes. UDG excises uracil and related 
compounds from DNA, MutY excises adenine mispaired with 7,8-dihydro-8-
oxoguanine, and EndoIII targets oxidized pyrimidines. 
 

NH

N

O

O

NH

N

O

O

DNA DNA

HO

O

NH

N

O

O

DNA

HO

NH

N

O

O

DNA

O

O

NH

N
N

N

O

NH2

NH

N
N

H
N

O

NH2

O

DNA DNA

uracil isodialuric acid 5-hydroxyuracil alloxan

guanine 7,8-dihydro-
8-oxo-guanine

UDG Substrates

MutY Substrates

 

NH

N

O

O

NH

N

O

O

HO

HO

NH

HN

O

O

HO

O

OH

NH

N

O

O

HO

NH

N

O

O

NH

N

O

O

NH

N

O

O

HO

HO

NH

N

NH2

O

HO

thymine thymine glycol methyl tartonyl urea 5-hydroxyuracil

5,6-dihydro-
thymine

uracil glycol 5-hydroxycytidine5,6-dihydro-
uracil

EndoIII Substrates

DNA DNA DNA DNA

DNA DNA DNA DNA

 



  11 

 

References: 

 
1. Friedberg, E.C., DNA damage and repair. Nature, 2003. 421: 709−715. 
2. David, S.S., and S.D. Williams, Chemistry of Glycosylases and 

Endonucleases Involved in Base Excision Repair. Chemical Reviews, 1998. 
98: 1221−1261. 

3. Friedberg, E.C., G.C. Walker, and W. Siede, DNA Repair and Mutagenesis. 
1995, Washington, D.C.: ASM Press. 

4. Lindahl, T., Instability and decay of the primary structure of DNA. Nature, 
1993. 362: 709−715. 

5. Thayer, M.M., et al., Novel DNA binding motifs in the DNA repair enzyme 
endonuclease III crystal structure. The EMBO Journal, 1995. 14(16): 
4108−4120. 

6. Manuel, R.C., et al., Reaction Intermediates in the Catalytic Mechanism of 
Escherichia coli MutY DNA Glycosylase. Journal of Biological Chemistry, 
2004. 279: 46930−46939. 

7. Demple, B., and S. Linn, DNA N- glycosylases and UV repair. Nature, 
1980. 287: 203−208. 

8. Au, K.G., et al., Escherichia coli mutY gene encodes an adenine glycosylase 
active on G-A mispairs. Proc. Natl. Acad. Sci. USA, 1989. 86: 8877−8881. 

9. Cunningham, R.P., et al., Endonuclease III Is an Iron-Sulfur Protein. 
Biochemistry, 1989. 28: 4450−4455. 

10. Breimer, L.H., and T. Lindahl, DNA Glycosylase Activities for Thymine 
Residues Damaged by Ring Saturation, Fragmentation, or Ring 
Contraction Are Functions of Endonuclease III in Escherichia coli. Journal 
of Biological Chemistry, 1984. 259(9): 5543−5548. 

11. Michaels, M.L., and J.H. Miller, The GO System Protects Organisms from 
the Mutagenic Effect of the Spontaneous Lesion 8-Hydroxyguanine (7,8- 
Dihydro-8-Oxoguanine). Journal of Bacteriology, 1992. 174(20): 6321− 
6325. 

12. Michaels, M.L., et al., Evidence that MutY and MutM combine to prevent 
mutations by an oxidatively damaged form of guanine in DNA. Proc. Natl. 
Acad. Sci. USA, 1992. 89: 7022−7025. 

13. Lindahl, T., An N-glycosidase from Escherichia coli that releases free 
uracil from DNA containing deaminated cytosine residues. Proc. Natl. 
Acad. Sci. USA, 1974. 71(9): 3649−53. 

14. Boal, A.K., et al., DNA-Bound Redox Activity of DNA Repair Glycosylases 
Containing [4Fe- 4S] Clusters. Biochemistry, 2005. 44: 8397−8407. 

15. Yavin, E., et al., Electron trap for DNA-bound repair enzymes: A strategy 
for DNA-mediated signaling. Proc. Natl. Acad. Sci. USA, 2006. 103(10):  
3610−3614. 



  12 

 

16. Hall, D.B., R.E. Holmlin, and J.K. Barton, Oxidative DNA damage through 
long-range electron transfer. Nature, 1996. 382: 731−735. 

17. Nunez, M.E., D.B. Hall, and J.K. Barton, Long-range oxidative damange to 
DNA: effects of distance and sequence. Chem. Biol., 1999. 6: 85−97. 

18. Kelley, S.O., et al., Single-base mismatch detection based on charge 
transduction through DNA. Nucleic Acids Research, 1999. 27(24): 
4830−4837. 

19. Kelley, S.O., and J.K. Barton, Electron Transfer Between Bases in Double 
Helical DNA. Science, 1999. 283: 375−381. 

20. Kelley, S.O., et al., Photoinduced Electron Transfer in Ethidium-Modified 
DNA Duplexes: Dependence on Distance and Base Stacking. J. Am. Chem. 
Soci., 1997. 119(41): p. 9861−9870. 

21. Boal, A.K., and J.K. Barton, Electrochemical Detection of Lesions in DNA. 
Bioconjugate Chem., 2005. 16: 312−321. 

22. Boon, E.M., et al., Mutation detection by electrocatalysis at DNA-modified 
electrodes. Nature Biotechnology, 2000. 18: 1096−1100. 

23. Fromme, J.C. and G.L. Verdine, Structure of a trapped endonuclease III- 
DNA covalent intermediate. The EMBO Journal, 2003. 22(13): 3461−3471. 

24. Lukianova, O.A., and S.S. David, A role for iron-sulfur clusters in DNA 
repair. Current Opinion in Chemical Biology, 2005. 9:145−151. 

25. Porello, S.L., M.J. Cannon, and S.S. David, A Substrate Recognition Role 
for the [4Fe-4S]2+ Cluster of the DNA Repair Glycosylase MutY. 
Biochemistry, 1998. 37: 6465−6475. 

26. Boon, E.M., et al., DNA-mediated charge transport for DNA repair. Proc. 
Natl. Acad. Sci. USA, 2003. 100:12543−12547. 

27. Gorodetsky, A.A., A.K. Boal, and J.K. Barton, Direct Electrochemistry of 
Endonuclease III in the Presence and Absence of DNA. J. Am. Chem. Soc., 
2006. 128:12082−12083. 

28. Yavin, E., et al., Protein-DNA charge transport: Redox activation of a DNA 
repair protein by guanine radical. Proc. Natl. Acad. Sci. USA, 2005. 
102(10): p. 3546-3551. 

29. Boal, A.K., et al., Redox signaling between DNA Repair Proteins for 
efficient lesion detection. Proc. Natl. Acad. Sci. USA, 2009. 106(36): 
15237−15242. 

30. Stubbe, J., et al., Radical Initiation in the Class I Ribonucleotide Reductase: 
Long-Range Proton-Coupled Electron Transfer? Chemical Reviews, 2003. 
103(6):2167−2202. 

31. Cordes, M., et al., Influence of amino acid side chains on long-distance 
electron transfer in peptides: Electron hopping via "Stepping Stones". 
Angewandte ChemieInternational Edition, 2008. 47(18):3461−3463. 

32. Giese, B., M. Graber, and M. Cordes, Electron transfer in peptides and 
proteins. Curr. Opin. Chem. Biol., 2008. 12(6):755−9. 



  13 

 

33. Giese, B., et al., Electron Relay Race in Peptides. Journal of Organic 
Chemistry, 2009. 74(10):3621−3625. 

34. Mosbaugh, D.W., and S.E. Bennett, Uracil-excision DNA repair. Prog. 
Nucleic Acid Res. Mol. Biol., 1994. 48:315−70. 

35. Duncan, B.K. and B. Weiss, Specific Mutator Effects of Ung (Uracil-DNA 
Glycosylase) Mutations in Escherichia-Coli. Journal of Bacteriology, 1982. 
151(2): 750−755. 

36. Pearl, L.H., Structure and function in the uracil-DNA glycosylase 
superfamily. Mutat. Res., 2000. 460(3−4):165-81. 

37. Lindahl, T. and B. Nyberg, Heat-Induced Deamination of Cytosine 
Residues in Deoxyribonucleic-Acid. Biochemistry, 1974. 13(16): 
3405−3410. 

38. Sakai, T., et al., Mutagenesis of uracil-DNA glycosylase deficient mutants of 
the extremely thermophilic eubacterium Thermus thermophilus. DNA 
Repair, 2008. 7(4): 663−669. 

39. Hoseki, J., et al., Crystal structure of a family 4 Uracil-DNA glycosylase 
from Thermus thermophilus HB8. Journal of Molecular Biology, 2003. 
333(3): 515−526. 

40. Kosaka, H., et al., Crystal structure of family 5 uracil-DNA glycosylase 
bound to DNA. Journal of Molecular Biology, 2007. 373(4): 839−850. 

41. Saito, I., et al., Photoinduced DNA Cleavage Via Electron-Transfer 
Demonstration That Guanine Residues Located 5' to Guanine Are the Most 
Electron-Donating Sites. Journal of the American Chemical Society, 1995. 
117(23): 6406−6407. 

42. Steenken, S., and S.V. Jovanovic, How easily oxidizable is DNA? One-
electron reduction potentials of adenosine and guanosine radicals in 
aqueous solution. Journal of the American Chemical Society, 1997. 119(3): 
617−618. 

43. Neeley, W.L., and J.M. Essigmann, Mechanisms of formation, genotoxicity, 
and mutation of guanine oxidation products. Chemical Research in 
Toxicology, 2006. 19(4): 491−505. 

44. Michaels, M.L., et al., A Repair System for 8-Oxo-7,8-
Dihydrodeoxyguanine. Biochemistry, 1992. 31(45):10964−10968. 

45. Nghiem, Y., et al., The Muty Genea Mutator Locus in Escherichia-Coli 
That Generates G.C->T.A Transversions. Proceedings of the National 
Academy of Sciences of the United States of America, 1988. 85(8): 
2709−2713. 

46. Cupples, C.G., and J.H. Miller, A set of lacZ Mutations in Escherichia coli 
that Allow Rapid Detection of Each of the Six Base Substitutions. Proc. Natl. 
Acad. Sci. USA, 1989. 86:5435−5439. 

47. Cheadle, J.P., and J.R. Sampson, MUTYH-associated polyposisFrom 
defect in base excision repair to clinical genetic testing. DNA Repair, 2007. 
6: 274−279. 



  14 

 

48. Fearnhead, N.S., M.P. Britton, and W.F. Bodmer, The ABC of APC. Human 
Molecular Genetics, 2001. 10(7): 721−733. 

49. Lee, P.E., B. Demple, and J.K. Barton, DNA-mediated redox signaling for 
transcriptional activation of SoxR. Proceedings of the National Academy of 
Sciences of the United States of America, 2009. 106(32):13164−13168. 

50. Gorodetsky, A.A., et al., DNA binding shifts the redox potential of the 
transcription factor SoxR. Proc. Natl. Acad. Sci. USA, 2008. 105(10): 
3684−3689. 

51. Fromme, J.C., et al., Structural basis for removal of adenine mispaired with 
8- oxoguanine by MutY adenine DNA glycosylase. Nature, 2004. 427(652- 
656): p. 652. 

52. Kosaka, H., et al., Crystal structure of uracil-DNA glycosylase in complex 
with AP:C containing DNA.  RCSB Protein Data Bank 2DP6, 2007. 

53. The PyMOL Molecular Graphics System, Version 1.2r3pre, Schrödinger, 
LLC. 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 



  15 

 

Chapter 2 
 
 
[4Fe-4S] Cluster Ligand Mutants of 
Archaeoglobus Fulgidus Uracil DNA 
Glycosylase 
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Abstract 

Archaeoglobus fulgidus is a hyperthermophilic archaeon that expresses a  

[4Fe-4S] containing uracil DNA glycosylase (UDG) enzyme.  UDG proteins excise 

uracil that has been misincorporated into DNA.  This uracil is often formed by 

deamination of cytosine, a process whose rate is greatly accelerated at high 

temperatures.  In order to cope with this excess DNA damage, thermophilic UDGs 

may contain unique features that enable them to better detect and repair their 

substrate.  We have proposed that A. fulgidus UDG uses its [4Fe-4S] cluster to 

detect DNA lesions through DNA-mediated CT.  To better understand the charge-

transfer characteristics of A. fulgidus UDG, several variants were created that 

contain mutations in the cysteine residues that ligate the iron-sulfur cluster.  The 

C17H, C85S, and C101S mutants were examined by cyclic voltammetry on DNA-

modified electrodes to determine whether they were CT deficient relative to wild-

type UDG.  C17H produced a signal that was larger than that of WT UDG, C101S 

produced a signal within error of that of WT, and C85S produced a weaker signal 

than that of WT.  These results indicate that changes in the iron-sulfur cluster 

coordination environment of UDG can drastically perturb the DNA-bound CT 

properties of this enzyme.    

 

Introduction 

Extremophilic species have long been of interest to life sciences research  
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because of their ability to survive in a variety of harsh environments.  Among the 

many extremophiles that currently receive increased research attention is the 

hyperthermophilic archaeon Archaeoglobus fulgidus, which can survive in 

geothermal springs and high-temperature oil fields [1, 2].  Adapting to such high 

temperatures probably requires a range of physiological changes relative to 

organisms that live under less extreme conditions.  These changes may include 

modified DNA repair pathways to combat excess mutagenesis induced by high 

temperatures.  For example, cytosine deamination occurs at greater frequency at 

high temperatures [3], and this process converts cytosine to uracil in DNA.  

Although thermophiles likely endure higher rates of cytosine deamination in their 

natural environment, those whose mutation rates have been examined do not exhibit 

higher rates of mutation than non-thermophiles [4].   

Researchers who study this phenomenon have pointed focused on Uracil 

DNA glycosylase (UDG), the enzyme that removes misincorporated uracil from 

DNA.  Many thermophilic UDGs, (which belong to Families IV, V, and VI of the 

UDGs [5−9]) contain a [4Fe-4S] cluster [5−7, 10, 11], (Figure 2.1).  The presence 

of this iron-sulfur cluster in A. fulgidus UDG makes it comparable to other [4Fe-4S] 

cluster base excision repair (BER) enzymes such as MutY and EndoIII, which our 

laboratory has also studied [12].  The [4Fe-4S] clusters in these enzymes are redox-

active at physiologically relevant potentials only when bound to DNA [12].  The 

data led us to hypothesize that thermophilic UDGs scan the genome 

electrochemically in search of DNA damage. 
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In our model for DNA damage detection, a bound enzyme transmits an  

electron to another protein bound to a distal location on the DNA.  Upon reduction, 

this “distal” protein loses some of its DNA affinity, dissociates, and re-binds to a 

different region of the genome.  However, if a lesion is present in the DNA 

sequence between the two bound proteins, CT will not proceed efficiently, both 

proteins remain oxidized and DNA-bound, and then localize to find and repair the 

damage between them.  This model is supported by the fact that DNA-mediated 

charge-transfer (CT) can occur efficiently over long distances [13, 14], but is 

attenuated by mismatches and damage sites in the DNA helix [14, 15].  We have 

also shown that the affinity of certain BER enzymes for DNA is stronger in their 

oxidized 3+ form than in their reduced 2+ form [16].  Because CT would provide a 

means of DNA damage detection that is much faster than a processive search [17], 

perhaps the presence of a [4Fe-4S] cluster enables UDGs from thermophilic 

organisms to detect DNA damage more efficiently and thus cope with excess, 

temperature-induced DNA damage. 

This model of DNA damage detection assumes that CT proceeds efficiently 

from the DNA helix to the [4Fe-4S] cluster of a bound enzyme such as UDG.  

Accordingly, UDG must contain amino acids that ligate the metallocluster, 

maintain it in a CT-active and stable conformation, and facilitate CT between the 

DNA and the protein.  In order to study which amino acids mediate CT in UDG, 

several site-directed mutants were prepared and characterized electrochemically. 

The A. fulgidus UDG mutants examined here, C17H, C85S, and C101S, all  
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contain mutants at one of the four cysteine residues that ligate the iron-sulfur 

cluster.  In family IV UDG’s, the iron-sulfur cluster is ligated by a C-X2-C-Xn-C-

X14-17-C sequence where n=70−100, and the cysteine locations are well conserved 

[11, 18], (Figure 2.2).  These UDG mutants were examined on DNA-modified 

electrodes, and the signal strength of different mutants’ cyclic voltammogram 

signals were quantified relative to WT protein.  An attenuated electrochemical 

signal indicates a reduced ability to mediate CT.  Through these experiments, 

several mutants of A. fulgidus UDG were detected that have CT abilities different 

than those of WT protein. 

 

Materials and Methods 

Oligonucleotide synthesis.  The sequences used for quantitative electrochemistry 

experiments were SH-(C6H12)-(RR)- 5’-GA GAT ATA AAG CAC GCA-3’ and 

complement, SH-(C6H12)- 5’-AGT ACA GTC ATC GCG-3’ and complement, and 

SH-(C6H12)- 5’-AGT ACA GTC ATC GCG-3’ paired with RR- 3’- TCA TGT 

CAG TAG CGC- 5’.  “RR” stands for Redmond red, a redox active probe used to 

quantify the amount of DNA on the electrode surface [19].  All DNA sequences 

were prepared on an AB 3400 DNA Synthesizer from ABI using standard 

phosphoramidite chemistry.  Phosphoramidites were purchased from Glen 

Research.  Oligonucleotides were purified by HPLC on a C18 reverse phase 

column and characterized by MALDI-TOF mass spectrometry.   
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DNA Annealing.  For electrochemistry experiments, complementary strands were 

mixed in a 1:1 ratio in DNA Buffer (10 mM NaPi, 50 mM NaCl, pH = 7.5), heated 

to 90ºC for several minutes, and then allowed to cool slowly to room temperature 

over 1−4 hours.  

Preparation of DNA-Modified Electrodes.  After hybridization to their 

complement, oligonucleotides duplexes were deposited onto an Au surface in 

phosphate buffer (50 mM NaCl, 5 mM sodium phosphate, pH 7.0) and incubated 

for 24−36 hours.  Au substrates were purchased from Molecular Imaging.  The 

electrode surface was then washed, and further passivated by incubation with 100 

mM mercaptohexanol in phosphate buffer for 30−45 minutes.  The electrode 

surface was washed again in phosphate buffer, and then protein buffer (see below). 

Cyclic Voltammetry.  Preparation of the DNA-modified Au electrode and 

subsequent cyclic voltammetry experiments were performed as described above 

and previously [12, 15, 17, 20−22]. The DNA−modified Au electrode served as the 

working electrode, a Pt wire served as the auxiliary electrode, and the reference was 

either an Ag/AgCl electrode modified with an agarose tip or a 66-EE009 Ag/AgCl 

reference electrode (ESA Biosciences).  Unless otherwise noted, all scans were 

taken at a rate of 50 mV/s on a CH Instruments 760 potentiostat. Each experiment 

used 50 µL of 50−200 µM of protein in UDG Buffer: (50 mM NaPi pH =7, 50 mM 

NaCl, 0.5 mM EDTA, 25% glycerol).  The protein signal intensity was normalized 

to DNA concentration using the intensity of the Redmond red signal.  For each 
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comparison, the protein samples were measured consecutively on the same 

electrode surface. 

Protein Purification. UDG was prepared as documented previously [12].  The 

concentration was quantified using ε390= 20,000 M-1cm-1. 

 

Results 

Quantitative electrochemistry of BER Enzymes on DNA-modified electrodes.  WT 

UDG, C17H, C85S, and C101S were examined on electrodes prepared with 

Redmond-red modified DNA.  Redmond red is a redox-active probe whose cyclic 

voltammetry signal intensity can be used to quantify the amount of DNA present on 

the electrode surface [19]. The Redmond red was positioned so that it could contact 

the Au surface directly without requiring a DNA-mediated signal.  In cyclic 

voltammograms taken on these electrodes, two peaks are visible, one from 

Redmond red and one from the protein sample (Figure 2.3).  In these experiments, 

the signal from C17H is consistently larger than that of WT UDG, the signal 

strength from C101S is within error of that of WT UDG, and the signal from C85S 

is consistently weaker than that of WT UDG.  The signal strength ratios of these 

variants were 2.2, 0.5, and 1.0, respectively (Table 2.1).         

 

Discussion 

All the mutants examined contain substitutions in one of the cysteine 

residues that ligates the iron-sulfur cluster.  Histidine-substituted mutants were 
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prepared because this residue is a naturally occurring iron-sulfur cluster ligand in 

some proteins [23].  Substitution of histidine for cysteine did not severely reduce 

the strength of the mutants’ cyclic voltammetry signals relative to wild-type 

enzyme.  As a matter of fact, C17H produced a stronger signal on DNA-modified 

electrodes than WT UDG, possibly because histidine’s aromatic character may 

render it particularly effective at mediating CT [24].  Serine is not known to occur 

as a cluster ligand in nature, but perhaps its hydroxyl side chain could substitute for 

the thiol found in cysteine.  C101S, for example, produced a signal strength within 

error of that of WT UDG.  C85S produced an incredibly weak signal relative to 

wild-type enzyme, although the discrepancy in signal attenuation between the two 

serine mutants could result from their position within the UDG structure.  In the 

crystal structure of T. thermophilus UDG, another thermophilic organism, the 

residue equivalent to C101 is oriented towards the interior of the protein, making it 

the least solvent-exposed of the cysteines [11].  Consequently, perturbations at this 

residue may only minimally affect the stability of the [4Fe-4S] cluster.  It is also 

possible that solvent could ligate the [4Fe-4S] cluster in some of the mutants and/or 

that minor structural rearrangements could occur that allow other residues to ligate 

the cluster instead of the native cysteines [25]. 

These data have identified types of amino acids that can effectively 

substitute for cysteine in ligating the [4Fe-4S] cluster of UDG and still permit 

efficient CT.  Of the three mutants examined here, the histidine mutant was most 

likely to be functional and the serine mutants were somewhat functional.  
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Importantly, though, all of these mutants exhibited a midpoint potential within error 

of that of WT UDG, which was reported as 95 mV versus NHE [11].  These 

measurements demonstrate that the [4Fe-4S] cluster is intact in these mutants, and 

that they are in the range characteristic of high potential iron proteins (HiPIPs) that 

transition between the 2+ and 3+ oxidation states [26].  This potential is also 

physiologically relevant, suggesting that UDG could participate in electron transfer 

reactions in vivo.  These experiments also show that changes in the coordination 

sphere of the iron-sulfur cluster of UDG can dramatically impact its 

electrochemical activity.  Further work will be necessary to determine whether such 

mutations undermine the ability of UDG to detect and repair DNA damage inside a 

cell. 
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Figure 2.1: Structure of DNA-bound Family V UDG from T. thermophilus 
HB8.  A uracil substrate is shown in purple.  Adapted from reference [7] and 
formatted in PyMol [27] PDB File: 2DEM. 
 

 

 

 

 

 

 

 

 

 

 
 
Figure 2.2: Sequence alignment of Family IV UDG proteins.  All sequences are 
from thermophilic organisms.  Alignment was made using ClustalW.  Conserved 
cysteine residues are emphasized in orange, other highly conserved residues are 
highlighted in blue. 
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Figure 2.3: Cyclic voltammograms of UDG mutants on DNA-modified 
electrodes.  Representative cyclic voltammograms are shown for C17H (orange), 
C85S (green), and C101S (red).  In each image, the scan of WT UDG is also shown 
(blue), along with a buffer-only control scan (gray). 
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Table 2.1: Quantitative summary of electrochemical data for UDG mutants.  
Three scans of each mutant were taken.  For each sample, WT UDG was measured 
on the same electrode.  The signal strength ratio (area under the cyclic 
voltammogram curve) was tabulated for each trial.  
 
 

Trial 
 

Mutant to WT Signal Strength Ratio   
(RR Corrected) 

 C17H C85S C101S 

1 3.2 0.5 1.0 

2 1.1 0.4 0.9 
Average 2.2 0.5 1.0 
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Chapter 3 
 
 
Charge-Transfer Properties of Two 
Y82 Position Mutations of Escherichia 
Coli MutY 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
EPR experiments were performed by E. Yavin and E.D.A. Stemp.  MutY protein 
samples were prepared by S. Kundu and X. Xu from the laboratory of Professor S. 
David (University of California, Davis). 
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Abstract 
 

MutY from Escherichia coli is a [4Fe-4S] cluster containing DNA repair  

glycosylase that excises adenine mispaired with 8-oxo-7,8-dihydrodeoxyguanine.  

The human equivalent of MutY, MUTYH, has attracted the attention of cancer 

researchers because mutations in MUTYH predispose patients towards developing 

colorectal cancer.  One mutation that occurs frequently in cancer patients is Y165C.  

Y165 in MUTYH aligns with Y82 in E. coli MutY, making Y82 position mutants 

intriguing candidates for experiments that examine the protein’s ability to detect 

and repair DNA damage.  Here, we characterized the electrochemical properties of 

MutY variants Y82C and Y82L.  Y82C exhibits a weaker cyclic voltammetry 

signal on DNA-modified electrodes than wild-type MutY, and it is less able to 

regenerate a nitroxyl radical signal through DNA-mediated CT, as detected by EPR 

spectroscopy.  By contrast, Y82L performed within error of WT MutY in both sets 

of experiments.  These data demonstrate that Y82 may mediate protein-to-DNA CT 

in vivo in MutY and support the model for DNA-mediated signaling between DNA 

repair enzymes as a means of DNA damage detection.   

 

Introduction 

MutY is a [4Fe-4S] cluster-containing glycosylase that excises adenine  

mispaired with 8-oxo-7,8-dihydrodeoxyguanine [1, 2].  It is a member of the base 

excision repair (BER) family of DNA glycosylases [3] and shares structural 

homology to the helix-hairpin-helix family of DNA-binding proteins [4].  MutY 
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and related proteins have received much attention recently because mutations in the 

human version of MutY, MUTYH, are found in many colorectal cancer patients 

and have been associated with a predisposition towards developing this disease 

[5−10].  One of the mutations that occurs most frequently in cancer patients is 

Y165C [7, 8].  Y165 in human MUTYH aligns with Y82 in E. coli MutY, making 

Y82C a relevant mutant for research into how MUTYH Y165C leads to colorectal 

cancer progression. Y82L was chosen because E. coli EndoIII, which is also 

structurally similar to E. coli MutY, contains a leucine residue at the position 

equivalent to Y82 in MutY.  Enzymatic assays of Y82C and Y82L have already 

been performed and indicate that Y82C exhibits a higher KD and lower enzymatic 

turnover rate than WT MutY [9].  Y82L, by contrast, performed within error of WT 

MutY in both of these assays [9].  Yet, one feature of these mutants that has yet to 

be examined is their charge-transfer capability.  

MutY contains a [4Fe-4S] cluster that is redox-active when bound to DNA 

[11].  The midpoint potential is within a physiologically relevant range, suggesting 

that the DNA-bound form of this enzyme could participate in electron-transfer 

reactions in vivo [11].  In our model for DNA damage detection, a bound enzyme 

could transmit an electron to another protein bound to a distal location on the DNA.  

Upon reduction, this “distal” protein would lose some of its DNA affinity, 

dissociate, and re-bind to a different region of the genome.  However, if a lesion is 

present in the DNA sequence between the two bound proteins, then CT will not 

proceed efficiently, both proteins will remain oxidized and DNA-bound, and they 
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will localize to the site of damage between them.  This model is supported by the 

fact that DNA-mediated charge-transfer (CT) can occur efficiently over long 

distances, but is attenuated by mismatches and damage sites in the DNA helix [12, 

13].  We have also shown that the affinity of certain BER enzymes for DNA is 

stronger in their oxidized 3+ form than in their reduced 2+ form [14].   

For this model of DNA damage detection using DNA-mediated CT to  

function, CT must proceed efficiently from the DNA helix to the [4Fe-4S] cluster 

of a bound enzyme.  We wondered whether Y82 could mediate DNA-to-protein CT 

in MutY.  In addition to its biomedical relevance, Y82 is a good candidate for CT 

studies because the equivalent residue in Bacillus stearothermophilus MutY has 

been shown to intercalate into the DNA [15] (Figure 3.1).  If the same occurs in E. 

coli, this intercalation would allow residue Y82 to act as an important mediator for 

CT from the DNA into the MutY protein. Herein, two sets of experiments were 

performed to test the CT capabilities of MutY Y82C and Y82L. 

The first experiment was an EPR-based study that examined how 

effectively the protein mutants could regenerate a free-radical signal.  DNA was 

prepared that contains a uridine base modified with a stable nitroxyl radical [16].  

Following chemical oxidation of the nitroxyl radical to the corresponding N-oxo-

ammonium ion using IrCl6
2-, addition of MutY or UDG results in the regeneration 

of the nitroxyl radical, as followed by electron paramagnetic spectroscopy (EPR).  

This signal regeneration is consistent with electron trapping from the reduced (2+) 

to the oxidized (3+) form of the cluster.  The second set of experiments was 
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electrochemically based and examined the mutants on a DNA-modified electrode.  

The signal strength of different mutants’ cyclic voltammogram signals were 

quantified relative to WT protein.  An attenuated electrochemical signal indicates a 

reduced ability to mediate CT.  Through EPR and cyclic voltammetry, Y82 of E. 

coli MutY was examined as a facilitator of CT between the DNA and the [4Fe-4S] 

cluster of MutY. 

 

Materials and Methods 

Oligonucleotide synthesis.  The sequences used for quantitative electrochemistry 

experiments were SH-(C6H12)-(RR)- 5’-GA GAT ATA AAG CAC GCA-3’ and 

complement, SH-(C6H12)- 5’-AGT ACA GTC ATC GCG-3’ and complement, and 

SH-(C6H12)- 5’-AGT ACA GTC ATC GCG-3’ paired with RR- 3’- TCA TGT 

CAG TAG CGC- 5’.  “RR” stands for Redmond red, a redox active probe used to 

quantify the amount of DNA on the electrode surface [17].  Synthesis of the spin-

labeled deoxyuridine and its incorporation into a 10-mer oligonucleotide (10-mer: 

3’ –GATGU*CAGCA-5’, where U* = spin-labeled uridine through acetylene 

linker) was previously reported [16].  Complementary DNA sequences include a 

26-mer oligo 3’- CATAGCCGCAATCGCCGACTAGAGCC-5’ annealed to a 36-

mer oligo 5’- GTATCGGCGTTAGCGGCTGATCTCGGCTACAGTCGT-3’.  All 

DNA sequences were prepared on an AB 3400 DNA Synthesizer from ABI using 

standard phosphoramidite chemistry.  Phosphoramidites were purchased from Glen 
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Research.  Oligonucleotides were purified by HPLC on a C18 reverse phase 

column and characterized by MALDI- TOF mass spectrometry.   

DNA Annealing.  For electrochemistry experiments, complementary strands were 

mixed in a 1:1 ratio in DNA Buffer (10 mM NaPi, 50 mM NaCl, pH = 7.5), heated 

to 90ºC for several minutes, and then allowed to cool slowly to room temperature 

over 1−4 hours.  For the EPR experiments, DNA annealing was carried out initially 

by heating to 90ºC a solution containing the 26:36-mer strands in DNA Buffer (10 

mM NaPi, 50 mM NaCl, pH = 7.5) at a 1:1 ratio, and then slowly cooling this 

solution to room temperature over at least 90 minutes.  Next, the 10-mer spin 

labeled DNA (0.9:1 ratio to the 26:36-mer duplex) was added to the preassembled 

26:36-mer duplex by heating the solution to 45ºC for two minutes and allowing it to 

cool to ambient temperature.  Duplex formation with the 10-mer spin labeled DNA 

was verified by EPR spectroscopy. 

Preparation of DNA-Modified Electrodes.  After hybridization to their 

complement, oligonucleotides duplexes were deposited onto an Au surface in 

phosphate buffer (50 mM NaCl, 5 mM sodium phosphate, pH 7.0) and incubated 

for 24−36 hours.  Au substrates were purchased from Molecular Imaging.  The 

electrode surface was then washed, and further passivated by incubation with 100 

mM mercaptohexanol in phosphate buffer for 30−45 minutes.  The electrode 

surface was washed again in phosphate buffer, and in protein buffer (see below). 

Cyclic Voltammetry.  Preparation of the DNA-modified Au electrode and 

subsequent cyclic voltammetry experiments were performed as described 
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previously [11, 12, 18−21]. The DNA-modified Au electrode served as the working 

electrode, a Pt wire served as the auxiliary electrode, and the reference was either 

an Ag/AgCl electrode modified with an agarose tip or a 66-EE009 Ag/AgCl 

reference electrode (ESA Biosciences).  Unless otherwise noted, all scans were 

taken at a rate of 50 mV/s on a CH Instruments 760 potentiostat. Each experiment 

used 50 µL of 50−200 µM of protein in MutY buffer (20 mM sodium phosphate 

pH=7.5, 100 mM NaCl, 5% glycerol, 1 mM EDTA).  For MutY measurements, the 

protein signal intensity was normalized to DNA concentration using the intensity of 

the Redmond red signal.  For each comparison, the protein samples were measured 

consecutively on the same electrode surface. 

Protein Purification.  MutY was prepared as documented previously [22].  The 

concentration was quantified using ε410= 17,000 M-1cm-1 . 

EPR Spectroscopy.  X-band EPR spectra were obtained on an EMX spectrometer 

(Bruker, Billerica, MA) equipped with a rectangular cavity working in the TE102 

mode.  A quartz flat cell (100 µL) was used in all ambient−temperature 

experiments.  A frequency counter built into the microwave bridge provided 

accurate frequency values.  DNA samples consisted of 26−36 preassembled 

duplexes (8 µM) and 10-mer spin-labeled DNA (7.2 µM) in 75 µL of buffer (10 

mM NaPi, 29 mM NaCl, 2.6 mM MgCl2, pH = 6.2).  Chemical oxidation of the 

spin-labeled probe was then accomplished by addition of 2 µL of K2[IrCl6] (2.5 

mM in 10 mM NaPi, 50 mM NaCl, pH = 7.5), as determined by a significant 

attenuation in the EPR signal.  After this oxidation, protein was added to the 
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sample, and the spectrum was immediately recorded (typically after two minutes).  

EPR parameters were as follows: microwave power = 20 mW, receiver gain = 

1x104, and modulation amplitude = 4 G. 

EcoRI Control Experiment.  A stock solution of EcoRI (40 units/ 1 µL) was 

dialyzed in protein buffer (100 mM NaCl, 20 mM NaPi, pH=7.5, 1 mM EDTA, 5% 

glycerol) for four hours at 4°C.  Protein activity post-dialysis was tested by 

incubating dialyzed EcoRI with genomic DNA (extracted from HeLa cells) at 37°C 

for 30 minutes, and then visualizing the digest on an agarose gel relative to cell 

extracts treated with un-dialyzed EcoRI.  Both samples showed similar levels of 

activity as indicated by comparable DNA smears (data not shown).  EcoRI 

concentration was then determined using a fluorescence-based detection kit (Nano-

Orange/ Molecular Probes).  An estimated 200 µM stock solution was prepared for 

the EPR assay. 

 
Results 
 

EPR-based detection of electrons generated from DNA-bound [4Fe-4S] 

cluster enzymes.  The spectra were acquired at room temperature and are shown 

before and after the addition of the chemical oxidant, IrCl6
2-, and after addition of 

protein.  Upon addition of Ir(IV), the EPR signal decreases substantially, indicating 

that the spin label was efficiently oxidized from the nitroxyl radical to the EPR 

silent N-oxo-ammonium ion.   

Two MutY mutants, Y82C and Y82L, were also examined.  Y82C initially  
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exhibits low signal regeneration relative to WT MutY (Figures 3.2a and 3.2b), 

although the EPR signal gradually increases to WT level over the course of 28 

minutes (Figure 3.3).  Y82L, however, regenerated the EPR signal to the same level 

as WT MutY (Figure 3.4).  As a control, these experiments were also performed 

with EcoRI to verify that the observed EPR signal regeneration originated from the 

[4Fe-4S] cluster.  No apparent signal regeneration was observed after EcoRI was 

added to the oxidized spin-labeled sample (Figure 3.5). 

Quantitative electrochemistry of BER enzymes on DNA-modified electrodes.  

Quantitative electrochemistry experiments were used to examine the MutY variants 

Y82C and Y82L.  Consistent with EPR results, the cyclic voltammetry signal 

produced by Y82C was much weaker than that of WT MutY (Figure 3.6a), whereas 

the signal produced by Y82L was within error of that produced by wild-type MutY 

(Figure 3.6b).  Both mutants produce midpoint potentials within error of WT MutY 

(Table 3.2). 

 

Discussion 

The MutY mutants examined were both chosen based on relevance to 

cancer research, sequence conservation, and the ability to intercalate into the DNA 

π-stack.  Y82C displayed both an attenuated electrochemical signal and a reduced 

ability to regenerate a nitroxyl radical EPR signal.  This result is consistent with the 

hypothesis that MUTYH Y165C mutants are less able to electrochemically detect 

and repair DNA damage, thus causing patients with this mutation to develop 
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colorectal cancer.  Y82L produced an electrochemical signal and EPR signal 

strength within error of that of WT MutY, indicating that the leucine substitution 

does not dramatically impede DNA-to-protein CT in MutY. 

These data on Y82 position mutants establish Y82 as a CT-relevant residue  

in MutY.  They also indicate that bulky residues that can intercalate into the DNA 

helix, such as tyrosine and leucine, are best able to facilitate CT in this enzyme, 

whereas shorter side chains, such as the thiol of cysteine, are less capable of 

mediating CT.  It should be noted that although Y82C exhibits a higher KD than 

WT MutY, we expect that it bound the DNA just as well as WT during these 

experiments because the amount of protein used far exceeded the amount of DNA.  

Future work on this system could include research on other site-directed mutants to 

detect other segments of the CT pathway between DNA and the iron-sulfur cluster 

of MutY.  If such studies are undertaken, special attention could be given to 

residues with long side chains that could intercalate into the DNA.  Aromatic amino 

acids are also regarded as good mediators of protein CT [23−26].  The discovery of 

additional pathway residues would increase support for the hypothesis that MutY 

detects DNA damage through long-range DNA mediated signaling. 
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Figure 3.1: Crystal structure of MutY from Geobacillus stearothermophilus 
bound to DNA.  Tyr88 (equivalent to Tyr82 in E. coli MutY) is highlighted in 
purple.  Mutations at this position in the human equivalent of MutY are associated 
with a predisposition to colorectal cancer.  The sulfur and iron atoms of the [4Fe- 
4S] cluster are annotated in yellow and red, respectively. Adapted from [15] and 
formatted in PyMOL (PBD: 1RRQ). 
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Figures 3.2a and 3.2b: EPR spectra before and after addition of WT-MutY 
(left, 5.8 µM) and MutY-Y82C (right, 5.8 µM). The DNA duplex (6.7 µM) was 
initially treated with IrCl6 2 µL (60 µM). Spectra shown are before oxidation 
(black), after oxidation before protein addition (red), and then four minutes after 
protein addition (green). 
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Figure 3.3: EPR spectra before and after addition of MutY-Y82C (5.7 µM) 
.The DNA duplex (6.7 µM) was initially treated with IrCl6 2 µL (60 µM). Spectra 
shown are before oxidation (black), after oxidation before protein addition (red), 
and then throughout a time course of 28 minutes after protein addition (green to 
blue). 
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Figure 3.4: EPR spectra before and after addition of MutY-Y82L (5.7 µM). 
The DNA duplex (6.7 µM) was initially treated with IrCl6 2 µL (60 µM).  Spectra 
shown are before oxidation (black), after oxidation before protein addition (red), 
and then after protein addition (green). 
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Figure 3.5: EPR spectra before and after addition of EcoRI (13.8 µM).  The 
DNA duplex (6.7 µM) was initially treated with IrCl6 2 µL (60 µM).  Spectra 
shown are before oxidation (black), after oxidation before protein addition (red), 
and then after protein addition (green). 
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Table 3.1: Summary of the MutY data in terms of signal re-generation.  The 
values are corrected for the non-zero value obtained after treating DNA samples 
with Ir(IV). 
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Figure 3.6:  Electrochemistry of MutY variants.  The cyclic voltammograms of 
the MutY variants Y82C (pale blue) and Y82L (dark green) are shown relative to 
those of WT MutY (burgundy).   The scan in buffer is also pictured (gray).  Y82C 
is charge-transfer deficient relative to WT MutY and Y82L produces a signal 
within error of that of WT. 
 

 

 

 

 
 
 

Table 3.2:  Summary of quantitative electrochemical measurements of MutY variants 
 

 

Variant Midpoint Potential 
 (mV vs. NHE) 

Signal strength relative to 
WT (RR corrected) 

Y82C 88 ± 8 0.25 ± 0.20 

Y82L 88 ± 15 0.94 ± 0.17 
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Abstract: 

Endonuclease III (EndoIII) is a base excision repair (BER) glycosylase that 

targets oxidatively damaged pyrimidines and contains a [4Fe-4S] cluster.  We have 

proposed that the [4Fe-4S] cluster is used in DNA-mediated signaling for DNA 

repair.  Here, several mutants of E. coli EndoIII were prepared to probe efficiency 

of DNA/protein charge transport (CT).  Cyclic voltammetry experiments on DNA-

modified electrodes show that aromatic residues F30, Y55, Y75, and Y82 help 

mediate CT between DNA and the [4Fe-4S] cluster in EndoIII. At position 82, an 

interface between protein and DNA, aromatic residues best facilitate CT, while a 

serine substitution inhibits protein/DNA CT.  Based on circular dichroism studies to 

measure protein stability, mutations at residues W178 and Y185 are found to 

destabilize the protein; these residues may function to protect the [4Fe-4S] cluster.  

These results suggest a pathway for protein/DNA CT and support the model for 

DNA-mediated signaling between DNA repair proteins as a means of DNA damage 

detection. 

 

Introduction 

 First isolated from Escherichia coli and described in 1989 [1], 

Endonuclease III (EndoIII) is an enzyme that excises oxidatively damaged 

pyrimidines from DNA.  EndoIII and MutY, a closely related enzyme that 

removes adenine mispaired with 8-oxo-7,8-dihydrodeoxyguanine [2, 3], belong to 

the base excision repair (BER) family of DNA repair proteins, whose members 
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repair DNA by excising damaged nucleobases from the DNA backbone.  EndoIII 

and MutY homologues are found in many species, ranging from bacteria to 

humans, and their structural biology and enzymatic properties have been studied 

in great detail by both crystallography [4−9] and mutagenesis-based enzymology 

[8, 10−18].  MutY has also drawn attention from the biomedical community 

because patients with mutations in its human homologue, MUTYH, are 

predisposed towards developing colorectal cancer [19−23].   

 Despite these extensive studies, two features of the BER family of 

enzymes remain intriguing to consider.  First, what is the role of the [4Fe-4S] 

cluster?  The [4Fe-4S] cluster does not catalyze base excision in either enzyme, 

nor is it necessary for MutY to fold properly [11], although it is necessary for 

MutY to bind DNA.  Secondly, how are these proteins able to scan the vast 

amount of DNA present in a cell in order to detect their substrate lesions?  Both 

enzymes are present in low copy number in vivo (~ 30 copies per cell of MutY 

and ~ 500 copies per cell of EndoIII) [24], making a scan of the genome an 

unacceptably slow process through a processive mechanism [25]. 

 In response to these questions, our laboratory has proposed a model in 

which MutY and EndoIII cooperatively scan the genome for DNA lesions using 

their [4Fe-4S] clusters to participate in DNA-mediated redox signaling [25−28].  

DNA mediates CT very efficiently due to π-stacking, or the overlap of aromatic 

nucleotides whose many delocalized π electrons permit fast electron flow 

[29−31].  Proteins also mediate CT through a variety of mechanisms [32−37]. 
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These CT mechanisms could permit charge to travel from the DNA into a bound 

protein, and then through the protein to a redox-active cofactor, such as a [4Fe-

4S] cluster. 

 Both DNA and proteins act as CT mediators in our model for DNA 

damage detection by DNA-mediated CT.  In this model, one protein bound to 

DNA could transmit an electron through the DNA to a distally bound protein, thus 

reducing the recipient protein.  Reduction decreases the affinity of the protein for 

DNA [38], so this second protein would dissociate upon reduction and bind to a 

different location of the genome.  However, damaged bases attenuate CT through 

DNA [39, 40].  Consequently, if DNA between the two proteins is damaged, then 

charge-transfer is impaired, causing both proteins to remain oxidized and DNA-

bound, eventually localizing to the site of damage so that they can repair the 

lesion.  In support of this model, we have found that MutY and EndoIII display 

physiologically relevant midpoint potentials only when bound to DNA [27, 38].  

These protein redox signals are attenuated on electrodes modified with DNA 

containing an abasic site [27], establishing that the reaction is DNA-mediated.  

DNA CT can also occur over long distances [29, 41], suggesting that proteins 

could use it to scan large regions of a genome in order to detect lesions and repair 

DNA on a reasonable timescale.   

 One question that remains is how charge is transported from the DNA, 

through the protein, to the [4Fe-4S] cluster of MutY or EndoIII.  Specifically, 

which amino acids in these proteins facilitate CT between the DNA helix and the 
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protein metal cluster?  One EndoIII mutant, Y82A, has already been shown to be 

deficient in CT activity, implicating Y82 as a crucial residue in the CT pathway of 

EndoIII [25].  The current study builds on this result by characterizing several 

novel mutants of EndoIII to discover other residues that mediate protein-to-DNA 

CT.  Several categories of mutants were prepared, including five additional 

mutants at or near the Y82 position, to better assess the types of amino acid side 

chains that are CT proficient in EndoIII.  Mutations were also made targeting 

other aromatic residues in the protein because aromatic amino acids have been 

shown to mediate CT in other systems [33, 34, 36, 37].  A third category of 

mutations were made near the [4Fe-4S] cluster, assuming that amino acids close 

to this redox-active moiety would likely lie along the CT pathway.  All of the 

mutants were characterized by cyclic voltammetry on DNA-modified electrodes, 

glycosylase assays, and circular dichroism (CD) spectroscopy.  These 

experiments have identified several amino acids that facilitate CT between the 

DNA helix and the [4Fe-4S] cluster.  

 

Materials and Methods 

 Preparation of DNA and Protein Samples for Electrochemistry 

Experiments.  Redmond Red (RR) is a redox active probe used to quantify the 

amount of DNA on the electrode surface [42].  The sequences used for 

electrochemistry experiments were SH-(C6H12)-(RR)-5’-GA GAT ATA AAG 

CAC GCA-3’ and complement, and SH-(C6H12)-5’-AGT ACA GTC ATC GCG-
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3’ annealed to 5’-CGC GAT GAC TGT ACT-3’-RR. Redmond-Red was 

connected to the oligonucleotide via a pyrrolidinyloxy linker.  Redmond Red-

labeled DNA was prepared according to established methods [41].  Briefly, all 

DNA sequences were prepared using standard phosphoramidite chemistry on an 

Applied Biosystems 3400 DNA synthesizer.  Phosphoramidites were purchased 

from Glen Research.  For thiolated strands, the 5′ end was modified with the Thiol 

Modifier C6 S-S phosphoramidite using standard protocols from Glen Research, 

Inc.  DNA modified with Redmond Red on the 3′ terminus was prepared on 

Epoch Redmond Red CPG columns from Glen Research with ultramild 

phosphoramidites and reagents.  DNA modified with Redmond Red attached to 

the thiol was prepared with Epoch Redmond Red phosphoramidite from Glen 

Research with ultramild phosphoramidites and reagents. 

 Deprotection, purification, chemical modification of DNA, annealing, and 

preparation of the DNA-modified Au electrode were performed as described 

previously [43−46].  Au substrates were purchased from Agilent Technologies.  

Each experiment used 50 µL of 50−100 µM EndoIII in protein buffer (20 mM 

NaH2PO4 pH 7.5, 100 mM NaCl, 5% glycerol, 1 mM EDTA).  The protein 

concentration was quantified using ε410= 17,000 M-1cm-1 [47]. 

 Cyclic Voltammetry. All cyclic voltammetry experiments were 

performed as described previously [25, 27].  A Au on mica (Molecular Imaging) 

electrode was assembled and incubated with thiol-modified DNA duplex for 

24−36 hours.  The electrode was then backfilled with 1 mM mercaptohexanol, 
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rinsed in DNA buffer (50 mM NaCl, 5 mM NaH2PO4 pH 7.5), and then rinsed in 

protein buffer before protein samples were added to the surface.  The DNA-

modified Au electrode served as the working electrode, a Pt wire served as the 

auxiliary electrode, and the reference was either a Ag/AgCl electrode modified 

with an agarose tip or a 66-EE009 Ag/AgCl reference electrode (ESA 

Biosciences).  All scans were taken at a rate of 50 mV/s on a CH Instruments 760 

potentiostat.  To determine the relative CT efficiencies of EndoIII mutants, the 

signal intensity of these proteins was normalized to DNA concentration using the 

intensity of the Redmond Red signal.  For each comparison, the protein samples 

were measured consecutively on the same electrode surface. 

 Preparation of EndoIII Over-Expression Construct.  The nth gene that 

encodes EndoIII was cloned using the Failsafe Enzyme with Buffer G (Epicentre 

Biotechnologies) and plasmid pBBR1MCS-4 [48] which contains the nth gene as 

a template. (This construct was originally prepared by cloning the nth gene from 

Escherichia coli chromosomal DNA).  Primers used were 5’- CGC CCGCG 

GTGGT ATG AAT AAA GCA AAA GCG CTG– 3’ and 5’- CGC GGATCC 

TCA GAT GTC AAC TTT CTC TTT- 3’.  PCR products were purified on a 1% 

agarose gel and then excised using the QIAquick gel extraction kit (Qiagen).  

These fragments were ligated into the BamHI and SacII sites of the pET11-

ubiquitin-His vector, which expresses hexahistidine and ubiquitin tags at the N-

terminus of the insertion site.  This vector was derived from the pET11 vector 

(Novagen), but the ubiquitin gene and hexahistidine tag were engineered into the 
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vector by the laboratory of Professor Stephen Mayo, from whom this vector was a 

kind donation.  The ligation reaction was used to transform both DH5α E. coli 

(Invitrogen) for sub-cloning, and BL21star(DE3)pLysS E. coli (Invitrogen) for 

over-expression.  Transformants resistant to ampicillin and chloramphenicol were 

selected and the plasmids were isolated using the QIAPrep MiniPrep kit (Qiagen).  

After the size of the insert was verified by restriction digestion, plasmids from 

positive transformants were submitted for sequencing (Laragen).  Freezer stocks 

of transformants containing the correct EndoIII sequence were prepared and 

stored at -80°C. 

 Purification of EndoIII and Mutants.  Freezer stocks of 

BL21star(DE3)pLysS containing pET11-ubiquitin-His with the nth gene were 

used to inoculate 10 mL of LB media containing 100 µg/mL ampicillin and 30 

µg/mL chloramphenicol.  Each 10 mL culture was incubated at 37°C overnight 

and then used to inoculate 1 L of LB/ampicillin/chloramphenicol.  Each 1 L flask 

was grown to OD600 = 0.6 at 37°C and then isopropyl β-D-1-

thiogalactopyranoside was added to a total concentration of 0.3 mM.  Cells were 

incubated at 30°C for 3.5 hours and harvested by centrifugation (5000 rpm, 10 

minutes).  Pellets were stored at -80°C.  For lysis, pellets were dissolved in 25 mL 

lysis buffer (50 mM Tris-HCl, pH 8, 5% glycerol, 250 mM NaCl, 5 mM DTT, 1 

mM phenylmethylsulfonyl fluoride) and lysed by sonication.  Cell lysate was 

fractionated by centrifugation (7000 rpm, 10 minutes).  The supernatant was 

filtered, and then loaded onto a 5 mL HisTrap HP column (GE Healthcare) pre-
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equilibrated with binding buffer (20 mM sodium phosphate, 0.5 M NaCl, 20 mM 

imidazole, 1 mM DTT, pH 7.4) at a flow rate of ~ 1 mL/min.  The column was 

washed with binding buffer until the UV baseline was stable.  The fusion protein 

was eluted using a gradient of 0−100% elution buffer (20 mM sodium phosphate, 

0.5 M NaCl, 500 mM imidazole, 1 mM DTT, pH 7.4) over 10−20 column 

volumes on an AKTA FPLC (GE Healthcare).  Fractions containing protein 

(determined by their yellow color) were pooled and loaded onto a Superose 12 

column (GE Healthcare) that had been pre-equilibrated with Superose 12 Buffer 

(50 mM NaH2PO4, 0.15 M NaCl, pH 7.0).  The tagged EndoIII, His6-ubiquitin- 

EndoIII, eluted after ~ 12 mL.  Fractions containing EndoIII were pooled and 

dialyzed overnight into protein storage buffer (20 mM sodium phosphate pH 7.5, 

0.5 mM EDTA, 100 mM NaCl, 20% glycerol).  Aliquots of 50−70 µL EndoIII 

were prepared, frozen in dry ice, and stored at -80°C.  Protein purity was assessed 

by SDS-PAGE, and concentration was measured using ε410= 17,000 M-1cm-1 [47]. 

 Site-Directed Mutagenesis.  Mutations were encoded on the pET-11 

based EndoIII overexpression plasmid using the Quikchange Site-Directed 

Mutagenesis Kit (Stratagene).  Primers used are listed in the supporting material, 

where uppercase letters indicate the encoded mutation.  DNA primers were 

purchased from Integrated DNA Technologies.  All mutagenized plasmids were 

sequenced (Laragen) to verify accurate mutagenesis before being used for protein 

over-expression. 
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 Instrumentation.  All protein samples were examined using a Beckman 

DU 7400 spectrophotometer.  Protein concentration was measured using ε410 = 

17,000 M-1cm-1 [47]. 

 Circular Dichroism.  Samples were measured at a concentration of ~ 5 

µM at ambient temperature on a Model 62A DS Circular Dichroism Spectrometer 

(AVIV, Lakewood, NJ).  For thermal denaturation experiments, the temperature 

was varied from 20°C to 60°C.  Each trace shown is the average of at least three 

independent experiments. 

 DNA Glycosylase Assay.  This protocol was adapted from methods 

described previously [10].  DNA strands synthesized were 5’- TGT CAA TAG 

CAA GXG GAG AAG TCA ATC GTG AGT CT- 3’ where X = 5-hydroxyuracil 

and the complement with G opposite X.  DNA was prepared using standard 

phosphoramidite chemistry using reagents purchased from Glen Research.  Prior 

to annealing, single-strand DNA was purified using reversed-phased HPLC and 

the substrate-containing strand was 5’- radiolabeled using 32P-ATP [49] with 

polynucleotide kinase purchased from Roche. 

 Glycosylase activity was determined by monitoring nick formation in the 

hydroxyuracil-containing duplex using denaturing gel electrophoresis [12].  For 

this assay, 100 nM radiolabeled duplex was incubated with EndoIII or a variant at 

a range of concentrations (10 nM, 100 nM or 1 µM) in reaction buffer (10 mM 

Tris pH = 7.6, 1 mM EDTA, 50 mM NaCl) for 15 minutes at 37°C.  The reactions 

were quenched upon addition of NaOH to a final concentration of 100 nM.  
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Samples were dried, counted by scintillation, and diluted with loading buffer 

(80% formamide, 10 mM NaOH, 0.025% xylene cyanol, 0.025% bromophenol 

blue in Tris-Borate-EDTA buffer) to normalize the radioactivity.  Samples were 

then heated at 90°C for five minutes prior to loading and then separated by 

denaturing PAGE.  Glycosylase activity was determined by quantifying the 

amount of 14-mer product visualized in the gel relative to the total amount of 

DNA present. 

 

Results 

 Electrochemistry on DNA-modified electrodes.  The CT capabilities of 

several mutants of EndoIII were investigated on a DNA-modified electrode 

surface passivated with mercaptohexanol (Figure 4.1a).  This strategy has been 

used previously to measure the DNA-bound electrochemical properties of 

proteins containing [4Fe-4S] clusters [25, 27].  In this study, the thiolated DNA 

duplex was also modified with Redmond Red, a redox probe whose signal 

intensity can be used to measure the amount of DNA on a given electrode surface 

[42].  The Redmond Red was positioned so that it could contact the Au surface 

and be directly reduced without requiring DNA-mediated reduction.   

 For each EndoIII sample, the electrochemical signal grew in over 30−45 

minutes.  Scan rate dependence measurements showed a linear relationship 

between the peak current of the protein and the square root of scan rate, indicative 

of a diffusion-limited process [50].  These same experiments showed a linear 
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relationship between the peak current of Redmond Red and scan rate, indicative 

of a surface-bound species.  Figures 4.1b and 4.1c show typical cyclic 

voltammograms, with two peaks evident, one from the [4Fe-4S] cluter of the 

DNA-bound protein and one from the Redmond Red probe.  When compared on 

these surfaces, all mutants exhibited midpoint potentials of roughly 80 (±30) mV 

versus NHE, and all were within error of that of WT (Table 4.1).  While the 

DNA-bound potential for these mutants was seen to be invariant, significant 

variations in redox signal intensity were observed (Table 4.1 and Figure 4.1d).  

The signal strength of each mutant was quantified and normalized based on the 

amount of DNA present on the electrode.  To compare the signal strength of each 

mutant relative to that of the WT, these signals were further normalized by the 

Redmond-Red-corrected signal strength of WT EndoIII measured on the same 

surface.   

 Among the first samples to be examined in this fashion were mutants 

relevant to colorectal cancer research, those at positions L81 and Y82.  Y82F and 

Y82W exhibit signal strengths within error of that of WT, suggesting that other 

aromatic residues at position 82 confer CT capabilities equivalent to those of the 

native tyrosine.  By contrast, Y82S exhibits a very weak electrochemical signal 

relative to WT (Figure 1b, 1d).  The signal intensity from Y82C is on average the 

same as that of WT, although highly variable, possibly due to the ability of 

cysteine to facilitate electron transfer in certain contexts [32, 51, 52], albeit 

through the formation of an unstable radical. 
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 After the experiments with Y82 mutants established the importance of 

aromatic residues for DNA/protein CT, other aromatic amino acids in EndoIII 

were targeted for mutagenesis studies.  F30A, Y55A, Y75A, and H140A were 

examined.  The first three of these mutants all displayed a CT deficiency relative 

to WT EndoIII (Figure 4.1d).  In the protein structure, Y75, Y55, and F30 are 

relatively close to Y82, and form a line along one side of the protein [5, 7, 9].  

These residues may comprise a pathway of aromatic amino acids through which 

electrons can travel efficiently.  Such aromatic “π-ways” have been found in other 

peptides [36, 37].  The H140A mutant, by contrast, proved CT-proficient in the 

experiments performed here so no conclusions can be made about its 

electrochemical properties.  However, this residue was found to be enzymatically 

important (Table 4.2). 

 The final category of EndoIII mutants examined were W178A and 

Y185A, substitutions involving aromatic residues close to the [4Fe-4S] cluster.  

These mutants were expected to produce weak electrochemical signals because of 

their proximity to the metallocluster, but they instead produced signals that were 

large and highly variable relative to WT (Figures 4.1c, 4.1d).  One explanation for 

this phenomenon is protein aggregation, as denatured samples can produce large 

and erratic signals on DNA-modified electrodes (data not shown).  However, 

because the midpoint potentials of these mutants are within error of those 

produced by other EndoIII samples, it is unlikely that the [4Fe-4S] cluster 

degraded in W178A and Y185A, given that [3Fe-4S] clusters have different 
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potentials [53−55] than the [4Fe-4S] cluster. These results with W178A and 

Y185A prompted further experiments, described below, that suggest these 

residues may help protect the [4Fe-4S] cluster from exposure to solvent. 

 Enzymatic assays of mutants’ glycosylase activity.  The glycosylase 

activity of each mutant was measured according to established methods [10, 25].  

Briefly, 35-mer strands of DNA were synthesized with 5-hydroxyuracil (5-OH-

dU), an EndoIII substrate analogue, incorporated into the sequence.  The sequence 

was 5’-radiolabeled with 32P-ATP and annealed to its complement.  Solutions of 

100 nM DNA were incubated with 1 µM enzyme.  Active enzymes will remove 

5-OH-dU from the DNA backbone, leaving an abasic site whose phosphodiester 

bonds are cleaved with 1 M NaOH.  This cleavage produces a 14-mer strand, 

which can be visualized by denaturing PAGE and autoradiography (Figure 4.2).  

The amount of 14-mer relative to the total quantity of DNA was used to assess 

enzymatic activity.  Mutants that are glycolytically active are able to bind DNA as 

well as WT.  Consequently, this experiment is an important complement to the 

electrochemical studies, as it verifies that any weak cyclic voltammetry signals 

produced by mutants stem from a CT deficiency and not an inability to bind 

DNA. 

 Of the eleven mutants examined, most were found to exhibit glycosylase 

activity within error of that of WT EndoIII.  The exceptions were F30A and 

H140A.  F30A was slightly impaired in its glycolytic activity, possibly because 

F30 is located near the substrate binding pocket of EndoIII [5, 7, 9], so mutations 
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at this position may impede DNA binding.  H140A is deficient in glycosylase 

activity relative to WT (Table 2).  In earlier crystallographic studies, the H140 

residue was identified as possibly helping EndoIII bind to DNA by providing a 

positively charged histidine residue that could help coordinate the negatively 

charged DNA helix [7].  The enzymatic activity results presented here are 

consistent with that hypothesis. 

 Circular dichroism to examine the structural stability of EndoIII mutants.  

While most of the mutants examined gave electrochemical signals with intensities 

weaker than or within error of those of WT EndoIII, the mutants W178A and 

Y185A were exceptions to this trend.  Consequently, CD experiments were 

performed to examine the secondary structure of W178A and Y185A.  The CD 

spectra of WT EndoIII and several mutants were examined for both fully folded 

and thermally denatured protein (Figure 4.3).  All folded samples exhibited 

similar spectral shapes. 

 In order to examine the stability of W178A and Y185A relative to WT 

EndoIII, thermal denaturation experiments were performed.  In these experiments, 

the protein sample was heated gradually and its ellipticity was measured as a 

function of temperature.  The ellipticity of all variants measured decreased with 

increasing temperature, but W178A and Y185A denatured at a lower temperature 

than WT EndoIII and a CT proficient mutant, Y82F (Figure 4.3).  These data 

indicate that W178A and Y185A are less stable than WT EndoIII.   
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Discussion 

 Biochemical characterization of EndoIII Mutants.  Eleven mutants of 

EndoIII were prepared and characterized biochemically in order to identify 

residues important for protein/DNA CT. They were selected based on several 

criteria including sequence conservation, aromatic character, and relevance to 

colorectal cancer research.  Additionally, mutations were made in several 

different regions of the protein to ascertain CT characteristics of different 

domains.  When assayed by cyclic voltammetry on DNA-modified electrodes, all 

of the mutants display midpoint potentials within error of that of WT EndoIII, 

indicating an intact [4Fe-4S] cluster, irrespective of the mutation. Thus our focus 

shifted to monitoring changes in signal intensity as a function of mutation, 

reflecting differences in coupling along the path for DNA/protein CT. 

Glycosylase activity was also measured to assay enzymatic activity and, 

importantly, confirm DNA-binding.   

 Variations at the protein-DNA interface.  L81 and Y82 are both residues 

whose MUTYH equivalents exhibit mutations in cancer patients [21], and Y82 is 

well conserved.  Additionally, L81 and Y82 are extremely close to the DNA 

interface in bound EndoIII.  This proximity is important when the CT properties 

of DNA are considered.  DNA is able to mediate CT by means of π-stacking, or 

the overlap of aromatic nucleotides whose many π-bonds provide an efficient 

conduit for electron flow [28−30, 56−60]. L81 and Y82 may be able to intercalate 

into the DNA helix [4].  L81 and Y82 would thus join the network of π-bonds in 
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DNA that facilitate electron flow.  Consequently, L81 and Y82 were seen as 

important residues for mediating CT.  Earlier research from our laboratory 

confirmed this hypothesis by establishing that Y82A is CT deficient relative to 

WT EndoIII [25].  To follow up on these experiments, additional mutants were 

made at L81 and Y82 to assess, in more detail, the characteristics of CT-proficient 

amino acids in EndoIII.  L81C is CT-proficient, so no definite conclusions can be 

made about the electrochemical properties of L81.  The mutant Y82S is 

electrochemically deficient relative to WT EndoIII, whereas Y82F and Y82W are 

CT proficient, indicating that aromatic amino acids are important mediators of CT 

at the Y82 position.  

 Consideration of pathways for DNA-mediated CT.  Crystal structures of 

DNA-bound EndoIII place the [4Fe-4S] cluster and the DNA at roughly 14 Å 

apart at their closest [5, 7, 9].   At this distance, CT could proceed by either a 

single-step tunneling process or a multi-step tunneling process, also called 

hopping, in which amino acids act as “stepping stones” for the electron as it 

travels through the protein [33, 34, 61−63].  In hopping systems, many of the 

amino acids through which electrons hop are aromatic residues [34, 61].  With 

this information in mind, additional mutations were made at aromatic residues 

closer to the interior of EndoIII to find residues that could be part of a CT 

pathway.  Emphasis was placed on aromatic residues near Y82, as this tyrosine 

has already been established as CT-active.  F30, Y55, and Y75 all display weaker 

electrochemical signals than WT EndoIII, suggesting they participate in a CT 
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pathway.  The distances covered are 9 Å from Y82 to Y75, 8 Å from Y75 to Y55, 

and 6 Å from Y55 to F30, which are reasonable distances to consider in the 

context of hopping [33].  Time-resolved spectroscopy will be necessary to 

distinguish these pathways.  Tunneling efficiency is exponential with distance 

[62], so even a slight reduction in tunneling distance can increase CT rates 

significantly.   

 Beyond F30, the remainder of the CT pathway was not probed for several 

reasons.  First, many residues in the region between F30 and the [4Fe-4S] cluster 

are part of the helix-hairpin-helix motif of EndoIII, a well-conserved motif in 

DNA-binding proteins [9, 64] that helps these proteins interact with their 

substrates.  Mutations in this region could render the protein unstable and/or 

unable to bind DNA.  Second, mutations in this region of the protein may not 

exhibit a detectable CT deficiency even if the targeted residues are able to 

facilitate CT, because multiple CT pathways could be present, as is often the case 

in redox-active proteins [63].  In ribonucleotide reductase, for example, electrons 

are known to find alternative pathways between two redox centers if a primary 

pathway is impeded by mutagenesis or incorporation of a non-natural amino acid 

[34, 35].  Similar phenomena could occur in EndoIII, especially given that all of 

the mutants examined display at least a partial signal, and that the degree of 

attenuation lessens as the mutations are made further from the DNA.  The signal 

from Y82A is 50 % ± 13 % that of WT [25], whereas the signal from F30A is 88 

% ± 3 % that of WT.  These values suggest that protein/DNA CT may involve 
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Y82, but that it could circumvent F30.  Third, mutations very close to the [4Fe-

4S] cluster could compromise the stability of this cluster, as may have been the 

case with the mutants W178A and Y185A. 

 Characterization of EndoIII mutants with large electrochemical signals.  

After establishing that mutations in aromatic residues are more likely to impede 

CT in EndoIII, the mutants W178A and Y185A were expected to produce weak 

cyclic voltammetry signals.  However, their CT activity is unexpectedly high, 

larger even than that of WT EndoIII.  This increase in signal strength may be 

attributed to structural changes near the [4Fe-4S] cluster of the protein.  The loss 

of the bulky, aromatic residues could increase the conformational flexibility of 

EndoIII, allowing water molecules to access the protein and accelerate CT to the 

[4Fe-4S] cluster [65, 66]. 

 One question that could be raised by this result is why alanine is not 

present at positions 178 and 185 in the native protein since it permits more 

efficient CT than tryptophan and tyrosine at these positions.  A possible answer to 

this question is presented by the circular dichroism data.  W178A and Y185A are 

found to be less stable structurally than WT, and the resulting instability or 

flexibility could affect the nearby [4Fe-4S] cluster.  Aromatic residues could play 

a protective role as well.  If the [4Fe-4S] cluster decomposes, as could happen as 

a result of oxidative stress [12, 53], then this cluster could degrade to a [3Fe-4S] 

cluster.  Given the proximity of W178 and Y185 to the [4Fe-4S] cluster of 

EndoIII, it is also possible that these aromatic residues shield the cluster from 
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solvent exposure under physiological conditions.  However, these mutants still 

exhibit WT level enzymatic activity, indicating that the structural perturbations 

are probably localized.  

 Relevance to cancer research.  Another noteworthy aspect of this study is 

the relevance of these EndoIII in the context of colorectal cancer and DNA repair.  

EndoIII bears structural similarity MUTYH.  When MUTYH acquires certain 

mutations, it is no longer able to repair damage in the adenomatous polyposis coli 

(APC) gene, which regulates the proliferation of colonic cells [21, 67].  APC is 

thought to be particularly susceptible to MUTYH activity because it contains 216 

“GAA” codons in which a G:C  T:A transversion would result in a stop codon.  

Genes associated with other cancers do not contain as many such sites [21].  

Several MUTYH mutations have been detected in colorectal cancer patients, 

including those at positions Y114 and Y166 [21].  These residues align with F30 

and Y82 in EndoIII, respectively.  Since certain mutations at Y82 are deficient in 

CT activity but not enzymatic activity, perhaps the MUTYH mutants are similarly 

deficient in CT.   According to our BER search model, these mutants would be 

less effective at detecting DNA damage, allowing mutations to accumulate in the 

APC gene that could lead to colorectal cancer. 

 EndoIII mutants and the model of DNA-mediated CT for DNA repair.  

Previous work in our laboratory has developed a model in which EndoIII and 

other redox-active DNA-bound proteins use DNA-mediated signaling to search 

the genome for lesions.  Here, this model was further investigated by examining 
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specific amino acids in EndoIII that could mediate CT between the DNA and the 

[4Fe-4S] cluster.  Four residues are found to be part of this CT pathway (F30, 

Y55, Y75, and Y82).  Of the remaining residues studied, one is found to be 

important for enzymatic activity (H140) and two are found that contribute to 

protein stability (W178, Y185).  In total, these mutants help demonstrate that 

EndoIII contains a well protected [4Fe-4S] cluster to which electrons travel from 

the DNA helix using a series of amino acids.  In partially elucidating a pathway 

through which charge can travel between the DNA and the [4Fe-4S] cluster, these 

data further support the possibility that DNA-bound proteins communicate in vivo 

by means of DNA-mediated long-range signaling. 
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Table 4.1: DNA-bound electrochemistry of EndoIII mutants a 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

 
a Experimental conditions are described in materials and methods.  Each 
experiment used 50 µL of 50−100 µM EndoIII in protein buffer (20 mM 
NaH2PO4 pH 7.5, 100 mM NaCl, 5% glycerol, 1 mM EDTA). 
b Measurements have an uncertainty of ± 30 mV. 
 
c This sample was not measured using Redmond-Red-modified DNA, although 
extra trials were performed to verify the midpoint potential and signal strength ratio 
that are shown. 
 

 

 

EndoIII 

 

Midpoint potential 

(mV vs. NHE)b 

Mutant / WT Ratio 

(RR corrected) 

WT 78  

F30A 97 0.9 ± 0.03 

Y55A 97 0.7 ± 0.1 

Y75A 88 0.6 ± 0.2 

L81C 84 1.1 ± 0.2 

Y82C 92 0.8 ± 0.6 

Y82F 91 1.2 ± 0.4 

Y82S 91 0.4 ± 0.2 

Y82W 92 1.4 ± 0.4 

H140Ac 71 1.0 ± 0.2 

W178A 83 3.5 ± 2.3 

Y185A 85 2.2 ± 1.2 
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Table 4.2: Summary of glycosylase assay results with EndoIII mutants a 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

a Experimental conditions were as described in materials and methods.  
Experiments were conducted using 1 µM protein and 100 nM annealed duplex in 
reaction buffer (10 mM Tris pH = 7.6, 1 mM EDTA, 50 mM NaCl) for 15 
minutes at 37°C.  The reactions were quenched upon addition of NaOH to a final 
concentration of 100 nM.  Samples were dried, counted by scintillation, and 
diluted with loading buffer (80% formamide, 10 mM NaOH, 0.025% xylene 
cyanol, 0.025% bromophenol blue in Tris-Borate-EDTA buffer) to normalize the 
radioactivity.  Samples were then heated at 90°C for five minutes prior to loading 
and then separated by denaturing PAGE.  Glycosylase activity was determined by 
comparing the amount of 14-mer produced to the total amount of DNA.  The 
glycosylase activity of each mutant as a percentage of WT is shown.  Most 
mutants have activity within error of that of WT.   

 

EndoIII % Activity relative to WT at 
1 µM concentration 

F30A 93.7 ± 2.6 

Y55A 96.7 ± 1.0 

Y75A 99.8 ± 4.0 

L81C 99.2 ± 0.6 

Y82C 99.2 ± 0.5 

Y82F 99.4 ± 1.1 

Y82S 99.4 ± 1.6 

Y82W 98.1 ± 3.6 

H140A 39.1 ± 6.8 

W178A 98.2 ± 1.7 

Y185A 97.3 ± 0.6 
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Table 4.3: Circular dichroism melting temperatures of select EndoIII   
variants a 
 

Sample Tm (C°) 

WT 48 ± 1.8 

Y82F 47 ± 0.2 

W178A 42 ± 0.3 

Y185A 43 ± 0.5 

 
 

a Experimental conditions are described in materials and methods.  To obtain 
melting temperatures, the spectra were fitted to a sigmoidal curve using Origin 
software, (OriginLab, Northampton, MA) and melting temperatures were 
obtained from these midpoints. 
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Table 4.4: EndoIII mutagenesis primers  
 
Mutations are emphasized in bold, capital lettering. 
 
 
Mutant Primers 

F30A 
5’- ccgagcttaatttcagttcgcctGCTgaattgctgattgccgtactgc- 3’ (forward) 

5’- gcagtacggcaatcagcaattcAGCaggcgaactgaaattaagctcgg- 3’ (reverse) 

Y55A 
5’- gcgacggcgaaactcGCCccggtggcgaatacgcctgcagc -3’(forward) 

5’- gctgcaggcgtattcgccaccggGGCgagtttcgccgtcgc –3’(reverse) 

Y75A 
5’-gaaggggtgaaaaccGCTatcaaaacgattgggctttataacagc-3’ (forward) 

5’-gctgttataaagcccaatcgttttgatAGCggttttcaccccttc-3’ (reverse) 

L81C 
5’- gggtgaaaacctatatcaaaacgattgggTGTtataacagcaaagc- 3’ (forward) 

5’- gctttgctgttataACAcccaatcgttttgatataggttttcaccc- 3’ (reverse) 

Y82C 
5’-ggtgaaaacctatatcaaaacgattgggcttTGTaacagcaaagc-3’ (forward) 

5’-gctttgctgttACAaagcccaatcgttttgatataggttttcacc-3’ (reverse) 

Y82F 
5’-ggtgaaaacctatatcaaaacgattgggcttTTTaacagcaaagc-3’ (forward) 

5’-gctttgctgttAAAaagcccaatcgttttgatataggttttcacc-3’ (reverse) 

Y82S 
5’- ggggtgaaaacctatatcaaaacgattgggcttTCTaacagcaaagc – 3’ (forward) 

5’- gctttgctgttagaaagcccaatcgttttgatataggttttcacccc-3’ (reverse) 

Y82W 
5’ - ggggtgaaaacctatatcaaaacgattgggcttTGGaacagcaaagc – 3’ (forward) 

5’-gctttgctgttccaaagcccaatcgttttgatataggttttcacccc-3’ (reverse) 

H140A 
5’- ccgactattgctgtcgacacgGCCattttccgcgtttgtaatcg- 3’ (forward) 

5’- cgattacaaacgcggaaaatGGCcgtgtcgacagcaatagtcgg- 3’ (reverse) 

W178A 
5’-gtcgactgccaccatGCGttgatcctgcacgggcg-3’ (forward) 

5’- cgcccgtgcaggatcaaCGCatggtggcagtcgac- 3’ (reverse) 

Y185A 
5’-cctgcacgggcgtGCTacctgcattgcccgcaagccccgc-3’ (forward) 

5’-gcggggcttgcgggcaatgcaggtAGCacgcccgtgcagg-3’ (reverse) 
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Figure 4.1: Quantitative cyclic voltammetry of EndoIII variants on DNA- 
modified electrodes.  A) Schematic of DNA-modified electrochemistry.  A Au 
surface is treated with thiol-modified DNA and then backfilled with 
mercaptohexanol.  The covalent Redmond Red redox probe, shown as a red oval, is 
used to quantify the amount of DNA on the surface.  Each protein mutant was 
allowed to bind DNA on such a surface, and the [4Fe-4S] cluster was measured by 
cyclic voltammetry.  The protein was then rinsed from surface and WT was 
measured on the same surface.  B) Representative cyclic voltammogram of Y82S 
(brown) compared to WT EndoIII (blue).  Y82S exhibits a weaker electrochemical 
signal.  For reference, a scan taken in the absence of protein (buffer only) is also 
shown (gray).  C) Representative cyclic voltammogram of W178A (orange) 
compared to WT EndoIII (blue) and a buffer-only scan (gray).  D) The CT 
capability of each mutant was quantified based on the area under its redox peak.  
Each mutant’s signal intensity was normalized to the intensity of the signal for WT 
measured on the same surface.  
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Figure 4.2: Glycosylase assay results of EndoIII variants.  For this assay, a 1 
µM, 100 nM, or 10 nM protein sample was incubated with 100 nM of 5’-
radiolabeled 35-mer duplex DNA containing 5-hydroxy-uracil.  Reactions were 
incubated for 15 minutes at 37°C and quenched with 1 M NaOH.  Reactions were 
then examined by denaturing gel electrophoresis.  Cleavage of the DNA results in 
a 14-mer.  The representative gel below shows the results of WT EndoIII (blue) 
compared to Y75A (purple) and Y185A (black).  Enzyme-free control reactions 
were loaded into the final two lanes.  The reactions with 1 µM protein were used 
to compare the glycosylase activities of EndoIII variants (Table 4.2). 
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Figure 4.3: Circular dichroism spectra of EndoIII.  A) Comparison of fully 
folded and denatured spectra of EndoIII.  Samples were measured at room 
temperature at a concentration of ~ 5 µM.  WT spectra are shown, although all 
mutants displayed a similar trend with denatured samples (gray) consistently 
displaying less ellipticity than fully folded samples (blue).  The spectra shown are 
the average of three trials.  B) Circular dichroism thermal denaturation of select 
EndoIII variants.  Samples were measured at concentrations of ~ 5 µM.  Each 
spectrum shown is the average of at least three independent experiments.  The 
spectra show the fractional change in ellipticity for each variant measured, where 
the fully folded protein was given a value of 0 and the denatured form was given a 
value of 1, consistent with previous secondary structure studies [11]. The variants 
WT (dark blue) and Y82F (pale blue) display more structural stability than 
W178A (orange) and Y185A (black).   
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Figure 4.4: Crystal structure of DNA-bound EndoIII.  Crystal structure was 
adapted from references [5, 9] and formatted using PyMol [69].  Residues 
targeted for mutagenesis studies are emphasized in color. 
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Chapter 5 
 
Towards an In Vivo Assay to Examine 
the Effects of EndoIII Mutations on 
MutY Activity 
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Abstract 

Previously, our laboratory developed an assay to examine the effects of 

EndoIII mutations on the in vivo activity of MutY.  This assay was designed to test 

our hypothesis that these two proteins communicate in vivo using DNA-mediated 

charge-transfer to search for sites of DNA damage.  This assay showed that Y82A, 

an electrochemically deficient mutant of EndoIII, was less effective at helping 

MutY repair lesions than WT EndoIII.  Later work in our laboratory discovered 

other mutants with varying charge-transfer properties, such as Y82S, Y75A, and 

W178A, and these samples were also considered good candidates for the in vivo 

assay.  However, for these mutants, the assay protocol had to be modified.  Methyl 

viologen was added to the bacteria cultures to increase oxidative stress, and 

bacterial strains were created in which the EndoIII mutants were expressed from the 

chromosome of an E. coli strain rather than on a plasmid.  The experiments with 

methyl viologen showed that mutagenesis rates increase in the presence in of this 

oxidative-stress-inducing reagent.  However, even in the presence of methyl 

viologen, no statistically significant differences were observed between strains 

expressing different variants of EndoIII.  These results differ from those of previous 

experiments, but the discrepancy may result from differences in genetic 

background, growth phase at harvest, and media recipes.  Importantly, the results of 

these experiments further elucidate the complex nature of cellular environments and 

their responses to mutagenesis and stress. 
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Introduction 

Previously, our laboratory introduced a model for cooperative scanning for 

DNA damage using DNA-mediated charge-transfer (CT).  According to this model, 

DNA-bound, redox-active proteins could communicate with each other by sending 

and receiving electrons and/or holes through the DNA helix.  However, if the 

intervening DNA contains a lesion, then CT will not occur efficiently [1−3], 

signaling to the bound proteins that DNA damage is present.  These proteins can 

then localize to the damaged site and execute repair.  Our lab developed an in vivo 

assay to test this cooperative search model by examining how inactivation of nth, 

the gene that encodes Endonuclease III (EndoIII) affects the activity of MutY.  

EndoIII and MutY are both [4Fe-4S] cluster-containing DNA glycosylases whose 

E. coli forms have been shown to be redox-active when bound to DNA [1].  These 

proteins display similar midpoint potentials [1], indicating that they could transmit 

electrons to each other and potentially help each other search for their substrate 

DNA lesions. 

To develop an assay to test whether MutY and EndoIII cooperate in vivo, 

the reporter strain E. coli CC104 was used.  Developed by the laboratory of 

Professor Jeffrey Miller, CC104 contains an A→C mutation in the codon that 

encodes glutamic acid 461 of the lacZ gene, which encodes β-galactosidase.   This 

mutation converts residue 461 to an alanine, rendering β-galactosidase inactive in 

wild-type CC104 strains [4].  However, oxidation processes within the cell can 

oxidize the guanine paired with the substituted cytosine, producing 7,8-dihydro-8-
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oxoguanine (8-oxo-G) [5−7].  DNA replication machinery will mistakenly pair an 

adenine with 8-oxo-G, and then the next round of replication will place a thymine 

opposite this adenine.  The end result of these processes is a G:C → T:A 

transversion at position 461 [5].  These “transverted” mutants of CC104 will then 

possess a functional copy of β-galactosidase and be able to grow on minimal 

medium supplemented with lactose as the sole carbon source.   

 However, the enzyme MutY removes adenine mispaired with 8-oxo-G, 

thus preventing CC104 from reverting to a lac+ phenotype.  Consequently, when 

CC104 colonies appear in low numbers on lactose-minimal media plates, the results 

indicate active MutY.  High numbers of lac+
 revertant colonies suggest that MutY’s 

activity has been compromised.  Indeed, the number of lac+ CC104 revertants 

increases 15-fold when mutY is genetically inactivated [8].  Our laboratory has also 

shown that the number of lac+ revertants increases two fold when the nth gene is 

inactivated [8].  Given that MutY and EndoIII have not been shown to interact in 

vivo, this result suggests that EndoIII helps MutY detect and repair 8-oxo-G.  This 

cooperation is not due to overlapping substrates, because a mutY-nth- strain of 

CC104 produced as many lac+ revertants, within error, as a mutY- strain [8].  

This lac+ reversion assay was also used to test how certain EndoIII 

mutations affected the ability of MutY to detect its substrates.  A plasmid 

containing D138A, an electrochemically proficient but enzymatically deficient 

mutant, offered the same level of assistance to MutY as WT EndoIII [8].  However, 

Y82A, an enzymatically active but electrochemically deficient mutant was less able 
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to help MutY detect lesions [8].  These data support the model that EndoIII and 

MutY cooperatively search for DNA damage using DNA-mediated CT. 

After examining these results, it was decided that this assay should be used 

to examine the effect of other EndoIII mutations on the activity of MutY.  

However, some changes to the protocol were recommended.  First, the addition of 

oxidative stress-inducing reagents, such as methyl viologen, was encouraged 

because they could increase the level of internal reactive oxygen species (ROS), 

cause more guanine oxidation, and possibly increase the overall revertant count.  

High numbers of revertants could potentially enhance subtle differences between 

strains of CC104 expressing different nth mutants. 

Second, the assay needed to be adjusted such that plasmids were not 

required.  Previously, EndoIII mutants were expressed on plasmids and then 

transformed into CC104nth- cells.  However, plasmids require the use of antibiotics, 

which could interact with the aforementioned oxidative stress-inducing chemicals.  

Strains expressing plasmids may also contain slight differences in plasmid copy 

number from cell to cell, making data difficult to interpret and increasing the 

possibility of errors and outliers during the assay.  Consequently, strains were 

constructed in which nth variants were expressed on the chromosomes of CC104.  

The nth variants were cloned into a plasmid that expresses genes off of a rhamnose-

inducible promoter [9], and then this plasmid was allowed to integrate into the λ-

phage attachment site of the strain CC104Δnth.  After these strains were prepared, 

the lac+ reversion assay was performed to examine the effect of methyl viologen 
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concentration on the number of lac+ revertants of the strain CC104Δnth Prha-nth.  

Then, the assay was performed using strains of CC104 expressing chromosomal 

copies of the nth variants WT, Y82A, Y82S, Y75A, and W178A.   

 

Materials and Methods 

Bacterial Strains and Plasmids. The vectors pKOV, pAH120, pINT-ts, and strain 

E. coli CC104 were obtained from the Coli Genetic Stock Center of Yale 

University. 

Cloning.  All PCR reactions were carried out using either the Failsafe PCR System 

with Buffers D or G (Epicentre Biotechnologies), or KOD polymerase (Merck4 

Biosciences).  Plasmids were isolated using the QIAprep Spin Miniprep Kit 

(Qiagen) and DNA products were isolated from agarose gels using the Wizard Kit 

(Promega).  All primers were purchased from Integrated DNA Technologies.   

Creation of CC104∆nth.  The methods used here were adapted from those 

described previously [10].  Regions 1000 bp upstream and downstream of the nth 

gene were PCR amplified from chromosomal DNA using primers CARJKB172, 

delnthfusrev, delnthfusfor, and CARJKB173.  The resulting PCR products were 

used as templates in a second PCR experiment, resulting in a product of ~ 2000 bp 

that omits the nth gene.  This product was ligated into the BamHI and NotI sites of 

the vector pKOV.  Electrocompetent CC104 cells were then transformed with the 

pKOV plasmid containing the Δnth construct and recovered at 30°C.  The 

transformation reactions were plated onto Luria-Bertani (LB) + chloramphenicol 
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medium and incubated at either 30°C or 42°C.  After incubation, the ratio of colony 

number on the 42°C plate to colony number on the 30°C indicated high integration 

efficiency.  Cells that had been incubated at 42°C were grown in liquid culture, 

serially diluted, and plated onto LB + sucrose medium.  Sucrose-tolerant cells were 

selected and examined by PCR using primers CARJKB164, CARJKB165 to verify 

that the nth gene had been cleanly deleted.  After this PCR reaction, the samples 

that appeared to be Δnth were isolated, re-streaked, and analyzed by colony PCR 

again.  This process was repeated at least three times to ensure that the samples 

were not contaminated with WT CC104.  Finally, sequencing with primers 

CARJKB174, CARJKB175, CARJKB180 was used to verify that the isolated 

strains were truly Δnth. 

Creation of CC104∆nth Prha-nth Strains.  The methods described here are adapted 

from those previously published [9].  Variants of nth were PCR amplified from 

overexpression vectors using primers CARJKB164 and CARJKB165 and then 

ligated into the BamHI and NdeI sites of pAH120.  Samples of pAH120 expressing 

different variants of nth were transformed into electrocompetent CC104∆nth that 

were also expressing the plasmid pINT-ts. Cells were then incubated at 30ºC for 

one hour to allow chromosomal integration of pAH120, and then at 42ºC for 30 

minutes, during which time pINT-ts should be cured.  Cultures were spread onto 

Luria-Bertani (LB) + kanamycin media and incubated at 37ºC.  This final 

incubation selects for cells that have integrated pAH120, since this plasmid confers 

kanamycin resistance. Colonies that emerged on these kanamycin selection plates 
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were screened using colony PCR and primers CARJKB164 and CARJKB165 to 

verify the presence of an nth variant on the chromosome.  Further PCR screens 

were performed with primers given in reference [9] to verify that the pAH120 

plasmid integrated only once. 

Lac+ Reversion Assay.  Freezer stocks of the appropriate CC104 strains were 

streaked onto Luria-Bertani (LB) medium and incubated for 12 hours at 37°C.  Ten 

different samples from each strain were inoculated into ten tubes of LB liquid 

medium supplemented with 1 mM rhamnose and grown for 13 hours at 37°C with 

shaking at 250 rpm.  From each overnight culture, 200 µL of was transferred into 

10 mL Minimal A Medium [11] supplemented with 0.4% glycerol and 1 mM 

rhamnose. Methyl viologen was added to these cultures to a final concentration of 

either 0 µM, 10 µM, 25 µM, or 50 µM.  These cultures were grown at 37°C until 

OD600 = 0.4.  The cultures were pelleted by centrifugation, rinsed in 5 mL Minimal 

A Medium with no carbon source, and plated onto Minimal A Medium 

supplemented with 0.2% lactose.  The plates were incubated for 42 hours at 37°C, 

at which point lac+ revertants were counted.  Assays were performed at least two 

times for each sample, and ten replicates of each sample were used in each assay. 

The two highest and two lowest values were dismissed and the remaining six values 

were averaged.  Errors are reported as standard deviations. 

 
Results and Discussion 
 
The effect of methyl viologen on the number of lac+ revertants.  One of the first 

assays performed with the newly created CC104∆nth Prha-nth strain examined 
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whether the redox cycling reagent methyl viologen would affect the number of lac+ 

revertants.  The total number of revertants nearly doubled on increasing the methyl 

viologen concentration from 0 µM to 50 µM (Figure 5.1).  This result was expected 

given that methyl viologen reacts with oxygen to generate superoxide [12], a 

reactive oxygen species (ROS).  ROS can damage DNA, particularly at guanine 

residues since guanine is the most easily oxidized nucleobase [13−15].  

Lac+ revertant counts as a consequence of nth gene mutations.  After it was 

established that methyl viologen could increase the number of lac+ revertants 

observed during the assay, methyl viologen was then incorporated into the protocol 

used to examine strains expressing different nth variants.  The strains include 

CC104∆nth and strains of CC104∆nth Prha-nth expressing the nth variants WT, 

Y82A, Y82S, Y75A, and W178A.  Even with the addition of methyl viologen, the 

results show no statistically significant differences between the number of lac+ 

revertants produced by these different strains (Figure 5.2).  It was surprising that 

these results were not consistent with results from plasmid-based assays performed 

previously [8].  However, the discrepancy may result from minor genetic 

differences in the parent CC104 strains used to produce these mutants.  Other 

changes such as growth medium, growth phase at harvest, and nutrient source, 

could also affect the in vivo mutation rate, as discussed below.  Also, expression 

levels of the nth gene under the different experimental conditions were not 

determined. 
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Variations in experiments.  First, the number of lac+ revertants produced by a given 

sample of CC104 seems to rely upon the genotype of that strain.  Even subtle, non-

detectable, genetic differences can lead to differences in internal mutagenesis rates.  

For example, our laboratory has worked with two different “wild-type” strains for 

CC104 E. coli during the past several years.  One strain came from a collaborator’s 

laboratory (Professor Jeffrey Miller, University of California Los Angeles) and one 

came from a strain library (Coli Genetic Stock Center, Yale University).  Although 

both strains have the same genotype, they produced consistently different numbers 

of lac+ revertants when measured side-by-side under identical experimental 

conditions (data not shown).  This result speaks to the fact that even small, 

unnoticeable, changes in the genetic background of given strains can affect their 

mutagenesis rates.  It was also observed that the sequence of the lacZ gene found in 

the strains in our laboratory was different than that published when Cupples and 

Miller reported the creation of strain CC104 [4].  However, it remains to be 

determined whether the lacZ sequence discrepancy accounts for the difference 

between previously published assay results [8] and the data presented here. 

Second, cell cultures in the CC104∆nth Prha-nth assays were harvested in 

mid-exponential phase to ensure that they were actively growing while plated.  By 

contrast, cultures in the plasmid-based assay were harvested in late exponential 

phase [8].  Growth phase may affect mutagenesis rates because levels of expression 

of oxidative stress response genes can change in stationary phase [16], as can cells’ 

resistance to peroxide [17].  However, metabolism and expression of certain genes 
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slow in stationary phase [17], possibly making it more difficult for colonies to grow 

on lactose-minimal medium. 

Third, the assay using CC104∆nth Prha-nth strains required different growth 

media than the plasmid-based assay.  Rhamnose had to be added to the growth 

medium to induce expression of the nth variants [18, 19].  Expression from the 

rhamnose-inducible promoter is inhibited by glucose [19], which was used in the 

plasmid-based assay.  Consequently, glycerol was used as the carbon source in the 

experiments presented here. This change in carbon source could be significant 

because carbon source has been shown to affect mutagenesis rates through 

mechanisms thought to involve carbon catabolite repression (reviewed in references 

[20, 21]).  Mutagenesis reporter strains produce larger numbers of mutant colonies 

when grown on glycerol, a non-repressive growth substrate, than when grown on 

glucose, a highly repressive growth substrate [22, 23].  Glucose-related compounds 

with even more repressive effects, such as glucose-6-phosphate and methyl-α-D-

glucopyranoside, exert even more powerful anti-mutagenic effects [22].  It is 

unclear exactly how carbon catabolite repression influences mutagenesis rates, but 

authors hypothesize that the SOS DNA repair pathway (reviewed in reference [24]) 

may be affected.  Carbon catabolite repression depresses levels of cyclic AMP 

(cAMP) [20, 21], an important cellular signaling molecule.  In turn, low cAMP 

levels reduce the expression of genes involved in SOS DNA repair, which is highly 

mutagenic [24].  Perhaps the anti-mutagenic effects of carbon catabolite repression 

are part of the reason why glucose transport is induced in response to oxidative 
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stress in E. coli through the action of the SoxRS genes [25].  The exact relationship 

between metabolism and mutation remains unclear, but the change in growth 

medium could have impacted the outcome of the lac+
 reversion assay. 

Although the goal of the experiments presented here was to determine how 

mutations in EndoIII affect the activity of MutY, the data do not provide such an 

answer.  However, the process of optimizing these experiments and interpreting the 

results offered yet another perspective on the profound complexity of E. coli cells.  

The phenotype observed previously by Boal, et al. [8] relied upon a careful 

combination of cell genotype, growth phase, and growth conditions.  Future work 

examining with in vivo affects of nth mutations will need to consider these 

parameters. 
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Table 5.1: Primers used in lac+ reversion experiments 

Name Sequence Purpose 

CARJKB172 5’-actagtgcggccgcgaactgcgcctttctgactggatc-3’ 

Primer for overlap extension 
to create Δnth construct, and 
for verifying absence of nth 
on CC104 chromosome.  It 
binds to a sequence 1000 bp 

upstream of nth gene.  

CARJKB173 5’-ggcgcgccggatcccataaccaatcgccagcacaatagc-3’ 

Primer for overlap extension 
to create Δnth construct, and 
for verifying absence of nth 
on CC104 chromosome. It 

binds to a sequence 1000 bp 
downstream of nth gene. 

delnthfusfor 5’- gcattgccaaacggtgaaacagggaatgtctgatgaagaaaaggggtaacaccgattaccccattg-3’ 

Primer for overlap extension 
to create Δnth construct.  It 

binds to a sequence 
immediately following the 

nth gene. 

delnthfusrev 5’-caatggggtaatcggtgttaccccttttcttcatcagacattccctgtttcaccgtttggcaatgc-3’ 

Primer for overlap extension 
to create Δnth construct.  It 

binds to a sequence 
immediately preceding the 

nth gene. 
CARJKB174 5’-acattgtttgacggtgcaga-3’ Sequencing Δnth strains 

CARJKB175 5’-ggtcaatatttgttgcgtgtg-3’ Sequencing Δnth strains 
CARJKB180 5’-gcaatggcacattgtttgac-3’ Sequencing Δnth strains 

CARJKB164 5’-ggcgcgcccatatgaataaagcaaaacgcctggagatc-3’ Primer for cloning nth alleles 
into pAH120, NdeI site 

CARJKB165 5’-ggcgcgccggatcctcagatgtcaactttctctttgtattc-3’ Primer for cloning nth alleles 
into pAH120, BamHI site 

CARJKB176 5’-cgaattcaggcgctttttag-3’ Sequencing nth alleles after 
chromosomal insertion 

CARJKB177 5’- tctgctggaaccactttcagt-3’ Sequencing nth alleles after 
chromosomal insertion 

CARJKB178 5’-tgaaagtggttccagcagag-3’ Sequencing nth alleles after 
chromosomal insertion 

CARJKB179 5’- gggagtgggacaaaattgaa-3’ Sequencing nth alleles after 
chromosomal insertion 
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Figure 5.1: Lac+ revertants as a function of methyl viologen concentration.  
Methyl viologen was added to cultures of CC104∆nth Prha-nth growing in liquid 
minimal medium at the concentrations shown.  Cultures were grown to OD600= 0.4, 
pelleted, rinsed once, and then plated on minimal A medium supplemented with 
0.2% lactose.  Lac+ revertants were counted after 42 hours incubation at 37°C. 
 

 
 
 
Table 5.2: Average lac+ revertants counted for different concentrations of 
methyl viologen.  Results are averaged over four trials.  Values are reported as the 
number of revertants per ~2x108 cells/mL. 
 

Concentration of 
methyl viologen 

0 µM 10 µM 25 µM 50 µM 

No. of lac+ revertants 12.7 ± 0.8 21.1 ± 1.2  22.0 ± 1.1 26.6 ± 4.5 
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Figure 5.2: Lac+ revertants produced by CC104∆nth Prha-nth strains 
expressing different nth alleles.  Strains were grown in Minimal A Medium 
supplemented with 0.4% glycerol, 1 mM rhamnose, and 50 µM methyl viologen. 
Cultures were grown to OD600= 0.4, pelleted, rinsed once, and then plated on 
Minimal A Medium supplemented with 0.2% lactose.  Lac+ revertants were 
counted after 42 hours incubation at 37°C.   
 
 

 
 

Table 5.3: Average lac+ revertants counted for strains expressing different 
variants of nth.  Values are reported as the number of revertants per ~ 2x108 
cells/mL. 
 
Strain CC104∆nth CC104∆nth 

Prha-nth 
CC104∆nth 
Prha-Y82A 

CC104∆nth 
Prha-Y82S 

CC104∆nth 
Prha-Y75A 

CC104∆nth 
Prha-W178A 

No. of lac+ 
revertants 

22.6 ± 1.3 21.4 ± 1.5  24.1 ± 1.9 23.4 ± 2.8 23.3 ± 2.9 18.5 ± 2.2 
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Chapter 6 

Summary and Outlook 
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Summary: Pathways for Protein-DNA Charge Transfer 

The experiments described in the preceding chapters examined the charge-

transfer (CT) properties of several site-directed mutants of three base-excision 

repair enzymes: UDG, MutY, and EndoIII.  These proteins are thought to 

participate in DNA-mediated long-range charge transfer in order to scan the 

genome for DNA damage.  The mutants that were created and characterized were 

chosen in order to answer four questions about how amino-acid changes in the 

proteins affect protein-to-DNA CT:  1) How do perturbations in the [4Fe-4S] 

cluster binding domain affect the CT properties of DNA repair enzymes?  2) Which 

types of amino acid residues best mediate protein-to-DNA CT? 3) What possible 

amino acid pathways may exist for DNA-protein CT? 4) What are the biological 

consequences of having an impaired CT pathway? 

The first of these questions, how the [4Fe-4S] cluster binding domain 

affects CT, was addressed by studying the UDG mutants C17H, C85S, C101S, and 

the EndoIII mutants W178A and Y185A.  Altering the coordination environment 

could greatly decrease CT, as was the case with C85S UDG.  However, C101S 

UDG produced an electrochemical signal that was within error of that of WT UDG.  

The UDG mutant C17H and the EndoIII mutants W178A and Y185A produced 

signals larger than those of the corresponding WT proteins.  This signal increase 

was attributed to structural perturbations in the mutants’ secondary structures that 

may have permitted water molecules to enter the protein and accelerate CT [1, 2].  
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The C17H mutation may have also placed a more CT-active residue closer to the 

cluster than that present in the native protein. 

Mutagenesis studies of MutY Y82 position mutants and EndoIII Y82 

position mutants investigated which types of residues best facilitate CT in their 

respective proteins.  In MutY, long residues such as tyrosine and leucine that can 

intercalate into the DNA helix were the best CT mediators.  In EndoIII, aromatic 

residues proved most CT-proficient.  Several aromatic amino acids in EndoIII, 

including Y82, Y75, Y55, and F30, form what may be a partial pathway between 

the DNA and the [4Fe-4S] cluster. 

The fourth question, the biological consequences of CT impediments has 

been addressed through colorectal cancer research.  Mutations at residues Y114, 

Y165, and Y166 in human MUTYH have appeared in colorectal cancer patients [3, 

4].  These residues align with F30, L81, and Y82, respectively, in E. coli EndoIII, 

and Y165 aligns with Y82 in E. coli MutY.  EndoIII F30 and Y82, and MutY Y82 

facilitate CT in their proteins.  Therefore, the equivalent MUTYH residues may 

possibly mediate protein to DNA CT in human cells.  Without this CT capability, 

MUTYH may be unable to detect and repair DNA damage, causing mutations to 

accumulate that would lead to colorectal cancer.  CT deficiencies in biological 

systems could produce very deleterious consequences for the cell. 

As a whole, the BER mutants examined here helped elucidate the properties 

that create a CT-active enzyme capable of participating in DNA-mediated long-

range signaling.  The protein must contain a well-protected, well-coordinated, redox 
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active cofactor (such as a [4Fe-4S] cluster).  It must contain amino acids capable of 

intercalating into the DNA helix to allow charge to flow from the DNA into the 

protein, and it must contain a pathway of CT-active amino acids that can convey 

this charge from the DNA to the redox cofactor.  Future experiments, such a time-

resolved spectroscopy, will be necessary to determine how mutations in the CT 

pathway affect CT rates.  Other ongoing in vivo experiments will determine how 

mutations in the CT pathways of these DNA repair proteins affect in vivo 

mutagenesis rates. 

  

Outlook: Beyond DNA Repair 

The majority of the experiments performed for this thesis investigated 

DNA-mediated charge-transfer (CT) for DNA-repair using in vitro characterization 

of proteins that may participate in this process.  However, recent research is 

developing in vivo experiments to examine long-range electrochemical signaling as 

means of searching for DNA damage [5].  Such experiments include the “helper 

function” assay that investigated whether EndoIII (and variants) could help MutY 

detect and repair its substrates [5].  Another way to study the in vivo activity of 

EndoIII would be to investigate the role of the rnf operon in DNA repair.  The rnf 

operon is a seven-gene operon of which the nth gene, which encodes EndoIII, is the 

final component [6] (Figure 6.1).  This operon has not been fully characterized in E. 

coli, but could possibly regulate redox processes within the cell. 
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The notion that rnf genes control cellular redox processes is supported by 

several lines of evidence.  First, the “rnf” operon is so named because its operon 

structure and gene sequences bear similarity to “rhodobacter nitrogen fixation” 

genes, or genes used by Rhodobacter capsulatus and Azotobacter vinelandii to 

reduce dinitrogen [7−9].  In R. capsulatus, rnf operon genes are thought to donate 

electrons to the nitrogenase complex [8, 9].  In A. vinelandii, rnf genes are thought 

to assist in iron-sulfur cluster assembly [7].  Similar gene products are also 

hypothesized to supply electrons for 2,4-dinitrophenol reduction in R. capsulatus 

[10], encode a ferredoxin:NAD+ oxidoreductase for caffeate reduction in 

Acetobacterium woodii [11−13], and form a Na+ translocating NADH:quinone 

oxidoreductase complex in Vibrio alginolyticus [14].  The fact that homologous 

genes participate in redox processes in so many other organisms makes it likely that 

they mediate redox chemistry in E. coli. 

Other evidence that the rnf gene products facilitate redox processes from 

sequence predictions and preliminary biochemical characterization of the gene 

products.  RnfB is hypothesized to contain several iron-sulfur clusters, RnfC has 

several domains that are similar to those found in other redox-active proteins, and 

RnfG is predicted to contain a FMN-binding domain1.  RnfB and RnfC from R. 

capsulatus have been purified and were red-brown and brown, respectively [8, 14], 

colors often indicative of an iron-sulfur cluster.  RnfB exhibited an absorbance and 

                                                
1 All predictions based on gene sequence information were either taken from the published literature or made 

using one of the following online resources: http://www.ncbi.nlm.nih.gov, http://www.uniprot.org, 
http://ca.expasy.org/. 



  105 

 

EPR spectrum characteristic of [2Fe-2S] proteins and RnfC exhibited an 

absorbance spectrum characteristic of [4Fe-4S] proteins [14].  RnfC from R. 

capsulatus is also predicted to contain binding sites for NAD(H) and flavin 

mononucleotide (FMN), components of redox-active proteins [15].  However, 

neither RnfB nor RnfC could be characterized in great detail because the proteins 

were oxygen labile [14]. 

Few experiments have been performed on the rnf genes of E. coli, although 

one recent breakthrough demonstrated that these genes affect the activity of E. coli 

SoxR [16].  SoxR is a [2Fe-2S] transcription factor that regulates E. coli cells’ 

response to oxidative stress [17].  When the iron-sulfur cluster of SoxR becomes 

oxidized, this protein then upregulates several genes that help the cell remove 

reactive oxygen species [17].  After the threat of oxidative stress is gone, rnfC helps 

re-reduce SoxR and stop the upregulation of oxidative stress response genes [16].  

The mechanism of re-reduction remains unknown.  Because SoxR is a DNA-

binding protein that can participate in long-range DNA-mediated CT [18], it is 

possible that the rnf operon products that interact with it can also oxidize or reduce 

other redox-active DNA binding proteins such as MutY and EndoIII. 

To better understand the cellular role of rnf proteins, experiments should be 

performed to address several questions: 1) Where do rnf proteins localize within the 

cell? 2) When are the rnf genes upregulated or downregulated? 3) Does the deletion 

of any rnf genes produce any detectable phenotypes?  Regarding their localization, 

RnfA and RnfE have been shown to be membrane-bound [17, 19], and RnfD is also 
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predicted to localize to the membrane.  RnfB and RnfC are predicted to contain 

both membrane and soluble domains (see footnote 1).  It is possible that the rnf 

proteins form a membrane-bound complex through which reducing (and/or 

oxidizing) equivalents are transferred to other cellular components, possibly in an 

NAD+/NADH mediated fashion (Figure 6.2).  Fractionation and Western blotting 

experiments could confirm where rnf proteins localize within the E. coli cell. 

Little is known about what factors alter expression of rnf genes.  In 

R.capsulatus, their expression is decreased under iron limitation [8].  Addition of 

paraquat and hydrogen peroxide does not upregulate the expression of nth in E. coli 

[20], and so would unlikely upregulate the co-expressed rnf genes.  Other 

conditions could be tested using qRT-PCR experiments.  Because rnf gene products 

are so important for the activity of the SoxRS regulon, it would also be interesting 

to test whether they influence the activity of any other redox-active transcription 

factors in E. coli, such as OxyR [15], FNR [15], and MgrA [21].  Experimentally, a 

link between transcription factors and rnf products could be determined by a 

combination of genetics and molecular biology experiments.  First, rnf genes could 

be genetically inactivated, particularly rnfB and rnfC, since these genes are 

predicated to contain the most redox-active domains.  The activity of OxyR, FNR, 

and MgrA in these deletion strains could then be measured through qRT-PCR 

analysis of genes in their regulons or by β-galactosidase assays of lacZ fusions to 

any of these regulon genes.  To further investigate whether rnf genes are involved 

in redox regulation, the ratio of a NAD+ to NADH could also be quantified in rnf 
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deletion strains relative to wild-type E. coli strains.  Pull-down assays could also be 

performed to determine which other E. coli proteins interact with rnfB and rnfC. 

In total, the experiments performed on mutant BER proteins determined 

which amino acids mediate protein-to-DNA CT in the [4Fe-4S] glycosylase 

proteins UDG, MutY, and EndoIII.  The experiments mentioned in this final 

chapter also aim to determine whether these proteins or any of their genomic 

neighbors play a broader in vivo role in regulating DNA repair, and/or other redox 

processes.  EndoIII is part of an operon whose genes encode proteins that may be 

involved in uptake of oxidizing or reducing equivalents.  The operon that encodes 

MutY also encodes YggX, which has been shown to help protect cells from 

oxidative stress [22−24].  Consequently, the BER enzymes and their operons, may 

play an important in vivo role beyond DNA repair.  These enzymes and their 

genetic neighbors may be part of much broader system through which the cell 

maintains redox control and regulates processes that sustain biological activity.    
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Figure 6.1: Rnf operon.  The nth gene, which encodes EndoIII, is the terminal 
gene of a seven-gene operon.  The upstream genes of this operon play an 
undetermined role in E. coli. The ydgK gene is upstream of the rnf operon, but 
contains its own promoter.  Figure adapted from reference [25]. 
 

 

 

 

 

 
Figure 6.2: Possible cellular localization and function of rnf proteins.  The 
products of the rnfD, rnfA, and rnfE genes are predicted to be membrane-bound.  
The products of the rnfB and rnfC genes are predicted to contain both membrane 
and soluble domains, while the rnfG gene product is predicted to be soluble.  The 
latter three genes are predicted to encode binding sites for redox-active cofactors.  
Collectively, the rnf proteins may form a membrane-bound complex responsible for 
transporting reducing and/or oxidizing equivalents into the cell and passing them to 
other molecules in vivo.  These reducing and/or oxidizing equivalents may be 
transferred through an NADH/NAD+ mediated mechanism, since rnf genes encode 
binding sites for these molecules. The downstream recipients of these reducing 
and/or oxidizing equivalents may include redox-active DNA-binding proteins. 
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Appendix I 

Clean Deletion of the nth Gene from 
the Chromosome of CC104 
Escherichia Coli 
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Introduction 

The methods described here are adapted from those published previously 

[1].  Briefly, overlap extension PCR is used to create a construct in which regions 

upstream and downstream of a gene of interest (nth) are amplified and fused 

together, devoid of the nth gene.  This construct is then cloned into the plasmid 

pKOV [1], which is then transformed into the recipient strain, CC104.   During this 

transformation reaction, the pKOV plasmid can integrate itself onto the CC104 

chromosome by homologous recombination.  A second recombination event then 

permits the plasmid backbone to excise itself from the chromosome, leaving only 

the construct that is devoid of nth gene on the chromosome.  

 

Materials 

All strains and plasmids were obtained from the Coli Genetic Stock Center 

at Yale University (New Haven, CT).  All enzymes were obtained from New 

England Biolabs and primers were ordered from Integrated DNA Technologies. 

 

Preparation of nth Deletion Construct by Overlap Extension PCR 

In order to prepare the Δnth construct, regions upstream and downstream of  

the nth gene were PCR amplified and these products were used as templates in a 

second PCR experiment, resulting in a product of ~ 2000 bp that omits the nth gene 

(Figure I-1).  This product was ligated into the BamHI and NotI sites of pKOV.  
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The pKOV vector is temperature sensitive, encodes chloramphenicol resistance, 

and contains the sacB gene, which confers sensitivity to sucrose [2].  

 

Plasmid Integration by Homologous Recombination 

Electrocompetent CC104 cells were transformed with the pKOV plasmid  

containing the Δnth construct and then recovered at 30°C.  The temperature 

sensitivity of pKOV necessitates this low recovery temperature.  During recovery, 

the plasmid has the opportunity to recombine onto the CC104 chromosome as 

shown in Figure I-2. 

After recovery, the transformation reactions were plated onto Luria-Bertani  

(LB) + chloramphenicol medium and incubated at either 30°C or 42°C.  Colonies 

incubated at 42°C are unable to replicate the temperature-sensitive pKOV plasmid 

and will only maintain their chloramphenicol resistance if this plasmid is integrated 

onto the chromosome.  After incubation, the ratio of colony number on the 42°C 

plate to colony number on the 30°C plate can be used to calculate the integration 

efficiency. 

 

Excision of pKOV from the Genome of CC104 to Create a Δnth Strain  

Integration of the pKOV plasmid onto the CC104 chromosome leaves the  

cells with two copies of the upstream and downstream nth regions, one from the 

WT cell and one from the pKOV plasmid.  To create the CC104 Δnth strain, one of 

these copies of the region must be excised.  This excision process is also 
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recombination-based, as diagrammed in Figure I-3.  Cells that have excised the 

pKOV plasmid backbone can be selected based on their tolerance of sucrose.  The 

sacB gene of the pKOV plasmid encodes sensitivity to sucrose.  If a cell has 

excised the plasmid backbone from its chromsome, then the cell should be able to 

grow in the presence of 5% sucrose.  If the cell has not excised the pKOV 

backbone, then sucrose is lethal to the cell. The sucrose selection was conducted by 

taking cells that had been incubated at 42°C in the previous step, growing them in 

liquid culture, and then serially diluting these cultures and plating them onto LB + 

sucrose medium. 

 

Colony PCR to Confirm the Absence of the nth Gene 

Cells that are able to grow in the presence of sucrose have excised the 

pKOV plasmid from their chromosome, but they still may not be ∆nth strain. As 

Figure I-3 shows, the orientation of the chromosomal DNA during recombination 

may create a ∆nth strain, or it may cause the cell to revert to WT.  Consequently, a 

final screen is needed to determine which of the sucrose-tolerant cells are truly ∆nth 

mutants. To verify that the nth gene has been deleted, PCR was used with primers 

that bind upstream and downstream of the region containing the nth gene.  The size 

of the PCR product indicated whether the colony examined was WT or ∆nth.   In 

this reaction, a ~ 2000 bp PCR product was expected of Δnth cells, whereas a ~ 

2600 bp product was expected of WT cells (Figure I-4).  Of several colonies 
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examined, three appeared to have the Δnth genotype when examined by colony 

PCR (Figure I-4).   

After this PCR reaction, the samples that appeared to be Δnth were isolated,  

re-streaked, and analyzed by colony PCR again.  This process was repeated at least 

three times to ensure that the samples were not contaminated with WT CC104.  

Finally, sequencing was used to verify that the isolated strains were truly Δnth. 
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Table I-1: Primers used in this protocol 

Name Sequence Purpose 

CARJKB172 5’-actagtgcggccgcgaactgcgcctttctgactggatc-3’ 

Primer for overlap extension to 
create Δnth construct, and for 
verifying absence of nth on 

CC104 chromosome.  It binds to 
a sequence 1000 bp upstream of 

nth gene.  

CARJKB173 5’-ggcgcgccggatcccataaccaatcgccagcacaatagc-3’ 

Primer for overlap extension to 
create Δnth construct, and for 
verifying absence of nth on 

CC104 chromosome. It binds to 
a sequence 1000 bp downstream 

of nth gene. 

delnthfusfor 5’- gcattgccaaacggtgaaacagggaatgtctgatgaagaaaaggggtaacaccgattaccccattg-3’ 

Primer for overlap extension to 
create Δnth construct.  It binds to 

a sequence immediately 
following the nth gene. 

delnthfusrev 5’-caatggggtaatcggtgttaccccttttcttcatcagacattccctgtttcaccgtttggcaatgc-3’ 

Primer for overlap extension to 
create Δnth construct.  It binds to 

a sequence immediately 
preceding the nth gene. 

CARJKB174 5’-acattgtttgacggtgcaga-3’ Sequencing Δnth strains 

CARJKB175 5’-ggtcaatatttgttgcgtgtg-3’ Sequencing Δnth strains 

CARJKB180 5’-gcaatggcacattgtttgac-3’ Sequencing Δnth strains 
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Figure I-1:  Experimental schemes for clean deletion construct preparation. A) 
Schematic of how overlap extension PCR can be used to create a plasmid insert that 
contains a section of the CC104 chromosome devoid of nth.  B) PCR results 
indication that regions 1000 bp upstream and downstream of the nth gene were 
successfully amplified and fused together through PCR. 

A) 

 

B) 
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Figure I-2: Diagram of how pKOV can integrate onto the chromosome of 
CC104 
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Figure I-3: Scheme for recombination-based excision of the pKOV plasmid.  
The plasmid should excise from the chromosome of CC104, yielding a single copy 
of the chromosomal region of interest.  Note that several different products are 
available after this recombination/excision event, and further screens are necessary 
to select the strain of interest. 
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Figure I-4: Schematic for verification of clean deletion construct. A) Scheme of 
how colony PCR can be used to determine the presence or absence of the nth gene 
on the chromosome of CC104.  B) Results of the screen of several colonies that 
detected three samples (colonies 19, 22, 23) that are possibly Δnth.  The lane 
labeled “WT” was a control performed with WT CC104, and the lane labeled 
“pKOV” was a control performed with the pKOV vector containing the Δnth 
construct.  The lane labeled “blank” was a cell-free control, and all other lanes are 
results using colonies taken from LB-sucrose plates. 
 
A)  

 
 

B)  
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Appendix II 

Insertion of the nth Gene onto the 
Chromosome of Escherichia Coli at the 
λ  Phage Attachment Site 
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Introduction 

The methods described here are adapted from those previously published 

[1].  Briefly, EndoIII mutants of interested were cloned into a plasmid, pAH120 [1], 

which has the ability to integrate itself onto the chromosome of Escherichia coli at 

the λ phage attachment site.  When this plasmid integrates, the allele of nth that it 

contains also integrates, thus creating a strain of CC104 that expresses a mutant 

version of the EndoIII protein. 

 

Materials 

All strains and plasmids were obtained from the Coli Genetic Stock Center 

at Yale University (New Haven, CT).  All enzymes were obtained from New 

England Biolabs and primers were ordered from Integrated DNA Technologies. 

 

Preparation of pAH120 with nth Alleles and Chromosomal Integration 

EndoIII variants were PCR amplified from overexpression vectors and then 

ligated into the BamHI and NdeI sites of pAH120.  Samples of pAH120 expressing 

different variants of nth were transformed into electrocompetent CC104∆nth cells 

that were also expressing the plasmid pINT-ts.  The latter plasmid is temperature 

sensitive and encodes integrase genes that help the pAH120 plasmid integrate onto 

the bacterial chromosome.  Following transformation, the cells were incubated at 
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30ºC for one hour, during which time pAH120 may integrate onto the chromosome, 

and then at 42ºC for 30 minutes, during which time pINT-ts is cured.  Cultures were 

then spread onto Luria-Bertani (LB) + kanamycin media and incubated at 37ºC.  

This final incubation selects for cells that have integrated pAH120, since this 

plasmid confers kanamycin resistance. 

Colonies that emerge on these kanamycin selection plates were then 

screened using colony PCR to verify the presence of the nth variant on the 

chromosome.  Colony PCR was performed with primers specific to the nth gene.  A 

~ 600 bp product is expected if the samples contain an nth variant.  As Figure II-1 

demonstrates, all colonies examined appeared to contain a variant of nth. 

 

Verification That Only One Plasmid Integration Event Occurred 

A further PCR screen is then needed to verify that the pAH120 plasmid 

integrated only once onto the chromosome of a given sample, and not multiple 

times.  The integration events and PCR screen are diagrammed in Figure II-2.  

Primers were designed such that the size of a PCR product they produce indicates 

how many times the pAH120 plasmid integrated.  Most of the colonies screened 

only contain one copy of the plasmid on their chromosome (Figure II-2). 
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Table II-1: Primers used in these experiments 

 

Name Sequence Purpose 

CARJKB164 5’-ggcgcgcccatatgaataaagcaaaacgcctggagatc-3’ Primer for cloning nth alleles into 
pAH120, NdeI site 

CARJKB165 5’-ggcgcgccggatcctcagatgtcaactttctctttgtattc-3’ Primer for cloning nth alleles into 
pAH120, BamHI site 

CARJKB176 5’-cgaattcaggcgctttttag-3’ Sequencing nth alleles after chromosomal 
insertion 

CARJKB177 5’- tctgctggaaccactttcagt-3’ Sequencing nth alleles after chromosomal 
insertion 

CARJKB178 5’-tgaaagtggttccagcagag-3’ Sequencing nth alleles after chromosomal 
insertion 

CARJKB179 5’- gggagtgggacaaaattgaa-3’ Sequencing nth alleles after chromosomal 
insertion 

 
 
 
 
Figure II-1: Results of colony PCR to verify presence of nth variants.  PCR 
products were amplified from the chromosome of CC104 Δnth after incubation 
with pAH120.  All samples examined appear to have integrated the plasmid and the 
nth variant of interest. 
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Figure II-2: Diagram of PCR experiments to verify single insertion. A) 
Diagram of how colony PCR can be used to verify that pAH120 only inserted once 
and not multiple times.  Single integration, multiple integration events, and no 
integration events will yield products of different sizes. B) Results of colony PCR 
performed on several samples containing nth variants.  Most samples display PCR 
products whose sizes indicate a single integration event. 
 
A) 

 
B)  
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Appendix III 

Insertion of nth onto the Chromosome 
of Escherichia Coli Using the Tn7 
Transposon 
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Introduction 

The methods described here are adapted from those published previously 

[1].  The insertion process is also diagrammed in Figure III-1.  Briefly, a suicide 

plasmid containing the Tn7 transposon [2] and the nth gene is prepared and then 

transformed into a donor strain, BW29427.  Simultaneously, a separate sample of 

BW29427 is transformed with the plasmid pUX-BF13, which contains transposase 

genes that help the Tn7 transposon insert itself onto the E. coli chromosome.  These 

two strains of BW29427 are then mated with a recipient, CC104.   

During the mating, the two plasmids should enter cells of CC104, and the 

Tn7 transposon and nth gene will be inserted onto the CC104 chromosome.  The 

mating reaction is then re-streaked onto media on which the BW29427 donor cells 

cannot grow, thus selecting for the CC104 recipient cells.  The remaining steps of 

the protocol describe how to examine these CC104 cells to ensure that they 

received the Tn7 and nth genes, that they have been cured of the donor plasmids, 

and that the transposition reaction occurred at the correct genomic location. 

 

Materials 

The strain CC104 was obtained from Professor Jeffrey Miller at UCLA  

(Los Angeles, CA), CC104 nth- was obtained from Dr. Amie Boal, BW29427 was 

obtained from Professor Barry Wanner (Purdue University).  The plasmids 

pURR24 and pUX-BF13 were obtained from Professor Dianne Newman at the 
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California Institute of Technology.  Diaminopimelic acid (DAP), ampicillin, and 

spectinomycin were obtained from Sigma-Aldrich.  Primers were ordered from 

Integrated DNA Technologies.  Enzymes were purchased from New England 

Biolabs.  All media and buffers were prepared according to standard procedures for 

E. coli [3]. 

 

Preparation of Donor Strains for Conjugation  

The nth gene was amplified from a template provided by Dr. Amie Boal 

(Caltech).  The PCR product was ligated into the XmaI site of pURR24 to create 

pURR24nth.  The plasmid pURR24 contains a miniTn7 transposon and it is also a 

suicide plasmid, meaning it cannot be replicated by many strains of E. coli.  

Consequently, these strains can easily be cured of the plasmid once transposition 

has taken place.   

The plasmid pURR24nth was then transformed into BW29427 E. coli.  A 

separate sample of BW29427 was transformed with the plasmid pUX-BF13, which 

contains the transposase genes that mediate the transposition of Tn7 and nth onto 

the chromosome of an E. coli cell.  BW29427 cells are unable to make 

diaminopimelic acid (DAP), a reagent that E. coli cells use to maintain the rigidity 

of their cell walls [4].  The Luria-Bertani (LB) media for BW29427 was 

supplemented with 300 µM DAP. 
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Mating Reaction 

Overnight cultures of BW29427 with pURR24nth, BW29427 with pUX-

BF13, and CC104 nth- were prepared.  A 100 µL aliquot of each culture was 

removed and placed in a sterile microcentrifuge tube.  Control experiments were 

also performed in which only two of the three strains were mixed in the 

microcentrifuge tube.  The tubes were centrifuged at 8000 rpm for two minutes.  

Their supernatant was decanted, and the cells were resuspended in 50 µL fresh 

Luria-Bertani (LB) medium, supplemented with DAP.  This entire solution was 

then spread onto an LB + DAP plate and incubated for 3 hours at 37°C. 

A sample of cells was collected from each of the plates using a sterile stick 

and re-suspended in 1 mL fresh LB (without DAP).  This solution of cells was 

serially diluted, and various dilutions were plated onto LB + spectinomycin media 

and incubated at 37°C.  Colonies should only appear if an integration event has 

occurred because this event would confer spectinomycin resistance.  

Transconjugant colonies were only observed on plates in which all three strains 

(BW29427 + pURR24nth, BW29427 + pUX-BF13, and CC104nth-) had been 

mixed (Figure III-2). 

 

Screening of Cells to Verify the Accuracy and Location of Transposition  

After the plates have incubated overnight, the colonies that grow need to be 

examined to ensure that several processes have taken place: 1) The CC104 recipient 

cells have been cured of any plasmids, 2) Only the nth gene and Tn7 transposon 
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have integrated into CC104, not the entire pURR24 plasmid, 3) The nth gene and 

Tn7 transposon have integrated themselves into the CC104 chromosome, 4) The 

nth gene and Tn7 transposon inserted at the Tn7 attachment site [5, 6] and not 

elsewhere in the CC104 chromosome, and 5) Only one insertion event occurred, 

and the recipient cells do not contain multiple copies of the nth gene. 

To screen for the absence of plasmids in the recipient CC104 nth- cells, a 

plasmid prep protocol can be performed on several colonies, and the results run on 

an agarose gel.  No plasmids should be visible.  When examining cells for the 

absence of pURR24 plasmid backbone, several screening methods can be applied.  

Select transconjugants can be re-streaked on LB media containg spectinomycin and 

5% sucrose.  The pURR24 plasmid backbone contains the sacB gene, which 

encodes sensitivity to sucrose [7].  Therefore, cells that contain pURR24 will not 

grow on sucrose medium.  To enhance the cells’ sucrose sensitivity, sodium 

chloride can be omitted from their growth medium.  Simultaneously, 

transconjugants can be re-streaked onto LB-ampicillin media.  Because the 

pURR24 backbone encodes ampicillin resistance, colonies that have removed it 

should be ampicillin sensitive.  When subjected to these tests, the transconjugants 

examined displayed sucrose tolerance and ampicillin sensitivity (Figure III-3).  

PCR with primers specific to the pURR24 backbone further validated the plasmid’s 

absence (Figure III-4). 

To ensure that the Tn7 transposon and nth gene integrated successfully onto 

the chromosome of the CC104 recipient, PCR experiments were performed with 
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primers specific to the transposon-containing region of pURR24.  The primers were 

designed such that the size of the PCR product indicates whether the Tn7 

transposon and/or the nth gene have integrated onto the chromosome.  PCR results 

indicated that the transconjugants screened did contain the Tn7 transposon and nth 

gene (Figure III-5).   

When the Tn7 transposon and nth gene insert onto the chromosome of 

CC104, it is important that their orientation relative to other chromosomal genes be 

monitored.  The screen for proper orientation is also accomplished by PCR (Figure 

III-5).  Primers were designed such that the size of the PCR product indicates 

whether the gene or transposon is properly aligned on the chromosome.  Several 

transconjugants with the appropriate alignment were obtained.  The final screen of 

the transconjugants will verify that the nth gene and Tn7 transposon only inserted in 

single copy.  This screen was not performed for the transconjugants made here, but 

can be accomplished by sequencing or southern blot. 
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Table III-1: Primers used in these experiments 

Name Sequence Purpose 

CARJKB6 5’-cccgggtcaatggggtaatcggtgtt- 3’ Cloning of nth gene into pURR24, XmaI 
site 

CARJKB8 5’- cgccccggggtggatcctcaatggggtaa-3’ Cloning of nth gene into pURR24, XmaI 
site 

CARJKB14 5’-gcgagggctttactaagctg -3’ Verifying presence of nth gene in 
pURR24, and sequencing of this insert 

CARJKB15 5’-tccagttatgctgtgaaaaagc-3’ Verifying presence of nth gene in 
pURR24, and sequencing of this insert 

CARJKB32 5’-tcgctataatgaccccgaag-3’ 
Primer is specific to pURR24 backbone, 

used to verify pURR24 absence in a 
CC104 sample 

CARJKB36 5’-cggtttgtcacatggagttg-3’ 
Primer matches a region just upstream of 

Tn7 attachment site, used to verify 
presence of Tn7 in CC104 sample 

CARJKB37 5’-gcaggccaaccagataagtg-3’  
Primer matches a region of the Tn7 

transposon, used to verify transposon’s 
presence in CC104 sample 

CARJKB38 5’-tgctttttcacagcataactgg-3’ 
Primer matches a region of the Tn7 

transposon, used to verify transposon’s 
presence in CC104 sample 

CARJKB39 5’- cgataacatgcacatcatcgag-3’ 
Primer matches a region just downstream 

of Tn7 attachment site, used to verify 
presence of Tn7 in CC104 sample 

CARJKB42 5’-ttcggtcctccgatcgttgt-3’ 
Primer is specific to pURR24 backbone, 

used to verify pURR24 absence in a 
CC104 sample 

CARJKB43 5’-ttctgctatgtggcgcggta-3’ 
Primer is specific to pURR24 backbone, 

used to verify pURR24 absence in a 
CC104 sample 

CARJKB44 5’-ttttcacagcataactggactga-3’ 
Primer matches a region of the Tn7 

transposon, used to verify transposon’s 
presence in CC104 sample 

CARJKB45 5’-gaagcgctggcagaagattt-3’ 
Primer matches a region just downstream 

of Tn7 attachment site, used to verify 
presence of Tn7 in CC104 sample 
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Figure III-1: Overview of gene insertion using the Tn7 transposon 
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Figure III-2: Results of mating showing that transconjugant colonies form 
only when all three parent strains are used in the mating reaction 
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Figure III-3: Transconjugants were re-plated on sucrose-containing and 
ampicillin-containing media.  The results are shown for sample number eight.  If 
the pURR24 backbone is not present on the strain’s chromosome, then the strain 
should be sucrose-tolerant and ampicillin-sensitive. 
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Figure III-4: Results of PCR experiments with primers specific to the 
backbone of pURR24.  Since no product of the appropriate size is detected, this 
result corroborates those described in Figure III-3 and suggests that the pURR24 
backbone is not present in most of the colonies examined. 
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Figure III-5: Results of PCR experiments with primers specific to the Tn7 
transposon and nth gene.  These experiments demonstrate that the nth gene and 
Tn7 transposon are present on the chromosomes of the samples examined, and also 
that the insert is in the correct orientation relative to the genes that flank the Tn7 
attachment site. 
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