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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/. 
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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. 
 



  109 

 

 

 

 

 

 



  110 

 

References: 

1. Berghuis, A.M., et al., Mutation of Tyrosine-67 to Phenylalanine in 
Cytochrome-C Significantly Alters the Local Heme Environment. Journal of 
Molecular Biology, 1994. 235(4): 1326−1341. 

2. Casimiro, D.R., et al., Electron-Transfer in Ruthenium-Modified 
Cytochromes-CSigma-Tunneling Pathways through Aromatic Residues. 
Journal of Physical Chemistry, 1993. 97(50): 13073−13077. 

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

4. Chmiel, N.H., A.L. Livingston, and S.S. David, Insight into the Functional 
Consequences of Inherited Variants of hMYH Adenine Glycosylase 
Associated with Colorectal Cancer:  Complementation Assays with hMYH 
Variants and Pre-stead-state Kinetics of the Corresponding Mutated E. Coli 
Enzymes. J. Mol. Biol., 2003. 327: 431−443. 

5. 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. 

6. Gifford, C.M., and S.S. Wallace, The genes encoding endonuclease VIII 
and endonuclease III in Escherichia coli are transcribed as the terminal 
genes in operons. Nucleic. Acids Res., 2000. 28(3): 762−769. 

7. Curatti, L., et al., Genes required for rapid expression of nitrogenase 
activity in Azotobacter vinelandii. Proc. Natl. Acad. Sci. USA, 2005. 
102(18): 6291−6296. 

8. Jouanneau, Y., et al., Overexpression in Escherichia coli of the rnf genes 
from Rhodobacter capsulatuscharacterization of two membrane-bound 
iron-sulfur proteins. Eur. J. Biochem., 1998. 251(1-2): 54−64. 

9. Schmehl, M., et al., Identification of a new class of nitrogen fixation genes 
in Rhodobacter capsulatus: a putative membrane complex involved in 
electron transport to nitrogenase. Mol. Gen. Genet., 1993. 241(5−6): 
602−615. 

10. Saez, L.P., et al., Role for draTG and rnf genes in reduction of 2,4-
dinitrophenol by Rhodobacter capsulatus. J. Bacteriol., 2001. 183(5): 
1780−1783. 

11. Imkamp, F., et al., Dissection of the caffeate respiratory chain in the 
acetogen Acetobacterium woodii: identification of an Rnf-type NADH 
dehydrogenase as a potential coupling site. J. Bacteriol., 2007. 189(22): 
8145-8153. 

12. Biegel, E., S. Schmidt, and V. Muller, Genetic, immunological and 
biochemical evidence for a Rnf complex in the acetogen Acetobacterium 
woodii. Environmental Microbiology, 2009. 11(6): 1438−1443. 



  111 

 

13. Schmidt, S., E. Biegel, and V. Muller, The ins and outs of Na+ 
bioenergetics in Acetobacterium woodii. Biochimica Et Biophysica Acta-
Bioenergetics, 2009. 1787(6): 691−696. 

14. Kumagai, H., et al., Membrane localization, topology, and mutual 
stabilization of the rnfABC gene products in Rhodobacter capsulatus and 
implications for a new family of energy-coupling NADH oxidoreductases. 
Biochemistry, 1997. 36(18): 5509−5521. 

15. Green, J., and M.S. Paget, Bacterial redox sensors. Nat. Rev. Microbiol., 
2004. 2(12): 954−966. 

16. Koo, M.S., et al., A reducing system of the superoxide sensor SoxR in 
Escherichia coli. EMBO J., 2003. 22(11): 2614−2622. 

17. Demple, B., Redox signaling and gene control in the Escherichia coli soxRS 
oxidative stress regulona review. Gene, 1996. 179(1): 53−57. 

18. 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. 

19. Saaf, A., et al., Divergent evolution of membrane protein topology: the 
Escherichia coli RnfA and RnfE homologues. Proc. Natl. Acad. Sci. USA, 
1999. 96(15): p. 8540−8544. 

20. Gifford, C.M., J.O. Blaisdell, and S.S. Wallace, Multiprobe RNase 
protection assay analysis of mRNA levels for the Escherichia coli oxidative 
DNA glycosylase genes under conditions of oxidative stress. J. Bacteriol., 
2000. 182(19): 5416−5424. 

21. Chen, P.R., et al., An oxidation-sensing mechanism is used by the global 
regulator MgrA in Staphylococcus aureus. Nat. Chem. Biol., 2006. 2(11): 
591-595. 

22. Gralnick, J., and D. Downs, Protection from superoxide damage associated 
with an increased level of the YggX protein in Salmonella enterica. Proc. 
Natl. Acad. Sci. USA, 2001. 98(14): 8030−8035. 

23. Pomposiello, P.J., et al., SoxRS-regulated expression and genetic analysis of 
the yggX gene of Escherichia coli. J. Bacteriol., 2003. 185(22): 6624−6632. 

24. Gralnick, J.A., and D.M. Downs, The YggX protein of Salmonella enterica 
is involved in Fe(II) trafficking and minimizes the DNA damage caused by 
hydroxyl radicals: residue CYS-7 is essential for YggX function. J. Biol. 
Chem., 2003. 278(23): 20708−20715. 

25. Gifford, C.M., and S.S. Wallace, The Genes Encoding Endonuclease VIII 
and Endonuclease III in Escherichia coli are Transcribed as the Terminal 
Genes in Operons. Nucleic Acids Research, 2000. 28(3): 762−769. 

 
 

 

 


