
ABSTRACT 
 

SMITH, CASSANDRA ELIZABETH.  Characterization of the Redox Transition of the 
XRCC1 N-Terminal Domain.  (Under the direction of Dr. James Knopp.)  
 
XRCC1, a scaffold protein involved in DNA repair, contains an N-terminal domain 

(X1NTD) that interacts specifically with DNA Polymerase Beta (Pol Beta).  It was recently 

discovered that X1NTD contains a disulfide switch that allows it to adopt either of two 

metamorphic structures. In the present study, we demonstrate that X1NTD is able to 

transition between these two conformations, confirmed by NMR, with the addition of either 

reducing or oxidizing agent. We also show that the oxidized conformation contains an 

additional structural element, an N-terminal proline carbimate adduct resulting from the 

nonenzymatic reaction of Pro2 with CO2 that is essential for stabilizing the oxidized 

structure, X1NTDox. NMR analysis of a sample containing the Pol Beta polymerase domain, 

and both the reduced and oxidized forms of X1NTD, indicates that the oxidized form binds 

to the enzyme 25-fold more tightly than the reduced form.  Further investigation of the 

X1NTD-Pol Beta complex shows that when X1NTD is in complex with Pol Beta, it is as 

susceptible to disulfide bond formation, but less susceptible to disulfide bond cleavage, than 

the apo species. 
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CHAPTER 1 – Obtaining and Identifying the Oxidized Conformation of X1NTD	  

Introduction 

Different types of disulfide bonds exist in proteins that served different functional 

purposes.  Earlier studies of disulfide bonds found them to only be critical for stabilizing the 

folded structure of proteins (Creighton 1984).  An additional class of disulfide bond has been 

described, named the catalytic disulfide bond.  Catalytic disulfide bonds, which include 

disulfide bonds of oxidoreductases, act on substrates by performing a thiol-disulfide 

exchange reaction.  The most recently identified class of disulfide bonds is allosteric 

disulfides.  These bonds induce a conformational change in the protein structure once formed 

and can reverse the conformational to the original state again once cleaved (Schmidt 2006).  

These reversible disulfide bonds, also referred to as redox switches, are capable of switching 

between the two different redox states simply by sensing changes in the intracellular redox 

potential (Benoit 2011).     

 The ability of these proteins to form a disulfide bond under oxidizing conditions 

depends on the different aspects of the protein structure that would cause the cysteines 

involved to be more susceptible to disulfide bond formation (Cremers 2013).  Cysteine 

residues must be in the reactive thiolate anion form, as opposed to the sulfhydryl form, in 

order to react with an oxidizing agent to create a disulfide bond (Creighton 1984).  The three 

most influential factors of disulfide bond formation are: thiol pKa, thiol solvent accessibility, 

and proximity of the two thiol residues (Sanchez 2008). Therefore, the local structure 

surrounding the potential redox switch region dictates whether or not the disulfide will form 

and given conditions (Benoit 2011).   
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 Conformations of some redox switch proteins vary so significantly that the transition 

to the alternate conformation involves rearrangement of the polypeptide backbone. (Fan 

2009).  These transitions are referred to as morphing transitions and are initiated by the strain 

induced in the polypeptide backbone, forcing the backbone to adopt an alternate 

conformation in order to alleviate the strain (Lee 2004).  The N-terminal domain of XRCC1 

has been identified as having two conformations that differ by the presence of a disulfide 

bond (Cuneo 2010).  An alignment of the crystal structures for the two conformations is 

shown in Figure 1.  Similar to the morphing transition class of redox switches, X1NTD 

experiences a rearrangement of the polypeptide backbone when the disulfide bond is formed 

between Cys12 and Cys20.  This rearrangement is localized to the first 40 residues, shown on 

the left side of the figure, while the remainder of the residues in the construct remain nearly 

unperturbed.   Although the crystal structure for the oxidized form of X1NTD was not 

originally obtained under oxidizing conditions, it is likely that X1NTD is able to adopt this 

conformation in response to an oxidizing environment. 
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Figure 1.  Alignment of Reduced X1NTD and Oxidized X1NTD Crystal Structures.  Reduced crystal 
structure (red) and oxidized crystal structure (blue) show the most significant variation in residues 1 through 40. 
 
 
 
Materials and Methods 

 

Isotopically-Labeled X1NTD Expression 

15N-labeled X1NTD for 1H−15N-HSQC experiments was expressed in 15N-labeled M9 

Minimal Media, recipe shown in Tables 1 and 2.  2H 13C 15N-labeled X1NTD for NMR 

assignment experiments was expressed in 2H 13C 15N-labeled M9 minimal media (Table 3).  

Expression and purification of isotopically-labeled X1NTD is identical to that described in 



 4 

Appendix A with the exception of the media used.  Protein concentration of X1NTD purified 

stocks was determined using a 280 nm extinction coefficient of 15220 M-1 cm-1.  The 

extinction coefficient was calculated based on the amino acid sequence of the protein 

construct. 

 
 
 

Table 1: 5X 15N M9 Salts Recipe 

	  
	  
	  
	  
Table 2: 15N M9 Minimal Media Recipe 

	  
 
 
 
Table 3.  2H, 13C, 15N M9 Minimal Media Recipe 
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X1NTD Oxidizing Reaction 

To obtain a completely oxidized form of X1NTD, protein stock was diluted to 200 

µM and exchanged into 50 mM Tris, 75 mM bicarbonate, 140 mM NaCl, pH 9.0 buffer.  The 

oxidation reaction was rocked on a rotating plate at 4 degrees C for 1 min after the addition 

of 5 mM H2O2.  The reaction was then left at 4 degrees C for 18 hrs for complete oxidation to 

occur.  Based on photobleaching controls from the DTNB assay (Appendix B), all of the 

H2O2 has been reacted at this point and there is no need to exchange the H2O2 out of the 

buffer.  Any subsequent buffer exchanges after the oxidized form had been obtained were 

performed using a 2.5 mL Zeba Desalting Column (Thermo Scientific). 

 

X1NTD Reducing Reaction 

To obtain a completely reduced form of X1NTD, the protein stock was diluted to 200 

µM and 1 mM dithiothreitol was added to the sample.  The reducing reaction was allowed to 

proceed at 30 degrees C for 30 min in order to for complete reduction to occur. If a 

subsequent DTNB was performed, the reduced X1NTD was exchanged into the same buffer, 

but lacking dithiothreitol with a 2.5 mL Zeba Desalting Column (Thermo Scientific).   

 

NMR Spectroscopy 

NMR samples for assignment purposes contained 1 mM protein consisting of 50 mM 

Tris (pH 7.0), 75 mM sodium bicarbonate, 140 mM NaCl, 10% D2O, and 50 µM DSS as an 

internal chemical shift standard.  NMR samples used only for 1H−15N HSQC experiments 

contained 200 µM protein consisting of 50 mM Tris (pH 7.0), 75 mM sodium bicarbonate, 
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140 mM NaCl, 10% D2O, and 50 µM DSS as an internal chemical shift standard unless 

otherwise stated.  NMR experiments were performed at 25 degrees C on a Varian UNITY 

INOVA 500,600, or 800 MHz NMR spectrometer, using a 5 mm Varian 1H{13C, 15N} triple-

resonance room-temperature or cold probe, equipped with actively shielded Z-gradients. 

The 1H-15N HSQC spectra were recorded using Varian’s gNfhsqc sequence and the 

1H-13C HMQC spectra were recorded using Varian’s gChmqc sequence.  The spectra were 

processed using NMRPipe and analyzed using NMRView.  The backbone chemical shifts 

were assigned from a combined analysis of HNCA, HNCACB, CBCA(CO)NH, and 

C(CO)NH spectra. At 25 degrees C and high concentrations, the oxidized sample begins to 

precipitate slowly at 30 hrs.  In order to deal with this behavior, each triple resonance 

experiment, requiring 20–40 hr acquisitions, was collected on successive, freshly prepared 

samples. The 2D 15N-1H HSQC spectra were compared prior to data acquisition to insure 

consistency from sample to sample. 

 

NMR Perturbation Plots 

NMR perturbation plots were generated using the chemical shifts from assigned 

resonances of both reduced WT X1NTD, and either mutated X1NTD, X1NTD under 

alternate conditions, or known oxidized WT X1NTD.  The assignments for oxidized WT 

X1NTD were made from the previously mentioned 3D assignment experiments, but 

assignments for mutated X1NTD or X1NTD under alternate conditions were made based on 

proximity to the reduced WT resonance.  In the case of resonances that were shifted in a way 
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so that the proximity-based assignment could not be made with certainty, the perturbation 

magnitude for this residue was not calculated.  

Perturbation magnitude is calculated using Equation 1 and the proton and nitrogen 

chemical shifts for each resonance in the peak list generated from the assignment process. 

Hmut and Nmut represent proton and nitrogen chemical shifts of mutated X1NTD, X1NTD 

under alternate conditions, or known oxidized WT X1NTD in the equation.  NWT and HWT 

represent proton and nitrogen chemical shifts for reduced WT X1NTD in the equation.  

Perturbation magnitude is calculated individually for each residue in the X1NTD construct.  

These magnitudes are plotted with their residue number in order to indicate where on the 

protein local perturbation is occurring. 

 
 
 

 

Equation 1.  Perturbation Magnitude 

 
 
 
Talos+ Program 

 The program Talos is used as a method of correlating 13C, 15N, and 1H chemical shifts 

determined in solution with theoretical backbone torsion angles.  Using a database of proteins 

where both NMR chemical shifts and backbone torsion angles from crystal structures for 

each protein in the database have been determined, a correlation between these two sets of 
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data can be made (Shen 2007).  This data is used to create a program that is capable of 

generating theoretical backbone torsion angles based on NMR chemical shifts entered.  

These theoretical backbone torsion angles can then be compared to actual torsion angles 

determined from crystal structures.  If these values correlate, then the likelihood is strong that 

the conformation of the protein found in the NMR sample is the same as the conformation in 

the crystal structure (Shen 2009). 

 

DTNB Assay 

The conditions for optimizing the results of the DTNB assay are described in 

Appendix B. A saturated solution of dithionitrobenzoic acid (DTNB) is made by dissolving 

50 mg of DTNB in 1 mL of water, extensively vortexing the solution, and then allowing the 

excess DTNB in the solution to settle.  Samples used to generate the standard curve 

contained 25 µL of the saturate DTNB solution, 100 µL 1 M Tris (pH 8.0), and 600 µL DTT 

standard.  Individual assay reactions contained 5 M urea, 25 µL of the saturated DTNB 

solution, 100 µL 1 M Tris (pH 8.0), 550 µL H2O and 100 µL sample.  The concentration of 

protein added to the assay volume varies, but was contained within the range of 100 to 300 

µM.  Assay reactions were well vortexed after the sample was added and allowed to incubate 

at room temperature for 5 min.  The absorbance at 405 nm was measured for each assay 

sample.  Because the addition of 288 mg urea to the assay reaction to attain 5 M urea resulted 

in an increase in assay volume, the absorbance reading was multiplied by a factor of 1.38.  

This dilution factor is necessary so that the absorbance readings will be able to be compared 
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to the standard used for the calibration curve generated, which did not include the 288 mg 

urea. 

 

Site-Directed Mutagenesis 

 X1NTD mutants were generated using the QuikChange kit (Stratagene), site-directed 

mutagenesis primers (IDT), and the pET21a construct of X1NTD listed in appendix A. The 

PCR program used to perform the site-directed mutagenesis reaction is identical to that 

suggested by Stratagene for use with the QuikChange kit.  The sequence of all mutants was 

confirmed using sequence data generated from T7 and T7 terminal sequencing primers.  

Sequencing reactions and sequencing data analysis was performed by Genewiz.   

 

Results 

 

Reduced X1NTD NMR Spectra 

 The reduced form of X1NTD has been previously assigned.  These assignments were 

made on a different construct, containing residues 1 through 183, but the resonances for the 

shortened construct, containing residues 1 through 155, still correlated with the resonances 

for the longer construct so that the previous assignments could be used.  1H-15N HSQCs of 

WT X1NTD resulting directly from the NMR sample prep previously described (Figure 2), 

which does not involve reducing agent at any point in the process, contains only resonances 

that are attributed to the reduced form.  This indicates that the X1NTD resulting from the 

sample preparation described generates mostly, if not completely, the reduced form. 
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Figure 2: 1H-15N HSQC of X1NTD.  Construct contains amino acids 1 through 155.  Assignments of residues 
are shown in black. 
 
 
 
NMR Assignment Experiments on Oxidized X1NTD 

 X1NTDox, containing a Cys12-Cys20 disulfide bond, was previously characterized 

in complex with the palm/thumb subdomains of DNA pol beta (Cuneo 2010). NMR studies 

were designed to characterize X1NTDox in solution without its Pol Beta binding partner. 

Based on the importance of N-terminal carbimate adduct formation for stabilization of the 

X1NTDox, U-[13C,15N] X1NTD was prepared and oxidized using H2O2 in the presence of 

bicarbonate, and then the backbone resonances were assigned. The resulting assignments for 
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the oxidized form are shown in Figure 3 on a 1H-15N HSQC.  An overlay of the 1H-15N 

HSQC spectra of the oxidized and reduced forms is shown in Figure 4.  An overlay of the 

1H-13C HMQC spectra of the oxidized and reduced forms is shown in Figure 5.  Consistent 

with expectations based on the two crystal structures (PDB codes 3K75 for reduced and 

3LQC for oxidized), the spectra differ significantly, particularly for resonances 

corresponding to the N-terminal 40 residues of the protein.  The extent of this localized 

variation is depicted in Figure 6, which shows a perturbation plot of X1NTD upon oxidation.  

Perturbation magnitude is calculated based on the 1H-15N HSQC resonances assignments 

from each form, reduced and oxidized, and Equation 1.  These results are consistent with the 

differences between the two crystal structures shown in Figure 1, where the most significant 

change in structure is observed in the N-terminal region of the protein with minimal 

differences in the C-terminal region.  Extreme amide 1H shifts are observed for Ser17 and 

Ser75, which form double H-bond interactions with the carboxylate groups of Glu53 and 

Asp126, respectively. The amide shifts for Ser17 in the X1NTDox (d1H,15N) = (10.24, 

117.9), relative to the shifts in X1NTDred,(8.04, 115.9) (Biological Magnetic Resonance 

Bank [BMRB]code, 4282; Marintchev 1999), provide confirmation that a large structural 

change has occurred, which is at least similar to that observed in the crystal structure of the 

complex. 
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Figure 3: 1H-15N HSQC of oxidized X1NTD. Construct contains amino acids 1 through 155.  Assignments of 
residues are shown in black. 
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Figure 4: Overlay of 1H-15N HSQC Spectra for Reduced X1NTD and Oxidized X1NTD.  Reduced 
spectrum is shown in red and oxidized spectrum is shown in blue. 
 
 
 

 
Figure 5: Overlay of 1H-13C HMQC spectra for Reduced X1NTD and Oxidized X1NTD. Reduced 
spectrum is shown in red and oxidized spectrum is shown in blue. 
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Figure 6: X1NTD Oxidation Perturbation Plot. Plot of resonance perturbation magnitude of X1NTD upon 
oxidation (from reduced state) vs. residue number of X1NTD. 
 
 

 

Talos Prediction of Backbone Torsion Angles 

The metamorphic transition of X1NTD in complex with Pol Beta involves substantial 

variation of the secondary structure of the N-terminal 40 residues of the protein while the 

remainder of the secondary structure of the protein remains mostly unchanged (Cuneo 2010), 

and it was expected that if the isolated X1NTDox undergoes a similar structural 

transformation, these changes should be apparent from analysis of the chemical shift 

changes. First, the chemical shifts of the Cys12 and Cys20 Cbeta carbons change from 28.7 to 
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37.3 and from 29.7 to 39.5 ppm, respectively, which are characteristic of disulfide formation 

in the oxidized state (Sharma 2000). Second, in the reduced form, the only helical segment in 

the N-terminal 40 residues is a single turn helix involving residues 22-24. An analysis of the 

backbone shift data for X1NTDox with Talos+ (Shen 2009) predicts that residues 17–24 and 

30–36 exhibit backbone chemical shifts characteristic of alpha helices. This result agrees 

well with the positions of the two alpha-helical segments that are observed in the N-terminal 

40 residues of X1NTDox in complex with the Pol Beta palm/thumb. Assignments for 

residues 28 and 29, which are also helical in the crystal structure, are missing, most probably 

as a consequence of conformational exchange. Third, the phi and psi angles derived from the 

X1NTDox NMR data for residues 7–37 agree much more closely with the values obtained 

from the crystal structure of the X1NTDox-pol beta complex (Figures 7 and 8) than with the 

values obtained from the X1NTDred-pol beta complex (Figures 9 and 10). 
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Figure 7: Phi Correlation for Oxidized X1NTD Residues 7-37.  Correlation of Talos Predicted Phi Angles 
with Oxidized Crystal Structure Phi Angles. 
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Figure 8: Psi Correlation for Oxidized X1NTD Residues 7-37.  Correlation of Talos Predicted Psi Angles 
with Oxidized Crystal Structure Psi Angles. 
 
 
 

 
 
Figure 9: Phi Correlation for Reduced X1NTD Residues 7-37.  Correlation of Talos Predicted Phi Angles 
with Reduced Crystal Structure Phi Angles. 
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Figure 10: Psi Correlation for Reduced X1NTD Residues 7-37.  Correlation of Talos Predicted Psi Angles 
with Reduced Crystal Structure Psi Angles. 
 
 
 
DTNB Assay Controls 

 In order to determine whether this assay could differentiate between the reduced and 

oxidized forms of X1NTD, assay controls were obtained (Figure 11). To determine the redox 

state of X1NTD in any given sample, it was necessary to use the sulfhydryl concentration 

calculated and create a ratio of sulfhydryl concentration to protein concentration.  This ratio 

will indicate the number of cysteines per X1NTD molecule that are reduced for that 

particular sample.  X1NTD contains 3 cysteines (Cys 12, Cys 20, and Cys 132) and only 2 of 

those cysteines are known to be involved in a disulfide bond.  The WT reduced control gave 
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an expected value of roughly 3 for the [thiol]/[protein].  The WT oxidized control, generated 

by the standard oxidation reaction mentioned previously, was determined to have a 

[thiol]/[protein] of 0.6.  This value is slightly lower than expected, but this is most likely due 

to oxidation of Cys 132 at higher H2O2 concentrations as described in Appendix B.   

 
 
 

 
Figure 11: DTNB Assay X1NTD Controls.  Error bars show standard deviation of measurement.  X1NTD I4D 
and X1NTD A35E are single measurements. 
 
 
 
 An X1NTD mutant, I4D, previously generated by our group was shown to closely 

mimic the properties of oxidized X1NTD (Figure 12) in the absence of any oxidizing agent.  

The [thiol]/[protein] for this mutant is roughly 1 which confirms that this assay is sensitive to 

only free thiols in solution and will not detect any cysteine residues involved in a disulfide 

bond.  Another mutant also suspected of resembling the oxidized form, A35E, was also 

found to have a [thiol]/[protein] of roughly 1. 
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Figure 12: 1H-15N HSQC NMR spectra of XRCC1-NTD. Wild-type XRCC1-NTD (blue); XRCC1 I4D 
(black); wild-type XRCC1-NTD treated with 5 mM H2O2 (red). Inset shows an expanded region of the spectra 
with residue assignments of the wild-type XRCC1-NTD, demonstrating that the H2O2-treated spectrum is 
composed of a mixture of reduced protein, protein that coresonates with the I4D mutant, as well as some 
additional resonances. In many cases, resonances arising from residues positioned far from the disulfide-
induced structural changes are not significantly shifted (Cuneo 2010). 
 
 
 
DTNB Assay on H2O2 Titration – Varying pH 

 The progressive formation of the oxidized form, with increasing concentrations of 

oxidizing agent, is shown in Figure 13.  The H2O2 titration of the X1NTD oxidizing reaction 

indicates that X1NTD immediately begins to transition to the oxidized form at or above pH 

8.0.  At these higher pH values, a 200 µM sample appears to be completely oxidized by the 

addition of 2 mM H2O2.  Any further addition of H2O2 at higher pH may cause further 

oxidation of Cys132, which could contribute to the continuing decrease in the 

[thiol]/[protein] towards the end of the titration.   
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 These results also exemplify how disulfide bonds are much more readily formed at 

higher pH values, when the protons of cysteine residues are already abstracted.  The curve of 

the H2O2 titration of X1NTD at pH 7.0 is less steep, indicating that one condition, aside from 

the presence of oxidizing agent, that could predispose X1NTD toward the oxidized form 

would be a high pH environment. 

 
 
 

 

Figure 13: DTNB Assay of X1NTD H2O2 Titration Varying pH. DTNB Assay of X1NTD H2O2 Titration at 
varying pH values for oxidizing buffer (single measurements). 
 
 
 
pH Titration on X1NTD 

 In an attempt to isolate the oxidized form of X1NTD without the addition of any 

oxidizing agent,  a pH titration of WT X1NTD was performed with the expectation that at 

higher pH values the oxidized form of X1NTD might be able to be observed.  This 
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observation was not apparent from the 1H-15N HSQC spectra taken (Figure 14), however 

proximity-based assignments and a perturbation plot were generated in order to determine 

whether higher pH conditions were leading to perturbation of specifically the redox region of 

X1NTD (residues 1-40).  Based on the perturbation data (Figure 15), changes in pH, both 

above and below neutral levels, appear to cause widespread perturbation throughout the 

entire protein.  This change in pH does not seem to specifically change redox region, but 

instead seems to only perturb residues with side chains that would be normally affected by 

changes in pH. 

 
 
 

 
Figure 14: Overlay of 1H-15N HSQC Spectra pH Titration. Overlay of 1H-15N HSQC spectra of WT X1NTD 
at varying pH values. 
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Figure 15: X1NTD pH Perturbation Plot.  Plot of resonance perturbation magnitude upon changes from 
neutral pH vs. residue number of X1NTD.  Changes observed at low pH are plotted in blue.  Changes observed 
at high pH are plotted in red. 
 
 
 
 
X1NTD Mutants 

 Mutants designed specifically to create interactions that could stabilize the oxidized 

structure preferentially over the reduced structure were created in an attempt to isolate more 

mutants, beyond I4D, that would be capable of forming the oxidized conformation without 

addition of oxidizing agent.  These mutants included S17T, Y30W, and A35E.  The 1H-15N 

HSQC spectra for each of these mutants is shown; S17T (Figure 16), Y30W (Figure 17), 

A35E (Figure 18).  S17T and Y30W mutants only generated very localized perturbation 

around the site of the mutation when compared to WT reduced X1NTD, indicating that these 

mutants were not capable of better stabilizing the oxidized form.  However, the A35E mutant 

generated an interesting spectrum where the residues within the redox region were 
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broadened, but the remaining resonances were relatively unperturbed.  This could be an 

indication that the mutation has caused a disruption in the structure that is causing it to 

experience intermediate exchange (Bain 2003).   

 
 
 

 
Figure 16: Overlay of 1H-15N HSQC Spectra of WT and S17T X1NTD.  Overlay of 1H-15N HSQC spectra 
for WT X1NTD (black) and S17T X1NTD (blue). 
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Figure 17: Overlay of 1H-15N HSQC Spectra of WT and Y30W X1NTD. Overlay of 1H-15N HSQC spectra 
for WT X1NTD (black) and Y30W X1NTD (blue). 
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Figure 18. Overlay of 1H-15N HSQC Spectra of WT and A35E X1NTD.  Overlay of 1H-15N HSQC spectra 
for WT X1NTD (black) and A35E X1NTD (blue). 
 
 
 
 Two additional mutants were created based on the analysis of XRCC1 sequences 

found in other species.  A C20R polymorphism has been discovered in rat XRCC1 and a 

H8Y polymorphism has been discovered in whale XRCC1.  The 1H-15N HSQC spectra 

generated from each of these mutants, H8Y (Figure 19) and C20R (Figure 20), again show 

only local perturbation surrounding the mutation.  This indicates that XRCC1 in these species 

are no more predisposed towards forming the oxidized conformation than human XRCC1. 
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Figure 19: Overlay of 1H-15N HSQC Spectra of WT and H8Y X1NTD.   Overlay of 1H-15N HSQC spectra 
for WT X1NTD (black) and H8Y X1NTD (blue). 
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Figure 20: Overlay of 1H-15N HSQC Spectra of WT and C20R X1NTD.   Overlay of 1H-15N HSQC spectra 
for WT X1NTD (black) and C20R X1NTD (blue). 
 
 
 
Discussion 

 The N-terminal domain of XRCC1 is capable of forming a disulfide bond in solution 

in response to the addition of oxidizing agent, which is accompanied by a change in 

conformation.  This supports the idea of X1NTD acting as a disulfide switch that is capable 

of changing conformation in response to changes in redox environment. NMR experiments 

have confirmed the presence of an oxidized conformation in solution that very closely 

correlates to the oxidized conformation found in crystal structures. 

 However, the ability of X1NTD to transition between the reduced and oxidized 

conformation independently in vivo as a direct result of redox sensing seems unlikely due to 
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the high concentrations of H2O2 needed to achieve the fully oxidized conformation.  The 

oxidized conformation could sill be a physiological state of the protein, but the transition to 

the oxidized conformation is most likely more complex than a direct redox sensing 

mechanism.    
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CHAPTER 2 – Structural Elements of the Oxidized Conformation of X1NTD 

Introduction 

 The oxidized form of X1NTD is known to have two distinct structural elements that 

are not found in the reduced form of X1NTD: a carbimate adduct and a disulfide bond. 

 Carbamate adducts are modifications of protein structure that occur when an amine 

group reacts with CO2 nonenzymatically (Myers 1990).  In the case of oxidized X1NTD, 

analysis of the electron density of the crystal structure was eventually modeled as a 

carbimate, because proline is an imino acid, adduct (Figure 1) (Gabel 2014).  This indicates 

that in the CO2 may be a necessary factor in obtaining the oxidized conformation if the 

carbimate adduct is contributing to the stability of the structure.  This idea is supported by the 

modeling of potential electrostatic contacts that the carbimate can make with proximal 

residues in the structure. 

 
 
 

 

Figure 1: Carbimate Adduct in Crystal Structure of oxidized X1NTD.  Electron density is modeled as a 
carbimate adduct on Pro2 (Gabel 2014). 
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 Experiments were performed to confirm that CO2 is incorporated into the oxidized 

structure during the process of oxidation.  Figure 2 shows a 1D spectrum of 13C-bicarbonate 

in the presence of an X1NTD oxidation reaction.  The singlet that resonates at 160.75 ppm 

represents the labeled bicarbonate that is unreacted.  The presence of the doublet at roughly 

162.6 ppm is indicative that the labeled bicarbonate has become incorporated into the 

X1NTD. 

 
 
 

 

Figure 2: 1D Direct Detection of 13C-bicarbonate in X1NTD.  1D direct 13C detection of 13C-bicarbonate 
(5 mM) in the presence of U-[15N]X1NTD after addition of 5 mM H2O2. Inset is a close-up view of the coupling 
between the 15N of the N-terminal Pro2 and the 13C of the carbimate (Gabel 2014). 
 
 
 
 
 Disulfide bonds differ in their susceptibility to reduction, known as redox potential.  

Structural disulfide bonds that are formed during the folding process are significantly lower 

in redox potential (~-470 mV) than catalytic or reversible disulfide bonds (-95 to -270 mV) 
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(Wouters 2010).  This dictates which disulfide bonds will become reduced under a given 

cellular reducing state.  Because X1NTD is proposed to contain a reversible disulfide bond, 

the redox potential should be low meaning that the disulfide bond is more susceptible to 

reduction. 

 Disulfide switches posses the property of reversibility between their conformations.  

In order for a protein to be considered a disulfide switch, it is necessary for the protein to be 

able to transition not only from a reduced to oxidized conformation, producing a change in 

structure, but also transition back from that oxidized conformation to the original, reduced 

conformation (Fan 2009).   Through this method, the protein is able to continually act as a 

sensor of cellular redox potential and neither conformation is irreversible.  In order for 

X1NTD to be able to be considered as a disulfide switch, it must be able to transition 

between its oxidized and reduced conformations with the addition of reducing agent. 

 

Results 

DTNB Assay on H2O2 Titration – Varying [bicarbonate] 

  An H2O2 titration of X1NTD oxidation reactions, at pH 8.0, in varying 

concentrations of bicarbonate (Figure 3) exemplifies the contribution of bicarbonate in the 

oxidation reaction of X1NTD.  At minimal (3 mM) or absent (0 mM) levels of bicarbonate in 

an oxidation reaction mixture, some oxidation does occur, but complete disulfide bond 

formation does not occur until after 1 mM H2O2.  Disulfide bond formation does still occur 

when no bicarbonate is added to the oxidation reaction.  The most likely cause of this is the 

presence of CO2 dissolved within the buffer.  However, in the presence of saturating levels of 
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bicarbonate (75 mM) disulfide bond formation occurs much more rapidly.  Complete 

disulfide bond formation in the presence of saturating concentrations of bicarbonate occurs at 

0.5 mM H2O2 as opposed to greater than 1 mM H2O2 in the 0 mM and 3 mM bicarbonate 

samples.   

 These results show complete oxidation at lower concentrations of H2O2 than the 

previous H2O2 titrations of X1NTD because these were performed on lower concentration 

samples of X1NTD.  However, all oxidation reactions for samples within this assay were 

performed at the same concentration, so the results of the specific assay are able to be 

compared directly. 

 
 
 
 
 

 
 
Figure 3: DTNB Assay of X1NTD H2O2 Titration at Varying Bicarbonate Concentrations.  DTNB Assay 
of X1NTD H2O2 Titration at varying bicarbonate concentrations for oxidizing buffer, pH 8.0 (single 
measurements). 
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DTNB Assay on DTT Titration 

 In order to assess the ability of X1NTD to become reduced again after forming the 

oxidized conformation, a reducing reaction was performed as described in materials and 

methods in Chapter 1.  A DTT titration was performed to determine the amount of reducing 

agent that would cause complete reduction of an oxidized X1NTD sample (Figure 4).  

Complete transition from the oxidized to reduced form of X1NTD occurs by 400 µM DTT.  

To ensure that the DTT added to the reducing reaction would not contribute to the thiol 

concentration measured by the DTNB assay, a complete buffer exchange was performed on 

each sample individually before the assay was performed.  Controls were also performed to 

ensure that the buffer exchange was complete.  These consisted of only reaction buffer with 1 

mM DTT added.  A buffer exchange was performed into reaction buffer without DTT and a 

DTNB assay was performed on the sample.  The DTNB assay of the control gave a 

negligible absorbance reading at 405 nm indicating that no DTT remains in the samples. 
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Figure 4: DTNB Assay of Oxidized X1NTD DTT Titration.  DTNB Assay of oxidized X1NTD DTT 
Titration (single measurements). 
 
 
 
Buffer Exchanges on Oxidized Conformation 

 With the knowledge that the disulfide bond in X1NTD could become reduced again 

once oxidized, it is important to determine if the conformation of this newly reduced 

structure reflected the original (pre-oxidized) reduced conformation.  Also, the necessity of 

both of the oxidized structural features, the disulfide bond or the carbimate adduct, for 

maintaining the oxidized conformation should be assessed.  This information would indicate 

the how the stability of the oxidized conformation could change in response to its 

environment. 

 In order to determine the conformation of X1NTD in response to changes in buffer 

conditions, oxidized 15N labeled X1NTD and subjecting it to a panel of different buffer 

exchanges and monitoring the resulting change in conformation through 1H-15N HSQC.  All 
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1H-15N HSQCs resulting from buffer exchange are overlaid with a reduced control and an 

oxidized control.  Buffer exchange A contained all components of the oxidation reaction 

except H2O2.  As expected, the removal of H2O2 from the buffer did not impact the 

conformation of oxidized X1NTD as is shown in Figure 5.   

 
 
 

 

Figure 5: Overlay of 1H-15N HSQCs for Buffer Exchange A.   Buffer Exchange A sample (black) (50 mM 
Tris, 75 mM sodium bicarbonate, 140 mM NaCl, pH 7.5), oxidized control (blue), and reduced control (red). 
 
 
 
 

However, when bicarbonate was also not present in the exchange buffer, the resulting 

1H-15N HSQC displayed resonances that did not resemble the oxidized conformation.  These 

resonances only showed limited resemblance to the reduced conformation.  Proximity-based 

assignments made on this spectrum show a slight resemblance of later residues in the protein 
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to the reduced conformation while the resonances from N-terminal residues are no longer 

detectable.  This result is similar to that of the A35E X1NTD mutant and could indicate the 

same type of intermediate exchange proposed to occur in the mutant.  The intermediate 

exchange that this sample of oxidized X1NTD is experiencing is most likely due to the 

disulfide bond still remaining in the structure after the carbimate adduct is no longer formed, 

which is causing the redox region of the protein to be unable to form either the stable reduced 

structure or the stable oxidized structure. 

 
 
 

 

Figure 6: Overlay of 1H-15N HSQCs for Buffer Exchange B.  Buffer Exchange B sample (black) (50 mM 
Tris, 140 mM NaCl, pH 7.5), oxidized control (blue), and reduced control (red). 
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 To determine the role of the carbimate adduct in the transition to reduced X1NTD, 

oxidized X1NTD was exchanged into buffer either containing reducing agent and 

bicarbonate or buffer containing reducing agent without bicarbonate.  The 1H-15N HSQC 

spectra (Figures 7 and 8) from the alternate conditions were identical and both very strongly 

resembled original reduced conformation.  This would indicate that regardless of the 

presence of bicarbonate in the buffer, X1NTD is able to return to the fully reduced 

conformation after the addition of reducing agent.  These NMR experiments demonstrate that 

the addition of reducing agent results in cleavage of the disulfide bond and subsequent 

transition back to the reduced conformation. 
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Figure 7: Overlay of 1H-15N HSQCs for Buffer Exchange C.   Buffer Exchange C sample (black) (50 mM 
Tris, 75 mM sodium bicarbonate, 140 mM NaCl, 1 mM DTT, pH 7.5), oxidized control (blue), and reduced 
control (red). 
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Figure 8: Overlay of 1H-15N HSQCs for Buffer Exchange D.  Buffer Exchange D sample (black) (50 mM 
Tris, 140 mM NaCl, 1 mM DTT, pH 7.5), oxidized control (blue), and reduced control (red). 
 
 
 
 
 
Kcarb Calculation 

As Figure 6 above indicates, the removal of bicarbonate in buffer containing oxidized 

X1NTD seems to result in a loss of stabilization of the oxidized conformation in the N-

terminal portion of X1NTD. To determine what the minimum bicarbonate concentration 

would be that would fully support the stabilization of the oxidized conformation, a 

bicarbonate titration was performed that results in the calculation of an equilibrium constant 

(Kcarb) for the carbimate adduct.  This calculation has been previously described (Myers 

1990) and relies on NMR peak intensities for amine and carbamate species, as well as the 
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total carbonate concentration, to calculate the equilibrium constant of the carbamate 

structural element.  Peaks representing the amine and carbamate species for the calculation of 

the X1NTD oxidized carbimate adduct equilibrium constant are derived from 1H-15N HSQCs 

of oxidized X1NTD, after the bicarbonate is removed from the buffer, and while bicarbonate 

is being titrated in to the sample.  The specific peaks used for this calculation are shown in 

Figure 9.  The amine resonance corresponds to the species where the oxidized conformation 

has lost the carbimate adduct and the carbimate resonance corresponds to the species where 

the oxidized conformation has reformed the carbimate adduct which is exemplified by its 

resonance which resembles the fully resolved oxidized resonance.  Gly57, shown in the 

expanded region of Figure 9, has a two distinct resonances based on which whether Pro2 is in 

the amine form or in the carbimate form. 

Figure 10 shows a compilation of the Gly57 region of 1H-15N HSQCs taken at various 

points along the bicarbonate concentration.  It is clear from these results that the carbimate 

adduct in oxidized X1NTD is able to be fully reformed between 20 and 25 mM bicarbonate 

This is also indicated in Figure 11 which shows the percentage of the carbimate X1NTDox 

species in response to increasing bicarbonate concentration. 
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Figure 9: 1H-15N HSQC Peaks for Kcarb Calculation.  Overlay of 1H-15N HSQCs for Buffer Exchange B 
(black) (50 mM Tris, 140 mM NaCl, pH 7.5), oxidized control (blue), and reduced control (red).  Expanded 
region shows the resonances of the amine and carbimate forms used for calculations. 
 
 
 

 
 
Figure 10: 1H-15N HSQC Spectra for Bicarbonate Titration. Expanded region of 1H-15N HSQCs of oxidized 
15N X1NTD in Figure 9 at varying sodium bicarbonate concentrations. 
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Figure 11: Bicarbonate Titration of Carbmiate Adduct Stabilizaiton.  Chart of Percentage of Carbimate 
Adduct formed vs the concentration of bicarbonate in the NMR sample (single measurements). 
 
 
 
 A Kcarb calculation was calculated using Equation 1 and peak intensities from each of 

the spectra in the bicarbonate titration.  The result is a Kcarb value of 0.29 ± 0.14 mM-1 based 

on the 6 data points shown in Figure 11. 

 
 
 

 
Equation 1. Carbimate adduct equilibrium constant 
 
 
 
Discussion 

 
 These structural elements of the oxidized conformation dictate the stability of the 

structure and ultimately how long-lived the conformation will be within the cell.  
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Determination of bicarbonate and reducing agent concentrations within the cell would assist 

in determining the lifetime of this conformation.  Similar to the transition from the reduced to 

the oxidized form, the transition from the oxidized to reduced form could occur through 

interaction with enzymes or could result from a sensing of redox potential. 
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CHAPTER 3 – Interaction of X1NTD with DNA Polymerase Beta 

Introduction 

 Crystal structures have been obtained for both the X1NTD reduced and oxidized 

conformations.  The most significant perturbation in structure between these two 

conformations is localized to the first 40 residues of the protein.  Figure 1 shows the many 

differences in structure between the two conformations.  One aspect of disulfide switches that 

accompanies this change in conformation is an alternate function that is created by this 

structural change (Fan 2009).  In the case of X1NTD, slight changes in the Pol Beta 

interaction surface are created by this disulfide bond formation that are believed to cause 

better contacts that lead to a higher affinity in the oxidized complex (Cuneo 2010). 
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Figure 1: Reduced and oxidized XRCC1-NTD.  (Left) Ribbon structures of reduced X1NTD (top) and 
oxidized X1NTD (bottom).  (Right) Surface representation color-coded by electrostatic potential (blue positive, 
red negative) of reduced X1NTD (top) and oxidized X1NTD (bottom).  (Center) Topology diagram of reduced 
X1NTD (top) and oxidized X1NTD (bottom). 
 
 
 
Materials and Methods 

 

Labeled Pol Beta Expression 

13C-methyl methionine labeled DNA Polymerase Beta was expressed in PAG media, 

recipe shown in Table 1.  Expression and purification of isotopically-labeled Polymerase 

Beta is identical to that described in Appendix A.  Protein concentration of full-length 
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Polymerase Beta purified stocks was determined by absorbance at 280 nm with an extinction 

coefficient of 21050 M-1 cm-1.  Protein concentration of Polymerase Beta His-tagged 

Polymerase Domain construct purified stocks was determined by absorbance at 280 nm with 

an extinction coefficient of 17210 M-1 cm-1.  Both extinction coefficients were calculated 

based on the amino acid sequences of the protein constructs. 

 
 
 

Table 1: PAG Media Recipe. 

 

 
 
 
X1NTD-Pol Beta Complex Formation 

 For all experiments that were performed on X1NTD-Polymerase Beta complexes, an 

isolated 1:1 complex was obtained using gel filtration chromatography.  In order to obtain 

this complex, purified X1NTD and purified PDH were both loaded onto the size exclusion 

column with X1NTD in slight excess (roughly 3PDH:4X1NTD).  The X1NTD-PDH 

complex elutes from the column in a uniform peak that slightly overlaps with the PDH apo 

peak, but is well separated from the X1NTD apo peak.  
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KD Ratio Determination 

NMR provides an extremely useful basis for the determination of KD ratios when the 

four resonances corresponding to the free and bound forms of both ligands can be observed 

simultaneously (Levy 1996). Dissociation constants of Polymerase Beta with the reduced and 

oxidized forms of X1NTD were defined by: 

 
 
 

 

Equation 1.  KD calculations for X1NTDred-Pol Beta complex and X1NTDox-Pol Beta complex 

 
 
 
 
Elimination of  [pol b] from the two equations and rearranging terms gives: 

 
 
 

 
 

 

Equation 2.  Relative KD ratio of X1NTDred-Pol Beta complex and X1NTDox-Pol Beta complex 

 
 
 
An important feature of this approach is that nearly all of the different relaxation 

characteristics of the smaller uncomplexed X1NTD and the larger Pol Beta-X1NTD 

complexes will cancel out when the ratios used in the above equation are determined. The 

results also are not dependent on the exact ratios of the three species, Pol Beta, X1NTDred, 

€ 

Kd
red

Kd
ox =

[complexox ]
[apoox ]

[apored ]
[complexred ]

= 25.1
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and X1NTDox in the mixture, although it is necessary to select ratios that produce reasonable 

signal/noise ratios for the four resonances that are measured. Typically, ratios near 1:1:1 are 

optimal.  Isolated resonances in X1NTD which were sufficiently sensitive to both Pol Beta 

binding and redox status were difficult to identify, so sequential measurements were made on 

a sample containing a methionine-labeled polymerase domain, [13CH3Met]PD(V303M), and 

U-[15N]-labeled X1NTD.  The V303M mutation was introduced based on the location of the 

methionine ε-methyl group at the Pol Beta-X1NTD binding interface and proximity to Pro2 

in X1NTDox, so that shift sensitivity to both binding and X1NTD redox status could be 

achieved (Figure 2). The perturbation resulting from this conservative substitution is 

expected to be minimal. Several amide resonances of the U-[15N]X1NTD were used to 

evaluate the ratio of uncomplexed, reduced, and oxidized X1NTD, since resonances arising 

from the complexed species were severely broadened. 
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Figure 2: 1H-13C HSQC of DNA Polymerase Beta V303M in Complex. Polymerase Domain His construct in 
complex with X1NTDred (red) and X1NTDox (blue). 
 
 

 

Results 

 

Relative KD Calculation 

As shown previously, Pol Beta has a higher affinity for X1NTDox than for 

X1NTDred, consistent with expectations based on structural data for the reduced and 

oxidized complexes (Cuneo 2010). Since the previous determination utilized several 

potentially perturbing modifications of both Pol Beta and X1NTD, NMR was used to obtain 

a more accurate value for the dissociation constant ratio. Although the sensitivity of the 

NMR method limits the range of KD values that can be directly determined, accurate ratios, 
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such as that for KD(Pol Beta X1NTDred)/KD(Pol Beta-X1NTDox), can be determined by 

comparison of four resonance intensities that correspond to the uncomplexed and Pol Beta-

complexed X1NTDox and X1NTDred species (Levy 1996). As outlined in Materials and 

Methods, the desired ratio can be expressed as Equation 2. 

The spectra shown in Figure 3 utilized a sample containing a ternary mixture of the 

Pol Beta polymerase domain PDH(V303M), as well as both reduced and oxidized X1NTD. 

The need for utilizing the PDH(V303M) mutation arose because we were unable to identify a 

single set of well resolved resonances in the 1H-15N HSQC spectra of X1NTD that showed 

sufficient sensitivity to both the redox status of X1NTD and to Pol Beta Polymerase Domain 

binding. 

The positions of the Pol Beta PDH M303 resonances were determined directly from 

studies of apo Pol Beta, Pol Beta-X1NTDred, and Pol Beta-X1NTDox (Figure 2). In the 

spectrum of the polymerase domain, an additional intense methionine resonance arising from 

the N-terminal tag overlaps the Met303 resonance of uncomplexed Pol Beta, however 

resonances from the uncomplexed PD do not appear in Equation 2.  The proportions of the 

three components were initially set to 1:1:1. However, the resonances for uncomplexed 

X1NTDox and complexed X1NTDred were very weak and difficult to measure accurately, 

so that the final mixture utilized a ratio of 1:1.44:0.8. 

 Based on the observations of the M303 methyl resonances in the PDH, and of Ser57, 

Gly64, Gly73, Ser75, and Gly143 amide resonances in X1NTD (Table 1), a mean KD ratio 

was calculated to be 25.1.  

 



 52 

 
 

 

Figure 3: Peaks Used for KD Ratio Calculation.  1H-15N HSQC X1NTD spectrum showing peaks used for 
apo X1NTD redcued and oxidized peak intensities (left).  1H-13C HSQC V303M Pol Beta spectrum showing 
peaks used for complex X1NTD reduced and oxidized peak intensities (right). 
 
 
 
Table 2: Peak Intensities for KD Ratio Calculations.  Peak intensities used for calculation of KD ratio and 
resulting calculated ratio (single measurements).  Mean KD ratio, calculated using Equation 2, is 25.2, ± 3.1, 
where the error calculated is the standard deviation.    
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DTNB Assay Controls 

 The DTNB assay was also used on X1NTD-Pol Beta complex to assess the presence 

of the X1NTD oxidized form in complex with Pol Beta.  A second set of DTNB assay 

controls were performed in order to define the contribution of Pol Beta to the detection of 

thiols in the DTNB assay (Figure 4).  A C267A mutant of Pol Beta was used because of its 

increased stability over time.  Otherwise, Pol Beta has two cysteine residues, Cys178 and 

Cys239,  which would be expected to contribute to the thiol concentration.  The DTNB assay 

performed on the Pol Beta PDH C267A construct produces a [thiol]/[protein] of 2 which 

reflects the amino acid sequence.  Since the X1NTD-PDH C267A complex is 1:1, a DTNB 

assay of the complex would be expected to produce a [thiol]/[protein] that is simply additive 

of the WT X1NTD and PDH C267A control results.  This is the result observed for the 

complex with a [thiol]/[protein] of approximately 5. 
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Figure 4: DTNB Assay Controls for Pol Beta. DTNB Assay controls for X1NTD-Pol Beta (single 
measurements). 
 
 
 
DTNB Assay Complex H2O2 Titration 

 To determine how the reduced to oxidized transition might proceed when X1NTD is 

already in complex with Pol Beta, a DTNB assay of an H2O2 titration was performed on both 

the apo and complex species.  A comparison of the H2O2 titrations would indicate if the 

X1NTD-Pol Beta complex is either more or less susceptible to oxidation than apo X1NTD.  

Figure 5 shows the H2O2 titration of both species and indicates that both apo X1NTD and the 

X1NTD-Pol Beta complex show a nearly identical response to H2O2 titration. 
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Figure 5: DTNB Assay of Apo and Complex X1NTD. DTNB Assay of apo X1NTD and X1NTD-Pol Beta 
complex H2O2 titration with varying concentrations of bicarbonate in the oxidizing reaction buffer, pH 8.0 
(single measurements). 
 
 
 
 
 Figure 5 also shows that there is no difference in the bicarbonate concentration 

needed to obtain the oxidized conformation between the apo and complex species.  Both 

species achieve the oxidized conformation more rapidly with saturating concentrations of 

bicarbonate. 

 

Complex Kcarb Calculation 

 Since complexation seems to have no effect on X1NTD’s ability to transition from 

the reduced to oxidized form, the ability of the complex to transition between from the 

oxidized to reduced form was examined.  One method of examining this was to determine the 

stability of X1NTD’s carbimate adduct when in complex with Pol Beta.  This is 

accomplished by performing a Kcarb calculation as described in Chapter 2 for the complex.  
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 Figure 6 shows an overlay of two 1H-13C HSQCs of 13C-methyl methionine labeled 

V303M Pol Beta complexed with oxidized X1NTD, one is fully saturated with bicarbonate 

while the other has all bicarbonate exchanged out of the buffer.  In these spectra, the M303 

resonance is the best probe to indicate whether the complex is in the amine or carbimate 

form.  The amine form has a proton chemical shift of approximately 1.9 ppm whereas the 

carbimate form has a proton chemical shift of approximately 1.8 ppm.  The change in 

intensity of these two resonances in response to bicarbonate titration was monitored.  Figure 

7 shows that the carbimate adduct is completely reformed in the X1NTD-Pol Beta complex 

at a bicarbonate concentration of 10 mM.   
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Figure 6: Overlay of 1H-13C HSQCs of 13C-methyl methionine labeled V303M Pol Beta.  Spectrum of 
complex in buffer containing 75 mM sodium bicarbonate in black and spectrum of complex in buffer containing 
0 mM sodium bicarbonate in green. 
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Figure 7. 1H-13C HSQCs of 13C-methyl methionine labeled V303M Pol Beta in complex with oxidized X1NTD 
at varying sodium bicarbonate concentrations. 
 
 
 
 Comparison of the two bicarbonate titration curves (Figure 8) indicates that less 

bicarbonate is required to reform the carbimate adduct when X1NTD is in complex with Pol 

Beta, indicating that the carbimate adduct of the oxidized conformation is better stabilized 

when in complex with Pol Beta  .  This is supported by the 0 mM bicarbonate data point 

where the complex species is able to retain 20% of the carbimate adduct, but the apo species 

is not able to retain any detectable carbimate adduct.   
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Figure 8: Bicarbonate Titration of Carbimate Adduct Stabilization in Complex.  Percentage of Carbimate 
Adduct formed vs the concentration of bicarbonate in apo X1NTD and X1NTD-Pol Beta complex NMR 
samples (single measurements). 
	  
	  
	  
	  
Complex DTT Titration 

 To expand on whether the transition from the oxidized to reduced form differs 

between the complex and apo species, a DTT titration was performed on the X1NTD-Pol 

Beta complex and a DTNB assay was subsequently performed on the samples.  Figure 9 

indicates that the X1NTD-Pol Beta complex is not completely reduced by the end of the 

titration performed (1 mM DTT).  When this result is compared with apo X1NTD, apo 

oxidized X1NTD is much more susceptible to reducing agent than oxidized X1NTD-Pol Beta 

complex.  A third data series, complex -2, has been added to simplify the comparison of the 

curves. 
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Figure 9: DTNB Assay of Oxidized X1NTD DTT Titration in Complex.  DTNB Assay of apo X1NTDox 
and complex X1NTDox DTT Titration (single measurements). 
	  
	  
	  
Discussion 

 Determination of a higher KD for the oxidized conformation gives significance to this 

possible disulfide switch.  This result could signify that the oxidized conformation of 

X1NTD allows base excision repair to proceed more efficiently.  However, this has not yet 

been proven.  The increase in stability of the structural elements of the oxidized 

conformation when in complex with Pol Beta indicates that the interaction with Pol Beta may 

be closely related to the redox status of X1NTD. 
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CONCLUSIONS 
  

 This work supports the notion that X1NTD is capable of functioning as a disulfide 

switch in vivo.   Data demonstrates that X1NTD is able to adopt two different conformations 

(Figures 1 and 2) in solution whose differences are created by the presence of a disulfide 

bond.  X1NTD is able to reliably switch between theses two conformations based on the 

addition of reducing or oxidizing agent to the buffer.  This indicates that neither 

conformation is irreversible for the protein and also indicates that the conformational change 

occurs in response to local redox environment.   

 
 
 

 

Figure 1: Crystal Structure of Reduced X1NTD-Pol Beta Complex.  Crystal Structure of reduced X1NTD 
(red) in complex with DNA Polymerase Beta (green).  Cys 12 and Cys 20 are shown in yellow. 
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Figure 2: Crystal Structure of Oxidized X1NTD-Pol Beta Complex.  Crystal structure of oxidized X1NTD 
(blue) in complex with DNA Polymerase Beta (green).  Cys 12 and Cys 20 are shown in yellow. 
 
 
 
 
 This data also demonstrates that the carbimate adduct, which is present in the 

oxidized conformation of X1NTD, is critical for its stability.  The ability of X1NTD to form 

the oxidized conformation in the presence of excess bicarbonate demonstrates the necessity 

of a carbonate source to first obtain the oxidized conformation.  Additionally, NMR 

experiments have shown that oxidized X1NTD in the absence of bicarbonate loses stability 

of specifically the redox region of the protein, which then begins to experience intermediate 
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exchange.  Together these experiments establish the carbimate adduct as a critical structural 

element in the oxidized conformation of X1TND. 

 A possible functional significance of this redox switch is found in the difference in 

interaction that it experiences with its binding partner DNA Polymerase Beta.  NMR data 

indicates that the oxidized conformation of X1NTD exhibits a 25-fold higher affinity for 

DNA Polymersase beta than the reduced conformation of X1NTD.  This result points to a 

potential biological function for the redox switch of X1NTD.  The function of the redox 

switch seems to be impacted by X1NTD’s interaction with DNA Polymerase Beta.  While 

interaction with Pol β does not seem to affect X1NTD’s ability to transition between reduced 

and oxidized forms, the interaction with Pol β does impact X1NTD’s ability to transition 

between the oxidized and reduced forms.  These results are remarkable because of the large 

distance between the redox region of X1NTD and the Pol β interface region of X1NTD 

(Figure 1 and Figure 2).  The function of the two regions is linked despite the fact that the 

conformational change has very minimal impact on the Pol β binding interface. 

 These results support the possibility that X1NTD functions as a disulfide switch in 

vivo: a predictable transition exists between two different redox states, which is accompanied 

by a functional consequence of the transition. 
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FUTURE DIRECTIONS 

 

Although this work improves the characterization of the redox transition in X1NTD, 

further work must be done to elucidate the mechanism by which this transition occurs.  The 

contrast in structure between the reduced and oxidized conformations of X1NTD indicates 

that it most likely belongs to the morphing transition group of redox switches.  These redox 

switches involve large-scale rearrangements of the polypeptide backbone and also have a 

larger distance between the two cysteines (>6.2 Å) residues than would be expected for 

disulfide bond formation.  In order to accommodate these two attributes of the switch, these 

proteins typically unravel portions of their secondary structure to achieve the alternate 

conformation (Fan 2009). 

The best characterized mechanism for a disulfide switch morphing transition is OxyR.  

The transition between the reduced and oxidized conformations of OxyR is initiated by 

oxidation of one of the cysteine residues involved, Cys 199.  This is termed the reactive 

cysteine because its oxidation induces flexibility in the surrounding polypeptide chain so that 

it may come closer in proximity to the other cysteine residue involved in disulfide bond 

formation, Cys 208.  A disulfide bond can then form between Cys 199 and Cys 208.  This 

disulfide bond formation introduces a level of strain to the polypeptide backbone that forces 

it to rearrange to a different conformation (Lee 2004). 

X1NTD has several properties that could suggest that it transitions using a similar 

mechanism.  Many structural features suggest that Cys 20 would be the reactive cysteine 

residue in the case of this protein.  Cys 20 is directly adjacent to a histidine residue, which 
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gives the cysteine a lower pKa that will make it more reactive (Sanchez 2008).  Additionally, 

Cys 20 is solvent exposed whereas Cys 12 is partially buried in the protein.  Hydrogen 

deuterium exchange NMR experiments also indicate that the region surrounding Cys 20 is 

more dynamic than the region surrounding Cys 12 (Figure 1).  This result could indicate that 

Cys 20 is acting as the reactive cysteine in this case and unraveling its surrounding secondary 

structure to form the disulfide with Cys 12. 

 
 
 

 

Figure 1: Heat Map of H/D Exchange Rates on residues 2-40 (redox region) of X1NTD.  Cys 12 and Cys 
20 are shown as sticks.  Residues with unassigned resonances are shown in gray.  Deep red corresponds to the 
fastest exchange.  Deep blue corresponds to the slowest exchange. 

 
 
 
The hydrogen/deuterium exchange rates for amide protons in X1NTD are shown in 

Figure 2.    The first 40 residues exhibit a higher exchange rate than residues 41-151 with the 

exception of the Pol Beta interaction surface (Figure 3).  This is possibly reflective of the 

ability of this portion of the protein to undergo polypeptide backbone rearrangement (Bai 

1994).  
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Figure 2: Exchange Rates of Amide Protons of X1NTD.  Exchange rates are calculated for each residue by 
fitting peak intensities for each time point to a decay curve for each resonance. 
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Figure 3: Heat Map of H/D Exchange Rates of X1NTD.  Second structure is a 180-degree rotation of first 
structure. Residues with unassigned resonances are shown in gray.  Deep red corresponds to the fastest 
exchange.  Deep blue corresponds to the slowest exchange. 
 
 
 
	   Further	  work	  could	  be	  done	  in	  an	  attempt	  to	  identify	  a	  possible	  intermediate	  

state	  that	  leads	  to	  the	  formation	  of	  a	  disulfide	  bond.	  	  Based	  on	  the	  preliminary	  HDX	  data	  

and	  the	  knowledge	  of	  the	  mechanism	  for	  OxyR,	  this	  intermediate	  state	  could	  be	  the	  
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localized	  destabilization	  of	  secondary	  structure	  surround	  Cys	  20,	  possibly	  the	  alpha	  

helix	  from	  residues	  20	  to	  25,	  after	  oxidation	  of	  the	  Cys	  20	  residue	  to	  sulfenic	  acid.	  

	  

Identification	  of	  the	  oxidized	  conformation	  in	  vivo	  is	  needed	  to	  confirm	  the	  

X1NTD’s	  function	  as	  a	  disulfide	  switch.	  	  Mass	  spectrometry	  experiments	  have	  been	  

performed	  (Horton	  2013)	  that	  detect	  both	  oxidized	  and	  reduced	  forms	  of	  X1NTD	  in	  

cells.	  	  However,	  the	  tryptic	  peptide	  used	  to	  detect	  the	  level	  of	  both	  forms	  contains	  both	  

Cys12	  and	  Cys20.	  	  This	  could	  have	  lead	  to	  possible	  false	  positive	  detection	  of	  the	  

oxidized	  conformation	  because	  cysteines	  located	  on	  the	  same	  tryptic	  peptide	  will	  

readily	  form	  disulfide	  bonds.	  	  Iodoacetamide	  was	  used	  to	  attempt	  to	  block	  any	  free	  

thiols	  from	  reacting,	  but	  future	  experiments	  could	  be	  performed	  to	  ensure	  that	  this	  

method	  of	  detection	  did	  not	  result	  in	  a	  false	  positive.	  	  	  

Additionally,	  the	  ability	  to	  detect	  the	  oxidized	  conformation	  in	  vivo	  could	  provide	  

insight	  to	  the	  conditions	  under	  which	  it	  appears.	  	  Time	  course	  studies	  could	  also	  be	  

performed	  to	  determine	  the	  amount	  of	  time	  required	  for	  X1NTD	  to	  change	  

conformation	  in	  response	  to	  stimulus	  as	  well	  as	  indicate	  how	  long	  the	  conformation	  is	  

maintained	  after	  stimulus.	  
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APPENDIX A – Protein Constructs, Purification, Expression 
 
X1NTD Expression 

The XRCC1 construct used for all experiments on the N-terminal domain contained 

amino acids 1-155 of full length XRCC1 with a C-terminal hexa-histidine affinity tag (Figure 

1).  This construct was subcloned into a pET21a plasmid.  The plasmid was then transformed 

into BL21(DE3) competent cells (Novagen).  Cells were grown in 10 mL of LB broth 

overnight at 37 degrees C and harvested at 5000 x g and immediately resuspended in 1 L of 

LB broth and grown at 37 degrees C until the culture reached an OD600 of 1.0.  The cells 

were then induced for protein expression by adding 1 mM IPTG.   The cells were then grown 

at 25 degrees C for 18 hr and then harvested by centrifugation (5000 x g for 15 min). 

 

X1NTD Purification 

Cells were resuspended in lysis buffer (20 mM MOPS, 20 mM imidazole, 500 mM 

NaCl, pH 7.5) and lysed by sonication.  A lysate was prepared by centrifugation (27,000 x g 

for 15 min).  The protein was purified using a 5 ml immolbilized metal affinity 

chromatography column (His-Pur Ni-NTA Resin, Thermo Scientific).  The lysate (20 mL) 

was loaded onto the IMAC column that had previously been equilibrated with lysis buffer.  

Following a wash with 25 mL of 20 mM MOPS, 20 mM imidazole, 500 mM NaCl, the 

protein was eluted using a step gradient of 75, 200, and 400 mM imidazole (Figure 2).  The 

fraction eluted with 400 mM imidazole was determined to be the only protein-containing 

fraction and was directly loaded onto a HighLoad 26/60 Superdex 75 prep grade gel filtration 

column (GE Amersham) preequilibrated with 20 mM phosphate, 140 mM NaCl, pH 7.1 and 
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eluted.  The fractions containing the His-tagged XRCC1-NTD were determined to be pure by 

gel electrophoresis (Figure 3). 

 

XRCC1-NTD NMR Sample Preparation 

Gel filtration fractions containing pure XRCC1-NTD were concentrated to 500 mM 

and exchanged into 50 mM Tris, 75 mM bicarbonate, 140 mM NaCl (pH 7.0) using a PD-10 

desalting column (GE Amersham).  Protein concentration of the XRCC1-NTD stock was 

determined using A280 measurements.  The stock was diluted to 200 µM and 10% D2O and 

100 µM DSS was added.  To determine whether the XRCC1-NTD sample that had been 

prepared was folded, a 1D NMR spectrum was performed at 25 degrees C on a Varian 

UNITY INOCA 600 MHZ NMR spectrometer.  The NMR data was processed using NMR 

Pipe.  The resulting spectrum (Figure 4) shows upfield-shifted methyl peaks that are 

indicative that the protein is folded in solution.   
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Figure 1: Amino Acid Sequence Alignment of X1NTD and Full-Length XRCCC1.  Amino acid sequence 
alignment of His-tagged X1NTD (top) and the full-length human XRCC1 gene (bottom). 	  
 
 
 

	  

	  
Figure 2: Gel of X1NTD IMAC Purification Fractions.  SDS-PAGE gel containing samples from IMAC 
column during X1NTD purification. 
	  
	  
	  
	  

Lane Sample 
1 Lysate 
2 IMAC Flow Through 
3 IMAC Wash 20 mM imidazole 
4 IMAC Wash 40 mM imidazole 
5 IMAC Wash 75 mM imidaole 
6 IMAC Elution 400 mM imidazole 
7  
8  
9  

10 See Blue Plus 2 Molecular Marker 
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Figure 3:  Gel of X1NTD Gel Filtration Purification Fractions.  SDS-PAGE gel containing samples from gel 
filtration column during X1NTD purification. 
 
 
 

	  

Figure 4: 1D NMR spectrum of  WT X1NTD sample. 

Lane Sample 
1 S-75 Fraction 30 
2 S-75 Fraction 31 
3 S-75 Fraction 32 
4 S-75 Fraction 33 
5 S-75 Fraction 34 
6 S-75 Fraction 35 
7 See Blue Plus 2 Molecular Marker 
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DNA Polymerase Beta Expression 

The DNA Polymerase Beta construct used in preliminary NMR experiments 

contained amino acids 1-335 with no additional affinity tag (Figure 5).  This construct was 

subcloned into a pET30a plasmid.  The plasmid was then transformed into B834(DE3) 

competent cells (Novagen).  Cells were grown in 50 mL of LB broth overnight at 37 degrees 

C and harvested at 5000 x g and immediately resuspended in 1 L of LB broth and grown at 

37 degrees C until the culture reached an OD600 of 1.0.  The cells were then induced for 

protein expression by adding 1 mM IPTG.   The cells were then grown at 18 degrees C for 18 

hr and then harvested by centrifugation (5000 x g for 15 min). 

 

DNA Polymerase Beta Purification 

Cells were resuspended in a lysis buffer (50 mM Tris, 10 mM sodium bisulfite, 10 

mM EDTA, 10 uM DTT, 500 mM NaCl, pH 7.7) and lysed by sonication.  A lysate was 

prepared by centrifugation (27,000 x g for 15 min).  Two additional rounds of resuspension, 

sonication, and centrifugation were performed in a no salt lysis buffer (50 mM Tris, 10 mM 

sodium bisulfite, 10 mM EDTA, 10 uM DTT, pH 7.7).  All 3 lysates were pooled and then 

diluted two-fold with no salt lysis buffer to 130 mL.  The protein sample was applied to a 53 

mL Q Sepharose anion exchange column (GE Healthcare) that was previously equilibrated 

with low salt lysis buffer.  Q Sepharose column flow through was applied directly to a 5 ml 

Hitrap SP High Performance cation exchange column (GE Healthcare).  The Q Sepharose 

and SP columns were washed in sequence by 150 mL 75 mM NaCl lysis buffer.  DNA 
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Polymerase Beta was eluted using a gradient elution program, which ranged in from 0 to 

100% 1 M NaCl buffer over 15 column volumes.  The protein eluted between fractions 5 and 

9 (Figure 6).  These fractions were pooled and diluted by 2, then loaded onto a HiTrap 

Heparin High Performance affinity column (GE Healthcare). DNA Polymerase Beta was 

eluted using a gradient elution program, which ranged in from 0 to 100% 1 M NaCl buffer 

over 5 column volumes.  DNA Polymerase Beta eluted between fraction 6 and 10 (Figure 6).  

These fractions were pooled and concentrated, then directly loaded onto a HighLoad 26/60 

Superdex 75 prep grade gel filtration column (GE Amersham) and eluted. The fractions 

containing the DNA Polymerase Beta were determined to be pure by gel electrophoresis 

(Figure 7). 

	  

DNA Polymerase Beta NMR Sample Preparation 

Gel filtration fractions containing pure DNA Polymerase Beta were concentrated to 

500 mM and exchanged into 100 mM KCl, 10 mM NaN3 (pH 7.6) using a PD-10 desalting 

column (GE Amersham).  The protein concentration of the DNA Polymerase Beta stock was 

determined using A280 measurements. The extinction coefficient was calculated based on the 

amino acid sequence of the protein construct.  The stock was diluted to 200 µM and 10% 

D2O and 100 µM DSS was added.  A DNA Polymerase Beta-X1NTD NMR sample was 

analyzed by running the sample out on a gel. Subsequently mass spectrometry was performed 

on the bands within the gel to determine the identity of the fragments.  The mass 

spectrometry results indicated that this construct of DNA Polymerase Beta was becoming 

partially proteolyzed at room temperature while X1NTD is also present in the sample (Figure 
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8).  This construct was determined to not be suitable for experiments performed on the 

X1NTD-DNA Polymerase Beta complex. 

 

 

Figure 5: Amino Acid Sequence Alignment of Pol Beta Construct and Full-Length Pol Beta.  Amino acid 
sequence alignment of DNA Polymerase Beta construct (top) and the full-length rat DNA Polymerase Beta 
gene (bottom). 
 
 
 
 
 

 

 

 

 

 



 77 

 

	  

 

 

Figure 6: Gel of Pol Beta SP and Heparin Purification Fractions.  SDS-PAGE gel containing samples from 
SP and Heparin columns during DNA Polymerase Beta purification. 
 
 
 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	    

Figure 7: Gel of Pol Beta Gel Filtration Purification Fractions.  SDS-PAGE gel containing samples from gel 
filtration column during DNA Polymerase Beta purification. 

Lane Sample 
1 SP column Load 
2 SP column FT 
3 SP column fraction 6 
4 SP column fraction 7 
5 SP column fraction 8 
6 SP column fraction 9 
7 Heparin column Load 
8 Heparin column FT 
9 Heparin column fraction 6 

10 Heparin column fraction 7 
11 Heparin column fraction 8 
12 Heparin column fraction 9 
13 Heparin column fraction 10 
14  
15 See Blue Plus 2 Molecular Marker 
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DNA Polymerase Beta Polymerase Domain Expression 

The DNA Polymerase Beta construct used for all experiments on the X1NTD-DNA 

Polymerase Beta complex contained amino acids 88-335 of full length DNA Polymerase 

Beta with a N-terminal hexa-histidine affinity tag (Figure 9).  This construct (PDH) 

contained only the polymerase domain, as opposed to the full-length construct which 

contained both the polymerase and lyase domains.  This construct was subcloned into a 

pET28a plasmid.  The plasmid was then transformed into BL21(DE3) competent cells 

(Novagen).  Cells were grown in 10 mL of LB broth overnight at 37 degrees C and harvested 

at 5000 x g and immediately resuspended in 1 L of LB broth and grown at 37 degrees C until 

the culture reached an OD600 of 1.0.  The cells were then induced for protein expression by 

adding 1 mM IPTG.   The cells were then grown at 25 degrees C for 18 hr and then harvested 

by centrifugation (5000 x g for 15 min).   

 
 
 

 

Figure 8: Gel for Mass Spectral Identification of NMR Sample.  Mass Spectrometry identification of bands 
present on a SDS-PAGE gel of DNA Polymerase Beta-X1NTD NMR sample.   
 
 
 
 

Band Mass Spec ID Approximate MW 
E2 unknown 10 kDa 
E3 rat DNA Polymerase Beta 20 kDa 
E4 rat DNA Polymerase Beta 30 kDa 
E5 rat DNA Polymerase Beta 35 kDa 
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DNA Polymerase Beta Polymerase Domain Purification 

Cells were resuspended in lysis buffer (20 mM MOPS, 20 mM imidazole, 500 mM 

NaCl, pH 7.5) and lysed by sonication.  A lysate was prepared by centrifugation (27,000 x g 

for 15 min).  The protein was purified using a 5 mL immolbilized metal affinity 

chromatography column (His-Pur Ni-NTA Resin, Thermo Scientific).  The lysate (20 mL) 

was loaded onto the IMAC column that had previously been equilibrate with lysis buffer.  

Following a wash with 25 mL of 20 mM MOPS, 20 mM imidazole, 500 mM NaCl, the 

protein was eluted using a buffer containing 20 mM MOPS, 400 mM imidazole, 500 mM 

NaCl, pH 7.5.  The fraction eluted with 400 mM imidazole was determined to be the only 

protein-containing fraction and was directly loaded onto a HighLoad 26/60 Superdex 75 prep 

grade gel filtration column (GE Amersham) preequilibrated with 20 mM phosphate 140 mM 

NaCl, pH 7.1 and eluted.  The fractions containing the His-tagged DNA Polymerase Beta 

Polymerase Domain were determined to be pure by gel electrophoresis (Figure 10). 

 

DNA Polymerase Beta Polymerase Domain NMR Sample Preparation 

Gel filtration fractions containing pure PDH were concentrated to 500 mM and 

exchanged into 50 mM Tris, 75 mM bicarbonate, 140 mM NaCl (pH 7.0) using a PD-10 

desalting column (GE Amersham).  Protein concentration of the PDH stock was determined 

using A280 measurements. The extinction coefficient was calculated based on the amino acid 

sequence of the protein construct.  The stock was diluted to 200 µM and 10% D2O and 100 

µM DSS was added.  Assignments have previously been made for all 13C-methyl methionine 

resonances in the PDH construct (Figure 11). 
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Figure 9: Amino Acid Sequence Alignment of Pol Beta PDH Construct and Full-Length Pol Beta.  Amino 
acid sequence alignment of DNA Polymerase Beta His-tagged Polymerase Domain construct (bottom) and the 
full-length rat DNA Polymerase Beta gene (top). 
 
 
 
 

 

Figure 10: Gel of Pol Beta PDH Gel Filtration Purification Fractions.  SDS-PAGE gel containing samples 
from gel filtration column during PDH Purfication. 
 

Lane Sample 
1 S-75 fraction 26 
2 S-75 fraction 27 
3 S-75 fraction 28 
4 S-75 fraction 29 
5 S-75 fraction 30 
6 See Blue Plus 2 Molecular Marker 
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Figure 11: 1H-13C HSQC of Pol Beta PDH.  C-HSQC of 13C-methyl methionine labeled PDH with previous 
assignments for methionine resonances labeled. 
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APPENDIX	  B	  –	  DNTB	  Assay	  Optimization	  
	  

DTNB Assay Mechanism 

 DTNB (5,5’-dithiobis(2-nitrobenzoic acid)) is an aromatic disulfide that reacts with 

sulfhydryl groups in solution.  Aliphatic thiols attack one of the sulfur atoms involved in the 

disulfide bond of DTNB creating a mixed disulfide between the sulfhydryl being detected 

and 2-nito-5-thiobenzoate.  This reaction releases a 2-nito-5-thiobenzaoate (TNB) anion that 

can be detected at 412 nm.  The TNB anion is produced in a 1:1 manner to the amount of 

sulfhydryl that is being detected in the assay (Ellman 1952).  TNB anion that is produced is 

stable for 2 hours (Habeeb 1972). 

 

Figure 1.  Mechanism for DTNB Assay (Reiner 2002). 
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Initial DTNB Assay Composition 

The DTNB working solution used for the assay contained 2 mM DTNB and 50 mM 

sodium acetate.  The assay composition was: 50 µL sample, 750 µL H2O, 100 µL 1 M Tris 

(pH 8.0), and 50 µL DTNB working solution.  After the DNTB working solution was added 

to the assay volume, the reaction was incubated at room temperature for 10 min.  The 

absorbance was then recorded a 405 nm.  The calibration curve for this assay was produced 

using N-acetyl-l-cysteine as a standard for thiol concentration.  The absorbance values at 405 

nm (Table 1) are plotted against the thiol concentration for the N-acetyl-l-cysteine standard 

samples in Figure 2.  From the calibration curve, the linear portion of this assay is determined 

to be between samples that are 0 µM and 3500 µM thiol (Figure 3).  Samples that are above 

3500 µM thiol in concentration are out of range of detection because the absorbance becomes 

saturated and is no longer within a range where the linear equation can be applied. 

 
 
 

Table 1: Initial DTNB Assay Calibration Curve. 
 

 

 

 

 

 

 

 

A405 [N-acetyl-L-cysteine] (µM) [thiol] (µM) 
0 0 0 

0.057 250 250 
0.152 500 500 
0.279 750 750 
0.498 1000 1000 
0.845 1500 1500 
1.039 2000 2000 
1.367 2500 2500 

1.6 3000 3000 
1.719 3500 3500 

1.79 4000 4000 
1.875 5000 5000 
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Figure 2: Initial DTNB Assay Calibration Curve.   
 

 

 

 
	  
Figure 3: Linear Portion of Initial DTNB Calibration Curve. 
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This assay composition was used to determine the thiol concentration of X1NTD 

samples.  An H2O2 titration was performed on X1NTD samples and change in DTNB assay 

response was monitored.  In order to obtain samples that were high enough in concentration 

to produce a detectable change in response for the assay, the X1NTD oxidizing samples, 

which were performed at 200 uM, were concentrated individually before the assay was 

performed using Microcon YM-10 microconcentrators (Millipore).  The absorbance values 

obtained from the X1NTD samples are listed in Table 2.  The change in absorbance values in 

response to the increase in H2O2 concentration in the oxidizing reaction is shown in Figure 4.  

The expectation for an X1TND sample that has become completely oxidized would be one 

third of the absorbance of an X1NTD sample that is completely reduced.  This is not 

observed in this version of the assay.  Instead, the absorbance decreases linearly past 0.4 AU, 

which is 1/3 of the initial absorbance value of 1.2.  This result could be explained by: a 

decrease in protein concentration as H2O2 concentration increases due to protein 

precipitation, increased photobleaching of the TNB product by increasing H2O2 in the 

sample, not all cysteines in the sample are becoming solvent exposed and are therefore not 

being detected, or not be enough DTNB reagent in the assay volume to detect all cysteines. 

 
 
 
 
 
 
 
 
 
 
 



 86 

Table 2: Initial DTNB Assay X1NTD H2O2 Titration. 
 
[H2O2] (mM) A405 [thiol] (µM) 

0 1.276 2020. 
0.5 1.139 1784 

1 0.958 1470 
1.5 0.778 1160 

2 0.623 894 
2.5 0.472 634 

3 0.380 475 
4 0.252 255 

4.5 0.181 132 
5 0.145 70.3 

 
 
 

	  
 
Figure 4: Initial DTNB Assay X1NTD H2O2 Titration. DTNB Assay of X1NTD denatured oxidized samples 
at different H2O2 concentrations plotted against [thiol] values (single measurements). 
 

	  
	  
Second DTNB Assay Composition 

To address the possibility that the concentration of DNTB in the assay was not high 

enough to detect all thiols present, the concentration of DTNB was increased and a new 
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calibration curve was constructed.  The new saturated DTNB working solution contained 50 

mg of DNTB in 1 mL H2O that was vigorously vortexed.  Excess DTNB in the saturated 

solution was allowed to settle before use. The new assay composition was: 600 µL sample, 

100 µL 1 M Tris (pH 8.0), and 25 µL DTNB working solution.  After the working solution 

was added to the assay, the assay was incubated at room temperature for 5 min and 

absorbance was measured at 405 nm.  The calibration curve for this assay was produced 

using dithiothreitol (DTT) as a standard for thiol concentration.  The absorbance values at 

405 nm (Table 3) are plotted against the thiol concentration for the DTT standard samples in 

Figure 5.  From the calibration curve, the linear portion of this assay is determined to be 

between samples that are 0 µM and 200 µM thiol.  In order to assay samples that had 

concentrations of thiols that were higher than 200 µM, the sample volume of the assay was 

reduced and the sample buffer complemented the remainder of the 600 µL.  Higher 

absorbance values resulting from the assay of lower concentrations of thiols indicates that 

this composition of the assay is able to detect thiols in a sample with much more sensitivity 

than the initial assay composition. 
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Table 3: Revised DTNB Assay Calibration Curve. 

A405 [DTT] (µM) [thiols] (µM) 
0 0 0 

0.079 2.5 5 
0.105 5 10 
0.231 7.5 15 
0.254 10 20 

0.35 15 30 
0.455 20 40 
0.677 30 60 
1.116 50 100 
1.498 75 150 

1.9 100 200 
 
 
 
 
 

 

Figure 5: Revised DTNB Assay Calibration Curve. 
 
 
 
[Protein] of Samples 

 To address possible discrepancies between the protein concentrations of different 

samples that were made from the same protein stock, the protein concentration of each 
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sample was determined by the absorbance of the sample at 280 nm.  In addition to avoidance 

of errors due to inconsistencies in pipetting of the oxidation reactions, this method also 

allows for accurate determination of  samples where the some of the protein may have 

precipitated.  This precipitate is removed from the sample by centrifugation.  Determining 

the protein concentration of each sample indicates how much of the original protein has 

precipitated and is no longer contributing to the absorbance at 405 nm for thiol detection. 

 An additional advantage of using the concentration of the protein sample is that it 

allows for the determination of the redox state of a specific protein so that it can be directly 

compared to the redox state of other protein samples.  Determination of a redox state is made 

through calculation of a [thiol]:[protein].  The calculation of the [thiol]:[protein] of X1NTD 

samples in a H2O2 titration are shown in Table 4.  The [thiol]/[protein] is plotted against the 

H2O2 concentration in Figure 6. 

 
 
 
Table 4: DTNB Assay of H2O2 Titration. 

 

 

 

 

 

 
 
 
 

H2O2 (mM) A280 A405 [thiol] (µM) [protein] (µM) [thiol]/[protein] 
0 0.243 1.411 685.6 335 2.04 

0.5 0.261 0.771 396 360 1.10 
1 0.216 0.377 218 298 0.731 

1.5 0.235 0.195 135 324 0.418 
2 0.187 0.156 118 258 0.456 
3 0.217 0.188 132 299 0.442 
5 0.249 0.200 138 344 0.401 
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Figure 6: Revised DTNB Assay X1NTD H2O2 Titration. DTNB Assay of X1NTD oxidized samples at 
different H2O2 concentrations plotted against [thiol]:[protein] values (single measurements). 
 
 
 

Figure 6 indicates that the first sample in the H2O2 titration curve, which has no 

oxidizing agent added, has a [thiol]/[protein] of roughly 2 and progressively decreases until it 

reaches a [thiol]/[protein] of roughly 0.4.  These values are still significantly lower than what 

would be expected for the X1NTD construct used.  Because X1NTD contains an additional 

cysteine, Cys 132, other than the two involved in the disulfide bond, a [thiol]/[protein] for the 

first sample would be expected to be roughly 3 and decrease to approximately 1.  To 

eliminate the possibility that some of the cysteine residues may not be detected because they 

are not solvent accessible, the assay needed to be performed under denaturing conditions. 
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Denaturing Conditions 

 In the case of some proteins (Hogg 2003) all thiols in the assay volume could be 

detected with simple increase in time of incubation of the assay volume after the DTNB 

reagent has been added.  Table 5 shows absorbance values at 405 nm for three different 

X1NTD samples, two of which should contain both the reduced and oxidized forms, with 

varying length of time for the assay incubation.  For the first sample, which should contain 

mostly reduced X1NTD, the length of incubation resulted in no difference in absorbance at 

405 nm.  However, the other two samples, which should contain some reduced and some 

oxidized X1NTD, increased in absorbance at 405 nm with increased incubation time. 

 
 
 
Table 5: Length of Incubation for DTNB Assay. 

Length of Assay 
Incubation (min) 0 mM H2O2 ox reaction 0.5 mM H2O2 ox reaction 1.0 mM H2O2 ox reaction 

5 1.26 0.046 0.028 
15 1.27 0.062 0.052 
30 1.26 0.112 0.111 

 
 
 

Because assay incubation at room temperature could lead to precipitation of protein in 

the assay volume, denaturation of the protein in the sample was determined to be the best 

method of reliably detecting all thiols in the protein sample.  5 M urea was added to the 

revised assay described above.  This concentration of urea should denature all protein within 

the assay, therefore making all of the thiols readily accessible for detection (Skilleter 1970).  

However, this addition of urea did add volume to the assay.  This lead to the multiplication of 
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each denatured assay absorbance value by a factor of 1.38 corresponding to the volume 

gained by the assay. 

Four samples were used to determine if the denaturing conditions of the assay could 

lead to full detection of thiols that would be consistent with the [thiol]:[protein] values 

expected for each sample.  The [thiol]:[protein] values for each of these samples in both the 

denatured and folded form is given in Table 6.  The increase in [thiol]:[protein] that is gained 

through denaturing each sample is shown in Figure 7.  These increases are significant for 

each sample, but are most notable for the samples that are in complex with Pol β. 

 
 
 

Table 6: DTNB Assay on Folded and Denatured Samples 
 
Sample A280 A405 [thiol] (µM) [protein] (µM) [thiol]/[protein] 
Folded Apo X1NTD  
0 mM H2O2 0.124 0.895 349 171 2.04 
Denatured Apo X1NTD 
0 mM H2O2 0.124 0.979 530. 171 3.09 
Folded Apo X1NTD 
5 mM H2O2 0.122 0.140 34.1 168 0.203 
Denatured Apo X1NTD  
5 mM H2O2 0.122 0.210 87.3 168 0.519 
Folded Complex X1NTD-PB  
0 mM H2O2 0.266 0.826 320. 172 1.86 
Denatured Complex X1NTD-PB 
0 mM H2O2 0.266 1.492 824.5 172 4.79 
Folded Complex X1NTD-PB  
5 mM H2O2 0.279 0.363 127 181 0.703 
Denatured Complex X1NTD-PB 
5 mM H2O2 0.279 1.04 565 181 3.13 
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Figure 7: DTNB Assay of Folded vs. Denatured Protein Samples.  DTNB Assay comparing [thiol]/[protein] 
of folded and denatured protein samples (single measurements) 
 
 
 
Photobleaching Controls 

In order to address whether the excessive reduction in absorbance at higher H2O2 

concentrations is due to photobleaching, a control was performed.  This control was 

performed by oxidizing a sample of X1NTD and using half immediately for a DTNB assay, 

while the other half was buffer exchanged into a buffer identical to the oxidizing buffer with 

the exception of H2O2.  Absorbance values of these samples are listed in Table 7.  The 

[thiol]:[protein] is not decreased, as would be expected if H2O2 in the buffer were 

photobleaching the TNB anion.  Because these reactions proceed overnight, the H2O2 that 
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was present in the oxidizing reaction is likely to be completely reacted by the time the assay 

is performed.  Based on these results, photobleaching is not detracting from the thiol 

detection results in this assay. 

 
 
 
Table 7: DTNB Assay on Photobleaching Controls 
 

Sample A405 A280 [thiol] [X1NTD] [thiol]/[X1NTD] 
oxidized X1NTD with H2O2 0.0189 3.354 212.2 220. 0.963 
oxidized X1NTD without H2O2 0.0187 3.614 211.9 237 0.892 

 
 
 
Final Assay Conditions 

The final conditions of the assay included the revised assay composition as well as 

the 5 M urea addition to the assay volume.  To aid in the determination of the redox state, the 

protein concentration of each sample was also determined.  Assays were incubated at room 

temperature for 5 min prior to reading the absorbance at 405 nm.  The absorbance values and 

resulting  [thiol]:[protein] calculation is shown in Table 8.  Through optimization of several 

parameters of the assay, the [thiol]:[protein] for each sample more accurately reflects what 

would be expected for an H2O2 titration of X1NTD.  Figure 8 shows that the [thiol]:[protein] 

value for the 0 mM H2O2 sample of the X1NTD titration is roughly 3, as would be expected 

for a reduced sample of X1NTD, and the [thiol]:[protein] value continues to decrease through 

the titration until it reaches a minimum value of roughly 0.5. 
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Table 8: Optimized DTNB Assay of X1NTD H2O2 Titration 
  
H2O2 (mM) A280 A405 [thiol] (uM) [protein] (uM) [thiol]/[protein] 

0 0.305 0.860 637 220. 2.89 
0.5 0.286 0.444 306 207 1.48 

1 0.31 0.308 198 224 0.885 
1.5 0.312 0.253 155 225 0.686 

2 0.28 0.254 155 202 0.768 
3 0.329 0.214 124 238 0.520 
4 0.319 0.198 111 231 0.482 
5 0.288 0.166 85.6 208 0.411 

 
 
 
 
 

 

Figure 8: Optimized DTNB Assay of X1NTD H2O2 Titration. DTNB Assay of X1NTD denatured oxidized 
samples at different H2O2 concentrations plotted against [thiol]:[protein] values (single measurements). 
 
 
 

The [thiol]:[protein] value of the last points in the H2O2 is still lower than what would 

be expected.  This could be due to oxidation of Cys 132 to sulfenic acid, which would result 

in that cysteine not being detected even though it is not involved in a disulfide bond (Leonard 
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2009).  Sulfenic acid also has the ability to react with the TNB anion, which would result in a 

decrease in absorbance at 405 nm (Poole 2008). 
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