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Abstract

The maintenance of the genome and its faithful replication is paramount for conserving genetic information. To assess high fidelity replication,
we have developed a simple non-labeled and non-radio-isotopic method using a matrix-assisted laser desorption ionization with time-of-
flight (MALDI-TOF) mass spectrometry (MS) analysis for a proofreading study. Here, a DNA polymerase [e.g., the Klenow fragment (KF) of
Escherichia coli DNA polymerase I (pol I) in this study] in the presence of all four dideoxyribonucleotide triphosphates is used to process a
mismatched primer-template duplex. The mismatched primer is then proofread/extended and subjected to MALDI-TOF MS. The products are
distinguished by the mass change of the primer down to single nucleotide variations. Importantly, a proofreading can also be determined for
internal single mismatches, albeit at different efficiencies. Mismatches located at 2-4-nucleotides (nt) from the 3' end were efficiently proofread by
pol I, and a mismatch at 5 nt from the primer terminus showed only a partial correction. No proofreading occurred for internal mismatches located
at 6 - 9 nt from the primer 3' end. This method can also be applied to DNA repair assays (e.g., assessing a base-lesion repair of substrates
for the endo V repair pathway). Primers containing 3' penultimate deoxyinosine (dI) lesions could be corrected by pol I. Indeed, penultimate T-
I, G-I, and A-I substrates had their last 2 dI-containing nucleotides excised by pol I before adding a correct ddN 5'-monophosphate (ddNMP)
while penultimate C-I mismatches were tolerated by pol I, allowing the primer to be extended without repair, demonstrating the sensitivity and
resolution of the MS assay to measure DNA repair.

Video Link

The video component of this article can be found at https://www.jove.com/video/57862/

Introduction

The proofreading functions of DNA polymerases during DNA replication are essential to ensure the high fidelity of genetic information that
needs to be transferred to progeny1,2,3,4,5,6,7. Being able to assess the contributions of polymerase proofreading exonucleases would clarify the
mechanisms safeguarding genetic stability.

Radioisotope labeling and gel-based assays in combination with densitometric analyses of the autoradiograms or phosphor imaging8,9,10

have traditionally been used to detect proofreading activity of DNA polymerases. While functional, these assays are laborious, expensive, and
not amenable to high-throughput formats. In addition, radioisotopes suffer safety issues including waste disposal. Alternatively, proofreading
activities have been analyzed by fluorometric techniques. For example, 2-aminopurine (2-AP) can be incorporated into extension products during
in vitro polymerase proofreading assays to produce a fluorescent signal11,12. Unfortunately, these approaches suffer from a low specificity, since
2-AP can pair with both thymine and cytosine. More recent approaches include a sensitive G-quadruplex-based luminescent switch-on probe for
a polymerase 3'-5' exonuclease assay13 as well as a singly-labeled fluorescent probe for a polymerase proofreading assay that overcomes some
of the aforementioned drawbacks14. Enthusiasm for these fluorometric methods is diminished due to the need for the specific labeling of DNA
substrates.

In contrast, a MALDI-TOF MS for DNA analysis has been employed in the PinPoint assay, where the primer extension reactions with unlabeled
4 ddNTPs can be used to identify polymorphisms at a given locus15,16,17 and has been widely adopted in clinical applications for mutation
detections and cancer diagnoses18. Using these basic principles, we have created a label-free assay for the in vitro determination of DNA
polymerase proofreading activity exploiting the high resolution, high specificity, and high-throughput potential of MALDI-TOF MS. Using the E.
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coli DNA polymerase I Klenow fragment as a model enzyme, dideoxyribonucleotide triphosphates (ddNTPs) as substrates can take a "snapshot"
of proofreading products after a single nucleotide extension via MALDI-TOF MS (Figure 1).

Likewise, this method was also developed for a DNA repair assay where primers containing 3' penultimate dI lesions are subjected to a pol I
repair assay which mimics endo V nicked repair intermediates. While not fully understood, the endo V repair pathway is the only repair system
known to employ the pol I proofreading exonuclease activity for lesion excision19,20. Using MALDI-TOF MS, we show a clearly defined repair
patch where dI can be excised by pol I when occurring in the last 2 nt of the primer before adding the correct complemented nucleotide.

For the study of proofreading and DNA repair, this method is faster and less laborious than previous methods and provides additional information
towards mechanism and function.

Protocol

1. Primer/template Preparation

1. Design primers/templates with a balanced G+C content between 40% and 60% as in a sequencing or PCR primer design. Use primers of 18
to 21 nt for an appropriate annealing and better MS signals.

2. Design the template by setting 50 °C as the minimum melting temperature for the duplex region with at least 7 nt of 5'-overhang to separate
the signals between the primer and the template.
 

NOTE: For example, for the substrate P21/T28 in Table 1, the 21-nt primer is paired with a 28-nt template. Option: the use of alternative
nucleic acids such as nuclease-resistant phosphorothioate bonds to replace the last 4 phosphodiester bonds at the 3' end of the template can
prevent possible interference by a non-specific 3' end degradation of the templates (e.g., T28S4 in Table 1), although this will add some cost
for the template preparation.

3. Using standard desalted oligonucleotides without any further purification is satisfactory for this study. Use oligonucleotide primers/templates
at a concentration of 100 pmol/µL in H2O as a stock and store it at -20 °C. Check the quality and purity of the primers and templates by
running the oligonucleotides on MALDI-TOF MS (steps 4 - 7) to ensure unique peak signals and a good signal to noise ratio.

4. Determine the relative MALDI-TOF MS signal intensities (step 7) of the equal molar primers of the relevant sequences in the reaction for
calibration and concentration normalization (Figure 2).

2. Proofreading Reactions

Note: The same proofreading reaction condition and protocol applies to a DNA repair of A-I, G-I, C-I, and T-I.

1. Using a T-G mismatch of substrate P21/T28 for the proofreading in Table 1 as an example, dilute primer P21 and template T28 to 12.5 pmol/
µL with H2O; then transfer 12 µL of the diluted primer and 12 µL of the diluted template to a 1.5-mL sterilized microcentrifuge tube.
 

NOTE: The amount of template/primer mix is sufficient for 2 reactions; proportionately increase the volume of the reagents accordingly for
multiple reactions.

2. Close the tube tightly. Incubate it for 30 min in a covered 65-°C water bath, followed by 30 min in a 37-°C water bath, and finally on ice to
ensure a proper annealing.

3. To a 1.5-mL sterilized microcentrifuge tube, add 8 µL of primer and template mix (50 pmol), 2 µL of 10x proofreading reaction buffer, 4 µL of 4
ddNTPs mix (2 mM of each 4 dNTPs), and H2O up to 18 µL. Flick the tube to mix.
 

NOTE: 1x proofreading reaction buffer contains 50 mM NaCl, 10 mM MgCl2, 1 mM dithiothreitol, and 10 mM Tris-HCl (pH 7.9 at 25 °C). See
the Table of Materials for the commercial source of 10x proofreading reaction buffer. The final concentration of each ddNTP in the reaction is
0.1 mM.

4. Dilute DNA polymerase in ice-cold 1x proofreading reaction buffer to the desired concentration [e.g., to a 1.5-mL microcentrifuge tube, add 4
µL of 1x proofreading reaction buffer and 1 µL of 5-U Klenow polymerase from a commercial source (Table of Materials)]. Store the diluted
enzyme on ice at all times.
 

NOTE: The amount of diluted DNA polymerase is sufficient for 2 reactions; proportionately increase the volume of the enzymes accordingly
for multiple reactions. A volume of 2.0 µL, containing 2.0 units of Klenow polymerase, can proofread more than half of 50 pmol of T-G
terminal mismatched P21/T28 in 5 min.

5. Prewarm the microcentrifuge tube with the substrate mix from step 2.3 to the desired reaction temperature (e.g., typically 37 °C for Klenow
polymerase and 25 °C for T4 DNA polymerase). Then transfer 2.0 µL of the diluted DNA polymerase from step 2.4 to the prewarmed
substrate mixture and flick the tube to mix its contents.

6. Centrifuge the tubes with enzyme and substrate for a few seconds at 3,200 x g at ambient temperature to spin down the components of the
reactions. Immediately transfer the reaction to a heating block or a water bath at the desired incubation temperature as in step 2.5.

7. Terminate the reaction
1. Add an equal volume of buffered phenol, mix it by vortexing for a few seconds, and centrifuge it in a microcentrifuge at 3,200 x g at

ambient temperature for 5 min.
1. Transfer the aqueous phase to a clean microcentrifuge tube and add an equal volume of chloroform, mix it by vortexing for a few

seconds and centrifuge it in a microfuge at 3,200 x g at ambient temperature for 3 min. Transfer the aqueous phase to a clean
microfuge tube and incubate it at 95 °C for 5 min; then place it on ice.
 

CAUTION: Phenol and chloroform are hazardous chemicals. Handling and waste disposal should follow institutional regulations.

2. Alternatively, use an acid quenching protocol. For this, add 2 µL of 1 M HCl to stop the reaction on ice for 6 min, then add 0.64 µL of 1
M diethanolamine (DEA) to neutralize the pH of the reaction mixture and incubate it at 95 °C for 5 min; then place it on ice.
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3. Resin Addition to Eliminate Salt Contamination

1. Using the resin scoop from the commercial desalting kit (see the Table of Materials), take sufficient resin to cover the dimples of the 384-
dimple, 6-mg resin dimple plate.

2. Distribute the resin across all the dimples evenly (6 mg/dimple) by scraping across the top of the plate. Recover any excess resin and replace
it in the bottle.

3. Transfer the final reaction products from step 2.7 from the microfuge tubes to a 384-well plate. Dispense 16 µL of H2O to dilute the final
reaction products in each well and then seal the plate and centrifuge it to remove any bubbles.

4. Remove the seal, turn the 384-well plate with the reaction products upside down to cover the resin-filled dimple plate.
5. Turn over the well-to-dimple plates sandwich and carefully let the resin drop into the 384-well plate (be sure the 384-well plate is flush against

the metal peg on the resin-filled dimple plate).
6. Remove the dimple plate on top, seal the 384-well plate containing the mixtures of the reaction products and resin, briefly centrifuge it at

3,200 x g to remove any bubbles and place it on a rotator for at least 15 min at room temperature for desalting its contents.
7. After the resin cleanup, centrifuge the 384-well plate at 3,200 x g for 5 min to compact the resin to the bottom of the wells.

4. Transfer Reaction Products to a Matrix Chip

1. Set the sample plates in the nanoliter dispenser (nanodispenser, see the Table of Materials).
2. Put the matrix chip (see the Table of Materials) and the 384-well plate from section 3.7 in the corresponding tray.
3. Operate the nanodispenser to spot the reaction products to the chip; push the RUN button on the touch screen of the nanodispenser to start.
4. Check the automated captured image of the sample spots containing saturation information on the screen to ensure the overall spotted

volume on the chip is around 5 - 10 nL. Repeat the sample spotting if the volume is insufficient.

5. Setup the Assay Information on the Mass Spectrometry

1. Prepare a file in .xls format containing the anticipated signal information for importing. For example, use the setting of "P21_T28.xls" (Table 2)
for the proofreading reaction of P21/T28 in steps 2, 3, and 4.

2. Create and define a new assay in the application program (see the Table of Materials) by right-clicking Import Assay Group in Designer
Format and select the .xls file (e.g., "P21_T28.xls" from step 5.1).

3. Establish the target assay plate via the Customer:Project:Plate option tree on the left side of the screen by right-clicking the top of the tree
and giving it a file name (e.g., "CTT20171201" represents the assay code and date).

4. Select the 384-well plate type and press OK; a blank plate will appear.
5. Select the appropriate assay (e.g., P21_T28) on the left side of the screen.
6. Assign the selected assay (e.g., P21_T28) for each sample spotted sample position on the chip by highlighting the well and right-clicking to

select Add Plex.
7. Prepare a working list of all the tests on the chip in .xlsx format with no header (e.g., 1201.xlsx of Table 3). Import the working list via the Add

New Sample Project option.
8. Assign the test in the working list (e.g., from 1201.xlsx) to each position of the P21_T28 assay and choose by right-clicking.

6. MALDI-TOF MS Operation

1. Link the mass spectrometer to the chip using the application program (see the Table of Materials).
2. Select the default setting at the right side of the screen.
3. Fill in the assay name from step 5.3 (e.g., CTT20171201), chip ID at the corner of the chip, and save the settings.
4. Start the MS control program (see the Table of Materials).
5. Press the In/Out button and take out the scout plate. Place the spotted chip from step 4.4 onto the scout plate and press the In/Out button for

the spotted chip to enter the mass spectrometer.
6. Click the Acquire button of the application program (see the Table of Materials) to start the mass spectrometry and acquire data.

7. Data Analysis

1. Open the program for the data analysis (see Table of Materials).
2. Browse the tree of the database at the upper left corner and select the chip ID from step 6.3. Open the data file on the right side of the

screen.
3. Click the spectrum icon to display the mass spectrum. To crop a specific range of m/z, right-click to select Customization Dialog and in the

new window click on X-Axis and set the desired upper and lower limit and press OK to show the specified range of the spectrum.
4. Export the spectrum for record keeping by right-clicking Export.

 

NOTE: Using a scale of 1,600 width/1,200 unit is a reasonable size for data inspection on a computer screen.
1. Select the JPEG file type, click on Destination, select Browse Disc (e.g., flash disc E:), type the file name (e.g., 1201-1.jpg), and then

click on Export.

5. For data quantitation, use the cursor and click on the peak to show the peak height at the upper left-hand corner.
1. Alternatively, print out an exported JPEG file and measure the peak height with a ruler manually.
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Representative Results

Templates and primers:

Using the procedure presented here, equal molar synthetic oligonucleotide templates and primers of relevant sequences obtained from
commercial sources were checked for their purity and quality (Figure 3A; note the signals matched the designated mass and the low
background) as well as for the relationship between the peak intensity and the analyte mass (Figure 2A). The peak heights were measured and
calculated (Figure 2B) for the MS data normalization.

Reaction condition and mass spectra:

The use of single base primer extension reactions coupled with MALDI-TOF MS for genotyping has previously been shown to be feasible using
standard ddNTPs terminators17. The proofreading assay using standard ddNTPs is similar to a singleplex reaction of genotyping but is much
simpler and very easy to perform to obtain clean and reliable results.

The MS spectra covered all the signals generated from both primers and templates (Figure 3). The proper design of the primers and templates
generated a well-separated signal profile for both the templates and the primers (Figure 3). According to the m/z value, signals from templates
and their non-specific partial degradation products (m/z > 7,000) were well separated from the mismatched primers and proofread products (m/
z < 7,000 in Figure 3). If necessary, introducing nuclease resistant phosphorothioate bonds to replace the last 4 phosphodiester bonds at the 3'
end of the template (Table 1; T28S4/P21) can reduce non-specific template hydrolysis (Figure 3G; d27).

In the absence of dNTPs, KF has a robust 3'-exonuclease and is capable of degrading both the primer and the template in vitro21. Like the native
4 dNTPs, the addition of the 4 ddNTPs prevents a 3' end degradation by KF (Figure 3C and 3E). Likewise, a one nucleotide extension of the 3'-
ends adds increased stability to the primer. Using pol I proofreading conditions as previously described20 with 10 U (46 pmol) KF, more than 80%
of the 50-pmol mismatched substrates were corrected in 5 min (Figure 3C, 3E, and 3G).

Intermediates and mechanism analysis:

MALDI-TOF MS resolution can be as fine as 1 dalton; indeed, all substrates, products, and intermediates with mass changes in the reaction
can be resolved in the same MS spectrum of the selected range. For example, in a terminal T-G mismatch, the mismatched G at the primer
terminus was corrected with the incorporation of ddA with an m/z difference of only 32. Such an m/z difference can be easily identified on the
MS spectrum in an m/z range from 5,000 to 7,000 (Figure 4A). The change of each individual signal can be calculated by summing up all
signals from the mismatched primer, excision intermediates, and proofread products as 100%. For example, in the T-G proofreading reaction,
the corrected product relative to the excision product was 23% versus 17% at 5 min, 31% versus 18% at 10 min, and 69% versus 14% at 20 min
(Figure 4A).

When a penultimate T-G mismatch is present in the primer, the last 2 nt should be excised followed by a ddA addition to complete the correction.
Indeed, the correct products increased with time from 12% at 5 min, 28% at 10 min, to 45% at 20 min of the reaction. In addition, two forms of
excision products for a penultimate T-G proofreading, the 1-nt excision intermediate and 2-nt excision products, were easily resolvable (Figure
4B).

Proofreading kinetics with single dNTP:

For E. coli DNA pol I, ddNTPs are not suitable substrates and should be regarded as inhibitors22. Alternatively, using a single 'correct' dNTP in
the proofreading reaction instead will also suppress non-specific 3'-5' exonuclease activity and the generation of single nucleotide extension
products suitable for MS analysis (Figure 5B). The proofreading rate obtained from reactions containing a single dCTP is about two times higher
than reactions containing the 4 ddNTPs (Figure 5A, 5B, and 5C). Thus, the use of a single 'correct' dNTP in the proofreading assay yields a
better result without the inhibitory effects of ddNTPs. This approach should provide greater sensitivity for proofreading kinetic analyses.

Proofreading of internal mismatches:

MS proofreading assays using KF for internal mismatches and the identification of proofread products are straightforward (i.e.,the proofreading
exonuclease excises nucleotides from the 3' end to the internal mismatch of the primers), followed by the addition of matched ddNMP to the
excision products via the polymerase function generating proofread products shorter than the primer substrates (Figure 6). A clear trend of
proofreading efficiency was observed, where KF efficiently proofread mismatches at the last, penultimate, 3rd and 4th nucleotides from the 3' end
of the primers (Figure 6; MM1, 2, 3, and 4). Mismatches at 5 nt from the 3' end of the primer were corrected partially with < 15% of mismatch
correction, and > 15% of the primer showed an extension without proofreading (Figure6; MM5). KF failed to proofread mismatches positioned at
6, 7, 8, and 9 nt from the 3' end of the primer (Figure 6; MM6, 7, 8, and 9) but still extended a significant proportion of substrates (Figure 6; PE
of MM6, 7, 8, and 9).

Repair of deoxyinosine lesion:
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In E. coli, deoxyinosine in DNA is primarily processed by the endo V repair pathway20,23. Endo V initiates the reaction by an incision at the
second phosphodiester bond 3' of the dI lesion. The strand break generated is believed to be used by pol I for a subsequent lesion excision and
DNA resynthesis24. This procedure was applied to test pol I repair substrates containing dI at the 3' penultimate site (Table 1; A-I, C-I, G-I, and
T-I) to validate this hypothesis. The repair of the 3' penultimate dI is analogous to the proofreading of the penultimate T-G mismatch (Figure 4B
and 6; MM2 entry), in which the last 2 nt should be removed followed by an addition of a correct ddNMP to complete the repair. MS patterns
clearly showed pol I corrected heteroduplexes of A-I, G-I, and T-I, albeit with different efficiencies (Figure 7; RP signals). However, the C-I
substrate was refractory to the pol I repair (Table 1 and Figure 7D and 7E; very low RP) and demonstrated the primer extension to a great extent
(Figure 7D; PE signal).

 

Figure 1. Model system for proofreading assay. A mismatched primer was annealed as indicated to a template forming a terminal mismatch
(bold). Proofreading exonuclease of DNA polymerase would detect and remove the mismatched nucleotide forming an excision product. In the
presence of a DNA polymerase and four ddNTPs, the excision product is extended by a single base complementary to the previous mismatched
site. When subjected to MALDI-TOF, the difference in mass between the mismatched primer, the excision products, and the proofread products
can be resolved. (This figure is adapted from Su et al.25 with permission.) Please click here to view a larger version of this figure.
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Figure 2. Peak intensity and oligonucleotide mass. Eight oligonucleotides from 17 to 24 nt with sequences complementary to the 3' end of
T28 (Table 1) were tested. (A) A mixture of 50 pmol of each oligonucleotide in 40-µL solutions was subjected to an MS analysis. (B) The peak
height of 17 nt was used as 100% for the calculation. The relative signal intensity for each oligonucleotide was the average of six determinations
and the error bars represent 1 standard deviation. (This figure is adapted from Su et al.25 with permission.) Please click here to view a larger
version of this figure.
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Figure 3. Effect of various template design. Proofreading reactions were assessed with the P21 primer forming a terminal T-G mismatch with
different templates. The proofreading assay was performed with 10 U (43 pmol) Klenow polymerase, 50 pmol substrate, and 4 ddNTPs at 37 °C
for 5 min. (A) This panel shows a P21/T32 T-G substrate without enzyme. (B) This panel shows a primer extension of a P21/T32 T-A substrate
by 3' exonuclease deficient Klenow. PE = primer extension product. (C) This panel shows a proofreading of the P21/T32 T-G substrate. PP =
proofreading product; d26, d27, d28 = 3' end-degraded template. (D) This panel shows a P21/T28 T-G substrate without enzyme. (E) This panel
shows a proofreading of the P21/T28 T-G substrate. PP = proofreading product; d26, d27 = 3' end-degraded template. (F) This panel shows a
P21/T28S4 T-G substrate without enzyme. (G) This panel shows a proofreading of the P21/T28S4 T-G substrate. PP = proofreading product; EP
= excision products; d27 = template degradation by-product. (This figure is adapted from Su et al.25 with permission). Please click here to view a
larger version of this figure.
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Figure 4. Time course analysis for excision products and proofreading products. Proofreading assays were performed with 2 U (8.6
pmol) KF and 50 pmol substrates as described in the protocol. The reactions were quenched at the indicated times. (A) This panel shows a
proofreading of a 3' terminal T-G mismatch; EP = proofreading excision product; d18 & d19 = excess excision by-products; PP = proofreading
products; P21 = mismatched primer. (B) This panel shows a proofreading of a 3'-penultimate T-G mismatch; EI-1 = excision intermediate; EP-2
= proofreading excision products; d18 = excess excision by-product; PP = proofreading products; P21 = mismatched primer; Na = sodium ion
bound nucleotides. (This figure is adapted from Su et al.25 with permission.) Please click here to view a larger version of this figure.
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Figure 5. Proofreading reaction with 4 ddNTPs versus a single dNTP. Proofreading assays were performed with 0.1 U (0.43 pmol) KF and
50 pmol substrates as described in the protocol. The reactions were quenched at the indicated times. (A) This panel shows a proofreading of
a 3' terminal G-G mismatch with 4 ddNTPs; EP = proofreading excision product; PP = proofreading resynthesis products; P21G = mismatched
primer. (B) This panel shows a proofreading of a 3' terminal G-G mismatch with dCTP; PP = proofreading resynthesis products; P21G =
mismatched primer. (C) The correction levels are the average of three determinations and the error bars represent 1 standard deviation. Na+ =
sodium ion bound nucleotides. (This figure is adapted from Su et al.25 with permission.) Please click here to view a larger version of this figure.
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Figure 6. Proofreading of internal mismatches. Proofreading assays were performed with 2 U (8.6 pmol) Klenow polymerase and 50 pmol
substrates in 37 °C for 20 min as described in the protocol. Blank = enzyme blank of an MM1 substrate. MM1 = a P21/T28 T-G substrate; MM2
to MM9 = substrates with internal mismatches, the numbers indicate the mismatch position relative to 3' end. P21 = mismatched primers; PR =
proofread products; PE = extended primers; d19 and d20 = excess excision by-products, the numbers represent the size of nucleotides. (This
figure is adapted from Su et al.25 with permission.) Please click here to view a larger version of this figure.
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Figure 7. Repair of 3' penultimate deoxyinosine lesions. Repair assays were performed with 2 U Klenow polymerase and 50 pmol substrates
in 37 °C as described in protocol step 2.3. The reactions were quenched at the indicated times. These panels show reactions with (A) T-I
substrate; (B) G-I substrate; (C) A-I substrate; and (D) C-I substrate. RP = repair products; EP = excision products; PE = primer extension
products, Na+ = sodium ion adducts. (E) The correction levels for T-I, G-I, and A-I were the average of three determinations and the error bars
represent 1 standard deviation. The correction levels for C-I were the average of two determinations. (This figure is adapted from Su et al.25 with
permission.) Please click here to view a larger version of this figure.
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Substrates Sequences Correction efficiency (pmol)

3'-TAATATGGTCAGTCCTGCAACCCTTCAGCTGA P21/T32

5'-    TACCAGTCAGGACGTTGGGAG

17.3

3'-ATGGTCAGTCCTGCAACCCTTCAGCTGA P21/T28

5'-TACCAGTCAGGACGTTGGGAG

18.4

P21/T28S4 3'-ATGGTCAGTCCTGCAACCCTTCAGCTGA 

MM1 5'-TACCAGTCAGGACGTTGGGAG

22.9

3'-ATGGTCAGTCCTGCAACCCTTCAGCTGA MM2

5'-TACCAGTCAGGACGTTGGGGA

13.5

3'-ATGGTCAGTCCTGCAACCCTTCAGCTGA MM3

5'-TACCAGTCAGGACGTTGGAAA

16.9

3'-ATGGTCAGTCCTGCAACCCTTCAGCTGA MM4

5'-TACCAGTCAGGACGTTGAGAA

15.1

3'-ATGGTCAGTCCTGCAACCCTTCAGCTGA MM5

5'-TACCAGTCAGGACGTTAGGAA

4.2

3'-ATGGTCAGTCCTGCAACCCTTCAGCTGA MM6

5'-TACCAGTCAGGACGTCGGGAA

< 0.5*

3'-ATGGTCAGTCCTGCAACCCTTCAGCTGA MM7

5'-TACCAGTCAGGACGCTGGGAA

< 0.5

3'-ATGGTCAGTCCTGCAACCCTTCAGCTGA MM8

5'-TACCAGTCAGGACATTGGGAA

< 0.5

3'-ATGGTCAGTCCTGCAACCCTTCAGCTGA MM9

5'-TACCAGTCAGGATGTTGGGAA

< 0.5

3'-ACCAGCGACCCCTTATACAGTCATA-I

5'-TGGTCGCTGGGGAATAIG

8.2

3'-ACCAGCGACCCCTTATCCAGTCATC-I

5'-TGGTCGCTGGGGAATAIG

1.0

3'-ACCAGCGACCCCTTATGCAGTCATG-I

5'-TGGTCGCTGGGGAATAIG

15.4

3'-ACCAGCGACCCCTTATTCAGTCATT-I

5'-TGGTCGCTGGGGAATAIG

16.6

Table 1. Proofreading substrates and correction efficiency by Klenow fragment. This table shows the bold 4-nucleotides at the 3'-end of
the template containing phosphorothioate modifications. The mismatched base pairs are in bold. The proofreading assays were performed with 2
U (8.6 pmol) Klenow polymerase, 50 pmol substrate, and 4 ddNTPs at 37 °C for 10 min. * These values are the lower limits for the proofreading
level because the background noise prevents accurate estimates of < 1% of the total mass signals observed. (This figure is adapted from Su et
al.25 with permission.)

WELL TERM SNP_ID 2nd-PCRP 1st-PCRP AMP_LEN UP_CONF MP_CONF Tm PcGC PWARN UEP_DIR UEP_MASS UEP_SEQ EXT1_CALL EXT1_MASS

W1 iPLEX T28 NA NA NA NA NA NA NA F 8524.54 ATGGTCAGTCCTGCAACCCTTCAGCTGA

W1 iPLEX P21 NA NA NA NA NA NA NA F 6495.24 TACCAGTCAGGACGTTGGGAA

Table 2. T28_P21.xlsx file. The setting was used for Figure 3D, 3E, 4A, and 5A.
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1201-1

1201-2

1201-3

1201-4

1201-5

1201-6

1201-7

Table 3. 1201.xlsx file. The setting was used for 7 reactions in Figure 4A.

Discussion

This study described a step-by-step proofreading activity assay analyzed by the chosen commercial instrument (see the Table of Materials)
using MALDI-TOF MS. The major advantages include that the primer and template are label free and easy to perform, allowing for greater
flexibility in designing experiments. A stream-lime complete processing of 30 proofreading tests would take 4 h, including 3 h for manually
performing the proofreading reactions and their cleanup, while the MALDI-TOF MS analyses using the aforementioned protocol takes 1 h to
complete. The primary drawback of this method is the amount of substrate required for the assay. To obtain strong signals and consistent results,
we used 50 pmol of DNA substrate in a 20-µL reaction; thus, the amount of DNA is much higher than with radiolabeled DNA experiments8,9,10.
Reducing the volumes and the sample size and fine-tuning the MS operation can lower the amount of substrate required.

Synthetic oligonucleotides obtained from commercial sources can be used for the proofreading study directly without any further purification or
treatment. However, it is advisable to check the purity and quality of the DNA by MALDI-TOF MS. The phosphorothioate bonds were introduced
to replace the last 4 phosphodiester bonds at the 3' end of the template (Table 1) to reduce the non-specific degradation of the template strand
(Figure 3G), albeit at a higher cost per sample. Interestingly, the signals from the template and primer DNA can be well separated by MS by
virtue of their differences in size; thus, this phosphorothioate modification is not required. In Figure 3E, for example, all the possible products of
the primer P21 extension and the proofreading excision and resynthesis were less than 22 nt (m/z < 7,000), while all the degradation fragments
from template T28 were greater than 24 nt (m/z > 7,000). The results in Figure 4A were from the same P21/T28 duplex set as those in Figure
3E. An enlarged window of m/z 6,000-7,000 shows only signals from the primer DNA without any confounding signals from the template.

The strategy of using primers with a ddNMP extension proved to be very stable, and, thus, ddNMP containing products are good indicators for
the proofreading assay. The addition of ddNMP to excision products could 'freeze' the proofreading products in the state for analysis immediately
post-excision. Alternatively, using a single correct dNTP (Figure 5B) instead of 4 ddNTPs to suppress the non-specific hydrolytic activity of the
proofreading exonuclease is also feasible.

Stopping the reactions with a standard phenol/chloroform extraction procedure proved to be the best means for the reaction termination since, in
one step, it enables the reactions to be stopped while also removing any protein interference. Alternatively, acid quenching, which is amenable
to automation, then neutralized by non-metal alkaline without a phase separation, also demonstrated reliable results. Sodium ion adducts (Na+ in
Figure 4, 5, and 7) are of concern since they can increase background and complicate the signal discrimination. A proper use of the clean resin
can reduce such interference; yet, even when such adducts are present, they normally have much smaller peaks relative to their parent-signal,
and this property can be used to distinguish between them (Figure 4, 5, and 7). Generally, the peak height of sodium adducts was proportional to
the major peaks; the inclusion or exclusion of sodium adducts in the calculation did not significantly affect the quantification results. Therefore, for
the quantification, we used the major peak height only for the calculation.

The proofreading experiments described here took advantage of internal mismatches to demonstrate the importance of the exonuclease domain
partition assay of KF26 and the detailed DNA polymerase I capability to efficiently proofread the mismatch at up to 4 nt upstream from the primer
3'-end (Figure 5, MM1 - 4) possibly due to the base-pairing stability at the primer-template junctions27. In addition, this study also used primers
containing penultimate deoxyinosine lesions to study a pol I repair of endo V-nicked repair intermediates. The results showed that T-I was
repaired more efficiently than A-I and G-I; however, C-I was refractory to the pol I repair (Table 1 and Figure 7). These results confirm that a
MALDI-TOF MS analysis can be very useful for proofreading and various short-patch DNA repair assays28 due to its high resolution.
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