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中文摘要 

此篇研究主要為利用基質輔助雷射脫附游離飛行時間質譜技術 (MALDI-TOF 

MS)，搭配未標定的 DNA寡核苷酸受質設計，研究三種維護基因體穩定性酵素的

活性，提出新的檢測酵素活性的方法，期望未來可應用於生技產業或臨床檢驗。

此篇研究分為三個部分，第一部分為第一型 DNA聚合酶校正在單一核苷酸插入/

缺失錯誤的活性之研究；第二部分為大腸桿菌中 DNA修復蛋白 Uracil-DNA 

glycosylase (UDG)活性之研究；第三部分為大腸桿菌第五型內切酶活性檢測方法

之建立與研究。 

重複序列 DNA因為易於滑動，在複製過程中常見插入/缺失錯誤的產生，此

錯誤通常可以透過 DNA聚合酶校正活性進行校正，但若錯誤位置距離引子 3’端

較遠，則可能因為末端正確配對使聚合酶直接進行引子延伸。為了研究插入/缺失

錯誤之校正活性，我們設計了距離 3’端倒數第 1至第 9個位置的單一核苷酸插入/

缺失錯誤，利用 MALDI-TOF MS的方法分析 DNA聚合酶的校正活性。使用 3種

dNTP或 4種 ddNTP進行校正活性的測定，研究結果發現距離 3’端第 1至 5個核

苷酸的插入/缺失錯誤能夠很好的被第一型 DNA 聚合酶進行校正，在距離 3’端第

6個核苷酸的插入/缺失錯誤僅部分被校正，距離 3’端第 7至 9個核苷酸的插入/缺

失錯誤無法被 DNA 聚合酶校正，而會直接進行引子延伸。根據以上結果我們推

測此校正活性與傾向，和 DNA聚合酶與 DNA引子-模板交界的接觸有關。 
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第二部分為大腸桿菌 DNA修復蛋白 Uracil-DNA glycosylase (UDG)活性之探

討。尿密啶 (Uracil)是 DNA中常見的損傷，由胞密啶水解脫氨形成。此 DNA損

傷若未即時進行修復，則會在 DNA複製後形成 G:C to A:T的轉換突變。在大腸

桿菌中，主要由 UDG進行 U的修復，此酵素於原核與真核細胞中在演化上高度

保留。已知許多測定 UDG活性的方法都有其限制性，故我們欲發展高專一性與

非標定受質的檢驗方法，期望能應用於臨床上抑制劑篩選的方法。我們利用帶有

U的寡核苷酸受質與 UDG酵素進行反應，形成帶有 apyrimidinic site (AP site) 的

產物與 U受質分子量相差 94，經過 MALDI-TOF MS的分析，能夠用質譜圖的信

號強度計算酵素的活性。我們利用此方法針對 UDG進行酵素活性的研究，結果

顯示其 Km為 50 nM, Vmax 為 0.98 nM/s ，Kcat 為 9.31 s
-1，此結果與傳統法所得

結果相近。利用 uracil DNA glycosylase inhibitor (UGI) 作為抑制物進行抑制效果

檢測，結果測得 IC50 為 7.6 pM。另外針對多種的 U受質檢測 UDG對不同受質的

專一性，結果顯示 U在正中間且與 G配對的受質(T1/U+9)最適合用於檢測 UDG

的活性，且以質譜儀檢測 UDG活性能夠很好的應用於臨床上的檢測。 

第三部分則利用 MALDI-TOF MS的平台建立用以檢測大腸桿菌內第五型核

酸內切酶酵素(Endo V)的活性。DNA 中的腺嘌呤經脫氨作用會形成亞黃嘌呤(dI) 

的損傷，若未被及時修復再次複製後會形成 A:T to G:C的轉換突變。在大腸桿菌

中 Endo V為參與 dI修復的重要酵素，先前研究發現 dI的修復由 Endo V、第一

型 DNA聚合酶(Pol I)與 DNA連接酶完成。Endo V在切割完 dI受質後會停留在
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DNA受質上，被認為可能與後續 Pol I的作用有關。為了能夠更深入研究 Endo V

的活性，我們發展以 MALDI-TOF MS方法搭配高週轉性的 dI受質進行 Endo V

酵素活性的分析，結果發現高週轉性受質能夠提高 Endo V週轉 5次的切割活

性，並能夠以動力學方法分析發現 Endo V對不同 DNA受質具有特異性(I-G> I-A

≒I-T> I-C)，且利用 MS的方法相較於螢光法可提升 16倍的靈敏度。我們也利用

尿素變性聚丙烯醯胺膠體電泳搭配螢光標定的 DNA受質，以研究 Endo V與 Pol I

的交互作用，發現具有 3’端至 5’端外切酶活性 Pol I可以促進 Endo V週轉 1.5倍

的活性，而沒有外切酶活性的 Pol I則促進週轉活性能力較差。因此可從這個結果

判定 Pol I與 Endo V之間在修復過程有交互作用。 

在此篇論文中我們展現了 MALDI-TOF MS此平台檢驗的優勢，快速、高通

量、高專一性，搭配非標定的 DNA 受質且彈性的受質設計，可以更全面的了解

酵素的活性，更重要的是可以做抑制物的檢測，將可應用於生技製藥的研發。 

關鍵詞:核酸修復、MALDI-TOF MS、Klenow fragment 校正活性、大腸桿菌

UDG、大腸桿菌第五型核酸內切酶。 
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Abstract 

Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry 

(MALDI-TOF MS) has been widely used in the detection of DNA modifications and 

SNPs. In this study, a non-labeled DNA substrate assay was established using MALDI-

TOF MS to study the activities of DNA maintenance enzymes, including DNA 

polymerase I (Pol I), uracil DNA glycosylase (UDG), and endonuclease V (Endo V). 

Insertion/deletion errors frequently occur during the replication of repetitive DNA 

sequences and could be corrected by DNA polymerase proofreading activity. A series of 

single nucleotide insertion/deletion (indel) error substrates, with the indel errors located 

1 to 9 nucleotide (nt) from the 3' terminus, were designed for a proofreading assay and 

subjected to MALDI-TOF MS. The proofreading activity was performed with three 

dNTPs or four ddNTPs. The results revealed that indel errors located 1 to 5-nt from the 

3' terminus could be effectively proofread by the Pol I, while partially proofread when 

indel errors at 6-nt from the 3’ terminus. Indel error at 7 to 9-nt from 3’terminus 

escaped proofreading, leading to primer extension. Based on these results, it suggests 

that proofreading activity is correlated with the interaction between DNA polymerase 

and primer-template junction. 

Uracil (U) is a DNA damage caused by the deamination of cytosine. It would cause 

G: C to A: T transition mutations if not repaired prior to DNA replication. In E. coli, 
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uracil is mainly repaired by uracil UDG, an enzyme that is highly conserved in both 

prokaryotic and eukaryotic cells. The UDG detection assay was designed with site-

specific uracil and performed by MALDI-TOF MS. UDG activity was determined using 

a non-labeled double-strand oligonucleotide carrying a uracil on its middle position. 

Kinetic parameters of UDG with Km at 50 nM, Vmax at 0.98 nM/s, and Kcat of 9.31 s-1 

were obtained by mass spectrometric analysis and these parameters were comparable to 

those revealed by traditional methods. The inhibitor screen assay was performed with a 

uracil glycosylase inhibitor (UGI), yielding an IC50 at 7.6 pM. Additionally, the UDG 

substrate specificity for various uracil substrates was tested, concluding that the 

substrate with uracil located at the center and paired with guanine is the most suitable 

for detecting UDG activity.  

Deoxyinosine (dI) is formed by the deamination of adenine and leads to A: T to G: 

C transition mutations if not repaired before DNA replication. In E. coli, dI repair 

involves Endo V, Pol I, and DNA ligase. Previous nicking assay showed tightly binding 

of Endo V to dI-containing DNA suggesting the possible role of dI-bound Endo V as a 

repair signal for Pol I. To study the interplay of Pol I and Endo V in the repair of dI, the 

activity of Endo V was determined using a MALDI-TOF MS-based assay and a PAGE 

assay. Analysis of Endo V activity using MALDI-TOF MS showed a 16-fold higher 

nicking activity compared to the fluorescence-based method, and substrate specificity in 
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the order of I-G > I-A ≈ I-T > I-C. The interaction between Endo V and Pol I was 

studied by denaturing urea polyacrylamide gel electrophoresis with fluorescently 

labeled DNA substrates. The results indicated that Pol I KF with 3' to 5' exonuclease 

activity enhances Endo V turnover by 1.5 times, while Pol I without exonuclease 

activity showed much less turnover. These findings suggest a direct interaction between 

Pol I and Endo V in the repair process. 

In conclusion, we demonstrate that MALDI-TOF MS is a powerful tool for 

enzyme activity analysis. It offers rapid, high-throughput, and highly specific results, 

and allows for flexible substrate design using unlabeled DNA. This approach provides a 

comprehensive understanding of enzyme activity and shows great potential for inhibitor 

screening in biomedical settings. 

Keywords: MALDI-TOF MS, DNA polymerase I proofreading activity, uracil DNA 

glycosylase, Endonuclease V, turnover activity.   
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Chapter I: Introduction 

1.1  Matrix-Assisted Laser Desorption Ionization-Time of 

Flight Mass Spectrometry (MALDI-TOF MS) for DNA 

Detection  

Matrix-assisted laser desorption ionization mass (MALDI MS) was initially 

employed in 1985 for analyzing and detecting amino acids. The strong laser pulse 

would cause large molecular damage and fractionation, making this method unsuitable 

for analyzing the intact substance [1]. This technique was developed in 1987 by 

Japanese engineer Koichi Tanaka, refining the matrix component for detecting high-

mass molecular compounds, leading him to earn the Nobel Prize in Chemistry in 2002.  

MALDI MS analysis begins with the preparation of the sample, involving mixing 

or coating it with a solution of an energy-absorbent organic compound, such as glycerin 

and cobalt metal powder, known as the matrix. The analyte is co-crystalized with the 

matrix and ionized with a laser beam, which induces analyte desorption and ionization 

leading to the formation of singly protonated ions [2]. These protonated ions can be 

separated by different mass-to-charge ratios (m/z) under the fixed potential fields [3]. 

These results can be analyzed and detected by specialized analyzers, such as quadrupole 

mass analyzers, ion trap analyzers, and time-of-flight (TOF) analyzers [4]. 
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The TOF analyzer determines the mass-to-charge ratio of detected ions by 

measuring the time to reach the detector. The traveling time of the ions only depends on 

the molecular weight when all the analytes carry the same charge. Some TOF analyzers 

include an ion mirror at the rear end of the flight tube, reflecting ions through the tube 

to a detector [5]. This ion mirror not only extends the length of the flight tube but also 

corrects minor differences in energy among ions. Therefore, the lighter ion reaches the 

detector first then the heavier ion follows [3].  

TOF mass analyzers are mainly used in microbiology [3,6]. Utilizing the TOF 

information, a characteristic spectrum known as the peptide mass fingerprint (PMF) is 

generated for analytes in the sample. Identification of unknown microbes using 

MALDI-TOF MS involves either comparing the PMF to the database or matching the 

masses of biomarkers from the unknown organism with the proteome database. In the 

last decade, MALDI-TOF MS has been widely used in clinical diagnostic assays for 

microbiology and virology [6,7]. High sensitivity, high resolution, and fast speed scan 

are the advantages compared to other analyzers. 

Alterations in DNA methylation and DNA adducts are strongly associated with 

human cancers and can serve as indicators for disease prognosis and diagnosis. 

MALDI-TOF MS has been used for analysis of DNA methylation [8,9], DNA adducts 
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[10,11], and SNP detections [12] in many pathological conditions. The MALDI-MS 

technique for SNP detection dubbed Pinpoint assay was first described by Haff and 

Smirnov in 1997 [13]. The protocol of Pinpoint assay involved three steps: SNP primer 

design, primer extension, and MALDI-TOF MS analysis. The SNP primer was designed 

for detection of the polymorphic site at the 3’ terminus adjacent to the primer. During 

the primer extension reaction, DNA polymerase polymerized one 2’3-

dideoxyribonucleoside 5’-triphosphates (ddNTPs) to match the template strand. The 

extension products were separated based on their molecular weight by MALDI-TOF 

MS, which could detect a 1 Da difference in mass [14]. We took advantage of a high-

throughput and high-resolution commercially developed MALDI-TOF MS method for 

clinical diagnostic application of SNP detection and streamline the procedure to develop 

several assays for DNA maintenance proteins [15,16]. 

 We have developed a DNA analysis assay by using MALDI-TOF MS. In 2018, we 

issued a MALDI-TOF MS assay to understanding Escherichia coli (E. coli) DNA 

polymerase I (Pol I) proofreading and DNA repair mechanism [17,18]. The labeled free 

substrates were used in assays. We took advantage of the high resolution of MALDI-

TOF MS to understand the Pol I proofread patch and process. A versatile design of the 

DNA substrate was prepared, which contained a transition mutation at different 
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positions from the 3’ terminus at the primer-template junction. The proofreading 

products and excision products can be easily separated on the mass spectrum. The 

results revealed that internal mismatches located 2-4 nucleotides from the 3’ terminus 

could be proofread by Pol I, while mismatches located 6-9 nucleotides from the 3’ ends 

escaped the proofreading activity. Furthermore, we subjected the deoxyinosine (dI) 

lesion at 3’ penultimate of the primer for mimicking E. coli endonuclease V (Endo V) 

nicking products. The findings indicated that T-I proved to be a more effective substrate 

compared to G-I and A-I, but C-I was resistance to repair. 

We then used this MS-based in vitro proofreading assay to explore the involvement 

of Pol I in the deoxyinosine (dI) repair pathway. In E. coli, Endo V served as the core 

enzyme to repair the dI lesion in DNA. Yet, the detailed mechanism of the dI repair 

pathway is unclear. By employing MALDI-TOF MS for the analysis of single-

nucleotide extension products, we demonstrated that the Pol I proofreading exonuclease 

removed only 2-nt nucleotides upstream of the Endo V incision site. This result further 

refined our understanding of the role of Pol I in the Endo V-dependent dI-repair 

pathway. Our conclusion highlights the crucial role of the proficient exonuclease 

activity of DNA polymerase I in the deoxyinosine repair pathway [19].  
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These noteworthy discoveries offer a systematic approach for studying related 

DNA repair proteins and mechanisms using MALDI-TOF MS as a high-resolution tool. 

In this study, we utilized the MALDI-TOF MS coupled with unlabeled DNA 

oligonucleotide substrates to study the activity of Pol I proofreading, E. coli uracil DNA 

glycosylase (UDG), and E. coli Endo V.  

In the first part of the study, we focus on the DNA Pol I proofread activity to the 

insertion/deletion error. In the second part of the study, we established a new detection 

method to analyze E. coli UDG activity. In the last part of the study, we attempted to 

identify the possible interaction between Endo V and Pol I in the repair pathway of 

deoxyinosine.  

 

1.2  Indel Error and DNA Proofreading 

1.2.1 Insertion/ Deletion Error  

During DNA replication, the insertion or deletion of nucleotides can cause 

frameshift mutations. In frameshift mutagenesis, misalignment of DNA intermediates 

leads to the addition of one or more nucleotides to either the template or the primer 

strands. The exact placement of these extra nucleotides can be affected by the sequence 
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context at the template-primer junctions, potentially leading to errors in the polymerase 

catalytic cycle [20-22]. 

Two well-known theories explain the insertion/deletion mutations resulting from 

DNA misalignment. The first theory, known as the slipped-strand mispairing theory, 

was introduced by Streisinger et al. in 1966 [23]. It suggests that repetitive DNA 

sequences are prone to slipping during replication. This slippage leads to misalignment 

and the potential insertion of an incorrect nucleotide at the end of the primer-template 

junction. Such a mismatch could impede DNA elongation due to the resulting 

protruding structure, necessitating intervention by the proofreading process. However, if 

the inserted base aligns with the template upon DNA realignment, DNA polymerase 

may resume synthesis, causing the insertion/deletion error after replication [24]. 

The second theory involves error-prone DNA synthesis, particularly associated with 

some members of the Y-family DNA polymerases. These polymerases are known to 

foster insertion/deletion errors. A study of their crystal structures revealed a mechanism 

by which error-prone and lesion bypass synthesis occur. This mechanism is involved 

with a loose interaction between the polymerase and the replicating base pair, allowing 

for the concurrent incorporation of two template bases into the active site [25]. Such 
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errors can lead to genetic rearrangements and microsatellite instability, with potential 

implications for disease development [20,26]. 

 

1.2.2 Correction of Insertion/Deletion Error  

In E. coli, the fidelity of DNA replication is safeguarded by several mechanisms, 

including (1) base selection through the geometric specificity for correct base pairing, 

(2) 3→5' exonuclease proofreading activity for the correction of replication errors, and 

(3) post-replication mismatch repair. Both base selection and 3→5' exonuclease 

proofreading activity are intrinsic functions of DNA polymerase [27]. DNA 

polymerases with a functional proofreading exonuclease domain demonstrate lower 

error rates in frameshift mutations. This suggests that misaligned DNA intermediates 

containing insertion-deletion (indel) errors can be corrected through the proofreading 

process [28]. 

However, DNA intermediates that are misaligned but stabilized by a matching 3' 

primer terminus can be extended by a DNA polymerase and escape from proofreading. 

Extrahelical nucleotides located a significant distance from the 3' terminus of the primer 

are less likely to be corrected by the 3→5' exonuclease activity, thus escaping 

proofreading [28]. 
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To determine the mechanism of extrahelical structure fidelity, it is important to 

investigate the capacity of DNA polymerase to process misaligned primer-template 

structures. The E. coli DNA polymerase I (Pol I) is the prototype enzyme of family A 

DNA polymerase. The Klenow fragment (KF) of DNA polymerase I is an outstanding 

model system for studying structure and function due to the availability of its crystal 

structure and its complex with a DNA substrate [29]. The features of DNA polymerase I 

and its proofreading mechanism are further discussed in section 1.2.3. 

 

1.2.3 DNA Polymerases in E. coli 

DNA polymerases play important roles in DNA replication, synthesis, and 

proofreading processes. These enzymes remove mismatched DNA in the mismatch 

repair pathway (MMR), as well as the damaged bases in both the base excision repair 

pathway (BER) and nucleotide excision repair pathway (NER) [30]. 

In E. coli, five distinct DNA polymerases have been identified, designated as I 

through V. DNA Polymerase I (Pol I), the first to be discovered in the 1950s [31], is 

encoded by the polA gene [32]. It is the most abundant polymerase in E. coli, with an 

estimated 400 molecules per cell, making it the most thoroughly researched and 

characterized among the polymerases isolated from E. coli [33]. 
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DNA polymerase II (Pol II), encoded by the polB (dinA) gene, was discovered in 

1970 [34]. It is a high-fidelity enzyme that possesses both polymerization and a 3’→5' 

exonuclease active site. Pol II is involved in various DNA repair pathways such as the 

repair of oxidized DNA lesions, UV-induced DNA damage, and restarting the 

replication after DNA lesion [35]. Its concentration increases sevenfold under the SOS 

response stimulation, from a baseline level of approximately 30 molecules per cell [36-

38]. During the replication process, Pol II interacts with the β clamp, and serves as a 

backup to DNA polymerase III (Pol III) through polymerase switching, thereby 

ensuring the continuity and accuracy of DNA replication [39]. 

The DNA Polymerase III holoenzyme (Pol III) was discovered by Thomas 

Kornberg and Malcolm Gefter in the 1970s [40]. It is a high-fidelity replicative enzyme 

in E. coli and features a rapid synthesis rate of approximately 1000 bases per second 

[41,42]. Pol III is a multi-subunit enzyme composed of ten subunits. Its structure 

includes a central core, including the α, ε, and θ subunits, which possessed both the 5’→

3’ polymerase activity and the 3’→5’ exonuclease proofreading function. Additionally, 

the complex includes the β2 sliding clamp and the clamp loader complex, essential for 

processivity and substrate specificity [43]. 
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DNA polymerase IV and V in E. coli are translesion synthesis (TLS) enzymes 

characterized by their lack of proofreading activity and relatively low fidelity [44,45]. 

Expression of Pol IV can increase up to tenfold above its basal intracellular level in 

response to SOS induction [46]. Pol IV is often recruited to the replication fork to 

address misaligned or bulged primer-template DNA structures, enabling it to bypass 

such lesions during DNA replication [47]. Polymerase V exhibits higher error rates and 

is a key player in SOS mutagenesis [48], primarily responsible for UV-induced 

mutagenesis in E. coli. This demonstrates its proficiency in circumventing lesions 

caused by UV radiation [49]. Together, all five DNA polymerases are crucial for DNA 

replication and genome stability maintenance. 

 

1.2.4 E. coli DNA Polymerase I 

The E. coli DNA Polymerase I (Pol I) polypeptide comprises two functional 

domains: the large domain, known as the Klenow fragment (KF), exhibits both 5'→3' 

polymerase activity and 3'→5' proofreading exonuclease activity; the small domain 

possesses 5'→3' exonuclease activity [50]. The three-dimensional structure of the 

Klenow fragment was determined by X-ray crystallography in 1985 [51]. 

Comprehensive enzymatic studies of the KF, including mutational analyses [52-54] and 
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kinetic evaluations [55,56], have been conducted. These studies demonstrated that the 

dNTP polymerization region and the exonucleolytic proofreading domain are separated 

by about 30-35 Å  [57,58]. 

The Klenow fragment contains a thumb, finger, and palm domain. The finger 

domain contacts with single-strand DNA and the incoming nucleotides, facilitating the 

identification and incorporation of the correct nucleotide during DNA synthesis. The 

thumb domain primarily contacts with 5-8 bp of double-stranded DNA, stabilizing the 

polymerase-DNA complex [59-61]. The palm domain, crucial for catalytic activity, 

binds two metal ions that are essential for nucleotide addition and DNA polymerization 

[58,62,63]. 

A tight pocket formed by the finger and palm domains only adopted the Watson-

Crick base pairing geometry [64], ensuring the correct base was selected during 

replication [65]. The suitable structure was detected by interacting with specific 

hydrogen bond acceptors found at the pyrimidine O-2 and purine N-3 atoms [66]. 

Therefore, DNA polymerase ensures the correct base synthesis during the replication 

process and discriminates the errors through the proofreading process.  

One of the major factors for the low error rate is attributed to the proofreading 

activity of DNA polymerase. If DNA polymerase encounters mismatched DNA during 
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replication, the replicative DNA would be transferred from the polymerase active site to 

the 3'→5' exonuclease active site [67]. A previous study employing T7 DNA 

polymerase has demonstrated that the polymerase synthesizes correctly paired DNA 

with a rate constant of 300 s⁻¹ and transfers the DNA to the 3'→5' exonuclease active 

site with a rate constant of 0.2 s⁻¹. The rate constant for the synthesis of dNTP into 

mismatched DNA by DNA polymerase is 0.01 s⁻¹, and DNA moves to the 3'→5' 

exonuclease active site with a rate constant of 2.3 s⁻¹ [68]. Notably, when DNA 

polymerase encounters mismatched DNA, it tends to rectify the situation. This is 

manifested by a reduction in synthesis efficiency and an increase in the efficiency of 

transferring the DNA from the polymerase active site to the 3'→5' exonuclease active 

site. 

The DNA proofreading process in vitro can be outlined in three steps. First, DNA 

binds to the polymerization site of DNA polymerase. Second, the 3' end of the DNA 

primer moves to the 3'→5' exonuclease site. Third, the exonuclease removes the 

incorrect nucleotide [69]. During the proofreading process, about 4 base pairs from the 

3’ terminal in the DNA polymerase melted and then translocated to the 3'→5' 

exonuclease active site. Finally, the terminal nucleotide is excised before transferring 

the primer end to the polymerase active site [29,70,71]  
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1.2.5 The Proofreading Assays  

The proofreading efficiency of extrahelical structures by DNA polymerase has been 

studied by using different methodologies over the years. The DNA polymerase 

proofreading activity can be estimated by the thermodynamic-based method. The 

thermodynamic stability (ΔΔG) is influenced by the presence of a single base bulge, 

making a DNA substrate with an extrahelical structure less stable than perfectly paired 

DNA. The melting temperature (Tm) of the DNA duplex is determined by measuring 

absorbance at 10-second intervals during temperature elevation. It is noteworthy that the 

ranking of bulge-induced destabilization is in the following order: G > C ≫ T > A [22].  

A real-time deletion mutation assay was established to examine polymerase β and μ 

by a fluorescent substrate. A fluorescent analog of adenine, 2-aminopurine (2-AP), base 

paired with thymine. The fluorescence signal alteration served as an indicator to 

understand the DNA stacking and structure. A decrease in fluorescence when dTTP is 

directly incorporated into the 2-AP template or strand slippage takes place. Conversely, 

the signal increased when nucleotide incorporation stabilized DNA stacking and formed 

the 2-AP loop out. The absorption wavelength for 2-AP is 310 nm, while its emission 

occurs at 370 nm. The limitations of this method include the design of the special 
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sequence and the constraint imposed by the 2-AP-labeled DNA, which limits 

misalignment structures [72]. 

The kinetic study of proofreading was investigated using a quenched-flow assay 

[73]. To understand the proofreading activity on DNA substrates with various 

mismatched positions from the 3' terminal end, the kinetic of DNA transfer between the 

polymerization site and the exonuclease site of the polymerase was monitored. Changes 

in fluorescence signal intensity were indicative of DNA partitioning to the exonuclease 

site, thereby suggesting the occurrence of proofreading activity. The results revealed 

that a mismatch buried by 1 to 3 correct nucleotides was bound to the exonuclease site, 

while a mismatch buried by 4 to 10 nucleotides was bound to the exonuclease site less 

than 10% of the time [73]. However, the observation of DNA partitioning provided 

indirect evidence of proofreading activity for substrates with buried mismatches. The 

most straightforward method to assess proofreading activity is by quantifying the 

resultant proofreading products. Over the past decade, we have developed both in vivo 

and in vitro assays to thoroughly investigate Pol I proofreading activity.  

The system for evaluating proofreading activity was first developed in 2013 [74]. 

This system not only illustrates the significance of proofreading activity in the E. coli 

repair mechanism of deoxyinosine but also allows us to calculate the initial rate of Pol I 
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proofreading among all twelve mismatches at the 3’-penultimate. A circular DNA 

duplex was constructed with 12 mismatches, and the three mutagenic deoxyinosine 

lesions (A-I, G-I, and T-I). Those DNA substrates were designed to disrupt a restriction 

endonuclease recognition site and scored by restriction enzyme assay. The in vitro 

repair assays were performed by using either a cell-free extract or a reconstituted system 

with purified proteins. The results indicated that the proficient exonuclease polymerase 

is essential in the repair of deoxyinosine.  

 

1.3  Base Excision Repair and Glycosylase  

1.3.1  Uracil in DNA 

Uracil (U) is a normal nucleotide in RNA, it replaces thymine (T) and pairs with 

adenine (A) during DNA transcription. However, uracil (U) is considered a lesion in 

DNA, leading to two types of pairings: U-A or U-G [75]. Uracil in DNA may interrupt 

the transcription process, including gene fidelity and transcription factor binding. It is 

believed that accumulation of DNA base damage is highly related to tumorgenicity, 

aging, and genetic disease [75,76]. 

The U-A pairing can occur due to the misincorporation of dUTP during 

semiconservative replication. Since deoxyuridine triphosphate (dUTP) is an 



doi:10.6342/NTU202401466

 

 

16 

intermediate in the cellular synthesis of deoxythymidine triphosphate (dTTP), DNA 

polymerase can erroneously substitute dUTP for dTTP to form a U-A mismatch [77]. 

The misincorporation of dUTP in the DNA replication process depends on the ratio of 

dTTP and dUTP in the dNTP pool. In E. coli, the dCTP is converted into dUTP through 

dCTP deaminase. During the E. coli replication process, the incorporation of dUTP 

occurred every 1500-3000 bases, and about 4000 uracil in DNA after replication [78]. 

In mammalian cells, the production of dUTP is less than E. coli due to the lack of dCTP 

deaminase. Therefore, the dUTP incorporation frequency in mammalian cells is a 

hundred times lower than E. coli, with only one dUTP polymerized by polymerase 

every 105 bases, and ~104 dUTP per genome per cell division cycle [79]. U-A pairing 

might not cause mutations, but it can lead to cell damage through multiple repair cycles 

and DNA breakage [80]. 

The U-G base pair in DNA arises from cytosine deamination within a C-G base 

pair. Cytosine deamination can be induced by heat, nitrous anhydride, sodium bisulfite, 

alkaline, and ultraviolet (UV) irradiation, or occur spontaneously [81]. The rate of 

spontaneous cytosine deamination is estimated to be between 100 and 500 events per 

cell per day [82] and occurs about 100 times faster on single-stranded DNA (ssDNA) 

than on double-stranded DNA (dsDNA) [83]. If the uracil is not repaired before DNA 
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replication, it may lead to a G-C to A-T transition mutation [84]. To prevent mutation 

and maintain gene integrity, uracil can be repaired through base excision repair (BER). 

 

1.3.2 Base Excision Repair (BER) Pathway 

Base excision repair (BER) is a repair pathway that corrects DNA damages, 

including alkylation, deamination, and oxidative damage [85,86]. This pathway is 

highly conserved in both prokaryotic and eukaryotic cells. In mammalian cells, BER is 

initiated by DNA glycosylase, which identifies and excises specific modified 

nucleobases. DNA glycosylase can be classified into two types: monofunctional and 

bifunctional. Monofunctional DNA glycosylases hydrolyze the glycosidic bond 

resulting in an abasic site (AP site). The AP site is then processed by AP endonuclease 1 

(APE1) which removes the AP site by generating a nick at the 5' phosphodiester bond, 

forming a 3' hydroxyl and 5'-deoxyribose phosphate (5'-dRP) groups [87]. In contrast, 

bifunctional DNA glycosylases cleave the glycosidic bond via β-elimination of the 

DNA backbone 3’ to the AP site and form a Schiff base, then create a single strand 

break with 3’-α, β-unsaturated aldehyde, and 5’-phosphate [89,90] 

After the reaction of APE1, BER may proceed via one of two pathways: short-patch 

and long-patch pathway. In short patch BER, the 5’ dRP group is removed by the DNA 
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polymerase β (Pol β) which possesses deoxyribose-phosphodiesterase (dRP lyase) 

activity, and synthesis of a complement nucleotide. Then the BER pathway is 

accomplished by ligase IIIα/XRCCI complex to seal the nick. For long patch BER, the 

Pol β or Pol δ/ε undergoes strand displacement synthesis, and flap endonuclease 1 

(FEN1) removes the replaced DNA fragment, then seals the nick by ligase I/PCNA 

complex.  

In E. coli, the BER pathway was searched thoroughly by Lindahl [88]. E. coli DNA 

glycosylase recognized and excised the lesion base, cleaving an N-glycosidic bond and 

leaving an AP site. The 5’ sugar-phosphate chain at the AP site is cleavage by E. coli 

APE exonuclease III (XthA) and endonuclease IV (Nfo). Exonuclease III removes the 

3’ phosphoryl group then generates a 3’ hydroxyl group, which is a suitable substrate 

for DNA Pol I gap filling [89]. Endonuclease IV generates a 3’ OH group by attacking 

the phosphodiester bond at the 5’ to the AP sites [90]. In E. coli, short patch BER is 

involved with dRP lyase, such as formamidopyrimidine DNA glycosylase (Fpg) and 

RecJ, to remove dRP and synthesize one nucleotide by DNA polymerase I. In long 

patch BER, DNA polymerase I uses its 3’→5’ exonuclease activity to remove the dRP 

group and synthesize two or more nucleotides [91]. The displaced strand is then 

removed, and the resulting nick in the DNA is sealed by DNA ligase. 



doi:10.6342/NTU202401466

 

 

19 

 

1.3.3 Uracil DNA Glycosylase (UDG) 

DNA glycosylases are a group of damage-specific enzymes, which recognize 

various base lesions on single or double-stranded DNA. For repairing uracil in DNA, 

uracil-DNA glycosylase (UDG) initiates and remove uracil from DNA, then fills the 

correct nucleotide with a series of downstream proteins. UDG has been widely observed 

across various organisms, including viruses, pathogenic bacteria, and eukaryotic and 

mammalian cells since its discovery in E. coli. It has been identified as a highly 

conserved superfamily through evolution, as shown in various studies [92,93]. Based on 

their substrate specificity, UDGs are categorized into six families [94].  

In E. coli, Uracil N-glycosylase (UNG) is encoded by the ung gene and primarily 

removes uracil from DNA, belonging to family I UDG [95]. The U-G mismatch-

specific DNA glycosylase (Mug) which recognizes U-G mismatch, belongs to family II 

UDG [96]. In human cells, there are at least 11 unique glycosylases and four of them 

mainly remove uracil: Uracil N-glycosylases (UNG, family I), single-strand-selective 

monofunctional uracil-DNA glycosylase (SMUG1, family III), thymine-DNA 

glycosylase (TDG, family II) and methyl-CpG binding DNA glycosylase (MBD4, HhH-

GPD superfamily) [75,97]. Uracil on DNA is primarily removed by the UNG gene 
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product, which is further divided into UNG2 in the nucleus and UNG1 in the 

mitochondria based on its mRNA N-terminal sequence [98]. UNG1 primarily repairs U-

G mispair in mitochondria. UNG2 is cell cycle-regulated glycosylase, highly expressed 

in nuclear at early to mid-S phase cells, and rapidly degraded at the G2 phase. SMUG1, 

which has a high binding affinity toward the AP site and shows a lower catalytic 

turnover rate compared to UNG1/2, is suggested to play an important role in the repair 

of uracil in non-proliferating cells. TDG and MBD4 repair pyrimidine derivates in 

mismatch and uracil in the CpG sequence, respectively [86,99]. 

A comparison of the sequences of E. coli Ung and human UNG proteins shows that 

they share 58% of identical amino acids, revealing a remarkably high degree of 

sequence conservation across the two species [100]. UDG is highly specific to uracil, 

remove uracil from both double and single-stranded DNA with the preference: ssU>U-

G>U-A. 

DNA glycosylase also plays an important role in immunological diversity and takes 

part in somatic hypermutation (SHR) and class switch recombination (CSR) in the B 

cell maturation process [101]. Irregular expressions of UDG have been linked to the 

development of several diseases, such as lymphoma, Bloom syndrome, human 
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immunodeficiency, and cancer [84,102]. Therefore, the detection of UDG activity is 

critical for clinical diagnosis. 

 

1.3.4 5-Fluorouracil and UDG Activity 

5-Fluorouracil (5-FU) was the first synthetic fluoropyrimidine analog introduced in 

1957, marking a significant advancement in cancer chemotherapy [103]. It is 

predominantly utilized in the treatment of breast and colorectal cancers with its high 

efficacy [104]. The cytotoxic mechanism of 5-FU involves multiple pathways. 

Primarily, its incorporation into RNA and DNA as fluoronucleotides disrupt normal 

cellular processes. Additionally, 5-FU inhibits thymidylate synthase (TS), an essential 

enzyme in the nucleotide synthesis pathway, leading to a reduction in thymidine 

triphosphate (dTTP) pools and subsequently causing DNA damage and cell death [104]. 

When the misincorporation of 5-FU occurred and paired with adenine, it could be 

recognized and excised by DNA glycosylase [105]. Conversely, when 5-FU pairs 

incorrectly with guanine, it could be detected by the mismatch repair (MMR) protein 

MutS [106]. Previous study has demonstrated that both BER and MMR pathways are 

integral to the cytotoxicity and sensitivity of cells to 5-FU [106]. These pathways not 

only repair 5-FU-induced DNA lesions but also play roles in modulating the cellular 
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response to 5-FU, influencing its efficacy as a chemotherapeutic agent. In vitro assays 

have shown that 5-FU can be removed by four major DNA glycosylases in mammalian 

cells, highlighting the broad capacity of the BER pathway to address 5-FU-induced 

damage [107]. Among these glycosylases, uracil-DNA glycosylase (UNG) and single-

strand selective monofunctional uracil-DNA glycosylase 1 (SMUG1) have been the 

most extensively studied, underscoring their importance in the repair process [108]. 

These studies suggest that understanding of DNA repair pathways could lead to 

improvement of therapeutic strategies. Additionally, exploring the interplay between 

these repair mechanisms and other cellular pathways may offer new avenues for 

overcoming resistance to 5-FU and increasing its clinical effectiveness [109]. Therefore, 

developing a new strategy that combines 5-FU and glycosylase inhibitors may have 

great importance for the success of the therapy. Undoubtedly, establishing a fast, high-

throughput, and highly sensitive methodology is crucial for inhibitor screening in DNA 

glycosylase. 

 

1.3.5 The Detection Method of UDG Activity 

Several assays assessing the in vitro base excision repair (BER) activity have been 

previously described and listed in Table 1. The UDG assay using isotope-labeled 
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substrate was first described in 1981 [110]. The uracil excised from radioactively 

labeled DNA substrates and free uracil can be separated from the DNA by different 

solubility in ethanol then followed by chromatography analysis. However, the use of 

radioactive materials in this method poses significant hazards. Additionally, the 

preparation process is both time-consuming and labor-intensive. 

Fluorescence-labeled oligonucleotide assays combined with gel electrophoresis 

have been devised as an alternative to radioisotope labeling [111]. Fluoresce labeled 

oligonucleotide was used for measuring glycosylase activity, containing a base lesion in 

the restriction enzyme sequence. The base lesion was removed by glycosylase activity 

and repaired by a following repair protein. The glycosylase activity was analyzed by 

restriction enzyme digestion and resolved by gel electrophoresis. In this assay, the 

reaction buffer should be taken into consideration when analyzing different glycosylase 

activity.  

The fluorescently labeled substrate is also widely used in fluorescent resonance 

energy transfer (FRET) based assay. The technique employs two complementary 

oligonucleotides containing multiple U-A pairings. One is labeled with a 3' donor 

fluorophore and the other with a 3' acceptor fluorophore. The stable complex dissociates 

after the uracil is excised by a glycosylase reaction. Monitoring the reaction by 
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fluorometer, energy transfer from the donor fluorophore to the acceptor fluorophore 

resulting in fluorescence emission could be detected [112]. However, the specific 

labeling requirements limit substrate design and high background levels remain 

problematic. 

There are more UDG detection methods mentioned with special substrate designs. 

The colorimetric-based method with a G-quadruplex DNA probe was developed in 

2015, and utilized on UDG activity in 2021 [113,114]. The substrate contained multiple 

U-G pairings with 3' poly dG and it formed a G-quadruplex structure when the uracil 

was removed by glycosylase reaction. The G-quadruplex structure would then bind with 

a fluorescent substance such as thioflavin T (ThT) or heme. Lastly, the fluorescent 

complex would then covalently bind to redox indicators and could be detected at the 

specific wavelength for measuring UDG activity. However, the precipitation of redox 

substances may cause a high background. 

The electrochemical-based method was reported in 2016 [115]. Multiple A-U 

pairing DNA duplex dissociated after UDG excised the uracil. Single-stranded DNA 

can be absorbed onto the graphene-modified glassy carbon (GC) electrodes, causing the 

current response as the signal indicator for evaluation of UDG activity. Nonetheless, the 

preparation of graphene-modified GC electrode is time-consuming and hard to perform.  
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Recently, a PCR-based assay was developed to measure uracil DNA-glycosylase 

activity, providing a rapid, label-free, and quantitative in vitro assay [116]. A U-

containing DNA substrate was prepared by randomly incorporating dUTP into the 

DNA. The cell or tissue extract was mixed with this U-containing DNA, followed by 

qPCR to measure glycosylase activity. However, a disadvantage of using this protocol 

is low specificity. 

Recently, the use of enzyme-free electrochemical biosensor-based UDG detection 

assay was reported [117]. The UDG detection assay involves three steps. First, a metal 

nanoparticle was prepared using nickel (Ni), cobalt (Co), and single-stranded U-

containing DNA to form NiCoP@PtCu@sDNAs nanosheets. Second, a metal-linked 

DNA substrate was subjected to a glycosylase reaction. The released products replaced 

the protector on the capture probe anchored to the electrode surface. Finally, changes in 

the electrical signal proportional to UDG activity could be measured. The authors 

claimed that this method featured high sensitivity. However, the application of this 

protocol seems to be limited by its tedious substrate preparation. 

Taking into account the limitations of the methods described above, there is a need 

to develop a simple, accurate, highly sensitive, and cost-effective assay for UDG 

activity.   
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1.4  Repair of Deoxyinosine and E. coli Endonuclease V 

1.4.1 Deoxyinosine in DNA 

Deoxyinosine (dI) is an abnormal nucleoside with hypoxanthine serving as its base 

component. Most of the deoxyinosine present in DNA arises from the spontaneous 

deamination of deoxyadenosine residues, or catalysis by adenosine deaminase or AMP 

deaminase, leading to the formation of a dI-dT base pair. Deamination of dATP results 

in dITP, as it has a similar structure to deoxyguanosine, causing dI-dC pairing. 

Meanwhile, dITP pairing with dATP or dGTP during DNA synthesis is a rare event 

[118]. In E. coli, the incorporation of dITP is non-mutagenic since DNA polymerase 

recognizes it as guanine and stably pairs with cytosine through the near hydrogen bond. 

The deamination events of adenine occurred only 2% compared to that of cytosine 

[119]. LC/MS-MS quantification of damaged DNA products indicates that 

deoxyinosine could be identified at baseline levels ranging from 1 to 10 per 106 

nucleotides in tissues or cells [120]. It would cause an A-T to G-C transition mutation if 

deoxyinosine is unrepaired before replication.  

In the de novo purine nucleotide metabolism pathway, inosine monophosphate 

(IMP) is a normal intermediate metabolite in which hypoxanthine is the base moiety. 
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Previous studies have found that inosine triphosphate pyrophosphatase (ITPase) 

encoded by the ITPA gene hydrolyzes inosine triphosphate (ITP) and dITP into IMP and 

dIMP with similar efficacy in mammalian cells. This process reduces the vital 

dysfunction caused by the accumulation of inosine derivatives [121,122]. Hence, it is 

crucial to repair the presence of deoxyinosine in DNA to ensure the preservation of 

genome integrity. 

 

1.4.2 Repair of Deoxyinosine in DNA  

Studies have indicated that deoxyinosine (dI) produced in DNA can be removed by 

various DNA repair systems in both prokaryote and eukaryote cells. In Escherichia coli, 

3-methyladenine DNA glycosylase II (AlkA) encoded by the AlkA gene featured with 

board substrate recognition includes hypoxanthine, oxidized guanine, 8-oxoguanine, 5-

hydroxymethyluracil, 5-formyluracil,3-methyladenine, 7-methylguanine, 1,N6-

ethenoadenine (εA), and other alkylated purine bases [123]. The AlkA protein in E. coli 

excises the hypoxanthine base from dI in DNA, creating an apurinic/apyrimidinic (AP) 

site and initiating a base excision repair (BER) pathway [124]. The homology of the 

AlkA protein is highly conserved over the organism, MAG in S. cerevisiae and AAG in 

H. sapiens. The AlkA protein acts on all base pairs, including A-I, C-I, G-I, and T-I, 
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without exhibiting clear specificity [125,126]. However, E. coli AlkA protein excises 

hypoxanthine much slower than other alkylated DNA, while mammalian AlkA protein 

removes hypoxanthine efficiently [127].  

In E. coli, the alternative excision repair (AER) pathway triggered by endonuclease 

V (Endo V), which is encoded by the nfi gene [128], has been demonstrated as the 

primary pathway for processing deoxyinosine (dI) both in vivo and in vitro [129,130]. 

In AER, Endo V identifies and nicks the DNA at the second phosphodiester bond 3’ to 

the dI without releasing the damaged base [131]. E. coli Endo V is thought to require 

another enzyme to accomplish dI repair. 

These comprehensive views highlight the complexity and efficiency of DNA repair 

mechanisms in dealing with deoxyinosine. While AlkA and Endo V provide critical 

pathways for repairing dI, the differences in efficiency and mechanisms between 

prokaryotic and eukaryotic systems underscore the evolutionary adaptations of these 

organisms to maintain genomic integrity. Further research into these pathways could 

provide deeper insights into the prevention and treatment of genetic diseases related to 

DNA repair deficiencies. 

 

1.4.3 E. coli Endonuclease V  
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Endonuclease V (nfi gene, M.W.:24.9 kDa) was first discovered as the fifth 

endonuclease from E. coli K12 strain deficient in endonuclease I by Gates and Linn in 

1977 [132]. It has been described as exhibiting an optimal pH at an alkaline level of 9.5, 

necessitates Mg2+, and generates 3'-hydroxy and 5'-phosphate termini. E. coli Endo V 

also nicked the duplex DNA exposed to OsO4, UV light, or acid. Uracil contains DNA 

and single-stranded DNA served as a good substrate for nicking, suggesting that the 

Endo V could trigger the base excision repair [133].  

The deoxyinosine 3' endonuclease activity was isolated and purified by Min Yao 

[131,134,135]. In 2012, Weiss and Kow cloned and sequenced nfi gene, confirmed that 

the deoxyinosine 3' endonuclease is identical to Endo V [133]. Endo V features a broad 

substrate specificity including hypoxanthine, cleave AP, uracil sites, base mismatches, 

flap, pseudo Y structures, and small insertions/deletions [134,135]. The Endo V binds 

the major groove of the dI-containing DNA duplex and then nicks the DNA at the 3’ of 

deoxyinosine without removing the lesion base. The binding and nicking activity is 

Mg2+ dependent [136]. Additionally, E. coli Endo V formed a stable complex with dI-

containing DNA due to the 6-keto group of hypoxanthine from deoxyinosine [137]. The 

substrate specificity was determined by examining the nicking efficiency of 

oligonucleotide substrate. For double-stranded dI-containing DNA, Endo V had a four-
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fold preference over single-stranded DNA, and showed a similar preference for dI 

paired with A, T, C, or G. Furthermore, Endo V shows a similar affinity toward the 

substrate and nicked products, proposing that the DNA-protein complex is a target to 

other repair proteins and initiates an unconventional repair pathway [134].  

 

1.4.4 Homologs of Endonuclease V 

Endonuclease V is evolutionary conserve in prokaryotic and eukaryotic cells. The 

structure of Endo V has been investigated intensively by using the thermophilic 

bacterium Thermotoga maritime Endo V [138]. The 3’ exonuclease activity and non-

specific 5’ exonuclease activity of Tma Endo V were measured by fluorescently labeled 

substrate [139]. The Salmonella typhimurium Endo V exhibits a strong affinity for 

deaminated bases and is the only variant of Endo V that has demonstrated noticeable 

binding to DNA containing deoxyxanthosine [140]. 

The substrate preference of homologs of Endo V was altered from DNA in bacteria 

to RNA in eukaryotes. Human Endo V (M.W.: 50.2 kDa) shares 30% sequence identity 

with bacterial Endo V and has been identified as a nucleolar protein that recognizes and 

binds to branched DNA structures [141]. As a deoxyinosine endonuclease, human Endo 

V cleaves dI on single- and double-stranded DNA, exhibiting a preference order of ssI > 
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G-I > T-I > A-I > C-I [142]. Human Endo V also cleaves the inosine on RNA 

suggesting that Endo V plays an important role in RNA metabolism [143]. It has been 

reported that the activity or expression level of human Endo V is correlated to 

atherosclerosis [144], hepatocellular carcinoma [145], and re-localization of 

cytoplasmic stress granules [146], all of them show the biological significance of Endo 

V.  

 

1.4.5 The Endonuclease V Repair Pathway  

The repair pathway of deoxyinosine by Endo V remained unclear until the 2010s. 

Lee. et al. conducted an in vitro assay by dI-containing DNA duplex and demonstrated 

that the dI repair pathway could be facilitated by a maltose binding protein fusion Endo 

V, DNA polymerase I, and DNA ligase. By using bacterial cell-free extract, the removal 

of the dI lesion is highly dependent on the presence of the nfi gene [129]. The removal 

of dI lesion in DNA relies on the 3’-5’ exonuclease activity of DNA polymerase, and dI 

at 3’ penultimate can be corrected efficiently through the proofreading process by DNA 

polymerase I, with the preference I-T ≅ I-G > I-A> I-C. The repair of I-C was 

refractory to DNA polymerase I [74]. Considering the available evidence, a working 

model for the multistep Endo V repair pathway has been proposed. The dI repair is 
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initiated by Endo V, which creates a strand break at the second phosphodiester bond 3’ 

to the lesion. The 3’-5’ exonuclease activity of Pol I removes the 2 nucleotides 

including the 3’ terminal nucleotide and the 3’ penultimate dI lesion, resulting in a small 

2-nt gap. Subsequently, repair synthesis by Pol I fills in this 2-nt gap, and the nick is 

sealed by DNA ligase to complete the repair process [19].  

The strong binding affinity to a DNA duplex containing dI seems to fulfill a 

significant biological function. The formation of a protein-DNA complex might be 

important for efficiently targeting the subsequent protein, which is Pol I, to remove the 

lesion. However, due to the high binding affinity of Endo V after nicking the substrate, 

determining the kinetic parameters of Endo V is challenging. Moreover, it is still not 

clear whether the Endo V-DNA complex acts as a signal to Pol I. 

Establishing a more effective approach is necessary for comprehending the detailed 

mechanism and interaction between Endo V and Pol I in the Endo V repair pathway. 

 

1.5  Research Motivation and Strategy 

Several DNA polymerase proofreading analyses have been conducted using 

MALDI-TOF MS [17-19]. Based on previous findings, it is hypothesized that the KF 

can directly contact the four bases at the end of the DNA primer, and therefore has a 
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better ability to correct mismatches at the first to fourth bases from the primer-template 

junction. 

This method offers several notable advantages. First, label-free substrates help 

reduce costs. Second, the approach allows for rapid and high-throughput testing. A 

single MALDI-TOF MS chip has the capacity to detect up to 384 objects, aligning well 

with the clinical requirements. Third, the method demonstrates high resolution, capable 

of analyzing differences in 1 Dalton samples. Considering these three aspects 

collectively, we believe that MALDI-TOF MS is a highly effective approach for 

detecting the activity of DNA repair proteins. Our goal is to establish a method that 

achieves rapid, large-scale output while requiring less labor. In this study, we used 

MALDI-TOF MS to analyze three DNA maintenance proteins. The first part is the 

evaluation of the proofreading capacity for the insertion/deletion error at the 3’ primer-

template junction. The second part is to establish a new detection method for uracil 

DNA glycosylase enzymatic by using MALDI-TOF MS. The last but not least, is to 

analyze the Endo V and polymerase I interaction through MALDI-TOF MS analysis. 

The graphic abstract is shown in Figure 1. 
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Chapter II Materials and Methods 

2.1  Materials  

2.1.1 Synthetic DNA Oligonucleotides  

Non-labeled oligonucleotides with standard desalting procedures were purchased 

from Integrated DNA Technologies (Singapore) and Genomics Inc. (Taiwan). The 

fluorescently labeled oligonucleotides purified by HPLC were purchased from Synbio 

Tech Inc. (Taiwan) and Genomics Inc. (Taiwan). ESI-MS checked the quality of 

synthetic oligonucleotides or MALDI-TOF MS. The oligonucleotide pellet was 

dissolved in TE solution (1mM EDTA, 10mM Tris-Cl, pH=7.6) to prepare 100μM stock 

by following the data sheets provided by the manufacturer. The accuracy of the 

concentration was subsequently verified by measuring the absorbance of the 

oligonucleotide solution at λ = 260 nm. The sequence of nucleic acid for proofreading 

assay is listed in Table 2, for uracil glycosylase activity assay is listed in Table 3, and 

for endonuclease V activity assay is listed in Table 4,5 and 6. 

 

2.1.2 Enzymes 

DNA Polymerase I, Large (Klenow) Fragment (KF, cat#M0210L, 5000U/mL), 

Uracil-DNA Glycosylase (UDG, cat#M0280L, 5000U/mL), Uracil Glycosylase 
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Inhibitor (UGI, cat#M0281S, 2000U/mL), Endonuclease V (Endo V, cat#M0305S, 

10000U/mL) were purchased from New England BioLabs.  

 

2.1.3 Reagents  

The dideoxy ribonucleotides triphosphate sets (ddNTPs, including ddATP, ddTTP, 

ddCTP, ddGTP) were purchased from Trilink Biotechnologies (San Diego, CA, US). 

The deoxyribonucleotide triphosphate sets (dNTPs, including dATP, dTTP, dCTP, and 

dGTP) were purchased from Clubio (Guishan Dist, Taoyuan City, Taiwan). 

Tris/Borate/EDTA(TBE) buffer was used in the urea-PAGE assay. Sample loading 

dye contained 90% formamide, 0.5% EDTA, 0.1% xylene cyanol, and 0.1% 

bromophenol blue. The fixation solution contained 10% methanol, 20% ethanol, and 

0.5X TBE buffer. 

 

2.2  DNA Duplex Substrate Preparation  

 In a previous study of MALDI-TOF MS analysis on DNA oligonucleotide, we 

observed that 20-50 pmol of DNA oligonucleotide resulted in the generation of 

remarkably strong and reliable signals [17]. These signals were indicative of successful 

analysis and provided valuable information about the molecular characteristics of the 
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oligonucleotides under investigation. Equal molar amounts of primers and templates 

were mixed in a 1.5 mL microcentrifuge tube, incubated at 65 ºC for 30 minutes, then at 

37 ºC for 30 minutes, and finally put on ice for proper annealing. 

To confirm the formation of a canonical heteroduplex resulting from the annealing 

of the substrate and template strands, we employed A260 nm measurements both before 

and after hybridization process (Table 7). These measurements offer numerical evidence 

of the hybridization process, confirming the proper formation of the targeted double-

stranded complex. 

 

2.3  DNA Polymerase Proofreading Assay for MALDI-

TOF MS 

Equal molar amounts of primers and templates were mixed in a 1.5 mL 

microcentrifuge tube, incubated at 65 ºC for 30 minutes, then at 37 ºC for 30 minutes, 

and finally put on ice for proper annealing. The 20μL reaction mixture contained 50 

pmol (2.5μM) insertion/deletion-DNA substrate, 0.1mM of ddNTPs or dNTPs mixture, 

50mM NaCl, 10mM MgCl2, 1mM dithiothreitol, 10mM Tris-HCl (pH 7.9 at 25 ºC). 

Reactions were started by adding 2U KF and the reaction was performed at 37 ºC, then 

quenched by adding 2μL 0.25M HCl and put on ice for 6 min, to drop down the pH 
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ratio of the mixture. The reaction mixture was neutralized by 2μL 0.23M Tris base, then 

a 6μL TE solution was added. The reaction mixture tubes were stored at -20 ºC before 

MS analysis. 

 

2.4  Uracil DNA Glycosylase Assay for MALDI-TOF MS 

The DNA substrate preparation is described in section 2.1. For E. coli uracil DNA 

glycosylase assay, a 10μL reaction mixture in a 1.5 mL microcentrifuge tube containing 

50 pmol (5μM) uracil-containing substrate, 20 mM Tris-HCl, 1mM dithiothreitol, 1mM 

EDTA (pH 8.0 at 25 ºC). Reactions were started by adding a designated unit of UDG 

and performed at 37 ºC. Reactions were quenched by adding 1μL 0.25M HCl and put on 

ice for 6 min, to drop down the pH ratio of the mixture. Neutralized the mixture by 1μL 

0.23M Tris base, then added 15μL TE solution. The reaction mixture tubes were stored 

at -20 ºC before MS analysis. 

 

2.5  Endonuclease V Nicking Assay for MALDI-TOF MS 

The DNA substrate preparation is described in section 2.1. A 10μL Endo V nicking 

assay was performed in 1.5 mL microcentrifuge tube containing 20 pmol (2 μM) 

inosine-containing substrate, 50 mM Potassium Acetate, 20 mM Tris-acetate, 10 mM 
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Magnesium Acetate, 1mM DTT (pH 7.0 at 25 ºC). Reactions were started by adding a 

designated unit of Endo V and performed at 37 ºC. The following procedure is the same 

as the UDG glycosylase assay. 

2.6  MALDI-TOF MS Analysis 

The MALDI-TOF MS analysis procedure included sample spotting, MALDI-TOF 

MS operation, and data analysis. Before starting the MS assay, a Microsoft Excel file 

containing the m/z value of DNA substrates and expected products were imported to the 

AssayDesigner module of Type4 application program (Agena Bioscience, CA). The 

30μL of the reaction mixture was transferred to a 384-well plate, then desalted mixture 

by resin and rotated at room temperature for 15 min. Then palleted down the resin by 

centrifuge, 3200g, for 5 minutes. The 384-well plate was then loaded onto the nanoliter 

dispenser MassARRAY system (Agena Bioscience, CA) and ready for sample spotting. 

Each sample would be dispensed from a 384-well plate to a matrix chip in the 5 to 10 

nL range. Checked the monitor to ensure every sample was spotted on the chip with 

proper volume. The chip was then loaded into the mass spectrometer (Agena 

Bioscience, CA). 

For the MALDI-TOF MS operation, the chip ID and operation program were set up 

and linked to the mass spectrometer. Press the run button on the MS machine to initiate 
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the mass spectrometer, after which the spectra are automatically gained and saved. Each 

sample receives 20 laser shots to acquire mass spectra, and the spot on the analysis 

software is marked in green when the spectral signal matches the expected m/z ratio. 

 

2.7  MS Data Analysis 

The Type 4 software (Agena Bioscience, CA) was used for raw data analysis. The 

mass spectra graph could be customized by the analysis program, with the X-axis 

representing the range of m/z ratio and the Y-axis showing the upper and lower limits of 

signal peak intensity. Signal intensity and peak height could be measured on the screen 

by moving the cursor over the specific peak. The data were exported in JPEG format 

with dimensions of 1600x1200. 

 

2.8  Fluorescence-Based Gel Assay 

The assay was performed as described previously [147] with minor modifications 

DNA samples were prepared by serial dilution of the FAM-40I oligonucleotide. The 1 

μL of diluted DNA and 2 μL of sample loading dye were mixed in a 1.5 mL 

microcentrifuge tube and then heated at 95°C for 5 minutes. The sample tubes were then 

placed on ice and quickly spun down. The DNA was resolved on a 20% 
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polyacrylamide-8M urea gel and electrophoresed for 20 minutes using 1X TBE running 

buffer at 180 V. After electrophoresis, the gel was transferred to a fixation solution to 

fix the DNA and then destained. The gel was visualized using the ChemiDoc XRS+ 

System (Bio-Rad), and the relative signal intensity was quantified using Image Lab 

Software (Bio-Rad). 

 

2.9  Detection of DNA Possessing Enzymes by 

Fluorescently Labeled DNA Duplex 

Equal molar amounts of FAM-labeled oligonucleotides and non-labeled template 

oligonucleotides were mixed in a 1.5 mL microcentrifuge tube and incubated at 65°C 

for 30 minutes, then at 37°C for another 30 minutes. For proper annealing, we placed 

the tube on ice for 5 minutes after incubation. For the 40bp-IG, IA, IC substrates, FAM-

40I was annealed with 40G, 40A, and 40C, respectively. For the 21bp-IT substrate, 

FAM-21I was annealed with 4SIT. The nicking reaction mixture, containing 10 pmol of 

dI substrate in a 10 μL volume, also included 50 mM potassium acetate, 10 mM 

magnesium acetate, 20 mM Tris-acetate, 1 mM dithiothreitol (pH 7.9 at 25°C), and 

various units of endonuclease V. The nicking assay was performed at 37°C and heat-

inactivated at 65°C for 20 minutes, followed by the addition of 2 μL sample loading dye 
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and heating at 95°C for 10 minutes. The DNA was resolved by Urea-PAGE as 

described in section 2.8. 
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Chapter III Result 

3.1 Proofreading of Single Nucleotide Insertion/deletion 

Replication Errors Analyzed by MALDI-TOF Mass 

Spectrometry Assay 

* The results in part I were published in DNA repair, 2020. doi: 10.1016/j.dnarep.2020.102810. 

3.1.1  The Indel DNA Substrate Design and Reaction Condition 

In previous study, the mismatch at the position of 5-nt from the 3’ end could be 

proofread proficiently by KF [18]. It suggested that the thermostability of the DNA 

duplex affected the proofreading efficiency to mismatch substrates. To further 

investigate the proofreading efficiency for internal errors, we designed a series of indel 

error substrates. In this study, the indel error proofreading activity was measured by 

MS-based analysis. The indel substrate design was based on previous proofreading 

assay for internal mismatches [18]. The same 28-nt template (T28) and a 21-mer primer 

(P21A) were used for the template design. Table 2 listed all the oligonucleotide indel 

substrates utilized in this study. The 29/21-mer primer-template formed the insertion 

substrate, and the 28/22-mer primer-template formed the deletion substrate. The 

proofreading assay methodology was illustrated in Figure 2. Previous research observed 

an inverse relationship between peak intensity and the mass-to-charge (m/z) ratio of the 
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analyte, indicating MS signal intensity should be normalized [19]. Therefore, the same 

DNA sequences were used in this study to maintain consistent parameters in 

proofreading signal calculations. 

The substrate design aimed to investigate the impact of unpaired extrahelical 

nucleotides on polymerase proofreading activity (Table 2). Single-nucleotide bulges 

were introduced on either the template or primer strands to evaluate proofreading 

activity. DNA substrates, designated as Pdel N (N=1 to 9)/P21A, were created by 

incorporating an unpaired pyrimidine loop on the template strand of a normally 

perfectly paired 28/21-mer template-primer. These structures could result in deletion 

mutations if not corrected before further replication. Conversely, DNA substrates 

designated as T28/Pins N (N=1 to 9) were produced by adding an extra unpaired 

pyrimidine to the primer strand of an otherwise perfectly paired 28/21-mer template-

primer, representing potential intermediates of insertion mutations. Identifying 

proofreading products for single-nucleotide deletion errors is straightforward, as shown 

in Figure 2. The polymerase KF exonuclease removed misaligned nucleotides from the 

3’ terminus. Once the unpaired nucleotide was removed, the polymerase underwent 

DNA synthesis and added a matched ddNTP in protocol A, or added matched dNTP in 

protocol B, resulting in proofreading products. To terminate the reaction, an acid 
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quenching protocol was employed instead of hazardous phenol/chloroform reagents. 

The reaction mixture was stored at -20°C before the MALDI-TOF analysis. 

 

3.1.2  Single Nucleotide Deletion Error at 1 to 6-nt from 3’ 

Terminus Can be Proofread by Pol I with 4ddNTPs 

As the spectrum shows in Figure 3, Pdel 1 contained a single nucleotide bulge at 

the 3’ terminus, with the last nucleotide of the P21 primer removed. Subsequently, 

ddGTP was added, yielding a 21-nt proofreading product (PR). Similarly, for Pdel 2, the 

last 2 nucleotides were removed, and ddGTP was added, resulting in a 20-nt PR, and 

this pattern continued accordingly. Utilizing high-resolution MALDI-TOF MS, with 

precision as low as 1 Da, the signals of primers, proofreading products, and excision 

intermediates were distinctly identified by their corresponding m/z values on the mass 

spectrum. The sum of all signals on the spectrum was 100%, and changes in each signal 

could be calculated and normalized. As shown in Figure 3, a clear pattern in 

proofreading capacity emerged: deletion errors within 1 to 5 nucleotides from the 3’ 

terminus of the primers were efficiently corrected by KF, with correction percentages 

ranging from 98% to 29% (Fig. 3, PR signals for Pdel 1 through 5), without primer 

extension products. Pdel 6 displayed both proofreading and primer extension, albeit at 
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low levels. In contrast, deletions positioned at 7, 8, and 9 nucleotides from the 3’ 

terminus showed no proofreading activity; instead, 22% to 84% of these primers 

underwent extension (Fig. 3, primer extension (PE) signals for Pdel 7, 8, and 9). 

The excision products (Ex-1 and Ex-2 signals) were observed in the spectrum for 

Pdel 3, 4, 5, 6, and 7. These were induced by ddNTPs in the reaction, which acted as 

inhibitors in the polymerase synthesis [17]. To substantiate this model in the following 

section, we designed a reaction involving 3 dNTPs and ddCTP. This setup facilitated 

primer extension over several nucleotides at a regular replication rate before reaching 

the chain terminator ddCTP. 

 

3.1.3  Single Nucleotide Deletion Error at 1 to 5-nt from 3’ 

Terminus Can be Proofread by Pol I with 3ddNTPs 

Kinetic studies showed that the excision rate of DNA polymerase for terminal 

mismatches was 100 times higher than for matched base pairs. This kinetic barrier 

prevented the excision process on correctly paired DNA, avoiding idle turnover and 

blocking the elongation of mismatched DNA [148]. Additionally, this barrier caused 

DNA polymerase to stall on the DNA, increasing the idle-turnover that a mis-paired 

primer would be transferred to the excision active site. Furthermore, the instability of 



doi:10.6342/NTU202401466

 

 

46 

the heterologous DNA duplex facilitated the entry of the partially melted 3’ single-

stranded primer end into the exonuclease site [149]. 

We used three canonical dNMPs and one ddNTP to overcome the non-specific 

excision intermediated in the proofreading reaction. According to the template 

sequence, the dATP, dTTP, dGTP, and ddCTP were used in the proofreading assay as 

shown in Figure 2 protocol B. As the spectrum in Figure 3 and the sequences listed in 

Table 2, if the deletion substrates were able to be proofread, the loop-out nucleotides 

would be removed and incorporated 4-nt of dNMPs to form a 25-nt proofreading 

product (PR). The 24-nt primer extension product (PE) was formed by adding 2 dNMPs 

and one ddC. 

The proofreading efficiency improved when reacting with 3 dNTPs. The correction 

rate for single nucleotide deletion errors within 4 nucleotides from the 3’ end was 

100%. However, the proofreading efficiency decreased to 56% for Pdel 5 and 6% for 

Pdel 6. No proofreading (PR) products were detected in Pdel 7, 8, and 9, with over 90% 

of primer extension (PE) products were observed. 

 

3.1.4  Single Nucleotide Insertion Error at 1 to 5-nt from 3’ 

Terminus Can be Proofread by Pol I with 4ddNTPs 
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As shown in Figure 5, we found a noticeable trend in proofreading capacity: single 

nucleotide insertion errors from Pins 1 to 5 were effectively proofread by KF, with 

correction efficiencies ranging from 100% to 51% (Table 2 and the PR signal in Figure 

5), with no apparent primer extension. However, Pins 6 showed 23% extension products 

and only 18% proofreading. This reaction also resulted in a significant number of non-

specific 1-nt excision products, alongside unprocessed substrate. In the cases of Pins 7, 

8, and 9, 86%–92% of the input primers were extended (Fig. 5, PE signals for Pins 7, 8, 

and 9), and no proofreading product was detected. 

 

3.1.5  Single Nucleotide Insertion Error at 1 to 5-nt from 3’ 

Terminus Can be Proofread by Pol I with 3dNTPs 

The dATP, dTTP, and dGTP were used in the proofreading assay for analyzing the 

insertion substrate, which extended several nucleotides after the removal of the insertion 

error. As shown in Figure 6, the 24-nt proofreading product (PR) was formed by 

removing 2 nucleotides from the 22-nt primer, followed by the synthesis of 3-nt dNMP. 

The 24nt-primer extension product was formed by 2-nt dNMP, without the proofreading 

process. 100% primer correction was observed in Pins 1 to Pins 5, and 100% primer 
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extension was observed in Pins 7 to Pins 9. A partial correction was observed at Pin 6, 

with 53% PR and 47% PE, and no unreacted primer. 

 

3.1.6  The Ability of DNA Polymerase I to Correct Indel Errors 

Using our newly developed MALDI-TOF MS proofreading assay, we examined 

indel error substrates located up to 9 nucleotides from the 3’ terminus of the primer to 

determine the full range of indel proofreading by KF polymerase. Two sets of 

experiments were conducted under different conditions to evaluate proofreading 

effectiveness: one using 4 ddNTPs to induce chain termination and another with 3 

dNTPs to induced chain termination. Interestingly, the proofreading ranges determined 

from both methods were consistent. As illustrated in the schematic in Figure 7, when an 

indel error results from polymerase misincorporation or template-primer misalignment, 

DNA synthesis stalls, enabling the primer to be transferred to the 3'-5' exonuclease site 

for proofreading. Indel errors occurring within 1-4 nucleotides from the primer’s 3’ end 

likely initiate proofreading, possibly because this region remains in contact with the 

polymerase [59]. However, indel errors located 5 and 6 nucleotides from the 3’ end of 

the primer are only partially proofread, likely due to their limited contact with the 

polymerase. Indel errors more than 6 nucleotides from the primer’s 3’ terminus escape 
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proofreading, probably because these indel errors lose contact with the polymerase, 

allowing the primer terminus to remain in the polymerase site for continued DNA 

synthesis and potentially caused insertion or deletion mutation. 

 

3.2 Measurement of Uracil-DNA Glycosylase Activity by 

Matrix-Assisted Laser Desorption/Ionization Time-of-

Flight Mass Spectrometry Technique  

*The results in part II were published in DNA repair, 2021. doi: 10.1016/j.dnarep.2020.103028. 

3.2.1  The Scheme of Uracil DNA Glycosylase Activity Assay 

The UDG assay was established as illustrated in Figure 8A, with the resulting 

spectrum shown in Figure 8B. Synthetic oligonucleotides of the lesion strand contained 

one uracil and annealed with a template strand, forming a duplex containing a single G-

U mismatch. UDG excised the uracil from the U-containing DNA, creating the abasic 

(AP) products. The reaction was terminated by phenol/chloroform, or acid 

quenching/tris neutralization. Then the reaction mixture would be subject to MS 

analysis (Fig. 8A).  

A typical mass spectrum of the UDG reaction can be seen in Figure 8B. The 

enzyme blank control was conducted only with a U-containing DNA duplex (Figure 8B, 
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upper), and the excess UDG (0.5U) with incubation of 30 minutes could make a 

complete enzyme digestion (Figure 8B, lower). The MS brought at high-resolution 

spectra which separate the AP product signal (m/z = 5447.6) from the substrate signal 

(m/z = 5541.6) based on the mass difference resulting from the hydrolysis of uracil from 

DNA (Δm/z = -94). 

The open aldehyde form of the deoxyribose sugars at the AP site is labile, as the 3’ 

phosphodiester bonds can be hydrolyzed through a β-elimination reaction induced by 

alkaline pH and elevated temperature [150]. However, the stability of deoxyribose 

residues during the MALDI process was not reported. The termination methods 

employed, including phenol/chloroform extraction and acid quenching followed by Tris 

neutralization, were selected to ensure the reaction stopped promptly and the products 

remained stable for MS analysis. This careful approach allowed for the precise 

measurement of UDG activity, as illustrated in the mass spectra shown in Figure 8B. No 

detectable signals of the fractured AP products were found at corresponding m/z values 

in the spectrum. Using the signal from the 19-nt template DNA as a reference, the 

relative intensity of the AP-product signal after complete digestion was comparable to 

the signal from the unprocessed U-substrate.  
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The relative quantification of products within each test was used in our MS 

method. This approach has been employed to calculate the mutation allele frequency in 

the previous studies [12,151]. Each glycosylase reaction contained 50 pmol of U-

containing substrate as confirmed in Section 2.1.1. The glycosylase activity can be 

calculated by following formula: 

Glycosylase activity =
𝐴𝑃 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑠𝑖𝑔𝑛𝑎𝑙 

𝑈 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 𝑠𝑖𝑔𝑛𝑎𝑙 + 𝐴𝑃 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑠𝑖𝑔𝑛𝑎𝑙 
× 𝑈 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 

 

3.2.2  UDG Kinetic Parameters Determined by MS-based Assay 

were Comparable to Traditional Method 

A time course analysis was conducted using various UDG concentrations, ranging 

from 0.01 Unit (3.2 pM) to 0.1 Unit (32 pM). As shown in Figure 9, the reaction 

demonstrated both dose and time dependency. The activity rates were linear across the 

range of UDG concentrations (0.01 Unit to 0.1 Unit) within a 3-minute incubation 

period. It was determined that 3.2 pM of UDG (0.1 Unit per 100 μL reaction) was 

appropriate for determining the Km and Kcat kinetic parameters. 

The UDG activity was measured using a G-U substrate prepared with an 18-nt U-

containing strand and a 19-nt template. The G-U substrate was mixed with UDG and 

incubated at 37℃ for 30 and 60 seconds, followed by phenol/chloroform extraction. 
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The reaction products from five substrate concentrations, ranging from 10 to 200 nM, 

were analyzed using MALDI-TOF MS (Figure 10A). 

The relative quantities of product and substrate were determined by MS signal 

intensity and then converted into concentrations (nM). The Michaelis-Menten curve was 

created with initial velocity (v) represented on the vertical axis and substrate 

concentration (nM) on the horizontal axis. The resulting graph yielded the Lineweaver-

Burk plot by plotting 1/[S] on the y-axis and 1/v on the x-axis. In this curve, the y-

intercept corresponds to 1/Vmax, while the x-intercept represents -1/Km. The kinetic 

parameters Km = 50 nM, Vmax = 0.98 nM s-1, and Kcat = 9.31 s-1, respectively, were 

tested at least three independent experiments (Figure 10B). Our findings are comparable 

to the earlier studies using the conventional 3H-uracil releasing assay which reported 

values were Km = 40 nM and Kcat = 13.3 s⁻¹ [152]. 

The acid quenching protocol was found to be more suitable for the automation 

process in MALDI-TOF MS, as opposed to phenol/chloroform extraction, which 

involves phase separation. To adjust the reaction pH to 2, HCl was introduced, followed 

by a 6-minute incubation on ice and subsequent neutralization with tris-base until 

reaching pH 6.8. Notably, there were no indications of base loss or modification, and 
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the reaction levels exhibited no significant differences between these two methods of 

terminating the reaction. 

Based on the unit definition provided by the manufacturer, one unit of UDG is 

capable of catalyzing 60 pmol of uracil per minute from an uracil-contained double-

stranded DNA substrate. The measurement of enzyme activity involved the excised of 

tritium-labeled uracil in a 50 μL reaction, with 0.2 μg of PBS1 DNA (equivalent to 230 

pmol of dUMP), for 30 minutes at 37 ◦C. Our MS-based method utilized a 10 μL 

reaction containing specifically a 50 pmol (approximately 0.56 μg DNA) 18/19-nt G-U 

DNA duplex. The UDG was diluted with buffer (composed of, 20 mM Tris-HCl (pH 

7.5), 30 mM NaCl, 0.5 mM EDTA, 1 mM dithiothreitol, and 50% glycerol) on ice, and 

enzyme activity was assessed through a 30-minute incubation at 37 ◦C. As shown in 

Figure 11, a plot was generated comparing the MALDI-TOF MS measured unit to the 

manufacturer-defined unit within the range of 0.001 U to 0.02 U. The results showed 

that the MS-determined unit exhibited a proportional relationship with the UDG 

concentration, represented by the correlation equation y = 0.933x + 0.0003, and a high 

correlation coefficient (R² = 0.9974). We believe that this method is comparable to the 

conventional approach using 3H-uracil labeling. The detection limit of UDG in our 

method is 0.001 U, with a coefficient of variation (CV%) of 9.2% based on 5 
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independent tests. Given that the typical application of UDG is at the unit level [153], 

we believe that this assay offers adequate sensitivity. 

 

3.2.3  Investigation of UDG Substrate Specificity and 

Glycosylase Activity with Varied Uracil Positions in DNA 

Oligonucleotides 

In a prior publication, it was demonstrated that UDG catalyzes the liberation of 

uracil from single-stranded or double-stranded DNA substrates [154]. Various uracil-

containing substrates were tested for analyzed substrate specificity of UDG and listed in 

Table 3. When uracil is positioned in the middle of the oligonucleotide substrates, the 

glycosylase activity toward the single-stranded substrate (ssU+9) is 3.7 times higher 

than that toward the double-stranded G-U substrate (G-U) (Table 3, ssU and G-U 

entries). In comparison to G-U, the reaction rate for A-U was significantly decreased, 

exhibiting an almost threefold difference (Table 3, G-U and A-U entries). 

Typically, the glycosylase substrate was designed with a single uracil near the 

center of oligonucleotides. This study investigated how glycosylase activity is 

influenced by varying the position of uracil within DNA substrates. Uracil was tested at 

the ultimate, penultimate, and antepenultimate positions at the 5’ end (named G-U5’+1, 
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G-U5’+2, and G-U5’+3) as well as the 3’ end (named G-U3’+1, G-U3’+2, and G-

U3’+3). We found out the G-U5’+1, G-U3’-1, and G-U3’-2 substrate were not cleaved 

by UDG (Table 3, G-U5’+1, G-U3’-1, G-U3’-2 entries), these results were compatible 

with the previous finding [155,156]. Notably, G-U5’+3 and G-U5’+2 exhibited a higher 

reaction rate compared to the uracil in the center (G-U), showing a 2-fold increase for 

the G-U5’+2 and a 1.5-fold increase for the t G-U5’+3 (Table 3, G-U5’+2 and G-U5’+3 

versus G-U). G-U3’-3 substrate could be removed by UDG, albeit the efficiency was 

approximately 8% less than G-U substrate. 

Based on the results and the kinetic data in Table 3, we suggest that the G-U duplex 

is a suitable standard substrate for analyzing glycosylase activity. The G-U duplex 

appears to be more biologically relevant than the A-U duplex due to the natural 

occurrence of deamination in the C-G base pairing. While higher glycosylase activity 

has been found in ssU and U at the 5’ terminal substrates, however these substrates are 

uncommon in E. coli. Taken together, the G-U substrate can be used in both general 

glycosylase assays and inhibitor screening assays. 

 

3.2.4  The Inhibitor Screen Assay of Uracil DNA Glycosylase 
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To demonstrate the potential of the MALDI-TOF MS based analysis in 

pharmaceutical usage, we used UDG inhibitor (UGI) in our inhibition assay. the UGI is 

a small protein (9.5 kDa) made from Bacillus subtilis bacteriophage PBS1 which 

effectively inhibits E. coli uracil-DNA glycosylase (UDG) and UDG from other species. 

This inhibition occurs through reversible protein binding, maintaining a 1:1 UGD:UGI 

stoichiometry, and leading to the dissociation of UDG-DNA complexes [157,158]. The 

impact of UGI as shown in Figure 12. In our assay conditions, UDG (0.05 U, 8 pM) was 

effectively inhibited by UGI at a concentration of 0.05 Unit (100 pM), with no 

detectable signal of AP product observed in the corresponding spectrum. The inhibition 

curve was plotted in Figure.12, and the IC50 was measured to be 7.6 pM. 

All the experiments detailed above were conducted by using microcentrifuge tubes 

and manual pipetting. In total, we conducted less than 30 tests for UDG reaction in each 

batch. Our samples were analyzed concurrently with routine genetic tests from clinical 

trial samples at the NCFPB Integrated Core Facility for Functional Genomics and 

NRPB Pharmacogenomics Lab. However, using established automatic processes it 

could be possible to analyze 300 samples by 384-well microplate within 2 hours. This 

would be suitable for pharmaceutical usage. 
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3.3 Study of E. coli Endonuclease V Enzyme Activity by MS-

based and PAGE-based Analysis 

3.3.1  The Scheme of Endonuclease V Nicking Assay by MALDI-

TOF MS Analysis 

Based on previous works, we have demonstrated the application of MALDI-TOF 

MS-based assay on DNA processing proteins by analyzing DNA intermediates. Then 

MALDI-TOF MS was further used to study Endo V with label-free substrates. DNA 

substrates ranging from 15 to 32 nucleotides were designed to provide the best 

resolution for MS analysis [17,19]. The shorter substrate would melt after Endo V 

nicking, potentially leading to the turnover of Endo V to another dI substrate. Although 

the turnover activity of Endo V may not be biologically relevant, it has been suggested 

that the high affinity of Endo V for the dI lesion could serve as a signal for polymerase I 

to remove the dI [136]. However, using convenient artificial substrates for analyzing 

enzyme activity is common practice in biochemistry and clinical chemistry. Therefore, 

seeking a highly efficient turnover rate and sensitive assay for Endo V could be 

beneficial for both research purposes and pharmaceutical industry applications. 

The mass signal should be normalized due to the inverse correlation between peak 

intensity and analyte mass. Therefore, the DNA primer signal intensity was tested under 
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the same concentration. The spectrum was shown in Figure 13A and all the MS signals 

in this study were normalized according to the average relative intensity as shown in 

Figure 13B. The normalization factors were obtained through the calculation of the 

intensity of all DNA signals relative to the signal intensity of the 15-nt DNA ratio. For 

instance, the intensity of 17-nt DNA was 69% of 15-nt DNA intensity. Therefore, the 

signal intensity of 17-nt DNA should be multiplied by a normalization factor of 1.44.  

The substrate design was shown in Figure 14A. The 21-IT duplex contained one dI 

lesion at in the 6th nucleotide from the 3’ end. Endo V recognized and generated a nick 

and formed a 17-nt nicking product (NP). The reaction mixture was then subjected to 

MS analysis. To calculate the nicking efficiency, the signal intensity on the spectrum 

should be normalized by the relative ratio according to oligonucleotide lengths. As 

explained above, the signal intensity of 17-nt nicking products and 21-nt dI lesion 

strands should be normalized by factors of 1.44 and 2.56, respectively. The nicking 

efficiency of Endo V was formulated as the following equation: 

𝐸𝑛𝑑𝑜 𝑉 𝑛𝑖𝑐𝑘𝑖𝑛𝑔 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦

=
nicking products signal intensity/1.44

dI subtrate signal intensity /2.56 + nicking products signal intensity/1.44
𝑥 𝑖𝑛𝑝𝑢𝑡 𝐷𝑁𝐴(𝑝𝑚𝑜𝑙)  

Two conditions for the Endo V nicking assay were tested, and the spectrum is 

shown in Figure 14B. An input of 20 pmol 21-IT duplex and 2U Endo V (Figure 13B, 
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upper panel) yielded a clearer signal compared to 5 pmol 21-IT duplex and 0.5U Endo 

V (Figure 13B, lower panel). Therefore, 20 pmol of 21-IT DNA substrate was used for 

the standard nicking reaction. 

 

3.3.2  Enzymatic Analysis of Endonuclease V by MS-based 

Analysis 

A time course analysis was conducted using 0.5U (0.3875 pmol) or 1U (0.775 

pmol) Endo V reacted with 20 pmol 21-IT duplex. As shown in the spectrum in Figure 

15A and the line plot in Figure 15B, the reaction exhibited dose dependency but no time 

dependency. This phenomenon can be explained by the previously reported high 

affinity of the dI binding activity [136]. According to the manufacturer’s unit definition 

of Endo V, one unit of Endo V is capable of nicking 1 pmol of 34bp dI containing DNA 

duplex in 1 hour incubation time [159]. The measurement of enzyme activity involved 

the process of 10 pmol of FAM-labeled DNA oligonucleotide in a 10 μL reaction, for 

60 minutes at 37 °C. The MS-based method utilized a 10 μL reaction with 20 pmol 

21/28-nt IT DNA duplex.  

It was observed that Endo V exhibited slow turnover activity toward the 21-IT 

substrate. Under the manufacturer's assay conditions, the turnover number (Kcat) was 
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0.02 min-1. However, when measured using the MS-based assay, the turnover number 

(Kcat) of Endo V was found to be 0.52 min-1. This indicates that the turnover rate of 

Endo V analyzed by the MS-based assay was 25 times higher than that obtained using 

the manufacturer's assay conditions. 

A sensitivity analysis was conducted to compare the MS-based assay with the 

manufacturer's detection assay. Endo V was diluted with a buffer composed of 10 mM 

Tris-HCl (pH 8), 25 mM NaCl, 0.1 mM EDTA, 1 mM dithiothreitol, 200 μg/ml BSA, 

and 50% glycerol on ice. Enzyme activity was then measured after a 1 hour incubation 

at 37°C [159]. According to the manufacturer's definition, one unit of Endo V produces 

1 pmol of nicking product from 10 pmol of a 34-bp dI-containing substrate within 1-

hour incubation in a 10 μL reaction volume [159]. Figure 15C shows a positive 

correlation between the MS-determined units and the concentration of Endo V, and the 

relationship is represented by the equation y = 16.09x - 0.1318. The high correlation 

coefficient (R² = 0.9869) indicates a strong relationship within the concentrations 

ranging from 0.2 U to 1 U of Endo V. The nicking activity measured by the MS-based 

analysis was 16 times higher than the manufacturer's FAM-labeled assay at the same 

Endo V concentration, indicating that MS-based analysis was much more sensitive. It 

will be discussed in the later section. 
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3.3.3  The Substrate Specificity of Endonuclease V Nicking 

Activity 

In a previous study, Endo V showed similar affinity toward deoxyinosine pairing 

with four different nucleotides [136]. However, the substrate specificity cannot be 

interpreted well due to the non-turnover condition of the Endo V nicking assay. To 

clarify this, a 21-nt dI-containing oligonucleotide was annealed with a 28-nt template 

strand to prepare four different DNA duplexes: 21-IT, 21-IA, 21-IG, and 21-IC. The 

reaction was terminated at various time points, with representative spectra shown in 

Figure 16A and the time course results presented as a line plot in Figure 16B. The Endo 

V nicking preference was: I-G> I-A≒I-T> I-C. The I-G pairing is the best substrate for 

Endo V. Endo V demonstrated a nicking preference in the following order: I-G > I-A ≒ 

I-T > I-C. The I-G pairing was identified as the optimal substrate for Endo V, likely due 

to the instability of the I-G base pair, which makes it more susceptible to melting during 

the nicking assay. Additionally, the nicking activity on single-stranded DNA was eight 

times higher than on double-stranded DNA, similar to the previous finding that Endo V 

have a preference on single stranded DNA substrate [160].  
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3.3.4  The Fluoresce-based Analysis for Endonuclease V Nicking 

Assay 

In the previous section, a label-free Endo V nicking assay utilizing MALDI-TOF 

MS was presented, demonstrating its efficacy as a robust tool for enzymatic analysis 

with high turnover and sensitivity. To investigate the protein-protein interaction 

between DNA polymerase I and Endo V, a non-turnover model was established. The 

longer substrate would not easily melt after nicking and would form a stable complex 

with Endo V, which seems to be a more natural condition. In our previous work, we 

employed the 40-bp DNA duplex to analyze the Pol I and Endo V turnover reaction. 

The 40-bp substrate can be presented as a non-turnover model, preventing Endo V 

dissociation from the DNA duplex after nicking. However, oligonucleotides longer than 

32-nt were prone to encounter poor resolution and fewer sensitivity issues during MS 

analysis [124]. Thus, it is essential to shift towards a better technique for understanding 

the Endo V turnover issue. 

For longer substrates, oligonucleotides in the DNA duplex can be labeled with 

fluorescein, and the resulting compounds resolved using PAGE analysis [100]. To 

elucidate the biological relevance of Endo V activity, a nicking assay with fluorescence-

based analysis was designed. 
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First, the detection limit of fluorescein-labeled oligonucleotides was tested. As 

demonstrated in Figures 17A and 17B, the fluorescence intensity of various amounts of 

FAM-labeled oligonucleotides was measured, and the relative intensity of each band 

was calculated. The results indicated that fluorescence intensity saturated at 20 pmol, 

making input of 10 pmol suitable for relative quantification. The relative intensity 

showed a high correlation with the amount of DNA input, with an R² value of 0.9813 

and a regression equation of Y = 0.1036X - 0.005606, where Y represents the relative 

intensity and X represents the DNA input. This approach is deemed suitable for relative 

quantification in Endo V nicking analysis.  

Next, the nicking activity of Endo V on the 40 bp DNA duplex was tested. As 

shown in Figure 18A, a nick was first generated on the 40IT DNA duplex using Endo 

V, and the 19-nt nicking products were then resolved using polyacrylamide gel 

electrophoresis. The signal intensity of FAM-40I was calculated relative to the intensity 

of the nicking products for quantification. Only 1.4 pmol of nicking products were 

generated by 1U Endo V within 60 minutes of incubation. The PAGE system was then 

compared to the manufacturer's assay condition, which contained FAM-labeled 34 bp 

DNA in a 10 μL reaction volume. Based on the results in Figure 18B, the PAGE 
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analysis system was found to be comparable to the manufacturer's system, with a 

regression equation of Y = 0.8216X + 0.3774 and an R² value of 0.9541. 

 

3.3.5  Endonuclease V Nicking Activity Analyzed by The 

Fluorescence-based Assay 

In the time course analysis, Endo V generated 1 pmol of nicking products per unit 

(Endo V 1U =0.775 pmol) within 60 minutes of incubation and showed dose 

dependency (Figure 19A). The linear plot demonstrated that Endo V quickly bound and 

nicked the dI substrate within the first 10 minutes, after which the nicking rate slowed 

down, showing a slow-turnover model. 

The Endo V showed no nicking preference toward the 4 kinds of dI substrates, 

pairing with either A, T, C, or G within 10 minutes (Figure 19B). The nicking activity 

with the single-stranded dI substrate was approximately 2.5 times higher than that with 

the double-stranded I-containing substrate after 60 minutes of incubation. Based on 

these results, we suggested that the stability of the dI DNA duplex affects the nicking 

efficiency. The ssDNA structure is more favorable for nicking activity. 
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3.3.6  The Exonuclease Activity of Pol I Promotes Endonuclease 

V Turnover 

We analyzed the Endo V and Pol I turnover activity by MS-based assay [161]. Only 

the nicking products could be detected on the spectrum due to the detection range 

limitation. Thus, we used an internal calibrator for relative quantification in the long 

substrate MS-based assay. The result shown that KF promotes Endo V turnover 2.6 

times, indicating a potential interaction between two proteins [161]. However, the low 

resolution and sensitivity of detecting long oligonucleotides by MS makes it challenging 

to interpret the results. Therefore, we attempted to utilize PAGE-based analysis to 

improve the measurement of the interaction between the two proteins by using a longer 

DNA duplex. 

Two experiments were designed to test the interaction between Endo V and Pol I, 

with the results shown in Figure 20A and B. In Figure 20A, the turnover assay was 

performed under the reaction conditions of 20 pmol of a 40-bp dI DNA duplex (40IT) 

and 1U Endo V, along with 1U of either KF or KF (exo-). The KF (exo-) lacks 3' to 5'-

exonuclease activity while maintaining normal polymerase activity [57], KF(exo-) may 

recognize and possess nicked DNA. The results indicated that the turnover activity was 

promoted by approximately 1.5 times in the presence of KF. Interestingly, we found 
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that KF (exo-) cannot promote Endo V turnover. Even using 10 times the amount of KF 

(exo-), no difference was observed. 

In Figure 20B, the Pol I variants were spiked after 15 minutes of Endo V incubation 

and then prolonged incubation time to 30 minutes. Surprisingly, the processed dI 

products increased 1.2-fold when spiked with KF. The KF (exo-) promoted Endo V 

turnover 1.1 times as well.  

These findings revealed that Pol I KF, possessing 3' to 5' exonuclease activity, 

increases Endo V turnover by 1.5 times, whereas Pol I lack exonuclease activity 

exhibited lower turnover. These results imply a direct interaction between Pol I and 

Endo V during the repair process. 
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Chapter IV Discussion 

4.1 The MS-based Analysis of DNA Processive Proteins 

In this study, we demonstrate three MS-based analyses of DNA processive 

proteins. We utilize non-labeled oligonucleotides with a flexible substrate design to 

understand the proofreading capacity. Furthermore, we demonstrate the potential 

pharmaceutical usage of MS assay for inhibitor screening by employing UDG and UGI. 

Additionally, we define the enzymatic characteristics of Endo V using a high-turnover 

substrate.  

The high throughput and automation process make the MS-based analysis more 

suitable for biomedical usage than other methods. We believe that our results have 

demonstrated the potential application in biomedical usage.  

4.1.1  The Prospective of MALDI-TOF MS Analysis in 

Biomedical Research and Development   

The MS-based method is particularly suitable for inhibitor screening in biomedical 

research due to its efficiency, automatically, and scalability. This approach is easily 

scalable; while the current study manually performed around 30 tests per day using 

micropipettes and microcentrifuge tubes, the capacity can be significantly increased. By 

adapting an automated pipetting system for a 384-well microplate format, the daily 
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output could be substantially boosted. Therefore, with automation, the streamlined 

process maintains the same turnaround time of 2 hours for 300 UDG MALDI-TOF MS 

assays. Thus, MS-based approach demonstrates a great potential in the process of 

screening and evaluating new therapeutic compounds to combat chemoresistance of 

base analogues. 

 

4.1.2  Mass-to-Charge Ratio Consideration of DNA Substrates 

and Products Analysis 

Several precautions should be taken into consideration when applying MS-based 

analysis, specifically when designing a set of experiments. Due to the feature of 

MALDI-TOF MS, the signal intensity of the analyte is inversely related to the 

molecular weight of the analyte. Our assay was first adapted from the Pinpoint assay 

which is used for SNP detection [16]. When detecting SNPs, using well-designed 

primers improves outcomes during MALDI-TOF analysis. Primer lengths ranging from 

15 to 28 nucleotides are suitable for both primer extension and MALDI-TOF analysis 

[16]. Therefore, the best resolution for DNA oligonucleotides is in the range of 4000 to 

9000 m/z, corresponding to oligonucleotides of 15-nt to 28-nt. Oligonucleotides shorter 

than 15-nt or longer than 28-nt might encounter difficulties in accurately quantifying the 
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signal observed on the spectrum. To gain a better result of the spectrum, we typically 

use 20 to 50 pmol of oligonucleotides in the MS-based assays, which is relatively 

abundant compared to traditional isotope-labeled assays. We adapted an MS protocol 

from a clinical application for the detection of point mutations, and the clinical samples 

were amplified through the PCR process before being subjected to MS analysis. Since 

our experimental design did not include DNA amplification, thus it is required to use a 

higher amount of DNA substrate to gain higher MS signals. Consequently, more 

enzymes may be required in the reaction. 

 

4.1.3  Adducts Interference and Intervention in Measurement 

We noticed the monovalent alkaline metal (Na+ and K+) adducts signal followed 

behind the major signal on the spectrum in the proofreading assay and Endo V nicking 

assay, which came from the reaction buffer containing sodium and potassium, 

respectively. The E. coli UDG glycosylase activity is non-ion dependent; no cation 

adducts could be found in the analysis results. Adducts have a negative impact on the 

sensitivity of MS-based analyses, causing the ion signal to shift to higher m/z values, 

thereby interfering with the accurate determination of molecular weights. The soft 

ionization process in MALDI analysis causes less sample fragmentation and a larger 
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cation adduct peak [162,163]. Also, the negative charge of the phosphate backbone 

tends to form salt adducts with cation. To avoid cation adducts, the samples were 

desalted using resin before being subjected to MS analysis. However, the 50 mM of salt 

in the reaction cannot be fully removed through the resin cleaning protocol. The clean-

up kit is a useful tool for removing sodium or potassium ions from the reaction, 

resulting in a clear signal on the spectrum [164].  

 

4.2 The Different Outcomes of 4 ddNTPs and 3 dNTPs in 

Proofreading Assay 

In part I study, we aimed to investigate how extrahelical bases in DNA influence 

DNA polymerase proofreading, based on Streisinger's strand-slippage hypothesis. We 

designed fixed extrahelical bulges to explore the full range of the KF polymerase's 

ability to edit extrahelical nucleotides within the primer-template, instead of the 

slippage strand caused by repetitive sequence.  

We first observed that the proofreading range defined by using 3 dNTPs and 4 

ddNTPs generally displayed consistency, though there were some subtle differences 

(Table 2). Regarding deletion errors with 4 ddNTPs, we noted that single nucleotide 

deletions up to 6 nucleotides from the 3’ terminus could be proofread, with the 
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efficiency gradually decreasing from Pdel 1 to Pdel 6. However, from Pdel 7 to 9, KF 

was unable to proofread and instead extended a significant portion of the substrates. 

When using 3 dNTPs, KF was able to proofread Pdel 1 to 6, but unlike the 4 ddNTPs 

reaction, a considerable amount of substrate extension was also observed for Pdel 5 and 

6. 

Likewise, for single nucleotide insertion errors, the proofreading efficiency of KF 

paralleled that of deletion errors. Using 4 ddNTPs, single nucleotide insertions up to 6 

nucleotides from the primer terminus could be proofread, with efficiency decreasing 

from Pins 1 to Pins 6. However, for Pins 7, 8, and 9, KF failed to proofread and instead 

extended a high proportion of the substrates. When using 3 dNTPs, KF exhibited higher 

correction levels for Pins 1 to 5 but yielded different product outcomes compared to the 

ddNTP reactions, especially for Pins 6. 

This phenomenon may be explained by the kinetic barrier inhibiting erroneous 

elongation and causing the polymerase to stall on the DNA. In the context of T4 

polymerase proofreading, as described by the presteady-state kinetic model [148,165], 

the polymerase encounters a mismatch at primer 3’ end, leading to a temporary halt. 

Subsequently, the polymerase induces partial melting of the primer-terminus, 

facilitating the transfer of the primer from the active site to the exonuclease site. This 
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transfer constitutes a rate-limiting step with a rate constant of 4 s−1. As the primer 

moves towards the exonuclease site, further strand separation occurs, compelling the 

primer-terminus to bind at the exonuclease active site with a faster rate constant of 20 

s−1. Excision takes place through the hydrolysis of the phosphodiester bond at a 

remarkable rate constant of 100 s−1, followed by the fast repositioning of the primer 

back into the polymerase's active site. The kinetic analysis reveals a rate constant of 400 

s−1 for extending a correct base pair [68]. This kinetic barrier not only prevents 

erroneous primer elongation but also facilitates idle turnover—a repetitive cycle 

involving the extension and excision of a nucleotide. This activity effectively stalls the 

DNA polymerase on DNA, contributing to the fidelity of DNA synthesis. 

The difference observed between reactions utilizing 4 ddNTPs and those utilizing 3 

dNTPs for KF processing Pdel 5, 6, and Pins 6 can be attributed to a kinetic obstacle 

formed by the addition of ddNTPs. ddNTPs demonstrate lower efficiency as substrates 

for Pol I compared to dNTPs. While dNTPs synthesis with a rate constant of 

approximately 80 s−1, ddNTPs exhibit a significantly slower extension rate constant of 

0.015 s−1 [166]. Consequently, the comprehensive proofreading rate observed when 

employing ddNTPs was notably inferior compared to using a singular dNTP [17]. 
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The study provides insights into the complex interplay between DNA polymerase, 

extrahelical nucleotides, and proofreading mechanisms, shedding light on the factors 

influencing DNA replication fidelity. 

 

4.3 The Contact of KF and DNA Junction Affects the Proofreading 

Efficiency 

While the crystal structure of DNA bound to the Klenow fragment (KF) editing 

site has been resolved and extensively discussed in several studies [71,166,167], the 

crystal structure of the KF-DNA complex at the polymerization site remains elusive. 

Consequently, certain widely accepted structural characteristics of DNA-bound KF are 

derived from extrapolations from T7 polymerase structures, which belong to the same 

family as Pol I [168]. 

Structure studies have revealed that T7 DNA polymerase interacts with the DNA 

backbone approximately 7 base pairs upstream of the primer terminus [168]. These 

interactions with the DNA duplex are believed to enable the polymerase to detect 

geometric distortions of the helix caused by mispairs and/or extra nucleotides [169]. As 

a result, single nucleotide insertion and deletion (indel) errors occurring within the 

primer-template region in close proximity to the polymerase are likely to be corrected. 
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The T7 DNA polymerase studies have laid a foundation for these insights, highlighting 

the importance of geometric distortions in error detection.  

Our findings support this model, as indel errors of Pdel 1–4 and Pins 1–5 substrates 

fall within the range of contact with the KF polymerase. This conclusion compares with 

our previous results regarding KF proofreading of internal mispairs, which indicated 

that mismatches located within the last 4 base pairs from the primer terminus could be 

effectively corrected [18].  

 

4.4 Acid Termination Method Offers Safer Alternative to 

Phenol/Chloroform Extraction in Glycosylase Assay 

Our MS-based method for analyzing glycosylase activity, including quantification, 

prioritized the integrity of AP products. Loss of AP product signal on the spectrum due 

to breakage during the reaction process or MS analysis can introduce bias in 

quantification. As evidenced in our results, we effectively managed the UDG reaction 

without AP product breakdown. 

It is known that E. coli UDG does not require divalent cations; thus, the reaction 

cannot be terminated by using chelating agents such as EDTA. Conventional gel-based 

glycosylase assays employ highly alkaline conditions to terminate the reaction and 
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induce strand breaks at the AP site for gel analysis [156,170]. The recommended UDG 

inactivation method involves phenol/chloroform extraction, preventing DNA 

degradation. However, this protocol included a laborious phase separation of hazardous 

chemicals. We introduced the acid termination method with HCl, effectively 

inactivating UDG by lowering the reaction pH to 2 ± 0.5. Subsequent neutralization 

with Tris base to prevent DNA damage. MS analysis of the AP product within 30 hours 

revealed no signs of base loss or modification in the mass spectra (Figure 7A). Extended 

storage (beyond 10 days) of reaction products led to some instances of non-specific 

depurination of DNA or strand breaks at AP sites (data not shown). 

 

4.5 Comparison of UDG Kinetic Parameters Using MALDI-TOF MS 

and Traditional Radioisotope Methods 

It's worth noting that the kinetic parameters of UDG and enzyme units derived 

from the G-U reaction, analyzed using the MALDI-TOF MS method (Figure 9A and 

9B), were remarkably similar to those obtained using the conventional 3H-uracil labeled 

measurement developed by Lindahl et al [152]. However, our oligo-duplex with a single 

G-U substrate is quite different from the PBS1 plasmid-based multiple A-U substrate. 

Specifically, UDG demonstrated three times higher activity with G-U compared to A-U 
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(Table 3, Initial rate and Kcat of G-U versus A-U). To reconcile this seemingly 

contradictory evidence, our explanation is as follows: The PBS1 substrate contains a 

very high density of multiple A-U (36% of nucleotides are U [88], compared to only 3% 

in our G-U substrate). It has also been shown that UDG is a very "processive" enzyme, 

meaning multiple uracil cleavages could have occurred in a single protein-DNA binding 

event [171]. Taken together, this would explain the lower specific activity of UDG 

towards the A-U substrate while generating similar results to a single G-U substrate. 

Nevertheless, the finding that there is an almost 1:1 correlation of UDG measurements 

between these two methods (Figure 11) suggests that the MALDI-TOF MS assay could 

be a very good replacement for the conventional radioisotope method. 

 

4.6 The Comparison of MS-based and Fluorescence-labeled Assays for 

Endonuclease V Repair Pathway Study 

We have conducted several studies to understand the Endo V repair pathway and 

have also demonstrated the importance of Pol I exonuclease activity in dI repair [19,74]. 

In this study, we further explore the possible interaction between Endo V and Pol I, and 

also establish a reliable detection method for Endo V enzymatic analysis.  
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We designed two protocols for Endo V nicking assays. One is an MS-based high 

turnover protocol, and the other is a PAGE-based slow turnover protocol. A shorter 

substrate (21-nt/28-nt DNA duplex) easily denatures after Endo V nicking, causing 

Endo V to dissociate from the DNA and allowing turnover. This turnover activity 

enhances sensitivity in MS-based analysis which is 16 times higher than PAGE-based 

assay. 

The other one is PAGE-based analysis, which used a 40-bp fluorescence-labeled 

substrate DNA duplex as a substrate. For 40-bp substrate, DNA remains a stable 

complex after nicking by Endo V with a melting temperature (Tm) of approximately 

52.7 °C. The stable structure of the DNA enables Endo V to bind to DNA effectively, 

thus it is suitable for analyzing the interaction between Pol I and Endo V. This 

highlights that substrate design is crucial for optimizing enzymatic assay performance. 

Detailed comparison data between these two methods can be found in Table 8. 

Several important factors need to be considered when designing experiments for 

denatured electrophoresis. The resolution of fluorescence relies on the quality of the 

polyacrylamide gel. A well-prepared polyacrylamide gel results in lower background 

noise and improved resolution, particularly when dealing with low amounts of products. 

The background signal directly impacts the quantification in electrophoresis, leading to 
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variations in analysis from batch to batch. In comparison to MS-based analysis, it is 

easier to distinguish the products from the signal when the signal-to-noise ratio is 

around 100, and the resolution is 1 Dalton [18]. Potassium adducts can be observed in 

the MS spectra, however, the signal from these adducts does not interfere with the 

quantification. The denatured electrophoresis can only analyze 10 to 15 samples on the 

same gel and four gels for the same batch. Yet automated MALDI-TOF MS allowed for 

at least 300 samples to be analyzed in the same batch within 2 hours [151]. 

The denatured electrophoresis has been widely used in many studies, but it still has 

limitations. An appropriate approach reduced the artifacts that may impact the outcome. 

Recently, the monofunctional glycosylase in mammalian -hSMUG1 was reported which 

processed incision activity [172]. The incision products were resolved by denature 

electrophoresis, which easily breaks down the AP products during the electrophoresis. 

Denaturing reagents such as formamide and urea, used in the denaturing gel 

electrophoresis protocol, may cause AP site breakage. The 3’ phosphodiester bonds of 

the AP site associated with the open aldehyde form are labile and can be hydrolyzed by 

a β-elimination reaction in which the pentose carbon beta to the aldehyde is activated at 

alkaline pH and elevated temperature [173]. We mimic denaturing electrophoresis 

conditions and treat the AP products in monofunctional glycosylase assay, then 
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subjected the products to MS analysis. The results indicated that the denaturing reagent 

and the heating process caused non-enzymatic breakage, which could be prevented by 

using MALDI-TOF MS analysis [174].  

 

4.7 The Turnover Activity of Endonuclease V 

In part three of the study of Endo V, we focused on the turnover activity of Endo 

V. Endo V was initially purified as the deoxyinosine 3’ endonuclease from E. coli in 

1994 [131]. The endonuclease activity of the purified protein was determined by 

utilizing the PM2 DNA substrate containing dI. The PM2 circular DNA was 10,079 bp 

long with a GC content of 42.2% [175], and deoxyinosine was incorporated into the 

DNA to form I-C pairing through nick translation [176]. The unit definition of Endo V 

was defined as the enzyme amount required to cleavage 1 pmol of dI substrate per 

minute. According to our findings, the I-C substrate is not a good substrate for 

analyzing Endo V nicking activity, we suggest that the Endo V activity may 

underestimated under such reaction conditions. 

The native endonuclease V exhibits poor solubility at physiological salt 

concentrations. Moreover, the low concentration in the cell and its instability during 

purification make the production of homogeneous preparations of endonuclease V 



doi:10.6342/NTU202401466

 

 

80 

challenging. Purification of the native Endo V was challenging until the complete 

sequence of the nfi gene was resolved [120]. However, the genetically engineered Endo 

V could be easily obtained. Commercialized Endo V is a fusion protein with a maltose-

binding protein tag. Maltose-binding protein (MBP) is widely utilized as a fusion 

partner for generating recombinant proteins in bacteria [177]. The fusion does not affect 

the enzymatic activity and the binding affinity of Endo V to the dI lesion after nicking 

[129]. However, the extent to which this fusion protein may influence binding and 

turnover compared to the native enzyme remains unknown.  

We further noticed that the difference of the substrate, the close circular 

heteroduplex is more biologically relevant and was used in the previous studies 

[134,135]. In our study, we obtained different results by using oligonucleotide 

substrates. We observed that Endo V exhibited nicking preference as follows: I-G > I-A 

≈ I-T > I-C. The nicking activity was extremely high on the I-G substrate, it could be 

caused by the thermostability of the DNA duplex. According to the nearest-neighbor 

free energy models, a generalized stability trend was derived: I-C > I-A > I-T ≈ I-G > II 

from which finds widespread use in practical applications [178,179].  
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Endo V binds DNA tightly through the interaction of the lesion-recognition pocket 

and the inosine [180]. Therefore, it may present a signal for the polymerase I to engage 

in the dI repair pathway. To understand the interplay of the Endo V and Pol I in the dI 

repair pathway, a turnover assay was conducted. The turnover activity of Endo V was 

promoted by the Klenow Fragment (KF) with proficient 3’ to 5’ exonuclease activity, 

which was higher than the KF exonuclease-deficient form. Based on our findings, we 

suggested that the physical interactions between Endo V and KF played an important 

role in Endo V turnover activity. Pol I removed deoxyinosine (dI) via its 3’ to 5’ 

exonuclease active site. Subsequently, Endo V dissociates from the DNA duplex due to 

the destabilization of the DNA structure. 

In addition, the result of 3’ to 5’ exonuclease deficient KF suggested physical 

interaction between Pol I and Endo V also promoted turnover with less extend. It’s 

suggested that an additional mechanism, such as protein-protein interactions by direct 

physical contact is involved. The co-immunoprecipitation experiment of Pol I and Endo 

V in the presence of deoxyinosine substrate should provide further insight into this dI 

repair pathway. 
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Chapter V Conclusion 

In conclusion, our study employed MALDI-TOF MS with unlabeled DNA 

substrates to investigate proofreading enzymes’ activity, such as UDG, and Endo V. We 

found that Pol I effectively proofread insertion/deletion errors near the primer terminus. 

The indel error within 5-nt from the 3’ terminus was effectively proofread. Based on 

these results, we proposed a model of Pol I proofreading capacity. To confirm these 

models, co-crystallography of DNA fitting in the exonuclease site is needed. 

The MS-based UDG analysis demonstrates fast and high throughput advantages, 

particularly in inhibitor screening tests, which can be applied to pharmaceutical use. In 

cancer treatment, the effectiveness of anti-cancer drugs like 5-FU is related to the 

activity of uracil DNA glycosylase. The combination treatment of glycosylase inhibitors 

and 5-FU may overcome drug resistance. Therefore, establishing a high-throughput 

platform for inhibitor screening is essential. Furthermore, the results indicated that the 

G-U substrate is one of the most suitable substrates for UDG assays. This platform also 

could be adapted to bi-functional glycosylases such as formamidopyrimidine DNA 

glycosylase (Fpg) and 8-oxoguanine glycosylase (OGG1). Bi-functional glycosylase 

cleaves the AP site, followed by DNA lesion removal. By designing proper DNA 

substrates, bi-functional glycosylase can cleave the AP site, followed by DNA lesion 
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removal. This results in two separated fragments, which can be subjected to MALDI-

TOF MS for measuring the glycosylase activity. 

In Endo V analysis, the results indicated the possible interaction of Endo V and Pol 

I. It proposed that the Endo V turnover activity could be promoted by either 

exonuclease proficient KF or exonuclease deficient KF, through the physical interaction 

between two proteins. The protein-protein interaction of Endo V and Pol I is await for 

the further investigation. 

In conclusion, our method is expected to apply to other DNA repair proteins, 

providing a robust and high-throughput approach for analyzing and understanding the 

complex mechanisms of DNA repair. This work lays the foundation for further studies 

on the interactions and functions of various DNA repair enzymes, which are crucial for 

maintaining genomic integrity and developing effective therapeutic strategies. 
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Figures 

 

Figure 1. The graphic abstract of MALDI-TOF MS based analysis of  DNA repair 

proteins 

In this study, the MS-based analysis was developed to analyzed three DNA 

maintained protein included DNA polymerase I, uracil DNA glycosylase and 

Endonuclease V. Non-labeled DNA duplex was prepared in a 1.5 mL microcentrifuge 

tube and co-incubated with DNA repair protein included DNA polymerase I (Pol I), 

uracil DNA glycosylase (UDG) and endonuclease V (Endo V). The DNA was then 

subject to MS analysis.   
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Figure 2. The scheme of the proofreading assay by MALDI-TOF MS analysis 

Primers with an indel error (extra nucleotide in italic bold) were annealed as 

indicated to a template. The proofreading exonuclease of DNA polymerase identifies 

and removes the misaligned nucleotides. In protocol A, in the presence of four ddNTPs, 

the proofreading reaction terminates by synthesizing a single complementary base at the 

indel error site. In protocol B, in the presence of three dNTPs, the proofread primer can 

be extended to a specified length according to the template sequence. When analyzed 

using MALDI-TOF MS, the differences in mass between mismatched primers, excision 

products, and proofreading products can be distinguished. 
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Figure 3. The single nucleotide deletion error from position 1 to 5 could be 

proofread by Klenow fragment effectively with 4ddNTPs  

Proofreading assays were performed with 2 U (8.6 pmol) of KF and 50 pmol 

substrates at 37 °C for 20 minutes, following the procedure described in section 2.3. 

Blank refers to the enzyme blank of the P21 primer. Substrates labeled Pdel 1 to Pdel 9 
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exhibit single nucleotide deletion errors in the primer, with the numbers indicating the 

loopout position relative to the 3’ end of the primer. P21, unrepaired primers; PR, 

proofread products; PE, primers; EX-1, EX-2, and EX-3, excision products, with the 

numbers indicating the nucleotides excised from the primers. 
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Figure 4. The single nucleotide deletion error from position 1 to 4 could be 

proofread by Klenow fragment effectively with 3dNTPs and ddCTP 

Proofreading assays were performed with 2 U (8.6 pmol) of KF and 50 pmol 

substrates at 37 °C for 20 minutes, following the procedure described in section 2.3. 

Blank refers to the enzyme blank of the P21 primer. Substrates labeled Pdel 1 to Pdel 9 
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exhibit single nucleotide deletion errors in the primer, with the numbers indicating the 

loopout position relative to the 3’ end of the primer. P21, unrepaired primers; PR, 

proofread products; PE, extended primers; EX-1, an excision product involving the 

removal of a single nucleotide from the primer. 
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Figure 5. The single nucleotide insertion error from position 1 to 5 could be 

proofread by Klenow fragment effectively with 4ddNTPs 

Proofreading assays were performed with 2 U (8.6 pmol) of KF and 50 pmol 

substrates at 37 °C for 20 minutes, following the procedure described in section 2.3. 

Blank refers to the enzyme blank of the P22 primer. Substrates labeled Pins 1 to Pins 9 
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exhibit single nucleotide insertion errors in the primer, with the numbers indicating the 

loopout position relative to the 3’ end of the primer. P22, unrepaired primers; PR, 

proofread products; PE, primers; EX-1 and EX-2, excision products, with the numbers 

indicating the nucleotides excised from the primers. 
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Figure 6. The single nucleotide insertion error from position 1 to 5 could be 

proofread by Klenow fragment effectively with 3dNTPs 

Proofreading assays were performed with 2 U (8.6 pmol) of KF and 50 pmol 

substrates at 37 °C for 20 minutes, following the procedure described in section 2.3. 

Blank refers to the enzyme blank of the P22 primer. Substrates labeled Pins 1 to Pins 9 
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exhibit single nucleotide deletion errors in the primer, with the numbers indicating the 

loop-out position relative to the 3’ end of the primer. P21, unrepaired primers; PR, 

proofread products; PE, extended primers. 
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Figure 7. The scheme of DNA Polymerase I proofreading capacity for indel errors 

In the event of an indel error arising from polymerase mis-incorporation or primer-

template misalignment, DNA synthesis undergoes a temporary pause to facilitate the 

transfer of the primer to the 3'-5' exonuclease site (exo, highlighted in red) for 

proofreading. Indel errors occurring within the primer-template junction and close to the 

polymerase (numbers in red) trigger the primer transfer to the exonuclease site for 

proofreading. Indel errors situated in a region marginally in contact with the polymerase 

(numbers in orange) undergo partial proofreading. Indel errors positioned farther away 

from the primer's 3’ terminus and not in direct contact with the polymerase (numbers in 

black) result in the primers remaining in the polymerase site, escaping the proofreading 

process. 
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Figure 8. Model system for DNA uracil glycosylase assay 

(A) The example of UDG reaction. The lesion strand, containing a single uridine 

(U + 9), was annealed as to a template (T1), forming a G-U substrate (U in bold). Uracil 

is removed by Uracil-DNA glycosylase creating an abasic products (d+9). When 

analyzed by MALDI-TOF MS, the distinction in m/z values between U-containing 

DNA and AP products can be resolved, as shown in panel (B). (B) The MS spectrum of 

UDG assay. A 18-nt DNA containing a single uracil (U+9) annealed to a 19-nt template 

(T1) was examined. In the upper spectrum, an enzyme blank of 50 pmol substrate in a 

40 μL reaction buffer was subject to MS analysis. In the lower spectrum, a complete 
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enzyme digestion of 50 pmol substrate in a 10 μL reaction with 0.5 unit UDG at 37 °C 

for 30 minutes. T1, the 19-nt G-containing template; U + 9, the 18-nt U-containing 

substrate; d+9, the 18-nt abasic product. 
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Figure 9. The UDG enzymatic activity measured by MS-based analysis showed 

time and dose dependency 

(A) MALDI-TOF Mass spectrum allegorized the concentration-dependent 

processing of G-U substrates by UDG. 50 pmol of G-U DNA substrate was incubated 
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with UDG at concentrations of 0.01, 0.02, 0.05, and 0.1 unit at 37 °C. Aliquots (10 μL) 

were taken from the reaction mixture at 0, 0.5, 1, 2, and 3 minutes and quenched with 

phenol/chloroform extraction. T, T1 template; U, U+9 substrate; AP, the 18-nt abasic 

product. (B) The kinetic assay with different UDG concentration. The amount of 

product was plotted against time, with UDG concentrations of 0.01 unit (closed 

triangles with a solid line), 0.02 unit (open triangle with a dashed line), 0.05 unit (closed 

circle with a solid line), and 0.1 unit (open circles with a solid line). The points 

represent the average of three independent determinations, and the error bars indicate 1 

S.D. 
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Figure 10. The UDG kinetic parameter determined by MALDI-TOF MS was 

comparable to traditional method. 

Michaelis-Menten curve and Lineweaver-Burk plots to determine the Km 

and kcat for UDG enzyme-catalyzed excision of Uracil from DNA. V, reaction 

velocity (nM/s). The DNA glycosylase assay was performed using 0.1 Unit UDG and 

different concentrations (10, 30, 60, 100, 200 nM) of G-U substrate in 100 μL reaction 

for 30 second and 60 second. 
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 (A) Michaelis-Menten curve generated from three independent experiments. The error 

bars represent 1 SD. 

 (B) Lineweaver-Burk plot for the assay, the indicated intercepts permit calculation Km 

and Vmax. 
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Figure 11. UDG assay by MALDI-TOF MS analysis was comparable to the 

manufacturer-assigned unit 

Enzyme activity was defined through the removal of uracil, leading to the abasic 

site products. In a 10 μL reaction, 50 pmol (0.56 μg) of G-U substrate was incubated 

with diluted UDG at 37 °C for 30 minutes. The UDG was diluted with buffer [50% 

glycerol, 20 mM Tris-HCl (pH 7.5), 30 mM NaCl, 0.5 mM EDTA, 1 mM dithiothreitol] 

on ice. The unit was defined as the amount of enzyme that catalyzed the release of 60 

pmol of uracil per minute. Error bars represent the standard deviation from six 

experiments. 
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Figure 12. The inhibition curve of UGI 

(A) In the 20 μL inhibition reactions, 0.05 Unit UDG (8 pM) and 50 pmol G: U 

substrate for 15 minutes, in the presence of UGI ranging from 0.001 Unit (5 pM) to 0.1 

Unit (200 pM).  
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(B) The inhibition curve of UGI. Each point represents the average of three 

independent determinations, with error bars indicating 1 S.D. The inhibition curve was 

fitted in the "Quest Graph™ IC50 Calculator" by AAT Bioquest, Inc. (June 19, 2020) 

and retrieved from https://www.aatbio.com/tools/ic50-calculator-v1. 

  

https://www.aatbio.com/tools/ic50-calculator-v1
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Figure 13. Signal intensity and molecular weight 

Oligonucleotides from 15-nt to 23-nt were tested. (A) The spectrum of 

oligonucleotides. A mixture of 50 pmol of each oligonucleotide in 45 μL solutions was 

subjected to MS analysis. (B) The peak height of 15-nt was used as 100% for 

calculation. Relative signal intensity for each oligonucleotide was calculated using an 

average of four determinations and the error bars represent 1 S
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Figure 14. Example of high turnover substrate for Endo V nicking activity 

analyzed by MALDI-TOF MS 

The 21-IT (21I/4S28T) substrate was used as an example of a high-turnover 

substrate. (A) The scheme of Endo V nicking assay using a 21-IT duplex. Endo V 

nicked the short double-stranded dI substrate and then dissociated from the melted 

single-stranded product. (B) The signal-to-noise ratio of different reaction conditions. 

The nicking assay was conducted by 21-IT duplex incubated with 1U Endo V, 1X 

NEBuffer 4 (20 mM Tris-acetate, 50 mM potassium acetate, 10 mM Magnesium 

acetate, 1mM dithiothreitol, pH7.9 at 25°C). The reaction was performed at 37℃ for 10 

minutes and followed by an acid quench/ Tris neutralization process. The signal-to-

noise ratio of 20 pmol of 21-IT duplex input and 2U Endo V (upper) versus 5 pmol of 

21-IT duplex input and 0.5 U Endo V were shown.  
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Figure 15. Endo V enzymatic activity analysis by MALDI-TOF MS 

(A) Nicking assay. The reaction contained 1X NEBuffer 4 (20 mM Tris-acetate, 50 

mM potassium acetate, 10 mM Magnesium acetate, 1mM dithiothreitol, pH7.9 at 25°C), 

and 20 pmol of 21-IT substrate in 10 μL. The reaction was started by adding Endo V. 

The dose dependency of Endo V toward 21-IT substrate was observed. The reactions 

were scaled up 5 times and aliquots were quenched at 10, 20, 40, and 60 minutes for 

MALDI-MS analysis. (B) The nicking kinetic of Endo V. Endo V concentrations of 1 

unit (circles) and 0.5 unit (squared). (C) Sensitivity assay. The Endo V was diluted with 

buffer [50% glycerol, 10 mM Tris-HCl (pH 7.4), 250 mM NaCl, 0.1 mM EDTA, 1 mM 

dithiothreitol, 0.15% Triton-X 100, 200 μg/ml BSA] on ice. Diluted Endo V incubated 

with 20 pmol of 21-IT and 1X NEbuffer 4 for 60 minutes at 37°C followed MS 

analysis. Each point was tested 3 times with independent measurements and the average 

was shown with 1±SD.
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Figure 16. Endo V nicking specificity analysis using 21bp dI-substrate 

(A) The nicking assay contained 1X NEBuffer 4 (20mM Tris-acetate, 50 mM 

potassium acetate, 10 mM magnesium acetate, 1 mM dithiothreitol, pH7.9 at 25°C), 20 

pmol of substrate, 1 U of Endo V in a total reaction volume of 10 μL at 37°C. The 

reactions were scaled up 5 times and aliquots were quenched at 10, 20, 40, and 60 

minutes for MALDI-MS analysis. (B) The time course analysis. Each point was an 

average of 4 independent measurements ± 1SD. 
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Figure 17. The detection limit of fluorescence-based gel assay 

Measurement of the detection limit and the linearity range of the fluorescence 

detection assay. (A) Fluorescence gel analysis. Synthetic oligonucleotide contained 

single inosine (I, marked in red) with 5’ FMA modification (marked in green) was used 

in this study. The relative fluorescence intensity of each band was normalized with 10 

pmol-band intensity. The fluorescence detection limit is 1.25 pmol (CV%=12%, results 

of 6 times independent experiments). (B) Detection lower limit determination. The 

correlation of relative intensity and DNA amount shown highly comparable, the 
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R2=0.9813 and the equation is Y=0.1036X-0.005606. Each point was an average of 6 

independent measurements ± 1SD.  
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Figure 18. Endo V nicking assay using fluorescence-labeled substrate and 

sensitivity assay 

(A)Endo V nicking assay. A 40-TI substrate was utilized in the Endo V nicking assay. 

The 19nt-Endo V nicking products were separated by electrophoresis and quantified 

using Image Lab Software (Bio-Rad). (B) Endo V selectivity assay. As defined by the 
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manufacturer, one unit is the amount of enzyme required to cleave 1 pmol of a 34-nt 

oligonucleotide duplex containing a single deoxyinosine site in a total reaction volume 

of 10 μL within 1 hour at 37°C. The correlation plot indicates a high correlation 

between the two methods, with an R2 value of 0.9541 and an equation of 

Y=0.8216X+0.3774. Each point was an average of 4 independent measurements ± 1SD. 
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Figure 19. Endo V substrate specificity analysis using fluorescence-based gel assay 

(A) Time course assay with various amounts of Endo V. A 40-TI DNA duplex was 

incubated with 1U, 2U, and 5U of Endo V at 37°C. Aliquots (10μl) were withdrawn 

from the reaction mixture at 0, 5, 10, 30, and 60 minutes, and the reaction was quenched 

by heat inactivation according to the manufacturer's instructions. Results showed that 

the reaction exhibited dose-dependency. (B) Substrate specificity of Endo V. 1U of 

Endo V incubated with 40-IT, 40-IA, 40-IC, 40-IG or FAM-40I substrate at 37°C for 

various time. The results of each time point  was an average of 4 independent 

measurements ± 1SD.  
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Figure 20. Pol I variants promote Endo V turnover using fluorescence-labeled gel 

assay  

(A) Turnover assay contained 20 pmol fluorescence-labeled substrate (40-TI), 1X 

NEBuffer 4 (20 mM Tris-acetate, 50 mM potassium acetate, 10 mM magnesium 

acetate, 1 mM dithiothreitol, pH7.9 at 25°C), incubated with 1U Endo V (round circle 

with solid line), or co-incubated with 1U KF (rectangle with solid line) or 2U KF (exo-) 
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(triangle with dot line). Aliquots (10μl) were withdrawn from the reaction mixture at 0, 

10, 20, 40, and 60 minutes, and the reaction was quenched by heat inactivation 

according to the manufacturer's instructions. (B) Pol I spiked reaction contained 5 pmol 

fluorescence-labeled substrate (40-IT), 1X NEBuffer 4 (20 mM Tris-acetate, 50 mM 

potassium acetate, 10 mM magnesium acetate, 1 mM dithiothreitol, pH7.9 at 25°C), 

incubated with 2U Endo V (round circle with solid line) for 15 minutes, then spiked the 

reaction with 2U KF (circle) or 2U KF (exo-) (triangle), or no spiked (squared). 

Aliquots (10μl) were withdrawn from the reaction mixture at 5, 10, 15, 20, 25, and 30 

minutes, and the reaction was quenched by heat inactivation according to the 

manufacturer's instructions. Each point was an average of 4 independent measurements 

± 1SD. 
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Tables 

Table 1 The comparison of uracil DNA glycosylase detection assay  
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Table 2 sequences of template-primers containing a single nucleotide deletion or 

insertion error 

 
a results from 4 ddNTPs reaction. PR, proofreading; PE, primer extension without 

editing. 
b Results from 3 dNTPs reaction. 
c -- below detection limit     
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Table 3 U-containing substrate compositions and UDG specificities 

 

 
aThe 18-nt U-containing DNA were designated by U±N, The ‘+ ‘ is counting the uracil position from 5’ 

terminus, and the ‘-‘ is counting the uracil position from 3’ terminus; for example, U+9 is the 9th position 

from 5’ terminus, U-3 is the 3rd position from 3’ terminus. The complementary 19-nt template of T1 to T7 

would paired with the U-containing DNA forming G-U or A-U mismatches as indicated. 

bUracil bases are in bold. 

cReactions were using 50 pmol U substrates, 0.05U UDG, in 10μl as described in the Materials and 

Methods.  

d ND, not detectable. 
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Table 4 The sequence for MS normalization  

Length DNA sequence 

15-nt 5’-CGTAAGTCAGGATCC-3’ 

16-nt 5’-CGTAAGTCAGGATCCG-3’ 

17-nt 5’-CGTAAGTCAGGATCCGT-3’ 

18-nt 5’-CGTAAGTCAGGATCCGTG-3’ 

19-nt 5’-CGTAAGTCAGGATCCGTGA-3’ 

20-nt 5’-CGTAAGTCAGGATCCGTGAT-3’ 

21-nt 5’-CGTAAGTCAGGATCCGTGATC-3’ 

22-nt 5’-CGTAAGTCAGGATCCGTGATCT-3’ 

23-nt 5’-CGTAAGTCAGGATCCGTGATCTA-3’ 
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Table 5 dI-containing substrate for MS-based Endo V analysis 

dI substrate DNA sequence 

21-IT 5’-TACCAGTCAGGACGTIGCTAA-3’ 

3’-ATGGTCAGTCCTGCATCGATTCAGCTGA-5’ 

21-IA 5’-TACCAGTCAGGACGTIGCTAA-3’ 

3’-ATGGTCAGTCCTGCAACGATTCAGCTGA-5’ 

21-IG 

 

5’-TACCAGTCAGGACGTIGCTAA-3’ 

3’-ATGGTCAGTCCTGCAGCGATTCAGCTGA-5’ 

21-IC 5’-TACCAGTCAGGACGTIGCTAA-3’ 

3’-ATGGTCAGTCCTGCACCGATTCAGCTGA-5’ 

21-IA* 5’-TACCAGTCAGGACGTIGGGAA-3’ 

3’-ATGGTCAGTCCTGCAACCCTTCAGCTGA-5’ 

 

The red-bold I: inosine. 

Under lined: calibrator oligonucleotide. 
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Table 6 dI-containing substrate for fluorescence-based Endo V analysis 

dI substrate DNA sequence 

34-IT FAM-5’-GATTTCATTTTTATTIATAACTTTACTTATATTG-3’ 

FAM-3’-CTAAAGTAAAAATAATTATTGAAATGAATATAAC-5’ 

FAM-40I FAM-5’-GATGCCCTTATTATTGGICTCGAGCGTAATGAATGGATTC-3’ 

40-IT FAM-5’-GATGCCCTTATTATTGGICTCGAGCGTAATGAATGGATTC-3’ 

FAM-3’-CTACGGGAATAATAACCTGCCATGGCATTACTTACCTAAG-5’ 

40-IA FAM-5’-GATGCCCTTATTATTGGICTCGAGCGTAATGAATGGATTC-3’ 

FAM-3’-CTACGGGAATAATAACCAGCCATGGCATTACTTACCTAAG-5’ 

40-IC FAM-5’-GATGCCCTTATTATTGGICTCGAGCGTAATGAATGGATTC-3’ 

FAM-3’-CTACGGGAATAATAACCCGCCATGGCATTACTTACCTAAG-5’ 

40-IG FAM-5’-GATGCCCTTATTATTGGICTCGAGCGTAATGAATGGATTC-3’ 

FAM-3’-CTACGGGAATAATAACCGGCCATGGCATTACTTACCTAAG-5’ 

21-IT-FAM FAM-5’-TACCAGTCAGGACGTIGCTAA-3’ 

FAM-3’-ATGGTCAGTCCTGCATCGATTCAGCTGA-5’ 

The red-bold I: inosine. 
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Table 7 Example of absorbance monitoring at λ = 260 nm for substrate duplex 

preparation. 

 T5 U-3 T5/U-3 duplex a 

A260 at 95°C 0.247 0.220 0.468 b 

A260 at 70°C 0.200 0.219 0.386 c 

A260 at 25°C 0.183 d 0.205 0.375  
a Hybridization of template and substrate oligonucleotides was following established protocol in reaction 

buffer of 10 mM MgCl2, 10 mM Tris-Cl (pH 7.5), 1 μM of T5, U-3, and T5/U-3 duplex were subjected 

A260 measurement at temperatures indicated. 

b At 95°C all oligonucleotide displayed typical random coil single-stranded A260 absorbance. 

c At 70 °C, decreasing of A260 of T5/U-3 duplex correspondent to the formation of heteroduplex.  
d Decreasing A260 of T5 may be attributed to forming hairpin type of structure. 
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Table 8 Comparison of MS-based and PAGE-based analysis for Endo V 
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