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MALDI-TOF analysis elucidates the functions of two domains in pol I.
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Mass Spectrometric Investigation of the Role of the
Linking Polypeptide Chain in DNA Polymerase I

Tacho Yeom®, Jungyoon Lee”, SeongHyun Lee”, Sunah Kang?, Kyung Rok Kim”,
Byungwoo Han’, Hyun Soo Lee” and Kyubong Jo™

DNA polymerase I offers great promise for a wide range of biotechnological applications
due to its capability to add labeled nucleotides into double-stranded large DNA molecules by
using both polymerase and nuclease domains. Accordingly, it is crucially important to
thoroughly characterize this enzyme for further developments. Although the enzyme has been
thus far characterized using mainly traditional analytical instruments, here we utilized an
advanced and convenient means of mass spectrometry to elucidate enzymatic functions and
mechanisms by measuring DNA oligomers generated by polymerase and nuclease reactions.
Our analysis revealed several novel enzymatic features, including the observation that
polymerase readily dissociates from the DNA molecule containing a wide single-stranded
section. From this finding, we reasoned a serious situation of DNA break because polymerase
domains cannot efficiently repair the wide single-stranded section, which is susceptible to
DNA breaks. Furthermore, we deduced a plausible explanation for a paradoxical question as
to why two domains of polymerase and 5'-nuclease are linked by a small and flexible
polypeptide in polymerase I. The polypeptide link seems to prevent a 5’-nuclease from causing
DNA breaks by locating a polymerase domain closely for immediate repair reaction. Here we
present experimental evidence to prove our hypothesis via a set of mass spectrometric analyses
as well as single DNA molecule observation and bacterial cell growth assay. Consequently,
mass spectrometric analysis for DNA polymerase I provides a meaningful biological insight
that a polypeptide link can be a molecular leash to control an aggressive domain in order to
prevent unmanageable damages.

both a polymerase domain and a 5'-nuclease domain linked by a
flexible polypeptide linkage. The unique function of the 5'-

DNA polymerase has become a versatile biochemical tool for  pyclease domain distinct from other polymerases makes pol I a

a variety of bio-analytical systems.

In the last decade, a yseful tool for labeling DNA molecules with radioisotopes or

number of next-generation sequencing platforms have fluorescent materials.® We had previously employed pol I-
employed DNA polymerases for high-throughput analysis, i.e., based nick translation for sequence-specific labeling of

sequencing by synthesis.

Further, a single-molecule genomic DNA molecules.” In addition, we recently developed
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sequencing system consists of single DNA polymerases
immobilized at the bottom of nano-sized wells to enable real-
time sequencing of single DNA molecules.* A logical next
advancement in this technology would be the development of a
high-throughput sequencing platform to directly read sequences
from individual genomic DNA molecules.” For this
development, large double-stranded DNA molecules require
nuclease activity to insert space for the addition of labeled
nucleotides by polymerase. For this application, DNA
polymerase I (pol I) is a strong candidate because it contains

“ Department of Chemistry and Interdisciplinary Program of Integrated
Biotechnology, Sogang University, Seoul, 121-742, Republic of Korea,
b School of Pharmacy, Seoul National University, Seoul, 151-742,
Republic of Korea,

Tel.: +82 (2) 705-8881; E- mail: jokyubong@sogang.ac.kr

This journal is © The Royal Society of Chemistry 2014

another single-molecule analytical method for the detection of
ultraviolet-induced DNA damage by using pol I-based nick
translation.® Nonetheless, although polymerases are known to
be extremely accurate enzymes, stochastic random enzymatic
errors occur and cause critical problems for single-molecule
DNA analysis. For example, the use of single molecule
sequencing is currently limited to re-sequencing analysis rather
than de novo sequencing because of its relatively high error-rate,
unlike that observed in amplification-based sequencing
systems.” To overcome this shortcoming, it is necessary to
thoroughly characterize the capabilities and the limitations of
polymerases as well as their reaction mechanisms.

DNA polymerase I is a well-characterized enzyme consisting
of two domains.'® The polymerase domain, called the Klenow
fragment, adds new nucleotides to DNA chains and also has
proofreading capability via 3’—5' exonuclease activity. The

J. Name., 2014, 00, 1-3 | 1



Page 3 of 9

P OO~NOUILAWNPE

other functional domain of 5’-nuclease, originally called the
5'—=3’ exonuclease domain, removes damaged nucleotides as
well as RNA primers.'”'? Early pol I studies were conducted
during the 1960s and 1970s with the use of classical analytical
techniques such as liquid chromatography and gel
electrophoresis by using radioisotope labels.'> '* In the 1980s
and 1990s, crystallographic analysis allowed for the
determination of the molecular details of the enzymatic
functions of pol 1.">'7  Genetic engineering has enabled the
characterization of the roles of individual amino acids by
substitution with different amino acids.'® Recently, single-
molecule fluorescence resonance energy transfer (FRET) has
been used to characterize molecular motions.'”?° Alternatively,
convenient but informative mass spectrometric measurements
have replaced many assays that were previously based on gel
electrophoresis employing radioisotope labels.?! The primary
advantage of mass spectrometry is that radioisotope probes are
not necessary. Thus, matrix-assisted laser desorption ionization
time of flight (MALDI-TOF) mass spectrometry, instead of
sequencing gel electrophoresis, has been utilized for the
analysis of DNA oligomers generated by DNA polymerase and
exonuclease.”> ?* In a mass spectrum of the DNA oligomers,
the distance between the ladder peaks allows for the
determination of four nucleotides since each base has a distinct
molecular mass. These ladder-like patterns have been utilized
to develop a novel DNA-sequencing platform as an alternative
to the Sanger method.>*® On the other hand, these ladder-like
patterns could also be very useful in the characterization of the
properties and the reaction mechanisms of pol 1.

In this paper, we investigated various characteristics of pol I
by wusing MALDI-TOF mass spectrometry. Our
characterization revealed an interesting novel feature of pol I
that a polymerase domain readily dissociates from the DNA
duplex containing a wide-gapped single-stranded portion,
unlike that in the case of a narrow-gapped portion, while the 5'-
nuclease domain digests the 5’ end of DNA without
differentiating upon the gap sizes. From these findings, we
have uncovered an interesting biochemical insight to explain
the role of the polypeptide chain connecting the 5’-nuclease
domain to the polymerase domain, which has remained
unanswered in studies of pol L2 ?® This molecular linkage
likely reduces the probability of DNA breaks by an immediate
polymerase reaction right after a 5'-nuclease reaction. Here we
present experimental evidence obtained through a set of mass
spectrometric analyses, single DNA molecule analysis, and a
bacterial cell growth assay.

Results and Discussion

Mass Spectrometric Analysis of Pol I

Fig. 1 shows straightforward ladder-like mass spectrometric
patterns that depict both polymerase additions and nuclease
removals of nucleotides. The mass distance between the ladder
peaks indicates nucleotide bases, as the four bases have
distinctly different molecular masses. In addition, the peak
heights indicate the relative quantities of oligonucleotides of
different lengths. Although most other MALDI-TOF studies
used the chain termination reaction method employing dideoxy-
nucleotides (ddNTP) for monitoring polymerase reactions like
the Sanger method,?” *® we had difficulty in using the chain
termination reaction because we observed that the mass spectra
showed complicated peaks from incomplete polymerized
products and chain-terminated products. Instead, we used only
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Fig. 1 Ladder-like mass spectra demonstrating pol I activity on oligonucleotide
duplexes with a (A) one-nucleotide gap, (B) nick, and (C) without a downstream
sequence. The upstream primers are denoted by asterisks (*) and increase with
polymerase activity (*+number). In the same manner, the down stream strands
are denoted by circumplexes (*) and decrease with 5'-nuclease activity (-
number). Each nucleotide is determined by the mass difference between two
neighboring peaks. (See Table 1 for sequence information)

deoxy-nucleotide (ANTP) without ddNTP to generate simple
ladder-like mass spectrometric patterns by optimizing the
concentrations of the four dNTPs (20 uM), in concentrations
similar to those observed in living bacteria; E. coli K-12 was
reported to have 26 uM dATP, 22 uM dTTP, 35 uM dGTP, and
70 uM dCTP, though dNTP concentrations are dynamically
controlled depending on various physiological conditions.?! *?
The other reaction components consisted of DNA substrate (10
uM), and pol I (0.13 uM), and the reaction was performed at
37 °C for six minutes. From the reaction condition, it can be
expected that the peaks in mass spectra are primarily the result
of the processive activity of one polymerase molecule, because
the number of polymerase molecules added in the solution is
only 1.3% of the DNA substrates, and the peak for the
unreacted substrates is relatively large. Processivity is defined
as the average number of nucleotides added by a single DNA
polymerase for every association and disassociation with the
DNA template. Several previous studies have reported the
processivity of pol I; for example, Bambara et al. reported that
pol I had a processivity of 15~20 nucleotides, but many other
studies have shown that processivity is not a fixed value.** **
Das and Fujimura reported that the processivity of pol I varies
from 1 to 30 nucleotides depending on the experimental
conditions.*® In addition, we observed that an increase in ANTP

This journal is © The Royal Society of Chemistry 2014
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Fig.2 MALDI-TOF mass spectra demonstrating the differences in processivity on
A, C, G, and T homopolymers. Pol I synthesizes (A) poly A on a poly T
template, (B) poly C on a poly G template, (C) poly G on a poly C template, and
(D) poly T on a poly A template. These DNA substrates do not have downstream
strands. (E)-(F) can be compared with (A)-(D) respectively with the downstream
strands

concentrations shifts the peaks to those reflecting a higher
molecular mass, thus indicating an increase in the processivity.

Sequence Dependence of Pol 1

An interesting finding of our study is that pol I cannot
proceed further in the presence of single-stranded downstream
DNA substrate. As shown in Fig. 1C, polymerase adds a
thymine (T), but only a small portion of cytosine (C) before the
polymerase reaction stops. We next prepared another template
strand in which the first nucleotide to be added was cytosine
(C) instead of thymine (T), and we observed that polymerase
did not effectively add even the first cytosine. To obtain a
more thorough understanding of sequence dependence, we
utilized homopolymer templates. Fig. 2 A-D demonstrates the

This journal is © The Royal Society of Chemistry 2014
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Fig. 3 MALDI-TOF mass spectra representing polymerase processivity for three
different nucleotide (nt) gap sizes: (A) 3 nt gap, (B) 5 nt gap, and (C) 8 nt gap.
The upstream primers are denoted by asterisks (*), and the downstream strands
are denoted by circumflexes (»). Circles (>") show the doubly charged
templates. (See Table 1 for sequence information)

sequence dependence of pol I on cytosine and guanine
homopolymers templates, where the polymerase reaction halts
on single-stranded downstream of poly-C and poly-G, while the
polymerase reaction continues on poly-A and poly-T single-
stranded templates. However, Fig. 2 E-F show contradictory
results where the polymerase reactions do not halt on single
nucleotide gaps with duplex downstream DNA for A, C, G, and
T homopolymer templates. These data suggest that pol I is able
to differentiate a gapped duplex from a single-stranded
downstream region.

Pol I Dissociates from the Extended Gaps

The next question we asked is how large of a gap pol I can
recognize. We prepared various gap sizes up to twelve
nucleotides in lengths, of which Fig. 3 presents three
representative cases for different polymerase processivities. A
three-nucleotide gap (gap 3) showed the largest peak
immediately after gap filling, which implies that the
polymerase activity is sufficient to fill the gap (Fig. 3A). In
contrast, for an eight-nucleotide gap (gap 8), the single-addition
peak is dominant, and the peak after gap filling is negligible in
intensity, which implies that the polymerase activity is not
sufficient to fill the gap (Fig. 3C). A five-nucleotide gap (Fig.
3B) shows a mixture of both the extreme cases. This enzymatic
behavior can be explained by the structure of the Klenow
fragment (PDB ID: 1KLN).'® 1In the crystal structure, a thumb
domain and a palm domain form a cleft, and the length from the
active site to the end of the cleft is about 25 A. Therefore, pol I

Analyst, 2014, 00, 1-3 | 3
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Fig. 4 (A) 5'-nuclease reaction on a one-nucleotide gap for 20 min. (B) 5'-
nuclease reaction on a one-nucleotide gap for 20 min; Klenow fragment (KF) was
added subsequently with an additional incubation of six minutes. (C) Three-
nucleotide gap step reactions. 5'-nuclease reaction for 20 min, with KF added for
an additional incubation of six minutes. There was a significant reduction in
processivity on the widened gap.

can hold at most seven nucleotides because each nucleotide has
a length of 3.4 A. If a double-stranded portion existed after the
single-stranded portion, it would affect the conformation of the
cleft by exerting force on the thumb. Thus, the cleft can
recognize three- and five-nucleotide single-stranded portions,
but an eight-nucleotide gap is too long to be fit in the cleft
formed by the thumb and palm domains.

Extended Single-Stranded Gap by 5'-Nuclease Domain

On the other hand, mass spectra in Fig. 1, 2, and 3 show that
an individual binding of 5'-nuclease digests one to five
nucleotides regardless of the gap sizes. From these data, we
can envision a situation where the 5'-nuclease domain digests
the same DNA multiple times. If the gap were widened due to
multiple digestions, polymerase processivity would not be as
efficient as that observed in the case of a small nucleotide gap.
Therefore, after multiple attacks by 5'-nucleases, the DNA
molecule may temporarily have a wide single-stranded portion,
which is susceptible to various physicochemical attacks such as
shear force, oxygen radicals, and radiation, resulting in DNA
breakage. As mentioned earlier, we previously developed an
approach to label large DNA molecules employing pol I-based
nick translation.® During the development of this approach, we
observed that overnight incubation of bacteriophage A DNA
(48.5 kb) with pol I generates a considerable amount of DNA

4 | Analyst, 2014, 00, 1-3
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fragments. Thus, we set the reaction time to less than an hour,
or immobilized the DNA within an agarose gel plug for
labeling reactions to prevent DNA breakage.  Although
multiple successive attacks may not occur frequently, even a
single event can cause a large DNA molecule to break, which is
particularly crucial for genomic DNA. In order to mimic this
rare event of DNA breakage, we prepared 5'-nuclease by
molecular cloning and performed the experiment shown in Fig.
4 in which 5'-nucleases were added as the first step to create an
extended single-stranded portion before the addition of
polymerase domains (Klenow fragments). As expected, the
polymerase was only able to add a single thymine before
dissociating from its DNA substrate due to the widened single-
stranded portion generated by 5'-nuclease (Fig. 4C).
Accordingly, this result confirms that multiple 5'-nuclease
attacks not only increase the size of the single-stranded regions,
but also reduce polymerase activity, thus increasing the lifetime
of these extended single-stranded regions and the probability of
occurrence of DNA breaks.

Coexistence of Two Domains in One Polypeptide

Our results suggest a plausible answer for the long-standing
question of why a 5'-nuclease domain is linked to a polymerase
domain. This question was initially raised by Setlow and
Kornberg.?® They reported that two proteolyticcally cleaved
fragments of pol I showed an enzymatic activity similar to that
of the complete pol I. Their results imply that the two linked
domains may work independently without any cooperation.
Therefore, they asked why two distinct enzymes, i.e. the
Klenow fragment and 5'-nuclease, exist together in one
polypeptide chain. Their question became more interesting
with the discovery that eucaryotes and archaebacteria lack
nuclease-linked polymerases.*® Only eubacteria and some
bacteriophages have polymerases linked with a 5'-nuclease,
known as the pol I family. It is widely accepted that connected
domains can work together at the same time. Thus, previous
studies focused on the elucidation of a coordinated function of
the two linked domains during DNA repair.’’ However, the
polymerase and 5'-nuclease domains seem too bulky to be
brought into close proximity at a damaged spot on double-
stranded DNA. The size of a gap in the damaged DNA may be
approximately 10 A, but the distance between active sites of the
two domains is known as 70 A according to the crystal
structure.'””  Therefore, this structural data implies that the
reason to link the 5’-nuclease domain to the polymerase domain
may not be for the domains to work together at the same time.

On the other hand, the coexistence of these two domains can
be explained by the benefit of preserving unstable intermediates.
It is known that either domain in pol I approaches a damaged
DNA spot with about the same probability.>’ Thus, if one
domain binds the gap and performs its reaction, the other
domain finishes DNA repair immediately. The immediate
reaction by the partner domain reduces the formation of 5'-
nuclease induced extended single-stranded regions, unstable
intermediates that are probably the primary cause for DNA
breaks. The linkage of the two domains can also be explained
by considering enzyme concentrations. In a bacterial cell, there
are approximately 400 copies of pol I,' which corresponds to
0.95 uM because the total volume is 0.69 pm?*.*® Thus, there are
approximately 1 uM of polymerase and 1 uM of 5’-nuclease,
respectively. In contrast, the two linked domains exist within 7
nm. If there is a particle within a sphere with a radius of 7 nm,
the concentration is equivalent to 1 mM. Therefore, a covalent
linkage provides a thousand-fold higher concentration of the

This journal is © The Royal Society of Chemistry 2014
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Fig. 5 Fluorescent micrographs show typical images of DNA molecules at each
reaction condition. (A) Intact A DNA molecules without any treatment as
controls. The histograms of fluorescence intensity represent DNA size; intensity
units are 1.0 at the center of the Gaussian curve of the intensity of the intact A
DNA molecules. (B) A DNA molecules treated with complete polymerase I (0.26
uM) at 37 °C for 30 minutes. (C) A DNA molecules treated with cloned 5'-
nuclease (0.26 uM) and Klenow fragments (0.26 uM) at 37 °C for 30 minutes.
The scale bar represents 10 um.

domains, which determines the reaction order, of first one
domain and then the other partner domain. In contrast, if the
two domains were separated, the 5'-nuclease would first bind a
gap and digest the DNA, and the following reaction would be
performed by either a polymerase or another 5’-nuclease. In
other words, a single gap site would have some probability to
be digested twice by 5'-nucleases. In addition, the polymerase
domain can readily dissociate from widened single-stranded
gaps. Therefore, there is a greater chance for another 5'-
nuclease to make the gap even wider. Therefore, we can
conclude that the covalent linkage prevents DNA molecules
from breaking through the immediate filling of a single-
stranded gap.

Single DNA Molecule Breaks by 5’-Nucleases

Our hypothesis is that a polypeptide link is beneficial to
preserve DNA from breaking. Unfortunately, the mass
spectrometric analysis (Fig. 4) does not directly illustrate DNA
breakage because the DNA molecules used in the experiment
are only small oligonucleotides. In general, small DNA
fragments are tolerant to shear force even when present as
single-stranded DNA. In addition, broken DNA fragments are
not readily detectable in MALDI-TOF and gel electrophoresis
because the resulting fragments are of variable lengths. In

This journal is © The Royal Society of Chemistry 2014
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Fig. 6 Growth curves for cutres of three E. coli without a plasmid ((J), with a
plasmid expressing 5'-nuclease (®), and with a plasmid expressing pol I (A).
IPTG (0.1 mM) induction selectively retarded the growth of the bacterial cells
expressing 5'-nuclease without affecting cells expressing complete pol 1. Error
bars represent the maximum and minimal values on the means from 3-5 separate
experiments.

contrast, large single DNA molecules are readily visible for
monitoring DNA damage such as double and single-stranded
breaks at the single-molecule level.® Therefore, as a next step,
we performed an experiment using single DNA molecules to
test our hypothesis. Fig. 5 demonstrates considerable DNA
breakage over half an hour for A DNA incubated in the
presence of the separate domains. In comparison with intact A
DNA (Fig. 5A), DNA incubated with pol I exhibits some
breaks (Fig. 5B), while the DNA breakage significantly
increases when the DNA is incubated with separate polymerase
and 5'-nuclease (Fig. 5C). Therefore, single DNA molecule
analysis clearly indicates that the polypeptide linkage of pol I
significantly reduces DNA degradation.

5’-Nuclease in Living Cells

We also asked if the 5'-nuclease is harmful in living E. coli
cells. To answer this question, we monitored the bacterial
growth of E. coli cells expressing 5'-nucleases. As a control,
we also prepared transformed E. coli cells that express pol I by
using the same plasmid. However, isopropyl p-D-1-
thiogalactopyranoside (IPTG) induction is known to retard cell
growths due to the production of a large amount of proteins.
As expected, we observed inhibition of the growth of both
cultures by typical IPTG concentration of 1.0 mM.
Nonetheless, by reducing the IPTG concentration to 0.1 mM,
we were able to differentiate the growth retardation effect of 5'-
nuclease. Fig. 6 shows that E. coli cells containing a plasmid of
5'-nuclease grow more slowly than the control E. coli
containing a plasmid for complete pol I. This data suggests that
a large amount of 5'-nucleases causes harmful effects in living
bacterial cells.

Conclusions

In this study, we investigated the characteristics of pol I
using MALDI-TOF mass spectrometry. The ladder-like mass
spectrometric peaks provide the characteristic activities of
polymerase and 5'-nuclease. From these results, we have

Analyst, 2014, 00, 1-3 | 5
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deduced an answer to the long-standing question of why the
polymerase and 5'-nuclease domains coexist in a single
enzyme. Instead of focusing on elucidating cooperative
interactions, our study focused on how “unleashed” 5'-
nucleases cause DNA breaks. Our mass spectrometric analysis
provides a detailed mechanism indicating how fragile single
stranded portions of DNA are susceptible to DNA breaks.
Moreover, single-molecule DNA analysis and cell growth
assays provide further evidence that DNA breaks are caused by
5'-nucleases. Therefore, we conclude that the primary usage of
the polypeptide link is as a molecular leash to control an
aggressive 5'-nuclease to prevent unmanageable DNA breaks
rather than holding the two domains in close proximity for
cooperative reactions.

Experimental

Enzymes

Pol T and Klenow fragments were obtained from New
England Biolabs (Billerica, MA). In order to obtain 5'-nuclease,
a custom-ordered expression plasmid was constructed for the
N-terminal 323 amino acid residues (969 bases of pold gene)
with a C-terminal six-histidine tag in a bacterial strain (E. coli
BL21(DE3)) with a plasmid (pET-15b) obtained from Cosmo
Genetech (Seoul, Korea). The expressed 5'-nuclease was
purified in tandem by using Ni-HiTrapTM Chelating HP 5 mL
(GE Healthcare, Piscataway, NJ), HiLoad 16/600 Superdex 200
(GE Healthcare, Piscataway, NJ), and HiTrap Q HP 5 mL
columns (GE Healthcare, Piscataway, NJ). The purified protein
was stored in 50 mM HEPES pH 7.0, and 300 mM sodium
chloride. Then, the protein concentrations of pol I, the Klenow
fragment, and the 5’-nuclease were determined by performing a
bicinchoninic acid (BCA) assay employing the Pierce® BCA
Protein Assay Kit (Thermo SCIENTIFIC, Rockford, IL). The
stock concentration of pol I was 4.06 mg/mL, Klenow fragment
was 8.75 mg/mL, and purified 5-nuclease was 0.6 mg/mL,
which were determined on the basis of a standard curve
constructed using known concentrations of bovine serum
albumin.

Mass Spectrometric Analysis

For MALDI-TOF analysis, oligonucleotides were used as
DNA substrates for polymerase and 5'-nuclease reactions. For
these reactions, the oligo-(deoxyribo)-nucleotides were
dissolved in a TE buffer solution (10 mM Tris-HCl; 1mM
EDTA; pH 8.0) at room temperature to a concentration of 100
pmol/uL. The template and primers were mixed equivalently
and annealed at 80°C for 10 min, then slowly cooled to room
temperature. The DNA sequences used for the experiments are
shown in Table 1. Polymerase and nuclease reactions were
performed in a 30-puL total volume: 10 uM hybridized DNA
duplex, 0.13 uM pol I, 50 mM NacCl, 10 mM Tris-HCI (pH 7.9),
10 mM MgCl,, 1 mM DTT, and 20 uM each dNTP. The
reaction was incubated at 37 °C for six minutes. After an
enzymatic reaction, 3 pL of 1 M triethylammonium acetate
(TEAA) solution was added to the reaction buffer. Then,
oligonucleotides were purified and concentrated on a micro-
reverse-phase column integrated into the outlet of a P10
pipetting tip (ZIPTIP-Cg; Millipore, Billerica, MA), as per the
instructions of the manufacturer. The bound molecules were
washed twice with 80 pL of 0.1 mM TEAA, pH 7.0 and twice
with 80 uL of distilled water and were eluted with 5 pL of 50%
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acetonitrile in water. The purified samples were mixed with
matrix solution onto a Bruker MTP 384 polished steel MALDI
sample support target plate. The matrix solution was 350 mM
3-hydroxypicolinic acid (Tokyo Chemical Industry, Tokyo,
Japan), 80 mM pyrazinecarboxylic acid, and diammonium
hydrogen citrate in 50% acetonitrile. MALDI-TOF analysis
was performed using a Bruker Autoflex™ Speed (Bruker
Daltonics Inc., Billerica, MA) in the linear positive ion mode.
Mass spectra were obtained as sums of 1000 laser shots at 1000
Hz.

Table 1. Oligonucleotides Used in Mass Spectrometry

Gap = 5'-GTACGACTGCAGGGA
3'-CATGCTGACGTCCCTAGGAGCGCTTGTACCG
Gap 1 5'-GTACGACTGCAGGGA CCTCGCGAACATGGC
3'-CATGCTGACGTCCCTAGGAGCGCTTGTACCG
Gap 3 5'-GTACGACTGCAGGGA  CCTCGCGAACATGGC
3'-CATGCTGACGTCCCTAGCGGAGCGCTTGTACCG
Gap 8 5'-GTACGACTGCAGGGA CCTCGCGAACATGGC
3-CATGCTGACGTCCCTAGCTGATCGGAGCGCTTGTACCG
Nick 5'-GTACGACTGCAGGGATCCTCGCGAACATGGC
3-CATGCTGACGTCCCTAGGAGCGCTTGTACCG

Single Molecule DNA Break Analysis

A DNA molecules (0.02 pM) were treated with 0.26 uM of
pol I, and a mixture of Klenow fragment and 5'-nuclease at 37
°C for 30 minutes (Fig. 5). Enzyme-treated DNA molecules
were stained with YOYO-1. Subsequently, 3 uL YOYO-1-
stained DNA was mounted on a positively charged glass.*® A
DNA was imaged using a fluorescence microscope (Zeiss
Observer Al) illuminated by a laser (Coherent Sapphire 488,
Santa Clara, CA). The fluorescence images were captured
using an EMCCD camera (Evolve, Roper Scientific, Tucson,
AZ) and stored in 16-bit TIFF files generated by RS Image
(Roper Scientific Tucson, AZ). For image processing, a
homemade ImagelJ plugin was utilized in the “FIJI” software.*’

Cell Growth Curve

For cell growth assay, another plasmid was constructed to
express pol I by using the same plasmid and the same bacteria
described in the previous section of Enzymes. Instead of the 5'-
nuclease gene, the complete pol I gene (pol4 gene) was inserted
into a plasmid (pET-15b). These bacterial cells expressing pol
I and 5’ nuclease were grown in the small culture media (5 mL
LB) with ampicillin (0.3 mM) at 37°C until the optical density
reached approximately 0.6. Subsequently, 0.1 mM IPTG was
added as an inducer. The optical densities were measured
every hour (Fig. 6). As controls, the same procedure followed
for E. coli BL21 without plasmid in the same media lacking
antibiotics.
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