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Abstract: Gene II Protein (Gp2/P2) is a nicking enzyme of the M13 bacteriophage that
plays a role in the DNA replication of the viral genome. P2 recognizes a specific sequence
at the f1 replication origin and nicks one of the strands and starts replication. This study
was conducted to address the limitations of previous experiments, improve methodologies,
and precisely determine the biochemical activity conditions of the P2 enzyme in vitro. For
these purposes, the gene encoding P2 was cloned in Escherichia coli and expressed as a
hybrid protein together with a green fluorescent protein (P2-GFP). P2-GFP was purified
via metal affinity chromatography, and its nicking activity was determined by conversion
of supercoiled DNA to open circular or linear forms. We discovered that, among the
two loops of the f1 origin defined previously, P2 can recognize just the A1 loop. When a
supercoiled plasmid containing the f1 origin was treated with P2-GFP, the plasmid was
present in an open circular form, indicating that a nick was created on only one of the
strands. However, when the A1 loop sequence was inserted into the 3′ ends of both strands
by cloning a PCR product obtained by primers with the A1 loop sequence, the plasmid was
linearized by treatment with P2-GFP, indicating that nicks were created on both strands.
Certain infectious diseases are caused by single-stranded DNA viruses, and some of them
have specific nicking enzymes that enable strand displacement and free 3′ end of a single
strand that works as a primer for their replication mechanisms like M13 bacteriophages,
such as parvovirus B19. Despite there being different host viruses such as bacteria and
humans, their DNA replication mechanisms are very similar in this concept. Investigating
the features of the P2-nicking enzyme may deepen the understanding of human pathogenic
single-stranded viruses and facilitate the development of drugs that inhibit viral replication.

Keywords: M13 bacteriophage p2; nicking enzyme; nicking reaction; P2 cloning; single-
strand DNA viruses

1. Introduction
M13 is a filamentous bacteriophage that carries a single-stranded DNA (ssDNA)

molecule and has a non-integrative lysogenic life cycle and infects only male enterobacteria
that carry F pilus (F episome, F+) [1,2]. While phage coat proteins are present on the phage
particle, the functional proteins are synthesized in infected host cells by host enzymes from
phage genomic DNA [3]. These functional proteins are present only in the bacterial host
cell and play roles in the production and packaging of the newly generated phage particles.
M13 infection starts with the binding of a fusion protein of a phage called P3 to the F
episome of the host bacteria [2,4]. When the ssDNA genome of the phage (NC_003287.2) is
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transferred into the cell, RNA polymerase generates a primer from the transferred strand (+).
The complementary strand (−) synthesizes from replication origin by DNA Polymerase III
of the bacteria, which converts the ssDNA to a double-stranded DNA (dsDNA) form that
is called replicative DNA form I (RFI DNA) [2,4,5]. Then, amplification of phage genomic
DNA is achieved by a rolling circle amplification mechanism. One of the proteins of M13,
gene II Protein as endonuclease (Gp2/P2) (Uniprot #P69547), recognizes the specific gene
sequence at the f1 origin (f1 ori) and creates a nick on one strand of the (+) double-stranded
replicative DNA form II (RFII DNA) form [1–4]. Host DNA polymerase recognizes this
3′ end of the nicked strand and initiates polymerization using template DNA. When the
synthesis of the whole genomic DNA is completed, P2 cuts the strand again at the same
specific nicking site (Figure 1) and produces new progeny (+) DNA strands [6]. Viral
proteins of M13, which are called Protein 2, 5, and 10 (P2, P5, and P10), remain in the
cytoplasm and take a role in viral genome replication, assembly, and packaging of the
phage. Proteins 1, 4, and 11 (P1, P4, and P11) create a transport complex in the inner and
outer membrane, while Proteins 6, 7, 8, 9 (P6, P7, P8, P9) and Protein 3 (P3) clump in the
membrane before packaging [7]. The released progeny ssDNA is coated with Protein 5
(P5), and this complex transports to the membrane for an export complex that consists of
P1, P11, and P4 with phage structure proteins and is then ejected from the bacterial cell
without lysis of the host’s cell membrane [6–11]. P2 plays an important role in this life cycle
of filamentous bacteriophages. Researchers have shown that the gene II defective phage
mutants cannot convert the supercoiled double-strand replicative DNA form (RFI DNA) to
the relaxed replicative DNA form (RFII DNA), indicating a nicking activity for P2 [12]. DNA
sequences of many filamentous phages are 98% identical with each other [8,13,14]. Previous
studies have shown that the specific sequence of recognition sites for P2 is localized in the
f1 ori of DNA [1,6,12]. The nick site in the sequence 5′-CTTT/ATT-3′ is localized in the
intergenic region of the phage genome between the 5781st and 5782nd nucleotides [15,16].
One of the strands is drawn to form a hairpin of two secondary structures, known as A1
and A2, in the f1 ori sequence (Figure 2) [1,12,17,18]. It has been suggested that P2 creates
the loops by bending the DNA strands and then cutting them (Figure 3) [19,20]. P2 not
only cuts the RF DNA but also seals the newly generated ssDNA, which can be further
used as a template for replication or as genetic material for new phage particles [15].

Viruses take their potential power to gain the ability to infect new host populations.
Viruses present major public health issues when they use humans as a host, like Human
Immunodeficiency Virus (HIV) and severe acute respiratory syndrome (SARS) pandemics.
Thus, it would be beneficial to use heuristic methods to detect emerging diseases before
they spread rapidly [21]. Emerging viruses are those that have entered new populations of
hosts, and they are generally evaluated by epidemiological or patient-based approaches.
Current patient-based approaches are inappropriate, as they are mostly reactive rather
than predictive [21]. Alternative methods that draw on the evolutionary ecology of viruses
may be better able to forecast the appearance of viruses and prediction of virus emergence.
However, working on metazoan viruses is a great challenge, and the development of
new models is desirable. Much research has shown that bacteriophages are appropriate
model organisms for virus emergence studies because the population parameters can
easily be manipulated [21]. They have several advantages for the expansion of host range
parameters such as population size, growth rate, and mutation rate [21]. To clarify the
molecular mechanisms of cellular processes, multiple aspects of filamentous phage life
have been used as model systems. Intensive research in this field has produced important
quantitative data on M13 biology. Many of these studies on DNA replication, mRNA
degradation, and mRNA processing in M13 phages were particularly useful [3]. The DNA
replication mechanism of M13 phages can be used as a model for ssDNA virus amplification.
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According to this, nicking activity features of P2 can be important to establish the specific
mechanisms for endonuclease-mediated DNA amplification systems. The latest study
published about the P2 enzyme is more than 40 years old [6,22–30]. In this study, the
nicking features of P2 have been determined in detail. While the exact restrictions of the
minimal P2 recognition sequence which is in f1 ori were not given in previous studies and
it included the other natural replication proteins in reaction, we used different parts of
this recognition sequence as a substrate for the P2-GFP enzyme to investigate the region
essential for nicking activity without any cooperative effect of the other proteins (Figure 2).
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Figure 1. Rolling circle DNA amplification mechanism. Phage single-stranded circular DNA is con-
verted to double-stranded replicative form (RF) by host enzymes after infection. P2 creates a nicking 
site at one strand of the RF. Then, DNA polymerase recognizes the nicked 3′ end and synthesizes 
the new DNA strand. P2 digests the new DNA strand again at the same specific recognition site. 
(Regenerated according to Sambrook (2001) [2] via Inkscape Project software, v.1.3.2.) 

Figure 1. Rolling circle DNA amplification mechanism. Phage single-stranded circular DNA is
converted to double-stranded replicative form (RF) by host enzymes after infection. P2 creates
a nicking site at one strand of the RF. Then, DNA polymerase recognizes the nicked 3′ end and
synthesizes the new DNA strand. P2 digests the new DNA strand again at the same specific
recognition site. (Regenerated according to Sambrook (2001) [2] via Inkscape Project software, v.1.3.2.)
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Figure 2. P2 recognition site in M13 filamentous bacteriophage genome (NC_003287.2). (A) A1 and 
A2 are two loop structures of the recognition site, and the arrow indicates the nicking site. (B) Lin-
earized DNA sequence of recognition site. Red inked nucleotides represent the required sequences 
for recognition of P2 from previous studies [15,16]. 

 

Figure 3. Conformational change in DNA created by the P2 during the nicking process. (A) Repre-
senting of the DNA sequence segments (β, γ and δ) on the recognition site. (B) When P2 binds to 
the recognition site, it bends the DNA to create negative superhelicity. P2 nicks one of the DNA 
strands after the melting step which is the denaturing of strands. (Regenerated according to Hori-
uchi K. (1997) [20] via Inkscape Project Software, v.1.3.2.) 
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Viruses present major public health issues when they use humans as a host, like Human 
Immunodeficiency Virus (HIV) and severe acute respiratory syndrome (SARS) pandem-
ics. Thus, it would be beneficial to use heuristic methods to detect emerging diseases be-
fore they spread rapidly [21]. Emerging viruses are those that have entered new popula-
tions of hosts, and they are generally evaluated by epidemiological or patient-based ap-
proaches. Current patient-based approaches are inappropriate, as they are mostly reactive 
rather than predictive [21]. Alternative methods that draw on the evolutionary ecology of 
viruses may be beĴer able to forecast the appearance of viruses and prediction of virus 

Figure 2. P2 recognition site in M13 filamentous bacteriophage genome (NC_003287.2). (A) A1
and A2 are two loop structures of the recognition site, and the arrow indicates the nicking site.
(B) Linearized DNA sequence of recognition site. Red inked nucleotides represent the required
sequences for recognition of P2 from previous studies [15,16].
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Figure 3. Conformational change in DNA created by the P2 during the nicking process.
(A) Representing of the DNA sequence segments (β, γ and δ) on the recognition site. (B) When P2
binds to the recognition site, it bends the DNA to create negative superhelicity. P2 nicks one of the
DNA strands after the melting step which is the denaturing of strands. (Regenerated according to
Horiuchi K. (1997) [20] via Inkscape Project Software, v.1.3.2.)

2. Results
2.1. Cloning of P2 Protein Gene and Protein Expression

The presence of recombinant plasmid DNA (p1GFP-P2) was verified by agarose gel
electrophoresis according to size (7302 bp) and by Sanger sequencing. P2-GFP expression
was monitored using GFP fluorescence as a reporter. Different fractions of cell culture
samples at different conditions were collected according to a workflow (Figures S1 and S2).
When the bacterial supernatants and pellets were directly imaged under blue light after
centrifugation, fluorescent light indicated that P2-GFP was present in the cells. Therefore,
cell pellets were lysed, and soluble/insoluble protein fractions were analyzed by 10% SDS-
PAGE, 10% native PAGE, and Western blotting (Figure S3). The results showed that P2-GFP
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was present in the insoluble fraction. P2-GFP was only expressed in IPTG-induced samples
and not in the non-induced samples. P2-GFP was best expressed with 0.5 mM IPTG at
37 ◦C for 5 h; on the native-PAGE gel, the brightness of the band for these conditions was
greater than that of the bands for the other conditions (Figure S3).

2.2. Protein Purification and Validation

The elution samples from IMAC-FPLC that were pooled and analyzed by SDS-PAGE
are shown in Figure 4A. The His-tagged P2-GFP in the elution sample was verified by
Western blotting. When the sample was analyzed under blue light by the ChemiDoc
gel imaging system (Bio-Rad, South Granville, NSW, Australia), it showed fluorescence
through the GFP part of the chimeric protein (P2-GFP), indicating the presence of P2-
GFP in the elution fraction (Figure 4B). The protein concentration of the elution sample
including P2-GFP was 32 ng/µL (4.4 µM). The GFP part of the chimeric protein was
cleavage by tobacco etch virus (TEV) protease. As expected, the GFP fraction cleaved
from the hybrid protein showed very intense florescent light, while P2 without GFP
fraction did not (Figure S4).
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Well 1 contains the purified sample, and well 2 contains the test control. 
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room temperature and that at 30 °C; the OC-DNA percentage increased at the same rate 
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(Figure S5). When the nicking activity of GFP-P2 and GFP cleavaged P2 were compared, 
they showed the same enzyme activity level (Figure S6). 

Figure 4. Purified protein validation. (A) The purification fractions of P2-GFP samples were separated
by SDS-PAGE. Lanes E1 and E2 represent the elution fractions; lane M represents the crude extract of
inclusion bodies. The red arrow indicates P2-GFP (~73 kDa). (B) Fluorescent analysis of the purified
sample by ChemiDoc gel imaging system (Bio-Rad, South Granville, NSW, Australia). Well 1 contains
the purified sample, and well 2 contains the test control.

2.3. P2 Activity Test

The nicking reaction was monitored via the conversion of supercoiled DNA to open
circular and linear forms. Plasmid DNA without P2-GFP enzyme treatment was used
as a reference for topoisomeric conversion. When P2-GFP creates a nick on supercoiled
(SC) DNA, the DNA is converted to an open circular (OC) form. The greatest nicking
activity was observed at concentrations of 10 mM MgCl2, 80 mM KCl, and 10 mM β-
mercaptoethanol (BME) at 30 ◦C (Figure 5). The comparison between the nicking activity
at different temperatures is shown in Figure 5, and room temperature (20–25 ◦C) and 30 ◦C
are shown in Figure 6. No difference in enzymatic activity was observed between the
incubation at room temperature and that at 30 ◦C; the OC-DNA percentage increased at
the same rate at both temperatures (Figure 6). Also, no difference in enzymatic activity was
observed between the p1GFP plasmid DNA substrate and M13KE RF DNA as wild-type
substrate (Figure S5). When the nicking activity of GFP-P2 and GFP cleavaged P2 were
compared, they showed the same enzyme activity level (Figure S6).
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and quantitative band analysis (B,D,F,H,J). OC, L, and SC are open circular, linear, and supercoiled 
DNA, respectively. OC-DNA was used as a product, and SC-DNA was used as a substrate. “Control 
1”, “Control”, and “Control 2” in graphics show OC-DNA and SC-DNA amounts of control reaction 
samples, respectively. MW is 1 kb DNA Ladder (Genemark, Taichung, Taiwan). 

Figure 5. Agarose gel images of substrate–product analysis with different conditions (A,C,E,G,I) and
quantitative band analysis (B,D,F,H,J). OC, L, and SC are open circular, linear, and supercoiled DNA,
respectively. OC-DNA was used as a product, and SC-DNA was used as a substrate. “Control 1”,
“Control”, and “Control 2” in graphics show OC-DNA and SC-DNA amounts of control reaction
samples, respectively. MW is 1 kb DNA Ladder (Genemark, Taichung, Taiwan).
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the P2 recognition site in supercoiled form (Figure 8A). When the f1 origin DNA part (F1) 
and insert DNAs (W, A12, A1), which are cloned into pW, pA12, and pA1, were obtained 
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Figure 6. Temperature comparison of nicking reaction. (A) Agarose gel image of time course
samples at 30 ◦C is labeled as “A” and room temperature (RT) is labeled as “B”. Time points are
given from the 15th to 120th minute. Each time point is labeled with a number and temperature
letter tag (A15 and B15 belong to 15th minute of the reaction sample at 30 ◦C and RT, respectively).
Without P2-GFP enzyme control reactions represent “−” for each condition and time course.
(B) Non-linear regression analysis of gel image. OC and SC represent open circular and supercoiled
DNA, respectively. Controls show the band intensity of control samples. MW is 1 kb DNA Ladder,
and each band is sized as kb.

2.4. Enzyme Kinetics

Michaelis–Menten equation analysis is given in Figure 7. The Vmax of the enzyme
was 0.06 ng/µL·min−1, and the Km was 34.17 ng/µL (Figure 7) .
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2.5. Determination of Minimal Nicking Site

P2-GFP was able to cut both strands of pW, which carried the previously described
whole recognition site, pA12 which included both loop-forming regions, and pA1 which
only included a single loop where the cutting site was located (Figure 2 and Table S3). P2
was able to recognize and cut both strands of pA1, which carries the smallest fragment of
the P2 recognition site in supercoiled form (Figure 8A). When the f1 origin DNA part (F1)
and insert DNAs (W, A12, A1), which are cloned into pW, pA12, and pA1, were obtained
by PCR and treated as linear form DNA substrate with P2-GFP, no cutting activity was
observed (Figure 8B).
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and pA1 nicking reactions. “+” labeled plasmids represent P2-GFP-added reactions; “−label repre-
sents control samples (without P2-GFP). “x” represents the digested plasmid that was treated with 
the XhoI restriction enzyme as a conformational control of linearized DNA on the gel. P2-GFP cut 
both strands of supercoiled plasmids through carrying P2 recognition sites at both. Red arrows in-
dicate linearized DNAs by P2-GFP. (B) DNA-PAGE image of linear DNA substrates amplified by 
PCR. While “+” labeled F1, W, A12, and A1 DNA fragments represent P2-added reactions, “−” rep-
resents control samples of reactions which include F1, W, A12, and A1 DNA fragments without P2-
GFP. “F1+” and “F1−” belong to PCR products of f1 origin as a natural substrate. L and SC are linear 
and supercoiled DNA, respectively. 
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Figure 8. Gel images of different plasmid nicking products. (A) Agarose gel image of pW, pA12, and
pA1 nicking reactions. “+” labeled plasmids represent P2-GFP-added reactions; “−label represents
control samples (without P2-GFP). “x” represents the digested plasmid that was treated with the XhoI
restriction enzyme as a conformational control of linearized DNA on the gel. P2-GFP cut both strands
of supercoiled plasmids through carrying P2 recognition sites at both. Red arrows indicate linearized
DNAs by P2-GFP. (B) DNA-PAGE image of linear DNA substrates amplified by PCR. While “+”
labeled F1, W, A12, and A1 DNA fragments represent P2-added reactions, “−” represents control
samples of reactions which include F1, W, A12, and A1 DNA fragments without P2-GFP. “F1+” and
“F1−” belong to PCR products of f1 origin as a natural substrate. L and SC are linear and supercoiled
DNA, respectively.

3. Discussion
In this study, we investigated the minimal DNA recognition site and in vitro enzy-

matic activity of the gene II product of the P2 nicking enzyme as an endonuclease of the
M13 bacteriophage, which we obtained by cloning the P2 as a hybrid protein with GFP
(P2-GFP) into E. coli. The most recent study about the features of P2 that we could find
in the literature was published in 1987 [11]. Therefore, the current study is the first after
almost 40 years to add more information about the recognition site of P2 by determining
the minimal required DNA sequence for nicking activity and its biochemical activities
under different conditions [6,22–30]. Also, P2 was expressed with GFP as the first hybrid
protein composition of P2 in this study.

The first studies about P2 started with Geider K. and Meyer T. F. in 1979 [12]. In
these first studies, P2 was isolated from M13 phage-infected E. coli cells to study the
enzymatic activity of P2 in vitro. The reaction was performed with wild-type plasmid DNA
(RF DNA) of M13 bacteriophages from infected cells, and enzyme activity was followed by
the conformational change of SC-DNA to OC-DNA amount [12,31]. While they have shown
the enzymatic reaction conditions for P2 nicking, they have used the other bacterial proteins
that take roles in the natural replication of infected cells as the reaction mixture [12,31].
This may have led to a cooperative effect on the reaction. For this reason, we used P2-
GFP protein without other proteins in the replication assays. When plasmid DNA, which
is mainly in supercoiled form, was treated with P2, it was converted into an OC-DNA,
indicating a nick in one of the strands created by P2. P2 needs a specific recognition site
to cut DNA at one site. This recognition site and nicking signals were determined first by
Horiuchi K. and his colleagues [6,11,20,32]. They showed that a more than 110 bp-sized
DNA sequence was important for P2 binding, but results did not give exact restrictions
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for this recognition sequence. We used different parts of this recognition sequence, which
included the natural recognition site (W), both loops (A12), and only the A1 loop (A1)
sequences as a substrate DNA for the P2-GFP enzyme to investigate the region essential
for nicking activity (Figure 2). Greenstein D. and Horiuchi K. (1987) showed that P2 was
not able to cut the DNA if it had a linear DNA conformation [11]. Therefore, we cloned
these truncated recognition site fragments (W, A12, and A1) into both strands of a cloning
vector to obtain supercoiled plasmid DNA. P2-GFP’s nicking activity was monitored via
conformational changes in the plasmid DNA. When generated plasmids were treated by
P2-GFP, SC-DNA was converted into a linear DNA form (L-DNA), indicating the nicking
of both strands. The nicking reaction was observed for all recombinant plasmids carrying
truncated versions, including the smallest part (pA1), which is the loop where the nicking
site is present. When these different DNA fragments were used as linear substrates for
the nicking reaction, there were no differences between the test and control groups. This
suggests that P2-GFP requires the supercoiled DNA structure for the nicking reaction, as
previously reported for the P2 enzyme by Meyer and Geider (1979) and Greenstein D. and
Horiuchi K. (1987) [11,12]. However, because the DNA fragments obtained by P2-GFP’s
nicking activity can be very small, it may be possible that these fragments went undetected
in the electrophoresis gels.

The best expression condition for P2-GFP was determined to be 0.5 mM IPTG induction
with 5 h incubation at 37 ◦C. Although it was expected that using the GFP fusion tag
would make the recombinant protein soluble, P2-GFP was observed in inclusion bodies.
A high concentration of urea (8 M) was not sufficient to solubilize the inclusion bodies.
However, the addition of thiourea and SDS enabled the solubilization of the inclusion
bodies. This methodological information may help other researchers who try to produce
recombinant protein expression with GFP and have difficulties with protein purification
from the inclusion bodies. Enzymatic kinetics were analyzed by the Michaelis–Menten
kinetic equation. We calculated the Km as 34.17 ng/µL and the Vmax as 0.06 ng/µL·min−1

for P2-GFP using gel images showing the conversion of SC-DNA to OC-DNA (Figure 7).
However, the error rate may be high for making predictions from the measured intensity of
plasmid DNA molecules from gels.

Single-stranded DNA (ssDNA) viruses are economically and medically important
pathogens [33]. Some of them can cause infections in humans and animals [21,33]. Recent
studies have shown that they can easily spread and are highly diverse genetically [21,34].
Many ssDNA viruses have the rolling circle-mediated replication mechanism that is initi-
ated by a distinct virus-encoded endonuclease [21,34]. Members of the genus Circovirus
in the family Circoviridae, which infect birds and mammals, have an ssDNA genome and
a rolling circle replication initiator protein (Rep). Rep recognizes a stem-loop structure
with a conserved nine bases in the loop, which is located between the 5′ ends of the
two main open reading frames (ORFs) and initiates the replication of the viral genome.
When a cell is infected, ssDNA converts to dsDNA by cellular DNA polymerase I. Rep
binds to the loop structure of replication origin and cuts a nick in the (+) strand and a
host polymerase extends the 3′ end. Replication continues according to a rolling circle
replication mechanism [35,36]. This rolling circle replication strategy is very similar to
some other viruses such as Geminivirus, Nanovirus, and bacterial plasmids in the pT181
family [34]. Especially, creating the loop structure on genomic DNA from a 111 bp-sized
recognition site and nicking on this structure mechanisms are very similar to M13 phage
replication. While P2 nick between the 5′-TT/AA-3′ site of the loop, Rep nick between
5′-TT/AC-3′ [15,16,35]. Tobias Steinfeldt and his colleagues (2001) worked with the Rep
protein of Circovirus, and they determined the minimal recognition sequence of Rep, like
our aim for P2 [35]. Eric Delwart and Linlin Li (2012) worked on expanding the genetic
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diversity and host range of the Circoviridae viral family and other Reps, as a protein that
can be able to create a nick site for initiating rolling circle mediated replication, encoding
small circular ssDNA genomes [34]. They were obtaining information about candidate
hosts by using some of the rep-bearing circular genome sequence similarities in this virus
family [34]. Another ssDNA virus is the human pathogen parvovirus B19, which causes
inflammatory and bone marrow diseases [37]. In the lifecycle of B19, its replication is again
very similar to M13 bacteriophage replication: in both virus types, viral ssDNA converts
into double-stranded DNA after infection of a host cell. In B19 replication, non-structural
protein 1 (NS1) specifically binds to its recognition sequence in the replication origin and
creates a nick in the DNA strand. Replication continues according to the rolling hairpin
replication model [38].

All these ssDNA virus replication examples show that they share very similar molec-
ular mechanisms in their life cycle. Determining the minimal recognition site of the P2
may help to deepen understanding of the other ssDNA viruses’ replication mechanisms
and hosts by using similarities in this field for further studies. Current patient-based
approaches for the evaluation of emerging viruses that have new populations of hosts are
inappropriate [21]. There is a desire for alternative methods and models that draw on the
evolutionary ecology of viruses to predict their emergence [21]. Much research has shown
that bacteriophages are appropriate model organisms for these studies because of their
features that can easily be manipulated, such as population size, growth rate, and mutation
rate [21]. DNA replication, mRNA degradation, and mRNA processing studies on M13
phages as a model organism serve for producing quantitative data [3]. Also, obtaining
detailed information for any ssDNA viruses can help to develop treatment strategies for
the other pathogenic ones. For example, in recent years, researchers have been working
on anti-sense oligonucleotides (ASOs), which are chemically modified and able to bind
specific RNA sequence targets for the treatment of ssDNA virus-caused infections like
parvovirus B19 infections [37,39–43]. M13 infections in E. coli may be a practical model for
the development of drugs against single-stranded viruses that cause infections in humans.

4. Materials and Methods
4.1. Cloning of the P2 Gene

The P2 expression vector was constructed using the ligation-independent cloning (LIC)
N-terminal fusion plasmid, pET His6 GFP TEV LIC cloning vector (p1GFP) (Addgene Plas-
mid #29663), which carries the green fluorescent protein (GFP) gene and the 6× histidine
tag at the N terminus of the protein and is expressed as His6X-GFP-TEV-P2 (P2-GFP). Vector
DNA was digested with SspI Fast Digest Restriction Enzyme (#R0132S, Thermo Fisher
Scientific, Waltham, MA, USA) and then purified via agarose gel electrophoresis using a
Gel DNA Recovery Kit (Zymo-Research, Orange, CA, USA). The P2 gene (GeneID: 927328)
of the M13 bacteriophage was amplified from M13KE replicative DNA form (pM13KE)
(NEB #E8101S) via PCR using the following cycling conditions: initial denaturation at 95 ◦C
for 1 min, followed by 35 cycles of 95 ◦C for 10 s, 64 ◦C for 15 s, and 72 ◦C for 12 s, and a
final extension step at 72 ◦C for 5 min. To clone P2 into the LIC vector, amplification was
performed using the following LIC-tagged (bold) primers: 5′-TAC TTC CAA TCC AAT
GCA ATG ATT GAC ATG CTA GTT TTA CGA-3′ and 5′-TTA TCC ACT TCC AAT GTT
ATT ATA TGC GAT TTT AAG AAC TGG CTC-3′. All PCR products were purified using a
PCR Clean-Up Kit (GeneMark, Taichung, Taiwan), and their concentrations were measured
spectrophotometrically (Nanodrop, Thermo Fisher Scientific, Waltham, MA, USA). The
vector DNA and insert DNA were treated with dGTP and dCTP, respectively, and with
LIC Qualified T4 DNA Polymerase (Novagen, Merck, San Jose, CA, USA), as explained
in the enzyme protocol. The prepared recombinant DNA constructs were transformed
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into competent E. coli BL21 protease-deficient bacteria via the heat-shock method [44].
The transformed cells with recombinant construction were selected on Luria–Bertani (LB)
agar containing 50 µg/mL kanamycin (KAN). The colonies were screened for the P2 gene
via PCR using the same cloning primers. The presence of the P2 gene was verified by
sequencing (Eurofins Scientific, Hamburgh, Germany).

4.2. Protein Expression

To express and purify the P2-GFP hybrid, a colony of recombinant bacteria was in-
oculated into 5 mL of LB medium containing 50 µg/mL of KAN, and the culture was
incubated with shaking at 180 rpm overnight at 37 ◦C. This overnight culture was used
to inoculate a 1:100 (v:v) ratio of a fresh culture of the same medium, and the fresh cul-
ture was incubated under the same conditions described above. When the OD600 of the
culture reached 0.6, expression was induced in each culture by the addition of differ-
ent concentrations of IPTG (0.1 mM, 0.5 mM, and 1 mM) at two different temperatures
(20 ◦C and 37 ◦C) for different time courses (1, 2, 3, 4, 5, and 18 h). Cell pellets and su-
pernatants were collected by centrifugation at 5000× g for 10 min. The cell pellets were
resuspended in B-PER solution (Thermo Fisher Scientific, Waltham, MA, USA) for separa-
tion of soluble and insoluble protein fractions (inclusion bodies). The samples were stored
at −20 ◦C until further purification was performed.

The expression levels of the P2-GFPs were analyzed using various techniques. First,
all samples were directly imaged using blue light via an ORTE Gel Imaging System
(TiBO, Istanbul, Türkiye). All samples were run on 10% native-PAGE, and the fluorescence
of the P2-GFP molecules was imaged using a ChemiDoc gel imaging system (Bio-Rad,
South Granville, NSW, Australia) [45]. The samples were analyzed via 10% SDS-PAGE
by staining the gel with Coomassie R250 staining solution [46]. For specific detection
of His-tagged P2 by Western blotting, samples were treated with a 1:1000 dilution of
primer antibody (Rabbit pAb to 6XHis, Abcam, Cambridge, UK) and a 1:20,000 dilution of
HRP-conjugated secondary antibody (Goat pAb IgG-HRP, Abcam, Cambridge, UK).

4.3. Solubilization of Inclusion Bodies

Since it was determined that P2-GFPs were expressed as inclusion bodies, soluble
proteins were removed using B-PER solution (Thermo Fisher Scientific, Waltham, MA,
USA) treatment and centrifugation. The inclusion body pellet was solubilized by the
addition of freshly prepared inclusion body dissolving solution (2% SDS, 6 M urea, and 2 M
thiourea) and incubated for 1 h at room temperature. The mixture was then centrifuged at
16,000× g for 15 min. The supernatant was collected, and each milliliter of sample buffer
was exchanged with 14 mL of Tris buffer (20 mM Tris-HCl, pH: 7.4) via an Amicon Ultra-15
50K Centrifugal Filter Device (Millipore, Merck, San Jose, CA, USA) to remove denaturants.
This step was performed four times. The concentrated and buffer-exchanged sample was
stored at −20 ◦C until further purification was performed.

4.4. Protein Purification

Purification of P2-GFP was performed by immobilized metal affinity chromatography
(IMAC) with a HisTrap HP column (Cytiva, Wilmington, Germany) and a fast protein
liquid chromatography system (FPLC, ÄKTA Pure Protein Purification System, Cytiva,
Wilmington, Germany). The column was equilibrated with a 5-column volume (CV) of
Tris buffer at a 1 mL/min flow rate. The sample was loaded into the column with a
0.250 mL/min flow rate from a fulfilled 1 mL sample loop. The column was washed with
10 CV of wash buffer (20 mM Tris-HCl, 500 mM NaCl, 20 mM imidazole, pH: 7.4) with a
1 mL/min flow rate. Elution was performed with 20 CV of elution buffer (20 mM Tris-HCl,
500 mM NaCl, 400 mM imidazole, pH: 7.4) with a 0.25 mL/min flow rate, and peaks were
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collected according to the A280. Analysis was conducted using UNICORN 7.0 software. The
protein elution fraction was buffer-exchanged with Tris buffer to remove residual imidazole
and concentrated using an Amicon Ultra-15 50K Centrifugal Filter Device (Millipore, Merck,
San Jose, CA, USA). Histidine-GFP fusion tag was removed by using Tobacco etch virus
(TEV) protease ProTEV Plus (Promega, Madison, WI, USA) treatment. The mixture was
loaded into nickel agarose beads (Ni-NTA, GoldBio, St. Louis, MO, USA), which were
equilibrated with Tris buffer. The enzyme carries His-tag, therefore it was bound to the
nickel matrix with cleavaged fusion tags. P2 without GFP was collected with flow-through
in the Tris buffer. The bound sample was eluted with elution buffer as a control of removed
GFP and TEV protease molecules.

4.5. Analysis of Purified P2-GFP

The protein concentration of the purified sample was determined via BCA Assay
(Thermo Fisher Scientific, Waltham, MA, USA), and all samples were analyzed by 10% SDS-
PAGE by staining the gel with Coomassie R250 staining solution [46]. For specific detection
of His-tagged P2-GFP by Western blotting, samples were treated with a 1:1000 dilution of
primer antibody (Rabbit pAb to 6XHis, Abcam, Cambridge, UK) and a 1:20,000 dilution
of HRP-conjugated secondary antibody (Goat pAb IgG-HRP, Abcam, Cambridge, UK).
Fluorescence was imaged using 200 µL of the purified sample placed into 96-well black-
bottom plates (Corning, Glendale, AZ, USA) under blue epi-illumination with a standard
filter in the ChemiDoc gel imaging system (Bio-Rad, South Granville, NSW, Australia).
The final P2-GFP and P2 without GFP samples were stored at −20 ◦C in 20 mM Tris-HCl
(pH: 7.4), 1 mM DTT, and 20% glycerol stock solution.

4.6. P2-GFP Activity Test

The nicking activity of P2-GFP was induced using 300 ng of p1GFP plasmid DNA or
M13KE RF DNA (NEB) and 2 µM of P2-GFP enzyme in a 21 µL reaction volume. DNA
was prepared separately with a final 1× KCl buffer (20 mM Tris-HCl pH: 8.5, 80 mM KCl)
before adding it to the reaction. The concentrations of BME, MgCl2, KCl, and enzyme,
incubation time, and temperature were optimized in 1× reaction buffer (20 mM Tris pH: 8.5,
9.10% sorbitol, 5 µg BSA) separately. Then, enzymatic reaction of P2-GFP was performed
as given in Table 1. P2-GFP and P2, which were cleaved by TEV enzyme samples, were
compared at optimized reaction conditions to determine the differences. Reactions were
terminated by the addition of 60 mM EDTA, and 120 ng of total DNA from the reaction
was analyzed via 1% agarose gel electrophoresis. The gel was imaged using the ChemiDoc
gel imaging system (Bio-Rad, South Granville, NSW, Australia).

4.7. Determination of Minimal Recognition Sequence for P2 Nicking
4.7.1. Cloning of PCR Products Containing Different Segments of the P2 Nicking Site

Different insert DNAs were prepared from the SARS-CoV-2 virus genome using
designed primers that carry different parts of the P2 recognition sites (Table 2). cDNA
conversion was performed by incubating SARS-CoV-2 virus particles, which are inactivated
by gamma-irradiation (provided by Acibadem LabCell Laboratory) with the AMV reverse
transcriptase enzyme (NEB, Ipswich, MA, USA), with random primers (Thermo Fisher
Scientific, Waltham, MA, USA) at 42 ◦C for 1 h. Each insert was amplified from the cDNA by
PCR under the conditions described in Tables S1 and S2. The PCR products were analyzed
by agarose gel electrophoresis, and amplicons were purified from the gel using an EZNA
Gel Elution Kit (Zymo-Research, Orange, CA, USA). Inserts were ligated into the pUCm-T
vector using a TA Cloning Kit (Bio Basic, Singapore). The prepared recombinant DNA
constructs, which included inserts W, A12, and A1 (pW, pA12, and pA1), were transformed
into competent E. coli DH5α via the heat-shock method [44]. The transformed cells with
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recombinant construction were selected on LB agar containing 100 µg/mL ampicillin
(AMP), 200 µg/mL X-Gal, and 1 mM IPTG by blue-white screening. The white colonies
were screened for insert genes by PCR using A1 insert amplification primers. The presence
of insert genes was verified by agarose gel electrophoresis. Plasmids were isolated from
the transformant culture using a plasmid isolation kit (GeneMark, Taichung, Taiwan), and
inserts were reverified by PCR.

Table 1. Nicking reaction mixture composition.

Reagent Stock Concentration Final Concentration Volume (µL)

Reaction Buffer (20 mM Tris pH: 8.5, 9.10%
sorbitol, 5 µg BSA) 3× 1× 7

BME (1/100) 143 mM 9.9 mM 1.45
P2-GFP/P2 Enzyme 2 µM 2 µM 1
Substrate DNA in 1× KCI Buffer (300 ng in 20 mM
Tris-HCl pH: 8.5, 80 mM KCl) - 300 ng -

ddH2O - - Up to 21-µL

Preparation of Substrate DNA

DNA 300 ng
KCI Buffer (20 mM Tris-HCl pH: 8.5, 80 mM KCl) 5× 1×
Reaction Conditions

Incubation at 30 ◦C for 30 min

Table 2. List of inserts.

Insert Name Description Primer Pairs (Set) Product Size (bp)

Insert W
dsDNA: SARS_CoV19 N1 site
amplification with “whole” part
recognition site included primers

N1P2 Fw/Std1 P2 Rv 264

Insert A12
dsDNA: SARS_CoV19 N1 site
amplification with “A1 and A2 loop”
part recognition site included primers

N1P2 A12 Fw/Std 1 P2 A12 Rv 208

Insert A1
dsDNA: SARS_CoV19 N1 site
amplification with “A1 loop” part
recognition site included primers

N1P2 A1 Fw/Std 1 P2 A1 Rv 158

4.7.2. Nicking Reactions of Different Segments of the P2 Recognition Sequence

For nicking of linear DNA samples, the wild-type recognition site of P2 (f1 ori-F1)
(191 bp) was amplified from the p1GFP plasmid via PCR using the following primers: 5′-
AGG GTT CCG ATT TAG TGC TT-3′ and 5′-AAT CAA AAG AAT AGC CCG AGA TAG-3′.
Plasmids in the supercoiled form, the f1 ori, and the insert DNAs as the linear forms of the
recognition site, including different regions of the recognition site, were digested with the
P2 enzyme (Table 1, Table 2 and Table S1) at room temperature for 2 h, and the reaction
was terminated using 50 mM EDTA. In addition, plasmids were digested with a single-
site cutting enzyme, XhoI, as a reference for linear DNA in electrophoresis. All samples
were analyzed by agarose gel electrophoresis and 12% DNA-PAGE with 2× loading dye
(90% DMSO, 0.5% EDTA, 0.1% xylene cyanole, and 0.1% bromophenol blue) [46].

4.8. Data Analysis

The band intensities from the agarose gel images were converted to quantitative
values in ImageJ software (v.1.54) [47]. Each band’s intensity was compared to that of the
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other samples and controls. The percentage of product DNA conversion was calculated
depending on the band intensity, and differences between samples were shown as the
relative fold-change compared to the control. The data were converted into graphics using
Prism software (v.10.1).

4.9. Enzyme Kinetics

The kinetics of the nicking reaction were investigated using 600, 300, 200, and 100 ng
of substrate DNA in a 21 µL reaction volume. All kinetic experiments were carried out
in triplicate. Samples were collected, and the reaction was stopped using 50 mM EDTA
at 15, 30, 60, and 120 min time points. The samples were then analyzed by agarose gel
electrophoresis. The gel images were converted into quantitative values. The enzyme
kinetics were determined using the Michaelis–Menten equation in Prism software (v.10.1).
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