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The non-structural protein 1 (NS1) of human parvovirus B19 plays a critical role in viral DNA
replication. Previous studies identified the origin of replication in the viral DNA, which contains
four DNA elements, namely NSBE1 to NSBE4, that are required for optimal viral replication
(Guan et al, 2009, J. Virology, 83, 9541-9553). Here we have demonstrated in vitro that the NS1
N-terminal domain (NS1N) binds to the origin of replication in a sequence-specific, lengthdependent manner that requires NSBE1 and NSBE2, while NSBE3 and NSBE4 are dispensable.
Mutagenesis analysis has identified nucleotides in NSBE1 and NSBE2 that are critical for NS1N
binding. These results suggest that NS1 binds to the NSBE1-NSBE2 region in the origin of
replication, while NSBE3 and NSBE4 may provide binding sites for potential cellular factors.
Such a specialized nucleoprotein complex may enable NS1 to nick the terminal resolution site and
separate DNA strands during replication.
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Human parvovirus B19 (B19V) belongs to the erythrovirus genus in the family of
Parvoviridae, a group of single-stranded DNA (ssDNA) virus (Berns and Parrish, 2007;
Siegl et al., 1985). B19V causes several diseases including erythema infectiosum in
children, acute arthropathy commonly in women and hydrops-fetalis in pregnant women
(Young and Brown, 2004). It also causes destruction of erythroid precursors, which are the
main targets for B19V replication, resulting in anemia and occasionally leading to
hematopoietic disorders, e.g., transient aplastic crisis, transient red cell aplasia,
thrombocytopenia and pancytopenia (Anderson et al., 1986; Moffatt et al., 1998; Zhi et al.,
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2006). B19V shows a cytotoxic effect on human primary erythroid progenitor cells in bone
marrow (Ozawa et al., 1986) and fetal liver (Yaegashi et al., 1989).
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The B19V virion contains a linear, ssDNA genome of 5.6 kb encapsidated in a nonenveloped, icosahedrally symmetric capsid (Cotmore, 2005; Fauquet, 2004). The B19V
genome encodes an essential 74-kDa non-structural protein 1 (NS1), two capsid proteins
VP1 and VP2 of 86 and 61 kDa respectively, and two smaller proteins of 7.5 kDa and 11
kDa. The 11kDa protein was shown to be involved in viral replication (Zhi et al., 2006) and
to induce apoptosis during B19V infection of primary erythroid progenitor cells (Chen et al.,
2010) and to specifically interact with the host growth factor receptor-binding protein 2
(Grb2) in vitro in a Src homology 3 dependent manner (Fan et al., 2001), while the function
of the 7.5 kDa protein is not known. NS1 consists of an N-terminal DNA-binding/nickase
domain, a central domain displaying sequence motifs for helicase/ATPase, and a C-terminal
domain whose function remains unknown (Astell CR, 1997; Doerig et al., 1990; Raab et al.,
2002). NS1 is a multi-functional protein that plays a pivotal role in viral DNA replication
(Cotmore et al., 2007; Han et al., 2013; Li and Rhode, 1990; Zhi et al., 2006), and has also
been implicated in transactivation of viral (Gareus et al., 1998; Raab et al., 2002) and
cellular genes (Fu et al., 2002; Moffatt et al., 1996; Nakashima et al., 2004), cell cycle arrest
(Luo et al., 2013; Morita et al., 2003; Wan et al., 2010), apoptosis (Moffatt et al., 1998),
DNA damage response (Lou et al., 2012; Luo et al., 2011), modulation of host innate
immunity (Hsu et al., 2011), and packaging of viral DNA into capsid (Bleker et al., 2006;
Cotmore and Tattersall, 2005a). It has been shown that null mutants of B19V NS1 protein in
which the translational initiation codon was substituted to termination codon completely
abolished the viral infectivity (Zhi et al., 2006). Transcription of the B19V genome is
controlled by NS1 operating on the viral p6 promoter (Blundell et al., 1987; Ozawa et al.,
1987). Protein-protein interactions between NS1 and the cellular transcription factors Sp1/
Sp3 are required to bind NS1 to the p6 promoter (Krady and Ward, 1995; Raab et al., 2002).
NS1 might also be responsible for packaging of viral DNA into empty capsid, potentially
through a channel in the 5-fold vertex, based on data on the adeno-associate virus Rep
proteins which bear similar domain structure and sequence homology (Bleker et al., 2006;
King et al., 2001) as well as structural data on the minute virus of mice capsid (Plevka et al.,
2011).
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The left and right ends of the B19V genome have identical inverted terminal repeats (ITRs)
and these ITRs fold back onto themselves to form hairpin structures (Deiss et al., 1990; Zhi
et al., 2004). Previous studies identified a 67-bp region in the ITR as the minimal origin of
DNA replication (Ori), which constitutes the terminal resolution site (trs) and four GC-rich
motifs, namely NSBE1 to NSBE4, that are required for optimal virus replication and could
form the potential NS1-binding site (Fig 1A) (Guan et al., 2009). NSBEs 1 and 2 are
identical 8-bp sequences with a 2-bp interval, while NSBEs 3 and 4 display degenerative
sequences. NSBEs 1 to 3 are essential for virus replication, while NSBE4 is required for
maximal virus replication (Guan et al., 2009). The organization of NSBEs in the B19V Ori
is distinct from the five tandem tetranucleotide repeats of the Rep-binding site in
dependovirus (Ward, 2005) and is also different from that identified in minute virus of mice
(MVM), a member of the parvovirus genus (Astell et al., 1983; Cotmore and Tattersall,
2005b), and that predicted in minute virus of canine, a member of the bocavirus genus (Sun
et al., 2009). Based on studies on MVM, AAV and other parvoviruses, it is thought that
binding of NS1 to a sequence-specific site within the double-stranded Ori DNA leads to
nicking of a single strand at an adjacent site termed the terminal resolution site (trs), which
generates a free 3′-OH end that primes extension of DNA synthesis (Cotmore, 2005).
Although the essentiality of NSBEs for B19V replication has been documented and the
NSBEs were predicted to be the potential NS1-binding site (Guan et al., 2009), it hasn't been
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clear if and how NS1 physically binds to Ori. In this study we have heterologously
expressed and purified the N-terminal DNA-binding/nickase domain of the B19V NS1
(NS1N) and characterized in vitro molecular interaction with Ori. We demonstrate that the
NS1N specifically binds to the B19V NSBE region. The four NSBEs exhibit differential
roles in NS1N binding. Mutagenesis analysis has identified nts in NSBE1 and NSBE2 that
are critical for NS1N binding. The results suggest a mode of interaction between NS1 and
Ori, in which NS1N binds to an extended region encompassing NSBE1 and NSBE2, while
NSBE3 and NSBE4 may provide a site for binding of potential cellular factors. Such
molecular interaction may lead to assembly of a specialized nucleoprotein complex,
enabling NS1 to nick the terminal resolution site and separate DNA strands during
replication.

Results
Expression and purification of NS1N
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Expression of the full-length NS1 in E. coli was not successful. Therefore, we designed a
construct that covered the putative N-terminal Ori-recognition and nickase domain (residues
4-180), namely NS1N. NS1N was expressed in E. coli, and purified with a Ni-NTA affinity
followed by size-exclusion chromatography (SEC). The purified protein was >95% pure
(Figure 2 inset). The homogeneity of the protein was demonstrated by a single peak on SEC
at an elution volume of 18.59 ml corresponding to a molecular weight of approximately 28
kDa, indicating that the NS1N existed as a monomer in solution (Figure 2).
NS1N specifically binds to the B19V Ori
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Previous studies showed that NSBEs were essential for B19V replication, suggesting that
this region may serve as the potential NS1-binding site (Guan et al., 2009). However,
whether and how NS1 physically binds to NSBEs hasn't been clear. We characterized in
vitro binding of NS1N and the B19V Ori. Synthesized plus and minus strands of NSBE
were annealed to generate double-stranded DNA (dsDNA) molecules as described in
Materials and Methods. DNA molecules were incubated with the purified NS1N. It is
observed that NS1N strongly and specifically bound to B19V 67-bp Ori, a 38-bp wt DNA
encompassing the four NSBEs, and a 28-bp wt DNA encompassing NSBE1 to NSBE3
(Figure 3; Table 1). A single clear band was observed that migrated differently from the free
DNA, indicating that NS1N and DNA formed a single species of nucleoprotein complex
(Figure 3A, lanes 1-3; S1A, lanes 1-7 and S1B, lanes 2-5 in the supplemental materials). The
putative nucleoprotein complexes of NS1N with the 38-bp and 28-bp DNA molecules both
showed a sharp, single band, suggesting formation of stable protein:DNA complexes. The
putative nucleoprotein complex between NS1N and the 67-bp DNA showed a diffusive band
(Figure 3A, lane 1), which suggests dynamics of the NS1N:DNA interaction and/or reflects
sequential binding of multiple copies of NS1N to the DNA resulting in continuous bands
that were not resolved in the gel. Smears were observed between the unbound DNA bands
and the bands for the putative NS1N:DNA complexes (Figure 3A, lanes 1-3), reflecting
dynamics of NS1N:DNA binding and/or the presence of non-specific NS1N:DNA
interaction. No binding was observed for a 21-bp non-specific DNA (Figure 3A, lane 7).
These data demonstrate that the NSBE region is indeed the NS1N-binding site, and NS1N
specifically binds to that region to form a stable nucleoprotein complex.
NSBEs 1 and 2 are required for NS1N binding in a sequence-dependent manner, while
NSBEs 3 and 4 are dispensable
To examine the roles of the four NSBEs with NS1N interaction, we constructed 28-bp
dsDNA molecules that encompass NSBEs 1 to 3 designated as NSBE1+2+3 wt (Figure 1A;
Table 1). EMSA shows that 28-bp wt DNA binds to NS1N at an affinity similar to that of
Virology. Author manuscript; available in PMC 2015 January 20.
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the 38-bp wt DNA (Figure 3A, lanes 2-3; 3B, lanes 2-7; S1B, lanes 2-5), suggesting that
NSBE4 is dispensable for NS1N binding. We then tested the sequence dependence of the
NSBEs for NS1N binding by mutagenesis analysis using a variety of mutated DNA
molecules (Table 1). The nts at the 3rd, 4th, 5th and 6th positions (that is, those in the center
of the NSBE segments) in either NSBE1, NSBE2 or NSBE3 were mutated concomitantly.
The four concomitant mutations in NSBE3 caused no apparent change for NS1N binding
(Table 1; Figure 4, lane 3; Figure S2C, lanes 2-7). Furthermore, concomitant mutation of all
eight nts in NSBE3 also showed no apparent effect on NS1N binding (Table 1; Figure 4,
lane 6; Figure S2F, lanes 2-7). These data indicate that NSBE3 is dispensable for NS1N
binding and the sequence of NSBE3 plays a minimal, if any, role in specific interaction with
NS1N.
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Mutations in either NSBE1 or NSBE2 considerably reduced the NS1N binding affinity, by
at least 4-fold (Table 1; Figure 4, lanes 1-2; Figure S2A, lane 2; Figure S2B, lanes 2-3). A
DNA molecule encompassing NSBEs 2, 3 and 4 showed a reduction of at least 4-fold in
NS1N binding affinity (Table 1; Figure 4, lane 5; S2E, lanes 2-7). Concomitant mutations of
the nts at the 3rd, 4th, 5th and 6th positions in both NSBE1 and NSBE2 lead to more
significant reduction in NS1N binding and essentially abolished NS1N binding at a
protein:DNA molar ratio of up to 12:1 (Figure 4, lane 4; S2D, lanes 2-4; Table 1). These
data indicate that NSBEs 1 and 2 are both required for NS1N binding in a sequencedependent manner, while NSBEs 3 and 4 are dispensable.
NSBEs 1 and 2 are not sufficient for NS1N binding and an extension in DNA length is
required for optimal NS1N:DNA interaction
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DNA molecules of 18-bp length that encompasses two consecutive NSBEs, designated
NSBE1+2, NSBE2+3 and NSBE3+4, were designed as shown in Table1. These DNA
molecules showed little binding to NS1N in EMSA (Figure 5, A-C, lanes 2-7). A 21-bp nonspecific DNA showed no interactions with excess of the NS1N protein (Figure 5, A-C, lane
11). While the observation of little binding of NSBE3+4 and NSBE2+3 is consistent with
the notes in the last section that the NSBEs 3 and 4 are dispensable for NS1N binding and
that both NSBE1 and NSBE2 are essential for NS1N binding, virtually no binding of the 18bp NSBE1+2 molecule suggests that the NS1N:DNA interaction is dependent on DNA
length. To further test this, EMSA analysis was carried out with DNA molecules consisting
of the NSBEs 1 and 2 but with shorter lengths, that is, 19, 20, 21, 23 and 25 bp, respectively
(Table 1). EMSA showed that the NS1N binding affinity correlated well with the length of
DNA (Figure 6; Figure S3, A-E). Very weak NS1N binding was observed with the 19-bp
DNA (Figure S3A, lanes 2-7). With 20-bp DNA, only weak binding of NS1N was observed
at a protein:DNA molar ratio of 17:1 (Figure 6, lane 1 and Figure S3B, lanes 2-5). The
minimum length of the NSBE that showed NS1N binding affinity comparable to that of the
28-bp DNA is 21-bp (Figure 6, lane 2; S3C, lanes 2-7). These data suggest that NS1N
binding requires a minimal length of DNA that extends beyond the sole NSBE1 and NSBE2
portions of the DNA, which reflects a spatial requirement for accommodating NS1N
molecules onto the bound DNA.
Identification of the nucleotides in NSBEs 1 and 2 that are critical for sequence-specific
NS1N binding
The NSBE1 and NSBE2 are identical in DNA sequences (Figure 1A). We systematically
analyzed the dependence of NS1N binding on the DNA sequence. Single mutations on
either NSBE1 or NSBE2 did not confer significant influence on NS1N binding (data not
shown), in agreement with a cooperative binding mode between the two NSBEs and NS1N.
Thus, a series of 28-bp DNA molecules encompassing NSBEs 1, 2 and 3 were designed,
each with an identical point mutation in both NSBE1 and NSBE2 to facilitate assessment of
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the effect of mutation on NS1N binding (Table 1). Those double mutations exhibited
differential effects on NS1N:DNA interaction (Figure 7, lanes 1-8; S4 A-H, lanes 2-7). Little
or minimal effects on NS1N binding were observed for mutations on the 2nd, 3rd and 5th
positions (Figure 7A, lanes 2, 3 and 5; S4 B, C and E, lanes 2-7; 7B). The mutations at the
1st and 4th positions showed very weak NS1N binding at a DNA:protein molar ratio of 1:6
but showed clear binding at 1:9 (Figure 7A, lane 1 and 4; S4 A and D, lane 2; 7B).
Mutations at positions 6, 7 and 8 showed significantly weaker NS1N binding than mutations
at other positions (Figure 7A, Lanes 6-8; S4 F-H; 7B). Among them, mutations at positions
7 and 8 appeared to have the maximal effect on NS1N binding (Figure 7A, Lanes 7-8;
Figure S3 G and H; 7B). Taken together, these data suggest that the nts at positions 2, 3 and
5 in the NSBEs 1 and 2 sequence may be not involved in sequence-specific NS1N:DNA
recognition, although they may participate in NS1N:DNA interaction in a non-sequencespecific manner. The nts at positions 1 and 4 may be involved in sequence-specific
NS1N:DNA recognition, and the nts at positions 6-8 are critical for sequence-specific
NS1N:DNA recognition.

Discussion
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The minimal origin of DNA replication in B19V was previously identified, and four DNA
fragments located therein were shown to be essential for optimal virus replication and could
serve as the potential NS1-binding sites (Guan et al., 2009). However, whether and how
those DNA fragments physically bind to NS1 hasn't been addressed. In this work, we have
characterized in vitro molecular interaction of NS1N with Ori. We have demonstrated that
the NS1N binds to Ori to form a nucleoprotein complex, and this binding is sequencespecific. NSBE1 and NSBE2 are both essential for NS1 binding, whereas NSBE3 and
NSBE4 are dispensable. These data indicate that NSBEs 1 and 2 may be the binding sites for
NS1, whereas NSBEs 3 and 4 may not directly interact with NS1. The differential roles of
the NSBEs 1 to 4 in NS1N:DNA interactions observed here are in good agreement with
previous results showing that NSBEs 1 to 3 were essential for virus replication and NSBE4
was not essential but was needed for maximal virus replication (Guan et al., 2009). In
MVM, two copies of the ACGT motif near the NS1 binding sites were demonstrated to be
the binding sites for host glucocorticoid modulating element binding proteins that were
dubbed parvovirus initiation factor (PIF), and NS1 and PIF must form a ternary complex
with Ori for nicking to occur (Christensen et al., 1997, 1999, 2001). Thus, it is likely that
NSBEs 3 and 4 may serve as the binding sites for potential host factor(s). This is in
agreement with the fact that the B19V NSBEs 1 and 2 are identical but NSBEs 3 and 4 show
distinct sequences, making it unlikely for NS1 to bind to the four NSBEs in a same
sequence-specific manner. Nevertheless, only the N-terminal domain of NS1 was used in the
present study, and it couldn't be ruled out that other portions of the NS1 protein might
interact with NSBEs 3 and/or 4. Participation of cellular factors was also observed during
NS1 interaction with the p6 promoter, which involves the cellular Sp1/Sp3 transcription
factors (Doerig et al., 1990; Gareus et al., 1998; Raab et al., 2002). Thus, NS1 functions
appear to be highly orchestrated with cellular factors. B19V has a strict tropism for human
erythroid progenitor cells, and B19V infection causes cell cycle arrest in the S phase in
which cellular factors for viral DNA replication are available (Luo et al., 2013). In MVM, it
was shown in a reconstituted DNA replication system that NS1 bound to single-stranded
DNA binding protein RPA to form a functional replication fork (Christensen and Tattersall,
2002). It would be interesting to address if and how the potential host factors that bind to
NSBEs 3 and 4 are involved in B19V host tropism and B19V-induced cell cycle arrest.
Our results provided further details regarding NS1:Ori interaction. A DNA molecule solely
consisting of NSBEs 1 and 2 did not support NS1N binding, and any DNA molecules
consisting of two consecutive NSBEs did not support NS1 binding either. Moreover, a 18-bp
Virology. Author manuscript; available in PMC 2015 January 20.
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DNA fragment encompassing NSBE1 and NSBE2 failed to bind to NS1N, and the minimal
length of DNA allowing NS1N binding requires at least a 3-bp extension to the 3′ end of
that fragment, indicating a requirement for sufficient space on DNA to accommodate bound
NS1. Our mutagenesis analysis has identified nucleotides in NSBE1 and NSBE2 that are
critical for NS1N binding. The nucleotides at positions 6, 7 and 8 in the NSBEs 1 and 2
sequence motif are critical for sequence-specific NS1N:DNA recognition, whereas those at
positions 1 and 4 may also be involved in NS1N:DNA recognition but may be less critical,
and those at positions 2, 3 and 5 may not be involved in sequence-specific NS1N:DNA
recognition, although they may participate in NS1N:DNA interaction in a non-sequencespecific manner. These data suggest that the nucleotides at positions 6-8 may be involved in
direct interaction with NS1N by, for example, insertion of amino acid residues of the NS1
protein into the grooves in the DNA, thus interacting with DNA bases. Such interactions can
confer sequence specificity for the NS1:DNA recognition. Such protein:DNA interactions
were observed in AAV Rep N-terminal nickase domain (Hickman et al., 2004). The Rep
nickase domain interacts with tetra-nucleotide repeats in AAV Ori by providing a loop to
one repeat and an α helix to an adjacent repeat, where long side chains of Arg and Lys
residues insert into the DNA major and minor grooves respectively (Hickman et al., 2004).
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The presence of two identical NSBEs (1 and 2) suggests that multiple NS1 molecules
participate in binding to the Ori region. In AAV, five copies of the Rep nuclease domain
bound to the Rep-binding site, consistent with the presence of five tetranucleotide repeats
(Hickman et al., 2004). It was proposed that binding of multiple copies of Rep would lead to
oligomerization of Rep to form a ring-like hexamer, which would then generate ssDNA
around the trs region, enabling nicking and DNA strand separation (Hickman et al., 2004).
In the B19V Ori, the NSBEs 1 and 2 can accommodate at least two NS1 molecules,
assuming each of the two NSBEs is bound by a single copy of NS1. Interestingly, the
sequence of the NSBEs 1 and 2 region in Ori (5′- GCCGCCGG tc GCCGCCGG -3′ where
the two-nucleotide spacer are shown in lower case; Figure 1) can be considered as five
consecutive repeats of a single tetranucleotide motif GCCG, in which the first and second
repeats share a nucleotide G (the same for the fourth and fifth repeats) and the third repeat
possesses a degenerative sequence of GTCG. It is tempting to speculate that such a DNA
structure can allow multiple copies of NS1 to bind to the DNA in a tandem and
approximately helical arrangement bearing similarity to AAV Rep, which promotes
subsequent assembly of a nucleoprotein complex between NS1 and Ori in which NS1 is
activated for DNA nicking. Nevertheless, the detailed modes of Ori binding in B19V NS1
and AAV Rep must be different as evidenced by the different DNA sequence motifs and
lack of apparent amino acid sequence identity between B19V NS1 and AAV Rep.
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Taken together, these results suggest a mode of interaction between NS1 and Ori, in which
NS1 physically binds to the region encompassing NSBE1 and NSBE2, while NSBE3 and
NSBE4 may provide sites for binding of potential cellular factors (Figure 8). Such molecular
interactions lead to assembly of multiple copies of NS1 with Ori into a specialized
nucleoprotein complex, enabling nicking at the terminal resolution site and displacement of
DNA strands during DNA replication. Further studies are needed to address what the exact
NS1-binding motif is, how NS1 assembles with Ori, how the NS1 nickase and helicase
domains are coordinated during viral DNA replication, and the identity of potential cellular
factors that are involved in NS1:Ori interaction.

Materials and Methods
Protein expression and purification
The fragment encoding non-structural protein 1 (NS1N; residues 4-180) was PCR amplified
from the B19V genomic DNA (Zhi et al., 2004) with forward and reverse primers
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containing NdeI and BamHI restriction sites respectively with a stop codon. Digested PCR
product was ligated into the expression vector pDZ1, resulting in the NS1N protein carrying
a N-terminal hexa-histidine tag followed by an 8-kDa GB1 tag (Streptococcal protein G B1
domain). NS1N was expressed in E. coli strain BL21(DE834) cells in LB media
supplemented with 30 μg/ml carbenicillin. After growth at 37°C to an absorbance at 600 nm
of 0.6, NS1N expression was induced with 1 mM IPTG (isopropyl-β -Dthiogalactopyranoside) and the culture was further grown at 28°C for 16 h. The overnight
grown cells were collected and lysed on a French press in a lysis buffer containing 20 mM
Tris-HCl pH 8.0, 500 mM NaCl and 5mM β-mercaptoethanol. NS1N was purified with the
N-terminal hexa-histidine tag by metal-chelating chromatography using Ni-NTA beads
(Qiagen). The elution from the Ni-NTA beads was further purified by gel filtration
chromatography on a sephacryl S-300 26/60 column (GE Healthcare) pre-equilibrated with a
gel filtration buffer containing 20 mM Tris-HCl pH 8.0, 150 mM NaCl, 1 mM EDTA and
1mM DTT. Typically, one liter of E. coli culture yielded about 3 mg of purified protein,
which was concentrated to approximately 10 mg/ml using a Millipore concentrator
(Molecular weight cut off 10 kDa). The homogeneity of the purified protein was analyzed
by the analytical gel filtration column Superose 6 10/300 (GE Healthcare) (Fig. 2).
Electrophoretic mobility shift assay of NS1N:DNA interaction
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The wild type (wt) B19V Ori DNA as well as mutated ssDNA oligos were synthesized
(Integrated DNA Technologies) as described in Table 1. The synthesized DNA oligos were
annealed to complementary strands in a buffer containing 20 mM Tris-HCl pH 7.0, 10 mM
KCl, 3 mM MgCl2 and 50 mM NaCl at 95°C for 10 min followed by rapid cooling on ice.
Annealed DNA molecules were used in subsequent electrophoretic mobility shift assay
(EMSA). Briefly, increasing amounts of NS1N protein were mixed with a constant amount
of DNA at various DNA:protein molar ratios, followed by incubation at 25°C for 1 h.
Samples were loaded onto 10% polyacrylamide Tris-borate EDTA (TBE) gels in a TBE
buffer containing 45 mM Tris-HCl pH 8.30, 45 mM boric acid and 1 mM EDTA, which
were run at 200 Volts for 1 h. TBE gels were stained with ethidium bromide for 10 min on a
rocker before recording the images on a trans-illuminator.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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1.

The NS1 protein of human parvovirus B19 plays critical roles in viral
replication.

2.

The NS1 N-terminal domain specifically binds to the origin of replication.

3.

NSBE1 and 2 are essential while NSBE3 and 4 are dispensable for NS1 binding.

4.

NSBE3 and 4 may provide binding sites for potential cellular factors.
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Figure 1.

The 67-bp B19V Ori. The four DNA elements (NSBE; shown in blue, red, green and brown
respectively) that were predicted to be NS1-binding sites are indicated. The terminal
resolution site (trs) is also shown. The nucleotide 5232 in the B19V genome is labeled.
There are two identical GC-rich repeats called NSBE1 and NSBE2 and one degenerative
element NSBE3, which are essential for virus replication. The fourth element, NSBE4, is
required to support maximal virus replication.
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Figure 2.

Analytical gel filtration chromatography of purified B19V NS1N showing a peak at an
elution volume of 18.6 ml that corresponds to a molecular weight of ∼28 kDa. Positions of
the molecular weight standards at 66 and 13 kDa, bovine serum albumin and cytochrome-C
respectively, are indicated. Inset, SDS polyacrylamide gel electrophoresis of the purified
NS1N (arrow in the right lane) and unstained protein molecular weight marker (Thermo
Scientific™) (left lane).
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B19V NS1N specifically binds to Ori. (A) Lanes 1-3, NS1N incubated with the 67-bp Ori,
the 38-bp NSBE1+2+3+4 wt and the 28-bp NSBE1+2+3 wt, respectively (for nomenclature
of DNA molecules, refer to Table 1). Lanes 4-6, the 67-bp, 38-bp and 28-bp DNA alone,
respectively. Lane 7, NS1N incubated with 21-bp non-specific DNA. Smears in Lanes 1-3
representing dynamic and/or non-specific DNA:protein interactions are indicated by
asterisks. (B) Lanes 1-7, NS1N binding with the 28-bp NSBE1+2+3 wt at various
DNA:protein molar ratios as indicated above the gel. Lane 8 and 9, the 28-bp NSBE1+2+3
wt DNA and its upper strand alone, respectively. Lane 10, NS1N binding with the 38-bp
NSBE1+2+3+4 wt as a comparison. Lane 11, NS1N incubated with the 21-bp non-specific
DNA. The potential nucleoprotein complex is indicated with arrow. Lane M, DNA marker
(New England Biolabs).
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Figure 4.

NS1N binding to DNA with mutations in NSBEs. Lanes 1-6, NS1N incubated with the 28bp NSBE1-3456, NSBE2-3456, NSBE3-3456, NSBE1+2-3456, NSBE2+3+4 and
NSBE3-1to8, DNA, respectively. Lane 7, the 28-bp NSBE1+2+3 wt DNA alone. Lane 8,
NS1N incubated with the 28-bp NSBE1+2+3 wt DNA. The DNA:protein molar ratios are
shown. The potential nucleoprotein complexes are indicated with arrow. Lane M, DNA
marker. See Table 1 for nomenclature of DNA molecules.
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Figure 5.
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EMSA of NS1N with 18-bp DNA molecules encompassing two NSBEs. (A) Lanes 1-7,
NS1N incubated with NSBE1+2 in various DNA:protein molar ratios. Lane 8 and 9, the 18bp NSBE1+2 DNA and its upper strand alone, respectively. Lane 10, NS1N incubated with
the 28-bp NSBE1+2+3 wt DNA. Lane 11, NS1N incubated with 21-bp non-specific DNA.
(B) and (C), are same as (A) except that the 18-bp NSBE2+3 and NSBE3+4 were used in
lanes 1-7 respectively. The DNA:protein molar ratios are indicated. The potential
nucleoprotein complexes in lane 10 in all panels are indicated with an arrow. Lane M, DNA
marker.
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Figure 6.

Length dependence of DNA binding by NS1N. Lanes 1-4, NS1N incubated with 20-, 21-,
23- and 25-bp DNA (NSBE/20, NSBE/21, NSBE/23 and NSBE/25 in Table 1), respectively.
Lanes 5-8, the 20-, 21-, 23- and 25-bp DNA alone, respectively. Lane 9, the 28-bp
NSBE1+2+3 wt DNA. Lane 10, NS1N incubated with the 28-bp NSBE1+2+3 wt DNA. The
nucleoprotein complexes are indicated with an arrow. The DNA:protein molar ratios are
indicated. The numbers of base pairs for DNA molecules are labeled on the top. Lane M,
DNA marker.
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Figure 7.
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Identification of nucleotides in NSBEs 1 and 2 critical for NS1N binding. (A) Lanes 1-8,
NS1N incubated with the 28-bp NSBE1+2-1AA, NSBE-1+2-2TT, NSBE1+2-3TT,
NSBE1+2-4AA, NSBE1+2-5TT, NSBE1+2-6TT, NSBE1+2-7AA and NSBE1+2-8AA
DNA, respectively (for nomenclature of DNA molecules, refer to Table 1). Lane 9, the 28bp NSBE1+2+3 wt DNA alone. Lane 10, NS1N incubated with the 28-bp NSBE1+2+3 wt
DNA. The potential nucleoprotein complexes are indicated with an arrow. Lane M, DNA
marker. (B) A plot showing effects of point mutations in NSBEs on NS1N binding, which
combines EMSA results for the eight DNA molecules in (A) (see Table 1 for actual
sequences of DNA molecules used in the assay). The vertical axis is semi-quantified binding
strength based on EMSA results. The horizontal axis shows the nucleotide sequence of the
region of NSBEs 1 to 3 (upper row in black) as well as the nucleotides they were mutated to
(bottom row in red). The effect of mutation in NSBE3 was based on a single EMSA result
using the 28-bp NSBE3-1to8 DNA, in which all the eight nucleotides were mutated (Table
1; Figure 4, lane 6).
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Figure 8.

A model for the binding of NS1 to the B19V Ori. The NSBE1 and NSBE2 are the binding
sites for NS1 (ovals). It is likely that multiple NS1 molecules participate in the binding, but
only two NS1 molecules are shown schematically. NSBE3 and MSBE4 may provide the
binding sites for potential host factors (rectangle). See text for details.
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28
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NSBE3-1to8

NSBE1+2

NSBE2+3

NSBE3+4

NSBE/19

NSBE/20

NSBE/21

NSBE/23

NSBE/25

NSBE1+2-1AA

NSBE1+2-2TT

NSBE1+2-3TT

NSBE1+2-4AA

NSBE1+2-5TT

NSBE1+2-6TT

NSBE1+2-7AA

NSBE1+2-8AA

5′-AGCCGCCGATCGCCGCCGATAGGCGGGAC-3′

5′-AGCCGCCAGTCGCCGCCAGTAGGCGGGAC-3′

5′-AGCCGCTGGTCGCCGCTGGTAGGCGGGAC-3′

5′-AGCCGTCGGTCGCCGTCGGTAGGCGGGAC-3′

5′-AGCCACCGGTCGCCACCGGTAGGCGGGAC-3′

5′-AGCTGCCGGTCGCTGCCGGTAGGCGGGAC-3′

5′-AGTCGCCGGTCGTCGCCGGTAGGCGGGAC-3′

5′- AACCGCCGGTCACCGCCGGTAGGCGGGAC-3′

5′- AGCCGCCGGTCGCCGCCGGTAGGCGG-3′

5′- AGCCGCCGGTCGCCGCCGGTAGGC -3′

5′-AGCCGCCGGTCGCCGCCGGTAG-3′

5 -AGCCGCCGGTCGCCGCCGGTA-3′

5′-AGCCGCCGGTCGCCGCCGGT-3

5′- AGGCGGGACTTCCGGTACA -3

5′- TGCCGCCGGTAGGCGGGAC -3′

5′- TGCCGCCGGTCGCCGCCGG -3

5 - AGCCGCCGGTCGCCGCCGGTATTATTTCA -3′

5′-AGCTATTGGTCGCTATTGGTAGGCGGGAC-3′

5 -AGCCGCCGGTCGCCGCCGGTAGGTAAAA C-3

5′-AGCCGCCGGTCGCTATTGGTAGGCGGGAC-3

5 - AGCTATTGGTCGCCGCCGGTAGGCGGGAC -3′

5′-AGCCGCCGGTAGGCGGGACTTTCCGGTACA-3

5 - TGCCGCCGGTCGCCGCCGGTAGGCGGGAC -3′

5′- TGCCGCCGGTCGCCGCCGGTAGGCGGGACTTCCGGTACA -3

5′-AAAATTTAAAAGAAGACACCAAATCAGATGCCGCCGGTCGCC GCCGGTAGGCGGGACTTCCGGTACA -3′
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+
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Binding affinity**

Double-stranded DNA molecules were used in EMSA, but only plus strands of those DNA molecules are listed here. All dsDNA molecules except for the Ori contain a single 5′ overhang on both strands.
The bold underlined letters indicate positions of mutation. wt, wild type DNA.

*

28

NSBE1+2-3456

28

NSBE1-3456

28

28

NSBE2+3+4

28

28

NSBE1+2+3 wt

NSBE3-3456

38

NSBE1+2+3+4 wt

NSBE2-3456

67

Ori

Sequence*
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