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ABSTRACT. HMGB-like proteins are architectural chromatin factors,
and their function is heavily dependent on their ability to interact
with DNA (especially non-canonical DNA structures). HMGBI is
involved in many DNA processes, and dysregulation of HMGB protein
expression has profound effects on cellular transcription, resulting
in severe developmental defects as well as cancer. During DNA
replication, elements that form the origin are still not well defined
in metazoans. Sites with A (adenine) or T (thymine) repeats cause
intrinsic curvatures in the DNA and are described to be involved in
the replication machinery by providing binding sites to replication
proteins. As a result, the DNA molecule shows intrinsically bent DNA
sites, caused by periodic repeats of 2 or more As/Ts (dA/dT) as well
as intrinsically non-bent DNA sites (INBDs), due to a succession of
curvatures that cancel each other. In the present study, we mapped 11
INBDSs present in the AMPD?2 gene that are related to each replication
origin (oriGNAI3, oriC, oriB, and orid). Following characterization of
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INBDSs, we tested the ability of HMGBI to bind to the bent (b1, b2,
b4a, b4b, b5, b6, b7, and bS) and non-bent DNA fragments (nb7, nbil,
nbl, nb2, nb4, and nb5) via electrophoretic mobility shift assays. All
fragments showed efficient binding to HMGB1. However, the non-bent
DNA fragments nb2, nb4, and nb5 showed slightly reduced binding
efficiency.

Key words: HMGB1; Intrinsically bent DNA; AMPD2 amplicon;
Intrinsically non-bent DNA; DNA replication

INTRODUCTION

Chromosomal DNA must be precisely duplicated in order to avoid alterations that
could lead to tumors and/or other cell disorders. Given the large size of the eukaryotic
DNA, many replication forks are required for efficient DNA synthesis; therefore, meticulous
regulation is extremely important (Shen, 2011). It is also vital that replication origins are not
initiated more than once per cell cycle, which could cause a re-duplication, leading to genetic
recombination (Blow and Gillespie, 2008). Most tumor cells in humans show some degree of
chromosomal alteration, and can be divided in two groups: those that lack cell cycle regulation,
resulting in chromosomal instability, and those that show punctual mutations in genes related
to maintenance of genetic integrity, such as proteins that regulate DNA replication and repair
(Tourriere and Pasero, 2007).

HMGB-like proteins are architectural chromatin factors and facilitate the formation of
nucleoprotein complex structures (Grasser et al., 2007). The function of the HMGB1 proteins is
dependent on their ability to interact with DNA (especially distorted DNA structures or pre-bent
DNA) and induce structural changes in specific DNA targets (Stros et al., 1994; Stros, 1998).

HMGB mammalian proteins contain two DNA binding domains, A and B HMG-boxes,
as well as an acidic tail that is variable in size. The A and B boxes bind to the minor groove of
DNA, where the A box has a much greater preference for distorted DNA structures. The acid
tail decreases the affinity of the protein for DNA (Stros et al., 1994; Thomas and Travers, 2001).

HMGBI is involved in many processes such as DNA replication, repair, recombination,
site-specific genomic integrity, and transcription (Agresti and Bianchi, 2003; Bianchi and Agresti,
2005). Dysregulation of HMG protein expression and the type of HMG have profound effects on
cellular transcription, resulting in severe developmental defects and cancer (Hock et al., 2007).

The DNA molecule shows structures such as four-way junctions and loops (Homberger,
1989), as well as curvatures called intrinsically bent DNA sites (IBDSs) (Anderson, 1986).
Another related structure, the intrinsically non-bent DNA sites (INBDs), is the result of a
succession of curvatures that cancel each other, producing linear DNA (Anderson, 1986;
Eckahl and Anderson, 1990; Mollegaard et al., 2005).

The DNA elements that make up a replication origin in metazoans are still not well
defined. When identifying structural motifs that could be involved in replication initiation,
sites with consecutive As or Ts that form intrinsic curvatures in the DNA are described as
being involved in the replication machinery, as they provide binding sites for replication
proteins (Segal and Widom, 2009a; 2009b).

In prokaryotes, IBDSs have been found to be associated with promoter activity as well
as replication origins (Gimenes et al., 2008). In eukaryotes, IBDS have also been associated
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with replication initiation origin sites (Fiorini et al., 2001, 2006a; Lima Neto et al., 2014).
Moreover, there are indications that these structures are relevant to transcription (Fiorini et
al., 2001), nucleosome condensation (Virstedt et al., 2004), recombination events (Milot et al.,
1992), fragile genomic sites (Palin et al., 1998), nuclear matrix association sites (MARs), and
MARSs associated to replication origins (Anderson 1986, Fiorini et al., 2006b).

The AMPD?2 gene amplicon is composed of the genes GNAI3, GNAT2, AMPD2, and
GSTM4. Between GNAI3 and GNAT? is the oriGNAI3, a preferential replication initiation region
(Toledo et al., 1998; Anglana et al., 2003). Although there are other replication origins (ori4,
oriB e oriC) on the same segment, they only seem to be activated when oriGNAI3 efficiency is
reduced (Anglana et al., 2003). The localization of the oriGNAI3 replication origin in the given
segment was determined by the two dimensional electrophoresis method (Toledo et al., 1998)
and later confirmed by molecular combing (Anglana et al., 2003; Debatisse et al., 2004).

In this study, in silico mapping of INBDSs was performed in the amplified mammalian
AMPD?2 gene domain. Characterizations of these regions in IBDS have previously been
performed (Lima Neto et al., 2014). We also analyzed binding efficiency of HMGBI1 protein to
bent and non-bent DNA fragments mapped in the AMPD?2 gene (orid, oriB e oriC, oriGNAI3).

MATERIAL AND METHODS
Biological material

The amplified region of the AMPD?2 gene (Figure 1), from Chinese hamster has
approximately 70 kb and was kindly provided by Dr. Michelle Debatisse (Institute Curie,
Paris, France). DHS5a Escherichia coli competent cells were transformed with vectors
containing DNA fragments by heat shock or electroporation (Sambrook and Russell, 2001).
The recombinant DNA was obtained from bacteria cultured for 16 h at 37°C in Luria-Bertani
liquid medium by the cetyltrimethylammonium bromide (CTAB) extraction method and/or by
the alkaline lysis method (Sambrook and Russell, 2001).

GNAI3
GNAT2 AMPD2
— 2 — h '
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Figure 1. In silico analysis of non-bent fragments. The three-dimensional simulations were performed using the
3D15ml program, based on the nucleotide sequence of each fragment.

In silico mapping of INBDSs

Lima Neto et al. (2014) mapped IBDSs from the DNA replication origins oriGNAI3,
oriC, oriB, and ori4 in the amplified mammalian AMPD?2 gene domain. The non-bent DNA
fragments (Table 1) were selected by in silico analysis of replication initiation sites and
flanking sequences from the amplified AMPDZ2 gene. The analyses were performed through
computational analysis with Map15a and 3D15m1 programs (Bolshoy et al., 1991; Pasero et
al., 1993), using the algorithm described by Eckahl and Anderson (1987).
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Table 1. Non-bent DNA sites and primer sequences.

Replication Nomenclature Product Forward (F) and Reverse (R) Primers
Origin Size (bp)
oriGNAI3 nb7 124 F: 5-ACTGTCGACGAATGTGCACTTATGGGGAT-3'
R: 5AGTTCTAGAAAATGATATAAGCCAGACCACAC-3'
oriGNAI3 nb8 102 F: 5-ACTGTCGACCCCTGCTGGAATCTGTGCTC-3'
R: 5'-AGTTCTAGAGGAGGGAGGTGAAGGGGGAAGA-3'
oriC nb9 99 F: 5-“ACTGTCGACCAGCCCCCATCAACCCACCA-3'
R: 5-AGTTCTAGACTGCTATTGCTTGGTGAGTG-3'
oriC nbl10 109 F: 5-~ACTGTCGACTCTCATCTTCCTTTGCCCAC-3'
R: 5~AGTTCTAGAATCTTCGACTGGGAAAGC-3'
oriC nbll 103 F: 5-~ACTGTCGACTTATGGTCACATGGTACCTG-3'
R: 5-AGTTCTAGAGAAGCCGGCCCTTAGACATT-3'
oriB nbl 115 F: 5-CTGTCGACTGGTGACAGACATCACTGT-3'
R: 5-AGTTCTAGAGTGAATTGCTAGAGATAAA-3'
oriB nb2 99 F: 5-“ACTGTCGACGGAGATAGATGCACACCCCA-3'
R: 5'-AGTTCTAGAGGCCATGCTTCAACCGCAGG-3'
oriB nb3 103 F: 5'-ACTGTCGACACATTAAGATGTCTATTTC-3'
R: 5-AGTTCTAGATTTATGAGAGGTCTGGCAA-3'
orid nb4 94 F: 5-ACTGTCGACACAAAGAAAGTGATGATCCA-3'
R: 5~AGTTCTAGAGGCATCTATTTACATGCTT-3'
orid nb5 101 F: 5'-ACTGTCGACCAGGAGGCTAAGGCCAGCTT-3'
R: 5-AGTTCTAGATTGGTTTTGTTGAGACAGTC-3'
orid nb6 98 F: 5'-ACTGTCGACAAGTCTCGAGGACTCTTCT-3'
R: 5-AGTTCTAGAAACCAGAGCACATTTACAAT-3'

Amplification of non-bent DNA fragments by polymerase chain reaction

Regions containing non-bent DNA segments that were selected by computational
analysis were amplified by polymerase chain reaction (PCR) in a final volume of 15 pL using
2.5 mM dNTP mix, 100 ng DNA, 25 pmol of each primer (Table 1), 1X PCR buffer (with 1.5
mM MgCl,), and 1 unit TagDNA Polymerase (Invitrogen®). The amplification conditions were
as follows: 1 min at 94°C, 1 min at 62°C, and 1 min at 72°C, for a total of 35 cycles, followed
by final extension for 10 min at 72°C.

Subcloning of non-bent DNA segments and sequencing of recombinant plasmids

PCR products were initially cloned into the pGEM vector (Promega) and transformed
into DHS5a competent E. coli cells. Successful transformations were selected on plates of solid
Luria-Bertani medium containing 0.04 mg/mL X-gal and 50 mg/mL ampicillin, as described
by Sambrook and Russell (2001).

Five white colonies were selected, and the recombinant DNA was isolated by mini-
preparation of plasmid DNA via the CTAB method (Sambrook and Russell, 2001). Verification
was carried out by cleavage with the restriction enzyme EcoRI to release the insert from the
vector pPGEM polylinker. The cleavage products were visualized by electrophoresis on 1.5%
agarose gels using 1X TBE buffer (45 mM Tris-borate, 1 mM ethylenediaminetetraacetic acid
[EDTA], pH 8.0), and a 100-bp ladder (Biolabs) was used as the molecular weight standard.
Cloning was further confirmed by sequencing using the DY Enamic ET terminator kit (Amersham
Biosciences) with universal and reverse M13 primers in 1000 MegaBACE equipment.

Electrophoretic behavior analysis of non-bent DNA fragments

Non-bent DNA fragments were released from pGEM vector after cleavage with
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EcoRI enzyme (Biolabs) and were analyzed according to their electrophoretic behavior in
12% polyacrylamide gels with 1X TBE buffer at 4°C. A 25-bp DNA ladder (Invitrogen)
was used as the molecular weight marker. The voltage and running time employed were
determined according to amplicon size. Following electrophoresis, gels were stained with
Img/mL ethidium bromide (Invitrogen) for 30 min and were exposed to UV light via the UVP
Bioimaging photo documentation system. Band sizes were determined by comparison with
the DNA ladder using the software Loccus Biotechnology. The R-values, which correspond
to the ratio of the observed fragment length and the expected length, were calculated for
each DNA fragment to determine its mobility: R-values between 0.90 and 1.10 indicated no
alteration in fragment mobility, and R-values > 1.11 indicated reduced mobility (Norberto de
Souza and Ornstein, 1998).

Protein expression and purification

The HMGB1 mammalian protein was expressed using the pQE-80L vector and was
purified from the E. coli DH5a strain (de Oliveira et al., 2006). The HMGBI1 protein, cloned
into the expression vector, was kindly provided by Dr. Marcelo R. Fantappié from Instituto
de Bioquimica Médica da Universidade Federal do Rio de Janeiro. The purity of the HMGBI1
protein was confirmed by 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis
followed by Coomassie Blue R-250 staining. Protein concentration was determined using the
Pierce™ BCA Protein Assay Kit (Thermo Scientific).

Electrophoretic mobility shift assay

Electrophoretic mobility shift assays (EMSAs) were carried out as described by Ribeiro
et al. (2012) with modifications. The selected fragments were as follows: bent fragments b/
and b2 and non-bent fragment nb7 for oriGNAI3; bent fragments b4a and b4b and non-bent
fragment nb 11 for oriC; bent fragments b5 and b6 and non-bent fragments nb/ and nb2 for
oriB; bent fragments b7 and b8 and non-bent DNA fragments nb4 and nb5 for oriA.

DNA fragments were obtained by PCR amplification, as described above. The bent
DNA fragments and the primers sequences used for DNA amplification were as described by
Lima Neto et al. (2014). DNA fragments were purified by the ethanol/NaCl precipitation method
(Sambrook and Russell, 2001) and quantified using the NanoDrop 2000c¢ (Thermo Scientific).

Fifty nanograms of each fragment was mixed with increasing amounts (0, 250, and 500
ng) of HMGB protein diluted in buffer A (0.14 M NaCl, 20 mM Tris-HCI, pH 7.5, 0.2 mM EDTA,
pH 8.0, 5 mM DTT) in a final volume of 20 uL, which was pre-incubated on ice for 30 min. The
DNA-protein complexes were resolved by electrophoresis on an 8% polyacrylamide gel in 0.5X
TBE buffer at 100 V for approximately 2 h at 4°C. Gels were stained with 1 mg/mL ethidium
bromide, de-stained in distillated water, and photographed using the DigiDoc-It™ Imaging System.

RESULTS

Electrophoretic behavior assays and in silico analyses was used by Lima Neto et al.
(2014) to map eleven IBDSs that are related to the replication origins oriGNA 13, oriC, oriB,
and ori4 in the amplified domain of the AMPD?2 gene of the Chinese hamster. In this study, we
mapped the INBDSs present in this region.
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In silico analysis of the amplified Chinese hamster AMPD2 gene domain was
performed using the Map15a program, and INBDSs related to oriGNAI3, oriC, oriB and ori4
were mapped. The eleven INBDSs were detected in approximately 65 kb of the AMPD?2 gene
domain (Figure 2): nb7 and nb8 for oriGNAI3; nb9, nb10, and nbl11 for oriC; nbl, nb2, and
nb3 for oriB; and nb4, nb5, and nb6 for oriAd. Table 2 lists the helical parameters for all mapped
INBDSs. The helix parameter ENDS ratio (ratio of the contour length of the segments helical
axis to the shortest distance between the fragments ends) indicated that all DNA sites have
a straight structure (ENDS ratio <1.10) and right-handed superhelical writhe (positive roll),
except for the sites nb4, nb7, and nbll. The helical parameter twist showed values < 34°,
except for nb4, nb7, nb9, and nbli1.

nbi nb3

nb7 % nbe é’ nbo
|
{

S ——— = s ——p— e

Figure 2. Schematic physical map of the amplified AMPD?2 gene domain showing non-bent DNA positions at each
origin. Horizontal arrows indicate direction of transcription.
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Table 2. Helical parameters of INBDSs.

INBDSs nbl nb2 nb3 nb4 nb5 nb6 nb7 nb8 nb9 nbl0 nbll
ENDS Ratio 1.01 1.02 1.02 1.03 1.02 1.02 1.02 1.01 1.02 1.02 1.03
Roll 0.48 0.77 0.11 -0.40 0.09 0.56 -0.19 1.09 0.02 0.40 -0.31
Twist 33.88 33.90 33.96 34.12 33.95| 33.83 34.2 33.73 34.11 33.84 34.11

From these analyses, we selected regions that showed sequences suitable for
amplification (primers are listed in Table 1). For each non-bent DNA fragment that was
selected, the two-dimensional projection of the three-dimensional route was obtained via the
3D15M1 program, allowing the molecular structure to be visualized (Figure 1). It was possible
to observe the non- curve characteristics of all fragments selected.

To confirm the non-curve characteristics of the fragments, they were run on a 12%
polyacrylamide gel without ethidium bromide. The R-value of each fragment was calculated to
evaluate fragment mobility. All fragments showed no change in their mobility, with R-values
between 0.90 and 1.10 (Table 3).

Table 3. INBDS and R-values.

INBDS nbl nb2 nb3 nb4 nb5 nb6 nb7 nb8 nb9 nbl0 nbll
Fragment size (bp)* 103 87 91 82 89 86 112 90 87 96 91
R-value 0.97 0.97 0.92 0.99 0.91 0.97 1.02 0.95 0.96 0.95 1.00

*Non-bent DNA fragment sizes after enzymatic cleavage.

In this study we investigated HMGBI1 ability to bind to IBDSs and INBDs present
in the amplified AMPD?2 gene domain. Figure 3 shows the results from the EMSA with
oriGNAI3 samples (b1, b2, and nb7). It is clear that HMGB1 binds efficiently to all selected
DNA fragments regardless of their bent or non-bent nature. Compared to the 123-bp positive
control amplicon, we were unable to observe any significant difference in binding patterns of
HMGB 1protein to the analyzed fragments.

Figure 3. A. HMGBI1 binding to IBDSs from oriGNA/3. B. HMGBI binding to INBDS from oriGNAI3. For
EMSA, increasing amounts of HMGBI protein were incubated in the presence of the positive control (123-bp
fragment; lanes 1 to 3, A and B), bl (lanes 4 to 6, A), b2 (lanes 7 to 9, A), and nb7 (lanes 4 to 6, B). DNA
concentration in each reaction was 50 ng. The negative and positive signals indicate increasing concentrations of
HMGBI (0, 250, 500 ng) for each analyzed sample. L: 2-Log DNA Ladder (Biolabs).
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Figure 4 shows the results from the EMSA with oriC samples (b4a, b4b, and nbl1l).
Here, we observed that HMGB1 was associated with all samples with no difference in ligation
intensity between the samples.

L i 2 3 4 5 6 7 8 9 L 1 2 3 4 5 6

Figure 4. A. HMGBI binding to IBDSs from oriC. B. HMGBI1 binding to INBDS from oriC. For EMSA, increasing
amounts of HMGBI1 protein were incubated in the presence of the positive control (123-bp fragment; lanes 1 to 3, A
and B), b4a (lanes 4 to 6, A), b4b (lanes 7 to 9, A), and nb11 (lanes 4 to 6, B). DNA concentration in each reaction
was 50 ng. The negative and positive signals indicate increasing concentrations of HMGB1 (0, 250, 500 ng) for
each analyzed sample. L: 2-Log DNA Ladder (Biolabs).

The EMSA results from oriB (b5, b6, nbl, and nb2), with all fragments being
associated with HMGBI, are presented in Figure 5. When comparing nb2 with the 123-bp
positive control, a slight difference could be observed, as more free DNA was present in lane
9 than in lane 3 (positive control). This suggested that HMGB1 protein had lower affinity for
this INBDS as compared to other samples.

L 1 2 3 4 5 6 7 8 9

Figure 5. A. HMGBI1 binding to IBDSs from oriB. B. HMGBI1 binding to INBDS from oriB. For EMSA, increasing
amounts of HMGBI1 protein were incubated in the presence of the positive control (123-bp fragment; lanes 1 to 3, A
and B), b5 (lanes 4to 6, A), b6 (lanes 710 9, A), nb1 (lanes 4 to 6, B), and nb2 (lanes 7 to 9). DNA concentration in
each reaction was 50 ng. The negative and positive signals indicate increasing concentrations of HMGB1 (0, 250,
500 ng) for each analyzed sample. . L: 2-Log DNA Ladder (Biolabs).

Figure 6 exhibits EMSA in oriA (b7, b8, nb4, and nb5). Similarly, all fragments were
associated with HMGBI1. The non-bent fragments nb4 and nb5 showed a slight difference from
the 123-bp positive control; this difference is more clear in nb5. In these samples, free DNA (in
lanes 6 and 9) was available in larger amounts when compared with the other samples in ori4.
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3 1 2 3 4 5 6 7 8 9 L 1 2 3 4 5 6 7 8 9

Figure 6. A. HMGBI1 binding to IBDSs from ori4. B. HMGBI1 binding to INBDS from ori4. For EMSA, increasing
amounts of HMGB1 protein were incubated in the presence of the positive control (123-bp fragment; /anes 1 to
3, A and B), b7 (lanes 4 to 6, A), b8 (lanes 7 to 9, A), nb4 (lanes 4 to 6, B), and nb5 (lanes 7 to 9). The DNA
concentration in each reaction was 50 ng. The negative and positive signals indicate increasing concentrations of
HMGBI (0, 250, 500 ng) for each analyzed sample. L: 2-Log DNA Ladder (Biolabs).

DISCUSSION

The precise role of IBDSs found in sequences that direct nuclear processes such
as formation of replication origins is not well established. However, it is known that some
proteins could bind to these sequences and direct the DNA replication in a structure-dependent
manner (Zhang et al., 2004). HMGBI is involved in many biological processes, including
transcription, replication, DNA repair, and maintenance of genome integrity. It has a clear
preference for binding to noncanonical DNA structures (Stros, 2010).

Our results demonstrate that an increase in the concentrations of HMGB1 helped
stabilize the complexes and prevented dissociation of the DNA fragments. Therefore, we saw
differences in complex mobility when protein concentration was increased in EMSA. The
HMGBI protein showed cooperativity in HMGB1-DNA binding. It was previously shown
that increase in the concentration of HMGBI in the system facilitates DNA binding and results
in the formation of ordered supramolecular complexes (Polianichko et al., 2002, 2013). The
formation of these supramolecular complexes also explains the observed difference in complex
mobility with increase in protein concentrations.

It is known that HMGBI1 shows preferential binding to DNA with unusual
conformations such as the fragments with IBDSs tested in this study. Both the A and B boxes
of HMGBI1 bind in the minor groove of DNA, but they exhibit differential activities. The
A-box has much higher affinity for distorted DNA structures, whereas the B-box binds less
selectively to distorted DNA structures. The B-box can introduce an approximately right-
angled bend into linear DNA, in contrast to the A-box, which fails to bend DNA effectively
(Thomas and Travers, 2001; Stros, 2010).

In all assays performed in this study, HMGBI1 protein was efficiently associated
with all tested samples, including non-bent fragments. Although INBDSs are straight DNA
structures, HMGBI1 protein can effectively bind to these fragments due to the ability of the
B-box to bend DNA. Some non-bent fragments (nb2, nb4, and nb5) showed a slightly lower
binding affinity, which may indicate that A and B boxes show reduced affinity to this type of
straight DNA segment.
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