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Abstract
The objectives of this study are to evaluate the structure and protein recognition features of

branched DNA four-way junctions in an effort to explore the therapeutic potential of these

molecules. The classic immobile DNA 4WJ, J1, is used as a matrix to design novel intra-

molecular junctions including natural and phosphorothioate bonds. Here we have inserted

H2-type mini-hairpins into the helical termini of the arms of J1 to generate four novel intra-

molecular four-way junctions. Hairpins are inserted to reduce end fraying and effectively

eliminate potential nuclease binding sites. We compare the structure and protein recogni-

tion features of J1 with four intramolecular four-way junctions: i-J1, i-J1(PS1), i-J1(PS2) and

i-J1(PS3). Circular dichroism studies suggest that the secondary structure of each intramo-

lecular 4WJ is composed predominantly of B-form helices. Thermal unfolding studies indi-

cate that intramolecular four-way junctions are significantly more stable than J1. The Tm

values of the hairpin four-way junctions are 25.2� to 32.2�C higher than the control, J1. With

respect to protein recognition, gel shift assays reveal that the DNA-binding proteins

HMGBb1 and HMGB1 bind the hairpin four-way junctions with affinity levels similar to

control, J1. To evaluate nuclease resistance, four-way junctions are incubated with

DNase I, exonuclease III (Exo III) and T5 exonuclease (T5 Exo). The enzymes probe nucleic

acid cleavage that occurs non-specifically (DNase I) and in a 50!30 (T5 Exo) and 30!50

direction (Exo III). The nuclease digestion assays clearly show that the intramolecular four-

way junctions possess significantly higher nuclease resistance than the control, J1.
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Introduction

In principle, nucleic acid-based therapeutics afford high
binding specificity, ease of synthesis and low toxicity.1

Reports show that nucleic acids can be directed against
target proteins such as the highly abundant DNA-binding
cytokine, high mobility group B1 (HMGB1). In earlier stud-
ies, single-strand DNA composed of phosphorothioate (PS)

bonds, bent duplex and DNA four-way junctions (4WJs)

have been used to target HMGB1.2–4 HMGB1 was initially

identified as an exceptionally abundant architectural nucle-

ar protein.5 In the nucleus, HMGB1 binds the minor groove

of bent/distorted DNA with high affinity to promote vital

cellular processes such as chromatin remodeling and DNA

recombination and repair.6,7 More recent studies reveal that

Impact statement
This work is a step forward in the devel-

opment of nucleic acid therapeutics. The

design strategy put forth significantly

enhances the thermostability and nuclease

resistance of the resulting DNA con-

structs—intramolecular four-way junctions

(i-4WJs). Three unique i-4WJs are assem-

bled with phosphorothioate (PS) bonds

imbedded within the junction lattice; this is

the first report of PS containing 4WJs. The

secondary structure of i-4WJs is com-

posed of classic B- and non-standard A-

form helices. This work is the first to indi-

cate that i-4WJs possess A-form helices.

Despite the structural perturbations, i-

4WJs bind the target protein HMGB1 with

high affinity. We believe that i-4WJs can

serve dual roles as: (i) novel targeting

reagents and (ii) a model system to evalu-

ate the influence of nucleic acid structure

(particularly A-form helices) on protein

recognition. Moreover, a nucleic acid tar-

geting strategy focused on extracellular

proteins obviates the requirement for cell

deliver systems that may reduce potency.

ISSN 1535-3702 Experimental Biology and Medicine 2021; 246: 707–717

Copyright ! 2020 by the Society for Experimental Biology and Medicine

https://orcid.org/0000-0003-3813-9043
mailto:Anthonybell@sandiego.edu


HMGB1 also functions as a redox-sensitive damage-associ-
ated molecular pattern (DAMP) molecule.8 In this capacity,
HMGB1 binds immune receptors including: CXR4 (via the
HMGB1:CXCL12 complex), RAGE, and TLR-2,4 to initiate
leukocyte migration and pro-inflammatory gene expres-
sion.9–11 Moreover, several independent studies link dele-
terious HMGB1 proinflammatory signaling with diseases
and immune disorders ranging from atherosclerosis,
cancer, cystic fibrosis and lupus to rheumatoid arthritis
and sepsis.12

We hypothesize that nucleic acid constructs based on the
classic immobilized four-way junction, J1, can be devel-
oped as high affinity ligands against HMGB1. J1 is assem-
bled from four asymmetric DNA strands.13 Strand
asymmetry ensures that the junction branch point is immo-
bilized. Biophysical studies have identified two distinct
structural states of immobilized 4WJs: (i) an open-x and
(ii) a stacked-x conformer (Figure 1(a)). In low ionic
strength solutions (<100 mM Mg2þ), the open-x conformer
is favored.14,15 In high ionic strength solutions (>100 mM

Mg2þ), the duplex arms of the open-x conformer stack coax-
ially to generate two potential structural isomers (stacked-x
I/II and III/IV). Hydroxyl radical footprinting, NMR and
FRET experiments show that J1 favors the I/II stacked con-
former in high Mg2þ.16,17

In efforts to increase the thermostability and nuclease
resistance of J1 for ex vivo HMGB1 targeting experiments,
H2-type mini-hairpins are inserted at three helical termini
of J1 to generate a species that we designate i-J1. A sche-
matic of i-J1 is displayed in Figure 1(c). The H2-type hair-
pins reduce conformational entropy within the junction
arms and reduce end fraying; both factors enhance ther-
mostability. A similar strategy was used to generate the
smaller intramolecular DNA junction J4 (Figure 1(c)).18

More recently, Carr et al. designed a thermostable intra-
molecular 4WJ that contains hairpins composed of five
consecutive thymine residues.19 We hypothesize that the
mini-hairpins will also enhance resistance against exonu-
cleases at least in part by effectively removing binding
sites (e.g. free 30 and 5’-ends). To further increase nuclease
resistance, phosphorothioate bonds (PS) are inserted into
the hairpin regions and the double stranded “stem” of
i-J1. PS bonds replace a non-bridging oxygen atom with
a sulfur in the backbone of the oligonucleotide.
A schematic of a DNA vs. PS monomer is displayed in
Figure 1(b). Reports show that oligonucleotides containing
PS bonds possess enhanced nuclease resistance vs. DNA
and RNA homologs.20,21 Here, we designate the
three resulting PS intramolecular 4WJs as shown in
Figure 1(c): i-J1(PS1), i-J1(PS2) and i-J1(PS3).

Each 4WJ is characterized by investigating the second-
ary structure using circular dichroism (CD). Next, the
HMGB binding affinity is evaluated. The protein binding
experiments focus on the recombinant HMG subunit pro-
tein, HMGB1b, and the full-length protein, HMGB1.
HMGB1b is selected because this isolated protein subunit
influences the transcription of proinflammatory genes.22,23

A schematic of HMGB1 including the 3D structures of each
box subunit (HMGB1a and HMGB1b) are shown in
Figure 2.24,25 Finally, the nuclease resistance of each junc-
tion is evaluated using three enzymes: DNase I,
Exonuclease III (Exo III) and bacteriophage T5
Exonuclease (T5 Exo). These enzymes probe nucleic acid
hydrolysis that occurs: non-specifically (DNase I), in a
30!50 direction (Exo III) and a 50!30 direction (T5 Exo).
DNase I is an endonuclease that hydrolyzes double and
single-strand DNA in a largely non-specific manner to gen-
erate mono- and oligodeoxyribonucleotides.26,27 Exo III is
the major apurinic/apyrimidinic DNA-repair enzyme in
E. coli. Exo III can function as a: 30!50 exonuclease,
30-repair diesterase, 30-phosphomono-esterase and ribonu-
clease.28 Here, we focus on the 30!50 exonuclease activity of
the enzyme. DNase I and Exo III possess high structural
homology, both enzymes have a four-layer a/b-sandwich
fold, but< 20% sequence homology. Structural models
indicate that DNase I and Exo III bind tightly within the
minor groove of DNA.29,30 T5 Exo is a polymerase-
associated nuclease that can act as an endo- or exonuclease
to hydrolyze ssDNA and dsDNA. T5 Exo hydrolysis gen-
erates mono-, di-, tri- and oligonucleotides.31

Figure 1. (a) Graphical models of open-x and stacked-x conformational isomers

of the immobilized junction, J1; (b) monomer of natural vs. phosphorothioate (PS)

DNA; (c) schematic of the intramolecular 4WJs: J1, i-J1, J4, i-J1(PS1), i-J1(PS2)

and i-J1(PS3). PS bonds highlighted with red and yellow icons. (A color version of

this figure is available in the online journal.)

708 Experimental Biology and Medicine Volume 246 March 2021
...............................................................................................................................................................



CD studies indicate that the secondary structure of the
intramolecular 4WJs, like J1, consists predominantly of
B-form helices. CD thermal unfolding assays show that
the thermostability of each intramolecular 4WJ is signifi-
cantly higher than the control, J1. With respect to the pro-
tein binding assays, electrophoretic mobility shift assays
(EMSAs) show that HMGB1 binds the each hairpin 4WJ
with very high affinity. Finally, nuclease digestion studies
reveal that the intramolecular junctions are significantly
more resistant to nuclease hydrolysis vs. J1. We conclude
that H2-type mini-hairpin junctions represent promising
lead reagents capable of blocking the biological effects of
HMGB1.

Materials and methods

Four-way junction oligonucleotides

The sequences for J1 are: 101, 50-CGCAATCCTGAGCACG-
30; 102, 50-CGTGCTCACCGAATGC-30; 103, 50-GCATTCG
GACTATGGC-30 and 104, 50-GCCATAGTGGATTGCG.
The J4 sequence is: 50-GCACTGCTACGCTTGCGTCC
GGCTTGCCGGCCACTTGTGGAGCAGTGC-30. The
sequence for i-J1 is: 50- CGTAAGCCACTCGTGCTT
GCACGAGTCCTAACG CTTGCGTTAGGTGATACCG
TTCGGTATCAGGCTTACG-30. The sequence for i-J1(PS1)
is: 50- CGTAAGCCACTCGTGC*T*T*GCACGAGTCCT
AACG C*T*T*GCGTTAGGTGATACCG*T*T*CGGT
ATCAGGCTTACG-30. The sequence for i-J1(PS2) is: 50-
C*G*T*A*AGCCACTCGTGCTTGCACGAGTCCTAACG
CTTGCGTTAGGTGATACCGTTCGGTATCAGGCT*T*A*C
*G-30. The sequence for i-J1(PS3) is: 50-
C*G*T*A*AGCCACTCGTGC*T*T*GCACGAGTCCTAACG
C*T*T*GCGTTAGGTGATACCG*T*T*CGGTATCAGGCT*

T*A*C*G-30. The hairpin regions of each junction are labeled

in bold text. The PS bonds are denoted with asterisks. To
detect each H2-type junction for gel analysis (Figures 3, 5
and 6), the 50 end of each 4WJ is conjugated with fluores-
cein. For the intermolecular DNA control J1, the 50 end of
the single strand 101 is conjugated with fluorescein. All
DNA strands are synthesized and purified (via HPLC)
from Integrated DNA Technologies (IDT).

Preparation of 4WJs

J1 is formed by lyophilizing a mixture of a fluorescein-labeled
strand (25mM) with 5-fold excess of unlabeled strands
(125mM); 10mL of fluorescein labeled 101 is mixed with
10mL of each unlabeled strand 102, 103 and 104 and lyophi-
lized. The pellet is suspended in 10mL annealing buffer
(50mM Tris-HCl, 1.0mM MgCl2 (pH 7.5)), incubated at
95�C for 2min and cooled to room temperature for 12–16h.
The final concentration of J1 (25mM) is an approximation that
is based on assuming complete conversion of the limiting
strand (25mM101*) into a stable four-way junction. Each intra-
molecular junction is prepared by suspending lyophilized
DNA with deionized nuclease-free water. Intramolecular
junctions are subsequently diluted to 25mM in annealing
buffer. To determine the purity of 4WJs, each sample is
loaded onto 15% mini-PROTEAN non-denaturing polyacryl-
amide gels (BioRad) and run at 10–15mA for approximately
90min at 4�C. The electrophoresis running buffer contains
0.5�TBE•MgCl2 (45mM Trisma, 45mM boric acid, 1.0mM
EDTA, 1mM MgCl2) at pH 7.6. The gels are subsequently
scanned with a Gel Doc EZ Imager (BioRad).

Circular dichroism analysis

CD spectra are recorded using a Jasco J-815 spectrometer;
10.0 mM of each 4WJ are analyzed in CD run buffer (20mM

Figure 2. Schematic of HMGB1 and the 3D structure of the corresponding A- and B-box subunits. Each structure corresponds to the following PDB entries 2RTU and

1HME. (A color version of this figure is available in the online journal.)
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HEPES, 30mM NH4Cl, 200mM KCl, 2mM DTT, 1mM
MgCl2, 10% glycerol at pH 7.4). All spectra are measured
in a 0.1 cm path-length quartz cuvette. Each scan is
recorded from 320 to 200 nm in 1.0 nm increments at
10�C. The CD spectra displayed in Figure 3 are based on
three or more independent assays.

Circular dichroism denaturation assays

CD thermal denaturation scans of each junction are
recorded by measuring the CD signal at a fixed wavelength
(�280 nm) from 10� to 90�C in 2� increments. The thermal
denaturation analysis buffer is identical to the buffer used

in the CD scans. For J4 and i-J1(PS1), the starting concen-
tration of each sample is increased to 15mM to ensure the
unfolding signal was on par with the other junctions ana-
lyzed. The melting temperature (Tm) value for each 4WJ is
calculated by fitting the average value of three or more
independent scans to a sigmoidal curve equation in
GraphPad Prism. To ensure that the thermal unfolding
data are on the same/similar scale, the averaged data are
normalized by multiplying the data by 150 and the data
were rescaled using the following equation: x0 ¼ (x – xmin)
(10 – 1)/(xmax – xmin).

Protein expression

Rat HMGB1b is produced from the pHB1 expression plas-
mid in E. coli Bl21(DE3) and purified according to the pro-
tocols described by Chow et al.32 Rat HMGB1 is produced
from a pET-16b expression plasmid using Escherichia coli
Bl21(DE3) cells and purified using a standard His-tag puri-
fication protocol (GenScript). The rat version of both pro-
teins is identical to the human ortholog. The purity of each
protein sample is monitored by resolution on 12%

Figure 3. (a) Non-denaturing gel electrophoresis of 4WJs. Lane (1) 101, (2) J1, (3)

J4, (4) i-J1, (5) i-J1(PS1), (6) i-J1(PS2) and (7) i-J1(PS3). (b) CD spectra of intra-

molecular DNA 4WJs: J1, i-J1 and J4. (c) CD spectra of intramolecular DNA-PS

4WJs: i-J1(PS1), i-J1(PS2) and i-J1(PS3) vs. i-J1. In each panel, the figure legend

for each sample denotes the corresponding sample.

Figure 4. (a) CD thermal denaturation curves of intramolecular DNA 4WJs: J1,

i-J1 and J4. (b) CD thermal denaturation curves of intramolecular DNA 4WJs: J1,

i-J1 and J4. (c) CD spectra of intramolecular DNA-PS 4WJs: i-J1(PS1), i-J1(PS2)

and i-J1(PS3) vs. i-J1. In each panel, the figure legend for each sample denotes

the corresponding sample. (A color version of this figure is available in the online

journal.)
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SDS-polyacrylamide gels. The resulting gel is stained for
12 h with Coomassie Brilliant Blue G-250.33 The purity of
HMGB1 and HMGB1b is confirmed by the presence of one
predominant band at approximately 25 and 10 kDa
(Supplemental Figure 1). The concentration of each
protein is determined by methods previously described
by Pace et al.34

Electrophoretic mobility shift assays

At 4�C, 500 nm of each junction is incubated with increas-
ing concentrations of protein (HMGB1b or HMGB1) for
30min in binding buffer [20mM Tris-HCl (pH 7.5),
10mM NaCl, 1mM MgCl2 and 10% (v/v) glycerol]. Lane
1 of the gels in Figure 5 corresponds to the 4WJ of interest,
lanes 2–8 represent each 4WJ incubated with increasing
amounts of protein. The protein and junction are expressed
in terms of molar ratio of protein to junction (P/J). For the
HMGB1b assays, lanes 2–8 represent 0.5 mM of each 4WJ
incubated with HMGB1b at protein/4WJ ratios of: 3.2:1,
6.4:1, 12.8:1, 25.6:1, 47.8:1, 63.4:1 and 79:1. For the HMGB1
assays, lanes 2–8 represent 0.5 mM of each 4WJ incubated
with HMGB1 at protein/4WJ ratios of: 2.4:1, 4.7:1, 9.5:1,
19.0:1, 35.5:1, 47.1:1 and 60.0:1. To measure binding, each
sample is loaded onto a 15% non-denaturing

polyacrylamide gel and run at 4�C for 6–8 h. The EMSA
run buffer is composed of 0.5 X TBE, 1mM MgCl2 (pH
7.6). Each gel is scanned and quantified with a Gel Doc
EZ Imager (BioRad). The gels in Figure 5 represent one of
three or more independent EMSAs.

Measurement of protein binding affinity

The binding data are quantified by measuring the fraction
of 4WJ bound (fb) vs. protein concentration and fit via non-
linear regression according to the following equation

fb ¼ KAXð Þ4=½1þ KAXð Þ4�

in GraphPad Prism 8 using a 95% confidence interval. X
represents the protein concentration and KA is the associa-
tion constant. The equation represents a fully cooperative
Langmuir binding isotherm that accounts for 4:1 binding
stoichiometry.35,36 The dissociation constant (KD) is the
reciprocal of KA. The binding constants are derived from
three or more independent EMSAs. The goodness of fit (R2)
to the binding equation for HMGB1b binding to J1 and i-J1
are 0.8937 and 0.8552. The R2 values for HMGB1 binding to

Figure 5. EMSA and the corresponding nonlinear fitting analysis of protein—4WJ junction binding. (a) For HMGB1b analysis, lane 1 of each gel contains the 0.5 mM of

each 4WJ; lanes 2–8 represent 0.5 mM of each 4WJ incubated with HMGB1b at protein/4WJ ratios of: 3.2:1, 6.4:1, 12.8:1, 25.6:1, 47.8:1, 63.4:1 and 79:1. (a) For the

HMGB1 analysis, lanes 2–8 represent 0.5 mM of each 4WJ incubated with HMGB1b at protein/4WJ ratios of: 2.4:1, 4.7:1, 9.5:1, 19.0:1, 35.5:1, 47.1:1 and 60.0:1. In

each panel, the figure legend denotes the binding isotherm for each 4WJ and the corresponding binding constant (KD). (A color version of this figure is available in the

online journal.)
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J1, i-J1, i-J1(PS1), i-J1(PS2) and i-J1(PS3) are: 0.9934, 0.9998,
0.9993, 0.9967 and 0.9997.

Nuclease resistance assays

Each DNA junction (500 nM) is incubated in the presence of
DNase I, Exo III, or T5 Exo at 37�C. The DNase I reactions
are quenched after 30min; the Exo III and T5 Exo reactions
are quenched after 10min. All nuclease reactions are
quenched with 80% glycerol (10% v/v final concentration)
and immediately loaded onto 15% non-denaturing
polyacrylamide gels. In each gel, lane 1 contains an
ssDNA control (101*), lane 2 contains the 4WJ control and
lanes 3–7 represent the junction of interest incubated with
increasing nuclease. For the DNase I reactions, lanes 3–7

correspond to 0.0020, 0.020, 0.20, 10.0 and 14.0 units of
enzyme. For the Exo III reactions, lanes 3–7 correspond to
0.010, 0.10, 1.0, 10.0 and 100.0 units of enzyme. For the T5
Exo digests, lanes 3–7 correspond to 0.0010, 0.010, 0.100,
10.0 and 100.0 units of enzyme. Each gel is run at 4�C in
run buffer (0.5 X TBE, 1mMMgCl2 (pH 7.6)) for 90min and
scanned using a Gel Doc EZ Imager. The fraction of intact
4WJs is determined by dividing the number of counts of
remaining 4WJ by the total number of counts in the control
reaction (lane 2). The gels and corresponding bar graphs
that indicate nuclease stability are dispalyed in Figure 6.
Each data set represents three or more independent
assays. All enzymes are purchased from New England
Biolabs.
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Figure 6. Nuclease resistance data. Non-denaturing gels for each 4WJ are displayed in the left column. Lane 1 contains 0.5 mM of ssDNA. Lane 2 of each gel contains

0.5 mM of each 4WJ in the absence of nuclease. Lanes 3–7 correspond to 0.5 mM of each 4WJ incubated in the presence of increasing nuclease. Panel (a) represents

the remaining fraction of intact junction following digestion with: 0.0020, 0.020, 0.20, 10.0 and 14.0 units (lanes 3–7) of DNase I. Panel (b) represents the

remaining fraction of intact junction following digestion with: 0.010, 0.10, 1.0, 10.0 and 100.0 units (lanes 3–7) of Exo III. Panel (c) represents the remaining

fraction of intact junction following digestion with: 0.0010, 0.010, 0.10, 10.0 and 100.0 units (lanes 3–7) of T5 Exo. (A color version of this figure is available in the online

journal.)
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Results

Electrophoretic mobility of intramolecular four-way
junctions

Non-denaturing polyacrylamide gel electrophoresis is used
to compare the gross conformational features of each intra-
molecular junction vs. the control, J1. In Figure 3(a), lanes
1–7 correspond to the: the ssDNA control 101, J1, J4, i-J1, i-J1
(PS1), i-J1(PS2) and i-J1(PS3). As shown in lanes 4–7, each
intramolecular junction migrates with the nearly identical
mobility to the control, J1 (lane 2). The electrophoretic
mobility of the smaller junction J4 (lane 3) is as expected
intermediate between the ssDNA (lane 1) and the larger
4WJs. The faint high mobility bands present in the control,
J1 (lane 2) indicate that J1 dissociates slightly during gel
analysis. In our prior studies, rigorous controls were con-
ducted to confirm that the high mobility bands did not
assemble to form a contaminating “J1-like” structure.37,38

Circular dichroism analysis

The CD spectra of DNA 4WJs have signatureminimum and
maximum bands at 250 and 280 nm that correspond to B-
form helices.39–42 The CD spectrum of A-form DNA resem-
bles that of RNA. Both A-form DNA and RNA CD spectra
have prominent minima and maxima at 210 and 260 nm.
Studies show that the CD spectra of certain triplex DNA
structures can also possess a minimum at�210 nm.43–45 For
clarity, the CD spectra of the natural DNA 4WJs (J1, i-J1 and
J4) are displayed in Figure 3(b) and the PS containing 4WJs
are shown in Figure 3(c). In Figure 3(b), the CD spectra of J1
(dashed black line) generate prominent B-form bands at 250
and 280 nm as expected. Like the control, i-J1 (solid black
line) also displays strong B-form bands. However, i-J1 pos-
sesses a larger signal at 210 nm vs. J1. Like i-J1, J4 (dotted
line) also displays a relatively stronger signal at 210 nm vs.
J1. J4 generates a lower CD signal presumably due to
reduced level of base stacking within the smaller junction
lattice. In Figure 3(c), a direct comparison of the PS-4WJs
reveals that the two junctions that contain PS bonds in the
stem region (e.g. i-J1(PS2) and i-J1(PS3)) display enhanced
B-form signals at 280 nm. i-J1(PS1) generates a similar CD
spectra but the magnitude of the signal is relatively lower
than the other PS constructs. Like i-J1, the PS 4WJs contain
relatively stronger signals at 210 nm vs. J1. Based on the
stringent sequence restriction of the immobilized 4WJ lat-
tice, logic suggests the CD minima at 210 nm correspond to
A-form DNA. However, higher resolution techniques are
required to confirm that small populations of triplex or
triplex-like structures are not present. Each CD scan is
based on the average of three or more independent runs.

Next, thermal denaturation scans are conducted to pro-
vide an estimate of the conformational stability of each
intramolecular junction vs. the control, J1. The stability of
each junction is determined by measuring the reduction in
helical content at 280 nm. Figure 4(a) displays the melting
curves for J1, i-J1 and J4; the PS containing 4WJs vs. i-J1 are
shown in Figure 4(b). The Tm of the control J1 is 40.1�C.
Each intramolecular junction has a significantly higher Tm

vs. J1; the Tm values range from 25.2� to 32.2�C. A

comparison of the thermal denaturation curves in Figure
4 reveals a stability ranking of: i-J1(PS2)>i-J1> i-J1(PS3)>
J4>i-J1(PS1)oJ1. The Tm and DTm values for each junction
are listed in Table 1. The shape of each unfolding curve
represents a monophasic transition from the folded to the
unfolded state. We suspect that the lack of intermediate
structures is due to the presence of high concentrations of
Mg2þ in the analysis buffer. Similar unfolding trends are
also noted in the intramolecular 4WJs in high ionic strength
buffers. In those studies, intermediate species/conformers
are present at low salt conditions but shift to one predom-
inant folded species upon shifting to high ionic strength
buffer.19,46 The thermal denaturation data in Figure 4 is
based on the average of three or more independent scans.

EMSA analysis of HMG protein binding toward
intramolecular 4WJs

EMSAs are used to evaluate the binding affinity of the
recombinant DNA binding protein HMGB1b and the full-
length protein, HMGB1, toward intramolecular 4WJs. Xin
et al. used: analytical ultracentrifugation, fluorescence and
EMSA analyses to show that HMGB1b binds J1 with a stoi-
chiometry of four to one (4:1).35 A tight 4:1 complex typi-
cally migrates as a single band without intermediate
binding species. Previous data show that the full-length
protein, HMGB1, also binds 4WJs with 4:1 binding
stoichiometry.47

The EMSA data are displayed in Figure 5. In each gel,
lane 1 contains the junction control (without protein); lanes
2–8 report on the mobility of each 4WJ in the presence of
increasing amounts of protein. The protein and junction are
expressed in terms of molar ratio of protein to junction
(P/J). As shown in Figure 5(a), HMGB1b binds J1 with
moderate affinity. Complete binding of HMGB1b to J1 is
achieved upon increasing the P/J ratio to 6.4:1 (lane 4).
HMGB1b binds i-J1 with a similar affinity profile to J1 but
the electrophoretic mobility of the protein nucleic acid com-
plexes is considerably smaller. HMGB1b displays initial
weak binding interactions toward i-J1 at a P/J molar ratio
of 6.4:1 (lane 4). Complete binding of HMGB1b to i-J1
occurs at 47.8:1 (lane 6). Gel shifts for HMGB1b and the
PS 4WJs indicate that the protein binds these substrates
with relatively lower affinity. Here, the formation of nucleic
acid complexes occurs at higher P/J ratios (e.g. 63.4:1 (lane
7)) of HMGB1b. For these substrates, it is difficult to detect
discrete 4:1 protein nucleic acid complexes. However, the
absence of free 4WJ bands indicates that HMGB1b strongly
binds to i-J1(PS2) and i-J1(PS3).

Next, the binding properties of the full-length protein,
HMGB1, are investigated. For each junction, HMGB1 forms

Table 1. Thermal unfolding temperature of intramolecular 4WJs vs. J1.

Junction Tm (oC) DTm (oC)

J1 40.1

i-J1 69.3 29.2

i-J1(PS1) 65.3 25.2

i-J1(PS2) 72.3 32.2

i-J1(PS3) 66.9 26.8
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a discrete complex at low P/J molar ratios (e.g. 2.37:1
(lane3)). The gels in Figure 5(b) display a binding pattern
that is consistent with these results.

Summary of protein – 4WJ binding data

To calculate the apparent binding constants of HMGB1b
and HMGB1 toward each junction, the EMSA data are fit
to a modified Langmuir binding isotherm that describes 4:1
binding stoichiometry. The binding data for each junction
are shown in the graphs in Figure 5; the y-axis displays the
fraction of 4WJ bound (e.g. 4:1 complex) vs. protein con-
centration (x-axis). As shown in Figure 5(a), HMGB1b pos-
sesses the highest binding affinity toward the control J1
followed closely by i-J1. The apparent binding constants
(KDs) for J1 and i-J1 are 5.2 mM and 6.4mM. As stated earlier,
HMGB1b possesses a relatively lower binding affinity
trend toward the PS containing 4WJs. HMGB1b binds i-J1
(PS1) to generate a slightly larger KD value of 27.2 mM. As
stated earlier, it is not possible to accurately identity a stable
4:1 complex for HMGB1b with i-J1(PS2) and i-J1(PS3).
Hence, we cannot reliably fit these substrates to the binding
equation.

For HMGB1, the binding curves indicate that the full-
length protein binds each 4WJ with significantly higher
affinity. HMGB1 binds i-J1 and i-J1(PS3) with highest affin-
ity; with KD values of 661 nM and 408 nM. The KD values
for these substrates approach the reported binding con-
stants for HMGB1 toward bent/cruciform DNA.48–50 The
binding constants for the remaining substrates indicate a
relatively lower binding affinity profile; with KD values of
838 nM for (J1); 897 nM for i-J1(PS1) and 1.17 mM i-J1(PS2).

Four-way junction nuclease resistance assays

DNase I, Exo III, and T5 Exo are used to investigate resis-
tance of each junction against nonspecific cleavage (DNase
I) and cleavage in either a 30–50 (Exo III) or 50–30 (T5 Exo)
direction. The cleavage patterns for each nuclease are
included above the gel images in Figure 6. In each gel,
lane 1 contains an ssDNA control; lane 2 contains the 4WJ
control and lanes 3–7 evaluate the resistance of each junc-
tion in the presence of increasing units of nuclease. An esti-
mate of the nuclease resistance for each junction is
displayed in the bar graph(s). The y-axis represents the
fraction of intact junction at each nuclease concentration
(x-axis). DNase I, Exo III, and T5 Exo data are shown in
panels A, B and C. The data for the control J1 are displayed
in black bars in each graph.

As shown in Figure 6(a), the control J1 is digested
completely in the presence of 0.2 units of DNase I (lane
5). A direct comparison of the DNase I reactions indicates
that i-J1 possesses the highest resistance values of all junc-
tions tested. In the presence of 0.2 units of DNase I (lane 5),
i-J1 remains intact, whereas the PS containing 4WJs (and
the control) dissociate. i-J1 is completely digested in the
presence of� 10.0 units of DNase I (lanes 6–7). The accom-
panying bar graph clearly shows the level(s) of intact i-J1
(solid red bars) far exceeds those for J1 and the PS 4WJs.

Figure 6(b) summarizes the gel and resistance data for
the Exo III digests. The control J1 is stable in the presence of

lower amounts of Exo III (lanes 3 (0.01 units) and 4 (0.1
units)). However, moderate to high levels of Exo III
completely digest the control [lanes 5–7 (� 1.0 units)]. A
comparison of the stability of the intramolecular junctions
shows that in each case the modified 4WJs possess higher
stability in the presence of Exo III vs. the control. For i-J1,
the junction remains intact in the presence of moderate Exo
III (lane 5) but higher levels of Exo III (lanes 6–7) completely
digest i-J1. The PS containing junctions display the largest
increase in stability. In each case, the PS junctions appear to
be inert to Exo III as evidenced by the lack of faster running
bands that represent complete/high levels of hydrolysis.
The bar graphs and gels both show that all the intramolec-
ular junctions remain intact in the presence of excess Exo III
(100 units (lane 7)). Somewhat surprisingly, there is a
decrease in fluorescence counts for the PS intramolecular
4WJ in lanes 4–6. Although there is a reduction in the
number of counts, the absence of cleaved species indicates
that the PS junctions are resistant to Exo III.

The T5 Exo data are displayed in Figure 6(c). In this case,
the control J1 is more stable in the presence of high levels of
nuclease—as reflected by the intact bands in lane 6 (10.0
units). Extremely high levels of T5 Exo completely dissoci-
ate J1 (lane 7 (100.0 units). The gels for the intramolecular
4WJs show a similar nuclease stability profile, in that the
4WJs remain largely intact in the presence of high levels of
nuclease as shown in lanes 3–6 (� 10.0 units T5 Exo). The
bar graph data reveal a stability profile of: J1>i-J1>i-J1
(PS1)>i-J1(PS2)>i-J1(PS3). The gels and the corresponding
bar graphs are based on at least three independent digests
per nuclease. The data clearly show that each nuclease
digests the intact 4WJs to smaller species that migrate
with a similar mobility to the ssDNA control. In each
case, smaller cleavage products (e.g. oligonucleotide frag-
ments) should be observed that migrate faster than the
ssDNA control. We suspect the lack of faster running spe-
cies is due to the high concentration of Mg2þ in the run
buffer that may reduce the cleavage of the DNA strands.

Discussion

Our research objective is to assess the structure and protein
recognition features of the intramolecular 4WJs. Non-
denaturing gel analysis shows that all of the intramolecular
junctions investigated possess nearly identical mobility to
the control J1 (Figure 3(a)). The data indicate that the inser-
tion of: (i) DNA H2-type mini-hairpins, (ii) PS bond H2-
type hairpins and (iii) PS bonds in the junction stem do not
appreciably alter the nucleic acid global fold of J1.

The CD studies show that intramolecular junctions have
similar yet distinct spectra that imply potential differences
in secondary structure. Each junction investigated pos-
sesses a strong/distinct B-form DNA band at 280 nm that
is consistent with DNA 4WJ junctions.39–42 The B-form
band at 250 nm for J1 and i-J1 is also quite strong. For the
PS 4WJs, the amplitude of the band at 250 nm is consider-
ably lower. Moreover, the band at 220 nm for the PS 4WJs
displays a concomitant increase that is not as pronounced
in the spectra for J1 and i-J1. Vorlickova et al. use CD to
measure the structural differences between hairpin forming
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trinucleotide repeats vs. non-hairpin forming controls (e.g.
duplex anti-parallel DNA repeats).51 In their work, the CD
spectra of hairpin trinucleotide repeats display: (i) strong B-
form maxima at 280 nm, (ii) weaker/diminished B-form
DNA bands at 250 nm and (iii) a band with increasing
amplitude at 220 nm vs. the control.51 Using this data, it is
tempting to hypothesize that the CD spectra of the PS 4WJs
possess increased levels of hairpin structure. However,
high resolution techniques are required to test this
hypothesis.

The thermal denaturation scans confirm that the stability
of J1 can be enhanced significantly by inserting hairpins
(natural and PS containing). The DTm values of the intra-
molecular 4WJs range from 25.2� to 32.2�C. The increase in
stability is likely due to reduced end fraying and confor-
mational flexibility.

With respect to the protein binding characteristics of
intramolecular 4WJs, the full length protein HMGB1
binds certain constructs [i-J1 and i-J1(PS3)] with KD

values slightly above previously reported values. Based
on these data, it appears that the overall structural fold of
the intramolecular junctions provides a favorable protein
binding platform. HMGB1 binds intramolecular 4WJs with
much higher affinity than the single subunit, HMGB1b. For
HMGB1b, the estimated KD values are on the mM scale.
Prior binding studies of isolated HMG subunits (e.g.
HMGB1a and HMGB1b) estimated KD values on the nM
scale.35 We hypothesize that the reduction in HMGB1b
binding affinity is due at least in part to the presence of
high Mg2þ (1mM) in the binding and analysis buffer.
Research by Pohler et al. clearly shows that the binding
affinity of the single subunit HMGB1a toward 4WJs is
inversely proportional to Mg2þ concentration.52 In our
case, the Mg2þ concentration is increased to 1mM to
reduce the dissociation of the control, J1. It is plausible
that the Mg2þ ions effectively screen the phosphate back-
bone of the DNA to reduce protein binding. However, it is
clear that high Mg2þ does not reduce the binding affinity of
the full length protein, HMGB1 toward cruciform/bent
DNA. The binding behavior of HMGB1 is not surprising
because 1mM is at/near physiological conditions.53

Figure 5(a) also shows that, HMGB1b somewhat surpris-
ingly does not form discrete 4:1 complexes with i-J1(PS2)
and i-J1(PS3). This result could be due to the presence of PS
bonds in both strands of the stem region of each 4WJ. It is
plausible that sulfur atoms alter the minor groove topology
near the protein binding region such that discreet 4:1 com-
plexes do not form. High resolution structural data or ana-
lytical ultracentrifugation experiments are required to
support this. It is also plausible that the presence of the
PS bonds in close proximity to the fluorophore results in
self-quenching of the signal—as a result the number of
counts of the 4:1 complex are not prominent and thus effec-
tively masked in the smeared band(s).

The nuclease resistance data reveal that the insertion of:
(i) DNA H2-type mini-hairpins, (ii) PS bond H2-type hair-
pins and (iii) PS bonds in the junction stem effectively
enhance the stability of 4WJs vs. DNase I (endonuclease)
and Exo III (30–50 exonuclease). The DNase I studies reveal
that i-J1 is clearly the most stable 4WJ investigated. It is

somewhat surprising that the phosphorothioate bonds of
the PS junctions do not generate a concomitant increase in
stability. One potential explanation may be linked to the
reduction in B-form CD signal at 250 nm. As stated earlier,
we hypothesize that this spectral phenomenon may repre-
sent an increase in hairpin structure. It is plausible that the
stabilized hairpins introduce or enhance local perturba-
tions within the duplex arms that permit greater access to
the minor groove. Again, high resolution analysis is
required to confirm this hypothesis. The Exo III digests
show that the intramolecular 4WJs are significantly more
stable than J1. The bar graph data (Figure 6(b)) reveal a
stability order of: i-J1(PS1)> i-J1(PS2)> i-J1(PS3)> i-
J1� J1. The increase in 3’ nuclease stability of the intramo-
lecular 4WJs vs. J1 may be the result of effectively removing
the free 30 end (via end-capping) that in turn reduces exo-
nuclease activity. One could also speculate that the high
resistance values, for the PS 4WJs, may be attributed to
stabilized hairpin regions that prevent cleavage via Exo
III. Again, high resolution structural analysis is required
to provide more detailed information to confirm this.

Conclusions

We have constructed and characterized important proper-
ties of four new intramolecular DNA junctions. Our data
indicate that the intramolecular constructs have substan-
tially improved potential to serve as reagents for in vivo
suppression of HMGB1 activity. Whereas the intermolecu-
lar junction J1 dissociates at moderate temperature(s) and is
vulnerable to nuclease attack, the intramolecular analogs
are significantly more stable and nuclease resistant. We
await additional experimental data describing the role of
these new reagents in vivo.
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