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CHAPTER | — EXAMINING HYBRID PNA-DNA 4WJS AS POTENTIAL
THERAPEUTIC AGENTS TO TARGET THE PROINFLAMMATORY
CYTOKINE HMGB1
1.1 Synopsis and Hypotheses

Inflammation is part of the body’s response to injury or invasion and is a
necessary part of the innate immune system. However, uncontrolled
inflammation can cause damage to healthy tissue and exacerbate certain
diseases and disorders. The objective of the studies presented in Chapters |
through IV is to focus on the design and development of nucleic acid four-way
junctions (4WJs) to target the proinflammatory cytokine, HMGBL1 in an effort to
reduce symptoms of inflammation. To date, there is no commercially available
treatment for HMGB1-linked disorders. The rational for selecting 4WJs as ligands
against HMGBL is based on the multi-functional nature of the protein. HMGB1 is
an abundant DNA-binding protein that mediates nuclear homeostasis.'’ It is now
clear that HMGBL1 also functions in the extracellular matrix (ECM) as a cytokine
that initiates unintended leukocyte production.>81% Due to the high cellular
abundance of HMGB1 (10° copies per cell), it is perhaps not surprising that it is
considered to be a biomarker and target for a variety of diseases and immune
disorders such: atherosclerosis®'®19, lupust®16.18 rheumatoid arthritis'6-1920, and
sepsis??2. Consequently, a great deal of attention is focused toward targeting
HMGBL1 in efforts to reduce the harmful effects of inflammation associated with

these conditions.



There is a need to develop novel therapeutics that target HMGBL to treat
chronic inflammation through pathways that attenuate damage signals without
compromising the innate immune system. | hypothesize that immobile 4WJs
that mimic natural intracellular ligands of HMGB1, can: i) effectively target
the protein and ii) block harmful immune reactions. With a view to enhancing
the stability of 4WJs, certain DNA strands of 4WJs are replaced with the
nonstandard nucleic acid - peptide nucleic acid (PNA). | hypothesize that
hybrid PNA-DNA 4WJs possess enhanced thermal stability compared to
pure DNA 4WJs. Inflammation is often associated with fever. Therefore, any
therapeutic designed to traet inflammation will have to remain viable at elevated
body temperatures (>37°C). The rationale for choosing PNA as a DNA analogue
is based on studies that show duplex, triplex, and quadruplex structures
composed of PNA-DNA have Tms up to 30% higher than pure DNA structures
(69°C and 54°C for 15bp PNA-DNA hybrid and DNA duplexes, respectively).2326

Chapter | of the document focuses on the background of HMGB1, 4WJs,
and PNA. The subsequent chapters focus on the design, development, and
structure of hybrid PNA-DNA 4WJs vs. the DNA 4WJ control, J1. Next, the
binding affinity of HMGB1b toward each hybrid 4WJ is evaluated. These data are
followed by a more detailed investigation of the conformational stability of each
hybrid 4WJ. Finally, the discussion presents hypotheses that describe the
possible connections between the structure of each hybrid 4WJ and its protein

recognition properties.



An electrophoretic mobility shift assay (EMSA) was used to examine the
binding affinity of HMGB1 toward the multi-PNA and blunt-ended hybrid
junctions. HMGB1b recognizes single-PNA hybrid 4WJs with similar affinity to the
DNA control, J1. All single-PNA hybrid junctions form 4:1 protein to junction
complexes at concentrations similar to that of J1. HMGB1b recognizes multi-PNA
hybrids but does not form stable 4:1 protein to junction complexes, as
represented by a single band in the absence of intermediate with the multi-PNA
substrates. CD spectroscopy was used to examine the structure and monitor
thermal transitions of hybrid PNA-DNA four-way junctions in low (0.01mM Mg?*)
and high (2mM Mg?*) ionic strength environments.

1.2 High Mobility Group (HMG) Proteins

HMG proteins are “architectural” nuclear proteins and the most abundant
class of non-histone nuclear proteins. Architectural DNA-binding proteins, unlike
transcription factors (TFs), do not bind in a sequence specific manner.?7-2°
Architectural nuclear proteins bind preferentially to certain structural DNA motifs.
One primary function of HMG proteins is to remodel chromatin. During this
process, HMG proteins bind/bend the topology of DNA within chromatin to
facilitate the binding of TFs to specific DNA sequences.»2830-32 TE pinding
interactions in turn initiate gene expression. Hence, HMG proteins are generally
associated with gene expression vs. repression.327:33 HMG proteins also play
an expanded role in additional nuclear processes such as genetic recombination

and DNA repair.33:34



1.2.1 Classification of HMG proteins

HMG proteins are split into three categories: HMGA, HMGB, and HMGN.
Each protein class is distinguished by their respective DNA recognition
motifs.128:33-36 HMGA proteins contain three binding domains called AT-hook
motifs.3%36 The AT-hook sequences of HMGA proteins possess a conserved
PRGRP amino acid sequence. Two of the three AT-hooks are involved in DNA
recognition and binding.3®> AT-hook motifs recognize the minor groove of duplex
DNA and induce bending.1*¢ HMGN proteins affect the post-translational
modifications (i.e. acetylation and phosphorylation) of core histones and compete
with linker histone H1 to regulate chromatin structure.3#3” HMGN is also active in
DNA lesion repair.333438 HMGN proteins possess the conserved sequence
RRSARLSA that serves as the DNA-binding region.3® The HMGB family of
proteins includes seven members: HMGB1, HMGB2, HMGB3, HMGB4, HMG1,
HMG2, and HMG2a.?2 HMGB proteins’ functional DNA-binding motifs are
referred to as “box” domains. An HMG box domain is composed of three alpha
helices connected by short loops to form a HTH motif. %628
1.2.2 High Mobility Group B1 (HMGB1)

HMGBL1 is the most highly abundant (108 copies/cell) of HMGB proteins.
HMGBL1 is composed of 215 amino acids that are arranged into three subunits,
two DNA-binding “box” domains and an acidic C-terminus.?® The a- and b-box
subunits from HMGBL1 are displayed in Fig. 1 A and B, respectively.3%4° DNA
binding occurs on the concave side of the L-shaped structure.® This hydrophobic
face interacts with the minor groove of DNA. Two residues within the b-box,
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Phel06 and Lys126 (shown in green in Fig. 1B), intercalate between DNA
strands. This induces an approximate 90° bend in the bound DNA strand.?:39
The a-box has only a single intercalating residue, Phe38, shown in green in Fig.
1A. The single intercalating residue of the a-box produces a less dramatic bend

in DNA of approximately 60°.2%:40

Figure 1. HMGB1 a-box and b-box Structures

(A) Solution NMR structure of HMGB1 A-box domain from human highlighting DNA intercalating residue Phe38 [PDB:
2RTU]™. (B) Solution NMR structure HMGB1 B-box domain from rat highlighting DNA intercalating residues Phe106 and

Lys126 [PDB: 1HMEJ®.

1.2.3 Classical and Alternate Functions of HMGB1
Like other HMG proteins, HMGB1 was initially classified as a nuclear
protein. In the nucleus, HMGB1 binds preferentially to bent and cruciform DNA

(i.e. 4WJs) to control homeostatic functions such as chromatin remodeling and
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genetic recombination and repair.24142 With respect to chromatin remodeling,
HMGB1 binds DNA to induce bends that alter the topology of DNA.2743 The bent
topology of DNA enhances TF binding at gene promoter regions. Moreover,
HMGBL1 (like HMGN proteins) can displace histones from bent DNA and relax
structural constraints for transcription factor binding.343

Extracellular HMGB1 was initially discovered as a 30-kDa heparin-binding
protein in the developing brains of rats, and termed “amphoterin” before being
identified as HMGB1.5>1144 HMGB1 was shown to be required for neuronal
outgrowth.*+-46 Antibodies against HMGB1 were shown to inhibit neuronal
outgrowth in cell cultures.*+46 HMGBL1 is localized in the filopodia extending from
the cell bodies of neurons and regulates outgrowth of axons and dendrites by
promoting adhesion of the growing membrane edges.* HMGB1 was further
found to bind RAGE on the surface of rat embryonic cortical neurons, and is co-
expressed with RAGE in developing rat neuroepithelium.*6

HMGBL1 has since been implicated in a variety of alternate cellular
processes such as: neuronal outgrowth, tumor proliferation, platelet activation,
cell adhesion, and as a mediator of immune response.5912:15.17,30,31,41,44,46-54 The
role of HMGBL in activation of immune response(s) has gained arguably the
majority of attention in recent years. With respect to the specific role of HMGB1
in immunity, HMGB1 acts as a redox- sensitive damage-associated molecular
pattern molecule (DAMP).17:1849.53 HMGB1 can be released either actively by

immune cells or passively by damaged/necrotic cells (Fig. 3A).1748 Active



HMGBL1 release can be triggered by stimulation of macrophages and monocytes.
Passive release is normally associated with cellular injury.17:48:55

As stated earlier, posttranslational modifications influence the function of
HMGB1.5918:485256.57 The sequence for human HMGBL1 is shown in Fig. 2.
HMGBL1 can also function in the ECM as a damage associated molecular pattern
molecule (DAMP). In this capacity the oxidation state and posttranslational
modifications of the protein are critical.*%4852 The key residues that undergo
modification are highlighted in Fig. 2 and include: Lys2, Lys11, Lys28, Lys29,
and Lys30 (acetylation sites highlighted maroon); Cys23, Cys45, and Cys106
(oxidation sites highlighted in dark blue); Ser35, Ser39, Ser42, Ser46, and Ser53
(phosphorylation sites highlighted in grey); and Lys43 (methylation site

highlighted in light blue).540:48
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Figure 2. HMGB1 sequence from human

The A-box shown in red text, B-box in blue text, and the acidic tail in green text. Acetylation sites (maroon), oxidation sites

(dark blue), DNA-binding (green), methylation (light blue) and phosphorylation (grey).

Acetylation of lysine residues in the A-box eliminates electrostatic
interaction of these residues with DNA and impedes binding.5¢ Acetylation of

these lysine residues in isolated A-boxes abolishes binding to DNA 4WJs. Upon



acetylation, the full-length protein retains its ability to bind 4WJs through
interactions with the B-box. In macrophages and monocytes, acetylation of lysine
residues in the A-box precedes cytosolic translocation of HMGB1.°:°6
Phosphorylation then leads active secretion to the extracellular matrix by
lysosomes and secretion vesicles.*®52 In neutrophiles extra cellular transport is

induced through methylation of Lys42.1848:52
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Figure 3. Relationship between HMGB1 function and posttranslational
modifications

A) Active and passive HMGBL release. B) HMGB1 oxidation states. From “The Role of High Mobility Group Box 1 in
Innate Immunity” by Lee, S.A. et. al.2014, Yonsei Med. J. 279, 20935-20940. Copyright 2014 by Yonsei University

College of Medicine. Reprinted under Creative Commons license.*®



The function of HMGBL1 is dictated by its oxidation state (Fig. 3B).
HMGBL1 is found in the nucleus in its fully reduced form.#852 In damaged cells,
HMGBL1 localizes within the cytosol. HMGB1 acts as a chemo-attractant in its
fully reduced form, enhancing autophagy and promoting lysosomal degradation
of damaged cellular components through interaction with the Beclin1-Bcl2
complex.5%5254 Under oxidative conditions, Cys23 and Cys45 of the A-domain
form a disulfide bond. In the extracellular space disulfide-HMGB1 acts as a
proinflammatory cytokine.*%484° |n this capacity, HMGB1 forms complexes with
or binds directly to immune receptors (Fig. 4) such as: chemokine (C-X-C Motif)
Ligand 12 (CXCL12), receptor for advanced glycation end products (RAGE), and
toll-like receptor (TLR)-4 to activate the nuclear factor kappa-B (NF-kB) pathway
and control leukocyte migration and activation.>%3 The complex formed between
HMGB1 and CXCL12 increases the affinity of CXCL12 for its receptor CXCR4
and promotes chemotaxis.>'® Binding of HMGB1 to RAGE and TLR4 activates
the NF-kB pathway.2:16:51,58

Fully oxidized HMGBL loses its immune function.>#8 The oxidation of
Cys106 has been shown to promote relocalization from the nucleus to the
cytoplasm in apoptotic cells and promotes immune tolerance.®#%485 This
process is promoted by cellular reactive oxygen species (ROS). Caspase
activation targets the mitochondria to produce ROS during apoptosis. Cys106 is
oxidized by these mitochondrial ROS eliminating the proinflammatory activity of
HMGBL1. This process has been shown to be necessary for neutralizing HMGB1
as a danger signal and promoting immune tolerance of apoptotic cells.®°
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Figure 4. HMGBL1 extra nuclear interactions

HMGBL1 binding to immune receptors RAGE and TLR4, and activation of CXCR4 through interaction with CXCL12 . From
“HMGB1 and leukocyte migration during trauma and sterile inflammation” by Venereau et al. 2013, Molecular Inmunology

55, 76-82. Copyright 2013 by Elsevier. Reprinted with permission of the author.5!

1.2.4 HMGBL1 and Disease Pathogenesis

HMGBL1 is gathering a great deal of attention as a disease biomarker and
therapeutic target. A growing number of studies link unintended HMGB1
signaling with pathogenesis in a number of diseases and immune disorders
(Fig. 5) such as: atherosclerosis®18, diabetes®?63, lupus'® 8, rheumatoid
arthritis618.20 and sepsis??2°3, HMGBL1 contributes to atherosclerosis by
promoting vascular inflammation and lesions.2 HMGBL1 is found at elevated
levels in the blood plasma of patients with type 2 diabetes and is up regulated in
response to high glucose levels.6?6¢ HMGB1 promotes the production of
proinflammatory cytokines through activation of the NF-kB signaling pathway
exacerbating conditions such as diabetic neuropathy (DN).2

HMGB1 expression was shown to correlate with the severity of symptoms

of systemic lupus erythematosus (SLE) in mice.® HMGB1 was shown to
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exacerbate renal pathology by enhancing macrophage inflammatory response
through activation of RAGE.1° Active HMGBL1 release has been observed at sites
of joint inflammation in mice with arthritis. Injection of HMGBL1 into the joints of
healthy mice induced arthritis in these locations.6:20

During the late phase of sepsis, HMGB1 release activates the coagulation
system and results in disseminated intravascular coagulation.?? HMGBL1 secreted
from dying cells induces the release of additional HMGB1 and other cytokines
from macrophages and other cell types.?>°° HMGB1 has also been shown to
mediate acute lung injury and acute kidney injury during sepsis through activation

of the NF-kB pathway.?12?

®
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Figure 5. HMGB1 and disease

From “Schmetterlingserythem bei systemischem Lupus” by Doktorinternet 2013, Wikimedia Commons. Copyright 2013 by
Doktorinternet. Reprinted under Creative Commons liscence. From “Myocardial Infarction or Heart Attack,” by Blausen
Medical Communications, Inc. 1997, Wikimedia Commons. Copyright 1997 by Blausen Medical Communications, Inc.
Reprinted under Creative Commons license. From “Chilblains, also called perniosis,” by Sapp 2007, Wikimedia
Commons. Copyright 2008 by Sapp. Reprinted under Creative Commons liscence. From “Front side of the left knee,” by
Stefan de Konink 2011. Wikimedia Commons. Copyright 2011 by Stefan de Konink. Reprinted under Creative Commons

liscence.
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1.2.5 Strategy to Target HMGB1

HMGBL1 provides a target for novel therapeutics to treat chronic
inflammation through pathways that attenuate damage signals without
compromising the innate immune system. In mouse models with diabetes
HMGBL1 inhibition reduced the up regulation of pro-inflammatory cytokines in
response to high glucose.®?53 In mouse models, antibodies against HMGB1 have
been shown to alleviate inflammation associated with rheumatoid arthritis and
prevent the progression of arthritis.2°

Cell and animal model studies have found many pharmacologically active
compounds with the ability to suppress immune response by blocking HMGB1,
though many of these compounds were expensive, showed cytotoxicity at
required dosages, or have harsh side effects.12204% Qur strategy is to develop
cruciform nucleic acid structures (i.e. 4WJs) composed of DNA and PNA as
ligands against HMGB1. These hybrid PNA-DNA 4WJs mimic the natural DNA
4WJ ligands of HMGBL in its role in genetic recombination. Several in vitro
studies show that HMG proteins bind 4WJs with binding constants at nM
range.®6” Small (32bp — 28bp) 4WJs were developed to avoid immunogenicity
associated with larger DNA sequences.'®>% 4WJs are also able to bind HMGB1
in 4:1 protein to junction complexes offering a distinct advantage over the single
binding sites of duplex structures. The hybrid 4WJs are based on the model
immobile DNA 4WJ, J1. J1 is composed of four asymmetric DNA strands that
ensure the lattice of the molecule is immobilized or “locked”. The long-term
objective is to reassign 4WJs to the ECM to target HMGB1. 4WJs are intended to
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sequester HMGB1 and block unintended binding interactions between HMGB1
and immune receptors that initiate immune dysfunction. With respect to unnatural
substrates, PNA are used to replace DNA sequences within the lattice of J1 to
enhance the stability of the resulting hybrid DNA-PNA 4WJs.

We suspect that the binding affinity of HMGB1 toward 4WJs (Kd = 10 —
160 nM) is strong enough to prevent HMGB1 binding to immune receptors.56:67
HMGBL1 binds receptors such as RAGE and toll-like receptor 4 (TLR-4) with
binding constants that range from Kg = 10.0 - 100.0 nM).*¢ Inhibition of HMGB1
by hybrid 4WJs is hypothesized to alleviate inflammation by scavenging HMGB1
from the ECM. This approach is designed to remove/prevent the interaction of
HMGB1 with RAGE and TLRs to effectively shut off immune responses.

1.3 DNA Four-Way Junctions

DNA 4WJs, also known as Holliday junctions, are key intermediate for
genetic recombination and double strand break repair.686° These processes are
essential to promoting genetic diversity and maintaining genomic stability. One of
the most extensive networks of Holliday junctions is found in the homologous
recombination (HR) steps of meiosis illustrated in Fig. 6. In the initial stage of
meiotic HR, double strand breaks (DSBs) are produced at numerous
chromosomal DNA sites to produce single strand 3’ overhangs. Next, DNA
recombinases bind the 3’ overhangs and search for an intact homologous dsDNA
sequence. The recombinases then promote strand invasion by the ssDNA ends
to form displacement loops. The initial strand invasion intermediates can be
processed by one of two pathways: rejoining of the broken strands by synthesis

13



dependent strand annealing (SDSA) or by double strand break repair
(DSBR).%°7° The SDSA pathway results in displacement of the invading strand
and leads to non-crossover products. The DSBR pathway is the result of a more
stable strand invasion intermediate and leads to a second end capture. This
produces a double 4WJ that is eventually resolved to allow chromosome

segregation.%872
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Figure 6. Holliday junctions in genetic recombination.

Branch migration is required in genetic recombination in order to produce
crossover products. However, branch migration makes it difficult to probe the
structural dynamics of 4WJs. Hence, a great deal of effort was put forth to
assemble locked or “immobilized” 4WJs that form stable conformational
isomers.”®7* An algorithm developed by Seeman and Kallenbach, designed to
minimize sequence symmetry to ensure that the junction lattice is immobilized,
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was used to devise a series of immobile 4WJs.”® The sequence identity of each
strand of J1 minimizes symmetry (to ensure that the junction lattice is
immobilized), while maintaining thermodynamic stability of the junction. The
algorithm is based on a set of rules that prevents: i) the repeat of four
consecutive nucleotides in any two strands and ii) the presence of complimentary
sequences in an arm and branch point.”3757¢ The sequence of the immobilized

junction J1 is displayed in Fig. 7.
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Figure 7. Model immobile 4WJ J1

Individual strands are labeled as 101, 102, 103, AND 104, respectively.

Subsequent studies using a variety of biophysical techniques such as: gel
electrophoresis, chemical foot printing, enzymatic foot printing (protection
assays), fluorescence resonance energy transfer (FRET), nuclear magnetic
resonance (NMR), and X-ray studies reveal that the global conformation of 4WJs
fluctuate between extended or “open” structures and compact “stacked”

structures.””8! The extended conformer, referred to as open-X, has four-fold
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symmetry (90° rotational symmetry) with all four arms pointing away from the
center (Fig. 8A). The compact or stacked-X isomers shown in Fig. 8B and C
possess two-fold symmetry (180° rotational symmetry) and can populate two
conformational isomers. Each stacked-X isomer contains two continuous strands
and two crossover strands. The continuous strands of the stacked-X isomers
have single axes throughout their respective helices. The crossover strands
switch helices at the branch or strand exchange point. Studies of J1 have shown
a preference for one of the isomers based on the sequences flanking the branch

Figure 8. Open-X vs. stacked-X conformational isomers

(A) The open conformer showing fully extended arms. (B) and (C) display the I/l and Ill/IV stacked-X conformers,

respectively.

The structure of 4WJs is highly dependent upon the concentration of

cations such as Na* and Mg?+.8183-85 Fig, 9 shows X-ray crystal structures of two
16



synthetic immobile 4WJs in the open-X (Fig. 9A)%, and in the stacked-X
conformation (Fig. 9B).8” In the absence of cations, electrostatic repulsion
between phosphates causes the helical arms to extend into the open-X
conformation (Fig. 9A). When the concentration of Mg?* >100 uM, the charge
repulsion between negatively charged phosphate backbones is greatly reduced

promoting the transition from an open conformer to a stacked-X conformer.80:82.88

Figure 9. X-ray crystal structures of synthetic 4WJs

(A) X-ray crystal structure of a DNA 4WJ in an open conformation at a resolution of 2.8 A [PDB: 1XNS]®. (B) X-ray crystal

structure of a DNA 4WJ in a stacked-X conformation at a resolution of 1.94 A [PDB: 4GQD]?’.

The current studies focus on the immobilized 4WJ, J1. Electrophoresis
experiments confirmed that a 1:1:1:1 ratio of each strand of J1 forms a stable
complex.”>7 CD and NMR analyses revealed that 4WJs (including J1) posses B-
DNA helical structure.”#82:88.8% \With respect to local heterogeneity within the
junction lattice, J1 (Fig 10A) was shown to prefer a stacking arrangement of arms
I/II - 1I/IV with strands 101 and 103 as the continuous strands and 102 and 104
as the crossover strands analogous to Fig. 9B.6.74.76.90 Examination of a J1
derivative, J2, with the CG and AT pairs at the branch point of arms Ill and 1V

swapped revealed a much weaker preference for the /11 - 11I/IV isomer.8%9° Under
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conditions where J1 exists solely in the I/l - 1lI/IV stacked-X isomeric form, J2
exists as a 5:1 mixture of the I/l - II/IV and I/IV - lI/lll isomers shown in Fig.
10B.8%% Fig. 10C shows another J1 derivative, Jeps, with AT pairs replacing the
GC pairs at the ends of the junction arms. Studies utilizing FRET analysis
revealed that Jeps presented the same preference for the I/l - [lI/IV stacking
conformation as J1.78 It can be concluded from these studies that the bases at
the ends of the junction arms have little effect on the stacking arrangement while
the sequence near the branch point is a strong factor in determining the

preference for and stability of a particular structural isomer. 788990
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Figure 10. 4WJ Isomerization

Each junction is shown in the open-X conformation at the top. The preferred stacked-X isomer is shown at the bottom. (A)
J1 shown to the left with a single preferred isomer. (B) J2 shown in the middle has no clear preference for a specific

stacked-X isomer. (C) Jeps shown to the right with its preferred stacked-X isomer.
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Therapeutics based on nucleic acids have shown moderate success in
targeting HMGB1. One study utilized DNA beads coated with DNA oligomers to
sequester HMGBL in the intestines of mice after induction acute colitis. Oral
administration of the beads was shown to sequester HMGB1 from the gut and
reduce levels in serum samples.!® This study determined that larger DNA
constructs (i.e. 4WJs) show greater affinity for HMGBL1 in vitro.*®> However, the
4WJ constructs did not bind appreciably at low pH. | hypothesize that modifying
the 4WJ lattice by inserting more chemically stable nucleic acid analogs (i.e.
PNA) will produce enhanced in vivo stability. PNAs offer several properties that
make them ideal candidates for use as DNA analogs in 4WJs. PNAs form stable
hybrid structures with DNA through Watson-Crick base pairing. The global
conformations of PNA-DNA duplexes and 4WJs largely match the global
conformations of corresponding DNA structures. However, PNA-DNA structures
do show changes in local helical conformation compared to DNA structures.%
The uncharged PNA backbone provides decreased charge repulsion between
strands, increasing the thermal stability of nucleic acid structures containing PNA
strands. This is evidenced by an increase in Tms of PNA-DNA hybrid duplexes
over their pure DNA counterparts by up to 30%.24259 The peptide backbone of
PNA also provides nuclease resistance to hybrid structures.>"%7

1.4 Nonstandard Nucleic Acid - Peptide Nucleic Acid (PNA)

PNAs are nucleic acid analogs that are composed of polyamide linkages
vs. sugar/phosphate bonds. PNAs were originally studied as gene-targeting
drugs that were designed to form complementary base pairs within gene
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regulating regions of DNA.°89° PNAs contain standard nucleobases, however,
the sugar-phosphate backbone is replaced with an amide backbone composed of
aminoethyl glycine (AEG) units. AEG was selected as the original PNA backbone
based on computer models that show an AEG linkage provides a similar distance
between nucleobases as a sugar phosphate backbone.%:% Fig. 11 shows a
comparison of the functional units of PNA vs. DNA. PNAs contain the same
nucleobases as DNA or RNA. Therefore, PNAs form standard Watson-Crick

base pairs with PNA, DNA or RNA templates.1®

c|> H

0=P—0

- P 0=c
DNA PNA

Figure 11. DNA sugar phosphate backbone vs. PNA AEG backbone
(A) A sugar phosphate backbone unit of DNA. (B) An AEG backbone unit of PNA.

The polyamide backbone of PNA possesses several inherent structural
and biochemical advantages vs. DNA and RNA. The polyamide backbone of
PNA is not recognized by cellular nucleases making PNA more resistant to
digestion than DNA and RNA.5"%7 The uncharged PNA backbone provides
decreased charge repulsion between strands, increasing the stability of nucleic
acid structures containing PNA strands.?425% Studies examining 24 - 30bp DNA

and PNA-DNA duplexes showed higher Tm values for the PNA-DNA hybrids.
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DNA duplexes showed Tms between 47.8 and 53.5°C with the corresponding
PNA-DNA hybrids displaying Tms between 61.8 to 68.5°C.?426 Corresponding
PNA-RNA duplexes showed even higher Tms up to 72.3°C.?* Hence, hybrid PNA-
DNA and PNA-RNA duplexes possess enhanced thermal stability vs. pure DNA
and RNA duplexes.?4258596,100,101 These features have provided the impetus to

develop PNA-derived therapeutics or biotechnology reagents for many years.

N-terminus ) 3
A +
H .
\ -
N N——H===rnemmneees Q o
§ ( N ) N, e -'-L=0
‘7]/" 4 N H—N &
o o N=/ %N
NH IS !
OH
H
/o ---------------- e o
N N _ HO —P=—0
N——Heennanmnnn N/ \ 7 0
\ N
o NH °© EN
o]
N o OH
/

OH

C-terminus 5’

Figure 12. Schematic of DNA/PNA duplex
Duplex obeys Watson-Crick hydrogen bonding rules in an antiparallel orientation.

As stated earlier, PNAs bind nucleic acids via Watson-Crick base pairing.

Thermal stability studies of hybrid duplexes showed them to be more stable in an
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