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Peptide Nucleic Acids Harness Dual Information Codes in a Single 
Molecule 
Colin S. Swenson,a Jennifer M. Heemstra*a 

Nature encodes the information required for 
life in two fundamental biopolymers: nucleic 
acids and proteins. Peptide nucleic acid (PNA), 
a synthetic analog comprised of nucleobases 
arrayed along a pseudopeptide backbone, has 
the ability to combine the power of nucleic 
acids to encode information with the versatility 
of amino acids to encode structure and 
function. Historically, PNA has been perceived 
as a simple nucleic acid mimic having desirable 
properties such as high biostability and strong affinity for complementary nucleic acids. In this feature article, we aim to 
adjust this perception by highlighting the ability of PNA to act as a peptide mimic and showing the largely untapped potential 
to encode information in the amino acid sequence. First, we provide an introduction to PNA and discuss the use of 
conjugation to impart tunable properties to the biopolymer. Next, we describe the integration of functional groups directly 
into the PNA backbone to impart specific physical properties. Lastly, we highlight the use of these integrated amino acid side 
chains to encode peptide-like sequences in the PNA backbone, imparting novel activity and function and demonstrating the 
ability of PNA to simultaneously mimic both a peptide and a nucleic acid.

Introduction 
Proteins and nucleic acids are two of the essential building 

blocks of life, necessary for both cellular information storage and 
biological function. Nature has evolved these biopolymers over 
millions of years to create and refine their properties. The amino acid 
sequences in peptides and proteins encode intricate structural 
information that enables complex functions, and researchers have 
investigated and probed these codes in order to appropriate their 
function for a wide range of applications.1–3 In parallel, nucleic acids 
are virtually unmatched in their capacity to store retrievable 
information necessary for life and the nucleotide code offers 
exceptionally predictable and precise molecular recognition 
properties. Scientists have extensively studied and utilized this 
recognition ability for naturally occurring nucleic acids,4,5 and many 
different forms of unnatural nucleic acids have been developed to 
improve upon the physical properties of canonical DNA and RNA.6,7 

Peptide nucleic acid (PNA) is an interesting and powerful 
nucleic acid analogue developed by Nielsen and coworkers in which 
the negatively charged phosphate backbone is replaced with a 
neutral pseudopeptide backbone (Figure 1).8 This peptide-like 
backbone, combined with the ability to undergo complementary 
Watson-Crick-Franklin hybridization, is responsible for a number of 

desirable properties such as improved binding affinity, enhanced 
specificity, and strong resistance to chemical and enzymatic 
degradation.8–12 Therefore, it is not surprising that PNA has garnered 
significant interest in a number of research areas. For example, as a 
tool in medicine and biology, therapeutic and antimicrobial PNAs can 
be designed to regulate gene expression through antisense 
interactions or nuclease-like activity.13–18 PNA has been used as a 
delivery vehicle for nucleic acid therapeutics and PNA-based 
approaches to gene editing have also been described.19–23 In 
molecular imaging and diagnostics, the enhanced recognition 
properties of PNA are promising for the development of methods for 
detection and in situ visualization of DNA and RNA.24 Each of these 
uses for PNA have been extensively reviewed and rely solely upon 
the ability of PNA to function as a nucleic acid analogue.25–31 Looking 
beyond the ability of PNA to undergo Watson-Crick-Franklin base 
pairing, the pseudopeptide nature of the PNA backbone also allows 
for direct inclusion of amino acid functionality, and researchers have 
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Figure 1: Chemical structures of DNA, RNA, and PNA. 
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utilized this capability to introduce side chains that enhance 
solubility or cellular uptake.32,33 We recognized that the amino acid 
sequence could also be used to encode information to direct 
assembly, opening the door to the use of PNA as both a nucleic acid 
and a peptide analogue. 

In this feature article, we discuss ways in which the 
structure of PNA has been synthetically altered to afford increased 
functionality and structural information. Specifically, we first 
highlight examples of PNA conjugates that include terminally-
appended amino acids or lipids to create peptide-like mimics or 
impart structural changes. We then focus on modifications that have 
allowed the insertion of amino acid-like side chains in the PNA 
backbone, including their design, synthesis, characterization, and 
functional properties. Finally, we discuss examples of PNA as peptide 
mimics and highlight a recent advance describing a PNA that can 
simultaneously encode nucleic acid and amino acid information in a 
single biopolymer to impart specific structure and function. 

Conjugation of PNA 
 PNA suffers from inherent weaknesses such as low 

solubility and cell permeability, which hinder its use in many 
biomedical applications.34,35 In order to overcome these limitations, 
researchers have developed strategies for conjugating a variety of 
functional groups to the termini. PNA benefits from high chemical 
stability and is synthesized through standard solid-phase peptide 
synthesis (SPPS) procedures employing Fmoc- or Boc-based 
strategies.35 Therefore, it is relatively easy to functionalize the 
termini with modifiers that can be added using the same amino acid 
chemistry, including peptides and hydrophobic moieties such as 
lipids or alkyl chains.36  

PNA Conjugated to Peptides 

 A simple method to increase the solubility of PNA is to 
include charged amino acid residues through the solid-phase 
synthesis procedure.35 Incorporating one or more lysine or arginine 
residues at either terminus results in enhanced solubility, 
presumably due to an increase in charge and therefore 
hydrophilicity. The simplicity of adding additional amino acids during 
synthesis has led to a number of PNA-amino acid conjugates having 
improved solubility. 

 Several molecules having potential biological 
applications lack inherent cell permeability, and a common approach 
for improving the cellular uptake is to attach cell penetrating 
peptides (CPPs).37 These cationic peptides facilitate movement 
across cell and tissue barriers that would otherwise prevent uptake. 
Covalent attachment of these peptides to PNA results in CPP-PNA 
conjugates that have improved cellular uptake, and thus increased 
efficacy in biological applications such as antisense gene regulation 
(Figure 2).38 As an example, Nielsen and coworkers observed the 
uptake of PNA conjugated to pAnt (a 17-residue fragment of the 
protein antennapedia) and pTat (a 14-residue fragment of HIV Tat 
protein) in five cell types (SK-BR-3, HeLa, IMR-90, U937, and H9), 
whereas unmodified PNA showed no uptake.39 However, in these 
cases the PNA primarily localized to vesicular compartments and did 
not escape endosomal entrapment. 

 In order to ascertain the cellular internalization of PNA, 
Bendifallah et. al. employed a luciferase-based activity assay for CPP-

PNAs.40 Using a series of unique conjugation techniques, they 
examined seven distinctive CPPs including a nuclear localization 
sequence (NLS) and a simple stretch of positively charged arginine 
residues (R7-9). Transportan-conjugated PNA as well as the arginine-
based conjugates displayed increased activity. Interestingly, delivery 
efficacy was dependent on the chemical nature and position of the 
covalent linker. An NLS sequence had previously been shown to 
increase uptake, likely due to the increased positive charge.41 
However, in the aforementioned study, the NLS-PNA conjugates 
showed minimal or no activity. This could be explained by the 
difference in cell types and targets used for each study. An expanded 
number of CPP-PNAs and their delivery efficiency in different cell 
types have been studied and reported but further investigation is 
required to fully elucidate the relationship between identity and 
efficacy.42–44  

 The attachment of CPPs to PNA resulted in an abundance 
of knowledge regarding methods to fuse peptides to PNA to enhance 
the properties of this nucleic acid analogue for biomedical 
applications. However, in these examples the peptide and PNA 
portions are designed to act autonomously, each imparting their own 
chemical and biological properties independent of the other. Looking 
beyond this, researchers envisioned PNA conjugates in which the 
properties of each segment modulate and enhance the properties of 
the architecture as a whole, and to this end developed amphiphiles 
in which the PNA and appended functionality serve to direct 
assembly.  

Amphiphilic PNA Conjugates 

 Peptide amphiphiles are an attractive class of molecules 
that are capable of assembling into supramolecular architectures at 
the nanoscale.45,46 These typically consist of a short hydrophilic 
peptide sequence ligated to a hydrophobic domain such as a lipid or 
alkyl chain.47 PNA comprised of a neutral polyamide backbone and 
canonical nucleobases is inherently hydrophobic, but strategic 
placement of amino acids and hydrophobic lipid or alkyl domains can 
induce amphiphilic behavior and promote controlled assembly 
analogous to that of peptide amphiphiles (Figure 3A).48 Stupp and 
coworkers demonstrated this phenomenon through the synthesis of 
an amphiphilic PNA-peptide conjugate.49 A β-sheet promoting 
peptide sequence (KGGGAAAK) followed by a palmitoyl alkyl chain 
was conjugated to the C-terminus of a polythymine PNA heptamer 
using SPPS methods. Transmission electron microscopy (TEM) and 
circular dichroism (CD) revealed the formation of uniform nanofibers 
under aqueous conditions (pH > 7), consistent with similar peptide 
amphiphiles. Thermal denaturation experiments revealed a 
significant increase in affinity and specificity for the fully matched 

 

Figure 2: Modification of PNA with a cell-penetrating peptide 
increases cell permeability via passive or active transport.  
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polyadenine DNA when self-assembled into nanostructures as 
opposed to acting as free PNA in solution. Taken together, these 
results are promising for applications such as biosensing and 
purification, which require high specificity and strong binding to 
oligonucleotide targets.49 

 Amphiphiles wherein the PNA oligomer is positioned 
between a hydrophilic peptide segment and a hydrophobic domain 
have also been described (Figure 3A). Schneider and coworkers 
produced a series of PNA amphiphiles having varied PNA sequences, 
hydrophilic peptides, and alkyl chains.50,51 Specifically, they explored 
the use of positively charged lysine and negatively charged glutamic 
acid as the hydrophilic head groups (Figure 3B). As expected, the 
longer the PNA sequence and alkyl chain, the greater the number of 
charged amino acids required for solubility. Inclusion of negatively 
charged glutamic acids produced PNA amphiphiles having a lower 
critical micelle concentration (CMC) compared to the positively 
charged lysines. Additionally, the position of PNA in the center of the 
constructs did not affect the binding stability or selectivity for a 
complementary DNA sequence.50 These studies guided the design of 
DNA-binding liposomes through the use of a di-alkyl PNA 
amphiphile.52 Incorporating the di-alkyl hydrophobic domain allowed 
co-extrusion of amphiphiles with phospholipids, enabling the PNA 
sequence to hybridize to target DNA for the development of highly 
sensitive bioanalytical devices. Later work showed that through co-
assembly with a common surfactant, Triton X-100, micelles capable 
of binding to specific nucleic acid oligomers are formed (Figure 3C).53 
Utilizing this design, purification of single-stranded PCR products of 
varying lengths was accomplished by micellar electrokinetic 

chromatography in which the PNA-surfactant micelle acts as a “drag-
tag” to shift the mobility, providing a rapid and gel-free DNA 
separation method. 

 In more recent work, Zhang and coworkers explored the 
assembly properties of semi-self-complementary PNA amphiphiles 
equipped with a hydrophobic alkyl chain and a negatively charged 
glutamic acid head group.54 Their results indicated the ability of 
PNA:PNA duplexes to exist within a micellar architecture, 
presumably the result of a stabilizing or “cross-linking” effect 
through hybridization and stronger base stacking interactions. 
Although applications for this structural phenomenon are less 
immediately apparent, the authors suggest potential uses for this 
technology in oligonucleotide purification, gene-related 
therapeutics, and biomedical detection devices. 

 The chemical stability and synthetic versatility of PNA 
make it a promising candidate for the design of myriad conjugates 
having unique physical and structural characteristics. To this extent, 
researchers have taken advantage of the ease of covalent 
modification to install amino acids and lipids within PNA constructs. 
However, these designs require the addition of information-poor 
hydrophobic domains and long strings of charged amino acids that 
act independently of the inherently information-rich PNA segment. 
Furthermore, current strategies focus on utilizing the nucleic acid 
information of PNA while ignoring its peptide-like properties. A 
design that incorporates functional groups similar to amino acid side 
chains to alter the properties of the PNA oligomer itself would 

 

Figure 3: (A) Structure and self-assembly of amphiphilic PNA conjugates having a PNA segment between a hydrophobic domain and a 
hydrophilic peptide. (B) Chemical structures of (1) negatively charged and (2) positively charged PNA amphiphiles. (C) TX-100/PNA 
micelles can be used for purification of DNA PCR products. Adapted with permission from Grosser, S.T. et al. ACS Macro Lett. 2014, 3 
(5), 467–471. Copyright 2014 American Chemical Society. 
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benefit from the dual identity of PNA as both a nucleic acid and a 
peptide. 

Functional Modifications to the PNA Backbone 
 The PNA scaffold is highly versatile, allowing the addition 

of many different functional groups through post-synthetic 
conjugation. Alternatively, functional groups may also be 
incorporated into the backbone through the use of modified PNA 
monomers in oligomer synthesis, and this approach offers the 
benefit of incorporating these modifications along the full length of 
PNA rather than just at the termini. 

Synthesis and Properties of Backbone-Modified PNA 

 PNA monomers can be synthesized in a few steps and on 
a large scale using relatively inexpensive starting materials.55 
Typically, the amine-protected backbone portion of the monomer is 
synthesized and then coupled to a nucleobase acetic acid to produce 
monomers compatible with SPPS. The PNA backbone presents a 
desirable location for modifications, as it can be synthesized using 
amino acid precursors, allowing a number of different functional 
groups to be included.56 For this reason, the PNA backbone has 
intrigued researchers and inspired the design of many modified PNA 
monomers. Specifically, chiral PNA monomers have been developed 
to include modifications at the α-, β-, and γ-positions, each with 
unique synthetic routes and resulting oligomer properties (Figure 
4).57  

 α-Modified PNA (α-PNA) was the first backbone-
modified PNA analogue to be designed and was reported by Nielsen 
et. al. In this initial example, glycine was replaced with L- or D- 
alanine during monomer synthesis.58 The D-form was discovered to 
hybridize to complementary DNA with slightly higher affinity than 
the L-form, displaying a preference for a specific stereochemistry. 
Later functional groups incorporated at the α-position included 
lysine, serine, and arginine, the latter of which showed enhanced 
cellular uptake compared to unmodified PNA, similar to that of the 
TAT transduction domain peptide.33,59,60 Bulky hydrophobic groups 
such as phenylalanine, tryptophan, valine, and leucine have also 
been incorporated at this position, displaying the versatility of α-PNA 
for functionalization.61 

 The development of β-modified PNA (β-PNA) is a 
relatively new field, likely due to the significant synthetic barriers 
compared to that of α-PNA. However, monomers containing methyl 
groups at the β-position have been produced and their hybridization 
properties explored.62 Cyclic PNA monomers containing chiral 

centers at both the β- and γ-positions have also been synthesized.63–

68 Cyclopentane-derived PNAs have been shown to be promising 
diagnostic agents because of their improved binding affinity and 
selectivity for DNA or RNA.63,64,67,68  

 γ-Modified PNA (γ-PNA) is perhaps the most widely 
explored and promising candidate for including functional groups in 
the backbone, and modifications have been explored to improve a 
range of physicochemical properties such as solubility, cell 
permeability, and hybridization stability. The first γ-PNA monomer 
was synthesized by reacting an alanine amino acid aldehyde with 
glycine through reductive amination.69 Similar to α-PNA, the identity 
of the stereocenter was found to be important for hybridization 
affinity to complementary DNA. γ-PNA synthesized from L-amino 
acids exhibited a significantly higher affinity than those produced 
from D-amino acids, indicating that stereochemical purity is 
important for binding affinity.70 Understanding this significance, Ly 
and coworkers developed a synthetic route based on a Mitsunobu 
coupling reaction to produce optically pure γ-PNA for improvements 
towards antigene applications.71 Regardless of the route, γ-PNA has 
been produced containing a variety of hydrophilic and hydrophobic 
side chains, including lysine, guanidine, mercaptomethyl, 
hydroxymethyl, sulfate, aspartic acid, miniPEG, valine, leucine, and 
phenylalanine.32,33,72–77 This structurally diverse range of functional 
groups able to be incorporated at this position enables researchers 
to fine-tune specific physical characteristics for many applications. 

 PNA hybridizes to single- or double-stranded DNA in 
different arrangements depending on the sequence and backbone 
modifications (Figure 5).8,10,78–83 Cytosine-rich homopyrimidine PNAs 
have been shown to bind double-stranded DNA in a triple helix, or 
triplex, configuration through Hoogsteen base pairing.78  
Alternatively, thymine-rich homopyrimidine PNA was shown to bind 
in a triplex wherein two PNAs hybridize to a single homopurine DNA 
strand by Watson-Crick-Franklin and Hoogsteen base pairing.79,80 
This occurs through a strand invasion process in which one DNA 
strand in the duplex is displaced by the competing PNA strands.8,80 It 
was later discovered that single mixed purine and pyrimidine PNA 
strands are also capable of forming stable Watson-Crick-Franklin 
duplexes with complementary DNA in a 1:1 ratio.10 However, a single 
unmodified PNA of mixed purine and pyrimidines is incapable of 
invading double stranded linear DNA.81 It is possible to form double 
duplexes through the use of two PNA strands targeting separate DNA 
strands in the duplex, but this approach requires the use of 

 

Figure 4: Chemical structures of unmodified PNA, α-PNA, β-
PNA, γ-PNA, and cyclic PNA. 

 

Figure 5: Hybridization modes of PNA to complementary nucleic 
acids. Adapted from Lohse, J. et al. Proc. Natl. Acad. Sci. U. S. A. 
1999, 96 (21), 11804–11808. Copyright 1999 National Academy of 
Sciences. 
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pseudocomplementary nucleobases and multiple PNA strands, 
complicating synthesis and design.82 Including modifications in the 
backbone significantly increases binding affinity and allows a single 
PNA to target double stranded DNA or RNA in a sequence-specific 
manner through a strand invasion mechanism. As an example of this, 
incorporating a methyl group at the γ-position in the PNA scaffold 
revealed the formation of PNA:DNA duplexes by strand invasion.83 
Interestingly, the backbone modified PNA hybridized to the DNA 
solely in a double helix arrangement, and no evidence of triplex or 
double duplexes was observed. 

 In contrast to unmodified PNA, which is flexible and can 
bind complementary nucleic acids in a parallel or anti-parallel fashion 
(with the N terminus of PNA being defined as equivalent to the 5’ 
terminus of DNA or RNA),10 chiral modified PNA pre-organizes into a 
left- or right-handed helix depending on the position and 
stereochemistry of the side chain (Figure 6).84,85 This effect can 
stabilize or destabilize hybridization, presumably due to the entropic 
cost associated with rearrangement, and in cases of stabilization is 
likely responsible for the increased strand invasion capability.83  

Interestingly, a longstanding hypothesis in the field had 
been that the increased hybridization stability of PNA with DNA or 
RNA could be attributed to the lack of charge repulsion with the 
neutral backbone. However, our group explored the incorporation of 
negatively charged side chains into the PNA backbone and found that 
while affinity to DNA and RNA was dependent upon ionic strength, 
PNAs having negatively or positively charged side chains had similar 
affinities at physiological ionic strength. From these data, we 
hypothesize that it is pre-organization of the backbone through 
hydrogen bonding interactions rather than the lack of charge that is 
responsible for the strong binding affinity of PNA to complementary 
nucleic acids.76 This finding is important for applications such as 
charged-based delivery methods and the development of PNA 
therapeutics or materials, as it suggests that PNA can be synthesized 
to electrostatically mimic DNA and RNA and thus take advantage of 
the cellular delivery methods that are rapidly being developed for 
these nucleic acids. 

Applications of Backbone-Modified PNA 

 The exploration of structurally diverse backbone-
modified PNAs has allowed researchers to gain a better 

understanding of structure-function relationships for this artificial 
biopolymer and expand the repertoire of applications that are 
possible. For example, the enhanced affinity and specificity afforded 
to modified PNAs increases their capacity to function as biosensors 
and capture probes. Marchelli et al. described the use of α-PNA 
containing a chiral D-lysine box to develop a method using capillary 
electrophoresis to detect a single point mutation in DNA related to 
cystic fibrosis.86 Including the lysine functional groups increased the 
specificity and allowed researchers to distinguish between healthy, 
mutated homozygous, and heterozygous individuals. In a different 
example, rational design of a cyclopentane-derived cyclic β-PNA to 
adopt a pre-organized structure led to higher affinity and sequence 
specificity,63,64 which was then used to detect pag anthrax DNA 
through a sandwich-based assay using two β-PNA probes.68 

 Backbone-modified PNAs have also shown significant 
potential for use in antisense and imaging applications. Incorporating 
arginine side chains in α-PNA or γ-PNA increases the solubility, 
hybridization, and cell permeability of PNA probes.33,87 Manicardi et 
al. synthesized a series of 18-mer PNA probes containing eight 
arginine side chains at varying positions (α or γ) along the backbone 
(consecutive or alternating) that target miRNA-210 (Figure 7A).88 
Fluorescence-activated cell sorting revealed that each modified 
probe was internalized by cells, with α-modified probes exhibiting 
the highest level of uptake. Real-time quantitative PCR 
demonstrated the ability to inhibit the target miRNA-210 in leukemic 
K562 cells, presenting the first example of anti-miR activity using 
backbone-modified PNA. Importantly, resistance to enzymatic 
degradation was increased in the backbone-modified PNAs over an 
arginine-rich CPP-PNA conjugate, highlighting the advantage of 
internal side chain inclusion for in vivo applications. Similarly, Ly and 
coworkers decorated an α-PNA with arginine side chains to generate 
what they call guanidinium peptide nucleic acid (GPNA) and 

 

Figure 6: Schematic representation of the helical properties of 
unmodified PNA compared to backbone-modified PNA. 

 

Figure 7: (A) Chemical representations of α-PNA containing a 
guanidinium side chain and γ-PNA containing a guanidinium, 
miniPEG, or lysine side chains. (B) Schematic representation of 
multivalent ligand display. 
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demonstrated the ability to sequence-specifically inhibit 
transcription of the E-cadherin gene in live cells (Figure 7A).89 
Notably, they found that including the arginine side chains within the 
PNA backbone resulted in less cytotoxicity than conjugation of 
unfunctionalized PNA to an arginine-rich CPP.  This group has also 
pioneered the invention of miniPEG PNA,  the first example of a 
charge-neutral yet strongly hydrophilic modification in the PNA 
backbone (Figure 7A).32 This modification was shown to allow the 
direct Watson-Crick-Franklin recognition of double helical B-DNA 
through a strand invasion mechanism, desirable for in vivo 
applications.90 Gupta et al. used a γ-PNA containing miniPEG side 
chains to silence the activity of miR-210 and observed anti-tumor 
activity in mouse models.91 Additionally, miniPEG γ-PNAs showed 
promise as imaging agents for intracellular staining of telomeric 
DNA.92 The improved physicochemical properties of backbone-
modified PNA greatly augments its use for each of these in vivo 
applications. 

 Beyond typical hybridization-based applications, 
backbone-modified PNAs have been used as well-defined scaffolds 
for multivalent ligand display (Figure 7B).93–96 For example, Appella 
and coworkers first synthesized a γ-PNA containing lysine side chains 
and found that it was a convenient position to attach bulky 
modifications without disrupting DNA and RNA binding (Figure 
7A).72,93 Using this technology, they demonstrated programmable 
multivalent display of a cyclic RGD analogue to block metastatic 
melanoma cell attachment, and modulated dopamine D2 receptor 
activity by displaying a known agonist, (±)-PPHT.94,95 These examples 
highlight the power of modifying the side chain sequence of PNA to 
display specific amino acid functional groups at precise spatial 
locations on the biopolymer. 

 In each of the examples presented, the inclusion of 
amino acid-like side chains into the PNA backbone resulted in a 
change of internal properties and the ability to adopt a pre-organized 
structure or spatially present functional groups in unique ways. Thus, 
addition of amino acid side chains to the backbone has benefitted 
PNA in numerous applications. However, the design and application 
of these modifications has largely been to enhance the nucleic acid 
recognition capability by increasing solubility, hybridization 
efficiency, or cellular uptake. In contrast, the abundant diversity of 
functional groups that can be included at multiple defined positions 
in the PNA scaffold represents a yet unrealized potential and 
underexplored avenue to encode information for activity, assembly, 
or structure analogous to peptides. 

Encoding Amino Acid Information in the PNA 
Backbone 

 The development of backbone-modified PNA revealed 
the underlying potential of PNA to act as both a peptide and nucleic 
acid mimic. By combining the information derived from PNA-peptide 
conjugates with the invention of functionally customized monomers, 
new information-rich constructs can be designed and investigated 
for a wide range of biological applications. 

 The use of PNA as a peptide mimic is still in its infancy 
and there are very few examples where the embedded amino acid 
sequence information is the main driver for structure or function. 
Marchelli and coworkers pioneered the consideration of PNA as a 
“peptide” through the first known example of inserting an amino acid 

sequence into the PNA backbone to promote activity.97 Using a 
submonomeric synthetic strategy, a model PNA trimer conjugated to 
a rhodamine dye was synthesized containing an NLS sequence 
(PKKKRKV) at alternating γ- and α-positions in the backbone (Figure 
8). Fluorescence microscopy images revealed high intracellular and 
nuclear localized levels of the modified PNA in Rhabdomyosarcoma 
cells, similar to that of the canonical NLS peptide. Unmodified PNA 
was not detected within the nuclei, providing evidence that the 
embedded amino acid information was responsible for the uptake 
and nuclear localization. The authors speculated that the amino acid 
sequence is able to interact with the receptor protein importin, 
resulting in importin-mediated nuclear transport. While further 
experimentation is required to ascertain the effects of both protein 
and nucleic acid binding to the PNA peptide mimic, this work 
demonstrated the feasibility of utilizing a complex peptide sequence 
for function, opening the doors to numerous applications in 
bioorganic chemistry and molecular biology. 

 Building upon the concept that PNA can be interpreted 
as a peptide mimic, our lab imagined the possibility of deriving 
controlled structural behavior through complex amino acid 
sequences. Inspired by peptide amphiphiles, we hypothesized that 
integrating a defined sequence of hydrophobic and hydrophilic 
amino acids along the PNA backbone would impart amphiphilic 
character. This “protein code” would then promote self-assembly 
under aqueous conditions.  To demonstrate this assembly 
functionality, we synthesized γ-PNA monomers containing alanine 
and lysine side chains and incorporated them as a complex amino 
acid sequence in the backbone of a PNA oligomer complementary to 
the commonly utilized oncogenic miRNA-21 (Figure 9A).98 We also 
synthesized and incorporated a monomer having the solvatochromic 
dye 4-dimethylamino-naphthalimide (4-DMN) at the hydrophobic 
terminus of the PNA amphiphile, speculating that such placement 
would lead to an increase in fluorescence upon assembly due to the 
change in the solvation state of the dye, enabling us to monitor the 
assembly process in solution. Fluorescence spectroscopy confirmed 
the assembly of PNA amphiphiles under aqueous conditions and TEM 
and DLS validated the formation of discrete micellar architectures 
(Figure 9C). Experimental observations also indicated that 
unmodified PNA forms a small number of amorphous aggregates 
while diblock PNA-amino acid conjugates form larger, indeterminate 
aggregates. Together, these data support our hypothesis that 
internal side chains are uniquely able to impart controlled assembly 
analogous to peptides. We then envisioned accessing the 
“nucleotide code” of the PNA amphiphiles through target 
hybridization to drive stimuli-responsive disassembly or 
morphological changes (Figure 9B). CD and thermal denaturation 
experiments confirmed the ability of the target miRNA-21 to bind the 
PNA amphiphile assemblies and form PNA:RNA duplexes. 

 

Figure 8: Chemical structure of PNA trimer with embedded NLS 
peptide sequence PKKKRKV. Side chains alternate between γ- and 
α-positions. “Rho” indicates a rhodamine dye. 
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Fluorescence spectroscopy and TEM revealed the disappearance of 
assemblies with addition of a target sequence, while assemblies 
were retained in the presence of a scrambled sequence (Figure 9D). 
Thus, we designed a “bilingual biopolymer” using the PNA scaffold to 
encode complex structural information through a backbone-
embedded amino acid code that simultaneously contains a nucleic 
acid code capable of directing stimuli-responsive supramolecular 
conformational changes through specific molecular recognition. This 
demonstrates the versatile and information-rich dual nature of PNA 
as a peptide and nucleic acid mimic. 

 As this example shows, the PNA scaffold is highly 
programmable, granting access to both nucleic acid and amino acid 
sequences for information storing and processing. Our bilingual 
biopolymer motif utilizes both information codes to undergo self-
assembly and to conformationally respond to environmental stimuli 
in the form of target nucleic acids. The capacity to respond to a 
variety of specified nucleic acid targets offers significant potential for 
applications in therapeutics, diagnostics, and biotechnology. Though 
initially focusing on micellar architectures, we anticipate this 
approach to be viable for organization into many other proteinogenic 
structural motifs such as sheets or coils, which can in turn be of use 
for the creation of bioinspired materials. Moreover, considering the 
possibility that proteins can interact with peptide-like PNAs, we 
envision the construction of tunable, user-defined adapters between 
specific protein and nucleic acid targets. 

Conclusions and Future Perspectives 
  Nearly three decades have passed since Nielsen and 
coworkers first invented PNA and described it as the “molecule with 
two identities.”99 Since then, researchers have leveraged organic, 
biological, and analytical chemistry to develop and implement 
technologies using the unique properties of PNA. Specifically, PNA-
peptide conjugates and amphiphiles capable of self-assembly have 
garnered substantial interest owing to their strong chemical 
tolerance and ease of synthesis. PNA conjugates displaying 
improved cell permeability, self-assembly, and nucleic acid 
hybridization have also been demonstrated. Taking a different 
approach, backbone-modified PNAs have been developed by 
integrating specific side chains having unique chemical properties 
into the sequence of the PNA oligomer itself. Myriad functional 
groups can be included at precise positions to allow the tuning of 
physicochemical properties such as cell permeability, solubility, and 
affinity for complementary nucleic acids.  

  Each of the major approaches to alter the properties of PNA, 
either through conjugation or backbone modifications, have 
primarily focused on enhancing its function as a nucleic acid. The 
perception of PNA as a peptide mimic, the other “identity” 
expressed by Nielsen and coworkers, represents a relatively new 
adventure in the world of PNA design. Our lab and others have 
demonstrated sophisticated examples wherein a complex amino 
acid code embedded into the PNA backbone is capable of driving 
activity or intermolecular assembly for structure and function. 
However, additional investigation is required to fully understand the 
underlying properties and further advance this technology. 
Specifically, design rules will need to be established that allow for 
predictable structural or functional outcomes dependent on the 
PNA sequence, length, and identity of the embedded amino acid 
modifications. For example, does increasing the hydrophobicity of 
the side chains alter the size, critical assembly concentrations, or 
morphology of amphiphilic assemblies?  Are total charge and amino 
acid identity important for assembly, stability, and subsequent 
activity? Can we access higher order structural motifs such as coils 
and sheets through incorporation of different amino acid sequences? 
With advancing knowledge about the synthesis and properties of 
PNA, it will become possible to answer these questions in the near 
future. With the multitude of natural and unnatural amino acid side 
chains available for precise placement along the PNA scaffold, the 
capabilities of this dual information coding biopolymer are limited 
only by our imagination. 
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