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Peptide-DNA conjugates as building blocks
for de novo design of hybrid nanostructures

Mathias Bogetoft Danielsen,’? Hanbin Mao,* and Chenguang Lou’*

SUMMARY

Inspired by nature, modern nanotechnology has enabled the bot-
tom-up construction of molecular machines and nanorobots using
two different biomolecular building blocks, DNAs or peptides. As
an emerging research field, synergizing these two biomolecular co-
des into a single nanostructure has provided super-powerful molec-
ular tools into the arsenal of modern nanotechnology. Among them,
peptide-DNA conjugates possess both attributes of peptide and
DNA and can be arbitrarily predefined in given structural configura-
tions, standing out as unique nanoscale building blocks for de novo
design of instrumental nanostructures that otherwise could not be
composed by using DNA or peptides only. Herein, the term peptide
is used in the broadest sense, including oligopeptide, polypeptide,
and protein. In this tutorial review, we survey the main progress
made within the past decade in how to use peptide-DNA conjugates
as nanoscale bricks to self-assemble hybrid nanostructures for
different chemical and biological purposes. A concise perspective
is included for existing challenges and potential future research di-
rections. Looking to the horizon, peptide-DNA conjugates may
serve as key structural elements in the coming decade to enable
the bottom-up construction of advanced molecular machines, even
comparable to those cellular organelles evolved by nature.

INTRODUCTION

Directed self-assembly of building-block-like molecules is an alluring strategy to
form large chemical structures, where the intermolecular interaction patterns be-
tween the building-block-like molecules are casted to nano-, micro-, and even up
to macroscale levels to drive self-evolved assembling processes. Nature uses dou-
ble-stranded (ds) DNA/RNA to encode the genetic information of most life forms
on Earth via the Watson-Crick hydrogen bonds, namely cytosine paired with guanine
(C-G) and thymine/uridine paired with adenine (T/U-A). These two highly specific
base-pair interactions have been repurposed to cause a boom in the development
of DNA nanotechnology within the past few decades. Since the concept was pro-
posed by Seeman in the 1980s,"? a wide range of DNA nanoscale architectures
have been assembled to customize different chemical, biological, diagnostic, and/
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are two exceptional modalities, capable of binding to specific targets or catalyzing
different types of chemical reactions over a wide range of substrates (DNA, RNA,
porphyrin, thymidine dimer, nucleopeptides, amino acids, esters, amides, etc.);
however, almost all of them are composed of single-stranded (ss) nucleic acid se-
quences and thus are not regarded as nucleic acid nanostructures.”® Antisense
technologies are interfering pathways to regulate gene expression by using ss oligo-
nucleotides (ONs) or ds RNAs with the help of auxiliary enzymes and protein com-
plexes, which also fall out of nucleic acid nanostructures.”'? The same principle

" molecular beacons,’” and mRNA vaccines'®

also applies to triplex technology,
where only ssDNA or ssRNA sequences are involved. Toehold-mediated strand
displacement has been widely used for signal amplification of various biological
cues, but the systems are composed of separate ss ONs.'* Readers are referred to

other comprehensive reviews for these applications.*'®

When the genetic information is decoded from DNA/RNA, nature uses 20 canonical
amino acids to compose other types of biopolymer protein that are responsible for
most cellular biological functions. After they are translated in the ribosome, the pro-
teins are transported to the endoplasmic reticulum for correct folding. The primary
protein structures fold to form the secondary structures (such as a helices and B
sheets) and then to their tertiary and quaternary structures (such as coiled coils
and subunit associations) to acquire skeletal mechanics, tensile elastics, catalytic ac-
tivities, and/or recognition abilities. In the last two decades, highly specific interac-
tion patterns of the secondary/tertiary structures in natural proteins have been lever-
aged to the surge of peptide nanotechnology for the de novo design of enzyme
mimics and the bottom-up construction of artificial protein structures.'” For a thor-
ough overview, we suggest exploring other recently published reviews.?*~?* Despite
significant progress that has been made in structural peptide/protein nanotech-
nology, the intricate sequence-structure relations are not fully understood yet.
How to maneuver the protein functions like nature by actuating several amino acid
residues and/or short peptide motifs of their primary sequences is not fully known.
Given the versatile biological functions offered by 20 amino acid building blocks,
the structural peptide/protein nanotechnology is limited by the lack of programma-
bility from one-dimensional (1D) primary sequence to three-dimensional (3D) topo-
logical folding.

A rational design principle is to coherently combine these two powerful nanoworld
codes, DNA and proteins/peptides, into a single macromolecule to synergize the
high structural programmability of DNA nanotechnology and versatile chemical
functions offered by peptides/protein sequences. This strategy is surmised to unveil
a new chemical dimension that the single use of each modality is unable to access.
Gratifyingly, although the research field is only slowly emerging in recent years, sig-
nificant progress has been made to illuminate the power of this unique molecular
tool for various chemical and nanotechnological applications. In this tutorial review,
we introduce the seminal works and milestone advances made within the past
decade to provide a retrospective for this new research area. We set the
following criteria to highlight the vital role of cross-domain synergy between DNA
and peptides/proteins in the hybrid nanostructures: (1) DNA component strands
and peptides/proteins are covalently conjugated, (2) both the DNA domain and
the peptide/protein domain can be self-assembled in an orthogonal manner, (3)
each domain has more than one component strand, (4) the self-assembly processes
are highly cooperative via intermolecular interactions, and (5) cross-domain interac-
tions are allowed for higher-order structures. A few non-covalent conjugation exam-
ples are also included to demonstrate a broad sense of DNA-peptide/protein
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conjugates for nanotechnological uses. However, due to the space limit, we apolo-
gize that we are unable to cover all the progress made in this emerging research
field. For an in-depth overview of DNA-peptide/protein conjugates for other appli-
cations such as surface display, templated functional assembly, enzyme cascades,
protein/peptide encapsulation, and targeted delivery, we refer the readers to other
excellent reviews/articles published recently.’"#=%%

In the following sections, we briefly introduce the commonly used chemical methods
for bioconjugation of DNA to peptides/proteins. Afterward, four different subsec-
tions are included in order of increasing hierarchical complexity to demonstrate
that peptide-DNA conjugates can be exploited as building-block-like parts to
assemble various hybrid nanostructures: (1) using peptide-ON conjugates to
assemble hybrid nanostructures, (2) using peptide-DNA nanostructure conjugates
to assemble hybrid nanostructures, (3) using protein-ON conjugates to assemble
hybrid nanostructures, and (4) using protein-DNA nanostructure conjugates to
assemble hybrid nanostructures. Finally, concise conclusions are given for the cur-
rent challenges and our perspectives.

CHEMICAL METHODS TO COMPOSE PEPTIDE-DNA CONJUGATES

Various chemical methods have been developed to connect peptides to DNAs
either covalently or non-covalently, catering for different chemical and biological
purposes. The covalent ligation produces a stable DNA-peptide hybrid macromol-
ecule and, in most cases, is realized via aminoacylations, orthogonal reactions,
Michael additions, and thiol oxidations (Figures 1A-1G). The non-covalent conjuga-
tion, however, takes advantage of the high binding affinity between two cognate en-
tities (one attached to DNAs and the other fused to peptides) to confine the DNA
and peptide modalities in proximity via protein-protein, protein-ligand, and
ligand-ligand interactions (Figure TH). Given the main topic as the recent progress
of peptide-DNA conjugates in chemical and nanotechnological applications, in
this section, we first elaborate on several user-friendly covalent methods that have
been widely used for quantitative DNA-peptide ligations. In these cases, small link-
ages are formed between peptides and DNAs and thus are considered not to signif-
icantly perturb the DNA and peptide functions. Then we briefly introduce the non-
covalent conjugation method. Other means that generate bulky linkers are out of
the scope in this section, and we recommend that interested readers explore recent

reviews on the topic.”*??’

Aminoacylation is widely used for DNA-peptide conjugation, where a new amide
bond is formed between an amino function and an activated carboxylic acid group
usually in the form of an NHS ester (Figure 1A). This method is highly efficient when
all free amine groups need to be acylated; for example, Nardin et al. reported suc-
cessful conjugations between amino-modified DNAs and dipeptides whose C-ter-
minal carboxylic acids were activated.?”~>? This method is also useful for attaching
multiple DNAs to a single protein where the lysine residues on the protein surface
can be readily reacted with the NHS-ester warhead. The DNA strands carrying the
activated NHS esters can be obtained by first incorporating amino functions and
then reacting them with homo-bifunctional linkers in excess (vide infra).>> A draw-
back of the aminoacylation chemistry is the lack of regiospecificity; all exposed
amine residues can be reacted with the activated esters. This can be problematic
when the defined number of DNAs should be attached to proteins, or a single
DNA strand needs to be conjugated to a specific amine residue of the protein. In
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Figure 1. Commonly used methods for conjugation of DNA to peptides/proteins

Biotin Streptavidin

Concanavalin A

Common methods include, but are not limited to, aminoacylation (A), CuAAC (B), SPAAC (C), Diels-Alder reaction (D), inverse electron demand Diels-
Alder reaction (E), thiol-maleimide Michael addition (F), disulfide bond exchange (G) and non-covalent interactions (H).

addition to the aminoacylation, Schiff base formation has also been reported for
peptide-DNA conjugation.*

Orthogonal reactions have been widely used to ligate DNAs and proteins/pep-
tides, among them copper-catalyzed alkyne-azide cycloaddition (CuAAC)***?
and strain-promoted alkyne-azide cycloaddition (SPAAC)**™>° predominate in
this area (Figures 1B and 1C). The reaction handles can be efficiently introduced
into DNA, peptides, and proteins. Most short DNA sequences are obtained via
solid-phase DNA synthesis, to which reaction handles can be furnished in a
customized manner. Likewise, reaction handles can be specifically addressed at
sub-nanometer resolution for DNA nanostructures/origamis by introducing the
corresponding modified staple strands. In the case of peptides and small proteins
accessible to solid-phase synthesis, reaction handles can be incorporated via arti-
ficial building blocks or modified amino acids almost in an arbitrary manner. For
large proteins, genetic coding of non-canonical amino acids via bacteria expres-
sion systems is the most common way to introduce the reaction handles. The re-
sulting peptides/proteins are then reacted with the DNAs to achieve the desirable
peptide-DNA or protein-DNA ligations. Various peptides, proteins, and viral cap-
sids have been conjugated to short DNA sequences and DNA origami structures
via either CuAAC or SPAAC reactions in the below sections. In addition, other
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highly specific reactions have also been employed to crosslink DNA and peptides/
proteins, such as Diels-Alder reactions®®>’ (Figure 1D) and inverse-electron-de-
mand Diels-Alder reactions®?°® (Figure 1E).

Alternative methods to ligate DNAs and peptides include the Michael addition*##°7-43
(Figure 1F) and the disulfide bond formation®'>*** (Figure 1G). Herein, Michael addition
refers to using the thiol groups as Michael donors and can be used to achieve site-spe-
cific ligation owing to the rare presence of cysteine residuesin natural proteins. For those
proteins that do nothave cysteine residues or have them buried deep inside the proteins,
point mutations can be introduced via protein engineering to display the wanted num-
ber of cysteine residues on the protein surface for DNA conjugation (the Michael accep-
tors are attached to DNAs, such as o,B-unsaturated carbonyl warheads). Parallel to the
Michael addition, when a second thiol function is present in DNAs, the two thiol groups
can be reacted with each other to form a disulfide bond between the protein/peptide
and DNA in oxidative conditions. Please note that the resulting disulfide bond is not a
stable linker that can be easily reduced to two separate thiols in the presence of reduc-
tants (glutathione [GSH], dithiothreitol [DTT], tris(2-carboxyethyl)phosphine [TCEP], etc.)

and thus reverse the protein-DNA ligation.>*>*

Benefitting from the natural amino acid residues (lysine and cysteine) of peptide/
proteins and the convenience to incorporate chemical functions (amino
group, thiol, alkyne, dibenzocyclooctyne [DBCO], bicyclononyne [BCN], trans-cyclo-
octene [TCO], etc.) into ONs via phosphoramidite chemistry, two different reactions
are usually combined to facilitate peptide-DNA bioconjugation (Figure 2). Bifunc-
tional linkers are commercially available for turning the chemical functions of pep-
tide/DNA to the wanted reaction handles, ready for the desirable crosslinking.
Some strategies are also discussed in the below sections: (1) changing the pre-
installed amino groups of DNA to strained alkynes, which are then conjugated to
the azido functions of peptide/proteins via SPAAC or by swapping the two click han-
dles the other way around**>%*%; (2) turning the epsilon-amine of lysine residues or
the free thiols of cysteine residues of peptide/proteins to azido functions that are
clicked to alkyne-modified DNAs through CuAAC or inverting the two click han-
dles®”*"#2; (3) converting the exotic amino groups of DNA to maleimide functions
for crosslinking to the free thiols of peptide/proteins via Michael addition, where
the two functional groups are exchangeable®**?>7¢1:¢3; (4) adapting the free amino
groups of DNA to activated thiol functions for conjugation with the cysteine residues
of peptide/proteins through thiol-disulfide exchange®'>*°*; and (5) transforming
the lysine residues of peptides/proteins to tetrazine functions that can be clicked
to TCO-modified DNA via inverse electron demand Diels-Alder reaction.>?

Finally, the connection of peptides to DNAs was also realized via non-covalent inter-
actions (Figure 1H). One of the most popular methods (Figure 1H, top)
takes advantage of the highly specific binding event between streptavidin
and biotin.®>°® The dissociation constant (Kp) was reported to be as low as 10~
M for monovalent binding,®” and thus the binding strength is considered comparable
to covalent crosslinking. In addition, mannose-concanavalin A (ConA) interaction was
also utilized to produce stable DNA-peptide hybrid structures (Figure 1H, bottom),%®
but it was found to be weaker than the biotin-streptavidin interaction. Coordination
chemistry was also developed for non-covalent DNA-peptide crosslinking using hex-
ahistidine (His¢)-containing proteins and nitrilotriacetic acid-modified DNAs in the
presence of a nickel cation as the coordination center.®””! Other methods have
also been reported for non-covalent peptide-DNA crosslinking, including
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Figure 2. The homo-bifunctional and hetero-bifunctional linkers are widely used for DNA-peptides/proteins conjugation
The listed ones have been used in the select seminal works and milestone advances (vide supra).
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electrostatic/specific peptide-DNA interactions,”””’? ligand-aptamer interactions,”?

natural protein-protein interactions,”* and protein-DNA interactions.”>~®

USING PEPTIDE-DNA CONJUGATES TO ASSEMBLE HYBRID
NANOSTRUCTURES

In this section, we start from the simplest peptide-ON conjugates (POCs) composed
of oligopeptides and short-ON component strands. Then the structural complexity
will be increased from ONs to DNA nanostructures and from oligopeptides to pro-
teins. Finally, the hybrid protein-DNA nanostructures are exemplified.

OLIGOPEPTIDES/POLYPEPTIDES CONJUGATED TO ONs AS THE
MONOMERIC UNITS

Extended secondary/tertiary structures in both DNA and peptide domains
The nanoconstructs described in this subsection consist of peptide and DNA do-
mains that do not have finite secondary or tertiary structures before or after self-as-
sembly. Such peptide-DNA systems usually consist of nonstructured peptide and/or
DNA subdomains, from which diverse and complex hybrid architectures have been
self-assembled.

Verbert-Nardin and co-workers reported a user-friendly synthesis method of cova-
lently conjugating a 12-mer polypyrimidine sequence to a diphenylalanine (FF)
dipeptide by joining the 5’ end of the ON to the C termini of the dipeptide via amide
bond formation (Figure 3A).*> When they were separated, the polyanionic nature of
ON made it well solvated by water molecules and cation screening in aqueous con-
ditions, whereas the hydrophobic FF domain was prone to self-assemble to form
fibrillar structures.”” Conjugating the hydrophilic ON to the hydrophobic FF do-
mains induced a morphology change from linear fibrils (FF dipeptide alone) into hol-
low spherical structures. For the latter, a double layer of hydrophilic ONs was
formed, one being exposed to the interior cavity and the other to the external
aqueous environment. Meanwhile, the conjugated FF domains were tightly stacked
against each other in the middle of the double layer to stabilize the whole spherical
structure. In contrast, co-incubation of preformed FF fibrils and free ONs was found
to disrupt the fibrils and fail to produce any spherical structures, showing that the co-
valent conjugation played a key role in the POC self-assembly. Interestingly, the
spherical morphology was disrupted when urea was added (chaotropic agent).
This implied that hydrogen bonds may be formed between the neighboring ON
strands, which could contribute to stabilizing the spherical structures. The self-
assembled structures were proposed to be used as responsive nanocarriers for
drug delivery. When sulforhodamine B was encapsulated as a model compound,
the spherical structures released the fluorophore molecules responsive to the pH
decrease from 6.5 to 4.5. The destabilizing effect was ascribed to cytosine proton-
ation in the hydrophilic ON domain, highlighting that both the ON and FF domains
play indispensable roles in the spherical structure formation.

The concept was further developed by Goodwin and co-workers, who designed a
potential delivery system using the FF dipeptide attached to either a DNA strand
or polyethylene glycol (PEG5000) via a pH-responsive hydrazone bond (Figure 3B).**
The N-terminal amino groups of the FF dipeptide were alkylated using
4-(bromomethyl)-benzaldehyde. The PEG5000 and poly-T strand (15-mer) were de-
signed to have a hydrazide function. An intermolecular crosslinking between the
aldehyde and hydrazine groups resulted in hydrazone formation. The authors then
mixed the two hybrid molecules in different ratios to form the wanted vesicular
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Figure 3. The peptide and DNA domains self-assembled into extended secondary/tertiary
structures in the different nanoscale architectures

(A) Spherical structures formed by FF-DNA conjugates. Reproduced with permission from Gour
et al.”” Copyright 2012, Royal Society of Chemistry.

(B) pH-responsive spherical structures formed by FF-PEG5000 and FF-DNA conjugates.
Reproduced with permission from Hafenstine et al.** Copyright 2015, John Wiley and Sons.

(C) Macromolecular self-assemblies formed by WW-DNA conjugates. Reproduced with permission
from Gour et al.*" is licenced under CC BY 3.0.

(D) Controlled aggregation of KLVFFA-DNAs. Adaptation from the article by Gour et al.,*®
Copyright 2015, Elsevier.

(E) Responsive supramolecular architectures composed of Fmoc-FF-DNAs and Fmoc-FF-OH.
Adapted with permission from Daly et al.”’ Copyright 2019, American Chemical society.

structures. No significant change was observed between the formed vesicles, either
when incubating the FF-PEG system alone or as a mixture between the FF-DNA/FF-
PEG constructs. As expected, the hydrazone bond cleavage was triggered when the
pH was lowered from pH 7.4 to pH 5, leading to the separation of the FF and DNA
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domains. The released FF molecules then self-assembled to form fibrils without any
DNA component trapped inside.

In a follow-up study, Vebert-Nardin et al. replaced the FF domain with a ditrypto-
phan (WW) dipeptide to explore further the macromolecular self-assembly (Fig-
ure 3C).%" Thus, the WW dipeptide was conjugated to the 12-mer polypyrimidine
DNA sequence via an amide formation. When the resulting WW-DNA hybrid mole-
cule was incubated in the given experimental condition, two different macromolec-
ular self-assemblies could be formed. With low concentrations of WW-DNA hybrid
molecules, spherical nanostructures were produced. However, at the high concen-
tration, fibrils were obtained. The spherical structures were facilitated by the m-
stacking between the WW domains and the hydrogen bonds between the DNA
component strands. The latter interaction was found to be vital. The spherical struc-
tures were dissociated upon addition of either urea or complementary DNA strands.
The inherent fluorescent property of the conjugated WW domain opened a door to-
ward label-free optical sensing of nucleic acid strands for diagnostic applications.

To better understand the controlled aggregation of peptide-DNA hybrid molecules,
Nardin and co-workers further replaced the WW dipeptide with a hexapeptide,
KLVFFA (Figure 3D).?° This 6-mer peptide sequence is derived from the central hy-
drophobic core of amyloid-p peptides and is indispensable for the pathological ag-
gregation of amyloid-B peptides to form neurotoxic oligomers and fibrils associated
with the onset of Alzheimer’s disease.?® This hexapeptide was covalently conjugated
to the same 12-mer polypyrimidine DNA sequence in a similar manner. The resulting
KLVFFA-DNA conjugate could self-assemble into amyloid-like fibers in the given
experimental conditions. When the complementary DNA strand was present, the
self-assembly process was reoriented to produce spherical structures. In the latter
case, the induced morphology change was ascribed to the hydrogen bonds being
significantly disrupted between the conjugated DNA strands. The preformed pep-
tide-DNA fiber was not perturbed by adding the same DNA complement, showing
that the hydrogen bonds were well shielded. Decreasing the pH from 7.2 to 2.5 re-
sulted in the protonation of the N3-positon of the cytosines, which in turn weakened
the hydrogen bonds between the conjugated DNA strands and disrupted the planar
nature of the fibrils, finally leading to the formation of spherical structures. Taken
together, these results highlighted the contribution of the hydrogen bonds between
the conjugated DNA strands to drive the aggregation of the hexapeptide-DNA
hybrid molecules to form amyloid-like fibers.

The hydrophobic stacking of FF dipeptide to form fibers and the Watson-Crick base
pairing of complementary DNA strands to form double helices were both utilized by
Freeman and co-workers to construct responsive supramolecular architectures
composed of peptide-DNA copolymers (Figure 3E).*” The FF dipeptide retained a
Fmoc group at the N terminus and was modified with an azide group at the C-termi-
nal residue. A 19-mer DNA sequence was designed to have a DBCO function. The
SPAAC reaction between the Fmoc-protected FF dipeptide and the DNA sequence
resulted in the desired FF-DNA hybrid molecule. In the freshly prepared FF-DNA;q
solution, short filament structures were formed. In contrast, when the FF-DNA5 so-
lution was annealed, very long twisted fibers were formed. Adding a DNA intercala-
tor dye and DNA complements to the preformed FF-DNA, fibers revealed that only
around 5% of the total ssDNA component was available for hybridization; 95% of the
conjugated ssDNA strands remained unhybridized and persisted on the surface of
the FF-DNA 5 bundles. These findings inspired the authors to mix two complemen-
tary DNAs, each carrying a Fmoc-FF moiety. In addition to the expected fibers,
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larger twisted bundles were also formed, probably due to the multiple cross-fiber
hybridization events of complementary DNAs. The dimensions of these twisted bun-
dles were further tuned by temperature change and strand displacement to demon-
strate the reversibility of this assembled hierarchical structure. Meanwhile, the au-
thors also elongated the DNA sequence from 19-mer to 46-mer to explore
whether the DNA length could influence the self-aggregation process. Significant
changes were noticed in the morphology, dimension, and helicity of the resulting
long FF-DNA fibrils. Overall, the studies in this section highlight that both peptide
and DNA components of the peptide-DNA hybrid molecules contributed signifi-
cantly to the self-assembly process. The resulting nanoscale architectures could
be actuated by changing various parameters, including pH, concentration, temper-
ature, time, complementary DNA, differences in peptide sequences, ionic strength
of the buffer, and DNA length.

Finite canonical/non-canonical secondary structures are formed in the DNA
domains

Most proteins must fold into their specific 3D configurations to impart target recog-
nition and catalytic functions. For many of them, a decent proportion of the whole
protein motif acts as a templating scaffold to organize the active site composed of
amino acid residues and/or short peptide motifs. A rational design of artificial pro-
tein structures is to explore the possibility of using stable and programmable bioma-
terials to replace these vulnerable proteogenic scaffolds to engineer the amino acid
and peptide display in a precise manner. For example, Hamilton et al. pioneered the
use of a non-canonical nucleic acid secondary structure to confine two looped pep-
tide strands in proximity to imitate the antibody-binding domain (Figure 4 A).?® A
pair of guanosine-rich ssDNA sequences were conjugated to the C and N termini
of each peptide via the CUAAC reaction. Two different peptides were used in this
study. The two ssDNAs could self-assemble into either a homogeneous or heteroge-
neous G-quadruplex in the presence of an alkali cation (K" or Na™). Thus, the self-as-
sembly of four ssDNAs induced two different peptide configurations, two peptide
strands being anchored on the same face or on the two opposite faces of the
G-quadruplex scaffold. A tetrameric form was also noticed, where four peptides
were sandwiched by two G-quadruplex structures. The self-assembly of peptide ho-
modimer and heterodimer on the same face of the G-quadruplex template was
further explored. This study unveiled that DNA secondary structures could serve
to template artificial protein mimics of antibody-binding domains.

Taking a step further, Lim and Kye coherently combined two different biomolecular
interactions, peptide B sheet formation and DNA duplex hybridization, to realize the
de novo design of deoxyribonucleoproteins (Figure 4B).*® The peptide contained a
13-mer segment for B sheet self-assembly, which was sandwiched by an alkyne func-
tion at the N terminus and a trimeric arginyl-glycyl-aspartic acid (RGD) repeat at the
C terminus. The alkyne function was used for DNA conjugation via the CUAAC reac-
tion, and the extended RGD repeat was designed to promote cell internalization.
Each ssDNA sequence was chemically modified with an azide function at the 5
end. The click ligation between the peptide and DNA was accomplished through
an on-resin fragment ligation method, where the free peptide was conjugated to
the ssDNAs that were anchored to the solid supports. The desired peptide-DNA
conjugates were then cleaved from the supports. The peptide was clicked to two
different ssDNA sequences; one was a 20-mer antisense strand that could bind to
the sense mRNA to inhibit the green fluorescent protein (GFP) expression, and the
other served as a passenger strand (18-mer). When the two peptide-ssDNA conju-
gates were mixed in an equimolar concentration, a toroid-shaped nanoassembly
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was obtained, of which four dsDNA helices and one B sandwich were aligned
perpendicularly to the 9-nm diameter circular plane. The dsDNA helices were
located close to the toroidal surface, while the B sandwich was buried inside the
toroidal tube. The hydrophilic RGD repeat also resided at the toroidal surface.
The central pore formation was due to the electrostatic repulsion between the cen-
tral dsDNA helices. When the peptide B sheet formation preceded the DNA duplex
hybridization, homogeneous toroids were observed. The same architectures were
obtained when the self-assembly order was reversed. Such structure formation en-
joys the privileged synergy between the two different types of biomolecular interac-
tions. This toroidal object was explored further as a vehicle to deliver the antisense
ON into the cytoplasm, where the latter could bind to the GFP-encoding mRNA and
inhibit the GFP expression. The results were compared to the antisense ON control
(transfected by Lipofectamine 2000). The toroidal object induced strong mRNA
knockdown and showed reduced cell toxicity compared to the transfected antisense
ON control. The presence of the passenger strand was found to be beneficial in
improving the recognition specificity of the antisense strand for gene regulations.

The combined use of peptide B sheet formation and DNA duplex hybridization was
extended by Ashkenasy et al. to form concentric bilayer nanostructures (Figure 4C).>*
An amphiphilic peptide composed of repetitive EF dyads was conjugated to two
ssDNAs via the CuAAC reaction. The peptide alone could self-aggregate to form
B sheet fibrils, while the two ssDNAs were designed to be complementary to each
other. Doping a small amount of two peptide-ssDNA conjugates (1:1 molar ratio)
into the amphiphilic peptide stock solution was found to stiffen the fibrils. Increasing
the amount of two peptide-ssDNA conjugates (1:1 molar ratio remained) resulted in
the spherical structure formation along the fibril skeleton. By pushing the content of
two peptide-ssDNA conjugates (1:1 molar ratio was held) to 100%, spherical struc-
tures were formed with sizes ranging from 20 to 180 nm. In this case, the free peptide
solute was absent in the mixture. These spheres shared an onion-like architecture
where the DNA and the peptide layers were arranged in an alternating manner.
Both peptide B sheet formation and DNA duplex hybridization contributed signifi-
cantly to the spherical stability. These spherical nanostructures were explored
further as vehicles for encapsulating two model compounds (thioflavin T and doxo-
rubicin [DOX)]). The stimuli-responsive release of encapsulated DOX molecules was
also investigated. While further research is still needed before applying them for
drug delivery in vivo, this proof-of-concept work sheds light on assembling pep-
tide-DNA conjugates as potential drug carriers.

Relying on the cooperative synergy between peptide aggregation and DNA duplex
hybridization, Yang et al. realized the programmable self-assembly of temperature-
responsive nanospheres (Figure 4D).?? A hydrophobic elastin-like polypeptide (ELP)
was covalently ligated to each ssDNA via the CUAAC reaction. The chosen ELP could
undergo liquid-liquid separation to form coacervates when the peptide solution was
heated above the transition temperature. Two pairs of complementary ssDNAs were
used; one could form a fully paired dsDNA, while the other had an unpaired ssDNA
region for binding to other ssDNAs. As a result, two pairs of peptide-ssDNA conju-
gates were obtained. When mixing each pair in a buffer solution, stable hollow nano-
spheres were self-assembled (ca. 55-58 nm in diameter). A bilayer structure was
likely formed, where the interior and exterior dsDNA layers sandwiched the middle
ELP aggregate region. Both peptide aggregation and DNA duplex hybridization
were important for the nanosphere self-assembly. When the solution was heated
above the ELP transition temperature, the nanospheres shrank significantly, with
their diameters being halved. When the solution temperature was cooled to below
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the ELP transition temperature, these nanospheres could restore their original sizes.
Further studies showed that most nanospheres could enter HepG2 cells (from hu-
man liver cancer cells) through caveolin-mediated endocytosis. Thus, they were
also employed as drug carriers to deliver the anti-cancer drug DOX into the
target cells.

Reversible superstructured networks were successfully realized by orchestrating
three orthogonal interactions, namely aliphatic segment hydrophobic collapse,
peptide B sheet formation, and DNA duplex hybridization, in a seminal work from
Stupp and co-workers.”> These supramolecular architectures are reminiscent of
how nature can master non-covalent interactions at the angstrom level to maneuver
reversible hierarchical self-assembly of natural proteins at the macroscopic level. A
peptide amphiphile was first conjugated to two complementary ssDNA strands via
an SPAAC reaction. The resulting two peptide-ssDNA conjugates were then mixed
with unmodified peptide amphiphiles in excess for the bottom-up construction of
reversible superstructured networks (Figure 5A). The conjugated peptide amphi-
phile domains self-aggregated with neighboring free peptide amphiphiles through
hydrophobic collapse and B sheet formation into long fibers. The remaining hydro-
philic ssDNA parts protruded from the fiber surface and bound via Watson-Crick
base pairing to their DNA complements anchored on other fibers. Thus, the long
peptide amphiphile fibers could further associate with each other to form large
micrometer-sized bundles in the hydrogel. Further simulations revealed that such
bundle formation could only occur in a very narrow thermodynamic energy window,
where (1) the interaction between peptide amphiphiles was strong enough to form
stable fibers but weak enough to allow dynamic exchange, and (2) DNA duplex hy-
bridization was strong enough to sustain stable inter-fiber crosslinking: the number
of DNA duplex hybridization events should allow sufficient inter-fiber crosslinking
bridges while not being so large that the system is kinetically locked (the bundle for-
mation was disabled). When one ssDNA component was extended to an overhang
region, adding an invader ON could trigger the dissociation of the hybridized
dsDNA via strand displacement. As a result, the bundle formation disappeared.
This event could be reversed by adding an anti-invader ON sequence. This unique
biophysical property was further employed to explore how cortical astrocytes re-
sponded to bundled fibers and individual fibers as two different culture substrates.
The ssDNA components were further replaced with peptide nucleic acids and oppo-
sitely charged peptide sequences to evaluate their impacts on the bundled fiber
formation.

Parallel to the wide use of linear POCs in the self-assembly of infinite nanostruc-
tures, Lim et al. observed that cyclic POCs could self-organize to form distinct ar-
chitectures when compared to their linear counterparts (Figure 5B).*? The chosen
peptide was equipped with an N-terminal maleimide and a C-terminal alkyne func-
tion groups, while each ssDNA sequence had an azide group at the 5" end and a
thiol group at the 3’ end. The peptide was conjugated to each ssDNA via a Michael
addition to afford a linear POC, which was further cyclized via a CuAAC reaction to
achieve the wanted cyclic POC. When two cyclic POCs contained complementary
ssDNAs, the base-pair interaction between these two ssDNAs was weakened rela-
tive to the two linear POC counterparts. This was ascribed to the restrained con-
formations of both cyclic POCs. Incubation of individual cyclic POCs produced ho-
mogeneous spherical aggregates in solution, while the corresponding linear POCs
led to a heterogeneous population of fibrous aggregates and spherical micelles. In
all formed nanostructures, the peptide domains were stacked in the center, which
was shielded by a hydrophilic DNA layer. Doping a second POC containing the

¢? CellPress

OPEN ACCESS

Cell Reports Physical Science 4, 101620, October 18, 2023 13




Cell Reports

¢? CelPress Physical Science
OPEN ACCESS

Peptide code
2P0 B —_—

C16V3AsE:Ks C16V3AsPeg:2E:Ks

Intact DNA duplex formation Partial DNA duplex formation

Complementary Complementary

M strand added —— /m : strand added
~ : Cﬁ B
N

Self-assembly

LinPOC-1 Heterogeneous aggregates
Self- assembly

CycPOC-1 Homogeneous aggregates

@)

g
]
750 1000

500

I
250

0 04 0.8 12 1.6 0 250 500 750 1000

=3
[ .
0
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(A) Bottom-up construction of reversible hybrid superstructured networks. Adapted with permission from Freeman et al.*> Copyright 2018, AAAS.
(B) Cyclic and linear POCs could self-assemble into distinct extended nanostructures. Reproduced with permission from Kye et al.”? Copyright 2021,
Wiley-VCH.
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Figure 6. Both the DNA domain and the peptide domain formed finite secondary/tertiary structures in the peptide-DNA conjugate self-assemblies
(A) A peptide trimeric coiled coil was templated by a nucleic acid triple helix. Adaptation from the article by Lou et al.** is licenced under CC BY 4.0.
(B) A miniature peptide coiled-coil trimer was scaffolded by the nucleic acid triple helix hybridization. Reproduced with permission from Lou et al.*’
Copyright 2017, Wiley-VCH.

(C) Polarity and chirality effects were interrogated between the peptide coiled coil and the nucleic acid triplex domains. Reproduced with permission
from Lou et al.*® Copyright 2020, Wiley-VCH.

(D) Chirality transmission was unveiled at a single-molecule level between the peptide coiled coil and the nucleic acid triplex. Adaptation from the
article by Pandey et al.*® is licenced under CC BY 4.0.

DNA complement could change the self-assembly behavior, which the authors
noticed in atomic force microscopy (AFM). Mixing two cyclic POCs produced a
loose and less associated structure, whereas two linear POCs self-assembled
into a highly dense structure. The authors speculated that the structural difference
originated from the weaker base-pairing ability between two cyclic POCs when
compared to their linear counterparts. However, reprogramming of early nano-
structures, similar to the pathway reported by Stupp and co-workers,*> could not
be completely ruled out.

Finite secondary/tertiary structures are self-assembled in both DNA and peptide
domains

Nucleic acid hybridization and protein topological folding are two highly specific
recognition events. Coherently unifying them into a single nanoscale architecture
to create the hybrid structure is a formidable challenge. This strategy would not
only provide a bottom-up method to use nucleic acid hybridization to manipulate
the topological folding of the involved polypeptides (or vice versa) but also open
a new chemical dimension in which the power of DNA nanotechnology and peptide
nanotechnology could be combined in synergy to enable the assembly of unprece-
dented functional macromolecules that are impossible with either technique alone.
For these purposes, a structural orthogonality is usually required between the nu-
cleic acid secondary/tertiary structure and the protein secondary/tertiary structure.
However, designing such two orthogonal macromolecular structures is a challenging
task. Pioneering work from Wengel and Jensen and co-workers*® showcased the first
example of using a nucleic acid triple helix to facilitate the self-assembly of a peptide
trimeric coiled coil, a protein tertiary structure found in 5%-10% of all known protein
motifs®’ (Figure 6A). The peptide sequence was derived from CoilV,Ly (four

repeated heptads)®?

and was predisposed to self-assemble into a mixture of mono-
mer, dimer, and trimer in solution. Three ONs were designed to form a stable triple-
stranded helical structure at conditions close to physiological pH and ion strength.
Two ONs were hybridized via Watson-Crick hydrogen bonds to form a dsDNA.
The third ON could bind via Hoogsteen hydrogen bonds to the major groove of
the dsDNA to produce the desirable ON triple helix. Locked nucleic acid thymidine
and 5-methyl-2'-deoxycytidine monomers were incorporated into the third ON to
impart a high binding affinity toward the target dsDNA. The peptide had an N-ter-
minal azide group, while each ON had a bicyclononyne function group at either 5
end or 3" end. Covalent ligation between the peptide and each ON via the SPAAC
reaction afforded three wanted POCs. When mixing these POCs at a near-physio-
logical condition, a nucleic acid triple helix and a peptide trimeric coiled coil were
orthogonally assembled. A stabilizing cooperativity was noticed between these
two macromolecular domains: (1) the hybridization of nucleic acid triple helix pro-
moted the self-assembly of a stable peptide trimeric coiled coil, and (2) the peptide
trimeric coiled-coil formation could reciprocally augment the ON duplex and ON
triplex stabilities. Small-angle X-ray-scattering analysis and molecular modeling re-
vealed that the trimeric POC structure existed as a stable macromolecule at a low
micromolar concentration, and the solution was homogeneous. When the
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concentration was increased to ~7-fold, the trimeric POC structures could further
associate with each other to produce a dimer of trimer as the main species. This pro-
totype work revealed the potential of using orthogonal assembly principles such as
nucleic acid nanostructures to precisely control the intermolecular folding of multi-
ple peptide strands in a 3D space.

In a follow-up study,”* the same research team continued to explore the structural
orthogonality between the nucleic acid triple helix and the peptide trimeric coiled
coil by removing one heptad unit from the original peptide sequence (Figure 6B).
Thus, the new peptide contained only three heptad repeats, and its self-assembling
capacity was weakened.?” This peptide was conjugated to three ONs (same as in
their lead study) via the SPAAC reaction to generate the three wanted POCs. The
research objective was to evaluate whether (1) the same nucleic acid triple helix
nano-scaffold could template the formation of a short peptide coiled-coil structure
and (2) the structural orthogonality was well preserved between the two heteromo-
lecular domains. Please note that the only change the authors made was to shorten
the peptide motif by one heptad repeat when compared to those POCs in their lead
study. All biophysical measurements were carried out under identical conditions. A
miniature peptide coiled-coil trimer was successfully templated by the nucleic acid
triple-helix hybridization at the near-physiological condition. Similar cooperative
stabilization was noticed between the conjugated macromolecular domains,
notwithstanding at a somewhat reduced level. This was rationalized by the miniature
peptide coiled-coil trimer being less stable than the four-heptad version and thus
having a lower contribution to the cross-domain stabilizing synergy. Interestingly,
small-angle X-ray-scattering analysis and molecular modeling showed that the
self-assembled POC trimeric structure predominated as separate macromolecules
in solution at both low and high micromolar concentrations. This is in a stark contrast
to the prior study, where the corresponding POC trimers could further self-assemble
into a dimeric form at an elevated concentration. Combining the results, the peptide
domain played a pivotal role in this higher-order self-assembly, likely via an intermo-
lecular peptide-peptide interaction, which still needs experimental evidence to
confirm.

As a next step, the same team continued to explore whether the polarity of peptide
sequence would influence the cross-domain stabilizing cooperativity (Figure 6C).*
The three-heptad peptide was used, since no higher-order self-assembly was
observed for the corresponding POC trimeric structure.** To invert the sequence
polarity, the peptide was designed to have a C-terminal azido function, which was
used for conjugation to three cyclooctyne-modified ONs via the SPAAC reaction
to produce the wanted POCs. Among the three ONs, two for the DNA duplex forma-
tion were identical to those in their preceding work. For the third ON, locked nucleic
acid thymidine monomer was replaced with standard thymidine to facilitate the an-
nealing process of nucleic acid triple helix. Accordingly, the experimental pH was
lowered to 5.5 to maintain a stable nucleic acid triple-helix formation. By swapping
the ON conjugation from the N terminus to the C terminus of the peptide, two POC
trimeric structures were self-assembled, where the peptide coiled-coil trimer was
linked to the same ON triple-helix scaffold via either the N termini or the C termini.
The resulting two macromolecules could be considered as constitutional isomers,
despite a minute change for the interdomain linker region. Different stabilizing co-
operativities were noticed between these two constitutional isomers, with the N-ter-
minal conjugation being stronger than the C-terminal conjugation. This phenome-
non was ascribed to two possible causes: flipped dipole moment of the coiled coil
and different local chemical environments when comparing the N terminus to the
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C terminus. Meanwhile, the authors also employed unnatural L-DNA, the mirror-im-
age counterpart of natural D-DNA, as artificial nucleic acid scaffolds to template the
peptide coiled-coil formation. Relative to D-DNA, L-DNA is resistant to nucleolytic
degradation but preserves the same high plasticity and programmability. Likewise,
D-amino acids were also used to compose a D-peptide, a mirror-image structure of
the above L-peptide that comprised canonical L-amino acids. Therefore, two mirror-
imaged peptides were conjugated via the SPAAC reaction to a stereoisomeric pair
of six ONs, respectively, providing 12 POCs in total. These POCs were then used to
self-assemble four POC trimeric structures (DD, LL, DL, and LD), existing as two ste-
reoisomeric pairs. The experimental results provided evidence for a strong cross-
domain stabilizing cooperativity between the peptide coiled-coil trimer and the
ON triplex scaffold, which is uniformly present in all four POC trimeric structures.
Additionally, all six POC trimeric structures in this study predominated as individual
macromolecules in the given buffer condition and no higher-order self-assembling
event was observed.

Chirality transmission exists not only in small-molecule asymmetric reactions®*%°
but also in peptide/nucleic acid secondary structures, including peptide foldamers
and DNA double helices.®*"*®* However, such propagation usually demands that
the two interacting modalities are located to each other within the van der Waals
radii. It remained elusive whether (1) chirality transmission could take place in pep-
tide/nucleic acid higher-order structures and (2) chiral-to-chiral communication was
allowed beyond the van der Waals range for these higher-order structures. Benefit-
ting from the knowledge of POC trimeric structures and the ultrasensitive single-
molecule mechanical unfolding technique via optical tweezers, Lou and co-workers
combined the two laboratories’ expertise to explore the chiral-to-chiral communica-
tion between the ON triple helix and peptide coiled-coil trimer at a single-molecule
level (Figure 6D).*® A diastereoisomeric pair of POC trimeric structures were used,
where a D-peptide coiled-coil trimer and a mirror-imaged L-peptide coiled coil
were conjugated via the N terminus to the same D-ON triple-helix scaffold, respec-
tively. Herein, the D-peptide coiled-coil trimer held the same inter-strand screw
sense as that of the D-ON triple helix, whereas the L-peptide one had the opposite
inter-strand screw sense. If the proposed chirality transfer did exist, the D-peptide-
D-ON combination should be favored over the L-peptide-D-ON combination. All
POC components were synthesized using two stereoisomeric peptides and three
ONs via the SPAAC reaction following the same bioconjugation strategy developed
in the lead work. Each self-assembled POC trimer had two ssDNA regions that were
extended from the unconjugated side of the ON duplex and designed to bind to the
middle ssDNA regions of a long DNA handle (having a biotin function on one end
and a digoxigenin on the other end). The resulting nick positions were ligated to
form two perfect DNA duplex arms. A poly-T loop was inserted opposite to the
POC trimer structure to confine the dissociated POC strands in proximity to facilitate
the re-assembly process. The two ends of the long DNA handle were attached to two
beads (one was functionalized with streptavidin and the other with anti-digoxigenin).
These two beads were then entrapped by focused laser beams in solution to accom-
plish the single-molecule setup. A mirror was used to control one bead to move away
from the other, inducing the dissociation of the POC trimeric structure. After
removing the external force, the POC trimeric structure was self-assembled to the
original state, completing a measurement cycle. The repeated cycles produced
one or multiple populations of unfolding events from which the rupture forces
were measured. For most cases in this study, two unfolding events were obtained:
a high-rupture-force event and a low-rupture-force event. The former was assigned
to unfolding the POC trimer, while the latter was assigned to the POC dimer, where
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Figure 7. Conjugation of peptides to DNA nanostructures for self-assembly of various nanoscale architectures
|'62

(A) Uniform peptide nanopores were templated by a circular DNA nanostructure. Adapted with permission from Spruijt et al.”” Copyright 2018, Springer

Nature.

(B) DNA origami heterodimer formations could be mediated by a number of peptide coiled-coil dimer interactions. Adaptation from the article by Jin
et al.” is licenced under CC BY 4.0.

(C) Controlled self-assembly of cubic DNA origamis into very long nanofibers. Reproduced with permission from Buchberger et al.*” Copyright 2020,
American Chemical Society.

the third POC binding was prevented. When swapping the L-peptide coiled-coil
trimer to the mirror-imaged D-peptide coiled-coil trimer, the rupture forces of the
two diastereoisomeric POC trimers were identical. Nevertheless, the corresponding
POC trimer population changed significantly. The D-peptide coiled-coil trimer
induced a higher POC trimer formation than the L-peptide coiled-coil trimer. This
indicated that (1) a chiral-to-chiral communication existed between the mirror-
imaged peptide coiled-coil trimers and the D-ON triple helix, and (2) the
D-peptide-D-ON combination was favored. The authors then varied the interdomain
linker length to explore the effective distance of this new intermolecular force and
found it was effective within 4.5 nm, far beyond the van der Waals range. Molecular
modeling and small-angle X-ray scattering (SAXS) measurement revealed that the
interdomain linker region adopted tightly packed conformations, which likely
enabled the chirality transfer between the peptide and ON domains. This study
sheds light on an interesting natural phenomenon that neighboring coiled-coil do-
mains are usually folded to have the same screw senses in proteins.

The above-mentioned examples demonstrate that covalent ligation of peptides to
ONs leads to a new type of nanoscale building blocks that coherently combine
the two highly programmable self-assembly principles into a single macromolecule.
The obtained POCs can self-assemble into various architectures ranging from low-
nanometer diameters to macroscopic sizes. This was achieved via rational design
to fine-tune an elegant balance between the peptide-peptide interactions and the
ON-ON interactions. Finite and extended structures can be customized for the pep-
tide domain, for the DNA domain, or both. Diverse applications have been explored
for these prototype hybrid architectures, including drug delivery, controlled release,
stimulated neural cell response, de novo protein design, and new intermolecular
force discovery. Although it has slowly emerged in the last few years, the POC nano-
technology is expected to boom in the next decade to offer the scientific community
a powerful molecular tool, complementing the current nanotechnological arsenal.

Oligopeptides/polypeptides conjugated to DNA nanostructures as building
blocks

Membrane-spanning protein nanopores regulate transport across cellular mem-
branes. They have also found important applications in nanomedicine,?” DNA
sequencing,”’® and single-molecule analysis.?””" Most widely used protein nano-
pores can readily self-assemble and insert into the membrane with given pore
sizes.”””® However, it remained a grand challenge to engineer individual peptides
to assemble uniform nanopores with arbitrarily predefined sizes and controlled per-
mutations of peptide display. To address this challenge, Bayley and co-workers de-
signed a circular DNA nanostructure to harbor a defined number of amphiphilic pep-
tides to form uniform nanopores in planner lipid bilayers (Figure 7A).4? The
amphiphilic peptide used here derives from the D4 domain of octameric polysaccha-
ride transporter Wza and is used by Escherichia coli to form protein nanopores in its
membrane for extracellular polysaccharide transportation. The amphiphilic peptide
was unable to form stable open pores by itself.”® Twelve short DNA sequences were
used to assemble the desirable circular DNA scaffold in a diameter of 13.6 nm.
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Twelve dsDNA arms pivoted around the circular rim, which were used to anchor a
different number of amphiphilic peptides. Each DNA sequence had an amino func-
tion group at the 5’ end, while the amphiphilic peptide contained a cysteine residue
at the N terminus. The covalent ligation between 12 DNA components and the
amphiphilic peptide was completed via a hetero-bifunctional molecule called succi-
nimidyl-[(N-maleimido-propionamido)-diethyleneglycol] ester. As a result, 12 POCs
were obtained. The controlled permutations of peptide display were realized by
mixing the POCs (x) and unmodified DNA sequences (12-x) to assemble the circular
DNA scaffold. Only when eight POCs were mixed with four unmodified DNA se-
quences could the self-assembled nanostructure readily insert into the planner lipid
bilayers to form an artificial nanopore, and it remained stable for extended periods.
The resulting nanopore could be kept in an open state for multiple hours once a
high-conductance state was reached at the given applied potentials. No stable
nanopore could be formed when the DNA circular scaffold harbored fewer than
eight peptides. If more than eight peptides were involved, nanopores could be
formed but only expressed the same conductance as the peptide octamers. The
DNA circular scaffold played a vital role in pre-organizing the eight anchored amphi-
philic peptides; a complete loss of nanopores was observed 2 min after removing the
DNA circular scaffold. Interestingly, no stable pore formation was noticed when the
conjugation site was changed from the N terminus to the C terminus of the amphi-
philic peptide. This study paved an avenue toward the bottom-up construction of
uniform large nanopores templated by self-assembled DNA for various chemical
and biological applications.

Conversely, the peptide self-assembly principle can also be used to promote the as-
sociation of two DNA nanostructures. The more peptide-peptide recognition events
are involved, the stronger binding is expected between the two DNA nanostruc-
tures, whereby the dissociation constant can be estimated for the individual peptide
self-assembly module. When multiple peptide-peptide interactions are designed at
the interface, the actual state of polyvalency can be deconvoluted, which otherwise
would be impossible to measure. Woolfson and co-workers employed a neutral pep-
tide coiled-coil parallel heterodimer as the peptide self-assembly principle to join
two DNA nanostructures (Figure 7B).°> The two peptides were designed to have
four heptad repeats, where an asparagine residue was incorporated every two hep-
tad repeats to inhibit unwanted homodimer formation. One peptide had an azido
group at the N-terminal residue, while the other had it on the C terminus. These
two peptides were then clicked to two DBCO-modified ONs via the SPAAC reaction,
respectively. As a result, two POCs were obtained. Herein, the ON domains of the
two POCs could hybridize to the ssDNA handles extended from two DNA origami
nanostructures. Two readily distinguishable origami nanostructures were assem-
bled; one had a single sleeve wrapped around the central six-helix bundle, while
the other had two sleeves. This design allows the rapid determination of individual
origami monomers in electronic micrographs. Each DNA origami nanostructure had
either one, two, or three ssDNA handles protruding from one end. When incubated
with the corresponding POCs, the DNA Watson-Crick pairing between the ssDNA
handles and the POCs led to the predefined peptide display on each DNA origami
(one, two, or three peptides). Upon mixing two complementary DNA origami mono-
mers, they could associate through the peptide coiled-coil self-assembly. DNA
origami heterodimers were rarely observed by transmission electron microscopy
(TEM) when there was only one peptide for each origami monomer. The Kp value
(130 + 20 nM) derived from the single-peptide display was in good agreement
with the one (102 + 26 nM) determined from two free peptides in solution. When
each origami monomer had two peptides, the Ky value (25 £ 3 nM) decreased
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only five times, implying that a single-peptide coiled-coil heterodimer was formed
between the two origami monomers. The small improvement was ascribed to the
4-fold increase in possible contacts between two pairs of peptides to form a single
coiled-coil heterodimer. When both origami monomers had three peptides, the Kp
value (0.7 £+ 0.1 nM) was reduced by nearly two orders of magnitude relative to the
single-peptide display. This strongly suggested multiple peptide-peptide interac-
tions occurred between the two origami monomers: at least two peptide coiled-
coil heterodimers persisted simultaneously. This work offered a new method to
explore the real state of polyvalent interactions between nanostructures and may
inspire the development of more sophisticated peptide-DNA hybrid architectures
for various nanotechnological applications.

Peptide coiled-coil recognition could also serve as a main drive for the hierarchical
assembly of DNA origami nanostructures. Stephanopoulos and co-workers com-
bined peptide coiled-coil dimerization and DNA duplex hybridization to program
the self-assembly of a cubic DNA origami to form very long nanofibers (Figure 7C).*
The two peptides (El and Kl) could form a stable parallel heterodimer via specific hy-
drophobic and electrostatic interactions (Kp < 0.1 nM), which was essential to direct
the DNA origami self-assembly. One peptide contained an N-terminal azide group,
while the other had the azide at the C terminus. To bridge the peptide coiled-coil
dimer and the DNA origami cuboid, two 14-mer ONs were employed. Each ON
was furnished with a DBCO moiety at the 5" end and could hybridize to the ssDNA
region extended from the DNA cuboid. The peptide-ON conjugation was accom-
plished via the SPAAC reaction to produce two wanted POCs as the connection
module. Both ends of the DNA origami cuboid were extended to have 1-12 ssDNA
handles, which could hybridize to the ON domains of the two POCs. Different ssDNA
sequences were used for the two ends. The 1D DNA origami arrays were first
explored by a one-pot assembly pathway to anneal all component strands of the
DNA origami cuboids and the two POCs at the same time. The DNA cuboid having
eight ssDNA handles at each end was found to form the desirable DNA origami ar-
rays most efficiently. The authors used such origami cuboid design to explore a
further two hierarchical assembly strategies to improve the efficiency of the wanted
nanofiber formation. Both were carried out as a two-step procedure, where the DNA
origami cuboids were always annealed at the first place. In the first sequential assem-
bly pathway, the DNA origami cuboid was self-assembled with each POC separately,
and the resulting two monomers were used for nanofiber growth. A similar efficiency
was observed relative to the one-pot assembly pathway. In the second sequential
pathway, the authors purified the DNA origami cuboid via spin filtration before
the incubation with the preformed POC dimer (via coiled-coil interaction). This
method significantly increased the efficiency of nanofiber formation and had their
lengths reach up to a few micrometers. This research opened immense possibilities
to design and assemble various hybrid peptide-DNA nanostructures with added
functions. More recently, the research team advanced the complexity of the hierar-
chical assembly by adding two extra chemical layers: (1) a monomeric protein, known
as the 10t type Ill Fn domain, which served as a bridging unit to connect the hybrid
DNA-peptide modules, and (2) a second pair of peptides (P3/P4), orthogonal to the
KI/El pair used in the lead work, which could self-assemble to form another parallel
coiled-coil heterodimer.”” When the resulting protein-DNA nanofibers were coated
on the glass surface, they were found to preserve the protein biological functions of
binding to integrins and promoting cell adhesion/spreading.

In the above examples, relatively short peptides (tens of amino acid residues) were
used for the peptide self-assembly principle. Parallel to those works, the interactions
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Figure 8. Conjugation of peptides to DNA nanostructures to cater for distinct chemical applications

(A) Topological folding of DNA nanostructures was controlled by peptide-peptide interactions. Adaptation from the article by Goetzfried et al.”’ is
licenced under CC BY 4.0.

(B) Reversible inter-structure assembly was programmed using a short ELP sequence. Reproduced with permission from Yao et al.”” Copyright 2022,
Elsevier.

between long peptide sequences were also explored to direct the topological
folding of DNA nanostructures. Pirzer and his team used a series of ELPs ranging
from 119 to 343 amino acid residues for the peptide module.?” Those long peptides
had two different molecular states, a hydrophilic state and a hydrophobic state,
which existed under different chemical conditions. Thus, by changing the tempera-
ture and/or chemical conditions, they could undergo a fully reversible hydrophilic-
hydrophobic phase transition to form stimuli-responsive peptide assemblies. This
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unique property was employed to reversibly close and open the two leaves of a butt-
hinge-like DNA origami nanostructure (Figure 8A). Two types of ELPs were used in
this study, a canonical (GVGVP),0 peptide, and three others mixed by the canonical
motif (GYGVP) and the non-canonical motif GVGVAGVP. The latter type was only
used to evaluate whether different ELP lengths could influence the controlled
folding of the DNA origami nanostructure. When the temperature or the salt concen-
tration crossed the thresholds, both types of peptide could transform from relaxed
water-solvated states to collapsed hydrophobic states (B-spiral).'“’ Each peptide
was modified at the N-terminal residue to have an azido group, which was conju-
gated to the alkyne-modified 21-mer ON via the CuAAC reaction to generate the
four wanted POCs. The butt-hinge-like DNA nanostructure was assembled via the
DNA origami technique. From both leaves of the butt-hinge-like DNA nanostruc-
ture, a predefined number of ssDNA handles (1-12) was extended from the same
side, which readily hybridized to the 21-mer ON domain of the POCs. As a result,
the peptide-actuated dynamic DNA nanodevices were assembled. The topological
folding of the DNA nanodevices was found to be concentration independent, prob-
ably due to the intra-structural transformation nature. The temperature cycle be-
tween 10°C and 40°C showed that the two leaves of the butt-hinge-like DNA nano-
structure could open and close reversibly. Increasing salt concentration (from 0.5 to
3.0 M NaCl) could lower the transition temperature and thus promote the closed
state of the two hinged leaves. Possible dimerization between two separate nanode-
vices was explored by TEM. Despite apparent background noise (20%-30%, also for
the negative control), the positive control gave a 0% yield of the dimer formation.
Thus, the authors concluded that intra-structure folding was strongly favored over
inter-structure dimerization. Additionally, the ELP length was found to be inversely
related to the transition temperature: the shorter the ELP length, the higher the tran-
sition temperature of the peptide. In this study, three different conformations were
observed for the two leaves of the butt-hinge-like DNA nanostructure: (1) a fully
open state, (2) a fully closed state, and (3) a partially closed state. The ratio of two
closed states for a given peptide-actuated dynamic DNA nanodevice was deter-
mined by the ELP length and how ELPs were displayed on the two hinged leaves.
This research work may pave an avenue toward the construction of advanced
responsive dynamic DNA devices and automated hybrid peptide-DNA molecular
machines.

More recently, taking advantage of its temperature-triggered phase separation
behavior, Yao et al. used a much shorter ELP (sELP) to program the reversible in-
ter-structure assembly of a DNA triangular prism at a macroscopic scale (Fig-
ure 8B).“° The DNA triangular prism (ca. 46 x 38 x 38 nm) was assembled through
the DNA origami technique. The three outer faces were extended to have a prede-
fined number of ssDNA handles (same sequence), with 36 handles on a single face,
72 handles on two faces, and 108 handles on all three faces. Thus, three DNA
origami nanostructures were composed to harbor different numbers of ELPs. A
30-mer sELP, (VPGFG),, was used for this study, and the peptide was modified to
have a C-terminal alkyne function. This peptide was conjugated to an azido-bearing
ON (18-mer) via the CuUAAC reaction to produce the wanted POC. The latter ON was
complementary to the ssDNA handles on the outer faces of the DNA origamis. Three
DNA origami monomers were produced upon POC binding, with the sELP display
on one face, two faces, and all three faces. Below the phase transition temperature,
only intra-structure folding was observed for the one-face sELP display and the indi-
vidual DNA origami monomers were dispersed in the buffered solution (4°C). This is
reminiscent of the intra-structure folding of a butt-hinge-like DNA nanostructure by
Pirzer and his team (vide supra).37 In contrast, both two-face sELP display and
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Figure 9. Conjugation of ONs to proteins for assembling various hybrid nanostructures

(A) The self-assembly of CPMV was directed by DNA duplex hybridization. Adapted with permission from Strable et al.** Copyright 2004, American
Chemical Society.

(B) Alloy lattice structures were assembled using a virus-like protein particle and AuNPs. Adapted with permission from Cigler et al.*' Copyright 2010,
Springer Nature.

(C) Self-assembly of artificial viral capsids by POCs composed of a synthetic B-annulus peptide and ONs. Reproduced with permission from Nakamura
et al.®® Copyright 2017, Wiley-VCH.

(D) 3D protein organizations could be directed by DNA polyhedral scaffolds. Reproduced with permission from Zhang et al.*® Copyright 2012, Wiley-VCH.

three-face sELP display led to the formation of aggregation-like large structures,
whereas the solutions remained as one phase (4°C). Therefore, the authors
continued the research by focusing on the two- and three-face sELP displays. The
phase transition temperature was found to be concentration dependent: the more
concentrated the solution was, the lower the phase transition temperature of the
DNA origami monomer. The two- and three-face peptide displays had similar phase
transition temperatures. When the solutions were heated to above the phase transi-
tion temperature, both two- and three-face sELP displays could induce the formation
of uniform spherical microdroplets (~1.2 pm) in the same buffered solution (37°C).
A photo-bleaching experiment confirmed that the formed microdroplets possessed
a liquid-like property and were accessible for guest molecules. The repeated tem-
perature cycle between 4°C and 37°C confirmed the reversibility of microdroplet for-
mation. The real-time observation by confocal laser scanning microscopy showed
that the microdroplets were formed in tens of seconds. The authors then utilized
these microdroplets as open “microreactors” to host two cascaded enzymatic reac-
tions. The two-face sELP display was used here. The remaining face of the DNA
origami monomer was modified to have two orthogonal ssDNA handles, readily hy-
bridized to two complementary ONs conjugated to two different enzymes. Two
different pairs of enzymes were employed: glucose oxidase/horseradish peroxidase
and hexokinase/glucose-6-phosphate dehydrogenase. The latter pair was designed
to cooperate with nitroreductase in solution to induce a chain of three enzymatic re-
actions. The microdroplet states performed better than the corresponding
dispersed states and free ON-conjugated enzyme controls. This was ascribed to
the molecular crowding effect and the reduced diffusion barrier in the liquid-like mi-
crodroplets. The proposed concept in this work may inspire the development of
advanced peptide-DNA hybrid machines and life-inspired materials.

Protein-conjugated ONs as nanoscale bricks

In this section, we summarize the recent milestones where large protein structures
were used for the peptide domain. The covalent conjugation between protein struc-
tures and short ONs has provided a number of nanoscale building blocks for
different chemical and nanotechnological applications. This concept was pioneered
by Finn and co-workers, demonstrating that the DNA duplex hybridization event
could be employed to direct the assembly of an icosahedral virion (Figure 9A).*”
The authors used the cowpea mosaic virus (CPMV) in this study. CPMV had an icosa-
hedral assembly of 60 identical coat proteins, and the viral capsid was formed with a
diameter of 30 nm. Each coat protein comprised two subunits, a small domain
(24 kDa) and a large domain (42 kDa). In the wild-type CPMV, the small domain
had a reactive lysine residue, which was used for covalent conjugation of two com-
plementary 20-mer ONs (carrying an active carboxylate ester) via the NHS-ester
chemistry to produce two desirable CPMV-ON conjugates. Half of the available
lysine residues could be functionalized with the ONs, reaching a level of 30 + 3
ONs per virion. Experimental evidence supported that the two CPMV-ON products
had intact viral particles. Additionally, the Watson-Crick base-pairing capacity was
well preserved for the attached ONs. By mixing the two CPMV-ON products, light
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scattering and TEM experiments showed that an immediate virion aggregation was
observed. This self-assembly process could be reversed by adding the excess of
either ON alone. When the CPMV domains were respectively labeled by two
different fluorescent dyes (fluorescein and rhodamine), fluorescence resonance en-
ergy transfer (FRET) experiment indicated that the ON hybridization could bring a
decent population of two virion-anchored fluorescent dyes in proximity (<5.5 nm).
TEM analysis showed that the annealing temperature could influence the virion ag-
gregation pattern significantly. When the two CPMV-ON products were annealed at
4°C, small aggregates were induced in a two-dimensional (2D) hexagonal packing.
When increasing to room temperature, large 2D arrays were formed. When the tem-
perature was further increased to 35°C-40°C, 3D arrays were produced. The
different virion aggregation patterns were ascribed to the repeated TGG/CCA na-
ture of the two employed ON sequences. At low temperatures, short ON duplexes
could form as kinetic products, leading to the formation of less extensive and weaker
arrays. These arrays could easily be broken up on the TEM grid during the sample
preparation; thus, only small aggregates or 2D arrays were observed. At a high tem-
perature, the short ON duplex formations were inhibited, and the balance was
shifted to favor the longer and more thermodynamically stable ON duplex. The re-
sulting 3D arrays were well preserved on the TEM grid. When heating these large ar-
rays to 45°C, they rapidly dissociated to separate CPMV-ON monomers, showing a
maximum ON duplex length (11 base pairs [bp]) that could be formed between the
two neighboring virions. A mutant-type CPMV was also involved, where a cysteine-
alanine di-residue was engineered into the large domain of the viral coat protein.
The cysteine residue was designed for covalent conjugation with the same two
ON complements (carrying a maleimide function) via the Michael addition. Similar
virion aggregation phenomena were observed.

Park and co-workers explored using the DNA duplex hybridization event to
assemble two completely different core particles, an organic virus-like protein par-
ticle and inorganic gold nanoparticles (AuNPs), into two well-defined alloy lattice
structures (Figure 9B).*" The icosahedral bacteriophage QP capsid was chosen as
the model protein particle due to its stability, monodispersity, and surface address-
ability. The capsid comprised 180 identical proteins and had a diameter of ca. 28 nm.
Each protein unit had four free amino groups on the outer surface, which were
treated with an azido-bearing linker containing an NHS-ester group at the opposite
end to furnish the click handles. The ON sequence was designed to have an alkyne
function at the 5" end. The covalent ligation between the Qp capsid and the ON
sequence was accomplished via the CuAAC reaction to afford the desirable
QB-ON conjugate. For the AuNPs, four different sizes were used (10, 15, 20, and
30 nm in diameters). An orthogonal ON sequence was attached to the AuNP sur-
faces through the gold-sulfur linkage. With the help of three auxiliary ONs, the QB
capsid and the AuNPs were glued together via the DNA duplex hybridization event.
By actuating the lengths of two auxiliary ONs, a similar interparticle distance (44.9—
48.0 nm) could be maintained between the Qf capsid and the four different AuNPs.
When the AuNP size was increased from 10 to 20 nm, finite NaTl-type alloy lattices
were self-assembled with very similar features. The experimental results were consis-
tent with the theoretical calculations. When the AuNP size was further increased to
30 nm, a cesium chloride-type alloy lattice was observed. This indicated that, be-
sides the interparticle DNA duplex hybridization event, the direct core particle con-
tacts also contributed to determining which alloy lattice was formed. The DNA-
controlled assembly of heterogeneous core particles to generate different alloy
lattices may open the door to creating tailored hybrid materials for photonic crystal
applications.
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The ON conjugation to the viral coat protein unit could also be accomplished prior
to the self-assembly of the viral capsid. It was found to be innocuous for the latter
process. Matsuura and his team used a synthetic 24-mer B-annulus peptide derived
from the capsid protein unit of tomato bushy stunt virus to demonstrate the applica-
bility (Figure 9C).°% This peptide could self-assemble into artificial viral capsids (ca.
53 nmin diameter in dynamic light scattering [DLS]) at neutral pH, with its C terminus
being located at the capsid outer surface. Thus, the authors inserted a cysteine res-
idue near the C terminus of the peptide for ON conjugation. Two 20-mer ON se-
quences were used, dT, and dAyg, each containing an amine function group at
the 5" end. The ONs were reacted with the activated ester of a hetero-functional
linker to furnish a maleimide group at the 5" end. The covalent conjugation between
the B-annulus peptide and the two ONs were completed via the Michael addition re-
action, producing two POC building blocks. Like the unconjugated B-annulus pep-
tide, both POC could self-assemble to form artificial viral capsids. The resulting
hybrid nanospheres had increased diameters, probably due to the extra ON layer
on the capsid surface. These hybrid nanospheres preserved the Watson-Crick
base-pairing ability with complementary ssDNA strands. The DNA duplex hybridiza-
tion events could induce significant capsid aggregation. Large capsid aggregates
were also observed when mixing two hybrid nanospheres modified with the comple-
mentary ONs. Considering the empty interiors of hybrid nanospheres, this study
may inspire the development of more advanced DNA-functionalized artificial viral
capsids for targeted delivery and tailored immunotherapy.

The high surface addressability of DNA nanostructures was explored to engineer
protein displays in a precise manner. Mao and his collaborators exemplified that
symmetric DNA polyhedra could serve as ideal nano-scaffolds to direct 3D protein
organization (Figure 9D).°® Three DNA polyhedra were used in the study, namely tet-
rahedron, octahedron, and icosahedron. They were self-assembled from three
different star-shaped DNA building blocks following the method developed by
the same authors.'?" "% In the resulting DNA polyhedral structures, each triangle
face was designed to have three protein-binding sites, one on each triangle side.
The biotin function was incorporated into the DNA polyhedron as the protein-bind-
ing sites, whereby streptavidin could be immobilized onto each triangle face via the
strong and specific biotin-streptavidin interaction. In this case, all three biotins were
bound to the streptavidin molecule. The streptavidin corona was successfully deco-
rated onto each DNA polyhedron surface, as shown by gel electrophoresis, AFM,
and cryogenic electron microscopy (cryo-EM). The streptavidin binding on the sur-
face could also influence the DNA polyhedral scaffolds both mechanically and ther-
modynamically. Taking the DNA tetrahedron as an example, the streptavidin bind-
ing not only induced a local DNA strut distortion but also imparted increased
stability to the core nano-scaffold. To demonstrate the generality of the proposed
strategy, the authors employed the DNA tetrahedron to tailor a 3D antibody display
via a specific antigen-antibody interaction (fluorescein and anti-fluorescein anti-
body). Each triangle face of the DNA tetrahedron was modified with three fluores-
cein molecules, two of which could bind to a single antibody simultaneously. The re-
sulting nanostructures resemble many virus structures (nucleic acids were
encapsulated by multiple copies of coat proteins). Strong immune responses are ex-
pected to be induced if multiple antigens are displayed on a single nanostructure.
Therefore, this concept could be used for the development of potent vaccines.
Moreover, when the biotin/fluorescein used in this study is replaced by aptamers,
the proposed strategy can be further extended to organize a wide range of ligands.
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Figure 10. ON display on the protein surface could be used to program different types of crystal unit cells

(A) Two distinct proteins self-assembled into superlattices in the drive of DNA duplex hybridization. Reproduced with permission from Brodin et a
Copyright 2015, National Academy of Sciences.

(B) Different superlattice types could be formed when ONs were conjugated to the protein surface at distinct locations. Adapted with permission from

| 50

McMillan et al.”" Copyright 2017, American Chemical Society.

Developing a general strategy to assemble different proteins into a preconceived
lattice was a difficult task. The ideal outcome was that all confined protein compo-
nents in the given superlattice can retain their native functionalities. When combined
with inorganic nanoparticles, functional hybrid crystalline materials could be fabri-
cated in a bottom-up manner. This idea was realized by Mirkin and his team by using
the DNA duplex hybridization event to direct two model proteins to self-assemble
into superlattices (Figure 10A).%° Both model proteins were tetrameric heme-con-
taining enzymes, bovine catalase and Corynebacterium glutamicum (Cg) catalase.
Each catalase was modified with a different ON strand, and the catalase-ON conju-
gation was completed in two steps. The amine groups on the catalase surface were
firstly reacted with the activated acyl group of a hetero-functional linker to impart the
wanted azido groups. The resulting catalases were then conjugated to the respec-
tive ON strands (each had a DBCO function at the 5’ end) via the SPAAC reaction
to afford the desirable POC products. The dense DNA coating over the catalase sur-
face did not perturb the inherent enzymatic activity to catalyze the H,O, dispropor-
tionation. The obtained POC products were then used to assemble single-protein
lattices and binary protein-protein lattices with the help of two auxiliary ON strands
to mediate the inter-protein-DNA duplex hybridization. A slow annealing process
was employed to ensure the production of the most thermodynamically stable state.
The single-protein lattice assembled from Cg catalase was predominantly arranged
in the body-centered cubic type. Interestingly, the lattice from bovine catalase alone
and binary protein-protein lattices were found to be characteristic of the cesium
chloride type. The authors further replaced one catalase of the binary protein-pro-
tein system with an AuNP (similar size to catalases) to construct two hybrid AuNP-
protein superlattices. These AuNPs were each modified with ON strands via the
gold-thiol bonds. When the AuNP and the catalase were co-assembled via the
same DNA duplex hybridization, the resulting binary AuNP-protein lattices also
adopted the cesium chloride type. This was in stark contrast with the authors’ earlier
results that the identical AuNPs induced the body-centered cubic-type lattices upon
inter-nanoparticle DNA duplex formation. The differences were ascribed to the
shape anisotropy and the nonuniform surface chemistry of two model proteins
used for this study. The single crystals formed by Cg catalase alone were capable
of decomposing H,0,, but its catalytic activity was reduced by ca. 20-fold when
compared to the free Cg catalase. The enzymatic activity was well preserved after
five rounds of cycles upon catalysis and the Cg catalase crystal lattice remained
intact. This research may pave the avenue toward programming the self-assembly
of various functional biomaterials.

In a follow-up study, the same research group explored whether the ON-conjugation
landscape on the protein surface could influence the superlattice type (Figure 10B).”"
The tetrameric B-galactosidase (Bgal) was chosen as the model protein, which could
hydrolyze the B-glycosidic bond of galactose. The Bgal surface was functionalized by
the same ON sequence to have a uniform ON corona or locally clustered ON mod-
ifications. Similar to the method developed in their lead work,’® 36 solvent-acces-
sible amines (evenly distributed) of the Bgal surface were converted into the azido
function using a hetero-functional linker (containing an NHS ester and an azide).
The obtained intermediate was then reacted with the 5-DBCO-modified ON to
furnish a homogeneous ON corona. In parallel, eight cysteine residues at the four
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(A) Responsive 1D protein nanotubes were assembled with the help of DNA duplex hybridization. Reprinted with permission from Kashiwagi et al.””
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Figure 11. Continued

(B) Two DNA duplex hybridization events were enough between neighboring protein monomers to drive the formation of 1D wire-like protein polymers.
Insets show cartoon of protein along its 17 x 8-nm face. Adapted with permission from McMillan et al.°® Copyright 2018, American Chemical Society.
(C) Three different non-covalent interactions (protein-protein interaction, ON duplex hybridization, and ON-protein interaction) were orchestrated to
assemble nucleoprotein-like architectures. Adapted with permission from Subramanian et al.°’ Copyright 2018, American Chemical Society.

vertexes of the protein were used for ON conjugation via the thiol-disulfide ex-
change reaction. Four locally clustered ON modifications were generated on the
protein surface. The ON conjugation to the protein surface did not impair the Bgal
catalytic activity in both cases. With the help of two auxiliary ON strands, the ob-
tained two POC products were individually co-assembled with an AuNP (10 nm in
diameter, functionalized by ONs via gold-thiol bonds) in a similar fashion to their
lead work.”® When the ON strands were evenly distributed on the Bgal surface, a cu-
bic superlattice was formed in the cesium chloride type. In contrast, while the ON
strands were locally clustered on the Bgal surface, a hexagonal superlattice was
assembled in an AB; packing arrangement (Bgal/AuNP = 1:2). Interestingly, when
the authors reduced the conjugated-ON strands but kept their random distribution
pattern, two different types of arrangements were observed: disordered aggregates
and ordered domains. The latter were assembled through a hexagonal superlattice
and densely packed in the AB; structure. The experimental results revealed that two
main factors could influence the hybrid crystal unit cell formation: the number of ON
strands conjugated on the Bgal surface and the location of the ON-Bgal conjugation.
This study may inspire the bottom-up construction of novel multicomponent mate-
rials for catalysis and sensing applications.

The DNA hybridization strategy was explored to assemble responsive 1D protein
nanotubes (Figure 11A).°? Aida et al. employed a tetradecameric barrel-like chap-
erone (GroEL) as the protein domain, of which the two apical domains were engi-
neered to have a certain number of accessible cysteine residues. The maleimide-
modified ONs were reacted with the protein via Michael addition to furnish the
ON sequences on the two open sides of the barrel-like protein (ideally 14 + 14
ON strands). Two pairs of 10-mer complementary ONs were used, whose melting
temperatures were well below the protein denaturation temperature. Such design
was to preserve the intact protein conformation during the ON duplex annealing
process. Therefore, two pairs of POCs were produced. By annealing either of two
POCsina 1:1 Mratio, the ON hybridization events led to very long protein nanotube
formations. Both the annealing temperature and the 1:1 equivalent of two POC spe-
cies were found to play an indispensable role in generating protein nanotubes with
small polydispersity. The protein apical domains were found to be slightly crooked in
the protein nanotubes, probably due to the mechanical shear applied by the multi-
valent ON duplex formations. In the next step, a fifth POC was designed to have a
15-mer ON domain, which could hybridize to one of the above 10-mer ONs but
leave an unpaired 5-mer toehold region. When the two POCs were properly mixed,
the inter-protein ON hybridization events (between the 15-mer ON and the 10-mer
ON) led to a similar protein nanotube formation. Adding the 15-mer ON comple-
ment could dissociate the protein nanotubes via strand displacement (mediated
by the 5-mertoehold region). As a result, two POC monomers were formed, one hav-
ing a 15-mer ON duplex and the other having a 10-mer ON strand. Such stimulated
protein nanotube disassembly was found to be highly specific, orthogonal to the
parental protein nanotubes that lacked the 5-mer toehold region. The authors sur-
mised that other DNA/RNA modalities could be integrated to give the hybrid pro-
tein nanotubes tailored functions applicable for biological cue sensing and targeted
delivery.
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The 1D wire-like protein polymers could be self-assembled via only two DNA duplex
formations between neighboring protein monomers (Figure 11B).°® The concept
was proposed by Mirkin and his team. A D2 symmetric, tetrameric Bgal was chosen
as the model protein. This protein was also utilized by the same authors to construct
two different classes of protein-AuNP superlattices (vide supra).”’ The protein sur-
face was scrutinized to identify a suitable position for ON conjugation. The 265" po-
sition, where a threonine residue was originally located, was recognized as the
optimal ON anchoring site near the subunit interface. A rationally designed Bgal
variant was thus expressed, of which all solvent-accessible cysteine residues were
mutated to serine and the threonine residue at the 265™ position was replaced
with a cysteine. Upon ON conjugation, each protein subunit would carry one ON
strand. The resulting tetrameric Bgal variant would have two pairs of ON strands
that were symmetrically anchored on the two opposite protein surfaces. The dis-
tance between the two ON strands on the same protein surface was ca. 3.7 nm,
which could significantly facilitate the cooperative ON duplex hybridization. A pair
of complementary 10-mer ON strands were used for protein conjugation. Each
ON sequence had a pre-installed 5'-amine group, which was converted into a mal-
eimide function using a commercially available hetero-functional linker. The pro-
tein-ON conjugation was accomplished via the maleimide-thiol chemistry. Two
POC products were produced, each carrying four identical 10-mer ON strands.
The ON domains of the two POC products were complementary. When annealing
the two POCs in an equimolar ratio, 1D wire-like protein assemblies were observed
in native agarose gel electrophoresis, cryo-TEM, and negative staining TEM. Neigh-
boring protein monomers were uniformly organized by a face-to-face, bivalent ON
duplex interaction. Additionally, when compared to the unconjugated control, the
ON duplex domain of the wire-like protein assemblies showed an increased thermo-
dynamic stability and a more rapid dissociation process in melting experiments.
These results indicated that cooperative hybridization existed between the two
closely positioned ON duplexes on the same protein surface. The presented work
may inspire the directed assembly of various functional protein arrays programmed
by specific valency of DNA duplex formations.

Despite the multimeric nature, all the above proteins were readily folded in bacterial
expression before the ON conjugation. The directed assembly of ON-protein hybrid
materials was mainly programmed via the base-pairing interactions between the
conjugated-ON strands. The protein domains, however, contributed little to such
self-assembly processes. It would be highly desirable to synchronize the protein-
protein interaction with the ON-ON interaction in a controlled manner to create
well-defined hybrid supramolecular assemblies. Tezcan and co-workers took the first
step to orchestrate three different non-covalent interactions, including protein-pro-
tein interaction, ON duplex hybridization, and ON-protein interaction, to realize the
self-assembly of nucleoprotein-like architectures (Figure 11 C)."A cytochrome cbsg;
variant (RIDC3) was chosen as the protein domain. The protein-protein interaction
was coordinated by Zn?*, which could cause the protein to self-organize into 1D,
2D, and 3D arrays.'* A cysteine residue was engineered into the protein surface
for ON conjugation. A 10-mer ON duplex was chosen to connect two neighboring
proteins. Such ON design matched the protein dimension, and the ON duplex bind-
ing strength was compatible with the Zn?*-mediated protein-protein interaction.
Each ON strand was designed to have a 5'-amine group, which was reacted with a
hetero-functional linker to furnish the maleimide function. The protein-ON conjuga-
tion was carried out via Michael addition to provide two wanted POC building
blocks. By mixing these two products in an equimolar ratio, the authors screened
temperature, pH, POC concentrations, and Zn?" equivalents. The ordered hybrid
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Figure 12. Protein-ON conjugates for various nanotechnological applications

(A) A user-friendly method to passivate the model protein with up to four different ON strands, which were further employed to compose trivalent hybrid
synthon for programmed dendrimer assembly. Adapted with permission from Kim et al.*®> Copyright 2019, American Chemical Society.

(B) DNA duplex hybridization was used to reprogram the protein-protein interface contact in the crystal unit cells. Adapted with permission from
Partridge et al.”® Copyright 2021, American Chemical Society.

(C) Multiple hierarchical assembly of protein building blocks were engineered in a predefined manner via DNA duplex hybridization. Reproduced with
permission from Hayes et al.”” Copyright 2021, National Academy of Sciences.

assemblies could form when all the following criteria were satisfied: (1) pH value be-
tween 4.75 and 5, (2) temperature from 4°C to 10°C, and (3) the molar ratio of Zn>*
and total POCs = 2-10. Beyond the given conditions, only small-size clustered ag-
gregates (<100 nm) were produced. When the Zn?* was missing, no ordered hybrid
assemblies could be formed. This was further supported by the addition of ethylene-
diaminetetraacetic acid (Zn’* chelator) into the preformed hybrid crystals, which
were dissolved immediately. These results indicated that the Zn?*-coordinated pro-
tein-protein interaction played a pivotal role in promoting the hybrid crystal forma-
tion. In addition to such protein-protein contact, the ON duplex hybridization also
contributed equally to the self-assembly of ordered aggregates. This was demon-
strated by the following experiments. The preformed hybrid arrays quickly disap-
peared when the suspension was incubated higher than 40°C, at which the ON
duplex dissociated. In the presence of Zn?*, the unmodified protein needed
1 week to grow into mature crystals. However, mixing two POC products could pro-
duce mature crystals within 4 h. The authors combined multiple techniques,
including AFM, SEM, TEM, cryo-EM, SAXS, and computational simulation, to illus-
trate the putative cell unit of the hybrid crystals and the probable interactions
within/between the cell units. One structural model was finally identified that fulfilled
all chemical and crystallographic requirements. Based on this model, the authors
reasoned that hydrogen bonds and salt bridges at the protein-ON duplex interface
also contributed to stabilizing the putative architecture of hybrid materials. A deli-
cate balance must be maintained between the protein domain and the ON domain
to achieve structural cooperativity. For instance, slightly elongating the ON duplex
from 10-mer to 12-mer could be accommodated; however, further extending it to
15-mer or shortening the original 10-mer to 8-mer already tilted the balance. This
research opened immense possibilities for the bottom-up construction of various
structurally tunable materials.

Modifying a single protein with multiple different ON sequences would bestow an
extra layer of valency control on the hybrid nanoscale building blocks, thus opening
a new chemical dimension for nanotechnological applications. However, synthesis
of such a multivalent product is a tedious task. This usually demands that (1) the pro-
tein is properly engineered and (2) several orthogonal methods are rationally de-
signed for in situ or sequential ON conjugations. Gratifyingly, Song and his team re-
ported a simple method to passivate the model protein with up to four different ON
strands in a user-friendly manner (Figure 12A).°® The tetrameric protein traptavidin
was chosen as the model protein. As a mutant variant of streptavidin, traptavidin
showed an improved stability compared to the wild-type streptavidin upon binding
to biotin. Four different 20-mer ON strands were designed to have a biotin function
at the 5" end. By mixing the traptavidin and four biotinylated DNA strands ina 1:3 M
ratio, a pool of POCs was produced. The corresponding ON complements were indi-
vidually attached to four magnetic beads for sequential separation. The POC pool
was then subjected to four stepwise separations using the ON complement-func-
tionalized magnetic beads. Thus, the desirable POCs were successfully isolated in
a decent overall yield (8.1%), where each binding site of tetrameric traptavidin
was occupied by a different ON strand. The cascaded FRET analysis revealed that
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the isolated products were composed of six constitutional isomers due to the inher-
ently distinct tetravalency of ON-traptavidin conjugation. The tetravalent POCs
were used to program the self-assembly of six different asymmetric plasmonic nano-
structures. The same strategy was extended to compose hybrid synthons for pro-
grammed dendrimer assembly. For each synthon, two different ON strands were
used for traptavidin conjugation, one having two biotin functions and the other hav-
ing one biotin function. The former ON was first mixed with traptavidin to produce
the monovalent intermediate upon magnetic bead separation. The resulting inter-
mediate was then functionalized with two equivalents of the latter ON to afford
the trivalent hybrid synthon. The obtained synthon was homogeneous due to the
inherent mirror symmetry. Three different synthons were composed, with the conju-
gated-ON pattern as A’'BB, B'CC, and C'DD. Seeded by the initial dendritic mono-
mer (with three A strands), the author demonstrated the layer-by-layer assembly
of up to third-generation dendrimer POC systems in a user-friendly manner. Both
agarose gel electrophoresis and DLS measurement indicated that the dendrimer’s
average size gradually increased when moving from zeroth generation to third gen-
eration. This new methodology may open a new dimension toward the rational
design of various hybrid nanoarchitectures with higher structural complexity for
smart material and molecular theragnosis applications.

The DNA duplex hybridization strategy was also explored to reprogram the protein-
protein interface contacts within the crystal unit cells to manipulate the morphology
of protein crystals at a microscopic scale. In a recent study, using concanavalin A
(ConA) as the model protein, Mirkin et al. demonstrated how to employ DNA duplex
interactions to eliminate, enhance, or replace native protein-protein interactions to
edit the protein packing within single crystals (Figure 12B).°® ConA is a homotetra-
meric lectin and can selectively bind to mannose with a high affinity. There are
four carbohydrate-binding sites on a single ConA, located at the four vertices of
the tetrahedron-like protein surface. In the absence of mannose, one ConA can
readily bind to another ConA via vertex-triangle plane interface contacts.'?® Surface
amino acids around the mannose-binding site are engaged in the latter protein-pro-
tein interactions. The single crystals formed by ConA itself, as well as ConA-mannose
complexes, have been well characterized. To introduce the DNA duplex interaction,
a 4-mer self-complementary ON (5'-ATAT, having an amine group at the 5’ end) was
conjugated to an amino-modified mannose using the squaramide chemistry devel-
oped in the same paper. The desirable mannose-ON conjugate was obtained. When
mixing the ConA and mannose-ON conjugate for crystallization, the morphology of
single crystals was clearly changed relative to the ConA itself. The native proteins
yielded crystals with a cubic morphology in the space group 1222. However, the
addition of the mannose-ON conjugate produced crystals with a thin plate
morphology in the space group P2,22;. Interface analysis revealed that the original
vertex-triangle plane protein-protein contact in the ConA crystals was reprogramed
to a new vertex-vertex ON duplex interaction along the b-direction and two sets of
emergent protein-protein interactions in the a-c plane. Similar results were obtained
using another three 4-mer self-complementary ONs as well as a pair of 4-mer com-
plementary ONs. As expected, no single crystals could be obtained when the ON
complementarity was lacking. When the ON sequence was elongated from 4-mer
to 6-mer, the distance between two neighboring proteins was accordingly increased
along the b-direction by ~7 A. Moving the mannose conjugation from the 5’ end to
the middle of the 4-mer ON sequence could also significantly modulate the protein
packing in single crystals. Overall, this work showcased an elegant example of using
programable DNA interactions to override natural protein-protein interactions to
control the assembly of native proteins in a tailored manner. It is tantalizing to
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anticipate that the proposed strategy can be advanced to realize precise control
over various protein assembly pathways for the design and synthesis of novel func-
tional biomaterials.

As a next step, relying on the DNA duplex hybridization strategy and the address-
able anisotropic protein surface, Mirkin and co-workers successfully programmed
multistep hierarchical assembly of protein building blocks in a predefined manner.
In this study, stable protein 1 (Sp1) was chosen as the model system (Figure 12C).>?
Sp1 is a symmetric homododecameric protein but is folded into an anisotropic
hexagonal-prism shape. The protein surface was sorted into two disparate regions
for ON conjugation, the top and bottom hexagonal faces in axial direction and all
six rectangular side faces in equatorial direction. The axial and equatorial direc-
tions were designed to accommodate two different types of ONs, respectively.
Therefore, an Sp1 variant was expressed to harbor solvent-accessible 24 primary
amines at the axial direction (half on the top face, half on the bottom face) and
12 thiols at the equatorial direction. The Sp1 variant was first treated with a het-
ero-bifunctional linker (maleimide-azide) to convert the thiol functions to the azido
functions at the equatorial direction. The resulting intermediate was then reacted
with another hetero-bifunctional linker (NHS ester-tetrazine) to transform the pri-
mary amine groups to the tetrazine groups at the axial direction. Thus, the Sp1
variant was modified with two different click handles: tetrazines at the axial direc-
tion and azides at the equatorial direction. In parallel, two different types of ONs
were designed to have two click partners, dibenzocyclooctyne (DBCO) and trans-
cyclooctene (TCO), respectively. The Sp1-ON conjugations were accomplished in
a one-pot reaction via two orthogonal click chemistries (azide/DBCO and tetra-
zine/cyclooctene). The two different types of ONs could form a strong dsDNA
and a weak dsDNA. When only the ONs for strong dsDNA formation were intro-
duced at the axial direction of the proteins, 1D protein chains were observed. In
contrast, while the same ONs were furnished at the equatorial direction of the pro-
teins, 2D arrays were produced. To explore the multistage assembly, the weak
dsDNA contact was added into the above single-pathway systems. The resulting
proteins were functionalized with two different types of ONs, one to make the
strong dsDNA contacts and the other to do the weak dsDNA contacts. As in the
single-pathway systems, the strong dsDNA contacts could drive the first-stage pro-
tein assembly to form 1D protein chains or 2D arrays, whereby the secondary ONs,
which were conjugated to proteins to make the weak dsDNA contacts, were dis-
played in a multivalent fashion. This gave rise to an emergent interaction with
strong cooperativity to drive the second-stage protein assembly to form higher-or-
der nanostructures. Such two-step hierarchical assembly processes were confirmed
by an FRET-based thermal denaturation assay. Other factors could also be used to
fine-tune hierarchical assembly pathways, such as varying ion strength and inte-
grating a third ON design as presented in the study. The multistep hierarchical as-
sembly strategy encoded by the programmable DNA interactions holds promise to
be extended to any protein or other nanoscale building blocks for composing
novel biomaterials with improved structural complexity.

Proteins conjugated to DNA nanostructures as structural components

The simple 1D DNA domains, which were conjugated to proteins in the above ex-
amples, could be substituted by complicated 2D and 3D DNA nanostructures to
further increase the structural programmability. This new strategy imposed a highly
demanding task: the individual contributions from the two disparate self-assem-
bling macromolecular domains must be orchestrated to maintain a delicate bal-
ance in the best way to be cooperative. Stephanopoulos et al. demonstrated an
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excellent example of how to unite protein building blocks and 3D DNA nanostruc-
tures to program a series of 2D and 3D hybrid nanoarchitectures (Figure 13).>*>% In
this work, 2-dehydro-3-deoxyphosphogluconate-aldolase (Ald) was chosen as the
model protein. Ald is a homotrimeric protein and its surface is amenable to muta-
genesis.'” Moreover, this enzyme can tolerate relatively high temperatures, mak-
ing it compatible with the DNA nanostructure annealing process. The inherent C3
symmetry of Ald was used to engineer single-amino-acid mutations for ON conju-
gation. An Ald variant was designed by mutating a solvent-accessible glutamic
acid residue to a cysteine in each monomeric subunit. As a result, the protein
mutant had three peripheral surface positions available for covalently anchoring
ONs. A 21-mer ON strand (having a 5-amine group) was first treated with a het-
ero-bifunctional cross-linker to furnish the activated disulfide function. The result-
ing ON was conjugated to the Ald mutant via a thiol-exchange reaction. The
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obtained POC product had three identical ON arms. Two different model DNA
nanostructures were employed to validate the POC's trivalent property. A DNA
multicrossover tile was extended to have the 21-mer ON complement. When
mixed with the POC, native gel electrophoresis and AFM indicated that three mul-
ticrossover tiles could be attached to the core Ald protein via the trivalent ON
duplex hybridization. The results were confirmed using a triangular DNA origami
structure designed to immobilize one POC molecule in the central cavity via the
same trivalent contacts.

The authors explored further how to use the POC product to self-assemble a series
of hybrid tetrahedral nanocages. A third DNA nanostructure was designed to have
a triangular base (every side was a 31-mer dsDNA) from which each vertex was
extended to a DNA tether composed of a 10-bp dsDNA and the 21-mer ON com-
plement. When mixed with the POC product, a hybrid tetrahedral nanocage was
successfully assembled with all six edges possessing three helical turns. To demon-
strate the structural programmability, a fourth DNA nanostructure was introduced.
It had a similar morphology to the third one, but, when hybridizing to the POC, all
six edges of the resulting nanocage were elongated to have four helical turns. As
expected, a larger nanocage formation was observed in native gel electrophoresis
and AFM analysis. The authors accidentally inverted the sequence direction of the
21-mer ON complement in their original study. Serendipitously, a tetrahedron-like
shape was assembled via the same trivalent ON contacts.”” Due to the sponta-
neous disulfide formation between the cysteine residues, an undesirable aggrega-
tion phenomenon was noticed for the Ald mutant. To circumvent this issue, the au-
thors mutated the same solvent-accessible glutamic acid residue to an unnatural
4-azidophenylalanine to produce a second Ald mutant for ON conjugation. The
same 21-mer ON strand (having a 5'-amine group) was treated with another het-
ero-bifunctional cross-linker to have the DBCO function. The Ald-ON conjugation
was accomplished via the SPAAC reaction. When the obtained POC product was
mixed with the third DNA nanostructure, highly similar nanocage morphology was
observed with all six edges having three helical turns. The protein surface address-
ability was further demonstrated by moving the three ON conjugation sites from
the outer edge to the same surface, positioning them closer to each other. In
accord, a third POC product was synthesized. However, when mixing it with the
third DNA nanostructure, open nanocages predominated where only monovalent
ON duplex hybridization took place and the other two were fully dissociated. This
unexpected result was ascribed to the possible intramolecular steric or electro-
static repulsion. This study may inspire merging self-assembling protein and
DNA building blocks into a single macromolecule for the bottom-up construction
of innovative nanomaterials, whereby the bioactivity of proteins and the program-
mability of DNA can be combined coherently to develop advanced nanotechno-
logical tools.

CONCLUSIONS AND PERSPECTIVES

The integration of self-assembly principles in DNA and peptides/proteins allows an
emerging paradigm for advanced chemical and nanotechnological applications.
The main research rationale is to unite the high programmability of DNA and the ver-
satile chemical functions of peptides/proteins into a new type of building-block-like
nanoscale bricks where DNA and peptides/proteins can complement each other
while circumventing their own imperfections. As highlighted in this tutorial review,
significant progress has been made within the last decade to orchestrate DNA
and peptides/proteins for cooperative assembly. Until now, most research has
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been dedicated to making DNA and peptides/proteins work together in an effort to
achieve favorable structural/functional synergy in the hybrid nanostructures. Those
lead works laid the first steppingstones to demonstrate that the marriage between
DNA and peptides/proteins was a successful strategy for nanotechnological appli-
cations, as well as showcasing its tremendous power for bottom-up construction
of various nanoarchitectures that otherwise are impossible to achieve when using
DNA or peptides/proteins alone.

Several challenges remain on the way, which may hamper the rapid development
of hybrid DNA-peptide/protein nanostructures in the coming years. (1) Currently,
no computational program (such as caDNAno'%” and TALOS'% for DNA origami
design and Rosetta'®” for peptide/protein structure design) is available to accom-
modate both DNA and peptides/proteins to assist the design and assembly of
wanted hybrid nanostructures. At present, most studies are empirical and based
on trial and error. The adaptation of a reliable computational program that can
predict the self-assembly pathways of hybrid nanostructures will greatly promote
the hybrid DNA-peptide/protein technology. (2) The number of conjugation
methods is still limited, which severely hampers the sequential ligation between
DNA and peptides or the site-specific modification of DNA to the anisotropic pro-
tein surfaces. Orthogonal chemistry has been widely exploited to covalently con-
jugate different peptides/proteins to DNA.**~>> However, cognate reaction han-
dles need to be carefully introduced into both peptides/proteins and DNA,
leading to tedious lab work and time-consuming purification processes. One
possible direction is to hijack the well-established enzyme-mediated ligation
methods (e.g., sortase A, butelase-1, peptidyl asparaginyl ligases, subtiligase) in
protein chemistry''® to accomplish efficient DNA-peptide/protein crosslinking. In
this case, natural peptides/proteins can be used, although recognition motifs still
need to be specifically incorporated into DNA. In addition, non-covalent conjuga-
tion can be used with covalent methods to expand the structural diversity of the
hybrid nanostructures. Finally, new chemistry development may further empower
the arsenal of covalent and non-covalent DNA-peptide/protein conjugation
methods. (3) Almost all hybrid DNA-peptide/protein nanostructures in the litera-
ture are in their thermodynamically stable states. However, recapitulating the ki-
netic and transient molecular states is extremely important for many biological
processes. For example, the rational design of a dissipative system composed of
DNA and peptides/proteins would become a milestone for hybrid nanodevice
and nanorobot development. (4) Peptides/proteins have been explored intensively
to understand their structure-function relationships. However, we have limited
knowledge of how they interact with DNA. The polyanionic nature of DNA may in-
fluence the folding topologies and the chemical functions of peptides/proteins
when placed in proximity. Likewise, the peptides/proteins could reciprocally influ-
ence the structural integrity of DNA domains. This can be resolved when more
structural studies of hybrid nanostructures are reported.

Similar hybrid nanoscale architectures also exist in nature; for instance, nucleopro-
teins and protein-nucleic acid complexes play pivotal roles in biological processes
such as ribosomes, RNA-peptide complexes, viruses, and transient peptide-nucleic
acid droplet formations. Looking to the horizon, a greater vision is to imitate nature
to synergize DNA and peptides/proteins for the bottom-up construction of exquisite
nanoscale machines and artificial organelles that are comparable to the natural
counterparts or even surpass their biological functionalities. Beyond DNA and pep-
tides/proteins, other biomolecules, such as RNA, saccharides, and lipids, can also be
incorporated into hybrid nanostructures when properly designed. This may
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ultimately pave an avenue toward the de novo design of artificial life forms such as

viruses, bacteria, and cells in the future.
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