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Dynamic Exchange Controls the Assembly Structure of Nucleic-
Acid-Peptide Chimeras 
Hava Sadihov-Hanoch,a Anil Kumar Bandela,a Agata Chotera-Ouda,a,b Oshrat Ben David,a Rivka 
Cohen-Luria,a David G. Lynnc and Gonen Ashkenasy*a

Recent attempts to develop the next generation of functional biomaterials focus on systems chemistry approaches 
exploiting dynamic networks of hybrid molecules. This task is often found challenging, but we herein present ways for 
profiting from the multiple interaction interfaces forming Nucleic-acid-Peptide assemblies and tuning their formation. We 
demonstrate that the formation of well-defined structures by double-stranded DNA-peptide conjugates (dsCon) is restricted 
to a specific range of environmental conditions and that precise DNA hybridization, satisfying the interaction interfaces, is a 
crucial factor in this process. We further reveal the impact of external stimuli, such as competing free DNA elements or salt 
additives, which initiate dynamic interconversions, resulting in hybrid structures exhibiting spherical and fibrillar domains or 
a mixture of spherical and fibrillar particles. This extensive analysis of the co-assembly systems chemistry offers new insights 
into prebiotic hybrid assemblies that may now facilitate the design of new functional materials. We discuss the implications 
of these findings for the emergence of function in synthetic materials and during early chemical evolution. 

Introduction
Current evolved interactions between nucleic acids (NAs) and 
proteins confer remarkable control over cellular function. Among the 
best characterized complexes are the  nucleosomes engaging in DNA 
packaging in eukaryotes, ribosomes that translate RNA sequences 
into specific proteins, ribonucleoprotein granules in RNA processing, 
and amino-acid-charged t-RNAs exploited in translation.[1] Based on 
the structure-function relations in these complexes, several groups 
(including the authors) proposed that the preparation of synthetic 
nucleic-acid-peptide (NA-pep) hybrid materials might be exploited 
for applications in bio-nanotechnology.[2] Systems Chemistry 
approaches to the chemical origins of NA-pep assemblies continue to 
reveal now NA-pep functionality.[3] Recent investigations have, for 
example, demonstrated that (i) DNA sequences can template 
amyloids formation,[4] (ii) interactions between proto-peptides and 
RNA cooperatively stabilize both species,[5] and (iii) short nucleobase 
peptide chimeras can replicate through autocatalysis and cross 
catalysis.[6] 
While self-organizing systems based separately on NA and peptides 
have been extensively explored,[7] studies on the self-assembly of 
NA-pep chimeras were only initiated in recent years.[8] These assays 
revealed that the NA-pep assembly can provide access to new 
architectures, but at the same time that it is difficult to predict and 
control the outputs, since complex web of interactions govern the 
kinetics and thermodynamics of such processes.[2h, j, 6b, 9] Accordingly, 

we have systematically developed reversible self-assembly reactions 
to tune the formation of NA-pep materials and to find ways for 
satisfying the multiple interaction interfaces affecting the assembly 
structures. The comprehensive investigation of the co-assembly 
structure and dynamics yields new insight into prebiotic hybrid 
complexes. It may therefore enhance the development of new 
functional materials with adapted properties and functions.

Results and discussion
We started by mixing and annealing two complementary single 
strand NA-pep conjugates (ssCon1 and ssCon2; Fig. 1) that co-

a.Address here.
b.Address here.
c. Address here.
† Footnotes relating to the title and/or authors should appear here. 
Electronic Supplementary Information (ESI) available: [details of any supplementary 
information available should be included here]. See DOI: 10.1039/x0xx00000x

Fig. 1 Assembly structure of the dsCon chimeras. (a) Hybridization of single 
strand conjugates (ssCon1 and ssCon2; see characterization in Figs. s1, s2.) 
and their assembly to multi lamellar spheres (dsCon). The single-letter 
nomenclature is used to represent the DNA and peptide sequences (βA = β-
alanine). For specific names and sequences see also Table s1. (b) AFM image 
of the dsCon particles. (c,d) Fluorescence microscopy images of the dsCon 
stained with (2.8 µM) DAPI and (100 µM) ThT, respectively. In all 
experiments, [ssCon1] = [ssCon2] = 25 µM, [MgCl2] = 10 mM in phosphate 
buffer pH=7.
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assemble into a multi-lamellar, onion-like structure (dsCon; Fig. 1). In 
these spherical objects, the amphiphilic peptide tails form anti-
parallel -sheet patches,[10] while the DNA segments hybridize with 
each other (Fig. 1a).[2f] Since both the peptide and DNA segments are 
negatively charged, electrostatic repulsion prevents their 
interactions with each other. Using spectroscopy and microscopy 
assays, we show that the dsCon well-defined structure only forms 
under a narrow set of environmental conditions, and that satisfying 
the interaction interfaces by perfect DNA hybridization is key to this 
process. Furthermore, we demonstrate how external cues, such as a 
competing free DNA segment or salt additives, lead to dynamic 
interconversion, forming mixed structures with spherical and fibrillar 
domains or mixtures containing both spherical and fibrillar particles.
The dsCon assembly structure (Fig. 1a) was characterized by 
transmission electron microscopy (TEM),  atomic force microscopy 
(AFM) and fluorescence microscopy. The TEM and AFM results 
clearly show that the conjugates assemble into spheres (Figs. 1b, 4a 
and s3 in SI) with diameters ranging 20–180 nm.[2f]  Bright field 
fluorescence microscopy images revealed spherical objects (Fig. s4) 
that could be stained with either 4′,6-diamidino-2-phenylindole 
(DAPI), that binds strongly to adenine–thymine-rich regions in 
dsDNA, or Thioflavin T (ThT), that typically binds to peptide -sheets. 
The stained structures emitted light from both the dyes, i.e., blue 
fluorescence for excitation of DAPI and green fluorescence for ThT 
(Fig. 1c,d), supporting both DNA hybridization and -sheet formation 
within the assembled structures as shown in Figure 1a.
Remarkably, by circular dichroism (CD) we observed that upon 
formation of the lamellar structures, the double-stranded DNA 
segments of the conjugates undergo conformational changes (Fig. 2, 
and Figs. s6, and s8). Figure 2a presents the dsCon spectrum in black 
with additional curves representing signal deconvolution. The 
spectral minimum at 216 nm relates to the peptide -sheets[11], while 
the minimum at ~210 nm and maximum at 260 nm are consistent 
with the DNA A-conformation, and the minimum at 240 nm and 
maximum at 280 nm suggest B-DNA structure.[12] The control 
experiments with the dsDNA alone or (non-conjugated) dsDNA + p9 
solutions carried out under the same conditions only show signals 
originating from the A-conformation (Fig. 2c, d). A-DNA helix 
structure is typically observed for short GC-rich sequences and is 
stabilized by low hydration. We propose that upon formation of the 
dsCon assembly, the DNA segments transform to the more densely 
packed B-form. This conformation is potentially more symmetrical in 
its organization (Fig. 2a inset) that is highly hydrated due to 
conjugation with the amphiphilic peptide segments. In living cells, 
DNA is often found as a mixture of A- and B-conformations, and the 
transitions of one form to the other take place during specific cellular 
functions.[13] In the present context, the two DNA conformations 
might change from one to the other upon changing the 
environmental conditions, facilitating the formation of various forms 
of hybrid materials with different topologies (vide infra), and 
potentially, with different functional significance.
The formation of highly ordered dsCon spherical nanoparticles was 
found to be robust and reproducible under the conditions depicted 
in Figure 1. We have therefore considered this set of conditions as 
‘ideal’ and proceeded to characterize the stability and dynamics of 
various modifications. Two experimental vectors were first 
considered, featuring the addition of increasing amounts of ssDNA 

(DNA1) suitable for competing with ssCon1 in binding to ssCon2, 
possibly interfering with the assembly process and leading to 
alternative architectures. The first system involved mixing the two 
ssCon and DNA1 at time = 0 and following their simultaneous co-
assembly for 4h (Fig. 3 left). Co-assembly of the second system took 
place through strand exchange, achieved by first equilibrating the 
dsCon for 1h to form the spheres (Fig. s5) and then incubating with 
DNA1 for the subsequent 3h (Fig. 3 right, details in SI supplementary 
methods). 
For the simultaneous co-assembly, we observed that the addition of 
10% of DNA1 (molar ratio vs. ssCon1 or ssCon2) yielded both fibrillar 
and spherical structures (Fig. 3a), whereas mixing with 50% or 150% 
DNA1 led to fibers only (Fig. 3c,e). CD spectra of co-assembly with 
10%, 25% and 50% addition of DNA1 showed the formation of -
sheet, as well as A and B dsDNA, supporting the fact that ssDNA at a 
low molar ratio can hinder assembly into spheres. Based on the CD 
data deconvolution, we propose that the B-DNA conformation 
population decreased with the increase of DNA1 molar ratio (Fig. s6 
and Table s3). For higher DNA1 molar ratio (150%), the CD spectrum 
showed the formation of β-sheet and a lower percentage of B-DNA 
versus the other samples, as well as significant minimum at 230 nm 
(Fig. s6b), indicating that excess ssDNA encourages assembly of fiber 
and (up to 42%) random coil architectures. 
In the strand exchange experiments, adding the DNA1 at low 
concentrations (10% and 50%) to the mixture of pre-assembled 
dsCon did not alter their spherical structure (Fig. 3b, d), but the 
addition of excess DNA1 (150%) induced a conformational change 
into short, branched fibers (Fig. 3f and Table s4). These experiments 
demonstrated that the DNA segments of the dsCon can arrange 
themselves to give stable assemblies but also disassemble upon 
addition of excess competitor DNA1. In competitive co-assembly, 

Fig. 2 CD based analysis of the DNA and peptide secondary structures in 
dsCon and related assemblies. (a) dsCon; (b) p9 peptide (azide-modified 
peptide segment, synthesis precursor of the ssCons); (c) dsDNA (d) dsDNA 
and p9 peptide mixture. Concentrations of all samples was 10 µM in 10 mM 
phosphate buffer pH 7. Deconvolution analysis of the CD spectra achieved 
based on the typical spectra of B-DNA, A-DNA, peptide -sheet and random 
coils. Additional details are given in SI Section s3a and Table s2. 
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strong competition for binding ssCon2 prevents assembly into 
spheres. Alternatively, the strand exchange experiments reveal that 
the spheres which are formed within 1h are already kinetically stable 
and could only be disassembled in presence of excess DNA1 during 
relatively long incubation times (3h). For both systems we argue that 
the formation of fibers is facilitated by the peptide segments of the 
conjugates, while the DNA segments remain exposed at the 
periphery of the supramolecular structure and engage in 
hybridization with the competitive DNA1 strand (see scheme below; 
Fig. 5, Entry 8 pink panel).

Since the extent of DNA hybridization and the formation of dsDNA 
secondary structures can be influenced by electrostatic forces in 
their vicinity,[4] we have further studied the effect of adding various 
(divalent and monovalent) metal cations on the dsCon 
rearrangement and assembly structures (TEM/AFM Fig. 4 and CD Fig. 
s8). As specified above (Fig. 1), the ideal conditions for the assembly 
of dsCon into the stable spherical architecture included the addition 

of 10 mM MgCl2 (Figs. 4a and s8a). When no metal ions were added, 
the dsCon primarily assembled into (micrometer long) fibers, with 
only a small number of spheres co-existing (Fig. 4b). Assembly in the 
presence of a lower amount of MgCl2 (5 mM) probably stabilized DNA 
hybridization to a lower extent (than 10 mM), as evident by 
coexistence of particles having both the sphere and fiber topologies 
(Fig. 4c). The addition of 10 mM CaCl2 led to yet another morphology, 
i.e., shorter fibers, ca. 110 nm in length (Figs. 4d and s8a; Table s3). 
This finding could be explained by that the Ca+2 ions have stronger 
affinity to the peptide Glu carboxylic acids (than Mg+2),[14] and 
generally by previous evidence that Ca+2 ions can induce a transition 
from B- to a non-B-DNA conformation,[15] hence lowering the 
propensity for forming the dsCon spheres. We further observed that 
the addition of monovalent cations (20 mM LiCl or NaCl), which do 
not stabilize the DNA backbone like Mg+2, yielded mixtures of fibers 
and spheres (Figs. 4e,f and s8a).

Fig. 3 dsCon co-assembly in the presence of the free ssDNA, DNA1. AFM and TEM images of nanostructures formed in mixtures containing ssCon1, ssCon2 and DNA1 at 

variable ratios, and after different times of equilibration. (a, c, e) Images obtained for samples in which DNA1 added together with ssCon1 and ssCon2. (b, d, f) Images 

obtained for samples in which DNA1 was added after 1h pre-equilibration of ssCon1 and ssCon2, insert to b – an AFM image of a different scanned area showing a lower 

density of spherical objects. All the experiments [ssCon1] = [ssCon2] = 25 µM, [MgCl2] = 10 mM in phosphate buffer pH=7.
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Temperature dependent denaturation experiments (following the 
absorbance at 260 nm; Fig. s9) for the dsCon assembly in the 
presence of different metal cations indicated only one transition in 
all cases, accounted for the structural changes from the double 
stranded DNA to a single strand DNA. The analysis further revealed 
higher Tm values for the stable assemblies formed in the presence of 
Mg+2 ions, in comparison to those formed in the presence of 
monovalent cations (LiCl, NaCl). Additionally, based on CD 
characterization of the p9 peptide assembly in the presence of 
different metal ions (Fig. s8b), we can conclude that these ions 
(except for Ca+2) do not interact strongly with the peptide residues, 
since in all cases the spectra suggested a similar -sheet secondary 
arrangement. Interestingly, in several cases where both the spheres 
and fibers formed, we noticed that particles of different 
morphologies were closely attached, forming branched super-
structures or ‘necklaces’ (Inserts to Fig. 4b,c,f, Fig. 5 and Figs. s7, s10). 
We suggest that in those cases the spheres were attached to the 
fibers through hybridization of loose DNA tails present on edges of 
both assemblies.

Conclusions
The plethora of supramolecular structures formed by NA-pep 
conjugates are summarized in Table 1 and Figure 5, displaying the 
structural models for the morphologies produced through direct 
assembly of the ssCon chimeras, and when assembled individually[2f], 
in or the presence of competing peptide[2f] or DNA molecules. Our 
former study has shown how the conjugation (of peptide and DNA 
segments) improves the assembly properties, i.e., stability and 
binding affinity, versus the assemblies of each segment alone.[2f] 
Notably, the adaptivity of the system to changes in the environment 
caused liquid-liquid phase separation and the appearance of 
transient liquid droplet condensates (Fig. s11), as has been observed 
for other complex mixtures of biological molecules.[4, 16] These 
features will be further characterized in our next studies. Both 
peptide and nucleic acid precursors may be formed in prebiotic 
environments from simple building blocks of unified origin,[3a] so we 
suggest that harnessing the synergistic activity of peptide and nucleic 
acid with the chemical cues applied here may have led to the 
selection of functional chimeras. Since synergy was also observed for 
related prebiotically-relevant molecules,[17] such as NA–lipid,[18] pep–
lipid,[19] and carbohydrate–pep,[20] our study underscores how rapid 
progression in complexity and systems chemistry[21] could now 
provide access to a large repertoire of functional co-assemblies.

Fig. 4 Cryo-TEM images of self-assembled nanostructures formed in mixtures 

containing (250 µM each) ssCon1 and ssCon2 in the presence of different metal 

ions, in phosphate buffer pH=7. (a) dsCon; Mg2+ (10 mM); (b) control experiment: 

dsCon without metal ions; (c) dsCon; Mg2+ (5 mM); (d) dsCon; Ca2+ (10 mM); (e) 

dsCon; Li+ (20 mM); (f) dsCon; Na+ (20 mM).
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Table 1 Assembly structures observed for dsCon and related mixtures under 
variable conditions

Additivesa,b,c 
Entry #

ssCon1: 
ssCon2a Seq 

(eq.)
Salt 

(mM)

Observed 
morphology

Analytical 
tools

Self-assembly of the p9 peptide and dsCon

1 - P9 Fibers AFM, CD
c-TEM, 

2 1:1 - MgCl2 (10) Spheres, LD
AFM, FM, 
TEM, CD
c-TEM, 

Dynamic exchange in presence of ssDNA

3
1:1 DNA1 

(0.1)b MgCl2 (10) Spheres, 
fibers

AFM, 
TEM

4
1:1 DNA1 

(0.1)c MgCl2 (10) Spheres AFM, 
TEM

5
1:1 DNA1 

(0.5)b MgCl2 (10) Fibers AFM, 
TEM

6
1:1 DNA1 

(0.5)c MgCl2 (10) Spheres AFM, 
TEM

7
1:1 DNA1 

(1. 5)b MgCl2 (10) Fibers AFM, 
TEM

8
1:1 DNA1 

(1.5)c MgCl2 (10) Fibers AFM, 
TEM

Self-assembly in presence of metal ions

9 1:1 - None Fibers, 
spheres, LD

AFM, 
c-TEM

10 1:1 - MgCl2 (5) Spheres, 
fibers, LD

AFM, 
c-TEM

11 1:1 - CaCl2 (10) Short fibers c-TEM

12 1:1 - NaCl (20) Spheres, 
fibers, LD c-TEM

13 1:1 - LiCl (20) Spheres, 
fibers, LD

AFM, 
c-TEM

Mixing p9 peptide with increasing amounts of DNA-pep chimeras[2f]

14 1:0 - - Fibers, LD AFM, 
c-TEM

15 1:0 P9 (1) MgCl2 (10) Fibers, LD AFM

16 1:1 P9 (8) MgCl2 (10) Fibers, 
spheres AFM

17 1:1 P9 (1) MgCl2 (10) Spheres, 
fibers, LD

AFM, 
c-TEM

aThe additives actual concentrations in each experiment are given in the respective 
figure captions and SI experimental sections; bDNA1 co-assembled with ssCon1 and 
ssCon2 from time = 0; cDNA1 added into the mixture of ssCon1 and ssCon2 after 
the latter were allowed to equilibrate for 1h. LD = liquid droplets; FM = 
fluorescence microscopy; c-TEM = cryo-TEM.

Fig. 5 Schematic representation the different topologies obtained for dsCon and 
related mixtures under variable conditions. Entry numbers matched with Table 1.
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