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Abstract

Decoding the Rules for Biopolymer Mutualism

By George Poppitz

The interaction between nucleic-acid and amino-acid-based biopolymers is essential for the
development of modern cellular life. However, despite decades of investigation, it remains
unclear how life originated and how this mutualistic interaction came to exist. Biomolecular
condensates are an exciting avenue for exploring this question due to their commonality in
biology, but their widely varied composition means new models must be developed. Building
on decades of work with peptide models of aggregation, we investigated the co-assembly of
peptides and nucleic acids to study how electrostatic interactions underpin their ability of
peptides and nucleic acids to assemble. Following this, comparisons between different nucleic
acid conformations revealed a bias towards structures with a higher density of negative
charges. To confirm this, a cyclic polyanion was used to discover new rules for how the

selection of different assembly structures functions.
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Introduction

A brief review of origin-of-life research

The origin of life on earth has been one of the most enduring scientific questions of all time.
Aristotle’s original idea, that “lower” life like insects or maggots spontaneously arose by chance
due to decaying matter, was broadly accepted up until the 17t century when experiments by
Francesco Redi demonstrated that flies laying eggs was necessary for maggots to form (Sheldon
2005; Gottdenker 1979). Additionally, Louis Pasteur demonstrated in the 1860s that
microorganisms must also originate from parent organisms, firmly putting to rest ideas of
spontaneous generation (Bordenave 2003). While these experiments successfully defeated the
incorrect idea of spontaneous generation they left scientists with a new question, one that has
continued to challenge scientists even today: if all life requires a progenitor, then how did the

first lifeform arise?

This central paradox, “if everything must come from something else then what came
first?”, frustrated researchers for hundreds of years and many scientists did not bother
seriously interrogating this idea. As more and more complexities of cellular life were discovered
such as the nucleus or enzymes, disheartened scientists saw the gap between living and non-
living matter far too large to bridge. However, in the 1920s Alexander |. Oparin proposed the
heterotrophic origin of life theory, reasoning that some synthesis of rudimentary organic
compounds would have been possible in the oxygen-deficient atmosphere of early earth and
that these early organic structures would be subject to Darwinian natural selection (Lazcano
2016). This theory likely influenced Stanley Miller and Harold Urey when, 20 years later, they

demonstrated formation of amino acids from suggested early-earth conditions (Miller 1953).



The Miller-Urey experiment was a key step forward in origins-of-life research and serves as a

fantastic example of the bottom-up approach to origins-of-life research.

The two different approaches to origin-of-life research are top-down and bottom-up.
Top-down approaches are characterized by finding commonalities amongst lifeforms to try and
deduce what the last universal common ancestor (LUCA) looked like. This has largely focused
on prokaryotes as the simplest forms of cellular life (Cleland 2013). Earlier work using this
approach led to the exciting result that there is a minimal set of genetic information required
for cellular life (Mushegian and Koonin 1996), but work attempting to look further back in time
than the minimal bacterial genome has largely stalled. In contrast to this, bottom-up
approaches generally investigate how the first structures capable of evolution may have formed
from pre-Darwinian origins. Here research focuses on prebiotic synthetic pathways to access
biomolecules, self-assembly, chemical information storage and transfer, and metabolic
networks (Ruiz-Mirazo, Briones, and de la Escosura 2014). Historically the top-down and
bottom-up approaches were seen as mutually exclusive and some argue that this view has
stymied scientific progress in the field (Preiner et al. 2020). Supporting this assertion that
joining top-down and bottom-up approaches is crucial for meaningful research progress, the
most significant and enduring hypothesis to arise from origins-of-life research has been the

RNA world hypothesis.

First proposed by Alexander Rich in 1962, the RNA world hypothesis posits that RNA
acted as both the information-carrying molecule enabling genetics and a catalyst enabling self-
replication at the origin of life (Rich 1962; Lazcano 2012). In this paper, Rich uses a top-down

approach when he uses the fact that RNA and DNA share structural and functional similarities



or the existence of RNA viruses to suggest that modern, DNA-based life evolved from more
primitive RNA organisms. Likewise, Rich’s hypothesis shares features of a bottom-up approach
in the focus on reactivity and the ability to self-replicate as a molecule subject to Darwinian
natural selection. The RNA world has persisted as a hypothesis due to its charming simplicity;
only one molecule is responsible for catalysis and information so implausible scenarios relating
to the spontaneous occurrence of multiple biopolymers are bypassed (Neveu, Kim, and Benner
2013). Over the years there have been multiple key experiments that lend support to the RNA
world hypothesis. Chiefly among these have been experiments with ribozymes, catalytic RNA
(Cech, Zaug, and Grabowski 1981). Take for example the breakthrough discovery of a self-
replicating ribozyme in 2002 which proved that RNA was capable of creating copies of itself
(Paul and Joyce 2002). This was followed by the creation of cross-replicating ribozymes which
were able to compete against other ribozymes for shared substrates (Lincoln and Joyce 2009).
Taken together, these studies demonstrated the viability of ribozymes as an avenue to gain

insight into the origin of life.

However, now greater than 60 years old, the RNA world has had serious detractors over
the decades and multiple key questions are still unanswered. For one, RNA is extremely
synthetically inaccessible for prebiotic conditions. In fact, the discussion of prebiotic RNA
synthesis once famously drew the comment that RNA is a “prebiotic chemists’ nightmare”
(Joyce and Orgel 1999). Beyond this, criticisms focus on the lack of RNA’s stability to hydrolysis,
the lack of catalysis on short RNAs, and limited catalytic function, just to name a few of the
common accusations (Bernhardt 2012). Although ongoing research is attempting to answer

many of these challenges and some progress has been made, (Szostak 2012; Bernhardt and



Tate 2012; Chumachenko, Novikov, and Yarus 2009) many recent works have shifted slightly in
focus to consider a slightly modified variation of the RNA world that may be more prebiotically

plausible.

The Ribonucleoprotein (RNP) world can go by many names like RNA-peptide world or
oligonucleotide/oligopeptide world, but the central idea is always the same. The unifying theme
in every formulation of this hypothesis is that mutualism between polypeptides and RNA was
an essential intermediate stage in the origin of life. This idea can be thought of as stemming
from the original Miller-Urey discovery of prebiotic amino acid synthesis (Miller 1953) and
those original theories from Oparin about heterotrophic origins of life (Hyman and Brangwynne
2012). Amino acids are far more synthetically accessible than RNA so this hypothesis satisfies
some bottom-up concerns. Furthermore, many ribozymes absolutely require protein
components for stability and function, a fact that has been used to criticize RNA-only
approaches to origin-of-life questions (Di Giulio 1997; Le Vay and Mutschler 2019). Some top-
down theorists have likewise switched from considering the emergence of the first cellular
organisms as where life began and instead began looking at the peptidyl transferase center,
which is the catalytic heart of ribosomes, to examine how this mutualism between RNA and
protein could hold the key for understanding the emergence of life (Prosdocimi, José, and de
Farias 2021). Work has shown that the peptidyl transferase center is likely the most ancient and
conserved center of ribosomes, and therefore cellular life (Farias, Régo, and José 2014), giving
evidence to the theory that mutualistic interactions between RNA and proteins were essential
for the development of increasing biological complexity and eventually life. Currently, many

bottom-up approaches to the origin-of-life question focus on this aspect of the proposed



evolutionary pathway, striving to demonstrate the prebiotic creation of RNA/peptide materials
(Muller et al. 2022). Similarly, top-down work has used the recent discovery of RNA/protein
biomolecular condensates in both eukaryotes and prokaryotes to assert that these mutualistic
interactions are ubiquitous in modern life because they are an universal, highly-conserved
evolutionary adaptation that bridges the RNA world and current cellular life (Ladouceur et al.
2020; Banani et al. 2017). These new top-down and bottom-up approaches have fueled calls to
further explore the RNP world as either an alternative hypothesis or a key development of the
RNA world (Carter 2015). In light of these ongoing developments in the field of origin-of-life
research, it is abundantly clear that further work is needed to understand mutualism between

nucleic acids and peptides.

Biopolymer mutualism in biomolecular condensates

As a starting point for the discussion of nucleic acid and protein mutualism, first we
must clarify the different categories of ribonucleoproteins (RNPs). Many RNPs form definite
structures, the classic example of which is the ribosome. Ribosomes generally compose of 50%
or greater RNA by mass which is strongly non-covalently bound to over 50 proteins (van de
Waterbeemd et al. 2018; Benjamin et al. 1998). While there are some flexible domains, for the
most part the ribosome is highly ordered, forming a definite structure which is essential for its
catalytic function. The other large category of RNPs is disordered RNPs. These disordered
structures do not take a definite crystalline structure, behaving like liquid droplets albeit with
viscosities thousands of times higher than that of water (Brangwynne et al. 2009). These liquid

droplets, commonly referred to as biomolecular condensates, are a separate phase from the



surrounding solvent and are biologically useful because they enable cells to organize
themselves without relying on the relative complexity of lipid membranes (Hyman, Weber, and
Julicher 2014). For example, the bacterium Caulobacter crescentus has evolved to use ATP-
concentration-dependent phase separation to control kinase function as well as phase
separation of the protein PodJ for control of signaling hubs for asymmetric cell division
(Saurabh et al. 2022; Tan et al. 2022). In eukaryotes, the classic examples of biomolecular
condensates are germ granules, processing bodies, and stress granules (Gao and Arkov 2013;
Guo, Shi, and Wang 2021). The ability of these condensates to perform cellular functions have
led to these biomolecular condensates commonly being referred to as membranelles organelles

(Lasker et al. 2020; Banani et al. 2017).

Recently great progress has been made to elucidate the physical interactions
responsible for liquid-liquid phase separation and gain an understanding of condensates.
Peptide models have successfully been employed to gain a deeper understanding of charge-
patterning’s importance for these interactions and the field has generally matured to have a
comprehensive understanding of biomolecular condensate formation (Chang et al. 2017). In
fact, recently developed peptide nanomaterials have been used to model biomolecular
condensates in bacteria (Tomares et al. 2022). Generally, peptides are a tremendously useful
model system to study all manner of supramolecular questions such as condensation or the
maturation of condensates into aggregates (Sheehan et al. 2021). This is because peptides
afford direct control over sequence which allows for finely tuned system-level behavior. Going
beyond condensates, peptides have also been essential for studying the process of fibrilization.

A peptide model derived from the nucleating core sequence of amyloid beta 42 has been used



extensively to probe dynamics in the underlying processes of condensate formation and
especially for investigating processes where condensates transform into solid, paracrystalline
assemblies like nanotubes or amyloid fibers (Hsieh, Lynn, and Grover 2017). The growth of
paracrystalline assemblies out of condensate phases is implicated in prion diseases and
Alzheimer’s disease and often studied in this context (Wang et al. 2021), but studying this
interaction can also shed light on the underlying physical rules of biopolymer mutualism in the

context of RNPs.



Methods
Synthesis of Ac-KLVIIAG-NH (Pep-KG) and Ac-ELVIIAG-NH: (Pep-EG)

Pep-KG was synthesized on Rink amide-MBHA (Anaspec) solid support via a CEM Liberty Blue
Automated Microwave Peptide Synthesizer (Serial # LB2447) with 1M N,N'-
Diisopropylcarbodiimide (DIC; CAS# 693-13-6 AAPPTEC) as the activator, Oxyma Pure (CAS#
3849-21-6 CEM) as the activator base, and 20% Piperidine (CAS# 110-89-4 Sigma-Aldrich) as the
deprotection solution. Amino acids were coupled using 0.25 mmol standard coupling (75°C
210W for 15s followed by 90°C 30W for 110s) and deprotected using 0.25 mmol standard
deprotection (75°C 175W 15s, 90°C 30W 50s). The amino acids used were as follows: fmoc-boc-
lysine, fmoc-leucine, fmoc-valine, fmoc-isoleucine, fmoc-alanine, fmoc-glycine, fmoc-boc-
glutamic acid, and each one dissolved in dimethylformamide (DMF; CAS# 68-12-2 Sigma-
Aldrich). The N-terminus of both Pep-KG and Pep-EG were acetylated with a 20% acetic
anhydride (CAS# 108-24-7 Sigma-Aldrich) in DMF solution and the 0.25 mmol N-terminal
acetylation method (60°C 50W 30s, 25°C OW 30s, 60°C 50W 30s, 25°C OW 30s). Upon
completion of synthesis, the resin beads were rinsed with dichloromethane (DCM) then let dry
via vacuum filtration for cleavage from solid support which was carried out using a cocktail of
9:0.5:0.3:0.2 ratios of trifluoroacetic acid (TFA CAS# 76-05-1 Chem Impex)/thioanisole (CAS#
100-68-5 Sigma-Aldrich)/1,2-ethanedithiol (CAS# 540-63-6 Sigma-Aldrich)/anisole (CAS# 100-
66-3 Sigma-Aldrich), where 10 mL of the cocktail was used in each of two vials and the 0.25
mmol of peptide attached to resin was evenly distributed across the two vials. The resin beads
were submerged in the cocktail and were continuously perturbed using an orbital shaker at low

intensity for to allow for homogeneous coverage of the beads with the cleaving reagents, and



the reaction vessels were left for 3 hours at room temperature. Upon completion, the beads
are filtered from the peptides via gravity filtration immediately into cold (-20°C) ether (CAS# 60-
29-7 Fischer Scientific). At this point, the ether should become warm and cloudy due to mass
precipitation of the peptides, and the mixture is then spun down at 4000 rcf for 15 minutes at
4°C to improve precipitation. The ether supernatant was discarded, and the gel-like pellet was
washed with more cold ether for centrifugation, a process that is repeated twice more. The

pellet was stored in vacuo pending HPLC purification.

Fmoc-OtBu-E: 204251-24-1, 71989-18-9 Chem-Impex Int’l Inc.

Fmoc-Boc-K: 71989-26-9 Chem-Impex Int’l Inc.

Fmoc-L: 35661-60-0 AnaSpec Inc.

Fmoc-V: 68858-20-8 Chem-Impex Int’l Inc.

Fmoc-I: 71989-23-6 AnaSpec Inc.

Fmoc-A: 35661-39-3 Chem-Impex Int’l Inc.

Fmoc-G: 4530-20-5 AnaSpec Inc.

Purification of (Pep-KG) and (Pep-EG)

Purification of both Pep-KG and Pep-EG was carried out using a Waters 2545 Quaternary
Gradient Module (Serial # HO845Q016R) and a Waters 2998 Photodiode Array Detector (Serial
# M12998467A) on a C18 reverse-phase HPLC column (XSelect CHS Prep. C18 5um OBD 19x250
mm Column PN:186005492 SN:162|3801711405). Pep-KG was purified with a gradient from

25% to 35% acidified acetonitrile (MeCN, 0.1% TFA) in acidified HPLC water (with 0.1% TFA).



Pep-KG eluted reliably at 31% MeCN. Pep-EG was purified with a 28%-30% gradient of MeCN in
25 mM TEAA (pH 7) HPLC water. Pep-EG eluted as two peaks at 28.6% and 28.7-28.8% MeCN,
but only the second peak was considered pure and collected (S| FIGURES). Purified peptides

were rotary evaporated and then freeze dried for preparation of the desalting process.

Desalting of Pep-KG

Pep-KG and Pep-EG were each desalted with Sep-Pak C18 3mL cartridges (Waters Co., Milford,
M) by first dissolving the purified peptide in HPLC water with 0.1% TFA added, using 6 mL of
acidified water per 0.1 mmol peptide and sonicating. Before adding dissolved peptide, each
Sep-Pak cartridge was prepared by adding 3 mL of MeCN + 0.1% TFA twice, followed by 2
additions of 3 mL of water + 0.1% TFA. After this preparatory step, 3 mL of dissolved peptide
was added to each cartridge and the filtrate from this peptide was collected and passed
through the cartridge again. Next, 3 mL of water with 0.1% TFA was added to the cartridges to
remove salts from the peptide. After washing, peptides were eluted off the column with two
additions of 3 mL 50% MeCN solution with 0.1% TFA. The eluted peptide was rotary evaporated

to remove MeCN, frozen, and the water was lyophilized off.

Preparation of pep-KG/GQ conjugate

Desalted Pep-EG (20 mg) and 33.5 mg N-hydroxysuccinimide (CAS# 6066-82-6 Sigma-Aldrich)
were dissolved in minimal amount of DMF (approximately 2 mL). 55.8 mg EDC (1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide; CAS# 25952-53-8 Sigma-Aldrich) was added afterward, and
the solution were left to stir at room temperature overnight, up to 36 hours. Completion of this

reaction generated an imide-peptide species, which registered at 851 Da as confirmed by mass



spectrometry (SI). 100 pL 0.2M NaHCOs3 was then added to the solution, and 0.15 mmol
propargylamine (CAS# 2450-71-1 Sigma-Aldrich) was added immediately after the pH was
raised. This reaction was left to stir for 5 hours, and propargylamine coupling, which generates
Ac-EmLVIIAG-NH;, was confirmed via mass spectrometry (Sl). This crude product was used
without further purification for conjugation with 5’-azide modified GQ DNA (SEQUENCE) via
azide-alkyne click reaction, which utilized 4 nmol GQ DNA, two times excess of Ac-EnLVIIAG-
NH; (4 uL), 4 uL 2M Triethylamine-acetate buffer at pH 7, 4 uL saturated ascorbic acid for
activation of 10mM Cu(ll)-TBTA in 55% aqueous DMSO (Lumiprobe, MD, USA), which was
added last (4 pL). This reaction was run at room temperature for up to 48 hours and was
followed by ethanol precipitation of the peptide/DNA conjugate. Due to addition of excess
peptide, only peptide/DNA conjugates were be pulled down using this protocol, which involved
the addition of 2 mL 2M MgCl; solution and four times excess 200 proof ethanol. The solution
was shaken vigorously prior to resting in an ice bath for one hour. The solution became turbid,
and after this incubation period, the sample was spun down at 13,000 rpm for 20 minutes,
generating a gel-like pellet. After discarding the supernatant, the pellet was resuspended and
washed with 70% ethanol and then spun down once more at 13,000 rpm for 10 minutes,
generating a pellet consisting of the peptide/DNA conjugate. The ethanol was discarded, and

the sample was stored overnight in vacuo awaiting assembly with Pep-KG.

Assembly of Pep-KG with and without templates

All assembled samples were prepared using desalted Pep-KG following HPLC purification. Pep-
KG was assembled at a final concentration of 1 mM both in the presence and the absence of

polyanionic templates. Templates were added to satisfy a 1:1 charge ratio with Pep-KG, which



contributes a single positive charge. Assemblies were done with the following charge
assumptions: the Drew-Dickerson dodecamer single stranded sequence d(CGCGAATTGCGC)
contributed a charge of —-12, whereas the double stranded counterpart of the same sequence
had -24 charges. Both dA3 and trimetaphosphate contributed a -3 charge each. Poly-
adenosine templates contain an equivalent number of negative charges to adenosines. A
solution of double the concentration of each template, relative to the template’s final
concentration, was prepared using 40% MeCN, where an equal volume of 2 mM Pep-KG in 40%
MeCN was then added to the template solutions that were pre-incubated at 37°C. As an
example, an initial solution of 400 ul 0.66 mM trimetaphosphate was prepared in 40% MeCN,
where 400 pl 2 mM Pep-KG in 40% MeCN was added to it. All samples were incubated at 37°C

throughout the assembly times of up to 2 weeks.

Thioflavin T fluorescence assays

Samples for Thioflavin T fluorescence assays were prepared by combining 74 pL of sample, 100
uL of 40% acetonitrile, and 1 pL of 10 mM Thioflavin T (CAS# 2390-54-7 purchased from Sigma-
Aldrich) in 40% acetonitrile in the wells of a 96 well plate (Microplate, 96 well, PS, F-bottom,
UCLEAR, black, med. binding, Greiner Bio-one). Thioflavin T fluorescence was read with a BioTek
Synergy Mx plate reader (Serial# 250843) every 15 minutes for 24 hours, with short shaking
before each read. The excitation wavelength was 444 nm and fluorescence was measured at
484 nm. A well containing 1 uL 10 mM ThT in 40% MeCN and 174 ul 40% MeCN was used as a

baseline. The plate was held at 37°C for all 24 hours.

Transmission Electron Microscopy




8 uL of each sample was pipetted onto a carbon-film coated, 200 mesh copper grid (CF200-Cu
purchased from Electron Microscopy Services) The sample was then negative stained with 8 pL
of the supernatant of a 2% w/v Uranyl acetate in water solution that had been centrifuged at
12,000 rcf for 10 minutes (CAS# 541-09-3 purchased from Electron Microscopy Solutions).
Loaded electron microscopy grids were visualized with a Hitachi HT7700 transmission electron

microscope at 80 kV.

Circular Dichroism

Circular Dichroism spectra (CD) were recorded on a Jasco-810 Spectropolarimeter. Samples
were micro-pipetted onto a 50uL Hellma Analytics quartz cell with a 0.1 mm path length (Model
# 106-0.10-40). Spectra were measured by averaging 3 scans from 260-190 nm with a 0.2 nm
data pitch and 100 nms™* scanning speed. Molar ellipticity was calculated with the equation [6]
=0/(10 x ¢ x I) where c is the peptide concentration in moles/L and / is the pathlength of the

cuvette in cm.

CD melting

43 pl of each sample was loaded onto a 50 pL Hellma Analytics quartz cell with 0.1 mm path
length (Model # 106-0.10-40) while taking care to minimize bubbles inside the cuvette, and the
edge of the cuvette was wrapped in parafilm to minimize evaporation. Each melting trial was
conducted using a Jasco J-1500 (Serial # B043361638) Spectropolarimeter starting at 37°C and
ending at 92°, changing 1°C every minute and accumulating 3 scans from 260-190 nm every 5°C

interval. The data pitch was 0.2 nm, the scanning speed used was 200 nm min™L.



Results and Discussion
The launching point for the investigation of template control of peptide assemblies

began with further exploring the electrostatic interactions implicated in previous findings from
the lab. Initial work began with using simple salts to “screen” electrostatic interactions between
the DNA phosphates and the positive charges on the peptide. The logic was very clear, previous
work has demonstrated that condensate formation is sensitive to both simple and complex ions
(Saurabh) so varying concentration of salt in the buffer should affect the co-assembly of DNA
and peptide. To assess this, Pep-KG was incubated with either single- or double-stranded DNA
at 37°Cin 40% MeCN buffers that contained varying levels of salt. As with all experiments
presented here, the peptide and template were co-assembled in a 1:1 charge ratio so each
negative charge on the template corresponded to a positively charged peptide. See methods

for detailed description of assemblies.



peptide + ssDNA peptide + dsDNA

0 mM NacCl

10 mM NacCl

150 mM NaCl

Figure 1: Electrostatic screening by salts interrupts Pep-KG and DNA assemblies. All assemblies
were incubated with the Dickerson dodecamer in either single-stranded or double stranded
form for 1 week at 37°C in 40% MeCN before imaging via TEM. Figure reproduced from (Kumar

Bandela et al. 2022) with permission.
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Figure 2: 2-Aminopurine (2AP) fluorescence quenching indicates duplexing of single-stranded
DNA upon incubation with Pep-KG as well as supports electrostatic screening of ionic
interactions. O fluorescence intensity is baseline 2AP fluorescence, negative values indicate
guenching. DNA incubated with Pep-KG at 37°C in 40% MeCN. Low salt concentration is 10 mM

and high is 150 mM. All error bars are 95% Cl values and all samples are n = 3.

TEM imaging revealed that incubation with high concentrations of NaCl morphologically
disrupted the assemblies (Fig 1). This disruption to the assemblies was taken as evidence of the
importance of electrostatic interactions between the template and the peptide, although given

that TEM images were taken after 1 week we were unable to gain insight onto the time



dependence of this. Given that peptide assembly is first passing through a condensate phase
before forming paracrystalline structures, what stage of system maturation was the salt
affecting? Furthermore, salts are known to significantly affect DNA conformation so more

insight into template conformation was desired.

To answer this question, a modified DNA template containing 2-Aminopurine (2AP) was
used. 2AP is a fluorescent nucleotide analogue that is quenched upon duplexing. With 2AP
incorporated into the middle of the probe, 2AP quenching serves as an indicator of DNA
conformation regarding single vs double-stranded conformations. Interestingly, even with poly-
adenosine DNA templates which we assumed would be single-stranded, the 2AP exhibited
significant quenching (Fig 2, blue line). While the quenching was not to the same degree as the
2AP in the Dickerson dodecamer sequence, which started double-stranded and remained
double-stranded so therefore acted as a positive control, it appears that incubation with the
Pep-KG caused single-stranded DNA to adopt a double stranded conformation. Also interesting
was that various concentrations of salts decreased this quenching effect, so this seems to

confirm the effect observed in earlier TEM studies (Fig 1).
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Figure 3: CD melting studies demonstrate increased stability of DNA structure in cross-B peptide

assembly. 220 nm corresponds to B-sheet signature, 245 nm corresponds to DNA duplex.

Further investigation of DNA conformation was undertaken with Circular Dichroism (CD)
Melting. Cross-B assemblies exhibit a CD minimum at 220 nm and B-form DNA has a strong
negative minimum at 245 nm, so by tracking the disappearance of these different minima at
different temperatures we could measure the melting of these structures and therefore
compare relative thermal stabilities. Peptide assemblies templated with both the double-
stranded and single-stranded DNA templates exhibited strong B-sheet signals although the

double-stranded template led to a stronger signal than the single-stranded template (Fig 3,



solid lines). Most interestingly, however, was the finding that the Dickerson dodecamer control
had already melted at or below 37 °C whereas both of the template DNA strands still showed
clear B-form DNA signatures on CD which progressively disappeared at higher temperatures
likely due to melting or possibly evaporation from the cuvette (Fig 3). This provides compelling
evidence that the peptide assemblies strengthen the DNA structure and provide resistance to

thermal denaturation.
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Figure 4: Pep-KG assembly rate is accelerated when templated with dsDNA. TEM image panels
(A—C): Pep-KG assembled alone, Pep-KG assembled with ssDNA, and Pep-KG assembled with
dsDNA, respectively, within 1 day of initial dissolution. Panels (D—F) were taken after 1 week of
incubation. All peptides and DNA templates were dissolved in 40% MeCN at 1 mM Pep-KG
concentration and continuously incubated at 37°C. Measurements of ThT fluorescence (G)
indicates cross-f growth of the assembly within the first 12 h and (H) 2AP fluorescence within

the first 6 h of assembly. Each fluorescence measurement was done at 37°C incubation across



all timepoints. All error bars are 95% Cl values and all samples for 2AP and ThT fluorescence are

n = 3. Image reproduced from (Gordon-Kim et al. 2022) et al. with permission.

Following this, kinetic experiments were performed to assess whether there was a
difference in assembly rate between peptide assemblies templated by single-stranded DNA or
double-stranded DNA. TEM was used to image assemblies at multiple times as they formed
mature structures. Fig 4a,d demonstrates the maturation of peptide assemblies in the absence
of polyanionic templates, transitioning through a condensate phase to heterogeneous
fragments within the first 24 hours before eventually transitioning to the characteristic fibers.
After 1 week, the mature peptide/nucleic acid co-assemblies both are multilamellar nanotubes
(Fig 4e,f) however the ssDNA templated assembly shows greater heterogeneity at earlier time
points. Supporting the assertion that there is a difference in assemblies at early time points,
there is a significantly higher amount of Thioflavin T fluorescence within the first 12 hours (Fig
4g). Thioflavin T (ThT) is a fluorescent dye that emits upon intercalation with the leaflets of a
cross-f assembly, so a higher degree of ThT fluorescence is used to indicate a higher degree of
paracrystalline assembly formation. The far higher degree of ThT fluorescence with the double-
stranded DNA template within the first hours but the apparent similarities in the overall
assembly pathway as assessed by TEM indicate that dsDNA is nucleating the same assembly
pathway more rapidly than the single-stranded conformation does. This is a very interesting
result because previous work demonstrated sequence-independent templating as well as
successful templating interactions for DNA sequences above 6 nucleotides in length (Rha et al.

2020).



A B
@ a
a ® a ’
® L ® L
= -]
ssDNA
>Bnt pep-KG dsDNA pep-KG
C
ssDNA
A
dsDNA : o
le)] ¥
e fﬁNucIeation | ““ miasxe
AT - 1 co-assembly
Condensation

©® /

Figure 5: Proposed energy diagram of distinct pathways that Pep-KG may undergo through
context-dependent co-assembilies. (A) and (B) denote Pep-KG assembly templated by ssDNA
and dsDNA, respectively. Proposed energy diagram (C) illustrates dsDNA templates lower the

energetics of nanotube assembly relative to ssDNA templates, as demonstrated by ThT



fluorescence experiments. Image reproduced from (Gordon-Kim et al. 2022) et al. with

permission.

The proposed explanation for the results observed in Fig 4 are as follows: the single-
stranded and double-stranded DNA templates are progressing on the same assembly pathway
as assessed via TEM. However, a significant rate difference is observed in the first hours of the
assembly, with dsDNA rapidly accelerating assembly. We attribute this to a more rapid
nucleation step. We hypothesize that dsDNA is more effectively recruiting peptides to form a
stable nuclei which is then capable of propagating out of the particle phase and forming a

mature assembly.

To probe that nucleation step, work was undertaken to find other templates with
unusual charge ordering that might avoid the previously understood rule that DNA sequences
shorter than 6 nucleobases were incapable of templating assembly. Trimetaphosphate (TMP;
Fig 6a) was found to successfully template the formation of multilamellar nanotubes which is in
contrast to untemplated assemblies which form fibers (Fig 4d). TMP is a cyclic polyphosphate
with an overall negative charge of -3 so it was compared against tri-deoxyadenoside (dA3; Fig
6a) which also has an overall negative charge of -3. Assemblies with TMP form the same
nanotube morphology previously observed with longer single-stranded and double-stranded
templates (Fig 6¢) whereas dA3 leads to heterogenous fibers similar to un-templated Pep-KG
assemblies (Fig 6b). These TEM images were taken 1 day after co-assembly so ThT kinetics was

done to analyze the first hours after dissolution. Follow-up work with ThT fluorescence also



indicates significant differences in assemblies; there is significantly higher ThT fluorescence in
TMP co-assemblies than dA3 co-assemblies at around 5 hours. However, note that for both the
TMP and dA3, the lag time appears to be similar. After around 200 minutes of no increase in
ThT fluorescence, the ThT fluorescence begins to increase. To understand this in terms of what
is happening to the peptide and the template, we believe that for around the first 200 minutes
the system is going through a condensate phase so there are no paracrystalline structures for
the ThT to stain. After this initial condensate phase, nuclei for the paracrystalline structures are
selected within the condensates and these structures begin to propagate; it is these solid
aggregate structures that can bind ThT and therefore be measured. The ThT data indicates that
both the TMP and dA3 assembly pathways have similar lag times before this liquid to solid
transition, so we can surmise that the difference between TMP and dA3 is simply which nuclei
can form inside of the condensates. TMP, presumably due to its unique ordering of charges into
a more dense ring as opposed to the linear arrangement of dA3, can access or stabilize different

nuclei.
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Figure 6: (A) Structures of A3 (left) and TMP (right). Micrographs of Pep-KG assembled in the
presence of A3 (B) and in the presence of TMP (C). Both images were taken within 1 day of
dissolution in 40% MeCN at 37°C. Both samples consisted of 1 mM Pep-KG and 333 uM dsDNA
and 333 uM TMP. (D) ThT fluorescence of Pep-KG/dA3 and Pep-KG/TMP samples within the
first 12 h. Error bars represent 95% Cl values, and all samples are n = 3. Image reproduced from

(Gordon-Kim et al. 2022) et al. with permission.
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Figure 7: Guanine quadruplex folding is necessary for tapered nanotube morphology. Pep-KG
(0.4 mM) assembled in sodium phosphate buffer results in bundled fiber formation (A). Co-
assembly of GQPC (2.5% molar equivalent) and pep-KG (0.4 mM) yields tapered conical
assemblies resembling nanotubes in sodium phosphate buffer (B). Like previously described

nanotubes, GQPC/Pep-KG co-assemblies form ribbons first. The tapered ends of GQPC/pep-KG



co-assemblies close first (tapered end, arrow; wide end, arrowhead) (C). LiPO4 buffer used in
place of NaPO4 resulted in a mixture of both non-tapered nanotubes and fibers (D), suggesting
that GQ formation is essential for conical tube morphology as depicted in the proposed co-

assembly mechanism (E). Figure reproduced from (Gordon-Kim et al. 2022) with permission.



Conclusion
The studies presented here elucidate some of the underlying principles regarding

electrostatic control of liquid-to-solid phase transitions in the development from condensate
phases to paracrystalline assemblies. Firstly, the sensitivity of the electrostatic interactions was
demonstrated by screening the key electrostatic interactions with various concentrations of
salts. This led to the novel discovery that the paracrystalline assembly appears to change the
conformation of single-stranded DNA templates, which eventually gave rise to the discovery
that single-stranded DNA and double-stranded DNA templated assemblies apparently follow
the exact same assembly pathway and give rise to identical final morphologies. The key
difference between ssDNA and dsDNA was that dsDNA nucleates assembly more effectively, a
fact we attribute to the higher density of negative charges. The knowledge that ordering of
charges is essential for effective recruitment of peptides into stable nuclei within the
condensate phase led us to explore TMP. Studies contrasting TMP with dA3 reveal that ordering
of negative charges enables nucleation events that were previously considered impossible.
Interestingly this appears to be a matter of nuclei selection within condensates during the

liguid-to-solid phase transition.

Altogether, this work sheds more light onto the physical rules regarding the electrostatic
interactions governing co-assembly of nucleic acids and peptide or protein materials. Currently,
this type of biopolymer mutualism is hypothesized to be crucial to the origin of life. Interactions
between RNA and proteins might have been essential for the development of greater biological
complexity especially for the evolution of highly conserved cellular machinery like the peptidyl

transferase center. The studies presented here should not be understood as recreating



prebiotic evolution, instead they should be used as a model to understand the rules underlying
the mechanisms of possible prebiotic evolution. Armed with this understanding, future work
can move towards recreating possible prebiotic conditions to demonstrate the evolution of the
biopolymer mutualism studied here. Development of a nucleic-acid/peptide network wherein
peptides are essential for the replication of the nucleic-acid would be compelling evidence for
biopolymer mutualism at the heart of the origin of life and this work would pave the way for
work focusing on evolution of information carried on the nucleic acid. Additionally, the
discovery that TMP enables an entirely separate assembly pathway due to differences in the
ability to form stable nuclei provides an interesting launching point for future work
investigating nuclei selection. Future work investigating this could focus on demonstrating
competition of different nuclei within condensates and this could either be accomplished with
nucleic-acid/peptide models or dynamic covalent networks. There are many unanswered
guestions in both origins-of-life research and biomolecular condensate research, and it is my
sincere hope that work will continue to illuminate these complex and challenging questions and

therefore bring us closer to understanding the origin of life.
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