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Abstract

Recent evidence suggests that peptide-RNA coacervates may have buff-
ered the emergence of folded domains from flexible peptides. As primitive
peptides were likely composed of both L- and D-amino acids, we hypothe-
sized that coacervates may have also supported the emergence of chiral
control. To test this hypothesis, we compared the coacervation propensities
of an isotactic (homochiral) peptide and a syndiotactic (alternating chirality)
peptide, both with an identical sequence derived from the ancient helix—hair-
pin—helix (HhH) motif. Using electron paramagnetic resonance (EPR) spec-
troscopy and atomistic molecular dynamics (MD) simulations, we found that
the syndiotactic peptide does not form stable dimers with high a-helicity in
solution, unlike the isotactic peptide. However, both peptides do coacervate
with RNA, albeit with distinct reentrant phase behaviors. Coacervation in
each case is facilitated by oligomer formation, likely dimerization, upon RNA
binding that promotes RNA cross-linking. Additionally, RNA cross-linking
and coacervation of the syndiotactic peptide may involve a-helical confor-
mations, according to atomistic MD simulations. Coarse-grained MD simula-
tions indicate that the differences in reentrant phase behavior of isotactic
and syndiotactic peptides are associated with differences in dimer flexibility
and stability, which modulate the strength of peptide—peptide and peptide—
RNA interactions and, consequently, the effectiveness of RNA cross-linking.
These results illustrate how RNA binding and/or coacervation by early
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1 | INTRODUCTION

Chiral control over translation is a prerequisite for reli-
ably encoding well-defined protein conformations.
Although both homochiral and heterochiral peptides
can adopt complex, stable structures (Urry et al. 1971;
Veatch et al. 1974), this is almost always achieved in
the context of a defined pattern of amino acid chirality.
The incorporation of even a single mirror-image amino
acid into a contemporary protein can be significantly
destabilizing (Krause et al. 2000)—and statistical pat-
terns of amino acid chirality would seem to radically
limit any specific structural and functional property due
to differences in foldability and folding between chiral
patterns. And yet, the earliest protein forms were likely
composed of a combination of L- and D-amino acids
(Kim et al. 2018), which were present in the environ-
ment, and constructed from processes vastly more per-
missive than the exquisite system of contemporary
translation, which is itself able to incorporate D-amino
acids (Fujino et al. 2013). The emergence of homochir-
ality, then, does not regard just the intrinsic structure-
forming potential of homochiral versus heterochiral
peptides but also the extent to which biochemical and
biophysical properties of a given amino acid sequence
can persist against the backdrop of radically different
patterns of Ca chirality. If persistence of form or func-
tion across the heterochiral-homochiral divide is some-
how possible, it would suggest a smoother evolutionary
landscape, one more amenable to exploration and dis-
covery than previously thought possible.

We have argued that coacervates represent an evo-
lutionarily significant context for exploring novel protein
conformations, particularly for oligomers (Longo
et al. 2020; Seal et al. 2022). Previously, we reported a
simplified peptide derived from the ubiquitous nucleic
acid-binding helix—hairpin—helix (HhH) motif (Alva
et al. 2015; Doherty et al. 1996), the precursor to the
symmetric (HhH),-fold that is produced upon duplica-
tion and fusion of this structural element (Alva
et al. 2015). We found that dimerization of the simplified
HhH peptide, which occurs weakly in solution, is pro-
moted upon binding to RNA and forming coacervates
(Seal et al. 2022). Based on these data, we hypothe-
sized that these dimers represent a step in the evolu-
tion of the (HhH).-fold from a flexible peptide into a
folded domain. More recently, we have demonstrated
that the HhH motif and (HhH),-fold are functionally

proteins could have promoted the transition of flexible, heterochiral peptides
into folded, homochiral domains.

EPR, heterochiral and homochiral peptides, molecular dynamics, peptide-RNA coacervates,

ambidextrous (Weil-Ktorza et al. 2025)—able to retain
their biochemical functions (coacervation or dsDNA
binding, respectively) irrespective of the chirality of the
binding partner (RNA or DNA derived from D- or
L-ribose). To determine whether dimerizing into the
(HhH),-fold was essential for HhH motif coacervation in
the presence of RNA, a syndiotactic (alternating chiral-
ity) variant of the HhH peptide with alternating L- and
D-amino acids was synthesized. The resulting peptide
was observed to coacervate with RNA (Weil-Ktorza
et al. 2025). However, a molecular description of the
syndiotactic HhH coacervation process—and thus, the
potential significance of dimerization, a-helix formation,
and binding to the phosphodiester backbone—was
unknown, limiting our understanding of this result (Weil-
Ktorza et al. 2025).

Here, we return to the syndiotactic variant of the
HhH motif for a detailed characterization. The choice of
comparing isotactic (single backbone chirality) and syn-
diotactic (alternating backbone chirality) variants of
HhH was motivated by lattice models and molecular
dynamics simulations indicating that their structural
spaces are extremes of intrinsic compaction and fold-
ability (Nanda et al. 2007). In other words, the syndio-
tactic variant of HhH is likely to be among the most
disruptive chiral patterns possible and, thus, an ideal
foil for comparison to the isotactic form of HhH. To
uncover the details of syndiotactic HhH coacervation at
the molecular level, we analyzed spin-labeled peptides
by three electron paramagnetic resonance (EPR)
approaches—double  electron-electron  resonance
(DEER) spectroscopy to detect oligomerization and
continuous wave (CW) EPR along with electron-
nuclear double resonance (ENDOR) to probe binding
to RNA. These experimental approaches were then
complemented with atomistic and coarse-grained
molecular dynamics (MD) simulations to characterize
the structural and energetic properties of the isotactic
and syndiotactic peptides when they interact with RNA
molecules in coacervates.

As expected, oligomerization of the syndiotactic
HhH motif was not detected in solution. Remarkably,
oligomerization of the syndiotactic peptide was
detected upon RNA binding and coacervation, though
with a higher degree of disorder compared to the iso-
tactic analog. Atomistic MD simulations further sup-
ported dimer formation and revealed the potential
formation of an a-helical element upon RNA binding.
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FIGURE 1 (a) Sequences, charges, and chiral patterns of the peptides used in this study. PA is the parent peptide and comprises only
L-amino acids. PA(D/L) has the same sequence as PA but with alternating D- and L-amino acids. Achiral glycine is indicated with an A in the
chiral patterns. The spin-labeled positions are colored red. (b) The structure of the spin label, 4-maleimido-TEMPO.

Phase diagrams showed that the range of peptide/RNA
ratios that support coacervation is significantly narrower
for the syndiotactic peptide, which is explained by
coarse-grained MD simulations showing how dimer
flexibility can affect the strength of the interactions
between peptides and RNA, thereby impacting phase
behavior. We ascribe the lower coacervation propensity
of the syndiotactic peptide to differences in monomer—
dimer equilibria and structural content that affect RNA
cross-linking efficiency. Foremost, these results sug-
gest that RNA binding and coacervation may have
helped buffer complex molecular transitions, such as
the emergence of folded domains and the establish-
ment of homochirality.

2 | MATERIALS AND METHODS
21 | Materials

Syndiotactic peptides (PA(D/L); Figure 1) were purchased
from Synpeptide Co., Limited (Shanghai, China, www.
synpeptide.com) with >90% purity and were used for
labeling without further purification. The synthesis and
purification of isotactic peptides (PA(L)) were reported
earlier (Seal et al. 2022). 4-Malemido-TEMPO, deuterium
oxide (D,0O), and ftrifluoroacetic acid (TFA) were
purchased from Sigma-Aldrich. Tris(2-carboxyethyl)-
phosphine (TCEP) was purchased from Merck. Deuter-
ated glycerol was purchased from Cambridge Isotopes.
HPLC-grade acetonitrile and water were purchased from
Bio-Lab and J.T. Baker, respectively.

2.2 | Peptide labeling and EPR sample
preparation

The syndiotactic peptides were labeled following the
previously described protocol (Seal et al. 2022) with
slight modifications. Briefly, Iyophilized peptide was

dissolved in Milli-Q water to prepare a stock solution of
2 mM peptide, which was then diluted to 1 mM peptide
with 100 mM phosphate buffer, pH ~7.2. Ten equiva-
lents of TCEP were added to reduce any disulfide
bonds. A 50 mM stock solution of 4-maleimido-TEMPO
(M-TEMPO) was prepared in DMSO, and 10 equiva-
lents of the M-TEMPO solution were added to the pep-
tide and placed in a rotatory shaker at room temperature
for approximately 5 h. Labeled peptides were purified by
RP-HPLC (using a Vydac 214TP C4 5 pm column) and
a gradient of 10%—70% acetonitrile over 40 min with a
1 mL/min flow rate. The injected sample volume was
30 pL, and the labeled peptide elutes around 26.5 min.
The presence of spin-labeled peptide in the collected
fractions was confirmed by CW-EPR spectroscopy.
Finally, the purified, labeled peptides were lyophilized
and dissolved in D;O. The final peptide concentration,
assuming complete labeling, was determined from the
area of the CW-EPR spectrum.

2.3 | Optical microscopy

Optical microscope images of phase-separated sam-
ples were taken at the de Picciotto Cancer Cell Obser-
vatory in the Life Sciences Core Facilities (Weizmann
Institute of Science) using a 100x objective (oil immer-
sion) on a Leica DMI8 microscope with differential inter-
face contrast (DIC). One to two microliters of thedroplet
solution was placed on an imaging chamber prepared
by attaching a coverslip to a clean glass slide using a
thin strip of double-sided tape (AJ Sign World). Images
were processed using the software package Fiji
(Schindelin et al. 2012).

24 | EPR spectroscopy

CW-EPR spectra were recorded on an Elexsys E500
X-Band (9.5 GHz) Bruker spectrometer using a
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high-sensitivity resonator at room temperature. The
parameters used to record the EPR spectra were
0.1 mT field modulation amplitude and 20 mW micro-
wave power. Each scan was 42 s, and at least 4 scans
were accumulated for each spectrum. At least 25-36
scans were collected for samples with coacervates to
improve the signal-to-noise (S/N) ratio. For CW-EPR
measurements, a quartz capillary with a 0.6-mm inner
diameter (i.d.) and a 0.84-mm outer diameter (0.d.) was
filled with 7—8 uL of sample and sealed with Critoseal
(Fisherbrand, Fisher Scientific) at one end. A single
capillary was placed in an X-band EPR tube with a
2-mmi.d. and a 2.4-mm o.d. for measurement.

The EPR spectra were simulated using the Chili
routine of EasySpin (www.easyspin.org; Stoll and
Schweiger 2006). As before, we simulated the EPR
spectra using two components, employing the isotropic
rotational diffusion model (Seal et al. 2022). The use of
the isotropic rotational model may be an oversimplifica-
tion of the system, considering local order and ordering
potential; however, it is sufficient to understand the rise
of a slow-motion component while avoiding a large
number of parameters. The parameters for simulations
are given in Tables S1 and S2, Supporting Information
(more details are given in Data S1).

Pulse EPR measurements were carried out at the
W-band (94.9 GHz) on a home-built spectrometer at
25 K (Bahrenberg et al. 2017; Goldfarb et al. 2008;
Mentink-Vigier et al. 2013). Echo intensities and echo
decays were measured with a Hahn echo sequence
(n/2—t—n—1—€cho) using n/2 and & pulses of 15-20 ns
and 3040 ns, respectively, and T = 500 ns. For pulse
EPR measurements, 3—4 pL of peptide in D>O with
20% glycerol-dg were introduced into a quartz capillary
with a 0.6-mm i.d. and a 0.84-mm o.d. and sealed with
Critoseal at one end. We confirmed the formation of
coacervates in the presence of 20% glycerol with the
PA(L) peptide. The samples with droplets (e.g., 100 uM
PA(D/L)-12 with 0.2/0.35/0.5 mg/mL polyU) were flash
frozen in liquid nitrogen before inserting them into the
spectrometer, whereas other samples were directly
inserted into the spectrometer at 25 K.

The general setup was as follows: The maximum
echo intensity of the nitroxide spectrum was set to
94.925 GHz, the observer pulses were set to 94.83 GHz,
and the n/2 and = pulse durations were 15-20 and
3040 ns, respectively. The chirp pump pulse frequency
was 94.88-94.98 GHz with a duration of 128 ns. The rep-
etition time was 10 ms. The data for samples without
polyU were acquired for 1-5 h and for samples with polyU
for 5-15h. Echo decay traces were fitted ysing the
stretched exponential function A-exp —ZTLm(? , wWhere
A~1, T, is the phase memory time, and d is the
stretched exponent.

DEER measurements were recorded with the four-
pulse DEER sequence (n/2,o0s—T1—Ty0bs—(T1 + O)—Typump—
(T2 — tm,0ps—T2—echo) with chirp pump pulse(s) using

4 step phase cycling and monitoring the echo intensity as
a function of t. DEER data were analyzed assuming a
Gaussian distribution of distances using the program DD
(Hustedt et al. 2018).

3P Mims ENDOR spectra were recorded at 15 K at
a magnetic field corresponding to the maximum echo
intensity using the sequence (n/2—T—n/2—nrF—n/2—T—
echo), complemented with CPMG detection (Mentink-
Vigier et al. 2013) with = pulses of 30 ns and a pulse
spacing of 1.1 us. Additional delays of 200 ns before
and 5 pus after the RF pulse were added in order to
avoid artifacts from ring-down effects. Data were
recorded using random acquisition mode (Epel
et al. 2003). The repetition time was 15-50 ms. The
typical acquisition time for the solution samples was 6—
18 h. All the ENDOR spectra were recorded with RF
pulses amplified by a 2-kW RF amplifier (TOMCO
Technologies, 2 kW PEP, 5-310 MHz). The random
acquisition mode was used with steps of 4 kHz for
PA(DIL)-12 and 4 and 10 kHz for PA(D/L)-29 and the
spectral width was +200 kHz and 400 kHz seans,
respectively, around the 3'P Larmor frequency. Ten
shots per point were used. The RF = pulse length was
50 ps and was optimized for ’Li using B, nutation mea-
surements on a standard gamma-irradiated LiF sample.
Li has a Larmor frequency of 56.26 MHz at 3.4 T,
whereas 3'P has a Larmor frequency of 58.60 MHz;
therefore, it is convenient to adjust the RF on a refer-
ence sample that has a good EPR signal and very
strong Li ENDOR lines (Gromov et al. 1999).

2.5 | Circular dichroism

Circular dichroism (CD) spectra were collected on a
Chirascan CD spectrometer (Applied Photophysics)
with a 0.2-mm pathlength quartz cuvette. All spectra
were collected from 180 to 360 nm with a data pitch of
1 nm at room temperature, adaptive sampling (variable
signal averaging at each wavelength), and a slit width
of 1 nm. The photomultiplier tube voltage during mea-
surement was kept below 700 V; data points exceeding
this value were discarded. The buffer used was the
same as in the samples used for the EPR and micros-
copy measurements. All reported spectra have had the
spectrum of the buffer subtracted.

2.6 | MD simulations

Atomistic MD simulations of PA(L) and PA(D/L) were
performed using GROMACS (v. 2022.1) (Pronk
et al. 2013) with the CHARMMS36m force field parame-
ters for protein, RNA, TIP3P water, and ions (Abraham
et al. 2015). Three-dimensional periodic boundary con-
ditions were used for all systems. The box dimensions
were chosen to be 1 nm from the solute, resulting in
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approximately 9 nm side length for systems with RNA
and 6 nm side length for systems without RNA. Peptide
dimers and polyU molecules were placed at the center
of a cubic box and solvated. Sodium and chloride ions
were added to neutralize the overall charge of the
system. All systems underwent minimization, NVT
equilibration, and NPT equilibration. Peptides were
capped with an N-terminal acetyl and a C-terminal
N-methylamide in order to avoid artificial charge—
charge interactions between the termini. Initial atomic
coordinates for the PA(L) dimer were as before (Seal
et al. 2022). The structure of the PA(D/L) peptide was
initialized using the invert function in PyMOL (www.
pymol.org) on the initial coordinates of PA(L). The
inverted amino acids were specified as D-amino acids
DAAA in the initial structure file, where AAA is the con-
ventional amino acid name. For all heterochiral sys-
tems, we manually checked that the chirality of the
residues is preserved throughout the simulations.
The structure of polyU was generated using the fnab
PyMOL command. Unless stated otherwise, two
20-nucleotide polyU molecules were added to each
system. Interaction energies were calculated using the
GROMACS gmx energy and a-helicity was estimated
by the define secondary structure of proteins (DSSP)
algorithm (Kabsch and Sander 1983). Radius of gyra-
tion (Ry), a-helical propensity, and root mean square
deviation (RMSD) were calculated using MDTraj
(McGibbon et al. 2015). Simulations of the isotactic sys-
tems were 500ns in duration and the first 100 ns of
each simulation was excluded from analysis. For the
syndiotactic systems, simulations were extended to
1us to ensure full equilibration, and only the final
400 ns were used for analysis. Three simulations, a
total of 1.2ps, were performed for all systems. Long-
range electrostatic interactions were modeled using
Particle Mesh Ewald with a cutoff of 1.0nm. Non-
bonded neighboring pairs were searched using the
Verlet algorithm and hydrogen bonds were constrained
using the LINCS algorithm. The temperature was con-
trolled using a Berendsen coupling thermostat and
maintained at a temperature of 300K. Pressure was
controlled using a Parrinello-Rahman coupling barostat
and maintained at 1 bar.

2.7 | Coarse-grained modeling

Coarse-grained (CG) simulations were performed on
three versions of the PA peptide. PA(L) was modeled
as a folded peptide, PA(D/L) as a transiently folded
peptide, and finally, PA(Dis) as a predominantly disor-
dered peptide. Each residue was represented by a sin-
gle bead centered on the Ca, while RNA nucleotides
were modeled with three beads for the phosphate,
sugar, and base. Simulations were conducted using
OpenMM (Fried et al. 2022), with bonded interactions

- WiLEY L s
defined via standard harmonic bond and angle poten-
tials. Hydrophobicity was incorporated using the Mpipi
model (Joseph et al. 2021), where short-range interac-
tions are modeled as pairwise interactions via the
Wang-Frenkel (WF) potential. Electrostatic interactions
were modeled using the Debye-Hlickel potential. Pep-
tide secondary structure was introduced via torsion
angles and contact pairs. The torsion angles were
applied to 1—4 successive Ca beads to maintain the
backbone conformation. Specific contact pairs, identi-
fied via the shadow algorithm (Noel et al. 2012), were
modeled using a 12-10 Lennard-Jones (LJ) potential.
The degree of folding of the three variants of the PA
peptide was modulated by varying the LJ well depths.
Inter-monomer contact pairs in all systems were
extended to any other monomer present in the simula-
tion, allowing initially associated monomers that
became separated to fully or partially re-dimerize with
any other available monomer.

All simulations were run in a 30-nm cubic box with
periodic boundaries, containing 120 peptides and four
100 nt polyU molecules (or peptides alone for systems
without RNA). Following energy minimization and equil-
ibration, a 1 ps production run was performed with 10 fs
time steps. Three independent simulations were per-
formed for each system, yielding a total aggregate sim-
ulation time of 3 ps. Phase diagrams were constructed
by simulating each system at increasing temperatures.
The critical temperature, T., for each system were
determined by fitting the densities distributions through
a scaling law. All systems were subsequently com-
pared at 0.9T. Diffusion coefficients of the peptides in
the dense phase were extracted from the slope of the
mean squared displacements. Interaction energies
were obtained directly from OpenMM methods,
summing electrostatic and hydrophobic contributions in
the dense phase. More details regarding the model
and the analysis are given in Data S1 and
Figures S1 and S2.

3 | RESULTS

3.1 | Syndiotactic and isotactic HhH
peptides have distinct phase behavior

The peptide sequence used in this study, Precursor-
Arg (PA), is the result of an ancestral sequence recon-
struction and simplification of the (HhH),-fold reported
earlier by Tawfik and coworkers (Longo et al. 2020).
For clarity, the isotactic variant of PA with natural chiral-
ity will be referred to as PA(L) and the syndiotactic vari-
ant of PA will be referred to as PA(D/L). Peptide
sequences and chiral patterns are provided in
Figure 1a. As before (Seal et al. 2022), positions
12 and 29, which are at the end of the first and second
a-helices of PA(L), respectively, were labeled with
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M-TEMPO (Figure 1b). The naming convention used
for spin-labeled peptides is the parent peptide followed
by the chirality in parenthesis and the site of spin
labeling. For example, PA(D/L)-12 refers to the
Precursor-Arg peptide with alternating chirality (D/L) in
which position 12 is a cysteine residue attached to an
M-TEMPO spin label.

We compared the phase separation behavior of
PA(L)-12 and PA(DI/L)-12 at a fixed concentration
of 100 uM peptide and varying amounts of polyU in the
range of 0—2 mg/mL. Coacervates were detected for
both labeled PA(L)-12 and unlabeled PA(L) (Figures S3
and S4). Comparison of the coacervation behavior of
PA(D/L)-12 and PA(L)-12 across a range of polyU con-
centrations (Figures 2, S3, and S5) revealed a notable
difference: Both the appearance and disappearance of
coacervates occur at lower concentrations of polyU for
PA(D/L)-12 than for PA(L)-12. More specifically, PA(D/
L)-12 phase separated only in the relatively narrow
range of 0.1-0.35 mg/mL polyU, whereas for PA(L)-12
coacervates emerge somewhat later at 0.35 mg/mL
polyU and are stable until at least 2.0 mg/mL polyU
(higher concentrations were not tested), as previously
observed (Seal et al. 2022). To rationalize the differ-
ences in phase behavior of the syndiotactic and isotac-
tic HhH peptides on a molecular level, we proceeded to
study PA(D/L)-12 using EPR spectroscopy.

3.2 | PA(DIL) does not oligomerize in
solution

We have previously demonstrated that PA(L)-12
forms dimers in solution in the absence of polyU with
a dissociation constant, Kp, of 233 £ 134 yM (Seal
et al. 2022)—can PA(D/L) also form dimers in solution?
To answer this question, PA(D/L)-12 and PA(D/L)-29
were subjected to EPR characterization (Figure 3). The

(a) (®) o

CW-EPR spectra of the two peptides are characteristic
of a spin label undergoing fast motion. The compara-
tively greater intensity of the high field line of PA(D/L)-
29 indicates somewhat faster rotational dynamics than
PA(D/L)-12 (Figure 3a). This is an expected result,
given that position 29 is at the C-terminus of the peptide
whereas position 12 is in the middle of the peptide.
Both spectra fall in the typical range of fast motion for
nitroxide-labeled small peptides (Bordignon 2017). We
then carried out DEER measurements on the solution
and, unlike PA(L)-12, evidence of oligomerization was
observed for neither PA(D/L)-12 nor -29 (Figure 3b).
Even at a concentration as high as 330 uM peptide, the
DEER trace showed no modulation. Under similar con-
ditions, 150 pM PA(L)-12 forms dimers with a mean dis-
tance of 3.4 nm between the spin labels (Figure S6),
consistent with the (HhH),-Fold (Seal et al. 2022). The
absence of PA(D/L) dimers in solution suggests that
either monomeric PA(D/L) mediates coacervation or,
as observed for PA(L), RNA binding and/or coacerva-
tion stabilize dimeric or oligomeric states.

3.3 | Coacervation of PA(DIL)-12
reduces peptide mobility

The CW-EPR spectra of PA(D/L)-12 in the presence of
various polyU concentrations exhibited changes that
correlate with coacervate formation observed by optical
microscopy. Up to 0.35 mg/mL polyU, a slow-motion
component gradually emerged (Figure 4a, black arrow),
tracking binding to RNA, coacervation, or some combi-
nation of these two processes. Above 0.35 mg/mL
polyU, the contribution of the slow-motion component
started to decrease; at 1 mg/mL, it was practically
undetectable (Figure 4a). The relative contribution of
the slow-motion component was estimated by simulat-
ing the CW-EPR spectra (Figure S7 and Table S1). We

0.2 0.35 0.5 1

Many Droplets

polyU concentration (mg/mL)

Few droplets

No droplets

@ 100 pM PA(L)

oo o o @ 100 pM PA(D/L)

polyU (mg/mL)

0 01 02 035 05 1 2

FIGURE 2 (a)Micrograph of 100 uM PA(D/L)-12 in the presence of 0.2 mg/mL polyU. Inset shows a magnified view of the indicated area.
(b) Micrographs of 100 pM PA(D/L)-12 in the presence of 0—1 mg/mL polyU (indicated above each image) with a summary table highlighting the
differences between PA(L) and PA(D/L). Full field of view for PA(D/L)-12 micrographs are shown in Figure S5. Phase separation behavior of

PA(L)-12 is presented in Figure S3 and in Seal et al. (2022).
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FIGURE 3 (a) Room temperature X-band CW-EPR spectra of PA(D/L)-12 and PA(D/L)-29. (b) 25 K W-band DEER of PA(D/L)-12 and -29

compared with that of PA(L)-12.
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(a) Normalized CW-EPR spectra of 100 uM PA(D/L)-12 in the presence of different polyU concentrations. The arrow indicates

the position of the slow-motion component and the asterisks (*) marks the background signal of the cavity. (b) EPR signal intensity at 333.7 mT
of the slow-motion component in panel (a) and the number of observed droplets in the same field of view as presented in Figures 2 and S5.

(c) Relative abundance of the slow-motion component of the CW-EPR spectra for 100 pM PA(D/L)-12 and PA(L)-12 at different concentrations of
polyU. The simulated spectra and the simulation parameters are shown in Figures S7 and S8 and Tables S1 and S2. The values for PA(L)-12
with 1 and 2 mg/mL polyU were taken from Seal et al. (2022). (d) 15 K W-band 3'P Mims ENDOR spectra of 100 pM PA(D/L)-12 and PA(D/L)-29
in the presence of 1 mg/mL polyU, where coacervation is not observed. Two measurements were done for each sample, differing in the spectral
width chosen (dark color for large width and light color for small width). The arrow indicates the position of the 3'P Larmor frequency at the
W-band. The ENDOR efficiency for PA(D/L)-29 and PA(D/L)-12 were 1 £ 0.2% and 1.5 + 0.3%, respectively.
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found a correlation between the relative intensity of the
slow-motion component (Figure 4b) and the appear-
ance of coacervates (Figures 2b and S5), indicating
that the slow-motion component is specifically due to
peptide binding to polyU within the coacervates.
Accordingly, it reports the percentage of the RNA-
bound peptide within coacervates as a function of
polyU concentration (Figure 4c). Intriguingly, PA(D/L)
exhibits a notably higher proportion of the slow-motion
component than PA(L) in the range of 0.1-0.35 mg/mL
of polyU and forms coacervates at lower polyU concen-
trations (Figures 4c and S8 and Table S2).

At 1 mg/mL polyU, the CW-EPR spectrum of
PA(D/L)-12 consists of only a fast-motion component.
Still, it is significantly broadened and exhibits slower
dynamics than PA(D/L)-12 in the absence of polyU
(Figure 4a and S9). This observation indicates that at
high polyU concentrations, PA(D/L)-12 does interact
with polyU and is not unbound, despite the absence of
a typical slow-motion component. To further confirm
peptide binding to polyU at high concentrations of
polyU, we probed the proximity of the spin label in
PA(DIL) to the polyU phosphate groups by *'P Mims
ENDOR, which can detect *>'P nuclei at a distance of
up to 1 nm from the spin label (Zanker et al. 2004). The
ENDOR spectra of both PA(D/L)-12 and PA(D/L)-29
show a peak at the 3'P Larmor frequency (Figure 4d),
confirming that the peptides are interacting with polyU.
The peak is rather broad, indicating a wide distribution
of distances between the nitroxide spin label and the
phosphodiester backbone of the bound polyU. In short,
EPR measurements can distinguish between three
types of PA(D/L)-12 molecules: (i) free in solution,
(i) bound to polyU in the coacervate at intermediate
PA(DI/L)-12/polyU ratios, and (iii) bound to polyU at high
PA(D/L)-12/polyU ratios in the absence of coacervates.

3.4 | PA(DIL)-12 oligomerizes upon
binding RNA

To detect PA(D/L)-12 oligomerization upon polyU bind-
ing, we carried out pulse EPR measurements. A signifi-
cant reduction in echo intensity was observed in
samples where the polyU concentration was sufficient
for coacervate formation (Figures 5a and S10a). This
reduction resulted from a fast echo decay (short phase
memory time, T,,) due to strong spin—spin interactions
arising from the high local concentrations of PA(D/L)-12
within the coacervates, which turns them into “dark”
spins in pulse EPR experiments. The echo decay
curves for different polyU concentrations (Figure S10b)
were fitted with a stretched exponential decay, yielding
the phase memory time T,,, and the stretched exponent
d (Figure S10c). In Figure 5a, we present the mean T,
value, (Tm), as defined in section 2; it shows an
increase up to 0.5mg/mL polyU, which contrasts with

the trend in echo intensity and indicates that the
observed echo decay is from peptides not bound to
polyU. The concentration of these free peptides
decreases with increasing polyU concentration. The
echo decay of the bound peptides is not detected due
to strong spin—spin interactions. We prepared a spin-
diluted sample with 20% PA(D/L)-12 and 80% PA(DIL)
to further support this interpretation. The spin-diluted
sample contained 100 pM total peptide and 0.35 mg/mL
polyU, the condition with the highest amount of coacer-
vates (the shaded region of Figure 5a). In this sample,
the density of spin labels was significantly reduced
without changing its chemical composition or phase
behavior. This spin dilution is expected to increase the
Tm of the dark spins so they become observable.
Indeed, we observed the appearance of a fast-relaxing
component in the echo decay profile (Figure 5b), con-
firming the high local concentration of bound peptide
within the coacervate. Note that, even with 80% dilu-
tion, the relaxation is still fast, yet detectable within the
experimental time window. The decay curves were
fitted to a sum of two stretched exponents, slow and
fast (see Figure 5b). The decay of the slow component
was the same for both the undiluted and spin-diluted
samples, within experimental error. A clear increase of
the relative contribution of the fast component is
observed upon spin-dilution.

The echo detection experiments show that at
0.35 mg/mL polyU, 90% of PA(D/L)-12 peptides are
invisible. We assign these invisible peptides to peptides
bound to polyU within the coacervate. Interestingly, the
CW-EPR spectra show that, under the same condi-
tions, 80% of PA(D/L)-12 molecules exhibit slow
motion, in agreement with the loss in echo intensity due
to a high local concentration. We assign molecules
with slow dynamics to PA(D/L)-12 molecules involved
in cross-linking polyU, which is needed for coacervate
formation. The fast motion components below
0.35 mg/mL can be assigned to unbound peptides,
whereas above 0.35 mg/mL they are from polyU-bound
peptides in the dilute solution, as reflected by different
rotational correlation times (Table S1).

Next, we performed DEER measurements to detect-
dimerization/oligomerization in the presence of polyU.
The dependence of PA(D/L)-12 DEER traces on polyU
concentration is presented in Figure 6. Up to 0.5 mg/
mL polyU, the DEER data display only a decay without
modulation (Figure 6a,b), indicating the absence of
detectable oligomerization. This decay, often referred
to as background decay, is given by V=e*C/t for a
homogenous three-dimensional distribution of spins
where k is a constant and C is the concentration of the
visible spins (Jeschke and Polyhach 2007). For small
kC values, the background decay is linear with a slope
of —kC. Noticeably, a decline in the kC values
was observed up to 0.5mg/mL (Figure S11a).
This reduction with increasing polyU concentration
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FIGURE 5 (a) Mean phase memory time (T,,; upper red symbols, derived from T, and d according to (Tr) :%F(g), where T is the gamma
function) and echo intensity (lower black symbols) for 100 pM PA(D/L)-12 in the presence of different polyU concentrations. The concentration of
the sample without polyU was 220 pM and its echo intensity was scaled by a factor of 2.2. T, and d values were determined from fitting the echo
decay curves in Figure S10b. The echo intensity was taken from Figure S10a. The shaded area shows the region with a high local spin
concentration. (b) Echo decay of 100% labeled (black) and 20% labeled (red) PA(D/L)-12 in 0.35 mg/mL polyU. The total concentration of PA(D/
L) in both samples was 100 pM. The decays were fitted to a sum of two stretched exponents (thin lines). For the undiluted sample (black decay
curve), the slow relaxing component had a phase memory time T, =9.1+0.035 ps and a stretched exponent d; = 1.64 £ 0.016 and the fast-
relaxing component had T;=1.38+0.34 pus and df=2.05+0.9. The relative contribution of the fast component was 0.25 + 0.13. For the spin-
diluted sample (red decay curve), the slow-relaxing component had T;=8.0+0.18 ps, ds = 1.24 £ 0.034, and the fast-relaxing component had
T;=0.96 £ 0.014 ps and d;=2.24 + 0.07. The relative contribution of the fast component was 0.61 + 0.01 for the spin-diluted sample.

indicates a decrease in the local spin concentration
of the observable spins. This observation agrees
with the behavior of T, and echo intensity
(Figure 5a), as only the unbound peptides contributed
to the signal. We find a clear correlation between the
relative population of the slow-motion component, the
loss of echo intensity, and the reduction in the DEER
background decay in the range of 0-0.35mg/mL
polyU, during which the amount of coacervation
increases (Figure S11b). This concordance between
measurements supports the consistency of the differ-
ent types of data used to characterize the system,
similar to earlier observations for PA(L) (Seal
et al. 2022).

Interestingly, when the polyU concentration reached
0.75 mg/mL, where coacervates are not present, a
broad oscillation with an increased background slope
emerged in the DEER data, which became more dis-
tinct at 1 mg/mL polyU (Figures 6b and S12a). This
result indicates a general dilution of spins at high
polyU/peptide ratios due to the dissolution of the coac-
ervates, yet some PA(D/L) molecules remained close
(emergence of oscillation) due to dimerization/oligomer-
ization. The fact that PA(D/L) does not form dimers in
solution and oligomer states are observed in the pres-
ence of polyU indicates that polyU promotes dimeriza-
tion/oligomerization of PA(D/L), as we reported earlier
for PA(L) (Seal et al. 2022). Analyzing the broad oscilla-
tion using a Gaussian distance distribution yields a
mean spin—spin distance of about 4.1 nm (Figure 6c).
For comparison, PA(L)-12-bound polyU exhibited a

narrower distance distribution with a peak at 3.4 nm
(Figure S12b) (Seal et al. 2022).

The broad distribution of PA(D/L)-12 could result
from multiple conformations of PA(D/L)-12 dimers or
oligomers bound to polyU. To distinguish between
dimers and higher-order oligomers, we measured
DEER on samples with 1 mg/mL polyU and only 20%
labeled peptides while maintaining the total peptide con-
centration at 100 pM. This dilution resulted in the disap-
pearance of the modulation, as shown in Figure 6d. If
PA(DIL) forms dimers, the observed modulation depth
(9.6%) should decrease to 9.6 x 0.04 = 0.38%. In con-
trast, trimers would be expected to reduce the modula-
tion depth to 9.6 x (0.008 + 0.096) = 1.0%. As the
difference between these modulation depths is small,
we cannot unambiguously exclude the possibility that
oligomers other than dimers are present. Nevertheless,
a large population of higher-order oligomers is less likely
based on the modulation depth (Figure 6¢) and the long
T of the sample (Figure S10b).

3.5 | Syndiotactic peptide retains partial
helicity in the presence of RNA: Atomistic
MD simulations

To further explore the capacity of syndiotactic peptides
to form dimers and facilitate RNA cross-linking, we
turned to atomistic MD simulations. We constructed
models for PA(L) and PA(D/L) dimers, and each dimer
was simulated in isolation and in the presence of two
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FIGURE 6 DEER traces of PA(D/L)-12 in the presence of different polyU concentrations (a) 0-0.1 mg/mL and (b) 0.28—-1 mg/mL. All DEER
trace were collected on 100 pM PA(D/L)-12 except that at 0 mg/mL polyU, where the concentration was 220 uM. (c) Distance distribution
extracted from the DEER trace with 1 mg/mL polyU using a Gaussian distance distribution. The solid black line indicates best fit, and the shaded
gray region is the 2¢ confidence band. (d) Comparison of the DEER traces of the sample with 1 mg/mL polyU before and after 5-fold spin

dilution. The black trace is the background decay.

molecules of 20-nucleotide polyU. In the absence of
polyU, PA(D/L) is predominately disordered, though
with some residual helicity in the C-terminus, and
adopts more extended conformations than PA(L), as
illustrated by its larger radius of gyration (Ry)
(Figure 7a,b). The dimerization potential of PA(D/L) in
the absence of polyU is significantly lower than PA(L),
as indicated by higher RMSD values for conformational
stability (Figure S13). Moreover, the tendency to dimer-
ize increases for both PA(D/L) and PA(L) in the
presence of polyU, consistent with the experimental
observation that RNA promotes dimerization.
Additionally, the presence of RNA molecules results in
compaction of PA(D/L) and an increase in its right-
handed a-helical content.

The enhanced a-helicity of PA(DI/L) in the presence
of RNA is localized primarily to the C-terminal subdo-
main of PA(D/L) (Figure 7a,c). To investigate the origin
of this partial helicity in PA(D/L), we compared its
monomeric and dimeric variants in the absence of
RNA. While dimeric PA(D/L) showed clear a-helicity at

the C-terminus, this signal was largely lost in the mono-
meric form (Figure 7c), suggesting that dimerization
helps stabilize partial folding in this region. In contrast,
PA(L) retained helicity in both termini regardless of its
oligomeric state (Figure 7c). Solvent-accessible surface
area (SASA) analysis revealed that specific residues in
the C-terminal region (e.g., Leu20, Ala21, lle24, Leu25)
are buried in the dimer but tend to be more exposed in
the monomer (Figure S14), highlighting their role in sta-
bilizing the dimeric interface. These residues are also
part of the hydrophobic interface involved in PA(L)
dimerization, suggesting that specific intermolecular
interactions help stabilize partial helicity even in the
syndiotactic peptide.

We then asked whether specific interactions con-
tribute to the sequence-specific stabilization of helicity
in the C-terminal region, potentially explaining why par-
tial helicity is observed there, but not in the N-terminal
region, despite its alternating backbone chirality, which
is expected to destabilize helical secondary structure.
Pairwise energy decomposition revealed strong
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interactions between L-Arg22 or D-Arg23 and Glu26
(Figure S15), which are ideally positioned to interact
across one helical turn. The C-terminal region also
carries a net positive charge of (+3), compared to the
N-terminal region, which is overall charge-neutral due
to balanced positive and negative residues. To exam-
ine the functional role of these interactions, we studied
the effect of some point mutations on the helicity of the
PA(D/L). Substituting Arg23 with Glu effectively abol-
ished helicity in monomeric PA(D/L), while mutation of
Arg22 had a more modest effect (Figures 7c and S16).
This result indicates that the Arg23-Glu26 pair is a criti-
cal intramolecular stabilizing interaction that enables
partial helicity to persist in a sequence otherwise
biased toward disorder.

These results suggest that structures reminiscent of
right-handed a-helices are accessible to some syndiotac-
tic sequences under the right conditions. Accordingly,
some sequences may be more robust to drastic changes
in chiral patterns than others, as shown by the difference
in helicity observed between the N- and C-termini of the
syndiotactic PA(D/L) peptide. Moreover, this phenome-
non causes the structure of the syndiotactic peptide to
more closely resemble that of the isotactic one
(Figure 7b). Note, however, that the interface between
the two monomers within the dimer are not identical, with
PA(D/L) dimers having somewhat more pairwise intermo-
lecular interactions (Figure S15). Furthermore, PA(L)

. PA(D/L) PA(L) PA(D/L) PA(L)

dimers interact more strongly with RNA, as evidenced by
the lower interaction energy. In both cases, the protein—
RNA interactions are stronger with the RNA backbone
than with the uracil bases (Figure 7d). SASA analysis fur-
ther revealed that solvent-exposed residues are likely
involved in RNA binding. Notably, several arginine resi-
dues, particularly Arg1, Arg4, and Arg19, showed consis-
tently high solvent accessibility, suggesting accessibility
for RNA interactions. These findings suggest that electro-
static interactions between positively charged peptide
residues and RNA are partially conserved in the syndio-
tactic peptide. However, differences in the spatial distribu-
tion of negative charges, particularly increased exposure
of acidic residues in PA(D/L), may contribute to distinct
RNA binding specificity. This interpretation supports the
idea that folding facilitates interaction with RNA by shield-
ing repulsive negative—negative contacts through stabi-
lized intra- and inter-molecular interactions.

3.6 | Distinct molecular forces govern
the condensates of the syndiotactic and
isotactic HhH peptides: Coarse-grained
MD simulations

To investigate how the molecular interactions, which
were identified in the all-atom molecular simulations for
the PA(L) and the PA(DI/L) peptides, shape the
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FIGURE 8 Coarse-grained modeling of collective phase behavior. (a) Phase diagrams for the PA(L), PA(D/L), and PA(Dis) coacervates
both in the presence (dark colors) and absence (lighter colors) of RNA. Critical temperatures are shown in white for each system. Below this
temperature, phase separation exists, and there are two coexisting phases: a peptide-rich phase with high density (right arm) and a peptide-poor
phase with low density (left arm). All subsequent comparisons are performed at T = 0.97. (b) Changes in R, and helicity of the peptides upon
the transition from the dilute phase (bulk) to the dense phase (coacervate). Each peptide is designated with the same color as in panel (a).

(c) Mean diffusion coefficient for the peptides inside the coacervates in the presence or absence of RNA. Overall peptide—peptide (d) and
peptide—RNA (e) interaction energy in the coacervate phase. (f) selected snapshots of the coacervates in the presence of RNA (red). PA(L)
coacervates are the more open (top, dark green), whereas PA(D/L) and PA(Dis) coacervates are increasingly more compact (middle and bottom,

dark blue and gray, respectively).

properties of their coacervates, we performed coarse-
grained (CG) molecular simulations. The CG modeling
allowed us to significantly increase the number of pep-
tides and polyU molecules present in the simulations
and directly observe the phase separation process
while maintaining computationally accessible time
scales. We studied three types of peptides that differ in
their degree of structural order: PA(L), PA(D/L), and
PA(Dis). PA(L) is modeled in the CG simulations as a
dimeric peptide that is fully folded, and PA(D/L) is mod-
eled as a dimeric peptide that is partially folded with a
greater Ry than that of PA(L), consistent with the atom-
istic MD simulations. As a control system, PA(Dis) is a
disordered monomeric peptide. In this model, each
peptide residue is represented by a single bead cen-
tered on its Ca, and each RNA nucleotide is modeled
using three beads per nucleotide (see section 2 for
details). Stability and energetic analyses were

conducted on coacervates formed between 120 pep-
tides and four 100-nucleotide polyU molecules.

In the presence of RNA, PA(L) showed the highest
coacervate stability, while PA(Dis) was the least stable, as
indicated by its lower critical temperature (T.) (Figure 8a).
The lower T, of PA(Dis), despite its high conformational
heterogeneity, suggests that structured domains can pro-
mote phase separation, and that evolutionary pressure to
stabilize a coacervate may, in turn, promote the emer-
gence of structured domains. Removing RNA had an over-
all destabilizing effect on the coacervate, with a more
pronounced reduction in T for the partially folded PA(D/L)
peptides than for fully folded PA(L).

In the coacervate, PA(L) peptides largely retained their
folded dimeric structure, with only a slight decrease in heli-
city and Ry, whereas PA(Dis) showed minimal helicity
changes but a notable increase in R,. PA(D/L), in con-
trast, exhibited both an increase in helicity and a
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decrease in Ry (Figure 8b). These results are consis-
tent with the atomistic simulations of the PA(D/L)
(Figure 7a), which demonstrated the increase in helicity
in PA(D/L) in the presence of RNA, whereas PA(L)
maintains its helicity independently (Figure 7b). It is
also consistent with the EPR results showing that for
PA(DIL), dimerization takes place only in the presence
of RNA. The consequences of the lower helicity of
PA(DIL) in the presence of RNA, as compared to PA(L)
are demonstrated in the distance distribution between
the Cg atom of Glu12 in one monomer to the corre-
sponding Cg atom in the second monomer, computed
from the atomistic MD calculations (Figure S12c). The
peak of the distance distribution for PA(D/L) is at
2.5nm, and it is significantly broader than that of PA(L),
which peaks at 2.2nm. This trend reproduces the
DEER distance distributions obtained for PA(L)-12 and
PA(D/L)-12 shown in Figure S12b. In this case, the
peak for PA(D/L)-12 is at 4.2 nm and that of PA(L)-12 at
3.2nm, having a significantly narrower width. The lon-
ger distances in the experimental DEER arise from the
additional length of the spin label, estimated to be
0.79 nm, and the larger width most probably arises from
the additional flexibility introduced by the spin label
tether.

We also carried out CD (circular dichroism) spectro-
scopic measurements to obtain additional experimental
evidence for the formation of some helical structure in
PA(D/L) and PA(L) upon binding to RNA (Figure S17).
For PA(L), the presence of some right-handed a-helix
is apparent in solution and promoted by coacervation
with RNA, as predicted by the atomistic MD simulations
and consistent with our previous EPR analysis. For
PA(DIL) in the presence of either 0.35 or 1 mg/mL
polyU, a modest degree of order seems to have been
acquired, but the CD difference data do not yield unam-
biguous conclusions regarding helix formation.

Chirality cannot be explicitly encoded in a CG
model. To account for the structural differences
observed between the isotactic and syndiotactic vari-
ants, we therefore built the CG model based on insights
from the atomistic simulations of PA, which showed that
these variants differ in both folding and oligomerization
propensities. We asked how condensates composed of
folded dimers compare in their biophysical properties to
those formed by disordered monomers. The degree of
disorder of the modeled peptides in the CG model
affects their diffusivity in the dense phase. In conden-
sates in the presence of RNA, the PA(L) peptide has a
lower diffusion coefficient in the dense phase, whereas
PA(D/L) and PA(Dis) peptides have higher diffusion
coefficients compared to condensates with RNA
(Figure 8c). These findings are consistent with atomis-
tic simulations, indicating that RNA interacts with PA(L)
and PA(D/L) differently, resulting in a more dynamic
and diffusive PA(D/L)/RNA coacervate, consistent with
a lower degree of inter-RNA cross linking.

Boe-WiLEy Lo
To understand the differences between the coacer-
vates formed by the three peptides, we computed the
energies of the network peptide—peptide and all
peptide—RNA interactions (PPI and PRI) (Figure 8d,e)
in the coacervates. PPI and PRI energies are found to
be inversely correlated. In coacervates formed with
RNA, the PRI interactions follow the trend PA(Dis)
> PA(D/L) > PA(L), which is inversely proportional to
the coacervates stability as reflected by the T, values
(Figure 8e). In the coacervates, the PPI interaction
trend is different and follows PA(L) = PA(D/L) > PA
(Dis) (Figure 8d). This indicates that it is not the
strength of the interaction with the RNA that dictates
the coacervates stability but rather the PPI that allows
the peptide to act as an efficient cross-linker, which is
related to its dimer’s structural properties. Interestingly,
the addition of RNA to coacervates of only peptides
reduced the PPI for PA(D/L) but increased it for PA(L).
This suggests divergent RNA-mediated interaction
mechanisms in PA(L) and PA(D/L) coacervates, where
a reduction in the number of PPI-mediated cross-links
in PA(D/L) takes place. Consequently, peptides form
more diffusive, less stable coacervates, whereas PA(L)
coacervates are less dynamic and more stable.

The different strengths of PPl and PRI for PA(L) and
PA(DIL) based on the CG-MD simulations can explain
the experimentally observed reentrant phase behavior
of PA(DIL) (Figure 2b). For PA(DI/L), increasing RNA
concentrations likely encourage competition between
peptide—peptide binding and RNA binding, disrupting
crucial PPIs that are essential to support cross-linking
with RNA chains and thus phase separation. Con-
versely, in PA(L) coacervates, RNA appears to facilitate
peptide networks that yield a less compact, more open
coacervate (Figure 8d,e) and that may be better able to
accommodate additional RNA molecules without out-
competing the PPlIs that are essential for cross-linking.

4 | DISCUSSION

PA(L) and PA(DI/L) exhibit similarities and differences.
Concerning similarities, both peptides bind to RNA and
form coacervates—processes that promote peptide
dimerization. In addition, the large majority of PA(L)
and PA(D/L) molecules are in the coacervates, with
95% and 80% of molecules, respectively. As for differ-
ences, while PA(L) exhibits significant a-helix propen-
sity and dimer formation in solution, PA(D/L) is highly
disordered, and dimerization is not detected in the
absence of RNA. Although both peptides adopt com-
pact, hairpin-like conformations when bound to RNA,
only for PA(L) does this occur with the involvement of
both N- and C-terminal a-helices. For PA(D/L), all-atom
simulations suggest that a-helix formation is restricted
to the C-terminus. Differences are found in the phase
diagram too: the polyU concentration range for which
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coacervates are formed is smaller for PA(D/L) than for
PA(L). At 1 mg/mL polyU, PA(D/L) coacervates are fully
dissolved, whereas PA(L) coacervates persist even at
2 mg/mL polyU. Finally, PA(L) and PA(D/L) differ in the
strength of their peptide—peptide interactions and their
peptide—RNA interactions. The similarities provide sur-
prising insights into the emergence of chiral control,
while the differences are clues to the rules governing
PA coacervation.

4.1 | Dimer stability is a handle for
tuning coacervate properties

We propose that differences in the flexibility, stability,
and cross-linking efficiency of PA(L) and PA(DIL)
dimers and monomers can account for the differences
in phase behavior of these two peptides. For a consis-
tent account of these differences, we postulate that
(i) RNA binding promotes dimerization of both peptides;
(i) coacervation requires peptide-mediated cross-links
between different RNA chains, which are experimen-
tally observable as the relative population of the slow-
motion EPR component; (iii) both intra- and inter-polyU
cross-linking occur due to the binding of PA to polyU,
with the relative populations depending on the
PA/polyU ratio; (iv) PA(D/L) dimers are less stable than
PA(L) dimers in solution and are, therefore, less effi-
cient polyU cross-linkers because of competition with
monomer binding. Moreover, the stronger peptide-RNA
interaction of PA(D/L), along with its somewhat weaker
peptide—peptide interactions found in the coacervates
by CG-MD, reduce its cross-linking efficiency; (v) while
monomers and dimers can bind polyU, dimers are bet-
ter cross-linkers than monomers because of the
patches of positive charge. Points (i), (ii), and (iv) are
based on experimental evidence and MD calculations,
and (iii) and (v) are reasonable consequences of these
experimental data.

The phase behavior of PA(L) and PA(D/L) can be
divided into three regions based on the PA/polyU ratio
(Figure 9). Region | is characterized by a high PA/polyU
ratio, where no coacervates are formed (Figure 9b,e).
In this region, a large excess of peptide over polyU is
present, and multiple PA molecules bind to individual
RNA molecules. Consequently, over-coated RNA mole-
cules repel each other (charge inversion), and inter-
polyU cross-links are rare. Intra-polyU cross-linking,
however, cannot be excluded. The high local concen-
tration of bound PA leads to fast spin—spin relaxation
and makes the labeled PA molecules effectively “invisi-
ble” and reduces the DEER background slope
(e.g., Figure 6a). In this region, the DEER data report
on only the “visible” free peptides in the solution. Since
RNA binding promotes dimerization, RNA-bound PA
molecules are expected to be enriched in dimers
relative to the unbound PA molecules. For PA(L)

(Figure 9b), this region constitutes a mixture of dimers
and monomers bound to RNA and existing freely in
solution.

With increasing polyU concentration, the PA/polyU
ratio reaches region Il, where coacervates appear as
inter-RNA cross-linking becomes optimal (Figure 9c,f),
featuring the required balance between peptide—
peptide and peptide—RNA interaction strengths as
shown by the MD calculations. For PA(D/L), region Il
spans 0.2-0.5 mg/mL polyU, whereas for PA(L) it
ranges from 0.35 mg/mL to at least 2 mg/mL polyU.
The higher peptide/polyU ratio for PA(D/L) coacervation
appearance is likely because of its higher flexibility
(lower structure content), leading to a lower propensity
to form a dimer and stronger peptide—RNA interactions
compared to peptide—peptide interactions, determined
from the MD coarse-grained simulations. The less effi-
cient charge inversion of monomer-bound polyU versus
dimer-bound polyU contributes as well. As there are no
PA(D/L) dimers in solution (without RNA), monomers
bind RNA first, and only upon binding of a second
monomer can dimers form in large numbers and poten-
tially mediate cross-links. This contrasts with PA(L),
where pre-formed dimers can bind RNA, resulting in
more efficient charge balance and onset of coacerva-
tion at a lower peptide/polyU ratio for PA(D/L). This dif-
ference in the ability to form dimers accounts for the
somewhat lower maximum percentage of peptide
involved in cross-linking for PA(D/L) relative to PA(L)
(80% vs. 95% slow-motion, respectively). For PA(L),
we did observe dimerization within coacervates at high
polyU concentrations (Seal et al. 2022), which reduced
the peptide local concentration. However, for PA(D/L),
dimerization was also observed at a high polyU con-
centration, but when the coacervates have already dis-
solved. Nevertheless, this implies that dimers were also
present in the coacervates, where the peptide/polyU
ratio is higher.

Region lll is characterized by a low PA/polyU ratio
and the disappearance of coacervates (Figure 9d,g).
Such reentrant behavior was observed for PA(DI/L)
coacervates but was not detected for PA(L) (Figure 9d)
(Seal et al. 2022). This result can also be related to the
cross-linking efficiency of the two peptides and their dif-
ferent peptide—peptide and peptide—RNA interaction
strengths. When the RNA concentration increases rela-
tive to the optimal peptide concentration, the lower
cross-linking efficiency of PA(D/L) comes into play, as
the peptide—peptide interaction strength is too weak rel-
ative to the peptide—RNA interaction strength to main-
tain the necessary degree of cross-linking for
coacervation, resulting in reentrant phase behavior.

The observation that coacervation of PA(D/L) starts
from a solution containing monomers and that RNA
promotes dimerization suggests that monomers are
less competent to cross-link RNA molecules. This inter-
pretation is supported by the low T, found in the
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FIGURE 9 Schematic representations of phase separation by PA(L) and PA(D/L). (a) Representation of the PA(L) and PL(D/L) monomers,
the PA(L) and PA(D/L) dimers, and polyU. (b, €) Region |, characterized by a high PA/polyU ratio with monomer binding and intra-polyU cross-
linking, resulting in a charge inversion and no coacervates. (c, f) Region Il is characterized by an optimal PA/polyU ratio resulting in inter-polyU
cross-linking and coacervate formation. (d, g) Region Il is characterized by a low PA/polyU ratio with no coacervate formation due to insufficient
binding affinity to overcome charge repulsion between polyU molecules. Middle panels (b—d) depict PA(L), while the lower panels (e, g) depict
PA(D/L). The bracket in (d) indicates proposed reentrant behavior (not observed).

CG-MD for the monomeric disordered peptides,
PA(Dis). Moreover, atomistic molecular dynamics simu-
lations of PA(L) with RNA indicated that the interactions
involved are largely non-specific and mediated by side
chains. This is roughly consistent with the 3'P Mims
ENDOR results for PA(D/L), showing a broad distribu-
tion of distances. This result is also consistent with the
DEER data on RNA-bound peptides that show a signifi-
cantly broader distance distribution, indicating higher
disorder, making PA(D/L) an even less efficient cross-
linker. We conclude that the interplay between dimer
formation, dimer stabilization upon RNA binding, and
the dimer’s efficiency as an RNA cross-linker shape the
phase diagram of HhH coacervation. This interplay is
illustrated in the CG-MD simulations showing that
dimerization and degree of helicity affect the stability of
the coacervates via modulation of the interaction
strength between peptides and RNA. As such, the HhH
peptide has a clear handle—the Kp of dimerization—
through which evolution can tune the phase properties
of the coacervate, with higher affinities yielding poten-
tially significant gains in coacervate stability but lower

affinities allowing access to the coacervate state at
lower concentrations of RNA.

4.2 | RNA binding, coacervation, and the
emergence of chiral control

The isotactic and syndiotactic variants of PA reveal an
unexpected preservation of form (dimerization, potential
right-handed a-helical folding, bent conformations) and
function (RNA binding, primarily via interaction with the
phosphodiester backbone, and coacervation). For com-
parison, function is not preserved upon scrambling the
PA(L) sequence, which results in a dramatic shift to pre-
cipitation with polyU (Longo et al. 2020). Chiral inver-
sions may be less disruptive than sequence shuffles
because the hydrophobic/polar/charged patterning—a
determinant of protein folding and coacervation—can be
retained, even if secondary structure propensities are
disrupted. As only a few sequences derived from natural
protein families have been studied in both their isotactic
and syndiotactic forms, the extent to which these data

85UB017 SUOWLLOD 3AITRR1D) 3|qeol dde au AQ paulaAob e o1 YO ‘88N JO S3INI 104 ARiq 17 BUIJUO AB|IM UO (SUO 1 IPLIOD-PLR-SLLIBY O™ A3 | 1M ARIq 1 BU1|UO//SANL) SUORIPLOD pUe SWS | 8U} 89S *[9202/T0/70] UO ARIqIT8UIIUO AB|IA ‘S0USIOS JO SINIISU| UURWZBA AQ €220/ 01d/200T 0T/I0p/L00" A3 1M ARIq 1 BUI|UO//SANY WO} POPROIUMOQ ‘6 ‘G202 X96869FT



SEAL ET AL.

16 of 18 BE
o | WILEY-49 S
reflect a property unique to the HhH motif or a property
of primitive sequences more broadly is unknown. How-
ever, just as early efforts of prebiotic protein design
(Longo et al. 2013) were followed up by several studies
demonstrating the robustness of alphabet simplification
in other systems (Despotovi¢ et al. 2020; Giacobelli
et al. 2022; Kimura and Akanuma 2020; Longo
et al. 2020; Yagi et al. 2021), we anticipate the discovery
of similar continuities across chiral patterns, particularly
for peptides with simple functions such as coacervation.
Taken together, the evidence presented here suggests
that a transition from heterochiral to homochiral peptides
(if such a transition occurred) could have adapted
sequences already in play rather than displacing them
entirely.

Coacervation as a form of liquid—liquid phase sepa-
ration (LLPS) has long been considered an important
site of (pre-) biological evolution, dating back to pro-
posals from Oparin himself (Oparin and Morgulis 1938).
Besides conferring an aspect of individuality—a sepa-
ration between the system and the surrounding
environment—coacervates can organize and tune
chemical reactions (Smokers et al. 2024). We have
recently argued that the physicochemical environment
within a coacervate promotes the emergence of folded
domains from flexible peptides (Seal et al. 2022). By
allowing access to conformational and oligomeric
states with marginal stability, these structures can be
more readily recruited by evolution. Similar arguments
have been made for other environmental contexts, such
as at high salt (halophile) conditions (Longo et al. 2013;
Longo and Blaber 2014) or through the action of chemi-
cal chaperones like polyamines and di-cations
(Despotovi¢ et al. 2020). But only in the case of phase-
separating peptides does the peptide contribute to the
construction of its own environmental context. The result
is a kind of “molecular self-domestication” where phase-
separating peptides help create the environmental con-
texts that favor their own elaboration into folded domains
that, in turn, may further stabilize the coacervate.

While in line with the coacervate-as-chaperone
framing above, the PA(D/L) results presented here
expand the potential relevance of coacervation and the
interaction between peptides and nucleic acids more
generally (Fried et al. 2022) in early protein evolution.
First, PA(D/L) should have a much less funneled
energy landscape than PA(L), given that we do not
observe PA(D/L) oligomers in aqueous solution. Sec-
ond, by demonstrating that the coacervate context and
RNA binding can buffer evolutionary transitions even
when the rules of folding are altered, as in the case for
isotactic and syndiotactic variants of the same
sequence, for which the accessible secondary structure
types are different. We refer to this as a “buffered tran-
sition” because various aspects of continuity in form
are achieved due to the influence of the environmental
context and without the need for compensatory

mutations to re-establish these properties. We propose
that buffering of this type can confer a smoother evolu-
tionary landscape, one more amenable to exploration
and thus less dependent on contingency.

5 | CONCLUSIONS

We compared the structure and phase behavior of an
isotactic primordial peptide, PA(L), with its syndiotactic
analog, PA(D/L), in the presence and absence of RNA
to better understand whether coacervation and
RNA binding can support the evolution of complex
structures. We found that both chiral forms of PA form
coacervates, with PA(D/L) exhibiting a lower propensity
for coacervation. We correlated differences in phase
behavior to dimer stability, the propensity for a-helical
folding, and interplay between PA—PA and PA-RNA
interaction strength. Our results indicate that peptide
dimers promote the RNA cross-linking that drives coac-
ervation and clarify the role of dimer stability in tuning
coacervate properties. We propose that the emergence
of chiral control could have been buffered by coacerva-
tion and RNA binding, as demonstrated by the preser-
vation of PA form and function between radically
different patterns of amino acid chirality. Consequently,
an aspect of evolutionary continuity between primitive
heterochiral peptides and modern homochiral domains
may be possible. Realizing unexpected continuities—
such as the persistence of form (dimerization, a-heli-
city) and function (RNA binding, coacervation) between
a syndiotactic peptide and its isotactic counterpart—
may be a matter of environmental context. In the case
of phase-separating peptides, this environmental con-
text may be one in which the peptide itself participated
in creating. This work contributes to a growing body of
evidence that simple and complex states in protein evo-
lution are readily traversable.
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