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Abstract: The ability of RNA to catalyze RNA ligation is
critical to its central role in many prebiotic model scenarios, in
particular the copying of information during self-replication.
Prebiotically plausible ribozymes formed from short oligonu-
cleotides can catalyze reversible RNA cleavage and ligation
reactions, but harsh conditions or unusual scenarios are often
required to promote folding and drive the reaction equilibrium
towards ligation. Here, we demonstrate that ribozyme activity
is greatly enhanced by charge-mediated phase separation with
poly-L-lysine, which shifts the reaction equilibrium from
cleavage in solution to ligation in peptide-RNA coaggregates
and coacervates. This compartmentalization enables robust
isothermal RNA assembly over a broad range of conditions,
which can be leveraged to assemble long and complex RNAs
from short fragments under mild conditions in the absence of
exogenous activation chemistry, bridging the gap between
pools of short oligomers and functional RNAs.

Introduction

The generation of RNA or other nucleic acid strands with
sufficient length and sequence diversity to fold into functional
catalysts and replicators is a key step in many models of early
biology. Plausible pathways exist for the generation of
activated ribonucleotides[1–3] and the formation of short

oligomers by non-enzymatic polymerization,[4, 5] but the
untemplated polymerization of long RNA oligomers contain-
ing all four nucleobases remains inefficient.[6] The formation
of long and complex RNAs from pools of oligonucleotides
can potentially bridge this gap,[7] as demonstrated by the
assembly of a > 200 nt RNA polymerase ribozyme from short
oligomers by a fragmented version of the small nucleolytic
hairpin ribozyme (HPz).[8]

HPz is a small self-cleaving RNA motif that catalyzes the
cleavage and ligation of specific RNA sequences.[9, 10] The
ability of HPz to fold into active conformations[11, 12] is
sensitive to environmental conditions such as ionic
strength[13, 14] and temperature.[15] In solution, the reaction
equilibrium is shifted towards cleavage, whilst in dehydrating
conditions (e.g. eutectic phases in ice, ethanol and drying)
efficient ligation can be observed.[16–18] The ability of HPz to
assemble from short oligonucleotides and to process a wide
range of RNA junctions makes it an attractive model system
for an early RNA catalyst.[8, 16] The reversibility of the HPz-
catalyzed reaction allows for the possibility of recombination
(Figure S1): First, RNA cleavage produces a strained 2’,3’-
cyclic phosphate functionalized substrate. Next, strand ex-
change then ligation can occur with other strands of
a compatible sequence. Although relieving strain in the
2’,3’-cyclic phosphate provides a limited enthalpic driving
force for ligation, the associated entropic penalty results in
cleavage being thermodynamically favored in solution for
some systems.[19] These reactions are prebiotically appealing
as they can occur independently from an exogenous RNA-
activation chemistry and have been shown to increase
structural and informational diversity in pools of RNA
oligomers.[20] Researchers have exploited recombination and
ligation by the HPz ribozyme to assemble complex functional
RNAs from short fragments,[8, 21] to combine RNA enzymes
and aptamers into larger, more complex aptazyme systems,[22]

and to produce simple self-replicators.[23] In combination with
a polymerization chemistry capable of generating short
oligomers, the realization of replicating and evolving systems
may be possible. Ribozyme-catalyzed recombination can
require high magnesium concentrations to occur in solution,
with minimal or fragmented HPz variants reliant on dehy-
dration or freezing to drive ligation.[16,18] These requirements
render recombination-based RNA assembly incompatible
with compartmentalization in some protocellular systems and
narrow the range of viable environmental conditions. For
example, high Mg2+ concentrations have a destabilizing effect
on vesicles formed from single chain amphiphiles,[24] while
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phospholipid-based vesicles are prone to fragmentation[25,26]

and content loss[27] when exposed to freezing conditions.
Phase separation by oppositely charged polymers such as

peptides and nucleic acids is a ubiquitous process that is both
widely observed in modern biology[28–30] and exploited in
synthetic biology.[31, 32] Charged peptides are appealing com-
ponents in origin of life scenarios, potentially supporting the
function of early catalytic nucleic acids[33, 34] and forming
protocellular compartments such as coacervate droplets by
phase separation.[35] Although liquid coacervate droplets are
the most widely studied system within the context of the
origin of life, other phases such as coaggregates[36,37] and
gels[38] are also of interest. Spatial confinement, as well as the
ability to localize reactions and concentrate key components,
would have been valuable in early biology and is a prerequisite
for open-ended evolution.[39] The ability of coacervate phases
to strongly concentrate divalent metal ions and RNA suggests
a highly favorable environment for nucleic acid catalysis,[40]

and interactions with polycationic peptides have been shown
to enhance ribozyme activity in some cases.[41,42]

Despite this, catalysis by ribozymes has only recently been
reconciled with coacervation,[43, 44] and specific conditions are
required to prevent loss of function due to misfolding.
Previously reported enhancements in catalytic activity by
condensed phases typically rely on the concentration and
rescue of highly dilute systems below the ribozyme / substrate
dissociation constant (KD),[44] and so far only ribozyme
cleavage reactions have been demonstrated.[44] In order to
realize complex, functional phase-separated systems that may
eventually be capable of open-ended evolution, constructive
processes such as the polymerization, ligation or recombina-
tion of nucleic acids must be supported.

In this work, we utilize poly-L-lysine ((Lys)n) and a split
HPz ribozyme as a model for interactions between early
charged protopeptides and nucleic acid catalysts. Although
cationic amino acids are crucial factors in protein-nucleic acid
interactions, and thus are essential components in any pre-
biotic scenario that leads to the emergence of protein
synthesis,[45] basic cationic amino acids such as arginine and
lysine only rarely emerge from model prebiotic synthe-
ses.[46–49] However, ligation of these amino acids into peptides
has been demonstrated in prebiotic conditions,[50] assuming
sufficient feedstocks. The synthesis of non-proteinaceous
analogues such as ornithine and 2,4-diamino-butyric acid,
potential precursors to extant cationic amino acids,[51] is more
plausible.[51–53] Peptides composed of these analogues can act
as functional substitutes to poly-L-lysine and have provided
similar enhancements in ribozyme activity.[42] Depsipeptides,
protopeptides which contain a mixture of ester and amide
linkages, can be formed by dry-wet cycles,[54] which selectively
incorporate proteinaceous amino acids over non-proteina-
ceous precursors, thus providing a potential mechanism for
the enrichment of poorly abundant cationic amino acids in
early polypeptides.[55] Unlike the model system used here,
peptides or protopeptides emerging from prebiotic processes
are likely not to have been homopeptides, or enantiomerically
pure.

We show that charge-based phase separation between
(Lys)n and the HPz ribozyme RNA both enhances and

modulates ribozyme activity, shifting the HPz reaction
equilibrium from cleavage to ligation at ambient temper-
atures. This enables the production of both long and complex
functional RNA from short fragments under isothermal
conditions. Unlike under solution conditions, poly-L-lysine
renders the HPz ribozyme functional over a broad range of
temperatures and magnesium concentrations, even with
varying lengths, charge ratios, and phase behaviors. These
findings reconcile HPz-catalyzed RNA recombination with
a far broader range of environmental conditions, and
furthermore suggest the ability of simple peptides or other
more diverse polycations to support and enhance nucleic acid
catalysis in heterogeneous prebiotic scenarios.[56]

Results

To investigate the recombination activity of the HPz
ribozyme, we developed an assay that allows the independent
characterization of both cleavage and ligation, based on
a fragmented ribozyme system (Figure 1a).[16] The ribozyme
system comprises four strands forming two catalytic loops:
the HPz loop B (two strands, 18 and 21 nt) and loop A,
formed from a 14 nt substrate binding strand (SBS) and 3’-
Cy5 tagged 20 nt substrate (subC). Initially the ribozyme may
cleave subC into two 10 nt products, one possessing the 3’-Cy5
tag (5fragC), the other activated with a 2’,3’-cyclic phosphate
and capable of ligation (3frag). The reaction mixture also
contains a 10 nt fragment identical in sequence to the 5fragC
produced in the previous step but bearing a 3’-FAM tag
(5fragF). This fragment can compete for the substrate binding
strand and forms a new FAM-tagged 20 nt strand (subF) when
ligated to the activated 3frag. The mechanism of recombina-
tion is described in Figure S1, and an example gel showing the
activity of this system under various conditions is shown in
Figure S2. In solution (Tris·HCl pH 8, 1 mM MgCl2, 30 88C),
the cleavage of subC was slow, yielding only 5% of 5fragC
after 24 h (Figure 1b, dashed line). No ligation of 5fragF to
form subF was observed under these conditions (Figure 1c,
dashed line).

We then investigated the effect of poly-L-lysine on the
activity of the HPz system. Turbidity was observed after the
addition of (Lys)19–72 (charge ratio = 0.67:1 (Lys)19–72 :RNA),
as well as a drastic shift in ribozyme activity. Cleavage of subC
proceeded rapidly compared to solution conditions, with
approximately 60% cleavage over 24 h (kcl = 0.42: 0.02 h@1).
Strikingly, ligation of 5fragF, forming subF, was observed
after just 2 h of reaction, with a final yield at 24 h of
approximately 50%. Whilst it is not possible to directly
determine the rate of ligation in the recombination system
due to the initial cleavage step followed by a presumably rate-
limiting strand exchange reaction, the ligation of a pre-
activated 3frag intermediate to 5fragF proceeded rapidly
under these conditions, with an apparent ligation rate of klig =

0.076: 0.004 min@1 (Figure S3).
We then investigated the effect of polycation length and

concentration on HPz ribozyme activity (Figure 2, Figure S4).
Increasing concentrations of either (Lys)19–72 (Figure 2a) or
(Lys)5–24 (Figure 2b) were titrated into a fixed concentration
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of RNA, and the degree of phase separation at the various
(Lys)n :RNA ratios was measured by absorbance at 500 nm
(Figure 2a, b). The critical peptide concentrations for phase
separation (CPs) were determined by the onset of turbidity.
Phase separation occurred at a sub-stoichiometric concen-
tration of the longer peptide (CP19–72 ca. 0.7:1 (Lys)19–

72 :RNA), but not until a concentration ratio of near unity
for the shorter peptide (CP5–24 ca. 1:1 (Lys)5–24 :RNA). Activity
measurements at t = 24 h showed that (Lys)19–72 enhances both
HPz cleavage and ligation at sub-stochiometric ratios, but that
both of these activities are suppressed at high ratios (Fig-
ure 2c). The addition of (Lys)5–24 (Figure 2d) led to high HPz
cleavage activity and relatively weaker ligation compared to
the longer (Lys)19–72 at all ratios tested, although the
enhancement over solution conditions remained considera-
ble. Optimal recombination of 5fragF to form subF was
observed at charge ratios of 0.85:1 (Lys)19–72 :RNA, and 2:1
(Lys)5–24 :RNA. This enhancement of activity was found to be
independent of the presence of the cationic Cy5 fluorophore
on 5fragC (Figure S5). To determine the distribution of (Lys)n

oligomers in our samples, we performed electrospray ioniza-
tion mass spectrometry (ESI-MS) (Figure S6). Surprisingly,
the distributions were heavily biased towards shorter oligo-
mers in both cases: for (Lys)5–24, only oligomers with n = 3 to
n = 9 were detected, whilst for (Lys)19–72, only oligomers
between n = 16 to n = 46 were observed (Figure S7). Whilst
oligomers with lengths up to the specified upper limit are
likely to be present in the samples, based on the manufac-
turerQs characterization, these species appear to occur at such
low concentrations that they fall below the detection limit of
ESI-MS.

Brightfield and fluorescence microscopy of samples at
each tested (Lys)n :RNA ratio revealed the formation of
various separated phases with increasing charge ratio (Figur-
es 2e,f, S8 and S9). Increasing ratios of both (Lys)5–24 and
(Lys)19–72 :RNA led to the formation of particles that accumu-
lated without coalescence into liquid droplets, and in which
both labelled RNAs were strongly colocalized. This implies
strong partitioning of the labelled substrate RNA into the
condensed phase, which is likely to be responsible for the shift

Figure 1. The design and function of a simple split hairpin ribozyme recombination assay. a) The structure of the split HPz ribozyme, which is
composed of loop A (substrate and substrate binding strand, or SBS) and loop B. The cleavage site is indicated with an arrow, and conserved
bases are shown in red. b) Simplified diagram showing hairpin ribozyme-catalyzed cleavage of a Cy5-tagged 20 nt substrate (subC) (blue), strand
exchange, and re-ligation of a FAM-tagged 10 nt fragment (5fragF) (yellow). c) Cleavage of the subC and d) ligation of the 5fragF over time by the
HPz ribozyme with (Lys)19–72 (0.67:1 (Lys)19–72 :RNA, 1 mM MgCl2, Tris·HCl pH 8, 30 88C) (solid line) and in solution (1 mM MgCl2, Tris·HCl pH 8,
30 88C) (dashed line).
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to ligation. At (Lys)19–72 :RNA ratios near unity (0.85-1:1),
a web-like structure was observed (Figures 2e, Figure S9). For
both poly-L-lysine lengths, a transition to liquid coacervate
droplets was observed at excess charge ratios ((Lys)5–24 :RNA
+ 2.3:1, (Lys)19–72 :RNA + 1.1:1) (Figure 2e,f). The phase
separated particles initially formed as an unstable dispersion,
eventually settling onto the bottom of the slide without
wetting the passivated surface. Ligation activity was optimal
at ratios immediately preceding the transition to coacervate
droplets for both (Lys)n lengths ((Lys)5–24 :RNA = 2:1, (Lys)19–

72 :RNA = 0.85:1). Although the formation of liquid droplets
was associated with a reduction in activity, robust ligation
activity was still observed in this phase at lower ratios (37.3%
yield at (Lys)19–72 :RNA = 1.1:1, 13.4 % yield at (Lys)5–

24 :RNA = 2.3:1).
We sought to further characterize the system by studying

endpoint recombination activity at the optimal (Lys)19–

72 :RNA ratio for ligation (0.75:1) at various temperatures
and magnesium concentrations. The endpoint activities at
various temperatures are shown in Figure 3a. Optimal

Figure 2. Influence of (Lys)n length and (Lys)n :RNA mixing ratio on phase separation and HPz activity. a) Variation in absorbance at 500 nm with
varying ratios of (Lys)19–72 :RNA. The minimal ratio for the onset of phase separation CP19-72 ca. 0.7:1 (Lys)19–72 :RNA. b) Variation in absorbance at
500 nm with varying ratios of (Lys)5–24. The minimal ratio for the onset of phase separation CP5-24 ca. 1:1 (Lys)5–24 :RNA. c) Endpoint cleavage and
ligation activity of the HPz ribozyme with varying (Lys)19–72 :RNA. d) Endpoint cleavage and ligation activity of the HPz ribozyme with varying
(Lys)5–24 :RNA. Endpoint ligation of 5fragF is shown in yellow, endpoint cleavage of subC is shown in blue. e) Example fluorescence microscopy
images of (Lys)19–72 :RNA condensates before (0.85:1 (Lys)19–72 :RNA) and after (1.4:1 (Lys)19–72 :RNA) the transition to liquid droplets. f) Example
fluorescence microscopy images of (Lys)5–24 :RNA condensates before (2:1 (Lys)5–24 :RNA) and after (2.3:1 (Lys)5–24 :RNA) the transition to liquid
droplets. Brightfield imaging is shown in grey, FAM fluorescence in yellow and Cy5 fluorescence in cyan. Scale bars= 10 mm. Full imaging of all
datapoints is shown in Figures S8 and S9.
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recombination yields were obtained at 30 88C (1 mM Mg2+,
Tris·HCl pH 8, 52 % ligation after 24 h). Similar yields were
observed at lower temperatures, although the time required
to reach equilibrium increased (t25 88C = 96 h, t20 88C = 144 h).
Increasing temperature shifted the reaction equilibrium
towards cleavage, as expected due to the entropic cost of
ligation inherent in the system.[57] Recombination activity was
also supported across a broad range of Mg2+ concentrations
(0.1–100 mM) in the presence of (Lys)19–72 (0.75:1), notably at
concentrations as low as 0.1 mM Mg2+ (80 % subC cleavage,
13% 5fragF ligation) (Figure 3b). Optimal activity was
observed between 1–5 mM Mg2+. Reduced 5fragF ligation
yields above this point may be in part due to magnesium-
catalyzed hydrolysis of the 2’,3’-cyclic phosphate, which is
expected to slowly deplete the amount of activated 3frag in
the system over time.

To separate the effects of magnesium concentration[40]

from other possible causes of recombination enhancement,
we also measured activity under identical conditions but in
the absence of peptide. Here, the reaction equilibrium was
strongly shifted towards cleavage. No cleavage of subC was
observed until 1 mM Mg2+, at which point the yield of 5fragC
increased, reaching a maximum at 5 mM Mg2+ (94% cleav-
age). The change in cleavage activity with magnesium
concentration is sigmoidal and reminiscent of a ribozyme
folding curve. Indeed, the measured midpoint of the cleavage
data, 1.8 mM Mg2+, is similar to previously reported Mg2+

induced folding midpoints for the HPz ribozyme,[58,59] al-
though differences in structure and fragmentation make
a direct comparison difficult. In the absence of peptide, no
ligation of 5fragF to form subF was observed until 4 mM Mg2+

(0.7% yield), reaching a maximum yield of 7% at 100 mM
Mg2+ with a concomitant reduction in the measured propor-
tion of 5fragC. This suggests that concentration of magnesium

ions within the condensed phases does not alone account for
the enhanced recombination activity observed in the presence
of (Lys)n in this study.

Having determined optimal conditions for ligation activ-
ity (Tris·HCl pH 8, 30 88C, 0.75:1 (Lys)19–72 :RNA), we exploited
the enhancing effect of (Lys)19–72 on the HPz ribozyme to form
long RNA chains and complex structures from short frag-
ments. The following ribozyme systems contain the same in
trans loop B domain used in the previously described
recombination assay (Figure 1a), but combined with a range
of substrate binding strands (SBSs) and substrates. First, we
tested a recombination-based RNA ladder system (Fig-
ure 4a): the fragmented HPz ribozyme cleaves a short 3Q-tail
from a 22 nt fragment (St), leaving a 16 nt 2’,3’-cyclic
phosphate functionalized fragment (S), which can then be
concatenated. After 24 h incubation (Tris·HCl pH 8, 30 88C,
0.7:1 (Lys)19–72 :RNA), the substrate tail was completely
cleaved, and a ladder of concatenated products (Sn) was
observed (longest product observed: n = 15, 240 nt). The lack
of uncleaved substrate is expected, as the cleaved 3’-tail
shares only three complementary bases with the substrate
binding strand, and so should easily be displaced by the 5’ end
of another substrate, making re-ligation unfavorable. In
addition, the 6 nt fragment may only be poorly concentrated
in the condensed phase due to its short length.[43]

RNA polymerase ribozymes (RPRs), which catalyze the
templated synthesis of RNA from nucleotide triphosphates,
are considered analogues of an early RNA-only replicator.[60]

Although these ribozymes are capable of synthesizing long
strands, their activity is not sufficient to quantitatively
synthesize sequences with complex secondary structure
beyond ca. 50 nt,[61, 62] and as such self-replication has not
been demonstrated. These limitations may be overcome by
stepwise modular assembly, in which the large and complex

Figure 3. Influence of temperature, magnesium concentration, and poly-L-lysine length and mixing ratio on recombination yield. a) The effect of
reaction temperature on the endpoint recombination yield (0.75:1 (Lys)19–72 :RNA, 1 mM MgCl2, Tris·HCl pH 8). The reaction was quenched at
either 144 h (20 88C), 96 h (25 88C) or 24 h (30–40 88C). b) The effect of magnesium concentration on the HPz ribozyme recombination yield with
(Lys)n (0.75:1 (Lys)19–72 :RNA, 1 mM MgCl2, Tris·HCl pH 8, t = 24 h) (solid circles) and in solution (Tris·HCl pH 8, 30 88C, t = 24 h) (hollow circles).
For both panels, cleavage of subC is shown in blue, whilst ligation of the 5fragF is shown in yellow.
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functional sequence is constructed from shorter fragments. As
a proof of concept, we assembled the RPR4 ribozyme from
short fragments in the presence of long poly-L-lysine (Fig-
ure 4b), as previously demonstrated in-ice.[8] Indeed, full
length RPR4 was produced with a final yield of 7.8% after 8 h
(Tris·HCl pH 8, 30 88C, 0.8:1 (Lys)19–72 :RNA). The activity of

the assembled product was not tested in this study. These
yields are comparable to those observed in long-term Mg2+-
free reactions driven by repeated 12 h freeze-thaw cycles
(10 % after 24 days). The similarity in the product yields
observed in-ice and in the condensed phase is both unex-
pected and notable: the absence of Mg2+ in previously
reported freeze-thaw cycle experiments allows the system to
be driven towards the ligated state, as no cleavage reaction
can occur during the thawing phase. In this study, the presence
of Mg2+ means that the cleavage reaction is always active but
is presumably counteracted by high RNA concentrations.

Discussion

In this study, we have shown that model ribozyme-peptide
interactions can drastically enhance the activity of a small
nucleolytic ribozyme over a wide range of conditions. In many
cases, phase separation with poly-L-lysine yielded activity in
conditions where the ribozyme is otherwise completely
inactive (< 1 mM Mg2+ for cleavage and < 4 mM Mg2+ for
ligation). In conditions where the ribozyme was active in
solution, the addition of (Lys)19–72 led to enhancements of up
to 11-fold for 5FragF ligation (4 mM Mg2+) and 65-fold for
subC cleavage (1 mM Mg2+). Importantly, phase separation
shifted the equilibrium of the reversible transesterification
reaction towards RNA ligation rather than cleavage, likely
due to increased RNA concentration in the condensates. Both
effects combined allow efficient and robust assembly of long
RNA molecules under mild conditions in the absence of an
exogenous activation chemistry. To the best of our knowledge,
such a strong and rugged enhancement of ribozyme activity or
shift in behavior by phase separation has not been previously
reported.

Efficient recombination-based RNA assembly by frag-
mented HPz systems is typically only observed in dehydrating
environments, for example in eutectic ice,[16] alcoholic sol-
utions,[63] or drying.[18] The shift from cleavage to ligation
induced by (Lys)n suggests that interactions with cationic
peptides could have greatly broadened the scope of recombi-
nation-based RNA assembly on prebiotic Earth, perhaps
providing comparable ligation yields to dehydrating environ-
ments with enhanced kinetics. Indeed, the rate of direct
ligation with (Lys)19–72 was more than ten times faster than the
rate of freezing-induced ligation by a fragmented HPz
ribozyme similar to that used here (klig = 0.006 min@1, T=

@10 88C).[16] Poly-L-lysine-supported HPz ribozyme catalysis
is robust, with similar ligation yields observed across a range
of temperatures below 35 88C. Similarly, the system is able to
support ligation across a broad range of magnesium concen-
trations, even at levels far below that typically required for
catalysis under solution conditions. This is especially relevant
for fragmented ribozymes, which are prebiotically appealing
due to their reduced complexity, but which require higher
magnesium concentrations ([Mg2+]1/2 = 3 mM) for folding and
activity than more complex species with additional stabilizing
loops ([Mg2+]1/2 = 20–40 mM).[59]

In the present study, enhancements in ribozyme activity
beyond typical solution behavior were observed across a range

Figure 4. Formation of long RNA chains and complex RNA by HPz
recombination under optimized conditions. Example urea-PAGE gels
showing a) Concatenation of long RNA chains (>200 nt) by the HPz
ribozyme with poly-L-lysine (0.75:1 (Lys)19–72 :RNA, 1 mM MgCl2,
Tris·HCl pH 8, t =24 h). The fragmented HPz ribozyme first binds the
22 nt substrate fragment (St), forming an A loop between substrate
and binding strand. This docks with a B loop, then a 6 nt tail (t, shown
in red) is cleaved from the substrate leaving a 2’,3’-cyclic phosphate on
the 16 nt reaction product (S). The cleavage site is indicated with an
arrow. Another substrate (St or S) then displaces the cleaved tail,
which has only three bases complementary to the substrate binding
arm. In poly-L-lysine coacervates, or other concentrating conditions,
the HPz ribozyme can then ligate the two fragments, forming
a concatenated (S2) product. This process repeats, resulting in long
chains of up to n>13 substrate fragments. The urea-PAGE gel was
imaged using SYBER Gold staining. b) Assembly of the RPR4 ribozyme
(198 nt) from four fragments by HPz with poly-L-lysine (0.8:1 (Lys)19–

72 :RNA, 8 mM MgCl2, Tris·HCl pH 8, t = 8 h, full length product
yield= 8%). In this reaction, three different substrate binding strands
bind pairs of oligomers from a set of four substrate strands. A short
tail (t) is cleaved from fragments 1, 2 and 3, leaving 2’,3’-cyclic
phosphate functionalized fragments that be ligated together with
fragment 4 to form the full-length product. The assembly products are
visualized using a fluorescent 5’-FAM tag on fragment 1.
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of charge ratios, with the greatest enhancements occurring
before the formation of liquid droplets. Fluorescence micros-
copy showed strong concentration and colocalization of both
tagged RNAs within all separated phases (Figures S8 and S9).
This likely accounts for the observed enhancements in
activity, analogous to hairpin ribozyme ligation in freezing
and drying environments.[18] Assays performed in the absence
of peptide suggest that increased Mg2+ concentrations, whilst
probable in this system,[40] are alone insufficient to drive RNA
ligation (Figure 3). Beyond simple concentration of reactants,
increased hybridization, folding and thermal stability as
a result of charge interactions with the peptide may contribute
to the observed enhancements of activity. Interactions
between lysine-containing peptides and nucleic acids in
amyloid gel fibers have previously been shown to promote
the hybridization of nucleic acids below their KD,[37] and lysine
containing copolymers have been reported to enhance the
rate of DNA hybridization by over 200-fold.[64] Even in the
absence of phase separation, RNA polymerase ribozyme
(RPR) holoenzyme assembly and activity is enhanced by
interactions with simple lysine containing peptides and non-
proteinaceous analogues,[42] spermidine has been shown to
stabilize the HPz ribozyme-substrate complex and enhance
substrate cleavage,[41] and cationic proto-peptides have been
shown to increase the thermal stability of folded RNA.[65]

Such enhancements in hybridization as a result of charge
interactions extend beyond peptides, and are a key aspect of
the proposed role of clay surfaces in early molecular
evolution.[66]

It is perhaps surprising that direct condensation of (Lys)n

with catalytic RNA can support (let alone enhance) activity,
given that ribozyme activity can be inhibited by strong
polycation-RNA interactions, which may induce misfold-
ing.[67, 45] It is also of interest that the transition to liquid
coacervate droplets at high (Lys)n :RNA ratios was associated
with a reduction in recombination activity. Similar phase
transitions have been previously reported: poly-L-lysine has
been shown to form precipitates when directly mixed with
double-stranded RNA, but liquid droplets with single strand-
ed RNA.[68] We speculate that observed phase transition in
the (Lys)n :HPz system may originate from reduced hybrid-
ization at excess charge ratios, which could also lead to
a reduction in activity.

Previous studies have demonstrated that ribozyme-cata-
lyzed RNA cleavage is indeed supported when ribozymes are
hosted within coacervate droplets.[43, 44] Below the apparent
ribozyme / substrate dissociation constant (KD), concentra-
tion by coacervation can rescue hammerhead and hairpin
ribozyme activity, providing relative enhancements over
dilute reactions in aqueous solution.[44] However, above the
KD, hammerhead ribozyme activity in coacervate droplets is
inhibited.[43] For RNA in coacervate droplets, this effect is
most prominent in charge neutral conditions, or when the
polycation is in excess. The activity of the hammerhead
ribozyme when hosted in oligoarginine (R10)/ oligoaspartic
acid (D10) coacervate droplets is inhibited at a 1:1 charge ratio
of R10 :D10.

[44] However, in coacervate compositions with
excess negative charge, activity can be enhanced over
concentration-limited solution conditions.[69] The suppression

of activity at excess (Lys)n :RNA ratios reported here may be
analogous, with strong lysine-RNA interactions leading to
misfolding when the peptide is in charge excess. Even so, the
inhibition of activity in the coacervate phase is not total:
strong recombination activity is observed in droplets at
charge ratios near the transition point, suggesting that at
least a portion of the RNA is able to remain folded and active.
This explanation also accounts for the relative differences in
activity suppression by (Lys)5–24 and (Lys)19–72 at excess
peptide:RNA ratios, as longer polyions have a greater
tendency to interact with their oppositely charged partners,
and therefore may lead to greater misfolding and suppression
of activity when in excess.[70–72] Peptide length dependent
helicase-like activity has been demonstrated for lysine/
aspartic acid coacervates, in which droplets formed from
shorter oligopeptides permitted hybridization of a short RNA
duplex to a greater degree than droplets comprised of longer
polyions.[73] Such effects have also been reported in extant
biological systems, in particular Ddx4 protein coacervates,
which melt double-stranded DNA and stabilize single strand-
ed species.[74] The suppression of activity with excess peptide
may be overcome in the future by the use of heteropeptides or
other homopeptides with varying charge density.

Conclusion

The observation that direct phase separation between
short model peptides and ribozymes provides robust enhance-
ments to catalytic activity under a broad range of conditions
strengthens the case for both an early coevolution of RNA
and peptides, and the argument that long and functional RNA
emerged from pools of short oligomers via the action of small
catalytic motifs. It is noteworthy that recombination is
supported in this environment, as this implies that the key
processes of strand release and reannealing also take place in
addition to simply cleavage and ligation. Even the short poly-
L-lysine used in this study, which is predominantly composed
of oligomers of less than 9 residues, was able to phase separate
and modulate the catalytic activity of the ribozyme. This
suggests that short cationic protopeptides formed, for exam-
ple, by dry-wet cycling may also be capable of such enhance-
ments. Further investigation into the interactions between
heterogeneous proto-peptides and catalytic nucleic acids is
therefore of great interest. The greater enhancements pro-
vided by the longer model peptide perhaps emerged later,
with the selection or synthesis of longer polycationic species.
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