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Abstract

Owing to their ability to encapsulate biomolecules, complex coacervates formed by associative 

phase separation of oppositely-charged polyelectrolytes have been postulated as prebiotic non-

membranous compartments (NMCs). Recent studies show that NMCs sequester RNA and enhance 

ribozyme reactions, a critical tenet of the RNA World Hypothesis. As RNA is negatively 

charged, it is expected to interact with polycationic coacervate components. The molecular basis 

for how identity and concentration of polyanionic components of complex coacervates affect 

ribozyme catalysis remains unexplored. We report here a general mechanism wherein diverse 

polyanions enhance ribozyme catalysis in complex coacervates. By competing for unproductive 

RNA-polycation interactions, polyanions enhance ribozyme reaction more than 12-fold. The 

generality of our findings is supported by similar behavior in three polyanions—polycarboxylates, 

polysulfates and polysulfates/carboxylates—and two different ribozymes, the hammerhead and 

hairpin. These results reveal potential roles for polyanions in prebiotic chemistry and extant 

biology.
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Introduction

Membraneless compartments called complex coacervates form by associative liquid-liquid 

phase separation (LLPS) of oppositely charged polyelectrolytes.1 As complex coacervates 

form spontaneously, selectively encapsulate biomolecules2, 3, and support biochemical 

reactions4,5, they present simpler alternatives to membrane-bound protocells6, 7. Recent 

studies demonstrate that certain complex coacervates support non-enzymatic polymerization 

of RNA8 and enhance ribozyme reactions8, 9, chemistries potentially relevant to the 

origin and evolution of life6. Associative LLPS also forms non-membranous compartments 

(NMCs) in extant cells,10 which partition RNAs and proteins.11–13 For example, in 

the case of the nucleolus, LLPS has been hypothesized to regulate rRNA biogenesis 

by controlling transport and processing14. There is pressing need to uncover effects of 

constituent molecules on the biophysical and biochemical properties of membraneless 

compartments.15, 16

Cationic polyamines have been used to study complex coacervates2, 4, 8, 9, 17 and 

polycation identity affects RNA chemistries;8 however, effects of polyanions of complex 

coacervates on functional RNAs are relatively unexplored. We show herein that polyanions 

enhance ribozyme catalysis in coacervates by competing with inhibitory RNA-polycation 

interactions. We demonstrate that anion-assisted increase of ribozyme activity in complex 

coacervates is general and achievable by different polyanions. Our study reveals that optimal 

ribozyme activity may be attained by changing the size, identity, or amount of polyanions in 

complex coacervates. As such, it provides a guide to complex coacervate compositions that 

favor ribozyme reactions18–21 relevant to origin of life scenarios.

Results and Discussion

First, we investigated effects of polyanion multivalency on complex coacervate-mediated 

enhancements of ribozyme reactions, using the two-piece hammerhead ribozyme (Figure 

1A). Poly(diallyldimethylammonium chloride) (PDAC) with 53 monomers and oligoaspartic 

acids (Dn) with 10, 30, 50, and 100 monomers were chosen as polycation and polyanions, 

respectively to generate complex coacervates (Figure 1B and C, Supplementary Table 1). 

The dissociation constant between the enzyme (2.5 nM) and substrate (0.25 nM) is 220 nM 

at 1 mM Mg2+;8 as such, product yield was low without coacervates (Figure 2A, 2B blue) at 

only about 5% after 30 min (Figure 2C). Consistent with our previous report8, in D10/PDAC 

coacervates substrate cleavage was enhanced compared to buffer (20% vs 5% at 30 min, 

Figure 2B and C orange). Notably, reaction was further stimulated upon lengthening the 

anion with D30, D50, and D100 in PDAC-containing coacervates (~30% after 30 min) (Figure 

2B, and C).

To investigate RNA-partitioning, we used Alexa488-tagged hammerhead substrate and 

measured fluorescence intensity within droplets. All four polyaspartates formed coacervates 

with PDAC and accumulated RNA substrate (Figure 2D). We estimated substrate 

concentration inside coacervates by comparing fluorescence intensity to standards of 

Alexa488-tagged substrate in the absence of coacervates at various concentrations 

(Supplementary Figure 1). Although just 0.25 μM labeled substrate was added to the bulk, 
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droplet substrate concentration was calculated at 106±3, 79±1, 58±3, and 47±1 μM for 

coacervates containing D10, D30, D50, D100 (Figure 2E). This inverse trend is likely due 

to the tendency of longer polyaspartic acids to interact with coacervate polycations. We 

conjecture that while short polyanion-containing coacervates (e.g. D10/PDAC) partition 

HHRz more strongly, RNAs outcompete these short polyanions for interaction with 

polycation, potentially preventing their catalytic fold. Intermediate polyanions (e.g. D50) 

decrease RNA partitioning somewhat, but may prevent strong inhibitory RNA-polycation 

interactions, leading to maximal ribozyme reactions (Figure 2C). Taken together, optimal 

RNA catalysis in complex coacervate has an ideal polyanion length that requires RNA 

sequestration without RNA folding interference.

If the influence of polyanion length is based on simple competition with ribozyme for 

coacervate-polycation, then similar effects should be obtainable by adding relatively short 

oligoanions (Figure 3). We therefore varied the amount of oligoanion D10, keeping the 

total positive charge from PDAC constant such that the ratio of total negative to total 

positive charge increased as 0.5:1, 1:1, 2:1, 3:1, and 5:1 (Figure 3B). Relative to 1:1 (−/+), 

product was enhanced ~two-fold at 3:1 (−/+) total charge ratio for D10 (Figure 3A and 

3B orange). No significant changes in bulk pH were observed under these conditions as 

assessed by pH measurements using a pH probe. Control reactions showed that increasing 

D10 does not affect coacervate-free reactions, ruling out non-specific effects such as 

counterions (sodium) driving rate enhancements (Supplementary Figure 2). Moving to 

longer polyanions, increasing the concentration of D30 gave a slight bell-shaped dependence 

but had little effect even up to 50 mM total negative charge (Figure 3B). However, for 

D50, 50 mM total negative charge reduced the ribozyme activity almost 4-fold (Figure 3B). 

In the case of D100, ribozyme activity was severely diminished, even with only 20 mM 

total negative charge (Figure 3B). These data reveal that competition from short polyanions 

significantly enhances RNA functions in complex coacervates, while competition by long 

polyanions has the opposite effect.

We next investigated effects of increasing polyanion concentration on RNA partitioning. 

Increasing the negative:positive charge ratio in D10/PDAC from 1:1 to 5:1 reduced 

partitioning of the HHRz substrate ~2-fold (Figure 3C boxes 1–3, Figure 3D orange). 

In coacervates containing 5:1 D30/PDAC and D50/PDAC, substrate concentration further 

decreased from 70 μM in D10 to 14 and 3 μM, respectively (Figure 3C boxes 6 and 9, 

Figure 3D 5:1). Coacervates containing 5:1 D50/PDAC were almost indistinguishable from 

background (Figure 3C box 9). Overall, these data suggest that conditions that favor strong 

RNA partitioning, such as charge-matched coacervates comprising smaller polyanions 

(Figure 3C box 1), disfavor ribozyme catalysis (Figure 3B). Large polyanions alleviate 

these potentially inhibitory ribozymepolycation interactions, but they also reduce RNA 

partitioning (Figure 3C boxes 5,6,8,9), thus impeding reaction. Favorable conditions can 

be attained by competing strong RNA-coacervate interactions by adding shorter polyanions 

(Figure 3C boxes 2,3), which still have appreciable RNA partitioning for faster ribozyme 

reaction (Figure 3D, 3B orange). Overall, these data provide mechanistic insights into 

facilitation of ribozyme reactions in complex coacervates.

Poudyal et al. Page 3

ACS Chem Biol. Author manuscript; available in PMC 2022 February 07.

N
A

S
A

 A
uthor M

anuscript
N

A
S

A
 A

uthor M
anuscript

N
A

S
A

 A
uthor M

anuscript



The fluorescence-based assay reports only on the 22-nt substrate strand; we thus compared 

effects of increasing polyanion concentration on the larger 46-nt ribozyme to the 22-nt 

substrate. Greater than 90% of the substrate and 97% of the ribozyme remained in the 

condensed phase at 1:1 D10/PDAC or D50/PDAC coacervate system (Supplementary Figure 

3 A–C). At 5:1 D10/PDAC, about 74% of the substrate (Supplementary Figure 3B) and 95% 

of the ribozyme remained in the condensed phase. However, the amount of substrate in the 

condensed phase decreased to just 24% at 5:1 D50/PDAC (Supplementary Figure 3C) while 

about 75% of the ribozyme remained in the condensed phase. Overall, partitioning of longer 

RNA is less-sensitive to competition from longer polyanions. This can be understood in light 

of the relative multivalency of the RNAs as compared with the polyanions with which they 

compete for polycation binding.

To test the generality of our findings to other ribozyme systems, we used the hairpin 

ribozyme shown in (Supplementary Figure 4A). Unlike the hammerhead ribozyme, where 

the substrate is extensively base-paired to the enzyme strand, the substrate in the hairpin 

ribozyme is part of a separate domain, which is recognized via tertiary interactions by 

the catalytic strand. At low concentrations of Mg2+ and ribozyme, coacervates made using 

D30/(PDAC+spermine) stimulate the reaction8. In the absence of coacervates the product 

yield was only about 10% (Supplementary Figure 4B). The product yield decreased two-fold 

to 5% in D30/(PDAC+spermine) coacervates at 0.5:1 (−/+) total charge ratio, suggesting 

that excess polycation is inhibitory, presumably due to misfolding of ribozyme due to 

strong RNA-polycation interactions. Notably, the product yield increased four-fold to 20% 

in coacervates with 1:1 (−/+) D30/(PDAC+spermine), which is likely due to release of 

strong ribozymepolycation interactions. Increasing the total negative charge further had no 

stimulatory effect. These data support the conclusion that polyanion-assisted stimulation of 

ribozyme activity can be applied to different ribozymes and that optimal −/+ ratio likely 

depend on the ribozyme system.

In principle, the ion-pairing model should be applicable to other polyanions. To test this, 

we compared D30 with alternative non-biological polycarboxylates polyacrylic acid (PAA25) 

and polymethacrylic acid (PmAA45), with approximately 25 and 45 negative charges per 

molecule, respectively (Figure 4). At 1:1 charge balance, all the tested polyanions formed 

condensed phases with PDAC (Figure 4A). The concentration of Alexa488-tagged HHRz 

substrate in D30/PDAC, PAA25/PDAC, and PmAA45/PDAC coacervates was 80±2, 72±2, 

and 55±5 μM, respectively (Figure 4A and Supplementary Figure 5A) indicating that all 

coacervate compositions partition the substrate effectively.

Upon investigation of the HHRz reaction in these different polycarboxylate-containing 

coacervates, we found that the reaction was optimal in D30/PDAC and PmAA45/PDAC 

coacervates (Figure 3B green and blue and Supplementary Figure 5B), while the product 

formed was reduced 5-fold in PAA25/PDAC (Figure 4B, dashed orange). Increased activity 

in PmAA45 compared to PAA25 (~49% vs 8% at 30 min), parallels the phenomenon 

observed with Dn as a function of length. Increasing total negative charge in PAA25/PDAC 

system to 2:1 (−/+) (Figure 4B light orange and Supplementary Figure 5C) partially 

restored the reaction (~17% vs 8% after 30 mins), similar to D10/PDAC system (Figure 

4B). Strikingly, at 3:1 (−/+) charge ratio, the reaction was inhibited in PAA25/PDAC 
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system (Figure 4B dark orange). Indeed, at 3:1(−/+) charge ratio, the coacervate droplets 

became almost indistinguishable from background while coacervate droplets with 1:1 and 

2:1 (−/+) charge ratios were fluorescent (Supplementary Figure 5D), suggesting similar 

mechanisms for ribozyme inhibition and activation as observed with oligoaspartic acid 

and PDAC-containing coacervates (Figure 3). To further test if the stimulatory effect of 

polyanions is general, we asked whether oligoRNA (rA11) and heparin, which are biogenic 

polyanions that contain phosphates or carboxylates and sulfates, respectively, can stimulate 

ribozyme reaction by competition, similar to D10. We first formed complex coacervates 

with D10/PDAC at 1:1 charge balance, then added excess D10, rA11, or heparin such 

that the final −/+ total charge was 1.5:1. Under these conditions, addition of both rA11 

and heparin increased the product yield to comparable levels as excess D10 (Figure 4C). 

Overall, these data show that coacervates containing both biogenic and abiogenic polyanions 

enhance ribozyme catalysis. These studies provide rules for enhancing HHRz activity by 

controlling polyanion length and concentration, which transfer to diverse polyanions. The 

ability of diverse polyanions to stimulate ribozyme catalysis in membraneless compartments 

of complex coacervates underscores the power of enhancing RNA-catalyzed reactions in 

complex coacervates. (total −/+). Indicated polyanions were added to make the total charge 

balance 1.5:1 (total −/+). Mean values of three replicates are shown; error bars represent the 

S.D.

For experiments in the preceding sections, PDAC was used as the polycation. We next 

sought to apply our understanding to coacervates formed with the biogenic and more 

inhibitory polycation, oligoarginine. We previously reported that coacervates made with 

D10/R10 at charge-matched conditions inhibit HHRz reaction.8 While PDAC engages only 

in long-range charge-charge contacts, oligoarginine can engage with RNA in short-range 

charge-charge and hydrogen-bonding interactions,22, 23 which can misfold RNA. After 90 

minutes, fraction product formed by D10/R10 coacervates was reduced ~10-fold compared 

to D10/PDAC coacervates at 1:1 charge-matched condition (Figure 5A and B). However, 

increasing charge balance to 2:1 D10/R10, increased product yield 6-fold compared to 1:1 

D10/R10 (Figure 5B compare green to orange). Strikingly, increasing the charge balance to 

3:1 D10/R10 enhanced product yield 12-fold (Figure 5B). These data demonstrate that excess 

polyanions can stimulate ribozyme reactions not only in coacervates that already provide 

enhancements compared to buffer (Figure 3 A and B), but also in coacervate systems that do 

not otherwise appreciably support ribozyme reactions at charge-matched conditions.

PDAC or R10 was held at 10 mM, total negative charge from D10 was varied as indicated. 

Time points are 0, 7.5, 15, 30, 60, and 90 min (B) Fraction of product formed after 90 

minutes was normalized to D10/ PDAC coacervates. Mean values from n=3; error bars 

represent the S.D

Polyion multivalency is important in the formation and physical properties of complex 

coacervates24. Our results demonstrated that complex coacervates with varying lengths of 

biogenic and abiogenic polyanions and polycations can support and enhance ribozyme 

catalysis. Mechanistic insights that enable productive RNA folding and partitioning leading 

to active ribozymes in complex coacervates are revealed. Short polyanions stimulated RNA 

catalysis in otherwise non-compatible complex coacervates. Improvement of ribozyme 
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reactions by oligoRNA and heparin suggests that the effects observed herein are general. 

Thus, other physiological polyanions such as nucleotides, RNAs, and functionalized 

polysaccharides may help to tune the strength of interactions in microenvironments inside 

intracellular NMCs. Changes in properties of NMCs may affect folding of RNAs inside 

such condensates. Furthermore, tetramers of oligoaspartic acid and oligoglutamic acid have 

been observed in potential prebiotic reactions25 highlighting the relevance of our results in 

Early-Earth scenarios.

Methods

Reagents:

All chemicals were purchased from Sigma unless specified. Poly(diallyldimethylammonium 

chloride) 8.5 K (PDAC) (53 monomers) was purchased from Polysciences. Polyaspartic acid 

with 10, 30, 50 and 100 monomers were purchased from Alamanda Polymers. All polymers 

were purchased as sodium or chloride salts. Stock solutions were neutralized using HCl or 

NaOH solutions where needed. All oligonucleotides were purchased from Integrated DNA 

Technologies. Radioactive [γ-32P] ATP was purchased from Perkin Elmer. Ribozymes were 

in vitro transcribed using dsDNA as templates. 5′ -32P–labelled substrates for ribozymes 

were generated using using T4 Polynucleotide Kinase (New England Biolabs).

Hammerhead ribozyme reaction in coacervates:

Solutions containing 25 nM ribozyme and 2.5 nM substrate were heated separately at 85°C 

for 3 minutes in 25 mM Tris pH 8.0 and 2.5 mM KCl. Coacervate solutions were then 

prepared in 25 mM Tris pH 8.0, 1 mM MgCl2, and 2.5 mM KCl by first adding water, 

buffer, and polyanions. Coacervation was induced by adding PDAC and polyaspartic acid 

or other polyanions (polyacrylic acid or polymethacrylic acid) assumed to be fully charged 

at pH 8.0. Total positive charge from PDAC was held at 10 mM in all experiments. Total 

negative charge from polyaspartic acid was held at 10 mM for experiments in Figure 2. 

Varying amounts of total negative charge from polyaspartic acid or polyacrylic acid was 

used for figures 3, 4, and 5. Once the coacervates were formed, 5 μl of 25 nM ribozyme 

solution was added followed by addition of the 5 μL of 2.5 nM substrate solution to initiate 

the reaction (50 μL final volume). Reactions were then immediately aliquoted into different 

tubes in 5 μL. “Stopping solution” (15 μL) (166 mM EDTA, 8.3 mM polyacrylic acid 1.8 

kDa, 30% formamide) was added at 0, 7.5, 15, 30, 60, and 90 min to stop the reactions. 

Samples were then heated at 90°C for 1.5 min before separating by a 20% denaturing 

PAGE. Gels were dried and exposed in phosphor screens and scanned using Typhoon FLA 

9000 (GE). Images were analyzed in FIJI (FIJI is Just ImageJ). Fraction product formed at 

indicated times were fit to:

f t = fmax 1 − e −kobs ⋅ t eq.1

For reactions in Figure 4, D10/PDAC coacervates were formed as described above at 1:1 

(−/+) total charge. Oligoaspartic (D10), oligoRNA (rA11) or heparin (3kDa) were added 

such that the final charge balance was 1.5:1 (−/+).
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Substrate concentration in coacervates:

Standards of Alexa-488-labelled substrate were made at 1, 5, 25, 50, 100, and 135 μM 

in 25 mM Tris pH 8.0, 1 mM MgCl2, 2.5 mM KCl. Samples of coacervates were then 

prepared as described above in 20 μL. Fluorescently-labelled HHrz substrate was then added 

at 0.25 μM final bulk concentration. Samples were left to equilibrate for 5 minutes and 10 

μL and transferred on a glass coverslip and viewed in the Leica TCS SP5 laser scanning 

confocal inverted microscope (LSCM) with a 63X objective lens. 488 nm laser was used for 

excitation and emission spectra were collected from 510 to 550 nm. Leica LAS AF software 

was used to acquire the images.

Scintillation Counts of 32P RNA:

Samples were prepared with or without coacervates at 1:1 or 5:1 total charge (Dn:PDAC). 

Total positive charge from PDAC was held at 10 mM. 32P- labeled RNA was added and 

mixed thoroughly by pipetting. The final volume after the addition of RNA was 20 μL. 

For solutions that did not undergo centrifugation, 10 μL of the sample was then added to 

a separate scintillation vial and set aside for measurements. Separately, identical samples 

were then centrifuged at 14,000xg for 2 minutes, and 10 μL of the supernatant was taken 

and added to scintillation vials. 32P measurements were taken in Beckman Coulter LS6500 

Scintillation counter. Counts were corrected for signal in the 10 μL fraction of samples 

without complex coacervates that did not undergo centrifugation.

Hairpin ribozyme reaction in coacervates:

Solutions containing 500 nM ribozyme and <1 nM substrate were heated separately at 85°C 

for 3 minutes in 25 mM Tris pH 7.5, 1.25 mM MgCl2, and 1.25 mM KCl. Coacervate 

solutions were then prepared in 25 mM Tris pH 7.5, 2.5 mM MgCl2, and 2.5 mM KCl by 

first adding water, buffer. D30 was added such that the total negative charge was 5, 10, 15 

and 20 mM. Spermine and PDAC were then added such that the total positive charge was 5 

mM each from both polyamines. All polyions were assumed to be fully charged at pH 7.5.

pH measurements:

Coacervates were prepared at indicated −/+ balance in 25 mM Tris pH 8.0, 1 mM MgCl2, 

and 2.5 mM KCl. Samples were prepared in 300 μL volume in 1.5 mL microfuge tubes. 

Once all the components were added, pH was measured using a pH meter (VWR).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Hammerhead ribozyme (HHRz) in complex coacervates. (A) Structure of hammerhead 

ribozyme (black) and substrate (green). Red triangle denotes the cleavage site. 

Regions involved in tertiary interactions are denoted as I/II. (B) Structures of 

poly(diallyldimethylammonium chloride) and oligoaspartic acid (Dn, n=10–100). (C) 

Complex coacervates formed by adding polycation (PDAC) and oligoaspartic acid.
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Figure 2. 
Polyanion length affects ribozyme catalysis and RNA partitioning. (A, B) Gel images and 

quantification of HHRz reactions in buffer or coacervates. Reactions were performed in the 

absence or presence of PDAC-containing coacervates and variable lengths of polyaspartic 

acid. Time points were taken at 0, 7.5, 15, 30, 60 and 90 min. (C) Fraction product after 30 

min. (D) Fluorescence microscopy of coacervates containing 0.25 μM 5’-Alexa-488-tagged 

HHRz substrate. (E) Calculated concentrations of substrate inside the coacervate. Standard 

curve is provided in SI Figure 1. Mean values from n=3; error bars represent the S.D
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Figure 3. 
Excess oligoanions decrease RNA partitioning and enhance ribozyme catalysis. Positive 

charge from PDAC was 10 mM. (A) Gel images of ribozyme reaction. Total negative charge 

from D10 is 10, 20, 30, and 50 mM to give total −/+ ratios provided above the gels. Time 

points are 0, 7.5, 15, 30, 60, and 90 min (B) Fraction product formed for coacervates 

of D10, D30, D50, and D100 at 30 min. (C) Confocal microscopy showing partitioning. 

0.25 μM Alexa488-labeled HHRz substrate was added to the coacervates. (D) Calculated 

concentrations of the substrate in coacervates. Mean values of at least three replicates are 

shown; error bars represent the S.D
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Figure 4. 
Diverse polyanions support ribozyme catalysis. (A) Structures of polyanions (top) and 

images of coacervates in 10 mM PDAC at charge-matched condition (bottom). Oligoaspartic 

acid (D30) is green, polyacrylic acid (PAA25) is orange, and polymethacrylic acid (PmAA45) 

is blue. Alexa-488-labelled HHRz substrate was added to 0.25 μM. (B) Kinetics of 

hammerhead cleavage in coacervates containing 10 mM total positive charge from PDAC 

and total negative charge from different polyanions as indicated. Reaction in the absence 

of coacervate is gray (buffer). (C) (Left) Structures of heparin and oligoRNA (rA11). 

(Right) Fraction product formed after 30 min in the absence of coacervates (Buffer) or 

in coacervates containing D10/PDAC at 1:1
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Figure 5. 
Polyanions facilitate ribozyme activity in inhibitory coacervates. (A) Gel images showing 

hammerhead ribozyme cleavage in indicated coacervates. Total positive charge from
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