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Abstract:

Biological systems employ liquid-liquid phase separation to localize macromolecules and processes. The
properties of intracellular condensates that allow for multiple, distinct liquid compartments, and the
impact of their coexistence on phase composition and solute partitioning are not well understood. Here,
we generate two and three coexisting macromolecule-rich liquid compartments by complex coacervation
based on ion pairing in mixtures that contain two or three polyanions together with one, two, or three
polycations. While in some systems polyelectrolyte order-of-addition was important to achieve coexisting
liquid phases, for others it was not, suggesting that the observed multiphase droplet morphologies are
energetically favorable. Polyelectrolytes were distributed across all coacervate phases, depending on the
relative interactions between them, which in turn impacted partitioning of oligonucleotide and
oligopeptide solutes. These results show the ease of generating multiphase coacervates and the ability to
tune their partitioning properties via the polyelectrolyte sharing inherent to multiphase complex

coacervate systems.



Introduction:

Eukaryotic cells contain numerous different membraneless organelles thought to be important in cellular
processes ranging from stress response to transcription.' These structures, also known as intracellular
condensates, are rich in macromolecules such as proteins and nucleic acids, and are now understood to
form through liquid-liquid phase separation (LLPS).*"* The cell maintains many distinct intracellular
condensates simultaneously, often in direct contact without mixing.®'* For example, the nucleoli of
Xenopus laevis oocytes contain subcompartmentalized liquid phases composed of at least three coexisting
subcompartments termed the fibrillar center, dense fibrillar component, and granular component.® It is
thought that these adjacent compartments could be important for sequential RNA processing steps.* '
While it is currently unclear to what extent active processes are important for maintaining distinct
compositions of different condensate types in living cells, stable multiphase systems can be produced in
vitro.® %131 For example, purified recombinant proteins nucleophosmin (NPM1/B23), and fibrillarin
(FIB1) when mixed with ribosomal RNA have been shown to generate structures that resemble the

granular and dense fibrillar components of nucleoli.®

The simultaneous presence of multiple interaction types (such as charge-charge, cation-pi,
hydrophobic, and sequence specific binding) between the biomolecules associated with biological phase
separation, and the molecular complexity of the intracellular milieu complicate a straightforward
interpretation of in vivo phase separation in terms of individual interaction types between particular
molecules. Experiments using simpler phase-separating components as model systems can help improve
understanding of minimal interaction types and conditions necessary to generate and maintain coexisting
intracellular condensates. For example, complex coacervate systems have been employed previously to
model the behavior of non-membrane bound cellular compartments.'’*? Complex coacervation results
from ion pairing between charge moieties of oppositely charged polyelectrolytes, and the counterion
release associated with complexation.”** This process can generate droplets of a polyelectrolyte-rich

coacervate phase surrounded by a dilute continuous phase. While undoubtedly simpler than the sum of



interactions leading to phase separation in vivo, complex coacervation captures aspects such as the
importance of stretches of charged residues and the destabilizing effect of added salt on phase separation.
Biological macromolecules such as nucleic acids or polypeptides rich in charged residues readily undergo

complex coacervation.’ 22263

Aqueous multiphase separated systems are common for non-associative polymer systems such as
PEG, dextran, and Ficoll and have been used for separations.'®*' Elastin-like peptides (ELPs) with
slightly differing repeat sequences have also been demonstrated to undergo LLPS to generate multi-
compartment systems based on small differences in sequence composition and hydrophobicity.'>* It is
not immediately obvious that multiple distinct phases could be generated and maintained in the same
solution environment based on ion pairing alone. Instead, one might anticipate a single complex
coacervate phase that contained the majority of all polycations and polyanions present, surrounded by a
single dilute phase. Alternatively, if differences in polyelectrolyte characteristics like length or charge
density between the possible polyelectrolyte pairs were significant, one might expect to see multiple
phases in which the more and less favorable interaction pairs ended up forming distinct phases at
equilibrium. Boeynaems et al recently reported multiphase droplets in solutions of poly (proline-arginine)
repeat peptide and mixtures of RNA homopolymers arising from differences in the magnitudes of cation-
pi interactions between arginine residues and the different RNA bases.” Additional routes to multiphase
coexistence could arise due to metastable nonequilibrium systems. For any system where additional
coacervate phases are present, it is interesting to ask what impact coacervate coexistence will have on the
distribution of biomolecular solutes such as oligonucleotides and peptides. Both biological and synthetic
coacervates are known to recruit and sequester various solutes from their surroundings.??” 34 This
property is critical to their role as intracellular compartments.' Despite the simultaneous presence of
many different membraneless organelles in vivo, the effect of multiple coexisting coacervate phases on

solute recruitment and distribution has only begun to be explored.



Here, we demonstrate production of multiphase complex coacervate systems from several
different sets of oppositely-charged polyelectrolytes, and show that while in some cases polyelectrolyte
order-of-addition is crucial to achieve coexisting liquid phases, others are not sensitive to changes in the
order-of-addition, suggesting that the observed droplet morphologies are energetically favorable at
equilibrium. We find that formation of multiphase complex coacervates is relatively straightforward if
each potential pair of polyelectrolytes is able to form a liquid phase under the shared solution conditions
to be used in their combination. Fluorescently-labeled biomolecular solutes (RNA oligonucleotides and
an oligopeptide) were added to the complex coacervate samples to observe their accumulation into
coacervates that were prepared either together (as two-phase coacervates) or in separate containers (as
single-phase coacervates). We observed differences in the distribution of these biomolecular probe
molecules between the two scenarios that could be rationalized by considering the likely redistribution of
polyelectrolytes between the coexisting coacervates. Our results show that multiphase complex
coacervates can be readily formed and maintained with different local biomolecular occupancy, and that
partitioning behavior of the coacervate phases is impacted by their coexistence. These effects can be
understood in terms of polyelectrolytes being shared to various degrees between the coacervates based on

their ability to compete for ion pairing interactions.

Materials and Methods:

Materials. Poly(uridylic acid potassium salt) (MW 600-1000 kDa), poly(acrylic acid) (MW 1.8 kDa),
poly(allylamine hydrochloride) (MW 17.5 kDa), HEPES, HEPES sodium salt, magnesium sulfate,
sodium chloride, (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride) (EDC), ethylene
diamine, 2-mercaptoethanol and Amicon Ultra centrifugal filters were purchased from Sigma-Aldrich (St.
Louis, MO). Poly(L-lysine hydrochloride) (MW 16 kDa, n=100), poly(L-lysine hydrochloride) (MW 3.3
kDa, N=20), poly(L-glutamic acid sodium salt) (MW 15 kDa, n=100), and poly(L-aspartic acid sodium

salt) (MW 14 kDa, n=100) were purchased from Alamanda Polymers (Huntsville, AL). Protamine sulfate



was purchased from MP Biomedicals (Santa Ana, CA). Anhydrous toluene was obtained from
MilliporeSigma (Burlington, MA). Peptides were custom synthesized by Genscript (Piscataway, NJ) as
hydrochloride salts with the amino acid sequence RRASLRRASL. The RRASLRRASL peptide was also
obtained with a 5-carboxytetramethylrhodamine (TAMRA) N-terminus label. The oligonucleotides
poly(adenylic acid) (A15), and poly(uridylic acid) (U15) were 5’-labeled with Alexa Fluor 546 (NHS
ester) through an amino-modifier C6 linkage on the 5° phosphate and were obtained from Integrated DNA
Technologies (Coralville, IA). Secure-Seal, one well spacers (9 mm diameter, 0.12 mm deep) from life
technologies (Carlsbad, CA) or silicone spacers (9 mm diameter, 2mm deep) from Electron Microscopy
Sciences (Hatfield, PA) were used for imaging. Micro cover glass (no. 1.5) 24 x 30 mm? were purchased
from VWR (West Chester, PA). N-(triethoxysilylpropyl)-O-polyethylene oxide urethane purchased from
Gelest (Morrisville, PA). Alexa Fluor 488 NHS, Alexa Fluor 555 NHS, Alexa Fluor 647 NHS, Alexa
Fluor 488 hydrazide, Alexa Fluor 647 hydrazide, N-hydroxysulfosuccinimide (Sulfo-NHS),
sulfosuccinimidyl acetate (NHS-Sulfo-acetate) and Zebra Spin Desalting Columns were purchased from

Thermo Fisher Scientific, Co. (Waltham, MA). All chemicals were used without further purification.

Instrumentation. Confocal images were taken using a Leica TCS SP5 laser scanning confocal inverted
microscope (LSCM) with Leica LAS AF software and an HCX PL APO CS 63.0x/1.40 oil UV objective.

Fluorescence intensity data was acquired from raw fluorescence images using Imagel.

Coacervate Preparation. Polyelectrolyte stock solutions were prepared in nuclease free water and either
stored at 4°C for immediate use of -5°C for storage. Coacervate systems are prepared in a pairwise
manner unless otherwise noted, where one pair of oppositely charged polyelectrolytes are introduced into
buffered salt solution and allowed a 3min equilibration period prior to the direct addition of the polycation
and polyanion of the second respective coacervate. For samples in which all polyelectrolytes were added
simultaneously, all polyelectrolytes of like charge were premixed, after which the polycation mixture is
added to the sample followed by addition of the polyanion mixture. Immediately after generation

coacervates are analyzed or transferred to a microscope slide. In cases where fluorescent polyelectrolytes



are employed, only a small amount of the polyelectrolyte added to the system is fluorescently labeled and
fluorescent polyelectrolyte is pre-mixed with non-labeled polyelectrolyte prior to addition to the sample.
The exact amount of labeled polymer used varies in order to optimize fluorescence signal while
minimizing the amount of labeled polymer used. The amount labeled polyelectrolyte used typically

ranges between 0.1%-0.001% by weight of the unlabeled polymer, based on signal intensity.

Coacervate Imaging. Immediately after coacervate samples were fully prepared a small aliquot was
transferred and sandwiched between two nol.5 coverslips with a secure seal 0.12mm x 9mm adhesive
spacer (VWR). The slide is then allowed to sit for a minimum of 30min to allow droplets to equilibrate
and fall to the bottom coverslip for imaging. Aliquoted and prepared sample slides were kept and
reimaged after multiple days (where noted) in order to observe changes to the coacervate systems. The
bottom slide is silanized by base treatment with KOH in isopropanol for 30min, dried overnight, then
treated with 3mg/mL N-(triethoxysilylpropyl)-O-polyethylene oxide urethane dissolved in toluene for
4hours, and dried before use; otherwise coacervate droplets adopted non-spherical geometries during
adsorption to the glass coverslips. All partitioning data represented in this work is collected as raw
fluorescence intensity and converted to concentration using standard curves of the fluorescently labeled
probe at known concentrations in identical buffer to coacervate samples (50 mM HEPES at pH 7.4, 25
mM NaCl, 2 mM MgClL). Probe concentration is presented as an average value with an associated
standard deviation value that are calculated using 10 random coacervate droplets across triplicate samples

for each formulation.

Fluorescent labeling of polyelectrolytes. Fluorescent variants of polyelectrolytes were synthesized for
this work using commercially available dyes via conjugation chemistry to available functional groups.
PAH (AlexaFluor488-NHS ester), Lys100 (AlexaFluor555-NHS ester), protamine (Fluorescein-NHS or
Rhodamine-NHS) were labeled via primary amine labeling following manufacturer instructions.
Fluorescently labeled Asp100 was prepared in-house by conjugating Alexa Fluor 488 hydrazide to

carboxylic acid residues using an EDC linker. The labeling reaction was performed step-wise to ensure



maximum labeling efficiency and purity. 12.3 mg of Asp100 (14 kDa) was dissolved in 1 mL 0.1 PBS
buffer. 25-molar equivalent sulfo-NHS-acetate was added to 100 puL of the Asp100 solution to cap the
terminal amines. The solution was gently mixed at room temperature for 1 hour. Excess sulfo-NHS-
acetate was removed using a Zebra Spin Desalting Column (7 kDa MWCO) that had been equilibrated
with 0.1 M MES buffer, pH ~6. 0.1 molar equivalent EDC and 0.25 molar equivalent sulfo-NHS acetate
were added to the purified polymer to form the reactive intermediate. After 15 minutes, the excess EDC
was quenched using 10 molar excess 2-mercaptoethanol. The polymer was purified again with a
desalting spin column equilibrated with 0.1 PBS buffer. The purified polymer was added directly to ~1
mg of Alexa 488 hydrazide and mixed at room temperature for 2 hours. Excess label was removed with a
desalting spin column, and the solution was concentrated using an Amicon Ultra centrifugal filter
(MWCO 3 kDa). The labeled polymer was then stored at -22°C. The same method was used to prepare
fluorescently labeled Glu100, with modified procedure to account for differences in molecular weight of

polymer.

Results and Discussion:

Table 1 displays the size, charge density, and multivalency information for the polymers used in
this work, which include synthetic, bio-inspired, and biological polyelectrolytes. Complex coacervate
systems will be referred to using the abbreviations in Table 1, in the following format:
(polycation/polyanion). Each cation/polyanion combination was screened for phase separation and new
phases classified as liquid or solid under constant buffer conditions of 50 mM HEPES pH 7.4, 25 mM
NaCl, and 2 mM MgCl, at 25°C (Table S1). Polyelectrolytes were used at the concentrations specified in
Table S1 (1-6 mM charge concentration, depending on the polymer) unless otherwise noted. We refer to
polyelectrolytes throughout this work in terms of charge concentration (polymer concentration multiplied
by the number of charges per molecule) as it allows us to compare polyelectrolytes of different length,

charge density, etc. Two of our polycations contain arginine residues as the charged moieties; these can



be expected to interact with polyU via not only ion pairing but also cation-pi interactions.”** Since

coacervation can depend on a range of conditions such as ionic strength, pH, and temperature, it is

Table 1. Polyelectrolytes Used to Prepare Complex Coacervates

Polyelectrolyte Abbrev. Molecular Weight ~ Charge/Molecule Mass Per Charge
(g/mol) (g/mol)
RRASLRRASL 2xRRASL 1,185 (+)4 296
Protamine sulfate” Prot 4,236 ()21 202
Poly(L-lysine) Lys20 3,300 (+)20 160
Lys100 16,000¢ (+) 100 160
Poly(allylamine hydrochloride) PAH 17,500¢ (+) 300 58
Poly(acrylic acid) PAA 1,800¢ (-) 25 72
Poly(L-glutamic acid) Glul00 15,000¢ (-) 100 150
Poly(L-aspartic acid)* Aspl00 14,000¢ (-) 100 140
Poly(uridylic acid) polyU 600k - 1,000k” (-) 1850 - 3085 324

“Average molecular weight
bProtamine is a mixture of naturally occurring arginine rich peptides. See Table S2 for sequence and composition information
“Poly(L-aspartic acid) synthesis results in random a-f isomerization of the polymer (See SI Discussion)

important to identify common conditions under which phase separation is possible for each of the
intended polyelectrolyte pairs prior to designing a system capable of supporting co-existing coacervates.
Here, the relatively low ionic strength was chosen to facilitate coacervation across the set of
polyelectrolytes in Table 1. The short peptide, RRASLRRASL (single letter amino acid sequence), in
particular requires low ionic strength for coacervation with polyU. Ionic strength tolerances can be shifted
into the physiological range by increasing multivalency; addition of a third RRASL to this sequence

increases its salt stability above 300 mM NaCl.%’
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Scheme 1. (A) Sequential formation of multiphase coacervates. The first coacervate is formed by mixing one
polyanion and one polycation, prior to addition of the second polyelectrolyte pair. (B) Like charge polymers are

premixed and added to the sample simultaneously.

Two-phase coacervate droplets from four polyelectrolytes. We began by selecting two different four-
polyelectrolyte combinations, each containing two polycations and two polyanions that, under our buffer
conditions, would form coacervates in multiple pairwise polycation/polyanion combinations (Table 1).
Set 1 contained PAH, Prot, PAA, and Glul00; here, either polycation is able to undergo coacervation
with either anion. Set 2 contained 2xRRASL, Prot, polyU, and Glu100; here 2xRRASL can only form
coacervates with polyU but Prot can form coacervates with either polyanion. Anticipating that for either
set, the order of polyelectrolyte addition could be important in controlling which of the possible
polycation/polyanion combinations predominated, we prepared coacervates in two ways: (1) first forming
one polycation/polyanion pair (e.g., PAH/PAA), followed by the addition of the second polycation, and
the second polyanion (e.g., Prot/Glu100) as shown in Scheme 1A, and (2) addition of all four

polyelectrolytes simultaneously by premixing like-charged polymers before addition as shown in Scheme



1B. Samples were imaged with confocal fluorescence microscopy to visualize the distribution of
fluorescently-tagged polyelectrolytes. For both Sets of polyelectrolytes and for both sequential or all-at-
once mixing, we observed multiphase droplets that clearly contain two separate subcompartments, each
enriched with a different complement of fluorescently-tagged polyelectrolytes (Figure S1, Figure 1). Both
samples from Set 1 and Set 2 persist in morphology and fluorescence distribution for at least 6 days
(Figure 1B,D). Protamine was labeled with either Rhodamine or fluorescein depending on open
fluorescence channels, however, the identity of the label had no apparent impact on the observed
fluorescence ordering (Figure S2). Line scans of the fluorescence intensity across coexisting phases are
shown in Figure S3 Samples generated using the sequential order of addition method (Schemel A, Figure
S1, Table S3) have similar distribution of polymers across phases compared to simultaneous addition
(SchemelB, Figure 1, Table S4) based on the relative fluorescence intensity of each polyelectrolyte in
either coacervate phase. It is likely that the polyU and PAA, which are not included in the line-scans
because these molecules were not fluorescently labeled, are also present to some degree in both phases of

these multiphase coacervate systems.
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Rhodamine-Prot| Alexa Fluor 647-Glu100

Alexa Fluor 488-PAH Rhodamine-Prot| Alexa Fluor 647-Glu100

Set 2: 2xRR_ASL, Prot, polyU and Glu100

‘ DIC| TAMRA-2xRRASL Fluorescein-Prot| Alexa Fluor 647-Glu100
> J

TAMRA-2xRRASL Fluorescein-Prot| Alexa Fluor 647-Glu100

Figure 1: Fluorescence confocal microscopy images of double coacervate systems. Individual fluorescence

channels and an overlay were false-colored and brightness adjusted to indicate which labeled molecule was present.
All polyelectrolytes were added simultaneously. (A) Set 1 polyelectrolytes PAH, Prot, PAA, Glul00 with Alexa
Fluor 488 labeled PAH (green), rhodamine labeled protamine (red), and Alexa Fluor 647 Glu100 (Blue). (B) The
same PAH, Prot, PAA, Glul00 system, reimaged after 6 days. (C) Set 2 polyelectrolytes 2xRRASL, Prot, polyU,
Glul00 system with 5-carboxytetramethylrhodamine (TAMRA) labeled 2xRRASL (green), fluorescein labeled
protamine (red), and Alexa Fluor 647 Glu100 (Blue). (D) The same 2xRRASL, Prot, polyU, Glul00 system,

reimaged after 6 days.
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Rather than binary pairings of oppositely charged polyelectrolytes we observe one or multiple
polyelectrolytes being shared between coacervate phases while maintaining distinct compositions. The
coacervate phases formed in Set 1 samples are enriched in different polycations (one PAH-rich and one
Prot-rich coacervate phase). The labeled polyanion, Glu100, is found primarily in the outer coacervate
phase. The other polyanion in Set 1, PAA, is unlabeled and thus we cannot comment on its distribution
across the coacervate phases but presume it to be primarily in the most Glu100-poor coacervate phase.
Hence it appears that the major components of the two coexisting coacervates in Setl are PAH/PAA
(green) in the inner coacervate phase, and Prot/Glul00 (red/blue) in the outer surrounding phase in Figure
1A. Comparing the physical properties of polymers like charge density, and multivalency within a set we
can gain some insight into polyelectrolyte distributions in these multiphase coacervates. Of the
polycations in Set 1 (Figure 1A, B) PAH has a higher total charge per molecule (300 charges/molecule),
and also a higher charge density (58 g/charge) compared to protamine with 21 charges/molecule and 202
g/charge respectively (Table 1). Of the Set 1 polyanions, PAA has 4x fewer total charges per molecule
than Glu100 but an approximately 2x higher charge density. We can thus interpret the apparent main
phase compositions of PAH/PAA (green) + Prot/Glul00 (red/blue) as resulting from coacervation
between the two oppositely charged polyelectrolytes having the strongest interactions (PAH with PAA) to
form one phase, and between the remaining polyelectrolytes that could not compete effectively for
interactions with the “better” polyelectrolytes to form the other phase. Morphologies of multiphase
droplet systems can be interpreted in terms of the relative interfacial tensions at the various interfaces.® %
37 Here, the Glu100-rich phase has the greatest interfacial area with the dilute continuous phase, indicating
that this interfacial tension (You-Giioo) is lowest. This is consistent with the morphology, in which the

PAH/PAA-rich phase is formed in the center, surrounded by the Prot/Glul00-rich phase.

Set 2 samples exhibit somewhat different behavior, having one phase highly enriched in both
polycations (2xRRASL and Prot) surrounded by a second phase that also contains appreciable Prot signal.

The apparent greater local concentration of both polycations in the same phase is somewhat

12



counterintuitive since the phase separation here is driven by ion pairing interactions between the
polycations and polyanions; both types of species are required for complex coacervation. The lower total
polycation-associated fluorescence signal from the Set 2 outer coacervate phase can be rationalized as a
lower overall polymer concentration (i.e. higher water content) as compared to the interior phase. The
labeled polyanion, Glu100, is found primarily in the outer coacervate phase. The other polyanion in Set 2,
polyU, was unlabeled and thus we can only infer that polyU is primarily in the inner coacervate phase due
to the high localization of both polycations, and comparatively low Glul00 signal in the inner phase. The
major components of the two coexisting coacervates in Set 2 appear to be 2xRRASL/Prot/polyU
(green/red) + Prot/Glul00 (red/blue) in Figure 1C. In Set 2 (Figure 1C,D), protamine contains more
charges per molecule (21) and higher charge density as measured by mass per charge (202 g/mol) than the
other polycation (2xRRASL, with 4 charges per molecule and 296 g/mol respectively) though 2xRRASL
is present in a nearly 3x excess of molar charge compared to polyU (Table S1) we still see protamine
most concentrated within the presumed polyU-rich phase. PolyU has a lower charge density (324 g/mol)
than Glu100 (150 g/mol), but is approximately 25x more multivalent than Glu100 with 2500 and 100
charges per molecule respectively. In Set 2, the Glu100-rich phase also has the greatest interfacial area
with the dilute continuous phase, indicating that this interfacial tension (Yout-Gu10o) is lowest and is
consistent with the hypothesis that this outer Glu-rich phase has lower overall polymer content (greater
water content) than the inner phase, helping to explain the higher concentration of both polycations in the
inner phase of Figure 1C. The overall observed wetting morphologies for Set 2 in Figure 1 are consistent
With Your-Gu100 < Y Glu100-PAHS YourPAH AN Your-Glu100 < Y Glu100-2xRRASL < Yout-—2xRRASL, Where “out” indicated the
continuous phases, and coacervate phases are labeled based on their predominant fluorescently-labeled
components. We hypothesize that the relative interaction strengths could explain differences in the degree
to which polyelectrolytes appear in multiple coacervate phases, with the polycations capable of stronger

interactions being distributed across both coacervate phases due to their ability to more effectively
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compete for interactions with oppositely-charged polyelectrolytes than those having less charge density

and/or less multivalency.

These experiments demonstrate the relative ease with which coexisting coacervate phases can be
produced, whether controlling the order of polyelectrolyte addition, or simply mixing two polycations and
two polyanions together at once. The coexisting coacervates formed two-phase droplets in which one
phase wet the other and differences in polyelectrolyte composition persisted indefinitely (at least 6 days).
Our data also shows, however, that in all cases (different addition methods, analysis after 30 min or 6 d),
the composition of the individual coacervate phases have been altered by polyelectrolyte sharing between

coacervate phases.

Double coacervates from three polyelectrolytes. We hypothesized that by identifying multiple
polyanions that would undergo complex coacervation with the same polycation, it would be possible to
generate coexisting coacervate systems using only three polyelectrolytes, where the polycation is shared
across all coacervate phases (Scheme 2). To test this hypothesis we chose Lys100, which is capable of
coacervation with either Asp100 or polyU (Table S1). Using these polymers in charge concentration of
6.4 mM Lys100, 5 mM Asp100, and 1.4 mM polyU such that the charge concentration of Lys100 is equal
to the sum of the charge concentrations of both polyanions, we find that coexisting droplet systems can
indeed be generated which share the same polycation (Figure 2). Line-scans of the Alexa Fluor 555-
Lys100 in the system (Figure S4) show Lys100 in both coacervate phase though predominantly
concentrated in the non-Asp100 phase (presumed polyU phase). It is also interesting to note that similar
to our findings in Figure 1, the order of addition in this system has no bearing on the final morphology of
this system and the two polyanions (polyU and Asp100) can be mixed or added stepwise before or after
the addition of pLys100 with no observable change in the resulting coexisting coacervate system. A
mixture of Lys20, Lys100, and polyU generates only one coacervate phase (Figure S5) even though
Lys20/polyU, or Lys100/polyU are possible on an individual basis (Table S1). This suggests that the

relatively small difference in length between Lys20 and Lys100 is not sufficient to drive distinct liquid
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phases in this system, and that differences in polyelectrolyte characteristics such as charge density,

multivalency, and chemical identity of functional groups may be necessary in order to generate coexisting

G,
€) 0LE
®®® g O SQCIE)
e, ©)
@ @D 6 ®®®
© D s ©
olyU

coacervates.

Lys100 Asp100 P

I
v

Scheme 2. Combining a single polycation (Lys100) with a mixture of polyanions (Asp100, and polyU) at
appropriate charge concentration results in multiphase coacervates that share the polycation.

Alexa Fluor 488-Asp100| Alexa Fluor 555-Lys100

Figure 2: Fluorescence confocal microscopy images of double coacervate system of pLys100, pAsp, and polyU.
Individual channels false-colored to indicate which labeled molecule was present and an overlay of fluorescence
channels are displayed. Both polyanions (Asp100, polyU) were added simultaneously, followed by the polycation
(Lys100).

Partitioning in single- versus multi-coacervate systems:

One of the most important properties of membraneless organelles and coacervate droplets is their
ability to compartmentalize solutes, which depends upon their chemical composition and physical
properties .2¢?7-3%3% In the results described above, we observed varying degrees of polyelectrolyte
sharing between coexisting coacervate phases that appears to be determined by the relative properties of

the polyelectrolytes involved. This can be expected to alter the properties of the phases. In single-
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coacervate systems, researchers have previously observed that adding additional polyelectrolytes can
impact the physical and chemical properties of the phase. For example, Priftis et al reported that varying
the relative amounts of poly(allylamine or poly(ethylenimine) with poly(acrylic acid) and poly(N,N-
dimethylaminoethyl methacrylate) in the system directly affects the physical and chemical properties of
the resulting coacervate.”® These effects are relevant to the biological function of intracellular
condensates. For example, adding RNA to liquid droplets of the intrinsically disordered Whi3 protein
alters physical properties of the phase, such as viscosity and intradroplet diffusion, and facilitates phase
separation at lower concentrations of Whi3.** We were therefore interested to learn what effect the
presence of multiple coexisting coacervate phases had upon solute partitioning. The results from Figure 1,
Figure S3, and Table S4 already suggested that partial exchange of polyelectrolytes between the
coacervates was occurring; this could be expected to alter solute partitioning. We quantified the
distribution of several probes in both single-coacervate and dual-coacervate systems. Probes used were
Alexa Fluor 546-poly(uridylic acid) n=15, Alexa Fluor 546-poly(adenylic acid) n=15, and 5-
carboxytetramethylrhodamine (TAMRA)-Kemptide (single letter amino acid sequence: LRRASLG),
which will be referred to as U15, A15, and kemptide respectively. The two RNA oligos were chosen in
order to observe the effect of Watson-Crick base pairing on partitioning into polyU-containing systems.
Small oligonucleotide (oligo) and peptide probes were chosen as they are among the types of
macromolecules affected by sequestration in biology and also to allow us to view the differences in

partitioning observed between negatively charge and positively charged solutes.

Partitioning results for all three labeled solutes across five different coacervate phases in several
combinations are shown in Table 2. Solute concentrations in each coacervate phase were determined by
confocal fluorescence emission, based on calibration curves, and are compared to the amount of solute
added and total sample volume. All fluorescent solutes are added to a final concentration of 0.1 uM. Due
to the low fluorescence intensities in the continuous dilute phase, it was not possible to accurately

determine solute concentration outside the coacervates from the imaging data to derive a partitioning
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coefficient, K = (solute concentration in coacervate)/(solute concentration in continuous phase). We can
however estimate a lower limit for (K) by comparing the coacervate phase concentration of solute to our
limit of detection, which is the same as the final overall concentration of added solute (0.1 uM).
Therefore the difference in the added probe concentration and the measured coacervate phase
concentration (measured coacervate phase concentration times 10) serves as an estimated lower limit for

K.

Table 2: Partitioning Data for Multi-coacervate Systems
Probe: Alexa Fluor 546-Ul5  Alexa Fluor 546-A15 TAMRA-Kemptide

Coacervate Coacervate Coacervate

Coacervate Phase ~ Coexisting Phase Phase Conc. Phase Conc. Phase Conc.
Measured:® Present: ¢ (uM)“ (uM)“ (uM)“
PAH/PAA? none 16+3 10+5 <0.1

+ 2xRRASL/polyU 61 7 +29 1.7+£0.3

+ Prot/Glu100 6+1 5+£2 04+0.2
2xRRASL/polyU?  none 5.0+0.5 30+8 39+1

+ PAH/PAA 13+1 14 £ 6¢ 18+1

+ Prot/Glu100 49 £8 104 + 334 10.8 £ 0.1
Prot/Glul100” none 39+£5 45+£12 1.7+0.2

+ 2xRRASL/polyU 23+3 40 214 2.0£0.2

+ PAH/PAA 37+3 34+ 14 1.2+0.1
Lys100/polyU? none 42 +5 74+2 32+0.8

+ Lys100/Asp100 3.8+0.2 56+2 <0.1
Lys100/Asp100? none 0.9+0.1 <0.1 <0.1

+ Lys100/polyU 2.7+0.1 6+1 <0.1

@All partitioning probes were added to a final concentration of 0.1puM.

’Denotes the phase for which local solute concentration was measured, whether or not a coexisting phase was present (if
present, coexisting phase identity is noted in the column to the right )

°Additional phases that were present when local solute concentration was measured in the phase noted in the column to the left.
“None” indicates that no coexisting phase was present.”

@Presence of granular, solid-like component

Single-coacervate systems. For the 2xRRASL/polyU system in Table 2, we see that while U15 partitions

to the coacervate phase with a concentration of 5 = 0.5 uM (50-fold greater than added), partitioning of
AL1S5 to the coacervate phase is even stronger at a concentration of 30 + 8 uM (300-fold greater than added
and corresponding to a minimum K of 300). We attribute this increase in partitioning to the presence of

Watson-Crick base pairing between A 15 and the polyU component of the coacervate phase. Likewise, in
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the Lys100/polyU system there is a two-fold greater enrichment of A15 within the coacervate phase at 74
+ 2 pM compared to U15 at 42 + 5 uM. In all other tested coacervate systems the difference in
partitioning for U15 vs A15 were insignificant, consistent with the absence of base pairing interactions. In
polyU containing coacervate systems we observe RNA oligo partitioning is roughly 8x higher for U15,
and 2.5x higher for A15 when Lys100 is used as the polycation over 2xRRASL. Lys100 contains
approximately 25x more positive charges per molecule than 2xRRASL, while U15 and A15 are
negatively charged and thus experience more favorable interactions with the longer polycation within the

coacervate phase.

We observe that partitioning for kemptide is stronger for the polyU containing systems
employing 2xRRASL as the polycation over Lys100 by approximately 12-fold. This observation is
particularly interesting because the 2xRRASL/polyU coacervate system is generated with a nearly three-
fold excess of 2xRRASL (in terms of charge concentration) with respect to polyU to obtain maximum
phase separation. However, kemptide partitioning is likely lower when the more multivalent Lys100
polycation is used due to increased difficulty in competing for ion pairing sites on polyU. Kemptide is of
similar multivalency to the 2xRRASL polycation making competition for electrostatic sites on polyU
easier, resulting in increased observed partitioning. The partitioning behavior can be understood in terms
of 3 factors: (1) the magnitude of ion pairing interactions between the probe and the oppositely charged
polyelectrolyte of the coacervate, which drives accumulation, (2) the ion pairing capability of the
coacervate’s like-charged polyelectrolyte, which opposes accumulation, and (3) the availability of
specific binding interactions such as Watson-Crick base pairing, which can greatly increase solute

partitioning into coacervates.

Multi-coacervate systems. To evaluate whether phase coexistence impacts probe partitioning, we
prepared samples with two coexisting coacervates using the sequential method of Scheme 1A, under the
same conditions from the previous single-coacervate partitioning experiments. The concentration of each

polyelectrolyte is the same in dual-coacervate samples as in the corresponding single-coacervate samples.
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This means that the total polyelectrolyte concentration in the sample is higher in dual coacervate
experiments than single-coacervate systems, and the total volume of coacervate phase is expected to be
larger (possibly 2x; due to the small sample volumes we were unable to quantify coacervate volumes). As
a baseline, one might therefore expect that a ~2x concentrated sample of the same type of coacervate
would result in a ~2x lower concentration of labeled solute inside the coacervate phase. Our findings,
when comparing solute concentrations in coacervates formed alone versus in dual-coacervate systems
showed a more nuanced behavior, with different trends seen for different combinations of coacervates and
for different solutes. The distribution of labeled A15 RNA in two different double coacervate systems is
shown in Figure 3. In the Set 1 polyelectrolyte system from above (PAH, Prot, PAA, Glul100), A15 is
accumulated by both phases, but at a ~7x higher level in the Prot/Glul00 phase as compared to the
PAH/PAA phase (Figure 3A). For the Set 2 system (2xRRASL, Prot, polyU, Glul00), A15 concentration
is highest in the 2xRRASL/Prot/polyU phase Figure 3B, which can be understood on the basis of its
attraction to polyU via Watson-Crick base pairing. Phase assignments here are based on polycation

distribution in Figure 1.
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Figure 3. Distribution of Alexa Fluor 546 fluorescently-labeled A15 RNA oligonucleotide (red) in multiphase
coacervate systems (A) Set 1 (PAH, Prot, PAA Glul00) double coacervate system, and (B) Set 2 (2xRRASL, Prot,

polyU, Glul100). Concentration values for fluorescent A15 in each phase can be found in Table 2.

Overall, we observed that probe partitioning into coacervate phases was generally enhanced, over
the single-phase scenarios, when the second coacervate phase included a stronger polyelectrolyte
(oppositely charged of the probe). Exceptions were seen in scenarios where solid/gel structures occur, as
in the case of A15 partitioning into 2xRRASL/polyU + PAH/PAA. In this case, the solid-like structures
are likely due to PAH + polyU interactions, as these two polyelectrolytes form solids rather than liquids
when mixed directly (Table S1, Figure S6). While gel/solid structures are also relevant as intracellular

10, 41

condensates, we sought to avoid them here to facilitate the partitioning measurements.

Polymers that are shared between phases can act as modifiers, effectively altering the
physiochemical properties of the coacervate phase and affecting the partitioning of probe molecules. For
instance, in the Set 2 polyelectrolytes, we found substantial levels of protamine present in the
“2xRRASL/polyU” phase. Protamine is a stronger polycation than 2xRRASL and thus experiences more
favorable electrostatic interaction with our oligonucleotide probes (U135, and A15) effectively modifying
the 2xRRASL/polyU phase to increase partitioning for the oligo probes. Following the same logic,
kemptide which carries the same charge as protamine experiences decreased partitioning likely due to
greater difficulty in competing for ion pairing with polyU against protamine. The observed partitioning
for oligos in the Prot/Glul00 phase in the aforementioned coexisting system decreases by almost 2x
versus the singular Prot/Glul00 coacervate likely due to an increased amount of oligo in the other

coacervate phase and loss of protamine to the 2xRRASL/polyU phase.

The partitioning behavior of coexisting coacervate systems show that the characteristics of a
coacervate phase are a collective of all of the molecules present in that phase. Often, key protein
component(s) of an intracellular condensate are studied by themselves in vitro (e.g., after overexpression

and purification). These established methods are useful in identifying the minimal biological components
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necessary for phase separation; however, our results show that the properties of these simpler in vitro
condensates may be quite different from their in vivo counterparts, which exist in a complex milieu that
contains numerous other macromolecules with varying propensities to join the droplet phase. These
observations add to other related work indicating that the presence of additional molecules such as RNAs
or macromolecular crowders can have an impact on coacervate properties.*” *>** Thus, while much can be
learned by studying proteins, polypeptides and polymers in vitro in isolated environments, it is important

to consider these contributing factors when studying LLPS in biological systems.

Triple Coacervate Systems: Living cells contain many more than two coexisting intracellular liquid
condensates. In order to explore the possibility of generating more than two coexisting coacervate phases
we chose to employ all six polyelectrolytes from Figure 1. Anticipating solid complexation issues
between PAH and polyU (see Figure S6) we devised a sequential order of addition strategy to generate
three coexisting coacervate phases. All three polycations (2xRRASL, PAH, and protamine) were
combined in solution and the order of addition of polyanions was then used to control the order of phase
generation. Upon addition of PAA we observe onset of turbidity which we interpret as the formation of a
predominantly PAH/PAA phase and allow a 3 min equilibration period. We then add Glul00 to generate
a predominantly Prot/Glul00 phase, postulating that addition of polyU before Glul00 might potentially
lead to Prot/polyU interaction, since coacervation of these two polyelectrolytes is also possible under
these buffer conditions (Table S1). PolyU was added last which we expected to in principle generate a
predominantly 2xRRASL/polyU phase in the triple coacervate system. The resulting multiphase
coacervates can be seen in Figure 4 with two different populations of fluorescently labeled polymers
showing distribution of polyelectrolytes within multicoacervate systems composed of at least three
coexisting coacervates phases. Figure 4A displays the coexisting system with one polymer from each of
the three intended polyelectrolyte pairs (PAH, 2xRRASL, and Glu100) fluorescently labeled. Figure 4B
contains two fluorescently labeled polymers from a single intended polyelectrolyte pair (prot and Glu100)

along with labeled 2XxRRASL. We later discovered that the order of addition for Glu100 and polyU had
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no significant bearing on the morphology of the resulting triple coacervate system (Figure S7). The only
requirement was that PAA/PAH be generated first, due to aggregation issues from solid complexation of

PAH and polyU.

Alexa Fluor 488-PAH TAMRA-2xRRASL| Alexa Fluor 647-Glu100 Overlay

Fluorescein-Prot

Figure 4. Fluorescence confocal microscopy images of coexisting coacervates consisting of three polyelectrolyte
rich phases. Both image sets include PAH, Prot, 2xRRASL, PAA, Glul00, and polyU polyelectrolytes but different
polymers are fluorescently labeled in either case. (A) Sample with fluorescent PAH, 2xRRASL, and Glu100 labels.
(B) sample with fluorescent Prot, 2xRRASL, and Glu100 labels. Brightness of all channels was adjusted for visual

clarity.

Three distinct coacervate phases are clearly visible in Figure 4, with two smaller phases, one of which is
enriched in all three of the polycations, while the other is enriched in only the PAH polycation. These two
coacervate phases can form chained structures (predominantly red and green phases in Figure 4A and can
be observed wetting each other, but are predominantly observed being wet by a third outer coacervate
phase that contains the lowest amount of PAH of the three phases, but is still moderately enriched in
PAH, 2xRRASL, and protamine and is highly enriched in the one fluorescently-labeled polyanion
present in the experiment (Glul00); this polyanion is also present in the other two coacervate phases. The

other two polyanions present, PAA and polyU, are unlabeled and hence their distribution cannot be
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determined from these images. We presume that they are also distributed across multiple phases. Because
in addition to ion pairing, polycation-pi interactions are also possible between arginine residues and RNA
nucleobases, we consider it likely that the polyU is the predominant anionic component of the phase rich
in Prot and 2xRRASL. In Figure 4A we see PAH distributed across all three coacervate phases but in
Figure 4B we see that there is a single coacervate phase deficient in the other two polycations (2xRRASL,
and protamine), suggesting in conjunction with fluorescence distributions from double coacervate systems
of PAH/PAA + prot/Glul00 in Figure 1A where the predominantly PAH coacervate phase is deficient in
protamine and Glul00 that that the 2xRRASL, protamine deficient phase in Figure 4B may consist
mostly of PAH and PAA. The observed morphology indicates the relative magnitudes of the interfacial
tensions between the four phases present (three coacervate phases and the fourth, continuous phase). We
can infer that the interfacial tension between the exterior continuous phase and the coacervate most
enriched in Glul00 (blue) is lower than that of the outside continuous phase and either of the other
coacervate phases (Youtbiue < Youtgreen, Yout—red), and that the interfacial tensions of the red or green phase
from Figure 4A with the predominantly blue (Glul00) coacervate is lower than the interfacial tension

between the red and green phases from Figure 4A (Ygreen—blue, Yred-blue < Yareen—red)-

Conclusion:

Multiphase complex coacervate droplets were generated from several different sets of
polyelectrolytes. These included cases where two (or three) polycations and two (or three) polyanions
were mixed as well as cases where a single polyelectrolyte polycation was mixed with two polyanions to
form two complex coacervate phases. Indeed, the ease of forming multiphase coacervates suggests that
this scenario may be more of a rule than an exception, even for systems based predominantly on ion-
pairing interactions rather than specific biorecognition. We found that order-of-addition was important
only for systems in which particularly strong ion-pairing interactions were possible between the

polyelectrolytes (e.g., PAH + polyU). Knowledge of the phase behavior of all possible polycation—

23



polyanion combinations under the same solution conditions, particularly ionic strength, provided
important guidance for which sets of polyelectrolytes would be compatible for forming all-liquid

multiphase coacervates and when solids could be expected.

The strength of partitioning of a probe molecule to specific coacervate phases is controlled by
specific and non-specific interactions between the probe molecule and the individual polyelectrolytes of
the coacervate phases. Therefore, with the ability to produce and maintain multiple, distinct coacervate
phases, it should be possible to preferentially sequester different solutes to different and/or the same
phase. It is possible that additional control over the contact area and wetting behavior between coexisting
phases may be asserted by altering individual phase compositions through addition of solutes or adjusting
polymer content of the coacervate. Certain intracellular condensates such as the nucleolus are thought to
already take advantage of multiphase morphologies to spatially separate biochemical processes; the
multiphase complex coacervate systems presented here are a step towards design of artificial versions of
these multiphase microreactors. Control over multiple membraneless compartments in synthetic systems
such as the ones demonstrated here is of interest not only as a minimal experimental model for living
cells, but also as a means of incorporating increasingly sophisticated compartmentalization and

functionality in bottom-up constructed artificial cells.*>!

In our work, coexisting complex coacervate phases generally maintained a predominant
polycation and polyanion, but polyelectrolytes were also shared between phases to varying degrees
depending on the system. This polyelectrolyte sharing altered the phase composition and physicochemical
properties of coexisting coacervates. These changes impacted accumulation of solutes such as
oligonucleotides and oligopeptides. The solute partitioning findings presented here highlight the
complexity of molecular distribution in multiphase systems, and point to a new mechanism for tuning
local solute concentrations by taking advantage of how polyelectrolyte sharing impacts partitioning. At

the same time, they underscore the likelihood of significant differences in solute partitioning for simple in
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vitro experiments that contain only a subset of the native macromolecular components of intracellular

condensates in vivo.

Supporting information
The Supporting Information is available free of charge on the ACS Publications website at ()

Tables containing polymer compatibility screening data, sequence data for protamine,
and stability data for polymer distributions for sequential and simultaneous addition; discussion on
isomerization of poly(L-aspartic acid), and considerations for fluorescently labeling
polyelectrolytes; fluorescence images for multiphase coacervates made by sequential addition of
polyelectrolytes, comparison of fluorescent label used for protamine, single phase formation with
Lys20/Lys100/polyU, aggregation of PAH containing multicompartment systems, and
comparisons of order of addition for triple coacervate systems; and Line scan comparisons of
fluorescence distribution for double coacervates made with polymer pairs vs a shared

polyelectrolyte
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