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Materials and Methods
Protein/RNA samples and labeling. Salmon protamine (P4005) was purchased from SigmaAldrich and used without any further purification. The third RGG box of FUS (RGG3; AA: 472505), protamine-lysine variant (PRM-K with 21 R-to-K substitutions) and [RGRGG] 5 were
synthesized by GenScript USA Inc. (NJ, USA; ≥ 90% purity) and used without further
purification. All synthesized polypeptides have a C-terminal cysteine for site specific labeling.
Polyuridylic acid [poly(U); molecular weight = 600-1000 kDa] and yeast total RNA was
purchased from Sigma-Aldrich. Protein and RNA stock preparation and protein labeling was
done as described in earlier work (1). SYTO13, Pierce recombinant Green Fluorescent
Protein (GFP) and albumin from bovine serum, fluorescein conjugate (BSA) were purchased
from Thermo Fisher Scientific Inc. Prion-like domain of FUS (PrD; AA: 1-173) was expressed,
purified and labeled as described in our earlier work (2). Polyphosphate (p100, medium chain;
MW ~ 11.5 kDa) was purchased from Kerafast, Inc. Poly(L-Glutamic Acid) was purchased
from Alamanda Polymers (MW ~120 kDa). Poly(allylamine) solution (20 wt. % in H2O, MW ~
15 kDa), poly(Acrylic acid) (MW ~ 1.8 kDa) and Tetramethylrhodamine (TMR) conjugated
Dextrans of various molecular weights (4.4 kDa, 10 kDa, 40 kDa, 70 kDa, and 155 kDa) and
DAPI were purchased from Sigma-Aldrich. Fluorescently labeled ssDNA and dsDNA (ssDNA
sequence:
TGCAGATTGCGCAATCTGCA;
dsDNA
sequence:
5'TGCAGATTGCGCAATCTGCA-3') was purchased from IDT.
Fluorescence correlation spectroscopy (FCS). Samples were prepared at 4.4 mg/ml
protamine concentration and 22 mg/ml poly(U) RNA. Dextran-TMR (MW: 4400 Da) was added
to the buffer prior to mixing PRM and poly(U) (i.e. before forming the hollow condensates).
Samples were then injected into a Pluronic coated (1% wt/vol) 25 mm x 75 mm x 0.1 mm
single chamber custom-made flow-cell. Photon arrival times were collected for 3 minutes at
room temperature (23 ± 1 oC) using a laser scanning confocal microscope (LUMICKS C-Trap)
with a single-photon Avalanche photodiode (sAPD) at 100 MHz acquisition rate. Photon arrival
times were then autocorrelated using pycorrelate python library (see pycorrelate
documentation for the algorithm (3), version 0.2.1). For each case, 5 autocorrelation curves
were averaged and plotted using OriginPro 2018b software.
Fluorescence Recovery After Photobleaching (FRAP). FRAP experiments were done
using a Zeiss LSM 710 laser scanning confocal microscope, equipped with a 63× oil
immersion objective (Plan-Apochromat 63×/1.4 oil DIC M27). Samples were prepared using
4.4 mg/ml PRM and 22 mg/ml poly(U) with ~1% Alexa594 labeled protamine, and then placed
on a tween-coated (20% v/v) Nunc Lab-Tek chambered coverglass (ThermoFisher Scientific
Inc.) at room temperature (23 ± 1 oC). A circular region of interest (ROI) was bleached with
100% laser power for 2-18 seconds and fluorescence intensity from the ROI was
subsequently collected until recovery was complete.
Controlled fusion using optical traps. Two condensates were trapped using identical 1064
nm trapping lasers (LUMICKS, C-Trap, 60× water-immersion objective). Due to the low
refractive index mismatch, the laser power was increased to prevent loss of condensates from

the traps. One trap was moved at a constant velocity of ~1 μm/s towards the other trap to
initiate condensate fusion. Coalescence movies were collected and processed thereafter
using Fiji-ImageJ software (v1.52p) (4). For two hollow condensate fusion, the sample was
prepared at 4.4 mg/ml PRM and 22 mg/ml polyU in a 15 mM Tris-HCl (pH 7.5) 100 mM NaCl
buffer. For droplet fusion with a hollow condensate, the sample was prepared at the same
concentrations in a 15 mM Tris-HCl (pH 7.5) buffer.
Partition measurements and mesh size determination. Samples were prepared at 4.4
mg/ml protamine concentration and 22 mg/ml poly(U) RNA in a 15 mM Tris-HCl buffer (pH
7.5). Fluorescent probes were added directly to the buffer at 0.1%-1% labeled-to-unlabeled
protein ratio. Samples were inserted into a Pluronic coated (Pluronic 1% wt/vol) 25 mm x 75
mm x 0.1 mm single chamber custom-made flow-cell. Multicolor fluorescence images were
collected using a laser scanning confocal microscope (LUMICKS, C-Trap, 60× waterimmersion objective). Partition coefficients were calculated as the ratio between the intensity
in the lumen to the intensity in the external dilute phase. For the partition coefficients of
ssDNA, dsDNA, GFP, BSA and PrD, ~50 Hollow condensates were analyzed to ensure
statistical accuracy. For estimating the condensate mesh size, dextran probes were added
after forming the hollow condensates and equilibrated for 15 minutes prior to imaging.
Polarization light microscopy. Samples were prepared in a buffer containing 15 mM TrisHCl (pH 7.5) and placed on a Pluronic coated (Pluronic 1% wt/vol) 25 mm x 75 mm x 0.1 mm
(concentrations are indicated in corresponding figure legends). Condensates were imaged
using a Leica DMi 8 inverted microscope equipped with sCMOS Leica camera (20x and 100x
Objectives were used). Polarized LED white light was produced using Polaroid dichroic filters.
Phase diagrams. The protein-RNA phase diagram was determined using optical microscopy.
Protein-RNA samples were prepared in a buffer containing 5 mM Tris-HCl (pH 7.5). Each
sample was inspected for 2 minutes under a bright field microscope (Zeiss Primo-vert inverted
iLED microscope with 40× objective lens and a Zeiss Axiocam 503 monochrome camera) for
condensate formation. This was repeated for several RNA-to-protein stoichiometry at different
initial protein concentrations. OriginPro 2018b software was used to plot the resulting phase
diagram.
Electrophoretic light scattering. Electrophoretic mobility of protein-RNA complexes was
measured using a dynamic light scattering (DLS) setup (ZetasizerNano ZS; Malvern
Instruments Ltd.) utilizing M3-PALS (Phase Analysis Light Scattering) method. Samples were
prepared at 100, 250 and 500 μM protamine concentrations and various poly(U)
concentrations as indicated in the respective plots (buffer: 25 mM Tris-HCl, pH 7.5).
Solution Turbidity measurements: Polypeptide and RNA mixtures were prepared at desired
peptide concentration with variable RNA concentrations. The buffer contained 25 mM TrisHCl (pH 7.5). The absorbance was measured at 350 nm using a NanoDrop oneC UV-Vis
spectrophotometer at room temperature after ~100 seconds of sample equilibration with a 1.0
mm optical path length. Turbidity plot was generated via gradual RNA titration. Measurements

were performed in triplicates. The phase boundary curve was obtained by plotting the data
using OriginPro software.
RNA jump experiments utilizing microfluidics. Droplets formed by 0.88 mg/ml protamine
and 0.44 mg/ml poly(U) RNA were flowed into a single channel within a custom-made
microfluidics chip (see Fig. S7A) using an automated pressure-box (LUMICKS, u-Flux). A
second channel was filled with 10 mg/ml poly(U) RNA, which is appropriate for protamineRNA vesicle formation for 0.88 mg/ml protamine. The flow rate was kept at minimum to ensure
laminar flow and avoid mixing of the channels. Two droplets were trapped in the first channel
using 1064 nm lasers (LUMICKS, C-Trap) with minimal power and transported into the second
channel (see Fig. S7B). The droplet-to-vesicle transition was imaged using a 1.31 Mpix
microscope camera (Sensor Type: CMOS mono, Framerate: 60 fps, LUMICKS, C-Trap). A
corresponding control experiment was run with the second channel filled with experimental
buffer. The controlled experiment revealed no detectable changes in droplet morphology
within the timeframe of our experiments (30 minutes).
RNase-mediated vesicle-to-droplet transition. Vesicle samples were prepared at
protamine concentration of 4.4 mg/ml and poly(U) concentration of 22 mg/ml in 15 mM TrisHCl (pH 7.5). The vesicles were imaged with a bright field microscope (Zeiss Primo-vert
inverted iLED microscope with 40× objective lens and a Zeiss Axiocam 503 monochrome
camera), followed by addition of RNase-A (Thermo Scientific) to the sample at a final
concentration of 0.057 mg/ml. The mixture then was continuously imaged. A corresponding
control experiment was also performed where the same volume of experimental buffer was
added (without RNAse-A), which produced no detectable changes in vesicle morphology
within the timeframe of our experiments (15 minutes).
Molecular Dynamics simulation. In this study, we have employed a single residue/base
resolution coarse-grained polyelectrolyte model for protein and RNA chains. For the amino
acids, we employ the same coarse-grained parameters as have been employed by Dignon et
al. (5) to study phase behavior of intrinsically disordered proteins. The potential energy
function contains bonded, electrostatic, and short-range pairwise interaction terms. Bonded
interactions are modelled by a harmonic potential 𝑘 (𝑟 − 𝑟 ) with a spring constant 𝑘 =
10 𝑘𝐽/Å and an equilibrium bond length of 𝑟 = 3.8 Å. Electrostatic interactions are modeled
using a Coulombic term with Debye-Hückel electrostatic screening to account for salt
concentration, having the functional form:
𝐸 (𝑟) =

𝑞𝑞
𝑟
𝑒𝑥𝑝(− )
4𝜋𝐷𝑟
𝜅

(1)

where 𝜅 is the Debye screening length and D = 80, is the dielectic constant of the solvent
(water). We set the Debye screening length 𝜅 = 0.1, which corresponds to the physiological
buffer condition at room temperature. The RNA chain is modeled as a one bead per nucleotide
model compatible with the protein model with the only difference being the addition harmonic

angular term 𝑘 (𝜃 − 𝜃 ) to model the stiffness of the RNA chains, where spring constant
𝑘 = 1.0 𝑘𝐽 and equilibrium angle 𝜃 = 1.78 rads.
To mimic the experimental conditions at excess RNA conditions, the systems were
initialized by placing PRM and RNA chains randomly in a cubic box with 𝐶𝑜𝑛𝑐
=
5 × 𝐶𝑜𝑛𝑐
. To explore the transition from tadpole to micelle to vesicle structures, the
simulations were performed at three different RNA concentrations; 0.01 mg/ml, 7.4 mg/ml and
15.80 mg/ml, respectively. We performed molecular dynamics (MD) simulations at 298 K
using the Langevin thermostat with a friction coefficient of 𝛾 = 0.01 and time step of 0.01 ps.
MD runs were performed on graphical processing units (GPUs) using the HOOMD-blue
package (6, 7). The equilibrium run was performed for 20 ns with a time step of 0.01 ps and
the production run was performed for an additional 20 ns.
Diagrams and schemes. All plots and graphs were produced using OriginPro software.
Confocal images processing was done using Fiji-ImageJ. Diagrams and schemes and the
final assembly of figures was done using Adobe Illustrator 2019 and Autodesk Autocad 2018.

Supplementary Figures

Fig. S1. Net charge per residue (NCPR), as calculated by the CIDER software (8), plotted against
residue number for (A) Protamine (PRM), (B) Arg-to-Lys protamine variant (PRM-K), and (C) FUS
RGG3 (FUS472-504).

Fig. S2. Fluorescence micrographs and corresponding intensity profiles of a PRM-RNA vesicle [4.4
mg/ml PRM and 22 mg/ml poly(U), A] and PRM-RNA droplet [4.4 mg/ml PRM and 2.2 mg/ml poly(U),
B]. Samples were prepared in 15 mM Tris-HCl buffer, pH 7.5. Scale bars represent 10 μm.

Fig. S3. 3D reconstitution from a Z-stack imaging experiment on PRM-poly(U) vesicles at 4.4 mg/ml
PRM and 22 mg/ml poly(U). Scale bar represents 10 μm.

Fig. S4. Passive fusion of two hollow condensates (time-stamp: 0, 1.0 and 3.0 seconds from left to right
panels). Sample contains 4.4 mg/ml PRM-K and 22 mg/ml poly(U) RNA in 15 mM Tris-HCl buffer, pH
7.5. Scale bars represent 10 μm.

Fig. S5. Solution turbidity at 350 nm as a function of poly(U)-to-PRM ratio. The Horizontal line at 0.5
indicate the turbidity threshold for phase separation as judged by optical microscopy. The shaded
region indicates the window of LLPS. PRM-poly(U) system undergoes condensation at ratios ≥ 0.02
and reentrant dissolution at ratios ≥ 42. The black filled circles are the data and the red line is a guide
to the eye. PRM concentration was 0.33 mg/ml in 25 mM Tris-HCl buffer, pH 7.5.

Fig. S6. Electrophoretic mobility measurement of PRM-poly(U) mixtures as a function of poly(U)-toPRM ratios for three different PRM concentrations. At low RNA concentrations, complexes bear a
positive charge while at high RNA-to-PRM ratio, complexes are negatively charged. Error bars
represent the width of the mobility distribution of respective samples. For all concentrations, charge
inversion is observed around a ratio of 1:1 (wt/wt).

Fig. S7. A schematic depiction of (A) the microfluidics flow cell design, and (B) the experimental method
employed. Here, droplets were flown in inlet 4 until they were observed in the channel. RNA and buffer
were flown in inlets 1-3, as indicated. The flow was kept at minimal pressure to ensure constant laminar
flow. The constant laminar flow ensures spatial separation of the fluids in different channels. A droplet
was trapped in the droplet channel (channel 4) and moved to the RNA channel (channel 3). As RNAs
interact the droplet, a droplet-to-vesicle transition was observed (C, top panels, see also Movie S4).
When the same experiment was performed with buffer (without RNA) flown in channel 3, no visible
change was observed for a period of 30 minutes (C, bottom panels). Scale bar represents 10 μm.

Fig. S8. A representative fluorescence micrograph of PRM-poly(U) micelles formed at 2.2 mg/ml PRM
and 12.8 mg/ml poly(U) in 25 mM Tris-HCl buffer (pH 7.5). Sample was imaged after 40 minutes. Scale
bar represents 10 μm.

Fig. S9. Fluorescence recovery after photobleaching (FRAP) of a micellar condensate formed at 2.2
mg/ml PRM and 12.8 mg/ml poly(U) in 25 mM Tris-HCl buffer. Scale bars represent 5 μm.

Fig. S10. (A) Equilibrium MD configurations showing tadpole, micelle, and vesicle structures formed
under charge disproportionate PRM excess conditions, 𝐶𝑜𝑛𝑐
= 5 × 𝐶𝑜𝑛𝑐 . PRM: green; and
RNA: blue. See also Figure 3B in the Main Text. The concentration of PRM used are indicated in each
snapshot. (B) Density profiles of PRM and RNA for the vesicle structure formed in excess PRM
conditions as computed from the MD trajectory. Close up views of vesicle rims in (C) excess RNA, and
(D) excess PRM conditions.

Fig. S11. Bright-field and fluorescence images of vesicles formed by (A) Protamine (PRM) and
polyphosphate [poly(P)] mixed at concentrations of 4.4 mg/ml and 22 mg/ml, respectively. (Buffer: 15
mM Tris-HCl, pH 7.5). (B) Protamine (PRM) and poly(Glutamic acid) [poly(E)] mixed at concentrations
of 17.6 mg/ml and 18 mg/ml, respectively. (Buffer: 10 mM Tris-HCl, pH 7.5). (C) Protamine (PRM) and
poly(acrylic acid) (PAA) mixed at concentrations of 8.8 mg/ml and 22 mg/ml, respectively. (Buffer: 15
mM Tris-HCl, pH 7.5). (D) poly(Allylamine) (PAH) and poly(U) RNA at concentrations of 40 mg/ml and
4 mg/ml, respectively. (Buffer: 25 mM Tris-HCl, pH 7.5). (E) poly(Allylamine) (PAH) and polyphosphate
(polyP) mixed at concentrations of 70 mg/ml and 4 mg/ml, respectively. (Buffer: 5 mM Tris-HCl, pH
7.5). (F) [RGRGG]5 and yeast total RNA (cellular RNA) mixed at concentrations of 0.024 mg/ml and 8.9
mg/ml, respectively. (Buffer: 25 mM Tris-HCl, pH 7.5). Probes used are PRM-Alexa594 for PRMcontaining vesicles and DAPI for poly(U) RNA and polyphosphate-containing vesicles. SYTO13 was
used to image vesicles formed by cellular RNAs. Scale bars represent 20 μm.

Fig. S12. Cross-polarization light microscopy images of (A) PRM and poly(U) droplets [0.44 mg/ml
PRM and 0.22 mg/ml poly(U)], (B) PRM-K-poly(U) vesicles [4.4 mg/ml PRM-K and 22 mg/ml poly(U)],
(C) RGG3-poly(U) vesicles [4.0 mg/ml RGG3 and 20 mg/ml poly(U)], and (D) PRM-polyP vesicles (4.4
mg/ml PRM and 22 mg/ml polyP). All samples were prepared in 15 mM Tris-HCl buffer (pH 7.5). Scale
bars represent 10 µm for A-C and 100 µm for D.

Fig. S13. Dextran partitioning in PRM-poly(U) vesicle rim and lumen as a function of dextran molecular
weight. Samples are made at 4.4 mg/ml and 22 mg/ml poly(U) in 15 mM Tris-HCl buffer. Scale bars
represent 10 μm. The corresponding summary plot is shown in Figure 5C in the Main Text.

Supplementary Movie Legends

Movie S1 (separate file). FRAP movie of PRM-poly(U) hollow condensate membrane. Scale bar
represents 5 µm.
Movie S2 (separate file). Optical tweezer-controlled fusion of two PRM-poly(U) vesicles. Scale bar
represents 10 µm.
Movie S3 (separate file). Optical tweezer-controlled fusion of a PRM-poly(U) droplet with a PRMpoly(U) hollow condensate. Scale bar represents 10 µm.
Movie S4 (separate file). Droplet to vesicle transition induced by flowing RNA at high concentration
into a microfluidics channel. Scale bar represents 10 µm.
Movie S5 (separate file). Hollow condensate to droplet transition induced upon RNase-A addition.
Scale bar represents 10 µm.
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