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Supplementary Methods 
 
 
1. Materials 
 
Ribonucleic acid from Torula yeast (type VI), GTP, GDP, potassium glutamate, magnesium 
glutamate, HEPES and α,β-methyleneguanosine 5ʹ-triphosphate sodium salt (GMPCPP) 
were obtained from Sigma Aldrich. Purified FtsZ and Alexa647-FtsZ were kindly donated 
by prof. dr. Germán Rivas (CSIC, Madrid). The GFP-K72 protein (N-GFP-
GAGP[GVGVP(GKGVP)9]8GWPH6-C) was purified as previously described by Pesce et 
al1. This protocol was modified by the addition of 100 mg of lysine and proline to 1 L of 
Terrific Broth (TB) medium, which increased the protein yield more  t han  10-fold 
compared to yields described by Pesce et al1. The isolated protein was determined to be 
>95% pure by gel electrophoresis and was extensively dialyzed against MilliQ. Aliquots 
were snap-frozen in liquid nitrogen and stored at -80ºC. 
 
2. Sample preparation 
 
FtsZ-containing complex coacervates were prepared by carefully mixing GFP-K72 and torula 
yeast RNA in a 1:1 charge ratio in HEPES buffer pH 7.5 with added guanosine nucleotide 
(GDP, GTP, or GMPCPP) and FtsZ. Unless otherwise specified, final concentrations were 10 
mM GTP, 35 µM GFP-K72, 2.5 mM RNA nucleotides and 1.0 g/L FtsZ with 2% FtsZ-
Alexa647. Final buffer concentrations were 25 mM HEPES, pH 7.5, 90 mM potassium 
glutamate, 2.5 mM magnesium glutamate. After addition of FtsZ and careful mixing, a 
volume of 10 µL was immediately applied between two cover slides to follow the coacervates 
via confocal microscopy. To apply a GTP gradient, the GTP volume was not mixed into the 
sample but added to the interface of the two cover slides after sample preparation (see 
Supplementary Figure S6).  
 
3. Sample imaging 
 
Fluorescence images were obtained at room temperature via a CSU X-1 Yokogawa spinning 
disc confocal unit connected to an Olympus IX81 inverted microscope, using a 100x piezo-
driven oil immersion objective (NA 1.3) and 488 and 640 nm laser beams. Emission was 
measured at 500-550 nm and 677-723 nm, respectively, with exposure times of 1.0 s, using an 
Andor iXon3 EM-CCD camera. Movies were recorded by taking one frame at each 
wavelength every 30 seconds.  

The partition coefficient of Alexa647-labeled FtsZ was determined from fluorescence 
microscope images as the ratio of the average fluorescence intensity inside coacervate 
droplets and the average intensity outside those droplets. The fluorescence intensity (at 647 
nm) in images of coacervate droplets with Alexa647-labeled FtsZ added were corrected by 
subtracting the average fluorescence intensity (at 647 nm) of an image of the same coacervate 
droplets without Alexa647-labeled FtsZ added. The resulting partition coefficients of Alexa-
647 labeled FtsZ as a function of salt concentration are shown in Fig. S3b.  



Supplementary Data 
 
1. Supplementary figures 
 

 
 
Figure S1. Complex coacervates of GFP-K72 with RNA (left) and poly-L-glutamic acid (right). 
 
 

 
Figure S2. Phase diagram of coacervate formation from GFP-K72 and torula yeast RNA in the presence of 
different concentrations of magnesium glutamate and potassium glutamate in 10 mM HEPES pH 8.0.  
 
 

   
 

Figure S3. (a) Alexa647-labeled FtsZ (0.5 g/L overall concentration) partitions into coacervates of torula yeast 
RNA and GFP-K72 without GTP. (b) Partition coefficient K of Alexa-647 labeled FtsZ as a function of ionic 
strength (see Supplementary Methods 3 for details).  
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Figure S4. The addition of 1.0 g/L FtsZ to complex coacervates in the presence of 6 mM GDP instead of 6 mM 
GTP does not result in significant shape change, or roughening of the surface of the coacervate phase.  
 
 
 

 
 
Figure S5. Upon addition of FtsZ to a final concentration of 0.5 g/L with an estimated GTP concentration of 6 
mM, large invaginations and spots of low fluorescence appear in the coacervate. As FtsZ bundles fall apart, the 
coacervate regains it smooth morphology.  
 
 
 



 
 
Figure S6. Creating a GTP gradient across a sample containing FtsZ monomers and RNA/GFP-K72 coacervates 
by injecting a small volume on one side between two cover slides. Diffusive flux leads to a GTP concentration 
gradient, with GTP concentrations increasing from right to left. Close to x=0, where the GTP was injected, there 
is a crossover to decreasing GTP concentrations, as GTP hydrolysis by FtsZ GTPase activity also increases with 
time. 
 
 
 

 
 
Movie S1. Time evolution of FtsZ (1.0 g/L overall concentration) filaments bundled inside torula yeast 
RNA/GFP-K72 coacervates upon exposure to a slowly increasing concentration of GTP. The GTP is added by 
placing a 2 µL droplet of 40 mM GTP in contact with 10 µL of sample between two cover slips. The coacervate 
compartments are slowly deformed and fragmented into individual fibrils that are dynamic. Red channel: Alexa-
647-labeled FtsZ, green channel: GFP-K72. The scale bar indicates 20 µm, the total field of view is 82x82 µm2, 
and the duration of the movie is 56 minutes (frame rate: 3 min-1).  
 



 
 
Figure S7. (a) Time evolution of coacervate droplets of RNA and GFP-K72 (green) with a high density of FtsZ 
bundles (red) when exposed to a slowly increasing GTP concentration by placing a 2 µL droplet of 40 mM GTP 
in contact with 10 µL of sample between two cover slides (see Supplementary Figure S6 for a schematic 
illustration). The coacervate compartments are slowly deformed and fragmented into individual fibrils that are 
dynamic. The labels indicate the time after addition of GTP in minutes. The scale bar represents 10 µm. (b) In a 
similar experiment, snapshots of coexisting assemblies of FtsZ bundles in coacervates of RNA and GFP-K72 
were recorded at 20 minutes after placing a 2 µL droplet of 40 mM GTP in contact with 10 µL of sample 
between two cover slides. The labels indicate the approximate positions from the point of contact with GTP. The 
scale bar represents 10 µm. The concentration of GTP increases gradually towards x=0 by diffusion from, but 
decreases close to x=0 where the GTPase activity of FtsZ dominates diffusive fluxes. 
 
 
 

 
 
Figure S8. Coacervates droplets containing FtsZ in the sample from Fig. S7b turn into star-shaped droplets when 
exposed to GTP to fuel filament formation, before fragmenting into individual fibrils.  
 
 



 
 

Movie S2. Dynamic fibrils of FtsZ filaments bundled inside torula yeast RNA/GFP-K72 coacervates, displaying 
bending, motion, growth, splitting and fusion at 1.0 g/L FtsZ and an initial GTP concentration of 10 mM. Red 
channel: Alexa-647-labeled FtsZ, green channel: GFP-K72. The scale bar indicates 20 µm, the total field of view 
is 65x65 µm2, and the duration of the movie is 28.5 minutes (frame rate: 2 min-1).  
 
 
 

 
 
Figure S9. Additional snapshots of dynamic fibrils observed in Movie S2, displaying bending, shrinkage, 
rotational motion, growth, splitting and fusion. The labels indicate times relative to the first snapshot in minutes, 
arrows indicate positions at which fibrils are about to split or fuse.  
 



 

Movie S3. Fibrils of FtsZ filaments bundled inside torula yeast RNA/GFP-K72 coacervates in the presence of 
the slowly hydrolysable GTP analogue GMPCPP, displaying no dynamic behaviour. Red channel: Alexa-647-
labeled FtsZ, green channel: GFP-K72. The scale bar indicates 20 µm, the total field of view is 65x65 µm2, and 
the duration of the movie is 14.5 minutes (frame rate: 2 min-1).  
 
 

 

Movie S4. Dynamics of elongated coacervate droplets of torula yeast RNA/GFP-K72 at 1.0 g/L FtsZ and an 
initial GTP concentration of 5 mM. Red channel: Alexa-647-labeled FtsZ, green channel: GFP-K72. The scale 
bar indicates 20 µm, the total field of view is 82x82 µm2, and the duration of the movie is 13 minutes (frame 
rate: 2 min-1). 

 



 

Movie S5. Initial dynamics of very long fibrils of FtsZ filaments bundled inside torula yeast RNA/GFP-K72 
coacervates at 1.0 g/L FtsZ and 10.2 mM GTP. Red channel: Alexa-647-labeled FtsZ, green channel: GFP-K72. 
The scale bar indicates 20 µm, the total field of view is 82x82 µm2, and the duration of the movie is 91 minutes 
(frame rate: 2 min-1). 
 

 

2. COMSOL finite element analysis of FtsZ reaction-diffusion in coacervates 
 
To study the effects of diffusion, partitioning and reactions on the distribution of FtsZ in 
coacervates and in solution, a finite element model of the fibrils was made in the commercial 
FEM solver COMSOL Multiphysics2. A central fibril with a length of 3 µm and a width of 
0.5 µm was placed in a sphere with radius 10 µm in a 2D-axisymmetric framework. The 
initial FtsZ concentration in solution was c0 = 1 µM, and in the coacervate Kpart ∙ c0. The 
partition equilibrium was taken into account by defining the total inward flux across the fibril-
solution interface as: 
 

N0 = – (Kpart ∙ cFtsZ,coac –  cFtsZ,sol).  
 

Inside the fibril FtsZ monomers react in an irreversible bimolecular reaction:  
 

Filamentn + FtsZ  Filamentn+1  
 

with an elongation rate constant kf. A Dirichlet boundary condition cFtsZ = c0 was applied to 
the outer sphere shell. Diffusion coefficients of FtsZ in solution and inside the fibrils were set 
as described in the main text. A physics-controlled mesh, with a size scaling of 0.2 inside the 
fibril was used and both time-dependent and stationary solutions were calculated for different 
values of the elongation rate constant and the filament diffusion coefficient.   
 



 
Figure S10. Outline of the 2D-axisymmetric model used to calculate the FtsZ-distribution. 
 
 
3. Coacervate viscosity 
 
To determine the viscosity of the RNA/GFP-K72 coacervate, 50 µL of the coacervate was 
prepared by mixing the RNA and GFP-K72 in 25 mM HEPES, pH 7.5, 90 mM potassium 
glutamate and 2.5 mM magnesium glutamate in 50 mL falcon tubes, centrifuging the 
dispersion of coacervate droplets at 3000x g, and allowing the macrophase-separated mixture 
to equilibrate for 3 h. The phases were separated and the density of the coacervate phase was 
determined by weighing 20 µL in a pipette tip (weight difference 0.0208 g), resulting in a 
density of 1.04 ± 0.02 g/cm3. The coacervate phase was then inserted in a round, 200 µm 
capillary tube by capillary action, and the sedimentation velocity of a 8 µm silica bead in the 
coacervate was recorded (see Supplementary Figure S6). From the velocity v, the viscosity 
was calculated using Stokes’ law: 

𝑣𝑣 =
2Δ𝜌𝜌𝜌𝜌𝑅𝑅2

9𝜂𝜂
 

where Δρ = 2.65 – 1.04 = 1.61 g/cm3 is the density difference between the silica particle and 
the coacervate. With the measured velocity v = 0.71 µm/s, a viscosity ηcoac = 80 ± 21 mPa∙s 
was obtained. 
 

 
Figure S11. Snapshots of a sedimenting silica bead in RNA/GFP-K72 coacervate.  
 
 
 



 
4. Surface Evolver 
 
The Surface Evolver source code used to generate Figure 4f and Supplementary Movie S6 is 
available as separate file: dropsplit_evolver.fe. A video of the evolution is available 
as a separate file.  
 

 
 
Movie S6. A droplet held between five parallel filaments is forced to stretch and split by capillary action caused 
by four additional filaments touching both ends of the initial droplet. The contact angle of the droplet on the 
solid filaments is 1º. The droplet shape evolution was modeled using the Surface Evolver3. All parameters and 
procedures used are available from the source code file dropsplit_evolver.fe.  
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