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Fig. S1 Visualization and secondary structures of one pair of Asp30 and Lys30 peptides, which were initially equilibrated in a 
random coil conformation and then allowed to relax for 1000 ns. Both polypeptides were L-homochiral, which is the most 
common stereoisomer. (A) illustrates the end state of the simulation. Water and ions are not shown. (B-E) are maps of the 
secondary structures for Lys30 and Asp30 simulated with the different versions of CHARMM force field as a function of time. 



Fig. S2 Quantification of the salt concentration effect on Lys/Asp coacervate. The first column shows the Radial Distribution 
Function (RDF) and the second column shows the contact number between components. A cut-off of 0.6 nm was the largest 
distance to be considered as contact.



Fig. S3 Salt-dependence of Lys/Glu (coil secondary structure) coacervate. (A-F) Snapshots of the final state of 100 Lys30 and 100 
Glu30 polymers systems at different salt concentrations. Lys30 and Glu30 are shown in green and pink, respectively. Water and 
ions are not shown.



Fig. S4 Quantification of the salt concentration effect on Lys/Glu (coil secondary structure). The first column shows the Radial 
Distribution Function (RDF) and the second column shows the contact number between components. A cut-off of 0.6 nm was the 
largest distance to be considered as contact. (K) Maximum peptide cluster size at different salt concentrations normalized by the 
volume of each system. The vertical line represents the experimental transition salt concentration.1

https://paperpile.com/c/KanySX/uAjK


Fig. S5 Radial Distribution Function (RDF) of the coacervate vesicle system. (A) and (B) show the RDF between polypeptides and 
POPC lipids, in which only the heads of the POPC (PO4 and NC4 beads) were used as reference points in the calculations.

Fig. S6 Contact number for coacervate vesicle system systems at different pH values. The cut-off to be considered as contact was 
the location of the first valley of RDF (first column of Fig. S4 and Fig. S5) between the two target molecules. 



Fig. S7. Snapshots of the final state of polypeptides and vesicle systems at different pH values. The Lys/Asp coacervate and vesicle 
are represented in blue and white, respectively.

Fig. S8. Sphericity of coacervate vesicle systems at different pH values as a function of time.

Fig. S9 Membrane thickness of coacervate vesicle systems at different pH values as a function of time. The PO4 beads in the POPC 
lipids were used as reference to compute the membrane thickness.



Fig. S10 Area per lipid of coacervate vesicle system systems at different pH values as a function of time.  Inner and outer leaflets 
were considered separately.



Fig. S11 Area per lipid of inner leaflets of coacervate vesicle systems at different pH values.  The units on x, y and z axes are nm.

Fig. S12 Mean order parameter of lipids in coacervate vesicle systems at different pH values as a function of time.



Fig. S13 Comparison between Martini 2P and Martini 3 actin model. (A)-(D) show the coordinates of Mg beads embedded in each 
actin monomer. The centers of mass of the proteins were fixed for the analysis. The unit was nm for the X, Y, and Z axes. (E) show 
the snapshot of the final state of Martini 3 actin model. Actin is shown as the transparent surface. Mg and ATP beads are colored 
by green and purple. (F) shows the chosen bead types for Martini 3.0 ATP model.



Fig. S14 F-Actin attached to the surface of multi-peptide coacervate formed by (A) Lys/Glu β-sheet and (B) Lys/Asp coil. “Solvent” 
included both water molecules and salt ions. A cut-off of 0.6 nm was the largest distance to be considered as contact in the actin 
contact fraction calculations. (C) shows the RDF between the CG beads of the stated molecule types. (D) Initial and final 
coordinates of Mg CG beads embedded in each actin monomer. The centers of mass of the proteins were fixed for the analysis. 
The unit was nm for the X and Z axes.

Fig. S15 Osmotic imbalance across the vesicle membrane. The vesicle reference system includes 0.15 M NaCl (aq). Apart from the 
0.15 M NaCl (aq), additional 2250 sodium ion and 2250 chloride CG beads were added inside to form the highly charged vesicle.



Fig. S16 Histogram of the distances between the centers of mass of G-actin and coacervate in each window in the coil Lys/Asp 
system. 



 
Fig. S17 Histogram of the distances between the centers of mass of G-actin and coacervate in each window in the coil Lys/Glu 
system.



Fig. S18 Histogram of the distances between the centers of mass of G-actin and coacervate in each window in the β sheet Lys/Glu 
system.



Fig. S19 Comparison between Martini 2P and Martini 3 actin models. (A-B) show the actin backbone root mean square deviation 
(RMSD), in unit of nm, in relation to the initial structures as functions of time. (C-D) illustrate the actin backbone root mean square 
fluctuation (RMSF), in unit of nm, of monomers in relation to the average structure. Both RMSD and RMSF are used to quantify 
the stability of the protein structure.

Fig. S20 Number of lipids in the outer leaflet of vesicle and water beads inside vesicle as a function of the simulation time, when 
the six artificial pores were still open.



Salt concentration effect on Glu/Lys coacervate
We also investigated the salt concentration effect on the coacervate composed of glutamic 

acid (Glu) and Lys polypeptides. Two common enantiomers of the two peptide polymers are 
considered:  poly-L-lysine and poly-L-glutamic acid, as well as, poly-L-lysine and poly-(D, L)-
glutamic acid. In both simulation and experimental findings,1 β-sheet structures were reported for 
poly-L-lysine and poly-L-glutamic acid pairs. The β-sheet Glu/Lys (β sheet Lys/Glu) coacervate 
was previously simulated with Martini 3.0 force field (both beta and final versions) and the 
transition from coacervation to non-coacervation occurs from 0.36 M to 0.47 M NaCl 
concentration in the final version.2 In this paper, we considered the combination of the poly-L-
lysine and poly-(D, L)-glutamic acid. Since no stable secondary structures were found for the two 
polypeptides after they attached to each other,1 we adopted the coil secondary structure for Glu/Lys 
polypeptides. We randomized the coil Glu/Lys poly-peptides (Coil Lys/Glu) with a uniform 
distribution at NaCl concentrations from 0.20 M to 0.6 M. The coacervate is formed at 0.15 M, 
while gradually dissolving as the salt concentration increases as illustrated in Fig. S3 Similar to 
the analysis for Asp/Lys systems, the RDF, contact number, and the maximum peptide cluster size 
was computed for Glu/Lys coacervates as shown in Fig. S4. We found that the transition happens 
between 0.4 M and 0.55 M NaCl, which agrees with the experimental value of about 0.4 M.3
Comparison between Martini 2P and Martini 3.0 actin model

We ran simulations composed of 26 actins-ATP-Mg monomers solvated in water at the salt 
concentration of 0.15 M NaCl (aq) using both Martini 2P and Martini 3.0. The actins-ATP-Mg 
monomers were connected to form an F-actin as described in Ref 13. The coordinates of Mg 
embedded inside each actin monomer were used as a reference (Fig. S13E) to compare the actin 
structures simulated with the two versions of the Martini models (Fig. S13A -S13D). The Martini 
3.0 actin monomers stayed in F-actin structure and the locations of the Mg beads in F-actin using 
both versions were similar. In addition, both RMSD and RMSF of the two versions of the Martini 
models are similar, suggesting close stability and flexibility properties of the actin proteins in the 
two models. Therefore, we believe the Martini 3.0 actin model is reasonable. Noted that we only 
hoped to investigate the interactions between the actin proteins and polypeptides, and the elastic 
property of Martini 3.0 F-actin was not validated against experimental data or Martini 2P model.

Osmotic imbalance of vesicle systems
We also investigated the osmotic imbalance across the vesicle membranes. Pure POPC 

vesicles without multi-peptides were considered here and the membrane properties were quantified 
in Fig. S15. 0.15 M NaCl (aq) was added to the vesicle reference system. Apart from 0.15 M NaCl 
(aq), additional 2250 sodium and 2250 chloride CG beads were added into the highly charged 
vesicle, the ion number of which is equivalent to 30 pairs of muti-peptide chains in Fig. S7. As 
shown in Fig. S15, the osmotic imbalance of the highly charged vesicle increased the sphericity 
and decreased the area per lipid of the membrane when compared to the reference system. This 
trend agrees with the reference vesicle system when compared to the osmotic imbalance vesicle 
multi-peptide system at pH=9 in Fig. 2F, but with a stronger effect. This is because the multi-
peptides in vesicle tend to aggregate in the vesicle and barely contacts with the vesicle inner 



surfaces, while the ions in highly charged vesicle tend to diffuse closer to the zwitterionic POPC 
lipids, leading to stronger effects on vesicle shape. 
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