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1. Chemical model for the confined urea-urease enzymatic reaction 

 

In the chemical model (Figure S4) we considered 7 main chemical species, namely urea (S, substrate), 

urease (E, enzyme), pyranine (fluorescent dye, pyrOH), oleic acid (HOA), acetic acid (HA), ammonia 

(NH3) and carbon dioxide (CO2). Some of these chemical species can be located outside of the vesicles 

having cross membrane properties. The transfer rates kX (s−1) are proportional to the vesicle 

surface/volume ratio and to the specific membrane permeability of each species: 

  
kX =

3PX

R
      (1) 

where PX (dm/s) is the permeability and R (dm) is the vesicle radius, respectively.  

The rate of the enzyme-catalyzed reaction  

   CO(NH2 )2 + H2O urease⎯ →⎯⎯  2NH3+ CO2   (2) 

is given by a modified Michaelis-Menten rate law, which accounts for the pH dependence and the 

product inhibition  
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where vmax = k1[E], being [E] expressed as enzyme activity (units/mL), KM is the Michaelis constant, 

Kes1 and Kes2 are protonation equilibrium constants of the substrate-enzyme complex, [P] is the 

concentration of the protonated form of ammonia ( NH4
+ ), [S] is the concentration of urea, KS and KP are 

the equilibrium constants for uncompetitive substrate and product inhibition, respectively. 

The pH inside and outside the vesicles is governed by the following equilibria 

 

  

NH
4

+ k2⎯ →⎯← ⎯⎯ NH3+ H+                          rate = k2[NH4
+ ]− k2r[NH3][H

+ ]

CO2 + H2O
k3⎯ →⎯← ⎯⎯ H+ + HCO3

−            rate = k3[CO2]− k3r[HCO3
− ][H+ ]

HCO3
−  

k4⎯ →⎯← ⎯⎯ CO3
2−+ H+                 rate = k4[HCO3

− ]− k4r[CO3
2− ][H+ ]

H2O 
k5⎯ →⎯← ⎯⎯ H++ OH−                                   rate = k5 − k5r[OH− ][H+ ]

HA 
k6⎯ →⎯← ⎯⎯ A−+ H+                                 rate = k6[HA]− k6r[A

− ][H+ ]

HOA 
k7⎯ →⎯← ⎯⎯ OA−+ H+                      rate = k7[HOA]− k7r[OA− ][H+ ]

pyrOH
k8⎯ →⎯← ⎯⎯  pyrO−+ H+             rate = k8[pyrOH]− k8r[pyrO− ][H+ ]

  (4) 

Finally, the transfer of the chemical species across the membranes can be considered as a first order 

process described by the following reactions 
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S
kS⎯ →⎯← ⎯⎯ S(out)                                                     rate = kS [S]− [S]o( )

NH3

kN⎯ →⎯← ⎯⎯ NH3(out)                               rate = kN [NH3]− [NH3]o( )
CO2

kC⎯ →⎯← ⎯⎯ CO2(out)                                rate = kC [CO2]− [CO2]o( )
HA 

kHA⎯ →⎯← ⎯⎯ HA(out)                                rate = kHA [HA]− [HA]o( )

  (5) 

where [X]o is the concentration of the chemical species of X outside the vesicles in the water phase.  

The set of ordinary differential equations derived from the reaction rates (3) – (5) and reported 

in the main text in equations (1) and (2), was numerically integrated by using the software CO.PA.SI.1,2 

with the initial conditions and parameters listed in Table S1 and Table S2. 
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2. Molecular dynamics simulations 

 

In the molecular dynamics (MD) simulations we used the Martini coarse-grained (CG) model to 

increase the length- and timescale compared to the all-atom simulations3,4. The force fields are available 

on the Martini web page: http://cgmartini.nl/. We used the MARTINI v2.2refP force field with the 

refined polarizable water model5. The model of oleate (OA−) and oleic acid (HOA) was constructed 

according to Janke at al.6 The simulations were performed with GROMACS 5.1.257. VMD 1.9.3 was 

used in the visualization of the simulations results8. We set most of the parameters as denoted “New-RF” 

in de Jong et al.9 and used 20 fs time step in the simulations with the dielectric constant of 2.5 because 

of the explicit screening of the polarizable water. The pressure was controlled with the Berendsen 

coupling method10 (1.0 bar, semi-isotropic, τp = 5.0 ps) and the temperature was kept constant at 298 K. 

The bond constrains were maintained with the LINCS algorithm11. In the simulations, we examined the 

effect of the protonation–deprotonation on the structure of the POPC/HOA bilayer. The system 

contained 114,347 polarizable water, 2,080 POPC and 1,920 HOA molecules. According to the 

experiments, in the MD simulations only one leaflet of the bilayer was deprotonated. In the 

deprotonation, we exchanged HOA molecules with OA− molecules and the closest water molecules to 

the head group of the OA− with Na+ ions to fulfill electroneutrality condition. 
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3. Film balance experiments 

 

In the Wilhelmy film balance experiments, ethanol (Reanal), dichloromethane (Sigma-Aldrich), 

deionized water (18.2 MΩcm, purified with a Millipore Simplicity 185 filtration system) and buffer 

solutions were used. The buffer solutions were made with deionized water and given amounts (for pH 

values 6.0 and 7.0) of sodium phosphate monobasic dihydrate (Sigma-Aldrich) and sodium phosphate 

dibasic heptahydrate (Sigma-Aldrich).  

A monolayer of molecules (POPC and HOA) was formed on a Teflon trough (laboratory-built 

Wilhelmy film balance, area and volume of 235 cm2 and 800 cm3, respectively) filled with an aqueous 

buffer solution. The surface pressure was measured with the Wilhelmy plate method. The surface 

pressure – area isotherms were measured at 26.0 ± 0.5 °C. Prior to the experiments, the trough was 

cleaned with ethanol, dichloromethane and deionized water, and then filled with the appropriate 

aqueous buffer solution (pH = 6.0 and 7.0). The liquid surface was cleaned of impurities by suctioning. 

In order to check the cleanliness of the interface, a surface pressure – area isotherm was measured, and 

if an increase (more than 1 mN/m) in the surface pressure was observed, the surface was cleaned and 

checked again. The concentration of the mixed solution of POPC and HOA in dichloromethane was 5 

mM (2.6 mM for POPC and 2.4 mM for HOA). The appropriate amount of the solution (30 µl of a 

mixed solution of POPC and HOA) was spread drop by drop onto the liquid surface using a Hamilton 

syringe. After the solvent evaporation (10-15 min) the isotherm was measured by moving the barrier 

with a speed of 33 cm2/min. 
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4. Description of videos 

 

Video S1 shows the self-division process of a GUV triggered by a pH change generated by urea-urease 

enzymatic reaction.  

 

Video S2 shows the self-division process and the increase of the fluorescent intensity inside the GUVs 

during the division.  

 

Video S3 shows no division of GUVs by urea-urease enzymatic reaction in medium adjusted by a 

phosphate buffer (0.14 M, K2HPO4/KH2PO4). 
 

  



S7 
 

Table S1. Initial concentrations and parameters used for the kinetic simulations. [CO2] and [CO2]o are 

calculated by considering the solution at the equilibrium with the atmosphere at 25 °C; [HOA] + 

[HOA]o = 2 mM is the analytical concentration of oleic acid used for the vesicles preparation in 

experiments. 

[X] (M) Parameters 

[E] 

(U/mL) 
1.1 

N  
104 

[S] 0 R (dm)  5 × 10−5 

[S]o 6 × 10−2 Vi (dm3)  5.24 × 10−13 

[pyrOH] 5 × 10−5 Vo (dm3)  3 × 10−5 

[HA] 1 × 10−6 PS (dm/s)12  4 × 10−7 

[HA]o 1 × 10−6 PN (dm/s)13  1 × 10−3 

[HOA] 1 × 10−3 PHA (dm/s)14  6.5 × 10−4 

[HOA]o 1 × 10−3 PC (dm/s)15  1.2 

[CO2] 1.2 × 10−5 

[CO2]o 1.2 × 10−5 

 

 

Table S2. Kinetic constants used in the model. Enzymatic constants were taken from refs.16–19; kX were 

calculated from PX and R reported in Extended Data Table 1; equilibrium rate constants were derived 

from the pKa according to refs. 19–21.  

Enzymatic  pH equilibria 

k1 (u−1 mL M s−1) 3.7 × 10−6
  forward (s−1) reverse (M−1 s−1) 

Km (M) 3 × 10−3
 k2 24 4.3 × 1010 

Kes1 (M) 5 × 10−6 k3 3.7 × 10−2 7.9 × 104 

Kes2 (M) 2 × 10−9 k4 2.8 5 × 1010 

KS (M) 3 k5 1 × 10−3 (M−1 s−1) 1 × 1011 

KP (M) 2 × 10−3 k6  7.8 × 105 4.5 × 1010 

 k7  

k8 

3.2 × 102 

1 

1 × 1010 

2.5 × 107 
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Figure S1. The characteristics of the urea-urease reaction. a) Dependence of the urea-urease reaction 

rate upon the pH in unbuffered solutions. b) autocatalytic profile of the pH during the urea-urease 

reaction. 

 

 

 

 

  



S9 
 

 
Figure S2. pH-triggered self-division of GUVs. Continuous shape transformation of a GUV, triggered 

by urea-urease enzymatic reaction, starting from a spherical shape through prolate and pear shapes into 

two daughter vesicles. 
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Figure S3. FRAP (fluorescence recovery after photobleaching) experiment using fluorescein as a 

fluorescent probe. The fluorescence of one of the two daughter vesicles (indicated by a yellow arrow) 

was bleached after the division process. The lack of fluorescence recovery indicates an effective 

separation between the two daughter vesicles. The initially clumped vesicles clearly separated after the 

irradiation with the laser beam. The time between consecutive fluorescence micrographs is 30 s. 
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Figure S4. Calibration curve for pH. The calibration was performed by preparing a series of GUVs 

containing different buffers in the range of pH 5.5 and 7.5. 
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Figure S5. Sketch for the kinetic modeling of the system. All the chemical species that affect the pH are 

placed in the position at the beginning of the experiments. The black monomers in the double layer 

represent the inert POPC molecules; the red monomers represent oleic acid. 
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Figure S6. Results of the MD simulations. Effect of the protonation degree on the surface area of one 

leaflet of the mixed POPC/HOA bilayer in MD simulations.  
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Figure S7. Results of the MD simulations. a) Structure of the mixed POPC/HOA bilayer, when all 

HOA molecules in the top leaflet are fully protonated (all HOA molecules have no charge). b) Structure 

of the mixed POPC/HOA bilayer, when all HOA molecules in the top leaflet are fully deprotonated (all 

HOA molecules have a negative charge).   
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Figure S8. Surface pressure versus surface area isotherms of a monolayer of mixed POPC and HOA 

(2.6 mM:2.4 mM) using phosphate buffers at pH = 6.0 and 7.0. The solid line and the shaded area 

represent the average and the standard deviation of five independent experiments. Analyzing the 

isotherms the characteristics surface area was 150 ± 8 cm2 and 174 ± 14 cm2 at pH = 6.0 and pH = 7.0, 

respectively.  
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