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1. Experimental: Phase Transfer Method

Hybrid giant vesicles were prepared using the droplet transfer technique with ex-
perimental conditions previously optimised [1,2]. Firstly, in an Eppendorf tube of 1.5 mL
the outer solution was prepared: 300 µL of a solution of POPC and HOA dissolved in
different proportions in mineral oil were poured over 500 µL of a water solution with
glucose 0.2 mM. The entire set up was allowed to incubate for 10 minutes to form an hybrid
monolayer. In a second Eppendorf tube, a water in oil microemulsion was prepared by
hand pipetting a water phase with an apolar phase. The aqueous phase (20 µL) consisted
of pyranine 50 µM, urease 0.5 U/mL, acetic acid 1 ×10−3mM and sucrose 200 mM. The
apolar phase (600 µL) was made of HOA and POPC at different proportions in mineral oil.
The microemulsion was poured over the first Eppendorf tube. The formation of vesicles
was facilitated by centrifuging the tube at 6000 rpm for 10 minutes at room temperature.
After the centrifugation step, a white pellet was visible at the bottom of the Eppendorf
tube. The oil phase and the aqueous phase were carefully removed with a micropipette.
The pellet was gently washed with 200 µL of O-solution to remove free solutes. 30 µL of
pellet were diluted to 90 µL by adding O-solution.
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2. ODE model

The reactions that take place in the hybrid POPC/HOA vesicles involve mainly 8
chemical species, namely urea (S, substrate), urease (E, enzyme), pyranine (fluorescent dye,
pyrOH), oleic acid (HOA), acetic acid (HA), ammonia. The main equilibria are

CO(NH2)2+ H2O urease−−−→ 2NH3+ CO2 (1)

NH+
4

k2−→←−NH3+ H+ (2)

CO2 + H2O
k3−→←−H++ HCO−3 (3)

HCO−3

k4−→←−H++ CO2−
3 (4)

H2O
k5−→←−H+ + OH− (5)

HA
k6−→←−A−+ H+ (6)

HOA
k7−→←−OA−+ H+ (7)

pyrOH
k8−→←− pyrO−+ H+ (8)

The permeation of the neutral species (urea, ammonia, carbon dioxide and acetic acid) can
be considered as a first order process described by the following equilibria

S
kS−−⇀↽−− Sout (9)

NH3
kN−−⇀↽−− NH3out (10)

CO2
kC−−⇀↽−− CO2out (11)

HA
kHA−−⇀↽−− HAout (12)

where [S]out, [CO]2out, [HA]out and [NH]3out are respectively the concentration of urea,
carbon dioxide, acetic acid and ammonia outside the vesicles in the water phase.
The pH change of the reaction affects the number of pH-sensitive amphiphilic molecules
present in the bilayer (HOA and OA−), while the number of POPC molecules is considered
constant. The number of molecules in the outer leaflet is indicated as Nouter, the number of
molecules in the inner leaflet is Ninner. The molecules present in the bilayer are POPC, HOA
and OA−. Thus the total number of molecules in the outer leaflet is Nouter = NPOPC outer +
NHOA outer + NOA− outer; the total number of molecules in the inner leaflet is Ninner =
NPOPC inner + NHOA inner + NOA− inner. Some oleic acid molecules in the inner leaflet can
be deprotonated and solubilised as monomers or larger aggregates into the vesicle lumen
(NOA−free inner and NHOA free inner); the loss of oleate is compensated by oleic acid molecules
diffusing from the outer leaflet.

NHOA inner
k7−−⇀↽−− NOA− inner + H+ (13)

NOA− inner
koff−−⇀↽−− NOA−free inner

(14)

NHOA outer
kf−−⇀↽−− NHOA inner (15)

NHOA free inner
k7−−⇀↽−− NOA− free inner + H+ (16)
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The set of ordinary differential equations (ODEs) derived from the equilibria 1-8, 9-12 and
13-16 is

d[S]
dt

= −R + kS([S]out − [S]) (17)

d[NH3]

dt
= 2R + k2

[
NH+

4
]
− k2r[NH3]

[
H+
]
+ kN([NH3]out − [NH3]) (18)

d
[
NH+

4
]

dt
= −k2

[
NH+

4
]
+ k2r[NH3]

[
H+
]

(19)

d[CO2]

dt
= R− k3[CO2] + k3r

[
H+
][

HCO−3
]
+ kC([CO2]out − [CO2]) (20)

d
[
HCO−3

]
dt

= k3[CO2]− k3r
[
H+
][

HCO−3
]
− k4

[
HCO−3

]
+ k4r

[
CO2−

3

][
H+
]

(21)

d
[
CO2−

3

]
dt

= k4
[
HCO−3

]
− k4r

[
HCO−3

][
H+
]

(22)

d[H+]

dt
= k2

[
NH+

4
]
− k2r[NH3]

[
H+
]
+ k3[CO2]− k3r

[
H+
][

HCO−3
]
+ k4

[
HCO−3

]
− k4r

[
CO2−

3

][
H+
]
+ k5 − k5r

[
H+
][

OH−
]
+ k6[HA]− k6r

[
A−
][

H+
]
+

k8[pyrOH]− k8r
[
pyrO−

][
H+
]
+ k7

NinnerHOA

NAvVp
− k7r

NinnerOA−

NAvVp

[
H+
]

+ k7
NHOA free inner

NAvVp
− k7r

NOA− free inner
NAvVp

[
H+
]

(23)

d[OH−]
dt

= k5 − k5r
[
H+
][

OH−
]

(24)

d[HA]

dt
= −k6[HA] + k6r

[
A−
][

H+
]
+ kHA([HA]out − [HA]) (25)

d[A−]
dt

= k6[HA]− k6r
[
A−
][

H+
]

(26)

d[pyrOH]

dt
= −k8[pyrOH] + k8r

[
pyrO−

][
H+
]

(27)

d[pyrO−]
dt

= k8[pyrOH]− k8r
[
pyrO−

][
H+
]

(28)

dNouter

dt
= −kf

(
Nouter −Ninner

R2
s

(Rs − h)2

)
(29)

dNinner

dt
= +kf

(
Nouter −Ninner

R2
s

(Rs − h)2

)
−NinnerOA−

koff

1 + e(−kt (pH−pHthres))
(30)

R is a modified Michaelis-Menten rate law, which accounts for the pH dependence, the
substrate and the product inhibition of the enzyme

R =
vmax [S](

KM + [S]
(

1 + [S]
KS

)(
1 + [P]

KP

)(
1 + Kes2

[H+ ]
+ [H+ ]

Kes1

)) (31)

NAv is the Avogadro’s number and Vp is an average volume calculated from the prolate
and the pear shapes expressed in dm3 (for simplicity, the volume is kept constant during
the transformation from the prolate to the budded limiting shape). The equations contain
concentrations (indicated in square brackets) and numbers of molecules (Nouter, Nouter,
Ninner, NinnerOA− , NOA− free inner and NHOA free inner). The transport of oleate molecules from
the outer leaflet to the inner leaflet occurs with a reaction rate that takes into account the
geometry of the vesicle; the dissolution of oleate from the inner leaflet to the aqueous
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pool occurs with a rate that depends on the pH of the solution. The logistic function was
implemented in the model described in ref. [2]. Concentrations and numbers of molecules
are correlated through the Avogadro’s number and the volume of the vesicles.
The initial total number of molecules for the outer (Nouter) and the inner leaflet (Ninner) was
calculated from the spherical vesicle:

Nouter =
4π R2

s
< ã >

(32)

Ninner =
4π (Rs − h)2

< ã >
(33)

where < ã > is the mean cross-sectional area expressed in nm2 and calculated as reported
in ref. [2]. The number of molecules of POPC and Oleic acid present in membrane was
derived from the initial composition.

Nouter = NouterPOPC + NouterOleic (34)

NouterPOPC =
Nouter

1 + [Oleic]0
[POPC]0

(35)

NouterOleic = Nouter − NouterPOPC (36)

The initial concentrations and parameters used for the simulations are reported in
Table 1. The kinetic constants related to the equilibria 1-8 and 9-12 are listed in Table 2. The
kinetic constants for the equilibria of HOA and OA−(eq. 13-16) are listed in Table 3.

Table 1: Initial concentrations and parameters used for the kinetic simulations. [CO2] and
[CO2]out are calculated by considering the solution at the equilibrium with the atmosphere
at 25 ◦C. The transfer rates kX (s−1) were calculated from the permeabilities PX as kX =
3PX/R where R (dm) is the vesicle radius.

[X] (M) Parameters

[S] 0 [E] (U/mL) 1.10

[NH3] 0 [S]out (M) 6.00× 10−2[
NH+

4
]

0 [NH3]out (M) 0

[CO2] 1.20× 10−5 [H+]out (M) 1.00× 10−6[
HCO−3

]
5.62× 10−6 [OH−]out (M) 1.00× 10−8[

CO2−
3

]
3.15× 10−10 [HA]out (M) 5.45× 10−8

[H+] 1.00× 10−6 [CO2]out (M) 1.20× 10−5

[OH−] 1.00× 10−8 PS (dm/s) [3] 4.00× 10−7

[HA] 5.45× 10−8 PN (dm/s) [4] 1.00× 10−3

[A−] 9.45× 10−7 PHA (dm/s)
[5]

6.50× 10−4

[pyrOH] 4.81× 10−5 PC (dm/s) [6] 1.20

[pyrO−] 1.92× 10−6 VP (dm3) 6.82× 10−13
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Table 2: Kinetic constants used in the model. Enzymatic constants were taken from refs.
[7–9]. Equilibrium rate constants were derived from the pKa according to refs. [9–11].

Enzymatic pH equilibria
k1 (U−1 mL M s−1) 3.7 ×10−6 forward reverse

(s−1) (M−1 s−1)
Km (M) 3.0 ×10−3 k2 24 4.3 ×1010

Kes1 (M) 5.0 ×10−6 k3 3.7 ×10−2 7.9 ×104

Kes2 (M) 2.0 ×10−9 k4 2.8 5 ×1010

KS (M) 3.0 k5 1×10−3 (M−1 s−1) 1 ×1011

KP (M) 2.0 ×10−3 k6 7.8 ×105 4.5 ×1010

k7 3.2× 102 1 ×1010

k8 1 2.5 ×107

Table 3: Initial conditions and parameters used for the case [POPC]: [HOA]=2.6 mM:2.4
mM.

Initial conditions Parameters

NouterHOA 5.795× 108 NouterPOPC 6.476× 108

NouterOA− 1.832× 107 NinnerPOPC 6.473× 108

NinnerHOA 5.792× 108 RS (nm) 7.12× 103

NinnerOA− 1.831× 107 h (nm) 2

NHOA free inner 0 kf (s−1) 0.4

NOA− free inner 0 koff (s−1) 0.008

kt 100

pHthres 6.3

< ã(nm2) > 0.512
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3. Dependence of division on s and HPLC Analysis

(i) Figure 1 reports the dependence of the division probability with respect to the total
amount of amphiphiles in the initial solutions used for the vesicles generation. s was varied
in the interval 0.3 mM – 10 mM with a fixed ratio [HOA]/[POPC] = 1 and the division
frequency was found substantially independent from the total initial concentration of the
amphiphilic molecules.

(ii) To quantify the average amphiphilic mass in a pellet, GUVs with different initial
amphiphilic concentration were analysed by HPLC and a typical chromatogram is shown
in the inset of Figure 1b. Figure 1b shows that the droplet transfer method yield do not
change for the interval 0.3 < [POPC] < 1.0 mM (the percentage of POPC in the final
vesicles is 2–4%), therefore the increase of the initial total concentration could have no
effects on the membrane composition.

Figure 1. a) Frequency of divisions as a function of the sum [POPC] + [HOA] at a fixed α =
[HOA]/[POPC] = 1; b) Percentage of POPC in the final vesicles vs initial concentration of POPC in
mineral oil during preparation. Data were extrapolated from HPLC analysis (chromatogram in the
inset); error bars represent the standard deviation of three replicates.
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