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Experimental conditions of the solute release assays 

Different aspects were considered in order to set up the conditions for the solute release 

measurements. Carboxyfluoresceine (CF) self-quenches at high concentrations (≥ 0.1 mM) and was 

suitable for the release measurements (Fig. S1). Provided that vesicles were prepared in a 

relatively concentrated CF solution, the signal from the encapsulated CF remained self-quenched 

after size-exclusion chromatography, while its growing concentration in the external medium, as a 

result of the release, could be monitored as a progressive increase in the fluorescence signal over 

time. However, setting too high an initial concentration of CF could represent a problem to 

monitor the release if external concentrations reach self-quenching values before equilibration 

takes place. For that reason, we set an intermediate concentration of [CF] = 8 mM. Considering 

the vesicle dilution through the chromatography column (≈ 1.25) and assuming as maximum 1% of 

encapsulation volume, one would estimate a final overall concentration around 0.06 mM, which is 

still below the self-quenching limit (around 0.1 mM). The fluorescence signal obtained after vesicle 

disruption with a detergent (Triton X-100 or octyl-β-D-glucopyranoside) as well as the standard 

calibration curve confirmed that equilibration was completed within the non-quenching 

concentration range. 

Lipid concentrations were also chosen to account for the wide range of CVC values in the various 

lipid systems (see Table S1) and ensure that a similar number of vesicles were formed in every 

sample. We aimed at a 10 mM concentration of vesicle-forming lipid. For instance, in the case of 

pure-LA preparations, LA was prepared at a total concentration of 22 mM, considering its higher 

CVC value (22 mM lipid yields 10 mM of vesicular lipid, once the dilution factor of the 

chromatography column is considered, and once the free-monomer concentration is excluded). At 

the other extreme, LA/DLPC samples were prepared at a total lipid concentration of 12 mM, 

accounting only for the experimental dilution factor. The chromatographic dilution of lipid vesicles 

of high CVC value becomes problematic, and therefore, in the case of pure-LA vesicles and LA/GML 

vesicles, the 100 mM bicine buffer used for equilibration and elution was supplemented with the 

corresponding monomeric amphiphiles at a concentration close to their CVC. This protocol was 

not followed in the case of LA/DLPC vesicles, given their higher stability. 

 

Protometabolic modelling 

Rationale of the models 

Two main criteria were considered in the conception and choice of the protometabolic cycles: (i) 

simplicity, balanced with thermodynamic and chemical coherence, and (ii) relevance from a 

theoretical point of view. The maintenance of both reaction networks depicted in Fig. 2 of the 

main text, PM1 and PM2, require feeding by external energy-rich precursors (A, B,… species), using 

these to drive a set of condensation and hydrolysis reactions, and ultimately releasing non-active 

end-products (w). The irreversibility of this process forces reactions to operate in the direction 
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established by the energy flow (direction of the arrows in Fig. 2A-B). Interestingly, the molecular 

composition of all the metabolic species (i.e., the molecular units they are made of) can be 

explained in terms of the same precursors that feed the system: none of the intermediates is 

exogenous. This implies that all the given internal compounds could have been originally 

assembled from a similar chemical environment, following slow and subsidiary, non-catalytic 

condensation processes (considered in our two models as background reactions; light grey arrows 

in Fig. 2A-B). In this way, for instance, the AB molecule is a product of the condensation of A and B. 

The condensation products AB, ACD (and AC in PM2) are considered as catalytically-active 

oligomers, and the other intermediaries represent different transient states of their corresponding 

catalytic cycles (highlighted in different colors in Fig. 2A-B). Remarkably, these cycles are arranged 

in such a way that the catalysts support each other’s formation. A chemical organization like this, 

where all catalysts can be self-produced within the system and need not be externally supplied is 

commonly referred to as possessing the property of catalytic closure1,2, which has been proposed 

as a fundamental attribute of life, key in the early development of minimally robust (autonomous) 

prebiotic systems3. 

The type of organizational closure just mentioned should not be confused with thermodynamic 

closure (both network models must remain open to the flow of matter and energy to be able to 

operate). In this regard, PM1 and PM2 differ in their external precursor demands: a difference that 

make them suitable for comparison as simplified models of a heterotrophic system (PM1) and of a 

relatively more elaborate, autotrophic one (PM2), respectively. Notice that the extra feedback 

reaction loop in PM2 allows the internal synthesis one of the precursors (AC), rendering the 

system less dependent on the availability of energy-rich precursors from the environment. In fact, 

one could think of PM2 as a developed form of PM1, resulting from an evolutionary bottleneck 

linked to the depletion of an environmental resource (AC), which would be consistent with a 

retrograde scenario for the evolutionary emergence of metabolism4,5. This comparative analysis is 

thus aimed at identifying possible dynamic constraints or advantages related with the early 

compartmentalization of such metabolic networks. 

Modelling assumptions and parameter values 

In order to facilitate direct comparison, PM1 and PM2 were simulated under similar rules and 

parameter conditions. All processes were considered reversible (favored in the direction pointed 

by the arrows in Fig. 2A-B), except for the reactions of decay that affect all catalysts, which were 

treated as irreversible (dashed arrows). Parameter values were arbitrary but consistently assigned. 

For simplicity, all unimolecular and bimolecular rate constants of the main core reactions (in dark 

colours) were given values equal to 1, using τ-1 and mM-1 τ-1 as default dimension units, 

respectively (τ = arbitrary units of time; see below). Conversely, the rate constants of those 

background processes corresponding to non-catalytic conversions (represented in light grey), 

which are assumed to occur more slowly, take values 1000 times smaller (i.e.,  0.001, with the 

same units as before).  
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In the simplest modelling scenario, although no explicit considerations on the structure and 

dynamics of the compartment were included, a distinction was anyway made between the 

system’s (internal) reaction domain (here considered as a fixed compartmentalized volume) and 

its surrounding environment. The concentrations inside the compartment were always considered 

variable, while the external concentrations of metabolic precursors were assumed as constant (i.e. 

buffered by external chemical sources) and equal to 1 mM throughout all the analyses. 

The rates of exchange (uptake and release) of nutrients and end-products with the surrounding 

environment (through the membrane boundary), qx, as well as the rate constants for the decay of 

the catalysts, i.e. k4, k8 (and k11 in PM2), were modified in order to explore the possible dynamic 

behaviours of the system. Being crucial parameters for the maintenance (or disintegration) of 

these active compartmentalized chemistries, they were consistently varied to assess the 

sensitivity/robustness of both network models (Fig. 2C-D). Steady-state concentration values for 

the different metabolic species were calculated by numerical solution of the set of ODEs 

describing their corresponding time courses. Chemical reaction dynamics were modelled assuming 

mass-action kinetics. 

Permeability constraints 

In the protometabolic models, all the external precursors adopt the form of activated monomers 

(‘one-letter’ species) except for the AC species, which is a more complex nutrient and serves to 

feed the simplest network system, the prototroph PM1. It is reasonable to assume that there is a 

penalty associated to this in the context of compartmentalized chemistries (like the one assumed 

in here): a bulkier precursor should in principle diffuse more slowly through a membranous 

boundary, into the reaction compartment. In consequence, the exchange rates for the A, B, C, D 

and w species were all set equal to each other and changed in concert (across simulations), 

whereas the AC exchange rate was assumed 200 times slower and changed accordingly, 

maintaining this ratio. Such a great difference in the permeation of larger oligomers is consistent 

with experimental observations on the selective permeability of model liposomes6. A related issue 

is the membrane leakiness to the internal metabolic intermediates. As a simplification, in our 

models oligomeric products were assumed to be totally impermeable, so their presence is 

circumscribed to the internal reaction medium. Indeed, in vitro assays demonstrate that lauric 

acid-based lipid vesicles are able to fully retain biopolymers (tRNA) for long periods of time, under 

experimental conditions similar to the ones used in this paper7. Nonetheless, the decay processes 

defined in the models, in principle intended to reflect the chemical lability and limited lifespan of 

the catalysts, could implicitly account also for a certain level of leakiness of the internal metabolic 

species. 

An important first implication of the hindered accessibility of nutrients through the membrane 

compartment is the risk of collapse of encapsulated chemistries that take place too fast (self-

suffocation)5,8. Reaction networks such as the ones analyzed here should occur at a relatively slow 

pace (at least in the range of hours) if they had to develop within prebiotic compartments like 

lauric-acid (LA) vesicles. This can be explained in the light of the steady-state diagrams shown in 

Fig. 2C-D, which are generalized for arbitrary units of time (τ). For example, a time scale of seconds 
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for the internal reactions would mean a requirement for nutrient uptake rates qx > 0.1-1 s-1 in 

order to keep significant metabolite concentrations (Fig. 2C-D), a threshold that is far too high 

compared with the actual permeability values of LA vesicles (≈ 3.1 x 10-5 s-1, according to Table S2). 

Therefore, a time scale of hours for the protometabolic reaction rates was selected for all 

subsequent analyses (except otherwise stated). In terms of the catalyst decay rate constants, a 

value of k4 = k8 = k11 = 0.05 h-1 was generally used in the simulations. As a reference, experimental 

values of the rates of spontaneous hydrolysis of RNA oligomers fall within the same order of 

magnitude9. 

 

Membrane compartment and protocell modeling 

In order to model realistically protocell dynamics, we used the computational platform 

ENVIRONMENT10-12, which has been specifically designed to simulate stochastically the time 

behaviour of chemical systems encapsulated within dynamic lipid compartments. Using this 

simulation tool, a number of structural and dynamic features of the compartments can be 

specified, as summarized below (see also Fig. 2E). These include important physico-chemical 

constraints related with the topology and molecular composition of the enclosing membrane, 

which affect the internal metabolic processes and the overall space-temporal dynamics (for a 

more detailed description of the platform, refer to11. 

 Compartment geometry: The protocell compartment is delimited by a topologically closed 

membrane, a lipid bilayer of thickness λ that consists of a given amount of amphiphilic 

molecules (for cases in which there are only two types: xlμ and xLμ) defining the actual 

surface area of the system Sμ. The protocell internal volume Vin, however, responds to 

osmotic differences between the inner and outer aqueous media, changing in order to re-

establish the isotonic condition at each time step. In the analysis all soluble chemical 

species n (with molecular populations xn) contribute to the osmotic tension. The 

decoupling of Sμ and Vin allows for different protocell shapes during the simulations, 

instead of keeping a perfect spherical geometry all the time (see below). 

   
 

 
                           

      
 
 

        
 

   

The parameters αl and αL refer to the polar head area of the integrating lipid species, l and 

L. We considered values equal to 0.2 nm2 for LA, 0.4 nm2 for GML, and 0.6 nm2 for DLPC, in 

the range of experimental data13. In this study, all simulations started with a single 

spherical protocell of 100 nm diameter (i.e. Sμ = 3.14 x 104 nm2 and Vin = 5.24 x 105 nm3), 

corresponding to a population of 314159 membrane amphiphiles in the case of a pure-LA 

membrane lipid composition (αLA = 0.2 nm2). We also assumed that Vout >> Vin, and Vout was 

actually kept constant (Vout = 5.24 x 108 nm3) in all the simulations. 

 

 Membrane dynamics: Membrane-integrating lipid species, lμ and Lμ, were considered in 

fast dynamic equilibrium with their corresponding monomer forms, dissolved in the 



S6 
 

aqueous medium (lin/lout and Lin/Lout). The processes of membrane lipid uptake and release 

were simulated for each amphiphile species, using as a first approximation the 

experimental values of CVC in the pure-composition systems as an estimate of the 

equilibrium aqueous concentrations of the individual lipids.1 For LA, [laq]eq ≈ 7.95 mM, with 

a value of membrane uptake rate klμ ≈ 7.6 x 103 M-1 nm-2 s-1 and a molecular release 

constant kl ≈ 6.042 s-1, as inferred from11. However, these rates fall too high compared with 

the timescale of the other protocellular processes, so in practice, for most long-term-

behaviour simulations, the lipid exchange parameters were rescaled to lower values (i.e. klμ 

≈ 7.6 M-1 nm-2 h-1; kl ≈ 6.042 x 10-3 h-1), which still ensured a rapid lipid dynamic equilibrium 

and gave similar phenomenological outcomes. 

 

 Molecular permeability across the membrane: Each of the small metabolic species 

(nutrients or side-products) that is assumed to freely diffuse across the membrane (see 

“Permeability constraints” within the “Protometabolic network modelling” section above) 

was assigned a molecular diffusion rate, Dx, that is a function of the membrane lipid 

composition. Experimental values of membrane solute permeability, kx (and Px), were 

translated into molecular diffusion rates, as detailed elsewhere8 (Fig. 1; Table S2), 

considering the approximate liposome sizes and the hypothetical membrane thickness 

(radius r  ≈ 200 nm, λ ≈ 3 nm in all membrane models considered here). The actual curves 

of molecular diffusion (which are dependent on the lipid molar ratio: see Fig. 1B) were 

fitted with exact polynomials of the form ax4 + bx3 + cx2 + dx + e, which were then 

implemented for the simulation of the transport processes in the binary-lipid protocell 

models, except when stated otherwise (a = -1.6, b = 4.2, c = -3.6, d = 1.0, e = 0.0038 (x 108 

dm2 mol-1 s-1) for LA/DLPC; a = 0, b = 2.0, c = -3.6, d = 1.4, e = 0.0038 (x 108 dm2 mol-1 s-1) 

for LA/GML). We thus simply assumed that all small diffusing solutes in the model respond 

in the same way and show permeability properties similar to those displayed by 

carboxyfluoresceine (CF) in the in vitro assays. Regarding the permeability to the AC 

species, the same simplifications (as in previous sections -- see “Permeability constraints”) 

hold. Most simulations were initiated with a pure-l lipid membrane and metabolite 

concentrations at the steady-state levels corresponding to that condition, i.e. Dx = 3.8 x 105 

dm2 mol-1 s-1, for x = A, B, …, w (see Fig. 2C-D as a reference of the steady-state value 

dependence in terms of exchange rates qx ≈ kx). 

 

 Structural stability: The geometrical shape of a protocell defines its structural stability. 

Insofar as a protocell can abandon the spherical shape, considered as the minimum energy 

state, it may adopt swollen or deflated forms. Hence the convenience of defining a stability 

factor, Φ, usually called the ‘reduced surface’, which relates the actual protocell surface 

area Sμ with that of a perfect (theoretical) sphere containing its actual volume Vin: 

                                                           
1
 We are aware, though, that the scenario with a mixture of lipids may be more complicated, with CVC values (and 

membrane lipid exchange rates) that vary nonlinearly with changes in the molar ratios
14

. This is an area that requires 
further exploration in future work. 
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For a spherical cell, Φ = 1. But Φ can adopt different values. If the cell is markedly deflated 

(    
 

), it divides to give two spherical daughter cells of half the actual volume. 

Similarly, if it is excessively swollen, Φ < (1- ε), it suffers an osmotic burst. An (invariant) 

osmotic tolerance of ε = 0.21 was considered in all the simulations11. 

 

Although ENVIRONMENT in principle allows keeping track of the stochastic time evolution of each 

and all of the daughter cells generated upon successive divisions, such a comprehensive 

implementation turns out to be quite time-consuming, computationally speaking. In the current 

work, only a single cell, the “mother-cell” lineage, was therefore followed over time. The protocell 

population behaviour, wherever applicable, was inferred from the time evolution and events 

occurring in this reference cell. Such an approach is suitable insofar as the two generated daughter 

cells are considered statistically identical (i.e., having same state variables). Although one cannot 

account for asynchronous division events, the platform is still able to recapitulate the statistical 

behaviour of the successive division times, by carrying out multiple independent simulations.  

Convergence with the average population behaviour was assured: the models were alternatively 

implemented in MATLAB and analyzed deterministically, giving as an outcome similar time 

courses, both for the size of the cell population, as well as in terms of cellular attributes (data not 

shown). 

 

Considerations about lipid production and the osmotic control on protocell size 

 
Two crucial requisites have to be fulfilled by these protocell systems, if they are to achieve 

stationary reproduction regimes12: they have to ensure (i) a sustained lipid production, and (ii) a 

net accumulation of an osmotically-active species inside the compartment. Regarding the lipid 

production, an internal process of synthesis of a lipid species L was considered in our model, 

catalyzed by the most abundant metabolic intermediate AB (both in the PM1 and the PM2 cases -- 

Fig. S5), from some precursor P, which was available in the environment (Fig. 2E). The external 

concentration of this precursor was fixed ([P]out = 0.5 mM, unless otherwise stated) and P was 

assumed to diffuse through the membrane like any other small precursor (i.e. with the same 

permeability values as explained above). For the production rate constant, kS, was set to 1 mM-1 h-

1. Additionally, a lipid decay process was included in the models to account for the labile nature of 

the internally synthesized (more complex) lipid L, as well as to favor stationary conditions of 

intermediate, heterogeneous lipid compositions (see Fig. 2E). For simplicity, L  2l, with a tunable 

decay rate constant kd that controlled the degree of conversion (relative abundance of both lipids) 

in the membrane composition (Fig. S8). Given the stoichiometry of this reaction and the realistic 

values of the different lipid polar-head areas (αl and αL, as assigned above), someone may argue 

that increased values of kd could lead to a certain delay in the vesicular growth dynamics. 

However, we checked that this is a negligible effect compared with the impact from membrane 

permeability changes, as can be derived from Fig. S8. 
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In terms of the osmotic tension, in addition to all osmotically-active molecules commented so far, 

the presence of a buffering species, B, was included at both sides of the membrane (it was 

considered relatively abundant: [B] in the range of 50 mM). As shown in previous work10,11 and 

confirmed here (data not shown), the inclusion of this chemically inactive osmolite contributes to 

stabilize the compartment by reducing the random osmotic fluctuations and mimics adequately 

the activity of the buffering species, bicine in our case, in the in vitro models. With these 

assumptions, in a first exploratory analysis, we tried models where all metabolic end-products 

consisted of non-active monomers w (as depicted in Fig. 2A-B), a species that would passively 

diffuse out of the compartment. Although these models allowed a transient accumulation of 

species w, the internal levels of the waste product reached equilibrium, since w molecules were 

released to the external medium. It followed that a number of protocell divisions took place, with 

a progressive shrinkage of the protocell sizes, until the full lineage collapsed. Decreasing the 

membrane permeability coefficient of the waste species didn’t solve the problem, but just delayed 

the entry into this ‘deadly’ division regime: the w species evolved to higher equilibrium 

concentration values in the internal medium, after which no “extra” osmotic tension was 

generated (data not shown). In order to circumvent this difficulty, we had to consider at least one 

of the end-products of metabolism as an impermeable species, i.e. a non-active, degraded 

oligomer (in this case acd, derived from ACD). With this setup and under considerations similar to 

those described above, we found conditions for stationary reproduction under a strikingly wide 

range of parameter values with both models, PM1 and PM2 (Fig. S7), suggesting an ample 

robustness of the stationary reproduction regime under these assumptions. 
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Table S1. CVC values obtained for different binary lipid mixtures at 45ᵒC. 

 Lipid molar ratio pH CVC (mM) * 

LA/GML 

1:0 8.00 7.95 ± 0.68 
4:1 8.05 0.29 ± 0.04 
2:1 8.10 0.17 ± 0.01 
1:1 8.70 0.10 ± 0.02 
1:2 9.60 0.07 ± 0.05 

LA/DLPC 

1:0 8.00 7.95 ± 0.68 
3:1 8.00 0.03† 
1:1 8.00 0.02† 
0:1 8.00 0.02† 

* Values from N ≥ 3, presented as mean ± SD. 

† Values coming from a single experiment. 
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Table S2. Permeability coefficients of different mixed-composition lipid vesicles at 45ᵒC. 

Amphiphile 
composition 

Total 
conc. 
(mM) 

pH kx (x10
-5

 s
-1

) * Px (x10
-10

 cm/s) * Dx (x10
5
 dm

2
mol

-1
s

-1
) * 

LA 21 8.00 3.1 (2.5;4.0) 2.1 (1.7;2.7) 3.8 (3.1;4.8) 

LA/LOH 10:1 30 8.50 10.1 (9.3;10.8) 0.8 (0.8;0.9) 1.5 (1.4;1.6) 

OA/GMO 2:1 30 9.10 0.4† 0.03† 0.08† 

LA/GML 1:0 21 8.00 3.1 (2.5;4.0) 2.1 (1.7;2.7) 3.8 (3.1;4.8) 

LA/GML 4:1 17 8.00 134.0 (133.0;141.0) 89.3 (88.7;94.0) 161.4 (160.2;169.8) 

LA/GML 2:1 12 8.00 127.0 (66.6;153.0) 84.7 (44.4;102.0) 153.0 (80.2;184.3) 

LA/GML 1:1 12 8.00 52.8 (47.8;57.7) 35.2 (31.9;38.5) 63.5 (57.6;69.5) 

LA/DLPC 1:0 21 8.00 3.1 (2.5;4.0) 2.1 (1.7;2.7) 3.8 (3.1;4.8) 

LA/DLPC 3:1 10 8.00 75.7 (57.0;84.3) 50.5 (38.0;56.2) 91.2 (68.7;101.5) 

LA/DLPC 1:1 7 8.00 31.6 (24.0;49.5) 21.1 (16.0;33.0) 38.1 (28.9;59.6) 

LA/DLPC 1:3 6 8.00 7.1 (6.6;8.1) 4.7 (4.4;5.4) 8.5 (7.9;9.8) 

LA/DLPC 0:1 3 8.00 10.8 (9.7;12.1) 7.2 (6.5;8.1) 13.0 (11.7;14.6) 

* Values from N ≥ 3, presented as median (quantile 1; quantile 3). 
† Values for the OA/GMO mixture come from a single experiment. 
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Fig. S1. Experimental procedure and validation controls of vesicle formation and solute encapsulation. (A) 

Protocol used for vesicular encapsulation and permeability measurements. pH vesiculation was performed 

at temperatures over 43ᵒC (the melting point of LA) and then suspensions were kept at 45ᵒC, well above 

the transition temperature of LA membrane bilayers (Tm ≈ 32ᵒC), throughout the experiments. (B) 

Epifluorescence micrographs showing LA/GML vesicles (lipid ratio 2:1) after the pH-induced vesiculation 

method (upper panel; membranes stained with the lipophilic dye Nile red) and just after the size-exclusion 

chromatography (middle panel; retained carboxyfluoresceine, CF, in green). Membrane solubilisation with 

Triton-X100 forced the complete homogenization of CF in the sample, with no visible vesicular structures 

(bottom panel). (C) Absorbance pattern of the different elution samples collected from the size-exclusion 

chromatography, confirming the adequate separation of the non-entrapped solute (CF detected at 450 nm: 

black trend; signal at 650 nm – grey trend -- indicates vesicle scattering). Vesicles co-eluted with the first 

peak of CF. (D) Calibration curve of CF fluorescence signal (450 nm), used to convert the time evolution of 

the fluorescence intensity into concentration time courses in the solute-release experiments (notice that CF 

self-quenches over 0.1 mM). (E) CF release curves obtained at 45ᵒC with two representative types of lipid 

vesicles: pure LA vesicles, and LA/GML (2:1) vesicles (that resulted more permeable). 2-3 small aliquots of 

Triton-X100 detergent were eventually added to ensure complete equilibration of CF ([CF]eq value). 
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Fig. S2. Trends of solute retention inside different types of lipid vesicles at 45 ˚C. The percentage of initial 

entrapped carboxyfluoresceine (CF) that remains encapsulated at various incubation times was derived 

from long-duration release assays. A solubilising detergent was used for final equilibration as a reference 

(0% encapsulation). (A) Values obtained with LA (and a 10:1 mixture with the corresponding alcohol) as 

compared to LA/GML vesicles. Higher relative amounts of GML did not yield sufficiently stable vesicles.  (B) 

Values obtained with mixed LA/DLPC vs. pure LA and pure DLPC vesicles. Data shown as mean ± SD (N ≥ 3). 
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Fig. S3. Calculation of the CVC values for two representative lipid systems at 45ᵒC, using the merocyanine-

540 method. The absorbance ratio Abs570 nm / Abs530 nm obtained for different serial dilutions of vesicle 

suspensions made with LA alone (A) or LA/GML in a molar ratio 4:1 (B) is shown. The total lipid 

concentration where the inflexion point was detected was identified as the cvc value -- significantly lower 

in the mixture (LA/GML 4:1) than in the pure LA case. For the complete set of values, see Table S1. 
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Fig. S4. Vesicle aggregation and stabilization as a function of pH and lipid composition. (A) Phase transitions 

revealed by light scattering for diverse aqueous dispersions of LA/GML at different molar ratios (in all cases, 

60 mM total amphiphile concentration; experiments performed at 45ᵒC). The progressive enrichment in 

GML expands the pH range in which vesicle aggregation takes place towards alkaline conditions, as 

indicated by the increased light scattering. (B) Titration curves obtained from the experiments in (A) (non-

buffered conditions). The inflexion point in the purple curve corresponds with the apparent pKa of LA at 

45ᵒC (pKa ≈ 8.00). 
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Fig. S5. Concentration levels of protometabolic intermediates prior to and upon encapsulation inside model 

protocells. Membrane permeability constraints hinder the accessibility of nutrients to the internal aqueous 

medium, leading to a more limited development of the encapsulated proto-metabolisms in comparison to 

free, aqueous-solution conditions (qx → ∞; constant supply of nutrients). Yet, metabolic species persist 

with concentration levels fluctuating around non-null steady-state values. Membrane permeability values 

were assumed to be equal to those described for LA vesicles -- for results with other lipid compositions, 

refer to Fig. 4A-B (note that the “total content” reported in that figure includes the internal concentration 

of precursors, too). (A) Results from the PM1 model. (B) PM2 model. The stochastic probability distribution 

function obtained for each intermediate is shown on the right panel. 
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Fig. S6. Implementation of the lipid composition-dependent membrane permeability for protocell dynamics 

modelling. For validation purposes, the simple scenario of a single-nutrient uptake by empty vesicles of 

different lipid ratios was simulated, considering the empirical non-linear functions of Fig. 1B (main text). (A) 

Influx from a 10 mM stock of solute occurs faster for heterogeneous membranes, both in LA/GML and 

LA/DLPC systems, with equilibration taking place within 1 h. (B) Protocellular changes in a LA/DLPC 3:1 

vesicle following nutrient uptake. As the solute accumulates internally, it osmotically generates an increase 

of the vesicular volume. This leads to a swollen-shaped structure (lower values of parameter Φ) with 

invariant membrane surface area. The relative proportions of both lipid species in the membrane do not 

significantly change (ratio 3:1), and their concentrations in the aqueous medium keep fluctuating around 

equilibrium values related with their corresponding CVC values. 
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Fig. S7. Robustness of the stationary reproduction regime against perturbations on different 

variables/features related to protocell function. (A) The global speed of the internal metabolic processes 

was altered, setting all individual rates to a time scale of (i) weeks, (ii) days, or (iii) hours. (B) Different 

availability conditions (external concentrations) of the lipid precursor P were considered: [P]out = 0.5 (i), 1 

(ii), and 2 (iii) mM. (C) The permeability values to the end-product species (w) were selectively manipulated 

to be equal (i), or 4 (ii), 10 (iii), or 100 (iv) times smaller than those for nutrient species. Only in the latter 

case the massive internal accumulation of w led to an osmotic burst (Φ < 0.79). (D) The physical-chemical 

properties of the internally synthesized lipid species were modifiable, adopting similar features as LA (i), 

GML (ii), or DLPC (iii). The PM2 scheme was considered in all cases. Regardless of the parameter affected, a 

stationary division regime was the normal outcome.   
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Fig. S8. Time evolution of the lipid composition of the membrane with diverse metabolic rates of lipid 

synthesis, and the corresponding protocell-division regimes. (Left) Lipid abundances are shown as the 

membrane relative surface fraction covered by the LA species, χS
l, and by the DLPC species, χS

L (black and 

grey lines, respectively). Simulations were carried out with the PM2 model, varying the value of the 

parameter kd: (A) 0.01, (B) 0.002, (C) 0.0005, (D) 0 h-1. (Right) Simulated protocells undergo multiple cycles 

of division, as reflected in the common jagged pattern shown for the stability parameter Φ over time, with 

differences in the stationary division time (values calculated as mean ± SD from 10 consecutive late 

generations, t > 2000 days). 

 


