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A. Materials and methods 

All commercially available reagents were used as received. Fluorophores 1,6-diphenyl-1,3,5-
hexatriene (DPH) and coumarin153 (C153) were procured from Sigma-Aldrich and Exciton, 
respectively, and were used without further purification. The enzyme potato apyrase (PA) was 
obtained from Sigma Aldrich and used without further purification. In particular, PA was dissolved in 
1.0 mL of mQ-water and divided in 20 working aliquots of 50 μL with a concentration of 100 U/mL 
and preserved at -20 °C.  

The Zn(NO3)2-stock solution was standardized using EDTA following standard procedures. The buffer 
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) was procured from Sigma-Aldrich and 
used without further purification. Both nucleotides (ATP and AMP) were obtained from Sigma-
Aldrich and their stock solutions were prepared both by weight and UV-vis spectroscopy using the 
molar extinction coefficients : ɛ259 (AMP, ATP) = 15400 M-1cm-1. 

UV-visible spectra were measured on a Varian Cary50 spectrophotometer equipped with 
thermostatted multiple cell holders. Fluorescence measurements were performed on a Varian Cary 
Eclipse fluorescence spectrophotometer also equipped with a thermostatted cell holder. Dynamic 
light scattering (DLS) was performed on a Malvern Zetasizer Nano-S instrument. ESI-MS mass spectra 
were obtained with an Agilent Technologies LC/MSD Trap SL mass spectrometer. The high-resolution 
mass spectrum (HR-MS) was recorded on a Mariner Biosystem (API-TOF) mass spectrometer. NMR 
spectra were recorded using a Bruker AV300 spectrometer operating at 300 MHz for 1H and a Bruker 
AV III 500 spectrometer operating at 125.8 MHz for 13C. Multiplicity is given as follow: s = singlet, d = 
doublet, t = triplet, q = quartet, m = multiplet, br = broad peak.  

TEM images were recorded on a Jeol 300 PX electron microscope. First the grid was placed on a drop 
of sample solution for 1 min and then, for staining, it was placed on a drop of either uranyl acetate 
(2 %) or phosphotungstic acid (2 %) solution for 30 s. The solvent was allowed to evaporate before 
imaging of the stained grid. 

The ESEM analysis was carried out using a Quanta 200 (FEI company, Hillsboro, OR, USA) instrument. 
Measurements were collected in high vacuum mode (0.53 torr) with 20 kV of voltage. 

For the cryo-TEM 3 μl of sample were applied to Quantifoil holey carbon grids (copper Multi A, 
Quantifoil Micro Tools GmbH, Jena, Germany). Excess fluid was blotted from the grid for ~2 s 
with Whatman filter paper and then plunge frozen in liquid ethane using a home-made 
plunge freezer to achieve sample vitrification. Frozen samples were stored in liquid nitrogen until 
EM imaging. Vitrified samples were imaged using a CM200 FEG transmission EM (FEI, Eindhoven, the 
Netherlands) operated at 200 keV and equipped with a F224HD 2048x2048 CCD camera (TVIPS 
Gauting, Germany). EM images were acquired at 27,500x magnification (pixel size 0,602 nm), and at 
12-18 μm defocus. 

Confocal images were taken using a laser scanning confocal microscope (BX51WI-FV300-Olympus) 
coupled to a frequency doubled Ti:Sapphire femtosecond laser at 400 nm, 76 MHz (VerdiV5-
Mira900-F Coherent). The laser beam was scanned on a 40x40 μm sample area with a 512x512 
resolution, using a 60x water immersion objective (UPLSAPO60xW-Olympus). For fluorescence 
correlation spectroscopy and fluorescence lifetime experiments, the emission signal was sent to two 
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single-photon counting avalanche photodiodes (SPAD, MPD, Italy) and registered with PicoHarp 300 
TCSPC electronics (PicoQuant). The fitting of exponential decay curve and FCS data were performed 
with the Symphotime software (PicoQuant). 

The UPLC/MS analyses were performed using an Agilent 1290 Infinity UPLC, equipped with a diode 
array detector (DAD), (λdet = 336 nm and 420 nm) and connected to an ESI-MS detector. Conditions: 
Flow rate: 0.8 ml/min, Gradient: 5-95 %B (A: H2O, B: ACN) in 0 to 5 min; 95-100 % B in 5 to 5.25 min; 
100 % B from 5.25 to 10.25 min; 100-5 % B in 10.25 to 11.25 min; and finally 5% B from 11.25 to 
12.25 min.  Column: Agilent RRHD Zorbax Eclipse Plus C18 (2.1x50mm 1.8 micron).  
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B. Synthesis and characterization of the surfactant C16TACN 

Di-tert-butyl 1,4,7-triazanonane-1,4-dicarboxylate (A) was synthesized according to a literature 
protocol (G. Pieters, A. Cazzolaro, R. Bonomi, L. J. Prins, Chem. Commun. 48, 1916 (2012)). 
Compound A (0.30 g, 0.9mmol) and C16H33Br (0.33g, 1.07mmol) were added to a suspension of K2CO3 

(0.38g, 2.7mmol) and NaHCO3 (0.23g, 2.7mmol) in MeCN (10 mL). The suspension was stirred at 60°C 
for 3 h, after which it was filtered over gooch. After evaporation under reduced pressure the crude 
product was purified by flash chromatography (silica gel, eluent: 3% CH2Cl2/MeOH) yielding product 
B as a faintly yellow, sticky oil (0.45 g, ~75 % yield). All product (0.45 g) was solubilized in MeOH 
(about 5 mL) and a concentrated HCl-solution (6 N, 5 mL) was added. The mixture was stirred for 4 h 
at 60 °C after which the solvent was evaporated under reduced pressure with a rotary evaporator. 
The product was then dried to completeness under high vacuum yielding product C16TACN (0.28 g) 
as an off-white solid in a near quantitative yield for the last step. 

 

 

 

Characterization of the surfactant (C16TACN): 

1H NMR: (δ ppm, CD3OD, 298K, 300 MHz): 3.55 (s, 4H), 3.34 (m, 4H), 3.10 (m, 4H), 2.85 (m, 2H), 1.64 
(m, 2H), 1.28 (br, 26H),0.90 (t, J = 6.6 Hz, 3H). 

13C NMR: (δ ppm, CD3OD, 298K, 125 MHz): 55.8, 47.1, 43.2, 42.1, 31.6, 29.3, 29.1, 29.0, 26.9, 24.2, 
22.3, 13.1. 

ESI-MS (ESI+, H2O:CH3CN = 1:1). [M+H]+: found: 354.3824; calcd: 354.3848; [M+2H]2+: found: 
177.6949; calcd: 177.6963. 

The NMR (1H, 13C) and ESI-MS spectra are shown below (Supplementary Figs. 1-3). 

 

© 2016 Macmillan Publishers Limited. All rights reserved. 
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Supplementary Figure 1. 1H NMR spectrum of C16TACN (CD3OD, 300 MHz). 

 

© 2016 Macmillan Publishers Limited. All rights reserved. 
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Supplementary Figure 2. 13C NMR spectrum of C16TACN (CD3OD, 125 MHz). 

© 2016 Macmillan Publishers Limited. All rights reserved. 
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Supplementary Figure 3. ESI-MS (ESI+, H2O:CH3CN = 1:1) spectrum of C16TACN. 
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C. Determination of the critical aggregation concentration (cac) of the metallo-surfactant 
C16TACN·Zn2+ 

 

Supplementary Figure 4. Determination of the cac of surfactant C16TACN·Zn2+ by fluorescence. a, 
Fluorescence intensity at 428 nm (a.u.) as a function of the amount of the surfactant added to an 
aqueous buffer solution containing DPH (final concentration = 2.5M); b, determination of the CMC 
via extrapolation of the linear part of the titration curve. Experimental conditions: [HEPES] = 5mM, 
pH 7.0, T = 25 °C, Excitation wavelength = 355 nm, Slit width (ex/em) = 5/10 nm. 

 

 

 

Supplementary Figure 5. Determination of the cac of surfactant C16TACN·Zn2+by UV-vis 
spectroscopy. a, UV-vis spectra of DPH as a function of the surfactant (C16TACN·Zn2+) concentration 
in aqueous HEPES buffer (5 mM, pH 7.0). b, Determination of CMC by extrapolation of the ratio of 
absorbance at 377 and 401 nm. 
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D. ATP-assisted vesicle formation and characterizaton 

Effect of ATP addition: spectrophotometric study 

In addition to the experiments described in the manuscript, the stabilizing effect of ATP on 
aggregate formation was studied by titrating increasing amounts of ATP to a constant concentration 
of C16TACN·Zn2+. Aggregate formation was measured both by fluorescence and absorbance and from 
the results a molar ratio of ∼1:3 between ATP and surfactants in the aggregates was determined. 

a) Fluorimetric study 

An immediate increase in the fluorescence intensity originating from DPH was observed upon the 
addition of ATP to surfactant (C16TACN·Zn2+), independent of the fact whether the surfactant 
concentration was below (Supplementary Fig. 6a) or above (Supplementary Fig. 6b) the cac (∼100 
μM). In all cases an increment was observed only until a ∼1:3 molar ratio of ATP and the surfactant 
was reached, after which further additions of ATP caused a slight decrease in the FI. Even at 
surfactant concentration that were one order of magnitude below the cac (10 and 25 μM), an 
increase in fluorescent intensity was observed until ATP-concentrations of 3 and 8 μM, respectively, 
were reached (Supplementary Fig. 6a). At surfactant concentrations above the cac (at 200 μM of the 
surfactant), an increase in fluoroscence intensity was observed until 70 μM of ATP was reached 
(Supplementary Fig. 6b). In this case, a significant fluorescence intensity was also observed in the 
absence of ATP, because above the cac the surfactant is already aggregated in micelles that are able 
to solubilize DPH. However, in all cases the addition of ATP beyond a 1:3 ratio of ATP:surfactant 
caused a slight decrease in the fluorescence intensity. This is caused by a slow aggregation of the 
aggregates resulting in initial hazing of the solution followed by the formation of precipitate after ∼1 
hr. It is noted that this occured only for ratios of ATP:surfactant higher than 1:3. The high stability of  
vesicles up with a 1:3 ratio of ATP:C16TACN·Zn2+ emerged from the observation of near constant 
absorbance values over prolonged periods (>10 hours) (Supplementary Fig. 17). 

 

Supplementary Figure 6. Fluorescent study of aggregate formation as a function of ATP 
concentration at constant surfactant concentrations. Fluorescence intensity at 428 nm (a.u.) as a 
function of the amount of the ATP added to aqueous buffer solutions of surfactant a, (10 and 25 
μM) and b, 200 μM containing also DPH (2.5M). Experimental conditions: [HEPES] = 5 mM, pH 7.0, 
T = 25 °C, Excitation wavelength = 355 nm, Slit width (ex/em) = 5/10 nm. 
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b) UV-vis study 

A repetition of the same experiment using UV-vis spectroscopy showed that the increase in 
absorbance originating from the solubilization of DPH was overwhelmed by an increase in turbidity 
upon aggregate formation. Turbidity refers to a wavelength independent reduction in transmittance 
because of scattering by large aggregates. The increase in turbidity was quantified by measuring the 
absorbance at 401 nm (at which none of the compounds absorb) as a function of the concentration 
of ATP. At surfactant concentrations of 25 and 200 μM (below and above the cac, respectively) an 
increase in turbidity was observed until ATP-concentrations of 8 and 70 μM were reached 
(Supplementary Fig. 7). At higher ATP-concentrations a decrease in turbidity was observed, 
accompanied by the slow formation of precipitate. 

 

Supplementary Figure 7. UV-vis study of aggregate formation as a function of ATP at constant 
surfactant concentrations. a, UV-vis spectra a function of the concentration of ATP at a constant 
surfactant (C16TACN·Zn2+) concentration (25 μM, below cac), b,  Turbidity measured at 401 nm as a 
function of ATP concentration; c, UV-vis spectra as a function of the concentration of ATP at a 
constant surfactant (C16TACN·Zn2+) concentration (200 μM, above cac) , d, Turbidity measured at 401 
nm as a function of the concentration of ATP at a 200 μM concentration of surfactant. Experimental 
conditions: HEPES (5 mM, pH 7.0), [DPH] = 2.5 μM, T = 37 °C. 
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Kinetics of vesicle formation 

The kinetics of vesicle formation was studied in more detail by measuring the increase in DPH-
fluorescence intensity in time upon the addition of ATP (10 μM) to an aqueous buffered solution of 
surfactant C16TACN·Zn2+ (25 μM) in the presence of DPH (2.5 M). The kinetics show that a virtually 
constant end value was obtained after around 100 s. 

 

Supplementary Figure 8. Kinetics of vesicle formation induced by ATP. Fluorescence intensity at 
428 nm (a.u.) as a function of time upon the addition of ATP (10 μM) to an aqueous buffered 
solution of surfactant C16TACN·Zn2+ (25 μM) containing DPH (2.5 M). Experimental conditions: 
HEPES (5 mM, pH 7.0), T = 37 °C. 
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ATP-assisted encapsulation of water-soluble dye Rhodamine 6G 

Evidence supporting the presence of an aqueous interior in the ATP-induced aggregates (and thus 
their vesicular structure) was obtained by encapsulation studies of the cationic water-soluble dye 
Rhodamine 6G (Rh6G). ATP was added at three different concentrations (10, 12.5 and 15 μM) to a 
solution of surfactant C16TACN·Zn2+ (50 μM, i.e. below the cmc) and Rhodamine 6G (1 μM). After an 
incubation period of 5 minutes, the samples were centrifuged for 45 minutes at 14000 rpm, resulting 
in a precipitation of the vesicles (in the absence of ATP precipitation of C16TACN·Zn2+ was never 
observed independent of whether the concentration was below or above the cac). The absorption 
spectrum of the supernatant was measured in order to quantify the amount of remaining dye in 
solution. It was observed that upon increasing the concentration of ATP, the remaining amount of 
Rh6G in the supernatant decreased. This indicated an uptake of the dye by the aggregates. The use 
of a cationic dye excluded that this was simply a result of electrostatic interactions with the 
(positively charged) surfactant. The same results were obtained for uptake studies performed at 
surfactant concentrations above the cac (200 μM) using ATP-concentrations of 45, 50, and 55 μM, 
respectively.The decrease in Rh6G concentration was  in the order of 50-90 nM in case 50 μM of 
surfactant were used and 80-140 nM in the case 200 μM of surfactant was used. 

 

Supplementary Figure 9. Encapsulation of the Rh6G dye by vesicles. a, UV-vis spectra of the 
supernatant of a centrifuged solution having an initial surfactant concentration of 50 μM (below cac) 
and ATP concentrations of 0, 10, 12.5 and 15 μM, respectively. b, Decrease in Rh6G concentration in 
the supernatant as a function of the concentration of ATP; c, UV-vis spectra of the supernatant of a 
centrifuged solution with an initial surfactant concentration of 200 μM (above cac) and ATP 
concentrations of 0, 45, 50 and 55 μM, respectively. d, Decrease in Rh6G concentration in the 
supernatant as a function of the concentration of ATP. Experimental conditions: HEPES (5 mM, pH 
7.0), [Rh6G] = 1 μM, centrifugation speed = 14000 rpm, centrifugation time = 45 min. 
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Additional TEM images of the vesicles 

 
 

Supplementary Figure 10. Additional TEM images of the vesicles.a-b, C16TACN·Zn2+ (25μM, below 
cac) and ATP (6 μM), c, C16TACN·Zn2+ (200 μM, above cac) and 50 μM ATP (50μM); d-e, C16TACN·Zn2+ 

(25 μM, below cac) and ATP (7 μM), f, C16TACN·Zn2+ (200 μM, above cac) and ATP (60 μM). Staining 
was performed using 2% uranyl acetate (a-c) or 2% phosphotungstic acid (d-f). 
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Additional cryo-TEM images of the vesicles 

 
 

Supplementary Figure 11. Additional cryo-TEM images of the vesicles. a, C16TACN·Zn2+ (25 μM, 
below cac) and ATP (6 μM) scale bar = 50 nm. b, C16TACN·Zn2+ (200 μM, above cac) and ATP (50 μM) 
scale bar = 50 nm. c-d, C16TACN·Zn2+ (300 μM, above cac) and ATP (70 μM), scale bars of images c 
and d are 200 nm and 80 nm, respectively). 
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ESEM images of the vesicles 

 

Supplementary Figure 12. E-SEM images of the vesicles. a, C16TACN·Zn2+ (200 μM, above cac) and 
ATP (60 μM), b, C16TACN·Zn2+ (300 μM, above cac) and ATP (100 μM). 
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Fluorescence measurements using the C153 fluorophore 

For lifetime measurements, diffusion coefficients (measured by fluorescence correlation 
spectroscopy) and confocal imaging of the vesicles the water-insoluble fluorophore coumarin C153 
was used, because it can be excited with the available 400 nm pulsed laser. Prior control 
experiments showed that C153 was able to report on aggregate formation similar as DPH although 
less pronounced. Micelle formation by the surfactant resulted in a solubilization of the dye in the 
hydrophobic interior of the micelle.  In the presence of ATP (10 or 20 μM) similar effects as observed 
during the DPH-experiments (Fig. 2b in the manuscript) were observed. A sharp increase in the FI 
was observed until a ∼1:3 molar ratio of ATP:surfactant was reached, after which the FI remained 
constant before resuming to increase again at higher surfactant concentrations. 

 

 

Supplementary Figure 13. Fluorescence properties of the C153 probe. Fluorescence intensity at 520 
nm as a function of the amount of the C16TACN·Zn2+ added to an aqueous buffer solution of ATP (0, 
10 or 20 μM) in the presence of C153 as the fluorescence probe (final concentration = 2.5 M). 
Excitation wavelength = 430 nm, Fluorescence slit width = 5, 10 nm. 
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Lifetime(τ) of the C153 probe in the formed vesicle   

Before analysis of the fluorescence lifetime (τ) of C153 embedded in vesicles, the τ (ns) of C153 was 
measured in solutions with different methanol/water ratios. The excitation of C153 was at 400nm, 
while the emission was collected in the range 500-550 nm. In all experiments the decay curves were 
fitted with a mono-exponential fitting model.  
The C153 lifetime gradually decreased from 4.16 ± 0.02 ns to 1.88 ± 0.02 ns changing the solvent 
from pure methanol to water, following a linear regression curve: FL (ns) =0.0225× %MeOH + 1.880 
(Supplementary Fig. 14). This behavior reflects the increased polarity of solvent molecules in the 
surroundings of C153 fluorophore and shows that the C153 lifetime is sensitive to the polarity of the 
surrounding medium. 
 

 
 
Supplementary Figure 14. Fluorescence lifetime (ns) of C153 in different MeOH/water ratios. 
 
The fluorescence decay curves of C153 embedded in micelles or vesicles are calculated considering 
only emission signals above a threshold value (typically 100 Kcounts/s), in order to reduce the 
contribution of free C153 (Supplementary Table 1). The average FL are reported in the following 
table; the errors are calculated as the semi-difference between maximum and minimum values of six 
independent measurements. 
 
Supplementary Table 1. Lifetime,τ, (ns) of C153a in absence and presence of ATP at different 
surfactant concentration. 
 

C16TACN·Zn2+ (μM) ATP (μM) τ (ns) 

- - 1.88 ± 0.02 

25 - 2.01 ± 0.01 

25 6 3.03 ± 0.26 
 

a[C153] = 500 nM 
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The presence of 25 μM of C16TACN·Zn2+ (below the cac) to a solution of C153 (500 nM) did not 
significantly affect the fluorescence lifetime of the probe. However, the addition of ATP (6 μM) 
caused an increase from 2.01 (± 0.01) to 3.03 (± 0.26) ns, indicating that under these new conditions 
the probe is localized in a more hydrophobic environment (see Supplementary Fig. 14). This is 
consistent with the ATP-induced formation of vesicles with a bilayer membrane.  
 

Diffusion coefficient of C153 probe in the vesicles 

Supplementary Table 2. Diffusion coefficient, D (μm2 s-1) of C153a in absence and presence ATP (50 
μM) at surfactant concentration (200 μM) and also the hydrodynamic radius (Rh, nm) aggregates. 
 

 

a [C153] = 500 nM, [HEPES] = 5 mM, pH 7 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

C16TACN·Zn2+ (μM) ATP (μM) D (μm2 s-1) Rh (nm) 

 200 - 28.2 ± 6.5 7.9 ± 1.6 

200 50 6.0 ± 2.3 40± 17 
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DLS study in presence of AMP + Pi 

In DLS, the hydrodynamic diameter of the aggregates in presence of AMP + Pi (the hydrolysed 
products of ATP by the enzyme, potato apyrase) was found to be 14 ± 4 nm. The mixture contains 
C16TACN·Zn2+ (100 μM) and AMP (30 μM) + Pi (60 μM). 

 

Supplementary Figure 15. Hydrodynamic diameter of the aggregates in the presence of AMP (30 
μM) + Pi (60 μM) having measured by dynamic light scattering (DLS) in aqueous buffer solution. 
Experimental condition: [C16TACN·Zn2++ = 100 μM, HEPES buffer (5 mM, pH 7). 

 

Thermodynamic model T 

A thermodynamic model T was developed to fit the experimental data presented in Figure 1b.  The 
model takes into account the following equilibria (1+ 2) 

 

Micelle formation by C16TACN·Zn2+ (S) is described by the self-association of two surfactant 
molecules defined by a binding constant Kmic. Clearly, this is an approximation since the valency of 
the micelles is much higher. Nonetheless, for the purpose of describing the experimental 
observation the valency of the micelles is not relevant. Vesicle formation by ATP is a result of 
complex formation between n surfactant molecules and ATP (equation 2). Parameter n is not 
defined a priori and will result from fitting the experimental data. The concentrations of micelles and 
vesicles determines how much of the probe DPH is solubilized and, thus, the intensity of the 
fluorescent signal. In the model, this has been accounted for by correlated the fluorescent output 
signal (FI) to the concentrations of SMIC and SVES (equation 3).  
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The model was implemented in Micromath Scientist for Windows, version 2.01. 
 
// MicroMath Scientist Model File 
IndVars: S0 
DepVars: FI, S, SMIC, SVES, ATP, STOT 
Params: KMIC, KVES, N, X, Y, ATP0 
//equilibria 
SMIC=KMIC*S^2 
SVES=KVES*S^N*ATP 
//mass balances 
S=S0-2*SMIC-N*SVES 
ATP=ATP0-SVES 
//output signal 
FI=X*SMIC+Y*SVES 
//control 
STOT=2*SMIC+N*SVES+S 
// 
0<S<S0 
0<ATP<ATP0 
*** 
 
Initially, the data in the absence of ATP (Fig.1b, [ATP] = 0) were fitted in order to obtain a value for 
KMIC (1.5±0.3x103 M-1) and X (7.3±0.6x106). Subsequent fitting of the curves obtained in the presence 
of ATP resulted in two important features. First, vesicle formation induced by ATP occurred under 
saturation conditions (KVES> 1x1020 M-3). This is also evident from the experimental data itself as 
vesicle formation stops rather abruptly upon reaching a well-defined ratio S:ATP. Second, a constant 
ratio of 2.5 ± 0.2 was determined for S:ATP in the vesicles. The values for all parameters are listed in 
Supplementary Table 3. 
 
Supplementary Table 3. Parameters obtained from fitting the data in Figure 1b to model T. 
 [ATP]0 (μM) 

0 5 10 20 50 
Kmic (M-1) (1.5±0.3)x103 (1.5±0.3)x103 (1.5±0.3)x103 (1.5±0.3)x103 (1.5±0.3)x103 
Kves (M-2.5) N/A 1x1020 1x1020 1x1020 1x1020 

N N/A 2.6 ± 0.3 2.6 ± 0.3 2.5 ± 0.2 2.5 ± 0.3 
X (7.3±0.6)x106 (6.5±0.1)x106 (4.8±0.2)x106 (3.1±0.3)x106 (2.2±0.3)x106 
Y N/A (2.3±0.1)x107 (1.9±0.1)x107 (1.9±0.1)x107 (1.7±0.3)x107 
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E. Transient self-assembly of vesicles 

Control experiments in presence of Ca2+ 

For the transient formation of vesicles we have used enzyme potato apyrase because it rapidly 
hydrolyses ATP into AMP and 2Pi (orthophosphate). Since the enzyme requires the presence of Ca2+-
ions to be active, we repeated the titrations reported in Fig. 1b in the presence of Ca2+ (250 μM, 
added as the CaCl2 salt) (a: no additives, b: ATP (10 μM), c: AMP (10 μM)+ Pi (20 μM)). Hardly any 
differences were observed between the response curves in the presence and absence of Ca2+ at 250 
μM. 

 

Supplementary Figure 16. Effect of Ca2+ on ATP-induced vesicle formation. Fluorescence intensity at 
428 nm as a function of the amount of C16TACN·Zn2+ added to an aqueous buffer solution containing 
either Ca2+ (0.25 mM), and ATP (10 μM) or Ca2+ (0.25 mM) and AMP (10μM) + Pi (20 μM) in the 
presence of DPH (2.5 M). Excitation wavelength = 355 nm, Fluorescence slit width = 5, 10 nm. 
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Stability study 

The presence of Ca2+ ion also did not affect the stability of the vesicles. A small decrease (10%) in the 
absorbance value at 401 nm was observed after 10 h, indicating that no or little precipitation had 
occurred in this time interval and concentrations:  [C16TACN·Zn2+] = 20 μM, [ATP] = 6 μM, [CaCl2] = 
0.25 mM. 

 

 

 

 

 

 

 

 

Supplementary Figure 17. Stability of the ATP-induced vesicles in the presence of Ca2+. Turbidity at 
401 nm as a function of time upon the addition of ATP (6 μM) to a buffered solution of C16TACN·Zn2+ 
(20 μM) in the presence of Ca2+ (0.25 mM)  and DPH (2.5 μM) Inset: the first few minutes of the plot 
in order to show the time at which  ATP was added (2 min). Experimental conditions: [HEPES] = 5 
mM, pH 7.0, T = 37°C. 

Formation and disruption study of the vesicles studied by turbidity 

We have also followed the transient formation of vesicles by monitoring the fast appearance and 
slow disappearance of the turbidity (Supplementary Fig. 18). UV-vis measurements showed a rapid 
increase in turbidity (at 401 nm) upon the addition of ATP (6 μM) to a solution containing 
C16TACN·Zn2+ (20 μM), potato apyrase (0.6 U mL-1) and DPH (2.5 μM) followed by a net decrease. 
Two additional cycles were performed (Supplementary Fig. 18). 
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Supplementary Figure 18. Transient vesicle formation measured by turbidity. Change in the 
turbidity (at 401 nm) as a function time upon periodic additions of ATP (6 μM) to a solution of 
surfactant (20 M), DPH (2.5M) and enzyme potato apyrase (0.6 U/mL). Experimental condition: 
HEPES (5 mM, pH 7.0), [C16TACN·Zn2+] = 20 μM, [ATP] = 6 μM, [Ca2+] = 0.25 mM, T = 37 °C. 

DLS study 

DLS measurements were performed to confirm that ATP hydrolysis by the enzyme potato apyrase 
indeed leads to a destruction of the vesicles. DLS measurements performed 45 minutes after adding 
potato apyrase to a solution of ATP-stabilized vesicles (red, without enzyme) showed the presence 
of small aggregates with a hydrodynamic radius similar to that observed for the same amount of 
surfactant in the presence of AMP + 2Pi (Supplementary Fig. 19). Experimental conditions are in the 
caption of Supplementary Figure 19. 

 

Supplementary Figure 19. Potato apyrase induced degradation of ATP-stabilized vesicles measured 
by DLS. DLS measurements of solutions of surfactant (100 μM) and ATP (20μM) in the presence and 
absence of potato apyrase (1 U ml-1). The DLS measurement of a solution containing surfactant (100 
μM), AMP (20μM) + Pi (40 μM) and potato apyrase (1 U ml-1) is added as comparison. Experimental 
conditions: [C16TACN·Zn2+] = 100 μM, HEPES buffer (5 mM, pH 7), *Ca2+] = 0.25 mM. 
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Fluorescence confocal microscopy studies 

Fluorescence confocal images were collected ofan aqueous buffered solution containing 
C16TACN·Zn2+ (20, 50 or 200μM), Potato apyrase (0.75, 1 or 2 unit/mL), Ca2+(250 μM) in the presence 
of C153 (1 μM). The sample was kept inside a perfusion chamber and after about 1 minute a solution 
containing ATP (final concentration of 8 μM, 15 μM and 50 μM, respectively) was rapidly injected 
into the chamber by a hamilton syringe. The dynamics of vesicle formation and degradation was 
followed by collecting a time-series of images at the confocal microscope with temporal intervals of 
5 or 20s. Fluorescence images were analyzed with ImageJ-Fiji software in order to count the particle 
numbers in each image and also to make a video from the time-series. For the particle count routine 
we considered only particles with an area larger than 15 px^2. The video of confocal images and the 
graph reporting the time evolution of the particle numbers were animated with Motion software 
(see supplementary video 1 and 2). 

 

 

Supplementary Figure 20. Confocal images over time showing the appearance of disappearance of 
fluorophore bound vesicles. Experimental details: C16TACN·Zn2+ (50 μM), C153 (0.5 μM), potato 
apyrase (0.75 U ml-1) and ATP (15 μM), [HEPES] = 5 mM, pH 7, [Ca2+]= 250 μM. The results of a 
similar experiment under these conditions (up till 400 s) with proper graphical synchronization with 
number of vesicles formation and degradation as function of time is given in supplementary video 2.  

 

 

Supplementary Figure 21. Confocal images over time showing the appearance of disappearance of 
fluorophore bound vesicles. The images corresponds to a, before addition of ATP; b, 2 min after 
addition of ATP (60 μM) and c, 20 min after addition of ATP. Experimental details: C16TACN·Zn2+ (200 
μM), ATP (60 μM), C153 (0.5 μM), potato apyrase (1.0 U ml-1), [HEPES] = 5 mM, pH 7, [Ca2+]= 250 
μM.  
 
 
 
 
 

a b c 
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Particle count analysis 
 
The time-series stack has been analyzed using different parameters to extract the particle count 
from each image. In particular, the background threshold level has been set to 20-25-35 (for 8-bit 
images) and the minimum object dimension has been set to 10-15-20 pixel2. The results are reported 
in the following graphs. 

The analysis has been similarly performed for the time-series stack collected without the ATP 
addition (control experiment); the ctrl particle counts are averaged and reported in the legend for 
each analysis set-up. The gray area in each graph represents the distribution of control particle 
counts.  

Discarding the data set at the lowest threshold and size, the amplitude of the second peak is 
approximately 50% of the first peak one. More remarkably, for all analysis configurations, the 
amplitude of the second peak is 4-6 times higher than the corresponding control mean value, 
confirming the relevance of such signature with respect to the background noise. 
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Supplementary Figure 22. Statistical analysis of the images obtained by confocal fluorescence 
microscopy (supplementary video 1). 
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Decay curves 

The experiments described in Figure 2a were performed in triplo. For each enzyme concentration 
the individual traces are given below in Supplementary Figure 23-26. The solid lines represent the 
best fit to model K1. 

 

Supplementary Figure 23. Fluorescent intensity at 428 nm as a function of time upon the addition of 
ATP (3 μM) to C16TACN·Zn2+ (10 μM) and DPH (2.5 μM) in the absence of potato apyrase. 
Experimental conditions: HEPES buffer (5 mM, pH 7.0); [Ca2+] = 0.25 mM. 
 

 

Supplementary Figure 24. Fluorescent intensity at 428 nm as a function of time upon the addition of 
ATP (3 μM) to C16TACN·Zn2+ (10 μM) and DPH (2.5 μM) in the presence of potato apyrase at 0.02 
U.ml-1. Experimental conditions: HEPES buffer (5 mM, pH 7.0); [Ca2+] = 0.25 mM. 

 

Supplementary Figure 25. Fluorescent intensity at 428 nm as a function of time upon the addition of 
ATP (3 μM) to C16TACN·Zn2+ (10 μM) and DPH (2.5 μM) in the presence of potato apyrase at 0.05 
U.ml-1. Experimental conditions: HEPES buffer (5 mM, pH 7.0); [Ca2+] = 0.25 mM. 
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Supplementary Figure 26. Fluorescent intensity at 428 nm as a function of time upon the addition of 
ATP (3 μM) to C16TACN·Zn2+ (10 μM) and DPH (2.5 μM) in the presence of potato apyrase at 0.15 
U.ml-1. Experimental conditions: HEPES buffer (5 mM, pH 7.0); [Ca2+] = 0.25 mM. 
 

Kinetic model K1 

Kinetic model K1 was developed to fit the decay curves described in Figure 2a and Supplementary  
Figures 23-26. 

 

Supplementary Figure 27. Overview of the kinetic steps implemented in model K1. 

 

The model takes into account the reversible formation of a vesicle from surfactant S and ATP 
(ka,ves/kd,ves) (Supplementary Figure 27). A 2.5:1 stoichiometry between S and ATP is imposed based 
on the fits obtained using thermodynamic model T. Since the experiments are performed below the 
cac, the self-association of S into micelles was not taken into account. The hydrolysis of ATP occurs 
through enzymatic catalysis and involves the initial reversible formation of the ATP·enzyme complex 
(ka,e/kd,e). This is followed by ATP hydrolysis (kcat) which also restores the enzyme. 

The model was implemented in Micromath Scientist for Windows, version 2.01. 

 
// MicroMath Scientist Model File 
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IndVars: T 
DepVars: FI, S, SVES, ATP, E, EATP, STOT 
Params: kaves, kdves, kae, kde, kcat, X, S0, ATP0, E0 
//kinetics 
SVES'=kaves*S^2.5*ATP-kdves*SVES 
S'=-kaves*S^2.5*ATP+kdves*SVES 
ATP'=-kaves*S^2.5*ATP+kdves*SVES-kae*E*ATP+kde*EATP 
E'=-kae*E*ATP+kde*EATP+kcat*EATP 
EATP'=kae*E*ATP-kde*EATP-kcat*EATP 
//output signal 
FI=X*SVES 
//control 
STOT=S+SVES 
//initial conditions 
T=0 
SVES=0 
S=S0 
ATP=ATP0 
E=E0 
EATP=0 
*** 
For all equilibria we assumed that the dissociation steps (kd,ves andkd,e) were rate determining. 
Consequently, we imposed high values for ka,ves and ka,e (1x1013 and 1x109, respectively). Initially the 
experiments in the absence of enzyme (E0 = 0) were fitted in order to determine kd,ves 
(Supplementary Figure 23). The results are given in Supplementary Table 4. The high error in kd,ves is 
a consequence of the fact that equilibrium is reached very fast. Nonetheless, the successive fitting of 
the curves in the presence of enzyme showed that this value had little influence on the parameters 
kd,e and kcat. 
 
Supplementary Table 4. Parameters obtained from fitting the data in Supplementary Figure 23 to 
model K1. 

 Measurement 
1 2 3 average 

ka,ves(M-2.5 s-1) 
fixed 

1x1013 1x1013 1x1013 - 

kd,ves(s-1) 0.66±0.18 0.13±0.08 1.02±0.26 0.61±0.45 
ka,e(M-1s-1) N/A N/A N/A - 
kd,e(s-1) N/A N/A N/A - 
kcat(s-1) N/A N/A N/A - 
X (1.55±0.1)x107 (1.26±0.1)x107 (1.90±0.2)x107 (1.57±0.3)x107 
[S]0(M) 
(fixed) 

10x10-6 10x10-6 10x10-6 - 

[ATP]0 (M) 
(fixed) 

3x10-6 3x10-6 3x10-6 - 

[E]0 (M) 
(fixed) 

N/A N/A N/A - 
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Next, the decay curve in the presence of the highest concentration of enzyme was fitted 
(Supplementary Figure 26). The observed full decay under these conditions provides the most 
precise access to the parameters kd,e and kcat. The initial enzyme concentration was set to an 
arbitrary value of 1 μM (0.15 unit/mL). 
 
Supplementary Table 5. Parameters obtained from fitting the data in Supplementary Figure 26 to 
model K1. 

 Measurement 
1 2 3 average 

ka,ves(M-2.5 s-1) 
(fixed) 

1x1013 1x1013 1x1013 - 

kd,ves(s-1) 
(fixed) 

0.61 0.61 0.61 - 

ka,e(M-1s-1) 
(fixed) 

1x109 1x109 1x109 - 

kd,e (s-1) 198±112 99±53 1391±853 562±393 
kcat(s-1) 0.38±0.11 0.22±0.05 0.91±0.44 0.50±0.36 
X (1.68±0.1)x107 (1.65±0.1)x107 (1.58±0.2)x107 (1.64±0.2)x107 
[S]0(M) 
(fixed) 

10x10-6 10x10-6 10x10-6 - 

[ATP]0 (M) 
(fixed) 

3x10-6 3x10-6 3x10-6 - 

[E]0(M) 
(fixed) 

1x10-6 1x10-6 1x10-6 - 

 
In order to determine the effect of the enzyme concentration on the decay rate the remaining two 
curves (enzyme concentrations: 0.05 and 0.02 unit/mL) were fitted fixing all parameters apart from 
the enzyme concentration [E]0. 
 
Supplementary Table 6. Parameters obtained from fitting the data in Supplementary Figure 25 to 
model K1. 
 

 Measurement 
1 2 3 average 

ka,ves(M-2.5 s-1) 
(fixed) 

1x1013 1x1013 1x1013 - 

kd,ves(s-1) 
(fixed) 

0.61 0.61 0.61 - 

ka,e(M-1 s-1) 
(fixed) 

1x109 1x109 1x109 - 

kd,e(s-1) 
(fixed) 

562 562 562 - 

kcat (s-1) 
(fixed) 

0.50 0.50 0.50 - 

X (1.44±0.1)x107 (1.46±0.1)x107 (1.52±0.2)x107 (1.48±0.2)x107 
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[S]0 (M) 
(fixed) 

10x10-6 10x10-6 10x10-6 - 

[ATP]0 (M) 
(fixed) 

3x10-6 3x10-6 3x10-6 - 

[E]0 (M) (2.53±0.1)x10-7 (2.53±0.1)x10-7 (2.16±0.1)x10-7 (2.41±0.2)x10-7 
 
Supplementary Table 7. Parameters obtained from fitting the data in Supplementary Figure 24 to 
model K1. 

 Measurement 
1 2 3 average 

ka,ves(M-2.5 s-1) 
(fixed) 

1x1013 1x1013 1x1013 - 

kd,ves (s-1) 
(fixed) 

0.61 0.61 0.61 - 

ka,e(M-1 s-1) 
(fixed) 

1x109 1x109 1x109 - 

kd,e(s-1) 
(fixed) 

562 562 562 - 

kcat(s-1) 
(fixed) 

0.50 0.50 0.50 - 

X (1.43±0.1)x107 (1.64±0.2)x107 (1.64±0.1)x107 (1.57±0.2)x107 
[S]0(M) 
(fixed) 

10x10-6 10x10-6 10x10-6 - 

[ATP]0 (M) 
(fixed) 

3x10-6 3x10-6 3x10-6 - 

[E]0 (M) (0.90±0.1)x10-7 (1.15±0.1)x10-7 (1.82±0.1)x10-7 (1.29±0.2)x10-7 
 
In conclusion, as shown in Supplementary Figures 23-26 the calculated best fits to the experimental 
data show that the kinetic model K1 gives a valid description of the key kinetic processes involved in 
the dissipative self-assembly process. This despite the fact that certain events are ignored (e.g. 
interaction of the ATP-degradation products with the surfactant). In addition, a comparison of the 
experimental and calculated enzyme concentrations indicate that the model also quantitative 
describes the correlation between enzyme concentration and life time of the vesicles 
(Supplementary Table 8).   
 
Supplementary Table 8. Comparison between the experimental enzyme concentrations and those 
obtained by fitting the decay curves to model K1. 
 

 experimental calculated 
[E]0 (units/mL) [E]0 (relative) [E]0 (M) [E]0 (relative) 

1 0.15 1 1x10-6 1 
2 0.05 0.33 2.41x10-7 0.24 
3 0.02 0.13 1.29x10-7 0.13 

 
Based on the average values we then calculated extended decay curves in order to determine the 
lifetime of the vesicles as a function of enzyme concentrations. These curves are given in 
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Supplementary Figure 28a indicating for each curve the time required to cause a 50% decrease in 
fluorescence intensity. A plot of this time as a function of the normalized enzyme concentration is 
given in Supplementary Figure 28b. 
 

 
Supplementary Figure 28. a, Calculated decay curves using model K1 for each enzyme concentration 
using the parameters obtained from fitting the experimental decay curves depicted in Figures S23-
26. The black squares indicate the point at which the fluorescence intensity has dropped to 50% of 
the value in the absence of enzyme. b, Plot of the vesicle half-life as a function of enzyme 
concentration 
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F. Product formation in an aromatic nucleophilic substitution reaction as a function of ATP and the 
lifetime of the vesicle 
 
Synthesis of compound NBD-SC8 (for analytical reference purposes) 
 

 
 
 
NBD-Cl (30 mg,0.15 mmol) and octanethiol (C8-SH) (30.1 mg, 0.21 mmol) were mixed in DCM (~50 
ml) and stirred overnight at room temperature. Then the solvent was evaporated under reduced 
pressure and the crude product was purified by flash chromatography (silica gel, eluent: 5% 
CH2Cl2/MeOH). Compound NBD-SC8 (36 mg, 78%) was obtained as a dark yellow solid. 
 
Characterization of compound (NBD-SC8) (see also Supplementary Fig. 29-30) 

1H NMR: (δ ppm, CDCl3, 298K, 300 MHz): 8.41-8.38 (d, 1H), 7.15-7.13 (d, 1H),3.28-3.23 (t, 2H),1.87-
1.82 (m, 2H), 1.53 (m, 2H), 1.28 (br, 8H),0.88 (t, 3H).  

ESI-MS: m/z for [M+H+]  310.12 (calculated), 310.2 (found).  

See also supplementary Fig. 31 and 32 for the UV-vis spectrum and UPLC chromatogram of the 
compound.  
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Supplementary Figure 29. 1H NMR spectra of the compound NBD-SC8 (CDCl3, 300 MHz). 
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Supplementary Figure 30. ESI-MS spectra of the compound NBD-SC8 (ESI-MS+, Solvent: 50% 
(CH3CN+0.1% HCOOH) and 50% (H2O+0.1% HCOOH).  

 
Supplementary Figure 31. UV-vis spectra of the compound NBD-SC8 (1.5 μM) in HEPES buffer (pH 7, 
5 mM). 3 μL of the stock solution of the compound (in CH3CN, 500 μM) was added to an aqueous 
buffered solution (HEPES, 5 mM, pH 7) of 1 mL to reach a final concentration of 1.5 μM. 
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Supplementary Figure 32. UPLC chromatogram of the synthesized compound NBD-SC8 (1 μM) 
monitored at 420 nm. Retention time: 4.46 min. 2 μL of the stock solution of the compound (in 
CH3CN, 500 μM) was added to an aqueous buffered solution (HEPES, 5 mM, pH 7) of 1 
mL.Conditions: Flow rate: 0.8 ml/min, Gradient: 5-95 %B (A: H2O, B: ACN) in 0 to 5 min; 95-100 % B 
in 5 to 5.25 min; 100 % B from 5.25 to 10.25 min; 100-5 % B in 10.25 to 11.25 min; and finally 5% B 
from 11.25 to 12.25 min. Column: Agilent RRHD Zorbax Eclipse Plus C18 (2.1x50mm, 1.8 micron). 
 
 
UPLC-calibration curve of NBD-SC8 
A calibration plot was prepared by plotting the area of the NBD-SC8 peak as a function of the 
concentration of injected pure NBD-SC8 (0 – 1.25 μM). This calibration curve was used to calculate 
the yield of the reaction between NBD-Cl and C8-SH in the vesicles (Supplementary Fig. 33). 
 
 

 
Supplementary Figure 33. Linear calibration curve of the area of the NBD-SC8 peak at different 
concentrations of NBD-SC8 (0-1.25μM). Experimental conditions: *HEPES+ = 5mM, pH 7.0; λdet = 420 
nm. 
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Representative UPLC chromatograms of the reaction kinetics 
 
All experiments reported in Figs. 3b and 3d were performed in duplo. Below in Supplementary Fig. 
34 and 35 are two representative set of UPLC chromatograms used to calculate the area and 
corresponding yield (%) of the product. 
 
Representative set of UPLC chromatograms of aliquots taken at different times (2-30 min) from the 
reaction mixture prepared by mixing C16TACN·Zn2+ (30 μM), NBD-Cl (1 μM), C8-SH (1.4 μM) in the 
absence and presence of ATP (5.5 μM) (Supplementary Fig. 34). 
 
 

 
 
Supplementary Figure 34. a, UPLC chromatogram of the reaction mixture containing [C16TACN·Zn2+] 
= 30 μM, [NBD-Cl] = 1 μM, [C8-SH] = 1.4 μM without ATP after 2, 10, 20 and 30 min of the reaction in 
a representative set of experiment. Experimental conditions: [HEPES] = 5 mM, pH 7.0; [Ca2+] = 0.25 
mM, λdet = 420 nm. b, UPLC chromatogram of the reaction mixture containing [C16TACN·Zn2+] = 30 
μM, [NBD-Cl] = 1 μM, [C8-SH] = 1.4 μM with [ATP] = 5.5 μM after 2, 10, 20 and 30 min of the reaction 
in a representative set of experiment. Experimental conditions: [HEPES] = 5mM, pH 7.0; [Ca2+] = 0.25 
mM, λdet = 420 nm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

b a 
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Representative set of UPLC chromatograms of aliquots taken after 30 min from the same reaction 
mixture as used above but in the presence of different amounts of ATP (Fig. 35a). Representative set 
of UPLC chromatograms of aliquots taken after 30 min from the same reaction mixture as used 
above but in the presence of a constant concentration of ATP (5.5 μM)and different amounts of 
potato apyrase (0, 0.2, 0.5, and 0.8 U mL-1, Fig. 35b). 
 

 
 
Supplementary Figure 35. a, UPLC chromatogram of the reaction mixture containing [C16TACN·Zn2+] 
= 30 μM, [NBD-Cl] = 1 μM, [C8-SH] = 1.4 μM and different amounts of ATP (0, 2.5, 4 or 5.5 μM) after 
30 min of the reaction in a representative set of experiments. Experimental condition: [HEPES] = 5 
mM, pH 7.0; [Ca2+] = 0.25 mM, λdet = 420 nm. b, UPLC chromatogram of the reaction mixture 
containing [C16TACN·Zn2+] = 30 μM,  fixed [ATP] = 5.5 μM, [NBD-Cl] = 1 μM, [C8-SH] = 1.4 μM and 
different amounts of potato apyrase (0, 0.2, 0.5, and 0.8 U mL-1) after 30 min of the reaction in a 
representative set of experiment. Experimental condition: [HEPES] = 10 mM, pH 7.0; [Ca2+] = 0.25 
mM, λdet = 420 nm. 
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DLS study under reaction conditions 

We have also performed a DLS-experiment under the reaction conditionsin order to ensure that the 
presence of the reactants did not affect the ability of ATP to induce vesicle formation. The 
measurements showed no change in the hydrodynamic diameter of the vesicular aggregates under 
the experimental condition compared to the same solution in the absence of reactants 
(Supplementary Fig. 36). 

 
Supplementary Figure 36. Hydrodynamic diameter of the aggregates in presence of ATP (5.5 μM) 
and in absence and presence of reactants [NBD-Cl+ = 1 μM and *C8-SH+ = 1.4 μM measured by 
dynamic light scattering (DLS). Experimental condition: [C16TACN·Zn2++ = 30 μM, HEPES buffer (5 mM, 
pH 7), [Ca2+] = 0.25 mM. 
 
 
A control experiment in presence of ATP (5.5 μM)and Ca2+(250 μM) only in aqueous buffered 
medium (HEPES, 5 mM, pH 7) has been performed to determine the effect of these constituents on 
product formation. The yield of the product in this time interval (30 min) is similar to the one that 
was determined when only buffer was present.  
 

 
Supplementary Figure 37. Yield (%) of the NBD-SC8 product as a function of time in the absence and 
presence of ATP (5.5 μM) in a solution containing aqueous buffer (HEPES, 5 mM, pH = 7), the 
reactants [NBD-Cl+ = 1μM, *C8-SH+ = 1.4 μM. 
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We have also performed a control experiment to show the NBD-Cl does not reacting with potato 
apyrase our experimental conditions (supplementary Fig. 38). The reaction mixture showed identical 
peak area over a range of time (2-43 min), which is exactly the peak of only NBD-Cl without enzyme. 
This excludes the possibility that the lower yield of reaction product in presence of apyrase is not 
due to a side reaction between NBD-Cl and enzyme.  

 
Supplementary Figure 38. UPLC chromatogram of the reaction mixture containing [NBD-Cl] = 1 μM, 
[Pot. apyrase] = 0.8 U mL-1 at different time (2-43 min). Experimental condition: [HEPES] = 5 mM, pH 
7.0; [Ca2+] = 0.25 mM; [ATP] = 5.5 μM; λdet = 336 nm. 
 
Kinetic model K2 
Kinetic model K2 was developed to simulate product formation through a bimolecular reaction in 
transient vesicles. An overview of the kinetic steps taken into consideration are shown in Figure 3b. 
ATP-induced vesicle formation and enzymatic hydrolysis of ATP are treated as in model K1. A 2.5 
stoichiometry between S and ATP in the vesicles was imposed based on the fits of the fluorescence 
titrations using model T. Values for the rate constants were set to those obtained from fitting the 
decay curves depicted in Figure 2a (only the value for kcat was increased from 0.5 to 10 in the second 
series of simulations). In addition to model K1, model K2 contains additional equilibria between 
reactants R and product P and the vesicles (defined by the association rate constants ka,rand ka,p and 
dissociation rate constants kd,r and kd,p, respectively). It is assumed that reactants C8-SH and NBD-Cl 
behave identical and, consequently, are treated as a single species R. A bimolecular reaction 
between 2 molecules of R to give P (with rate constant k2) takes place only in the vesicle; a 
background reaction is absent. Finally, product inhibition (see Supplementary Figs. 39 and 40) is 
imposed by assuming a much lower dissociation rate constant for product P from the vesicle as 
compared to reactant R (kd,p = 0.1,  kd,r = 1000). The parameters used for the simulations depicted in 
Figures 3g-j) are given in Supplementary Tables 9 and 10. The model was implemented in Micromath 
Scientist for Windows, version 2.01. 

// MicroMath Scientist Model File 
// many thanks to Feike de Jong for teaching me Scientist 
IndVars: T 
DepVars: SVESP, P, PTOT, R, S, SVES, SVESR, ATP, E, EATP, STOT, RTOT, ETOT 
Params: kaves, kdves, kar, kdr, kap, kdp, kae, kde, kcat, k2, S0, ATP0, R0, E0 
//kinetics 
SVES'=kaves*S^2.5*ATP-kdves*SVES-kar*SVES*R+kdr*SVESR-kap*SVES*P+kdp*SVESP 
S'=-kaves*S^2.5*ATP+kdves*SVES 
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ATP'=-kaves*S^2.5*ATP+kdves*SVES-kae*ATP*E+kde*EATP 
EATP'=kae*E*ATP-kde*EATP-kcat*EATP 
E'=-kae*ATP*E+kde*EATP+kcat*EATP 
R'=-kar*SVES*R+kdr*SVESR 
P'=-kap*SVES*P+kdp*SVESP 
SVESR'=kar*R*SVES-kdr*SVESR-k2*SVESR^2 
SVESP'=k2*SVESR^2-kdp*SVESP+kap*SVES*P 
//controls 
STOT=S+SVES+SVESR+SVESP 
RTOT=R+SVESR+SVESP+P 
ETOT=E+EATP 
PTOT=SVESP+P 
//initial conditions 
T=0 
SVES=0 
SVESR=0 
SVESP=0 
S=S0 
P=0 
ATP=ATP0 
R=R0 
E=E0 
EATP=0 
*** 
 
Supplementary Table 9. Parameters imposed for the ATP-dependent product formation (Figure 3g). 
 

Parameter value 
ka,ves(M-2.5s-1 ) 1x1013 
kd,ves(s-1 ) 0.61 
ka,r(M-1s-1 ) 1x109 

kd,r(s-1 ) 1000 
ka,p(M-1s-1 ) 1x109 

kd,p(s-1 ) 0.1 
ka,e (M-1s-1 ) - 
kd,e(s-1 ) - 
kcat(s-1 ) - 
k2 (M-1s-1 ) 1000000 
S0 (M) 30x10-6 

ATP0 (M) variable (0 - 5x10-6) 
R0(M) 2x10-6 

E0(M) - 
 
Supplementary Table 10. Parameters imposed for the enzyme-dependent product formation (Figure 
3i) 

Parameter value 
ka,ves(M-2.5s-1 ) 1x1013 
kd,ves(s-1 ) 0.61 
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ka,r(M-1s-1 ) 1x109 

kd,r(s-1 ) 1000 
ka,p(M-1s-1 ) 1x109 

kd,p(s-1 ) 0.1 
ka,e (M-1s-1 ) 1x109 
kd,e(s-1 ) 562.8 
kcat(s-1 ) 10 
k2 (M-1s-1 ) 1000000 
S0 (M) 30x10-6 

ATP0 (M) 1.5x10-6 
R0(M) 2x10-6 

E0(M) variable (0-5x10-6) 
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Product inhibition  

Under the eperimental condition, surfactant [C16TACN·Zn2+] (30 μM), ATP (5.5 μM) and reactants 
NBD-Cl (1 μM) and C8-SH (1.4 μM)+, the maximum yield of the product is 24 ± 2 % (corresponding to 
0.24 ± 0.02 μM of NBD-SC8). In order to show that the system suffers from product inhibition, we 
have performed an experiment in which is the system is pre-incubated with the product (NBD-SC8) 
before a new batch of reactants (NBD-Cl, C8-SH) and ATP is added. Further product formation was 
monitored in time (2-30 min). In the presence of 0.2 and 0.3 μM NBD-SC8, the maximum yield of 
new product was just 7.8 % (0.078 μM of NBD-SC8) and 4.6 % (0.046 μM of NBD-SC8), respectively, 
after 30 min. In the control experiment, that is, in the absence of inhibiting product, the amount of 
product was 0.22 μM of NBD-SC8 corresponding to the (expected) yield of 22.1 % yield 
(Supplementary Figures 39 & 40). Considering that the product was added at a lower concentration 
compared to the reactants, these experiments demonstrate that the product has a much higher 
affinity for the vesicles compared to the reactants. This indirectly suggests that the product (NBD-
SC8) has the propensity to remain in the bilayer, thus preventing further uptake of the reactants.       

 

Supplementary Figure 39. Yield (%) of the NBD-SC8 product as a function of time at different initial 
concentrations of the product itself (0 – 0.3 μM) at a fixed ATP concentration (5.5 μM) in a solution 
containing C16TACN·Zn2+ (30 μM) and the reactants NBD-Cl (1μM) and C8-SH (1.4 μM). Experimental 
condition: HEPES buffer (5 mM, pH 7), [Ca2+] = 0.25 mM. In the presence of initial amounts of 
product, the additional amount of NBD-SC8 formed was calculated by subtracting the initial amount 
of product present (see Supplementary Figure 40). 
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Supplementary Figure 40.  UPLC chromatograms after 2, 16 and 30 min of the reaction mixture 
containing [C16TACN·Zn2+] = 30 μM, [NBD-Cl] = 1 μM, [C8-SH] = 1.4 μM, [ATP+ = 5.5 μM (added last in 
each case) in the presence of a) 0.2 μM; b) 0.3 μM and c) 0 μM of NBD-SC8. Experimental conditions: 
[HEPES] = 5 mM, pH 7.0; [Ca2+] = 0.25 mM, λdet = 420 nm. The retention time of the product peak 
slightly differs from those in Supplementary Figure 35, because instrument maintenance had 
occurred within the 4 months that separated these experiments.  

 

 

 

 

 

© 2016 Macmillan Publishers Limited. All rights reserved. 

 



NATURE CHEMISTRY | www.nature.com/naturechemistry 45

SUPPLEMENTARY INFORMATIONDOI: 10.1038/NCHEM.2511

S45 
 

G. Movie Caption 
 
Supplementary Movie 1.  
 
Formation and disruption of vesicles at 25 μM concentration of C16TACN·Zn2+(two cycles). 
 
This movie shows the formation of vesicles (as fluorescence dots) after addition of ATP. The 
fluorescence dots arise due to encapsulation of the hydrophobic probe (C153) in the hydrophobic 
bilayer region of the vesicles, which causes an increase in intensity of multiple orders of magnitude. 
Formation of the vesicles started immediately after adding ATP and continued for around 90-100 
sec. Then the fluorescence dots started to disappear slowly (for the next ~6 min) because the in situ 
hydrolysis of ATP resulted in dissociation of the vesicles. Next, ATP was added again to re-initiate the 
same cycle. A synchronized guideline regarding the number of fluorescence dots as a function of 
timeis also provided in the video.  Conditions: HEPES buffer (5 mM, pH 7), [C16TACN·Zn2+] = 25 μM, 
[ATP] = 8 μM, [C153] = 0.5 μM, [Potato apyrase] = 0.75 U mL-1. Movie 1 is captured by confocal laser 
scanning microscopy at 1 frame per 5 sec. Total experiment time is 600 sec. 
 
 
Supplementary Movie 2.  
 
Formation and disruption of vesicles at 50 μM concentration of C16TACN·Zn2+ (one cycle). 
 
This movie visualizes the same experiment as described above, but performed at higher 
concentrations of C16TACN·Zn2+ and ATP. It shows the formation of vesicles (as fluorescence dots) 
after addition of ATP due to vesicle formation. Formation of the vesicles started immediately after 
adding ATP and continued for around 60-80 sec. Then the fluorescence dots started to disappear 
slowly (for the next ~4 min) because the in situ hydrolysis of ATP caused the dissociation of the 
vesicles. A synchronized guideline regarding the number of fluorescence dots as a function of time is 
also provided in the video.  Conditions: [C16TACN·Zn2+] = 50 μM, [ATP] = 8 μM, [C153] = 0.5 μM, 
[Potato apyrase] = 1 U mL-1, HEPES buffer (5 mM, pH 7). Movie 2 is captured by confocal laser 
scanning microscopy at 1 frame per 20 sec. Total experiment time 400 s. 
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