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I. Budin, A. Debnath, J. W. Szostak J. Am. Chem. Soc., 2012, 134, 20812-20819
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The growth of large multilamellar fatty acid vesicles fed with fatty acid micelles, in a solution where
solute permeation across the membranes is slow, results in the transformation of initially spherical vesicles

into long thread-like vesicles, a process driven by the transient imbalance between surface area and volume
growth. Modest shear forces are then sufficient to cause the thread-like vesicles to divide into multiple

daughter vesicles without loss of internal contents.

Ting F. Zhu, and Jack W. Szostak J. Am. Chem. Soc., 2009, 131 (15), 5705-5713
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Cycles of vesicle growth and division. (A) Relative surface area after two cycles of addition of 5 equiv of oleate micelles (solid circles) or 5 equiv
of NaOH (open circles) to oleate vesicles, each followed by agitation. Inset micrographs show vesicle shapes at indicated times. Scale bar, 10 � m. (B)
Vesicle shapes during cycles of growth and division in a model prebiotic buffer (0.2 M Na-glycine, pH 8.5, � 1 mM initial oleic acid, vesicles contain 10
mM HPTS for fluorescence imaging). Scale bar, 20 � m.

Ting F. Zhu, and Jack W. Szostak J. Am. Chem. Soc., 2009, 131 (15), 5705-5713



Oleate vesicle pearling and division. 
A. Radical-mediated oxidation of DTT. 
B. An oleate vesicle (containing 2 mM HPTS, in 0.2 M Na-glycinamide,
pH 8.5, 10 mM DTT) 30 min after the addition of five equivalents of oleate
micelles.
C. and D. Under intense illumination (for 2 s and 12 s, respectively),
the long thread-like vesicle went through pearling and division
Scale bar, 10� m.
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T. F. Zhu, K. Adamala, N. Zhang, J. W. Szostak PNAS, 2012, doi:10.1073/pnas.1203212109 
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Oleate vesicle pearling and division with various thiols in the solution.

(A) 3-mercaptopropionic acid. 
(B and C) An oleate vesicle (containing 2 mM HPTS, in 0.2 M Na-bicine, 
pH 8.5, 10 mM 3-mercaptopropionic acid, 30 min after the addition of five 
equivalents of oleatemicelles) went through pearling and division under 
intense illumination (for 3 s and 15 s, respectively).

(D) 3-mercapto-1-propanol. 
(E and F) An oleate vesicle as above but in 50 mM 3-mercapto-1-propanol, 
went through pearling and division under intense illumination (for 2 s and 
10 s, respectively). 

(G) 1-mercapto-2-propanol. 
(H and I) An oleate vesicle as above but in 50 mM 1-mercapto-2-propanol 
went through pearling and division under intense illumination (for 2 s and 9 
s, respectively). 

(J) 3-mercapto-1,2,4-triazole. 
(K and L) An oleate vesicle as above but in 50 mM 3-mercapto-1,2,4-
triazole went through pearling and division under intense illumination (for 3 
s and 13 s, respectively).
Scale bar, 20 � m.

T. F. Zhu, K. Adamala, N. Zhang, J. W. Szostak PNAS, 2012, doi:10.1073/pnas.1203212109 



RNA localization with a model amphipathic, cationic molecule

a) Design of RNA-localizing molecules that include both nonpolar and cationic regions.
b) The change in zeta potential
c) Schematic of the FRET assay used to assess RNA localization to vesicle membranes
d) RNA (5’-FAM-U15 and 5’-FAM-A15) shows increasing localization to POPC membranes 

that contain increased amounts of undecylimidazole.
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Neha P. Kamat, Sylvia Tobe, Ian T. Hill, and Jack W. Szostak Angew. Chem. Int. Ed. 2015, 54, 11735 –11739
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Microscopy of encapsulated RNA localization to POPC membranes with 2-undecylimidazole. Confocal images of 5’-FAM-U15 RNA (green) 
association with giant POPC vesicles membranes in the presence of 2-undecylimidazole. Differential interference contrast (DIC) microscopy 
images are shown for each vesicle. 
a) RNA appears uniformly distributed in the interior of POPC GUVs. 
b) The addition of SUVs containing a rhodamine-labeled lipid (red) leads to SUV aggregation and association with the giant vesicle 

membranes, but RNA (green) remains uniformly encapsulated in the vesicle interior. 
c) The addition of SUVs containing a rhodamine-labeled lipid (red) and 40 mol% 2-undecylimidazole leads to SUV association with vesicle 

membranes and RNA (green) localizes to the vesicle surface. The scale bar is 20 mm.
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Neha P. Kamat, Sylvia Tobe, Ian T. Hill, and Jack W. Szostak Angew. Chem. Int. Ed. 2015, 54, 11735 –11739
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Peptide-induced RNA–membrane association. A FRET assay
reports RNA localization (5’-FAM-U15) to POPC and oleic acid membranes

(7.5 mm) 10 h after the addition of 1 mm of various peptides to
the vesicle solution at pH 8. Data is reported as a percentage change
from control samples that lack peptide. n=4, error bars represent the

standard error of the mean.
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Neha P. Kamat, Sylvia Tobe, Ian T. Hill, and Jack W. Szostak Angew. Chem. Int. Ed. 2015, 54, 11735 –11739



Microscopy of peptide-induced RNA–membrane association.
Confocal images show RNA localization (5’-AlexaFluor647-labeled 

15-mer, cyan) to the outside of oleic acid/POPC (90%/10%) and pure
POPC membranes in the presence of R3F3 and R3W3 peptides.

Control samples had no peptide added. For each image, the left panel
shows the DIC image and the right panel shows AlexaFluor647

fluorescence. The scale bar is 20 mm.

Microscopy of encapsulated RNA localization to POPC
membranes with peptides. Confocal images show that RNA (5’-FAMU15,
green) encapsulated in POPC vesicles (containing a rhodaminelabeled

lipid, red) becomes localized to the membrane of certain
vesicles after an overnight incubation with R3F3 and R3W3 peptides.

The scale bar is 20 mm.
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Neha P. Kamat, Sylvia Tobe, Ian T. Hill, and Jack W. Szostak Angew. Chem. Int. Ed. 2015, 54, 11735 –11739
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M. Powner, J. Sutherland Phil. Trans. R. Soc. B 2011, 366, 2870–2877
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