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An Autocatalytic Reaction Leading to Spontaneously Compound2 was prepared in two steps. Reaction of 1,2-

Assembled Phosphatidyl Nucleoside Giant Vesicles dioleoyl-sn-glycero-3-phosphocoline with uridine in the presence
] o of phospholipases D frorBtreptomycesp. AA 586 as a catalyét,

Andrea Veronese and Pier Luigi Luisi* afforded 1, which was than coupled to 2-hydroxyproprionitrile

Institut fir Polymere, ETH Zentrum using 1-(2-mesitylenesulfonyl)-3-nitro-1,2,4-triazole (MSNT) as
Universitastrasse 6, CH-8092 ‘Zich, Switzerland a coupling reagehto obtain2.5” The 2-cyanoethyl group is a
Receied July 9, 1997 base labile protecting group that can be easily cleaved off via

During the last years we described the self-reproducing A-€limination in mildly basic conditions to release the related
properties of fatty acid micelléand vesicles. Vesicles prepared Phosphate diester in quantitative yiéldlhe idea behind this work
from oleic acid, for example, can catalyze the hydrolysis of the 'S to _perform the cleavage reaction in a mildly baS'C. ammonia
surfactant precursor oleic anhydride. In particular, when a droplet SClution to generate the ammonium salt of surfacta situ
of the water insoluble oleic anhydride is layered on a basic buffer Under the conditions required to promote its spontaneous self-
solution, anhydride hydrolysis is at the beginning very slow, but °rganization into vesicles. . .
as soon as the first oleic acid/oleate vesicles are formed, it sharply 1N€ reaction was started by preparing a two-phase reaction
accelerates and a dramatic increase of the vesicle number iSYStem obtained by layering compouBas a lipid film on the
observed. This is mainly due to the fact that the first vesicles 9125S walls of a reaction vessel and then exposing this film to a
can solubilize the water insoluble precursor, which is then mildly basic ammonium buffer solutich.Under these conditions,

efficiently hydrolyzed by the vesicles themselves, a process which the film gradually disappeared, and in the meantime, the liquid
brings about the formation of more vesicles, in a typical phase became opalescent due to vesicle formation. Isolation of

autocatalytic fashion. the product, followed by TLC and NMR analysis, confirmed that
This kind of work has been until now carried out only with the reaction had taken place as expected, leading to surfactant
formation.

fatty acids via a hydrolysis reactidi. The aim of the present . L .
investigation is to extend the self-replication scheme to different _ The development of the reaction with time was monitored by

chemical reactions and to more complex systems, in particular Measuring the optical density at 500 nm, which reflects the
to phosphatidyl nucleoside vesicular systems. turbidity change of the system caused by vesicle formation, and

Phosphatidyl nucleosides are a class of synthetic surfactantsMasuring simultaneously the amount of surfactarand of

in which a hydrophobic diacylglycerol is linked to a hydrophilic precursor2 released from the film, by means of TLC densitometry
nucleotide. When dispersed in aqueous medium, phosphatidylMeasurements. , - o
nucleosides self-assemble to form liposomes or other supra- 1Ypical reaction profiles are shown in Figure 1. No significant
molecular structures. optical change is noticed for about 2 h, a time interval in which
We now report conditions under which a water-insoluble lipid, N0 trace ofl or of 2 can be detected, in analogy to what already

compound2, can be converted into phosphatidyl nucleoside ~ observed for carboxylates vesicles micellest ,
which spontaneously self-assembles to form vesicles. After this time, however, the optical density of the reaction
mixture increases dramatically (Figure 1a), and in the meantime,

a strong increase df (Figure 1c) an@ (Figure 1b) concentrations
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V\/V\/W\)\ % is observed in the liquid phase. The curve related to the change
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g{ o in turbidity then levels off, and no more changes in optical density
INNNANANANNTL E o can be observed.
le) |

00 The inset of Figure 1 shows that complete conversior2 of
1 NHA() into surfactantl requires several days. The inset shows also that
OHOH the increase in rate reaches a plateau, which corresponds to the
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CN OHoH (6) The reaction conditions were adjusted so that no protection of other

functional groups present on the molecule was necessary. A 10:1 pyridine/

We show that this reaction is autocatalytic, i.e., the surfactant 2-hydroxyproprionitrile mixture, in the presence of an excess of MSNT (4
L . . Lo . equiv), proved to be particularly effective to promote the coupling.
which is generated gives rise to structures which catalyze its own “~ 7y'The new compound was purified by chromatography. Purity and

production. This process, leading to a rapid increase of the vesiclechemical structure were assessed'syNMR, 31 NMR, MS (FAB), and

i i i-TLC.
number, represents the first step toward the design of comparti ®) (a) Blackburn, G. M.. Gait, M. JNucleic Acids in Chemistry and
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lecular recognition and information chemistry. Narang, S. A.; Brousseau, R.; Hsiung, H. M. Michniewicz, JM&thods
Enzymol.198Q 65, 610-620. (c) Bannwarth, W.; Trzeciak, Adelv. Chim.

(1) (&) Bachmann, P. A.; Walde, P.; Luisi, P. L.; LangJJAm. Chem. Acta1987, 70, 175-186. (d) Ji, Y. H.; Bannwarth, W.; Luu, Bletrahedron
So0c.1990 112, 8200-8201. (b) Bachmann, P. A.; Luisi, P. L.; LangNhture 199Q 46, 487-502. (e) Le Bec, C.; Huynh-Dinh, T.etrahedron Lett1991
1992 357, 57-59. 32, 6553-6556.

(2) (a) Walde, P.; Wick, R.; Fresta, M.; Mangone, A.; Luisi, PJLAm. (9) In a typical reaction, the film was prepared dissolving 0.9 mg of
Chem. Soc1994 116, 11649-11654. (b) Wick, R.; Walde, P.; Luisi, P. L. compound in 1.5 mL of CHC} in a cuvette, gently evaporating the solvent
J. Am. Chem. S0d.995 117, 1435-1436. (c) Morigaki, K.; Dallavalle, S.; under reduced pressure, and then leaving the film under high vacuum overnight.
Walde, P.; Colonna, S.; Luisi, P. 0. Am. Chem. S0d.997, 119 292-301. The film-containing vessel was placed in the thermostated cell holder of a

(3) (&) Yanagawa, H.; Ogawa, Y.; Furuta, H.; Tsuno,JX.Am. Chem. UV spectrophotometer and thermostated at@53 mL of NH,Cl 0.1338 M
So0c.1989 111, 4567-4570. (b) Itojyma, Y.; Ogawa, Y.; Tsuno, K.; Hanada, were then added, and the mixture was stirred gently, so that the two phases

N.; Yanagawa, HBiochemistry1992 31, 4757-4765. (c) Bonaccio, S.; remained separated during the reaction.

Walde, P.; Luisi, P. LJ. Phys. Cheml994 98, 6661-6663. (d) Bonaccio, (10) Samples (1QcL) were taken from the mixture during the reaction
S.; Wessicken, M.; Berti, D.; Walde, P.; Luisi, P.langmuir1996 12, 4976~ progress, and layered on a silica TLC plate. The TLC plate was eluted, and
4978. (e) Bonaccio, S.; Capitani, D.; Segre, A. L.; Walde, P.; Luisi, P. L. the UV-active spots relative to compountisand 2 were analyzed with a
Langmuir1997 13, 1952-1956. densitomer.

S0002-7863(97)02278-6 CCC: $15.00 © 1998 American Chemical Society
Published on Web 03/07/1998



Communications to the Editor J. Am. Chem. Soc., Vol. 120, No. 11, 12663

from 1-6 um. Such large vesicular systems, referred in the
literature as “giant vesicles” are at the moment subject of intensive
investigationt?

In fact, very few liposomes are observed by freeze-fracture

EM with dimensions below km. The large size allows one to
15 observe directly under the light microscope the progress of
vesicles formation and the increase of their population number
during the reaction. A statistical analysis was performed on
samples taken from the mixture at different stages of the reaction.
The analysis confirms that the turbidity increase of the liquid
phase is related to the increase of vesicle number (Figure 2). No
vesicles are observed during the first lag-phase. At the end of
the lag phase, paralleling the optical density increase, vesicles
start to appear, and their number then sharply increases. After
05 the optical density has reached its maximum value, the number

and the dimension of the vesicles do not show appreciable

variation and remain stable for at least few weeks.

Both the optical density and the concentration versus time plots

e shown in Figure 1 strongly suggest an autocatalytic mechanism.
42 &5 o0 The main factor for this is most likely the increase of the active

surface: we are dealing in fact with a surface reaction which
) ) ) ] ) leads to the formation of more and more active surface. The
Figure 1. (a) Relative change in optical density measured at 500 nm as ¢jeayage yields surfactahf which organizes itself into bilayers,
afunction of time W), left axis. (b,c) Concentration change of compounds 5 ocess attended by the incorporation of preciscFhe latter
2(®) and1 (O), right axis, observed in a system consisting initially of '\ further and further exposed to the basic aqueous solution.

alipid film of compounc, exposed to a pk+ 9, 0.134 MNHCl aqueous picin v, forms more surfactant and consequently a larger
solution, at 25°C. The concentration of the two compounds was bilayer surface: a typical autocatalytic process

determined as a function of time from samples taken from the aqueous ; ) A A ] .
mixture during the reaction progress. The inset reports the tendency lines  This autocatalytic mechanism is confirmed by the following
referred to the change in optical density andliand2, concentrations observation: if the reaction is started from a lipid mixturelof
observed monitoring the reaction progress for a longer time scale. (d) and2 in different ratios, a progressive shortening of the lag-phase
The time-dependent change in optical density, observed when startingis observed by increasing the relative amountlofAlso, the

from a film mixture of2 and 1 (O), left axis, is also reported. higher thel/2 ratio, the greater the acceleration effect (data not
shown). When the ratio betwedrand? in the film equals 1:5,

the curve shape further changes, no lag-phase is observed, and
vesicles start to appear in solution immediately after the addition
of the buffer (Figure 1d). This is additional evidence that an
autocatalytic process is taking place in the systém.

=20 In conclusion, we have described a chemical reaction which
is capable of yielding a surfactant which spontaneously assembles
and undergoes an autocatalytic self-reproduction process. The
general autocatalytic mechanism appears to be comparable to that
of carboxylic acids;?in the sense that incorporation of the water-
insoluble precursor in the bilayer favors its hydrolysis and that
the velocity of hydrolysis increases with the increasing concentra-
tion of vesicles. Beyond this general analogy, however, the
system described here represents two novels aspects of supra-
00 molecular chemistry of surfactant aggregates: complex vesicular

o 4 s 13 17 systems which possess potentially the information content of

time (hours) nucleic acids can undergo self-reproduction and giant vesicles

can be directly formed in this process.

1004 20

80 ¢

s SR
v oLx W 2] peelil

60+

%A ODSOO nm
‘2] puelt]

40,

0L X N

20 -

T T T
0.0 1.4 2.8
time (hours)

1.0

0.8 4

0.6 4

500nm

oD

04 4

JUNOD BI0ISaA

02 4

Figure 2. Microscopic analysis of samples taken from the reaction
mixture. Change in optical density (continuous line, left axis) and change )
in vesicle number (column bars, right axis) observed in the course the ~Acknowledgment. We are grateful to Nathalie Berclaz for the electron
reaction. The vesicle number was determined by light microscopy analysis Microscopy analysis.
of samples taken from the mixture during the reaction progress. The mean

; . . X ; JA9722786
number of vesicles per micrograph is reported. Five micrographs were
gnalyzed for each sample._For vesicles containing another vesicle in the (12) (a) Ringsdorf, H.; Schlarb, B.; Venzmer, Angew. Chem., Int. Ed.
interior, only the outer vesicle was counted. Engl. 1988 27, 113. (b) Menger, F. M.; Gabrielson, Rngew. Chem1995

107, 2260-2278. (c) Menger, F. M.; Lee, S. langmuir1995 11, 3685~
total conversion of the lipid film into a liposome mixture, and ?ggg'éd%ov\:\ﬂclkdge" Angelova, M. I.; Walde, P Luisi, P. Chem. Biol.
then decreases, probably due to electric repulsive interactions on (13) Note the apparent discrepancy between the notion we are using here
the bilayer surface. (“incorporation of the surfactant monomer into the nascent liposomes”) and
. . . the previous statement, according to which there is no efficient binding of
,Freeze—fraeture ?leCtrO_n mlcr.oscopy (EM,) anaFngd light the surfactant precursor to the liposomes. This is actually an important and
microscopy analysis (Zeiss Axioplan), carried on in the course interesting point in the physical chemistry of liposomes of this kind: POPC
of the reaction progress, clearly show that the turbidity increase liposomes, for example, once formed do not easily bind cosurfactants such as
: : : : o phosphatidyl serine (PS) or dodecyldimethylammonium bromide (DDAB).
IS acc‘?mpa"'_ed by vesicle formatlo_n' Surprlsmgly, aggreg_ate However, both PS and DDAB can easily be incorporated into POPC liposomes
formation is biased toward large multilamellar vesicles, with size during the formation of liposomes. ~ Likewise, phosphatidyl nucleoside
liposomes do not bind the monomeric surfactant precursor once they have
(11) Muler, M.; Meister, N.; Moor, HMikroskopie (Wien}98Q 36, 129— reached their stable energy state, but this compound can easily be taken up
0. by the nascent phosphatidylnucleoside liposomes.
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