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Compartmentalization is one of the key steps in the
volution of cellular structures and, so far, only few at-
empts have been made to model this kind of “compart-
entalized chemistry” using liposomes. The present
ork shows that even such complex reactions as the

ibosomal synthesis of polypeptides can be carried out
n liposomes. A method is described for incorporating
nto 1-palmitoyl-2-oleoyl-sn-3-phosphocholine (POPC) li-
osomes the ribosomal complex together with the other
omponents necessary for protein expression. Synthesis
f poly(Phe) in the liposomes is monitored by trichloro-
cetic acid of the 14C-labelled products. Control experi-
ents carried out in the absence of one of the ribosomal

ubunits show by contrast no significant polypeptide
xpression. This methodology opens up the possibility of
sing liposomes as minimal cell bioreactors with grow-

ng degree of synthetic complexity, which may be rele-
ant for the field of origin of life as well as for biotech-
ological applications. © 1999 Academic Press

One interesting question within the field of the ori-
in of life is connected with the notion of “minimal cell”,
.e., the most ancient and simplest form of cell struc-
ure. This should be one in which gene expression
s limited to the components sufficient for self-

aintenance and eventually reproduction. In order to
onceive an experimental approach to the minimal cell
e need first to consider a closed, membrane-like mi-

roreactor. Liposomes have long been considered as
ossible shell precursors for protocells (1–5), and re-
ently it has been shown that they can sustain molec-
lar biology reactions, including the replication of RNA
olecules by Qb replicase in oleic acid/oleate vesicles

6) and the polymerase chain reaction in phospholipid
iposomes (7). Protein biosynthesis is the obvious next
tep, and one which entails also interesting challenges
n the field of the liposome research. In fact this in-
olves the entrapment of the large ribosomal subunits
nto the restricted compartment of a single liposome, as

1 To whom correspondence should be addressed.
238006-291X/99 $30.00
opyright © 1999 by Academic Press
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n a strongly lipidic environment. In this work, we
escribe a first successful attempt to carry out protein
xpression in liposomes from 1-palmitoyl-2-oleoyl-sn-
lycero-3-phosphocholine, limited to the very simple
ase of the synthesis of a polypeptide, i.e. poly(Phe),
sing polyuridylate as the RNA messenger. This work
pens up the possibility of using liposomes as minimal
ell bioreactors with growing degree of genetic com-
lexity, thus getting close to the reconstitution of a
inimal cell.

ATERIALS AND METHODS

aterials

50 S and 30 S ribosomal subunits and the S100 supernatant (freed
f tRNA molecules) were prepared as described earlier (8–10)
RNAPhe was purchased from Biogenes (Berlin, Germany), phenylal-
nine, didodecyldimethylammonium bromide, spermine, and sper-
idine were purchased from Fluka (Buchs, Switzerland), [14C][phe-

ylalanine was obtained from Amersham (Buckinghamshire, UK).
oly(U), pyruvate kinase, and phosphoenolpyruvate were obtained

rom Boehringer (Mannheim, Germany), POPC was purchased from
vanti Polar Lipids Inc. (Birmingham, AL, USA), ATP and GTP
ere obtained from Pharmacia (Uppsala, Sweden).

ethods
Preparation and poly(Phe) synthesis in POPC liposomes. A lipidic

lm of POPC was dispersed in a buffer solution containing 30 mM
epes (pH 7.6), 6.75 mM Mg(OAc)2, 316 mM NH4Cl, 7.4 mM
-mercaptoethanol, 3.4 mM ATP, 113 mM GTP, 113 mM spermine,
.5 mM spermidine, 11.3 mM phosphoenolpyruvate, 15 mg/ml
oly(U), 11.7 OD260/ml tRNAPhe, 75 mM Phe containing 430 nCi

14C]Phe so that the POPC concentration was 100 mM and treated by
vortex for 1 min. The resulting dispersion was centrifuged for 1 min
nd treated by freezing in liquid nitrogen and thawing at 37°C for 7
imes. Afterwards this POPC suspension (167 ml) was diluted to 66.7
M by addition of a solution containing pyruvate kinase (final con-

entration of 300 mg/ml), 30 ml of a 100000 3 g supernatant and the
ibosomal subunits 30 S and 50 S were added (resulting in a final
oncentration of 715 nM S 50 and 1.4 mM S 30, respectively), before
hree additional freeze/thaw cycles were carried out. All the follow-
ng procedures were carried out at 5°C to avoid any protein synthesis
utside the liposomes. The suspension was briefly extruded through
wo stacked filters with pores of 400 nm in diameter (using a Liposo-
ast and filters from Avestin, Ottawa, Canada) and EDTA was added
final concentration was 35 mM). At appropriate time points 10-20 ml
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liquots were withdrawn and the macromolecules were precipitated
n 500 ml ice-cold trichloroacetic acid (TCA, 10% w/w) solution. For
he determination of the TCA-precipitable counts per minute, the
esulting precipitate was filtrated through a glass filter and the
adioactivity was determined by b-scintillation counting.

Control experiments were done in the same way as described
bove except that the ribosomal S 50 subunit was omitted.

Poly(Phe) synthesis in aqueous solution in the presence or in the
bsence of liposomes. All reagents were mixed at the same concen-
rations as indicated above after dilution of the liposomal suspension
xcept tRNAPhe for which 2.6 OD260/ml were taken. To avoid dramatic
smotic effects, the liposomes were prepared in an aqueous solution
ontaining all reagents except the ribosomal subunits and the S100
upernatant.

ESULTS AND DISCUSSION

Several components must be present within the
ame liposome compartment in order to have a success-
ul protein biosynthesis: the entire ribosomal structure
the complex of the two subunits 30 S and 50 S), a
essenger RNA, which in our case is a commercially

vailable poly(U), the tRNAPhe
, the phenylalanyl-tRNA

ynthetase, the elongation factors EF-Tu, EF-G, EF-
s, and, of course, the substrate phenylalanine (or

14C]phenylalanine).
The strategy of choice was to form the liposomes in

he presence of a solution containing all components
equired for protein biosynthesis in two steps (8–10).
he entire procedure is schematized in Fig. 1. First, a
olution without enzymes (containing 30 mM Hepes
pH 7.6), 6.75 mM Mg(OAc)2, 316 mM NH4Cl, 7.4 mM
-mercaptoethanol, 3.4 mM ATP, 113 mM GTP, 113
M spermine, 4.5 mM spermidine, 11.3 mM phos-
hoenolpyruvate, 15 mg/ml poly(U), 11.7 OD260/ml

FIG. 1. Schematic cartoon illustrating the experimental str
239
RNAPhe, 75 mM phenylalanine with 430 nCi [14C]Phe)
as prepared, which was added to a 1-palmitoyl-2-
leoyl-sn-glycero-3-phosphocholine (POPC) film and
ortexed for one minute in order to induce liposome
ormation. The resulting suspension (POPC concentra-
ion of 100 mM) was then subjected to seven freeze/
haw cycles (freezing in liquid nitrogen, thawing at
7°C) in order to increase the entrapment yields. In the
econd step, to this liposomal suspension a solution
ontaining all proteins required for protein biosynthe-
is (715 nM 50 S and 1.4 mM 30 S ribosomal subunits,
1.5 ml of 100000 3 g supernatant enzymes freed from
RNAs, and 300 mg/ml pyruvate kinase) was added and
nother three freeze/thaw cycles were performed. Af-
erwards the suspension was extruded through one
lter with pores of 400 nm in diameter. These proce-
ures had to be carried out below 5°C to avoid any
oly(Phe) synthesis outside the liposomes. After the
xtrusion step, excess ethylenediaminetetraacetate
EDTA, final concentration was 35 mM) was added to
he bulk solution containing the liposomes in order to
nhibit the poly(Phe) synthesis outside the liposomes.
o test the synthesis of poly(Phe), aliquots were with-
rawn at indicated time (zero time is the time after
xtrusion and addition of EDTA) and the reaction was
topped by cold trichloroacetic acid (TCA) precipita-
ion. It should be noted that this TCA procedure de-
troys the liposomes and this allows one to analytically
etermine their contents. For the determination of the
CA-precipitable counts per minute, the resulting pre-
ipitates were filtrated through a glass filter and the
adioactivity was determined by b-scintillation counting.

gy for carrying out poly(Phe) synthesis in POPC liposomes.
ate
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Since TCA precipitates the aminoacylated tRNAPhe

s well as the newly synthesized product poly(Phe),
ontrol experiments were carried out in which the 50 S
ibosomal subunit was omitted. This control experi-
ent should allow a discrimination between TCA pre-

ipitable counts coming from phenylalanyl-tRNAPhe

ith respect to poly(Phe) and phenylalanyl-tRNAPhe

lone. In fact, the results show that a significant
oly(Phe) synthesis outside the liposomes can be ex-
luded because there is no difference at zero time be-
ween the entire mixture containing both ribosomal
ubunits 30 S and 50 S and the mixture containing
nly 30 S (see Fig. 2).
Concerning the entrapment procedure, the following

hould be added. In our earlier studies on the entrap-
ent of nucleic acids in liposomes, we have established

hat the best yields were obtained using POPC lipo-
omes containing up to 2.5% of the positively charged
idodecyldimethylammonium bromide (DDAB) (11).
uring the present work, we noticed, however, that
ven low amounts of cationic lipid in mixed liposomes
POPC/DDAB 99:1% or 99.5:0.5%) could inhibit the
ynthesis of poly(Phe) to a relatively high extent.
herefore, the experiments were carried out with neu-
ral POPC liposomes. Also note that in this previous
ork (11), the entrapment by freeze/thaw was carried
ut at a much higher lipid concentration of 160 mM

FIG. 2. Poly(Phe) synthesis in POPC liposomes. Ice cold trichlo-
oacetic acid precipitated counts per minute with the total mix re-
uired for protein biosynthesis (squares) and with a mix without 50
ribosomal subunit (circles). Results represent the average of three

eparate experiments.
240
e reduced because a loss of ribosomal activity was
bserved at those high lipid concentrations.
Typical results of poly(Phe) production are shown in

ig. 2. The upper curve (squares) shows that there is a
ignificant increase of the TCA precipitable counts,
hereas the lower curve (circles) shows that the
mount of TCA precipitable counts per minute de-
reases with time when the 50 S ribosomal subunit is
mitted. Poly(Phe) synthesis is thus given by the dif-
erence between these two curves, i.e., the difference
etween the precipitation of poly(Phe) plus Phe-
RNAPhe and the Phe-tRNAPhe alone. It should be men-
ioned that a minimal length of three Phe residues is
equired that TCA precipitates (12). Note that during
he preparation of the liposomes (at relatively low tem-
eratures of 5°C) the ribosomes were not active enough
o perform a significant transpeptidyl reaction. How-
ver, the aminoacylation of tRNAPhe is possible (see
ig. 3); this explains why at the beginning of the ex-
eriment (after the extrusion of the liposomes) in the
resence/absence of 50 S ribosomal subunits about 600
CA precipitable counts per minute were measured.
The efficiency of the poly(Phe) synthesis in liposomes

s quite high: about 400 counts per minutes were mea-
ured in liposomes, a figure which should be compared
o the value of about 11000 cpm for the overall synthe-
is (bulk aqueous solution plus liposomes, obtained

FIG. 3. Synthesis of aminoacyl-tRNAPhe in aqueous solution in
he absence of 50 S ribosomal subunits at 5° and 37°C. Ice cold
CA-precipitable cpm obtained with the solution required for protein
iosynthesis in the absence of 50 S ribosomal subunits at 5° (circles)
nd 37°C (squares).
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queous medium). This corresponds to a yield of about
% for the poly(Phe) synthesis in liposomes. This fig-
re, 4%, is actually surprising high if we consider that
he volume occupied by the liposomes is a fraction of
he total volume, and that, more importantly, only a
mall fraction of them will statistically contain all nec-
ssary components in the same individual compart-
ent. A quantitative evaluation of the number of ribo-

omes which perform the synthesis is at this stage not
et possible. It is an important point, and one which
ur research is presently addressing.
To verify the above results and in particular to clar-

fy the meaning of the lower curve in Fig. 2, some
xperiments were carried out at 5°C—the temperature
f the liposome formation/extrusion—and at 37°C in
queous solution in the presence and in the absence of
0 S ribosomal subunits. These results show that at
°C in the presence of the total ribosomal machinery,
nly a very slight rate of poly(Phe) synthesis can be
etected, corresponding to about 5% of the poly(Phe)
ormation at 37°C (data not shown). Without the 50 S
ibosomal subunit, at 5°C there is a continuous in-
rease of TCA-precipitable cpm (Fig. 3, circles). Obvi-
usly, the formation of phenylalanyl-tRNAPhe is possi-
le at 5°C and reaches a value of about 700 pmol
minoacylated Phe/OD tRNAPhe. At 37°C however, the
mount of phenylalanyl-tRNAPhe decreased continu-
usly after having reached a peak value after 5 min
Fig. 3, squares). It should be noted that all these
xperiments were also performed in the presence of
OPC liposomes added externally (at concentrations
orresponding to those of the experiments described
bove) and that the same results were obtained.
In conclusion, then, in aqueous solution in the ab-

ence of 50 S a similar decrease of TCA-precipitable
pm was detected. Thus it can be concluded that the
ormation of poly(Phe) in liposomes occurred for about
0 min and after that period there was a decline of the
cid-precipitable counts because of the aminoacyl-
RNA hydrolysis.
241
everal qualitative and quantitative improvements.
he most important feature appears, however, estab-

ished, namely that liposomes can act as compartments
or the ribosome machinery and the corresponding
olypeptide biosynthesis. The fact that macromo-
ecular components can be entrapped in successive
emporal steps also suggests the possibility of con-
tructing genetic microreactors with increasing mo-
ecular complexity. In turn, this paves the way to ad-
ress the question of the minimal cell, namely a cell
hich is capable of performing the most basic functions
hich define life, namely self-sustainment and self-

eproduction.
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