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Advances in directed evolution and membrane biophysics make the
synthesis of simple living cells, if not yet foreseeable reality, an imaginable
goal. Overcoming the many scientific challenges along the way will deepen
our understanding of the essence of cellular life and its origin on Earth.

syntheticlife formis to imagine a collec-

tion of molecules that is simple enough
to form by self-assembly, yet sufficiently
complex to take on the essential properties of
aliving organism. Any ‘stripping-down’ of a
present-day bacterium to its minimum
essential components still leaves hundreds of
genes and thousands of different proteins
and other molecules'. We must look to sim-
pler systems if we hope either to synthesize a
cell de novo or understand the origin of
life on Earth. The search for simpler forms of
life led to the ‘RNA world’ hypothesis® in
which primordial cells lacking protein
synthesis use RNA both as the repository of
‘genetic’ information and as enzymes that
catalyse metabolism®. We believe that
within this framework structures can be
found that are both indisputably alive and
yet simple enough to be amenable to total
synthesis. We note that solutions found in
the laboratory need not be chemically
similar or even directly relevant to the actual
molecular assemblies thatled to the origin of
life on Earth.

How simple can a cell be and still be
considered as living? The answer depends on
what we consider to be the essential properties
oflife. Defining life is notoriously difficult’; its
very diversity resists the confines of any
compact definition. An operational approach
focuses on identifying simple cellular systems
that are both autonomously replicating and
subject to darwinian evolution. Autonomous
replication is understood as continued
growth and division which is reliant on the
input of small molecules and energy only, and
does not depend on the products of pre-
existing living systems such as protein
enzymes. Darwinian evolution requires the
essential biological aspects of genetic
variation and its phenotypic expression as
variation in survival and reproduction.

The first challenge on the path to a

Designing the protocell

We can consider life as a property that
emerges from the union of two fundamental-
ly different kinds of replicating systems:
the informational genome and the three-
dimensional structure in which it resides.
The simplest way to enable darwinian evolu-
tion is to begin with a nucleic acid genome.
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Figure 1 Role of vesicles in enabling darwinian evolution of a replicase. The vesicular compartment
ensures that molecules related by descent are, on average, kept in physical proximity to each other,
allowing a superior mutant replicase (red) to preferentially self-replicate, in comparison to the

parental replicase (black). The evolutionary advantage of increased replication is amplified as
vesicles with superior replicase molecules are more likely to give rise to vesicles with at least two
replicase molecules (or a replicase and a template molecule). Vesicles with less than two replicase
molecules (indicated by an X) and the progeny of these vesicles cannot continue RNA self-
replication. In this way, vesicles with superior replicase molecules become an increasing fraction of
the vesicles that maintain replicase activity.

Although there is considerable debate about
the nature of the first genetic polymers’, there
is no doubt that RNA and DNA are the only
currently practicable genetic materials for
directed evolution in vitro. A growing body of
experimental work points to the feasibility of
evolving and/or designing in the laboratory
an RNA replicase — an RNA molecule that
can act both as a template for the storage and
transmission of genetic information, and as
an RNA polymerase that can replicate its own
sequence”. This molecule will be one of the
key components of any synthetic cell.
Butareplicase molecule by itselfis notliv-
ing, for two reasons. First, a single molecule
could not actually replicate, as it cannot be
both template and polymerase at the same
time. Replication requires two RNA
molecules — a replicase that acts as the poly-
merase, and another molecule, which could
be either an unfolded replicase or an RNA
complementary in sequence to the replicase,
to act as a template. Some form of physical
compartmentation is therefore required to
keep replicase and template together, unless
both are present at high concentration.
Second and more subtly, a population of
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replicases free in solution could not evolve
into more active or accurate replicases. In
solution, better replicases would replicate
other RNA molecules more efficiently, but
would have no advantage themselves, and
would not increase in relative abundance.
Again, some form of compartmentation is
required: by keeping molecules that are
closely related together, advantageous muta-
tions can lead to preferential replication.
After a period of replication, mutation and
random assortment, some compartments
will be occupied by mutant replicases, and
others by the original replicases; better
replicases will therefore be able to replicate
each other more efficiently, giving them an
overall advantage (Fig. 1).

All  known cells use membranes
composed of amphipathic lipids as their
compartment-defining barriers, and there-
fore the easiest way to construct our simple
protocell is to surround it with a lipid
membrane. This also makes it easier to
imagine how a simple cell could evolve into
more complex cells, similar to present-day
cells, without major architectural transitions.
However, in the absence of any machinery for
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cell growth and division, the membrane-
bounded vesicle must itself be a sponta-
neously replicating entity.

So our simple protocell will consist of an
RNA replicase replicating inside a replicating
membrane vesicle. Both these components are
self-assembling; the catalytically active struc-
ture of the replicase will form spontaneously as
a consequence of its nucleotide sequence,
while membrane vesicles assemble sponta-
neously as a result of interactions between the
lipid molecules. As RNA molecules can
become spontaneously encapsulated in vesi-
clesas they form, the protocell asa whole could
self-assemble. With compartmentation, the
replicase component is not only capable of,
but also inevitably subject to, variation, natur-
al selection and thus darwinian evolution.

From protocell to living cell

Such simple protocells would be nearly, but
not quite, alive. When fed small-molecule
precursors for membrane and RNA synthe-
sis, they would grow and divide, and
improved replicases would evolve. However,
a vesicle carrying an improved replicase
would itself not have improved capacity for
survival or reproduction. For this to happen,
an RNA-coded activityisneeded thatimparts
an advantage in survival, growth or replica-
tion for the membrane component. A simple
example would be a ribozyme that synthe-
sizes amphipathic lipids and so enables the
membrane to grow. The membrane and
the genome would then be coupled, and
the ‘organism’ asa whole could evolve (Fig. 2)
as vesicles with improved ribozymes would
have a growth and replication advantage. A
simple cell with an interdependent genome
and membrane would be a sustainable,
autonomously replicating system, capable of
darwinian evolution. It would be truly alive.

The RNA replicase

The first experimental challenge is the evolu-
tion or design of an RNA replicase. Early
attempts to derive an RNA replicase from
the natural group I self-splicing introns
produced ribozymes that could direct the
assembly of oligonucleotide substrates on a
template, and even the assembly of full-
length RNA strands complementary to the
ribozyme itself”'’. The low efficiency of the
reaction, however, even when driven by vast
substrate excess, suggested that it was proba-
bly essential to use activated nucleotides,
such as nucleoside triphosphates, to provide
an energetic driving force for polymeriza-
tion. The use of oligonucleotide substrates
would also make it difficult or impossible to
maintain a high concentration of all the
different substrates needed for the replicase
to mutate and evolve.

No natural ribozymes are known that can
catalyse the required chemistry and use nucle-
oside triphosphates as substrates. As this is a
complex enzymatic function, attempts to
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Figure 2 Outline of proposed pathway for
synthesis of a cell. The first major synthetic
intermediates are an RNA replicase and a self-
replicating vesicle. These are combined into a
protocell, enabling rapid evolutionary
optimization of the replicase. Addition of an
RNA-coded linking function, such as a lipid-
synthesizing ribozyme, completes the cellular
structure.

evolve an RNA polymerase ribozyme experi-
mentally have proceeded incrementally. First,
in vitro selection was used to isolate, from a
fully random set of starting sequences, a set of
ribozymes that would carry out the correct
chemistry—theattack ofa3’-hydroxylon the
a-phosphate ofa triphosphate, yielding a new
phosphodiester bond — but in a more
favourable context, the joining, or ligation, of
two RNA sequences. This experiment yielded
many ligases that carried out pyrophosphate-
activated oligonucleotide-ligation reactions'".
Of these, the class I ligase ribozyme synthe-
sized the desired 3',5'-phosphodiester
linkage in a template-directed reaction, and
therefore carried out the same chemical trans-
formation as protein-enzyme polymerases".
Mutations that increased catalytic activity"
gave a highly active ligase that could join
oligonucleotides with a rate of greater than
one joining event per second'>". Derivatives
of this ribozyme were subsequently shown to
act as primitive polymerases capable of
template-directed extension of a ‘primer’
strand of RNA complexed to the RNA
template, using nucleoside triphosphates as
substrates”. In essence, the oligonucleotide
providing the 5'-triphosphate could be
replaced by a single nucleotide, which can still
beligated to the 3’-end of the growing primer.
The cycle of primer extension can be repeated
several times before steric constraints prevent
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further chain growth. These advances
bring the evolution of a true RNA replicase
tantalizingly close.

What further improvements are required
to obtain an RNA replicase suitable for incor-
poration into an artificial cell? In its current
form, the polymerase ribozyme recognizes
the primer—template complex through
hybridization to a particular unpaired seg-
ment of the template. This pairing restricts
ribozyme movement along the template and
reduces severely the number of compatible
template sequences. A ribozyme that can
recognize the primer—template using non-
sequence-specific contacts would enable
more extensive and general RNA synthesis.
The nexthurdle will be to improve the fidelity
and efficiency of polymerization. It is possi-
ble that only a 100-fold increase in the rate of
polymerization and a 10-fold improvement
in the Watson—Crick fidelity of this ribozyme
would lead to an RNA polymerase able to
faithfully copy templates of its own length’.

A more subtle problem is that a true
replicase must function both as a polymerase
and as a template. How could the same RNA
sequence act both as a highly active ribozyme
structure, presumably favoured by stable fold-
ing, and as a template available for copying,
favoured by less stable folding? A potential
solution comes from the finding that active
ribozymes can be reconstituted by the sponta-
neous self-assembly of two or more oligonu-
cleotides; the separate oligonucleotides can be
more or less unstructured, while the assem-
bled complex can be stable and enzymatically
active'®. This solution has the advantage
that the average length of sequence that needs
to be copied by the replicase can be fairly
short (30—40 nucleotides), but the potential
disadvantage that the relatively unstructured
+ and — strand fragments might rapidly
reanneal to form double-stranded RNA.

This leads to the issue of strand separa-
tion during or after replication in order to
reconstitute the replicase. In principle, ther-
mal denaturation might separate the strands
of a double-stranded replication product.
The extreme stability of long RNA duplexes,
especially in the presence of significant con-
centrations of divalent cations, makes this
approach unattractive, however, as condi-
tions that would lead to denaturation would
probably also lead to chemical degradation
of the RNA and disruption of the membrane
vesicle. But the alternatives involve more
complexity in the RNA replication machin-
ery — either RNA helicase activities to carry
out energy-dependent strand separation, or,
as is the case with bacteriophage T7 RNA
polymerase, a portion of the replicase that
binds single-stranded RNA and peels the
new RNA strand off the template as it is
synthesized. The rapid formation of local
secondary structure in the RNA strands
would then prevent them re-forming a
dead-end full-length duplex.
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The RNA polymerase (a protein enzyme)
of the QP virus is known to depend on the
secondary structure of the viral + and —
strands to kinetically block duplex
formation". A better understanding of the
kinetics of RNA folding will be required to
predict sequences that will be reasonably
stable as unpaired + and — strands when
packaged in the same vesicle.

An attractive alternative strategy is repli-
cation by strand-displacement on a duplex
template, which provides a mechanism for
coupling the chemical energy released dur-
ing polymerization to strand displacement.
Replication would also be more likely to start
at the beginning of the genome, because of
transient ‘fraying’ of the termini of the
duplex. However, specific oligonucleotide
primers may be required to obtain signifi-
cant initiation. These could be difficult to
deliver to the vesicle interior and might not
be considered ‘small-molecule’ substrates.
Nevertheless, the use of primers would allow
replication of the entire template, avoiding
gradual shortening without having to enlista
telomerase-like activity or having to prime
polymerization with a single nucleotide at
the 3'-terminus of the template.

The class I ligase is an excellent starting
point for attempts to evolve a replicase but
doeshave one drawback. Its minimal catalyt-
ic domain is about 100 nucleotides long.
When coupled to additional domains that
may be required for proper template bind-
ing, fidelity and strand separation, the total
length could approach 200-300 nucleotides.
The longer the replicase, the more difficult
the problem of replication, so shorter repli-
cases should be looked for. One approach
would be to use more highly activated
nucleotide substrates, such as the phosphor-
imidazolides. As these substrates are more
reactive, less rate enhancement would be
required to achieve extension rates in the
range of one nucleotide per minute or per
second, and a simpler and shorter ribozyme
might suffice. Clearly, there are many possi-
ble approaches to evolving an RNA replicase,
all of which bear investigation.

The membrane compartment
The vesicle component of a protocell or sim-
ple cell must possess a suite of rather unusual
properties, including spontaneous growth,
spontaneous division, permeability to
nucleotide substrates, physical stability under
conditions required for RNA replication and
compatibility with ribozyme activity.
Spontaneous vesicle growth could in
principle occur either gradually by the
incorporation of single lipid molecules or
micelles, or stepwise by fusion with other
vesicles. Gradual growth, which is more bio-
logical, is possible if the rate of incorporation
of lipid into pre-existing vesicles is greater
than the rate of spontaneous assembly into
new vesicles. Alternatively, the catalytic gen-
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eration of new lipid molecules in a vesicle
membrane could also lead to vesicle growth.
Fatty acids such as oleate form micelles at
high pH, an oil phase at low pH, and bilayer
membrane vesicles at intermediate pH —
theseare thought to be stabilized by hydrogen
bonding between the protonated and ionized
carboxylates of the fatty acid. When the pH of
a preparation of oleate micelles is lowered to
the pK of oleate in a membrane (pH ~8) the
micelles slowly rearrange to form vesicles.
However, pre-existing oleate vesicles greatly
accelerate the rate of formation of new
vesicles'®. Remarkably, the newly formed
vesicles have a size distribution similar to that
of the preformed vesicles, which can be quite
different from the size distribution in the
absence of preformed vesicles. The mecha-
nism of this ‘matrix’ effect remains
unknown, although some form of growth
and division is an intriguing possibility.
Subsequent work showed that oleate
vesicles seem to grow in size in the presence of
oleic anhydride, presumably as a result of
vesicle-mediated catalysis of hydrolysis of the
oleate precursor, followed by incorporation
of the newly generated oleate into the
vesicle membrane®.

These experiments could not distinguish
between pre-existing vesicles that grew by
incorporating new lipid, and newly formed
vesicles. More recently, however, preformed
oleate vesicles have been tagged by prepara-
tion in the presence of ferritin®. After
exposure of these vesicles to additional oleate
micelles, electron microscopic examination
revealed that the tagged vesicles had grown
to a larger average size, providing strong
evidence for vesicle growth by spontaneous
incorporation of new lipid.

Vesicle growth in discrete steps can occur
by vesicle—vesicle fusion. The fusion of
vesicles composed of acidic phospholipids is
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Figure 3 Modes of vesicle growth
and division. Self-replicating
membrane vesicles can grow
either gradually or in discrete

steps, and may divide either
spontaneously or under the
influence of external
environmental forces.

mediated by low concentrations of Ca**

ions’ ™, and short fusogenic peptides can

catalyse the fusion of vesicles composed of
neutral phospholipids®. The instability of
small strained vesicles can provide a thermo-
dynamic driving force for this process. How-
ever, these processes tend to operate most
efficiently under conditions that are very
close to those favouring a phase change for
the component lipids, and thus catastrophic
loss of vesicle integrity. The narrow range of
conditions under which fusion is efficient
but vesicle disruption is minimal indicates
thatit maybe difficult to devise a robust cycle
of growth and division using this approach.
On the other hand, vesicle fusion could bring
fresh supplies of nucleotide substrates to
replicases encapsulated in a separate vesicle.
What about division? In the absence of the
complex machinery that controls the division
of modern cells, the division of growing
vesicles must rely on the intrinsic properties of
the vesicle and the physical properties of the
environment”. Input of energy from the envi-
ronment can generate a population of vesicles
with a non-equilibrium size distribution.
High environmental shear forces, for example,
can cause vesicles to divide. Such a process,
operating in conjunction with a spontaneous
growth mechanism, could lead to a primitive
cell cycle controlled entirely by the biophysical
properties of the membrane and environmen-
tal forces. An intriguing possibility is that the
process of division could be highly favoured,
or even become spontaneous, with lipid
compositions that yield vesicles of optimum
size for thermodynamicstability (Fig. 3).
Addition of lipid to lipid micelles causes
micellar reproduction because the growing
micelles become thermodynamically unsta-
ble above a certain size’®”. For example,
ethyl caprylate oil layered over alkaline water
hydrolyses slowly at the interface. Once the
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critical micelle concentration for caprylate is
reached, substrate is solubilized in the
micelles and the rate of hydrolysis greatly
increases as a result of the increased area of
lipid—water interface, resulting in a rapid
increase in the number of micelles. Whether
an analogous system for the spontaneous
growth and division of vesicles can be
achieved remains an open question.

The membrane of a synthetic cell should
allow transport of small-molecule substrates
such as nucleotides, while keeping macro-
molecules encapsulated. The demonstration
of RNA synthesis catalysed by polynu-
cleotide phosphorylase inside vesicles, using
external nucleoside diphosphate substrates,
indicates that this requirement may not be
too stringent””. Short-chain lipids, lipid
mixtures, and co-surfactants such as cholate
can all make membranes more permeable to
small molecules®'. Amplification by
polymerase chain reaction of DNA inside
vesicles suggests that it may be possible to
find vesicle compositions compatible with
conditions for RNA replication™.

An alternative approach to feeding the
replicase small-molecule substrates would be
to encapsulate the substrates within vesicles,
which could then be delivered to the replicase
by vesicle fusion. With repeated cycles of
fusion and fission, a replicase initially present
in just a few vesicles would spread through-
out the vesicle population. Although the
vesicle component would notbe growing and
evolving, the replicase component would be.
In some ways, the replicase of this system is
analogous to bacteriophage, which clearly
evolves as it propagates through a system
of compartments (bacterial cells). Such a
system could provide a powerful tool for the
evolution of replicase activities.

Replicase-vesicle coupling

Once robust self-replicating replicases and
vesicles have been devised, they must be
brought together in a compatible and inter-
dependent union in which the vesicle-RNA
system as a whole is subject to darwinian evo-
lution. First, the replicase and vesicle must be
compatible; the replicase must be able to
replicate inside the vesicle, and the vesicle
must be able to grow and divide unperturbed
by its cargo of RNA. Itis impossible to foresee
all the problems, but some are already clear.
Most obviously, both replication cycles must
operate under a single consistent set of condi-
tions. Many ribozymes have optimal activity
in the presence of high concentrations of
divalent metal ions. In such conditions,
vesicles composed of acidic phospholipids
would aggregate, possibly interfering with
growth and division. The timescales of the
RNA and vesicle replication cycles must also
be approximately the same, so that the repli-
cases can keep up with the vesicles but not
reach such a high internal concentration that
vesicle growth or division is disrupted.
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Once a compatible membrane and
replicase have been united to form a protocell,
an additional RNA activity must emerge
spontaneously or be added exogenously to
couple the information coded by the genome
to the fitness of the vesicle. The emergence of
ribozymes that catalyse the synthesis of suit-
able amphipathic molecules would facilitate
growth of the membrane compartment, and
they could ultimately be used to alter and con-
trol the properties of the vesicle membrane.
Structural RNAs with favourable interactions
with the interior vesicle wall could stabilize
the vesicle and lead to preferential survival.
The evolution of RNA filaments analogous to
actin filaments or microtubules could influ-
ence vesicle shape and dynamics, and begin to
provide internal control of cell division. It is
clear that genomic (that is, RNA) variation
would influence the ability of the cell to grow,
survive and reproduce, and thus would
control the fitness of the cellas awhole.

With coupling accomplished, the living
synthetic cell would be capable of evolving in
ways that none of its components are, and we
expect that the strong selective forces to
which it will be subject will provide a
powerful driving force for the emergence of
biochemical complexity, which in turn will
lead to increasingly tight coupling and
interdependence of the RNA and membrane
components. The emergence of better
replicases would allow the replication of
longer RNA genomes, and the incorporation
(or internal generation) of new random
sequences would provide a source of new
RNA activities. The evolution of ribozymes
that contribute to the synthesis of RNA
precursors would enhance the efficiency of
the RNA replication process, both by decreas-
ing the need for externally supplied
substrates, and perhapsalso by decreasing the
need to spontaneously transport complete
nucleotides across the membrane. Particular
RNA sequences might also selectively alter
the membrane permeability”, increasing the
intracellular  availability of replicase
substrates. Other ribozymes mightlead to the
formation of RNA-lipid conjugates,
providing a mechanism for membrane
anchoring of ribozymes and possibly more
equal segregation of ribozymes into daughter
cells. As the number of ribozymes and
structural RNAs grows, the membrane
compartment will be crucial in maintaining
the spatial integrity of the assembly of
cooperating RNA species.

Experimentally, the potential exists to
jump-start the emergence of biochemical
complexity by the in vitro selection and
directed evolution of potentially adaptive
ribozymes. Alternatively, by supplying a
population of cells with random RNA
sequences, one might observe the process of
evolving complexity in real time, and thus
determine experimentally what new
ribozyme activities were most accessible and
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advantageous for evolving simple cells. In
the long run, it might even be possible to
observeatleast some aspects of the evolution
of protein synthesis, possibly with different
basis sets of amino acids. These experimental
possibilities could provide fascinating
insights into what is now a complete black
box of early evolution.
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