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Abstract. A synthetic proto-organism could be self-assembled by integrating a lipid proto-
container with a proto-metabolic subsystem and a proto-genetic subsystem. This three-com-
ponent system can use energy and nutrients either by means of redox or photo-chemical
reactions, evolve its proto-genome by means of template directed replication, and ultimately
die. The evolutionary dynamics of the proto-organism depends crucially on the chemical ki-
netics of its sub-systems and on their interplay. In this work the template replication kinetics is
investigated and it is found that the product inhibition inherent in the ligation-like replication
process allows for coexistence of unrelated self-replicating proto-genes in the lipid surface
layer. The combined catalytic effects from the proto-genes on the metabolic production rates
determine the fate of the strain proto-cell.

1. Introduction

In the last years at least two proposals for artificial minimal cells have been
put forward [10, 17]. Both call for a rather sophisticated molecular machinery
to be enclosed in a lipid vesicle. The model of Szostak et al. consists of a
vesicle containing an RNA genome that contains an RNA-replicase ribozyme
(e.g. an advanced version of the molecule described in [6]) and a functionality
that influences the fitness of the vesicle. The construct of Pohorille & Deamer,
which is even closer to a modern cell, includes transcription and translation
functionalities.

In this contribution we investigate the consequences of embedding very
simple genetic material in lipid aggregates that actively facilitates an auto-
catalytic reproduction of lipids as well as the genetic material itself. Our
design is inspired by original concepts for a protocell by Luisi et al. [7],
but our model also differs in several respects from this and other proposals:
(1) Our focal point is a minimalistic, thermodynamic coupling between the
three functional structures container, metabolism, and genes. (2) Instead of
RNA we envision simpler molecules, such as peptide nucleic acids (PNA)
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[9], that may be much easier to couple with the lipid layer than RNA due to
its hydrophobic backbone. (3) Instead of sophisticated ribozymes we consider
very simple short oligos that are capable of enzyme-free self-replication by
means of a ligation mechanism [20]. (4) As in the other protocell proposals
we utilize the lipid to keep the cooperative structure together although the
proto-genetic activity is not on the inside of a vesicle, e.g. [1], but on the
outside of a lipid aggregate. We can therefore work with simpler lipid struc-
tures such as micelles [23]. (5) We make explicit use of the differences of the
thermodynamic properties within the lipid phase compared to the water and
the lipid/water interface. As a result we obtain a quite different chemistry.

2. ThelLosAlamos Bug

The Los Alamos Bug is a proposed synthetic “organism” that integrates three
functionalities and their associated molecular aggregates: (i) a lipid container,
(i) a photo-metabolic system, and (iii) a hydrophobically anchored templat-
ing polymer that influences metabolic kinetics, Figure 1. We focus on the
main conceptual design here, as the physicochemical and thermodynamic
issues involved in the assembly of this proto-organism are discussed in detail
in [11]. The main assembly steps are the integration of a simple metabolic
system in an amphiphilic aggregate, either a micelle or a vesicle bilayer, (I.h.s.
of Fig. 1) and the integration of a templating polymer in an amphiphilic phase
(r.h.s. of Fig. 1). The combination of these two subsystems defines a very
simple proto-organism.

Amphiphiles (lipids) self-assemble into micelles or vesicles that can host
templating polymers with a hydrophobic backbone which remain anchored
in the lipid aggregate because it is thermodynamically favorable. For two
reasons we consider PNA or PNA-like nucleic acid analogues as the primitive
genetic material: The hydrophobic backbone makes a strong interaction with
the lipid phase plausible and PNA is more plausible than RNA or DNA in
terms of prebiotic synthesis [8]. For simplicity we will use PNA as a rep-
resentative of such a class of biopolymers without insisting on a particular
backbone chemistry or a particular nucleic acid alphabet.

In one possible physico-chemical implementation we assume visible
light as the primary energy source. An organic photo-sensitizer is added to
enhance the efficiency of photo electron transfer which is hydrophobic and
hence sinks into the lipid aggregate. Non-functional precursors of the lipids
and the templating polymer have to be available as “food molecules”. The
precursors themselves cannot form micelles or vesicles or act as template,
resp., they are hydrophic, however, so that they will readily associate with the
lipid aggregate. For a discussion of photochemical systems see [19, 4].
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Figure 1. Two experimental systems are combined to form a simple proto-organism as
a templating polymer with a hydrophobic backbone is associated with a lipid aggre-
gate. Left: self-assembly of the different components. Middle top: photo active reactions
(photo-fragmentation) within the lipid aggregate using a particular nucleo base sequence as an
electron relay system that enhances the quantum yield of the photo reactions. Middle bottom:
a set of templating directed ligation and replication reactions at the water/lipid interface as
well as within the interior of the lipid aggregate. See text and [11] for details.

These precursor molecules are chemically modified to functional lipids
and templates. For example, both the lipid precursor and the PNA precur-
sors can have hydrophobic groups attached via an ester bond that has to
be broken by the metabolic reaction. The energy for this reaction is taken
from the charge separation triggered by the capture of light energy through
the photo-sensitizer. The quantum vyield for breaking the ester bond is not
very high, however. Adding a charge transfer chain to the system can help to
channel the positive charge away from the sentisizer molecule very quickly,
thereby arresting the excitation of the precursor and forcing the bond frag-
mentation. A key property of this particular proto-organism system is that the
templating polymer also acts as electron transfer chain and that its electron
transfer abilities strongly depend on the specific nucleo-base sequence: Only
adenine- and guanine-rich sequences have good electron transfer capabili-
ties. This establishes a direct link between metabolic efficiency and genetic
information.

3. Replication Kineticsand the Lipid Aggregate Surface

In this section we consider the Kinetics of replicating the PNA-like genetic
material that is embedded in the membrane of a vesicle or micelle (the reac-
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tions on the r.h.s. of Fig. 1. The possibility of polycondensation of aminoacids
in the membrane matrix to peptides (a reaction that cannot be obtained in the
absence of liposomes) has been well demostrated [2]. It seems reasonable,
hence, to assume that a similar reaction is possible with PNA. A model for the
ligation-based replication process is sketched in figure 2: We assume that the
single-stranded template is located at the surface, exposing the hydrophilic
bases to the aqueous medium while the hydrophobic backbone is sunk into
the lipid layer. The system is fed with oligos from the aqueous phase. Partial
duplices are therefore obtained by specific hydrogen bond formation. The en-
tire surface of a completed complex ABC is hydrophobic; thus it will sink into
the lipid layer. There the ligation step, i.e., the expulsion of H, O, is thermody-
namically significantly more favorable than in water and we eventually obtain
the double stranded ligation product CC’. A small fraction of CC’ will diffuse
back to the surface where it may dissociate into its two strands. The balance
between the hybridized CC’ complex and the free C and C’ strands depends on
the nucleo-base binding energies, which in turn depend on the details of the
PNA back bone and multiple physicochemical factors (e.g. temperature and
salt concentration). The important ingredient in our reasoning is that both C
and C’ remain anchored at the surface of the lipid layer. This way the “genetic
material” is permanently associated with the lipid micelle or vesicle.

Under the assumption of a realistic nucleic acid chemistry we will ob-
serve a ligation/replication process that proceeds via complementary copies.
In order to simplify the mathematics we consider here a hypothetical di-
rect replication mechanism. Equivalently, we assume that the template is
palindromic as in von Kiedrowski’s experiments [13]. Plus-minus comple-
mentarity in replication can also be delt with by assuming stationarity in
relative concentrations of plus and minus strand [5]; the plus-minus ensemble
can then be treated as a single species [15].

The replication process starts with the formation of partial duplices A +
C = AC (and analogous for BC) at the surface. In the next step an un-ligated
duplex ABC is formed reversibly

AC+B=ABC=BC+A )

The species ABC, however, is hydrophobic and thus quickly sinks into the
lipid layer, where the ligation reaction ABC — C,* takes place. The asterisk
indicates that C,* is burried in the lipid layer instead of being anchored on the
surface. We assume that the ligation step is irreversible. If the ligation step is
slow compared to the other reactions (rate limiting step) a selection pressure
on a faster ligation reaction will occur.! If the ligation step is fast in compari-
son with the other reactions, then [ABC] = 0 and the rate of formation of C,*

L 1f the ligation step is rate limiting we obtain the same over-all kinetics, equ.(11), albeit
with a different dependence of the constants a and (3 on the elementary rate constants, see
[14].
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Figure 2. Replication of a PNA-like nucleic acid analogue in a lipid aggregate. For details see
text.

is determined by the association rates AC+ B — ABC and BC+ A — ABC.
An equilibrium of buried C,* and C» at the surface and reversible dissociation
Cy = 2C complete the mechanism, which is summarized below together with
the rate constants for each step.

ka a f
A-I-CTAC AC+B G C2*TC2
ks a’ kg

B —B B A * — 2
+C e C C+ G G 3 C

Mass action kinetics translates the above reaction mechanism into the
following system of differential equations

% — Kka[AC] — ka[A][C] + kg[BC] — kg[B][C] + 2kq[C2] — 2kq[C]* (2)
% = ka[A][C] — ka[AC] —a'[AC][B] 3)
% = ka[BJ[C] - kg[BC] —a”[BC][A] ()
d[fjf]* = f[Cy) — f[Co)" +&[AC][B] +a"[BCJ[A] )
UG fica) — FlCa — olCal +kalCT ©

We are interested in the total replicator concentration
¢ = [C]+[AC] + [BC] + 2[C,] +2[Ca]". (7
A somewhat tedious but straightforward computation yields the growth law

dc
dt

The usual quasi-steady-state approximations (see e.g. [3] for details) and the
assumption that the equilibration of C, between the interior of the lipid phase

a'[AC][B] +a"[BC](A] (®)
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and the surface is fast, imply

Kq K "k
=+ o (g o ) B (0
Equ.(8) can therefore be rewritten in the form
% —ocy(Bc) with Y(u)= % (\/l+u - 1) (11)

where a > 0 is the replication rate in dilute solution and (3 > 0 is a measure
for the product inhibition. The rate function  is monotonically decreasing,
satisfies Y(u) — 1 for small u and asymptotically behaves like @(u) ~2/,/u
for large u. It is straightforward to compute the parameters a and (3 explicitly
in terms of the elementary rate constants. The resulting expression, however,
is very complicated and will not be needed in our discussion. In addition to
the growth law (11) there will be a degradation reaction or at least a dilution
flux —c® that regulates the concentration. In practice this could be imple-
mented by means of serial transfer or a continuously stirred tank reactor.
The important observation is that the present model yields the same form
of the effective reaction Kinetics as Kiedrowski’s minimal replicator model
[21]. The competition of different templates Cy is therefore described by a
replicator equation of the form [24]

Xie = Xic | e (CoPixic) =y Xj W (CoBjx;) (12)
]

where ¢o = Y j ¢j is the total concentration of replicating material, xx = Ck/Co
are the relative replicator concentrations, and oy and [k are effective kinetic
constants that can be computed from the elementary rate constants.

The dynamics of equ.(12) is analyzed in detail in [14]. Most importantly,
there is a survival threshold @ such that Cy survives indefinitely if and only
if ag > @. The threshold fitness ® depends only on the kinetic constants oy,
Bk, and the total concentration cg of replicating material. The parameter cof3k
describes the importance of product inhibition, which increases with the total
concentration ¢q. The global behavior can be tuned by changing co from small
to large concentrations. For small ¢y we observe survival of the fittest, i.e.,
only the “master sequence” with the largest value of fitness ay survives. In
this case equ.(12) approaches Eigen’s quasispecies model without mutation
[5]). For very large concentrations, on the other hand, we have effectively
parabolically growing replicators and hence permanent coexistence [16]. In
the intermediate regime selection is strong enough to eleminate species with
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small values ay < @ but not strong enough to reduce the population to the
master sequence alone.

The ligation/replication mechanism described here depends upon the
propensity of the hydrophobic duplex to bury itself in the lipid phase. Indeed,
the expulsion of H,O from the lipid phase is the thermodynamic driving force
in our model. Thus we have to assume that By is relatively large and that we
effectively operate in a regime where many PNA variants can coexist. We
expect product inhibition to become prohibitive for longer chains, hence the
size of the individual PNA templates is restricted to very short chains, say,
n ~ 10 bases.

4. Lipid Aggregate Selection

As we have argued in the previous section, it is possible to accumulate a
significant number of different — possibly genetically unrelated — PNA
sequences, because the PNA replication on the lipid aggregate surfaces fol-
lows an essentially parabolic growth law. This mixture is heritable under the
reproduction (i.e., division) of the aggregates since we may assume that the
PNAs diffuse freely in and at the surface of the lipid. The vesicles are there-
fore “tagged” by the PNA genes on their surface which can only propagate
within their vesicle and to the off-spring vesicles after division. Even though
this would only be true as an approximation, it is sufficient to assume that
PNA interchange between aggregates is rare and hence can be treated as a
perturbation.

Organizational closure requires an additional coupling between the PNA
sequences, or more precisely, between certain PNA sequences and the meta-
bolic production of more lipid molecules and PNA oligomers? from appro-
priate precursors. This feedback is provided by the sequence dependence of
the electron relay efficiency of the PNA which is part of both the genetic
templating system and the metabolic reaction complex.

Assuming that the lipid aggregates are either micelles or vesicles we can
express the growth of the lipid aggregate in terms of the total water/aggregate
area Q, ° of all aggregates with a PNA (mixture) of type u. The autocatalytic
formation of vesicle and micelles from their lipid building blocks has been
demonstrated with a variety of different amphiphilic molecules [22, 18]. It is
reasonable therefore to assume that both the production and the incorporation
of new building material is proportional to the surface area, hence

d
& Qu = kuQu (13)

2 PNA is present predominantly in dimer form to avoid cyclization reactions.
3 The same argument holds if Q defines the hydrophobic volume of the lipid aggregate.




8 S. Rasmussen, L. Chen, B.M.R. Stadler & P.F. Stadler

where the growth rate k, depends explicitly on the catalytic activity of the
specific PNA mixture. In particular, aggregates containing only PNA strands
poor in G and A will grow slowly or not at all. Off-spring vesicles are viable
only if they inherit the photo-catalytically active PNAs.

It is clear that the photo-chemical processes are many orders of mag-
nitude faster than the template directed PNA replication given an excess of
precursor molecules. However, an appropriate balance must exist between the
production of lipid molecules and the production of PNA oligomers which
take part in the template directed ligation (and replication). Many more lipids
must be produced for every PNA oligomer to ensure that a larger (or new)
lipid aggregate is grown to enable hydrophobic support of a new PNA oligomer.
Assuming an appropriate balance between the lipid and PNA oligomer pro-
duction (say 50 : 1 for micelles and ~ 5000 : 1 for vesicles) the growth law
(13) implies that we will observe selection of the fittest PNA/aggregate type.

Since there is an upper and a lower limit on the rate of aggregate repro-
duction relative to the rate of PNA replication, there is selection for a coupling
of PNA replication and aggregate division. If the lipid production is much
higher than a balanced production, non-viable aggregates without PNAs are
being produced which will be a loss for the system. If the lipid production is
too low compared to a balanced rate, the lipid aggregates will be over-loaded
with PNAs; this should alter their mechanical properties and presumably will
severely disturb replication at the aggregate level, if the chemical system does
not break entirely.

Replication of the genes on the surface of the aggregates per se does not
overcome the limits on the amount of heritable genetic information that is
posed by Eigen’s error threshold [5]. The growth law (12), however, implies
the stability of a genome consisting of a number of tiny “chromosomes™ (Cs)
if ax > ®. This is ruled out by the original quasispecies model since it does
not allow for coexistence beyond the mutant cloud of the master sequence
in homogeneous solution. The possibility of fragmented genomes opens up a
much richer scenario for further evolution. Selection can occur at two levels:
there is (weak) competition among the “modules” of the genome selecting for
template sequences with ay > ® and there is (strong) selection for aggregates
containing catalytically active PNA strings.

5. Discussion

The protocell discussed here requires much less sophisticated biopolymer
components, compared to other proposals [7, 17, 10], and a less well-defined
organization of the lipid aggregate. The Los Alamos Bug can therefore be
seen as a model for a much earlier step in the transition between nonliving and
living matter. If the Los Alamos Bug can indeed be realized experimentally,
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it will be endowed with all the prerequisites for combinatorially unlimited
Darwinian evolution. Its metabolism will allow it to survive in a “prebiotic”
environment although unfavorable environmental conditions (e.g. heat or pH)
will kill it. In short, the proto-organism will be alive at least w.r.t. the most
common definitions of the term.

The lipid-aggregate proto-organism introduced here might be a starting
point to reconciliate the Lipid-World model of Lancet & Segré [12] with
the necessity of information carrying molecules: dynamically our proto-cells
could behave like a GARD, in particular since sequence-dependent catalytic
activities of PNA are likely to be comparable to RNA and DNA catalysis.
However, the information is not carried by the composition of the lipid mem-
brane but by the catalytically active PNA replicators that are anchored in
it.

Finally it should be reiterated that the presented minimalistic thermo-
dynamic coupling between the functional structures of the proto-organism
(container, metabolism, and genes) also could be realized using a redox based
metabolism that harnesses chemical energy. Perhaps it would even be possible
to use RNA instead of PNA as long as amphiphiles with an opposite charge
of the RNA backbone are provided.
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