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Although model protocellular membranes consisting of monoacyl lipids are similar to mem-
branes composed of contemporary diacyl lipids, they differ in at least one important aspect.
Model protocellular membranes allow for the passage of polar solutes and thus can poten-
tially support cell-to functions without the aid of transport machinery. The ability to transport
polar molecules likely stems from increased lipid dynamics. Selectively permeable vesicle
membranes composed of monoacyl lipids allow for many lifelike processes to emerge
from a remarkably small set of molecules.

Lipid bilayer membranes are an integral com-
ponent of living cells, providing a permeabil-

ity barrier that is essential for nutrient transport
and energy production. It is reasonable to
assume that a similar boundary structure would
be required for the origin of cellular life (Szostak
et al. 2001). Even though bilayer membranes are
a cellular necessity, they also pose a significant
obstacle to early cellular functions, the most
obvious being that the permeability barrier
would inhibit chemical exchange with the envi-
ronment. Such an exchange is important not
only for acquiring nutrient substrates for prim-
itive metabolic processes, but also for the release
of inhibitory side-products.

Contemporary cells circumvent the per-
meability problem by incorporating complex
transmembrane protein machinery that pro-
vides specific transport capabilities. It is unlikely
that Earth’s first cells assembled bilayer mem-
branes together with specific membrane protein

transporters. Rather, intermediate evolutionary
steps must have existed in which simple lipid
molecules provided many of the characteristics
of contemporary membranes without relying
on advanced protein machinery. What seems
to have been necessary was the appearance of a
simple membrane system capable of retaining
and releasing specific molecules. In short, a pro-
tocell needed to be selectively permeable.

BACKGROUND

Membrane Structure

The structure of biological membranes has been
extensively characterized, but extending this
knowledge to protocellular membranes is prob-
lematic. Insight can be gained by comparing
what is known of the structure and permeability
of biological membranes with those derived
from laboratory models of protocells. The lipid
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bilayers of present-day biological membranes
consist primarily of diacyl lipids, such as glycer-
ophospholipids and sphingolipids, in addition
to other potential components including glyco-
lipids (derivatives of either sphingo- or glycero-
phospholipids), sterols, and proteins (Fig. 1). A
single bilayer membrane is approximately 5 nm
thick (Wiener and White 1992), which corre-
sponds to seven to nine amino acids of a
b-strand or 20–25 amino acids of an a-helix
(Nelson and Cox 2008). Within the membrane,
lipids are arranged so that their hydrophilic
head groups extend outward toward the bulk
aqueous phase and their hydrophobic tails are

buried in the nonpolar interior of the bilayer.
The spatial organization of carbonyl ester di-
pole moments within the membrane produces
a significant membrane dipole potential esti-
mated to be þ240 mV (Gawrisch et al. 1992;
Peterson et al. 2002; Wang et al. 2006). The
lipids that constitute biological membranes
usually have hydrocarbon chains between 16
and 24 carbons long and have either zwitter-
ionic or anionic head groups (Tanford 1980; Ev-
ans and Wennerstrom 1999). Unsaturated lipids
have a cis double bond at carbon 9, which is the
position within the hydrocarbon chain that
optimally disrupts inter-acyl packing (Menger

OH

O

O

O

O

P O–

O

O

N+H3C

CH3

CH3

O

HN

O
OH

O

O

OH
HO

OH

HO

HO

O

O

O

HO

OH

HO

Figure 1. Lipid chemical structures. From left to right, phospholipid (1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine), sphingolipid (glucosyl ceramide), sterol (cholesterol), fatty acid (oleate), and glycerol
monoester of fatty acid (monoolein). Phospholipids, spingolipids, and sterols are common components of
biological membranes, whereas fatty acids and glycerol monoesters of fatty acids are constituents of model
protocellular membranes.
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et al. 1988). The distribution of membrane
lipids is asymmetric, with certain classes of lip-
ids, e.g., glycolipids, predominating in one
leaflet. Water molecules extensively interact
with the hydrophilic exterior of the membrane
(Gawrisch et al. 2007). The depth of water pen-
etration extends past the head group and glycerol
to the carbonyl groups, yielding a hydrophobic
membrane interior of approximately 3 nm
(Wiener and White 1992; Gawrisch et al. 2007).
It should be emphasized that biological mem-
branes also contain nonlipid components, with
the mass of protein components often exceeding
that of lipids (Singer 2004). In summary, fora sol-
ute to cross a lipid bilayer membrane of 5 nm, the
solute must penetrate a 3-nm hydrophobic
barrier.

The prevalence of phosphate in lipid head
groups is striking. With few exceptions (van
Mooy et al. 2009), diacyl membrane lipids
contain phosphate head groups, even though
amphiphilic molecules that form bilayer mem-
branes do not require the presence of phosphate
(Israelachvili 1991; Evans and Wennerstrom
1999). Indeed, the importance of phosphate is
a recurring theme in biology, with examples in
lipids, nucleic acids (Benner and Hutter 2002),
metabolism (Westheimer 1987; Deamer 1997),
and cellular signaling (Tarrant and Cole 2009).

Prebiotic membrane composition and
structure

The lipid composition of protocellular mem-
branes is not known. However, inferences can
be drawn from simulated prebiotic synthesis,
geological and astronomical analyses, as well
as data from constructed laboratory model sys-
tems. Thus far, interest has centered on fatty
acid and fatty acid derivatives as plausible
prebiotic membrane constituents. First, they
can be synthesized under simulated prebiotic
conditions via Fischer-Tropsch-type reactions
(McCollom et al. 1999). Second, analysis of car-
bonaceous meteorites, such as the Murchison
meteorite, has identified fatty acids as one of
many complex organic molecules (Lawless and
Yuen 1979). The latter should not necessarily
be interpreted as evidence for seeding life on

Earth through the extraterrestrial delivery of
organic material. Rather, it shows that abiotic
synthesis using molecules that were available
on the prebiotic Earth can generate appreciable
quantities of amphiphilic compounds such as
fatty acids (Pizzarello 2006; Pizzarello 2007).
Interestingly, organic extracts of the Murchison
meteorite that contained a mixture of abioti-
cally synthesized amphiphilc molecules self-
assembled into vesicles in aqueous solution
(Deamer 1985; Deamer and Pasley 1989).

Laboratory vesicle systems have shown that
fatty acids alone can form bilayer membrane
structures that are similar to the membranes
composed of diacyl phospholipids (Gebicki
and Hicks 1973; Gebicki and Hicks 1976; Har-
greaves and Deamer 1978). From a structural
perspective, the only difference is the presence
of a single acyl chain in the interior, hydropho-
bic core of the membrane per hydrophilic head
group. Other properties of membranes com-
posed of fatty acids and phospholipids are sim-
ilar. For example, both types of lipids generate
similarly sized vesicles (Hargreaves and Deamer
1978) and require hydrocarbon chains of at least
10 carbons to form stable bilayers (Deamer
1997). Fatty acid and phospholipid membranes
also are similar in thickness (Cistola et al. 1986),
thermal stability (Mansy and Szostak 2008), and
tensile strength (Chen et al. 2004). Finally, both
kinds of membranes are capable of entrapping
polymers (Walde et al. 1994) and retaining the
activity of encapsulated enzymes (Walde et al.
1994; Chen et al. 2005). It should be noted
that whereas meteorite samples show the pres-
ence of short, saturated fatty acids, laboratory
model systems are often based on longer, un-
saturated fatty acids. The data thus far show
that many of the structural properties of fatty
acid and phospholipid membranes are similar.

Lipid Dynamics

Membranes are highly fluid structures showing
a wide range of lipid motions (Singer and
Nicolson 1972; Gawrisch 2004). Within mem-
branes, lipids can undergo trans-gauche iso-
merizations, rotate, wobble, laterally diffuse,
and flip from one leaflet to another (Table 1).
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The dynamics of the carbons of a single lipid
vary with respect to their position within the
hydrocarbon chain, with greater dynamic mo-
tion observed toward the center of the mem-
brane, i.e., near the terminal methyl groups,
and less motility measured for the carbons
near the surface of the membrane (McFarland
and McConnell 1971). Lipid dynamics are
influenced by acyl chain packing, head group
interactions, and sterol content. For example,
the presence of cholesterol can decrease lateral
mobility by an order of magnitude (Rubenstein
et al. 1979), decrease trans-gauche isomeriza-
tion of the carbons near the head group, and
increase the dynamics of terminal methyls for
long acyl chain lipids (McIntosh 1978; Gawrisch
2004). Many of these smaller scale motions,
such as trans-gauche isomerizations, are pre-
sumed to be similar between diacyl and mono-
acyl lipids, although differences likely exist.

Larger scale lipid motions, such as flip-flop,
are influenced by acyl chain and head group
compositions. Decreases in inter-acyl packing
through unsaturation or branching increase
lipid flip-flop rates (Armstrong et al. 2003;
Chen and Szostak 2004a). Similarly, mem-
branes in the more fluid, liquid-crystalline
phase contain lipids that flip-flop faster than
membranes in the gel phase. However, diacyl
phospholipid flip-flop is greatest at the phase
transition temperature in which packing defects
presumably more strongly diminish acyl chain
interactions (John et al. 2002). The lipid head
group also influences flip-flop rates with highly

polar head group containing lipids being inca-
pable of flipping. Because fatty acids possess
fewer acyl chains and a less polar head group
than phospholipids, fatty acids flip-flop more
quickly than phospholipids (Hamilton 2003;
Chen and Szostak 2004b).

Lipid escape (exchange) dynamics represent
an additional type of large-scale motion that is
strongly influenced by hydrophobicity. Diacyl
phospholipids have a large hydrophobic surface
area that results in a substantial energetic barrier
for the acyl chains of the lipid to move from the
hydrophobic environment of the membrane’s
interior to aqueous solution. Therefore, diacyl
phospholipids do not readily exchange between
vesicles or micelles and instead form kinetically
trapped structures. The decreased hydrophobic
surface area of monoacyl lipids poses a much
lower energetic barrier for lipid escape, and so
fatty acids rapidly equilibrate between vesicles
and micelles. Therefore, fatty acids form highly
dynamic aggregate structures that behave more
like a system under thermodynamic rather than
kinetic control (Luisi 2001). Aggregate systems
containing mixtures of mono- and diacyl-lipids
confirm this difference in dynamics (Fujikawa
et al. 2005), which can be exploited for liposome
generation by the detergent depletion method
(Evans and Wennerstrom 1999). In short,
monoacyl lipids, such as fatty acids, have higher
escape and flip-flop dynamics than diacyl
phospholipids, even though both monoacyl
and diacyl lipids form structurally similar
membranes.

Table 1. Lipid dynamics within liquid-crystalline bilayer membranes.

Motion type

Diacyl

phospholipid

Monoacyl

fatty acida Reference

Trans-gauche isomerization ps–ns (Venable et al. 1993; Gawrisch 2004)
Wobble ns (Klauda et al. 2008)
Axial rotation ns (Klauda et al. 2008)
Lateral diffusion ns–ms (Rubenstein et al. 1979; Gawrisch 2004;

Kahya and Schwille 2006)
Flip-flop days ms–s (Kamp and Hamilton 1992; Chen and

Szostak 2004b)
Escape days s (Roseman and Thompson 1980;

Fujikawa et al. 2005)
aTrans-gauche isomerization, wobble, axial rotation, and lateral diffusion correlation times are presumed to be similar for

fatty acid and phospholipid membranes.
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RECENT RESULTS

Permeability Mechanisms

Although contemporary cells facilitate trans-
port by using protein channels or carriers that
provide less energetically costly paths for the
solute to pass through the hydrophobic interior
of the membrane, many small, neutral mole-
cules such as water and carbon dioxide are
able to cross the membrane without the aid of
proteins (Inoue 1996). Permeability decreases
with increasing molecular size, for instance,
for solutes ranging in size from urea and glyc-
erol up to glucose. The precise mechanism by
which this occurs is not yet fully understood,
as the route taken by the solute likely depends
on a complex set of factors deriving from both
the nature of the solute and the membrane.
However, insight into the process has pro-
gressed considerably so that experimentally
measured solute permeation rates can often be
corroborated by mechanistically based compu-
tational modeling. Current permeability mod-
els take into account solute hydrophobicity,
size, and shape along with membrane fluidity
and packing density.

Solubility-Diffusion Model

Our current understanding of the barrier posed
by lipid membranes is largely due to the work of

Ernest Overton. His interpretation of perme-
ability data is known as Overton’s rule and is
simply a correlation between solute hydropho-
bicity, that is the solute’s ability to partition
into the oily interior of the membrane, and per-
meation rates (Kleinzeller 1999). This remark-
ably simple correlation accurately predicts
permeability trends for a large number of sol-
utes and is incorporated into most currently
used permeability models.

Overton’s rule forms the foundation of
the solubility-diffusion permeability model
(Fig. 2A). In essence, it is a combination of
Overton’s hydrophobicity correlation with Fick’s
first law of diffusion, which describes how mol-
ecules move down concentration gradients at a
rate directly proportional to the magnitude of
the gradient (Eisenberg and Crothers 1979).
The mathematical expression of Fick’s first law
is J ¼ -D(dc/dx), in which J is the solute flux,
D is the diffusion coefficient, c is the solute con-
centration, and x is the distance that the solute
must traverse when it crosses the membrane. If
the rate of diffusion through the interior of
the membrane is taken to be the rate limiting
step for solute flux through a membrane, then
D represents the diffusion coefficient within the
hydrophobic interior of the membrane and x
becomes the hydrophobic thickness of the
bilayer membrane (Paula and Deamer 1999).
Also, because the total flux of a solute through

A B

C D

Figure 2. Membrane transport mechanisms. (A) Solubility-diffusion model. (B) Transient pore model. (C)
Head-group gated model. (D) Lipid flipping-carrier model. Circles represent lipid head groups and the gray
area indicates the hydrophobic region occupied by lipid acyl chains. The black oval is the solute molecule.
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a vesicle membrane is directly proportional to
the surface area of the membrane, a term for
the surface area (SA) of the membrane is added.
Permeability is usually expressed as a perme-
ability coefficient (P), rather than as solute
flux, which more clearly shows the relationship
between permeability and the properties of the
solute and the membrane. P and J are related
by P ¼ 2J/(c22c1), in which c22c1 represents
the solute concentration gradient. Finally, to
account for the ability of a molecule to dissolve
in the hydrophobic region of the membrane, a
partition coefficient (K) is included, which
gives the more familiar form of the solubility-
diffusion equation P ¼ (K.D.SA)/x.

This equation predicts a dependence on sol-
ute hydrophobicity, as more hydrophobic sol-
utes can partition more effectively into the
membrane, and a dependence on membrane
thickness with thicker membranes having lower
permeability coefficients. The model is consis-
tent with a number of observations, working
particularly well for neutral solutes like glycerol,
urea, and ethanol up to hexoses. Membrane
fluidity is taken into account by the diffusion
term (D), because diffusion is dependent on
solvent viscosity. Although the solubility-
diffusion model appears well suited to describe
a variety of solute permeability data, particu-
larly for nonpolar molecules, the model does
not take into consideration dynamic motion

of the bilayer membrane structure (Paula et al.
1998).

Transient Pore Model

Although the elegantly simple solubility-diffusion
model accurately predicts permeability trends for
a large number of solutes, some inconsistencies
between experimental data and theoretical model-
ing exist. For instance, ion permeability data are
not consistent with the solubility-diffusion model.
The major factor influencing ion permeation rates
is their inability to partition into the nonpolar
membrane phase, which is inhibited by the ion’s
“self energy,” i.e., Born energy (Parsegian 1969).
It is interesting that the encountered barrier is
not the same for cations and anions. Because of
the membrane’s intrinsic dipole potential, anions
more readily cross the initial barrier of head
groups than cations, resulting in greater anion per-
meability coefficients (Fig. 3).

To account for this discrepancy, alternate
models have been developed for ion permeation.
One of these is known as the transient pore
model (Fig. 2B), which invokes the opening of
pores because of thermal fluctuations in mem-
brane structure (Paula and Deamer 1999). If
the transient pore is lined by lipid head groups
or water molecules, then the Born energy barrier
for ion permeation is removed, resulting in
increased permeability coefficients (Paula et al.
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Figure 3. Comparison between solute permeability coefficients of liquid-crystalline diacyl phospholipid and
monoacyl fatty acid membranes. Solutes in bold type permeate differently through both membranes. AMP
permeation depends on the presence of Mgþþ. AMP and Mgþþ permeability through diacyl phospholipid
membranes does not occur within the time scale represented by the x-axis. Differences in permeability
between monoacyl and diacyl lipid membranes are small for nonpolar solutes and large for polar solutes.
(Data were compiled from Paula et al. 1996; Paula et al. 1998; Paula and Deamer 1999; Chen and Szostak
2004b; Chen et al. 2005; Sacerdote and Szostak 2005; Mansy et al. 2008.)
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1996). This alternate theory makes a variety of
testable predictions that can be used in compar-
ison with the solubility diffusion model. For
instance, the creation of pores more strongly
depends on membrane thickness because the
required membrane thinning defects are more
readily populated in membranes composed of
lipids with short acyl chains (Paula et al.
1998). Permeability coefficients versus mem-
brane thickness data for Naþ and Kþwere con-
sistent with a transient pore model rather than
a solubility-diffusion model for phospholipids
with short acyl chains, whereas acyl chains
�18 carbons, showed permeation consistent
with the solubility-diffusion model, particularly
for anions (Paula et al. 1996).

Packing Defect Model

Packing defects have also been invoked as a
mechanism by which solutes can pass through
membranes. The differences, if any, are not clear
as to what distinguishes transient pores from
packing defects. Typically, packing defect mech-
anisms are used to describe the permeability
of membranes composed of saturated lipids,
whereas transient pores are typically used to de-
scribe processes occurring in membranes com-
posed of lipids with at least one unsaturated acyl
chain. Inconsistencies in permeability between
these two types of membranes often have been
observed (Xiang and Anderson 1998; Paula
and Deamer 1999; Nagle et al. 2008). Neverthe-
less, packing defects are believed to exist for satu-
rated lipid membranes at their phase transition
temperature and result in dramatic increases in
permeability (Nagle and Scott 1978; Jansen
and Blume 1995). For example, even large ionic
molecules, such as nucleotides, can traverse
diacyl phospholipid membranes at the phase
transition temperature of the membrane (Mon-
nard and Deamer 2001; Cisse et al. 2007;
Monnard et al. 2007).

Lipid Head Group-Gated Model

Despite the power of the earlier approaches in
explaining solute permeability, inconsistencies
continue to persist. For example, none of the
models adequately take into account solute

size and acyl chain ordering effects. This may
in part be because of an overly simplified
view of diffusion processes, particularly for sol-
utes that diffuse through multiple phases. An
insightful alternative perspective builds on con-
cepts from the free volume model for diffusion
in which solvent translational motions create
cavities of free volume of sufficient size that
can be occupied by an adjacent solute (Xiang
and Anderson 1998). In other words, diffusion
can be thought of as a statistical process of sol-
ute molecules finding nearby cavities to fill. This
free volume approach can be adapted to better
explain the processes of a solute passing
through a barrier gated by lipid head groups.
More specifically, solute passage through a
membrane may depend on the probability of
the solute finding free surface area to exploit
(Xiang and Anderson 1998). The free surface
area can be thought of as representing gaps
within the hydrophilic head group region of
the membrane (Fig. 2C). Two conclusions are
obvious from such a perspective. First, the size
and shape of the solute (described by its cross
sectional area) influences its ability to find gaps,
or free surface area, of sufficient size to allow for
solute entry. Second, lipid packing density
within the membrane similarly affects the size
of free surface area and thus rates of permeation.

The head group gated model described ear-
lier was combined with the solubility-diffusion
model to give a model that takes into considera-
tion both free surface area and solute size along
with partitioning and diffusion through the
membrane’s hydrophobic interior (Mathai et al.
2008; Nagle et al. 2008). This three-slab model
describes a process in which solutes must find
free surface area for entry before partitioning
into and diffusing through an oily interior, and
then finally emerging through another head
group-gated passage into aqueous solution. The
model is particularly satisfying as it can readily
explain differences in diffusion arising from sol-
ute size and shape, whereas also maintaining a
strong solubility-diffusion component consis-
tent with Overton’s rule (Mathai et al. 2008;
Nagle et al. 2008).

All of the models discussed thus far are based
on data from diacyl phospholipid membranes.

Membrane Permeability
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For nonpolar solutes, the model appears to fit
data from both monoacyl and diacyl lipid mem-
branes. Even subtle changes in apolar solute–
water interactions (Wei and Pohorille 2009)
can result in dramatic changes in permeability
coefficients for both mono- and diacyl lipid
membranes (Sacerdote and Szostak 2005). Con-
versely, ionic solute permeabilities differ greatly
between these two types of membranes (Fig. 3).

Lipid Carrier Model

Ionic solutes appear to operate via a different
permeability mechanism when encountering a
membrane that contains monoacyl lipids. Ini-
tial insight into this process was obtained
from diacyl phospholipid membranes contain-
ing small amounts of monoacyl fatty acids,
which revealed dramatic increases in proton
and monovalent cation permeabilities (Kamp
and Hamilton 1992). The proposed mechanism
differed from previous models by invoking lipid
flipping (Fig. 2D). More specifically, neutralized
fatty acids, either through protonation or asso-
ciation of monovalent cations with the fatty
acid’s carboxylic acid head group, carry solute
while flipping from one leaflet to the other
before solute release (Kamp and Hamilton
1992). Similar studies with membranes com-
posed solely of monoacyl fatty acids were con-
sistent with this proposed carrier mechanism
(Chen and Szostak 2004b).

The ability of monoacyl lipids to enhance
the permeation rates of ionic solutes is not con-
fined to alkali (Chen and Szostak 2004b) and
alkaline Earth metals (Chen et al. 2005). Fatty
acid membranes can similarly accommodate
the passage of nucleotide mono- and diphos-
phates, if divalent cations are present to reduce
the overall charge of the solute (Chen et al. 2005;
Mansy et al. 2008). Although a mechanism for
large, ionic, organic solute permeation has not
been established, the data are consistent with a
carrier-type process (Mansy et al. 2008).

Lipid Dynamics and Permeability

All of the described permeability mechani-
sms are dependent on lipid dynamics, such as

membrane fluidity dynamics that facilitate dif-
fusion through the hydrophobic region of the
membrane or lipid dynamics at the surface of
the membrane to create an entry space for sol-
utes. The lipid dynamics that are exploited for
solute passage depend on membrane composi-
tion and solute polarity. A well-documented
example is the disparity between permeability
data from saturated and unsaturated diacyl
phospholipid membranes. It seems likely that
such discrepancies reflect real differences in
routes of solute passage and thus membrane
dynamics. For example, the increased lipid flip-
ping dynamics observed at the phase transition
temperature of saturated diacyl phospholipid
membranes (John et al. 2002) may facilitate
the creation of hydrophilic pores (or packing
defects lined with hydrophilic residues) that
can be exploited for polar solute passage.

A revealing method to gain insight into the
relationship between lipid dynamics and solute
permeability is to compare solute permeabil-
ities between monounsaturated diacyl phos-
pholipids and fatty acid membranes. Many of
the structural properties of the two membrane
types are similar, but their associated lipid
dynamics are significantly different, particularly
those of lipid flip-flop and lipid escape (Table 1).
Less polar molecules that are able to partition
more effectively into the membrane permeate
similarly through diacyl and monoacyl mem-
branes. This suggests a similar dependence on
the types of lipid dynamics, e.g., trans-gauche
isomerizations, exploited for solute passage
and in this case is consistent with a solubility-
diffusion based mechanism. Conversely, highly
polar molecules show much different behavior
depending on the type of membrane encoun-
tered. Because polar molecules are less able to
partition into the hydrophobic interior of the
membrane, they must exploit alternate paths,
and thus other available lipid dynamics, for
solute passage. Unlike diacyl phospholipids,
monoacyl fatty acids can rapidly flip-flop. It has
been proposed previously that the flip-flop
dynamics of fatty acid membranes may provide
an alternate route for large, polar solute pas-
sage similar to the carrier mechanism pro-
posed for monovalent cations (Mansy et al. 2008).
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Computational studies are consistent with
monoacyl lipid dynamics providing lower
Born energy paths for ion permeation (Wilson
and Pohorille 1996). Although definitive proof
of this mechanism is lacking, results so far are
consistent with a link between the increased
lipid dynamics of fatty acid membranes and
their increased permeability characteristics.

Although the carrier mechanism appears
different from typical biological mechanisms
of solute transport, similarities between the fatty
acid carrier mechanism and the mechanism
used by membrane transport proteins exist.
Membrane transport proteins function similarly
to enzymes in lowering the activation energy
barrier by providing polar side-chain interac-
tions that substitute for the solute’s interactions
with water. In effect, they are providing an alter-
nate path for passage through the membrane
that compensates for lost aqueous solvent inter-
actions. This may not be much different than
what occurs during the permeation of ionic sol-
utes through fatty acid membranes. Solute inter-
actions with carboxylate head groups may
substitute for water interactions in the same
way that protein-side chains substitute for
hydration within a protein pore. Perhaps Earth’s
first cells exploited membrane lipid composi-
tions that functioned both as a solute barrier
and simultaneously as a solute transporter.

CHALLENGES AND FUTURE RESEARCH
DIRECTIONS

Implications of Selective Permeability for the
Origin of Life

Despite the presumed difficulty in nutrient
exchange across membranes, permeability data
from laboratory models of protocells reveal
that selective permeability is an inherent prop-
erty of fatty acid membranes. Vesicles composed
of fatty acids are able to retain large polymers
and highly charged molecules, while simultane-
ously allowing for the diffusion of smaller, less
polar solutes (Chen et al. 2006). Even subtle
differences in partition coefficients can lead to
large permeability differences that could poten-
tially be exploited for early metabolic processes.

For example, within a series of aldopentoses,
ribose crosses monoacyl and diacyl lipid mem-
branes approximately fivefold faster than dia-
stereomers ofequalmolecular weight (Sacerdote
and Szostak 2005). This remarkable kinetic
selectivity apparently arises from less extensive
solvent interactions for ribose than for other
five-carbon sugars (Wei and Pohorille 2009)
and is consistent with permeability models that
incorporate Overton’s rule. Because the prefer-
ential acceleration of a few reaction rates can
result in directional flux through a complex
set of potential chemical reactions (Copley
et al. 2007), the kinetic availability of ribose in
protocellular structures could have significantly
influenced the resulting encapsulated protome-
tabolic network.

The ability of model protocells with mem-
branes composed of monoacyl lipids to uptake
nucleotides provides for a route to replicate
nucleic acid genomes in the absence of proteins.
Building on work from the Orgel laboratory
(Lohrmann and Orgel 1976; Tohidi et al 1987),
a sequence-general, template-directed, nonen-
zymatic nucleic acid replication method was
developed by the Szostak laboratory (Schrum
et al. 2009). Briefly, the method exploits nucleo-
tides activated with an imidazole leaving group
in place of the pyrophosphate and a 20-amino
nucleophile in place of the 30-hydroxyl. Al-
though nucleotides likely were not prebiotically
activated in precisely this way, it seems probable
that nucleotides were activated differently than
they are now in contemporary cells (Lohrmann
and Orgel 1976). Because fatty acid membranes
allow for the passage of nucleotides (Chen
et al. 2005; Mansy et al. 2008), the encapsulation
of a nucleic acid template inside of monoacyl,
fatty acid vesicles resulted in efficient template
copying when 20-amino, 50-phosphorimidazo-
lide nucleotides were added externally to the
vesicles. The same conditions did not result in
template copying inside of diacyl phospholipid
vesicles because of the impermeability of the
membrane (Mansy et al. 2008). These studies
highlight the possibility of simple, cell-like
structures composed of leaky (Deamer 2008),
monoacyl lipid membranes to replicate its own
genome by feeding off of the environment.

Membrane Permeability
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The permeability and selectivity of fatty acid
vesicles suggest that the simplest prebiotic cell-
like structures may have been heterotrophic, in
the sense that growth was achieved by taking
up nutrient compounds from the external solu-
tion, rather than by developing encapsulated
metabolic networks to synthesize nutrients. Co-
nversely, an autotrophic protocell would likely
have required diacyl lipids to retain synthesized
small molecules and thus would have addition-
ally faced a series of transport problems that
required greatercomplexity in the form of mem-
brane transport proteins. Nevertheless, proto-
cell research is still in its infancy and much
more work is needed to define possible routes
to the emergence of protocells.

Early Transporters

The arguments presented here show that nutrient
acquisition can occur across lipid membranes
without the aid of specialized proteins or RNA
molecules. However, cell-like structures that
depend on passive diffusion mechanisms are
limited in the complexity that they can achieve.
To fuel active metabolic processes, membrane
transport must be rapid enough to replenish
consumed nutrients. Although the total amount
of solute flux across a membrane can be
increased by increasing vesicle size, i.e., mem-
brane surface area (r2 dependence), the accom-
panying changes in volume (r3 dependence)
result in a net decrease in nutrient availability.
This is a significant limitation because compart-
ment size is directly related to the potential com-
plexity of the system. In other words, small
compartments can only hold a small number
of molecules (Morowitz 1992), thus placing an
upper limit on the number of possible encoded
ribozymes, for example. Similarly, smaller com-
partments are more susceptible to fluctuations
in molecular composition; even the addition
of a single proton within a small vesicle results
in significant pH changes (Morowitz 1992).
Although these compartment size considera-
tions assume active metabolic processes that
may not be relevant to the early steps in the emer-
gence of protocells, progression toward cell-
like structures with increased complexity and

metabolic activity likely would have selected for
larger compartments and in turn active transport
mechanisms.

If protocellular evolution resulted in progres-
sively less permeable membrane compositions
(Szathmary 2007), then the simultaneous devel-
opment of transmembrane solute transporters
would have been necessary. The simplest biolog-
ical examples of transporters are short, antibiotic
peptides that can mediate the passage of cations
across otherwise impermeable phospholipid
membranes. Such peptides often contain D- and
L-amino acids, are nonribosomally synthesized,
and often display remarkable solute specificity
(Eisenberg 1998). Even simple hydrophobic pol-
ypeptides, such as poly-alanine, can increase pro-
ton permeation rates (Oliver and Deamer 1994).
It is easy to envisage how short peptide sequences
could have been exploited for solute passage by a
protocell. However, a mechanism for the propa-
gation of the resulting phenotype from one gen-
eration to another would be problematic in the
absence of genetic material.

As evidence continues to grow suggesting
that life originated in or passed through a
RNA world, an important question is whether
RNA is able to provide the membrane transport
functionality provided by proteins and short
peptides. Although RNA mediated transport
across membranes appears unlikely because of
the high polarity of the phosphodiester back-
bone of RNA molecules, RNA could modulate
the properties of a membrane through interac-
tions with the hydrophilic, solvent exposed
membrane surfaces. Lipid head-group organi-
zation is an important determinant of mem-
brane stability and fluidity, and for the ability
of solutes to gain access to the membrane’s
hydrophobic interior. Through in vitro selec-
tion experiments, RNA molecules have been
identified that tightly associate with membrane
surfaces and that may also partially penetrate
the membrane (Khvorova et al. 1999; Janas and
Yarus 2006). As some permeability mechanisms
invoke transient pores and packing defects as
routes for solute passage, it is plausible that
RNA molecules that simply interact with mem-
brane surfaces could influence the structure and
dynamics of the membrane enough to effectively
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enhance solute permeation. In fact, a RNA
chimera consisting of selected membrane and
tryptophan binding motifs is able to facilitate
tryptophan transport across diacyl phospho-
lipid membranes (Janas and Yarus 2004).
Although few examples exist of such RNA-
membrane interactions, the ability of RNA to
serve a wide range of functions in vitro and in
contemporary cells suggests that facilitated sol-
ute transport may not have been impossibility
during the origin of life (Janas et al. 2006).

Membrane Permeability Influences

Selective permeability influences processes
beyond those of nutrient acquisition, including
growth, shape, and division processes. Concen-
tration gradients across vesicle membranes
because of solute impermeability produce
osmotic pressures that can drive chemical reac-
tions, such as vesicle growth (Chen et al. 2004).
A mixture of vesicles experiencing differing
osmotic pressures arising from differences in
RNA content, for example, can lead to the pref-
erential growth of RNA containing vesicles at
the expense of empty vesicles. In other words,
osmotic gradients across monoacyl, fatty acid
membranes create a competition for resources
between model protocellular structures (Chen
et al. 2004). Similarly, osmotic gradients across
multilamellar membranes result in vesicle shape
changes because of surface area–volume imbal-
ances that predispose the vesicle to division dur-
ing growth processes (Zhu and Szostak 2009).
The requisite shape changes only occur in the
presence of slowly permeable solutes, whereas
multilamellar vesicle growth in the presence of
highly permeable solutes does not result in
vesicle shape changes (Zhu and Szostak 2009).
Selectively permeable membranes endow vesicle
systems with the lifelike properties of growth,
competition, and division.

CONCLUSIONS

It appears that many of the desirable permeabil-
ity properties of fatty acid membranes arise from
the increased lipid dynamics of the vesicle sys-
tem, whereas many of the early assumptions on

the influences of membranes on protocellular
evolution were based on less dynamic, diacyl
phospholipid membranes. In addition to facili-
tating the selective absorption and release of
molecular building blocks, the dynamic nature
of monoacyl lipid membranes allow for growth
(Hanczyc et al. 2003), competition (Chen et al.
2004), and division (Zhu and Szostak 2009).
Importantly, many of these processes are coupled
and so a complete cycle of growth, replication,
and division appears achievable (Mansy and
Szostak 2009). For example, the uptake of acti-
vated nucleotides can result in an increase in
genomic content and thus an increase in osmotic
pressures on the vesicle system that can be par-
tially relieved by growth. Protocells incapable of
genomic replication would not grow and would
be selected against. Growing multilamellar ves-
icles with semipermeablemembranes would then
proceed through a series of shape changes result-
ing from surface area-volume imbalances and
ultimately divide under mild agitation. Surpris-
ingly, data thus far suggest that a complete repli-
cation cycle may only require four components,
including two types of monoacyl lipids, activated
nucleotides, and a nucleic acid template (Mansy
and Szostak 2009).

Thus far a robust and complete cycle includ-
ing both nucleic acid and compartment replica-
tion has not been shown, even though many of
the necessary individual steps have been realized.
Further efforts in developing nucleic acid replica-
tion mechanisms that properly coordinate strand
separation, annealing, and copying with vesicle
shape changes and division is needed (Mansy and
Szostak 2009). Nearlyeverystep in the growth and
replication of protocellular structures is influ-
enced by membrane permeability. Protocells with
a fatty acid membrane can acquire polar nutrients
without first evolving additional transport ma-
chinery. The demonstration of a complete cycle
that can undergo Darwinian evolution will greatly
deepen our understanding of the chemical and
physical basis of life.
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