Nucleobases bind to and stabilize aggregates of
a prebiotic amphiphile, providing a viable mechanism
for the emergence of protocells
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T

he origin of RNA (1) and how it became associated with
amphiphilic membranes in primordial cells are unclear.
RNA is a polymer of units containing the sugar ribose covalently
bound to one of four nucleobases; amphiphiles are molecules
that possess both a hydrophobic and a hydrophilic moiety and
therefore can aggregate into membranes in water. We know that
two of the four units of RNA can be synthesized under simulated
prebiotic conditions (2), that simple amphiphiles such as fatty
acids spontaneously aggregate into vesicles in an aqueous environment (3), and that such vesicles can encapsulate nucleic acid
and its building blocks (4, 5). Fundamental questions remain,
however, regarding how the bases and sugar in RNA were selected from a heterogeneous mixture of prebiotic organic compounds, concentrated sufﬁciently to react, and colocalized with
vesicles. It also is unclear how the ﬁrst membranes were stabilized in seawater, given that fatty acids precipitate at high salt
concentrations (6).
Previous lines of research suggest possible answers to these
questions. Prebiotic chemical processes might have preferentially
generated at least two of the four nucleotides (consisting of a
base bound to ribose and phosphate) from simple organic precursors (2). These building blocks, if appropriately activated,
then might have polymerized on mineral surfaces (7), which also
stimulate fatty acid vesicle formation (8). Finally, the incorporation of alcohols and glycerol monoesters in fatty acid membranes
might have increased their stability in seawater (4, 9–11).
We hypothesize a simpler, more integrated scenario that complements these mechanisms. In this scenario, aggregates of amphiphiles preceded RNA and facilitated its synthesis by binding and
concentrating the bases and sugar of which it is composed. The
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observation that the assembly of amphiphilic aggregates proceeds spontaneously, whereas the synthesis of RNA requires
energy, supports this scenario. Moreover, the planar structure
of the bases and the hydrogen-bonding potential of sugars suggest mechanisms by which these compounds could interact with
fatty acid aggregates. We further hypothesize a functional consequence of the binding: stabilization of the amphiphilic aggregates
in the presence of salt. The mechanisms we hypothesize are
mutually reinforcing and, under prebiotic conditions, could drive
the emergence of vesicles enriched in components of RNA.
The array of bases we investigated is shown in Fig. 1A, including the nucleobases found in RNA: adenine, guanine, cytosine, and uracil. We primarily used decanoic acid (a carboxyl
group attached to a chain of nine additional carbons) as our
amphiphile because it is synthesized under prebiotic conditions
(12) and is long enough to self-assemble into vesicles (13). (We
use the term “decanoic acid” to refer to both the protonated and
unprotonated forms of the molecule.) Vesicles enclose an aqueous
volume, as a cell does, in contrast to smaller aggregates, such as
micelles, that have no aqueous core (Fig. S1). Above pH 8,
decanoic acid forms only micelles. Vesicles typically start to form
as the proton concentration becomes sufﬁcient, below pH 8, to
bridge carboxyl groups by hydrogen bonding, thereby reducing
surface charge (13). Because of the sensitivity of decanoic acid
aggregates to pH, this parameter must be controlled tightly, and
our procedures for doing so are described in SI Materials
and Methods.
Results
In a series of preliminary experiments (Figs. S2 and S3), we
found that nucleobases and ribose interact with decanoic acid
strongly enough to alter the pH at which vesicles form within
a solution of micelles (results are summarized in Table 1).
Among the nucleobases tested, the magnitude of the pH shift
was in the order of adenine > cytosine > uracil. (Guanine was
not sufﬁciently soluble to test.) Between the sugars, ribose had
a greater effect than glucose. The differences in the magnitudes
of these effects suggest they are the result of direct interaction of
the compounds with the decanoic acid aggregates rather than of
a change in nonspeciﬁc parameters of the solution, such as ionic
strength or viscosity.
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Primordial cells presumably combined RNAs, which functioned as
catalysts and carriers of genetic information, with an encapsulating membrane of aggregated amphiphilic molecules. Major questions regarding this hypothesis include how the four bases and the
sugar in RNA were selected from a mixture of prebiotic compounds and colocalized with such membranes, and how the
membranes were stabilized against ﬂocculation in salt water. To
address these questions, we explored the possibility that aggregates of decanoic acid, a prebiotic amphiphile, interact with the
bases and sugar found in RNA. We found that these bases, as well
as some but not all related bases, bind to decanoic acid aggregates. Moreover, both the bases and ribose inhibit ﬂocculation of
decanoic acid by salt. The extent of inhibition by the bases
correlates with the extent of their binding, and ribose inhibits to
a greater extent than three similar sugars. Finally, the stabilizing
effects of a base and ribose are additive. Thus, aggregates of
a prebiotic amphiphile bind certain heterocyclic bases and sugars,
including those found in RNA, and this binding stabilizes the
aggregates against salt. These mutually reinforcing mechanisms
might have driven the emergence of protocells.

CHEMISTRY

Edited* by Steven G. Boxer, Stanford University, Stanford, CA, and approved July 8, 2013 (received for review January 24, 2013)

Downloaded by guest on September 19, 2021

Fig. 1. Decanoic acid aggregates selectively bind heterocyclic nitrogenous bases. (A) Structures of purines and pyrimidines tested for interactions with
decanoic acid aggregates. Diaminopurine contains an amine at the 2-position in addition to the 6-position as in adenine; 2-aminopurine, also tested in some
experiments, has an amine only at the 2-position. Amine substituents are indicated in red. (B) Adenine dialyzes more slowly from a decanoic acid solution than
from an acetic acid solution. (Left) Results of a representative experiment in which adenine, at 15 mM, diffused from either 180 mM decanoic acid or from
180 mM acetic acid. Aliquots of dialysis buffer were collected at indicated times and assayed for adenine by measuring absorbance at 260 nm. The rate of
release was 24 ± 5% lower from decanoic acid (P < 0.05). (Right) Results of a corresponding representative control experiment with uracil in place of adenine.
The rate of release was 8 ± 7% greater, not lower, from decanoic acid (P > 0.05). (C) The presence of 10 mM adenine in a subphase of PBS increases the surface
pressure of a Langmuir monolayer of stearic acid. Measurement uncertainty is ±1 mN/m. Stearic acid (18 carbons) was used instead of decanoic acid because
the latter does not form a stable Langmuir monolayer. (D) Nucleobases are retained with decanoic acid micelles during ultraﬁltration. A solution of 180 mM
decanoic acid and each base at 0.03 mM (for purines) or 0.3 mM (for pyrimidines) was partially centrifuged through a 3-kDa–cutoff ﬁlter. These concentrations optimize both the percentage of base retained by micelles and the detection of base by absorbance; adenine was evaluated at both 0.3 and 0.03 mM
to enable comparison of all the bases. Values are averages, and error bars represent average deviations. (The difference between the means for cytosine and
uracil is signiﬁcant based on Student t test: P = 0.028 by a one-tailed test and 0.056 by a two-tailed test.)

Binding of Nucleobases to Aggregates of Fatty Acids. To conﬁrm
direct interaction between the bases and the aggregates, as well
as to better quantify the strength of interaction, we used three
independent assays for binding. In these experiments, we focused
on fatty acid micelles and monolayers rather than vesicles to
differentiate between adsorption and encapsulation.
First, we determined that adenine dialyzes more slowly from
decanoic than from acetic acid (21 ± 7% slower averaged over
six experiments, P ∼ 0.003; Fig. 1B). This result suggests that
adenine binds to micelles, because acetic acid has the same hydrophilic moiety as decanoic acid but a hydrophobic tail too
2 of 5 | www.pnas.org/cgi/doi/10.1073/pnas.1300963110

short (one carbon) to support micelle formation. As controls, we
tested two compounds, uracil and thiouracil, that show weak or
no interaction with decanoic acid aggregates by other measures
(Figs. S2 and S3 and Fig. 1D). We found that the rates of uracil
dialysis from decanoic and acetic acids are indistinguishable
within experimental uncertainty (3 ± 10% faster, not slower,
from decanoic acid, n = 2, P > 0.05; Fig. 1B), and the difference
in rates of thiouracil dialysis also is insigniﬁcant (6 ± 4% faster,
not slower, from decanoic acid, n = 2, P > 0.05). These results
suggest that the slower dialysis of adenine from decanoic vs.
Black et al.

Table 1. The rank order of effects of nucleobases and sugars is consistent across several tests
for interaction with decanoic acid aggregates
Test for interaction
Altered pH of vesicle transition
Retention during dialysis
Retention during ultraﬁltration
Reduction in ﬂocculation

Bases

Sugars

A
> C > U (Figs. S2 and S3)
A
> U (Fig. 1B)
A ∼ G > C > U (Fig. 1D)
A
> C > U (Fig. 2C)

Ribose > glucose (Figs. S2 and S3)

Ribose > glucose (Fig. 2E)
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The tests are described in the text and ﬁgure legends.
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the extent of binding and the hydrophobicity of the bases, as
measured by their partitioning into octanol vs. water (R2 = 0.2
and 0.04 for binding measured at 0.3 and 0.03 mM, respectively)
(Fig. S5).
Having established the plausibility of a scenario in which aggregates of amphiphiles might have facilitated RNA synthesis by
binding its components, we next tested the functional element of
our hypothesis, that these components might have stabilized the
aggregates against precipitation by salt. Salt concentrations in
ancient oceans likely were at least as high as those in modern
oceans (14), and decanoic acid ﬂocculates in the presence of
even modest concentrations of NaCl (Fig. 2A) (a phenomenon
previously reported as precipitation in ref. 6). We began our
investigation with adenine because it exhibits strong interaction
with fatty acid aggregates in all our assays (Table 1).
We found that adenine inhibits salt-induced decanoic acid
ﬂocculation, thereby preserving vesicles. Salt-induced ﬂocs in
a decanoic acid solution dissolve upon heating, and in the absence of adenine, they begin to reform as the temperature falls to
about 32 °C (Fig. 2A). With the inclusion of adenine, however,
the solution remains relatively clear at this temperature, and
epiﬂuorescence microscopy shows that instead of ﬂocs, vesicles
as large as ∼10 μm form (Fig. 2A). Moreover, we found that in
addition to inhibiting reﬂocculation upon cooling, adenine at
32 °C substantially eliminates preexisting ﬂocs (Fig. 2B). Adenine’s inhibition of ﬂocculation persists to temperatures as low as
30 °C; at room temperature, the base has no apparent effect (Fig.
2A). Stabilization of vesicles might account for this shift in equilibrium between decanoic acid vesicles and ﬂocs; this explanation
is consistent with our ﬁnding (in the absence of salt) that vesicles
extruded to about 100 nm in diameter grow faster in the presence
of adenine than in the presence of the nonbinding base thiouracil
(Fig. S6).
To determine the concentration dependence and speciﬁcity of
adenine’s effect on ﬂocculation temperature, we established the
following high-throughput assay using a 96-well plate: Decanoic
acid solutions are ﬂocculated by the addition of salt and then
heated to 60 °C, which dissolves the ﬂocs and renders the solutions virtually clear. Solution turbidity then is measured as the
solutions cool and ﬂocs reform. At 32 °C and below, the turbidity
of decanoic acid solutions containing 300 mM NaCl is primarily
caused by ﬂocs (Fig. 2A), so turbidity may be used as a measure
of ﬂocculation.
We found that as little as 2.5 mM adenine inhibits NaClinduced ﬂocculation (Fig. 2C). The other nucleobases tested also
inhibit ﬂocculation, in the order adenine > cytosine > uracil (Fig.
2C, Inset). This is the same order seen in the extent of their
binding to fatty acid aggregates (Fig. 1D and Table 1), suggesting
that the inhibition of ﬂocculation is related to binding as we
hypothesized. Moreover, the correlation between inhibition of
ﬂocculation and binding is generalizable to a large group of bases
(Fig. 2D).
Several sugars, too, inhibit ﬂocculation of decanoic acid caused
by NaCl, and ribose does so more effectively than glucose or
PNAS Early Edition | 3 of 5
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Inhibition of Decanoic Acid Flocculation by Nucleobases and Ribose.
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acetic acid is the result of its binding to micelles rather than to
a nonspeciﬁc property of the solution, such as viscosity.
In a second test for interaction between adenine and longchain fatty acids, we found that the base interacts with a fatty
acid monolayer in a Langmuir trough. In these experiments,
a fatty acid is dispersed over the surface of an aqueous solution,
altering the surface tension at the air–solution interface. The
change in surface tension is expressed as surface pressure, deﬁned for Langmuir monolayers as the surface tension of pure
water minus the surface tension of the system under study. Decreasing the surface area, by moving a barrier, concentrates the
fatty acid molecules and increases the surface pressure. We
found that the presence of adenine in solution below a stearic
acid monolayer increases the surface pressure observed at a given
surface area (Fig. 1C). This result suggests that adenine adsorbs to
or inserts in the monolayer of fatty acid molecules. In the absence
of a stearic acid monolayer, surface pressures of an adenine
solution and of a buffer-only solution are indistinguishable, indicating that adenine alone does not partition to the air–solution
interface enough to affect surface pressure measurably.
We used ultraﬁltration as our third binding assay. Samples
were centrifuged through a 3-kDa–cutoff ﬁlter, which retains
decanoic acid micelles and, presumably, any bases associated
with them. We found that RNA bases are retained with decanoic
acid micelles, and the extent of their retention differs, with adenine ∼ guanine > cytosine > uracil (Fig. 1D and Table 1).
Moreover, adenine and guanine are retained to a greater extent
than all ﬁve other purines tested, and the three pyrimidines in
RNA or DNA are retained to a greater extent than thiouracil
(Fig. 1D).
We conclude from these three diverse binding assays that (a)
nucleobases bind to fatty acid aggregates, (b) the strength of
nucleobase binding to fatty acid aggregates correlates well with
the magnitude of the pH shifts that they induce in micelle–vesicle
transitions (Table 1), and (c) structurally related bases exhibit
substantial variation in binding.
We quantitatively assessed the afﬁnity of adenine binding to
decanoic acid micelles by repeating the ﬁltration assay over
a range of adenine concentrations, 0.01–3 mM. Scatchard analysis of the results suggests two modes of binding, one with a Kd of
about 11 μM and one, with much lower afﬁnity, that is not saturated at the highest adenine concentration tested (Fig. S4). In
contrast, 2-aminopurine appears to lack a high-afﬁnity binding
mode; whereas the percentage of adenine retained with micelles
increases from 18 ± 1% at 0.3 mM to 22 ± 1% at 0.03 mM (Fig.
1D), retention of 2-aminopurine declines over this concentration
range from 9.3 ± 0.8% (n = 3) to 5.7 ± 1.6% (n = 3). The relatively low absorbance of 2-aminopurine and the other purines
besides adenine precluded testing them at the low concentrations required to further evaluate for high-afﬁnity binding.
We found that the mechanism by which bases bind to decanoic
acid micelles is not simply related to hydrophobicity. Including
0.4 M NaCl in the ﬁltration assay with 0.03 mM adenine increased the amount of the base retained with micelles, by 68 ±
2% (average of duplicates), suggesting a hydrophobic interaction
is involved. However, we found no strong correlation between
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Fig. 2. Nucleobases and sugars inhibit ﬂocculation of decanoic acid induced by salt. (A) Adenine reduces reﬂocculation of decanoic acid, and enables vesicle
formation, after dissolution of ﬂocs by heat. Test tube solutions of 80 mM decanoic acid/pH 7.65, without and with 30 mM adenine, were treated as indicated.
Corresponding samples for microscopy contained 10 μM rhodamine 6G as a dye and were heated and cooled to the indicated temperatures on the microscope
stage. Scale bars are 20 μm. (B) Incubation with adenine at 32 °C reduces preexisting ﬂocs. Shown is 80 mM decanoic acid/pH 7.6, with and without 25 mM
adenine and 300 mM NaCl as indicated, before and after incubation at 32 °C for 8 h. (The larger volume used for the preincubation set was chosen arbitrarily.)
To quantitate the effect, aliquots were incubated in a 96-well plate in parallel, and turbidity was measured after 8 h; the presence of adenine reduced absorbance at 490 nm by 74 ± 1% (average of duplicates). (C) Nucleobases inhibit salt-induced ﬂocculation of decanoic acid. The main panel shows the percent
reduction in absorbance of a solution of 80 mM decanoic acid/300 mM NaCl (compared with controls with no base added) vs. the concentration of adenine, in
the plate-based assay for ﬂocculation described in the text; results are representative of three experiments. (Inset) Percent reduction in absorbance of a solution
of 80 mM decanoic acid/300 mM NaCl containing 7.5 mM adenine, cytosine, or uracil (compared with controls with no base added); error bars represent average
deviations of duplicate samples. (D) The inhibition of salt-induced ﬂocculation of decanoic acid by nitrogenous bases correlates with their binding to decanoic
acid micelles. The purines (Left) were tested in the plate-based assay for ﬂocculation at 2.5 mM, and the pyrimidines (Right) were tested at 10 mM; samples were
run in duplicate, and error bars represent average deviations. Values for percent retained with micelles are from the ﬁltration assay run with bases at 0.3 mM.
(E) Sugars inhibit salt-induced ﬂocculation of decanoic acid. The main panel shows the percent reduction in absorbance of a solution of 80 mM decanoic acid/
300 mM NaCl (compared with controls with no sugar added) vs. the concentration of sugar, in the plate-based assay for ﬂocculation; the results are representative of three experiments. (Inset) Percent reduction with 90 mM sugar; error bars represent average deviations of duplicate samples.

xylose (Fig. 2E). This order is noteworthy for three reasons. (a)
Ribose is the sugar found in RNA and DNA. (b) For sugars, as
with bases, the extent of inhibition of ﬂocculation correlates with
the shift they cause in the pH dependence of vesicle formation
(Table 1). (c) Diastereomers are not equally effective, because
xylose is less inhibitory than ribose. Ribose is indistinguishable
from arabinose in the ﬂocculation assay, and xylose is indistinguishable from lyxose (Table S1). The downward orientation
4 of 5 | www.pnas.org/cgi/doi/10.1073/pnas.1300963110

of the C3 hydroxyl group (in standard projections) common
to ring structures of ribose and arabinose, but not present in
xylose or lyxose, might cause the difference in efﬁcacy, if hydroxyl groups of sugars are involved in the binding to fatty
acid aggregates.
Finally, we found that the inhibitory effects of adenine and
ribose on salt-induced ﬂocculation are approximately additive, at
least when adenine alone inhibits by less than 50% and ribose
Black et al.
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Materials and Methods
Decanoic acid was dissolved, with heating, in 190 mM NaOH to yield a 180-mM
solution. For the ﬂocculation experiments, it then was diluted to 80 mM, and
for the plate-based assay, 100 mM bicine was included. pH was adjusted with
0.5–1 M HCl or NaOH. Further experimental procedures are summarized in
the text and ﬁgure legends. A detailed description of materials and methods
is provided in SI Materials and Methods.
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Discussion
Taken together, our observations support a scenario in which the
bases and sugar required for RNA were selected and concentrated by binding to aggregates of prebiotic amphiphiles. Further, the resulting stabilization of the aggregates against salt
might have created a positive feedback loop in which vesicles
that bound bases and sugar resisted ﬂocculation, thereby preserving more surface area to bind additional bases and sugar,
further enhancing stability.
The prebiotic presence of these components at signiﬁcant concentrations is plausible. Long-chain fatty acids are found in
meteorites (15) and may be formed by natural processes on
Earth (16, 17). Nucleobases also have been found in meteorites
(18) and are produced by plausible Earth-based prebiotic reactions (19). Recent work describes how ribose might have been
generated prebiotically (20, 21). Under prebiotic conditions,
organic matter might have been relatively long-lived, and processes such as adsorption might have concentrated these components (22). We suggest that the binding of bases and sugars to
amphiphilic aggregates was one of these processes. Because we
have shown that multiple compounds bind to these aggregates
and that their stabilizing effects are additive, bases and sugars
need not have reached concentrations at which they alone would
have stabilized vesicles.
Mechanisms by which bases and sugars bind to fatty acid
aggregates might involve several variables, including planarity,
hydrophobicity, and hydrogen bonding. All the bases are planar,

and planarity may facilitate insertion in a lipid membrane. The
increase in adenine binding in the presence of 0.4 M salt suggests
that charge is not a major factor and implicates hydrophobic
interactions, despite the lack of a simple correlation between
binding and hydrophobicity (Fig. S5). Amines on the bases could
hydrogen bond with the carboxyl groups of fatty acids, and most
of the bases retained at higher fractions with micelles have amine
groups. Sugars may interact with a fatty acid aggregate through
hydrogen bonding between the carboxyl groups and hydroxyl
groups of the sugar, as has been suggested for the hydroxyl groups
in glycerol monoesters (11). The unique conﬁguration of hydroxyl groups in ribose was noted previously to explain its exceptionally rapid permeation of protocells (23–24).
Following the colocalization of the nucleobases and ribose, the
next logical step in the emergence of life is the formation of
the glycosidic bond, which may be facilitated by orientation of
the base and sugar on amphiphilic aggregates.
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alone inhibits by over 50% (n = 5). In one such experiment, for
example, 3 mM adenine alone inhibited by 26 ± 11%, 90 mM
ribose alone inhibited by 64 ± 5%, and the combination inhibited
by 86 ± 2% (uncertainties expressed as average deviation of
duplicate samples). The additivity of the adenine and ribose
effects suggests the two compounds can bind to decanoic acid
aggregates simultaneously.

