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Improved polymerase ribozyme efficiency
on hydrophobic assemblies
ULRICH F. MÜLLER1 and DAVID P. BARTEL
Whitehead Institute for Biomedical Research, Department of Biology, and Howard Hughes Medical Institute, Massachusetts Institute
of Technology, Cambridge, Massachusetts 02142, USA

ABSTRACT
During an early step in the evolution of life, RNA served both as genome and as catalyst, according to the RNA world
hypothesis. For self-replication, the RNA organisms must have contained an RNA that catalyzes RNA polymerization. As a first
step toward recapitulating an RNA world in the laboratory, a polymerase ribozyme was generated previously by in vitro
evolution and design. However, the efficiency of this ribozyme is about 100-fold too low for self-replication because of a low
affinity of the ribozyme to its primer/template substrate. To improve the substrate interactions by colocalizing ribozyme and
substrate on micelles, we attached hydrophobic anchors to both RNAs. We show here that the hydrophobic anchors led to
aggregates with the expected size of the corresponding micelles. The micelle formation increased the polymerization yield of
full-length products by 3- to 20-fold, depending on substrates and reaction conditions. With the best-characterized substrate,
the improvement in polymerization efficiency was primarily due to reduced sequence-specific stalling on partially extended
substrates. We discuss how, during the origin of life, micellar ribozyme aggregates could have acted as precursors to membraneencapsulated life forms.
Keywords: ribozyme; polymerization; RNA world; micelle; self-assembly

INTRODUCTION
According to the RNA world hypothesis, RNA both stored
genomic information and catalyzed self-replication at an
early stage in the evolution of life. After the discovery of a
catalytic RNA (ribozyme) in 1982 (Kruger et al. 1982), a
number of experiments were aimed toward creating an
RNA world in the laboratory (Bartel and Szostak 1993;
Johnston et al. 2001; for reviews see Szostak et al. 2001;
Müller 2006). The central molecule in such a system would
be a ribozyme that replicates RNA polymers by polymerizing chemically activated units in a template-dependent
fashion (James and Ellington 1999). A polymerase ribozyme was developed in 2001 that is able to recognize a
primer/template duplex in trans and extend the primer 39
terminus using nucleoside triphosphates (Johnston et al.
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2001). The ribozyme creates 39–59 phosphodiester bonds
and adds nucleotides complementary to the single-stranded
template, with a fidelity of approximately 97%. A bias in the
nucleoside triphosphates can increase the fidelity to 99%,
which may render the fidelity of polymerization sufficient
for self-replication (Johnston et al. 2001; Müller 2006).
However, polymerization efficiency of current ribozymes
is too low for self-replication: No primer extension longer
than 20 nucleotides (nt) has been observed for a polymerase ribozyme (Zaher and Unrau 2007), whereas the
lengths of all known polymerase ribozymes are in the range
of 190 nt (Johnston et al. 2001; Lawrence and Bartel 2005;
Zaher and Unrau 2007). The limiting factor for polymerization efficiency is a low substrate binding affinity, with a
KM in the millimolar range (Lawrence and Bartel 2003).
This weak binding causes a mostly distributive reaction
mechanism that slows down polymerization so much that,
during the limited lifetime of the polymerase (with a halflife of about a day), longer polymerizations could not be
achieved (Lawrence and Bartel 2003). In addition, the effective rates of nucleotide addition are sequence dependent,
differing by factors of more than 100-fold, which causes
the accumulation of specific polymerization intermediates
(Lawrence and Bartel 2003; Müller and Bartel 2003). All
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of the 10 existing polymerase ribozymes (Johnston et al.
2001; Lawrence and Bartel 2005; Zaher and Unrau 2007)
appear to suffer from the same problem.
In this study, we tried to improve the polymerization
efficiency with a different physical principle. Instead of
trying to improve the sequence of the ribozyme, we colocalized ribozymes with their substrates on micelles, with the
aim of creating high local ribozyme concentrations and
thereby avoiding the necessity for a high substrate affinity.
Micelle formation was achieved by attaching hydrophobic
anchors to both ribozyme and substrate. Analysis of the
polymerization efficiency shows that micellar colocalization
can help reduce stalling, causing only a modest increase in
catalytic efficiency but a substantial increase of full-length
products, by up to 25-fold.
RESULTS

or stretched), and the diameter of the ribozyme (z10 nm,
as measured) add up to a radius of 11–17 nm, consistent
with the measured values and supporting the interpretation
that micelles were formed. Hydrophobic anchors alone did
not form detectable particles, probably because the corresponding micelles are too small to give detectable signals at
these concentrations (data not shown).
An upper limit for the number of monomers per micelles
was estimated from the measured particle sizes. Assuming
that the ribozymes with a diameter of 10 nm completely
filled the volume of a sphere with a diameter of 22 nm
(stearate anchors) or 24 nm (cholesteryl anchors), the number
of monomers was 11 or 14, respectively. However, because the
micelles may not have been spherical and the particle shape
also influences the diffusion constants (Perrin 1934) measured
by DLS, these upper limits are only rough estimates.
To test the effects of micellar colocalization on polymerization efficiency, we incubated the constructs with and
without hydrophobic anchors under polymerization conditions (Fig. 3). Only in one out of four orientations of ribozyme and substrate we observed improved polymerization.

The aims of this study were to engineer variants of the
polymerase ribozyme and its substrate that can self-assemble into micelles and to test whether this micellization
improves polymerization efficiency.
The hydrophobic anchors, either a
cholesteryl residue or a stearyl residue,
were connected to ribozyme and substrate via oligoethylene glycol linkers
and short RNA oligonucleotides that
can base pair to either ribozyme or
primer (Fig. 1; Table 1).
To test the ribozyme constructs for
self-assembly into micelles, we dissolved them under the same conditions
as used for polymerization reactions
and measured the resulting particle
sizes by dynamic light scattering
(DLS) (Fig. 2). Ribozymes without
cholesterol anchor gave particle sizes
with a radius of z5 nm. This corresponded well with the value expected
for the ribozyme monomer (total
206 nt) because the same value has
been measured for the P4/P6 domain
of the Group I intron, which is 160 nt
long (Deras et al. 2000). In contrast,
polymerase ribozymes equipped with
59-terminal cholesterol anchors gave
particles with a radius of z12 nm,
while stearate anchors led to a particle FIGURE 1. Attachment of hydrophobic anchors to ribozyme and substrate. (A) Ribozyme
radius of z11 nm. These values corre- with 59-cholesteryl anchor, connected via a 59-duplex and three hexaethylene glycol linkers
(HEG3). The dashed line denotes the 59-terminus of the published ribozyme (Johnston et al.
sponded well with the size of the 2001). (B) Substrate with 59-cholesteryl anchor, linked via HEG3. The 59-orientation is relative
expected micellar aggregates: The to the primer. The substrate consists of a 12mer RNA primer and a 23mer RNA template,
radius of the hydrophobic core (1–2 coding for the addition of 11 nt. (C) Ribozyme, linked to an anchor at its 39 terminus, replacing
the 39-terminal stem–loop with a segment that pairs to an oligo linked to a cholesterol anchor
nm for both anchors; Tanford 1972; (Ch)
or a stearate anchor (SA). (D) Substrate 39-anchor. (E) Stearate anchors replaced
Mazer et al. 1979), the length of the cholesteryl anchors. The abbreviations for all constructs are listed (Table 1). Two additional
flexible linker (0–5 nm when collapsed substrate sequences with the same length are described in Materials and Methods.
www.rnajournal.org
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TABLE 1. Abbreviations for ribozyme and substrate constructs
Ribozyme
No modification
59-duplex
59-linker
59-cholesteryl anchor
59-stearyl anchor
39-duplex
39-linker
39-cholesteryl anchor
39-stearyl anchor

Rz
|Rz
–|Rz
Ch–|Rz
SA–|Rz
Rz|
Rz|–
Rz|–Ch
Rz|–SA

Substrate
Sub
–Sub
Ch–Sub
SA–Sub
Sub–
Sub–Ch
Sub–SA

The abbreviation ‘‘Rz’’ denotes the ribozyme, ‘‘|’’ a double helix at
the 59 end or 39 end of the ribozyme, ‘‘–’’ an octadecaethylene
glycol linker, ‘‘Ch’’ denotes cholesteryl and ‘‘SA’’ denotes stearyl. If
no hydrophobic group is attached to the polyethylene glycol linker,
the linker ends in a primary amino group. The 59- and 39orientations are relative to the sequence of the ribozyme or the
primer. For example, the abbreviations Ch–|Rz and Ch–Sub
describe the constructs illustrated in Figure 1, A and B, respectively.

When the polymerase and the substrate were anchored on
their 59 terminus (relative to ribozyme sequence and primer
sequence, respectively), full-length extension was improved by
more than threefold. This improvement required both ribozyme and substrate to carry hydrophobic anchors. If only
one of them carried a hydrophobic anchor, no improved
polymerization was visible, confirming that micelle formation
was necessary to show an increase in full-length products.
We optimized the reaction temperature, Mg2+ concentration, and pH for polymerization without and with hydrophobic anchors (Fig. 4). As a measure for polymerization
efficiency, we quantified the average number of nucleotides
added per primer molecule. Three different ribozyme constructs were employed, (1) the published ribozyme without anchor (Johnston et al. 2001); (2) the ribozyme with
no hydrophobic anchor but the anchor duplex at its 59
terminus; and (3) the ribozyme with cholesterol modification linked to its 59 terminus. While the first two constructs
were incubated with unmodified RNA substrates, the third
construct was incubated with a substrate that carried a 59terminal cholesteryl anchor. Both ribozyme constructs without hydrophobic anchors operated best at 200 mM total
magnesium (corresponding to 184 mM free Mg2+; Khan
and Martell 1962) and a pH of 8.5, consistent with published values (Johnston et al. 2001). In contrast, the ribozymes with hydrophobic anchors operated most efficiently
at a pH of 9.5 and a total Mg2+ concentration of 80 mM
(64 mM free Mg2+). The optimal values of these parameters
were interdependent. For example, a pH above 9.5 did not
allow a free Mg2+ concentration of 184 mM because it
caused precipitation of Mg(OH)2 and reduced polymerization efficiency. The best reaction temperature was always
12°C, regardless of the other conditions. Although the error
bars describing the reactions of cholesterol-anchored constructs were often overlapping between adjacent conditions
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(e.g., between pH 9.0 and pH 9.5), the optimum of the
average curve was identical to the optimum in each single
experiment, confirming the positions of these optima.
The 17-bp anchor duplex at the 59 terminus of the ribozyme reduced the magnesium requirement for polymerization (Fig. 4). In the absence of the duplex, half-maximal
polymerization efficiency was measured at a free Mg2+
concentration of 27 6 2 mM, while the concentration was
reduced to 16 6 2 mM in the presence of the duplex (the
same as 17 6 5 mM with duplex and hydrophobic anchor).
The optimum of 64 mM free Mg2+, pH 9.5, was specific
for the construct with hydrophobic anchor, whereas the
optimum of 184 mM free Mg2+ and pH 8.5 was specific for
the constructs without hydrophobic anchor. The construct
with hydrophobic anchor yielded 100% more full-length
product and 27% more nucleotides per primer at its own
optimum, relative to the optimum of the reaction without anchors. The construct without hydrophobic anchors
showed a weaker preference for its own optimal conditions
relative to the optimum of the reaction with anchors, with
6% and 15% preference, respectively (data not shown).
The pattern of polymerization intermediates showed that
the micelle-based reaction was less sequence dependent
than the reaction without hydrophobic anchors (Fig. 5).
The latter led to the accumulation of intermediates after
5 and 6 nt had been added; this stalling has been analyzed
before (Lawrence and Bartel 2003; Müller and Bartel 2003).
In contrast, the polymerization with hydrophobic anchors

FIGURE 2. Particle sizes resulting from ribozymes without and with
hydrophobic anchors, measured by DLS. (Filled squares) |Rz. (Circles)
Ch–|Rz. (Triangles) SA–|Rz. The same data set for |Rz is displayed in
both graphs for clarity. The percent mass values are averages of triplicate experiments, and error bars denote the standard deviations.
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FIGURE 3. Effects of cholesteryl anchors on polymerization. The
three left lanes show polymerization products without anchors. The
four middle lanes show the products of polymerization with cholesteryl
anchors, in all four orientations on the 59 terminus and 39 terminus
on the ribozyme and the substrate, respectively. The four right lanes
show polymerization products with only one cholesteryl anchor on
either ribozyme or substrate. The positions of full-length extended
products are indicated by arrowheads. The bands are annotated by
the number of nucleotides that have been added. Reaction conditions
were 184 mM free MgCl2 and 50 mM Tris/HCl, pH 8.5, at 12°C.

did not show an accumulation of these intermediates (see
Fig. 8, below). To quantitate this phenomenon, we expressed the polymerization efficiency in two ways, first by
quantifying how many nucleotides were added on average
per primer molecule, and second by quantifying the fraction of primers that were extended to full length of the
template. The attachment of cholesterol anchors only
modestly increased the number of nucleotides added per
primer (from 4.9 nt/primer 6 0.1 to 5.6 nt/primer 6 0.2)
but increased full-length extension by at least 10-fold (from
#1.6% 6 0.2% to 17.1% 6 1.0%). However, the increase
in the number of nucleotides per primer was not the main
cause for the increase in the fraction of full-length extended
primer because an increase in full-length extension sometimes coincided with a decrease in the nucleotides added
per primer (e.g., Fig. 5, lanes 1,3,5,6).
The length of the flexible linkers was not at a critical
threshold concerning polymerization efficiency. When
comparing the described reaction (with 21 ethylene glycol
units per linker) to a reaction with shorter linkers (with 15
ethylene glycol units per linker), we found no significant
differences (data not shown).
The effects of the cholesterol anchors could be general
for hydrophobic groups, but they could also be specific to
cholesterol or could be mediated by the ethylene glycol
linkers. We addressed this question by substituting the
cholesteryl units with stearyl units. The polymerization
assay (Fig. 5) showed an increased full-length extension for
stearyl anchors, similar to but not as pronounced as in the
reaction using cholesteryl anchors. This could be explained
by a smaller hydrophobic effect of stearyl groups relative to
cholesteryl groups, resulting in lower micelle formation

(see Discussion). Combinations of cholesterol anchors and
stearyl anchors led to similar results. The ethylene glycol
linkers in the absence of a hydrophobic residue did not
improve full-length extension (Fig. 5). These results
showed that hydrophobicity with consequent aggregation,
and not other characteristics of the anchor, mediated the
improved full-length polymerization.
At lower ribozyme concentrations, the polymerization
efficiency of the non-anchored ribozyme decreases because
substrate binding is limiting (Lawrence and Bartel 2003).
However, it is possible that the micelle-based reaction
could sustain good polymerization efficiency at low ribozyme concentrations if the micelles were stable. To test this,
we reduced the concentrations of ribozyme in the polymerization reactions and compared the polymerization
efficiencies without and with hydrophobic anchors (Fig. 6).
The results showed a comparable drop in polymerization
efficiency for all reactions upon lowering of ribozyme
concentration, indicating that the micelles were not stable
at low concentrations. For both reactions with hydrophobic anchors, this drop was shifted to lower concentrations,
suggesting a slight improvement in substrate affinity with
hydrophobic anchors. The reaction with stearate anchors
was optimal with 200 nM ribozyme at 100 nM template.
However, at all ribozyme concentrations the reaction with

FIGURE 4. Optimization of reaction conditions without and with
cholesteryl anchors. The positions of full-length extended products
are indicated by arrowheads. (Filled squares) Rz, Sub. (Squares) |Rz,
Sub. (Circles) Ch–|Rz, Ch–Sub. The values are the averages of triplicate experiments, with error bars denoting the standard deviation.
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FIGURE 5. Effects of different anchor components on polymerization efficiency. The positions of full-length extended products are
indicated by arrowhead. Reaction conditions were 64 free mM MgCl2,
pH 9.5, and 12°C. The values are the averages of triplicate experiments
(+/ standard deviation).

stearate anchors had lower efficiencies than the reaction
with cholesterol anchors, and this did not change at a
template concentration of 10 nM (data not shown). Because we were interested in the highest yield of full-length
products, we focused our attention on the reaction with
cholesterol anchors at 2 mM ribozyme concentration.
To test whether the micelle stability may control this
concentration dependence of polymerization on the micelles, we measured the concentration dependence of micelle aggregation by pyrene fluorescence (Kalyanasundaram
and Thomas 1977). At the buffer conditions used in the
polymerization reaction, cholesterol-modified RNA anchors were titrated in the absence and presence of the
polymerase ribozyme (Fig. 7). The intensity ratio of the
first and the third vibronic band of pyrene was used to
detect hydrophobic aggregates. We found that aggregation
was detectable above a concentration of 100 nM of the
cholesterol-modified RNA and increases up to at least
10 mM. This gradual aggregation over a more than 100-fold
concentration range stands in contrast to the sharp phase
transition during the aggregation of sodium dodecyl sulfate
(SDS) micelles, at a defined critical micelle concentration
(cmc) of 8 mM (Honda et al. 2004). For the cholesterolmodified RNA, the presence of the polymerase ribozyme
increases the aggregation concentration by only 2.2-fold
(Fig. 7, linear fits). These results show that micelles that
are formed with cholesterol anchors under polymerization
conditions with 2 mM ribozyme are not stable toward
dilution. Therefore, micellar stability appears limiting for
all described ribozyme polymerizations with cholesterol
anchors.
556
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To analyze the accumulation kinetics of polymerization
intermediates and to see whether the reaction time used in
the previous experiments (15 h) gave representative results,
we recorded polymerization kinetics for three different
ribozyme constructs (Fig. 8). The accumulation kinetics
of polymerization intermediates led to three observations:
First, as observed in Figure 3, the reactions without anchors
accumulated the polymerization intermediates +5 and +6,
while the reaction with hydrophobic anchors prevented the
accumulation of these intermediates. Second, the pattern
observed at 9 h resembled that observed at 27 h. Therefore,
the results of the previous experiments were not contingent
on the 15-h time point used in those experiments.
The third observation regarded the effects of adding
the 7mer oligonucleotide 59-GGCACCA to the reaction.
This 7mer is a part of the polymerase ribozyme (Fig. 1) and
serves to restore a stem that was lost when constructing
the polymerase ribozyme from its parent, a ligase ribozyme
(Ekland and Bartel 1995; Johnston et al. 2001). Because
the 7mer was not essential for the reaction, it was left
out of the previous experiments in this study. However, in
the context of the 59-duplex (|Rz), the cholesterol anchor
(Ch–|Rz), and the stearate anchor (SA–|Rz), the 7mer had
strong effects on the reaction yield. While the previously
published ribozyme is stimulated by the 7mer (Johnston
et al. 2001), the presence of the 59-duplex rendered the 7mer
inhibitory on polymerization (Fig. 8A, first and second
time courses). However, in the presence of 59-duplex and

FIGURE 6. Effects of ribozyme concentration on the polymerization reaction without and with hydrophobic anchors. The positions
of full-length extended products are indicated by arrowheads. (Filled
squares) Rz, Sub. (Squares) |Rz, Sub. (Circles) Ch–|Rz, Ch–Sub.
(Triangles) SA–|Rz, SA–Sub. The reaction conditions were 184 mM
free MgCl2, pH 8.5, 12°C without hydrophobic anchors and 64 mM
free MgCl2, pH 9.5, 12°C with hydrophobic anchors. The values are
the averages of triplicate experiments, with error bars denoting the
standard deviation.
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FIGURE 7. Aggregation of cholesterol-modified RNAs, as measured
by pyrene fluorescence. The vertical axis denotes the ratio of the peak
intensities from the first and the third vibronic peaks of pyrene.
(Open circles) Cholesterol-modified RNA anchor. (Open squares)
Equimolar concentrations of cholesterol-modified anchor and ribozyme. (Open triangles) sodium dodecyl sulfate. Error bars denote
standard deviations of triplicate experiments. The straight lines are
linear curve fits to the dynamic region of the data for the cholesterolmodified RNAs.

cholesterol anchor, the 7mer improved polymerization
efficiency to a level higher than all other reactions, adding
on average more than 7 nt per primer and reaching more
than 50% full-length product (Fig. 8A, third and fourth
time courses). In the presence of the 59-duplex and the
stearate anchor, the 7mer caused a small but significant
increase in both the added nucleotides per primer and the
full-length product (fifth and sixth time courses), indicating that the 7mer might generally improve the efficiency
of the micelle-based reaction.
To test whether the effects of the hydrophobic anchor
were specific for the substrate sequence used, we tested the
effect of cholesterol anchors on the polymerization with
three different substrate sequences (Fig. 9). The results
showed that, in the absence of the 7mer, the hydrophobic
anchors can have positive (Fig. 9A, substrate 1), negative
(Fig. 9A, substrate 2), or no effects (Fig. 9A, substrate 3). In
the presence of the 7mer, the cholesterol anchor always
improved polymerization for all three templates three- to
fourfold, when measuring added nucleotides per primer.
Full-length products could not accurately be quantified
for substrates 2 and 3, but substrate 1 yielded 50% of
the primers extended to the full length in the presence of
the 7mer. This was an increase of more than 20-fold over
the ribozyme without micellar attachment.
DISCUSSION
The polymerase ribozyme developed by Johnston et al.
(2001) is limited in its polymerization efficiency, apparently
because of weak substrate interactions (Lawrence and

Bartel 2003), which are thought to be even weaker in specific sequence contexts, causing polymerization to stall.
We show here that hydrophobic anchors can force ribozymes onto micelles and that the colocalization of ribozyme
and substrate on these micelles can improve ribozyme
polymerization.
The results showed that the presence of a 59-terminal
duplex decreases the required Mg2+ concentration and can
improve polymerization efficiency. This is reminiscent of
the recent finding by Zaher and Unrau (2007) that a 4-nt
sequence inserted at the same position increases polymerization efficiency.
The micellar colocalization of ribozyme and substrate
helps resolve stalls during polymerization, which in turn
increases the full-length primer extension, for at least one
substrate (Fig. 9). This effect is equivalent to reduced
sequence dependence; however it is unclear how this is
caused by micellar colocalization. We favor a combination
of two explanations: First, the colocalization makes all
substrates experience high local ribozyme concentrations,
regardless of their sequence. The local ribozyme concentrations should increase from 2 mM in the nonanchored
reaction to 0.5–3 mM in the anchored reaction, assuming
that 2–14 ribozymes are limited to a sphere with a radius of
12 nm (Fig. 2). Whereas at micromolar ribozyme concentrations without anchors, the sequence-specific substrate
binding affinity would dominate the polymerization kinetics and lead to stalling, the polymerization efficiency on
the crowded surface of micelles would be limited by other
factors that are less sequence dependent (see following
paragraphs). A second cause for the decreased sequence
dependence could be orientation effects. On the micelle,
ribozyme and substrate can be aligned in the correct
orientation for catalysis, which would reduce nonproductive interactions and increase productive interactions. This
explanation is supported by our finding that the orientation of ribozyme and substrate on the micelle is important
for polymerization (Fig. 3).
Why did the polymerization reaction not improve more,
similar to a 1000-fold increase in local ribozyme concentration? Several factors might have prevented such a high
increase in polymerization efficiency.
First, the high local concentration of RNAs colocalized
on the micelles might favor inhibitory RNA–RNA interactions. This interpretation is supported by the observation that ribozyme concentrations above 15 mM are
inhibitory for ribozyme polymerization (Lawrence and
Bartel 2003).
Second, the micelles are not fully formed under the
conditions used, with 2 mM cholesteryl RNA conjugates
(Fig. 7). Our pyrene fluorescence data suggest a lower
aggregation limit of 100 nM for cholesteryl RNAs, which
is 10-fold higher than the concentration at which unmodified cholesterol starts to aggregate (Renshaw et al. 1983).
In addition, the concentration at which micelles are fully
www.rnajournal.org
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of around 100 (Tanford 1972). These
results and the weaker effects of stearate
anchors on polymerization anchors
support the interpretation that the stearate conjugates form less stable micelles
than the cholesterol conjugates.
The 7mer oligonucleotide GGCA
CCA enhances polymerization efficiency if no 59-terminal duplex is
present (Johnston et al. 2001). This
7mer pairs to a sequence on the ribozyme, adjacent to the catalytic site, to
form a helix termed P2. Two explanations for the stimulatory effect on polymerization are that (1) the helix
improves the substrate-binding site on
the ribozyme and (2) the 7mer shields
the single-stranded sequence from
inhibitory interactions with other
sequences. However, the effects of the
7mer on the micelle-anchored reaction
present a more complicated picture: In
the presence of the 59-duplex, the 7mer
inhibits polymerization if no hydrophoFIGURE 8. Polymerization kinetics of the reactions without and with hydrophobic anchors. bic anchor is present, while it improves
The positions of full-length extended products are indicated by arrowheads. (Squares) |Rz,
polymerization with a hydrophobic
Sub. (Gray squares) |Rz, Sub, 7mer. (Circles) Ch–|Rz, Ch–Sub. (Gray circles) Ch–|Rz, Ch–Sub,
7mer. (Triangles) SA–|Rz, SA–Sub. (Gray triangles) SA–|Rz, SA–Sub, 7mer. The reaction anchor (Fig. 8). This could be explained
conditions were 184 mM free MgCl2, pH 8.5, 12°C without hydrophobic anchors and 64 mM by a competition between the 59-termifree MgCl2, pH 9.5, 12°C with hydrophobic anchor. The values are the averages of triplicate nal duplex and the 7mer for the same
experiments, with error bars denoting the standard deviation.
position near the substrate-binding site.
In the absence of cholesterol anchors,
this inhibitory effect would be dominating, while in the presence of cholesterol anchors, the
formed is at least 10 mM, and thereby at least 10-fold higher
double strand could be pulled away from the site of
than the value measured for cholesterol–oligoethylene glycol
competition by the hydrophobic anchors at the 59-terminal
conjugates (Beugin et al. 1998). This difference is probably
duplex. Alternatively, the 7mer could be more important in
caused by the attachment of RNA to the cholesterol, which
the crowded conditions on the micelles because of the
should entropically disfavor micelle formation. This hypothepotential shielding effect of the 7mer against unspecific
sis is supported by our finding that an increase in RNA
interactions.
size, by attaching the polymerase ribozyme to the RNA anchor,
raises the aggregation concentrations about 2.2-fold (Fig.
7). In our experiments, the assembly of cholesteryl–RNA
Implications for the origin of life
micelles is taking place over a more than 100-fold concenFor a molecular system to qualify as living, self-replication
tration range (Fig. 7). Such a stepwise aggregation behavior
is not sufficient. A second essential requirement for life is
appears to be typical for cholesterol derivatives (Matsuoka
the ability to undergo Darwinian evolution. A population
et al. 2006).
of polymerases replicating each other free in solution could
The stearate anchor is expected to force a smaller
not evolve into improved polymerases. Any improved
fraction of RNAs into micelles because the cmc of stearate
polymerase that emerges would replicate other molecules
micelles is much higher, around 200 mM (Evans 1956).
in the vicinity more efficiently but would have no advanHowever, the true cmc of the stearate/ribozyme conjugates
tage itself and thus would not increase in relative abunmight be very different because it can be decreased by
dance. A physical link between the improved enzyme and
interactions of the ethylene glycol chains (Weil et al. 1958)
the molecules that encoded it would enable this preferential
that links stearate anchors with ribozymes or by interacreplication to occur and thereby enable Darwinian evolutions between the bound RNAs, and it can be increased
tion. In contemporary biology, this physical link comes in
because the large size of the ribozymes sterically prevents
the form of cellular encapsulations, but in early life forms
their micelles from reaching the optimum aggregation number
558
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FIGURE 9. Effect of cholesteryl anchors and the 7mer GGCACCA on
polymerizations with different substrate sequences. (A) Sequences of
the three used substrates, with Sub1 being equal to the substrate used
in the previous experiments. The substrate sequences are designed
to have low nucleotide bias and low tendencies to form secondary
structures. (B) Polymerization patterns with the use of the indicated
substrate sequences. The positions of full-length extended products
are indicated by arrowheads. All reaction conditions were 64 mM free
MgCl2, pH 9.5, and 12°C. The experiments were performed in
triplicate, and representative results are shown.

it might have existed in the form of stable micelles, basepairing, adsorption to suspended particles, or colonies
adsorbed to mineral surfaces (Orgel 2004).
A number of characteristics make micelles attractive as
evolutionary precursors of membrane encapsulations. First,
micelles are easier to replicate than vesicles. The only experimentally validated mechanism that could have divided
vesicles in the early origin of life is based on physical
shearing forces, but is of limited prebiotic plausibility
(Hanczyc et al. 2003). In contrast, micelles should be much
easier to divide because two mechanisms limit the maximum size of ribozyme-coated micelles, one being the chain
length of the amphiphile (Tanford 1972), the other one
being steric constraints of the ribozymes on the surface (see
Fig. 2 legend). The stochastic inheritance of ribozymes
from mother micelle to daughter micelles could ensure that
enough daughter micelles obtain all the different RNAs that
are necessary for self-replication. For example, under the
assumption that the autocatalytic set of RNAs consists of
two RNA species (a polymerase and a second RNA that
encodes the polymerase), and the micelle contains a maximum of 14 RNAs with 7 RNAs being passed to each
daughter micelle, the likelihood of both daughter micelles
obtaining both polymerase and substrate would be more

than 99%. If three or four RNA species are linked on the
micelles, 67% or 19% of the daughter micelles would contain the whole set of RNAs, respectively.
A second characteristic that could favor micelles over
membrane encapsulations in an early RNA world is that
micelles tolerate much higher magnesium concentrations
than vesicles, while magnesium is important for ribozyme
catalysis. Vesicles have a tendency to aggregate and fuse
even at magnesium concentrations below 2 mM and
monovalent ion concentrations below 200 mM (Monnard
et al. 2002). Only with alcohol modifications of the headgroup have functional vesicles been found to withstand
magnesium concentrations of up to 4 mM (Chen et al.
2005). However, ribozyme catalysis is usually most efficient
at higher magnesium concentrations. Although ribozymes
can function in the absence of magnesium at high monovalent ion concentrations (Murray et al. 1998; Nakano
et al. 2001), these conditions do not support stable vesicles
either (Monnard et al. 2002). Therefore, stable vesicles
can coexist with functional ribozymes only in a narrow
range of conditions, with trade-offs for both vesicles and
ribozymes (Chen et al. 2005). In contrast, we show here
that ribozyme-coated micelles do not fuse and can improve
ribozyme catalysis at free magnesium concentrations up to
at least 184 mM.
A third characteristic of micelles that would make them
good precursors of vesicles is that micelles can act as
microreactors in an aqueous environment. Some reactions
that are inhibited in aqueous solution proceed efficiently
in micellar microenvironments, the hydrophobic core, or
the micellar surface (for review, see Tascioglu 1996). One
example that might be of prebiotic relevance is the catalysis
of aldol reactions by proline, which proceeds most efficiently in organic solvents (Hajos and Parrish 1974). This
reaction does not proceed well in water but gives high
yields in the presence of surfactants such as SDS (Cordova
et al. 2002; Peng et al. 2003), with excellent enantioselectivity if the pyrrolidine moiety of proline is covalently
linked to the surfactant (Mase et al. 2006). The micellar
microenvironment has also been observed to help ribozyme
catalysis, specifically the self-cleavage of a 4-nt bulge in the
anticodon stem of tRNATyr precursor from Arabidopsis
thaliana (Riepe et al. 1999). However, the mechanism of
this micellar reaction enhancement appears to be different
from the colocalization and orientation effects seen in the
current study. For micellar catalysis of pre-tRNATyr selfcleavage, amphiphile micelles are added to the pre-tRNATyr
solution, and the hydrophobic core of the micelles appears
to be directly involved in catalysis, through changing the
local polarity at the catalytic site. Therefore, the hydrophobic core of micellar RNA aggregates can serve the same
roles as the generally hydrophobic core of globular proteins
(Dill 1990), as structural organizing center (this study) and
as hydrophobic pockets that directly assist in catalysis
(Riepe et al. 1999).
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Fourth, micelles would also fit the role as evolutionary
precursors of vesicles because the evolutionary pathway
from micelles to vesicles does not appear to be problematic.
Small changes in pH, solvent polarity (Hargreaves and
Deamer 1978), chemistry of the hydrophobic tail (Walter
et al. 2000; Kleinschmidt and Tamm 2002), or amphiphilic
additives (Gantz et al. 1999) can determine whether amphiphiles assemble in micelles or double-layered membrane
vesicles. Additionally, the micelle–vesicle transition can be
aided by catalysis from a variety of minerals (Hanczyc et al.
2003). This means that an early, micellar evolutionary stage
might be chemically well equipped to transition into a
cellular stage.
A few problems face the model of micelles as
evolutionary units. First, micelles do not protect their
attached ribozymes against molecular parasites. Molecular
parasites are RNAs with excellent templating ability but
without useful catalytic abilities. Such molecules can
quickly overtake a replicating system (Mills et al. 1967;
Breaker and Joyce 1994) and prevent replication of the
catalysts. This problem may be insignificant for early stages
of micellar life when the concentrations of free RNA are
low, reducing the encounter frequency between micelles
and parasitic nucleic acids. However, a membrane encapsulation would be required as soon as higher population
densities are reached. Second, the kinetic stabilities of
micellar assemblies can be a problem for self-replicating
systems. If the half-life of the micelle is shorter than the
time required for self-replication, the genotype–phenotype
link that rewards ‘‘fit’’ genomic molecules with replication
will be lost. The life times of the most stable micelles reach
only a few minutes (Tao and Uhrich 2006), which is below
the hours of time that the current polymerase ribozyme
requires to extend 50% of all primer molecules by only 1/20
of the ribozyme length. However, when vesicles rather than
micelles are considered, cholesterol can have interchange
kinetics between vesicles of several hours (Wattenberg
and Silbert 1983; Yeagle and Young 1986), indicating that
sufficiently slow kinetics may be achievable. Additional
forces that stabilize the micelles are either additives that
stabilize the hydrophobic core, such as alkyl alcohols (Patist
et al. 1998), or interactions between the ribozymes on the
surface of micelles, such as short complementary sequences
between ribozymes. A low rate of micellar instability could
also act in favor of early life, by facilitating the ‘‘buddingoff’’ of daughter micelles, as well as by facilitating the
exchange of genetic material between micellar units, potentially leading to more fit combinations of ribozymes. A
small-molecule metabolism, which would require an encapsulation, is not essential at this early stage of evolution:
When a first self-replicating unit of ribozymes originated
from prebiotic processes (or a non-RNA organism), all
molecules necessary for RNA formation must be present in
the solution. This makes it unnecessary to synthesize these
molecules through a metabolism. In fact, it appears unlikely
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that a macromolecule-catalyzed metabolism existed at this
initial stage because it would assume the simultaneous
appearance of a polymerase ribozyme and a set of metabolic ribozymes. As efficiently self-replicating ribozyme
systems reduce available precursors, a membrane encapsulation would become more important so that metabolically
competent ribozyme systems can harvest the fruits of their
own catalysis.

MATERIALS AND METHODS
Ribozymes were synthesized by in vitro transcription from PCR
products, using T7 polymerase as described (Johnston et al. 2001).
Transcription products were purified by 7 M urea 10% polyacrylamide gel electrophoresis. Sequence modifications were
introduced into the ribozyme sequence by amplification of the
PCR template with modified PCR primers (purchased from IDT).
The primer sequences were 59-TTCTAATACGACTCACTATAG
GAAAAAGACAAATCTGCCCTCAGA-39 and 59-TTCAGATTG
TAGCCTTCGGGG-39 for the 59-anchored ribozyme and 59-TT
CTAATACGACTCACTATAGAAGGCtACAAtCtGAAGGAAAAA
GACAAATCTGCCCTCAGA-39 and 59-GGAGCCGAAGCTCCG
GGGATTATGACC-39 for the 39-anchored ribozyme.
RNA oligonucleotides were purchased from Dharmacon,
including RNAs with cholesterol anchors. RNA sequences for
substrates 1, 2, and 3 are as described in Figure 8. The cholesterol
anchors include three ethylene glycol linkers and are linked to the
RNA via further 18 ethylene glycol linkers, if not indicated otherwise. The ethylene glycol linkers are connected via phosphodiester
groups every six ethylene glycol units, due to their stepwise phosphoamidite synthesis.
Stearate conjugates were synthesized from amino-modified
RNAs (including 20 ethylene glycol linkers as described for the
cholesterol-modified RNAs) via NHS-activated stearic acid. The
stearic acid activation was modified from a published protocol
(Sehgal and Vijay 1994). A solution of 56 mM EDC (1-ethyl-3(3-dimethylaminopropyl) carbodiimide hydrochloride), 32 mM
NHS (N-hydroxysuccinimide), and 20 mM stearic acid in anhydrous DMF was heated for 90 min at 70°C. After cooling to room
temperature, 1 volume of this mixture was added to 19 volumes of
a solution of 10 mM amino-modified RNA in 100 mM MES (2(4-Morpholino)ethanesulfonic acid)/KOH (pH 6.5). After incubation for 12 h at 22°C, the RNA was precipitated and washed with
anhydrous THF, dissolved in water, and purified by reverse-phase
HPLC on a C18 column, using an acetonitrile gradient (8%–80%)
in 100 mM TEAA (triethyl ammonium acetate) at pH 7.0. The
products were vacuum-dried and dissolved in water. Yields were
30%–70%. The products ran as single band on 1% SDS 7 M urea
20% polyacrylamide gel electrophoresis after radioactive labeling
of the 39 terminus using 59-[32P]pCp and T4 RNA ligase.
Dynamic light scattering experiments were performed on a
Dynapro temperature controlled microsampler (Protein Solutions).
Ribozyme constructs were pretreated as in polymerization experiments and dissolved in the same buffer (200 mM MgCl2 and
50 mM Tris/HCl at pH 8.5) but without addition of NTPs. In each
experiment, scattering data were collected from 200 measurements, each of which lasted 1 sec. The data were converted to
percent mass distributions with the software supplied by the
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manufacturer. The viscosity was approximated with that of 13
PBS, but other plausible entries did not significantly change the
results.
Pyrene fluorescence measurements were performed on a fluorescence spectrophotometer from JY Horiba (model FL3-11) with
a standard photomultiplier (Hamamatsu R928). Excitation was
done at 337 nm with a slit width of 5 nm. Emission was monitored from 350 nm to 450 nm, using a slit width of 1 nm, an
increment of 1 nm, and an integration time of 1 sec. All measurents were done at 20°C–22°C. Buffer conditions were 64 mM
MgCl2 and 50 mM Tris/HCl (pH 8.5) for cholesterol–RNA
samples, and water for SDS samples. All samples contained an
additional 1% ethanol and 100 nM pyrene. Reliable measurements were not obtained above a concentration of 20 mM RNA–
cholesterol conjugates due to increased turbidity. After subtracting
the water spectrum from all measured spectra, the maximum
values of vibronic peak I (z373 nm) were divided by the maximum values of vibronic peak III (z383 nm). The linear fits to
both aggregation curves of cholesteryl-modified RNAs were done
by least squares fitting, using the values in the dynamic range of
each curve (50 nM–5 mM for the cholesteryl anchor and 100 nM–
10 mM for the cholesteryl anchor with ribozyme).
Ribozyme reactions were performed as described (Johnston
et al. 2001). All RNAs were dissolved in water at the appropriate
concentration, heat denatured (2 min/80°C) and slowly cooled
(at 0.1°C/sec) to the reaction temperature. Reactions were started
by adding a 2.53 reaction buffer containing magnesium chloride,
buffer (Tris/HCl for pH 7.0–8.5; CHES (N-cyclohexyl-2-aminoethanesulfonic acid)/KOH for pH 9.0–10), and NTPs so that the
final concentrations were 50 mM buffer and 4 mM of each NTP.
Reaction times were 15 h, if not indicated otherwise. The reactions
were stopped by the addition of an equal volume of stop buffer
(8 M urea, 200 mM Na2EDTA at pH 8.4) and a template-complementary RNA added in 20-fold excess over the template. The
mixtures were heat denatured (2 min/80°C) and cooled to room
temperature before loading and separating on 7 M urea 13 TBE
20% PAGE. Autoradiographs of the separations were recorded
by PhosphorImaging (Fuji BAS-2500) and quantitated using the
software Image Gauge v4.2. Shifts higher than the full-length
extension by 11 nt were counted as full-length extension. The
values for ‘‘nucleotides per primer’’ were obtained by multiplying
the fraction of intensity for each band with the number of added
nucleotides corresponding to that band. The background signal
was around 0.3 for the average number of nucleotides and z0.7%
for the fraction of full-length extended primers.
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