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Nonenzymatic Template-Directed RNA 
Synthesis Inside Model Protocells 
Katarzyna Adamala1

'
2 and Jack W. Szostak1* 

Efforts to recreate a prebiotically plausible protocell, in which RNA replication occurs within a 
fatty acid vesicle, have been stalled by the destabilizing effect of Mg 2+ on fatty acid membranes. 
Here we report that the presence of citrate protects fatty acid membranes from the disruptive 
effects of high Mg 2+ ion concentrations while allowing RNA copying to proceed, while also 
protecting single-stranded RNA from Mg 2+-catalyzed degradation. This combination of properties 
has allowed us to demonstrate the chemical copying of RNA templates inside fatty acid vesicles, 
which in turn allows for an increase in copying efficiency by bathing the vesicles in a continuously 
refreshed solution of activated nucleotides. 

The RNA world hypothesis suggests that 
the primordial catalysts were ribozymes 
(I, .7), whereas biophysical considerations 

suggest that the primordial replicating compart­
ments were membranous vesicles composed of 
fatty acids and related amphiphiles (3, 4). How­
ever, the conditions required for RNA replica­
tion chemishy and fatty acid vesicle integrity have 
appeared to be fondamentally incompatible (5) 
(fig. Sl ). Both ribozyme-catalyzed and nonenzy­
matic RNA copying reactions require high (SO 
to 200 mM) concentrations of Mg2

+ (or other di­
valent) ions (6), but Mg2

+ at such concentrations 
destroys vesicles by causing fatty acid precipitation. 

We developed a screen for small molecules that 
protect oleate fatty acid vesicles from clisrnption by 
Mg2+. We used two assays to monitor the leakage 
of either a small charged molecule (calcein) or a 
larger oligonucleotide, allowing us to distinguish 
between increased membrane penneability (faster 
calcein release with oligonucleotide retention) and 
generalized membrane disrnption (rapid release 
of both calcein and the o!igonucleotide) (figs. S2 
to S4). We identified several chelators, including 
citrate, isocitrate, oxalate, nitrilotriacetic acid (NTA), 

and EDTA, that protect oleate vesicles in the pres­
ence of at least 10 mM Mg2

+ (figs. SS and S6). In 
the presence of chelated Mg2+, oleate vesicles 
remained intact but exhibited a modest increase 
in the pem1eability of a small polar molecule 
(Fig. I and fig. S7) and an even smaller increase 
in the leakage of an oligonucleotide. In ten11S of 
vesicle stabilization, citrate was one of the most 
effective chelators of Mg2+. 

We also examined the stability of model proto­
cell membranes made of myristoleic acid:glycerol 
monomyristoleate (2: 1) and from the more pre­
biotically reasonable decanoic acid:decanol:glycerol 
monodecanoate ( 4: 1: 1 ). Citrate-chelated Mg2+ 
caused only a small amount of leakage from these 
vesicles. and the stabilizing effect of citrate was seen 
for both calcein and oligonucleotides (Fig. 1 and 
figs. SS to Sl3). 
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Expression profiling data on 27HC in MCF7 cells were 
uploaded to Gene Expression Omnibus (GEO) (accession no. 
GSE46924) and were part of a larger study (GEO accession no. 
GSE35428). 
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We then asked whether these chelators were 
compatible with the Mg2+ catalysis of nonenzy­
matic template-directed RNA primer extension. 
We measured the rate at which an RNA primer 
was elongated when annealed to an oligonucleo­
tide with a templating region of C nucleotides, in 
the presence of an excess of the activated G mono­
mer guanosine S'-phosphor(2-methyl)imidazolide 
(2Meln1pG) (Fig. 2). We examined citric acid, 
EDTA, NTA, and a weakly stabilizing chelator 
(isocitric acid). In the presence of SO mM un­
chelated Mg2+, the primer-extension reaction 
proceeded at a rate of 1.4 hour- 1

, compared to 
0.03 hour- 1 in the absence of Mg2+ ions. The 
addition of four equivalents of EDTA or NTA 
resulted in complete abolition ofMg2+ catalysis 
(Fig. 2 and figs. SJ4 and SIS), indicating that 
the Mg2+ in these samples is chelated in a fashion 
incompatible with promoting primer extension. 
In contrast, four equivalents of citrate only decreased 
the rate of primer extension to 0.67 hour-1

. For 
comparison, isocitric acid does not fully protect 
vesicles (figs. S 16 and S 17) but also does not 
affect the primer extension reaction. 

To see whether citrate would allow nonenzy­
matic RNA copying to proceed within fatty 
acid vesicles, we encapsulated an RNA primer­
template complex inside oleate vesicles, added 
Mg2

+ and citrate, and removed unencapsulated 
RNA by size exclusion chromatography. We then 
added the activated G monomer 2Mein1pG, heated 
the sample briefly to allow for rapid monomer 
pem1eation (7), and then incubated it at room 
temperature for times up to 24 hours to allow 
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Fig. 1. Citrate stabilizes fatty acid vesicles in the presence of Mg2
+ ions. Leakage of a small charged 

molecule (calcein, open symbols) and a larger nine-oligomer oligodeoxynucleotide (solid symbols) from fatty 
acid vesicles is shown. (A) Oleate vesicles; (B) myristoleate:glycerol monomyristoleate 2:1 vesicles; (C) 
decanoate:decanol:glycerol monodecanoate 4:1:1 vesicles. Circles, no MgCl2, no citrate; triangles, 50 mM 
MgCl2, 200 mM Na+-citrate. The assay used to obtain these data is described in fig. 53. Lines are linear fits, 
coefficient of determination (If) ~ 0. 97. All experiments were repeated twice; error bars are mean t 2 SE, 
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the monomer to take part in template-copying 
chemistiy inside the vesicles. Analvsis of the re­
action products showed that afte;. 24 hours of 

incubation, most of the primer had been extended 
by the addition of six G residues, with a smaller 
fraction extended to foll length by the addition of 

a seventh G residue (Fig. 3). In parallel exper­
iments with vesicles composed of mixtures of 
shorter-chain lipids, the b1iefheating step was not 
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Fig. 2. The rate of RNA template-directed primer extension in the pres­
ence or absence of Mg2

+ chelators and fatty add vesicles. (A) Time courses 
of primer extension on a templating region of four C residues, expressed 
as a fraction of unextended primer remaining versus time. Squares, no 
chelators; triangles, ZOO mM Na+-citrate; circles, ZOO mM Na+-citrate and 
100 mM oleate vesicles; diamonds, ZOO mM EDTA. Lines are linear fits, R2 

;:: 

0.97; the slope is kobs (hour-1
). (8) Rates of primer extension under the 
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-
Fig. 3. RNA template copying inside model protocell vesicles. (A to D) 
Primer extension on a templating region of seven C residues. (A) Control reac­
tion in ~olution; (B) inside oleate vesicles; (C) inside myristoleate:glycerol 
monomyristoleate Z:l vesicles; (D) inside decanoate:decanol:glycerol 
monodecanoate 4:1:1 vesicles. (E) Extension of labeled RNA primer an­
nealed to a mixed base template, templating region sequence GCCG. Sample 
1, reaction inside myristoleate:glycerol monomyristoleate Z:l vesicles; sample 

A 
time 0 time 2h time 4h time Bh time 24h 

1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 

•••• •••• •••• .... ...... 
... • • - -

Fig. 4. Citrate protects RNA from Mg 2
+ -catalyzed degradation. (A) 

PAGE analysis of cleavage of a DNA oligonucleotide at the site of a single 
internal ribonucleotide, at indicated time points; lane 1, no Mg 2 +, no 
citrate; lane Z, 50 mM Mg2+, no citrate; lane 3, no Mg2+, ZOO mM citrate; lane 
4, 50 mM Mg2+, ZOO mM citrate. (8) Quantitation of strand cleavage, expressed 
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indicated conditions; each kinetic experiment was performed in duplicate, 
and rates are determined as an average of the three separate runs. Error 
bars indicate SEM, n = 3 independent repetitions. (C) Typical polyacrylamide 
gel electrophoresis (PAGE) analysis of a template-directed primer exten­
sion experiment. Primer extension was carried out in the presence of ZOO mM 
Na+-citrate. For the gel analysis of the reactions used to obtain this data, 
see fig. S15. 
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Z, reaction inside decanoate:decanol:glycerol monodecanoate 4:1:1 vesicles. 
Both sample 1 and Z reactions were performed inside a liposome dialyzer (see 
the supplementary materials for the description of the liposome dialyzer) with 
a total of 13 buffer exchanges. Sample 3, control reaction in solution with 
daily addition of fresh portion of activated monomers, without removing the 
hydrolyzed monomers. Sample 4, control reaction in solution, without the ad­
dition of fresh monomer. 
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0. 97. (() Rates of strand cleavage at the ribo linkage with and without Mg2+ and 
citrate. Error bars indicate SEM, n = 3 independent repetitions. 
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necessary, because of the higher pcnneabiliLy of 
such membranes to nucleotick monomers. It is 
noteworthy that RNA primer extension occuffed 
efticiently inside vesicles made of decanoic acid: 
decanol:glycerol monodecanoate (4: 1: 1) (Fig. 3 ), 
because short-chain saturated amphiphilic com­
pounds are more prebiotically plausible than Ionger­
chain unsaturated fatty acids such as oleate or 
myristolcate. When we encapsulated the RNA 
primer-template complex inside POPC vesicles, no 
primer extension was observed, because of the im­
permeability of phospholipid vesicles to the 2MelmpG 
monomer (even with a heat pulse) (fig. S 18 J. 

The efticiency of nonenzymatic RNA repli­
cation can be greatly enhanced by the periodic 
addition of fresh portions of activated monomer 
to a primer-extension reaction occurring on tem­
plates immobilized by covalent linkage to beads 
(8). We sought to reproduce this effect by mimick­
ing the flow of an extemal solution of fresh mono­
mers over vesicles, by periodic dialysis of model 
protocells against a solution of fresh activated 
monomers (see the supplementary materials for 
a description of the liposome reactor dialyzer). 
The control primer-extension reaction in solution 
shows that the yield of foll-length primer-extension 
product from copying a GCCG template is very 
low, even if fresh monomers are added to the 
reaction periodically (Fig. 3E). In contrast, after 
repeated exchanges of external solution by di­
alysis, the proportion of full-length product was 
much greater (Fig. 3E). 

The high them1al stability of the RNA du­
plex is a major problem for prebiotic RNA rep­
lication (5). Because Mg2+ greatly increases the 
melting temperature (Tm) of RNA duplexes, we 
asked whether the chelating properties of citrate 
would prevent the increase in the Tm of RNA 
duplexes caused by the presence of free Mi+ ions. 
We observed a small but reproducible decrease 
in 7;11 in the presence of citrate when compared 
to samples containing unchelated Mg2+ (table 
SI and figs. S 19 and S20). For example, in the 
presence of 50 mM Mg2

+ with four equivalents 
of citrate, the Tm of the RNA duplex was 71°C, 
whereas in the control sample without citrate 
the Tm was 75°C. 

Citrate also stabilizes RNA by preventing the 
Mg2

+ catalysis of RNA degradation. Incubating a 
13-oligomer oligodeoxynucleotide with one ribo 
linkage at 75°C, with and without Mi+ and citrate, 
results in significant strand cleavage at ilie site of 
the single ribo linkage. Four equivalents of citrate, 
relative to Mg2+, abolished the Mg2+-catalyzed 
degradation (Fig. 4). The observed rate con­
stant (kobs) for cleavage at the ribo linkage, at 
75°C in the presence of 50 mM Mg2+ was 0.03 
hour-1

, whereas in ilie presence ofa fou1fold ex­
cess of citrate, the rate decreased to 0.004 hour-1

. 

The chelation of Mi+ by citrate exhibits two 
protective effects in the context of model proto­
cells: Protocell membranes based on fatty acids 
are protected from the disrnption caused by the 
precipitation of fatty acids as Mg2+ salts, and 

single-stranded RNA oligonucleotides are pro-

tectcd from Mg2 -catalyzed degradation. Based 
on the known affinity of citrate for Mg2 

((), llJ), 
it is clear that the RN/\ synthesis ob:,crved in 
the pre:,ence of Mg2 

· and citrate cannot be clue 
to residual free Mg2

- (less than I mM) and must 
be due to catalysis by the Mg2

· -citrate complex. 
The crystal structure of Mg2 +-citrate ( // J shows 
that the Mg2

' ion is coordinated by the hydroxyl 
and two carboxylates of citrate, so that three of 
the six coordination sites of octahedral Mg2 are 
occupied by citrate, while the remaining three are 
free to coordinate with water or other li~ands. The 
clear implication is that coordination o~f Mg2 by 
at most three sites is sufficient for catalysis of 
template-directed RNA synthesis, but not for cat­
alysis of RNA degradation or for the precipita­
tion of fatty acids. In the absence of a prebiotic 
citrate synthesis pathway [but see (12) for a re­
cent advance], it is of interest to consider pre­
biotically plausible alternatives to citrate that could 
potentially confer similar effects, such as short 
acidic peptides. Just such a peptide constitutes the 
heatt of cellular RNA polymerases, where it binds 
and presents tl1e catalytic Mg2

+ ion in the active 
site of the enzyme. 
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Primate Transcript and Protein 
Expression Levels Evolve Under 
Compensatory Selection Pressures 
Zia Khan,1* Michael ]. Ford,2 Darren A. Cusanovich,1 Amy Mitrano,1 
Jonathan K. Pritchard, 1 '

3*t Yoav Gilad1* 

Changes in gene regulation have likely played an important role in the evolution of primates, 
Differences in messenger RNA (mRNA) expression levels across primates have often been 
documented; however, it is not yet known to what extent measurements of divergence in mRNA 
levels reflect divergence in protein expression Levels, which are probably more important in 
determining phenotypic differences. We used high-resolution, quantitative mass spectrometry to 
collect protein expression measurements from human, chimpanzee, and rhesus macaque 
Lymphoblastoid cell lines and compared them to transcript expression data from the same samples, 
We found dozens of genes with significant expression differences between species at the mRNA 
level yet Little or no difference in protein expression. Overall, our data suggest that protein 
expression Levels evolve under stronger evolutionary constraint than mRNA Levels, 

Measurements ofmRNA levels have re­
vealed substantial differences across 
primate transcriptomes (1-3) and have 
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led to the identification of putatively adaptive 
changes in transcript expression ( 4). Traditional­
ly, measurements of divergence in mRNA levels 
are assumed to be good proxies for divergence 
in protein levels. However, there are numerous 
mechanisms by which protein expression may be 
regulated independently ofmRNA levels (5, 6). 
If transcript and protein expression levels are of­
ten uncoupled, mRNA levels may evolve under 
reduced constraint as changes at the transcript 

level could be buffered or compensated for at the 
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